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Ceknus: "Nudopmanmnontas 6e300acHOCTD".

[lpoaBMHYTas mMapwpyTusauusa ans
MaclLuTabupyemMoro pacnpeaesieHHOro
BEKTOPHOIro MHAEeKCa

N apucos Noparum Dckupxanosud, Hamuor JImMmurpuii EBrenbeBu4

Kadenpa nndopmanmonnoit 6e3onacuocty, e-mail: iidrisov@outlook.com, dnamiot@gmail.com

B zajiauax KpynHoMacimabHOro BEKTOPHOIO 1IOUMCKaA (TeKcTa, ayjuo, n300pazKe-
HUl U JIp.) B KAYECTBE apXUTEKTYPhl MHJEKCA YACTO UCIOJB3YIOTCS PaCIpesie-
JéHHBIE KyacTepusnpoBannbie nHjekcol. Unaekcest Tuna IVFE [1] (peannsosannbie,
wampumep, B Faiss [2|) mosBosstior uckath He BO Bcem HAbOpe JIAHHBIX, a JIUIIH B
OrPAHUICHHOM YHCJIE CITHCKOB Mprobe, UTO TO3BOJISAET JOCTHTH KOMIPOMUCCA TO-
HOCTH ¥ BpeMeHu obpaboTku. B Kiaccmyeckoil pacrupeiesléHuoil cxeme, 3ampochl
OTTIPABJISTIOTCsT Ha, Bee mapbl (broadcast), aro BeJéT K n30bITOYHBIM HAKJIAHBIM
pacxojam. Bosiee palnyoHabHbL HOIXO0/ HPENOJAraeT MapIIPY TU3ALKUIO 3aIIPOCa,
K OIPAHUYCHHOMY IOJAMHOXKECTBY ILIAPIOB C BEPOATHO «PEJICBAHTHBLIMUY» JaHHbI-
M.

Paccmorpum crapgaprayio crpykTypy IVFE maekca: Kaxkaplit BEeKTOP IpHUBSI-
3piBaeTcst K oHomy u3 K kiacrepos (crmekos). Harrra sayiaua: 1) pacnpejesntnb
STH CIMCKHU 0 MIApJaM TakK, 4TOOLI YaCTO COBMECTHO 3allpallliBaeMble KJaCTe-
Pbl OKa3bIBAJIKCh Ha TOM Ke TMapje; 2) IpPU BBIMOJHEHUH 3alPOca ONPeJeTUTh
MUHUMAJIbHBIH ddexTuBHbIi HabOp KiacTepos (u wapos), uzbderas broadcast.

st pacipejiesieHus CIIUCKOB Mbl COOUPAEM CTATUCTUKY 110 PEIpPe3eHTaTUBHOM
BBIOOPKE 3a1poCcoB u ¢TpouM Marpuily Cj; 4acTOT COBMECTHOIO MOSBJICHUS KJla-
CTEPOB 1 ¥ j CPeId KaHjuJIaToB. JOMONHATENLHO, BBIYUCIAEM IeOMETPUICCKYIO
OJIM30CTH HEHTPOUJIOB U Ha OCHOBAHUM 3TUX JIAHHBIX CTPOUM Tuneprpad, rie Bep-
IIMHAMH SIBJISIIOTCSL KJIACTEpDl, a ruieppedpa MOACIUpyoT «KoakTupanuuy. C mo-
mornpio nakera KaHyPar [3] sror rpad pasbusaercs na S uacreit B coorBercrsue
¢ KOJIMIECTBOM (PU3MUECKUX MIAPIO0B UHJEKCA.

[Ipy BLIIOJHEHUH 3aIlIpOCa, IIOMCKA Mbl IIPUMEHSIEM CTPATETUIO «2KaHOI'O pac-
IIMPEHUsI» . CHAYaJIa BbIOMPAEM MHOXKECTBO KJIACTEPOB-KAHIMIATOB, OJmKaimmx
K 3alpocy. 3aTeM 5TU KaHJIUJAThl YIOPSJIOUNBAIOTCA 110 YOLIBAHUIO SBPUCTHYIC-
CKOll «IICHHOCTH», KOTOPas YYUTBIBACT IIPEANOJATACMOE KOJUIECTBO POCMATPH-
BAEMBIX BEKTOPOB-KAH/MIATOB, CTOUMOCTL OOpaIlenus K mapiy, mrpad 3a «KOH-
nenrpanuioy» (hubness) kiacrepos u «iaros (plateau) paccrosinuii. Paciimpenue
IIPOJIOJIZKACTCA JI0 JTOCTUKEHNU MOJ00PAHHOIO CTATUCTUYECKN TOPOTOBOIO 3HAUE-
HUs HEHHOCTH. BuibpaHuble KaacTepbl 0TOOPasKaloTCsd B COOTBETCBYIOIINE IIap/ (bl
¥ 3aIIPOC OTIPABJISCTCS JIMIIb HA, HUX C HOCJAEAYIOIIEH NEeHTPaJIn30BaHHOi arpe-
ranueil pe3ysbTaTos.
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PaccmarpuBaemblii THIT WHIEKCOB TIOJIIEPXKUBAET olepalini JoOaBIeHUs U Y ia-
JIEHUs, KOTOPbIE TaKKe aJlallTUPYIOTCs 110J] MOJI€JIb MapIIPYyTU3alUU.

Jlj1s1 OTleHKHU paclpejie/ieHns] KJIaCTepoB MHJIEKCa U OTODOparKeHHsI B IIap/ibl,
Mbl BBOJIUM CTPYKTYPHbIE METPUKU:

— Hubness knacrepa L;:
hi — E:Uéﬁi [Nk(.flf)],
rie Ni(x) — uncio nonaganuii B k-NN cmucku coceieii 1pyrux BEKTOPOB.

— Plateau:
dgym — dy
k,m) = —————,
Pq(k;m) max(e, dy)
rie di 1 dyyp — paccrosiaust 10 k-ro u (k + m)-ro MeHTpouIoB B 3ampoce q.

Coueranne KOAKTWBAIMOHHONW TPYNIUPOBKU CIKUCKOB M YKaJHOTO OTOOpA,
KJIACTEPOB-KAHIUJIATOB TIO3BOJSIET OPTaHM30BaTh IM@MEKTUBHYIO MapIIPyTH3a-
1[I0 3alIPOCOB B paCIpe/Ie/IEHHBIX BEKTOPHBIX HHJeKcax Ha 0aze IVF. [Tonydyennas
CXeMa, JIOIYCKAaeT UTEePATUBHOE YJIydIleHUe: OHJIAH OOHOBJIEHHE BECOB KOAKTHU-
Baluyd ¥ OOMEH CIIMCKOB MEXK/]Iy IIapjaMy MO3BOJISIOT aJlallTUPOBATh CUCTEMY K
M3MEHEHUIO PaCIIpejieIeHus JTaHHbIX.

CIIUCOK JIUTEPATYPHI

|1] Baranchuk D., Babenko A., Malkov Y. Revisiting the inverted indices for
billion-scale approximate nearest neighbors // In Proceedings of the European
Conference on Computer Vision (ECCV). 2018. pp. 202-216.

2] Douze M., Guzhva A., Deng C., Johnson J., Szilvasy G., Mazaré P.E.,
Lomeli M., Hosseini L., Jégou H. The faiss library // IEEE Transactions on
Big Data. 2025.

[3] Schlag S., Heuer T., Gottesbiiren L., Akhremtsev Y., Schulz C., Sanders P.
High-Quality Hypergraph Partitioning (KaHyPar) // arXiv:2106.08696. 2021.

AﬂFOpVITM A4 peleHnNA 9KBUBAJIEHTHOCTU

KOHCTaAUMNKINYHeCKunXx JTVNHEeMHbIX KoOAOoB
JInas IIsiidsH

Kadenpa nndopmarmonnoit 6e3omacuocTu, e-mail: plin@cs.msu.ru

Baiava mepectaHoBoUHOI sKkBUBaseHTHOCTH (PE) nuneiinbix Koo sBisercs oj-
HOIl M3 BaxKHeHmux B Teopuu KopupoBaHusi. CTORKOCTb KpUITOCUCTEMbI Mak-
Dumca, OJIHOIO U3 KaHJMJIATOB MOCTKBAHTOBBIX CXEM, OIUPAETCS Ha, CJIOKHOCTD
sroit 3agaun. Xord PE-zanaua me asasgerca NP-monnoii, ee cioXHOCTbL HE HH-
’Ke CJIOXKHOCTH 331241 00 nzoMmopdusmMe rpadoB, KOTopasi ©3BECTHA KaK TPYJIHAasI
pobJiemMa.
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Tunuunbiit agropurm jis PE-3aiaun npejgioxen B padore [1]. SSA-anropurm
cTpouT ODOJIOUKY W BBIOMPAET CUTHATYPY C HU3KOW BBIYUCIUTEIbHON CJIOKHO-
crpio. B [2] mpemioxken asrebpandeckuii aJropuTM Ha OCHOBE IIPOM3BE/ICHUS
[Ilypa-Aamapa, KOTOPBIi HCIOJIB3yeTCst Jijisi aTak Ha Kpunrocucremy Mak-
Qunca.

Ham agropurwm yiaydamaer SSA-anroputm, KOMOMHUPYsT CBOMCTBa MPOW3BeIe-
uust 1llypa-Anamapa us [3| u rpymnmnbr aBToMOPMOU3IMOB KOHCTATIMKIXIECKIX KO-
JIOB. DTO TIO3BOJISIET CHU3WTH TPEDOBAHUS K CUTHATYPE W YMEHBIATH YUCIO eé
urepanuii, Korja MCXOJHbIH KOHCTAIMKJIMICCKUA KOJI Lpeodbpasyercst B JIpyroi
KOHCTAIMKJIMIECKUN KOJT ¢ HellepeceKaIoUMUCs HocuTeasiMu. KirroueBoii pe3yiib-
TaT chOPMYJIMPOBAH B TEOPEME.

Teopema 1. IIycmo xoncmavyursuveckutd xod C noposcdaemcs nosuHoMoM

n_q P .
Yoo ottt ede v | nou v # n. Mownocmy munumanvbrol 6a3v. 2pynnoL 48Mo-
moppusmos Aut(C) npunumaem caedyroujue 3navenua:

v—1, ecau ordg(a) > 2,

SIS 23

v, ecau ordy(a) =

Y

n —wv-ord,(a), umnaye.

CIIMCOK JINTEPATYPHI

[1] Sendrier N. The Support Splitting Algorithm : // INRIA. 1999. C.1-37.

|2] Wieschebrink C. Cryptanalysis of the Niederreiter Public Key Scheme Based
on GRS Subcodes // Post-Quantum Cryptography. Berlin, Heidelberg :
Springer Berlin Heidelberg, 2010. C. 61-72.

|3] Falk B.H., Heninger N., Rudow M. Properties of constacyclic codes under

the Schur product // Designs, Codes and Cryptography. 2020. Vol. 88, No. 6.
C.993-1021.

HoBas moaenb ncnonbsosauma Wi-Fi Direct

Maxkapos Aptém Baamuvuposu4a!, Hammor JImurpuii EBreabesma

I Kadempa nrdopmannonnoit 6e3omacuoctn, e-mail: artmakar0i@mail.ru
2 Kadeapa mrdopmarmonHoit 6ezonacHocTn, e-mail: dnamiot@gmail . com

2

[ToBceHeBHBIC PEAJIMU TAKOBLI, YTO NPUBLIYHBII OOJLITMHCTBY ITOCTOSHHBIA 1
GecriepeboitnbIil JocTyn K VIHTepHeTY, a TakKe NPUBATHOCTL B CETH CTAHOBATCS
BCE GoJiee MILTIO30PHBIMI. B OJIHUX CIydasx JOCTYII K COTOBOI CBSI3U NEPHUOJIN-
JECKM OTPAHUINBACTCA 110 COODPAXKEHUAM OE30IIACHOCTH, a B JIDYTUX — JazKe TIpH
IOJTHOM IIOJIKJIIOUCHUHM HEJIb3sl IapaHTUpoBaTh KoH(uIeHnnaJIbHoCTh. Ha done
3TOrO B MOC/IEHEE BPEMsT HAOMPAIOT TIOIYJISIPHOCTD JICHEHTPAIM30BAHHDIC CEPBY-
CbI THIEP-JIOKAJBLHOTO WHTepHeTa |1], paboraormue «mo 3ampocy» (On Demand)
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0€e3 MCIOIH30BaAHUsT JIOTIOJHATEIHLHOW WHPPACTPYKTYPHI U CETEBHIX OMEPATOPOB.
Haruisiyiibiv nipumepom sisjisiercst kiace Bitchat-noobubix pemenuit 2], rue 06-
MeH COODIEHNMI BO3MOXKEH B Ipejiesiax OJTHON 30HbI pauOBHIUMOCTH.

Ocnosnast ujest rexunonornn Wi-Fi Direct 3aksirogaercss B ToM, 9T00bI 1103BO-
JINTH HECKOJIbKUM PsAJIOM HaXOJANIUMCS YCTPOUCTBAM OPTaHU30BaTh MpsMoe bec-
IIPOBOJIHOE COEJIMHEHNE MEXK 1y cODOI 6e3 UCIOIb30BaHUS TPAJMITMOHHOIO MapIii-
pyTuzaTopa uiu touku jgocryna (Access Point). Kak u B mo6oit gpyroit Gec-
NPOBOJIHON TexHoJiornu, ycrpoiicta ¢ Wi-Fi Direct jgoskabl KakuM-10 06pa3om
yMeTb WIeHTUMUIUPOBATH Cebst J1J1si TOr0, 4TOObI ¢ HAMKU MOXKHO ObLJIO B3aMMO/1€eii-
CTBOBaTb. 3JIeCh B KauecTBe TakKoro ujeHtudukaropa peictynaer SSID. [Tomumo
sroro cranjapr IKEE 802.11 Wi-Fi tak:ke onpejiesisier npoue/lypy 110/] Ha3BaHueM
«akTuBHbI 3ampocy (Probe Request), koropas mepuouieckn OTIpaB/seT cre-
[UAJIBHBIA YIIPABJISIONINI MAKeT JIJIs MOMCKa JOCTYIHBIX OECIPOBOIHBIX CETEH.
Hanupiit maker B cebe comgepxur MAC anpec ycrpoiicrsa, SSID u cnenmudud-
HYIO JIJIsi pou3BouTe st nudopmaruio. [1oj00HbIe XapaKTePUCTUKU TTO3BOJISIOT
OTpeIeTNTh Tak HasbiBaeMmbie cereBble Wi-Fi ormewarku (fingerprints) [3]. Ha
OCHOBe TepedncyieHHbIx Bo3MoxkHocTeil Wi-Fi Direct yke M0XKHO BBIIEIUTDH Tie-
Jiblii 0GOBIIEHHDIH Psiji CEPBUCOB JIJIsl PA3JMUYHBIX CIEHAPUEB UCIIOJIb30BaHUst (use
cases), HAIIPUMEp, TAKUX KakK: Bellanue pekigaMuoii nadopmarun (broadcasting),
JIOKAJIbHBIH YaT 110 nHTepecaM, ajibTepHATUBHbIN CIIOCOO MOBTOPHON MjIeHTU(WKA-
nmu Ha ocaoBe CSI (Channel State Information) [4], Q&A cepsuc [5], mnokambHbrii
daitiioobMenHnK, a Takxke KoHTekcTHO-3aBrcuMble (Context-Aware) QR-kosibr.

[lesbto pabOTHI SIBISIETCS TOCTPOEHUE HOBBIX MOJeel (CIIeHAPUEB UCTIOJh30-
BAaHMUs ), OCHOBAHHBIX HA WUJICH CETEBO{l MPOCTPAHCTBEHHON OJM30CTH U peaju3ye-
mbie depe3 API dyukimn mobuibhbix miardopm (Android: Wi-Fi Direct/Wi-Fi
Aware/NetworkServiceDiscovery/; 10S: Bonjour/DNS-SD).

B pabore npousBejieH pejiu3aiiH CyIecTBYIONINX CEPBUCOB, ONMKUPAasiCh Ha 9BO-
JIOIMOHUPYIOMKE (PYHKINOHAJbHBIE BOBMOXKHOCTH Wi-Fi-opueHTHnpoBaHHBIX Oec-
MPOBOJIHBIX TexHoJioruit. Kpome Toro, npoBejieHo cpaBHEHNE peaju3alini OlucaH-
HBIX CepBUCOB He TOaLKO Ha 6asze Wi-Fi API, no u na ocuose amajornannix API
anst BLE (Bluetooth Low Energy), memonctpupyst ajbTepHaTHBHBIE MOIXO/BI K
JIOCTHKEHUIO TTPOCTPAHCTBEHHON OJIN30CTH. DTOT aHAJN3 MO3BOJINJI BHIJICJIUTH 1
onucaTh oOMmuil (PYHKITMOHAJT, KOTOPBI B KOHEYHOM HUTOTe CTAHET SJIPOM JIJIs
peasiuzaluy ejuHoil nporpaMmuoil miardopmbl (SDK), opuenTuposattoii Ha co-
3JIaHKE CEPBUCOB Ha OCHOBE CETEBOil IPOCTPAHCTBEHHON OJIM30CTH.

CIIUCOK JIUTEPATYPHI

[1] Hamuor [.E. WiFi Direct kak mexHosjoruueckasi OCHOBa Jijisl THUIIED-
nokaspHOro mHTepHera // International Journal of Open Information

Technologies. 2020. T.8, Ne6. C. 77-82.
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[2] Bitchat: decentralized P2P  messenger powered by BLE  Mesh
https://github.com/permissionlesstech /bitchat /blob/main/WHITEPAPER.md
Retrieved: October, 2025.

[3] Namiot D. Network proximity on practice: Context-aware applications and
WiFi proximity // International Journal of Open Information Technologies.
2013. Vol. 1, No. 3. pp. 1-4.

[4] Avola D., Emam E., Montagnini D., Pannone D., Ranaldi A. WhoFi: Deep
Person Re-Identification via Wi-Fi Channel Signal Encoding // arXiv preprint
arXiv: 2507.12869. 2025.

[5] Makarov A., Namiot D. On-Air Q&A Physical Proximity System // In:
Distributed Computer and Communication Networks: 28th International
Conference, DCCN 2025, Moscow, Russia, September 22-26, 2025. Moscow:
Peoples’ Friendship University of Russia Named After Patrice Lumumba, 2025.

pp. 300-308.

NuTepnpetaunsa mopene kaaccudpmkaumm
ayaAnoaaHHbIX C MOMOLLbIO MaCKUpoOBaHUS
cnekTporpamMmm

Ilak FOmusa PycananoBua, Tepéxuna Vpuna FOpbeBHA
Kadenpa nundopmanmonnoit 6e3onacnoctr, e-mail: pjulie717119@gmail.com, iteryokhina@cs.msu.ru

B nacrosieit pabore paccMarpuBaeTcs 3ajiada MOCTPOEHUsT allOCTEPUOPHBIX WH-
Tepuperanuii Jiist Mojeseil Kiaaccudukanuu ayinoganabix. [TockosnbKy Mojesnn,
paboTaloIe CO 3BYKOM, NMPUMEHSIOTCA B OOJACTIX C BBICOKOW CTENEHBIO PHCKA
(aKyCcTHYeCKM MOHUTOPUHD, ayTeHTUUKAIUS 110 TOJIOCY, aHAJIU3 PECIPATOD-
HBIX 3BYKOB B MEJIMIMHE), BAXKHO OOECIEUUTh UX HAJEXKHOCTD, A, 3HATWUT, U WH-
TEPIPETUPYEMOCTh.

[Ipenoxkennniit B [1] mogxom mpejHasHaveH i MOJEJIei, UCHOIb3YIONHX
KOMITAKTHBIE TIPEICTABJICHNs] CUTHAJIOB B BUJE ClieKTporpamm. Macka, mocTpo-
eHHasT Ha OCHOBE KapThl BaXXHOCTU MPHU3HAKOB, MPUMEHSIETCS K BXOIHON CITEK-
Tporpamme. B pesysibraTe mosiydaercs BU3yasibHas HHTEPIPETAIUS, COJIePKaIast
HanboJIee BasKHbBIE JIJIsT 1TpeJicKa3anns npu3Haku. C mmoMoInbio o0paTHbIX mpeobpa-
30BaHUl U3 HEe BOCCTAHABIMNBACTCS CUIHAJ — MPOCIYIIABaeMas HHTEPIPETAIUS.

B npojosnkenne paborst [1] Obuia uccsegosata 3pEKTUBHOCTD TPUMEHEHMsI
craHiapTHbIX [2] Meronos unrepnperanun Saliency, Grad-CAM, LIME u SHAP
B COYETAHMM C MACKAMHU PA3JIMYHbIX THIOB (OMHApH3AINs, MUHMAKCKas HOpMa-
nusanus, curmonsia, topk% BasKHBIX KOMIIOHEHTOB).

DKCIepUMEHTDI ITPOBOJIMJINCH JIJIsi CBEPTOYHON HEHPOHHOM CeTU apXUTEKTYPhI
Cnnl4 [3] na nabope jannbix ESC-50 [4], comepxkaluem 3aiucu 3BYKOB Cpe/ibl,
pacipejiesieHabie paBHoMepHo B 50 KitaccoB. [loaxo | npuMeHsiicss KaK K IUCThIM
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JIAHHBIM, TaK ¥ K JIAHHBIM C Jo0aBienneM (POHOBBIX MTIyMOB. D(PHEKTUBHOCTD OIle-
HUBaJIaCh HAOOPOM METPUK, XaPaKTEPUBYIOHIIUX CONIACOBAHHOCTD MHTEpIIpeTalluii
C IIOBEJICHHEM MOJIEJIN, & TaK:Ke IIPOCTOTY UX BOCIPUSTHSI.

Pesyiibrarsl sxcriepuMenToB nokazaJu, 4ro meroj; LIME syuine Bcero npu-
OJIMKAeT MOJEJIb, HO HHTEPIPEeTAIlnN MoIydaioTcs n3dprroansivmu. Merog SHAP
B KOHTEKCTE PACCMOTPEHHOI'O TMOJ[X0/ia HE TOJXOUT JIJIsi PEIIeHUs 3a/lauu 1 Tpe-
oyer MommdUKaIUil JIJIsT TOJTyUeHnsT OoJiee KaueCTBEHHBIX Pe3yJbTaToB. Saliency
JIaeT MPOCThIe, HO HemocTaTouHo cokycupoanubie naTeprperaimn. Grad-CAM
LIPOJIEMOHCTPUPOBAJ IPOMEXKYTOUHBIE PE3YJILTATHL: OH BbIJE/ISICT MEHbBIIE IOCTO-
POHHUX KOMIIOHEHTOB, UeM Saliency, Ho Xy»Ke corjiacoBad ¢ Mojiesibio, uem LIME.

[Ipu jobaBieHnn npumeceil K BXOJAHBIM JIAHHBIM OOIINME TEeHJCHIMK COXPaHsi-
I0TCsI, HO XapaKTep 3arpsi3HsIONIEero IIyMa BJIUSET Ha IOBEJeHUE MOJEIU U, CJie-
JIOBATEJIbHO, Ha OCOOCHHOCTU WHTEPIIPEeTallii.

CIIUCOK JIUTEPATYPHI

|1] Paissan F., Ravanelli M., Subakan C. Listenable Maps for Audio Classifiers //
Proceedings of the International Conference on Machine Learning (ICML).
2024.

|2] Explainable Artificial Intelligence (XAI): Concepts, taxonomies, opportunities
and challenges toward responsible AI / A.B. Arrieta, N. Diaz-Rodriguez,
J. Del Ser, A. Bennetot, S. Tabik, A. Barbado, S. Garcia, S. Gil-Lopez,
D. Molina, R. Benjamins, R. Chatila, F. Herrera // Information fusion. 2020.
T.58. C.82-115.

|3] Panns: Large-scale pretrained audio neural networks for audio pattern
recognition / Q. Kong, Y. Cao, T. Igbal, Y. Wang, W. Wang,
M. D. Plumbley // IEEE/ACM Transactions on Audio, Speech, and Language
Processing. 2020. T. 28. C. 2880-2894.

[4] Piczak K.J. ESC: Dataset for environmental sound classification //
Proceedings of the 23rd ACM international conference on Multimedia. 2015.
C.1015-1018.

O BAUSAHUM PODACTHbLIX MEeTOA0B ONTUMU3aunumn
N CAYHAWMHOIo Crja>XuBaHMUA Ha YCTOWYNBOCTb
KNnaccndpmnkaTopoB N3o0pa>keHuni K
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OTKpbITHE COCTSI3ATEbHBIX aTaK Ha MOJEIN MAIIMHHOTO OOyYeHHs ITOPOIIIIO
OFPOMHBIII HHTEpeC K OE30IaCHOCTH CUCTEM MAIIMHHOIO OOyUYeHHUsI U 3TO HAIIPaB-
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JIEHUE UCCJIeIOBAHW B MTOCJIEIHIE TOIbI aKTUBHO pasBuBaeTcs. Llenio 3/10yMbIi-
JIEHHUKA, [IPU PEAJIM3AINN TAKUX aTaK siBJISACTCS TeHEePaIist COCTI3aTETbHOIO PHU-
Mepa, Pe3yIbTAT KJIaCCU(PUKAIIIT KOTOPOTO MOXKET OBITh U3MEHEH Ha, KJIacc, KOTO-
phIil MHTEPECEH 3JIOYMbBIILJIEHHUKY WJIA JIIOO0 JIpyroft, OTJMYHbBIA OT UCXOJHOI'O
IIPU 9TOM CaM MpPUMep TOJyJIaeTcs MyTeM JT00aBIeHnsT MUHIMAJbHBIX W3MEeHEeHN
K peasbHoMy [1]. DopmasibHO 331898 CTABUTHCST CIIELYIOIIUM 00PA30M: IyCTh JIaH
obpaser] BXOJIHbIX JaHHbiX © € R" u knaccudukarop f: R" — {1,... k}, rorma
coCTsI3aTeIbHBIN npuMep 510 &' = = + § Takoit, uro f(z') # f(x), rme 0 —
HEDOJIbIIIOE BO3MYIIEHUE.

He ycToitamBoCTH K MOJIOOHOTO COPTa BO3AEHCTBUAM CBA3aHa C PA3HBIME MPHU-
YMHAMM, HO IJIABHOHM 110 MHEHHMIO aBTOpA, sIBJISETCsl MCIOJb30BAHUE TTPUHITUIIA
MUHUME3AIUN sMruprdeckoro pucka (ERM) mpu obydenun mosmesneii, KOTOpBIit
pejrnoaraeT, 9To JaHHble B 00yJaroIiel, TeCTOBOI 1 peasibHbIX BHIOOPKaX pac-
peJIeJIeHb OJIMHAKOBO U He 3aBucuMo [2|. Takoe jomyienne B COBPEMEHHBIX Pea-
JINSTX, TIPY HAJIMIUK HADOPOB JIAHHBIX, COJEPIKAIIIX MUJIIHOHBI U D0JIee 3JIEMEHTOB
CTAHOBUTHCA HE aKTYAJBHBIM U CJIEJIyeT UCIOJIH30BATH METO/bI, KOTOPhIE KaK pa3
OCHOBAHBI H& TOM, UTO JJAHHBIE MOT'YT ObITH Oy YeHbI U3 PA3HDbIX pacipeeeHnil.
OJjtHuM U3 Takux MeroJioB pobacTHoil onrumusanuu sisisiercs GroupDRO [3],
IeJTb KOTOPOTO 3aKJ/II0YaeTCd B MUHUMUBANWKA 3HAYCHWS (DYHKIUU MOTEPD JIJIsd
nanxysiero ciaydas (1), a He B cpejnem kak B ERM.

min max E,).p, [E(fo(2), y)] (1)

e g € G — 9ro rpynna min kjgacc. Ho Tak kak B mporecce oOydeHusi, J1aH-
HbIE METOJI IIPEeJIIIoJaraeT, 9To Mbl Ha KaXXJOi UTepalluy BbIOMpaeM HauXy i
caydail W ONTUMUBUPYEM MOJIE/Ib UMEHHO JIJIsi Hero, TO ObLja BBIJBWHYTA THITO-
Te3a, ITO JAHHBIA IMOJXOJ MOXKET CO3JaBaTh 0oJiee TOUHBIE PEHIAIOIIUe TPAHUIIBI
u JieJaTh MOJesh 0oJiee yCTOWIWROM K PA3INIHOTO POJa OTKJIOHEHWSIM BO BXOJI-
HbIX JIaHHbIX. JlJisi poBepKu 31Ol runore3bl ObLIM 00yUYeHbl KJACCUMDUKATOPbI
nzobpaxkennit ocioBannble Ha MNHC ¢ ncnonbzoBanuem nabopa janHbix MNIST
u npuniunos ERM u GroupDRO. Ilocie dero xaxxkjpiit 3 9mux K/aaccuguka-
TOp OBLI aTakoBaH C MOMOIIBIO ciejaytonux meronos: FGSM, RFGSM u PGD. B
pesyJibTare Ui Mojesin 00ydeHHoi ¢ ucnoab3oBanrnem ERM accuracy ji0 mpose-
nenns: arak cocrasisiia 0.98, mocie 0.36, B To Bpems kak jjist GroupDRO 0.97
u 0.94 coorsercrrento. Jajee, uCob3ysi METOJ CJAyIaliHOrO criuaxusanus [4]
OblLJI BblUKCJIeH cepTU(DUIIMPOBAHHBIN paJInyc, rapaHTUPYIONUi podacTHbIl OTBET
MOJIEU JIJIs JII0OOTO OTKJIOHEHWs OT MCXOJHON TOYKHU B IMPOCTPAHCTBE B PaMKax
roro pajuyca. st mojesnn odydennoit ¢ nomornipio npunimina ERM B cpeanem
ceprudunupoBatubiii pajuyc cocrapui 0.45, a st GroupDRO 0.64, aTo roBopur
O TOM, 9TO B TIporecce obyqenus ¢ ncnosbzoBannem GroupDRO momenb crano-
BUTHCs O0JIee pobOACTHOR K COCTSI3aTEIbHBIM aTaKaM.
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IlycTb y — meKoTOPBIl BeKTOp JJUHBL 1 HaJ noseM [y, a t — HaTypaJsbHOE duco.
Torpa 3aaqeit gekopuposanust DEC(G, y,t) [n, k],-koma C (auueiinoe k-meproe
nojnpocrpanctso [Fy) ¢ mopoxkatomeit marpuneit G (cTpokn MaTpuipl — 6asuc
C) HasbIBaeTCs 3ajiava MMOUCKa TaKoro KOoJoBoro ciiosa ¢ € C, uro wt(y — ¢) = t.
Haunbosiee nspecTHnIil criocod perenns 3aaun JeKOAUPOBAHNs ObLI MIPeI0XKEH
B 1962 r. E. [Ipanrom [1], on Ha3bIBAETCS aJrOPUTMOM JIEKOJMPOBAHUSI C UCIIOJIb-
30BaHKEM HHQOPMAIMOHHBIX MHOXKECTB. B mocjiemnue rogbl ObLIO pa3padoTaHo
OOJIBITIOE TNCI0 MOIUGUKAII 3TOTO AJTOPUTMA, & TAKYKe MOsIBUJINCH HOBBIE TTOJI-
XOJIbl K PEIICHUIO 9T0M 3ajaun (cM., Hanpumep, [2]).

B pabore mpejiaraercst HOBBI aJTOPUTM PeIIeHUs] 3aJa9H JEKOIMPOBAHUSI
DEC¢(G, y,t) nekoroporo [n, k|,-koma C, OCHOBaHHBIH Ha MOUCKE KBAPATHIHBIX
dbopm Q(x1, ..., xE) (OMHOPOJHBIN MHOTOWIEH CTEIEHH 2), KOTOPbIe 0OPAIAITCs
B HOJIb IIPH IOJICTAHOBKE BMECTO MMEPEMEHHBIX 3JIEMEHTOB U3 CTOJIOIOB MaTPUILLI
(3, a TakyKe PACKJIAJIBIBAIOTCS B MIPOU3BEIeHNe TUHEHHbIX GopM Ly (x1,...,x)) u
Lg(xl, Ce ,l’k), T.€. Q(G) =0mn Q = L1 . LQ.

JlokazaHo, 4TO HOBBIN aJrOPUTM JIEKOJIMPOBAHUS JIJIsI CJIYYafHOIO JIMHEHHOIO
kojia Tpebyer B cpeguem O(tk?n - M) onepanuii B nosie Fy, re

M = min (t_s)—(Z)
e O
’ s/ \k—s
[Ipu 9TOM 1PEJIJIOXKEHHDIN aJIIOPUTM MHOLJIA TPeOyeT MEeHbIIe Olepaluii, 4yeM ca-
MBIl JIYUIIAN U3BECTHLIA aJITOPUTM JICKOIAPOBAHUA [2] Hanpuwmep, npu ¢ = 2,
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n = 1400, k = 640 n t = 132 anropurm n3 pabots [2] Tpebyer npumepno 2128 Gu-
ToBbIX onepanuit. HoBblil ke ajropurm Jijist 9TUX napaMmerpos Tpedyer NpuMepHo
2102 GuroBBIX Onepanuit Ipu 3HaUNTENLHO MeHblleM obbeme mamaTH (Bcero 210
6uros porus 2%% 6uTos).
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[Tpumenum ajnropurm 3, npuBeéHHbINH B padore [1], jis ananusza GuiabTPy0OIIEro
reHepaTopa (BOCCTAHOBJICHUsI €r0 HAYAJBLHOTO 3AlOJTHEHHUS 110 W3BECTHBIM (DUJIb-
Tpytomeil GyHKIMK, TOYKAM ChEMa W BBIXOJHON MOCIEI0BATEILHOCTH TAMMBI).
Kak u B pabore [1], o6osnauum Niy(n) =1+n+C+ ... +CF

Teopema 1. /laa cucmemovr S 6yasesvix ypasnenuti, nopostciaemots GynruuoHU-
posanuem dusvmpyrouiezo eenepamopa ¢ daunott PCJAOC n u dusvmpyrowed
dynryuet arzebpauveckot cmenenu r € 2, M, NPU BLINONHEHUL OAL HEKOTOPOZO
de0,n—r ycrosul

Nr+d(n) —1 ]
Na(n)
2) cpedu cmoabuos mampuuve By umeemes Makcumasvno 603 MOACHOE KONU-
YeCmeo AUHETHO HE3A6UCUMDBLT,
aszopumm 3 wa amane, coomeememeyouem 3navenuio d (mo ecmov nocae ymmo-
HCEHUA BCET YPAGHEHUT CUCTNEMDL HA 6CE MOHOMbDL CMENEHU He evlute d om 1
nepemennuiT), natidém ece eé anemenmapnoie buroHKEMuUEHYE UMNAULEHMVL. [Tpu
2MOM MHOAHCECNBOM peutenuti nosywennot 2-KHD asisemcea 6 mounocmu Mo-
DHCECMBO BCEL HAYANDHOLL 3ANOAMEHUT DUIOMPYIOULE20 2EHEPATNOPG, COOMGEN-
cmeywur dannot 8vro0notl NocAdo8aAMEALHOCTUY 2GMMDL.

1) koauwecmeo mamepuasa t ydosaemesopaem nepasencmey t =

CaencrBue. Ecau 6 ycarosusxr meopemor 1 cucmema S 00H06BIMOANUMG, MO
rangBg = N, q4(n) — 1 u aszopumm 3 natioém 3C? snemenmaproir 6uomkmue-
HOLT UMNAUYEHN.
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Teopema 2. Cpednee Koaruvecmeo GUNOHKEMUCSHBLE UMNAULEHM, KOTOPOE HaTIEm
an20pUMM 3 NPU AGHAAU3E PUALBMPYIOULE20 2EHEPATNOPA, HE UMENULE20 IKEUBA-
aewmuorr cocmoanut, ¢ daunott PCJAOC n u gurvmpyrowed dynrkyuetd arzed-
pauneckoti cmenenu T € 2,1, KOAUMECTEE MAMEPUANT t U YMHOHCEHUU UCTOOHVLT
YPaBHEHUT, Ha 6CE MOHOMYL CTNENEHU HE Goiue d 0 N NEPEMEHHBLT, PAGHO

(

30,%, t > [%1 :

o 3C? N, a(n)—log, 3C2—1
u(n, r, t, d) = < Ny (M —t-Ng(m—1 5 Ng(n)

N, a(n)—logy 3C2—1
\0,1<t< + Nd(nf .

/N
~
/

—
=

5
S

\
L
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MeToabl oueHKN KadecTBa HADOPOB AaHHbIX
AN MalLMHHOIO oby4deHus

IlopeiBait Makcum Bukroposnu, Hamuor /Imurpuit EBrenbeBuy

Kadenpa nudopmanmonnoit 6e3omnacnoctn, e-mail: maximporyvay@yandex.ru, dnamiot@gmail.com

AxkTryanbHocTh. KagecTBo HAOOPOB TAHHBIX SIBJISIETCST KPUTHIECKUM (haKTO-
poM, ompejessionuM 3PPEKTUBHOCTL Mojieieil MaluuHHoro obyuenus. Huskoe
KQUeCTBO JAHHBIX MOXKET HPUBECTH K HETOUYHBIM IPEJICKA3aHUSAM, CMEIIEHHbIM
pe3ysbTaTaM U CHHKeHHI0 joBepusd K ML-cucremam. B ycmoBusax skcmoneHIu-
AJILHOTO POCTa 00BEMOB JIAHHBIX M UX MCTOYHUKOB CTAHOBUTCS AKTyaJIbHOW 3a-
Jlaua, pa3pabOTKU CHUCTEMaTHIEeCKUX IIOJXOJ0B K OlleHKe KadecTBa HaOOPOB JlaH-
Hbix. CylmecrByionme MeToIbl OIeHKH KAdeCTBa JIAHHBIX YacTO (DOKYCHPYIOTCS
Ha OTJIEJIbHBIX ACIIEKTaX, HO He MIPEIOCTAB/ISIIOT HHTeIPaJIbHOM OIeHKH TTPUTOIHO-
cTi HabOpa JIAaHHBIX JIJIsi KOHKPETHBIX 3a/1a9 MalIMHHOIO O0yYeHHUsI, UTO CO3J/IaeT
HEOOXOIMMOCTD B pa3pabOTKe HOBBIX IOJIXOJI0B U MHCTPYMEHTOB.

Kinaccudukaryusa MeTo0B OIEHKM KadvecTBa JaHHBIX. AHajnu3 cytie-
CTBYIOIIUX OJIXOJIOB TO3BOJISIET BBIJEJIUTH CJIEIYIONINE METO/IbI OIEHKH KaIeCTBa
JIAHHBIX JIJIS MAIIAHHOI'O O0YyYeHUsI:

— CojiepxkaTesbHbIe METOJIBI (aHAJIM3 MPOIYINEHHBIX 3HaueHuii [1], mpoBepka Ha
nyOMpoBaHUe SK3eMIUSIpoB [2|, u jip.) oneHuBar0T cOOCTBEHHO HHMOPMAIIH-
OHHOE HAIIOJIHEHUE JIAHHDIX.

— Konrekerabie MeTojipl (OlEHKa perpeseHTaTuBHOCTH BhIOOPKH [3] 1 jip.) yun-
THIBAIOT CIHEIU(UKY IpPeIMETHOH 00IacTH.
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— ML-crenmduanbie MeToibl (aHaIN3 cOAJAHCHPOBAHHOCTY KJIaccoB [4], omnenka
KauecTBa pasMerku [5], jgerekius BbIOpOCcoB U aHoMaduit [6], 1 Jip.) yuuThIBAIOT
0COOEHHOCTH HENOCPECTBEHHO AJrOPUTMOB MAIIXHHOIO 00y ICHHUS.

IIpennaraemMprili mainJjaiH OoleHKN KadecTBa AdaHHBIX. Ha ocHoBe ana-
JIN3a CYIIECTBYIOIUAX TOXO0B MPeJaraeTcsd YeThbIPexX3TAINHbII Mallaaiid KOM-
IIJIEKCHOI OIeHKM KadecTBa HaOOPOB JAHHBIX JJIsI MAITUHHOTO 00y ueHus. IlepBorii
9Tall BKJIOYAET NPEABaAPUTENbHBIN aHaIN3 JaHHBIX, I'Je OCYIIECTBJsSIETCs: 0a30-
BOE MCCJIEJIOBAHUE CTPYKTYPbI JAHHbBIX, OIPEJIE/IsIOTC UX XapaKTepucTuku. Bro-
poii 3Tall IpeJicTaBiisgeT coDO IpUMEHEHUE PA3JIMIHbIX METOJIOB OIEHKH KaueCTBa
JIAHHBIX M pacder MeTPUK. TpeTuil drai HnpejloaraeT MHTeIPAJbHYIO OIEHKY
KauecTBa JAHHBIX Uepe3 pacueT KOMIIO3UTHOI'O MHJIEKCA KAauecTBa, KOTOPbIi 00b-
eJIMHSET Pa3JIMIHbIe METPUKU C BECOBBIMU KO MUIMEHTAMU, OIPEIe/IsIeMbIMU
creruduKoil KOHKPEeTHO 3a/Ja4i MAIIMHHONO 00yueHns. deTBepThIil 3Tall BKIIIO-
JaeT reHepalnio KOMIIJIEKCHOIO OTYeTa ¢ PAHXKUPOBAHUEM BBISIBJIEHHBIX TPO0JIEM
110 CTEIEeHU UX KPUTUYHOCTH Jiisd 1esieBoit ML-3ajiaumn u gpopmupoBatnuem aBro-
MaTUYECKUX PEKOMEH Al 110 YIYyUIICHUIO KaueCTBa JaHHbIX.
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Cekmnus: "Teopunga nuddepennuanbHbIX ypaBHeHI" .

BasucHocTb Pucca cuctembl cobCcTBEHHbIX
cbyHkuunin onepaTtopa LLtypma-JlnyBunns c

CUHTYNSiPHbIM NOTeHLManomMm Ha rpadpe-3Be3je.

Canosandaga Mana Bukroposna', 3yes Kupuia IlerpoBud’
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PaccmarpuBaercs rpad-3Be3sia ¢ TpeMs pedpaMmu ojuHakoBoil juinHbL [. [Ipes-
1oJiaraeTcsi, YTo Ha KaxkJIoM u3 pedep 3ajiaH oreparop Lrypma—JluyBuiis, mno-
poxjiennbIil muddepeniuanbabiv BoipazkerueM [(h) = —h"” + g(x)h u kpaeBbiME
yeaosusimu dupuxiie. [Torennman npenoaraercst CMHIYIspHbiM: ¢ = u', u € Lo.
A umenno, napamerpusyeM Kaxjioe pebpo BeleCTBeHHbIM apaMeTPOM X j, U3Me-
HsonumMes or 0 g0 [, mpuyeM 3HaUYEHUE [1apaMeTpoB [ COOTBETCTBYET BepIlHUHE,
MHIMJIEHTHOM BceM TpeM pebpam. B cBoOoiHbIX KOHIAX 1HOCTaBUM ycjioBus upu-
xie: ho(0) = he(0) = hs(0) = 0, a B 0OIIEll BepIIHHE — YCJIOBHE HEIPEPBIBHOCTH
hi(l1) = ha(ls) = hs3(l3) u ycnosue Kupxroda, h[ll](ll) + h[;](lz) + hé”(lg) = 0.

Breck uepes W) = B — uh obosnauena xeasunpoussodnas. B ciydae myite-
BOTO moTeHnuaJja cautaeM u = 0, rje © — nepBoobpas3Hasi MOTEHIMaJa, TOIA
KBA3UIIPOU3BOJIHAS, OUEBH/HO, COBIAIaeT ¢ obbranoi: hlll = R/

3aMeTnM, 9TO CeKTPAJbHYIO 33/1a9y Ha Irpade MOXKHO JIETKO CBECTH K CHCTEME

hi(z)
—h" 4+ q(z)h = Ah, rae h(z) = | ho(2) |, q(z) = diag{q1(z), ¢2(@), g3(2) }.
hs(x)

B paborax [1]-|2] 6buiu nosyuenbr acumiroruueckue (hopMysibl jijist COOCTBEH-
HBIX 3HaUYEHUN U cOOCTBEHHBIX (PYHKIWMI oneparopa. Hacrosmmuii jokJia mocssi-
meH Bornpocam OasucHoctu Pucca cucrembl coOCTBeHHBIX (ByHKIHMNA. A MMEHHO,
CIPaBEJIJINBA CJIE YOI

Teopema 1. Ilycmv Ly — onepamop, nopostcdennviii dupdepenyuanvmvim cvipa-

ocenuem L(h), 2de ((h) = —(h!1) — uhl — u?h, u xpaesvimu yerosuamu
rh1(0> =0,
ha(0) =0,
q hs(0) =0,
(

hi(l) = ho(l) = hs(1),
) + By (D) + kg (1) = 0.

Bdecv u = diag{uy, us, us}, qr = uj,. Toeda cucmema cobemeenmnox Gynryud one-
pamopa obpaszyem basuc Pucca 6 npocmpancmee § = Ly|0, w| @ Lo[0, w]® L]0, 7].
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PerynsipysoBaHHbIil cnen onepaTtopa
LLTypma—JlnyBunnsa c genbrta—noTeHUnasiom u
3ana3/jbiBaHEeM B aprymMeHTe

CaBuayk Aprem Mapxkosud', CeBeproB CtaHncIaB AJIeKCAHIPOBUY

I Kadenpa dbyrmaMeHTa bHON U IPHKIAIHON MaTeMaruk, e-mail: savchuk@cosmos.msu.ru
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2 Kadenpa byriaMeHTaNbHOM 1 HIPUKIAIHON MaTeMaTnky, e-mail: stas.severtsovlmail.ru

B pabore [1] 661 Boiaucisien ciej oneparopa B Lo(0, ), nopox entoro judde-
PEHIMAIBLHBIM BbIPasKeHUeM
T
(y) =—y"+6 (9: - 5) y
na orpeske [0,7] ¢ rpanudnbiMu yeaosusimu dupuxie (6osee obiiuii pesyiib-
TaT JJIs POM3BOJIBHOTO 3apsia ¢(x) nmomyuen B [2]). Pacemorpum omeparop A
B Lo(0, ), nopoxkienublii gud eperimaibHbiM BbIPDaKEeHUEM

l(y)(x) = —y"(z) + d(x — a)y(z — &), a€(0,m), a—e>0,e>0,

na orpeske [0, 7] ¢ rpanuunbivMu yesaoBusimu Jupuxie. OrMerum, 4To oneparop
Irypma-—JInyBuiiss co CABUTOM B apryMEHTE ¥ PEryJsipPHBIM HOTEHIUATIOM ObLI
paccMOTpeH U uccsieioBan B Hejasueil pabore [3]. Oueparop A mMoxkHO omnpejie-
JIUTh, UCTIOJIB3YsT PE3YIBTATHI PAOOTHI [4]:

W(y) = =" (2) —ule — o)y (z — ) — u(@)u(z — e)y(z — 2¢),
yl(z) =/ (2) — u(z)y(z — ),

' (x) —u(z)y(z —e)] € AC|—¢, 7],
D(A) = {y € AC|—2¢, 7] yl(y) c LQ(O%W),y(EO) = y(n) :80 } ;

rie u(z) = 0(x — a) — bynkiusa Xepucaiiia, paBHas HHIAXKATOPY Jayda T = .

Teopema 1. IIycmov L — onepamop Lmypma—JTuysuinsa, noposcdenmnoitl dugp-
PePEHUUANDHDIM BPAHCEHUEM

W(y)(z) = —y"(v) + 0(x — a)y(x — ¢)

na ompeske [0, 7| ¢ epanuunvimu yerosuamu Jupuzae. Tozda

zoo: <>\k e 2sin(k(a — ¢)) Sin(ka)) = 0.

™
k=1
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e.¢]

IIpu cymmuposaruu aecozo pada memodom cpednuz: ()\k — l{:Q) = 0.
k=1

Bazknoe 3amevanue cocrout B cuepyioniem. B pabore [1] 6bu10 Buepsbie orme-
YEHO, YTO JIJIs1 OLEPATOPOB ¢ MOTCHIMAJAMHI THUIIA, JIeIbTa~(DYHKINNA KJIacCuIecKast
dopmyiia ciena l'enbdanpa—JIleBurana MeHsieTCsi: MMOSIBJISIETCs JIONOJHUTEIHHOE
craraemoe B mpasoil wactu. g morenmmana ¢(x) = d(z — a) 9o ciaaraemoe
PaBHO —%. Oxa3bIBaeTCs, 9TO NPU MOABJIEHUN 3anas3jbiBanus € > 0 caaraemoe
npornajaeT (pedb uaerT UMEHHO PO Bo3MYyTIeHre Buia O,(x)y(z — €), 71 BO3My-
mennit Buga q(x)y(x—e), rae q(x) — 3apsi, aBropamu noJsydena obias hopmyIia
PEryJsipU30BAHHOIO CJIe/Ia U TIpaBasi 4acTh B HEfl paBHa HYJIIO HE BCErjia), Tak u4ro
Mbl BO3BpAIaeMCsl K KJIACCHIECKO ropMmyJie.
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PerynsipusoBaHHbIV crieg nepBOro nopsigka ans
onepaTtopa LUtypma—Jlnysunnsa c
noTeHUMas oM N3 KJjacca 3apsiloB U KpaeBbiMWU

ycnosusimn [upuxne Ha Tpex3BeHHOM rpadpe

Casuyk Aprem Mapkosud', Kysnernos Erop JImMurpueBnd’

! Kadbenpa dpyngaMenTa bHOI 1 IPUKIAIHON MaTeMaTHKy, e-mail: savchuk@cosmos.msu.ru
2 Kadeapa dbynjaMenTaibHON U IPUKIaJAHON MaTeMaruku, e-mail: egorka.kuz@yandex.ru
PaccmarpuBaercs rpad ¢ TpeMs pedOpaMu OJIMHAKOBOI JITMHBI 7T ¥ YeTHIPbMsI Bep-
muHamu crenenn 3, 1, 1, 1. Ilpeanosaraercs, 4To Ha KaxXJ0M U3 pedep 3ajiaH
otteparop HIrypma—JIuyBuiuist, nopoxjaenubiit juddepeninaibHbiM BblpaKeHU-
_ 1

em l(y) = —y" + ¢;(x)y.

[Morennman q(z) = {q1, q2, @3} upejOIaraeTcsi KOMILJIEKCHO3HATHON Mepoit
(sapasiom): q; = uj, u; € BVyl0, 7] — dbynknua orpanndennoi sapuamum ¢ Jo-
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noJiHuTesIbHBIM yesioBueM u;(0) = 0, npudem u(x) HenmpepbIBHA CIeBA B KaXK IO
rouke x € (0, 7.

B komnessix Bepumuax rpada crassarcsa yeiaosus Hupuxse y;(0) = 0, a B
IEHTPAJIBHON BepIlMHe — yCJI0BUsi HenpepbiBHOCTH Y1 (T) = yo(m) = y3(m) u
yesopue Kupxroda yﬁ” (m) + yél] () + yf[))l] (r) = 0. Buecs uepes yl) = 3/ — uy
obo3HaueHa K6a3unpoussodnad. B ciaydae nyneBoro norennuaja v = 0 KBasu-
IPOM3BOJHAST, OUEBHUANO, COBIaaeT ¢ obbranoi: yl! = /.

B paborax [1]-|2] ¢ ykasauubim jnddepeHinaibHbiM BbIDaXKEHUEM U KPAEBbi-
MU YCJIOBUAME ObLI CBSI3aH KOPPEKTHO OIpEJIeJeHHbIN Ha IIJI0THON 00/1acTi 3aM-
KHyThI oreparop [Itypma—JInyBusisi. Bouia jlokazana JUCKPETHOCTH €r0 CIEK-
Tpa, MOJIYIeHbl ACHMITOTHIECKIE (OPMYJIBI JIJis COOCTBEHHbBIX 3HauUeHUi {\,} u
cobcrBenHbIX (pyHkImit. Hacrosmmit joK/a/ MOCBsIIEH BbIYUCICHUIO (DOPMYJIbI
PEryJISIPU30BAHHOrO CJIeJia EPBOTO MOPSIIKA

o

d =X <q>).

n=1
Bnech AV — cobeTBeHHbIe 3HAYCHNUS OlIePATOPa ¢ HyJIEeBbIM HOTEHIUAJIOM, a < ¢ >
— cpejiHee Halllero IOTEeHINaa, paBHOe %2?21 fo qj(dz) = ul(ﬁ)ﬂi(f)ﬂ?’(ﬂ).

DopMyJibl peryJsipu30BaHHbIX CJIEJ0B XOPOIIO U3BECTHBI /I OOBIKHOBEHHDBIX
JnnddepenimralibHbIX ONEPaTOPOB B TO BPEMsi, KaK CJIydail ornepaTopoB Ha rpadax
(B caryuae CHHTYJISIPHOTO MOTEHIIHAJA) OCTABAJICS He M3ydeHHbIM. VI3BecTHO (CM.,
wanpumep, [3]), aro mis oneparopa Ha OTpe3Ke TpH Tepexojie 0T CyMMUPYEMOro
norennmaia ¢ € L1[0, 7] K cunryssippomy (yKasaHHOIO BbIIIE KJAcca) B OTBETE
BOZHUKAET JIOMOJIHUTEIHHOE CJAaraeMoe %Z h?, rie hy — BeJWUMHBI BCeX CKad-
KOB (pyHKIMU %. MbI 110Ka3biBaeM, 4TO 3TOT PE3yJibTaT MEPEHOCUTCS Ha CJIydaii
HAIlero omneparopa Ha rpade — B IpaBoil YacTH MOSIBJISETCS CJIAraeMoe TakKo-
ro ke Buja. Ilpu 5ToM, MeTOs J0Ka3aTe hCTBA OTJIMYACTCs OT MeToja paboThl
[3] u HOCHT Goslee OOIMHUII XapakTep — OH OCHOBAH TOJIBKO HA ACHMIITOTHIECKHUX
dopmyiiax st byHkmu [ prHa HEBO3MYIIIEHHOIO oriepaTopa. B nepcrekTuse 31o
LO3BOJIMT HAM LIEPEHECTH PE3y/ibTal Ha CJIydail OleparopoB Ha TakoM ke rpade,
HO C JIPYIMMU KPAEBLIMU YCJIOBUSIMUL.
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[Mpobnema lMyankape. lNocTpoeHne acuMnToTUK
peLleHnii ypaBHEeHUW ¢ MepoMOpPMHbLIMMN
KoachdpunumneHtamm B OKPEeCTHOCTU UX OCODbIX

TO4eK
Koposuaa Mapusa BukTopoBHa

Kadeapa obmieit maremaruku, e-mail: betelgeuser@yandex.ru

OpHoit n3 QyHIAMEHTAIBLHBIX 38,189 aHAJUTHIECKOH TeOpUN OOBIKHOBEHHBIX JUd-
depeHnalbHbIX ypaBHEHNE ¢ MepOMOP(MHBIMEI KOI(DPUITHEHTAMHI ABJISIETCS 3a-
Java, MOCTPOCHUST aCUMIITOTHK WX PEIIeHri B OKPECTHOCTH OCOOBIX TOYEK. DTa
3ajiaua Oblia copmysiuposana Ilyankape B paborax [1], [2]. OcHoBroit 1nesibio
pabOThHI SIBJISIETCS OIMUCAHNE METO/a [TOCTPOEHNUsI ITUX ACUMIITOTHK.

A umenno, [lyankape paccMaTpruBaj ypaBHEHKE

d n d n—1 d 1
an () (%) uw(z) + ap—1(x) <%> u(z) + ... + a;(x) <%> w(x) + ..+ (1)
+ap(x)u(z) =0,
rie a;(x),7 =0, ...,n — MepoMopdbHbIe QYHKITUH.
Bajiaua 3aKJII0YAETCs B MOCTPOCHUM ACHMIITOTHK perieHnit ypaHenust (1) B
OKPECTHOCTH OCODBIX TOUEK (KAK PEryJISIPHBIX, TaK U UPPETYJISIPHBIX ).

Bes orpanuuenus obiHOCTH OyjieM CUMTATh, YTO 0COOON TOUKON ypaBHEHUS
(1) siBastercst 7 = 0. B pabore [3| nokazano, uro ypasuenue (1) moxer ObiTb

IIPUBEJICHO K BUJLY
d

H (7“, —TkH—) u =0,
dr

d d\" d\'
s S N B S ~ _ k14
H (7“, T dr) ( r dr> +;az(7")( r dr) :

3nech k= —1,0,1,2.... Byyiem Ha3biBaTh k + 1 MOPSIJIKOM BBIPOXKICHUS OIIEPATO-
pa. Yepes a;(r) 06o3HadeHbI COOTBETCTBYIONKE FOJOMOPQhHBIE (DYHKIUH,
OcHoBHBIM cEMBOJIOM JinddepennajbHoro omneparopa H (7’, —phtld

dr
n—1 _
Baercs Gynukuus Ho(p) =p" + > k?;(i))l)
i=0

rje

) Ha3bI-

OrBer Ha Bopoc 06 00IIEM BUJIe ACUMITOTHKY PelieHuii ypaBaenus (1) maer
crejIyIasi TeopeMa.
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Teopema 1. Acumnmomuueckue 4ienvl, COOMBEMCMBYNOULUE HYALEOMY KOPHIO
0CHOBHO020 CUMBOAA, AUOO 6YIYM KOHOPMANLHVMU, AUbO OYdym umemv 6ud

uo(r) = exp (Po (rlt>) T

Bdecw ly € N, 0y — nexomopoe xomnaexcnoe wucao, Py (x) — noaunom, cmeneno

Q
(=)
L
)
=
ﬁ
Sl

o
Komopozo ne npesviwaem kly, > alr’ — acumnmomuneckuti psd.
i=0
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[ pynnoBor aHann3 mMoaesibHOro ypaBHeHUs
TpeTbero nopsgka

ApuctoB Anaronwnii ropeBuy

Kadempa obmeit maremaruku, e-mail: ai_aristov@mail.ru

Pabota 1nocesiiiieHa rpyninoBoMy aHaJM3y CJIEJIYIONIEr0 MOJIEJILHOTO YPaBHEHUS:

Ou

5 = [(u),

0yox

rie f(-) — npousBosibHas (PUKCHPOBaHHAs HeJMHElHAsT (DYHKIUS OJHOTO apry-

MEHTA.
[Tokazano, 4To 3TO ypaBHEHUE PU JIIOOBIX f (+) ,B;OHyCKaeT cne,zLyIOLu;He undu-
. _ 0 _

HUTE3UMaAJIbHBIE OLEPaTOpbl: X1 = 7, X ay, X3 = xax — 2y3y Kpowme Toro,

OHO JIOIIYCKAET:

— npu f(u) = fu®, f #0, a # —3 — oneparop Xy = (1 — oz)ya% + ua%,

— npu f(u) = Bu~3, B # 0 — oneparopnl X, = 4y6@ —|—uaﬁ u X5 = xQQ—I—xua%,

— npu f(u) = " — oneparopbl Xy = xa -2 8u u X; = n(y)a—y —n (y)a%, e

n(+) — upousBoJibHas QYHKIUS OJJHOIO APIyMEHTa,
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Hna f(u) = Bu= u f(u) = e* ¢ TOMOMBIO ITUX OMEPATOPOB TOCTPOEHO
HECKOJIbKO CEMEHCTB MHBAPUAHTHBIX PEIICHWH, KPOME TOr0, 10 HEKOTOPbIM TOY-
HBIM PEIIeHUsIM [TOCTPOEHbI KJIACChI PEIeHu ¢ MPOU3BOJbHBIMY TapaMeTPaAMU.

Uccneosanue 1ojyiepkano MocKoBCKUM 1EeHTPOM (DyHIaMEHTaJIbHON U 1PHU-

kiaajgnoir marematuku MI'Y mmenu M. B. Jlomonocosa 1o cormamiennio No 075-
15-2025-345.
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Pewenune 3apaun Kowwn ans oaHoro
rmnepboINYecKoro ypaBHeHUsl C HesloKaJibHbIM
MOTEHLNAJIOM

3aiinieBa Haranbsa BaagnvupoBHa
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JIoKJ1a,1, OCBSIIEH MCCJIEOBAHUIO BOIPOCA PA3PENIMMOCTH HAYAJILHON 3a/1auu B
nosyiiockoctu D = {(x,t) : x € R, t > 0} jyist ruiepboinueckoro ypaBHeHust
CO CJIBUIOM TI0 IPOCTPAHCTBEHHOI MEepeMEHHOi B CBOOGOJHOM djieHe (Jijist ruiep-
6OJIMIECKOrO YPABHEHHUS ¢ HEJIOKAJIBHBIM ONEPATOPHBIM IOTEHIIUAJIOM )

ug(z,t) — a*uge(z,t) +bu(z — h,t) =0, (x,t) € D,

e a > 0,b >0, h # 0 — 3ajaHHbIe JACHCTBUTEIbHBIC TUCTA, C KJIACCHICCKUMN
Hada bHBIMK ycJaoBusMu Ko

u(z,0) =ug(x), w(r,0)=ui(x), z€R,
u bunuTHBIME HauaabHbiMu dynxmuama ug(z) € C*(R), ui(z) € CL(R).

C nomolIbI0 HHTErpajbHbiX peobpazosanuii, corsiacto [1, . 3, § 11|, nocrpo-
€HO B SIBHOM BHJe (pyHJIaMEHTaJbHOE pelleHue JnHeiHoro aud pepeHimaabHO-
pasnocTHoro oneparopa 0°/0t? — a?9?/0x? + bR, rne R — oneparop cupura,
neiictBytomuii mo npasuiy Ru(z,t) = u(z — h,t).

Pemmenne 3aJaum 1mojydeHo B BUJIE CBEPTKU HaileHHOrO (DyHIAMEHTAJILHOTO
peleHust ¢ HadajbHbIMU QYHKIMsIMEU Uo(2) 1 U () IPU BBITOJIHEHUH YCJIOBHSI 11O-
JIOXKATEJIBHOCTH BEIIECTBEHHOM JacTH cuMBoJa JudhepeHnuaabHO-pasHOCTHOTO
oneparopa B ypaBHCHUU:

a?¢? 4+ beos (h€) > 0  aaa moboro € € R.

C nmospoOHBIMI pe3yJIbTaTAMI MOYKHO O3HAKOMHUTLCA B pabore [2].
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O HennHemnHOoOM MHTerpasbHOM ypaBHEHUMN,
noJsliy4HarouemMmcsi nocse TpexnapamMmeTpmnyeckoro
3aMblKaHNS MepBOW CTEeNneHW.

Hukutun Anekceit Aaronosua!, Oropogaukos Januug MuxaiiaoBud

I Kadempa obmieii maremaTnku, e-mail: nikitin@cs.msu.ru
2 Kadeapa obmeit marematnku, e-mail: s02210498@gse. cs.msu.ru
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B pabore paccmarpuBaeTcs MOJIE/Ib CAMOCTPYKTYPUPYIOIIUXCS OMOJIOMMYEeCKUX
coobiects Ynbda [Jukmana u Puuapma Jloy. B crarwax [1,2| Obuta BoiBemena
cucTemMa nHTerpo-1nddepeHImagIbHbIX YPaBHEHWH JMHAMAKN TPOCTPAHCTBEHHBIX
MoMeHTOB. ljist paboThl ¢ Helt aBTOPBI MPUMEHUIU TPEXTIAPAMETPUICCKOE 3aMbl-
KaHWe mepBoit crenenn (power-1 closure):

ﬂw@”n:%Qﬂwmy—m+5Ncmn+vwcuww@+ﬂN3’

aBy

e «,y = 0, B > 0. B pe3ysibrare 9ero ObLT 10JIy9eH HEJIMHEHHBIH MHTerPaJIbHbBIN
orepaTop

m(z) . o
@)+ [ (@) = SN [ f()

Af(z) = — s g
d+w(z)+—=N

B
b—d
P;LeN—T—F(wf = [raW(y) dy.
Bbuin ycraHoBJIEeHBI JIOCTATOUHBIE YCJIOBHsI, TPU KOTOPbLIX y oneparopa A Ha
mape B(R) C Li(R?) cymecTByer euHcTBeHHas HENOABHKHAs TodKa. Kpome

TOT0, OBLJIN TIOJIYUYEeHBI OI'PAHNYCHUS Ha OMOJIONMUECKUe MapaMeTPhl, IPU KOTOPHIX
HenojBKHas Touka A HenysieBast.
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O peweHun MmoandnLuMpPoOBaAHHOW KpaeBOWi
3aga4n Helrimana gns Bbipo>XkgatoLlerocst
annnntTudeckoro andodpepeHymanbHOro
ypaBHEHNS1 B NPSAMOYroJibHUKe

EmenpanoB Ivmurpuit IlaBioBuy
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Mpbr 6yjieM paccMmarpuBaTh gud hepeHiuaabHOe ypaBHEHHIE

“uy, + ye(y)u, — a(y)u = f(z,y) (1)

B npsimoyrodibauke ) = {0 < x < 1,0 < y < b}, tiae b > 0, ¢ MojudunupoBaH-
HBIM TPaHUYHBLIM ycaoBuem Heiimana

u(0,y) = u,(l,y) =0, 0<y<b wlr,b)=0 0<z<l (2)

[Tonaraem, uro B HeKOTOpOi 0b1acTi (G KOMILIEKCHOIO EPEMEHHOI0 1, TAKOIA,
aro [0,0] C G, koaddurmentsr a(y) n ¢(y) ABasgOTCT aHATATHICCKIME. Takxke
MBI Oysiem Tpebosath, uTobnl a(y) = 0, ¢(y) = 0 upu y € [0, b].

O6oznauum I' = 002 — rpanuna obnacru . pejgcrasum I' = Ty U, ULy, e

I={r=0,1;0<y<bU{y =00 <z < 1} — peryaspras riaJKas 9acTh
IpaHUILb,

'y ={y=0;0 <z < 1} — cuarynspHasi 9acTh TPAHUIIBI,

[3 =T \T7\ 'y —yriosble Touky perysisipHoil 4acTu IPaHUIbI.

Uy, + Y

Onpenenenune. Pynkyuto u(x,y) mol 6Yydem HA3BIGAMD KAACCUMECKUM DEULEHU-
em modudunyuposannot kpaesot sadavu Hetimana daa ypasnenus (1) 6 npamo-
yeorvnuxe Q, ecou v € B(Q) N BY QU UT3) N CHQUTL) N C3N), daa
scer mouex (x,y) € Q dynryua u(zx,y) ydosaemsopaem ypasnenuto (1) u das
ecex (x,y) € I't dynryua u(x,y) ydosiemsopaem xpaesomy ycaosuio (2), u npu
IMOM y2u’y(x, y) cmpemumes x 0 pasromeprno no x € [0,1] npu y — 0+ 0.

JlokazaHa cenyorias OCHOBHAs TeopeMa.

Teopema 1. ITycmo npasas wacmo f(x,y) ypasuenua (1) anarumuuna 6 0 no
cosoxynmocmu nepemennvir & u y. Tozda xaaccuueckoe pewernue moouduuyupo-
sannotl kpaesot 3adavu Hetmana (1), (2) cywecmeyem u moorcem 6vimov nped-

Cmasaeno 6 eude
+oo

u(z,y) = z_: <77k(y) + ln% xk(y) + <%)m gok(y)> cos Tk,
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0<x<1l, 0<y<hb,

. 1 —¢(0) + /(1 — ¢(0))? + 472k? + 4a(0) L e N
2 ’ o

2de pynruuu g, Xk, or € A(G), npuvém ecau v, € Z, mo xi(y) =0, k € Ny.
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Cexkmng: "Maremarndyeckoe MOJAeJINPOBAHNE U BhHI-
JUCJINTEJIbHbIEe MeToabI" .

Iloaceknusa kadeapbl BEIYUCINTEIBHBIX METOI0B

ITepaunoHHbIi BapnaHT MeToAa COMNPS>XXeHHbIX
rpagneHToB Nocsie BTOPO TpaHcdopmaLunm
[laycca

Cocuaun Hukogaait BacuipbeBuu

Kadeapa BEIYHCINTEILHBIX METOIOB, e-mail: vmsnv@cs.msu.ru

PaccmarpuBaercst cucrema JTMHEHHBIX ajreOpandeckux ypasuenuit Ay = f, rue
A - HeBBIPOXKJICHHAs MATPHUIA C JICHCTBUTEILHBIMY dJIEMEHTAMU Q; j, 4, ] = 1,2,
..., . Pemmrenne nannoit cucTeMbl TUHERHBIX yPAaBHEHNN MOYXKHO NCKATDH, UCTIOJIb3Y s
BCIIOMOTATEJILHBII BEKTOP X, CBA3AHHDLIN C BEKTOPOM Y COOTHOIIICHUEM Y — Alg
(Bropast rpancdopmaiust Taycca [1]). Hust perienusi 1peobpa3oBaHHON CHCTEMbI
JIMHEHHBIX aJrebpamdecKuX ypaBHEHUI MpeJJIoyKeH UTePAIMOHHbII BApUAHT Me-
TOJ1a, CONPSAKEHHBIX I'PAJIMEHTOB, UMEIOIIUI CJIe YOl BU/IL:

7,0

10l

I o
lg™13 =

mpn k=0 ' =0, 7" =—f, sl =

mpu k= 1,2,... ¢8 = ATsF, oF = F1

Hrk_l‘b k B Ak
T e == g

GFHL — rt I7* 12 ok
[Vt I E |

BbIxo 13 UTepannoHHOr0 MPOIEcca OCYIIEeCTBIISETCs TPYU BBITIOJHEHUN HEpa-
percta ||r*]ls < 1077, rae ||r¥]|s = \/(r%,7%), a mapamerp p paBen mopsajiKy
qucsIa 00yCIOBICHHOCTH MaTPUIIBI A, 3aITMCaHHOTO B CTaHAPTHON opMe, YBeTH-
deHHOMY Ha, JiBe equHuilel (p > 5). [Ipubmmkénnbiv pererueM cucreMbr Ay = f
SBJIETCS BEKTOP Y = y* 110C/Ie BBIXOJA N3 HTEPAIMOHHOIO MPOIECCA.

MOKHO TOKA3aTh, YTO BEKTOP y* ABIATCA TaKyKe HOPMAJIbHBIM PEIICHHUEM B
cilydae Hejgoonpeeéunoit cucrembl Ay = f [2].
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O npmMeHeHUN MeTOoA0B MAaLUMHHOINo oby4deHus
AN OLEHKN pUCKa pa3BuTus
nocJsieonepaLMoOHHbIX MH(PEKLMNOHHbIX

OCJIOXKHEHUNW
Myxun Cepreit IBanosu4d, Byun4ieBa AnHa AxoBaeBHa, KodeToB
Erop Baaagnvuposu4, 'aeBckass Taucusa AjexkcanapoBHa, PajaeBa
Kapuna Bnamuciaasosaa!, Kopoaes FOpuit Muxaiiiopma?

! Kadenpa BeranciurensHbIx METOAO0B, e-mail: vmmus@cs.msu.ru, bunicheva@cs.msu.ru

2 Kadenpa xupyprideckux 6osesneit ®OM MI'Y umenu M.B. JlomoroCOBa, e-mail: korolyov-1997@mail.ru
uTennekTyaibHblil aHAJINS JIAHHBIX sIBJISETCS TEPCIEKTUBHBIM COBPEMEHHBIM Ha-
IpaBJIeHIeM, IIOMOTaOIIUM CUCTEMATU3UPOBATDL U aHAJIU3UPOBATEL OOJIbIINE 00b-
embl wHMOpMalmn. OJIHIM 13 OCHOBHBIX CPEJICTB TAKOTO aHAJN3a STBIISTIOTCS Me-
TOJIbl MAITMHHOIO O0yYeHUs. DTHU METO/bl HAIIIM IUPOKOE NPUMEHEHNE U B 00-
paboTke mejuiuHckoi nadopmaruu. [enbo JanHoil paboThl SIBJISETCS UCCJIEI0-
BaHUE BO3MOXXHOCTHU [IPUMEHEHUsI METOJIOB MAIIIMHHOIO O0yYeHUs K KJAMHUYECKOM
6a3e Pas3sHOPOJIHBIX MEJIUITMHCKUX JAHHBIX HallMeHTOB, MEPEHECIINX XUpPYyprude-
CKOE BMEIIaTe/IbCTBO, JIJIst OIIEHKKW PUCKA Pa3BUTHS TOCJEOEPAIlMOHHBIX OCJIOXK-
HEHU.

B nepByio ouepejib M3ydasach BO3MOXXHOCTH MPEJICKA3aHUsT BO3HUKHOBEHUS
110CJIEOIEPAIIMOHHBIX MH(PEKIMOHHBIX OCJIOXKHEHU 110 JI00IePAllMOHHbIM [IPU3HA-
kaM. IIpoBejiena padbora 110 OJrOTOBKE JIAHHBIX, B TOM UHC/I€ HOPMAJIH3allis JIaH-
HbIX, 00PabOTKa YMCJIOBBIX U KaTEropuaJibHbIX 3HAUEHUI, paboTa C BHIPOXK JICHHbI-
MU ToKazaTessaMu. [1poBenen KoppeananmoHHbIi aHaIn3 TeJeBbIX IePpEMEHHDBIX 1
npusHakoB. OTmMedaercs, 9TO 3HATUMOMN CBSI3U C IEJEBOW TTePEeMEHHON He BhIsiB-
JIEHO.

B wucciegoBanny UCIOJIB30BaH PsiJi KJAACCUUECKUX aJI'OPUTMOB DPEIIeHUsT 3a-
Jadu Kjaccudukaiuu: Jorucruueckas perpeccust [1], cayuaitabiii yec [2], meros
OIMOPHBIX BEKTOPOB |3, rpa/iieHTHbIN OycTUHT Ha JiepeBbsax perrenuii [4]. Mogesn
00y4aJIMCh 1PU Pa3JMUHbIX Iuiiepiapamerpax [5] jis MAKCUMU3AIUUA TOYHOCTH
perrennsi. AJTOPUTMBI OOyUIEHHUST MOI0MPAINCH CIIEIAAILHBIM CIIOCOOOM JIJIsT 110~
JIydeHUsi JIydIliero perieHust npu jucbajance KjaaccoB. B pesysbrare 1mokasaHo,
YTO Ha paccMarpuBaeMoil Oaze JaHHBIX KJIACCHUYECKHE MOJIEIN He MMO3BOJISIOT 10~
JIYIUTH NPEJICKA3aHUs C JIOCTOBEPHOCTHIO, OTJIMIHOMN OT JJOCTOBEPHOCTH CTOXACTH-
YEeCKOM MOJICJIN.

Takxke Obn pacemorpensl u npumenensl SOTa (state of the art) permenus.
Tak Juist yBeJIMueHusl JaTaceTa UCI0Jb30BaJIUCh 110/1X0/ibl 'eHEPAIUU CUHTETUYe-
CKUX JIAHHBIX Ha OCHOBE CYIIECTBYIONIUX; JIJisI 00pabOTKK TEKCTOB UCIOJIb30BAIUCH
TpancdopMepHbie apxuTekTyphbl [6]; st 00paboTKu MeJMKO-CrienuduIHbIX TeK-
CTOB MCIONB30BAJICH crieruaibibie Mojean tua BioBERT [7]; ucnonb3oBanncn
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rIy0oKMe, MnpejiodydeHHble Ha, OOJIBINNX KOPIycax JaHHBIX, MOJIEIU JIjIs J000y-
UEHMsl Ha CYHIECTBYIOLIMX M HOCJeylonero npejckasanust [8]. Vcuosb3oBanue
IEPEJIOBLIX apXUTEKTYP U IOJXOJI0B HE II03BOJIFET HA pPaccMaTpUBaeMOM Habope
JIAHHBIX KQUECTBEHHO YJIyUINATh MOJIyIeHHOE paHee PereHre OoCTaBICHHON 3a/1a-
YU KJIACCU(PUKAIIAN.

B sonosiHuTe/ IbHOM MCC/I€IOBAHUU UCXO/HAs 0a3a JaHHbIX Obljia PaciiupeHa,
3a CUeT BKJIOUEHUS [TOKa3aTeseil B IOCIeOnepannoHHbli mepno. AHagIns3 mpoBo-
JINJICST TIO OJMHAKOBOW CXeMe JJIsi TPEX TOCAeI0BATEHHBIX TOCIEONTEePAIITOHHBIX
JiHeit. Pesyiibrarbl paboTbl Tpex MoJe/Ieill 1oKa3aJu, 4To J00aBJeHUe 10CJIe0l1e-
PAIMOHHBIX IIPU3HAKOB HE YJIYUIINJIO IIPOIHO3 OCJOXKHEHMIA.
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Peannzauns metroga nepemMeHHbIX
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Kak u3BeCTHO, OCHOBHBIM METOJIOM UHCJIEHHOTO DeIieHus MHOroMepHbix (3D)
nuddepeHnnaIbHbIX YPABHEHU SIBJISETCSI METO/I, [IePEeMEHHBIX HallpaBJIEHUA, TPeJI-
JIO?KCHHDBIN B [1, 2]. OH ycTOHYMBBII B OTJIMYUE OT JPYIUX METOJOB CyMMAapHO
AIIIPOKCUMAIINU, TIPUMEHACMBIX JIJId KOMIBIOTEPHOI'O MOJEJUPOBAHUA TPEXMep-
HbIX 38J1a4, KaK 9TO POJEMOHCTPUPOBAHO B [3], Kak puMep, ¢ IOMOIIBIO METOJIA
HepeMeHHbIX HanpaBennii. OJIHaKo, JJaHHbBII MeTO/I IepBOHAYAJIbLHO OBLI IIPEJIJIO-
JKEeH JUIst JIMHeRHbIX i dhepennunaibibiX ypaBHeHuii. Ero npumenenue jijisi pere-
HUs HEJIMHEHHBIX YpPABHEHUI, B YACTHOCTHU TIPU MOJEJUPOBAHUU TIPOIECCOB B3a-
MMOJIEICTBIS ONTUYECKOrO MyUYKa ¢ MOJyNpoBoJAHUKOM [4, 5], nokaszaso, 4ro on
He 00J1aJlaeT aCUMITOTHIECKOH YCTONUIMBOCTHIO, KOTOPAsh MOXKET OBIThH NPUHITU-
nuajgbHoit. CrejoBaTeibHO, CyIIeCTBYeT HEOOXOIUMOCTb Pa3pabOTKK UMCICHHBIX
METOJIOB, JIMIIEHHBIX 3TOro HejpocTarka. OJHUM U3 BO3MOXKHBIX MOJIXOJI0B ObLI
npeioker B |4,5]. OH ocHOBaH Ha peaju3anus MHOTOSTAIHBIX HTEPAITHOHHBIX
IIPOIIECCOB, 3alMCAHHBIX JIJIsi pa3pelieHs HeJIMHEHHbIX Pa3HOCTHBIX cxeM, obJia-
JTAIONMNUX CBOMCTBOM KOHCepBaTWBHOCTHU. IIpm 3TOoM, Ha KaxKJaoM 3Tale, IO CyTH,
periaercsa ogHoOMepHadA 3aJiada, 4TO IMO3BOJAET Peaan30BaTh IKOHOMUYHBIA Me-
TOJI, TIOJOOHBIN METO/Iy TepeMeHHbIX HamIpapjeHuit. [[03ToMy MOXKHO FOBOPUTH O
METO/Ie IIeEPEMEHHDBIX HAIPaBJIEHUN, PeaJinM30BAaHHOI'O HA OCHOBE UTEPa-
IIMOHHOTO 1poiiecca. OiHaKO, B OTJINYNE OT PA3HOCTHDBIX CXEM, MPEJJIOKEHHBIX
Douglas, pazpabarbiBaeMblil MeTO]1 00J1a/1a€T CBORCTBOM aCUMIITOTUYIECKO yCTOM-
YUBOCTHIO.

JlaHHBIN JTOKJIa]T MOCBAIIEH HCCIEIOBAHUIO peaju3alliid MHOTOITAIIHOIO UTe-
PaIMOHHOrO mporecca (MeTojla epeMeHHbIX HAIPABJICHUH, PeaJu30BAaHHOTO Ha
OCHOBE UTEPAIMOHHOTO MPOIECCa) JJIs TUCICHHOTO MOJICJUPOBAHUS YDABHEHUS
[Ipeaunrepa, a Tak»ke 0COOEHHOCTEH ero NPpUMEHEHHUs [IPU UCIOJIb30BAHUHT a,J[all-
TUBHBIX HEOTPAXKAIOIINX KPAeBbixX ycjosuii [6].

Eropenkos B. A. 6marogapur PH® (rpanr Ne24-71-00031), npu dbunaucosoii
110/IJIEP>KKE KOTOPOT'O BbINIOJIHEHA JlaHHAst paboTa
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[eHepaunsa BuxpeBOro 3Byka nNpu A03BYKOBOM
obTekaHun UMAnHApa: MogesMpoBaHne Ha
OCHOBe KBa3urasogmHamMmumn4ieckux ypaBHEHWUm

ITTupokoB NBaH AuaTosibeBUY

Kadempa BeraucanrebHbIX MeTOI0B, e-mail: ivanshirokov@inbox.ru

BaykHoCTb 1cciie/ioBaHus TIPOIECCOB BO3HUKHOBEHUSI BUXPEBOI'O 3BYKa CBS3aHa, C
IMPaKTUIECKUMU 3a/ladaMy YMEHbIIeHNs YPOBHs IIyMa IIpu paboTe BEeHTUJISITOPOB
B MMPOM3BOJICTBEHHBIX MMOMEIIEHNsIX, HA caMoJieTaxX, KOpabIsiax W T. . DTU NCCTIe-
JIOBAHUSI TTPOBOJIMJINCH B MHOIOUKMCJIEHHBIX paboTax, MpH 3TOM KCIOJb30BAJINCDH
pasJIMdIHbIe IPEeJICTaBIeHNs O (DUBUUIECKON IIPUPOJIe TeHEepalluid 3ByKa [IPH a3pO-
JuHaMu1eckom obrekanuu TBepbix Ted |1, 2]. Hecrannonapubie Buxpu, Koropbie
00pa3yoTcs NpHU TaKOM OOTEKaHUHU, SIBJISIOTCS OCHOBHBIM (PaKTOPOM BO3HUKHO-
BEHUsI M U3JIy9eHUs 3BYKOBBIX Kosiebanuii. Kak ObL10 nokasano |3, kBasurazosu-
namuaeckuiit (KI'JI) asropurm pacdera TedeHuii BS3KOrO TEILIOMPOBOIHOTO Ta3a
MO3BOJISIET, B YUCJIE TTPOYEro, MPOBOJUTH MOJICJIMPOBAHNE BUXPEBHIX 30H ITPU 00-
TeKAHUHU TBEPJIbIX TeJ. B CBsI3W ¢ 3TUM, IpeJcTaB/IsieT HHTepeC MOJIeJNPOBaHKe
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KapTUHBI BUXPEil, BOSHUKAIONINX B TUIUYHON 3ajlade U3yUYeHUs NeHepalui BUX-
PEBOI'O 3BYKa: JIO3BYKOBOI'O ODTEKAHUs IUJIMHJPUIECKOTO TPOQUIIS.

Pressure .
pulsations, normalized

1

0.8

-0.004

-0.004 0.008 ). 0
. 0 45 90 135 180
’ Polar coordinate

Puc. 1: Kapruna obrekanust (ciesa). HTeHCHBHOCTD 3BYKOBbIX KOJIeOaHUil, IKC-
MEPUMEHT (CIIIONTHAS JINHUS) U MOJICTUPOBaHie (CHMBOJIBI), CIIPABA.

B janHoit paboTe npuBeJICHbI IIPeJIBAPUTEIbHBIC PE3YJIHTATHI TAKOI'0 MO/IE/IN-
pOBaHUs [IPU CKOPOCTH HEBO3MYIIEHHOIO 110ToKa 20 M/c ¢ duciom Peitnosibica
(BeramcssieMoMm 1o jmaMerpy nmsmaapa 4 mm) 5300. st Tpexmeproro moje-
smpoBanust KI'/I ajropurm peain3oBaH Ha HECTPYKTYPUPOBAHHBIX TETPadIPaJib-
HBIX CETKaX, IMOCTPOEHHBIX C IOMOIIbIO ceTouHoro reneparopa Gmsh. Ha puc.
HoMep: 1 cJjieBa MOKa3aHO MI'HOBEHHOE PaCIpejie/IeHre MOJIYJ/Isi CKOPOCTU W JIMHUM
tToka 1nojydennoit npu KI'JI MojenmpoBanun HecTalMoOHAPHONR KApTUHBI BUXPEil.
B pabote [2] npuBesieHbI SKCIIEpUMEHTATBHDBIC JTAHHBIC U3MEPEHU MHTEHCUBHO-
¢t KoJieOaHUit 3BYKOBBIX 9aCTOT Ha IIOBEPXHOCTU IUJIMH/PA B PA3JIMUHBIX TOY-
Kax. OTHU JIaHHbIE, a TaK»Ke COOTBETCTBYIOIINE 3HAUCHNS NMHTEHCUBHOCTH KoJjieba-
Huii, mosiydennbie nyrem KI'JI mojeiupoBanust, mokazanbl Ha puc. HoMmep: 1 cripa-
Ba. AOCIINCCHI COOTBETCTBYIOT a3UMYTAJILHOMY YIVIY, OTCIATHIBAEMOMY OT TOUKH
TOPMOKEHUS TTOTOKA, Ha HABETPEHHOI cTopoHe nuianHapa. MHTencuBHOCTH KOJI€-
GaHmii HOPMIPOBAHBI Ha MaKCHMAaJbHOe 3Hauenne B Touke orpbisa (90°). Bumo,
YTO OOIIUI BMJI 3aBUCUMOCTH MHTEHCUBHOCTU KOJICOAHMII OT IIOJIOXKE€HUS TOUKH
U3MEPEHUsi YJIOBJIETBOPUTEILHO COOTBETCTBYET IKCIIEPUMEHTAJIbHBIM JIAHHBIM, 38,
nckmmodenreM 3Hadenus npu 1800, Taxum 06pa3oM, IpeBapHTEIbHBIC PE3Yilb-
TaThl MMOKA3bIBAIOT HEpPCIeKTUBHOCTHL npumeHenns KD/l asropurma K 3ajiadam
N3yYeHNs BUXPEBOTO 3BYKA.

Aprop BoIpaxkaer Oaarogaprocth mpodeccopy Tumymeny C. @. 3a npejpcras-
JICHHBIC JJAHHBIC 110 MTOCTAHOBKE 33 Ia4H.
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[Ipu B3aumoeiicTBUK TYpOYJIEHTHOI'O CJIEJIa C MPEIATCTBUEM ITeHEPUPYIOTCS aKy-

CTUYECKHEe BOJIHBI, IIPOM3BO/IsIINE IIyM B JajbHeM 1oJie. [Ipsmoe mojennposa-

HUEe TaKUX 3aJa4d Ha ocHoBe ypapHeHuiit Happbe—CToOKca HEBO3MOXKHO 110 IPUUNHE

ype3Bblvuaiinoil TpyjoeMKocTu. Vcnonb3oBanue ruOPUIHBIX BUXPEPa3PeIaionimx

MOJIeJIel TAKKe CTAJTKUBACTCS ¢ OIPOMHBIMHU BBLIUUCIUTEILHBIMA IIPOOJIEMaMHU.

B macrosimeit pabore pasBuBaeTCs YIPOIIEHHBIH MOJAX0M] K MOIEINPOBAHIIO
reHepaluu aKyCTUIeCKIX BOJIH Ha TBEPJOi 1oBepxHOCTH. PaccMarpuBaercs 11po-
buIb SJIMIITHYECKO (DOPMBI, HEJIaJIeKO OT KOTOPOIO, BbIIIE 110 IIOTOKY, 3a,/1aeTCs
CUHTEeTHYeCKuii TypOyaeHTHbIN ciiej. [Iporece onnckiBaeTcsi B TepMUHAX HEJIMHET-
HBIX YpaBHEHMI Diijiepa, IOCKOJIbKY HAJMIUE BSI3KOCTH MAaJiO BJIUSIET Ha aKyCTH-
Jeckue xapakrepuctuku Tedennsi. C Jpyroit CTOpOHBI, JAHHBIH (heHOMEeH peIb-
SIBJISIET BBICOKHE TPeOOBAHNS K TOYHOCTH BBLIUUCIUTENILHBIX AJTOPUTMOB U aJeK-
BATHOMY BOCITPOM3BEICHUIO ITapaMeTPOB TYPOYIEHTHOTO TOJISI.

Bce pacuersl BeJIMCH € IOMOIIBIO CXEM, COXPAHSIONINX JUCIEPCUOHHBIE COOTHO-
HIeHud [1], 3alMCalHbIX B KPUBOJUHENHON HEOPTOTOHAJLHON CUCTEeMe KOOPIUHAT.
Cy1ecrBeHHBIM MOMEHTOM, BJIMSIOINIAM Ha, YCTORUMBOCTD AJTOPUTMOB, SIBJISETCS
IIOCTAHOBKA PA3HOCTHBIX YCJOBUH HA TBEPON MOBEPXHOCTH. ABTODPBI HCIIOIB30-
BaJIi TEXHOJIOTHIO (DUKTUBHOTO y3JIa, [2] CxeMa B KPUBOJIMHEHHDBIX KOOPIMHATAX
CTPOUJIACh HA OCHOBE IOJIXO0B [3,4] ¢ aBTOPCKOI JopaboTKoil. I'eneparus cum-
TETUIECKOr0 TYypPOYJIEHTHOI'O MOJIsi ITPOBOJIMIACH HA OCHOBE TEH30PHOI'0 MEeTO/Ia,
dbunbrpanmm [5).
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2

Meroy, yacTul npejcrapisier coboii MeTOJ MOJIEJIUPOBaHKs OOJIbIIUX CUCTEM HA
OCHOBe JlarpamzKena ornmcanus. PaspoiBupiit meros sactur, (PMY) asisgerca me-
ToJi0M “dacruna-dactuia’. PMY cocrouT u3 JIByX OCHOBHBIX 9TAIIOB: IIPEIUKTOPA,
1 KoppekTopa. KoppekTop oCHOBaH Ha aHAJHM3e COCTOsIHHUS COCEJTHUX UACTHI U
BBIOOpE YacTuIilhl, TPEOYIOIIEH KOPPEKTUPOBKU. B ocHOBE paccMarpuBaeMoro Ba-
puanta PMY jexxut BLIOOD IJIOTHOCTH B KadecTBE KJIIOUEBOH XapaKTePUCTUKH
YaCTUIbI B OTJIMYUE OT BaApUAHTOB, OCHOBAHHBIX Ha yueTe popMbl dacTHIlbl. Pe-
IIeHUEe CUCTEMbl YpaBHEHUI MeJIKOM BOJIbl OlIMPAETCH Ha METOJ| PacllelJieHus,
IOJTydeHHbIe MIPU PacilelJeHn ypaBHeHnsa permraioTcd ¢ nomombio PMY. Tlpo-
BEJICHHDBIN YKMCJICHHBIM 9KCIEPUMEHT 1OKa3bIBAET, YTO Jjlayke 0e3 MCII0JIb30BaHUs
JIMMHTEPOB aJITOPUTM KOPPEKTHO BOCIPOU3BOJUT OCHOBHbBIE (DU3UUECKUE OCOOEH-
HOCTU TEeYeHUsI, B 9aCTHOCTH €ro Herjajkuil npoduib. [lokazano, 4ro Bhrauc-
JIEHE CKOPOCTH OTJIMYAeTCsl BBICOKOI TOYHOCTBLIO, Jake JIJIsi 'pyOOro Iara, Io
npoctpancTBy. OCHOBHAsT TOTPENTHOCTH CBSA3aHA, ¢ OTPEJIEIEHNEM BhICOTHI BOIHOMN
nosepxuoctu. [lojiyuennbie pesysibrarbl 104TBEPKAAI0T I3PDPEKTUBHOCTL U 1TPU-
MEHUMOCTb Pa3PbIBHOI'O METOJla YACTHUIL JIJI PEIIeHHs 3aJladd 00 HCTEUYCHHH B
BAKYyyM.
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CxemMa «yrosiok» ans pesiakCauWoHHOro
NPUONVIXKEHNSI CKAaNSAPHbIX 3aKOHOB COXPaHeHUs
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[Ipu perernn runepOOIMIECKUX yPaBHEHU 3a9aCTYI0 BOSHUKAIOT Pa3pbIBHbIE Pe-
mennd. s monydenns ajgeKBaTHBIX PElIeHU BBITUCIUTEIbHBIN aJTOPUTM JI0JI-
JKeH OBbITh KOHCEPBATHBEH. 3aKOHBI COXPaHEHWs! JOJDKHBI JIeHCTBOBATH KaK HA
JuddepeHnajsbHOM YPOBHE, TaK U HA JUCKPETHOM [1,2]. C Japyroit ¢TopoHbl, B
00J1aCTAX TJIAJKOCTH IUIIEePOOINIeCKIe CUCTEMBbI [IPEJICTABUMBbI B «XapaKTepPUCTHU-
qeckoit popmes. XapaKTepucTuiecKue ajropuTMbl FOPa3/0 Jydile KOHCepBaTUB-
HBIX 110 BBIYUCJIUTEHbHON 3(D(MEKTUBHOCTH U TOUYHOCTU IPHU OTCYTCTBUU PA3PbIB-
HbIX pelieHunii [3,4]. O0beHeHre JOCTOMHCTB 3TUX JIBYX MOAXO/I0B IPUBOIUT K
«baJIaHCHO-XaPAKTEPUCTUICCKUM> CXEMaM [5,6], K YUCJIY KOTOPBIX MOXKHO OTHE-
CTU W CXEMY <«yToJIOK». JlaHHasi cxema sIBJIisieTCs MpOoCTeiineil TpoTUBOIIOTOYHOM
cxemoit. OHa mpocTa, MOHOTOHHA W MAaJIOAKUCIIEPCHOHHA, HO 00J1aaeT BHICOKUMMU
JIACCUNATUBHLIMU CBOHCTBaAMU [7] Ee omHopo/iHOCTh HapymaeTcs B «3BYKOBBIX
TOUYKaX», 00JIACTSIX, B KOTOPbIX HAIIPABJICHUSI XaPAKTEPUCTUK MEHSIOT CBOW 3HAK.
Takue ciaydan HeOOXOIUMMO PaCCMATPUBATH OTJIECJILHO, UTO YCJIOXKHSET peaJin3a-
[IMI0 MeTO/a B IIporpaMMe, a TaKxKe CHUZKACT JIOKAJIbHbBIA MOPAJIOK allllPOKCUMa-
[N 10 HYJIEBOTO [8,9]. B nannoit pabore paccMarpuBaeTcs CIOCO0 yCTpaHeHUs
9TUX ABJICHUI JIJId CXEMbl «yT'OJIOK» Ha IPUMEpe OJIHOIO CKAJAPHOIO KBA3UJIHU-
HeiiHoOTO THIepboInIeckoro ypasuenns. OCHOBHAs UJIes 3aKJII0UYAETCs B TPUOJIU-
KEeHUU MUCXOIHOr0 HEJIMHEHHOrO0 ypaBHEeHUA CUCTEMOU JIMHEHHDIX YpaBHEHU, Tak
Ha3bIBAEMOE «pesiakcaruortoe npubskenuney (Jin-Xin model), ne cojepxkarieit
3BYKOBBIX ToUeK |10].
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x)esbl iepeMennbie (CJI). CyrecTByer MHOKECTBO Pa3IMIHBIX pean3alnii aJ-
rOpuTMOB UX perienusi. Harnpumep, mmpoKo paciupocTpaHeHbl CJeyIONme By X-
STAIHBIE METOJIbl: METOJI, COCTOSANIUI U3 pacdéra JarpaHKeBa dTala U IOCIIe/Ty-
foleil peasinzanuu nepecyéra Ha 3ajaHuyio cerky [1]; meroj ¢ pacuerom itse-
poBa dTarna M MepecIéToM Ha BTOPOM 3dTalle Ha HOBYIO 33JIAHHYIO CETKY, TaKKe
110/1BUKHY10 BO Bpemenu |2]. TIporecc nepecuéra Ha HOBYIO CETKY SIBJISIETCSI BECh-
Ma TpyaoéMkuM. B mpesicraBiennoii paboTe paccMaTpuBaeTCs MpUMEHEHWE Me-
rojia KABAPE (3], nossouisiioniero cokparuth 00beM HEOOXOJAUMbBIX BbIUUCIEHUT
B paccMaTpuBaeMoii 3ajade. M3BecTHO, 4TO 9TOT MeToj| pazpaboraH ¢ yd4eToMm
MUHUMHA3AIUA IUCJCHHON JINCIEPCUU M JINCCHUIIAINH, UTO OOECIIeunBaeT TOUHOE
¥ YCTOWYMBOE PEIIeHUE CUCTEM TUepOOJIMIeCKUX YPABHEHU, KOTOPBIE UCIOJIb-
3YIOTCsI JIJIsT MOJICTUPOBAHU Ta30/IMHAMUYIECKIX TedeHuit. B pabore mpuBouTcs
onucaHue paspabOTAHHOTO AJITOPUTMa M €r0 KOHKPETHON peasn3aliiu, a TaK>Ke
paccMaTpuBaeTcs MojiesibHoe perenne 3agaqu B CIJI mepemennnix. Ha pucynke 1
npejcrapiena 6siok-cxema BTopoit daswl aaroputma KABAPE mis neymeproro

JIO3BYKOBOTO TeUYeHUS Ta3a B TpyoOe.

‘ Pacuér dyuxuuit S, Npew, Thew, RhoC ‘

110 BEPTUKaJIbHBbIM I'PaHAM ‘ 110 TOPU30OHTAJIbHBIM I'DaAHAM

| ]
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Puc. 1: Biiok-cxema BToporo sraiia, aJropurMma.
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B nannoii paboTe paccMaTpUBaeTCs YUCICHHOE MOJIeINPOBaHKe OJITHOMEPHOI HecTa-
IMOHAPHON TEIJIONPOBOJIHOCTH HA OCHOBE I'MIIEPOOJIMIECKONR MOJIEJN, YIUThIBAIO-
el KOHETHYI0 CKOPOCTh PacIpOCTPaHeHUs Telljia. B oTandme OT KJIacCHIecKOoro
ypaBraernusi Qypbe, UCIOJB3YETCsT CUCTEMa, YPaBHEHUH IePBOro MOpsijIKa.:

ol 0q

T /(). .1)
oT

a5+ o = e

rie T — Temueparypa, ¢ — IJIOTHOCTH TEIJIOBOIO TOTOKa, 0 — KoadduiuenT
TEITONPOBOAHOCTH, f () — MCTOYHUK TeIa.

Jlist ypoIeHust 9UCIeHHONO PEIIeHnsT CUCTeMa TPUBOJINTCS K XapaKTepUCTH-
T9ecKoil (popMe ¢ UCMONB30BAHNEM PIMAHOBLIX HWHBAPUAHTOB:

R=qg+\XI', Q=q—\T, )\:L,

Va
rjie a — mapamerp rurmepbosu3anun. Takasi ¢popma 1mo3BoJisieT M (MEKTUBHO
MPUMEHSITH YUCJIEHHbIE METO/IbI, N3HAYAIHLHO pa3pabOTaHHbIE s 3a/a9 ra30BOM

JIMHAMUKHA.

Ha ocuose cxembr KABAPE (CABARE) nocrpoena pasuoctHas cxema BTOPO-
'O TIOPSI/IKA, TOYHOCTH 110 BPEMEHHU 1 1TPOCTpaHCcTBy. Mcoib30BaH MeTO/1 IIPOrOHKN
JUUIsl pacdéTa OJIHOMEPHOI'0 TEeMIIEPATYPHOI'O IOJIsI C YIETOM I'PAHUYHBIX YCJIOBHI
epPBOTO M BTOPOro poja. Peanmsarus BbinosHeHa Ha si3bike C+-+ ¢ BOBMOXKHO-

CTHIO HACTPOMKM CETKM, BPEMEHHOTO IIara 1 MmapamMeTpoB MOJIEJIN.
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[IpoBenena cepusi YMCIEHHBIX SKCIIEPUMEHTOB, B TOM YHUCJIE TECThI Ha, YCTOM-
YUBOCTD LIPU PA3JIMUHBIX 3HAUCHUSIX T U (v, & TAKXKE aHAJIU3 BJAUSIHUS I'UIIepOOJIn-
3allMd Ha I0BeJIeHUe TelioBoro ¢gpponTta. [lojiyueHHble pe3ysbTaThl IOKA3bIBAIOT
cooTBercTBUE (DUBNUECKUM OXKUJIAHUSM: DU MAJbIX (¢ MOJIEJIb HPUOJIMKAETCS K
KJIACCUIECKOI 1mapaboImuecKoil, IIPU YBEJIUICHUN — HPOSABJISIETCsS] BOJHOBAsI IIPU-
po/la TerJIoNepeHoCa.

PazpaboTanHblii 1101X0/1 MOXKET ObITH KCIIOJb30BAH JIJIS MOJIECJIMPOBAHKS Tell-
JIOBBIX MPOIECCOB B CpeJlaX ¢ KOHEYHOI CKOPOCTHIO TEIJIONIEPEHOCa, B TOM HUCJje B
3ajladax ¢ UMIIYJIbCHbIM HAI'PEBOM, MUKPO- U HAHOCUCTEMAX, a TaKKe B pacueéTax,
rJle Ba2KHO YUYUTHIBATH TEIJIOBYIO MHEPIUOHHOCTb.

CIINCOK JINTEPATYPHI
[1] Tososuzuun B. M., 3aiines M. A., Kapabacos C. A., Koporkun 1. A. Ho-

BbI€ aJITOPUTMBI BHIUYUCIUTEIHLHON THAPOIMHAMUKK JJIsT MHOTOIPOIIECCOPHBIX
BBIYUCIUTEIBHBIX KoMIiekcoB. — M.: MI'Y, 2010. — 160 ¢. — (Cepus «Cy-
IEPKOMIIBIOTEPHOE 00pA30BAHKES ).

Pewenune 3apgaun Water - Air Shock Tube
cxemoin KABAPE

Tonosusa H. A.!, TomoBuzaun B. M.?

! ®unman MOCKOBCKOTO TOCYJapCTBEeHHOro yHIBepcuTera mvenu M. B. Jlomonocosa B ropoge Capose,
kadenpa maremaruku, e-mail: error50i@vk. com

2 Mockosckuii rocynapersennsiii yausepeurer umenn M. B. JIomonocosa, dakyisrer BMK, xadeapa BM,
e-mail: gol@ibrae.ac.ru

Bagaua Water — Air Shock Tube [1] siBisiercst OjHOM U3 CTaHJAPTHBIX TECTOBBIX

3aJ1ad JIJIsi BepU@UKAIUd YUCJICHHBIX METOJIOB PEIlleHKsI YpaBHEHUI ra3oBoii jau-

HAMUKH [IPU MOJIECJIMPOBAHUN T€UCHHUI ¢ OOJIbITUMHU HIeperaiaMy IIJIOTHOCTH, J1aB-

JIeHdsl 1 Ipyrux napamerpon. ObsiacTh pacuéra pasjeseHa MeMOpaHO# Ha JiBe

GacTH: CJIeBa PACHONAraeTcs XKUJIKOCTh (BOJIA) ¢ BBICOKOH MJIOTHOCTHIO U JlaBJie-

HUEM, ClipaBa — ra3 (BO3/yX) ¢ CYIIECTBEHHO MEHBIMUMU MapaMeTpaMH.

[Tocne ynaJsienusi MemMOpaHbl TeUEHHME OINKMCHIBAETCs KakK 3ajada Pumana st
NBYX(a3HO CUCTEMBI, B PE3yJILTATE PElIeHNsT KOTOPOil BOSHUKAIOT yaapHas BOJ-
Ha, KOHTAKTHDLIN pa3pblB M BOJHA Pa3peKeHusl.

B upoiecce 9BOJIIOIMK CUCTEMbI IPOUCXOJUT TOCTEIIEHHOE BbIPABHUBAHUE I1a-
paMeTpoB M YCTaHOBJIEHHE PaBHOBECHOT'O COCTOsIHMA. KoppeKkTHoe onucanue 3Toil
peJlakcaluy 1 JUHAMUKNA uHTepdeiica siBIsieTcsl BAXKHBIM KPUTEPUEM YCTORIUBO-
CTH ¥ TOYHOCTH UMCJICHHON CXEMBI.

B nacrosimeit pabore paccMarpuBaeTcs MpUMEHeHNe DaJlaHCHO - XapaKTepu-
cruaeckoit cxembl KABAPE [2| ¢ ucnoabsoBaruem mogenu Saurel-Abgrall [1].
Coueranne stoit mojenun u cxembl KABAPE nossosiser KoppekTHO OmHCHIBATH
B3auMo/ielicTBre (a3 npu COXPaHEHUU yCTORUMBOCTA U MOHOTOHHOCTH PEILICHUS.
YiapHble BOJIHBI M KOHTAKTHbBIE Pa3PbIBbl BOCIPOU3BOIATCS 663 3HAUUTETbHBIX
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YUCAEHHBIX ociusiimii. [losydennnie ipoduiiv MIOTHOCTH, CKOPOCTH ¥ JIaBJIe-
HUs B MOMeHT Bpemenu t = 0.5 MC comiacyiorcss ¢ U3BECTHBIMU ITAJOHHBIMU
pe3yJibTaTaMu.

CIIUNCOK JIMTEPATYPHI

[1] Andrianov N., Saurel R. A Simple Method for Compressible Multiphase
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HOCUMBbIX YCTPOWCTB 414 onpegeseHnsa aMmouyunim
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PacrioznaBanue sMOIKii - AaKTUBHO Pa3BUBAIOIIAsICS B [OC/IE/IHEee BpeMst obsiacThb [1],
UMEIOIIAs TPUJIOYKEHUST B MEUITMHE, 9€JIOBEKO-MAITMHHOM B3aUMOIEHCTBIN, Map-
KEeTHHT'e, KOHTPOJIe COCTOsIHUS orneparopa. Kiaccuaeckue o IxXoIbl
paciio3HaBaHUS IMOIMI UCIHOJIB3YIOT OTJIE/bHbIE MOJIAJbHOCTHA JIAHHDBIX, HAIIPU-
Mep: BeIpakenus jmna |2| wiun rosoc [3|. Ilpuvenenue moaxo 0B Ha OCHOBE MyJTh-
TUMOJIAJIbHBIX JAHHBIX TTO3BOJIAET MMOJIyYUTH O0JIee TOUYHYIO U YCTONINBYIO KJIACCH-
dbukanuio [4]. Ograko BEIGOP UCMTOTB3YEMOro HabOpa MOJAIBHOCTEl TaCTO 0CTAST-
cst HeuceseoBannbiM [4]. B gannom uccieoBaiun Mbl cpaBHUM 3(DDEKTUBHOCTh
CTMSTHUST PA3JIMIHBIX AP MOJAJbHOCTEN (PUBNMOJIOIMIECKUX JJAHHDBIX, IOy YeHHBIX
C TIOMOIIHIO HOCUMBIX YCTPOUCTB, Ha OCHOBE KaueCcTBa KJIACCHUMDUKAIINN, TTOTYIeH-
HOI'O IIPU UCIIOJIb30BAHUU OJIHOU apXUTEKTYPbl HEMPOHHON CETH.

JlaaHble 1 MeTOoAbI. [[Jis poBeJieHus JaHHOTO UCCJIeIOBAHUS ObLT BHIOpaH
rabop janubix WESAD [5], Tak Kak OH sIBJISIETCS OTKPBITHIM U COJIEPKUT JIAHHbIE
10 mojanbHOCTEl. B KavuecTBe 1ie/1eBoil 3a1aUn KJIacCU(pPUKAINK BBIOpaHa 3a/1a4a,
KJIACCU(DUKAIIMU AMOIINI B MPOCTPAHCTBE BO30YXKJIEHNE-BAJCHTHOCTh, YITPOIIEH-
Hast 10 JIByX OMHAPHBIX 3a/1a4 KJaaccudukauuu. Tak Kak HabOp JIaHHbIX COJACPXKUT
JIAHHDBIE JIBYX CEHCOPOB, PACIOJIOKEHHBIX Ha TPYJIM U 3aISICThe, YaCTOTHI JINCKpe-
TU3AIUN CXOJIHBIX MOJIAJIbHOCTEH, 3allMCaHHbIe dTUMU CEHCOPaMK, ObLJIN COIJIACO-
Banbl. Habop JaHHbIX ObLI pasOUT Ha HelepeceKalolnecs H—CEeKYyHJIHbIe SI0XH,
20% ciydaiino BLIOpaAHHBIX 310X MCIIOJL30BAJNCH B KAUYECTBE TECTOBOIO HAbOPa
(coornorenne kiaccos 1:1). B kauectBe 6a30B0Oil apXUTEKTYPBI JJisT BbIICTCHUST
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MPU3HAKOB M3 JIAHHBIX MCIIOJIK30BaTach cBEpTrovHas Heiipornast cerb (CNN), s
CJMSIHUS MOJAJBLHOCTEH HPUMEHSAIACh KOHKATEHALUS MOJYUYEHHbIX U3 CBEPTOY-
HOIl ceTw mpejcraBienuil manubix. KiaccudukaropoMm BLICTYHAA JBYXCIORHAST
IIOJIHOCBsI3HAsI HEHPOHHAS CETh.

Pesyabrarel. B pabore npoJeMOHCTPUPOBAHO, YTO B OJHOMOJIAILHOM CJIydae
JIyqIneil MOJIaJIbHOCTBIO U3 JIOCTYITHBIX B JAHHOM HabOPE SBJSIETCS 3JIEKTPOKap-
muorpamma (DKT') (accuracy BosOyxzaenne/Bansentnocts = 0.74/0.80), u3 Mo-
JAJBHOCTEH TIOJIyUEHHBIX CEHCOPOM PACIOJIOXKEHHBIM Ha 3allsICThe, JIydIlue pe-
3yJIbTAThI IIPOJIEMOHCTPUPOBaAJIA akcesiepomerpus (accuracy — 0.67/0.61). Pesyiib-
TAThl CPABHEHUS HOIAPHOrO CAMAHMUS MOJAJBLHOCTEH Juist KJIACCU(DPUKAIINU BO3-
Oyxkjenust npejcrasiaensl Ha Puc. 1. Coueranue Jydinero MTOroBoro KadecrBa,
KyaccnuKayyl BAJEHTHOCTH NpoaeMoncTprposaan napbl IKI' u akcenepomer-
pust sansicrbst (accuracy — 0.8), 9KI' u ssekTpojepMalibHast aKTHBHOCTh Ha, 3a-
nsictee (accuracy = 0.79).

chest_ ACC chest ECG chest_ EMG chest_ EDA chest_Temp chest_Resp wrist ACC wrist_ BVP wrist_EDA wrist. TEMP

071 074 065 063 063 0.70 0.66 064 0.65

chest ACC e (+0.06) (+0.10) (+0.01) (-0.02) (-0.01) (+0.05) (+0.01) (-0.00) (+0.00)
0.77 073 0.68 066 068 0.71 0.68 0.68 0.68

chest ECG | (1o04) et (-0.00) (-0.05) (:0.07) (-0.05) (-0.02) (-0.06) (-0.06) (-0.06)
et EMIG 0,67 075 061 063 062 062 0.65 0,65 064 0.66

chest (+0.05) (+0.14) - (+0.02) (+0.01) (+0.01) (+0.03) (+0.04) (+0.03) (+0.05)
0.66 076 0.63 051 055 0.64 0.56 054 051

chest EDA (+0.15) (+0.25) (+0.13) Qar (+0.00) (+0.04) (+0.13) (+0.05) (+0.03) (+0.00)
0.66 072 0.60 051 053 0.62 057 053 052

chestTemp | (15 15) (+0.22) (++0.09) (-+0.00) L (+0.02) (+0.11) (+0.06) (+0.03) (+0.01)
chest_Res 0.67 0.74 0.66 062 061 oy 0.66 0.59 0.62 0.62

-resp (+0.08) (+0.14) (+0.07) (+0.03) (+0.01) - (+0.07) (-0.01) (+0.02) (+0.03)
- 0.71 0.80 064 061 063 064 067 0.62 063

wrist ACC (+0.04) (+0.14) (0.03) (-0.06) (-:0.04) (-:0.03) 0.67 (-0.00) (-0.05) (-0.03)
LBvP 0.68 077 069 070 063 063 0.70 .02 0.65 065

st (+0.07) (+0.15) (+0.07) (++0.08) (+0.01) (+0.01) (+0.08) : (+0.04) (+0.03)
LEDA 066 079 0.66 054 054 059 064 056 e 056

wrist (+0.12) (+0.25) (+0.13) (+0.00) (+0.00) (+0.05) (+0.11) (+0.03) - (+0.02)

- 0.67 0.7 0.66 057 052 059 0.62 0.56 057

wrist TEMP 5 16) (+0.23) (+0.14) (+0.05) (-0.00) (+0.07) (+0.10) (+0.04) (+0.05) 0.52

Puc. 1. CpaBuenne kadecrBa KaacCH(UKAINE BO3OYXKICHUST TIPU CJAUSIHAN Pas3-
JINIHBIX TP MOJAJBHOCTEI.

OCHOBHBIM Pe3yJIbTaTOM PADOTHI SBJISIETCS PSIMOE CpaBHEeHME 3(PPEKTUBHOCTH
CIUSHUS PAa3THIHBIX MOJAJbHOCTEN (PU3NOJOTHIECKUX JIAHHBIX, MOJYYEHHDbIX C
IIOMOIIBIO HOCUMbBIX YCTPORCTB, JIJIsi KJIACCU(DUKAIIUU SMOITMOHAJIbHBIX COCTOSHUIM.
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2

BBenenue. ['eneparnBroe Moie/inpoBanyie — OBICTPO Pa3BUBAIOIIECECS HATTPAB-
JIEHUE MAIMHHOIO O0y4eHMsI, OPUEHTUPOBAHHOE Ha CO3/IaHUE HOBDBIX JIAHHBIX HA
OCHOBe oDy4arorero Habopa. Takue MoJie/id MIMPOKO IPUMEHAIOTCS, B YaCTHOCTH
JlUIst 00pabOTKM U yJIyUIlleHUs PeUu, Ijie 4acTo Tpedyercs paboTa B pexKuMe peaJib-
Horo BpeMenu. Cpejii reHepaTUBHBIX I10JIX0JI0B 0c000e MECTO 3aHUMAT Juddy-
3UOHHBIE MOJIEJIN, OTJINYAIOIINECsS BHICOKUM KadeCTBOM T'eHepaluu u CTabuIbHO-
cTbio obydenus. OnHaKO M3-3a OOJILIIIOrO YKCJIA IIaroB 0OPATHOI'O MPOIECCa OHU
00J1aJIaI0T CEePhEe3HBIM HEJOCTATKOM — BBICOKOW BBIYMCANTEIBHON CTOMMOCTBIO.
DTO OI'PAHMYUBAECT BOZMOXKHOCTH MX IPUMEHEHHUsI B OHJIARH CIEHAPUSIX.

Ileab padoTshl. Leibio jlaHHO PAbOTHI SABJIAETCA YCKOPEHUE MIPOIEcca IeHe-
paluu JIAHHBIX C IOMOIIbIO AU Dy3uMOHHON MOjiesin B 3a/ia4e 00pabOTKU PeUeBbIX
CUT'HAJIOB.

Meroapi. O6parhbiii nporece B kiaccudeckux Juddy3unonnbix mogessix [1]
MOKeT OBITH OIKCAH C IIOMOIILI0O OOBIKHOBEHHOIO I pepeHInaabHOro ypapHe-
wnst (O1Y). Perenne sToro ypaBHeHust 33/1aéT TPAEKTOPHUIO, 10 KOTOPO# JTaHHbIE
BOCCTaHABIMBAIOTCS u3 1ryMa. Meron pekrudunuposanuoit uddysun [2| mo3so-
JIsieT IPUBECTU TPAEKTOPHUIO 3TOro Iporecca K Tpaekropun OJLY mepBoro mopsi-
Ka, obecrednBast mepexo/l OT PaCHpe/IeJeHs IIyMa K PACIpPE/IeeHUIO JIAHHBIX 38
3HAUUTEJIbHO MEHbIIIee YUCJIO IIAIr0B, U JIJaeT BO3MOXKHOI reHepaluio JaHHbIX
0e3 3HAUYNTEIHLHOM MOTEPU KadeCTBa.

B pamkax peleHus 3aJlaun paccMaTrpuBaach 1 y3noHHAsT BEPOITHOCTHASI
MOJIEJIh JIJIS 3aa9u yIydIienns pedan. B ocHOBe peajn30BaHHONW MOIEN JIEXKUT
CBEpPTOUHAsT HEHPOHHAsI CeTh, KOTOpas 00yUaeTcs MpeiCKa3bIBATh J100aBICHHbIH
rayCCOBCKUI IIYM Ha Pa3JIMIHbIX dTanax Jud@y3u0HHOIO IIPOIECCa.

B kauecrBe peueBoro garacera ObLI HCIOJIL30BaH HAOOD janubix LJSpeech. Ha
YUCTYIO pedb ObLIN HAJOXKEHbI pasyndnbie myMbl 13 garacera DEMAND. Kate-
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CTBO OIEHUBAJIOCH € HCToJb3oBanneM Kak oobekruprbix (PESQ, STOI, SI-SDR),
Tak u cyobekruBrbix nokasareseit (DNSMOS, CSIG, CBAK, COVL). Dkcuepu-
MEHTBI IOKa3aJji, UTO MpHU D IIarax obpaTHOIrO IIPOXOja MOJETh 00eCIeunBaeT
XOpolIllee KauecTBO U HE TOJHKO yOMpaeT IIyM, HO U COXPaHSIeT eCTeCTBEHHOCTD
3ByYaHMsA. SHaUEeHUs cyObeKTUBHBIX MeTpuk coctapuin: DNSMOS = 3.37, CSIG
= 3.37, CBAK = 3.88. Ckopocth pabOThl MOJE/N TIPU ITOM YBEJIWIUIACH TTPH-
MmepHO B 10 pas.
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[TpymMmeHeHne oby4deHuns c nogkpenseHnemMm u
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B Hacrosinee BpeMsi OJHUM K3 CaMbIX 3(@PEKTUBHBIX METOJIOB I€HEpaIuu JIaH-
HbIX siBJIsieTCs npuMenenue Juddysuonnbix mojeseit [1]. B ciyuae renepanuu
creruduIecKnx JaHHBIX B KaUECTBE YCJIOBUSA MCIIOJb3YeTCs BHEIIHss HH(OpMa-
1151, HAIIPUMED, TEKCT WM MeTKa KJjacca. [Iockobky anddy3noHHYI0 MOJEb
peJicTaBisger coOOil MapKOBCKHI IIPoIece, MOXKHO pacCMOTPETh 3aj1ady o0yue-
HUs yCJIOBHOW Jup(DY3MOHHON MOJIe M KaK 3ajiady OOyUeHUs C MMOJKPEIJIEHUEM.
B nannoii paboTre B KauecTBe yCJOBHUs Npu oOydeHun AudPy3MOHHON MOJIeIn
paccMaTpUBaETCs METKa KJIacca.

®Oyukiusa Harpajpl. [Ipumenenne 3uavennit [Hlenan. Onoit u3 riras-
HBIX IIpOOJIeM B OOYUEHHH C IOJKPEIJICHUEM SBJIsIeTCsl BLIOOD (DYHKIUU HAIPAJIbI.
JLj1st IPOCTBIX CJIydaeB, TAKUX KaK Perpeccusi, B Ka4ecTBe (DYHKIIMU HAIPaJibl MOXK-
HO BBIOpATDh €BKJIUJIOBY METpUKY. JIj1s1 31811 KaaccuPUKaIM Mbl paCCMOTPEJIN B
KauecTBe (DYHKIIMU HAIPaJbl TOUHOCTH KjaccuukaTropa, 00yuIeHHOro Ha JaHHBIX,
CTeHEePUPOBAHHBIX AU((DY3UOHHON MOJEIBIO U IPOTECTUPOBAHHOIO Ha HEKOTOPOI
TecTOoBOI BbIOOpKe. OIHAKO TaKOM II0/IXO0J He OTparkaeT BKJIA 1A KarKJIO# TOUKH B
UTOrOBbIH pesyiibrar. st perenns 3o npodJieMbl Oblil BLIOpaH MeTO 1 3HaUeH It
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[Mlensu [2]. B pesyibrare hopmysia jijist 0OHOBJIEHUsI BECOB MOJIYIa€T CJIEJYIONHii
BU/I;

T
p9($t—1|$ta C)

VoJpprr = E|
t=0 D614 (xt—1|517t, C

)Vg log pg(xi—1|xt, €)s(xo)r (0, €)] (1)

Marepunasbl m MeToabl. IlocTaHoBku 3kcmepuMeHTOB. /st 110/1TBEp-
JKJIeHUs pabOTOCIIOCOOHOCTH TPUBEJIEHHOTO aJrOpUTMa ObLIN TTPOBE/ICHBI BHIUNC-
JINTEJIbHBbIE SKCTepuMenThl. Monens Oblta 00yUueHa rereprupoBaTh JTaHHbIE B MTpe-
JleJiax 3aJlaHHONi 00J1acTH, a 3aTeM ObLia J000ydeHa C HOJKPEILJICHUEM JIJisi NeHe-
panuyu HaOOPOB JIAHHBIX JIJIS Pa3HBIX (PYHKIUN HArpajbl: KaK ¢ y4eTOM, TaK U
6e3 yuera 3uauenuit [lenyin. Ha janubiit MOMeHT, 11PU TPUMEHEHUM 11PEJIJI0YKEH-
HOT'O TOJIXOJa MPHU JO000YUYEHUH yIaJ0Ch TeHepUPOBATh JIaHHbIE U3 JIBYX JIMHEHHO
pas3IeIMMbIX KJIacCOB. JIaHHBIH MOIXO0M SBJISIETCS 3HAYUMBIM, MTOCKOJIBKY MOXKET
MO3BOJIUTH NEHEPUPOBATH DOJIee PEAJTUCTUIHBIE U Pa3HOOOPA3HbIE CUHTETUYCCKIE
JIAHHBIE JIJIST peahHbIX 3319,
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2

PaccmarpuBaercs MouduKanyms TPOCTPAHCTBEHHO-PACIPEIeJIeHHON  Mojie/n
JlaHuecrepa, Jijist onucaHust JIMHAMUKK OOEBBIX JIEHCTBUI JIBYX T'PYII BOWCK B
JIByMepHO#t obyactu. Mojiesib JIoToJIHeHa KOHBEKTUBHBIMU UJICHAMU, MOJIEJIAPY-
IOIIMMY HAIPABJIECHHbIE Y/aphl, I'AyCCOBCKUM OEJIBIM IIyMOM U TONOIPaPUIECKUM
CJIOXKHBIM TPENsiTCTBHEM (03epoM). HucIeHHOe pellenne peajn30BaHo ¢ UCIOJb-
30BaHMEM METOJ[a KOHEYHBIX 3JICMEHTOB, CXEMbl TPOTUB IOTOKA W MeTo/ja aK-
TUBHBIX KOHTYPOB JIJIsi OIMCAHUs I'PAHUIL [PENsTCTBUs. Pe3yiibrarsl oKa3biBa-
I0OT, YTO IIyM YCHJINBACT JIOKAJILHYIO HEOJHOPOJHOCTD, YBEININBasd MAKCUMYMbI
KOHIIeHTpanuii Bojick na 7-9.5%, a npensrcreue co3gaeT 30HbI TYPOYJIEHTHOCTH.
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Hamnpaniiennbie ypapbl yCKOPSTIOT (DOPMUPOBAHUE BOJHOBBIX (PPOHTOB, MOBBIIIA
TAKTUIECKYIO HECTADMIILHOCTD.

BBenenue. Mojienn Jlanuecrepa NpuMeHSAIOTCs JJIs1 OIMMCAHKUST JUHAMUAKHI 00-
eBbIX JIeHCcTBuUil, BKIIOUasi npocrpancTeertbie ekt 1,23, 4]. B pabore mo-
muduIupoBata MoJes b |5, 6] ¢ yueToM HANPABICHHBIX yIAPOB, CTOXACTUIECKOTO
IIyMa, ¥ ToorpaduIecKknx MpernsiTCTBU, ITO MO3BOJISET MOJIETUPOBATH CJIOKHBIE
TaKTHIeCKUE crieHapuu |7].

Mopgenns u meronast. Mojenn onuckiBaer mioraoctn U(x,y,t) u V(z,y,t)
Boiick B obuacru [0, 1] x [0,1]. Vpasuenus Bkjouaor Juddy3uoHHbIE WieHb
(kosdbburmentor (g = 0.02, pe = 0.05), HeJUHEHHBIC PDEAKIINE U KOHBEKTUBHBIE
aienbl —vy - VU, —vy - VV | akrusnble Ha navaiabrom srane (¢ < 0.1). Bek-
TOPHBIE TIOJIsSI CKOpocTeil 3aatorcsa kak vy = cyH(t)dy, vy = cy H(t)dy, tae
cy = cy = 0.5, dy = (1,0), dy = (—1,0). llym mojgesnupyercsi raycCcOBCKIM
nporeccoM ¢ uctepcreit o2 = 0.01. IIpenarcrsue (03epo) omucaHO METOJIOM AK-
TUBHBIX KOHTYpOB ¢ napamerpamu o = 0.001, f = 0.01. Hucsennoe pererue
UCIIOJIB3YEeT METOJ] KOHETHBIX 3JIEMEHTOB U CXeMY IIPOTHUB IOTOKa Ha ceTke 60 X 60
¢ 300 BpeMeHHbIMU ITaraMu.

Pe3synbraTbl. AHa/n3 M0OKa3bIBAET, 49TO IIyM YBEJIUIMBACT MAaKCHUMYMbl KOH-
nearparmit U 10 0.098 (49.5% K 6e31yMOBOMY CJIydalo) U YCUIUBACT JIOKAJTbHbIE
daykryarun, ocobeHno BOM3M o3epa. [IpensitcrBue co3aer 30HbI MOBBIIIEHHBIX
IpaJIMeHTOB, yeuauBas TypOyseaTHOCTh Ha 15-20%. Hanpasienusle ynapbl ycko-
psitoT (POpPMUPOBaHUE BOJHOBBIX (DPOHTOB, IMOBIIIas 1010 obaactu ¢ U > 0.05
10 28% mnpu t = 0.25. YeroiiunBocTh HMOATBEPXKJEHA IIOKasaTeaeM JIsamyHosa:
Amax =~ —0.12 (6e3 myma) u —0.10 (¢ mrymom). Busyasmszarus (puc. 77) nemon-
CTpUpYyeT pa3MbITHE (DPOHTOB U HMSITHUCTYIO CTPYKTYPY IPHU HAJUIUHU TI1yMa.

3akirouenue. Monudukarus mojen JlandecTepa 1mo3BoJIsieT MOJIEINPOBATD
TaKTUIECKHEe MaHEBDPhbI W HeomnpejaeseHHocTn. lyMm u npensTecTBust yCUIMBAIOT
HEOJIHOPOJIHOCTD, & HaIpaBJEHHbIE yIapbl YCKOPAIOT JUHAMUKY KOH(MDJIUKTA, UTO
COTIOCTABUMO C KOMAHJION TIeHTPa NMPUHSITHS PEIeHri B PeaJuCTUIHOM BOEHHOM
IPOTUBOCTOSHUU. Pe3ysbTaThl MOJIEPKUBAIOT BaXKHOCTL yueTa TOIOrpaduu u
CTOXaCTUIECKUX (PAKTOPOB B TAKTUUIECKOM ILTaHUpoBaHuu. [lajibHeiile uccieno-
BaHUST MOI'YT BKJIIOYATh HEOJHOPOJIHYIO JU( Y310 1 MHOTOATC€HTHDIE TTO/IXO0/IbI.
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NTepaunoHHble MeToabl pelueHus
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MHuorue npukJiaHble MAaTeMaTHIeCKIe MO/ B (DUBUKE, MHXKEHEPUHM U CMEXKHbBIX
00J1aCTSX HAYKH OIUPAIOTCs Ha SJIMITHIECKHE YPaBHEHHSI BTOPOI'O IOPsJIKA 1 UX
cucTeMbI, (DOPMYJIUPYEMbIE B MHOTOMEPHBIX 00JIACTSIX CO CJIOYKHOM, HEPEryJIsiPHOMN
reoMmerpueit. /Iy npuOIMKEeHHOIO YUCIEHHOI'O PeIIeHsI COOTBETCTBYOIIMX Kpa-
eBbIX 3aJ1a9 CTaHJAPTHO NMPUMEHSIOT HECTPYKTYPHPOBAHHBIE CETKM, TaKWe KakK
TPEYToJibHBIE (B JIBYMEPHOM CJIydae) U TeTPasipajbHbie (B TPEXMEPHOM ), B COUE-
TAHWW C METOJOM KOHEIHBIX 3JIEMEHTOB [IJIsl TTPOCTPAHCTBEHHON aITPOKCHMAIINN.

Kiaccmaeckue pa3HOCTHBIE METO/IbI, XOPOIIO OTpabOTAHHBIE JIJISI PEryIsIpPHBIX
CETOK, CTAJIKUBAIOTCS C CYIIECTBEHHBIMM TPYIHOCTSIMU IIPU aJIallTAIlluil K Hepery-
JISIpHBIM reoMmeTpusiM. B kauectBe apdekTuBHOM ajibrepHaTuBbl CPOPMUPOBAJICS
MeTos1 KoHeuHbix 00beMoB (Finite Volume Method, FVM), koropsiit unTepipe-
TUPYyeT JUCKPETHYIO 3aJlady KaK 3aKOH COXPAHEHWs JIJIsT OT/IEJbHBIX S9€eK Pac-
q9eTHON 00/1acTH — KOHTPOJIBHBIX 00beMoB [1]|. Kirtouesbim acriektom FVM ssis-
ercsi BLIOOP PacYeTHON CeTKU M KOHTPOJILHBIX 00beMOB; HanboJiee eCTeCTBeHHBIM
1 MaTeMaTHIecKH 00OCHOBAHHBIM CUMTAETCSI NCIOJIL30BAHIE TIAPhI JBOMCTBEHHBIX
pasbuenuit: Tpuanryisdiuu lesone u guarpaMmbl BopoHoro, rje npud/nKeHHOe
pereHrne UIeTcst B y3JiaX OJHON CeTKH, a KOHTPOJIbHBIE 00bEMbI OIPEIC/ISIOTCS
AYeKaMU JPYToid.
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OHako 75T 3a1a1 C sIPKO BBIPAYKEHHON aHW30TPOTHeH WJIW CJIOKHONW CTPYK-
TYPOH IOTOKOB UCIIOJIb30BAHKE TOJILKO 0j1HOM cerku ([esione i Boponoro) oka-
3bIBACTCs HEJIOCTATOUHBIM |2], YTO MPUBOJUT K CHUKEHWIO TOYHOCTH U YCTONIU-
BOCTH. DTO MOTHUBHUPYET PAa3BUTHE JIBYXCETOUHOM TEXHOJOTWK Ha, OCHOBE merged
Voronoi-Delaunay (MVD)-cerkn [3|. Ha rtaxoii cerke (mampumep, pasobutoii na
OPTOJIMATOHAJIbHBIE YETHIPEXYTOJbHUKN B JIByMEPHOM CJIydae) CTPOSIT COTJIaco-
BaHHbIE AIITIIPOKCUMAIIAK OIIEPATOPOB BEKTOPHOIO aHAJN3a — T'PaJIneHTa, JIUBep-
reHIuu U poropa, npuMensiss FVM jist perienust 3aja4 Judpy3nn-peakiin B
AHUBOTPOIHON cpejie, rje oJuHO4YHas cerka npobsemarnuna. B MVD-nojaxoje
HpUOJIMKEHHOE peLIeHUe OIPEJe/IsIeTcs U3 CBI3aHHON CHUCTEeMbl ypaBHEHUN JJIsd
3HAYEHUI B y3jiax 00X CEeTOK; TPaJUIMOHHBIE MOHOJUTHBIE BBIUYNCINTE/IHHBIC
AJICOPUTMbI 3aMEHSIOT OJIOUHBIMU HTEPAIMOHHBIMU METOJIaMU, TJie Ha KaxKoi
uTepalny HE3aBUCUMO pPelialoTest 1moj3ajiaun Ha cerke lemone u na Boponoro.
[IpenobycnoBauBanne peajusyercs OJIOUHON JUATOHAJILHON MaTpuileil, SKBUBa-
JIEHTHO# KpaeBoil 3ajade quddys3nu-peakini B H30TPOIMHON cpejie (¢ sIBHO BbI-
TUC/SIEMBIMA KOHCTAHTAMHU IHEPTETUUIECKON IKBUBAJEHTHOCTH), UTO MO3BOJISIET
3P HEKTUBHO NPUMEHSITH UTEPAIMOHHBIE METO/(bl YeOBIIIIEBCKOIO TUIIA JIJIs IOBbI-
IIeHnst POOACTHOCTH W CHUXKEHUST BBITUCIUTEIbHBIX 3aTPAT.

PesyiabraThl YMC/IEHHBIX SKCIIEPUMEHTOB Ha, TECTOBOM 3aJiade JIeMOHCTPUPYIOT
BBICOKYIO pabOTOCIIOCOOHOCTH MTPEJIJIOKEHHOTO uTepalmontoro decoupling-merojia,
IOJITBEPIKJIasl €ro IPEeUMYIIeCTBa JJIsi aHU30TPOIHBIX MPODJIEM B CJI0XKHBIX T'€O-
METPHSIX.

Pabora Boimosaena mpu noiepxkke PH® (rpant Ne24-11-00058).
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[lpymeHeHune cmecn ayccmaHn gns
BOCCTAHOB/1I€HNSI NHTEHCUBHOCTU MSITKOro
PEHTreHOBCKOro n3JlydeHusi B TOKaMake
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Kadenpa aBromaTusaiuy HayIHBIX UCCJIEOBANHMIA, e-mail: suchkov.egor@cs.msu.ru

B pabore paccmaTpuBaeTcst aKTyaJbHasl 3ajada TOMOrpadUIecKoro BOCCTAHOB-
JIEHUs TTPOCTPAHCTBEHHOTO PACIPEACICHUT WHTEHCUBHOCTY MSATKOTO PEHTIeHOB-
CKOI'O M3JIyUEHUsl B yCTAHOBKAX TOKAMAK, UYTO SIBJISICTCS BAXKHDBIM JIJIsl JIMATHOCTH-
K1 miasMbl. [Ipejyiaraemplii MeTo); Ha ocHOBE cMecH ['aycCOBLIX pacipejiesieHuit
103BOJISIET CYIIECTBEHHO YCKOPUTH IPOLE/YPY BOCCTAHOBJIECHHUSI 110 CPABHEHUIO C
KJtaccuIeckuMu nojxogamu (takumu kak Minimum Fisher Information|[1] u SVD-
MeTo1bl|2,3]) pu pabore Ha JleTajin3MPOBAHHBIX PACcUYeTHBIX ceTkax. [IposeseHo
CpaBHUTEJILHOE HccyeoBanne 3G GEKTUBHOCTH IPEJIOKEHHOI0 METOIa ¢ TPa/Ii-
IIMOHHBIMY AJTOPUTMAMM PEIeHUs 331441 Ha CHHTETHIeCKNX Janubix. [Ipegcran-
JIEHbI Pe3yIbTATHI AHAJN3a TPOU3BOIUTELHOCTH ¥ TOUHOCTH BOCCTAHOBJICHUS, 4
TaKxKe OOCY2KJIEHbI MEePCIeKTUBbI IPAKTUIECKOrO MPUMEHEHUs paspaboTaHHOIo
110J1X0/1a JIJisi 0OPAa0OTKK JIAHHBIX B PEaJibHOM BPEMEHH.

Puc. 1: IIpumep dpanroma.
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B ¢BA3M €O CTPEMUTETBHBIM POCTOM UHUCA CEPAETHO-COCYTUCTHIX 3a00JeBaHnil
(CC3) B PO u B Mupe 0cobyto BaxKHOCTH MPUOOPETAIOT 3ajia4u PaHHEH 1podu-
JIAKTUKH ¥ KaUeCTBEHHO OIEHKM COCTOSHUSI CePJIeTHO-COCYIUCTOM CHCTEMBI B 116~
JISTX CBOEBPEMEHHOT'O BBISIBJICHWST CEPJCTHBIX MaTOJIOruil y Haceserust. [lockonbKy
9JEKTPOKapIrorpadusi mo-npexKHeMy OCTaéTcs OJHUM K3 Haubosee 3hdeKTuB-
HBIX W PACIpoCTpaHEéHHbIX WHCTpyMeHToB anarnoctukn CC3, B HacTosiiee Bpe-
MsT ITPOJIOJIXKAIOT TTOSIBJISITHCST MHHOBAIIMOHHBIE T10/[X0/1bl, TTO3BOJISIONINE BCE DOJIee
PE3yIBTATUBHO peIlaTh aKTyaJbHbIe 33JIa9l B 00JIACTU MHTEJJIEKTYaJbHOIO aHa-
su3za ssekrpokapuorpamm (DKTI). Besiesiersue 91010 B KIMHUIECKYIO TPAKTUKY
IITTPOKO BHEJIPAIOTCS COBPEMEHHBIE BBIUYUC/IUTEIbHBIE TEXHOJIOT U, HATIPABJICHHBIE
Ha TIOJIJIEPXKKY MPUHSITHST 0OOCHOBAHHBIX BPAIeOHBIX PENTCHUIA.

Hacrosimast pabora mnocssiiena aHaJ u3y Haubojee pacipoCTPpaHEHHBIX TEXHO-
JIOTW, TPUMEHSIEMBIX JIJIsT aBTOMATHU3AINN TOCTAHOBKY KJINHUYIECKUX JINArHO30B B
Kapjiojornn. PaceMarpuBaioTest KitodeBble Hapas/ieHusi paborst ¢ IKI ucrou-
ruky DKI'-mannbix u ux ayrmenranus |1|; ciocobst npencrasienus DK -curnasos
(BpemeHHbIE psijibl, U300paKeHust, HAOOPbI IPU3HAKOB) U KX 11Pe00paboTKa (puiib-
Tpallys [IyMOB, HOpMaJIU3alisi, MacIITaOupOBaHue, JIeTeKTHPOBaHNE aHOMAJINIA,
yianenue Boibpocos, cermentanus PQRST-komiuekcos) [2]; Merospl kiaccndu-
Karuu v waHTepnperanun JKI['-cuHIpOMOB KaK ¢ IMTOMOIIBIO KJIACCUUECKUX AJITO-
PUTMOB MaIlIMHHOTO OOy 9eHust (MeTOJ| OMOPHBIX BEKTOPOB, CJydaiiHblii Jec, rpa-
JTMEHTHBII U aJIATUBHBIN OYCTHHTH) [3], Tak U ¢ MIpUMEHEHHEeM COBPEMEHHBIX Heii-
POHHBIX CETeH PA3TUIHBIX APXUTEKTYD (CBEPTOUHBIX, PEKYPPEHTHBIX, IPadOBbIX,
TpaHcOPMEpoB, a Takke X MMOpHIHBIX KOMOMHaIuiT) [4]; uHCTPYMEHTbI OleH-
KI KadecTBa PabOThl KjIacCu(pUKATOPOB U MoJiejieil TyiyOOKOro oOydeHusI Ha, OC-
HOBE MaTPHIIBI ONMMOOK 1 HAOOpa MEeTPHUK (dyBCTBUTEILHOCTH, CIENUMDUIHOCT,
G-mepa, OmMOKHU TEpBOTO U BTOPOTO pojia, miomas mnog ROC-kpusoii) [5].

B pabore ormedeHbl MPENMYIIECTBa W HEJIOCTATKA PACCMATPUBAEMBIX TEXHO-
JIOTHI, a TaKKe BbIJICJCHBI HanOoJee MepCeKTUBHBIE MOJIXOJIbI, TTPEBOCXOISIIIE
aJIbTEPHATUBBI B PEIICHUH WICHTUYHBIX 3a/ia4. B 4acTHOCTH II0Ka3aHO, 9TO B PsJie
CJIydaeB HAWJIydIIe Pe3ysIbTaThl JEMOHCTPUPYIOT THOPHU/IHBIE METO/IbI, COUETAIO-
ye KJIacCHIecKre aJrOPUTMbI ¢ COBPEMEHHBIMU MOJIEJISIMU TTyOOKOTO 00y IeHNUs.
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Takwue perienust He TOJBKO 3P DeKTUBHEE MPUMEHUMbI Ha MMPAKTUKE, HO W TTPEJI-
CTaBJILIOT HAUOOJILIIUIT HAyYHbIN UHTEpEC.
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B coBpeMennoit BpaueOHOM NpaKTUKe OJIHUM U3 KJIIOUYEBbIX U Haubosiee nHdop-
MATUBHBIX HEMHBA3UBHBIX METOJIOB JUATHOCTUKHU CEpJIeTHO-COCYIUCTHIX 3ab0J1e-
BaHWil siBjisieTcst ayiekTpokapaunorpadus. OgHAKO TPU PErUCTPAINKA B KIUHUIE-
ckux ycaopusx DKI'-curnas mojBepraercd 3HAUNTETHBHOMY BIUSHUIO PA3JTHIHBIX
IyMOB, B uacTHOCTH, Jpeiida uzomunun (BW), BbI3BAaHHOrO H3MEeHEHNEM KOHTAK-
Ta SJEKTPOJIOB U JIBIXATEJbHBIMU JIBUKEHUSAME, SJICKTPOMUOTPADUIECKIX MTOMEX
(EMG), 00ycoBieHHbIX aKTHBHOCTBIO CKEJIETHBIX MBI, cereBbix momex (PLI)
[1]. Dru u spyrue uckazkeHusi NPEHSTCTBYIOT KOPPEKTHON CErMEHTAIMU Kap,[1o-
curnaga (QRS-koMitekcos, 3yonos P u T) u B gasbHeiineM 3aTpyiHA0T aBTOMA-
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TU3AIMIO0 PACITO3HABAHUS CEPJCUHBIX MaTojornii. B cs3u ¢ aTuMm npejioopaboTka
BPEMEHHDIX PsIJIOB CTAHOBUTCS HEOT'HEMJIEMbIM ITAIIOM PEHICHUS 3a/1ad WHTEJI-
JIEKTYaJbHOI'O aHaJIM3a JIEKTPOoKapauorpaMm: 3pMeKTUBHOE yCTpaHeHUe IIIyMOB
(JIeHOMBUHT) TO3BOJISIET CYIIECTBEHHO MOBBICUTH JIOCTOBEPHOCTH WHTEPIPETAINHY,
KauecTBO 00y4eHHUsI Mojieiell 1 TOYHOCTDh pacno3HaBanus JdKI'-cuuipomos.

Hacrosiiast pabora, ocBsiiiieHa aHan3y COBPEMEHHbIX 10/IX0/I0B K JICHOM3MHIY
9OKI'-curuaJioB, 0OCHOBaHHBLIX Ha, MCIIOJb30BAHUU BeiBJIeT-IIpeoOpa30BaHmii U T'H-
OpUIHBIX MOJEIeil MaITMHHOro 00y UYeHusi. BeiiBiier-1ipeodbpasoBaHne MO-IIPeXKHEMY
SIBJISIETCSL OJIHUM M3 HarboJsiee pacipoCTPaHéHHbIX HHCTPYMEHTOB 00paborku DKI'-
CUTHAJIOB, TIPEJICTABUMBIX B BHJIC BPDEMEHHBIX PsijIOB |2], KOTODBIi mo3BOsIsieT 3h-
(PEeKTUBHO BBIJEISATH JIOKAJbHBIE IYMbI B PA3JIMUHBIX YAaCTOTHBIX JIHAITA30HAX,
COXPaHsAdA IpU 3TOM MOpQOJIOruIecKrue ocobeHHoCTH curnaja. OJHako 3ToT Me-
TOJI, yCTYHAET TEXHOJIOTMAM r1yboKoro odydeHusi B 00pabOTKe CJIIOYKHBIX, HeCTa-
IUOHAPHBIX TIIYMOB U TJIOOAJBHBIX 3aBucuMocTeii [3].

B pabore oTMeudeHbl MPENMYIIECTBa U HEJOCTATKNA COBPEMEHHBIX TMOJIXOI0B K
nenoizuary DKI'-curuasos, UCHONBL3YIONUX KaK WHTEIPUPOBAHHLIE C BEHBJIET-
npeobpaszoBanusiMu céprounbie Heifponnbie cetu (CNN) [4], Tak u Hemocpe-
crBeHHO MOjubUIMpoBaHHbIe BeiiBieT-1peodbpazosanust [5]. B uacrHocTn nokasa-
HbI C110cO0bI 3 PEKTUBHOIO 00bEIMHEHHST BEiBIeT-1IpeoOpa3oBanuii 1 Tpancdop-
MEPHBIX HEHPOCETEBBIX APXUTEKTYP: TaKUEe THOPHUIHBIE MOIEH TTPEICTABIISIIOT CO-
00l mepcreKTUBHOE HaIpaBjeHue, 00beIUuHSIONee BO3MOXKHOCTH KJIACCHIECKUX
METOJ/IOB 1 IJ1yOOKOro 00yveHusl.
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Anasnus snekrpokapaunorpamm (DKI') sBistercst ojauM u3 Hanbosiee nHbOPMAa-
TUBHBIX WHCTPYMEHTOB JMArHOCTUKHU CEPAeTHO-COCYIUCTHIX 3abosepannii. Oina-
KO 3a49aCTyIO U3-3a CYIIECTBEHHOIO BJIMAHHS YeJ0BEYeCKOro (hakKTopa MHTEpIpe-
rarusg YKI' cybbekTrBHA, 4TO 3HAUUTEJLHO CHUXKAET TOYHOCTD IIOCTAHOBKU Bpa-
4eOHbIX JIMArHo30B. B 310i1 ¢Bsi3u 0cobyl0 akTyaJbHOCTb B COBPEMEHHON KJiu-
HAYECKON MpaKTHUKe MPEJCTABIAIOT 3a/1adl aBTOMATH3AINN PACIIO3HABAHUS CEp-
JIEUHBIX 11ATOJIOIUI C IOMOIIIO METO0B IJyOOKOro odyuenusi. Jluaraocruaeckast
IIEHHOCTH JIEKTPOKAPINOTPAMM 3aKII0UaeTCs He TOJHKO BO BPEMEHHBIX, HO W B
IIPOCTPAHCTBEHHBIX 3aBUCUMOCTSIX, TPOSBJISIONNXCS TTPA OJIHOBPEMEHHOM aHaJ -
3¢ HECKOJIbKIX pa3anaHbiXx orBenennit DKI'. BemeacTue sToro coppeMennbe Me-
TOJbI, OCHOBAHHBIE HA, TPUMEHEHNW HEHPOHHBIX ceTeil TpaHc(hOpMePHBbIX apXUTEK-
TYP K MHOI'OMEDHBIM BPEMEHHbIM PsiJiaM, [IPEJICTABIISIOT 0COOYIO HPAKTUIECKYIO
IEHHOCTD: TaKOM MOJIXO]T TIO3BOJISIET YUNTHIBATh B3AMMOCBA3H MEXK/JIy OTBeIeHUsI-
MU HIOCPEJICTBOM TOHKON HACTPOWKHM MEXaHW3Ma BHUMAHMSI, HA KOTOPOM OCHOBaH
MpUHIKI paboThl HelipoceTeit-Tparcdopmepos [1].

Hacrosimast pabora 1ocBsiilieHa aHaJ U3y COBPEMEHHBIX METOJIOB MPUMEHEHUS
PA3IMIHBIX HEHAPOCETEBLIX APXUTEKTYpP JJId pPelleHus 3aJad KJIacCupUKAIUl 1
narepnperann YK -curapomon. PacemarpruBaiorcst OCHOBHBIE TTOIXOII, TTO3BO-
JIOIIUE YJIYUIIUTDh PEe3yJbTaTUBHOCTD IIPUMEHEHUsI TPaHC(POPMEpPOB, B 4aCTHO-
cTH, CrocoObl MOUQUKAIMI HEHPOCETEBOI apXUTEKTYPHI |2| 1 MexaHU3MOB 00Y-
deHust MOJIen [3], & TakyKe NPUBOJSITCST METO/Ibl CO3JIaHUst ITUOPUJIHBIX aPXUTEK-
TYp, 00bEJINHAIONIKNX JOCTOUMHCTBA TPaHC(HOPMEPOB U JIPYIUX THUIIOB HEHPOHHBIX
cereii — ceéprounbix (CNN) [4] uim rpadosbix (GNN) [5].

B pabote orMedeHbI IPEUMYIEeCTBa 1 HEJIOCTATOTKN HanboJiee N3BECTHBIX Me-
TOJIOB, & TAKKe BbIJIEJIEHBI CAMbIe TIEPCIIEKTUBHBIE U3 HUX. B 9acTHOCTH 1TOKA3aHO,
9T aJlalTalus TPaHC(hOPMEPHbIX aPXUTEKTYP K aHaJIU3y MHOI'OMEPHbBIX BPEMEH-
HBIX PsIJIOB 00€CIIeUNBaET IOBBIIICHIE HHTEPIPETUPYEMOCTH PE3YIbTaTOB PaOOThI
MOJIEJIA [TPAKTHIECKH 0e3 MOTepb TOYHOCTH. DTO JEJAeT IHPUMEHEHUE TEXHOJIO-
I'uii aBTOMaTH3UpPOBaHHOrO aHaju3a JDKI' Oosiee mpo3padHbIM U HAJIEKHBIM JIJIsd
MCIIOJIb30BaHUSI B KJIMHUYIECKOHN ITPaKTHKeE.
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B pabote paccmaTpuBaercs onpejiesieHne IepeMeHHbIX KO3 MUITUEHTOB B ypaB-
nennn Kosiebanmii pererku. B pamkax mogean @epvu—Ilacrei—Ynama (FPU) [1]
noJsiyueno ypasaenue cemeiicrsa KdV ¢ nepemenubivu koadpdunpenramu, onpe/ie-
JIIEMBIMU TIIATOM PEIIETKU U HeJMHEHHON yIpyrocThio |2|. DTo ypaBuenue, 0Obrd-
HO yloMuHaeMoe Kak ypaBHenue [apjiHepa, BKJIIOUaeT KakK KBaJPaTUIHYIO TaK U
KYyOMYIeCKYI0 HeJINHEHHOCTb, MOXKET OBITH TOYHO MPOUHTEIPUPOBAHO TOJHKO B TOM
caydae, ecjii KoapUIMEeHThl YIIPYTOCTH TOCTOSHHBI. B TakoM ciiydae B KauecTBe
perreHnii JIJisd MOJICTUPOBAHUS MCITOJTb30BAJINCH COJTUTOHBI.

ObparHble 3aa9u MPEJoaaraioT BOCCTAHOBIEHWE KOI(MDMUIMEHTOB U3 WHTE-
I'paJioB MOMeHTa u duepruu jijist ypasuenus KdV. Eciiu koadpunmen sl Hesiuneii-
HOIl YIPYT'OCTU HE MOCTOAHHDLI, TO B KaYEeCTBE PEIICHUN IIPAMOI 3aa91 UCIOJb-
3ytorcst 00o0ientbie dyHkiun (pacipejenenus). B s1oM ciydae Mbl craBuMm 1
perraeM obpaTHbIE 33a9U B KJIacCe KyCOUHO-TIOCTOSHHBIX (DYHKITHI.

JlokazaHbl TEOpeMbl CYIIEeCTBOBAHUS W €JINHCTBEHHOCTH PENIeHUsT 00paTHBIX
3aJ1a9 U pa3zpadOTaHbl yCTOWYNWBBIE AJITOPUTMBI UX PEIICHUS HA OCHOBE TUX TEO-
pem. Jlast moaTBepIKIeHWsT TEOPETHIECKUX PE3YJIbTATOB BBITTOJHEHA CEPUsT BhbI-
qucsenuit. st 9ucieHHOro perrennsi npsiMoi 3ajiadr ObLia, UCIOJIb30BAHA MO-
TudUKas KBa3u-ClleKTpaJbHOro MeTosa. [loydennbie YucaeHable pe3yaIbTaThl
[PEJICTABJIEHBI B BHJI€ KOMITBIOTEPHBIX n300parkeruit u rpadukoB. O HUM U3 BO3-
MOYKHBIX MPUJIOXKEHUN PACCMOTPEHHBIX 0O0OPATHBIX 3aJ1a4 sIBJIAETCS OOHApYKeHne
JMCJIOKAIUET (HAPYIIeHNT) KPUCTAJINYECKON PEIeTKH.
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B coBpemenHoit j1a3epHoit pusnuke reHepupyroTcs ONTUUECKHEe UMITYJIbChI, COCTO-
silA€ M3 HECKOJIbKMX IMKJIOB. TakKue CBEPXKOPOTKUE MMIIYJIbChl MCIIOJIb3YIOTCs
B HEJIMHEWHOM ONTHUKEe, MEJUIMHCKON JIMarHOCTUKE U BU3YyaJU3alluu, JJisd yIIpaB-
JIGHWSI XUMHUYECKUMHU PEAKIUsiMU U JIPYIUX HpUIoyKeHusix. B pamkax mpu0Jin-
YKEHHUsI MeJIJIEHHO SBOJIIOIMOHUPYIONINX BOJIH paclpocTpaHeHne (peMTOCEeKYHIHO-
I'0 UMIIYJIbCA B Cpejie ¢ KyOMUEeCKOil HEeJMHEHHOCTHIO ONKUCHhIBACTCsT 0DODIEHHBIM
nennneiinbiM ypasuennem Ulpexnnarepa (GNLSE) [1] msa menmerno mensomnieiics
orubatoIeil HampsKeHHOCTH 3JIeKTprudeckoro nojst A(z, z,t):

2 2
Dt@ + Z'DQDt% + iD% +iaD?(JAIPA) = 0,
0z ot? Ox?
rie Dy = 1+ iv2, (z,2,t) € Q = (0,L.] x (0,L;) x (0,L;), D > 0, v > 0,
DQ,OC c R, D2 7é 0.

Mg npejiiaraem HoBoe npeobpasoBanue ypasuenuss GNLSE k Buny, He co-
JeprKalieMy HU TPOU3BOIHON OT YJjeHa, ONMUCHIBAIOIIETO HEJTMHEHHBII OTKJINK, HU
CMEIIaHHbIX HPOM3BOJIHBIX. B HOBBIX 1EPEMEHHbBIX HPOLECC OIUCHIBACTCS TPEMSI
yPaBHEHUSAMHE, COJIEPXKAIUMU TOJLKO JUHEHbIe JuddepeHnuaibHble olneparo-
pbl. I[Ipu coOTBETCTBYIONIMX I'PAHUUHBIX YCJIOBUSX Mbl BbIBOJAUM 3aKOHBI COXPa-
nerust [2| ans GNLSE: saepruu, raMujibTOHHAHA, CIEKTPAJIBHOIO WHBAPUAHTA
1 HEKOTOPBIX APYrux uHBapuaHToB. OOCYyXKIaeMble MHBAPUAHTDHI MOJIE3HbI MTPH
MaTeMaTHuIeCKOM MOJIETMPOBAHUN PaCIpOCTpaHeHnsl CBEPXKOPOTKUX ONMTUIECKUX
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Figure 1. Wave field of the KdV equation for dislocation of «(X) and
“heat map"of a wave field trace.
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Figure 2. Left: wave field profiles at X = 0, 33, 66, 99; right: numerical solution
(dotted line) for the original coeflicient (thin solid line).

UMIIYJIbCOB KaK IIPU TEOPETUUYECKOM aHaJinu3e PaClpOCTPAHEHUs JIa3€PHbIX MM-
MyJbCOB, TaK U TpHU Pa3pabOTKe KOHCEPBATHUBHBIX KOHEYHO-PA3HOCTHBIX CXEM.
[TpuBogsiTest pesyabraThl KOMITbIOTEpHOTO MOjeanpoBannss GNLSE.
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2

Teopuio 0OpaTHLIX 3a7a1 [1] JIOIIOJITHUM OJTHOII HOBOII IocTaHOBKOW. B ornndane
OT MPUBBIYHOTO cydast (cM., Harmpumep, |2]) npeyaraemast 3ajada He obsajgaer
CBOMCTBOM CIIEKTPAJBbHOCTHU, T. €. CUTYAIUSA ¢ KOPPEKTHOCTHIO JJIs Heé He JIOMyC-
KAaeT OMMCAHWS B MPOCTHIX CHEKTPAJIHHBIX TEPMUHAX.

Obmiast mocraHOBKa 3a/ia9u B DAHAXOBOM MPOCTpaHCcTBe F nMeer Buji

u'(t) = Au(t) + g, 0<t<T, u(0) = wuy, u'(T)=u;. (1)
[Ipeamomaraem, ato A — JMHERHDBIN 3aMKHYTBIA omeparop B F ¢ IJIOTHOR 00-
nacrbio onpegenennst D(A) C F, nopoxgaroruit onyrpymmny U(t) inacca Cp.
Yucao T > 0 u suauenus ug € D(A), uy € E canraem 3amannsivu. Hemssect-

HbIME siBJIsToTCst byukiws u: [0, 7] — E u snement g € E.
Obparnas 3aja4a (1) 9KBUBAJEHTHA OLEPATOPHOMY YPABHEHUTO

U(T)g = h, (2)
e seMenT g € E wmercs no 3agannomy h = up — U(T)Aug € F.
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Ypagrenue (2) B CBOIO 04epejib CBOIUTCS K TOUCKY HEM3BECTHOTO HAYATIHHOTO
snauenust v(0) = g, ucxost us 3a4a4u Ko ¢ 00parHbiM HALIPABJIEHUEM BPEMEHK

V' (t) = Av(t), 0<t<T, v(T) = h. (3)
OcroBHbIe cBOMCTBA 3ajaun (3) Yepes3 CBs3b ¢ ypaBHEHHEM (2) MepeHOCATCsT Ha
HCXOHYTO 3a1a4y (1).
Mcronb3yst nziioKeHHble coOOOpakeHnsI, yIaeTcss OXapakTepru30BaTh 00paTHYIO
sajady (1) B 3aBucumocTu o1 BIOOpa oneparopa A.
Pabora W.B. Tuxonosa mnojjepxkana MoCKOBCKUM TIEHTPOM (DyHIAMEHTAIb-
HOM u npukianoit maremaruku MI'Y 1o corsamenuio No 075-15-2025-345.
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[Tinasmonnbie nanodacruipl (HY) ucnob3yores B MHONOUUCIEHHBIX TPUIOKEH -
sIX: TeHHOU MHKeHepUHu, OMOCEHCOPHUKE, TePaIui pakKa, IPU BU3yaJIU3aIUU BHYT-
PEHHMX OPIraHOB M JIOCTaBKE JIEKapCTB. B 4acTHOCTH, JieueHHEe OHKOJIOIMU OCY-
IMECTBJISIETCST Ha OCHOBE ITa3MOHHO# (ororepmudeckoit Tepanuu (PT) ¢ mpu-
MEHEHUEeM 30JI0ThIX 1 cepeOpsiHbix HY, KoTophie norjiomnamT 3JIeKTPOMATrHUTHY IO
SHEPTHUIO 1 TPeodpasyoT ee B Terio [1]. YTobbl 3aIuTuTh Oprasbl OT HeXKeJaTe b
HOT'O BO3JICCTBHS METAJIJIOB, BLIIOJIHACTCS (DYHKIMOHAM3aIus oBepxaHocTn HY
IIOCPEJICTBOM HaHECEeHUsI OMOCOBMECTUMbBIX IIOJIMMEPHBIX HOKPBITHIl, KOTOPbIE I'a-
paHTUpYIOT cTabuibHOoCcTh HY, He cHMXKasg IIPU TOM UX TEpPaIEBTUUYECKYIO pe-
3yJIbTATUBHOCTD [2].

Mununatiopusaius paszmepoB HY mnpejcrapiser coboit coBpeMeHHbIN TpeH/I B
coBepiierHcTBoBannn cpejacrB nposegennss OT. OgHako mpu pasMepax MOPsIKa
HECKOJIbKIX HAHOMETPOB BOZHUKAIOT KBaHTOBBIE 3(hdekThl (KD), KoTophIe ompe-
JIEJICHHBIM 00pa30oM BJIUAIOT Ha (oToTepMuUecKue cBoicTBa IjiasMoHHbix HY,
CYIIECTBEHHO M3MEHsIsl KaK I10JIOYKEeHHe, TaK ¥ aMILJIUTY/1Y [JIa3MOHHOI'O PE30HaH-
ca (IIP) — xutoueBoro hakTopa MaKCHMAJIBLHOTO TOTJIOMIEHUST SHEPTHH.
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B nannoit pabore st anannsa Biansiansg KO Ha ypoBeHb MOTJIOMIEHHON 3HEp-
run cjaouctbix HY ¢ mnasmonHbIM sijipoM paszpaboraHa MojuduKaims MeTojia,
JINCKPETHBIX UCTOYHUKOB, yuuThiBatoIiasd KO B anpe HY nocpencrBoM ncosib3o-
BAHUsI ME30CKOIMYECKUX I'PAHUUHbIX yCJa0BUi ¢ napamerpamu Deitbesibmana [3].
IIpoBejieH cpaBHUTELHBINM aHAJN3 CEYCHUs] IIOIJIOMEHNUs CJAOMCTBIX YaCTHIL JIJIsd
HAHOPaA3MEPHBIX sijiep U3 30JI0Ta U cepedpa. B pesyibrare ycraHOBIEHO, 9TO JU-
9JEKTPUIECKOE TOKPBITHE He BJIUsieT Ha (POTOTEPpMHUUYECKUE CBOMCTBA, CJIOUCTBIX
HanodacTuil. [Ipn aToM gacTuibl ¢ cepeOpsiHbIMU sSIIpAMK JEMOHCTPUDPYIOT B Ue-
ThIpE pasa 00Jiee BLICOKKUE 3HAUYCHUS HMOIJIOMEHHON IHEPIUM, YeM 30JI0ThIe.

Yder KBaHTOBBIX 3 (DEKTOB IPUBOJIUT K CMEIIEHHUIO [TOJI0XKEHUs I1JIa3MOHHOI'O
PE30HAHCA B KOPOTKOBOJIHOBYIO 00/I1aCTh Ha 15 HM HPHU HEDOJILIIOM yMEHbIIEHUH
ero ammauTy| Ha 5%. [Tokazano, 94T0 U3MEHEHNe BLITAHYTOCTH sipa, IPU IIOCTOs H-
HOl TOJIIIMHE TOKPBITHS 1I03BOJISIET MPOJBUIATH MAKCUMYM CEUEHUS OTJIONIEHMST
BHYTPb 00JIACTU IIPO3PAYHOCTU OMOTKAHEH. YCTaHOBIEHO, YTO H3MEHEHUe YIJIa Ia-
JIEHWSI TIJIOCKOW BOJIHBI 110 OTHOIIEHUIO K OCH CUMMETPUM YACTUIIHI CYIECTBEHHO
CHUKAET BEJIMUNHY CEeUEHUsI TOTJIOIIECHMS.

VccnemoBanus aBTOpoB 10jiep:Kaibl MOCKOBCKMM HEHTPOM (DyH/IAMEHTAIb-
HOM u npuksiajHoit maremaruku MI'Y numenu M.B. Jlomonocosa 1o coratienuio

No 075-15-2025-345.
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PaCCManI/IBaeTCH MOJ€EJIb YTPOCHHA YaCTOThI JIa3€PHOI'O U3JIyHYEHHUsA B Cpelle C
KBaJpaTUYIHbIM HEJIMHEMHBIM OTKJINKOM npu yqéTe Sd)(beKTa JABYJIy4deIlIpeJIOMJIE-
Husi. Maremarudecku JTaHHbI IITpo1ecC OIIMChIBACTCA CUCTEMOM HEeJIMHEHHBIX YpaB-
nenuii [pénunrepa [1]:

% + z'Dl@;ﬁl + iy (A}‘A2e‘m2lz + At AyemiBnrg
AL AgeiBa—Bo)z Agﬁge—i<531—521>2) =0,0<2<L.,0<t<]L,
% - 1/21% +iDy a;f;? + iy (Afemﬂz - 2A>{flgei(A31A21)Z> =0,
88—% + 52188—1% +iD, a;ﬁz + iy (A%eﬂﬂz + 2A1‘2136i<531521>2> —0,
aa—’% + 53188—1% +iDs a;ﬁg + 3iy (AlAgei(A"”_Aﬂ)z + Alfoel’(Am—Am)Z) —0

(1)

C HYJIEBBIMH I'PAaHWUYIHBIMHA YCJIOBUAMHK W HaYaJIbHBIMMW YCJIOBUAMM BHJIA
A(0, 1) = Ajp(t), As(0, t) = Ay(0, t) = A3(0, t) = 0.

AMIUIATY/IbI ¥ [apaMeTpPbl ¢ BOJHAMHU OTHOCATCA K HEOOBLIKHOBEHHBIM BOJIHAM,
6e3 — Kk obbikHOBeHHBIM. [Ipr 3TOM Tipenonaraercs, aro nmapamerp Agy OJU30K K
HYJTIO WJIH PaBeH eMy (ycaoBre (ha30BOro CHHXPOHU3MA), a TapaMeTpbl Aoy I Ay
110 MOJIYJII0O MHOT'O OOJIBITIE €JIMHUIIbI.

Panee apropamu 11pu nccjieloBaHiu 3TOI0 1polecca 0e3 yuéra adpdexTa JBy1y-
JenpesIOMJIeHUsT (COOTBETCTBYIONAsT CUcTeMa HeinHeiinbix ypaBaeruit [pé -
repa MOxer ObITh HoJyuena u3 (1) 1myTém MCKIIOYEHMs CIIAraeMbIX, COJEPHKa-
mux As) 2] mcnospzoBascsa Meros MHOrEX MacmTaboB [3|, B KOTOpoM B Kaue-
CTBE MaJIOro mapamerpa Opasiach obparHast BequdnHa K Agp: (i = A;ll. [Tpu
9TOM cucreMa ypaBHeHuil (1) cOfep:KUT JBa mapaMeTpa, MHOTO OOJIBIITNX i~
HUIBI. B ob1em ciaydae 9T0 o3Ha9aJ0 Obl CYIIECTBOBAHUE HECKOJBKUX MAJIbIX
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napamerpos. OJHAKO, aHaIn3 3HaueHnH mapamMetpoB As; n Agy UIsI OCHOBHBIX
HEJIMHEIHBIX KPUCTAJLIOB, UCIOJIb3YEMbIX JlJisl yTPOeHUs: 4acToThl [4], nokaszad,
9TO MX 3HAYCHMsI HMEIOT OJIMHAKOBBIH Mopa oK. CrieloBaTe/lbHo, MOC/IEe 3aMEHb
Ao = qAo1, 0.1 < |g| < 10 MOXKHO CHOBA UCIOJIB30BATH METOJ MHOIUX MACIITA-
OOB C OJJHUM MaJIbIM I1apaMEeTPOM.

Taxum obpa3oM, MOCTPOEHA, CUCTEMA HEJIMHERHBIX I DepeHInalbHbIX ypaB-
HEHUi, peleHne KOTOpOil MpuOIMKaeT pelleHre MCXOJHONW CUCTEMbI C BBICOKO
TouHOCTHIO. [locTpoennasi cucrema, HOMyCKaeT aHAJIUTHIECKOE UCCIEOBAHNE.

Xapuronos [I. M. 6uarogapur Poccuiickuii nayaubiii dpoug (poext Ne 25-71-00043)
3a (PUHAHCOBYIO HOJJICPXKKY pabOTHhI.
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OJ1HO# M3 BayKHBIX XapaKTEPUCTUK KPOBHU SBJISICTCS MITUPUHA PACTIPEICTCHN SPUT-
poruros 1o pasmepam (RDW, Red Blood Cell Distribution Width), xoropas B
nopme cocrasiser 12-14%. Ilpesbimenue 3Toro mokasareis yKa3bBaeT Ha, 1pobJie-
MBI B cucTeMe KpoBobOparenusi. B paborax |1-2| ormedaercst BaxKHOCTD JTaHHOTO
napaMerpa Jijisi OIEHKHU COCTOSTHUSI OPraHU3Ma, U BEPOSITHOCTU OCJIOXKHEHUH 1pu
Pa3NIHbIX 3200/IEBAHUIX.

O6srano napamerp RDW usmepsitor B remoanaimsaropax ¢ MCIOJIH30BaAHUEM
cueTunKa Koyarepa wiam mpu MOMOIU METOAa TPOTOTHON TMTUTOMETPUN, KOTOPHIE
TpedyIOT CJOKHON amnmnaparypbl. Tak:ke MOXHO HCIOJB30BAThL METOJI Ja3epHOn
JinPaKTOMETPUM — METOJ, OCHOBAHHbIN Ha UCCJIe0BaHuK JIM(PPAKIIMOHHBIX Kap-
TUH, BO3HUKAIONUX ITPU PACCETHUN JIA3EPHOTO JIyda Ha MEJKAX JaCTUIAX, B TOM



[pi6opos E.I'., Hukutun C.FO., Jlebenepa M.C. 65

qncie Ha spurponrTax. OCHOBHBIM MPEUMYIIECTBOM JTAHHOTO METOJA SIBJISIETCS
BO3MOXKHOCTH IIPOBOJUTH U3MEPEHHsI cpaldy Ha OOJIbIIOM KOJMYECTBE SPUTPOIHU-
TOB IOIAJIAONINX 101 JIA3EPHbIH JIy.

B pabore ucciepoBaiach MOJIEIb PACCESTHUSI JIA3EPHOIO Jiyda Ha, CJ1abo Heo/l-
HOPOJIHOM Habope 3puTporuTos. [IpoBojuiica aHa u3 (YHKIUU YIJIOBOTO pPac-
1peJie/ieHnsi THTEHCMBHOCTHU CBETa 110 IapaMeTpaM: yrjioBasi KOOPIMHATA IIePBOIO
MUHAMYMa, THTEHCUBHOCTDH CBETa W KPUBMU3HA, (PYHKIIUU B OKPECTHOCTH IIEPBOIO
muanMyMa. Ha ocHoBe anajmsa ObLIM BbIBEJEHBI AU PAKTOMETPUIECKUE YpaBHE-
Hust [3], cBsasbiBatONME HAPAMETPDI JIM(MPAKIIMOHHON KAPTUHDL ¢ XAPAKTEPUCTUKA-
MU PaCIpejieJIeHUs SPUTPOIUTOB, IPUMEHUMbIE K ¢J1ab0 HEOTHOPOIHBIM HabOpaM
SPUTPOIATOB:

1
4—52(1 +a)* (14 6p)fo = p,

%(1 + a)(1+6p)fo =2a+ 5y,
1 1 5
L+ 60+ 5) = 1+2(3 —abh
rjie Ty — nepBbiii Kopenb (yHkimn Beccesst 1-ro nopsijika, [ — 3nadenne GyHKINAN
Beccenst 0-ro nmopsijika B TOUKe X, (v — apaMeTp, OMUCHIBAIONINN BJIUIHAE HEO-
HOPOJIHOCTH HADOPa SPUTPOIUTOR HA KOOPAWMHATY MEPBOTO MUHUMYMA, (i — MOKa~
3aTesib MIUPUHBI PACIIPEJIE/CHUs SPUTPOIUTOB 110 pa3zmepam, fo u fo — 3HadYeHMs
(pyHKIIMN WHTEHCUBHOCTU CBETa W €€ BTOPOI MPOM3BOJIHON B IEPBOM MUHUMYME.
Paspaborannblit MmeTo/1 1103BoJsieT u3MmepsaTh napamerp RDW meronom Jiazep-
Holi udppakToMerpu. [lo pe3ysbraTaM IMCIEHHBIX SKCIIEPUMEHTOB MOy YeHHbBI I
MeTo 1 00J1a/1aeT BBICOKOH TTOMEXOYCTONINBOCTHIO 1 MOXKET ObITH BHEJAPEH B CHCTE-
MBI aBTOMATHYECKOTO aHAJM3a MA3KOB KPOBU JJII PACITUPEHUS BO3MOXKHOCTENH
HEWHBA3WBHOW JUATHOCTUKHU W ONITUMUBAINY KJINHUIECKUX aHAJIN30B.
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BbigeneHne obnactm pecHuu, Ha n3obpa>keHnsix
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N300pa>KeHnii

Makcumenko Esm3aBera AnapeesHa, IlaBesnrbeBa Esena
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MI'Y umenn M.B. Jlomonocora, dakynsrer BMK, kadenpa maremarndaeckoit pusuku, e-mail:
elizaveta.a.maksimenko@gmail.com, pavelyeva@cs.msu.ru

BroMerpuueckas: uaeHTU(UKAIUS IO PaAy»KHOI 000JI0UKe TJia3a 0DecrednBaeT
BBICOKYIO TOYHOCTH U HAJIEXKHOCTH PACIO3HABAHWS JIMTHOCTH. BarkKHBIM STamom
00paboTKN M300parKeHuil pajiy>KHOI 000JO0UKH, OT KOTOPOI'O 3aBUCHUT KOPPEKT-
HOCTD TTOCJIEIYIONIEr0 Paclo3HaBaHUsI, SIBISIETCS CEIMEHTAINST PaJIy>KKH — BbI-
JleJienne o0JIaCTU PaJly»KHOM 000J109KU Ha u300paxkenuu riasa. OCHOBHOM 11PO-
OJieMoli IIpU cerMeHTall n300parkKeHuil pa ly»KK1 sSIBJISeTCs HaJudue Ha n300pa-
YKEHUU PECHUIL, YaCTUIHO MEPEKPHIBAIONINX PALYKHYIO 000JI0UKY U UCKAXKATOIIIX
e TEeKCTypPHBIE TPU3HAKHI.

B pabore npejioykeH MeTo]l BbljieJeHusi 00JacTeil PeCHUI Ha, N300ParKeHUSIX
pPaJIy»KHOI 000JIOUKH TJ1a3a Ha OCHOBE YHUBEPCAJbLHON HeiipoceTeBoit MO cer-
menTain nzobpaskennit SAM 2 [1]. diist ajlanranum MoJein K 3a/ia4e BbIOJHEHO
JIBYX3TalHOe J000yUueHne: cHadaa — Ha OpUnmrabHOl pasMeTKe 0a3bl JaHHbIX
CASIA-IrisV4-Interval [2|, He yuuThiBatomeil HaIuIne PECHAT] HA H300PAKEHUIX,
3aTeM — Ha JIONOoJIHUTEIbHON BbiOOpKe 13 200 n30bparkeHuil, BpyYHyIO pa3mMeveH-
HBIX C BblJIeJICHHEM 00JIacTeil pecHuIl U Mpujerammx 300, Bo BpeMs 1000yuenns
(bUKCMPOBAIKUCH apaMeTpbl 0OCHOBHOIO Kojuposika Hiera-T [3], aro nossosiuio
COXPAHUTH 000DOIIAIOITY IO CIIOCOOHOCTD MOJIEJIN IIPU OIPpaHUIEHHOM 00bEME 00y Ia-
fomieit Beioopku. Ha srame TecrupoBanmst B KAUeCTBE MOICKA30K JIJIsT CErMEHTAIIAN
MCII0JIb30BaJIaCh 00J1aCTh M300PaXKEHUsT MEXKJIY I'DAHUIIAMEU PAJLY2KKHU, 110J1yYEH-
HBIMU ¢ OMOITBIO HHTErpo-auddepeniuagpHoro oneparopa Jlayrmama [4].

KadecrBo paboThl MOJIE/M OIEHUBAJIOCH 110 CTaHJIAPTHBIM METPUKAM CErMEeH-
rarnuu (loU, Dice, Precision, Recall, F1, Accuracy, MCC) [5]|. dononaurensao B
pabore Bbrancisiercs: kosdduipent qucrorsl cermentaiin (SPC), xapakrepusy-
IOIUI HAJIUYINEe PECHUI] Ha CeIMEHTHPOBAHHOM M300parKeHUHU PaJly>KHOM 000J109-
K.

[Tostyuennbie pesyibrarbl (Puc. 1) nojrBepxKiaior, 410 ajaiTupoBaHHas MO-
neab SAM 2 obecnieqnBaeT TOUHOE U YCTOHIMBOE BBIJEICHHIE 0DIacTeil peCHHUI Ha
M300paXKEHUSIX PaJLYKHOI 0D0JI0UYKH IJ1a3a U MOKeT ObITh 3(P(MEKTUBHO KCIIOJIb-
30BaHa B CHCTEMaX OMOMETPUUECKON MIeHTU(MDUKAIIMN JIJI [TOBBIIIEHNST KAUeCTBa
1pe/IBAPUTEbHON CerMeHTaIul N300parkeHuii.
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Puc. 1: [Ipumepnbl paboThl MeTO/a CeIMEHTAITUN U300PaKeHnii
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B nangemuio COVID-19 nabsojiajoch pe3koe cHuKeHue 3a00j1eBaeMOCTH, Bbl-
3BaHHOW BUPyCaMK I'DUIIA U JPYIMMU peciuparophbiMu supycamu [1]. Hanpu-
mep, B 2021 rony mabJionanoch cuukenue sabosesaeMoctu rpuninoM 10 5-10 % or
yposasi 2019 roga [2]. B [1, 2, 3| cuukenue zabosesaemocru OPBU o6 bsichsier-
Cs KaK IIPOTUBOSIIUIEMUIECKIMU MepaMu, CHUXKAIOIIUMU CKOPOCTD Iepeiain MH-
dek1mm B MOMyJIsIIUN, TAK W B3aWNMO/ICHCTBIEM BUPYCOB B ATUTEIUH JIBIXATEIHHBIX
myTeil TYeJIoBeKa, BJIMSIONIUM Ha HH(PEKIMOHHOCTL BUPYcoB. Cpelu MeXaHU3MOB,
OTTOCPEIYIONINX B3aWMO/IEHCTBIE BUPYCOB, BBIJEISIOT KOHKYPEHIINIO BUPYCOB 34
KJIETKU-MUIICHU U JieiicTBue cucreMbl unrepdepona [3).

B pabore paccmarpuBaercs Mmozenb B3aumogeiicteust BupycoB SARS-CoV-2
W TPUIIA B SMUTEJNN JIbIXaTeJbHbIX MMyTell desoBeka. Vcnosb3yercs moandu-
IUPOBAHHAS MOJIEIb TPOTHBOBUPYCHOTO UMMYyHHOTO orBeta Mapuyka [4], KoTo-
pasi ONMWCHIBAET JUHAMUKY IPOIECCOB B SMUTENNN JIbIXATEIbHBIX TTyTeH W JIMM-
dgaTrveckoit TKaHM JJIs IBYX BUPYCOB, B TOM UHCJIE JeiCTBUE MHTepQepoHa Ha
TKaHb-MUITTeHb. CerMeHThl MOJIEJIN, OTMCHIBAIONINE WHIMBUIYAIbHYIO BUPYCHYIO
MHQEKINIO, PEeABAPUTEILHO HACTPOCHDI HA ONMUCAHUE W30JMPOBAHHON JIMHAMM-
KI OTJICJIbHBIX BUPYCHBIX MH(MEKIN 110 BHPYCOJOIMYECKUM, IUTOMETPUICCKUAM
u GuonndopMarnueckum Janubim [5, 6, 7|. B Bblunc/auTesbHOM IKCIIEpUMEHTE
OIIEHEH IIePHO/] MOJHONU MJIM YaCTUIHON HEBOCIPUUMUMBOCTU K MH(DUIIMPOBAHUIO
BUPYCOM TPWIITIA BO BPeMsi TPOTEKAHNsT KOPOHABUPYCHOW MHQEKIINNA B WHTEPBAJIE
710 11 cyTox mocjie nHGHUITUPOBAHUS KOPOHABUPYCOM.
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MO,EI,EJ'IVIpOBaHI/Ie J1IerO4HHOro KpoBoTokKa AJis
MJ1aHNpPOBAHUA Olepaunmnm doHTeHa

JIsidpenko Aunaa Uropesna', JTo6pocepnosa Tarpana
KoucTtanTuHoBHA?
I paxymerer BMK MI'Y, e-mail: 1yfenko2006@mail.ru

2 IBM PAH, e-mail: dobroserdovatk@gmail.com

B nacrosiiiiee BpeMsi MaTeMaTudecKoe MOJIeJMPOBaHie Bce DOJIbIIe BHEJAPSIETCs B
KJMHUYECKYIO MMPAKTUKY, B YaCTHOCTH, IIOMOrasg BpadaM IIJIAHUPOBATH JICUCHUE
naruenToB. Hesibio JaHHOil PabOThI SIBJISIETCS CO3JlaHue MaTeMaTUIeCKON MOJIe/Iu
JUUTS ITPOTHO3UPOBaHMS nucxoaa oneparun GonTena - OHOXKETYI0IKOBOM XUPY Pri-
YEeCKOIl KOPPEKIMKU BPOXKJIEHHOI'O TIOpOKa cep/illa, IPU KOTOPOIl BEeHO3Has KPOBb
HaIIpaBJIAeTCd W3 TOJBIX BeH B JIEFOUHBIE apTepuu. B paMKax CyIIecTBYIOIIUX
10JIX0/I0B KPOBOTOK JIOKAJIHLHO MOJIEJIMPYETCsT B 00J1acTt (POPMUPYEMOTO ITOJIHOTO
KaBallyJIbMOHAJILHOIO coejunenns. OHaKO JIjIsI KOPPEKTHOTO MPOrHO3UPOBAHUSA
HEOOXO/IMMO YUHTbIBATh M3MEHEHUE I'PAHUUIHBIX YCJOBHUI B 00JiacTH HMHTEpeca, a
9TO BO3MOXKHO IIyTeM [HOCTPOEHUs 3aMKHYTOM MOJIeJIU IUPKYJIdIlMU KPOBU B Opra-
HU3ME TalKeHTa. 3ajiadeil JaHHoil paboThl sIBJISETCS CO3/IaHue YaCTU 3aMKHYTOM
MOJI€JIU, & UMEHHO IIePCOHAJU3UPYEMOI MOJIEJIU JIEPOYHOI'O KPOBOTOKA.

Myt pacderoB ucnosb3yercs crangapraas 1D-moerns remoqunamuk [1]. Kpossb
CYUTACTCA BA3KON HECXKMMACMOWN KUIKOCTHIO, MPOTEKAIOIIECA 1O CeTH COCYI0B.
Mogens ocHOBaHA Ha 3aKOHAX COXPAHEHUs MACChl I UMITYJIbCa, & TaKXKe ypaBHe-
HUAW COCTOAHHS. PacdeT TedeHuss KpoBU IPOBOJUTCA B KaXKJIOM COCYJE, a 3aTeM
pelieHus “ClmMBaroTcsd’ B TOYKAX UX COEJIMHEHUI ¢ y4eToM 3aKOHOB COXPaHEHWUs
MaCChI, a TaK:Ke COXpaHeHUsd MOJHOIO JaBjeHnd nin ycaosud llyaszeitss.
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Pacdernasi obsacth nocrpoena Ha ocHoBe KT gaHHBIX peajbHOrO MaIMeHTa, ¢
1IpaBUJILHOM aHaroMuell Jierounbix aprepuit u Bed. Jljist aroro nposejieHa cermeH-
tanusa KT cHUMKOB, BbIjie/IeHbI TIEHTPaJIbHbIE JINHAN COCYJIOB ¥ TOCTPOEHDI T'Pad bl
ApTEpUAJILHON M BEHO3HOW vacTeil JIerouHoOro Kpyra KpoooOpairienusi(puc.1,2).
[Tepconanmsarusa pacdeTHOl 00JACTH JIJIsT KOHKPETHOTO MaIlieHTa BO3MOXKHA TTy-
TeM MacHITabupoBaHUsi Pa3MEPOB C YUETOM aHTPOIIOMETPUUECCKUX U3MEPEHUI.
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Puc. 1: I'pad merounsix aprepuit Puc. 2: I'pad merounbix BeH

[Tepconanmsarust Moe/n Tak»Ke BKJIIOYAET Mog00p mapaMeTpoB st KOHKPET-
Horo narnuenTa. ConmpoTuBIeHre MUKPOCOCYIUCTOTO Ppycya OYJIeT OIeHUBATHCS O
AHAJIOTMH ¢ METOJIMKOI B pabore [2| ¢ ucrob30BaHueM JIOCTYITHBIX KJIXHAIECKUX
JIAHHBIX: BHYTPUCOCYIMCTHIX U3MEPEHUH JlaBjieHus u pesyabraros Y3 obcseno-
BaHUSI.

Taxum obpazom, B pabore cozjiaHa MOJE/Ib JIETOYHOIO KPOBOTOKa. PacuerHast
00J1aCTh MOCTPOEHA Ha, OCHOBE JIAHHBIX PEAJbHOTO TMaIllueHTA.
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C>xkaTne cBEPTOYHbIX HEMPOHHbIX CeTel C
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Caéprounsie ueiiponmbie ceru (Convolutional Neural Networks|1], CNN) mmmpoxko
MPUMEHSIIOTCS JIJTsi PEIIeHNsT 33,129 KOMITHIOTEPHOT'O 3PEHUs, BKJIIOTast KJIacCugu-
Kalliio n300parkeHuil, obHapyKeHne 0ObEKTOB M CeMaHTHYECKYIO CerMeHTAINO.
Takue mojenu, kak AlexNet[2] 1 VGG16[3]|, nokasbiBaioT BBICOKYIO TOUYHOCT,
OJTHAKO JIOCTUTAETCSA STO 3a CYET 3HAUUTETHHON BBIUMCIUTEIHHONW CJIOKHOCTH 1
OOJTBIIIONO YHCJIa MapaMeTpoB, YTO 3aTPyAHsSeT WX pPas3sBEPThIBAHWE Ha YCTPOii-
CTBaxX C OIPAHUYEHHBIMU PECYPCAMMU.

[Tpobnema ycyrybuisercsd ¢ yBeJmdeHreM TTyOUHDBI U CJIOXKHOCTH apXUTEKTYP.
Hanpuwmep, B AlexNet nonnocssasubie ciou cocrapisior cspime 93 % ot obmiero
YUCIa TapaMeTpoB MOJIENH, a Jijisd 0OpabOTKU OJTHOIO M300paskKeHusi ¢ IIOMOIIBIO
VGG16 tpebyiorcst Musmap/ibl ornepalinii. B ¢Bsizu ¢ 3ruM paspaboTKa METOI0B
cxatusg CNN, mo3BOJISIONMX CYIIECTBEHHO COKPATUTH OOBEM MOJETH U BBIYUC-
JINTEJIbHBIE 3aTpaThl 0e3 3HAUNTENHHONW MOTEPU TOTHOCTH, TPEACTABISET CODO
AKTYaJIbHYIO HAYUHO-TIPAKTUYIECKYTIO 3a/1ady.

OHuM 13 epCIeKTUBHBIX HAIPaBJIEHWH B PEIleHnn JaHHOM MTPOOIEeMbI sIBJIsA-
eTCsT MCIOJIb30BaHNE TEH30PHBIX METOO0B. TeH30PHBbIE PA3JIOXKEHUsT MO3BOJISIIOT
3P PEKTUBHO aNMTPOKCHMUPOBATH MHOTOMEPHBIE BECOBBIE TEH30PBI CBEPTOTHBIX
CJI0EB, BHAYNTEJIHHO COKPAIast KOJMIeCTBO nmapaMerpoB. [list cxkaThst OJTHOCBS3-
HBIX CJIOEB YCIIEITHO MPUMEHSAETCS CUHTYIIPHOE PA3JIOXKEHNE U €ro PaHIOMU3NPO-
BaHHAsT BEPCUST. DTH MOAXObI OCHOBAHBI Ha CTPOIOM MaTeMaTHIeCKOM alapare
U [1PEJIJIAral0T TEOPETUIEeCKN 0O0CHOBAHHBIE CIIOCOObI CHUKEHUS CJIOKHOCTH HEfi-
POHHDBIX CeTeil.

B jlannoii pabore K napaMerpaM HEHPOHHbIX ceTell OblIU IPUMEHEHbI Pa3JIn -
Hble TEH30pHbIE W MAaTPUYHBbIE Pa3/IoKeHusi. Pe3yabTaTbl 9KCIEPUMEHTOB MOKa-
3aJIM, 9TO BECA, MHOTMX CBEPTOUHBIX CeTeil JOMycKalT 3(DMEKTUBHYIO AMTPOK-
CUMAIIMIO ¢ MaJIbIM YHCJIOM TapaMeTpoB. BmecTe ¢ TeM CyIIecTBYIOT CETH, Be-
ca, KOTOPBIX HE YAAETCsT alpPOKCUMUPOBATEH 0€3 CYIECTBEHHO| MOTePH TOTHOCTH
IIPEJICKA3AHUA.

Omnepanus CBEPTKH, SABJAIONAICA OCHOBOM COOTBETCTBYIOIIUX CJIOEB, IMPE/I-
craBjisier cobOil BbIYMCIUTE/ILHO CJIOXKHBIH 11poriecc. B pabore ObL1 UCIO/IB30BAH
AJITOPUTM, TTO3BOJISIONTUI BBITOJTHATH BLIYUCIEHIE CBEPTOK Ha MOP:AJIOK ObICTpee,
a Tak»Ke MPOJEMOHCTPUPOBaHa ero 3(Pp(HEKTUBHOCTH B YCJIOBHUSAX OJHOIMOTOTHOTO
BBITIOJTHEHUS TTPOTPAMMBI.
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BoccTraHoBnernue TEH30pPa KaHaJla Ha OCHOBe
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[Tycrs H — koMILIeKcO3HAUHBIH TEH30]D, 110JIyUYEHHbIH [IPU MOJICJMPOBAHUN KaHa-
Ja cBsi3u Mexjy GasoBoil cranimeit u npuémuukom |1]. Ilpennonoxum, aro on
npejicrasisiercsd B Bujie H = T + N, rie T — Ten3op 1oJie3Horo curxaJja Ma-
JIoro KanoHm4eckoro panra, N — myMm. OJiHON W3 OCHOBHBIX 3aJa4, CBI3aHHBIX
C JAHHBIM TEH30POM, sIBJISIeTCs 3ajada, puabrpanun myma. OHa 3aKII09aeTCs B
naxoxxeanu T 1o Tenzopy H. s eé pererust MoxKeT ObITh UCIOJIH30BAHO KAHO-
HUYecKoe TpejcTapienre. Ho ObIBAIOT cUTyaluu, KOT/1a U3BECTHA JIUIIb MAaTPHUIA
HH* rne H — marpuna passéprku renzopa H. B rakom ciyuae nHaxoxjienue
KAQHOHUYIECKOI'O IIPEJICTaBJICHUS HAIIPAMYIO MOXKET ObITh HEJIOIIYCTHMO JIOPOrO C
BBIYUCJIUTE/IbHOW TOYKU 3PEHUst. TeM caMbIM Jijist pellieHus JJaHHON 3a/1auu OblLin
MPeJIJIOKENbl JIBA TOIXO/IA.

[TepBoIit 110J1X0/1 3aK/II0YAETCS B TOM, 4TOOBI BHIOPATH MOJIMHOYKECTBO HauboJiee
JIMHEHO He3aBUCUMBIX CTOJIONOB MaTpuilbl H H*, coOpaTh n3 HUX HOBBIH TEH30D
¥ HATH ero KAaHOHUIEeCKOe TIPEJICTAaBICHIe ¢ moMOIbio ajgropurMa ALS [2].

B kauecTBe BTOpOro 1ojxo/1a npe;jiaraercs nciojib3osars Metos, Hbiorona, jijis

HaXO>XKJICHUA
2

R R

* * :

E E (tr, @ Vr, )Yy (U, @ vp,)" — HH™|| — min,
IATAY
re=1r,=1 F

e U, V, W — cdakropubie matpuiibt ', Y = WIW* > 0 — nojoxurejbHO onpe-
nenéuHas Marpuna. [lpeamosaraercs, 9To JJaHHOE pEIeHUe TO3BOJUT JIOCTUYD

gydineit puabTpaIuu mymMa B CUJIy UCHOJIb30BaHUsT OCOOEHHOCTEH CTPYKTYPHI.
PesysnibTaThl 9KCMEPpUMEHTOB MPOJIEMOHCTPUPOBAJIN, UTO 00a MOIX0/Ia PEIIaloT
MOCTaBJIECHHYIO 3aJiady. BTopoil mojxo/, KaK W IPeIoarajoch, Jydiie (puiib-
Tpyer IiyM, HO 00JIaJlaeT CYIIeCTBEHHO DOJIbIIeH BblUUCIUTELHON CJI0XKHOCTBIO,

HEeXKeJIU TePBLI.
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DdohekTUBHOE XpaHEHUEe N YMHOXXeHue
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Croiikocth asiroputMma mudpoanns RSA HaNpsMyro 3aBUCHT OT CJIOKHOCTH Pa3-
JIOXKEHUS Ha MHOXKHUTEN 00JbIuX duces. CaMblit 3(ppeKTUBHBIH MeTo, 715 (pak-
ropusannn duces jumHHee 100 1ecaTuIHbIX 3HAKOB — 00IIee PerieTo YnucjioBOro
10JIs, OJIHUM M3 KJIFOUEBBIX ITAIOB KOTOPOI'O SIBJISETCS PEIICHUE Pa3sPeKeHHON
cucTeMbl JUHEHHBIX ypaBHenuit wa mosieM GF(2). st peKopHbIX 110 pasmepy
qUCes TU CUCTEMbl 3aJ1al0TCs MaTpuiaMu mopsjika o - 10° u BbIe, u s nx
peleHns HauboJsiee OBLICTPBIM METOJIOM B paMKaX OJIHOIO BBIUUCIUTEIHLHOIO KJla-
crepa siBjisiercst 6j10unblii Meroy Jlannoma-Monrromepu[l], st Koroporo Hau-
OoJiee 3aTpaTHBIMU 10 BPEMEHU OKa3bIBAIOTCS ONEpAIUU YMHOXKEHUS MAaTPHUITLI 1
TPAHCIIOHNPOBAHHON MaTPHIIHl HA BEKTOP.

Kitaccmaeckum BapuaHTOM XPAHEHUS PA3PEXKEHHBIX MATPHUIIL sIBJISIETCSI C2KAT I
crpounstit hopmar (CSR). B manuoii 3ajade on spisercsa He cTosib 3bdeKTns-
HbIM: M3-3a CJIy4aliHOI'O 11a0JIOHa, PA3PEKEHHOCTU Y YMHOXKEHUS Ha TPaHCIOHU-
POBAHHYIO MATPUILY HPOU3BOJIUTEbHOCTh HUXKe. B CBsI3U ¢ 3TUM /I BBICOKOIA
PON3BOAUTELHOCTH TPeOyeTcsi XPaHUTh JIBE KOIMUU MaTPUIIhl — HCXOJHYIO 1
TPaHCIOHUPOBAHHYO.

B nanHoi#t pabore st XpaHEHUsI TaKUX MaTPUIL MPEJJIOXKEH HOBbIN popmar
— bmouno-koopauHaTHblit BCF. MaTpuna pazouBaercs Ha OJIOKH MOPsIIKa, COOT-
BETCTBYIOIIEI0 pa3Mepy K3IIa BTOPOIr'o YPOBHS. DTO [IO3BOJISIET MUHUMU3UPOBATD
[POMAaXH IO KIIITY ¥ MCIOJIb30BATD JIMITh OJHY KOIHUIO MaTPUIlbl. B TO ke Bpems,
HO3UIMI HEHYJIEBBIX 9JIEMEHTOB BHYTPU OJIOKA SIBJISIOTCS KOPOTKUMU YUCJIAMHU.

Takxke mpejioxkeH crocod pajbHeiinero ckarust marpuiibl BCFH — Bmecro
HO3UIMI BHYTPpHU OJIOKa IpeljIaraeTcsl XpaHUTh pa3HOCTH UX MHJIEKCOB Ha KPUBOIA
['nnbbepra.

[Tpennoxennnie popmarsl BCF 1 BCFH komnaxThnee ¢popmara CSR ¢ moBbI-
IIIEHHOM ITPOU3BOJUTE/IbHOCTHIO MATPUUHOIO YMHOXKEHHSI Ha BEKTOD, IIPU STOM B
dopmare BCF ayTh BbIIIEe IPOU3BOUTEIHHOCTH YMHOXKEHUST MATPHUILHI HA BEKTOP,
a B BCFH — Bblllle KOMIIAKTHOCTb.
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TMMMNEPCUHTYIAPHOIoO MHTErpaJibHOr0O ypaBHeHMA
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3

B pabore crpouTcst ynucjieHHas cXeMa, ¢ 1pejio0yciiaBiuBaTe/eM JJisl TUIIePCUHIY -
JIIPHOTO MHTETrPaJbHOTO YpaBHEHUs BUJIA

(Ta)w) = o) G5 dr, = fia). )

rie ¥ € R? — kpuBast Ha IJI0CKOCTH WK TOBEPXHOCTD B IPOCTPAHCTBE, d € {2,3},
G(x,y) = e**¥l/4r|x — y| — bynmamenransuoe pemenne ypasuenns LeabuM-
I'oJibla, N — OJIHO U3 HEIPEPbIBHbIX 110Jiell HOpMaJiu Ha 2.

U nest npejiobyciiaBiuBaTe s OIMPAeTcs Ha JiBa CBOicTBa omeparopa, 1

1. Econ pacemarpusars ¥ = R xax muoroobpasue suyrpu R, To u3 Teopun
nces o depeHmaIbHbIX onepaTopOB MOXKHO 1oJ1yuuTh [1], aro

Gxy)
(A+k)yg / fly @nxﬁny do, =T, (2)

2. Pemenne ypasuenust (1) yaosierBopsier cBoiictBy glos = 0. [2]

B npejjiaraemoii 9UCJIEHHON CXeMe HCCJIeyeTCsl IOBEeJIeHUe Ipeio0yCIaBIn-
BaTe/Isi, OCHOBAHHOIO Ha TOXKJjecTBe (2), B KOTOPOM 06JIaCTh MHTErPUPOBAHUS .
y2Ke Ipejinoaraerca Koneunoit. st qukperusanun orneparopa 1’ nNpuMeHsIeTCs
METOJ KOJIOKAIMH U KyCOYHO-IIOCTOSIHHBIX aripokcumanuii [3], st juckperu-
3annn oreparopa Jlammaca — MeTon KoHeuHbnIx pasHocrei, s pemrennst CJIAY
ucnosb3oBascss GMRES. Tlokazano, aro npu npumenenne mpepodyciaBinBaTest
[O3BOJISET 3aMETHO YMEHbIIMTH KOJUIECTBO UTEPalnii KaK ¥ CyMMapHOE BpeMsi
paboThl aJIrOPUTMA.
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MopennpoBaHne BHYTPUKIETOYHOV
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B pabote mpejioxena Mojiesib papMaKOIMHAMUKI [IPOTHBOBUPYCHBIX Iperapa-
TOB, npuMensgeMmbiXx npu BUY-undeknun. [Insg napamerpusanuu JeiicTBUs Jie-
KapCTB UCIOJIb3yeTCs pa3paboTaHHas paHee MOJIe/b BHYTPUKJIETOUHON perinKa-
nmun BUY-1 [1], onuceiBaroras qunamuky 24 nepemenubix. Mojesb onucbiBaer
LPOMEXKYTOUYHbIE CTAJUU PA3MHOXKEHUsI BUDPYCa B KJIETKE, BKJIOYasi IIPOIECCHI,
Ha KOTODbIE BJIMSIOT PACCMATPUBAEMbIE MPENapaThl: a) MPOIecc 0OpaTHOH TpaH-
CKPHUIIIAK ¢ KOHCTAHTOH cKkopocTu kpp, Ha KOTOPLIA jeiicTtByioT npenaparsl 3TC
u AZT, 6) nporiecc cospeBatsi BADYCHBIX YACTHUIL ¢ KOHCTAHTOH CKOPOCTH Kypqr, HA
KOTOpbIi JeiicTByeT npernapar RTV. eiicTBre JekapcTB 3aKa09aeTCsl B YMEHb-
IIEHNN CKOPOCTE 3TUX MIPOIECCOB, IYTO MapaMeTPU30BaHO CIEYIOMUMI HeJTmHe-
HBIMH 3aBUCHMOCTAMHU 0T KouteHrpamnuu npenapatoB Csro, Cazr, Crry:

ke (Csre, Cazr) = krr (14 (Csre /[IC5037¢]) ™) ™ (1 4 (Cazr /[IC50421])"477) 7",

kot (Crrv) = Kmar (14 (Crrv /[IC50R7v )™ ™) ™ (1 + (Crev /[IC50R1vy,]) ™ Y2)

st omneHKu mapaMeTrpoB [I C50i], ™M,; WCIOJIb30BAJUCH SKCIICPUMEHTAJIbHBIC
JlaHHbIe 110 (P DEKTUBHOCTH MOHOTEPAIINKA TPEMSsI IIpernapaTaMu [2] st eé pac-
yera M3MepsIach JIOJsT MPOAYKTUBHO MH(PUIIMPOBAHHBIX KJIETOK (B XPOMOCOMBI
KOTOPBIX BCTPOMJIACH XOTsI ObI OJIHA BHPYCHas ILHK) B KYJbType KJIETOK IIpHU
Pa3HbIX KOHICHTPAILMSIX IIperapara, Koropas pacCuuThiBajach 110 aHCaMOJIIO pe-
aJIn3aluil CTOXaCTHIECKON BEepCUU MOJIEJU B BHUJIE MapKOBCKOMN Ielu KaK (PYHK-
nuonas @i = Die(Ch).

OrkannbpoBaHHast MOJIEJIb BHYTPUKICTOUHON (DAPMAKOIMHAMUKU TTO3BOJISIET
1peJiCKa3aTh CTeleHb BJIMSHUsT KOMOMHUPOBAHHON Tepalui Ha BEPOsITHOCTH 3a-
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pakeHus KJaeTku (byHKIH 1) U HA KOJUYECTBO MPOU3BOJANMbIX KJIETKON BUDPYC-
HBIX gacTull (DYyHKIUSA Us):

Pint(Csre, Cazr) _ Pota(Csre; Cazr, Crrv)
©inf(07 O) (I)total(()’ 07 O) ’

r71e Piota] — KOJMIECTBO COZPEBIINX BUPYCHBIX JACTHUIL 38 TUKJI PEIJIUKAIINN, Pac-
CUMTHIBAEMOE C TIOMOIIBIO JIETEPMUHUCTUIECKON BEPCUN MOJIEJIN B BUJIE CUCTEMBI

OOBIKHOBEHHBIX J(bdepeHInaJIbHbIX YPaBHEHUIA.

[Tonyuennbie pyHKIMU (papMaKOIMHAMUKK U1, Uy MOKHO KCIIOJIb30BATH B MO-
Jlesisix cucreMuoit gunamuku BUY-undexmn juist onucanus aeiicTBrus KOMOMHU-
POBaHHOM IPOTUBOBUPYCHOMN TepAInK, YTO WIJIOCTPUPYETCs: Ha Mojiesu (3], KoTo-
PYIO MOYKHO TIPEJICTABUThL B CJIEAYIOIEM ODIEeM BHMJIE:

dy

—o =51+ AY)Y + BE)U(®).

u1(Csre, Cazr) = 1— , u2(Cspe, Cazr, Crry) =1

re Y (t) € R — nepemennsie mogemu, U(t) = [ui(t), uz(t)]T — ynpassio-
ast GyHKIwst hapMakoJIMHAMUKY TPUHAMAEMbIX [PEMapaToB ¢ KOHIIEHTPAIHIMU
C;(t), onpenenseMpiMu ypaBHeHUAME (bapMakKOKnHETHKY. [IpuBosaTCs paciers
JEfCTBIST CTaHIAPTHOTO PeXKUMa KOMOMHUPOBAHHON Tepalny 1 CPaBHUBACTCS €€
3G EKTUBHOCTD JIJIsi TPEX TP HAIMEHTOB: TUIIMYHBIX U ObICTPbIX 11POIPECCO-

poB, Hemporpeccopos. Pabora Beinosnnena npu nojepxkke PH® (mpoekt Ne 23-
11-00116).
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KoHCcTpykTOp mMoaenein yrnepoaHoro uuksia
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peann3auynsa, TeCToBble cilyydawu
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Leabp paborbl — pazpaboTKa MPOrpaMMHOTO KOMILTEKCa (KoHCTpyKTOopa) |1] mis
crenuUKaluyd U PEHICHUsI CUCTEeM ypaBHEHUH Mojie/iell yriiepoHoro uKJa mod-
Bbl. HeoOXouMOCTD B IIpejiCTaBIeHK CUCTEM YpPaBHEHU B OOIIEeM BUJIE, a TaKKe
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OJIHOTHUITHBIN CIIOCOD TMOJIyUeHHsI PEIeHus], HY >KHbI JIJIsI CBeJIeHNs] MHOI0OOPA3WsI
MOJIEJICH, OIKMCHIBAIOIIMX IPUPOJIHBIE IPOILECChl BaXKHbIE JIJIsi MOJICJIMPOBAHUS yI-
JIEPOJIHBIX IUKJIOB, K €JIMHOMY BHJIY. DTO HYKHO JIJIS ONTHMHU3AIUKA AJTOPUTMA
pelIeHnsT U Jijisi OCIEIYIONIEr0 CPaBHEHUSI PE3yJIbTaTOB MOJECJUPOBAHKS B PaM-
KaX OJIMHAKOBBIX YCJIOBUIl MCIIOJIb3Ys THOKMI U JIOCTYIHBINA aJTOPUTM.

OcHoBHast ujiest 3aKII0YACTCA B CBEJICHMU MHOI000Opa3usi CyIIeCTBYOIMNX MO-
Jlesieil yrJIepoHoro MUK/ K eJUHON 0DODINEeHHON! MaTeMaTHIecKOi MOCTaHOBKE
Ha OCHOBE KOHIIENIUI ITYJIOB U ITOTOKOB yTJiepojia. BoJIbITMHCTBO MoJieieil mpe/i-
CTaBJIAIOT cO00M cucrembl JuddepeHiuaibHbIX YPaBHEHUH, KOTOPbIE MOI'YT ObITh
3alucanbl B 001eM Bujie Jjid [V, IyJIoB:

N, N/

=1 k=1 o= o 8

rjie C; — KOHIEHTPAIKs yIyIepojia B i-M IyJie, Ffj — k-i1 IOTOK MeXK]1y pe3epBya-
paMu, % — CKOPOCTb BEPTUKAJILHOI'O aJ[BEKTUBHOIO IepeHoca, A — KO3 UIueHT
Jnddysnn, ¢ — CcKOpocTh 00'BLEMHOTO CTOKa BOJIbI B TouBe. [loToku mnpejcrapiis-
I0TCsI B MYJIBTUILIMKATHBHOM BHJIE COTJIACHO 3aKOHY MUHUMYyMa, JInOuxa.

[IpeioXKeHHBIH IIyTh PelleHus BKJII0YAeT CO3JIaHue apXUTEKTYpPbl KOHCTPYK-
Topa Ha si3bike Fortran 2008, obecrieunBatonieit: 1) euHoobpasHoe 3ajaHue CrpyK-
TYPBI MOJIJTH (ITyJIbl, TOTOKU, MHOXKUTEJH ); 2) UCIOIb30BaHIE ODA30BBIX MAPAMET-
pUBAIMil JIJIst ONMCAHKsT CKOPOCTE T1epexo/ioB; 3) YHUCJIEHHOE HHTEerPUPOBAHKE CH-
CTeMbI YpaBHEHUI sIBHBIM MeTOJIOM; 4) rHOKYI0 KOH(MDUIYPAIIUIO PACIETOB Yepes
3ajaorme (paiiibl.

B pamMkax JaHHOTIO OJIX0/[a PeaJM30BaHbl, IPOTECTUPOBAHDI K TPOBE/IEHBI CPAB-
HeHus caeyomux mogaeneit yriaepoganoro mukia: INMCM, SOCS, RothC. B npo-
necce peasimsaiuu Mojieb Romul  HUM [2].
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78 Macc U. A., Bamnaxmeros B. 1., Ceryxa A. B.
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YPaBHEHNN ANA 3a4a4 paccesdaHns C CJIOUCTbIMU
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2 Kadenpa BeranciuTensHbIN TEXHOIOTHN U MOIEIMPOBaHus, e-mail: valiahmetovbi@my.msu.ru
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ITocranoBka 3ama4n Permaerca 3a1a49a YUCACHHOTO MOJICTAPOBAHNS PACCes-
HIUA MOHOXPOMATHUYECKO# 3JIKTPOMATrHUTHOM BOJIHBI IPU HAJINYUN JIUJICKTPUYe-
ckoit obsactu 2 C R3 ¢ usiiexrpudeckoii nponunaemocts € = e(x),r € R u =1
¥ IOBEPXHOCTH MJICAIHHOTO MPOBOAHUKA 2. [Ipy 9TOM JIU3JIEKTPUK SBJIACTCS TOH-
KUM IIOKPbITHEM 1JIeajlbHOIO IIPOBOJIHUKA, T.¢

Q~{r+nt,z e X te0,h],n=n(xr)— nopmaib k X}
Januyio 3ajady MOXKHO 3alliCaTh B BHJIE CHCTEMbl U3 JIBYX MHTErPAJbHBIX
YDaBHEHUH OTHOCHTEIbHO HEM3BECTHBIX MMOBEPXHOCTHBIX 1 00bEMHBIX TOKOB |1]:

g = Eype+ K[, (¢ — 1)g] + £K[S,j], €9, 1
n X <Emc + K[, (' — 1)g] + ﬁK[Z,j]) =0, z€X 1)

6’1:]607’

K[S, g](z) = rot rot /g(y)F(:z: —y)do,, * € R F(r) = (2)

S
Junckperu3amug 3agaun Cucrema HHTErPaJbHBIX YPaBHEHUI Oy1eT perrar-
ca metonoM [anmepkuna. B maHHO#l Te3nce paccMaTpuBaeTCs TOJBKO JTUCKPETH3a-
1usi 0O'bEMHOI'0 YpaBHEHMUSI.
T.x 0ObeM JIM3JIEKTPUKA €CTh TOHKUI CJIO Ha, IOBEPXHOCTU MeTaJjia, TO 00b-
eMHasl CeTKa, CTPOUTCS CJICIYIOIKUM 00pa3oM:

r

1. g xakioit TOUKU & € X CTPOUTCA cpejiHee HallpaBIeHne HOPMAJIHA V.

2. BekTop h(z)v pasbuBaercs Ha 3apaHee 3aJjaHHbIe YaCTH. [JaHHBIE TaCTH CTPO-
ATCA TaK, YTOObI HA OJHOM OTPE3Ke JIUJIEKTPHIecKas MPOHUIAEMOCTh ()
ObL1a 11OCTOSIHHOM. TeM caMbIM 110JIAIOTCs CJIOM JUIJIEKTPUKA.

3. ObbemHast ceTka COCTOUT U3 CJIOEB, B KaXKJOM CJIO€ HAXOJISITCS MHOTOIDAHHW-
KU, 00pa30BaHHbIE JIByMsI TPEYTOJbHUKAMH - C BEPXHEIO U C HUXKHEIO CJIOEeB
(em puc 1).

Ha kakjj0M MHOrorpaHHUKE BBOJMTCS CUCTEMa U3 3 KyCOUHO-IIOCTOSHHBLIX (PYHK-

nuit cf, k=1,2,3, paBabix () BHE CBOEI'O MHOT'OI'DAHHUKA U JITHEHHO HE3ABUCUMbIE

BHYTPH MHOTOI'DAHHUKA.
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i

Puc. 1: ITocTpoenne oObeMHOI ceTKH

Baounas crpykTypa B ciydae 1miockoii ToBepXHOCTH MeTaJijia MoAMaTPUILa,
A IWHeIHON cHCTeMbI, OTBeYAONas 00HLEMHOMY HHTEIPAILHOMY YPABHEHUIO, 00-
Jajaer 6JI0UHO-TEILINIEeBOI CTPYKTYypoil. B ciiydae KpuBoJIMHEHON ITOBEPXHOCTH
9TO HE TaK, OJHAKO IIPY BbIUMTAHUU 1IEPBOIO OJIOKA HA JMarOHAJM U3 OCTAJIbHbBIX
OCTaBIIIAdACA ITOJAMATPHUIA UMEeT MaJIyI0 HOPMY OTHOCUTEJILHO KMCXO/IHON MaTpu-
1. HaMu mpejjiosken ajropuTM, npejpcraBisionuii A B Buje CyMMbl OJOYHO-
TeIJIAIIEBbIX MATPHII,

1. Cxxumaer nepsbie OJIOKH Ha KaXKJOH JIMArOHAIU ¢ TOYHOCTBIO T

2. Borauwraer u3 jguaroHajm e€ nepBbiii OJIOK, ONEHUBasE HOPMY Pa3HOCTH B KarK-
JIOM OJI0KEe OTHOCUTEJILHO IIEPBOro 0JI0Ka Ha JUATOHAJIN.

3. Hoxumaer OJIOKH ¢ HYXKHBIM 7140, YTOOBI TOUHOCTH BCErO CXKATHE OBLIA 1.

Coxarue 6J10Ka B aJITOPUTME BBITIE POUCXOJAUT B MO3aUIHO CKEJIETOHOM (hopmMaTe
2] ¢ momorbio 6uboreku ZaiMSK [3]. Ha npumepe cdepsr ¢ geTbipexcioiHbim
nokpoiTieM 1 k = 10 Mbl monyuman cpegnee cxkarue marpunbl 11.6% nporus
14.4% y Mo3aMm4HO-CKeJIeTOHHOTO (pOopMaTa.

CIIUCOK JIMTEPATYPHI
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Bo3aelicTtBne gedasuvpytouiero wyma Ha
TEMHOEe KBaAaHTOBOE COCTOsIHuEe

Kadenpa cynepkoMmbioTepoB 1 KBaHTOBOH nHdOpMaTHKH, e-mail: ozhigov@cs.msu.ru

B nacrosiieit pabore uccieoBaHa yCTOWYMBOCTH TEMHOI'O KBAHTOBOI'O COCTOSI-
HUA K Jledpa3upyomneMy nymy. ducjiennoe MoJeTMpoBaHue KBAaHTOBON JTUHAMY-
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KU 1ToKazaJio, aro fidelity mcxomnoro TeMHOTO COCTOSTHUST, HECMOTPST Ha CBOE 3Ha-
YUTEJIbHOE CHUXKEHUE, JIEMOHCTPUPYET aCUMIITOTUYECKOE CTPEMJIEHUE K 11OCTOsH-
HOMY HEHYJIeBOMY 3HAUEHWIO. JTO CBHUJETEJIHLCTBYET O TOM, UTO jedasupyioriee
BO3JIeficTBUE HE CIIOCOOHO MMOJIHOCTHIO PA3PYyIIUTh TEMHOE COCTOsIHUE — B TIOJIOCTH
ONTUYECKOI'O PE30HATOPA COXPAHSACTCA CYIIECTBEHHAd N0 TEMHON KOMIIOHEHTHI,
YTO TOJITBEPKJIAET MPUHIUITNAJIBHYIO YCTONYNBOCTD JIAHHOTO KBAHTOBOI'O COCTO-
AHUA K PAaCCMaTPUBAEMOMY THUITY BO3MYIICHUIA.

Omnpenenenne. TemHoe cocrosinue — 310 COOCTBEHHOE COCTOSHUE OLIEPATOPA,
raMUJbTOHUAHA CHCTEMbBI, OPTOTOHAJIbHOE 00pa3y olepaTopa B3aUMOJIEHCTBHUSI.

ubiMu ciioBaMu, 9TO TAKOE COCTOSIHUE KBAHTOBOM CUCTEMbI, B KOTOPOM aMILJI1-
Ty/a Mepexojia B BO3DYKJIEHHOE COCTOSTHUE TOXKJIECTBEHHO paBHA, HYJIIO BCJIE]-
CTBUE JIECTPYKTUBHON KBAHTOBON MHTEpP(EPEHIMN Pa3JIMIHbIX MyTel rnepexojia,
YTO JIeJIACT CUCTEMY HECIIOCOOHOH K B3aMMOJCHCTBUIO C PE3OHAHCHBIM 3JICKTPO-
MarHUTHBIM TTOJIEM.

Temneparypuas Jleda3upoBKa, BO3HUKAIONAsd B CUCTEMAaX THIA «aTOMBI B pe-
30HATOPE», MOXKET ObITH OllMcaHa B pamkax Mojesn TaBuca-Kammunrca xkak pe-
3YJAbTAT B3aUMOJIEHCTBUS C TEMJIOBBIM pe3epByapoM. CooTBETCTBYIOIIHE OIePaTO-
pbl JIun 01818 cojiepkaT TeMIepaTypHO-3aBUCHMbIe KOI(DDUIIMEHTHI 11K Orepa-
TOpax MePEXOI0B OT/IETHHBIX aTOMOB.

B monenn Tapuca-Kamvunrca teMmieparypHast geda3upoBKa MOXKeT ObITh OIH-
caHa olepaTopaMy BHU/JIa,
_ +
Li = \/Ydeph S; Si;
rjie
s; = |1){(0| — oneparop BO3OYKjIeHHUs i-TO aTOMA,
s; = |0)(1| — oneparop pesakcanuu i-ro aToma,
Vdeph — UHTEHCUBHOCTD Jle(Da3upPOBKHU.

Omneparops! JIunjadaana L; BXOJAT B MapKOBCKOE MacTep-ypaBHEHUE JIJIsT MaT-
PUIIHI TIJIOTHOCTH OTKPBHITON KBAHTOBOM CHCTEMBI:

dp . 1
o = —ilH.p+ Y (LipL{ = S{L{ Li. p}).

st cucTeMbl U3 JIByX aTOMOB oleparopbl JIMH/ 101818 CTPOATCA KaK TEH30PHBIE
MPOM3BEJIEHNS OTIEPATOPOB JIJIST OTJEIbHBIX aTOMOB:

Li= \Paeh (si51®@ 1), Lo = /g (I @ 53 52).
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[I'paduk 3BOJIONNKM HACEEHHOCTEH JIEMOHCTPUPYET CTAOUJIU3BAINIO CUCTEMbI,
IpU KOTOPOi BEPOATHOCTH HAXOXKJIEHUsI CUCTEMbBI B KasKJIOM M3 TpexX OA3UCHBIX
COCTOSIHUI aCUMIITOTUYECKHU cTpeMsTcsd K 3Hadennio (0.33. D9To paBHOMEpHOE pac-
1peJie/IeHne HACEJEHHOCTEN yKa3biBaeT Ha yCTaHOBJIEHUE CIIelU(UuIecKoro cra-
IIOHAPHOT'O COCTOSHUSI, BO3HUKAIONIErO MO/ BAWAHUEM J1eha3upyOINIEero Mmyma.
Hanublit gpakT sBJISIETCS KOJMYECTBEHHBIM CBUJIETEJILCTBOM TOI'O, UTO UCXOJIHOE
TEMHOE COCTOSHUE He Pa3pyIIaeTcs MOJHOCTBIO, & TPAHC(OPMUPYETCS B CMeEIaH-
HOE COCTOsTHUE C OCTATOYHOW KOTePEHTHON KOMIIOHEHTOM.
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Cekmnus: " Acumnrorudeckmue meToabl 1 nudpdepen-
IM1aJbHbIe YPaBHEHNIs ¢ MaJbIM IIapaMeTrpom'.

O6 ocobeHHOCTAX pelleHnsa Ko3PPNLLINEeHTHbIX
oDOpaTHbLIX 3a4a4 A1 HeNIMHEWHbIX YPaBHEHU A
Tuna peakuunsa-andpdpysnsi-aaBekLms c
AAHHbIMN Pa3/INYHOro TUNa

JIykbsuenko JImurpuit BuranbesuuKadenpa Maremaruku, oTaeeHIe TPUKJIA-
HOM MaremaTuku, pusndeckuit pakynsrer, MI'V umenn M. B. Jlomonocosa,

lukyanenko@physics.msu.ru

Sagaun 1151 HeJIMHEHHBIX CHHTYJISIPHO BO3MYIIEHHBIX YPABHEHW THTTA, PEAKIINSI-
Jnpys3usi-aIBEeKIMsl BOSHUKAIOT B I'a30BOM JIMHAMKUKE, TEOPUU NOPEHMSI, XUMU-
YecKoil KMHETUKE, HeJMHEUHON Teopuu BOJH, OMOMU3UKE, MEJUINHE, SKOJOTUH
u Jipyrux obsactsx Hayku. OcoOEHHOCTHIO 3a/1a4 MOJ0OHOIO THIIA, sIBJISIETCST Ha-
JINUKe pa3HOMACIITAOHBIX IIPOIECCOB, MaTEMAaTUICCKIE MOJIEIM KOTOPBIX OIMUCHI-
BalOTCs HEJIMHEHHbIMU T1apabOJIMueCKUMU YPABHEHUSIMU C MaJIbIM CUHI'YJISIPHBIM
apaMeTpoM IIPU CTapIleil IMpPou3BojHOM. B ¢BsI3M ¢ 3TUM pelleHnsl TaKuxX 3a1ad
MOTYT COJIEpYKaTh Y3KUE JIBUXKYIIUECS (DPOHTHI, KOTOPbIE Pa3/essioT MTPOCTPAH-
CTBO HA JIBE YaCTU: BOMYIIEHHYIO YACTb, Uepe3 KOTOPYIO (DPOHT peakiuu yrKe
IIPOIIIEIT, U HEBOBMYIIIEHHY0 YacTh. OPOHT peaKluu IpejicTaBisgeT coboii 001acTh,
B KOTOPO#i (DY HKIIMS, OIMUCHIBAIONIAsT KAKYIO-JIM00 XapaKTepUCTUKY CPejibl (Temiie-
paTypy, MIOTHOCTD U T.JI.), JOCTATOTHO PE3KO U3MEHSIETCsT OT 3HAUCHU (DyHKIINH,
ONUCBIBAIOIIEH OJIHO COCTOsIHUE CPEJIbl (HATPUMED, HEBO3MYIIEHHYTO), K 3HAUCHHUTO
GyHKIMH, ONUChIBaOIEl Apyroe cocrosguue. [Ipu g1ocTaTouHo MaJjIblX 3HAUCHHUSIX
CUHT'YJIIDHOI'O TTapaMeTpa IMUPUHA TaKoro (ppoHTa OyIeT JJoCTaTOYHO MaJoi 110
OTHOIIIEHMIO K pasMepaMm Bceil obnactu. Kak ciencrsue, (ppoHT peaxiiuu MOXKHO
Pa3/IMIUTh SKCIEPUMEHTAJBHO, OIIPeesiss ero (pakKTuIecKoe M0JI0KeHne IIPU Ha-
OJITOJIeHU U PeasibHOIO (PU3MUYECKOT'0 1POIEcca B pa3/iniHble MOMEHTbI BpeMenu. B
CBSA3U C 9TUM B JIOKJIaJe OynyT oOCyKIaThbCsd 0COOEHHOCTH pelleHns: KO3 puiim-
EHTHBIX 0OpaTHBIX 3a/la4 JIJIs HEJIMHEHHBIX YPABHEHUN B YACTHbBIX MPOU3BOJHBIX
THIIA peakius-Tuddy3usa-aJIBeKIus ¢ JOIOJHUTEIbHBIMU JaHHBIMUA PA3JIUIHOIO
tuna [1]. B kauecrBe BXOjHBIX JaHHBIX 00pATHON 3ajaun OyJyT PacCMOTPEHbI
1) mannble B (DUHATBHBIH MOMEHT BpeMeHH, 2) JaHHbIe HA TPAHUIE ODJACTH MO
IPOCTPAHCTBY ¥, TJIABHOE, 3) JaHHbBIC O MOJOKEHUH (DPOHTA PEAKITHH.

CIIUCOK JIUTEPATYPHI

[1] Lukyanenko D.V., Argun R.L., Borzunov A.A., Gorbachev A.V.
Shinkarev V. D., Shishlenin M. A., Yagola A.G.. On the features of numerical
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solution of coefficient inverse problems for nonlinear equations of the

reaction—diffusion—advection type with data of various types // Differential
Equations. 2023. T. 59, Ne12. C.1734-1757.

ABTOMOeNbHble pelleHns ypaBHEHUs
peakuunn-agsekunu-anddysnm

BrikoB Asekceit AneKcaHIpOBUY

Kadenpa maremaruku, e-mail: abykovmsu@mail.ru

B npakTuke MareMaTrniecKoro MoJeIMPOBAHK IPOLECCOB, IPOUCXOAAIINX B IIPO-
crpaHcTBe N M3MepeHuil (He MeHee JByX), B Tom uucie (z,t), (x,y), (z,y,t),
BCTPEYAIOTCs 3304491, JIJIsI KOTOPBIX CYIIECTBYET PEIIeHUe B BUJE CJIOXKHON (DyHK-
MK, 3aBUCAINEH MeHee 4eM OT 1 HepeMEHHbIX. B ruapojmHamuke, Halpumep,
BCTpEdaloTCs pemenns Buja u(x,t) = v(x® - t9), B Teopun BHYyTPEHHUX Mepexo]i-
HBIX CJIOEB — perrienusi Bujia Oeryiieii kasuposnbl: u(x,t) = v(z — Vt). Crenys
TEePMUHOJIOTUAH, TIPUHATONR B TEOPUU JIUHAMUKHU CKUMAEMOI CpeJibl, TaKue perie-
1y OyeM Ha3blBATh aBTOMOJIEILHLIMU. Mbl B HacTOsIIeH paboTe IpeIoxKuM Psijl
pewenuii Bujia u(z, y,t) = v(g(z,y),t) ypaBHenus peakiuu-ajiBekiuu-juddysuu
(PAJT)
euy + eVoul, + eVyu, = e2(kul), + 52(f<;u’y); — flu,z,y),

(x,y) € D, t >ty = 0, ¢ COOTBETCTBYOMUM 00PA30M MOCTABICHHBIMU HATAJb-
HBIMU U I'PAHUYHBIMU YCIOBUSAMHU. MBI NpUBEIEM, B Y4aCTHOCTH, IIPUMEPLI BUJA
g(z,y) = g1(z) + g2(v), g(z,y) = 2%Y°. ABTOMONETBIBIC peIenns YKa3aHHOTO
BUJIA, C OJIHOI CTOPOHBI, 0OODOIIAIOT pelleHns] TUMa Oeryiieil KBa3uBOJIHBI BUJIA
u(z,y,t) = v(xcosp+ysinp — Vi), gouyckast KpuosuHelinbiit beryui ppont
BHYTPEHHEr0 IePexo/[HOrO CJIOs, & ¢ APYIOil CTOPOHDL, CTPYKTYPa aBTOMOEJILHOTO
petierust OoJiee MpocTa U 1MO3BOJISET MOJIYIUTH DoJiee riybokue (pusnyecku orpan-
JIAHHBIE PE3YJIbTaThl, YeM 00Iee PelIeHne B BUJIE SBOJIOIUMOHUPYIONero ppoHTa,
B KOTOPOM HE HaiiJICHbI BO3MOXKHOCTH aBTOMOJCIBLHOCTH. BaskKHOCTH aBTOMOIECIIb-
HBIX PEHIeHnil 00yCJIOBIeHA NPUMEHUMOCTBIO K NMPAKTUYECKN BarKHLIM 3aJadaM,
M3 KOTOPBIX MBI YKayKeM TOJILKO OJIHY: PEaKIMs FOPEHUsT PACTUTEIBLHOTO TOKPO-
Ba Ha MECTHOCTH. MareMaTudeckass MOJeNIb JIOIYCKAET pelleHre BUJa JBYX WUJIH
HECKOJIbKUX B3aMMOJICHCTBYIONMX (DPOHTOB, B MECTE HEepecedeHust KOTOPhIX 00-
pasyercst JABUAKYIIHIACS (PpoHT OoJiee Ca0XKHOM (DOPMBbI, UeM KaKJIbIil U3 CTAJIKU-
Balouxcst GPOHTOB, HO JOIMYCKAIONMI aBTOMOJE/ILHOE onrcanne. Mbl II0CTporuM
ABTOMO/ICJILHOE PEIICHUE 33/1a91 O B3aUMOJICHCTBYIOMUX (PPOHTAX Ha, JIOCKOCTH.
ObocHoBaHue BKJIIOUAET B cedsd

— TOYHOE pelleHue ypaBHEeHUs aCUMIITOTUYECKOTIO PA3JI0XKEHUsT HYJIEBOT'O TTOPsJI-
Ka MeTojioM ['aMuibToHa—fKOOM, aHAJUTHIECKOE pelleHrue YpaBHEHUsI XapaK-
TEPUCTUK M BbIUYKCJIEHUE SHKOHAJIA, TOCTPOCHKE (DPOHTA, HYJIEBOI'O HOPSIIKA.



84 Brikos A. A., lNanp Humaxkao

— Briparkernue pererust mepBoro mopsijika B BUJIe KBaJIPATyPbl, BEITUCICHUE CKO-
poctu jipeiida 1epBoro 1mopsijiKa.

— Tlocrpoenune Bepxuero u vuxuero pemenusi merogom H.H.Hedesosa [1] ¢ uc-
0JIb30BaHKEM MOIM(DUIMPOBAHHON aCUMITOTHKU. Mbl IIPUBEIEM TaKKe pe-
3YJILTATHI KOMITBIOTEPHOTO MOJCIUPOBAHMS.

UccneoBanue BHIIOJIHEHO B paMKax rocyjapcrBerHHoro sajanus MIY umenn
M. B. Jlomonocosa.

CIIUCOK JINTEPATYPHI

[1] Hedemos H.H. PasBurne MeTo0B AcCUMITOTHIECKOTO aHAIM3A MEPEXOIHBIX

CJIOEB B YpaBHEHUSIX peakuuu—1udQy3un—ajBeKiun: TEOpUs U IIPUMEHe-
nue // 7K. Bbrancs. Marem. u marem. dbus. (2021) 61, Ne12; ¢. 2074-2094.

DBosilouUns PPOHTA TPexXMepPHOW KOHTpPACTHO

CTPYKTYpPbl B HEOAHOPOAHOW Ccpeae C aaBeKLMNEN

BoikoB Ajtekceit Anekcanaposud’, lanp Ilna4arkao’

! Kadenpa maremaruku, e-mail: abykovmsu@mail .ru

2 Kadeapa maremarnku, e-mail: qzhgan@qq. com

Uzyuaercst TpéxMepHasi HavaJIbHO-KpaeBast 3ajiada Jijisi KBa3WJIMHEHHOIO ypaB-
Henust peakiuu-aaseiun-quddysun (PAJl) ¢ mamsim mapamerpom € > 0 mpu
aJIBEKIIMOHHOM 1 I (P Yy3MOHHOM CJlaraeMbIX:

5u;+62<‘7(F),Vu>:62<V,/<:(F)Vu>—f(u,f’), Fe D, t>0, (1)

e D — orpannderHas 00JacTh B TPEXMEPHOI CHUCTEMe KOODJMHAT, Ha I'PAHUIE
>) KOTOpPOii 3a/1a10TCsl I'PaHUIHBIC YCJIOBUsSI BTOPOI'O POJa: % =@ (r). [lpue =0
ypasrenue (1) craHoBUTCs ajirebpanvecKiM, I09TOMY 3a/iada OTHOCUTCS K KJIac-
CY CHUHIYJIsIDHO BO3MYMIEHHBIX. [Ipu € > 0 Haju4ume MaJioro mapaMerpa IpUBOIUT
K CyIIECTBOBAHUIO perieHuii Tuna KoHrpacrHoii crpykrypbl (KC): nmerorcst 06-
mupHbie 00acTh ¢ MaybiM rpajgueaToM (msitaa KC), passessieMbie y3KUME CJI0-
siMu ¢ GOJIbIINM TpajineHToM (BHYTpeHHue nepexojnbie ciaou, BIIC). TTonsrus
«bosbITIoN» U «Mastblity OymyT crerudunuposanst. [lokazano, aro (1) mpu rias-
HOM (HYJIEBOM ) MOPSIJIKE aCHMIITOTHIECKOTO Psijia 1o crenensM € nojioxkenne BIIC
onuceiBaercs ypapHenueM [amuiibrona-Skobu, (2) npu nepBoM 1opsijike acuMIi-
TOTHIECKOI'O psijia cKOpocThb nepemeniennsi BIIC Tak»ke 3aBUCUT OT ee KPUBU3HbI,
v (3) HaiijleHO BpeMsi pa3pyllleHns KOHTPACTHON crpyKTypbl. Hacrosiiast pabora
0000IIAeT PE3yJIbTATHI, TTOJYYeHHbIE JIJIs JIByMEpHOit 3a1aun B 1], Ha TpéxmepHytO
3aJlady UM Ha cjiydail HecOaJiaHCMPOBAHHOW (DYHKIUU TIJIOTHOCTH UCTOYHUKORB, KO-
ry1a K ckopoctu apeiida BIIC 3a cuér qucbananca jpodbasigercs apeiid KpUBU3HbL.
Haim pesysibraThl BKIIIOUAOT TakxKe rpajgueHTHbii apeiid BITC. Mbl ucnosb3y-
em meroy Juddepennuaibibix vepasercrs Hedegosa H. H. [2] juist o6ocHoBanust
CYIIECTBOBAHUS ¥ €JIMHCTBEHHOCTH PELICHHUS.
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B oramine or crangapTHOrO MOJXO/A JYIst CHHTYJISIPHO BOSMYIINEHHBIX 3a1aM,
B pabore BBOJMTCs BTOpoii Masbiii napamerp p: V(7 u) = Vo (7) + pVi (w),
k() = ko (7) + pry (7), f(u, 7 pn) = folu, ™) + pfi (u,r). 3aBucumoctsb oT
f BBOJMM Tak, 4To0bl npu 4 = 0 3ajaua (1) uMmesa u3BeCTHOE PEIEHHUE THIIA
KC, BoIpaxkaloleecss sIBHO depe3 djieMeHTapHble (GpyHKIUUA. Mbl J1aéM HCUYepIIbI-
Barorree onucanust apeiida BIIC B ciabo weomgroponnoit cpege. Haitnena dopma
BIIC nys ciydyast yBeJIMYEHHON W YMEHBIIEHHON CKOPOCTH. Pe3ynbTarhl MOTYT
OBITH MCIOJIB30BAHBI JIJIST MCCJIEIOBAHWS TPOIECcca TOPEHUsT B TPEXMEPHOH cpe-
JIe, PACIIPOCTPAHEHHUsI IPUMECEl B MHOTOKOMIIOHEHTHBIX PACTBOPAX U B MOPUCTHIX
cpejiax, JUHAMWKA MOMYJIANWH B MPUPOTHBIX JaHIIadTax ¢ MPOCTPaHCTBEHHON
HEOJIHOPO/IHOCTHIO.

VccnenoBanme BBIOJHEHO B paMKaX rocyaapcTBeHHoro 3ajganng MI'Y uMenn
M. B. Jlomonocosa.

CIIUCOK JIMTEPATYPHI

[1] TosepxuocrHOe HaTsikenue KoHTpacTHbix crpykTyp / A. A. Beikos, B. B. Bo-
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1999. 364, Ne 3. C. 319-322.

[2] Hedenos H.H. PasBurne MerojoB acUMIITOTHYECKOrO aHAIU3a [TEPEXOJHBIX
CJI0EB B ypaBHEHUdAX peakuun—auddysnn—ajBeKiun: Teopuss U IpPUMeHe-
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O0 acumnToTUKe pewieHnsa 3agadn Kowwun gns
CUHTYJSIPHO BO3MYLUEHHOW CUCTEMbI YPaBHEHWW

KonebaHuni
HecrepoB Anapeii BaagumMupoBuyd

POY unwm. I'.B. Ilnexanosa, e-mail: andrenesterov@yandex.ru

Crpourcs acumirornueckoe pazsoxenue (AP) perenust 3aauu
Kommn /11 CHHTYyJIAPHO BO3MYIIICHHOM CHCTEMBI THIEPOOINICCKIX
ypPaBHEHUIl B KpUTHUECKOM ciiydae [1]

eS(uy — kugy) = —plau —bv) —3plau — bv); + 2 f (u,v),
e3(vy — k3vee) = plau — bv) + eplau — bv), — 2 f (u,v),
|z| < oco,t>0

C HAYAJIbHBIME YCJIOBUSIMU CIIEIUAJIBHOTO BHJIA ,,y3Kasl MIA0YKa’

w(z,0) = w(z/e’), w(z,0) = p(z/e),

v(z,0) = W(x/e?), v(z,0) = Y(z/e).
Brech 0 < € << 1, p,q,a,b > 0, p,q,a,b = const,pynkuus f(u,v) g0cTATOTHO
riajikas B obsacru onpejenenus € = {|ul,|v| < G,G > 0}, f(0,0) = 0. Dynk-
man u’(x),v%(z), (), () nocrarouno raaakue, [u’(z)], |0 (z)| < G,
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u®(2),v°(x), p(x), ¥ () yooBaeTROPAIOT YCIOBUAM OBICTPOTrO yOBIBAHUS 1O Tepe-
MEHHO# .
['nasuble wiensl AP nmeror Buj

<u(a:,t,e)) _ (S({u(gl,t) + St u(so, t) + Hou(g,T)) N (Ru)

v(x,te) ] \Stv(e,t) + Sftv(c, t) + Hov (€, ) Rv

Brech 10 = (x £ kt)/e?, & = /€%, 7 =t/e3, k Bupaxaerca qepes ki, ko, p, q, a, b.
Caaraemble Syu(s;,t),J = I,11,j = 1,2 ectsb pemenus 3ajiau Kouwm st 0606-
mennoro ypasnenus Kopresera - je Bpuca

—Sour + K Spteee — (h(SOu)))C =0

¢ GBICTPO YOLIBAIOIIMMH HaYaILHBIME yeaosuamu, Sjv = a/bS{u, K, h(z) onpe-
JEJIIOTCS epe3 JaHHble nexognoit 3agaun. Onenka ocrarodnoro diena B AP
cJleata 110 HeBs3Ke. IIpy oleHke ocTaTOYHOro 4jeHa 0 HEBS3Ke UCIOJIb30Ba-
JIMCh pe3yJsibTaThl paboTh [2].

Pabora Boinosnena npu GpuHaHCOBOI mojiepKke Munncrepersa HayKu 1 BBIC-

mero obpazosamusa PO (mpoext Ne FSWW 2023-0004).
CIIUCOK JINTEPATYPHI
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C.72

[MTpnbnun>xéHHoe pelleHue 3aga4n
ONTUMA/IbHOIO yrnpaBJieHUsI C NapaMeTpPoM C
NCnosib30BaHMEeM MNPSIMOli CXeMbl

Jannk FOnna DayapaosHa, IvmurpueB Muxania 'enHaabeBUY

DenepanbHbLil uccrenoBareabckuil nenrp «Mudopmaruka u yupasienne> PAH, e-mail:
yuliadanik@gmail.com, mdmitriev@mail.ru

B BapuanuoHHbIx 3a/a4ax, B TOM YUCJIE U B 3a/a49aX ONTUMAaJbHOIO YIPABIEHUSI C
MaJIbIM HapaMeTPOM aCUMITOTHYCCKUE NPUOJIMIKEHUS MOXKHO CTPOUTH HA, OCHOBE
TaK Ha3bIBAEMOIi IIPSIMO CXeMbI, KOTOpas CHauaJIa ObLaa IMIHPOKO IPOJEMOHCTPH-
pOBaHa JIjisi HEIPEPHIBHBIX PErYJISPHO U CHHIYJISPHO BO3MYIIEHHbIX 3aja4 [1]-[2],
Korjia popMaJIbHbIe ACUMITOTHIECKIE PA3IOXKEHUsI, KOTJA 3TH PA3JIOXKEHUsI HEeTIo-
CPEACTBEHHO MOJICTABJISIOTCA B YCJIOBUS BAPUAIIMOHHON 341491 U OHU PACKJIAIbI-
BalOTCs (pOPMaJIBLHO B COOTBETCTBYIOIIUE PsAIbI IO MajioMy mapamerpy. O6paboTka
IOCJIEIHAX PA3JIOXKeHuil M103BoJisieT (POPMUPOBATDH MOC/IE[0BATEILHOCTD BApUAI-
OHHBIX 3aJ1a4 JI/IS HAXOXKJCHUS YJICHOB ACUMIITOTUYECKNX npubsmkenuii. Peme-
HIE HOJYUYEHHBIX 3aJa4 B KaxKJOM HPUOJIMKEHUN [03B0JIsteT (hOPMUPOBATH TaK
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Ha3bIBa€Mble KOMITIO3UTHBIE YIIPABJIEHNS PA3HOI0 MMOPsijiKa, 00pa3yone MUHIMHU-
BUPYIOLIME 11OCJIEA0BATEJIbHOCTH JIJIg COOTBETCTBYIOIUX KPUTEPUEB KavyeCTBa.

B poknaje Ha npuMmepe OJHOI IUCKPETHON BapUallMOHHON 3a a9l HJIJIIOCTPU-
pyercsd UCIIOJb30BaHUe IIPAMOI CXeMbl JIJis IIOCTPOEeHUA KOMIIO3UTHOI'O yIIpaBJie-
HUA peryadpHO BO3MYIICHHON 3a/1a4u.

ITocranoBka 3amaum. PaccmarpuBaercs JUCKPeTHasl CHCTEMa C MaJbIM T1a-
paMeTpoMm &€

z(t+1) = (Ao +eAi(z(t)))x(t) + Bu(t), z(0)=2", (1)
rie © € X — orpaHmueHHOE 3aMKHYTOE MHOXKECTBO, TPACKTOPUN CHCTEMBI CYyIIle-
CTBYIOT M €JIMHCTBEHHBI JIJIsSI BCEX JIONYCTUMBIX U . B KauecTBe KpuTepust KauecTBa,
HCIOJIL3YeTCA KBAJPATUIHBIA KPUTEPUIL:

N-1
J(u) = 3> (2(t) Q(z, &)z (t) + u(t) Rou(t)) — min, (2)
t=0 o

rjge N — ropusont mianupoBanust, Q(z,e) = Qo + e@Q(z) + ... > 0, Ry > 0.
Meron npsamoit cxembl A.B. Bacunbepoit nmpeamosaraer npsiMoe pasjioKeHune pe-
IIEHNsT B BUJIE PsiJIOB 110 TIAPAMETPY &

x(t) = xo(t) +exq(t) + ..., u(t) = uo(t) +eur(t) +....
[ToncranoBka B cucTeMy M KPUTEPHUil MPUBOJAUT K MEPaApXWu 3ajad JJsi Tg, U,
T1,ULy. ...

B HyneBoM npubIMyKeHnn Js X, Uy ToJaydaeM crangapTayo 3agady LQR
N-1
xo(t+1) = ono(t)+Bu0(t), .CL‘()(O) = ZCO, Jo = % Z(C(J;)FQ()SC()—FU(—)I—R()U()), (3)
t=0
B nepBoM npubmKeHnn JiIst T, Uy MOJydaeM 3a1ady

asl(t+ 1) = onl(t) +Bu1(t) +A1(x0(t))xo(t), (4)
21(0) =0,
C COOTBETCTBYIOIUM JIMHEHHO-KBAAPATHIHBIM (DYHKIMOHATIOM OTHOCUTEILHO X1, U7.
IroroBoe KOMIIO3UTHOE yIIPABJIECHUE TIEPBOIo Mopsijika Jist 3aiaun (1)-(2) nme-
er Bugt u(t) = ug(t) + eui(t), vae ug, up— pemenns 3axaq (3),(4).

CIIUCOK JIUTEPATYPHI
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O nepunoanyecknx peleHnsIX C NorpaHUYHbIM
cjioeM B 3aja4e C HeJIMHEeMHbIM CUHIYJISPHO

BO3MYLIEHHbIM IFrPpaHN4YHbIM YyCJi1OBUeMmM
Hukymun Erop Uropesuy

MIY, dbusngecknii dakynbrer, Kadeapa maremaruku, e-mail: nikulin@physics.msu.ru

PaccMoTpuM CHHIYJISIPHO BO3MYIIIEHHOE YpaBHEHME peakIus-Tuddy3ust, s Ko-
TOPOT'O MbI TTOCTABUM CJIEIYIONIYIO KPAeBYIO 3a/lady C MePUoMIecKnM yCJIOBUEM
110 BpEMEHMU:

ou

Noy = &2 (Au — E) — flu,x,t,e) =0,

(z,t) € D; :={(x,t) e R*: 2z € D Cc R* t € R}, )

0
Bru = —sa—u(a:,t,e) —g(u,z,t) =0, zel teR,
n

u(z,t,e) =u(x,t+T,e), x€D,teR,

e A = a?jg + %222, IIPOU3BO/IHAST % bepercsi 110 BHyTpEHHEH HOpMaJid K JI0-
CcTaTOYHO IJ1aJiKoit rpanunie I 3ajanHOil AByMepHO# ojHOCBs3HON obactu D, a
e > 0 — MaJbIii MapaMeTp.

OcobeHHOCTHIO JIAHHON 3a/1a91 SIBJISIETCS HAJIWIHE B KPAEBOM YCJIOBUU HEJIN-
HEHHOCTH ¢, a TaKxKe MaJoro ImapaMeTpa IMpH MPOU3BOJIHON O HOpMaJu. Takme
I'PaHUYHbIC YCJOBUS HA3bIBAIOTCA CUHIYJISPHO BO3MYICHHBIMU: IIpeHeOpeXKeHue
MaJION 1POU3BOJIHON MCKOMOI'O PelleHusl Ha I'PaHuIle 00JacTh ITPUBOJAUT K CYIe-
CTBEHHOMY MU3MEHEHUIO CTPYKTYPHI pelleHus B IOrpaHuIHOM cjoe. B oryiimaue or
CTaH/APTHOTO 'PAHUYHOIO YCJIOBUSI O€3 MaJIoro rmapamMerpa, KOorja MorpaHuydHbIi
cJI0it cy1abblit (HOpH,ILKa 5), B 9TOM CJIy4Yae BO3HUKAET MOTPAHUYHDIN CJION TTOPA/I-
Ka eJIMHUIIBI; OH mMeeT 0oJiee CIOXKHYIO CTPYKTYPY, YeM B CJlydae T'PaHUIHBIX
ycaosuii Jlupuxie.

OCHOBHBIM PE3YJIbTaTOM JIAHHOHM PAbOTHI SABJIACTCS JIOKA3aTE/ILCTBO CYIIECTBO-
BaHUsi U UCCJIEJOBAHKE YCTONYMBOCTH IEPUOJIMYECKUX pelleHuit, 00J1a/1afo1mx
HOTPAHUYHBIM CJIOEM, y 3aJadd peakius-auddy3us ¢ HeJMHEHHBIM CHHIYJISP-
HO BO3MYIIEHHBIM I'PaHUYHBIM ycjaoBueM. Ilojyuennl ycjioBusi, Ipu KOTOPHIX 9TH
pelenns Kak pelrennsd HavdaJbHO-KpaeBOil 3a1a4u, COOTBETCTBYIONIE MCXOIHOMN
3aJlaue, aCUMIITOTHYECKU yCToHIuBbI 110 JIsinyHnoBy. JlokazaresbcTBO MPOBOJIUTCS
HA OCHOBE aCHUMIITOTHUYIECKOr0 MeToja JudpepeHInaabHbIX HePABEHCTB.

CIIUCOK JIMTEPATYPHI
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CTaUuMOHapPHbIX peLleHuii C NorpaHNYHbIMHA
C/IOSAMU B CUCTEMe TUXOHOBCKOro Tuna,
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Mogesin NnoslynpoBoOAHUNKA
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B pabore paccmarpuBaeTcs cucTeMa OBICTPOTO U MeJIJIEHHOTO YpaBHEHUN peaKITh -
Jinpy3usi-aJiBEeKIMs C HEJIMHEHHOCTSIMU, COJIEPYKAIIUMU I'PaJIMEHT NCKOMOMN (DyHK-
UH:

Ny(u,v) := 2Ly _ EA(u, )% — glu,v,x,€) =0, 0<z <1,

28x2 ox
Ny(u,v) ::%—B(v,x)%—f(u,v,x,e):O, 0<x<l,

rie € > 0 — MaJibiit mapamerp.

[Tycrb rakaxke juist dyrkiun u(x) 3ajaH OJUH U3 CJIEYIONUX BAPUAHTOB I'Pa-
HUYIHBIX yesioBuit: yeaosue dupuxie u(0) = ug, u(1) = w; win yeaosue Heiimana
8u.(0) = ug, 94(1) = uy. Just byuxuun v(z) saano yeaosne Qupnxie: v(0) = vy,
v(l) = vy.

Takas 3aga49a HAXOANT (PUBNIECKOE TPUMEHEHHE B 3JIEKTPOHHO-ABIPOTHOI MO-
JIeJI TIOJTYIPOBOJIHUKA 1 OIUCHIBAET PACIIPEIEICHUE 3JIEKTPOHOB U JLIPOK B 00-
pasiie. B Hacrosiieit paboTe BBITIOJIHEHO MOCTPOEHUE aCUMIITOTUKN, JIOKA3aTe b
CTBO CYIIECTBOBAHUSA M MCCIEJ0BAHME YCTORUMBOCTH pemenus 3aja4u. s joKka-
3aTeJILCTBA TEOPEM CYIIECTBOBAHUS UCIIOJIb3YETCsl ACUMITOTHYECKUIT MeTo1 -
dbepennpanbubix HepaBeHeTs. [lokazano, 4To Takoe penieHne Kak perneHue coor-
BETCTBYIOIIEH HAYaIbHO-KPaeBOii 3a/1a4uu sIBJISETCA aCUMITOTHIECKH YCTORIMBBIM

1o JIstiyHoBy.
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3ajgada rpaHUYHOrO ynpaBseHust ans
ypaBHeHUus peakuus-anddysnsa-aaBekuns c
pa3pbiBHbIMU KOo3dbdunumeHTamm

Boakos Banaaumup TapacoBud, JIm Yknngan, OpgoB AHapeit

Ounerosmy, Cion YxkycroaHb

MIY, dusnvecknii dpakynbrer, kKadeapa maremarnku, e-mail: volkovvt@mail.ru, 2106340412@qq.com,
orlov.andrey_@physics.msu.ru, 3273187750Qqq.com

PaccmaTrpuBaeTcss CHHTYISIPHO BO3MYIIEHHAs KpaeBas 3ajada Jiisd napabdbosmde-
CKOI'O ypaBHEHHsI TUIa peaknus-auddysnsi-ajpeius. OcoOeHHOCTHIO U3y daeMOi
MOJIETU SABJISIETCS TO, 9TO KOI(DDUITUEHTHI ypaBHEHWS UMEIOT Pa3pbIB MEPBOIO PO-
Jla B HEKOTOPOIl, 3apaHee 33JJaHHOM, MEePUOJNIECKN JIBUKYIIEHcs Touke To(t).

AcumnToTrdeckoe IpuOIMKEeHNe PEIeHNs], COCTOSIITee U3 PEryaspHOil TacTu u
byHKIMI TEPEX0IHOTO CJI0sT, CTPONUTCST METOIOM TTorpannydnbix pyakmnit A.B. Ba-
cusibeBoit. JlokazaTebCTBO CyHNIECTBOBAHUST PEIICHUST TPOBEICHO € TOMOIIBIO Me-
Tosia tuddepeHIuagIbHbIX HEPABEHCTB Iy TeM MOAUMUKAIIUN Oy IeHHOTO aCHMII-
TOTUYECKOI'O 1pub/kenus. B pedyjibrare acUMITOTUYECKOIO aHaJIU3a, Y/aeTcs
MOJIYIUTH SBHBIE aHAJUTHIECKIE (POPMYJIBI, CBA3BIBAIOININE BXOJIHbBIE JTaHHBIE 3a-
Jlau¥ U MapaMeTpbl HaDJI0aeMOro MEePUOJIMIECKOIo PeXKUMa: YCJIOBHE TJ1aJIKOTO
CIUBAHUST TPOU3BOJIHBIX ACHMITOTHIECKOTO TPEJICTABICHUS B TOUYKe To(t) mpu-
BOJIUT K KJIIOUEBOMY aJireOparnvdeckoMy COOTHOIIEHUIO, CBA3BIBAIOIIEMY TJIaBHbIM
WIEH aCUMIITOTUKU YPOBHST MEPEXOIHOTO cJiost po(t) ¢ koaddununentamMu B ypas-
HEHUW W I'PAHUYHBIMU YCJIOBUSIMU.

Ha ocHoBe 110/1y4eHHOr0 aCUMIITOTUYECKOIO HPUOJIMKEHUsT PellieHrst PsIMOil
3aJ1a9M MMOCTaBJIeHa 3a/lada TPaHUIHOTO yrpaBjaenus. Ecin B mpsAMoit 3a1aue yKa-
3aHHOE BbIIIIE COOTHOIIEHUE SIBJISIETCS YPABHEHUEM JIJIsi HAXOXKJICHUST YPOBHS Tie-
pexoia po(t), To B 3a7aUe yIpaBJIeHUsT OHO PACCMATPUBACTCS KAK YPABHEHUE OT-
HOCHTEJIbHO HEM3BECTHOIO IPAHUYHOTO YCJIOBHS Upight (1) IPY 3a1aHHOM DyHKIINN
po(t). TTocTpoeHO acuMIITOTHIECKOE PelleHre 3a/Ia9u 'PAHNTHOTO YIIPABJICHHUSI,
UMEHHO, OIpeJieJIeHO IPaHITIHOEe yCJIOBUE Ha OJIHOM U3 I'paHull obsactu, obecre-
YUBAOIIEe ¢ 3a/[aHHOM TOYHOCTHIO Peanu3alinio 1eJeBOI0 NEPUO/IMIECKOI0 3aKOHA
JIJIsT YPOBHSI JIOKAJIU3AIMH [TEPEXOTHOTO CJIOS.
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[Tonyuenubie pe3yabTaTbl MOI'YT OBITH UCIOJIB30BAHbBI JIJISI YITPABIEHHUST COCTO-
sSIHMEM HEJIMHEMHbIX CUCTEM C BHYTPEHHUMMU CJIOSIMHU, I'JI€ BaXKHO IOJJIEP>KUBATH
olIpeJiesICHHOE, IIePUOINIEeCKN U3MEHSIOIIeecs 3HaueHne B 00J1acTi PE3KOro u3Me-
HEHUS PEIICHUSI.

Pabota BbIlloJTHEHA B paMKax rocyjaapcrBennoro 3aganus MI'Y nmenu M.B. Jlo-
MOHOCOBA.
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B pabote ucciejyercs JuHaAMHUKa KOHTPACTHOH CTPYKTYpPbl THUIIA <«CTYIIEHbKa»
(nBrKyIerocst GponTa) Jyist CUHIYJISIPHO BO3MYIIEHHOIO 11apaboJInuecKoro ypas-
HeHusi ¢ HeJinHelHol jgud dy3ueit. Mojenn Takoro Tuia HaXOJAT IIMPOKOE IIPHU-
MeHeHre B 3a/a9axX MOMYJIAIMOHHON JMHAMUKN U HEJMHEHHON TEOPUU TEIJIONPo-
BoJiHOCTH. PaccMmaTpuBaeTcsd cieyiomas HadaJbHO-KpaeBasd 3a1a49a;

0 ou ou
2 O ouy ou _ B
S (D(u,x,s)ax) €5 f(u,z,e) =0, x € (—1,1), t € (0,7,
ou ou
%(—1,15,8) = O, %(1,15,8) = 0, t € [O,T],

u(z,0,e) = upir(x, €), x € [—1,1].
OJtHuM 13 9TanoB paboThl SBJIAETC TOCTPOEHUE aCHMIITOTHIECKOTO TIPUOJIHIKe-
HUSI DEIIeHWsT W BBIBOJ 3aKOHA JBUKeHus dponta. [Ipemnosaraercs, ato s
Beex x € [—1, 1] Beipoxkientoe ypasuenue f(u,z,0) = 0 umeer jiBa ycTOHUMBBIX
©*)(2) 1 omun HeycTOHUMBLIA KOpeHb. B OTIHYHE OT KPUTHYECKOTo (cOasancu-
POBAHHOIO) CJIydast, W3yUYEeHHOTO B |2|, 371€Ch paccMaTpuBaeTcsi HEKPUTHIECK I
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(HecOasiaHCHPOBAHHBIIT) PEXKIM:
P (@)
f(u,z,0)D(u,z,0)du # 0, x € [—1,1].

)

) (@
C momornipio Meroja morpanndabix ¢Gyukiuii Bacuanesoit A. B. mocrpoena ¢dop-
MaJibHasi aCUMIITOTHKA pererusi. VI3 yeaoBust Tirakoro ClmBaHust aCUMITTOTH e~
CKUX MPUOJMKEHUI 1o 00e CTOPOHBI OT (DPOHTA B TJIABHOM IMOPSJIKE BBIBEJICHO
oObIKHOBEHHOE Jind pepeHnnalbHoe ypaBHEHNE, ONMChIBAIOIee JIMHAMUKY €ro 1Mo-
JIO>KEHUST B HYJIEBOM ITPHOJiMkeHru. [JiaBHbIi dj1eH nTpubJIMKeHUsT CKOPOCTH STBHO
BbIpaXKaeTcs depe3 HHTErPaJbHYI0 XapaKTEePUCTUKY, 3aBUCATILYIO OT HEJTUHEHHBIX
dyukumit peaknun u guddysun. C uCrnoabp30BaHreM aCUMITOTHIECKOIO METO/a
nnddepennunanbabix HepapeHncTs Hedemosa H. H. jgokazana Teopema cyinecTBo-
BaHWST W €IWHCTBEHHOCTHU PEIIEHWST W TOJIyIeHa OIEeHKa TOIYHOCTH MOCTPOEHHOTO
ACUMIITOTHYECKOTO MpUOUXKeHnsA. Pe3yabraThl paboThl MO3BOJISIOT aHAJATHIC-
CKW OIMCHIBATH JUHAMUKY KOHTPACTHBIX CTPYKTYP M CIy»KaT OCHOBOMN IJIsT pa3-
paboTKK 3PPEKTUBHBIX INCIECHHO-ACUMIITOTHIECKUX METOJIOB PEIICHUS KECTKUX
1apaboJInIecKuX 3a/1ad.
Pabora seinosiaena npu nojyiepkke PH® (npoekr Ne 25-71-10024).
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ITocranoBka npsimoii 3agaqan (2) Paccmarpubaercs HavdaibHO-KpaeBast 3a-
Jlada I ypaBHeHUs Tuna broprepca

(
O*u  Ou. Olu|
G~ 9 T o, R a0 =0

l(x,t)e D:=xe(-1,1); teR,
uw(—1,t;6) = wesr(t), u(l,t;6) = wigne(t), t € R,
u(z,t,e) =u(x,t+Ts¢e), v € [-1,1], t € R,

rjie €— Mauiblit napamerp (0 < ¢ < 1), dyukruu q(t), e (t) 1 Uright (t) TOCTA-
TOYHO ryajKue u T-nepuogudecKue,

et (t) < 0, Uright (1) > 0,1 € R;

K=k u<0;

K = k%) u>0,kF) = constants.

IlocTtanoBka obOpaTHOI 3aa4n 3ajiada IPAaHUIHOIO yIIpaBJeHus JJjisd hop-
MYJIMPYETCS B pAMKaX yCJIOBUIT TEOPEMbI CyIIECTBOBAHK PELICHUS IPSIMOii 3a,1a-
an 1] 1 3aKITI0YAETCS B ONPEJICJICHUH OJIHOTO U3 I'PAHUYHBIX YCJIOBUil (HAIpUMED,
IPABOTO Uyight () ), TPM KOTOPOM PPOHT ByIeT JABUTATHCSI 110 33/ JAHHOMY BPEMEHHO-
My 3aKOHY (BTOPOE€ TPAHUTHOE YCIOBUE Ueft(t) TP STOM CUUTACTCS U3BECTHBIM ).

ACUMITOTHYECKUM pelleHreM 3aJIa4i TPAHUYHOrO YIIPABICHNAS Mbl Ha3hIBACM
TAKOE PEIICHNE 331441 OLPEJIEICHUs IPAHIMYHOIO YCJAOBUS, IIPU KOTOPOM Tpedye-
MBIl 3aKOH JIBUKEeHUA (PPOHTA PEATH3YeTCs ¢ 3aJaHHOi TOYHOCTBIO, T.€. HOJIyda-
ercs Kak aCUMITOTHYECKOE IPUOJIMKEHHUE 110 MAJIOMY [IapaMerpy K 3ajianHomy [2].

eanb. Oupenenutsb GyHKINO ho( ), qTo6b1 3a BpeMsd t = T’ MONyInTh 3a/aH-
noe pacnpejenenne Gy f( fo (x,t)dt, x € [-1,1].

Obparnast 3a1a9a penaerTcs: myTeM MUHUMA3ANNA (YHKIINOHAIA

J[ho(t)] = /_1 (/OT Uo(, t, ho(t))dt — /OT Unumdt)*d

1
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Cexknug: "Hegunneilinag amHaMHBKa: KadeCTBEHHDBIN
aHaJIN3 U yIpaBJjeHue'".

CBsA3b NOHATUI OoTOOpPa A/11 cucTem
AndpdepeHymnanbHbiX U PAa3HOCTHbLIX YpaBHEHWU
Ha CTaHA4APTHOM CUMMJEKCe

KanuranoB /Imurpmit BasepbeBuy, @PomuieB Bacuamii
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Bazkublil K/1ace 3aja4 Ipu IMOCTPOCHUH MaTeMaTHIeCKUX Mojesieil obpasyior cu-
creMbl JiudpepeHinalbHbIX YPaBHEHU, B KOTOPbIX (pa30Bble MEPEMEHHbIE TTPU-
HUMAIOT JIMIIL HEOTPUIATe/IbHbIE 3HaAUeHUsI. [I[pUMEpoB MOXKHO NPUBETH MHOXKE-
cTBO, Hanpumep, B Ouodusuueckux nponeccax [1],[2] HeorpunaresbubiMu ocTa-
FOTCST KOJIMIECTBA 0CO0eli PA3NUIHBIX BUJIOB, B 9KOHOMUUIECKUX [3| — BeJTMIMHBI
IIPOMU3BOJICTE, KAUTAJIOR, 4 TAKYKE IIeHBl HA MPOLYKINIO. AHAJOrMYHAS CUTyaIlNs
BCTPEUAETCs IPU paccMoTpennn MHOrUX Jpyrux mogeseit [4],[5]. Cpeuu cucrem ¢
HEOTPUIATEILHBIM PEIIEHHEeM MOXKHO BBIJEJUTH CUCTEMBI, JIJIsI KOTOPbIX BEKTOP
COCTOSIHMI NIPUHMMAET 3HAYCHMS M3 CTAHJIAPTHOIO CUMILICKCA — HOJAMHOXKECTBA,
KOHEYHOMEPHOT'O €BKJIMJIOBA MPOCTPAHCTBA, COCTOSIIEr0 U3 BEKTOPOB C HEOTPH-
IATEJBHBIME KOOPJAMHATAMH, CyMMa, KOTOPBIX paBHa, eaunuie. PaccMarpupas cu-
CTeMBI Ha CTAHJAPTHOM CHUMILIEKCE, 3a4aCTyi0 UCCIELYIOT MpejlesibHble CBOHCTBA
¥X permennii. B uacTHocTr, BechMa MHTEPECHBIM SIBJIACTCS BOIPOC O TOM, CTPEMUT-
Csl JIM OJIHA, U3 KOMIIOHEHT PEIIeHUsl K €JUMHULE IIPU HEOIPAHUICHHOM [1POJI0JIZKE-
Huu nporecca. CucreMbl, 006J1aJIa0IIMe TAKUMEA CBOACTBAMHU, HA3BIBAIOT CUCTEMa-
Mu orbopa. Cucrembl 0TOOPA HAXOAAT IUPOKOE IIPUMEHEHHE IIPU TTOCTPOCHUK Ma-
TEMATHIECKUX MOJIEJIeil pA3JIMIHbIX POIECCOB peaibaoro Mupa |4]. B 6] moxpob-
HO M3JIOYKEHa MaTeMaTudeckasi Teopusi 0TOopa Jijisi cucreM JuddepeHnnaibHbiX
ypaBHeHuil. B ¢Bsi3u ¢ pacmpocTpaHeHneM pasHOCTHBIX METOJIOB |7| mpu perennn
MaTeMaTHICCKIX 33J1a9 MHTEPECHBIM SIBJISETCA BONPOC 0TOOPA B COOTBETCTBYIO-
IMX CHCTEMAaX PAa3HOCTHBIX ypasHenuit [8]. B [9] uzsoxkenbl ocHOBHBIE pesysibra-
ThI MATEMATHIECKO Teoprn 0TOOPa JIJIsi CUCTEM PasHOCTHLIX ypaBHeHuil. O1HaKo
OaHAJILHBIN [IEPEX0/| OT HEINPEPLIBHOIO BPEMEHU K JINCKPETHOMY MOXKET ObITh BO-
BCe He De300UIHBIM, KaK MOXKET [0Ka3aThCsl Ha MepBblil B3rsyl. IIpuMepos Tomy
MHOKECTBO — HAUYMHAS ¢ NIMPOKO U3BECTHOTO IPUMEPa JUCKPETHOIO aHAJIOra MO-
nesn Pepxrosbera ¥ 3aKaHUNBas OoJIee CJIOKHBIME MPUMepPaMy PeIINKATOPHDBIX
cucreM [10] (KoTOpbIe MO CYyTH SIBJSIIOTCS CHCTEMaMK Ha CTAHJAPTHOM CHMIIJICK-
ce), B KOTOPBIX MPU PA3JIUIHBIX 3HAUEHUSIX IMAra JUCKPETU3AINNA HAOJIIOJAI0TCS
nporeccel pasiunanoii npuposst [10],[11]. Beé aro rosoput o Tom, 4ro guckper-
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HbIE CUCTEMbl TPEOYIOT aKKypaTHOI'O WMCCJICJIOBaHUs U TOJYyUYeHUs] COOCTBEHHBIX
KpUTEPUEB COXPAHEHUs IPeJiesibHbIX CBOHCTB uX peienuii. [loaromy, necmorpsi
Ha CXOJICTBO yCJIOBHil oTOOpa M OYEBMJIHYIO CBsi3b cucreM JuddepeHnuaibHbIX
yPaBHEHUI C COOTBETCTBYIOIIUMU PA3HOCTHBIMU AIIIPOKCUMAIUSIMU, OCTAETCS OT-
KPBITBIM PsiJT BOIPOCOB: NMPU KaKUX YCJIOBUSAX OTOOD B PA3HOCTHOM CJIydae MOBJIe-
4éT 3a coboit 0TOOP B cCOOTBETCTRYIOIIEH crcTeMe JiuddepeHnnalibHbIX ypaBHEeHUH
1 HA0OOPOT; KAKOBBI JIOCTATOUHBIE YCJIOBUS Ha IIAr JUCKPETU3AINN, TapAHTUPY-
IOII[Me COXPaHeHWe CBOMCTBA 0TOOpaA; KaKylo poJib UrpatoT GpyHKIuu JIsamnyHnosa u
npuniun Jla—Cajuist B 910# cBsizke. OTBETHI HA 9TU BOIPOCHI U OY/IyT OCBEIIECHbI
B JIOKJIAJIE.

ByiyT chopmysinpoBatbl POCTbIE U B TO K€ BPEMsI COJIEPKATEIbHbIE YCJIO-
BUs, YTOUHSIONINE CBA3b MEXKJIy HENMPEPBIBHBIMU U JIMCKPETHBIMU CUCTEMaMHU Ha
CTaHaPTHOM cuMILieKce. Kpome Toro, mokaxem, 4ro ecju cucrema juddepen-
IUAJIBHBIX YPABHEHUI SBJISIETCS CUCTEMON CTPOTOro OTOOpa, TO MPHU JIOCTATOTHO
MaJIOM TIare JIMCKPETU3AIMU aHaJOI'MYHOEe CBOMCTBO COXpaHSIeTCs U JiJIsi COOT-
BETCTBYIOIEH PazHoOCTHON cucTeMbl. Takxke OYIyT chHOpMYyIupyeM JTOCTATOUHBIE
YCJIOBUSI TJIOOAJIHHONW aCUMIITOTHIECKON YITONIUBOCTH BEPIIMHBI CUMILIEKCA, JIJTsT
PA3HOCTHON CUCTEMbI, KOTOPbIE HEe TPEOYIOT CJOXKHbBIX BbIUUCJIEHUH: J0CTATOYHO,
9TOOBI TTpaBasg YacTb MEPBOIO YpaBHEHUsI CHCTEMbI COXPAHAIA CTPOTO MOJIOXKH-
TeJIbHBII 3HAK HA BCEM CUMILJIEKCE.

OTJ1e/TbHO PACCMOTPUM TTPUMEP JIUCKPETHON PETLTHKATOPHON CUCTEMBI, JIJIsT KO-
TOPOII MOKaXKeM, UTO U3BECTHBIE PYHKIUY JIsyHOBA €CTEeCTBEHHBIM 00Pa30M T10/1-
XOIAT K JINCKPETHOMY CJIydalo ¥ 00EeCIeunBaloT TJIODATHHYIO ACUMIITOTUICCKYIO
YCTOMYNBOCTD BEPPIIUHBI CHMILJIEKCA.

[TpoBejiém aHa/M3 BMsIHUS 1Iara JIMCKPETU3AIMU Ha YCTOWUYMBOCTD BPEITUHbI
cumtiekca. [lokaxkeM, 9T0O CHEKTD JIMHEAPU30BAHHON (B OKPECTHOCTH BEPIITHHBI
CHUMIIJIEKCA) CUCTEMbI MO3BOJISIET sIBHO OLEHUTH JOMYCTUMBbIH IAr, MTPU KOTOPOM
He HapyIaeTcsa YCTONINBOCTD U COXpaHSeTCsT CBOMCTBO oTOOpa. Takmm obpazom,
YCTAHOBUM CBSI3b MEXKJY CIEKTPaAJbHBIMU XapaKTePUCTUKAMN HENPEPHIBHON CH-
CTEMBI ¥ TTapaMeTpaMi e€ JUCKPETHOM alTpOKCHMAIINN.

Ocoboe BuuManue yjeauM posu gpynknuii JIanynosa u npunnuia Jla—Casis.
[Tokazkem, 4ro 1pu HaJ MMk 1100abLHON pyHKIMK JIstyHOBA JIJIsi UCXOJIHOM CH-
CTEMBI COOTBETCTBYIOIAs PA3HOCTHAS CUCTEMa TaKXKe SABJISIETCS CHCTeMOil 0Tbopa
IIPU MaJibIX 3HAUYEHUsIX Iara. Kpome Toro, BBeJIeM MOHsTHE PABHOMEPHOH 110 Bpe-
MEHHM CXOJIMMOCTH JINCKPETHBIX TPACKTOPUIA: €CJTM NMPHU YMEHBIIEHUHU IIara, Ipu-
OJiM>KeHWe K BEpINHE CTAHOBUTCS YCTOWIWBHIM BO BPEMEHH, TO W HEMpPEephIBHAS
cucTeMa OyJIeT ABJIAThCSI CUCTEMOi oTOOpa.

[TosrydaerHbie pe3ysibTaThl MO3BOJSIOT CPOPMYIUPOBATH MPO3PAUHbIE KPUTE-
puK CoOXpaHeHusi CBO¥cTBa oTOOpa 1pu 1epexoje or jJuddepeHnnaibHbIX ypaB-
HEHWIl K Pa3HOCTHBIM, a TaKKe JAl0T MpaKTUYeCKue PeKOMEHJAIUU 10 BLIOODPY
mara JIMCKperusalnn, 06ecreunBaoIero KOppekTHoe BOCIIPOU3BE/ICHUE JTUHAMU-
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ku. Takum obpazom, pabora oObeJIMHSET TEOPETUICCKUN U TPUKJIAJIHON aCleKTh
3314491 U CJLY2KUT 111arOM K IIOCTPOEHHUIO €JIMHOM MaTeMaTuiecKoit reopun orbopa
JIJTsl HEMIPEPBIBHBIX U JINCKPETHBIX CUCTEM Ha CTAHJAPTHOM CUMILJIEKCE.
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CTABJISIOT 3HAUYWTEILHBI WHTEPEC JJIsT WCCACJOBAHNN B 0DJIACTH MCKYCCTBEHHO-
ro uHTe/IeKTa 1 pobororexHuKu. OJHUM K3 HanboJiee MEPCIEKTUBHDBIX T10/XO0-
JIOB K PeIeHnIo TaKuX 3ajJad sBjdeTcs IyOoKoe oOyueHue ¢ MOJKpereHreM
(Reinforcement Learning, RL), nossoJisiforiiee areHTy caMocTosiTeIbHO BbIpabaThi-
BaTh 3(hEKTUBHBIE CTPATEIMH TOBEJICHUs B CJOKHON cpejie [1]. B namuoit pabo-
Te uccseyercs npumenenue ajgropurma Proximal Policy Optimization (PPO) [2]
TSt OOyYeHHsT KBaJPOKOIITEpa aBTOHOMHOMY IPOJIETY Yepe3 Cephuio BOPOT B CH-
MYJIAIMOHHON CcpeJie.

3agada. lesbio paborbl siBisiercs pa3paboTKa M o0ydeHHe MOJIEIN YIIPaB-
JieHus, obecrieunBaloneil cTabuJIbHbIN TPOJIeT KBaJIPOKOITEPA Yepe3 3aJaHHYyIO
OCJIEIOBATEILHOCTH BOPOT. OOydeHre MPOBOJUTCI B CUMYJISTOPE
gym-pybullet-drones [3|, ucnosbsytormem dusndeckuit geuxkok PyBullet. B xa-
YecTBe MOJIENIN alnapara BbiOpaH BUPTya bHbIH anajor kBaapokonTepa Crazyflie
2.0. AreHT HAIpPSAMYIO YIPABJSET TATOH KaK0MO U3 UeThIPEeX JBUTATeNeH, aTo
UCKJII0YaeT ucnojibdoBanue kackajaubix [TV /I-perysisitopoB u Tpedbyer oT arexra
00y deHUsT HU3KOYPOBHEBOM JUHAMUKE.

Metona. B ocHoBe cucrembl Jjiexkut ajropurm Proximal Policy Optimization
(PPO). Arenr cocrour u3z jByx Heiiponnbix cereii: Akrepa (Policy Network) u
Kpuruka (Value Network). Obe cern peasn3oBaHbl B BHJE TPEXCJIOUHBIX MEp-
menTpoHoB ¢ pyHknueit akruBaiun ELU. OyHkius Bo3HAIParXKIeHUsT TOOHIPsieT
COKpAIIEHUEe PACCTOAHMS JI0 IEJIEBBIX BOPOT, IMITpadyeT 3a pe3Kue U3MeHEHUs
YIPABJISIONNX CUTHAJIOB, BHICOKYIO YTVIOBYIO W JIMHEHHYIO cKOpocTh. st orenkn
IPENMYIIEeCTBa JIEHCTBHUI areHTa UCIOJIb3yeTcs MMOoAXoMd Ha ocHoBe MonTe-Kapio
OIICHKH.

PesynpraTbl. ObyueHne mpoBOAMIOCh Ha TPacce ¢ IMecThio Boporamu. B pe-
3yJAbTATE areHT ITPOJEMOHCTPUPOBAJ CIIOCOOHOCTDH K CTaOUIBHOMY TTPOXOXK IEHUIO
Beeit Tpaccol. Ha rpadwmke 3aBucnMocTn cpejiaeil Harpajibl OT HOMEpPa SIU30/a
(puc. 1) HabsogaeTcst pocT ¢ mocseayomeil crabunin3alyeil Ha BHICOKOM YPOBHE
nocsie 30000 stmzon0B. CrarncTuka NPOXOXKJICHUS BOPOT TOKa3biBaeT, 4to B 4%
SKCIIEPUMEHTOB areHT YCIENTHO IPOXOAn Bee 6 BopoT, a B 29% ciiyuaes — 5 BOPOT.

3akirouenue. Mojiesib JieMoHcTpupyeT 3p(MEeKTUBHOCTH NPUMEHEHUs aJIro-
purma PPO juist 3aja4u aBTOHOMHOIO yIIpaBJIeHHsI KBaJpokonTepoMm. Paspabo-
TaHHas CHCTEMa BO3HAI'DaXKJCHUS U apXUTEKTypa HEHpPOHHOU CeTH IIO3BOJIAJIK
areHTy OCBOMTH 0A30BbI€ HABBIKM HABUTAIMN W CTaOMJIBHO MPOXOJUTH YITPOIIEH-
HYIO0 TOHOUYHYIO TPacCy.

CIIUCOK JIUTEPATYPHI

[1] Kaufmann E., Bauersfeld L., Loquercio A. u ap. Champion-level drone racing
using deep reinforcement learning // Nature. — 2023. — T. 620. — C. 105-111.

2] Schulman J., Wolski F., Dhariwal P., Radford A., Klimov O. Proximal policy
optimization algorithms. — 2017.



Kpouios I1. A. 99

CpefHsA Harpana no 3nvM3opam
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CpenHas Harpafa (ckonb3silee cpenHee)

10000 15000 20000 25000 30000
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Puc. 1: Cpennsist Harpajia 1o 31mu30/aM.
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O HeKOTOpbIX YC/IOBUSAX YCTOMYNBOCTWU
3aMKHYTOW HenuHerHol acpdpnHHOI cnuctemsl
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PaccmarpuBaeTcs 3ajiada CTaOUIU3AINN HYJIEBOTO MOJIOXKEHUsT PABHOBECHS B 3a-
JIAHHOM BBITYKJIOW OrpaHUYEHHON 00/1aCcTy JIJIst HeJIMHEWHON apPUHHON cucTeMbl

&= g(z) +p(z)u, g(0) =0, x € Q CR", (1)

rie g € CY(Q), marpuna dkobn g—g martmanesa B () ¢ KoneranToit Ly, BekTOp-

bynxiust p(x) — aunmmuresa ¢ koneranToit Ly, 5 Q (0 — HEKOTOPBI# OTKPHITHI
BBITYKJIbIi MHOTOTDAHHUK, cojepxKaiinii Touky © =0), u = u(T) NpUHAJIEKAT
KJlaccy Kycouno-juneinbix (ynxiumii na 0. B crarbax [1], [2] 6bu1 npeioxken
I0JIXOJT K PEIICHUIO 3a/1a9K Ha OCHOBE KyCOUYHO-JIMHEIHO alllIPOKCUMAIUN CHCTe-
Mbl (1) Buja

T = A,x+ v, +byu, o€ S(F), (2)
rjie F' — HekTopoe MHOXKeCTBO pas3buenuit () Ha M BBITYKJIbIX MHOTOTDAHHUKOB,
o= a(:z:) — KYCOYHO-TIOCTOAHHBIN MEPEKJTI0YAIONINIA CUTHAJ, TPUHUMAIOIINIA 110-
CTOSIHHOE 3HAYEHWe Ha KayKJIOM MHOTOTDAHHWKE COOTBECTBYIOIIErO pas30MeHws.
Crabunusupyiomeil perysiTop IpejjaraeTcs NCKaTh B BUJIE MEePEKJII0IaeMOoil 00-
paTHO# ¢BsI3n U = —k,x + w,. Torna

T =g(x) —plx)(kex —w,), =€, oce€S(F), (3)
T = (Ay — boks)T + vy + byw,, o€ S(F), (4)
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SIBJISTIOTCST COOTBETCTBYIOIIMME 3aMKHYThIMU cuctemamn. ObOpaTnM BHUMaHKE, 9TO
3aMKHyTas cucreMa (3) siBiistercs nepek/rodaemMoit. [Ipe/yiaraeMplit ajgropurm mo-
HCKa pery/siTopa TpedyeT cobJio/ileHus paBeHCTBa IpadOoB JUCKPETHBIX COCTOAHNN
cucrem (3) u (4). Hasee rpadbl guckpertbix cocrostiuii cucrem (3) u (4) Oyuem
obosnauars Gy, n G4 coorBercrBenno. B pabore [3] ObL10 BBeseHo mnonsTne
COCTOSITEJIBHOM AIIIPOKCUMAIINN.

Ounpenenenne. Ilepexnovaemasn cucmema (4) A6AAETNCA COCTOSITENLHOM AIPOK
cumanueil nepexarowaemot cucmemvr (3), ecau natioémes nepersouarowutd cue-
nan o1 € S(F) makot, wmo Gay(o1) = Ggp(o1).

fcuo, uro TosbKO ycroiuuBoctu cucrembl (4), npu yciaouu, uto (4) siBiis-
eTCsl COCTOATEBHON ammpokcuMalueil (3), HeJoCcTaToOIHO B 00IeM Cydae s
YTBEPXKJICHUST yCTORIMBOCTH HYJIEBOIO MOJIOXKEHUsT paBHOBecHst cucteMbl (3) B ().

Teopema. [lycmv daa 3amknymot NepexsoOwaemMuim PeeYiimopom neaunetnot
apunnot cucmemot (3) u eé kycouno-aunetnot annporcumayuy (4) 6vinosnensy
caedyrougue Yero8uA

— Hyaesoe pewenue cucmemv, (4) 240004010 ACUMNMOMUYECKY YCMOTUUBO

— cucmema (4) asasemea cocmoamenvuotl annpokcumayuets cucmemos (3)
epagp duckpemnviz cocmoanuti G4 p(01) me codeporcum yuk.a0s

60 B6CEXL Y2N06bLT TMOYKATL MHO202PAHHUKA M1 6UINMOAHEHO HEPABEHCTNBO

1 1
Pzl < - :
1Pl < 5 2 ez,

2de P — pewenue ypasnenus Janynosa das mampuyos (Ay — biky)

— Vi = 2,m mampuua (A; — bik;) ne ewpoorcdena
— Vi = 2,m mouka (A; — bik;) " (—v; — w;b;) ne npunadaescum M,

— Vi = 2, m 6unosnensv. HepaseHcmea

1, ; —T\_1~

5 (7 = i) = Ly || (A7) '] [lw — il |* > 0,
1 i —T\_1~

5w = wg) = Lyl[(A; )" nilllle — i |[Riw +wil| > 0,

Toeda nyaesoe pewenue cucmemo, (3) acumnmomuyecku yemotuuso 6 ) npu
NEPEKAOUAIOULEM CULHANE O = O7.

Pabota BoInosiHeHa npu pUHAHCOBOI mojaepKke Poccniickoro nayaHoro ¢poH-

na (mpoekt Ne25-21-0053).
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O 3apgade HaBurauum B HeonpejesieHHOW cpeae
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2

Hapuramuss pobora B HeOlpeJIeJIEHHOI cpejie ¢ IPENsiTCTBUAMU SABJISICTCS OJIHOMN
13 Ba)XKHbIX 3a/1a4 B poboToTexHuke. I1peyioxKenbl MeToJibl KaK Ha, OCHOBE KJIaC-
CHUYIECKOIl aJITOPUTMUKH, TaK M Ha OCHOBE HCKYCTBEHHOro nMHTe/IeKTa. B NI-
HAITPABJICHUN XOPOIIIO 3aPEKOMEHI0BAJIA ¢e0s1 METO/IbI, IIOCTPOEHHBIE Ha 00y YeHUH
¢ mogikpererneM [1][2], rae ucnonb3yoTes nokazaHus JATIUKOB JHIAD.

ITocranoBka 3amauu. B onpejesniénnoit cpejie pacrioioykeHo HEKOTOPOe KO-
JINUECTBO TPENsITCTBUI KPYIVIOH M KBaJpaTHOH (OPMBI, a TaK»Ke CTapTOBas U
1ejieBas TOUKn. B cpejie onpenenén IByXKOJIECHBII HErOJOHOMHBINH poOOT, JMHA-
MUK KOTOPOI'O OIHUCBIBAETCS YPABHEHUEM:

Xi, Y; — HOJIOYKEHHUE IEeHTpa Macc pobora, #; — yros moBopora poboTa OTHOCHU-
TeJILHO 3a/JAHHOM CHCTEMBI KOOpAnHAT, i € 1, N, v; — JnHeiiHas CKOpoCTh poboTa,
w; — TIOBOPOTHAS CKOPOCTD, |U;| < Upmaz, |Wi| < Winas:

zi(t + At) = z;(t) + v; cos 0;(t)
yi(t + At) = y;(t) + v; sin 0,(¢) (1)

HomnoHuTebHO poOOT OCHAIIEH JATIUKOM JIUJApP C PAJIMYCOM T

Heobxoanmo obecrieunTs TpoxoxkKaeHne podoTa OT CTapPTOBO /10 IeJIeBOi TOU-
KU 33 MUHMMAaJIbHOE BPEMs.

IIpensoxxkennoe perntenune. /ljis yupassenusi poboToM ObLIO TPEJIJIOKEHO
ncrnosib3oBaTh MeTo SAC (Soft Actor-Critic), moepuBatoniuii 00y aeHue B cpe-
JlaX ¢ HEIPEPBIBHBIM TPOCTPAHCTBOM JieficTBuii. HeobxoumMo npegcraBuTh HabJIIO-
JIEHUs CPeJibl, Iepeatoliecs: areHTy, B OJUH BeKTOp. [IpesjioxkeHo npejicTaBuTh
HaOJII0JIeHNsT KaK BEKTOP 0bs cieyromumM odpas3om:

obs = [[11, ..., Tn], c05(0goar), Sin(Ogoar), cOS(AD), sin(A8), Vigst, Wiast, Az, Ay]

Mpub1 cobupaem HaOJOJEHNS 1O MOCaeIHUM 16 1maraM cpejibl, TaKuM 00pa30M
COXPaHsisi BDEMEHHON KOHTEKCT HaDJIIO/ICHUIA.
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J1OMOJIHUTEILHO TIPEJIJIOYKEHO TPeo0Pa30BhIBATH ITU HADJIIOJAEHHUs C TTOMOIIHIO
9KCTPAKTOPA IIPU3HAKOB, Pa3/IeJIEHHOI'O Ha, JIBE YaCTu: 11peodbpa3oBaHust Jiujiapa 1
IpeodPaA30BAHUsI OCTAJILHBIX CKAJIAPOB. APXUTEKTypa S9KCTPAKTOPa MIPEICTABICHA,
Ha pucynke 1. IIpu obpaborke nokazanuii jinjgapa UCIOJIb3YyETCsI HECKOJIBKO CJIOEB
CBEPTOK, IIOCJIE STOI'0 U3BJIEUEHHDBI BEKTOP MIPOXOJIUT Yepe3 OJI0K caMO-BHUMAHMSI,
pe3yJIbTaThl KOTOPOI'O 1MPE0OPa3yoTcss ¢ MOMOIIbI0 OOBIYHOIO JIMHEHHOI'O CJIOS.
Ha Bxon nojarorcs Bce 16 BeKTOpoB HaOJII0/IeHMI, Tpeodpas3yeMble SKCTPAKTOPOM
M0CJIE/IOBATEJIHLHO.

Puc. 1: ApxurekTypa 3KCcTpaxTopa HAOJIIOIEHNIA.

TaxkuM 06pazoM MOJEb HOTydaeT BO3MOXKHOCTD OIIEHNTE TeKyTIee MOI0KEeHNe,
OCHOBBIBAsCh TaKXKe Ha HECKOJBKUX MPEJBIAYIINX COCTOAHUAX , UTO KPUTHICCKH
BAXKHO B CJIO’KHBIX HEU3BECTHBIX CPeJlax.

Pesynbrarsl. [IpoBeseno mozmenuposanue cpefbl ¢ HPENATCTBUAME U POOO-
toM(1), ¢ momoIbIo KOTOPOit ObLTa 00y YeHa Mojiesh Ha ocHoBe SAC ¢ MpeIoKeH-
HBIM HaMU 9KCTpaKTOpoMm Habmoennit. B cpasnennu ¢ permenueM u3 2| mosyuen
OOJIBIIMIT IPOIEHT yClieXa HPU POXOXKJIEHUN OJIMHAKOBBIX CPeJI.
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Uurerpo - pudpdepenimaibubie ypaBHEHUs TPUBJICKAIOT 3HAYUTEJILHBIN NHTEPEC
B CBSI3U C BaYKHBIMU TPUJIOKEHUAME B PA3JIHIHBIX 00acTaX 3HaHui. OCHOBBI 9TO-
ro pasjena MareMaTnkn ObLIn 3aj0xkersl B.Bosbreppa B ¢Bsizu ¢ HOBBIMYI 3a/1a-
qaMu MareMmarndeckoit onosiorun. Cpepn MoHOrpaduil, 0OT9acT UK TOJHOCTHIO
nocasimerasix /1Y, ormerum monorpadun |1 - 3|. B monorpadusx [4, 5|, B qact-
HOCTH , PACCMATPUBAIOTCS 3a/1a91 ONTUMAJIBHOIO YIIPABICHUS JIJIsT YITIPABJISEMbIX
00bEKTOB, onucbiBaeMbIX VLY, U MojydeH NpUHIANT MaKCUMyMa, JIJIs HUX.

B nacrosiieit pabore paccmaTpuBaroTcs JinHelnbie yipasisembie NIV, s
HUX U3YYalOTCs CBOWCTBA MHOXKECTB JIOCTUKUMOCTH . [IpW IMUPOKUX TTPEJIIOIoXKe-
HUSTX ODOCHOBBIBAETCST WX KOMIMAKTHOCTH W BBIMTYKJI0CTH. OCHOBHBIM armapaToM
JIUIs MCCJIeIoBaHust ObLIN alapaT HHTerpaJbHbIX ypaBHenuii Bosbreppa BTOpOro
poOJia M pe3yJbTAThl U3 BBIMYKJIOIO aHAJN3a, KaCAIONNecs BOIPOCOB MHTErPUPO-
BaHUST MHOI'O3HAYHBIX OTOOPAXKEHUIA.
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st TuHAMIIecKo# CUCTeMBl, 3a/JAHHON HeJTMHEHHBIM JTnddDepeHIuaJbHbIM YpPaB-
HeHueM Broporo nopsijka B RY k > 2, paccMorpena 3aJaua 1epeBojia CUCTeMbl 13
IPOU3BOJILHOTO JOMYCTUMOTO COCTOSHUS B OKPECTHOCTH TOUKH, JIBUTAIONIEHCS IO
napaMeTpuyuecKky 3aJIaHHON JIBaK/Ibl HENPEPLIBHO JinpdepeHIiupyeMoil Kpunoii.
[Tpu sTOM OrpaHuveHus: Ha yIpaBJeHUE OTCYTCTBYIOT, BEKTOP CKOPOCTH MPE/IITO-
JIATAETCST HEM3MEPSIeMbIM.

C nomotpio merojia u3 paborbl [1] anajuruueckum criocoboM 1H0CTPOEHbI Py HK-
UM YIIPaBJeHUs, 0OeCIIeYnBaoOIe acCUMITOTUIECKOE COJIMXKEHUE OTOOpPaXKaro-
el TOYKU CUCTEMBI C IIeJIEBOM TOYKOU B IPEJITOJIOXKEHNN, YTO BEKTOP CKOPOCTHU
HaOJIO/IaeM. 3aTeM C TTOMOIIBIO JPYTOro MeToja |2] i paccMOTPEHHOTO BHUJIA
CUCTEMbI MTOCTPOEHA MOJIEJb aCUMIITOTUYECKOr0 HabJIIO/IaTeisi BEKTOPa CKOPOCTH
U ero oreHKa. [Ipu BBITIOJHEHUN OIEHOK HA CUCTEMY W IEJIEBYIO TPACKTOPHIO JT0-
Ka3aHbl aCUMIITOTHYECKOE CTPEMJIEHHE TPACKTOPUU K I1EJIEBOI TOYKE U TPOJIOJI-
JKUMOCTD PEIICHUI 1OJIyIeHHOW CHCTEeMbl CKOHCTPYHUPOBAHHBIX (DYHKIMN yIIpaB-
JIeHUs.

st ipoBepku paboThl peryssiTopa MPOBEJIEHO MOJEJIUPOBAHUE YIIPABJICHUS
JIBU2KEHNEM KOCMHUYECKOTO allapaTa, JIBUTAIOIIErocss B OKPECTHOCTH TOYKH JIO-
pamuu Ly cucremsl Test «Comnne—3emisi». B kadecrse 1iesn yrpaBjierust BLIOpaHa
TOUKA, JIBUTAIOIIASICS [0 TATI0-OPOUTE TPETHEro MOPsIIKa OKOJIO JaHHOI TouKH [3)].
[Tpn pBW>XKeHnn B OKPECTHOCTH OPOUTHI MaKCHMaJhHOE 3HATEHNE MOJIYJIS BEKTO-
pa ylpaB/ieHUst COCTABUIO 3 HM / ¢?, & 3aTpaThl XaPAKTEPUCTUUECKOH CKOPOCTH 38
rog, — 70 M/c, 9TO coOmocTaBUMO ¢ pe3ynbraTaMu B pabote [4], re 3aTparhl Ha
MMILYJIbCHBbIE MaHeBpPbI coctaBuiu 10 M/c 3a roj. 3arparbl MOXKHO YMEHbBIIUTD,
ecii B KadecTBe IEeJU BBIOpaTh TOUKY, JBUTAIONIYIOCS IO Tajio-OpOUTe IMATOrO
nopsijika [5]. TlosiyuenHble 3aKOHBI yIPABJICHUsT TSIPOH MOTYT ObITh HUCHOJIb30BA~
HbI NIPU TOCTPOEHUU OMOPHON TPAEKTOPUU JBUMKEHUS KOCMUYECKUM alllapaToM
C JBUTATEJIEM «MaJIONy» TAIU.
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B gannoit paboTe npejcraBieHa METOIMKa MOJEJIUPOBAHUS CUCTEMbl CTabUIN3a-
I MYJBTHKONTEPa C MPOU3BOJILHBIM KOJUYIECTBOM U PACIOJOXKEHHEM BUHTOB U
ee peasmzanst B iporpammuoM komiuiekce EULER/Qitsep [1].

Cucrema cTadbman3anuy 006eCIeUnBaeT yIIpaBjIeHue IBUKEHUEM MYJIbTUKOIITe-
pa 110 1ecTd pasoBbIM KOODJUHATAM T, Y, 2, P, Py, - OHA COCTOUT U3 JBYX KOH-
TYPOB — BHEIIHEIO U BHYTPEHHEIO.

Bremnnit KOHTYp CTaOUJIU3UPYET IOCTYIIaTeJbHble JBUXKEHUS X, Y B FOPU30H-
TaJIbHOM IJIOCKOCTH 33 CUET yIPaBJIeHUs HAKJIOHAMHU ©,, 0y BHyTpennuii Kouryp
CTAOUIU3UPYET JABUKEHUS 110 Z, Py, Py, P, 3a CICT U3MEHEHHUd HallPAXKEHUi, 1o-
JlaBaeMbIX Ha 3JIEKTPOJBUraTE/N BUHTOB. V3MeHeHne 1mojjaBaeMoro HalpsiKeHust
IPUBOJAT K M3MEHEHUIO CKOPOCTU BpAIlleHWsI BUHTA M, KaK CJIeJICTBUE, M3MEHSsI-
I0TCSI CHJIa M MOMEHT, JIEHCTBYIOIINE Ha BUHT. JHAUYEHUs] HAIPSIYKEHUI Ha, JIeK-
TPOJIBUIATE/ISIX HPEJICTAB/IAIOT COOOM BEKTOP HapaMerpoB OPraHOB YIIPABJICHMSI
0, pa3MepHOCTH KOTOPOI'0 paBHA YUCJIY BUHTOB MYJILTHKOITEPA.

st Kaxk/1010 napamerpa yipaniienust (pa3oBbIMU KOOPIMHATAMKU BHYTPEHHE-
ro KOHTypa ¢ = (u,, Uy, Up, s Uy, ) JOJZKEH OBbITh OIPEJIeJIEH BEKTOP 3HAUCHHIT
D, npwn egunnanom snadernn u. OO0beuHuB Bce BekTOphbl D, B Marpuiy D,
MOXKHO 3aIliCaTh CJEIYIONee BhIpaKeHue JJisi BRIYUCICHUS TapaMeTpOB OPraHOB
yIpaBJIeHNs] DU U3BECTHBIX 3HAUYEHUSIX TAPAMETPOB yIIpaBJieHust (pa30BbIMU KO-
OpJIMHATAMU:

0 =D, - u. (1)
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st onpenenennsi  MOTPEOHBIX — yCKOpeHWit  (pas30BbIX  KOOPJMHAT
a, = (&, @Pu @y, P2) HUCHOIL3YIOTCA HPOHOPHIUOHAIBHO-UHTEIPAJIBHO-
nuddepennualibHble PEeryisaTopPhbI.

Ucnonb3yst ¢pusnyaeckune COOTHOIEHUST JTUHEAPU30BAHHON MOJIEN JIBUXKEHUST
MYJBTHKOTIITEPA W 3aJaHHbIe BEKTOPBI 1), MOKHO TOJYIUTh JTUHEHHYIO CUCTEMY
ypaBHEHW JIJIsT YIIPABJISIONINX YCKOPEHNUH MYJIBTUKONTEPA B OCSX, CBSI3aHHBIX C
HUM CHCTEMOI KOOPJIUHAT:

ay = A, - u. (2)
rie A, — MaTpuIa U3MeHEeHUs YIIPABJIAIONNX YCKOPEHUN B 3aBUCUMOCTH OT T1a-
paMeTpoB yrnpaBiaerust ha3zoBbIMU KOOPIUHATAMHU.

Pemup cucremy simueiinpix ypaHeHuit (2), nojydaem 3HadeHusi TpeOyeMbIX
napaMeTpoB yIpaBJieHus (ha3oBLIMU KOOpUHATAMU BHyTpeHnHero Kourypa. [lom-
CTaBKMB TIOJyYeHHOe 3HadYeHue BekTopa u B (1), mosydaem Tpebyemoe 3HAUCHUE
IapaMeTpoB OPraHOB YIIPABJIEHUS 0.

SHadennsi TpedyeMbIX mapaMeTpoB OPraHOB YIIPABICHUS B BUJIE€ CUTHAJIOB TIe-
pPealoTCs Ha COOTBETCTBYIOITHE CISSIINE TPUBOJIBI.

Ha pucynke 1 mpejcraBjieH BHENTHUI BUJ OKHA MPOTPAMMHOIO KOMILIEKCA
EULER upu pacuére npouecca craduim3alui MYyJbTUKOITEDPa, C IIECThIO BUH-
TaMHU.
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Puc. 1: Oxno nporpammuoro komiiekca EULER.
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B Jsiokiiajie paccmaTpuBaeTcs HeJuHeidHas yupap/isieMas cucrema Juddepeniu-
aJIbHBIX ypaBHEHUii, KOTOpas OIMCHIBAET B3aUMOJEHCTBHE HOIYJISINA 30POBbIX
¥ PAKOBBIX KJIETOK BO BPEMsI IIPOBEJCHUsI aHTUPAKOBO Tepanuu. B ocHose 3r0ii
CHCTEMBI JIEXKUT MOJIeJIb KoHKyperiuu Jlorku-Bonbreppsr [1]. B ypaBuenus ta-
KO cucTeMbl Tak»Ke J00aBJIeHbI CJAraeMblie, KOTOPbIE COIEPKAT YIIPaBJISIONLY IO
DYHKIMIO, 0OTPaXKalollyio 703y JEKApCTBEHHOrO Mpernapara Wil WHTeHCHBHOCTD
Tepann, HaleJeHHYI0 Ha YHUYTOXKEHNEe PAKOBbIX KjeToK. CTaBUTCs 3ajada Tep-
MUHAJILHOIO YIPABJICHUS, 3aKII0YAIOIIAACA B HAXOXKJICHUH TI03UIMOHHOIO YIIPaB-
JIEHUsI, KOTOPOE IEPEBOAUT MCXOJHYI0 CUCTEMY K3 3aJaHHON0 HAYAJILHOIO II0JIO-
YKEHUST B MAJIYI0 OKPECTHOCTD 10JIOYKEHUSI PABHOBECUSI HEYIIPABJISIEMOl CUCTEMbI,
OTBEYAIOIIET0 COCTOSIHUIO MOJHOIO BbI3JI0OPOBJICHKS AIIMEHTA.

st penennst nocTaBJeHHOM 3a4a41 yIPaBICHU UCIIOIB3YIOTCS METOJIbI aHa-
JUTHIECKOTO KOHCTPYWpOBaHUsT arperupoBanubix peryistopos (AKAP) [2]. B
pamkax AKAP 3ajaua repMUHAILHOrO yIpaBJIEHUS 3aKII0UAETCsS B IOCTPOCHUY
B [IPOCTPAHCTBE COCTOSIHUI ylpaBJjieHUil (PeryJsitopoB), He UMEIOIMX OrpaHuye-
HUI, KOTOPbIE 00ECIeUNBAIOT IIEPEBOJI TPACKTOPUH PACCMATPUBAEMOI CUCTEMBI U3
HAYAJIHLHOIO TIOJIOXKEHUsI B OKPECTHOCTD [0JIOXKEHHUSI, 33J1aBAEMOI0 1EJEBbIMUA MHO-
roobpasusiMi, U HOCJEYIOIIee aCUMITOTHIECKOE YIepXKaHue TakKoid TpaeKTOpuu
B 9TOI OKpecTHOCTH. B JI0K/1a/1e JIEeMOHCTPUPYIOTCH Pa3JIMUHbIE CIIOCOOBLI TOCTPOE-
HEST TPEOYEMBIX PEryJIsITOPOB, OOCYKAAI0TCS UX JOCTOUHCTBA U HeocTaTKu. [1pu-
BOJISATCST PE3YJIbTATHI YUCJIEHHBIX PacdeToB, BhimosHeHHbIX B cpege MAPLE. Jle-
JIAJOTCS COOTBETCTBYIOIME BbIBOJLL. OUTHMAJIbHDIE YIIPABJICHUS, HAJIEHHbIE JIJIs]
paccMaTpuBaeMoii cucreMbl U depeHnnaibHbIX YPABHEHUH 1 [IpeICTaBIeHHbIe
B [1], coepkar y4acTku pesielHOro Tuiia. YpaBJIeHUs], Oy Y€HHbIE ¢ HOMOIIbIO
merooB AKAP, ssisiores riaikuMu GyHKIUIMU, 9TO TPUBETCTBYETCSA B PsIJIe
IPUJIOXKEHUH, ONUCAHHBIX B [3].
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Paccmarpusaercst BOIpoc o CBOMCTBE JuCTpUOYTUBHOCTH JTMHEHHOrO npeodbpaso-
BAHUST MHOXKECTBa (yMHOXKEHUsI MATPHIBl HA MHOXKECTBO) OTHOCHUTEJILHO CJIOYKE-
HUSL MATPHIL B KOHEYHOMEPHOM HMPOCTPAHCTBE. BhIpaskenusi, cojeprkaiue B pas-
JIMYHBIX KOMOMHAIMAX JMHEHHOe Ipeodpa3oBanue MHOXKECTBA U CJIOXKEHUE MaT-
PHIL U MHOXKECTB, aKTUBHO MPUMEHSIOTCSA NPY pernennn udGepeHnnaibHBIX U
1 3aJ1a4 ONTUMAJILHOTO YIIPABJICHUS.

zBectHo, aTo mjst mpon3BosibHBIX MHOXKecTBA X C R n marputl A.,xn, Bmxn
pasercrBo (A + B)X = AX + BX (1) ne umeer mecra, B 0011eM ciiydae clipa-
BeuBo Jsiniib BriodeHue (A + B)X C AX + BX. Ilpu srom BbInosHSACTCS
JUCTPUOYTUBHOCTL YMHOXKEGHUSI MHOKECTBA, Ha UMUCIO OTHOCUTEILHO CJIOYKECHUS
aucen (a+ f)X = aX + X (2) asg a, B > 0 u Beimyksioro X, KOTOpasi MOXKeT
ObITh 3anmcana B Marpudanoii dopme (aF + fE)X = (alk)X + (BE)X.

K coxamnenuio, coornomnrenne (2) me obobrmaercs 1o yeaosus (1), 910 BUHO U3
XapaKTepHOro npuMepa, e B (1) Juiib ¢cTporoe BKIOUEHHE:

A:<(2) (1))>O,B:((1) g)>0,X=Sl(9)BbIHyKJIO€,

2

2
S3(0) = (A+B)X C AX+BX = {x € R*: %—i—x% < 1}+{x c R?- x§+ﬁ <1

4

Jlerko crpositest u3 (2) dopMasbho yiaosieTBopsitonye (1), HO He mpejcTaBIs-
IOIIe MHTEPECa TPUBUAJBLHDBIE IPUMEPDI: JI00ABJICHUEM B MHOYKECTBE (DUKTHBHBIX
KOOP/IMHAT JTUOO MPUITHCHIBAHUEM K MaTPHUIIaM HYJIeBBIX CTOJIONOB. [lo-Buammomy;,
JIUIsST CKOJIBKO-HUOY1b OoJiee mmMpoKoro, deM Buga AF, kiacca marpun, A, B u noJ-
HOMEPHBIX MHOXKeCTB X yciioBue (1) He BBIMOTHSIETCS.
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PaccmarpuBaercst 00bekT, 1OBeeHne KOTOPOIo OIKChIBAETCs cucTeMoit judde-
PEHINAJbLHBIX YPaBHEHUII BTOPOTO TOPsJIKA, JUHEHHO! OTHOCUTEIHLHO (Pa30BBIX
MepeMEHHbBIX U JITHEHHOW OTHOCUTEILHO TepeMeHHbIX yipasjerus. CoOCTBeHHbIE
3HAYCHUs] MATPUIbl, COCTABJICHHON 13 KO3 DuimeHToB upu pas30BbiX 1EPEMEH-
HBIX, UMEIOT MHUMbIe COOCTBEHHbIE 3HaUeHusA. JIOMmyCcTUMbIM yIIpaBI€HUEM SABJIs-
eTCsi BEKTOPHAas KyCOUYHO-HElpEePbIBHAsI (DYHKIMU, IIPUHUMAIONIAS 3HAYCHUS] U3
3aJIaHHOI obOJsiacTy ymnpaBJjieHus. B kadecrBe objiacTH yIpaBJ/ieHHs paccMaTpH-
BAETCsl YEThIPEXYTOJbHUK CO CTOPOHAMM, MapPaJLICJbHLIMU OCIM KOOPJMHAT, U
coJlepzKaluil HadaJi0 KOOpJIMHAT B KauecTBe BHyTpeHHeill Touku. Ha momenenme
o0beKTa HaKJaJIbiBaeTCs (pa30BOE OrpaHUYEHNE, ONPEJIe/ISIeMOe TIOJIYIIIOCKOCThHIO
¢ TpaHHIlei, mapaJsesibHOl OJHO# U3 oceit koopaunat. Hccaemayercsa mpobiema
MOCTPOCHUST MHOXKECTBa yrpaBisieMoctu |1]| paccmarpuBaeMoro o6beKTa B HEKO-
TOPYIO TOYKY, YJOBJIETBOPSIONLYIO (Pa30BOMY OIDAHMYEHUIO, [IPU YCJIOBUH, HUTO
JUIMHA, MHTepBaJia JIBUXKEHUsI He CHJIbHO BesimKa. B ¢a30BOM MPOCTpaHCTBE BbI-
JIeJIEHO MHOXKECTBO KOHEUHBIX COCTOsIHH, Jijisi KOTOPbIX (hPa30BOE OrpaHUYeHUe
HE OKa3bIBAaCT BJIMWAHUS Ha MOCTPOCHHE MHOXKECTBa ympajagemMocTu. [Ipu sTom
JUIMHA WHTEPBaJIA JIBVXKEHUsT BLIYUC/ISAETCS B 3aBUCUMOCTHA OT KOOPJAMHAT KOHEU-
HO#t Touku. [locTpoeHbl ypaBHEHUS JIMHUN, ONPEACTSIONINX TPAHUILY MHOXKECTBA,
YIIPaBJIsieMOCTH, B TaKyl0 KOHEUHYIO TOUKY, KOIJia (pa30BOE OrpaHUYUYCHHE OKa3bl-
BaeT BIMSHUE HA [TOCTPOCHUE MHOXKECTBA YIIPABJISIEMOCTH.
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AHann3 MHOXecTB AJOCTUXKUMMOCTU U
oueHmnMBaHuMe CTpElTEFI/II7I ynpasJjieHnNA B MOoAdesiAX

DICE

OpJioB Cepreit Muxaiinosu4a', Posenckaa Esena AjgekcanapoBHa’,
BakiganoB Aprém IlasmoBud®

! Kadeapa ontumaibuoro yupasienus u IIASA, Laxenburg, Austria, e-mail: sergey.orlov@cs.msu.ru

2 ITIASA, Laxenburg, Austria n Kadeapa ontumambsroro ympasiaenns, e-mail: rovenska@iiasa.ac.at

3 TIASA, Laxenburg, Austria, e-mail: baklanov@iiasa.ac.at

B jokiajie paccMaTpuBaeTCs TOJIX0J| K aHAJU3y CIEHAPUEB KJIUMATHIECKON 1M0-
JIMTUKHA ¢ TOYKW 3PEHUsT YCTOMINBOrO pas3BuTus (sustainability) ma ocrose qmc-
JIEHHOT'O TTOCTPOEHUsT MHOYKECTB JIOCTHKHUMOCTH B MOAUQUIIMPOBAHHBIX BEPCUIX
unrerpuposantoii mojesau DICE (Integrated Assessment Model). B orimuue or
TPAJUIMOHHBIX ONTUMHU3AIMOHHBIX TOCTAHOBOK, IJIe MINETCsS CTpaTerus, MaKCH-
MUBUPYIOIIAst 1esieByI0 (PYHKIUIO 0OIIECTBEHHOTO OJIar0COCTOsIHUS, 3/I€Ch UCCJIe-
JlyeTcsl, KaK U3MeHeHue OrpaHuvyenuii W rnmapaMeTpoB MOJEJM —— B YaCTHOCTH,
JIOIIYCTUMOT'O JIMAIa30Ha Mep [0 COKPAIEHUIO BLIOPOCOB M TEMIIOB JileKapOOHU-
3allid —— BJIMsIET Ha (POPMY M B3aMMHOE PACIIOJOXKEHHE MPOEKITUil MHOXKECTB
JIOCTKUMOCTH B ITPOCTPAHCTBE arperupoBaHHBIX MTePEMEHHBIX.

B kauecrse mogiesin ucnosibsyercs sepeust DICE [1], koropast yunrbiBaer yrou-
HEHHBIE [TapaMeTPbl YIJIEPOJIHOIO IUKJIA, SHEPIeTUIeCKOro OajaHca u KJINMaTHU-
YeCKUX I0Teph, 4TO obeciieunBaer coryiacoBanue ¢ nesmu [lapuxxkcekoro corvia-
mennsd. B mpocTpaHcTBe mepeMeHHbIX COBOKYITHOTO BBIITYCKa M IMPUPAITEHUs TJI0-
HaJIbHOM TeMIepaTypPhbl CTPOSITCS JBYMEPHbBIE IPOEKIUN MHOXKECTB JIOCTUKUMOCTH
K 2100 rony mpu pa3inyuHbIX OTPAHUIYEHNAX Ha CHUKEHUE SMUCCUN U JIOCTYITHOCTD
TEXHOJIOTUI OTPUIIATEJILHBIX BHIOPOCOB.

[TokazaHo, 4T0 3a/1eP2KKa MeP 110 OIPAHUUYCHUIO SMUCCUI HIPUBOJIUT K CY2KEHUTO
00J1aCTU JIOCTUXKUMBIX COCTOSIHUIA: HAIIPUMEP, [IPU OTKJIAIbIBAHUN HadaJia aKTHB-
HOI'O CHU2KeHus samuccuii jio 2060 rojia ncuesaer cylecTBeHHas 4acTb IIPOEKIUH,
COOTBETCTBYIOIIAs HU3KUM TEMIIEPATypPaM U BHICOKUM 3HAYEHHUSIM BBIIIYCKa. DTO
Cy>KeHUe MHTEPIPETUPYETCss KakK 1M0Teps MPOCTPAHCTBA BO3MOXKHOCTEN OY/IyIInX
MMOKOJICHUI U, CJIeI0BATEJbHO, KaK yTpaTa CBONCTBA YCTOMYUBOTO PA3BUTUA JTaH-
HBIM CIIEHapUEM.

JI1s1 Komn4uecTBEeHHOM OIEHKHU 3TO# MOTEePH NMPEII0KEeHbI IBe METPUKU: TIepBasd
OIIMCHIBAET OTHOCUTEJILHYIO IMOTEPIO IJIONIAJIM MCXOJIHOTO MHOXKECTBa JIOCTUZKU-
MOCTH, HE HEPEKPHITYIO HOBOH 00J1aCThIO; BTOpas — MUHUMaJbHOE YBEJIUYeHUe
apaMeTpa MaKCHMaJILHOI'O TEMIIa, JIeKapOOHU3AII, HEOOXOIUMOe JIJIsI KOMIICH-
caliy MOTEPH JIOCTUXKNUMBIX COCTOSIHUIA.

[IpennaraemMblii TOAXO/, TO3BOJIAECT BU3YAJU3UPOBATH U KOJNIECTBEHHO OTICHU-
BaTh IMOCJECJCTBUS PA3JUIHbBIX CIIEHAPUEB KJIMMaTUICCKON MOJUTUKN 0e3 BBeJie-



Assaxkymos C. H., Opaos M. B., Opmaos C. M. 111

HUS TIPEITIONI0XKEHNH 0 PYHKIMK 00IIIECTBEHHOTO OJIar0COCTOSTHUS, UTO JIEJIaeT ero
LEPCIEKTUBHBIM MHCTPYMEHTOM aHaJin3a sustainability B pamkax mHTEIrpupoBaH-
HBIX MOJeJeil KJINMaTa U SKOHOMUKH.

Uccuienopanus nojepkanbl MOCKOBCKUM HEHTPOM (pyHIaMEHTAJIbHON U 1TPu-
kJiagHoilt marematuku MI'Y umenn M. B. Jlomonocosa mo corsamenuio Ne 075-
15-2025-345.

CIIUCOK JIMTEPATYPHI

|1] Climate economics support for the UN climate targets / M.C. Hénsel,
M. A. Drupp, D. J. A. Johansson, F. Nesje, C. Azar, M. C. Freeman, B. Groom,
T. Sterner // Nature Climate Change. 2020. Ne 10. P 781--789.

OnTumManbHble NPONOPLLIUN UHBECTULUWNA B
MHOrocakTopHOI MoAenn 3KOHOMUYECKOro
pocCTa

2
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B pabore paccmarpuBaeTcs 3aja4a ONTUMAJILHOIO YIIPaBJIeHUs Ha ODECKOHEUHOM
rOPU30HTE IIJIAHUPOBAHUS JIJIsI MHOTO(aKTOPHOM MOJIe/I SKOHOMUYECKOTO POCTa, C
npousBojicTBeHHOi pyHKImeir Kodba—lyriaca u paziuanbiMu KoagDuiimenTamu
aMOPTU3ALMK 1IPOU3BOJICTBEHHBIX (pakTOpoB. LleseBoit pyHKIKMOHA 1IPEJICTaBIIsI-
eT coboil JIMCKOHTHPOBAaHHOE MHTErpaJbHOE [IOTpedJIeHIE, [OJIJIeXKallee MaKCHMU-
3allUu.

Panee 3naunTesbHOe BHEMaHUE YJIEJAJI0CH 3aJladaM ONTHMAJbHOTO YIIpaBJie-
HUs JIJIsE MOJEJIeit ¢ JIByMsi IIPOM3BOJICTBEHHBbIMU (hakTOpamMu. B 3aBucumocTn or
KOHKPETHO# IOCTAaHOBKM B HUX HAOJIIOJAJIUCH PA3JUUHbIE TUIIBI OBEJICHU: CTa-
OUJIM3aIMsT TAMUJIBTOHOBOI CUCTEMbI B OKPECTHOCTH T10JIOXKeHUsI paBHOBecust [1,2]
OO0 BO3HUKHOBEHHE 0CODOI0 perkuMa, 00eCIedrBaIONEero MPOIOPIHOHAILHBIH
pocT (haKTOPOB IPOU3BOJICTBA IIPU JOCTATOYHO MAJIbIX 3HAUYCHUAX KOI(DPUIUEH-
Ta, JIMCKOHTUPOBanus [3-5]. B nocsieaux paborax onTuMaibHOCTh TaKUX 0COObIX
PEKUMOB OOOCHOBBIBAJIACH € TOMOIIBIO JOCTATOUHBIX YCJIOBHHA OMTUMATBLHOCTH [6)].

B Hacrosiiem ucciiejloBaHinu PACCMaTPUBACTCS CIydail pas/imdHbIX KO uIm-
eHTOB aMOPTHU3AIUN IIPOU3BOJICTBEHHBIX (PaKTOPOB — IIOCTAHOBKA, AHAJOTMIHA
paccMoTpeHHoOi B pabore [7], HO 6€3 IKZOrE€HHBIX JIONYIIEHU. DTOT Caydail cy-
IIIECTBEHHO YCJI0XKHSIET BBIBOJI AHAJUTHICCKUX BBIPAYKEHU JIJIsT 0COO0OTO PEXKIMA.

OrmauTe/IbHOM 0COOEHHOCTHIO IIPEJJIOKEHHOI'O IIOJIX0/1a SIBJIACTCA TO, UTO IIPO-
HOPIMOHAJIBHBIA pocT (GaKTOPOB MPOU3BOJCTBA BO3SHUKAET DHJIOI€HHO B MHOI'O-
MEpPHO# 3ajiaue ONTUMAJbLHOIO YIIPaBIEHUs. DTO PACHIUPSIET KaK KJaCCHUUEeCKUe
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PE3YJILTATH TEOPUM MarucTpaJieil, Tak n 6ojee paHHUe NCCIeJTOBAHNA 0COOBIX pe-
JKMMOB B JIByMEpPHBIX MOJe/AX. CyIlIeCTBEHHBIM TaK»Ke SIBIACTCs TOT (PAKT, 4TO
pelleHre 3a/1a9l [OJYUeHO B HOJHOCTHIO aHAJUTHYECKOM BHJIE, & €r0 OITHMAaJb-
HOCTH CTPOro 0OOCHOBaHA.

Pabora Boinosinena mnpu nojjep:kke MockoBckoro renrTpa (yHIaMenTaJbHOM
v npukJaHoil Maremarnku (nmpoekt Ne (075-15-2025-345) MI'Y umenu M. B. Jlo-
MOHOCOBA.
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CYPCOB B JIBYXCEKTOPHON SKOHOMHYIECKON MOJIESIN ¢ IIPOU3BOJICTBEHHON (DYHK-
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depenm. ypasn. 2012. T.48. Ne12. C. 1642-1657.
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uHTerpaabioil gynknueit nosesnocrun // 2KBM u M®. 2015. T.55. Nell.
C. 1812-1826.

[5] Kucenés FO.H., Opsos M.B., Opsos C. M. Ourumasibhbie 1poneccsl B Mo-
JIeJIA JIBYXCEKTOPHOM S5KOHOMUKHK ¢ MHTErpPaJibHOM (DYHKIUEH 110JIe3HOCTH / /
Huddepent. ypasn. 2017. T.53. Ne2. C.250-263.

6] Kucenés F0. H. JTocrarounbie yeaoBust ONTUMAIBLHOCTH B TEDMUHAX KOHCTPYK-
uuit npunnuina makcumyma [onrpsiruna // Maremaruieckue MoJe/n B 9KO-

aomuke u omojoruu. M. : MAKC-IIpecc. 2003. C. 57-67.

7] Kpsexumckuii A. B., Tapacses A. M. OnrumasbHoe yipas/ieHue Jijist Tporop-
IMOHAJILHOTO 3KOHOMEUeckoro pocra // Tp. UMM ¥YpO PAH. 2015. T.21,
Ne2. C. 115-133.

18] Mourpsirun JI. C., Bosrsinckuit B. T., Tamkpesinyze P. B., Muenko E. ©. Ma-
TeMaThIecKasl Teoprusd ONTUMaJbHBIX mporeccoB. M. : Hayka. 1961.
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B nacrosmem nokjaje MpoBOJUTCA CPaBHEHUE TPpeX CTpaTeruil aHJIpOTeHHON Te-
palnu Jijisi JIeUeHUs: paka I1PeCTaTe/IbHON »KeJie3bl ¢ UCIIOJIb30BAHUEM MaTeMaTu-
JECKOTO MOJIEJINPOBAHNS W TOCJIEYIOMUM TTPUBJIeIeHAEeM METO0B ONTUMU3AIIAN.
OcHoBHast 3a/1a19a 3aKJII0IAETCS B COKPAIIECHUH TTOMYJ/ISIIIUN PAKOBBIX KJIETOK MPH
COXPAHEHWH TOMYJISIIN 37J0POBBIX KJIETOK BBITIIE HEKOTOPOTO KPUTHIECKOTO yPOB-
Hs ¥ ydere 1MoOOUHBIX 3(P(PEKTOB, BO3HUKAIOINIMUX MPU Takoi Teparuu. [Ipunie-
kaemasi u3 [1,2, 3] Maremarudeckas MoOJeIb MpeJCcTaBiser coboil cucremy aud-
bepeHIUANBHBIX ypaBHEHW, KOTOpas OMUCHIBAET B3aMMO/IEHCTBIE MEXK/Ty TOITY-
JISIIASIMU 3JI0POBBIX SIUTEIUAJBHBIX KJETOK [1POCTATHI, aH/POI€H-3aBUCUMbIX U
KaCTPAIMOHHO-PE3NCTEHTHBIX PAKOBBIX KJIETOK, C OJIHONH CTOPOHDI, W PAa3JTUIHBI-
MU aHJIpOreHaMu (TecToCTepoH, Auruaporecrocrepo, PSA)) ¢ apyroii ¢ropoHb.
BozpeiicTBue anporennoil Tepanuy Ha OPraiu3M TMallnenTa MOJETUPYeTcs ¢ TMo-
MOIIIBIO YIIPaBJISIONIEH (PYyHKIIUU, KOTOPasi PEryJupyeT POCT MOMYJIAINT PAKOBBIX
KJIETOK.

B kadecTBe cpaBHUBAEMbBIX CTPATErWil aHIPONEHHO TepaTnuy BhICTYAIOT: aJlh-
TepHATUBHAS CTPATErts, OIUPAIOIIAsCS Ha aHAJIU3 YCTONUUBbIX 110JIOKEHUN PaB-
HOBECHs MCXOJIHOH cucTeMbl audepeHnnaabiblX YpaBHEeHn; cyOonTuMabHas
cTpaTerus, CBsi3aHHas C pellieHreM 3aJlauu OlTUMaJILHOTO yiipaBjenust 6e3 dhazo-
BOT'O OTpaHWYeHns W, HAKOHEI], OMTUMAaJIbHAS CTPATErns, UCIOIb3YIONas pele-
HUE 33/la9i ONTUMAJbHOIO yIPaBJeHus ¢ (a30BbIM OrpaHuvYeHUEM. JuC/IeHHbIE
pacueTsl, 00eCTIeUMBAIONINE CPABHEHHWE ITHX CTPATEruil, MOKa3aJu yMeHbBIIeHHEe
MOTNYJIAIIAYA PAKOBBIX KJIETOK ¥ CHUKeHWe ypoBHsST PSA ¢ ogHOBpeMEHHBIM TTOJI-
JIEpKaHUeM IOIYJIAIMU 3/JI0POBbIX KJIETOK Ha TpeOyeMOM ypOBHE.

CIIUCOK JIUTEPATYPHI
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2] Litzinger M.-C., Todorov Y., Féller-Nord M., Chaudhary M.K., Bratus A.S.
On optimal therapy protocols in the mathematical model of prostate cancer
progression // Adv. Syst. Sci. Appl. 2020. Vol. 4. P. 83-104.

[3] Bosnocosa H.K., Bacapab M.A., Bomocos K.A., Bomocosa A.K., Ilacty-
xoB JI.®. N3yueHnne 6MOJIOrTUECKI MOTUBUPOBAHHON MaTeMaTHICCKON MOJIeIIH

npejcraresibHoil xkesesnl [/ Espasuiickoe Hayunoe O6bejunenue. 2021. Ne 6-1
(76). C. 6-21.
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B pabore paccmaTpuBaeTcs 3ajiada KBaAPaTHIHON MUHUMUBAINN

J(w) = [l Au— f|[F = min, U={uely|Bu=g, |Qu-—wli <R} (1)
e Ae L(H— F),Be L(H— G), Qe L(H — W) — nuneiinble orpanu-

YeHHBbIE OIIePaTOPbI, AEHCTBYOIIIE B I'MIL0ePTOBLIX pocTtpancTtBax H, F', G, W,
afel, ge G weW —saeMenTbl COOTBETCTBYIOMNX MpocTpancTs, R > 0,
Uy C H — BBIYKJIOE 3aMKHyTOe MHOXKecTBO. Tpebyercsa HaiiTu {2-HOpMaJbHOE
pererne u, [1] 3amaam (1):
u, = argmin Q(u), U, = Argmin J(u).
uel, uelU

[IpenmonaraeTcsi, 9YTO0 BMECTO TOUHBIX MCXOJHBIX JAHHBIX M3BECTHBI JIUIIb MX
npubsnmxenus A, € L(H — F), B, € L(H — G), Q, € L(H—- W), f, € F,
g, € G, w, € W, R, > 0, n = 1,2,..., npuuém undopmaliusg o0 ypPOBHSIX
norperHocreil, kak u B [2|, umeer neksiaccuueckuit Buj. B pabore npejioxkena
MO UKALMST IKCTPAIPAIUMEHTHOIO MeToa  |2], paccuuranHasi HAa HPUCYTCTBUE
JIOTIOJTHUTEJILHOTO KpuTepwst §(u) 1 obecrnednBaioniast CHIbHY 0 CXOUMOCTD PHU-
OJIMYKEHHDBIX PEIIEHUI K HCKOMOMY 3JIEMEHTY Uy.

CIINCOK JINTEPATYPBHI
|1] Bacmines @. I1. Metomnsr ontuvusarumm: B 2-x xku. M. : MITHMO, 2011. 1053 c.
2] Aprembesa JI. A., psikenkos A.A., Toranos M. M. Ycroituusoe perienue

HEpaBHOMEPHO BO3MYIIEHHON 3aJladl KBaJIPATUYHON MUHUMHU3AINUU SKCTPa-
rPaJIMEHTHBIM METOJIOM € OTJe6HHbIM 0T Hysisi tarom // Tpyubt Uncruryra

maremaruku u Mexanukua YpO PAH. 2024. T. 30, Ne2. C.7-22.
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Paccmarupsaercs jiuddepenipalibHas Urpa JiByX UIPOKOB, YIIPABJISIIONIUX HEJIM-
HEHHBIMU cucTeMaMi TuddepeHnnaabHbIX YPaBHEHU I NMEonX (POPMY MaIIWHbBI
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Mapkoga ¢ ynpasJsiembivu napaverpamu [1]. Urpa paccmarpuBaercst ¢ nosuiyn
1EPBOrO UIpoka [2| B Kjacce kourpyupassenuii [3]. Bropoit urpok uciosibsyer
orpaHMYeHHble yIpaBjienus, usMepumble 1o Jlebery dynknuu. Ilenpio mepsoro
UIPOKa, SABJISICTCS COJNMKEHME CO BTOPBIM MIPOKOM. PaceMaTpuparoTcst pas/ind-
Hble (hOPMBI COIMMKEHUS: COIPOBOXKICHNE, MArKasl BCTpeda, YKeCTKasl BCTpeda.
[IpuBesenbl IOCTATOUHBIC YCJIOBUS CYIIECTBOBAHUS YIIPABJICHHUS IIEPBOIO UTPO-
Ka TapaHTUPYIOIEro COMMXKEHHE CO BTOPBIM MIPOKOM Ha 3aJaHHOE PaCCTOSHUE
IS 3aaHHOM HavabHol nosunmn. [Toayuena oneHka CBepxy rapaHTHPOBAHHOTO
BPEMEHM OKOHYaHMsl UI'Pbl. B JIOKJIa/1e OCTaBICHHbIE 32441 PEIIAIOTCS METO0M
,AHAJIMTHICCKOTO KOHCTPYUPOBAHUS arerHPOBAHHBIX PEryIaTopoB” [4]. Dror mos-
X0/l HEe CBSI3aH C JIMHeApU3alyeil ypaBHeHM JMHAMUKY U I03BOJIAeT H0JIee OJIHO
yUeCTh peasibHble CBOHCTBA 0ObEKTa yIpaBjeHus. PacCMOTPEHbI CJIe/Iyolye By-
JIbl 331241 COBIAJECHUS: HAMTH yIIpaBIenue, KOTOPOe CBOJANT K HYJIIO PACCOTIaco-
BAHUE KaK 110 MOJIOKEHUIO TeJI, TaK ¥ [0 UX CKOPOCTH (3a/1aua MATKON CTHIKOBKH );
HaliTH ympaBaenne, KOTOpoe CBOANT K HYJIO TOJHKO PACCOTIACOBAHUE T10 TI0JIO-
JKEHUIO TEJI, B TO BPEMsI KaK CKOPOCTDH YIIPABJSEMOrO TeJa MOMKET ObITH JII0OOI
(3amava cTeIKOBKH). [IpUBOIATCS PE3yIbTATHl YUCICHHBIX PACIETOB yIPABICHUI,
TPACKTOPHUIl IIEPBOIO U BTOPOI'O UTPOKOB, XaPAKTEPUCTUK CKOPOCTH U IIEPErPy30K
[IEPBOIO UI'POKA B MPOIECCe YIPABJISIEMOro COMKEHNs].
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I/Irpa NMOCTaBLWMKOB HA aHepretTn4eCKoOM pPblHKE

IMusoBapuyk Jenuc lennanpesud’, Isanosa Anna EBrennesna’

! Kadenpa ontumaapHoro ynpasienus, e-mail: pivovarchuk@cs.msu.ru
2 Kadeapa onTHMaILHOTO YIPaBJIeHHs, e-mail: a.e.ivanova@cs.msu.ru
B pabote paccmaTpuBaeTcsi MOJIE/Ib SHEPIeTUIECKOT'O PhIHKA, KOTOPbIN 00be 1HSI-
eT JBYX IIOCTABIIUKOB HOCHTE el sHeprun. [y HATIsgTHOCTH B KaUecTBe HOCUTE-
JIsl SHEPTHUH PACCMATPUBAETCsI TPUPOAHBIN ra3. [locTaBIuKy MIAHUPYIOT Pa3Mephl
CBOUX ITOCTABOK TaKUM 00pPa3oM, UTOOBI MaKCUMU3UPOBATH CBOIO NMPHUOBLLIL, UTO
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MPUBOJWT K WIPOBO TOCTAHOBKW 3ajadu. VrpoBbie MOmenn pa3perienns KOH-
JinkTa MEXKJIy HOCTABIMKAMHU 'a3a Ha dTalle IJIAHUPOBAHUS I'a301IPOBOJIOB Pac-
cmaTpuBasuch B |1, 2]. Jlannas pabora sBIsAETCSA TPOIOIKEHUEM ITUX MCCIEI0BA~
HUIl 1 HalleJIeHa Ha, PACCMOTPEHNE Ciydasi, KOTjla Ha PhIHKE 3apUKCHPOBaH CIIPOC
Ha ra3. 3aJIaHHBII CIIPOC, BEJIET K TOMY, UTO IIOCTABIIUKHU T'a3a IPU BbIOOpE 00bEMA
CBOWX TMOCTABOK JIOJIPKHBI YIUTHIBATH JIOTIOJHUTE/IHHOE OIPAHWIEHNE HA CyMMap-
HBIil 00bEM BCEX MOCTABOK Ha, PBHIHOK.

[To croeit cTpyKType TpeIoyKEeHHAsT MOJIEIb YKIIAIbIBAETCS B KJIACCHIECKYTO
crpykrypy ayouosnu Kypro [3], st ciyuast, korja kaxkjas u3 GupM umeer CBo
coOCTBEHHYO (DYHKIUIO U3EPXKEK, U, C APYIOil CTOPOHDI, PACIIUpseT €€, TaK KaK
OTparkaeT CIIPOC Ha PHIHKE HE TOJILKO B MexaHu3Me (POPMUPOBAHUS IEHBI, HO 1
HEIIOCPEJICTBEHHO B OIpaHUYEHUM Ha 00beM COBOKYIIHBIX IIOCTABOK Ha PBIHOK.

OcHoBHast 3a/1a9a, JJAHHONH pabOThl — ONMUCATH MHOXKECTBO BCEX TOUYEK PABHO-
Becusi o0 Hoamry [4, 5] st urpoBoii MOJesin 9HEPreTHIecKOro PhIHKA TP BEPX-
HEM CyMMapHOM OT'pPaHUYEHUU Ha 00bEMBI MMOCTABOK. Perienue 3aj1au OCHOBAHO
Ha UCCJIEI0OBAHUE CBOMCTB (DYHKIUI HAMIYUIINX OTBETOB MOCTABIINKOB B CIyUae
HaJIMYUs BEPXHEro CyMMapHOIro orpaHuvenus. B pesysbrare ympaércs IOJYUUTb
MOJIHYIO KJaccuuKaIuio ToYeK paBHOBecust 110 Haiy B aHajuTHUecKOM BHjE.
[IpoBouTCs aHAU3 ¥ UHTEPIPETAIds IOJIYUYeHHBIX Pe3y/IbTaTOB.
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3aiinieBa Maprapura BaaguMupoBHa

Kadenpa cucremnoro ananmsa, e-mail: zaimarko@gmail. com

Pabora mocssiiena 3aj1aue MOJEINPOBAHNS JUHAMUKHI IIOTOKOB JIIOJEll B IIOMe-
mennn. B eé ocHoBe siexxuT u3BecTHas TpancrnopTHas Mojesnb Cell Transmission
Model [1].

PaccmarpruBaemoe rmoMereHue ONuChiBAETCsT C MOMOIIBI0 OPUEHTHPOBAHHOTO
rpada, BepIIMHbl KOTOPOI'O HPEJCTABIAIT KOMHATHI (MM 4ACTU OOJIBIIUX 11PO-
CTPAHCTB), a pébpa — BO3MOXKHBIE Mepexoibl Mexk iy HuMu. [logpobroe ormuca-
HUE MOJleJ cojiepKuTesi B pabore [2]. annas Mojiesib 1103BOJISIET 110 U3BECTHbBIM
XapaKTepUCTUKAM KOMHAT U IIePEeX0J0B CTPOUTH KPATKOCPOUHBIE MTPOrHO3LI HA
KOJIMIECTBO JIIOJIell B KaXK/ [0 KOMHATE depe3 HEKOTOPhIe ITPOMEXKYTKN BPEMEHH.
Bosiee Toro, ecim B HaYaJIbHBIE MOMEHT BPEMEHH KOJUUIECTBO JIIOJIEH M3BECTHO
JIATITh TPUOIMYKEHHO, TO MOXKHO CTPOUTH TAKUE MPOIHO3bI B BUJE MHOXKECTB JI0-
CTHXKUMOCTH [3], OMUCHIBAIOIINX BCE BO3MOXKHBIE COCTOSIHUS, B KOTOPBIX MOXKET
HAXOJUTLCs CHUCTeMa. AJITOPUTMY IIOCTPOEHHsI TAKMX OIEHOK IIOCBAIIEHa pabo-
Ta [4].

[IpeirnooxKM, ITO HEKOTOpbIE Mepex0/Ibl TOMEIEHHs JOIMYCKAIOT JIBa, PEXKHU-
Ma PabOThl: PEXKUM CBOOOHOTO JIBUXKEHUS U PEXKUM OTCYTCTBUS JBM>KeHUsi. Ta-
KUM yIpaBJIeHIEM B PeaJibHOM »KIU3HU MOTYT BBICTYIIATH BPEMEHHbBIE OI'PayK ICHMSI,
KOTOPBIE JaCTO MCIIOJIB3YIOTCI B MOCKOBCKOM MeTpo. Takue orpakjeHusi, ¢ O/I-
HOII CTOPOHBI, TO3BOJIAIOT HE JOIYCKATh JaBKHU, a, C JIPYTOil CTOPOHBI, B CIydae
HEeOOJIBIIIONO YKCJIa, JIIOJICHl B MIOMEIIEHUH, MOI'YT CO3J/iaBaThb IIOMEXY JIJis ObICTPO-
I'0 IEPEJIBUXKEHMS KaXK01'0 rnaccaxkupa. [loaromy Bo3HUKaAeT 3a/1a4a yIIPaB/JIeHNsI
CUCTEMOl IIepPexoJioB, KOTOpas I03BOJIsJia Obl TMOKO IOJICTPAUBATHCS II0J] TEKY-
IIYIO CUTYaIUIO. 3/eCh BO3MOXKHbBIM PEIIEHUEM MOI'YT BBICTYIATH I9BPUCTUUIECKHE
AJICOPUTMbI, YUATBIBAIOIINE CTPYKTYPHBIE OCOOEHHOCTH TOIO MJIM MHOI'O IOMEITe-
HUS.

B pabote paccmaTpuBaercs mpuMep IOMEIIEeHNs ¢ OJHUM yIPaBJIsSeMbIM IIepe-
xozoM. [yt Toro, 9ToObl MMOJyYUTh TEOPETHUCCKUE OICHKHU 3arpy2KEHHOCTH JIJIsI
JIAHHOI'O TIOMEIIeHHUsi, HEOOXO/IMMO UCCJIEI0BAThH PEIICHUE JIUHAMKUICCKON CUCTEMbI
JUIsl cJiydasi CBODOJIHOTO JIBUXKEHHSI U 3aKpbITOro Ipoxoja. lajee paccmarpuba-
erTcsi yIpaBJeHre ¢ IePeKJIYeHneM B MOMEHT BpeMenu tq1. st Takoit cucrembl
JIOKA3aHO CJIEJIYIoIee CBOMCTBO, 000CHOBBIBAIOIIEE BHIOOD CyOOITHUMAJILHBIX CTpa-
TeTuil yrpaBJIeHusd.
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Yreepxkaenue 1. Cymmaproe xoauwecmso Noy(T) = now(T,t1) arodet, 6ovi-
wedwuT U3 nomeuLenus K momenmy epemenu T, monomonno ospacmaem no t1.
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OCHOBHO# 1TEJIBIO COBPEMEHHOI'O ODIIECTBA SIBJISIETCST SKOHOMUYECKUA POCT, IIPeJI-
MOJIATAONINY YBeJINUIEHNEe TTPOU3BOICTBA, U YIYUIIeHNe KAIeCTBA ITPOU3BOINMOIO
HPOJIYKTA, & TAKXKE YBEJMICHUE MOTPEOUTEJIHLCKOIO CIIPOCa. B3auMOOTHOIIEHMs
IIPOJIABIIA, U IIOTPEOUTEIsI PErYJINPYIOTCS PHIHKOM, KOTOPBIH IOUNHACTCS OIIpe/ie-
JIEHHBIM 3aKOHOM. OCHOBHBIM MPUHITUIIOM PHIHOYHON SKOHOMUKH SIBJISIETCS 3aKOH
crpoca u npejioKenus. Ioy mpeioxkenueM OyjieM MOHUMAThL 001Ut 06beM Ipo-
M3BEJIEHHON MPOIYKIMU, KOTOPBIN peryjupyercs: npoussogureseM. [lon ciipocom
Oy1eM oHUMATh OOIIUil 00beM HeOOXOIUMOI0 OTpeduTeIsIM ToBapa. JlanHbIii 3a-
KOH YTBEPKJIAET, UTO CHUYKEHWE [IEHBI Ha, TOBAP YBEJIMIUBAET CIIPOC U YMEHLIITAeT
upejyioxkenne. KiroueBoit 1pobJieMoil siBJIseTcsl HaX0XKICHIe PABHOBECHS MEXK Y
CIIPOCOM ¥ IIPEJIJIOKEHUEM.

ITocranoBka 3amaquwn. [Iycrh jaHo n TOBApOB, HPUYEM i-blii TOBAP HMeeT
neny p; > 0,p; € [c14,02],0 < ¢1; < 95,1 = {1,n}. Pacemorpum coenytorue
OTODPaXKEHUS CIIPOCa U TPEIJIOKEHNsT COOTBETCTBEHHO:
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D(p,p') = Ap'+ Bp+ C,

S(p,p") = Ap' + Bp+C,
rie A, B, A, B € Rv".C,C € R". Bekrop 1ien p = p(t) = (pi(t),...,pn(t)) € R}
SIBJISIETCsI BEKTOPOM HEIIPEPbIBHBIX (PYHKIMI, IPUHUMAIOIIUX [10JIOXKUTEIbHbIE 3HA-
aenust npu t > 0, tie p;(t) — 1eHa Ha i-blit ToBap, ¢ = 1,n, B MOMEHT BPEMEHU
t. R

Honosnurenbubie TpebOBaHUsI, KOTOpPLIE HaKJIaIbiBaloTcs na Matpunnl A, B, A, B

CBsI3aHBI C WX YKOHOMMYECKOW wmHTeprperanneii. [lo 3akoHy pbIHKA BeJMIUHA,
(06beM) crpoca yMEHbITAeTCs, & BEJIUINHA MTPEJJIOKEHUST TOBApa Ha PHIHKE yBe-
JINUUBACTCSA C POCTOM ero IeHbl. C MaTeMaTuuecKoi TOUKN 3PEHUs 9TO O3HATAET,
910 OTOOpaxkeuue [ sIBJIsIeTCss MOHOTOHHO YObIBAIOIIMM 110 IIEPEMEHHOM P, a 0T00-
paxkenue S JIOJXKHO ObITh MOHOTOHHO BO3PACTAIOIIUM 110 IIEPEMEHHOM p.

Onpenenenne 1. Punounoe pasrosecue — cumyauud Ha poiHke, k020a 005EM
cnpoca ma mosap pasern 0bsémy npedaosicenun. O0sém npodyxma u €20 ueny 6
maxot cumyauut Ha3vlearom pasHo6eCHbLMU.

PaBeHCTBO JJAHHBIX OTOOparXKeHUI MOXKHO 3aIlIACATh CJIEIYIOMNIM 00Pa30M:

gp’+§p+6’zﬁp'+§p+@@ (g—ﬁ)p’: (E—E)p+(6—5)
Ncenenys nannoe ypaBHEHHE, ObLIN HOJYYEHBI HEOOXOIUMBIC W JIOCTATOUHBIC

YCJIOBUA HEOTPUIATCJILHOCTHA PeIeHns JUHEHHONW TUMHAMUYICCKON SKOHOMUYICCKON
MO/ICJIN PbIHKA.
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Hannasi pabora siBjsierTcst JIOMMYECKUM [IPOJIOJKEHIEM uccieoBatus 1], B Ko-
TOPOM BBIBEJICHA MOJIeJIb BOJIONNK KpuBoil JIopeHtia, onuchiBaloIeil pacipe/ie-
JIEHUE JIOXOJIa MEXK/ly dKOHOMUYECKUMHU areHTamMu. B 3T1oit Mojesin cucrema me-
peqad [lury-/lajbToHa MOpOXKIaeT BHIOPAHHOE COIMAJbHBIM T'OCYJIaPCTBOM CTa-
[MOHAPHOE pacrpeesienne JoxoaoB. Mojensb npeacraBiser co0oi CMeNnaHHyo
3aJ1a9y JIJIsT HHTEerpo-1udhepeHInaIbHOro YpaBHeHHsSI B YACTHBIX POU3BOTHBIX
MePBOTO TOPSIIKA. UUCIEHHBIE SKCITIEPUMEHTHI TO3BOJINJIN BBIIBUHYTH TUTIOTE3Y 00
ACUMIITOTHYECKON YCTONIMBOCTU CTAIMOHAPHOIO PEIeHNsi OCHOBHOI'O YPaBHEHHUsI
cMmernanuoi 3aja4un. ChopMmysinpoBaHa U JIOKa3aHa TeopeMa, YCTaHaBIUBAIOIA
ACUMIITOTHYIECKYIO YCTOWIMBOCTD JIJIsI IMPOKOTO Kjacca Kpubbix Jlopenna. W est
JIOKA3aTeJIbCTBA, 3aKJ/II0UACTCA B M3YUEHUU CIIEKTpPa MHTErpabHOIO OllepaTopa,
MOJIYI€HHOTO My TeM JIMHEAPU3aIINN KCXOAHOTO HHTErPOo-1nud HepeHInaaIbHOro ore-
paTopa. MoXXHO TToKa3aTh BO3MOXKHOCTL OCYIIECTBJICHUsI ITIepexo/ia K KpaeBoil 3a-
Jade Ha cCOOCTBEHHbBIE 3HAUCHUS JIJIsT JIMHEHHOI HeaBToHOMHO# crucreMbl OJIY mep-
BOT'O TIOPsIJIKaA, KOTOPast MOJJIAeTCs aHAJINTHIECKOMY pelieHnio. B KoneaHoM urore
U3ydeHue CIEeKTPa CBOJUTCS K HpobJjieMe MMoucKa HyJieil (pYHKIIMH KOMILIEKCHOM
HepPeMEeHHOMN, KOTOpas sIBJISIETCsl HHTErPaJOM ¢ KOMIJIEKCHBIM napamerpom. Jlrs
JIAHHOM (PYHKITMH JIAI0TCs JIOCTATOYHBIE YCJIOBHSI OTCYTCTBUs HYJIEl B IpaBoil 10~
aymiockoctn {\ € C| Re A > 0}, uro 1103B0JIsIeT IPUMEHUTH COOTBETCTBY O
pesybrar 00 ycroitunBocTu pererust audbepeHnnaibHOro ypasuenus (cm. |2,
[n. VII, §2]).
Pabora sbiosnena pu noyiepxkke PHO (rpant Ne24-11-00329).
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HoxkJiaj; 6eper HavaJ0 ¢ UCCae0BaHKsd, IpoBeienHoro Jlopesnoit @arone, Ppan-
ueckoit Mapuanu, Mapueit Kpucrunoit Pekunonu u @panvecko Supuisuiu 1], no-
CBSIIEHHOI'O MOJIEJIMPOBAHUIO TIOBEJICHUsT HEKBAJIU(MPUITIPOBAHHBIX TPEiiIepOB Ha
pbinke aknuit. [IpejcraBientasi B ctaTrbe MOJEJIb OCHOBaHA Ha KOHIEHIUU WUI'D
CPeJIHEro MOJIsSI U NPEJICTABISIeT CODON CHUCTEMY M3 JIBYX CBI3AHHBLIX ypaBHEHMI
B YaCTHBIX MPOU3BOJIHBIX: ypaBHeHue Kosimoropora-Pokkepa-Ilianka, st KOTo-
POI'o 3a/aI0TCsi HaUaJIbHbIE YCJI0BUs, 1 ypaBHeHue ['amusibrona- Akodou-besimana,
JIJIs KOTOPOT'O 3a/1al0TCsI YCJIOBHUS B KOHEUHBIE MOMeHT Bpemenu. IlojipobHoe ormu-
caHue I0JX0J/la UI'D CPEeJIHEro 1oJisd npuBejieHo B Jieknusax [Ibepa-JIyu JInonca,
Kana-Mummesns Jlacpe u Osmusepa Teitrona [2]. [lonyuennyio cucremy MOXKHO
qucaerro pemarh. OJUH U3 MOJIX0JI0B 3aKJII0IAETCS B BHIOOPE ONTHMU3UPYEMO-
ro (pyHKIMOHAJIA OIIPEJIeJEeHHOTO BHIa TaKUM 00Pa3oM, UTOOBLI IIPU MCIOJIb30Ba-
HUM MeTojla MHOxKuTeseil Jlarpanka (QpyHKIUS TeHbI U3 ypaBHeHUs [aMuIbTO-
Ha-fkobu-Bejuimana npejcrapisijia coboil colpsizKeHHbIE IEPEMEHHbIE, 8 YCJIOBHUE
B KOHEUYHBbII MOMEHT BPEMEHHU SIBJIsJIOCH YCJIOBUEM TpaHcBepcajbHOocTH. OJiHAKO
BOIIPOC O CYIIECTBOBAHUU U €JIMHCTBEHHOCTHU PEIIEeHUs CUCTEMbI OCTAETCs OTKPbI-
TBIM.

B crarbe npejnonaraercs, 4ro pemienne ypasaenus Kosamoropona-®okkepa-
[T1anka MOXKeT OBITH HaliJIeHO B BUJIE FayCCUaHbl, a (PYHKITUS IIeHbl ypaBHEeHU ['a-
MUJIbTOHA- ZAKOOK-Beimana MoxkeT ObITh ITpejicTaB/IeHa B MOJUHOMUAIBHONI (hop-
Me. DTO MO3BOJISET CBECTH KPAEBYIO 3a1a1y JIJIs YpaBHEHHH B UaCTHBIX TPOU3BO/I-
HBIX K MHOTOMEpPHO# KpaeBoil 3ajade JJjis ypaBHennit Pukkatn. Xorsa mosydeH-
HYIO CUCTEMY MOXKHO pelliaTh YHUCJIEHHO, BOIPOC CYIIECTBOBaHUsS U €JUHCTBEH-
HOCTH PeIIeHUs OCTaeTCs HeollpeieJIeHHbIM. B 1pejicTaBieHHo paboTe ucciieno-
BaJICSI TOT BOIPOC. DbLJIO yCTaHOBJIEHO, YTO JlaHHasi KpaeBast 3ajlada He TTOPOXK-
JIaeTCsI HUKAKOW BapuallnoOHHO#M (popMynnpoBKoit. C IMOMOIIbI0 METO0B aHAJIN3a
MOBEJICHUST PeIeHnii 0ObIKHOBEHHBIX I DepeHInaibHbIX YPaBHEHU U TEOPHUH
Ilyankape-Bennnkcona ObLIM MOJIYUEHBI CAEIYIONNE PE3YILTATHI: YCTAHOBJIEHO
YCJIOBUE CYIIEeCTBOBAHNSA PEIIeHns] CUCTEMBI, JIOKA3aHO0, UTO B CJyUae BLIIOJTHEHUS
9TOI'0 YCJIOBUs PellleHre eJIMHCTBEHHO, a TaKKe [10JIyYeHbl OIEHKHU Ha HadaJbHbIe
JlaHHbIe, IIPU KOTOPBIX KpaeBasd 3aJlada UMeeT pelleHue.
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ITocranoBka 3amaum. /ljisi yrpapisieMoro o0ObekTa, JIMHAMHUKA KOTOPOI'O B
npocTparcTBe R ommuchiBaeTcs CUCTEMORl OOBIKHOBEHHBIX JAudhepeHnuaabHbIX
ypaBHEHUIA

2=Az4+Bu+ f, 2z€Q, t e Ry =0, +00), (1)
Ipy 3aJaHHbIX, He 3aBUCAIUX oT t mMarpunax: A € R™" B € R™™ f € R",
PacCMOTPUM 3a/1a1y O LlepeBo/ie 00beKTa U3 HauaJbHOro cocrosiiust z(0) = zy € §2
B HEKOTOPOE KOMIIAKTHOE MHOXKECTBO Zgoq C (), rze €2 € R" — xommaxrHoe
dazoBoe npocrpancTro. Ha yrnpapisitoriue napaMerpbl HaJIOXKEHbI >KECTKUE, I10-
ToUyeuHble orpannuenusd: u € P = &E(p, P), E(p, P) — snmuncou; ¢ NeHTPOM

Y Y Y

p € R™ n marpuneit kondurypannn P € R™™ P = PT > (.

DazoBblii BeKTOD LpejcraBisiercs Kak z = (x;y), v € R™ ) y € R™ ny < n,
ne = n —nq. JABuxKenne odbekTa B (pazoBOM IIPOCTPAHCTBE OI'PAHUICHO 110 YaCTH
nepemMeHHbix MHOkecTBamu M; C R™, ¢ =1,..., M.

Tpebyercs HaiiTi porpaMMHoOe yipasienue u(-) 1 MOMEeHT Bpemenu tq > 0:

2(t1,0, 20) lu() € Zgoat, u(T) € P, 2(17) € Q, V7 € [0,11],

yauTbIBas (Has30Bble OrpaHnIeHUs Ha Z(-) U OTOOpAB Te W3 HUX, JIJIsd KOTOPBIX t
IPUHUMACT MUHAMAJILHOE 3HAUCHNUE.

CybonTuMaJjbHOe pereHue 3aaadm. Panee apropamu ObLI IIpejcTaBjieH
asiropur™ |1, mosBosisiionuii HAXOUTH CyOONTUMATIBHOE PEllleHre JTaHHOM 3a/1a-
au ¢ nomorbio mogudukaiuu aaropurma EllipsoidalKRRT* [2], pazpaborantoro
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JUIST 331891 ¢ OPPaHUYEHWsIMI 110 BCeM TiepeMeHHbiM ¢as3oBoro BekTopa. Oba aJ-
rOpUTMa OCHOBBIBAIOTCs Ha MeToJe HocTpoeHus "ciyuaiinbix jepesbes [3] u3
HAYAJIHHON MO3UIINN JJIsI IIOMCKA IIYTH B IIE€J€BOE MHOXKECTBO U KCIIOJIb30BAHUN
JLIMIICOMJIAJILHOTO UcUncaerus [4] jist HocTpoeHusi ONTUMaJILHON TPAeKTOpUK
CHCTEMBI U3 OJIHOI BEpPIINHLI JIepeBa B APYIYIO.

B siannoit pabore npejiaraeres UCHOJb30BaThH ajroputm [1] u ero ocHoBHbie
e — pas3fejieHne MepeMeHHbIX U YTOTHEeHNe 3HAYeHN JJIsI BEPIINH JIepeBa, [0~
cjie TIOCTPOEHWsT ONTUMAJIBLHOM TPaeKTOpHUN,— JT00aBUB MOCTPOEHNE JepeBa, KOp-
HEM KOTOPOI'O SIBJISIETCS 11€JIEBOE MHOXKECTBO: Ha OYEPEHONR nrepaluu C1ydainast
TOYKa JI00ABJISIETCA B OJHO U3 JIEPEBLEB B 3aBUCUMOCTH OT BPEMEHH IOIIAIAHIS
B COOTBETCTBYIOILYIO 3JIJIMIICOUIAJbHYIO TPYOKY JOCTHKUMOCTH WJIA PA3PEITNMO-
CTHU; IpK "'TIepecBsI3BaHnK BEpIIUHA U3 OJHOT'O JIEPeBa MOXKET IIOIACTh B JIPYToe,
YTO MO3BOJIAET OBICTPEE HAXOAUTH CYOONITHMAILHOE PEIeHNe.
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PaccmarpuBaercst 3ajiaua BJIOXKEHUs TOJHBIX N-SIPYCHBIX JIBOUYHBIX U TPOUUHBIX
nepeBbeB B mpsiMoyrosbhbie pemérku ([1P), mpu koropsix obpazamu BepIiuH je-
peBa SBJISAIOTCS TaK Ha3bIBaeMble OCHOBHBIe BepiuHbl [IP, a obpazamu ero pé-
Oep — Tak HasbiBaeMmble TpaH3uTHbIe 1enn [IP, coepuHsiionme cooTBeTCTBYIONIME
OCHOBHbBIC BepIIUHbI. [Ipy 3TOM TpaH3UTHBIE IEIX HE MOIYT MMETh OOIUX pPé-
Oep, a YMCIIO MPOXOJISAIIMX YepPe3 OJIHY U Ty K€ HEOCHOBHYIO BEPIIUHY Pa3JInIHbIX
TPAH3UTHBIX TEMeil He TMPEBOCXOMUT 3ajiaHHOl BeawauHbl v, v € {1,2}, Ha3BI-
BaeMoOil neperpys3koit BJIOKeHUsI, IPUIEM BJIOXKEHUs ¢ 1eperpy3koil 1 cuuratorcs
20MEOMOPPHOLMU BAONHCEHUAMU.

HMannasi 3ajava Oblta pacemorpena B [1-3|, tae jyist ontumasbHO# 10MIA-
Jii JiI0OOI'0 yKa3aHHOI'O BJIOXKEHMSI 1IOJIHOIO k-sipycHOro d-u4Horo, rje d = 2,3,
JlepeBa, OblLjla IMOJIydYeHa acUMITOTHYECKH TouHasd npu k = 1,2,... oleHKa Io-
psijika kd®. TIpn 9TOM BBICOTA IIOCTPOCHHOI'O BJIOXKEHUs, TO €CTh MUHUMAJIbHbIf
JIMHEHHDbI pa3mep ucnojblyemoii [IP, Bo Bcex paccMaTpruBaeMbIX CIydasdx 3a UC-
KJIIOUEHWEM CJIydasi, KOrjia neperpyska paBHa 1, a JIMCThCS PACHOJararoTcs Ha
JIBYX IIPOTUBOMOJIOXKHBIX cTopoHax IIP, He OoJibilie, ueM Ha KOHCTAHTY, OTJIHAYa-
JIACh OT MUHMMAaJILHO BOBMOXKHOT'O 3HaUEeHUsT BhicOThI [IP, jnomyckatonmx ykasaH-
HOE BJIOXKEHHUE 1PU ITPOU3BOJILHOM PACIIOJIOKEHUM JIMCTHEB KaK Ha I'DAHMIIE, TaK
u sayTpu [IP, pasuoro [(k+1)/(4 — d)].

Huist ocrasiierocsi ciydast B pabore [4] paccMarpuBaeTcst BOIPOC O 110JLy YeHUH
ACUMIITOTHYECKHU ONITUMAJIbHBIX JIBYCTOPOHHUX BJIOYKEHUI TOJHBIX Kk-SIPYCHBIX JIBO-
n4nbix JiepesbeB B IIP. Tam npejicrapiien ajropuTM MmocTpoeHust HCKOMOI'O BJIO-
PKEHUsI ¥ MOy YeHa aCUMITOTUUECKH TOUHAsS BEPXH:As OIEHKA OINTUMAJILHOM I1JI0-
maau gomyckatomieit ero I1TP Buna %2]“ , IprdeM BbIcoTa yKasaHuoit [IP acumiTo-
TUYECKW paBHA %/{

B nacrosiieit pabore aHaJOIMYHBI PE3y/ibTaT yCTaHABJIUBACTCH JIJIs [OMEO-
MOP(MHOIo BJIOXKEHHUsI IIOJIHOI'O TpowdHoro jepesa B IIP ¢ pacmnosiokenumem ero
JINCTHEB Ha €€ I'OPU30OHTAJILHbIX CTOpoHax. JloKasbiBaeTcst, YTO IMOJHOE TPOUY-
Hoe k-sipycHoe jiepeBo, e k = 1,2,..., MOXXHO romeoMopdHO BJIOKUTHL B IIP
C PacCIOJIOKEHUEM €ro JINCThEB Ha €€ TOPU30HTAJBHBIX CTOPOHAX, JJIMHA W BbI-
COTa KOTOPO# aCUMIITOTUYECKN PaBHbI %3‘”" u %k COOTBETCTBEHHO. J[oKaz3aHo, ITO
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mIomaan Jiroboi ITP, momyckaromeit ykazanHoe BJIOYKEHNE, aCUMIITOTUIECKNA He
MEHbIIIe, YeM %/{: . 3k,
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PaccmarpuBaeTcs 3ajia4a ONTUMAJILHOM 110 CJIOXKHOCTH peau3allii MYyJIbTUILICK-
coproii dbyukiuu anaredpsl goruku (PAJI) B kiacce cxem 3 QyHKIMOHAIBHBIX
snemenToB (CPD) B cranmapraom Gasuce By = {x&y,z V y, T} (cm., nanpu-
mep, [1,2]).

Mynbrumiekcoproit @AJI (MyabTHIIIEKCOPOM) L4y, TIOPSTTKA 1 HA3bIBaETCsT DAJI
ot n + 2" Oynesbix nepementbix (BI), rie mepsbie n epeMeHHbIX T4, . . ., T, Ha-
3bIBAIOTCs «aJ[PECHBIMUY, OcTaBIuecs 2" nepeMeHHbIX 4o, - - . , Yon_1 — «MHPOPMa-
IIUOHHBIMU», & 3HaYeHUe (DYHKIINK paBHO 3HAUEHUIO Tol e€ nHdopMalmonHoii BII,
HOMEpP KOTOPO#l B JIBOMYHON cUCTEMEe CUMC/IeHUs 3a/1aéTcsd HaDOPOM 3HAUeHui ee
ajpecubrx BII.

Caoxuocrs L(X) COI 3 B 6asuce By onpeiesisiercst Kak 9ucyio pyHKINOHATb-
HbIX 97eMeHTOB (D) «&», «V» u «—» B meii. Craoxkuoctbio PAJI win cucrembr
DAJI f B knacce COD B cranjapTHOM Oaszuce HasbiBaercsa Beaunana L(f), pas-
Hasl MUHUMaJILHOI cioknoctu CPID B basuce By, peanusyionux OAJI f.

Croxuocts mynbrumiekcopaoit @AJI uzyuasnace B psje pabor. zsectro (cM.,
nanpumep, [3]), aro cioxuocts peanusaiun PAJL p,,n = 1,2, ..., kak COI, Tax
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v dbopMynaMu B cTangapTHOM 6asnce By, acmvnrornueckn pasna 2" B pabo-
te [4] nonyuena muxuas onenka suja 2" + 1 - 22 — O(21) u BepxHsd OlEHKa
By 2" 4y - 22 — O(27), mJ1st CIOKHOCTU PEATU3AINE MYJIBTUIICKCOPa, 110~
psiaka n B kiacce COI naj 6asucom By, rue ¢ = %,cz = 2, ecyii N 9ETHO, U
c1=0,32,c0 = \%, ecsin . HeuérHO. Kpome Toro, B [3] Oblia ycranosiieHa acumii-

roruka caokuocru QAJL p, B kiacce COD B Hazuce {x&y,x @ y,T}, paBHas
2n+1.

Yro kacaercst ciioxkuocru Ly, ), 1o B paborax [5, 6] jist Heé Obin 10J1y YeHbI
mk st onenka 2" +1/20-1—O(n) u Bepxnss onenka 2" +c(n)-22 +0(n-21),
rje ¢(n) = 2 upu 4érHom n u c(n) = # U HEYETHOM M.

B namnoii pabote ykazanHas HIKHsISA OleHOKa Jiutsd cyaoxkaoct OAJI p, yTou-
HSIETCs CJICJIYIOIUM 00pa3oM

L(py,) = 2" + 28 — O(n).

Kpome Toro, jiokasbiBaercsi, 4To CJI0XKHOCTH COBMECTHOM peasiu3aliii MYJibTH-
IIJIEKCOPA (L, U JeIHIppaTopa MopsaJIKa n, TO eCTh CUCTEMbI 13 BCEX 3JIEMEHTAPHBIX
KOH'BIOHKIIUI paHra 1 OT M OyJIeBbIX IIEPEMEHHbIX, aCUMIITOTUYECKN paBHa 3 - 2™.
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B nanHoil craThe paccMarpuBaeTcs 3ajiaHne PYHKIUNA B BIIE 0000ITEHHBIX TIOJIH-
HOMOB. Paccmarpupaercst 3aj1ada IPOBEPKHU BBIOJHUMOCTHA ODODIIEHHOIO MOJIHU-
noma. HenssectHo, ecTn jin Jij1s1 JAHHONM 3a1a9 HOJUHOMUAAILHDBINA AJTOPUTM.

Omnpenenenune. O606wEnnoiti nosunom — amo xonemanma 0 uait cymma no mo-
dyaro dsa 0600wEHHBIL MOHOMOE. Q000U EHHLIT MOHOM — 9mo 1 usu npoussede-
HUE DPABAUNHBLT NEPEMEHHLT U UL OMPUYUAHUT.

st 3a1a4, y KOTOPBIX HET MOJMHOMHUAJILHOTO aJIlOPUTMAa PEIIeHHsI, IIePCIIeK-
TUBHBIM HAIIPABJIECHUEM sIBJISIETCSI CYy>KEHUE ITPOCTPAHCTBA BXOIHBIX JaHHBIX. [Ipu-
MeHEHHe TaKOr'o IMOJIX0JIa 3a4acTyIO II03BOJISIET CTPOUTH MOJUHOMHUAJILHBIE aJIlO-
PUTMBI, IPUMEHNMbBIE K JAHHBIM, YIOBICTBOPSOMNM orpanndenusiMm. Hanpumep,
MOYKHO HAJIOXKUTh OPPAHUYEHNUST HA CTPYKTYPY TMOJHHOMA, KAaK 9TO ¢jeaHo B [1].
B nannoii 3aMeTKe OyjeT pacCMOTPEHO JIpyroe orpaHuydeHue, YTodbl ero chopmy-
JINPOBATH BBEJIEM CJICYIOIIEE OlpejiesIeH e,

Onpenenenne. bydem 2060pumsv, wmo MHOACECMBO KOHBIOHKUUT 0om N nepe-
MEHHBIT 00Aadaem ceolicmeom k-ozpanuvennoti coBMECMUMOCTIU, ECAU OAd NI0-
ovir k+1 passuunvir Kons10oMKEUUT U3 91M020 MHOACECMEBO UL NEPECEUEHUE NYCMO.

151 0OOOIEHHBIX TOJUMHOMOB, MOHOMBI KOTOPBIX YVIOBJIETBOPSIIOT CBOMCTBY k-
OT'PAHWYEHHON COBMECTUMOCTHU, MOXKHO TOCTPOUTH TOJMHOMUAJBHBIN aJropuT™
IIPOBEPKH BbINOJHUMOCTH (11pu ycjoBuu, 410 k Oyjuer koHcranroit). Vies ad-
rOPUTMa COCTOUT B TOM, UTOOBI IPOBEPHUTDH, UTO CUMMETPUIECKasT pa3HOCTb MHO-
YKECTB eJIMHUIL, 33/1aBaeMbIX MOHOMAMU, ObLJIa IYCTHIM MHOXKECTBOM, TO €CTh UMe-
ja MomtHocTb (. st cuMMeTpuiecKoil pa3HOCTH ecThb (hOpPMYJIa

l l
DAl=> (27" >, 14,004
1=1 1

1= 1< <<l

Briarojiaps cBoiicTBy k-orpanmuennoii copmectuMoctu ne 6osee, dem O(IF)
CJIAraeMbIX OYJIyT HEHYJIEBBIMU.

Teopema 1. IIycmov k - namypaivroe wucio, cyuecmeyem nosunoMuaGAbHol
anzopumm, Komopolti 0as 1100020 0000UWEHHO20 NOAUHOMA, CAGZAEMBLE KOMOPO2O
obaadarom ceoticmeom k-ozpanunennoti cosmecmumocmu, ¢l craeaemvimy om n
NEPEMENNBIT, ONPEICAACTN €20 GUMOAHUMOCTIL co caodcnocmpto O((nl)F).
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2

PaccMmarpuBaercs 3aja4a cxKaThsl HEOPHEHTHUPOBAHHOIO HEB3BELIEHHOIo rpada,
[PEJICTABIEHHOTO B BHJIE CIHCKA CMEXHOCTH. HekoTopble aJropuTMbl CKATHS
rpacos mpecrasiensl B [1,2]. Byjgem paccanThiBaTh :KaTwe ¢ TOYKU 3PEHUS
YMEHBITIEHUST KOJIN1IecTBa nadopmMalmi, Tpedyemoro st xpanenns: JSON-daiina
upejicrasienus rpada. @opmar JSON npejcrapisier coboit TeKcToBbiil popmar
obMeHa JAHHLIMHI, OCHOBAHHBIA Ha CTPYKTYpE «KJII0U-3HAUCHIe» ¥ CIICKax. ['pad
zastaérest B popmare JSON, rie KiarouaMu sSIBJISIFOTCS METKU BEPINKUH, & 3HAYCHHU-
AMU — CIIMCKU UX COCEJICH.

[Tycrs 3ajan vHeopuentuposanubiii rpad G = (V. E), tue V = {v1,v9, ..., 0, }
— muoxkectBo Beprnd, |V| =n, a E C {{u,v} | u,v € V, u # v} — MHO)KeCTBO
pébep, |E| = m. Cincok cMexkHOCTH 331a8TCsT OTOOparXKeHHeM:

AV =2V, Ac(v) ={u eV |{u,v} € E}.
[TycTh 3a1aHbl TPOIELYPHI:
C:G— 5, S =C(G),
e C' — xomnpeccop, crposiiiuii pejcrasienne S, u
D:Sw— G, D(S) =G,

e D — dekodep, BocCTaHABIMBAIONIMI NCXOMHBINA Ipad.

B nannoit pabote mpepcraBieH aaropuTM cxKaTusa rpada, COCTOANIN 13 KOM-
nmpeccopa m JIeKoAepa, COXPAHSIONINI 1 YCKOPSTIOIINI OTlePaIlii TPOBEPKH CYIIe-
CTBOBaHUS IMYyTH U HAXOXKICHUS KOHKPETHOTO IMyTH MEXKIy JBYMSI BEPITHHAME Ha,
ckarToMm rpade, ymenbmaronuit pasmep JSON-daiina npejcrapienus rpada.

CIIUMCOK JIMTEPATYPHI

[1] Bannach M., Marwitz F.A., Tantau T. Faster graph algorithms through
DAG compression // 41st International Symposium on Theoretical Aspects
of Computer Science (STACS 2024). Schloss Dagstuhl-Leibniz-Zentrum fiir
Informatik, 2024.



[Iymnemos M. C., Ecunosa /I. B. 129

[2] Arman N., Khamayseh F. A path-compression approach for improving
shortest-path algorithms // International Journal of Electrical and Computer
Engineering. 2015. Vol. 5, No.4. P.772-779.



130 Bacun A. A., Aoaynaes C. TO.

Cexkmusga: "HccaenoBanue oneparmii' .

HakonuTtenun snektpoaHepruu c sy4dllen
MHBECTULMOHHOW AOXOAHOCTbIO

Bacun Anekcanap Asekceesmd', A6aymaes Cang FOcymosma

I Kadenpa uccrenoBanus omeparuii, e-mail: vasin@cs.msu. su
2 Kadezapa ucciaemosanus ounepammii, e-mail: said_vi5@mail.ru

2

J1J1s1 pBIHKOB 3JIEKTPOSHEPIUU XapaKTepPHbI OOJIbIIINE Iepelaibl IeH MeXK /1y KO-
BBIMU IIEPUOJAMU C OOJIBIIUME 00 beMaMu TOTPEOICHNS] U HOUHBIMU HEPUOJAMU C
HU3KUM moTpebJienreM. B 3Toil cuTyaluy mMoJIe3HYI0 pOJib JJisd IOTPEOUTE ST MO-
JKeT ChI'PATh HAKOIKWTE/h SHEPIUH: NOTPEOUTE/b HAKAILIMBAET B HEM DHEPIHIO
P HU3KUX IeHaX W HMCIOJb3YyeT ee NIPHU BBICOKMX IleHaX. Hakommrenm moryr
TaKKe MCIOJIb30BATHCS JIJIsT TTOJIYIeHUs] TPUOBLIA OT TEepPenpojarKu SHEPIUr B
yKa3aHHOM peXKUMeE.

[annas paboTa IpOJoJKaeT HAIU KCCIe0BAHUs JTOXOJHOCTH WHBECTHUIUN B
pasHble TUIIbI HAKOIMTEIEHl HA PAa3HbIX PhIHKax djekrposueprun [1,2]. Pacemar-
PUBAIOTCsST HEDOJIBIIINE HAKOIKUTEIH, paboTa KaxKJI0T0 U3 KOTOPLIX HE BJIMSIET Ha
PBIHOUHBIE [IEHBI, U TUII CYTOYHBIX TapuU(OB Ha JIEKTPOIHEPIUIO, COOTBETCTBY-
IOIUI poccuiickomy pbIHKY. OOBITHO OlleHKa MHBECTUITMOHHON JTOXOHOCTHA OCHO-
BhIBaeTCst Ha pacdere urcToii npusegentoil croumocty (UIIC nam NPV) noroka
3aTpar U JIOXOH0B, COOTBETCTBYIONIMX JaHHON mHBecTuimu. [Ipu srom Oyjyiiue
ILJIATEXKU JIUCKOHTUPYIOTCS € yueToM OaHKOBCKOII IIPOIEHTHON CTaBKH JIJisi Oe3pu-
cKOBbIX BiioxKenwit. Ecim naitjgennas YIIC nomoxurenbaa, TO MHBECTULIAS CUHU-
TAaeTCsl BBITOJIHOM, B MPOTUBHOM cjiydae — yObITOUHOM. B ciiyuae Hakomuresei
OCHOBHas KOMITOHEHTa, 3aTpaT — ¢MHOBPEMEHHAsT CTOMMOCTH MOKYITKN HAKOITUTEe-
JIsl TAHHOTO THIIA C OMPEJIeIeHHBIME 3HAYCHUSME MOIIHOCTH (CKOPOCTH 3arpy3KH
¥ pasrpyskn) u obbema Hakornuress. Ha ocHOBe paHee MOy YeHHBIX Pe3yJIbTaToB
YKa3bIBAIOTCS OITUMAJbHOE 3HaYeHUE 00beMa, HAKOIUTE/IsE U COOTBETCTBYIONIA
IprObLIL B 3aBUCUMOCTU OT IIapaMeTpoB Tapuda u HaxonuTessd. st HecKoJIb-
KHUX THUIIOB HAKOIUTEJIEH, IPUMEHSIEMbIX B Pa3HbIX CTPpaHaX U 00CYXKJAEMbIX B
JINTEpAType, ONPEeNeIIOTCI WHBECTUITMOHHBIE JOXOMHOCTHU. Y Ka3bIBAIOTCS THIILI
HaKOTHUTEJIeH, TIpeAcTaBsoNe NHTEepeC ¢ TOYKNA 3PEHUs MHBECTUIIUN B yCJIOBH-
SIX POCCUICKOTO pbiHKa. OOCYXKIaI0TCA TaHHbIe 00 UCIOJIB30BAHUU HAKOIMUTEIelH
SHEPTUN Pa3HbIX TUIOB B MUPOBOI SKOHOMUKE B TOCIETHNE TOIBI W MTEPCIEKTUBbI
10 2030 roga. B ciydae, Kora 1eHbI Ha S9HEPTUIO U CTOUMOCTHY HAKOIIUTEJIeH MeHsI-
I0TCSL B COOTBETCTBUN ¢ OAHKOBCKOM IIPOIEHTHON CTABKON 1 MHBECTUIINAS IIPUHOCUT
JIOXOJI, C y4eTOM MHMJISAIUN, OITHUMAaJbHAS CTPATErsl BKJIIOUAET PEMHBECTUPOBA-
HUE T0JIyIaeMOil IPUOBLIN B yBeJIMIEHHE MOIIHOCTH UCIIOJIb3YEeMbIX HAKOIIUTEJICH.
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Hunamuka NPV npu aTom onuchiBaeTcs CeayomnuM ypaBHEHUEM:

Pr(e) |

() ), (1)
rie k — koaddunuenT usHoca 0b6opyaoBaHusi, ¢(€) — CTOMMOCTh HAKOIMUTENS C
obbeMoM e, Pr(e) — MakcuMasbHast CyTOUHAsT TPUOLLIL JJIsT HAKOIUTEJIsT C JIaH-
HbIM 00bemoM. B pabore [2] pemaercs 3ajaua onruMusaiyu remia pocra NPV
1 OIPEJEISieTCsl ONTUMAJIbHDI 06beM HAKOIUTENS B 3aBUCUMOCTH OT TapugQHOro
mwiaxa. Ha ocHOBe TaHHBIX O HAKOMUTEJISIX PA3JIMIHBIX TUIIOB |3| paccauThIBAIOTCS
VHBECTUIIMOHHBIC JIOXOAHOCTH U YKA3LIBAIOTCS THUIIBI HAKOIMTEJIEH, 1pecTaBisi-
[OI[e MHTEPEC ¢ TOYKM 3peHust MHBECTUIMH. [lepcrekTuBHbIe COrIACHO HAIIAM
pacueram tunbl Hakormreseil (PHS, CAES, SCES, TES) peanbto ucnosb3yor-
Csl ¥ UMEIOT TIePCIEKTHUBBI JJIs JaJbHEeHRIIero BHeIPeHusl Ha POCCUIHCKOM PBIHKE.
Hakonurenn na 0CHOBE TEXHOJIOTHU TPEOOPA3OBAHUS SJICKTPOIHEPIUH B BOIOPO/]
(P2G) mokazanu mammyunyio guaaMuky: remm pocra UIIC B 2023 romy cocraBu
0.0443% B neunb (mpubsusurenbpho 16.2% B roxn), a xk 2030 roxy — 0.1867% B nenb
(npumepno 68.1% B rox).

CIIUCOK JIUTEPATYPHI

[1] Vasin A., Grigoryeva O. Optimal strategies of consumers with energy
storages in electricity market // Communications in Computer and

Information Science, mzgarenbcTBo Springer International Publishing AG,
Cham, Switzerland, 2022. P. 300-312.

2] Bacun A.A., Tpuropbesa O.M., Ceperuna N.FO. Ourumusanust napamerpos
HaKOTUTe el Jjist moTpebuTeseil Ha pbiHKe sjteKTposneprun // Becrn. Mock.
ya-ta. Cep. 15. Borauci. marem. u kubepn. 2023, Ne 1, C. 21-27.

[3] Nadeem F., Suhail Hussain S.M., Kumar Tiwari P., Kumar Goswami A.,
Selim Ustun T. Comparative review of energy storage systems, their roles,
and impacts on future power systems // IEEE Access 7, P. 4555-4585 (2018).
DOI: 10.1109/ACCESS.2018.2888497

NPV,.y = NPV, x (1 — k+

[MpepoTBpalleHne cxoanMoCTU KYCOYHOro
meToaa JleBeHbepra—MapkBapaTa K
HeCTaLNOHaPHbIM TOYKaM

Aup Yxkubaii

Kadenpa uccienoanus oneparuii, e-mail: yanzhibai@cs.msu.ru

CoBpemennbie Bepcun MeToja JleBenbepra—Mapkpap/iTa JiJisi ypaBHEHMI ¢ orpa-
HUYCHUAME 00J1aJIaf0T CUJbHBIMU CBOMCTBaAMHU JIOKAJbHON CBEPXJIUMHEHHON CXO-
JIMMOCTH, JIOIYCKAIOIIMMU BO3MOXKHYIO HEU30JIUPOBAHHOCTD PEICHU 1 BO3MOXK-
HY[O0 HErIaJKoCTh ypashenuii [1]. HegaBuo Ob11 paspaboran cooTBeTCTBYOIIHI
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r100aIHhHOM CXOSIINICST BAPUAHT AJITOPUTMAa, JIJIsT KYCOTHO-TJIAKOTO CJIydasi, OC-
HOBAHHBIA Ha OJIHOMEPHOM IIOMCKE JIJIsl KBaJIpaTa, HEBSI3KM B €BKJIMJIOBOH HOpME
12, 3]. Huisg sroro anropurma Oblia MOKa3aHa rJoOaTbHAS CXOJAUMOCTH K CTAIH-
OHAPHBIM TOYKAM JIJIsT KAKOI'O-TO aKTUBHOT'O TJIAJIKOI'0 KYCOUHOTO OTOOpParKEeHwUs,
IpUYeM IIPUMepbl MMOKA3bIBAIOT, UTO YCTAHOBUTL OOJiee CHJIbHBIE CBOHMCTBA IJIO-
0aJIbHOM CXOAUMOCTH JIJISI 9TOrO AJTrOPpUTMa 0e3 JlaJibHEeRIINX ero Mo uKalii
HEBO3MOKHO.

B nannoii pabore paspabarbiBaeTcsi Takas MOAUQUKaIUs TJI00aJIn30BaAHHOTO
KycouHoro meroja JleenOepra—Mapkpapjira, 1103B0JIsiIONAs 130eraTh HexKeJia-
TeJIbHBIX IIPEJIeJIbHBIX TOYEK, TeM CaMbIM obeclieunBas »KejlaeMoe CBOicTBO B-
CTAIMOHAPHOCTHU IPEJIEAbHBIX TOUYEK JIJIsI 3889 MUHUMU3AIMA KBaJpaTa HeBsi3-
KU UCXOJIHOI'O YpaBHEHUsI B €BKJIUJI0OBOI HOpMe, Ha MHOXKECTBE, 3a/1aBaeMOM Or'pa-
Huvenusivu. KoHerpykiusi, ujiest Koropoil ocHoBaHa Ha [4], cocrour B mjeHTH-
duKauy raajKux KyCOUHBIX OTOOpaKeHMi, aKTHUBHBIX B IIOTEHITHAJILHBIX IIpe-
JIEJIBHBIX TOYKAX, TTOCPEICTBOM MCITOJIH30BAHNST TIOAXOISIIEH OIEHKY PACCTOSTHWS
JIJIsT aKTUBHOI'O TJIAJKOIO KYCOUHOTO OTOOpPAarKeHUsl, UCIOJb3YeMOr'o Ha TeKYyIIei
UTepalin, ¢ IMOCIE/IYIONUM IIePEeKJIIoUeHIeM, IIPU HeoOXO0IMMOCTH, Ha DoJiee 1ep-
CIIEKTUBHOE MJIeHTU(DUIIMPOBAHHOE KyCOTHOE OTODparKeHwme.

YcraHaB/IMBaIOTCS IJ100aJIbHAS CXOIUMOCTD K B-cTanonapHbIM TOYKaM 1 aCUMII-
TOTHUYECKAST CBEPXJIMHEHHAST CKOPOCTh CXOINMOCTH, TJIe TOCIEIHEe TaKKe OCHOBa~
HO Ha, ITOJXO/IINEel OlleHKEe PACCTOsIHUSA, HO B 9TOM CJIyUae JIO PelleHri NCXOIHOIO
yPABHEHUsT ¢ OIPAHMICHUSIMI.
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[Ipesnonokum, 9TO TMPOIECC CTOUMOCTH PHCKOBOTO akTuBa S(t) yIOBIETBODSI-
er ypasueruio dS(t) = S(t)(adt + oz(t)), rae o — MareMaTuIecKoe OXKUJTaAHUE
JIOXOJIHOCTH aKTuBa, 0 > 0 — BOJATHILHOCT, & Z(t) — BMHEPOBCKUII 1IPOLECC,
2(0) = 0. Ha poitke Takxke uMeercst OE3PUCKOBBIN aKTUB € JOXOJHOCTBIO 7 > (.
[Tycrs w(t) — croumocts noprdelisi, COCTOSIIEro U3 PUCKOBOTO U OE3PUCKOBO-
ro akTUBOB, 7(t) — J0Jisi PUCKOBOTO akTuBa, a c(t) € [0,¢] — MHTEHCHBHOCTH
norpebsenusi B moment t. Torja mpormece w(t) yaoBaeTBOpsIeT ypaBHEHHIO

dw(t) = w(t)((a —r)m(t) + r)dt — c(t)dt + m(t)w(t)odz(t), w(0) = w.
Crparerust uaBecTopa 3ajaercs dbyHkimsyMu norpebsierns C'(w) u HHBECTUPOBA-
aust II(w). Ona nmopoxgaer nporecce (m(t), c(t)) = (I(w(t)), C(w(t))), mis ko-
TOPOTO OIPEIEJNM MOMEHT PA30PEHMs T KAK MOMEHT IePBOrO JTOCTUKEHHS ITPO-

meccom w(t) yposast w > 0, KOTrJja HHBECTOP YXOJWUT C PBIHKA, MOJIyUast CyMMYy
P > 0 B Bujie komiiencanuu. MuBecrop periaer 3ajady MakKCUMU3aIUU

T

J(w) = WI('Il)i}((') E[O/e&c(t)dt + Pe 7w (0) = w}, (1)

riae [ — craBka JUCKOHTHPOBAHMsI, & MAKCUMU3AIMs OCYIIECTBJISETCS 110 BCEM
nporieccam (7(t),c(t)) = (I(w(t)), C(w(t))). B [1] Bmecto ¢(t) nucnonbzoBana
U(c(t)), tne U — crporo BorayTast (DyHKIUST TTOJIE3HOCTH.
Oynukius J(w) ynosaerBopsier ypasuenuio [amuibrona- Akobu-Bemivana
1
BJ(w) = jmax [(a — r)mwJ (w) + (rw — ¢)J (w) + ¢+ 57202w2J"(w)], (2)
<ceLe,m

rie ¢ = ¢(0), 7 = 7(0), w = w(0). OnTUManbHAS CTPATErHWsT TMEET BHU

!/
fw) = -2, Ow) = 1y, w3 0
rie 1y, — uagukarop Muoxkecrsa M, a w — Kopenb ypasHenus J'(w) = 1.
B jiokutagie Oyjier npejicrapieno peienue ypaBHenust (2) B BUjie CTporo BOrHy-
TO#l JIBaXK bl HENpepbiBHO Muddepentmpyemoii Gyukimun J(w), coBmagaormei ¢
ee TIlepBOHAYAJIbHBIM OnpejieserieM 1o dopmyde (1).

CIIUCOK JIUTEPATYPHI

[1] Karatzas I. et al. Explicit solution of a general consumption/investment
problem // Math. Oper. Res. 1986. Vol. 11. No. 4. Pp. 261-294.




134 [Tocrresrosa U. 1., Kypenkosa . A.

dopmMunpoBaHue pekaamMHON ceTKU ANns
npoun3sBoaunTenein JONOJIHAKOWNX TOBApOB

ITocnenosa Mpuna Uropesna!, Kypenkosa /lappa AJieKcaHIpOBHA

I Kadenpa ncciiegoBanus olepanuii; Hay4Hblil PyKOBOIUTEb, e-mail: ipospelovaO5@yandex.ru
2 Kadeapa uccienosanus onepanuii, e-mail: kurenkovadsh@gmail.com

2

BBenenne. TeneBusnonnas pekjaaMma TOBAPOB SABJSIETCS OJHUM U3 KJIFOUEBBIX
MHCTPYMEHTOB MaCCOBOI'O OXBaTa MOTEHIMAJbHBIX MoTpeduTesieii. Jns wkomrma-
HUI, IPOJIBUTAIOIIUX 63AUMOIONONHANOULUE MOBAPYL, KOOPIMHAIMS X PEKJIAMHBIX
cTpaTeruii CrocoOHa YCUJIUTh COBOKYIIHBIM 3((MeKT Nnpu orpaHudeHHOM 3dPUp-
HoMm pecypce. esib paboTbl — 1HOCTPOEHUE MATEMATUYECKON MOJIeJIM COBMECTHOI'O
MeJIHaIIaHIPOBaHKs, 00eCIIeIrBaloOIeil ONTUMaJbLHOE PaCIpe/ie/ieHe II0KA30B C
Y4YETOM CUHEPIUU PEKJIAMbI JIONOJHSIONINX TOBAPOB.

MaTtemaTudeckada Moaesib. Mojiesib omupaeTcs Ha TMOJIX0T TEOPUU UTD, OIH-
CHIBAIOIIUIl B3aUMOJICHCTBUE YIACTHUKOB C B3aMMO3aBUCUMbIMU MHTEpecamMu. B
KAUeCTBEe MCXOJHOM CXeMbl PACCMATPUBACTCS MI'Da Pa3sMEIleHusl areHTOB Ha, OT-
peske [4], 94To mo3BoJISeT AHAJN3UPOBATH COTVIACOBAHUE CTPATEIHIA.

PaccmarpuBatorcs JiBe KOMIIAHWK, Pa3Melaiolniue pekjiaMmy BO BpeMeHHO# cer-
Ke TeexkanasoB. Kaxkas pacnpenenser oiomker S, m = 1,2, Mexay Me-
auacobbiTusiMK (okazaMu peksambl) i = 1,..., N, crpeMsich MaKCHMU3UPOBATH
3 HEeKTUBHBIN OXBAT ayUTOPUHU IIPHU 3aJaHHBIX OIPAHNICHUSIX.

Cuwnrast, 9TO TIepBasi KOMITAHUST OCYIIECTBIISIET MEPBUTHBI BHIOOD CJIOTOB JIJIsT
pasMeIleHnsl peKJaMbl, OJIydaeM CIEIYIONIYIO 3a/1a9y ONTUMU3AIIN:

N N
Z Féé)(kgl)) — makx, Zaikgl) < S(l), 0< S < n;.
i=1 i=1

st BrOpoit KoMIaHuu J00aBJsieTcs YT BJIWAHWS pa3MeIeHuil TIepBoil, 1To
OTParKaeTcst BO BBEJIEHUU BECOBbIX KOI(MDPUIIMEHTOB W);:

N N
ZwiFé?(kf)) — max, Z aik:Z(?) <S?, o<k <ni— k;l). (1)
i=1 1=1

(m)

31ech ki — KOJIMYECTBO pa3MeIleHUil m-ii KOMIIAHUHU B 1-M MEJIUacOObITHH,

m o o o
F e(ff) — 3 EeKTUBHBII OXBAT ayJUTOPUU, 3aBUCAIINAI OT YHUCJa IIOKA30B U peii-

TUHTA COOBITHA, & (; — CTOMMOCTB OJIHOrO pasMmenienns. [IycTh meppas KoMIaHust
samsiia caorbr X (Y = {z¢})2, m < N. Torna o0 U3 HpocTeHIIX ONpeIeseHnii
BECOBOH 3aBUCHMOCTU UMEeT BUJI:
2 )
BT AN I Rl
g XM

w;
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C yuérom crpykrypsl dyHKImn addexrusroro oxsara [5| cucrema (1) npunu-
MaeT BUJL:

( 2 2
N kl( ) v k" —v
| @ v [ R R
Zwl Z FOO’Z. e —F(2). 1 —F(z)‘ — max,
4 =1 V:Vé?f) 00,1 00,1 (2)

N
S ak? <S®, o<k <ni - kY.

\ =1

utst aHa/M3a, B3aMMOJIEHCTBIST KOMITAHKI PACCMaTPUBAJINCH PA3JIUIHbBIC THIIBI
BECOBBIX (DYHKITUI w;: TUNIEPOOTUIECKIe, TPEeyToJbHble, OUKBaIpaTHbIE, FayCCOB-
ckue u syyipa Enaneunukosa [3].

ITony4dennsbie pesyabraThl. st pemenus 3agadu (2) ObLIM peaJH30BAHbI
JIBa YMCJIEHHBIX 10JIX0/Ia: METOJ| JMHAMUIECKOro nporpaMmmupoBanust [1| u me-
Tos mpoeknuu rpajuenta [2|. [lepseiit obecnednBaer MOUCK ONTUMATBHOTO Pac-
npejesenns O0JKeTa TP JUCKPETHHIX OTPAHUIEHNSTX Ha, OCHOBE PEKYPPEHTHBIX
coornouienuit besisimana. Bropoit nosposisier apdekTuBHO peliarh 3aja4dy 1pu
OOJTBINIOM YHCJIe MMepEMEHHDIX, BBLIMOJHASA UTEPAIMOHHOE YTOUYHEHUE PEIeHUs C
npoekImeit Ha, gonycrumoe MHOKecTBO. Oba MeToia OblLn arnpoOMpPOBaHBI HA WC-
TOPUUIECKUX JaHHBIX 6a3bl PaloMARS. Pacuérsl mokasaJjin, 9To IOJyUeHHbIe pele-
HUsI COMJIACYIOTCST MEXK/1y cODOit 1 00eceqnBaloT CONMOCTaBUMYIO TOUHOCTH. MeTojt
JIMHAMUYIECKOTO TTPOrPAMMUPOBAHUs TPU STOM JAaéT HECKOJLKO 0OoJiee BBICOKMI
ypoBenb 3 PHEKTUBHOTO OXBaTa ayAUTOPWUH, TOTIA KaK METOJI MPOEKITUHU I'PaIneH-
Ta 1103BOJISIET YCKOPUTH BbluKcjieHust 03 CyIIeCTBEHHON 110Tepyr KauecTBa, pe3yJib-
TaTa. TakuMm 00pa3oM, MpeJiyIozKeHHast MO b COBMECTHOTO M€ INaTlIaHPOBAHIS
obecrieduBaeT CorJiacoBaHHOE paclipejiesieHle PEKJIAMHbBIX CJIOTOB U CIIOCOOCTBYET
YBEJUIEHUIO COBOKYITHOT'O OXBAaTa, ayTUTOPHH.
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3aboJjieBaHusi OIMOPHO-JIBUIATEILHOTO allllapaTa 1 BO3PACTHLIE MU3MEHEHUS SIBJISI-
I0TCsl OCHOBHBIME (DaKTOpaAMK PUCKA MAJCHUI, YTO NPUBOJUT K CEPbE3HBIM TPaB-
MaM u uHBajugHOCTH [1].

[lenbio ganHON pabOTHI siBJgeTCA NporHosuposanue uujekca 1TUG Ha ocHO-
BE BUJICOIAHHBIX MOXOAKHU. OMPEesiioTcss OTKJIOHEHNS JBYXKEHUI 1 TTOKA3aTeJIN,
XapaKTepU3yIolue HapyIIeHusl KOOPJAUHAIIMY U OaJianca. Pe3yabraToMm ncciieno-
BaHUs CTAJO pelleHre 3aJaun ONTHUMUBAIMY, IJie TejeBas (DyHKIUA — IIpejcKa-
3aHHOoe BpeMsi BbinojHeHus: Tecta TUG. DT0 103BoOJIsIeT ONPEIEIUTh TaKe KOM-
ouHanuKM OMOMEXaHUIECKUX IIapaMEeTPOB, IIPU KOTOPBIX BPEMsI BBIIIOJIHEHUS TECTa
MUHUMAJIbHO, TO €CTh 110XO/Ka HauboJiee a3 dpeKkTrBHA.

st popMupoBaHus MPU3HAKOB MCIIOJH30BaJaCh HeilpoceTeBas apXuTeKTypa,
u3BJIeKaIoIas 16 KII0YeBbIX ToYek cycTaBoB u3 Bujeonoroka [2|. Tlocse ypanenus
TPEHJIa, CBA3AHHOIO ¢ U3MEHEHHEM IIOJIOXKEHUs UeJI0BeKa OTHOCUTEILHO KaMephbl,
ObLIK paccunTaHbl 63 OMOMEXaHUYEeCKUX IIPU3HAKA, OIMMCHIBAIOIIUX JJIMHBI KOHEY-
HOCTEH, YIJIbl COUJICHEHUI U JIPYTHe KHHEMATHICCKUE XapaKTEPUCTUKN JIBUXKCHMSI.

Jl1st aHa/IM3a 3aBUCUMOCTH MEXK 1y OMOMEXaHMIECKUMU IIapaMeTpaMy U BpeMe-
HeMm Tecta TUG ObLia mocTpoeHa, JIMHeHHAST MOJIE/Ib METOJIOM HAMMEHBIINX KBa,I-
paros (Ordinary Least Squares, OLS). 91or moaxo1, SBJssICh YACTHBIM CJIydaeM
00O0OIIEHHON JIMHEHHON MOJIe/IN, TTO3BOJISIET OIEHUTH BJIMSIHUE KaXKJO0TO IPU3HA-
Ka TIPU IPEJIIOJIOKEHUN JTUHEHHOM CBSI3M MEXK/Iy MepEeMEeHHBIMU ¥ HOPMaJbHOCTH
OTTHOOK.

[Tosyuenubie K03 PUIMEHTHI PEIPECCUN TTO3BOJISIIOT KOJMIECTBEHHO OLIEHUTH
BKJIa,I IIPU3HAKOB B (DOPMHUPOBAHIE UTOIOBOI'O 1IOKA3aTE 1. JHAK KOI(DPUITHEHTA
OTparkaeT HallpaBJICHWE BJIUsIHUSA, a ero abCOJI0THOE 3HaYeHre — CTeleHb BKJIa-
na |4]. Takum 06pazom, MoJIeb 06ECTIETNBACT UHTEPIIPETUPYEMYIO CBI3b MEXKTY
OMOMEXaHMIECKIMHI XapaKTePUCTUKAMU U (PYHKIIMOHAJIBHON! CKOPOCTHIO ITepPeIBHU-
YKEHUSI.

AHaan3 cTaTuCTHYeCKOi 3HAUNMOCTH MTOKA3aJ, 9TO HAMOOJIbINee BIUsSHUAE Ha,
BPEMSsI BBIIIOJIHEHUsI TECTa, OKA3bIBAIOT IIapaMeTpbl, CBSI3aHHbIC C JUIMHON IIara,
YIVIOBBIMHU aMILIATY/IAMU JIBUXKEHUI Ta3a 1 0a30ii 1mara. Y BeJUUYeHNe aMILIUTY b
0/IbEMa, TOJIEHOCTOIA U CKOPOCTH IEPEMEIeHIsT Ta3a aCCONUUPYETCs ¢ yJIydIie-
HUEM YCTOMYMBOCTH IIOXOJKH, TOIJa KaK M30bITOUHAs JJIMHA IMara U IIHPOKasd
0aza IMmara— ¢ yBeJUIEeHNEeM BPEMEH! BBIIOJHEHNUs TECTa.
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Tabauna 1: Kosddbunmentsl muneitnoit mojenn OLS i mporiosa BpeMeHH TeCTa

TUG

IIpusnak Kosd. Std. err t P

step/fps 10.1273 0.472 21.474 0.000
OTKJIOHEHHUE TOJIEHOCTOI, 110 X 0.0738 0.026 2.797 0.005
MaKCUMaJTbHOE OTKJIOHEHHE TIJIed 1O X -29.9832 5.702 -5.258 0.000
MUHUMAaJILHOE OTKJIOHEHHE TojieHocTona oy -1.0756 0.408 -2.638 0.008
aMILTATYAa TOJIEHOCTOIA -2.8573 0.644 -4.436  0.000
MaKCUMaJTbHAs CKOPOCTH MeHTPa Ta3a -2.2826 0.499 -4.570  0.000
MHUHHMAJIbHOE YCKOpeHHe T0JIeHOCTOIa 2.1695 0.793 2.734  0.006
MHHHUMAaJIbHOE YCKOPeHHe TeHTpa Ta3a -2.1235 0.791 -2.686 0.007

JlJ1st IOBbIIIIEHUST yCTONIUBOCTY U UHTEPIPETUPYEMOCTH MOJIEJIU ObLII IPOBEJIEH
oTOOp MPU3HAKOB HA OCHOBE mokazaresis MynbrukojuinaeapHoctu (VIF) u ypos-
Hsl craTucTHueckoil 3nauumoctu (p-value) [3]. B urorosyio mMojesnb BKIIOUEHBI
TOJILKO HE3aBUCUMBbIE U 3HAYUMBIE NIPEJIUKTOPHI, 00ECIeYNBAIOIINE OINTUMAJIbHOE
COOTHOIIIEHUE TOYHOCTH W MPOCTOTHI UHTEPIPETAIUN.

CpaBHeHnne Mojeseil mokasaJo, 9To JuHeiinas perpeccust Ha ocaoBe OLS obec-
neunBaer Kosdbduiment gerepmunanun R? = 0.40, yKa3bBalonuil Ha HAJIXTIHE
BbIDAYKEHHOW JIMHEWHONW 3aBUCUMOCTU MEXKJly OMOMEXaHUYEeCKUMU IlapamMeTpaMu
1 BpeMmeHeM Tecta. Mojesb ciydaifHoro jeca mokasaJjia 0oJjiee BbICOKOE 3HAUEHUE
R? = 0.63, 4T0 nOJTBEPKIACT €¢ CIIOCOOHOCTh YUUTBHIBATL HEJIMHEHbIE B3aUMO-
JIeHCTBUST MEXKJIy MpU3HAKAMHE.

[Tosrydaenubie pe3yjibTarbl MOXKHO CUUTATH YJIOBJIETBOPUTE/ILHBIMU: JIMHEHHAS
MOJIeJIb 0DECIIeUnBaeT IPO3PATHYIO HHTEPIIPETAINIO (DAKTOPOB, & METO bl MAIIIH-
HOro obydeHusi — 6oJjiee BBICOKYIO TOYHOCTL. COBMECTHOE MCIIOJIb30BaHUE DTHUX
110/1X0/JI0B 1103BOJISIET cOYeTaTh 00bICHUMOCTD U 3(PPEKTUBHOCTL, YTO BazKHO 11PU
aHaJu3e OMOMEXaHUKHU ITOXOJIKKM U OIeHKe (DYHKIMOHAJIHLHOI'O COCTOSHUS TallleH-
Ta.
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OpauMu 13 HauboJsiee IONYJSPHLIX B HAay4YHON JIMTEpaType TPAHCIOPTHBIX 3a-
Jlad SIBJISIFOTCS 381291 MapIipyTusaiuu TpaHciopribix cpejers (Vehicle Routing
Problem, VRP). Bagaan VRP ornocsres k kiaccy NP-ciioxHbIX 33181, a M09TO-
My TPHU WX PENIeHUU HEOOXOINMO YIUTHIBATH, UTO BBITUCIUTEIbHAS CJIOKHOCTH
PE3KO BO3paACTaeT IpU yBEJUICHUH PA3MEPHOCTH 3aJ1a4H.

Bajaun o npuémke u jocraske rpy3os (Pickup and Delivery Problems, PDP)
IPEeJICTABIIAIOT cOOOH MONKIACC 3aad MapUIPYTH3AINNA, B KOTOPHIX HEOOXOIMMO
pacCIIpeIe/IUTh 110 MalllMHaM HabOP 3aIlpOCOB, KaXK/bIil 13 KOTOPBIX 3aKJIF0UACTCA
B JIOCTaBKe I'py3a M3 MyHKTa TPUEMKHU B IIYHKT JlocTaBku. Llessh 3aia4m 3ak/oda-
eTCsl B OCTPOCHUH MAPIIPYTOB JIJTsl MAIIUH (HJIH KYPHEPOB), PU STOM KaKIblii
3aITPOC JIOJIPKEH OBbITH BBITIOJHEH TOJBKO OJIHON MAINHOM, TPU 3TOM CyMMapHbIE
PACXOJIbI JIOJIKHBI OBITh MUHUMAJIbHBIMHU.

B nanrOM Jl0KJIajie paccMaTpUBaeTCs 3a/a49a O MPUEMKE U JIOCTaBKE I'PY30B C
BpemenHbIME orpanudenusivu (Pickup and Delivery Problem with Time Windows,
PDPTW) u mpejgraraercs 9BpUCTHUICCKUIT MOIXOJ] K €€ DEIICHUIO C HCIOJIb30-
BaHUEeM MO/IM(PUKAIMN JIOKAJBHOI'O MMOMCKA — aJIallTUBHOTO IMOMCKA B OOJIBIINX
okpecraoctsax (Adaptive Large Neighbourhood Search, ALNS), sakmouatoriero
B IIPUMEHEHWH HEKOTOPHIX OMEPATOPOB PAa3PYIIEHUST U BOCCTAHOBICHUST PEITICHMS.
Anropurm MomuuIMpoBaH OBICTPLIMU KAJHBIMU U COXKAJICIONNME BCTABKAMI,
9TO TO3BOJISIET YCKOPUTH MOWCK peredus. [Ipemraraembrii moaxom JeMOHCTPH-
pyeT XOpoIluil ajaHc MeXKJly TOUHOCTHIO PEIleHi U BpeMeHeM BLIYUCICHUM, 1
MO3BOJISIET JIETKO aJIalTHPOBATHCS MO/ PA3JIMTHBIE CTOXACTHICCKUE MJIN JTHHAM-
yeckne pacmmpenus 3ajadu PDPTW. DddekruBHocTh MeTO1a 1TOTBEPK ICHA
Ha TecTOBLIX Habopax Li & Lim u Sartori.
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Onucanme ALNS AjanTtuBHbBINA TOMCK B DOJIBIITIX OKPECTHOCTSIX JOCTATOUHO
XOPOIIIO 3aPEKOMEH,10BaJI ¢e0sT B CTAThsIX B KAUECTBE CIIOCO0a PEIeHns TPAHCIIOPT-
Huix 337581 VRP [6].

B ALNS Ha Kaxxji0#f uTepalud K BBIIOJHEMOMY PEHICHUIO MOCJIE0BATEIHLHO
IPUMEHSIOTCS JIBE Ollepallui YIPOCTUTH 10 JIBYX BHJIOB:

— Paspymenue pemenust (Destroy), r.e. yjajnenue 3anpocoB u3 HEKOTOPbIX MapIii-
PyTOB

— Boccranosnenne pemmenus (Repair), T.e. BeTaBKa yJIaJe€HHBIX 3a1IPOCOB B HOBBIE
MO3UIAA B MapIIPyTax

U Torna, B pamkax ALNS, 0KpecTHOCTBIO TEKYIIEro perieHus Oy1eT CauTaTh-
Csl MHOXKECTBO DEIIeHH, KOTOPbIE MOT'YT OBITh MOJIYYeHBI IyTEM IPUMEHEHUS T1a-
pbI OIEPATOPOB PA3pYyIICHUsST ¥ BOCCTAHOBJIEHUsI K HCXOJHOMY PEIICHUIO, U ITa
OKPECTHOCTDH 33J1a€TCsI MHOXKECTBOM IOJIOKPECTHOCTEH pPenIeHuit, MOpoxK IeHHBIX
BCEMU BO3MOXKHBIMHU KOMOMHAIIMSIMI OIIEPATOPOB PA3PYINEHNsT 1 BOCCTAHOBJICHWST
(eKapTOBO MPOU3BEICHIE).

Kpowme Toro, ALNS Briogaer B cebst MexaHW3M aJIalTHBHOIO BHIOOpa OTre-
paTopoB, UTO NO0ABJSET B AJITOPUTM HEKHil 3JeMEHT oOydJatoleil crpaTerun —
pPe3yJIbTaThl IPUMEHEHHS OIIEPATOPOB Ha IPEJIbIYIIUX OIepaTOPOB BJIUSIOT HA
BEPOSITHOCTD UX BBHIOOPA B OY/IyIIIEM, TO €CTh aJITOPUTM HE ITPOCTO TTOCE0BATE b
HO WJIM CJIyYallHBIM 0Opa3oM BLIOMpAET OIpejiesIeHHbIE OlePaTOPhbl Pa3pyIICHHs
WJIM BOCCTAHOBJIEHHMsI, OH BO BPEMs IMOWCKA MOJCTPAMBACTCs TIOJ] ONPEIeJEHHbBIN
IpUMep 3aJ1a9u, BeIOMpas Ty Hapy ONepaTopoB paspyIleHusl U BOCCTAHOBJICHMUS,
KOTOPBIE OBICTPEE BCETO CTPEMSITCS K SKCTPEMYMY.

B coBokymHOCTH BCe 9TO T03BOJIsAET 3D MHEKTUBHO «ePECKAKUBATLY Tepe3 JIO-
KaJIbHbIE SKCTPEMYMbI U 3HAUUTEIbHO PACIIUPUTH 00JIACTH [TOUCKA 110 CPABHEHUIO
¢ OOBIYHBIM JIOKAJIbHBIM TOMCKOM.
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IlocTtanoBka 3ajgaum. PaccmarpuBaeTcd oHIaliH-3a/1ad9a yIpPaBIeHUA TIap-

KOM CeJIbCKOXO3ANCTBEHHON TEXHUKU IPU OIPAHUYCHHBIX Pecypcax, Mpex/jie BCero
TOILIMBE 1 MOTOpecypce. B Kaxk1oM payHjie HeoOX0IMMO HA3HAUUTD TEXHUKE OJTHY

ns3

BO3MOXKHBIX pabor. IIpu BbINOJHEHUN 3a/a491 arperar IPUHOCUT HEKOTOPYIO

BBIPAOOTKY (HAIpUMep, 0OpabOTAHHYO IMJIONA/b) U pacxoayer Tominso. OHa-

KO

TOYHbBIC TTOKa3aTEeJIN Bblpa6OTKI/I N 3aTpaT JJIsd Ppa3HbIX BapWaHTOB 3apaHee
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HEM3BECTHRI M HADJIIOIAI0TCs TOJIBKO B mipolecce paborwl. Tpedyercst pa3zpaboTarh
CTPATErnio pacipejieieHus 3a,/1a9, MAKCUMUABUPYIONLYI0 OOILYI0 BbIpabOOTKY Tex-
HUKHU B JIOJICOCPOYHOM IIEPHOJIE, He AO0MyCKas MCIepIaHus OrPAHNIEHHOIO 3aI1aca,
TOILJINBA.

Monensr Bandits with Knapsacks. Ykazannyto npobsiemy MoxkHO hopma-
JIM30BATh KaK 3aJiady MHOTOpYKoro batjuTa ¢ proksakom (Bandits with Knapsacks,
BwK) [2]. B sroit momenn kaxjoe JeiicTBre a npu BHIOOPE JAET CJIYUANHBIN BbI-
urpeiin (Harpaigy X,) n Tpebyer pacxojia OnpejieJéHHOro pecypca (CTOMMOCTh
(). Hakowiennblit pacxoji He JI0JiKeH npeBbiliarh 3ajanubiii 6ropker B. Heib
areHTa — MaKCHMHU3MPOBATH CYMMApHYIO HArpaJy 3a FOPU30HT 1, He IPEeBLICKB
O Ker 110 pecypey. B paccmarpuBaeMoM ciiydae Harpajia COOTBETCTBYET Bbipa-
OOTKe CeJIbXO3TEXHUKH, a CTOMMOCTb — PACXOJy TOILIMBA. 3aada OCIOKHSIETCS
TeM, 9T0 pacupejenennsi X, nu C, He u3BecTHbI 3apanee. B otimaue or Kiaccu-
4eCcKOro MHOTOpyKoro Ganjuta [1,4], B Mmomenn BwK onrumanbhas crparerus me
CBOJIUTCSI K BHIOOPY OJIHOTO JIYUINEro JIeACTBUsT: HEOOXOAMMO UCKATH KOMITPOMUCC
MEXK /Ty BEJIMIMHO BBIUTPBINIA U «IIEHON» ero mojryuenus [2].

Aaroputm UCB-R. Jlnig pelienus 3ajadu mnpejjaraeM MOJAUMUKAIIIO aJl-
ropurma Upper Confidence Bound (UCB) [1] ¢ y4érom pacxopyemoro pecyp-
ca — ycnoBHo HazoBéM eé UCB-R. Ajroputm nojjiepKuBaeT ONEeHKH [i,(t) u
Co(t) JUTsi CpeJIHEro BBIUTPBINIA U CPEJHUX 3aTPaT TOIJIMBA, JIJIs KaXKJO0ro Jeii-
CTBUS @ Ha Imare t, a TakxKe HCIOJL3yeT mapaMmerp A > 0, HHTepIpeTupyeMblii
KaK «TeHeBas IeHay eJuHuIlbl pecypca. Ha kaxkioMm 1mare BeIOMpaeTcst jieiicTBre
a; = arg max, I,(t), MakcuMusupyoree uHdexc:

2Int
nq(t)

31ech ng(t) — qwcao BbIOOPOB JelicTBUsA a K MOMeHTY t. Taxum oOpazom, aJj-
FOPUTM OIEHUBAET JIJIsl KarKJIOIO JEHCTBUsI PA3HOCTH OXKHUJIAEMON BBIPAOOTKHU M
MPUBEJICHHBIX 3aTPAT Al (t), m00aBIisis OOHYC Uit HEJIOUCCIICIOBAHHBIX JeiCTBHI
(mepBbiit wien — onrumucruanas onenka 1o UCB). ITapamerp A MoxHO 1010
OpaTh 3apaHee W OOHOBJISITH HA OCHOBE OCTABIIEr0Cs TOILJINBA — UHTYUTUBHO OH
oTparkaeTr npeaeabHyio nennoctsh pecypca. Aaropurm UCB-R orrocuTes k kirac-
CYy ONTUMUCTUUHBLIX CTPATETHii: IPU JOCTATOYHO OOJBIITOM 1’ OH Cy»KaeT OIeHKH
fla, Co K MICTUHHBIM CPEJIHUM ¥ BbIOMpaeT OJIM3KOEe K OINTUMAJILHOMY C TOUKHU 3pe-
HUsl HArpa/ibl PeIIeHre ¢ yIETOM OI0J[KeTa.

BreiBoapl. IIpejioxkena mocraHoBKa 3a1auu OHJIAMH-pacipe/iesieHns paboT ar-
POTEXHUKHN ¢ OrPaHUYEHHBIMU pecypcamu B Bujie BwK. D10 mo3Bosmio npume-
HUTH 3 dekTuBHbll agroputM 1o npuHiuny UCB, nomosHseMblii KOMIOHEHTOM
yuéra pacxojia TOIMBa. JaHHbBIH 1MOX0/ 00ecrnednBaerT BBICOKYIO CYMMAPHYIO
IPOYKTUBHOCTD TIPU COOJIIOIEHUH PECYPCHOTO OI'paHUYeHus U 00JIaJaeT Teope-
TUYECKMMU apaHTHAMU 110 perpery. B Oy/yinem ImiaHupyercsa y4ecTb JIONOJIHU-

—Né(D).
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TeJbHBIH KOHTEKCT (HAIPUMED, PA3HOPOJHOCTH MOJeli, YCJIOBUil) U pAcCMOTPeTh
MHOTOKDUTEPUAJIbHBIE BADUAHTHI (¢ HECKOJBKUMU BUJAMU PECYPCOB JubO 1iesie-
BBIX METDPUK ).
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B 1987 rony neitpoduosior VpBuHr Bujiepman mpejiyioxKuil TEOPUI0 paciio3HaBa-
HUsL 110 KOMIIOHeHTaM [1|, B KOTOPO# yTBEPKJAJI0CH, YTO UYeJOBEK PaCIO3HAET
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Bujepman nazsaJj reonamu. Takux reoHoB ObLI0 BbljiejieHO Dosiee 20, B ux duciie
IUJIAHJIP, KOHYC, HapaJulesleliniies] 1 Ipyrue.

HanHasi Teopust craja JOCTATOTHO TOMYJIAPHON, €€ MPUHIINIIBI UCTTOIb3YIOT-
Csl B HEKOTOPBIX aJITOPUTMAaxX KOMIBIOTEPHOrO 3penus. Tak, Hampumep, B [2| mis
OIKMCAHUs TPEXMEPHOI CIIEHBI UCIIOJIb3YEeTCsI PA3JIOXKEHHE € B COBOKYIIHOCTD IIPH-
MUTUBOB U3 MHOXKECTBA [IPU3MA, [UJIMHJD, KOHYC, JJUIMIICOMJL, IUPaMuUJIa, TOp),
00BETMHEHHBIX OTHOIIEHUSIME B3auMHOTO pactosioxkenust ("uway "mon'"u np.). Pac-
MO3HABAHWE CIEHBbI B yKa3aHHOW pabOTe BBIMOJHAETCS C TTOMOIIBIO CBEPTOTHOMN
neitpocetn YOLACT.

B npejuraraemoit pabore paccmMaTpuBaeTcs 3ajiada paclio3HaBaHus 00bEKTOB
u3 koyutekiuu ShapeNet. OOBLEKTHI NPeACTABISIOTCS B BUJIE TOIOJOTHIECKOTO
rpada reoMeTpuIecKux TMPUMUTHBOB U3 CJIEYIONero Habopa: |MIoCcKoCTh, Iu-
Junp, cdepa, kouyc, Top|. [Ipumurusbl BbijesioTest U3 06JaKa TOYEK ¢ 11OMO-
mpio ajropurma RANSAC [3].

B pabote 1n1poBojiuTcsi cpaBHUTEIbHBII aHa 13 3D MEKTUBHOCTY I'PADOBBIX HEi-
poceTeii Ipu pacio3HaBaHUU OOLEKTOB 110 KX TOIoJorndeckuM rpadam. Pacecmar-
pusaiorcs caepyiome GConv-cion: GCNConv, GraphConv, GATConv, GINConv
n GraphSAGE. C nomompio meroguku AdaptiveGNN ¢ konTpostepom na 6ase
LSTM 6b110 nogobpana Hanbosee 3dbdeKTUBHOE coueTanne CJI0EB, MO3BOJINBIIEE
pocTrub Tounoctu bosee 90% Ha HEKOTOPBIX KATeropusax 00beKTOB.
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B nannoii paboTe paccMaTpuBaeTCs pa3BUTHE PaHee IIPEJI0KEHHON MOJIeIH KOH-
TAKTHOI'O B3aUMOJICHCTBUSA TbLJIEBbIX KJIACTEPOB B I'a3011bIJIEBOM IPOTOILIAHETHOM
mucke [1,2,3,4]. Mojesib HanpaBiieHa Ha yIpOIIEHHe yUeTa MPOoIeccoB B 30HE KOH-
TaKTa CTAJKUBAIOIIMXCsI YACTHUI[ DU KMCCJIEJOBAHUN IPOIECCOB 00pa30BaHUs U
9BOJIIOINAN TBLJIEBBIX CTPYKTYP M TBEPJBLIX TeJI Ha PAHHUX CTaJUAX (POPMUPOBa-
HUs TJIAHETHBIX cucTeM. B oCHOBE MOe/n JIEXKHUT TpejicTaB/ieHrne o (hopMUpPOBa-
HUK LbLIEBbIX (PPaKTaJbHbIX KJACTEPOB KaK Pe3yJibTaTa alrperaiuuy 1epBuIHbIX
IBLJIEBBIX YACTHUIL, 0OPA3YIONUXCs Ha CYIIPAMOJIEKYJIAPHOM YPOBHE €ellle Ha CTaJIiK
IIPOTO3BE3IHBIX MOJIEKYJISIPHBIX 00JIAKOB.

B ycsioBusSX NpoTOIIaHETHOI'O Ta30IbIIEBOr0 JINCKA, IPOIECC TaJbHERIIero po-
CTa YaCTUIL, TBEPJIOTEJbHON KOMIIOHEHTHI TIPUBOJUAT K IMTOCTEIICHHOMY TTPEOJIOJCHUATO
HAHO-, MUKDPO- U Me30MACIITabDHBIX pPa3MEpPOB, C COXpaHEHUEM CJIOXKHOW BHYT-
peHHell CTPYKTYPbl TOPOBOTO TPOCTpaHCcTBa. [ljIsi OIEHKW pPe3yJbTaToB CTOJIK-
HOBUTEJILHON SBOJIIONNK TBLIEBLIX KJIACTEPOB HEOOXOIUMO YUUTHIBATH BJINSHUE
UX BHYTPEHHEl CTPpYKTYpPbl Ha (pU3UUECKUe HIPOIECcChl B 30HE KOHTaKTa. B pabo-
T€ NPEJJIOKEHO ONUCAHUE PEOJIOIMYECKUX CBOMCTB TaKUX IbLIEBbIX CTPYKTYD C
IIOMOIIBbIO UX (PpaKTaJbHON pa3MEpHOCTH, KaK Mepbl 3alloJIHEHHs 00beMa TBep-
Jloit komroneHToit. Jlonycrumbie 3Hauenus ppakTaJbHON Pa3sMEPHOCTU TTPUHSATHI
B nnanaszone or 2.0 (JByMepHbIe TPOCTPAHCTBEHHBIE CTPYKTYPHI) 710 3.0 (MIoTHbIE
KBa3MOIHOPOJIHBIE YACTHIIbI ).

Vcnonb3yemble aaropuTMbl MTO3BOJIAIOT PEAJH30BATH BBIYUCICHHUS Ha COBpeE-
MEHHDBIX BbIYUCIUATEJIBHBIX apXUTEKTYPaX, TaKUX KaK MHOIOgJICPHbIE IIPOIECCOPDI,
BBIUKMCJIATE/IbHBIE KJIACTEPDI, & TaKxKe apxuTeKTypbl Ha ocHoBe GP U-Bbrauciunreseii.
Takoit mojxo/1 aeT BO3MOXKHOCTH MOJIE/INPOBAThH JIMHAMUKY OOJIBINNX aHcambJIei
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B3aMMOJICHCTBYIOIINX MBIIEBLIX KJIACTEPOB B IIUPOKOM IMANA30HE BPEMEHHBIX
HIKaJI: OT JIOJIeH CEeKyHJIbl Jijisi MUKPOYACTHIL, JIO COTEH MUJIJIMOHOB U DoJiee JieT
JUIsl KPYIHBIX I'PaBUTHPYIONUX Tejl. PaspaboranHas MoJie/ib [IO3BOJISIET IIPOBO-
JIATH [TapaMeTPpUIecKre MCCIeJOBAaHUs IIPOIECCOB POCTA W IBOJIIOIUU IHLIEBbIX
arperaroB B Pa3J/INUYHBIX 30HAX IPOTOILIAHETHOIO JIMCKA, JJIsd Pa3HbIX HAaYaJIbHBIX
pacrpejiesieHusIX 9acTHIL o pa3Mmepam n coctay. [loydennbie pe3ysibraThl TO3BO-
JILJIA BBISIBUTH OCHOBHBIE 3aKOHOMEPHOCTH JIOKAJIHLHOM 9BOJIIOIUHU TBEP/IOTEJIHLHOM
KOMIIOHEHTBI ITPOTOIJIAHETHBIX Ta30bLIEBbIX JUCKOB.
Pabora BblloiHeHa B paMKax rocygapersennoro 3ajanust TEOXY PAH.
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IIpejicraBiieHo 3KcliepuMEHTaJIbLHOE HccieloBanne 3(PPEKTUBHOCTH MHOIOAI€HT-
HOI'O MeTo/ia OaJIaHCUPOBKU CETEBbIX HOTOKOB [1|, OCHOBAHHOIO Ha MHOIrOAreHT-
rnom meroge MAROH (Multi-Agent Routing using Hashing) [2]. B otsiaue ot
MAROH, B sTOM MeTOJie KOHTYD yIpaBJI€HUsI areHTa MOCTPOCH Ha MPUHITUIIAX
IPUHATHUS PEIIeHUil JeJJOBEKOM U COCTOUT M3 JIBYX ypoBHeii. IlepBwiit ypoBeHb
obecriednBaeT aBTOHOMHOE TTPUHSITHE PEIIeHUi areHTOM Ha, OCHOBE HAKOIJIEHHOI'O
OIIBITA — COCTOSAHMI, KOTOpbIe HADIIOAAJ areHT, U 3HAHUS JeHCTBUN B 9THX COCTO-
siHUsAX. BTOpOoii ypoBeHb [03BOJISIET areHTy IPUHUMATD PELIeHUs JJsi He3HAKOMbBIX
cocrostinit. COCTOSTHUE CUNUTACTCS 3HAKOMBIM AreHTY, eCJid OHO OJIM3KO (110 olpe-
TeJIGHHON METPHKe) K COCTOSTHUIO, ¢ KOTOPBIM areHT y2Ke CTAJKHBAJICS.
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Ha 4 ronosiornsix (copepxaiux 70 96 areHToB) 9KCIepuMeHTaIbHO HCCIIe0Ba-
na sddekrusnocrs meroga SAMAROH-2L (Simultaneous Actions MAROH with
Two-Layer Control Plane) ¢ 1ByxypOoBHEBBIM KOHTYPOM YIIPABJICHUS 110 CDABHE-
Huio ¢ oxgHokoHTypHbIME Merojgamu SAMAROH u MAROH, pasnomepnoit 6a-
mancuposkoit Equal-cost Multi-Path (ECMP) [3| u nenrpasm3zoBanubiM reneTn-
YECKUM aJIrOpUTMOM. Ha JIByX M3 3THUX TOINOJIOIMil TakKe ucciiejioBaHa 3pdek-
tuBHOCTH MeToma SAMAROH-2L nis pasubix BaprmaHTOB MEpDLI CXOJCTBA COCTO-
sauit (Merpukyn L2 w L1, kocuHycHOe paccTosinme), mopora CXojcTBa COCTOSHWH 1
pasMepa HaMsITH areHTa.

DKCIEePUMEHTAJILHO IOKA3aHO, 9TO ABYXKOHTYpHBIH MeTog SAMAROH-2L mpe-
BOCXOUT 110 3P PEKTUBHOCTH METOJ, ¢ OJIHOYPOBHEBBIM KOHTYPOM YIIPaBJICHUST —
HaIpuMep, ObIcTpee IpuHuMaeT perrenus. [Ipn 5Tom 06beM MeKareHTHOH KOMMY-
HuKauu camxkaercst Ha 1-80% (B 3aBUCHMOCTH OT BRIODAHHOTO IOPOra, CXOJICTBA)
o cpapaennio ¢ MmetogoM SAMAROH ¢ onnoBpeMeHHBIMEI [eACTBASIMEA areHTOB,
u Ha 80-96% 1o cpasnennio ¢ merogom MAROH ¢ neognoBpeMennbiMu geiicTBI-
SIMU.
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MeToabl onTumMmusaunm ncnonb3oBaHnsa GPU
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OJiHUM U3 4YaCThIX BaAPUAHTOB NPUMEHEHHUsI TpaduIecKux yCKOPHUTEEeH siBJIsieT-
cs YCKOpEeHHs Mporiecca MakeTHoil odpaboTKu JaHHbIX. B paMkax jaHHON 3a1aun
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MOYKHO BBIJECJIUTH OTJEJIbHBIE 3TANbl - MOATOTOBKa nanabix Ha CPU, nepemaua
obpabarbiBaembix jianHbix Ha GPU, obpaborka nakera 3ajiad Ha rpaduyueckoMm
ycKopuTeJie, KonupoBaHue pesyJibrarop obopaborku ¢ GPU u nocrobpaborka pe-
gyabraToB Ha CPU. Tak ke npwu ajanramuu aJropuTMOB TOJ apXUTEKTYPy I'Pa-
pUIeCKUX IPOIECCOB YaCTO BOBHUKAECT HEOOXOIMMOCTD Pean3aliuu IaKeTHOH 00-
pabOTKWM THUITOBBIX 3a/1a4 JIJIsi KOHTPOJIsT obbeMa uctosibdyemoit mamstu GPU npn
00paboTKe JTaHHbBIX.

[Ipu peanuzaimm nakeTHoit 0OpPAOOTKM JAHHBIX HA IPaPUIECKUX YCKOPUTEIISIX
BaXKHBIM (DAKTOPOM, BJIMSIONIMM HA [POU3BOJUTEILHOCTD, SIBJISIETCS HE TOJBKO
ONTUMU3AIINA KOJIa, UCTIoJHsIeMoro HenocpecTsenno na GPU, nHo u opranuzarus
Bianmojieiicteust Mmexxky CPU u GPU. B 3rom ciiydae OCHOBHbIMHU TIpHEMaMn
ONTUMUBAINAN ABJISAIOTCS:

1. Opranusanus kouseitepa Boraucienunit na GPU.

CoBpeMenHnble rpapuIecKu YCKOPUTEIN TIPEJINOIaraloT BO3MOXKHOCTD €JTUHO-
BPEMEHHOTO MCITOJTHEHUST KOMTMPOBAHUsT JAHHBIX Ha yCTPOWCTBO, C yCTPONHCTBA
W BBINIOJTHEHNE BbraucjiaeHuit. Opranuzanus KOHBeiiepa BBIUUCJICHUN MPEJITo-
JaraeT pa3OMBKY MakeTa 3ajad Ha MOJMaKeThl MEHbIEH pa3Mepa W BhICTPaW-
BaHKME MafIlIaiiHa COCTOSINEr0 OTIPABKM JIAHHBIX JIJIsi 00PabOTKM TO/IIaKeTa,
00pabOTKM MOJIITaKeTa U KOMUPOBaHUs PE3YILTATOB, TIO3BOJISIONIUX MEPEKPHIThH
OOMEHBI MTOJIE3HBIMY BbIUUCJICHUSIMU.

2. Opranuzanus jppoiinoit Oydepusannu st GPU.
Mcnonn3oBanue MeToja JBOWHONE Oydepusanuu mo3BoJsieT MPOU3BOJIUTL II0-
cTOOPADOTKY MPEbIIYIIEro MaKeTa 3319 1 MPEJIIOAIOTOBKY JaHHBIX JIJIs CJIe-
JLYIOIIEro OJIHOBPEMEHHO ¢ 00pabOTKO# TeKyIIero nakera Ha rpaduiecKux yeKo-
pUTEJICH.

Bbljio0 paccMOTpPEHO BJiMsSIHUE [IPUMEHEHUs] YKA3aHHbIX PaHee I10/X0/I0B OIITHU-
muzanuu ucnosb3opanusg GPU npu nakerHoit odpaboTke 3a/a4 Ha IIPUMEPE STalla
conocraiienusi nap ¢gpparmentos 6ejnkos merogom Kabma [1, 2| npu nocrpoe-
HUU CTPYKTYpHBIX BbipaBuupanuii AFP-amropurmomo MATT [3], pacemorpen-
HOM B paMKax Haieil npejbuytynieit padorst [4]. TIposejénnblii anaamus nokasad,
YTO KOMOMHUPOBAHHOE KCIIOJb30BaHNE KOHBEepU3aIlnl 1 ePEeKPHITUS BHIUUCTIe-
HUI T103BOJISIET CYIIECTBEHHO MOBBICUTH 3D (MEKTUBHOCTHL UCTOIH30BAHUS TPadu-
YECKUX YCKOPUTEJICH.

PaccMoTrpenHble MeTO/ibl MOI'YT OBITH MCIIOJIB30BaHbl KAK IIPHU IIEePEeHOCe JIPYTUX
AJICOPUTMOB CTPYKTYPHOro anajn3a oenkoB Ha GPU, Tak u npu npoekTupoBaHun
IeTepOreHHBIX BHIYUCIUTEIbHBIX IPUJIOXKEHN, TPeOYIOMKUX COrJIaCOBAHHOIO B3a-
umoeiicteust mexky CPU u GPU.
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PacemarpuBaercst 3a/ia4a PEKOHCTPYKIMU TPEKOB 3apsizKeHHbIX dacrull [1] no jan-
HBIM TPEKOBBLIX JIeTeKTOpoB B 3kcrepumente BMQN [2|. OcHoBHasi CJI0XKHOCTD
JIAHHOM 3aJ1au1, 00yCJIOBJIeHHAs (DUBNUECKUM YCTPONCTBOM ITPUMEHSAEMbIX JIETEK-
TOPOB, 3aKJIOYAETCS B IeHepaluy UMK OOJIBIIOI0 YHCJa JOYKHBIX TOUYEK, COIpPO-
BOXKJIQOIIMX UCTUHHBIE JlaHHble. [[Jist pa3paboTKu 1 ncc/ieloBaHus METOJI0B pelie-
HUsI paccMaTpuBaeMoil 3a1aur ObLIa [TOCTaBIEHA JByMepHas MOJIeJIbHAs 33244,
B KOTOPO# MCKOMBbIE TPACKTOPUN OTTMCHIBAIOTCST MPSIMBIMU JIMHUSIMUA WJIA JIyTaM7
OKpy2KHOCTEH. [Ipe/yioXKenbl 1 UCCIIeI0BAHDI JIBA [I0JIX0/1a K PEIIEHUIO [TOCTAB/ICH-
Hoit 3ajjaum: céprounas cerb U-Net |3] u mogenn Transformer [4].

Points classification Predicted curve Points classification

Puc. 1: Pacniosnasanue rpekos mojessimu U-Net (ciesa) u Transformer (cripasa)

[TpoBejienHbIe BHIMUCIUTE/ILHBIE SKCIIEPUMEHTHI 1ToKazaJn, uTo U-Net obecrie-
YUBAECT HAWIYYIIHE PE3YIbTATHI JIJIs MPSIMBIX TPEKOB:

IoU = 0.95, F1 ~ 0.997,

TOTJ1a Kak Mojesib Transformer okazajiach 6ojiee yeTONIMBOM 1IpU PEIICHUH 3a/1a-
Y1 PEKOHCTPYKIIUK JTYT:

IoU ~ 0.89, F1 ~ 0.990.
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Merpuka IoU xapakTepusyer TOUHOCTH BOCCTaAHOBJIEHUs BCeil TPAEKTOPUH, a MeT-
puka F1 orpakaer ciiocobHOCTb pasJjindarb UCTUHHbBIE XUThL U 1IyM. Takum obpa-
30M, CBEPTOUYHAs apXUTEKTypa OKaszbIBaeTcs PpeKTUBHEE IPU BOCCTAHOBJICHUN
JIMHEWHBIX TPEKOB, 8 MOJIEJIM Ha OCHOBE MEXaHU3Ma BHUMAaHUsI JIydllle CITPaBJisi-
FOTCS CO CJTydaeM KPUBOJIMHEHHBIX TpaeKTopwil (puc. 1).

B jaJibHeiiiem rmjiaHupyeTcs paciiupeHne peain30BaHHbIX MeTOJI0B Ha, TPEX-
MEpPHBII CITyYail.
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Okno meperpysku (cwnd) — kirodeBasi ympasisornas mepementas TCP: ono
OrpaHIIMBaeT 00BHEM HEMOATBEPKIEHHBIX JTAaHHBIX «B IyTH» W TeM CaMbIM (ak-
TUYECKM 3aJIaéT TeMil oTipaBku. B jlara-nenrpax u ceru Uurepuer mapamerpbi
Tpaduka OBICTPO MEHSIOTCS; KOHKYPHUPYIOINE MOTOKH BBI3BIBAIOT KPATKOCPOU-
nbie ckauku RTT u jloctynnoit noJiockt mporyckanus. T pajuiinoHHbie aJropuTMbl
YIIPaBJICHNUST TIEPErPY3KOii, OCHOBAHHBIE HA MOTEPsiX /3a/iepKKax (Hanpumep, Reno
i CUBIC), koppekrupyior cwnd y»e 1o daxTy BO3HUKIIE leperpy3ku B ce-
TH — 3TO MACCUBHAS JIOTUKA yIpaBJenus. Kcam ke, onupasch Ha NCTOPUIECKYIO
THQOPMAIIHIIO O TIOTOKE, 3apalee TPOrHO3UPOBATDH KJIIOUEBBIE CETEBbIE TapaMeTPhl
(manpumep, RTT) u rem cambiM onenuBarh 3nadenue cwnd B Oy/iyIeM MOMEHTE
BpEMEHHU, TO MOXKHO pPeaJiIt30BaTh aKTHUBHOE YIIpaBjeHue cwnd 1 TOBBICUTH (-
deKTUBHOCTH TIepejiain JIAHHbIX.
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CWND for reno

400000 4
3500001 ;
300000

- 250000 -

200000 A
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150000 +

RMSE MAPE(%) (%)
100000 -

CWND_e 39082.934 9.31 -2.65

50000 4

CWND_k 56442.163 13.84 11.71
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time(ms)

Puc. 1: Wunocrpaliust KpaTKOCPOUHOI'O TPOrHO3a 1 3P MEKTUBHOCTH METO/a HA
rnabope Reno; nabsmogaemsiii cwnd u mporaos EVAR (nmpupoct ~ 11,71%).

Metoy onmpaeTcsd Ha onepanuoHHOe NPUOUXKEHNE, B KOTOPOM cwnd TIpe/-
cTaBjsieTcst Kak mpowusBejieHue jByx kommnonenT — RT'T u npornyckHoit criocod-
HocTH KaHaJsia. O0e KOMIIOHEHTBI HPOIHO3UPYIOTCS pasjenbHo Mmerojgom EVAR
(Exponential Vector Autoregression): (i) mo ckosb3sineMy OKHY CTDOUTCS B3Be-
IIeHHAsT SMIUpUYIecKast QYHKINs PacipeiesieHnsi ¢ SKCIOHEHIINAbHBIM 3aTyXa-
HUEM K JIaBHUM HaOmojeHnsaM; (ii) u3 Heé BBIYUC/SIOTCS BEKTOPHBIC KBAHTUJIH
okHa; (ill) MHOrOMepHbBIil psj KBauTUIeH Mojgeaupyercs VAR st kparkocpou-
HOT'O TIporHo3a. [Ipw BBIpaXXEHHO# HECTAIMOHAPHOCTH TMPOIYCKHON CIIOCOOHOCTH
(ckauakm/cmenbl pexuMoB) BMecto VAR ncernosbsyercst pobacTHasi KBaHTHIbHAST
OILICHKa KaK 3allaCHO# 1IyThb.

Vcnonb3yst OTKpBITHIA HAOOD JTAHHBIX CETH jara-mleHTpa |?|, mo merkaMm Bpe-
MeHu ycraHnasjuaeMm tmar Bbioopku 6 mc; 10 000 ucropuueckux HaOJI0jieHNIT Oe-
péM Ha OOyUeHHe U IIPOrHO3UPYeM 3HaudeHus Ha ciejytorue 100 mHTEepBaJIOB.
RTT nporuozupyercst merogom EVAR, mnporycknast crmocoOHOCTh BBITUCIISIETCsT
o KBaHTHIsAM. Kak mokazaHo Ha puc. 1, Ha Habope Reno HOBBII MeTos obectie-
aquBaer npupoct s dekrusnoctr 11,71% 1o cpaBrennio ¢ HabIOaeMbIM Cwnd.
Kpome Toro, Mbl 00HADPYKUJIM, YTO IPEJIOKEHHBII 10Ax0/1 gaér npupoct 5—10%
v Ha HabOpax C JPYTUMHU aJrOPUTMAMU YIPABJCHUS MEPErpy3Koil (Hampumep,

CUBIC, BBRv2).

CIIUCOK JINTEPATYPHI

1] Fesl, J., Capkova, T., Konopa, M., Berdnek, L., Fiala, J., Houda, M., Chlddek,
P., Klicnarova, J., Remes, R., Sulista, M., Vocetkovd, K., and Feslova, M. Data
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152 Hbsiuenko /1. C., Hukomnbekuii V. M.

OO0 ogHOM anroputTmMe 6anaHCUPOBKMU
BblYUCANTENbHOW HAarpy3skm mMobuabHOro
poboTa

Hbsaenko Jaunn Cepreesuu!, Hukonabckuii Mnba Muxaitosma
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Pabora mocssieHa ONTUMHU3AIUN TTPOIecca OMEHKN TepeMeIeHnst MOOUIhHOTO
poboTa HA OCHOBE JIAHHBIX C JATYMKOB, KOTOPbIHA TAKXKe HA3LIBACTCs 0JIOMETPUEH.
B pobororexnuke dacto ucnosin3yiores gasepunie gagbaomeps! (LIDAR) 1], koTo-
pbIe CIIOCOOHBI C BBICOKON TOYHOCTHIO CKAHMPOBATH OKPY2KAIOIIee MPOCTPAHCTRO,
reHepupysl Tak HasbIBaeMoe 00Jjiako Touek. JIujgapHas OJ0MeTpHUsi OCHOBBIBACT-
Csl Ha COMOCTaBJIEHUU Mapbl O0JIAKOB TOYEK, TMOJYUIEHHBIX B TMOCIEI0BATE/HHBIE
MOMEHTBI BpeMeHU (Hampumep, ¢ momorisbio ajroputma [CP[2]).

B ciyuae, korga poboT 00s1a5aeT ¢1abbIMU BHIUUCIUTEIHLHBIMU PECYPCAMHE, 11€e-
J1eCOOOPA3HO MePEeMECTUTh BBIUNCIEHNs Ha O0Jiee MOMIHBINA BHemHRE cepsep. OJ1-
HAKO eCJI KaHaJl CBA3M HecTabujeH, TO 60Jjiee ObICTPLIM BapuaHTOM OyJ1eT BbIIIOJI-
HEHME BbIYMCJICHUI Ha poboTe.

Takum obpaszom, B cucreme podOT-CepBeEpP JIOJKHA HCIOJIb30BATHCS aJIallTHB-
Hasl CTPATErust MJIAHUPOBAHUS BBIYUCJIEHUN KOTOPas B 3aBUCHMOCTH OT CKJIA (bl
BaloIeiics 00CTAaHOBKU BBIUKCJIAECT OJOMETPUIO JIKOO JIOKAJIBLHO, JTUOO MOJHOCTHIO
nepeMeraeT BhIYUC/IeHNs Ha yJIaJEHHbIN cepBep, JubO BhIOMpaeT ruOpu/IHbIN Ba-
PUAHT, KOI'JIa pOOOT JaCTHIHO 0OpadaThIBaeT JaHHbIE CAMOCTOSITEIHLHO, & JaCTHI-
HO OTIIpaBJIeT MX BO BHELIHIOI MH(PACTPYKTYPY.

B janHO# pabore npeioxKeH aJropuTM aJIallTHBHOIO PACIPEIe/ICHusT HAIPY3-
KI MexKJly poboToM u cepBepoM. C IMOMOIIBIO BHIUUCIUTEIbHBIX KCIIEPUMEHTOB
BBITIOJTHEHA OIleHKa 9P DEKTUBHOCTH JAHHOTO aJrOPUTMA, TP UCIIOJIH30BAHUT Pa3-
HBIX BUJIOB OecrpoBogiHbIX mpoTokosos cBsa3u (Wi-Fi, 4G, LPWAN). Iokazamo,
9TO MPEJIOKEHHBIH MOIXO0/ TO3BOJISIET MOBBICUTH CKOPOCTH 00PA0OTKY JTAHHBIX C
COXpaHEeHHeM JOCTaTOYHO HU3KOH OIUOKH OIpe/ie/IeHnsT TPACKTOPUH.

CIIMCOK JIMTEPATYPHI
[1] Mohamed A.S., Sherif H., Haghbayan H., Westerlund T., Heikkonen J.,

Tenhunen H., Plosila J. A Survey on Odometry for Autonomous Navigation

Systems //IEEE Access, 2019, 7, pp. 66 - 86

|2] Somani A., Huang T., Blostein S. Least-square fitting of two 3-D point sets//
IEEE Transactions on Pattern Analysis and Machine Intelligence, 1987, 9 (5),
pp. 698-700
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AHanus nMPMMEHNMOCTWN CpeadCTB OLUEHKN
MaKCMMAJIbHOIro spemMmeHn BbIlNMNOJIHEHWNA

nporpaMm K Koay oOpaboTKM ceTeBbiX NaKeTOoB.

Banamos Bacunuii BukToposu4!, 3araiinos Jannna Kupuiiopua?
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st obecrieuenust TpeboBanmii Kauecta obcsykuBanusa (QoS) B cersx mepejia-
9 JIAHHBIX HEOOXOMMO OlleHMBaTh MakcuMasibioe Bpemst Buinosinenust (WCET)
IIporpaMM 0OPabOTKH IIAKETOB Ha IIPOrPAMMUPYEMBIX KOMMYTATOpPaX.

B nannoii pabore Mbl paccMaTpuBaeM NpuMeHnMocTb MeTo 0B orneHkn WCET
JIUIsT TIPOTPAMM BBIJIEJIEHUsT 3aT0JIOBKA, KIACCU(DUKAIMT U MOIU(DUKAIINN TTaKeTa
Ha MPOrPaMMUPYEMOM CETEBOM KOMMYTATOPE.

Bajiaua Borancienust oneaku WCET pazouBaercss Ha 3rTanbl aHamsa rpada,
OTOKA, YIIPABJICHUS TPOTPAMMBI (BBIUUCJICHIE BO3MOXKHBIX ITyTeil, OTEHKA TUCIa
urepalyii UKJIA), HU3KOYPOBHEBOIO aHau3a (yUaer BJIUsIHUS TPOIECCOPHOIO KOH-
Beiiepa, KIII-TAMSITH ), TOJCUET OIEHKH Ha OCHOBE BBITHCJICHHON WHMOPMAITIN.

B nannoit pabore CFG paccmaTpuBaeMbiX MPOrpamMM siBJISETCS HETPUBUAb-
HBIM, TaK KaK COJIEP>KUT BJIOXKEHHbBIE IHUKJIbI, BETBICHNST BHYTPU IUKJIOB W BETB-
JIEHUST Ha, OCHOBE MEPEMEHHBIX ¢ MUPOKUM JIMANa30HOM 3HATEHWA.

Cpapauresnbibiit anaaus cpejcrs oneaku WCET na srane ananunza CFG B
paMKax JaHHOM 3a/1a9u ObLI IIPOBEJIEH 110 CJIEIYIONINM KPUTEPUAM: MacluITabupye-
MOCTb (BBIYMCJIUTEIbHAS CJAOXKHOCTD [IPU yBEJIUICHUH 00'beMa BXOJHbIX JIAHHBIX ),
BEJINUMHA [TOI'PEIIHOCTH OIEHKM, HabOp I0JIJIep:KUBAEMbIX KOHCTpYKIInii. B pam-
Kax 0030pa pPacCMaTPUBAJINCh JIMIIh UWHCTPYMEHTHI ¢ OTKPBITBIM HCXOJIHBIM KO-
nom, a umeano OTAWA [1] u SWEET [2|. OTAWA 151 anam3a BoIMHCICHUS
OIIEHOK YWCJIa WUTEPAIUI [INKJIOB U MCKJIIOYEHUs] HEBO3MOXKHBIX MyTei BLITOJIHE-
nust ucnosibzyer oRange n Pathfinder, B ocnoBe koTopbix JsiexknuT abcTpakTHAS
unrepuperanusg. SWEET na stalie npejBapuTe/ibHONO aHAJIK3a UCIOJIb3YeT ad-
CTPaKTHOE BbilojiHeHue [3].

SWEET zanyckaJcst Kak ¢ BBIKJTIOUYEHHBIMHI, TaK U TOJHOCTHIO BKJIIOYEHHBIMU
cTpaTerusiMu CJusiHus cocrostiuit (merge—none/all coorsercrBenHo). Bxosmblie
JIAHHBIE 33/aBaJINCh JUalla30HAMU U3BHE MK Uepe3 (DUKCUPOBAHHBLIE 3HAUCHUS B
camoM Kojie. B koj; oRange 6blia BHecena, MojuduKalns, MO3BOJISIONIAs 3a/1a-
BaTh [IEPEMEHHbBIE Yepe3 aHHOTAILUN B BUJIE JIMAIIA30HA 3HAUCHU. DKCIIEPUMEHTI
nposojuinch Ha Intel Xeon Silver 4114 2.20I'T'1,

PesyiibraThl anajinza rnpejicraBjieHbl B TaOJIUIE HUXKE.

B tabiuie X o3HavuaeT, UTO HHCTPYMEHT He IIOJJIEPXKUBAET JIAHHYIO0 KOHCTPYK-
nuto. IT4 /TI- o3nauaer BepHO Jin ObLIO ONPEJIEJIEHO YUCIO HEBBIIOJHUMbIX MY TEii.
N+ /M- o3navgaer BEpHO JiK OBLIO OMPEIETCHO TUCJIO UTEPAIHil ITUKIIA.
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SWEET SWEET
Tun koneTpy K (merge=all) (merge=none) oRange Pathfinder
Il:{)eBCKOJII)KO UpejiKa- | o U+ g i, o - II-
Jlocpounblii BBIXOJ U3 I+ W+ I+, U+ X 1+
IUKJIA
[To6uTosbie oneparun | T4+, A+ 4,1+ X -
Bersiienust 1o BHer- -+, 1+ I+, 1+ n+ X
HUM TIePEMEeHHBIM

Bce npuBejieHHbIE TUIIBI KOHCTPYKIUI UCIIOIB3YETCs B IIPOrpaMMax 00paboTKu
CETEBOI'0 TaKeTa, 103TOMY Ha OCHOBE TOJIYUYEHHBIX PEe3YJbTaTOB MOXKHO CJeJaTh
BBIBO/I, UTO HU OJIH U3 IIPEJICTABJICHHBIX HHCTPYMEHTOB He 00J1a/1aeT B OJUHOUKY
dyHKIMOHAIBHOCTHIO, jlocTaTounoii jijist onenkn WCET koja obpaborku make-
toB. JInmbs SWEET nojnepxupaer Bce mepedncaeHHble KOHCTPYKIWKE, HO MIPH
9TOM MCIIOJIb3YEeMblil B HEM aJI'OPUTM UMEET SKCIIOHEHIUAJIbHYIO CJI0KHOCTD, YTO
1IPOsIBUJIOCH B IIPUMEpE € BETBJIEHUEM 110 BHEITHUM [IEPEMEHHbBIM.
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PewieHne 3agaum naaHupoBaHUsS TpaeKTOpuUin B
MHOrFoareHTHbIX cCuctemMax Cc NnpuMMeHeHnem
Mojesieli MalNHHOIro oby4eHus
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Db dexTrBHOE yIIpaBaeHne IPYIIIOi POOOTOB B IMHAMUIECKH U3MEHSIIOIECs cpe-
JIe JIO CUX TI0p OCTaéTCst CJOKHOM 3ajaqeil [1]. Tpajunnonnbie MeTobI IaHUPO-
BaHUS YACTO HE CIPABJISIOTCS ¢ HEOOXOINMOCTDLIO OBICTPOIl aJalTaIllii K H3MEHSTIO-
IIIIMCs yCJI0BHAM. B aHHO paboTe Ha IpUMepe pelleHnst 3a1a91 ILIaHAPOBAHM
TPAEKTOPUIl B MHOIMOAI€HTHBIX cucreMax |2, 3| uccieiyercs npuMeHeHue TexHo-
JIOTUN PE3ePBYAPHDIX BLIUUCICHUI — IIOX0/1a, 00JIaJal0Mero NpenMyIecTBaMu B
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00paboTKe BPEMEHHbIX TOCJE0BATEIBHOCTEH TPU HU3KUX BBIYMCIUTEIbHBIX 3a-
rparax [4]. OcHOBHAsi CJIOXKHOCTb B PACCMaTPUBACMOIl 3ajiade 3aK/04aeTcs B
HEOOXOJIMMOCTH KOOD/IMHAIIMN MHOKECTBA Ar€HTOB B YCJIOBHAX OIPAHUTIEHHOTO
IPOCTPAHCTBA, HAJIMYUS PENSITCTBIN U OCTOSHHO MEHSIOIIMXCST T1eJIei .

pygame window =] 0] =

Reservoir Readout Rotmrnyro yeneit: 6 | Bpenn: 114.0 ¢ | Jbtexmmmocrs: 0.053 yensic

Puc. 1: Pesepsyapnas Heiiponnas cerb (cjeBa) U IpUMep MUCCHU B 3aJja4e ILia-
HUPOBaHUsl TPAaeKTOPuii (crpasa)

B nacrosimeit pabore mpeioyKeH rubpuIHbIH T0J[X0/1, COUETAIIIUI pe3epByap-
uble Borancienus (Echo State Network, puc. 1) u obyuenue ¢ nojgkperieanem [5].
PeanuzoBana uMuTanmonnas MoJieb Ha A3bIKe TporpamMmupoBanus Python, mos-
BOJISTIOIIAST MCCIIEIOBATD aJIallTUBHOE TToBejieHre arenTos (puc. 2). IIpoeién cpas-
HUTEJIbHBINA aHaanu3 3P@PEKTUBHOCTHU IPEJIIOKEHHOTO MeTojia ¢ 6a30BBIM II0JXO0-
JIOM, OCHOBaHHBIM Ha MOJIEIN CJyYalHbIX OJIyXKIaHui.
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Hopmanusayna meanymnHcKnx TepMmnHOB Ha
Habope gaHHbix NEREL-BIO ¢ Bno)xxeHHbIMU
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Onucanue 3anauu. Hopmasmsanmss MeIUIIMHCKAX TEPMUHOB MPECTABISET
co0OI yCTaHOBJIEHUE CBSI3€M MEXKJly YIOMUHAHUSIMU CYIIHOCTEH B TEKCTe U UX
wientudukaropamu B rpadax 3nanuii, takux kak UMLS [1]. Dra 3amaqa jgexur
B OCHOBE MHTEJJICKTYaJbHOTO aHAJN3a MEJIUINHCKAX TEKCTOB.

OcHoBHast TPYJAHOCTH HOpMaJju3anuu TepmMuHoB B UMLS cBszana ¢ tepmu-
HOJIOTMIECKOI HEOJIHO3HATHOCTHI0 — OMOHWMUEH W CHHOHUMUEH KOHIenToB. Jlo-
HOJTHUTEJIbHBIE TPYTHOCTH OOYCIOBJIEHBI OTCYTCTBUEM PYCCKOS3bITHBIX TIEPEBOJIOB
yactu kouuenros UMLS.

['maBHOI 1EJIbI0 UCCIEIOBAHUS SIBJISIETCS aHAJIN3 U YJIYUIIeHne KauecTBa HOp-
MaJII3aIu MeuiuHcKnx repMuaos Ha kKopryce NEREL-BIO [2].

Ha6op aannbix. Habop gannbix NEREL-BIO npejcraiisier coboit KoJiiek-
110 AHHOTHPOBAHHBIX 3aI'0JIOBKOB HAyUHBIX CTaTeil, 0TOOpaHHbIX U3 Oa3bl JlaH-
Hbix PubMed. Bee ynomunanusi MeJiMIuHCKUX TOHSATHI B TEKCTaX pa3MevdeHbl U
CBsA3aHBI C YHUKAJbHBIMU HJIeHTU(UKAaTOpaMu KoHenToB n3 UMLS.

OcobeHHOCTHIO KOPITyCa, sIBJISIETCST HAJIMIHe BJIOXKEHHBIX CYITHOCTEH, KOrjia, O/-
HO YIIOMUHAHWE COJICPXKUTCS BHYTPH JIPYTOrO WK TEPECEeKACTCS ¢ HUM (HAMPHU-
Mep, «3JI0KadecTBeHHast JuMdbomay — «aumbomas ). Korreker Gosee KpymHOit
CYIIHOCTH YTOYHSIET BJIOXKEHHYIO M MOMOTaeT pasperiarh HeOHOZHATHOCTb.

DKcHnepuMeHTBI. Ba3oBbie 110/1X0/ibl OCHOBAHbI Ha YMouHeHut Pe3yJbTaToB
mojiesin BioSyn [3]: nepsbiit ucnosibgyer mMepy 6JiM30CTH MEXK/1y KOHTEKCTYaJIU3K-
POBAHHBIM YIIOMHHAHUEM U CYIIHOCTBIO (nested score), BTOPO# — JOMOJTHUTEI b
HYI0 MOJIeJIb IOBEpX 3apanee obydennoii BioSyn (reranker).

BoIgiBIeHBI 1BE€ OCHOBHBIE I'PYIIIILI OITHO0K 6230BBIX MeTO10B. Qwubounvie Aek-
cuveckue cosnadenus BOSHUKAIOT IIPU BbIOOpE TEPMHUHOB 110 CO3BYUHIO, a HE IO
CMbICJLY (HAIpUMED, «THOEIny — «THUIICY, a He «CMepTh» ). Abbpesuamypu, npu-
BOJIAT K OIMOKaM u3-3a orcyrcrBust Kontekcra («CBBA» — «shvartsa-bartera
sindromy, a He «CHHJIPOM BepxHeil OpbIKeeTHO aprepuus ).

15t pelrenns yKa3aHHBIX IIPOOJIEM HPEJIJIOXKEHbI JIBe MOAN(MUKAIINE 0a30BbIX
I0JIXO/IOB: IepBasi — uHTerpaiust nested score HernocpecTBEHHO B IIPOIECE 00Y-
YeHUsI U ITAIl NEPEuH020 TOA00pa KaHINIATOB; BTOpas — YCIOXKHEHHEe MOJIEJIN
reranker. Ob6e HanpaBjieHbl Ha DoJjiee TIyDOKOe MCI0Ih30BaAHNE KOHTEKCTA.
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DKcreprMeHThl oKazam 6Ju3Kre K 6a30BbiM pesyiibrarhl (Acc@1/0.6), npu
9TOM MPEJJIOKEHHBIE METO/IbI TPOJIEMOHCTPUPOBAJIA YyCTORUNBOCTD U OTEHIUAJ b~
HYI0 IPUMEHUMOCTb.
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Paspaborka BeO-OprMeHTUPOBAHHBIX CPEJI BHITIOJIHEHNS KOJA TPE/ICTaB/IsieT 3HATH-
TeJIbHBII UHTEepec 711 00pa30BaTebHbIX TeJIeil 1 COBMECTHON pabOThl Hal IPOEK-
tamu. Llesibio JaHHOi PabOTHI sABJIIETCs CO3/iaHKe OE30IIaCHOI0 U MACIITabUPyeMO-
I'0 MHOI'OIIOJIB30BATEIbCKOI'O BEO-IIPUIIOKEHUS, PeaIn3yonero (pyHKIMI OHJIaiH-
TpaHcasgTopa. K ocHOBHBIM TpeDOBAaHMSIM OTHOCATCH: Oe3omacHas ayTeHTU(UKa-
I[Usl TI0JI30BaTesei, MHOMOIOJIL30BATEIbCKIA PEXKUM PabOThI, COXPAHEHUE TEK-
CTa MPOrPaMM C BO3MOXKHOCTBIO UX PEJAKTUPOBAHUS C PA3JIMIHBIX YCTPOMCTB, a
TAK>Ke BBITOJHEHNE TPOrPAMM Ha YKA3aHHOM sI3bIKE ITPOrPAMMUPOBAHNS.

Beo-narepdeiic peammszoan na HTML, CSS u JavaScript ¢ ucnosnb3oBanuem
rexnojornn AJAX s fuHAMITYIECKOro 0OHOBJIEHWST KOHTEHTa, Oe3 TOJIHOM Tepe-
3arPYy3KU CTPAHUIIBI, YTO oDecreduBaeT ObICTPYIO PEAKIINIO Ha, JAeHCTBHS 110JIb30-
BaTesid. VHTepdeiic 1o3BoJIsieT BBOJUTDL TEKCT IIPOIPAMM, IIepejiaBaTh ero TpaHc-
JISITOPY, OTOOparkaTh PE3yabTaT pabOThl, 8 TAKXKEe BO3MOXKHOCTH COXPaHEHUsI ITPO-
rpaMMm ¢ (POPMUPOBAHUEM CCBHLIKH JIJISI JIOCTYIA K HUM.

Cepsep nanucan Ha sizbike Go[l]. Tust obecrieuenusi BbICOKOH TPOU3BO/ U TE N b-
HOCTU U KOHKYPEHTHOI 00pabOTKM MHOXKECTBa 3aIlPOCOB HCIIOJIB3YIOTCS TOPYTH-
Hbl. OHW SIBJISIIOTCST JIEPKOBECHBIMU TTOTOKAMH BBITIOJHEHUST (MCITOIB3YIOT OKOJIO
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2 K6 creka), aro nozposisier 3hHekTUBHO MacTabupoBaTh CUCTEMY B CpaBHe-
HUM C TPAJMIMOHHBIMY TOTOKAMU OLEPAIMOHHOI cucreMbl (Tpedyior okosio 1 M6
TaMSITH ).

Ha ypoBHe xpaHeHUs JIaHHBIX MOJIH30BATE/EH W UX MPOrPAMM HCIOJIB3YETCs
CYB/I PostgreSQL.

PeaJinzoBana Oe3oracHas cucrema ayreHTudukanuu u apropusanuu. [Taposu
MOJIB30BaTE e XIMUPYIOTCS ¢ UCMOJTB30BAaHUEM aJITOPUTMa berypt mepes coxpa-
HeHueM B 0a3y ganubix. st yrnpapienus ceccusimu nipumensitorest JWT-Tokenbr,
KOTOPBIE TOJIIUCHIBAIOTCS HA CTOPOHE CepBepa U HEePealoTcs KJIUEHTOM B 3ar0-
joBkax AJAX-3ampocoB jijisi aBTOPU3AIUHI [TOCJEIYIONUX ONEepalnii 1 JOCTyIIa K
pOrpamMMaM 10 CETH.

Hrorom paboThl cTajio co3faHue KJINEHT-CEPBEPHOTO TPUJIOXKEHUA, BKJIIOYa-
forero Bed-unTepdeiic, MHOrONMOTOYHBI cepBep Ha si3bike (GO u 6a3y JTaHHBIX.
Cucrema obecrieunBaeT 6€30MACHYIO ayTEHTU(MUKAINIO MOJTh30BaTeNell U TTO3BO-
Jsier paboraTh ¢ TPAHCAATOPOM MOJAMHOXKECTBa si3bika [Lisuep[2| B MHOrOMO/IB-
30BaTE/IbCKOM pexknuMe. [IpejiyioskeHHast apXuTeKTypa JeMOHCTPUPYET XOPOIIYIO
MaCIITabUPYEMOCTb.
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L[eJIBIO JIAHHOT pa6OTbI ABJIACTCA CO3JaHuEe M peaJu3dalud MeTOJa aBTOMaTHu4e-
CKOM regepaliyum CTaTuYeCKUX OIECHOYHDBIX beHKHI/Iﬁ JJId IIpOorpaMM, MOJEIINPYIO-
M1X HaCTOJIbHbIEC UI'PbI C [IOJIHOM I/IH(i)OpMaH,I/IefI. HpI/I BbI60pe O04epeHOTIO XOda
HUI'POKa-KOMIIbIOTEPa TPAJUIMOHHO aJI'OPUTMblI 1IIPOCMATPUBAIOT Ha OlIpeleJ/ICH-
HYIO FJIy6I/IHy JAepeBO BO3MOXKHDBIX XOJI0B. HOCTpOGHI/Ie TaKOI'O JepeBa 3a IIPpHueM-
JIEMO€ BpeMs BOSMOXKHO TOJIbKO Ha OI'PaHMYCHHYIO I‘JIy6I/IHy7 JOCTUI'HYB KOTOpOfI,
IMO3NNIKN UI'PbI Tpe6yeTC5{ OIICHUTD.

O6b1uHO OlleHKa TIO3UIMI B HACTOJIbHBIX Urpax CTpoOMTCdA C MHCIOJIbB30BaHU-
€M PECYPCOEMKUX CTaTUCTUIECCKHUX METOJ/0B, S(b(i)eKTI/IBHOG INpuMeHeHne KOTOPbIX
HEBO3SMO2KHO Ha JOCTYIIHOM HIMPOKOMY KDPYI'Y JroJ1ei O6Opy,ZI;OBaHI/II/Ij JbO Ha OcC-
HOBE€ CTATUYCCKUX OICHOYHDbIX d)yHKLLI/If/'I, Tpe6yIOHLI/IX JA0porux m He Bcerjga J10-
CTYIIHBIX 3KCIIEPTHbIX 3HAHUI.
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st permienunst mMOCTaBJIEHHON 3aja9u BHIOPAH METOJ MAIMHHOTO O0YyJeHWs,
ocHoBaHHbI#i Ha Heifpoceresoit apxurekrype NNUE (Efficiently Updatable Neural
Network) [1]. KioueBbiMu 0COOCHHOCTSIME ApXUTEKTYPbI SBJISTIOTCS PA3PEKEH-
HbIE BXOJIHBIE JAHHBIE, TTPOCTas MaCIITabUuPyeMOCTh 1 HeDOJIbINas IIyOnHa CeTH,
TIO3BOJIAIONTAsT UCIOIH30BATH MEJOUYUCICHHYIO apu(pMeTuKy g MaKCHUMaJbHO-
ro owicTpojieiicTBus. s rerepalnuyu 00ydaronux JAHHBIX MPUMEHEH aJIrOPUTM
UCT (Upper Confidence bound applied to Trees) [2] — meTon moucka onTuMasb-
HBIX XOJIOB B JIEPEBE WTPHI, KOTOPHIH ¢ TTOMOIIBIO CUMYJISIIAN CIyIaliHBIX MapTHii
[O3BOJISIET OLEHUTH BEPOSITHOCTH BHIMUI'PHIIIA U3 33/aHHOM 1MO3UIMK 0€3 HAJIMIWS
peaBapuTeTbHbIX 3HAHWI 00 urpe.

[Tpejioxkennblit 110j1X0/1 peajin3oBan Ha s3bike Python B Bujie nporpammuo-
ro MHCTPYMEHTa ¢ ucnosbloBanuem oubanorekun PyTorch. Pazpaborka BK/OUa-
Jla YeTbipe OCHOBHBIX 3Tamna: peasndanus komrnakTHoit NNUE-ceTu; peanuzariust
anroputma UCT 1714 reHepalium orieHOK UIPOBBIX TO3UITNIL; TOCTPOEHUE 00y Iato-
mero Habopa nap «mnosuiusi-oreHkay ; ooydenne NNUE-cern.

B kadecTBe JeMOHCTPAIMOHHOTO TTPUMEpPa BBIOpaHa Nrpa « KpecTuKu-HOJTUKH ».
st KoupoBanusi TMO3UIUN MCIOJIb30BaH OMHAPHBIN BEKTOP, YKA3bIBAIOIIWN Ha
3aHSATOCTD 110Jiel (purypamu urpokon. B pesysibrare o0ydeHust 1oJiydeHa olneHo-
Hasd (QYHKIUSA, KOTOpas JOCTATOYHO XOPOIIO UMHUTHUPYET OIEHKHU, BBIUUCTISIEMbIe
asiropurmoMm UCT. Ha TecToBBIX jJIaHHBIX ObLIa MOJIyUeHa CPEeJIHsist OITUOKaA OIeH-
k1 8.5%), IIpu 3TOM CKOPOCTEL OLEHKH ITO3UIMI IOy YeHHON OIeHOYHOM (dhyHKIneit
TPEBOCXOIUT CKOPOCTH orerku ¢ momornbio UCT.
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2

Ayjurable joru (2KypHAJIbI ayjinTa) HPEJICTABISIOT CODON CHCTEMHbIE 3aIUCH, KO-
TOpble (DUKCUPYIOT BCE 3HAYMMBbIE COOBITHsI, MHUIIMUPOBAHHbBIE MOJIH30BATE/ISIMU
WJIM aBTOMaTUYECKUMU TIpolieccaMu B npuyioxkennu. Mx cObop un anajinz Kpurude-
CKHU BaXXHBI JIJISI KOHTPOJIsSI COOJIIOIEHSI BHYTPEHHUX MOJUTHK U CTAHIAPTOB Oe3-
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OITACHOCTH, BBISIBJIEHNS YSI3BUMOCTEH N HEJOCTATKOB B CHCTEME 3AIlINThI U TTPEIOT-
BpAIeHNs] HECAHKIMOHUPOBAHHOI'O JIOCTYIIA CO CTOPOHbI MOJIb30BATE/IEH.

KitoueBas mpobJiema pabOThI ¢ ayUTHLIMEU JIOTAMK 3aK/IH0UACTC B KOH(JIUK-
te TpeboBanuii. C 0/HOM CTOPOHBI, CUCTEME HEODXOAMMO OJHOBPEMEHHO Obecrie-
YUBATH CKOPOCTH 3aIMCH, MOHUTOPHHI B PeaJibHOM BPEMEHU U OIepPaTUBHOCTD
pacceoBaHusT WHIMIEHTOB, C JAPYTo#l CTOPOHBI - BO3MOXKHOCTH IVIyOOKOTO aHa-
JIN3a BCEX XPAHSIIUXCS JTaHHbBIX.

[lenn ncciemoBanust COCTONT B ONTHMW3AINT XPAHEHWST JIOTOB U JIOCTYTIA K HIAM
JIJISE YCOBEPIIEHCTBOBAHUS 1IPOLECCOB paboThl ¢ nHdopmalueii. B kadecTse perie-
HUsI IIPEJIaraeTcsa MoJIesib THOPUJIHOIO XPaHEeHMs, UCIOIb3YIoNas KOMOUHAIUIO
Pa3HbIX TUIIOB XPAHUJIHUII, ITO 1103BOJIsIeT 3D (DEKTUBHO BBIOJIHSATH BCE 3aj1a9u. B
XOJIe UCCJIeJIOBAHUS 3aIIPOChI OBLIN pa3jieseHbl Ha TPU TUIIa: TpedyIone ObICTPO-
ro OTBETa W aKTyaJbHOCTH MH(pOpPMAIUKU, TPEOYIOIe CPeHEr0 BPEMEHN OTBETa,
OKOJIO TpeX CeKYHJ, ¥ IMOJHO# MHMOPMAIMU O IOJb30BaTeae 1 Tpedyrolue uH-
dopmanum 3a Bech epuoj| XpaHenus fanabix. [1o aTuM 3ampocaM BbIJIEIEHBI TPH
OCHOBHBIE 3aJa4i JIJIsT pabOThI ¢ JIOTAMU - BBISIBJICHHE aHOMAJIN, KOHTPOJIb Jeii-
CTBUI MOJIb30BaTEJIe U aHAJIUTUKA.

ITpu perennu 3a/1a41 BbISIBJICHNsT aHOMAJIUI JIAHHBIE XPAHSATCS B yCEIEHHOM
BIJIE — TOJILKO UJIEHTU(MHUKATOPHI ¥ BpeMEHHasI MeTKa, paboTa ¢ JJaHHBIME [TOCTPO-
eHa Ha TTOTOKOBOH MOe/H, Tyle Kayk/as 3alliCh MMEET YHWKAJbHbIH BPEeMEHHOMN
KJIIOU, 9YTO TI03BOJIsieT paboTaTh C JJAHHBIMU KaK ¢ BPDEMEHHLIMU MHTEPBaJIaMU, a
HE C OT/ICJIbHBIMU 3aIUCSIMA. 3a/1a9a BKJIOYIAeT B ce0sl aHAIU3 CTATUCTUKA U W3-
BJIEUCHIE COOBITUI 3a 3a/IJaHHbII IPOMEXKYTOK BpeMeHu. [Jish 3TOro uCioib3yeTcs
in-memory 6a3a jnannbix Valkey.

B 3a/1a1e KOHTPOJIST 110JTb30BaTe el JJAHHBIE MMEIOT JIOMOJTHUTETHHOE MTOJIe «Me-
TaJaHHbIe», TJIe CONEPXKUTCs MoJHasg uHdopMalusg o coobiTnu. Paborarh ¢ nan-
HBIMU MOXKHO C MOMOIIBIO TOYEUHBIX 3alPOCOB WJIM IMOWCKY MO JHANa30HaM, C
¢gunbpTpanmeil mo BceM MOJIsIM, KpOMe TIOJIsT «MeTaJJaHHbley. Jlanapie Xpanarcs B
peJisiiiionHoi 6aze Postgres.

st aHaan3a JIOTH KCIOJB3YIOTCSI B MOJHOM obbeme. Cpet OCHOBHBIX BO3-
MOKHOCTEIi - BBIIOJIHEHHE 3alIpOCOB ¢ (PUJIbTpAIUeil 1Mo MOJII0 «MeTaJlaHHbIe» U
BBIIIOJTHEHIE aHAJTUTUYECKUX 3aIIPOCOB 33 BECh Nepuoji XxpaHenust. Jjst 9roro mc-
nosib3yercda MapReduce 6a3a mamabix YTsaurus (YT).

B pesyibrare ncciiegoBanus padpadorana rubpujHast MOJIEJb JJisi XPaHEHUsI
JIOTOB U paboThl ¢ HUMHU. [IpeIoyKeHHbII TOAX0/1 YBEINUNBACT IPOU3BOIUTE b
HOCTH 0OpabOTKM 3allpOCOB 3a cueT uX KJjaccuuKallui, OCHOBAHHOW Ha ydere
BPEMEHH OTKJIMKA U IepepaclpeieIeHIH TaHHbIX.
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[Tpobsiema 3aiuThl JJAHHBIX OCTAETCH OJIHOW M3 IVIABHBIX 1IPU IIPOEKTUPOBAHUN
CYB/. Ilo mepe ycioxkHeHust HHPPACTPYKTYPbl ¥ Pa3BUTHUA PACIPEJIeJIEHHBIX
CEPBUCOB IPUBbIYHBIE Mepbl be3onacHocTu Tepsior ¢ dexrusrocts [1]. Cucreme
MOXKeT ObIThb 3aKpBIT JIOCTYII U3BHE, HO 3TO HE TapaHTUPYeT, YTO 3aluCaHHbIE
OJIHAXKJIbl JIaHHbIE HE OYJIyT U3MEHEhI.

BobmmrHCTBO TPa UIIMOHHBIX MEXaHIU3MOB 3aIUTHl PA0OTAIOT Ha 8 MUHICTPA-
TUBHOM yPOBHE: KOHTPOJIJIMPYIOT TIPaBa MoJib30BaTeseil, IPpOBEPsIOT 1EJI0CTHOCTh
TabJInIl, BeayT >KypHaJbl oneparuii. OpHako BCE 910 Tpedyer JoBepusi K caMoii
cucreMe u eé ajMuHECTpaTopaM. [Ipu ommbkax KoHpUrypauu uid HaMepeHHOM
BMeIaTe/IbCTBE TapaHTUPOBATH COXPAHHOCTD JIAHHBIX OyJIeT HEBO3MOXKHO.

st perieHust 5Toil MpodeMbl MOSABIUINCH aPXUTEKTYPhI, IJIe HEU3MEHHOCTh
paccMaTpuBaeTCs He Kak MOJIMTHKA, a KaK KOHCTPYKTUBHOE CBOMCTBO XPaHEHMUSI.
B Takumx cucremMax JaHHbIE HE NEpPe3alIMCBhIBAIOTCS, & COXPAHSIIOTCS KaK IOCJe-
JIOBATEJIbHOCTH Bepcuit. Karkjiasi Bepcust CBs3aHa, C MPEJAbAYIIUMU ¢ TTOMOIIHIO
X3UI-3HAUEHU, YTO 103BOJISIET 1OITBEPJUTH UX HOIJIMHHOCTL Oe3 obpalleHus K
BHEITHUM HCTOTHUKAM. |2]

[TojiobHbIe pellieHnsi peaiu30BaHbl B HEUM3MEHSEMOW MOJIE/IM U HCIHOJIb3YIOT
kpunrorpaduaeckue crpykTypbl (Merkle-tree)[3|. U3 nabopa 3amuceii ¢hopmupy-
eTcsi KOPHEBO# X311, KOTOPbI OTpakaeT TeKyllee cocTosinne Beeit 0asbl. [Ipn us-
MEHEHUN XOTs ObI OJTHOIO 3JIEMEHTA, JePEeBO IepecTaéT COBIAIATEH ¢ COXPAHEHHBIM
KopHeM, 1 (paKT u3MeHeHusi OyjieT 3adUKCUPOBaH.

B rpajmnmronnbix pessiiponabix CYB /I obHOBIeHIE 3HAYEHKST 3aTUPACT HPEK-
Hee. B HemsmeHsieMoil Mojiesin, HAIpOTUB, KaxK iasl BepCHs OCTaéTCs B Dase, U BCsA
[OCJIEJIOBATEILHOCTh U3MEHEHUH (DOPMHUPYET MPOCIEKUBAEMYIO HCTOPHUIO. IDTO
JIAET BO3MOXKHOCTD IIPOBEPSATH IOJIJIMHHOCTD JAHHBIX HE 110 OTJ/ICJIbHBIM 3aIIHCIM,
a 110 BCeil 1ernovke coctTosiuuit. KoHTpoJib 1eJI0CTHOCTHY TIPU 9TOM OIUPAETCs He Ha
aJIMIHUCTPATUBHBIE IIPOIEYPhI, & Ha, BHITUCISIEMbIE OTHOIIEHUS MEXK Ty XIIIaMU.

Heunsmensiemasi apXxuTekTypa HE OTMEHSIET TPUBBIYHBIX CPEJICTB 3allUThI, O/I-
HAKO JIOMOJIHSIET UX rapaHTHeil COXpaHHOCTU JAHHBIX JaXKe B CIydae HAPYIIEeHU
npupueruii ajMmuaucTpaTopa. Cama cTpyKTypa XpaHEHHUsl MCKJIF0YAET BO3MOXK-
HOCTb HE3aMETHOI'O U3MEHEHUsi MH(OPMaAIUU, YTO JIEJIAeT CUCTEMY YCTOWUYMBOM K
BHYTPEHHUM COOSIM M ONIMOKAM YIIpaBJICHUS.
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O nocTpoeHun yHuBepcasbHOro
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L-nipeobpazoBaTesib mpejcTaBiisger coboit hopMaaIn3M JJisi ONUCAHUS aJrOPUTMOB
peodpa30BaHNsT CJIOB, TMOJOOHBIX MamHaM THIOPUHTA ¥ HOPMAJIHHBIM aJrOPHT-
mam Mapkosa [1]. Hauubiii popmaiusm coueraer ¢rporocTb MaTeMaTh4ecKoro
OIKMCAHUs C HAIJIAJHOCTBHIO BU3YaJILHOI'O IIPEJCTABJICHUsS B BUJI€ OPUEHTUPOBaH-
HOTO rpada, IJie BEPIIMHbI COOTBETCTBYIOT COCTOSIHUSIM BBIUYUC/INTEIHHOTO TPO-
mecca, a JIyrw — MpaBUiaM TepexojioB Mexy aumu [2|. s 3agadu mocTpoe-
HUST YHUBEPCAJHHOIO MHTEPIIPETATOPa PACCMATPUBAETCS MOJIK/IACC OECKOHTEKCT-
HbIX L-mipeobpasoBaresieii.

L-nipeobpazoBaresiu, coderas rpaMMaTHUeCKUe W aBTOMaTHbBIE CBONCTBA, MO-
I'YyT CJY>KUTh OCHOBOH JIUIsI IOCTPOCHUSI YHUBEPCAJIBHOIO UHTEPIIPETATOPA. Y HU-
BEPCAJIbHBII HHTEPIPETATOD TOJYIaeT Ha BXOJ: 1) CHHTAKCHUC U CEMAHTHKY S3BIKA
porpaMMupoOBaHus B Bujie L-nipeobpazoBaresisi ¢ CEeMaHTUICCKUMU JIeHCTBUSIMU,
2) mporpaMMy Ha 3aJaHHOM si3bIKe, 3) BXOJHbIC JaHHBIC JJIs 33JJaHHOI HA 9TOM
sI3bIKE TTporpaMMbl. Ha BbIXoje mostydaercs: pesysabTar paboThl MpOrpaMMbl.

Yuudukanus 3aJaHusd CHHTAKCHCA ¥ CEMAaHTUKU sI3bIKa [IPOIPAMMUPOBAHUS
¢ momoIbio L-ipeobpaszoBaresst gaet ruOKWii MHCTPYMEHT JIJIsT TTPOEKTHPOBAHWS
1 TECTUPOBAHMS A3BIKOB IPOTPAMMHUPOBAHUSI, TIO3BOJISAsI MPOBOJUTL PA3JIUIHBIC
9KCIIEPUMEHTBI: MOXKHO JIETKO U3MEHATH HE TOJIbKO MIPOrpaMMy WJIM €€ BXOJIHbIC
JIAHHBIE, HO U CEMAHTHUKY sI3bIKa IPOrPAMMHUPOBaHUs, HaOJII0/asi, M3MEHUTCS JIH
IIOBEJICHUE TO#i 2Ke IIPOrpaMMbl Ha TeX »Ke JIAHHBIX [P KOPPEKIINKT CEMaHTHICCKIX
qeiictuit. Takyke B TAKOM TTO/X0/I€ TOSIBJISIETCsT BO3MOXKHOCTH 00Jiee HarJisiIHO¥
BU3YAJIM3AIMNA [IPOIECCOB TPAHC/SINANA 110 CPABHEHUIO C KJIACCUICCKUMHU II0JXO-
namu [3]. JaHubli HHCTPYMEHT MOXKET ObITh 110JIE3eH CTYyJeHTaM pu 00ydeHur
OCHOBaM SI3LIKOB IIPOI'PAMMUPOBAHUSI U KOHCTPYUPOBAHUS TPAHCISITOPOB.

ApxuTeKTypa IpPOeKTHPYEMOr0 YHUBEPCAJbHOIO HHTEPIPETATOPA BKIIIOIALT B
ce0s HECKOJIbKO B3aMMOJIEHCTBYIOMUX (DYyHKIMOHAJIBHBIX Mojyseir. Cpejaun HUX
eCTb KOHCTPYKTOp, IIPeJHa3HAYCHHBIN JIJIs BU3YaJbHOI'O OIKMCAHUS CHUHTAKCUCA
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SA3BIKA TPOrPAMMUPOBaHus B Buje rpada, 110380 J100aBUThL AHCTBUS 110 TIepe-
BO/LY BO BHYTPEHHEe LIpe/lcTaB/ieHue, HallpUMep, B 110JIbCKYI0 MHBEPCHYIO 3a11UCh, a
TaKZKe €CThb BUPTYaJbHasl MAIINHA JJIs HKHTEPIPETAIMH OJLCKON 3aliCh ¢ IIOMO-
1BIO CTeKa. B nepciekTuse npejioaraeTcsa BO3MOKHOCTh BbIOOpa BUPTYaJIbLHOI
MAIIUHBI U UCIOJb30BAHUS TPAHCIANUY B APYTHE NPEJCTABICHUSA, HAIPUMED, B
OJIHORJIPECHBIH MM MHOIOAJIPECHBI aBTOKOJ (accembiiep).
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PaccmarpuBaercst 110x0/; K paclapajiie/nBaHuI0 aJrOPUTMOB JIJisi TOCTPOEHMSI
CIIEIUAJIBLHOIO BHJ/Ia KOHEUHBIX aBTOMATOB M aJredpaniecKux CTPYKTYP, UCIOJIb-
3yEeMbIX JIJIsl U3yUeHnsl urepaluit (pOPMATbHBIX S3BIKOB. JTH aJTOPUTMbI MOTYT
IIOMOYb B IMONCKE NMPaKTUIECKH IMPUEMJIEMOTO pelleHns 3a]1adi IMPOBEPKH IKBU-
BAJIGHTHOCTH B OECKOHEYHOCTH JIJIsl KOHEUHBIX SI3HIKOB.

st IBYX KOHEUHBIX HEIIYCTHIX (DOPMAJILHBIX SI3IKOB OTHOIIEHNE SKBUBAJICHT-
HOCTH UX UTEpaInil aJropuTMUYECKH Pa3pelinMo ¢ IIOMOIbI0 TaK Ha3bIBAEMOI'O
aromara PRI u asropurmon ero nocrpoenusi [1-3]. Bujy BbICOKO#H Bbidmcsiu-
TEeJTLHON CJIOXKHOCTH M3BECTHBLIX aJropuTMOB mocTtpoenus aproMmara PRI, akTy-
aJibHa 3ajlada WX paclapaJiieJJMBaHus JJIS YMEHBIIEHUs] BPEMEHU BbIUMCJICHUA.
MHaTepec Takke MpeacTaBIgeT paclapasieJIMBaHue aJrOPUTMOB JIJI TOCTPOECHUS
aJiredpanvecKknx CTPYKTYyP, CBs3aHHbIX ¢ aBromaramu PRI

TpyrHOCThL pacmapauleIMBaHUS aJTOpUTMa s mocTpoeHus aBromaTa PRI
3aKJII0UACTCSA B CJIOXKHOCTHU IIPEJICKa3aTh Ha OCHOBE CBOMCTB (POPMaJILHOI'O si3bl-
Ka, KaKie IIPOMEXKYTOUHbIE MHOXKECTBA, COCTOsIHKI OyJ1yT BO3BHUKATH Ha, KaXK IO
UTepaIuy B MpoIecce MOCTPOEHNs.
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OBGBIYHBIM MOJIXOJIOM SIBJISIETCSI PABHOMEPHOE pasOHeHre Ha MHOXKECTBO TM0/I-
3a/1a4, PEIIAeMbIX Ha HapaJulesibHbIX 1poleccopax. Ho Takoil mojaxos B Haliem
ciaydae neadbGeKTHBEH BBH/IY TOTO, UTO HA KaKJI0H HTEPAIUN MOXKET BBITOJIHIATH-
Cs1 CJMIIKOM MAaJio 3a/ad U 60JIblasi YacTh BPEMEHH TPATUTC Ha OOMEH JIaHHbI-
mu. [Iperaraemoe HamMu perenue 3aKII0IACTCS B HCIOIB30BAHIN 9BPUCTHIECKAX
METOJIOB, KOTOPBIE YBEJMIUBAIOT KOJIMIECTBO MOJ33/1a4, BBIITOJHIEMbIX Ha OJIHOM
urepanun [4].

[IporpaMMbl ¢ 9BPUCTHUECKUME METOJAMU MOTYT BBITOJHSATEH U30bITOUHbIE BbI-
YUCJCHUS], HE CBSA3aHHbIE ¢ IPOBEPKON IKBUBAJIECHTHOCTH B OECKOHEUHOCTH, U B Ca-
MOM KpaifHeM Cirydae MOJTy IaeTCsl TaK Ha3bIBAEMbIl 10AHbil ABTOMAT, TPeOYIONTHii
00JIbIIOr0 06bEMA JIONOJIHUTEIbHBIX BblducseHuil. [IpoBeiéHHbIe 9KCIepUMEeHTbI
MOKA3bIBAIOT, YTO KaXKJbIil 9BPUCTUUECCKUN METOJ| MMEET CBOU MPEUMYIIECTBA U
HEJIOCTATKY, CBA3aHHBIE CO CBOMCTBaMU (POPMAJLHOIO $3bIKA, HAIIPUMED, C PAC-
MpeJIeCHAEM JITHH TEMOYeK A3bIKA.
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[Ipejiaraembiit B [1] criocod KOHTPOJIsi UCIOJHEHUsI IPOLECCOB B OlEPAIMOHHbBIX
crucreMax OCHOBAH Ha MOJieIupoBanuu otoka yrpassierus (1Y) ¢ momormipio rpa-
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dos IV dbynknumii mporpamm mporeccoB. B xoje MojenupoBanust rpadbl mpe-
00pas3yrOTCst B CTPYKTYPbI, MPEJICTABJISIONUME COOONH CHMHTAKCHICCKUE JUarpaM-
Mbl (C/1), COBOKYITHOCTH KOTOPBIX OMPEJIEISIET MOCIEI0BATEILHOCTH KOMAHI, KO-
TOPBIE MOI'YT ObITH KCTTOJIHEHBI TTporieccoM. [Tomyaaembie Takum obpaszom C/I oka-
3LIBAIOTCS M30LITOYHLIMHU 33 CYET TOrO, YTO OJHA U Ta XK€ MOCJIEI0BATEILHOCTD
KOMaH/I MOXKeT ObITH 1MOJIy4YeHa Pa3JIMIHbIMU CIIOCODAMU, YTO OOYC/IaBINBACT aK-
TyaJabHOCTH 3amaun ontuMusanun ClI.

JIobyio CI moxkro mpeobpazoBarh B KoHewHbIi apromar (KA), kak u o Jjio6o-
my KA moxer Obitb nocrpoetna CJI. B cuity 3Toro amropurmbl MunnMusaimn KA
MOryT ObITH ucnoJb3oBanbl st ontuMmusanuu CJI. Toryia asropurm ontuMmmusa-
iuu CJI Oyier cocrosiTh u3 Tpex maros: npeobpazopanne CJI B KA, Munnmunzarmst
KA (mampuwmep, ¢ momorpio ajroputma Bprxkozosckoro |2]) u obparHoe mpeobpa-
zopanne Mmuanmusuposarroro KA B vosyito CJI. C n KA nmeroT npejcrapienne
B BuJie oprpada, B cuiy dero npeobpazosanne Cll B KA n obparno moxer OBITD
ormcano mpeodbpaszoBanueM rpados.

ITepewim marom npeobpazopanns CJI B KA mokHO ObIThH JoOaBIeHIE BEPIIUH
cocrostamit KA mex iy Bcemu nocsenoBaresnbabiMu Bepinaamu CJI, a trakxke Bep-
[TMH HAYAJIbHOIO U KOHETHOTO COCTOsTHUST Ha BXoje n Bbixojie CJI coorBeTCTBEHHO.
ITocse sToro kaxkjas ucxojnas Bepmnna CJ/I jgo/KHaA ObITH 3aMeHeHa Ha pedpo
coorsercrpyiomiero nepexoga B KA. TMosyuaembie B [1] CJ moryr umers Bep-
IIIMHBI, He UMEIOIIe BhIXOAHBIX pedep. Takme BepHInHbl JOMKHBI 3aMEHSIThLCS Ha,
pebpa 1mepexoioB, KOTophie BeJIyT B KOHeuHoe cocrostarne KA, a makwe mnepexosibi
JIOJIKHBI OBITH OIPeIeIeHHBIM 00Pa30M TTOMEYEHBHI.

[Tocsie munnvusamuun KA npeodbpazosanue B CJI mpoucxonuT B 0OpaTHOM II0-
psijike — nepexojibl KA 3amensitorcst va Bepimabl C/I, a Beprmnbl cocrostanit KA
ynansaoTcesa. B cumy Toro, uto xax anroputmbl npeodbpaszopanus C B KA u 06-
paTHO, TaK W aJropuTMbl MUHNMu3amun KA wHBapMAHTHBI OTHOCHTEIHLHO 3a/1a-
BAGMBIX UMW TOCTe0BaTebHOCTEN [2], mexomubie u nostydentbie CJI Tak:ke wH-
BapUAHTHDI.

[IpemioxkeHHbIE METO, MO3BOJIIII COKPATHTH 00bEM MOJIENIA TIPOIECCa B Bep-
maax CJ/I, a ynukajgbHocTh nojydaeMbix B C/I mocienoBaTebHocTedl KOMAH/T
[O3BOJINJIA COKPATUTH BPEMsi, HEOOXOAMMOE JIJisi IPUHSTHST PEHIEHUsT O KOPPEKT-
HOCTHU MCIIOJTHEHHUSI MTPOTIECCa.
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CuHTaKCUIEeCKH aHAJIM3 — KJIF0UEeBOii 3Tall 00paboTKK eCTECTBEHHOI'O si3bIKa, BbI-
SIBJISTIOIIUI TPAMMATUIECKYIO CTPYKTYPY HPEJIOKEHUH U CHHTAKCHIECKIE CBSI3U
Mexk 1y ciaoBamu. CoBpeMeHHbIe aHAJIN3aTOPbI UCIOJIL3YIOT HePOHHbIE CETH JIJIs
MOBBIIIEHUS] TOTHOCTH aHaJ3a. [IpOn3BOAUTEIHHOCTD CHHTAKCHICCKUX aHAJI3a-
TOPOB KPUTHIHA: JlaxKe HeOOJIbIINE 3a/IeP:KKH CHUXKAIOT 3 (DEKTUBHOCTD, IIO9TO-
MY ONTHMHU3AINS CKOPOCTH PabOThl KOMIIOHEHTOB aHaJN3a BayKHa JIJIsI BBHICOKO-
IIPOU3BOIUTENBHBIX CUCTEM 0DPADOTKHU €CTECTBEHHOIO S3bIKA.

O030p CyIIEeCTBYIOMUX UCCACOBAHMI IOKa3aJl YTO JeTaJbHas CTAaTUCTUKA 110
BpeMeHHr pabOThl BHYTPEHHUX KOMIIOHEHTOB CHHTAKCUYECKUX aHAJIU3ATOPOB, OCO-
OEHHO IpeJICKa3aHuil HelpoceTeBbIX MOJeeil, IpejicTaB/ieHa KpaiiHe orpaHuyeH-
HO.

B nannoit pabore paccMOTpeHbI TPU CHHTAKCHUYECKHX aHaJu3aTopa: Stanza,
Natasha u spaCy [1]. Ilepsbie jBa — rpadoBble, HoC/I€HUIT — HA OCHOBE Hepe-
X070B. it KaXX70ro BBIJEIEHbI KJI0UEeBble KOMIIOHETHI U U3MEpPEHO BpeMs pa-
O60Tbl Ha PYCCKOSIBBIYHBLIX KOpIlycax CUHTaKcHdecKux JepeBbeB: Taiga, Poetry,
SynTagRus, GSD, u PUD wu3 upoekra Universal Dependences [2]. st Tounoit
OIIEHKM MCII0JIb30BaH NpoduanpoBiuk cProfile, uamepsitomuii BpeMsi aKTHBHOIA
pabOThI MPOIECCOpPa W BbIIAIONINN JIETAJM3UPOBAHHYIO CTATUCTHKY. KioueBbie
¢GyHKIUU BBHIOpaHBI Ha OCHOBE aHAJU3a MCXOJHOTO Koja. /lomoJHUTENHHO IIPH-
MEHEHbI WHCTPYMEHTHI JIJIs BU3YJIM3U3AIMN JIepeBa BbI30BOB (pyHkmmit. Kark ibrii
aHaJU3aTOD 3allyCKaJics Ha Bcex Kopiycax 1mo 10 pa3 Ha npejioxKenue. Pesyib-
TAThl YCPEJIHEHbI 110 YKMCJIY 3aIIyCKOB M BHYTPH KaXKJOr'0 JlaTaceTa.

UccnepmoBanue mokasajo, 9To BO BCEX aHAJN3aTOPAaX OCHOBHAsI 4aCTh BPEMEHH
paboThl IPUXOAUTC Ha MOJydeHue IpejcKazanuii Heiipoceru. B spaCy mnpejcka-
3aHKe 11epexoJioB 3anuMaer okojo 48% spemennu obpaborku npejyoxenns. Oc-
HOBHBIE TI0KA3aTeJN i IpapOBLIX aHAJIU3aTOPOB NpuBejieHbl B Tadsure 1.

[Tonyuenue npejckazannii  [locrpoenne rpada 3aBucuMocTei

Natasha, 66.45% 2.74%
Stanza 99.17% 0.33%

Tabsnma 1. Bei3oB Mojienn HeiipoHHO# ceTn
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[Tosrydenusbiit pe3ysbraT MogueépKuBaeT HEOOXOMMOCTh ONTUMU3AINN TTOJIYUe-
HUsl 1IPEJICKa3aHUl HEHpOCceTr Jijisi OBBIIIEHUS [TPOU3BOIUTEBHOCTH CUCTEM 00-
pPabOTKM €CTECTBEHHOT'O S3BIKA.
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Jl1st pycckoro si3bIKa HamboJiee 9acTO HCIOJIB3YEeMbIM CIIOCOOOM IpPE/ICTaBJICHUSI
CUHTAKCHUYECKON CTPYKTYPbI IMPEJJIOXKEHUsT SBJIsIeTCs JIepeBo 3apucumocteit. [le-
PEBO 3aBUCUMOCTEH — 9TO OPUEHTUPOBAHHLIA Irpad BUIa J1epeBO, B KOTOPOM KarK-
JIbIil TOKEH (CJI0BO WJIM 3HAK MPENUHAHUS) CBSI3aH C COOTBETCTBYOMINM TJIABHBIM
ToOKeHOM. CTaHJaPTHBIMK METPUKAMH OIEHKN KAUeCTBa, CHHTAKCUIECKOIO aHa -
3a sBigoTca Merpuku LAS u UAS, KoTopble m3MepsiioT 00 IPaBUILHO Ope-
JICJIEHHBIX 3aBUCUMOCTEH ¢ yIETOM 1 0e3 yuéTa KOPPEKTHOCTH OIPEJIe/IeHUsT THIIA,
CBSI3W COOTBETCTBEHHO.

CranapTHble METPUKU OPUEHTHPOBAHBI Ha KOJNIECTBEHHYIO OIEHKY U He BCe-
/18, BBISIBJISIIOT CYIECTBEHHBIE OTJINUNSA ¢ TOUYKHU 3pEHHsT rpadOBOil CTPYKTYPHI.
Hannas pabora OCBsIIEHa pa3paboOTKe MeTOIa JJjisd OOHAPYKEHUS [PE/IJIOXKEHM
¢ ommbKaMu Takoro Buja. IIpejjioxennas B JJaHHON paboTe ajiairalys aJropuT-
ma Baiicdeiinepa-Jlemana (Waisfeiler-Leman algorithm, WL) nossosister onesutnb
CTPYKTYPHOE CXOJCTBO MEXK/1y JE€PEBbsIMU 3aBUCUMOCTEN.

Anpo anropurma Baiicdeitnepa-Jlemana ocHoOBaHO Ha UTEepaTUBHOM® 0OHOBJIE-
HUK Xerrei BepiiuH rpada. Nunmnuaniunsalius BbIIOJIHIETCS TPUCBOCHUEM KaXK 10
BepINUHE 3HAYeHUs, paBHOrO eé crernenu. Ha KaxX0if uTeparum Xell BepIINHEI

*B mannoit paboTe MCI0IH30BAJIOCH 3 UTEPAIINH.
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OOHOBJISIETCSI HA OCHOBE €€ TEKYIIEro 3HaUYeHUsT U OTCOPTUPOBAHHOIO MHOXKECTBA
Xelleil CMEeXKHbIX BEePIIUH.

IIpu npumenennu sijipa Baiicdeitnepa-Jlemana u it 9TaJOHHOIO JiepeBa 3a-
BUCUMOCTEH, 1 JIJIst jiepeBa 3aBUCUMOCTEH, ITOCTPOEHHOI'O aHAJIM3aTOPOM, BbIIIOJI-
HSIETC:

1. mHunmasM3alus HadyaJbHbIX METOK BEpPIIUH
2. ureparuBHOE OOHOBJICHUE Xelllell 3a N 11aroB
3. MOCTpOEHHE TUCTOT'PAMMBI ITOJIyUeHHbIX Xelllei

Jlajiee BBIUKCIAETCSA METPHUKA CXOJICTBA JIEPEBbEB 3aBUCUMOCTEH 110 dhopMyie
WL = %j rie H; u Ho — BekTOpbI rucTorpaMMm Xelreil BepIinH cpaBHUBA-
eMbIX IpadoB.

DKclepruMeHTaJ bHas OIEHKA, [IPEJIJIOYKEHHOM METPUKHU IIPOBEJIeHa Ha, CUHTAK-
cuueckux anasmsaropax Natasha, UDPipe, DeepPavlov, spacy, Stanza u pyccko-
SI3BIYHBIX KOPIycaxX MPeJIOKEeHWI ¢ cmHTakcu4deckoit pasmerkoit Taiga, Poetry,
GSD, PUD, SynTagRus. B Tabsuie 1 nokasansr cpeanne 3Haqennst merpukn WL
JIUIsL PACCMATPUBAEMbIX aHAJIU3ATOPOB U JaraceroB. Ananausaropsl DeepPavlov u
Stanza nokaspiBaloT HauboJiee BbICOKHE 3HadYeHusi MeTpuku WL, 4To yKasbiBaeT

Ha JIy4dIlee COXPaHeHUuEe CTPYKTYPHBIX OCOOEHHOCTEH CUMHTaAKCUIECKUX JIEPEBhEB.

Cunrakcudecknii anajauzarop Taiga Poetry GSD PUD SynTagRus

Natasha 0.696 0.700 0.788 0.836 0.805
UDPipe 0.724 0.763 0.786 0.835 0.854
spacy 0.743 0.770 0.822 0.871 0.838
DeepPavlov 0.761 0.808 0.838 0.886 0.895
Stanza 0.752 0.801 0.823 0.881 0.901

Tabauna 2: Cpegaue 3nadenus merpukun WL 1o mapcepam u Kopirycam

B pesyJibrare 9KCIepUMEHTOB TaK»Ke yCTaHOBJIEHO, 9TO MeTpuka WL ycrento
BBISIBJISIET TIPEJIJIOKEHHUSI ¢ CYIIECTBEHHBIM M3MEHEHHEeM CTPYKTYPhI JiepeBa 3aBH-
CUMOCTE U HEDOJIBINM KOJUIECTBOM TOKEHOB, JIJIsi KOTOPHIX HEBEPHO BHITOJIHEH
CUHTaKcHUIecKnii axain3. [losromy namHas MeTpuKa MOKeT ObITH HCIIOJIH30Ba-
Ha KaK JIOMOJIHUTEIHHBI WHCTPYMEHT JIJIsT BBISTBJICHUS ONMMMOOK CHHTAKCUIECKIX
AHAJIN3ATOPOB, KOTOPhIE HE MOI'YT OBITh PACIIO3HAHBI ¢ TOMOIBIO MeTpukK UAS n
LAS.

KiaroueBbie cioBa: jiepeBo 3aBucumocteil, sijipo Balicdeitiepa-Jlemana, cun-
rakcuueckuit agaan3, LAS, UAS
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B coBpemenHoit Mupe Bce Jale aBTOMaTU3UPYIOTCS Pa3InTHbIE BUBI JeITeTHHO-
ctu. OHAKO /IS 33891 OIPeIeIeHIs JIEKCUIeCKO# THIIOMOTUHN SI3BIKOB CIIOCODOB
ABTOMATHU3AIMH [T0Ka pazpaboTaHo He TaK MHOTO. B pabore mpejraraercs nCioJib-
30BaHKe BeKTopHbIX npejcrapiennii ELMo (Embeddings from Language Models)
JJIst TIOMOIIM JINHTBUCTaM. 3a OCHOBY Oepercst pabota [1], B KOTOPO# BpYyUHYTO
UCCJIeJIyeTCs CeMaHTUYIeCKast 30Ha “TAHYTh - “TOJIKATh .

Cama 3a/1a1a JIEKCUIECKO# TUIIOJOTUU COCTOUT B ONPEJICJICHUN SIBICHU, JJIs1
KOTOPBIX MOYKET MCIOJIb30BAThCs TaHHasi si3bIKOBast equauiia. CaMbIM MOy~
HBIM TIOJIXOZOM JIJIsI PEIeHrsT 9TO# MpoOJeMbl sIBJISIETCS MCHIOJb30BaHne (peii-
MoB |2|. Hampuwmep, /jisi ceMaHTHIECKOTO TOJIsT “TSHYTH - 'TONKATH , MOTYT OBIThH
HalijieHbl Takue ppeiiMbl, Kak: “liepeMerniarh mnepej; coboit”, “orkpbiBaTh 0T cebst’,
“HpPOSIBJISTH arpeccuio’.

B nannoit pabore st periennst 3aa9u MPUMEHSIOTCS BEKTOPHBIE TTPeICTaB-
nernst ELMo [3], nconbsyercs Hannonanbueiit kopmyc pycckoro st3ika [4]. Bee
CJIOBA, TEPEBOIATCST B HAYAIbHYIO (DOPMY. YIAJSAIOTCsT CTOI-CJIOBA, U BCE CIIEIICHM-

BOJTBI. 3aTEM B KOPITYCe HAXOJATCS BCE MPEJITIOKEHUS CO CJIOBAME “TIHYTH , “TOJI-

KaTh U IPOU3BOJHLIMHU OT HUX, TAKEMU KaK: “IPOTAHYTH , “BBITSIHYTD , “TIHYThb-

cst”, “3aTaHyTh , “BTSHYTH , “llepeTsHyTh , “10rduyThes’ u T.11. s Bcex naitjieH-
HBIX CJIOB BBIUHCJIAIOTCS BeKTOphl ELMo. [l nanbHeiiineit oopaboTku co3jiaercs
CTPYKTYPa, B KOTOPOH COXPAHSIIOTCS MPEJJIOXKEHUST ¢ HAllJICHHBIMU CJIOBAMU, OT-
JIeJIbHO CaMU HaiiJIeHHbIE CJIOBA B 3TUX IPEJJIOKEHNAX, BEKTOPhI HAMIEHHBIX CJIOB
1 MCXOJIHOE TIPEJIJIOYKEHNE U3 KOpITyca, 9To0bl 1ocje (huyibTpannu c(hopMUPOBATDH
dpeiim. s coxpaHeHHsT TaHHBIX KCIOJb3yeTcs oubanoreka Pickle.

st cioBa “rsaHyTh Ha Kopiyce nocrcoBerckux Tekcro HKPA Obimo mosty-
yeHo 27 249 upejioxkenuit. it cioa “rosikars’ 2 257 npejioxenuit. x neod-
XOJIUMO OT(UJIBTPOBATH, UTOOLI yOparh OJin3Kue 1o cMmbicay. s dpuabrpanun
ucnoJib3yercst 6Jin30CTh 110 KocunycHoit mepe. IIpejioxenusi, Bekropbl ELMo ko-
TOPBIX CHJIBHO OTJIMYAIOTCS 110 KOCUHYCHOI Mepe, cuuTaioTcs dppeiiMaMu ncceiery-
eMOr0 TOJIsi. IMIUPUIECKN ObLT BhIOpaH mopor Oauzoctr 0.5, T.K. OH jaeT Hanbo-
nee 6uimskue K pabore [1] pesysbrarTsl, B KOTOPOii GhpeitMbl HAXOAUIUCH BPYIHYIO.
Ha xopnyce nocrcoBerckux tekcroB HKPA st 30HBI “ToSIKATH” OBLIN 1TOJIyYeHbBI
7 dpeitMmoB, a Jiisd 30HbI “TSHYTH .
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Takum 06pa3oM, JIMHTBUCTHI MOI'YT UCMOJIb30BATH METOJL JIJisl YCKOPEHHUs CBOEH
paboThl, ABTOMATU3UPOBAHO HOJLYUYaTh (DPEHMbI U YTOUHSATH UX.
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B KJIMHUYECKUX KCCJIe/IOBAHUAX BEPOSATHOCTD OIIMOKH IIEPBOI'O POJIa COOTBETCTBY-
eT pUCKY OIubOUYHOrO npusHanus IPPEeKTUBHOCTU 1 OE3011aCHOCTU U, KaK CJIe/l-
CTBHUE, PUCKY MAallieHTa MOJYINTDb JIEKAPCTBEHHBIHN IIpenapaT, He O ITBep T BIIHil
cBon Tepanesruideckue 3hpdexror. OmmbouHOEe NpU3HAHKE OMOIKBUBAJIECTHOCTH
O3HaYaeT, UTO HAIMEHT IIOJYUUT BOCIPOU3BEJICHHBIH Ipernapat, 3(pdeKThl KOTO-
POT0 KJIIMHUYECKHM 3HAUMMO OTJIMYAIOTCsI OT OPUIMHAJBLHOTO Iperapara, Mo/IBepr-
IIerocst MacmTabHoi pazpaborke. TpaJuloOHHO B KIMHUYIECKUX UCCTIETOBAHUSIX
YPOBEHL 3HAYMMOCTH (v yCTAHABJIUBACTCA PABHBIM DY WM HUXKE, TIPU HEODXO-
JINMOCTH C IIOIPABKON Ha MHOXKECTBEHHbIE cpaBHEeHUsi. KOHKpeTHOEe 3HaYeHue o
3aBUCUT OT allPHOPHOI IIPABJIOIO00HOCTH IIPOBEPSIEMOI TUITOTE3bI U 0XKHUIAEMOI0
BJIMSIHUS PE3YJILTATOB Ha HOCJIE/YIONMe PeryJisitopHble perienus [1].

OJIHUM U3 UCTOYHUKOB CHUCTEMATHIECKOH OIIMOKHK B TAKUX MCCJIEJOBHUSIX MO-
I'yT sIBJISIThCSI HEJIOCTAIONINE JIAHHBIE W BBHIOPOCHI B BHIOOpKaX (papMaKOKHHETH-
YeCKUX U3MEpPEeHnii, 0COOEHHO B TePpMHUHAJILHON JaCTH KPUBON 3aBUCUMOCTH KOH-
IEHTPAIUNA OT BPEMEHHU. DTO NPUBOAUT K CMEIIEHHBIM OIEHKaM IO IO/
kpuoit (AUC') u, ciieioBaTesibHO, K MCKaXKEHUIO OLCHKK OMOIKBUBAJIEHTHOCTH. B
YCJIOBUSX KJIMHUICCKUX U STHICCKUX OTPAHUICHUH (B YaCTHOCTH, HEBO3MOXKHOCTD
oT60opa 60JILIIOro Yncia 06pasIoB KPOBK Y JI0OPOBOJILIER) BIMSHUE HEMOJTHOTHI
JIAHHBIX CTAHOBUTCSI OCOOEHHO CYIIECTBEHHBIM [2].

B nacrosieit pabore paccMaTpuBaeTCs MOJEIb HEIOJHOTHI HAOJIIOMCHUN 15T
JIOTHOPMAJIBHBIX OIEHOK, onucantas B [3]. Ucenenyercs mosejieHne Kpurepust 1jist
IPOBEPKHU rUtoTe3bl Hy 0 HEOMOIKBUBAJIEHTHOCTH B YCJIOBUSX HEJOCTAIOIUX JIaH-
HbIX U BO3MOXKHast MHQJIsAKs OmKuOKKU 1epBoro poja. [jsi ykazsaHHON# Mojiesiu
IIOCTPOEHBI I'PAHUIBI 00JIACTH OTBEPXKEHUSI TMIIOTE3bl, B KOTOPBIX KOHTPOJIUPYET-
cst ommbKa reporo poja (1)—(2) :
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[IpoBeseno umciieHHOE MOJEINPOBAHKE, MOJKPEIISIONEe TEOPETUIECKUe pe-
3yJsibTarbl. [losiydeHHbie pe3y/ibrarbl HO3BOISIOT KOJUICCTBEHHO OLIEHUBATDH BJIU-
siHU€ JIOJIM HeJOCTaloNuX HabJIo/IeHIil Ha ypOBEHb 3HAUUMOCTH B 3ajladax Ipo-
BEPKU OMOIKBUBAJEHTHOCTH U MOI'YT ObITh MCIIOJIL30BAHbI 1IPU IPOEKTUPOBAHUU
MIO/IXOJIOB K aHaJIM3y SKBUBAJEHTHOCTH.
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Croxacruueckue jnuddepennuanbibie ypapaenus (CY) mupoko mpuMeHsoT-
Csl [IPU MOJICJIMPOBAHUK JIMHAMUYECKMX CHCTEM, Ha IIOBEJICHHME KOTOPbIX BJIUSIET
CAYyYalHOCTh. VIX HCIOJIb30BAaHKME II03BOJIAET KOPPEKTHO OINKMCHIBATH IBOJIIOIUIO
CTOXaCTUYIECKUX TPOIECCOB B 3ajadax (PU3UKU, OMOJIOrKU, (PUHAHCOB U JIPYTHUX
obnacreit. Bonpoc cymiectBoBanus u enuHcTBeHHocTr pemennit CIIY sBisgercs
[EHTPAJbHBIM JIJIsi KODPEKTHOCTHU ITOCTPOEHHOW MOJIeJIN U JJisi Pa3spabOTKNU UnC-
JIEHHBIX METOJIOB ee aHaJn3a.

Kiaccmaeckum pesysibratoM siBisiercs Teopema Uto[l], koTopast yrBepxkiaer,
910 ecyi KOIPPUIMEHTDI siBJISIIOTCS JIMIIIUIEBBIMUA (DYHKIUSIMK 110 IIPOCTPaH-
CTBEHHBIM apryMeHTaM U MMEIOT POCT He BbIle JJUHEHHOTO 110 BpEMEHHOMY apry-
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menTy, To CIY B runnbeproBoM TpocTpaHcTBe Lo MMeeT perienne u OHO €JIAH-
CTBEHHO 110 TPACKTOPHSIM, T.€. UMEET €JIMHCTBEHHOE CUJIbHOE PEIIeHHe.

OJiHaKO MHOTHE IPUKJIaJHbIE MOJIEN TPEeOYIOT PacCMOTPEHMS IPOCTPAHCTB
L, 1pu p < 2, 4T0 CyLIECTBEHHO yCJIOXKHAET aHaJIU3 U3-33 110TepU IUIb0epTOBOi
CTPYKTYPBI.

Lesbio Hacrosieit paboTh! siBjsieTcss 0000IIeHne KIaccuieckoit TeopeMbr MTo
Ha cilydail baHaxoBa IpocTpatcTBa Ly, 1 < p < 2, U JJOKa3aTeJbCTBO CyIECTBO-
BaHMUs CUJILHOTO PEIeHnsI COOTBETCTBYIOIIEr0 CTOXaCTHIECKOro JndepeHInaib-
HOI'O ypaBHEHMsI. ABTOpAMHU BIIEPBBIE IOKA3aHO, YTO IPU BbIIOJHEHUN YCJIOBUI
JIMIIIKATIEBOCTU ¥ OIPAHUYECHHOI'O POCTa, KOX(PMUIIMEHTOB PEIleHre CYIIeCTBYeT U
IPUHAJJICZKUT TPOCTPAHCTBY L.

JlokazaTe/IbCTBO OCHOBAHO Ha METOJIe MOCJe0BaTeIbHBIX npubimxkennii. I1o-
CTPOEHA CXOJSIIAsICS TOCJIEI0BATEILHOCTD TPUOJIMKEHWH, JIJIsT KOTOPO# MOJIyde-
HBI OlleHKN B HOpMe L,,. B nporecce joKka3zaTeabcTBa UCIOIb30BAHbl HEPABEHCTBA
JIJIsI CTOXACTUYECKUX MHTErpaJsioB[2; 3| u cBOHCTBA BOIHYTHIX HENPEPBIBHBIX (DY HK-
muit U3 Kaacca Ly,

[TosrydyeHHbIil pe3yJibTaT pacupseT KJAacC MOJIeJIel, i KOTOPhIX rapaHTHPY-
eTCsl CYIIEeCTBOBAHUE CUJIBHOIO PEIICHKSI, U MOXKET CJIY>KUTh TEOPEeTHIECKOH OCHO-
BOIl JIJIsl TIOCTPOEHMS YCTOMUNBBIX UMCJIEHHBIX CXEM B IIPOCTPAHCTBAX, OTJIMIHBIX
oT L2.
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B pabore paccmarpuBaeTcs 3ajiada POBEPKU JIEKAPCTBEHHBIX IPENapaToB Ha
OUMOSKBUBAJIEHTHOCTD. 1IpoBepKa OHOSKBUBAJIEHTHOCTH SIBJISETCS OOS3aTEILHBIM
STAIOM PErMCTPAIMKY BOCIPOM3BEICHHBIX JICKAPCTBEHHBIX IPEHAPATOB U CIIYKUT
IOJITBEPZKJICHAEM UX B3aMMO3aMEHACMOCTH W Ge30MaCHOCTH.

Tpa uinuonHo jijiss IPOBEPKU IUIIOTE3bl OHOIKBUBAJIEHTHOCTH KMCIOJIbL3YeTC s
nporeiypa ayx ojgnocroponrnx recrop (TOST), npumensiemast K Jjiorapudmvu-
9eCKH TPaHC()OPMUPOBAHHBIM (PAPMAKOKMHETHUCCKUM XapaKTEePUCTUKAM, TAKAM
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kak log AUC u log C\hax. IIpu 9TOM TIpemnosaraeTcsi, 9To yKa3aHHBIE BEJIWIWHbI
MMEIOT HOPMaJIbHOE PACIIPE/ICJICHUE U, KAK LIPABUJIO, OJMHAKOBbIE juciepeun [3].

OCHOBHBIM OrpaHUYEHHUEM KJIACCHYIECKOI'O IIOJX0/1a SABJISIeTCS €0 3aBUCUMOCTD
OT [APAMETPUYECKUX T1PEJIITOJIOKEHUH: [IPU OTKJIOHEHUSAX OT HOPMAJIbHOCTH (Ha-
IPUMeED, TP HAJIMIUE BEIOPOCOB, ACUMMETPUH UJTH CMeCeil paciipeieieHnil) OreH-
KU CPEJIHUX W JINCIIEPCUIl CTAHOBSITCS HEYCTOWUMBBIMHU, 9TO MOXKET MPUBECTH K
omunbOIHBIM BhIBOZaM. Kpome toro, nponeaypa TOST yunThiBaeT TOJIBKO pas-
JINYIUsT B CPEJHUX, NTHOPUPYsT BOBMOYKHBIE PACXOXKJICHUST B (hOpPME PacipeieeHii
TeCTOBOIrO U pedepeHTHoro npenaparos [1].

ABTOpamMu mpejIoyKeH YHUBEPCAJIbHDIN MOAX0/ K aHAJIN3Y OMO3KBUBAJIECHTHO-
CTH, HE 3aBUCSIIMI OT NMPEINOJOKEHNE O BUJIE PACIPEJICJCHUST W, TEM CAMbIM,
He TpeOyIoIuii HOpMaJbHOCTE pacipejienenns (papMaKOKMHETHICCKIX XapaKTe-
puctuk. Meros ocHOBaH Ha MCIOJB30BAHUU CUMMETPU3NPOBAHHON JIMBEPTEHIINN
Kynnbaka—J/leitbmepa Kax Mepbl pacCTOSHUSA MEXKJIY MOJHBIMU PACIIPeIeeHUsIMN
bapMaKOKMHETHIECKNX XaPaKTEPUCTHK.

U nest npuMeHeHusT JUBEPTEeHIIAH JIJIsI OIeHKN OMOIKBUBAJEHTHOCTH ObLIa, BIIEep-
BblC BBICKa3aHa B pabore |2|, ojHAKO ee mapaMeTpudecKas Peaju3alus OCTAeTCs
YYyBCTBUTEJbHON K HApyIIEHUSIM MOJE/IbHbBIX HPeJIIoJioKeHuii. B nacrosiieii pa-
bore 3Ta 1pobJeMa pellaeTcs 3a cueT HellapaMeTPUUEeCKO OIeHKHU IJIOTHOCTEI.
Jlutst OTleHK Y TJIOTHOCTEH TpUMeHsieTcst pobacTHasT sijiepHast OIleHKa, B KOTOPOil Be-
ca YUUTBIBAIOT KaK HAJMUMe aHOMAJIbHBIX HAOJIIOEHI, TaK U NPOIMYCKH JAHHBIX.
[ToporoBoe 3HaveHWe AUBEPTEHITMN KAJIUOPYETCsT TaK, 9TOOBI COXPAHUTH IKBUBA-
JIEHTHOCTH ¢ peryasTopabiM Kpurepruem 80/125% B ciryuae HOPMATBHOCTH, HO TIPH
9TOM METOJ OCTACTCA KOPPEKTHBIM JIJIsI IPOU3BOJIbHBIX KJIACCOB PACIIPE/IeJICHHUIA.

B 4auc/ieHHbIX 9KCIEPUMEHTAX MMOKA3aHO, ITO PEJJIOXKEHHbIN 110/1X0/1] obectie-
yuBaeT OoJiee HaJIEXKHOE IPUHATHE PELICHUN B YCIOBUAX MaJiblX BBIOOPOK, IPO-
IIyCKOB M BBIOPOCOB, CYIIECTBEHHO CHUYKAS TACTOTY JIOXKHBIX 3aKJII0UEHU 0 O10-
9KBHUBAJIEHTHOCTH.

B macrositiiee BpeMsi TPOIOJIXKAIOTCS WCCJIEIOBAHNS, HAIPABICHHBIE Ha aJall-
TAIMI0 METO/a K JAaHHBIM C NPOU3BOJBLHBIMU PACIpEICICHUAMI U PaspabOTKY
CTATUCTHICCKH OOOCHOBAHHBIX IIOPOI'OBBIX KPUTEPHEB, 00ECIEUNBAIOIIMX COIJia-
cue Merojla ¢ perysistopHbiMu TpeboBanusimu. [lo pesysibraram jgaHHOil paboOThI
[I0JICOTOBJIEHA ¥ CJaHa B IedaTh crarbs s coopunka BIOKYBERNETIKA.
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Moenb KOMIeKTUBHOIO PUCKA SIBJISIETCs OUYeHb MOMYJISPHON B aKTyapHO# Mare-
MaTuKe. B KIaccuaeckoi mocTaHOBKe aHAJN3Y ITON MOIENH MOCBSAIIEHO OOIHITIOe
YUCI0 PaboT U HEKOTOPOE KOJINUIecTBO Monorpadmii. [Ipu aroMm mpeamonaraercs,
YTO BCE JIOCTYIHBIE CPECTBa UCIONB3YIOTCA B caMoii cTpaxoBoit komnannu. Ho B
pPeaJIbHBIX 3a/1a9aX CTPAXOBIIUKN CTaAPAIOTCS KAK-TO UCIIOJIH30BATH YaCTh CPEJICTB
JUUTsT MHBECTHUINI, ITOOLI YIydIInTh (PUHAHCOBYIO CHUTyaluio. Takas 3aada Tak-
JKe paccMaTpuBajach B paboTax HEKOTOPHIX aBTOPOB, HO B OJIHOMEPHOM CJIydae
(emorpwu, Hanpumep, [1]).

B namem Jiokjajie Mbl 0000IIaeM M3BECTHBIE Pe3yJbTaThl Ha CJIydail, Koria
MMEETCST HECKOJIBLKO BO3MOXKHBIX HAIPABJICHUI cTpaxoBanus. Kak 1 B 0lHOMEPHOM
caydae TJIaBHAs 3a/a9a COCTOUT B TOM, UTOOLI ONKMCATL JMHAMUKY TaKOil CHCTe-
Mbl. JLjisi ByMEPHO# MOJIE/M KOJLJIEKTUBHOTO PUCKA ¢ MHBECTUIMSIMKU COCTABJICHO
croxactuueckoe JauddepernuaibHoe YpaBHEHNe IUHAMUKN KallnTaja KOMIIAHUN
1 HaiiJIeHO B sSIBHOM BHJIE €T'0 PeIleHre. JTO Halll OCHOBHO pesysbrar. Ero mokasa-
TEJILCTBO IOTPEO0BAJIO HEKOTOPBLIX YCUJIUN U SBJsIeTCsl HETPUBHAJBHBIM. 3aTeM,
UCIIOJIB3YST ITOT PE3YJILTAT W ONUPAsICh Ha YK€ U3BECTHBIE PE3YJILTATHI JIPYTHUX
ABTOPOB, TOJIyUeHA HEKOTOPAasl OIEHKA, JJIs BEPOATHOCTH PA3OPEHMSI.

D10 MccaeoBaHe OBIIO TPOBEIEHO B COOTBETCTBUN C HAYUHON MpPOrpamMMoii
MockoBckoro nenrpa (pyHJIaMEHTAILHON U IPUKJIAIHON MaTeMaTuK 1 (PaKy/ib-
TeTa BBIYUCJINTEIbHON MaTeMATUKU 1 KuOepHeTHKH MOCKOBCKOIO yHUBEPCHTETA.
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2

O0BbeKTOM UCCIe0BaHKSA B JAHHON paboTe cy»KaT TerioBble oToKu B CeBepHOi
ArnanTrke, MOKa3aHHbIE BO B3aNMOJIeHCTBIN OKeaHna n armocdepnl. IIpeamerHbl-
MU 38/]a9aMi KCCJIEJIOBAHUS SBJISIETCsI UX KOJMYECTBEHHDIA M KQUeCTBEHHbIN aHa-
JIU3 JIist IPEJICTABJICHUST BHY TPUTO0BON U3MEHINBOCTH (BBISIBICHUST 3aKOHOMED-
HOCTH) B IPAKTUYIECKOM MTPUJTIOKEHUU PE3YJILTaTOB B METEOPOJIOIMH , OKEAHOJIOTMH
1 KJuMaTojioruu. Beibopka — HAOOD JAHHBLIX, MOJIyUYeHHBIX 3a 1999 roj. OcHoB-
HBIM MaTeMaTHICCKUM METOJIOM, MCIOJL30BAHHBIM B JIAHHON paboTe, sSIBJISETCS
IpeJICTaBJIeHKE MPOIECCa U3MEHUNBOCTU TEIJIOBLIX TIOTOKOB B BHJIE

dX = a(t, X)dt + b(t, X)dW

riae X (t) — u3ydaemblii poIece, a UMEHHO CyMMa MOTOKOB CKPBITOTO ¥ SIBHOTO
Teryia B MoMeHT Bpemenu t, dX = X (t + dt) — X (t) — npupainenue 3a HHTEpBAJ
spemenn dt =t + dt — ¢ B dukcuposannoit Touke, a(t, X), b(t, X) — kosbdurnu-
eHThl Apeitda n quddysun coorsercrBenno, a dW — cranjaprHoe obo3HaUeHME
«besioro tymay, HesaBucumoro or X (1) ¢ HyJIeBbIM CPEJIHUM U JIUCIIEPCHeit, paB-
HOI eJIMHUILEe.

B pabore npuBOAsATCS PE3ysbTaThl CTATUCTHYECKUX SKCIIEPUMEHTOB C JAHHBIMA
nabsoennii n3 6a3pl nanubix ERADS [1]. Beraucsienus BBITOMHINCE € HCTOTH30-
BaHneM crangapraoi oudsmorexku n3 nakera PYTHON 5. Mcexogs us crarucru-
YeCKM MOCTPOEHHOW IMIUPUICCKON (DYHKINK pacrpeieieHusI, TOCIeI0BATETHLHO
BBITHCJISIIOCH HOBOE pactpesesienne(s). KoadbduruenTsr Obln B3ATHI U3 MPE/ThI-
JYIIUX UCCIe0BaHuil [2] 1 MCHOJIb30BAHDI JIJIs 110/ICTAHOBKU B UHTEIDAJIbHBIE Bbl-
paXkKeHusd

(0.¢]

Peae) = [ PG =2 | X, =warw - [

00 —00 bn+1(u)
Baza mannbix ERAS comep:kuT jgaHuble HE TOJBKO O TEIJIOBLIX IOTOKaX, HO 1
o remmeparype nosepxaocrn Mopst (SST), masiennu mosepxuocT mMopsi (SSP)
U psjie APYyIuxX xapakrTepucruk. drodbl obeciiednTsb Oojiee MUPOKOE BO3MOXKHOE
pejcTaBJeHrne JaHHBIX JIJIs 9KCIIEPUMEHTOB, BLIOpaHbI (PUKCUPOBAHHBIE 3HATE-
aust SST um paccMOTpeHbI TerJIoBbIEe MOTOKKM NpH 3ajaHHoM 3Hadennn SST 1o
Beeit obmactu (Cesepras Arnantuka). st SST Obuin BbIOpaHbl MHOXKECTBa 3
3HAYEHUI, a UMEHHO MWHWMAJIbHOE, cpejHee n MakcuMmasibHoe SST 1o pernomny,

T —u— apyq(u)

dP,(u)
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1 M3yJaJIoCh PACIpe/ie/IeHre TeMJI0OBOTO MOTOKa TP BHIOPAHHBIX 3HATeHnsTX SS'T.
Hauasibubim jiHem 6b1si0 BbiOpano 1 stusapst 1999 1.

heat fluxes cdf at 277° K < T < 282° K, 2 jan 1999 (interval from -67 to -64 W/m2) heat fluxes cdf at 276° K < T < 281° K, 6 jan 1999 (interval from -67 to -64 W/m2)
1.0 7 —— theoretical cdf 1.0 1 — theoretical cdf —— s
empirical cdf /——— empirical cdf
0.8 1 0.8 1
0.6 0.6
0.4 4 0.4 4
0.2 / 0.2 /
0.0 7 0.0 7
T T T T T T T T T T T T
0 200 400 600 800 -200 o 200 400 600 800 1000
W/m2 Wim2
MSE: 0.011655501339935224 MSE: 0.008081035032155456
The cdf does not fit to a normal distribution The cdf does not fit to a normal distribution
The sample does not fit the theoretical distribution (p-value = 0.00) The sample does not fit the theoretical distribution (p-value = 0.00)

() (6)

Puc. 1. Pacnipejiesienne temioBoro nmoroka npu MubnuMasibHoM suadennn SST: (a)
nuist 2 staBapst u (0) st 6 staBapst 1999 r. Cunstst KpuBasi — MOJIETBHOE PaCIIpe-
JIeJIeHNe, YKeJITast KpuBasi — HabJII0jlaeMoe paciipejiesieHue

heat fluxes cdf at 300° K < T < 305° K, 3 jan 1999 (interval from 230 to 233 W/m2) heat fluxes cdf at 300° K < T < 305° K, 5 jan 1999 (interval from 230 to 233 W/m2)
1.0 1 — theoretical cdf 1.0 1 — theoretical cdf
empirical cdf empirical cdf
087 0.8
067 0.6
0.4 0.4
0.2 02
0.0 4 0.0
T T T T T T T T T T T T
—200 0 200 400 600 800 -200 ] 200 400 600 800
W/m2 W/m2
MSE: 0.007897349204961383 MSE: 0.005739833265036976
The cdf does not fit to a normal distribution The cdf does not fit to a normal distribution
The sample does not fit the theoretical distribution (p-value = 0.01) The sample does not fit the theoretical distribution (p-value = 0.05)

(a) (6)

Puc. 2. Pacupejiesienue ternsioBoro noroka mpu MakcumasibHoM 3Hadennn SST: (a)
nuist 3 stuBapst u (0) st 5 staBapst 1999 r. Cunsist KpuBasi — MOJIETBHOE PaCIIpe-
JIeJIeHNe, YKeJITas KpuBasi — HabJII0jlaeMoe paciipejiesieHue

Ha puc. 1-3 nmokazaHo BpeMeHHOE MOBeJeHNe PaCIpee eI TerjI0BOr0 MoTo-
Ka, JIJI MUHAMAJILHOIO, MaKcuMaJibHoro u cpennero SST. Teopernueckue pacipe-
JIeJIEHUST XOPOIIO COTJIACYIOTCSI C AMITNPUIECKIMEI, OCOOEHHO B «XBOCTOBBIX 30HAX .
Haubosbimme oTKJIOHEHUsT HADJIOJAIOTCS s MUHUMAJILHOIO ¥ MaKCUMAaJIbLHOIO
SST, B cpejneii 30He, HO cO BpeMeHeM OHHU yMeHblnaiorcsd. s cpegnero SST
COOTBETCTBUE IIOUYTH HjieaibHoe, Kpurepuit KojiMoroposa morsepxKiaer coBlia-
nerue ¢ noporom 0,05. dyst cpeqrero SST (mo Beeit obmacTu), T/ie BEpOSATHOCTD
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heat fluxes cdf at 291° K < T < 296° K, 2 jan 1999 (interval from 230 to 233 W/m2) heat fluxes cdf at 291° K < T < 296° K, 6 jan 1999 (interval from 230 to 233 W/m2)

1.0 1 — theoretical cdf T T 1.0 1 — theoretical cdf
empirical cdf empirical cdf
0.8 4 0.8 4
0.6 1 0.6 4 /

0.0 4 0.0

T T T T T T y T T T T T
—=200 o 200 400 600 800 —=200 0 200 400 600 800
w/m2 W/m2
MSE: 0.0028409476105325077 MSE: 0.0007616377508906033
The cdf does not fit to a normal distribution The cdf does not fit to a normal distribution
The sample fit the theoretical distribution (p-value = 0.23) The sample fit the theoretical distribution (p-value = 0.41)

() (6)

Puc. 3. Pacnpenenenue remwioBoro noroka mnpu cpejnem snadennn SS9 (a) s 2
stiBapst 1 (0) st 6 sinapsi 1999 1. Cunsist KpuBast — MOJIEJIbHOE pacipe/ieieHue,
JKeJITast KpuBas — HabJII0JI[aeMoe paciipejiesieHue

nosipjiennst SST MakcuMasibHa, COOTBETCTBUE PACIPEIEJICHHUIO TEIJIOBOTO ITOTO-
Ka HAMHOTO JIydilie, deM Jjisi MeHee BepogrHoCTHBIX (10 SST) 3om. MomenbHoe
pacipejiesieHue JIydile OIMUCHIBAET TEILJIOBbIEe MOTOKK JJjisi Harbojee BepPOsiTHBLIX
spadennii SST.
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2

B pasubix 06/1acTAx UCMOIB3yeTCst 00beIMHEeHHOE (TPYIITIOBOe) TecTupoBanue. Bo-
aee 80 jsier, nauunas ¢ paborsl Jopdmana [1] no ckpuHUHIY KPOBH, IPYyIIOBOE
TECTUPOBAHKE sIBJISIETCSI aKTUBHOM 00JIaCThIO UCCISOBAHII B CTATUCTUYECKOH Ha-
VKe.

B koHTekcTe 3apayKeHHOCTU MKCOJIOBbIX KJIEHIEH B 91UJIEMUOJIOI MU COCTOSTHUE
3aparKEHHOCTU OCOOM MOXKHO OIKMCATh JIByMsl MCXOJaMH ‘3apakeHa WM “He 3a-
paxkena’. OHAKO OKOHYATEIHLHOE 3aKJIOUEHUE JIeJAeTCs MTOCe TPOBEJICHUS JTH-
arHOCTUYECKOI'0 TeCTa Ha HaJMdue raroreHa B obpasie. IIpoBenenne tecra va-
CTO COIPSI>KEHO C OIPeIeJIeHHBIMU 3arpaTaMu. 11o3ToMy 1Ipu OlleHUBaAHUKT yPOBHSI
3aPaXKEHHOCTU NpK OOJIBIIIOM YHUCIE MHJIWBUJIOB, HEOOXOIUMO MUHMUMHU3UPOBATD
YUCI0 TecToB. JIjis perenusi 3Toro Bopoca MMpPoOKoe PacpoOCTPaHEHNE TTOJIY UnJI
MeToJ| 00'beJIMHEHHOTO (I'PYIIIOBOro) uccseoBanns. OH 3aKII0YACTCs B CJLydaii-
HOM OObeIMHeHnE 0co0eit B rpymiibl (TyJibl, “pools”) ¢ pUKCHpOBAHHBIM WU TIe-
PEMEHHBIM MX YMCJIOM M KaXKJiast I'PyIiia aHAJU3UPYeTcs Kak 1esoe. Eciu rpyima
COJIEPXKUT XOTs1 Obl OJIUH UHMUITUPOBAHHBIN UHIUBUJL, TO PE3YJIbTAT aHAJIN3a I'PYII-
bl CUUTAETCS “TIOJIOKUTEJbHBIM ', WHAUE — “OTPUIATEILHBIM , KOI'JIa OTCYTCTBYET
UHQUIUPOBAHHBIN 00BEKT B TPYIIIIE.

Tak>ke HEOOXOIMMO YUUTHIBATH, YTO JIIOOOW TECT He SBJISETCS WAeaJbHBIM.
Hanpumep, CKpuHUHIOBbBI KMMYHO(DEPMEHTHDIN aHAJIM3 HA BUPYC UMMYHOIUQ M-
I[UTa JeJIOBEKa CII0COOEH HEeIIOCpEeICTBEHHO OOHAPYKUThH BUPYC, OJIHAKO TOYHOCTD
TeCTa 3aBUCUT OT OIIMOOK M3MepeHus 1pu TecTupoBanuu. HecoBepieHHOCTh Te-
CTa MOXKET OBbITh OIKMCAaHA JIByMs XapaKTePUCTUKAMU:

“aqypcrBuTesibHOCTD” (“sensitivity”) — BEpOSTHOCTD JIAThH MOJOKUTETBHBIN J11i-
arHo3 “3aparkeH’ JJisd JEeHCTBUTEIHLHO 3apakeHHOi ocoou;

“crienmcpuanocty” (“specificity”’) — BepoOsITHOCTH MPABUIILHO JIATH OTPUIIATE b
HbIl pe3yJ/ibTarT TecTa.

Ha peaJibHBIX J@HHBIX [IPOBEJICHO MOJCIUPOBAHUE U OICHKA 3aparKCHHOCTH CO-
BOKYITHOCTU MKCOJIOBBIX KJIEIel BUPYCOM KJIelleBoro sHiedasnta u boppesiusiMu
Borrelia burgdorferi sensu lato ¢ momorpio MeTojia MaKCUMAaJbHOIO IIPABJIOIO-
JIOOMST 1 MOMEHTOB, JIae€TCsl X CpaBHUTEJbHBIH anaan3. Ciaenan 0630p MeTO/I0B
peleHus IpsMbIX U OOpaTHBIX 3aJad PACIpOCTpaHeHUs] OMHAPHBIX 00BEKTOB 10
VH/IMBUJLY&JIbHBIM ¥ TPYITIOBLIM HabJro/eHusiM [2].
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