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Yupenureab u usgarenab
®denepanbHOE TOCYIapCTBEHHOE yupexaeHue «DenepanbHbIi HayIHBIH [EHTP
Hayuno-uccnenoBarenbCkuii HHCTUTYT CUCTEMHBIX HcclieqoBaHui Poccuiickol akajieMuu HayK»
(®TY ©HIL HUNCH PAH)

«Ycnexu KI/I6CpH€TI/IKI/I)) — 3TO peHeHSI/IpyeMHﬁ Hay‘lHBIﬁ JKypHaJjl, B KOTOpOM l'[yﬁ]'[PIKyIOTC;I HAy4HBbIC CTaTbU
TI0 CJICAYIOIIUM CHIENHUAJIBHOCTIAM (('l)I/IBI/IKO-MaTeMaTI/I‘-IeCKI/Ie, TCXHUYCCKHEC HayKI/I)I

1.2.2. MaremaTn4yeckoe MOAEIMPOBAHNIE, YUCICHHBIE METOABI M KOMIUIECKCHI IIPOTPaMM;

2.2.2. DnekTpoHHasi KOMIIOHEHTHasi 6a3a MUKPO- U HAHOXJIEKTPOHUKH, KBAHTOBBIX YCTPOWCTB;

2.3.1. CucremHbIH aHamu3, ynpasjieHue 1 00paboTka HHPOPMALIIH.

Muccus JKypHajla — Pa3BUTHUC HAYYHBIX HaHpaBHCHI/Iﬁ o 3asgBJIecHHON TeMaruke B Poccuu u 3a pY6C>KOM,
COOTBETCTBYIOIINX IMPHOPUTETHBIM HAIIPABJICHUAM Pa3BUTHUA HAYKH, TEXHOJIOTHH M TCXHUKH B Poccuiickoi dbez[epaulm,
a TaKXe MEePEYHI0 KPUTHUECKUX TeXHOJIorui PO.

)KypHan OpPHUCHTHUPOBAH Ha Ipomnaranay MnepeaoBbIX Hﬂeﬁ B O6J'I8.CTI/I (I)I/I3I/IKI/I, MaTCMAaTHUKH, TCXHUYCCKHUX Ha-
YK, ydacThe B peanusanuu 3azaad, chopMmynupoBaHHbix [Ipesunentom PO B Vkaze or 01.12.2016 Ne 642, no Hay4HO-
TCXHOJIOTUYCCKOMY Pa3sBUTUIO P(D, a TaKiKC MMIIOPTO3aMCIICHUIO MO MPUOPUTCTHBIM HAIMPABJICHUAM CTPATCTUYCCKOIO
Pa3BUTHA CTPAHBI, COOTBCTCTBYOIIUM TEMATHKE XXypHaJia, obecrieueHne reyaTHbEIMU IiomaaaMu BLICOKOKBa.TII/I(I)I/II_[I/Ipo-
BaHHBIX KaJAPOB, ITOBBIIICHUEC KAYCCTBA JUCCCPTAITMOHHBIX I/ICCJ'Ie,Z[OBaHI/Iﬁ B JaHHBIX OTPACIIAX ITYTEM Pa3sBUTUA MEXaHU3-
Ma HpO(beCCI/IOHaHBHOFO u 06HIeCTBeHHOF0 06CY7K}I€HI/I$I HX HAYYHBIX PE3YJIBTATOB, BOCIIUTAHUC MOJIOAOTO IMOKOJICHUA
YUYCHBIX.

}KypHan MPUHUMACT K HY6J'II/IKaIII/II/I OpUT'MHAJIbHBIC CTAaTbH; IMIEPEBOAbL CTaTCﬁ, OHY6J'II/IKOBE[HHLIX B 3apy66>1<-
HBIX JKypHajax (HpI/I corjiacun HpaBOO6J’IaZ[aTeJ'I$I Ha nepeBod U HY6J'II/IKaLII/IIO); 0630pBI; 9CCE; KOMMCHTApHu; Apyrue
I/IH(I)OpMaL[I/IOHHLIC Marepuaibl.

I/I3H3HI/IC 6yIIeT TIOJIC3HO YYCHBIM, pa60Ta}OU_II/IM B COOTBETCTBYIOIINX o0macTsax HayK, a TaKXXC aCllMpaHTaM H
CTyACHTaM.
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70 ner I'aaxkuny BaJjiepuro AjiekceeBU4y

14 mapra 2022 1. ucnoaHmwIock 70 JIeT JOKTOpY (PU3UKO-MaTeMaTHIECKUX Hayk, qupekropy Cypryrt-
ckoro ¢ummana OI'Y OHL HUMCH PAH, npodeccopy xadeapsl npukinagHoi MareMaTtiku [lomurexHuye-
ckoro nHCTHTYTa CypryTCKOTo roCyapCTBEHHOTO YHUBEPCUTETA, 3aMECTHUTEIIO TIIAaBHOTO PeAaKTopa KypHaiia
«Ycnexu kubepHeTHK» Baneputo AnekceeBuuy [ankuny.

Ponuncs Banepuii Anexceenu 14 mapra 1952 r. B . barymu. B 1969 r. moctynun B MockoBckuit
WH)XEHEPHO-(QDU3UYECKUIT HHCTUTYT, KOTOPBI OKOHYMI ¢ oTiuaueM B 1975 . mo cnermansHocty «[lpuknan-
Has maremaruka». C 1975 1. paboran Ha kadenpe Bbicmieit Mmaremarnkn OO6HMHCKOTO (hrmana «MUDOU»
(mpeodpazoBan B OOHUHCKUI HHCTHTYT aroMHOH 3HepreTukH 01.11.1985 1., ¢ 2002 r. — OOHUHCKHI TOCyaap-
CTBEHHBIM TEXHUYECKUIl YHHBEPCUTET aTOMHOW 3HepreTukd, a B 2009 1. mpeobpa3zoan B MTHCTUTYT aTOMHO
SHEPreTUKU — (umuan HanmmoHambHOTO HCCIIeIOBaTEIbCKOTO sSaepHOT0 YHHBepcuTeTa «MU®DN»). Paboran
B JOJDKHOCTH Y4eOHOTO MacTepa, 3aTeM — HHXeHepa, a ¢ 1976 I. — B JOJDKHOCTH acCHCTeHTa Kadeapbl
BBICIIe MaTemaruku. B 1978 r. 3ammrnn Ha dusudeckoMm ¢akynasrere MI'Y TOATOTOBICHHYIO TOI PYKO-
BoACcTBOM mpodeccopa B. A. TynumeBa KaHOUIATCKYIO AMCCEpTalMIo Ha TeMy «MaremaTndeckas Teopus
YpaBHEHUS KOATYIISIIHI.

B 1979 1. Banepuii AnekceeBud OblT U30paH Ha JODKHOCTD JIOIIEHTA KaeAphl MPUKITATHON MaTeMa-
tukn O6HMHCKOTO rmara MUOU, B 1982 . emy nprcBOoeHO ydeHOE 3BaHUE JIOIEHTA, a ¢ uioHs 1999 1. o
ntoHb 2012 1. siBIsUICS 3aBeqyrOImuM 3Toi kKadenpoit. B 1994 . B. A. I'ankun ycnemno 3ammrtun B MHCTHTY-
Te MaremMaTudeckoro moaenupoBanns PAH moxropckyro nuccepranuio Ha TeMy «OyHKIMOHATBHBIE PEIICHUS
3aKOHOB COXpaHeHHUs»; B 1995 1. n3bpaH Ha MOMKHOCTH mpodeccopa Kadeapbl MPUKIATHON MareMaTuKu; B
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1996 r. emy npucBoeHo y4yeHoe 3BaHue npogeccopa. B 2010-2012 rr. B. A. ['anikuH SBISUICS pyKOBOOUTENEM
OOHMHCKOTO MHCTUTYTA aTOMHOI 3HepreTukn — ¢unmmana HUAY «MUDN».

C 2006 r. B. A. l'ankun paboraer B CypryTcKOM TOCYJapCTBEHHOM YHUBEPCHUTETE, IOCIE0BATEIb-
HO 3aHUMas JOJDKHOCTH 3aBeAylomiero kadeapoit mHGOPMATHKH M BEIYUCIUTEIFHON TEXHUKH, 3aBEAYIOIIETO
kadeapoii npuKIagHOW MareMaTuku, qupekropa [lomurexandeckoro nHcTUTyTa CypryTCcKOro rocyaapcTBeH-
HOTO yHUBepcuTeTa. B Hacrosimee Bpemsi Banmepuit AnekceeBnu — mpodeccop Kadenpsl MpUKIaIHON Mare-
MaTHKH W Hay4YHBIH PYKOBOAWTENb MarucTepcKoil mporpammsbl «MareMmarndeckoe u WH(GOpPMAIMOHHOE 0Oec-
MIEYCHNE CHCTEM YIIPABICHUS JSATEIBHOCTHIO IpennpusITUii HeTerazoBoit orpacim». MHOTO CHII U BpeMEHHU
Bastepuit AnekceeBud ymemnseT paboTe co CTylneHTaMu W acnupanTamMu. OH moarotoBmi 6omee 120 mgurmioM-
HUKOB, I0J] €r0 PyKOBOACTBOM ITOJIyYWJIM CTENEHb KaHAuAaTa HayK 11 acmupaHTOB.

Banepuit Anekceepuu Bosmaisier Cypryrckuid prmuan @I'Y OHI[ HUMCHU PAH ¢ momenTa ero
co3manus B 2019 .

B. A. l'ankuH — TaNaHTIMBBIA YYCHBIH M BEAYIIMH CIIEIHANNCT B OOJIACTH HEIMHEHHBIX YpaBHEHUH
(u3NYeCcKOl KUHETUKU U TUAPOJMHAMUKHU, aBTOp Oonee 140 HayuHbIX cTareil u 3 MoHorpaduii. OCHOBHbBIE
Hay4HbIe pe3ynbTarthl B. A. l'ankuHa B 00nMacTy HENMMHEHHBIX YpaBHEHWI: BBIYUCIUTENbHAS yYCTOWIHBOCTD,
100aibHas CXOAMMOCTh ANMPOKCUMAIIMN JIJIsl CUCTEM 3aKOHOB COXPAaHEHUS, CBS3aHHBIX C (DU3MYECKOH KH-
HETUKOW M Ta30BOW JMHAMHKON. DTH UCCIICIOBAHUS €CTECTBEHHBIM 00pa30M OKa3aluCh CBS3aHHBIMHU C 3a]1a-
YaMU HEJIMHEHHBIX CUCTEM 3aKOHOB COXPAHEHMsI, BKIIOUAIOLIUX YPaBHEHUS ra30BOM JUHAMHUKHU, TUAPOAUHA-
muku, Kopresera — ne ®pusa, Kagomuesa-IlerBuammsuinu, cucremsl Makcsemia—Bnacosa—JInysuiuist u ap.
B. A. l'ankuHbIM monTydeHb! (DyHJaMEHTAIBHBIE PE3YNBTAaThl 110 BBIJEIICHHIO KJIACCOB KOPPEKTHOCTH, pa3pa-
00TKe 1 000CHOBaHHMIO TNIOOATBHOM CXOIUMOCTH HPUOIMKEHHBIX METOIOB JJISl HEIMHEHHBIX 3aKOHOB COXpa-
HEHUS BO BBEICHHOM WM IPOCTpPaHCTBEe (PYHKIIMOHAIBHBIX pelIeHUH, cHaOkeHHOM Tormonorued A. H. Tuxo-
HOBA.

[IIupoko u3BecTHa Hay4dHas AeATeNbHOCTh B. A. I'anknHa, cBsi3aHHAs C OpraHu3alyed U peryisp-
HBIM TNPOBEJCHUEM B TedeHue Oosiee 20 JeT MeXIyHApOAHBIX KOH(EpPEeHINH, MOCBAIICHHBIX BbIIAIONIMMCS
poccuiickum MaremarnkaM — akagemukam A. H. Tuxonosy u I1. JI. UeOp1méy.

B 2002 r. B. A. I'ankuny 3a 3aciayrd B o0iacTu oOpa3oBaHHs MPHCBOCHO 3BaHUE «IloYeTHBIN padoT-
HUK BBICIIETO mpodeccuonanmsHoro odpasoBanust Poccuiickoit @enepannuy, B 2016 1. 0H ObUT HarpakaeH
PoccuiickuM HalMOHAIBHBIM KOMUTETOM IO TEOPETUYECKON U MPUKIAAHON MexaHuke Menanbio X. A. Paxma-
TYJIMHA 3a OOJIBIION BKJIAJ B Pa3BUTHE BBHIYMCIUTEIBHBIX METOMOB MPH PELICHUH 33/1a4 MEXaHUKU. Banepuit
AnekceeBuY SBISETCS 4iI€HOM POCCHIICKOrO HallMOHAJIBHOTO KOMHUTETA M0 MHAYCTPHAIBHON M IPUKIATHOU
MaTeMaTHKe, UMeeT cepTuUKar sKcrepTa Poccuiickoit akageMun Hayk.

[Ipu mognepxke PODU B. A. I'ankun omyOnukoBan ase MoHorpadum: «YpaBHeHHE CMOIYXOBCKO-
ro» (M.: ®usmariut, 2001, 336 ¢.) U «AHanU3 MaTeMaTUYECKUX MOJEJICH: CUCTEMBl 3aKOHOB COXPaHECHUS,
ypaBHeHus bonmprmana n CmoyxoBckoro» (M.: BUHOM, 2009, 408 c.).

Taxoke npu nognepxkke PODOU um coBmectHo ¢ akagemukoMm H. C. BaxBanoBeiM u mpodeccopom
10. A. lyounackum 6sut0 oarorosieno m3nanue « Tpymer C. H. Kpyxxkoay (M.: @um3mammurt, 2000, 336 c.).

B 2016 . B. A. l'ankuH ObUT BBIIBHHYT KaHIUAATOM B wieHBI-KoppecnmoHaeHTel PAH mo Otne-
nennto Maremarndyecknx Hayk PAH mo cmenmansnoctn «llpukmagHas maremarnka M mH(OpMaTtuka» Yde-
HbIM coBeToM DenepallbHOTO rocyaapcTBeHHOro yupexnaeHus «denepanbHblid HayuHbl nHeHTp «HaydnHo-
HCCIE0BATEIbCKUNM MHCTUTYT CUCTEMHBIX MCClIeoBaHUN Pocculickol akaieMuH HayK».

Ceoii ro0mteii Banepuit AjekceeBUY BCTPEUYaeT B IMMOJTHOM PaCIBETE TBOPUECKUX CHUI. KoJIekTuB pe-
JaKINK KypHana «Ycrexu KUOSpHETHKI», APY3bs U KOJUIETH OT BCEH AYIIH KeJIaloT eMy KPelKoro 3710pOBbs,
CYACThbs, HOBBIX HAYYHBIX JOCTH)KCHUN U TAIAHTIIMBBIX YUEHUKOB.

IaBHBIA peAakToOp KypHaJa «Ycnexu KuoepHeTUKM, /
Hay4HbIil pykooautens OI'Y ®HII HUMCHU PAH —
aKaJgeMHK B. b. Bereiiun
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AHnHOmMayusA: WCCIEeNOBaHbl YCIOBUS TOSBICHUS HENOABIDKHONW TOYKH Y MIEMIIOTEHTHOTO HETPEepPhIB-
HOTO OTOOpakKe€HHsI Ha MIIOCKOCTH U, KaK CIIeJICTBHE, CyIIECTBOBAHHUE, 110 KpaiHel Mepe, AByX HEHOABIKHBIX
TOYEK Il OTOOpayKeHHI 3TOTO Kilacca Ha JIByMEpHOi cdepe.

Knrouesvie cnosa: HenpepbIBHBIE OTOOpaKEHHUS Ha IUIOCKOCTH, HETIPEPBIBHBIE 0TOOpaXKeHHs Ha cdepe,
MIePUOANYECKIE HEMPEPBIBHBIE OTOOPaXCHHSI, HETIOABM)KHEBIE TOUKH.
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METOJIOB MaTEMaTHYECKOTO MOJICIUPOBAHUS PACIPEICICHHBIX CUCTEM M COOTBETCTBYIOIIMX METOMOB BBIUKC-
TICHYISI».
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ON FIXED POINTS OF PERIODIC CONTINUOUS MAPPINGS TO PLANE R? AND
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V. A. Galkin
Surgut Branch of Federal State Institute “Scientific Research Institute for System Analysis of the Russian
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Abstract: the conditions for the emergence of a fixed point in an idempotent continuous mapping
on the plane and, as a consequence, the existence of at least two fixed points for the mappings of this class
on the two-dimensional sphere are studied.
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[IpenmeroM HacTOsIIEH CTaThU SIBISETCS BOMPOC O CYIIECTBOBAHWU HEMOABIDKHBIX TOUEK Y HEMpe-
PBIBHOTO Teproanueckoro oroopaxkenus [ : Ry — Ry ¥ mepeHoce 3T0ro yrBep)kKaeHus Ha IByMEpHYIO chepy
S2. Huske paccMaTpuBaeTCs CIydail HIEMIIOTEHTHBIX HENPEPHIBHBIX 0TOOPAKEHMH HA IIOCKOCTH.

TEOPEMA. Ilycmb 015 nenpepuignoco omobpadcenus | : Ro — Ro vinonneno moscoecmso (yciuo-
sue udemnomenmuocmu) f2(x) = x,¥x € Ry. Tocda cywecmsyem, no kpaiineii mepe, 00Ha HENOOBUINCHASL
mouka X = [(X).

JlokazarenbcTBo. OTMETHM, YTO B CHJIY YCIOBHS HMICMIIOTCHTHOCTH HEMPEPHIBHOE OTOOpakeHHE
[ : Ry — Ry sBusiercs romeomopdusMoM. Beibepem mpon3BoibHyI0 Touky @ € Ry u eé obpas f(a). Ec-
JIM BBITIOTHEHO paBeHCTBO @ = f(a), To Teopema jaokasana. [losTromy cumraem, uro a # f(a). Paccmorpum
orpesok [a,f(a)] u ero obpas f([a,f(a)]). O6o3naunm uurepsan (a,f(a)) = [a,f(a)]\{a.f(a)} u, coorBeT-
CTBEHHO, ero obpa3 — [((a,f(a)). Bo3amoxHbI 1Ba ciiydyast B3aHMHOTO PACIIOJIOKEHHs OTpe3Ka U ero obpasa.
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B nepsom — (a,f(a)) Nf((a,f(a))) = 0, a Bo Bropom — (a,f(a)) Nf((a,f(a))) # 0. OrmeTnMm, 4TO B TIOCTE-
HEM clly4ae CymecTByeT Touka a1 € (a,f(a)), s xoropoit f(a;) € (a,f(a)). Ecnu mis Bcex Todek oTpesKa
a1 € [a,f(a)] cnpaBemmuBo cooTHolieHne a; # f(aj), To MOXKHO yKasaTh Takyio Touky a € [a,f(a)], nis
KOTOpPOH BeIMONHeHH! yciosus: [ (@) € (a,f(a)) u (a,f(a))N[f((a,f(@))) = 0, r.e. nna orpeska [@,f(@)] umeer
MECTO TIePBBIH Cly4ai, KOTOPBIA U3yYHM HHKE.

Paccmorpum o6sacTh D Ha 1iockocTd Ry, orpaHrdeHHyro oTpeskoM [a,f(a)] u ero romeomopdHbIM
obpazom f([a,f(a)]). OueBuano, uTO B MaHHBIX yciaoBusx obbemunenue v = [a,f(a)] U f([a,f(a)]) romeo-
MOp(HO ETUHUYHON OKPYXHOCTH Ha IockocTH. B crty Teopemsl XKopnana (cum. [1]) mpocrast kpuast «y (T.e.
TaK Ha3bIBaeMasi )KOPJJAHOBA KpWBas) pa3dUBaeT MIOCKOCTh Ry Ha JBe CBS3HBIC KOMIIOHEHTBI U SBIISETCS MX
obmelt rpanuneil. (Teopema Obta copmynuposana u nokazaHa Kamunem JKopmanom B 1887 1. Teopema
Xopnana o6o6imaercs mo pasmMepHocta #: ao6oe (n — 1)-MepHoe mogMHOrooOpasue B R, romeoMophHOE
cdepe, pazduBaeT NIPOCTPAHCTBO HA JIBE CBA3HBIC KOMIIOHEHTHI U SBJISCTCS UX oOieil rpanuuei. [lpu n = 3
3TO yTBep)KAeHue Obuto nokazaHo Jleberom, B obmem ciydae — bpayspom, mMo3ToMy IMpH MPOU3BOIBHBIX
n > 3 teopemy XKopaaHa uHorma HasbiBaroT Teopemoii XKopmana — Bpayapa.)

Baxneiimum ycunennem Teopembl JKopmana Ha mmockoctn Ry sBiusiercst Teopema [éndmmca [2],
MO0 KOTOPOM CYIIECTBYET roMeoMOP(GU3M TIIOCKOCTH B ceOsl, MEPEBOASAIIMN JAHHYIO JKOPJAHOBY KPHBYIO B
OKpY)XHOCTh. TakuM 00pa3oM, OrpaHHUYCHHAs KOMIIOHEHTa B BBIINIEYNOMsHyTol Teopeme JKopmana Ha Rg
roMeoMopdHa eIMHUYHOMY JUCKY, @ HEOTPAHHUYCHHAS] KOMIIOHEHTa FOMEOMOP(HA BHEITHOCTH SMHUYHOTO
nucka. (ns pasmepHocTedt 1 > 3 9TO YTBEpKICHUE HE CIPABEIJIUBO, PUMEPOM YeMY SIBIISCTCS «poraras
chepa Anekcanaepay , JaroIas MaroJornyeckuil MpuMep BIOXKEHUs chepbl B MPOCTPAHCTBO. BriepBbie oHA
Obuta onmcana /xefimcom Anekcanaepom B 1924 1., cm. [5, 6].)

Taxum o6pasom, B cuiy Teopembl 1lInduca 3aMbpIKaHHe KOMIAKTHOH KOMIIOHEHTH D MIOCKOCTH,
OrpaHHYEHHOE TIOCTPOCHHOM BBIIIE )KOpAaHoBoi kpuBoit v = [a,f(a)] U f([a,f(a)]), romeomopdHO 3aMKHY-
ToMy Kpyry. [IOCKOJIIBKY HIEMIIOTEHTHOE HempepbiBHOE oToOpaxkenue [ : Ry — Ry sBisiercst romeomop-
du3MoM Ha TmockocTH, 06pa3 f(D) sBnfeTcs KOMIAKTOM M B CHJIy IIPHHIUIA COOTBETCTBUS TDAHHI] MPH
roMeoMOp(HBIX 0TOOpakeHHAX U TeopeMbl JKopnana crpaBenuo pasenctso Of (D) = . OdeBuaHO, 4TO
Touku jgononHeHus: Ro\D He SBIAIOTCS KOMITAKTOM, H, cienoBarenbHo, 3HaueHus [(D) ¢ Ro\D, u, 3Ha-
ant, f(D) = D. Ipumensis TeopeMy Bpayspa 0 HemomBikHOMN Touke [7] IS HEMPEPHIBHOTO OTOOPAKEHHS
f: D — D, ycTanaBnuBaeM CylecTBOBAaHHE HETIOABIKHON Toukn X = f(%).

CJIEJICTBME. IlycTs HenpepbiBHOE HIEMIIOTEHTHOE OTOOpaXkeHue aByMepHoit cdepsl [ : S2 — S2
He 0ToOpaXkaeT TOYKU Chephbl Ha JHaMETPaIbHO UM IPOTHBOIONOXKHBIE. Torma [ obnamaert, Mo KpaiiHei Mepe,
JIBYMSI HETIOIBMYKHBIMHU TOYKAMHU.

Jloka3aTenbCTBO ATOTO YTBEPIKACHHS SIBISETCS MPSIMBIM CIIEACTBUEM H3BECTHOM TEOPEMBI «O €Xe» U
JIOKA3aHHOM BBIILIE TEOPEMBI 00 UIEMIIOTEHTHOM HETPEPHIBHOM OTOOPaKEHHUH TUIOCKOCTH.

Bormpoc o cymiecTBOBaHHM HEMOABHKHBIX TOYEK y HEMPEPhIBHBIX MpeoOpa3oBanuii Ha chepe [ :
S? — S?% = f(X) uMeeT GOraTylo HCTOPMIO, CBS3AHHYIO C TAaK HA3bIBAEMOH TEOPEMOIl O «IIPHUECHIBAHUH
eXay, WITH KPaTKo — ¢ TEOPEMOH 0 «exke», Bocxosamiert k padoram A.llyankape [3] u JI.3. k. bpayaspa [4].

Teopema «o exe», WK, KaK MPUHITO B 3amaaHoil nureparype, “Hairy Ball Theorem” (cwm. [7, 8]) —
«TeopeMa 0 BOJIOCATOM Imape» Owuia BrepBble copmymupoBana A. Ilyankape B 1885 . B 1912 1. oOmmuit
cryyaii ObLT HCCleoBaH rojulaHackuM marematukoMm J1.J. Jx. Bpayspom [4], KOTOpbIii goKka3an, 4To Teope-
ma IlyaHkape BepHA He TONBKO VIS ABYMEpHOH chepsl S2, HO M s mo60i cdepbl YETHONH PasMEPHOCTH.
YTBepIKIeHHE TeopeMbl IIyaHKape COCTOUT B TOM, 4TO Ha S® He CYIIECTBYET HENPEpPHIBHOTO KACATENHHOIO
BEKTOPHOTO TIOJIsI, KOTOpOE HUTZE He oOpalaercs: B HOJb U, CIIe0BaTeIbHO, JF000€ HeNpephIBHOE 0TOOpaxKe-
mue [ : S? — S? mubo MMeeT HEMOMBIKHYIO TOUKY ¥ = f(X), mu60 0ToOpakaeT HEKOTOPYIO TOUKY Chepsl
Ha AMaMETPaJbHO el MPOTUBONONOXKHYI0. TakuM 00pa3oM, «exka HeNb3s MpHUYecaTh»: XOTh OfHA Uria OyneT
TIepICHANKYIISIpHA TToBepXHOCTH (cM. puc. 1 [9]).

CoOTBETCTBEHHO, 37€Ch KaXIbIli BEKTOP IOJISl Ha cepe MPeACTaBIeTCS Kak «HUIvla eXa», pacTyIuas
M3 Kaxmoi Touku Ha cdepe — «exey. [lo 3Toit mpuumHe Teopema 0ObIUHO (hOpMyNHpyeTcs KaK «HEIb3s
pacdecaTh BOJIOCHI Ha BOJIOCATOM IIIape POBHO, HE CO3/aBas 3aBUTKA», MOCKOJNBKY MPOIECC PACUCCHIBAHUS
1rapa SKBUBAJICHTEH OIPEACICHUIO BEKTOPHOTO TIOJISl HA €r0 MOBEPXHOCTH.

Takum 006pa3oM, B CHUITy CACTAHHOTO MPEAMOIOKEHUS O TOM, YTO TOYKH Cepbl HE 0TOOPaXKAIOTCS
Ha JWaMeTPaTbHO TPOTHBOIIOIIOKHEIE, 00eCIIeunBaeTCS HAIMYKE, 110 KpalHEeH Mepe, OJHOW HETOABMKHON
TOYKH, KOTOPYIO TIOMECTUM Ha CEBEpPHbIH moimoc cdepbl B Touky ¢ koopaunaramu (0,0,1) u paccmorpum cre-
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(0,0,1}

Puc. 1. Unnrocmpayus x meopeme

<o excen [9] Puc. 2. Cmepeoepapuueckas npoexyus © cgpepor S* na niockocmo Ry

peorpaduueckyro npoekuuio X — (x) € Ry, Vx € S\ (0,0,1) chepsl ¢ «BHIKONOTHIM CEBEPHBIM MOMIOCOM»
Ha IUTOCKOCTh (CM. puC. 2).

OTtoOpaxeHue @ ABIsIeTCs ToMeoMOp(U3MOM c(hephl C BHIKOJIOTHIM CEBEPHBIM MOJIFOCOM Ha TIOCKOCTh
Ry. B cuny unemnorentoctd [ : S? — S? cynepnosurms ¢ o f o ¢! 1 Ry — Ry sBISETCH HENMpepbIBHBIM
HUAEMIOTEHTHBIM 0TOOpaKeHHEM IUIOCKOCTH, Y KOTOPOTO 0 AOKa3aHHOW TEOpeMe CyIIECTBYET HENOABMKHAS
Touka. TeM CaMbIM yCTaHABIMBACTCS CYIIECTBOBAHUE BTOPOil HEMOBIKHOMN TOUKH y oToOpakeHus [ : S —
s2,

B cBs13u ¢ Teopemoii «0 exe» MOXKHO yKa3aTb METEOPOJIOrHyecKoe NpuiioskeHue 3Ton TeopeMsl [10].

BaxkHblil KJIacC 3ajad, CBA3AHHbBI C HaJIM4MEM NepHomuueckux Touek ¥ = [V(X), N > 1, mis
HETPephIBHOrO roMmeoMopdroro otobpaxerus chepsi [ : S — S2, uccrenopancs C. Cwmeitnom [11].

OTMeTHM, YTO M3 JOKa3aHHOTO CIIE/ICTBUS BBITEKAET, YTO HAJIMYHE CBOHCTBA MEPUOAMYHOCTH YETHO-
T0 MOpAIKA JUISI HEMPEPHIBHOTO OTOOpa)keHHs JBYMEpPHOW cdepbl, y KOTOPOrO CTENeHb, paBHAs MOJIOBHHE
reproaa, He 0ToOpaXkaeT TOYKU cepbl B AUAMETPATBHO IPOTHUBOIIONOKHBIE, TIPUBOANUT K CYIIECTBOBAHUIO,
110 KpaliHel Mepe, OHOU HENOABMYKHOM TOYKU U NMEPUOANYECKON TOYKU C ITOJIOBUHHBIM IIEPHOIOM II0 OTHO-
IICHUIO K TIOJTHOMY ITEPHOy OTOOpaKeHusI.
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Introduction

In the last third of the seventeenth century, the belief that the Earth has a spherical shape, which
was prevailing in the Western world since Greek Antiquity, started to be challenged, principally in France
and in England. Two antagonistic theories arose at about the same time, concerning the figure of the Earth.
One theory claimed that this figure is a spheroid (that is, an ellipsoid of revolution) which is oblate, that
is, flattened at the Poles and elongated at the Equator, and the other one said that the Earth is a prolate
spheroid, that is, elongated at the Poles and flattened at the Equator.

From the purely mathematical point of view, the belief that the Earth is a spheroid motivated to a
large extent the development of the differential geometry of such a surface; this is the main point I would
like to emphasize in the present paper. Before that, I start by some markers on the history of the problem
of the figure of the Earth.

The plan of this paper is the following.

It begins with an overview of the problem of the figure of the Earth, as it was addressed starting in
the last third of the 17th century, where two conflicting theories arose, the one saying that the Earth is an
oblate spheroid and the other that it is prolate.

Then the reader is presented an overview of a paper by Leonhard Euler, addressed to the general
public, in which he explains in simple words the physical ideas that were behind the various theories
concerning the shape of the Earth.

We also survey some other works of Euler that are related to the figure of the Earth: First, two
purely mathematical memoirs on the geometry and the trigonometry of the spheorid, then, a memoir on
the impact of the spheroidal shape of the Earth on astronomical observations, and finally, a memoir on the
gravitational force exerted by a planet which has the form of a spheroid.



12 A. IHanaoonynoc
Dopma 3emnu: 2eozpagus, acmporomus u 2eomempus

The subsequent sections are concerned with the works of three prominent mathematicians on prob-
lems related to the spheroid, namely, Clairaut, Lagrange and Legendre. Each of them studied these questions
from his own particular point of view: Clairaut as a specialist of hydrodynamics, Lagrange using analysis
and the calculus of variations, and Legendre, introducing approximations techniques in geodesy.

We will also talk about Gauss whose work on the differential geometry of surfaces was motivated
by his official position of geographer,

After that, we review some work of Jacobi who studied the spheroid in relation with his work on
Abelian integrals.

In the end, we mention briefly the works of several other mathematicians who worked on the
geometry of the spheroid, motivated by the question of the shape of the Earth.

The question of the figure of the Earth

Our chronicle starts in the year 1672, when the French astronomer Jean Richer was sent to Cayenne
(a region in French Guiana, near the Equator) to observe the planet Mars and compute its parallax, with
the aim of obtaining an estimate of the distance from this planet to the Earth. In doing his experiments,
Richer noticed that the length of a pendulum performing one beat per second is longer in Paris than near
the Equator. He concluded that the value of the gravitational force is smaller in Cayenne than in Paris. This
showed that the factor representing the acceleration of gravity which appears in the formula for the period
of the pendulum is not uniform all around the Earth but depends on the latitude. The theory saying that the
Earth is spherical! started being questioned.

A few years later, Christiaan Huygens, who was certainly the most celebrated seventeenth-century
mathematician living in Paris, emitted the theory that the particles constituting the Earth, in addition to the
fact that they are subject to the gravitational attraction force, are submitted to a centrifugal force due to the
rotation of the Earth around its axis, and he concluded that in order to reach an equilibrium under the action
of these two forces, the Earth has necessarily the form of an oblate spheroid.

At about the same time, Isaac Newton, in the 1687 edition of his Principia (Book III, Propositions
XVIII-XX), based on his theory of universal gravitation, declared that the Earth has the form of an oblate
spheroid, confirming Huygen’s conclusion (but not necessarily his theories). Newton’s claim was based on
his assumption that the Earth was originally a fluid having a spherical shape, and that it acquired gradually
a spheroidal shape under the effect of the mutual attraction force exerted between its various parts combined
with the effect of the Earth’s rotation around its axis. In fact, Newton provided a precise estimate for the
flattening of the Earth, namely, he claimed that if @ and b denote respectively the major a and the minor
axis of this spheroid, then “a;b = ﬁlo. This estimate is different from the one that Huygens obtained. The
latter, who did experiments using water pillars for the determination of the centrifugal force, and under the
assumption that gravity is constant at the interior of the Earth, concluded that the Earth is more flattened at
the Poles than what Newton thought.

Soon after, in France, the geographers and astronomers, led by Jean-Dominique Cassini> and based
on a series of measurements that were conducted in the context of a project of land surveying, concluded
that on the contrary, the Earth has the form of a prolate spheroid, that is, a spheroid elongated at the Poles
and flattened at the Equator.

Each of the two points of view was defended vehemently, in England by the scientific community
that was led by Newton, and in France by the astronomers of the Cassini family and other members of the
Royal Academy of Sciences.

The dispute between the supporters of the two theories lasted several years, until the Royal Academy,
together with the ministries of Marine and of Finances, and under the pressure of Pierre Louis de Maupertuis?,

"' In all our discussion here, we are neglecting the differences in altitude on the surface of the Earth due to the existence
of mountains, valleys, etc., these differences being very small compared to the diameter of the Earth.

2 Jean-Dominique Cassini (1625-1712) was a leading astronomer of Italian origin, who settled in Paris. He was a member
of the Royal Academy of Science and the director of the Paris Observatory. He was the first of an unusually long list of leading
geographers and astronomers from the same family.

* Pierre Louis de Maupertuis (1698-1759) was one of the main supporters in France of the theory saying that the Earth
is oblate. More generally, he was a supporter of Newton’s ideas on physics and philosophy, against the majority of the French
academicians. We mention incidentally that in those times, there was a competition in France between Newton’s and Descartes’
ideas on subjects such as matter and attraction, and the dispute regarding the figure of the Earth was part of the debate between the
supporters of the two theories, a debate that sometimes took the form of a conflict.
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the famous French philosopher, mathematician, astronomer and naturalist, who was a distinguished member
of this Academy, organized an expedition to Swedish Lapland whose objective was to measure the length
of a degree of meridian in these regions close to the North Pole, in order to settle this question. Indeed,
by the comparison between the result of these measurements with the length of a degree of a meridian at
some known place far from the Pole (like Paris) would give information on whether the Earth is flattened
or elongated at the North Pole.

The expedition took place in 1736-1737, under the leadership of Maupertuis, and including major
scientists like the mathematician Alexis-Claude Clairaut and the Swedish mathematician, astronomer, geog-
rapher and meteorologist Anders Celsius. The results of this expedition were probably the most conclusive
factors at that time regarding the question of the figure of the Earth.

Another expedition headed to Peru, the year before the one to Lapland, to make similar measures
near the Equator. The Peru expedition lasted 9 years (1735 to 1744).

Euler’s report on the figure of the Earth

I will start by an overview of an article by Euler on the question of the figure of the Earth, written
for the general public. As a matter of fact, this question was not only discussed in scientific milieux, but
also in the general cultured society of Saint Petersburg, Paris and other places, and it was not unnatural
that Euler, who was a prolific writer, interested in all aspects of theoretical and applied sciences and eager
to pass on his knowledge to all levels of the educated community, publishes such a review. The paper is
titled Von der Gestalt der Erden (On the shape of the Earth) [1] and it appeared in 7 installments, between
April 3 and December 25, 1738, in the Anmerckungen iiber die Zeitungen (Notes on the newspapers), a
German magazine published in the imperial city. In this article, Euler explains using non-technical words,
the reasons and the arguments that led to the two antagonistic theories concerning the figure of the Earth:
a prolate or oblate spheroid. In his account, when he talks about the Earth having the form of an oblate
spheroid, that is, a spheroid flattened at the Poles and elongated at the Equator, Euler says that it has the
shape of an orange. In the contrary case, he says that the Earth has the shape of a melon.

Euler starts by recalling that in the preceding century, supporters of either point of view had strong
arguments from physics, and he presents these arguments in simple words. Some of them are based on
deep theories involving fluid mechanics and the general natural sciences, and other arguments are based
on experimental measurements. Let us note right away that concerning this problem of the figure of the
Earth, Euler’s most important contribution is purely mathematical; we shall say more on it later in this paper.
Euler notes in his Anmerckungen article that to address this question from a mathematical point of view, in
particular, in order to make use of the methods of differential calculus, one must assume that the surface of
the Earth is smooth. For that purpose, he supposes that the surface of the Earth is covered by still water.
He notes that if the Earth were melon-shaped, then, bodies would be heavier near the Equator than near
the Poles and he claims that the experiments done with pendulums are reliable in order to decide which
one among the two prevailing theories is correct. In the case of a melon-shaped Earth, a pendulum beating
accurately a second must be longer at the Equator than at the Poles.

Euler then reviews the geometry that lies behind the measurements of degrees of meridians that were
carried out, with the help of astronomical observations, near the Poles and at the Equator. He talks about the
Lapland and the Peru expeditions whose aim was not only to check whether the Earth is melon or orange-
shaped, but also to provide precise measurements for the ratio of the axis of the Earth to its diameter. At
the time Euler published his article, the Lapland expedition was already completed and its results indicated
that the Earth is orange-shaped, that is, flattened at the Poles and elongated at the Equator. He declares that
he is quite confident that the results of the Peru expedition will confirm this fact. Furthermore, the results
of the latter expedition will still be important since they will give information on the length of the diameter
of the Earth (which should be larger than its axis).

After presenting the problem of the figure of the Earth, Euler writes that he will explain how this
question can be solved without appealing to measurements, but by pure reason. He starts by noting that if
the Earth were perfectly round, the weight of an object would have the same value on all this surface, and
as a vector (that is, represented by the vector of gravity, whose direction is given by a plumb line which
indicates the vertical direction at each point), it would be directed towards the center. He notes that the last
property is impossible to check practically, but that the fact that an object has the same weight at different
locations of the Earth may be checked. In the case of a melon-shaped Earth, gravity near the Equator must
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be greater than near the Poles, that is, a body is heavier near the Equator than near the Poles. Likewise, in
the case of an orange-shaped Earth, the same object would be lighter near the Equator than near the Poles,
that is, the force of gravity is greater at the Poles than at the Equator. Euler says that these considerations
provide a practical way to check whether the Earth is round, or melon-shaped, or orange-shaped. It is
interesting to note that such a gravitational argument was used by Aristotle about 2300 years before Euler,
to conclude that the Earth is spherical®.

Euler then discusses the causes of gravity, and he recalls that this matter is still controversial. He
declares that one cannot determine the variation of gravity on the surface of the Earth just by weighing the
same object at different places, since the weight used in the scale will become lighter or heavier, like the
body itself, and the results will not be conclusive. Therefore, one should study, rather than the weights of
bodies, the gravitational force itself, and this can be deduced from the speed of falling bodies. Thus, if near
the Equator and the Poles, a body falls from the same height in the same amount of time, then the Earth
is spherical. If the height from which a body falls in one second is greater under the Equator than under
the Poles, then the gravitational force is greater under the Equator than under the Poles, and in this case the
Earth has the shape of a melon. In the contrary case, the Earth has the shape of an orange. But to make
such measurements in a very precise way is not an easy matter, and Euler turns to pendulums.

The more the force of gravity is greater, the more the pendulum frequency is greater, for a fixed
length. If at two places, pendulums of the same length make the same number of oscillations per unit of time,
then the gravitational force is the same at the two places. If this takes place everywhere, then the figure of
the Earth is spherical. But if the number of oscillations of a given pendulum is smaller (respectively greater)
under the Equator than under the Poles, then the Earth is orange-shaped (respectively melon-shaped). Euler
reports on experiments with pendulums that have been carried out at different places of the Earth by means
of which it has been shown that the nearer one comes to the Equator, the shorter a pendulum indicating the
same time is. Therefore these experiments show that the Earth is flattened at the Poles, that is, it has the
form of an orange.

After having shown, with the help of pendulums, that the Earth is thicker at the Equator than near
the Poles, the question became that of knowing by how much exactly, i.e., what is the ratio of the diameter
of the Equator to the axis of the Earth. For this, Euler explains that one needs to calculate the length of one
degree of meridian at different place of the Earth and to compare these measurements. Since the Earth is
not spherical, the meridians are ellipses, and the length of degrees of meridians are not equal everywhere.

Another way of studying this question is to compare, near the Equator, the value of a degree of
meridian with that of a degree of Equator. Euler recalls that finding the values of these degrees is done
using astronomical observations. He explains how the degrees of meridian can be measured and he mentions
the observations that were performed in France, and the expeditions to Lapland and Peru. To compute the
degrees on the Equator, that is to say, degrees of longitude, it is necessary to observe the eclipses of the
Moon, or of the moons of Jupiter.

Euler then talks about the figure of Jupiter, which was also shown to be orange-shaped. Furthermore,
astronomical observations have concluded that the axis between the two Poles of this planet is smaller than
the diameter of its Equator by a fraction of a tenth. Euler says that if the same thing could be observed
for all the other planets, there would be no doubt about the figure of the Earth, and that the mere fact that
this flattening of Jupiter was observed already gives us an indication of the possible figure of the Earth. He
explains that all this is caused by the action of gravity, exerted on the fluid part that constitutes the Earth.

In fact, Euler was very much involved in questions on gravity. We shall mention below some of
his memoirs related to this subject. Furthermore, several passages in his Letters to a German Princess are
concerned with this subject. Moreover, Euler published in 1743 (anonymously) a memoir on gravity, De
causa gravitatis (On the cause of gravity) [3],> and he took up this subject again in his treatise Anleitung zur
Naturlehre (Introduction to Natural Science) [4]. For a discussion of Euler’s theories of gravity in relation

4 Aristotle gives this argument in Chapter 14 of Book II of his treatise On the Heavens. 1 discuss this in the first chapter
of the volume [2].

> It is probable that the reason why Euler remained anonymous is that he wished to avoid the controversies which the
question of gravitation drew, between those who adhered to Newton’s theories, mainly the English physicists, and those who did
not, i.e., the French, German and Swiss. There were exceptions, of course. For example, Christiaan Huygens, the preeminent Dutch
mathematician and physicist who lived in France, and Pierre-Louis de Maupertuis, the French astronomer and geographer, who
became the president of the Prussian Academy of Sciences while Euler was working there, were supporters of Newton’s ideas.
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to the ideas of Newton, Descartes and others, I refer the reader to Andreas Kleinert’s article [5].

On Euler’s other writings in relation with the figure of the Earth

Among Euler’s other writings on the figure of the Earth, I start with the geometrical memoir Elémens
de la trigonométrie spheroidique tirés de la méthode des plus grands et plus petits (Elements of spheroidal
trigonometry drawn from the method of the maxima and minima) [6] (1755), in which Euler presents the
mathematical notions that underly the measurements of degrees of meridians conducted in Peru and Lapland,
discussing the possible errors made during these measurements and their impact on the knowledge of the
true figure of the Earth. In this memoir, he also studies the general trigonometry of a spheroid.

In order to develop a trigonometrical theory of a curved surface, one needs to introduce the notion
of triangle on such a surface, and Euler starts his memoir by defining the notion of geodesic triangle on an
arbitrary surface. We recall that spherical triangles were known since the work of Menelaus of Alexandria
(1st-2nd c. AD), see [7]. It is possible that we have, in this memoir of Euler, for the first time in history,
the notion of triangle on an arbitrary curved surface. After giving this general definition, Euler restricts his
study to the case where the surface is a spheroid. The sides of such a triangle are geodesics on the spheroid,
and these geodesics are generally, unlike the geodesics on the sphere, doubly curved lines, that is, they are
not contained in a plane, a result noticed for the first time by Clairaut in his memoir [8] (1735) of which
we shall say more in below.

Let us review some of the mathematical questions that Euler solves in his memoir:

1) Given the latitude of a point on the spheroid, to determine its distance to the centre of the Earth and
the osculating radius at this point (Sections 4 and 5 of [6]);

2) Given two points situated on the same meridian, knowing their latitudes, to find the magnitude of
the arc of meridian contained between them (Section 17 of [6]);

3) Given two points of which we know the latitudes and the difference between the longitudes, to find
the shortest path between them (Section 19 of [6]);

4) To determine the ratio of the diameter of the Equator to the axis of the Earth, without using the
measurements done by the expeditions near the Pole and near the Equator, but by a construction done in a
small portion the Earth (Section 24 ff. of [6]).

Problem (3) is more general than Problem (2) and its solution needs the full power of the calculus of
variations, or the “method of maxima and minima” as Euler used to calls it, a theory that he had developed
himself.

To solve Problem (4), Euler proposes a series of astronomical observations, together with the
possibility of drawing a straight line (a geodesic) in the given region. Provided this can be done precisely,
he gives a formula for the required ratio.

Note that the answers to the first three problems are straightforward in the case of a sphere. In the
case of a spheroid, the latitude is defined as the angle made by a perpendicular to the surface of the Earth
with its axis of rotation. Note that the perpendicular does not pass through the center of the spheriod, unless
the point is on the Equator.

In Section 21 of the memoir, Euler provides a set of formulae which constitute the trigonometry of
the spheroid announced in the title of his memoir. These formulae depend on a constant § which is equal to
221722’ where e is the semi-diameter and a is the semi-axis of the spheroid. For § = 0, the formulae give all
the known rules of spherical trigonometry which Euler had amply covered in his previous memoirs.

From the practical point of view, Euler, in Sections 12-14 of the same memoir, based on the
measurements conducted during the various expeditions, finds that the value of the ratio of the diameter of
the Earth to its axis is equal to 230/229, and he notes that this value coincides with the one given by Newton
in his Principia. He discusses in detail the other ratios that one may find by using other measurements and
other methods of calculation. His methods for obtaining these results use approximation techniques. He
notes that these methods are advantageous only in regions which are neither too close to the Equator nor to
the Poles (§34).

Among the other memoirs of Euler that are concerned with the problems of gravity and the figure of
the Earth, I mention the Methodus viri celeberrimi Leonhardi Euleri determinandi gradus meridiani pariter
ac paralleli telluris, secundum mensuram a celeb. de Maupertuis cum sociis institutam (Method of the
celebrated Leonhard Euler for the determination of a degree of a meridian, as well as of a parallel of the
Earth, based on the measurement undertaken by the celebrated de Maupertuis and his colleagues) [9] (1750).
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The title of this memoir is enough informative. Euler studies there several geographical problems, including
the determination of the length of a degree of a meridian at a given latitude, and the determination of the
latitude once we know the length of a degree of a parallel.

The subject of the next memoir we consider concerns the influence of the figure of the Earth on
astronomy. It was published in 1747, and it is titled De la parallaxe de la lune tant par rapport a sa
hauteur qu’a son azimuth, dans [’hypothése de la terre sphéroidiqgue (On the parallax of the moon, both
with respect to its elevation and its azimuth, under the hypothesis of a spheroidal Earth) [10]. The term
“parallax” used here refers to the influence of the position of an observer on the trajectory of a celestial
object, seen from his own position (the object being, here, the moon). From the mathematical viewpoint,
this is a coordinate change problem, in the setting of the geometry of the spheroid. Euler starts his memoir
by recalling that Maupertuis published a treatise on the parallax of the moon, in which he showed how
the usual rules, that is, under the hypothesis of a spherical Earth, have to be modified, if one takes into
consideration the spheroidal shape, but that the latter failed in taking into account one parameter, namely
the azimuth, that is, the angle seen from the observer, in a horizontal plane, between the projection of the
direction of the celestial object considered, and a given reference direction. He develops in this memoir [10]
the trigonometric computations needed in this geometrical problem.

In the memoir De attractione corporum sphaeroidico-ellipticorum (On the attraction of spheroido-
elliptical bodies) [11], published in 1738, Euler studies gravity on a planet which has a spheroidal shape,
made out of a uniform material and in which the particles attract each other by a force whose magnitude is
inversely proportional to the squares of the distances and rotates about the axis. Under such hypotheses, he
obtains a formula for the attraction law between a particle situated at a Pole and another one at the Equator.

Clairaut

Alexis-Claude Clairaut is another eighteenth century scientist who worked on the problems of the
figure of the Earth, both from the physical and mathematical viewpoints. Besides being an outstanding
mathematician, Clairaut was an excellent physicist and astronomer. He had a regular correspondence with
Euler, and each the two men had a lot of respect for the other’s work. They regularly informed each other
of their respective works. I have dwelt on the relation between Euler and Clairaut in the article [12].

Like Euler, Clairaut was thoroughly involved in hydrostatics, that is, in the theory of the equilibrium
of forces acting on a fluid. His book, Théorie de la figure de la terre, tirée des principes de I’hydrostatique
(Theory of the figure of the Earth, drawn from the principles of hydrostatics) [13], published in 1743, was
motivated by the question of the figure of the Earth, and it constitutes an important piece of work on this
subject. He develops there the idea that the Earth, originally constituted by a fluid matter, acquired gradually
its spheroidal form, explaining this by the equilibrium laws of hydrostatics. His theory, which confirmed
Newton’s theory on the same topic, constitutes at the same time an extension of the latter’s theory of
universal attraction. In this book, we find the so-called Clairaut theorem which says that the Earth is a body
in hydrostatic equilibrium under the sum of gravitational and centrifugal potentials satisfying a certain exact
differential equation for a homogeneous field. It is also worth mentioning that in this work, Clairaut, while
he confirmed Newton’s conclusions on the form of the Earth, corrected some of the latter’s computations,
showing that the ratio of the minor axis to the major axis of the spheroid that it forms is 230/231, which is
different from the value that Newton found.

The first part of Clairaut’s work [13] is titled Principes genéraux pour trouver les hypothéses dans
lesquelles les fluides peuvent étre en équilibre, et pour déterminer la figure de la Terre et des autres
planétes, lorsque la loi de la pesanteur est donnée. (General principles for finding the hypotheses under
which fluids can be in equilibrium, and for determining the figure of the Earth and of the other planets,
given the law of gravity). In §1, Clairaut says that a fluid mass cannot be in equilibrium unless the forces
of all parts contained in a channel of an arbitrary figure which we imagine as traversing the entire mass
cancel each other. This is the first time that a principle of fluid equilibrium is stated. The methods that
Clairaut uses in his work are geometrical. A few years later, with Lagrange’s Mécanique analytique (1788),
analytical methods became dominant in mechanics and hydrostatics.

The Earth as a spheriod was sometimes referred to in the eighteenth century science literature as the
Clairaut spheroid.

Clairaut, like Euler, wrote several memoirs on the motion of the moon, for whose study he also
followed Newton’s ideas and in particular his law of attraction, the same law that explains the figure of
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the Earth. On this subject, we mention his memoir: De [’orbite de la lune dans le systeme de M. Newton,
(On the orbit of the moon in the system of Mr. Newton) (1746) [14] and Du systeme du monde dans les
principes de la gravitation universelle (On the system of the world in the principles of universal gravitation)
(1749) [15].

More directly related to the figure of the Earth are the two memoirs Détermination géométrique de
la perpendiculaire a la méridienne tracée par M. Cassini avec plusieurs méthodes d’en tirer la grandeur et
la figure de la terre (Geometrical determination of the perpendicular to the meridian drawn by Mr. Cassini
with several methods of extracting its length and the figure of the Earth) [8] and Sur la nouvelle méthode
de M. Cassini pour connaitre la figure de la terre (On the new method of Mr. Cassini to know the figure
of the Earth) [16]. Despite the titles, these memoirs are geometrical. For instance, in [8], Clairaut shows
that a geodesic which is not the Equator and which intersects perpendicularly a meridian cannot be planar
unless this spheroid is a sphere. Clairaut furthermore determines the nature of that curve.

Motivated by the theory of the form of the Earth, Clairaut worked, before Euler, on the geometry
and trigonometry of the ellipsoid of revolution. His two memoirs [8] and [16] contain several theorems on
the geodesics on a surface of revolution which is not the sphere, in particular on the curvature of the curves
obtained by the intersections of such surfaces with planes, with a special attention to the case of a spheroid.

The memoir An inquiry concerning the figure of such planets as revolve about an axis, supposing
the density continually to vary, from the centre towards the surface [17] was presented to the Royal Academy
of Paris and to the Royal Society of London in 1737-1738, and it was published in the latter’s Transactions,
translated into English. In this memoir, Clairaut returns to Newton’s part of the Principia which is concerned
with the figure of the Earth. He first announces that some observations he made under the Arctic circle,
during the Lapland expedition, led him to believe that this figure was flatter than what Newton thought.
and he expresses his surprise concerning the fact that Newton applied different physical theories, as to the
causes of this ellipticity, regarding the Earth and Jupiter. But Clairaut is mostly interested in geometry, and
the core of his memoir is mathematical. Among the problems that he discusses, we mention the following
three:

o Problem 1: To find the attraction which a homogeneous spheroid, differing but very little from a
sphere, exerts upon a corpuscle placed at a point on the axis of revolution.

e Problem 2: The spheroid is no more supposed to be of a homogeneous matter, but composed of
an infinite number of ellipsoidal strata which are all similar, and whose densities are represented by an
arbitrary curve whose equation is known. To find the attraction that it exerts on a corpuscle placed at a
Pole.

e Problem 3: To find the attraction which a spheroid exerts upon a corpuscle placed at an arbitrary
point of its surface.

From the point of view of fluid mechanics, we quote Lagrange, who declares in his Mécanique
analytique that Clairaut changed the face of Hydrostatics, and made it a new science. He writes [18, t. 1,
p- 179-180]:

[...] Clairaut made [Newton’s principle] more general, by showing that the equilibrium of a fluid mass
requires that the forces of all the components of the fluid enclosed in an arbitrary channel, ending at the
surface or entering into itself, destroy each other. He was the first to deduce, from this principle, the true
fundamental laws of equilibrium of a fluid mass whose parts are animated by arbitrary forces, and he
found the partial difference equations by which these laws can be expressed, a discovery which changed
the face of Hydrostatics, which he made a new science.

After this passage, Lagrange talks about Euler’s work on hydrostatics, which, he says, is adopted in
almost all the treatises on this science.

Lagrange was, among the 18th century preeminent mathematicians, Euler’s young competitor who
was closest to him in terms of depth of thought. We shall talk about him in the next section.

Lagrange

Motivated by the question of the figure of the Earth, Lagrange, in 1773, published a memoir
titled Sur [’attraction des sphéroides elliptiques (On the attraction of elliptical spheroids) [19] in which he
computed the attraction force exerted by an ellipsoid on a point situated either in the interior or outside
this ellipsoid, but in the latter case the point is assumed to be on situated on one of its axes. In fact,
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Lagrange worked out this problem for an ellipsoid with three axes of different lengths, that is, an ellipsoid
which is more general than a spheroid. In the memoir we just mentioned, he recovers formulae that were
established by Colin Maclaurin on the same question, recalling that the latter has already solved this question
in a memoir which won a prize by the French Academy of Sciences in 1740. MacLaurin used geometric
methods, and Lagrange says that from this point of view, this memoir is comparable to the most beautiful
memoirs of Archimedes. But at the same time Lagrange finds it useful to have a solution that is based on
analysis (differential and integral calculus), and this is the object of his own memoir.® He declares in his
memoir [19] that his aim, in giving a solution by analysis of the questions considered by Maclaurin, “will
serve to destroy one of the main arguments that the detractors of Analysis can bring to lower it and to prove
the superiority of the synthetic method of the Ancients”.
Among the problems that Lagrange considers, we mention the following three:

o To find the general expression of the attraction that a body of a given figure exerts on a point
placed wherever one wishes, assuming that each particle of the body attracts this point as an arbitrary
function of distance.

o To determine the value of the attraction that a body whose surface is expressed by a second degree
equation exerts on a point placed inside the body or on its surface, assuming the attraction is reciprocally
proportional to the squares of the distances.

o Under the assumptions of the preceding problem, to find the attraction exerted on the a point
placed outside the body.

Legendre: geodesy and approximation

Legendre is one of the preeminent mathematicians of the 18th-19th centuries who were heavily
involved in geodesy. In 1787, he collaborated with Jean-Dominique Cassini de Thury (also known as
Cassini V) for the determination of distances on the coasts of France and England using the method of
triangulations. In his Mémoire sur les opérations trigonométriques, dont les résultats dependent de la figure
de la terre (Memoir on the trigonometric operations whose results depend on the figure of the Earth) [20],
published the same year, he gives some formulae that are necessary for geodesic calculations in triangles
on the surface of a spheroid whose curvature is “infinitely small”, i.e., triangles whose sides are very small
compared to the radius of the Earth. Such triangles appear in the method of triangulations used in geodesy.
The formulae give what Legendre calls the angle at the horizon, the angle of depression or elevation of an
observed point relative to the horizon at the place of observation, the distance to the horizon, the excess over
180° of the sum of the three angles of a reduced triangle at the horizon, the value of a degrees of meridian
on the spheroid, as well as distances relative to the North Star. He talks about the use of the so-called
repeating circle, an instrument introduced in France by Charles de Borda and Etienne Lenoir at the end
of the 18th century for measuring astronomical distances for the purpose of geodesy. In the same memoir,
Legendre obtains simple formulae for the shortest line which starts at a given point and making with the
meridian a given angle. He writes that his work is motivated by problems in geography, in particular, those
of establishing precise measurements for the coast of France.

In his memoir Analyse des triangles tracés sur la surface d’un sphéroide (Analysis of triangles
drawn on the surface of a spheroid) [21], read to the Academy of Sciences in 1806, Legendre continues the
study of the geometry of the spheroid for its practical use in geodesy, and more precisely, for the purpose
of showing the exactness of the measures that he conducted for the computation of distances between
Dunkerque and Montjouy, near Barcelona, using a chain of geodesic triangles. From the mathematical point
of view, Legendre considers the following problem: On the surface of the spheroid whose axis and diameter
are known, given a triangle such that we know the following five quantities: two sides and a vertex they
contain, the latitude of this vertex and the azimuth of one side, to determine the third side of the triangle
(and therefore, to determine completely the triangle). He gives an approximate value of this side up to order
4, under the hypothesis that the Earth flattening is small. More precisely, he obtains a good approximation
of a quantity z such that if the value of the known angle is lowered by this quantity, the third side is equal
to the one of a Euclidean triangle formed by the two known sides and the angle A — z they contain. At
the same time, he shows that the difference in angles between this spheroidal triangle and the spherical

 As a matter of fact, it is known that Lagrange, in several works (and the calculus of variations is one characteristic
example), replaced Euler’s geometric arguments by analytic ones.
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triangle whose sides have the same lengths is of order three, and he notes that for the work in geodesy, the
differences between such triangles are negligible.

It is interesting to see that Felix Klein, in vol. III of his famous treatise Elementary mathematics
from a higher standpoint [22], comments on Legendre’s approximations in geodesy (see p. 175), and in
particular on a theorem of the latter extracted from his Géométrie [23, p. 426] which says the following:

Suppose we are given a small triangle of angles «,3,y on a sphere of radius one and a plane
triangle of the same side lengths and angles o/,3',y. Let us set € to be the angle excess of the spherical
triangle, that is, e = o + 4y — 180°. Then we have o/ =a —§, ' =5—-5, + =v—%.

Such a formula allows to conduct geodesic measurements with Euclidean triangles rather than
spherical, which is much simpler for numerical calculations.

The same work by Klein contains a chapter on geodesy and on the measurements of gravity, under
the hypothesis that the Earth is a spheroid.

Talking about Legendre, we finally mention his article with Delambre titled Méthodes analytiques
pour la Détermination d’un arc du Méridien (Analytical methods for determination an arc of the meridian)
[24] (1798).

Gauss, mathematician and geographer

C.-F. Gauss generalized Legendre’s considerations from the theoretical and applied point of view,
again with practical surveying goals in mind, see [25, p. 115]. Dombrowski, the modern editor of Gauss’s
Disquisitiones generales circa superficies curvas [25], quotes a letter from the latter to his friend H. W.
Olbers in which he writes: “[...] In practice this [the difference of the correction values for the different
angles of terrestrial geodesic triangles] is of course not at all important, because it is negligible for the
largest triangles on Earth that can be measured; however, the dignity of science requires that we understand
clearly the nature of this inequality”.

We recall that Gauss, besides being arguably the most important mathematician of his time, was also
a geographer and a geodesist. Being the head of the University of Goéttingen’s observatory, geography was
part of his official activities. His works on the differential geometry of surfaces was motivated by questions
on geography. In 1820, he was in charge of the project of measuring the extent of the Kingdom of Hanover,
and for this, he realized a triangulation of these regions. His famous paper titled Allgemeine Auflosung
der Aufgabe: die Theile einer gegebnen Fliche auf einer andern gegebnen Fliche so abzubilden, dafl die
Abbildung dem Abgebildeten in den kieinsten Theilen dhnlich wird (General solution of the problem: to
represent the parts of a given surface on another so that the smallest parts of the representation shall be
similar to the corresponding parts of the surface represented) [26], published in 1825, which contains his
famous results on the conformal representation of simply connected surfaces, was motivated by geographical
questions. Indeed, he writes in this paper that his aim is only to construct geographical maps and to study
the general principles of geodesy for the task of land surveying.

Gauss’s famous geometrical paper, the Disquisitiones generales circa superficies curvas (General
investigations on curved surfaces), which contains his Theorema Egregium saying that curvature is the
only obstruction for a surface to be faithfully represented on the plane (§12; p. 20 of the English transla-
tion), contains precise measurements of angles between Mt. Hohehagen, Brocken and Inselberg. We also
mention Gauss’s 1828 paper on the spheroid, titled Conforme Abbildung des Sphdroids in der Ebene (Pro-
Jectionsmethode der Hannoverschen Landesvermessung) (Conformal mapping of the spheroid in the plane;
projection method of the Hannoversche Landesvermessung) [27].

Jacobi and the relation with Abelian integrals

In the 19th century, the study of geodesics on the spheroid, and more generally, on the ellipsoid, was
an important research topic, and several mathematicians worked on it. C. G. J. Jacobi studied this problem
in several memoirs, see e.g. [28, 29] and the memoir published in 1841 and titled De la ligne géodésique
sur un ellipsoide, et des différents usages d’une transformation analytique remarquable (On the geodesic
line on an ellipsoid and the various usages of a remarkable analytic transformation) [30]. In the last memoir,
Jacobi declares that his motivation for the study of this problem arises from geography, and he mentions
works of Lambert and Gauss on this topic, as well as works by Euler on mechanics. Jacobi was led in this
study to abelian integrals, which is one of his favorite subjects. He studied similar problems of geodesy
using elliptic functions.
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In another memoir published in 1857 and titled Solution nouvelle d’un probleme fondamental de
géodésie (A new solution of a fundamental problem in geodesy) [31], Jacobi considers, on an ellipsoid
having the shape of the Earth, a geodesic arc whose length is known, as well as the latitude and the azimuth
angle at its origin, and he studies the question of finding the latitude and the azimuth angle at the extremity
of this arc, as well as the difference in longitudes between the origin and the extremity. He writes that the
same problem has been recently treated with particular care by Gauss, who gave different solutions of it.

Jacobi also included the study of closed geodesics on the ellipsoid in the context of dynamics,
see [32]. Weierstrass continued Jacobi’s work on closed geodesics on an ellipsoid and he introduced in this
study theta functions, see [33].

Other works

Among the other works on the geometry of the spheroid motivated by questions of geography, let
me mention Laplace’s Mécanique céleste (Celestial mechanics, first version 1798) [34, p. 128ff], in which
the latter studies the curves on a spheroid whose length is shortest among the curves joining two given
points.

J. D. Gergonne wrote an article on loxodromic curves on an ellipsoid, De la loxodromie, sur
une surface de révolution, et, en particulier, sur un sphéroide elliptique (On loxodromy, on a surface of
revolution, and in particular, on an elliptic spheroid) [35] (1817-1818). Here, the word loxodromy denotes
a line on a surface of revolution which makes a constant angle with meridians. The author establishes a
differential equation satisfied by such a curve and he solves it in the case of a spheroid.

Among the other mathematicians of the same period who were also geographers, we mention F. W.
Bessel, who, in his paper Uber die Berechnung der geographischen Lingen und Breiten aus geoditischen
Vermessungen (The calculation of longitude and latitude from geodesic measurements) [36], gave a solution
to the problem of the geodesics on the spheroid for its use in geography. An English translation of this
paper by Ch. F. F. Karney and R. E. Deakin, is available. The same author, in 1837, wrote a paper
titled Bestimmung der Axen des elliptischen Rotationssphdroids, welches den vorhandenen Messungen
von Meridianbogen der Erde am meisten entspricht (Determination of the axes of the elliptical rotational
spheroid that is most consistent with existing measurements of Earth meridian arcs).

At the turn of the twentieth century, Poincaré studied geodesics on spheroids in the context of the
theory of differential equations, more precisely, using a method of Lagrange that the latter introduced in his
work on the motion of a planet under the action of perturbations due to other planets, and which he calls
the “theory of variation of the constants”. In Poincaré’s terminology, a spheroid is a convex surface which
is sufficiently close to a sphere. In some sense, this study is a generalization of a study that Poincaré¢ made
earlier of geodesics on the sphere. In his paper Sur les lignes géodésiques des surfaces convexes (On the
geodesic lines of convex surfaces) [37], published in 1905, Poincaré is interested in the number of stable
closed geodesics on such a surface, that is, closed geodesics that remain so under small deformations. He
shows that in the case of the spheroid, this number is odd. After treating this question on a spheroid, he
addresses the same question in the case of a general convex surface. Poincaré’s interest in this kind of
questions is motivated by their relation with the 3-body problem.

Many other works on the geometry of the spheroid, or the ellipsoid, were done in the 19th century
by various authors. We mention works of Cayley [38], Gundermann [39], Forsyth [40, 41] Helmert [42],
Ivory [43], Kummell [44], Kriiger [45], Liouville [46-48], Monge [49], Oriani [50, 51] Puissant [52, 53]
and Stein [54].

We end our list with a more recent article. L. E. Ward, in a paper titled Geodesics and plane arcs
on an oblate spheroid published in 1943 [55], studies the following question:

Given two points P| and P, on a spheroid that are not on the same meridian, let s be the length
of the geodesic connecting them, and o9 be the length of arc which is the intersection of the spheroid with
the plane containing P, and Py and which passes by the center of the spheroid. By how much does o9
exceed S197

The author declares that this question is motivated by the current interest in navigation.

Later in the 20th century, J. Moser studied the geodesics on the spheroid in the context of isospectral
deformations of surfaces, see [56, 57].
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Conclusion
The geometry of the spheroid was already studied by Archimedes, back in the 3rd century BC

(see the Method treating of mechanical problems, a work that Archimedes dedicated to Eratosthenes, who
was, among other attributes, a major geographer [58]). Of course, neither Archimedes nor Eratosthenes
talked about the Earth being a spheroid. It was after the geographical discoveries of the eighteenth century
concerning the true figure of the Earth that the study of the spheroid was carried out in the setting of
differential geometry and the calculus of variations.
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It is interesting to see how questions in geography contributed to the development of geometry.
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MHOT'OKPATHAS IIPOIIUTKA IMTOPUCTOM CPE/IbI B YCJIOBUSIX MUKPOT' PABUTAIIAN:
SKCIIEPUMEHTAJIBHBIE NCCJIIEJOBAHUS 1 MATEMATUYECKOE MOAEJIUPOBAHUE
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Annomayua: B paboTe paccMaTpUBAETCS MIPOLECC MHOIOKPAaTHON IPOIUTKH TOPUCTON CPelbl 3a CUeT
KallWISIPHBIX CHJI B YCIIOBUAX MUKporpaBuTanuy. [1onoGHbIe HccieoBaHU UMEIOT OOJBIIOe 3HAYEHUS KaKk
IUI1 KOCMHUYECKUX TEXHOJIOTHM, TaK U AJIs1 3eMHBIX NpwioxeHui. Hanpumep, Ha KocMUYeCcKOl CTaHLIUM Tede-
HHUE XHUIKOCTH 32 CUET KanWUIIPHBIX 3(Q(EeKTOB MOKHO HAOMIOOaTh B TEIJIOBBIX TPYOKaX, OYUCTHBIX CHUCTE-
MaXx, B THUAPOIIOHHBIX CHCTEMaX IS BHIpAIlMBaHUS pacTeHUH. B ycoBHAX 3eMHOI rpaBUTAINH KalTMILISIPHBIC
3¢ EKTH MOT'YT TaK)Ke OKa3bIBaTh CYLIECTBEHHOE BIMSHHUE Ha (PUIBTPALIMOHHBIE TEUCHUS, HAIPUMEP MIPH J0-
ObIve yIIIeBOJOPOIOB, KOT/Ia MIPOUCXOANUT OJHOBPEMEHHOE TEUeHHE HECKOJIBKUX (DIFOMIOB CKBO3b HMOPHCYIO
cpeny.

Habmronenne xamumisapHbIX 3¢ ¢GeKToB Mpu 00BIYHON TPaBUTAINH 3aTPYIHEHO, TaK KaK JeicTBHE CH-
Tl TSDKECTH IpeoliajaeT Hal KanWwUBIPHBIMHM CHJIAMM, MAacKUpPys HEKOTOpbIC BayKHbIE aCHEKThl. B maHHON
paboTe paccMaTpHUBaIOTCS SKCHEPUMEHTHI MO0 TEYCHMIO KUIKOCTH CKBO3b BBICOKOIPOHHIIAEMYIO TOPHCTYIO
cpeny BO BpeMs apaboIMuecKuX MONeToB. Pe3ynbraThl SKCIEPUMEHTOB ITOKa3alld, YTO ¢ KOKIO0H HOCIeayIo-
el mapa0®osol JKUAKOCTh TOAHUMAETC BBIIIE, T.€. HaOmofaeTcs: 6onee HHTEHCHBHAS MPOMUTKA B YK€ CMO-
4eHHOH cpene. 1 MonenupoBaHHUs TaKuX MPOLECCOB TPEOYIOTCS CHENHANbHbBIE MaTeMaTHIECKUE MOAEIH,
YUUTBIBAIOIINE TUCTEPE3UC. B cTaThe omMcaHbl TaKue MOJENU U MPEACTaBIEHbl Pe3yabTaThl YUCIEHHOTO MO-
JeNMPOBaHMA Ha X ocHOBe. [IpuBeneHo cpaBHEHHNE HKCTIEPUMEHTAIBHBIX JAHHBIX U PE3YJIBTaTOB YHCICHHOTO
MOZETUPOBaHUS (UIBTPALUOHHBIX TTOTOKOB JKUIKOCTH, OKa3aHa BO3MOXKHOCTH ONpPENeNICHNs] HEU3BECTHBIX
SMIIMPUYECKUX KOHCTAHT Ha SKCIEPUMEHTAIILHOM Oasmce.

Kniouegvie crosa: xanmuisipHbele 3G QEKTH, MUKPOTPAaBUTALUS, (PUIBTPALHS, THCTEPE3HC.

bnazooapnocmu: pabora BrImonHeHa 3a c4yer cybcuauu, BbyaenaeHHo MI'Y um. M.B. Jlomonoco-
Ba Ha BBIIIOJIHEHUE TOCYAApPCTBEHHOTO 33JaHUs M0 TeMe «JlMHaMMKa B3aUMOIEHCTBUS >KUAKHUX, TBEPABIX U
ra3000pasHbIX cpemy.

Jlna yumuposarnus: CmupuoB H. H., Hukutun B. ®@., CxpsuieBa E. ., Baiicman 1O. I. MHorokparHas
MIPONUTKA MMOPUCTOM CPEbl B YCIOBUAX MUKPOTPAaBUTAIMU: SKCIIEPUMEHTAIbHBIE UCCIEIOBAHNS U MaTeMaTH-
geckoe MojenupoBanue. Yenexu kubepuemuxu. 2022;3(2):24-30. DOI: 10.51790/2712-9942-2022-3-2-3.

MULTIPLE IMBIBITION OF A POROUS MEDIUM IN MICROGRAVITY: EXPERIMENTS
AND SIMULATION
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2 Federal State Institution “Scientific Research Institute for System Analysis of the Russian Academy of
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Abstract: the paper considers multiple successive imbibitions of a porous medium due to capillary
forces in microgravity. Such studies are of great importance both for space and Earth technologies. For
example, on space stations liquid flows due to capillary effects can be observed in heat pipes, purifica-
tion systems, and hydroponic plant growing systems growing plants. Under the Earth’s gravity, capillary
phenomena significantly affect seepage flows (e.g., in hydrocarbon production) when several fluids flow
simultaneously through a porous medium.

Observing capillary effects under normal gravity is difficult because gravity dominates over capillary
forces, masking some key aspects. This paper discusses experimental studies of liquid flows through a highly
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permeable porous medium during parabolic flights. The results show that with each subsequent parabola arc,
the liquid rises higher, i.e. there is more intensive imbibition in the already wetted medium. To simulate
such processes, special models are required to consider hysteresis. The paper covers such models and
presents the simulation results. The experimental data and simulation of seepage fluid flows are compared.
Unknown empirical constants can be estimated experimentally.

Keywords: capillary effects, microgravity, seepage, hysteresis.
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BBenenue

HccnenoBanue npouecca GUIbTpanyy Mof ASHCTBUEM KalMJUIIPHBIX CUII B YCIOBUSIX MHUKPOIPaBHUTa-
UM MIPEACTABIISET OONBIION HHTEPEC ISl 3¢MHBIX M KOCMUYECKUX TEXHOJIOTUi. Harmpumep, Ha KOCMHYECKUX
anmnaparax KaluULIpHOE ABMKEHHE KUIKOCTEH HAOII0AaeTCs B PAa3IMYHbIX YCTPOHCTBAX U MPOLEccax, TAKUX
KaK CUCTEMBl OYHCTKH, TEIUIOBBIC TPYOKH (pucC. 1) WM MOIKaYKa TOILIMBA B YCIOBUSX HEBECOMOCTH.

KanumnspHble cuiibl UTparoT TIABHYIO POJb NPU BBIPAIIMBAHUM PAaCTEHUH THAPONOHHBIM CHOCOOOM
(puc. 2), TOo eCTb B HCKyCCTBEHHBIX cpeax 0e3 mouBbl. J{BHKEHUE KHUIKOCTEH, TPOUCXOASIICE BHY TP KUBBIX
OPraHU3MOB B YCIOBUSX MaJIOW I'paBUTAllMU, OTIMYAETCS OT TOTO, YTO NPOMCXOIMT B 3E€MHBIX YCIIOBHSX.
3HaHus 00 3THX Mpoleccax MOTYT HalTH NMPHUMEHEHHE B KOCMUUYECKOl OnoMenuuumHe.

= Ifffuf!f!r!!,_f' C s
— i R

Puc. 1. Tepmopecynayusa na kocmudeckom xopaone: Puc. 2. Beipawusanue pacmenuii 8 ycio8usx
OsudICeHIe HCUOKOCTU 8 MENT08bIX MPYOKax noo MUKpozpasumayuu: pacnpeoeierue 600bl Ul
oeticmeuem KanuIsIpHbIX CUT NUMAamMenIbHO20 PAcmeopa 8 KOpHesoll 30He

Nzydenne kammuIApHBIX 3PQPEKTOB B 3€MHBIX YCIOBHAX [1-4] 3aTpyaHEHO: B CTaHIAPTHBIX IOPH-
CTBIX Cpelax TEUEHHUs TPYAHO BH3YaJU3UPOBATh, & B CPEJaxX C KPYMHBIMHU MOPAMU KaMWUIIpPHAS MPOMUTKA
HEBO3MOKHA H3-3a MPeo0IaIaonero BIUsSHUS CHIIBI TSHKECTH. B manHo# paboTe paccMaTprBaloOTCsS TCUCHUS
B BBICOKOIIPOHUIIAEMBIX MOPUCTHIX CPelaxX B YCIOBUSX MHUKPOTPAaBUTALUHU, KOTOPBIE JHOCTUTAIOTCS MOCPEN-
CTBOM TIapa0OIUIECKUX TOJETOB (puc. 3).

Taxoxe B paboTe ONMUCHIBAETCS HOBBIM cI0co0 00pabOTKH 3KCIIEPUMEHTANBHBIX JaHHBIX, TPUBOISATCS
pe3yabrarhl Takoi 00paboTku. IlpemcTaBieHBl pe3ynbTaThl BRIYHCIUTEIBHOTO MOJCIUPOBAHUS MHOTOKPAT-
HOH IPOIMUTKUA HOPHUCTOH Cpelbl B YCIOBHUSIX MHUKPOrpaBUTaUWU. MoJenupoBaHUEe Mpolecca MPOUCXOIUT ¢
HCIIONIb30BAHUEM HEKOTOPBIX AMIUPUYICCKUX KOHCTAHT, 3HAYCHUSI KOTOPHIX MOAOUPAIOTCS Ha OCHOBE IKCIICPHU-
MEHTAJIbHBIX JaHHBIX.

PaccmarpuBaeTcsi TeueHUE IBYX HEC)KUMACMbIX KHJKOCTEH B HEMOIBHKHOM ITOPUCTOM CKelete, (a-
30BBIE TIEPEXOBI OTCYTCTBYIOT. TerioBble U MHEPIIHOHHBIE d(h(EeKTH He yIUTHIBAIOTCS. 3HAUEHHE W HaIlpaB-
JIEHUE TPABUTAIIMHM MEHSCTCS C TCUCHUEM BPEMEHHU. Y YUTHIBACTCSI TUCTEPE3UC OTHOCUTEIBHBIX MTPOHUIIAEMO-
CTeH W KaMWULIPHOTO JaBJICHUA. 3afada MpencTaBiIsaeT co00il BEITECHEHUE OMHOM KUIKOCTH JAPYTOH 3a CUeT
KalMUISPHBIX 3PPEKTOB.

MartemaTnueckasi MoOJa€ejIb
[Tompo6GHO BOMPOCH MaTEMATHIECKOTO M YHCIEHHOTO MOACIHPOBAHMUS MPOIIECCa MHOTOKPATHOM TIPO-
MMUTKHU TIOPUCTOM Cpe/ibl B YCIOBUSX MUKPOTPaBUTAIIMKM OTIMUCAHKI B [6, 7].
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pocp

Altituds (thousands of laal)

20 45 11
Time (seconds)

Puc. 3. llapabonuueckue nonemoi

VYpaBHeHus OanaHca Macchl (a3 3aHIIyTCs CIEIYIOMHUM 00pa3oM:
1o} 0
— Sk) +—= (ppus;) = 0. 1

Cpensss no o0beMy CKOpOCTh (PMIIBTPALUH ONPEAEISIEeTCS KaK
uj= Z Up,j -
k

CuuTaeM, 9YTO OPUCTOCTb CPEIBI HE 3aBUCUT OT BpeMeHHU. [ITOTHOCTH JKUIKOCTEN mojaraeM mocTo-
STHHBIMH, TOTJIa TIOCJIe CYMMHPOBaHUs ypaBHeHHH (1) momyanm:

Ouj _

50

3anuiieM ypaBHeHUs OanaHca uMiyibca B hopme 3akoHa [lapcu:

KR (s1,52) <5pk

= —K —+prgi |,
Ukj A 1 8x,~ Pkg]>

rae Ukj=uk,i/905k-
I[aBJ'IeHI/Ie MCKIY (1)3.321MI/I OMPEACIIACTCA KAIUJIJIAPHBIM JaBJICHUCM, 3aBUCAIIINUM TOJILKO OT HACBIIICH-
HOCTH:

pi (s1) =p2—pi.

Bynem MonmenmpoBarh KanmUIsIpHOE NaBJIeHHE TI0 Mojenu JIeBeperTa:

) ocosf
C=—F——
VKalo

OTHOCUTEIIbHBIC MMPOHNIACMOCTH MOACIIUPYIOTCA COIMNIACHO MOJCIIN KOpI/I, KOTOpas B OGH.IGM cj1ydac
BBITTIAAWUT TakK:

J(S), J(S) =Co+CyS™—Cy(1-S)~ ™.

R

1 — (sR+sE)
17752
Be3 rucrepesuca apeHaxa ¥ IPOIMTKHU 3[€Ch B3¢ KOHCTAHTHI, C THCTEPE3UCOM MEPEMEHHBIMH SB-
JIIFOTCA OCTATOYHBIC HACBIIICHHOCTHU U 3HAUYCHUA Qp.

KR=a\S",  KF=ay(1-S)™, S

[MycTh M3Ha4YaIBHO 0Opasel] Cyxoi, 3aloHeH HecMauuBaronield Bropolt (azoil. Torga HawaidpHOE CO-
CTOSIHHE sf = 0. Ilpu sTom:

s§= = const.

1+Co

ITpu sTOM alzkf , @o= 1. DTH MOCTOSHHBIE COXPAHSIOTCSA O TEX IMOP, TOKa MJET IPOIKTKA, TO €CTh
MOKa BBIMOHSETCs yenoBue Js/0t>0.
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ITycTh B HEKOTOPBIii MOMEHT 3HAaK IIPOM3BOIHON HACHILIEHHOCTH cMenmcs: Js/0t< 0. 3nauenue sk,

KOTOpPOE COXpPAHSETCs 3a BCE BpeMsi JApeHaka, OyleT paBHO

max

PRSI
PI4C s
3nech 5" — MakcMMalbHOE 3HAYEHHE HACHILEHHOCTH NMEPBOM (asbl, JOCTUTHYTOE BO BPEMs Ipo-

mutku. ITocrosuusie Cy, Cy 3amaroTcs W3HAYalIbHO, OHM HA3LIBAIOTCS MOCTOSHHBIMU JIDHIA, a 5Ta MOAElb
rucrepesrca — Mozaenbio JIanma. Takxke U3MEHSATCS MOCTOsSTHHbBIE a1= |, a2=k§ , 9Ta CMEHA OTpPakaeT Xapak-
TEp OTHOCHUTEIIbHBIX IPOHHUIIAEMOCTEM IIPH IPEHAXKe M IPOIUTKE.

Ecnu 3Hak mpou3BOHOMN HACKHIIIEHHOCTH OIMSATH CMEHUTCS M CHOBA HAUHETCSI MPOITUTKA, BETHUNHA sf
OCTaHETCS IPEXKHEH, TIOMEHIIOTCS TONBKO @] H do.

3aaua omHOMEpHasi, BCe MepeMeHHbIe 3a1anbl Ha oTpe3ke X< [0,L]. B HauanbHOM COCTOSHHH CTONIO
MTOPUCTOM Cpebl IPOIMMUTAH 0 BBICOTHI Xjp;:

0, x> X,
S =
I, x < Xjn.

I'pann4HbIE YCIOBUS TAKOBBI:
x= 0: p=poc — HaYAIBHOE THUPOCTATUYECCKOE TABICHHE,
x=L: p=py — atmMocepHOe IaBICHHUE.

JKcnepuMeHTAJbHbIE HCCTe0BAHUS

OKcliepuMeHTallbHas sS4elika [§] mpenacrapnsieT co0O0# MONbIA ATFOMUHUEBBIA Napaenenunes. /Ise
MIPOTHBOIOIOKHBIE CTOPOHBI AYEHKH 00OpPYTOBaHBI CTEKISTHHBIMHA OKOIIIKaMH, TpeIHAa3HAuYCHHBIMH I Ha-
OmroneHns 3a KanmuuIpHOH npormtkor (puc. 4). Ilopucras cpega mMomenupyeTcsl HACHIKOW CTEKISTHHBIX
LIapUKOB.

Puc. 4. Dxcnepumenmanvhasn suetika

Takast cpena obnagaer paaoM npeumymiects. IIpaBuibHas ¢opMa IApUKOB MO3BOJSIET NpeHEOpeub
BO3MOXKHOH aHU30TPOIHOCTBIO CPElbl, YIPOIIas UCCICIOBAaHUE TEUCHHS XKHIKOCTH, a MPO3PauyHOCTh CPEIbl
[IPEAOCTABISIET BOBMOXKHOCTD JIETKO BU3YaJU3UpPOBaTh MHEPUUOHHOE TeueHHe. CHU3Y K sS4elKe ¢ IOMOILbIO
HeOOJBIIOTO KaHaja MOJCOSIUHEH pe3epByap, U3 KOTOPOTo XKUAKOCTh MOCTYIAET B siUekKy. B TeueHue Bcero
SKCIIEPUMEHTA BEIETCsA BUICO3aNUCh KAlWUIAPHON NMPONMTKU MOPHUCTOH cpensl. Brociencrsun oHa pa3ou-
BaeTCs Ha IMOCIEJOBaTENbHOCTh M300pakeHui. V3HayanbHO TeueHHe >KUAKOCTH H3YydaloCh IO HMCXOIHBIM
n300pakeHUsIM, HO OBLIO 3aTPyAHEHO M3-3a HEIOCTAaTOYHOH KOHTpacTHOCTH ¢oTorpaduii. Onumem MeTon
00pabOTKK CHUMKOB JJIsl O0JIETUEHHS MCCIICA0BaHUS ABWXEHUs (PPOHTA KHUAKOCTU. KaknomMy n300pakeHHIo
COOTBETCTBYET THCTOTPaMMa, OHA IMOKa3bIBAET KOJNUYECTBO MUKCENEH TOTO WIM HHOTO OTTEHKA Ceporo. YCIoB-
HO CHMMOK MOXXHO Pa30OHMTh Ha JIB€ 30HBI: OOjee CBETIYIO, KOTOpas COOTBETCTBYET €lle He NPOIUTaHHON
MOPHCTOH cpejie, U Oosiee TEMHYIO, MTOKA3bIBAIONIYIO JBIKEHUE XKHUIKOCTH. Ha rHCTOrpaMme 3T0 OTpa)keHHO
B BUJE ABYX IUKOB (puc. 5).

IucrorpamMma OOBIYHO CHIIBHO «3yOuaras», 4ToObl €€ CINIaJuTh, HaKJIaJIbIBAJICS Pa3MbIBAIOIINN
buasTp.
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Puc. 5. Obpabomxa sxcnepumenmanibHblX OAHHBIX

[lanee n3MeHsIach KpuBas ypoBHEH Tak, 4TOOBI OHAa MPOXOAMIIA Yepe3 JOKaIbHBIII MUHUMYM MEXIY
9TUMH JIByMsI ITMKaMHd. bosee kpyThle yacTu KpHUBOW IPENCTABIIIOT cO00M 001acTH BBICOKOTO KOHTDPACTa, a
IUIOCKHE YaCcTH KPUBOH — 00JacTH HU3KOro KoHTpacta. CyIiecTByeT HEKOTOpasi MOTPEeLIHOCTb, II03TOMY Ha
M300pakeHIH MOTYT OCTAaBAThHCS IMHKCEIH TEMHO-CEpPHIX M TI0YTH OeNBIX OTTEHKOB, HO MX HAJIMYHE HECy-
[IecTBeHHO. Takoi crocod 00pabOTKM 3HAYUTENBHO YIPOILIAET UCCIEIOBaHUE IBMXKEHHS (POHTA XKUAKOCTH.
Ha ocHoBe 00paboTaHHBIX H300paKeHUH OBIITH TOCTPOEHBI TpadUKK IBMKEHUS (PPOHTA KHUJIKOCTH.

Ha mepBom rpaduke (puc. 6) m300pakeHbI MATh MOCIENOBaTENbHBIX Mapaboll, B TeUCHNE KOTOPBIX
KUAKOCTH TO TOJHUMAJACh, TO OmycKajach. DUIbTpaIus IPOUCXOIMIa B OMHOPOAHON Cpeae, IuaMeTp Ima-
PUKOB — 2 MM. MOXXHO 3aMETUTbh, YTO NPU MOBTOPHOM MPOMUTKE KUIKOCTh C KAXKIABIM PAa30M MOAHUMAIACH
BCE BBIIIE U BHIIIE, TO €CTh MO YK€ CMOUYEHHOW MOPUCTON cpesie KUIKOCTh OJHIUMAETCS] HHTCHCHBHEE.

40
120

100

h, mm

13579111315171921232527291 3 57 9111315171921232527291 3 57 9111315171921232527291 3 57 9111315171921232527 9

time, sec

Puc. 6. Muozoxpamnas nponumka 00HOPOOHOU HOPUCMOU CPEObL

Bropoii rpadux (puc. 7) COOTBETCTBYET KalMUISIPHON MPONUTKE HEOTHOPOAHOM Cpe/ibl, IpeICTaBICH-
HOM Ha pucyHke 5. JluameTp KpyNHbIX IIAPUKOB — 6 MM, MEJIKUX — 2 MM. BHHO, 4TO B MEHEe MPOHUIIAeMOH
cpene KanwuisipHble dQQGEKTH cuilbHee, HO OOJbIle CONMPOTHBICHUE, TOITOMY Ha HEOOJBIIOM Y4acTKe rpa-
¢uxa HabIrODAaETCS pe3koe yckopeHue (poHTa, HO 3aT€M OH PE3KO 3aMeUIseTCs.

Ha puc. 8 OpeacTaBjICHO CPaBHCHHUE YHUCICHHOI'O pacdy€Ta, OCHOBAHHOI'O Ha MaTeMaTH4eCKON MOICIIH,
OIMMCaHHOU BBIIIC, U SKCIICPUMCHTAJIBHBIX NaHHBIX. Pacuer COMIaCy€TCsa € IKCOCPUMEHTOM: KaK B 3KCIICpH-
MCHTC, TaK U B pacCdye€Tax XUIAKOCTb IIPU HOBTOpHOﬁ MMPOIMHUTKE MOJHUMACTCA BBIIIC.
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Puc. 7. Muocoxpamnas nponumka HeoOHOPOOHOU HOPUCHOU CPedbl
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Puc. 8. Cpasnenue pesynomama wucienno2o MoOenupo8anuss U IKCHEPUMEHMANbHBIX OAHHbBIX

B pacueTe UCIOJIb30BAIUCH CICAYIOININEC KOHCTAHTBI:

Ci= 25, Co=9.3, kE=kE=0.015,
ay=ay= 0.5, Co=0.02, Cy=0.015, Cy= 0.009.

3akiio4yenue

B ciayuae MHOrOKpaTHOl HPONUTKH HOPUCTON Cpelbl NPOCAYMBAHME IPOUCXOAUT UHTECHCUBHEE
CKBO3b Y)K€ CMOUEHHYIO cpeny. PaccMoTpeHa Maremarndeckas MOAEIb ¢ YIETOM THCTEPE3NCA, KOTAa PEKUM
IIPONIUTKH HECKOJIBKO pa3 CMEHSETCS PEeXUMOM JpeHaxa. Ha oCHOBe NpEeNoXeHHOM MOJENIN IIPOBOIUTCS
YHUCJIEHHOE MOJEJIIMPOBAHUE IPOLIECCa MHOIOKPATHOM IMPOIMUTKU MOpUCTOU cpeabl. Ha skcnepuMeHTaibsHOM
0asnce ObLTH BHIOpaHBI SMIHMPHYECKHE KOHCTAHTHI B MareMaTHdecko monenu. [lokazaHo, 4TO pe3yabTaThl
YUCJIEHHOTO MOJEIMPOBAHMS XOPOIIO COMIACYIOTCS € SKCIIEPUMEHTAIBHBIMU PE3YyJbTaTaMu.
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AunHOmMayua: paccMaTpUBAeTCs JTA3€PHBIM METOJ, C MOMOIIBI0 KOTOPOTO OIpeessieTcsl 00beM Belle-
CTBa B pesepByape. JlazepHbIil METOl HE MOXET JaTh TOYHBIX W3MEPEHUH B YCIOBHUSIX MOMEX, CO3/IaBacMbIX
3aIbIJICHHOCTBHIO, 3aIbIMIICHHEM, TIapaMHt B pe3epByapax. OTHIM U3 CITIOCOOOB CHIDKEHHS OMINOOK U3MEPEeHHUS
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Abstract: the study considers a laser-based method to measure the volume of the substance in a
tank. The laser method cannot give accurate measurements when dust, smoke, vapors present in tanks. The
Kalman filter can be used to reduce the measurement errors.

Keywords: tank, tank farm, substance level, level measurement, laser, Kalman filter.
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Ha npoMBIIUTEHHBIX TPEANPUATHSIX, KOTOPbIe 3aHUMAIOTCS TOObIYEH W MPOM3BOACTBOM, TPEOYIOTCS
KOMIIJIEKCHI YCTPOUCTB, MpeAHa3HaYCHHBIE AJISl XPaHEHHS CHIPbs M POAYKTOB IepepadoTKu. Takue KOMIUIEK-
Chl, BKIIOYAOIIME B3aMMOCBSI3aHHBIC IPYIIIBI PE3epBYapoOB, OCHAMCHHBIE CUCTEMAaMU COKpAIICHHUS TOTePb
MIPOAYKTOB, 0€30IaCHOCTH, TOKapOTYILIEHHUSI M CPEACTBAMHU aBTOMATH3aIMH, HAa3bIBAIOT PE3EPBYapHBIMHU Map-
kamu [1].

Pa3BuTHE NpeaNpHUATHI NPUBOAUT K YBEITMYCHUIO MACIITa00B MPOU3BOJICTBA, U B CBS3U C 3TUM BCTAET
BOIMPOC 0 OBICTPOM IOTY4YEHHH TOYHOH MHGPOpPMAMU 00 MMEIOLIMXCS Ha NPENNpUATHAX 00beMaXx BEIIECTB U
JVHAMHKE WX TIPUMEHEHUS. DTO MOPOXKIAET 3a/jady TOYHOTO U3MEPEHUS JaHHBIX MOKa3aTeseH.

B nmannO# pabote OymeT paccMaTpHBaThCS JIA3€PHBIN METO, ¢ ITOMOIIBI0 KOTOPOTO MOXHO OTIpere-
JIUTH YPOBEHb U 00BEM BelIeCTBa B pe3epByape. OnHaKo Ja3epHbIi MeTo (KaK U APYrue METOAbI H3MEPEHHs)
HE MOXET JIaTh TOYHBIX M3MEPEHHUU B YCIOBHUSAX MOMEX, CO3aBaEMbIX BHEITHUMH (aKTOpaMHu, TAKHMHU Kak
3alBUIEHHOCTb, 33JbIMICHHOCTD, NAphl B pe3epByapax. OQHUM U3 clIOCOOOB MOBBILICHNUS TOYHOCTH IIPH U3-
MEPEeHUH ypOBHS BEIIECTB fABIsieTCA npuMeHenue ¢punpTpa Kanmana [7, 8, 9].

Lenbto pabotel siBisieTcsl u3yueHne ¢uibrpa KanMana NpuMEHUTETBHO K JIa3epHOMY METOAY H3Me-
peHus ypOBHS B pe3epByapHbIX Mapkax. st JOCTHKEHUS eI HYKHO BBIIOJIHUTH CIEAYIOIINE 3a1auu:

e MpeICTaBICHUE MIPUHIMIIOB (YHKIMOHUPOBAHUS PE3EPBYapHBIX ITapKOB;

e 0030p Na3epHBIX YPOBHEMEPOB, a TAKXKE MCCICAOBAHNE AITEPHATHBHBIX U3MEpUTEIIeH YPOBHS;
® BBIIOJHEHNE SKCIIEPUMEHTOB C MCIIOJIb30BAaHUEM JIA3EPHOTO YPOBHEMEPA;

e cOop, 0OpaboTKa 1 aHATU3 MOTYYCHHBIX JaHHBIX;

® BO3MOXXHOCTH IpuMeHeHHus (unprpa Kanmana;
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e mporpaMmHas peanuzauus ¢puisrpa Kanmana Ha BEIOOpKE JaHHBIX, HOMTYyYSHHBIX B OKCIIEPUMEHTAX.
KoHeuHBIM pe3ynpraToB JaHHOHW paboThl OyaeT SBISATHCS OMHMCaHWE MpUMeHeHus ¢umisrpa Kanmmana
U1l 00pabOTKM JaHHBIX, OMYYCHHBIX B SKCIIEPUMEHTAX C MCIOIb30BAHUEM JIa3€pPHOTO YPOBHEMEpA, a TaKkKe
POrpaMMHAsl peaIn3alns JAaHHOTO METOAA.

MeToabl KOHTPOJIA W YIPaBJIeHNs MapaMeTPaMH BellleCTB B pe3epByapHOM Napke

Cucrema yrnpaBieHus pe3epByapHBIM MTApPKOM COIECPIKHUT U3MEpUTENIbHOE 000pyIoBaHNe, CPEICTBA CO-
NpPsOKEHUS U CBSI3H, paboure CTaHUUH W mporpamMMHoe obecrieuenue [10]. s obecrieueHns onepaTHBHOTO
YIpaBJICHUS pe3epBYapHBIM IMapKoOM TpeOyeTcs 3HAaTh PsII MapaMeTPOB, K KOTOPBIM OTHOCSTCS] YPOBEHb M 00b-
€M BelIecTBa B pe3epByapax, TeMIleparypa 3TOro BeLIecTBa, JaBJICHUE B pe3epByape, pacxoll BEIEeCTBa U P
IpyTUX BeTHUYWH. J{J1s1 I3MepeHns ypoBHS BEIIecTBa B pe3epByapax U ero oobeMa Hanbosee MepcreKTHBHBIM
13 BCEX M3BECTHBIX CIOCOOOB KOHTPOJIS ATUX MAapaMeTpoB ABJISIETCS JlazepHblid meton [11].

CxeMaTH4YecKy MPOIEecc U3MEPEHHs YPOBHS BEIIECTBA JIA3EPHBIM METOJIOM TpeICTaBiIeH Ha puc. 1.

pacceHear0IIad cpeaa BEILIECTRBO

nasep

[ ] [ ]
t]meTpIIEH]IK
Paccroamme S0 Wenm 1m 10 m 100 m
BoemAa OTHAWES 6.7 ML 6/ HC | 0.67 MrC

Puc. 1. Cxema usmepenus yposHs geujecmsa 6 pesepgyape 1a3epHuiM MemoooM

I[H}I MOBBIMICHUSA TOYHOCTU U JOCTOBEPHOCTHU TE€X WA HWHBIX I/I3MepeHI/II>'I BO MHOTI'MX Iponeccax Huc-
nonb3yercs puieTp Kanmvana [3-6].
Cxema ¢yHkunonupoBanus ¢uisrpa Kanmana npusenena Ha puc. 2.

W(t) IIyM MOMEXM V(t) myMm m3mepeHns
F(t) y(t) Z(t)
=t G () H(®
MO/IETTb TIPOTIEcca MOJIEITb H3MEPEHIS

Puc. 2. Cxema ¢ynxyuonuposanus punompa Kaimana

[Ipumenenne ¢unsrpa Kammana mpencrasisier co00il HTEPalMOHHBIA MPOIECC, KOTOPBIA BKITIOUAET
B ce0s1 MPOTHO3 (IKCTPAIIOISILUIO) K KOPPEKTHPOBKY.
ITpornos:
Xt 1jt—1 = FiXe_qpp—1 + Buu,

Py = Ftpz—l\t—lFtT + Q.

Koppekruposka:
Yr = Xyt — HiZyp—qs

Xt = Xgje—1 + Kilr,

-1
K = Py H (HiPye H +Ry)

Pt|t = (I - Kth)Pt\tfla rne
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X| — ampuopHast OLIEHKAa COCTOSIHUS Ha TEKYIIMH IIar Mo OIEHKE C MPeIbIAyIIero 1mara;

P — anocrepuopHasi KOBapHallMOHHAS MaTPHUIla ONIMOOK COCTOSIHUSL CHCTEMBI,

F — marpuma nepexona MeKIy COCTOSHHIMU;

B; — Marpuna ynpapJsiFoIX BO3JEHCTBHIA;

Uy — yIpaBJsitolee Bo3IeCTBHUE;

P — npenckazanue ommoOKy;

Y — OTKJIOHEHHE TOJyYSHHOTO Ha mare & HaOIroIeHMS,

H; — marpunia u3MepeHuii;

R; — Marpuna koBapuanui nrymMma u3MepeHuii;

K; — xoaddumnment ycmnenus Kanmvana;

I — enquHMYHas Marpwuia.

WNHpekcsl cneayonye: TEKyIIUi Nepruoj; BpeMEeHH — t\ {, IpeapI Ay Ui Iepuol BpeMEeHH — f — l\t —1
U t|t — | SABISIFOTCS IPOMEXYTOYHBIMHU IIATAMH.

IIpumeHeHne 1 NpaKkTHYeCKOe UCIOJIB30BaHNe GpuiabTpa Kaimana

Peammzanus gunsrpa Kanmana anpoOrpoBaHa B 9KCIEPUMEHTE 110 U3MEPEHHUIO YPOBHS MPH ITPOXOXK-
JCHUH JIA3EPHOTO JIyya YPOBHEMEpPa Yepe3 3albUICHHYIO CPely, CO3JaBaeMyl0 IIECKOM, LIEMEHTOM M BJIaroil.

ITpornos:

K11 = Xe_qpe—1
Py =Py + Q. (1)
KoppekrupoBka:
Y

~

= Xyt — Xyje—1,
Koo = Zye—1 + Kaw,
Ky = P (P + R)™!,
Pt\t = - Ktt)Pt\t—L (2)

Marpunsl f; nu H; ans pernraemoii 3afia4v NPUHUMAKOTCS €IUHHYHBIMHU, TaK KaK M3MEpPEHHE YPOBHS Ipes-
CTaBIIsIeT JMHEHHOE O0bEIMHEHUE BEKTOpA COCTOSHHUA M CIYYalHBIX IMOTPEIIHOCTEH, 3aBUCAIINX OT MMOMEXH.
[Tockonbky yrmpaBieHue IpH U3MEPEHUH YPOBHS OTCYTCTBYET, YIIPaBIISIOIIee BO3eHCTBIE B,y paBHO HYITIO.
JU1sl KOBapHallMOHHOM MaTpUIbl IIOTPEIIHOCTH U3MEPEHUH R HCIIONB3yIOTCS JaHHBIE O TOUHOCTH U3MEPEHUS,
B3sIThIC U3 TACHOpTa JanbHoMepa. JIJisi MOoNy4YeHUs] KOBApHAIMOHHON MaTpHIbl (J; BBHITIONHSIIOCH MOJCTHPO-
BaHue MetonoM Monte-Kapio [2]. TIponienypa u3MepeHuii ypoBHs Oblila peain30BaHa SKCIEPUMEHTANBHO B
JTa00PaTOPHBIX YCIOBHSIX. DKCIIEPUMEHT MTPOBOIMIICS B JIAOOPATOPHBIX YCIOBHIX, MAKCHMAIBLHO TPUOIKCH-
HBIX K CHTYyallusiM Ha TIPOM3BOACTBE, U Ul H3MEPCHUS YPOBHS MOIAXOAUT THO00H MUINHAPUYECKUN OOBEKT.
Jlna sKkcneprMeHTa MCTIONB3YIOTCA CIeIyIOINe MaTepruaisl 1 000pyIOBaHHe:
JIa3epHBIA TaabHOMEp (Ianee YCTPOHCTBO) HA OCHOBE KOMIOHEHTOB cucteMbl OBeH MCJI-200;
MePCOHATBHBIA KOMIIBIOTED C OTEpaIMoHHOl cuctemoi Microsoft (manee — I1K);
IJIACTHKOBBIH IIMIIMHAP 00beMoM 12 I1;
MOJICTABKa;
LIEMEHT;
MIECOK;
PacHbUIUTENb C BOJOM.
Bcero ObL10 IPOBEACHO TPH IKCIEPHUMEHTA C MECKOM, LIEMEHTOM M IapaMH BOABI:

1. YcrpoiicTBO OBLITO TTOMEIIECHO Ha TOACTABKY BBICOTOU 45 CaHTUMETPOB.

2. PsioM ¢ mopicTaBkod OBLIO YCTAHOBIICH TUIACTHUKOBBIN MUIMHIP, B OCHOBaHHE KOTOPOTO OBLIT HAIlpaB-
JIeH JIyd Jla3epa.

3. Caasp ycrporictBa u [IK ocymiecTBisiiack mpu MOMOINU CHENUAIBHOTO MPOrPaMMHOr0 obecrede-
Hus — KoH(puryparopa MC-200.

4. 3amyckazcs mpoliecc cOOpa JaHHBIX Ha YCTPOWCTBE, B 3TO BpeMs B IIMJIMHAP Ha HEOONBIIOM pac-
CTOSIHMHM OT JIyd4a Jla3epa BAYBaJCs IMECOK, WM IIEMEHT, MM paclbuIAiach BOJA, CO3aBas MOMEXH Ha IyTH
pacnpocTpaHeHHs 1a3epHOro Jdyya.
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5. JInuTenbHOCTh OMHMCAHHBIX BhIIE MpoueccoB cocTaBiana 50-70 cexkyHA, MO OKOHYaHUU KOTOPBIX
YCTPOHCTBO OTKIIFOYANIOCH M SKCIICPHUMEHT 3aKaHYHBAJICS.

PesynbraroM Bcex SKCIEPUMEHTOB SIBJISIOTCS TaOMUIIBI B (pOpMaTe .CSV CO 3HAUCHHSIMH H3MECHEHUS
YPOBHSI, HU)KE HAa PUCYHKE 4 MPHBEACHBI Pe3yNbTaThl dKCIIEPUMEHTOB B rpadudeckom Buue. Jlanee Kk HEUM
MpUMeEHsUICS anroput™ (uibrpannu Kanmana. Hanbosnbire moMexu co3iaeT Mbllb OT IIEMEHTa, a HAUMEHb-
nree BO3JEHCTBIUE HMEIOT Kallld BOJBI U3 PACHIBUINTEIIS.

[Ipu ucrone3oBanuu GuisTpa Kammana mo popmynam (1) u (2) HAXOAMIOCH MPUOTHKCHHOE 3HAYCHUE
YPOBHSI.

PaccmarpuBaemas peanmsanusa ¢uiasrpa Kammvana ampoOupoBaHa B OKCIIEPHMEHTE 110 HU3MEPEHHIO
MIPOXOXKACHHS JIA3epHOTo JIyya YpoBHEMepa depe3 3albUICHHYIO Cpely, CO3AaBaeMyl0 IIECKOM, IIEMEHTOM U
BiIarou [2].

CUMTLIBAHKWE
OAHHbIX

MHMUManKaauua
tunLTpa

Uukn i ot 0 oo n-1 Beizog rpatukos

predict()
update(measurement[i])

Puc. 3. Cmpyxmypunas cxema aneopumma

IMporpammuas peanusauus ¢puiasTpa Kaamana

st mporpaMMHOW peayu3aluu BIOpaH S3bIK MporpaMMmupoBaHus Python, KOTOpBI UMeeT MHOXKe-
CTBO OMONHMOTEK I aHANIHM3a U 00paOOTKH JaHHBIX.

B mpencraBineHHOl peanu3anyu ObLTM MCIIONIB30BaHbI clienyronie Oubnuorexu: Numpy, Pandas u
Matplotlib.

CTpyKTypHasl cxeMa aJIrOpUTMa MpOrpaMMHON peanusanuu GuisTpa KaiMmaHa npuBeneHa Ha pUCYH-
Ke 3.

[Tocie BBIMONTHEHHUS NPOrpaMMbI OBUIH MOMYYEHBI Pe3yNbTaThl PUIBTPALMK JAAHHBIX, KOTOPbIE Ipel-
CTaBlIeHHBI B rpaduueckom Bue Ha pucyHke 4. Ha 3Tom prucyHke o ocu abcIice MoKa3aHo BpeMs B CeKyHIax,
10 OCH OpJUHAT yKa3aHbl 3HAYECHUS YPOBHS B MIJIIMMETpPaXx.
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JHANEMHYE ¢ YCTpORCTES IWRuEHYE € yCTpOicTER IHANaHYE € YETpERCTRR
OTqJ!J'IhIPESJHHHE IHA4RHAR IquJ!ﬂhlPESSHHbIE IHANEHAR OI{P&J‘\HFESQHHUE IHAYBHAR

MNecok LeMeHT BIIara

Puc. 4. Pezynvmam pabomuvt punvmpa Kaimana na evibopke sxcnepumenma ¢ neckom, yeMeHmomM, 81azoll

B pe3YyIbTaATC pa6OTI>I (l)I/IJ'Ipra ObLIH MOJIYyYCHbI YTOYHCHHBIC 3HAYCHUA UCXOAHbIX NJAaHHDbIX.

3akJ/roueHue
B mporiecce BrImomHeHUsT paOOTHI OBUTH TIOTYYCHBI CIEAYIONIUE PE3yTbTaThI:
e omnucaHo (PyHKIIMOHHPOBAaHUE PE3ePBYAPHOTO MapKa;
® TIPOBECHBI DKCIIEPUMEHTHI C HCIIOJI30BaHMEM JIA3ePHOTO YPOBHEMEPa, COOpAHBI U MPOAHATN3UPOBA-
HBI TIOJTy9EeHHBIE JAaHHEIC,
® KpaTKo oxapakTepu3oBaH (GuibTp KaiMaHa MPUMEHUTENILHO K 3a7[a4€ U3MEPECHUS YPOBHS B YCIOBUSAX
ToMex;
e BBINOJHECHA MPOrpaMMHas peanusanus ¢uibrpa KanMaHna ¥ nmpoBeeHO NPUMEHEHUE peanu3alii K
BBIOOPKE JaHHBIX, TTOTYYEHHBIX B IKCTICPUMEHTAX.
Ounerp Kanmana siensieTcst 3 (hEeKTUBHBIM ITOPUTMOM JJIsSi OTCEUSHUS IIyMOB M JIUIIHUX JaHHBIX,
TIOBBIIIICHUST TOYHOCTH.

JIMTEPATYPA

1. Graaff R., Toelint M. H., de Mul F. F. M., Zijlstra W. G., Dassel A. C. M., Aarnoudse J. G. Condensed
Monte Carlo Simulations for the Description of Light Transport. Applied Optics. 1993;32:426-434.

2. MaxoBkuH B. U., 3amsatun H. B. Mozens npoxoxIeHus Ta3epHOTo W3TyUYeHHs Yepe3 3alblJIeHHbIE U MyT-
HBIE Cpe/ibl B pe3epByapax. Joxnaosl Tomckozo 2ocy0apcmeeHHO20 YHUBEpCUmema cucmem YnpaeieHus
u paouosnexmponuxu. 2019;22(3):18-22. DOI: 10.21293/1818-0442-2019-22-3-18-22.

3. 3amarun H. B., MakoBkud B. V. ABromarusupoBaHHas CHUCTEMa MOHUTOPUHIa PE3EPBYapHOIo map-
Ka. DIeKmpOHHbIE CPeOCMBA U CUCHEMbL YUPAGLeHUs:: MaTepUaibl JOKIaI0B Mex I yHapoJHON HaydyHO-
npakTuaeckoi koHpepermwn. 2015;1-2:93-97.

4. Smimov G. V., Zamyatin N. V. Method of Control of Bulk Substances in Tanks [The Method of
Controlling the Parameters of Bulging Substances in Reservoirs]. Patent RF, no. 2017117123, 2017.

5. Makovkin V. L., Zamyatin N. V., Smirnov G. V. Disinfection and Usage of Anthropogenic Waste in
Resource-Saving Construction Technologies. Bulletin of the Tomsk Polytechnic University, Geo assets
Engineering. 2018;329:164-174.

6. Mashutov I. Th., Shapovalov V. A., Adzhieva A. A. Algorithms of Electric Field Strength Data Processing
Using Kalman Filter. Vestnik KRAUNC. Fiz.-mat. nauki. 2018;23(3):131-139. DOI: 10.18454/2079-6641-
2018-23-3-131-139.

7. CrenanoB O. A. Qwisrp Kanmana: wuctopusi W COBPEMEHHOCTb. [ UpOCKOMUA U HABUSAYUA.
2010;69(2):107-121.

8. Greg Welch, Gary Bishop. An Introduction to the Kalman Filter. Department of Computer Science,
University of North Carolina at Chapel Hill. April 5, 2004. UNC-Chapel Hill, TR 95-041. 2004. 16 p.

9. PesepsyapHule napxu. Pexum JOCTYyTIA: https://www.neftegaz-expo.ru/ru/articles/2016/
rezervuarnye-parki/.

10. Uszmepenue yposns. Memoovl, cnocobwvl usmepenus ypogus. Bweibop yposuemepa. Pexxum goctyna: https:
/leti.su/articles/izmeritelnaya-tehnika/izmeritelnaya-tehnika 1520.html.


https://www.neftegaz-expo.ru/ru/articles/2016/rezervuarnye-parki/
https://www.neftegaz-expo.ru/ru/articles/2016/rezervuarnye-parki/
https://eti.su/articles/izmeritelnaya-tehnika/izmeritelnaya-tehnika_1520.html
https://eti.su/articles/izmeritelnaya-tehnika/izmeritelnaya-tehnika_1520.html

B. II. Kowees, 0. H. [lImanos
6 ;

(P

36 i i uymom

pa) 6 mooenu Keno

DOI: 10.51790/2712-9942-2022-3-2-5

WHIYLIUPOBAHHOE IIIYMOM IOJABJEHUE ABTOKOJEBAHU (®JIATTEPA) B
MOJIEJIM KEJIJBIIIA

B. II. KomeeBI, 0. H. IItanos?
U Mockosckuii asuayuonneiii uncmumym (nayuonanshuiii ucciedo8amenseKkuii yHusepcumen), guiuan
«Cmpenay, e. Kykosckuii, Poccuiickas ®edepayus, koshcheevl@yandex.ru
2 Tiomencruii undyempuanshuiii ynusepcumem, gumuan 6 2. Cypeyme, . Cypeym, Poccuiickas dedepayus,
yuranl987@mail.ru

AHHOmMayuA: TOCTPOGHO YpaBHEHUE IBOIOINY SHEPTHH TUHAMUYECKOH crcTteMbl (Moaens Kenmppimra
C OIHOW CTENEeHBbIO CBOOOJBI), KOTOPAs COACPIKUT UCTOUYHUK Oenoro mryma. [lokazaHo, 4yTo aBTOKOJIEOaHUS
(pmaTTep) mMOmABISIFOTCS, €CITM HHTCHCHBHOCTH O€JI0TO ITyMa MPEBHINIaeT KPUTHISCKOE 3HAYCHNC.

Knoueswie crosa: mopens Kenppliia, npenenbHblid UK, (QaarTep, BEI3BAHHOE IIYMOM IOAABICHUE
ABTOKOJICOQHMIA.

bnazooapnocmu: nccnenoBanue BBHIIOIHEHO NpH (GUHAHCOBOM mojzaepykke Poccuiickoro ¢onna dyH-
JaMEHTAIBHBIX UCCIICOBAHUN B paMKax HaydHOTO mpoekra Ne 20-07-00236 a.

Jlna yumuposanus: Komees B. I1., llltanor 10. H. UunynupoBanHOE 1TyMOM TOJIaBJIeHUE aBTOKOJIE-
Oanwmii (marrepa) B momenu Kenpeimma. Yenexu xubepnemuxu. 2022;3(2):36-39. DOIL: 10.51790/2712-9942-
2022-3-2-5.

NOISE SUPPRESSION OF SELF-OSCILLATION (FLUTTER) USING THE KELDYSH MODEL

V. P. Koshcheev', Yu. N. Shtanov®
I Moscow Aviation Institute (National Research University), Strela Branch, Moscow oblast, Zhukovsky,
Russian Federation, koshcheevl@yandex.ru
2 Tyumen Industrial University, Surgut Branch, Surgut, Russian Federation, yuranl987@mail.ru

Abstract: an equation for the evolution of the dynamic system energy (a single DOF Keldysh model),
containing a white noise source is constructed. It is shown that self-oscillations (flutter) are suppressed if
the white noise intensity exceeds a threshold value.

Keywords: Keldysh model, limit cycle, flutter, suppression of noise-induced oscillations.

Acknowledgements: this study is supported by the Russian Foundation for Basic Research, project
No. 20-07-00236 a.

Cite this article: Koshcheev V. P., Shtanov Yu. N. Noise Suppression of Self-Oscillation (Flutter)
Using the Keldysh Model. Russian Journal of Cybernetics. 2022;3(2):36-39. DOI: 10.51790/2712-9942-
2022-3-2-5.

BBenenue

Bonee cemuzaecsTu ner ToMy Hazaj OBIIM MMOCTPOCHBI HeNWHEHHBIE MU depeHInaTbHble YPaBHEHUS
(Momenp Kengpima ¢ ogHO# 1 AByMsI cTeneHIMHU cBOOOAHI [1]), aBToKoneOaTenbHbIE PEIIeHUS KOTOPBIX 103-
BOJIMITN OOBSCHUTH Tipupoxay ¢umarrepa. Momens Kenmapima [1] mpomomkaeT mpuBiekarh K cede BHHUMaHUE
uccaenonareneil [2]. OTKpBITBIM BCE 3TU TOAbl OCTABAJCSA BOIPOC O BIMSHUM LIyMa Ha Monenb Kemnpimia.
[Tono6Hast 3a1aua o BIMAHUY IIyMa Ha ociwusTop Ban aep Ilons G6vina pemieHa Biepssie B [3], Ha 4To OBIIO
oOpamieHo BHUManue B [4]. B [3] ObLIO MOKa3aHO, YTO €CIM MHTCHCHBHOCTD ITyMa IPEBHIIIACT HEKOTOPOE
KpUTHYECKOE 3HaYeHHE, TO aBTOKOJEOaHUs Hcue3aroT. AHAJIOTHYHBIN pe3ynpTaT ObUT HolydeH B [5] ¢ momo-
B0 CTOXaCTHYECKOTO YPaBHEHUS SBOJIOIMH SHEPTHH IUHAMHYECKONW CUCTEMBI C OHOI CTETeHbI0 CBOOOIBI
[6]. B HacTosmelt paboTe cToXacTUUECKOE YpaBHEHHE SBOJIIOLUHN SHEPTUH TUHAMHUYECKON CHCTEMBI C OTHOM
CTETICHBbIO CBOOONEI [6] mpuMeHeHo K Mojenu Kenmpima ¢ omHO#M CTETeHBI0 CBOOOBI, B KOTOPYIO BKIIFOUCH
AJTATHBHBIN UCTOYHHK OEJIOTro IIyMma.

Pemenne Hesmmueitnoro nuddepeHuuaibLHOro ypasHenus B mojaean Kesaabima
Henuneitnoe nuddepenimanpHoe ypaBHeHHE (CM., HapuMep, Moaelb Kenmpiia ¢ 0qHOW CTEIeHbIO
cB0OONEI [2]) uMeeT BHUTT
Ji +kx = —pi — (D + kx?) sign &, (1)
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rae koHcTauTel / =k =k =1, u < 0, @ > 0 onpenenensr B [2].
Ecnu sHeprust HEeBO3MYIIEHHOM JUHAMUYECKON CUCTEMbl UMEET BUJT

Jx2  kx?
E=75+75 @

2F
=41/ —. 3
X1, \/ p 3)

CroxacTH4eCcKoe ypaBHCHHE SBOJIIOIMH YHEPTHH JHHAMHYECKON CUCTEMBI C OMHON CTEMEHBI0 CBOOOBI [6]
HMeEeT BUJ

TO TOYKHU [TOBOPOTA TPAEKTOPUU HUMEIOT BUJ

Xo
dE 2 -
=2 4
7 [ anax, @
X1
me T = 27’[’\/% — TepHof KoineOaHWH HEBO3MYIIECHHOW CHCTEMBI; f = —ux — (P + m’cg) signk; 6f =

V2DE(t); D — MHTEHCHBHOCTH IIyMa CIIy4aifHOro ucTounHnka; £ = £(t) — ciydaiiHas BEIUYUHA C € UHUIHOM
JUCIIEPCHEH.
CKOpOCTh THHAMHUYECKOW TIEPEMEHHON HaiieM ¢ TTOMOIIBIO (2)

_ 2
x=i\/72E ka . (5)

C nomomsio (5) nepenuiieM ypaBHeHue (4) B Buae

dE
E=:F(a0E%+alE+a2E%)+QSE%5fa (©)

3 8v3

2 — = <.k
\/‘aal_‘/<05a2_3ﬂ— j%5a3

e ap = o

S

W.
3HaK MHHYC B IIPaBOi 4acTH ypaBHEHHUS (6) COOTBETCTBYET 3HaKy IUTIOC B ¢opmyine (5). YpaBHeHUE
(6), B KOTOPOM OTCYTCTBYET (IIyKTYHPYIOIINI UCTOYHHIK,

dE
== :F(aOE% +aE+ agE%) (7)

_2v2 1
I

HUMECT TPHU CTAIMOHAPHBIC TOYKH E=0mn

—ay £ \/a? — 4apay
VE2 =

2612

: ®)

(W =87) 52 — 1280k
J2? s 372
[Tokaxem, aTo mpu (5% < 112 muHAMEYecKas cucteMa (Momens Kenpiira) penakcupyeT Mubo K BHEII-
HeMy +/E|, 1100 K BHyTpeHHeMY +/E9 NMpemneasHOMY LHKIY B 3aBHCHMOCTH OT 3HaKa MHUHYC WIH IUTIOC B

ypaBaenu# (7).

I7e TUCKPUMUHAHT a% —4apas =

Pemenue ypaBuenus (7), B IpaBoii 4aCTH KOTOPOTO CTOMT 3HAK MHUHYC, UIMEET BH]]

V5 _ VB~ VEA - exp(-1/7)

9
1 —A-exp(—t/7) ©)
_ VE—VE, _ 0 .
e A = JE Vs Ey = E(ty = 0) — HayajbpHOE 3HAUCHWE YHEPIUM JMHAMHUYECKOM CHCTEMBI (MOIENH

Kenppima ¢ omHON cTeneHblo cBoOOABI) B MOMEHT BpeMeHH fy = (0; BpeMs penakcanui K CTalluOHAPHOMY
COCTOSTHUIO IMEET BHUJ]

S (10)

\V#H? = 0%
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BugHo, uto mpu { > T AuHamudeckas cucrema (Mmoxenb Kenaplma) penakcupyeT K BHELIHEMY
VE npenensHoMy 1uKiy. Pemenne aius ypasHenus (7), B HpaBoif 4acTH KOTOPOTO CTOMT 3HAK IUIIOC, COB-
nazaetr gopmynoit (9) npu 3amene { — —¢. BuaHo, yTo B 3TOM cilydae AMHaMHMYecKas cucrema (Moneib
Kennpla) penakcupyeT K BHyTpeHHeMy +/Ey NpeaenbHOMY IHUKIY.

PesyabTarsl pacueros
CranmoHapHOe pelleHre ypaBHeHHs (6), B IPpaBoil 4aCTH KOTOPOTO CTOUT 3HAK MHHYC, TOCTPOUM C
MTOMOIIBIO (CM., HaripuMep, [7])

1 3
2a0E? + a\E + 2a9E?
exp |~ | — S , (11)

1
g(E)=N\/E

2
Da3

rae N — HOPMHPOBOUYHBI MHOXHUTEJIb.

4.5

N-g(E)

0
0 0.5 1 1.5 2 2.5 3 3.5 4

Puc. 1. I'paghux nromuocmu seposmuocmu oOHapys’ceHusi OuHamudeckol cucmemul (mooenu Kenovia) 6
3a8UCUMOCIU OM SHEP2UU OUHAMUYECKOU CUCTNEMbl NOCMPOeH OJis 3HAYeHUs UHMEHCUBHOCTU CLYYAlIHO2O0
ucmounuka D = 0.2

I'padux dynkmuu (11) mIoTHOCTH BepOSTHOCTH 00OHApYKEHHS AMHAMUYECKOl cucTeMsl (Monenu Ken-
JIbIIIIA) B 3aBUCHMOCTH OT DHEPIUH JMHAMHYECKOW CHCTEMbI MOCTPOEH VIS IBYX 3HAYCHUI WHTCHCHBHOCTH
cinyyaitnoro ucrounuka D = 0.2 na puc. 1 u D = 0.4 na puc. 2. Koncrantel / =k =k = 1; = —1.2987;
® = 0.2 onpenenenst B [2].

C nomorieio popmyist (8) MoxHO Beuucauth £ ~ 0.845 u £y ~ 0.027. Paguychl BHEIIHETO ¥ BHYT-
PEHHEro MpeeNbHOro IUKIa Ha puc. la B pabote [2] 6nusku k 3HadeHusM /2E; ~ 1.303 u /2E, ~ 0.23,
COOTBETCTBEHHO. BuiHO, 4yto rpaduk ¢ynkumu (11) Ha puc. 1 qocTHraeT MakCMMalbHOTO 3HAYCHUS IPH
SHEPIHU AMHAMUYECKON cucteMbl £ = 0 U mpu SHEprum, KOTopas HeMHOTO MeHblie, yeM E; =~ 0.845. Ana-
JIOTUYHBIA pe3yabTar ObUT MONyYeH B [5] MpU UCCIIe0BAaHUH BIUSHUS UHTCHCHBHOCTH IIyMa Ha MOJIOKEHHE
MaKCHMyMa IJIOTHOCTH BEPOSTHOCTH OOHApYyXEHHsI THHAMHUYCCKOW CHCTEMBbI, KOTOpasi OTMUCHIBACTCS ypaBHe-
HueM Ban nep Iloms.
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N-g(E)

Puc. 2. Ipaghux niomnocmu eeposmuocmu ooHapyscenus ounamuyeckou cucmemul (mooenu Kenoviua) 6
3A6UCUMOCIU OM IHEPSUU OUHAMUYECKOU CUCTNEeMbL HOCTNPOEH OIS 3HAYCHUS UHIMEHCUBHOCIU CIYYAUHO20
ucmounuxka D = 0.4

3akJjoueHue

Buano, uro pu D > D,y &= 0.4 aBTOoKONcOaHUs TOMABICHBI, TaK KaK MCYE3 MAKCUMYM (YHKIIUH
(11), KOTOpBI OMUCHIBAET TUIOTHOCTH BEPOSITHOCTH OOHAPYKEHUS TUHAMUYECKOM CHCTEMBI B OKPECTHOCTH
MpeneabHOro MUKIA. JMHaMUYecKkas cHcTeMa MEePEeXOAWT B KBA3HCTAIIMOHAPHOE COCTOSHHE ITOKOS, TaK Kak
ABTOKOJICOAHUS BHOBb IOSIBITCS MPH YMEHBIIICHUH WHTCHCUBHOCTHU CIIy4aiiHOIO MCTOYHHUKA.
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Annomayus: paccMaTpuBaeTCcs OIHOMEPHOE Tapaboandeckoe ypaBHenue B npsmoyronbuuke (0,7) X
(a,b), na omHOM W3 GOKOBBIX CTOPOH KOTOPOTO 3aaaHbl JaHHble Komw, a Takke 3amaHo yciosue Komu B
HavalbHBI MOMEHT BpeMeHH. PemieHne 3Toif 3amaum umiercst B npoctpanctBe Cobonesa. [locTpoen kiacc
JAHHBIX, 71 KOTOpOTo pemieHne 3anauu Komu ¢ nanapivu Komm Ha OOKOBOH MOBEPXHOCTH MPSMOYTOJIbHHUKA
CYIIECTBYeT W €OUHCTBEHHO. Kiacc fBngeTcs MUHUMAIBHBIM, T. €. YCJIOBHA TIAAKOCTH HA JaHHBIE HENb3s
0CIabuTh, OHU HEOOXOIMMEBI M JIOCTATOYHBI JUIS CYIIECTBOBAHM pelleHuil B naHHOM kiacce CoboneBa. Pe-
LIEHHE SIBIIAETCS PerysSpHBIM, 3TO 03HAYaeT, YTO BCE MPOU3BOIHBIE, BXOAAIINE B ypaBHEHHE, PUHAJUIEkKAT
mpocTpaHcTBY Lo. 3amaua cama mo cebe HeKOppekTHa mo Anmamapy. MaremarndecKkre MOJeNH TaKoro THIIa
BO3HHKAIOT MPH ONHCAHUK MPOLECCOB TerioMaccorepenoca. MMeercs Ooblnoe KOIMYECTBO paboT, MOCBs-
LIEHHBIX 33/1a4aM TaKOro THUIA, KaK B OJHOMEPHOM, TaK U B MHOTOMEpPHOM ciydae. B nureparype ocHOBHOE
BHUMaHME YAEJNCHO YHMCIECHHOMY DELICHHIO 3a]laud, MOCKOIbKY OHAa BO3HHUKAeT BO MHOTHMX MPHUIOKEHUSIX.
Kpome Toro, n3BeCTHBI TEOPEMBI €AUHCTBEHHOCTH PELICHNUMN, OLICHKH YCTOMYUBOCTU PEIICHUN U TEOPEMBI CY-
LICCTBOBAHMS pPEIICHUN B Kiaccax XodbrpeHa. Mbl HEMHOTO YTOYHSEM IMOCIEIHUE PE3YAbTaThl U MOTydaeM
TEOpeEMY CYIIECTBOBAHUS PELICHUN B KJacCax KOHEUHOM IIaJIKOCTH.

Knroueswie cnosa: obparnas 3amada, nanasie Komm, HaganmpHO-KpaeBast 3ajada, CylIeCTBOBaHHUE, TeTl-
JIOMAacCOIEepPEHOC.
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CAUCHY PROBLEM SOLVABILITY WITH THE DATA SPECIFIED ON THE RECTANGLE
BOUNDARY FOR A ONE-DIMENSIONAL PARABOLIC EQUATION
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ORCID: http://orcid.org/0000-0002-7238-9559, s_pyatkov@ugrasu.ru

Abstract: we consider a one-dimensional parabolic equation in the (0,7) x (a,b) rectangle. The
Cauchy data are specified on one of its lateral sides. The Cauchy condition is also specified at the initial
moment. The solution to this problem is sought in the Sobolev space. A data class was constructed for
which there is a unique solution to the Cauchy problem with the Cauchy data specified on the lateral side of
the rectangle. The class is minimal, i. e., the smoothness conditions applied to the data cannot be weakened.
They are necessary and sufficient for the existence of solutions in a given Sobolev class. The solution is
regular which means that all derivatives in the equation belong to Lo space. The problem is ill-posed in the
Hadamard sense. Mathematical models of this type arise when describing heat and mass transfer. There are
many papers on such problems for both one-dimensional and multidimensional cases. The available sources
mostly focus on numerical solutions, since the problem is found in many applications. Besides, there are
uniqueness theorems and stability estimates, and existence theorems for solutions in Holmgren’s classes.
We slightly refined the recent results and obtained an existence theorem for solutions in finite smoothness
classes.

Keywords: inverse problem, Cauchy data, initial boundary problem, existence, heat and mass
transfer.
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BBenenune
MsI paccMaTpuBacM BOIIPOC 00 ONMpeneICHUM TPaHWIHBIX JAaHHBIX BMECTE C PEIICHHEM B IapaboiIu-
YECKOM YpPaBHEHUH:

Lu=u; — Lou = [(x,t), (x,t) e Gx(0,T),G = (a,b), (1)

rae Lou = a(x)uyy — b(x)uy — c(x)u. YpaBHEHHE JOMONHACTCS TPAHUYHBIMU JAHHBIMH BHUJIA:

u(0,x) = uo, u(t,a) = P1(t), ux(t,a) =vo(t). (2)

Onpenenenunto nopiexar Gyukunu 4 u u(t,b) nmn uy(¢,b). MaremaTnueckue MOJIEIN TAKOTO THIA BOSHUKAIOT
MIpH OMMCAHMU TIPOLECCOB TeIIoMacconeperoca. Mimeercs 0ombiioe KOMUYecTBO paboT, MOCBSIIEHHBIX 3a/1a-
gaM TaKOTO THIIa, KaKk B OMHOMEPHOM, TaK U MHOTOMEpHOM ciydae (cM. [1, . 1, 2; 3, § 8.3]. B nureparype
OCHOBHOE BHHMaHME YIEJICHO YHCIEHHOMY DEIICHHUIO 33[a4yl, MTOCKOJIbKY OHA HEKOPpPEKTHa B cMblcie Ana-
mapa ([4, §1.4; 5-8, 10, 11]). M3BecTHHI TakKe OICHKH YCTOMYMBOCTH W TEOPEMBI SAMHCTBCHHOCTH PEIICHUN
(6bubnmorpaduio n pes3yiabTaTsl MOXKHO HaiiTu B [2]. B pabote [9] numeercs Teopema CyliecTBOBaHUS peLie-
Huit 3agaun (1)-(2), roe B KaduecTBe MCXOMHBIX JAaHHBIX OEpyTCsS TONBKO 3HAYEHHUS PEUICHHS W HOPMaJIbHOU
npou3BoaHO# B Touke X = ( (T.e. HET HAYAJIBLHOTO YCJIOBHUS), @ TAK)KE MOKA3aHO, YTO €CIU KOI(D(PHUIMCHTHI
ypaBHEHUs, ITpaBas 4acTh U JaHHBIE PUHAJIEKAT Kiaccy XOIbMIPEHa, TO pelIeHHe TaKOW 3aJa4H CyIECTBY-
eT ¥ eMHCTBeHHO. [Toka3aHo TakxkKe, YTO €CJIM JONOJIHHUTEIBHO 33/1aHO HavyajbHOE yclioBUE B Touke ! = 0,
TO BO3MOXKHO OIIpPENEICHIE HE TOJIBKO PEIICHUs, HO U ogHOro u3 kodddummentor ypaBHenus (1). Kmacc
Xonbmrpena coctout u3 GyHkuuid u(f,x) € Lo (Q) Takux, uro Haiiayrest nocrosiaubie C,M Takue, 4To Cyle-
CTBYIOT IIPOM3BOJHBIC %k—t‘,j 11 BCEX k W H%H L@ < C(2n)!/M?*. BosuukaeT BOIPOC O TAKOM K€ TOYHOM
pesynbrare, B cirydae Korga KoaGQHUIMEeHTH! U TpaBasi 4acTh He SBISIOTCS O0eCKOHEUHO TU(PepeHINPYEMBIMH.
[To-BuamMoMmy, Takoi pe3yiasraT Hen3BecTeH. B pabore MBI MPUBOIUM ONTHMAJIbHBIE YCIIOBHS Ha JaHHBIC B
3TOM IIPOCTOM CIIy4ae.

OnpenesieHUsI U BCIIOMOTaTeJIbHbIE YTBEP KIEHHUS

B pabore mb1 ncnonp3yem npocrpanctBa CoboneBa u [enpaepa W/;(G), C%(G) (cM. ompeneneHus B
[12, 13]). Ilox HOpMOIT BeKTOpa MOHUMAEM CyMMy HOpM koopamuar. Ilycts (u,0) = [, u(x)ov(x)dx. O6o-
3Ha4uM 4epe3 Bs(xg) — map pamuyca 0 ¢ HEHTPOM B TOYKE Xo. MBI TakKe HCIOIb3yeM aHH30TPOINHbBIC
npoctpancta Cobonea W, (S) = Wy (];LP(F)) NL, (J; Wpf(F)) u Temsaepa C2(Q), C*2%(S) (cMm.
ompeneneHus B [12]).

Hanomuum HekoTopsie cBoiicTsa npeoGpasosanus Jlaiaca L£(u)(p) = [~ e Pu(t) dt. Iycrs E -
ruabOepToBO mpocTpaHcTBo. [IpeobpasoBanue Jlamnmaca uzomopdHo otobpaxkaer mpoctpancTBo Cobonera
WQS (R4 E) dynkuwmii, onpenenennbix Ha (0,00), 1omyckaromux npogonkeHne Hyinem mnpu ¢ < 0 ¢ coxpane-
HUEM Kllacca, ¢ HOpMOH

le™" @]y ey = 14O 5,
rae (t) — npomoykenue (GyHKIMU U, ompeaesieHHON npu ¢ > 0, HyJdeM Ha BCIO BEIIECCTBEHHYIO OCh, Ha
HPOCTPAHCTBO £ -, aHATUTHYECKHX B obmactu Rep > 9 > 0 dyHkimii ¢ koHeuHON HOpMOH

2 o0 19 .
HU(p)Hs;yO = Sup/ HU(’Y‘FZT)HE|’7+ZT|25dT. (3)
% J —00
B wactHocTH, ipu § = 0 nmeeM, uto HOpMa ||e " 1|1, (0,00;F) COBIANACT ¢ HOPMOH

/_ UGy + i) dr. 4)

B cnyuae ecmu E = C, umu E = Lo(G), wmn E = W5 (G), npuBeneHHbIe BbIlIE CBOWCTBA MPe0Opa30BaHUs
Jlarutaca umerotcsi, Hanpumep, B [14] (cMm. Teopemy 7.1 B cinydae £ = C u §8 — B ocranbHbIX ciayyasx). Eciu
s # 1/2, To HOpMBI He_’mtﬁ(t)HWQs(R;E) u |]e‘”’0tu(t)|]%s(R+;E) SKBHBaJIEHTHBI (cM. [14]).

[Ipenmnonoxxum, 4To

a € C'([a,b]) N Wi(a,b), be C([ab]) NW(a,b), ¢ € Lul(a,b). (5)
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EcrecTBEeHHBIM 00pa30M TakKe CUUTAEM, YTo HaiayTest nocrosaubie My,My > 0 takue, uto My < a(§) < My
st Beex €. Jlanee cunTaeM 3TH yCIOBUS Ha KOA(PQHUIMEHTH oneparopa L BHIMOIHEHHBIMH, HE OrOBapHBast
3TO JOMOJHHUTENIBFHO B POPMYIUPOBKAX YTBEPIKICHUH.

PaccMoTpuM ypaBHEHHE

Lou — Au = [f(x), |argA| <7 — g, do € (0,m). (7)

IMonoxum r(§) = 1 / \/@. Janee 3HaKk ~ B BblpaxkeHud a(\) ~ b()\) 03HAYaET, YTO BBIIOIHEHO
pasencteo a(\) = b(\) (1 + O(%)) TIPH COOTBETCTBYIONINX MapaMeTpax .

Jemma 1 ([15, nemma 1]). Cywecmsyrom 06a JUHENUHO HE3A8UCUMbBIX PeuleHUsi 0OHOPOOHO20 YPasHe-
nus (7), yoosnemesopsiowue acumnmomuxe

ne = exp ([ n@as—va [ reac)
i~ ~Varee ([ n@as— Vi [ reac)

we = exp ([ n@as Vi [ e ac)
i~ Ve ([ n@deVa [ rode),

20e \Y = |\l _r<argA<m A=o+iv (€)= (ar r— br?)(§).
Paccmotpum 3anauy Komw nns ypasaenus (7). 3armmeM nanHble Komm

v(a) = v, ve(a) = oy (8)

Jlemma 2. Ilycmo v — pewenue 3adauu Kowu (7), (8), 2oe | = 0. Tozoa umeem mecmo npeocmasie-
Hue

U(b)Z%OEXp (\f)\/abr(f)d§+/br1(§)d§> <1+O<\%>>+
toten (Vi [ roac+ [T a) (1+0 () o

b b
U’(b)zWexp (\F/\/ r({)d§+/ r1(§)d£> <1+O<\%>>+
b b
+%exp <\FA/ r(§)d§+/a rﬂf)df)(l—l—O(\%)). (10)

S 19+ Mol < colVEr@eel + for ) exp (ke va / Qe A

i=0

DynKyus v OoOnycKaem OYeHKy

2de ¢y — Hekomopasi nocmosanHas, He 3agucsiwyas om \. Eciu vy = 0 ww vg = 0, mo natidymes nocmosunwie
Cj, He 3asucswiue om A\, maxue, umo

2 2
¢ (Z 1091, + |)‘|HU|L2(G)> < X[ fugleRe VAL @ < g (Z 102y + |)‘|HU|L2(G)> . (1)

i=0 i=0

unu

2 2
i 1/4 R bre)d i
i (Z 10|16 + W!Nm(o)) < Aoy |eRe VA @ < g (Z 10D |L,0) + \AH%«») . (12)
i=0 i=0



Venexu kubepnemuxu / Russian Journal of Cybernetics. 2022,;3(2):40-46 43

Moxa3zarenbcrso. 3amumem Bporckuan W (§) = yi(§)y2(&) — y1(£)ys(€). Ucmonb3ys acUMITOTUKY
W3 JeMMBI 1, momydum

W(x1) ~ —2vVAr(x)) exp (2/)61 r d§>. (13)
a
Boinuinem npescrasnenue penienus 3anaun Koy, Penrenue ypasaenus (7) IpeacTaBUMO B BUJIE
v(x) = c1y1(x) + caya(x),
rae _l/i — pCIHeHI/Iﬂ, OHpeI[eJIeHHI)Ie B JICMMC 1 YILOBJICTBOpSISI JaHHBIM, HOHyI‘H/IM CI/ICTeMy
ciy1(a) + caya(a) = vo, c1yy(a) + cay(a) = vy,

pelieHne KOTOpoii 3anmuckiBaercst B Bune ¢ = (—yo(a)vg + y2(a)vr)/A, ca = (yi(a)vo — yi(a)vi)/A, tae
A = W(a). Vcnonb3ys aCHMIITOTHKY, TOJTy4YUM

5 1e0() s o)

3 (o) i (10 )

Toma PCUICHUE 3allMChIBACTCA B BUAC

o(x) = (vo (ch (ﬁ/axr(»s) d&) (1 L0 (%)) i

k(108 sv0 () e

IMoxacrasnss 3aeck x = b, Mbl nonyunM npeacrasienue (9). JnbdepeHuupys mpeacTaBlieHHe PEHICHUS U
ucnonb3ys (14), a Takxke B3sSB x = b, Mbl nipuzeM K (10). UtoOb! nomy4duts onieHky (11), 10CTaTOYHO OLCHUTH
mnterpanet J; = || ch(VA [ (&) d€)|Ly6) o = || sh(VA [ 7(€) d€)||Ly(6). Oum onenmBatoTcst oIMHAKOBO.
Hanpuwmep, /i nepBoro u3 HUX UMeeM

’

b b
2 S/ SRV LI H©dE gy < 50/ QReVA S O S, (1) gy < 00 2Re VX [?r(¢) de
a a 2R€\/X

e 0p = MaXyc(qp](1/7(x)). AHanoruyso,

00 oRevx["
13 < —0_ReVA L@ ge
2= 2ReV/\ ¢

W3 stux HEPABCHCTB BLITCKACT OLICHKA

b
A2l 6) < co(\\F)\r(a)vol + |v1]) exp <Re \f)\/ r(&) df) |/\|1/4.

Ouenka st pyukumit 0", v BeITekaeT HemocpencTBenHo u3 ypasuenus (7). Takum oGpasom, omenka (11)
noiryaera. Onenku (12), (13) Taxke 3meMeHTapHO BEITEKAIOT U3 IpeacTarieHus (15).
Janee npuseneM TeOpeMbl Pa3pelIuMOCTH IpIMOM 3axa4u. IIpeanonoxum, 4ro

uo(x) € W5 (G), uo(a)|r = 1(0), (16)

e My € W,H0,T), e My € WH0,T), f(tx)e™ € Ly(Q). (17)

PaccMOTpPHM BCIIOMOTaTENLHYIO 3a1a9y
ur — Lou = f(t,x), u(0,x)=ugy, u(t,a) =1, u(t,b) =0. (18)

Crenyromas Teopema umeercs B [14] (cM. Taxke Teopemy 8.2 B [17]).
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P

Teopema 1. Ilycmo T = oco. Ilpeononoosicum, umo gvinonneno ycaosue (16). Toeda natidemes wucno
Ao > 0 maxoe, umo eciu A > Ao u evinonneno yciosue (17), mo cywecmsyem eouncmeennoe peuteHue
sadauu (18) co ceoticmeom e Mu € “’/QI’Q(Q).

Eciu T < oo, Torma MmoxxeM B3sATh Ag = 0 1 TeopeMa MOKET OBITh CPOPMYIHMPOBAHA B CICIYHOIIEM
BHJIE.

Teopema 2. [lycmv T < 0o u evinonnenvt ycaosusa (16), (17) npu A = 0. Toeda cywecmsyem
eduncmeennoe pewenue 3adaqu (18) makoe, umo u € W;’Q(Q).

OcHOBHBIE pe3yabTaThl

Cumraem, 4yto ycioBus (16), (17) BBIONHEHBI, JUIS HEKOTOPOTO A Takoro, 4yro Re A > Ag, rie ma-
pametp A9 > 0 moctpoen B Teopeme 1. [loctpoum pemienue @y BcnomorarenbHol 3axa4un (18) takoe, uto
e Mg € W21‘2(Q). ITocre 3aMeHBI TEPEMEHHBIX @ = 1 — W MBI IpUAEM K Gosiee poCToi 3a1ave

wt - Low = Oa w(tva’) = Oa wx(taa) = ¢2 - wa(taa) = 1&27 w|t=0 = O (19)

\Y b3 ImpeamnoaracéM, 4To CripaB€IJinBO IPEACTABICHNUE

t b
Ba(0) = [ V0= i v € WD), 3 = [ re) e (20)
a
—72/4t A
e V, = gi/%w Umeewm, uto LV, (\) = e~V (em. nemmy 1.6.7 B [18]).

Teopema 3. [lycmv T = 0o. IIpeononosicum, umo svinonneno ycaosue (16). Toeoa navidemes Ag > 0
makoe, umo eciu \ > g u gvinoanensl yciosus (17), (20), mo cywecmeyem eduncmeennoe pewenue 3a0aqu
(1), (2) maxoe, umo e Mu € W;'Q(Q). Cnpaseonuevt oyenxu

)t — At
le™ @lly2q) < Clle™ ozl 19 o0 < 00

e @ (t.b) g 0,00y + lle™ (0]l o0y < Clle™ Vo2l yrngo ) < 20,

20e W — peweHue gcnomozamenvrol 3aoayu (19). Eciu cywecmayem pewenue 3adauu (1), (2) maxoe, umo

e My e WI’Q(Q) 0151 Hekomopoz2o \ > Ny (e0e napamemp Ny onpedeiien ¢ meopeme 1), mo @vinoaHemvl
2 i4 D p 4 P

yenogus (16), (17), (20). Pewenue u yooeremseopsiem oyerke

—A —A -2 -2
le a2y < elle™Flla@ + l4ollugio) + e W1l ey + o™ onll i )

Joka3zareabcTBO. B criry Teopemsl 1 10CTaTOYHO paccMOTpPETh BCIToMorarenbHyro 3a1aqy (19). Ipu-
MeHss nmpeobOpasoBanue Jlamtaca k ypasHeHuto (19), npunem k 3amaue

—Lo@ 4+ po =0,Rep > Xg. (21)

Bl—o = 0, x| s—o = L(P2) () = o, (22)

T7IE TIOCTOSTHHAS \( B3sITa U3 TeopeMhbl 1. Bo3zsmem A > ). Pemenue 3Toii 3aaqu CyIecTBYeT U €IMHCTBEHHO,
KaK Mbl BBLSICHWJIM B JIeMMe 2. YBEIHUYHMBasl \g, €CIIM HEOOXOIMMO, MOXKEM CUUTaTh, 4To Mpu Rep > A >
Ao > 0 crpaBeyiuBhI TipeACTaBiIeHUs U3 JieMMbI 1. [Tody4yuM OIeHKH.

3anuiiem pelieHue 3Tou 3a1aun

v(x) = c1y1(x) + coya(x),

IJie TIOCTOSIHHBIE Mpe/IcTaBlIeHbI Gopmyioit (14).
Hcnonp3ys nemMmy 2, a Takyke CBOKWCTBa IpeoOpazoBanus Jlamiaca, mveeM

sup / l@(o+ i)z )+ lplll@(o+i€)] ) € < Csup / (o +i8) || VP |p| "2 de, p = o+ i€,
o> —00 o> —00

OHaKo UMeeM, UTO
L(ho)(p) = V(p)hog = e VP 1hpo.
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Torma u3 npenpLAyIIero HEPaBeHCTBA MOy YHM

o0 o

sup |@(o + LE)H%VQZ(G) + |pl[|@ (o + if)H%Q(G) d¢ < C SUI;\)/ ”'IZOQ(O' + if)HQ‘p‘l/Q dg.
o>

o>\ J—o0 —0
[Tocnemuee BieUeT, YTO I BEKTOP-PYHKIMH @ ompeaesieHo oopaTtHoe mpeodpazoBanue Jlammaca u cripaBen-
JIUBA OLIEHKA
le™ M@ 2.0, < Clle™ ool s .y < 00
Wy Q) — W,"%(0,00)

Ioxyuum oueHku s ciaenos w(t,b), w,(¢,b). Bocnonssyemcs gemmoii 2. Kak u panee, uMeeM

[e.9]

sup IWMW+%WMW+WNMW+QWW“%<M%/ 1oz (o + i)[||p| /2 dt.
o> —00

o>\ J—o0

OTcrona BBITEKAET OIEHKa

—\ —\t —\t

e w(t’b)HW/Q?’M(O,oo) + |le w)C(t’b)HWQIM(O,oo) < Clle 1/)02“%1/4(0‘00) < 00.

[omyunm yTBepkaeHne B oOparHyio cropoHy. llycts cymectByer pemenne 3amaun (1), (2) Takoe, 4TO
e My € WQI’Q(Q) IUTE HEKOTOporo A > Ag. YcnoBus (16), (17) BeITEKAIOT M3 CTAaHAAPTHBIX TEOPEM BIIO-
xenus (cM. §8 B [14]). IToctpoum pemenne wy, e Mwg € W/QI’Q(Q). TokaskeM, 4To (QYHKIHS )9 JOIYCKAeT
npencrasiaeHue (20). PaccmMoTpuM BcrioMoratenbHyIo 3amady (19). B coorBeTcTBUHM ¢ Teopemort 1 (yHKINsA
w( obnagaeT cBoiicTBOM e M wy € WQI’Q(Q). Torma u e Mw € WQI’Q(Q). [pumenss npeobpazosanue Jlama-
ca, mpuaeM Kk 3amade (21), (22). Ho Torma B crity JeMMBI 2 IMEEM OLICHKY

oo 00
sw/\%wwm&mW%W%Smw |@(o +i8) 326 + Il @0 + i&)|Z, ) d < 0.
o>\ J—o0 o>\ J—o0 B
Taxum 06pa3oM, oIpenelieHo oopaTHoe npeobpasopanue Jlamaca ot GyHKIHH Yoy = @2(U+i§)eﬁ7, puIeM
cama (yHKIHS g o6namaeT cBocTBOM e Mgy € WQI/ 4(O,oo). Torma umMeeM paBEHCTBO Py = e VPgo.
OTtkyna u BeITeKkaeT mpencrasienne (20).
B ciyuae koneunoro npomeskytka (0,7) Teopema 3 nepedopMyIupyeTcs B CIEAYIOIIEM BH/IE.
Teopema 4. [lycmo T < oo. Ilpeononosicum, umo gvinonneno yciosue (16), (17), (20), eoe Ay = 0.
Tozoa cywecmayem eouncmeennoe pewernue 3aoayu (1), (2) makoe, umo u € %I’Q(Q). Cnpasediugwl oyeHKu

||w||W21,2(Q) < CHwOQHW;“(O,T) < o0.
Hw(tvb)HW;/“(oj) + He_wa(t»b)HWZl/‘*(o)T) < CHe_M¢02HW/21/4(O)T) < Q.

Ecnu cywecmsyem pewenue 3adauu (1), (2) maxoe, umo e Mu € W/QI’Q(Q) 071 HeKomopoz2o \ > g (20e
napamemp Xy onpeoener ¢ meopeme 1), mo evinoanenwt yciosus (16), (17), (20). Pewenue u yoosremsopsiem
oyenke

ullyr2g) < UF s + uollwy gy + 1l o 7y + 02l g 1))

Hoxka3zareabcTBo. Paccmorpum mpencrasienne (20). Ilpomomkum QyHKIHIO 1)go HA BECh HHTEPBAI
(0,00) ¢ coxpaHeHueM Kiacca Kak (DYyHKIMIO C KOMIAKTHBIM HOCHTENIEM (HApUMEp, HYJIEM) U OINpEIeTHM
COOTBETCTBYIOIIYIO (DYHKIHIO 1) . Kak u panee, pemraeM BcroMoratenbHyro 3ag1aqy (19). Bee ycnosus Teo-
pemsl 3 BeITIONMHEHEI. [IpuMenss TeopeMy 3, MOIydnM, 9TO pellleHHe CYIIeCTBYET. MBI TeM CaMbIM ITOCTPONM
penenue BerioMorareabHoi 3amaun Ha (0,00), ero cykenue Ha npomexytok [0,7] mact HaM HCKOMOE pe-
[IeHNEe BCIIOMOTATEeNFHOHN 3a/1adi. EMMHCTBEHHOCTD pelIeHuil BEITeKaeT W3 CTaHIAPTHBIX TeOpeM, HalpuMep,
MBI MOXKeM cociarbes Ha [19] (Teopema 2).

3ameuanue 1. B kagecTBe BcroMorarenbHOH 3a1add TpPU MOCTPOCHUHM (PYHKIMH @) MBI MOXEM
paccMaTpuBarh Jr00YH0 KOPPEKTHYIO KpaeBylo 3a/1auy. EcTecTBEHHBIM 00pa3oM MPU 3TOM M3MEHUTCSI YCIIOBHUE
(20). Hammpumep, MBI MOJKEM B3ATh B Ka4eCTBE (DYHKITUH W PEIICHUE 33]1aur

us — Lou = f(t,x), u(0,x) = uy, uc(t,a) =19, u(t,b) =0. (23)

Torma BMecTo (PyHKIIMU 19 BOSHHKHET JOIMOJHUTEIBHOE YCIIOBHE HA (PyHKITHIO 1)), TIOCKOIBKY 3amada (19)
nepeiner B 3aaauy

w; — Low = 0, w(t,a) = 0, w(t,a) = 1 — wo(t,a) = 11, wy|—o=0. (24)

OHo OyzeT MMeTh aHAJIOTHYHBIN XapakTep, T. €. IOJDKHO UMeThb MecTo npenacraienue (20).



46

C. I Iamkos
O paspewumocmu 3a0avu Kow ¢ OanubiMu Ha 60KOBOU NOBEPXHOCMU NPS. 07151 OOHOMEPHO20 NAPABOIUHECKO20 VF

10.

I1.

12.

13.

14.

15.

16.
17.

18.

19.

JIUTEPATYPA

AmudanoB O. M. Obpammuvie 3adauu mennoobmena. M.: MammnocTtpoenue; 1988.

Klibanov M. V., Li J. Inverse Problems and Carleman Estimates. Berlin/Boston: Walter de Gruyter
GmbH; 2021.

Kabanikhin S. 1. Inverse and [ll-Posed Problems. Berlin/Boston: Walter de Gruyter GmbH; 2012.
Camapckuii A. A., Badbumesnd I1. H. Yucrennvie memoost peutenusi 0Opamuulx 3a0ay Mamemamuyeckou
@uzuxu. N3n. 3-e. M.: U3narenscto JIKH; 2009.

. Tabarintseva E. V. Estimating the Accuracy of a Method of Auxiliary Boundary Conditions in Solving

an Inverse Boundary Value Problem for a Nonlinear Equation. Numerical Analysis and Applications.
2018;11:236-255.

Tabapunnesra E. B., Menuxec JI. /1., Ipozun A. [I. O pelieHun rpaHuYHON OOpaTHOM 3afa4yu Js mapa-
0oMMYecKoro ypaBHEHHS METOJOM KBasmoOpameHus. Becmuuk FOoucHo-Ypansckozo 2ocydapcmeento2o
yuusepcumema. Cepus: Mamemamuxa. Mexanuxa. @usuxa. 2012;11:8-13.

. Tabapunuesa E. B. O6 omeHke TOYHOCTH MeTOJa BCIIOMOTATENbHBIX IPAHUYHBIX YCIOBHI NpH perie-

HUW TPAHUYIHOH OOpaTHOM 3amadu IS HEIMHEHHOTO ypaBHEHHS. CubupcKuil JcypHAal Gbl4UCTUMETbHOU
mamemamuxu. 2018;21(3):293-303.

Hao D. N., Schneiders A., Reinhardt H.-J. Regularization of a Non-Characteristic Cauchy Problem for a
Parabolic Equation. Inverse Problems. 1999;11(6):1247.

. Hao D. N., Reinhardt H. J. Recent Contributions to Linear Inverse Heat Conduction Problems. J. Inv.

1ll-Posed Problems. 1996;4:23-32.

Jonas P., Louis A. K. Approximate Inverse for a One-Dimensional Inverse Heat Conduction Problem.
Inverse Problems. 2000;16:175-185.

Chapko R., Johansson B. T. A Boundary Integral Equation Method for Numerical Solution of Parabolic
and Hyperbolic Cauchy Problems. Applied Numerical Mathematics. 2018,;129:104-119.

Jlagerxenckas O. A., ComonnukoB B. A., Ypambuea H. H. Jlunetinvie u xeasunumneiinvie ypasHeHus
napabonuyecrkoeo muna. M.: Hayka; 1967.

Triebel H. Interpolation Theory. Function Spaces. Differential Operators. Berlin: VEB Deutscher Verlag
der Wissenschaften; 1978.

Arpanosuy M. C., Bumuk M. WM. Dnnuntudeckue 3ajadd ¢ MapaMeTpoM M MapaboiIMyecKue 3aaadu
obuiero suga. YMH. 1964;19:53-161.

Heycrpoesa JI. B., IlatkoB C. I. O HeKOTOpBIX Kiaccax OOpaTHBIX 3afa4y 00 ompenesieHHd (QyHKIUU
HUCTOIHUKOB. Mamemamuueckue 3amemku CBOY. 2020;27(1):21-40.

Haiimapk M. A. Jlunetinvie oughghepenyuanvuvie onepamopsi. M.: Hayxka; 1969.

Denk R., Hieber M., Priiss J. R-Boundedness, Fourier Multipliers and Problems of Elliptic and Parabolic
Type. Mem. Amer. Math. Soc.; 2003;166.

Arendt W., Batty C. J. K., Neubrander F., Hieber M. Vector-Valued Laplace Transforms and Cauchy
Problems. Berlin: Springer Basel AG; 2011.

Fernandez F. J. Unique Continuation for Parabolic Operators. I, Communications in Partial Differential
Equations. 2003;28(9-10):1597-1604.



Venexu kubepnemurxu / Russian Journal of Cybernetics. 2022;3(2):47-59 47

DOI: 10.51790/2712-9942-2022-3-2-7

WCCJEJIOBAHUE BO3MOXHOCTEM CO3IAHUS HEHPOCETEBOI'O
INPOI'PAMMHO-AIIITAPATHOI'O KOMIIJVIEKCA J1JIs1 PAHHEI'O BULEOOBHAPY > XEHUS
BO3I'OPAHMSA B PEXKXUME PEAJIBHOI'O BPEMEHU

U. M. Kaembrmes! 4, C. C. JleGexes!?, C. O. CTaplc0132'6
1000 «KomnBuy, 2. O6nunck, Poccutickas Dedepayus
2 O6nunckuti uncmumym amommoti snepeemuxu, Hayuonansnwlii ucciedo8amensckuil s0epHblii
yuueepcumem « MUDHy, 2. Obnunck, Poccuiickas @edepayus
4 ORCID: http://orcid.org/0000-0001-7831-9474
% ORCID: http://orcid.org/0000-0002-9626-0223, compvil 9@mail.ru
¢ ORCID: http.//orcid.org/0000-0002-0420-7856, sergeystarkov56@mail.ru

Aunomayua: B JAaHHOM CTaThe MpEJCTaBlIeH METO, HAIIPABICHHBIM Ha pelieHne MpoOneMbl paHHETO
oOHapyKeHHsT BO3TOpaHMs Ha BHIEOM300paKEHHUAX C KaMmep HaOIfoIeHHs, OCHOBaHHBI Ha BPEMEHHOM aHa-
Ju3e MOA03pUTENbHOM obmactu. IlpeacTaBneHHBI MeTOA MO3BONSET NMPOBOAUTH CXKAaTHE paccMaTpHUBaeMOn
00JIacTH BUIEON300pakeHHs 10 BPEMEHHOTO PsA/ia, KOTOPBIA KIIAaCCH(PHUIMPYETCS PeKyPPEHTHOH HEHPOCETHIO.
BpemeHHoit psix cobupaercs U3 METPUK, CHUMAEMBIX C CAMOW OONACTH M OKPYKEHHS, KOTOPBIE OTPaKaloT
ee «MepIaHue». AHAIIN3 «MEPLUAHI MO3BOJSET ONPEAETUTh, COAEPKHUT JI 00JIacTh OTOHb. [IpeniokeHHbIi
QITOPUTM TIO3BOJISICT 3HAYUTEIHHO CHU3UTh KOJIMYECTBO JIOKHBIX cpabaThIBaHUN NIPpU 0OHAPYKESHUU OTHsI OJia-
romaps aHaNIHM3y BHIEOM300pakeHUs 1o BpeMeHH. Croco0 c)kaTHa MCXOAHBIX JAaHHBIX 10 BPEMEHHOTO psijia
13 Habopa XapaKTepUCTUK O0JIACTH M OKPYXKEHHs MO3BOJISET MCIOJIL30BATh HEOONBIIYI0 PEKYPPEHTHYIO HEel-
poceTh s KIacCU(pUKAITIN TOAO3PUTEIBHON 00IacTH BHE 3aBHCHMOCTH OT €€ pa3Mepa. ITH OCOOCHHOCTH
MTO3BOJISAIOT MIPUMEHUTH JaHHYIO MOJIENb TIPU CO3[aHWU aBTOHOMHOTO JIETEKTOpa Il paHHero oOHapyXeHUs
BO3TOpaHUs Ha OCHOBE OJHOIUIATHOTO KOMITBIOTEpA M BUOKaMephl. B cTaThe MpUBOIUTCS ONMHUCaHKe TPeasio-
YKCHHOU MoJienn U 00ydeHnsT HeHpoCeTH, OIIeHKH KadecTBa OOY4YeHUs U Pe3yIbTaThl IKCIIEPUMEHTOB, a TaKkKe
IpUMepb! paboThI, BHIIOTHEHHBIE HA OAHOIUIATHOM KoMmmbioTepe Jetson Nano ot NVIDIA.

Knioueswvie cnosa: nelipoceTeBoil mporpaMMHO-alapaTHeIH KOMITJIEKC, BUIEO0OOHApyKEeHHE, BO3rOpa-
HUE, TTOXKap.

L yumuposanus: Knemermes U. M., Jlebenes C. C., CrapkoB C. O. HccrienoBanne BO3MOXHOCTEH
CO3JIaHMsI HEMPOCETEBOro MPOTrPaMMHO-AIIAPATHOTO KOMIUIEKCA Ul paHHEro BHICOOOHApYKEHUS BO3ropa-
HUS B PEKHUME PEaIbHOTO BpeMeHU. Ycnexu kubeprnemuku. 2022;3(2):47-59. DOIL: 10.51790/2712-9942-2022-
3-2-7.

DEVELOPING A NEURAL NETWORK-BASED HARDWARE AND SOFTWARE SYSTEM FOR
EARLY VIDEO DETECTION OF FIRES IN REAL TIME

I. M. Klemyshev! ¢, S. S. Lebedev!?, S. O. Starkov>°
! CompV, OO0, Obninsk, Russian Federation
2 Obninsk Institute For Nuclear Power Engineering, Obninsk, Russian Federation
@ ORCID: http://orcid.org/0000-0001-7831-9474
b ORCID: http://orcid.org/0000-0002-9626-0223, compvil 9@mail.ru
¢ ORCID: http.//orcid.org/0000-0002-0420-7856, sergeystarkov56@mail.ru

Abstract: this article presents a method for early fire detection using video images from surveillance
cameras, based on a temporal analysis of the suspicious area. The method makes it possible to compress
the area of the video image to a time series, which is classified by a recurrent neural network. The time
series contains metrics measured in the area and its surroundings to consider for its flicker. The flicker
analysis determines whether the area is on fire. The proposed algorithm significantly reduces the number
of false fire alarms as the video image are analyzed over time. The source data compression to a time
series containing the area and surrounding characteristics allows using a small recurrent neural network to
classify a suspicious area regardless of its size. These features make this model applicable for building an
autonomous fire detector based on a single-board computer and a video camera. The paper describes the


http://orcid.org/0000-0001-7831-9474
http://orcid.org/0000-0002-9626-0223
http://orcid.org/0000-0002-0420-7856
http://orcid.org/0000-0001-7831-9474
http://orcid.org/0000-0002-9626-0223
http://orcid.org/0000-0002-0420-7856

~

48 H. M. Knemviwes, C. C. Jlebeoes, C. O. Cmapkos
1p Komniekca Onsl p g ipydicenus » 6 pedicumMe peanbHo20 epemeni

Hcen e 603MOdICHOCeL C Helipoc npozpam,

proposed model and the neural network training, training quality evaluation and the results of experiments,
as well the results generated with the Jetson Nano single-board computer from NVIDIA.

Keywords: neural network-based software and hardware system, video detection, ignition, fire.
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Beenenne

IToxxapbl 10 CHX HOpP SABJISAIOTCS YIPO30H U JKU3HM M MMYILECTBa. B coBpeMeHHOM Mupe, KpoMe
TPaAULUOHHBIX CHOCOOOB OOHApYKEHHsI BO3TOPAaHHUN C MOMOIIBIO PAa3IUYHBIX JaTYMKOB, PEarHpyIOIINX Ha
W3MEHEeHHEe TeMITepaTyphl WM XUMHUYIECKOTO COCTaBa BO3IyXa, NMPEIarafoTcs PelIeHns Ha OCHOBE KOMITBIO-
TEPHOTO 3pEHHs U HEWPOCETEBHIX anropuTMoB. OUeBHIHOE TEOPETHYECKOE MIPEUMYILECTBO pelIeHHi Ha Oa3e
KOMITBIOTEPHOTO 3PEHUS Mepe]] KIACCHUECKUMH JTATYMKaMH — 3TO BO3MOXXHOCTh PAaHHETO OOHApYKEHHUS BO3-
ropaHusi, KOrJa A0 JaTYMKOB JbIMa WM TEMIIEPaTyphl MPOCTO HE JOXOAUT BO3ICHCTBHE MCTOYHUKA TOPEHUSI.
A BO3MOXXHOCTH PaHHETO OOHApY)KEHHUS BO3TOPaHUS — 3TO BO3MOXKHOCTBH CIIACTH KM3HH M UMYILIECTBO OT
noxapa.

OZHOBPEMEHHO € Pa3BUTHEM KOMIIBIOTEPHOTO 3PEHHs U MAlIMHHOTO 0OydeHHs Ha OCHOBE Heipoce-
Tell aKTHBHOE Pa3BUTHE IMOIYYMJIN TEXHOJIOTWH TPAHWYHBIX BBIYMCIICHHM, M HA PBHIHOK BBIIIIH LEJIBIE Ce-
MeHcTBa OAHOMJIATHBIX KOMIBIOTEPOB OT PA3JIMUHBIX TEXHOJOTMYECKUX T'MI'aHTOB. MOIHOCTH OAHOILIATHBIX
KOMITBIOTEPOB pacTyT Onarojaps UCHONIb30BaHUIO Tpaduueckux yckopureneit (GPU), a B mociennee Bpems —
U CHeLualbHbIX TeH30pHBIX npoueccopos (TPU) mis paboTsl ¢ MHOTOMEPHBIMH MaTPULIAMH.

B nanHO#l paboTe BHUMaHHE COCPENOTOUCHO HA 3a/ade CO3JaHMS aBTOHOMHOTO AETEKTOpa Ha OCHO-
BE€ OJIHOIIJIATHOTO KOMIIBIOTEpa, KOTOPBIM CMOXKET MPOU3BECTH paHHEe OOHapy)KeHHE BO3TOpaHHs BHYTPU U
CHapy>KU IIOMELICHUH 110 BUIEON300pakeHHIO ¢ Kamep HaOmoneHus. OnuH U3 TaKUX KOMIIBIOTEPOB — Jetson
Nano ot xomnanuu NVIDIA noka3an Ha pucyHke 1.

HaOmonast BOSMOXKHOCTH M YCIIEXH Pa3BUTHS C(Eepbl MAITMHHOTO 00y4YeHHUs, KOMIIBIOTEPHOTO 3pEHHUS,
a Takxke pacuser mHTepHeTa Bemedl (loT) W rpaHWYHBIX BBIYMCIMTENBHBIX YCTpoHCTB (edge computing),
MOXXHO OBUTIO OBI MPEANONOXKHUTH, YTO 3ajJaya paHHEro OOHAPY)KEHHs BO3TOPaHUs [0 BUAECOM300PaKCHUIO
JaBHO YX€ TOJ CHIIy pa3paboTdrKaM OXpaHHBIX cucTeM. OTHAKO MpakTHKa MPUMEHEHHS CYIIeCTBYIOIINX
Ha PHIHKE PELICHUH U1 OOHAPY)KEHHS OTHS C IIOMOILbIO MHTEJUIEKTYAIBHOTO aHaIn3a BUAEO, a TaKkxke 0030p
IIpeUIaraeMblX B HaIlleH cTpaHe U 3a pyOeskoM HOBBIX METOJIOB, Ja€T MOHUMAHKE O TOM, YTO YHHBEPCAIBHOTO
peLIeHus HeT, 3aada CIOKHee, YeM Ka)KeTCsl Ha MEePBBIH B3I U PELINTh ee ISl HanOOJbILEro KOJIMYecTBa
CIIEHapHEB TOKa HE yHaeTcs.

CymiecTByIOIIME PEHIeHUs IS OTIPeeIIEHHUs] OTHS Ha BHIEOM300paKEHUH, TIOTyYeHHOM O€3 HCIIONb-
30BaHUS CHELUAIBLHOTO 00OPYAOBaHUS (HAIIpUMeEp, TEIJIOBU30POB), a C OMOIIBIO OOBIYHON LIBETHOW BHIEO-
KaMepbl, 4acTO OTPaHUYHMBAIOTCSA IMPUMEHEHHEM CBEPTOYHBIX HEHpOceTel ¢ HeKOTOpol mpeaoOpaboTkoil BU-
JIEOTIOTOKA. TOYHOCTh TAKUX JIETEKTOPOB, TO €CTh CIIOCOOHOCTh HAXOMUTh B KaJIpe BELIM, IOXOKUE Ha OTOHb,
Ha CETONHAIIHUN JeHb MOCTAaTOYHO BBICOKA M B HEKOTOPBIX Ciydasx gocturaeT Omm3kux K 100% 3HaueHuUi.
OIHOBPEMEHHO € 3TUM OO0JBIION MPOOJIEMOIl BceX PelIeHuil 0 OTHIO SBJISETCS BbICOKas OIIMOKa IIEPBOIO
poza, To eCTh HECTIOCOOHOCTD JIETEKTOpa Pa3anyaTh OTOHb U MOXOXKKE Ha Hero o0bekThl. bonbias BeanyrHa
ATOW OITMOKHW O3HAYAET, UTO JACTEKTOP OyIET JaBaTh MHOTO JIOKHBIX Cpa0aThIBaHUH, 3aMedast OTOHb TaM, TIIe
ero HeT. MakcuMalbHOE CHIDKEHHE OIIMOKU IEepPBOTO poJa — 3TO OJHH M3 OCHOBHBIX MOMEHTOB, IO3BOJISIO-
W TIEPEeNTH OT TMPOCTO MOJIENH, PACTIO3HAIONIEH OTOHb Ha BUAEOM300paXEHNH, K YCTPOUCTBY, TOTOBOMY K
MIPUMEHEHHIO Ha MPAKTHKE.

Pa6oTtbI 110 Teme

3a mocneaHue rofsl rIyOokoe oOydeHHe CHenano OrpOMHBIM IIar BIEped, BO MHOTOM — B cdepe
KOMHI)I-OTepHOFO 3peHI/I$[ u OpI/IeHTI/IpOBaHI/ISI B HpOCTpaHCTBe, 6J1ar0)1ap51 HOBBIM IIOAXOOAaM U apXI/ITeKTypaM
CBEPTOYHBIX ceTed. B psame paboT 3TH MeToIbl M MOIXOAbl ObUIM MPUMEHEHBI K 3ajiaye PaHHEro oOHapy-
JKCHUA BOSFOpaHI/Iﬁ Ha BI/IZ[COI/I306pa)KeHI/I$IX. HCCMOTpH Ha BBICOKHC ITOKA3aTeJIM TOYHOCTU B HAXOXICHUHN
OTHS Ha U300pa)KeHUSAX, STH MOJCIIA HE MOTYT BEpU(PHIIMPOBATH IMOTO3PUTEIIBHYIO 00JIaCTh BO BPEMEHH, YTO
HpI/IBO)Z[I/IT K 9aCThIM OIHI/I6KaM nepBoro po;[a, TO €CTb JIOXKHBIM Cpa6aTbIBaHI/I$IM.

OZ[HOBpeMeHHO C OTUM AKTHUBHO paSBI/IBaeTCSI )51 anr[apaTHasI YaCThb BBIYHUCIHUTCIBHBIX MAIIIWH, 4YTO
MTO3BOJIIET pa3padaThIBaTh aBTOHOMHBIE YCTPOWMCTBA JUIS MOCTPOCHHS YMHOW M 0O€30MacHON OKpyKaroIen
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Puc. 1. Oononramuwiii komnsviomep Jetson Nano u RaspberryPl-kamepa (cencop Sony IMX477)

cpensl. B paborax [1, 2, 3] xomaHABI MCcliefoBareNell W3 pa3HBIX CTPaH IEMOHCTPUPYIOT BO3MOXXHOCTH
CO3ZIaHUS aBTOHOMHBIX AETEKTOPOB ISl PaHHETO OOHAPYKEHHUSI BOSTOPAHUM 110 BUACOM300paKeHUAM Ha Oase
OJTHOTUIATHBIX KOMIBIOTEPOB. JleTeKTOpsl B padorax [1, 2] mocTpoeHsl Ha 0a3e OMHOIUIATHOTO KOMITBIOTEpa
Jetson Nano, B pabore [3] — Ha 6a3e Banana Pi. B ocHOBe MeTOa paboThI A€TEKTOPOB B padoTax [1, 2, 3, 4] —
MTOMCK MCTOYHUKOB BO3TOPAHMSA C MOMOIIBIO CBEPTOYHBIX HeWpoceTeil 6e3 aHanmu3a o BpeMeHn. OgHaKo, Kak
OBLIO CKa3aHO BBIIIE, OTCYTCTBHE BepH(PHUKAIINH 110 BpEMEHH HE MO3BOJISIET NU30eKaTh JIOKHBIX CpabaThIBAHUM,
Jla’ke HECMOTPSI Ha BBICOKHME TIOKa3aTeNId TOYHOCTH PACIO3HABAHUS ITUX MOJETIEH.

OpHa W3 yCHemHbIX padoT, MOKa3bIBAIOIINX ITPOCTPAHCTBEHHO-BPEMEHHOE OOHApyXEHHE BO3Tropa-
HUS W 33JbIMJICHUSI Ha BUJCOMNOCICIOBATEIILHOCTH, — pa0d0Ta KUTANCKOW HCCIIe0BaTeIbCKON KOMaH bl [S].
B mporecce 06paboTku BHIeON300paskeHNs HAST HAKOIUIEHHE KaJpOB MOAO3PUTEIHHON 00JacTH B TeUEHHE
HEKOTOPOTO BPEMEHHU, B pe3y/bTare KOTOPOH NaHHBIE 3TOW 00JacTH 00pa3yrT TPEXMEpPHBIH MAacCUB IIBET-
HBIX M300pakeHuil. Jlamee 3TOT MaccWB MPOXOANUT KITACCHU(PHUKAIMIO C TIOMOIIBIO HEHPOCETH Ha COMAEpKaHWE
neiMa/orHs. Takast poBepKa MO3BONISET CYIIECTBEHHO YMEHBIINTH KOJHYECTBO JIOKHBIX cpabaTrbIBaHUN, HO
HabupaeTcs O0NbIION 00beM JaHHBIX JUIA KIACCH(HUKAIMNA KaKIOW ITOIO03PUTEIBHON 00IaCTH M300paKEeHNS.
OTo nenmaeT HEBO3MOXKHBIM CO3JIaHHME JeTeKTopa Ha KOMIbIoTepax Bpoxe Jetson Nano, koTopblii Bes ObI MO-
HUTOPUHT TEPPUTOPHH B PEKUME PEaIbHOTO BPEMEHH.

B 2010 romy eme omHa mWcclemoBaTelbckas KOMaHnma [6] Taxke mpopadarhiBayia BOIPOC PaHHETO
o0OHapy»KEHHs BO3TOPAHUS 10 BUICO, OTTAIKUBAsCH OT IMOBEICHUS OTHS BO BpeMeHH. VX momxon 6a3upyercs
Ha aHaJN3€ MEPIAHMs, KOTOPOE CO3/IaeT OTOHb B Iporiecce ropenus. OHM He aHATM3HUPYIOT 00JIacTh HETHKOM
KaK M300pakeHUe, OJTHAKO CHUMAIOT HEKOTOPYIO XapaKTePUCTHKY C 00JIacTH U 3aTeM, aHATTN3UPYs U3MEHEHHE
3TOM XapaKTepUCTUKH BO BPEMEHH, JENAIOT BHIBOJ O HATWYHH/OTCYTCTBHU OTHS B 3TOHM OOJacTH.

Pesymerarhl paboTHl KUTAaHCKUX HccenoBareliel [5] mMoKa3pIBaOT, YTO BepHU(DHUKAIMS MOT03PHTEIh-
HBIX 00JIacTel 10 BpeMEHH MO3BOJISET CYIIECTBEHHO CHU3UTH OIIMOKY MEPBOrO poja MpH JETEKIHH OTHA U
IpIMa Ha BHIeon3oOpaxkeHUsXx. A padora 2010 roma [6] TOBOPHUT O TOM, YTO BO3MOXKHO CYIIECTBEHHO CO-
KpaTuTb 00beM JaHHBIX, HEOOXOOUMBIX IJISl TOTO, YTOOBI Pa3InuUTh OTOHb B TIOBEICHUN HEKOTOPOH 00NacTu
n300pakeHsl, OTTAIKNUBAsCh OT €r0 MOBEJCHHS KaKk 00bEKTa.

Eme oqHa coBpeMeHHast paboTa, JeMOHCTPUPYIOIas MTPOCTPaHCTBEHHO-BPEMEHHOE O0HApYKEeHHUE 3a-
IBIMJIIGHUH U BO3TOpaHuii [7], OCHOBaHa Ha MOCJIEAOBATEIHHOM BBIJENIEHHH NMPOCTPAHCTBEHHBIX MPU3HAKOB
ITOTO3PUTEIBHBIX 00JaCTeH MPHU ITOMOIIM CBEPTOYHOM Mozenu Helpocetn ¢ apxuTekTypor Faster-RCNN u
KJIacCU(UKALUKA BPEMEHHOTO pAga cOOpaHHBIX NMPU3HAKOB ¢ TIOMOINBIO peKyppeHTHOH Helipocetn ¢ LSTM-
apxutektypoit (Long-Short-Term-Memory). [Ipenmaraemerii mougxom BO MHOTOM aHAJIOTHYCH JaHHON paboTe
B LIEJIOM, 1 OCHOBHO€ OTJIMYME — MHOW CHOCOO M3BIICUEHMS U HAKOIJICHUS IMPOCTPAHCTBEHHBIX MPU3HAKOB
TUTS KITAaCCU(UKAITAN OOJIaCTH.

Jpyras uHTepecHas paboTa [8] mpencTaBiseT MPUMEHEHUE CTEPEO3PEHUS ISl OTIPENIEIICHUs MECTOIIO-
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JIO’)KEHUS BO3TOPAaHMS B TPEXMEPHOM MPOCTPAHCTBE M MCIOJIB30BAHUE PACCTOSIHUSA OT KaMephl 10 UCTOYHHUKA
TOpEHUs B KaUueCTBE KPUTEPHS ISl CHIKCHHUS YPOBHA JOKHOIIOJIOKUTENBHBIX cpadarbiBannii. B mepcriexTrBe
000N aBTOHOMHBIH JETEKTOP BO3TOPAaHUI W/WIH 33JIbIMIICHUH 110 BHICON300PKESHUIO MOXKET OBITH 000py-
JIOBaH CTEPEO3pPEHHEM M OMOJTHEH (YHKIMOHAJIOM ONpPEAETICHHS MECTONOJIOKEHHS HCTOYHWKA TOPEHHS B
TPEXMEPHOM MPOCTPAHCTBE. DTO MOXKET OBITh HCITOIB30BAHO JIJISI MHTETPAIMH JIETEKTOpa PAaHHETO O0Hapyxke-
HUS BO3TOPaHUM, CKaXXeM, C aJPECHON CUCTEMOM MOXKapOTyLICHMUS.

B mpennmaraemMom Mertome mpespraracTcs cejarh yrop Ha TO, YTOOBI BEPH(PHUIIMPOBATH MOI03PUTEIH-
HbIe 00JacTh 00s3aTeNBbHO M0 BPEMEHH, TaK KaK 3TO CIIOCOOHO YMEHBIIHMTH OIIMOKY MEPBOrO Pona, U Ipu
3TOM MCIIOJIB30BATh KAK MOXKHO MEHBIIE BBIYACIUTENIBHBIX MOLUIHOCTEN ISl CO34aHMSI aBTOHOMHOI'O JIETEKTO-
pa Ha komnberoTepe Jetson Nano.

['umore3a cOCTOMT B TOM, YTOOBI HCIIONB30BaTh B KAYECTBE JAHHBIX OIPEICICHHBIC METPUKHU
PETHOHOB-KaHIUAaTOB, COOpAaHHBIE B TEYEHUH KOPOTKOTO BPEMEHH, W TIPOBECTH aHAIN3 COOPaHHBIX JaHHBIX C
MOMOIIEI0 HelpoceTH. [10CKONBKY JaHHBIE TAKOTO POJa MPEICTABISIOT COO0W BPEMEHHOM Psifl, WM TOCIEI0-
BaTEeNBHOCTH JAHHBIX, TO JJIS 33Ja4M KiaccH(UKAIIMN TAKOTO psfa HY)KHO PEIINTh 33Jady MHOTO-K-OIXHOMY
C MOMOIIBI0 peKyppeHTHOH Herpocetn (RNN).

IIpenpnaraemslii meroxn

[MpennaraeMslii METO HaNpaBJIeH Ha CO3JaHUE ACTEKTOpa BO3TOPaHHiA, padOTAIOMIET0 Ha MaJbIX BBI-
YHCITUTENHHBIX MOITHOCTAX (edge computing) ¥ MPH 3TOM HE COBEPIIAIOIIETO TAKUX OMNOOK, KaK, HalpuMep,
pearupoBaHHe Ha CTATUYHOE M300paKeHHE OTHS B KaJpe, MPOXOISILEro YeJOBeKa B KPacHOW KypTKe WU
pasHoro poxa ONHKH, YacTO TOSBIAIONINECS HAa PAa3HBIX MOBEPXHOCTIX B Kajpe.

OOmmii MexaHU3M PACIO3HABAHUS OTHS C MOMOIIBIO KOMIIBIOTEPHOTO 3PEHUSI aHAJIIOTHYCH TOMY, Ka-
KHM 00pa3oM 3TO JeJiaeT YeOBEK: 3aMETHB YTO-TO HAIIOMHHAIOIIEE OTOHb B TI0JIE CBOETO 3PSHHUS, IEPEMECTUT
CBO€ BHMMAaHHE B 3Ty OOJAacTh AJS NIPUHATHS PEIICHUs, ACHCTBUTENBHO U ObLI 3aMeueH oroHb. KoHseiiep
00paboTKK BUACOM300paKEHUS AT 33/1a4l KOMITBIOTEPHOTO 3PSHHUS, B LIEJIOM, COCTOMT M3 TeX XK€ [IaroB:

1) BbImeNeHHA PETrHMOHOB-KaHAWAATOB, TO €CTh NPSIMOYTONbHBIX OONacTel Kaxpa, MPeNoIOKHUTEIBHO
COZIepIKallX OTOHB;
2) aHanmM3 JaHHBIX 00JacTeil BO BpeMeHH sl KiacCH(pHUKaluy Ha coAep KaHue UCTOYHUKA TOPEHHS.

3aaya JaHHOTO HMCCIEe0BaHUS — HAalTH CIOCO0 aHAJIM3MPOBATh PETHOHBI-KAHAUIATHI IO BPEMEHHU C
MUHHUMAaJIbHBIMH BBIYUCIIUTEIBHBIMY 3aTPaTaMM, BEICOKOW TOYHOCTBIO U HU3KUM 3HAYEHHEM OLIMOKU.

Llens wccnenoBaHUS — MOJNYYUTH JIETKYIO HEHPOCETEBYIO MOJEb UL KIacCU(HUKALUN PETHOHOB-
KaHIWJIaTOB MO0 BPEMEHM Ha COJEpXKaHWe MCTOYHHKA TOpeHus (OrHs) B pealbHOM BpEeMEHH, KoTopas Oyaer
HCIIONIB30BAaThCsl B KOHBEIepe aBTOHOMHOTO JETEKTOPa BO3TOPAHUI Ha OCHOBE TPAHUYHBIX BBIYHCICHUH.

OCHOBHOE TEXHHYECKOE HOBIIECTBO MpeAjaraeMoldl MOAEIM OETEKTOpa BO3TOpPaHHMH — BpEeMEHHAs
WHTEpPHpETAIHsI BUACON300paKeHHS, a TOUHEe — MpeAaraeMblii Crioco0 M3BIEYEHUS MPU3HAKOB M MX Kjac-
cuUKaIus.

st paboThl ¢ BpeMEHHBIMH NPU3HAKaMU M MOCIEIOBaTEIbHOCTIMU JAaHHBIX B IIIYOOKOM OOy4eHHH
HCTIOJIB3YIOTCS PEeKYPpPEHTHBIE HelipoceTr. DTO Kilacc CeTel, MpeTHa3HauYeHHbIX ISl MOACTUPOBAHUS TI0CIEN0-
BaTEJIbHBIX JAHHBIX, TAKMX KaK BPEMEHHBIE PSbI MM €CTECTBCHHBIN S3bIK. 3a1aua 0OHApyKEHUs BO3TOPaHuUs
TpeOyeT Kiaccu(pruKalui BpEMEHHOTO Psiia, OTPAXKAIOLIETO TOBEACHNE HEKOTOPOH 00iacT BUAEOH300paxKe-
HUs BO BpeMeHH. [103ToMy B apXHUTEKType HeMPOCeTH IOCIe PEKYPPEHTHOTO CIIOS CTOSIT [Ba IOJIHOCBSA3aHHBIX
cnost (Dense Layer) qns xnaccupukanuy Ha CoAepKaHUE/OTCyTCTBUE OTHS.

JlornuHo, 9TO WeM OOJbIIE MPOCTPAHCTBEHHBIX MPHU3HAKOB KAXKIOTO Kajapa BUAECOM300paKeHUs Oy-
JeT UCIONB30BaHO Il (POPMUPOBAHUS BPEMEHHON MOCIEIOBATEIILHOCTH JUI KiacCU(HUKALUK, TEM TOYHEE
Oynet pesynbrar. OOpaTHOW CTOPOHOU TAaKOW TMONTHOTHI MCXOMHBIX JAHHBIX SBISIETCS, caMO cO0O0M, OobImas
pPeCypCcoOeMKOCTh UX 00pabOTKH.

BpeMeHHble pU3HAKK B OOIIEM CMBICIIE TPEICTABISAIOT COOOH MOCIeA0BaTeNbHbIM HA00p JaHHBIX,
KOTOpBIE MOTYT OBITh KaK OTJAEIbHBIMH YUCIIOBHIMH XapaKTePHCTUKAaMH, TaK W, HaIpuUMep, HeNbIM U300pa-
KEHHEM MM KapTOd NMpH3HAKOB JMOO MHOM CTPYKTypoil naHHBIX. Kakoll OBl mpolecc HH OmMCHIBaJA 3Ta
MIOCIIE/IOBATEIPHOCTh MPU3HAKOB, OHA OyleT MMETh HEKOTOPOEe MUHHMAaJbHOE 3Hau€HHE JUTMHBI, HI)KE KOTO-
poro mporecc npexnckasanusi He OyneT 3¢ ¢eKTUBHBIM Ha 3ToM Habope maHHbBIX. [loaTomy BeIOpan Gomee
ONTUMAJIBHBIA TIyTh MHHHMHU3AIIUH pa3Mepa CaMHX BEJUYMH, U3 KOTOPHIX HaOMpPaeTCs MOCIeA0BaTeIbHOCTh
[IPU3HAKOB, BMECTO COKpAICHUS IJIMHbI PAAa.



Venexu kubepnemurxu / Russian Journal of Cybernetics. 2022;3(2):47-59 5 1

[MpennaraeMplii coco® MOMy4YEHUs] MPHU3HAKOB IJIs1 HEKOTOPOH MpSAMOYroyibHOM obiacth R kagpa
BHJIEOTOCIIEIOBATEIEHOCTH W (JOPMHUPOBAHHS M3 HUX BPEMEHHOTO PAa COCTOHUT B CIIEAYIOIIEM:

- maHHas obmacte R xanmpa Oepercs B kadecTBe OCHOBHOM oOmacTH (¢ Macmrabom 1x);

- CTpOSITCA ABE JOMOJHHUTENBHBIE MPSIMOYTOJIbHBIE 00JIaCTH C LIEHTPaMH U OpUEHTAIMel KaK y OCHOB-
HOH oOilacTw B MacmiTabax 2x u 1/2x;

- obnacTh Kaapa, cofepikaiiasi Bce TpU MaclTaOHble 00JacTH, MpeodpaszyeTcst B LBETOBOE MPOCTPaH-
ctBo HSV (hue-saturation-value);

- A7 Tpex MacITaOHbBIX oOnacTell HaxomsATCs CpedHHE 3HA4YCHUS BeJMYMH h, s u v, o0o3Hauaromue
KOMITOHEHTHI OTTEHKA, HACHIIIEHHOCTH U SIPKOCTH I[BETA; UTOT0 — 9 YMCIIOBBIX 3HAYEHUH JUISI OTHOTO pETHOHA-
KaHAuAaTa B Kazipe.

[onyueHnsle cpenHue 3HaUCHHWSA BEIMYHMH h, S, vV U1 TpeX MaclITaOHBIX oOnacTeil, IOCTPOCHHBIX
JUT OHOTO PErHOHa-KaHAwaaTa, OepyTcs B KadecTBE BPEMEHHOTO MPHU3HAKA, M U3 TAKHX HaOOPOB 3HaYCHHUH
cocTaBisieTcs psaA A nocienyromeil kinaccudukanuu. [lo o0beMy NaHHBIX OOWH HAa0Op 3HAYEHUH paBeH
00beMy JAaHHBIX LBETHOTO M300pakeHHs U3 Tpex mukceneil. Takoi cnocod GopMupoBaHHus BpeMEHHBIX HpH-
3HAKOB JeJaeT MPOLEeCC MHBApHAHTHBIM K pa3Mepy peruoHa-kaHaupara. [jis Oosiblnero peruoHa Moneib
OyzmeT 3aTpayMBaTbh HEMHOTO OOJbILE BPEMEHM UIS pacyeTa CPeAHUX 3HAYCHH, HO Ha BBIXOAE MMETH IS
KJIacCU(UKALMY TOYHO TaKOH e HeOOJbIION HaOOp MPU3HAKOB, YTO HECPABHUMO C UCXOJHBIMH 0OBEMaMHU
naHHbIX. Ocraercs BOIPOC, MOYeMy Takas MoAedb OyaeT paboTaTb Ha paclio3HaBaHHWE OTHS M HACKOJBKO
3¢ GeKTHBEH MpeIaraeMbplii METO/.

st orBeTa 0OpaTUMCs K PUCYHKY 2, Ha KOTOPOM IOKa3aH mporecc cOopa BPEMEHHBIX MPU3HAKOB €
HEKOTOpOH (UKCHUPOBAaHHOM 00s1acTH M300pa’keHUs yKa3aHHBIM BBIIIE ciocoOoM. [y mpumepa, moKa3aHHOTO
Ha pUcyHKe 1, uMeroTcst 4 o0nacTH: 3aKiroyarollas OroHb M OKpy»Karollee ero nmpoctpancTso (1), 3akmoya-
fo1Iasi TOJMILKO OTOHB (2) ¢ HeOOMBIIOW BHEUTHEW OKAaHTOBKOM, HEMHOTO MeHblIe oras (3), BHyTpH oras (4).
Bugno, uro u 3HaueHus Benu4uH h, s, v, 1 AMHAMUKA U3MEHECHUI 3THX 3HAUCHHH OTIMYAIOTCS AJSl PasHbIX
oOJacTeil B 3aBUCHMOCTH OT «MaciTada» W TOro, 9To obiacTs B cede comepxut. OTCIoa TUIIOTE3a O TOM,
YTO MOXHO HayuyHTh HelipoceTb ¢ RNN-apxutekTypoil KiaccupUUUpOBaTh TaKHe MOCIEA0BATEILHOCTH Bpe-
MEHHBIX TIPU3HAKOB Ha T€, KOTOPBIE COOTBETCTBYIOT HAIWYHIO OTHS, OT BCEX OCTAJIbHBIX.

[ToskciepuMEHTUPOBaB C MAaCIUTAOHBIMH OOJIACTSAMM Ha Pa3HBIX BUACOM300PaKEHUSX, COAEPIKAIINX
OTOHb, W OIICHUB BEIMYUHEI h, S, v, MBI BRIOpaNu CIEAYIOMMNA crtocod pacuera obmacTeld U MX KOJIMYECTBA:
Tpu 00JIaCTH, KOTOPBIE CTPOSATCS IMyTeM MacIITaOMpOBaHMS B 00€ CTOPOHBI cpeaHel 001acT, 3aKII0YaroIei
B ce0s TONBKO OroHb. BRIOOp MMEHHO Takoro cmocoba pacdera MacIITaOHBIX OOMacTedl W MX KOIWYecTBa
OCHOBaH Ha OCOOEHHOCTSAX CaMOI0 OTHs, €ro OOJBIIONW BapUAaTUBHOCTH B PAa3HBIX YCIOBHAX TOPEHUS U €ro
MTOBEJICHUH B TIPOCTPAHCTBE.

Harnsimno mponece monmydenust BenuumH h, s, v s obnacTeil, Kak comepKalluxX OrOHb, TaK U HE
coJiepKallux ero, rokasaH Ha puc. 3—-5.

Ha pucynke 6 n3o0paxeH oOIIUI adropuT™ Bepr(UKaMK pernoHa-KaHIuIaTa Ha COAepKaHUe OTHS:

AJNTOPUTM COCTOMT U3 CIEAYIOIINX LIaroB:

1) BblmesneHHe 00JACTH MPEAINOIaraeMoro HaxoXAEHHUs LEeNu (OTHs, MO LBETY/IBIKEHUIO, ¢ IOMOIIBIO
CBEPTOYHOM HEWpOCeTH U T.JA.) U ABYX MacmTaOHBIX obnactei (x2 u x0.5);

2) mpeobpa3oBaHHe H300pakeHUs B IBeTOBOE npocTpancTtBo HSV (hue, saturation, value);

3) BBIUMCIeHHE cpeqHHUX 3HaueHuil HSV ams Tpex BbIIeNeHHBIX paHee MacIITaOHBIX oOmacTei;

4) moBTOpEHHUE ITyHKTOB 2) M 3) AJIs MOCIENOBATEIbHOCTH KaIpoB (IKCIIEPUMEHTAIBHO — 32 Kanapa) U
MOJIy4eHHe B pe3ysibTare BXOAHOTO BEKTOpa ISl peKyppeHTHoH Helipocetn u3 9 curHanos (h, s, v s Tpex
obmacreit) Mo 32 3HAUCHUS;

5) uHpepeHc 00yUeHHOW PeKyppEeHTHOH HeHpoceTu Ajsl KiaccH(UKalWy BBIOPAHHOTO y4yacTKa BHIEO-
MTOCIIE/TIOBATENbHOCTH;

6) mosdydeHHas B pe3yibTare MH(EpeHca BEpOsTHOCTHAs OLIEHKAa TOTO, YTO BEpUPHLUUPYEMBIH pEeruoH-
KaHIWAT IEHCTBUTEIBHO COAECPKUT OTOHb.

ApxuTeKkTypa HelipoceTn

3agava xiaccu(UKanuy MOCISIOBaTeIbHOCTH JaHHBIX HE SIBISIETCS HOBOM, KaK M apXUTEKTyphl HEl-
pocetei, MpeUIoKeHHbIE sl ee pelieHusa. B maHHoi paboTe MCmoip30BaHA apXUTEKTypa, MMOKa3aHHAs Ha
pucyHke 7.
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Puc. 2. Coop dannvix cpeonux senuuun h, s, v ¢ oonacmeil paznoz2o macuimada, cooepicaujux ¢ cebe 020Hb
C pA3HOU CMeNnenvio 6KIIOUeHUs.

Puc. 3. Ilpumepor macumabnvix oonacmeti u CHUMAEMbIX C HUX CUSHANO8 CPEOHUX GEUYUUH
Hue-Saturation-Value (noxazamnwl 6 nudicuem psoy, npeobpazosanst 8 npocmparncmeo yeema RGB (Hue-Red,
Sat-Green, Val-Blue))

BxonHoit cnoil uMeer pasmepHoOCTh 32X9, yTo o3HauaeT 32 miara Mo BpeMeHM W 9 3HaueHHWi Ha
kaxaplii mar. danee uner cnoit pexkyppentHoit cetn (LSTM mmm GRU), ¢ BxogHO# pazmepHocThIO 32X9
Y BOCEMBIO IaraMu Ha BbIXofe. st pexyppeHTHoro cios 3amanel dropout u reccurent dropout, KOTOpbIe
CIOCOOCTBYIOT JIydlIeMy OOyYECHHUIO CETH M TIOMOTAIOT M30eXaTh mepeoOydeHust 3a CUeT CIIyYaiHOTO OTKJIIO-
YeHHS YaCTH Y3JI0B, COSNUHSIOMNX TEKYIIUH 1 MOCIEAYIONINHA CII0U. BBIX0 peKyppeHTHOTO CIIOS HalpaBiIeH
Ha BXOJ KJlacCH(pHKAaTOpa Ha OCHOBE JIBYX MOJIHOCBsI3aHHBIX (Dense) cioeB ¢ 1Bymst 0alieCOBCKUMH BBIXOaMHU
HeHpOoCeTH, Ha KOTOPBIX MOIYYaeTCsl Pe3ysbTaT KiacCH(pUKaui MOCIeI0BaTeIbHOCTH.

B mporecce uccrnenoBanus U oO0ydeHHsT MOJENU MPOW3BeIeHa HeOombInas MoAU(UKAIUS apXUTEK-
TYpHI JUISI CpaBHEHHS Pe3yJabTaToB OOydeHHs M Moucka Oojiee ONTUMalbHON KoH(urypanuu. B wactHOCTH,
Momudukanuu kacanuch npumeHeHnsst GRU-cioeB BMecto LSTM, a Takxke mcronb3oBanne dropout-oB Kak
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Puc. 4. Ilpumep cucnanos h, s, v, chumaemvix ¢ Macumadnvix obracmeil Ha 8UO€0, COOEPHCAUUX NOABLEHUE
2openus

Puc. 5. Ilpumep cuenanog h, s, v, chumaemvix ¢ Macumabnvlx obracmeil Ha 8UO€0, He COOePI’CAUSUX
UCMOYHUKA 20peHUs (02HS1)

BHYTPH PEKYPPEHTHOTO CJI0f, TaK U OTIENbHO B BUae Dropout-ciiost mocie pekyppeHTHOro.

JdanHble 1J151 00yueHust
[Jannbie ams 00ydeHus HefipoceTr ObIUTH ITOATOTOBIICHB! BPYYHYIO C TIOMOIIBI0 HEOOIBIINX ITPOTPaMM-
YTUINT, HAMHUCAHHBIX IS 9TOH 3a1adH.
B nabopaTopHbIX YCIOBHUSIX OBIITH OTCHSTHI BUIECOPOJINKH, HA KOTOPBIX TPUCYTCTBYET:
- OTrOHb HAa PA3HOM YHAJCHUH OT KaMephbl;
- JBIDKYIUECS JIIOIM;
- pa3IMYHbIEC IBIKYLIMECS MPEAMETH 1 MEXaHU3MBI,
- TPEIMETHI, IOX0XHE HA OTOHb, KOTOPBIE MOTYT CIIPOBOIIMPOBATH IETEKTOP Ha OIIMOKY (€CTECTBEHHOE
U UCKYCCTBEHHOE OCBEIIEHHE — JHEBHOH CBET B OKHAX, JIAMIIBI HAKAJIMBAHUS U ra30pa3psiiHbIe).
[MonyunTs gaHHBIE 1711 0OYYEHUS] HEHPOCETH MOKHO C IMTOMOLIBIO Pa3METKH BHIICOPOIUKOB. Pazmer-
Ka B JIaHHOM CIIydae sIBJsIeTCS MpeoOpa30BaHWEM BHUACOM300PaXKECHHS BO BPEMEHHOW PsiI KOMMYECTBEHHBIX
XapaKTEepUCTUK, 1 Ha3HAYCHUE 3TOMY PSIY COOTBETCTBYIOIIETO Kilacca: OrOHb / He OoroHb. [ Habopa BuIeO-
3aIncei, coaepKamux OroHb U CHATHIX ¢ (DUKCHPOBAHHOTO paKypca, YeNIOBEK BBIAEIISET B KaXKJIOM POJIHKE
MPSAMOYTOJIBHYIO 00JIaCTh, OMUCHIBAIOLIYI0 OCHOBHYIO 00JIaCTh IUIAMEHHU B KaJpe; IPU 3TOM IIPOMCXOAMT pac-
YeT W 3alyCh YCPeOHEHHBIX 3HaueHnil HSV mnsg macmrabHeIx obmactei (2x m 0,5x) B ¢aiin ¢ JaHHBIMU.
AHanoruyHo ajs obnacTei, He ComepXalluX OrOHb, C TOM Pa3HHUIIEH, YTO Ha BBIXOAE U1 HUX CTaBUTCS B
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Puc. 6. Ancopumm eepuchuxayuu pecuona-kanouoama na cooepicanue ochs: 1) evloenenue
pecuoHa-kaHouoama u pacyém macumadonwvix oonacmeti; 2) nepexod 8 ysemosoe npocmparcmeo HSV; 3)
pacuem cpeonux 3navenutl Hue-Saturation-Value ons macuumabuvix obracmeti; 4) nabop epemennozo psaoa
snauenull HSV ons nocnedyroweil 5) kiaccugurayuu ¢ noMowpo pekyppeHmHuoul Hetpocemu u 6) noayyeHue
pe3yibmama 020Hv/He 020Hb

input: input: | [(None, 32,9
Istm_2, inpul' Inpul]_nyer It [(None’ 2 9)] Istm_input: InputLayer it :(Nnnc 5 9):
- . ' tput: gy
output: | [(None, 32, 9}] outpu (None )
/
i " g
v Istm: LSTM mput:: | (one, 32,9
input: | (None, 32, 9) output: | (None, 32)
Istm_2: LSTM

output: (None, 24) !

input: (None, 32)
dropout: Dropout
| output: | (None, 32)
input: (None, 24)
dense_4: Dense y
output: | (None, 100) input: | (None, 32)

dense: Dense

output: | (None, 100)

Y

input: | (None, 100) X i | (None, 100)
S mput: one,
dense_5: Dense . - dense_1: Dense !
output: (None, 2)

output: (None, 2)

Puc. 7. Apxumexmypa neiipocemu (¢ dropout 6nympu peKyppeHmnozo cios (ciesa) u ¢ omoenvnvim Dropout
cnoem (cnpasa)). Pexyppenmuwiti ciot LSTM mooicem 6vimob 3amenen na GRU

COOTBETCTBHUE KJIACC «HET OTHS.
B urore 6bu1 MONTydeH cienyoniuii Habop JaHHBIX JUIA 00ydaroeld U TeCTOBOM BBIOOPKH:
30, 231 obpa3uoB ans o0ydeHus;
10, 384 oOpasma a1 TeCTHPOBAHYS;

JKCINEPUMEHTHI H Pe3yIbTaThI
OO0yueHue HeiipoceTn

HpOBe,I[GH pAA OKCIICPUMECHTOB C O6yLI€HI/IeM HCﬁpOCCTl/I, ¢ HEOOIBIINMH U3MEHCHUSIMH Kak npeaio-

JKEHHOU apXUTEKTYpPHI, TaK 1 HAOOPOB MaHHBIX IS OOYUEHUS, C IENBIO ONPEISIUTh Hanboee MOaXOISIIYI0
KOH(UTYpannio MOJIENH U TapaMeTpOB O0yUeHHUs.

Ha cobpannbix manHBIX HelpoceTh xopomo oOydaercs. KommaectBo smox obyuenuss — 100. Pesymns-
TaThl YKCIIEPUMEHTOB OTHOCUTEIBHO 33/IaHHBIX YCIIOBHH MPE/ICTaBICHBI B Tadmuie 1.
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Tabnuya 1
Pesynomamur obyuenus pexyppenmmuoii cemu co croamu GRU (1.1-1.8) u LSTM (2.1-2.8). [na cpagnenus
ObLIU COCMABNIeHbL apXUMEKMYPbl C PA3HBIM KOIUYECBOM A4eeK NaMAmMU 8 peKyppeHmHOM clloe u3 Habopa
[8, 16, 24, 32, 40, 48, 56, 64] ona xasxcooeo sapuanma pexyppeumuozo cios [GRU, LSTM]

Exp. Ne | RNN type | RNN units | Accuracy Loss
1.1 GRU 8 0.940402 | 0.2399
1.2 GRU 16 0.959242 | 0.1842
1.3 GRU 24 0.982904 | 0.1022
1.4 GRU 32 0.972351 | 0.12024
1.5 GRU 40 0.963004 | 0.14234
1.6 GRU 48 0.94241 | 0.13233
1.7 GRU 56 0.941058 | 0.11323
1.8 GRU 64 0.956242 | 0.14234
2.1 LSTM 8 0.942045 | 0.2122
2.2 LSTM 16 0.95414 | 0.14234
2.3 LSTM 24 0.970502 | 0.10234
2.4 LSTM 32 0.990882 | 0.09742
2.5 LST™M 40 0.961082 | 0.10240
2.6 LST™M 48 0.932459 | 0.12234
2.7 LST™M 56 0.943529 | 0.13648
2.8 LST™M 64 0.955430 | 0.12234

Hwke mpuBeneHbl COOTBETCTBYIOLIME I'paUKU UCTOPUM OOydeHHMs, IIe royyOoi TpeH[ MOKa3bIBaeT
napamerp “accuracy”’, opaHxeBblii — napametp “loss”.

40 48 56 64

Puc. 8. I'paguru obyyenus pexyppenmmnou netipocemu co ciroem LSTM ¢ yxazanuem xonuvecmea sadeex cios
(/8, 16, 24, 32, 40, 48, 56, 64])

Ha ¢one xopouiero pesynabrara 00y4eHUs Ui CTOJb CUIBHOTO CXKATHs MCXOIHBIX JaHHBIX (CTENEHb
CKaTHsl paBHOCHJIbHA C)KaTHIO PETHOHA-KaHJUAaTa B KaXJIOM KajJpe JI0 TpeX LIBETHBIX MuKcesel — 9 3Haue-
HUH CpeqHNX BeMUYMH npocTpancTBa HSV) Oblio permeHo mpoBecTH JOMOTHUTEIBHBIN SKCIIEPUMEHT C ellle
MEHBILIMM KOJMYECTBOM BXOAHBIX AAHHBIX, UCKIIOYHMB M3 BPEMEHHOTO psijia BEJIMYHHBI hue (OTTEHOK) A
BCEX MaclITa0HbIX oOnacTeil.

Ecnu sxcriepuMeHT OyneT ynadHbIM U CETh MPOAOIDKHUT 0e30ITHO0YHO OTIINYATh PETHOHBI-KaHINAATH,
coziepKale OroHb, OT BCEX APYTUX, TO 3TO OyAeT O3HayaTh, YTO HEHPOCETh AEHCTBUTEIBHO CIIOCOOHA OT-
Jar4YaTh OOJIACTH, COAEpIKAIlle OTOHb IO XapaKTepy TOr0 MEPIIaHWs, KOTOPHIA MCTOYHHK TOPEHHS CO3acT
Ha BUAECOM300paKEHUH, Jaxke 03 yueTa IIBETOBOW COCTABIISIOLIECH OrHs. DTO BayKHBIM MOMEHT, T.K. TOpEHUE



56 H. M. Knemviwes, C. C. Jlebeoes, C. O. Cmapkos
Heen e 603MOdICHOCEI C neiipoc npozpam. 1p Komniekca Onsl p CO0OHApYIICeHUS » 6 pedicumMe peanbHo20 epemeni

40 48 56 64

Puc. 9. I'paguru obyyenus pexyppenmmnou netipocemu co croem LSTM ¢ yxazanuem Konuvecmea saueex ciosl
(18, 16, 24, 32, 40, 48, 56, 64])

Pa3HBIX MaTepuajoB MOPOXKAAET Pa3HYIO [IBETOBYIO FAMMY S3bIKOB IIJIAMEHHU.
PesynpTarsl SKCTIEpHIMEHTA TPUBEACHBI B TaOIHIE 2.

Tabnuya 2
Pesynomamut 06yuenus pexyppenmnoil cemu co caoamu GRU (1, 3) u LSTM (2, 4). [na cpasuenus 6viiu
00yYeHbl apXUMeKmypbl ¢ PA3HbLIM KOTUYeCMEOM siueeKk namsamu @ pekyppeumuom cioe [16, 32] ons
Kaoicooeo eapuanma pexkyppenmuoeo cios [GRU, LSTM]

Exp Ne | RNN type | RNN units | Accuracy | Loss
1 GRU 32 0.971279 | 0.10958
2 LSTM 32 0.97736 | 0.11395
3 GRU 16 0.952367 | 0.19234
4 LSTM 16 0.942547 | 0.20134

[Tpumeps! pabots! Helipocetn 6e3 HUE-BenmunHbl ¢ OTHEM Pa3HOI MPUPOIBI, @ COOTBETCTBEHHO, U
pa3HoOli IBETOBOH NAIMTPOH TIaMeHH Ha M300pa)KeHWH MOKa3aHbl Ha pucyHke 10.

Hetipocers obyuena u mporectupoBana Ha ycTporctBe Jetson Nano or NVIDIA — omgHOmnarHom
KOMITbIOTEpe ¢ rpadudeckuM yckoputeneM (128 saep Maxwell), opuentuposannom Ha MU (Heitpoceru, miy-
Ookoe 00yueHHe, ICKyCCTBEHHBIN WHTEIUIEKT) U PECYPCOEMKHE PacUeThlI.

IIpnMmeps! padoTsI

Ha pucyHkax HrKe MOKa3aHBI MPUMEPH KIACCU(PHUKAINK PEerHOHOB-KaHANUAATOB (TIOXO3PUTEIBHBIX
obnacreif) Ha cogep)KaHHE WM OTCYTCTBUE OTHA. [IpuMepbl caenaHbl ¢ MOMOLIBIO MIPOrPAMMHOM YTHIIMTHL,
KOTOpasi TIO3BOJIACT BPYYHYIO BBIJICINUTH MOAO3PUTEIbHYIO 00IacTh BUAECOM300paXKeHNs, 00pa3oBaTh OT HEe
MacmTabHble 00JIaCTH O ONMHCAHHOMY B CTaThbe METOLY M OCYLIECTBUTH KIACCU(PHKALMIO JaHHOW o0lacTu
BHIeON300paKeHNS TI0 BpEMEHN Ha HaJIW4YHe OTHS.

Ha pucynke 10 nmpuBeneHs! IpuMepsl MOATBEPKICHNUS HAIWYUS OTHS B BBIIEICHHON 00JIacTH.

Ha pucynke 11 BunHO, 9TO MpeAsIoXKEHHAS MOJIETb «OTCTPAUBAETCA» OT 0OBEKTOB, TOXOKUX Ha OTOHB,
TO €CTh HE JaeT MOATBEPXKICHUS €r0 HAJIMYUS B 001acTH. DTO M €CTh 3asBJICHHBIA Pe3yJbTaT 110 CHUKCHUIO
OLIMOKY TIEPBOTO POAa C MOMOLIBI0 BPEMEHHOTO aHaIn3a MOJA03PUTENBFHOM 00IacTH.

OneHka KayecTBa MOAEJIH
I[JISI TOrO LITO6I)I paCCT-II/ITaTB BepOSITHOCTB JIOXKHOIIOJIOKUTCIIBHOTO Cpa6aTBIBaHI/I$I, 6I)IJI HCIIOJIB30BAaH
CIICTYFOIIMIA TOAXO:
1) coOpana KOMIEKIHS BUACOPOIUKOB, COOTBETCTBYIOIINX CICAYIONUM KPUTEPHSIM:
a) (pUKCHpPOBAHHOE MOJIOKEHUE KaMephl IIPH ChEMKE;
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Puc. 10. Ilpumepor pabomwr cemu, obyyennoi 6e3 HUE-senuuun, ¢ obnacmsamu, cooepicaujumi 020Hb
Ppasnou npupoosl (umo enusem Ha nanumpy niamenu). Ha ecex uzobpascenusx nokazano noomeepiicoenue
HAAUYUs 02HA 8 NOOO3PUMENbHOU 001acmu

Puc. 12. Ilpumepvl omcymemaust 1024cHbix cpabampl8anuii Ha Opyeux 00beKmax 6u0eou300pajiceHuil.
Hanuuue ocna 6 nooozpesaemoii obracmu e no0OmeepiIcoOeHo

b) ecnu B ponmmke MpUCYTCTBYET OTOHB, TO OH HE MEHSET CBOETO MECTOITOJIOXKEHHUS B KaJipe;

C) HE3aBHUCUMO OT HaJIWYMs WM OTCYTCTBHSA OTHS B POJIMKAxX NMPHUCYTCTBYET ABMKCHHE JIOACH,
MaIllWH U JIPyTUX 0OBEKTOB;

d) ponuku comepar UCKyCCTBEHHbIE HCTOYHHUKU OCBELICHUs, CBET, IPOHUKAIOIINI B OKHA, 00b-
€KThI, HATOMUHAIOIIIME OTOHb TIO IIBETY, OJMKH M MOBEPXHOCTH, OTPaKAIOIINe OTOHb Ha BOC-
MIPON3BENICHUY;

2) KaxIbli POJIMK M3 KOJUICKIIMU pa3MedaeTcs TaK, YTOObI ObLT W3BECTEH PErHOH BO3TOPaHMs Ha JTaHHOM
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ponuke (MpsIMOyroJibHas 00JIaCTh, OMUCAHHAS BOKPYI' 00JIaCTU TOPEHHUs B KaJIpe);

3) mporpaMMHasi yTHJIATA MPOTOHSET KOJUICKIUIO POJUKOB, OOHAPYXHBasi B KaXJIOM IOIO3PUTEIbHBIC
obnacTu (perHoHBI-KaHIUAATHl Ha COJCpPKAHUE OTHA); JIBa IPOTrPaMMHBIX IMPOIEcca 3aHUMAIOTCS OOHapyxe-
HUEM PETHOHOB-KaHHUJIATOB: MEPBBIA BBIICISET 00JACTH, IO I[BETY HAIIOMHHAIOIIUE OTOHb, BTOPOW — BCE
o0JIacTH, TIle 3aMEYEHO JBIKEHHE (3TH O0JACTH OTCIIEKHUBAIOTCS BCTPOSHHBIM TPEKEPOM IUIS TOTO, YTOOBI
OblJIa BO3MOXKHOCTH HaOpaTh HEOOXOAMMOE KOJIMYECTBO KAJIPOB); MOJO3PUTEIHHBIC OOJIACTH TTOABEPTarOTCS
knaccudukanuu ¢ momomslo RNN-ceTn o onrcaHHOMY METOLY;

4) pesynbraT Ki1accu(UKAIMU HHTEPIIPETHPYETCS CIENYIOINUM 00pa3oM:

a) ecnu o0JIaCTh KJIACCH(HIMPOBAHA KaK COJEpIKallasi OrTOHb M HAaXOAWTCS BHYTPH BPYUYHYIO
YKa3aHHOM 00JIaCTH OTHS JUISI TaHHOTO POJIMKA (MM YK€ COBIAIAET C YKa3aHHOW 00JacThiO Ha
95 %, xoapurment loU = 95 %), To pesynbrar nomoxurensbHslil; (TP — true positive);
b) ecnu obnacTe KnaccuUIMpPOBaHa Kak coeprKaliasi OrOHb M HAaXOIUTCS BHE BPYUHYIO yKa3aH-
HOW 00NacTH OTHS JJIsl IAHHOTO POJIMKa (WM JK€ COBIAJAeT ¢ YKa3aHHOH o0NacThio MeHee
yeM Ha 95 %, xoaddunuent loU < 95 %), To pesynsrar noxxHonoiaokutenbubil; (FP — false
positive);
C) ecinu 00NacTh KIacCU(pHUIIMPOBaHa Kak 00JacTh 0€3 OTHS U HAXOAWTCS BHYTPU BPYYHYIO yKa-
3aHHOHM 00J1aCTH OTHS JJIsl JAHHOTO POJHKA (VUM YKE COBIIAIAeT C yKa3aHHOUW 00acTeio Ha 95
%, koatdurment loU = 95 %), To pesynbrar noxxaoorpunarensueiii (FN — false negative);
d) ecnu obmacTh kiaccuduUUpoBaHa Kak o0jacTh 03 OrHS M HaXOAWTCS BHE BPYYHYIO yKa-
3aHHOW 00JacTH OTHS ISl TaHHOTO POJIMKa (WJIM K€ COBIAJaeT C yKa3aHHOW 0ONacThio Me-
Hee ueM Ha 95 %, xoadduuuent loU < 95 %), To pesynbrar orpunarenshbiii (TN — true
negative).
Nckombie metpuku momenu: True Positive Rate (TPR) u False Positive Rate (FPR) — paccuntbiBarot-
Csl CIEAYIOUIUM 00pa3oM:

TP FP
TPR_TP-}-FN’ FPR_FP-FTN'
B pesynbrare sxciepuMeHTa MTOYICHEI CIICTYIOINE 3HAUCHUS BEIIMIIH:
e TP = 284,
e TN = 945;
e FP =17,
e FN =4,

COOTBETCTBEHHO, BEPOSTHOCTU PabOTHI MOJICIH:

TPR =284 / (284 + 4) = 0.986;

FPR =7 /(7 + 945) = 0.0074;

TounocTh Knaccuukamuu cocrasisier 98.6%, a ommobka mepsoro poga — 0.7 %.

BoiBoabl

B crarbe mpemiokeH METOA PaHHEr0 OOHApy)KEHHs OTHS Ha BHICOIMOCIIEAO0BATECIBHOCTH, KOTOPBIH
MO3BOJISICT 3HAYUTENILHO COKPATHTh KOJIMYECTBO JIOKHBIX cpabarbiBaHui (OMIMOKY MEPBOTO POAA), YTO SIBIIS-
€TCSI OJJHUM M3 KJIIOUEBHIX MOMEHTOB Ha IMyTH K CO3aHUI0 aBTOHOMHOTO JIETEKTOPa, CIIOCOOHOI0 K CaMOCTO-
SITEJIPHOM paboTe B peasIbHBIX YCIOBHUSX.

Merton npensiaraeT Bepu(pUKanio HaiIeHHBIX PErHOHOB-KaHAUATOB ITyTeM aHallu3a BPEMEHHOTO psi-
Jla XapaKTePUCTUK C MOMOIIBI0 PEKyppPeHTHOU HeipoceTn. OCHOBHOE HOBIIECTBO MPEUIOKEHHON MOJET —
croco0 MONy4eHHs BPEMEHHOW ITOCIEA0BATEeIbHOCTH, OTpa)kalollel BpEeMEHHOE M3MEHEHHE IpOBepsIeMOi
00JIACTH U MPOCTPAHCTBA BOKPYT HEE C MOMOIIBI0 KOCBEHHBIX Beln4rH. Crioco0 3aKiII04aeTcsi B BBIICICHUU
TpeX MacIITaOHBIX 00JlacTel, Ha3BaHHBIX TakK IO CII0co0y 00pa30BaHUs M MTPOCTPAHCTBEHHOTO PACIIOIOKEHUS,
Y MPEICTABISIONIUX COO0H B HEKOTOPOM BHJIE «IIUPAMUY MPHU3HAKOBY, YaCTO UCIIOIB3YEMYIO B apXUTEKTYpe
CBEPTOYHBIX HeHpoceTel. B gaHHOM ciiyyae mpHU3HAKM — 3TO CPEIHME 3HAYEHHUS BEIWUYUH h, s, v, paccuu-
TaHHbBIC U1 KKAO0H MacimTabHO# obmactu B 1BeToBOoM mpoctpancTtBe HSV (hue — orreHok, saturation —
HACBIIICHHOCTb, value — MHTEHCHUBHOCTh). Tpu 001acTH OTpPaKalOT BUAUMBIC BO BPEMEHU HW3MEHECHHS IMPO-
CTpaHCTBa BHYTPH WM CHapyXXH mpenrnoiaraeMoi obmactu ropenus. «KomeOanus» BenwuuH h, s, v B 3TuX
o0macTsax o0pa3yloT co00i HEKOTOPOE MPE/ICTABICHHUE, KOTOPOE MPAKTHUESCKH OS30IMO0YHO KIACCUDHUITUPY-
eTCs PEeKyppPEHTHON HENPOCETHIO.
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Takum 00pa3oMm, peruoHbI-KaHAMIATHI, PEANONIOKHUTENBFHO COIEpKalIie 00acTh BOTOpaHUs (MU
TOPEHUs ), TPOXOAAT OKOHYATEIbHYIO IIPOBEPKY IO BPEMEHHU U 110 BUANMBIM N3MEHEHUSIM IPOCTPAHCTBA BHYT-
PH, CHapY XM H B TIpeeiaxX MoJ03pUTEIILHON 001acTy.

[lomy4yennbie Ans MpeUIOKEHHON MOIETH METPHUKH KadecTBa pabOTHI: TOYHOCTH KIAaCCH(PHUKALINU
98.6% u ommbOka meporo poxa, paBHast 0.7 %, MO3BOJIAIOT TOBOPUTH O BBICOKOM JIOCTHUTHYTOM pe3yiIbTa-
TE€ W MEPCIIEKTUBHOM HCIONB30BaHUH JaHHOTO METO/A.

KpoMme yMeHbIIIeHHS T0KHOMOJIOKHUTENBHBIX cpabaThIBAHUN MOJIEH, METO TTO3BOJISIET 3HAYUTEIHHO
COKPATHUTh KOJIMYECTBO JAHHBIX JUISI KJIACCHU(PUKALMU pernoHa-KaHAUIaTa, YTo JeaeT 3Ty MOAEIb IPUTOIHOMN
JUTSI UICIIOJIb30BaHUS B yCTPOMCTBAX IPAHUYHBIX BBIYMCIEHUH, BPOJE OJHOIIATHBIX KOMIIBIOTEPOB CEMEHCTRA
Jetson or NVIDIA unu 1pyryux aHalOTHYHBIX, AT CO3AaHUS aBTOHOMHBIX AETEKTOPOB PAaHHETO OOHAPYKEHUS
BO3TOPaHUH MO BHAEON300PaKEHHSIM.

Bces pabora, onucaHHas B cTaThe, JOJKHA pacCMaTpUBAaThbCs HE KaK y)Ke HaWJEHHOE pelleHue 3aja-
YH paHHETo OOHApYKEHHUS OTHS Ha BHUACOM300paXECHUAX, a KaK MEepCIEKTHBHOE HAIpaBJICHNE JajJbHEUIIeTo
HCCIIEeIOBAaHUS U OCHOBA AJIS CO3JaHUS MIPOMBIIUICHHBIX alllapaTHO-IPOrPAMMHBIX JE€TEKTOPOB, KOTOPBIM Ue-
JIOBEK CMOXKET JOBEPHUTH OXPaHy MMYIIECTBAa OT BOSMOXKHBIX yTPO3, CBA3aHHBIX C OTHEM.
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Annomayusa: Ajig MOIENM HEUJealbHOW MarHUTHOM THIPONMHAMUKH B paMKax METO/a KOHTPOJIBHO-
ro o0bemMa paccCMaTpuUBaeTCsl BAPHAHT CXEMbI NUCKPETU3AlUN YPaBHEHUS WHIYKIIMH MAarHUTHOTO mois. J{is
TUCKPETU3AINH yPaBHEHHS HHAYKIIUU HCTIONB3YETCs aJITOPUTM OTpaHHYEHHOTO IePeHoca, 00eCednBaloni
COJICHOUIATFHOCTD YHCIEHHOTO petieHus. [IpuBonures monpoOHbIii BEIBOI JUCKPETHOTO aHAIOTa YPaBHEHUS
WHIYKITUH B MPOU3BOJIBHBIX OPTOTOHAIBHBIX KPUBOJIMHEWHBIX KOOPAWHATAX JJIST CMEHMIEHHBIX CTPYKTYpPHUPO-
BaHHBIX PAaCUYETHBIX ceTOK. KOHBEKTUBHBIC TOTOKH B YPaBHEHUH MHAYKLIHH AMIPOKCUMUPYIOTCS IO IPOTHBO-
MOTOYHOM CXeMe ¢ KBaJ[paTUYHON HUHTEPIOISIUEN C UCIIONIb30BAHUEM METO/Ia OTIIOKEHHOM KOPPEKIIUH.
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Abstract: a discretization scheme of the magnetic field induction equation is considered for the model
of nonideal magnetic hydrodynamics within the framework of the control volume method. A constrained
transfer algorithm is used to discretize the induction equation, which provides a solenoidal numerical solution.
A detailed elaboration of the discrete analog of the induction equation in arbitrary orthogonal curvilinear
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correction method.
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BBenenue

C cepemunbl 90-x rogoB XX Beka pa3padOTaHO AOCTATOYHO OONBIIOE KOJIHMYECTBO MPOTPAMMHBIX
rxomruiekcoB (MaglC, UCSC Code, Calypso, ETH code, GeoFEM u 1. 1.) [1-5] 11 maremaTndeckoro mMo-
JeNMPOBaHHS TEOAMHAMO, C TIOMOIIBI0 KOTOPBIX MONTydeH PsiJi HAOMIOaeMbIX XapaKTEPUCTHK T€OMarHUTHOTO
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noyst. IlomyueHHbIe pe3ynbTaThl MO3BOIMIN CYIIECTBEHHO MPOABHHYTHCS B MOHWMAaHUU MPOLECCOB, (HOPMU-
PYIOIINX MarHuTHoe mojie 3eMin. TeM He MeHee HeOOXOOMMO OTMETHTh, YTO B MHOTOYHCIICHHBIX HCCIIEI0BA-
Husx [1, 6-8], mpoBeAEHHBIX C UCTIONB30BAaHUEM BBILICYIOMSHYTBIX MPOrPaMMHBIX KOMIUIEKCOB, U3y4allUCh,
B OCHOBHOM, KBa3WJIAMUHAPHBIE PEKUMBbI TEUEHUI, YTO OCTABJIAET BOIIPOCH! O PEATMCTUYHOCTH MOTyYEHHBIX
pe3yJbTaroB.

B xonmax mmst MoAenMpoBaHKs TeOANHAMO pean30BaHa MaTeMaTHYecKas MOJENIb MarHUTOTHIPOANHA-
MHUECKOH eCTECTBEHHOH KOHBEKLIMH BA3KOH HEC)KMMAaEeMOH >KUAKOCTH BO BpallaroeMcs chepuaeckoM clioe,
Y, KaK MpaBWIO, JUISI YHCIEHHOTO PEIICHHs MCIONB3YIOTCA CIIEKTPaJbHbIE U IICEBAOCHEKTPaIbHbIE METO/BI
[1-8]. lInpokoe ucnonb30BaHUE CIEKTPATIBHBIX U IICEBIOCIEKTPAIBHBIX METO0B 00YCIIOBICHO TEM, UTO VIS
ceprueCKOil TEOMETPHH OHHM HPENNOYTHTENbHEH C TOUKU 3PEHHS CKOPOCTH CXOIUMOCTH M BBIYHCIUTEIb-
HOU 3 (EKTUBHOCTH 1O CPAaBHEHUIO C JIOKAJIBHBIMU METOJAaMU (KOHEYHO-PAa3HOCTHBIE, KOHEUHO-OOBEMHEIE,
KOHEYHO-3JIEMEHTHbIE MeTozibl) [4, 9]. HecMoTpst Ha 3T0, TOKanbHbIE METO/bI 00IAaI0T PSIOM MTPEUMYIECTB,
HaIpuMep, TaKuX Kak: BOSMOXKHOCTH pacueTa B 00IacTsIX cO CIIOKHON reoMeTprdeckoil hOpMON U HCIIOIB30-
BaHME ILIUPOKOTO CIIEKTpa Mojesel TypOyJIeHTHOCTH, T.€. B ’TOM CMBICTIE JIOKaJIbHbIC METOBI ABJIAIOTCS Oomee
YHHUBepCaNbHBIMH. B HacTosImee BpeMs CyIiecTByeT psal paboT, MOCBSIIEHHBIX CO3aHUI0 YUCIEHHBIX METO-
JIOB U IPOTrPaMMHOT0 0OecTeueH sl 11 peIeH s 3a1a4 reoquHamo [4, 9] B paMKax JOKaJbHBIX MOAXOIOB.

[Ipu ucronb30BaHUM JTOKATBHBIX METOJIOB OJJHA U3 OCHOBHBIX ITPOOIEM — 3TO MOIYIECHHUE YUCIEHHOTO
pelICHUs YPaBHEHMSI HHAYKIUH, YIOBJIETBOPSIOIIEIO CETOUHOMY YPAaBHEHUIO Hepa3pbIBHOCTU. CylIeCTBYIOT
pa3iIuyHbIe TOAXOMABI IS oOecredeHus: 6e3IMBEPreHTHOCTH MarHUTHOTO TOJSA: MCIOJIB30BaHNUE BEKTOPHOTO
noteHnuana [ 10]; MeTox HCKyCcCTBEHHOTO CKaJIsIpHOTO TIoTeHuana [ 11-12]; BBeeHre B ypaBHEHUE HHIYKIIUU
rpaauenTa ncesnonasnenus [9, 13—-16]; meton [layasia, KOTOPBIA IIMPOKO MPUMEHSIETCSI B aCTPOPU3MUECKUX
MIPUJIOKEHUSIX ¥ OCHOBAH Ha 3alMCH YpaBHEHUH B (popMe, ZOMyCKaloIIel CyIecTBOBaHHE MarHUTHBIX MOHO-
nosei [17]; anropuT™ OorpaHU4YEHHOTO MEPEeHOCa, OCHOBAHHBIM Ha MCIOIB30BAaHUM HHTETPaIbHON (opMEI 3a-
KOHa 3nekTpoMarHuTHoN nHaykuuu dapanes [11, 13, 18]. TlepeunciaeHHble METOIbI YCTPAHEHUS YUCIEHHOTO
MarHUTHOTO 3apsi/ia He SBISIOTCS YHHBEPCAILHBIMU U 00JIaal0T CBOMMH MPEUMYIIECTBAME M HEJ0CTATKAMU.
Hanpumep, koppeknyss MarHUTHOTO ITOJIST B METO/IE CKAISIPHOTO MOTEHIIMAaja HeJIOKaJIbHA U MTO3TOMY JIOKaTb-
HbI€ OIMIUOKH B JMBEPTEHIIMH MAarHUTHOTO IOJIi MOT'YT MTHOBEHHO PacCIpOCTPaHAThCS Ha BCO obnacthb [19].
Hpyrue meronsl, Hanpumep, MeTon Ilaysmia, He ABISIOTCS, CTPOTO TOBOPS, KOHCEPBATHBHBIMH.

Pesynprarsl, npeacTaBiIeHHbBIE B TAHHON CTaThe, SIBISIOTCS MPOAOIDKEHHEM paboT aBTOPOB IO paspa-
00TKe ¥ MOAU(PUKAIINN YUCICHHBIX METOIOB PEIICHUS 3a7ad MarHuTHOU ruaponuHamuku (MI]]) u cozgannio
MIPOTPAaMMHOTO 00eCIICUCHHS I MOACIHpoBaHus reomuHamo [20-21]. B macTosmei pabore paccMoTpeHa
cXeMa JINCKPETU3aluU YPaBHEHUsI UHIYKIIUM MarHUTHOTO TOJIs, pa3paboTaHHasi B paMKaX METOZa KOHTPOJIb-
HOTO 00beMa [22-23] 1 HCIIONIB3YIoNas aJrOpUTM OTpaHHIeHHOTO nepeHoca [18]. JluckpeTHbIi aHaIor ypas-
HEHUS WHIYKIUU 3aIHCHIBACTCS IS CMEUIEHHBIX CTPYKTYPUPOBAHHBIX PACUETHBIX CETOK B MPOHU3BOJBHBIX
OPTOTOHAJHHBIX KPUBOJIMHEHHBIX KOOPJIMHATAX.

Juckpern3anms pac4eTHoM 00/1acTH

Bynem cumrark, 4To pacuerHas obnacte G — 3TO OrpaHHYCHHAst OONACTh B TPEXMEPHOM HPOCTPaH-
CTBE, B KOTOPOi BBEICHBI MPOM3BOJIBHBIC OPTOTOHANBHBIC KOOpAMHATHI — {X,} (30eCh U manee rpedeckue
MHJCKCHI TPUHUMAIOT 3HaueHus 1, 2, 3 U ONpeaesssioT HOMEpP KOOPJMHATHI TOYKH HJIA KOMIIOHEHTHI BEKTO-
pa); {e,} — cooTBeTCTBYyOLINIT MPaBbIii OPTOHOPMUPOBaHHKIN Oasuc, {H,} — koaddumuents: Jlame. IlycTs
obnmacte G MOXHO pa3OUTbh CHCTEMOW KOOPIMHATHBIX MOBEPXHOCTEH Ha HelepeceKaloluecs mogo0iIacTH
(konTposbHBIE 00beMBI) Dy := Djjjpiy (ia = 1,...,14), Mg — KOJIMYECTBO KOOPIMHATHBIX IOBEPXHOCTEH
BJIOJIb HAIIPABIEHUS X, 30€Ch M Jajee HaOOp uHuekcoB (i, io,i3) KpaTko obosHauaercs (i). Ilycts Py —
TOYKa, HAXOAAIIAACA B T€OMETPHYECKOM LIEHTPE KOHTPOJILHOrO 00beMa D). CeTOuHbIE 3HAYECHMS KOMIIO-
HEHT MarHUTHOTO IOJisi OyJIeM OIpEeNsATh B TOYKaX Ha IPaHAX KOHTPOJBHBIX OOBEMOB, T.€. UCIIOJIb30BaTh
TUCKPETH3AINIO Ha CMEIEHHBIX (pa3HeCEHHBIX) CTPYKTYPHUPOBAHHBIX pacueTHhIX ceTkax [11]. dns auckpern-
3alli¥ ypaBHEHUS WHAYKIUKM Ha CMEIIEHHBIX CETKAaX YIOOHO MCIOIB30BaTh TOUKH C HENBIMUA M TONTYIEIBIMA
MHJIEKCaMH, T0jIarasi, 4TO PacyeTHbIC TOYKU C OJHHM TOJYICIBIM MHICKCOM HAaXOMIATCS B IIEHTPax IpaHen
KOHTPOJIBHBIX OOBEMOB, paCUeTHBIE TOYKH C JBYMs MOJNYIENbIMA HHICKCAMH HAaXOAATCSA B LEHTpax pédep
KOHTPOJIBHBIX 00BEMOB, a PaCUETHBIC TOYKU C TPEMsI MOJYLEIBIMU MHICKCAMH HAXOMSATCSA B BEPIIMHAX KOH-
TPOJIBHBIX 00beMOB. [lJis omMcaHus CMENIEHHOW PacyeTHOW CEeTKU C MCIIOJIb30BAaHHEM IEINbIX M MONTyIeIbIX
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Cxema Ouckpemuzayuu ypasHeHus uHOYKYUiL Ha C X cemKax 6 op TbHbIX K] jIHBIX KOO

HMHJEKCOB BBEIEM ONEpPaTOphl CIBUTA, ACHCTBYIOIINE HA HAOOpaX MHICKCOB:

(D) = R i iniis) = (R, HE(i2) HE(G3)) M
ke .k
ha(is) = is + 50as, 2)

rae 0,3 — cumBoil KpoHekepa, BepXHHMH HHJEKC R NPUHMMAeT 3HAYEHHs BO MHOKECTBE LIENbIX YHMCEN M
ONpeNIENsAeT HAPaBICHUE U BEIMYMHY CIABUTa UHAEKCA ig 10 HAPABJIECHUIO X,. ONepaTophl CIBUIa O4EBUIHO
KOMMYTHPYIOT JIPYT C IPYTOM.

BrenéMm cremyromniine KOMITAKTHBIE 0003HAYCHHS I TOUEK CMEIIEHHON pacyeTHON CETKH:

PLE] =Py PUE]=Pomer P 15E] = Pomuor

Huxnue TpeYCCKUEC NHACKCHI B KBaApATHBIX CKOOKax OIMPEACIIAOT HAITPABJICHNUE CMCILICHUA 10 pacqéT—
HOM CCTKC, a UHACKCHI HAal HUMU — BCJIIMYMHY CABUI'A IO COOTBETCTBYIOIIEMY HAIIPABJICHUIO. I[JIS[ CCTOYHBIX
3HAYCHUH 3aBUCHMBIX U HE3aBHCUMBIX MNEPEMEHHBIX BBOAATCA CIICAYIOIINUC 0003HaYEHHUS:

= (PLa)) B = (Ps)) L] = (P 5]

e [ — Mpou3BOJIbHAs MEPEMEHHAs WM JIEMEHT Pacu€THOM CeTKH (KOOpIMHATa TOYKH, AJIHHA pedpa U T.1.).
AHanornyapie 0003HaYSHHST BBOMISATCS ISl CyMMBI U TIPOW3BEIEHHS CETOYHBIX 3HaUYeHUH (QYHKINH, HalpuMmep,

G+o |8 =18 +elt]. o li]=r[i] e]t].

B pamkax BBeneHHBIX 0003HaueHMH, ecnu k = £1, To Touku P [ﬁ] — 9TO LEHTPHI TpaHel S, [ﬁ]
KOHTPOJILHOTO 00beMa [(;), OPTOrOHANbHBIX KOOPAMHATHOM yvHMM X“. I'paHMIa KOHTPOJLHOIO 00beMa

3
oD;y = U1 Sa [fl]; S, [i] — TUIOWIAJIb COOTBETCTBYIOLICH IpaHu KOHTPOJIbHOTO o0beMa. Eciu kb, p = £1,
a=

TO TO4KU P [’Z ﬁ} — 9TO LEHTpHI p&dep [, [’E ﬁ} = 83 [g] N Sa [ﬁ] KOHTPOJIBHOTO 00beMa Dy;), paciosoxKeH-

HBIX BJOJb KOOPAMHATHBIX MHMHUH X7 (av # B # 7); 4l {g fl] — JJIMHA COOTBETCTBYIOLIEro pedpa. ['pannna

rparn S, [*] — 0S, [4] = Ul l(lﬁ, {‘;g} U s [’;g]) Ecmn k,p = £1 u a # B # 7, TO ToukH
p=—1,

P [gg ﬁ} — 3TO BEPUIMHBI KOHTPOJILHOTO 00beMa ;).

JucKpeTHBI aHAJOT ypaBHEHHSI HHAYKIIUA MATHATHOTO MOJIS
B MI'Jl [24] ypaBHEHHE UHIYKIIMA MOXKHO 3alMCcaTh B BUJIE:

88]: —rot (u x B) + vyrotrot B=0. 3)

3necb: B — BekTOp MarHUTHOM MHAYKIMH, U — CKOPOCTH >KUJKOCTH, ¢ — BpeMs, Vg = % — K03(-
(PUIEHT MarHUTHOM BSI3KOCTH, C — CKOPOCTh CBETA, 0 — y/CIbHAS AIEKTPHUYCSCKAs IPOBOJAUMOCTD KUIKOCTH.
N3 (3) HemocpencTBEHHO CIIEAYeT, YTO PAaBEHCTBO HYIIO JWBEpreHNNH B B HauaahbHBI MOMEHT BPEMEHU
o0ecreyrBaeT COJICHOUIAILHOCTh MAarHUTHOTO IOJII M B IOCIEAYIONINE MOMEHTHI BPEMEHHU, 3TO CBOMCTBO
peIIeHHS KeTaTeTbHO COXPAaHUTh | JIJIS TUCKPETHOTO aHaJIoTa YpaBHCHHSI MHAYKINA. YpaBHEHUE (3) MOXXHO
3amucarb B (hopMe 3aKOHA DIIEKTPOMarHUTHOW MHAYKIuK Dapazes:

B
687 = —crotE, 4

e E — HAaIMpsOKCHHOCTD 3JICKTPUYCCKOT'O IT0JIA, KOTOpasd B MOJACIIN MFI[ HMCCT BUA!

1
E=—-(uxB)+ - rotB. (5)
c 4o
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Jnst mosydeHus AMCKPETHOTO aHallora B JaHHOW paboTe MCIHONB3YeTCsl MOAXOMA, M3BECTHBIN B BbI-
YUCIUTENHFHON MarHUTHOM THAPOAMHAMHUKE KaK anropuTM orpanmdeHHoro mepenoca (CTA — constrained
transport algorithm) [18]: ypaBuenue (4) ymHOXaetcst Ha e, dS,, dt (dS, — dMEMEHT MIOIMAAN HA KOOPAWHAT-
HO# TMOBEPXHOCTH, OPTOTOHAIILHOM €, ) M 3aTeM UHTETPUPYETCs 10 rpaHu S, [ﬁ] U TI0 TIPOMEXYTKY BPEMEHH
(%0, t]. Tlpu BBIYMCICHHH MMOBEPXHOCTHOIO MHTErPajia MCIOJb3YITCs Teopema CTOKca M MHTErpajbHasi Teo-
pema o cpeanem. [Ipy MHTErpUpOBaHHU 1O BPEMEHH B JaHHOW paboTe HMCIOJIBb30BaHA MMOJHOCTHIO HESBHAS

cxeMa [23, 24]. B pe3ynprare AUCKPETHBIN aHAIOT YpaBHEHUS HHIYKIWH (3) 3aIUCHIBACTCS B BH/IEC:

% (Ba {5} — B [ﬁ]) 3Sa {’;} =—c ZS: oty Y PE, {gg} oL, {%i] ,
Bn=1 p=—1,1
| (a=1,2,3kc{-1,1}), (6)

roe B, [i] — CETOYHOE 3HAYCHHUE KOMIIOHEHT UHIYKIIMH MarHUTHOTO TMOJs B, Ha TEKyIIeM BPEMEHHOM CJIOS
k 0k . Pk
¢ B LleHTpe rpanu S, [ a], B, [ a] — CeToYHoe 3HaueHue B, Ha NpeblayleM BpeEMEHHOM clioe fo; £, [5 a} —

ceTouHoe 3HaueHue £, B 1eHTpe pebpa [, [Z ’;} ; 0t = t—ly — IIar N0 BPEMEHHU; €3, — CUMBOI JIeBU-UMBHUTHL.

JlMcKpeTHBI aHAJIOT ypaBHEHHSI HEPA3PHIBHOCTH
Cetounble 3Ha4eHus divB BBIYMCIIAIOTCA B LEHTPAX KOHTPOJIBHBIX 00beMOB D(;) 110 popmyie:

3

1
DIVB|p, =~ 2. >, kBa|t] 6. [4], %)
@ ozt k=—1,1
rae 6V(;) — obbem Dy;), BHEIIHsAA HOpPMaJb HA IpaHu S, [ﬁ] — n = ke,. IIpaBas yacts (7) — 310 HOTOK B

uepes rpanuiy D), OTHECEHHBIH K ero o0beMy. IlycTh B MOMEHT BPEMEHH ) CETOYHBIE 3HAYCHHUS B [g]
VAOBIIETBOPSIIOT TUCKPETHOMY aHAJIOTY ypaBHEHUs Hepa3pbIBHOCTH, T.e. DIV BO‘ Py = 0. Torga moacraHoBKa
L

B, [ﬁ] 0S. [ﬁ] U3 JUCKPETHOTO aHAJIOTa YpaBHEHUS MHIYKIWH (6) B paByro dacTh (7) maer:

3
Cét b b
DIVB|p, = SV E EafBy E kp E, [?; a} ol [73 a} - (8)
@) o8 ~=1 kp——1, 1

CyMMa B KpyIIIBIX CKOOKax B TpaBoil yacTy (§) CHMMETpUYHA 10 HHACKCAM « U [3, H, CIIeIOBaTEIbHO,
€€ cBepTKka ¢ cuMBOJIOM JIeBU-UMBUTHI paBHA HYJIIO, T.€.

DIVB |, =0. 9)

Takum 00pa3oM, peleHrne JUCKPETHOTO aHallora ypaBHEHHs HHAYKIHH (8) yIOBIETBOPSIET CETOYHO-
MYy ypaBHEHHIO HEpPa3phIBHOCTH (9) Ha TEKyIeM BPEMEHHOM clioe, pH ycioBuu, uto B coneHomnmansHo Ha
MpeAbIIyIeM BpeMEeHHOM cioe, T.e. DIV B0’ Py = 0.
L

AnnpoxkcuManusi INIOTHOCTH TOKA MPOBOAUMOCTH
Crnenys [18], HaIpsDKEHHOCTH AIIEKTPUYECKOTO TOMS (5) MOXKHO 3alicaTh B BHIE CYMMBI:

]
E=E+-j (10)
o2

e E = —% (u X B) — HampsbKEHHOCTH, OOYCITOBICHHAS IBIKCHUEM MPOBOIAIICH Cperpl, a j = ﬁrotB —
IUIOTHOCTh TOKa mpoBoguMocTH. CHadaia pazdepeM BOIPOC 00 anmmpoKCHMAITUH IUIOTHOCTH TOKa MPOBOIHU-
MOCTH. J[JIs 9TOr0 pacCMOTPUM KOOPAMHATHYIO MOBEPXHOCTh, OPTOTOHAJILHYIO OCU X~ U HPOXOMAILYIO YEPE3
TOYKY P [g ﬁ}, JeXallyo B IeHTpe pebpa [, [g i] (o # B # =, p,k € {—1,1}). Ha nanuoii koopau-
HATHOM HOBEPXHOCTH MOCTPOMM 3aMKHYTBHIH KOHTYp, 00pa30BaHHBIM KOOPIMHATHBIMH JIMHHMSAMHU X, U X3 ,

. +1 +1
HPOXOJAIIMMY uepe3 Onmmkaiiiue, cocennue ¢ P [’é ﬁ} 4eThIpe TOukH P [’i 3 fi} , P [l; k(ﬁ;l}, Touxu P [Pﬂ k }’
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P {% k(;tl:| HaxoJATCA B LHCHTPAX rpaHeﬁ KOHTPOJIbHBIX 06’L€MOB, N B HUX BBIYHUCIAIOTCA COOTBCTCTBYIOIIUC

B pElep B, |P k1 o
CCTOYHBIC 3HAUYCHHUA KOMIIOHCHT D, g als 3 B a BEKTOpa MarHUTHOUW HWHAOYKIIUH. YacTb KOOpAWHAaT-

HOIl IOBEPXHOCTH X, = COnst BHYTPH MOCTPOEHHOTO KOHTYpa 0603HaduM S, [ ] TOrJa caM KOHTYp Oyner
eé kpaem 0S, |© 5(1 . /11 paBHOMEpHOH MO HalpaBleHUsAM X, U Xg CETKU Todka P [g ’;} HaXOIUTCS B IICH-
Tpe S, [‘Z ﬁ} Bseziem 06o3Hauenus: 65, [Z f’k} — momansS, [ } 61, [p =l k} 6l [p kil] — JUIMHBI CTOPOH

KOHTYpa 8& [‘ﬁ’ﬁ

PPk Pk
CerouHOE 3HAYEHHE KOMIIOHEHTHI IIOTHOCTH TOKA IMPOBOJMMOCTH f, [ﬂ a] B LIeHTpe pebpa [, {3 a}

HOTy4YMM ¢ Mcnonb3oBanueM (opmynel Crokca mist rot B npu unTerpuposanuu 1o S, {% ﬁ] :

SEEF I e ST AN ] h
A p=1 g=-1,1

3ameTuM, 94TO HEHYJIEBOW BKJIaJ B TpaByio 4dacTh (11) mamyT TOIBKO Te ciaraemble, Y KOTOPBIX HHAECKCHI A
U p COBHAJAIOT C (v WIH [3, IOCKOJIBKY JOJDKHO BBIIOJHATBCS YCIOBUE v # [3 # <y, OTH claraeMbie OyayT

1 1 ~
conepxars B, [pi k] oL, [pi k} By [;é kail} ol [g kaiI}
BriuncnuM BKI1aJ TOKa TPOBOAMMOCTH B MPaBYIO YaCcTh JUCKPETHOIO aHAJIOra YpaBHEHUSI MHIYKLIHUU

(6):

3
*g Z €apy Z p (fy6ly) [[3@} (12)

8, 9=1 p=—1,1

IToncranoska f., [’; ‘:j} u3 (11) B (12) naer:

3
g Z EaBy Z p(j'y 517) [/pj g} =

p=—1,1
e e X o [ ] | 3 e X e [134]) -
B,y=1 p=—1,1 A p=1 g=—1,1
Y e Y g (oS ) 5] 3 e (B,6) [125] =
B,v=1 p,q=—1,1 A p=1
== 23: oy D P (Vm 61,085 ) |:/;’ a:| {Emﬁ (Bs dl5) [Zf}i] + €30 (Ba 0la) [Zf}i] } =
=1 p.g=—11
= Z capr 3. Pa (v dL3STY) [5E] { eras (Bools) 5479 + 2ysa (Badl) 574 } =
B,y=1 p.q=—1.1
3

-y > pa (vaot087) [BE] { (Basl) [570E] = (Badls) [50] )
B,y =1 p.g=—1,1
(a 726 #7)
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CrnenoBaTenbHO, BKIA TOKa IPOBOAUMOCTH (12) MOXKHO 3amucarh B BUAE CYMMBI IByX CJIaracMbIX:

3
— =3 e Y PG [BE] =

B,v=1 p=—1,1

= XX e (oS ] @t [58] +
1

57 Y= pa=-11
(a#B#7)
3 -~
+ Y > (pa) (v dL,057") [5E] (Bsols) [5r]. 13)
By=1 po=t
(a#5#7)

Baeniem koadunmentsr 1uddys3nun, KoTopble BRYUCIAIOTCA B LIeHTpax péoep I, [ a} KOHTPOJIBHOTO
00BnéMa D(l) .
d [55] = (vmdtdSTT) 58] (@#B#vpke {-11)), (14)

W PacCMOTPHM KaXKIo0€ ciiaraeMoe B BbipakeHHH (13) mo oTmenpHOCTH. [lepBoe ciaaraeMoe B MpaBoOi YacTh
(13) 3amumem B BUE:

> pq (Vm 517637*1) [‘éi} (B 01, [{Hq Igt} _

e
= M-

B, 1 p.g=—1.1
(a#5#7)
— Y v ap @]
By=1 r="U
(a#B#7)
3
X X e hh] G [T a9
/B’ 7= 1 p=—11
(a#B#7)
Bropoe cnaraemoe B npaBoit yactu (13) 0603HauuM Q{y [ﬁ] W 3alliIleM B BUJIE:
3
AHEEIEDY > pa (vadt,dSTY) B8] (Bsdly) 544 =
By=1 pa=ll
(a# B #7)
3
-- X > vk, |54] (Bsols) [52] -
Boy=1 r="l
(a#B#7)

3
- Y Y eena [BE] (Beel) [7) -
By=1 =t
(a#B#7)

=k Z Z paw [%i] {(Bﬂ(ﬁ/j) |: } (35513) [p 2k} } . (16)
/B, =1 p=—1,1
(a;B#w
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Q{l [g] COACPIKHUT BOCEMb CCTOYHBIX 3HAYCHUH KOMIIOHEHT HHAYKIUW MAariuTHOI'O ITOJIA: B/j |: } BB |:P Qk} ,

B =1,2,3, 8 # «a, p = +1). Takum 00pa3om, BKJIaJ TOKa MPOBOAUMOCTH B IIPABYI0 YacThb ypPaBHEHHUS
UHAYKIUH (6) MOXKHO 3amucarh B BUJE:

—*Z_%ﬂw _Z p (5 6L,) [ea}:
__ Z Zdv{ } de)H+

Boy=1 r=l

(a#B#7)
+ 23: > d [ 5] (Baol) [TE] + i [E]. am
By=1 p=h
(a# B #7)

AnnpoxcuManys KOHBEeKTHBHON cOCTaBJSIOMeH HANPSKeHHOCTH JIeKTPHYECKOro MoJisl ¢ uc-
noJjb3oBanueM cxembl QUICK u MeTo1a 0T/10:K€HHOI KOPPEKUMHU

B nanHO#t pabore A anmpoKCHMAIMM KOHBEKTHBHBIX MOTOKOB B YPaBHEHMH WHAYKLWH HCIIOJIB30-
BaHa IIPOTHUBOIIOTOYHAS cXeMa ¢ kBaapaTudHoi mHTepnoiamuert QUICK [23, 25] B koMOMHAITUN ¢ METOAOM
OTJIOKEHHOM Koppekuuu [23, 26] ans ymydIleHus: YyCTOHYNBOCTH, CKOPOCTH CXOAMMOCTH M YCTPaHEHHs BO3-
MOYKHBIX HE(H3MUECKUX OCHWIUIAUI pPelIeHusI.

Vuuresas, uto £, = —1 " e,;,u,B,, sbrancinm sxian £ B npasyio wacts ypaseus (6):
T,p=1
3
—¢ Y capy ) PE [/M} 'V[ ] Z Capy D P Z Eyrp(1rBy) [ﬂa] { ]:
8,4=1 p—1,1 8,A4=1 p=— 1,1 7p=1
3 3
= Z p Z Ead'yg'yTp(uTB ol ) |:[)’ ai| =
B,y=1 p=—1,1 71,p=1

= 3 X p (comerenaBott) (5] + conerpalusBadts) [5E]) =

B,y=1 p=—1,1
3
- ¥ plusBaols) 58] + Z S pwaBsit) 51 a)
fy=1 oL fy=1 oL
o8 o8

Cxemy QUICK mist HepaBHOMEPHOM CETKM MOXKHO 3aIlicaTh CISIYIOUIMM 00pa3oM:

Fd(x) = F(O(F)®; + O(—F)d,) +
+F { G(F) (ka(q)a - q)b) + kc(q)c - (I)b)) + 9(_F) (kb(q)b - (I)c) + kd(q)d - q>c)) } ’ (19)

0,F<0 . o .
e O(F) = { 1’ F>0 — ¢ynkuus Xesucaiina. Cerounsle 3Ha4deHHs 3aBHcHMON mepemenHoid © B (19)
BBIUHCIIAIOTCSA B TOUKax @ < b < ¢ < d u paBHBI cooTBeTCTBeHHO: Dy, Dy, P, Oy. Touka x, B KOTOPOU
armMpOKCHMHUPYETCs KOHBEKTUBHBIN MOTOK F®(x), nexut Ha orpeske [b, c| koopaunatHOU auHUU X3. Koad-
¢unents! B (19) Berancisrores mo Gopmymnam:

(x =b)(x —¢) b _(x=b)(x—a) 5 _ (x—o)x—ad) kd_(x—c)(x—b)

ke = b-a)c—a)" " (c=blc—a)" (c—bd—b)""" ([d—o)d—b)

(20)
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Beenem ¢yHkIuto:
[5 (@(x)) = O(F) (ka(®a — ®p) + ke(®e — ®y)) + O(=F) (ky(Dy — ) + kg(®g — Do), (21)

T7Ie BEpXHUM WHICKC YKa3bIBA€T KOOPAWHATHYIO JIMHUIO, BIIOJNb KOTOPOW OCYIIECTBIISIETCS aIlpOKCHMAITHSI.
Torga (19) 3anumercs B BUIE:

Fd(x) = F(O(F)®, +O(—F),) + F {5 (B(x)). (22)

TMonaras 8 (21) u (22) F = uﬁ[ } B(x) = Ba [ ] o, = B, [‘ ] o, = B, {_la}

b, =B, [PH k] , &y =B, |:p/;|»3 k} TIOJTY4HM CIIETYIONTYI0 almIPOKCHMAIHIO TOTOKOB (1B, ) [’é g} B (18):

(usBa) 5] =
Y YO P R ) PRt DR T o o

i (B [ﬂ ) =0 (s [5] ) (ka (B [5770) = B0 [55]) + e (Ba [7372) - B0 [5°0]) ) +
+ 0 (—ug [54]) (ko (Ba %51 8] = Ba [7114]) + ka (B [708) B [737E]) ). 2

Kosddunuentsr kg, ky, ke, kg B (24) momyuarorcsa no ¢opmynam (20) moacTaHOBKaMHU: X = X3 [’H, a =
R N e )
Taxum o6pazom, o cxeme QUICK nepBoe crmaraemoe B mipaBoif yactH (18) 3amuceiBacTcst B BHJE:
3 3
-y S pwsBaot) [FE] = 30 (@sBast) [ 4] - wsBaot) [5E]) =
p=—1,1 B,y=1
a#B#y a#B#y

Boy=1 p=7bI
aFB#y
- 23: p© (pu/j {’g i] ) (updL,) {g ’;} B, [g] n
/8”7: 1 p=-1.1
a#B#y
+ i pO (puﬂ{ﬁpi}> (ugdl )[ a} Ba[§p§]+
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X K]
e

3

> Co) [5E] 1 (B [5E]) -

Boy=1 r="b1
aFfBFEy
3

| Sy el wa] s
Boy=1 »r=b1
aFt B#Fy

3

e XX oo (o []) @[5 e 7]+

By=1 »r=7bl

a#B#y
S Y Y G 5e) 15 (B 58))
By=1 bl
a#B#y

3

_ S > p(O(pFs,)Fs) [’éi} Ba er
By=1 r=bl
0t B4

3
P Y o OCoFaF) [E] B [T+
Boy=1 b1
a# B+

+ 23: (=p)F3, [% i} f(g (B“ [g ED ’

I7Ie BBEAEHBI 0003HAUYEHUS:

Foy [18] = s [34] o1, [3] (a6 £ pe (=11,

(25)

(26)

ComiacHO MeTOly OTJIOKEHHOW KOPPEKLHH, B MATPHULy CHCTEMBI JIMHEHHBIX ypaBHEHWH, KOTOpbIE
Moy4aroTcs B pesyasrare auckpernsanuu no cxeme QUICK, BHOcCATCS ciaraeMble, COOTBETCTBYIOIIHUE arl-
MIPOKCUMALIUU TI0 MPOTHBOIIOTOYHOM CXEME, a OCTalbHBIE CIaracMble BHOCATCS B MCTOYHUKOBBIM WJIEH AMC-
KPETHOIO aHaJIOra U PacCUMTHIBAIOTCS 10 3HAYEHUSIM 3aBHCHMOI IEPEMEHHON Ha MpEabLAyLIed UTepanuu.
IIpeoGpazyem nepBoe ciaraemoe B IpaBoi 4acTH (25) B COOTBETCTBUM C METOIOM OTJIOXKEHHON KOPPEKIHU:

_ 23: p (©(pF3,)Fs,) {% i} Ba m B
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3

- Z Z (—p) (©(=pF3,)Fs,) [;;3 Z} B, {i] +
Boy=1 r=hbl
a#BF#y

oy (=) (O(=pFs,)F3) |74 | Ba 4] -
Boy=1 rbl
aFBFEy

X X pewrR) ] | 8a[1] =
ﬁ’ ’7 = 1 pZil’ 1
a# B4

| T cnecman) b |-
Boy=1 r==11
aFBFEy

+ ié E:(—mﬂwﬁﬁ} &Jﬂ. 7)
By=1 »r=bl
a#B#7

Takum oOpazom, (25) 3anuceIBaeTcs B BUJE:

- ZS: > plugBadly) [’éfi} =

B,y=1 pr=LI

a#B#y
3
- Z (=p) (9(_10]:/%') Fﬂv) [5 a} B, [i} +

Boy=1 »r=7bl

aFB#Ey

+ 23: (=p) (@(_pEﬁ’v) Fﬂ'}’) [pﬁ g} B, [25;7 i} + Qg [g} , (28)
B,y = p=—1.1
aFf#y

¥ TIepBBIC J[BA C/IAraeMbIX B MPABOH yacTH (28) COOTBETCTBYIOT CXeMe BBEPX 10 MOTOKY, 4 OCTajIbHBIE ClIara-
emble conepxkarcs B (29 [¢], kotopoe onpenensercs no popmyre:

W= Y com ] (a5 (5 [) @
B’ =1 p=—1,1
a;B#v
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Amnamornuno, mojaras B (21) u 22): F = u, {ﬂa] ®(x) = Bg [pk} ¢, = Bj [p k;?’] &, = Bg [‘ék;l},

o, =By [75 k;rl} = B [p k”’} TIOJIyYHM alHPOKCHMAIHIO HOTOKOB (1o B3) [ a} B (18):
) [58] = [52] (0 (ua [52]) B [557] 0 (- [32]) 8 501] ) +
+ u [58] £ (85 [4]) (30)
rae

3 (B [55]) = (ua [34]) (o (85 [3%7] =85 [51]) + we (B [222"] =85 [3%51])) +
+ 0 (- 5i]) (o (B35 = [3501]) + e (B 5] = [241])) o0

Kooduumentst kq, ky, ke, kg B (31) nomyuatorcs no dpopmynam (20) moxcranoBkamu:x = X, [*], a =
Xo [73], 6 =xa [*71], ¢ = xa [BY], d = xa [KF3).

« «
Beenem o0o3HaueHME 11T BTOPOTO ClIaraeMoro B mpaBoit gactu (18):

Qg[g] = Z S p(uaBjsily) [ } (32)
By=1 #=LI
aF#BF#y

Torma ¢ ygetom (30) Qg [i] anmpPOKCUMUPYETCS TI0 hopMyIe:

- S X ] (o(w ) B[+
By=1  p=b!
a#[BF#y

o (i) m ] e £ @) ) -

Takum 00pazom, anmpoKcHMaIus Bkiaaa £ B ypaBHeHUEe UHAYKIUH (6) 3alHIIeTCS B BUIE:

oY e Y pB ] o ]

B,y=1 p=—1,1

3

— | Y Y oo E) [ 5 ]+
By=1 F=bl
0By

+ i > (-0 (O(=pFs) Fa) 4] Bo [TE] + 02 5] +f [4]. (34)
By=1 »r=7bl
aF#B#y

OxoHYaTeIbHas (hopMa 3aNMUCH JTUCKPETHOTO AHAJIOTa YPABHEHUs] HHIYKIAH
3anmmem npaByro 9actb (6) ¢ yaerom (17) u (34):

¢ 23: Eapy Z pE, {%2} oly {%i] =

B,v=1 p=—1,1
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LS e[ - 3 e 3 0 [14] o [54] -

B,y=1 p=—1,1 8,~=1 pm1,1
3
__ 3 S (o [54] ot [E] = o (0CpE F) [5] ) | Ba ] +
By=1 »r=7bl
aFBFy
+ ZS: <d7|: :| 5[ |:2p1;:| _p(@( pFﬁv)Fﬁw) [ﬂa]) B, [Z}Pg} +
Boy=1 »r="1
(a#B#7)
+ 9 8] + 02 5] + b [£]. (35)

Omnpenenum ko3pdUIMEHTHl TIpU B, M UCTOYHHKOBBIA wieH (2, [i] JUT TUCKPETHOTO aHAJIoTa ypaBHEHUS
uHAYKIUH (6) o GopmMyaam:

aosy [58] = [51] 01 [2E] — 0 (OC-0Fs) Fi) [4] (@ # B#p ke (=11, G6)

an [£] = jé > aun [3E]. (37)
Boy=1 »r=7bl
a#tB#y

o 1] - 0[5 o ] o ] -

3
- Z Z <d |:[3(y:| {51 |: ] —(ﬁa [/iji} }—p(@( pF,B’y)Fﬁ'Y) |:[3(y:|) Boz [§:| : (38)
5’ =1 p=—1,1
a;ﬁ#v

Torma AMCKpPETHBIN aHAIOT ypaBHEHHUS HHAYKINHU (6) 3amuIIercs B BUJE:
1
gi (8o [a] = s [a]) asu [3] = —aufi] o 2] +

DS S el ez o
By=1 U
(a#B#7)

Ypasuenue (39) comepkuT 25 CeTOYHBIX 3HAYCHUH KOMITOHEHT MHTYKITHHU MarHUTHOTO TOJIS: 9 ceTod-

HBIX 3HA4CHNUI B, [k], B, [/2317 ﬁ], B, [41711 (B=1,2,3, 8 # a,p = £1) n 16 ceTounsix 3HayeHuii By [’/’3 k;ﬂ,

Bg [ﬂ . } Bg [p k+1] Bg [73 kjﬁ} (B=1,2,3, 8 # a, p==+1). Cerounblie 3Ha4€HHsI KOMIIOHEHT BEKTOPA

WHIYKIWH, BXOISIIME B UCTOYHUKOBBIN WieH {2, [f;] COIVIACHO METOMY OTJIOKEHHOW KOppeKUuH, OepyTcs ¢
HpenbIAyIIed UTepanuu.

3akouenue

IIpencrapnena pa3paboTaHHas B paMKaxX METOIA KOHTPOJIBHOTO 00beMa YMCICHHAs CXeMa ITUCKPETH-
3a1un ypaBHeHI/IH I/IHI[YKIII/II/I MAargmTHOI'O ITIOJIsI B MOICIN HeHI[eaHLHOﬁ MaI‘HHTHOﬁ FI/II[pOI[I/IHaMI/IKPI. I[J'IS[
JUCKPETU3AIMH YPAaBHEHUS MHAYKIHUU UCIOIb30BaH arOPUTM OIPaHHUYCHHOIO IIEPEeHOCa, 00eCIeunBarOIIHH
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7 Cxema Ouckpemusayuu ypastenus uHOYKyuu Ha . X CcemKax 6 of TbH

X K]
e

COJIEHOMJIATbHOCTh YHCIIEHHOTO perieHns. KOHBEeKTUBHbIE MOTOKU B ypaBHEHUN MHAYKIUH allIPOKCUMHPOBA-
HEI 10 cxeme QUICK B koMOMHAIMM ¢ METOIOM OTIOKEHHOH KOPPEKITHH, YTO JaeT BTOPOH MOPSIOK ampoK-
CHUMAIUH 0 MPOCTPAHCTBEHHBIM MEPEMEHHBIM Ha paBHOMEpHOH ceTke. IIpennokeHHas B cTaTbe YUCICHHAs
cXeMa pearn3oBaHa Ui chepuIecKuX KOOpAUHAT B pa3padareiBaeMoM aBropamu MI/[-kome mist Matemarude-
CKOTO MOJenpoBaHus reoauHamMo. [IporpaMmHbIil Ko pa3paboTa ¢ ucnonb3oBaHueMm TexHomorun CUDA,
Habopa pacmmpeHni K A3bIKy nporpamMupoBanust @oprpan (CUDA Fortran) n anantupoBaH Uit THOPHIHBIX
BBIYMCIIATENBHBIX CUCTEM C TpapuyecKuMH IporeccopaMu. PesynbsraTsl TecToB pazpaboTaHHoTo Koza [27] me-
MOHCTPHPYIOT JOCTATOYHO TOYHOE COOTBETCTBHE 3TAJIOHHBIM PELICHUSAM 3aJ1a4l MOAEIHPOBAHUS T€ONHAMO
C BaKyyMHBIMU U [CEBIOBAKYYMHBIMU I'PAHUYHBIMU YCIOBUSAMU [2—4], MOJyYEHHBIM C IOMOLIBIO CIIEKTPasib-
HBIX U TCEBIOCHEKTPAIbHBIX METOAOB. B 4aCTHOCTH, OTKJIIOHEHHE OT 3TAJOHHBIX 3HAYCHUH CpeqHed KUHe-
TUYECKOW M MArHUTHOW SHEPIHU COCTABISIET MEHEE OJHOTO IMPOLIEHTAa HAa PAaCUYETHBIX CETKAX, COAEPIKAIIMX
980000 KOHTPOJBLHBIX 00BEMOB B cheprIecKoM CIIOE.
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Annomayus: paccCMOTPEH aOCTPAKTHBIM aBTOMAT, OCYHIECTBIAIONMH fenenue Ha 13 (4) B ueTBepH4HOM
CUCTEME CUHCIICHUS. ABTOMAT SIBIIICTCS TUIMHUYHBIM TPEICTABUTEIIEM CEMEWCTBA JEMUTENCH, OTITNIATOIIIXCS
OTCYTCTBHEM OOIIHMX XapaKTEPHBIX MPU3HAKOB. BeencTBie Yero mouTH KaXKAbIH JeTNTeNb SBISETCS NCTOYHH-
KOM OPHUTHHAIBHBIX 0COOCHHOCTEH. [IprMepoM TaKkoro ASTUTENS SBISCTCS MpeniaraeMblil IS pacCMOTPEHUS
nenuTens. HekoTopble ero 0COOEHHOCTH MPEACTABIAIOT HEOOBIYHBIE W HEOUEBUIHbBIE BEIYUCIUATEIBEHBIE 00b-
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Abstract: we consider an abstract automaton that divides by 134 in the quadratic numbering system.
The automaton is typical for a family of divisors having no common features. As a consequence, almost
every divisor is a source of original features. An example of such a divisor is presented. Some of its features
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Ipexucnosue

B cemeiicTBe yMHOXXHUTENEH Ha IENYI0 KOHCTAHTY MMEIOT MECTO YeTKO BBIpaXKEHHAs! CTPYKTypHpO-
BAaHHOCTb M MHOXECTBO 3aKOHOMEPHOCTEH, HaXomamux ceOe MpUMEHEHHEe MpU UX cuHTe3e. B omimume or
YMHOKUTENEH JEIUTENH Ha IeMyl0 KOHCTAaHTy He 00JalaloT TaKUMH OCOOCHHOCTAMH. Jlenurenn obnamaroT
OPHUTMHAIBHBIMU 0COOCHHOCTSIMH, CHJIBHO PasHATCS APYT OT APYyra Jaxke Ul COCETHHUX 3HAYCHHUM AENUMOro.
HecMmotpst Ha OTCYTCTBHE BHIMMOIO POJICTBA MEXIY HAETUTENSIMH, B UX CEMEICTBE Bce K€ MMEETCS HEeuTo
ob1ee, ¥ 3TUM OOLIUM SIBJISETCS METOJ CHUHTE3a jAenuTeNed. ENuHBIA MOIXox K CHHTE3Y YCTPOWCTB I03-
BOJISIET €IMHOOOPA3HO pelIaTh KaXIyI0 HOBYIO 3aJady MO HaXOXAEHUIO HOBOTO fenuTensd. TakuM oOpasom,
METOJ] CHHTEe3a JeuTenei o0Iuii, a pe3ynbTaTsl pa3Hble, IPUUEM Pa3indynue HOCUT TPYAHOIPEICKAa3yeMBbli
xapakrep. 3a(UKCHpyeM Jalee BHUMaHue Ha nenurene 137! - %|g. OGHapy)uM To HOBOE, UTO C HUM CBSI3aHO.
OxkaxeTcsi, 9TO 3TO HOBOE HOCUT KaK MOHSITHHHEIHN, Tak B OOBEKTHBIN XapakTep.

CuHTe3 JeIuTeNs

TMocrenoBaTenbHOCTD AeiCTBHIl mpu cuHTese aemurens 137! - X|7 Takosa.

1. O6pamaemcs Kk yMHOXUTENO Ha 13(3), 0603HagaemMomy 13 - X|7. Ero mocTpoeHue npoucxoauT Ha
OCHOBE QJITOPUTMa, HCIIOJb3YIOIIET0 3aKOHOMEPHOCTH, MPUCYLINE CeMeicTBY yMHOXuUTenei [1].
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2. C ero moMOMIbI0 HAXOIUTCS YUCIOU, MPEACTABISIONUN PallMOHATBHOE YUCIIO 1371, — MYJIBTH-
TUTUKATHBHBIN JICITATEI.

3. OTnpaBisisick OT HYJIEBOTO CTOJNOIA, METOAOM HAKOIUICHHS COCTOSHUM [1], HaXOmuM JaeiIuTeNnb
1371 %|7.

[Tocne aToro M3y4aem 0coOOEHHOCTH AETUTEIIS.

[TosicarM BCTpeTHBIINECS 37€Ch TSPMUHEL.

Yucnouo — 310 tuppoBoi 0OBEKT, MPECTABISMIONINA YHCIIa Ha Pa3psAIHON ceTke. 3aBUCUMOCTh TIPe/-
CTaBJICHUS OT CETKH BEChMa CyllecTBeHHas. Hampumep, Ha ceTke Gr(OOO’O], [IePBOHAYAIFHO MPEAHA3HAYABIIICH-
Cs1 JUIs1 TIPEICTaBIICHHSI HATYpaIbHBIX YHCEN, OKa3aJI0Ch BOZMOXHBIM IPENICTABIISATh YNCIONIAMH BCE JCHCTBH-
TenpHbIe yncna. Tak, gucio (-1) mpeactaBasiercss yucaouaoM 3 = ...333, TPOWKOM, MPOCTABIEHHON Ha BCe
MecTa pa3psaaHoi ceTku. To jke YHuciio Ha CeTKe Gr(ooo’fl], coJieprKaIieit B cede TOMOTHUTENbHEIN pas3psn (-1),
OyzeT mpeacTaBieHo nHade. YKo — 3To eAMHCTBEHHAS UJes, B TO BPeMs KaK YHUCIOUJIOB, TPEACTABISIONUX
YHUCII0, OECKOHEYHO MHOTO. BRIUNCINTENHHBIE YCTPOWCTBA BEMYT BEIUUCICHISI C YUCIOUTAMH.

Memoo naxonnenuss cocmosHuil TIOSICHEH Ha MPUMEPEe M3y4aeMOoro YCTPOHCTBa 137 X|q.

Vmuoxutens 13- X|gq 6epem B roroBoM Buze u3 [1], Tabinma 7.15. Ml ciierka u3MeHHM 3Ty TaOiIuiy,
OCTaBHB B HEll TOJEKO HEOOXOMMOE ISl HAIUX IeJIeH.

- e o - Tabnuya 1
Asmomam 013-%|g, € Q={0,01,02,...,012}
9 9 91 1 B2 | 93 | Do | b | B
X

9 1099 01| 02| 93| 010 011 012
T | 013 020 027 | 022 | 023 | 030 | 031
9 | 932 | 933 | 0100] 01010102 | 0103 | 0110
5 1011 0112] 01130120/ 0121 | 01221 012,83

I TprxoBKOW BBIJEICHBI KICTKH C (PMHATBHBIMH COCTOSIHHSMHU, MOTA/asi B KOTOPBIC TIOA HEI\/'ICTE/ICM
COOTBETCTBYIOIIETO CHIHAJIa, aBTOMAT U3 HUX HHUKOrma He BeIXOAUT. CumBoiom 0 o6o3nadeHa 3amuce 0 =
...000. AHanornyHoO MOHUMAIOTCS JPYTHE 3aMUCH CO CTPEIKAMHU.

Uwucnona, IpeACTaBISIONIANA YHCIIO 13_1, HILEM BHA4aje Ha CETKE Gr(OOO.O] = ..33577- Ecmu oka-
JKETCsI, YTO Ha ITOH CeTKe ero He CYIIECTBYET, TO Oy[IeM HMCKaTh ero Ha JIpyrou ceTke. BhIsCHsETCs, OTHAKO,
YTO HET HEOOXOAMMOCTH HCKaTh €0 Ha JPYTHMX CETKaX, OH HAaXONWUTCS Ha HEHl W 3ammChIBAacTCS B BHUJC:
137! = ﬁ 3. OnucanueM Houcka 3aHuMathes He Oyaem ([1], mi. 8), omgHako mpoBepuM, YTO 3TO Tak. s
ATOTO MPOIMYCTUM HANJCHHBIN YUCIOUI Yepe3 YMHOXKUTENb Ha 13. 3a BBIYUCICHUEM YMHOXHUTENS CICAUM C
TTOMOIIIBIO Pa3BEPTKH:

6 5 4 3 2 1 0|
2 3 1 2 3 1 3 |x
P12 03 011 012 03 011 04
o 0 0 0 0 0 1]y

Brrancnenus BCOYTCsA Ha CCTKC GI’(OOO

531310 = 0 -1 _ 31
13-2313| 0 = 0 1, noaTBeprxaaromiero npeacrasienne 13 I —9313.

[TepexoauM K MOCTPOCHUIO TAOIHUITHI HeuTels. Vcmomp3yeTcss MeTo ] HaKOIICH s cocTosTHui. Hauu-
HaeM ¢ HyneBoro cronbua. HymeBoit cronben Beraucisercs mno Gpopmyam:

0 PC3y.TILTaT BBIYUCJICHUA 3aIllMCbhIBACTCA B BHUAC PABCHCTBA:

Vo = n ' x(n ' x) = 2313 x(,(3313 - x), (1)
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7€ YIJIOBBIMU CKOOKaMH 0003HAYeHbl (PYHKIHHU OTpPhIBA:
VA= <Erz,...nlno( =on,..n, (n = ?rz,...nln(ﬁ = ng, p = Ps...pP1po — TEPHOI.

Kak BHIHO, B HCIOIB3YeMbIX (DYHKIHSIX OTPHIBA OTPHIB MPOUCXOAUT IO Pa3psily SIUHUI] U COOTBET-
CTBEHHO 3TOMY OTpPBIBY OCYIIECTBIISCTCS MOCTPOCHUE HAIIETO AEIHTEINs; HO MOXKHO HCIIONB30BaTh JIpyrue
BapUaHThl (YHKIMHA OTPHIBA U M3ydyaTh IPYTHe JCIHUTEIH, COOTBETCTBYIOIIHUE TUM BapHaHTaM. 371€Ch MbI
9THM HE 3aHHMaeMCsl.

Hyneoii cronGerr:

199
X
0 |00
T 9313
9 | 1232
3| o21,

ITosiBMIMCH HOBEIE COCTOSIHUSA, §31, i23, 621. OTH COCTOSHUS ABISIOTCA YUCIOUTAMHE, PEACTABIISIO-
IIUMH OTpHUIIATeNIbHEIC Yucia. [loaToMy, HyMepysl IMH CTOJIOIBI OymyInell TaOHIbl, TOMEIIAeM HX CIIeBa OT
HYJIS.

G 1 | T3 | 31| ©
X
o 1021|5123 1231 0.0
T | 90 |2m02 02102313
9 | 9313|1021 | 3123 | 123.2
5 | 1232| 0.0 | 2102 | 021.1

ITo ¢popmynam [1, c. 112] onmucCHIBaIOIIAM MTEPEXOIBI-BBIXOBI B aBTOMATE:
x>t x+a((n x4 ) =)3B13-x+3(,(3313 - x + ), )

3anonHseM ctosousl. [locie 3amonHeHns! MOSIBUINCH HOBBIE COCTOSIHUS: §12, §10, iOQ, KOTOPBIMH HyMEpYy-
FOTCSl HOBBIE CTONOIB, U 10 (opMysaM (2) IPOMCXOIUT MX 3aroHEHHE, CM. Tao. 2.

Tabnuya 2
Asmomam 137" - %|g

T {02 | 510 | 512 | 621 | f23 | 31| O
X

0 2102|0210 | 9312 | 102.1 | 3123 | 123.1 | 0.0

T 1021 | 5123 | 1231 | 0.0 | 2102 | 021.0 | 2313

9 | 0.0 2102|0210 331.3 | 102.1 | 3123 | 1232

5 19313 | 1021 | 3123 | 1232 | 0.0 | 2102 | 021.1

HoBbIX cocTOSHMI HE MOMyYHIIOCH, W TTOTOMY ITOCTPOCHHE TAOMUIBI HAa 3TOM 3aKaHUMBaeTcs. Bce
BBIYHMCIICHUS, IPUBOASALIME K TaOIuLe 2, NPUBOAUTH He OyneM. OrpaHuuuMcs OJHUM TUIIOBBIM BBIYHCIICHUEM.
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PaccMmoTpuM, HanpuMep, KIETKY TaOIHUITBI, PACIIONIOKEHHYIO B CTOJIOIE, OTMEUEHHOM COCTOSIHUEM § = §31,
U B CTPOKE, OTMEUCHHOU cUTHAIOM X = 2. MMeem:

Gx =312 = x40 n" x+g) =)9313-x + (3313 - x + ) =
— 93132+ 931(,(3313 - 2 + 931) = Y1232 + 931(,(1232 + 831) =
—\3123(,(3123) = 312,3.

Takum 00pa3oMm, 3TOH KJIETKOH ONKCHIBaETCA IMEPEXOJ aBTOMATa: §31,2 — §12,3. AHaNOrMYHO BEIYTCS

BBIYHCJICHUA TIPU 3aIlIOJTHCHUU APYTUX KIECTOK TaGJII/II_[BI.
_ <
3aronHeHne HYJIEBOI'O CTOH6]_Ia, T.C. CTOJ'I6I_I3,, OTME€YEHHOTO COCTOSIHUEM g = 0 , IPOUCXOOUT II0

¢dopmynam (1), sBASIOIIMMCS YacTHBIM cirydaeM ¢Gopmyn (2). [lepexonas! Tuma (2) BCTpedaroTcs U AN YMHO-
xurenei. Tem caMbIM MOATBEpPIKIAETCS YTBEpKACHUE [1] 0 TOM, YTO TAKOTO COpPTa MEePEXOAbl HOCIT YHUBEP-
CaJbHBIA XapaKTep U MPUMEHUMBI KaK K YMHOXKXHUTENSIM, TaK U K JICTUTEIISIM.

OOparuM BHHMaHHE Ha TO, YTO COCTOSHUS JCITUTENS MPECTaBIeHb OECKOHEYHO MECTHBIMHU YHCIIOH-
JlaMH, UMEIOIIUMU Tiepuo u3 TpexX nudp. CocTosHUS aBTOMAaTa MOXKHO TPE/CTABNIAThH M0-Pa3HOMY, (DYHKIIUO-
HUPOBAHHE €T0 OT ATOTO He M3MEeHHTCs. UenoBeueckuii (hakTop 94acTo BKITIOYAET B TPOLEAYPY HCIIOIb30BaAHUS
BBIYHCIUTENBHBIX YCTPOMCTB MIPUEMBI, OCHOBAHHBIC HAa COOOPaXKEHUAX YI0OCTBA, U UCIIONB3YET YIOMSHYTOE
oOcTosiTenscTBO. Ho mpy TeopeTrdeckoM M3y4YeHHH BaXKHO, YTOOBI MPEACTABICHUE OBIJIO «ECTECTBEHHBIMY,
TCHETUYECKH BO3HUKAIOIIMM U3 MPOLEAYPHl CHHTE3a, KOTOpasi caMa o cebe He JIOMyCKaeT MPOU3BOIIEHOTO
TIPEICTABICHIS COCTOSHUM 10 TOW MPUYHMHE, 9TO (POPMYIIBI, IPUMEHSIEMBIC TIPU UCCIICIOBAHNH, TIEPECTAIOT
pabotars. [Ipy HCHOIB30BaHUH €CTECTBEHHBIX 0003HAYCHUH YacTO OKa3bIBACTCS BOSMOXKHBIM OOHAPY)KUBAaTh
3aKOHOMEPHOCTH, TIPUCYIIHNE BCEMY CEMEHCTBY yCcTpoicTB. [103TOMY TpOMO3IKOCTh 0003HAYCHHIA TSI COCTOSI-
HUH He SABIIETCS OCHOBaHUEM JUIS OTKA3a OT MX HCIIOJIB30BaHUS, XOTS NIepexo K Ooiee mpoCThIM 0003HaYeHH-
SIM JUISI COCTOSTHUIM B HEKOTOPBIX CIIyYasX BIOJTHE BOZMOXKEH M B IIENISIX SKOHOMHUHU MOXKET MPHUBETCTBOBATHCA.
Bornee Toro, mpu peanmzaniui yCTPOHCTB B «OKEJIe3e» OTKa3 OT €CTECTBEHHOCTH Hen30eKeH.

CocrostHHSI aBTOMaTa UMEIOT JOBOJIBHO TPOMO3AKUE 0003HaveHus. [IpuBesemM BapraHT YIPOIIEHHBIX
0003HaYEHUH. Hycn:ﬁ %0 1, m % 2, ((ﬁ %0 3, m % 4, W) % 5, WQ %6, Torma Tabmuia aBToMara IpUMET

BUJI:

Tabnuya 3
Asmomam 137" - %|g

YW |l sl a 32110
X

0 | 52130126143/ 21]00

T 16714321 100/(52[30] 1.3

9 |00 /5%9 3013|6143/ 22

3 | 13|61 45220052/ 3.1

IpuMepbl BBIYUCIEHHI CHHTE3UPOBAHHBIM aBTOMATOM
Ipumep 1. Tlyctb X = 0320(4) = 13-20(4) = 7-8(10) = 56(10) Aenurcs Ha 13(4) = 7(10). PasBeprka:

4 3 2 1 0]¢
0 32 0«
0 0 2 0 0fg¢q
% 0 2 0|y
[uurem pesyasrar: 1371 - %320]6 = %20; OH COOTBETCTBYET yCIOBHIO: 13 - %20]6 = <6320.
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Ipumep 2. Myets X = 03214y = 13-20+ 14y = 7-8+ 1(10) = 57(10) He menurcs Ha 13. Passeprka:
9 8 7 6 5 4 3 2 1 01t
00 0 0 0 0 3 2 1]x
4 2 1 4 2 1 4 4 1 0]g¢q
312 3 1 2 3 3 3|y

TMumem pesyasrar: 13~ - 0321]0 = 12333 = 3192333 = 93 12333.
2 3 4

OO0pamaeM BHUMaHUE Ha TO, YTO ATOT PE3YNIBTAT SIBICTCS PE3YIBTATOM HOPMALbHO2O NCICHUS, T.C.
JICNICHUsI, KOTJla Ha BXOJ YCTPOWCTBA MH(MOpPMAIMS O YMCIAX MOCTYNaeT OT MIIAJIIIMX Pa3psIoB K CTapIIUM.
3TOT BUA OCICHUA OTINYACTCA OT TOTO, K KOTOpOMy MBI HpI/IBI)IKJII/I U B KOTOpOM OCIICHUC HpOI/ICXOZ[I/IT oT
CTapIIuX pa3psIoB K MIaAmUM. BHIOHO, YTO pe3ynbraT HalmHMCaH B TpeX pa3NIWdHbIX dopMmax. B kxaxmoit
W3 HUX MMEEeTCs Mepuoj, HAYIi B 6eckoHedHocTh. [lepnon coctont m3 tpex mudp. [loaroMy BO3MOKHBI
TPU BapHaHTa 3aIllUCH NIEPHOAa W TPHU BapHaHTa 3allMCH YHCIOWIa-pe3yasrara. TakuM o0pa3oM, OJHO M TO
JKE YMCIIO MOXKET OBbITh MPEICTABICHO YMCIOUIAMH, UMEIOLTMMH pa3iinunbie Ghopmbl. [udpa moa nepuomom
yKa3bIBaeT Ha paspsj, HAYMHAS ¢ KOTOPOTro mumieTcs nepuon. [lonrBepanM MpaBUILHOCTH pelyibTrara. Kak
9TO 4acTo OBIBAET MpH padboTe ¢ O6ECKOHEYHOCTSIMH, HEOOXOIUMO HCIIOJIb30BaTh IPUEMBIL, CO31aHHbIE Diiiepom.
Hmeewm:

12333 =343-1043- (102 4+ 10" + 102 + ) + 2. (10° + 10'2 + 10 + )+
2

+1-(100+ 102 + 1022 +..) =33 +123-10%- (10°+ 10> + 102 + ..) =

103 — | 1 32301 — 12300
=334+1923.10%2. —— ~ = 123.102. = =
334123107 — - — N 33+123-10° =
20001 2223-3 2993
_ _ _ —900210210... = 200210 = 20+13"".
333~ 1113 111 200210210 00210 =20+13

Tpu BEIYMCIEHHAX MBI, clefys Diinepy, OT6pocHIM craraeMoe, conepskamiee 103, kak Haxoasme-
ecsl Ha IPYTOii YMCIIOBOI OcH, Ha ocH AX3, Ha KOTOPOIl BCe UHMCiIa UMEIOT BecoBoil MEOXHTeNb 103, B To
BpeMsI KaK HaM JOCTYITHO JUIS UCIIOJIb30BAaHUS TOJIBKO TO, YTO HAXOJUTCS HA «HAIIEI» YMCIOBOM ocH, Ha ocu
Axg ¢ BecosiM MHOKHTETeM 100,

Pe3yneTar IpaBHIIeH, MOCKONbKY 106aBok 137! = ( 0§ 10. DT0 mpezacTaBiIeHHE MOKHO MOJTYYUTh Kak
0

pe3yapTar AENCHUS «CTOIOWKOM», T.6. KaK Pe3yAabTaT ACICHHUS OT CTapIIUX pa3psaoB K MIIAIIINM, KaK pe-
3YABTAT KUHBEPCHO20y» NeneHus. HopManbHOe jeieHne, OINYarmeecss OT HHBEPCHOTO JIEJIEHUS, BBITOTHSIET
nemurens 137! - X|g, 3amannbiit Tabnuiamu 2 U 3, BEIYIIHi IeJICHHE OT MIAIIHX pa3psaoB K crapmmm. [To-
ITyTHO MBI TIOJy9aeM BTOpOE, MHBEPCHOE, YHCIIOUIHOE TPECTaBIEHUE IS YucIia 1371 3aduxcupyem 3TH
pe3yasrarhl B BUjaE Tabiuiml 4.

Tabnuya 4
Tpedcmasnenus uucna 137!

HopmanesHoe HNHuBepcHOE

1371 29313 | 13-! = 00210
0 0

B HOpmasbHOM TIpeACTaBICHNH TIEPUOJ §31 UET B 400 M0 MecTaM Pa3psAIHON CeTKH Gr(ooo o] & B

HWHBEPCHOM MNPCACTABICHUHN TICPUO] ﬁo UACT 110 paspaz[Hoﬁ CCTKC Gr[%’_oo) n3 —0o0 40 MECTa ¢ HOMEpPOM
(—2).

VYBeaIuuuM 4ucio X w3 NpeAbIAYIICTO NpUMEPA HAa CANHUIY U TIOCMOTPUM, KAKOB PE3YyJIbTAT BbIYUC-
JICHUA OCIIUTECIIEM B O3TOM ClIydac.

%
Hpumep 3. Myets & = 032204 = 13-20+24) = 7-8+2(10) = 5810) He nenures Ha 13. Paspeprka:
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9 8 7 6 5 4 3 2 1 0]¢
000 0 0 0 3 2 2|x
1 4 2 1 4 2 1 6 2 0g
2 3 1 2 3 1 3 1 2}y

Iuurem pesynsrar: 1371 - %322]0 = nglQ = m1312 = m31312.
3 4 5

OnsTh pe3ynbTaT-4uciIOn]] 3alical B TpeX pasHbIX ¢opmax. Ynciona-pesyasTar, Oyayud 3amucaH B
pa3BEepHYTOM BHJE Ha CETKE Gr(oOO 0]> IMECT BHILY = ...231231231312, u3 xoToporo u3BiekarTcs Bce GopMbl
3anucu. [IpoBepum pesynbrar o Diiepy (6e3 moapoOHOCTEH):

~1 20022 2232-3 2232

1231312 = 1312+ 123 - 10 - —920102=20+2-13"".
4

103—1 333  111-3 111 0 0
Busno, uro 2 - 137! = OWZ — TMpeACTaBICHUE, UMEIOIIEe MECTO Ha CETKE Gr[% 0" Ero moxHo
0 .

MOJIYYHUTh TAKKEC JACIICHUCM «CTOJIOMKOMY.

IKCTPABEPTHOCTH ABTOMATA 1O COCTOSTHHSAM

PaccMmoTpuM Bompoc 00 SKCTPaBEpPTHOCTH aBTOMAaTa Mo cocTostHUAM. Dopmyiel (2), onpenenisromue
Iepexoapl B aBTOMAare, MPOMOJDKAIOT (YHKIIMOHUPOBATH M B TOM Ciydae, KOTIa B POJIHM COCTOSHUN OepyT-
Csl MPOM3BOIILHBIE YUCIOHUBL. DTOT (haKT O3HAYAET CYMIECTBOBAHHE OSCKOHEYHOTO aBTOMATa, MMEIOIIETO B
CBOCH OCHOBE aBTOMAT, 3a/laHHBIA TaOmuiei 2. JTOT aBTOMaT OBUT MEPBOHAYAIBHBIM IIETIEBBIM OOBEKTOM,
OnpeieNIAEMBbIM yPAaBHEHUAMH (2), Ha3HAYEHHE KOTOPOTO NENuTh Ha 13(4). DTO MUHMMaNbHBIH aBTOMAT, BbI-
HoJHAOmMUA aenenue Ha 13(4). Bee ocranbHoe, momyyaromeecs Ha OCHOBE ypaBHEHHIA (2), JIOJKHO paccMar-
pUBaThCS KaK pe3ysIbTaT dKCTPABEPTUPOBAHUSA IO PAa3IMYHBIM IMTapamMeTpaM, M, B YACTHOCTH, IO COCTOSIHH-
sM. B mocieqHeM ciydae mpuXoAuM K YIIOMSHYTOMY OSCKOHEUHOMY aBTOMATy. UHMCIOWIBI Ha CETKe Gr(ooo,()]
HPEJCTaBIAIOT BCE JEHCTBUTENbHBIE YKcaa. HekoTopble M3 HUX MPEACTABIAIOT YMCa, Jensdmuecs Ha 13(y),
OCTajlbHbIE — HET. APUOPHO ACHO, YTO YUCIIOU/IbI, PEICTABIIAIONINE YMCIA, HE Aessamuecs Ha 13(4), MOryT
MIPUBECTH K HEMPEOMOIUMEIM CIIOKHOCTSIM. [103TOMY paccMOTpUM MpUMEpP SKCTPABEPTHPOBAHUS IO COCTOSI-
HUSAM, OPEJCTaBICHHBIM YHCIOUIAMH, AeamumMucs Ha 134). [TycTh B kauecTBe «3aTpaBOYHOI0» HAYaIbHOIO
COCTOSTHUSI CO3/IaBa€MOTO aBTOMATa, SIBJISIONIECTOCS (parMEeHTOM OECKOHEYHOTO aBTOMAara, OepeTcs YHCIOu
g = 0211 =3 131 = 3.2313. Dror uKcIOUI HE BXOIUT B SIpo aBToMara 2, KOTopoe Ui yao0cTBa
TIPUBEIEM 37€Ch, CHSB IIANKY» C 3TOTO aBTOMAaTa:

ﬂnpo:m%%ﬁmﬁ%

BumHo, 9TO B SApE HET COCTOSIHUS § = ﬁl. Tem He MEHee MPOBEAEM BBIYUCICHUE U3 3TOTO COCTO-
SIHHSI, B3STOTO KAK HAYANBHOS.

Ipumep 4. Tlycts X = 03204 = 13- 204 = 7 - 8(19) = 56(10) menurca Ha 13. He BbINUCHIBas
GECKOHCUHBIN aBTOMAT ¢ COCTOSHHMAMM, KpaTHbIMA 137!, mpuBeieM TolbKO pasBEpTKY €ro BBIYHCIUTENBHOM
pabotel. [TockobKy TaOIUIIBI OECKOHEYHOTO aBTOMATa y HAC Mepe/ Iia3aMu HET, IPUXOIUTCS ISl 3aOTHEHHUS
Pa3BEPTKH BBIYUCISITH €r0 MEPEXOIbI-BBIXOIbI. ITO JeaeTcs 1o popmyaaM cxemsl (2), HadaabHast W3 KOTOPBIX
nveer pi: 0211, — >%3 Cx+0211(,(3313 - x + 0211).

[Tonyuaercsa pa3BepTka:

95 % 7 6 5 4 3 2 1 0 |t
... 00 o0 o0 o 3 2 0 |x
o2 021 210 Toz 021 210 231 021 0211 |q

1 o0 2 1 0 2 3 1 |y
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Kaxk BbIAcHsIeTCS, YK€ TIpU ! = 1 mpoucXoAuT momagaHue B SAPO aBTOMara M MOTOMY HET HEeoOXo-
JUMOCTH BECTH BBIYMCIICHHUS MEPEXO0B-BBIXOIOB IO (opMynaM (2); ¢ 3TOT0 MOMEHTa MOXKHO TIOJIb30BaThCs
tabmuueit 2. Kpome Toro, BUAHO, 4TO, HAYMHAst ¢ MOMEHTa ¢ = 3, (OPMHUpPYETCS TPEXMECTHBI NEPHO, U MBI
MOXKEM 3aIHCaTh PE3yJbTaT:

13- 03200211 = 210231, 3)
3

Ha ocnoBe pesynbrara (3) MOXKHO c(hOpMYIIHpOBaTh yTBEP)KIACHHUE, YTO OECKOHEYHBIN aBTOMAT C CO-
cTosHuAMH Buzia § = v- 137! = 12313, v — nenoe, T. e. KpaTHBIMHU 1371, UCTIPaBHO BEAET CBOU BBIYHCIICHUS
¢ HeM30eXHBIM TOMaJaHneM B a1po aBTomara 2. [lomoOHOro Hemb3si cKa3arb Mpo OSCKOHEYHBIH aBTOMAT C
COCTOSIHHSIMH, NIPEACTABICHHBIMU TPOU3BOJILHBIMU JICHCTBUTENEHBIMHI YHCIIAMH.

Eme omHO HabirofeHne MpencTaBiIseT JOMOTHUTEIbHBIN HHTEpEC ¢ BEIYUCIUTENFHON TOYKH 3pEHUS.
OOGparumMcs K peapIIyieii pa3BepTKe U 33IeP)KUMCSI HA MOMEHTe { = 3, KOrza Ha BXOJl aBTOMAaTa MOCTYIaeT
curHan 0. MOXHO CKa3aTbh, UTO 6bIUUCTEHUE MOICHO OCHIAHOBUND 8 DMON MOMEHN, M. K. 6Cs1 NOCIe0VIOwdsl
8bIYUCIUMENbHAS pabOmMa A8MoMAama c800UMCs K NEPEeHOCy COCMOAHUA § = Wo 8 pe3ynbmam 8 Kaiecmee
nepuooa.

Kpome Toro, Bo3HMKaeT MbICIb B 3alMCU OTACIUTH NpocToi 0 OT TpoMKHU HyJel W), BO3HUKILIEH
B MpEIbIAYIICH pa3BepTKe, U, KaK pe3yabrar, B Tabmume 2 B cTonOIe, OTMEYeHHOM coctosiHueM ¢ = 210,
IUCaTh TAK:

¥ 510

0 021,0
600 | | 102 021 310, 310

Taxas cucTema 3amicH MO3BOJISIET HaM M30aBHUTHCS OT BBHINMMCHIBAHUS OECKOHEYHBIX IOCIEI0BATENb-
HOCTEH CUMBOJIOB M IIPEACTABIATh X B KOHEYHOM BHJE. JTO HE YTO MHOE KaK aKTyajau3auusi OECKOHEYHOCTH.
Tenepp MBI MOKEM MPEABLAYLIYIO PA3BEPTKY 3alMCATh B BHJE:

co>t>3 2 1 0 t
3 0

000 2

f02 021 210 fo2021210 231 021 0211 | 4
ﬁo 2 3 1 y

Beckoneunoe BeruciaeHne n300pakeHO B KOHEIHOM BH/IE. [losBuBIIMIACS 31eCh OOBEKT iOQ @ ﬁo
MOYKHO TPAaKTOBAaTh KaK COCTOSIHUE U CUMTATh €T0 npou3eooHsim cocmosnuem. CiaeayeT OTMETHTh, YTO 3TO HE
MIPOCTO UTPa C CUMBOJIMKOM, a OTpaKeHHE HaIllelf MEHTaJIbHOM CIIOCOOHOCTH K aKTyaIn3alui 0€CKOHEYHOCTH
U ee MocleAylolel Marepuanu3annu. MHTepecHa cTpyKTypa 3TOro MPOU3BOIHOTO COCTOSHUS: OHO COCTOMT
13 YTIOPSJ0YEHHONW TPOWKH OECKOHEYHBIX MEPHUOANYECKUX YHCIOUIOB, PACTIONOKEHHBIX Ha OTHOW M TOW ke
CETKE Gr(ooo,O] U YHOPSIOYEHHO BOCIIPUHUMAEMBIX B OTHOM aKTE€ BOCIIPUATHSL.

OO0paruMcs K YICIIOBOMY MCTOIKOBAHHIO YHCIIONIOB, SBIISIOMINXCA COCTOSIHUSMHU aBTOMaTa, 3a/JaHHO-
ro Tabnuuelt 2. VIcTonkoBaHUS TaKOBBI:

102 210 312 21 123 231
102 = 75,810 = ~ 5. 312 = 5. 001 =~ 18— g B3l = .

T.€. YUCJIOUJT i02 MPEICTABIISIET YHUCIIO (—%) U T I

Yucna no3BoNsSOT ynopsaao4uTb COCTOAHUA ACIIUTCIIA:

SIIPO: WQ<@<W)<%<W2<@<U 4
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Tabnuya 5
Asmomam 137" - %|g

T S | 531 510 | e | fo2 | 621 | O
X
0 | 9312 | 1231 | 0210 | 3123 | 2102 | 1021 | 0.0
T | 1231 | 0210 3123 | 2102 1027 | D0 | 5313
9 | 0210 | 312312102 | T02,1| 0.0 | 2313|1232
5 | 3128 | 2102 | 1021 | 0.0 | 2313 | 1232 | 021.1

B 3TOM mopsiaKe pacmonoKUM COCTOSHUS JETUTENs, TaOIHUIly KOTOPOTo MEPenuIleM ¢ Y4eTOM ycTa-
HOBJICHHOTO HOPSIKA.

OT0 Ta e camas Tabiauua 2, HO B HEl COCTOSTHUSA B IIATKE» TaOIULbl YHOPSIIOUYCHBI.

Taxoe ymnopsimoueHne MPUBOIUT K SBHOMY OOHApYXEHHIO 3aKOHOMEPHOCTEH, MPUCYLINX aBTOMAaTy

1371 X|g. B Tabmuie 3amITpuxoBaHbl KIETKH, COOTBETCTBYMOIINE (UHAIBHBIM coCTOsHUSIM. Kpome Toro,

BHUIHO, YTO BCC COCTOSAHMA aBTOMATa, BHINMCAHHBIC B €TI0 «IHAIIKE)», IMMOJIYYat0OTCA U3 COCTOSIHUA 21 = — 32713 =

21 _ 1

= 1
T2I13 T T 13(4) T 7(10)
MOXKHO 3aIliCaTh B BUJE OMHOM (OPMYIIBI:

YMHOXCHHUEM €TI0 Ha LEJbIC YHCId, TaK YTO MHOKECTBO COCTOSIHMI aBTOMara

Qus-r = {alg = 021 - i,i = 0,1,...,12} = {021 - i}1i=)>. (5)

Temnepb MocTpouM TabNHILY, SIBASIOLIYIOCS NMPOAOIIKEHUEM TabIHLIbI 5, B KOTOPOI B POJIM COCTOSHUI
BBICTYTIAIOT TIPOM3BOAHBIE coCTOSHUS. [IpenBapuTensHO I KOMIAKTH3AWK 3alrceld BBeAeM 0003HadYeHNSI.

CuMBOJIOM, HampuMep, @(ém ﬁ m 0003HaYMM YMOPAJO0YCHHYIO TPOWKY KPYTOBBIX NEPECTaHOBOK,
IIOCTPOCHHE KOTOPOI HauMHaeTcs ¢ udpsl HylaeBoro paspsna. Ilapa cTpenok, BBepXy U BHU3Y, O3Ha4aeT
TaKyl0 MEepecTaHOBKY. M3 IBYX CTpPEIOK BEPXHSA SBISAETCS BENYILEH, YKa3bIBAIOIIECH, B KAKOM HaIIPaBJICHUU
BEACTCA NEPECTAaHOBKA, HMXKHAA CTPEJIKA — IMOAYMHCHHAA, €€ Ha3HAUCHHUE COCTOUT B I/IH(i)OpMI/IpOBaHI/II/I 0 TOM,
YTO BBIMIOJHSETCS Kpyrosas nepecranoBka. [y n300pakeHus] MPOU3BOIHOTO COCTOSHMS MIOCTPOCHHBIH 00b-
eKT HaJl0 CHaOIUThH eIIe OJHOM CTPEIKOH CBEpXy, Kak 3TO MOKa3aHO B pa3BepTke Ha crpanule 79. [lomyanm

06 o
n300pakeHue I IPOU3BOJHOTO COCTOSHMSL: %12 =123 §31 §12. B mpaBoii yacTu CTOUT €ro pa3BepHYTOE
0003Ha4YeHue, B JIEBOM — ero KoMnakTHas 3anuch. C MOMOIIbIO TaKOW KOMIAKTU3alllU pa3BepTKa Ha CTPAHULIE
79 npumeT BUJ:

ﬁﬁﬁ 21 0211 | ¢
%231

Brrancnenne no-npexxHeMy MMEET BUJ KOHEYHOTO BBIYHMCIIEHHA, HA MPAKTHUKE MPU peaau3ally ero
Ha B-koMmbroTepax OHO, IEHCTBUTENBHO, KOHEYHO, IIOCKOJIBKY B B-KOMIIBIOTEpAaX IMPOU3BOAHBIE COCTOSHUS,
OyZyuH ¢ TOUKU 3PEHHSI MEHTAJIbHOTO aKTa MHOTOKPAaTHOM aKTyanu3aluel, peaan3yoTcsa KOHEYHbBIM 00pa3oM,
NpUYEeM MaKCUMalbHO MPOCTHIM. [IpaBUIBLHOCTD BBIYMCIICHHMS, 3aIMCAHHOTO B pa3BepTKe, Oblia IpoBepeHa

y

paHkbIIIe.

[Tpy mOCTpOCHMHU MPOAOIDKEHUS TAOIHIBI 5 HA MHOXXECTBO MPOU3BOAHBIX COCTOSHUI B POJIU «BXO[-
HBIX CHTHaJIOB» OyleT BbIcTymnarh He Toibko Tpoiika 000, HO W pOACTBEHHBIC €l TPOWKH: ﬁ, 22, 333.
[ToHATHO, YTO MHOXKECTBO TPEXOyKBEHHBIX BXOJHBIX CHUTHAJIOB NPHBEACHHBIMH 00pa3laMi HE OrpaHH4YHBa-
eTcsl, HO JUIsl TIEPBOHAYAIBHOTO M3YyUSHHS] BBIYUCIUTEIBHON MPOLIEAYyphl MOXKHO PACCMOTPETh MPHBEACHHEIC
BXOJIHBIC TPOIMKH CUTHAJIOB. VHBIE BapHaHTBI MOTYT OBITH PACCMOTPEHBI 110 aHAJIOTHH.
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Brimuiem Bce MpOU3BOAHBIE COCTOAHUA (KpOME HYJIEBOTO), MOITyYaoLIHecs: KOMIaKTH3aluei:

631 - 570 102 621 = 021, 103 —» 021 510 102 = 102, 123 331 512 123 = 123
570 102 021 510 = 510, 531 - 512 123 331 = 53], 512 123 531 512 = 312

- Ecnmm orpaHWYUTHCS HATypadbHBIMH YHCIAME, 2 OHH BCE MMEIOT YHCIOWTHOE MPEACTABICHUE BUIA
X = 0x,...x1Xp, TO KOMIIAKTH3AIMHOHHOE TPOOIKEHHE TAOIHIIBI ICTUTENS OYIeT TAKUM.

Tabnuya 6
Asmomam 137! - X|q (npodondicenue)

N IR TR
00 | 312,572 | 351,551 | 210310 | 123,125 | 103102 | o2y 021

B 51X 0003HaueHMAX TabnuIla aBTOMaTa BEIIISAUT 0COOEHHO MPOCTO. THITHMYHBIN QparMeHT pa3BepT-
KH TIOXOX Ha ()parMeHT NpeAbIAyIIeHd Pa3BEepTKU U BBINISAIUT TaK:

co>t>3
000
i
123

Ho mms apyrux BXOmHBIX HAOOPOB ﬁ, T?z, @ JNOCTUTHYTAasl MPOCTOTa Tepsierca. PaccMorpuwm,

HanpumMep, Iepexo1 U3 COCTOSHUS 2; 01 ISHICTBHEM BXOJHOTO CUTHAJa §22. CooTBeTCTBYIOIINI QparMeHT
pa3BepTku OyaeT coiepKarh MpoOIeMHBIE MECTa, OTMEUCHHBIE 3HAKOM «?». HeoOXoauMo BBHISICHUTH, YeM
3aIoNHATH Ipo0IeMHBIe MecTa. J{J1s1 3TOro Hy)KHO BEPHYTHCS K pa3BepTKe:

oco>t>3

529

Hmeem, Bo3Bpamasch K MpeabIyIIIM 0003HAYEHUAM:

co>t>3

599
2 102 021 210

?

Ho u 31€ecek sicHOCTH He IMPOUCXOAUT, MOCKOJIbKY, BO3BpallasACh K IMPEAbIAYIIUM 0003HAUCHHIM (S8

Ha OJIMH IIar M TMPHXOIA K MCXOMHBIM 00O3HauCHHSM, OOHApY:KUBaeM, uTo cojepxkarruiics B 102 ﬁ ﬁ)
MEPEXO U3 COCTOSHUS ﬁo B cocrosiuue 021 mox geiicTBueM curHajga 2 HEBO3MOXKEH M MIOTOMY MHOMKECTBO
COCTOSTHHI B TAONHUIIE 5 TOMKHO OBITH paciiupeHo. BrruncieHne nepexoaoB U3 MepBUYHBIX CTOSHHN aBTOMATa
S mox neficTBreM HeTpuBHATIbHBIX Tpoek 111, 222, 333 mpoucxoauT 1o cleayromumM odpasiam.

Ipumep 5. Tlycts ¢ = 123, BxoaHoit curnain paen 2 . COOTBETCTBYOIIAs pa3BepTKa:



Venexu kubepnemurxu / Russian Journal of Cybernetics. 2022;3(2):74-85 83

9 8 7 6 5 4 3 2 1 0 t
2 2 2 2 2 2 2 2 x
© 102 123 0 o2 123 0 io2 1234
o 1 2 0 1 2 0 1 |y
BunHo, uto GpopMHpyeTCs MepeXoa-BhIXO/:
oo +0 o>t>0

522

Tvimvim G ieis
501

DTa cxeMa SBIISICTCS TUITHYHBIM IepeXoa0OM-BbIXOOAOM B aBTOMATE. N3 Hee Mbl H3BJICKACM, YTO B pPOJIH

COCTOSIHHMSI aBTOMaTa BBICTynaeT oObekT Bunma: 0 WZ @ OH POICTBEHEH BBHINMCAHHBIM paHee MPOU3BOI-
HBIM COCTOSIHHSIM, HO HE COBMAJaeT HU C OJHMM W3 HUX. DTO O3HA4YaeT IMOABJICHHE HOBHIX COCTOSHUN B
pacIIMPEHHOM aBTOMATE.

IIpaBas wacTe pa3BepTKH (CHpaBa OT pa3pbIBa) MMOKAa3bIBAET, YTO M300paKEHHAs B HEW KOHCTPYKIIUS
3aIIOJHSAET BCIO Pa3psiHYIO CETKY Gr(OOO,O], KaK 3TO [TOKa3aHO B IIEPBOHAYAIEHON pa3BEpTKE 3TOrO NMpHMeEpa, a
JeBas 4acTh pa3BepTKHU (CI€Ba OT pa3pbIBa) MOKA3bIBAET, YTO MEPEHOCUTCS B CIEAYIOLIYIO Pa3psSAHYIO CETKY
Gr(loo‘o] , B CETKy O€CKOHEYHO OONBIINX BEIWYMH IEepBOTo nopsaka. OOpaiiaeM BHUMaHKE, YTO B CIEAYIOIIYIO
CETKYy BBH/Y HEONPEIEIIEHHOCTH Ha OECKOHEUHOCTH, KaK 3TO BUAHO U3 HaYaJbHOM Pa3BEPTKU 3TOTO IPHUMEPa,
[IEPEHOCUTCS. B Ka4eCTBE HAYaJIbHOTO JII00OE M3 COCTOSHHUH <6 \% WZ \% 33; TpeOyeTcsl IONOIHUTENbHAS
nHpOpManus 151 BEIOOpa HA4albHOTO COCTOSHUS Ha CIEOYIOIIEH pa3psiIHOM CeTKe.

ITepexonsl HamopoOuEe PacCMOTPEHHOTO IOJE3HBI HA IIPAKTHUKE, ITOCKOJIBKY OHH IO3BOJSIOT OECKO-
HEYHbIE 10 JUTUTEIBHOCTH BBIYMCIICHHUS CBECTH K KOHEUHBIM, NMPUYEM 3TO MOXET OBITh PEayin30BaHO Kak
B-texnonornn. Takoro copra cBeleHHS OSCKOHEYHBIX BBIYHCICHHN K KOHEYHBIM TNPHBOAAT K YCKOPEHHUIO
BBIUUCIIEHUI. B-TeXHOIOrus MO3BOJISIET pEan30BaTh TAKOE YCKOPEHHUE.

W3 npumepa SICHO, KaK CTPOUTH NEPEXOABI U3 COCTOSHUN aBTOMATa 5 MOJ JEIMCTBUEM HETPUBUAIIBHBIX
TPOEK CUTHaJIOB. Pe3ynbraThl 3TUX MOCTPOSHHUH NpUBENeHbI B Tabnuie 7.

Tabnuna 7 okazanach IOBOJBHO COAEP)KATENbHON M BBy HEXBAaTKM MeCTa paclajach Ha TPH YacTH.
Omna upe3BbIYaHO [T0JIE3HA AT CIICKEHHS 32 OECKOHEUHBIMH BBIYMCIMTEIILHBIMY IIpolieccaMu. B Hell mosiBis-
€TCsl HOBOE pacIlIUpeHUe MOHATHA COCTOsIHUA aBToMara. OKa3anoch, YTO UMEET CMBICI CUUTAaTh COCTOSHUAMU

oOpa3oBaHMs BUIa 621 % ﬁ, ABJIIOIINECS HUYEM WHBIM, KaK KOHEUHOW akTyaln3alueil 6eCKOHEYHOCTH,
MTO3BOJISAIONINE CBECTH OSCKOHEUHBIE BBIUMCIIEHUS K KOHEUHBIM. Bynydn pe3yipraroM MEHTaJIbHOH orepanuu
aKTyalnu3aluy OECKOHEUHOCTH, TAKHE COCTOSHUS TeM He MEHee MaTepHajbHO pean3yeMbl KOHEUHBIM 00pa-
30M B B-texnomnorum. [lanee paccMOTpuM IpuMep Ha €€ WCIOIb30BaHHeE.

PaccMoTrpum npumep Ha npuMeHeHue Tabnun 6, 7.

IIpumep 6. Ilyctb X = 03314y = 13-20+104) = 7-8+4(19) = 60(;0) He nenurcs Ha 13. Pa3peprka:

co>1t>3 2 1 0 |¢

000 33

1 | x
t21510102 10 531 © g
102 12 3y

— —
Mumem pesynsrar: 1371 - 0331]0 = WQIQ& BeckoneyHo nosroe BBIYMCIIEHHE Oiarogapsi akTya-

nmr3anuy O€CKOHEYHOCTH, MIPOSIBUBIIICHCS BO BBEIEHUH COCTOSTHUH BHA ()2 1 §10 iOQ, BBITIONTHEHO 32 YETHIPE
takrta. [IOHATHO, YTO YCTPOMCTBO, 3aJaHHOC TaOIUIAMU 6, 7, CIIOKHEE YCTPOUCTBA, 3aJaHHOTO TabaMIei 5.
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Asmomam 137! - X|q@ (npodonsicenue)

512

531

510

510 123 312,521

500 021 531,500

123 512 210,513

531 021 512,530

021 312 531,503

510,%

2.5

102 10 931,512

231 102 210,331

Tabnuya 7

1 123 102 021

11 | $12 910 123,132 fo2, T 531 000 021,080

1 000

11 | 021 231 600,003
592 | 102 123 600,012
533 | 123 021 000,021

Ho, ecnu peus umer 00 yCKOpEeHHH BBIYMCIICHUH, TIepeXo K yCTPOUCTBY, 3aJJaHHOMY Tabmuiamu 6, 7, HeoO-
xonuM. 3aberas BOEpel, CKaKEM, YTO STUM JEN0 HEe OrpaHUYUBACTCS. ECTh BBIUUCICHUS, B KOTOPBIX FWC-
MIOJIB3YETCSl Pa3BUTUE ONMCAHHOTO BapUaHTa YCKOPEHMs BbIUMCICHUM. Pa3BuTHe MPOUCXOAUT B pa3iMUHBIX
HaIpaBIECHUSAX U MMPOCTUPACTCS JOCTATOYHO JANEKO.

3akiioueHue

EnvHplii moaxoa K CHHTE3y YCTPOMCTB IMO3BOJISET €AMHOOOPA3HO pellaTh KaKAyI0 HOBYIO 3a7ady
JIaXKe MPU CWJIBHOM OTJIMYMH BXOJHBIX JAHHBIX U PE3yJbTaToB. ENMHBIA MOIX0/ K CHHTE3Y YCTPOMCTB Xapak-
TEpPHU3YyeTCsl CTAHAPTHOM MOCIEN0BATEIbHOCTBIO ACHCTBHIA.

[lepBbIM JEHCTBHEM HILETCS YHMCIOUJ, NPEACTABISAIOMINI YUCIO 13*1, BHAJaJie Ha CETKE Gr(ooo_o] =

...3577- OKa3bIBAETCS, OH HAXOJUTCS HA HEU W 3aIUCHIBACTCS B Buge: 137! = ﬁ 3.

MeTo/10M HaKOIUJIEHUSI COCTOSIHUM C UCTIOIb30BAaHUEM HAWJIEHHOTO MPEICTABIECHNU HAXOAUTCS KOHEY-
HbIi menuTens 1371 - X|q.

[IpoBepsiercss MPaBUIABHOCTh €ro padoThl. OKa3bIBACTCs, YTO HEKOTOPBIC YHCIIOWbI, SBISIOIIUCCS
pe3yapTaTaMy €ro BBIYUCIICHUN, MOTYT OBITH 3alFCaHbl B BHIC NMEPUONNICCKUX BBHIPAKECHUH B HECKOIBKUX
pa3HbIX BUAAX.

Ha ocHoBe mpoBeaeHHOT0 HAOMIONEHUS BBLICHSETCS, YTO B TaONUIE aBTOMAara lff1 . )"c|("] MOXHO
OTHCIIUTH CTPENOYHBIE BXOAHBIE CUTHAJBI OT HECTPEIIOYHBIX.

DTO MPUBOIUT K 0ojiee TPOMO3IKOW TAOJIHUIIE aBTOMaTa, B KOTOPOH B POJIM COCTOSIHHH BBICTYIIAIOT

KOHCTPYKIIUH BHIA § = %OQ 021 §10. N 6onee rpomo3akas Tabnuia aBToMara M Oojiee CIOKHAs KOHCTPYK-
LUl COCTOSTHUIM Jat0T BO3MOXKHOCTH IPOBOAUTH YCKOPEHHOE BhIunciieHHe. Hamnpumep, moTeHIMaIbHO O0eCKo-
HEYHbIC BBIUMCICHHUS BBIMIONHAIOTCS 32 KOHEYHOE YUCIIO IIaroB. B TakoM aBTOMare ONTHMANbHBIM 00pa3zoM
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pelena npobiemMa OCTaHOBa, YTO TAKXKE MPUBOAUT K YCKOPEHHIO BHIYHCICHHUH.
CHHTE3UpOBaHHBIM aBTOMAT 1371. X|g obmamaer CBOMCTBOM SKCTPABEPTHOCTH MO COCTOSIHHUSIM, CO-

CTOSIIIMM B TOM, YTO JIIO0OI YMCIOHN HA CETKEe Gr(oOo 0] = --32 70 MOKCT ObITh B3ST B Ka4ECTBE HAYalLHOTO
cocTosiHUsI. Bo MHOXKECTBE YMCIIONIOB BBIAGISIETCS Kiace coctostHuit Buma Q3-1 = {q|q = 021-i, ieZ }

BCEria NPUBOJSAIINN K KOHEYHBIM BBIUYMCIEHUSAM. DTOT KJIACC COCTOSTHUN MOXKET allllpPOKCUMHUPOBATh BBIUHC-
JICHUSI C HAYaJIbHBIMH COCTOSIHUSIMH, B POJIM KOTOPBIX BBICTYIIAIOT JIFOOBIC ICHCTBUTEIBHBIC YUCIA.

CUHTE3UPOBAHHBIN JCIIUTEIb 13_1 . )'C\Z] SIBIIIETCSI HOPMAJIBHBIM JIEJIUTEIIEM, T. €. OH ACIHUT OT MJIaj-
IMX Pa3psAAoB K crapimuM. Tabiuia 5 HanIaqHO AeMOHCTPUPYET INPUCYIIHE EMY CTPYKTYPHBIE 3aKOHOMEPHO-
cti. HopMapHOMY JENMHUTETIO MPOTHBOIIOCTABISICTCS HHBEPCHBIN ETUTENh (B CTaThe HE OMUCAH), BEAYITHI
JIeNICHUE OT CTapIIUX Pa3psaoB K MIAANIMM (HaM XOpOIIO 3HAKOMOE JENeHHE). DTH JCIUTENH MPUBOAAT K
JIByM Pa3IMGHEIM YHCIIOMAAM, TIPEACTaBIsommM urcio 137! (cm. Ta6m. 4).

[TokazaH He BCTpEYABIIMHCS paHee CIIOCO0 YCKOPEHHUS BBIYHMCICHHUH, COCTOSIINNA B HUCIOIb30BAHUU
KOMIIJICEKCOB COCTOSHHI B Kau€CTBE OJHOTO HOBOT'O COCTOSHHS .

Jlns peanu3anuy ONMMCAHHOW HMICOJIOTHH HAWIYUIIMM 00pa3oM MmomxomuT B-texHomorus. B mpyrux
TEXHOJOTHX TAKas pealn3alys COBEPILIEHHO HE NPOCMATPUBAETCS.
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AuHOmayua: B CTaThe OMMCAHO, KAKUM 00pa3oM ceidac pemraercs 3afjada CO3JaHus OeCHMIOTHO-
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TOYHHUKOB O 9 KOMIIAHMAX, 3aHUMAIOLIMX pa3pa0oTKoi aBTommiora oT 0-ro 1o 5-ro ypoBHS aBTOHOMHOCTH.
OtMmeueHBl OMMOKH, AOMyCKaeMble TECTUPYEMBIMH M 3KCIUTyaTUPYEMBIMH DELICHUSMH Ha TEKyIleM 3Ta-
Il Pa3BUTHs TEXHOJOTMH aBTOHOMHOTO BOXIEHUs. BeineneHsl mpoOsieMmsl, elle He pPeLICHHbIE B JJAHHOH
00NacTH.
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Abstract: the paper considers the autonomous vehicle development. Six autonomous driving levels
are listed ranging from manual driving to a fully autonomous vehicle. The key autopilot components are
presented: high-resolution maps, perception, localization, prediction, planning, control. Open-source infor-
mation about 9 companies engaged in Level 0 to Level 5 autopilot development is reviewed. Errors found
in the tested and operating solutions at the current stage of autonomous driving technology development are
noted. The problems not yet solved are identified.
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ITocnennue 5-10 yeT akTUBHO pa3BUBAETCS HANIPABICHUE aBTOHOMHBIX TPAHCIOPTHBIX CPEACTB. MHO-
r'Me aBTOIIPOM3BOAMTENM BKIAIBIBAIOT CPEACTBA B Pa3pabOTKy YMHBIX CHUCTEM IIOMOILM BOXKACHHIO, OBUIH
CO3/IaHbI OT/ICTBHBIC KOMITAHHUH, 3aHUMAIOIIHECs pa3paboTKoil aBTONMMUIIOTa. DIIEKTPOHHEIE YCTPOMCTBA, HEOO-
XOIMMBIE Ul YIPABICHUS aBTOMOOMIIEM, y’Ke IPUCYTCTBYIOT BO MHOTHX COBPEMEHHBIX MOJEISIX, OCHOBHOE
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BHUMaHHE COCPEOTOUYEHHO Ha BBIYMCIUTENBHBIX YCTPONHCTBAX M MPOrpaMMHOM OOecledeHuu. 3asBiseMas
LIeNTb — CJIeNIaTh JABIKCHHE B aBTOMOOMIIE O€30IMacHBIM, HCKITIOYUB M3 YIIPABICHUS YEIOBEYECKUH (hakTop.

B Havane nporHo3bl ObUIH KpaiiHe ONTHMUCTHYHBL: HaM 00EIIaai TOTOBbIE OSCITUIOTHUKY B TCUCHUE
mapsl JeT, HO BpeMs MpoImuio, a padora emie He 3akoH4YeHa. OKa3aioch, YTO CO3/1aTh aBTOIMJIOT, PEIIAIOIINN
BCE BO3HHUKAIOLINE BO BPEMsI BOKICHUS 3aJ]aul HE Xy>K€ UEJIOBEKa HE TaK-TO MpocTo. PaccMoTpuM coBpeMeH-
HbIE 00IIME MPEACTABICHNS OTPACIH O TOM, KaK JOJDKEH BBIVISAETh aBTOIIIIOT, TOIXOb! Pa3HBIX KOMIAHUN
K peanu3aiuy 3THUX UAEeH U HepeLICHHbIE BONPOCHL, KOTOPhIE MEIIAIOT HaKOHEL CO3[aTh MAallKHY, KOTopas
eneT u3 MyHKTa A B myHKT b 0e3 BMemarenscTBa yenoBeka 1 0e3 aBapuii.

Kaaccnpukanusa SAE

Jna knaccu(uKanuy CTEIIeHH aBTOMAaTH3alUK BOXKIIEHHS ITMPOKO HUCIOIB3YETCs KiacCH(pHUKanus u3
«TakcoHOMUU U ONpeAeNeHUI TEPMUHOB, OTHOCSIIUXCA K CHCTEMaM aBTOMATH3AIlUU JBIKCHUS JUIS TOPOXK-
HBIX TPAHCIIOPTHBIX CPEJICTBY», BIEPBbIC BHIMYIIEHHOH OPraHOM IO CTaHIAPTH3AIMH aBTOMOOWJIECTPOCHHUS
SAE International B 2014 romy. B mokymeHTe 3aMKCHPOBaHBI 3a/1aud, BBIMOJHSAEMBIE YEJIOBEKOM Ha pas-
HBIX YPOBHSX aBTOMATH3aIlMH BOXKACHUSA. UTOOBI MOHATH KilacCH(UKAIUIO, CIeyeT TPUBECTH ONpeIeICHUS
HCIOJIb3YEMBIX B HEW IOHATUN.

Junamudeckas 3amada BoxaeHus ([I3B) — Bce omeparuBHBIE W TaKTHYECKHE (DYHKIIMH, BBITOITHSC-
MbI€ B pealbHOM BPEMEHH, HEOOXOIMMBIC JIJIs YIIPABICHUS TPAHCIIOPTHBIM CPEJCTBOM B MIPOIIECCE JOPOKHOTO
JBIDKCHIIS, 32 HCKITFOUCHUEM CTPATETHICCKUX (PYHKIHN, TAKAX KaK TUTAHUPOBAHKE MTOE3/IOK M BHIOOP ITYHKTOB
Ha3HAYCHUSI U MMyTEBBIX TOYEK.

Oo0nacTh PyHKIMOHMPOBAHMA (WIIN ONEPAITMOHHOTO/9KCIUTYaTallHOHHOTO IPOEKTHPOBAHUS) — YCIIO-
BUSI SKCIUTyaTally, U UCIIOJb30BaHUS B KOTOPBIX AAHHAs CUCTEMa aBTOMATU3ALMU BOXKICHUS WM HEKOTO-
phie ee QYHKIUHU CHEIUAIBHO MPEIHA3HAYCHB], BKIII0Yasi, TOMUMO MPOYHX, SKOJIOTHIECKHUE, TeorpadudecKre
OTpaHWYEHUS, a TaKKe OIPaHUYEHHUS 10 BPEMEHW CYTOK W/WJIM HaJH4YUe WU OTCYTCTBHE ONpPEAENICHHBIX
YCJIOBHUI JOPOKHOTO ABUKEHUSL.

CornacHo nocneaneit Bepcun gokymeHta SAE ot 30 anpenst 2021 roma [1] BegensieTcss 6 ypoBHei
ABTOMATHU3aI[MH TPAHCIIOPTHBIX CPEACTB:

0. Asmomamu3zayus eoxcoenus omcymcmayem. Boaurens Beimonnset /3B, naxe eciu nmpucyTCTBYIOT
aKTHBHBIE CUCTEMBI 0€30TIaCHOCTH, HapUMeEp, IKCTPEHHOE TOPMOXKEHHE MITH MPENyIIpEeKACHNUE.

1. Homoww gooumento. YCTOWYHBOE U 3aBUCHINEE OT 00NacTH ()YHKIIMOHHPOBAHUS BBITIOJIHEHUE CUCTE-
MO# aBTOMarm3anuu moa3amadn J[3B: nBmwkeHUS B OMHOW MONOCE WM ABMKCHUS MEXAY IMojlocaMu (HO He
o0onx ogHOBpeMeHHO). OKHuaeTcs, YTO BOAUTENh BHIITOIHUT OCTaBIIytocs Jacth J[3B.

2. Yacmuunas asmomamusayus 60x4coenus. YCTOMYMBOE U 3aBHcALIee 0T 00nacTu GyHKIMOHHUPOBAHHMS
BBIIIOJIHEHUE CUCTEMOM aBToMaru3auuu noxaszazad J3B: aBuwkeHus B OIHOM mojoce U MEXAY IOJIOCAMU.
OskujaeTcs, 4TO BOIUTENb BBIOIHHUT IMOA3a7a4y OOHApYyXeHUs OOBEKTOB M COOBITUH M pearupoBaHHs, a
TakKe OyIeT KOHTPOINPOBATh CHCTEMY aBTOMATH3AIH BOXKICHHUS.

3. Vcenosnasa asmomamusayus eodicoenus. YCTOHUMBOE U 3aBHCAIICEe OT 00JacTH (PyHKIIMOHHUPOBAHUS
BBITIONTHEHNE CHCTeMO# aBromarm3anuu Beer JI3B. OskumaeTcs, 4TO IOJIB30BaTENb OyIET BOCTIPUUMYHB K
3arpocaM aBTOMATH3MPOBAHHOW CHCTEMBbI BOXKJICHUS Ha BMEIIATEIbCTBO, 4 TAKIKE K COOSM B JIPYTHX YacTAX
CUCTEMBI aBTOMOOWIIS, BIUAOMUX Ha [[3B, 1 oTpearupyroT cOOTBETCTBYIOIINM 00pa3oM.

4. Buicokas asmomamuzayusi 80JcOeHusi. YCTOWYHMBOE W 3aBHCAIIEe OT 001acTH (yHKIIMOHUPOBAHHS
BBITIOJTHEHUE CHCTEMOM aBToMarn3aiuu Bceit J[3B. BMmenrarenbcTBO OT MOIb30BaTENs HE OKHIACTCS.

5. Ilonnas asmomamusayusi 60xcoenus. YCTOHIHBOE W 0€3yCIOBHOE (HE 3aBUCAIICE OT 00JACTH (PyHK-
LIMOHUPOBAHMS) BBHIMOJIHEHHE CHCTEMO# aBToMarm3anuu Bced /[3B. BmematenbcTBO OT moibp30BaTenst He
OKUJACTCA.

CrouT OTMETHTb, YTO JaHHBIH JOKYMEHT HE COAEPKUT crenu(rKaiuil 1 He MpenbsIBIsIeT TpeOoBa-
HUU K CHCTEMaM aBTOMATH3allUM BOXJCHHS KaKuM-THOO WHBIM oOpa3om. HaGop TectoB misi ompeneicHus
WM TIPOBEPKH YPOBHS aBTOMAaTH3aIllMN BOXKISHHUS OTCYTCTBYET, H, Kak yTBepkaaercs SAE, co3maHue Taknux
TECTOB Ha MPaKTUKE HEBO3MOXKHO. [103TOMy ommcaHHBIE BBIIIE YPOBHH HA3HAYAIOTCS, a HE U3MEPSIOTCS, U
OTpaKalOT 3aMbICeNl KOHCTPYKIMH IS (PYHKIIUH CHCTEMBl aBTOMAaTH3allMU BOXKICHHS, KaK OINPEIEIICHO ee
MIPOU3BOJUTEINIEM.
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O0o0meHHas1 apXUTEKTypa
Kak ormedaercs B crarbe [2], mocie Bei3oBoB DARPA Grand Challenges B 2005-2007 rogax 601b-
ast YacTh OTPaciy pa3duia apxXUTEKTypy aBTOHOMHBIX aBTOMOOMIIEH Ha KapThl BhICOKOTO pasperienus (HD
map), Jsokanu3aruio (localization), Bocpustre (perception), mporHo3upoBanue (prediction) W TIaHUPOBa-
nue (planning). [locne mpopbIBOB, CAETAHHBIX B paMKaxX COPEBHOBAHWI MO KiacCU(pHUKALUK H300pasKeHUH
ImageNet, 610KH BOCHPHUATUSA M NPOTHO3UPOBAHUS CTAJIM OCHOBBIBATHCS HA MAIIMHHOM OOyueHHH. TeM He
MeHee IUIaHUPOBAaHWE M MOJCIMPOBAHHE MOBEACHUS MO-NPEKHEMY B 3HAYMTEIBHON CTEIIEHH OCHOBAaHO Ha
npaBwuiax: 3(ppeKTHBHOCTD TOBBIMAETCS, €CNIN JIFONW MHIIYT Bce Oosiee MompoOHbIe MpaBHia, OMPEelisio-
[ye, KaKk aBTOHOMHOE TPaHCIIOPTHOE CPEACTBO JOJDKHO YIPaBIIATHCS.
PaccMoTrpuM noapoOHee BhIIETICHHBIE OJIOKH aBTOMMIIOTA, YTOOBI I03KE OCTAaHABIMBATHCS TONBKO HA
CHeIU(PUICCKUX OTIHYUIX PELICHUH pa3HbIX KOMITaHUI:
1. KapTel BBICOKOTO pa3pemieHnst
Kaptsb1, mpenBapuTenbHO TTOCTPOSHHBIE C TIOMOIIBIO JTHAAPOB U MPOYUX JATIMKOB, BKIIOYAIOIINE BCE PETYIH-
pyIoIIne TOPOXXHOE ABMKEHUE 3HAKU M paciojokeHne cBeToopoB. OOBIYHO 3arpyaloTcsi B 00Iako — UX
HEOOXOIMMO 4acTO OOHOBIIATH B CBSI3U C TEM, UTO PEAbHBIH MUP MEHIETCA: MOABIISAIOTCS HOBBIE IOCTOSHHBIC
3HAKU WM BPEMECHHBIC 3HAKHM PEMOHTHBIX Pa0oT, M3MEHSIOTCS (acaasl 30aHUI U IPOd.
2. Bocnpustue
TunnyHoe pemeHne npeacTaBisieT co00i HEHPOHHYIO ceTh, 00padaTHIBAIONIYIO AaHHbBIE C NAaTYMKOB: KaMmep,
panapos, nuaapos, GPS, rupocrabunuzaropa (axkceirepoMeTpa M THPOCKOINA), YABTPa3BYKOBBIX AATYUKOB —
IUISL ONIPENEIICHUs MOJIOKEHUS JPYIUX OOBEKTOB, YYACTHUKOB OPOJKHOTO ABHKEHHSI, BOKPYT aBTOHOMHOIO
TPaHCIIOPTHOTO CPECTBA. DT CHCTEMBI TPEHUPYIOTCS HA pa3MEUEeHHBIX BPYYHYIO JaHHBIX, XOTS MHOTHUE KOM-
[IaHUU aBTOMATH3HUPYIOT Pa3METKy JTaHHBIX, OCTaBJIs Ha JIFOZeH TONbKO (YHKIMU IPOBEPKHU pelleHus. 3azada
BOCTIPHATHS BKIIIOUaeT B ceOs mon3agaun oOHapyKeHHs, KJIacCU(PHUKAIIINH, OTCICKUBAHNS U CETMEHTALUH.
3. Jlokaau3zanust
OmnpenensieTcs: MONOKEHNE aBTOMOOHIISI B IPOCTPAHCTBE IIYTEM COIOCTABIICHUS JaHHBIX, IOJyYEHHBIX C I10-
MOIIBIO BOCHPUSTHUS, M KapT BBICOKOTO pasperieHus. Jocturaercs TouHocTh £10 cm.
4. TIporHo3upoBaHue (NpeacKa3zaHue)
[Ipormecc mpeaBUAEHHS TOTO, YTO MOXET CIYYHTHCS JaJIbIIe, U TOTO, Kak COOCTBEHHBIE ACWCTBUS TPAHCIOPT-
HOT'O CpeZcTBa MOTYT MOBIMATH Ha MOBelneHHe Ipyrux. CymecTByeT Ba MOAXO0a: MOAXO0M, OCHOBAaHHBIM Ha
MOJIEJIH, ¥ TIOAXO0J, OCHOBAaHHBIN Ha AaHHBIX, UCTIONB3YIOMINI MallMHHOE 00y4eHHeE.
5. IlnanupoBaHue
OmnpeneneHre TPaeKTOPUH 0 ITYHKTa HAa3HAYCHHUS C YUETOM ABIKYIINXCS 0OBEKTOB Ha nopore. Ha BepxHem
YpOBHE IIPOUCXOAUT IOUCK IIyTH Ha rpade (mpeobpa3zoBaHHOM Kapre). Ha HIDKHEM ypOoBHE MUHUMHU3HPYETCS
omMOKa TPACKTOPHHU C TOYKH 3pEHHUsI 0E30IacCHOCTH, 3aKOHHOCTH, CKOPOCTH M OCYIIECTBUMOCTH.
6. Kontpoab
KonTpomnep momydaer TpeOyeMylo TPaeKTOPHIO KaK MOCIEAOBAaTENLHOCTh ToueK. Ero 3amada — mcmonb3ys
YIPaBISIONINE BO3ACHCTBUS (PyJIeHHE, YCKOPEHHE 1 TOPMOXKEHHE ), IIPOBECTH MAIINHY Yepe3 3a/laHHbIe TOUKH.
BoNBbIIMHCTBO COBPEMEHHBIX aBTOIMMIIOTOB HE CHIIBHO OTKJIOHSFOTCSI OT PACCMOTPEHHON apXUTEKTYPBI,
HO KOMIIAHUH CTAPAaOTCs IPE3EHTOBAaTh MH(POPMAIIMIO O CBOMX PELICHUAX KaK 00 YHUKAJIbHBIX pa3paboTKax.

CpaBHeHMe pellleHUil pacCCMOTPEHHBIX KOMIIAHUA-NIPOU3BOAUTEJIEi

B cern MHTepHeT MOXXKHO HalTH MH(OPMALHMIO O MHOTHX Pa3BHBAIOIIMXCS ceifdac MPOEKTax aBTo-
nwiotoB. O0peM Takoil MH(OpMALUKM BapbUpPYyeTCS B 3aBHCUMOCTH OT OTKPBITOCTH HPOEKTA, HO YacTo €€
JOCTaTOYHO, YTOOBI COCTaBUTH OOIIee MPEACTaBICHUE 00 apXUTEKType cucTeMbl. HekoToprlie odmiue xapak-
TEPUCTUKU PACCMOTPEHHBIX aBTONMJIOTOB IPEACTABICHHI B Ta0I.

B cronbie «YpoBeHb» NMpHBEICH 3asBICHHBIN KOMIIAHHEH ypOBEHb aBTOMATU3AIMH BOXKJICHHS, KOTO-
PBIIl MOXKET M HE COOTBETCTBOBATh PEALHOCTH.

MHorue KOMIIaHHM HE PAcKpBIBAIOT MCXOMHBIA KOJ CBOEIO aBTOIMJIOTA, HO PAacCKa3blBAalOT O HEKO-
TOPBIX aPXUTEKTYPHBIX PEUICHHUSIX HAa Pa3IUYHBIX MPE3CHTAIMAX WIM B NMyOnuKanusx, kak genaer Tesla u
Cognitive Pilot. NVIDIA mpemocTarisier HaOOp MHCTPYMEHTOB I Pa3pabOTKH MPOTrPaMMHOTO oOecriede-
uus (SDK). Comma OpenPilot u Apollo pasmectunu ucxoansiii kon Ha miargopme GitHub, uyToOsr mo6oi
3aWHTEPECOBAHHBII YEIOBEK MOT pa3o0parhcs B ero paboTe Wi JaXKe MPUHSITH ydacTue B pa3padoTke.

Kak n3BecTHO, B HacTosIee BpeMs KadeCTBO HEUPOHHBIX CETEil OCHOBHIBAETCA Ha TOM, HACKOJIBKO 00-
LIMPEH U KaueCTBEHEH Ha0Op JaHHBIX, HA KOTOPBIX OHHM 00yuarorcs. M, 4ToObI HOMOUYB HCCIE0BATENbCKOMY
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Tabnuya
Ilpoepammnvle u annapamuvle peuieHus
YpoBerb | OTKpBITHIA | OTKPBITHIHA ‘YnomuHaeMble YnomuHaeMble Jlunap | Pamap | Paspaboran
HCXOIHBIH | HabOp JaH- | apXUTEKTYpBI 6ubIMoTEKH, CBOM  TIpo-
KOJT HBIX HEHPOHHBIX (bpeiiMBOpKH neccop
cereit
Tesla 2,3,4 - - ResNet, FPN, | PyTorch - - +
DeepLabV3,
U-Net,
Transformer,
Spatial RNN
Waymo 4 - + VectorNet AutoML, CBOM + +
TensorFlow
Comma 0,1 + - CNN, ResNet, | Pillow, CasADi, | - + -
OpenPilot RNN, GRU ONNX
NVIDIA 2,3,4 +/- - CNN Torch 7 + + +
Drive
Argo Al 4 - + e CBOM + +
Level 5 2,3, - + CNN, DCNN PyTorch + + -
neis — 4
Cognitive 3,4 - - CNN,  U-Net, | Caffe - CBOM -
Pilot LeNet, SSD,
SqueezeNet
RCNN
Yandex 4 - + . . CBOIf + -
Apollo 4,5 + + CNN, R-CNN, | Caffe + + +
Fast R-CNN,
Faster R-CNN,
YOLO, SSD,
FCN, LSTM

CO00IIeCTBy pa3BHBaTh MAITUHHOE BOCIIPUSATHE W TEXHOJOTHH aBTOHOMHOTO BOXKJEHHS, MHOTHE KOMITAHUU
BBUIOXKWJIM B OTKPBITHIN JOCTYI YacTh CBOMX HaOOPOB pa3MEUeHHBIX JAHHBIX IS 00y4eHUs HelipoceTen.

Uro0bl MpUMEPHO OMKCaTh PadOTy HEHPOHHOM CeTH, UCTIONB3YIOT Ha3bIBAHMS CTAHIAPTHBIX apXUTEK-
TYyp, KOTOpbIe MPUMEHAINCH NPH ee MOoCTpoeHnH, kak, Hanpumep, CNN numu U-Net, Xopomio 3apeKoMeH/10-
BaBIINe ce0s IpY pelIeHNH OIpeesIeHHBIX 3a/1ad paclio3HaBaHUs 00pa30B WIIH KIIACCHU(HUKAIINH.

Pagape!l MO3BOJSIOT ONpenessTh MPEMITCTBUS M CKOPOCTh ABIDKYIIUXCS OOBEKTOB, HO MMEIOT Ma-
JICHBKOE pa3pelieHre U TUI0X0 paboTaroT B YCIOBUAX CHETa WM MOXKIA. Jlumap u3MepsieT pacCTOSHHS ITyTeM
M3Iy4YeHHs cBeTa (J1a3ep) U MO3BOJIAET CTPOUTH KapThl BHICOKOIO pa3pelleHHus.

Hecmortpst Ha To, 4TO OHH paboTaroliye Hall aBTOMHUIOTOM KOMITAHHH CYHTAIOT, YTO UMEHHO JIUaap
clIeNaeT aBTOMWIOT 0e30IacHBbIM, JPYyrHe OTKa3bIBaroTcs OT ero ucnonb3oBaHus (Tesla u Conitive Pilot) mo
TIPUYHUHE €TO BBHICOKOH CTOMMOCTH M OBICTPOTo BBIXOAa W3 cTpos. Agro Al, xymus B 2018 romy KoMmaHHIO
10 TPOU3BOJICTBY JHAapoB, B Mae 2021 BeIycTHIA CBOM JMAAp CIEUANIBHO JUTSl pEIIeH s 3a/1a4 aBTOMIIIOTA.
Sunexc Take paspabdotan cobcTBeHHBIN nMumap kK HOs0pro 2021 roma. Comma OpenPilot pa3zpabarsiBaer
CUCTEMY, KOTOPYIO MOKHO ITOCTaBUTh HA CBOH aBTOMOOWIIB (TIOAIEPKUBACTCS MHOXKECTBO MOJIEIIEH ), TOPTOMY
WCTIOJIB3YeT CTaHAAPTHBINA HA0Op TaTYMKOB aBTOMOOWIIS, BITPOUEM, U YPOBEHB aBTOITMIIOTA B JAHHOM CITydae —
cUcTeMa MOMOIIU BOJUTEITIO.

B mae 2021 roma Tesla oTkazanach u OT paiapoB u3-3a pa3IMIHBIX MUHYCOB CAMUX PaapoB, a TAaKKe
HEOOXOIMMOCTH OOBEIUHATh MX JAHHBIE C JaHHBIMH C KaMep, PEIUB IOJIaraThCs TOJNBKO Ha MOCICAHUE U
Hetipocetn. Cognitive Pilot mis pemenus Tex ske MUHYCOB pagapa B 2018 rogy coszmanm CBOW pamap.

[lanee Gonee mompoOHO MPEACTaBICHBI PEIICHUs PACCMOTPEHHBIX KOMITAHUH.

Tesla

Tesla — amepukaHCKass KOMITAHUS-TIPOU3BOIUTENb AIEKTPOMOOHIIECH, KOTOpas MpefocTaBisier Habop
¢dbynkmuit ADAS (advanced driver-assistance systems — ycoBepIIEHCTBOBaHHAS CHCTEMa TTOMOIIIHA BOIUTEINIO);
pabota B 3ToM HampasieHHH Hadanach B 2013 roxy.

KoMmnanust coOupaeT qaHHbBIE CO BCEX aBTOMOOWJICH, TTOAKITIOUEHHBIX K oOnaky. Ha kaxmoil mammHe
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MIPOUCXOIUT CPABHEHUE PEATBHBIX JAHHBIX C IPOrHO3aMH aBTOMNMJIIOTA, AAaXKE €CJIM B JaHHBIH MOMEHT yIpaB-
JISIeT MAIIMHOW BOUTENb. [IpruemM naHHbIe C pafgapoB, OT HCIIOIB30BAHMS KOTOPHIX B aBTOMIIIIOTE OTKA3aJIHCh,
MIPOJOIIKAIOT COOMPAIOTCS [UIsl JIydlllell MapKUPOBKM JaHHBIX. Kpome Toro, B KOMIIaHMM UCTIONB3YIOT CUMY-
JISUIO JJISl TeHepalyy erie OOJbIIero KOJIMYecTBa JaHHBIX IS 00ydeHHU .

Ha npesenranuu Tesla Autonomy Day B 2019-my romy Obu1 nipeAcTaBiieH YuIl, pa3paOboTaHHbIH crie-
HaabHO T HelipoHHoH 06padoTku (NPU). Ha omHol MammHe HCTIOIB3yeTCs ABa TaKUX YUIla, 00eCTIeINBaIO-
IIMX POU3BOAUTENBHOCTD 144 TpiH onepanuii B CeKyHAY, paOOTAIOMINX KaK ABa HE3aBUCUMBIX KOMIIBIOTEPA.
B pesynprare o0paboTku mocTymnaromiedt nHGopManuu GopMHEPYIOTCS IBE BEPCHH IUTaHA, MPOBEpsSEMbIC Ha
COBIAJICHHUE.

Taxxe B 2019 ObIJI0 3asBJICHO, YTO BCE NPOMU3BOJMMBIE aBTOMOOMIM UMEIOT HEOOXOOUMBIE armnapar-
HBIE CPEICTBA JJIS TIOMHOCTHIO aBTOHOMHOTO BOYKAEHUS, OCTANOCh TOJNBKO YIyYIIUTh IIpOrpaMMHOE obecrie-
YEeHHE.

Apxutextypa Onoka Bocnpusitusa (GydraNet), paspaborannas B kommanuu Tesla, co3mana s mpe-
00pa3oBaHMs JaHHBIX C KAMEP B «BEKTOPHOE MIPOCTPAHCTBO» € TpeMs U3MepeHusIMU. M300paxenus ¢ 8 kamep
BBIPaBHUBAIOTCS, OOBETUHSIIOTCS, MPOXOAIT Yepe3 IKCTPAKTOp MPHU3HAKOB W Kiaccudukarop. Tpanchopmep
MO3BOJISICT COMOCTaBUTh M300pa’keHUE OMHOM M TOM ke 00JacTH ¢ pasHbIX TOYeK 0030pa (pa3HBIX Kamep) U
OTIPEJIeNIUTh KaK OHY M Ty ke 00sacTh. O4epens MpU3HAKOB COXpaHsIeT TaKylo HH(POPMALNIO, KaK, HapUMeEp:
MIpUINIapKOBaHa JIM paclO3HaHHAasl BIIEpEI MallliHa UM OHA IBHXKETCA; AEUCTBYIOIIEE ONpaHUYEHUE CKOPOCTH,
3HaK 0 KOTOpoM ObII mpoiiaeH 15 ¢ Hazan. [lanee mocienoBaTenbHOCTh CTATUYHBIX M300paKeHUH OKpYyKaro-
LIEr0 MHUpa BBICTPAMBACTCA B IMHAMUYECKYIO Moelb. [locie yero cienytoT oTAenbHbIe MOAYIH (OTACIbHBIC
«TOJIOBBI THJIPEI»), 00yUeHHbIE pemaTh pa3Hble 3a/1auu (peakiys Ha JOPOKHYIO pa3METKy, JOPOKHbIE 3HAKU
U TIPOY.).

ITocTpoeHHsIe B mporecce KapThl MOTYT CIIYKUTh aJbTEPHATHBON KapTaM BBICOKOTO pa3pelleHus,
CTPOSILIUMCS € TIOMOIIBIO JTHIapoB. Bmecto TouHoro 3D-koHTYypa OOBEKTOB 3[€Ch MCIIONB3YIOTCS U3BJIEKae-
Mble HEHPOHHBIMH CETSIMU U3 U300paKEHUH MPU3HAKH.

B Gnoke mianmpoBanusi cucteMa Tesla mimer nydmmii HaOOp TPaeKTOpPHWi, BBITYKIBIH KOPHIOP,
MCTONB3Ys (PU3NIECKHE MOJIENH, 3aTEM HaXOAUT OKOHYATEIbHOE PelIeHre, UCTIONb3YSI METObI HENPEPHIBHON
ontuMuzanuy [3]. B cnyyasx, korna codetanue rpyooro noucka U HeMpepsIBHON ONTUMH3AaLUH HEJOCTaTOYHO
3¢ GEeKTHBHO A7 pelIeH s 3a/1a9 TUIAHNPOBAaHUS (HalpuMep, TYCTOHACETICHHBIE IEHTPHI TOPO/IOB B Yac IMHK),
Tesla muiaHupyeT peain30BbIBaTH METOBI, OCHOBAHHbIC Ha MALIMHHOM O00y4eHHH (KOMOWHALWIO HEHPOHHBIX
ceTel M MoucKa 1o JiepeBy Monre-Kapio), KoTopsie eme He MCIONB3YI0TCA B TEKYIIeH BepCHH aBTOIMIIOTA.

Waymo

Waymo — aMepuKaHCKas KOMIaHHUA-IPOU3BOAUTENb TEXHOIOTHI OECITMIIOTHBIX aBTOMOOMIIEH, HauaB-
mas cBoro pabory B 2016 romy kak modepHss koMmraHus Alphabet (xomawHT, 00pa30BaHHEIM B IpoIlecce
peopranuzanmu Google B 2015 rony). Bnpouem, Google Hawana paGoTy Haja TEXHOJIOTHEH aBTONMMIIOTA eIle
B 2009 romy. C 2012 roma ecTs JMUICH3HS, pa3pellaroias MCIIOIb30BaHHE OECIMMIOTHBIX aBTOMOOMIIECH Ha
Joporax oOIIero rmoip30BaHus B mrtare HeBana.

B 2020 mpencrasieHa [4] HoBas HepoHHAs ceTh VectorNet ¢ mepapxudeckuM rpadom, B KOTOPOit
HabIrojaeMble TPAeKTOPHUU YYAaCTHHUKOB JIOPOXKHOTO JIBUKEHUS U OCOOEHHOCTH KapThl B BUJIE MOCIEI0BATENb-
HOCTH BEKTOPOB. DTOT MOX0J] 0OecIieunBaeT 0osiee TOYHbBIE MPOTHO3BI, 10 cpaBHeHHIO ¢ CNN, npu MeHbIIeM
ob0beme BbluHMcieHui. VectorNet mo3BoISeT MPOrHO3UPOBATh TPACKTOPUH IBIKYLIUXCS 00BEKTOB, TAXKE €CIIH
Kak#e-TO 00BEKTHl YaCTUYHO 3aMacKHPOBAHBI (3HAK OCTAHOBKH, 3aTOPaKMBAEMBIN JIEPEBOM).

B Groke BocnpuaTHs aBTOMMUIOTa Waymo IpuMeHsIeT aKTUBHOE 00y4IeHHUe ISl MApKUPOBKU JaHHBIX
n AutoML ans co3nmaHusi apXuTeKTyp W BbiOopa Oonee 3ddexkTuBHOro BapuaHTa (IO TOYHOCTH U BpeMe-
HU BBIBOZA). B Onoke Jiokaam3anuM HCIIONb3yeTcs omblT padoTel ¢ Google Maps. [l mporao3npoBaHus
MIPUMEHSIOTCS PEKYPPEHTHBIE HEHPOHHBIE CETH M 00y4YEeHHE C MOJKPEIICHHEM B CHMYJISATOpPaX.

OOBrgHOTO O0YUYCHHS HA TIpUMEpax HACTOSIIMX BOAMTENCH OKa3alloCh HEJOCTATOYHO I 00pabOTKH
CJIOXKHBIX CIICHapueB BoxAeHUs [S]. UTOOBI pemuTh 3Ty mpoodiemy, ais coOpaHHbIX 30 MITH IpUMEpPOB A0-
6aBuiy mTpadbl, MPEMSATCTBYIONINE TUIOXOMY TTOBEICHUIO W TIOOMIPSIONINE MTPOTPECC, U JTOTIONHIIN TaHHBIE
CHUHTE3HPOBaHHBIMU BO3MYIIICHUSMU TPACKTOPUH JBHKCHUS.
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Comma OpenPilot

Awmepukanckas komnanus Comma.ai ocHoBana B 2015 roxny. B 2016 rony nepBast Bepcus mostyaBToMa-
TH4ecKoi cucteMbl BokaeHuss OpenPilot Opita yrakoBaHa B HEOOJIBIIOE MTOCTaBIIsIEMOe ycTporcTBO «Comma
one». B cBsI3M ¢ peTeH3UAMH PaBUTEIHCTBA UCXOIHBIN KO ObLT OTKPBIT C IMOJYEPKUBAHUEM €TI0 MPEAIoa-
raeMoro HCITOJIb30BaHUS B MCCIICAOBATEIbCKUX METX 6e3 Kakux-nmmbo rapantuil. B 2020 romy mpencTaBieHO
ycTpoiictBo «Comma twoy, B 2021 rogy coobmiaercst o pazpadorke «Comma threey.

Comma OpenPilot — 3To cucTeMa ¢ OTKPBITHIM HCXOAHBIM KOJIOM, B pa3paOoTKe KOTOPOl MOXKET
MIPUHATH y4acTHe J000# crennanuct. CucteMa MOXKeT BCTPauBaThCs B OOJBIIMHCTBO COBPEMEHHBIX aBTOMO-
onnei.

UroOBI MOAKITIOYATECS K 000 MalnHe, Oblla CIIPOEKTHPOBAaHA apXHUTEKTypa, KoTopas Oyaer pado-
TaTh ¢ JIIOOOH MaIIMHOW. DJIEKTPOHHBIA OJOK yrnpaBieHus: paboTaeT HE3aBUCHMO OT TOTO, KaKOM THIT MaIlld-
HEI ero ucmonb3yeT. OpenPilot mogkirouaercs k o3y (Gateway) gepes narepdeiic CAN-mmnab! (Controller
Area Network), Onaromapst ueMy B3aMOJISHCTBYET C OCTAIbHOW 4acThio aBToMoOmIst. CaMo yCTPOHCTBO pas-
MeIIaeTCsl Ha TePeHEM CTeKJe M MPEICTaBisieT co0oi cMapT(OH, Ha KOTOPHI BBIBOAWTCS M300pakeHHE
JIOPOTH.

IInanupoBaHme pa3ieleHO Ha JBE YaCTH — IIONEPEYHOE TUIAHUPOBaHHE (PYIIeBOE yIpaBICHUE) U
MIPOONIFHOE TUTaHWpOBaHUE (Ta3/Topmo3). B obomx ciydasix mcmomnb3yroTcsl pemraromasi mporpamma MPC
(Model Predictive Control — mporHOCTHYECKANH KOHTPOJIb MOIEIH) [6].

B Gmoke koHTpoJIs TulaH B (opMe KPWUBU3HBI U CKOPOCTEH / YCKOpeHWi cHadaia IrpeoOpasyercs
B YIPaBIAIOLIME CUTHAJBI, HE 3aBUCSIIHE OT TPAHCIIOPTHOTO CPEICTBA, KOTOPHIE 3aTeM MpeoOpasyloTcs B
KoHKpeTHBIe KoMaHasl CAN 3TOTO TPaHCIIOPTHOTO CPEACTBA Yepe3 CUCTEMY YIIPaBIEHHS C 0OPATHOM CBA3BIO,
pabotaromryro Ha yactore 100 I,

NVIDIA Drive

NVIDIA Drive — 3T0 ceMeWCcTBO MPOAYKTOB IJIs pa3pabOTKH aBTOHOMHBIX TPAHCIIOPTHBIX CPEICTB
(oxBaThIBaroIIEe BCE, OT aBTOMOOMIIS 10 LIEHTpa 00pabOTKM JaHHBIX) OT amepukaHcKoil kommanuu NVIDIA,
paspabarbiBaromeil rpadudeckue mporeccopsl u cucteMsbl Ha kpucramie (SoC). CBoe mepBoe KOMIUIEKCHOE
pelleHue sl aBTOMOOMIBLHON MTPOMBIIIICHHOCTH KOMIIaHus npeacTasmwia B 2015 roxy.

Ceiiuac koMIIaHUs Tpeaaraet miargopMy pa3padoTKU aBTOHOMHOTO TPAHCIIOPTHOTO CPEJICTBA U 3Ta-
JIOHHYIO apXUTEKTYPy U pa3paOOTKH aBTOHOMHBIX PENICHUN YpoBHS 2+ U ypoBHA 3, HaszeiBacmyto DRIVE
Hyperion. [Tnarpopma cocTouT u3 nonHoro Habopa HACTPOCHHBIX, ONTHMU3UPOBAHHBIX U CEPTUDUIIUPOBAH-
HBIX JIATYUKOB, & TAK)KE BHICOKOTIPON3BOIUTENFHON BRIYHCIUTENBHON Tardopmel. Kpome Toro, y kommannn
€CTh allaparHble pelleHUs, NpeHa3HaueHHbIE /Ui aBTOHOMHBIX CHUCTeM 5-T0 ypoBHA (0€3 mporpamMMHOro
o0ecrieyeHns).

NVIDIA mnpenocrapnsieT ammapaTHOE W IporpaMMHOE oOecreueHwne, HeoOxXommmoe JUIst pa3padot-
KM aBTOHOMHOTO TPaHCHOPTHOTO CPeACTBa, BKIrodas cynepkommbiorep NVIDIA DGX mis odyuenus DNN-
BOCHPHUATHIO M MacCHITaA0UpyeMyro miardopMy it GU3MYECKH TOUHOTO MOICITUPOBAHUS PA3JIMYHBIX CI[CHA-
pueB DRIVE Sim. B mociieHe# mporcXoauT Bce TECTUPOBAHNE CUCTEM aBTOIIIIOTA, ITOCKOIBKY (PU3NICCKUC
TECThl OECIIIOTHBIX aBTOMOOMJICH KOMIIAHUHU B HACTOSIIEE BPEMS IPHUOCTAHOBIICHEI.

B crarbe [7] 2016 roga npeacraenena ckBo3Has (end-to-end) cucrema, B KOTOPO#t HE OCYIIECTBIISCTCS
SIBHAs IEKOMITO3WITHS 331a49H BOXKICHHS Ha MOJ3a7a9 BOCHPUSTHSA, MJIAHHPOBAHUSA U KOHTpoJs. Pa3pabo-
TaHHasi CUCTeMa BBIMIOIHSIET BCe 3Tamnbl 00padoTku onHoBpeMeHHo. Ha puc. 1 mpencrasneHa CNN, kotopas
[TOJTy4aeT Ha BXOJ JaHHBIE C KaMep M TPEHHPYETCs BBIIABATh YIroJl MOBOPOTA PYJIsL.

OOydeHHasT TaKUM 00pa3oOM CETh HCIOIB3YeTCs IS TeHEpaIliyl YIPaBISIIONIMX KOMaHJ[ OT OIHOM
nepeHel meHTpadbHON KaMepbl. CeTh COAEPKUT OKOJIO 27 MUIUTHOHOB cBs3eid u 250 ThicSY mapaMeTpoB.

Hecmortpst Ha BBIIETICHHBIE B CTaThe MPEUMYIIECTBA JAHHOTO Toaxo/1a K pa3pabotke [10 mist aBTOHOM-
HOTO TPaHCIIOPTHOTO CPEACTBA, B KOMIIAHUH JJIsl TOKCKa Hauboee 6e30MacHOro pelIeHrs pa3padaThIBaoTCs
U IpYTHE PelIeHHs, BKIOUAIOINe eTEKIINI0 00bEKTOB Pa3HbIX KJIACCOB, CETMEHTAITUIO H300paXeHUH | MPoY.

Argo Al

Argo Al — HezaBucuMas ameprKaHCKass KOMIaHus, ocHoBaHHAst B 2016 romy, KoTopas cO3aeT Mmpo-
rpaMMHOe oOecrieueHre, 000pyaoBaHue, KapThl U MHYPACTPYKTYpY OONaYHOM MOINEPKKH IUIS yIpaBICHUS
6ecrmtoTHRIME aBToMOOWIIsIMU. B stHBape 2019 roga moay4mian paspemeHne TeCTHPOBaTh CBOM aBTOHOMHBIE
aBToMoOmu B Kanudopuuu.
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Puc. 1. Tpenuposra netiponnoti cemu [7]

Argo Al He naHMpYeT BBITYCKATh TEXHOJIOTUH aBTOHOMHOT'O BOXKJICHHS Ul IMYHOTO BIaJI€HUS: OHU
XOTAT MPENOCTABUTH 3TH TEXHOJIOTHH TSI COBMECTHOTO HCIOJIH30BAHUS aBTOMAPKOB C TAKMMH IPUIIOKEHHS-
MH, KaK MOHUCK MacCaKUpOB U YCIYTH JOCTaBKH TOBAPOB.

YTo0BI COOTBETCTBOBATH 3aBICHHOMY 4-My YPOBHIO aBTOMAaTH3allUu, [IPEAIIOIATAIOIEMY ONIPEIEIICH-
HYIO 00J1aCTh (P)YHKIHOHHPOBAHMSI aBTOHOMHOT'O TPAHCIIOPTHOTO CPEACTBA, B PEe/Ieax KOTOPOi OHO MOXKET
BBITIOJIHATE KOPPEKTHO BCE CBOM (DYHKIIMHM, CHCTEMa OeciIoTHOTO BoKAeHHA Argo Al g kommepdeckoro
HCIIONIB30BaHMs OyneT paboTaTh TOJIBKO B «reoceTn» (geonet) OnpeesIeHHbIX YL U TIOBOPOTOB, C yUYETOM HX
ToTorpapuyecKux 0COOEHHOCTEW N MaKCUMaJIbHBIX OTPAHUYEHUI CKOPOCTH, B KOTOPBIX CHCTEME aBTOMMIIOTA
paspeleHo paboTaTh B pexuMe 0e3 BOLUTEI.

[pexycMotrpen psa GyHKIMH, TpenoTBpalialomuX padoTy 3a mpeaeiaaMu 00JacTH (pyHKIHOHHPO-
paHus. Hampumep, cucrema KOHTPOJIUPYET KOJMUYECTBO OCAAKOB U OE30IIaCHO OCTAaHABIMBAET aBTOMOOWIID,
€CIIM JTUBEHb CTAHOBUTCS CIIMILKOM CHIIBHBIM. Jlpyroil mpumep: aBTOMOOWIIb HE MOXKET BBIUTH Ha HOBYIO
TEPPUTOPHIO, OH OyZIeT Mpoe3KaTh TONBKO MO KapTe, KoTopas KOANPYEeT aBTOPHU30BaHHYIO TeoceThb. [Ipu aTom
CHCTEMa PacCMaTPHUBAET KapThl TOJILKO KaK BCIIOMOIAaTENbHOE CPEICTBO M MPOBEPSIET, COOTBETCTBYET JIU pe-
aNBHBIA MUp ee oxunaHmsIM. Korna ot o)kuanus He ONpaBabIBAIOTCS, CHCTEMa JIH00 afanTUPyeTCss K HOBOM
peanbHOCTH, MO0 MpEeANpUHUMAET Oe30IacHbIe NEHCTBHS, TaKHe KaK 3aMEAJICHHE O OCTAHOBKM MJIM OCTa-
HOBKAa, U 3aIlpallliBacT yaJICHHYIO IIOMOILb.

Cucrema BOCHIPUSITHS IIPELyCMaTpPUBACT BO3MOXHOCTD OTCIIC)KUBAHUS 0OBEKTOB HEM3BECTHOTO Kiac-
ca (HampuMep, TPEXTOJIOBOTO MOHCTPA Ha X3JUIOYHH) ¢ (PMKCAMel UX MOJI0KEHHUS, CKOPOCTH U HaIpaBICHUS
JBIDKCHUS.

Cucrema NMpOrHO3MpOBaHMA 00ydaeTcst Ha Habopax JAaHHBIX, BKIIOUAIONIMX KaK MpPaBUIBHOE TOBe-
JeHue (coOmofeHne NpaBuil), TaKk U HENpaBUIbHOE (OT JIETKOTO HECOONIONCHUS NMPaBHI A0 arpeCCHBHOIO
MOBE/ICHNST), M HEMIPEPBIBHO COOMpPAET HOBBIE JaHHBIE [§].

Level 5

Aptiv (panee Delphi Automotive) — MexayHapomHas KOMITaHUS, MPOU3BOIUTENh aBTOMOOMIBHBIX
KoMIutekTyromux, Lyft — arperarop takcm m3 Can-®panmucko. B 2017 romy cCOBMECTHO cCO3[Mamu OTHEN
Level 5 st pa3spaboTku OecUIOTHOTO aBToMoOmIIsA. Yerenu npeaoctaBuTh 100 000 KoMMepUYeCKUX MOE3I0K
Ha TakCH C aBTONMJIOTOM (CO CTpaxyIOLIMM BOXWTENIEM Ha BOIUTEIHCKOM MecTe) 3a 3 romga. B ampene 2021
IIpoeKT mepemen Kk kommnanuu Toyota’s Woven planet (SIlmonus), rme xoMaHzma mponoirkaeT paborarb Hag
ABTOMMJIOTOM.

B camoM Hauasie cBOEro MpOeKTa pa3padOoTUYMKK OO0yUMIIM HECKOJIBKO 0a30BBIX MOAENEH KOMIIBIOTEp-
HOTO 3peHHs Ha HaCTOJNBHBIX KOMIIBIOTEpaX, CO3/IaIM CBOI MEepBBIA BHYTpeHHUH (PppeiiMBOpK A 00ydeHus u
3a TOZ BBITYCTHJIM Ha JIOPOTU TOTOBBIN NMpoxykT. Ho Bckope 3TuX pelieHuil cTajgo He XBaraTh AJs JajlbHEH-
LIEr0 Pa3BUTHA, IOITOMY PEILIMIA CMEHUTH Mapagurmy u nepenun Ha PyTorch B 2020 roxy [9].

B crarse [10] 2020 roma, mpeyiararomeil BceM JKelaloluM IonpoOoBaTh CBOM CHIIBI B OOYYEeHUH
COOCTBEHHBIX MOJIEJIe Ha OTKPHITOM HAa0Ope AaHHBIX, aBTOPHI OTMEYAIOT, YTO «33/1aua BOCIPHSTHA YyKe
TOTOBA K MCIIOJIb30BAHUIO B IIPOU3BOICTBE, B TO BpeMs KaK 3aJa4qil MPOTrHO3UPOBAHMS 1 MJIAHUPOBAHUS eIlIe
HE pemeHs». M cmycTs Tof MpeAcTaBisioT [2] anbTepHATHBY TPaJHULUOHHOMY HOIXOAY K NMJIAHHPOBAHUIO,
OCHOBaHHOMY Ha IIpaBHJIaX, — MOIXOJA, OPHEHTUPOBAHHBIN HAa MAaIIMHHOE O00ydeHHe, KOTOPBI OHU Ha3BaJU
Autonomy 2.0.
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Cognitive Pilot

Cognitive Pilot (OOO «Koruutus PoGotnkcy») — poccuiickas kommnanusi, cozganHas Cognitive
Technologies (pa3paboTka u BHeIpeHHE MPOrpaMMHOTO obecmedeHus) coBmectHo co Coepbankom B 2019
rogy AJs pa3paboToOK B 007acTH OSCIMIIOTHBIX TPAaHCIOPTHBIX cpencTB. Pabora B 3TOM HampaBlieHMH Hada-
nack B 2017 roxy. Kpome GecnimiioTHOTO JETKOBOTO aBTOMOOWIIS Y KOMITAHUH TaK)Xe €CTh MPOEKTHI:

e Cognitive Agro Pilot — cucremMa aBTOHOMHOTO yTIpaBIEHHS CEIbCKOXO3IHCTBEHHBIMU TPAaHCIOPTHBI-
MU cpenctBaMu. OCHOBHasI 3a7ja4a CHCTEMbl — BECTH MAIIMHY POBHO BIOJb I'PaHUIBI MEXIy CKOIICHHOW U
HECKOILIEHHOM 4YacTAMHU CENbXO3KYyJbTyp. B OCHOBe cucTeMBl ynpaBieHHs, B OTIMYHE OT CHCTEM OCHOBHBIX
3apyOe)KHBIX Pa3pabOTUYHKOB, JIGKUT He HaBuraius mo curHany GPS, a kommeroTepHoe 3penue. B 2021 rogy
MIpoBeNH OHJaH-Meponpusitue — Jlens Kubepllons, roe HecMOTps Ha MI0XHE MOTOAHBIE YCIOBHS MIPOJAEMOH-
CTpUpOBAIX PabOTy CHUCTEMBI;

e Cognitive Rail Pilot — cucrema moMonu MalIMHUCTY JTOKOMOTHBA,

e Cognitive Tram Pilot — cucTema aBTOHOMHOTO yIpaBIEHUS TPaMBaeM.

e Cognitive Auto Pilot — cuctema ynpapneHusi GeCMIOTHBIM aBTOTPAHCIOPTOM, BBIMONHSIOIAS 3a-
Jla9u: JETeKIMH aBTOMOOWIIEH, MemeXoA0B, TPaHHIl MOJIOCH! ABMKEHISI, PACIIO3HABAHHS JTOPOKHBIX 3HAKOB,
MPEAYNPEKACHHUS O CTOJIKHOBEHUH U yAEP>KaHHUS B MOJIOCE IBHKCHUSL.

Ha ypoBHe BocnpusiTusi 17151 paOOTBl aBTONMIOTA B PEANBHBIX YCIOBUAX (IUIOXMX JOPOT U MOTOIBI)
pa3paboTaiym MeTol «BUPTYaIbHOTO TOHHEJS», B OCHOBE KOTOPOTO JISKUT MPHHIUI BHYTPEHHETO CaMOIION0-
Oust TOPOKHOH cueHbl. Pa3paboTunky HaydMIIMCh BBIBIATH Hanbosee oduye, GyHIaMeHTalbHbIe TTPHU3HAKH,
MIPHUCYIIUE JOPOKHOMY TIOJIOTHY, Oy/lb 3TO aBTOMAarucTpaib, IPOCEIOYHAs WM TPYHTOBas JOpOra.

Bwmecro obsranoro nmomxona High level data fusion (o6bennHeHne JaHHBIX HA BEICOKOM YPOBHE), IPH
KOTOPOM JaHHBIE C Pa3HBIX JaTYUKOB 00pabaThIBAIOTCS MO OTAEIBHOCTH, a 3aTE€M PE3YyJIbTaThl UX pacllo3Ha-
BaHUSl YCPEIHSIOTCS, CO3alM CBOM momxoj, kotopeiid HazBamu Low level data fusion. «Ceipble naHHBIEH
CHayJajla CUHXPOHU3UPYIOTCS B €AMHON CHCTEeMe KOOPAMHAT, a IOTOM KOMIUIEKCHO 00pabaThIBatOTCSL.

Ha ypoBue mporno3upoanusi Texnomoruss CAl (Cognitive Artificial Intuition — xorHuTHBHAS HC-
KyCCTBEHHAs] HHTYHLHS) TTO3BOJISIET MOJEITUPOBATh JIEMEHTHl HHTYUIIMU YEIOBEKa U JIeJIaTh TOUHBIH IPOrHO3
Pa3BUTHS OPOKHOW CHUTYAIMH JIJIsl BCEX YYaCTHUKOB JOPOXKHOW CIIEHBI, (HOPMHUPOBATE CIEHAPHH Oe30TacHO-
rO IBIKCHUS, B TOM YHCIIC U B KPUTUUCCKUX JOPOKHBIX cuTyauusx [11].

Yandex / SIngexc

BecnmtorHpie aBToMOOMIN SIHIEKCa — caMOympaBiisieMble TPAHCIIOPTHBIC CPEICTBa, pa3padarbiBac-
MEIE WHXKEHEepaMu poccuiickoit kommanuu Auaexc ¢ 2017 rona.

B macrosmiee BpeMs MCHONB3YeTCs MalluHAa, 000pyAOBaHHAS BCEM, YTO HYXHO IJISl MIPOTPaMMHOTO
YIIPaBIICHUS PYJIEM U YCKOPSHHEM, K KOTOpoi SHIekc 100aBIseT cBoe 000pyI0BaHUE: KOMITHIOTEP, KOMILICKT
CEHCOpOB, MPoBOIKY [12].

MaimmHa norpebnser 1o 2 kBT, Gonbiias 4acTh KOTOPBIX MPUXOAUTCS Ha BBIUUCIUTEINb, COCTOSIIUN
W3 JIByX CEPBEPHBIX TPOIIECCOPOB M TPEX BUICOKAPT. Bce BBIYHCICHUS MPOUCXOMAT Ha OOPTY aBTOMOOH-
75, OH TOJIHOCTBIO aBTOHOMEH. UTOOBI OeCHMIIOTHAS YaCTh MAIIMHBI MOIJIA MPOIOJDKATh (PYHKIIMOHUPOBAThH
JUTHTETTFHOE BPEMsI, aBTOMOOIIb KOMITIEKTYETCSI ABYMS JIOTIOTHUTEIEHBEIMEI OaTapessMd, OT KOTOPBIX ITHTAET-
Csl IEKTPUYECKasl CETh. JHEPronoTpedlieHHe BCEero OSCHIIOTHOTO 000PYIOBaHUS MEHBIIE, YeM Y IITaTHBIX
Y3IIOB U arperaTos.

Hmxenepsl pa3paboTany CUCTEMY OYHUCTKH CXKATBIM BO3IYXOM M OMBIBAIOIIEH JKHIIKOCTHIO, KOTOpAs
ABTOMATHYSCKH aKTHBUPYETCS] B TOT MOMEHT, KOIZla Ha KapTHHKE, TCHEPUPYESMOM JTUAAPOM, MTOSBISIOTCS HeXa-
pakTepHbIE BU3yalbHBIC IIIYMBL. Pagapbl yMEIOT BHIETh Y€pe3 3aKPBITHIC KOXKYXHU, CKPBITHI BHYTPU KPBIIIH U
B OYHCTKE HE HYXKIAIOTCH.

Pa3paboraHbl crienaibHBIC anmapaTHbIe pelieHus A Jokagu3anuu ¢ nomompbio RTK (Realtime
kinematic — KUHEMaTHKa PeajbHOTO BPEMEHH) U COOCTBEHHOE MPUEMHOE YCTPONCTBO Uit pabOThI ¢ KaMepa-
mu. Ucnonpzyercss UNIX-tiogo6nas OC.

Apollo (Baidu)

Apollo, mm Apolong, — mpoekT kurtaiickoii kommanuu Baidu mo pa3paboTke 6eCIMIIOTHOTO aBTOMO-
Ownsi, HavaBIIWi cBoro pabory B 2013 romy. B aBrycre 2021 romy mpe3eHToBainM aBTOMOOWIb Oe3 pyist U
Tefasiei, 3asBICHHBINA Kak OecIoTHUK 5-Tro ypoBHs. B mae 2021 ronma 3amycTuin Takcu 6€3 CTpaxyrolero
BOIIUTENS C yAaJleHHBIM MOHUTOPHHIOM U YIIPaBJICHHEM B CIIydae HENpPEJIBHICHHBIX 00CTOSATEIILCTB.
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B Grioke mMporHo3upoBaHMs aBTOMUIIOTA KaX Iblii MOMEHT BpeMeHH (timestep) OOHOBIIsIETCS MpeICcKa-
3aHHE TSI KOKI0To 00hekTa Ha mopore. Apollo mpeayaraer momxom Ha OCHOBE MOJICNH, Ha3bIBaeMBIN «lane
sequence-based prediction» (mporHo3upoBaHUE Ha OCHOBE TOCJEI0BATEILHOCTH NONOC ABMKeHHs). Jlopora
JIENTUTCS Ha CBSI3aHHBIE YYAaCTKH, B KOTOPBIX JBM)KEHHE aBTOMOOWIIS 3JI€MEHTapHO, BEPOSITHOCTH Mepexofa ¢
OJTHOTO y4yacTKa Ha JIPyTroi ONpeemnsieTcsi HA OCHOBAHUM CKOPOCTH aBTOMOOMIIS U mpod. [13].

B Onoke miiaHMpoBaHWsI MapLIpyTa CTPOUTCS TPAeKTOpHA B 3 U3MEpeHHusX (X, Y, t), AT KaXIoH
TOYKH YKa3bIBACTCSI CKOPOCTEH aBTOMOOMIIS. i »Tol 3amaun koopawaatel @pene (longtitude (S) — monrora
BJIOJB TIeHTpa jJoporu u lateral (L) — paccTosiHre BOOK OT IEHTpa) yaoOHEe JAEKapTOBBIX, TIOATOMY PacueThl
MPOU3BOMATCS B HUX.

CHauajya Ha JIOPOT€ BBLICISIOTCS TOYKH, B KOTOPBIX aBTOMOOWMIIbP MOXXET HAXOIHUTHCS B IPOIECCE
JBIDKCHUS, IO HUIM CTPOUTCS MHOXKECTBO TPAEKTOPHUI, U3 KOTOPBIX BHIOMpAETCsl caMblil IEIEBbI MapIIpyT
(GyHKIHS CTOMMOCTH — CyMMa 3HA4YCHHS OTKJIOHEHWs, KOM(OpTa MacCaKUPOB M JP.). 3aTeM IO TOYKaM
MOJIOMPAIOT MOCIEN0BaTeIbHOCTh CKOpocTei. Jlist aToro B koopauHatax ST crposTcs Tpaekrtopuu (poduim
CKOPOCTH), HE TIepeCceKaroIrecs ¢ 3alpeieHHbIMI 00JacTIMH, KOTOpbIe OyAyT 3aHUMAaTh APyTHe OOBEKTH B
310 Bpems (puc. 2). Jlns BeiOopa sy4miero npoduisi CKOPOCTH UCIIONB3YeTCs ONTHMU3AIUOHHBINA TBUKOK.

Puc. 2. Ilpogunu cxopocmu [13]

3amaua KOHTPOJISI: IPOBECTH MAIIMHY Yepe3 3aJaHHbIe TOUYKH TPAaeKTOPHH, TOIy4Yas Ha BXOJE camy
TpeOyeMyI0 TPAaeKTOPHIO M TEKyIlee IOJIOKEHHE aBTOMOOWIIS M BbIJIaBasl Ha BBIXOJ YIPABISAIOIINE BO3ZCH-
cTBU (pyleHue, yckopenue, TopmokeHue). EcTb 3 monxona K penieHunto 3a1aud KOHTPOIISL, KOTOPhI€ HCIIONb-
3ytorest B Apollo: npornopuronansHo-UHTETpaibHas npousBoaHas (PID), nuHeHHO-KBapaTHIHBINA PErysTOp
(LQR), mporaoctryeckuid KoHTpob Moaenu (MPC).

B 2020 rogy B cratbe [14] mpeacTaBuiIM MOJHOCTHIO aBTOMaTHYECKUM KOHBEHEp MOJEIH MPOTHO3U-
pOBaHUS AT TONJCPKKH aHHOTAIIMH JAaHHBIX PA3THYHBIX MOAMOIYNEH MPOTHO3MPOBAHUS, U3BIICUEHUS MPH-
3HAKOB, 00yUYEeHUsI, HACTPOIKHU U Pa3BepTHIBAHHS MOJEIH, KOTOPBIH MPOIEMOHCTPHUPOBA MOBHIIIeHHE d(hhek-
TUBHOCTH HacTpoiiku mapamerpoB a0 400 % mpu macmTaOHOM pa3BepTHIBAHHU B Pa3IMYHBIX CIECHAPHSX B
pa3HBIX CTpaHax.

OmuoKu

Komnanuu co3paroT aiis mpe3eHTalui U peKjaMbl POJIMKH, B KOTOPBIX MPEICTABIISIOT HAPE3KY JIH-
HaMUYHBIX KaJApPOB C Pa3HBIX PAKypCOB B XOPOIIUX YCJIOBHSIX, HA KOTOPHIX OCCHIIOTHEIN aBTOMOOWIb €lIET
nnaeanbHo. O KadecTBe pabOTHI aBTOIMIIIOTA 3TO TOBOPHT Majo, B OTIIMYHE OT COOOIICHUH 00 3KCIUTyaTaruu
OT peaJbHBIX IOJIb30BaTEIICH.

Tesla mpomana GombIIoe KOMMYECTBO CBOWX MAIIMH C aBTONMMIIOTOM W JI0 HENAaBHETO BPEMEHHU HE
3arnperana MmoIb30BaTe M IMyOIMKOBATh PE3y/IbTaThl UX PaOOTHI. M3 3THX BHICO, a TakKe HOBOCTHBIX CO00-
IIEHUI MOXKHO 3aMETUTh, 9YTO aBTOMMIIOT Tesla coBepiiaeT MHOTO OMIMOOK:

® ABTONMWJIOT HE CpPearupoBajl Ha CBETIIBIN MPSIMOYTONBHBIN (DyproH, IEPETOPOANBIIHNNA TOPOTY, M Bpe-
3ascs B Hero. Okono 4 nmoxoxux ciaydaeB ¢ 2016 rona mo 2020 rox;

® ABTONWJIOT HE CpearupoBajl Ha MPUMIAPKOBAHHBIC CITY)KEOHBIC MAIIUHEI ¢ TIPOOJICCKOBHIMU MasTIKaMH
B TEMHOE BpeMsl CyTOK. BrImycTuiin oOHOBIIEHHE 3a Tapy Helelb MOocie Havala pacciieioBanus. 12 aBapuii ¢
2018 roxa;

® DACIIO3HAJ «IpPHU3paKa» Ha KIAIOUIIE — B IMyCTOM MPOCTPAHCTBE OOHAPYKHUIT YETIOBEKa;
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e KpaiiHe BaykHa OPOXKHas pa3MeTKa — IPU Bbe3Jle C HEPa3MEUEHHON JOPOTM Ha pa3MEYEHHYIO aBTO-
MTAJIOT TIOMBITAJICA TIEPECTPOUTHCS, IyTh HE BPE3aBIIUCH B IOPOKHOE OTPAKACHUE;
pacro3Hai MajJbuiKa B OPaHXeBOW pyOallke Kak JOPOXKHBIN KOHYC;
pacIio3Hal JIyHy Kak >KeNThIii curHall cBeTodopa;
pacrnio3Han 3Hak Burger King kak 3Hak «Crom»;
MIPOEKTOp OTOOpakajl JIOKHBIE 3HAKW OTPAaHMUYCHHSI CKOPOCTH Ha JEPeBbAX M (QUrypy Iemexona Ha
acdanbre, YTO OBUIO PACIIO3HAHO aBTOIMIIOTOM KaK PEaIbHOCTb.

Nudopmanun 06 ommbkax Waymo HemHoro. M3BecTHO, 9TO 32 10 MTH KM (TIO€3IKH C BOAUTEIEM B
@uHukce U okpecTHOCTIX B 2019 rony) aBromobuan Waymo nonanu B 18 aBapuii (BoAHUTENb 1O BO3MOXKHO-
CTH TIPEOTBpAaIIal HeN30eKHbBIE CTOIKHOBEHH ). YTOOBI OIIEHNTH, HACKOIIBKO XOPOIIIO aBTOIMMIIOT CIIPABHIICS
Ob1 Oe3 yesnoBeka, Waymo MOBTOPHO CMOJENUPOBaia CUTYyallMH, B KOTOPBIX BOJUTENb IEPEXBATHI yIpaBiie-
Hre. BrIsICHUIIOCH, 9TO 6€3 BMEMIaTeIh-CTBA IPOU30IUIO OBI erre 29 aBapwid.

Ha npezentanuu 2021 rona CVPR’21 WAD crniukep ot Argo Al HanmoMHHI 0 TOM, YTO peabHBIN MUP
elle SIBISIETCS] KPUTHUECKH CIIOXKHBIM U ABTOHOMHBIX CHUCTEM BOXKICHUS, IIPUBENS LMTATy U3 ordera [15]
NTSB (HaunonaneHslit coBeT o 6e3onmacHoCTH Ha TpaHcnoprte) 2019 rona o paccienoBaHuy MPOUCIIECTBHS,
B KOTOpOoM aBToMOOMITE (OecrmmotHuk Uber) B Mmapte 2018 roga B aBTOHOMHOM peXuMe cOMII HaCMepTh TIe-
LIeX0/a, BEAYIIETro cOOKy OT ceOsi BEeloCcHIea: « ABTOMaTHUECKasi CHCTEMa BOXK/ICHHS HECKOJIBKO pa3 MEeHsuIa
KJIaCCH(PHUKAIIMIO TIeTIeX0/1a, IIO0YEePETHO MEPEXOs MEXIy TPAHCIIOPTHBIM CPEJICTBOM, BEJIOCHTIEIOM U TIPO-
yuM. [TocKonbKy crcTeMa HUKOTa He KiacCH(UIMPOBalla TAKOTO MEIIEX0/1a, a B €€ KOHCTPYKLUH HCKITI0YeHa
HCTOPHSA OTCIIS)KUBAHUS HECYIIECTBYIOINX 0OBEKTOB — OOBEKTOB C M3MEHEHHOU KiaccupuKanueir — oHa He
MOIVIa MPAaBWIBHO MpefcKa3aTh MyTh Hemexofa». CIMKep OTMETHJI, YTO MO-IPEKHEMY CIIOXKHO HOCTPOHTH
YCTONYNBYIO HHTEPIPETANNIO THHAMHYECKOTO MHpA.

3akiaioueHue

B nannoit 00macT ecTh MHOXKECTBO MPOOJIEM, ¢ KOTOPHIMU CTOIKHYIUCH KOMITAHUU- TIPOU3BOAUTEIIN
1 KOTOPBIE OHH IBITAIOTCS JINOO PENINTh, MO0 000HTH. Bo-1epBhIX, MpoOIeMy MpencTaBlIsAiOT NaTIUKH, Ha
KOTOPBIX OCHOBaHa CHUCTEMA BOCHPHUATHS, U TO, KaK IOJHO C UX IMOMOIIbIO MOYXHO IOCTPOUTH MOZENb OKPY-
JKarolero Mmupa. Hampumep, kak oTMe4aroT B KoMImaHuu Waymo, Jujiap MOJTHOCTBIO OCIEIUISIETCS BO BpeMs
CHera, MoxKas win TymaHa. CinemoBarenbpHo, Waymo MHOTO €3TUT B TaKUX MecTaX, kak deHukc, Apu3oHa,
nmn Can-®Opannucko, KanudopHus, rae ycIoBUs MMOCTOSHHO CYXUE U CONTHCTHBIC.

Bo-BTOpsIX, IpobIemMa, KOTOpasi BCTAaHET Mepe MPOU3BOIUTEISIMI, KOTJa OHU TePeHIyT K CO3MaHHIO
TPAaHCIMOPTHBIX CPEICTB 5-TO YpOBHS aBTOHOMHOCTH, — OTPaHHUYEHHUS KAapT BBICOKOro pa3pemieHus, 0Oe3
KOTOPBIX UX OCCIUIOTHBIA aBTOMOOWIb HE MOXET €3AUTh. 1C€OPETUYECKH BO3MOXKHOE HAHECEHWE Ha KapTy
BCEr0 MUpa SBISETCS OTPOMHOM MPOOIIEMON ¢ TOYKH 3peHHs MacmITada.

B-TpeThux, B 3a7auax yrpasicHus (MJIAaHUPOBAHUE ¥ KOHTPOJIb) HAOIIOAACTCS TCHICHITHS 3aMEHSTh
JIeKJIapaTUBHBIC CIIOCOOBI MPEICTaBICHHS 3HAHUH HEUPOHHBIMU CETSMH, apI'YMEHTUPYETCs 3TO JTydIield pabo-
TO# nocnenHux. HesacHo, K yeMy 3TO IPUBEIET, HOCKOJIBKY MEPE] UCKYCCTBEHHBIMU HEUPOHHBIMU CETSIMU BCE
eIlle CTOUT PsiJl HepelIeHHBIX MPoOJieM: MpoliieMa TONHOTH B BEPUPHUIMPYEMOCTH, MPOOJIeMa HHTEPITPETH-
PYEMOCTH pelieHuH, mpodlieMa pacyeTa eMKOCTH UCKYCCTBEHHOW HEMPOHHOHN ceTH, mpodiieMa yCTONIUBOCTH
K BHEITHUM BO3JIEHCTBHSM, ITPOOJIeMa YCTOHYNBOCTH PEIICHUSI.

B-4eTBepThIX, YTOOBI aBTOMMIIOT, SIBIIAIONINICS 00YIEHHOM HEMPOHHOW CEThIO, BN Ce0sl KaK OIBITHBIN
BOAUTENH (BCTPAUBAJICS B IUIOTHBIM TOPOJICKON MOTOK, BOBPEMS YCKOPSUICSA) B YCIOBHSIX Pa3HbIX TOPOAOB, €T0
HeoOxomuMo TepeolOydyarh Ha HOBBIX JAaHHBIX. Jlake ¢ y4eToM TOro, 4To mepeolOydeHue OymeT OCyIeCTB-
JIATHCS aBTOMATUYECKU B KOHBEIepe, 3TO SBISETCS YaCTHBIM pelIeHHeM OOIIeH 3a1auu JeHCTBUTEIBHO aBTO-
HOMHOTO aBTOMOOWJISI, KOTOPBIH MOXKET IBUTATHCA B J000M 00cTaHOBKe. PabOTHI Ham 0000IICHHEM YaCTHBIX
peureHuit He HaOMOMaeTCsl.

Kpome Toro, crost Oosnee oOmume BOMpOCH, OIM3KHE K MpoOieMaM MCKYCCTBEHHOTO MHTEIIEKTa: KaK
BBINNISIIUT JICUCTBUTEIBHO aBTOHOMHBINM aBTOMOOWIIb U KaK MPOBEPUTh €r0 aBTOHOMHOCTbB, Ha KOM JICKHUT OT-
BETCTBEHHOCTh B cirydae aBapuu? Illmpoko mcmons3dyemas B pa3roBopax 00 aBTOMIIIOTaX KIACCHU(pUKAITUS
SAE, X0Tsl 1 ONHUCHIBAET YPOBHU aBTOHOMHOCTH BILJIOTH JI0 5-TO, MPEAOCTABISIET HAM JIMIIb TEPMUHBI — CTaH-
JApThl U CHeIUUKAIU0 TpeOOBaHUH elle MPEACTONT CO3AaTh. s 3TOTo ciemyeT pemuTh, KaK OICHUTH
Ka4eCcTBO U 0E30IaCHOCTh PEIIeHMs], He BaKHO, YACTHYHON WJIM TIOJHOM, aBTOMATH3alUU BOXKICHUS: KOJINYe-
CTBOM HYacOB €316l B JAHHOM PEKHME aBTOMOOWJICH KOMITAaHWH, KOTMIECTBOM aBaphil Ha KM, pa3HOOOpa3uemM
cUTyaluil B npoiecce BoxxAeHUs? Taxke NpeACTOUT PELUTh, KAKUE KM CIEIyeT CUUTaTh: T€, YTO TECTUPOBA-
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JMCh CaMOW KOMITaHUEH, Te, YTO MPOEXaIH MOJIb30BaTeN!, IPHOOPETIINE MPOAYKIINIO KOMIAHUHU, UK BOOOIIE
HCIBITAHUSI, IPOBOJUMBIE B BUPTYaIbHON PEaIbHOCTH.

He ctout 3a0b1Bath po mpo0JieMbl BHEAPEHUS B KCILTyaTalrio. Bonpoc Ncuxoaorn4eckoro JoBepust
K aBTOHOMHOMY aBTOMOOWUIIIO 0€3 uesloBeKa-BOAUTEN I CTOUT B OTAaJIeHHOM OynymeM. IToka »xe ucnonbs3yrores
ABTOMOOMJIM C YaCTHYHOM aBTOMAaTH3alMel BOXKIACHUS, KOTOPbIe NPUBOASAT K CHI)KCHHIO BHUMAHHSA, yIelsie-
MOTO BOIHTEJIEM JOpOTe, YTO TpeOyeT MOBBIIICHHS OCBEIOMJIEHHOCTH IIOJIb30BAaTeNeld M Pa3sBUTHS CHUCTEM
KOHTPOJIA 32 BHUMAaHHEM BOJIUTES.

B nanHoli paboTe He paccMaTpuBaloCh HampaBieHue «llonkiToueHHbIe aBTOHOMHBIE aBTOMOOMIIN
(CAV), npennararoniee IOAXOABI 10 YaCTUYHOMY PELICHUIO MOCTABJICHHBIX IIpobieM, HO Tpedytolee nepe-
CTPOHKM BCEH TpaHCHOPTHOH MHQPACTPYKTYPHI.

MoxHO caenars BbIBOJ, YTO B HACTOSILEE BPEMsl OTCYTCTBYIOT TEOPETHUYECKUE JOKA3aTeIbCTBA BO3-
MOXHOCTHU CYILIECTBOBAHUS IIOJHOTO aBTOMMJIOTA, M OCHOBHBIE PabOTHI BEAYTCS HAJ TEM, YTOOBI 10Ka3aTh 9TO
MIPaKTUKOM.
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