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INPUMEHEHHUE METOJOB MAIIMHHOI'O OBYYEHUS U151 PEKOHCTPYKIIMA
OJHOITAPAMETPUYECKOI'O CEMEUCTBA JMHAMMWYECKHUX MOJEJIEHA 110
CKAJIAPHOMY BPEMEHHOMY PALY

Kynyoe [lasen Braoumuposuy
HUY BIIS — Huoicruti Hoseopoo
pkuptsov@hse.ru

Cmanxesuy Hamanusa Braoumuposna
HUY BIIS — Husicruii Hoseopoo
nstankevich@hse.ru

AnHoTanus. MccienoBaHue IOCBAILICHO PEKOHCTPYKIHMH JUHAMMYECKHX CHCTEM C
IIOMOLIbI0 HEHPOHHBIX CETE Ha OCHOBE EIMHCTBEHHOIO CKAJSIPHOTO BPEMEHHOIO pAJa.
[IpeuioxkeHHbIi ABYXITallHbII METOI UCIIONIB3YET BAPUALMOHHBIA aBTOPHKOIEP U HEMPOCETEBOE
oToOpaskeHHe Il BOCCO3JAHUS CEMEHCTBA CUCTEM C OJHHMM YIPABISIOIMM I[apaMETPOM.
IToxa3aHo, 4TO BOCCTAaHOBJIIEHHAsI MOJIEIIb CIIOCOOHA BOCIIPOU3BOJUT PA3JIMYHbBIE JUHAMUYECKHE
PEXUMBI HCXOJHOM CUCTEMBI, B TOM YHUCJIE U T€, KOTOPbIE HE HAOIIOJAJIUCH B ITPOLIECCE 00YUEHHUS.

KiroueBble ci10Ba: HeiipoceTeBoe 0TOOpakeHUE, PEKOHCTPYKIIMS IMHAMHUYECKUX CUCTEM,
MallMHHOE 00y4eHue.

Baxnas xapakTepucTHKa HEHPOHHBIX CeTeli — CBOMCTBO 00001IeHNsT HHPOpMaIuu. JTa
CIIOCOOHOCTh pEanu3yeTcsl uepe3 BBIIBICHHE B JAaHHBIX CKPBITBIX 3aKOHOMEPHOCTEH U
B3aUMOCBs13eil. [[puMEeHUTENBHO K 3a/1a4e PEKOHCTPYKIIMHA TUHAMHYECKUX CUCTEM, 9TO CBOHCTBO
OTKPBIBAaCT  3HAUMTEIbHBIE TEPCHEKTHUBBI  JIJIT  TOCTPOCHHUSI  MOJENed Ha  OCHOBE
SKCTIEPUMEHTAIBHBIX JTaHHBIX [1, 2].

B Hacrosimem wuccneqoBaHUM AHATM3HPYIOTCS BO3MOXKHOCTH HEWPOHHBIX CETEH TI0
BOCIIPOU3BEJICHUIO JMHAMHYECKUX PEKHUMOB CHCTEMBI, COOTBETCTBYIOLIUX PA3JTHYHBIM
3HAQUEHHSAM YIPABIAIONIETO MapaMeTpa, NpU YCIOBUHM, YTO B PACIOPSHKEHUM HMEETCS JIMIb
€MHCTBEHHBIN CKaJSIpHBI BpeMeHHOH psna. PaspaboranHas HelipoceTeBas apXUTEKTypa
anIMpOKCUMHUPYET EJI0€ CEMEUCTBO TMHAMUYECKUX CUCTEM C OJTHUM YIIPABIISIOIINM apaMETPOM.
DTO CEMEWCTBO aJIEKBATHO OTPaXaeT TIOBEACHUE MCXOJHOW CHCTEMbI, BOCIPOM3BOAS €€
XapaKTEePHBIC PEKUMBI U OM(YypPKAIIMOHHBIE TIEPEXOIBI.

B kadecTBe mpumepa UCIONB3YETCS MOJIETh (PU3HOJIOTUYECKOTO HEHPOHA, TOCTPOEHHAS B
paMkax dopmanm3mMa XOKKUHA-XAKCIM W OMUChIBaeMas CHCTEMOW TPEX OOBIKHOBEHHBIX
muddepeHIManTbHBIX YpaBHeHUN. VIcX0qHbIe JaHHBIC ISl PEKOHCTPYKIIMH MPEACTABISIOT COO0M
OJIMHOYHYIO 3alUCh 3HAYEHWI OJHOW M3 MEPEMEHHBIX YKa3aHHOW CHUCTEMBbI, MOJIYYEHHYIO
YHCIEHHBIM METOJIOM NMPHU (PUKCHPOBAHHBIX MapaMeTpax U MOCTOSTHHOM BPEMEHHOM IIIare.

[Iponiecc peKOHCTPYKIIMM OCYIIECTBIIAETCS B JBa 3Tana. Ha mepBoM 3Tamne nmpou3BOAUTCA
oOy4yeHHe BapHAIIMOHHOTO aBTOMHKOJIEpA, 3a/adeii KOTOPOTO SBJSETCS TMpeodpa3oBaHUe
HUCXOJTHOTO BPEMEHHOTO psja B TIOCIEIOBATEILHOCTh PEKOHCTPYHUPOBAHHBIX BEKTOPOB
cocrosiHus. Ha BTOpoM »dTame 5TH BEKTOPbl HCIHOJB3YIOTCA [UIsi OOydYeHHUss MOJENH,
chopMyIMpOBAaHHON B BHJE PEKYPPEHTHOrO HeipoceTeBoro otobpaxeHus. OOydeHHOE
oToOpaxeHne QyHKIMOHUPYET KaK AUCKPETHAs IMHAMUYecKasi CHCTeMa C OHUM YIPaBISIONIUM
napameTpoM. B paboTe mokazaHo, 4TO pEKOHCTPYHPOBAHHAS MOJIENb YCIEIIHO BOCIIPOU3BOIUT


mailto:pkuptsov@hse.ru
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JTMHAMUYECKHE PE)KUMBI UCXOHOM CHCTEMBI, B TOM YHCIIC T€, KOTOPhIC HE OBUIN TPE/ICTABICHBI B
oOyuarorieit BEIOOpKE.

Pezynomamer  nonyuenvt 6 pamkax npoekma «MedcOynapooHoe —akademuyeckoe
compyonuyecmeoy HUY BIILID.

Bubéanorpaguyeckuii cnucox
1. Kynyoe I1. B., Cmankesuu H. B. // I3BecTus By30B. [IpukiaaHas HenmuHelWHas tuHaMuka, 2024
T. 32, Nel, C. 72-95.
2. Kuptsov P. V., Stankevich N. V. // Chaos, Solitons & Fractals. 2025, T. 191. C. 115818.
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MOJIEJIA BUOCUTHAJIOB JIJIsI HACTPOMKH ITAPAMETPOB Y BEPUGUKALIUA
METOAOB AHAJIM3A JTAHHBIX

Kapasaes Anamonuii Cepeeesuu,
CI'Y um. H.I'. Yepnviwescxkoco, Capamos
karavaevas@gmail.com

Hwbyramos FOpuii Muxatinosuy
CI'Y um. H.I'. Yepnviwescxkoco, Capamos
ishbulatov95@mail.ru

bopoeskosa Examepuna Heopesna
CI'Y um. H.I'. Yepuviwesckozo, Capamos
rubanei@mail.ru

beszpyuxo bBopuc [lemposuu
CI'Y um. H.I'. Yepuviwesckozo, Capamos
bezruchkobp@gmail.com

AnHoTanus. B pabote npeacTaBieHbl MATEMAaTHIECKIE MOCITH DJICKTPOKAPIUOTPAMMBI U
¢doTormIeTH3MOrpamMMBbI, MO3BOJISIONINE 337aBaTh U3BECTHBIN MaTTepH (a30BOH CHHXPOHU3AIUH
HU3KOYACTOTHBIX KOJICOAHMM, OTPaKAIONMX AaBTOHOMHBIM KOHTPOJIb KPOBOOOpAICHHS.
Co3maHHbIC MOJIENM aJCKBATHO BOCIPOM3BOMSIT CHEKTPAIbHBIE M CTATUCTUYECKHUE CBOMCTBA
9KCIIEPUMEHTANBHBIX CUTHAJIOB M HCHOJB3YIOTCS JJIsi TECTUPOBAHUS yCOBEPIIEHCTBOBAHHBIX
AITOPUTMOB AETeKIMH (a30BOM CHUHXpOHM3AIMU. Pe3ynpTaThl EMOHCTPUPYIOT TMOBBIIICHUE
YYBCTBUTEIHHOCTU U CIEHU(PUUHOCTH METO/1a AMATHOCTUKH CUHXPOHU3AIUH.

KiroueBble cioBa:  MaTeMaTHYeCKOe  MOJCIMPOBAHHUE,  JJICKTPOKAPAMOTPaMMa,
doTormeTnusmMorpamma, (azoBasi CHHXpPOHHM3AIUA, HU3KOYACTOTHBIC KOJICOAHWs, aBTOHOMHBII
KOHTpOJ'IB KpOBOO6paHIeHI/I$[, aJIFOpI/ITM JACTCKIINU CI/IHXpOHI/IBaHI/II/I, Cepjle'-IHO-COCYI[I/ICTI)IC
3a00J1eBaHus.

B pabore npenioxeHsl MaTeMaTUYECKHUE MOJIETH CUTHAIOB AeKTpokapanorpammsl (OKI)
u poromneruzmorpammsl (PI1I7), pazpaboTaHHbIe ¢ BOZMOKHOCTBIO 33JaHHS 3apaHee U3BECTHOTO
naTTepHa (a30BOM CHHXPOHHM3AIMH HU3KOYACTOTHBIX KOJIEOaHU, CBI3aHHBIX C CUMITATUYECKUM
KOHTpOJIEM KpoBooOparmieHus. Takue MOJENN BOCIPOU3BOMAT CBOMCTBA KCIEPUMEHTATHHBIX
JAHHBIX W TIO3BOJISIIOT HACTPaWBaTh MapaMeTpPbl M TECTHPOBATH METOIbI JETEKIHH (Hha30BOMH
CHHXPOHHU3AIIH.

ABTOHOMHBIN KOHTPOJb KPOBOOOpAIIEHUsI HUTPaeT KIIOUYEBYIO POJb B TMOJJICPKaHUH
roMeoctasa u (yHKIIMOHATHHOU CTAaOMIBLHOCTU CEPJIEYHO-COCYANCTON cucTeMbl. Hapymienus B
CUHXPOHM3AIMH HU3KOYACTOTHBIX OCHWUISIMA B BapuaOEIbHOCTH CEPICYHOTO pUTMA H
doToreTu3MorpaMMe acCOMUPYIOTCS ¢ Pa3BUTHEM TMATOJIOTH, BKIOYast HH(APKT MUOKap/a u
apTepUaIbHYIO TUIIEPTEH3UI0. JTO MOIYEPKUBAET TUATHOCTUUYECKYIO 3HAUUMOCTh UCCIEA0BaHUS
busnomornueckux 6uocuruanos [1-4].

Ilensto paboThl sBisieTcst co3maanue Maremarndeckux mozenei DKIT u OIIIT, agexkBaTHO
BOCITPOM3BOISIINX SKCIICPUMEHTAIbHBIC CUTHAJIBI C U3BECTHBIM 3aKOHOMEPHBIM YepeIOBaHUEM
CHHXPOHHBIX M ACHHXPOHHBIX WHTEPBAJIOB (ha30BOM PA3HOCTH HU3KOYACTOTHBIX KOJICOAHUH.
3amaueit ABISAETCS TECTUPOBAHUE U YIYUIIEHUE AITOPUTMA JIETEKITNH (ha30BON CHHXPOHU3AINH C
HCIIOJIb30BAHUEM 3THUX MOJCIICH.


mailto:karavaevas@gmail.com
mailto:ishbulatov95@mail.ru
mailto:%20rubanei@mail.ru
mailto:%20rubanei@mail.ru
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Jlis MopenupoBaHUs pPa3HOCTH MIHOBEHHBIX (ha3 HCIONB3YeTcs MoJenb (a3oBBIX
OCLUMJUISITOPOB C ILIBETHBIM ILIYMOM, IapaMeTpbl KOTOPOTO IMOAOOpaHbl Ha OCHOBE aHalIM3a
skcnepuMenTanbHbIX HaHHbIX DK™ n @I 10 310poBsix 1006poBosbieB. Moaenn DKI' u @I
CTPOSATCS Ha OCHOBE CyMM TayCCHaH, OINHKCBHIBAIOLINX OCHOBHBIC NMUKHA M BOJHOBBIE (HOPMBI
CUTHAJIOB [5, 6]. AITOpUTM JETEKIMU CUHXPOHHBIX YYaCTKOB OCHOBAH Ha IMarHOCTUKE MTOJIOTUX
YYaCTKOB Pa3HOCTH MIHOBEHHBIX (a3 [3, 4].

Pa3pabGorannbie MoJenM KayeCTBEHHO BOCIPOM3BOJAAT BPEMEHHBIE DSABI U CIEKTPbI
peanpubix curHamoB OKIT m @I ¢ xapakTepHOil mnaTTepHOM (ha30BOM CHHXPOHHU3AIUCH
HU3KOYaCTOTHBIX KOMIOHEHT RR-untepBanos u OIII".

bnaromaps Tomy, 4To ydacTku (a3zoBoil CHHXPOHHU3AIIMU U3BECTHBI allpUOPHO, BPEMEHHbBIE
psAabl Mozenei MOTyT ObITh 3((EKTUBHO MCHOIB30BAHBI U1 YTOYHEHUS TApaMETPOB METOOB
JUArHOCTUKU CHUHXPOHM3AIMK. B 4acTHOCTH, YTOUYHEHHE MapaMeTpPOB IPEIJIOKEHHOTO paHee
Merona [4] obecreunsio yiaydlleHHE €ro CTaTUCTHYECKUX CBOWUCTB (4YBCTBUTEIHHOCTH (.69,
cnerupuaHocTh 0.60, momans mog ROC-kpuBoit 0.75) 1Mo CpaBHEHUIO ¢ UCXOTHBIM METOIOM.

Pa3paborannbie MOAENM M AITOPUTMbI HPEACTABIAIOT 3()PEKTUBHBIA WHCTPYMEHT IS
00BEKTUBHOTO TECTUPOBAHUS U COBEPILICHCTBOBAHUS METO/I0B aHalu3a (ha30BOi CHHXPOHU3AIUN
u cBs3u OuocurHanoB [7, 8]. IlepcmeKTHBHO HCIIOJNIB30BAHHUE IMPEATOKEHHBIX MOJEICH s
reHepanuu o0y4arommx BbIOOPOK s  KIAcCU(UKATOPOB, TIOCTPOSHHBIX Ha OCHOBE
HEHPOCETEBBIX METOAOB. Pe3yIbTaThl UMEIOT 3HAYUMOCTB JUIsl (DyH/IaMEHTAIbHBIX HCCIIEIOBAHUI
ABTOHOMHOT'O KOHTPOJISI U MPAKTUYECKOW MEAULIMHBI, B YACTHOCTH JUIsl TUArHOCTUKHU CEplIeYHO-
COCYJIUCTBIX 3a00JI€BaHUMN.

Paboma evinonnena npu noooepocke Poccutickoeo nayunoeo ¢ownoa (epanm Ne 23-12-
00241).

bubéanorpaguyeckuii cnucox
1. Gang Y. and Malik M. // Indian Pacing and Electrophysiology Journal. 2003. V. 3. Iss. 1. P. 34—
40.
2. Shiogai Y. et al. // Physics Reports. 2010. V. 488. P. 51-110.
3. Karavaev A.S. et al. /| CHAOS. 2019. V. 29. P. 121101.
4. Karavaev A.S. et al. /| CHAOS. 2009. V. 19. P. 033112.
5. Tang Q. et al. // Sci Rep. 2020.
6. McSharry P.E. et al. // IEEE Trans Biomed Eng. 2003.
7. Mormann F. et al. // Physica D. 2000. V. 144. P. 358-369.
8. Rosenblum M.G. and Pikovsky A.S. // Phys. Rev. E. 2001. V. 64. P. 045202.
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AHAJIN3 ®A30BOM CTPYKTYPBI QJIEKTPOKAPJIUOT PAMMBI ITPH HATPY3KE
" B ITIOKOE C UCITIOJIB3OBAHUEM METOJ0B MAILIMHHOI'O OBYYEHUA

bonoapenxo Unvsa Anexcanoposuu,
HUY BIIS — Husicrhuii Hoseopoo
iabondarenko_2@edu.hse.ru

I'puones Braoumup HUeanosuu,
CI'MY um. B.U. Pazymosckozo, Capamos
gridnev@cardio-it.ru

Ilanenosa Anacmacus Bsauecnasosna,
CI'TY um. I'acapuna FO.A., Capamos
anastasiapalenoval @gmail.com

Hanrowes Anmon Anexceesuu,
HUY BIIIS — Husicruti Hoseopoo
aapanyushev@edu.hse.ru

Tocuenkoea Onvea Muxaunosna,
CI'MY um. B.U. Pazymoeckoco, Capamog
posnenkova@cardio-it.ru

Cmanxesuy Hamanusa Braoumuposna,
HNY BLID — Husicnuii Hos2opoo
nstankevich@hse.ru

AnHoTanus. Pazpaboran kiaccuduxarop IKI' ¢ ucnonbp3oBaHueM MalIMHHOTO O0yUYEeHHS.
[IpemnoxeHHblit  KiaccuUKaTOp B aBTOMATUYECKOM pEXUME JETEKTHUpyeT (as3bl MOKOA,
Harpy3kH U BoccTaHOBJIeHUs o curHanam OKI'.

KiroueBble cj10Ba: 31€KTpOKapANOTrpaMMa; MallTMHHOE 00y4YeHHUE; Harpy304HbIE TECTHI.

B nannoil pabore Obula uccienoBaHa BO3MOYKHOCTb aBTOMAaTHUECKOM KiacCH(pUKAIUU
curHana snekrpokapauorpammsl (OKI') mo ¢azam npoObl ¢ usuueckoir Harpy3koi (mokos,
Harpy3Ky ¥ BOCCTaHOBJICHHUs) C IPUMEHEHHEM aITOPUTMOB MAIIMHHOTO OOY4YEHUsS U CpaBHEHHUE
pe3ynbTara Kiaccupukanum ¢ auHamukoi RR-unTepBanos.

Bo Bpems pabotsl ucnomnb3oBanuch IKI' 8 310poBBIX MalMEHTOB, MPEICTaBICHHBIC B BUIE
IBYX oTAeNbHBIX (haitnioB EDF, momyuyeHHbIX ¢ HOCUMOro KaauoMoHuTopa — kaauoduenika ECG
Dongle (OOO «Hopnasunay, [lyOna, Poccust) obmieit minTenbHOCThIO 0KOJO 14 MUHYT c 6
kaHainamu, cooTBercTBytomuMu [, II u III craHmapTHBIM OTBEAEHUAM, a TAKKE YCHUIICHHBIM
oTBeneHnsIM oT koHeunocrteit aVR, aVL, aVF.

Jnst moBeImeHust oOmiero oobemMa BBHIOOPKH I OOyYeHMsI CHUTHAJ ObUT pa3ienéH Ha
NEPEKPBIBAIOLINECS OKHA AJIUTENBHOCTHIO 10 CEKYH] TPH IOMOIIM METOA CKOJIB3SIIEr0 OKHA C
nepekpeitiem  0.9. Takoe pa3zbueHue obOecreynBalo JOCTATOYHYIO JIETATH3AIUIO IS
OTCJICKUBAHMS MEPEXOTHBIX COCTOSHUN MEXIY (pa3amMu MpH COXpaHEHUU MPUEMIIEMOro 00bEMa
NaHHbIX. J7Is KaXI0ro OKHA NPOW3BOAMIACH JETEeKIHMs R-IMHKOB ¢ mMOMOUIbI0 OHOIMOTEKH
NeuroKit2, mocie dero wu3BiIeKaauch HHTEpBajdbl RR, BpeMeHHBbIE MPOMEKYTKH MEXIY
nocinenoBarenbHbIMu - R-mukamu. Ha OCHOBE TOIy4Y€HHBIX HWHTEPBAJIOB PAaCCUNTHIBAIINCH
IPU3HAKU BapHaOEIbHOCTU CEPJEYHOr0 PUTMA, KOTOPBIE CIYXKHJIM BXOJHBIMH JaHHBIMHU JJIS
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Kkinaccudukaropa. BpemenHble mpu3HaKy BKIIOYAIH B ce0s cTaHaapTHbIe xapakTepuctuku JKI ¢
MOJTBEPXKJICHHOM MHOXECTBOM pPa0OT MOKA3aTeIbHOCTHIO OTKJIOHEHHM Yy MAIUEHTOB C
XpOHUYECKON cepleyHol HepoctaTrodHocThio [1-3]: Mean RR - cpengnee 3Hauenue RR-
nntepBasioB, SDNN - cranpaptHoe oTkioHeHue RR-unrepBanoB, RMSSD - kBagparuunoe
cpenHee mocienoBaTebHbIX pazHocTeid RR, pNN5O0 - nons map RR, pazmuuaronuxcs 6onee uem
Ha 50 Mc, Mean HR - cpennss yactora cepaneOueHus. Takke pacCUUTHIBAIMCH YaCTOTHBIC
nokazatesin HRV: LF power (0.04 — 0.15 '), HF power (0.15 — 0.4 I'un) u LF/HF ratio — ux
cooTHoeHre. OHAKO B XOJIe aHallM3a ObLJIO BBISBJICHO, YTO JAHHBIE MOKA3aTENIU B KOHTEKCTE
3a/laHHOM 3aJauM HE TMOBBIIIAIOT KA4yeCTBO KiAacCU(UKAIMK M HMEIOT HYJIEBOW 3HaueHUe
BOXHOCTH mpu3Haka (puc.l), 4TO CBSA3aHO C MaJlbIM pPa3MepPOM BBIOOPKH U KOPOTKOH

Feature Importance
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Puc.2. MeTpuku kauecTBa TOYHOCTH KiIaccuPpuKauu 00y4eHHON MOIeTTH

Jns  moctpoeHus Monenw kiaccupukanuyd ucnoib3oBancs  anroputM  CatBoost,
MPEICTABIAIOMMNA CcO00M TpaJMeHTHBI OYCTHHI HaJ PpEIHIAIOUIMMU JIePEBbSIMHU, XOPOIIO
paboTarouuii ¢ TaOIMYHBIMU TaHHBIMU M YCTOMUYMBBIA K MepeoOydeHUI0 Ha MalbIX BIOOpPKaX.
[TonGop rumepmnapaMeTpoB BBHIIONHICH € Momolibio Oubimmorekn Optuna, peanusyromei
aBTOMATHYECKYIO ONTUMH3AIHMIO Ha ocHOBe BepositHocTHOro noucka (TPE sampler). B xoxe 50
UTepaIii ONTUMU3UPOBAIUCH IIIyOUHA JIepeBbeB, KomuuecTBo utepanuid (500-2000), ckopocTb
o6yuenust (0.01-0.3) u koappurnment L2-perynspuzanuu (1-10). JIms noBsIieHNs yCTOWYUBOCTH
MOJIEJIM MCTIOJIb30BAIKCH TTapaMeTphl bootstrap type =" Bernoulli’ u early stopping rounds = 50
C LIETIEBOM METPUKOW: MAaKCUMHU3ALIUS accuracy.
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MeTpuku KauecTBa IMOKa3ald yIOBJIETBOPUTEIbHBIA YPOBEHb TOYHOCTH KJIACCU(PUKALIIH
IIpU OrpaHUYEHHOM OO0BEME OO0ydwarolmux HaHHbIX (puc.2). s aHanu3a BKIaJa IPU3HAKOB
UCTIOJIb30BAMCh BCTPOEHHBIE MeXaHW3Mbl MHTeprperanuu CatBoost, 4To MO3BOIMIO OIEHUTH
3HaYMMOCTbh BHIOPAHHBIX BPEMEHHBIX XapaKTepUCTUK (puc.l).

Jlist BU3yaabHOM MPOBEPKH KOPPEKTHOCTH PAOOTHI AITOPUTMA OBLIIH MOCTPOSHBI IPaUKH C
HaJIO)KEHUEM Ipe/ICKa3aHuil MOJETN Ha UCXOAHBIA CUTHAN U PYUYHYIO pa3MeTKy ¢a3. CpaBHeHUE
II0Ka3aJ10, YTO MPEAJIOKEHHAs MOJIEIIb B L[€JIOM KOPPEKTHO BOCIIPOU3BOJUT CTPYKTYPY CUTHAJIOB
U aJIeKBATHO BBIAEISET MEPEXOJHBIE COCTOSHUS MEXAY (hazaMu, 3a UCKIIOUYCHHEM HEOOJIBLIMX
IPOMEKYTKOB CUTHAJIA.

100 200 300 400
MpefckasaHHas pa3MeTKa catboost + optuna

A [ | A0 A

100 200 300 400
Bpema (cekyHabl)

Puc.3. CpaBuenue nuHamuku RR-unTepBanos curnana OKI' u pa3MeTku MOAENbIO y
UCHBITYEeMOro B (ha3e MOKOsi, Harpy3K: U BOCCTAaHOBJICHUU

0z il 60 T80 0
MNpenckasaHHas pasMeTka catboost + optuna

0 50 100 150 200 250
Bpems (cekyHab!)

Puc.4. CpaBuenue nuHnamuku RR-unTepBanos curnana OKI' u pa3MeTku MOAENbIO y
UCIBITYEMOro B (pa3e BOCCTaHOBJIEHUS
Takum oOpa3oM, pazpaboTaHHas METOMKa, BKIo4aromas komOuHaiuo NeuroKit2 mms
nerekuuu nukos, HRV-npusnakos n CatBoost ¢ ontumusanueli runepnapamerpos B Optuna,
MO3BOJISIET PEaTn30BaTh HEOOXOJUMBIN IOAXO0J K AaBTOMATHYECKOMY OIpeNeeHuto ¢a3
Harpy304HOM MpoObI B YCIOBHUSIX OTPaHUYEHHOI0 00bEeMa JaHHBIX U BBHICOKOM 3alTyMJIEHHOCTH
curHana DKI' B ¢aze Harpy3ku u Hauasa nepuojia BOCCTAHOBIICHHS.

Bub6aunorpaguyeckuii cnucox
1. Wu L., Jiang Z., Li C., Shu M. // International Journal of Cardiology. 2014. Vol. 174, No. 3. P.
857-860.
2. Mulder M.B., Eidelson S.A., Buzzelli M.D., Gross K.R., Batchinsky A.I., Convertino V.A.,
Schulman C.I., Namias N., Proctor K.G. // Aerospace Medicine and Human Performance. 2019.
Vol. 90, No. 12. P. 1009-1015.
3. Ayano Y.M., Geleto D.A., Jilcha K.D., Megersa S.M. // Diagnostics. 2022. Vol. 12, No. 12. P.
2971



14
Cooprux mpyooe MeawcoynapooHoii HayuHoU KOHpeperyuu

BJIMAHUE METOJA UHTET'PUPOBAHUA TUP®PEPEHIIMAJIBHOI'O
YPABHEHUSA HA OTAIIE ®OPMUPOBAHUSA OBYYAIOIIUX JTATACETOB HA
CBOMCTBA HEUPOMOP®HOI'O OTOEPAKEHMUSI

Msxoe Tumogheti Hnvuu,
HUY BIID — Huowcnuti Hoseopoo
timyakov@edu.hse.ru

Cmanxesuy Hamanus Braoumuposna,
HUY BLID — Huowcnuii Hoseopoo
nstankevich(@hse.ru

AnHoTtanusi. B pabore uccienyercs, Kak BbIOOp YMCIEHHOTO METOJa MHTETPUPOBAHUS
OOBIKHOBEHHBIX AU(PepeHInaNbHbIX YpPaBHEHHM Ha O3Tane TeHepalud O0y4arolnuX JaHHBIX
BIIMSIET HA TOYHOCTh HEHPOCETEBOIO AMMPOKCUMATOPa IMHAMHUKHU. B KauecTBe 00bEKTa N3YUEHUS
UCTIONB3YIOTCs cucTeMbl Pécciiepa m Xunamapma—Poy3a. [lataceTsr GopMUPYIOTCS ¢ TTOMOIIBIO
yucieHHsix MetosoB RK23, RK45 u DOP853, a monens npeacrasisier coboir MLP, nanpsimyto
anMpPOKCUMUPYIONIYIO TPHUPAIIEHUE COCTOSHUS s (UKCHpoBaHHOro miara. [lpemnoxeHa
GYHKIUS TOTEpb, COTTIACOBaHHAs C MOMYSIBHOW TpamelMeBUIHON CXEMOM, U BBEICHBI METPUKH
MSE u MRNE 1151 conocTaBiieHHs] YUCIECHHBIX PEIICHUH U MPeICKa3aHUuN CETH.

KuroueBnble cioBa: uncineHHoe uHTerpupoBanue; Meroasl Pynre—Kyrrer; DOP853; RK23;
RK45; cucrema Péccnepa; cuctema Xunamapia—Poy3a; HelipoceTeBoi annmpoKCUMaTop

CoBpeMeHHbIE HEWPOCETEBbIE MOAXOMAbl IO3BOJSIOT ANMpPOKCUMHUPOBATH OIEPATOP
MOTOKOBBIX AMHAMUYECKUX CHCTEM HANpsSMYyIO, MUHYS SBHOE UMCJIEHHOE MHTETPUPOBAHME Ha
stane npuMeHeHus Moaenu [1-3]. [Ipu aTom oOyuaromue BHIOOPKU ISl TAKUX MOJIENed 0OBIYHO
TEHEpUPYIOTCS  KJIACCUYECKUMHU  MHTErpaTopamMu  OOBIKHOBEHHBIX  JH(depeHnanibHbIX
ypaBHeHM. B nanHoii paboTe paccMaTpuBaeTcsi BOIPOC: Kak BBIOOP HHTErpaTopa MpHU reHepaluu
JAHHBIX (ero MOps/I0K, YCTOHYMBOCTb, JIOKANbHAs OLIMOKA) BIMSET Ha CBOWCTBA OOYy4YEHHOIO
HelpoceTeBoro oToOpa>keHusl.

B kauectBe 00BEKTa MCCIIEOBAHUS PACCMATPUBAIOTCS JBE HEIMHEHHBbIE CUCTEMBI: (1)
cucrema Péccnepa, neMoHCTpupYIolIas KaKk yCTOMYHMBBIE IEPUOIUUECKIE aBTOKOJIEOAHUs, TaK U
Xa0THYECKOE TIOBeIeHHUE; (11) HeWpOoAMHAMHUYECKas cucTeMa XuHamapina—Poy3a, Moaenupyrormast
TUMIUYHbBIE OCHMJUIALUN HEHpoHa. DTO MO3BOJSET CONOCTABUTh BIMSHUE HHTErpaTopa Ha pa3HbIX
KJlaccax JMHAMUKH.

®opmupoBaHHe 1aTaceToB. BEIOOpKH CHHTETHYECKU T'€HEPUPYIOTCS U3 MAapaMeTPUIECKU
3a/laHHBIX PACIPENETICHUM 10 COCTOSHUAM M IapaMeTpaM CUCTEMBI; JJIs IOCTPOEHMS TapreToB
npumensiercs solve ivp ¢ metogamu RK23 (mopsinok 2), RK45 (nopsinok 4) u DOP853 (nmopsinok
8) [4-8]. Takum 0Opazom, U1 OJHOM U TON e COBOKYIMHOCTH HaYalIbHBIX YCIIOBHH MOJIy4alOTCs
TPU aJbTEPHATUBHBIX HAOOpa TAapreToB, OTIMYAIOMIMXCSA TOPSAKOM JIOKATbHOW OIIMOKH,
[JIaJIKOCTHIO TPAEKTOPUI U CBOMCTBAMU HAKOIUIEHUS TOTPEUTHOCTH. [1J11 KOpPEKTHOTO CpaBHEHUS
UCIIOJIb3YETCSl OJIMHAKOBBIM HIar TUCKPETH3alUu MpU O0yYeHUH MOJEIU U eauHas Mpoueaypa
HOPMaJIM3al1 IPU3HAKOB.

Mognaeas. [Ipumensiercs komnaktHass MLP-apxuTekTypa ¢ OTHUM CKPBITBIM CJ0€M Ha 128
HEHPOHOB (CUIMOMJAJIbHAs aKTHUBALMs), ANIPOKCUMHUPYIOLIAs MPUPAILEHUE COCTOSIHUS IS
dukcuposarroro mara At: uk*! = u* + d. Ha BXox 1mOJaloTCs HOPMATH30BAHHEIE BEKTOPHI
COCTOSIHUA U = [X, Y, z]|" 1 mapameTpoB p = [a, b, c]". Takas mocraHOBKa SKBHBaJICHTHA 00Y4YEHUIO
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JUCKPETHOIO Cypporar-oneparopa IIOTOKa, 4YTO YHOPOUIAET pa3BEPTHIBAHME MOJCIH U
MOCJIETYIOLIEE MOIETIMPOBAHUE JJIUTEIBbHBIX TPACKTOPHUI.

@yHKUIMA NOTepb U MeTPUKH. Jlocc corinacoBaH ¢ MOIysBHOM TparnelUeBUIHON CXEMOM:
MUHUMU3UPYETCS KBaJpaTU4Has HEBA3KAa MEXKIY IPEICKa3aHHbIM IPUPALIEHUEM U INPaBOil
gacteto OJ1Y, ycpenH€HHOM 1O Hayaly W KOHIy IHara. JTO TMOOMIPSAET JAUHAMUYECKYIO
COTJIACOBAaHHOCTh MPECKa3aHui ¢ PU3NIECKON MOACIBI0. [[71s1 OIICHKH KauyecTBa UCTIOIB3YIOTCS
nBe MeTpuku: MSE Mexay TpaeKTopuel 4YMCIEHHOrO HWHTErparopa M TPACKTOPHUEH MOJIENu;
MRNE — cpennsisi oTHOcUTENbHAsE HOpMa OLIMOKH, HOPMaJU3yIOIlas BEIWYMHY OIIMOKU Ha
Mmacimtad BXxoa0B. Takoe codeTaHue TMO3BOJISICT BBIABUTH Cly4au, KOIJa OTHOCHUTEIbHAas W
abcomoTHas OIMOKY PaHKUPYIOT MOJIENIN TI0-Pa3HOMY.

JAu3aiiH IKCIIEPUMEHTOB.

Pexxumbl cuctemsl Péccnepa: (a) nepuoanyeckue aprokonedbanus (Hanpumep, a =0.1, b =
0.1, ¢ = 6) ¢ oTceueHHEM IEepeXOaHOTO Tporiecca; (b) XaoTH4ueckue aBTokoIeOanus (Hampumep,
a=0.15,b=0.2, c=10) 0e3 oTceuenus. i kaxa0ro pexxuma o0y4yaroTcsi TpU MOJIEIN Ha TPEX
BapuanTtax jnaraceta (RK23/RK45/DOP853). O0yuenue B PyTorch ¢ Adam u
sKCOHeHIMATbHBIM scheduler; panuss octanoBka o miato MRNE.

Cucrema Xunamapia—Poy3a ¢ mapamerpamuna =1,b=3,c=1,d=5,5s=4, 0 =-1.6. s
BbIOpaHHBIX TAPaMETPOB POPMUPYIOTCS TATACETHI TEMH KE UHTETPaTOpaMu 1 00yUdaroTCs MOACITU
TOM YK€ apXUTEKTYPHI U C TEMH K€ HACTPOHKaMHU 00yUYEeHHS, YTO 0OECIIEYNBAET COMOCTAaBUMOCTh
pe3yJIbTaToB.

KiiroueBble HaO/101eHNS.

[Tepuonanueckue aBTokosiebanus B cucreme Pécciepa (puc.l): mo aGCoNOTHON TOYHOCTH
(MSE) namnyuieii okazanach MoJielb, 00yueHHast Ha naHHbIX nopsaka 4 (RK4/RK45). Jlatacer
RK2 naér neckonbko 6omburyto MSE, torna kak DOP853 ¢gopmupyer «CIMIIKOM IJIaaKUeE»
TapreThbl, KOTOPbIE YCBAUBAIOTCA XYyKe IPU (PUKCUPOBAHHOM apXUTEKTYpe U JIocce.

Xaotuueckue aBTOKoneOaHus B cucreme Péccnepa: mo cpeaneit MSE mpeumyiiectBo
nemoHcTpupyet aataceT RK2, B o Bpemst kak MRNE octaércst 6:1m3koii y Bcex TpEX BapUaHTOB;
UHTETpaTopsl 0Oojiee BBICOKOIO TMOpsAAKka He Bcerga BoiurpeiBatoT no MSE  wu3-3a
YYBCTBUTEJIBHOCTH K HaYaJIbHBIM JAHHBIM U OBICTPOTO HAKOILJIEHUS (pa30BOM OMIMOKH.

Cucrema Xunamapma—Poysza (puc.2): nydmmii  pe3yiabTaT TOKa3ajl  jaTacer,
creaepupoBanHbiii RK4 (mo MSE; MRNE ocrtaércst conmoctaBUMOi WM JTydille OTHOCUTEIBHO
QJIbTEPHATHB), YTO YKa3bIBa€T Ha I0JIb3y MHTErpaTopa CpeaHEro Mopsjaka MpHu OCHUIUIATOPHON
HEUPOHHOU JUHAMUKE.

OOmiast TeHOSHIUA: «CIUIIKOM TouHbIe» TapreTsl (DOP853) He rapanTupyroT Jryuiien
oboOmaromieit cnocoOHoctn KkommakTHoW MLP; ymepenHo Tounble cxembl (RK4 B
nepuoanudeckux pexxumax u RK2 B xaotuueckom Péccriepe) popmupyror oOydaromuid curaai,
Jy4llle COTIaCOBAaHHBIN ¢ EMKOCTBIO MOJIENH U BbIOpaHHON (DyHKIMEH TOTEPD.

BouiBoa. Ilopsnok u CcBOMCTBA YHMCIEHHOTO METOJIa HWHTETPUPOBAHMS Ha ITame
dbopmupoBaHusl OOy4YaroOIIero JaTaceTa CYIIECTBEHHO BJMSIOT Ha WTOTOBYH TOYHOCTH
HENPOCETEBOTO 0TOOpa’KeHHUs. WuTerparop (akTHUeCKH  BBICTYHAae€T  CKPBITHIM
TUIIEPIIapaMeTpOM; €ro ONTUMANBbHBINA BEIOOp 3aBUCUT OT KJlacca JUHAMUKHU, QYHKIMU MTOTEPh U
€MKOCTH MOJENU. B mpeacTaBiIeHHbIX SKCIIEPUMEHTAX 3TO NposBiseTcs B npeumyiectse RK4 B
ycroiunBoM pexxume Péccnepa u B cucreme Xunamapma—Poysa, a Taxoke B npeumyniectse RK2
no cpeaneir MSE B xaotuueckom pexume Péccnepa npu 6mu3kux MRNE.
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Trajectory Comparison (a=0.1, b=0.1, ¢=6.0) Error Between True and Model Trajectories

—— True trajectory
Model trajectory
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Puc.1. CpaBHenue tpaekropuii cuctemsl Pécciiepa, nomydyeHHble YucieHHbIM MeToaoM PK4 u
HEHPOHHOM CEThIO, M COOTBETCTBYIOMIAs cpeaHekBaapaTudHas ommbka (MSE).

Trajectory Comparison (a=2.7, b=0.003) Error Between True and Model Trajectories
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Puc.2. CpaBHeHue TpaekTopuil cucteMbl XuHAMapa-Poy3a, mojaydyeHHbIE YHCIIEHHBIM
MetoaoM PK4 u HefipoHHOI CeThIO, M COOTBETCTBYIOIIAs cpeaHekBaapaTuyHas omuodka (MSE).

— True trajectory
True trajectory
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BOCCTAHOBJIEHHE CPEI[HEHQHEBOﬁ JTAHAMHWKHW HEMPOH-
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AHHOTALUA

B paGore pemaercs 3ajada BOCCTAHOBJICHHUS JUHAMHKH  (EHOMEHOJIOTHYECKOM
CPEIHETONEBON TMOMYJSIITUOHHOW HEHpPOHHOW Mojenu U e€ MoAu(UKAIMU C Y4eTOM
acTPOLIMTAPHOTO BIUSHHUS Ha OCHOBE BPEMEHHBIX PSAJOB METOJaMM IIyOoKoro oOydenus. Jlms
BOCCTAHOBJICHHMsI JMHAMUKMA ObUTa ucmonb3oBaHa apxuTektypa dend-PLRNN, koropas
npezcTaBiIsieT co00il KyCOUHO-TMHEHHYI0 PEKYpPpPEHTHYI0 HEHpOHHYIO0 ceThb C (YHKIHIMHU
aktuBalMu RelLu W AEHIPUTHBIMH CBSI3IMH, KOTOpBIE MO3BOJIAIOT 3(P(HEKTUBHO YMEHBIIUTh
pasmep cetu. B pabore olleHHMBAaeTCs KauyecTBO BOCCTAHOBIIEHUS pPAa3IMYHBIX aTTPaKTOPOB
UCCJIETyEMbIX CUCTEM M U3Y4aeTCsl BOIPOC, KaK HAJIMUKE B CUCTEME JOTIOJIHUTEIbHBIX 3JIEMEHTOB
(acTpoIMTOB) BAMSET HA KAYECTBO BOCCTAHOBJICHHS TMHAMHUKH.

KuroueBble cioBa: riy6okoe oOyueHHE; BOCCTAHOBJIEHHE CpPEIHE IOJIEBOM AMHAMMKH;
apxurektypa dend-PLRNN; HelipoH-acTpoliuTapHOE B3aUMOACHCTBHE.

CuHantudeckas nepeada urpaetT KIUeBy0 pojb B 00paboTke nH(OpMALIUK B TOJIOBHOM
MO3re W HEpBHOHU cucreMe. B mocinemnue necsaTuineTus B psjie paboT ObUIO TMOKa3aHO, 4YTO
KJIFOUYEBYIO POJIb B 3TOM IPOIIECCE UTPAIOT HE TOJBKO HEUPOHBI, HO M aCTPOIUTHI [ 1], KOTOpHIE
B3aUMOJICUCTBYIOT € TIpe- W TOCTCUHANTHYECKHUMHU DJIEMEHTAMH, MOIYJIHPYSd CHUIy H
IJIACTUYHOCTh HEHPOHHBIX CBS3EH.

Jnst MonenupoBaHUsT HEUPOH-TIUATBHBIX B3aMMOJIEHCTBHI pa3padOTaHbl TOIXOJBI Ha
MHUKpPO- U MaKpoypoBHe. Ha MUKpOYpOBHE HCTIOJIB3YIOTCS CBSI3AHHBIE CETH, COCTOSLIUE U3 CIIOEB
HEHPOHOB U acTpouToB. Ha MakpoypoBHE MpUMEHSI0TCS (PEHOMEHOJIOTHUECKUE CPETHETIONIEBhIE
monenu [2, 3], KoTopele MOAU(PHUIMPYIOT KIACCUYECKHUE MOJENH, AO0aBIsISl YpaBHEHHS IS
ONMCAHMS BIIUSIHUSA ACTPOLUTOB YEPE3 NNIMOTPAHCMUTTEPHI, UTO MO3BOJISET ONUCHIBATH CI0KHYIO
JMHAMUKY HEHPOHHBIX MOMYJALMN U COMOCTABIISTH MOJEIUPOBAHHUE C IKCIEPUMEHTATbHBIMU
JTaHHBIMH.

Ilenp mccnenoBaHusi — OIEHWUTh, KaK MPUCYTCTBHE aCTPOLMTOB B CHUCTEME BIIMSET Ha
KaueCTBO BOCCTAHOBJICHUS HAa OCHOBE BPEMEHHBIX PSIJOB aTTPAKTOPOB COOTBETCTBYIOIIEH
JWHAMUYECKOW cucTeMbl. IS OCTHKEHMS 3TOW eI IPOBEIACHO CpPaBHEHUE PE3YJIbTATOB
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BOCCTAHOBJIEHMSI aTTPAKTOPOB U3 JAHHBIX BPEMEHHBIX PSIOB [Js KJIACCHUYECKOM MOaenn
[Hoapikca-Mapkpama (IIM) [4] u mns moaenu Llonbikca-Mapkpama ¢ y4eToM acTpPOIMTAPHOTO
BrnustHusA (LIMA) [3, 5].

BoccraHoBieHne JUHAMUKM HEUPOH-aCTPOLIUTAPHOTO B3aMMOJEHUCTBHS BBIIOJIHEHO C
UCIIONIb30BAaHUEM  apXHUTEKTYphl Tiyookoro oOyuenusi dend-PLRNN [6], cxemarudHO
n300pakeHHOH Ha puC. I. ApXHTEKTypa TMpeAcTaBIseT CO00H  KyCOYHO-THHEHHYIO
PEKYPPEHTHYIO HEHPOHHYIO CETh, OIMCHIBAEMYIO ypaBHEHHEM i M-MEpHOTO CKpBITOrO
COCTOSTHUSI:

ze = Az 1+ Wep(z,_1) + h+ Cs,

KOTOpPOE OIMCBHIBAET BPEMEHHYIO ABOJIIOLMIO M-MEPHOr0 BEKTOpPa CKPBITOIO COCTOSIHUS Zp =
(Z1¢) Z2¢y > Zye ), A — IUAroHalIbHAsi MaTPULIA KOHCTAHT BPEMEHH ISl Kax10ro coctostuust, W
— MaTpuIla BECOB CBsi3ed, h — BEeKTOp cMemeHuii, C — Beca BHEIIHUX BXOZIOB S;. DyHKIms
aKTUBALMK 3a/1aeT JCHJIPUTHYIO HEJIMHEHHOCTD [8] 1 mpeacTaBiseT coboil TMHEeNHHbIE CIIIaiiHbI ¢
HaKJIOHAMH JICHIPUTHOTO BXO/1a/BbIX0/1a a), € Ru noporamu aktuBauuu h;, € RM:

B
)= ) aymax(0,—hy), 7y

riae B — uucno pacmmpenust 6asuca (basis expansion number), 3a1aeT KOJIMYECTBO KyCOUYHO-
JIMHEHHBIX KOMITOHEHT, KOTOPBIC HCIIOJIB3YIOTCS IS alpOKCHMAIMA HEIMHEWHONW (YHKIUH
BHYTPH MOJENM. YBEIMYEHHE MapamMeTpa B mo3BoiseT 0ojiee TOYHO anIpOKCHMHPOBATH
HeNMHeHHbIe (QYHKIIMHA MOCPEICTBOM pa3OueHHs Ha OOJIbIIIee YUCIIO JTMHEWHBIX CETMEHTOB.

ay | Tt LTty
I w Il w I w | w
dend-PLANN | = ... A—» % 7 2 . 2 ——
c le ™ le ™ L
(o) (s) o 509
Tt

241

f+\

Puc. 1. Cxema apxutextypsl HeliponHoH cetn dend-PLRNN: cBepxy nmokazaHa
knaccndyeckas RNN, BHU3y — mMoauduuupoBanHbiii 010k dend-PLRNN

2t

N
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OO0yueHue ceTH MPOBOJUTCSI METOJIOM 0OPaTHOTO PacipOCTPaHEHUS OIIMOKH BO BPEMEHHU C
YaCTUYHOM MOICTAaHOBKOM UCTUHHBIX 3HAYEHUH ISl CTaOMIIN3aluy IPaJUeHTOB.

B kaudecTBe JaHHBIX HUCIHOJB3YIOTCA BPEMEHHbIE PSJIbl (TPAEKTOPHH), CTEHEPUPOBAHHBIE C
ucrnonb3oBHaneM moxaenerd [IM u [IMA. B kauecTBe MeTO/1a MHTETPUPOBAHUS BBIOpAH METO
Pynre-Kyrtet 4 mopsinka ¢ mocrosHHbiM 1marom  0.01. Ilepex oOyueHuem JaHHBIE
CTaHJAPTU3UPYIOTCS Al oOecreueHHsl KOPPEKTHOTO CpaBHEHHs MPU3HAKOB U YCTOHUMBOCTH
npoiiecca 00y4eHusl.
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s ananu3a KkayecTBa BOCCTAHOBJIEHUSI UCIIOJB3YETCs reomeTpuueckas metpuka KLx [6],
OCHOBaHHasi Ha OTHOCHUTEJIbHOW OJHTPONMHU. JTa METpUKA H3MEPSET PACXOKICHUE MEXIY
pacrpeieNeHus MU COCTOSTHIIM MOJICIIUPYEMBIX CUCTEM B (ha30BOM IPOCTPAHCTBE.

[Tokazano, 4Yro wucmnonwp3dyemas riayOokass HedponHas ceTh dend-PLRNN ycmemnmHo
BOCCTAHABJIMBAET IEPUOANUYECKUE, XAOTUUECKUE U CTALlMOHAPHBIEC PEKUMBI U COOTBETCTBYIOLIUE
aTTPaKTOpPbI Tt Kinaccuueckoit moaenu [IM u [IMA, uTo 00BsICHSIETCS TEM, UTO TI0 CBOCU CYTH
paccmarpuBaemast apxutektypa dend-PLRNN cama sBisieTcss IHUCKPETHOW CpEIHEINOICBOM
MOJIeTbIO, M TaKUM O0pa3oM, YCIEHNIHO YJIaBIUBAaeT OCOOCHHOCTH JIMHAMUKUA APYTUX
cpenHenoneBbix Mozenei. [Ipu 3TOM nepuonuyeckue peXUMbl XOPOIIO BOCCTaHABIMBAKOTCS
obenmu monensMu (puc. 2), a cTallMOHAPHBIA pekuM aiia Moaenu [IMA BoccraHaBiuBaeTcs
CYLIECTBEHHO TOYHeEe, 4eM s Kiaccuueckol moxenu LIM. Takum oOpaszom, MpHCyTCTBHE
aCTPOLIMTOB B CHUCTEME MOXKET HE TOJBKO HE MelaTh, HO W TNPHUBOJAWTH K CTaOWIM3aINN
peJCKa3aHusl.

T | f2
|

‘\\ [t M 1
\\‘ | u | u
\ ro ‘* 0
\
“‘1 s |
! \ 7

, ,,/'J -27 5l ) \ /'J
S 4 E A E =1 e S A E
0 < x 0 ~(/
1. =1 1 -1

w

Puc. 2. [Ipumepsl BOCCTaHOBJIECHUS AUHAMHUKHI Mojieel. PUCYHOK cieBa COOTBETCTBYET MOJIENU
M, KLx = 0.039, pucynok cupasa - mojenu [IMA, KLx = 15.870. TpaekTopuu cUHEro 1[BETa
COOTBETCTBYIOT UCXOJTHOMY aTTPAKTOPy, OPAaHKEBbIE — BOCCTAHOBJICHHOMY.
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MACHINE LEARNING FOR SOLVING THE PROBLEM OF DETECTING
MULTISTABLE ATTRACTORS
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Abstract. A method for detecting multistability using neuromap is applied for multistable
Chua model. It is shown that with a sufficient amount of data, the system can reproduce the
dynamics on which it was trained, and with a small amount it does it roughly. Even with a small
amount of data, the proposed algorithm found a hidden attractor. It is also noted that with fewer
training pairs, the quality of reproducing the attractors decreases.

Keywords: neuromap, multistability, hidden attractors.

A series of neuromaps was trained on pairs (a point in phase space, a point on a trajectory
passing through it through t=0.01) with a given number of pairs from the basins of attraction of
each of the five attractors to reproduce the Chua system [1] with parameters a=8.4, =12, y=0.05,
m0=-1.2, mI1=-0.23. Neuromaps was trained according to the algorithm proposed in [2] as a direct
error propagation network with two hidden layers of 128 neurons each and tanh as an activation
function, where the network input was normalized.

Original Neuromap Original Neuromap
7 2.5
iy /‘ 2.5
60 ’y 7y e
X 60 60 5708 * 15705
Fixed point 1 10,000 Chaotic attractor 1 10,000 Fixed point 1 10,000 Chaotic attractor 1 10,000
Fixed point 2 10,000 Chaotic attractor 2 10,000 Fixed point 2 10,000 Chaotic attractor 2 0
Limit cycle 0 Limit cycle 0
Original Neuromap Original Neuromap
[2.5 (2.5
f ' f2.5 2.5
\ 705 (& /y 0.5
S R Y -l T R
o505 * 15705 . .
Fixed point | 100,000 Chaotic attractor 1 100,000 Fixed point 1 100,000  Chaotic attractor 1 100,000
Fixed point 2 100,000 Chaotic attractor 2 100,000 Fixed point 2 100,000  Chaotic attractor 2 0
Limit cycle - 0 Limit cycle 0

Fig.1. Comparison of the original attractor and the one reproduced by neuroimaging. The
number of training pairs for each attractor is shown next to each experiment
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Fig.1 demonstrates results of comparison solution of ODE (original) and corresponding
trajectory of neuromap. It is shown that in the absence of a limit cycle in the dataset, the envelopes
of the other attractors, neuroimaging finds it in a certain distorted form: its radius decreases.
Chaotic attractors with insufficient data are found as similar limit cycles or as a merged chaotic
attractor. The quality of the attractor reproduction depends on the amount of training data. Whereas
the limit cycle was found in each of the four experiments.

The work carried out in the frame of project “International academic cooperation” HSE
University.
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Abstract. The central hypothesis of this research is that increasing the number of distinct
trajectories in the training set causes the trained output weight matrices to become more similar to
each other, which in turn enhances the reliability and accuracy of predictions by preventing the
reservoir from diverging to its own, incorrect dynamics.

Keywords: machine learning, reservoir computing, Li-Sprott System, Rdssler System.

Reservoir Computing (RC) is a promising machine learning approach for this task due to its
computational efficiency. The architecture typically consists of three layers: an input layer, a
recurrent reservoir with fixed internal connections, and a trainable output layer. Only the output
weights are adapted during training, while the reservoir and input weights are initialized randomly
and remain fixed. This study investigates the training process of RC for predicting the trajectories
of chaotic dynamical systems. A key challenge in data-driven forecasting is accurately
reconstructing a system's dynamics, especially when it is chaotic or multistable (possessing
multiple coexisting attractors), from limited observational data.

The research was conducted on two canonical chaotic systems: the Li-Sprott system and the
Rossler system. The Li-Sprott system is a 4D multistable system where a torus attractor coexists
with a symmetric pair of strange chaotic attractors [1]. The Rossler System is a 3D chaotic system
with a lower Lyapunov exponent and a longer predictability time [2].

In this study, we employ a conventional RC architecture composed of three main components:
an input layer, which receives time-series data and projects it into the high-dimensional reservoir
space; a reservoir layer, consisting of 300 neurons (sparsely connected with fixed random
weights); a trainable output layer, which reads from the reservoir state and is optimized to perform
predictions based on the dynamic information encoded in the reservoir. The reservoir's state
evolves according to a differential equation:

f(y,x) = =1 + tanh(Wry + GWix + B),

where x; is an input sample of the system at the time ¢, 7; is a reservoir state at the time ¢, W is
an adjustment matrix of the reservoir, W;, is an input matrix with strange G, B is a bias vector.

It is integrated numerically using a 4th-order Runge-Kutta scheme. The reservoir updates its
internal state multiple times (25) before making a single prediction for the next point in the
system's trajectory. The reservoir was trained on a set of different trajectories (from 1 to 10). For


mailto:gromov@itmm.unn.ru

23
Cooprux mpyooe MeawcoynapooHoii HayuHoU KOHpeperyuu

the test trajectories, after a "warm-up" the RC operates autonomously: its own predicted output is
fed back as its input for the next step.

When trained on only one trajectory, the RC often failed to generalize. The predicted trajectory
initially follows the true path but then suddenly shifts to a dynamical regime not present in the
original system. This shift is characterized by a strong zero-frequency component in the power
spectrum. It was found that output matrices leading to these shifts were distant from each other in
terms of the Frobenius norm.

The core hypothesis was confirmed: as the number of training trajectories increased, the number
of predicted trajectories that exhibited shifts decreased. For the Li-Sprott system, this decline was
sharp and clear. For the Rossler system, shifts were less frequent overall but were eliminated
entirely when 10 trajectories were used for training.

The distance between different matrices trained on the same number of trajectories decreased
as the number of training trajectories increased. Both the mean distance and the interquartile range
shrank. This indicates that the training process converges to a more consistent and unique mapping
from the reservoir state to the system's state.

ggg —}— Mean £ IQR 60 —}— Mean £ IQR

17.5- >0

15.0- 40

T12.5 ©

10.0 \} 4 ) 30 \
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2.5 . .
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a) Trajectories in training b) Trajectories in training

Fig. 2. Mean distance d between trained matrices with 10-th and 90-th quartile bands,
depending on the number of trajectories in training 7. (a) The Li-Sprott system. (b) The Rossler
system.

This finding has practical importance for applications where data collection is expensive or
difficult (e.g., neurophysiology). It provides a guideline for the optimal amount of data required
for reliable forecasting, suggesting that a small set of distinct trajectories (e.g., ~10) can be
sufficient for robust performance. The results may also be generalized to other types of recurrent
neural networks, opening avenues for future research.

Funding for this project was provided by the Ministry of Science and Higher Education of the
Russian Federation, Contract FSWR-2024-0005.
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CPABHUTEJIbHBIN AHAJIN3 MYJIbTUCTABAJIBHBIX CBOMCTB MOJIEJIA
THUIIA XOJ)KKMHA-XAKCJIU 1 EE HEUPOCETEBOT'O OTOBPAXKEHUSA
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AHHoTanus. B pabore nMpoBOAUTCS CPAaBHUTEIbHBIM aHAIN3 MYJbTUCTAOUIBHBIX CBOMCTB
Mo uduImpoBanHon Monenu lllepmana—PuHIens ¢ JONOTHUTENHHBIM KAJIMEBBIM KaHAIOM THIIA
X0JUKKMHa—XaKciu, U €€ HeHpPOCeTeBOro 0ToopaxkeHus. MynbTUCTa0MIBHOCTD OIUCBIBACTCS C
IIOMOIIBIO BEPOATHOCTHBIX XapPAKTEPUCTUK 110 aHCAMOJIIO CITy4yaiHbIX HadaJbHBIX YCIOBUH, IpU
3TOM HeWpoceTeBas MOJElNb allpOKCUMUPYET OTOOpakeHHE HCXOJHOM CHCTEMBl IO IIary
uHterpupoBanus. IlokasaHo, 4yTo HelpoceTeBoe OTOOpaKeHHE KOPPEKTHO BOCIPOU3BOAUT
pacroyiokeHre odaactelt 6ucTabuIbHOCTU U (POPMY aTTPAKTOPOB, OJTHAKO HECKOJIBKO 3aBbIIIAET
JIOJIFO HAYAJIBHBIX YCIOBHUH, IPUBOIAIIUX K PABHOBECHOMY PEXUMY.

KiroueBble cjoBa: Mozaenu Tuna  XOMKKMHa—XakCiu;  MYyJIbTHCTaOMIBHOCTB;
HelpoceTeBoe 0TOOpaXKEeHHE.

Mopnenn tina XoJKKHHa—XaKCIM IIUPOKO HCIONb3YIOTCS JJI1 ONMUCAHUS BO30YIMMBIX
KJIETOK (HEMpPOHOB, KapJJMOMHOLIUTOB, B-KJIETOK) U BOCIIPOU3BOAAT OOraThlii HA0Op PEKUMOB —
nokos, craiikoB u 6epcroB [1]. OqHON M3 KIIIOYEBBIX OCOOEHHOCTEH TaKUX CUCTEM SIBIISETCS
MYJIbTHUCTAOUIBHOCTb, TO €CTh COCYIIECTBOBAaHHE HECKOJIbBKMX YCTOWYMBBIX PEXKHMOB IpHU
¢uKcupoBaHHBIX Mapamerpax. s B-KIeTOK MyJIbTUCTaOMIBHOCTh CBSI3aHA, B YaCTHOCTH, C
COCYIIIECTBOBAaHHUEM MOJIYAIMBBIX U COCTOSIHUM aBTOKOJI€0aHUM B BUJE OEPCTOB, U MOXKET UTPATh
POJIb B PETYJISILIUN CEKPELIMU UHCYJIMHA [2].

UucneHHoe wHcciaeloBaHUE MYJIbTUCTAOMIBHOCTH TpeOyeT WHTErpupoBaHUs OOJBIIOrO
yHuclia TPAeKTOPHIl [ pa3HbIX HayajdbHBIX YCIOBHMM M IapaMeTpoOB, YTO CTAaHOBUTCS
BBIUMCJIMTEIBHO 3aTpaTHBIM IpU MEpPEXOoAe€ K CEeTIM OCHWUIATOPOB. OJTO MOTHUBHUPYET
UCIIOJIb30BAaHUE HCKYCCTBEHHBIX HEMPOHHBIX CETEH B KaydeCTBE CYpPPOTaTHBIX MOJEIEH,
aNnpOKCHMHUPYIOIIUX JUHAMHMKY JUHAMMUYECKHX CHUCTEM U  TO3BOJSIOLUMX  YCKOPHUTH
napaMeTpUYECKUN aHaIN3.

PaccmarpuBaetcs mogudummpoBannasiii BapuanT moaenu lllepmana—Punnens [3] mist -
KJIETKU:

W= —lee(V) = [ (V, 1) = Iio(V,m) = [s(V, 5),
™m=o0ne,(V)—n),
7¢S = S, (V) = S.

JlunamMyka MeMOpaHHOTO TOTEHIMana V, OBICTPOTO KajlWeBOro KaHayla, N U MEIJICHHOU
NEPEMEHHON S 3ama€rcst CUCTEMOM YypaBHEHMM Tuna XOMKKMHA—XaKCIU C KajbLUEBBIM,
KaJIMEBBIM U MEJIEHHBIM TOKaMHU:

Ica(V) = gcaMea VIV — Vo),
Ix(V,n) = ggne(VY(V — Vi),
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Iy, (V,n) = groPoo VIV — Vi),
Is(V,n) = gsSe V)V — Vs),
ODYHKIMS, OMUCHIBAIONIAS OTKPHITHE HMOHHBIX KaHAJOB B OPUTMHAIBLHON MOJETH, UMEET
[ (10% {01117 158:3701 &

%
we (V) =[1+ expwg—]_l, w=mn,S.
w

MynbTHCTaOMILHOCT 00ECTICYNBACTCS BBEJICHUEM JIOTIOTHUTEIHLHOTO KamueBoro Toka [K2

C HEMOHOTOHHOH (PYHKIIMEH aKTUBALIUH, TPECTABICHHON Pa3HOCTHIO IBYX CUTMOU/;
V- V,=-V

P 14 -
5, TePTg, 1
P P

Takas nokaiabHaAsS MOI[I/I(bI/IKaI_II/ISI IOpOKAACT COCYHICCTBOBAHUC PABHOBCCHA U

Peo(V) = [exp

aBTOKOJICOAHWII B HEKOTOPOM HHTEpBAJIe MapamMeTpoB. B pabore mapaMerp NpPOBOAMMOCTH
JOTONHUTEbHOTO KaHanma gK2 (¢ukcupyercs Ha 3HAuU€HUHM, MPU KOTOPOM CHCTeMa
JNEMOHCTpPHUpPYET OepcToBble KojebaHusA, a B KadecTBe OUDYpKAIMOHHOTO MapameTpa
UCIIOJIBb3YETCS CIBUI AKTUBALMOHHOM KPUBOM MEJIEHHOTO TOKa Vs. [lnsd pspa 3HaueHud Vs
HaOMrogaeTCs OMCTAOMITILHOCTD «PaBHOBECHE—OEPCTHIY.

JIJis yCKOpEHUS BBIYMCIICHUHN CTPOUTCS HEUPOCETEBOE OTOOpakeHNE, alllPOKCHUMUPYIOIIEe
[iar THTErpUpOBaHUsI KUCXOAHOU cUCTeMBI [4]. Bxoa BKiroyaeT Tekylee COCTOSIHUE U MapaMeTp
Vs, BBIXOJ] — COCTOSIHME B CJIEIYIOIIMNA MOMEHT BpeMeHHU. [lomHocCBsA3HAs ceThb 0Oy4aeTcsi Ha
Habopax nap (x(t), x(t+At)), HoIyuYEeHHBIX YMCIEHHBIM HHTEIPUPOBAHUEM UCXOAHON MOJEIH IS
pa3IMYHbIX HAYalbHBIX yCJIoBHM U mapamerpoB. [locie oOydenus HelipoceTeBoe O0TOOpakeHUe
BOCTIPOM3BOANT BPEMEHHBIE PSAIbl U (Pa3oBble MOPTPETHI, OMU3KHE K TPACKTOPHUSIM HCXOMHOM
CUCTEMBI.

Jlokanuzanus 006JacTH MyJIbTUCTAOUITFHOCTH OMUCHIBACTCS BEPOSITHOCTHBIM METOAOM. {715t
¢ukcrpoBaHHOTO Vs reHepupyeTcsi aHcaMOJIb ClIydyaliHbIX HaualbHBIX YCIOBUN B OTpaHUYEHHOU
obmactu (QazoBoro mpocTpaHcTBa. Kaxkmas TpaekTopus HMHTETpUpPYeTCs JO BBIXOJAa Ha
YCTAaHOBUBIIUKCA PEXKHUM, TIOCIE€ YEro IO OTCYTCTBHIO KOJIEOAHUW  MPOU3BOJUTCSA
KJaccu(uKanus: paBHOBECHE WJIM aBTOKoJeOaHus. Ha 3Toil OCHOBE OLIEHMBAETCSl BEPOSITHOCTh
MONaJaHus B PABHOBECHBIN pPEeKUM:

rae Neq — 4YHCIO TpPAeKTOPHUM, MPUXOIAIIMX K PaBHOBECHIO. AHAJIOTM4Has NpoLEexypa
IPUMEHSETCS K HeHPOCETEBOMY OTOOpaKEHHUIO.

Ha pucynke 1 momydeHHbIE BEPOATHOCTHBIE XapaKTEpUCTUKH Peq Uil MCXOIHOM MoOJenu H
HelpoceTeBoro oToOpaXKeHHsI IEMOHCTPUPYIOT XOpolliee coBraieHne. B oboux ciydasx o01acth
O0MCTaOUIBHOCTH 110 MTapaMeTpy Vs OIpeesieTcsl HHTEPBAJIOM, /1€ BEPOSITHOCTh PAaBHOBECHOTO
pexuMa Majla, HO OTJIMYHA OT HYJIA, YTO COOTBETCTBYET Y3KOMY OacceiHy NpHUTKEHHS
paBHOBECHS IPH TOMUHUPOBAHUU KOJIEOATEIBHOTO aTTPAKTOpa.
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a) b)

P, %
P, %

Puc.1. BeposTHOCTHBIE XapaKTEPUCTHUKH IS a) MATEMAaTHIECKOTO MOJICITMPOBaHUs, b)
HEHPOCETEBOr0 OTOOPAKEHHS

Jyist HelpoceTeBOro OTOOpaKEHUST YMEHbIIaeTcs 00J1acTh OMCTaOMILHOCTH TI0 VS U popma
3aBucuMocTd Peq, olHako B HEHl 3HAYEHUS BEPOSITHOCTH YBEJIMYUBAKOTCA TOJBKO Ha 1.3% mo
CPaBHEHHIO C MCXOJHOM MOJENbI. OJTO MOXHO MHTEPIPETUPOBAaTh KaK CIEICTBUE
anMnpoOKCUMAllMM CJIOXKHBIX TpaHUL] 0AaCCEMHOB MPUTSKEHHUS HEUpPOCeThIo, MPUBOASAIICE K HMX
«pa3mbiBaHuIO». [Ipu 3TOM cpaBHEHUE (Pa30BBIX MOPTPETOB MOKA3bIBAET XOPOIIEE COBNAJCHUE
(GopM aTTPaKTOPOB U PACIOIOKEHHUS PABHOBECHS.

[IpoBenéH cpaBHUTENBHBI aHANMU3 MYJIBTUCTAOMIBHBIX CBOWCTB MOAW(MUIIMPOBAHHOM
MOJIENN THIa XOJKKHHA—XAaKCIIU U €€ HeHpOCEeTeBOro 0TOOpaKeHUsI Ha OCHOBE BEPOSTHOCTHBIX
XapaKTepUCTHK [0 HadajdbHbIM YycioBusaM. [loka3aHo, 4TO HelpoceTeBoe OTOOpakeHue
KOPPEKTHO BOCIIPOM3BOAUT pAacIoyiokeHHe obnactell OMCTaOMIBHOCTH M KaueCTBEHHYIO
CTPYKTYpPY AaTTPakTOpPOB, HECMOTpsi Ha HEOOJbIIOE 3aBbIIICHHE BEPOSATHOCTU PABHOBECHOTO
peXHUMa.

Paboma  ewinonmena  pamxax  npoexma  «Medwcoynapoonoe — axademuueckoe
compyonuyecmeoy HUY BIIID
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BHYTPEHHUE IIIYMbI B AIIIMTAPATHBIX HEHPOHHBIX CETSX PA3JIMYHBIX
THUIIOB

Cemenosa Haoexcoa Heopesna,
CI'Y um. H.I'. YepHnviwesckoeco
semenovani(@sgu.ru

Konecnuxos Hean /[mumpuesuu,
CI'Y um. H.I'. YepHnviwesckoeco
kole200@yandex.ru

Maxkcumos [lanuun Anexceeguu,
CI'Y um. H.I'. YepHnviwesckoeco
danilmax2003maksimov@gmail.com

Mockeumun Bukmop Maxcumosuu,
CI'Y um. H.I'. YepHnviwesckoeco
vmmoskvitin@gmail.com

AnHoTanusa. B nmocnegnue roapl MOsSBUIOCH OOJBIIIOE KOJUYECTBO paldOT, MOCBSAIICHHBIX
aQHAJIOTOBOH (arnmnapaTHOM) peanu3alii UCKYCCTBEHHbBIX HEHPOHHBIX CETEH, B KOTOPbIX HEUPOHBI
U CBSI3U MEXJY HHUMU OCHOBaHbl HE Ha KOMIIBIOTEPHBIX BBIUMCICHHSX, a HAa (DU3MUECKUX
npuHnunax. Takue ceT¥ B HEKOTOPHIX  chydasx  00ecredyuBaloT  YIy4IIEHHYIO
9HEprod(PpPeKTUBHOCT U MAaCHITAOUPYEeMOCTh, HO MOTYT OBITh TIOJBEPIIEHBI BIHSIHHUIO
BHYTPEHHUX ITyMOB. B manHOl paboTe n3yyaercs BIMsSHUAE BHYTPEHHETO IIyMa Ha O0y4YeHHbIE U
VIOPOIIEHHbIE TITyOOKHe, peKyppeHTHbIE, CBEPTOUYHBIE M CIAMKOBBIE HEHPOHHBIE ceTu. bembiii
TayCCOBCKUU IIIyM BBOJUTCSA YETHIPbMS CIIOCOOAMM: QJJINTUBHBIM M MYJIbTHIUIMKATUBHBIM (B
3aBUCHMOCTH OT BO3JICHCTBUS HA KXl HEHPOH); KOPPEITUPOBAHHBIM U HEKOPPEIUPOBAHHBIM
(B 3aBUCUMOCTH OT TOTO, KaK OH BIIUSIET HA BECh Pe3epByap).

KaroueBble cj10Ba: HEMPOHHBIE CETH; MCKYCCTBEHHBIE HEWPOHHBIE CETH; AallllapaTHBIC
HEHpOHHBIE CETH; IIyM; IIyMOBOE BO3JEWUCTBHE; TTyOOKHE HEWPOHHBIE CETH; PEKypPEHTHHIE
HEUPOHHBIE CETH; CBEPTOYHBIE HEUPOHHBIE CETHU; CIIANKOBBIE HEHPOHHBIE CETH.

dusnueckas peanu3alus HCKYCcCTBeHHbIX HeWpoHHbIX cereit (MHC) B peambHOM
SKCTIEPUMEHTE — JOBOJILHO HOBOE HAIMpaBIICHWE B 00JIacTH MamMHHOTO 00yuenus [1,2]. Takue
CETH JJal0T CYIIECTBEHHOE MPEUMYILIECTBO B CKOPOCTH PabOTHI, OIHAKO MOTYT UMETh BHYTPEHHUE
IIYMbI, HCXOJSIIME U3 COCTABIAIOIIMX SKCIEPUMEHTAIbHOM YycTaHOBKU. Ilpu »TOoM 1Iym
OTJIEIbHBIX KOMIIOHEHTOB MOKET PACIPOCTPAHATHCS MO CETH U MOTEHIIMAIbHO HAKAIJIUBAThCS.
CrnenoBarenbHO, TaKW€ CETH MOTYT OBITh YS3BUMBI K BO3JCHCTBHIO IIyMa, YTO SBIISIETCS
CYULIECTBEHHBIM MPEMATCTBUEM B IIporiecce 00yueHus U GyHKIMOHUpoBaHus. Ha qaHHBI MOMEHT
OINyOJMKOBAHO HECKOJIBKO paboT, B KOTOPBIX ITOKA3bIBAETCS, YTO HAJIWYME IIymMa BHYTpPH
sKcnepuMeHTaibHo peannzoBanHod MHC memaer o0yuenuto uinu ¢pyHkuuoHuposanuio [3,4]. B
CMO/JICIMPOBAHHBIX Ha KOMIBIOTEPE CETSX IIyM, KaK MpPaBUJIO, JOOABISUICA TOJIBKO BO BXOHbBIE
JAaHHBIE, YTO BJIMIIO Ha Tporecc paboTsl U oOydeHue [S]. OgHaKo MpakTUYECKH HET padoT,
KOTOpBbIE aHAIM3UPOBAIM OBl pacmpocTpaHeHue u HakoruieHue myma B MHC ¢ Touku 3peHus
LIyMa BHYTPU HEMPOHOB HJIU CBSI3H.

3nech OyIyT MpeCTaBIeHbI Pe3yJIbTaThl, I0JyUYEHHBIE JUIsl HECKOJIBKUX TUIIOB HEHPOHHBIX
cereii. B kauecTBe MCTOYHMKOB IIYMOB PacCMaTpPUBAIOTCS HMCTOYHMKH OEJIOro rayccoBCKOTO
myma. B 3aBucuMocTH oOT cmoco0a BO3AEHCTBHS IIyMa Ha MCKYCCTBEHHBIE HEHPOHBI
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HCIIOJIb30BAJIOCh AIIUTUBHOE U MYJIBTUIUIMKATUBHOE ITyMOBOE BO3/ICHICTBHE, a B 3aBUCUMOCTHU OT
BJIMSHUS Ha CJIOM HEWPOHOB pPacCMaTPUBAIOCH KOPPEIUPOBAHHOE M HEKOPPEIMPOBAHHOE
Bo3aeiicTBue. s Hauama paccMaTpuUBaeTCs BIMSHUE AIJUTUBHBIX M MYJbTUIUIMKATUBHBIX
IIYMOBBIX BO3JICMCTBUI Ha YNPOUICHHBIE TIyOOKYI0 M PEKYPPEHTHYIO CETh, KOT/Ia HEHpPOHBI
UMEIOT JTUHEHHYI0 QYHKIUIO akTuBanmu [6]. HekoppennpoBaHHBIN IIyM B TaKOW CETH MOXKET
OBITh YMEHBIICH OJ1aroaps ciaboi CBsI3U MeX 1y HelipoHaMu. B cirydae aHagormyHou cetu, HO ¢
HEHpPOHAMHM C HENMHEHHOW (PYHKIHMEH akTUBAaMH (TUNEPOOJTUYCCKHUNA TAHTEHC W CHUTMOMJIA)
CUTyaIlusi HeMHoro cioxkHee [7]. st ynpouieHHOH HEWpPOHHOW CETH ¢ T100albHON CBS3BIO
MEXIy HelipoHaMH ObUIO OOHApy>KEHO, YTO HAKOIUIGHHWE IIyMa B IEJIOM OrpaHUyYeHOo, a
no0aBJIeHHE JOIMOJIHUTENbHBIX CJIOEB CETH HE YXYALIAET COOTHOIIEHWE CUTHAI-IIYM HIKE
ompeneneHHoro mnpezena. us oOydeHHBIX HEWPOHHBIX CETeH aHATUTHYECKOE IMpEICKa3aHue
YPOBHSI IIIlyMa MUMEET HEKOTOpPBhIE OCOOCHHOCTH, HO BCE €IIe MOXKET MPHUMEHSThCS. B kadecTBe
paciIMpeHs] TMOCTaBJICHHBIX 3a1ad ObUIM IPEUIOKEHBl CIOCOObl YMEHBUIEHMSI BIIMSHUS
pa3IUYHbIX TUMNOB IIyMOB [8]. [l yMeHblIEHUS BIMSHUS KOPPEIUPOBAHHOIO aJJUTHUBHOTO
IIYMOBOTO BO3€HCTBUsI OblLIa BBEACHA KOHIICTIIIMS HEMPOHOB-TIpU3paKoB (ghost neurons), a amns
HEKOPPEIUPOBAHHBIX IIIYMOB — KOHIICTILIUS MTyJIOB.

Yrto KacaeTcsi peKyppeHTHOM CeTH, TO PacCMaTPUBAIOTCS CETU C TUIMUYHBIMH MaTpPUIIAMHU
CBsI3eH pe3epByapa: CilydailHble paBHOMEPHBIE U JICHTOUHBIE MATPUIIBI C PA3TMYHON CBSIZHOCTHIO
[9]. Bce HOC Obutn 00yueHBI MpeCKa3bIBaTh XAOTHUECKYIO PEANM3alUI0 CUCTeMbl MaKKu—
I'macca. Iloka3aHo, 4TO pacmpocTpaHEHHE IIymMa B PE3EpByape B OCHOBHOM KOHTPOJUPYETCS
CTaTUCTUYECKUMU CBOMCTBAMM BBIXOJHOW MAaTpPHUILIbI CBSI3€H, @ UMEHHO €€ CPEJHUM U CPEAHHUM
KBaJpaToM. OTH 3HAY€HUS BIMAIOT HA HAKOIUIEHHE OINpEAENEeHHBIX THUIIOB IIyMOBOIO
Bo3aeiicTBus. Takke MOKa3bIBAE€TCS, YTO CYIIECTBYIOT YCIIOBHUS, IIPU KOTOPBIX Ja)xe IIyma
MHTEHCUBHOCTHIO 1020 yike 10CTATOUHO, YTOOBI MOJHOCTBIO MOTEPATH MONE3HBIH curHai. Takxke
MIOKa3bIBAETCs, KaKMe THUIIBI IIyMa HauOosee KPUTUYHBI AJIS CeTel C pa3iauMyHbIMU (QYHKIMSIMU
aKTUBalMK (TUNEepOOIMUYECKUI TaHTeHC, CUTMOUANbHas M JIMHEWHas) U €CIM CeTh SIBIISETCS
CaMO3aMKHYTOH.

Jlis cBEPTOUYHOM ceTu OBLIO MOKA3aHO, YTO aJJUTHBHBIE IIYMBI (KaK KOPpEIUPOBAHHbIH,
TaK U HEKOPPETUPOBAHHBIN) B CETAX CO CBEPTOUHBIM CIIOEM HAKAIJIMBAIOTCS CUJIbHEE, YEM B CETU
0e3 Hero. 3aBUCMMOCTH TOYHOCTH pPabOThl CETH OT HMHTEHCHUBHOCTH MYJIbTUILIMKATUBHOTO
KOPPEIMPOBAHHOIO IIyMa BBITJISASAT OJAMHAKOBO JUISL ceTeil co CBEPTOUHBIM ciloeM U 0e3, a
AQHAJIOTUYHBIE 3aBUCHUMOCTH ISl MYJbTUILUIMKATUBHOTO HEKOPPEIMPOBAHHOIO IIyMa BBIMVIAIAT
ropasio JIydlie Ut CETH CO CBEPTOUHBIM ci1oeM. Takke ObUTH PacCCMOTPEHBI CIION JUCKPETH3AIMN
¢ MaxPooling 1 MeanPooling. x ucnonb30BaHne NO3BOJSIET CYIIECTBEHHO MOAHATH TOUHOCTh
IIpY HAJIWYUM aJJUTUBHOTO IIyMa B CBEPTOYHOM cioe. CragaHue TOYHOCTU NPU yBEIUUYEHUU
MHTEHCUBHOCTU MYJIbTUIUIMKATUBHOTO KOPPETMPOBAHHOTO IIIyMa MIPAKTHUECKHU OAMHAKOBOE IS
ceTeil co cioem cyOauckperuzanuu U 0e3 Hero. YTo ke KacaeTcsi HEKOPPEIWPOBAHHOIO
MYJIbTUIUIMKATUBHOTO IIyma, To ceth ¢ MaxPooling MeHee yCTOWYMBBI K €ro BO3JEHCTBUIO.
3axmouenue. [TokazaHo, 4TO aAIMTUBHBIA IIyM CHJIBHO yXyAIIaeT paboTy CEeTH MpH HAIUYUHU
CBEPTOYHOIO CJI0S, OJTHAKO €r0 HETaTUBHOE BO3/IEHCTBUE MOKHO YMEHBIIUTD IIPU HAJIMYHUH CIIOSI
CcyOauCKpeTH3aluu cpa3y mocie ciost CBEPTKU. J[Is1 MyJIbTHUILUIMKaTUBHOIO IIyMa BBIBOJBI HE
TaKue OJHO3HAuHbIe. B OOJIBIIMHCTBE ClTyyaeB €ro BIMSHUE OJMHAKOBO HE3aBUCUMO OT HAJTUYHUS
cinoeB CBEPTKM W cyOmuckpermzamuu. OpnHako wucnoib3oBanue MaxPooling B croe
cyOaucKpeTH3alMu  JeflaeT  CeThb  MEHee  yCTOMYMBOW K MYJIBTUIUIMKATHBHOMY
HEKOppEJIUPOBAaHHOMY  IIYMOBOMY  BozneicTBuio. Kpome »aToro, Oblia mnpeasiokeHa
AQHAJIMTHYECKAsl OLICHKA BJIMSHUS IIIYMOBOT'O BO3/€CTBUS Ha Takue cetu [10].
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Uto KkacaeTcsi CHallKOBBIX CETEW, Mbl PACCMOTPENM OOYYEHHBIE CETH, COCTOSIIHE W3
Mojenel HelipoHoB dunXero-Harymo B konebarenbHoM pexume [11]. Jlna Takux cereit ObLIO
pPacCMOTPEHO HEKOPPEIMPOBAHHOE AJINTUBHOE U MYJIbTUIUIMKATUBHOE IITYMOBOE BO3JIEHCTBHE,
KOTOpO€ BBOJMIJIOCH B HepBoe YpaBHEHUE CUCTEMBI:

EX; = X; ———yl (1 + /2Dy ¢y (i, t)) + /2D,é(i,t) 1)
y,=x; +a+I(,¢t).

W1 ananornyHsIM 00pa3zoMm Ui BTOPOIO YpaBHEHUS CUCTEMBI
. x}
EXp =X — 5~ Vi

VY, =X - (1 + /2Dy & (i, t)) +a+1(i,t) + J2D4E(, t).

g obeunx cucrem ypaBHEHUH Xx; U Vi — (ha3oBble nepeMeHHble cucteMbl OurnXsro—Harymo,

(2)

OIMMCBIBAIOIINE AWHAMUKY I-TO oCHMJIIATOpa, € U a — HapaMCTpbl CUCTEMbI, KOTOPLIC ObLIH
3aUKCUPOBaHbI, /(i,#) — BHEIIHEE BO3JICHCTBUE, ONMMCHIBAIOIICE BIUSHUE MPEIBITYIIETO CIIOS
o0yuenHoit cetu. [TogpoOHee onrcaHne CUCTEMbI MOKHO MPOYUTATh B padoTte [11].

Jliist TakuX ceTeit ObUIO MOKa3aHO, YTO BHEAPEHHE 0OOUX THUIIOB IIIyMOBOTO BO3ICHUCTBUS
NPUBOAUT K CYIIECTBEHHOM IOTEpe TOYHOCTH yKe NPH MHTEHCUBHOCTH IIyma Hopsaka 1072,
OJTHAKO ISl aJJIUTUBHOTO BO3JICHCTBHS B IEPBOM YPaBHEHHH CHaJl MPOUCXOJUT 3HAYUTEIHHO
MeJIJICHHEE.

Paboma ewinonnena 3a cuem epamma Poccutickoeo nayunoeo ¢gonoa Ne 25-72-10055,
https://rscf.ru/project/25-72-10055/
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AHHoTauus. B pabote npoBoANTCS aHAIN3 BIUAHUS BHYTPEHHETO IIYMOBOTO BO3/ICHCTBHSA
Ha paboTy OoOydeHHOW HEHPOHHOW CETH pelIaroniei 3amady KiaccuUKauu U300paKCHHH, U
OILICHKA CTEIECHU YCTOWYMBOCTH CETH K pa3IMYHBIM BHJIaM IIIyMOBOTO BO3JCHCTBHUS, a TaKKe
paccMOTpPEHHE METO/1a YMEHBIIICHUS BIMSHUS IIYMOBOT'O BO3/ICHCTBHSI Ha paOOTY CETH.

KioueBble c10Ba: HEWPOHHBIE CETH; allapaTHble HEMPOHHBIE CETH; BHYTPEHHUH IIyM;
YCTOMYMBOCTB; ITyJl HEHPOHOB.

UckycctBennsie Heliponnsle cetu (MHC) B mocnennue aecaTuneTss CTald OCHOBOM
pelIeHN 3HAYUTEIBHOTO YMCIa 3amad B objacth o0paboTku WHGOpMAIMK, TAaKUX Kak
pacmio3HaBaHue 00pa30B, aHAJIM3 BPEMEHHBIX DPSIOB, aBTOHOMHOE BOXxAeHHE H Ap. OmHako
JanpHeIee yBeaIuueHne UX CI0KHOCTH M MacIITabOB yHUpaeTcs B OrpaHMYCHMs IU(POBBIX
BBIYMCIUTENBHBIX CUCTEM, TpeOytolee BCE OOJIbIIEro pocta 3Hepro3arpar. B kauecte perieHus
JTAHHOM MpoOJIeMbl aKTMBHO HCCIIENYeTCsl MepeXxo]] K aHAIOTOBBIM MOJIENSAM, PeaIu3yeMbIM Ha
OCHOBE (PM3UYECKUX MPUHIMIIOB — ONTUYECKHX, MEMPUCTUBHBIX U (DOTOHHBIX TeXHONOrui. Mx
KJIIOYEBOE MPEUMYILECTBO 3aKJIIOYAETCs B BBICOKOM CKOpPOCTH OOpabOTKH JAaHHBIX M KpaiiHe
HU3KOM BHepromnorpebnennu. Ho ¢ mosiBieHHeM amnmapaTHbIX pEHIeHH BO3HUKAeT HOBas
(dyHIaMeHTalbHas MpodiieMa: BIMSHUE (PU3UYECKUX IIYMOB, NMPUCYIIUX JIOOBIM aHAJIOTOBBIM
3JIeMEHTaM. ODTH LIyMbl BBI3BIBAIOT (DIYKTyallMyd CUTHAJIOB HEHPOHOB, YTO CTaBUT IOJ BOIPOC
CTaOMIIBHOCTh ¥ HTOTOBYIO TOUHOCTb BCEH CUCTEMBI, 0COOEHHO B TAKUX OTBETCTBEHHBIX 3ajjauax,
Kak Kjaccudukanus.

AKTYyanbHOCTh HAacTOsIIEH paboThl OOYCIOBIEHA AKTHBHBIM pA3BUTHEM AamIapaTHBIX
HEHPOCETEBBIX TEXHOJOTHH M HEOOXOJMMOCTHIO OOECIEUYECHHS WX HAIEKHOCTH B YCIOBUSX
bu3rdecKu HeM30€KHOTO BHYTPEHHETO ITyMa.

[IlymMm B HCKYCCTBEHHBIX HEWPOHHBIX CETAX IMPEJICTaBIsieT Cco0O0i HeXeaaTelbHbIe
ClIy4aifHble KoJeOaHUs CUTHalla, BO3HUKAWOIIME B TPOIECCe BBIYUCICHUH U Mepenadn
uHGpOpMAIIUK MEXKIY JIEMEHTaMH CETH. ATIMapaTHbIE HEHMPOCETH MOABEPKEHBI BHYTPEHHEMY
nryMmy, OOyCJIOBIEHHOMY  (DIyKTyallMssMU  HAaNpsOKCHHs, TeMIIepaTypHbIMU  Jperidamu,
HECTaOMIILHOCTHI0O KOMIIOHEHTOB | APYTUMHU (GU3NYECKUMU HCTOYHUKAMH. Takoii IryM He CBs3aH
¢ omuOKaMU BO BXOIHBIX JAHHBIX U BO3HHMKAET HE3aBUCUMO OT OOydyaromiei BBIOOPKH, BIIHSIS
HEIMOCPEICTBEHHO Ha BHYTPEHHHUE TIPOIIeCcChl 00paboTKi HHPOPMAITMHN B HEHPOHAX.

C MareMaTH4eCcKOW TOYKW 3PEHUs, IIIyM B HEMpPOHE MOXXHO OMHCATh KaK BO3MYIIEHHUE,
HAaKJIaJhIBAEMOE Ha BBIXOJHOC 3HA4YeHHE akThBaimoHHOW ¢yHKkuuu. Ilycte f(x) —
aKTUBaLMOHHAs (PYHKIINSA, ONpenessionas BHIXOJHOW CUTHAT HEHPOHA B 3aBUCUMOCTH OT CYMMBI
€ro BXo10B X. HpI/I HaJIMYHUU aJAUTUBHOT'O IITyMa CUT'HAJl Ha BBIXOJC HeﬁpOHa HpI/IO6pCTaeT BU:


mailto:vmmoskvitin@gmail.com
mailto:%20semenovani@sgu.ru.m
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yi = () +2D,5,() (1)

e y;' — BBIXOJ i-r0 HeHpoHa B n-M ciioe, Dy — HHTEHCUBHOCTH aUTHBHOIO Inyma, a &,4(t)
peanu3anus 0e10ro raycCoBCKOro Iyma.

Ecmu IyM ABJIACTCA MYJIBTUIINIMKATUBHBIM, OH U3MCHSCT BBIXO/] HeﬁpOHa, MaCI_HTa6I/Ip}7ﬂ
€ro 3Ha4YCHUC. Torz[a BBIPpaXXCHHUEC JIA BRIXOAHOI'O CUTHAJIa IPUHUMACT (bOpMy:

yi =) *A+y2Dy, 6y (1) 2)

e Dy, - HHTEHCHBHOCTh MYJIBTHIUIHKATHBHOTO 1IyMa, a &y, (t) - peanu3sanus 6e10ro rayCCoBCKOro
nryma. B 3Tom BapuanTe QuiyKTyanuu 3aBUCST OT aMIUIATY/IbI CAMOTO CUTHAJA, U, CJIEI0BATEIILHO,
0oJjiee akTUBHbBIE HEUPOHBI MOABEPTatOTCs 00JIee CHIIBHOMY UCKAKEHHUIO.

HesaBucumo ot THIIa, IIyM XapakTepU3yeTcs IapaMeTpoM HHTEHCUBHOCTU D, 0T KoTOpOro
3aBUCHUT €r0 BO3ACUCTBUE HA CETh. [Ipy MasbIX 3HAYEHUAX HTOTrO IApaMeTpa BIUAHUE IIIyMa MOXKET
OBITh HE3HAYUTEIbHBIM, OJTHAKO IPU €r0 YBEJIMYEHUH TOUHOCTh HEHPOCETH 3aMETHO CHHMKAETCH,
0COOCHHO €CII BO3MYIICHHE HAKJIAJbIBACTCSA HA CKPBITBIE CIOH. DTO OOBACHSETCS TEM, YTO B
CKPBITBIX CIIOAX MPOUCXONUT (HOpMHUpOBaHHME M TIepernada MpPEACTABICHUN, KPUTHYHBIX IS
KOpPpeKTHOH paboTsl Bcer Moaenu. LlIyM B 3THX ClIOsIX CIIOCOOCH HapyIIUTh Mepeaaqy MpU3HAKOB
MEXY YPOBHSMH, YTO B UTOTE MPUBOAMT K TIOTEPE KIACCH(PHUKAIMOHHON CTOCOOHOCTH CETH.

AOQAWNTUBHBIW WYM B CKPbITOM cnoe npu 10, 20 u 30 HelpoHax  MyNnbTUNAMKaTUBHBIA WYM B CKpbiToM crioe npu 10, 20 n 30 HelpoHax
1.0 ] 1.0 4

0.9 A 0.9 4

0.8 1
0.8 4

0.79

—— 10 HeilpoHoBCm =1 071 — 10 HelipoHoB cm =1

20 HeApoHoB cm =1 20 HeflpoHoB cm = 1
—— 30 HeilpoHoBCcm =1 0.6 1 — 30HeipoHoBcm =1
0.5 10 HeilpoHoB cm = 2 10 HeilpoHoB ¢ m = 2
20 HeApoHoB cm = 2 20 HelipoHoB € m = 2
0.4 30 HelipoHoB c m = 2 0.5+ 30 HelpoHoB € m = 2
10 HellpoHoB C M = 3 10 HelpoHoB cm = 3
20 HelpoHoB cm = 3 20 HellpoHOB € m = 3

0.3 ; 0.4 )
30 HelipoHoB cm = 3 30 HefipoHoB cm = 3

ToyHOCTh

0.6

ToyHOCTE

0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
V(2D) Vi2D)

Puc.1. Fpa(bmc 3aBUCUMOCTH TOYHOCTH pa6OTBI CCTHU OT MHTCHCHUBHOCTH IIIyMa

B kayecTBE OCHOBHOH CTpaTeruu NOJABJICHHS LIYMOBOIO BO3JEHCTBUS IPHUMEHSAETCS
TEXHUKA HEHPOHHOTO MYJIMHTA, 3aKJII0YAI0NIasicst B (pOPMUPOBAHUH TPYII (ITYJIOB) U3 HECKOJIBKUX
TyOnupyromux HEUPOHOB, KaX/IbIM U3 KOTOPBIX 00padaThIBaeT OJUH U TOT K€ BXOJHOM CUTHAJ U
Onmarogapsi CTaTUCTUYECKOMY YCPEAHEHMIO Pe3yJIbTaToB palbOThl 3TUX HEHPOHOB, JOCTUraeTCs
s dexT mogarneHUs MIyMOBOW KOMIOHEHTHI. CTparerus Oblla Tak Ha3BaHA HM3-3a CXOXKECTH C
0COOEHHOCTSIMU IMOCTPOEHHUS IYIIMHIOBOTO 105 (poolinglayer B aHII0A3bIYHOM JIUTEpAType). ITa
METO/IMKA MO3BOJISIET CYLIECTBEHHO MOBBICUTh YCTOWYMBOCTD CETH K LITyMY, B YaCTHOCTH K LITyMaM,
BJIMSIIOIINM Ha CKPBITHIE CIIOU.

Paboma evinonnena npu noooeporcke Poccutickoeo nayunoeo ¢honoa, epanm Ne 25-72-100535,
https://rscf.ru/project/25-72-10055/
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MODELING AND EVALUATION OF THE IMPACT OF
ADDITIVE AND MILTIPLICATIVE NOISE ON
THE PERFORMANCE OF HARDWARE NEURAL NETWORKS

Kolesnikov Ivan Dmitrievich
Saratov State University
kole200@yandex.ru

Semenova Nadezhda Igorevna
Saratov State University
semenovani@sgu.ru

Abstract. This work analyzes the effect of internal additive and multiplicative noise on the training
process and robustness of a fully connected neural network. To this end, we compare accuracy
under noise for a network trained with noise and for networks trained at different noise levels. We
find that a small amount of noise during training increases robustness to interference, whereas
excessive noise degrades performance.

Keywords: neural networks, noise, machine learning.
Internal noise in hardware neural networks

Internal noise is inevitable in hardware implementations of neural networks and can substantially
alter a model’s behavior in deployment. We study a deep feedforward network on the handwritten
digit recognition task and compare the effects of additive and multiplicative noise, as well as their
correlated and uncorrelated character across neurons within a layer. Noise was injected into the
hidden layers during both training and testing. This made it possible to compare noise-free
operation, training with noise, and their combinations, as well as to trace the dynamics of accuracy.

We consider a deep feedforward neural network for handwritten digit recognition. The network is
trained on MNIST (60,000 training and 10,000 test 28x28 grayscale images); pixel values are
normalized to the [0, 1] range and fed to the corresponding input neurons. The architecture includes
three layers; the output layer contains 10 neurons with a softmax activation, forming a probability
distribution over classes 0-9. The decision is determined by the index of the neuron with the
maximum probability.

It was found that training without noise provides the best result on clean data, but such a model is
less tolerant to interference. Adding a small amount of internal noise during training acts as mild
regularization: under noisy conditions, accuracy decreases more slowly, and when test noise is
reduced, it partially recovers. Excessive noise, by contrast, worsens accuracy.

Additive correlated noise introduced during training virtually removes the model’s sensitivity to
interference of the same type: quality depends little on the level of such noise at test time. For
uncorrelated disturbances, improved robustness is achieved with small noise levels during training.


mailto:kole200@yandex.ru
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Fig. 1. Effect of correlated noise on an FNN.

The work is supported by the Russian Science Foundation, grant No. 25-72-10055,
https://rscf.ru/project/25-72-10055/
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OBYYEHUE ITPOCTOM HEHPOHHOM CETHU: KOMIIPOMUCC MEXIY
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AHHOTauMs. B JaHHOM HCCIenoBaHWM M3Y4aeTcsi KOMIIPOMUCC MEXIy HOTpeOeHueM
namMsaTd ¥ A((GEKTUBHOCTHIO ONTHMHU3ALUHU IMyTEM 0000meHus ainroputMa Shampoo amis
HOJIEP)KKM MaTpHll NpenoOyclaBiIMBaHUS IPOU3BOJIBHOTO pa3Mepa. Mbl HccienyeM, Kak
pasin4Hble pa3Mepbl NpefoOyciaBiauBaTeleid BIHAIOT HAa CKOPOCTh OOydeHHUs MPOCTOM
HEHpOHHOW ceTu, pemamoomeil 3agauy perpeccud. Pe3ynbTaThl IMOKa3blBalOT CHUIIbHYIO
HOJIOKHUTEIbHYIO KOppessiliuio: OoJjiee KpYIHbIE MaTpUIlbl HEU3MEHHO IPUBOJIAT K Ooiee
OBICTPOMY OOYUYECHHIO.

KiaroueBble ciaoBa: mpenoOycloBieHHAs — ONTUMH3AIMSA, TPAJUCHTHBIA  CITYCK,
MYJIbTUCTAOUIIBHOCTb.

BBenenne

OnuH U3 cnoco0OB MOBBICUTH A(PPEKTUBHOCTh KJIACCHUYECKOTO TPAJUEHTOr0 CIyCKa B
3ajayax MAallMHHOIO OOY4EHHUs — 3TO HCHOJb30BATh TAaK Ha3bIBaeMble MpeA00yCIIaBIMBATENH,
IpeCTaBistomue cob6oif ocoOble MaTpHIbl, BBIUHCISEMbIE Ha KaXAOM Iare oOy4deHus U
UCIIONB3yEMBIE JUII WM3MEHEHMsI 3HAUYE€HUN TIpagueHTa. KiaccMueckMMHM INpUMEpaMu TaKoro
noaxona sieisitores mero Hetotona [1], Adagrad [2] u npyrue.

XoTs mnpenoOycnaBiavBaTelb MOMXKET pPAIUKAIbHO YBEIMYUTh CKOPOCTh OOyuyeHus,
UCIIOJIb30BaHUE MOJIHOM MAaTpHUIbl MOXET OKa3aThCs HEBO3MOXKHBIM H3-3a OrpaHUYEHHUH IO
3aHMMaeMoll mamatu. Hawubonmee SKOHOMHUYHBIMM — SIBISIIOTCS METObI, HCIOJIB3YIOIINE
JIMaroHaibHbIe MPe00YCIaBIUBAIOIINE MATPHILIbI, OJ1aroaps 4emy noTpedaeHre NaMsITi pacTeT
JUHENHHO, a He KBaJpaTHYHO ¢ pazMepoM mozenu [3]. pyroii cnoco6d yMeHbIIEHHUs 3aHUMAeMOM
NaMsITH 3aKJII0YaeTcsl B HCIOJIb30BAaHUHM OJIOUHO-TUArOHAJIBHBIX MAaTpHIl, OJOKH KOTOPBIX
COOTBETCTBYIOT pa3IU4HbIM T€H30pam Mozenu [4].

B mnacrosmieit pabore Mbl pacmiMpsieM IOCIE€IHUI MOJXO0J, OCHOBAaHHBIH Ha MajbIX
MaTpulax mpenoOyciaBIuBaHus, HO BEIOUPAEM UX pa3Mepbl IPOU3BOJIBHO, & HE OIPaHUYUBASIChH
pa3MepoM TEH30POB.

MeToanl
[Tockonbky Hama pabora SIBISETCS PACHIMPEHHEM alTOpUTMa ONTHUMM3ANuH Shampoo,
HAYHEM C €T0 KPaTKOTro OMucaHus. Bo-epBbIX, MPEaONI0KUM, YTO TapaMeTPhl MOAEIH 00pa3yIoT

R™™  u MBI CTpEeMHMCS MHHUMH3UpOBaTh QyHKimoo tmoreps f(W).

marpuny W €
[TomHOMAaTpUYHBIN TIpe00ycIaBIUBaTEIb OyIE€T, OYECBUIHO, MATPUIICH Pa3MEPHOCTH Mn X mn,

KOTOpasi MOXeT ObITh Ype3MepHO 00JbIoi. Bmecto sToro Shampoo ucnonbs3yer aBe MaTpHIlbl
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MeHbIIero pasmepa L, € R™™ u R, € R™™, B pe3yibTare uero MX CyMMapHBIi pasMep paBeH
m? + n? BmMecto m?n?.
[TpaBuiio 0GHOBIICHUST BECOB (POPMYIUPYETCS CIASAYIOMUM 00pa3om

Lt = Lt—l + GtG;_LT

R;=R,_1+GlG
t t-1 T bt b (1)

[N

Wi = Wy — 77Lt4Gth *
rae t — HoMep 1ara, 1) — mar o0y4eHusi, G — BEKTOp rpaJIM€HTOB.

B nacrosmeli pabote Mbl pa3BUBaeM IOAXOJ, NMPEMIOKEHHBIN B [4] ¢ HCIONB30BAaHUEM
HEOOJIBIINX Mpeao0yCIaBIuBaTeNeH ¢ GOpMOM, OTIUYAIOIICHCS OT CTaHAapTHONH. MBI TECTHpyeM
9TOT MOAXOJ Ha IMEPIENTPOHE, B IPOCTOM 3ajade amnmpoKcumaiuu QyHkiun y = g(x) =
cos(mx). B monemun N = 100 HEHPOHOB B CKPBITOM CIIO€, BBIXOJ[ CETH 3a1a€TCS KaK:

N
§=§() = ) Wio(wx+b) +B @
i=1

rae o( ) — curmongainbHas ¢pyHkuus, W; — BRIXOAHBIC Beca, W; — BXOJIHBIC Beca, b; — cMeleHusl
CKpPBITOTO CJ10s1, U B — cMmeleHue BeIXoHOro ciost. Onu umeroT pasmepsl 1x100, 1x100, 1x100 u
1x1 cooTBeTcTBEHHO. XpaHEHHE TEX >KE€ CaMbIX I[apaMeTpPOB B TEH30pax Jpyroil (Gpopmbl
IIO3BOJISIET UCIIOJBb30BaTh CYIIECTBEHHO OoJjiee MaJleHbKHUE MaTpHllbl MPefo0yClIaBIUBaHUs M,
TaKUM 00pa3oM, SKOHOMHUTb MaMATh. Pa3inyHble BO3MOXKHBIE KOH(QUIypalMU TEH30pOB U
CYMMapHbIH pa3Mep npenoOyciaBiauBaTenei mpeacTaBieHbl B Tadnume 1.

Ta6muma 1. CpaBHeHHe pazMepa npeao0yciiaBiIuBaTeNiel sl BO3MOKHBIX (hOPM TEH30pa
MapaMeTpoB CETU
PopmMma TeH3opa Pa3mep npenoOyciaBauBaTenst

1x100 (Adagrad) 301

1x100 (Shampoo) 30001

2x2x25 1900
2x5x10 388
4x5x5 199
2x2x5x5 175

s Becex koHpurypauuit Mbl o0yunmnu cetb Ha 1000 smox mo anroputmy Shampoo c
ucnonb3oBaHueM GyHKIus ook MSE

1v 2
N CICORFIEN) @)

rnie n = 1000 — pasmep Bcero jmaracera, a X; — OTIEIbHBIN oOydJaromui mpumep. Mbl
UCTIOJIb30BAIM CTaHJApTHBIN mar ooydenus 1 = 0.1 u nmosropmnu 3kcnepumeHT 100 pa3 s
KaXI0H KOH(QUTYpallMi BECOB C PAa3IMYHBIX HaYaJIbHbBIX YCIOBHI.
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0.14
= Adagrad
== 1x100
0.12 1 =x 2X2X5%5
L%y —— 2X2x25
N e 4x5x5
0.10 rr——— e 2x5x10
0.08 A
w
w
S
0.06 1
0.04 1
0.02{ ~ T~ "
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Puc.1. Kpussie o0yuenus (ycpeanernsie 1o 100 sxcnepumenTam) AJis pa3HbIX
KOH(UTYpaluii TEH30pOB BeCOB (yKa3aHbI B JIETCH]IC)

Pe3yabTarsl

Ha pucynke 1 nmoka3zansl KpuBble 00y4eHUS JUIs pa3TUIHBIX KOH(PUTYpAINi TEH30pa BECOB,
ycpenHeHssle o 100 skcnepuMeHTaM ¢ PasiIMYHBIMM CIIy4alHBIMU HAYaJIbHBIMHU YCIIOBUSMH.
Jns cpaBHEHHMsI T€ JK€ caMble SKCIEpUMEHTHl OBbUTM BBIIOJHEHBI M CO CTaHJAPTHBIM
ontummuzatopoM Adagrad. M3 mosyueHHBIX pe3yibTaTOB BUJHO, YTO AJITOPUTM ONTHUMM3ALUU
Shampoo neMoHcTpUpyeT 60J1ee BEICOKYIO CKOPOCTh CXOAUMOCTH 10 cpaBHeHHUIo ¢ Adagrad B Tom
YHClie ¥ MPU APYTUX pazMepax npeaoOyciiaBIuBaTeNsl.

1071
o Adagrad
Minimal memory
)]
2]
L -2
E 10 1
k=
L
Shampoo Standard
1073 : ‘
10° 103 10%

Total size of preconditioners
Puc.2. Utorosoe 3nauenue ¢pynkuuu omuoku mocie 1000 smox (ycpennerHoit mo 100
SKCHEPUMEHTaM) OT 001Iero pa3mepa npenolyciaBiuBaTeseit

UTo0Bb! myulie MPOWLTIOCTPUPOBATh 3Ty TEHACHIMIO, OblIa U3Y4YeHA TAaK)Ke 3aBHCHUMOCTH
utoroBoro 3HadeHus GpyHkuu ommbku nocie 1000 smox (yepenuénnoii mo 100 sxcrepuMenTam)
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oT o0miero pasmepa mnpenoOyciaBiauBaTeneil (0OIIEro KOJWYEeCTBAa JJIEMEHTOB BO BCEX
npenoOyciaBnuBaoIuX Marpuiax). Pe3ynabTaThl mpencTaBieHbl Ha PUC. 2 U MOATBEPKIAIOT
KOPPEISIHUI0 MEXIY CKOPOCTHIO ONTUMHU3AIMHM M OOIIMM pa3MepoM NpeaoOycliaBiIuBaTeNeH.
Crout oOpaTuTh BHHUMAaHHE, YTO NMPOU3BOAMTEIBHOCTb, MO-BUAMMOMY, PAacTET CyOIMHENHHO ¢
pocToM 00BEMa maMsATH: st AOCTKeHHs B 10 pa3 Oombleil por3BOIUTEILHOCTH TpeOyeTcs B
100 pa3 GombIiie MaMsTH.

3akiiroueHue

B mnacrosmeir pabore Obula M3yyeHa MPOU3BOAUTEIHHOCTH METOJOB OINTHMHU3ALINY,
OCHOBaHHBIX Ha TPAaTUEHTHBIX TEH30PaX, B 3aBHCHUMOCTH OT pa3Mepa HCIIOJIb3YEMbIX HUMH
npenoOyciapnuBateneil. B xadecTBe mcciaeayeMoro ontuMu3aropa Obul BeIOpaH Shampoo [4],
HO, B OTIIMYHUE OT €ro OpHFHHaJIBHOﬁ HMIUICMCHTAMH, UCITIOJIb30BAJIMCh PA3HbIC HACTPANBACMbBIC
(GopMBI TEH30pPOB BECOB, a CIIEJOBATEILHO pa3Mepbl MpeaoOyclaBiIuBaTeNel, 4TO TO3BOJIMIO
CYmCCTBCHHO CHU3UTDH 00BEM I’ICHOJII)?:}’CMOﬁ IHaMsATH. Pe3yJII)TaTI)I HCCJIICAOBaHU II0KA3bIBAIOT,
4YTO 00IIee KOJIWYECTBO JEMEHTOB B MaTpHIaX MpeAo0yclaBiIMBaHUs CHUIBHO KOPPEIUpPYET C
MPOU3BOIUTENLHOCTBIO: UeM OO0JIbIlIe MAaTPHULIBI, TEM OBICTpEe TPOUCXOAUT ONTHMH3ALIHSL.

[IpoBepka Hanmuuusi MOJOOHON KOppeNsAUH B 0ojice KPYHMHBIX M CIOXKHBIX MOMAEISAX
MAIIMHHOTO 00y4YeHHUsI — OCHOBHAs 3ajiauya OyayIluX UCCIIeI0OBaHUI.

Paboma  evinonnena 6 pamxkax  npoexma  «MeowcOynapoonoe — axkademuueckoe
compyonuyecmeoy HUY BILID.
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SYMMETRY CONTROL FOR BISTABLE SYSTEMS: METHODS AND
APPLICATIONS

Semenov Viadimir
Saratov State University, Saratov, Russia
semenov.v.v.ssu@gmail.com

Abstract. A manifold of methods for controlling the symmetry of single and coupled
bistable oscillators is discussed. A list of considered approaches involves deterministic techniques,
the action of noise and various coupling topologies. The associated applications such as the
wavefront propagation control and spin-network implementations are also taken intro discussion.

Keywords: bistability; symmetry; wavefront propagation; spin networks.

The nonlinearity’s symmetry is a crucial factor for the dynamics of bistable oscillators. In
particular, it is known that adjusting the symmetry properties enables enhancing and suppressing
stochastic resonance [1], as well as controlling the velocity and direction of wavefront propagation
[2]. A distinguishable application where the symmetry is principally important lies in the field of
spin network (or spin-glass model) implementation. Over the past few decades, the hardware
implementation of such spin-glass models have generated tremendous interest due to the prospects
of solving NP-hard problems (problems with non-deterministic polynomial-time hardness). An
important class of spin-glass models is the Ising machine that can be applied for a wide range of
NP-hard problems. A key observation behind these methods is that optimization problems can be
efficiently mapped onto specific classical Ising models [3]. Solving the specific optimization
problem then translates into finding the ground state of the corresponding Ising Hamiltonian [4].
The Ising model describes an ensemble of binary spins. In the simplified case, the spin states are
either in the spin up or the spin down, which represents two coexisting states of a bistable spin
assumed to be a symmetric node. For this reason, it is especially important to reduce the spin’s
asymmetry when physically implementing a network of such systems.

The phenomenon being extremely sensitive to the presence of asymmetry in bistable systems
is wavefront propagation: the larger is the asymmetry, the faster is the wavefront propagation. This
principle works in bistable media [5,6], bistable delayed-feedback oscillators [7,8] and ensembles
of coupled oscillators [9-11]. Thus, nonzero wavefront velocity indicates the presence of
asymmetry. To achieve zero wavefront velocity in bistable systems, one can apply multiplicative
[5,6,9] or additive [10,11] noise, vary the properties of interaction within networks such as the
coupling strength or the coupling topology [9-11].

A universal approach for varying the velocity and direction of wavefront propagation
through the symmetry control is proposed in paper [2]. It is based on the Taylor-series expansion
of the system’s nonlinearity function for further analyzing it as a polynomial series. In particular,
the third-order Taylor series is applied to achieve the correspondence with the cubic nonlinearity.
In such a case, the symmetric cubic nonlinearity is obtained at nonzero linear and cubic terms in
the Taylor series, whereas other terms tend to zero. At the first stage, these conditions are analysed
mathematically in order to derive the necessary expressions for the parameters of systems under
study. After that, the obtained relationships and conditions are examined in the context of practical
realizability. In particular, the symmetry must be achieved at adequate conditions such as an
absolute temperature being higher than absolute zero, concentrations of substances within the
range from 0 to 100%, positive values of light intensities, etc. The described methodology for the
symmetry control was successfully applied to affect the propagating fronts on an example of an
optical setup based on an optically-addressed spatial light modulator [2,12]. Meanwhile, the
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possibilities of applying such method go beyond optics and wavefront propagation control. It must
be noted, that the developed symmetry control scheme can be applied in the context of dynamical
systems of different properties and nature, including networks of coupled oscillators where the
nonlinearity of the network element can be expanded into the Taylor series.
This work is supported by the Russian Science Foundation (project No. 24-72-00054).
https://rscf.ru/project/24-72-00054/
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ON DISCRETE LORENZ-LIKE ATTRACTORS IN THREE-DIMENSIONAL MAPS
WITH AXIAL SYMMETRY

Gonchenko Alexander
Lobachevsky State University of Nizhny Novgorod, Mathematical
Center «Mathematics of Future Technologies», Russia;
HSE University, Nizhny Novgorod, Russia
e-mail: agonchenko@mail.ru

Abstract. We discuss two types of discrete Lorenz attractors, standard and twisted, in the
case of three-dimensional quadratic maps with the axial symmetry and constant Jacobian.
Keywords: discrete Lorenz attractor, 3D map, axial symmetry, twisted attractor

We propose a new class of quadratic three-dimensional maps with the axial symmetry S x
— -x, ¥y — -y, z — z and constant Jacobian that is additional to the well-known class of quadratic
three-dimensional Hénon maps. We study dynamical properties and bifurcations in three-
parameter families of these axial symmetric maps and show that such maps can have discrete
Lorenz attractors, including those of new types in which one-dimensional unstable separatrices of
a saddle fixed point are twisted. We also demonstrate typical scenarios that start with a stable fixed
point and lead to the emergence of discrete Lorenz attractors of various types. Additionally, we
show numerically that such attractors can be robustly chaotic, i.e. they are pseudohyperbolic and,
in particular, preserve the maximal Lyapunov exponent to be positive for all smooth perturbations.

The corresponding three-parameter families are as follows

Ta: f:ya g:y1x+1/2y—+—yz, §=V3Z+Qy2

where a=+1[][Jand n; [] n» [] n3[Jare parameters. The Jacobian J = - nin3 of the map is constant.
The point O(0,0,0) is always the fixed point of the map and we consider the problem of studying
so-called homoclinic attractors [1,2], which contain the point O.

(a)

v,=0.22; v, = 1,58 |
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Fig.1.
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We show that map Tqhave very rich Lorenz-like dynamics. Namely, it can has both
standard discrete Lorenz attractors as well as the so-called twisted Lorenz attracors, see Fig.1.
In this figure main elements of the bifurcation diagram in the (vi,v2)-parameter plane for the map
T in the case a=1 with vz =0.8 are shown accompanied by phase portraits of various discrete
Lorenz-like attractors for the corresponding values of parameters (attractors in fig. (a) and (e) are
standard, while others are twisted). As can see, phase portraits for standard and twisted discrete
Lorenz-like attractors are different. We found that this difference is connected, in particular, with
the fact that one dimensional unstable manifolds (separatrices) of the point O for such attractors
have different structures as topological knots tied around the invariant z-axis, see Fig.2.

h? .4
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‘l, - h;‘ rz
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E i Fad Y ,-"'J'

(b)

Fig. 2. . Illustrations for homoclinic butterfly structures in the cases when fixed point has
multipliers A1 >1, 0< A3 < A3 <lin the cases of a discrete Lorenz-like attractor (a) of standard type
where separatrices are separated; (b) of twisted type where separatrices are tied in a knot

Constructing bifurcation diagrams, like in Fig.1, we trace also various bifurcation scenarios
leading to the emergence of the Lorenz-like attractors including both orientable (for J = - viv; >0
) and non-orientable (for J = - viv3 <0) ones. We also shown that both the standard and twisted
Lorenz-like attractors can be pseudohyperbolic, using the method of (p,p)-cloud form [3,4]. In
particular, all attractors shown in Fig.1 are pseudohyperbolic, except for the attractor of Fig.1(f)
that is an attractor of map T with J=0 (for such 3D-endomorphisms the notion of pseudo-
hyperbolicity is not applicable).

The work is supported by the Russian Science Foundation grant 24-11-00339.
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MYJIBTUCTABUJIBHOCTb B HEABTOHOMHOM I'EHEPATOPE
KBA3HUIIEPHOJIUYECKHUX KOJIEFAHUI
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AHHOTauusi. B pabore mpoBOAMTCS aHAIW3 HEAaBTOHOMHOW MOJENU TreHepaTopa
KBAa3UIEPUOANYECKUX  KOJIeOaHUH IOJ MEepUOJUYECKMM HMIYJIbCHBIM  BO3JEHCTBHEM.
Jlokanu30BaHbI 00JIACTH MYJIBTUCTA0MIBHOCTH CHCTEMBI IIPU PA3IMYHBIX 3HAYCHHUAX TapaMETPOB.
OOHapykeHa MyJbTUCTAOMIIBHOCTD MEXIY pa3IuuHbIMU TopaM, IlocTpoeHsl OGacceiiHbl
IPUTSKEHUS aTTPAKTOPOB U KapThl MOKa3arenel JIsamyHosa.

KuaroueBble  ciioBa:  KBa3ulepuoJuuecKue  KojeOaHHs,  MYJbTHUCTaOMJIBHOCTb,
JMHAMHYECKHUE CUCTEMBI, IIoKa3aTenu JIsmyHoBa.

MynbTHCTAOMILHOCTE TIPEJCTABIIICT COOOW ONHO W3 BAXKHEHIIMX SIBIICHUH B TEOPUU
HEJIMHEHHBIX JUHAMUYECKHX CHUCTEM, XapaKTEPHU3YIOLIEeCs COCYIECTBOBAHMUEM HECKOIbKHUX
YCTOMYMBBIX JAMHAMUYECKUX PEXKUMOB IPU OJHUX M TEX K€ 3HAUYECHUAX YIPABISIOLINX
napaMmeTpoB. JlanHoe siBIeHHEe uMeeT (yHIaMEHTAIbHOE 3HAUYCHHUE ISl TOHUMAHUS CII0XKHOTO
NIOBEJICHUS HETTMHEWHBIX CUCTEM U HAXOUT IIMPOKOE IPUMEHEHHUE B PA3IMYHBIX 00JIACTIX HAYKU
U TexHuKU [1-2]. Bo3MOXHBI pa3inyHble THUIBI MYJIbTUCTAOUIBHOCTH, KOIJA COCYLIECTBYIOT
NIEPUOIUYECKHE M HENEPUOJNYECKHE aTTPAKTOPhl, WIM PA3JIMYHBIE THUIIBI HENEPHUOINYECKHUX
aTTpakTOpoB. B pamkax maHHOW pabGoThl MBI OOCYAMM MHTEPECHBIN THUIIA MYJIbTHCTAOUIBHOCTH,
KOI'Zla COCYILIECTBYIOT pa3jinuHble TOpbl (B ceueHuM [lyaHkape MM OTBEYalOT MHBapUaHTHBIE
KpPHUBBIE), KOTOPBIH ObUI HaMU OOHapy>K€H B MOJENU KBa3UIEPHOAMYECKOIO I'eHepaTropa MoJ
NIEPUOIUYECKUM UMPYIbCHBIM BO3JACHCTBUEM.

Mojenb HEaBTOHOMHOTO I'eHepaTropa KBa3MIIEPHOAMYECKHX KOJICOAHUHN 3amHChIBAaeTCs B
BUJIE cleayoleil cucteMsl TuddepeHualbHbIX ypaBHEHUN:

X—(A+z+x" = )i+ wpx =AY 5(t—nT), O
z=b(e—z)—Ki .

[Tapamerp A ompenenser ycioBUS BO3HUKHOBEHHS aBTOKOJEOAHUH, € XapaKTepU3yeT
DHEPreTUYECKOE NTUTAHNUE CUCTEMBI, (0, ONPEAEIACT OJHY M3 YACTOTHBIX KOMIIOHEHT CHUCTEMBI,
napameTrp b CBsi3aH C WHEPLUUOHHBIMU CBOMCTBAMM HHEPreTHUECKOM Lenu, KOdPQPHUIHUEHT K

OTBEYaeT 3a 0TOOp 3Hepruu. ViIMnynbCHOE BO3ECTBHE ONUCHIBAIOT CIIEIYIOIIUE TapaMeTpsbl: 4 -
aMILTUTYJla UMIYJIBCHOTO BO3JeicTBuUsA, T - mepuoJ, O - nenbra-QpyHkuus Jupaka.

Puc.1. a) Kapra noka3zareneii Jismynosa npu A=1, f=1/18, e=0, ©0=6, k=0.02;
0) dparMeHT KapThl MTOKa3aTenei JIamyHoBa B OKpeCTHOCTH 00JaCTH MYJIbTHCTA0OUIBHOCTH
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Jlnst uccneoBaHusl CUCTEMBI OBLITM TIOCTPOCHBI KapThl TToKazaTenen Jlssmynosa (puc.1), Ha
KOTOPO# ObLI0 0OHAPYKEHO, YTO B OKPECTHOCTH S3BIKOB CHHXPOHH3AIMU (POPMUPYETCS Xa0C 110
pa3nuYHbIM creHapusiM. B astux ywactkax (puc.10) kapra mnokasareneil JlamyHoBa umeer
«peOpHCTYIO» CTPYKTYPY C 3PPEKTOM «HAIOKEHUs». Takue pe3kue nepexoibl CBUICTEIbCTBYIOT
0 HaNUYUU MYJIbTUCTAOMIBHOCTH B cucrteMe. JleMCTBUTENbHO, €CIH IOCTPOUTH JAEPEBbs
Ooudypranuii ¥ cekTpsl mokazateneil JIsimyHoBa mpu JaHHBIX MapaMeTpax ¢ HacjelIOBaHUEM B
JIByX HamlpaBlIECHUSX CKAHUPOBAHHS, TO MOKHO YBUJETh, YTO CUCTEMAa BBIXOAWT Ha JIBa Pa3HBIX
aTTPaKTOpPa, OJIMH U3 KOTOPBIX OTBEYAET TOPY, & BTOPOH YJIBOEHHOMY TODY.

30 30 N B

Yo

-30
-5 X0 5 -5 X0 5
Puc.2. a) bacceiin nputspkenus npu z, = 1, 6)bacceiin nputsokenus npu z, = 0.5;
B) Ceuenue Ilyankape kpacHoro arrpakropa, r) Ceuenue Ilyankape ceporo arrpakropa.

Jns nepuona T = 0.97 na puc.2a,0 nmpeacraBieHbl H300pakeHUs] 6aCCEHHOB MPUTSHKEHHUSL:
CephIM YYacTKaM COOTBETCTBYET aTTPAaKTOp C YABOCHHONH WHBAapUAHTHOW KPHBOH B CEYCHUU
[Tyankape (puc.2r), a KpaCHbIM y4acTKaM — PEKUM, OTBEYAIOLIHI pe30HaHCHON 0JHOOOOPOTHOM
MHBapHaHTHON KpuBOHl (B JaHHOM ciydae — 3T0 nukia nepuoga 20) (puc.2B). bacceitnsl
IPEICTaBISAIOT COOOM ClIalichl TPEXMEPHOI'O MPOCTPAHCTBA, U pHC.2a U PUC.20 COOTBETCTBYIOT
pa3mMyHOMY BBIOOpY ceueHUs. bacCeiHbI HMEIOT CI0XKHYIO CTPYKTYpY, HEOOIBIIOE N3MEHEHHE
napaMeTpoB CUCTEMBI IPUBOAMT K IEPEX01y Ha HOBBIM aTTpaKTop.

B pabore Oyzaet o6cyxnaTbes, Kak BOSHUKAIOT U UCYE3aI0T COCYIIECTBYIONINE aTTPAKTOPhI
IpY U3MEHEHUH MapaMeTPOB B PA3IMUHBIX 00JaCTAX MYJIbTUCTAOMIBHOCTH.

Paboma  ewvinonnena 6 pamxax npoexma  «MeocOyHapooHoe — axademuyeckoe
compyonuyecmeoy HUY BIILID.
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Abstract: We discuss the so-called Reversible Mixed Dynamics conjecture (RMD-
conjecture) and give its prove for one parameter families unfolding generally symmetric quadratic
and cubic homoclinic tangencies.

Keywords: reversible map, symmetric orbit, homoclinic tangency, mixed dynamics,
Newhouse region.

In the paper [1] it was proposed the following conjecture on mixed dynamics in the case of
two-dimensional reversible maps.

RMD-conjecture. Two-dimensional reversible maps with mixed dynamics are generic in
Newhouse regions where maps with symmetric homoclinic and/or heteroclinic tangencies are
dense.

The existence of such Newhouse regions with mixed dynamics was proved in [2,3] for
general one-parameter families containing maps with nontransversal heteroclinic contours
containing points with the Jacobian less and greater than 1. This conjecture was also proved in
[4,5] for various settings covering completely the so-called a priori nonconservative case including
the case of a symmetric couple of quadratic homoclinic tangencies. In the present work we prove
the conjecture for remaining two codimension-1 cases: (a) a symmetric quadratic homoclinic
tangency and (b) a symmetric cubic homoclinic tangency. The prove in both these cases are quite
similar and based on the following lemma.

Lemma. Let f be a two-dimensional reversible map having a saddle fixed point O whose
the stable and unstable invariant manifolds have a symmetric homoclinic tangency at the points
of a homoclinic orbit G. Let f n be a one parameter family which unfolds generally the initial
tangency at m = (. Then there exist an infinite seguence {mi} of values of m such that my — 0
as k— o and the map f (my) has a symmetric couple of quadratic homoclinic tangencies and
these tangencies split generally when varying m .

The work is supported by the Russian Science Foundation grant 24-11-00339.
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AHHoTanus. B nanHol pabore OBLIM pacCMOTpPEHBI JaHHbBIE, B KOTOPHIX B KOXY KpBIC
BBOJAWJICS TIPOCBETISIONIUIN areHT. [laHHbIE pa3fensauch Ha 3 OCHOBHBIE TPYMIBI: KOHTPOJIb
(3mopoBbIe), 2-HeAenbHBIM nuader, 4-HenenbHbIH auabeT. AHanIM3upoBaliach JIUHAMHKA
pO3payHOCTH OOpa3lOB BO BPEMEHHM IS pasMYHbIX JJIMH BoJH. B paboTe mpeanararorcs
METOJbl HOPMUPOBAHHUS TOJYUYEHHBIX AHHBIX U NPUMEHEHUS HEJIMHEHHOW PErpeccuy Ui UX
o0pabotku. Cratuctuka Ko3(pPUIMEHTOB, MOJyYEHHbIE HPU MOMOIIM PErpeccHH, MO3BOJIIET
OJTHO3HAYHO Pa3/IeJINTh KOHTPOJIbHBIE JaHHBIE U JaHHBIE JUIs 4-HeenbHOro auabera.

KitoueBble ciioBa: OoNTHYECKOE MpOCBETIEHHE; (OTOTEpAIus; CIEKTPAIbHBIA aHAIN3;
nuabeT; TMarHoCTHKA; TUIIEPOCMOTHYECKHE areHThI; TIUIEPUH; PErPECCHs; MAIIMHHOE O0yUYEHUE;
KOXa; OMoOTOHHUKA.

OgarM U3 HOBBIX M OJ()PEKTUBHBIX METOJOB JICUCHUS paka KOXUH U JIPYTUX
npoiudepaTUBHBIX 3a00/IeBaHUN, TAKUX KaK MCOpHUa3, sABIsAETCS (OTOTeparus, Ipu STOM H3-3a
MHOTOKPATHOTO paccestHUsl BO3JEHCTBYIOIIMX CBETOBBIX BOJH CYIIECTBYEeT MpodiiemMa
OTpaHWYEHUS] IPOHUKHOBEHUS M3IIYYCHUsS B TIIyOMHY TKaHU. DTy MpoOJieMy MOXKHO PEUIUTh C
IMOMOIIBIO BBCACHUA OITHYCCKUX IMPOCBETIAIOMNIUX Ar€cHTOB, MHOI'MEC W3 KOTOPBIX ABJIAKOTCA
TUIepOCMOTHYECKUMU. [IpOCThIM U yIOOHBIM METOJIOM MOBBIIMICHUS TTyOHMHBI TPOHUKHOBEHUS
ONTUYECKOTO M3JIY4YEHHUs SIBJISIETCS ONTHUYECKOE MPOCBETJIEHHE OMOTKAHHU, 3aKIIoYarolieecs BO
BBEJCHUM BO BHYTPUTKAHEBOE IPOCTPAHCTBO OHWOCOBMECTUMBIX JKUAKOCTEH (ONTHUECKUX
MPOCBETIIIONIMX AareHTOB) C JIOCTAaTOYHO BBICOKMM TIOKazaTeneMm mpermomseHus [1, 2].
Hapajmeano C JTHUM 6]:1.]10 BBISAIBJICHO, YTO HCIIOJIB30BAHHUC OITHUYCCKOI'0 IPOCBCTICHUA
(BBeZCHHE MTPOCBETIISIFOIIMX areéHTOB) MOKET OBITh MPUMEHEHO /ISl AUATHOCTUKU HE TOJIBKO paKa
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KOXKH, HO M IpyTHuX 3a0oneBanuii. B manHOi pabotre 3TOT 3 (HeKT paccMaTpruBaeTcsi B KOHTEKCTE
nuaoera.

B nmanHO# paboTe OBUIM pPacCMOTPEHBI JaHHBIC, B KOTOPBIX B KOXY KPBIC BBOJIHUJIICS
npocBeTiisitonuilt  aredHT (runepud 70%). JlanHble pa3nensiauch Ha 3 OCHOBHBIC T'PYIIIbL:
KOHTPOJIb (3710pOBBIE), 2-HENIENbHBIN TnadeT, 4-HelenbHbIH 1nadeT. AHAIN3UPOBANIACh JUHAMUKA
MIPO3PAYHOCTH 0OPA3IIOB BO BPEMEHH ISl PA3IMYHBIX UTHH BOJH. MIMetomuecs B pacropssKeHUU
JIAaHHBIC YK€ aHATM3UPOBAINUCH B padoTax [3,4].

[IpuHnHMNManTEHOM 0COOEHHOCTHIO JAHHOTO UCCIEIOBAHUS SBISIETCS TO, UTO Mpe/iaraeTcs
QITOPUTM  ABTOMATUYECKOTO OMNpeAeNeHUs Haluyus aAualdera, HCIONb3ys H3MEHEHUS
CHEKTPAJIbHBIX XapaKTEepUCTUK BO BpeMeHU. MeToJl OCHOBaH Ha MPUMEHEHHWU MAIIMHHOTO
oOydeHust (perpeccuu) JUisl OTpeACIICHUs] XapaKTePHBIX OCOOCHHOCTEH M CBONCTB 3aKOHOB, IO
KOTOPBIM CIIEKTPAIBHBIC XapAKTEPUCTUKU CTPEMSATCS K MTPEICTbHBIM 3HAYCHHSIM.

Ha Puc. 1 mokazana 3aBUCHMOCTb BEJIMUUH NpOITycKanus cBera niauH BojH 600, 700, 800,
900 HM OT BpeMeHH IMPH YEThIpeX (PUKCHUPOBAHHBIX JUTMHAX BOJH JJIS KOKU. 3€JICHBIN, CHHUA 1
KpacHbBIN LIBET Ha rpapuike COOTBETCTBYET KOHTPOJIbHBIM JaHHBIM, 2- U 4-HEJEIbHOMY Ha0eTy,
COOTBETCTBEHHO. J[1s1 KOpPPEeKTHOro OTOOpakeHHUsS M BO3MOXKHOCTH CpPAaBHEHUS JaHHbBIE
peBapuTeNIbHO HOPMUPOBAIKUCh. CTPYKTypa BCeX JaHHBIX TAKOBA, YTO CO BpEMEHEM 3HAYCHHS
CHEKTpa CTpEeMSTCS K ONpENCIICHHOMY BEpXHEMY YpOBHIO S,, Ha 3HAa4eHHE KOTOPOTO
HOPMHPOBAJaCh BCs peanm3aiua. YTo ke KacaeTrcs HOPMHUPOBKH MO BPEMEHH, TO JJISi 3TOTO
UCIIOJIb30BaIach BeUIrHA Tn, KOTOPasi COOTBETCTBOBAJIa MOMEHTY BbIXO/a Ha 3HaueHue 95% ot
Sh.
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Puc.1. 3aBUCUMOCTB CIIEKTpaIbHBIX XapaKTEPUCTHK OT HOPMUPOBAHHOTO BPEMEHHU MPH
¢ukcupoBanHoit anmuHe BoaHb 600, 700, 800, 900 HM A KOHTPOJIBHBIX JaHHBIX (3€JEHBIN), 2-
HEeJIEeNbHOTO MuadeTa (CUHUI) U 4-HeAenbHOTo nuadera (KpacHbIN).

N3 rpadukoB Puc. 1 BHIHO, YTO KA4eCTBEHHO BBIXOJ Ha MPEACIbHOE 3HAYCHHE JIS
KOHTPOJIBHBIX JAHHBIX U 4-HeJeNbHOro auabera JOBOJBHO CHIIBHO OTiIMuaercs. IlostoMy s
aNmpOKCUMAIMK STHX YYaCTKOB ObLIa MPHMEHEHa perpeccus (anmpoKCHMAIUs MOJTUHOMOM)
BUJIA:

f(x) = Cy + Cyx + Cx? + Cyx3. (1)
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Ha Puc. 2 (BepxHue rpaduku) IpUBEICHBI PE3yJIbTAThl MPUMEHEHHS PEIPECCHH JIJIS BCEX TPeX
TPy JaHHBIX I KOXKH MPU GUKCUpoBaHHOU anuHe BoaHBI 700 HM. 11 KaXKI0r0 U3 00pasios
ObLIM Moy4eHbl 3HaYeHHs Ko3durmentoB Co, C1, C2, C3 IPHU COOTBETCTBYIONIUX CTEICHIX X.
Hcxons w3 monydeHHOW CTAaTHCTUKH OBLIU IMMOCTPOCHBI AMArpaMMBI pa3Maxa (HWKHUE rpaduku
Puc. 2) nns kaxaoro u3 ko3 UIMeHTos.

KOHTpPO.Ib nuader (2 Hemesin) uader (4 Henesm)
£ 1.0y - 1.0 g 1.0
£ o038 0.8 J,,;’:’," \ 0.8
3 2
g E 06 06 (28 g 0.6
= it |
£ 5 0.4 0.4 ,.!{,;f,“ 0.4
g B n#’f.'
g 02 021 g 02
s 1 |
S oolf 0.0 . 0.0
0.0 1.0 20 3.0 0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
HOPMHPOBaHHOE BPEMsl HOPMHPOBaHHOE BPEMsl HOPMHPOBaHHOE BpeMsl
k02 pmment CO ko3ppumment C1 Ko Ppumment C2 koypdunnent C3
40
0.04 2 0o []
3.0 ’
0.02 1.0 20 0.5
0001 — - 10 -10
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KOHTpONb 2 Helt. 4 Hej. KOHTpONb 2 He/l. 4 HeL KOHTpOZIb 2 Hefl. 4 HeJL, KOHTpOIIb 2 Hel. 4 Hel.

Puc.2. Touku Ha BepXHUX rpauKOB COOTBETCTBYIOT TOMY ke, uTo U Puc. 1 mig 700 HMm.
KpacHbIMM TMHUSME NTOKa3aHbl pe3ynbTaThl annpokcuManuu (1). Ha HkHUX rpadukax
NPUBECHBI TUarpaMMbl pazMaxa Moyd4eHHbIX koadpouipentos Co, C1, C2, C3.

W3 cpaBHEHUs KOHTPOJBHBIX AAHHBIX, a TAK)K€ JAHHBIX 1A 2- U 4-HeJenbHOro auadera
BUJTHO, YTO MPU YBEIMYEHUHU CpoKa AradeTa MPOUCXOIUT IBHOE yMeHbllIeHue KoapduuneHTos Ci
u C; um poctr koapdumuenta Cp, mpu 3TOM KBApTWIM pPACIPEAETICHUN MPAKTUYECKH He
HEePEeKPBIBAIOTCS JUIsl KOHTPOJIS U 4-HeJenbHOro Auadera.

Paboma evinoanena npu gunancosoit noodepiicke Munobpnayku Poccuu 6 pamkax eblnonnenus
2ocyoapcmeennoeo 3adanus (npoexkm Ne FSRR-2023-0007).

Bub6anorpadguyeckuii cnucok
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Casuykuii A.I1., boeoanoe mn. A.A., Tyuun B.B. // KBantoBas snexktponuka. 2021. T. 51. Ne 2. C.
104-117.
2. Tuchin V.V., Zhu D., Genina E.A. Handbook of Tissue Optical Clearing: New Prospects in
Optical Imaging. Boca Raton, FL : Taylor & Francis Group LLC ; CRC Press, 2022. 688 p.
3. Tuchina D.K., Bucharskaya A.B., Dyachenko, P.A., Dikht N.I., Terentyuk G.S., Tuchin V.V.
Optical and Structural Properties of Biological Tissues under Simulated Diabetes Mellitus
Conditions. Chapter 1in “Biomedical Photonics for Diabetes Research”, CRC Press, 2022. Pp. 1-
31.
4. Tuchina D.K., Bashkatov A.N., Bucharskaya A.B., Genina E.A., Tuchin V.V. // Journal of
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ONTUMMU3ALIMS C IOMOIIBIO TPA®OBBIX HEMPOHHBIX CETEN

Xpabpos Kyzvma Aeopeesuu,
AIRI
khrabrov@airi.net
Lvinun Apmem Anopeesuu,
AIRI
tsypin@airi.net
Kaoypun Apmem Anuxosuu
AIRI
kadurin@airi.net

AHHoTauusi. B pabGore mnpuBoaurcs 0030p METOAOB ONTHMHU3ALMUHM MOJIEKYJISAPHBIX
koHpopmauuii. I[IpuBoaMTCS MEXaHHM3M YCKOPEHHUS KJIACCHUECKUX YHCIEHHBIX METOJO0B C
NOMOLIbI0 TpadoBbIX HEHpOHHBIX ceTeil. [IlpuBoasTcs METonAbl, MO3BOJSIOLIME CHU3UTh
BBIYUCITUTENFHYIO CTOMMOCTh cOopa oOydwaromieil BBIOOPKH ISl HEHPOHHBIX MOTEHIIMAJIOB,
WCITOJIB3YIOLIUXCS I ONTUMU3ALMH.

KuaoueBble cioBa: rpadoBbie HEHpPOHHBIE CETH, HEHPOHHBIE ITOTCHIIUAIBI, TEOPHS
(GyHKLHOHAJA MIIOTHOCTH.

1. MonekynspHble KOH(pOpMAIK U SHEPTUS

Kondopmanus — npocTpaHCTBEHHOE pAacloIOKEHUE aTOMOB B MOJIEKyJe; 3a1aéTcs
KOOpJAMHATaMu I 1 € R3 1 TumaMu aTomMoB Z 1 € N.

[MorenmmaneHast sueprus E(s) onpenenser BEpOSTHOCTh HAXOXKICHUS MOJIEKYJIB B JTAHHOM
koH(popMmanuu: p(s) X exp(—E(s)/kT).

Oueprus u cuiibl F_1=—0E/Or 1 m03BOJIAIOT IPOBOJUTH MOJIEKYJISIpHYIO TuHAMUKY (MD).

Kondopmanus onpenensier cpoiictBa: aunoibHbelii MomMeHT, HOMO-LUMO gap,
HOJISIPU3YEMOCTb U JIp.

2. Metoapl pacuéra S3HEprUH

Omnupudeckue noist cuit (MMFF u nip.) — GbicTpble, HO HETOUHBIE.

KBanToBo-xumunueckue Metoisl (ypaBaenue Llpénunrepa) — TouHbIE, HO BEIUUCIUTEIBHO
J0pOTHe.

DFT — kommnpomucc MeXIy TOYHOCTbIO M CKOPOCTBIO, HO Hed(h(eKTHBEH ISl CUCTEM
>1000 aTomoB.

bonee Tounbsie meroan! (Hanpumep, CCSD(T)) emé nopoke u cioxHee MPUMEHUMBI IS
OOJIBIINX CHCTEM.

— Hy>xHbl npuOIMKEHHBIE MOJIENN, CIOCOOHBIE MPEICKAa3bIBATh SHEPTUIO U CHIIBI OBICTPO
Y TOYHO.

3. I'padoBeie Heiponnbie cetu (GNN)

Monekyna npencrasnsercs kak rpad G = (V, E), re BepmmHb — aTombl, a pédpa — CBSI3U.

Message Passing: HeiipoceTeBol MOIX0A, B KOTOPOM Ha Ka)JIOM IIare OCYyIIeCTBISETCS
00MeH cooOmIeHUsIMU (MIPU3HAKAMU) MEXIy COoceTHHMMH aromamu. [locie n urepanuid 3TOrO
nporiecca cienyetr Readout-pynkius, mpenckaspiBaronias 1eseBbie cBoiicTBa. Readout-pyHkiums
JI0JDKHA OBITh MHBApHAHTHA (SKBUBAPUAHTHA) K TIEPECTAHOBKE BEPIIIHH.

GNN 103BOJSIOT CTpOUTh HeWpoHHble moTeHIMansl (NNP) — anmpokcumanyn
IIOBEPXHOCTEN MTOTCHIUAIILHOU SHEPTUH.
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[Tpumep NNP-apxurektypsl: SchNet
Tpu 610ka: Embedding — Interaction — Output.
Hcnonp3yer GUIbTpbl HA OCHOBE PACCTOSIHUN MEXIY aTOMaMH U PaJualibHBIX 0a3MCHBIX

byHKIHA.

[TonnepxuBaet nepuoANUECKUE CUCTEMBI.
OOyuaercs Ha SHEPTHH U CUIIAX, UCTIONb3Ysl aBTOAU(PGEpEeHLINPOBAHHUE.

4. OnTumuzanus KoHdopmarui

TpaauMOHHO: ONITUMU3AIUS 110 AaHTUTPAJIUEHTY SHEPruu, BeiuncienHo DFT — noporo.
C NNP: sHeprus u cuiibl alipoOKCUMHUPYIOTCSI HelipoceTbio — yckopenue ~2000 pas3.
[Ipobnema — distribution shift: Mmonens ommbaeTcst Ha HOBBIX KOH()OPMAIHSIX.

5. OGyuenue u ynyurienue NNP
* HUcnonszyrotes otkpsiThie qatacetsl: V2DFT (AIRI, 2024), SPICE (2023).
e OwmubOKHU pacTyT MpH ONTUMH3AIUHU U3-32 CMEIIEHUS PacIIpeIeTICHUS.
* Pemenue: no6asienne DFT-tpaekTopuii B 00ydaronryio BEIOOPKY.

— OmmOKa CHUXKAeTCs NP YBEIMYCHUH JTAHHBIX.

6. ITonxon GOLF (Gradual Optimization Learning Framework)

AEMMFF >

LNobaBnsem
Cuutaem ground truth
—_ EDFT FDFT ESDrFTJFS?FT 3
St 1St 06yyaroLLyto BLIGOPKY
— NNP
St+1 = St + aOpt(F;
AEMMFF < 0
MMFF __ MMFF _ MMFF Mpoponxaem
AE; 7 = Eg.) Eg, — ONTUMU3ALIIO

Puc.1. Cxema ontumunsanuu ¢ nmomouso GOLF

* MUrepatuBHas onTUMH3aIHSg C HEHPOHHBIM MOTEHIMAIIOM U CyppOTraTHBIM
opakyioM (Hanpumep, MMFF).
» Ecmu sHeprus cHMXaeTcsi M0 MHEHHUIO CyppOTraTHOTO OpaKyjila — MPOA0IDKaeM
ONITUMU3ALIHIO.
* Ecnu pactér — noGaBisgeM TeKylyto KOHPOPMAIKIO B 00yUarolyo BHIOOPKY.
* Pesynbrat: cHIKeHHe noTpedHocTr B 1aHHBIX ¢ 500 000 — 10 000 koHpopmanmii
u 3xkoHoMus 9 CPU-ner.
7. Pacmupenus u Oyaymiee (GOLF 2.0)
Ecnu HeT cypporarHoro opaxkysna:
* MHcnonp3oBarhk npoMmexxyTounbie Bepcun NNP kak opakyir.
* Hcnonp30BaTe HEyBEpPEHHOCTh MOJENU Ul BBIOOPA, KOIZa 3alycKaTbh JOPOTHe
pacyETshl.

8. IlepcriekTHBBI U 1aibHENIINE HAIPABICHUS
* MynpTtuarentHoe RL: KaxIbli aTOM — areHT, MUHUMU3UPYIOLIUNA 3HEPTUIO
(mpumep: MACS, 2025).
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*  MonekynspHas nuHamuka ¢ GNN: rpadoBbie CeTH TPEACKa3bIBAIOT CHIIBI H
yckopsitor MD.
» IlepcnextnBa — reneparuBHbie nponaratopsl (GNN + auddy3nonnsie moaenn).
9. BriBOJ1BI

Heliponnsie norenuuansl — ansrepHatusa DFT nis 3amau ontumusanuu.
GNN noTteHuManbHO CIIOCOOHBI MacIITaOMPOBaTh KBAHTOBYH0 MEXAHHMKY HAa MMJUIMOHBI
maros MD.
GOLF cHmxkaeT cTOoMMOCTh OOyYEHHsI M TTOBBIIIIACT HaAEKHOCTE NNP.
B Oynymiem — akTuBHOE 00yueHHe, MyJIbTHAr€HTHBIC cucTeMbl 1 THOpuaHbIe DFT + NNP
MOJXO/BI.

Paboma evinonnena npu noooepowcke uncmumyma AIRI.
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K. R. (2017). Schnet: A continuous-filter convolutional neural network for modeling
quantum interactions. Advances in neural information processing systems, 30.
Schiitt, Kristof, Oliver Unke, and Michael Gastegger. "Equivariant message passing for
the prediction of tensorial properties and molecular spectra." International Conference on
Machine Learning. PMLR, 2021
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JAETEKTHPOBAHUE COHHBIX BEPETEH Y 3JOPOBbIX CYBBEKTOB
MNAIMEHTOB C JMATHOCTUPOBAHHOM SITAJIEIICUEM C
HNCITOJIB30BAHUEM AJITOPUTMOB UCKYCCTBEHHOI'O UHTEJIVIEKTA
HA OCHOBE I'NIIEPTPA®OB

Cmvrtunsies Anexcanop Ilasnosuu,
HHAT'Y um.H.U.Jlobauesckoeo — Huoicrnuti Hoseopoo
aleksandr.smyshlaev@yandex.ru

I'pomos Hukonati Barepvesuu,
HHAT'Y um.H U Jlobauesckoeo — Huoicrnuti Hoseopoo
gromov(@itmm.unn.ru

Lllapxos Apmem Anexceesuu,
HHI'Y um.H.1.Jlobauesckoco — Huocnuii Hoszopoo
HUKU neouampuuu oemcxoti xupypeuu umenu akademuxa FO.E. Beremuwesa — Mockea
MTI'L] I'enomeo — Mocksa

a.sharkov@pedklin.ru

I'pebenioxosa Auna J[mumpuesna,
HHI'Y um.H.U.Jlobauesckoco — Huocnuii Hoszopoo
DeoepanvHulil yenmp moszea u Helipomexronrocu PMBA — Mockea
MTI'I] I'enomeo — Mocksa

grebenyukova@fceps.ru

T'epacumosa Ceemnana Anexcanoposna,
HHI'Y um.H.1.Jlobauesckoco — Huorcnuii Hoszopoo
gerasimova(@neuro.nnov.ru

Jlebeoesa Anvbuna Braoumuposua,
HHI'Y um.H.1.Jlobauesckoco — Huowcnuii Hoszopoo,
ITUMY Munzopasa P® - Huscnuii Hozopoo

lebedeva@neuro.nnov.ru

Cmupnos Jlee Anexcanoposuu,
HHAT'Y um.H.U.Jlobauesckoeo — Huoicnuti Hoseopoo
lev.smirnov(@itmm.unn.ru

Jlesanosa Tamvsana AnexcanoposHa,
HHI'Y um.H.1.Jlobauesckoco — Huocnuii Hos2opoo
tatiana.levanova(@itmm.unn.ru

Tucapyux Anexcanop Huxonaesuu,
Tonumexnuueckuui Ynusepcumem — Maopuo
alexander.pisarchik@ctb.upm.es

AnHoOTanus. B manHo#t paboTe paccCMOTPEHO NMPUMEHEHHE AJITOPUTMOB MCKYCCTBEHHOTO
MHTEJUIEKTa JUIsi OOHApY>KEHHsI COHHBIX BEPETEH B 3amucsax sJekTposHuedanorpadpuu (331) Ha
OCHOBe TuIeprpa)oB, UYTO TMO3BOJMIO YYECTh CJOXKHBIC KOJJICKTHUBHBIE MATTEPHBI
¢dusuonoruueckux rnporeccoB. Ha Habope nanubix ot Buaeo-231" nabopatopuu MI'L «I"enomen»
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MOJTy4Y€HO Ka4eCTBO JETEKTUPOBAHHUS, CPABHUMOE C MOCIEIHUMHU Pe3yJibTaTaMH, ONMCAHHBIMU B
JuTepaType.

KuaroueBble cioBa: rumeprpader, ODI, BepereHa cHa, MamuHHOE oOOydeHUe,
MCKYCCTBEHHbBIN UHTEIIICKT.

Marepunansl m MeroAabl. B kauecTBe HaOOpa JaHHBIX HCIHOJB30BATUCH 24 3amucy,
npeaocrapieHnbie Buaeo-231" nmadoparopueit MI'L[ «'enomen» [1]. Kaxpaas 3anuch BKIOYaeT
19 6unonspHbIx oTBeneHuit DI, 3amucanHple ¢ YacToToN nuckperu3anuu 199.5 I'u. B Habope
JaHHbIX 12 3amMceil moJlydeHbl OT MAlMeHTOB C JUArHOCTUPOBAHHOW smwiiencued u 12 ot
3JI0pPOBBIX CYOBEKTOB, BKJIIOUAs CIEAYIONINE BO3PACTHBIC TPYIIIIbI:

1. PanHnwmii nerckmii Bo3pact (1-3 roga): 2 manuenTa (Bo3pact: 2 u 3 rona),

2. JomkonbHbIN Bo3pacT (4—6 net): 3 manuenTa (Bo3pact: 4, 5 u 6 ner),

3. Munaamuii mikoasHeIA Bo3pact (7—11 ner): 6 manuenTos (Bo3pact: 7, 8, 8, 8, 8 u 10 er),
4. TlogpoctkoBsiii Bo3pact (12—18 ner): 1 mamuent (Bo3pact: 12 ner).

IIpeno6padorka nanubIX. C 1ENbI0 MUHUMH3AIMH IIIyMa U BBIJEICHUS YYaCTKOB COHHBIX
BEepeTeH Oblla BBHIMOJHEHA MpeaoOpaboTka, omucaHHas B [1], BKJIIOYArOIIas MOJOCOBYIO
¢unbTpanuio B auanazone 10—-16 'y u mocnenyonyo HopMaIu3aIuo aMILUIATY .

Anammu3 nanabix. [Ipornenypa anammsa Uisi KaKIOW 3alKCH COCTOsUIa M3 HECKOJIBKHX
MOCIIEI0BATENbHbBIX ITAIOB.

1. Ceemenmayus cuenana u okouwnwii ananus: Jns ananmmsa nuHaAMUAKA DI -curHam ObLT
CEerMEHTHPOBAH METOJIOM CKOJIB3SIIEro okHa. J[miHa okHa cocTaBisiia 150 BpeMEeHHBIX OTCYETOB
(~0.75 c mpu yactore nuckperuzauuu 199.5 '), a nepexpbITHE MEXKAY COCETHUMH OKHAMU —
120 orcueroB (~0.6 c¢). JlanHpie 3Ha4YeHUs JIMHBI OKHAa W Iara OBUIM OMNpPEIEIICHBI
9KCHEPUMEHTAIBHO KaK TUIeprapaMeTphl NepedopoM 10 CETKe.

2. Oyenka koppenayuu kananos. CBsi3b MEKITY TIApOH CUTHANOB X;(t) 1 X;(t) IByX KaHAIOB
B 3amrcu DOl B KaKJIOM BPEMEHHOM OKHE PAacCUMTHIBATACH METOJIOM MaKCHMaJIbHOW Kpocc-
KOPPEISIMA ¢ BPEMEHHOW 3aJIep)KKOH, MPHU ITOM MaKCHMajbHas BpEMEHHas 3aJepxKa Obuia
BbIOpaHa paBHO M=20.

3. llocmpoenue epagos ceéaznocmu: Jns KaxXn10ro BpeMEHHOTO OKHA MaTpUIIAa MOMAPHBIX
Kpocc-koppenauuii Mexnay 991 '-kaHamamu OWHApU30BaNach MyTeM NPUMEHEHUS MOPOTrOBOTO
3HaueHus (thr) mmst BeigeneHus HambOosee CUIBHBIX M MH(OPMATHUBHBIX CBs3eil. Ha ocHoBe
MOJTy4YeHHOW MAaTPHIIbl CMEKHOCTH CTPOMIICS HEOPUEHTHPOBAHHBIN Ipad, B KOTOPOM BEPIITHHBI
MPEJICTaBISUIA KaHaJbl, a pedpa — CHIIbHYIO KOPPENSIIMOHHYIO CBS3b.

4. Hoenmucghuxayus cemeil 6blcoK020 nopsoKa u nocmpoenue cunepepaga: J1ns nepexona
OT MapHBIX B3aUMOJAECUCTBUI K TPYNIOBBIM ObLIa MOCTPOEHA runeprpadoBas Mojeb, B KOTOPOil
rurneppedpa GOpMHPOBAIMCh HAa OCHOBE MAaKCHUMAIbHBIX KIWK, HAWJEHHBIX C TIOMOIIBIO
anroputMa bpona-KepOomra B rpade koppensmuii. B Takoil cTpykType Kaxmoe Tumeppedpo
00BEIMHACT CTPYKTYpHO CBs3aHHYIO Tpymiy O3l -kaHanoB, JAEMOHCTPUPYIOLIUX BBICOKYIO
CTETeHb KOPPEJSIUY B 33/1aHHOM BPEMEHHOM OKHE.

5. Useneuenue npusnakog u3z eunepepaghos: JInsg KOIMYECTBEHHOW XapaKTEPHUCTUKU
CTPYKTYPHOH pOJIM KaKJI0M BEpIIMHBI (KaHAIa) B CTPYKType rumneprpada ObUId pacCuuTaHbl TPH
METpPUKH ILIeHTpaibHOCTH BhIcOKOTO mopsiaka (Hypergraph Centrality Coefficients, hee) [2], a
UMEHHO: KOA(h(OUIIMEHT HEe3aBUCUMOM CBS3HOCTH, KOADOUITMEHT KiacTepusaiuu, Ko3ppuiment
MacmTaba ydactus. s kaxkmoro kanama D21 B aHanMM3upyeMoM OKHE ObLIT chopmMupoBaH
XapaKTePUCTUYECKUI BEKTOP.
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6. @opmuposanue Habopa OanHvix: B pe3ynbTare BBINOJHEHUS JAaHHBIX I[IAroB ObLI
c(hOpMHUPOBAaH UTOTOBBII HAOOP AAHHBIX, IIe KaXAbli O0BEKT MPEACTaBIsI COO0M BpeMEHHOE
OKHO, OXapaKTEepPU30BaHHOE BEKTOPOM MPHU3HAKOB. DTOT HAOOP JaHHBIX IOCITY>KUJI OCHOBOM /ISt
HOCJEIYIONETr0 0Oy4YeHUS M BaJH AU MOJIEJIeH NCKYCCTBEHHOTO HHTEIJICKTA.

O0yuenne kiaaccupukaropa. s aBBTOMaTHIECKOM JETEKIIMN COHHBIX BEPETEH Ha OCHOBE
c(OpPMHUPOBAHHBIX BEKTOPOB THIEPrpadoOBbIX MPU3HAKOB OBLT HCIOJIH30BAH aHCAMOJICBBIN
knaccudukarop Ciywaitaenii Jlec (Random Forest, RF), 3apekomengoBaBmmmii ceds B CXOKUX
3amavax [2]. OToT ke KiaccudukaTop MPUMEHsUICA Ha 3Tane MnpenoOpadoTku s moadopa
ONTUMAJIBHBIX TUIIEPIIAPAMETPOB.

Pesyabrarbl. OleHka KadecTBa MOJIEIM MPOBOAMIACH C TIOMOIIBIO IEPEKPECTHOM
IOPOBEPKH IO METOAY HCKIoueHus mo oxHomy mnamueHTy (Leave-One-Patient-Out Cross-
Validation, LOO-CV). Monens RF npenckaspiBaeT BepOsSTHOCTh HAJIMUYUS BEPETEHA B KAKIOM
BPEMEHHOM OKHE; JUIS MOJydeHHsi OMHAPHOW METKH ObUT MOJ00paH ONTHMAJIBHBIN MOPOT ATON
BeposTHOCTH (RF-thr). [{nst yuera BpeMEHHBIX 3aBHCHMOCTEH B JaHHBIX B BEKTOpP NMPU3HAKOB
Ka)KI0ro OKHA ObUIH JOOABJICHBI MPU3HAKH JIBYX COCEIHUX OKOH (t-1, t+1).

[Ipn ucnonab30BaHUM HCKIIOUUTENBHO THMIEPrpadoBbIX MPU3HAKOB UTOrOBasl CpPEHHSS
nocoObiTuitHas F1-mepa cocraBuina 0.75. J{7s MOBBIIEHUS] TOYHOCTH KJIACCU(DUKALIUN UCXOTHBIN
Ha0Op MPU3HAKOB ObUT pacIIUpEH 3a cYeT 100aBlIeHUs a0COMIOTHOM CIEKTPaIbHOW MOIIHOCTH
curHana B auanasoHe 10-16 ['m, paccumTaHHOM [ KaXJIOro KaHajla METOJ0M Yajua.
BrutoueHne AaHHOTO TpH3HAKA MO3BOJMIIO 3HAYUTEIBHO YIYYIIUTh KAadeCTBO JIETEKIIUH,
YBEJIMYHB CPeIHIOI0 1ocoObITuiinyto F1-mepy mo 0.78.

VYcpennennas 1no BceM nanueHTam  Fl-mepa Oblma  CHM)KEHAa UM3-32  HU3KOU
IPOM3BOIUTENFHOCTH MOZIeNH Ha 3 u3 24 3anuceid. [Ipu HCKITIOYEHNH JaHHBIX 3allUCcel U3 pacyera
cpennee 3HaueHue F1-mepsl Bospactaer mo 0.85 (Tabnwmma 1), 4To mMOAYEPKUBAET BBICOKHUI
HNOTEHIMAJ MPeI0KEHHOro T’HOPHUIHOTO O1X0/1a Ha 60s1ee OJTHOPOJHOM BBIOOPKE.

Tonpko  rumeprpadoseie | [uneprpadoBsie mpu3HaKu +
MPU3HAKA JIOTIOTHATEILHBIA TTPH3HAK
CooObiTuitnas F1-mepa 0.75 (RF-thr = 0.75) 0.78 (RF-thr = 0.79)
(24 3anucu)
CoOwrtritnas F1-mepa 0.81 (RF-thr = 0.75) 0.85 (RF-thr = 0.89)
(21 3amuce)

Tabmuma 1. CoosiTuiinas F1-mepa
HUccneoosanue noodepacano Munobprayku Poccuu, I'oczadanue FSWR-2024-0005.
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International conference
“Machine learning and Nonlinear dynamics - 2025”
15.10.2025 - 18.10.2025

HSE University — Nizhniy Novgorod
25/12, Bolshaya Pecherskaya Street

15 October, Wednesday

14.00-14.45 Registration Hall,
1% floor

14.45-15.00 Opening 305

15.00 — 18.00 | Workshop «Al for medicine» 305

15.00-15.20 Kadurin A.A. Al for drug discovery

15.20-15.40 Klinshov V.V. Deep learning for automatic spine radiograph labeling

15.40-16.10 Bursov A.L. Experience in developing a medical device with Al in the
ISP RAS

16.10-16.25 Coffee-Break

16.25-16.45 Gombolevskiy V.A. Medical Al: Algorithms that are changing practice

16.45-17.05 Khrabrov K.A. Optimization of molecular conformations using graph
neural networks

17.05-17.25 Levanova T.A. Automated Sleep Spindle Analysis in Epilepsy EEG
Using Deep Learning

17.25-17.40 Semenova N.I. Assessment of tissue glycation in diabetes using optical
clearing and nonlinear regression

17.40-18.00 Lebedeva A.V. Development of a technology for restoring neuronal
activity in the rat hippocampus using Al

16 October, Thursday

14.45-15.00 Coffee-Break

15.00 — 18.00 | Section “Nonlinear dynamics for machine learning” \ 305

15.00-15.45 Semenova N.I. Internal noise in hardware neural networks of various
types

15.45-16.30 Kuptsov P.V. Application of machine learning methods to reconstruct a

on-line one-parameter family of dynamic models from a scalar time series

16.30-17.00 Solovev I.A. Training a simple neural network: a tradeoff between speed
and memory consumption

17.00-17.30 Kolesnikov I.D. Modeling and evaluation of the impact of additive and
multiplicative noise on the performance of hardware neural networks

17.30-17.45 Myakov T.I. The influence of the differential equation integration method
at the stage of training dataset formation on the properties of
neuronetwork map

17.45-18.00 Panyushev A.A. Machine learning for solving the problem of detecting
multistable attractors
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International conference
“Machine learning and Nonlinear dynamics - 2025”
15.10.2025 - 18.10.2025

HSE University — Nizhniy Novgorod
25/12, Bolshaya Pecherskaya Street

17 October, Friday
14.45-15.00 Coffee-Break
15.00 — 18.00 | Section “Dynamical Systems” ‘ 305
15.00-15.45 Semenov V.V. Symmetry control for bistable systems: methods and
applications

15.45-16.15 Cubrovi¢ M. Semiclassical chaos and superdiffusion in Bose-Hubbard
on-line lattices

16.15-16.45 Gonchenko A.S. On discrete Lorenz-like strange attractors in systems
with axial symmetry

16.45-17.00 Franovi¢ 1. How ketogenic diet impacts multistability and allows for

on-line control of seizure-like activity: new insights from a next-generation neural
mass approach
17.00-18.00 Poster Session, Coffee-Break Hall,
3" floor

Poster session

Smyshlyaev A.P. Sleep spindles detection using hypergraph learning

Klimenko K.E. Reconstruction of the mean-field dynamics of neuron-astrocyte interaction using
the dend-PLRNN architecture

Gromov N.V. On some properties of output matrices in reservoir computings

Bagautdinova E.R. Comparative analysis of multistable properties of the Hodgkin-Huxley model
and its neural network map

Moskvitin V.M. The Impact of Internal Noise on the Performance of an Artificial Neural
Network: Application of a Noise Reduction Strategy

Shamsina A.L. Multistability in non-autonomous generator of quasi-periodic oscillations

Qasim M. Classification of dynamical regimes in the Chialvo map with Machine Learning
Safonov K. On mixed dynamics of reversible maps with symmetric homoclinic dynamics

18 October, Saturday
14.45-15.00 Coffee-Break

15.00-17.30 | Section “Machine learning for tasks of nonlinear 305
dynamics”

15.00-15.45 Klinshov V.V. Nonlinear dynamics and Machine learning: experience of
interaction

15.45-16.30 Karavaev A.S. Biosignal models for parameter tuning and verification of

data analysis methods
16.30-17.00 Posnenkova O.M., Bondarenko I.A. Analysis of the phase structure of
the electrocardiogram under stress and at rest using machine learning

methods
17.00-17.30 Ishbulatov Yu.M. Neural network method for estimating the strength of
on-line directional interaction between self-oscillating systems

17.30-18.00 Closing






