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B cnopTUBHBIX COCTA3aHUAX MOATBEPAUTH THUTYN YacTO OKAa3bIBACTCS IOpa3lo TPYAHEE, YeM
3aBOEBaTh €ro BIepBbIe. BoT 1 Mbl, mpoBoxs B 2023-M ouepenayio, XXX 1Mo c4€Ty MIKOITy-KOH(PEPEHIHIO
«Henuneitnpie nau B CaparoBe IJIsl MOJOIBIX», TOXKE MEPEKUBAJIU, YAACTCS JIU MOBTOPUTH yCIEX,
JOCTUTHYTHIN JABYMS TOAaMU paHee, KOTma MBI IOCTaBUIIN ceOe 3a/1ady BO3POIUTH IIKOIY, BIOXHYTh
B He€ HOBYIO XH3Hb. ClelyeT HmpHU3HaTh, YTO PE3YJbTaT Aa)KE MPEB30LIEN HAIIM OXXKUIAHUS: HaM
yIaJI0Ch MMPUMEPHO B MOITOPA Pa3a YBEIUYUTH YUCIO KaK JIEKTOPOB, TaK W JOKIATIMKOB — MOJIOIBIX
HccIeoBaree, CyImecTBeHHO pacuINPHB Teorpaduio — ¢ YeTHIPEX 10 IBEHAANATH TOPOJOB—yJaCTHIUKOB
(cM. pucyHok). Kongepenmus mporuia B ToM ke gopmare, 4yTo | JBa ToJla Ha3a/: C pa3iciicHuEM Ha
JIEKITNN BEAYIIUX YIEHBIX M JIOKIAnsl MonoAacxku, B «Touke kumeHms» CI'Y m 6e3 mapauieTbHBIX
CEeKIU, HO YBEIMYHUBILEECS YHCIO JOKIAIOB 3aCTaBHIO HAC PACTIHYTh CPOKH — Terepb KOH(epeHIus
MTOJTHOIIEHHO PaCTSIHYJach Ha IATh JHEH, cTapToBaB B 11 yTpa moHeneIbHUKA U 3aBEPIIUBIIHCEH B IIIECTOM
yacy Bedepa B MATHHILY, IPUYEM 3alI 3acelaHuii ObUT MOJIOH JI0 CaMoro KOHIAa. B Kakoil-To MOMEHT
pu HOPMHUPOBAHUH TTPOTPAMMBI Y OPTKOMHUTETA JTa)KE BOSHHUKIM MAaHUYECKHAE MBICIH, YTO HE YIACTCS
YMECTUTh BCIO IPOTpaMMy B OTBEIEHHOE BpEMsl, HO HALIUIUCh CKPBITHIE PE3€PBHI 3a CUET CABUra Hauaja
Y OKOHYAHWS MEPOTPUATHS U YBEITUUYCHUS YUCHIA JOKIAIOB B JE€Hb KYJIBTYPHOH MPOTPAMMEI, TaK 4TO
Bc€ 000ILIOCH.

Bce MBI &uBEM B MaTepHaTbLHOM MHUpPE U JII00ast JeATeIbHOCTh TpedyeT pecypcoB. TyT Hamo
MPU3HATh, 4TO (akTHdeckn CapaToBCKUN YHHBEPCUTET MPOBEN BCE MEPONPUATHE HA CBOWX IUIOMIAIKAX
CHJIAMHU IITaTHBIX COTPYAHUKOB, a MOJABIISAIONICE YHCIO TOCTEH, BKIIOYAs! JIEKTOPOB, OBUIN BBIHYKICHBI

(© Cuicoes U. B., 2023
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CTtaTuCTukKa KoHdepeHuunu

Mbl nocnywanu 18 nekumi,
48 yCTHbIX 1 23 CTEeHAOBbIX AoKNaaa

K Ham npuexano 62 y4yacTHuKa
n3 11 roponos Poccum
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Pacmipenienenue yyacTHUKOB KOH(EPEHIUH 110 TOPOAAM U IOKJIAJIO0B MO (OpME UCTIOTHEHHUS

OIUIAYMBaTh CBOM KOMAaHIMPOBOYHBIC PACXONbI caMH (YTOOBI XOTh KaK-TO CIVIAJIUTh 3Ty MPOOIeMy,
OPTB3HOC OBLT OTMEHEH IS BCeX Y4acTHUKOB). K coxanenuro, GPMHAHCHPOBaHNE HAYYHBIX MEPOTIPHATHIA
B Poccun pakTrueckn BO3MOXKHO TOJBKO 32 CUET BHYTPEHHUX CPEICTB HAYYHBIX M 00Pa30BaTEIbHBIX
OpraHu3aIui, MOCKOJIBKY €IMHCTBEHHBIN OCTaBmInics HaydHbIH oy — PH® — mpsmo 3asBw, 9To
9TO HE BXOJWT B €0 YCTaBHYIO JESTEIBHOCTh. A COOCTBEHHBIX CPEICTB BCETJa HE XBaTaeT, YTO JIeNaeT
KpaﬁHe CJIO)KHOAOCTUKMMBIMU ITPUBBIYHBIC emé HECKOJIBKO JICT Ha3all q)OpMaTI)I B BUJC CaHATOpusd
1 TeM Oolee mapoxoa.

[kona-koHpepeHIMs Oblia 3ayMaHa, B MEPBYIO O4Yepellb, KAK MHCTPYMEHT He(OpMaibLHOTO
OOIIeHNsT MKy HCCIeoBaTeNsIMU. B 3TOM cMbIciie OHa Ha Halll B3I yAAaJlach: MHOTHE YYaCTHUKH
Y3HaJlu JApyr O JIpyTe BIIEPBBIE, IPYTHUe€ BOCCTAHOBUWIIM CTapble, €€ OCTaBLINECS OT YUUTENEH CBA3H,
KTO-TO TIPOCTO OTKPBUI I ceOst MUp HenmnHeHHoH quaaMuku B Poccun. [loaTtoMy HecMOTps Ha TO, 9TO
4yrcTo 00pa3oBaTeNbHbIN (opMaT, CBOMCTBEHHBIN MPEAMETHBIM HiKoJaM 1970-x, ObLI JaBHO yKe YTepsH,
KoH(pepeHIns BCE e ocTajach MIKOJIOK — MECTOM, TIe JIFOIU W3ydYaloT OKpPYXKAIOIIUNA MHUD.

Kak u B mpomuiblit pa3, Mbl MPOCUM HAIIUX YYaCTHUKOB HE CTECHSTHCA MHUCATh CBOU OT3BIBHI
7 3aMeYaHusI 0 KOH(EepeHIIMH Ha MOYTOBBIA SIMMK nonlindays@sgu.ru. B aToM rofy, opueHTHPYSICH
Ha 3aIpoChl HAIIUX YYAaCTHUKOB, MBI CHENaiu 3KCcKypcuio B [lapk mokoputeneil kocMoca Ha MecTe
npuzemienus 0. A. 'arapuna, a Taxke cAenaal BCEM JJIEKTPOHHBIE MPUTTIAIICHUS U CePTH(HUKATHI
B JINYHOM KaOWHeTe ydacTHUKa. MBI OYeHb NMpPHU3HATEIbHBI BCEM HAIIMM YYacCTHHKAM, IIOTOMY YTO
KOH(EPEHIIUs — 3TO, B NIEPBYIO OYEPE/ib, JIIOAU. B 3TOM rojay Mbl NpPUBICKIN B Ka4eCTBE JISKTOPOB
MHOT'MX IOCTOSIHHBIX aBTOPOB XypHana «lIpuknaanas HeauHeilHas TMHAMUKA» U3 CaAMbIX U3BECTHBIX
Hay4YHBIX IIKOJ MO HenuHeiHo# nunamuke B Poccun: B Huwxknem Hosropone, Caparose, Spocnasie,
[lepmu, MockBe, Ipu 3TOM He TIpeHeOperasi y9aCTHUKAMH U3 IPYTUX MECT, B TOM YHCIie HOBBIX JUIS HAC.
Hy u TpapuiuonHo, psa paboT HCCIIENOBATENCH, TOJI0KEHHBIX HAa KOHPEPSHIIMH U HE OMyOIMKOBaHHBIX
paHee, yBUANUT CBET BMECTE ¢ TEMAaTHYECKUM HOMEPOM HAIIEro JKypHaja — 3TUM HOMEPOM.

Cuicoes U. B.
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Annomayusn. [Jens HacTosieH pabOTHI COCTOUT B UCCIICAOBAHUH aBTOKOJICOATEIBHBIX CUCTEM NPHU aJallTHBHOM BHEIIHEM
Bo3zeiicTBum. MIMeeTcst B BUIy CUTyanus, Koraa ()a3a BHEIIHEro BO3ACHCTBUS IOMOIHUTEIBHBIM 00pa3oM 3aBHCHT OT JHHAMH-
4eCKOl MepeMeHHO# ociuyuisiTopa. Memoosi. IcTioIbp3yIoTCsl METOIbI KapT TUHAMHUYECKHX PEKUMOB U KapT JIIIYHOBCKHX
MoKa3aTeseii, a TakXKe MOCTPOCHUE (a30BhIX MOPTPETOB U CTPOOOCKOIIMUECKUX CeUeHUl. Pesyismamet. B 0030pHOM IaHe
M3JIaraloTCsl Pe3yabTaThl ISl CIydasl JIMHEHHOTO 3aTyXarollero ocuuusiTopa. VccneqoBansl qBa Cirydasi aBTOKoliebarelib-
HBIX CHCTEM — OCLHUIATOP BaH Aep Iloysi U aBTOHOMHBIH KBa3HIIEPUOAWYECKUI TeHepaTop ¢ pa3MepHOCThIO (ha30BOro
IPOCTPAHCTBA, PaBHOM TpeM. ONHMCaHbl KAPTUHBI XapaKTePHBIX JUHAMMYECKUX PeKUMOB. OIMCaHbl CLIEHApUU Pa3BUTUS
MHOTOMEPHOT0 Xaoca. J[aHbl WILUTIOCTPALUY BIUSHUS YIPABISIOIIETO TAPAMETPA, OTBEYAIOIIETr0 3a CTEIEeHb 3aBUCHMOCTH
(a3pl OT epeMEeHHOM OCHIIUIATOPA, HA JMHAMHUKY CHCTEMbl IPU Pa3HBIX YacTOTax BO3ACHCTBHA. 3akirouenue. BBenenue
3aBHCHMOCTH (ha3bl OT ANHAMHUYECKOM MePEeMEHHO MPUBOUT K PACIIMPEHUIO S3BIKOB CyOrapMOHHYECKHUX PE30HAHCOB, Cl1ab0
BBIPQKCHHBIX B KIIACCHYECKOM OcImuisiTope Ban fep Ilomst. OCOOeHHO 3TO 3aMETHO /ISl YETHBIX PE30HAHCOB IIEPHOI0B 2 U 4.
Jlnst reHepaTopa KBa3UIEPUOIMIECKUX KOJIeOaHHH B HEABTOHOMHOM CiTydae HaOIIONAI0TCs TPEXIaCTOTHBIE TOPBI, X 00JIaCTh
HaYMHAIOT JIOMUHHMPOBATh NIPU BO3PACTaHUM MapaMeTpa aJalTHBHOCTH, BBITECHSS SI3bIKM PE30HAHCHBIX JABYXYAaCTOTHBIX TOPOB.
OO6HapyeHa pasHOBUIHOCTH MHOTOMEPHOTO Xa0ca, XapaKTePU3YIOIErocs: OJIM3KUM K HYIIIO JOIOIHUTEIBHBIM OKa3aTeneM
JIsimyHOBa, MOKa3aHa BO3MOXKHOCTH Pa3BUTHS TUIIEPXaoca B PE3yJbTaTe pa3pylICHUs! [BYX4aCTOTHOTO TOpa.
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Self-oscillating systems with controlled phase of external force
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Abstract. The purpose of this work is to study self-oscillatory systems under adaptive external action. This refers to the
situation when the phase of the external action additionally depends on the dynamical variable of the oscillator. In a review
plan, the results are presented for the case of a linear damped oscillator. Two cases of self-oscillatory systems are studied: the
van der Pol oscillator and an autonomous quasi-periodic generator with three-dimensional phase space. Methods. Methods
of charts of dynamical regimes and charts of Lyapunov exponents are used, as well as the construction of phase portraits
and stroboscopic sections. Results. In a review plan, the results are presented for the case of a linear damped oscillator. Two
cases of self-oscillatory systems are studied: the van der Pol oscillator and an autonomous quasi-periodic generator with a
three-dimensional phase space. The pictures of characteristic dynamical regimes are described. Scenarios for the development
of multidimensional chaos are described. Illustrations are given of the influence of the control parameter, which is responsible
for the degree of dependence of the phase on the oscillator variable, on the dynamics of the system at different frequencies of
action. Conclusion. The taling into account of the dependence of the phase on a dynamical variable leads to an extension of
the tongues of subharmonic resonances, which are weakly expressed in the classical van der Pol oscillator. This is especially
noticeable for even resonances of periods 2 and 4. For the generator of quasi-periodic oscillations in the non-autonomous case,
three-frequency tori are observed, their regions begin to dominate with an increase in the adaptivity parameter, displacing
the tongues of resonant two-frequency tori. A variety of multidimensional chaos characterized by an additional Lyapunov
exponent close to zero is discovered, the possibility of developing hyperchaos as a result of destruction is shown.

Keywords: non-autonomous oscillator, phase, van der Pol oscillator, quasi-periodicity, chaos.
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BBenenue

B npupoze u TeXHUKE 9acTO BCTPEUAIOTCS CUTYallUH, KOT/Ia BHEITHEE BO3/IEHCTBHE HA CUCTEMY
3aBHCHT HE TOJNBKO OT BPEMEHH, HO U OT COCTOSHHSI CAMOM CHCTEMBI. DTO XapaKTEPHBIN MPUMEpP HATUIUS
oOpatHoii cBs3u. [IpuMepamu B paJlOTEXHUKE U 3a7jadaX KOMMYHHUKAIIUU MOTYT CIIYXKHTh CHCTEMBI
(ha30Boif aBTOMIOACTPOHKH YacTOTHI [ 1-5]. B Guonorun cucrema cepaedHO-COCYAUCTON PEryIsiiy KHUBBIX
OpPraHu3MOB IMPU U3MEHEHUHN HATPY3KH YBEIMYHMBACT WIH YMCHBIIACT YacTOTy cepAueOueHuit [6, 7).
[Tomo6HbIE cuTyany XapakTepHBI U IS HeHpoarnHaMuKH. OHU MOTYT OBITh OXapaKTePHU30BaHBI KakK
a/IalITUBHBIC CBOWCTBA CUCTEMBI, KOTJIa BO3/ICHCTBUE HAa HEE YIPABISIETCS TUHAMHUKOW CaMOil CHCTEMBI.

B xagectBe mpocTeiiniero npeaMeTa A Hog00HOTO W3yUYeHHsT MOTYT BBICTYIaTh KojiebaTeIbHbIe
CUCTEMBI IPU BHEIITHEM BO3JICHCTBUH B Cllydae, Korua ¢daza BO3IEHCTBUS 3aBUCUT OT JMHAMHUYECKOM
repeMeHHON cucteMsbl. [Ipu 3TOM aBTOHOMHAas cHcTeMa, MoJABEpraeMasi BO3JEHCTBHIO, MOXET OBITh
pasHoro tuna. JlornaHO BEIOpaTh CUTyalnH, OTBEYAIOIINE OCHOBHBIM BHaM KOJIe0aTebHBIX MPOIIECCOB.
OT0 MOXeT ObITh MPOCTEUIINI 3aTyXaroIUH OCHUIUIATOpP, aBTOKoJIe0aTeNbHas CUCTeMa C IepuoInde-
CKHM PEXHMOM, a TaK)Ke CHCTeMa C KBa3UIEePHOANIeCKHMHU KojeOanusaMu. [lepBriii ciydail ObUT paHee
JIeTanbHO paccMoTpeH B [8—10] u B Buae KpaTkoro o63opa mpeacTtaBicH B pazaene 1. Crnemnyromnas
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CUTYaIHsl, KOTOPYIO €CTECTBEHHO BBECTH B PACCMOTPEHHE — CHUCTEMA C MEPUOANICCKUMH aBTOKOJIE-
Oanusmu. Takol cirydaid Ha IpuMepe CUCTeMBI BaH aep Ilons oOcyxmaercs B paznene 2. B pasnene 3
paccMaTpuBaeTcs yIpapisieMas CHCTEMa C aBTOHOMHOM KBa3HIIEPHOANIHOCTHIO — KBa3UIIEPUOIUIECKIIA
TeHepaTop.

1. Cayuaii 3aTyxamomero ociuLisiTopa

[Ipocreiimmmii cirydail KoieOaTenTbHON CUCTEMBI C YIIPaBIsieMoil (a30ii BHEITHETO BO3/IEUCTBUA
IpeAcTaBisieT coO00H 3aTyXaroIUi OCHMIUIATOP, ONUCHIBACMBIN ypaBHEHHUEM

I+ 20& + x = Asin(pt + kz). (1)

3necy HavyanbHas (pasa BO3AEWCTBUS JIMHEHHO 3aBUCUT OT JUHAMHUYECKoi nmepeMeHHO# x. Cucrema
CYIIECTBEHHO 3aBHCUT OT TPEX MapaMeTPOB: aMILTUTYIbI BO3ACHCTBUs A, YaCTOThI BO3JICHCTBUSA P,
napaMeTpa MHTEHCHUBHOCTHU yrpaBienus (aszoiri k. Hopmuposka B ypaBHeHuu (1) BrIOpaHa Tak, 9To
cOOCTBEHHAs YaCcTOTa OCHMJUIATOPA paBHA €IUHUIIE, 0L — MapaMeTp 3aTyXaHHUs OCIIILIATOPA.

Cuctema (1) mompobHO oOcyxknanack B [8—10]. Beuto mccnenoBaHo YCTPONCTBO IIOCKOCTEH
pa3nn4HBIX nap napamerpos [8,9]. [loka3aHo, yTo 3aBUCHMOCTD (pa3bl BHEIITHETO BO3IEHCTBUS OT JIUHA-
MUYECKOU TIEPEMEHHON CYIIECTBEHHO YCIOKHACT muHaMuKy. Cuctema (1) JeMOHCTpHpyeT MHOKECTBO
oOacreli koneOaTeNbHBIX PEKUMOB, PEATH3YIOIUXCA B OKPECTHOCTH YacTOT, KPATHBIX PE30HAHCHOM.
O6HapyxeHa BO3MOXKHOCTh Ondypkanuii yaBoeHus mepuojia koiebanuil u xaoca. B cucreme taxxke
HaOJIroaeTCs MyJIbTUCTAOMIBHOCTD. VccnenoBaHbl U ApyTrUe clydau 3aBUCUMOCTH (Da3bl BO3IEHCTBUS
OT MEepPEeMEHHOM, B YaCTHOCTH, KBapaTUIHONW 1 KyOmueckoi HenmuueitHocTH [10]. O6cyxmaercs Takxke
elIe OJMH Ciy4ail ynpaBlIeHUs, KOrla OT JUHAMHUYECKON NMepeMEHHON 3aBUCUT YacToTa BO3JEHCTBUSA [9].
[Ipencrapnena paano3ICKTPOHHAS YKCIIEPUMEHTANIBHAS PeaTu3allis Ha OCHOBE KoJeOaTeIhHOr0 KOHTYpa
¢ 3aTyXaHHeM IS CITydasl Kak yIpaBisieMor ¢asbl, Tak U 4aCcTOTHI Bo3aeHcTBUA [9]. OTMETHM TaKxke,
yT0 B [11] nccnenoBaH HEeNMMHEWHBIN MarHUTHBIN 3aTyXaloIUH OCHUIUIATOP C HEIMHEWHOCTBIO THUIIA
CHHYycCa W JTMHEWHO 3aBUCHIIEeH (a30il BO3NEHCTBHA OT YITIOBOH TIEpEMEHHOM.

2. Cayvaii nepuoguvecKnux aBTokojgedanuii — ocumaaTop Bax aep Iouas

PaccmoTrpuM Teneps ciaydaii, korma Bo30yKaaeMasi CHCTEMa MOXKET TeHEPUPOBAThH MEPHOTUICCKIE
aBTOKONIeOanus. [IpocTeimmmM mpuMepoM sIBIIIeTCsS oCHIUIATOp BaH nep Iloms [12,13]:

i — (A=) +x = Asin(pt + kz). )

3neck A — yHpaBisIOIIMN IapameTp, OTBEUYAIOIIMK 332 OTpULATENbHYIO auccunanuio. OcraibHble
napamMmeTpsl Te ke, 4to U B (1). HopMupoBka BeIOpaHa Tak, 4To COOCTBEHHAs 4acTOTa OCLHILIATOpA
paBHa eAUHULE.

VYpaBHeHue (2) NpUBOAUTCA K CTAHIAPTHOMY BHUIY CHUCTEMBI TPEX YpaBHEHHM MEpPBOTO MopsKa:

T =y,
= (h—2?)y — x + Asin(w), 3)
w=p+ ky.

O6cynum nuHamuKy cuctems! (3). Ha puc. 1, a npeacrasneHa kapra AMHAMUYECKUX PEXHMOB
ocumyisTopa BaH aep llonsg nmox rapmMonndeckuM Bo3zaeicTBueM (To ecTbh ciaydaid k& = () Ha Tpagunu-
OHHO#1 /IS HEAaBTOHOMHBIX CHCTEM IUIOCKOCTH MapaMeTPOB YacTOTa — aMIUIUTYAa Bo3aeucTeus (p, A)
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Puc. 1. KapThl AMHAMHYECKUX PEXKHUMOB KJIACCHUECKOTO HEaBTOHOMHOTO ocimuitTopa Ban aep Iloms (3) mmst A = 1 (a)
U ¢ ynpaeisiemoii dazoii Bosneitcteust st k = 0.5 (b)) u k = 1 (¢) (uBet oHyaliH)

Fig. 1. Charts of dynamical regimes for classical non-autonomous van der Pol oscillator (3) at A = 1 (a) and with controlled
phase of external force at k = 0.5 (b) and k = 1 (c) (color online)

it h = 1. Takoe 3HadueHUe mapaMerpa A YIOOHO TeM, YTO OHO SBIISIETCS MPOMEXYTOUYHBIM MEXITY
CllydasiMH KBa3HTapMOHHYECKOTO MPUOIIDKEHUS U pellakcallioHHbIX Koebanuii [12, 13]. LBer Ha kapTe
OTBEYAeT Pa3IMYHBIM TIepHOJaM KoJeOaHUi CHCTeMBI, onpenelsieMbiM B cedeHun [lyankape. [Tockois-
Ky paccMaTpuBaeMas CHUCTeMa HEaBTOHOMHAsI, TO CTPOMJIOCH CcTpoOOCKonueckoe ceueHue. L{BeTopas
MAJIUTPa U MIEPHOJIbI KoJIeOaHUH yKa3aHbl IoJ pUCyHKOM. Henepuoauueckue konebanus 0003HauYeHbI
CEpPBIM IIBETOM (B JaHHOM CJIydae OHU MOTYT OBITh KBasumepuoandeckumu Q niau xaorudeckumu C,
3TOT METOJ WX He paznuyaet). [lokasaHa Taxke y3kas obmacTb pazderanus Tpaekropuii D.

Ha puc. 1, a MOXXHO BHIETh OOIIUPHYIO 0OJIACTH TIEPHOAA 1, OTBEUAIONIYI0 OCHOBHOMY PE30HAHCY.
[IpaBee ee pacmonaratoTcsi 00JacTH CHHXPOHHU3ALWU Ha CyOTapMOHHKAaX BHEIIHEH CHIIBI (110 TEPMH-
Hoyoruu [14]). Hanbomee BBIpakeH S3BIK CHHXPOHU3AITNH, OTBEYAIONTUN MEPHOAY 3, UYTO CBI3aHO
¢ KyOMYEeCKHM XapaKTepOM HEJIMHEWHOCTH OcLuIsTopa BaH aep [lomns.

Bnusaue Ha HaOmromaeMple PeXUMBI 3aBUCUMOCTH (ha3bl OT TUHAMHYECKON MEePEeMEHHON HJILTIO-
CTpupytoT puc. 1, b u puc. 1, ¢, koTopsle oTHOCSTCA K ciaydasMm k = 0.5 u k = 1. MoXHO BUZAETS,
YTO BBEJCHHE TaKOW 3aBHCUMOCTH MPHUBOAUT K PACIIUPEHHIO S3BIKOB B 00JaCTH CHHXPOHW3ALUHU Ha
CyOrapMOHMKax BHELIHEH CHIIbI, c1a00 BBIPAKCHHBIX B KJIACCHYECKOM ocImiuIsiTope BaH nep Iloms.
Oco0eHHO 3TO 3aMETHO IS YETHBIX PE30HAHCOB MepHoaoB 2 U 4. B cmydae puc. 1, ¢ pe3oHaHCH
C TI0CJIEI0BATEIbHBIMU IIEPHOJAMU B 00J1aCTH HEOOIBIINX aMIUINTYA BO3AEHCTBUS CTAHOBATCS «PaBHO-
MIPaBHBIMI.

Ha puc. 2 mokazansl yBenwdeHHBIC (PparMeHTHI puc. 1, b, WINTIOCTPUPYIOITHE 0COOCHHOCTH
YCTPOMCTBA IUIOCKOCTH MapaMeTpoB. Puc. 2, a mpeacTaBiseT yBENUICHHYIO 0071aCTh MEXIY S3bIKAMU
nepuonoB 2 U 4. MOXXHO BHIETh, YTO TIPU HEOOJIBITNX aMILTUTYIaX BO3JCHCTBUS KapTHHA CTajla Ou3Ka
K KJIACCHYECKOMY CHHYC-OTOOpa)KeHHIO OKpYy>kHOCTH [15, 16]. Puc. 2, b — obnacTe cCHHXpOHH3AaLUU
Ha TapMOHHKaxX BHemIHeH cuibl (o tepmuHonoruu [14]). OHa pacnonaraercs B AuWana3oHe YacToT,
MEHBIINX COOCTBEHHON YaCTOTHI OCLMILIATOPA. Takue pe30HaHChl Ha KapTe XapaKTepU3YyITCs CHCTEMON
SI3BIKOB TIepuoAa | — MM OTBEYaeT pa3HOe YUCIIO 000pOTOB (ha30BOi TPAEKTOPUH, HO EOAUHCTBEHHOE
nepecedenue ¢ ceueHueM [lyankape. [Ipumepsl (a30BbIX TOPTPETOB IS Pa3HbIX S3BIKOB Iepuoza 1 ms
3HAYCHUH MapaMeTpoB, OTMEUSHHBIX TOYKAMH Ha KapTe, MPEACTaBICHBI HA pUC. 2, d—g. XOpOoIIo BUIHO
yBEJIMYEHHE 00OPOTOB TPACKTOPUU IIPU YMEHBIICHUU YaCTOThI BHELIHErO CUTHaNa. Mexxay s3bIKaMu
nepuoaa 1 Ha puc. 2, b HaOMOJAIOTCS U OYCHb Y3KHE S3BIKH APYTUX MEPUOIOB.
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Puc. 2. YBenudenHsle GparMeHTHl KapThl JHHAMAYECKUX PEXMMOB HEaBTOHOMHOTO ocImyuIsiTopa BaH aep [lomst (3), A = 1,
k = 0.5 (a, b, ¢). ®a3oBble MOPTPETHI, WIITIOCTPUPYIONINE CHHXPOHU3ALUIO HA TapMOHMKAX BHEIIHeH cuibl: p = 0.92,
A =0.655(d); p=0.43, A=1.015(e); p=0.3, A= 1.17 (f); p = 0.23, A = 1.2 (g) (uBer oHnaiin)

Fig. 2. Zoomed fragments of chart of dynamical regime for non-autonomous van der Pol oscillator (3) at A.=1, k=0.5 (a, b, ¢).
Phase portraits illustrating synchronization on the harmonics of an external force: p = 0.92, A = 0.655 (d); p = 0.43,
A=1.015(e);p=0.3,A=1.17(f); p=0.23, A = 1.2 (g) (color online)

dparMeHT KapThl Ha PUC. 2, ¢ WITIOCTPUPYET 00JIACTH TOCTATOYHO OOJBIIHX aMILTUTY, KOTIa JJIs
YaCTOT BhIIIIE COOCTBEHHOM BEPIIMHBI PE30HAHCHBIX S3BIKOB PA3HBIX MEPUOOB CTATUBAIOTCS K IPAHUIES
OCHOBHOTO pE30HaHCA.

OO6cynuM Ooliee eTaNIBHO BIMSHUE YIPABJSIIONIETO apamerpa k Ha AMHAMHKY cucTeMbl. C 3Toi
LEJBI0 OBUTH MOCTPOCHBI IIPUMEPHI KApT AHHAMUYECKHX PEKUMOB Ha IJIOCKOCTH mapaMeTpoB (k, A)
JUTSL IByX 3HAYCHUH 4acTOTHI BO3JEHCTBHS: PaBHOW COOCTBEHHOI yacToTe ocipuuaTopa p = 1 (puc. 3, a)
Y XapaKTEePU3YIOMICHCS JOCTaTOYHO OOJBIIION YaCTOTHOM OTCTPOiiKoi p = 5 (puc. 3, b).

20

Puc. 3. KapTsl quHAMHYECKUX PEKUMOB HEaBTOHOMHOTO ocrpuisitopa Ban aep ot B) msip =1 (@) up =5 (b), A =1
(uBet oHuaitn)

Fig. 3. Charts of dynamical regime for non-autonomous van der Pol oscillator (3) at p = 1 (a) and p = 5 (b), A = 1 (color
online)
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Puc. 4. KapTs! nsmyHOBCKHX IOKa3ateseil HeaBToHOMHOro ocuuuisttopa Ban aep [omst 3) wit k = 0.5 (@) up =5 (b), A =1
(1IBET OHJTANH)

Fig. 4. Charts of Lyapunov exponents for non-autonomous van der Pol oscillator (3) at £k = 0.5 (@) and p =5 (b)), A =1
(color online)

MoXHO BHIETH, YTO MPH BO3ACHCTBUH HA PE3OHAHCHOM yacToTe p = 1 Mpu HEOONBILMX aMIUIUTY-
JlaX BO3IEHUCTBUS BO3HHMKAET CUCTEMa OCTPOBOB Iepuoja 1, pacrnoyararoliuxcsi JOCTaTOYHO PETYISIPHO
B10Jb ocH k. [Ipu Oonpimx ammutygax A HaOiromaercst TOJIbKo pexxuM nepuoia 1. B cBoro ouepenp
JUISL 4aCTOThI p = 5 MOXKHO BHUJIETh CUCTEMY OCTPOBOB nepuoja 5. Ilpu 3ToM ¢ yBeIM4eHHEM aMILIUTY-
Ib1 BO3AEUCTBUS HAOMI0AAaeTCsl MHOKECTBO OKOH CaMBIX Pa3HBIX IEPHOIOB, IIOTPYKEHHBIX B 001aCTh
HEPETYJSIPHON TUHAMUKU.

Kak MBI 0TM€4any, UCIIOIB30BAHHBIN BBIIIE METOJ HE Pa3INYaeT Xa0TUYECKHE M KBAa3UIIEPUOIH-
YyecKue peXuMbl. B paccMmarprBaemMoii cucteMe, 0lHaKo, MoceIHIEe BO3MOXKHEI (B OTJIMYME OT CIyvast
3aryxatouiero ocuuiuatTopa (1)). YToObl IpoaeMOHCTPUPOBATh 3TO U BBIIBUTH 00JIACTU JIOKAIM3ALUU
JaHHBIX PEKUMOB, OBLIH MMOCTPOCHBI MIPUMEPHI KapT JISAIMMYHOBCKUX ITOKa3aTelsie, MoKa3aHHbIe Ha pHC. 4.
LiBer Ha KapTax onpenensics B COOTBETCTBHHU CO CIIEKTPOM IoKa3arenei Jlsmynosa Aq o 3:

P — nepuonmueckuii pexum, Ay = 0, Ay 3 < 0;
Q — xBasunepuonuyeckuil pexum, A1 o = 0, Az < 0;
C — xaormueckuit pexum A; > 0, Ay =0, Az < 0.

Taxoke oTMedeHa y3Kkas o0nacTh pasderanus Tpaekropuid D.

3. Cnyuaii TpexMepHOii aBTOKO0J1e0aTeJIbHOI cCUCTEMBI
¢ aIaNTUBHHIM BHEIIHUM BO3[eliCTBHEM — KBa3UIePUOIUYECKHii TeHepaTop

VYBenuuuM Terneph pasMEPHOCTh ABTOHOMHOM CHCTEMBI O TpeX. DTO CO31aeT BO3MOXKHOCTH
YCIO)KHEHHS €€ TUHAMHKHU. 37eCh MBI pacCMOTPHUM TpexMmepHyro cuctemy [17, 18], kotopas B aBTO-
HOMHOM pPEXHME B 3aBUCHMOCTHU OT ITapaMeTPOB CIIOCOOHA AEMOHCTPHUPOBATH COCTOSHUE PAaBHOBECHS,
MIepHOANYECKIE U KBa3ullepuoanyeckue konedanus. Eciau roBoputs o paguodusuke, To MOA0OHYIO
CHUCTEMY MOXKHO Ha3BaTh KBa3HUIIEPUOJUYECKUM I'eHEepaTopoM. 3BeCTHO HECKONBKO MPUMEPOB TAaKUX
cuctem [17-23]. OTmMeTHM, 4TO KBa3sUIEPHOAWYECKHE T€HEPATOPhl, BO30yKAaeMble Jaxke MpPOCTHIM
TapMOHHYECKUM CHTHAJIOM, MaJIO HCCIeNOBaHBl. MOXKHO yKa3aTh padoThl [22,24], oTHOCSIIHAECS K MO-
IUIUPOBAaHHOMY TeHEpaTopy AHHIIEHKO—ACTaxoBa, HO TaM HCCIIEeA0BaHA YeThIpeXMepHas CUCTEeMa,
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IIpUYeM B paMKax OJHOIapaMeTpuYecKoro anamusa. B pabore [25] nccnenoBaH BapuaHT TeHepaTopa 6e3
COCTOSIHAI PaBHOBECHS, HO B CIIy4ae UMILYJIIbCHOIO BO3AEHCTBHSL.
Hccnenyemas B paMkax JaHHOW pabOTHI CUCTEMa UMEET BH:

i— A+ 2+ 22— Bat)i + w3z = Asin(pt + kz), @

2 =b(e — z) — ui?.

3nech A — yNpaBJsIOIIHiA TapaMeTp reHeparopa, a Wy — YaCTOTHbIN mapamerp. OcTalbHbIe MapaMeTphbl
BIOMpaem aHanorndHo [17,18]: e = 4,b =1, u = 0.02, p = 1/18, . = —1. IIpu Takom BbIOOpE
MapaMeTpoB aBTOHOMHAs cucTeMa (4) MOXKET JEMOHCTPHUPOBATh KaK MEPUOANYECKHE, TaK U KBa3UIIEpHU-
OIMYCCKHUE KOJIeOaHUs B 3aBUCHMOCTH OT 3HAYEHUs IapameTpa wg. MBI BEIOEpEeM IIBa CiTydas, Korya
Wy = 5 U g = 27, YTO OTBEYAET MEPUOJUICCKUM U KBAZUIIEPUOAUYECKUM KOJICOAHUSAM aBTOHOMHOM
cructeMbl. OTMETHM, YTO 3aBUCUMOCTh THITA PEKHUMa OT IMapaMeTpa g He TO3BOJIAET UCKIIOYUTH €T0
MEPEHOPMUPOBKOM, KaK B clly4yae OCHMIUIATOpa BaH Jep [lois, st KOTOPOro THI peXUMa He 3aBUCUT
OT COOCTBEHHOI YacCTOTEHI.
Cucrema (4) NIpUBOAUTCS K CTAHJAPTHOMY BHJY YETHIPEX YpaBHEHUH MEPBOTO MOPsIIKa

T =y,

=M+ 2+ 2% - Bz*)y — 0z + Asin(w),
: )
=0 —2) —wy,

w=p+ ky.

I[Tpu ucnonk30BaHUM MeTOZA KapT mokasaresneil JIsmyHoBa ciieyer uMeTh B BUAY, YTO MOCKOJIBKY
pa3MepHOCTh aBTOHOMHOI CHCTEMBI YBEIMYMIACh, TO MOJEINb (5) OyIeT UMETh 4 XapaKTepUCTHIECKUX
nokasarens JlamyHoBa Aj234. COOTBETCTBEHHO, BO3HMKAET BO3MOKHOCTH HOBBIX JMHAMHYECKHX
PEKUMOB, TaK 4TO OyleM UAECHTU(PULHIPOBATH:

P — mnepuonnueckuii pexum, Ap = 0, Ay 34 < 0;

Q2 — JBYX4YacTOTHBIM KBa3WIEPUOAMYIECKHN PexuM, A1 = 0, A3 4 < 0;

Q3 — Tpex4acTOTHBIN KBa3MIEPHOAMYECKUM pexuM, Aq 23 = 0, Ay < 0;

C — xaoc A1 >0,A2 =0, A374 < 0;

C0 — xaoc ¢ JIOTNOJHUTENBHBIM, OJIM3KUM K HYJIO Mokazarenem JlsmynoBa A; > 0, As = 0, Ag =~ 0,
Ay < 0;

HC — runepxaoc A1p >0, A3 =0, Ay <O0.

3.1. Cayuaii rapMOHHY€CKOr0 BHEIIHEro BO3/1eiicTBUA HA MePUOAUYECKUE U KBA3UIIePHOIH-
yeckue KoJjieoanusa. CHayajga pacCMOTPUM clydall MpOCTOro TapMOHHUYECKOTO BO3JIEUCTBUA, KOTIa
k = 0. Ha puc. 5 npencrasneHsl KapTsl oKa3zaTeneit JIsmyHoBa A IBYX 3Ha4eHHUI mapaMeTrpa oy,
KOTJIa aBTOHOMHAsI CUCTEMA JIEMOHCTPUPYET MEPUOTUICCKIEC U KBA3UIICPHOANICCKIE aBTOKOJICOAHUSI.
B cnyuae B030yKIeHHS MEPUOJUIESCKUX aBTOKOJIIeOaHUM (pUC. 5, ¢) MOXKHO BUJIETh OCHOBHOM SI3BIK
cuHxpoHuzaiuu P, uMmeronuit octpue B TOUKE, OTBEYAIOIEH YacTOTE BHEIIHETO BO3IEUCTBHUSA, paBHOU
4acToTe COOCTBEHHBIX KoyiebaHuii reHeparopa. MIMeroTcst O4eHb y3KHeE S3bIKH CHHXPOHHU3AINH Pa3HBIX
MIEPUOIIOB, TaK MOXKHO Pa3IMIUTh PE30HAHCH HA YIBOCHHOW, YTPOCHHOW M YIATEPCHHOW YaCTOTAaX.
SI3BIKU TIEPHOINICCKUX PEKUMOB ITOTPYKEHBI B 00JIACTh JBYXYACTOTHBIX KBa3HUIICPUOTUIECKHUX KoJieOa-
Huit Q2. 3aMeTHM, YTO BO3JI€ OCHOBHOTO SI3bIKa CHHXPOHM3AIUH MPH JTOCTATOYHO OONBIINX aMILUIATYIAX
CHUTHaJIa MOKHO OOHApY>KUTh HEOOJIBITYIO 001aCTh XaOTHYECKOTO MTOBEICHHUS, KOTOpasi BO3HUKAET IMPH
MIEPEKPHITUH SI3BIKOB CHHXPOHHU3AIIUN HA KPAaTHBIX 4acTOTax.

B cityuae Bo31eMcTBUSI rapMOHMYECKUM CUTHAJIOM Ha YCTOWYUBBINM MHBApUAHTHBINA TOP MOTYT
HaOI0aThCsl He TONBKO ABYX4acTOoTHbIE Q2, HO U TpexuacToTHhIE Q3 KBa3HIEepHOAUYECKUE KOJeOaHus,
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Puc. 5. KapTsl 1a1myHOBCKHX MOKa3aTele HEAaBTOHOMHOTO KBa3sHIEepHoandeckoro reueparopa (5) angs k = 0 u wo = 5 (a),
wo = 27 (b). Ocranbhbie mapamerpol: € = 4, b =1, 0w = 0.02, f = 1/18, A = —1. Liudpamu 0603HAIEHBI IEPUOIBI IIUKIIOB
B CTPOOOCKOIINIECKOM CEUCHUH (LBET OHJIAIH)

Fig. 5. Charts of Lyapunov exponents of a non-autonomous quasi-periodic generator (5) for £k = 0 and wo = 5 (a), wo = 27
(b). Other parameters: ¢ = 4, b = 1, p = 0.02, p = 1/18, A = —1. The numbers indicate the periods of cycles in the
stroboscopic section (color online)

puc. 5, b. B otuuue ot puc. 5, a, 001acT AByX4acTOTHBIX TOPOB Q2 MMEIOT BUJL S3BIKOB C OCTPHUSMH,
pACIIONOKEHHBIMH Ha OCH YacTOTHI BO3ACHCTBHA. VM OTBEUarOT pe30HAHCHBIC JIByXYaCTOTHBIC TOPHI,
BO3HUKAIOIIKE HA TOBEPXHOCTU TPEXYacTOTHOr0. OTMETUM, UTO BHEIIHUN CUTHAT MOXKET MHULIIUUPOBATH
reproandeckre konebanus P, HECMOTps Ha TO, YTO aBTOHOMHAS CUCTEMa JIEMOHCTPUPYET KBa3HIIEPHO-
nuieckuii pexkum. Ha puc. 5, b HabmomaeTcss OCHOBHOM SI3bIK CHHXPOHH3AIINH, & TAKXKE Y3KHIA S3bIK
repuoaa 3. OTMeTHUM, YTO XOPOIIO MPOCIICKUBAIOTCS JIBA SI3BIKA JBYXYACTOTHON KBa3UTIEPUOMUIHOCTH
CIIpaBa W ClieBa OT OCHOBHOTO sI3bIKa CHHXpOHH3aruu. O0JIacTH Xaoca BO3MOXKHBI BO3JIE OCHOBHOTO
SI3BIKA CHHXPOHM3AINH U 3aHIMAIOT MaJIble 00JIacTH B MPOCTPAHCTBE IMapaMeETPOB.

OTMeTHM, YTO HaONromaeMas KapTHHA OTYACTH IOX0XKa Ha BO30Yy)KIaeMbIe TapMOHUYECKUM
CUTHAJIOM JIBa CBSI3aHHBIX OCHIIUIITOpa BaH aep [loms [26,27].

3.2. Cayyaii ajanTHBHOTO BHEIIHEr0 BO3[eliCTBUSI Ha NMepuoAnYecKue koidedanusa. Pac-
CMOTPHUM TeIepb TpaHC(HOPMALUIO KaPTUHBI PEXXUMOB B cucTeMe (5) IpH HaJUMYUU aAalTUBHOCTH
BHeIHero curaaia. CHauana pacCMOTPUM ciIydail g = 5, KOIJla aBTOHOMHAs CUCTEMa JIEMOHCTPUPYET
[EPUOANYECKUE aBTOKOJIEOaHus.

Ha puc. 6 npeacrasieHbl kKapTa IMHAMUYECKHUX PEKHUMOB U JIAITyHOBCKasl KapTa Ha TUNIOCKOCTH
MEPHOJl — aMIUTUTYJa BHEIIHero curuana (p, A) /uid 3HaueHHs napamMeTpa aJanTHBHOCTH k = 5.
XopoIo BUIHO, YTO HaJM4Ke OOJNBIION aganTUBHOCTU MPUBOAMUT K Pa3pyLICHUIO OCHOBHOTO SI3BIKA
cHHXpoHU3anuu rnepuoaa 1. OgHako HaOIIOMAETCS Pa3BUTHE S3BIKOB CHHXPOHH3ALINH JPYTHX MEPHUOTO0B —
BBIPAKEHHBIMU CTAHOBSTCS SI3BIKM Neprona 3, 4, 5 u T. A. BHyTpH 3THX S3BIKOB Ha puC. 6, @ XOPOLIO
MIPOCIEKUBAIOTCS OnypKauy yIBOCHHS TIepHoa, HalIpuMep 00IacTh Ieproaa 6 BHYTPH S3bIKa MEpHO-
na 3. BHyTpH S3bIKOB Ilepuozia 4 u 5 Ha KapTe JIAIMyHOBCKUX IOKa3aTelleil MPOCMaTpUBAIOTCSl TAKKE
oOnacTu KBazunepuoandHocTH Q2 (OTMEYEHBI CTpeskaMu Ha puc. 6, b). OHN BO3HUKAIOT B pPe3yJbTaTe
oudypxanuu Heiimapka—Caxkepa, 4T0 WIUTIOCTPUPYIOT (pa30BbIe MOPTPETHI B CTPOOOCKONINYECKOM Cede-
HUH Ha pHc. 6, c u 6, d. Ha puc. 6, ¢ nokazaHa cuTyanus, Koria Ha 6a3e npeaeasHOro nyKia nepuona 4
B pe3ynbrare oudypkamuu Helimapka—Cakepa pokaaeTcss 4-KOMIIOHEHTHBIN JBYXYaCTOTHBIN WHBAapH-
aHTHBIA TOp. YepHBIM 1BEeTOM 0003HAaYCHBI HETIOABM)KHBIE TOYKH B CEUEHUH J0 Nopora oudypkaunmy,
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Puc. 6. Kapra nuHaMudeckux peXuMoB (a) U KapTa Nokaszarened JlamyHoBa (b) Ui reHeparopa KBa3UIIEPHOAMYECKUX
KoJIcOaHUI1 C aJanTUBHBIM BHCIIHUM BO3IcicTBHEM (5) B peXHME NMEPUOIMYECKUX KolebaHuit, wo = 5, mia k = 5.
[Ipumepbl CTPOOOCKOIMYECKUX CEYSHHH, JEMOHCTPUpPYIOIINE BTopudHbIe Ondypkannn Heiimapka—Cakepa BHYTpH S3BIKOB
cunxpoHu3anun: ¢ — A = 45, p = 21 (uepnsiii user), A = 50, p = 21 (xpacHsrit user); d — A = 46, p = 25 (4epHbIi UBeT),
A = 46, p = 25.4 (kpacHblii 1BeT) (LBET OHJIAH)

Fig. 6. Chart of dynamical regime (a) and chart of Lyapunov exponents (b) for a quasi-periodic generator with an adaptive
external action (5) in the regime of periodic self-oscillations, wo = 5, for £ = 5. Examples of stroboscopic sections showing
secondary Neimark—Sacker bifurcations inside synchronization tongues: ¢ — A = 45, p = 21 (black), A = 50, p = 21 (red);
d — A =46, p = 25 (black), A = 46, p = 25.4 (red) (color online)

a KpacHBIM IIBETOM TOKa3aHbl HHBApHUAHTHBIE KPUBBIE 3a MOPOToM OndypKanvu. 3HAUYeHHs TapaMeTpOoB
yKa3aHbl B MOANUCH K PUCYHKY. AHalornyHas Oudypkarus npoucxoauT Ha 0a3e si3bIka CUHXPOHU3AIUH
meproaa 5, 4To WITIOCTPUPYET puc. 6, d.

OTMeTHM, 4TO aJalTHBHOE BO3CHCTBUE MPUBOAUT K (popMupoBaHuto obnacteii xaoca C, mosBis-
FOIITUIXCSI B PE3YNIbTaTe MEPEKPBITHS SI3BIKOB CHHXPOHM3AINHU. 3HAYNTEIBHBIE 001acTH Xaoca HaOIOIaroT-
cs TaKkKe MpH OONBIINX aMIUIMTYAax CUTHaja. Hamuune oOmupHBIX obnacTell xaoca sIBISETCS OJHUM
W3 OTIMYWH OT ciydasi ocuwiuisaTopa Bal aep lloms.

3.3. Cayuaii aJanTHBHOTO BHELIHEr0 BO3/IeiiCTBHA HA KBa3uIlepHOANYECKUE KoJe0aHus.
Teneps nepeiineM Kk ciydaro, Korna g = 27, 1 aBTOHOMHAas CUCTEMa JIEMOHCTPUPYET ABYX4aCTOTHBIE
KBazuIepruoamdeckue konedanus. Ha puc. 7 nmpencrasien HabOp KapT AMHAMHYECKUX PEKUMOB M KapT
nokaszaresieit JIsimyHoBa Ui JaHHOM CUTyalUH NPH pa3iUyYHbIX 3HAYCHHUSIX NapaMeTpa k, OTBEYarOIIEero
3a aJIalTHBHOCTH CHCTEMHI (5).

Beenenne naxe mainoii amantuBHOCTH (puc. 7, a, k = 0.5) MeHseT KapTHHY TaKuM ke 00pa3om,
KaK ¥ B cIy4ae MepHOANYECKUX KoJeOaHUH: OCHOBHOM S3bIK CHHXPOHH3ALIUU pa3pyIlaeTcs, IpU 3TOM
SIPKO BBIPAKCHHBIM CTAHOBHUTCS sI3bIK Teprona 2. Ha kapre nokasarened JIssmyHoBa MOXXHO BUIETH, YTO
MIPH MaJIbIX aMIUINTYIaX HaOJI0AaloTCsl TPEX4acTOTHBIE TOpbl Q3, cO BCTPOCHHOM CUCTEMOU SI3BIKOB
JIByX4aCTOTHBIX TOPOB Ha KOMOMHAIIMOHHBIX YacToTax. C yBeNMYEHUEM aMIUIUTYABI S3BIKHA JIByXda-
CTOTHBIX TOPOB IEPEKPBIBAIOTCA, 00pas3ys onHOPOAHYIO0 00nacTk Q2. BHYTpH SI3BIKOB IBYX4aCTOTHBIX
TOPOB MOYXHO OOHApPYXHUTh OYECHb Y3KHE S3BIKM MEPHOANIECKUX KOIEOaHH, KOTOPhIe C yBETNICHUEM
aMIUIMTYIBl PACIIMPAIOTCS M BOSHUKAIOT Xa0THUECKUE KoJleOaHHS.

[Ipu yBennuennn napaMeTpa aJaliTUBHOCTH 10 3Ha4eHus k = 1 (puc. 7, b) s3bIK eproaa 2 Takxe
pas3pyluaeTcsi, HO BEIPQXKEHHBIMU CTAHOBSATCS S3bIKM NepronoB 4 u 5. O6iactu xaoca pacLIMpsIIOTCs,
MPU 3TOM MOPOT BOSHUKHOBEHHS Xaoca 10 aMIUIUTyne A yMEHbIIAeTcsl.

[Tpu GonpmMX 3HaYEHUAX MapaMeTpa afalTHBHOCTH BHELIHEro curHana k = 5 (puc. 7, ¢) Ha
KapTe peXMMOB MbI BUIMM, YTO MPOUCXOIUT MOYTH TOITHOE NCUE3HOBEHUE NEPUOTUIYECKIX PEKUMOB.
JInme odeHp HEOOJBIIME OCTPOBA MEPUONUYHOCTH HAOMIONAIOTCA BHYTPH OOIACTH HEPETYISAPHBIX
konebanuii. Ha kapre mokasareneil JIsimyHoOBa pH 3TOM MPH MO aMIUIUTYAE COXPaHAIOTCS Tpexdac-
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Puc. 7. Habop xapT TMHAMHYECKHX PEXUMOB (BEPXHHH Ps) U COOTBETCTBYIOLIMX KapT Ioka3areneii JismyHoBa (HWKHHIT psi)
JUIs TeHepaTopa KBa3UIIEPUOIMIECKUX KOJIeOaHHH ¢ aJlaiTHBHBIM BHEIIHUM Bo3/eicTBHEM (5) B peKUMe KBa3UIIEPHOINISCKUX
Konebanus, wo = 2n. k = 0.5 (a); k = 1 (b); k = 5 (c) (uBeT oHmaiin)

Fig. 7. A set of charts of dynamic regimes (top row) and corresponding charts of Lyapunov exponents (bottom row) for a
quasi-periodic generator with an adaptive external action (5) in the quasi-periodic oscillation regime, wg = 2m. k = 0.5 (a);
k =1 (b); k =5 (c) (color online)

TOTHBbIE TOpBl Q3, KOTOpble HAUMHAIOT JTOMMHHUPOBATH, BBITECHSS SI3BIKM JIByXUAaCTOTHBIX PEKHMOB,
HaOmomaBIecs Ha puc. 7, a, b.

Ha puc. 8, a nmpencrasnens! rpadpuky nokaszareneil JIAmyHoBa B IINPOKOM AWaria3oHe M3MEHEHHS
aMIUTUTYbl BHEIIHETO CHTHAJIA Ui YacTOTHI BO3ACHCTBUSL p = 5 M MX yBEJIMUYCHHBIE (parMeHTHI,
puc. 8, b, c. Ilpu Manoli aMIUTUTyzIe BO3ACHCTBHS Ha pHC. 8, @ XOPOLIO NPOCIEKUBACTCS TPEXUaCTOTHAS
KBasunepuoauaHocts Q3, xorna A1 2 3 = 0. Ee mmmoctpupyer puc. 8, d, Ha KOTOpOM ciieBa NPEICTaBIeH
aTTPAKTOP COOTBETCTBYIOIIETO TPEXYACTOTHOTO TOPA B CTPOOOCKONMMYECKOM cedeHuu (puc. 8, d1) u
crpasa B J1BoitHOM ceuenuu [lyankape (puc. 8, d2). [Ipu nocTpoeHnu JBOWHOTO CEYCHUS! BEIOUPATUCH
TOYKH, MOMAJAIoNIUe B cloif [#[<1072, ¢ JOMONHUTETbHBIM ycioBreM y > 0. B 1BoiiHOM cedenuu
MOXXHO BHJIETbH IVIaJKYIO 3aMKHYTYIO MHBapHaHTHYIO KPHUBYIO, YTO M OTBEYAET TPEXYACTOTHOMY TODY.

C yBenM4eHneM aMIUIUTYAbl CUTHAJIA TPOUCXOIUT YaCTHYHBIN 3aXBaT YaCTOT U POXKIAETCS JIBYX-
YaCTOTHBIA TOpP. JIaHHBIN Hepexox NPOUCXOAUT B PE3yIbTare CEIUIO-y3JI0BOM KBA3UIIEPUOIUYECKON
oudypranuu SNQ Tuna, onucanHo# B [28], 1 B MOMEHT OU(ypKalMu pOXKIACTCS Hapa: YCTOWYMBBINA U
cenyioBoii Topel. Ha puc. 8, e mpexncTaBiieHbl OHOKPAaTHOE U ABYKPAaTHOE OTOOPaKEHHUS VI TaHHOTO
arTpakTopa. B cTpoOocKonMYecKOM CeUeHHH XOPOIIO BHIHO, YTO WHBApHAHTHAS KpHUBas HMEET JI0CTa-
TOYHO CIOXHYIO (hopMy — OHa MHOTOOOOPOTHAsA, TO €CTh MMeeT OOJbIIOe YHUCIO BpameHus (puc. 8, el).
B nBoiinom ceuennu Ilyankape MoxHO BUAETh 17 HEMOABMAKHBIX TOUEK (puUC. 8, €2), KOTOpPbIE OTBEYAIOT
17-000pOTHOMY ABYMEPHOMY TODY.

JanpHelimee yBennyeHNe aMIUTATYABl BO3AEHCTBHUS MPUBOAUT K Pa3pyLISHUIO JBYXYaCTOTHBIX
TopoB Q2 1 POpPMHUPOBAHUIO XAOTHUECKOTO aTTPAKTOpa. DTO WILIIOCTPUPYET YBEITMUEHHBIH (pparMeHT
rpadukoB Ha puc. 8, b. PacueTsl MOKa3bIBAIOT, YTO B 3TOM Cllydae BTOPOM MOKa3aTenib, KaK 3TO OOBIYHO
NPUHATO B YMCJIEHHBIX PAcyeTax, MOMKET CUMTAThCs HyleBbIM (ero BequuuHa mopsaka 107°). B To
YK€ BpeMs TpPeTHid mokaszareis JISmyHoBa MMeeT OYeHb Majioe 3HadeHHe MO0 aOCONIOTHOW BENHYMHE
(nopsiaka 10~2), Ho nmpu 3ToMm oH oTpuiatesned. Ha puc. 8, b cooTBeTcTByIOmas 061acTh 0603HaYEHA
C0. Ota 0cOOEHHOCTh AMHAMMKH NPEICTABISETCS HHTEPECHOW, U MBI JJaIUM HECKOJIBKO KOMMEHTApHUEB.
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Puc. 8. a—c — I'paduku mokasareneii JIsmyHoBa B pa3aH4YHBIX MaciuTabax Ul TeHepaTopa KBa3HIIEPHOIUYECKUX Koieba-
HUH C aJlanTHBHBIM BHEIIHUM BO3ICHCTBHEM (5) B peXHMe KBa3HIIEPHOAWYECKHX KojeOaHWid, wo = 2w, k = 5, p = 5.
SNQ — cemio-y3noBast 6uypKalis HHBAPHAHTHEIX TOPOB. ATTPAKTOPBI CUCTEMBI B CTPOOOCKOITHYECKOM U JIBOHHOM CEYEHHUHI
IMyankape: A =10 (d); A =23 (e); A =24 (f); A =29 (g); A =60 (h); A=117.8 (i); A = 140.0 (j) (uBer oHIAiH)

Fig. 8. a—c — Plots of Lyapunov exponents with different scales for a quasi-periodic oscillation generator with an adaptive
external action (5) in the quasi-periodic oscillation regime, wo = 2w, k = 5, p = 5. SNQ is a saddle-node bifurcation of
invariant tori. Attractors of the system in the stroboscopic and double Poincaré sections: A = 10 (d); A = 23 (e); A = 24 (f);
A =29 (g); A=60 (h); A= 117.8 (i); A = 140.0 (j) (color online)

B paborax [18,29-34] obcyxanach BO3MOKHOCTh Xa0THYECKOTO aTTpakTopa ¢ AByMs (MK Jaxe
TpeMs1) HyJleBbIMHU TOKa3aressiMu JIsAmyHoBa, BOSHUKAIOIMMHU B PE3yNbTaTe pa3pyLIeHUs] TPEXIACTOTHOTO
TOpa WM KacKana Oudypkauii yaBoeHHsI TOPOB. B To e Bpemst cTporue pesyibTaTsl OTCYTCTBYIOT, U
BOTIPOC sIBJIsieTCS AUCKycCHOHHBIM. [loaTomy Been 3a [18,33] Oonee akkypaTHO TOBOPUTH 00 «O4YEeHb
OJIM3KOM K HYJIIO» JOIOJHHUTEIBHOM IIOKa3aTene. B 3ToM miaHe npencTaBisieTcsi HHTEPECHBIM pac-
CcMaTpUBaeMbIi IPUMEpP aTTpaKTopa ¢ OJIM3KUM K HYJIO, HO OTPHULATEILHBIM TPETHHM IOKa3aTesIeM.
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JanHasi 0coOEHHOCTH CBfI3aHAa, CKOpPEE BCEro, ¢ HaJMYUEM ABYMEPHOIO CEIJIOBOTO TOpa, KOTOPBIH
BO3HHUK B pe3yNbTare Ceuyio-y3oBoi oudypkaruu [28]. Ha puc. 8, f mpeacTaBiaeHbl CTpoOOCKOIHYECKOES
cedeHme M JABOMHOE CEYeHHe I Xaoca ¢ TPEThUM ToKazateneM JIsmyHoBa, O1u3kuM K Hymo. B cTpo-
OOCKONIMYECKOM CEUYEHUH aTTPaKTOp ONM30K K TpexMepHomy Topy (puc. 8, 1), omHako B ABOHHOM
CEUCHHMHU MBI BUJIUM, YTO HHBapHaHTHas KpHUBas CTajla HEMNIaJAKOW M Hauana pa3pylarhesi, XOTs XOpOIIOo
npocMarpuBacTcs (opMa H3HaYaIbHOW MHBApUAHTHOW KpHBOH (pHC. 8, 12).

OtmeTHnM, 9TO Ha KapTe puc. 7, ¢ 00JacTh AMHAMUKH JaHHOTO THIIA TOKAa3aHa YE€PHBIM [[BETOM
n obo3nadena CO0, mpu 3TOM ONPEAEIATIOCh 3HaYSHHE TPEThero mokaszarens As ~ (0 ¢ moporom Juist
uKcanuy 6IM3KOTO K HyITIO 3HAYeHHs Topsaaka 1073, DToT KpuTepuii 0T4aCTH yCIOBHBIH, TIOCKOIBKY
3aBUCHUT OT BBIOPaHHOT'O TIOPOTa, HO MO3BOJISICT BU3yaIM3UPOBaTh 00IACTh, Iie HalMogaeTcst mogqooHas
JUHAMUKA.

JanpHeiimee yBenudeHne aMITTUTYJHOTO TapaMeTpa MPUBOAUT K Pa3pyIICHUIO TPEXIYaCTOTHOTO
TOpa M Ha puc. 8, g2 B JBOMHOM CEUEHHUH MBI BUIUM Pa3BUTHIN XaOTHYECKUH aTTPaKTOpP, KOTOPHIi
XapaKTepU3yeTCs] OMHUM TOJIOKUTENBHBIM, OMHUM HYJIEBBIM M JAByMs OTPHLIATEIbHBIMHU MOKA3aTENAMU
JIsnyHoBa. VYBenn4yeHHE aMIUINTYAbl BHEIIHETO CHTHala MPUBOIUT K JalbHEHIIEMY pPa3pyIICHHIO
TPEXJacTOTHOTO TOopa M Ha pHc. 8, Al yxKe B CTpOOOCKOIIMIECKOM CEYSHHUH MBI BUIUM, YTO aTTPaKToOp HE
IIOXOX Ha TOp; JIBOMHOE CEUEHUE JEMOHCTPUPYET CIIOKHBIIM Xa0TUUECKUI aTTPAKTOP.

st OonbIIOi aMIUTMTYABl BHEIIHETO CHTHajla MOYKHO TaKKe OOHapyKuUTh 00nacTh, TA€ /ABa
crapmux nokasaresns Jlsmynosa — nonoxurensaele. Ha puc. 8, ¢ nmpencrasieH yBeaudeHHbIH GparMeHT
rpagukoB nokaszareneil JlamyHoBa, rae orciexusaercs nepexon k rumepxaocy HC, xorma Aq2>0.
Ha puc. 8, i mpencraBieH npuMmep TUNepxaoTHYECKOro arTpakropa. MHTepBan, rae cymecTByeT I'u-
[1epXaoc, AOCTaTOYHO Maj B MPOCTPAHCTBE MapaMeTpPOB, C AAJBHEHIINM YBEIUYEHUEM aMIUIUTYIbI
peanusyercs Kiaccuueckuid xaoc. Ha puc. 8, j mpencTaBieHs! WIIIOCTPALUK aTTPaKTopa Ui OONbIINX
aMIUTUTY/] BHEIIHETO CUTHAA.

3akJroueHue

[IpoBeneno mccnenoBaHne aBTOKOICOATEIFHBIX CUCTEM C TICPUOTUICCKIM BHEITHAM BO3ICHCTBU-
€M, XapaKTepU3yIOIINMCSI CBOMCTBOM aJanTHUBHOCTH, Korna (a3a BO3ICUCTBUS JIHHEHHO 3aBUCHUT OT
JMHAMHYECKOH TIepeMeHHON ocumuisTopa. PaccMOTpeHbl 0COOCHHOCTH TIOBEICHHS aBTOKOJIE0aTeIbHBIX
ABTOHOMHBIX CHCTEM C IBYMEPHBIM M TPEXMEPHBIM (Da30BBIM MPOCTPAHCTBOM.

B kauecTBe nByMepHOM MojaenH u3yueH ocuuiuisiTop BaH aep [lons. Hamuuue agantuBHOCTH
BO3JICUCTBUS MMPUBOAUT K YCIOKHEHHUIO KAPTUHBI PEXKUMOB, TaK YTO CTAHOBSITCS BHIPAXKEHHBIMU S3BbIKU
ApHonbJia B 00JIACTH CHHXPOHH3AIWHU HA CyOrapMOHUKAX BHEIIHETO CHUrHajia. BHYTpHU S3bIKOB CHHXPOHU-
3allMK BO3MOXKHBI OM(ypKaIliU YABOCHUS C IMEPEXOA0M K XaocCy. YBEIUYCHHUE MapaMeTpa aJalTHBHOCTH
TIPUBOJUT K Pa3BUTHIO KAPTUHBI, OJIM3KON K KIACCUICCKOMY CHHYC-O0TOOPaKeHUIO OKPY)KHOCTH.

B kadectBe TpexMepHON MOJEIN W3Y4YEH T'€HEPATOp AaBTOHOMHOM KBAa3UMNEPUOIUYHOCTU B PEXKHUME
MEPUOJIMYCSCKUX U KBA3UIIEPHOIUYECKUX aBTOKoNeOaHuii. B mepBoM citydae BHEIIHEe BO3JCHCTBUE TIPU
HAJIMYHUH aJIalITUBHOCTH MPUBOJUT K TOMY, UTO SI3bIK OCHOBHOTO pe30HaHca Iepuoja 1 paspymiaercs,
U pACIIUPSIOTCS A3bIKM CHHXPOHHU3AIMHU MEPUOJOB 2, 3 U T. I. BHYTpH 3TUX S3BIKOB BO3MOXHO BO3HUK-
HOBCHHE KBa3UIICPHOIUICCKON JUHAMUKH 3a cueT Oudyprarmu Heitmapka—Cakepa, B pe3ysibTare 4ero
MIPOUCXOAUT (POPMUPOBAHUE MHOTOOOOPOTHBIX TOPOB.

B pexxume KBasHICPHOAMYESCKUX KOJICOAHWH NHHAMHKA HEAaBTOHOMHOH CHCTEMBI CTAaHOBHUTCS
Oosee Ooraroil. I1oSBIAIOTCS TPEXYaCTOTHBIC KBa3UIIEPUOIUICCKHE KoleOaHus1, 00pasyromniue o01acTh,
B KOTOPYIO OTPY>KEHBI SI3bIKM PE30HAHCHBIX JBYXYaCTOTHBIX TOPOB. B cilydae mpocToro rapMOHMYECKOTO
BO3JICHCTBHUSI BO3HUKAIOT MEPUONUYECKUE PEKUMEBI nepuoaa 1, 3 u Ap., XOTsS aBTOHOMHAs CHUCTEMa
JEMOHCTPUPYET KBA3UIIEPUOAUIHOCTh. Haauune aganTUBHOCTH MPUBOIUT K Pa3pyILICHUIO OCHOBHBIX
MOJI TIOJTHOH cHHXpoHM3auu. O01acTh TPEXIaCTOTHON KBa3HIIEPHOAUNIHOCTH PAIUKAILHO PACITHPSETCS,
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BBITECHSS A3BIKM JBYXYaCTOTHBIX TOPOB. IIpy 3TOM B HEOONIBIIMX 00NACTAX MPOCTPAHCTBA MTAPaMETPOB
HaOII0gaeTcsl pa3pylieHHue TPEX4acTOTHOTO Topa ¢ (POPMHUPOBAaHUEM MHOTOMEPHOTO Xa0ca, KOTOPBIi
B CIIEKTpe IMoKa3atelnel JIsmyHoBa, IOMUMO HyJIEBOTO, UMEET €lle OAWH OIM3KUM K HYIIO IOKa3aTelb.
Taxoke moka3aHa BO3MOXXHOCTh BOZHUKHOBEHHS THIIEPXaoca B TAKOH CHCTEME.
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MyabTHCTA0NIBLHOCTH BOIM3H IPAHMIBI HHAYIMPOBAHHONH IYMOM CHHXPOHM3AIUH
B aHCaAMOJIAX HECBSI3AHHBIX XA0THYECKHUX CHCTEM

E.JI. Unnapuonosa, O. U. Mockanenxo™
CapaToBCKHl HAIIMOHAIBHBIN UCCIEIOBATEIBCKHIHA
rocynapcTBeHHblll yHHBepcuTeT uMenu H. I. Uepnsiesckoro, Poccus
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Annomauus. [Jens HacTosIIIEH pabOTHI — UCCICIOBAHUE BOSMOXKHOCTH CYIIIECTBOBAHHUS MYJIBTHCTAOUIBHOCTH BOJNU3U rpa-
HHLBI HHIYLMPOBAHHON IIyMOM CHHXPOHM3AllMH B XaOTHMYECKHX CHCTEMaxX C HEMPEPHIBHBIM M JUCKPETHBIM BPEMEHEM.
B kauecTBe 00BEKTOB HCCIIEAOBAHMS BBIOPAHBI aHCAMOIN OCIMILUIATOPOB JIOpEHIIa M JTOTHCTHYECKUX OTOOpaKeHUH, HaXo-
JIIEecs MOA NeWCTBHEM OOLIEero MCTOYHHMKA Oenoro mryma. Memoowl. JIMarHOCTHKAa CHHXPOHU3AIMH, WHAYLIHPOBAHHOMN
LIyMOM, OCYIIECTBIISUIACh PH MTOMOIHM HEMOCPEICTBEHHOTO CPABHEHHUSI COCTOSIHUI CUCTEM, HAXOMSIIMXCS M0/ JeHCTBHEM
001Iero UCTOYHKKA IIyMa, U pacdyeTa OMIMOKH CHHXPOHM3AUUH. J{J1s ONpeiesieHUsI HAINYUs MYJIBTHCTaOMIbHOCTH BOJIU3H
TPaHHUIBI ATOTO PEXKUMA MIPOU3BEACH pacyeT Mepbl MyJbTUCTAOWILHOCTH U MOCTPOEHA €€ 3aBUCHMOCTh OT HHTEHCHUBHOCTH
LIIyMOBOTO BO3/eiicTBUs Ha cucTeMbl. Kpome Toro, B pUKCHpPOBaHHBIE MOMEHTHI BPEMEHH ITOJTy4YeHbl 0aCCeHHbI MPUTIKEHUS
CHHXPOHHBIX M aCHHXPOHHBIX PEXHUMOB JUIsl OIHOIT M3 CHCTEM, HaXOIAIINXCS O] ACHCTBUEM IIyMa, IPH (QGUKCUPOBAHHBIX
Ha4yaJIbHBIX YCIIOBUSX JAPYTOM CHUCTEMBI. Pe3ynomamom paboThl SBISETCS A0KAa3aTebCTBO HAIMYHSI MYJIBTUCTaOMIBHOCTH
BOJIM3M FPaHULBI CHHXPOHH3AIMH, HHIYLIUPOBAHHON LIyMOM. 3akiouenue. TIokazaHo, 9TO I PEeXUMA IIEepeMeKaroIIeics
CHHXPOHU3ALM1, HHAYLIMPOBAHHON LIIyMOM, TaK e, KaK M JUIS PeKUMa IepeMexaronieics 0000MeHHOH CHHXPOHN3ALUH,
XapaKkTepHa MyJbTUCTAOWIBHOCTD, MPOSBISIOMIAsICS B JAHHOM Cllydae KaK CYIECTBOBAHUE B OJHUH M TOT )K€ IPOMEKYTOK
BPEMEHH CHHXPOHHOTO MOBEJCHHUS y OTHOM Mapbl CHCTEM, HAXOMSAIIMXCS MOJ IeHCTBHEM OOIIEero HCTOYHHKA IIyMa, B TO BPeMs
Kak y Apyroil mapsl HaOmonaeTcsi aCHHXpOHHOe noBeaeHne. OOHapyKeHHbIH 3G PEeKT XapaKTepeH Kak Ui MOTOKOBBIX CHCTEM,
TaK ¥ JUIsL JUCKPETHBIX 0TOOpaXKeHNH, HaXOAIIUXCs TI0A JeiicTBUeM 001ero ucTouHnka nryma. OH MOXET HaiiTH MpUMEHEeHHe
B MH(OPMAIIMOHHO-TEICKOMMYHHKAIMOHHBIX CHCTEMaX IIPU COBEPLICHCTBOBAHUM CIIOCOOOB CKPBITOM mepenadu nHpOpMaluy,
OCHOBaHHBIX Ha SIBJICHUHM Xa0THYECKOH CHHXPOHU3ALMH.

Knrwouegvie cnosa: MHIyIMPOBaHHAS IIYMOM CHHXPOHHU3AIMsI, 0000IIEHHAsT CHHXPOHHU3ALMSL, MYJIBTUCTAOMIEHOCTD, OeIbIi
IIyM, TIePEeMEeKaeMOCTb.
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Multistability near the boundary of noise-induced synchronization
in ensembles of uncoupled chaotic systems
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Abstract. The aim of this work is to study the possibility of the existence of multistability near the boundary of noise-induced
synchronization in chaotic continuous and discrete systems. Ensembles of uncoupled Lorenz systems and logistic maps being
under influence of a common source of white noise have been chosen as an object under study. Methods. The noise-induced
synchronization regime detection has been performed by means of direct comparison of the system states being under influence
of the common noise source and by calculation of the synchronization error. To determine the presence of multistability near
the boundary of this regime, the multistability measure has been calculated and its dependence on the noise intensity has been
obtained. In addition, for fixed moments of time, the basins of attraction of the synchronous and asynchronous regimes have
been received for one of the systems driven by noise for fixed initial conditions of the other system. The result of the work is
a proof of the presence of multistability near the boundary of noise-induced synchronization. Conclusion. It is shown that the
regime of intermittent noise-induced synchronization, as well as the regime of intermittent generalized synchronization, is
characterized by multistability, which manifests itself in this case as the existence in the same time interval of the synchronous
behavior in one pair of systems being under influence of a common noise source, whereas in the other pair the asynchronous
behavior is observed. The found effect is typical for both flow systems and discrete maps being under influence of a common
noise source. It can find an application in the information and telecommunication systems for improvement the methods for
secure information transmission based on the phenomenon of chaotic synchronization.

Keywords: noise-induced synchronization, generalized synchronization, multistability, white noise, intermittency.
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B coBpeMeHHOM Mupe SIBJICHHE CHHXPOHHU3AIUH, IPUHAJIeKAIee K YHCITY (PyHAAMEHTaIbHBIX
MOHATUH TEOPUU HENWHEHHON TMHAMUKYU M Xa0Ca, UTPAET HEMAJIOBAXKHYIO PONIb. ITOT ()EHOMEH IUPOKO
pacrpocTpaHeH B IPUPOJIE, HayKe, TEXHUKE U 00IIeCTBe, CM., HampuMmep, MoHorpaduu [ 1-4] u 0630pHbIE
crateu [5-9].

OnHUM U3 TUIIOB XaOTUYECKOTO CHHXPOHHOI'O MOBEACHMS SIBISIETCS PEKUM CHUHXPOHM3ALUU,
MHIYIUPOBaHHON myMoM. OH Tojpa3yMeBaeT yCTAaHOBJICHUE UICHTUYHBIX KOJCOAHWN B JBYX WU
HECKOJIBKHUX HECBI3aHHBIX MEXKIY COOOH MICHTHUYHBIX IO YIIPABJIAIONIUM MTapaMeTpaM XaoTHUIECKHUX
CHUCTEMax 3a CUeT BO3ACHCTBHs Ha HUX 00mIero uctounuka myma [10, 11]. BOau3u rpaHuiisl 310ro0
peXIMa UMEET MECTO TEePEMEKAIOIIEeCs TIOBEACHHE, XapaKTEPUCTHKN KOTOPOTO TIOAYHHSIOTCS TEM JKe
caMbIM 3aKOHOMEPHOCTSIM, 4TO U JUIA peXuMa TepeMexaronielics 0000IeHHo cuHXpoHn3anuu [12].

OTHOCUTENBHO HEJTABHO OBLIO YCTAHOBIICHO, YTO IS PEXKUMa TIepeMeKaromIeiics: 0000IeHHOH
CHHXPOHH3AIMN XapaKTepHa MYJIbTUCTAOMIBHOCTD, MOApa3yMeBaromas B JaHHOM KOHTEKCTE CyIle-
CTBOBAaHHE B OJIMH M TOT € MPOMEXKYTOK BPEMEHHU CHHXPOHHOTO TOBEICHUS ¥ OMHOU Maphl CUCTEM,
HaXOJISIIUXCS IOl JeHCTBHEM OOIIEr0 XaoTHYeCKOro CHTHala, B TO BpeMs KakK y Apyroi mapbl Ha-
OmronaeTcst acuHXpoHHOe noBeneHue [ 13, 14]. Tak kak pexkuMbl 0000IEHHONW CUHXPOHHU3AIMH U CUH-
XPOHU3AINH, HHAYIMPOBAHHON IIIyMOM, 10 CBOEH CYTH MPEACTABIISIOT COOOW OIMH H TOT Ke PEeKUM
U OTJINYAIOTCS TOJIBKO XapaKTEepPOM BHEIIHETro CHUTHalla, BO3JEHCTBYIONIEro Ha cUcTeMSI [15], MOXKHO
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0)KHJATh, YTO BOJW3M TPaHULIBI CHHXPOHHU3ALWH, HHAYIHPOBAHHON IIyMOM, OYyIIeT TakKe UMETh MECTO
MYJIBTUCTaOMIBHOCTb.

B nactosmeit pabore BriepBble HCCIENYETCs BO3MOXHOCTD CYIIECTBOBAHUS MYJIBTUCTA0MIBHOCTH
BOJIM3M IpaHMIBl CHHXPOHU3AIUH, HHIYLIUPOBAaHHON IIyMOM. B kadecTBe OOBEKTOB HCCIIENOBAHUS BbI-
OpaHbl Xa0OTUUECKUE CUCTEMBI C HETIPEPBIBHBIM (OCcMILIATOPHI JIopeHna) 1 AUCKPETHBIM (JIOTHCTHUECKHUE
0TOOpaXCHHS) BpeMEHEM, HAXOMSAIIUECS IO ACUCTBUEM OOIIETO MCTOYHUKA IITyMa.

Ocuumisitops! JIopeHIa OMUCHIBAIOTCS CIASIYIOUIMMH CHCTEMaMH YpaBHEHHI:

&y = o(y; — x;) + €&,
Ui = 1T — Y — iz + €€, (1)
2 = —bz; + 2;y; + €€,

e § — Genblii ['ayccoB mrym, MACHTHYHBIN 101 BeeX ypaBHeHui cucteMsl, (§;(t)) = 0, (§;(¢)E;(¢)) =
= 0;;0(t — '), Vi,j, € — UHTCHCHBHOCTB LIyMOBOTO BO3ICHCTBUS, X; = (&4, Y, ;) — BEKTODHI
COCTOSIHUM CHUCTEM, Ha KOTOpBIE BO3IEUCTBYET MIyM, ¢ = 1,2 B ciIy4yae KIacCHYE€CKOM CHHXPOHH3ALNY,
UHyIUPOBaHHO# mrymom, ¢ = 10, r = 28, b = 8/3 — ympasusiforine mapaMmerpsl. PerieHne cucteMsl
ypaBHeHHH (1) OCYLIECTBISIOCH YHMCICHHO NPH IOMOIIM MeToja Jiiepa, agalTUPOBAHHOIO JUIS
CTOXAaCTHYECKHUX AU PepeHINaIbHBIX YpaBHEeHHH, ¢ maroM 1o Bpemern h = 0.001, aHagoru4Ho Tomy,
KaK 3TO Jaenanock B pabote [10].
Hns noructudeckux oToOpaKeHUH ypaBHEHUS! UMEIOT CIICAYIOLIUNA BU:

why = (@l W) +e(f(En,h) — flah,N), )

rae &, — layccoB mym co cpemaum pu = 0.5 u craHmapTHbIM OTKIOHeHHeM 0 = 0.12, f(x,\) =
= (1 — x), A = 3.75 — ynpasisifoiuii mapamerp, ¢ = 1,2 B ciIydae KIaCCHYECKON CHHXPOHHU3AINH,
WHAYLHUPOBAHHON IIYMOM, € — UHTEHCUBHOCTH IIIyMOBOTO BO3JIEHCTBUSI.

[Ipu BEIOpaHHBIX 3HAYEHUX YIPABISIONINX MapaMeTPOB PeXXUM CHHXPOHHU3AINY, HHIYyIIHPOBaH-
HOMW IITyMOM, BO B3aMMOJCHCTBYIOIINX cHcTeMax JIopeHIa BO3HUKAET IPH MHTEHCUBHOCTH LIYMOBOTO
BO3JEHCTBHUA € = 6.5, a B JOTUCTHUECKNX oToOpakeHnsax — npu € = 0.1625. Hike rpaHUIlsl 3TOTO
CHUHXPOHHOT'O PEXMMa, KaK 0TMEYaJIoCh BBIIIE, UMEET MECTO IepeMeskarorieecs nopenenue. Ipu atom
CUTHAJI, IPEICTABIISIONINI CO00M PasHOCTh MEXIy COCTOSHUSIMU CHCTEM, Ha KOTOPHIE BO3IEHCTBYET
ITyM, BBIDISIUT KaK 4epeIOoBaHNE CHHXPOHHBIX (JTAMHUHAPHBIX) U aCHHXPOHHBIX (TypOyIeHTHBIX) (a3,
MIpUYeM HaJIW4Me TOH WM UHOH (a3sl MoBeAEHUS B (PMKCHPOBAHHBIH MOMEHT BPEMEHU MOXKET 3aBHCETh
OT BBIOOpa HaYaJIBHBIX YCJIOBHM aHAJINM3UPYEMBIX CHCTEM, YTO CBHUIETEIBCTBYET O HAJMYUU MYJIBTHU-
CTaOUIIBHOCTH B JaHHOM ciyd4ae. J[J1s JoKa3aTenbCTBa BhIMIECKa3aHHOTO B (DUKCHPOBAaHHBIE MOMEHTHI
BPEMEHHU OBIIM IOCTPOEHB! 0ACCEMHbI NPUTSDKEHUSI OOHOM U3 CUCTEM, HAaXOIIIIMXCS MO JeHCTBUEM
ryma, npu GUKCHPOBAaHHBIX HayaJIbHBIX YCIIOBHSIX IPYroil cucTeMbl. Takue OacceiHbl MPUTSHKEHUS
npuBeneHsl Ha puc. 1 mns cucrem Jlopenma (1) mpu € = 5.75 u Ha puc. 2 — IS JOTUCTHYECKHIX
otoOpaxxkenuii (2) mpu € = 0.153. CuHHii LBET COOTBETCTBYET (hazaM CHHXPOHHOTO MOBEAEHHs (Koraa
COCTOSTHUSI 00X CHCTEM, HaXOMNAIIUXCS MO ACHCTBHEM IIyMa, OKa3bIBAIOTCS MICHTHYHBIMH), 3€J1e-
HBIH — aCHHXPOHHBIM (a3aM MoBeAeHUs. benblil 1BeT oTBeYaeT BBUIETY M300paXkaromieil TOUKH Ha
6eckoHeuHOCTh. BuaHO, 94TO 111 06€MX pacCMOTPEHHBIX CHCTEM B (PUKCHpPOBaHHBIE MOMEHTHI BPEMEHH
B PEKUME NEpPEMEXKArOIIEHCs] CHHXPOHN3ALNH, HHAYLIUPOBAHHON IIyMOM, UMEET MECTO MYJIBTHCTA-
OupHOCTh. BaXKHO OTMETHTBH, YTO KOMIMYECTBO CHHXPOHHBIX M ACHHXPOHHBIX COCTOSHUM MEHSETCS CO
BPEMEHEM JI0CTATOYHO IUIABHO, OATBEPKACHUEM YETO SBIISIOTCS 3aBUCUMOCTH HOPMHUPOBAaHHBIX pa3Me-
POB CHHXPOHHBIX U aCHHXPOHHBIX KJIACTEpOB OT BPEMEHH, NMPUBEACHHbIE Ha puc. 1, e u 2, d. Bunno,
YTO Kak 11 cucteM JIopeHna, Tak U AJIs JJIOTUCTHYECKUX OTOOpa)KeHUH 00a Ki1acTepa COCYyLIECTBYIOT
BCEr/a, MPH 3TOM pa3Mep CUHXPOHHOTO KJIacTepa OKa3bIBaeTCs OOJIbLIE, YeM aCHHXPOHHOTO.
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Puc. 1. a-d — BacceiHbI IpUTSHKEHHST CHHXPOHHBIX U aCHHXPOHHBIX COCTOSIHHMI ofHOM 13 cucteM JlopeHna (1), Haxomsmuxcst
B PEXXUME TIePEMEKAIOIIEHCsT CHHXPOHU3AINHI, HHAYIINPOBAaHHON ITyMOM, NIPH 3HAY€HHN MHTEHCHBHOCTH HIyMa € = 5.75
Ha IUIOCKOCTH Ha4ajbHBIX YCIOBHH (2,Yy2) (22 = 1.1), monydeHHsle B pasinyHble MOMeHTHI Bpemenu: ¢ = 1000 (a),
2000 (b), 3000 (c), 4000 (d). Cunuii BET COOTBETCTBYET pealin3alliil B (UKCUPOBAHHBIII MOMEHT BPEMEHHU UIACHTUYHOTO
noBezieHus cucteM JlopeHma, HaxomsImmXcs Moj JeHCTBHEM OOIIEro HCTOYHHKA IIyMa, 3€JICHBIH I[BET OTHOCHTCS K HEHJICHTHY-
HOMY (aCHHXPOHHOMY) HOBEIEHHIO 3THX CUCTEM. belblii IIBET 0TBEYaeT BhUIETY M300paXKalolel TOUKH Ha OECKOHEUHOCTb.
e — BpemeHHBIe 3aBUCHMOCTH HOPMHPOBAHHBIX PAa3MEPOB CHHXPOHHBIX M aCHHXPOHHBIX KJIACTEPOB, MOJIyYEHHBIE JUIS TEX JKe
cucrem Jlopenna npu € = 5.75 (IBeT OHIIAKH)

Fig. 1. a-d — Basins of attraction of synchronous and asynchronous states of one Lorenz system from (1) being in the
intermittent noise-induced synchronization regime for the value of noise intensity € = 5.75 on the plane of initial conditions
(z2,y2) (z2 = 1.1) obtained in different moments of time: ¢ = 1000 (a), 2000 (b), 3000 (c), 4000 (d). Blue color corresponds
to the realization for a fixed moment of time the identical behavior in Lorenz systems being under influence of the common
noise, green color refers to the nonidentical (asynchronous) behavior of such systems. White color corresponds to the going the
representation point to infinity. e — Time dependences of the normalized sizes of the synchronous and asynchronous clusters
obtained for the same Lorenz systems for € = 5.75 (color online)
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Puc. 2. a—c — Jluneiinble GaccefHBI NPUTSHKEHUS CHHXPOHHBIX M aCHHXPOHHBIX COCTOSHHH OJHOTO W3 JIOTHCTUYECKUX
oToOparkeHHH (2), HAXOQAIMIUXCS B PEKIME TIEPEMEKAIOMICHC CHHXPOHU3AINH, HHAYNPOBAHHON IIIyMOM, NPH 3HAYCHUH
WHTEHCUBHOCTH IrymMa € = (0.153 Ha JIMHUM HaYaJbHBIX YCIOBHMH T2, NOJTYyYCHHbIC B Pa3JIMYHbIC MOMEHTHI BPEMCHH:
t = 10000 (a), 500000 (b), 1000000 (c). CuHHII TBET COOTBETCTBYET peallu3alliil B (PUKCHPOBAHHBIH MOMEHT BPEMCHH
U/ICHTHYHBIX COCTOSHHI JIOTUCTHYECKUX OTOOpayKeHHH, HaXOAAIIMXCs O/ ICHCTBUEM O0LIero HCTOYHMKA LIyMa, 3€JICHBII
L[BET OTHOCHUTCS K HEUJACHTHYHOMY (ACHHXPOHHOMY) ITOBEJICHHIO ITHX CHCTeM. benblil BeT oTBeuaeT BbUIETY M300paxaromei
TOYKH Ha GECKOHEYHOCTh. d — BpeMeHHBIE 3aBHCHMOCTH HOPMHPOBAHHBIX Pa3MEPOB CUHXPOHHBIX M ACHHXPOHHBIX KIIACTEPOB,
TIOTyYEeHHbIE IS TeX 7K€ JIOTHCTUYECKHX oToOpaskeHui npu € = 0.153 (uBeT oHIaliH)

Fig. 2. a—c — Linear basins of attraction of synchronous and asynchronous states of one logistic map from (2) being in the
intermittent noise-induced synchronization regime for the value of noise intensity € = 0.153 on the line of initial conditions
T2 obtained in different moments of time: ¢ = 10000 (a), 500000 (b), 1000000 (c). Blue color corresponds to the realization
for a fixed moment of time the identical states in logistic maps being under influence of the common noise, green color refers
to the nonidentical (asynchronous) behavior of such systems. White color corresponds to the going the representation point to
infinity. d — Time dependences of the normalized sizes of the synchronous and asynchronous clusters obtained for the same
logistic maps for € = 0.153 (color online)
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151 KOTMYEeCTBEHHON XapaKTEPUCTUKU CTEICHU MYIBTHUCTAOMIBHOCTH MO aHAJOTHH ¢ pabo-
Tamu [13, 14] HEOOXOOUMO TMEPEUTH OT PACCMOTPEHHsSI IBYX CHUCTEM K aHCAMOII0 HUACHTUYHBIX II0
YIPaBJISIOIUM MMapaMeTpaM CUCTEM, CTAPTYIOIIUX C Pa3TUYHBIX HAYAIBHBIX YCIOBUM, PABHOMEPHO
pacrpeseseHHbIX 110 aTTPaKTOpaM B3aWMOJICHCTBYIONINX CHCTEM, HAXOAAIINXCS MOA IeiicTBHEM 00IIero
mryma. Takue ancamOnun onuceiBarorcs cucremamu (1) u (2) mpu ¢ = 1,2... N, rge N — 4mcIO 3ieMeH-
TOB aHcaMOJs. JIJisl TUarHOCTUKH CHHXPOHHOTO PEKHMMa B JAaHHOM CIIydae HEOOXOMUMO MPOU3BECTH
CPaBHEHUE COCTOSHHN CHUCTEM, HaXOISIIMXCS MOJ] ACHCTBUEM IIIyMa, 110 MPUHIUIY «KKAAs C KaXIon»,
Y IS KQKIIOH TTaphl B3aMMOACHCTBYIONUX CUCTEM B KaXXIBId MOMEHT BPEMEHH PAacCUUTATh Pa3HOCTh
WX COCTOSHUI 10 popmyre

D:\/(xj_$Z)2+(y]_yz)2+(zj_zz)27 Z)]:]-?Na Z#]v (3)
nocie 4ero no ¢opmyie N
n
P,=1- —_ 4
“ Z} N(N —1) @)

(Tme n — YuCIO cucTeM, HAaXOIAIIMXCS B OAMHAKOBOM COCTOSIHHUU C %-M OCITHUIISITOPOM) OLIEHHUTH
BEPOATHOCTh OOHAPY)KEHUsI aCHHXPOHHOTO peXuMa. B ponu Mepbl MynbTUCTAOMILHOCTH B JTAHHOM
ciydae OyaeT BBICTYIIaTh yCPEAHEHHAs 10 BPEMEHH BEPOSITHOCTh OOHAPYKEHUS TypOylIeHTHOU (a3bl,
paccunTaHHas B COOTBETCTBUU € (popMyoit

T

P= P,(t)dt (%)

lim
T—o00

0
MPY U3MEHEHWH WHTCHCHBHOCTHU IIIYMOBOTO BO3JIEHCTBUsA. JTa Mepa paBHa (), Korja Bce B3auMOJCH-
CTBYIOIIIME CHCTEMBI B KQXKIBIi MOMEHT BPEMEHH HAXOJSITCS B CHHXPOHHOM PEKUME, U paBHa 1, Korma
B KaXJIbIi MOMEHT BPEMEHH BCE CUCTEMBI IEMOHCTPUPYIOT HenaeHTuuHoe noeeaeHue [13]. Ecnu xe
P € (0,1) npu naHHOM 3HAYEHHH WHTEHCHBHOCTH IIyMOBOTO BO3/ICHCTBHS BO B3aHMMOJICHCTBYFOIIHNX
CHCTEMaX UMEET MECTO MYJIBTHCTAOMIBHOCTE [13, 14].

Ha puc. 3, 4 npencraBieHbl 3aBUCUMOCTH MEPhI MYJIBTUCTAOMIBHOCTH OT MHTEHCUBHOCTH IITy-
MOBOTO BO3IICHCTBUS, MOMydeHHBIC I aHcamOneit 3 N = 50 cucrem Jlopernma (1) u N = 50
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Puc. 3. 3aBHcHMOCTD MepBl MYNIBTHCTAOMIBHOCTH P oT nH-
TEHCHBHOCTH IIYMOBOTO BO3ICHCTBUS €, MONMyYCHHAs s
ancamb6ns cucrem Jlopenna (1), HaxoAsIUXCS MO AeHCTBHEM
00I1ero NCTOYHMUKA IIyMa

Fig. 3. Dependence of the multistability measure P on the
noise intensity ¢ obtained for the ensemble of Lorenz systems
(1) being under influence of the common noise source
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Puc. 4. 3aBucuMOCTb MepHl MyNBTHCTa0MIBHOCTH P OT nH-
TEHCUBHOCTH IIyMOBOTO BO3JCWUCTBHS €, MOJy4CHHAs IS
aHcaMOJIsl JIOTHCTHYECKUX OTOOpakeHMH (2), HaXOIIIUXCS
0] ISHCTBHEM OOLIEro MCTOYHHKA LIyMa

Fig. 4. Dependence of the multistability measure P on the
noise intensity € obtained for the ensemble of logistic maps
(2) being under influence of the common noise source
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JOTUCTUYECKUX OTOOpakeHU# (2), HaXOMSAIIUXCA MON AcicTBUEM Imyma. M3 pUCYHKOB BHIHO, YTO
[0 Mepe YBEeIHYeHUs] WHTEHCHBHOCTH ITyMOBOTO BO3JIEHCTBUS Mepa MYJIBTUCTAOMILHOCTH B 00e-
X CHUCTeMaX IOYTH BCE BpeMs IUIABHO yMeHbInaercs oT 1 go 0%, 94TO COOTBETCTBYET MEpPEeXOiy
OT aCHHXPOHHOTO COCTOSTHHS K PEXXUMY WHAYIIMPOBAHHOW IITyMOM CHHXPOHH3AINH. BakHO OTMETHTS,
YTO BOJM3H IPaHUIIBI CAHXPOHHOTO PEXKMMa MEpa MYJIBTHCTAOUIBHOCTA B 00OUX CIy4asX OKa3bIBACTCS
MOJIOKUTEIIBHOM, YTO CBUACTEILCTBYET O HAIMYMU MYJIBTUCTAOMIBHOCTH B PEKUME MIEPEMEIKAIOIICHCS
CUHXPOHU3AINH, UHAYITUPOBAHHOM IITyMOM.

Taxum oOpa3om, B HacTosmei pabore Ha mpuMepe cucteM JIopeHIla U TOTHCTHISCKUX OTOOpaxke-
HUH, HAXOSIIUXCS O] ICHCTBUEM OOINEro UCTOYHUKA [TyMa, TTOKa3aHo, YTO I peKUMa IepeMeka-
FOIIEHCSl CHHXPOHU3AINH, HHIYIIUPOBAHHON IIIYMOM, TaK ke, KaK M JUIsl peKuMa IepeMeKaroneics
0000IICHHON CHHXPOHU3AIINHU, XapaKTEPHA MYJIBTUCTAOMILHOCTD. [10JTyYeHHBIC PE3yabTaThl MOITBEP-
KJIEHBI TIPY TIOMOIIN MOCTPOCHUS KapT 0acCEHHOB MPUTSHKEHHUSI CHHXPOHHBIX U ACHHXPOHHBIX PEKHMOB
U IyTEM pacueTa Mepbl MYJIBTUCTA0MIBHOCTH B 3aBUCUMOCTH OT BEJIMYMHBI ITapaMeTpa CBI3H. BakHo
OTMETHUTb, YTO HECMOTPS Ha TO, YTO OCHOBHBIC PE3YNIbTaThl paOOTHI MOJYYCHbI HA MOJICIBHBIX CHCTEMAX,
MOXXHO OKHJATh, YTO aHAJIOTHYHBIE 3aKOHOMEPHOCTH OyAyT HaOMIOMAaThCS M B PEaTbHBIX PaJHOTEXHUYIE-
CKHUX CHCTEMaX, YTO [O3BOJIUT UCIIOIB30BaTh OOHAPYKEHHBIN (D PEKT JIJIsl COBEPLICHCTBOBAHUS CIIOCOOOB
CKPBITOM Tepenadyn WHGOPMAIMH, B OCHOBE KOTOPBIX JISKHUT SIBIICHUE XaOTHYECKOW CHHXPOHHU3AIUH.
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Annomauyusa. Llens HACTOALIETO MCCIIENOBAHUS — IOCTPOCHHE aHAJIMTUYECKOM MOAEIHM IOBEACHUS IapMOHHUYECKOU BOJI-
HBl B HEJIMHEHHOI ONTHYECKOH cpelie ¢ IEePHOANYECKH PacIOIOKEHHBIMH HaHOILIEHKaMH. Memoowi. IIpencrasBieH Mo-
JIEpHU3UPOBAHHBIN METOJ HEMTAAKOTO MpeoOpa3oBaHMs apryMeHTa A MCKIodeHus (yHKmui Jlupaka B MpaBoi dacTu
HEJIMHEITHOro HeogHopoaHOoro AuddepeHInalIbHOr0 ypaBHEHH s, OMKCHIBAIONIETO MTOBEICHUE JIMHEHHO IOJIIPU30BaHHOI
BOJIHEI B HEIMHEHHOH cpefie ¢ MepHOIMIECKH PacHoIOKEHHEIMU IPOBOASIIMME HAaHOIUICHKAaMH. J{J11 HaXOXKAeHHs Mpruoin-
KEHHOTO aHAINTHIECKOTO PEHICHHS TAKXKe MCIOJIB30BaTHCh METOIBI MAJIOTO IapaMeTpa, B YJaCTHOCTH METOJ yCPEAHEHHSI.
Pesynemamut. I1ocTpoeHa MOJHOCTHIO aHATUTHYECKAs! MOJICIIb IOBEICHUS JTUHEHHO MOJISIPU30BaHHON MAPMOHUYECKO BOJIHBI
B HEJIMHEHHOHU ONTUYECKOH cpelie ¢ NePUOANYECKH PACIONIOKCHHBIMY IPOBOAAIIMMY HaHOILUICHKAaMU. 3akmoyenue. [loctpoena
MaTeMaTu4yeckas MO/IENb PacCIpOCTPAHEHUS JINHEHHO HOISPU30BaHHON TApMOHUYECKOM BOJIHBI B HEJIMHEWHON ONTUYECKOM
Cpeac € NEPUOANYECKH PACIIOIOKEHHBIMU IMTPOBOASAIIMMH HAaHOIUIEHKaMH, OCHOBaHHAsA Ha METOAC HETJIAAKOIo HpeO6pa30BaHHﬂ
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Analytical method of optical wave behavior studying in nonlinear medium
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Abstract. The purpose of this work is to build the analytical model of the behavior of a harmonic wave in a nonlinear optical
medium with periodically arranged nanofilms. Methods. The modernized method is presented of non-smooth transformation
of the argument to eliminate the Dirac functions on the right side of the non-linear inhomogeneous differential equation
describing linear polarized wave behavior within a non-linear optical medium with periodically arranged conducting nanofilms.
Small parameter methods, in particular, the averaging method, is also used to find an approximate analytical solution.
Results. The fully analytical model of the behavior of a linear polarized harmonic wave within a nonlinear optical medium
with periodically arranged conducting nanofilms is constructed. Conclusion. For the case of propagation of a linearly polarized
harmonic wave in a nonlinear optical medium with periodically arranged conducting nanofilms, the mathematical model based
on the non-smooth argument transformation method is constructed. The model is fully analytical, all expressions are obtained
directly from Maxwell’s equations by identical transformations. The limits of its applicability are determined by the limits of
application of the wave theory of light.
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BBenenue

HccnenoBanne pa3iudHbIX TEPUOANISCKUX CTPYKTYP B ONTHKE MPUBJICKACT BHUMAHNIC YICHBIX
yxke Oonee cronetus [1-4]. UccnemoBanuck ogHoMepHEIE [5, 6], ABymepHEIe [7, 8], Tpexmepnsie [9, 10]
cTpykrypsl. C caMoro Havajia U JO CETOAHSIIHEro JHS 0C000¢ BHUMAHHUE MPUBICKAIOT Pa3IHYHbIC
JIMHEMHBIE CIIOUCTBIE CPElIbl, KaK U30TPOIHbIE [3], Tak U aHU30TpOIHbIEe [4]. OCHOBHBIMH 3aad4aMu
B JAHHOM HaIPaBJIEHUH SABIISIOTCS MCCIEAOBAHUS 00JAcTell MPOXOKIACHHS W HETIPOXOXKICHHS BOHBI
(3amaya yCTOMYMBOCTH PEIICHUI), HAXOXKIACHUE PEIICHUA B OONACTAX MPOXOXKICHUS, B TOM UHCIE
U nepuonuyeckux pemtieHuid. C pa3BUTHEM Ja3epHON TEXHUKHU MOSBUIICS MHTEPEC U K HEITUHEHUHBIM
MEePUOANYECKUM ONTHYECKUM CTpyKTypaM [11,12]. OcHOBHBIE HaNpaBIeHUS UCCIICOBaHUNA — TeHepaIus
BBICIITUX TAPMOHUK, caMO(OKyCHPOBKA U T. A. [Ipy 3TOM HeIMHEHHBIE CPeabl MOTYT OBITH UCTIOIH30BAHBI
B Ka9€CTBE BEICOKOOOPOTHBIX QrutbTpoB. C Hadama XXI cTomeTus akTyalbHBIM CTAJI0 H3YYCHUE Pa3iud-
HBIX HAaHOCTPYKTYp [13,14], B TOM 4nclie HAHOMIOKPHITHI U HaHOIJIEHOK. TeopeTHueckoe uccieaoBaHne
HAHOTUICHOK MPOBOAMTCS, KaK TPaBHJIO, C UCTIONB30BAaHUEM allliapara KBaHTOBOW onTHKHU. [lanee s aHa-
JM3a CTPYKTYD, BKJIFOUAIOIINX HAHOMIOKPHITHS U HAHOCIIOHW, HEOOXOIMO COBMECTHO PEIIaTh U YpaBHEHHUS
Makcsenia, u ypasaenue Llpenunrepa [13—15]. OxciepuMeHTaIbHBIE PE3YABTaThl H3MEPEHHS TPOBOAU-
MOCTH HAaHOIUICHOK Pa3IMYHON TONIIMHBI U3 Pa3IMYHBIX MaTepHalioB MPEACTaBICHBI, HapuMmep, B [16].
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Hamu paccmotpena ogHOMepHasi HEIUHEHHAS CTPYKTypa C MEPUOIUYECKUM PACIIONOKCHUEM
MPOBOJSIINX HAHOIUICHOK. [Ipy 3TOM MexaHu3Mbl (POPMHPOBAHUS TOKOB B MPOBOMASAIINX HAHOIJICHKAX
YYHTHIBAIOTCS B ypaBHeHHAX MaxkcBeuta B Bue O-(QyHKIHIA B paMKax HEJIMHEHHON BOMHOBOM TeOpHH
cera. Takoi MOAXOM, OYEBUAHO, ABISETCS YIPOIIEHHBIM, OJJHAKO OH CYIIECTBEHHO OONerdaer penieHune
3a/1a9M aHaAIN3a ONTHYECKUX YCTPONCTB HA HEIMHEHHBIX CTPYKTYpaX, BKIIOYAIONINX MMEPUOIUISCKU
PAacCIONIOKEHHBIE HAHOILICHKH. ABTOPaMH IMOCTPOCHA aHATUTUYECKAsi MOJIEb C UCIONB30BAaHUEM METO/a
HETJIAJIKOTO TIpeo0pa3oBaHus apryMeHTa, METOAa YCpeIHEeH s, YCIOBUH ycroiunBocty JlsmyHoBa. Bax-
HBIM MOMEHTOM B IPEACTABISIEMON MOIEIH SBIICTCS UCKIIOUCHHE O-(QYHKIIMH B HCXOIHOM BOJIHOBOM
YpaBHCHHUH IIyTEeM MpeoOpa3oBaHUs apryMEHTA.

1. IlocTanoBKa 3aga4u

B nannoit pabote paccMaTpuBaeTCs MOBECHIE TUIOCKOHN IEKTPOMATHUTHOMN BOJHBI B OJHOMEPHON
0OECKOHEUHOI HENMHEHHON AMAIEKTPUYECKOH cpele, OMMChIBAEMO MarHUTHOW MPOHHULIAEMOCTHIO [
U IUAJIEKTPUUYECKON MPOHUIIAeMOCThIO BUaa [12]

e(E) = ey + 2 E2. (1)

HaHOIUIeHKH ¢ nepuogoM A (puc. 1). Ilpu atom
TOKH J, B COCEIHHUX HAHOIUICHKaX MPOTEKaIOT
BIOJIb OCU T B MPOTUBOIOJIOKHBIX HAIIPABICHUSAX.
DTO BO3MOXKHO TIPU I0/1a4€ BHEUIHUX HampshKe-
HUMN MPOTUBOMOJIOKHON MOJISIPHOCTH Ha COCEIHUE
mueHku. PaccmarpuBaercs citydail pacrpocTpa-
HEHHUsI JIMHEHHO MOJSPU30BaHHON BOJIHBI BJIOJIb
ocH z (cM. puc. 1). 3mech zf , #] — KOOPJIHMHATBI
pachoioKeHUs MPOBOASAIINX HAHOIUIEHOK C IO-
JIO)KUTEJIBHBIM U OTPULIATEIIbHBIM HAlpPaBJIEHUEM
TOKOB, COOTBETCTBCHHO. Puc. 1. I'eomerpus 3amaun
HCJ'H)IO paGOTBI SABIACTCS pa3pa60TKa 10JI- Fig. 1. Geometry of the problem

HOCTBIO aHAJUTUYECKOTO MaTEMaTUYE€CKOro Me-

TOZAA, ONKCBHIBAIOIIETO MOBEASCHUE IUIOCKOW rapMOHUYECKOW BOJIHBI B PacCMaTpUBAaE€MOM CTPYKTYpeE
U MO3BOJISIONIETO HAXOIUTh MEPUOANYECKUE PEIICHUSI B pacCMaTpUBaeMON HEMHEWHOU CTPYKType.

B cTpykType pacnosnioxeHsl NpOBOMASIINE

2. BosiHOBOe ypaBHeHHe

Pemenue ypaBHeHuii Makcgeiia

rotﬁ = —1@

c Ot ’ (2)

B ClIydyae TapMOHUYECKOM JMHENWHO MOISPU30BAHHON BOJHBI JUIsl JAHHOH CTPYKTYpHl B pe3yJbTaTe
nmpeoOpa3oBaHuil IPUBOIUT K HEIWHEHHOMY HEOTHOpPOAHOMY A depeHnrnatbHOMy ypaBHEHHIO BUIA

d’E,(z)
dz?

3m252u
2

w3e Ao
+ T B2 + R B () PEu(2) = gt ()
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VYuaursiBast, uto J, = 0(z)FE, — IUIOTHOCTh TOKA, e 0(z) — yaelbHas MPOBOJUMOCTD HETMHEWHOM
JIUDJIEKTPUYECKON CPEibl MM HAHOIUIEHOK B 3aBUCHMOCTH OT KOOPAMHATHI 2, U3 (3) MOTy4um

d’E,(z w2eou 3w%ey Anw
dz2( ) + 2 LE:I:(Z) + TM|EHE(Z)|2E:E(Z) =J 2 MG(z)Em(z). 4)

ITockonbKy B paccMaTpuBaeMOl 3ajaue HEMHEHHas cpena sSBISeTCs TUINIEKTPHUYECKOi, To o(2) Ha
MHTEpBaaX MEXy HAHOIUICHKAMHU paBHA HY0. [IpHOIMKeHHO cUMTas TONMIMHY HAaHOIUIEHOK CTPEMs-
nieiicst K HyJII0 B CPaBHEHHUH C pazMepaMH Nepruojia CTPYKTYPhI, BRIPRKEHHE B MPABOW YaCTH MOXKET
OBITH 3allMCaHO C UCTONb30BaHKeM O-QyHkumu Jupaka. Takum oOpa3oM, JUIsl TOKOB, MPOTEKAIOLINX
B MOJIOXKUTEIBHOM HAalpaBICHHU OCH X, HIMEEM

Antm
JF = ]CTMan(z)Ex(z)é(z — ), (5)

rae z,j — TIPOCTPAHCTBEHHAS KOOPAMHATA COOTBETCTBYIONICH HAHOIUICHKH. {7151 TOKOB, MPOTEKAIOIITIX
B OTPHUIIATCIFHOM HAIPABICHUU OCU T, UMEEM

Iy = —j@oﬂ(g)@(z)a(z — %), 6)

e 2, — MPOCTPAaHCTBEHHAs KOOPJAMHATA COOTBETCTBYIONIEH HAHOIIEHKH. 3/1€Ch MIIOTHOCTH TOKOB
OJITMHAKOBBI 110 a0COIFOTHOMY 3HAYEHUIO U MX aMIUIUTYIbI PaBHBL. B pesynbrare ypaBHEHHUE JUIS ILIOC-
KOW TapMOHUYECKOI BOJIHBI B HEIMHEWHOW Cpe/ie C IePUOUIESCKU PACIIONIOKEHHBIMU HAHOILICHKAMHU
(cM. puc. 1) mpuHEMaeT BUI

d’E.(z)  o%eu RIORAT 9
o) )+ 2 B ()P ELe) = ;
Amop > _
— J70nf(Z)Ex(Z) Z [6(2 — zlj) —9(z — 2y, )],
k=—00

TAC€ Opf — YACbHasA MPOBOAUMOCTb HAHOIIJICHKH. }Ianee, JIIA y1106CTBa peUICHNA BBECACM 0003HaYCHUS

(,0260p|.

2’

2
e — 3w €2M’ (8)
c2

Anow
q:JCTMOHf-

31ech € — MaJIblii TapaMeTp, MOCKONBKY ISl peadbHEIX cpefl €2 nmeeT nopagok 1071110720, ¢ ~ 3-108.
Teneps ypaBHernue (7) IpHHUMAET BH]T

d’E.(z)

— 5 T PE(2) + 6| Ex(2) P Ey(2) = —2qE, Y [8(z = 20) — 8(z — 2,)]. 9)

k=—o00

3. Pemienne quddepeHuaILHOTO YpaBHEHUS

B nanHOM pasnene mpencraBieHa NOTHOCTHIO aHATUTHYECKAs] MOZIENb aHaIM3a MOBEIECHUS TUIOC-
KOH TapMOHUYECKOH BOJIHBI B U30TPONHOM HENMHEHHON CTPYKType C MEPUOAMYECKUM BKIIOYEHUEM
IIPOBOJSIINUX HAHOIUIEHOK. Mojiellb OCHOBaHA Ha METO/E HENIAJKOro IpeoOpa3oBaHUs apryMeHTa
U METOZE YCPEIHCHUS.
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3.1. Hermmagkoe npeodpa3oBaHue aprymMeHTa. B COOTBETCTBHHU € MPEIBIAYIIUM pa3esioM
MpaBas 4acTh ypaBHeHUE (9) COMEPKUT MOCIESIOBATENLHOCTD O-QOYHKIMNA. DTO CBSI3aHO C TeM (PaKToM,
YTO Ha OJHOM NEPHOJE PACIONOKEHBI ABE HAHOIUICHKH C IIPOTHUBOIOJIOKHBIM HaIllpaBiICHUEM MIpOTe-
KaHHAA TOKOB. CrcTema pemaeTcs Ijis paBHOYIAJeHHBIX HAHOIUIEHOK, TO €CTh JJIA TaK Ha3bIBaeMOil
9KBUAMCTAHTHON cucTeMbl. C MaTeMaTu4ecKod TOYKH 3pPEHUS, CIIOKHOCTh 3aKIIF0YaeTCs B HEIVIaJKOCTH
COOTBETCTBYIOIIETO TMHAMHYECKOTO Tpoliecca.

MogenvpoBaHre BIHSIHHS TOHKUX HAHOIUICHOK (TaK Ha3bIBAEMbIX UMITYJIBCHBIX BO3JCHCTBHIA)
MOYKHO BBITTOJTHUTh HECKONIBKUMH crioco0amu. [IepBriii crmocob 3akirogaeTcs B UCTIONh30BaHUN 0000IIeH-
HBIX (pyHKIW [16]. OmHako Takoil moaxox TpedyeT JOMOIHUTENBHBIX MaTeMaTHIeCKUX 000CHOBaHUI
JUJISL KaXKJA0W KOHKPETHOM CHUCTEMBL.

Hpyroii moaxox 3aKkiroyaeTcs B PELICHUH 3a/laud Ha KaXKIOM U3 UHTEPBAJIOB MEKIY HAHOIUICH-
KaMH C TIOCJICIYIONIeH CIMUBKOW permeHuit. TakuM o0pa3oM, BMECTO OZHOM 3aJadd PEIIaroT IEIyI0
Mo cJIe0BaTeIbHOCTD 3a1a4 [17].

B nanHoit paGore misi MOIEIMPOBaHUSI MTOBEJCHHUS BOJHBI B paCCMaTPUBAEMON CTPYKTYpE HC-
MOJIb30BaH METOJ HETIAJIKOTO mpeoldpa3oBaHus aprymeHTa. IToT Meton [18-20], ¢ omHO# CTOPOHBI,
MO3BOJISIET MOCTPOUTH MOJTHOCTBIO AaHAIUTUUYECKYI0 MaTEMaTUYeCKy0 MOJIEb IIOBEACHUS BOJIHBI B HENU-
HEHHOU cpene, KoTopas conepkuT O-QpyHkuu Jupaka, ¢ Apyroil — MOIy4YUTh PEIICHUE Ha MEPHOJIE
B BHJI€ aHAIUTHYECKOTO BBIPAKEHUS.

B cootBercTBUE ¢ MeTOOM pemieHue (9) HIeTCs B BUIC

E,=X(1)+ Y(r)d—; (10)

rae (puc. 2)
—4z/A+1+2k, kA< z<(

T= (11)
Az/N =3 =2k, (k+1/2)A

N T
.
N Z
—~
> >
_|_\.
=
>

e k= 0,+1,+2, ...

o(2)
CyTh MeTO/Ia HEMMMaJKoTO IPeo0pa3oBaHus ap- T B
rYMEHTa IpH 3ameHe nepemeHHon (10) umtrocTpu- z’+ 4 | | | | -
pyeT puc. 2. B coOTBeTCTBUM C METOAOM BBEACHA ‘ ] | | | |
KyCOYHO-JIMHeHHas QyHKIus T(2) Takas, 9T0 BTOpas dr(z) }
IPOU3BOZIHAS OT HEE PaBHAIACH [IOCIIEIOBATEILHOCTH dz T
O-ynkuwmii B (9): umumurluﬂurt >
Pe(z) & . B |
poai Z [6(2 — 2z ) —0(z — 2, )] (12) 1(2)} |
oo JANIWANWANIAN
\

<
<
W

Bo3bMeM nepByto MpOM3BOIHYIO OT GyHKImH E,(2):

dFE, dX (‘E) dt d Y(‘l?) dt 2 d*t Puc. 2. Hernankoe npeobpazoBaHue aprymeHTa
= Y (1) (13)

dz dz dz dz dz

Fig. 2. Non-smooth argument conversion

O4eBHUIHO, YTO JUISl PABHOYAAJIECHHBIX HAHOIUICHOK C MPOTHBOIOJIOKHBIM HANpaBlIeHHEM TOKOB [18]
(dt/dz)* = 1, Torna

dE, dX(t)dt dY(7) d*t
= — Y(t)—. 14
dz dz dz + dz +Y () dz? (14)
Cnaraemoe B (14), coneprkariee O-GQyHKINU, UCKIIFOYAETCS 32 CYET IPAHUYHOTO ycinoBus [19,20]:
Y|, =0,
(k+1/2)/A (15)

Y’r:kA =0.
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Torma nepByio npousBoaHyto B (14) mepenumem B BHUJE
dE; _ dX(r)@ dY(t)' (16)
dz dz dz dz

C ydYeToM NPHBEIEHHOTO BbINIe OOOCHOBAHHWs BTOpas Mpow3BogHas (GyHKnH F,(z) uMmeer B

*E,  d*X(t)d*Y(t)dt  dX(tr)d*t

dz22 —  d22 d2? dz dz dz? a7
[oncraBum B (9) Beipakenue (10) u (17) u nonyunm nuddepeHpaisHoe YpaBHEHUE BUIa
d’X (1) <d‘c>2 N d?Y (1) dt N dX(t) d*t
dz? dz dz? dz dz dz?
_—p(X(r)—i—Y(r)Ch) —e<X(r)+Y(1:)dT>3— (18)
dz dz

—2g <X(1:) + Y(t):g) Z [8(z — 7)) —8(z — )]
k

Takum 00pa3zom, MBI ITONy4YHIIn BepaxkeHue (18), conepxamiee O-QpyHKIMM B JICBOH U MPaBOW YacTH.
DTH CUHTYJSIPHBIC WICHBI TOJDKHBI OBITh MCKIIOUeHBI U3 (18) myTeM nmpupaBHHBaHUS K0d()(UINEHTOB
IIPH OJIMHAKOBBIX MOPSAKAX MPOU3BOIHBIX T. [Ipr 3TOM BIUSHHE TOKOB B HAHOILJICHKAX MPOSBIISICTCS
B TPaHUYHBIX YCIIOBUSX, PACCMOTPCHHBIX HUXKE.

3.2. ITocTpoeHne nmepuoanueckux pemenuii. I[IpoBemeM anreOpandeckue mpeoOpa3oBaHU
BeIpaxkeHus (18) u momyunm

2 T T 2 2 T T T 217 T
dX()<d>+dY()d dX(7) d d

ot ot S X (1) — oY (1)
dz2 dz dz2 dz+ dz dz? pX(T) = pY(v) z

—2¢X (1) Z [8(2 = 2) = (2 — 2, )] -

g & (19)
_ qu@)$ Y [Blz-zh) -0z —z)] -
k=—00
2 3
— <X3(t) +3X2(t)Y(r)—; +3X(1) (Y(r)ji) + ( ( )ZZ) )
IIpumem B pacdert, uto B (19) [18]
dr Pt _
dzdz?2
a\? 1 (20)
(i) -
nu HOJIy‘II/IM
E2X) (di\? &PY()dr  dX(1) d*t dt
o <d> e+ e = X () Y (O -
—2¢X(1) Y [8(z—z) —8(z — )] -
df:‘o‘? Q1)
_ qu(T)@ Yo Blz-zh) -0z —z)] -
k=—00
—& <X3('c) + 3X2(1)Y(t)% +3X(1) <Y(r)zg> 3( )Z;)
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B COOTBETCTBHH C BBIIIEYKA3aHHBIM IPHpPaBHAEM K Hymo kodddumments: npu 1°, dtv/dz, d*t/dz?,
HOJIYYUM CHCTEMY, KOTOpasi OIIMCHIBACT TIOBEJICHUE BOJHBI B PACCMaTPUBAEMON CTPYKType B O0IIEeM
BUJIE!

d2X§T) +pX(1) = —8(3X2(‘C)Y(T) + Y?’(r)),
dz 22)
d?;gr) +pY (1) = —e(3X(0)Y2(1) + X3(1))
MIPH YCIIOBUH
Y]z ks1/2)/a =0,
Y‘r:kA = 07
<dX(1:) n qX('l:)) _o, (23)
dz t=(k+1/2)A
dX(t) B
< i + qX(t)) o =0.

C MmareMaTH4YecKod TOYKH 3peHUs ypaBHeHUs (22), (23) mpeAacTaBiIsaioT coO0M KpaeBYIO 3amaqy s
onpenenenus pyakmmuii X u Y. HecMotps Ha hopMabHO CIIOXKHBIN BU, OCHOBHBIM IPEUMYIIIECTBOM
MTOJTyYEeHHOM cucTeMBl (22), (23) sBIsAeTCSA OTCYTCTBHC B HEH CHHTYJISPHBIX YJICHOB.

Hanwuue B mogenu (22), (23) manoro mapameTpa € 1aeT BO3MOXHOCTh BOCIIONB30BaThCsS CXEMOMH
[Tyankape miis MOCTPOCHHS TIEPUONUUSCKUX pereHuit (cM., Hampumep, [21]). [IpencraBum perenue
B BUJC PA3IOKEHUS 110 MAJIOMY [apaMeTpy HEIMHEWHOCTH €

X = X()(‘IZ) + EXl(‘IZ) + 82X2(13) + ..,
Y = Yy(t) + Y1 () + e2Ya(1) + ..., (24)
p =V +ep +e¥po+ ...,

e Xo(t), X1(1),...; Yo(v), Y1(),... ® ¥, P1, D2, ... — OYHKIHUH, OAJTEKAIINE OnpeneeHuro. Takoi
MOJIXO]T IPUBOANT K PACIICTUICHUIO UCXOAHOTO YPaBHEHUS, OMICHIBAIOIIETO MOAEIH, HA PEKYPPEHTHYIO
MOCJIE/IOBATEIbHOCTh KPAeBhIX 3a1a4 Ha nmpomexyTke kA < z < (k + 1)A. Ilopoxatoreii sBisercs
nuHeiHas (€ = 0) HecBA3HAS OTHOCUTENBHO X, Y -KOMITOHEHT 3ajjada Ha COOCTBEHHBIC 3HAYCHHUS

d*Xo(t)
dz?

d*Yy (1)
dz?

dXp(tT

0O X0 =0,

Y()(t)‘z=(k+1/2)A =0,

dXo(‘IZ)

Xo(t)|aeir = 0,

5, ta 0(T)|2=kA

}/0(17) |z:kA = 0.

+ Y2Xo(‘t) =0,
(25)

+v%Yo(r) =0,

(26)

Pemrast 3amauy (25), (26) Ha coOCTBEHHBIE 3HAUEHMUSI, ONpeesisieM UcKoMmble GyHKIUU Xg U Y)

Xoi = Aogi(T), @7
Yoi = Copi(t),
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rae Ap u Cy — KOHCTaHTEHI, OIpe/ielisieMble HauaJIbHBIMU YClIoBUsIMU. B nannom ciydae Cp = —Ap nipu
kA< z< (k+1/2)AuCy= Apupu (k+1/2)A < z < (k+ 1)A.
B 3aBucuMoCTH OT 3HAYEHUIA TapaMeTpa y; CyLIeCTBYET IBa Pa3JIMYHBIX BUA COOCTBEHHBIX (HopM

KoJie0aHnit
2
@i(t) = | ———= (g cos(y;t) + visin (yi1)),
”qz—l—y? (viv) (vit)) 28)

P;i(t) = V2 cos(y;T)

st y; = im/2, tne i = 1,3,5,... 1

0 = | asin () —vicos (1), o)

Pi(1) = V2sin(y;t)

s y; = im, tae @ = 1,2, 3, ... 3nech pyHkmu @;(t) 1 P;(T) HOPMUPOBAHBI CIIEAYIOIINM 00pa3oM:

(k+1/2)A
1
<(p’ll(1:)7 (pm(t» = 5 / (pﬂ(z)a ch(T)dT = 6nma (30)
kA
(W (1), Wi (1)) = dpum,
rae 8;; — cumson Kponekepa, n = 1,2,3,..., m = 1,2,3,.... Torna, nocne psja MareMaTH4ecKHX

npeoOpa3oBanuii ¥ oacTaHoBKH (28) u (29) B (27), a 3atem B (10), momydnm

3 . M os (2T dim 4 . (din
E.(2) = —Ag — ( cos <z> — gsin <z>> S, (z) N
' ; q* + (im)? A A A A A
[e.e]
1 i in . [ 2in 4 it
e 1:2212—1 V@& + (im? (qc% <AZ> TS <AZ>> T A 08 <AZ> + O(e)
(€29
st kA < z < (k+1/2)A. 3recs 1 =1,2,3, ...
3 . M os (2T dim 4 . (din
E.(2) = —Ag — ( cos <z> — gsin <z>> + A (z)
' ; q% + (im)2 \ A A A A A
[e.e]
1 2inm in [ 2in 4 9in
e 1:2212—1 V@ + (im? (qc% <AZ> TS <AZ>> T cos <AZ> + O(e)
(32)

s (k+1/2)A<z<(k + 1)A. BaxxHo 0TMeTHTB, 4TO pelieHue, noayueHuoe B popme (31), (32), He co-
nepxuT B cede O-pynkuun upaxa. Beipaxenus (31), (32) npeactaBinsior co0oi HyJaeBOE MPHOTIKSHUS
pemreHus. AHaJOTHYHO HAXOATCA IEePBOE, BTOPOE U T. /1. MPHUOIMKEHHS B 3aBHCUMOCTH OT TpeOyemoit
TOYHOCTH PEIICHUSI.

3akjoueHue

B nanHoii paboTe paccMOTPEHO NOBEACHUE JTMHEHHO MOJISPU30BaHHON TapMOHHYECKON BOJIHBI
B ONTHYECKOW HEIMHEWHOH cpene NMpHU HAIWYUHU NEePUOJNYECKH PACIOJIOKEHHBIX MPOBOAAIINX Ha-
HOIUICHOK. BiMsHMe HaHOIUIEHOK Ha IOBEJICHHWE BOJHBI YYHTHIBACTCS BBEICHHMEM O-QyHKIMH. J{is
HaXOKJCHUS MIEPUOAMYECKUX pelieHni auddepeHInaIbHOr0 ypaBHEHNUS, OMUCHIBAIOLIETO TOBEICHUE
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BOJIHBI, TIPEVIOKEH METOJ] HETVIaJKOT0 NMpeoOpa3oBaHusl, MO3BOJIAIONINN HAXOAUTh aHATUTHYECKOE pellie-
HUE ISl paccMaTpuBaeMoro ciydas. [IpenMyniecTBoM NOCTPOSHHON MOJEINH SIBISIETCS] HAXOXKICHHUE
AHATUTUYECKOTO MEPHOJMYECKOTO pelIeH s Ha TepHoAe U OTCYTCTBHE O-(DYHKIMI B KOHEUHBIX BHIpaXe-
HUAX. KOppeKTHOCTh TOCTPOESHHOM MOZIENH ITOATBEPKAAECTCS TeM (PAKTOM, YTO OHA SIBIAETCS HOJIHOCTBIO
AHAIUTUYECKOM, a KOHEUHbIE BEHIPaKCHHS MONTYUYEHBI ITyTEM TOXKAECTBEHHBIX MpeoOpa3oBaHuii. Pesynbra-
TBI, TIPEJICTABICHHBIE B JAaHHOW pa0doTe, MOTYT OBITH MCTOJIB30BaHBI MPH JIFOOBIX MapaMeTpax Cpeabl
U BOJIHBI B PAMKaX BOJIHOBOM TEOPUHU CBETA.
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Annomayusn. Llens HacTosAImEeH paboOTEl — pa3paboTKa MaTEMAaTHIECKOW MOJIENH CUTHAIa (hOTOINIETH3MOT paMMBI, IIpeaHa3HA-
YEHHOH IJIs1 TECTUPOBAaHMS METOJOB BBEACHHS MIHOBEHHBIX (a3 CHTHAIOB MOLYISAIMU. MoJenb T0KHA BOCIIPOU3BOANUTH
CTAaTUCTUYECKUE M CIIEKTPaJbHbIE CBOICTBA PEaIbHOrO CUTHANA, a TAKKe BKIIOYaTh MCHOBEHHBIE ()a3bl CUTHAJIOB MOMYIISLIMA
B SIBHOM BHJI€, YTOOBI 0OECIIEUNTh BO3ZMOXXHOCTb MX HCIIOJIb30BaHMS B Ka9eCTBE dTANOHA. Memoowl. XapakTepHble aHAKPOTHU-
YeCKHe U KaTaKpOTUYECKUE TTOTBEMBI MyITbCOBOI BOIHBI (DOTOTUIETH3MOTPAMMBI MOJIETTMPOBAIIUCH CYMMOI! IBYX (pyHKIIUH,
OIUCHIBAIONIMX IUIOTHOCTH aCUMMETPUYHBIX HOPMAJIBHBIX pacnpeneneHuii. CHrHaIB MOAY/ISIIUHN (pOTOIIIETH3MOTPaMMBbI
3aJ]aBaINCh KaK rapMOHHYecKre (DYHKIIMH OT MTHOBEHHBIX (ha3, BBEJCHHBIX IS KOJICOAaHUH OUYeHb HU3KOYACTOTHBIX, HU3-
KOYACTOTHBIX M BBICOKOYACTOTHBIX AMANa30HOB peanbHBIX (oTomieTusMorpaMM. IIpu comocTaBiaeHNH CIEKTPOB MOLTHOCTH
MOJIEJIBHBIX U 3KCIIEPUMEHTAJIbHBIX CUTHATIOB PACCUUTHIBAIACH INIOTHOCTH MOIIHOCTH B COOTBETCTBYIOIIUX YaCTOTHBIX JIMAIIa30-
Hax. Pe3ynbmamel. Monenb KauecTBEHHO BOCIIpon3Bena GpopMy KoiaeOaHUH peaqbHOTO CHTHANA M 00eCIIeurIa KOMHIeCTBEHHOE
COOTBETCTBHE €0 CIIEKTPAIbHBIM XapaKTEPUCTHKAM C TOTPEHIHOCThI0 MeHee 1%. 3axniouenue. TlpeanoxxeHHas MaTeMa-
THYECKasi MOZICNIb MOXKET OBITh MCIOJIb30BaHa JJIs alpoOaliii METOIOB BBEJCHUSI MTHOBEHHBIX (a3 CUTHAJIOB MOIYJISLIMN
(OTOIIETH3MOT PAMMBI.
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XpOHU3allMs, HAlIPaBJICHHbIE CBA3HU.
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Abstract. The purpose of this study was to develop a mathematical model of the photoplethysmogram, which can be used
to test methods that introduce the instantaneous phases of the modulating signals. The model must reproduce statistical and
spectral characteristics of the real photoplethysmogram, and explicitly incorporate the instantaneous phases of the modulating
signals, so they can be used as a reference during testing. Methods. Anacrotic and catacrotic phases of the photoplethysmogram
pulse wave were modeled as a sum of two density distributions for the skew normal distribution. The modulating signals
were introduced as harmonic functions taken from the experimental instantaneous phases of the VLF (0.015...0.04 Hz), LF
(0.04...0.15 Hz) and HF (0.15...0.4 Hz) oscillations in the real photoplethysmogram. The spectral power in the VLF, LF, and
HF frequency ranges was calculated to compare the model and experimental data. Results. The model qualitatively reproduces
the shape of the experimental photoplethysmogram pulse wave and shows less than 1% error when simulating the spectral
properties of the signal. Conclusion. The proposed mathematical model can be used to test the methods for introduction of the
instantaneous phases of the modulating signals in photoplethysmogram time-series.

Keywords: mathematical modeling, photoplethysmogram, phase analysis, spectral analysis, synchronization, directional
coupling.
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BBenenue

[Moxgxon x m3yueHuro cepaedHo-cocyauctoit cuctembl (CCC), OCHOBaHHBIM Ha TPUMEHEHUU
METOJIOB pannoGU3NKH U HETMHEHHONH MWHAMUKH, OKa3aJICAd KpaifHe TUIOMOTBOPHBIM M MTO3BOJIMI TT0-
JYy4YUTh P PyHAaMEHTAIBHBIX U MPUKIATHBIX Pe3yJIbTaTOB. Mephl CIOKHOCTH [1], criekTpaibHbIe
XapaKTEPUCTUKHU [2], a TaKKe KOIMYECTBEHHbBIE XapaKTEPUCTUKN HAlpPaBICHHBIX CBA3eH [3] U cCUHXpo-
Huzanuu [4], npuMeHeHHbIe K aHaiau3y curHanoB CCC, UCTONB3YIOTCS sl JUATHOCTUKHU U KOHTPOJIS
Teparuy COMMALHO 3HAYMMEBIX 3a00JIeBaHU, BKITIOYAs apTepHATBbHYIO TUIIepTeH3mIo [2] u auabert [5].
[lepeuncieHHbIE MOAXOABI TAKXXKE MPUMEHSIIOTCS IJIsl TUarHOCTHKHM cTpecca [0, 7], pemeHus 3amgad
CIIOPTUBHOW MEIUIMHEI [8] B hyHIAMEHTATHHOTO U3YYCHUS TUHAMHUKHU B3aUMOJCHCTBUS Pa3IMIHBIX
anemenToB CCC BO BpeMsi aKTUBHBIX SKCIIEPUMEHTOB [9], pasnuunbix ctaguit cHa [10] u T. ;1.

[Ipu uccnenoBannu curaanoB CCC MHOTHE aBTOPHI pacCMaTPUBAIOT CHCTEMY aBTOHOMHOM pery-
JISIUHA KPOBOOOpAIIeHUs B BHJIE aHCAMOIS B3aUMOACHUCTBYIOIINX aBTOKOJIeOaTeIhbHBIX CHCTEM C 3arias-
JBbIBAHMEM B TIeTISIX 00paTHOM cBsi3u. Peructpanust goromnernzmorpamm (PIII; photoplethysmogram —
PPG) — HewHBa3WBHBIN M TOCTYNMHBIA CIOCOO OIIEHHUTH aBTOKOJEOATEIHHYIO TWHAMHUKY KOHTYPOB
ABTOHOMHOM PETYISINH, BKIIOYasi CUMIIATHYECKYIO U IapacCUMIIaTHUECKYIO PETYIISIIUIO TOHYCa COCYI0B
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U CUMIIATHYECKYIO peryisiiuto putMa cepama [11]. lupokas 10CTyITHOCTh HOCUMBIX KOMMEPUYECKUX
peructparopoB OIII" qonogHUTENBHO MOACTETUBAET HHTEPEC K MCCIIEIOBaHUIO 3TOro curHana [12].
Opnaxo ananu3 OIII, kak ¥ aHANKU3 JTIOOBIX CUTHAIOB OMOIOTUYECKOTO MPOUCXOKACHUS, OCTIOKHEH UX
HECTALIMOHAPHOCTHIO, IIIMPOKONIOJOCHBIM CHEKTPAIIBHBIM COCTABOM U MPUCYTCTBUEM LIBETHBIX LIYMOB.
[Nepeuncnennbie GakTOPBI OCTPO CTABAT MPOOIEMY TECTUPOBAHUS M ApaMETPU3AI[MA METOI0B BBEICHUS
(a3, nerexTupoBaHuUsA (Ha30BOH CHHXPOHHU3AINH, THATHOCTUKHN HAIIPABICHHBIX CBS3CH U T. 1. AHAIIN3
HCKJIIOYUTENIBHO SKCHEPUMEHTAIBHBIX NaHHBIX HE MO3BOJISIET OJHO3HAYHO PEIIUTH MEePEUHCIICHHbBIC
po6aeMbl. s SKCIIepUMEHTANTBHBIX JaHHBIX MPAaBIWIHHBIA PEe3yIbTaT HE U3BECTCH — HANpUMeEp, He
M3BeCTHA UCTUHHAS (OpMa BPEMEHHOTO psijia MTHOBEHHOW (pas3bl WM 3HaUYeHUs KOA(PPHUINEHTOB CBS3H.
DTO HE MO3BOISACT KOIUISCTBEHHO COTIOCTABUTH TOYHOCTH OIICHOK, TIOMYUEHHBIX IMPU MCITIONTH30BAHIUHT
pa3iIuYHBIX HAOOpPOB MapaMeTPOB.

TUNUIHBIM pEIICHHUEM MTePEUNCICHHBIX CIOKHOCTEH ABISETCS ampoOaIiis METOJ0B Ha TECTOBBIX
MaTeMaTHYeCKUX MOJIEIIX, B pa3paboTKe KOTOPBIX UMeeTCs OrpoMHBIN 3amen. CyliecTBYIOT Kilacchye-
CKHE DTAJOHHBIE CHUCTEMBI, a TAaK)KE HU3KOpPa3MEpPHBIE MOAENTH HU3K0YacTOTHEIX putMoB OIII" B Buae
mudGepeHITATBHIX YPaBHEHUH TIEPBOTO MOPSIKA C 3aMa3bIBaHIEeM B METIIX 00paTHOM cBs3H [13], ko-
TOpBIE, 0e3yCIIOBHO, HEOOXOMUMBI Ha HA4aIbHOM JTalle anpo0alui METOA0B, HO HE TIEPEIAt0T CIOKHBIN
ITAPOKOIIOJIOCHBIN CIIEKTPANIbHEIN COCTaB pealbHBIX JaHHBIX. CyIIECTBYIOT MOJICIH, BOCIIPOU3BOISI-
e GopMmy KojeOaHU OMONOTHYECKUX CUTHAINOB |14, 15], mpuMeHsieTcs MOrOHKa TaKUX Mojelei
10T TaHHBIE KOHKPETHBIX MAIUEHTOB. 3 MepBhIX IPUHITMITOB MPEUI0KEHBI MHOTOKOMITOHEHTHBIE MO-
nenu [16], BocopousBoasue CTPYKTYpy U cioxkHyio TuHaMuky CCC U CHHTE3UPYIOIIHUE CUTHAIBI,
Ka4eCTBEHHO COOTBETCTBYIOIINE PEAThHBIM CHTHAJaM B CMBICIIE CIIEKTPAIHHBIX M CTaTUCTUYCCKUX
xapakrepuctik. OTHaKO HaMU He ObUTM OOHApPYKEHBI MOJIENH, B KOTOPBIX MTHOBEHHBIE (ha3bl CUTHAIOB
Monymsanuu curHana Ol 1 9acTOTHON MOAYISIINE OCHOBHOTO PUTMa cepiia ObUTr OBl 3a7aHbI B IBHOM
BHJIE ¥ MOTJIIN OBbI OBITH HETIOCPEICTBEHHO M3BJICUEHBI U3 MaTeMaTrueckoil monenn. Takum oOpa3om,
MIEPEUYNCICHHBIC MOJETH HE MOTYT 00€CIIeUnTh STAIIOHHBIE BPEMEHHBIC pealn3allid MITHOBEHHON pa3Ho-
cti (a3, HeoOXOIUMBIE B XOJIe TECTHPOBAHMSI U COITOCTABJICHHS Pa3IMYHBIX METONOB BBeAeHH (as3.
[TosToMy Lenbio JaHHOH paboTHI SIBIsUIACH pa3paboTKa UMHTALMOHHON MaTeMaTHYeCKOW MOJEIU CHT-
Haia ®III, B koTopoii MrHOBEHHBIE (pa3bl CHTHAJIOB MOAYIISIINH PUCYTCTBYIOT B IBHOM BHIE. Kpome
TOr0, HEOOXOAMMBIM YCIOBHEM OBLIO JOCTHKCHHE KOJIMYCCTBEHHOTO COOTBETCTBUS CHEKTPAIbHBIX
1 (pa30BBIX XapaKTEPUCTUK MONEITBHBIX U PEAIbHBIX CUTHAJIOB, a TAKXKE COBIAICHNE (GOPMBI MOACTHHBIX
U 3KCTIEPUMEHTAIBHBIX BPEMEHHBIX PAJIOB.

1. MareMaTH4eckasi MOJeJIb

PazpaboranHas MaremaTmdecKkast MOJIENb OTIMPAETCS Ha TOIXOMbI, TIPeIIOKeHHBIE B padorax [14]
u [15]. OCHOBHO#1 CepJeuHbIi PUTM 33J]aBaJICS BPEMEHEM OJHOTO MPOX0Jia OTOOPAXKAIOIIEH TOYKH IO
MIPeAeTbHOMY UK, K KOTOPOMY CXOAmiach (pa3oBasi TpaeKTOpHUS CIEAYIONEH THHAMHUYECKOH CHCTEMBI:

& (t) = ax(t) — o(t)y(t),

g (1) = ay(t) + w(t)z(t), (1

e

w (t) =2n /(wo + Z EIRY cos ((p?RV(t))>. ()

i=VLF,LF,HF

B dopmyne (1) o = 1 — \/22(t) + y2(t), B popmymne (2) @RV () — Mruosennbie pasbl 3ape-
TUCTPHPOBAHHBIX B HATYPHOM 3KCIIEpUMEHTe Koyiebanuii cepaeunoro putma (Heart Rate Variability —
HRV) B VLF (0.015...0.04 I'ry), LF (0.04...0.15 T'm) u HF (0.15...0.4 ') 4acTOTHBIX JIHAarna3oHaXx,
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o — COOCTBEHHAsI YaCTOTa OCHOBHOT'O CEPJIEYHOI0 PUTMA, kZHRV — Oe3pa3mepHbIe KOAPPHUIHEHTHI,
onpenersomue rTyonny yacrorHor Monyisiiiik B VLF, LF n HF nmamazonax. Ypasuenus (1) u (2)
pemanucsk MetonoM Pynre—KyTTe! 4-ro nopsiaka c marom unterpuposanus 0.004. ®opma myascoBoit
BoiHbI PIII" B pamMKax OTIEIBPHOTO KapAMOLUKIIA ONUCHIBAIACH BHIPAKEHUEM:

PPG(t)= > k"%cos(@f791) +2 > ani(t)i(t), 3)
i=VLF,LF,HF i=An,Cat

rae cprG (t) — mrHoBeHHBbIe (a3bl Kosnebanuii skcrepuMenTanpubix OIIT B VLF (0.015...0.04 T'm), LF

(0.04...0.15 T'y) u HF (0.15...0.4 T'11) 4acTOTHBIX AMana3oHax. ki PG _ Gespasmepubie koddduImuenTs!,
onpenernsromue rryonny momyismuk B VLF, LF u HF nuanmazonax. BeipakeHne mom IocieqHUM
3HaKOM CYMMBI IPEACTaBIsieT co00H (YHKUHIO, Mepelaronyio GopMy IUIOTHOCTH aCUMMETPHYHOTO
HOpPMaJIBHOTO pacmpenaenenus. CyMMa IBYX TakWX BBIPaXEHUH Kad4eCTBEHHO COOTBETCTBYET THITUIHOMY
BUIy IyibcoBoi BoHbl DIII, npeacrapsromeit coboi cyMMy aHAKPOTHYECKOTO U KaTaKPOTHUIECKOTO
noxbemMoB. Hiokane naaekcsl An 1 Cat 0003HauaroT mapaMeTpsl U BBIPAKEHUS, OTHOCSIINECS, COOTBET-
CTBEHHO, K aHaKpOTHYECKOMY U KaTakpoTuueckoMmy noabemam ODIII. Tlapamerps! a;, Tae ¢ = An, Cat,
OTPEIEISIIOT BHICOTY aHAKPOTUYESCKOTO U KaTrakpoTudeckoro moabemos DI O6o3uadenust v, (t) u I;(t),
rae ¢ = An, Cat, cOOTBeTCTBOBaIM BhIpaxkeHHIM (4) 1 (5):

vilt) = Wlﬁe““)) 4

i) = [ 40, 5)

B KOTOPBIX S;, b;, T;, tne ¢ = An,Cat — mapaMeTpbl COOTBETCTBEHHO aCHMMETPHH, IITUPUHBI U TI0-
JIOKECHUsI aHAKPOTHYECKOTo ¢ = An u Katakporuueckoro ¢ = Cat noxpemoB @I, T, (t) — dyHKuMSA,
HEJIMHEHHO 3aBHCSIIAsi OT BPEMEHH, MPOIIE/IIEro ¢ Hadana Kapauomkia, 1'(t). Bpems T'(t) 3agaBanoch
TPMBHANBHOM MOJENBIO0 HAKOMIeHHs u cOpoca T'(t) = 1, rme T(t) mpuBommaock k 0, KOra MrHO-
BeHHas (ha3a OCHOBHOTO cep/iedHoro purMa ¢(t) mocrurana 1, maHHas MrHOBEHHas (a3a BBOAMIIACH
kak ¢(t) = arctg (y(t)/z(t)). Hepebie 0.5 ¢ OT Hayana KapAMOLMKIA, KOTOPIE YMELIAKOT B CeOs
aHAKPOTHYCCKUI U KaTakpoTHueckuil mogbemsl, 1, (t) = T'(t). ITocae 0.5 ¢ dyukiwms T),(t), B obmem
ciydae, JTMHEHHO Hapacrana ObicTpee win MemieHHee 1'(t), cormacHo ypaBHeHHo (6), U nocturana |
K KOHIly KapHOLMKIIA.

0.5

T.(t) = ———
n(?) T.—0.5

(6)
rae 1, — AIMTETbHOCTh TEKYILEeTo KapIuonuKia. YpaBHeHue (6) obecrieunBano JOCTHXKEHNE QyHKIMEH
T,,(t) emMHHIIBI 32 OCTABIIYIOCS YACTh KapAHOLHUKIA. 3aBEPIIAOIIMM 3TalloM ObLIO CIIIaXHUBAHUC 3aBH-
cumoctH T}, (t) GUIBTPOM CKOJB3SIIETO CPEAHErO C MIMPUHOM OKHA B 31 OTCYET AMCKPETHOTO BPEMEHH.
Beenenue ¢yukimu 1), (t) 00ycioBieHO HEOOXOMMMOCTBIO JOCTIKEHHUSI IBYX LieJeii: mepBas — HE00Xo-
JIUMOCTbh COXPAHUTh OCTOSIHCTBO BPEMEHHOIO MHTEpBajla MEXy HauyajJoM KapJUOLMKIIA U BEPIIUHON
aHAKPOTUYECKOTO MOABEMA; BTOpasi — YJUIMHEHNE MYJIbCOBOM BOJIHBI B CIIy4ae AJTUTEIbHBIX KapIUOLHK-
JIOB U ee Cy>KeHHEe B CiIyyae KOPOTKHX MUKIOB. Eciu mepenucars ypaBHeHue (4) ¢ UCIIOIb30BaHUEM
HerocpeacTBeHHO (asbl @(), TO My/IbcoBasi BOJIHA OyIeT YIIMHATHCS M YKOPAYMBaThCsl B 3aBUCHMOCTH
OT AJIMTENBHOCTH KapAHOLMKJIIA, HO B TO )K€ BpeMs OyAeT M3MEHATHCS M BPEMEHHON OTPE30K MEXIY
HayajoM LUKJIA U aHAKPOTUYECKUM MOABEMOM. DTO MPUBOAMIO Obl K BOSHUKHOBEHHIO 3HAUNTEIIBHBIX
MOTPEIIHOCTEN NMPHU OIEHKE BapHabEeTbHOCTH PUTMa Cepllla Kak IMOCIe0BaTeIbHOCTH BPEMEHHBIX
MHTEPBAJIOB MEXy aHAKPOTUYECKUMH NOAbeMaMU IynabCoBbIX BOIH DIII, 4TO MPOTHBOPEUUT DKCIIE-
PUMEHTAIBHBIM HAOMIONEHHSIM, 110 KpaiiHel Mepe, AJs NalueHTOB 0e3 BBIpaKeHHBIX maToiorui [17].

Baxnaesa A. M., Hwbynamos IO. M., Kapasaes A. C., Ilonomapenxo B. U., IIpoxopos M. JI.
WzBectus By3oB. [TH], 2023, T. 31, Ne 5 589



Ecmu nepenucars Boipaxenune (4), ucrons3yst 1'(t) Bmecto 1), (t), JINTENBHOCTD ITyIbCOBOM BOJIHBI
OyzeT ocraBaThCs MOCTOSHHOH M IEpeCTaHET COOTBETCTBOBATH JUITUTEIBHOCTH KapIUOLMKIIA.

[Ipu renepauun peanusauuii MoJenH, NPeICTaBICHHBIX B paszerne «Pe3ynbTaTs», HCIIOIb30BAIUCH
mraoBeHHBIe (a3sl VLF, LF u HF xonebanwmii n3 nByx4acoBeIX 3amuceid RR-uHTEpBanoB (mmociaemnosa-
TENbHOCTH BPEMEHHBIX MHTEpBaJIOB MexX 1y R-3y6riamu OKI') u curnanoB KpoBEeHaNOIHEHUsS! COCYI0B
Majbla, 3apPETUCTPUPOBAHHBIX ONTHYECKAM JaTYUKOM HMH(PaAKpacHOTO AMama3oHa ¢ aKTHBHOW MOJ-
cBeTkoi B oTpaxkeHHOM cBeTe (DIIIY), msaTu 340pOBBIX HCHBITYeMBIX B Bo3pacTe oT 19 et mo 21
roga. Konebanus VLF, LF u HF nuanasonoB Obuin usBiedeHsl u3 curnanos OIIIT ¢ ucnoibp3oBaHueM
MIPSIMOYTOJILHBIX TTOJIOCOBBIX (DHIIBTPOB C MOJIOCAMHU MPOMYCKaHUs, cooTBeTcTBeHHO, 0.015...0.04 ',
0.04...0.15 T'u n 0.15...0.4 T'u. M3sneuyenne komedanuii VLF, LF u HF guanasonos m3 curaanos RR-
HMHTEPBAJIOB IPOM3BOMIOCH AHAJIOTHYHBIM 00pa3oM, HO Hepea GUIbTpaunei CUrHaJl HHTEPIIOINPOBAICS
KyOM4YeCKUMHU [3-CITaliHaMK | TIepeBBIOMpAIICs ¢ 4acToTol auckpernsanuu 250 I'n. MrHOBeHHBIE (a3bl
3aTeM BBOIMJINCH C UCIOJIb30BaHUEM IIpeoOpazoBanus I uiabbepra.

[MapameTpsl MaTeMaTHYECKOH MOJENH, onpenesiomue Gopmy konebanuit curaana OII B pam-
Kax OTJEJIBHOTO KapIUOLMKIA, ObUIM IOZOOpPaHHBI TAKUM 00Pa30M, YTOOBI TOCTHYb Kad€CTBEHHOIO
COOTBETCTBUS TUIIMYHOH (HOpME IKCTIEPUMEHTAIBHBIX CUTHAIOB 310POBBIX T0OpoBojbleB. [lapamer-
pol szRV, rne ¢+ = VLF, LF u HF, moxbupanuce OTHETBHO IS KaXKI0H BPEMEHHON peaTru3ariu
MaTeMaTU4YeCKOW MOJIENIH, CTEHEPHUPOBAHHON C HCIIOJIb30BaHWEeM MTHOBeHHBIX ¢a3 VLF, LF u HF
ronebanuiit RR-naTepBanoB u ®III" koHKpeTHOTO 3M0pOBOTO HOOpOoBOIBLIA. [TlapameTpsl mogOupanucs
C TIOMOIIBIO UTEPAlMOHHON MPOLEAYPHI, KOTOpask o0ecreurnBaia KOMHIeCTBEHHOE COOTBETCTBHE (C TO-
IperrHoCcThI0 MeHee 1%) Mexay crekTpaiabHOH MIoTHOCTRI0 MomHocTH B VLF, LF u HF nnamazonax
9KCIIEPUMEHTANBHOTO curHana RR-nHTepBanoB U NoCnen0BaTeENbHOCTIO BPEMEHHBIX HHTEPBATIOB MEX Y
AHAKpOTUYECKUMU NoabeMamu MozaenbHor OIIT.

[TapameTpsr kZP P G, rae ¢ = VLF, LF u HF, monGupanuce ¢ moMoIIbio aHAIOTUYHON HTEPAITHOHHON
MpoLEeayphl, KOTopasi obecreunBaga KOJIMYECTBEHHOE COOTBETCTBHE (C MOTPEIIHOCThI0 MeHee 1%)

MEXITy OTHOCHTEIbHBIMU uHIekcamu V LEF,,, LF),

Tabmuma. [TapaMeTpsl MaTeMaTHYECKOH MOJEITH u HF,,, olleHeHHBIMU JIJI1 MOJCIBHBIX U KCIIEPHU-
Table. Parameters of the mathematical model meHTanbHbIX curaanos QI Wupexcst V.LE,, LE,
u HF,, paccunTHIBAJIUCh KaK CIEKTpaidbHas IIOT-

ITapameTp 3HaueHue HOCTh MomHOocTH B amamazoHax VLF, LF u HF,

OAn 60 COOTBETCTBEHHO, HOPMHUPOBAHHAs Ha MOUIHOCTh

e 10 B auanaszoHe [wg — 0.1 I'm, wg + 0.1 I'm], rz[je

(g — CPEIHssI 4YacToTa CEpACUYHBIX COKPAILUEHUM,

Tan 0.06 JIETEKTUPOBAaHHAs 110 MAKCUMYMY B CIEKTPE MOII-

Tcat 0.35 HOCTH dKcniepuMeHTansHoro curnaia OIII. Jlannoe

ban 0.22 3HAYEHUE () HMCIIOIL30BAIOCH TAKKE B CUCTEME

bcat 0.15 ypaBaenuit (1). [lapameTpsr Moaeny mepedrcieHbl

San 10 B Tabnuue. 3nauenus napamerpos k1Y u kF PG,

Scat 5 KOTOPBIE TIPUBOIMIN MOJIECITH B COOTBETCTBHUE JIaH-

o0 1180 £ 0.188 HBIM KOHKPETHBIX MAIlMeHTOB U ObUIA YHUKAIbHBI

JIA Ka)ka0i peanmunsanuu MOACIU, MPEACTAaBICHBI

KRV | 3,954 + 1.879
KaK Cp€aHCC 3HAYCHHUC HJ'II-OC/MI/IHYC CTaHJapTHOC

EHRV | 4499 + 2,652

OTKJIOHCHHE.

kip 1.250 & 0.509 DKCHEePUMEHTAIIbHBIC JaHHBIC PETHCTPHPO-
koPG 0.041 +0.014 BAJIMCh CTaHIAPTHBIM CepTHOHUIMPOBAHHBIM TOJIH-
kPEG 0.024 + 0.003 peructparopom D3I'A-21/26 «Ouuedanan-131-03»
|EPG 0.040 + 0.012 (000 «Menukom-MT/I», Taranpor). [loixoca mpo-

nyckanus coctapisuia 0.015...100 I'u ipu gactote
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muckperusanun 250 I'n u paspemenne — 14 6utr. Curnan OKI peructpuposaics B | ctanmaprHoMm
OTBEACHUH 10 DUHTXOBEHY (IuddepeHITHaIbHBIN CUTHAT ¢ 3aIlICTHH ABYX pyK), curHan DI peru-
CTPUpPOBAJICS C AUCTANbHON (haslaHTu OE3bIMSIHHOTO Majblla MPaBoH pyku. JlaHHBIE PErHCTPHUPOBAIUCEH
B TIOJIOKEHHU JIEXKa, B CIIOKOMHON 00CTaHOBKE, IIPY MOCTOSHHON KOM(OPTHOM TemIieparype.

2. Pe3yabTarhl

Ha puc. 1 npencraBieHbl BpeMEHHbBIE PSIJIbI, CIIEKTPBI MOIIIHOCTH U MI'HOBEHHBIE (ha3bl CUTHAIA
Moaysauu cpeasero 3Hadenuss OIII 111 KOHKPETHOW BPEMEHHOM peanv3alliy MpeaIoKEeHHON Ma-
TEMaTUYeCKON MO U KOHKPETHOro JIOOPOBOJIBIIA, YbH JIAHHBIC HCIIONB30BAIUCH MIPH TeHEpalluu
M300paKCHHBIX MOJICITBHBIX CUTHAJIOB.

W3 puc. 1, a BuaHO, 4T0 (hopMa MOAEITHHOMN MYIECOBON BOJIHBI KAYECTBEHHO COOTBETCTBYET IKC-
MEPUMEHTAILHBIM JIAHHBIM, MOJIEJIb TAKXKE MepeAacT HaJU4YKhe BHIPAXKEHHBIX HU3KOYACTOTHBIX TPEH/IOB.
Puc. 1, b, ¢ 1eMOHCTPHUPYIOT XOpOIllee KOJIMYECTBEHHOE COOTBETCTBUE MEXJY CIEKTPaMH MOIIHO-
CTU MOJICJIBHOTO U 3KcIepuMeHTaibHoro curnanoB OIII. MaremaTtuueckas MoJielb, IO MTOCTPOEHHUIO,
BOCIPOU3BOJUT CHEKTpaibHyI0 MIOTHOCTh MomHOcTH B VLF, LF 1 HF nuama3zonax yacTtoT ¢ morperni-
HOCTBIO MeHee 1%. Mopaenb BOCIpOM3BOANT XapakTepHbIH MUk B neHtpe LF auamasona Ha yactoTe

15

PPG (9)

Q

l,c

>

S, dB

T T T T T T T T T T T 1
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Puc. 1. Bpemennsie psasl (@), cekTpsl MouIHOCTH (b) 1 MrHOBeHHbIE (a3bl (¢) konebannit HuskogacrorHoro LF (0.04...0.15 I'm)
JI1ana3oHa B HKCIIEPUMEHTANIbHBIX (Cepblil 1IBET) U MOJCIbHBIX (4epHblil 1BeT) curHanax @I

Fig. 1. Time series (a), power spectra (b), and instantaneous phases (c¢) of the LF-oscillations (0.04...0.15 Hz) in the experimental
(gray) and model (black) PPG signals
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oxono 0.1 I'm, cBA3aHHBINA ¢ MOTyNALKEH TOHYCa apTepHUATbHBIX COCYIOB CO CTOPOHBI CUMITATHYECKOTO
3BEHa CHCTEMBbl aBTOHOMHOH peryisinuu kpoBooOpamenus; nuk B HF nuanasone Ha gactoTe OKOJIO
0.3 I'1;, cBA3aHHBIN ¢ aKTUBHOCTHIO MTApaCHMIIaTHUECKOTO 3B€Ha CUCTEMBI PEry/sIHU U JbIXaHHEM; UK,
COOTBETCTBYIOIIUI OCHOBHOMY CEPIEYHOMY PUTMY. Mozens mepenaeT MHUPOKOIOIOCHBIA XapaKTep
peanbHOrO CIEKTpa, a Takke Hanuuue 1/ f mpemecrana, CBSI3aHHOTO C IIyMaMH IIEHTPAJIbHOTO MPOUC-
xoxaerus [18]. Ha puc. 1, ¢ nmpeacraBinens MrHoBeHHBIC a3kl LF komebanmii cpemHero 3HadYeHUS
curHana @III. Cepas cruiomHas JUHUS COOTBETCTBYET BPEMEHHOM peanu3aluy NepeMEeHHOU (pEFP G(t)
n3 ypaBHeHHA (3) U, TaKUM 00pa3oM, IKBUBAJICHTHA UCTUHHOMY CHUTHAITy MOAYJISIIMU B JAHHOM 4acTOT-
HOM JAuana3oHe. YepHast TUHHUS COOTBETCTBYET SMIUPHUUECKON OLIEHKE NaHHOTO CHUTHAalla MOLYJISUN
o BpeMeHHO# peanm3aruu monenu OIII. Konebanus LF-gnanazona Beaensuuch u3 curnana OIIT
C HCIIOIB30BaHUEM IPSIMOYTOJIBHOTO MOJ0COBOro (GuiabTpa ¢ mojiocoit mpomyckanus 0.04...0.15 I'm,
(a3bl KoleOaHU BBOOUINCH KIACCHYECKHM CIIOCOOOM, OCHOBaHHOM Ha mpeoOpa3oBanuu [ uinbepra.
W3 puc. 1, ¢ BUIHO, YTO CpeAHssl CKOPOCTh HAPACTAHUS MTHOBEHHOH (ha3bl cpEFPG(t) U €€ OLIEHKH COBIIa-
JAI0T, HO caMu (POPMBI CUTHAJIOB Pa3InYalOTCs, YTO MOXKET IPUBECTH K IMOTPEIIHOCTSIM MPH OLICHKE
CHJIBI HAIIPABJICHHBIX CBA3EH M TUArHOCTUKE CHHXpOHM3auuH. [IpemtoxkeHHas MaTeMaTHIeCcKasi MOZENb
MI03BOJISIET U30JINPOBATh U KOJMYECTBEHHO OLIEHUTH POJIb MOTEHIMATIBHBIX HCTOYHUKOB MOTPELIHOCTEH,
HaJU4Hue KOTOPBIX OYEBUIHO U3 puc. 1, c.

Puc. 2 nnmoctpupyeT ciayyail OTKIIOUYEHUS YaCTOTHOM MOAYJIALIMU OCHOBHOTO pUTMa CEpALa.
Ha rpadmukax comocraBieHsl ycpeqHeHHbIE CIeKTpel MoaenbHbix curHanoB PIII. Cnekrtp, mzobpa-
KCHHBIH CEpBIM IIBETOM, OBLIT MOJIyYeH AJIsl MOAEJCH, mapaMeTphl KOTOPHIX NOAOUPAIHCh COTNIACHO
MpOIIeAypE, ONMUCAHHON B MpensimymieM pasaene. CHekTp, NpeACcTaBICHHBI YEPHBIM I[BETOM, OBLI
MOJTy4YeH Ul MOAEJEN C TEMU )K€ MapamMeTpaMH, 3a HCKIIIOYEHUEM TapaMeTpOB szRV, KOTOpbIE ObLTH
MIpUBEAEHBI K Hym0. Y3 puc. 2 BUAHO, YTO MUKH, COOTBETCTBYIOIINE OCHOBHOMY CEpJIEYHOMY PHUT-
My OTIENBHBIX UCIBITYEMBIX, CTAIIN yKe. TakikKe 3aMETHO HEKOTOPOE CHI)KEHUE CPENHEN IIIOTHOCTH
momHocTd B VLF, LF u HF 4acTtoTHBIX quana3oHax, 4TO CBUJETENbCTBYET O IPOCAYMBAHUM CUTHAJIA
YaCTOTHOW MOAYJSILIMY PUTMA CEpALla B HU3KOYAaCTOTHBIN Anana3oH curHana OIII u mossomster oxxnuaars,
YTO LIMPOKOIONOCHASI MOAY/SLUS PUTMA CepAlla BHOCUT MOTPEIIHOCTH NPH BBEJICHUU MI'HOBEHHBIX (a3.
HccnenoBanue peanuzanyii MOIEnu ¢ OTKIIOYEHHON 4aCTOTHOM MOAYJISLIMEN pUTMa cepAala I03BO-
JUT OLEHHUTHh NOTPEHIHOCTH BBeACHUS (a3, 0OyCIOBIEHHBIE OIMIMOKAMH MapaMeTpU3alud METOHOB
U IIHUPOKONOJIOCHO! MPUPOI0H CUrHana Monyasiuuu cpensero 3Hadenust OIII

Ding
25 T R

0 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2
1, Hz

Puc. 2. Cepast tuHUS U OKpY>KaloIast ee cepas 00I1acTh COOTBETCTBYIOT CPEIHEMY 3HAYEHHIO U CTaHIAPTHOMY OTKJIOHEHHUIO
MOIITHOCTH B CIIEKTpax Maremarnueckux mozeineit OIII, mapamMeTpbl KOTOPBIX COOTBETCTBOBAIN TPYIIIIE 30POBBIX JOOPOBOIIb-
neB. UepHsIit rpadiik ¢ BEpTUKATFHBIME YePHBIMH JIMHHSMH COOTBETCTBYET CPEAHEMY 3HAYCHHUIO U CTAHJAPTHOMY OTKJIOHEHHIO
MOILHOCTH B CHEKTpax mMaremarnueckux moaeneit Il ¢ oTkiII04eHHON MOAYISIMEeH OCHOBHOTO pUTMa CepALa

Fig. 2. The gray line and its surrounding gray area correspond to the mean value and standard deviation of the model PPG
power spectra, with parameters of the model set to simulate healthy individuals. The black plot with vertical black lines
corresponds to the mean value and standard deviation of the model PPG power spectra, without the heart rate modulation
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Puc. 3. Cepas nuHHA U OKpy’Karomas ee cepas 00JacTh COOTBETCTBYIOT CPEJHEMY 3HAUCHUIO M CTAaHIAPTHOMY OTKIIOHE-
HUIO MOILHOCTU B CIeKTpax Maremaruueckux mopeneil ®@III, mapameTpbl KOTOPBIX COOTBETCTBOBAIM I'PYIIE 310POBBIX
n06poBorbLeB. YepHEIH TpaduK ¢ BEPTUKATGHBIMU YE€PHBIMH JINHUSIMH COOTBETCTBYET CPEJHEMY 3HAUCHHIO U CTAaHJAPTHOMY
OTKJIOHEHHIO MOIIIHOCTH B CIIeKTpax Marematuueckux moneneit ®III" ¢ oTkioueHHON MOAYIALMER CPEAHEro 3HaUEHUsI CUTHAJIa
(hoTOIIIeTH3MOT PAMMEI

Fig. 3. The gray line and its surrounding gray area correspond to the mean value and standard deviation of the model PPG
power spectra, with parameters of the model set to simulate healthy individuals. The black plot with vertical black lines
correspond to the mean value and standard deviation of the model PPG power spectra, without the modulation in the PPG
signal

Ha puc. 3 nmoka3zan ciryuail ¢ oTkirodeHHONW Momynsanueit curaana OIIT (kl-P PG — (). U3 cnexrpa
Bu1HO, uT0 B VLF, LF 1 HF 9acTOTHBIX quama3oHax OCTalTCs CHEKTPAIbHBIC KOMIIOHEHTHI, 00yCITOB-
JICHHBIE HAJTMYUEM MOIYJISIIMA OCHOBHOTO pUTMa Ccepliia. AHAINU3 pealn3alui JaHHBIX MaTeMaTHYeCKUX
MoJieJIel 03BOJISET KOJIMYECTBEHHO MCCIIE0BATh BIUSHUE TUPOKOIIOIOCHON MOMYJISIIMM PUTMa Ceplia
Ha TOYHOCTh BBEJICHUS MTHOBEHHBIX (ha3 HM3KOYACTOTHBIX Kosebanuit OIII. Dto mo3BosiseT onpeaenuTh

TPaHUIIEI TPUMEHUMOCTH METOIOB aHaJIM3a U 00JIerdaeT TPAaKTOBKY pe3yJIETaToB.

3akiaouenue

B pabore npejicraBneHa UMUTAMOHHAsS MaTeMarudeckas Mozenb curnana OIII, koropas obecre-
YHBAET XOpOIllee KOJMYECTBEHHOE COOTBETCTBHE BPEMEHHBIM pslaM, MTHOBEHHBIM (pa3aM ¥ CieKTpam
MOIITHOCTH peanbHbiXx curHanoB DI Monens obnagaeT GyHKIMOHAIOM JO0AaBICHUS YAaCTOTHONH MOAY-
JISIIAA OCHOBHOTO CEPIICYHOTO puTMa U cpenuero 3HadeHust OIII" komebaHusIMU ¢ YaCTOTaMU BHYTPH
VLF, LF u HF nuanazoHoB. BXoIHBIMH JaHHBIMU MPHU 3TOM SIBJISIFOTCSI HEMTOCPEACTBEHHO MTHOBEHHBIE
(a3pl TaHHBIX KoeOaHWi. 3aTeM CHUTHAJIBI MOIYIIALUHN TeHEPUPYIOTCS KaK rapMOHHYECKUe (QYHKIMN OT
3aJJaHHBIX MTHOBEHHBIX (ha3. Takum 0Opa3oM, MTHOBEHHBIE (Da3bl CUTHAJIOB MOAY/ISIMU ITPHCYTCTBYIOT
B MOJIEJIM B IBHOM BHUJI€, YTO MO3BOJISIET UCIIOJIB30BaTh UX BPEMEHHBIE Psi/ibl B KAYECTBE ATAJIOHOB IIPU
arpoOaIiy U COMIOCTABICHUH TOYHOCTH PA3IMYHBIX METOOB BBEIEHHUS MTHOBEHHBIX (a3 110 BPeMEHHBIM
psaaam. [Ipu reHepanuy MoIeH C UCIIOIB30BAHUEM MTHOBEHHBIX (a3, BBenaeHHbIX 1 VLF, LF u HF
koebanuii B curHanax ®III" m RR-uHTEpBaOB KOHKPETHBIX T0OPOBOIIBIEB, MOAETH MOXET OBITH TIEpCO-
HAJIM3UPOBaHa I0J] OTAEIBHOTO HCIIBITYeMOT0. B naHHOM cityyae Mozenb obecreunBaa KOTHYeCTBEHHOES
cootBercTBre MoutHOCTAM B VLF, LF n HF nunamasonax peansusix @III" ¢ morpemHocTsio MeHee 1%.
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Annomayus. B nannoi pabote paccMarpuBaeTcs B3aUMOIEHCTBIE MOHOXPOMATHYECKOH 3/IEKTpOMarHUTHON BOJIHBI CO BCTpeU-
HBIM IPSIMOJIMHEWHBIM ITyYKOM JIEKTPOHOB, JBIDKYIIMXCS B IIPOIOIBHOM MarHUTHOM moine. [Jens paboThl — UCCIIEen0BaTh
YCIIOBHSI BOSHUKHOBEHHUSI MOIYISIIMOHHOK HeycToiunBocTd (MH) B Takoii cuctemMe M ONpenenuTh, IPH KaKuX MapameTrpax
BoJIHBI MH siBisieTcst abCONIIOTHOM, a MPU KaKUX — KOHBEKTUBHOM. Memoodwi. Teoperndyeckuil aHaiu3 xapakrepa MH npoBo-
JIUTCSI HA OCHOBE HMCCIIEJJOBAHMS aCHMIITOTHYECKOH (POPMBI HEYCTOHUMBEIX BO3MYIIICHUH METOIOM IIepeBaia. AHAIUTHIECKHE
Ppe3yIbTaThl TAKXKE BEPUPHIUPYIOTCS MPH TIOMOIIH YHCICHHOTO MOJAEINPOBAaHUS. Pesyismamet. TeopeTndecku onpeencHa
rpaHMLia cMeHbl Xapakrepa MH Ha IUIOCKOCTH IapaMeTpoB BXOJHOI'O CHUTHaja (aMIUIMTyAa — 4YacTOTHas OTCTPOMKa OT
[UKJIOTPOHHOTO pe30HaHca). YncneHHoe MOIEIHpOoBaHUE MOATBEPKIACT, YTO C YBEINYEHHEM YacTOTHI CUTHAJIA PESKUMEL
aBTOMOJYJISIIUH, COOTBETCTBYIOIMNE abcomoTHON MH, cMEHSIOTCS CTallOHAPHBIM OJHOYACTOTHBIM ITPOXOXKICHHEM CHTHANA,
4YTO COOTBETCTBYET koHBekTHBHOM MH. Unciaennnie PE3YIbTaThl COBIIAAAIOT C AHAJIUTUYCCKUMU IJIA CUCTEMBI, COIIaCOBaHHOM
Ha rpanune. CornacoBanue obecleunBaeTCs IIaBHEIM HapacTaHUEM MarHHTHOTO ITOJISI B 0OJTAacTH BJIETa JICKTPOHHOTO ITydKa.
3axnouenue. OnpeneneHne aHATUTHYECKUX YCIOBUI peanu3anuu abcomoTHoit MH mpeacraBnseT npakTHUECKUi HHTEpeC,
IIOCKOJIbKY BO3HHUKArolIas Mpu 3TOM aBTOMOIYJIALUSA MOXKET IPUBOAUTHL K I'€HEpaAllUU l'lOCJ'Ie)lOBaTeJ'IbHOCTeﬁ HUMITYJIbCOB
CO CIIEKTPOM B BHJE YaCTOTHBIX TPEOCHOK.

Knroueswie cnosa: MOIYJIILIUOHHA HeyCTOfI‘IPIBOCTL, a0COIOTHAS/ KOHBEKTHBHAS HeyCTOP'I‘II/IBOCTb, HEJIMHEUHBIC BOJIHBI,
MUKPOBOJIHOBBIE COJIMTOHEIL, III/IKJ'[OTPOHHI)II?I pe€30HaHC.
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Study of character of modulation instability in cyclotron resonance interaction
of an electromagnetic wave with a counterpropagating rectilinear electron beam
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Abstract. In this paper, the interaction of a monochromatic electromagnetic wave with a counterpropagating electron beam
moving in an axial magnetic field is considered. The purpose of this study is to investigate the conditions for occurrence of
modulation instability (MI) in such a system and to determine at which parameters of the incident wave the MI is absolute
or convective. Methods. Theoretical analysis of the MI character is carried out by studying the asymptotic form of unstable
perturbations using the saddle-point analysis. The analytical results are verified by numerical simulations. Results. Theoretically,
the boundary of change in the character of MI on the plane of input signal parameters (amplitude and detuning of the frequency
from the cyclotron resonance) is determined. Numerical simulations confirm that as the signal frequency increases, the
regime of self-modulation, which corresponds to the absolute MI, is replaced by the stationary single-frequency transmission
corresponding to the convective MI. The numerical results coincide with the analytical ones for the system, which is matched
at the end. The matching is implemented by smooth increasing of the guiding magnetic field in the region of electron beam
injection. Conclusion. Determining the analytical conditions for the implementation of the absolute MI is of practical interest,
since the emerging self-modulation can lead to the generation of trains of pulses with the spectrum in the form of frequency
combs.
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BBenenue

OpHuM U3 QpyHAaMEHTATBHBIX 3()()EKTOB, IPUBOIIIINX K BOSHUKHOBCHHIO CIIOKHOW JHHAMU-
KU B HEIMHEWHBIX Cpellax C TUCIIepCHel, SBIAETCS MOAYIAINHOHHAs HeycTowunBocTh (MH) [1-6].
MH — 3T0 HEyCTOMYUBOCT MOHOXPOMATUYECKON BOJIHBI C HECYLIEH YaCTOTOM (0 OTHOCHUTENIBHO MEJI-
JICHHBIX TIPOCTPAHCTBEHHO-BPEMEHHBIX MOIYIISIIHA Ha OOKOBBIX gacToTax w + Q, Q < w. MH moxer
HaAOIOAAThCS B CUCTEMAX Pa3IMYHON MPUPOBI U UTPACT BAKHYIO POJIb B HEJIMHEHHOW ONTHKE, (hHU3MKE
IUTa3MBbl, TUAPOJMHAMUKE U Jp.

IIpu nanuuuun MH rapMOHHMYECKMIl CUTHAJI, paclpOCTPaHAIOLIUNCSA B HEJIMHEMHON cpene ¢
JIucTiepcueii, odoramaercs HOBBIMA HE3aBUCHMBIMH CIIEKTPAIHHBIMU KOMITOHEHTaMH. BmecTo craru-
OHAPHOTO PaCIpPOCTPAHEHHS BOJIHBI HAOIIONAETCS aBTOMOAYJISAINS, TO €CTh OCHWLISAIUN aMILTUTY/IbI
BOJIHBI, KOTOPbIE MOTYT OBITh KaK PETYISIPHBIMH, Tak M xaoTudeckumu. [Iponecc passutus MH, kak
MIpaBUIIO, 3aBepIIaeTcs oOpa3oBaHUEM COJIMTOHOB orubaromieil. Hanbosnee n3BecTHBIM MPUMEPOM TaKUX
COJIUTOHOB SABJISIOTCSA COJIUTOHHBIC perieHus HennHerHoro ypaBuenus lpeguarepa (HYIL) [2-6].

B cpene ¢ koHeUHOI MPOTSKEHHOCTHIO, BO30YK/1aeMOI rapMOHUYECKUM CUTHAJIOM Ha OJTHOM
W3 TpaHUILl, IPOLECC PAacpOCTPAaHECHUS BOJIHBI CYIIECTBEHHBIM 00pa3oM 3aBUCUT OT TOTO, SIBIISIETCS
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MH xoHBekTHBHOU mim abcomoTHOH [6,7]. B pabotax [8, 9] uccienoBamuch pa3mudus MExXIy KOH-
BEKTHBHON W abcomtoTHOW MH Ha mpumepe OTHOCHTEIBHO MPOCTHIX MOJENIBHBIX CHCTEM, KOTOpHIE
onuceiBatorcss HYIII nnu HenunelinelM ypaBHeHueM KiteliHa—Topaona. IIpy KOHBEKTUBHOHI HEYCTON-
YUBOCTH HECTAIMOHAPHBIE BO3MYIIEHUSI CHOCATCS BAOJIb CUCTEMBI M MMOKUIAIOT ee. TakuM oOpa3oM,
MOCJIE MEPEXOAHOI0 MPOIecca YCTAHABIMBAETCS PEXHUM CTALMOHAPHOTO PacHpOCTPaHEHMs BOJHBI.
Hectammmonapupie pe:KUMBI aBTOMOYJISIIAN HAOIIOMAIOTCS TOJBKO B cirydae abcomotHoit MH, xorma
HEYCTOMUYNBEHIC BO3MYIIICHUS HEIPEPHIBHO TEHEPUPYIOTCS 110 BCEH AJIMHE CHCTEMBI.

B pabore [10] mHamu 6puta nccnenoBana MH nipy MUKIOTPOHHOM PE30HAHCHOM B3aWMOZICHCTBUH
ANEKTPOMarHUTHON BOMHBI (OMB) cO BCTpEeYHBIM, H3HAYAJIbHO MPSIMOIMHEHHBIM ITOTOKOM 3JIEKTPOHOB,
JIBIDKYIIUXCS B TPOJIOJIEHOM MAarHUTHOM Tmojie. [IoTOK BBICTymaeT B KadecTBE HEIMHEWHOM cpenbl,
COCTOSIIEH M3 HEM30XPOHHBIX AJIEKTPOHOB-OCHWILIATOPOB. Hen3oxpoHHOCTH 00ycloBiIeHA pemsTH-
BUCTCKOM 3aBUCHMOCTBIO LIUKJIOTPOHHOMN 4acTOThI OT 3HEPTuu 31eKTpoHoB. Korna yacrora najnaronieit
MOHOXpoMaTrueckoi OMB HaxoauTcs B mpenenax mojochl HMKJIOTPOHHOTO MOMIOIIEHUS, & MOIIIHOCTh
CUTHAJa JIOCTaTOYHO Majla, BOJIHA 3aTyXaeT U OJHOBPEMEHHO MPOUCXOAUT packauka MOMepedHbIX KoJe-
OaHuil HnekTpoHOB. OHAKO C YBEIWYCHHEM aMIUTUTY/Ibl CUTHAJA 32 CUYET HEM30XPOHHOCTH KoJeOaHMiH
3JIEKTPOHOB M0JI0Ca TOMIOLICHUS] CMelIaeTcsi B 0biacTh Oojiee HU3KHUX 4acToT. B pesynbrare cTaHo-
BUTCSI BOBMOXHBIM pactipocTpanenue OMB 0e3 3aryxanus. [Ipu atom 3a cuet passutuss MH BxomHoit
CUTHAIl MOXKET TPaHC(HOPMHUPOBATHCS B MOCIIECIOBATEIBHOCTh MUKPOBOJIHOBBIX COTUTOHOB. OTMETHM,
YTO aHAJNOTHYHBINA d(deKkT ObUT BIepBhIe npesacka3ad B [11], rme oH ObUT Ha3BaH HETWHEWHBIM WITH
COJIUTOHHBIM TYHHETHpOBaHUEM (cM. Takxke [3]). [IpuMEeHUTENbHO K cHCcTeME, KOTOpasi paccMaTpUBaeTCs
B JaHHOH paboTe, oH ObUT OOHAPY)XEH M MCCieoBaH B paborax [12-14]. Peanmusamus yka3aHHOTO
sddekra B MUKPOBOIHOBOH 3JIEKTPOHHKE TPENICTABISIET OYEBUIHBIA HHTEPEC C TOYKH 3PEHHUS TeHepauu
MOCTIE0BAaTEIbHOCTEW KOPOTKUX MUKPOBOIHOBBIX UMITYJIECOB CO CIIEKTPOM B BHIE YACTOTHBIX IPEOEHOK,
YTO aKTyaJIbHO JJIA Psijia IPaKTUYECKUX MPWIOKEHUH, HallpuMep, B CrieKTpockonuu [15, 16].

TeopeTnueckruii aHaJIN3 HEJIMHEUHBIX CTALMOHAPHBIX PELIEHUN B BUAE COJMTOHOB IO3BOJIMII
OINpENENNUTh AHAIUTUYECKOE YCIOBUE IJIs1 aMIUTUTYbl U 4acTOThl Majatomed OMB, nmpu KoTopoM LIUKIIO-
TPOHHOE TOIIIONIEHUE CMEHSAETCSI aBTOMOIYJIALIMEH, MpHUUeM HailleHHOEe yCIIOBHE XOPOIIO coriacyercs
¢ pesyasrataMu gyucieHHoro mozenuposanus [10]. [Tomumo 3Toro, ObT0 00HAPYKEHO, UTO C YBETHUC-
HUEM YacTOTHI BXOIHOTO CUTHAJIa HECTALIMOHAPHBINA PEXKUM aBTOMOIYJISILIMA CMEHAETCS CTAllMOHAPHBIM
MPOXO’KJEHNEM BOJIHBL. B manHO# paboTe mokazaHo, 9To 3TOT 3QQEeKT CBsI3aH CO CMEHOM Xapakrepa
MH c aGconroTHOTO Ha KOHBEKTUBHBIHN. [IpencraBieHpl pe3ynbraThl TEOPETHIECKOTO aHAM3a XapaK-
Tepa MH, B 9aCTHOCTH, IPOBEJIEHO CTPOTOE MCCIIEIOBAHUE ACUMIITOTHYECKON (hOPMBI HEYCTONYHBHIX
BO3MYILIEHUNA METOJOM IepeBaja. B pesynbrare ompenesicHa aHaIUTHYECKas I'paHUIA Nepexoja OT
abcomoTHOH MH K KOHBEKTMBHOW Ha IJIOCKOCTH IapaMEeTPOB BXOIHOTO CHUTHaja. TeopeTHuecKue
BBIBOJIbI IOATBEPKAAIOTCS PE3YIbTaTaMU YUCIEHHOTO MOJEINPOBAHHUS.

1. MoaeJsib 1 OCHOBHbIE YPaBHEHUS

Cxema paccMarprBaeMOil Mozenu MpuBeneHa Ha puc. 1, a. TpyOdaTelii MOTOK 3JIEKTPOHOB,
HampaBIIeMblld OTHOPOAHBIM IIPOAOJIEHBIM MarHUTHBIM IOJIeM [, B3aMMOIEHCTBYeT ¢ OOpaTHOI
BOJIHOM B IIWJIMHJPHUYECKOM BOJIHOBOJE B YCJIIOBUSAX LUKIOTPOHHOIO pE30HAaHCa

U)r‘i‘hr‘/jz ~ 0H, (1)

rie o, U hy = h, (0,) — 9acToTa M MOCTOSIHHAsI PACIIPOCTPAHECHUSI BOJHBI, COOTBETCTBEHHO, V, —
NPOIOJIbHASI CKOPOCTH EKTPOHOB, Wy = €By/ (M) — UMKIOTPOHHAS YacTOTa, € U M — 3apsii U
Macca TIOKOst JJIEKTPOHa, Y — (aktop JlopeHia. DIeKTPOHbI, BPAIIAOIIKECS B IPOIOILHOM MAarHUTHOM
1oJie, SIBJSIFOTCS MUKJIOTPOHHBIME OCIUUIATOPAMH, KOTOPbIE HEU30XPOHHBI B CHIIY PEJIATHBHCTCKOM
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Puc. 1. @ — cxemaTuyeckas MOIEINb PE30HAHCHOTO IUKJIOTPOHHOTO B3aMMOICHCTBHS U3IYUCHHS CO BCTPEYHBIM MPSMOJIHUHEH-
HBIM 9JIEKTPOHHBIM My4KOM; b — AUCTepcHoHHas auarpamma o (k) (1BeT oHuaiiH)

Fig. 1. a — scheme of the resonance cyclotron interaction of radiation with a counterpropagating rectilinear electron beam; b —
dispersion diagram o (k) (color online)

3aBHCUMOCTH LUKJIOTPOHHOM YacTOTHI BpaIlEHUs OT 3Hepruu wy = oy (). [Ipexnomaraercs, 4to
Y 3JIEKTPOHOB OTCYTCTBYET ITOTIEpedHasi CKOPOCTh Ha BXOZIE B IIPOCTPAHCTBO B3auMojeicTBus. Takoit
MOTOK (hOPMHUPYET IMACCUBHYIO CPeIy U3 HEN30XPOHHBIX IMUKIOTPOHHBIX AIEKTPOHOB-OCIHILIISTOPOB
B OTJIMYME OT Ma3epoB Ha IHUKIOTPOHHOM PE30HAHCE, I7Ie B AJIEKTPOANHAMUYECKYIO CHCTEMY BCTpEJIHBa-
€TCs IOTOK BpAIlAIOIUXCs JIEKTPOHOB, ABJISIONINIICS akTUBHOM cpenoil [17]. OMB, pacnipocTpansiomas
HABCTPEUy MOTOKY HEBO30YKICHHBIX 3JICKTPOHOB-OCIHIUIATOPOB, IIPY BHIMOTHEHUH ycioBus (1) HaunHa-
€T TIOTJIONIAThCS, BBI3bIBAs MOMEepeyHble KoeOaHus MeKTpoHOB. C POCTOM aMIUTHTYABI STHX KOJEeOaHHUI
yCIIOBUE LIUKJIOTPOHHOTO pe3oHaHca (1) HapymiaeTcs, U MOMIOIICHUE HACHIIIAEeTCS.

DONeKTPOHHO-BOJIHOBOE B3aMMOCHCTBHE B pACCMAaTPUBAEMOM MOJIENN OMUCHIBACTCS CUCTEMOMN
YpaBHEHUI, XOPOIIO U3BECTHOM U3 nuteparypsl [10, 12—-14]:

Oda Oa

a - 37 =D, (2
8}? g2

87“‘”2?\ p=a. 3)

3nech (2) ecTh ypaBHEHHE BO30YKIEHHE BOJHBI MIEKTPOHHBIM ITy4KOM, a (3) — ypaBHEHHE JIBHKeE-
HHE 3JIEKTPOHOB B IOJIE BOJHBI, YCPESAHEHHOE MO MEPUOAY LUKIOTPOHHBIX OCHMWLIANMNI. B ypaBHe-
ausix (2), (3) a — HOpMUpOBaHHAS MEJICHHO MEHSIOMAsCS KOMIUIEKCHAS! aMIUIMTY/IA TIOJIST BOJHEI,
P = Dy + ipy — HOPMUPOBAHHBIN ITONEPEUHBIH HUMITYIIbC NEKTPOHOB, Z ~ z U T ~ (t — z/V,) — Ges-
pa3MepHbIe He3aBUCHMBbIE TIEPEMEHHBIE, T, iy — MONepeyHble KOOPIUHATHI, 2 — MPOI0IbHAs KOOPANHATA,
a t — Bpems. Bce nmepemennsie B (2) sBsAroTCS Oe3pazMepHBIMU, ToapobHee cM. [10, 12—14]. TTockoabky
NEKTPOHHBIN MOTOK Mpu Z = 0 061agaeT HylIeBOH CKOPOCTHIO BpallleHUsl, UMEET MECTO TPaHHYHOE
yCIIOBHE

p(Z=0)=0. “4)

Ha mpaByto rpanumy cuctemsl, npu Z = L, rne L — Oe3pa3mepHas IiuHa, MONAa&TCS BHEUTHUI
TrapMOHMYECKHUH CHTHal, TO €CTh

a(Z = L) = Age'™, 5)

rae A() U (0 — HOPMHPOBAHHBIC aMIUINTydd U OTCTpOﬁKa YaCTOThI CUTHAJIa OT 4aCTOTbI HUKIOTPOHHOI'O
PE30HaHCa, COOTBETCTBECHHO.
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2. HeruneiiHoe qucniepcHOHHOE COOTHOLIEHUE

Paccmorpum perienust ypaBHeruid (2), (3) B Bujie MOHOXpOMAaTHYECKOW BOJHBI C MTOCTOSIHHOW aM-
muTynoit: a = Age! (k) p = Pyel(©7=kZ) B [10] mas 3THX pelreHuii GBIIO TOTYIEHO HETHHEHHOE
JMCIIEPCUOHHOE COOTHOILCHUE

(0 +k) (k—\Po|2) = -1, (6)
HpI/I‘ICM KOMIIJICKCHBIC aMHJ’II/ITy,I[bI BOJIH A() %1 P 0 CBA3aHbI COOTHOUICHUCM
|Po|? = | Ao (w + k)*. (7)

Ananus cooTHoneHus (6) MOKAa3bIBAET, YTO UMEETCS TOJI0OCA HEMPOIYCKAHUA 0, < ® < M,
FPAHULBI KOTOPOU wg[ = +2 — |Ap|? cMematorcst B 061acTh Gojlee HU3KUX YaCTOT MPU YBEIHUEHUN
aMIUTUTYAb! BOJMHBL. KauecTBeHHBIN BUI JUCTIEPCHOHHOM AMarpaMMbl IpeAcTaBieH Ha puc. 1, b. s
BOJIH C ® > O, COOTBETCTBYIOIIMX BEPXHEH BETBU JMCIIEPCHOHHON XapaKTEPUCTHKH, BBIIOJIHSIETCS
kpurtepuii Jlatxumna [2-6]

%P >0, )

cBHjleTeNbCTBYIOIME 0 Hammuun MH. 3necs x = 0%w/0k? — mapameTp JuCIepCHM TpPyMIOBOM
ckopocTH, a p = —dw/d|Ag|? — mapametp HemuueitnocTH. C yuéToM (6) HETPYIHO HANWTH BHIPAKEHHUS

JUIS 9TUX I1apaMeTPOB:
2 1

G’ P e mpt

Ecnu BbIOparh 4acTOTy BXOIHOTO TapMOHHUYECKOTO CHTHAJIA B TIOJIOCE HEMPOIYCKaHUs U HadaTbh
YBEIMYUBATH €70 AMILIATYI, TO PAHO MJIM TIO3HO 3Ta YacTOTa CPABHAETCS ¢ KPUTHYECKOM .. BMecTo
[UKJIOTPOHHOTO TOTVIOMIEHHUS] CTAHET BOBMOXKHBIM paclpoCTpaHEHHE He3aTyXalouX BOJIH (HEeTHHEHOe
TyHHenupoBaHue). OnMHaKo aHAIN3 HEJTMHEHHOTO AUCIIEPCHOHHOTO COOTHOIICHUS TPOBOAUTCS JUIst Oe3-
TPaHUYHO Cpeipl, TOTJa KaK paccMaTpuBaeMasi CUcTeMa MPUHIMIINAIBHO OTPaHMYeHA B TIPOCTPAHCTBE,
MTOCKOJIBKY TpaHUYHBIE YCIOBUs (4), (5) cTaBATCa Ha pa3HBIX KOHIAX MPOCTPAHCTBA B3aMMOIEHCTBUSI.
Kax noxkazano B [10], kxpuTuueckoe 3HaYCHUE YACTOTHI, IPU KOTOPOM HAUYMHAETCSI PACIIPOCTPAHEHUE
DMB, ommuaeTcs OT W U ONPENENSIETCS COOTHOIEHUEM

Y= ©)

1
w:2—§|A0\2. (10)

OtmMetnM, uto (10) B TOYHOCTH COOTBETCTBYET CBA3M MEXIY YaCTOTOM M aMIUTUTYAOM TOYHOTO PELICHUS
B Busie conutoHa [10, 12-14]. JeiictButensno, MH npuBoauT K TOMY, YTO TYHHEJIUPYIOIas BOJIHA
pa3buBaeTcs Ha Oeryiire coNMuToHbl orubatorie (cm. [10]).

3. AHayIM3 XxapakTepa MOAYJISINMOHHONW HEYCTOHYHBOCTH

UToOBI OmpenenuTh XapakTep HEYCTOMYUBOCTH (aOCONFOTHAs WIIM KOHBEKTHBHAsI), OymeM HcC-
CJIeIOBaTh ACUMIITOTHYECKYIO (DOPMY HEYCTOWUYMBBIX BO3MYIICHHUI Ha OECKOHEYHO OONBINUX BpeMe-
Hax [7,18,19]. TTockoneky MH ecTh HEyCTOHYHBOCTH MOHOXPOMATHYECKOW BOJHBI OTHOCHUTEIIHHO
MEJICHHBIX MOIYJSINI C YaCTOTaMH, JISKAIIUMU B HEOOIBIIIOM MHTEpBaje BOIU3U HECYICH YacTOTHI,
3aJa/IMM MaJible BO3MYIICHUS! MOHOXPOMAaTHYECKOTO PEIIeHHS

a=(Ay+a(Z,n) ek,
. (11)
p=(Po+p(Z1) ek
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e [a(Z,t)| < |Aol, [Pp(Z,7)| < |Py|, a ® u k cBsI3aHBI JUCHEPCHOHHBIM COOTHOIICHHEM (6).
Crnenys [6-9], OymeM BCKaTh pelieHue B BHIC Maphl CaTeIUIUTOB, PABHOOTCTOSIINX OT HECYIIEH YacTOTHI:

i(Q—KZ) i(Qu-KZ)

a=aye +a_e” )

12
i(Qr—KZ) (12)

5=ppe i(Qu-KZ)

+p_e .

ITocne moxcranoBku (11) u (12) B ucxomuple ypaBHeHUs (2), (3) v THHEapH3aIIUHd CHCTEMBI ITOTYIUM
JIUCTIICPCUOHHOE COOTHOIIEHHUE ISl YaCcTOThl U BOJMHOBOTO umciia K manoro Bo3MyiieHus. Kopau
3TOTO YPAaBHEHUS] MOXKHO 3aITUCATh B IBHOM BHJIE:

_ K (0+ k)’ K (0+ k)2 (0 + k)? (K2 - 1)
T S ) R e B

riie BBeseHo obosnauenue K2 = 2|Py|?/(w + k). HamoMHuM, YTO MBI PACCMATpPHBAEM BEPXHIOK BETBb
JIMCTIEPCUOHHON XapaKTepUCTUKH, rae umeer mecto MH (cm. puc. 1, b). Ilpu stom (0 + k) > 0

u KZ > 0.
Eciu cuntathk K BelleCTBEHHBIM, B 001acTH BONHOBBIX uncen K2 < K2 xopuu Q (K) GymnyT
KOMIUTEKCHBIMU. J[1s MHKpeMeHTa HeycToiunBocTH A = —Im[Q (K)] nonyunm crienyomiee BbIpaKeHHE:

3
() = || R VG~ K2 (14

1+ (o + k) (K3 - K2)

W3 cootHomenus (14) cnenyet, 4To Ha BepXHEH BETBU AMCHEPCHOHHON XapaKTEPUCTUKHU JAEHCTBUTEIHHO
nMeeT Mecto MH, 9T0 COOTBETCTBYET BBIBOJIaM, OCHOBAaHHBIM Ha KpuTepuu Jlaiitxmmia (cMm. pazmen 2).
Ha puc. 2 npuBeqeHa 3aBUCHMOCTh HHKpEMEHTa HeycToinuuBoctd oT K u | Py|. BugHo, 4to ¢ poctom
aMIUTUTYB! BOJIHBI 00JIaCTh BOJHOBBIX YHCEN, B KOTOpOi nmeetr mecto MH, pacuupsercs.

Hns Oonee cTpororo aHamuza Oymem cumrtarh U 2, m K xomrutekcHpiMu. Crenys [7, 18, 19],
MIpEeJCTaBUM OO0IIee PelIeHre Uil MajJoro BO3MYIIEHHUs M0 B BUAE HHTerpana Oypoe

“+00
a(Z,7) = / ag e QET=EZ) qp¢. (15)

—0o0

Acumnrornueckas (opma unrterpana (15) mpu
YCJIOBHHU T — OO OLIEHMBAETCSI METOZIOM IIepeBaja.
IIpu 3TOM

a(Z,7) ~ \}%e—‘m[g(@h, (16)

e Ky — Todka repeBayia WiM CeIUioBas TOYKa,
B KoTopoit dQ(K,)/dK — Z/t=10[7,18,19].
HeycroliunBocTh siBIsieTcss aOCOITIOTHOM,
eclii B 000 (UKCHPOBAaHHON TOYKE Z TIpH
T — 0O BO3MYIIIEHUE HEOTPAHUYCHHO HapacTaeT
BO BpeMeHHU. B cooTBeTcTBUU C oreHKoH (16) 3TO

Puc. 2. Unkpement MH A(K) xak ¢yukumst K u |Po| npu

w=2 YCJIOBHUEC COOTBETCTBYCT HCPABCHCTBY
Fig. 2. Increment of the MI A(K) as a function of K and | P
Pl 2. I (K) [Pl Im[Q(K,)] < 0. (17)
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Touka mepesaia B npeneie Z/t — 0 onpenenser-
€4 U3 YCJIOBHS HYJEBOM KOMIUIEKCHOM IpyIIIOBOM
CKOpPOCTH

dQ

1K = 0. (18)
[Ipu »TOoM KOHTYp mHTerpupoBanus B (15) me-
(dopMupyeTCsS TaKUM 00pa3oM, 4TOOBI IPOXOAUTH
Yepe3 TOUKY IepeBalia Mo JMHUU HAHUCKOPEHIIero
CITyCKa.

YpaBuenue (18) permaeTcst 9MCIEHHO COB-
MECTHO C TUCIIEPCHOHHBIM cooTHOoIeHueM (13).
Bcero cymecTByeT 6 Touek mepesana K, koto-
PBIM COOTBETCTBYIOT KopHH Q;(K), i = 1,..6.
3aHyMepyeM UX Kak MOKa3aHo Ha pHC. 3, Te MpH-
BelleH mpuMmep 3aBucuMocteid ReQ; um ImQ2; ot
HEeCyIleld Y4acTOThl  MPU HEKOTOPOM (UKCHUPO-
BaHHOM 3HaueHuHu |Py|. Kopuu obGnamaror cum-
MeTpHuen Q123 = —L6 5 4, 4TO, O4EBUIHO, 00Y-
CJIOBJICHO BBIOOPOM BO3MYIICHHUS B BHUJE Hapbl
CUMMETPHYHBIX careuiuToB (cM. (12)).

[Ipu 11060#1 (PUKCHPOBAHHOH aAMILIUTYIIEC
| Py| cymiecTByeT HEKOTOPOE KPUTHUECKOE 3HAYC-
HHE HECYIIEH YaCTOTHI () = Wcy, TAKOE, YTO IPH
® > Wy BCE TOUKH mepeBana K¢ Jiexar Ha Bellie-
cTBeHHOH ocH. COOTBETCTBYIOIIME KOPHH JUCTICP-
CHOHHOTO cooTHoIeHus (13) mpu 3TOM Takxke sB-
JITFOTCSI BEIIECTBEHHBIMA, TO ecTh Im[Q(K)] = 0.
OTO 03HAYaeT, 4YTo IpU M > W, ycioBue (17) He
BHINONHSIETCS, clenoBarenbHo, MH siBisieTcs KoH-
BEKTHBHOM.

Kora 4yacToTa 0 CTaHOBUTCS HIXKE KPUTHU-
YECKOro 3Ha4YeHHUsl, B K -TUIOCKOCTH MOSBIISIOTCS
JIBE TIApbI CEJUIOBBIX TOUEK C HEHYJIEBOW MHUMOM
gacTbto. COOTBETCTBYIOIINE UM KOPHHU £2; CTaHO-
BATCS KOMIIJIEKCHO CONPSDKEHHBIMH: Qo = €23,
Q4 = QF (cm. puc. 3). Kopan Qy, Qg ocraror-
cs neiictBuTenbHBIME. OUEBUIHO, YTO B KXKIOH
nape KOMILIEKCHO-CONPSKEHHBIX KOpHEH UIs Ofi-
HOTO W3 HUX BBITONHICTCS yemosue (17), ciemno-
BatenbHO MH siBiisiercs abCcomoTHOIA.

Puc. 4 wutroctpupyeT U3MEHEHUE TIOJI0XKe-
HUSI KOPHEH B KOMILIEKCHOH IJIOCKOCTH TPU U3-
MeHeHud . C YMEHBIIICHHEM  BEIIECTBEHHbIC
YaCTH KOMILJICKCHBIX KOPHEH YMEHBIIIAIOTCS I10
a0COJIFOTHOMY 3HAY€HHIO, 2 MHUMbIC, HA000POT,
Bo3pacTtarT. Korya Hecymias yactota CTAaHOBHTCS
MEHBIIIE YaCTOThI OTCEYKU (., BOJHA CTAHOBUT-
cs 3aryxatoiied u rooputs 0 MH, oueBuaHO,
HE UMEET CMBICIIA.
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Puc. 3. 3aBucUMOCTH BELIECTBEHHBIX (@) M1 MHUMBIX (b) dacTteid
KOpHEH XapaKTepUCTHUECKOTO ypaBHEHHs £2; OT Hecylel Ja-
crotel o npu |Py| = 0.7. Kpurndeckoe 3HadeHne wer = 2.18
COOTBETCTBYET cMeHe xapakrepa MH (uBer oHiaiiH)

Fig. 3. Dependences of the real (a) and imaginary (b) parts
of the roots of the characteristic equation ; on the carrier
frequency w at |Py| = 0.7. The critical value w., = 2.18
corresponds to the change of the character of MI (color online)
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Puc. 4. V3meHeHue monoxeHusi KOpHei 2; B KOMIUIEKCHOU
IUTOCKOCTH TIPU YMEHBIICHNH YacTOTHI OT 3HadeHust o = 3.00
(Toukm 1) o gactoTsl orceuxku ®; = 1.51 (touku 3) mpm
|Po| = 0.7. Kputnueckoe 3HaueHHe we; = 2.18 (Touku 2)
COOTBETCTBYET cMeHe xapakrepa MH (uBer oHnaiiH)

Fig. 4. Positions of the roots Q; in the complex plane as the
frequency decreases from w = 3.00 (points 1) to the cutoff
frequency o = 1.51 (points 3) at |Pp| = 0.7. The critical
value w.r = 2.18 (points 2) corresponds to the change of the
character of MI (color online)
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4. YnciaeHnoe MOAECJTHPOBaAHUE

ComnocTaBuM pe3yNbTaThl TEOPETUUECKOTO aHaiu3a Xxapakrepa MH ¢ 4ncieHHBIM MOAETHPOBaHU-
eM. YpaBHeHus (2), (3) ¢ rpaHUYHBIMU YCIOBUSIMH (4), (5) HHTETPUPOBATIUCH C UCIOIH30BAHUEM SBHOM
KOHEYHO-Pa3HOCTHOW CXEMBI BTOPOTO TOPsIKa TOYHOCTH 110 00EMM HE3aBUCHMEIM TIEpPEMEHHBIM.

Ha puc. 5 npencrasieHo pa3oueHne MIOCKOCTH mapaMetpos (w, |Ag|) Ha 06IacTn pasiTHIHBIX
JUHAMHYECKUX peXuMOB. LlITpuxoBoil nuHMEH Moka3aHa TpaHUIA MOJIOCH HEMPOITYCKAaHUS, HIKE
KOTOpOH, B 00nacTy 1, MPOMCXOAUT 3aTyXaHUE BXOAHOTO CUTHaJA. JTa IPaHULa MOJHOCTHIO COITIacyeTcs
¢ TeopeTrueckoil popmymnoii (10). Beritre Hee, B o6nacTu 2, pacpocTpaHeHHe BOJTHBI HOCUT HECTAIlH-
OHApPHBINA XapaKTep, TO €CTh HAOFOMAIOTCS PEKUMBI aBTOMOAYIIIITNU. B aToit o6mactu MH siBnsercst
abcomoTHO. OTMETHM, YTO BOJIM3M TPAHHIIBI TEHEPUPYIOTCS OIM3KHE K MEPHOANYECKHUM ITOCIIeI0Ba-
TENBHOCTH OCTYILHX COJMTOHOB, OJHAKO 110 Mepe YAaJeHHs OT TpaHHLBl (opMa TEHEPUPYEMOTO CHI'HANA
Ha4YMHAET HOCUTH CJIOXHBIH, HEPETYIIPHBIN Xapaktep (moapooHee cm. [10]).

B ob6nactu 3, tne MH craHOBHTCS KOHBEKTHBHOW, IO OKOHYAHWH HEKOTOPOTO MEPEXOTHOTO
Ipoliecca yCTaHaBINBACTCS PEXHUM CTAlMOHAPHOTO PACIIPOCTPAHEHHUS BOJHBI. YCTaHOBUBIINECS 3aBHCHU-
moctH |a(Z)| u |p(Z)| sastores neproandeckumu. COOTBETCTBYOIINE aHATUTHYESCKHUE PEIICHHS OBLTH
Haiinensl B [10]. CrutonmHas TMHUS Ha PUC. 5 COOTBETCTBYET aHAMTUYECKON I'PaHUIE CMEHBI XapaKTepa
MH. Jlyist ee MOCTPOCHHMSI PACCUMTHIBAIICH KPHTHYECKUE 3HAYCHHUS Wy TIPH PA3ITHIHBIX aMILTHTYIaX | Fp|
U J1ayiee ¢ MOMOIIBI0 COOTHOIIEHHH (6) U (7) HaXOAMIach COOTBETCTBYIONIAs 3aBUCHUMOCTE ¢y (| Ag|).
Opnako ciexyeT 3aMeTHTh, YTO HalJleHHas YMCIIEHHO I'paHuIla cMeHBl xapakTepa MH nocrtarouno
CHJIbHO OTITUYACTCS OT TEOPETUUECKOM. DTO, OUEBHHO, OOBSICHSAETCS TEM, YTO TEOPETHUYCCKHI aHAIIN3 B
paszaene 3 ObUT IpOBeZeH IS OE3TPaHUYHON CHCTEMBI, TOTA KaK CUCTeMa ¢ TPAaHWYHBIMH yCIOBHAMUA
(4) u (5) sABIAETCA NIPUHIIUITHAIBHO OTPAHNYECHHON U MMeeT KOHEUHYIo JuHy L. OTpaskeHne BOIHBI
OT JIEBOY I'paHULbI NPEMATCTBYET CHOCY BO3MYILEHHUN BJOJIb CUCTEMBI B Cilydae KOHBeKTUBHONM MH.

COOTBETCTBEHHO, TPAHUIIA YCTAHOBIICHHSI CTAIlH-

|4, " "\I—10]  OHAPHOIO PEXHUMa CYIICCTBCHHO CIBUTacTCs B
25 A :é:ﬁg: ob6macTe Ooyiee BBEICOKHMX YaCTOT, MPHUYEM, UeM
q ] OoJbIIe JJINHA CUCTEMBI, TEM CUJIBHEC BBIPAKCH

20 N o it .1 oror abdexr (cm. puc. 5).
L5 S : 1 - IpexncraBnser MHTEpEC UCCIEOBaHNE CMe-
AN p Al v . ] HBI XapaKTepa N{H JUTSL CHCTEMBI, KOTOpas coryia-
1.0 N A ]  coBaHa Ha JICBOW IPAaHUIIE, YTO HO3BOJISICT U30a-
05 D e, y.' n "™ 3 1 BUTHCS OT OTPAKEHUH. DTOTO MOXKHO TOOUTHCS C
\#;'.' ]  IOMOIIBIO IJIABHOTO W3MEHEHHsI MArHUTHOTO I10-
o — . > 3 ; o IIf BIOJIb CHCTEMBI. KoHkpeTHO B UHCIEHHYIO MO-

JIeNTb TO0OaBIISIICS YIaCTOK COTIACOBAHUS JUIMHON
Zy < L, Ha KOTOPOM B YpaBHEHHE ABHKEHUS BBO-

Puc. 5. O6nactu ukIIoTpoHHOrO HoniomeHus (1), aBTomMomy- .
AUJIaCh 3aBUCAIIaA OT Z 4YacTOTHas pacCTpoOuKa:

naMu (2) ¥ CTAlMOHAPHOTO paclpocTpaHeHus curHana (3) Ha
IUIOCKOCTH TrapameTpoB (o, |Ag|). LLITpuxoBas IMHESA — rpaHHu-

na Henporyckanus (10). CriomHast THHAS — TeopeTHYecKas @ 4 i(A(Z) 4 ‘p|2)p —a (19)
rpanuna cMeHsl xapakrepa MH. TpeyronbHuky U KBagpaTsl — 0z ’

YHCIIEHHBIE TPaHMIBI CMEHBI Xapakrepa MH mnst Hecormaco-

BAHHO} CHCTEMBI TIPH pasiudHoil jumHe L, kpyxkn — min  KOTOPast BBIOMpAach B BUJIE

COITIACOBAaHHOM CUCTEMBI (I[BET OHJIANH)

Fig. 5. Domains of non-transmission (1), self-modulation Arnax(ZO - Z)Q/Zg, 0 < Z < %,
regimes (2), and steady-state transmission (3) on the (o, |Aq|) A(Z ) =

parameter plane. The dashed line is the boundary of non- 0, Zo < Z < L.
transmission (10). The solid line is the theoretical boundary (20)

of the change in the nature of MI. Triangles gnd SQUATES 3o b MOCTE (20) MOZETMPYET IUIABHOE HAPACTa-
correspond to numerical boundaries of the change in the nature

of MI for the unmatched system at different lengths L, circles HHC MAaI'HUTHOTO IOIA BAOTE HalPaBICHHS BIIC-
correspond to the matched system (color online) Ta DJICKTPOHOB B IIPOCTPAHCTBO B3aUMOACUCTBUS
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B obnactu 0 < Z < Zy. llpu Z = Zy MarHuTHOE TOJIe JTOCTUTaeT 3HAYCHUS, COOTBETCTBYIOIIETO
[UKJIOTPOHHOMY PE30HAHCY, M JlaJlee OCTAeTCs MOCTOSHHBIM. [Ipu 3TOM paccTpoiika oOpalaercst B HyIb.

MonenupoBaHUe COTIIACOBAHHOM CHCTEMBI TIOKA3bIBACT, YTO MPU JOCTATOYHO MPOTHKEHHOM ydacT-
K€ COTIIACOBAHUS OTPAKCHUS MPAKTUICCKH HE HaOmonaroTcs. YncnenHas rpaHuiia cMeHbI xapakrepa MH,
MOKa3aHHAs Ha PHUC. 5 KPYKKaMI, XOPOIIIO COTTIACYETCS C TEOPETHUECKON, IIPUYEM PE3yIBTAThl MOIEITHPO-
BaHU MIPAKTUYECKHU HE 3aBUCST OT MapaMmeTpoB, Bxoasnmx B (20). KoHKpeTHO MpeacTaBIeHHbIE Pe3yabTa-
TBI TIOJYYEHBI IPU Apax = 2, Zo = 10 u L = 23, T0 ecTh JJIMHA OJHOPOJHOM YacTH CHCTeMbI paBHa 13.

Puc. 6 mumocTpupyeT MpoCTpaHCTBEHHO-BPEMEHHYIO THHAMHUKY TIOJS TPH Pa3IMIHBIX 3HAUe-
HUSIX 9aCTOTHI BXOJTHOTO CUTHAJIA JIJISI HECOTIIACOBAaHHOM (a, ¢, €) U cornacoBaHHou (b, d, f) cUCTEMEI.
Jlnst cornacoBaHHOW CHCTEMBI TTOKa3aH TOJILKO OJHOPOJHBIN Y4YacToK, Zg < Z < L. Pucynku 6, a, b

300
N

Puc. 6. IIpocTpaHCTBEHHO-BPEMEHHBIE JUarpaMMbl aMIUIHTYAbI [ojist npH |Ag| = 1.0 U pasiMuHbIX 3HAYEHHUAX YACTOTHI
BXOJHOTO curHama: ® = 1.5 (a, b), 2.5 (¢, d), 3.5 (e, f). Pucynku (a, c, €) COOTBETCTBYIOT HECOITIACOBAaHHOM CHCTEME,
(b, d, f) — cornacoBaHHOU (IIBET OHJIAIH)

Fig. 6. Spatiotemporal diagrams of the field amplitude at |[Ao| = 1.0 and different values of the input signal frequencies:
o = 1.5 (a, b), 2.5 (¢, d), 3.5 (e, f). Figures (a, c, e) correspond to the unmatched system, (b, d, /) correspond to the matched
system (color online)
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noctpoensl ipu |Ag| = 1.0 1 @ = 1.5, 9TO COOTBETCTBYET TOUKE, JIKAIICH HECKOIBKO BBILIE TPAHUIIBI
MpoITyCcKaHus Ha puc. 5. B o6oux ciyuasx pasputie MH npuBoguT k reHepaiy nepuognveckoi mocie-
JIOBAaTE€IbHOCTH CONIUTOHOB. OTHAKO B HECOITIACOBAHHOM CHCTEME MPOUCXOIUT YACTUUHOE OTPAKEHUE
COJINTOHA OT JIEBOH IPaHUIIBI M €T0 PacTpOCTpaHEHHE B HANPABIICHHUH, IIOITYTHOM JIIEKTPOHHOMY TOTOKY,
YTO XOPOIIO BUAHO Ha puc. 6, a. B ciydae cormacoBanHO#N cucTeMBbI (CM. puc. 6, b) BUIHO, KaK BOTU3U
[IPaBO TPAHUIIBI IPOUCXOIUT (POPMHUPOBAHHUE COIMTOHOB, KOTOPBIE 3aT€M PACHPOCTPAHSIIOTCS BIOIb
CUCTEMBI C TIOCTOSIHHOH CKOPOCTBIO.

[Ipu yBenmmdeHUH 9acTOTHI 10 W = 2.5 MBI TIoMagaeM B 00iacTh KoHBeKTHBHON MH (cMm. puc. 5).
OpHako B HECOITIACOBAHHOM CHCTEME H3-3a BIHMAHHSA OTPAXKCHHOHN BOJHBI CTAI[MOHAPHBINA PEXUM HE
ycranapnuBaetcs. OOpa3oBaHUE COJUTOHOB IIPU 3TOM HE IPOUCXOIUT, a KOJICOaHUsT aMIUIUTYIbI ITOJIS
HOCSIT CJIOXKHBIN, HEPETYJISIPHBIN Xapakrep (cM. puc. 6, ¢). B cormacoBaHHO# cucteMe ycTaHaBIMBAETCS
CTaIMOHAPHBIA peXxuM (cM. puc. 6, d). Ilpu 3TOM aMIuIATYna MEpHOANYECKH 3aBUCHT OT KOOPAHHATHI,
YTO CBHJIETEIHCTBYET O HANMYNN OTPAKEHHOTO CHUTHAJIA, OHAKO €ro BiusHHUE HeBenuko. Koadduiment
ctostueil BonHb! (KCB), koTophlii onpenensercs Kak OTHOIIEHNE MaKCUMaJIbHOTO 3HAUSHHUS aMIUIUTY/IbI
K MUHHMAaJlbHOMY, paBeH 1.28.

IIpy @ = 3.5 cTauuMoHapHBIM PEXUM YCTaHABIMBAETCA KAK AJI1 COIIAaCOBAHHOM, Tak W IS
HECOTJIACOBAHHON CUCTEMEI (CM. puc. 6, e, ). B 00oux ciydasx aMIUTATyla TEPUOANICCKHA 3aBH-
CUT OT KOOPAMHATHI, OJHAKO JJISl COITIaCOBAaHHOM CHCTEMBI 3Ta 3aBUCHMOCTH BBIpa)keHa ciabee: /i
HecornacoBanHoM cuctembl KCB paBen 1.22, nnst cormacoBannoit — 1.13.

3akjIoueHue

B nannoit pabore uccnenosana MH npu B3anMoeiicTBUH 3JIEKTPOMArHUTHOM BOJHBI CO BCTPEU-
HBIM, W3HAYaJIbHO MPSMOJIMHEHHBIM MOTOKOM 3JIEKTPOHOB B YCIOBHSIX IUKIOTPOHHOIO pEe30HAaHCa.
HenuneiHblil XapakTep 3aBUCMMOCTH LMKJIOTPOHHOW YacTOTBI OT 3HEPIHU JIEKTPOHOB NPUBOIUT
K CIIBUTY TIOJIOCHI IINKJIOTPOHHOTO TIOTJIONIEHHUS M TPOSBIECHHUIO 3(h(eKTa HeNMHEWHOTO TYHHEINPOBAHUS
MpY YBEJIMYEHUH MOIIHOCTH WJIM YacTOThI Najatoiei BosHbl. [IpoBeneH crporuil ananus xapakrepa MH.
[Tyrem ananu3a acMMOTOTHYECKOW (pOpMBI BO3MYIIEHHIA, BEIYUCICHHOW METOAOM IepeBaa, HailIeHbI
ycnoBus, npu Kotopbeix MH siBnsieTcst aDCoMIOTHOM MM KOHBEKTUBHOW, M OCTPOEHA TPAHULA CMEHBI
xapakTtepa MH Ha TIIOCKOCTH ITapaMeTpOB BXOAHOTO CHTHAJIA.

HucneHHOE MOAETUPOBAaHUE NIOKA3BIBAET, YTO C YBEIMUEHUEM YaCTOThI BXOJHOIO CUTHAIa HECTa-
LIMOHApHbIE ABTOMOAYJSALMOHHBIE PEKHUMBI, KOTOPBIE COOTBETCTBYIOT abcomoTHOH MH, cMmeHstoTcst
CTaIIMOHAPHBIM OIHOYACTOTHBIM IPOXOXKAECHUEM CHTHala, 00ycIoBIeHHbIM KoHBekTHBHOH MH. Onnako
MPUHLIUIINAIBHOE BIUSHUE OTPAKEHUH B MIPOCTPAHCTBEHHO-OIPAHMYEHHON CUCTEME OCIOXKHAET COIO-
CTaBJIEHHUE C TEOPETUYECKUMU BhIBOJAaMHU. IIpoBeieHO MOEIMpPOBaHNE CUCTEMBI, COINIACOBAHHOM Ha
IpaHUIIe, YepPe3 KOTOPYHO BCTPEJIUBACTCS NEKTPOHHBIN IIOTOK. B 3TOM ciydae rpaHuLia CMEHBI XapakTepa
MH xopouio cornacyercs ¢ TEOPETHUYECKON 3aBUCMMOCTBIO, IOJIyYEHHOW M3 aHayIM3a xapakrepa MH.
B comnacoBanHOH cucteMe obneryaercs reHepanus NepuoJUIecKUX MOCIEI0BaTeIbHOCTEH COMUTO-
HOB. [logo0GHBIE pEXXMMBI IPEACTABISIIOT HHTEPEC C TOYKH 3PEHHS TeHepalnyd YaCTOTHBIX TPebeHOK
B MUKPOBOJIHOBOM JHAaIla30HE.
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Abstract. The purpose of this study is to investigate collective dynamics of coupled communities that evolve according to the
population game «Battle of the Sexes». A separate community includes two interacting populations of players of opposite
sex, where each player has one of two possible competing behavior strategies. It is necessary to determine the possibility
of mutual synchronization of oscillations in the number of players adhering to a particular strategy, build a synchronization
region, and also evaluate the dependence of the properties of oscillations on the coupling strength. Methods. In this paper, we
study the system of evolutionary games «Battle of the Sexes» interacting through migration. To simulate the evolutionary
game dynamics we make use of the stochastic Moran process, as well as the Monte Carlo method to sample game trajectories.
Mutual synchronization is defined by the appropriately generalized criteria of frequency and phase locking. Results. It is shown
that the system of coupled evolutionary games «Battle of the Sexes» demonstrates mutual synchronization of oscillations under
sufficiently strong coupling. In particular, oscillation frequencies of two communities get adjusted to each other and begin
to coincide at some interaction parameter, while the oscillations themselves become almost identical. A similar result was
also observed for an ensemble of more than two communities. Conclusion. The dependence of the average frequencies of
community oscillations on the coupling strength was determined, the adjustment of oscillations with an increase in the coupling
strength was demonstrated, thereby showing the possibility of mutual synchronization in the model of coupled evolutionary
games «Battle of the Sexes». The region of frequency synchronization was numerically found.

Keywords: evolutionary game theory, game trajectories, stochastic oscillations, mutual synchronization.
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Annomayusa. [lens paboThl — UCCIIENAOBATH KOJUICKTUBHYIO TUHAMHKY CUCTEMBI CBSI3aHHBIX COOOIIECCTB, 3BOTIOMUOHUPYFOLIHX
10 IPUHIHUIY MOMYJISIUOHHON Urpsl «buTBa monaos». OTaenbHOE COOOIIECTBO BKIIOYAET B ce0sl IBE B3aMMOJCHCTBYIOLINE
TMIOITYJISIIIMK UTPOKOB IIPOTHBOIOJIOKHOTO TT0JIa, Te KK UTPOK 00IagaeT OMHON U3 IBYX BO3SMOXKHBIX KOHKYPHPYIOIIUX
cTpareruii moeacHus. HeoOXomuMo onpeneuTe BO3MOKHOCTh B3aMMHON CHHXPOHHU3AIMH KOJICOAHHUI YKCIIa HTPOKOB, MPH-
JIEP)KUBAIOIINXCS TOW WM MHOM CTpATervu, MOCTPOUTH 00IaCTh CHHXPOHH3AIINH, & TAKXKE OICHUTh 3aBHCUMOCTb CBOICTB
KOJIEOaHUI OT CHIIBI CBSI3U. Memoovl. B naHHOI paboTe HcclienyeTcst CHCTeMa CBA3aHHBIX MOCPEACTBOM MHTPAIMU dBOJIOIH-
OHHBIX Urp «butea moaoBy. [ MOIETMPOBAHNS SBONIOIMOHHON UIPOBON AWHAMUIKH UCIIOIB3yETCS CTOXaCTUICCKHIIA MpoIece
Mopana, a 11 MHOTOKPaTHOM CUMYJISLMM OTAENbHBIX UIPOBBIX TpaeKTopHuil mpumeHsercs meron Monte-Kapino. s onpene-
JICHUS B3aMMHOM CHHXPOHH3AIIUH HCIIONB3YIOTCS KPUTEPHH 3aXBaTa 4yacTOTHl U (a3bl kojaeOaHuid. Pe3ynvmamut. I1okazaHo,
YTO B CHCTEME CBS3aHHBIX JBOJIOIMOHHBIX WP «BHTBa TONOBY» MPH JOCTATOYHO CHIIHOW CBSI3W HaOIIFOmaeTCs B3aMMHAs
CHHXPOHHU3AIUs KolieOaHuii. B 4acTHOCTH, 4acTOTHI KOJeOaHHU JIBYX COOOIIECTB MOJACTPAUBAIOTCS U HAYMHAIOT COBIAATh MPH
HEKOTOPOM TapaMeTpe B3aMMOJCHUCTBHS, & CAMH KOJIcOAHHs CTAaHOBATCS MPAKTHYECKHA WACHTHYHBIMH. [10M00HBIN pe3yasTar
Habmromaics u 11 ancaMOis 6oJiee 4eM IByX cooOmecTB. 3axatouerue. OnpenencHa 3aBUCUMOCTD CPETHUX YacTOT KoJeOaHui
COOOIIECTB OT CHIIBI CBSI3H, MPOJICMOHCTPHPOBAHA MOJICTPOIKA KOJICOAHUI ¢ YBETHMYCHHEM CHIIbI CBSI3H, TEM CaMbIM IMOKa3aHa
BO3MO)KHOCTh B3aMMHOW CHHXPOHHM3AIMU B MOJECIH CBA3aHHBIX SBOJIOIMOHHBIX UTp «buTBa momos». UnciaeHHO HaiiieHa
00J1aCTh YaCTOTHOM CHHXPOHHU3ALIUH.

Knrouesnvie cnosa: 3BOMONMOHHAS TEOpUs UT'P, UTPOBBIC TPACKTOPUHU, CTOXAaCTUYECKUE KOJ'Ie6aHI/I$I, B3aWMHasl CUHXpOHU3alus.
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Introduction

Synchronization of oscillations is a well-known phenomenon that has been extensively studied
for regular, noisy and chaotic oscillations [1]. It is also ubiquitous in biological systems and populations,
to name synchronization of noisy electrosensitive paddlefish cells [2], between activity in remote human
brain areas [4], between the human cardiovascular and respiratory systems [3], in the neuronal population
model [5], in predator — prey populations [6, 7], and population synchronization in epidemic models [8].

Here we focus on synchronization of evolutionary game oscillations, with the emphasys on a
specific and yet not well-understood case when the population dynamics is (i) essentially discrete
and oscillations emerge due to discreteness (i.e. the population size is finite, and the mean-field
approximation is invalid), and (ii) metastable (i.e. the game fixation occurs on a finite time-scale, so
that oscillations are only transient). We consider a system of coupled communities that evolve according
to the population game «Battle of the Sexes», where individuals may follow one of several behavioral
strategies [9]. In other words, the game models the competition of two strategies for choosing a partner
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and raising offspring in two populations of individuals of the same species, but of the opposite sex
(males and females) [10].

More precisely, individuals from populations of the opposite sex play against each other. Each
player, depending on his strategy and the strategy of its counterpart, receives some payoff reflecting
his total costs and benefits. The evolutionary dynamics consists in repeated rounds of play between
randomly selected males and females. The interaction of players and the update of the populations
composition are described using a stochastic frequency-dependent Moran process [11, 12]. According to
this process, the total size of populations is finite and constant, as a result of which the birth of new
individuals and the death of existing ones occur at the same moment in time.

When the game «Battle of the Sexes» is played by finite populations, asymptotic equilibrium
states are absorbing states (complete dominance of one of the behavioral strategies). Since mutations are
not included in the model, once populations enter the state of absorption, they can no longer get out
of it, and the evolutionary dynamics is completed. Earlier we showed that the game has a non-trivial
transitional dynamics. In particular, it was found that before absorption, stochastic cyclical fluctuations
in the number of players adhering to one or another strategy are observed in the model.

Here we describe and study a system of two or more coupled communities (evolutionary games
«Battle of the Sexes»). If isolated, such communities generate their own transient oscillations with a
frequency determined by the properties of the subsystem. We introduce migration between communities,
and in the case of more than two connected games, consider two topologies (chain and ring structures).

1. Methods

1.1. Model of the game «Battle of the Sexes». «Battle of the Sexes» model [10] describes the
process of population reproduction by means of a game-theoretic approach. Denote the male population
as A and the female population as B. Assume that each population consists of IV individuals, and this
number is constant in time. In each population, there are players (agents) with one of two behavioral
strategies that differ in reproduction and raising offspring. Male categories are defined as «faithful» and
«philanderer», and female — «coy» and «fast». The evolutionary dynamics consists in repeated game
rounds between the chosen particular male and female. Interacting with each other, the players receive
the following payoffs

a1 =1; bi1=—-1 ajp=-1; bia=1 0
ast = —1; bpy =1 am=1; byp=—1]
where agy is the payoff for a male with s € {1,2} strategy interacting with a female with s’ € {1, 2}
strategy. Similarly, the values b;y determine payments for females. A negative payoff means that the
cost to the player exceeds the benefit of the interaction.
At each round of the game, the dynamics is described using the stochastic frequency-dependent
Moran process [11, 12], which determines the rules for choosing players and further updating the
composition of populations. The Moran process consists of three steps.

1. In each population, a player is selected randomly with a probability proportional to the fitness of
the strategies.

2. The chosen pair of players gives birth to two offspring (male and female) that inherit the strategy
of the parent of the same gender.

3. Each offspring replaces an randomly dead individual in the corresponding population.

According to the described process, the population size N remains constant throughout the game,
so the state of each population after some game round m can be described by the number of players
with the first strategy: ¢ males and j females, where 0 < 7, j < IN. Then the state of the game consisting
of two populations is given by a pair of values (i, j).
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As mentioned above, the fitness (reproducibility) of strategies affects the probability of a player
choice. Fitness is determined in terms of average payoffs. The average payoffs of males with the s
strategy and females with the s’ strategy are (2) and (3), respectively

72(5) = an -+ ant =7, @
RE(0) = bra e+ bay 3)
The average payoffs of the entire population of males or females are given as
740, 5) = 7 (7) 5 + 1) @
7(i,9) = mP (i) 2 + B i) ©

Then, for example, the frequency-dependent probability to choose for reproduction in the popula-
tion of males of the player with the first strategy

i 1—w+wnd()

PA. N v
T0D) = N T wemi(,g)

(6)

where 1 — w + wx2 () is the reproductive fitness of male with the first strategy, 1 — w is the baseline
fitness, and the small parameter w is called the selection strength [13]. When w = 0, the probability
of a player choice depends only on the frequency of the strategies. As w increases, the dependence of
fitness on average payoffs becomes more and more significant.

Thus, according to the Moran process, an individual with a (currently) more successful strategy
(that is, with a strategy that has a larger average payoff) will most likely be selected for the game and
further reproduction.

Single game trajectories i(m), j(m),m = 1,2,3... are determined by simulating the Moran
process. For multiple simulation of trajectories, the Monte Carlo approach is used. The game process
starts from random initial conditions g, jo € {1,..., N — 1} and is considered until absorption or during
a limited number of rounds M.

1.2. Determining the frequency and phase of oscillations. Stochastic cyclic oscillations of
i and j are observed in the game «Battle of the Sexes» even that the respective mean field equations
display a stable stationary state [14]. Such oscillations are transient, until a trajectory hits one of the
absorbing boundaries and fixation of strategy happens. At the same time, the considerable duration of
transient oscillations allows for defining their frequency and phase.

The mean oscillation period is defined as

1 1 ny —
(T) = 3 2AThe = 35 20 e, )

r=1 r=1

where (T'), is the mean period of game trajectory r; m;j, and m,, are the first and last time that
trajectory r crossed the secant line j* = N/2 from top to bottom; n, is the number of returns of
the trajectory r to the secant during the observation time M = 500N; R is the number of stochastic
trajectories taken for averaging.

The mean oscillation frequency is then calculated as

2

&=y

(®)
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The instantaneous phase of oscillations of one game trajectory is determined as

O(m) = 2n—— "k | on, )
M1 — My
where mp < m < mgy1, k= 1,2, ... and my, is the time of the k-th top-down crossing of the secant
line j* = N/2.

1.3. System of coupled evolutionary games. We consider a system of coupled communities
«Battle of the Sexes» located in the neighboring, but spacially distinct regions and interacting with each
other through the migration of players. Now a single round of the game consists of two steps. In the
first step, the birth-death Moran process is carried out independently in each community. At the second
step, random players migrate between communities.

The coupling strength 0 < p < 1 between communities determines probability of player migration.
If p = 0, then there is no migration and the communities evolve independently. When p = 1, then the
migration of players between communities occurs on each game round.

At each round, with probability p, only one player can migrate from the population of one
community to the corresponding population of another community. We impose an additional condition
to keep the population size constant throughout the game: if some player migrates from community C
to community Cs, then some player from community Co must migrate to community C'.

Both males and females migrate with the same probability p. However, since the migration
process is random, for some game round, migration can happen to for one of the populations (males or
females only).

We consider non-identical migration-related communities C; and C with the same population
size N but different selection strength w, and explore 1:1 synchronization. The presence of mutual
synchronization is identified by two criteria [1]. First, the region of frequency locking is determined
when the difference between the frequencies of two communities is close to zero

(€1) — (Q2) = 0. (10)
Second criterion, the phase locking condition is checked
lp(m)| = |P1(m) — Pa(m)| < const, (11)

where @(m) is the phase difference (relative phase).

In a stochastic system, the phase difference fluctuates, therefore, the existence of phase synchro-
nization in a statistical sense is indicated by the appearance of a peak in the distribution of the cyclic
relative phase

U (m) = @(m) mod 2. (12)

Synchronization can also be characterized by other quantitative measures [15]. Here we calculate
the first Fourier mode of the distribution (12):

v = 1/{cos U(m))2 + (sin U(m))2, (13)

where brackets denote averaging over time and over game trajectories. If the phases are not synchronized,
then y = 0, and in the case of complete synchronization in a system without noise, Y = 1. In stochastic
systems, y remains close to 1 in the synchronization regime and decreases with loss of synchronization.

We also consider spatially ordered ensembles of more than two coupled «Battle of the Sexes»
communities, taking chains with open and periodic boundary conditions. In both cases, the same coupling
strength p is established between the communities. Synchronization is assessed through the dependences
of the mean frequencies on the coupling strength, more precisely, when they start coinciding.
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2. Results

The transitional dynamics of the game «Battle of the Sexes» demonstrates stochastic cyclical
oscillations in the number of players with the first strategy around the Nash equilibrium state [14].
An example of oscillations in the game with a population size of N = 200 is shown in Fig. 1, a, b.
Within the framework of evolutionary game theory, the Nash equilibrium can be interpreted as a potential
stable point of a dynamic game process [16]. For the considered model, given by the payoff bimatrix (1),
the Nash equilibrium state is (0.5,0.5). In this case the number of players that stick to the first and
second strategies is the same in both populations (males and females) and equals (%, %)

Fig. 1, ¢ shows the quasi-stationary probability density distribution d(i, 7), refering to the transient
dynamics of the game. The distribution is obtained by multiple sampling of stochastic game trajectories
that start from a random point and are simulated during M = 500N rounds. The distribution is
non-unimodal and crater-shaped, centered about the Nash equilibrium.

Amplitude, frequency, and lifetime of oscillations depend on the populations size N and the
selection strength w. The oscillation frequency increases as the selection strength increases (Fig. 2),

200 200 »
U h { " [‘4 ‘ \ o
Moy (o "
150+ [} ;,;\ I i "‘W ;“J\‘ \ 150 |
' “‘1‘"»“\""“'&L\“"M~“/{W‘S(‘ur”! | 0
100 AL < 00 |
‘.‘H""u\‘/\\'\J‘}“\\"ﬂ{ ‘\ 2.0
IR/ AR TR 15
50/\; ‘\w ‘,‘u/ \ﬁ% Vf "\”“!‘ | 50 :
- i 0.5
| ‘ 0
0 05 1.0 15 20 25
m x10*
a

Fig. 1. Transitional dynamics in the game «Battle of the Sexes»: @ — change in the number of players with the first strategy in
the male (z) and female (j) populations over time (m is the number of the game round), the dot denotes the exit of the system
to the absorbing boundary; b — the game trajectory on the plane of quantities (4, j); ¢ — quasi-stationary probability density
distribution d(3, 7); parameters: N = 200, w = 0.3, R = 10® (color online)
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Fig. 2. Dependence of the mean oscillation frequency on the value of the selection strength in the game «Battle of the Sexesy;
parameters: N = 200, R = 10°
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Fig. 3. Frequency synchronization observed in the system of two coupled communities «Battle of the Sexes» C; and Ca:
a — the relative difference of the frequencies of C; and C3 as a function of wsy for a fixed value of wi = 0.3;
b — the synchronization region (Arnold tongue); parameters: N = 200, R = 10 (color online)

for example, in a game with a population size N = 200 the mean frequency for w = 0.3 is (Q) = 0.002,
and for w = 0.4 is (©2) = 0.003. The lifetime of oscillations (the number of oscillation periods before
absorption) also increases with selection strength.

Next, we address a system of migration-coupled communities that evolve according to the rules
of the «Battle of the Sexes» game. We consider two non-identical communities C; and Cy with the
same population size (N7 = Ny = 200) but different selection strength (w; = 0.3, wy varies), which
is equivalent to different natural oscillation frequencies. To determine mutual synchronization, we
calculated the mean observed frequencies of communities (Q) and (Q2), and also investigated the
difference in instantaneous phases @(m) = ®;(m) — P2(m).

The resulting relative frequency difference ((€2;) — (Q2))/(Q1) versus wy for different values
of the coupling strength p are shown in Fig. 3, a. Its approach to zero corresponds to synchronization
(frequency locking). Fig. 3, b shows the synchronization region (Arnold tongue), the absolute value of
relative frequency difference is color coded. Much as for the classical synchronization, the frequency
locking region increases with the coupling strength.

Next, we investigate the dynamics of phases. The distributions of phase difference between
communities are presented in Fig. 4. When the coupling strength is low, the distribution is broad and

1.5 1.5 1.5¢
. 1.0 w10 e 1.0
a & a
=% =B =%

0.5 0.5 0.5

0 0

0O 1 2 3 4 5 6 O0 1 2 3 4 5 6 0O 1 2 3 4 5 6
¢ mod 21 ¢ mod 2n ¢ mod 21

a b c

Fig. 4. The distribution of phase difference between two coupled communities «Battle of the Sexes»: a — p = 0.005;
b—p=0.1; c — p = 0.5; parameters: N = 200, w1 = 0.3, we = 0.32, R = 108
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Fig. 5. Dependence of the quantitative measure of phase synchronization (the first Fourier mode of the distribution of the
cyclic phase difference) on the coupling strength between two communities «Battle of the Sexes»; parameters: N = 200,
wi = 0.3, R = 103 (color online)

close to uniform (Fig. 4, @), typical of desynchronization. With an increase in the coupling strength
(Fig. 4, b, ¢), it manifests a peak, which indicates phase locking.

To quantify phase synchronization, we calculated the first Fourier mode vy of the distribution of the
cyclic phase difference. Different curves in Fig. 5 correspond to different pairs of coupled communities.
Index v is greater for communities with closer values of the selection strength (w; = 0.3, we = 0.32,
red curve), hence closer natural oscillation frequencies. Nevertheless, greater coupling strength (p > 0.3)
provides a sufficiently high synchronization index (y > 0.7) for more different communities (w; = 0.3,
wg = 0.22 and wy = 0.3, wy = 0.38).

Fig. 6 shows examples of oscillations in the number of males with the first strategy in two coupled
communities with w; = 0.3 and wy = 0.32. It can be seen that with an increase in the coupling strength
between the communities, the oscillations begin to adjust, and with a sufficiently large strength, almost
complete synchronization occurs.

While the phase and frequency effects are quite in line with the classical results, the amplitude
and lifetime dependences on coupling and synchronization represent the features, specific to the finite
size evolutionary game. As specific trajectories demonstrate, the amplitude of oscillations decreases
with increasing coupling and the onset of synchronization.

200
150 !
=100
50
0 4 00 1 2 3 4
x10* m x10*
a c

Fig. 6. Change in the number of males with the first strategy in two coupled communities «Battle of the Sexes» over time
(m is the number of the game round): @ — p = 0.005; b — p = 0.1, ¢ — p = 0.5; parameters: N = 200, w; = 0.3, w2 = 0.32
(color online)
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Fig. 8. The lifetime of transient oscillations in the system of
Fig. 7. Quasi-stationary probability density distributions for two coupled communities «Battle of the Sexes» depending
two coupled communities «Battle of the Sexes»; parameters: on the coupling strength; parameters: N = 200, wi = 0.3,
N =200, w; = 0.3, wa = 0.32, R = 10° (color online) wz = 0.32, R = 10° (color online)

Whereas an analytical description this phenomenon is yet unclear, the numerical results can
elucidate it in detail. We constructed quasi-stationary probability density distributions on the set of game
states (4, 7) for a number of coupling strengthes and show its sections at d (%, j) in Fig. 7 for two
coupled communities with w; = 0.3 and wo = 0.32.

First, one observes that the well in the distribution becomes more shallow as the coupling strength
increases to p = 0.005, although synchronization is not reached yet (cf. also Fig. 6, a). The onset of
synchronization at greater p lead to (i) the two distributions becoming almost identical, and (ii) their
radius decreases, indicative of a decrease in the oscillation amplitude.

The effect on the lifetime of oscillations is even more dramatic, as it increases in more that an
order of magnitude (Fig. 8). Even a low coupling strength (p = 0.01), at which synchronization is not
yet observed, increases the lifetime of the transient dynamics by about 6 times compared to a system
without coupling (p = 0). Thus, the spatial migration of individuals protects populations from extinction.
It should also be noted that the lifetime depends on the selection strength w, and synchronization
effectively favors the quicker fixating community to keep on oscillating longer. Even, if extinction
would occur in one of the communities, due to its persistence in the other community both strategies of
behavior can coexist for longer time.

Ensembles of more than two coupled communities «Battle of the Sexes» have also been
investigated. Arrays with two types of boundary conditions were considered, giving a chain and
a ring. In the case of a chain structure, each community (except the first and last) is interacted with
two nearest neighbors. The first and last communities are connected to only one neighbor. In the ring
structure, one realizes periodic boundary conditions by an additional coupling between the first and the
last community.

The results for an ensemble of four communities (C; with w; = 0.28, Cy with we = 0.3, C
with w3 = 0.32 and C4 with wy = 0.34) are shown in Fig. 9. The figure illustrates the dependence of
the mean observed frequencies of communities on the coupling strength, which is the same between
each pair of communities.

Notably, even the strongest coupling strength (p = 0.5) cannot synchronize all four communities
in the chain (Fig. 9, @). In a particular system, a slight coupling allowed communities C5 and Cy to
adjust their rhythms. A further increase in the coupling value led to the synchronization of the three
subsystems (Co, C'3 and Cy), but the oscillation frequency of community C; remained different.
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Fig. 9. Dependence of the observed mean frequency of oscillations in the system of four coupled communities «Battle of
the Sexes» on the coupling strength: @ — chain structure; b — ring structure; parameters: N = 200, wy = 0.28, ws = 0.3,
ws = 0.32, wg =0.34, R = 103 (color online)

Converting it to the ring structure makes it possible to overcome this feature (Fig. 9, b). In this
case, an increase in the coupling strength leads to synchronization of all four communities, despite their
initial frequency detunings.

With an increase in the coupling strength in both structures, the phenomenon of cluster synchro-
nization is observed. For example, in a ring structure, four communities are divided into two subgroups,
called clusters, so that the communities within one cluster oscillate at the same frequency, but the
frequencies of the two clusters differ. In a specific example, clusters C; and Cs are formed, as well
as C3 and Cy4. However, an even greater increase in the coupling strength leads to almost complete
synchronization of communities.

Conclusions

We investigated the mutual synchronization of transient oscillations in the system of discrete
population evolutionary games, coupled through migration. Beside classical manifestations of synchro-
nization, we demonstrated marked alterations in quasi-stationary distributions, amplitude and lifetime
effects.

In particular, for a system of two coupled communities, the frequency and phase locking region
was determined. The great coupling strength allows even considerably different communities to be
synchronized. A similar result was obtained for an ensemble of more than two coupled subsystems.
With an increase in the coupling strength in the ring of mutually connected communities, we observed a
transition from cluster synchronization to an almost complete synchronization. Adjustment of rhythms
also took place in the chain of coupled communities, however, even the strong coupling strength did not
allow all subsystems to oscillate synchronously.

A concluding remark concerns the other types of player migration, that we also addressed in
numerics. In particular, we considered the case when the players with a less successful strategy are more
likely to migrate. There an increase in the coupling strength between communities leads to a more rapid
absorption, leading to the cessation of transient oscillations. In the opposite case, when players with
a more successful strategy are more likely to migrate, the results a more similar to those reported in
the manuscript for the random player migration. However, it should be noted that the synchronization
region, as well as the lifetime of oscillations, become larger than for random migration.
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The interaction of population communities through spatial migration can be important from an

ecological point of view. Even if, due to random fluctuations, a population from a certain community
is on the verge of extinction, the processes of migration and synchronization support the disappearing
population. Thus, our results show that synchronization is important for maintaining the stability and
coexistence of all phenotypes (game strategies). The conclusions obtained can be used in the study of
biological rhythms of real world populations.
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CaMOOPFaHI/IBaHI/IOHHaﬂ AUHAMHUKA KOHIHCHTPAIUuH HOCHTeIeH 3apsaaoB
B ITOJYNPOBOJHUKAX IPH UX WHIKCKIUHA
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Annomauyus. Ljenv HacTosmIeH pabOTHI — UCCIIENOBATH SBJICHHE CaMOOPTaHU3alNH JHHAMUKH KOHIICHTPALUU HOCHUTEJICH
3apsAA0B B IOJYNPOBOIHUKOBBIX CTPYKTypax. lMccienoBarb OCHOBHYIO MOJENb, 1aTh YHCIEHHYIO OLEHKY IPH 3aJaHHBIX
napameTpax 4 npeiokuth € Moaudukanuio. OnpeeuTh 3aBUCUMOCTh PE3yJIbTATOB OIIEHKH OT YIPABISIOLIETO apaMeTpa.
PaccMoTpeTs IMHAMHKY MTPU 3aBHCHMOCTH YIIPABISIIOIIETO TTapaMeTpa OT BpeMeHH. [IpoBecTr TeopeTHUeCKuii aHAIN3, YHCIICH-
HO€ MOZICIIMPOBAHUE U MTOCTPOUTD rpaduku. Memoowl. B 1anHON paboTe UCCIEeAYIOTCS BO3MOXHOCTH U OTPAHUYCHHS OCHOBHOM
MOJIENIM TeHEPAIOHHO-PEKOMOMHAIIMOHHON AUHAMUKHY B MOJIYIPOBOJHUKAX, PEIOKEHHON paHee JpyTriMU UCCIIEI0BATEISIMU.
Brina nmpemioxkeHa u paccMOTpeHa MOAU(DHKAIIS OCHOBHOM Monenu. Pe3yrsmamul. [1poneMOHCTPUPOBAHBI Pa3IMIHbIC BUBI
JIMHAMUKHU KOHIIEHTPALMK HOCUTENEH 3apsAoB. bbul mpoBenéH TeopeTuueckuil ananu3 Moaeinu. YucaeHHoe MOJIETNpOBaHNE
MOKa3aJI0, YTO MPH ONPEACIEHHBIX 3HAYCHUSX YIIPABISIONICTO MapaMeTpa HAOIIOIA0TCS YCTOHUMBBIC COCTOSHUS. Bbutn
MTOJTyYeHBI YUCIICHHBIE OIICHKH YTPABISIONICTO ITapaMeTpa, MOCTPOeHBI (a3oBBIe MOPTPETHl HEIMHEWHOTO YpaBHEHUS H
PaccMOTpEHO MOBEACHNE TUHAMUYECKOH CUCTEMBI IPH NEPHOAUYHOCTH YIPABIISIOIIETO MapaMeTpa. PacimupenHas Moaeb
MoKa3ajia Ka4YeCTBEHHO HOBOEC TOBEJICHUE B CPaBHCHUU ¢ 0a30BOM. 3axirwouenue. [loka3aHo, 4TO B MOIYNPOBOTHHKOBBIX
CTPYKTypax TMHAMUKA 3apsiIOB MOKET JIEMOHCTPUPOBAThH Pa3IMyHbIe IOBeACHU. [loyuyeHHbIe 3aKOHOMEPHOCTH U OLICHKH
COIVIACYIOTCS C TOMy4aeMbIMU paHee. [loayueHHbIe pe3ynsTaTel MOTYT OBITh IPOBEPEHBI IKCIEPUMEHTAIBHO U OYIyT MOJIE3HBI
pu pa3paboTke (poTo- U OeTa-BOIBTANICCKUX YCTPOHCTB.

Kniouesvie cnoga: momynpoOBOIHUKH, CAMOOPTAHU3ALHS, HETMHEHHOCTD, HETMHEITHBIE CHCTEMBI, (ha30BBIE TOPTPETHI, POTO-
1 6eTa-BONIbTaN4YECKHE TeHEPATOPHI.
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Abstract. The purpose of this study is to investigate the phenomenon of self-organization of the dynamics of charge
carriers in semiconductor structures. Investigate the basic model, give a numerical estimate for given parameters and
propose its modification. Determine the dependence of the evaluation results on the control parameter. Consider the
dynamics when the control parameter depends on time. Carry out theoretical analysis, numerical simulation and build graphs.
Methods. In this paper, we investigate the possibilities and limitations of the basic model of generation-recombination
dynamics in semiconductors, proposed earlier by other researchers. A modification of this model was proposed and considered.
Results. Various types of charge carrier concentration dynamics are demonstrated.Theoretical analysis of the model was
carried out. Numerical simulation has shown that for certain values of the control parameter, stable states are observed.
Numerical estimates of the control parameter were obtained, phase portraits of the nonlinear equation were constructed, and
the behavior of the dynamical system was considered when the control parameter is periodic. The extended model showed a
qualitatively new behavior in comparison with the basic one. Conclusion. It is shown that charge dynamics in semiconductor
structures can exhibit different behaviors. The patterns and estimates obtained are consistent with those obtained earlier.
The results obtained can be verified experimentally and will be useful in the development of photo- and beta-voltaic devices.

Keywords: semiconductors, self-organization, nonlinearity, nonlinear systems, phase portraits, photo- and beta-voltaic
generators.
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BBenenune

[TomrynpoBOTHUKOBBIN KPHUCTAIUT TIPEACTABISIET CIOKHYIO CHCTEMY, B KOTOPO Habmromaiorcs
ANEKTPUYECKUE HEYCTOMUHNBOCTH, TAKHE KaK CPBIB TOKA, MEPEKIIOUEHUE MEKIY MPOBOISAIINM U HEIPO-
BOZSIINM COCTOSIHUSIMU WJIM CTIIOHTaHHBIE KoyeOaHWs TOKa WM HampspkeHus. [lomoOHbIe siBICHUS
BO3HUKAIOT IPU MEPEBOJIE MOIYIPOBOJHUKA B HEPABHOBECHOE COCTOSIHUE.

B mannoit paboTe nccieayoTcs XapakTepbl IMHAMUKI HOCUTETICH 3apsA0B B MOIYIIPOBOIHUKOBBIX
CTPYKTYypax IpU BHEUIHEU MHXEKUMU. B kadecTBe BHEUIHETO BO3AECUCTBUS MOTYT BBICTYNATh, HAIPUMED,
¢dotounsl (poroanement), 6era-uacTuibl (0era-31ement) [1]. Mcnonb3yemast Mozielib paccMaTpHUBaiach
pasblie [2—4], HO B HeZocTaTouHOU Mepe. [Ipenpiayiiye uccienoBaTesii He U3ydaid MOJENb B Cily4ae
3aBUCUMOCTH yIPAaBIIONIETO MapaMeTpa oT BpeMeHH. Takxke B OAHOM M3 HccienoBaHuit [4] paccmar-
pYBaliach TUHAMHKA B MOIYIPOBOIHUKAX, HO B YCIOBHUSIX BO3ICHCTBHUS CIUIBHOTO MAarHUTHOTO ITOJI,
a k03((UIMEHT yIapHOW MOHHM3AIUN PACCMATPUBAJICS KaK KOHCTAHTA.

Pesynmbrarhl nccnemoBanms MoJOOHBIX MOJIETICH MTPUMEHUMEBI, B YaCTHOCTH, JIJIST MOICITUPOBAHUS
¢boTo- 1 OeTa-BoNIBTaNYECKUX YCTPOICTB. B nanpHeiieM Bo3MOXKeH YUET JIOMTOTHUTENHHBIX TApaMeTPOB
IUISL PACIIUPEHUS] MOJICIIH.

Lens HacTOSIIEro MCCIEAOBAHUS — ONPEIENIUTh CTAOMIIFHBIE COCTOSTHUS, a TAaK)Ke TPOBEPUTH
3aBHCHUMOCTh PE3yJIbTaTOB OLIEHKU KOHIIEHTPAIIMK HOCUTENICH 3aps/I0B OT MapaMeTpoB: ko3 GuimeHTa
yIapHOW MOHM3AINH, PEKOMOMHAIINY, KOHIICHTPAIUY JOHOPOB U aKIEeNTopoB. PaccMoTpeTh AMHAMUKY
B YCIIOBHSIX HNEPUOTUICCKON 3aBUCUMOCTH YIIPABIISIIOIIETO TapaMeTpa.
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1. Meronuka

1.1. Ba3oBoe kuHeTHYeCKHe YypaBHeHHe. PaccMoTpuM 06a30BYyI0 MOJENb JUHAMHUKH 3JIEKTPO-
HOB B HEpaBHOBEeCHOM moirynpoBogauke. OHa OblIa mpeiokeHa B padore [3] u paccmorpena B [5].
B Heit aBTOpHI IpeHEOpErarT TEIIOBOI MOHM3anuel JoBymeK u Oxe-peKkoOMOMHALINEH, YTO OTBEYaeT
MTOJTYTIPOBOTHUKY B YCIIOBHSX HU3KUX TeMmmepatyp. [IpeneOpexenue Osxe-pekoMOMHAIINEH MOTHBUPO-
BaHO TEM, YTO 3TO BEAET K YNPOLICHUIO MOJENH. YYET ATOro Ipolecca KaYeCTBEHHO HE BIUSET Ha
Mozens [3]. B kpucramuimueckoi pemeTke moaynpoBOIHHKA HAXOAATCS Pa3IMUHble NeeKThl U MIPUMECH,
CO3JIAI0LINE JIOKAIBHBIE YHEPIrEeTHUECKUE YPOBHH B 3alPEILICHHON 30HE, T03TOMY IVIaBHBIM IIPOLIECCOM
pexoMOMHAIMY ABJSIETCS pEKOMOWHAIMA Yepe3 JIOBYIIKH. [I0BepXHOCTh MOIyIPOBOIHUKA CUUTACTCS
HAEaIbHOMN, CIIe0BATEIbHO, IOBEPXHOCTHASL PEKOMOMHALINS TAK)Ke HE YUUTHIBACTCS.

dn

T =n[XNp — T3(Ny — Np) — n(X + Ty)], @))
rie T, — KOHCTaHTa CKOPOCTH PEKOMOMHAIIMH 30HA-JTOBYIIKa, X — KOA()OHUIHEHT yIapHO# HOHU3AIHH,
Np — KOHIIEHTpAIMs JOHOPOB, [Ny — KOHIIEHTPAIHS JOBYIIEK, 7 — KOHIICHTPAIMS HOCUTENEH 3apsioB,
B JIAHHOM CITy4ae 3JIeKTPOHOB. X SABJISETCSA YIPABIAIONIMM MTAPAMETPOM U OT HETO 3aBUCHT XapakTep

(ha30BOTO MOPTpETa U MOBEAECHUE CHCTEMEI.
Kpurtndeckoe 3HaYeHHE YIPABISIONIETO TapaMeTpa:

Xeit = (Nt/Nd — 1T

VYpaBHenue Bcerga umeet penienue n = 0 (puc. 1), kotopoe ycroiunBo mpu X < Xepig. [pu X > Xepit
B TIOJIOXKHUTEILHOM TOMYTUIOCKOCTHA BO3HUKAET YCTOHYHNBOE pernieHue (puc. 2).

_ XNp — (N, ~ Np)
N X+ T, '
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Puc. 1. 3aBHCHMOCTD CTAIIMOHAPHON KOHIICHTPALIUH IEKTPOHOB 7 OT K03 dHineHTa ynapHoil HoHu3auu X (I[BET OHIAIH)

Fig. 1. Dependence of the stationary electron concentration n on the impact ionization coefficient X (color online)
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Puc. 2. ®a3obie moprpersl ypaBHeHus (1) mpu X = 0.5 Xt (@), X = 1.9X it (D)
Fig. 2. Phase portraits of the equation (1) for X = 0.5X it (@), X = 1.9X it (D)

Ha puc. 1 u3o0paxeHa 3aBUCUMOCTbh KOHIEHTPALMH 3JIEKTPOHOB OT X, MEHSIOILErocsl Hemnpe-
pBiBHO OT 0 10 2Xi¢, YTO TIO3BOJIICT HAOMIOAATH U3MEHEHHE [TOBEICHHSI CHCTEMBI IIPH TOCTHXCHUN
YIPABISAIONIAM ITapaMeTPOM KPUTHYECKOrO 3HadeHHus. B 3ToM ciydae paBHOBeCHash KOHIEHTPALHS
CTaHOBHTCS OTJIMYHOM OT HYJIS.

Ha puc. 2 n3o6paxensr ogHoMepHBIE (pa3oBbIe TOPTPETH ypaBHEHH (1) MpH pa3HBIX 3HAYCHHUAX
YIpaBISIONIETro napaMerpa. [Iponcxoqut TpaHckputHyeckas ouypkaunus, Ipu KOTOPOH paHee JexkKaBIlee
B He(dm3mueckoil obmactu (puc. 2, @) MPOCTPAHCTBA PEIICHUE MEePEXOaUT B (pU3MUEcKyro 00IacTh
(puc. 2, b). To ecTb NIPOUCXOOUT HEPABHOBECHBIHN (ha30BbIN MEPexo BTOPOro poja U3 HENPOBOASIICTO
COCTOSIHUS B IIPOBOJLIEE.

TIpy YKCIEHHOM MOJIETMPOBAHUH GBLTH MCTIONB30BaHbI ciieytomue 3nadenns: T, = 107 em3c ™,
Np = 10" em™3, N; = 10'6 M3, uTo XapakTepHo [yist KpeMHUs HpH IMybuHe noBymek 0.54 7B Huke

30m51 IpoBoauMocTH [3]. Torma Xt = 9- 1072 em?c L.

3

1.2. lonoanennast moxens ¢ pynkuueii X (¢). Panee ynpasmsrommii mapamerp X paccmar-
pUBAJICS KaK HE3aBUCUMasi OT BPEMEHU KOHCTAHTa, Teleph PACCMOTPHUM Cliydail ero ()yHKIMOHATBLHON
3aBHCUMOCTH OT BpeMeHH t. KoaddummenT ynapHoit nonm3amuu X CHIBHO CBSI3aH CO 3HAUYCHHEM IPHIIO-
JKEHHOTO AJIEKTPUYECKOTo 1mons £, moaToMy Ha mpakTuke QyHKIMOHAIbHAsS 3a7a4a X OCYyIIeCTBISETCS
uepe3 ynpasinenne E [6]. B nannoii paGore B kadectBe GyHkimu X (¢) mpeiaraercsi Ciemyrolee
BEIpaKEHUE:

X(t) = X1 (0.5 0.5sin (107t + g)) + Xo, @)

rae X| — OTBeYaeT 3a MepPHOAMYECKYIO YacTh (pyHKIMHU, a X9 — 3a HE3aBUCAIIYIO OT BPEMEHHU CTa-
nuoHapHyo yacTh. IIpu 3Tom 1077w — yrioBas yactoTa KoneGaHuid, a 7t/2 — HavanbHas daza. Bun
3aBUCUMOCTH OT BPEMEHH MOTHBHPOBAH KEJIAHUEM PACCMOTPETh MOJAETH B YCIOBUSX TAPMOHHUECKUX
KoyieOanmid. Benmunna ko3 durmeHTa 107, SIBIISFOTIIETOCS 9aCTOTOM, OOBSICHSICTCSI TEM, UTO TTepexoi K
PaBHOBECHOMY COCTOSTHHIO MIPOHMCXOMHUT 38 MHKPOCEKYH/IBI, U TIPH HEGOIbBIION YacToTe m3mMeHeHust X (1)
BKJIAJT OCHMJUTANNN OymeT KpaiHe Mall.

[Ipu moxenupoBannu xoporio mpossisieTcs 3gdext nepuoguaaocty (puc. 3). 3enéHas moso-
ca — BEPXHsIS OrpaHUYUBAIONIAs] JIUHUS, COOTBEeTCTBYIomas X1 + Xo. OpanxkeBas mojioca — HIDKHSIS
OTrpaHWYHUBAIOIIAs JTUHUSA, COOTBETCTBYIOIMAs Xo. B ciydae, Korja cTaliioHapHas YacTh paBHA HYIIIO,
a mepuoamdecKas MeHbine X, (pUC. 3, a), HabmonaeTcss oOmuil TPeH Ha YMCHBIIICHIE KOHIICHTPAITHH
mo myns. Ecmu X, + Xo = Xpig (puc. 3, b), TO BEpXHSISI TUHUS OTPAHUYCHHAS CTPEMHUTCS K YCTOMUNBOMY
COCTOSIHUIO, a HIXKHsISI — K HYI0. To ecTh 3a mepuo]| KojeOaHui cucTeMa yCIeBaeT OT HEIPOBOJIAIICTO
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Puc. 3. Cepxy — momynorapudmMuieckrne rpapuKi 3aBHCUMOCTH KOHIIGHTPALUU 1 OT BPEMEHH t, BHU3Yy — 3aBHCHMOCTD
ko3¢ dunreHta ynapHoi nonusarmu X ot Bpemenu t npu X1 = 0.5 Xcrit, X2 = 0 (@), X1 = 0.5Xcrit, X2 = 0.5 Xerit (D),
X1 = 1~001Xcrit7X2 =0 (C)

Fig. 3 Above — semi-logarithmic graphs of the dependence of concentration n on time ¢, below — impact ionization coefficient
X (t) for X1 = 0.5Xerit, X2 = 0 (a), X1 = 0.5Xerit, X2 = 0.5Xeris (b), X1 = 1.001Xcrit, X2 =0 (¢)

cocrostHUS N = ( TOUTH O TMPOBOISAIIETO CTarmoHapHOro cocrostHus. Ecimm X1 = X, a Xo = 0
(puc. 3, ¢), To obuiee moBeaeHUe OyIeT CXOKUM CO BTOPBIM CIIydaeM, HO BpeMsl AJIsl JOCTH)KCHUS
BEpXHEH JIMHUW TPEHA JIMHUU CTAIIHOHAPHOTO COCTOSHUS OymeT OOoJIbIIe.

2. Pe3yabTarsl

Br1 moctpoeH rpaduk cTanroHapHON KOHIIEHTPAIMH 3JIEKTPOHOB OT KO3 (dHUIIMEeHTa yaapHOH
noHu3anu. [IpoananusupoBano ypaBHeHue (1) 0CHOBHOM MOAENTH W TOCTPOCHEI (Da30BBIC TIOPTPETHI.
Brina mpensoxeHa pacmmpeHHas Moaenb (2), Mo KOTopor Takxke Oblu nmoctpoeHsl rpaduku. [lomy-
YEHHBIE PACIIMPEHHBIM METOIOM JUHAMHUKHU PUC. 3 XOPOIIO COOTHOCSTCS € pe3yJbTaTaMi OCHOBHOM
MOJIENIU pHC. 1, IpU 3TOM UMes KaueCTBEHHbIE 0COOEHHOCTH.

3akiaroueHnne

JaHHas Mozesnb O3BOJISIET PAaCCMOTPETh Pa3IMUHbIEe NTUHAMUKU KOoHIeHTpanuu. Hecmotps Ha
MPOCTOTY, €€ aHallu3 a&T JOCTOMHBIE K pACCMOTPEHUIO PE3YJIbTaThl. TakkKe Mpu TeX 3HAYEHUSIX YaCTOTHI,
KOTOPBIC ObLTH PacCMOTPEHBI, METOJ BE3JC MOKa3bIBaJl JOCTATOYHYIO YYBCTBUTCIIbHOCThL K 3HAYCHUIO X.

B panpHelimem rutaHuUpyeTcsi pacIIMPUTh MOJEINb, ydecTh Takue 3(dekTrl, kak Oxe-peKoM-
OMHAIWSA, TEIUIOBas HOHU3AIMS, BIUSHUE Ae(PEKTOB KPUCTAIUIMYECKOW PEMETKH U TIp., YTO TO3BOJIUT
pacuIMpuTh MPAMEHUMOCTH MOJIENTH Ha OOJBIIHI CTIEKTP PeaNbHBIX CTPYKTYP U CPABHUTH TEOPETHUECCKHE
JaHHBbIC C SKCIICPUMCHTAJIbHBIMU.

Taroke mnaHupyeTcs UCIONIB30BaTh PEe3yIbTaThl IPH MOACIUPOBaHUH (HOTO- M OeTa-BOIBTAHYECKUX
ycTpoicTs [1].

B pesynbrare MOXXHO CHOPMYITHUPOBATH CIEAYIONINE PEUMYIIIECTBa METO/A.

[Ipocrora ananusza.

Hlnporcaﬂ BO3MOXKHOCTbH MO,ZII/I(bI/IHI/IpOBaHI/Iﬂ. Bo3MmoyxkHOCTE YUYUTBIBATh JOIOJTHUTEIIBHBIC

3¢ exToI.

e B03MOXHOCTb IKCIEPUMEHTAIbHOU IPOBEPKHU.
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Annomayusn. [Jens HACTOSIIETO MCCIEIOBAHUS — AHANN3 BO3MOXKHOCTH HCIIONB30BAaHMS CBEPTOUHBIX HEHPOHHBIX ceTeil
B Ka4yeCTBE MOJEIM JJS BBIABICHHS SMMICNTUYECKUX NMPHUCTYNOB Ha pealbHbIX AaHHBIX DOI. Memoowr. J{ns yacToTHO-
BPEMEHHOTO aHali3a HCIONb3yeTCsl BelBieT-aHamu3. [ JoKanu3ayuy SIHICITHYSCKUX Pa3psoB 3aja4a UX JETEKTH-
poBaHus OblIa CBeleHa K 3afadye KIacCH(UKAIMKA M UCIIOJIB30BAJIACh MOJENbh HEHPOHHOH ceTH apxuTekTypsl ResNetlS.
Bruti MCnonb30BaHbl TEXHUKH JJI ayrMEHTaluu U GaﬂaHCl/lpOBKl/l paccMaTrpmuBacMoro garacera 6I/IOMC[Ll/lLlI/IHCKI/IX JAaHHBbIX.
Pesynomamer. CBepTrouHas HEHPOHHAS! CETh MOXKET OBITh YCIICIITHO NIPUMEHEHa JUISl BBIBICHUS SIHJIENTUYCCKHUX IIPUCTYIIOB,
MIPEATIOKEH METOJ TOCTOOPaOOTKH pe3yabTaToB MEPBHYHOTO AETEKTUPOBAHUS Ul YIyUIISHUS Ka4ecTBa PaOOTHI MOAEINH.
IMokazaHo, 4To paspaboTaHHas MOJENb AEMOHCTPUPYET BBHICOKYIO TOYHOCTD MO CPABHEHHMIO C JPYTUMH METOaMH, OCHOBAHHBI-
MH Ha KJIaCCHYECKHX aJTOPUTMaX MAIIMHHOTO oOy4eHms. 3HaueHue MeTpuku F1-score nocruraer 0.44, 4To SBISETCS BBICOKMM
3HAUEHNEM TP KIacCH(UKAIUHN PeaNbHBIX OMOIOTHYECKHX HAaHHBIX. 3axniouenue. IlpencraBneHHas MOIEIb Ha OCHOBE
CBEPTOYHOIT HEHPOHHOM CETH JUIs BBIIBICHHS SIS THYECKHUX IPHUCTYIIOB Ha 3amuck D3I MOXKeT cTaTh OCHOBHOM B CHCTEMax
TIOIEPKKH MPUHATHS BpadeOHBIX PENIeHHI Bpada-3IHIICITONOora.
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Abstract. Purpose of this study — analysis of the possibility of using convolutional neural networks as a model for detecting
epileptic seizures on real EEG data Methods. In this paper, wavelet analysis is used for time-frequency analysis. To localize
epileptic discharges, the task of detecting them was reduced to the classification task and the ResNet18 architecture of neural
network was used. Techniques were used to augment and balance the biomedical data dataset under consideration. Wavelet
analysis is used for time-frequency analysis. To localize epileptic discharges, the problem of their detection was reduced to the
classification task, and the ResNet18 neural network architecture was used. Techniques were used to augment and balance the
considered biomedical dataset. Results. Convolutional neural network can be successfully used to detect epileptic seizures,
a method of postprocessing the results of primary detection is proposed to improve the quality of the model. It is shown
that the developed model demonstrates high accuracy in comparison with other methods based on classical machine learning
algorithms. The value of the Fi-score metric reaches 0.44, which is a high value for classification of the real biological
data. Conclusion. The presented model based on a convolutional neural network for detecting epileptic seizures on an EEG
recording can become the main one in medical decision support systems for epileptologist.

Keywords: EEG, time-frequency analysis, neural networks.
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BBenenue

Onumnencusi — 3TO XPOHWYECKOEe HEBPOJOTHYECKOE PacCTPOMCTBO, MposBIstonieecs B Gopme
PENKUX TOBTOPSAIOLINXCS MPHUIAIKOB, BEI3BAaHHBIX aHOMaJIbHON aKTUBHOCTBIO B Mo3re. [lon mpunaakom
[MOHMMAIOT AHOMAJIBHYIO aKTUBHOCTb HEHPOHOB B TOJIOBHOM MO3T€, KOTOpasi MOXKET CONPOBOXKIATHCS
rmoTepeii Co3HaHus1, HEKOHTPOJIMPYEMBIMH ABI)KEHUSMHU WIIM IPYTUMH HETaTHBHBIMHU MPOSBICHUSMHU.
o cocrosinuto Ha 2016 rox Gonee 50 MUILTMOHOB YEJIOBEK 110 BCEMY MUPY CTpaaajo dnuiencuei 1],
OITHAKO CTOMT OTMETHUTh, YTO NPHU CBOECBPEMEHHOM BBIABICHHH M HaJulekanieMm JyedeHudn 10 70%
MAIEHTOB TOCTUTAIOT COCTOSHUS peMuccuu [2,3]. Ha ceromusmHuii 1eHh OCHOBHBIM JAUATHOCTHYCCKAM
WHCTPYMEHTOM IIPH SIIJICTICUH SBISIETCS deKTposHuedanorpadus.

OnexrposHInedanorpadus (331°) — 3To HEMHBa3UBHOE U3MEPEHUE YNEKTPUICCKUX TOJIEH TOIOB-
HOTO MO3ra, IpH KOTOPOM 3JIEKTPOABI, IIOMEIIEHHbIE Ha KOXKY T'OJIOBBI, PETUCTPUPYIOT MOTEHIHAIIBI
HanpsDKEHUs, BO3HUKAIOIIUE B pe3ysbTaTe NPOXOXKACHUS TOKa B HepoHax M BOKpyr HuX. HaubGonee
pacIpoCTpaHEHHBIM MOAXOIOM K aHanu3y OO1 sBiseTcss BU3yal bHBIN aHAJIN3, KOTOPBIH IPOBOIUTCS
OTBITHBIM BPauOM-3IIJIENITONIOTOM. J[aHHBIN MOAXOA ABISAETCS TPYAOEMKHUM M JTOPOTOCTOSLIUM IPO-
LIECCOM, TaK KakK CHEeIUaINCTy HEOOXOAMMO IPOaHAIN3UPOBATh OIPOMHBIN 00beM JaHHBIX. Hampumep,
B HEKOTOPBIX CIIydYasX MalMeHT MOXKET MPOOBITh B KIIWHUKE OT HECKOJIBKHUX CYTOK /IO HECKOJIBKUX HEIeIb
JUISL IPOBEICHUS I0JITOCPOYHOTO MOHUTOPUHTA, YTO NPUBEICT K HEOOXOAMMOCTH aHaJM3a COTEH YacoB
sanucedt D01 [4]. Hanuune aBTOMaTU3MPOBAHHOIO MHCTPYMEHTA JUISl BBISIBICHUS SMUIIECNTHYECKUX
MPUCTYMOB Ha 3anucu DI Moo OBl CYIIECTBEHHO YCKOPUTH MPOIECC CKPUHUHTA, 0CBOOOIUTH Bpaya
OT KPOIOTJIMBON PabOTHI, a TaKXKe MPEJOCTaBUTh ajlbTepHaTHBHOE MHeHHUe. [locTpoeHne monoOHBIX
CHCTEM TOJIEPKKH MPUHATHS BpadeOHBIX PEIIeHU B HACTOSIIEE BpeMs SBISETCA aKTyalIbHOM U BayKHOM
Hay4YHOH 3amadeit [5,6].
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Ha cerogusimauii 1eHs CyIiecTByeT OONBIIIOE KOTUYECTBO HCCIE0BaHUM B oOnacTu anamm3a D3I
JIAHHBIX, U BBISIBICHUE SMWICNTUYCCKUX MPUCTYIIOB HE UCKitodeHue [7]. B wacTu pabot /uis BEISIBICHUS
MIPUCTYTIOB UCTIONB3YIOTCS CTaTUCTHYECKHE MoJeH |8, 9], HO Takke CYIIeCTBYeT OONBIIOE YHCIO padoT,
TJIe WCTIONB3YIOTCS Pa3IUIHBIC aTOPUTMBI MamMHAOTO 00yueHus [10-12]. OTmensHO CTOWT CKas3arh,
YTO B IMOCJICIHHUE TOABI aKTUBHO PA3BHBACTCS OTPACIbh IITyOOKOTO OOy4eHUSs, rne HEHpPOHHBIC CETH
MIOKA3BIBAIOT JYYIIKE PE3YNbTaThl B PEIICHUH PA3IUYHBIX 33/1a4 C UCIOJIF30BAaHUEM JaHHBIX PAa3JIMYHbBIX
MOZaNIbHOCTEH, BKJIFOYast H300payKeHHUs], TEKCTHI U 3BYKOBBIE CHTHAJIBI. B pe3ynabprare MHOTHE HCCIeoBa-
TETU TPOOYIOT IPUMEHATh NCKYCCTBEHHBIC HEHPOHHBIC CETH U K 3aJ1ade JCTEKIIMH DA THICCKIX
mpuctymos [13,14].

OiHaKo Yalle BCEro MCCIICAOBAHUS U OIICHKA MPEJIaraéMbIX MOJIEICH MPOBOJIUTCS HA MyOIUYHO
JOCTYNHBIX JAHHBIX, CPEOU KOTOPBIX CaMbIMU PaCIpPOCTPAHEHHBIMHU HCIONB3yEeMBIMH JaTaceTaMu
spistoTcst Bonn-Barcelona EEG [15] u CHB-MIT [16], HO 3TH HaOGOpHI JaHHBIX HMEIOT OIpEeIICHHBIC
HEIOCTAaTKH, KOTOPBIE TPENATCTBYIOT MOIYYSHHUIO MOJIENIeH, TOTOBBIX K HCITOIB30BAHUIO B TIOBCETHEBHBIX
YCJIOBHUSX HEMHBA3UBHOTO MOHHTOpHHTA. Tak, HampuMmep, [15] cogepXuT JaHHbIE BHYTPHUEPEITHBIX
3armucedt DO manueHToB, CTpalaonrXx (papMakope3UCTEeHTHOW (OKATLHOW SIUIETICUEH, YTO CHIIBHO
OTJINYAETCS OT TOTO KaK MPOBOAUTCA COBPEMEHHBbIH HEeMHBa3UBHbIA MOHUTOpUHT DI Jlaracer [16],
B CBOIO OYEPE[Ib, COACPKUT JIAHHBIE JIUIIb O 23 manueHTax miajiie 22 JIeT, Cpeu KOTOPBIX 5 MYXUHUH,
YTO MOXKET OBITh HEJOCTATOYHO PEIPEe3CHTaTUBHON BBHIOOPKOM, TaK KaK M3BECTHO, 4To DD -1aHHbIE
CHJIBHO BapUATHBHBI OT MAllMEHTa K manuenty [17].

B manHO#1 paGoTe ncciemyercs BOIPOC: MOXKET JIM MOIXO/ HA OCHOBE CBEPTOYHBIX HEHPOHHBIX
CeTeH MCITONIb30BaThCS B KAYECTBE MOMCITH IS BHISBICHHS SMIICITHYCCKUX MIPUCTYIIOB HA peabHBIX
nmarabix D01 3ammcn. i morydeHus: 0TBETa Ha STOT BOMPOC UCTIONB3yeTcs HA0Op MaHHBIX HEWHBA3UB-
HOTO MOHUTOPUHTA, IJI¢ BCE JaHHBIC OBLIU 3alMCAHBI IIPU ITOMOIIH OHOTO YCTPOWMCTBA M pa3MEUYCHBI
OJTHUM BpauoOM 3MUJIEHITOJIOTOM, MpeocTaBlIeHHble HallnoHaIbHBIM MEAUKO-XUPYPIUUECKUM LIEHTPOM
nmern H.U. [Tuporosa (MockBa), METOIBI YaCTOTHOTO aHanu3a. s Jokanu3anny npunaakos Ha D00
WCTIOIB3YETCSI THOPUIHBIN MOIXOM, T/l CHadaja CUTHAN MEPEBOIUTCS B YaCTOTHO-BPEMEHHOM TOMEH TpU
ITOMOIIY HETPEPHIBHOTO BEHBIET-NPE0OPa30OBaHKs U 3aTEM UCIONB3YEeTCs CBEPTOYHAS HEHPOHHAS CETh.

1. MeToauka

OO6mias cxema HcCileIoBaHuUs NPEICTaBICHA Ha PUC. 1, TIe 0BaJl UCIIOIb30BaH AJsl 0003HAYCHUS
JAHHBIX HAa PA3JIMYHBIX CTAAUSIX 00paOOTKH, a MPSAMOYTOJIBHUK OTBEYAET 332 0003HAUCHUE ITANOB PabOTHI
¢ maHHbIMA. [IyHKTHpHAS TMHAUA 03HAYAET OMIMOHAIFHOCTH HCIIOIBb30BaHUs OoKka. Kaxkapril oTaenbHbIH
mar 6yaer pazoOpaH Jjanee B CTaThe.

1.1. Janubie. B paboTe UCMONB3YIOTCS JTaHHBIC, MPEI0CTaBIeHHbIe HalmoHaTEHBIM METHKO-
xupypruueckuM neurpom nMmenu H. 1. Iuporosa MunucrepcTsa 3apaBooxpanenust Poccuiickoi de-
nepauuu (Mocksa, Poccust). Bece Meqununckue npoieaypsl IpoBOAUIUCE B LIeHTpe B COOTBETCTBUHI
¢ XeJIbCHHKCKOH Aexyapanueil 1 MeIuIMHCKUMHU npaBuiamu LleHTpa u Obuin 00OpEHB! JiedeOHO-
JKCTIEPTHOW KOMHCcHel. Bee manmeHTs! Jamy niucbMeHHOe HHPOPMHUPOBAHHOE COTIIACHE Tepe]] yJacTH-
eM. Habop maHHBIX BKIIIOYaeT aHOHMMHU3HWPOBAHHBIE JaHHBIE JIOJITOCPOYHOTO MOHUTOPHHTA MAllMEHTOB B
OTIIETICHUH HEBPOJIOTHU U KIMHWYECKOH Helipoduznonornu B nepuof ¢ 2017 mo 2019 rox. MoHUTOpUHT
IIPOBOAMJICS. BO BpeMsI TIOBCETHEBHOW NIESITENbHOCTH, BKIIIOYasi COH U OoxpcrBoBanue. [Iponomxureis-
HOCTb 3allCH BapbHpyeTCs OT § 10 84 4acoB B 3aBUCUMOCTH OT COCTOSIHMS MAIlUEHTa U KOJIMYECTBA
3MU30/I0B SMMWIENTH(HOPMHON aKTHBHOCTH, HEOOXOJUMBIX JUISI TIOCTAHOBKH IPABHJIBHOTO JHArHO3a.
JaHHbIe cofepsKar 3anuc 83 MalueHTOB ¢ TUarHO30M (QOKaTbHAs SIIICHCHs. DMIWICNTHISCKUE Odaru
0OHapyKUBAJINCH B JIOOHBIX, BUCOYHBIX MJIM TEMEHHBIX OONACTSIX JIEBOTO, MIPABOTO WM OOOUX IIO-
JTymapuil. Y KakIoro malueHTa 3a BpeMs HaOnrofeHus ObuIo 3aMKCHPOBAHO OT OJHOTO A0 ISATH
SMWISNTHYECKUX MpHUMaakoB. Curnaigsl D31 perucTpupoBaiu ¢ 4acToToil Auckperusanun 128 ' mo
25 kaHanaMm cornmacHo MexayHaponHoi cucreme 10-20 [18]. IIpumep maHHBIX U300pakeH Ha puc. 2.
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Puc. 1. Cxema uccnenoBanust. OBajioM H300paKarOTCs JaHHBIE HA PA3IMYHBIX CTaAusAX oOpaboTku. [IpsMoyronsHEIM G10KOM
OITMCHIBAIOTCS IIark paboThI ¢ JaHHBIMH. [IyHKTHPHAs JIMHUS 03HAYACT OMLHOHAIBHOCTh MCIIONB30BaHUS OII0Ka

Fig. 1. Study scheme. The oval represents data at various stages of processing. The rectangular block describes the data
processing steps. The dotted line indicates the optional use of the block
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Puc. 2. O9T 3anuch U3 UCIIOIB3yEMOTO aTaceTa, COepIKaIIas MPUCTYII, KOTOPHII BBIAETEH KPACHBIM IBETOM (IIBET OHJIANH)

Fig. 2. EEG record from the dataset with a seizure, which is highlighted in red (color online)
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1.2. YacTOoTHO-BpeMeHHON aHaau3. AHalINU3 CUTHAJIOB BBIOJHAJICA MPU MTOMOIIM HEMPEPbIBHO-
ro BeliBier-ipeodpasosanus (HBIT) [19]. HBII BemonHseT cBepTKY ISl Kaxkmoro u3 25 D3I curHaion
x,(t) ¢ GazoBoii GyHkimei P(1):

Walf,t0) = /T / (W (f(t—to))dt, n=1,2,....N, (1)

rne N — xonudectBo KanaioB B DJI 3ammcu, f — dacrora, t — Bpems, Wy, (f,t) — koaddurmeHTs!
BEUBIIET PeoOpa3oBaHus. 3HAKOM * 0003HAYACTCS KOMILIEKCHO-CONpsKeHHAs QyHKIMs. B kayecTe
6azoBoi ¢pyakmmu HBII ObuT BicTIONB30BaH BeitBiIeT Mopie:

1 w2
— won ,—
Yn) = =e!Mem 2, ()
n
IJe wo = 27T — LeHTpajJbHasd yacToTa BeiiBeTa, KOTopas ONMUCHIBAET €ro obliee MoBeJeHne, Onpeaernse-
MO€ IIyTeM anIpoKCUMAaluy BeHBIeTa CUHYCOUIOH.
Janee paccmaTpuBagach MOLTHOCTh MOJIYYEHHOTO CIIEKTpa B Auana3zoHe yactot 1...40 I'm:

Walf,t) = |[Wa(f,0)]?, n=1,2,....N, (3)

1.3. MaremaTndyeckasi MofeJb. BrIsBICHNE SMUIENTUYECKUX MPUCTYNOB Ha 3amucu OO0
OBUIO CBEZICHO K 3ajade KiaccH(UKauN HemepeceKarmuxcs oTpe3koB DOI 3anmucn puUKCHpOBaHHOM
JUTMHBI (B JaHHOM pabote — 10 cexyHa) mociie BelBneT-npeoOpazoBaHus. [JaHHBIE OTPE3KH MOTYT
OBITH PAaCCMOTPEHBI KaK 25-KaHaNbHBIE M300paKEHUS W, CIIEAOBATENIbHO, 3ajadya B OOIIEM CMBICIIE
3aKJII0YAeTCsl B KIaccupUKanuy u300paxkeHHid. B maHHON mocTaHOBKE JOMUHHPYIOLIEE MOJIOKEHUE
3aHUMAIOT HEHPOHHEIE CeTH, KOTophie ¢ MoMmeHTa TosiBiieHus AlexNet [20] B 2012 romy 3aHmMaioT
JUIUPYIOIIKE TO3ULIUHN B pa3IMyHBIX OeHUMapkax, Takux kak ImageNet [21]. ITosTomy B KauecTBe
MaTeMaTH4ecKoil Moxeny Obuta BeIOpaHa HeHpoHHAs ceTh apxuTeKTypbl ResNet-18 [22], uro sBrsercs
CTaHAAPTHBIM BBIOOPOM [UIA 3aJa4M KiacCU(HUKALUH.

CTOUT OTMETHTD, YTO HEMPOHHBIE CETH UMEIOT TEHICHIIUIO CXOOUThCS ObICTpee U cTa0HiIbHEe,
KOTJIa BXOZIHBIE€ JaHHBIE HOPMAJIBHO PacIpeliesIeHbl ¢ OMM3KUM K HYJIIO CPEIHUM 3HAYEHUEM U orpa-
HUYEHHOH aucnepcueit. OqHako ollee pacupeneicHne MOITHOCTH CIIEKTPa, BBUAY TOTO, YTO MHOTHE
3Ha4YeHHs ONIM3KM K HYIIO, SBISETCS aCHMMETPHUYHBIM, ONM3KMM K IKCHOHEHIHUaiIbHOMY. [loaTomy
BXOJIOM JJIsl CETH OblIa pojorapu(MUpPOBaHHAS U HOPMAIN30BaHHAs MOILIHOCTH CIIEKTpa!

WE(f,1) = log(Wy(f,1)), (4)

Vit (f, 1) — p(Wn®)
o(W8)

Wt (£, 1) = : (5)

e W(X) = ﬁ Y scx T — cpennee 3Hauenue, o(X) = \/ﬁ Y sex (@ —w(X))? — cranmapraoe
OTKJIOHCHHE.

OOBIYHO, 1715 TOTO YTOOBI TOYYHTh JTYUIIIUE PE3YNIBTaThl H YCKOPUTH CXOIUMOCTh Monenu [23],
HCTIOJIB3YIOT MPeNo0yIeHHBIE Beca COOTBETCTBYIOIICH apXUTEKTYphl, OOyUIeHHON Ha 3amade Kiaccuduka-
IIMY Ha JaTaceTe IBETHBIX M300pakeHUH (Takue MpeaoOyUYeHHbIC Beca OOBIYHO MPUCYTCTBYIOT BO BCEX
COBPEMEHHBIX MPOTPaMMHBIX MakeTax). OqHako mpoOieMa COCTOUT B TOM, YTO IIBETHBIC M300paKEHUS
AMEIOT 3 KaHaJa, ToTAa Kak MMeEroluecs nanaele DO mocie BelBieT mpeodpa3oBanms — 25 KaHa-
noB. [{ist perienus 3Toii mpoOieMbl ObUIa peann30BaHa CelallbHAsS CXeMa WHUIMAIU3AIUU TIEPBOTO
CBEPTOYHOTO CJI0S HEHPOHHOW ceTh. Kakaplii (GUIBTp IMEPBOTO0 CBEPTOYHOTO CJIOS MPEHOOYdIECHHOM
ceTu OBbUI YCpPEIHEH BIOJIb U3MEPEHHUS COOTBETCTBYIOLIETO KaHAIaM BXOJHOTO M300paXeHUS U, 3aTEM,
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JUISL KaXA0TOo (pUIIbTpa COOTBETCTBYIOIIEE €My «CpeaHee» Obulo MmpomyOmupoBaHo 25 pa3. JlaHHBIH
MOAXO]I O3BOJIMJI HCIIOJIB30BATh IIapaMeTphl NpeloOyueHHOM MOIeIn U HadaTh 00y4eHHEe ¢ XOPOLIETo
HayaJIbHOTO MPHUOIMKEHUS.

Taxoke CTOMT OTMETUTh, YTO MMEIOLIUICA AaTaceT SBJSIETCS CHIBHO HecOaJaHCHPOBaHHBIM —
6onee 99% oO1iero BpeMeHH 3aliucy COOTBETCTBYET HOPMAIEHOMY COCTOSIHMIO ManueHTa. [loatomy Bo
BpeMsi 00yUeHUs CeTH CIy4JailHBIM 00pa3oM OTOMPAaIOCh paBHOE KOJMYECTBO OTPE3KOB, COMEPIKAIIIIX
W HE COAEpIKallMX MWICNITHYECKUH npucTyn. B nanHoii pabote i KaKA0TO MalMeHTa 0TOUpatoch
100 oTpe3koB, comepKamux HopManbHyto, 1 100 0Tpe3KoB, COmepIKaIIIX SIMICITHYSCKYI0 aKTHBHOCTb.

OOyueHne ceTH MPOBOAMIOCH HA AaHHBIX 34 MAIMEHTOB, TECTUPOBAaHHE — HA JaHHBIX 45 ma-
[IMEHTOB H 4 3amuCcH OBUIM UCKIIOUEHBI U3 PACCMOTPEHMSI, TaK KaK B HUX OBLIN BBISBICHBI HEAOYETHI
B pa3MeTKE Ha 3Tale aHaJin3a MCXOMHBIX NaHHbIX. Hanpuwmep, 3anucu IBYX MAMEHTOB UMENIN OAWH
MPUCTYN MPOoAOKUTENbHOCTBI0O 1000 cexyHZT B KOHIIE 3alHCH, YTO B HECKOJIBKO pa3 IMPEBOCXOIUT
MaKCHUMaJIbHYIO MPOJOKUTEIBLHOCTD MPUCTYIAa BO BCEX OcTaBIIMXcA 3anucsix. Emé 2 3anucu Obuin
HCKJIIOUEHBI U3 PACCMOTPEHUsI TTOCIIe KOHCYJIBTAllMK C BPauyOM HM3-32 3HAUUTEIBHOTO Ynciia apTedakToB
npu peructpanuu 33T
[MapameTpbl 00yueHHsT MOICTIH:

KoJn4uecTBO 310X — 10,
ckopocth 00yuenus — 0.001,
pasmep Oardya — 4,
ontumuzarop — Adam.
B kauecTBe QyHKIHH MTOTEpH AT HEHPOHHOW CETH MCIOIB30BaIach OMHApHAs NMepeKpecTHas
surponus (Binary Cross Entropy, BCE):
Ndata

> (yilog(w:) + (1 — yi) log(1 — x7)), (6)

data i—1

BCE = —

r1e Ngata — KOIMYECTBO MPUMEPOB sl 00yUYCHUs, T; — NPEACKa3aHue MOJCIH, {; — UCTUHHAS METKa.

1.4. MixUp m ayrmMeHTamuu. [l yaydmieHUsl pe3yiabTaToB pabOThl CETH HCIOJIb30BAINCH
TexHUKN ayrMmeHtanuu u moaxon MixUp [24]. Iomxox MixUp mo3BOISET YBEIHIUTH KOJIUYECTBO
YHUKAJIBHBIX NMPUMEPOB B JaTaceTe, CMEUINBas UMEIOIIMECS NaHHbIC B ONPEACICHHONW IPOIMOPIIUH,
9TO, B CBOIO OYEpE/b, IMO3BOJISICT MOMYyYHUTh JTUHEHHOE IMOBEICHUE MOIEITH B MPOMEXKYTKAX MEXKIY
00yJaromuMy MpuMepaMu. ITO YIIydllaeT CTaOMIBHOCTh CETH, TaK KaK IMO3BOJISIET HCITONB30BaTh IS
00y4YeHHsT TPUMEPHI, KOTOPBIC CIIOKHO MOMYYUTh B PEATHHOM KHU3HU. TaKke IKCTIEPUMEHTHI TTOKA3hIBAIOT,
YTO MPH HCTOIL30BaHMK MixUp rpaHuIlbl IPUHATHS JUHEHHO MEePEeXomaT OT Kiiacca K kimaccy [24].
Maremarndecku MixUp MOXKHO 3amucaTh CISTYIOIINM 00pa3oM:

T =hx; + (1 — Nz,
(7
_l’_

<

rie (Z,y) — HOBBIH IpuMep [t 00ydenus, (z;,y;) u (z;,y;) — ABa CIydailHbIX 00ydarolMX mpuMepa
U3 naracera, A — 3HaueHUE U3 Oera-pacrpeseseHus, 10 ectb A~B(a,a), A€[0,1]. B nanHoii pabore
o=1.

[Tox ayrmMeHTanMsIMN OHUMAIOTCSI TEXHUKU MOBBILICHHS BAPUATHBHOCTH J1aTaceTa Mpu MOMOIIN
npeoOpa3oBaHUil HaJ UCXOAHBIMU JaHHBIMHM, YTO IIO3BOJISIET MOTy4aTh Oosiee CTAOUIIBHbBIE U TOYHBIE pe-
meHus. B nanHoil paborte B kadecTBe ayrMeHTalUil UCHONB30BAINCH CIy4ailHOE OTpa)KeHHE MOLIHOCTH
criektpa 10-ceKkyHIHOTO OTpe3Ka [0 BpeMeHH, a Takxke moaxox SpecAugment [25] — mpocToit MeTof
ayrMEHTAllMH, U3HAYaIbHO MIPEIOKEHHbIH U1 3a/1a4M paclo3HaBaHMs pedu. SpecAugment mpuMeHseT-
Csl HEIIOCPEJCTBEHHO K MOLIHOCTHU CHEKTPA U 3aKII0YaeTcs B MACKUPOBAHUU OJIOKOB YACTOTHBIX KaHAJIOB
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c

Puc. 3. IIpumep pabotsl SpecAugment: @ — OpUrHHAT;, b — MAaCKMPOBaHHE IO YACTOTE; ¢ — MACKUPOBaHKE KakK 10 YacToTe,
TaK ¥ 10 BpeMeHH (LBET OHJIAIH)

Fig. 3. Example of SpecAugment. a — source; b — frequency masking; ¢ — time and frequency masking (color online)

W/WIH MacKHPOBaHUM OJIOKOB BPEMEHHBIX KaHAJIOB, TO €CTh B 3aMEHE OPUTHHAIFHBIX 3HAYeHM OIoKa
Ha 0 1100 Ha cpeHEe 3HaUCHUE MOIIHOCTH criekTpa. Ha puc. 3 n300paskeH nmpuMep UCTIONb30BaHMS ATON
ayTrMEHTAIWH, T/Ie OpUTHHAIILHBIC 3HAYeHHUS 3aMEHSAIOTCS Ha Cpe/iHee. 3/1eCh MpeAcTaBlieHa OpUTHHAIbHAS
MOIIHOCTB CIIEKTpa (pPUC. 3, a), MOIIHOCTh CIIEKTpa ¢ MPUMEHEHUEM MaCKUPOBAHUS 10 4acToTe (puc. 3, b)
Y MOIIHOCTD CIIEKTpa ¢ MPUMEHEHHEM MAaCKHPOBAHMS KakK 110 YacTOTe, TaK M 1O BpeMeHH (pwuc. 3, ¢).

1.5. IlocTodpadoTka. Ha TpeHUPOBOYHBIX JAaHHBIX OBLT O00paH IMOPOT OTHECEHUS OTPE3Ka
K MOJIOKHUTEIEHOMY HIIH OTpHIaTeIbHOMY Kiaccy. [loce momydeHus npeackazaHuii ceTd ObUIO 3aMEueHO
0O0JIBIIIOE KOJIMYECTBO JIOKHOMOIOKHUTEIBHBIX CPaOaTHIBAHUI CETH JIUIIL Ha OTHOM TIOCIIEIOBATEIIEHOM
orpeske B 10 cexynn. Ha puc. 4 mpoaeMOHCTPHPOBAHO 3TO HAOIIOACHUE: 2 JIOKHOMOIOKHTEIbHBIX
cpabarbiBaHusl, 0003HAUYCHHBIC PO30BBIMH CTOJIOLIAMH, KaXK/bIH U3 KOTOPBIX, COIIACHO MOJIEIH, JTUTCS

P
1.0 ]

0.8
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0.2

22000 22200 22400 22600 22800 time, s

Puc. 4. 3aBUCHMOCTb YBEPEHHOCTH CeTH OT BpeMeHH. KpacHoii inHueit n306paskeH nopor kiaccu(pukayu, po3oBble CTONOLb —
OJIMHOYHBIC JIOKHOTIOJNIO)KHUTEIbHBIC CpabaTsiBaHus Ha OoTpe3ke B 10 cexyHa (LBET OHJIAiH)

Fig. 4. Dependence of the network’s confidence on time. Red line shows the classification threshold, pink columns are single
10 seconds long false positives (color online)
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B TeueHue 10 cexyHa. DTo gBIsAeTCA cepbe3HON MpoOIeMoi, TaK Kak MPH pealbHOM MCIOJIb30BaHUHI
TaKoOW Moziesiu Bpady OyaeT HeoOXOIMMO TPaTUTh OIPOMHOE KOJIMYECTBO BPEMEHHU Ha MPOCMOTP JIOXKHBIX
«TIOJIO3PUTENBHBIX» OTPE3KOB, KOTOPbIE Ha CaMOM JieJie He COfiepKaT aHOMAJIbHON aKTUBHOCTH.

Jist perieHust npo6iaeMbl OOJIBIIOr0 KOJIMYECTBA OJMHOYHBIX JIOXKHBIX cpabaThIBaHUM OBLIO pac-
CMOTPEHO paclpeesieHue IPOIOKUTENIEHOCTH MPUCTYIIOB, H300paXEeHHOE Ha PHC. 5, AT MOCTPOCHUS
KOTOPOTO OBLTH BBIYMCIIEHBI TTPOJODKUTEIEHOCTH BCEX MPUCTYIIOB BCEX MarueHToB. M3 pacnpenenenus
BHIHO, YTO MHUHHMMAaJbHAasl MPOIOJDKUTEIBHOCTD MPUCTYIIA cocTaBisieT Oonee 40 cekyHI, a CpeqHss
MPOJOIDKUTEIFHOCTE MPHUCTYIIA IIPU dTOM cocTaBisieT 6onee 100 cexyHI, MOATOMY TSI MUHIUMH3AITAN
KOJIMYECTBA JIOKHBIX OMMHOYHBIX CpabaThiBaHUM, OBIJIO PELIEHO MPUMEHHUTD K MOJIyYEHHBIM IpeacKasa-
HUSM Mozenu moctodpadotky. iist 3Toro ObUT HCTIONB30BaH MEUAHHBINA QUIBTp ¢ pa3MepoM siipa k = 7,
TaK Kak Takod MOAXOJ, B OTIMYME OT, HAIpUMeEp, [10A00pa 3BPUCTHYECKUX NPaBHJ OTHECEHUS OTPE3Ka
K JIO)KHOTIOJIOXKUTEILHOMY, TIO3BOJISIET CIJIAJIUTh CUTHAJ B LIEJIOM M IOIYYUTh MEHEE CTOXaCTHUYECKHE
HpEeACKa3aHus.

Jl1s olleHKH KayecTBa pabOThl MOJAETH MCIIOJIb30BAIIUCH CTaHIAPTHbIE METPUKH KauyecTBa i
3agaun Knaccudukamu — precision (P), recall (R) u F}, ocHoBaHHBIC Ha omubkax 1 u 2 pona,
BO3HHKAIOIIUX TPU MPOBEPKE CTATUCTUUECKUX THIIOTE3:

TP
P_TP+FP’ (8)
TP
R_TP+FN’ ©)
2-P-R
=2t 10
TP+ R (10)

rne TP — KOMWYEeCTBO UCTHHHO TOJIOKUTENBHBIX TpecKazanuii Moneu, I'N — KOIMIeCTBO UCTHHHO
JIOXKHBIX TPEJCKa3aHuil Mojenu, F'P — KOIHYeCTBO JIOKHOTOJIOKHUTEIBHBIX MPEICKa3aHUi MOJICIH,
F N — xomu4ecTBO JIOXKHOOTPHUIIATEIHHBIX MPEICKA3aHIi MOJICIIH.

P

mean

0.012
0.010
0.008
0.006
0.004

0.002

0 50 100 150 200 250 duration, s

Puc. 5. Onenka MIOTHOCTH pacIpeneneHns MPOAOKHTENLHOCTH SMUICITHYECKUX MPHCTYIOB B HUCIOIb3yeMOM Habope
naHHbIX. KpacHast BepTuKaibHast IMHUS — CPEIHSS IIPOJOJDKUTENBFHOCTE NPHCTYIA (LBET OHJIAIH)

Fig. 5. Estimation of the probability density function (PDF) of the distribution of the duration of epileptic seizures in the data
set used. Red vertical line shows average seizure duration (color online)
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2. Pe3yabTaThl U 00cyxK/1eHHe

B nanHO#1 pabore ObLia HpemsioKeHAa MOJENb JUIsl BBISBICHUS SIHJICIITUYECKUX MPUCTYIIOB,
OCHOBaHHAsI Ha CBEPTOYHON HeHpoHHOM ceTn apxuTekTypsl ResNetl8. Ha puc. 6 m300paskeHbI mpuMepsI
MIPUCTYTIOB, KOTOPBIE TPEIOKEHHAs MOJIeh PACIlO3HaIa KaK UCTUHHO IOJIOKUTENbHBIE (pHC. 6, ¢, b)
U JIOKHOIIONOXKUTENbHBIE (puc. 6, ¢, d). s HamIAIHOCTH W KOMITAKTHOCTH OTOOpaKeHHS OBLIO

0.0002
>
-
£ 0.0002
<
=)
2P
-0.0006 :
a 0 2 4 6 8 time, s
34.4
N
T
= 233
Q
8
s 121
i)
L0g 2 4 _ 6 8 time, s
e ]
b 0 2000 4000 6000

wavelet power

0.00006
+0.00002
-0.00002

1, mkV

signa

c 0 2 4 6 8 time, s
34.4
N
jan
=233
Q
5
S 121
[
3=
1.0 n
0 2 4 6 8 time, s
e ]
0 20 40 60 80
d wavelet power

Puc. 6. [Ipumep npucTynoB, KOTOpble 0OHAPYKUBAET pa3paboTaHHast MOJEIb: @ — UCXOMHBIH CUTHANI HCTUHHO MOJIOKUTEIEHOTO
0Tpe3ka; b — MOIIHOCTh CIIEKTPa HCTHHHO TOJOKHUTEIBHOTO OTPE3Ka; ¢ — UCXOIHBINA CUTHAI JIOKHOIIONOKHUTEIBHOTO OTPE3Ka;
d — MOIIHOCTB CIEKTpPa JIOKHOIOIOKHUTEIEHOTO OTpe3Ka (IIBET OHJIAliH)

Fig. 6. An example of seizures that developed model detects: @ — the original signal of a true positive segment; b — the power
of the spectrum of a true positive segment; ¢ — the original signal of a false positive segment; d — the power of the spectrum
of a false positive segment (color online)
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PEIICHO BU3YyaIM3UPOBATh MCXOMIHBIN CHTHAI M MOIIHOCTH criekrpa (popmyna (3)) nmocne Oetiznaiin
KOPPEKLUHU TOJNBKO [ KaHana Cz, KOTOPBIA COOTBETCTBYET LIEHTPATIbHOMY 3JIEKTPOY, PACIOI0KEHHOMY
Ha CPEIMHHOM CaruTTAILHOM IIIOCKOCTH Yepena.

Pesynbrarsl 00ydeHMs CeTH Ha TPEHUPOBOYHON M TECTOBOI BHIOOpKaxX MpeACTaBIeHBI B Ta0I. 1.
W3 Tabn. 1 BUgHO, YTO MPU TIEpeXo/ie ¢ TPEHUPOBOUYHOTO MHOXKECTBA HA TECTOBOE MPOUCXOIAUT 3HAYU-
TEeTHFHOE YMEHBITICHHE METPUKH Precision, a BMecTe ¢ Hell U F. DTo OOBSACHAETCS TEM, YTO BO BpeMs
o0y4eHus 11t 0ATaHCHPOBKY JlaTaceTa CiydaiiHoO BeIOHpaiuch mo 100 oTpe3koB HOPMAJILHOM U AIIHJIET-
THYECKON aKTHBHOCTH, a BO BpeMs (ha3bl TECTUPOBAHUS BCS 3aIMCh pa30MBaeTCsl Ha MOCIE0BaTeIbHbIE
10-cexyHIHBIE OTPE3KU. YUHTHIBAs, YTO CPEAHSIS MMPOAOKATEIBHOCTD 3alTUCH COCTaBIsieT Oonee 12
gacoB U 6osee 99% 3ammcu ABISAIOTCS HOPMATbHOW aKTHBHOCTBIO, TO BO BPEMS TECTHPOBAHUS KOJIHYE-
CTBO OTPE3KOB, COIEPKAILINX HOPMAIbHYIO aKTUBHOCTb, MHOTOKPATHO MPEBBIIIAET UX KOJUYECTBO BO
BpeMmst TpeHUpPOBKHU. CIe10BaTeIFHO, MOBBIIACTCS U KOJMUYECTBO JIOKHOMOIOKUTENFHBIX CpadaThIBaHuUi,
YTO U OTPAKAETCA B YMEHBIICHUU 3HAYEHUSI METPUKU PreciSton.

W3 manHbIx Tabm. 1 Takxke ClieAyeT, 4To MeAuaHHash (GUIbTpalus CyIIECTBEHHO YIy4IlaeT pe-
3yABTaTHl pabOTHI MPEUIOKEHHONH MOJENH. YIIydIleHns HanOoJiee 3aMETHBI B METPHUKE PreciSion, 9To
SBJISICTCSl 3aKOHOMEPHBIM PE3YJBTAaTOM, TaK Kak MEAMAHHBIN QuiIbTp ocobeHHO 3¢ dexTrBeH B 6oprode
C UMITYJIECHBIM TITYMOM, Y€M H SIBJISIFOTCS OMMHOYHBIC JIOKHBIC CpaOaThIBAaHUS MOJICIIH.

Taroke st neMoHcTpaiyu 3G GEeKTUBHOCTH TPEATIOKESHHOTO METO/Ia B Ta0ll. 2 TIPUBEACHO CPaB-
HEHHE C METOJaMH, IIPEIJIOKEHHBIMU B [26,27], KOTOPBIE OCHOBAaHBI Ha KJIIACCHYECKUX aJITOPUTMAax
MAaIIMHHOTO 00YYEeHHUs M MCIIONB3YIOT TaKoW ke Habop aHHBIX.

[Ipennoxennas B qaHHON paboTe MOIENb 6€3 MPUMEHEHHUS MOCTOOPaOOTKH JOCTUTACT 3HAUCHUS
MeTpuku Fi = 0.2495, 4yTO NpeBOCXOAUT pe3yNbTatT, NPEACTaBIECHHBIN B [20], TA€ aBTOPbl FEHEPUPYIOT
MPU3HAKY BPYYHYIO IS MOCTCAYIOMIEH KIAacCU(PHUKAIIMKA C TIOMOIIBI0 aIrOPUTMa CIIYYaiHOTO Jeca.
PesynbraTsl, 1eMOHCTpUPYEMBIE HAIIE MOJIENBIO, TAKXKE SIBISIFOTCSL COOCTABUMBIMH C pe3yJbTaTaMH,
MIpeACTaBICHHBIMU B pabote [27], B KOTOPOil aBTOPHI peIaloT 3ajavy BbISABICHHS MPUCTYIOB, paccMar-
puBas e€ Kak 3a/aqy JeTeKIINH BRIOPOCOB, ¢ TIOMOIIBIO omHOKIaccoBoro SVM [28]. Tlpu mobasineHnn
mara nmocroOpaboTKH Pe3yabTaThl CYIIECTBEHHO YIIYYIIAOTCS U UTOTOBOE 3HAYCHHE METPUKH F co-
craiger 0.4382, 9To MpeBOCXOAUT pe3ynbTaThl B paborax [26,27] u gemoHCTpUpyeT 3(h(peKTHBHOCTD
MPeII0KEHHOTO METOA.

Hpyroii BaxXHOW 3amadeil sBIIETCS COo3MaHue MHTEP(EHCOB MO3T—KOMITBIOTED ST HEMEIUKa-
MEHTO3HOTO MPEpPhIBaHUS SMUJICITUYECKUX MPUCTYNOB [29], KOTOphIE OCHOBAaHBI Ha MPEICKa3aHUU
dhopmupoBanms nmpuctyna no curHaizam I91/9Kol u mocnenyromei CTUMYIISIIAA MO3ra HHTepQeii-
com [30,31]. IIpemnoxeHHass MOIEITb MOXET OBITh (D (PEKTHBHA JUTSI PEIICHUS JTaHHOW 3a7a4yu, TaK Kak

Tabnuma 1. Pe3ynsrarel 00yueHUs NPeIOKEHHON Moenu
Table 1. Training results of the model

IToIMHOMXECTBO JaHHBIX precision | recall | Fy

TpenupoBouHOE 0.7771 0.7794 | 0.7782
TectoBoe 0.1903 0.7199 | 0.2495
TectoBoe, meanan. ¢puisrp. k=7 | 0.4196 0.7308 | 0.4382

Tabnuia 2. CpaBHeHUE MOJeeH
Table 2. Comparison of models

Monenb precision | recall Fy
Random Forest [26] 0.0533 0.7867 | 0.0933
One-class SVM [27] 0.1270 0.7697 | 0.2058
ResNet-18 0.1903 0.7199 | 0.2495
ResNet-18 menuan. puetp. k =7 0.4196 0.7308 | 0.4382
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KJaccu(puKanusi TpOU3BOAUTCS MO0 KOpOoTKUM (10 10 ¢) maTepBanam. OQHAaKO BO3HHKAET IpobieMa
HEOOXOIMMOCTH pacyeTa BEeHBICT-CIEKTPOB [0 BCEMY MHTEPBAJLy 4acTOT, YTO IPUBOIUT K OOIBIINM
3aTparaM MalIMHHOTO BpeMeHH. [o3ToMy i MCrons30BaHKs aNropuTMa B peaJbHOM BpeMeHH HeoOXo-
IMMa ero JajbHEHIIas ONTUMM3aLNs, B YACTHOCTH, BaXXHBIM SIBIISIETCS. aHAJIM3 HaubOoJee 3HaYuMOro
4acTOTHOTO JUara3oHa, 1o KOTOpOMY HEOOXOAMMO BOCCTAHOBIIEHHE BEUBIIET-CIIEKTpA.

3akjoueHue

B nanHoil pabore Obula IpoaeMOHCTpUpPOBaHa PPEKTUBHOCTh HUCIOIB30BAHUSI CBEPTOUHON
HEHPOHHOM CceTH Ui BBIABICHMS SMUISNTUYECKUX NpucTynoB Ha OO 3ammcu. s momyyeHus ka-
YECTBEHHOTO PELICHUs OBIJIM MCIIOIb30BAHbl TEXHUKH ayIMEHTALMH M CIIeLHaJbHas cXxeMa 00ydeHHU .
Hcxons u3 pe3ynasTraToB, MPeICTaBICHHBIX B Ta0M. 2, BUAHO, YTO MPEUIOKEHHAsI MOZIeNIb, OCHOBAaHHAs
Ha CBEPTOYHOH HEHPOHHOU ceTH apXUTeKTyphl ResNetl8 ¢ MenmnaHHBIM QHIBTPOM IS TOCTOOpPadOT-
KH, HECMOTPS Ha HeOOJBIION MPOUTPHIII 110 METPUKE recall, B IETIOM MPEBOCXOAUT MOJEIIN Ha Oa3e
KJIACCHYECKUX anropuTMoB. [Ipennoxennas Monens He TpeOyeT pydHOU TeHepanuy MPU3HAKOB, YTO
SIBIISIETCSL IPEUMYILECTBOM 110 CPAaBHEHHIO C KJIIACCHYECKUMH MMOIXoAaMu. Takke MOXKHO CKa3aTh, UYTO
MIPeTIOKEHHAsT MOJIENb HETUIOXO CIPABIISETCS C BRIABICHUEM OTPE3KOB, COIEPIKAIIUX MPHUCTYI, HO B TO
e BpeMs MPUCYTCTBYIOT MPOOJIEMBI C JIOKHOIOJIOKUTEIbHBIMU cpadaThIBAaHUAMU, YTO OOBSICHSIETCS
CJIOXHOCTBIO MCXOHOTO CHTHajia — OOJBIION BapHAaTHBHOCTHIO KaK B paMKax 3allyCH OJHOTO MalHeHTa,
TaK U MEXIY 3aIMCAMHU HECKOJIbKUX NauueHToB. OAHAKO CTOMT OTMETHTh, YTO CPEAU BCEX MIPUCTYIIOB
BCEX MAI[MEHTOB MOJIENb OTMETHIa KAK MUHUMYM OJIMH OTPE30K KakK SMUISNTUYECKUH, a 3HAYUT, IPH
IIPOCMOTPE BPAaYOM TAKHX «IOAO3PHUTEIBHBIX» OTPE3KOB HU OIMH HPUCTYI HE OyIeT yIyIIeH, YTo
SIBIIIETCS KJIIOYEBBIM KPUTEPHEM MPUMEHUMOCTH MOJEIH B KAYECTBE CUCTEMBI MOAAEP)KKH IPUHATHUS
BpaueOHBIX pemenuii (CIITIBP).
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Annomauus. [Jens HACTOSIIIETO UCCIICAOBAHUS — Pa3padboTaTh MPOCTYIO METOJUKY Pa3METKU CTaaui cHa 1Mo AaHHbIM DOT,
HOJIy9CHHBIM U3 ITOIMCOMHOTpaduueckux 3anucei. s mpoBepku paboThl METOa OH IIPUMEHEH K TPEM TPYIIIaM HCIIBITYEeMBIX:
YCIIOBHO 37JOPOBBIM, allMEHTaM ¢ 0ose3Hb0 IlapkuHCOHa, MaeHTaM ¢ arHod. Memoos:. [y pacrio3HaBaHUs CTaquid CHA
HCIOJIBb3YETCS pacueT PeKyPPEHTHOro MoKa3aTessd U ero nocieayromas oueHka. [lokasaHo, 4yto craguu ObICTPOro U MEATIEHHOTO
CHa JEeMOHCTPHUPYIOT Pa3IMYHbIEe 3HAYEHHUs PEKypPEHTHOTO IoKa3arelsl. Pesynvmamel. B 3aBHCHMOCTH OT TOTO, B KakKoi
JIMaTIa30H T0MajaeT PeKypPPEHTHBIH MOKa3aTeNb, ONPEASISUIICH CTaAN OBICTPOTO U MEUICHHOTO CHA AT UCIBITYEMBIX 10 HX
HOYHbIM HOJ'[l/ICOMHOl"pa(I)I/ILleCKl/IM 3aIluCsIM. I[J'[ﬂ TPEX rpynn UCHbITYEMBIX 6]>IJ'II/I pacCuruTaHbl CPCAHUEC 3HAYCHUA TOYHOCTH
METOJa, KOTOpBIE B CpefHeM NpeBbIMA0T 72.5%. 3axnouenue. 11oka3aHo, 4TO HA OCHOBE PEKYPPEHTHOIO aHAIN3a BO3MOXKHO
co31aTh MPOCTOi U 3((GEKTUBHBINA METOJ PacIO3HaBaHUs CTaAui cHa. [y MalMeHTOB C allHOd CpefHee 3HAYeHUE TOYHOCTH
METO/Ia BBIIIE, YeM AJIS YCJIOBHO 3[0POBBIX MCIBITYEMBIX, AJIS KOTOPBIX, B CBOIO O4Y€pellb, 9TO 3HaYEHUE ObUIO BBIIIE, YEM
JUIsl TAaMeHToB ¢ Oose3Hbio [TapkuHCOHA. DTO MOXKHO OOBSICHUTH T€M, YTO M3MEHUYHBOCTh CTATHCTHYECKUX XapaKTEPUCTHK
PEKypPPEHTHOTO TTOKa3aTells 10 CTAUSIM CHA B IPYIIE Y MAIEHTOB C allHO? HIXKE, a y MAlueHToB ¢ Oone3Hbio ITapkuHcona
BBIIIIE 110 CPABHEHUIO C YCJIOBHO 310POBBIMU UCIIBITYEMBIMH.

Kniouegsle cnoea: peKyppeHTHBIH aHANN3, MOMNCOMHOTpadus, 3mekTpo3nnedanorpadus, cTaquu CHa, aBTOMaTHIECKas
pa3MeTka.
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Marking stages of REM and non-REM sleep using recurrent analysis
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Abstract. The purpose of this study — to develop a simple technique for labeling sleep stages according to EEG data obtained
from half-somnography recordings. To test the work of the method, it will be applied to three groups of subjects: conditionally
healthy, patients with Parkinson’s disease, patients with sleep apnea. Methods. In this work, to recognize sleep stages, we
use the calculation of a recurrent indicator and its subsequent assessment. It is shown that the stages of REM (Rapid Eye
Movement) and non-REM sleep demonstrate different values of the recurrent index. Results. Depending on the range in which
the recurrent indicator falls, the stages of REM and non-REM sleep were determined for the subjects, according to their nightly
polysomnographic records. For three groups of subjects, the average knowledge of the accuracy of the method was calculated,
which for all groups exceeded 72.5%. Conclusion. It is shown that on the basis of recurrent analysis it is possible to create
a simple and effective method for recognizing sleep stages. For patients with apnea, the average accuracy of the method is
higher than for apparently healthy subjects, for whom, in turn, this value was higher than for patients with Parkinson’s disease.
This can be explained by the fact that the variability in the group of statistical characteristics of sleep stages in patients with
apnea is lower, and in patients with Parkinson’s disease is higher, compared with apparently healthy subjects.

Keywords: recurrent analysis, polysomnography, electroencephalography, sleep stages, automatic markup.
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BBenenune

B nanHo# pabote mpejcTaBieH METO/ aBTOMATHUYECKOM Pa3METKH CTaJIHii CHA C TOMOIIBIO pacdeTa
PEKYppEeHTHBIX MOKa3aTelNlell U X MOCIeAyIomero ananmsa. [IpobnemMa aBToMarn3aiiy pa3MeTKy CHa Ha
JIAHHBIE MOMEHT OCTPO CTOHWT JJIS CIEIUAINCTOB-COMHOJIOTOB [1]. M3-3a GonbmIoro oo0bemMa JaHHBIX
9Ta 3aaa4a ABJIISCTCA HeTpHBHaHLHOﬁ, 0COOEHHO C Y4€TOM TOI0, YTO HOHI/ICOMHOI‘pa(bI/I‘-IeCKI/Ie 3aImucu
JIeNar0TCsl OOBIYHO JIBE HOYM MOJPSA M HEOOXOIUMO MPOAHAIN3UPOBaTh 00¢ 3amucu [2]. B cBsi3u ¢ aTum
PEKYPPEHTHBIH aHa U3 MPEICTABISCTCS XOPOIIMM METOIOM JIJIsl Pa3METKHU AaHHBIX, TaK KaK caM MeTOJl
IIPOCT B peaju3allii U He TpeOyeT OONBIIOro Yrciia CIOKHBIX BeIYHcieHni [3]. Jlanee, ecam meron
MMOKaXXCT XOPOUIYI0 TOYHOCTh U HU3KHUE 3aTpaThl MAIHIMHHOI'O BPEMCHH, MOXXHO HMCIIOJIB30BaTh €ro AJIA
ObIcTpoil 00pabOTKK JaHHBIX HOYHOTO CHA M BBIACICHUS CTaHil CHA B PEajbHOM BPEMEHH.

B ocHOBe MeTo/a JIEKUT pacdeT peKyppEeHTHBIX MOKa3arenel B HeOONbIINX BPEMEHHBIX OKHAX.
[To muHaMUKEe peKyppEeHTHOTO IMOKa3aTels MOKHO ONPENEeNUTh CTaAny Hanboliee MeJICHHOTO CHa U
OBICTPOTO CHA, TIO3BOJISISI 3aMTUCATh TUITHOTPaMMy — TpadUdecKoe MMpeCcTaBIeHNe CTaauii cCHa. Ampooa-
LU MeTO/la MIPOBOJMIIACH Ha TPEX IPyMIax MCIBITYEMbIX: YCIOBHO 3/I0POBBIX, MallUEHTax ¢ 00JIE3HbIO
[NapkuHCOHA ¥ MAlMEHTaX C HOYHBIM aIHO?.

Lens HacTosmmero muccienoBanuss — pa3paboTare METOI pa3METKH CTaJMii CHa, OCHOBAaHHBIM
Ha PeKyppEHTHOM aHaJH3e.

1. MeToauka

1.1. Onucanue Helipo¢u3M0I0rHIECKOro IKcNepuMenTa. lcnsITyemble J0OPOBOIBHO ydacT-
BOBaJM B JKCIIEPUMEHTE Ha OECIUIaTHOM OcHOBe. Bce mcmbITyeMble moanucaid HHGOPMUPOBAHHOE
corjacie Ha y4yacTHe B KIMHHYECKOM HCCIIEOBAaHHUH, MOMYyYWIH BCE HEOOXOAMMBIE pPa3zbsiCHEHUS
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T10 TIOBOJLy MCCIIEA0BAHUS U A COTNIacHe Ha MOCIEAYIONIyI0 MyOIUKaIMIO pe3ylbTaToB UCCIIEIOBaHHUS.
CoOpanHble 3KCIIEpUMEHTANBHBIE TaHHBIE 00padaThIBAIMCH C YUETOM KOHQHUICHIMATEHOCTH U aHOHHM-
HOCTH YYaCTHHMKOB HccieoBaHus. Bce mponeaypsl, BRIIIOTHEHHBIE B HCCIASIOBAHUSIX C YUaCTHEM JIONEH,
COOTBETCTBOBAIIM XeIIbCUHKCKOM Jeknapanuu 1964 roga u ee Oosiee mo3MHUM HornpaBkaM. Bee kimHu-
YecKHe JaHHbIe U JIN3aiiH KIIMHUYECKOTO UCCIIEN0BaHUs OBUT 00OPEHBI MECTHBIM KOMUTETOM II0 THKE
HUCCIIENOBaHUM.

B mame uccienoBanre OBUTH BKIIOUCHBI JaHHBIC 32 HCIBITYEMBIX cTapiie 18 jet, pacmpene-
JIEHHBIE TI0 TPEM TpymmaM. B rpyImiry ycIIOBHO 3M0POBBIX HCIBITYEMBIX (Tpymma Homep 1) Bomuin
MPaKTHYECKH 3I0POBbIE y4acTHUKH uccaenoBanus (N = 14, cpequnii Bo3pact 46.7 +19.5 ner, Mmequana
Bo3pacta 40 JieT, COOTHOIIEHHE MYXYHH U xeHItuH 9/5). B rpymiy nanumentos ¢ 6ose3Hbio [TapkiuHCOHA
(rpymnmia HoMep 2) BOLIUIM MAIEHTHI ¢ 3TUM 3abosieBanueM (N = 8, cpennuii Bo3pact 57.0£12.3 ner, me-
JMaHa Bo3pacta 56 JieT, COOTHOIICHHE MY)XYHMH | KeHIHMH 5/3). B rpymmy nmauueHToB ¢ anHod (rpymmna
HOMep 3) BOIIUIM JIMIA C HOYHOM JIBIXaTebHON HEIOCTATOYHOCTHIO B JOpPME CHHAPOMA OOCTPYKTUBHOTO
anHO? cHa (OAC) (IV = 10, cpennmii Bo3pact 54.0 £+ 17.1 xer, menuana Bo3pacta 46 JeT, COOTHOIIe-
HHE MY)XYUH M xeHIuH 6/4). Kaxaplil ucnbITyemblil yuactBoBai B nonucomHorpapuueckom (TICT)
WICCIIeIOBAaHUH JBAXKIIbI C MHTEPBAIOM B 1-3 HOYHM B CIIEIIMAIBHO 00OPYIOBAaHHOMN JTa0OpaTOPHH CHA.
[IponomxuTeTbHOCTE CHA cocTaBisuia 6—9 gacos, ¢ 21:30-23:30 10 00BIYHOTO BpeMEHHU MPOOYKICHUS.

3amuch nonucoMHOTpaduu BKItodana anekrpokapanorpammy (OKI'), curnansl GyHKINH IbIXaHNMS,
okynorpaduro (OKI'), anekrpomuorpammy (OMI) u mecTs curHanoB 3nekTposHiedarorpammsl (391),
3aperucTpUpPOBaHHBIX BO Bpems HouHoro cHa. Curnan OKI' peructpupoBaiu B CTaHIAPTHOM OTBEIE-
Huu | no DitHTX0BeHy. PecnupaTopHble cUrHaJIBI PErMCTPUPOBATIN C MTOMOIIBIO 1aTYUKa TeMIEepaTypbl
OpOHA3aIBHOTO MOTOKA M naTdmka xparna. Curnanel OMIT peructpupoBaiivch Ha MoaOOpOJIKE, Ipa-
BOM Ipenrieube U JieBod roieHu nanueHta. CurHanel OKI' BKIIIOYanu 3amucu TOPU30HTAJIBHBIX
U BEpTUKAJIbHBIX JBMKCHUN IJ1a3.

Curnansl D3I peructpupoBaiid B 6 cTaHJapTHBIX 0TBeAeHUAX 1o cxeme 10-20. Mcnonb3oBanuch
cnenytontue kananel: O1, O2, T3, T4, Fpl, Fp2. Curnansr 991" GUITpOBaINCH ¢ TOTOCOH MPOITyCKaHUS
0.1...40 I'm m ouckpetusupoBanuck ¢ gactoroit 500 ['m u At = 0.002 c¢. 3anuck kaxgoro kanamxa 21
MOYXHO PacCMaTpHBaTh KaK OTACIbHbIN OMHOMEPHBIN cUrHAT (t;).

Bce IICI" 6but1 TpoBepeHs! CepTU(UIMPOBAHHBIM CIIEHUATINCTOM 110 MEIUIIMHE CHA C LIEJIBIO
CTaJupoBaHUs HOYHOTo cHa. CTagupoBaHKe CHa MPOBOJAMIIOCH MO CTAHIAPTHHIM 3moxaM (30-cexyHHbIe
OTpe3kH 3anucu). JIroOol COH HaYMHAeTCsI CO CTaluu OOMPCTBOBAHUS, XapaKTEPUIYIOIICHCS TIPEKIC
Bcero anbda-BonmHamu. Eciy akTUBHOCTH anbda-putma 3aHuMaeT 0onee 50% 3MOXH, TO 3Ty SMOXY Ha3bl-
BAaIOT COCTOsSTHHEM OopcTBOBaHMA. HambompInas MOIHOCTE anb(a-puTMa HaOIOMaeTCs B 3aTBUTOYHBIX
otBenenmsx (O1, O2). Ilepsas cramus (N1 MeUICHHOTO CHA) XapaKTePU3YETCsT YMEHBIIICHUEM aMILTH-
TyABI BOJIH U TIOSBICHHEM BH3YaJIbHO BBEIPKEHHOTO TETa-pPUTMa, HAOIOIaeMOTO BO BCEX OTBENIEHHUSX
MpUMEpPHO OAMHAaKOBO. Bropoi stan (N2) HaumHaeTcsi ¢ mosBiIeHNs] K-KOMITJIEKCOB M XapaKTepHBIX
BepeTeH cHa. Tpethst craaus (N3) cHa XapakTepu3yeTcsl MOITHOW MEIJICHHOBOJIHOBOI aKTUBHOCTHIO
Y pa3BUTHEM BBIPAXCHHBIX JeNIbTa-BOJIH. KpoMe TOro, MHOTZIa BBIJIEISAIOT YETBEPTYIO CTAIHIO CHA,
XapaKTEepHU3YIOIYIOCs JalbHEHIIUM yBEIMUEHUEM aMIUIUTYAbl JeJIbTa-aKTUBHOCTH, KOTOPAsl JIydIle
BCETO BU3yanmu3upyeTcs B 10OHBIX oTBeaeHusX (Fpl, Fp2). TpeTbio U yeTBepTyIo CTaauu CHA MPUHSITO
paccMarpuBaTh Kak €IWHBIN OJOK. BBICTPEII COH XapakTepu3yeTcs HU3KOAMIUTUTYIHOW CMEIIaHHON
gacToTol 06e3 K-KOMIIIIeKCOB W COHHBIX BEpeTeH, HU3KHM MBIIIEUYHBIM TOHYCOM Toabdopoaka (OMI
nmoadopoaka 00pa3yeT M30JIMHAIO) C OHOBPEMEHHBIMH OBICTPHIMHU JBMKEHHUSMH TIIA3HBIX S0JIOK M TaK
Ha3bIBAEMBIMH 3¢pPKaJIHHBIMU BOJTHAMH Ha dJIeKTpookymorpaduu (J0I).

1.2. PexyppenTHblii anaian3. OIHUM U3 METONOB HEIMHEHHOW JMHAMHKH, MPUMEHSIEMBIM
JUTSL aHAJTM3a PA3IMYHBIX JaHHBIX, SBISETCS PEKyPPEHTHBINH aHaIN3, KOTOPBIH MO3BOJSET YCTAHOBUTH
B3aMMOCBSI3U U KOPPEIILINY MEXIy CUTHAJIaMHU B CIIOKHBIX pacrpeielieHHbIX cucremax [4]. JlaHHbIi
METOJ] Halllell MpUMEHEeHNe B IIMPOKOM JHaIta3oHe 3a/1a4 00pabOTKU CIOKHBIX CUTHAJIOB Pa3iIMIHOM
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npupoas! [5]. Cam anropuT™ pacuera OTIMYAeTCsl IPOCTOTOM [6], YTO JenaeT ero MmepcrneKTUBHBIM IS
paboThI ¢ OONBIINMH JaHHBIME U 00pabOTKO CHTHAIIOB B pealbHOM BpeMeHH. Paccmorpum curaan z(t),
3HAYEHHs KOTOPOTO U3BECTHBI B MOMEHTBI BPEMEHH t;, TA€ ¢ = 1, ..., n. 11 HEro MoxHO MOCTPOUTH
PEKYPPEHTHYIO MaTpHULy 110 CIEAYIOIIEMY IIPaBUITY:

Rijj=0(e = [lz(t:) = z(t5)]), (1)

rae R; j — SIEeMEHT PeKypPEeHTHOM MaTpMIbl JJIs CUTHana x; t; ¥ t; — MOMEHTBI BPEMEHU 1) € —
SMITUPUYUECKH ONpeIeNICHHOE TOPOroBoe 3HaYeHHe, o0ecneynBaroee HeoOX0IUMYI0 TOYHOCTh METO/a;
0 — ¢yHkuus Xesucaiina, KOTopas NPUHUMACT
HYJIEBOE 3HAUEHUE Ul OTPULATEIbHBIX apryMeEH-

REM¢ TOB M €IMHUYHOE IPH HEOTPHLATENLHBIX. Takum
r 00pa3oM, eciii B MOMEHT BPEMEHH ¢ CUI'HAJ Bep-
2 41 HYJICSI B €-OKPECTHOCTh 3HAYCHHUS CUTHAJIA B MO-
éﬂ 31 MEHT BPEMEHH t;, TO B PEKYPPEHTHOH Marpuiie
& Oyzer 1.
=z 2 JIJist OLIEHKH KOJMYeCTBA MOBTOPOB B CHUT-
! HaJIe UCTIONB3YETCsI PEKYPPEHTHBIN MOKA3aTelb,
SBJISIOIINIICS CYMMOM BCEX HEHYJICBBIX 3HAUCHUIN
Wake| PEKYPPEHTHOW MAaTPUIIbl, HOPMUPOBAHHOU Ha ee
020! pasmep [7]. Takoit mokazareiab MOXET OBITH pac-
0.161 CT-II/ITaHuZ[J'ISI Ka)XJIOTO aHAJTU3UPYEMOI0 CHrHaja &
= 0.2l 0 BCEW JUTMHE BPEMEHHOTO Psijia WM 10 HeOOIb-
d IOMY BpeMeHHOMY (hparmeHTy. M3-3a oueHb 00Jib-
0.08f m1oro 06beMa aHHBIX B CHTHAJIAX MOJHCOMHOTPA-

(UU PEeKyppeHTHBIH I0KA3aTeNib CTOMT PacCyu-
THIBaTh JUISi OTHOCHUTEIHHO HEOONBIINX BPEMEH-
HBIX (DParMeHTOB B CKOJIB3SIIEM BPEMEHHOM OKHE.

[IpumepHas cxema pacdyeTa TOKa3aHa Ha
puc. 1. Jlns pacdera peKyppeHTHBIX MOKa3aTesen

0.04
6000 8000 10000 12000 14000 16000 %€

Puc. 1. l'mnmHOrpamMMa JUIs OXHOTO M3 HCIBITYEMBIX, HAa KOTO-
Ppoii TToKa3aHkl cirydan NpoOyKIeHHs, CTaAUH OBICTPOTO CHA U
YyeThlpe CTaJUU MeJUIEHHOro cHa. Huke npuBeneHbl 3HaUeHUS
PEKyPpEHTHBIX [I0Ka3aTelei, pacCYMTaHHbIE B COOTBETCTBYIO-

IMX BPEMEHHBIX OKHAX. 3€JEeHBIM LIBETOM BBIIENEHH 3 U 4
CTaJMu CHA, KPACHBIM — CTaIiK OBICTPOTO CHA (L[BET OHJIANH)

Fig. 1. Hypnogram for one of the subjects, which shows the
cases of awakening, stages of REM sleep and four stages of
non-REM sleep. Below there are the values of the recurrent

OBLIM MCTIONB30BaHBI BpeMeHHBIe OKHa 110 60 ce-
KyH[, uTo BkirodaeT 30000 orcueToB curHana,
¢ maroM cMmemieHust okHa B 30 cexyHz. DTO COOT-
BETCTBYET IKCIIEPTHOW pa3MeTKe CTaJuil CHa Ha
THUITHOTpaMMe U MTO3BOJISIET ONpPENEIUTh CpeaHee

indicator calculated in the corresponding time windows. Stages
3 and 4 of sleep are marked in green, stages of REM sleep are
marked in red (color online)

3HAUYCHUC PCKYPPCHTHOT'O IMMOKA3aTCJIA 4TI Kak oM
CTaauu CHa.

1.3. MeTon onpenesienusi cTaguii cHa.  Terneps Ui pa3IWYHBIX CTaANil CHA BO3MOXKHO NMPOBECTH
MIPOCTON CTAaTUCTHYECKUH aHANIN3, HAIpIMEp TaKkoH, Kak MOKa3aHo Ha puc. 2. Ha pucyHke npuBeaeHs! pas-
OpOChl peKyppEeHTHOT0 MOKa3aTes st A KaX 0| CTauy CHAa, HOPMUPOBaHHBIE HAa CPETHUN PEKYPPEHTHBIH
MOKa3aTesb 110 BCeH MOJIMCOMHOTpadMYeCcKOM 3aliCcH ISl BCEX TPeX TPYIIl HCIBITYEMbIX. 3eCh XOPOIIO
3aMETHO, YTO PEKypPPEHTHbIE MOKa3aTea MpoOyKICHUH, IEPBOM U BTOPO cTaauil CHa NPUMEPHO COBIIA-
JAal0T CO CPEAHUM II0 BCEMy CHI'HAIly IoKas3aTeaeM. A BOT cTaguu 3 U 4, a TakKe CTaaus CHa ¢ OBICTPBIMU
nswxkeHusMu a3 (BA) cunbHO ommyarorcs. Jlias MeUIeHHOTO CHAa PEeKYPPEHTHBIH MOKa3areilb CHU-
KaeTcd, Juia ObICTPOTro CHa yBENTMUMBAETCs. J[aHHBIE MOMYYeHbI A TPUALUATH IBYX YeJIOBEK, KayKABIi
13 KOTOPBIX MPOXOAMI MOJIMCOMHOTpaQHIECKOe HCCIEA0BaHIE Ha MPOTSHKEHUH ABYX HOUYEH MOApSA.

B cooTBeTcTBHY ¢ JaHHBIMU Ha PHC. 2 MOKHO TPEIJIIOKUTH JOBOJIBHO MPOCTOM METO OIpezese-
HUS CTaaui OBICTPOro M MEIJIEHHOTO CHA. XOPOIIO 3aMETHO, YTO CTaANH MEIJICHHOTO CHA IEMOHCTPH-
PYIOT YMEHBIIIEHHE, a OBICTPOTO CHA — YBEJIMUEHHE PEKYPPEHTHOTO MMOKa3aTeIsl.
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Taxum o0pa3oM, adroOpuTM pa3MeTKH OBICTPBIX U MEAJICHHBIX CTAJUI CHa MPEICTaBIseT CO0OM
CIIEAYIOIYIO MOCIIEN0BAaTENbHOCT ACHCTBHH.

i. TloMck MakCMMallbHOTO ¥ MUHHMAJILHOTO 3HAUCHUS PEKYPPEHTHBIX MMOKa3areiei s JaHHOW
CHITHOTPaMMBEI.
ii. OmpenencHue 3HAYCHUI RR' u RR? 1o CIIEYIONINM TIpaBUjIaM: RR' = RRuim +
+0.3 (RRmax — RRuin), RR? = RRyax — 0.4 - (RRyax — RRuin).
iii. OnpeneneHue cTagiMid CHa MO CICAYIOIUM MpaBUIaM: €CIH PEKYPPEHTHBIN [OKa3aTellb
RR < RR2?, To ormeuaroTcs craguu cHa 3 u 4; ecmu RR > RR', To ormeuaercs cramus
B/I-cua; ecmt RR! < RR < RR?, To orMeuaroTcst craauu cHa | u 2.

JlaHHBIN METO]] UMEET KaK PsiJi OYSBHUIHBIX MPEUMYIIECTB, TaK U CEPhE3HBIX HenocTarkoB. K mpe-
MMYIIIECTBAM MOXXHO OTHECTH €TI0 IPOCTOTY U CKOPOCTh BBIYMCICHUI. DTO OYCHb BAXKHO U JUIsi OBICTPOI
MOoCTOOPabOTKH TAaHHBIX MOJUCOMHOTpaduu (M3-3a UX OOJBIIOr0 00BEMa), M VIS peaIn3aluyd yCTPOUCTB
aHaJIM3a CTaJuil CHa B peaJlbHOM BpeMeHH (Ie ObICTPOICHCTBHE PAaCUCTOB MIPAET PEIIAIOIIYIO POJIb).
Takke peKyppEeHTHBIN aHAJIN3 MPUMEHUM JJIs JTFOOBIX THUIIOB CUTHAJIOB, & 3HAUYUT, BO3MOXKHO HCIIOJIb30-
BaTh OJIUH M TOT K& MeToj U s 00padotku DO u yis ananuza DK -maHHBIX, TONYYSHHBIX BO BpeMs
onHo# 3amucu. Eciin cxoxuid mpocToil crnocod MapKUpPOBKY CTaluil cCHa Oy/IeT BBISABJICH U JUIS IaHHBIX,
MOJTyYeHHBIX 13 aHanm3a AaHHbIX DKI, 3TO CHIIBHO YIIPOCTHUT BO3MOXKHYIO JUATHOCTHKY HAapyIICHUI
cHa, Tak Kak 3amuch DKI'-curnana ocymecTBUTh 3HAYUTEIBHO TPOIIE U JCIICBIIC, YTO OUYCHb BAXKHO IS
MpUOOPOB MEPCOHAIN3UPOBAHHON MEIUIUHBI.

K HemocTarkam MeTo/la OTHOCUTCS HEBO3MOXHOCTh pasfelieHus Mexay coboit cramuii 1 u 2,
a taxke 3 u 4. bosnee Toro, B paMKax MpUBEIEHHOTO aJITOPUTMa HET BO3MOXXHOCTHU BBIACIUTH CITyYan
MpoOyXIeHHUs, KOTOPBIC OYSHb BAXKHBI ISl OLCHKU

[ 25%~75%
KauecTBa cHa. Takke Ba)KHBIM MOMEHTOM SIBIISICTCS 2.5 T Range within 1.5/QR
BBIOOD IPaBWII JJI ONPEACICHUS 3HAYCHU I RR' u . — Median Line
RR?, Tak Kak HEOOXOIMMO uTsl GOJIbIIeH TOYHOCTH 2.0 . gﬁf”r;rs

MeToJa ONPEACIIATh UX KK/l pa3 HE TOJBKO IS

HOBOTO UCIBITYEMOTO, HO U IJI1 KaXJ0i €ro ImoJyu- 1.5
coMmHorpaduueckoit 3anvcu. OIHAKO, 10 TOHATHBIM % l;'
MMPUYMHAM, 5TO HEBO3MOXHO B CIIydae HMCIIOJIb30Ba- 1.0 11—
HUS METOJ]a B MPAKTHYCCKUX LEIAX I Pa3METKU = ¢
cranuii cHa. Konkpernsie 3Hauenus (0.3 u 0.4) pe- 05| ¢ $ $ ?
KypPEHTHBIX NapaMeTpoB ObUIM BHIOPAHBI MO0 UMEIO-

mieiics mogdopKe MOIIMCOMHOTpapUIeCKIX 3armucen 0

C THITHOTPAMMaMH, Pa3MEYE€HHBIMU CIIEIUAINCTAMH, W 1 2 3 4 R
TaKuM O6pa3OM’ [ITO6I)I OHIH6KH B OHpeﬂeHeHHH CTa- Puc. 2. CraTtuctuueckue 3aKOHOMEPHOCTU HCIBITYEMbBIX
Ui cHa OBLIM MHUHHMMAJbHBI. OIHAKO YBEPCHHOCTH st pa3nuYHBIX CTauii cHA (I[BET OHJIAMH)

B TOM, 4YTO JAHHBIC 3HAYCHHS PCKYPPCHTHBIX IIapa- Fig. 2. Statistical patterns of subjects for different stages of
METPOB SIBJISIFOTCS YHUBEPCAJIHHBIMH, HET. sleep (color online)

K3

*e 0 I—

2. Pe3yabrarsl

JI71s OLIEHKW TOYHOCTH METOAA pa3MeTKH CTaIuil CHa C WCTOJIb30BaHHEM PEKYPPEHTHOTO aHAJIH3a
OBUIM MCIOJB30BAHBI JAHHBIE YCIIOBHO 37I0POBBIX HCIBITYeMBIX (14 4enoBek), manueHToB ¢ Ooies-
Hbto [lapkuHcoHa (8 yenoBek) u manueHToB ¢ armHo?d (10 denoBek). TOUHOCTH METONIA PACUUTHIBATIACH
Kak OTHoOIIeHHE yucia 30-ceKyHIHBIX HHTEPBAJIOB, AJIsl KOTOPHIX CTaAus CHa OIpelelieHa MPaBUIbHO
(TI0 OLIEHKE CTIeIMaInCTa-COMHOIOTa) K 00meMy uuciy 30-CeKyHIHBIX MHTEPBAIOB B 3amuch. Pesympra-
ThI IPUMEHEHHUSI METO/Ia Ha TPYIIax UCIBITYeMbIX MPOAEMOHCTPHPOBaHEI B Tabmurie.

3HaueHHs CpeiHell TOUHOCTH MEeTO/Ia IS Pa3InYHbIX T'PYIIT UCTIBITYEMbIX MPUHSIIN CIIeTY O
BUA: 72.46% Ans yCIOBHO 300POBBIX HCIBITYeMbIX, 67.81% s manuenToB ¢ 6one3nbto [lapkuHcoHa
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TaGJ'II/IIIa. TouHOCTH NPUMCHCHHSA METOda Pa3METKHU CTa,Z[I/Iﬁ CHa IJId TpEX I'pyIIl UCIIBITYEMbIX C UCIIOJIb30BAHNECM
PEKYPPEHTHOI'O aHaJIn3a MO0 OTHOUICHUIO K THITHOTpaMMaM, pasMC€YCHHBIM CIICHHUAIUCTaMU

Table. Accuracy of applying the method of marking sleep stages for three groups of subjects using recurrent
analysis in relation to hypnograms marked by specialists

Ne Method Ne Method Ne Method
Group 1 accuracy Group 2 accuracy Group 3 accuracy
1 80.37578288 1 53.49753695 1 63.26742976
2 68.53002070 2 71.57652474 2 89.11088911
3 60.24973985 3 78.33333333 3 92.86442406
4 81.89386056 4 69.50053135 4 79.44214876
5 73.34004024 5 66.88034188 5 74.49392713
6 74.90974729 6 64.94192186 6 83.95061728
7 86.90344062 7 72.40356083 7 80.55842813
8 66.55092593 8 58.21138211 8 70.81632653
9 78.76923077 9 70.67209776
10 75.74819401 10 75.39370079
11 61.87500000
12 60.81081081
13 80.74921956
14 58.49843587

u 77.902% nms manueHToB C armHod. Pe3ynbTarsl M0 TOYHOCTH HE SBILFOTCS WACATFHBIMU, HO IEMOHCTPH-
PYIOT XOPOIIIHH MOTSHIIMAT TSl TTOCIEAYIONIeH MoaupuKauu JTaHHOTO MeToaa. CTOUT OTMETUTh, UTO
HaWIy4IlIAe Pe3yAbTaThl OTYUYCHBI IS MAIMEHTOB C altHOd. JTO 03HAYACT, UTO I HUX YCPETHCHHBIC
XapaKTePUCTHKHU MOBTOPCHUS JUHAMUKHU CUTHAIOB DD pa3iuyHbIX UCHBITYEMBIX Hanboliee ONH3KY.
st nanuenToB ¢ Oosie3Hbto [lapkuHCOHA, HAITPOTUB, TOUHOCTh HMXKE BCETO, YTO TOBOPHUT 00 OYCHB
0O0JIBIION HEYCTOWYMBOCTH TOBTOPEHUH JUHAMUKU BO BPEMsl CHA.

3akjroyeHue

B pamkax Hacrosmieil paboTsI IpeCTaBIeH METON Pa3METKH CTaJiii CHa, OCHOBAaHHBIN Ha aHAJIH3e
3HaYeHUH PEeKYPPEHTHBIX MOKa3aresel, paCCYNTaHHBIX BO BPEMEHHBIX OKHAX JUIS TIOJIMCOMHOTpadu-
yeckux 3anuceit D01, Metox ObuT anmpoOMpPOBaH Ha TPEX IPyMNIax HCIBITYEMBIX: YCIOBHO 30POBBIX,
nanueHTax ¢ 6one3Hpro [lapkMHCOHA M MallMEHTax ¢ HOYHBIM almHo3. MeToa MOo3BoJsSeT MPOBOIUTH
OBICTPYIO pa3METKy U CTPOUTH THIIHOTpaMMy, Beinemsia memneHnsie (1-2 u 3-4) u Ovictpsie (BAI)
craguu cHa. CpenHsisi TOUHOCTh MeTona MpeBbimaeT 72.5%. [lonydyeHHas TOYHOCTh HpEICTaBIACTCS
JOCTATOYHO XOPOIIUM PE3YJAbTaTOM IO CPABHEHUIO C CYLIECTBYIOIIMMH METOAAMU aBTOMATUYECKON
pasMeTKH CTaJiuii CHa, HapuUMep B [2] TOYHOCTH KOJIEOJIETCSI B 3aBHCHMOCTH OT YHCIIA BBIIEISIEMBIX
cranuit ot 65 mo 80 mporeHToB. A B pabote [§] ¢ HCTONBb30BaHIEM HEHPOHHBIX CETEH TOYHOCTh HEMHOTO
npeseimaeT 80 mporeHToB. OaHAKO HEOOXOMUMO OTMETHUTE, UTO MPEAIaraeMblii B paboTe METOo CyIIie-
CTBEHHO TIPOIIIE B pealn3alliy. 3aTpadeHHOe Ha TOCTPOEHHE THITHOTPAMMBI BPEMSI PEIKO YIIOMHHAETCS
B CTaThsIX, HO C Y9E€TOM IPOCTOTHI pacueTa peKyppeHTHBIX MTOKa3aTeseil, CKopee BCETro, OHO BBIIIE, YeM
JUIS TIpeJIaraéMoro MeToAa. A ¢ y4eToM JUIUTEIbHOCTH MTOJMCOMHOTpapHUECKUX 3auceil MpocToTa U
CKOPOCTb BBIYHMCIICHHSI CTAHOBUTCS BYKHBIM (DaKTOPOM JUIsi BEIOOpa METOoa paclio3HaBaHUN CTaaui CHA.
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HCO6XOI[I/IMO OTMETHUTD, YTO TOYHOCTH METOZA IS YCJIOBHO 3OPOBBIX UCIBITYEMBIX COBIIAAACT CO

cpenmHel mo TpeM rpymmnam, A MalueHToB ¢ 6one3Hbio [[apkuHCOHA TOUHOCTh METO/Ia HUXKE CpeTHEH,
a JUIsl MAIUEHTOB CO CIIYYassMH HOYHOTO alfHOd, HAIIPOTHB, BhINIE cpefaHeil. JlanHbril addekt, ckopee
BCETO, CBSI3aH C TEM, YTO CPEIHHI Pa30pOC PEKypPEHTHOTO IMOKA3aTelsl Ui MAIUEHTOB C OOJIE3HBI0
[TapkuHcoHa BbIlIE, a IS MAUEHTOB C alTHOD HMMKE, YEM JJI YCIOBHO 310POBBIX HCIBITYEMBIX.
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B JIEKTPUYECKOH aKTUBHOCTH I'OJIOBHOTO MO3Ta HOBOPOKIEHHBIX
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Annomayusn. Llens HACTOSIIETO MCCIIEAOBAHUSI — JETEKIUs XapaKTEPHBIX 0COOCHHOCTEH KOoyieOaTenbHON EeKTPUIeCKOi
AKTUBHOCTH TOJIOBHOTO MO3ra B paHHEM IMOCTHATAIbHOM Pa3BHTHH B 3aBHCHMOCTH OT T'€CTAllHOHHOTO BO3pacTa HOBOPOXK/ICH-
HBIX. Memoowl. VccnenoBanie 0CHOBaHO Ha aBTOMATHUECKOW 00paboTKe KIIMHUYECKUX MaTepPHANIOB JIEKTPOdHIeanorpadhun
HOBOPOXKJICHHBIX HA TPEThH CYTKHU MOCIE POXKIACHUs. 110 MOBEJEHIECKAM XapaKTePHCTHKaM Ipy0O0 OICHUBAIUCH ITOBEICH-
YeCKHE MEePUOJbl CHA U OOAPCTBOBaHUS 03 NETEKIMH Pa3IMYHBbIX CTAIUi CHa M COCTOsIHHMI OompcrBoBaHusA. OOpaboTka
MHOTOKaHAJIbHBIX CUTHAJIOB 3JIEKTpodHIIedantorpaduu Benach Ha OCHOBE METO/Ia MOAUGHUKAIUH HENPEPHIBHOTO BEHBIETHOTO
npeobpazoanust (HBII), 03B0ONSIONIEr0 NPOM3BECTH OLEHKH CPEHUX XapaKTEPUCTHK KOJUYECTBA, [UIUTEIBHOCTH U SHEPIHU
KoJIeOaTeIbHBIX KOMIIOHEHT (IIATTePHOB), Pa3BUBAOIIMXCS B PA3IMYHbIX YaCTOTHBIX Auana3oHax. Pezyismamei. [IponeMoHCTpH-
poBaHa mapajoKcaabHas KapTHHA, OMKCHIBAIOIIAS COCTOSIHUS CHA M OOJPCTBOBAHUS Y ClIa00 HEOHOIICHHBIX HOBOPOXKICHHBIX.
JUstst 9TO¥ TPYMIIBI IeTell KOIUYECTBO M CPEeIHSSI SHEPTUH MATTEPHOB, IETEKTHPYEMBIX B 4aCTOTHBIX quanasonax ot 1 go 20 I,
BO BpeMs CHa BeAET ceOst OTpaeHHBIM 00Pa3oM 10 CPaBHEHHIO C IEThMH, POXKICHHBIMU B OOBIUHBIN CPOK. B TO ke BpeMms
CPEHSS JUIMTEIBFHOCTh KOJICOATEIbHBIX MATTCPHOB COXPAHSACTCS HEU3MEHHOM. 3aktouenue. B niepBbIe THU )KU3HU PeOCHKA
BO3MOKHO BBISIBIICHHE JOCTOBEPHBIX OTIMYHIA B aKTHBHOCTH TOJIOBHOTO MO3ra HOBOPOXEHHBIX, CIIA00 OTIHYAIOIIUXCS CPOKOM
recraiuuu, BO BpEMsA prGBIX OLICHOK ITOBCACHYCCKUX COCTOSIHUI CHa/60)1pCTBOBaHl/15[. KOJ'II/I‘-IGCTBQHHLIC OLICHKH ITapaMETpPOB
konebatenbHbix HBIT maTTepHOB MepCieKTHBHBI IS MCHONB30BaHHS B KAYCCTBE OCHOBBI CHCTEM aBTOMAaTHYECKOi 00paboTKH
AKTHBHOCTH TOJIOBHOTO MO3Ta HOBOPOYKIEHHBIX, JOTMOJHUTENBHBIX K OLIEHKAM aMILTHTYAHOH 31ekTpodHuedanorpaduu. [Tonob-
HBIC CUCTEMBI MOT'YT 6bITl) AKTyaJIbHbI JJI1 IIOMCKAa PaHHUX IMPHU3HAKOB aHOMaJIMH B pa3sBUTUU ueHTpaanoi«i HepBHOﬁ CHUCTCEMBI.

Knrouesvie cnosa: HenipepbIBHBIN BEHBIICTHBII aHAJN3, aBTOMAaTHYECKOE paclio3HaBaHUe, KoJieOaTeIbHbIC MaTTePHbI, aKTHUB-
HOCTh MO3Ta, COH, HOBOPOKJICHHBIE.
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Oscillatory characteristics in the brain activity of the newborns
and their correlation with different gestational ages
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Abstract. The purpose of this study is to detect the characteristic features of the oscillatory electrical activity of the brain
in early postnatal development, depending on the gestational age of newborns. Methods. The study is based on automatic
processing of clinical data from electroencephalography of newborns on the third day after birth. Behavioral characteristics
assessed periods of sleep and wakefulness, without a precise division into stages of sleep and various states of wakefulness.
The processing of multichannel electroencephalography signals was carried out on the basis of the method of modifying the
continuous wavelet transform (CWT), which makes it possible to estimate the average characteristics of the number, duration
and energy of oscillatory components (patterns) developing in different frequency ranges. Results. A paradoxical picture has
been demonstrated describing the state of sleep and wakefulness in weakly preterm infants. For this group of children, the
number and average energy of patterns detected in the frequency ranges from 1 to 20 Hz behave in a reflected way during
sleep compared to children born at the usual time. At the same time, the average duration of oscillatory patterns remains
unchanged. Conclusion. In the first days of a child’s life, it is possible to detect significant differences in the activity of the
brain of newborns with slightly different gestational age during sleep/wake behavioral states. Quantitative estimates of the
parameters of oscillatory CWT patterns are promising for use as the basis for systems for automatic processing of neonatal
brain activity, additional to amplitude electroencephalography estimates. Such systems may be relevant for the search for early
signs of anomalies in the development of the central nervous system.

Keywords: continuous wavelet analysis, automatic recognition, oscillatory patterns, brain activity, sleep, newborns.
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BBenenue

Ceronst mpobiemMa MCCIIEOBaHUS CHAa YEJIOBEKa CTOUT B psiay Hambolee BaXKHBIX TeM, 00b-
SAMHSIOMNX HEHPOyUEHBIX, (PU3HOIOTOB, (PU3UKOB W CIICUAIMCTOB B 00JAaCTH WH(OOPMAITMOHHBIX
texHonorui [1-3]. Ocolyto posnb UrpaeT MOHMMaHNE 3aKOHOMEPHOCTEH M3MEHEeHUS (PYHKIIMOHUPOBaHUS
TOJIOBHOTO MO3ra IIPH Iepexosie OT CHA K OOIPCTBOBAHMIO B CAMOM Hayalle OHTOTeHe3a, IIEPBbIEC THU
KW3HU yenoBeka. Hanbonee yacTo 11 aHaIn3a akTHBHOCTH TOJIOBHOTO MO3Ta HCTIONB3YEeTCA 3alNCh JJEeK-
tposHuedanorpapun (331), 4to cBsi3aHO ¢ MpocTOTOH e€ peructpaunu. OyHIaMeHTalbHBII HHTEpeC
K mpo0ieMe pa3BUTHS YeIOBEUIECKOTO MO3Ta JIOMOTHACTCS HEOOXOAUMOCTRIO PeIIeHHsT TYMaHHCTHUECKIX
3ajla4 paHHETO BBISBICHHUS PHCKOB TpaBM LieHTpasibHON HepBHOHM cucteMsl (LIHC) u cooTBeTcTBYy!OIIETO
IIPOBEICHUS JIEYEOHBIX MEPONPUSITUI AJIs1 KOPPEKIUU HEBPOIOTHUECKUX TUCQYHKIUI.

CeromHs B KJIMHUYECKOW MPAaKTHKE PabOThl ¢ HOBOPOXKICHHBIMH aHanu3 D01 3auacTylo OCHOBaH
Ha METOJIC aMILTUTYIHO-UHTerpupoBaHHoi D3I (aD3I"), 0CHOBaHHOM Ha C:KaTOM OJHOMEPHOM IpPEACTaB-
JICHUH JAJMTENBHON 3amicu ABYX Wi Oonee kaHaiuoB DD BoeqMHO U MO3BOJISIONIEM HA 0a3e BBISBICHHS
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TUIOBBIX TPEHAOB OBICTPO M OTHOCUTEIHHO OOBEKTUBHO CHIEIATh 3aKIIOYEHHE O TEKYIIEM COCTOSHUHU
nepeOpanbHOl (PyHKIIMH U OIEHUTH e AuHaMuKy. Kpome Toro, ad3I" ucmonb3yercs s pa3paboTKu
ITOJTHOCTBIO aBTOMAaTH3MPOBAHHBIX METOIOB KOHTPOJSA peOeHKa, HallpuMep, IPH OIEHKE CO3PEeBaHUS
Mo3ra [4,5] u kmaccupuKauy cCoCTOSHUM cHa [6,7]. B To e BpeMs, ucronb3oBanue addl, o4eBUIHO,
SIBIISIETCS CYIIECTBEHHBIM YIPOIIEHHEM MPOIIECCOB aKTUBHOCTH T'OJIOBHOTO MO3Ta, COKPAIIAIOIINM BCIO
CJIOHYIO0 MHOTOYACTOTHYIO PacCIpEICIICHHYI0 KOJICOATeIbHYIO JUHAMUKY AJIEKTPUYSCKUX TTOTCHIIUAIOB
JI0 YCPEAHEHHOU XapaKTEPUCTUKH, OTyd4aeMOi OT MIPOCTPAHCTBEHHO PACHPEICICHHBIX IEKTPOTHBIX
To4yeK. Takum o0pa3oM, XOTs ISl KPUTHUECKUX U CYTOPOXKHBIX COCTOSHUI HEOHOIIIEHHBIX HOBOPOXK-
JICHHBIX JOBOJBHO YCIEIIHO BBIICIEHBI XapakTepHble TpeHabl ad0l, MapKepsl HOpMaIbHBIX HIIH cl1abo
MTaTOJIOTHYECKUX MPOIECCOB Pa3BUTHS IEKTPUUECKOW aKTHBHOCTH TOJIOBHOTO MO3ra B OJiIpKanIiemM
MIepUoJIe TIOCIIE POXKICHHS Y JOHOIIEHHBIX W cJIa00 HEIOHOIIEHHBIX JeTel 0CTAal0TCs HEN3BECTHBIMHU.

Panee, B paboTe [8] KOJJIEKTUBOM OILICHHWBAJIUCh IOSBICHUE M JMHAMHKA B TEUEHHE MEPBBIX
HEJENb )KU3HH MapKepoB NIyOOKOr0 CHA y HOBOPOXICHHBIX PA3JIMYHOTO CPOKA IeCTAIllUU C TOYKH
3peHHs KJIaCCUYECKOr0 YacTOTHO-BPEMEHHOTO aHalln3a Ha 0a3e HEMpephIBHOTO BEiBIETHOTO Mpeobpa-
3oBarus (HBII). Mcnons30Banme KIIacCCHUECKOTO TIOX0/a K OIIEHKE KojebarenpHoi nuHamMuku D3I
MIPEAOCTABIACT 3HAYUTENBHBIN 00bEM MHPOPMAIMHU [T OOBEKTHBHON OIIEHKH Pa3BUTHS [TyOOKOTO CHa
HOBOPOXXIIEHHBIX, HO TpeOyeT BHITIOIHEHHUS THIATENbHON NpeIBapUTEIbHOW NETEKIINU CTAAUN CIIOKOH-
HOTO M aKTHBHOTO CHa [9—11], 4To BecbMa Tpymo€MKO M HE BCETJa OCyIIecTBHMO. B naHHO# paboTe
MBI TIpe/ijiaraeM MCIolib30Banue Metoaa ociunisitopasix HBIT narreproB s uccnenosanust O01 ax-
TUBHOCTH HOBOPOXICHHBIX Ha OCHOBE NMPOCTON MOBEACHYECKOI OLEHKH COCTOSIHHSA peOeHKa — COH
unu OonpcTBoBaHUe. V3ydeHne KOMTWYEeCTBa, NIUTEIFHOCTH U DHEPTUU KOJIeOATEeIbHBIX KOMIIOHEHT
MTO3BOJISIET HAOMIONATh TOCTOBEPHO OTIMYAIOIINECS XapaKTePUCTHKH aKTHBHOCTH TOJIOBHOTO MO3Ta HO-
BOPOKJICHHBIX C Pa3HBIM CPOKOM TecTanuu. Vcronp30BaHne TaKUX METOAOB MOXKET OBITh MEPCIIEKTHBHO
JUTSL CO3/IaHVSI aBTOMaTHYECKHUX CHCTEM TIOAIEPKKH BpaueOHBIX PEUICHUH C IENBI0 PAHHETO BBISBICHUS
noBpexieHnii pazputusi LIHC HOBOpOXKIEHHBIX.

1. MarepuaJjibl 1 MeTOAbI

1.1. Knuauueckne matepuansl. COOp KIMHHYECKUX MATEPUAIIOB TPOBOIUICS C COOMIOCHUEM
BCEX 3TUYECKUX HOPM [12], KIMHUYECKOe HCCIIe[oBaHME OBUIO O00pEeHO JoKaibHBIM KomureTom
o Otuke CI'MY umenu B. . PazymoBckoro Munsapasa Poccuu. Ilepen Hawanom wnccienoBaHUs
OBLJIO TOJIy4eHO MHCHMEHHOE COTNIacHe POAMTENEH Ha NMpPOBENEHHWE MOHHTOPHHIA, MOCIEAYIOUIYIO
MaTeMaTH4ecKylo 00pabOTKy AaHHBIX M MyONMKanuio pe3ynbTaroB. COop marepuaia OCymecTBIEH
y 28 JOHOIIEHHBIX ¥ TO3HAX HEJOHOIICHHBIX HOBOPOXKICHHBIX CO CPOKOM recrarmu Oojee 34 Hemelb.
Jli1st Bcex HOBOPOXKICHHBIX Macca TeJa MPH POXKACHUH TpeBbIana 1.5 Kr, pojibl MPOXOHIH €CTECTBEHHO,
WCKITIOYAsl CIy4Yau KecapeBhIX ceueHuid. Takike ObLTH UCKIIIOYEHBI JIETH C HATMYHEM TSDKENOW TeHeTHde-
CKOM TaTOJIOTHH, TUaTHOCTUPOBAHHBIM TpaBMaruueckuM nopaxkenuem L{THC, BHyTprKeIyT04KOBEIMHU
KPOBOTEUCHHUSMHU 3 CTEIICHH C TPOPHIBOM B BEIIECTBO MO3Tra. Bce HOBOPOXKICHHBIC OBUIH pa3ielicHbl Ha
rpynnsl #1 (N7 = 15) u #2 (N = 13) co cpokamu rectannu 38—41 u 34-36 Henenb, COOTBETCTBEHHO.

Kaxxnprit pebeHOoK Tpomén MOBEpXHOCTHYIO B 0€300JI€3HCHHYI0 TIPOIieypy GyHKITMOHATHHOTO
MOHMTOpHHTA uepe3 48—52 yaca nocie poxaeHus. JIBa 3ateuioudsix 391 curnana O1, O2 peructpu-
POBAJIUCH C MOMOIIBIO 3JIeKkTposHIehanorpada «DHMehanan-231'P-19/26» («Meaukom MT/», PD)
¢ yacroroi muckperusamuu 250 'y comtacHo cxeme «10-20». Curnanst 921" GuIbTpoBaIUCH TIOI0CO-
BbIM GHIBTPOM ¢ Toukamu oTcedk 1-20 I'm. JlnurensHOCTh MOHUTOpHUHTA cocTaBuiaa 160-180 MuHYT,
Y BCSI IPONIOJKUTEIHHOCTS OBbLIIa pa3/ieicHa Ha JBE CTaIuu — OOJAPCTBOBAHNE W COH — B COOTBETCTBUU
C aKTUBHOCTBIO peOeHKa COTTIacHO OIeHKE HEOHATOJIOTa.
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1.2. HesiuHelinble MeTOAbI 00paGOTKN OMOMeTUIMHCKUX CUTHANOB. J[11 M3yyeHns 4acTOTHO-
BPEMEHHBIX XapaKTEPHUCTHK dJIeKTpodHIedatorpadgun ObUT HCIIOIH30BaH METOA KOJeOaTeIbHBIX HaTTep-
HOB, OCHOBaHHBIN Ha KiaccuueckoM HBII, pa3paborannblil u anpoOupoBaHHEIH paHee B padorax [13,14].
HBII W ( f,t) paccuutbiBasioch 1i1s Kaxaoro kanana 31" x(t) Ha ocHOBe Mopie-0asuca ¢ mapaMmeTpoM
Qp = 2m:

t+4/f

W(f,t)=/f- / x(t)-(\/?-nl/‘*.ejwof(t—w).e”t‘z“)z).dt. (1)
-4/

(1) Must xaxmoro kanana D3OI paccuuThiBanach MOMIHOCTE SHeprun F(f,t) ajs nuana3oHa 4actoT
[1; 20] ', cormacHo

E(f,t) =W(f,1)*. 2)

(2) IIpousBoamiack mporeaypa KIacCHYeCKoro CKelleToHHOTo Metosa [15,16], cortacHO KoTopoMy st
Ka)KZ0TO MOMEHTA BPEMEHH s MOXHO BBIJECIIMTH MHOXXECTBO Mg TOUEK f1,. .. fm,, B KOTOPBIX QYHKIUS
E(fs,ts) (2) neMOHCTpHUpYET JOKAIbHbIE MAKCUMYMBL. B pesynbrare 06paboTKH BCeii MOBEPXHOCTH
E(f,t) B onpenenéHHOM anana3oHe 4acTOT HA HPOTSHKCHHM BCETO BPEMEHHOIO MHTEpBaia [to; tend)
perucrpanuu curaana z(t) GopMHPYETCs MHOTOMEPHbIN MaCCHB CKEJIETOHOB

extr(E(f,t)) = {(to; f1; E(f1,t0)), (to; f23 E(f2:t0)), - - - (Y03 fimos E(fmgst0))s - - -
ey (ts; fms; E(fm57t8))7 ceey (tend; fmend; E(fmendutend))}- (3)

JUyist Ka)K/I0ro MOMEHTa BPEMEHH ¢ MOPSIIKOBBIN HOMep {1, . ..M} CKEIETOHOB XapaKTepU3yeT TOIBKO
HOPSITKOBBI HOMEP 3KCTPEMYMOB, KOTOPBIA HE CBsI3aH C BeNMYMHON amiuntyast E(f,t). OxHako
uHdopManus 0 BenuyrHe KosebarenbHOU sHepriun F coxpansiercs B MaccuBe extr(F(f,t)) (3) ms
KaKI0W TOYKH MOBepXHOCTH (¢, f). MeTox OLCHKH KoJIeOaTenbHbIX MAaTTepPHOB OCHOBAaH Ha 0CO0OM
COPTUPOBKE MAacCHBOB JIaHHBIX ckeneToHOB extr(F(f,t)) (3).

(3) Ha xaxmoM miare 1o BpeMEHH [ty; tp1] JUI KaXKIOH 4acTOTHI fj HPOBEPSIIOCH YCIOBHE

|7 =it <o, (4)

e fj' — 9TO MHOXKECTBO YaCTOT, B KOTOPBIX CyLIECTBYIOT JIOKaJIbHbIE MakcuMyMbl E(fj,t,,) Ha Bpe-
MEHHOM IIare t,; f;”rl — YacTOTHI, B KOTOPBIX Ha CICAYIONIEM BPEMEHHOM IIAre ,] PEau3yloTCs
MakcuMyMsl E( f;,t,4+1); 0 — KOHCTaHTa. BbIOOp MOPOroBOro 3Ha4eHUs: KOHCTAHTBI O TIPOM3BOIHIICS C
eIbI0 MUHUMHU3AINY TTIOTEPH HHPOPMAIIMH O YaCTOTHBIX 3aKOHOMEPHOCTSIX, CYIIECTBYIOIIHX B aHAIIH-
3upyeMoM curHaie. OnpeneneHre KOHKPETHON BEJIMYUHBI O OCHOBBIBAJIOCH HAa YaCTOTE TUCKPETH3ALNH
ucxonnoro D3I curnana z(t), mpeBsllas JaHHYO Ha 1-2 mopsijika, U Ha miare AUCKPETHU3ALUH 0
gactore Af, ucnonszyemoro npu pacuerax HBII, cormacho [13] Af < o. B pamkax manHoi paboTbl
3HAYEHUS JaHHBIX KOHCTAHT Obutu cieayronmmu: Af = 0.1, o = 0.4.

O603Ha4MB YACTOTHI f(41yn U f(goyn+1 Kak (al) u (a2), COOTBETCTBEHHO, 3AMETHM, YTO €CIH
IS HeKOTOPBIX 4acToT (al) u (a2) BBIMOIHSIOCH ycinoBue (4), TO aKTHBHOCT Ha 9THX YacTOTax Ha
BPEMEHHOM HHTEpBAJIE [ty;t,+1] paccMaTpuBaiach Kak pa3BUTHE SAWHOTO KOJIeOaTeIbHOrO marTepHa
BO BpeMmeHu. Jlanee, s 4acToThl (a2) CHOBA MPOBOMIICS aHAIN3 JAHHOTO YCJIOBHS HA CICAYIOLIEM
BPEMEHHOM wIare t,9. Eciu yciioBHue BBINOIHACTCS, TO pa3BUTHE UACHTU(UIIMPOBAHHOTO NAaTTePHA
HPOIOIKAIOCH TAlblIe C OMPEASICHHON YacTOTON (a3) HAa BPEMEHHOM Iare 3.
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OnucaHHbIe BBIIIE NEUCTBUSA LUKINYECKH MOBTOPSUIMCH O MOMEHTA, Korja yciosue (4) cra-
HOBMJIOCh HEBEPHBIM, BCIEICTBUE YEr0 MACHTH(UIMPOBAHHBIA KOJIeOATeNbHBIN MaTTepH CUUTAICS
MPEKPATHBIINM CBOE CYIIECTBOBAaHHE B aHAJIM3UpPyeMOM curHaie. Kakaplii HIeHTH()HUINPOBAHHBIH
konebarenbHblii narrepa P, P(f,t) = {((al),t,), ((a2),tn+1),- .., ((am),ty4m)}, THE ™M — TIPOTOI-
XKHUTEJILHOCTh CYILIECTBOBAHMUS ATTEPHA, ONMUCHIBAJICS CpeIHEN 4acTOTol fi,4

m

fma =" _(ai)/m, (5)

=1
U JJIUTCIBHOCTBIO XXU3HU T
T = tpim — tn = mAL, (6)

rae At — mar IUCKpeTH3aliy aHATH3UPyeMoro curHana. Ecnu mmutenbHOCTh ku3Hu 1 uneHTuduIm-
POBaHHOTO KOJIEOATENFHOTO TaTTepHa P He MpeBHIIIaa mepruo/a KojreoaHus, KOTOPEIii COOTBETCTBYET
cpestHeit YacToTe fy,4, TO €CTh BHIMOMHANOCH yenoBue T < (fyq) !, TO Takoit kone6GaTeNbHbIH TaT-
TEpH paccMaTpHUBalICA Kak clydaifHas IIyMOBas ToMexa W/Win apTedakT YHCIEHHBIX pacuéTOB U He
YUIUTBHIBAJICS [IPH JajbHEHIIeM aHai3e curHana z(t).

(4) B paGore [17] noka3zaHo, 4TO JUIsl UASHTU(PUIIUPOBAHHOTO KOJIEOATEIBHOTO MaTTepHa P MOXKHO
BBECTH JIOTIOTHUTEJIEHBIN MTapaMeTp cpegHel SHepreTHIecKol XapakTepuCTHKH. [ 3TOro HeoOX0MMO
IIPOM3BECTH OLICHKY COXPaHEHHON BEJIMYMHbI SHEPIUH [J; ; 11s Kax1oii Touky ( fj, t;), npencrapmsomeii
9acCTh JETEKTUPOBAHHBIX NMATTEPHOB P. B KaK1blii MOMEHT BpeMeHH t; (POPMHUPOBAJICS MACCUB BCEX
BenmauH SHepruit {F1 j,..., Ey j,...}, e k MeHsuock ot 1 JIo r, To €CTh KOJIMYECTBA BCEX YacToT,
HaOIIONAI0IUXCs Ui MOMEHTA BPEMEHH t; Ha PACCYNTaHHOM IMOBEPXHOCTH MaTTepHoB P. B maccu-
Be {E1,...,ELj,..., Er;} HaXoonmmock MaKCHMalbHOE 3HAYEHUE SHEPTUN Fypq, ;j M TIPOBOJMIIACH
HOPMHUPOBKAa:

{(El,j> ey (Ekj> e, (E,])} =
= {E1j/Emaxj> - s Lk j/Emaxjs - s Erj/ Emax,j | - (7)

Hopmuposka (7) BEINONHSIIACE OTAEIBHO JUISI K&KIOTO0 MOMEHTa BPEMEHH, YTO MO3BOJISUIO NP YHUC-
JICHHBIX pacyeTax HCIIOIb30BaTh METOMBI MapajlIe/bHBIX BerunciaeHuil. Janee, 1s Beex Touek (f,t),,
COCTaBIIAIONINX OOUH MATTEPH P ININTENIbHOCTHIO 1M, PACCUUTHIBAJIACH CPEIHSSA YHEPreTHUECKas XapaK-
TepucTika F marrepHa

E =Y (E(f,t)p) /m. ®)

p=1

Takum 00pa3om, KaxIblli KoneOaTeIbHbIA aTTEPH XapaKTepPU3yeTCsl TpeMs apaMeTpaMu: Cpel-
Hell yacToToll — fp,q (cooTHOIIEHHE (5)), BpeMEHEM >KU3HU WM JUIMTEIBHOCTBIO — 1’ (COOTHOILIE-
Hue (6)), u cpennei sHeprueit F (coornomenue (8)). Ha puc. 1 nmpomeMoHCTpupoBaH mpuMmep 3a-
BHCHMOCTEH OT BpeMeHHM ¢ KoiaudecTBa [N, CpeIHUX JUIMTEIbHOCTH 1’ M 3Hepruu E nis maTTepHOB,
paccuuTaHHbIX 1Mo curaany D3I 0HOTO W3 HOBOPOXICHHBIX BO BCEM YacTOTHOM auarma3zose [1;20].

Becp wactoTHbIil auamnason Obul pasgencH Ha 10 uaTepBanoB mo 2 I'm: Afi[1;2], Afa[2;4],
Afs[4; 6], Afa[6;8], Afs[8;10], Afs[10;12], Af7[12;14], Afg[14;16], Afo[16;18], Af10[19;20]. dus
Ka)XKIOTO HHTEpBaJIa 4acTOT MPOBOAMIACH CTATUCTUUECKAs OLIEHKA XapaKTepHCTHK KoiaudecTBa N, cpen-
Hell purensHocTH 1’ M 3Heprun E kojebaTenbHBIX NaTTEPHOB, HICHTU(UIIMPOBAHHBIX B COCTOSHUSX
CHa U OOAAPCTBOBAHMS JIBYX IPYIIl HOBOPOXKICHHBIX.
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Puc. 1. 3aBucumoctu ot BpemeHu t konudectBa N (a), cpennux amurensHoct 17 (b) m sHeprun E (¢) i1 maTTepHOB,
paccunTaHHbIX 1o curnany O0I, 3apeructpupoBanHoMy B kaHaite O1 npu MoHuTopuHre pebenka # 12 w3 rpymnst #1. XKénteim
U CHpEHEBbIM ()OHOM NOKa3aHbI CTAJANH OOIPCTBOBAHUS M CHA, COOTBETCTBEHHO (LIBET OHJIAH)

Fig. 1. Dependences on time ¢ of the amount N (a), average duration 7" (b) and energy E (c) for patterns calculated from the
EEG signal registered in the channel O1 when monitoring a baby # 12 from group # 1. The yellow and purple backgrounds
colors correspond the awake and sleep stages, respectively (color online)

2. Pe3yabTartsl

Ha puc. 2 npencrapineHbl CTaTUCTUYECKUE OLICHKH KOJIMUYECTBEHHBIX Xapakrepuctuk N, Eu T
konebarenbubIX HBIT nmarTepHOB A 4acTOTHBIX HHTEpBanioB A fi — A fig.

Konebarenpabie XapakTepucTHKA DI B COCTOSHUAX CHA U O60apcTBOBaHMA v # 1 m #2 rpymnm
HOBOPOXICHHBIX CYIIECTBEHHO pa3nuyarorcs. B memom, nunamuka B eBoM (O1) u nmpaBom (O2) nomy-
IIapusX SIBISIETCS BEChbMa CXOKeH, OJJHaKo OoJiee MmoKa3aTelbHOM OKa3bIBaeTCs OlleHKa KojieOaTenbHOM
CTPYKTYpBI B JIEBOM NOJyILIapHH, TO ecTh kaHana Ol (eBslit cronben Ha puc. 2). B 1o ke Bpems
CpaBHEHHE CTPYKTYpPbl aKTUBHOCTH BO BpeMs CHa M 00ApcTBOBaHUA Ui # 1 1 # 2 rpynin JeMOHCTpUpyeT
CyliecTBeHHBIE paznuuust. s konnuectBa N maTTepHOB 0COOCHHO MTOKa3aTeIbHBI THANa30Hbl YaCTOT
Afi u Afy (puc. 2, a, b). JloHOIIIEHHBIE HOBOPOXKICHHBIEC NEMOHCTPUPYIOT CHIDKEHHE KOJMYECTBa
narTepHoB N BO BpeMsi OOAPCTBOBAHUS U MOBBIICHHUE 3TOI XapaKTEPUCTUKH BO BpeMs CHA, a BO BTOPOH
TpyTIe MPOUCXOAUT OOpaTHBII MPOIECC — POCT KOJIMYECTBA HU3KOYACTOTHBIX IMATTEPHOB BO BPEMs
OonpcrBoBanus. DHeprus B A f1 u A fo nuana3oHax Bo BpeMsi 00ApCTBOBaHMS peOEHKa MapagoKCaIbHBIM
00pa3oM MpeBHIIIaeT TaKOBYIO BO BpeMs cHa (puc. 2, ¢, d).

Crnenyromue 4acToTHbIe AMana3oHbl A f3 1 A f4 XapaKTepH3yIOTCsl CTAOMIBHOCTBIO XapaKTEPUCTHK
KOJIMYECTBA U SHEPTUHU MAaTTEPHOB BO BPeMs BCEX COCTOSHMM rpymnisl # 1 1 G0ApCTBOBaHUS IPYMIIBI # 2.
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Puc. 2. Crarucrtuueckue nuarpaMmbl koiaudectBa N, jumrenbHoctd 1 u sHeprun E HBII nmarrepHoB B auamnaso-
Hax Afi...Afi0, onenuBaemsle mo DOI, 3aperucrpupoBaHHBIM B KaHamax Ol u O2 y AByX TpyHI HOBOPOXKICHHBIX:
au b — ouenku N mns kananoB O2 m Ol, 3anucaHHeIX B #1 W #2 rpynmax HOBOPOXKICHHBIX, COOTBETCTBEHHO; ¢, d,
e, f — ananoruuHble quarpamMmel T u F. Ha muarpamMMax mpezcTaBiCHBI: MEPBbIi U TpeTHit kBapTwin (25-75%, BHyTpH
IPSIMOYTOJIBHUKA), MEANaHa U cpexHee (IoIepedyHas IUHUS U TOYKa BHYTPHU NPSIMOYTOJIbHHKA, COOTBETCTBEHHO), 1.5 MexKKBap-
TUIIBHBIN pa3max (TOKa3aH «ycaMm»), U BEIOPOCHI, IpeCTaBICHHbIE 3Be3109KaMH. JKENTHIM IIBETOM ITOKa3aHbI XapaKTEPUCTUKH
JUISL COCTOSTHMSI OOAPCTBOBAHMS, & CHHUM L[BETOM — JJIsl COCTOSIHMS CHA. I pymniiel HOBOPOX/IeHHBIX # 1 1 #2 mokaszaHbl Ha
Ka)KIOH JUarpaMMe ¥ BBIJIEIICHBI 3eJICHBIM (Tpymma # 1) i KpacHbIM I(BeTOM (Tpymnma # 2) (IBeT OHJaiH)

Fig. 2. The diagrams of pattern’s numbers N, duration 7" and energy E in ranges Af1 ... A fi0, calculated on EEG channels
O1 and O2 for two groupes of newborn: ¢ and b — N estimations for O2 and O1 channels recorded in #1 and #2 groups
of newborns, respectively; c, d, e, f — similar diagrams for the evaluation of 7" and E. The diagrams depict the following
statistical characteristics of numerical indicators: the first and the third quartiles (25-75 %, inside the box); the median and
the mean (transverse line and point inside the box, respectively); 1.5 interquartile range (shown by whiskers); and outliers
represented by asterisks. The yellow color shows the characteristics for the waking state, and the blue color for the sleep state.
The neonatal groups # 1 and #2 are shown in each diagram and highlighted in green (group # 1) and red (group #2) (color
online)
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B 10 ke BpeMs cocTosHUE CHA JUIA c1a00 HEZOHOIIEHHBIX HOBOPOXKIECHHBIX CYIIECTBEHHO «IIPOCENACT»
[0 JJAHHBIM XapaKTePUCTHKAM BBIACIISICMBIX KojeOaTeIbHbIX NMaTTepHOB. [Ipy nanbHeieM NOBBILICHUN
94acTOTHI B JIEBOM Tofymiapuu (kaHan O1) coxpaHseTcs cxoxas CTpYKTypa KonebaTeIbHOW aKTUBHOCTH
B oOnactu 3Hepruu I (puc. 2, ¢). AKTUBHOCTb MO3ra BO BpeMsl CHa U OOIPCTBOBAHHS HOBOPOXKICHHBIX
# 1 TpymnIBl IEMOHCTPUPYIOT KJacTepbl BHYTPH 00Jlaka 3HaY€HUI aKTHBHOCTH MO3ra BO BpeMs 0ofp-
CTBOBaHUS #2 TPymIbl clab0 HETOHOMIEHHBIX HOBOPOXKIACHHBIX, a DI, peructpupyemsle BO BpeMst
CHa JJIs TPyNIbl # 2, IEMOHCTPHUPYIOT 3HAYUTEIIEHOE CHIYKECHHE SHEPTHH KOJIeOaTeIbHBIX ATTEPHOB
B quanasone [4;20] T'm.

st HanOosee BHICOKOYACTOTHBIX M3 pacCMaTpUBaeMbIX HHTEPBAIOB A fg ... A f1g cHOBa HaOmO-
JaeTcsl mapajgokcaibHas KapTuHa. Y ciab0 HETOHOIICHHBIX AeTeil KonmdecTBO N KonebaTreabHBIX
HaTTEPHOB BBICOKMX YaCTOT MPEBOCXOAUT TAKOBOE AJIs OOAPCTBOBAHUS M, ONHOBPEMEHHO, CYLIECTBEHHO
OonbIle, 4eM y HOBOPOXKAEHHBIX # | rpynmsl. B To ke Bpems, oneHka sHepruu E marTepHOB AEMOHCTPH-
pyeT MPOTHUBOIIONIIOKHBIE NPOLIECCH] BO BPEMsI CHA HOBOPOXKJIEHHBIX Pa3HBIX TPyHIl. B nepsoil rpymnme
SHEeprus yBeIHYHBAETCS, a BO BTOPOI — CHMXaeTcs.

OTMmeTHM, 9TO OLIEHKA MPOJOJDKUTEIBHOCTH 1’ MATTEPHOB BO BCEX YACTOTHBIX JUAlla30HAX HE
MO3BOJIAET BBIICIUTH OCOOEHHOCTH Pa3BUTHSI COCTOSHHUI CHA W OOIPCTBOBAHUSI HOBOPOXKACHHBIX pa3-
JIMYHBIX CPOKOB TeCTaluu (puc. 2, e, /). B HeKOTOpoil cTenmeHy mepCreKTHBHBIM UCKITIOUSHHEM SIBISETCS
JUIIB KoJeOaTenbHBIH nuana3oH A fg, B KOTOPOM 3HAYUTEIBHO BO3PAcTaeT CPEHssl ATUTEIBLHOCTh
JIETEeKTHPOBAHHBIX TATTEPHOB HOBOPOXKIEHHBIX # 2 TPYIIBI BO BpeMs CHA.

BeImosHeHHBIN aHAIM3 SIBISIETCS IE€TaIbHBIM OTOOpaXKeHNEM HEITMHEHHBIX MPOLECCOB TMHAMHUKU
KoJIeOaTeIbHBIX KOMIIOHEHT ¢ OCHOBHBIMH YacCTOTaMH, MPUHAAIEKAIIUMHU K Pa3TNIHBIM 9aCTOTHBIM
uHTepBaIaM A f1 ... A f1o. OOBIYHO HCHONB3yeMasl OlleHKa WHTerpanbHoi sHeprun HBII, npuxonsietics
Ha OTIpeJIeNIeHHBIN JHaNa30H YacToT, IEMOHCTPUPYET CpelHUE XapaKTEPUCTHKH, HE OTpa)karolliue BCex
BHYTPEHHHX IPOIIECCOB Pa3BUTHsI KOHKPETHBIX MAaTTEPHOB.

3akaouenue

HccnenoBanue xonebaTreIbHON CTPYKTYPHI 3aTbUI09HON DD HOBOPOXKICHHBIX CO CPOKAMU Te-
cranuu 38-41 u 34-36 Hemenw MPOAEMOHCTPHPOBAIO CYIIECTBEHHBIE Pa3indvs B (OPMHUPOBAHUH
MaTTepHOB, AeTeKTHpyeMbIx Ha ocHoBe HBII. Mcnonp3oBarne paspaboTaHHON MOAM(PHUKAIIUN TO3BO-
JIWJIO BBIJCJUTD MEPCIEKTUBHBIE KOJMUYECTBEHHBIC XapaKTEPUCTUKHU MATTEPHOB Ui JieBoro kanana Ol,
a UIMEHHO CPEIHIOI0 dHepruio F u xonmuyecTBO N MaTTepHOB BO BpeMs MOBENEHUYECKHUX COCTOSHMH
cHa M 0OIPCTBOBaHMS HOBOPOXKACHHBIX B YACTOTHBIX quarazoHax Afi ... A fig. JlanpHelnee pa3BuTue
3TOTO MoAxXona OyleT HalpaBIeHO Ha Pa3pabOTKy CHCTEMbI aBTOMATHYECKOH TUarHOCTHKH M3MEHEHUH
XapaKTEPUCTUK aKTUBHOCTH T'OJJOBHOTO MO3Tra y JOHOIIEHHBIX HOBOPOXKACHHBIX B CIEICTBUE Pa3IMUHBIX
MATOJIOTMYECKUX MPOLECCOB POJOB /MM MOCTHATAILHBIX HAPYIICHUH, a TAK)KE U3yUYCHHE WX BIUSHUS
Ha HEBPOJIOTHYECKOE Pa3BUTHE peOeHKa.
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Annomayus. II0CKOIBKY MO3T — 9TO UpEe3BBIYANHO CIIOKHAS THIEPCETh B3aHMOACHCTBYIOINX MEXTy co00i MaKpOCKOIH4e-
CKHX TOZICETEH, MPOBeACHNE OTHOMACIITA0OHOTO aHaN3a €ro aKTUBHOCTH MpECTaBIIsAeTCs TpyAHeel 3agadeil. Tem He
MeEHee 3Ty 3a/lauy MOXKHO CYILECTBEHHO YIIPOCTUTb, aHAIU3UPYSI COOTBETCTBHE Pa3IMYHBIX ATTEPHOB MaKPOCKOMUYECKOH
aKTHBHOCTH MO3Ta, HapUMep, Ha CHIMKaxX (hyHKIMOHATBHONH MAarHUTHO-pe30HaHCHOH Tomorpadun (pMPT), BemoaHeHNIO
TeX WM MHBIX KOTHUTUBHBIX 3a[a4 MM MaTOJIOTHYECKHM COCTOSHHAM. [[ens JaHHOH paboThl — MPEMIOKUTh U MPOTECTHU-
poBatk Mertox npencrasieHus naHHbIXx GMPT B Buae rpados, koTopele oTpaxkaroT B cebGe MOJIEe3HYI0 JUIS IOCIeyIonei
KIIacCU(pHKAIMN WHGOPMALUIO O B3aHMOCBS3SAX aKTUBHOCTU oOnacTeil mosra. Memoouvl. B manHOW pabore mccmemyercs
BO3MOKHOCTH MIPUMEHEHUS] CHHOTUTHUECKHUX CeTel B aHaIn3€ MO3TOBON aKTUBHOCTH. B 4acTHOCTH, OBUT MPEUIOKEH METO],
HOoCTpoeHus rpada, BEpLUIMHEI KOTOPOro OTpaxaroT 3HaueHus Bokcerneil pMPT, a peGpa u Beca pebep oTpaxaroT B3aMMOCBS3H
Mexny Bokcermsimu QMPT. Pezyromamor u 3axarouenue. Ha ocHoBe knaccudukanun ¢MPT maHHBIX IO XapaKTepUCTHKAM
rpaoB OblIa nokasaHa 3(pGEeKTUBHOCTh METOJ]d HAa OCHOBE CHHOJIMTUYECKUX CETeH B BBIBICHUM U Iepeade BaKHOH UL
KJIacCH(HUKAIMY HHPOPMAIMU TP TOCTPOSHHUHU TPpadoB.

Knroueevie cnoea: KOTHUTHBHBIE TIPOLIECCHl, PYHKIMOHAIbHAS MATHUTHO-PE30HAHCHAS TOMOTpadusi, CHHOIMTHYECKUE CETH,
rpadsl, Knaccudukanys, MalliHHOE 00yUYeHHE.

Bnazooapnocmu. ViccnenoBaHne OCyIIeCTBICHO B paMkax [Iporpammsl ¢yHmaMeHTanbHBIX HccienoBannid HUY BIID
C HMCIOJIBb30BAHUEM CYIIEPKOMITbIOTEpHOTO Komiuiekca HUY BIID.
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Abstract. Because the brain is an extremely complex hypernet of interacting macroscopic subnetworks, full-scale analysis
of brain activity is a daunting task. Nevertheless, this task can be greatly simplified by analysing the correspondence
between various patterns of macroscopic brain activity, for example, through functional magnetic resonance imaging (fMRI)
scans, and the performance of particular cognitive tasks or pathological states. The purpose of this work is to present and
validate a methodology of representing fMRI data in the form of graphs that effectively convey valuable insights into the
interconnectedness of brain region activity for subsequent classification purposes. Methods. This paper explores the application
of synolitic networks in the analysis of brain activity. We propose a method for constructing a graph, the vertices of which
reflect fMRI voxels’ values, and the edges and edge weights reflect the relationships between fMRI voxels. Results and
Conclusion. Based on the classification of fMRI data by graph properties, the effectiveness of the method in conveying
important information for classification in the construction of graphs was shown.

Keywords: cognitive processes, functional magnetic resonance imaging, synolitic networks, graphs, classification, machine
learning.
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BBenenne

OyHKIMOHATbHAA MarHUTHO-pe30HaHcHas Tomorpadus uinun GMPT — pasHOBHIHOCTH MarHUTHO-
pe30HaHCHON ToMorpaduu, KOTopas MPOBOAUTCA C LEIbI0 U3MEPEHHsI U3MEHEHHUI B TOKE KPOBH, BBI3BaH-
HBIX HEHPOHHOW aKTHBHOCTHIO TOJIOBHOTO Mo3ra [1]. B ocHOBe 3TOTO METOAA JICKUT MPEIATIOTIOKECHHUE,
YTO MO3TOBOI KPOBOTOK M aKTUBHOCTh HEMPOHOB CBSA3aHBI MEXY COOOH: NMPH YBEIUUYEHUH aKTUBHOCTH
HEHPOHOB IIPUTOK KPOBH K COZIEpKalle uX 001acTH yBEIMUUBACTCS, IPY MaJCHUH — YMEHbIIACTCS.
Takum o6pazom, pMPT mo3BossieT onpenenuTb aKTUBAIMIO MaKPOCKOITMYECKUX 00JlacTeil TOJIOBHOTO
MO3ra (C IPUMEPHBIM JHHEHHBIM Pa3MEpPOM B HECKOJIBKO MUJUIMMETPOB) BO BpeMs ero (pyHKIHO-
HUPOBAHUA TOJ BIMSHUEM DPA3IMYHBIX (AKTOPOB W MPU PANUYHBIX MMATOJIOTHYECKUX COCTOSHUSX.
Ha cerogusmnmii AeHb 3TO OAMH U3 CaMBbIX HCIIOJIB3YEMBIX HHCTPYMEHTOB UCCIIEJOBAHNUS KOTHUTHB-
HBIX TIPOIIECCOB B MO3Te M aKTUBHO Pa3BHBAIONINXCS U OOIIENPHUHATHIX METOOB HEHPOBU3yaTU3allul
(cM., HanpuMep, [2]). Tak, npu HelpoBHU3yanu3auul H300paKEeHUE CTPOUTCS B BUJIE CETKH TOUEK (BOKce-
Jeii) B o0beMe, KOTOpoe 3aTeM Ipeodpa3yeTcst B CBEpHYTOE IBYMEPHOE MHOT000pa3ye B TPEXMEPHOM
MIPOCTpaHCTBE [3], 9TO MO3BOJSAET OTPA3UTh AKTUBHOCTH PA3JIMYHBIX OTAEJIOB TOJIOBHOTO MO3Ta.

ITockonbKy MO3I — 3TO YpEe3BBIYANHO CIIOXKHAsI TUIIEPCETh B3aMMOJICHCTBYIOLIMX MEXIY cOO0H
MaKpOCKONNYECKUX MOJCETell, MpoBeIeHNe TTOIHOMACIITaOHOTO aHai3a ero aKTUBHOCTH Mpe/ICTaBIIsIeT-
csl TpyZnHeWmen 3agadeid. TemM He MeHee 3Ty 3a/lady MOXKHO CYIIECTBEHHO YIPOCTUTh, AHAIU3HUPYS COOT-
BETCTBHE PA3IMYHBIX MATTEPHOB MAKPOCKOITMYECKOH aKTUBHOCTH MO3ra, HapuMep, Ha cHuMKax GMPT,
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BBITIOJTHEHUIO TE€X WJIM MHBIX KOTHUTHBHBIX 3a7a4d WM MATOJOTUYECKUM COCTOSIHUSIM. B wactHOCTH,
OJIMH M3 JICHCTBEHHBIX METOIOB MCCIIeIOBaHNs (PyHKIIMOHAIFHON PO 00JacTeif Mo3ra OCHOBBIBAETCS
Ha MOCTPOCHUU MOJIETH KITaCCU(UKAIIUN MKy IByMS Pa3HbIMH PEKHMaMU MO3TOBOW aKTUBHOCTH U
OIIEHKH TOTO, KaK CHJIBHO M3MEHSIETCS TOYHOCTh KIaCCU(HUKAINY TIPH HCIIOIB30BaHUH JOCTYITHBIX FITH
HEJOCTYIHBIX JJAHHBIX 00 aKTMBHOCTH KOHKPETHOU obOnactu Mo3ra juist moxenu [4]. [lpu pemieHun
MomoOHBIX 3amad Hambonee dPPEeKTUBHBIME OKa3bIBAIOTCS TpadoBbIe HEelpoHHBIE ceTu [4, 5]. s
MOCTPOCHHs Tpad)OoB TAKUX CETEil B BEPUIMHAX OTPAXKAIOT OTOOpPAaHHBIC MPU3HAKK JaHHBIX, a Beca pedep
MTOKA3bIBAIOT B3aMMOCBS3M MEXAy NMpu3HakaMu. K HacTosAeMy MOMEHTY B 3ajadax KiIacCH(HUKAIIIN
MO3TOBOI aKTUBHOCTH YXK€ WCIOJB3YOTCS MeToAbl npencraieHus ¢MPT manHbIX B BHAe rpados
(cwm., Hammpumep, pabotal [4,6,7]). Ho mis oTpaskeHusT B3aUMOCBSI3ei MEXIy 001acTIMU MO3Ta B TAKUX
rpadax UCIoONB3YIOT JOBOJIBHO MPOCTHIE KIIACCHYECKUE METOIbI, HAIPUMEP, JIMHEWHYIO KOPPEIISIIUIO
[Tupcona wnu yacTHyio koppemsuuio [4,7]. HecMoTpa Ha TO, 4TO 3TH METOJbI BBISBISIIOT CKOppe-
JIUPOBAHHOCTH MPU3HAKOB, TaKasl KOPPENSIHs, caMa 1o cede, He HeceT MoJe3HoW WH(OpMaIuu s
knaccudukanuu. B 3Tol cTarhe MBI MpeasiaraéM yCTPaHUTh STOT HEJOCTATOK U J0paboTaTh METOMbI
peripe3eHTanuy JaHHBIX. Takum 00pa3oMm, [enb Hamei paboThl — MPEUIOKHUTE U IPOTECTUPOBATh METON
npeacrasienuss PMPT nansbix B Bue rpadoB, KOTOpbIE OTpakaidd Obl 3HAUUMYIO IJIs1 OCIEAyIOei
Kiaccu(puKanuyi HHHOPMAITUIO O B3aUMOCBS3IX MEXIY OOJAaCTIMH MO3Ta. DTOT METOA MBI Ha3Bajl
CHHOJIMTUYECKHUM, TaK KaK OH OBbLI BIOXHOBJICH CHHOMUTHYCCKUMU CETSIMHU, MO3BOJISIOMIMMU IPUMEHSITh
METOJIBI aHaIM3a TpadoB K MHOTOMEPHEIM CJIOKHBIM JTaHHBIM [8]. 3mech MBI paccMaTpuBaeM PO CTeH-
IUA cy4ai, IpyU KOTOPOM Oy/leM pa3lindaTh TOJIBKO J[Ba PEXKHMMA MO3Ta, WK JPYTUMH CJIOBAaMH, KOTIa
cTOWT 3a/adqa OuHapHO# Kiaccudukaruu. Takas KiIacCUpUKAIMS MOXKET MPOBOIUTHCS KaK HA OCHOBE
XapaKTepUCTHK [6] rpadoB, Tak ¥ Ha OCHOBE WX TOMOJOTHH [4]. B 3T0i paboTe MBI KOHIICHTPHUPYEMCS
Ha KJacCu(UKAIUK Ha OCHOBE XapaKTepUCTUK rpados.

1. MeToasbl

1.1. Bexktopusanusi MPT gannbix. Pe3yiasraToM CKaHHPOBaHUS MO3Ta UCIBITYEMOIO, IOCIe
MpeBapUTeNbHON 00pabOTKH JaHHBIX, SIBIAETCS COCTOSAIIEE M3 BOKceNleH 00BeMHOE TpexMepHOe
n300pakeHne, H3MEHsIoIeecs BO BpeMeHH. Bokcenb — sleMeHT 00bEMHOTO PacTpOBOTO M300paKEeHUs,
aHaJIOT MHKCENsI B JBYXMEpPHOM H300pakeHnu. 3HaueHume Bokcens GMPT B KOHKpETHBIIT MOMEHT
BpPEMEHH OTpakaeT 00beM KpoBH (YPOBEHb OKCUTCHALMM) B TAaHHOW 00IacTH MO3ra.

MHokecTBO JaHHBIX @MPT Oyzmem o0o3HaYaTh {2, a MHOXKECTBO PEKMMOB MO3TOBOM aKTHBHO-
et — 2 = {I, 11}. Hyers (Q,2) = {(wp, 0n)}n — KoHeuHas BBIGOPKa U3 (X, 3), HeOOXOTMMAs 1JIst
noctpoeHusi u obyuenus merona. [IpencraBum cauMoxk GMPT w € Q B maMsTH KOMIbIOTEpa Kak
94ETBIPEXMEPHBI MACCUB @ JNEHCTBUTEILHBIX HEOTPULATENBHBIX YHCEN, [e NEPBbIe TPH HHICKCA T, Y, 2
¢ukcupyror nonoxenne Bokcens GMPT, a yerBepThiii MHIEKC ¢ PuKcHpyeT Bpems. Takum oOpaszom,
4epes3 (gy.¢ 0003HAYAETCSA BOKCENb C MHICKCAMHU T, I, 2 B MOMEHT BPEMEHH ¢, a YEPE3 Gy, — BCE
3Ha4YEHMs1 BOKCENS C MHACKCAaMH Z, ¥, 2. Jlanee, B ciiydae HEOOXOAMMOCTH MHICKCAUN BOKCENEH OTHUM
YHCIIOM, TI0JIaraeM, YTO BCE BOKCENM B MPOCTPAHCTBE TPOWHIEKCHPOBAHBI B IOPAIKE MX HPEICTABICHUS
B M300pa’keHHUU.

1.2. Merton mpencraienus GMPT nanneix B Buge rpada. Kaxnmas Bepmmna B rpade
oTpaxkaeT Bokcenb B GMPT maHHBIX, pebpa MeXIy BepIIMHAME M Beca pedep OTpakaloT B3aMOCBSI3H
Mexay BokcedssMu. Ha ocHoBe maccuBa a moctpouMm rpad g = (V,E, R, W), tne V = {v;}; —
MHOXeCTBO BepinH, £ = {e;;};; — MHOKXECTBO HEOPHEHTHPOBAHHBIX pebep, R = {r;}; — MHOXeCcTBO
3HaueHuit BepumH, W = {wj;};; — MHOXeCTBO BecoB pebep, v; — BepIIHHA, OTPaXKaOIasi BOKCEIb i,
€;j — pebpo, OTpaXKarolIee CBA3b MEXAY BOKCEISAMHM © U j, T; — 3HAYEHUE BEPUIUHBI Vj, W;; — BEC
pebpa e;;.
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Kak ObuTO cKa3aHO BBIIIE, BEPIINHA ¥; COOTBETCTBYET BOKCENIO i, U Y HEC €CTh 3HAYCHUE 7.
@akTUYECKH, B HaIlleM CJydae, BOKCEJIb ¢ — 3TO BPEMEHHOM psiji C MHOXXECTBOM 3HaueHui. [l
BBIUKCIICHUS 7; B METOJIE UCIIONB3YeTCs cTaTUCTUKA ', KoTopas IpeoOpa30BhIBAET BCE 3HAYCHUS BOKCEIS
B OJTHO 9ymCiI0. Takum 00pa3oM, MOXKHO BBECTH HOBBEIH TPEXMEPHBI MacCHB al = T(a), TO ecTb st
Ve, y, 2 afyz = T(ayy-). 3HaueHns MaccuBa a’ ¥ ucnonb3yloTCA B KauecTBe 3HAUCHMH BepmuH R.
Cama cratrctrka T BBIOMpAeTCsS MCXOMS U3 Pe3ylIbTaToOB TECTHPOBAHUS MeTona. Hampumep, 3To MOXKET
OBITh CpeIHEeEe 3HAaYCHUE BPEMEHHOTO Psijia WM Pa3HUIAa KBAaHTHIICH Pa3HOTO YPOBHI.

[Tockonbky Beca pebep OTpakaloT B3aMMOCBSI3U MEXYy BOKCESIMH MPH PA3HBIX PEXUMAaX paOOTHI
MO3ra, OMHOM M3 HamOojee Ba)KHBIX 3a7ad sBIISCTCS METOJ BEIYMCIICHHUS 3HAYCHUSA BecoB pedep W.
Onpenennum w;; KaK

Wi :P(OZII|7’¢,7’]‘)—P(0:I|7’i,’r’j). (1)

Jpyrumu cioBaMu, Bec pedpa w;; PaBeH Pa3HUIIE BEPOSATHOCTEN PEKUMOB PabOTHI MO3ra IPU YCIOBUM
3HA4YCeHUI WHIMIEHTHBIX peOpy BepuvH. [Ipu 5TOM Beca pedep MOryT NPUHHUMATh 3HAYEHUS TOJIBKO
or —1 1o 1. CooTBETCTBEHHO, €CM Bec pedpa — oTpuuarenbHbli (w;; < 0), To pedpo e;; HEceT B
cebe mHpOpMAaII0O 0 TOM, YTO HamboJee BEPOSTHBIM sBIIsieTCsl pexkuM Mmosra 1. Ecim Bec pebpa —
HOJIOKUTENBHBIA (w;; > (), To naHHOEe pedpo HeceT B cebe MH(OPMALHMIO O TOM, YTO Hambosee
BEpOSTHBIM siBIsieTcs pexuM II. Yem Gonblue abcomoTHOE 3HAaYEHHE Beca pedpa |wjj|, TeM Gomblie
uHdopmanmu a1d knaccudukanuu HeceT B cebe pedbpo e;;. COOTBETCTBEHHO, YeM OMXKe K HYIIO
abcomoTHOE 3HaYeHNE Beca pebpa |w;;|, TeM MeHbIIe HHPOPMAIIH OHO HECET.

Ha npaktrke mist BEIYHCIEHUS TaKMX BEPOSTHOCTEH MBI OyIeM HCIIONBb30BATh BEPOSITHOCTHBIE
xnacenduraropst Clij 2 {o|(ri, r;), {(r7,77) }ns {On}n} — [0, 1], koTOpBIE 0GyHatoTcst Ha MMetowIEiics

BEIOOpKE (§~2, E) Iepenumem popmyiy (1) Tak:

wij = Clij(o = I (ri,r5), {(r{'s 77 ) yns {0nn) =

2)
—Clij(o = I|(ri,rs), {(r],77) }n, {On}n).

Taxum oOpasom, misa kaxaoro pebpa e;; TpeOyercss 00yuuTh CBOM BEPOATHOCTHBIN KilacCU(pUKATOp

Cl;; nns nociemyIonero BerauciIeHus Becos pedep W. Bribop Tuna xinaccuduxaropo {Cl;;}i; Mbl

obcyxmaem B paznene 2.2.

1.2.1. Tononorus rpaga. BriOpaB MeTOx BHIYMCIICHHS 3HAYCHUI BepInH X U 3HaYEeHUIl BECOB
pebep W, mepetineM Kk omucaHuio Tonoxoruu rpaga. Kak mpaBuio, mpu moCcTpOSHUH CHHOIUTHYECKUX
CeTel CTPOUTCS MOJIHBIN Ipad, YTO MO3BOMAET YUUTHIBATH B3aUMOACUCTBHS MEKAY BCEMH DIIEMEHTaMU
cet. B ciydyae nanaeix @MPT BepmmH B rpade oka3bBaeTCs CIUIIKOM MHOTO. JTO B CBOIO O4epesb
MIPUBOAUT K OOJIBIIOMY KOJIMUYECTBY pedep MpH MOCTPOESHUH MOJIHOTO rpada, U METoA TpeOyeT orpOMHOM
BBEIYHACIATEIBHON MomHOCTH. Hampumep, npu pazpermernn GMPT 100x100x 100 Bokcenel, B OITHOM
rpade Oyzer 1 000 000 sepuun u 499 999 500 000 pebdep. IIpu sTOM A714 Kaska0r0 pedpa e;; HeoOXOAUMO
o0yuarts cBoit knaccuduxarop Clj;.

Bwmecro momHoro rpada Mbl mpeziaraeM nocTpouTh Tpad-ceTKy, TO eCTh Takoi rpad, B KOTOPOM
pebpa CBI3BIBAIOT COCEAHNE BOKCENU. /[Ba BOKCENS CYMTAIOTCS COCEAHHMM, €CIIH y HUX €CTh 00mas
CTOpoHa, pebpo win yroi. To ecTh BHYTPEHHHIA BOKCENb (2yz) CBA3aH C BOKCEISIMUA M3 MHOXECTBA
{(@g2): 2 e{e—1Lxyx+1t, g€ {y—1,y,y+1},2 € {z—1,2,2+1},(292) # (xyz)}. [Ipu Takoi
Tomosioruu rpada pecypcHsie 3atparhl cokpamatorcs ¢ O(n?) go O(n), rie n — YUCIO BOKCENEH.

[Tockonpky B @MPT n300paxaercst He TONBKO MO3T, HO ¥ MIPOCTPAHCTBO BOKPYT TOJIOBBI UCITHI-
TYeMOTO, CIIeAyeT YIaauTh U3 rpada pedpa, KOTOphle HHIUJICHTHEI C BEPIIMHAMU, 3HAaYEHUSI KOTOPHIX
HIKE TIOPOTOBOTO 3HaueHus r. Takue pedpa He HeCyT TOoIe3HOH WHPOPMANUU TS KTacCU(PUKAINH, TaK
KaK CBSI3aHBI C BEpPIIMHAMH, aCCOLIMUPOBAHHBIMH C BOKCEISIMH, HAXOAAIMMUCS BHE Mo3ra. Taxoke u3
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rpada ciengyer ynanuth pedpa, abCOMOTHOE 3HaYEHHE BECa KOTOPHIX HIDKE IOPOrOBOTO 3HAYCHUS W.
PeGpa, B KOTOpBIX |w| A~ 0, MOI'YT MOSIBUTBCS TOJIBKO B JIBYX Clly4asix. B mepBoM ciiydae OHH MOTYT
OBITh CBSI3aHBI C BEPIIMHAMH, aCCOIMUPOBAHHBIMHU C BOKCEIISIMH, KOTOPble HEaKTUBHBI HA B OJTHOM W3
JIBYX PEKUMOB MO3TOBOM aKTUBHOCTH. BO BTOPOM — OHM MOTYT OBITh CBSI3aHBI C BEPIIMHAMH, ACCOIMHU-
POBAaHHBIMH C BOKCEIISIMH, KOTOpBIE B paBHOH CTENEHH MPUHUMAIOT yJacTHe B paboTe Mo3ra B 000mX
peXrMax, MO3TOMY CBsI3BIBAIOIIME MX peOpa He HECYT MOJIE3HOM MHPOPMAaLUU I KiacCU(UKALIH.
Takum o6pasom, u3 rpada g ygamsiores pebpa u3 MHOXeCTBa {e;; : 1 < r|rj < r| |wij| < w}j.
[TapameTp r BBIOMpaeTCs UCXOA M3 TOTO, Kakoe 3HaueHue ammapar ¢MPT npucBanBaeT BOKCesIM BHE
Mo3ra. Kak npaBuiio, 3T0 MOIOKUTENbHOE OJM3KOe K HYJIIO 4uciio. [lapaMeTp w BIUSET HA 3HAUUMOCTb
pebep, KoTophie ocTaroTcs B rpade g. Uem Oombire w, TeM Oomble pedep Oymer yaaieHo.

B pesynbrare 3THX npouenyp y KakIoro BHyTPEHHETO BOKCENsl ocTaeTcs He Ooiee 26 cocenei.
CoOOTBETCTBEHHO CTEIICHH BEPIIHH B Tpade He Oombire 26.

1.3. Knaccudpukanusi Ha oCHOBe XapakTepucTuk rpada. Ilocie moctpoenus rpada g BBI-
YUCIISIOTCSE €ro XapakTepuctki { fy, by = {Fu(g) }u. Takum 06pasom, ot rpada ocraercs mocierosa-
TenpHoCTh uncen { fy, },,. B kauectBe xapakrepuctuk rpada {F,(g)}, MOTYT BBICTYNaTh cpeHee BECOB
pebep, aucrepcus BeCOB pedep, KOMMIECTBO KOMIIOHEHT CBA3HOCTH M Tak jgajiee. Ha 0CHOBe xapakrepu-
CTUK { fy },, mporcxoaut urorosas knaccudukamus GMPT maHHBIX ® ¢ oMo Kiaccupukaropa Cl,
KOTOpBIiA ObLT 00yueH Ha BbIOOpKe {{f7}, }n.

Xapakrepuctuku {F,(g)}, BbIOuparoTCs 1Mo pesynsraraM paboThl METOa Ha TPCHUPOBOYHOM
BoIOOpKe. Boi6op xapakrepuctuk { Fy,(g)},, u Tana kinaccudukaropa Cl mMpl o6cyniM B pasneie 2.2.

2. Pe3yabTartsl

2.1. lanabie. MeToa ObUT MPOTECTUPOBAH HAa JAHHBIX MCCICAOBAaHUA [9], MPH KOTOPOM ITaHHBIC
¢MPT pernctpupoBaiick BO BpeMs IPOCMOTpPa UCTIBITYEMBIMH N300paXXeHHI 00bEKTOB (IKCTIEPUMEHT
¢ HAOJIOJICHUEM) HITH BOOOpaXKeHHS OOBEKTOB C 3aKPHITHIMHU IJ1a3aMH (SKCIIEPUMEHT C BOOOpPaKEHUEM).
B skcnepumenTte ¢ HabmoneHneM ucnoiab3oBanruch 1200 m3o6paxenuit u3 150 xareropuit 00bEKTOB
(o 8 m300pakeHUt Ha KaXAYI0 KaTeropuro). Kaxxaoe m3obpaxkeHne JEMOHCTPHUPOBAIIOCH UCIIBITYe-
MOMY OIMH pa3. [l Ka)xaoro ucneiTyeMoro Obuto nposeneHo 24 nukina GMPT ckanupoBanus. Bee
n3o0paxenus: OblIM B3ATHI M3 ImageNet (http://www.image-net.org, Beimyck ocens 2011), kpymHo-
MaciTaOHO# 0a3bl NaHHBIX M300pakeHUi. Bo Bpems skcneprMeHTa ¢ HAaONIOACHUEM HCIBITYEMbIC
BBITIONHSUTHA 33/IaHHE Ha TTOBTOPEHHE M300paXeHHsI B 0OOpaTHOM MOpsiKe (10 5 MOMBITOK B KaXKIOM
LKKIIE), IEMOHCTPUPOBAIOCH 55 m300pakeHui B MuKie. B akcnepuMenTe ¢ BOOOpaKeHHUEM UCIIBITye-
MBbI€ JIOJDKHBI OBLTH BU3YallbHO TPEACTABISATh MOCIEI0BATEIFHOCTE U3 25 00bekTOB. Kaxkaplii 00BeKT
npuHauIeKan ogHoi u3 50 kareropuii. s kaxaoro ucneityemMoro 6su10 npoeneHo 20 muknos ¢MPT
CKaHHUPOBAHUS.

dakTHYecKd, B paMKax JaHHOTO SKCIIEPUMEHTa MOKHO BBIIECTHTH [[BA PEXKHUMa, B KOTOPHIX (DyHK-
LHUOHHUPYET MO3T UCTIBITyeMOro. [1epBhIid peskiuM HaOMI0AaeTC s, KOIia UCTIBITYEMOMY MOCIIEeI0BaTeIEHO
MOKA3BIBAIOT 55 0JI0KOB, 50 M3 KOTOPBIX — 3TO PA3TUYHBIC MEXKIY cO00i N300pakeHHsI, 5 — ITOBTOPSIOT
MPEANIECTBYIOIIYIO KapTHHKY. ECITM MCHBITYeMBIN BUIUT MOBTOPHYIO KAPTHUHKY, OH JTOJDKEH HAXaTh
Ha KHOIIKY. Bo BTOpOM pexuMe MO3T UCIBITYEMOI'0 HaXOJIUTCsI, KOTIa €ro MpoCsT MOCAeA0BaTeIbHO
npeacTaBuTh 25 o0bexToB. [locne mpencTaBieHns KaKI0ro 0ObEKTa UCTIBITYEMOTO MPOCAT OLEHHUTH I10
MATUOAJUIEHOM IIIKaJie CTEeTIeHb SCHOCTH 00pa3a, KOTOPBI OH MPEJCTABHII, C TIOMOIIBIO0 HAXaTUsI COOT-
BETCTBYIOIIMX KHOTIOK. B paMKkax maHHO# paOOTHI MBI OlleHHBaeM 3(PQEKTHBHOCTH HAIIIEr0 METOA IO
Kiaccuukanuy AByX pexuMoB Mo3ra mo GMPT: npu sxcniepuMeHTe ¢ HaOMIOICHUEM U IKCIIEpUMEHTE
C BOOOpaKCHHEM.
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Tabmuma 1. Beibopka, pazaencHrue Ha TPSHUPOBOUHYO M TECTOBYHO YaCTH.
PesxuM 3pUTETIbHOrO BOCHPUSITHS 0003HAYEH KaK «SEen», PexuM
MIpeICTaBICHUS — Kak «imagined»

Table 1. Sample, division into training and test parts. The visual mode is
marked as “seen”, the imagined mode is marked as “imagined”

seen imagined
training test training test
sub-01 17 7 14 6 44
sub-02 17 7 14 6 44
sub-03 17 7 14 6 44
sub-04 17 7 14 6 44
sub-05 16 8 14 6 44
84 36 70 30
120 100 220

B cbope maHHBIX y9acTBOBAaJO 5 MCHBITYEMBIX, Y KaKIOTO OBLIO MPOCKAaHHPOBAHO B pPa3HBIC
auu 44 MPT B 1ByX pexumax, U3 KOTOPbIX 24 B pexXUMe 3pUTEIHHOT0 Bocipuatus u 20 B pexxume
npencrasieHus. [locnenoBarenbHOCTH N300paKeHUH U OOBEKTOB Y OIHOTO M TOTO K€ UCIBITYEMOTO
ObUTH pa3IHYHBI MEXTYy coOoi. Beibopka Oblna pasneneHa TakuMm obpazom, 4To 30% BBIOOPKH KaXkJOTO
peXrMa A KaXIOro MHIMBUAA IOMagaeT B TeCcTOBYIO yacTh U 70% B oOywaromyro. B tabim. 1
npencrasieHa nHpopmarmst o Beroopke MPT u o ee pa3neneHnu Ha TECTOBYIO M 00yYaIONIyIO YacTH.

Oco0EHHOCTBIO TaHHBIX SIBISIETCS TO, YTO OHM IOJTYUYEHBI JUI 5 UCHBITYEMBIX, U AJISl KaXKI0TO U3
HUX OHH pa30WTHI Ha TECTOBYIO W TPEHHPOBOUHYIO YacTH. Taxoil moaxom He TTO3BOJISET YTBEPKIATh,
410 3P PeKTUBHOCTH MeTONA ObLIA MPOTECTUPOBAHA HA HE3aBUCHMBIX JaHHBIX. OHAKO OH MO3BOJIAET
IIPOBEPHUTH, BO3MOXHO JIM IPEICKa3aTh [IOBEACHUE YeJI0BEKa, Ha KOTOPOM MeTo 00ydacs.

OpuruHanbHbIH pasmep Bokcens B GMPT naHHBIX 66T 3Xx3Xx 3 MM, T8 yMeHbIIEHHS 3aTpaT
BBIYHCIIUTENIBHBIX PECYPCOB U CIIXKHUBAHUS MHAWBHIYAJIBHBIX OCOOEHHOCTEH CTPOEHHS MO3ra KauyecTBO
GMPT nmarnbIX ObUTO TOHIDKEHO A0 10X 10X 10 MMS.

2.2. BbiGop u HacTpoiika napaMeTpoB. B kadecte cratuctuku T’ st BEIUHCICHHS o ObUIH
MIPOTECTUPOBAHBI CJIEAYIOIINE CTATUCTHKU: Cpe/lHEe 3HAYCHNE BPEMEHHOT0 PsJia, MEJHaHHOE 3HAYCHUE
BPEMEHHOTO psifia, MUHIMAaJIbHOE 3HAU€HUE BPEMEHHOTO Psijia, MaKCHMaIbHOE 3HaYeHHEe BPEMEHHOTO
psna, pa3HUIla MAaKCUMAJIBHOTO ¥ MHHUMAJIHHOTO 3HAaY€HUH BPEMEHHOTO PAJa, KBAHTHIIb BPEMEHHOTO
psina ypoBHs 10%, KBaHTHIJIb BpEMEHHOTO psia ypoBHS 90%, pasHuIla KBaHTUIIEH BPEMEHHOIO psizia
ypoBHel 90% u 10%. Jlyqmmii pe3yasrar MeToga OBLT MONMYyYEH, KOTJa B Ka4eCTBE CTATHUCTHKH 1
BEIOMpAJIOCh MEAMAHHOE 3HAYCHUCE.

B kauectBe kiaccudpukaropos {Cl;;};; 1 noacdera BecoB pebep W GbLIH HCIONB30BaHbI
BEPOSITHOCTHBIE KiaccuukaTopsl u3 oubmmoreku scikit-learn [10]. B ux ocHOBe JEKUT METON OIOPHBIX
BEKTOPOB C paJHaibHO-0a3MCHBIM SIIPOM CO CTaHAAPTHBIMHU JJII 3TOTO MeToja napamerpamu. Kiac-
cudukarop Cl ast NTOroBod Kiaccu(UKaMy Ha OCHOBE XapaKTEPUCTHK TpadoB ObLIT TAKKe B3ST U3
oubnuorexu scikit-learn. OH mocTpoeH Ha 6a3e METOa OMOPHBIX BEKTOPOB C pajualbHO-0a3UCHBIM
SIPOM CO CTAHAAPTHBIMHU TSI 5TOTO METO/A ITapaMeTPaMH.

B kauectBe xapakrepuctuk rpados { F,(g)}, BIOpaHbI cpeHee 3HaUYCHNE BECOB pebep, KBaH-
TWJIH BecoB pebep ypoBHs 10%, kBaHTHIH BecoB pebep ypoBHsA 90% U cTaHIapTHOE OTKIOHEHUE
BecoB pebep. ['padmkm pacupeneneHU dTUX XapaKTEPUCTHK IJIsT BCeil BBIOOpKH, Korma 1 — Me-
JIMaHHOE 3HavyeHue Bokcens, r = 1, w = 0, npencrasineHbl Ha puc. 1. Kak MOXHO 3aMeTHTB,
pacripeneseHus XapaKTepHUCTHK ITPH PAa3HBIX PEKUMAaX MO3TOBOM aKTHBHOCTH OTIMYAIOTCS APYT OT ApyTa
CMELIEHUEM, YTO JIOJDKHO MPUBECTH K YCIELIHOMW KilacCU(HUKALIUH.
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Puc. 1. Pactipenenenust xapaktepucTuk rpadoB aist Beeit Beioopku GMPT, Korma B KauecTBe CTaTHCTUKH T OBUIO BBIOPAHO
MenuaHHoe 3HaYeHue Bokceds (r = 1, w = 0). PexxuM 3pUTeNbHOr0 BOCHPHUATHS 0003HAYEH KaK «Seeny, PeKUM MPeICTaBiIe-
HUS — KaK «imagined» (IBeT OHJIalH)

Fig. 1. Distributions of the properties of graphs for the entire fMRI sample when 7" is the median value of voxel (r = 1,
w = 0). The visual mode is marked as “seen”, the imagined mode is marked as “imagined” (color online)

2.3. Touynocts kiuaccupukammu. Tod- Tagmuua 2. Marpuna kinaccubHKaIUK U CTydasi, Koraa
HOCTb METO/IA ITPH BCEX ONHUCAHHBIX BBIIIE Pa3JInd- B KaueCTBE CTATUCTHKK 1  OBLIO BBHIOPAHO MEIHaHHOE
T okazamach OueHbB 3HadeHue Bokcens (r = 1, w = 0.2). Pexxum 3putensb-

HOTO BOCIIPHUSTHS 0003HAYCH KaK «SE€En», PexKUM

TIpeICTaBICHUS — Kak «imagined»
Table 2. The classification matrix for the case when the
median voxel value was chosen as function 7" (r = 1,

HBIX CTI0C00axX BBIYUCIICHUS @
BBICOKOH: OHa He omyckanack Huxe 90%. Jlyummii
pe3yabrar Knaccudukanuy ObUT MOTydYeH, Korua
crariuctuka I’ Obl1a BEIOpaHa Kak MEAHaHHOE 3Ha-

"YeHne BpeMeHHoro psna (r = 1, w = 0.2, mar- w = 0.2). The visual mode is marked as “seen”, the
puLa K1accupuKanuy NpeicTaBieHa B Tabi. 2). imagined mode is marked as “imagined”
B »TOoM caywae TouHOCTH coctaBmia 98.5%. ——
seen \ imagined

DTO MO3BOJISIET PEKOMEHJIOBAaTh TaHHYIO CTaTH- seen 36 0

CTUKY ISl UCIIOJIB30BaHUS B MOCIEAYIOIINX HC- imagined 1 29

CJeI0OBaHUSX.

3akJ/r0ueHue

B nanHoii pabote peann3oBaH U IpOoTeCTUpOBaH MeToA npencrasienuss QMPT naHHBIX B BUne cH-
HOJMMTHYECKHX TpadoB. Knaccudukanus Ha 0OCHOBE XapaKTepUCTUK Tpada Mmokasaia BHICOKYIO TOYHOCTb,
W3 4eT0 MOXKHO CJIeNaTh BBIBOJ 00 3()(EeKTUBHOCTH MeTOa B Iepeaadye BaKHOU JIsl KilacCH(pUKauu
nHpOpMaIH pH HocTpoeHnH rpagos. Taxke ObLTa MPogeMOHCTpUpPOBaHa 3((EKTUBHOCTD CHHOIUTH-
YEeCKHUX CETeH B aHAIM3E JAHHBIX O MO3Te, U IPEIOKEH HOBBI METOJ BHIYMCICHHUS CBI3HOCTH oOnacTeit
MO3Ta, KOTOPBIH, B OTIMYUE OT KJIACCHYECKUX METOIOB IOACYETa KOPPETSIMH, HECET MOJIE3HYIO s
nocieayromen kaccupuxanuy nHpopmanuto. PaKTHIeCKd MBI ITOKA3aJI1, YTO KIACCU(PUKALMI MOXKET
MIPOBOUTHCA YK€ Ha OCHOBE OJIHMX TOJNBKO BecoB pebep. Hammydime pesynsrarbl ObUTH JOCTUTHYTHI
MIPU UCIIONB30BAHNHU CTAaTUCTHKH ' B BHUJIe MEANAHHOTO 3HAUE€HHUs] BPEMEHHOTO psijia.
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JanpHelilee pa3BUTHE METONA MPEATIONAracT MpeIIecTBYIONIYIO Kiaccu(pUKaluy KilacTepr3a-

OO BOKCEJICH U CBSI3BIBAHHC BCPUIMH HE C BOKCCIIIMU, 4 C MHOXKXCCTBAMU COCCIAHUX Bokceneh. Taxxke

€CTh BO3MOKHOCTh COXPAHSITH OOJbIIee KOINIeCTBO WH(POPMALINH, KOTOPYIO HeceT B cebe BPeMEHHOM
PAd Agy-. [ 5TOr0 B METOZIE MPEANONAraeTCs UCIONbL30BaTh HE O1HY QyHKIMIO 1’ IPU BHIYMCIICHUH
3HaueHui BepiunH R, a MHOXecTBO (yHkuuii {7} }5. Torna BepirHa B rpade Oyaer comepxarb B cebe
HECKOJIBKO 3HAUEHUIA, YTO JOJDKHO MPUBECTH K YAYUIICHHIO OJTYYaeMbIX PE3yJIbTaTOB.
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IHamsatn Makcuma Uropesuya bajaknna

15 nostOpst 1988 — 17 centabps 2023

CapaToBCKHIA rOCYJapCTBEHHbIM TeXHHUYECKHH yHUBepcuTeT uMeHu [arapuna 0. A.
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DOI: 10.18500/0869-6632-003068. EDN: ZKQHQI

Cmamws onybnuxosana Ha yciosuax Creative Commons Attribution License (CC-BY 4.0).

17 centa0ps 2023 roxa ot Hac ymén Makcum
Uropesuu banakun, 3aBexyromuii kapenpoit «Paano-
JNIEKTPOHHKA U TeJIEeKOMMYHHKAIum» CapaToBCKOTO
TOCYIapCTBEHHOTO TEXHUYECKOTO YHUBEPCHUTETA NMe-
U [arapuna 0. A. 15 HOAOpPsI eMy UCTIOTHIIIOCH OBl
Bcero 35 neT. TO HEBOCIOIHUMAs yTpaTa A KO-
nektuBa Kadeapsl, IHCTUTYTa 3JIEKTPOHHOM TEXHUKH
u npubopoctpoenus u scero CI'TY B nenom.

Maxkcum Uropesnu B 2011 romy oxonumn ¢u-
sudeckuii paxynsrer CI'Y mmenu H.I. UepHbimies-
CKOro 1o crnenuansHocTH «Pagnodusukay. 3atem 00y-
qaJcsl B aCHMPaHType U paboTall aCCUCTEHTOM Ha Ka-
¢denpe «PaguosIeKTpOHUKa U TEIEKOMMYHHKALUI.
B 2015 rony ycnemrHo 3amuTHII JUCCEPTALUIO HA CO-
MCKaHHE CTCTICHH KaHAUAATa (PH3UKO-MaTeMaTHIECKHX
HayK I10 CHEeNHaIbHOCTH «MareMaTinieckoe MOIeIHpo-
BaHUE, YNCIEHHBIE METOABI U KOMIUIEKCHI TIPOTPaMM»
noj pykoBoactBoM Actaxosa B. B. Ilocne yero npo-
oKW paboTy Ha Kadenpe yxe B POJIM AOLEHTA.
B 2020 romy BosmiaBun xadenpy «PamuosnekTpoHuka

" TCJIICKOMMYHUKAIUN)).
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https://doi.org/10.18500/0869-6632-003068
https://doi.org/10.18500/0869-6632-003068

Maxcum UropeBuu obOnanan GyHIaMEHTATbHBIMUA 3HAHUSMH, KOMIIETEHTHOCTBIO, HEBEPOSTHOM
paboToCrIOCOOHOCTHIO, OTBETCTBEHHOCTHIO. TamaHTiIMBbIN yueHbll, oOnanarens TpanToB Poccuiickoro
donma GyHIaMEHTaIBHBIX HccaenoBannii. OH BHEC OTPOMHBIN JTUYHBIA BKJIAMl B Pa3BUTHE TEXHUICCKOM
HayKH M TOJITOTOBKY BBICOKOKBATN()UIIMPOBAHHEIX CIICIIHATUCTOB.

Maxcum HropeBrd ObLT YHUKaJIBHBIM 3aBEIyIOIINM — BCE TPU TOfa, YTO OH PYKOBOAWI Kaden-
poti PT, on pabotan Ha CBOMX MOMYMHEHHBIX TOPa3ao OOJbINE, YeM OHH Ha Hero, mono0OHo XKenezHomy
IpoBOCeKy U3 cka3ku BonkoBa. Kak mpl moMHuM, J[poBoceka He pa3 NPUXOAWIOCH YHNHHUTH, HO Ja-
JKe TOCJIe CaMbIX TSDKEIBIX PAHEHUE JOCTaTOYHO ero ObLIO pa3o0parh, cMa3aTh MAIMHHBIM MAaCioM
1 cobpars 3aH0BO. K Hamemy ropio Makcuma UropeBnya Tak mOYMHUTH HE moinyuyutcs. Jla, B aymie oH
OBLJT KETIE3HBIM YEJIOBEKOM, BCE HOBOCTH BOCIIPHHUMABIIIMM CIIOKOIHO ¥ BBIICP)KAHHO, HO €T0 CEpIIie
OBIIIO caMBIM OOBIYHBIM JTFOOAIIUM W BOJHYIOUINMCS, a He IIETKOBBIM, Kak B cKa3ke. CeromHs OHO
HE BBLIEPKAIO.

HeneyctpeMieHHbIH, TOOPBIN U CBETIIBIA YETIOBEK, MPOGECCHOHAN, HABCET/Ia OCTAHETCs B CepIIax
TeX, KTO C HUM OBLI 3HaKOM H padoTall.

Compyonuxu Hncmumyma s1ekmpoHHOt mexHUuKY
u npubopocmpoenus CI'TY umenu I'acapuna FO. A.

Kypnan «M3sectus By3oB. [lpuknagnas HenmnHeHAsS JUHAMEKA» CKOPOUT BMECTE CO BCEMH,
MOTEPSIB IOCTOSHHOTO TAJaHTJIMBOTO aBTOPA, BHUMATEJIBHOIO YNUTATENsI U OE30TKa3HOTO PEIICH3CHTA.

Compyonuxu pedaxyuu dicyprana «Hzeecmus 8y308.
Ilpuknaouas nenunelinas OUHAMUKAY
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