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10 mas 2023 roma ucnonusercs 70 ier npodeccopy Cepreto Bagumuposudy [oH4eHKO, BemyIie-
My Hay4HOMY COTpPYIHUKY Hmxkeropozckoro rocynmapctsenHoro yausepcutera uM. H. W. JloGadeBckoro.

Cepreii Bragumuposuy poauics B ropone ['opekom B 1953 roxgy. B 1975 romgy okonumnn ¢akymb-
TET BBIUYMCIUTEIBHON MaTeMaTUKH U KHOepHeTHKH [ opbKkoBCKOro yHuBepcuteTa. Ilociae okoHUaHus
yuuBepcutera C. B. [oHueHko padoTan B mepBoM oTaene (oraene audhepeHIManbHbIX YPaBHCHM)
HUW npuxnanHO# MaTeMaTHKA W KHOEPHETHKH [ OppKOBCKOTO YHUBEPCHUTETA MO pyKoBOACTBOM JleoHH-
na [Tasnoeuua 1InnpHUKOBA — BBIJAIOLIETOCS POCCUHCKOTO YUYEHOIO, OHOIO U3 OTLOB-OCHOBATENIEH
coBpeMeHHOU Teopuu xaoca. B 2012 rony, nmocne cmeptu JI. I1. HlunsaukoBa, Cepreit BnagumupoBuu
BO3MJIaBUJI OTAEN, HbIHE 370 Jiaboparopust umenu JI. [1. IllunpHuKOBA.

Cepreii Bnagumuposud ['oHueHKO — npu3HaHHBIN Jduaep Hrbkeroponckoil mkoiasl Mo Teopun
TUHaMH4ecKux cucteM. OCHOBHAas TeMa €ro MCCJIEJOBAHMHM — XaoTHYecKas JUHaMHKa HerpyObIxX
(CTPYKTYpHO-HEYCTOWYHBHIX) cUCTeM. K 3TOMy Kitaccy OTHOCHUTCSI OONBITMHCTBO cucTeM muddepeHIm-
QTFHBIX YPaBHEHUH, BOSHUKAIOIINX B PHIIOKEHHSX, HO 3a/[ada ONMCAaHNs JUHAMHKH U1l HUX HACTOJBKO
TpYy/IHA, 9TO OCHOBHOM IOTOK MAaTeMaTHYECKHUX HCCIEeOBaHHUI crapaeTcs X OOXoAWTh. | OHYEHKO
SIBIISIETCS IMOHEPOM B OOJIACTH CTPOTOTO MaTeMaTHYECKOTO MCCIIEOBAaHHS TaKUX cUcTeM. EMy nmpuHa-
nexar (hyHAaMeHTaNbHBIE PE3yNIBTaThl 0 TEOPUH TOMOKITMHUYECKOTO KaCaHUsl — OCHOBHOTO MEXaHH3Ma,
OTBETCTBEHHOTO 3a CTPYKTYypHblE M3MEHEHHUS XaOTHUECKON AMHAMMKH U Jake 3a BO3HHUKHOBEHHE

(© Kasakos A. O., Typaes /1. B., 2023


https://doi.org/10.18500/0869-6632-003046
https://elibrary.ru/TLQBSO
https://doi.org/10.18500/0869-6632-003046
https://elibrary.ru/TLQBSO

Xaoca B pe3yjIbTaTe TaK HAa3hbIBAEMOTO OMEra-B3phIBa. | OHYEHKO CTall MEPBBIM, KTO Hadajl pa3BUBAThH
MHOTOMEPHYIO TEOPHUIO TOMOKIIMHUYECKUX KaCaHUH, OH MPEIIOKUI AIETEPHATHBHYIO KOHCTPYKITHIO
sBiieHns Hrroxayca (cymiecTBoBaHHE O€CKOHEUHOTO MHOXKECTBA YCTOHYMBBIX TPASKTOPUI) U TIOKa3a,
yTO sBIeHHEe Hbroxayca uMeeT KOHEUHY Kopa3MepHOCTb. OHUM U3 BaXKHEHIIUX €ro JOCTUKEHUMN
B 3TOH OOJIACTH CTAJNO OTKPHITHE MOJIYJIEH OMETa-CONPSHKEHHOCTH I CHCTEM C TOMOKJIMHHYECKHMH
KacaHMsIMH. DTH UCCIICJOBAHHUS JIETIIM B OCHOBY ero kaHaunarckoi (1983), a 3arem nokropckoit (2004)
nmuccepranuii. [locTpoeHHast Teopus MO3BOJIMIA BBISBUTH OOIUE CBONCTBA TUHAMUKU HETPYyOBbIX XaOTH-
YECKUX CHCTEM M M3YYUTh UX OCHOBHBIE OM(YpKAIIMHU ¢ TOMOIIBI0 CEMEUCTB, B KOTOPHIX B Ka4eCTBE
YIIPABISIIOMINX TTAPAMETPOB PACCMATPUBAINCH OMETa-MOJTYIH.

OmauM 13 HamboJee PKUX TOCTHKEHUH, BEIPOCIINX U3 TCOPUH TOMOKIHHUYSCKUX KaCaHUU,
siBUJIach npeioxenHas Cepreem BiamumupoBrudeM COBEpIIEHHO HOBasi KOHIICTIIHS 00paTUMOro Xaoca.
Jlo ero paboT uccieoBaHUs XaOTHYECKOTO MOBeIeHUs (DOKYCHPOBAINCh WIIM Ha H3YYSHUN CTPAHHBIX
aTTPaKTOPOB (IUCCUMATUBHBIN Xa0C) WM Ha HEMHTETPUPYEMOI raMIIIBTOHOBOM AMHAMUKE (KOHCEpBa-
TUBHBIN Xa0c), HO [ OHUEHKO TIOKa3al CyIIeCTBOBAHUE HOBOTO, TPETHETO TUIA Xa0THUECKON JUHAMUKH,
I7Ie KOHCEPBATUBHOE U JUCCUIIATUBHOE TIOBEACHUE CYIICCTBYIOT HEOTACINMO JAPYT OT npyra. Takum
00pa3oM, OH OCHOBAJI HOBOE HAIIpaBJICHHUE B MAaTeMAaTHICCKON TECOPHUH XAaOTHUUSCKUX THHAMHYECKHUX
CUCTEM — BKJIAJl, CPABHUMBINA C JOCTHKEHUSIMH KJIACCUKOB IPOIIIOTO.

B nactosmee Bpemsa Cepreit [OHUEHKO NpOAOIKAET aKTUBHO 3aHUMATHCSI XAOTHUECKOW JUHA-
MHKOM B MHOTOMEPHBIX cucTeMax. BaxkHeillue cpenu ero HelaBHUX 3aMeyaTelIbHbIX PE3yJIbTaTOB —
OTKPBITHE U Kiaccu(HKaIys TUCKPETHBIX 00001IeHul arTpakTopa JIopeHiia B MHOTOMEPHBIX CUCTE-
Max caMoOi pa3HOOOpa3HOM MPHUPOABI, U OTKPBITHE W HCCIEAOBAaHHE TaK Ha3bIBA€MOW CMEIIaHHOM
MTWHAMHAKA — HEYCTPaHMMOTO TEPECCUeHUsI aTTpaKkTopa W permeiriepa, Kak B CIabO0auCCUTIATUBHEIX,
TaK ¥ B CHJILHOAWCCUIIATHBHBIX CHCTEMaX. DTH OTKPBITHS MOJHOCTHIO N3MEHWIIH HAITK TIPEICTABICHUS
0 IPUPOIE MHOTOMEPHOI'O Xa0Ca U BBI3BAJIM HEMEUICHHBIA OTKIHUK KaK TEOPETUKOB, TAK M MPUKIIAJHBIX
yueHbIX. OHU JIETIM B OCHOBY MHTEHCUBHOTO COTPYIHHUUYECTBA C PA3IMYHBIMHU HCCIIE0BATEIILCKUMU
rpynmnamu kak B Poccuu, Tak u 3a py0OexoM.

Cepreit BnagumupoBuu [0OHYEHKO BeleT akKTUBHYIO HaydHYIO paboTy B Hmxkeropoackom yHuBEp-
curere uM. H. U. JlobaueBckoro u B Hrkeropockoi BBICIICH IIKOIE SKOHOMUKH. [1of1 €ro pyKoBOACTBOM
3amuIneHo 4 KaHauaaTckux u 1 mokTopckas aucceprarum. O omyomukoBan 6omee 100 HaygHBIX paboT
B BEAYIIUX POCCHUCKUX M 3apyOCIKHBIX U3MAHUAX, a TaKKe 2 MOHOTpadhuu: « [ OMOKIMHIYISCKUE KacaHUS»
u «M36pannsie Tpymel JI. [1. HlnnsaukoBay. Cepreit BraguMupoBHY — IMOCTOSHHBIN aBTOP XKypHaJIa
«3Bectus By30B. [IpukiaaHas HenUHEWHAs NTUHAMUKA», BXOIUT B COCTAaB €r0 PEAKOJIJICTUH.

Konnezu u opy3va om aceti oywu noszopasnsiom Cepees Braoumuposuua c robuneem,
JHCENAIOM HOBLIX CEEPULEHULI, OMKPLIMULL U KPENKO2O 300P06bs!

Kaszaxos A. O., Typaes /]. B.
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9 utons 2023 roma ucnonnsercs 40 JeT 3aM. IIaBHOTO peaakTopa kypHana «M3BecTusi By30B.
I[TH/1», noxTopy ¢u3nKo-MaTeMaTHIecKux Hayk, npodeccopy CI'Y Unse BsuecnaBosuday ChICOCBY.

Peoxonneausn u peoaxyus scypnana «HMzeecmus 8y308. I[lpuxiaonas HenuneuHas OUHAMUKAY
om 6cell Oywiu no30pPasisiom yeaxicaemoz2o u 0opo2ozo Hwvio Bauecrasosuua ¢ JJnem posxcoenus!
JKenaem emy kpenxozo 300p08usi, 61a20N0nyYUs, A6COTIOMHO20 CEMEUH020 CHACTbS,
HOBbLIX HAYUHBIX N0OEO U TUUHBIX docmudiceruil!

HpI/ICOCI[I/IHHCMCH KO BCCM MO3JPaBJICHHUAM U NOXCJIaHUAM YYCHHUKOB Wnbnu BH‘{CCHaBOBI/I‘{a,
PasSMCIICHHBIM Ha 3TUX CTpPaHUIAX.

Haxoneunwiii Ilasen Heopesuu (cneyuanucm 2007)

[Mo3mpasmnsto ¢ KO6mneem! Kak oiiH 13 IEPBBIX MTOOTICYHBIX, ST HABEPHSIKA CO3/1aJT BCE BO3MOXKHBIC
MpoOIeMBI IS TOT/Ia eIlé HAYMHAIOLIETO CBOIO Kaphepy HaydHOro pabotHuka. Ho 1 MeHs IU9HO 3TO
OBUT TOT MHTEPECHBIN U TIOYYUTEIbHBIN OIBIT, KOTOPBIX S BCIOMHHAIO JIO CUX IOP: JIFOOOIBITHBIC 33/1a4H,
3aHATUA B UHCTUTYTE I. FOnux, moesaka mo HEMEIKUM IOJIIM Ha BEJIOCUIIENE CO CITYLIEHHBIM KOJIECOM,
AaxeHCKHIl KapHaBaJl...

Kenaro nanbHEUIIETO pa3BUTHS B HAYYHOM ITyTH M KOHEYHO B ceMeWHOM xu3HU. [locnenHee 3to
U €CTh INIABHOE JTOCTHXXEHUE.

Heprozun Koncmanmun Anexcanoposuu (6axanasp 2009)

VYBaxaemerii Unbs Bsaecmaposuu! Iloznpasmsito Bac ¢ aém Poxnenwms! Ilycts 3TOT neHb
HanoMHUT Bam, kak MHOro BbI 3HauuTE A1 HAC — CTYICHTOB (KaK OBIBIIMX, TaK M HACTOSIIMX) U
HaIlleTo YHUBEPCUTETA. Balle pykoBOICTBO U HACTAaBHHYCCTBO OKa3aJ M Ha MEHS OOJBINOE BIWSHHE,
¥ OHHU OyIyT IOMHUTHCS BCIO KU3Hb.

Bce, uto Brl nenmaere, Oymer uMeTh BaXHOE 3HAUYCHUE JJII MHOTHX CTYICHTOB, KOTOPEIE OymyT
CIYXUTh OOILIECTBY U AENAaTh 3TOT MU JIydIle.

(© Capamoscruii ynusepcumem, 2023
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XKenaro Bam 310poBbst M SHEPruM Uil MPOAOJDKEHUS HayKH, Bamn Tpyn, BIUsSHUE U 3HaHUS OymyT
BCerJa OLICHEHBI U yBakaeMbl. BbI mpekpacHblii npodeccuoHan 1 s 9yBCTBYIO ce0sl OUeHb CHACTIIHU-
BBIM, YTO MMEJ BO3MOXKHOCTh y4uThCs 1ox Bammm pykoBonctBoM. C HaWIyYIIUMH MOKESIAHUSIMH,
Koncrantun [leprorus!

Maxapos Ilasen Anopeesuu (baxanasp 2009, macucmp 2011)

Moé nozapaBiieHue Oy/IeT KpaTKUM, Kak KBalu(UKalnoOHHas paboTa, HO CTOJb KE AYIICBHBIM.
JKenato ycriexa B Henérkom aene cozumanus. P.S. bopoma — 310 mpaBmIbHEIH BEIOOD.

Anexceee Anexceii Anexcanoposuy (6axanasp 2010, macucmp 2012)

ITozmpasisro ¢ FO6mmeem CricoeBa Mnpio BsaecmaBoBruua! JXKenmaro Ciut M1 BJOXHOBEHBS, YTOOBI
HayKy TPOJBUTaTh U TPAHTHI MOJIy4YaTh, YBEPEHHOCTH B 3aBTPAIHEM JHE, CTAOMIHLHOTO OJIaromnoxyyus
U yIa4d, CeMEHHOr0 TeIla U YIOTa M KPEMKOro 3/10pOBbst!

Xetinvix Uean Anexcanoposuy (baxanasp 2010, macucmp 2012)

I'myGoxoyBaxkaemsiit mbs BsuecnaBoruda! Ot Beelt mymm mo3napasisto Bac ¢ Juém Poxxnenms!
besmepHo Onarogapen Bam 3a yHUKanbHBIC 3HAHUS U HaBBIKH, KOTOPHIMH BBl Iemuiuce co MHOH U Apy-
TUMU CTY[ICHTAMH, 32 T€ KaueCTBa JUIHOCTH M CBOWCTBA XapaKTepa, KOTOphie BBl MeMOHCTpUpOBay.
Bamr TamanT yu€Horo u BbICOKasi TpeOOBaTENILHOCTD CIIYXKaT MPUMEPOM ISl BceX Hac.

Kenaro BaM criocOOHBIX U TaJaHTIMBLIX YUEHUKOB, OUYETA, YBAKEHUS, OTPOMHBIX CHJI, TEPIICHUS
Y MHOTOYHCJICHHBIX TIOOE]T.

Komaposa Jluous Bacunvesna (baxanaep 2011, mazucmp 2013)

C Iuém PoxxneHus mo3apaBiisiio caMOro 3aMeYaTebHOIO U OMBITHOTO HAYYHOIO PYKOBOAUTETIS.
XKenaro Bam k kaxaoii paboTe UMeTh CBOW MOAXOM U CBETIIbIC MBICIIH, K KaXXIOMY BOIIPOCY HAaXOAUTh
BEPHBII U pa3BEPHYTHII OTBET, HUKOIAA HE TEPSATh CTATyca yBaKaeMOro U BUPTYO3HOI'O CIELAATINCTA
CBOEro Jena. byasre Kpemko 370poBBI U BCeTa YCHENIHbI B IIOOBIX HAUMHAHUIX.
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Kopnunoe Maxcum Bsiuecnagosuu (macucmp 2011, kanouoam nayx 2015)

Io3npasmsro ¢ lHéM PoxeHNs OTIIMYHOTO YENIOBEKA, 3aMEYaTeIbHOTO HAYYHOTO PyKOBOAUTEI,
U Xopolero HadanbHuKa Mneto BsiuecnaBoBuua CeicoeBa! JKenmaro yBiIeKaTeNbHBIX HCCIIEIOBAHUMN,
MTOPOXKIAIONINX YINBUTEIbHBIE OTKPBITHS, KOTOPhIE B CBOIO OYepeab CTaid Obl KIFOYaMH K HOBBIM
teopusiM! UToObl HUKAKOH, a)ke caMblii HEYJOOHBIH Pe3yJabTaT HaTYpPHOTO SKCIEPUMEHTA, HE CMOT
n30exaTh TaJaHTa YIEHOTO M HE OCTajlCsd HEOOBSICHUMBIM! YMHBIX M TPYHONIOOUBBIX yIESHHKOB!

Ilapamonos @éoop bopucosuu (cneyuanucm 2012)

[Mozapasnsem ¢ 6onpmmm FOOmeem! MHoroe yxe JOCTHIHYTO, HO emé Oonblie XIET Brepeau!
HoBBIX OTKpBITHIA, TOKOPEHHI HOBBIX BEPIINH, YyBCTBA IoMopa U camoobnamanus! Beex 61ar u HOBBIX
BBICOT!

Jlyopoeckuii Braoumup Braoumuposuy (baxanasp 2012, macucmp 2014)

Hoporoii Uibs BsuecnaBoBuu! [Mo3apasmnsio Bac ¢ FOommeem — 40-netuem!

Y MeHs oCTaJHCh TOIBKO XOPOIIIe BOCIIOMHUHAHMS O BallluX JeKUusax. biaronapen Bam 3a momorp
B m3yueHnn Python u Heifpocereii, 310 mpuroaMiIoch MHE B Ipo(hecCHOHATBHON AesTensHOCTH. XKemnaro
BaM CYACThs, 30POBbS U YCIEX0B B MpodeccuoHansHoi aestenbHocT. C Iuém Poxnenus!

baoanun Jlanuun Bayvecnasosuu (6axanasp 2013, mazucmp 2015)

Xouy mo3npasuth Uinbio BsuecnaBoBuua CricoeBa ¢ KOOmneeM u moxenars eMy KpPerkoro 340po-
BbS, MJIESy HOBBIX JOCTH)KEHUH U TOPU30HTOB. YTOOBI XMypble MOMEHTHI CKPAIINBAJIUCh, & CYACTINBHIE
OTIEYaTHIBAINCH B TAMATH HaBEYHO, a CaMbIi TSDKENBIN BBHIOOP B XKHM3HU OBUT M3 pa3psa Kako rajicTyk
HazeTh Ha BpyueHne HobeneBckoli mpeMuH.

be3mepno Gmaromapen Winbe BsigecmaBoBudy 3a BCE, BeIb OH OMUH U3 HEMHOTHX JIEATENCH HayKH,
KTO CIIOCOOCH BIIOXHOBJISITH Ha €€ rPhI3CHUE.

Ocunosa Anna Cepeeesna (baxanasp 2014)

Wb BsuecmaBoBud, mo3aparisiro Bac ¢ KO6mreem! Xody cka3arh BaMm OOJBIIIOE CITAacHO0 3a Balll
MPEeroAaBaTeIbCKH TPYJ U 0COOCHHO 3a POJb MOET0 HayyHOro pykoBoxuTels! Bbl mo3HakOMWIM MeHs
C a3aMH MPOTPaMMHUPOBAHUS W BRIUUCIUTEILHON CTAaTUCTUKHA. [loMOTIIM PUMEHUTH 3TH 3HAHHS Ha
MPaKTHKE B KAY€CTBE JUIIOMHOM paboThl. IMEHHO 3Ta paboTa 3aKIiia BO MHE UCKDY JTIF0003HATEIIEHOCTH
W OTIpesieNviia MO0 JaJbHEHIIyIo mpodeccuto.

S uckpeHHe cunTaro, YTO YMEHHUE MPOOYIUTh B CTYAEHTE UHTEPEC K 3HAHUSAM SBISIETCS] OJHUM
Y3 OTIIMYUTENBHBIX Ka4eCTB XOPOIIEro Mmpemnoaasareis. Bel uM obnagaere Ha NATEPKY!

JXKemnato BaMm ycriexoB B BaieM Henérkom zese! Y MHOTO MBITIIMBBIX cTyneHTOB! Bama qurioMHmIa,
Ocunosa A#ns.

Meoseoesa (ITonosa) Tamesana Muxaiinosna (baxanasp 2014, macucmp 2016, kanoudam nayx 2020)

Unbs BsauecnaBosuy, ¢ Jlném Poxxnenus! XKenato Bam emé Gosbliie 1OCTHKEHUN, TOIIEPIKKH
OKPYKAIOIINX, BOIUIOMICHUS UACH M OJIarOTOIy4Hs B ceMbe!

Cmapyesa Coghus Anexceesna (macucmp 2014)

[Mozapasnsto Bac ¢ FOOuneem, xenaro mo0oiplIe pagocTH U HEOKHUIAHHBIX XOPOIIMX HOBOCTEH.
Cracn6o 3a BBeIeHHE B MHpP HamlWCaHWs HaydHBIX cTareil. 11 y MeHs ocTainch OYeHb XOpOIIHe
BOCIIOMHMHaHUs 0 Bammx JeKuusx mo nporpaMMupoBaHuio. HaBepHoe, 3To OblIM caMmble yBJIEKaTeIbHbIC
JIEKITUH 32 BpeMst Moero oOydeHHs B YHUBEPCUTETE.
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Mapros Cepeeii Banepvesuu (baxanasp 2015, macucmp 2017)

VBaxaemslit Mnbst BsiwecnaBoBuu! Ilozapasnsaio Bac ¢ FO6uneem! JKemaro Bam octaBarbes
TaKUM K€ YHEPTUYHBIM U XHI3HepagocTHeM! bynsre cuactiusel! Takxke xody BBIpa3uTh O1arofapHOCTh
3a NMPUBUTBHIH MHTEpeC K Hayke — Bamn HewccsakaeMblil 3HTYy3Ma3M U YBIEYEHHOCTh CBOMM JEJIOM
MOCITYKWIN ISl MEHSI XOPOILLUM IIPUMEPOM.

Cuicoesa (Iywkosa) Mapuna Bswecnasosna (kanoudam nayk 2015)

Jlrobumerii Winbst BsaecnaBosud! ThI sIBIsIEIIBCS AT MEHS IPUMEPOM TS TIOAPaskaHuUs, 00pa3IioM
HACTOSAIIETO YUYEHOTO, MICaJIOM, YPOBHS KOTOPOTO sl HUKOrna He AocturHy. Cracubo Tebe orpomMHoe,
YTO JOBOAHIIIG BCE MOM HAyUYHEIC HEJOMEIKH JI0 yMa U IMybaukadenpHoro coctosaus. S 6e3 Tebst Ol
He cnpaBmiack! M He ocTHIIa OBl TEX HAYYHBIX BBICOT, KOTOPHIE celdac y MEHS €CTh. DTO BCE TBOS
3aciyra. Crnacu0o, 4To Thl y MEHs, Y Hac BCEX €CTh!

Topoynos Cepeeit J[mumpuesuu (baxanaep 2018)

[o3znmpasmstro Uneio BsruecnaBoBrda ¢ FOOnieem, ycnexoB B Hayke M Kpenkux HepBoB. Hazerocs,
€ro BKJIaJ B Pa3pabOTKy METOJOB AMArHOCTHKH 3a00JE€BaHMI HABCETAa BIMILIET €r0 UMsI B HCTOPHIO
MCIUIUHBI.

Ipuwenko Anacmacusn Anexcanopoeua (baxanasp 2018, mazucmp 2020)

VYeaxkaembit Mibst BsiuecnaBoBuu! C pamocThio crienly mo3paBuTh Bac ¢ 3TUM 3aMeyaTesIbHbIM
npa3gaukoM, ¢ FOOuneem. Xouy noxenare Bam MHOXeCTBO pagocTel, OONBIINX HAYYHBIX YCIIEXOB,
9TOOBI B BallleH KU3HHU OBUTO OOJBINE TTO0E, OOIBIINX U MaJCHHKUX, a B BAIlICH CEMbE BCETa LapHIIN
CYacThe, JTI000Bh M yBa)KCHHE. bynbTe yBEpPeHBI B CBOMX CHIIaX, OyIbTE YCITCITHBIM U CUACTIMBBIM
YyeJI0BEKOM !

S odenp GnaromapHa, 9TO B MOEH KU3HU MOSBUJICS TaKOM 3aMeuaTeNIbHBIN HACTaBHUK, CIIACHO0
Bawm 6oibimioe 3a Bce, uro Bel 11 Hac genaere!

Kanyeuna (I'ynsesa) Anacmacus Onecosna (baxanasp 2020)

Xouy no3apaButk CricoeBa Unbio BsiuecnaBoBuua ¢ 40-netuem! [Ipexkae yem 4To-TO MOXKENATh,
0OMOITBITIOCH OYKBalILHO TIAPO CIIOB 00 ATOM 3aMedaTeTbHOM denoBeke. He xorenma OBl XBacTarbes, HO
MHE, B OCHOBHOM, BCErJa BE3JIO C YUHTEISIMHU/TIPeroaBaTe siMu/pyKoBoauTessiMu, 1 Wb Bsaecna-
BOBUY — OJTHO M3 TJIABHBIX TOMY MOATBepkIeHUH. Kak jke MpUATHO UMETh JeJ0 C JIIOABMHU, KOTOPbIE
YMEIOT HE TOJBKO TPAMOTHO Pa3joKHUTh BCE B TONOBE (HECMOTPS Ha Bce OECIOPAIKH, TPOUCKOIAIIINE
B HeH) 10 MOJI0YKaM, HO U 3aCTaBUTh MOJMIOOUTH cBOE mormpuie. M g uckpeHHe OmarogapHa cyasoe,
Bory, ciayuaiiHocTH (HE 3HAIO, YTO WM KTO HMEHHO PYKOBOIHUT HapagoM KU3HH) 3a TO, YTO MHE [10CYACT-
JIMBHJIOCH MTOPabO0TaTh C TAKMM HEBEPOSTHO TAJAHTIMBBIM U, YTO TOXKEC HEMAJIOBAKHO, HE JIMIIEHHBIM
YyBCTBa IOMOpA IpernoaBareieM, KOTOPBI Bepril B MOU YCIIEXH MOPOH Jake Ooblle, 9eM s cama.

Hrak, mpoxomum 3Tar JUPHYECKOTO OTCTYIJICHUS MOETO MO3PaBICHHS U TIEPEXOIUM K IJIaBHOMY!
Xouy noxkenats Mnbe BsdecnaBoBrdy, YTOOBI OH HHUKOT/IA HE MEpecTaBal JIOOUTH CBOE NEN0, BEAb
MMEHHO OJarozapst JIIOOBU K CBOEH CTUXHMH MOXKHO NPHHATH K HEOBIBAIBIM yCIIeXaM, CTOWKO IPEOJI0JIeB
BCE TPYIHOCTH XHM3HU. JKenmaro, 4ToObl B CEMbE IMPOILBETAIN TAPMOHUS M B3aHMMOIIOHHMMaHHE, HOO
ceMbs — caMasi HaféXHasi KperocTh. [, HakoHell, XKeJai0 COXPaHNUTh Ty N3IOMHHKY, KOTOPYIO BCE€ MBI TaK
arobum B B — octpoymue, moOpomymivie n yMeHHEe HaAXOMUTh MOIX0 a0CONOTHO K KaXKIOMY YEIOBEKY.
P.S. I'maBHOE — HE cTapeTh AyHIoi!

Xauipywes Cepzeti Barenmunosuu (6axanaep 2021)

Ilo3npaBnsieM Hallero yBa)KaéMOI'O HAaCTAaBHMKA, YEJIOBEKA, KOTOPBI C OTPOMHBIA IyLIONH U
po¢eCCHOHANN3MOM MOAXOANT K cBoeMy neiy. JKernaem Bam OBITH TakuM k€ SHEPTHYHBIM BCETAA.
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3nopoBbs Bam, Kpenkux HEPBOB, YTOOBI BHITEPIICTh BCE MIAJIOCTH YUCHUKOB, H YYBCTBA IOMOPA, BEIhb
6e3 aToro Hukak. [lycTs cOymyTcst Bce Bamm 3aMbIiciibl 1 MedTHl, a Bamr 6ecuieHHbIH Tpy MPUHOCHT
npekpacublie mwiogsl. byasre cuactnusel! C JJuém Poxxnenus!

Jonununa Anacmacua FOpvesna (6axanasp 2021)

Nnbs BsiywecnaBoBuy, OT BCero cepaia no3apasisito Bac ¢ JJuém Poxnenus! Xouercs noxenarb
BaM KPEIKOTO 3I0POBBS, MHOTO CHJI M OOJIBIIIOTO 3HTY3Ha3Ma JUIS TOCTIOKCHHS 3aIyMaHHBIX IICJICH,
YCIEX0B BO BCEX HAYMHAHUSIX, TCHUAJBHBIX UACH U, KOHEYHO K€, MHOTO-MHOTO PaJIOCTHBIX M CYACTIUBBIX
MomeHToB! [lyckait Bce Bamm 3aBETHBIE MEUTHI COymyTCs!

Jlauunosa [lapvs Anopeesna (baxanasp 2021)

Hoporoit Nnbs BsuecnaBosuu! Ilo3apamnsto ¢ [ITuém PoxxaeHus: ONMbITHOTO HACTaBHUKA, JTYUIIIETO
Hay4YHOTO pPyKOBOJIWTENS U 3aMedarenbHoro denoseka! XKemato Bam kpemkoro 370poBbsi, CEMEHHOTO
TeIla W yI0Ta, YCIEeXOB B JIOOBIX HAaYMHAHUAX, IUYHBIX JOCTIKEHUH, TBOPYECKHUX HIIeH M cHacThs!
[Iycte Bamu HayuHble TpyAbl IPUHECYT HE TOJIBKO MOJB3Y OKPY>KAIOMIUM, HO U MOAAPAT YIOBICTBOPEHUE
u panocts! IlycTs kaxaplil 1eHs OyZeT HarolHeH Heuccskaemoi sHeprueit! Llenio Bamry nonaepxky,
HaCTaBHUYECTBO U MYIPOCTh!

Co3zonos Eeeenuii Anexcanoposuy (baxanasp 2022)

Wnbst BssuecnaBoBuy, no3apasisiio Bac ¢ Juém poxnaenus! JXKenato Bam OoJbllie 3aMHTEPECOBAH-
HBIX CTYJICHTOB, MECHBIIIC IOOOTPSCOB, €IIE OOJBIIE YCIEITHBIX IMyOIUKAITUN 1, KOHEUHO KE, KPETIKOTO
3I0POBBSl U HE MEHEe KPEMKUX HEPBOB!

Taxauweunu Jlee Bauecnagosuu (mazucmp 2022)

Mozapasnsito ¢ KO6uneem! Cricoea Unbio BsiuecnaBoBuua, mpodeccopa, MoKTOpa PU3UKO-
MaTeMaTHIeCKAX HayK, MOETO HAYYHOTO PyKOBOIUTEIIS.

Hoporoii Unbst BssuecnaBoBuy, npuMHUTe caMbie HCKPeHHUE To3paBienus ¢ FOouneem. Ha nipo-
TSOKEHUH MHOTHX JIET BBl TPYJAUTECh Ha OJIaro OHOTO M3 KPYIMHEWIINX YHUBEPCUTETOB CTPaHEI. Barr
OoraTeHIIMI OMBIT, CO3UAATEIbHAS SHEPTHI M IOSATCIBHBIN XapakTep OyIyT CIOCOOCTBOBATH Iajlhb-
HEWIeMy ero MpoIlBeTaHui0. Bricoko 1eHto obmenne ¢ Bamu, mist MeHs BEI SBIISIeTECh HCTOYHUKOM
HEUCCIKAaeMOM SHEPTUH, MPUMEPOM MpodecCHoHaNN3Ma U Tpynoaroousa. CepuedHo xenato Bam godporo
3MIOPOBBSI, OIArOMONYYHs, HOBBIX TOCTI)KCHHUN M TBOPUCCKUX YCIIEXOB.
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Annomayus. [leno pabomei. AHaIN3 TUHAMHUYECKUX MPOLECCOB U, B YACTHOCTH, IIPOIIECCOB CHHXPOHM3AIMH B aHCaMOIIe
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BEHHOE CXOZICTBO T'€HEPHPYEMBIX B MOJIENN XAOTHUECKHUX KoJeOaHMil ¢ pealbHbIMI YKOHOMUYECKUMH ItukiIamu. [Tokaszano,
YTO B MaJOM aHcaMmOJie CBA3aHHBIX YKOHOMUYECKUX OCIIMJIIATOPOB BO3MOXKHA CHHXPOHU3AIMS Xa0THUECKUX SIKOHOMUYECKUX
IUKJIOB C HEKOTOPOH OMMOKOH, CyIIeCTBEHHO 3aBUCAIIECH OT CHIIBI CBS3EH.
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Abstract. Purpose of this work is the research of the dynamical processes and in particular the phenomenon of the
synchronization in an ensemble of coupled chaotic economic oscillators. Methods. The research methods are the qualitative
and numerical methods of the theory of nonlinear dynamical systems and the theory of the bifurcations. Results. The nonlinear
model of economic oscillator as the system of automatic control are considered. Such kind of general economic models are
unsuitable for getting some concrete economic estimations and recommendations. But such kind models are very useful for
a development the theory of the economic cycles, theory of the generation, interactions, synchronization of the cycles and
so on. Our numerical experiments demonstrated a good enough qualitative similarity of an chaotic economic oscillations in our
model and real economic cycles. The phenomen of the synchronization of the chaotic oscillations in the ensemble of coupled
economic oscillators are considered, however the accuracy of the synchronization depends with couplings essentially.
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BBenenune

DOKOHOMHYCCKHE KOJICOAHUS (IETTOBBIC ITUKIIBI) SIBIISIIOTCS TIPEIMETOM IPHUCTATEHOTO BHUMAaHUS
SKOHOMHCTOB Y€ HE OJHO JecatuieTre. HecMoTpss Ha MHOXECTBO BBLIBHHYTBHIX TEOPHH (TEOpHs
MEPUOANYECKHUX MUKIIOB, YK30TCHHBIC TCOPUH BIFSHIS MIPUPOTHBIX KaTaCTPOd, COIMAIBHEIX, TEXHOJIO-
THYECKUX MOTPSICEHUM, SHIOTEHHBIE TEOPHH HEAONOTPEOICHNUS, pPABHOBECHOTO IMKJIA, IEPEHAKOTUICHUS
u 1p.) [1-4], cnegyer npu3HaTh, YTO €ANHON OOLIETIPUHITON TEOPUH HIKOHOMHYECKHUX KOIeOaHHuH cero-
ITHSI HEeT, KaK HeT M €ANHOTO B3IVIsAAa Ha MPUYHHEI, ITOpOXKIatone TUKIkl [5]. Eme Oonee HesICHBIM
Y 3aIlyTaHHBIM MPEACTABIISICTCS BOMPOC O CHHXPOHU3AIMHI SYKOHOMUYECKUX KoneOanuil. Psam aBTopoB
M3y4YaloT CHHXPOHU3AIMIO IMKIIOB HAa OCHOBE aHam3a time-series [6]. OnHako B OONBITMHCTBE SKOHO-
MUYECKUX PadOT MOJ CUHXPOHU3AIMEH TIOHUMACTCSl HE COBIAJCHHUE YaCTOT KOJICOaHHMIA, a HEKOTopast
omm3ocTh Kosebanmii (concordance analysis), ocHOBaHHas Ha Onm3ocTh «das» (ctaauit) mukiIoB [7].
EcTh aBTOpBI — CTOPOHHUKH NPUMEHEHUS TCOPHUH TUHAMHYECKOTO Xaoca B YKOHOMHKE U (pUHAHCAX,
B YAaCTHOCTH JIA aHAJIN3a CHHXpOHM3auH [ 8, 9].

B [10, 11] paccmarpuBaercss fuHaAMUYECKast MOAEIb Xa0TUYECKOTO SKOHOMHUYECKOTO OCIMILIATOPA,
(DYHKIIMOHUPYIOMIETO KaK CUCTEMa aBTOMATHUYECKOTO YIIPABIICHHUSI, ¥ TIPOIICCCHI TEHEPAIlUN B CHHXPO-
HU3aIlMA YKOHOMHUYECKHX IUKIIOB Ha OCHOBE ATol Mozenu. Hacrosmas pabora mpencrasiser co0oit
pa3BUTHE ATUX UCCICIOBAHNM, B YACTHOCTH, IIPOAOIDKAET H3yUCHHE MPOIIECCOB CHHXPOHU3AINN B aH-
camb0Je CBSI3aHHBIX SKOHOMHYECKUX OCHUIIISATOPOB.

PaGora opranuzoBana cienyrommmM obpazom. B pasgene 1 obcyxnmaeTcss tuHaMHUYecKass Mo-
JleJTh IKOHOMHYECKOTO OCHMiuIATOpa. B pasnene 2 mpuBeneHb! pe3ybTaThl HCCIEIOBaHUS MTPOILECCOB
CHHXPOHHU3AIIMU B aHCaMOJIe CBS3aHHBIX OCIHIUIISITOPOB.

Mampocos B. B., lllangees B. J].
W3Bectus By3os. [TH/I, 2023, 1. 31, Ne 3 255


https://doi.org/10.18500/0869-6632-003037
https://doi.org/10.18500/0869-6632-003037

1. Moaeb YdKOHOMHYECKUX KOJIe0aHMii

B [10, 11] paccmarpuBaeTcs ujies MOCTPOSHUS HENMHEHHOM MOJEIN TMIOTETUYECKOr0 3KOHO-
MHUYECKOTO OCLIIUIATOPa, PYHKIMOHUPYIOMIETO KaK THUIIOBas CHCTEMa aBTOMAaTHYECKOTO YIIPABIICHHUS.
Taxoif monxon K OMMCAaHUIO AMHAMUYECKOTO MOBENCHHS Pa3IMYHBIX TEXHUYECKHX, OMOIOTHYECKHUX,
COIMANIBHBIX U JIp. OOBEKTOB HE SBISETCS HOBBIM M B JUTEpaType MOXHO HaWTH MHOTO IPHUMEPOB
WCIIONIb30BaHMS TAKOTO TIOJIX0/a, B YACTHOCTH, IPUMEP MOCTPOCHUS ANHAMUYIECKOH MOAEH MOKYIaTess
B 3aj1a4e (popMupoBaHHs OOIIECTBEHHOTO MHEHUs [12].

Kak MOXHO MOCTPOUTH MOJIENTE SKOHOMHUYECKOIO OCHIIIIATOPA C HCIOIb30BAHUEM UIEH TEOPHH
ABTOMAaTHYECKOTO YIpaBieHH? DKOHOMUYECKHe KomebaHus (OM3HEC-IIMKITBI) OMPEAEISIOTCS HECKOIbKH-
MU TI0Ka3aTeJsIMH, CPEIH KOTOPBIX HanOonee BaXKHBIM SBISIETCS BaJOBBIA BHyTpeHHUI npoaykT (BBII),
XapaKTepu3yromuics olmiel cyMMoi MpOU3BEACHHBIX B CTpaHe TOBAapoOB U yCiIyr. Beibepem onuH
OIIpeZieTICHHBIN BUA ToBapa U3 coctasa BBII u mocTponm 1i1s HEro Lenb aBTOMAaTHYECKOTO YIIPaBICHHS,
I7ie B Ka4eCTBE BXOIHOIO CUI'HAJIAa IIPUMEM TPEHIOBOE 3HAU€HHE CTOMMOCTH 3TOro ToBapa (IIOCTOSH-
HOE WJIM M3MEHSIOIIeecs] BO BPEMEHH), a B KauecTBe 00BEKTa YIPaBICHNS IPUMEM HEKHWH OIICHITUK
BEJIMYMHBI CTOMMOCTHU ToBapa. llens ynpasineHus OyneT perylvpoBaTh BBIXOIHOM CHTHAJ OLIEHIINKA
B COOTBETCTBUU C BXOAHBIM CUTHajoM. DyHKIUU pa3IUYHBIX JIEMEHTOB LIENN YIPaBJIEHUS MOCTPO-
€HHOW T'MIIOTETUYECKON CHCTEMBI, OYEBHIHO, JOJDKHBI PEalln30BaThCsl YIPABISIOMUMUI NEHCTBHAMH
MIPaBUTEIHCTBA CTPAHBI, HHBECTOAHKOB, PYKOBOJICTBA MPEATIPUATHH U T. 1. [lockoIbpKy BEIOpaHHBIN TOBap
MIPOU3BOJUTCS, KaK MPaBUIIO, HE OJHUM MPOU3BOIUTEIEM, @ HECKOIBKUMHU, BOZMOXKHO, ITOTpedyeTCst
OpraHu3alysi MHOTOKOHTYPHOM CHUCTEMBI yrpasieHus. Hannune MHOXecTBa areHToB, Y4acTBYIOLUX B
YIIPABJICHUH, MOKET UMETh PE3yIbTaTOM HECOIIIACOBAHHOCTD YIPABIIAIONINX BO3ACHCTBUM, a HEM30eKHOE
MIPUCYTCTBHE WHEPIIMOHHOCTEN U 3aJep)kKeK B IETISIX YIPABICHHS MOXKET MPUBECTH K HEYCTONYHUBOCTSIM,
[TOPOYXKTAIOITIM BOSHUKHOBEHHE MPEAEIbHBIX IUKIOB M Xa0THYECKUX aTTPAKTOPOB, B PE3yJbTaTe Yero
Ha BBIXOZIE CUCTEMBI OyIyT GOpPMHUPOBATHCS MEPUOAMUCCKUE U Xa0TUUeCcKHe KoebaHus. st oueHKu
BEJIMYUHBI CTOMMOCTH IIPYTHX TOBApOB U YCIYT, BXOIimMX B coctaB BBII, anamormuneiM o0pazom
JIOJDKHBI OBITH TIOCTPOEHBI IPYTHe CUCTEMBI yrpasieHuss. CyMMHUPOBaHUE BBIXOJHBIX CHTHAJIOB BCEX
IIOCTPOEHHBIX CHCTEM YNPaBIEHHs MO3BOJMUT MOIYYUTH OlEeHKY BenuuuHsl BBII u ero nuHammuky,
TO €CTh MOJIyYUTh B UTOTE MOJENb OM3Hec-IuKiIa. O4eBUIHO, YTO MOITy4YEeHHas B pE3ylbTare TaKuX
IIOCTPOCHUH MOJIEJIb, BKJIIOYAOLIAsi OONBIIOE YMCIIO MHOTOKOHTYPHBIX CHCTEM yIpaBlieHHs, Oyner
CTOJIb TPOMO3JIKOH, YTO HE IMO3BOJIUT MPOBECTH HCCIIEIOBAHUE JHMHAMUKH W TOJYYHTHb KaKHe-ITHOo
KOHKPETHEIC JTaHHBIC 0 OM3HEC-IIUKIIE, TTOCKOJIBKY OONBITMHCTBO MapaMETPOB MOCTPOCHHOW MOIETH
OyayT HemsBecTHBL. C y4eToM 3TOro oOCTOSTENBCTBa OoJiee 1enecooOpasHbIM, MO-BUAUMOMY, OyaeT
peann3oBaTh CaMblil IPOCTOW BapHaHT CHCTEMBI aBTOMATUYECKOIO YIPABICHUS AJA OLEHKU TOJIBKO
OZIHOTO I0Ka3aTessi — KOMIIO3UTHOTO MHAEKCa OU3HEeC-LIUKIIA.

Monenb 5KOHOMHYECKOTO OCHMIUIATOPA, (QYHKIIMOHUPYIOMIETO KaK CHCTEMa aBTOMAaTHYECKOTO
yIpaBJICHUS BETMYMHON KOMIIO3UTHOTO MHEKca OusHec-mkia [ 10, 11], npeacraeiena Ha puc. 1.

31ech 00BEKTOM YITpaBIICHUS SBIIAETCS OIEHIIHK (estimator) E, Ha BeIxome koToporo gopmupyercs
TEKyIlasi OLCHKA BEIMYUHBI KOMIIO3UTHOTO HHAEKca OusHec-uukia [g(t). Ha BX0oa CHCTEMBI MOCTyMaeT

input output

U, U I(9)
cC M E -

I(t
The real sector R( ) D

of the economy

v
I
Y

External T
noice

Puc. 1. Monenb KkoHOMHYECKOro ocuuiuisitopa: E — oObekr ynpasnenus, oueniunk, C — ympasurens, F — ¢unbrp,
D — nuckpumuHaTop

Fig. 1. The model of economic oscillator: E — estimator, C — control element, F — filter, D — discriminator
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Ir(t) — BenmumMHA peanbHOTO MHACKCA OH3HEC-IUKIIA, ONpe/esieMast PEaTbHbIM CEKTOPOM SKOHOMHUKH
(IUIst IPOCTOTHI TOJIOKUM €€ MOCTOosIHHOM). J{uckpumunarop D cpaBuuBaer [g(t) u Ir(t). Curnan
¢ Beixoga D mpoxoaut yepes ¢unsrp F, yOuparommii BeicokoYacToTHBIE MIyMbl. CHTHANI ¢ BBIXOJA
¢unerpa Ur noctynaer Ha ynpasurenb C, koppekTupyromuii oueHky /g (t) Ha BenuuuHy A7 B CTOPOHY
commxenus ¢ Ig(t).

VYpaBHeHUE, ONKCHIBAIOIIEE JUHAMHUKY MOJEIH IKOHOMHYECKOTO ocHuuiiTopa (cM. puc. 1),
nonydero B [10, 11] B omeparopHo#t hopme:

v+ K(p)®x) =y, p=d/dt. (1)

3nece © = (Ig — IR)/Alax — Ge3pa3MepHOe TeKylee OTKIOHEHHE BENUYMHBI [ KOMITO3HTHOTO
MH/IeKca OM3HEC-IIMKIIA OT BeIMYHHbI R peaqbHOr0 KOMITO3UTHOTO HHEKca Om3Hec-InKia. Al ., = SE
(S — KpyTH3HA XapaKTEepHCTHUKH ynpaButensi, £ — MakcuMmaibHas BelUuMHA curHaia ¢ Bbixona D),
v = (I§ — IR)/Alnax — Ge3pa3sMepHOE OTKIOHEHHE BETMYMHBI KOMIIO3UTHOTO HHJEKCA OM3HEC-LHKIA
I? B HauaNBHBI MOMEHT BPEMEHH OT BEJIMYMHBI JR PEATbHOTO KOMIIO3UTHOTO MH/IEKCA GH3HEC-LHKIIA,
K (p) — nepenarounas pynkuus ¢punbrpa, ®(z) — HenmuHeHHOCTD AuckpuMuHaTopa D, HopMupoBaHHas
K CIMHUIIE.

[punumas K (p) = (1 + a1p + azp? + agp®)~! u BBONA GespasmepHoe Bpems T = t/a; u
napameTpel € = az /a3, W = ag/a3, 3anuuem ypasnenue (1) B Buze

1

dx dy

—_— = —_— = 2
oY A 2)
u% =y—x—y—ecz—P(z).

Jlunamuka (2) u3ydanach B psje pabot, B yacTHOCTH, B [13] a1 ®(x) = 2Bz /(1 + p%z?) npu
B > 0, B [14] wis uaBeprupoBannoi HenuneiiHoctr O(x) npu f < 0, a Takxe B [15] u xp. [pusenem
KpaTKue CBEICHHUS O TUHAMHKE (2).

IIpu p = 0, ¢ = 0 cucrema (2) cBOAUTCS K ypaBHEHHUIO MEPBOTO MopsAnka, a mpu u = 0,
€ # 0 — K ypaBHEHHIO BTOPOTo nopsijka. JJuHamuka (2) B 9THX CIydasx ONpeessieTcsi COCTOSHUIMH
paBHoBecwus (puc. 2, a). i HeWHBEPTUPOBAHHOW HENMUHEHHOCTH P(2) CYIIECTBYET OJHO yCTOWYHBOE

],\ 01 6
N TN o)
01 : O 02 0 /’\ X
0 03x 0 3 X A 6
D(x) D(x)
a —_— — —
0, x 0,0, O, x 0, 0, 0 x
b

0; NNz

Puc. 2. CoctostHust paBHOBecus cucteMsl (2) (a), pazosbie moprpetsl cuctems! (2) mpu w = 0, € = 0 (), pazoBbie mopTpeTHI
cucremsl (2) ipu p = 0, € # 0 (¢)

Fig. 2. Equilibrium states of the system (2) (a), phase portraits of the system (2) when u = 0, ¢ = 0 (), phase portraits
of the system (2) when u =0, € # 0 (¢)
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coctosinue paBHoBecus 01 (Os), mubo tpu — O, O3 — ycroiiuuBsie u O — HEYCTOWUYUBOE, a IS
VHBEPTMPOBAHHOM HesuHeitHocTH ® () o/1HO ycToiunBoe coctosnue paprosecus 01 (O3 ), 6o Tpu —
01 (O3) — ycroituusbie u Oz — HeycToiunsoe. Ha puc. 2, b 1aHbl XapakTepHble (pa3oBble MOPTPETHI
cucteMmsl (2) qns u = 0, ¢ = 0, a Ha puc. 2, ¢ — dazobie noprpetsbl Wit W = 0, € # 0, moy4eHHbIE
CTaHAAPTHBIMH METOIaMH TEOPHH KojeOaHuit [16].

JluHamuka cucteMsl (2) B TpeXMepHOM (ha30BOM MPOCTPAHCTBE (X, Y, Z) HOCTATOYHO CIOKHA
U XapakTepu3yeTcsl He TOJIBKO HaJMYHeM COCTOSIHUI paBHOBECHUS, HO M HaJIWYHMEM NPeIebHBIX IIUKIOB
¥ Xa0THYECKHUX aTTPAaKTOPOB, KAK OKOJIO OAHOTO coctostus pasHosecuss O1 umn O3 (O1 umu O3), Tak u
OKOJIO Tpex cocTtostHuil paBHOBecus O1, Oo, O3 (01, O, O3).

He npuBoss 31€Ch MOTHOTO OMUCAHUS TWHAMUKH (2), IpeACTaBUM Hanbosee BaXKHBIE C TOUKH
3pEeHUs SKOHOMUYECKHUX MHTepIpeTannii oudypKauuy, WUTIOCTPUPYIOIINE Pa3HbIe ITyTH BO30YKICHUS
XaO0THUYCCKHUX KoJieOaHMii B cucteme (2).

Jlyist ciyyast HeMHBEPTUPOBAaHHO# Xapaktepuctuku P(x) Ha puc. 3 IpencTaBieH HapaMeTpHYeCKHil
noptpet (W, y) cucremsl (2) mg e = 1, f = 10.

3nech IITPUXITYHKTUPHAS JIMHUA Y = Y* COOTBETCTBYET OM(ypKaluK CIUSIHUA COCTOSHUN PaBHO-
Becust Oy 1 O3, a IITPUXITYHKTUPHAS JIMHKA Y = Y** cOOTBETCTBYeT OMypKaluy CIUSHUS COCTOSHUN
paBHOBecust Oz 1 Oq. Jluauu vy = v* u y = y** orpannumBaror o6iacts C| CylmeCTBOBAHHS COCTOSI-
Hus paBHOBecus (1, 06nacte Co cyliecTBoBaHus cocTossHui paBHOBecus: O, Oz, O3 u obmacts Cs
CYIIECTBOBaHUS cOcTOsiHUS paBHOBecusi Os.

Jlnaust 1 coorBeTcTBYyeT OMdypkaunu AnzmpoHoBa—Xomnda ais coctosHus paBHoBecus Oj.
[MepBast nAMyHOBCKas BeJIMYMHA Ha JJHHHH 1 OTpHLATENbHA, CIEI0BATENIBLHO, 9Ta OHypKaIUs CylepKpH-
THYECKasl U JIUHHA | COOTBETCTBYET MATKOMY POXKICHHUIO YCTOHUMBOTO MpEAEIbHOro ukiaa L BOKpyT
O1 (puc. 4, a) npu niepeceueHny JUHHA | cieBa HaINpaso.

[TynktupHble JJHHHA 2 1 3 COOTBETCTBYIOT IIEpBOM OndypKauy y1BoeHus nepuona nuukia Ly,
mocJie KOTOpod MK L mpeTrepneBaeT ceputo OMpypKauui yIBOCHHS MEPHOIA, B PE3ylbTare 4ero

07/ S —

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1)

Puc. 3. [Tapamerpuyeckuii moprper cuctems (2) mpue = 1, 3 = 10

Fig. 3. Parametric portrait of the (2) whene =1, f§ = 10
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Puc. 4. IIpoeknuu arrpakropoB cuctemsl (2) npu e = 1, f = 10, vy = 0.835, u = 0.4 (@), y = 0.835, un = 0.9 (b), y =1,
u=21(),y=1u=0.239 (d) (uer onnaiin)

Fig. 4. Projections of attractors of (2) when e = 1, § = 10, y = 0.835, u = 0.4 (@), y = 0.835, u = 0.9 (b), vy = 1,
u=21(),y=1u=0.239 (d) (color online)

MOSIBIISIETCA XaOTUYECKHH aTTpakTop S7 B COOTBETCTBHHU co cueHapueMm Deiirenbayma (puc. 4, b).
O0racTh CyIIeCTBOBAHUS aTTpakTopa S, OTpaHuYeHHAas! JJHHHEH 2, OYeHb MaJia U [M0ITOMY Ha pHc. 3
HE I0Ka3aHa, a 00JacTh CYIIECTBOBaHHS arTpakTopa S, OrpaHUYCHHas JuHHEH 3, o0o3HadeHa D
Ha puc. 3.

Jluans 4 COOTBETCTBYET MOTEPE YCTOHYMBOCTH COCTOSIHHA paBHOBecusi O3 B pesynbrare Oudyp-
kaiuu AHgponoBa—Xornga. [lepas JlsamyHOBCKast BeTUUWHA Ha JJHHHH 4 OTpHULIATENbHA, TO €CTh 3TO
cynepkputuieckas oudypkaius u Ha JTHHHEH 4 BOKpYTr (O3 MSATKO POXKIAETCS YCTOWYMBBIN MpeeTbHbIN
uukn L3 (puc. 4, c).

[lyHKTHpHAS JHHESA 5 COOTBETCTBYET IepBOil OudypKaruy ynBoeHus reprona nuukia Ls, 3aTeM
4yepes cepuro Oudypkaiuii ynBoeHHs Meproia POXKIACTCS XA0TUUCCKHI aTTPaKTOP S3 B COOTBETCTBUHU
co cueHapuem Detirenbayma (puc. 4, d). O61acTh CyIIECTBOBaHMS arTpakTropa S3 oOo3HaueHa Ds
Ha puc. 3.

Kpome ommcannsx Bbime Oudypkanuii cucrema (2) IeMOHCTpUPYET Ipyrue OudypKaiuu,
B YaCTHOCTH, OM(YpKaAIUIO BIUIAHUSA IHUKIA [ B memio cenaparpuc ceana Oy ¢ MOCISHYIONIM
vcuyesHoBeHHeM L (JmHHA 6), cenyo-y3noByo Ou(ypKanuio ucue3HoBeHus nukna L3 (quHuA 7),
CEeI0-y3JI0BYIO OM(YpKAIMIO POXKIESHHUS ITUKIa Lo, OXBATHIBAIOIIETO BCE TPU COCTOSHUS PAaBHOBECHS
01, 02, O3 (muaus 8), dudypkanuio netiu cenaparpuc ceano-¢pokyca Oo ¢ OTPHUIIATSIILHON CEII0BOM
BEJIMYMHON W TIOJIOKUTEIBHOHN CeIOBOM BENTMYNHON (JIHHHA 9 ), B ITOCIIETHEM ClTydae UMeeT MeCTO
CIIOKHASI CTPYKTYpa MapaMeTpuIecKoro OpTpeTa, CBsA3aHHasi ¢ 0ECKOHEUHBIM YHCIIOM OM]ypKaHOHHBIX
JIMHHUH, OTBEYAIOMIUX KPAaTHBIM IHUKJIAM W MHOTOOOXOAHBIM NETIIAM ceraparpuc [17]. AHamu3 3THX
Oudypranuii 31ech He MPUBOIUTCS, OCKONBKY BBIXOAUT 332 PAMKU OCHOBHOM LI€IH paboOTHI.

Mampocos B. B., [llangees B. J].
WzBectus By3oB. ITH/, 2023, T. 31, Ne 3 259



OGparuMcst Terepb K THHAMHKE CHCTEMBI (2) B Cllydae HHBEPTUPOBAHHOM HemuHeWHOCTH D ().
Ha puc. 5 a4 aToro ciydas npencrasieHsl HanbosIee BaxxHble Ou(ypKallMOHHbIE KPUBBIE, OTPasKaroLINe
BO3HHUKHOBEHHE M XaOTHU3AI[MI0 aBTOKOJIE0ATEIBbHBIX PEXXUMOB B MozienH (2), a Ha puc. 6 IPUBEAEHbI
IIPUMEPHI IIPOCKIMH COOTBETCTBYIOIINX 3TUM PEXUMAaM aTTPAKTOPOB.

HITpuxmyHKTHPHAsE TpsiMast Y = Y* IEIHT IUIOCKOCTh mapametpoB (W, y) Ha obmactu Cp u Co
cymectBoBanus tpex (01, Oo, O3) 1 ogrOro (O3) COCTOSHMIA PABHOBECHS.

Jluanu 1 u 2 (cM. puc. 5) 0TBEYAIOT 3a POXKIACHUE YCTOMUUBOTO MPEACIbHOTO HUKIa L] BOKPYT
coctosuus paBHoBecus Oy (puc. 6, a). Jluaus 1 cootBeTcTBYeT GudypKanuu AHApoHOBa—Xomda
cocTostuus paBHoBecus O1. Touka M, Te TepBas NAMyHOBCKAs BEIMYMHA 0OPAIIAETCS B HOIMb, pasess-
eT OMQypKaIMOHHYIO KPUBYIO Ha YYaCTKH MATKOTO U JKECTKOrO BO30YXIeHHUs aBToKoseOanmif. YacTp
JHUHUH |, pacnioNo)XeHHast Bble TOUYKK [V, OTBEUaeT CymepKpUTH4ecKoi Ondypkanuu AHIPOHOBA—
Xomnda, Ipu MEPecedeHnr ITOr0 yyacTKa KPHBOM ClieBa HAIpaBO CMEHA YCTOHYMBOCTU COCTOSHHS
paBHOBecust O1 CONPOBOKIAETCS POKICHAEM YCTOHIMBOTO MPEIENBHOTO IUKIA L1 TPAKTHYECKH HY-
JeBoW aMmIUTyasl. YacTh THHHH |, pacrioidoXeHHas HUXe TOUKH M, OTBE4aeT KECTKOMY POKICHUIO
aBToKoNeOaHui. JKecTkuii aBTOKOJICOaTEeIbHBIN PEXXUM BO3HUKAET B pe3ynpTaTe OudypKamuu IByKpar-
HOTO TNPEAENbHOro UUKIA Ha JHHHH 2. JIuHUA 2 pacrionaraercs HUXKe TOukd M U IMpOXOAMT JeBee
Jmann 1. lpu nepecedennn uaum 2 CleBa HANIPaBoO B (a30BOM MPOCTPAHCTBE MO (2) TOSBISIETCS
YCTOWYMBBIA NpPEAeTbHbIN MUK L] KOHEUHON aMILTUTY/IBL.

Hukn L MoxeT UCTIBITHIBaTh OM(ypKaluy yIBOCHHUS MEPUOAA, B PE3yNIbTaTe Yero Ha ero OCHOBE
MOXeT c(OPMHPOBATHCS XaOTUUECKHUM arTpakTop S (puc. 6, b). IlynkrupHast uaHS 3 OTBEyaer 3a
nepByto OuQypKaIuio yIBoeHus neproaa nukna Ly, ata budypkanns MArkas, 1 COOTBETCTBYET MOsBIIE-
HUIO YCTOMYUBOTO MIPENEIIEHOTO LUK ng) YABOEHHOTO IIEpHoa. 3aMETHM, YTO MPOLECC YIBOCHUN
nepuofa nukina L) He Bcerna 3aBepiuacTcst (OPMHPOBaHUEM XAOTUYECKOTO aTTPaKTOpa, CLieHapuit
Deiiren6aymMa MOXXET IPEPBATHCS HCUE3HOBEHUEM IIPEIEJIbHBIX [IUKIIOB OOJBIINX IEPUOAOB JIMOO uepe3
KacaTenbHylo Oudypkanuio, 1160 B pesynbrare OuypKaiuii MHOTOOOXOIHBIX METENb CcernapaTpuc
cenna Oy. B 9acTHOCTH, Ha pUC. 5 CIUTONIHASA JHHHS 5 OTBeYaeT KacaTebHOH OudypKamuy muKia ng)
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0.8 1

0.7 1

0.6
’Y 4
0.5 1

0.4

0.3 1

0.2

0.1+

0

0

Puc. 5. [Tapamerpuueckuii moprper Mozeiu (2) B wiockocru {w,y} npue =1, f = —10

Fig. 5. Parameter portrait of the (2) whene =1, § = —10
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-0.05 X 1.1 0.55 X 0.9 -1.23 X 1.53
d e

Puc. 6. ITpoekuun arTpakTopoB cucteMsl (2) npu € = 1, § = —10, vy = 0.5, u = 0.321 (a), y = 0.6, u = 0.463 (b), y = 0.05,
w=0.529 (¢), y = 0.1, 0. = 0.623 (d), y = 0.1, u = 0.66 (e), y = 0.1, u = 1.27 (f)

Fig. 6. Projections of attractors of the system (2) whene = 1, § = —10, y = 0.5, p = 0.321 (a), y = 0.6, p = 0.463 (b),
v =0.05, 1 =0.529 (c), y = 0.1, p = 0.623 (d), y = 0.1, 0 = 0.66 (), y = 0.1, u = 1.27 (f)

YIIBOEHHOTO TIEPHOa, a CIUIONIHAS JHHHSI 6 — OudypKanuu ABYXOOXOMHOU METIN CerapaTpuc Cemio-
doxyca Oo. JIunusa 4 orpaHMYMBaeT 0ONACTh CYIIECTBOBAHHMS LMKJIA L CIIpaBa, HA 3TOH KPHBOH LUK
L1 ucue3aet depe3 kacaresbHy0 Oudypkaiuio. O0nacTy CymecTBOBAHUS Xa0THIECKOTO aTTpakropa S
Ha PHUC. 5 HE BBIJCIICHBI, IOCKOJIbKY UMEIOT HE3HAYUTEILHBIC pa3Mepbl, OJTHAKO Ha MMapaMeTPU4CeCKUil
MOPTPET HAHECCHBI TOUCYHBIC JINHUH, OTPAXKAIOIIIE MEPEXO OT PErYIISIPHBIX KOIECOAHHH K XaOTHYECKUM.

Jlunus 7 oTBewaeT 3a poXkJIEHUE YCTOHYMBOTO IpeensHoro nukia L (puc. 6, ¢) uyepe3 oudyp-
KallUIo JIBYKPaTHOTO IMPeelIbHOrO HKIIA. [Ipy MajblX Y B MOMEHT POXKICHHS UK L3 OXBaThIBaeT
cocTosHue paBHOBecHs O3, C POCTOM Y, a TakKe TPH YIAICHHH OT JHHHH 7 aMIUIUTyIa mukna Lj
pacTer, U OH HAYMHAET OXBATHIBATh BCE TPU COCTOSHUSI PABHOBECHSL.

[lynkTupHas guHHS 8 COOTBETCTBYET Hadaly YABOCHHH nepuona nukia Ls, Tpu ymaaeHUuH OT
ATOW JIMHUM UK L3 MCIBITBIBACT KacKaj OMQypKaliii yIBOCHUS MEpUOa, B pe3yibTare Ha 0aze L
dopmupyeTcs XxaoTHueckuit arrpakrop S3 (puc. 6, d). Jluaun 9 w 11 orpaHuuuBaroT odnacte Ds cymie-
CTBOBaHHUs XaoTH4eCKUX KoneOanuid. Toueunas juaug 10 OTpaxkaeT YETBEPTYIO OMQYpPKAIUIO YIBOCHUS
repuona 1mukia L3, a MOCKONBbKY OnypKalMoOHHbBIE 3HAYCHHS TISTOW M MOCIEAYIOMuX Onudyprarumii
yaBOeHHUs nepuona L3 yknaasBaloTcs B uHTepBai A = 104, To 3HaueHue yeTBepTOi OGHpypKAIHH
VABOCHHS TEPHOJA PAKTHICCKH MOXKHO HCIIOJIb30BaTh B KAUECTBE TPaHUIIBI O0JIACTH CYIIECTBOBAHUS
Xa0THYeCcKuX KoneOaHuil. Ha crutomHo# yimHHE 11 TPOWCXOAMT KPHU3UC XaOTHYECKOTO aTTPakKTopa,
MpH BBIXOJIE U3 obnactu D3 depe3 3Ty JHUHHIO aTTPakTop S3 paspymaercs, (a3oBble TPaeKTOPHH U3
€r0 OKPECTHOCTH YCTPEeMJISIOTCS B O€CKOHEYHOCTh. OTMETHM, UTO XaoTH4YeCKHe KoJieObaHus S3 MOTYT
NPUHUMATh PA3JIMYHBIA BUJI, 3TO CBUACTEILCTBYET O IUPOKUX BO3MOKHOCTSAX paccMaTpuBaeMol Mojie-
JIY TI0 T€HepaIiy Xa0THYECKUX KOJIeOaHUH ¢ pa3nUYHBIMHU XapakTepucTUKaMu. [IpruMepsl BO3ZMOXKHBIX
MPOEKIHH aTTpakTopa S3 MpUBEACHBI HA pUc. 6, d—f.
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Takum 00pa3oM, NMPUBEACHHBIC BBIIIC JAaHHBIC TOKA3BIBAIOT, YTO MOJEIH (2) AEMOHCTPHUPYET
IINPOKHE BO3MOXKHOCTH T€HEpaIlMH XaO0TUYECKUX PeXUMOB. CpaBHEHHE OCHHIUIOTPAMM TaKHX Xao-
trdecknx konebanuid [10, 11] ¢ ocmmmmorpaMmaMul peasbHBIX KOeOaHU KOMITO3UTHBIX WHIEKCOB
OU3HEeC-IMKIIOB, IPUBEIECHHBIMU B nuTeparype [18], JaeT BO3MOXKHOCTh CHIeNaTh BBIBOA O JOCTaTOYHO
XOpOIIEM KaueCTBEHHOM CXOJCTBE TaKHX KOJICOAHH.

2. AHAJIU3 MPOIECCOB CHHXPOHU3AIUH CBSI3aHHBIX JKOHOMHYECKHX KO0JIe0aHuii

PaccmoTpuM auHaMHKy Manoro aHcamOIIsl U3 MSTH SKOHOMHUECKHX OCLMILIATOPOB (2), CBA3aHHBIX
10 cXeMme puc. 7.

CBs13u 110 cxeme puc. 7 MO3BOJISIOT HCCe-
JIOBaTh MPOIECCH CHHXPOHU3AIMH B aHCaMOie B
3aBHCHUMOCTH OT CHJIBI CBSI3€H C OCIHIUIATOPOM

Og. Bynem cuutars cBsa3u ocrumiatopoB O1, Os,
O3, O4 IPUMEPHO OJJMHAKOBBIMHU, & CBSI3U OT OC-
mwsitopa Op OyaeM BapbHpOBaTh OT clabbIx
JI0 CHUJIBHBIX. Takas CUTyalus MOKET MOJEITHPO-
BaTh MPOIECCH SKOHOMUYECKOTO B3aUMOIEHCTBUS
IPYIIIBI CTPaH, UMEIOIINX MPUMEPHO OJHHAKOBBIC
SKOHOMUKH, C OJTHOM CTpaHOU, UMEIOIEH cyle-

CTBEHHO OoJee CUJIbBHYKO SKOHOMHUKY.
Cucrema ypaBHeHHﬁ, OITMCBhIBAIOIIUX OH-

Puc. 7. AHCaMOIb IKOHOMHYECKHX OCLMILIATOPOB

HAMHKY aHcaMmOis, MPEeACTaBICHHOTO Ha pHC. 7,

Fig. 7. The ensemble of oscillators
MOXKET 6]:ITI) 3alluCcaHa B BUC

dxq dy
—_ = —_— = Z
dt Y1, e 1,
dzy
Wi =Y1— 21—y a1 Dy (x1) — K1 Po(x2) — K31 P3(23) — K1 Po(0),
dzo dys
_ = —_— = Z
d Y2, dt 2,
dz
MT: = y2 — X2 — Y2 — €222 — Pa(x2) — K12P1(21) — Ka2Pa(xsa) — K02Po(20),
dxs dys
_ = —_— = Z
dt Y3, dt 3
d23
M3—o— = V3~ 3~ Ys — €373 — D3(x3) — K13P1(21) — ®a3P4(24) — K03P0(0), 3)
dxy dys
P 2= =z
dt Yq, dt 4
dz
Mdirll = Y4 — X4 — Ys — €424 — Py(x4) — KuP2(22) — K34 P3(23) — K04 Po(0),
dx dyo
—_ = —_— = Z
dt Yo, dt 05
dZo

Mo~ = Yo — %0~ Yo — €020 — D (o) — K10P1(71) — KoP2(22) — K30P3(73) — Ka0P4(T4).
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Ha puc. 8-10 mpezncraBineHbl pe3ysIbTaThl YUCIEHHBIX 3KCIEPUMEHTOB ¢ cucteMoi (3). IIpoekiun
Xa0THYECKUX aTTPAKTOPOB IS CIIydasi OTCYTCTBHS CBsA3el ¢ ocrmuiTopoM Op naHbl Ha puc. 8. B aTom
ciyyae ocuiuisiTopsl O — O4 CHHXPOHH30BaHbL, 8 CHHXPOHU3AHUS ¢ ocUmIATOpoM (Jy OTCYTCTBYET.
Ha puc. 9 npencrasien citydaii ¢iaa0bix cBsi3eil ¢ ocrmnisitopoM Og. B 3ToM citydae CHHXpOHH3AIHS
ocumisaitopoB 07 — O4 ocrajach NPUMEPHO Ha MPEXHEM YpPOBHE, IPU 3TOM MOsBHUIIAcCH ciadas

-1.8
0 T 400
3.1
v
2.7
0 T 400

Puc. 8. IIpoekimu aTTpakTopoB CHCTEMBI (3) IpH OTCYTCTBHH cBsi3eil oT ocimuitopa Op B cinydae Yo = 0.64, e = 0.64,
wo = 0.53, o = —10, y1 = 0.64, 1 = 0.64, w1 = 0.53, f1 = —10, y2 = 0.65, e2 = 0.61, u2 = 0.51, B2 = —10,
Y3 = 0.64, £3 = 0.61, w3 = 0.51, B3 = —10, Y4 = 0.63, E4 = 0.65, Wq = 0.52, 64 = —10, K21 = 0.8, K31 = 0.98, K12 = 1,
Kg2 = 01, Kiz = 1, Ka3z = 006, Kogqg = 04, K3qg = 084, Ko1 = Ko2 = Kop3 = Koga = 0, K10 = K20 = K30 = K40 = 0

Fig. 8. Projections of attractors of the system (3) when couplings from oscillator Og are absent and yo = 0.64, £9 = 0.64,
uo = 0.53, fo = —10, y1 = 0.64, &1 = 0.64, w1 = 0.53, 1 = —10, y2 = 0.65, €2 = 0.61, p2 = 0.51, B2 = —10,
v3 = 0.64, e3 = 0.61, uz = 0.51, Bz = —10, y4 = 0.63, 4 = 0.65, pa = 0.52, B4 = —10, k21 = 0.8, k31 = 0.98, K12 = 1,
ka2 = 0.1, x93 = 1, k43 = 0.06, K24 = 0.4, K34 = 0.84, Ko1 = Ko2 = K03 = Ko4 = 0, K10 = K20 = K30 = K40 =0
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0 T 400

0 T 400

Puc. 9. TIpoekuuu aTTpakTopoB cUCTEMBI (3) mpu crabeix CBs3sIx oT ociuiaTopa Op B ciydae Ko1 = Ko2 = Koz = Koa = 0.3,
K10 = K20 = K30 = K40 = 0.05

Fig. 9. Projections of attractors of the (3) when couplings from oscillator O¢ are weak and ko1 = Ko2 = Ko3 = Koa = 0.3,
K10 = K20 = K30 = K40 = 0.05

cuHxpoHu3zanus ¢ ocuwusitopoM Oy. Ha puc. 10 npencrasieH ciyyaid CUIBHBIX CBSA3€H € OCHUILIATOPOM
Op, B 3TOM cllydae CyIIECTBEHHO yyulmiach cuaxponuzanusi O1—04 ¥ NOsBHIIACH BIIOJIHE 3aMETHAs
cuaxponuszanus Og ¢ IPYrUMHU OCLIIIISITOPaMU.

Kak cnenyer u3 puc. 8—10, TOYHOCTh MONYYEHHON CHHXPOHM3AIMM XaOTHMYECKHX KOJeOaHWH
OKazaJlach HEBBICOKOH. E€ MOXXHO yBETMUNTh, yCHUIINBAs CBA3U, OMHAKO AK€ TPOMHOE YBEIMUEHUE CHIIbI
cBs3elt ¢ anemenToM Oy (puc. 10) He MPUBETIO K 3HAYUTENHLHOMY YBEITHUYCHUIO TOUHOCTH CHHXPOHH3AIHH.
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Puc. 10. IIpoexiuu arTpakTopoB cUCTEMBI (3) IIPH CHIIBHBIX CBA3X OT ocipumisitopa Og B ciydae Ko1 = Ko2 = Koz = Koa = 3,
K10 = K20 = K30 = K40 = 0.1

Fig. 10. Projections of attractors of the (3) when couplings from oscillator Og are strong and ko1 = Ko2 = Koz = Koa = 3,
K10 = K20 = K30 = K40 = 0.1

Haee paccMOTpUM BIMSHHE apaMETPOB CBA3€l Ha BENWYMHY OLIMOOK CHHXPOHM3aIuu. B kaue-
CTBE KOJINYECTBEHHOMN OIIEHKH TOYHOCTH CHMHXPOHU3AINH $-T0 U j-TO OCLMIIIATOPOB OyAeM HCIONb30BaTh
BEIMYUHY A; j, PACCYMTAHHYIO 10 (opmyIie

Ay = mae (1) — 25 (O] (@ = a2 4 (o — a2, @
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0.5 1.0

Puc. 11. DBomtonus omMOOK CHHXPOHM3AIMH NP YBEIWYCHUH CBsA3eH oT ocumuisitTopa Op B ciydae Ko1 = Ko2 = Koz =
= Ko4 = K, K10 = K20 = K30 = K40 = 0.1 (L[BGT OHHaﬁH)

Fig. 11. The evolution of synchronization errors when couplings from oscillator O are Ko1 = Ko2 = Koz = Koa = K,
K10 = K20 = K30 = K40 = 0.1 (color online)

Ora BelMYMHA XapaKTePU3yeT MaKCUMaIbHOE OTKJIOHEGHHE (pa30BBIX NEPEMEHHBIX Z;(T) M ;(T) oT
npaAMOH ; = x; 3a BpeMs HaOmoneHus 1', OTHECEHHOE K pasMepy MPOEKLHMHU aTTPaKTopa Ha MIOCKOCTh
COOTBeTCTBYIONMUX KoopauHar [19]. KonnuecTBeHHBIE OIIEHKH TOYHOCTH CHHXPOHU3AINH OCITUILIATO-
poB aHcaMOIIs1, paccunTaHHbIe 10 Gopmyite (4) Ha uHaTepBane 1' = 15000, npexcrapneHs! Ha puc. 11.
W3 npuBeneHHBIX PE3YIbTaTOB CIEMYET, YTO 3aBUCMMOCTD A; j OT K IPEACTABIAET COO0H HEPEryIsp-
HBII MpoIIecC B LEJIOM CO CIafaromuM TpeHaoM. CIUIONIHBIE TOJICThIe JTUHUHN Ha puc. 11 sSBisroTcs
PE3YyJILTAaTOM CIIIAKMBAHUSA 3HAYEHUH A; ; C MCIONb30BaHKMEM anroputMa Capuukoro—Ioses, KoTopbie
0oJiee HAIVISTHO OTPAXKAIOT TEHIICHITUH B DBOJIOINH ONTHOOK CHHXPOHH3AIUH MIPH YBEIHMYCHUN CBSI3H.
W3 aHanm3a mpencTaBIeHHBIX PE3YJIbTAaTOB CIEAYET, YTO OIIUOKH CHHXPOHU3AIMH C POCTOM K CIAJaloT
HE MOHOTOHHO; A o M A3 4 yOBIBaroT; A1 o U A3 UIMEIOT MHHEMYMBI*. 3aMETHM, YTO yCHJICHUE CBA3eH
BIICUET YBEIMYEHHUE Pa3MEPOB aTTPAKTOPa, a TAKIKE MOXKET MPUBECTH K PETYISIPU3AIUU Xa0THIESCKUX
KoseOaHui OCUMILIATOPOB. B mocienneM ciydae HaOMOOAeTCs PEe3KOE YMEHBUICHHE 3HAYEHHH A, ;.
Ha puc. 11 peskue «mpoBaib» A; j, B 4ACTHOCTH, B pailoHe K = 2.26 00yCJIOBJIEHBI Peryispu3anuei
XA0TUIECKUX KOJIeOaHUH.

Hpyroii myTh yIrydieHus: CHHXpOHHU3AI[UN — W3MEHEHHE TUTIA CBA3eH, a UMEHHO OpTraHU3aIHs
CBSI3EH OCHMIUIITOPOB HE 1O MEPEMEHHOU T, a 10 CKOPOCTH € M3MeHeHus y. B aToMm ciywae ans nByx
CBSI3aHHBIX OCHMJUIATOPOB (2) MaTeMaTHdyecKkas MoAelb Oy[IeT HMeTh BUI

dzq diyy
E = Y1, E = 21,
le
e = V1 @1y a1z - Dy (1) — 2 P2(y1 — ¥2),
o, By ©
dzo

MQE = v2 — T3 — Y2 — €222 — Py (22) — K1 DP2(y2 — ¥1)-

PesynbraTsl 4ncieHHOTO SKCIIEpUMEHTa ¢ MOJETbIo (5) mpeacrasieHs! Ha puc. 12. Ha ocHoBanum
3TUX PE3YJIBTATOB MOXHO CHEJIaTh BBIBOA, YTO CBA3b OCHUILIATOPOB (2) IO KOOpAUHATE Y MO3BOJAET

*3HaueHust A1,3 ¥ Az 4 OIM3KH K 3HAYCHUAM A1 2 U A3 4, @ 3HAUCHUS A2 o U Ag,0 — K 3HAUCHUSIM A1 o U Az 9, COOTBET-
CTBEHHO.
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Puc. 12. IIpoekiuu arrpakTopoB cucteMsl (5) mpu y1 = 1.06, 1 = 1, pp = 2.1, y2 = 1.05, 2 = 0.96, po = 2.06, 1 = 10,
ﬁg = 10, K1 = 0.07, Ko = 0.2

Fig. 12. Projections of attractors of the (§) when y; = 1.06, €1 = 1, i1 = 2.1, y2 = 1.05, e2 = 0.96, u2 = 2.06, 1 = 10,
[32 = 10, K1 = 0.07, Ko = 0.2

JOCTHYb XOpOH.ICﬁ TOYHOCTU CUMHXPOHHU3AIIUN MOACIIUPYEMbBIX S9KOHOMUYCCKUX KosebaHuii B aHcamoOIe.
Tem He MeHee TaKOro THIIA CBS3b IJId p€alIbHBIX 3KOHOMUYCCKUX OCIHUIIIATOPOB INPECACTABIACTCA
MaHOpeaHHCTHqHOﬁ, MOCKOJIbKY U3MCPCHUC CKOpOCTCI\/'I Y U3MCHCHU SKOHOMHUYCCKUX MICPEMCHHBIX T
JJIg YIIPABJICHUSA OCHUIITIATOPAaMH CKOPEC BCETO MAJIOBEPOATHO WX IMPAKTUYCCKU HEBO3MOXKHO.

3akJoueHue

PaccMoTpena 3amada 0 CHHXPOHH3ALMK aHCAMOMS CBSI3aHHBIX XAOTHUYECKHX 3KOHOMUYECKHX
OCHMJIIATOPOB. Mozienb 5KOHOMHUYECKOTO OCHMIIIATOPA SIBISETCSA SHIAOTCHHOW TUHAMUYECKON MOZAENBIO,
MIOCTPOEHHOM Ha OCHOBE UAEH TEOpUHU CHUCTEM aBTOMAaTH4YeCKOro ympasieHus. KoneuHo, Takoro copra
o0mirie TMHAMHYeCKHe MOJIEH HeJb3sl HCIOIh30BAaTh IS MOTyYeHHs] KaKUX-TM00 KOHKPETHBIX SKOHO-
MHUYECKHX OIICHOK MM KOHKPETHBIX PEKOMEHAALNHN I PUHATUSA SKOHOMUYECKHUX pemeHnid. OqHaxo
TaKW€ MOZEIM TOJE3HbI I Pa3BUTUS JTMHAMHYECKUX TEOPHUM 3KOHOMUYECKHUX LUKJIOB, TEOPUH HX
TeHepalty, B3aUMOJICHCTBHSI, CHHXPOHHU3AIMH U T. I1. YHCIEHHBIE 3KCIIEPUMEHTBI C paccMaTpuBaeMoil
B pa0oTe MOJIEIbIO IPOJEMOHCTPUPOBAIN KAU€CTBEHHOE CXOICTBO FEHEPUPYEMBIX MOJIEIIbIO Xa0THE-
CKHX KoNleOaHUH ¢ peaJbHBIMH 9KOHOMHUYECKUMH KOJI€OaHUAMH, MIPEICTABICHHBIMY B JIUTEparype. Ycra-
HOBJIEHO, YTO MaJIbIil aHCAaMOJIb CBSI3aHHBIX SKOHOMHUYECKUX OCIIUIATOPOB IEMOHCTPUPYET MOSBICHUE
CHUHXPOHHM3AINH Xa0THYECKUX KOJIEeOaHUI IPU AOCTHKEHUH ONPEACICHHBIX BEIMYNH KO3()(HUIIMEHTOB
cBa3eil. g moayyeHHOW B YMCIEHHBIX SKCINEPUMEHTAaX CHUHXPOHHU3ALMM XAOTHYECKHUX KoyieOaHHi
XapaKTepHO HAJIM4YME 3aMETHOH OIIMOKY CUHXPOHM3ALMH, BEIMYMHA KOTOPOH CYIIECTBEHHO 3aBUCHUT
OT CHJIBI CBS3€YM MEXy OCLHULIATOPaMHU.
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Annomayusn. Ileny — MOCTPOCHUE MOJAENN PACIPOCTPaHEHHUS MH(EKINH B BHJE PEHIETKH BEPOSTHOCTHBIX KIICTOYHBIX
aBTOMATOB, yYHTHIBAIOIIEH MHEPIIMOHHBINA XapakTep nepenayn HHPEKINH MexX Iy 0coOsMH. BhIABIEHNE CBA3M MEXIy Mpo-
CTPAHCTBEHHOM ¥ BPEMEHHON AMHAMUKOW MOJENH B 3aBUCHMOCTH OT BEPOSTHOCTH MHUIPALlUU 0co0ei. Menoos: — ducieHHOe
MOJIETIMPOBaHUE CTOXAaCTHIECKOH NMHAMUKH PEHICTKU KJIETOUHBIX aBTOMaToB MetosoM MonTte-Kapio. Pesyrsmamet. Iloctpoe-
Ha MoguduimposanHas SIRS+V Mozens pacrpocTpaHeHHs SMHUAEMUN B BUAE PEUIETKH BEPOSTHOCTHBIX KIETOYHBIX aBTOMATOB.
OT cTaHgapTHBIX MOJIeNIeil OHa OTIIMYAETCs YUeTOM HHEPILIMOHHOTO XapaKkTepa Hpolecca nepenayd HHPEKIuu MexIy 0CoOsIMuU
MIOMYJISIIIMN, YTO PEATU3yeTCsl TIOCPEICTBOM BBEAEHHS B MOJIENb «areHTa-IIepeHOCUYHKay, B KaUeCTBE KOTOPOTO BBICTYIAIOT
BUPYCHI. BBISIBIEHO CXOACTBO M pa3nuine ANHAMUKH MOJIENH KJIETOYHBIX aBTOMATOB OT PaHEe MCCIIEOBAHHON MOJIETH CPETHETO
nonsti. Obcyoicoenue. Monenb B BUAE KIETOYHBIX aBTOMATOB IT03BOJISIET MCCIIEOBATh ITPOLECCHI PACIIPOCTPAHEHUs HHEKIMN
B IIOIYJISIIUK, B TOM YHCJIE W B YCIOBHAX HPOCTPAHCTBEHHO HEOJHOPOIHOTO pacHpeneneHus 3aboneBaHus. IlocmemHss
CHUTYyaIisl BO3HUKAET, €CIIH BEPOSITHOCTh MUTPAIlMU 0cO0EH He CIUIIKOM BenHka. [Ipu 3ToM BO3MOXHO Kak CyIIECTBEHHOE
HU3MEHEHHE KOJIMYECTBEHHBIX XapaKTePUCTUK IPOLIECCOB, TAK U BOZHUKHOBEHUE KaUE€CTBCHHO HOBBIX PEKHUMOB, TAKHX KaK
PEXKHM He3aTyXaloINX KOoJIeOaHHi.

Knwoueswte cnosa: nonynsunonHas quHamuka, SIRS-Mozaens, peleTku KIeTOYHbIX aBTOMATOB.
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Abstract. Purpose of this work is to construct a model of infection spread in the form of a lattice of probabilistic cellular
automata, which takes into account the inertial nature of infection transmission between individuals. Identification of the
relationship between the spatial and temporal dynamics of the model depending on the probability of migration of individuals.
Methods. The numerical simulation of stochastic dynamics of the lattice of cellular automata by the Monte Carlo method.
Results. A modified SIRS+V model of epidemic spread in the form of a lattice of probabilistic cellular automata is constructed.
It differs from standard models by taking into account the inertial nature of the transmission of infection between individuals
of the population, which is realized by introducing a “carrier agent” into the model, which viruses act as. The similarity and
difference between the dynamics of the cellular automata model and the previously studied mean field model are revealed.
Discussion. The model in the form of cellular automata allows us to study the processes of infection spread in the population,
including in conditions of spatially heterogeneous distribution of the disease. The latter situation occurs if the probability
of migration of individuals is not too high. At the same time, a significant change in the quantitative characteristics of the
processes is possible, as well as the emergence of qualitatively new modes, such as the regime of undamped oscillations.

Keywords: population dynamics, SIRS model, dynamical systems.
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BBenenue

[IpakTHdeckoe MpUMEHEHNE HETMHEHHOW JMHAMUKHA OCHOBAHO HA TIOCTPOCHUN MaTEMAaTHICCKUX
MOJIeNIe IPUPOAHBIX SBICHUN U TEXHUUECKUX YCTPONCTB, MO3BOJSIONINX TPEACKA3hIBATh UX TIOBEACHUE,
B TOM 4YHCIIC U NPU U3MEHEHHH BHEINHWX ycloBUi. OmMHON W3 MOAOOHBIX 3a]ad SBISCTCS MOJICIH-
pOBaHME TMPOLIECCOB PaclpOCTpaHEHUs dIUAeMUil HH(EKIIMOHHBIX 3a00JeBaHUil B OMOJIOTHYECKUX
nonynauusx [1-4].

Maremarudeckoe MOJIEIMPOBAaHNE SIUIEMHUH OCYIIECTBISAETCA Pa3HBIMU METOAMH: C TIOMOIIIBIO
aHaJIM3a BPEMEHHBIX PsiIoB [5], MOCTPOEHUsS PErpecCUOHHBIX [0] M aBTOpErpecCUOHHBIX [7] MoaesneH,
HCTIOJIb30BaHUS CUCTEM OOBIKHOBEHHBIX MU(depeHmanbibiXx ypasHenui (OAY) [8], ypaBHEHHH B YacT-
HBIX TTPOU3BOJIHBIX [9], a Takke penieTok kietouHbix aBTomaroB [10-13]. Knaccuueckum noaxoaom
K MOJETMPOBAHMIO SBISIETCS pa3OMeHNe MOMyIISIIUI Ha TPYIIIBI 0co0ei 1 ompesienieHne A HUX TPaBHil
B3aUMOJICHCTBHSI, U3 KOTOPBIX MOCPEICTBOM YCPEIHEHHS MOMYUYAIOTCS YPABHEHHUS JIJIsl HAOJI0IaeMbIX
KOJIMYECTBEHHBIX XapaKTePUCTUK 3a0oieBanus. [Ipumepom maHHOTO moaxoxaa sBisercs SIRS-Momenb,
npemtokernas B 1920-x romax Kepmakom 1 MakKenapukom [8]. B 3Toit Momenn momymsmuo pa30nBaroT
Ha TPH KJ1acca: 3M0pPOBHIX U BocpuuMYMBEIX (S — Susceptible), 6ompabIx (I — Infectious) u BeI3gOpO-
BeBmux (R — Recovered) oco0eit, u onmpenesnstoT Ui HUX MpaBHia B3aUMOJCHCTBHS (IPOUCXOISIINE
3a MHTEpBall BpeMeHu At):

e BCcTpeya BocpUUMYHUBON ocobu (.5) ¢ 3apakeHHOH (/) MPUBOAUT C BEPOSITHOCTHIO P K 3apaxe-

. P
HHUIO BOCTIPMUMYHBO#H ocodu: S + I — 21;
e 3aboineBmas ocoOb (/) ¢ BEpOIATHOCTHIO P, M3eUuBacTCs, MPUOOpeTasi MPU 3TOM UMMYHUTET

K TOCEIYIONMM 3apaxkeHusaM (R): [ L R;
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e uMMYyHHas 0coOb (R) ¢ BepOsSTHOCTBIO P53 yTpaunBaeT MMMYHHUTET, BO3BpaIas 0Co0b K BOCIIPHU-

uMUYUBOMY coctosiHuio (S): R s

Takum 00pa3oM, B IBOJIOLUN KaX]I0M 0COOM Mbl HAONIOJAaeM HUKINYESCKYIO IIETIOUKY MPEBPaIlCHUH
MEXy JHCKPETHHIM M KOHEYHBIM Habopom cocrostHmic S — I — R — S. OTcroma u Ha3BaHHe
na"nHoit Mozenu — SIRS. B SIRS-monenu ckopoCTh 3apaxeHusl ONpeAessieTcs] 4acTOTOM KOHTaKTOB
MEXly BOCTIPUUMYNBBIMHA M HHPHUIMPOBAHHBIMU OCOOSIMH. DTO IIPABUIIO OBIJIO BIEPBBIE MPEATIOKEHO
B pabore [14] U B manpHEWIIEM MIMPOKO UCTIONH30BAIOCh. OIHAKO OHO HE BCET/a aJeKBaTHO OMUCHIBACT
peasibHble MPOLECCH 3apPaXKEHUs, KOTOPhIE MOTYT XapaKTepU30BaThCs KaK HEIOKAIbHOCTBIO, TAK U HUHEP-
[IMOHHOCTBIO, YTO XapaKTepHO, HAIIPUMeEp, [UIsl PECITUPATOPHBIX BUPYCHBIX HH(EKINH, KOTAa BUPYC,
BEI3BIBAIOMIHIA 3apakeHIe, MOXKET JOCTATOYHO JOJITO CYIIECTBOBATH BHE OpraHU3Ma «Xo3sruHay. [losTomy
aKT 3apakKeHUS MOXET MPOUCXOANTH B OTPBIBE (BO BPEMEHHU U MPOCTPAHCTBE) OT HEMOCPEICTBEHHOTO
KOHTaKTa MeXy S u I ocobsamu. D10 TpeOyeT BHECEHUS B MOJIEIb JIOTIOJIHUTEILHOW HHEPIIMOHHO-
CTH, HAIIPUMEp, B BHUJE 3ala3abIBaroIIero aprymenra [15-17], wim, kak 3To ObIIO chenaHo B [18],
TP TIOMOIIIH JIOTIOTHUTEIIEHON MTePeMEHHOHN (M, COOTBETCTBEHHO, TOTIOTHUTEILHOTO YPaBHEHU).

B pa6ore [18] Obua mpemioskena Mmoguduxanus SIRS-monenu, B koTopoit nepeada HHPEKIUH
MIPOKUCXOUT OTIOCPEIOBAHHO, 33 CYET B3AMMOJICHCTBHS BOCIIPUUMYHBOI 0COOU C areHTOM-IIEPEHO CUUKOM,
B KayecTBE KOTOPOTO BBICTYNAIOT BUPYCHL. DTy MOJENb B JaibHeiniem OymeM HaszwiBaTh SIRS+V
Mopenbio. SIRS+V sBrsieTcst MOAEThIO B3aUMOCHCTBUS IBYX CHCTEM: MO 0COOCH M TOMyIISIIAN
BHPYCOB, KaXKIast U3 KOTOPBIX *KHUBET 10 CBOMM 3aKkoHaMm. Ocobu — 310 000c0o0IeHHbIE HHANBUIYYMBI,
COCTOSIHUE KOTOPBIX MEHSETCS TUCKPETHBIM 00pa30oM, TOrna Kak BUPYChl POPMUPYIOT Kak Obl BHEIIIHEE
ToJie, BO3JEHCTBYOIIEe Ha 0COOEH 1 MPHUBOAAIICE K N3MEHEHHIO X COCTOSIHHUS — 3apakKeHUIO.

Panee, B padore [18] SIRS+V Monens Obi1a nccnenoana npu momontu cuctemsr OJY (To ecTh
B IPUOTMKCHUU CPEAHETO TTOJISI) M MPOJIEMOHCTPUPOBAJIa KAYECTBEHHOE COOTBETCTBUE C JTUHAMUKOH
pealbHBIX MUAEMHUYSCKUX MporieccoB. OHAKO TPUOIMKEHUE CPEIIHETO MO SBJISACTCS BEChMa rpy0ooi
uaeanu3anuei A SNUAEMHUYECKIX MPOLECCOB, MOCKOIbKY MPOCTPAHCTBEHHAS! HEOJHOPOAHOCTh MOXKET
SIBIIATBCA M1 HUX omnpeaesomuM (axtopoM. [loaToMy B HacTOAIIEM WCCIETOBAHWHA MBI PEIIFITH
MCCIIeIOBaTh 3Ty MOJEIb METOJIOM 8€POAMHOCIHbIX Kiemounblx aemomamos (BKA), koTopsie mo3Bos-
0T IMUTHUPOBATh MPOLECCHI 3apayKEHUSI/BBI3IOPOBIICHUS HA YPOBHE OTACIBHBIX 0COOCH, YUUTHIBAS MX
BEPOATHOCTHBINA XapakTep, a TAKKe HCCIEA0BaTh BOZHUKAIOIIKE MPOCTPAHCTBEHHBIE CTPYKTYPHL.

Kirerounsim aBToMaToM (KA) Ha3piBaeTcs cuctema (KieTka), oOamaromas KOHSYHBIM HabopoM
COCTOSIHUH, TEPEKITIOUCHIS MEXIY KOTOPHIMH TPOUCXOIAT JUCKPETHO BO BPEMEHHU IO 3aJaHHOMY
3akony [19,20]. Ecnu 3akoH U3MEHEHMs COCTOSHUN KIETKH MPEACTABISET OO0 CTOXacTUYeCKUi
MapKOBCKH mporecc, To Takoid KA Ha3biBaeTCs BEpOSTHOCTHBIM, B POTUBHOM CIy4yae — JCTEPMUHU-
poBaHHBIM. KileTouHbIE aBTOMATHI, KaK MPaBHIIO, OOBEIUHSIOT B CETH (peulIeTKH). PemeTkn KiIeTouHbIx
aBroMatroB (PKA) sBISIOTCS MONIHBEIM CPEIICTBOM MOIEITHPOBAHUS (HU3MICCKHUX IPOIIECCOB B pac-
MIPEACIICHHBIX CUCTEMAaX, MO3BOJISIS MONIYIUTh UX BPEMEHHYIO M MPOCTPAHCTBEHHYIO TUHAMHUKY [21].
B Hux HaOmonaroTcs XapakTepHbIC IS JUHAMUYECKUX CHCTEM KOJIeOaTeIbHbIC U BOJHOBBIC SIBICHUS:
MIepUOINYECKUE, KBA3UIICPUOANUCCKUE W XaOTHIEeCKHe KojieOaHus [22,23], pacnpocTpaHeHUe BOJTH
Y BOJTHOBBIX (pOHTOB [24].

Monenun BKA umeror npeumymiecto nepen OY, MOCKOIbKY TO3BONISIIOT pacCMaTpHUBaTh IPO-
CTPAHCTBEHHO HEOJHOPOIHBIC MPOLIECCHl 3a00€BaHUS U MO3BOJISIOT UCCIEAOBATh POJIb MUTPALIMOHHBIX
mporieccoB Ha xox 0ose3nu. Hampumep, B padotax [10,25] 6pUT0 MOKa3aHO, YTO MCIOIB30BAHKIE MO-
IleTieit CpemHeTo TOoJs ONPABIaHO JIUIIH MTPH BEICOKOH MHTpAITUH 0CO0eH, KOTJa MMPOUCXOINT CHIIBHOE
nepeMernBanie HHQUIIMPOBAHHBIX 0cobeil B mpocTpancTre. [Ipu cnaboit Murpamum, Korna HHQEKIUs
HOCHUT O4YaroBbId xapakTep, npeackazanus moaeneit OY u BKA cunsho pacxomstcs. Bnocneactsuu
STOT BBIBOJ MOJYYMJI MOATBEepkAcHUE B padore [12]. B pabore [11] meTtoq BKA 6bl1 ucmonbp3oBan
IUTST OITEHKH POJTM BAaKITMHAIIMK Ha MPOIIECCHI Pa3BUTHsI dIUAeMUN. Bo Bcex aTuxX paboTax Momemupo-
BaHHUE MIPOBOJMIIOCH HA OCHOBE Kiaccuueckoro anroputMa SIRS. B HacTosmeM ncciaenoBaHUN METO
BEPOSATHOCTHBIX KJIETOYHBIX aBTOMATOB MpUMeHseTcst At MoauduimpoBannoro SIRS+V anropurma.
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1. SIRS+V mopens pacnpocTpaHeHusl HH(EKIHOHHBIX 32001 eBaHUI

Kak 6b10 cka3aHo Bble, B ctangapTHoi SIRS-mMonenu akt 3apa)keHHs ONMCBHIBACTCS KaK pe-
3yJBTaT JOKAJIbHOTO KOHTakTa S U I ocobeit: S + I — 21. OqHako Ha MPaKTHKE 3apaKeHHE MOXKET
MPOUCXOOUTE U OMOCPEN0BaHHO, O3 HEMOCPEACTBEHHOIO B3auMOAEHCTBUS ocobell. B Momudunuposan-
HOW CHCTeMe TpeJyIaraeTcss IMEHHO TakKas CXeMa 3apakeHHs, OCHOBAHHAs Ha B3aWMOACUCTBUH 0cobeit
C BUPYCHBIMHU YacTHLIAMH, 0003HadaeMbIMH Jasiee kKak V. B atoil cxeme GonbHas 0co0b (I) BeICTymaeT
reHeparopoM BupycoB (1), kotopsle BeiencTeue Tudy3nn pacrpoCTpaHsIOTCsl B MPOCTPAHCTBE, 3a-

P (v
pakasi BOCHPpUUMUHUBEIX ocobeit (S) : S i) 1. Takum o6pazom, BMecTo ctanaaptHoit SIRS-monenu

OyZeT MCIoNb30BaHa JAByXKOMIIOHEHTHAst (0COOHM + BUPYCHI) MOIENb: S PS) ) I B3 RS B et
YUYTEHO, YTO BEPOATHOCTD 3apaskeHusl P’} 3aBUCUT OT KOHLIEHTPAllMU BUPYCOB (V) B MECTE HAXOXKACHUS
ocobu. dyukuus P;(v), cnenys [18], BoiOpana B Buzne: P (v) = 1 — exp (—aw), e a > 0 — ¢akrop,
XapakTepU3YIONIHHA 3apaXkarollyro CIIocOOHOCTh BUPYCOB. BepoarHoctu P» n Ps pencTaBisioT co0oi
KOHCTAHTHI, BEJIMYMHBI KOTOPBIX XapaKTEePHU3YIOT CPEAHHE MPOAOIDKUTEIBHOCTH OOJIE3HH M MOTEPU
MMMYHHTETA (M3MEPEHHBIE B KOJTMYECTBE DJIEMEHTAPHBIX HHTEPBANIOB At): Ty = P, 1 cpemmsist mpo-
JOJKMTEIBEHOCTD 3a00/1eBaHus (TaK Ha3bIBAEMbIH «1EpHO HHOULIMPOBAHUA»), T3 = Py 1 cpennsa
JUTNTENIFHOCTh UIMMYHHTETA.

B SIRS+V Monenu AMHaMUKa BUPYCHBIX YaCTHI MPUHLUMIHAIBLHO OTIMYAETCS OT IOBEACHUS
ocoOeit momymsanuu. [locnennne npeacTaBIsaioT cOO0H YaCTHIIBI C JUCKPETHBIM HAaOOPOM COCTOSTHHH
{S, 1, R}, mepexofibl M1y KOTOPHIMH SIBISIFOTCS CITy9ailHBIME COOBITHSIMU U XapaKTePU3YIOTCS CBOUMH
3HaueHHsMU BeposTHoctel (Py, k = 1,2, 3). Kpome Toro, nmonaraem, 4to Kaxoi u3 ocodeit Tpedyercs
HEKOTOPBIH apean oOuTaHus (Ha30BEM €ro 21eMeHMApHOU AUeliKoll), BCIEICTBUE YeTo YUCIO ocobeit
B KOHEYHOH OOJIACTH OTpaHHYCHO YHCIIOM 3JIEMEHTapHBIX syeek N. B ImpOTHBOMONOKHOCTE STOMY
BHPYCHBIE YaCTHIIBI MOTYT HAKaIUITMBATHCSA B KaXKIOM TOYKE MPOCTPAHCTBA, TIOPTOMY HX KOJIHYECTBO
CTIOCOBHO MPHHUMATH TIPOU3BOJIBHBIE HEOTPHUIIATENbHbIE 3HAYCHHUSA .

IIpeBpaienus, Npou3oMIeAIINE B KaXKI0M AIEMEHTAPHOU sYelKe NPOCTPaHCTBA 3a BpeMs Af,
MIPEACTABISIOTCS B BUJE CICIYIOMICH CXEMBbI:

g W g
I B R (1)
I
I — I+oV )

V - (1-wV,

/e TIEPBBIC TP PEAKIIMH OMUCHIBAIOT YK€ PACCMOTPEHHYIO BBIIIe MOAU(UIIMPOBaHHYIO cxemy SIRS,
a JIBe MOCJCIHUE 3aal0T 3aKOH U3MCHEHHUS BUPYCOB:

e 3apaxxeHHas 0cobb (/) reHepupyer 0 BUpycHBIX dacTuil (V);

® YaCTh BHPYCOB (L) HHAKTUBUPYETCS.
[MapaMeTpbl 0 U L 33JAI0T CKOPOCTH TPOU3BOJICTBA U yAalieHHsI BUPYcoB. [1epBbIil U3 HUX ompesens-
€TCsl CTOCOOHOCTBI0 BUPYCOB Pa3MHOXKATHCS BHYTPU OpPraHU3Ma-X03sIMHA, a BEJIMYMHA, OOpaTHas K U,
omnpeeNsIeT XapaKTepHOe BpeMs CYIIIECTBOBaHMs BUPYCa BHE OpraHM3Ma 3apayKeHHOH 0CcoOu.

IIpu paccMOTPEHUH TPOIIECCOB PACTIPOCTPAHCHHUS SIHIEMHUHA OCHOBHON WHTEPEC MPEICTABISICT

He IMHAMHUKA WHIMBUIYaIbHBIX 0c00ei, a m3menenne nx komumaectB Ny (k € {S, I, R}). Ilpu uccreno-
BaHWH MOJIENIH BMECTO BelMUMH N yI0OHO HCIOIb30BaTh HX OTHOCHTEIbHBIC 3HaYeHus: s = Ng/N,

! TTicKpeTHBIM XapakTepoM JHCIa BHPYCOB MOKHO MPEHeOpeUb, TTOCKOIBKY OHO HECOMOCTABHMO OFPOMHO MO CPABHEHHMIO
C YHCIIOM 0COO€ii.

Ulabynun A. B.
274 W3Bectus By3os. [TH/, 2023, T. 31, Ne 3



i = Nj/N,r = Ngr/N, xotopbie OyaeM Ha3bIBaTh IIOTHOCTAMHU (KOHIICHTPAIUSIMH) COOTBETCTBYOIIHX
rpyni ocobeil. B cuity Hen3aMeHHOCTH 0OIIel YHCIEHHOCTH MOMYISLUU CyMMa S+ %+7 €CTh IIOCTOSIHHOE
3HAYeHHE — IUIOTHOCTH HACENICHMs MOMyIsnun, o0o3Hauaemas fanee kak C'.

ITomumo peaxuuil, N3MEHSIOMNX YUCICHHOCTH 0CO0EH U BUPYCOB, BAsKHYIO POJIb UTPAIOT IPOLEC-
CBl, MEHSIOIIME UX pacIpesiesieHue B MPocTpaHCcTBe — Murpanus. [lon Murpanueil noHuMaeM ciydaiiHble
W3MEHEHHs 0COOSMH CBOMX MPOCTPAHCTBEHHBIX KOOPAWHAT (110g00H0 A ¢y3nu OpOYHOBCKHX YACTHIY),
B pe3y/bTare 4ero Kaxxaas u3 0coOell He3aBUCHMO OT cBoero coctosiHust {S, I, R} mepememiaercs
B IIPOM3BOJIPHOM HAIIPaBJIEHWH M Ha MPOU3BOJBHOE PACCTOSHHE. MHUTpanus HE BIUSET HAMPIMYIO
Ha BeJIMYMHBI Ni, OJHAKO MOXKET BIMSATH Ha HUX KOCBEHHO, Y€pe3 M3MEHEHHE MPOCTPAaHCTBEHHOIO
pacnpenenenust ocobeit. [Iporecc Murpanuu BeneT K MOCTEIIEHHOMY TTEPEMEIINBAHUIO0 0CO0EH pa3HBIX
BUJIOB B IPOCTpaHCTBE. {11 BUPYCOB MUTpALysl ONperiesieHa B BUIE JIOKaIbHON Anddy3nu, npu KOTOpoi
CYIIECTBYET «TOK BUPYCOB» M3 MECT C BBHICOKOH KOHIIEHTpaIMeH B coceqHue 00IacTu ¢ Oonee HU3KOMH
KOHIIEHTpaIueH.

2. SIRS+V mogesib B Buje pellieTKH KJeTOYHbIX aBTOMATOB

OBomronys OMMHOYHON ocobw, 3amaBaemas cucteMoil (1), (5), mpencrasnser co60i TOTOBBIN
HaOop mpaBwI I (YHKIIMOHHPOBAHHUS BEPOSTHOCTHOTO KJIETOYHOTO aBToMara. COOTBETCTBEHHO,
TOTYJSIHS 0CO0EH MOXKET OBITH ONHCaHa B BUIC aHCAMOJIS TaKWX aBTOMATOB. 3a/1a]liiM aHCaMOJIb B BHJIE
KBaJpaTHOIi pemerkn (Marpuisl) M, pasmepoM L X L KIETOK, KaX/as W3 KOTOPBIX COOTBETCTBYET
JIEMEHTapHO# stueiike momyssiuu. KiieTka MoykeT npuHUMaTh ofHO u3 3Hadenuil {S, I, R, F'}, nepsbie
TPHU U3 KOTOPBIX COOTBETCTBYIOT COCTOSTHHIO 3aHHMaeMoi ero ocobwu, a nociennee (Empty) — mycroit
sueiike. Takum o6pa3om, obiee uncio kietok N = L2 ompesenser MakCHMANbHYIO eMKOCTh TIOMYJISIIHH,
a OTHOCHTEIBHOE YHCIIO «HEMyCThIX» KIETOK — BBeACHHBIN paHee mapamerp C. [TonoxeHne KIETKH
B pelIeTKe WACHTHU(QHUUUpPYETCS IBYMs MHACKCAMHU: { — HOMEPOM CTPOKH M j — HOMEpPOM cTojOma
MaTpHIIBI, KOTOPBIE aCCOIMAPYIOTCS C MTPOCTPAHCTBEHHBIMHU KOOPAMHATaMH. TakuM 00pa3oM, COCTOSIHUE
KJeTok pemetku M; ; (7,5 = 1,..., L) 3a1aeT npoCTpaHCTBEHHOE paclpe/ieieHnue MOMyIA1H.

DBOITIOUS PEIIETKH KJIETOYHBIX aBTOMATOB COBEPIIAETCS U3 HAYATFHOTO COCTOSHHS My B xone
MOCIIEIOBATENbHOCTH HTEPALUi

M(t+1) = F(M(),V(t)) (3)

C IHUCKPETHBIM BpeMeHeM i, rae F' — croxacTuueckuil omepaTtop, peaiusyrommuit cxemsl (1), (5),
vV — Matpura L x L, 3amaroniasi IpoCTPaHCTBEHHOE paclpe/ieicHIe BUPYCcOB. YpaBHeHuE (3) HEeoOXo-
JIUMO JIOTIOJTHUTh YpaBHEHUEM IS V(t). 3anuieM ero B BUJE peuieTKH AU(PGY3HOHHO CBI3aHHBIX
0TOOpaXKCHUIA

Vij(t+1) = gij(t) + %(giq,j(t) + giv1,5(t) + gij—1(t) + gij+1(t) — 4Qz‘,j(t))7 4)

e g; j — QYyHKUMS, ONUCHIBAIOIIAS PEAKIIUK CXEMBI (2) B KaXJOH TOYKE NPOCTPAHCTBA

9ij = Vij — Wi + oh(M, ),
17 Mi7j = Ia

A R YA
y [ 3

ciiaraeMoe B CKOOKaX IMpeACTaBIseT cOO0N ANCKPETHBIH aHalor AByMepHoro oneparopa V (cm. [27,28]);
v € [0 : 0.8] — koadpdunuent audpdy3noHHOHN CBA3M.
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3. AJIFOPPITM YUCJTCHHOT0O MOI€CJIMPOBaAHNSA

JUist HAXOXKICHHS! TpaeKTopuH M (t),t =0,1,... HeOOXOMUMO HANTH YHUCICHHOE PEIICHUE CH-
cteMsl (3), (4). Otobpaxkenue (4) pemaercs HEMOCPEIACTBEHHBIM UTCPUPOBAHUEM, a JIJIST HAXOXKICHIS
muHamuku PKA (3) ucnone3yercs cieayromuii METo: Ha KaXKJOM Illare AUCKPETHOTO BPEMEHH ¢ ompe-
JEISAIOTCS TEKyIIUe COCTOSHUSA BCeX [V DJIEMEHTOB pemeTku M j, OCiIe 4ero OHU TpaHC(HOpMUPYIOTCS,
COIVIACHO IpaBWJIaM peakiui cxemsl (1).

(a) Ecmm M; ; = S, cocTosHIE MCXOITHON KIETKH C BePOATHOCTBIO P (v; ;) Tpanchopmupyercs B 1.
Takum 006pa3zoM peanusyercs cilydaiiHoe cOOBITHE 3apaskeHus.

(6) Ecmu M;; = I, cocTosHMe MCXOQHOH KJIETKU C BEPOATHOCTBIO I Tpancdopmupyercsa B R,
TO €CTh PEANTNU3YETCsI COOBITHE H3JICUCHHUS.

(8) Ecmu M;; = R, cOCTOSHHE MCXOIAHOH KIETKH C BEPOATHOCTbIO F3 TpaHc(hopmupyercs B S,
TO €CTh IIPOUCXOAUT IOTEPSI IMMYHHUTETa M BO3BPAT K UCXOIAHOMY COCTOSHHIO.

Tpancdopmaruu (a) — (B) MPOU3BOAATCS B CIIyYaiHOM MOPSAIKE U peau3yIOT MOJEIHMPOBAaHHE TIPOLIECCOB,
CBSI3aHHBIX C 3a00JICBaHHUEM.

[Momumo Hux, B auHamuke PKA mpucyTcTByeT Murpanusi — ciy4aiiHoe U3MEHEHHE 0COOIMU
CBOMX NPOCTPAHCTBEHHBIX KOOPAWHAT. Pe3ymprar Takoro mepeMerieHus MOXKET OBITH MPE/CTaBICH
B BUJE peakuuu 11o6ansHoi anddys3un, Ipu KOTOPOil [Be YacTHLbI, 3aHUMAIOIIUE pa3HbIe KICTKH,

MCHAKTCA MECTaMHU
P,

X &Y. ()
3nece X n'Y — ocoOu mpou3BOILHOTO BUAA, BKIIOYAs «BaKaHCHIO», TO €CTh MYCTYIO siueiKy; P, —
BEPOATHOCT.

Peanu3zys mar 3a maroM OmnMCaHHBIN aJTOpPUTM, MOJydaeM 3Boitonuio pemetku BKA B Buze
3aBHCUMOCTH OT BpemeHH Marpuisl M. Ha puc. 1 nmpuBeneH npuMep OJHOBPEMEHHBIX «CHHUMKOBY»

T e LTS Jr ‘ ‘ ‘ 1 y
mipel ke . Y
; iy A b ¥ -
80 .
60
40!
.-."‘1..]- 201
i;;r,':fj'-,:-'.l_.]_?-i.ﬂl- Ly R | Dol .
R A
o F TR, S I 5 | 2 i | | | 3 ‘
20 40 60 80 i 20 40 60 8 i
a b

Puc. 1. IIpocTpaHCTBEHHOE paclpeeieHUe MO PelIeTKe: a — 0co0el (COCTOHIE 0COOM OTMEUCHO IIBETOM: «S» — KPACHBIH,
«I» — 4epHnsblii, «R» — cuHUil) 1 b — BUPYCOB (KOHLECHTPALIU BUPYCOB OTMEUCHA OTTCHKAMH CEPOTO: YeM TEMHEE IIBET, TEM
BbIIIIE KOHLIEHTpauus) (IBET OHJIAMH)

Fig. 1. Spatial distribution on the grid: @ — of individuals (the state of the individual is marked with the color: «S» — red,
«I» — black, «R» — blue) and b — viruses (the concentration of viruses is marked with shades of gray: the darker the color,
the higher the concentration) (color online)
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MaTpHil MuV JUTS 3Ha9eHu# mapameTpoB: oo = 1, P, = 0.1, P3 =0.0033, 0 = 0.7, u=0.3,y = 0.82
u P, = 0.0001. 3gecs MbI HaOIIOMaeM BBICOKYIO KOPPEIAIHAIO B pacipeelieHny O0IBHBIX 0co0ei 1
pacrpeelieHi BUPYCOB, KOTOpasi COXpaHIeTCs U B JAPYTHUX choydasx. BciencrtBue BEpOATHOCTHOTO
XapakTepa KICTOYHBIX aBTOMATOB 3aBHCHMOCTH )V (t)m V(t) SBJISIFOTCS CIy9aliHBIMA (YHKIUSIMH BpeMe-
HU. OTHAKO TIOCIIe YCPEIHEHHS 110 aHCAMOIIIO KIIETOK MPU OONBIIOM N OTHOCHUTEIIbHBIE KOHIICHTPALIUU
0Cc00€el Ka)kIoro BUaa

_ Nk ’
= (©)
(K € {S,I, R}) GynyT npenctaBisiTh co00i IeTepMUHUPOBAHHbIC BEIMIUHBI. VIMECHHO OHH M paccMar-
PUBAIOTCS B UCCIICIOBAHUU.

k

4. CpaBHenne pemieTkn BKA ¢ moenbio cpeaHero moJis

B npubmmwkennn cpennero nonst SIRS+V moznens (1) onuceiBaercs: cucteMoil 0OBIKHOBEHHBIX
nudbepeHIMaNbHBIX YPaBHEHUH, YIPaBISIONINX U3MCHEHHEM KOHIEHTpanuit ocobeit (i = Nj/N,
r = Ngr/N) u BupycoB (v = Ny /N):

i=P)(C—i—r)— Py, (7)
r= PQi — P3T‘,

U = 01 — Uv.

Uccnenoanue, mpoBeneHHOe B padote [18], mokazano, 9To eMIMHCTBEHHBIM aTTPaKTOpoM (a3oBOTO
npocTpaHcTBa (7) SBISETCS COCTOSIHUE paBHOBECHS THIIA ycToHuMBoro ¢okyca. Ilostomy passurue
SMUJIEMHUH CTPEMHUTCS CO BPEMEHEM K CTAllMOHAPHOMY COCTOSHHIO, KOTOPO€ TP THIWYHBIX 3HAYEHHUIX
apaMeTpoB COOTBETCTBYET HEBBICOKOMY YPOBHIO OTHOCHTENIBHOrO ymcia 3abonepumx C; = i/C.
Onnako Ha HadalbHOM dTare 3aboneBaHusi HaOmonaroTcs konebGanus C;(t) OONBIION aMIUTHTYIbI,
B XOJIe KOTOPBIX YMCJIO 3a00NEBIINX AOCTUTAET 3HAYCHUH, COIIOCTABUMBIX C OOIIEH YMCICHHOCTBIO
nomyssiuu. Hackonbko pesynsratsl, nomydennsle anst OY, Oyayt nabmromatecsi B Mopenun BKA?
Kaxk m3BecTHO, MOJIETTH CPEAHETO MO CTPO- C B
UTCS B NIPENIIONOKECHUN PAaBHOMEPHOTO TIPOCTPaH- i — ]
CTBEHHOTO pacIpeieNieH sl BUPYCOB U 0co0eit, uto 0.5 H
JOCTHTaeTCsl B YCIOBUIX CHIIBHOTO MEpEeMeIIBa- -
Hus nociennux. Iostomy npu P, ~ 1 o6e mo- 04
JIeJIN TIPEIOIOKUTENIBHO TOJKHBI JaBaTh OIu3- W
Kue pe3ynbTaTsl. UToOBI MPOBEPUTH 3TO Mpen-
ToJO)KeHHne, cpaBHuM Tpaektopun Cj(t) obenx ),
MoJieJIel, cTapTyIole U3 OJUHAKOBBIX Hadallb- |
HBIX YCIIOBUH M NPU PAaBHBIX 3HAYECHUSAX BceX (.1 {f |
napamerpoB; B Monenu BKA Oyzem ucmonb3o- \

0.3 Hi

i
BRI

B

BaTh MOJHOE TepementuBanue ocobeit (P, = 1). 0 ‘100‘ 200 300 200 5(‘); 500 700" 8‘00?79(‘)0‘ 7
Kak NOKa3bIBaIOT pacyueThl, 00 MOJETU AT
ONM3KHe pe3yNbTaThl, IPUMEPHI KOTOPBIX MOKa-

Puc. 2. 3aBHCHMOCTH OT BPEMEHH OTHOCHTEIBHON KOHLIEHTPa-

uuu 3aboneBuinx B Mojeisax cpeasero noist (ODE) u kinerou-
3aHbl Ha pUC. 2. 37€Ch MBI BUIUM IMOYTH MON- v aproMaTon (CAN) 1ipu Py, = 1 (user omnaiis)

HOE COBMa/ICHHE BPEMCHHBIX 3aBHCcnMocTeit (t) Fig. 2. Time dependence of the relative concentration of the

AHaNOrHYHOE COOTBETCTBUE HAOMIONACTCA U Sl discased in the mean field (ODE) and cellular automata (CAN)
JIPYTHX 3HAYEHHAX MapaMeTpoB cucTeMbl (7). models at P, = 1 (color online)

2Z[aHHBIe 3HAUCHUS IMapaMETpPOB 6yI[yT HCIIOJIb30BaHbI U JaJIcC.
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Takum 006pa3oM, MOKHO 3aKIIIOUUTh, YTO MIPU BHICOKOH MUTPAIMU HACEJICHHSI MOJEIb CPEIHETO OIS
a/IeKBaTHO ONMCHIBACT TMHAMUKY 3a00JIEBaHUS U HET HEOOXOMMMOCTH B NPUBJICUCHUH O0Jiee CIOKHON
monenn BKA. OnnHako npu MeHbllel MUTpanuu (UM €€ OTCYTCTBUH), YCIOBUE MPOCTPAHCTBEHHOM
OIHOPOIHOCTHU paclpeiesIeHUs] BUPYCOB U 0CO0€H mepecTaeT BBIIOIHATHCS, YTO, OUEBUIHO, TOJDKHO
NPUBOINUTE K PACXOXKACHHIO B MOBECHUH 00enx Moneneid. Kak mokasaHo HiKe, IpH HEMOJIHOM IepeMe-
[IMBaHUM HAOIONAETCS KaYeCTBEHHOE CXOJCTBO JUHAMHUKH 00€UX MOJIENel MPH HX KOJINISCTBEHHOM
pacxoxaenun. Kpome Toro, mpu oTCyTCTBUH HEPEMEILNBAHUS BOZMOKHO CYIIECTBOBAHUE Ka4eCTBEHHO
HOBBIX peXUMOB. PaccmorpuM Gonee monpoOHo, kakue 3¢ ¢heKTsl HaOIIOMaI0TCs B IPOCTPAHCTBEHHO
HEOIHOPOIHOH cpere.

5. Ilnnamuka 3a060/1eBaHusl IPH U3MEHEHUH MUTPALUH

bynem mccnenoBars, Kak MeHseTcss nuHaMuka BKA monenn npu yMEHBIIEHHH BEPOSTHOCTH
murpanuu ocodeit or P, = 1 o P, = 0, 4TO COOTBETCTBYET yXOAy OT YCJIOBHUS PaBHOMEPHOTO
pacrtipeneseHus ocodeil B mpocTpaHCTBe. B kauecTBe HauanbHBIX YCIOBHIA BBIOEpPEM 3apakeHHeE 3I0POBOH
MOMYJSIMM TIPH NPOHWKHOBEHMH B Hee OOHOW MHGHUIMpoBaHHOW ocobu. B momenn BKA stomy
COOTBETCTBYET pelleTKa, 3al0JHeHHAs S-KJIeTKaMU C 3aJ]aHHOW KOHIeHTpanuel C, B IEHTP KOTOPOH
nomenieHa oxHa I-knetka. B xone monenupoBanus PKA OyneM paccuuThIBaTh BpEMEHHBIE Pealn3aliu
JUIsL OTHOCHTENBLHBIX KOHIIEHTPAIHi 3apakeHHbIX 0co0eit C;(t); Ipu 9TOM MHTEPEC MPEACTABISIET KaK
JUHAMUKa [IEPEXOJHOr0 Mpoliecca, TaKk U yCTAHOBUBIIMICA PEXXHUM NP T — 00.

[Tosy4yeHHbIe B pe3yJIbTare YMCICHHOTO HecienoBanus 3aBucumoctu C; (t) pUBe/IeHBI HA PHC. 3, d.
Kak BugHO n3 rpadukos, npu P, > 0 pa3BUTHE 3IUAEMHH IPOXOAUT IO TOMY € KaueCTBEHHOMY
CLIEHApHIO, YTO U B MOJEIU CPENHETO MOJs, TO €CTh YEPE3 MOCIEN0BATEIBHOCTD YMEHBIIAKIIUXCS 110
BEJIMYMHE «BOJIH 3apPaKCHUs» U TEPEX0/l K CTALMOHAPHOMY COCTOSIHUIO: g = limy_, o, i(%). [Ipu aTOM
HUTOTOBOE CTALMOHAPHOE 3HAYEHHUS {g HE 3aBUCUT OT MHTEHCHUBHOCTU MWIPAlMU U COBIAJAET C KO-
OpAMHATaMU COCTOSIHUSI paBHOBecHsl B mozenu cpenHero noss (7). OnHako BenuunHa P, BIuseT
Ha XapaKTepHUCTUKH MEPEXOIHOIO0 IMpoliecca K cTalluoHapHOMY cocTostHMio. Kak BuaHo u3 puc. 3, a,
YMEHBIICHUE MUTPALUU BEACT K CYLIECTBEHHOMY IMOHMKCHUIO aMIUIUTY/bl IEPBON «BOJIHBI 3apaXKCHUS
c Ci(l) ~ 0.5 (Ci(m) — MaKCHUMaJIbHBIH OTHOCUTENBHBIH YPOBEHb 3a00JEBIIMX B XOIE M-H BOJIHBI

1
3apaxenwst) npu P, ~ 1 1o Ci( )~ 0.1 mpu P, ~ 0.001. [Ipu 3TOM CymIecTBEHHOTO M3MEHEHHS
aMIUTUTYBI BTOPOI M MOCTENYIOMUX «BOJIH 3apakeHHus» He HaOmomaercs. ['paduku 3aBucumocTeit

G Gy ]
05 o i 0.6
s P, =001

[ ~—a P, =0.001 ’ 0.5+ 7
0.4]- - , 1

Ll ] 041 =
0.3~ B I |

[ | 03+ .
0.2- ] 02+ 1
0.1 - 0.1 i

a 0 200 400 600 800 t b 0 2000 4000 6000 8000 4

Puc. 3. lunamuka monenu BKA s pasHbIX 3Ha4eHUH MapaMeTpa MUTpaluu (a) U Ipu OTCYyTCTBUU Murpanuu (b) (uset
OHJIalH)

Fig. 3. Dynamics of the PCA model for different values of the migration parameter (@) and at the absence of migration ()
(color online)
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Puc. 4. a — 3aBUCEMOCTb MaKCHMabHOTO YPOBHS MEPBOH (Ci( >) U BTOPOH (Ci( )) BOJIH 3apaXkeHUst oT Pp,; b — 3aBUCHMOCTH
JUIMTENIBHOCTH NIEPBOM BOJIHBI 3apasKeHUs (At“)) U MHTEepBajla MEX]y NIepBOH U BTOPOH BOJIHAMHU 3apaxeHus (Ati—2) oT Pp,
(uBet oHuaiin)

Fig. 4. a — Dependence of the maximum level of the first (Ci(l)) and the second (C’i(Q)) infection waves on P,,; b — dependence
of the duration of the first infection wave (At!)) and the interval between the first and the second waves of infection (At; o)
from P,, (color online)

Ci(l)(Pm) " CZ-(2)(Pm) oToOpaXkeHbl Ha puc. 4, a. 31eCh MBI BHIUM, YTO aMILUTUTYA MEPBON BOJIHBI
pacTer ¢ yBenuueHueM P, TOUTH 10 JIorapu(pMHYECKOMY 3aKOHY, BIUIOTh 10 P, ~ 0.4; mocne dero
OHA CTa0WJIM3UPYETCS Ha IOCTOSIHHOM ypoBHE. UTo KacaeTcsi aMIUIMTYAbI BTOPOIl BOJIHBI, TO OHA MTOYTH
HE 3aBHCUT OT BEJIMYMHBI MUrpanuu. Poct P,,, MOMUMO BIMSHHS Ha aMIUTUTYdy, BEICT K M3MEHE-
HHIO BPEMEHHBIX XapaKTEPUCTUK IEPEXOJAHOI0 IPOLECCA: «CYKEHUIO» IEPBOX BOJIHBI C At ~ 100
10 At ~ 16 u K yMEHBIICHHIO CPEHEro HHTEPBANA MEXIy IOCICIOBATCIbHBIME BOTHAMH 3a-
paxeHus oT Atj_g ~ 470 no Atj_o ~ 140 (puc. 4, b). Ha mpeacTaBieHHBIX PHUCYHKAaX XOPOIIO
BUJIHO, YTO CYIIECTBEHHBIC H3MEHEHHS B INHAMU-
Ke 3a00JIeBaHHS POUCXOIAT B IUANAa30HE H3Me-
HeHus napamerpa murpamym 0 < P, < 0.4, a mo-
Cle TIepexofia MOpOroBoro 3Hadenus Py, ~ 0.4, 4
OTMEUEHHOT0 MYHKTHPHOW JIMHUEH, pOCT MHTpa-
LMK [IOYTH HE OKA3bIBACT BIMAHMS HA OIUIEMH- (3
YECKHUE MPOILECCHI.

Takum oGpasom, Murpauus 0cobeif, xors ),
W HE MEHSET UTOTOBBIM YPOBEHb 3a00JICBLINX B
TONYIISLIH, PE3KO YCHIMBACT €0 Ha HAYalbHOM |
JTarne, OJHOBPEMEHHO YMEHbIIas JIUTEIbHOCTh
HEePEXOHOTO MpoIecca. AHaIN3 TMHAMUKH Ha Ha- () kel B AR , N
YaJlbHOM YPOBHE CBHUJAETEIBCTBYET TaKkke H 00 40 80 120 160 200 240 280 !

n3menenun GopMel C;(t) ¢ usMenenuem P,,. s
(bop Z( ) m- 1L Puc. 5. I'paduky HauambHOTO 3TAIA MUASMUH, COOTBETCTBYIO-

HILTIOCTPALUK 5TOT0 3¢ deKTa npuseaeM rpaguku I1{ie MOHOTOHHOMY BO3PaCTaHHUIO YMCIIa 3a00IEBIINX U alMPOK-
C;(t) Ha sTame MOHOTOHHOTO BO3PACTAHHS YHC- cumupyiomue ux Gynxman C;(t) = At?, KOTOpbIE TOKA3aHbI

72 MHQUIMPOBAHHBIX B XOJIE «IICPBOW BOJHBI» WTPUXOBBIMU TMHUAMH; OPSIOK ANMPOKCUMUPYIOMIEH dyHK-

1 MM yKa3aH PSAAOM C COOTBETCTBYIOIICH KPHUBOH (LIBET OHJIAMH
¢ C;(0) ~ 0 10 MaKCHMAaJbHOTO 3HAYCHHUS CZ.( )y e yioueit kpugoi (i )

(puc. 5). Kax Bugno u3 rpadukos, npu P, = 1
MBI UMEEM «B3PBIBHOIY, TO €CTh MOYTH KCIIOHECH-

D, € N L L L UL L B L B B

Fig. 5. Plots of the initial stage of the epidemic which
correspond to a monotonic rise of the number of cases and
. their approximating functions C;(t) = At?, which are shown
LMAJIbHBIA POCT yncna 3a00NEBIINX, TOrIA Kak by dashed lines; the order of the approximating function is

mpu P, < 1 yBenunyeHue mpoucxoaut Ooiiee indicated near the corresponding curve (color online)
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IJIABHO, TIPHYEM Y€M MEHBIIIe MUTpAIs, TeM Oojee MIaBHO MPOUCXOIUT HapacTaHUE 3a00JIeBaHUSI.
KonmuectBenHo ckopocts Hapactauusi C;(t) MOXXHO OLCHUTH C TIOMOIIBIO TIOJIMHOMUAIIBHOM aIIpOK-
cumaru. Kak mokaszanu pacueTsl, TpadMKu Ha PUC. 5 XOPOIIO aNMMPOKCUMHUPYIOTCS CTEIIEHHBIMH
3aBucumoctsimu C;(t) = AtY, rme mOpsAmoK ¢ ompenesieTcss BeMuIuHoN Fy,. [Ipu 95TOM MHHUMAIb-
Has CTENEeHb MOJIMHOMA, JOCTATOYHAs, YTOOBI allIPOKCUMHUPOBATh IKCIEPUMEHTAIBHYIO 3aBUCUMOCTb,
MOXKET CITY’)KHTh KOJTUICCTBEHHOUW XapaKTePUCTUKOW CKOPOCTH pocTa WHMEKITNH Ha HAYaIBHOM dTalle.
Hanpumep, ams annpoxcuManuu KpuBoit « Py, = 1» 0ka3zajaoch JOCTaTOUYHBIM UCIOIB30BAHUE MOJIMHOMA
cenpMoi ctenend, s P, = 0.1 — maroit u T. 1. Yem MeHbIe P, TeM HIKE MOPAAOK allPOKCHMUPY-
toiero nonuHoMa. [Ipu orcyrerBum murpanuu (P, = 0) poct uncia 3a001€BIIMX Ha HAYAIBHOM HTarle
MIPOUCXONIUT TI0 3aKOHY, ONMM3KOMY K KBaJpaTUIHOH mapaboure.

Takum 00pazom, kak ObUIO OTMeudeHO Bhie, mpu 0 < P, < 1 auHamuka pemerkun BKA kaue-
cTBeHHO cooTBercTByeT Mojaean OJ1Y, XoTs U ominyaercs konuuecTBeHHO. Kak ObLio moka3aHo B [18],
B MOJEJIM CPEIHEro IOJIsl MEPEXOIHbIN MPOLECcC OT NEPBOHAYAIBHOTO 3apaXCHUSI K CTALlHOHAPHOMY
COCTOSIHHIO COOTBETCTBYET «HAMATBIBAHHIO» TPACKTOPUHU Ha YCTONUMBEIN (okyc. [logo0Hy0 KapTHHY
™Mbl HaOmogaeMm U B PKA. [Ipu sToM «ekpeMeHT 3aTyxaHus» MEPEXOIHOTO Mpolecca YMEHbIIaeTCs
C YMEHBIIICHHEM BEPOSITHOCTH MHUTpaluu. ECiu e MUTpaIuio MOJIHOCTBIO «BBIKIIOUUTE) (P, = 0),
TO «3aTyXaHHEe» TaKKe NCUE3HET, M B CUCTeMe OyAayT HaOmomaThCs He3aTyXalonlie KojiebaHus, mpuMep
KOTOPBIX TPENCTaBJIeH Ha puc. 3, b. Pexxum konebaHuii — KaueCTBEHHO HOBBIW MO OTHOIICHHIO K MOJISITH
OV, B xoTopoii oH He peanmusyercs. Takum obpazom, pu F,,, = 0 HabmomaeTcs Takke U KaueCTBEHHOE
pacxoxzaenue mexny auHamukamu OY u BKA.

6. IlpocTpancTBeHHOE pacnpeneneHue 3adoieBmux B Moaean BKA

B mpensinymem paszene ObUIO TOKa3aHO, YTO BEIMYMHA MapaMeTpa MUIPALUHU CYIIECTBEHHO
BJIMSCT Ha BPEMECHHYIO TUHAMUKY 3a0oseBaHust. O4eBUAHO, YTO MPUYKMHA 3TOTO JOJDKHA 3aKII0UaThCs
B MIPOCTPAHCTBEHHOW HEOTHOPOIHOCTH PacIpe/ieieHHs 3a00JICBIIHNX, YCUINBAIONICHCS ¢ YMEHBIIIEHHEM
MUTpalyi. PaccMOTpUM MPOCTpPaHCTBEHHOE paclpeneieHne MHOUIUPOBAHHBIX Ha Pa3HBIX 3Tamax
SMHUJIEMUM, HauWHas C MOMEHTa IMepBOHAYILHOTO 3apakeHust npu ¢t = (. [y 3TOro mocrpoum
TIOCIIeNI0BATENLHOCTE CHUMKOB V (4, j) 3 /11 BO3pAcTAIONMX MOMEHTOB BPEMEHH TPH PA3HBIX 3HAYEHUAX
P,,. 3HaueHus OCTaNBHBIX TApaMeTPOB M HAYaJIbHBIC YCIOBHSI OCTABHM TEMH K€, YTO M B TPEIBLIYIIEM
pasneue.

Ipu OTCYTCTBHH MUTpAIMH, TO ecTh ipu P, = 0, BpeMenHble peanusanuu i(t) u r(t), Kak 310
cienyer u3 puc. 3, b, npeacTaBIsIOT cOO0H MOBTOPSIOMIMIiCS KonebaTenbHbIi npouecc. [lycTs B MOMEHT
BpeMeHU ¢ = () B MOMYJSIMIO MPOHUKIIA OJHA 3apaskeHHass 0CO0b, KOTOpas JOKAIM30BaHa B LEHTPE
pemeTku. B 3TOM ciydae HadagpbHOE paclpeneneHue NpeacTaBisieT co00i TOUKy, KOTopas 3a BpeMs
At = 50 BcuenctBue qudQy3uu npeodpaszyercss B HEOONbIIOE TATHO B LIEHTPE pelIeTku (puc. 6, a).
Hanee, B xone pasputus snugeMun K MoMeHTy ¢ = 100 (puc. 6, b) 3Ta 30Ha MOCTETIEHHO TpaHCPOPMH-
pyeTcs B KOJIBLEBYIO 00J1acTh, KOTOPasi C yBEIMUYCHHUEM ¢ IOCTETIIEHHO PaclpoCTpaHsIeTcsl OT LEHTpa K
niepudepun. JTa 30HA MPEICTABISICT COOON TIIaBHBINA OYar MUEMUH, B TOJIIE KOTOPOTO MPOUCXOIUT
OonblIas 4yacTh HOBBIX 3apakeHUil. BHYTpH KoJIbIIEBOH 30HBI MOAABISIONIEE YHCIO 0co0el yxe nepedo-
Je0 U obnanaet nMMyHUTeTOM. CHapY»KH HaXOAUTCS 00IaCTh BOCHPHHMYMBBIX K HH(EKIUH, KOTOpast
CIY’KUT NUTATENbHOHN cpenoi Ui AanpHermux 3apaxenuil. [lo mepe pa3BuTHs SnKAEMHH, KOJBLO 3apa-
KEHUH TOCTETICHHO PaCIIUPSETCs, OXBAThIBAast Bce OOJNBLIYIO YacTh pelIeTKH. [IpH 9TOM, CKOPOCTH €ro
pacIIMPEeHus] 0CTACTCs OYTH MMOCTOSHHOM (CM. KPUBYIO «o» Ha puc. 7). C TeueHHeM BPEMEHH, KOJIbIO
3apakeHus Bce 0osiee pacIIupsercs, 3aXBaThIBas MOYTH BCIO PEIIETKY (puc. 6, ¢), mocie 4ero, JOUIs A0
ee rpaHuisl (puc. 6, d), snunemMus uneT Ha yosuis. B MomeHT ¢ ~ 500 ypoBeHb 3apa’keHUs] CTAHOBHUTCS

3PacmpeneneHue BUPYCOB COOTBETCTBYET pacIpeeICHHIO GOIBHBIX 0COBeH, HO Gonee yI06HO s 0TOGPaKEHHS.
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Puc. 6. IIpocTpaHCTBEHHOE pacIpeliesieHie BUPYCOB B Pa3HbIe MOMEHTEI BPEMEHH IIPH OTCYTCTBHU Murparuu (P, = 0)
Fig. 6. Spatial distribution of viruses at different time moments at the absence of migration (P, = 0)

MOYTH HYJIEBBIM (puc. 6, ). OfHAKO K 3TOMY BPEMEHH yCIIeBaeT NCUE3HYTh UMMYHHUTET B LIEHTPaIbHON
00acTy pemeTKy, ¥ OCTABIINECS TaM TOYeYHbIEe OYard MH()EKIINK CTaHOBSITCS aKTHBHBIMH IIEHTPaAMHU
IUTS CIIEAYIOIIETO «KOJIbLA 3apakeHUs» (puc. 6, /). Bo3HukaeT BTOpas BoiHa 3apa’keHHs, KOTOpas
pacmpocTpaHseTcsl B OTCYTCTBHE MMMYHHTETA M, COOTBETCTBEHHO, IIOYTH MOBTOpsieT nepsyto. I1po-
LECC BOCIIPOU3BOANUTCS LUKINYECKH, CO3/aBast IIOYTH EPHOIUYECKUE KolneOaHusl ypOBHS 3apaskeHHH.

[Ipn Hammunu maxke HeOompion murpamuu (P, = 0.01) kapTuHa 3apakeHHud KapAWHAIHHO
MeHsieTcd. B aToM ciydae yke Ha Ha4aJbHOM
JTarne OT MePBOHAYAIFHOIO 04Yara «OTIOYKOBBIBA-
I0TCs» BTOPHYHBIE 04aru (puc. 8, a), Kaxablid u3 1 |- i
KOTOPBIX SIBJISIETCS NICTOYHUKOM CBOETO «KOJIBIIA L 1
3apakeHui» (puc. 8, b) U, OMTHOBpEMEHHO, co3aa- 80 <
eT HOBBIE ouaru 3apaxeHus (8, ¢). B pesynsrare i 0 %1
poCT MH(UIMPOBAHHUS HAET onHOBpeMeHHO mo 00 S

BCEH IIIOIIAAM PEIIeTKH, U yxxe npu ¢t = 100 I “"' 1
JIOCTUraeTCsi MaKCUMyM 3ab0JIeBaHus, KOTJa I10- 40 i > od j
YTH BCsI pelleTkKa MoKpbiTa nHdekiuei (puc. 8, d). 20 L .}’,,’/ ]
3areM BOJIHA MIET Ha cHaf, ¥ K t ~ 250 3aboeBa- L ',/” ]
HHE NPEKPAIIACTCs, 32 HCKTIOYCHHEM OCTABIIAXCA (e 1L . 1 . 1 . |

eqMHUYHBIX o4aroB nHdekuu. Briocnencreun Ha 0 50 100 150 200 4

HX OCHOBC IIO TOMY K€ CLCHAPHIO BOSHUKACT BTO- Puc. 7. 3aBUCUMOCTb BHEIIHETO Pagnlyca «KOJIbLA 3apakeHU)
past BosHa 3apaxxeHust. OHAKO, MOCKONBKY K 3T0- ([?) oT Bpemenu npu Pr, = 0 (uBeT omaiin)

My BPEMCHH HMMYHHUTET B MOIMYIANNHN €IIE COXPa- Fig. 7. Dependence of the outer radius «of the infection ring»
HSIETCsI, BTOpasi BOJIHA PacTeT MeIUICHHee mepBoii (1) on time at Py, = 0 (color online)
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Puc. 8. IlpocTpaHCTBEHHOE pacmpeielicHHe BUPYCOB B pa3Hble MOMEHTHI BpeMeHHU npu HeGonpuioil murpauuu (P, = 0.01)

Fig. 8. Spatial distribution of viruses at different moments of time for small migration (P, = 0.01)

U JOCTHTAeT 3HAYUTENFHO MEHbIIeH BennuuHbl (puc. 8, f). [locaemnyromue BOIHBI OKa3bIBAIOTCS €IIe Me-
HEe BBIPAXKEHBI U MOCTEIIEHHO 3a00JICBAHNE BBIXOJUT HA CTAllMOHAPHBIN ypoBeHb. [Ipu Oosee MHTEHCHB-
HOW MUTpAIMY KaueCTBCHHAS KapTHHA HE MEHACTCS, HO MPOIICCCHI 3apakKeHUs YCKOPSIIOTCS: HabIroaaercs
«B3PBIBHOW» POCT 3a00JIeBaHUs, IPU KOTOPOM odyard MH(EKIUK MOSIBISIOTCS OJJHOBPEMEHHO Ha Bceil pe-
IIETKE W TOMYIIAIUSA 04eHb OBICTPO OKA3hIBACTCS PABHOMEPHO 3apaKCHHOW. DTOT CIydail COOTBETCTBYET
IIOYTH SKCIIOHEHITUAIIBHOMY POCTY 3apakKeHUsI U OY€Hb BBICOKOMY €r0 YPOBHIO Ha MUKe 3a00JeBaHUs.

3akjIoueHue

Kinerounast SIRS+V mozens pasBUTHS 3MUAEMHUYECKUX MPOLECCOB MO3BOJSIET paccMaTpUBaTh
HE TOJIBKO BPEMEHHYIO, HO M IIPOCTPAHCTBEHHYIO IMHAMUKY Pa3BUTHs 3a00JICBAHUM, yYUTHIBAas pac-
MpOCTpaHEHNE BUPYCOB M 0COOCH B MpocTpaHCTBE 3a cueT auddy3un U murpanuu. [IpoBemeHHoe
HCCIIEIOBaHME TTOKA3aJI0, YTO MMPOCTPAHCTBEHHOE pacmpeercHiue NHPEKITUH UTpaeT OMPEISIIONTYI0
pOJIb B Pa3BUTHH SIIHUICMHUH, MEHSSI KOJIMUYECTBEHHBIC XapaKTEPUCTUKUA HAOIIONAIONINXCS TPOIIECCOB
Y TIPUBOAS K KaY€CTBEHHO HOBBIM pexuMam. [Ipy Hanmuuu HeOonpmoi murpanuu B Moneinn BKA,
Tak ke kak u B OJ1Y, HaOmomaeTcs mepexo/l K CTAl[MOHAPHOMY COCTOSIHHIO Yepe3 IMOCeI0BaTeIIb-
HOCTb 3aTyXalolINX «BOJH 3apakeHus». OQHaKo aMIUTUTYAA U JUTUTEILHOCTh 3TUX BOJIH OKa3bIBAIOTCS
CYLIECTBEHHO 3aBUCAILIMMHU OT MHTEHCUBHOCTHM MUTIpPAllMi: C POCTOM MUIPALMU aMILUIUTYyAa NEepBOU
BOJIHBI 3apayKCHUS PacTeT IO Jorapu(pMUIEeCKOMY 3aKOHY, OJJHOBPEMEHHO MPOUCXOIUT «yCKOPCHHE»
MEePEXOHOTO Mpollecca K CTAIlMOHAPHOMY COCTOSIHHIO. YPOBEHb 3apaKCHUN B CTAIIMOHAPHOM COCTOSTHUHM
OKa3bIBaeTCsl TaKUM ke, kKak U B mozaenu OJ]Y, u He 3aBUCUT OT MUrpauuu. IIpu moaHoM OTCyT-
CTBUH MUTpAIH 0cOOeH B KJICTOUHOM MOJAETH MOXET HAOIFOAAaThCS PEKUM HE3aTYXAIOIINX KOIeOaHMH,
oTcyTcTBYIoUM B Mogenu O/Y.
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Hepenoc MaCCUBHBIX YaCTHII B I10JI€ CKOPOCTH
ABUIKYLIET0CH IO IVIOCKOCTH BUXPEBOI'0O TPHUIIOJIA

B. H. Toeopyxun

OxHsIit penepanbHblil yHEBepcUTeT, PocToB-Ha-lony, Poccus
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Annomayusa. LJens HACTOAIIETO HCCIECTOBAHUS — M3YyUHUTh NIEPEHOC MACCUBHBIX JAaCTHUIl BUXPEBHIM TPHIIOIEM HPH N3MEHEHHI
MapaMeTpa, OMPEAENAIONIEro CKOPOCTh nepemenieHus KoHdurypamuuu. Ilox Tpumonem noHUMaeTcs CTPyKTypa, COCTOSIIIAs U3
LICHTPAIbHOTO BUXPsI U BPALIAIOIIUXCS BOKPYT HETO BUXPEN-CIyTHUKOB C IIPOTHBOIONIOKHON LEHTPY LupKyisaiueil. B padote
paccMoTpeHa mpocTeiimas KiacCHIecKkasi MaTeMaTHIecKasi MOZIENb TPUIIONSL — CHUCTeMa TPEX TOYEUHBIX BHUXpEH, Gopmy-
IupyeMasi B BHJE CHCTEMbI HEJIMHEHHBIX OOBIKHOBEHHBIX O depeHnnansHbIX ypaBHEHUH ¢ mapameTpoM. MccaenoBanue
OTPaHUYEHO YaCTHBIM CIIy4aeM TPHUIIONS C HyJIEBOH CyMMapHOH MHTEHCHBHOCTBIO. MI3ydeHo BIMSHUE CKOPOCTH NEPEMEIIECHUS
KOH(UTypauy Ha NpoLecch IepeHoca MacCHBHBIX YacTll. Memoosl. ViccienoBaHne MpoBOIMIOCH YHCICHHO C MCIIOIb30Ba-
HHEM aJTOPHTMOB, OCHOBAHHEIX HA ITOJXOAaX TEOPHU AMHAMHUYECKHX CHCTEM, BKIIOYas MOCTpoeHne orobopaxeHus Ilyankape
1 aHa/IN3 IepeHoca MapKepHbIX JacTull. IIpuMeHsich pacuéTsl Ha OONBIINX BPEMEHAX, COOTBETCTBYIOIIUX COTHSIM U THICS-
4yaM 00OPOTOB TPUIIONS BOKPYT IeHTpa. [is pemeHus: BOZHUKAIOIUX 3a1a4 Kol MCIob30BaiCh HHTETPAaTOPBI BHICOKUX
MOPSIKOB TOYHOCTH, YTO I1O3BOJIMIO KOHTPOJIMPOBATh a€KBaTHOCTh PE3YJIbTaTOB BBIYMCICHUN. Pe3ynbmanmsi. YCTaHOBIICHO,
YTO MEPEHOC NMACCUBHBIX YACTHUI] MPHUHIMIHNAIBHO PA3IMUCH B 3aBHCUMOCTH OT CKOPOCTH IepeMernieHus Tpumnoist. Korma
CKOpPOCTh Maja, B OKPECTHOCTH BHXPEBOH KOH(GHTYPAIlH BO3HUKAET OOIIMPHAs 00IaCTh XaOTHIECKOH ANHAMHUKH, KOTOpast
MEIJICHHO CMeIaeTcs BMecTe ¢ TpurmosieM. B o6iactu xaoca CyniecTByrOT of00IacTH aKkTUBHOTO M MEIUIEHHOTO IepeMe-
myBanus. [lepeHoc 4acTUIl COCTOMT U3 CIEAYIOIMX BO3MOXHBIX CTaJHi: IIEPEHOC U3 JIEBOH OT TPUIOJIS 00JIaCTH B MPaBYIo,
CHJIBHOE TIepeMeIINBaHIe B OKPECTHOCTH BHXPEH, MeIUICHHEIH Apeiid B eByro oT Tpumons obnacts. [Ipu Gombmioil ckopocTi
KOH(UTYpaIHK BO BceH 00IaCTH XaOTHIECKOH TMHAMHIKH YaCTHIBI CHIIBHO EPEMEITNBAIOTCS, BUXPEBOH TPHUIIONB IIepeMe-
IaeT YaCTHUIIBl U3 OKPECTHOCTH CBOET0 Ha4aJbHOTO MOJOKEHHs Ha OOJNIbIINE PacCTOSHUS, U IPAKTHUYECKH HE 3aXBaThIBAET
HOBBIX YacTUI] II0 ITyTU CBOETO CJIEI0OBaHUS. B MpoMexKyTOUHBIX CUTyallUsAX B Pa3HOM CTENeHU peaaus3yloTcs 06a mpouecca.
3axnrouenue. OGHapYKEHBI U OITMCAHBI HETPUBHAJIBHBIE CIIEHAPUH TIEPEHOCA TACCUBHBIX YaCTHUI] BUXPEBBIM TPHUIIOIEM, KOTOPbIE
MOTYT BO3HHKATh U B PEAIBHBIX BUXPEBBIX KOHPHUIYPALUIX SKUIKOCTEH.

Knioueswvie cnosa: BUXPEBBIC ITIOTOKU, CUCTEMA TOYCHYHBIX BHXpefI, NEPEHOC YacTull, NEpeEMCIINBaHNUE MMaCCUBHOK IIpuMecH,
HEJIMHEHHBIS CHUCTEMBI, XaocC.
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Abstract. Purpose of this article is to study the transport of passive particles in the velocity field of a vortex tripole with
a change in the parameter that determines the speed of the configuration movement. A structure consisting of a central vortex
and satellite vortices rotating around it with the opposite vorticity is understood as a tripole. We employ a system of three point
vortices, the most simple mathematical representation of a vortex tripole, which may be expressed as a system of nonlinear
ordinary differential equations with a parameter. Consideration is limited to a particular case of a tripole with zero total
vorticity. The influence of the speed values of vortex configuration movement on the processes of passive particle transport has
been studied. Methods. The study was carried out numerically using algorithms based on the dynamical systems approaches
including the construction of the Poincaré map and the analysis of the dynamics of marker particles. Were carried out long
times calculations, corresponding to hundreds and thousands of turns around the tripole center. Integrators of high orders
of accuracy were used to solve the Cauchy problems, which made it possible to adequacy of the calculation result control.
Results. We found that transferring passive particles is fundamentally different depending on the speed of the tripole. A vast
zone of chaotic dynamics forms in the neighborhood of the vortices when the velocity is low. This zone slowly shifts along
with the tripole. There are subregions of active and slow mixing inside the chaos region. The possible stages of particle
dynamics are: transfer from the region to the right of the tripole to the area to the left, vigorous mixing near the vortices, and
slowly drifting to the region to the left of the tripole. At a high speed of vortex configuration in the entire chaotic region, the
particles are strongly mixed. The vortex tripole removes particles from the vicinity of its initial position over long distances
and practically does not capture new particles along its path. In intermediate situations, both processes can be realized at
varying degrees. Conclusion. Non-trivial scenarios for the transport of passive particles by a vortex tripole, which can also
occur in real vortex configurations of fluids, have been discovered and described.

Keywords: vortex flows, system of point vortices, particle transfer, chaotic mixing, nonlinear systems, chaos.
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BBenenne

bruskue k JByMEpHBIM MYJIBTHIOIBHBIC BUXPEBbIE KOHPUTYpallMd BCTPEYAIOTCS B IPHPOJIE U
BOCIIPOU3BOAATCS B (pu3HUeCcKuX dKcrepuMenTax [1-5]. [log MynsTumnoneM noHUMaeTcs KOH(GUryparus,
COCTOSIIAs U3 HEHTPAIBHOTO BUXPSA M HECKONBKUX CITyTHHKOB, IPHYEM [IEHTP U CITyTHUKH UMEIOT IIHPKY-
JAIUI0 (HHTEHCUBHOCTD) TIPOTHBOTIOIOKHBIX 3HAKOB. J{J1s onricaHus MOAOOHBIX CTPYKTYP HCIOIB3YIOTCS
pa3nuyHble MaTeMaTudecKkue Moaen [6—8], Ho mpocTelIell SBIsSeTCS CHCTEMa TOUCUHBIX Buxpeil. Ecium
paccMmarprBaTh 0ECKOHEYHO TOHKHE BUXPEBBIE HUTH, U TPEIIIOIOKUTE [9], ITO 3aBHXPEHHOCTb COCPENO-
TOYEHA Ha MPSMOJMHEHHBIX HUTAX, MapaJuIebHBIX APYT APYTY, TO MOXKHO pacCMaTpUBaTh JBUKEHUE
TOYEK MepeceyeHnsl BUXpell ¢ IIOCKOCThI0. O0pa3 Takoro BUXpPs Ha IIOCKOCTH SIBIISIETCS TOYKOM, ero
HA3bIBAIOT TOYEYHBIM BUXpeM [10], KOTOpBI ONHMCHIBaeTCA KOOPIANHATAMH Ha TUIOCKOCTH U 3HAYEHHUEM
UPKYISAIUH B Heil. CUCTEeMBI axe HeOOJIBIIOro YKCiIa TOYEUHBIX BUXPEH MOPOXKAAIOT CIOKHBIE TIOTOKH,
¥ BO MHOTHX CIIy4asiX XOPOIIIO OMUCKHIBAIOT peallbHbIC THIPOJNHAMUYECKUE TeueHus. Tak, momnooHas
MaTeMaThdeckass MOJeNlb Halllla MPUMEHEHHNe TPY aHaIu3e HEYyCTOWYHMBOCTH BHXPEBOTO ciena (GoH
KapmanoMm B 1912 1., mpu BO3HUKHOBEHUH OOJIBIIMX KOTEPEHTHBIX BUXPEH M BO MHOTHX APYIHX 3aJadax.
Maremarnuecku koHGHUTrypanus [N TOUSYHBIX BUXpEH mpencTaBiseT co00i raMuIbTOHOBY cuctemy 2N
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OOBIKHOBEHHBIX AH(PepeHIHANbHBIX ypaBHEeHNH. MccnenoBanue moJoOHbBIX CUCTEM HAYaloCh, BHIUMO,
em€ l'enbmronsieM [11] 1 akTUBHO TTPOJONIAKAETCA A0 CUX TOP.

[pocreiimeli koHUTYpaIel Ha TUIOCKOCTH, IEMOHCTPHUPYIOIIeH 0oJbIIoe pa3HOOOpa3nue PeKu-
MOB JBIDKEHHS B 3aBUCUMOCTH OT MapaMeTpoB (MHTEHCHUBHOCTH M B3aHMHOTO PacIIONIOXKEHUS BUXpEH),
SBIIAETCS CUCTEMa TPEX BUXPEH, UTO 0OBACHIET BBICOKHIN HHTEpEC K e€ N3ydeHuto (cM. paboTsl [2,12-16]
U CCBUIKH B HUX). MI3BE€CTHO, YTO HECMOTPS Ha HHTETPUPYEMOCTbh 3a/1aud JUHAMHUKH TpEX Buxpeit [17,18]
(B cuIIy CyIIECTBOBaHMS JOCTATOYHOIO YHCIIA UHTErPajoB), Takhe KOH(QUTYpaMK TOPOXKIAI0T CIOXK-
HBI€ TEUCHUS W HETPUBHAIBHBIE MTPOIIECCHI MIEPEHOCA B XKUIAKOCTAX. YaCTHBIM cliydaeM TPEXBUXPEBOI
KOH(UTYpaIUK SBISETCS TOUYEUHBIH TPHIIOIb, KOTOPBI COCTOUT M3 PACIIOIOKEHHBIX Ha OJHOW MPIMOI
LIEHTPAJILHOTO BUXPS M HaXOMAILIUXCS IO pa3HbIE CTOPOHBI OT HEro ABYX CIIyTHHKOB. MccnenoBaHa
YCTOWYHBOCTD TPHUTIOJIS, €TO TUHAMUKA, CTPYKTYPa MOPOXKAAEMOTO UM TIOJISI CKOPOCTH, 0c000€ BHUMaHUE
VICICHO CIIy4aro HYJIEBOH CyMMapHOW MUPKYIAIHH KoHGUTrypanuu (cM. [6,19,20] 1 CCBUTKH B HUX).
B crarpe [19] mokazano xoporiee coBmaeHHe TUHAMUKHA YaCTHIL XKHUIKOCTU B MOJIE CKOPOCTH TOUCUHOTO
TPHIIONS C pe3yNbTaTaMu (PU3NIECKUX IKCIIEPUMEHTOB.

BuxpeBas koH(UTypanus MopoxaaeT moje CKOPOCTH, ONpeIesiollee MacCoepeHoC B 00JIacTH
TedeHus. [[acCHBHBIMU HA3BIBAIOT YACTHUIIBI KHUAKOCTH, KOTOPHIC HE OKA3BIBAIOT BIMSAHUA Ha ABM)KCHUE
JIPYTHX YacCTHUIl, HO TIEPEHOCSTCS TIOJIEM CKOPOCTH, M MOTYT JIEMOHCTPHUPOBATH CIOKHYIO AMHAMHKY
[21,22]. Hapsimy ¢ MaTeMaTH4€CKUM MOZEIMPOBaHUEM TIEpPEeHOCa TACCUBHBIX YaCTHI] BOBMOXKHBI U APyTHE
MMOCTaHOBKH NpoOJIeM aJABEKIIMU B KUAKOCTH, KOTOPBIC YYUTHIBAIOT pa3iuyHble GakTopsl [23,24], HO
Janee B paboTe Takue 3aJadu He pacCMaTpHBAIOTCs. M3yueHne mpomeccoB mepeHoca u mepeMerTnBanus
MACCHUBHBIX YaCTHI[ MOXKET JaTh HHPOPMAIIUIO O TIPOMCXO/AIINX MPOIeccax B aTMocdepe, OkeaHe, BaXKHO
JUTSE IPUJIOKEHUHM, TAKUX KaK aHAJIU3 BOJHBIX TECUEHUH, IEpEeHOCa 3arpsI3HECHUM, IBIKEHUS IIUKIOHOB U
AHTHUIMKIOHOB [25,26]. B 4acTHOCTH M3BECTHO, YTO MOJIE CKOPOCTH KOH(MHUTYpAIH TPEX BUXPEH BO
MHOTHX CITydasx MOPOXIaeT XaOTHUECKHE MPOLEeCCHl MepeHoca, JEMOHCTPUPYIOIIIE MHOTOOOpa3ue
CBOMCTB M HeTpUBHaJbHEIE dPdeKTH [14, 15, 19], KoTophle emé He 10 KOHILA U3YYEHBI.

Ilepenoc maccuBHOM yacTHIB!l N TOYEYHBIMH BUXPAMH MOXKET TPAKTOBATHCS KaK JMHAMHKA
cucteMsl u3 N+1 Buxpeil, npuieM UHTEHCUBHOCTH (/N+1)-ro BUXps paBHa Hyiar0. MareMarudecku
Takasi MOJICNIb MPEACTABISAET COOOH CHCTEMY OOBIKHOBEHHBIX NH(PPEpEeHIMATBHBIX YpaBHEHUH, T/
MIePEMEHHBIMH SBIISIOTCA KOOPAMHATHI BUXPEH M MAaCCUBHBIX YACTHII, a MapaMeTpaMi — HHTEHCHBHOCTH
1 pacrnionokeHne Buxpeid. Cucrembl 0OBIKHOBEHHBIX TU(PPEPEHITNATBHBIX YPaBHEHUH SBISIOTCS KIIACCH-
YECKUM MHCTPYMEHTOM MaTeMaTUYeCKOT0 MOJCIUPOBAHUS JIATPaH>KEBOU AUHAMUKH KUIKOCTHU. st
nx aHanu3a 3QpPEeKTUBHBI METOABI UCCIIEIOBAHMUS, OCHOBAHHBIE HA MOJOKEHUSIX TEOPHH TWHAMHYECKUX
cucteM (cM., Haripumep, [27-31]). DTH MOIXOaBI BKIIIOYAIOT IMOUCK M aHAJIN3 HHBAPUAHTHBIX 00BEKTOB,
ux Oudypkanuid, METOIBI HCCIEAOBAHUS XAOTHUYECKOW JUHAMHKHU C KCIIONIb30BaHUEM IIOKa3areleit
JIsamyHoBa, otoOpaxkernit [lyankape u ap. [32-36].

B naHHOIf cTaThe paccMaTpUBaeTCs BUXPEBON TOUEUHBIA TPUIOIb C HYJIEBOW CyMMapHOM WH-
TEHCUBHOCTBIO, COCTOSIIMM M3 LEHTPAJIBLHOTO BUXPS (€T0O MHTEHCHUBHOCTH 2(0) U JOBYX CITyTHHUKOB
(c mHTEeHCHBHOCTAMH —W). PaccMaTrpruBaemas koH(UTryparus MOXXET BpamiaTbCcsi Ha MecTe (B CHUM-
METPUYHOM CIIydae), a MOXKET BMECTE C BpallleHHEeM MePEeMEeaThCsl 0 TUIOCKOCTH (TIpY HapyIIEHUH
cumMmeTpur). HecMOTpst Ha IPOCTOTY, Takass MareMaTH4ecKasi MOJIeiIb BUXPEBONH TUHAMUKU MO3BOJISIET
M3yYUTh MHOTHE peasibHbIe MPOIECcCH U 3 (EKTHI, OLIEHUTh BIUSHUE Ha HUX PA3TUYHBIX BO3MYIIEHUH
Y BHEUTHHUX Bo3/eHcTBHI. OCHOBHOE BHUMaHHE B padoTe yAenseTcs] N3yUeHHI0 THHAMHUKH MTAaCCHBHBIX
YaCTULl U TIEPEHOCa B 3aBUCUMOCTU OT UX HAYAJILHOTO MOJOKEHUS MPHU Pa3IUYHBIX MapaMeTpax TPUIO-
JI51, OIPEEINAIONINX CKOPOCTh MepeMeIeHns KoHpurypanuu. B cumy cyniecTBeHHOW HEMMHEHHOCTH
OONBIIMHCTBO pPeIIaeMbIX 33a4 TONAAETCS TONBKO YHCIEHHOMY aHAIN3Y, KOTOPHIN SBISETCS OCHOBHBIM
WHCTPYMEHTOM HUCCIIEIOBaHUS B CTaThe. B CHIy KOHCEPBAaTUBHOCTH CHUCTEMBI MIPHU PELICHUH BO3HUKAIO-
mmx 3aga4 Komm B paboTe HCHonb3y0TCsl METOBI MHTETPUPOBAHUS BHICOKOTO HOPSIIKA TOYHOCTH, YTO
HEOOXOAMMO JIJISi COXPaHEeHUS! MHTETPAJIOB CHCTeMBL. J[JIsl KadeCTBEHHOTO aHaIN3a IWHAMUKH | IIepeHoca
YacTULl IPUMEHSIETCs MocTpoeHue ceueHuil [lyankape u aHanu3 TUHAMHUKU «MapKEPHBIX OTPE3KOBY.
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1. HpOCTeﬁHIaﬂ MaTeMaTu4eCKass MoA€eJ1b BUXPEBOIr0 TPUIIOJIsA

Kupxrodom [9,37] mokazaHo, 4To ABMkKEHUs [N TOUSUHBIX BUXPEH HA IJIOCKOCTH OMHCHIBAIOTCS
CIIeyIONIe TaMIIIBTOHOBOM CHCTEMON OOBIKHOBEHHBIX AU depeHnrnanbHbIX YpaBHEHHH:

OH oH

U)sz = 3 U)lyl = - ;
0y; Ox;

N
1 .
H:_E' . E . 'wiwjln(rij) 1 =1...N. (1)
i,j=1,1i#]

3nech (7, Y;) — KOOPIAMHATBI BUXPS ¢ HOMEPOM § Ha IOCKOCTH, i = (7;— ;)% + (y; —y;)?, a 0; — ero
WHTEHCUBHOCTH (IIMPKYIust). O4eBUIHO, 4TO H — raMUIBTOHUAH U MEpBBIH HHTEerpan cuctemsl (1).
VHTEeHCHBHOCTH BUXPEH U MX HadaJIbHbIE KOOPIMHATHI MOXKHO PACCMAaTpUBATh KaK IMapaMeTpPhbl CUCTEMBI.
HauanbHble 3HaYeHHS ONMPEAEISIOT 3HaUeHUsI HHTETPajoB CUCTEMBl TOYCYHBIX BUXPEW, a 3HAYHT, HH-
BapHaHTHBIC [TOJIPOCTPAHCTBA, HA KOTOPBIX MPOUCXOANT AUHAMHKa. DyHKIMS TOKa AJIsl TACCUBHOM
YaCTHILBI B TI0JIE CKOPOCTH CHCTEMBI TOUSYHBIX BUXPEW UMEET BUA

mz—Lilmmm—mf+@—w% @

rae (x,y) — KOOpAWHATH MACCUBHOM YaCTHIIBI HA TUIOCKOCTH. To €CTh TMHAMHUKA YaCTUIIBI OTMCHIBAETCS
CHUCTEMOM JIByX OOBIKHOBEHHBIX Ju(DdepeHIInanbHbIX ypaBHEHHH

N N

.oV w; Y-y L R e ) T —
U T Db 4 ran L s A A Vi Db v ramren e s R

U3 (3) BuaHO, 4TO BO3IEHCTBUE HA MACCHBHYIO YACTHILy CHCTEMBI BUXpEH paBHO CyMMe BO3IEHCTBUI
Ha He€ BcexX BUXpEH, mpuieM B OECKOHEYHO Majiblii MOMEHT BPEMEHH KaKIblii BUXPb PACKPYYHBAET
YaCTHUILy 1O KPYTY BOKPYT ce0sl CO CKOPOCTBIO, MPSIMO MPONOPIMOHATFHOW HHTEHCHBHOCTH U 0OpPaTHO
MPONOPLMOHAIBLHON KBapaTy pacCTOSHUS MEXIYy BUXPEM U YACTHULIEH.

[TomMumo ramunsronnana, cucrtema (1), B CMIIy MHBapUaHTHOCTH OTHOCHTENBHO MEepeHoca U Bpa-
HieHus, o0nanaeT eme TpeMs NepBbIMU HHTErpajlaMH:

N N N
Q= o, P=Yown 1= o +47) @
=1 =1 =1

Wnterpan H Bblpa’kaeT 3aKOH COXPAHEHMS SHEPTHH B3aUMOJICUCTBHSA BUXPEH, a MHTETpasl (4) ABIAIOTCS
aHaJIOraMH 3aKOHOB COXpPAaHEHHs KOMIIOHEHT MMITyJIbCa U MOMEHTA UMITYNIbCa AJISI TOYEYHBIX BUXPEH.
CnenoBarensHO, AMHaMuKa cucteMbl N Buxpeit s N = 2, 3 sBIseTcsS UHTErpupyeMoit, a it N > 4
3TO YK€ HE TaK, U €€ IMOBEICHNE MOXKET OBITh XaOTHYeCKUM. HemHTerpupyeMoCcTh CUCTEMBI YETHIPEX
BUXpe# cTporo nokazana B padote [38]. Otmerum, uro npu N = 2,3, B TO BpeMsI Kak cama cUcTeMa
(1) uaTErpHpYEMa, TIOBEACHNUE ITACCUBHOM YacTHUITHI, TO ecTh cucTeMa (1)—(3) MokeT IeMOHCTPHPOBATh
Xa0THYECKYIO TUHAMUKY.

Jlanee paccMaTpHUBaeTCsl TPUIIOIb, KOTOPBIH COCTOUT U3 IIEHTPAIBHOTO TOUeUHOro BUXps C' M ABYX
ero CIlyTHUKOB S M Sg, IPHUEM MHTEHCHBHOCTHU CIIyTHHKOB MMEIOT IPOTHUBOIIOJIOKHBIEC 3HAKU C LICH-
TpoM. MHTEpec K aHamu3y OBMKCHUH BUXPEBBIX TPUIIOJIEH 0O0YyCIOBIEH TE€M, YTO OHU HAONIONAIOTCs
B IIPUPOJIE U peanu3yorcs B pusndeckux sxcrepuMenTax [1]. Takue koHGUrypaluu MOIyT UMETh MaTylo
CYMMapHYIO [MPKYJISIIHIO, a Ba CITyTHHKA — OJHM3KHE MHTEHCHBHOCTHU [2]. MBI OyaeM paccMarpuBarhb
UJIeaNTN3aLHUI0 TAKOH CTPYKTYpPBI: MPENOoIaraeTcs, YTo HeHTPAIbHBIH BUXph C' UMEeT HHTEHCHBHOCTD
W] = 20, a KAKIBIA U3 COYTHUKOB W2 = w3 = —. [loaraem, 4To B Ha4aJIbHbIII MOMEHT BpEMEHU
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S1 pacroyioxeH Ha IJIOCKOCTH B TOYKe ¢ kKoopauHatamu © = 0, y = —d, Sy — B2z = 0, y = d,
aC—Brouke . =0, y = €.

Torga cucrema ypaBHEHHUIA, OMKUCHIBAIONIAS TUHAMUKY BUXPEBOTO TPUIIOJNS M MACCUBHBIX YaCTHII,
B KOOPAMHATHOM (hOopMe MPUMET CICTYFOIIUI BU:

(. O (yi—Y  Y1—Y3 L0 (mmm mow
Tl = —52 + , Y1 = — ,
27 12 13 21 713
. o (—2(y1 — - . o [(—2(x;—=z To — X
o = —— (Y1 — v2) i Y2 — Y3 = T 2) " 2 3 ’
2n 21 23 27 o3
o (2 —y3) | Ys— Y2 .o =2z — 3:3) T3 — T2
3= 21 < 31 + 732 L 21 T r39 ’ (5)
_ o 2y —y1) Y— 2 y—uys
o 2 2 + 2 2 + 2 5 |
21 \ (1 —2)* + (y1 — y) (xa —2)? + (y2 — vy) (x3 —2)? + (y3 — vy)

o 2(x — x1) T — T9 T — T3
2n ((931 "2+ (-9 (2Pt (-9 (ws— 27+ (ys— y)2>

rae (x1,y1) — koopauHatel Buxps C, (z2,y2), (x3,y3) — KoopauHATBI S1 U S, COOTBETCTBEHHO,
a (x,y) — KOOpIMHATHI MEPEHOCHMOI JacTUIbl. V3ydaeMblil TOUCUHBIH BUXPEBOM TPHIION ONPECIISIOT
CIIEYIOIIHE HAYa bHBIC YCIOBHSL:

-751(0) =0, yl(o) =& $2(0) =0, y2(0> = _dv 553(0) =0, y3(0) =d. (6)

Hanee B pacuetax npuHsITo @ = 1, d = 1. OT™MeTHM, YTO ® U d MOXHO BCETna IPUHATH PaBHBIMU
eIMHUIIC 32 CYeT BBHIOOpa MacmTabOB BPEMEHH M MPOCTPAHCTBEHHBIX KOOpAHMHAT. TakuM oOpa3zom,
B paccMmarpuBaeMoii 3amade (5), (6) ocTaHeTcs JIMIIb OAWH MapaMeTp €, OMPEIeIIIONINI aCHMMETPHIO
KoH(uUrypanuu.

JuHaMuka cucTeMbl TPEX TOYEUHBIX BUXPEH € HYJIEBOM CyMMapHON MHTEHCHUBHOCTBIO JOCTATOUHO
xopomio uzydeHa (cm. [12,19,20,39—41] u ccpuiku B HUX). B crarbe [19] mogpoOHO paccMOTpeH u
YaCTHBIN CITydail CUCTEMEI ypaBHeHUH (5). B wacTHOCTH, ITOKa3aHO XOpoIlee COBNAACHUE TUHAMHUKH
MaTeMaTU4eCcKOl Moet ¢ HPU3MUECKUMH 3KCIIEPUMEHTAIbHBIMU HabmoneHuamu. Cienys 3Toit padore,
MIPEACTaBUM HEOOXOAMMBIE IS N3yUYEeHHUS NIepeHoca IMaCCHBHON YacTHIIBI (PaKThI O JUHAMHKE TOYEIHOTO
BHUXPEBOTO TPHIIOJS IPH U3MEHEHUH IIapaMeTpa €.

s HeBo3My1eHHOTO (€ = () CHMMETPUYHOTO TPUIOJs 00€ KOMIIOHEHThI uMITyibca P = () =0,
al = —2w # 0. DT0 03HaYaeT, YTO LEHTPAIBHBIH BUXPb OCTACTCS Ha MECTE, a CITyTHUKH BPAIIAIOTCS
Bokpyr C' mpoTuB 4acoBoil cTpenku. [Ipm € = 0 U3BEeCTHO BBIpaKEHUE AJISl TEpHOAA BpAIICHUS
To = 2nd?/(3w). Korna 0 < & < &, CTPyKTypa TepsieT CUMMETPHIO, HO COXPAHSET TPHUTIONbHYIO
Tononormo, P = 2me # 0 u I = —2mw(1 — €2) # 0. O6a cnyTHuka S; U Sy BPaIIAIOTCS BOKPYT
HEeHTpaLHOTO BUXpst C' B MOJIOKUTEILHOM HANPABICHUH, a BCsS KOHQUTYpaIUst IBIDKETCS HA THIOCKOCTH
B/IOJIb TOPU3OHTANIBHOW OCH KOOPIHMHAT O cpeaHeil 3a mepuox 1’ ckopocthio (v,). HampapieHue
JIBIDKEHUSI OTNIpelieNisieTcsl 3HakoM €, Ipu € > () — nBukeHue Brnpaso. [Ipu 3ToM B MOABUKHOM cUcTeMe
koopauHar ©’ = x — x1, Yy =y — y1, tae Touke (0,0) cooTBeTCTBYET MoNIOKeHHe 1eHTpa Tpurnoss C,
JIMHAMKKA TPHUIIOJS SIBISIETCS Tieproandeckoit ¢ mepuogom 1" = T'(e). 3a Bpems 0 < ¢t < T U3MEHSIOTCS
paccrosiaust d; = ||C' — Si|| u do = ||C — Sa|| n yron mexny orpeskamu [C,S1] u [C, S|, HO npn
t=k7T, k=1,2,... TpUIOJb BO3BPAIIACTCS B UCXOJHOE TOJIOKEHHUE B MIOJBUIKHON CUCTEME KOOPIMHAT.
B xoopaunarax (z,y) npu t = kT Buxps C umeer koopaunarsl (kT (v;) ,€),a S1 1 So COOTBETCTBEHHO
(KT (vg),—d) n (kT (vy),d). Ilpu € > & (mpu BHIOPAHHBIX ISl YUCICHHOTO aHAIM3a 3HAYCHUSIX
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napaMeTpoB KpUTHUYECKOE 3HaueHue €. ~= (.544) BuxpeBass KOHQUTypalus NEPEeXOAUT OT TPUIOISL
B PEXKUM JIUIIOIb-MOHOIIONb, Koria BUXph C' M OIMH U3 CIyTHUKOB ()OPMHUPYIOT JBHIKYIIHHCS TUIIONb.
B nanHoit pabote 3TOT ciydail He paccMaTpUBaeTCs.

JINHAMUKY BHXPEBOTO TOYEYHOTO TPHUIIONS Ha IUIOCKOCTH (x,y) WLIIOCTpHpYyeT puc. 1, a,
Ha KOTOpOM H300paxkeHbl Tpackropuu teHtpa C, crnytHukoB S7 u Sy mpu € = 0.4 Ha t € [0,677.
Kpome Toro, mokazaHsI MONOKEHUST TPUMIOISA I Tpex MoMeHToB Bpemenu t (¢ = 10.16 ~ 61 co-
OTBETCTBYET IIECTH 000pOTaM TPHUIIOIA), IIe KPYKOK 0003HauaeT nojokeHue nenrpa C', kBagpaTr —
crytHHKa S1 ¥ poMO — So. Ha puc. 1, b mpuBenens! rpaduku NepuogndecKod 3aBUCUMOCTH PacCTOSTHUN
dy u dy ot Bpemenu mist t € [0,47). Kpome Toro, puc. 1, a 1eMOHCTpUpPYET IepeMeLICHHE TPUTIOIS
BIIPABO BJIOJIb OCH T C HEKOTOPOil CKOPOCTHIO (V). BemmunHa (v,) 3aBHCHT OT mapaMerpa € u Oblia
nocTpoeHa ynucieHHo (puc. 1, ¢). Ilpu € < 0.2 cpenHsist cKOPOCTh IepEeMELIEHHs TPUIIONS 110 TII0CKOCTH
mana, (vy) < 0.1, HO mpu € > 0.2 UMeeT MecTO e€ 3HAYUTEIBbHBIN POCT, U (V) NPH € A €. MOYTH
nocturaet 3HadeHus 2.0. Ilepuon monHOro 060poTa TPHUIONA TAKKe 3aBUCHUT OT mapamerpa € (puc. 1, d).

Llens mpencraBIeHHOIO 3/€Ch UCCIENOBAHMS — HU3Y4YHUTh, KaK BIMSIET MapaMeTp €, a 3HAUYuT,
¥ BEJIMYMHA CKOPOCTH CMEICHHS TPUIIOIIS (V) Ha TUIOCKOCTH, HA CBOMCTBA MEPEHOCA ITACCHBHBIX YaCTHII.
B mutupyemsix Boie paborax [19,20,41] uccnenoBanue BAMSHUS MapaMeTpa € paccMaTpUBaloCh,
HO U3yuYeHHE, B OCHOBHOM, IPOBOAMIOCH B MOABMXKHON (¢ eHTpoM B C) cUCTEME KOOpAUHAT ' =
=2 — 21,y =y — y;. B 9TOM cilyyae qUHAMHYECKYIO CHCTEMY ISl TPHIIONS M MACCHBHBIX YacTHIl (5)

yi*“" I | Y

/

0.5+ t=10.16 ~ 1.2/
“?7050 V¥ oVl 7<></<\‘
(OO seE2lga()) )
OF \\\%(Q Q\/%%éééﬁ?\//
-0.5¢ w .
o AT ST Sttt
P 0 I 2 3
{vr)
1.5+
1.0+
0.5
0
L0 01 02 03 04 05°¢ 4,0 01 02 03 04 05

Puc. 1. a — unamuka tpunosns npu € = 0.4. M306paxens! TpackTopust nentpa C' (CHHSS KPHBas, TOMEYCH KPY)KKOM) U
CIyTHUKOB S1 (3eneHas, kBajpar) u Sz (kpacHas, pom0). b — ['paduku meproandecKkoi 3aBUCUMOCTH PacCTOSHUMN di (TOHKas
nanst) u do (kupHas muaus) oT ¢ € [0,47]. ¢ — I'padux 3aBucuMocTH cpexHeit 3a mepuon 7' CKOPOCTH MepeMeIeHns
TPHUIONS (V) OT mapamerpa €. d — I'padHK 3aBUCHMOCTH HEPHOAA BpalieHust 1’ CIlyTHUKOB TPHITOJISI BOKPYT €r0 LEHTpa OT
napamerpa € (I[BET OHJIAKH)

Fig. 1. a — Tripole dynamics at € = 0.4. The trajectory of the center C' (blue curve, circled) and satellites S1 (green, square)
and S3 (red, rhombus) are shown. b — Graphs of the periodic dependence of the distances d; (thin line) and d2 (thick line)
ont € [0,4T]. ¢ — Graph of the dependence of the tripole velocity (v,) averaged over the period T on the & parameter.
d — Graph of the dependence of the period of rotation of the satellites of the tripole around its center on the parameter € (color
online)
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yaaeTcsl IPUBECTH K KAaHOHMYECKOMY BHUAY, U paccMarpuBarh ¢ no3unuii KAM-teopuu (mosoxeHus
TeopHuH cM. B [42,43] 1 B CCBIIKAX Ha JINTEPATypy B OTHX padoTax). Ymaércs moKka3arb HHTETPHPYEMOCTh
cucteMsl 1pu € = (), HaAliTH 0cOObIe TOYKH, MOTYYUTh BhIpaxkeHue i GyHKIuKM MenbHukoBa [19], uTo
MTO3BOJISIET OIIEHUTH BOSHUKHOBEHNE M Pa3BUTHE XAOTHUECKNX oOiacTeld. OHaKo M3ydeHHs 3aBUCHMOCTH
CBOWCTB MEPEeHOCa YAaCTHUIl TPUIIOJIEM OT CKOPOCTH (V) HA IUIOCKOCTH (Z,%y) B HPEALICCTBYIOLIMX
paboTax aBTOpY OOHApPYKUTh HE YIajIoCh.

2. Anayu3 AUHAMUKHU YaACTHUI B 110JI€ CKOPOCTU TPUITIOJIA

N3 ypaBHeHHi nepeHoca MacCUBHBIX YaCTHII B MOJIE CKOPOCTHU TOYEUHBIX BUXpel (5) crenyer,
uro |#] — 0 u |y| — O opu r(z,y) — +oo, toe r(z,y) — paccrosane oT gactuipl g0 C. D10
03HAYaeT, YTO MEepPEeMEILCHUE MACCUBHBIX YaCTHUI] BAANEKE OT TPUIIOJS MPAKTUUYECKU OTCYTCTBYET, U aK-
THBHBIC TIEPEMEIINBAHUE U MEPEHOC YACTHUI MPOUCXOIAT B OKPECTHOCTH BUXPEBOW KOH(UTYpAIUH.
Jis u3ydenus pazMepoB u (opMbl 001aCcTH IepeMenuBaHs, XapakTepa JHHAMUKA YaCTHIl ¥ APYTHX
MPOIIECCOB COMPOBOXKAAIONTUX TIEPEMEIICHUE TPHUIOIS TPEOYIOTCS JTOMONTHUTEIBHBIC UCCICIOBAHUSI.
B cuny HenuHEHOCTH BO3HUKAIOUIUX 3a7a4 aHATUTUYECKUE METOABI UX PEIICHUS OTKA3bIBAIOT, U Tpe-
OyeTrcsi MPUMEHEHHUE YMCIICHHBIX TIOIXOJIOB.

[Ipu mccnenoBaHuy NepeHOCA MMACCUBHBIX YacTHI[ B JaHHOH paboTe OOIBIIMHCTBO PacyeToB
npoBoAMIKCh Ha uHTepBanax ¢t € [0, 10007"| u Gonpiie. Takue ATUTEIbHBIC BHIYMCICHHS BBIABUTAIOT
BBICOKHE TPeOOBaHMS K BEIOOPY METOMOB permeHus 3anaun Komm 1 moctpoeHus otoopakenus [lyankape,
O0COOEHHO ISl CUCTEM, OOJIaIAr0IIMX NIEPBBIMU MHTEerpanamMu. K TakuM 3aadaM OTHOCHUTCSI M Pacu€T
JTUHAMAKA 9aCTHI] HEC)KUMAEMOM HEBS3KOM KUAKOCTH (CM. cTarhio [44] U CCBUIKY B HEl). M3BecTHO, 9TO
BCE SIBHBIC MHTETPATOPHI JIJISi CUCTEM OOBIKHOBEHHBIX AH(QepeHINATbHBIX YPABHEHUIH HE COXPAHSIOT
HEITMHEWHBIE MHTETPANBI (BETUYNHA dTUX HAPYIICHUH OMPENesIeTCs MOPSAKOM METO/Aa), YTO MOXKET
MIPUBOJUTH K KAYECTBEHHO HEBEPHBIM YHCICHHBIM pe3ylbraTaM. Bo3MOXKHBIM CITOCOOOM MHHUMH3AIUU
9TO¥ TpoOeMbl Ha OONBIINX BPEMEHAX SBISICTCS WMCIIONH30BAHUE CIICIIHAIBHBIX T€OMETPHUUECKUX
HWHTErpaTopoB [45], HampuMep, CUMIUIEKTHYECKHE METOABI MPUBOIAT K KOieOaHUSIM BBIYMCIICHHBIX
BEJIMYUH UHTETPATIOB B OKPECTHOCTH MCTHHHBIX 3HaueHUH. OJHAKO TAKUE METO/BI SIBIISIOTCS HESIBHBIMU,
YTO CO3MaET TPYAHOCTH B MX PEAM3AlHUH U POCT BHIYUCIUTENBHBIX 3aTpar, 0COOEHHO JIsI BEICOKHX
MOPSIAKOB TOYHOCTH. AJIBTEPHATUBOH SIBISIETCS «CHIIOBOIDY MOAXOA — MUCIOJIB30BAHUE SIBHBIX METOMIOB
BBICOKOTO TTOPSKA TOYHOCTH C MaJIbIM IIarOM HWHTETPUPOBAHMUS, UYTO U MPUMEHSETCS B TPEICTaBICHHON
crarbe. Takoil mojxo/ MO3BOJSET COXPAHSITh MATYO MOTPEITHOCTh B 3HAUCHHUSAX MHTETPAJIOB HA OOJBIINX
BpEeMEHax pacyéra.

B pa6ote mpumensuuch metoasl Pynre-KyTTet 7, 8 1 9 mopsakoB TOYHOCTH C aBTOMaTHUYECKUM
BBIOOPOM II1ara ¥ KOHTPOJEM TOYHOCTH C TIOMOIIBIO «BIOKEHHBIX (hopMyi», cM. [46]. Bece pacuérer u
BU3yaJIU3alus pe3ylbTaToB MpoBoauiack B cpeae nakera MATLAB c ncnoias3oBaHHEM BCTPOEHHBIX
B makeT Qyukumii pemenus 3anaun Komm ode78 (meron nmopsiaka 7/8) u ode89 (mopsimox merona 8/9)
(ommucanue meTomoB cM. B [47]). Kpome Toro, ncrnonb3oBancs Meton Pyare—KyTrer Jlopmana—IIpunca 7/8
nopsiika TouHOCTH [48] 1 ero mporpammHas peanm3arus ode87 [49]. DToT MeTo OB OCHOBHBIM MPHU
YICJICHHOM HCCIIEIOBaHUM M BBIYHCICHUH Touek oToOpaxxeHus [lyankape. B pacuerax mcnosip3oBanach
OTHOCHUTEIIbHAS TIOTPEIIHOCTh rel = 10719, makcumanbHbIi mar hpax = 0.05, YCIJIOBUE NPUHAIIECK-
HocTH cekyiueii [lyankape |x1 — xo| < 10rel). [llar orpaHUYUBaICS C HEIBIO COKPAICHHS BITUSHHS
QIrOpUTMAa YIPABICHUS [IIATOM UHTETPUPOBAHUS. J{JIs1 yTOUHEHHS TOYKU TPACKTOPUU Ha CEKyIIel mpruMe-
Hsics Meto Hetorona. Tako#t momxonm oOecrednBall COXpaHCHHE MHBAPHAHTOB 3a1a49H ¢ HEOOXOAMMOMN
BBICOKO# TOUHOCTBIO. Bo Bcex mpoBeneHHbIX pacuérax uHTerpaisl P u (), cM. (4), COXpaHsUIHCh TOYHO,
a morpemHocTh B Bhraucnenud I u H, cm. (1), ne npesbimana 10~8 na unrepsane ¢t € [0, 100077
JI7s IpoBEPKM KOPPEKTHOCTH BBIUMCIIEHHH pacdyeThl oBTopsutuch ¢ rel = 10~ u ¢ ncnonssoBannem
uHTerpatopoB ode78 u 0de89. Bee uncneHHbIe pe3yabTaThl BOCIPOU3BOIMIUCE.
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2.1. /IaHAMHUKA NACCHBHBIX YACTHIl B MOJABHKHOI cucreme koopauHar (z', y') . W3yuum
W3MEHEHHs IMHAMUKU cucTeMbl (5) Ha wiockoctu (z/,y') npu usmenenun €. Ha puc. 2 Ha miocko-
cru (2',y') maHel BIYMCIIEHHBIE TOUYKU O0TOOpaXkeHus [TyaHKape st pa3iuyuHbIX 32-X TPACKTOPHUil U
mecty 3HadeHul €. Cekymas Ilyankape 3amana ycnosueMm 1 — 22 = 0, y2 < 0, 4TO COOTBETCTBYET
MIOJIHOMY 000pOTY TpHUIois (ogHOMY Neprony 1) mpu 3aJaHHbIX mapaMerpax. s Kakaol TpaeKTopuu
paccuurano 3500 mepecedenuii (to ectb ¢t € [0, 3500 7']). HaganpHble TOYKH TPACKTOPHIA UICHTUYHEI
TSl BCEX €.

Korna € = 0, cucrema unrerpupyema, = ', y = 3, Bcs BUXpeBask KOHPUTYpAIUs BPAILAETCS
BOKpYT Hentpa C, koTopblii Haxonutes B Touke = 0, y = 0 npu Beex ¢. Ha mnockoctu Ilyankape Bux-
PSIM TPHITONS COOTBETCTBYIOT JIUIMIITHYECKHE 0COOBIE TOYKH U UMEIOTCS IBE€ CEIUIOBBIE, COCIMHEHHBIE
cenaparpucamu (cM. puc. 2). IIpn Ha4anbHBIX 3HAYEHUAX U3 IUIOCKOCTH [lyaHkape BHe pa3neneHHbIX
cenaparpucaMi 30H, BKIIOYAIOIUX JUIMITHYECKHE 0COObIE TOUKH, PEaM3yIOTCS KBa3UIEpHOIUYe-
CKUe ABMXCEHUS. VM COOTBETCTBYIOT 3aMKHYTbIE KpHUBbIe B oToOpaskeHuu [lyankape, mpuuem Bce OHU
OXBaThIBAIOT BUXPEBOM Tpumonb npu € = 0.

ITpu € # 0 UHTETPUPYEMOCTh U CHMMETPHS TUHAMHYECKON CUCTEMBI (5) HapylIaeTcs, COracHO
KAM-Teopun, B OKpECTHOCTH ceNapaTpuc BOSHUKAIOT 00JaCTH XaoTH4YecKoi TuHaMuku. [Tpu mMambix
BO3MYIIEHUAX, cMOTpH ciydaid € = (.01, mmpuHa xaoTndeckoit obmactu Mana. Kpome Toro, kayecTBEHHO
M3MEHSETCS TOMOJIOrHYECKast CTPyKTypa otoOpakenus [lyankape B nepemennbix (2, y') u 3a npenenamu
obmactu xaoca. Bo3HuKaeT AOMOTHUTEIbHAS SJUIMIITHYECKas 0cobas Touka KpaTHOCTH | BHe oOmacTu

e=0 _£=0.01 _ £=0.05 _

2 -1 0 1 2 2 -1 0 1 2 2 -1 0 1 v
Puc. 2. Oto6paxenne Ilyankape Ha cekymed 1 — z2 = 0, y2 < 0 Ha mmockoctu (z',y") s pasnMYHBIX 3HAYEHHUH €,
paccuuTaHHO 32 TPACKTOPUH, Kax/1asi IOMEUEHa CBOMM I[BETOM (LIBET OHJIAIH)

Fig. 2. Poincaré map by the section 1 — 2 = 0, y2 < 0 on the plane («’,y’) for different values of ¢, calculated 32
trajectories, each marked with its own color (color online)
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BHUXpeBoro Tpunoisa. Kpasunepuonndeckue IBHKEHHUS BOKPYT 3TOW 0cOOOH TOYKHM HE OXBAaThIBAIOT
TPHUNOJb, CM. HIKHIOIO 4acTh pHc. 2, € = 0.01. To ectb Ha TuiockocTH Ilyankape popmupyrorcs ase
Ka4eCTBEHHO pa3lU4HbIe 00JIACTH, KOTOPBIE pa3fessoTCs cernapaTpucoil.

IIpu pocTe € pasMep Xa0THUECKON OOIAaCTH YBEIMIMBAETCS, CMEIAETCS B MONYILIOCKOCTH 3 > 0.
VHTEeHCUBHOCTh IEpEMEIIMBAHUS YaCTHII 3aBUCUT OT MOJIOKEHHS B XaOTUUECKOW 00IacTH, CUIbHEE B
OKPECTHOCTH BUXPEH TPHUIIONS, ¥ YMEHBIIIAETCA MPH MPHUOMIKEHIH K TPAHUIIE XaOTHIECKOH 00JIacTH.
BOu3u rpaHuI] XaoTHYECKO# 00IacTH JABMKEHHs YaCTHI[ OJIU3KK K KBaszuepuoanueckum Ha (2, y’)
C MaJIbIM paJNajIbHBIM CMEIIEHHEM I10 OTHOMICHUIO K TPUMOI0. DT 3(peKTsl reMoHCTprpyeT puc. 2,
€ = 0.05. Bo3pacranue &€ NpUBOIUT K PA3BUTHIO XaOTUYECKOW OONACTH, KOTOPas MMEET MaKCUMAaJIbHBIH
pasmep npu € ~ (.2. Poct Bo3MyuieHus npu € > 0.2 CONMpOBOXKIAETCS YBEIMUYEHUEM CKOPOCTH
HepeMeNeHUsI TPHUIONs (v;) (CM. pUC. 1, ¢), COKpalleHHeM pa3MepoB eIUHON XaOTHYECKON 00IacTh
(cM. puc. 2, € = 0.3), kotopas npuodperaet GopMy Kpyra ¢ HeOOIBIINMH 30HAMH PETYIAPHON TUHAMUKA
B OKPECTHOCTH BHUXpei Tpunois (cM. puc. 2, € = 0.4). Bce TpaekTopuu ¢ HadyabHBIMHU JaHHBIMH BHE
30HBI Xaoca npu € > (0.3 OBICTPO CMEIIAIOTCS B HANPABIEHUH T’ — —00.

2.2. InHAMHKA NACCHBHBIX YaCTHIl HA IJIOCKOCTH (,y). [l aHamus3a mepeHoca 4acTHil
JBVOKYIIMMCSI TPHIIONIEM B MCXOTHBIX KOOPAMHATAX (X,%y) PaCCMOTPHM H3MEHEHHE «MapKepHBIX OT-
PE3KOB» Ha IJIOCKOCTH BO BpeMeHu. [1ox MapkepHbIM oTpe3koM [(xg, t, b, n) moHuMaercst Habop u3 n
MAaCCUBHBIX YaCTHI] C OJJUHAKOBOM HayalbHOW KOOPAUHATON 2 = T U KOOpAWHATAMHA y(i) = —b+1ihy,
i=0,...,n, hy = 2b/n. OrcaexuBanue TpaHcHOPMAIUE MaPKEPHBIX OTPE3KOB IIPH POCTE BO3MY-
IIEHUST BO BPEMEHH MMO3BOJISIET MCCIIEAOBATh TIEPEHOC TTACCUBHEIX YACTHIT B 1OJIE CKOPOCTH BUXPEBOM
KOHpUTYypalnud. B 4MCIIEHHBIX SKCIIEPUMEHTaX B KaueCTBE XapaKTEPHOTO BPEMEHH HCIIONIb30Bajlach
BermmurHa T' = T'(€), COOTBETCTBYIOIIAS MOJTHOMY OOOPOTY CITyTHHKOB BOKPYT LIEHTpA TPUIIOIS, KOTO-
past 3aBUCHUT OT BEJTMYMHBI BO3MYLICHHS. TakXkKe OT € 3aBHCUT CKOPOCTh (V) IBIKCHHUS TPHIIONS 10
IUIOCKOCTH (,y), CM. MIPEIBIAYINHNIA pa3ien u puc. 1. B npeacTaBieHHbIX HIKE pacyéTax MCIOIb30Ba-
JINCh YeThIpe MapKepHbIX oTpeska [(zo,t,b, k) mis xo = —5,—2,2,5 npu b = 6, £ = 1000. To ectb
B Ka)XJIOM pacuére pemanach 3aaada Komu 1 cuctemsl ypaBHeHUH (5), cocTosmeit u3 6 ypaBHEHHI,
ONKCHIBAIOIIUX JIUHAMUKY TouedHbIX Buxped u n = 1000 X 4 x 2 = 8000 ypaBHEeHHH I 4acTHI],
3aparouux [(xo, t,6,1000), xg = —5, —2,2, 5. [lony4yeHHbIe pe3yIbTaThl IPEACTaBICHBI IPadHICCKH,
HadaJIbHBIC TTO3HMIINH MapKEPHBIX OTPE3KOB IS BCEX PacueTOB HILTIOCTpUPYET puc. 3. Ha pucynkax
YaCTHIIBI Ka)KJOTO MapKEepHOr0 OTPE3Ka MOMEUEHBI OJHUM I[BETOM U CUMBOJIOM.

t=3200T

L B N R

6 4 2 0 2 4 T 6 -4 2 0 2 4 T 6 -4 2 0 2 4 w

Puc. 3. MapkepHble OTpe3KH Ha TUIOCKOCTH (,y) B Ha9ambHbIH MoMeHT Bpemenn ¢ = 0, u mist ¢ = 1000 7', 32007, To ectb
nocse 1000 u 3200 nonHeIx 060poToB Tpunong npu € = 0. CHMBOIaMH, COCIMHEHHBIMU OTPE3KaMH, H300pakeH BUXPEBOH
TPUIONb (L(BET OHJIANH)

Fig. 3. Marker segments on the plane (x, y) at the initial time ¢ = 0, and for ¢ = 10007, 32007, i.e. after 1000 and 3200
full rotations of the tripole at € = 0. Symbols connected by lines depict a vortex tripole (color online)
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B cummerpuunoMm ciydae (e = 0) Buxpu S1 u Sy Bpamarotces BOKpyT neHTpa C' ¢ mOCTOSHHON
CKOPOCTBIO, TPUIIONb HE MepeMENIaeTcs 1o wiockocty, (v,) = 0. Torna x = ',y = y' u cTpykrypa nu-
HHU# TOKA MTACCHBHBIX YaCTHUIl Ha TUIOCKOCTH (X, y) OMUCHIBaeTCs puc. 2. B aToMm cirydae nepenoc yacTui
SBIISICTCS PETYISPHBIM C BBICOKOH CKOPOCTBIO B OKPECTHOCTH BHXPEBOH KOH(HIYpAINH, U 3aTyXarOIINM
MIpU yJIeHUU OT He€. DTO WIIIIOCTPUPYET AMHAMHUKA MapKepHBIX OTPE3KOB, U300pa)keHHas Ha puc. 3.
Vnanennsie orpesku [(—5,¢,6,1000) u (5, ¢,6,1000) npakTHuecKkn He 3aTPArHBAIOTCS TPUITOIEM Ha
BpPEMEHAaxX MOpsKa COTeH 00OpPOTOB, M TOJIBKO Ha BpeMmeHax nopsaka 10007 u Bwlie HaOMIOmaeT-
cst ux HeGompuras nedopmanust. s orpeskos [(—2,t,6,1000) u [(2,t,6,1000) curyauust nHas —
UX CEpeIMHBI MOMAIal0T B 00JaCTh OBICTPHIX IBMKCHWH B OKPECTHOCTH TPHIIONS, PACTATHBAIOTCS
U TpaHCc(HOPMUPYIOTCS, TPUHAIJICKANINE UM YaCTHIBI BPALIAlOTCS BOKPYT TpHIois. KoHIIbI ke Mapkep-
HBIX OTPE3KOB MPAKTHYECKH HE MEHSIOT CBOETO IOJIOKEHUS, TaK KaK HaXOAATCS B 00JIACTAX ¢ MAJIOH
ckopoctsio &) (1),

Ilpu € > O HapymiaeTcss CHUMMETPHS TPHIIONS, BO3HUKACT JIBIKEHHUE BUXPEBOM KOH(HIYpAIMH CO
CKOPOCTBIO (V) BIOJb OCH abCIMCC HA MIOCKOCTH (X, Y), KAYECTBEHHO MEHSETCSI CTPYKTYpa (pa30BOro
IPOCTPAHCTBA IMHAMUYECKOM CHCTEMBI JUIs TACCUBHBIX YacTuil (5) B KoopauHarax (x',y'), cM. mpemsi-
IyIUi noapaszaen u puc. 2. 3MeHeHne MpoLeccoB NepeHoca MpH POCTe € XOPOIIO HILTIOCTPHPYIOT
TpaHchopManuu MapkepHbIx oTpe3koB. [Ipu manbix € > 0 (v,) < 1 IBIWKCHHE TPHUIONIS MEIJICHHOE,
HO CTPYKTypa IepeHoca MPUHIMITUAIBHO OTIMYaeTCsl 0T CUMMeTpuuHoro ciydas € = 0. Ha puc. 4
HpHBEICHBI pe3yabTarsl pacdetoB mist € = 0.05, korma (v,) = 0.0003, T = 2.0874. Bugno, 4to
MEX]y TPHIIOJIEM U BO3HMKILIEH 3aCTOIHOM 30HOMH (C KOOPAMHATOW LEHTpa y A~ —2) BO3HUKAET 00IacTh
OBICTPOTO TIEPEMEIIIEHUS YaCTUIl U3 O0JIACTH CJIEBa OT TPHIIOJNA B TpaByro (cm. puc. 4, t = 207, 200T).
Ha Gonpmimx BpeMeHax, COOTBETCTBYIOLIMX COTHSIM OOOpPOTOB TPHUIIOJNSA, 002 MapKepHBIX OTpe3Ka

t?ZOT

Yy

Puc. 4. IonokeHne 4acTULl MapKepHBIX OTpe3koB [(xo,t,6,1000) mwut ©o = —5,—2,2,5 npu ¢ = 0.05 B pasnudHbIe
MOMEHTBI BpEeMEHH (L[BET OHJIAMH)

Fig. 4. The position of particles of marker segments [(xo, t, 6, 1000) for zo = —5,—2,2,5 at ¢ = 0.05 at different times
(color online)
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Puc. 5. Tpaekropusi OZHOW W3 NACCHUBHBIX YacTHL Ha IUIockocTH (z,y) nmpu € = 0.05. @ — Ha BceM BpeMeHHOM HH-
tepsane ¢ € [0, 250007]; b — mare yuacTkoB Tpaekropuum mui: 1 — ¢t € [0,3507], 2 — ¢t € [7450T,78007T],
3 —t€[135007,13850T),4 —¢ € [19200T,19550 T, 5 — t € [24650 T, 25000 T']

Fig. 5. Trajectory of one of the passive particles on the (z,y) plane at ¢ = 0.05. a — Over the entire time
interval ¢ € [0, 250007]; b — five sections of the trajectory for: 1 — ¢ € [0,3507T], 2 — ¢t € [74507, 78007,
3—t€[135007,138507]),4 —¢ € [192007,19550T], 5 — t € [24650 T', 25000 T']

¢ xg < 0 momHOCTRIO TIepeMeraroTest Bupaso oT Tpunous (f = 700 T). YacTe gacTui oTpe3koB ¢ xg > 0
(c KOOpOMHATON Y Ha ypOBHE BUXPEH) pacTATHBAIOTCS U CMEILAIOTCS 110 ABMKCHUIO BUXPEBOH KOHPUTY-
parus, a ocTajdbHBIC — MPOTHB JBIXKEeHUA (cM. puc. 4, t = 107", 350T"). Ha 6onmpmmx BpemeHax (Oomee
HECKOJIBKHX THICSY 000POTOB TPHUIIONS) 3TH YACTHIIBI MOMAJAI0T B MOMYIIOCKOCTh = < x1(t), MEIJICHHO
CTpeMATCS K 00JIaCTH MEepeToKa YacTHIl, ¥ ePeHOCTCS Yepe3 001acTh OBICTPOro MepeMeIIeHHs B TOTy-
IIOCKOCTh = > x1(t). OTMETHM, YTO AHHAMHKA KaXKOW 4aCTUIIBI MAPKEPHBIX OTPE3KOB OKA3bIBACTCS HE
PETYISIPHOM (TO €CTh, BCE OHM IOMAIAIOT B 00JIACTh XAOTHIECCKOM JMHAMUKN) U COCTOUT M3 MEIJICHHBIX
1 OBICTPBHIX JBIDKEHHUH. MeIIEHHBIE COCTOSIT B OJTM3KUX K KBA3UIIEPHOINIESCKUM IBIKEHUSAM BIAJIEKE
OT TPUMOJA, IPUIEM TPU ITOM PACCTOSIHUE /10 TPHUITONISA MOKET KaK yBEIWYHMBATHCS, TAK M YMEHBIIATHCS.
BricTpble IBMXKEHUS MPOUCXOIAT B OKPECTHOCTU TOUEUHBIX BUXPEH, U 3aKIIOYAIOTCS B UX IIEPEHOCE
u3 obnactu ¢ < x1(t) B x > x1(t) Wi B XaOTHYECKUX IBIKCHUSIX BOIM3HM BUXPEH TPUIOISL. DTO
WUTIOCTPUPYET TPAEKTOPHS OHOM M3 4acTul, nocrpoennas mist ¢ € [0, 25000 T'], u u3o0paxeHHas
Ha puc. 5. BugHO, 4TO OHa COCTOUT U3 KaUYE€CTBEHHO PA3JIMYHBIX Y4acTKOB. Tak, KpUBbIE, IOMEUYEH-
Hble cUMBoOJIaMU 1, 2, 5 COOTBETCTBYIOT MEJIEHHON HEperysipHON JuHaMHKe, a 3,4 — XaOTHYECKUM
JIBUKCHHSIM B OKPECTHOCTHU Tpurioiisa. Takum oOpasom, ipu € = (.05 Bo3HUKaeT OOIIMpHAs 00IacTh
Xa0THYECKON THHAMUKH, TPHYEM OHa COCTOHT M3 JABYX KaueCTBEHHO Pa3JIMYHBIX MOI00IacTeil — aKTHB-
HOTO W MEJIEHHOTO TepemernrBanust. O0lacTh XaoTHYECKOM AMHAMUKH Ha riockoctH (2, y') naHa Ha
puc. 2, ¢ = 0.05.

YBenuveHue € IPUBOAMT K POCTY 30HBI XaOTHYECKOM JMHAMUKH M PACHIMPEHUIO MOJ00IACTH aK-
THUBHOTO MEPEMEIINBAHNS YaCTHL. DTH MPOLECCH MOYKHO BUIETh Ha PHUC. 6 TI€ JaHbI MOJIOKEHUS YaCTHUI]
MapKepHBIX OTPE3KOB ISl pa3nuuHbIX 3HaueHud 1" u € = 0.1. IIpu 3TOM 3HauUeHUH NapaMeTpa CKOPOCTh
MePEMEICHUS TPHITOJS Ha MOPSAOoK Goibie, e mpu € = 0.05, HO ocraercs manoit (v,) = 0.0027,
BpeMs nosHoro obopota Tpunonsa 1’ = 2.0667. U B aToM cirydae MapkepHBIE OTpe3ku ¢ g < () mernkom
HepexoiT B 00macts x > x1(t) mocne npubnusutensao 500 060pOTOB TPHUIIONS, HO IPH 3TOM YaCTHIIBI
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Puc. 6. [lonoxxeHne 4acTHI] YSTHIPEX MapKepHBIX OTpe3koB IpH € = (.1 B pa3iIuuHbIe MOMEHTHI BPEMEHH (I[BET OHJIAKH)

Fig. 6. The position of the particles of the four marker segments at ¢ = 0.1 at different times (color online)

cpasy MomaJaroT B 00IaCTh CHIILHOTO TIEPEMEIIUBAHMS B OKPECTHOCTH Tpunonus, cMm. £ = 207, 200 7.
Ipu ¢t = 3200 7T yacTHIbl BceX YETHIPEX MapKePHBIX OTPE3KOB NEepeMEIIaINCh MEXKITY COO0 1 HaXOIAT-
csl B 00JIaCTH XaOTHUECKON TUHAMUKH. TO €CTh IpU TaKOH TeOMETPUH TPUIIOJS BCS BUXpEBas CTPYKTypa
MepeMenIaeTcs ¢ Majloii CKOPOCTBIO BAOJIb OCH I, 3aTATHUBAs B 00JaCTh CHIIFHOTO TepEeMENINBaHUS Ya-
CTHILBI U3 LIMPOKOW 007acTH BOKPYT ceds. Kpome Toro, Bce yacTHIBI MapKEPHBIX OTPE3KOB MEPEHOCSTCS
Ha JIOCTAaTOYHO OOJBIIIOE PACCTOSHUE BMECTE C TpHIIoieM (cM. puc. 6, t = 32007T).

JanpHedmui pocT BO3MYILICHUS! CHMMETPUHU TPUIIONS MPUBOAUT K KAYECTBEHHOMY H3MEHEHUIO
CTPYKTYpBI IIEpEHOCA MapKepHBIX 0Tpe3koB. Ha puc. 7 npuBeneHsl pe3yasTaTsl BeiuucieHuil npu €=0.2.

S NV, O

2
4
-6

Puc. 7. ITonoxxeHne 4acTHI] YETHIPEX MapKEePHBIX OTPEe3KoB Ipu € = 0.2 B pa3iuuHble MOMEHTHI BPEMEHH (I[BET OHJIAKH)

Fig. 7. The position of the particles of the four marker segments at € = 0.2 at different times (color online)
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ITpu 5TOM 3HAaYCHUH MapaMeTpa CKOpocTh mepemernenust (v,) = 0.0238, To ecTh BrIpOCHa emé MouTH
Ha MOPSIIOK, a mepuod ymeHbwmics, 1 = 1.985. [IpuHuunuanbHOe M3MEHEHUE MEPEHOCa YacTHUIl
COCTOHT B TOM, YTO IIPU TaKOH CKOPOCTH (v,) HE BCE YACTHUIIBI MAapKEPHBIX OTPE3KOB MOMAJArOT
B OKPECTHOCTH TPHIIONS, W OCTAlOTCsA B obmactd = < x1(t), Tak Kak CKOPOCTh MX IE€PEMEICHHS
OKa3bIBACTCsI MEHBIIIE YeM (U, ), U YMEHbIIACTCs ¢ pocToM ¢. OcTasbHbIC YaCTHUIIBI TOMAIaI0T B 00IaCTh
Xa0Ca, KaK U B MPEABIIYIINX CIIyYasX. 30HAa XaOTHUYCCKOW THHAMHUKHA CMEIIACTCS BMECTE C BUXPEBOM
KoH(UTrypanuel, B Hell IPUCYTCTBYIOT YaCTHUIIBI BCEX YETHIPEX MapKEPHBIX OTPE3KOB.

IMocremyromiee yBenUICHHE € MPUBOIHT K CYIIECTBEHHOMY POCTY CKOPOCTH (V) TePEMEIICHHS
BHXpeBOW KoH(purypamuu (cM. puc. 1, ¢), yckoperuro Bpamierust (cM. puc. 1, d), 1 yMEHBIICHHUIO
obnactu xaoca Ha mwiockoctu (x',y’) (em. puc. 2 ipu € = 0.3, 0.4). DTO paaMKAILHO MEHSET JUHAMUKY
MACCUBHBIX YaCTHUI] U UX MEPEHOC B TOJIE€ CKOPOCTH TpHmois. Ha puc. 8§ B oMMHAKOBEIX OCSIX KOOpAWHAT
Ha TUIOCKOCTH (1, ) JaHbI TOJOKEHUS YaCTHI MAPKEPHBIX OTPE3KOB B YETHIPE MOMEHTA BPEMEHHU TIPH
e = 0.4 ((vy) = 0.2846, T' = 1.6931). B 3TOM citydae TPUIIOIb 3aXBaThIBACT YacTh YACTUIl MAPKEPHBIX
otpeskoB [(—2,t,6,1000) u [(2,t,6,1000), 1 oHKH monagarT B 061acTh xaoca. OcTalbHbIe YaCTHIIBI
3THX OTPE3KOB HA MEPBOM JTalle AMHAMHAKU CMEIIAIOTCA, a C YAAJCHUEeM TPHUIIONS MX CKOPOCTH CTPEMATCS
K HYJIIO, M YaCTHIIBI OCTaHABIMBAKOTCs. Bee MapkepHbie wactuisl [(—5, ¢, 6, 1000) ocraroTest Hepaneko
oT HadabHOTO nonokeHus. Orpesok [(5, ¢, 6, 1000) Ha mepBOM 3Tare pacTArHBAETCs, 3aT€M TPHUIIONIb
«IIPOXOAMT CKBO3b» 3TOT MaPKEPHBIH OTPE30K, U C yHaJIeHUEM TPHUIOs, OOJbIIasi YacTh €ro YaCTHI]
(a BOBMOXKHO, ¥ BC€) OCTaHABIMBAETCsA. Ha BCcex pacCMOTPEHHBIX B YHUCIIEHHOM SKCIIEPUMEHTE BPEeMEHAX
t € [0, 10007 B obmacT xaoca HaXOAATCS TOIBKO YaCTUIIBI 0Tpe3koB [(—2, ¢, 6,1000) u [(2, ¢, 6, 1000).
D10 maéT 0CHOBAaHUE MPEIIONIOKUTE, YTO TIPY IBUKECHUAHU C TIOCTATOYHO OOJBIION CKOPOCTHIO BHXPEBOI
TPHUIION TTEPEHOCUT YaCTHIBl U3 OKPECTHOCTH HAYaIBHOTO MOJOKEHUS, M TIPAKTUYECKH HE 3aXBaThIBAET
HOBBIX YaCTHI] MO TYTH CBOETO CIEIOBAHUS BIOJIb OCH X, YACTHIIHI BIICPEIH €0 JBIKCHHUS «OOTEKAIOT»
Xa0THYECKYI0 00JIacTb.
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Puc. 8. [lonoyxeHre 4acTUIl YeThIpEX MapKEPHBIX OTpe3koB Npu € = 0.4 B pa3aMyHble MOMEHTHI BpeMEHH (LIBET OHJIAIIH)

Fig. 8. The position of the particles of the four marker segments at ¢ = 0.4 at different times (color online)
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3akiaoueHue

B crarbe u3ydeH nepeHoc MacCUBHBIX YacTHI] B [IOJIE CKOPOCTH BUXPEBOTO TpuItois. J{ist onuca-
HUS BUXPEBOH CTPYKTYpPHI HCIIOIb30BAHA MIPOCTENIIIAs KIIacCHIeCKasi MaTeMaTHYeCcKasi MOJENIb — CUCTEMA
To4YeuHBIX BUXpeH. Ilon TpunoneM noHuMaeTcst KOHGUIypalys, cCoCToAIAs U3 LEHTPAIBLHOTO BUXPS U
JIByX CITyTHHKOB, IPHYEM WHTEHCHUBHOCTHU LIEHTpa M CIlyTHUKOB IIPOTHBOIIOJIOKHEI 110 3HAKY, BCE TPU
BHUXPsA PacIoNI0OKEHbl B HaYaJIbHBIM MOMEHT Ha OZHOM IPAMOM, IIEHTP HAXOAUTCA MEXKAY CITyTHHKaMHU.
B pabote paccMoTpeHHe OTpaHHYE€HO YaCTHBIM CIIy4aeM TPHIIONS C HyJIeBOH CyMMapHOW MHTEHCUBHO-
CTbIO, KOTZIa MOIYJIb MHTEHCUBHOCTH LIEHTPA B [[Ba pa3a OoJblle, 4eM MOAYIM HHTEHCUBHOCTU KaXKAOTO
13 CIIyTHUKOB. B cuMMeTpuuHOM citydae (Korja paccTOSHHS OT LIEHTpPa J0 CIIyTHHUKOB B HAYaJIbHBII
MOMEHT OJIMHAKOBHI) IIEHTP TaKOH KOH(HUTypaIiu OCTAETCS Ha MECTe, a CITyTHUKH BPAIAIOTCS BOKPYT
uenrpa. [lpu HapymeHun cummeTpun (paccTOSHUS MEXy CITyTHUKAMHU U LIEHTPOM Pa3iW4Hbl) BO3HHKA-
eT JBMKCHHE BCEH KOH(PUTYpAIMH TIO TUIOCKOCTH, M YeM OOJIbIIIe pa3HUIIA PACCTOSHUH, TeM OOJbIIe
CKOpOCTh TepeMelieHus. [IpoBeneH aHanu3 BAMSHUS BEJIMYMHBI BO3MYIIEHHS CUMMETPUH TPHUIIONS,
a 3HA4YUT, ¥ CKOPOCTH €ro MEepPEMEILEHUs, Ha MPOLECCHl IEPEHOCA NACCUBHBIX YaCTHII.

MaremaTniecku Mozenb (GOpMyIHPYETCsl B BUAE CUCTEMbl HEJIMHEHHBIX OOBIKHOBEHHBIX U de-
PEHILHATBHBIX YPaBHEHUH C TapaMeTpoOM — BEIMYMHON BO3MYyIIEeHUs Tpunosns. VccienoBaHue mpoBoau-
JIOCh YHCIIEHHO C MCIOJIB30BAHUEM HHTErPaTOPOB BBICOKOTO MOPSAKa TOYHOCTH U alTOPUTMOB, OCHO-
BaHHBIX Ha ITOJIX0/IaX TEOPUH IMHAMUYECKUX CHCTEM, BKIIIOYast mocTpoeHune otoopaxenus Ilyankape
U aHaJIM3 TpaHc(opMaluy «MapKePHBIX OTPE3KOBY, KOTOPbIE NPEACTAaBILIIOT cO00i HabOp MAacCHBHBIX Ya-
CTHLI, PacTIOIOKEHHBIX Ha OTPE3KE B Ha4aJIbHBI MOMEHT. PacueTs! IpoBOAMIINCE Ha OOJBIINX BPEMEHAX,
COOTBETCTBYIOIINX COTHSM W ThICS4aM OOOPOTOB TPHUIIONS BOKPYT €ro IIEHTpa.

B pe3ynbrare 4McIeHHOro UCCIIEAOBAaHUS YCTaHOBIIEHO, YTO NMEPEHOC NMACCUBHBIX YacTHUI] IPUH-
[UTTHATBHO Pa3IMdeH IPH MaJol W OOJBIION CKOPOCTSX ABM)KEHHS TPUIOJSA 1O iockoctu. Korma
CKOPOCTh MaJia (TIpH MaJbIX BO3MYILEHUSAX TPHUIIOJS), B OKPECTHOCTH BUXPEBOM KOH(MUTYypalnuy BO3HU-
KaeT oOmmpHas 061acTh XaOTHIECKOM JUHAMUKH, KOTOpPas COCTOUT M3 JIBYX Kau€CTBEHHO PaziIMIHBIX
nozpobnacTeld — aKTUBHOTO W MEIUICHHOTO IepeMelInBanusl. Bes obnacTe MeUICHHO cMelaeTcs BMecTe
C TPUIIOJIEM, A TPUIIOJIb BBICTYNAET B KAYECTBE «CMECUTENS, MIEPEMEIIAIOIIETO U NIEPEMEIINBAIOLIErO
4acTUIBI U3 JIEBOH OT ceOs 00JacTH B MpaBylo, MPHYEM 3TOT IPOLIECC 3aXBaThIBACT OONBIIYIO IJIO-
I Ha MIOCKOCTH. [Ipu A0CTaToYHO OOJBIION CKOPOCTH BUXPEBOTO TPHUIIOINS 0OIACTh XaOTHUECKOM
JUHAMUKH CYIIECTBEHHO MEHbILIE, OHA ITOJTHOCTHIO COCTOUT U3 00JIaCTH aKTUBHOI'O IE€pEMEIINBaHHUA.
B aTOM cityyae BuxpeBast KOHQUTYpaLHsl SBISETCS «IIEPEBO3UUKOMY, KOTOPHIH MepeMeIaeT YacTHIBl U3
OKpPECTHOCTH CBOETO HAadaJIbHOTO TIOJIOKEHHUSI Ha OOJIBIINE PACCTOSHUS, U IPAKTHYECKH HE 3aXBaTbIBaET
HOBBIX YacCTHI] 110 IIyTH CBOETO ClIeJ0oBaHMs. B MpOMEeXyTOUHBIX CUTyallMsX B pa3HON CTENEHH, YTO
oIpenensercs napaMeTpoM BO3MYILEHHS, pealn3yroTcsa 00a npouecca. ECTeCTBEHHO IPEATIONIOKUTD,
YTO M peasIbHbIE TPUIIOIBbHBIE BUXPEBBIE KOH(PHUTYpanH KUIKOCTEH U ra30B MOTYT J€MOHCTPHUPOBATh
AQHAJIOIMYHbIE 3aBUCUMOCTH CBOMCTB IEPEHOCA OT UX IEOMETPUU U CKOPOCTH MEPEMEILECHUSI.
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Annomayusn. Jervio TaHHOH paboThl SIBISETCS 0000LICHHE Ha Cydai KOONEPAaTUBHOW JTUHAMUKH B3aHMOJACHCTBYOIINX
CHCTEM METOJa MAaKCHMYMOB MOAyJeil BeHBIeT-PeoOpa3oBaHys H BBEACHHE B PACCMOTPEHHE COBMECTHOTO CIEKTPa CHHIYJIAP-
HOCTeH. Memodom VicclieioBaHus SABJISETCSl OCHOBAHHBII Ha BelBlIeTax MyJAbTU(PAKTaNbHEIN GopMann3M, 0000IIeHHas BEpCHs
KOTOPOTO HMPUMEHSETCS ISl KOJIMYECTBEHHOro onucanus G dexra CHHXpOHHU3AIMH Xa0ca B AUHAMUKE MOJICIIbHBIX CHCTEM.
PaccmatpuBaroTcst Momenu cBI3aHHBIX cucTeM Péccnepa u mapHbIX He(hpOHOB. B pesynvmame npoBeneHHBIX UCCIEIO0BAHUN
OTMEUEHBI OCHOBHBIC M3MEHEHHSI COBMECTHBIX CIIEKTPOB CHHTYIISIPHOCTEH IPH MEepexo/ie OT CHHXPOHHBIX KoJieOGaHHH K HECHH-
XPOHHBIM B TIEPBOH MOJENHU U K PEKUMY YaCTUYHOI CHHXPOHHU3ALMK BO BTOPOH. 3aK/I0UeHUe TI0 UTOraM MPOBEJCHHOTO
UCCIIEIOBaHUS: NPEUIOKCHHBIH TTOAX0] MOXXET HAHTU NMPUMEHEHHE B MCCIENO0BAHMSAX KOOIEPATHBHON JUHAMHUKH CHCTEM
Pa3IMYHON HIPHPOJIBL.
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Abstract. Purpose of this work is to generalize the wavelet-transform modulus maxima method to the case of cooperative
dynamics of interacting systems and to introduce the joint singularity spectrum into consideration. The research method is the
wavelet-based multifractal formalism, the generalized version of which is used to quantitatively describe the effect of chaotic
synchronization in the dynamics of model systems. Models of coupled Réssler systems and paired nephrons are considered.
As a result of the studies carried out, the main changes in the joint singularity spectra were noted during the transition from
synchronous to asynchronous oscillations in the first model and to the partial synchronization mode in the second model.
Conclusion. Proposed approach can be used in studies of the cooperative dynamics of systems of various nature.
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BBenenue

CIoXKHBIE CHCTEMBI YacTO BKIIOYAIOT B3aUMOJICHCTBYIONINE KOMIIOHEHTHI, KOTOPEIE, B CBOIO
o4epenib, MOTYT IEMOHCTPHUPOBATH CIOKHOE MOBeieHUE. VI3MeHeHne JUHaMUKN TaKUX CHUCTEM SIBIISET-
Csl CIIEZICTBHEM M3MEHEHHUs (YHKIIMOHUPOBAaHUS OTAEIHFHBIX KOMIIOHEHTOB HMJITU CBSI3€H MEXIy HUMH.
B mocnennem cityuae BaKHO MOMy4aTh HH(POPMAIIUIO O KOOTIEPATHBHOW TUHAMUKE DJIEMEHTOB CIIOXKHOMN
CHCTEMEI (HampuMep, CIOKHOU CETH), UCTIONIBb3YS KOTUIECCTBEHHBIE KPUTEPUH, OTPAKAIOIINE B3aUMO-
neiictBue noacucteM. C 3TOH 1eJIbI0 MOTYT UCIIOJIB30BaThCA B3aUMHBIE CIIEKTPBI, B3aUMHBIE KOBapH-
AI[MOHHBIE WU KOPPEJSIIMOHHbIe QYHKIUH [1], a Takke crelalbHbIe XapaKTepUCTHKHU (HaIpuMep,
Mephl B3auMHOUM uHGpopMaiuu [2]). YauTheiBas TO 0OCTOSTEIBCTBO, YTO JUHAMHKA OTICIBHBIX 3Jie-
MEHTOB MOXET AEMOHCTPHPOBATH MYJIBTU(PPAKTAIBHYIO CTPYKTYPY, ISl KOTMYECTBEHHOTO OMHCAHUS
KOTOPOHM HEIOCTAaTOYHO OJHOW BEIIMYMHBI, OTPAXKAIOIICH 3aKOHOMEPHOCTH YaCTOTHOM 3aBUCHMOCTH
CIIEKTPAIbHON IUIOTHOCTH MOIIHOCTH WM CHafa KOPPEJSAIuid, JOCTAaTOYHO YacTO MPHU MPOBEIACHUHU
HCCIIeI0BaHUM UCTIONIB3yeTCA MOAX0A Ha OCHOBE pacdeTa CreKTpa CUHTyisipHocTel [3]. I3BecTHO MHOTO
METOJIOB BBIYUCIICHHUS JaHHOTO CIIEKTPa, KKl U3 KOTOPHIX UMEET CBOM OCOOEHHOCTH W OTPaHHYCHUSI.
B yactHOCTH, OIXOM HA OCHOBE CTPYKTYPHBIX (QYHKUUH [4,5] HE MOAXOAMT AJIS U3YUYECHHUsS CIAOBIX
CUHTYIISIpHOCTEW. bonee yHHBEepCaTbHBIMH METOaMH CUHTAIOTCS MYJIBTH(PPAKTAIBHBINA (HOpPMaN3M,
OCHOBaHHBIN Ha BelBieTax [0, 7], 1 MynbTU(paKTaATbHBINA (QIyKTyariMoHHbIH aHam3 [8,9]. IlepBoiii u3
HUX 3a CUeT BBIOOpa MOAXOMASIIEH BeBIeT-QYHKIIUN (MMEIOIIEei OOIBIIOe YHUCIO HyJIEBEIX MOMEHTOR)
[TO3BOJISIET UTHOPHPOBATh TOJTMHOMHAIIBHBINA TPEH]T B OKCIIEPIMEHTAIBHBIX JaHHBIX. O0001meHne KoH-
LENIMY MYJTBTH(QPAKTAIOB Ha CITy4Yai KOOIepaTHBHOW IWHAMHKH CJIOXKHBIX CUCTEM OBLIO MPEAIOKEHO,
Harpumep, B [10], Tne ObUTM BBEACHBI B paCCMOTPEHHE COBMECTHBIE MYIBTU(paKTaIbHbIE Mepbl. OIHAKO
ctarbs [10] Ga3upoBanach Ha KIIACCHYECKOM ITOAXO/AE K aHAIW3Y, MPEIyCMaTPHBAIOIIEM IOKPBITHE
(hpakTaTbHOrO MHOXKECTBA TE€OMETPUIECKUMH 00beKTaMH (HanmpuMmep, KyOuKkamu), KOTOPBIH UMeeT psijl
OTpaHUYCHUH MPHU U3YUYECHUU CUTHAJIOB.
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B nmanHO# pabore MBI paccMmarpuBaeM 0000IIeHHE Ha ciaydyail B3aMMHOM TUHAMHKU aBTOKO-
nebaTebHBIX CUCTEM METOa MaKCUMYyMOB MOIYJIEH BEHBIET-IIpeoOpa3oBaHusi, B paMKax KOTOPOIO
B KayeCTBE DJIIEMEHTOB MOKPHITUSI BHIOMPAIOTCS BEUBIET-QYHKUMU. DTO MO3BOJISIET, ¢ OMHOW CTOPO-
HBI, UCIIOJIb30BaTh Oosiee YHHUBEPCAIbHBIN IOAXOM, NIPUMEHUMBIA KaK K CTAaI[MIOHApHBIM IIpOLieccaM,
TaK U K CUTHaJIaM CHCTEM C MEHSIOIIMMHUCS BO BpeMeHH xapakrepuctukamu. C Apyroil CTOpoHsI, obec-
MIEYMBACTCSA aHAIN3 KaK CHIIBHBIX, TaK M CIA0BIX CHHTYIAPHOCTEH (0OMBIIMX M MaJbIX (UIyKTyaIlwii) Ipu
UCTIOJNIb30BaHUH AJITOPUTMA BBIYUCIICHUS 00OOLIEHHBIX CTATHCTHYECKUX QYHKIUH. MBI WILTIOCTpUpPYEM
npeyiaraeMblii 0000IeHHBINH MeTO Ha mpuMepe d(pdeKxTa CHHXPOHU3AINHN Xa0THIECKIX KOoIeOaHui
B MOZEJBHBIX CUCTEMaX: MOJEIH JIBYX CBSI3aHHBIX cucteM Pécciiepa u Ooree CloXKHOM MOIEIH MapHBIX
He(POHOB.

1. MeToasl

1.1. MeTtox pacueTra COBMECTHOIO CIIEKTpa CHHryJsipHocTell. OCHOBaHHBIM Ha BeiiBieTax
MYJBTA(PAKTATBHBIA (popManu3M OBUT TIPEMIIOKEH B padoTe [6] M MPOTECTUPOBAH HA Pa3IMIHBIX
MpUMepax B mocieaymux myonmukanusx [7, 11-13]. Ox npeaycMarpuBaeT BHIYHCICHHE MAKCUMYMOB
MoyJe (CKeJleToOHa) BeHBIeT-peo0pa3oBaHms, KOTOPHIH COAEPKUT OCHOBHYIO HH(OPMAIIHIO O CHTHAJIE,
W aHAJIN3 CTENCHHBIX 3aKOHOMEPHOCTEH BeiiBleT-k03(pPUIHEHTOB B 3aBUCHMOCTH OT MaciiTada [14].
AJTOPUTMHYECKH, BEIYUCIICHHUS CIIEKTPA CHHTYJISIpHOCTEH QyHKIMK f(t) MOXKHO pa3[elnTh Ha JBa ATarla,
MEPBBIM U3 KOTOPBIX SIBIISETCS BBIYMCICHHE KOI(Q(PHUIUEHTOB HENPEPHIBHOIO BeHBIET-NIPeoOpa3oBaHus

1 [ t—>b
W(a,b) = a/ AGLY <a> dt, (1)
—0o0

e a — mapamerp Mmacmraba, b xapakrepusyer cMelleHne BelBreT-QyHKuum 1), a B kadectse f(t)
paccmarpuBaeTcsi pyHKIHUS paclpeesIiCHUs] aHaIM3UPyeMoro curaaia. Beioop GasucHol GyHKIMHU 1)
ompenensiercs: crenuGrUKol aHAIM3UPYEMOTro Tporiecca. TeopeTHIecKH CIIeKTP CHHTYISIPHOCTEH He
3aBHCHT OT BbIOOpa 0a3nca, HO B ClIy4ae HECTAI[MOHAPHBIX IPOIIECCOB NMPUCYTCTBHE TPEH/IA OKA3bIBACT
BJIMAHUC HA MIPOBOJUMBIC OLICHKH. B 3agadax MYHBTI/I(bpaKTaJH)HOFO aHalin3a 4aCcTO NPpUMECHAIOT BEHBIET-
0a3uChl, CKOHCTPYHPOBAHHBIC HA OCHOBE NMPOM3BOAHBIX (QyHKIMHK ['aycca

m 2
P = (—1>m§tm [exp (—2)] ! @)

Hanpumep, WAVE (m = 1) unu MHAT (m = 2). B nannoii pabote Mbl ucrionszoBaan MHAT-BeiiBner.
Kaxk u amns no6oro metona aHanu3a CTPYKTYpbl CUTHAJIOB, UCCIIEIOBATEN0 HEOOXOOUMO OLICHUTh
YyBCTBUTEIBHOCTh PE3YJIBTAaTOB K BBHIOOPY ITOPUTMUYECKHX ITapaMeTpoB, B YACTHOCTH, AUAIa30Ha
MacuTaboB I U3YYEHUs U KOIMYECTBEHHOTIO OIMCAHMS CBOMCTB ()PaKTaJIBbHOCTH.
[py HATHYMK CHUHTYISIPHOTO TIOBEACHHS B TOYKE t*, B OKPECTHOCTH 3TOW TOYKH f (1) MOXKHO
MIPEICTaBUTh B BUJIE
F(£) = Po(t) + CJt — "), 3)

TO €CTh B BHJIE PETyISIpHON coctaBisitouieid P, (¢) (moaMHOMa CTENEeHH 1) U CIIAaraeéMoro, OMHCHIBAKO-
IIET0 CHHTYJISIPHOCTB, KOTOPOE XapakTepusyeTcst HelelibiM 3HaueHueM h(t*). [Ipu BeiOope BeiiBiera,
HMMEIOIIETO 171 HYJEBBIX MOMEHTOB (1M = n),

/ " Pa(typ(t)dt = o, )

—00

" B PE3yJIbTaTe BEHBIICT-aHAIN3a MBI MOJYyYUM CTCICHHYI 3aBUCUMOCTD

W(a,t) ~ a"®), (%)

Iyiio I A., Ilasnos A. H.
W3Bectus By3os. [TH/I, 2023, 1. 31, Ne 3 307



KOTOpasi KOJIMYECTBEHHO OMHCHIBAETCs mokasarenem [ €npaepa h(t*). Kaxmas CHHTYISIPHOCTD TpH-
BOJWT K MOSIBIICHUIO OJAHOM HJIM HECKOJIBKHX JHHHMH JIOKAaJbHBIX MakCUMyMOB MOAYJIEH BEWBIIET-
npeobpa3oBaHus (JIMHUHA CKEJIETOHA), MOPTOMY MMEHHO B CKEJIETOHE BEUBIET-TIpeoOpa3oBaHUs CO-
AEPXKUTCS BCsl MHGOPMALIUSL O CHHTYJIIpHOCTSX f(1).

OnHako MPOBECTH BBIYHMCICHUS MO Qopmyse (5) 3aTpyAHUTENBHO H3-32 BIHMSHHUSA COCEIHUX
CHHTYJSIPHOCTEH, MPENSATCTBYIOMNX PACCMOTPEHHIO TIPHEMIIEMOTO /IS pacyeTOB IHara30Ha MaclTaboB.
[To sTOli mpuYKHE B KadecTBEe BTOPOTO 3Tama BBIYUCIECHHH B pabore [7] MpemioKeHO MpOBOAUTH
MMOCTpOCHNE 0OOOIIEHHBIX CTATUCTHUECKUX (YHKIIUI

Zga)= Y (sup|w<d,bl<d>> r) | ©)

leL(a) 0S¢

rie L(a) — nonHslit HabOp JMHUI JTOKaNbHEIX 9KcTpemyMoB W (a, b) Ha MaciuTabe a, b;(d) — pacmo-
JIOKEHHE Ha MaciTade ¢ < a MakCHMyMa, KOTOPBI OTHOCHTCS K JIMHHH [, a SUP paccMaTpHBaeTCs
TS TOTO, YTOOBI N30eXKaTh MOSBICHUS HYJIEBBIX 3HAYCHUH U OTpULIATeIbHBIX ¢. COMTacHO BBIBOAAM
pabor [6,7], 00001IeHHbIE cTaTHCTUYECKHUE (PYHKIMH OOBIYHO JEMOHCTPHPYIOT CTECIICHHOE OBEICHUE

Z(q,a) ~ a"?, (7)

e T(q) — CKeIlJIMHTOBBIC MTOKA3aTel N, KOTOPBIE SBJISIOTCS IPOMEXYTOUHBIMH BETMYNHAMH TIPU pacyuere
nokasareneii ['énpaepa h(q) u cnekrpa cunrymsipHocteit D(h)

D) = ah— (o), hg) = 2. ®)

OnucaHue ajdropuTMa MakCUMYMOB MOJAYJIeH BeHBieT-ipeodpa3oBaHus Oonee moapoOHO MPHUBEACHO
B pabore [7]. Pacuer t(¢) mpoBomMTCS MO JMHEHHBIM y4acTKaM 3aBucumocteit lg Z(q,a) ot lga
(MBI BcTosb30BaH quanason lga € [0.7,4.0]).

PaccmoTpuM Temnepb 0000IIeHHE 3TOTO AITOPHTMA HA CITydaid KOOTIEPATUBHOW TUHAMHKH CIIOXKHBIX
CHCTEM, a UMCHHO JIJIsl OTIMCAHUSI CIIOKHOTO CKEHIHHTA B (YHKIIMOHUPOBAHUH B3aUMOACUCTBYIOIIMX
MOJICKCTEM TI0 CUTHAIIAM, OTPAKAONIMM (yHKIIMOHUPOBAHKE Kax10i u3 Hux. [lycts f(t) u g(t) — QpyHK-
UK pacTIpe/ieNiCHHs IBYX aHAIM3UPYEMBbIX MPOIECCOB. BhIUnCInM 17151 KaXKI0N U3 HUX HEMPEPhIBHOE
BelBIIET-IpeoOpazoBaHme

Wit = 1 [ s (50 ar ©

W,(a,b) — (11/_00 ot (t;b> dt

U COOTBETCTBYIOIIME CKEJIETOHBI. BO3MOXKHO HECKOIBKO BapHAHTOB PEIICHUS 3aa4H MIPOBEICHUS COB-
MECTHOTO MYITBTH(PpPAKTATHLHOTO aHanm3a. Hampumep, MOKHO W3HAYAIBHO PacCMOTPETH B3aUMHOE
BeliBieT-nipeoOpa3oBanue (YHKIHUN paclpeeeHus ¢ BhIJCICHHEM ero MaKCHMYyMOB Moyiel. B nan-
HOH paboTe MBI BRIOpaIM CPABHUTEIIBHO MPOCTON ITOMXO, COCTOSIINN B MOTU(DHUKAIIAN TIPOIIECTYPHI
BBIYHCIICHUS 0OOOIICHHBIX CTATUCTHYCCKUX (DYHKITHI

q q
2= 3 (swiw@n@) « ¥ (swiw@nanl). o
i€L(a) SISO j€Lg(a) VOS¢

3nech Ly(a) u Ly(a) 0003HAYAKOT CKEIETOHBI JUIA Kax10i n3 GyHKuuii pacnpenenenus, b;(d) n bj(a) —
pacrmoyio)keHne Ha MaciuTadax ¢ < a U ¢ < G MakCHMyMOB, KOTOPBIE OTHOCSITCA K JIMHUSM ¢ U j.
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JlanpHelme pacyeThl MPOBOIATCSA B COOTBETCTBUU C PAaHEE MPHUBEACHHBIM aJITOPUTMOM, TO €CTh BBIUKC-
JISIFOTCS TIOKa3aTesn CKeinmHra T(q) u crektp cunrymsipaocreir D(h) o dopmynam (7) u (8), coorBer-
cTBeHHO. Bce mapamerpsl alroputMa BHIOpaHBI TAKUMU Ke, KaK U JJI PACUCTOB 0 OJHOMY CHTHAIY.
OnHako Terneph BHIYUCICHHBIN CIIEKTP CHHTYIIIPHOCTEH MOXKHO HHTEPIPETHPOBATH KAK COBMECTHBIN,
TaK KaK OH OTPa)KaeT COBMECTHYIO JTUHAMHUKY ITOJICUCTEM, TCHEPUPYIOIINX aHAIU3UPYEMbIC CUTHAJIBI.
Jl1st TecTUPOBaHUS MPEAIaraéMoro Ioaxoaa PacCMOTPUM [[Ba MPUMEPa MaTeMaTHUYECKHUX MOZCIeH.

1.2. Ceazannble cucteMmbl Péccsiepa. Mojenb AByX CBsi3aHHBIX cucTeM Pécciepa vacto uc-
MIOJIB3YETCsl B KauecTBe 0a30BOro MpuMepa JUIsl TECTUPOBAHMS Pa3IMUHBIX METOIOB aHAIN3a CUTHAJIOB,
YUHTHIBAs, 4TO €€ TWHAMHUKA XOPOIIO M3Yy4YeHAa, U HATMYHE Pa3HOOOPa3HBIX BAPHAHTOB CIOXKHBIX KO-
ne0aHui B 3TOM MOIENH MTO3BOJISIET IPOAHATU3UPOBATE BO3SMOKHOCTD TUATHOCTUKU CMEHBI PEXHMOB
(PYHKIIMOHUPOBAHYS NIPHU U3MEHEHNHU YIPABISAIONINX ITapaMeTpoB. MoJienb ONMMCHIBAETCS CIEAYIOIeH
cHCTeMOI 0OBIKHOBEHHBIX AU (epeHIranbHbBIX YpaBHeHUH 1-To mopsaka:

d:Clg
dt7 = —wi2y12 — 21,2 + V(221 — T12),
d
2 _ 12712 + ay1 2, (11)
dt
dz1 2
= = b+ z19(x19—c
It + 1,2( 1,2 ),

B KoTopoii mapameTpsl a = 0.15, b = 0.2 u ¢ onpeAensoT pexXuM ANHAMHUKH OTJEIBHBIX TOACUCTEM,
ay = 0.02 sBisercs ko3QuuneHToM uX cBsA3U. [y paccMOTpeHHsI HEMACHTUYHBIX MTOACUCTEM BBEAEM
paccTpoiiKy 4acToT w12 = 1.0 £ A, 1 BeIOepeM J1Ba yNPaBIAIOMIUX NapaMeTpa ¢ U A, Bapralys KOTOPbIX
MO3BOJISIET HAOMIOAATh PEKUMBI CHHXPOHHBIX M HECHHXPOHHBIX XaOTHYECKUX KOJIeOaHUH, THIIepXao-
TUYECKUM PEXHM, a TAKKe Pa3IUIHbIE BAPUAHTHI IEPHOTUIECKUX U KBa3UIEPHUOANIECKUX KOJIeOaHUH.
Yrto0Obl M3yyaTh HONEPEUHYIO CTPYKTYPY XaOTHUYECKUX aTTPAaKTOPOB, KOTOPasi AEMOHCTPUPYET CBOMCTBO
MYJIBTU(PPAKTATEHOCTH, MOKHO BBIOpaTh B Ka4eCTBE MCCIIEAYyEMBIX CHTHAJIOB MOCIEI0BAaTEIbHOCTH
BpEMEH BO3Bpara B cekyulyto [lyankape. PaccMOoTpuM B kauecTBe aHAM3UPYEMBIX CUTHAJIOB MOCIIENO-
BaTENbHOCTH BPEMEH BO3BPATa B CEKyIUeE IIOCKOCTH X1 = (0 U 9 = 0, COOTBETCTBYIOIUE pEXKUMAM
cuHXpOoHHOTO Xaoca (¢ = 6.8, A = 0.009) n HecuaxpoHHOTO Xaoca (¢ = 6.8, A = 0.010). Ha pwuc. 1
MIPUBEICHBI TIOCIIEI0BATEILHOCTH BPEMEH BO3Bpara B cekyuryto Ilyankape x1 = 0 11 BEIOpaHHBIX pe-
KUMOB. BUIHO, 4TO OHU BU3yalbHO OTIIMYAIOTCS, IO3TOMY MOXHO OXKUJATh U CYIIECTBEHHBIX OTIMYUN
B XapaKTEPUCTHKAX MYJIBTH(PAKTAIbHON CTPYKTYPBl COOTBETCTBYIOIINX aTTPaKTOPOB.

X X T T T T

6.3 6.3

6.1 61|

5.9 sol

5.7 5.7

5.5 ‘ ‘ ‘ ‘ | 55 ‘ ‘ ‘ ‘ |
, 0100 200 300 400 i ;70 100 200 300 400

Puc. 1. [locnenoBarensHOCTH BpeMeH Bo3Bpara B cekyinyto [lyankape x1 = 0 11 pexnmMa CHHXPOHHOTO (¢) 1 HECHHXPOHHO-
ro (b) xaoca B MOZIENN ABYX CBSI3aHHBIX cucTeM Pécciepa

Fig. 1. Return time sequences into the Poincaré section 21 = 0 for synchronous (@) and asynchronous () chaos in the model
of two coupled Rossler systems
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1.3. Moneas napHbIX HeppoHoB. Mozens napHBIX HEPPOHOB SABISETCS OoJiee CIOKHOM; AT OA-
HOT'O CTPYKTYPHOTO 3JIEMEHTA II0YKH OHa Oblia IpeiiokeHa B padore [15] 1 mocTpoeHa B COOTBETCTBUU
¢ (PM3NOJOTHYECKUMH TPEACTaBICHUSIMH O MTOYEYHOI aBTOPETY/SILIMY KPOBOTOKa. MoJenb oKa3ajlach
YIAQYHOW B TOM CMBICIIE, YTO OHa MO3BOJISIET OIMCAaTh MHOTHE OCOOCHHOCTH peallbHOW JHHAMUKH HEePpo-
HOB, KOTOpBIE ObIIM OOHApYKeHbI B MHOTOYHCIIEHHBIX SKCIIEPUMEHTAIbHBIX UCCIeqoBaHusAX. Hampumep,
C TIOMOIIBIO MOJIENTM XOPOLIO OIKCHIBACTCS MEPEXOA OT MOYTH PETYSIPHBIX KOJIeOaHUH TaBIeHHs KUAKO-
CTH B IPOKCHMAJIBHBIX KaHAJIbIAX HEPPOHOB (CITydail HOPMBI) K CHIBHO HEPETYISAPHBIM IPH MOYEUHOM
runepToHud. OTMETHM, YTO MOJENb SIBISIETCA OYEHb CIOKHOW, M €€ IOJHOE ONMCAaHHE 3aHUMAET
HECKOJIbKO cTpaHull. [lo 3Toll npu4nHe B JaHHOW CTaTbe MBI IPUBOIUM JIMIIb CXEMATHYHOE ONUCAHHE

dP, 1

7; == m{Ff(Ptar)_Freab_(iDt_Pd)/RHen}a
dr

dt = Ur,

dv, 1

o = o L (Por) = Peg (r, U(X5,8)) — odu, ) (12)
dXx, 1 3

R T

dX, 3

22 _ 2 (x, - X

dt 7 (X = X2),

dXs3 3

823 _ 2 (X, — X3).

dt 7 (X2 — Xs)

Ilepemennas P; onMCBHIBA€T NaBICHHE B MIPOKCUMAILHOM KaHAbLE, Ff — CKOPOCTh TIIOMEPY/IAPHOM
¢wuierpanuu, Cyyp, — dJ1acTHYECKAs MPOBOAMMOCTD KaHanbla. PasHocts P, — Py Mexay npoKcHMallb-
HBIM U AUCTAJIbHBIM JaBJICHUEM U COIPOTHUBICHUE [Xffe, OMPENENIIOT MOTOK XUAKOCTH B netie [ene.
PeabcopOuus B MpOKCHMAaIbHOM KaHANbIE Fieql, CUMTACTCS HOCTOSIHHON BEIMUMHOM. BTOopoe u TpeThe
YpaBHEHHS XapaKTepHU3yIOT IHHAMUKY, 00yCIIOBIEHHYIO KOHTPOJIEM TOTOKa B MPUHOCSIIEH apTepHo-
ae. 30ech T — paguyc COCyda, Uy — CKOPOCTh €T0 U3MEHEHUs, d ONUCHIBAET 3aTyXaHHE KoJeOaHWH,
 SBJISIETCSI MEPOI Macchl 110 OTHOILIEHUIO K JIaCTUYECKON MTPOBOIUMOCTH CTEHKH apTepHOIbl, a Py,
0003HauaeT cpeiHee JaBleHUE B aprepuone. P, mpencrapiseT co0oil 3HayeHHE STOTO JaBIECHUS,
IIPH KOTOPOM apTeproiia HAaXOTUTCS B PABHOBECHOM COCTOSIHUH C €€ TEeKYIIMM 3HaueHUEM pannyca U
MblIeuHOH aktuBauuei V. Beipaxenus ms Fy, Py, u P, BKIIOYAIOT psjl anreOpandeckux ypaBHEHHUH,

KOTOpBIE HEOOXOIUMO PEIINTh BMECTE C HHTe-

r rpupoBanueM cuctemsl (12). Tpu ocraBmmxcs
YpaBHEHUS OMKCHIBAIOT 3a/IepKKy 1’ B MexaHU3Me

15| | KaHaJILHCBO-FHOMCE)yJIHpHOfI PETYISIUH, KOTOpast
SIBIISICTCS TIPUIMHON TIOSBIICHUS MEIJICHHBIX KOJIe-

bannii mepemenHor P, ¢ gactoroit 0.02...0.04 I'm.

1.0 | ] MuoreHHblii MEXaHU3M, ONUCHIBAEMBIN BTOPBIM
U TPETHUM ypPaBHEHUSMH, IPUBOIUT K BOZHUKHO-

BeHMIO Oonee ObicTphIx konebanuit (0.1...0.2 '),

0.5 1 aMIUTUTyda KOTOPBIX 3HAYUTEILHO MEHBIIE aM-
IUTUTYABl MeJIEHHOTO puTMa. [lepexon oT HOp-

0 MaJIbHOTO apTepUaIbHOTO JaBICHUS K TIOYEYHOMN

0.5 1‘ 0 1‘ 5 2‘0 P TUTNICPTOHUU CONPOBOKAACTCA YBCIIMYCHNUCM CHUJIBL
' obparHoii ces3u (mapamerp 3 mozaenu (12)). Ipu-

Mep XaoTHYECKOW TUHAMUKH Moxenu (12) mpue-
Fig. 2. An example of chaotic oscillations in nephron model JICH Ha puc. 2.

Puc. 2. [lpumep xaoTnueckux kosnedaHuii B Moaenn Hedpona
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B3aumopelicTBrue napHbIX HE(POHOB, B OCHOBHOM, ONPEACISICTCS ICKTPOXUMHISCKHMHU CUTHAJIa-
Mu. B moznenu (12) paBHOBECHOE AaBlieHHE B MPUHOCSIICH apTEpPHOJIC 3aBUCHT OT TEKYIIETO paauyca r
U ypoBHS akTuBanuu ¥ rmagkux MbI. MBeliedyHas akTUBAIMS PACIpOCTPAHACTCS BIOIh MPUHOCSIIEH
apTepHOIBl 3aTyxXaonmM obpa3oMm. Korja oHa JOCTHTAET TOUKH PAa3BETBICHHS C apTEPHOJION COCEIHETO
He(pOHA, YaCTh CUTHAJIA MOXET PACHPOCTPAHATHCS 10 HEW M OKa3bIBATh BIMSHHUE HA COCEIHUI He(poH.
B Monenn mapHBIX HE(ppOHOB 3Ty CBS3b MOXHO OIMCATh AOOABICHHWEM BKJala YPOBHS aKTHBAIUH
B OJIHOM He(ppOHE K YPOBHIO aKTHBAIlUU B cocelHeM HedpoHe [16]

Uio=Vio+v¥21, (13)

rje Yy — napameTp cBsa3u U Wi o — ypOBHM aKTHBAllMH JIByX HECBA3aHHBIX HE(POHOB, ONpPE/ENAEMbIE X
COOTBETCTBYIOIIUMU MOTOKamu [ enie. UToObl pa3neianTh MEUICHHbIC M OBICTpPhIC KOJICOaHHS M Xapak-
TEPH30BaTh UX MO OTJACIFHOCTH, HaMU BBIOpaHbl mapamerpbl ¥ = 0.005 u f = 27.3 U paccMOTpeHbI
MOCJIeIOBAaTEIbHOCTA BPeMEH Bo3Bpara B ceueHus [lyankape P, = 1.6 u v, = 0. st wutroctpanuu
METOJIa PAaCCMOTPEHBI MPUMEPHI TIOTHOW CHHXPOHU3AIMH XaoTHdecknx konebanuit (17 = T = 13.5 ¢,
rae 11 u 1o — 3Ha4YeHHs 33JIePKKU B MEXaHU3ME O0paTHOW CBSI3M JUIS KaXKJIOTo He()pOHA) M 4acTHY-
HOH XaOTHYECKON CHHXPOHU3AINH, HAOMI0IaeMO# TOIBKO it MemieHHon nuaamuku (17 = 13.5 c,
T5 = 13.4 ¢). AHanu3upyemble MMOCIENOBATEILHOCTH BPEMEH BO3Bpara /Uil BHIOPAHHBIX PEXHUMOB
MMHAMUKH TIOKa3aHbl Ha puC. 3.

X ' ' ' ' X ' ' ' '
10.0 l ’ 10.0 ‘
o) >0 '|! li
o ol |
7.0 % 7.0 I’ }{
6.0 : ' ' ' 6.0 : ' ' ' .
0 100 200 300 400 i 100 200 300 400 i
X ' ' ' ' X ' ' ' '
34.0 34.0
33.0 33.0
|
32.0 ‘ 32.0
31.0 : : ' ' 1310 ' ' ' ' .
.0 100 200 300 400 P 100 200 300 400 i

Puc. 3. IlocnenoBarensHOCTH BpeMEH Bo3Bpara Aist ObicTpoit (a, b) U MemnieHHoH (¢, d) AMHAMHUKY B peXXUMax MOJIHOH (a, ¢)
W 4aCTUYHOM CMHXpoHM3auuu (b, d) B Moziesy nmapHbIX HeGPOHOB (JUIs NEPBOI MOACHCTEMBI)

Fig. 3. Return times sequences for fast (a, b) and slow (¢, d) dynamics in the regimes of full synchronization (g, c) and partial
synchronization (b, d) in the model of two paired nephrons (for the first unit)
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2. Pe3yabTaThl

2.1. Cszannsble cucrembl Pécciepa. Ilepexon yepes rpaHuIly 00JIACTH XaOTHYECKOH CHH-
xpoHuzanuu B Mozenu (11) compoBokaeTcsi 3HAYUTETFHBIMA U3MEHEHUSIMH COBMECTHOTO CIIEKTpa
CHHTYJISIpHOCTEH. DTH N3MEHEHUS aHAJOIMYHbI paHee 00CYKIaBIINMCS pe3ysbTaTaM JUIsl METO/a MakK-
CUMYMOB MOyl BelBiIeT-nipeoOpa3oBaHusl, IPUMEHEHHOTO K aHAJTN3y IWHAMHUKH OJHOW U3 B3aWMO-
JercTByromux noacuctem [12]. OgHako B JaHHOM Ciydyae paziidue COCTOUT B PACCMOTPEHHUH CIIEKTpa
CUHTYJISIPHOCTEH, KOTOPBIA OTpa)kaeT KOONEPaTUBHYIO AUHAMUKY MozaenH (11). MokHO BBIIENUTH ABa
OCHOBHBIX OTJIMYHs CHHXPOHHOTO U HECHHXPOHHOTO PEXHUMOB: pasHoe nonoxenue D(h) Broib ocH h,
KOTOPOE MOYKHO OIHUCATh PAaCIoOKeHHeM Makcumyma (yHkuuu D(h), a Takke U3MEHEHHE IIHPHHBI
CIIeKTpa — Jauana3oHa nokazareneit ['énpaepa. C TOUKH 3peHUS IEPBOTO OTIUYHUS MOKHO KOHCTAaTHUPO-
BaThb MEPEXOJ OT MOJOKUTEIBHO KOPPEIHPOBAHHBIX MOCIIEN0BaTeIbHOCTEH BpeMeH Bo3Bpara (h > 0.5)
HECHHXPOHHOTO peKUMa K aHTHKOppenupoBaHHbIM (h < (.5) mpy CHHXPOHU3AIUH.

Tak, Ha puc. 4 IPOAEMOHCTPUPOBAHO YMEHBIIEHUE CPEIHETo 3HaYeHHs Mokasatens [ €npaepa
(cootBetcTByromero ¢ = 0, To €CTh MAKCUMYMY CHEKTpa CHHTYJsIpHOCTEN) ¢ 1.16 1T HECHHXPOHHBIX
xaotndyeckux konebanuit 1o 0.01 o cuHXpOHHOTO Xaoca. Bropoe orTnnune mposBisieTcsl He MEHee YeT-
KO: IIMPHHA CHEKTPa CHHTYIAPHOCTEH, KOTOpast MOXKET HHTEPIPETUPOBATHCSA KaK Mepa HEOTHOPOAHOCTH
(CTTOXXHOCTH) pekuMa TuHaMHKH, yMeHbImaeTcs ¢ 0.48 mo 0.02 mpu nmepexone B 001acTh CHHXPOHH3AIIHH.
Takum 00pa3oM, JHarHOCTUPOBATh YPPEKT CHHXPOHU3ALUH MOXHO C TIOMOLIBIO JIFOOO0H U3 dTHX Mep —
CpeIHero 3Ha4eHHs mokasarens [ €nbiepa, ONMUChIBAIONIEr0 N3MEHEHHE KOPPEIALMOHHBIX CBOMCTB MoCIIe-
JOBaTeNbHOCTEH BpeMEH BO3Bpara, MM MEphl HEOAHOPOIHOCTH, CBHAECTEILCTBYIOICH 00 YMEHBIICHUN
CIIOKHOCTH CHHXPOHHOTO pekiMa. OTMETHM, YTO B JAHHOM KOHTEKCTE CIIOKHOCTH OIIEHMBAETCS YHCIOM
XapaKTEepPUCTHK, C MOMOIIbIO0 KOTOPBIX MOYXHO OIHCATh PEXUM, a HE €ro mpejackasyemocTbio. Hanpu-
Mep, OeNbIi IIyM, SIBIISIOIIMNACS JeNbTa-KOpPEeTUPOBAHHBIM MIPOIECCOM, MOKHO HHTEPIIPETHPOBATH KaK
MIPOCTOH, OCKOJIbKY OH ONMCHIBAETCS OIHUM 3HaueHHeM nokasarens [énpnepa h = 0.5 u ciekrpom
CUHTYJISIPHOCTEN, COCTOSAIINM M3 OOHON TOUYKH. [[j1s1 mpuBeneHHOro Ha puc. 4 MpUMepa CHHXPOHHBIH
PEXUM TaKXe SIBISICTCS HAMHOTO 0oJiee MPOCTHIM IO CPAaBHEHHIO C HECHHXPOHHBIM, XOTA B 00OUX
CIIyJasiX pedb WAET O XaOoTHYeCKHX Kojebanusx B monenu (11). BeisBieHHbIE pa3nuyus SBISIOTCA
IIPOrHO3UPYEMBIMH, YUUTHIBasE OTIIMYMS [TOCIICAOBATEIBHOCTEH BPEMEH BO3BpaTa paccMaTpHUBacMbIX
pexxumoB (cM. puc. 1).

h D | | |
1.1} - 10r @ 1
0.7 1 08¢ 1

&——@ synchronous

——@ synchronous

0.31  O0——0 asynchronous 0.6 0—0 asynchronous
00000000000000000000000000000000000
—0.1 : : 0.4 \ ‘ ‘
=5.0 2.5 2.5 —0.1 0.3 0.7 1.1

a

Puc. 4. MynbrudpaxTanbHblii aHaIU3 CHHXPOHHOW M HECHHXPOHHOM TMHAMUKH CBA3aHHBIX cucTteM Pécciepa: a — mokasarenu
I'énpaepa, b — CHEKTPBI CHHTYIISIPHOCTEH

Fig. 4. Multifractal analysis of synchronous and asynchronous dynamics of coupled Rossler systems: a — Holder exponents,
b — singularity spectra
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2.2. Mogean napHbix HegpoHoB. Ilpy BHIOpaHHBIX 3HAYEHUSX YNPABISIONINX MapaMeTpoB
Mozenb (12) neMOHCTPUPYET CYIIECTBEHHO Pa3IMYHOE MTOBEACHHUE IS OBICTPHIX M MEAJICHHBIX PUTMOB
CTPYKTYPHBIX 3IIEMEHTOB MoukH (puc. 5). Kak ormeuaercs B padorax [16,17], ams mapHbIX HEPPOHOB
(1 B MozmenH, U B (PU3HOIOTUYECKUX SKCIIEPUMEHTAX, [IPOBOJUMBIX Ha JIAOOPATOPHBIX >KHBOTHBIX)
MOKHO HaOJIOaTh pa3IMYHbIE PEKUMBI TIOJIHON, YACTUYHOM CHHXPOHHM3ALUH, 8 TAK)Ke HECUHXPOHHOE
nosenerne. Hanpumep, 9acTHYHass CHHXPOHM3AIUS COCTOUT B MOACTPOUKE YaCTOT OHUX PUTMOB IPH
OTCYTCTBUH NOACTPONKHU 4acToT Apyrux. B mpumepe, npeacrasieHHOM Ha puc. 5, npu Tr = 13.4 ¢ Ha-
OxromaeTcs CHHXPOHHAs TMHAMUKA OBICTPBIX PUTMOB, COTIPOBOXKIAFONIASCS HECHHXPOHHBIM ITOBEJCHUEM
IUIS. MEAJICHHBIX (CM. puc. 3). DTO IPUBOAUT K OTCYTCTBHIO MPHUHLUIHNAIBHBIX PA3IMUUi COBMECTHBIX
CIIEKTPOB CHHTYIISIPHOCTEN IJIsl OBICTPBIX pUTMHUYECKUX TporieccoB (mpu 1o = 13.4 cu Ty = 13.5 ¢
OHM COOTBETCTBYIOT CIIEKTpaM CHHIYSPHOCTEH IPOLECCOB, OMM3KUX K MOHO(paKTaJbHBIM, a caMa
JUHaMHKa OBICTPBIX PUTMOB OJIM3Ka K MEepUOAMUYECKON). B TO ke Bpems I MEIJICHHOW JUHAMUKA
HapHbIX He(POHOB OTIMYMS €CTh, M OHM cyliecTBeHHbIe. [1o cpaBHEHMIO ¢ Gonee MPOCTHIM IPUMEPOM
CBS3aHHBIX cucTeM Péccuepa, U3MEHEHUs! COBMECTHOIO CIEKTPA CUHIYISIPHOCTEM ONUCBHIBAXOTCS OJHOM
XapaKTEPUCTUKON — MOJIOKEHUEM CIIEKTPa, TO €CTh CPEAHNUM 3Ha4eHHeM nokasarend ['énpaepa. Kak u
paHee, IPOMCXOAUT YETKO (PUKCUPYEMBIH MEPEXOA OT MONOKUTEIBHO KOPPEIUPOBAHHBIX ITOCIE0BATEIb-
HOCTeH BpeMeH Bo3Bpara B ceKkymlyio Ilyankape Kk aHTHKOppEIHMpOBaHHBIM ITOCIEI0BATEILHOCTSIM, 1
cpennee 3HaueHue h ymensmaercs ¢ 0.71 go 0.15. OOHapyxeHHast cMeHa THIa KOPPEJSIUiN SBISETCS
OTpaXeHHEM B3aMMOCOIIACOBAHHOW AMHAMUKH ITOJCHCTEM MPH CHHXPOHH3AINH, M OHA JIOCTaTOYHO
TUNWYHA NPU YBEJIUYEHHUH CBA3M MEKIY MOJCUCTEMAMU MM YMEHBUIEHHH PacCTPOMKU IO 4acTOTe,
MPUBOSAIICH K TEepexoay BHYTPb OOJIaCTH CHHXpoHHU3anuu [12]. YMeHbIIeHHUsS] IPH 3TOM LIHPHUHBI
COBMECTHOTO CIICKTPa CHHIYIIPHOCTEH HE MPOUCXOIMT, B YEM MOXKHO YOeOUThCS HaJIOKEHHUEM CIIEKTPOB
CHUHTYIAPHOCTEH 000MX pekUMOB. TakuM 00pa3oM, 00a pexuMa JeMOHCTPHPYIOT CIOKHOE MOBEICHHUE.

IIpruBeneHHbBIE TPUMEPHI CBUACTENLCTBYIOT O PA3HBIX MPOSABICHUAX 3G PeKTa CHHXPOHU3ALUHT B
MYJIBTHPPAKTATBHON CTPYKTYPE XaO0THUYECKHX aTTPAKTOPOB CBI3aHHBIX aBTOKOJIEOATEIEHBIX CUCTEM,
KOTOPBIE MOJKHO JUATHOCTHPOBATh C MOMOIIBIO MpeAIaraeMoro moaxona. OTMETHM, 4TO LIETbIO JaHHON
paboThl sBIsieTcs 000O0IIEHNEe METOa MaKCMMYMOB MOJyJeH BelBieT-peoOpa3oBaHHs Ha cirydaid
KOOTIEpaTHBHOM AMHAMHUKH CIOKHBIX cucTeM. [IpencTaBneHHbIe TPUMEPHI SBISIOTCS MILTIOCTPAISIMH,
MOATBEPKTAIOINMU IPUMEHUMOCTD MPEATIOKEHHOTO TOIX0Aa /IS peIlIeHHs TaKuX 3a1a4d. Mbl nosaraem,
YTO METOJ MOXET HaiiTh Oojiee MHMPOKOe MPUMEHEHHE B NCCIIEOBAHMIX KOOTIEPAaTUBHOW JHHAMHUKH
Pa3NUYHBIX CHCTEM, BKJIIOUAs CIIOKHBIE CETH.

h T T T D
0.7 r ] L ]
O——=0 partial (slow) . A
0.5 I &—A partial (fast) |
: —@ full (slow) 0.8 |

A—A full (fast)

O——O0 partial (slow)
I5—A partial (fast)

0.6 - —@ full (slow) 1
A—A full (fast)
0.4 ‘ ‘ ‘ ‘
-0.1 0.1 0.3 0.5 0.7 h
a b

Puc. 5. MynsTudpakTaapHblil aHAaIH3 HOTHOW M YaCTUYHOW CHHXPOHHM3ALKH B MOJENH HapHBIX He(YPOHOB: ¢ — MOKa3aTenu
I'énbuepa, b — CIEKTPBI CHHTYIISIPHOCTEI

Fig. 5. Multifractal analysis of full and partial synchronization in the model of paired nephrons: a — Holder exponents,
b — singularity spectra
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3akjIoueHue

[pennoxxeno o0oOmIeHne Ha ciy4yail KOONEepaTUBHONH AMHAMHUKU aBTOKOJIEOAaTENbHBIX CUCTEM
OCHOBAaHHOTO Ha BEWBJIETaxX MYIbTU(PAKTAIFHOTO (hOpMann3Ma. YCTaHOBIEHB! H3MEHEHUS! COBMECTHOTO
CIIEKTPa CUHTYISIPHOCTEH NPU CUHXPOHU3AIMU Xa0THUECKUX KOJIeOaHUH B MOZIEIH CBS3aHHBIX CUCTEM
Péccrnepa, koTOpble BKJIIOYAIOT U3MEHEHHE TUIA KOPPESLUI B IOCIEI0BATEIBHOCTIX BPEMEH BO3Bpara
(epexon OT MOJOKUTENBHBIX KOPPEJISILKI K aHTUKOPPEISNNAM) U 3HAYUTEINBHOE YMEHBIICHUE IIUPUHBI
CTIEKTPA, YTO MO3BOJISIET TOBOPUTH 00 YIPOLICHHN TUHAMUKH OTHOCHTENLHO YHCIIA XapaKTepPUCTHK, HEOO-
XOIVMMBIX ISl TUArHOCTHKH pexkumMa. IIpu paccMOTpeHNH 4aCTUYHON CHHXPOHU3AIMU B MOZAEIH MapHBIX
HE(QPOHOB OTMEUCHBI M3MEHEHHS MOJIOKEHUSI COBMECTHOTO CIIEKTPa CUHTYISIPHOCTEH, KOTOPBIE CBS3aHBI
CO CpeIHHMM 3HaueHueM moka3zarens ['€npaepa (mepexomoM K aHTUKOPPEISLUSM MPH CHHXPOHHU3AIHH
MeJUIEHHBIX KolleOaHuit), HO He COIPOBOXK/IAIOTCA YMEHbIIEHUEM IUPUHBI cliekTpa. [loyueHHble pe3yib-
TaThl TIO3BOJISIOT CJIENIATh BBHIBOJA O BO3MOKHOCTH JMArHOCTHKH M3MEHEHUH MYINbTH(PAKTATBHONW CTPYK-
TYpPbl Xa0THYECKUX aTTPAKTOPOB MPU CHHXPOHHM3aLUUK xaoca. [IpennoxkenHoe 000011eHe 0CHOBAaHHOTO
Ha BeHBIIeTaX MyJAbTU(PAKTAIHHOTO (hOpPMaIH3Ma MOKET HAWTH NTPUMEHEHHE MIPH PEIICHUH IHPOKOTO
Kpyra 3ajad aHajau3a KOOIepaTUBHOW JUHAMUKH CIOXHBIX CUCTEM IO SKCIEPUMEHTAIbHBIM JAHHBIM.
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Annomayusn. Llens HacTosel paboThl — aHANN3 KoJe0aTeIbHBIX PEXKUMOB B CHCTEMe HEJIMHEHHBIX Au(epeHaIbHbIX
ypaBHEHHH, OMUCHIBAOLINX KOHKYPEHIHMIO TPEX HEaHTArOHHCTHYECKHX BUJOB Ha IPOCTPAHCTBEHHO-OJHOPOAHOM apeale.
Memoowsl. C UCIIONB30BaHUEM TEOPUM KOCHMMETPUH YCTaHABIMBAETCA CBA3b MEXIY paspyllICHHEM JByXIapaMeTpuue-
CKOTO CEMEWCTBa paBHOBECHII M BO3HHUKHOBCHHEM HENPEPHIBHOTO CEMEHCTBAa MEPHOIUYECKUX PexuMoB. C IOMOLIBIO
BBIYHCIIMTENBHOTO dKcriepuMeHTa B MATLAB mpoBe/ieH MOMCK IpPENeNbHBIX LUKIOB M aHalu3 MYJIBTHCTaOMIBHOCTH.
Pesynomamor. VI3y4eHbl TMHAMHYECKUE CLIEHAPUU JUIS CUCTEMBl TPEX KOHKYPHPYIOIIMX BHJIOB C YYETOM pa3iM4us B KO-
a¢dumenTax pocra u B3aumoneicTBus. s psga kKoMOMHAIMK TapaMeTpOB HaiIeHbl HOBBIE HETIPEephIBHBIE CeMeiicTBa
MpeeNbHBIX TUKIOB (extreme multistability). YcTaHoBineHa OHCTaOMIBHOCTh B BHJIE COCYIISCTBOBAHHS H30JIMPOBAHHBIX
HPE/IeIIbHBIX [IMKIIOB, @ TAKXKE CTAIIHOHAPHOTO PELICHUS U KOJNeOaTebHOro pexxuma. 3akaouerue. OOHApYKEHbI 1Ba CLIEHAPHS
PAacCIOJIOKEHHs CeMEICTBA MPEeIeNIbHBIX IIUKJIOB 110 OTHOLIEHUIO K INIOCKOCTH, IPOXOJIIEH Yepe3 TpH PaBHOBECHSI, OTBEYa-
OIIHE CYIIECTBOBAHUIO PA3HbIX BHIOB. IIOMHMO LHUKIIOB, JISKALIUX B 3TOH IJIOCKOCTH, BO3MOKHO CEMENUCTBO C LIUKIAMH,
NEPECEKAIOIINMHI 3Ty IUIOCKOCTh B JIBYX TOYKaX. DTO MOXET PacCMaTpPHBAThCS KaK MPUMEP NMEPHOJUYECKUX IPOIECCOB,
MIPUBOSIIUX K NIEPEHACETICHUIO U MIOCICAYIONIeMY TaJICHUIO YUCICHHOCTH. DTH Pe3yNbTaThl Jajiee MOCIY>KaT OCHOBOW ISt
aHaJIM3a CUCTEM KOHKYPHPYIOIIHUX MOMYISALNIA Ha NPOCTPAHCTBEHHO HEOJHOPOAHBIX apeaax.

Kniouesnie cnosa: BonsTeppoBcKas MOJIENb, HeNUHEHHbIE U (hepeHIHANbHbIC YPaBHEHHUS, KOHKYPEHIIUS, CEMEHCTBO Mpeelib-
HBIX IIUKJIOB, MYJIETUCTaOMIBHOCTD.
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Abstract. Purpose of this work is to analyze oscillatory regimes in a system of nonlinear differential equations describing the
competition of three non-antagonistic species in a spatially homogeneous domain. Methods. Using the theory of cosymmetry,
we establish a connection between the destruction of a two-parameter family of equilibria and the emergence of a continuous
family of periodic regimes. With the help of a computational experiment in MATLAB, a search for limit cycles and an analysis
of multistability were carried out. Results. We studied dynamic scenarios for a system of three competing species for different
coefficients of growth and interaction. For several combinations of parameters in a computational experiment, new continuous
families of limit cycles (extreme multistability) are found. We establish bistability: the coexistence of isolated limit cycles, as
well as a stationary solution and an oscillatory regime. Conclusion. We found two scenarios for locating a family of limit
cycles regarding a plane passing through three equilibria corresponding to the existence of only one species. Besides cycles
lying in this plane, a family is possible with cycles intersecting this plane at two points. We can consider this case as an
example of periodic processes leading to overpopulation and a subsequent decline in numbers. These results will further serve
as the basis for the analysis of systems of competing populations in spatially heterogeneous areas.
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BBenenue

JJ1s DKOJOTMYECKUX CUCTEM XapaKTEPHbI CLIEHApUU B3aUMOIEHCTBUS BUIOB, IPUBOIAIINE K KOJe-
0aTenpHBIM TMpoIieccaM. MaTeMaTHIecKoe MOJETUPOBAHNE TAKUX SBICHUN MPOBOAMUTCS C MCIIOIH30BAHU-
€M JIMHAMHUYECKHUX CHUCTEM C HEMPEPBHIBHBIM U JUCKPETHBIM BpEeMEHEM — IMOTOKOB M KackajoB [1-5].
Jlns HemMHEWHOTO OTOOpakeHHUs Ha OTpe3Ke (B ciydae OJHOTO BHIIA) BO3HHKAET IMEPUOIHYCCKAs U
Xa0THUECKas JHHAMUKA, a U1 JU(PEpeHITNATbHOTO YPaBHEHUSA 3TO HEBO3MOXKHO. J[J1s1 IBYX aHTaroHH-
CTHYECKUX BUJIOB (XHIIHUK —KEPTBA, XO3WH — [1apa3uT) HAOMIONAIOTCS KoeOaTelIbHbIE PEKUMBI, a JIJIs
KOHKYPHUPYIOUTUX HOIMYJSIUI UMEIOTCS TOJNBKO CTAllMOHAPHBIC pemieHus [6,7]. AKTyallbHBIM SIBISICTCS
BOTIPOC O KoJeOaTeIbHBIX CIEHAPHUIX U TPeX U Oolice HEAHTAaTOHUCTUYECKUX TIOMYIISAINN, B YaCTHOCTH,
JUTSL CHCTEMBI ¢ KBaJPAaTHIHOHN MPAaBOH YacThIO, OMUCHIBAIOIICH TUHAMUKY TpeX BUAOB [8—17]. B obmem
ciIy4ae 3Ta CHCTEMa UMEET BOCEMb BEIIECTBCHHBIX IapaMeTpoB (r; = 1):

1),1 = rlul(l — Uy — oi1ug — [31U3>, (1)
U = rous(l — Pour — ug — dgug), (2)
1),3 = 7‘371,3(1 — ad3u1 — [3311,2 — U3). (3)
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3mech u; — YUCIICHHOCTD BHIA ¢, 7; — IapaMeTp pocTa, KOdQQUIMEHTH 0, [3; XapaKTepU3YIOT BIHSHHE
JpYTHX BUJIOB HA POCT BUJA ¢, @ TOYKa 0003Ha4aeT AU PepeHIUpOBaHIEe 110 BPEMCHHU t.

Cucrema (1)—(3) umeer HyneBoe pasHosecue Ey = (0, 0, 0), Tpi paBHOBECHS C OHOM HEHYICBON
KOMITOHEHTOH

El = (17 07 O)a E2 = (07 17 0)7 E3 = (07 Oa 1) (4)
)51 paBHOBeCI/Ie C TpeMSI HeHyﬂeBBIMI/I KOMIIOHCHTAMHU:

o
E, = (p1,p2, p3), piZ;;, (5)

21 = 0102 — aof3 + P13 — oy — P1 + 1,

20 = ap0g03 + P1P2Ps — a1Pz — azPfs — azPy + 1.

B (5) BenmuuHEL 25 M 23 MOAYYArOTCA U3 2] MUKIHYECKOH MepecTaHOBKOW MHAEKCOB: 1 — 2 — 3 — 1.

B pane pabor [8-10] cuctema (1)—(3) paccMmarpuBaiach IPH OIWHAKOBBIX ITapameTpax po-
cra r; = 1. Jlna cummerpuunoit momenu (o; = o, B; = B, ¢ = 1,2,3) B [8] nmokazaHo, 4To TIpH
o+ P = 2 nonmy4aercsi ceMeiCcTBO IEPUOANYECKIX PEKUMOB HA INIOCKOCTH, 00NAIAI0NIMX HEHTPaIbHON
YCTOMYHMBOCTBIO B KacaTelbHOM K IUIOCKOCTH HampaBlieHWU. B ciydae pazsmudHBIX KOA((OHUIMECHTOB
0<a; <1<P4i=1,2,3B[9] ObUIO YCTAaHOBJICHO CYIIECTBOBAHNE aHAIIOTHYHOTO CEMEHCTBA IPU
A = B, e

3

3
A=JJ0-aw), B=]]@B:-1), (6)
=1

=1

B [10] npu napymenuun ycnoBuit o; < 1 < [3;, HO coXpaHeHUH paBeHCTBa A = B HaljieHbI 3HAYCHUS
[apaMeTpoB, IS KOTOPBIX TaKKe CYIIECTBYET CEMEHCTBO NMEPHOINIECKIX PEKUMOB.

Ilpu r; # 1 cucrema (1)—(3) uccnenosanace B [11-17]. Tak, B [11] mpeacTaBieHbl pe3yIbTaThl
10 BBIYUCIICHUIO MPENEIbHBIX MUKIOB TP 71 = 2 U 0+ P > 2 (0; = a, B; = ). B [12] ¢ momomipto
teopeM [13, 14] mokaszaHo, 4TO NP BBIMONHEHUH yCIoBusS A = B uMeercsi CeMeiCTBO MEePHOANIESCKUX
PEXKHUMOB IS IApaMETPOB POCTa 7;, KOTOPBIE BBIPAXKAIOTCS Yepe3 Kod(Q(UIHECHTH B3aUMOACHCTBUS

a1 1-p1

1 ) 2 1_[327 r3 0.3—1

(7
B cnyuae uaeHTHYHBIX apamMeTpoB pocta B [15, 16] nana knaccudukanus quaamuku cuctemsl (1)—(3).
[Tokazano, 4To cymecTByeT 37 TOMOJIOTHYECKUX KJIAcCOB, OMPEASTSIeMBIX COOTHOIIECHUSMHU MEXIY
KodhPUIUEHTAMH oL, [3;.

B [17] mns cuctemsl (1)—(3) Ha ocHOBE KOCHMMETpHYHOTO monxona [ 18] HaiiieHsl ycoBusl, Ipu
KOTOPBIX BO3HUKAIOT CEMeCTBa paBHOBECHI, H pacCUNTaHBI KOJIEOATEIBHBIE PEXUMBI TP 3HAYSHHSIX
MapaMeTpoOB, OTBEUAKOIUX HEHTpaIbHOH ycTolunBoCTH paBHOBecus (5). [IpoaHanmu3upoBaHa fMHAMUKA
[IPU HAPYIICHUH YCIOBHIA KOCUMMETPHUHU.

Ienbro maHHON pabOTHI ABJISETCS aHAU3 KOJIeOATEIbHBIX PEKUMOB cucTteMbl (1)—(3) u mouck
CEeMEHCTB NMEPUONNYECKUX PEKUMOB, 00JaJAOMINX HEHUTPaIbHOW YCTOWYHMBOCTHIO B OJHOM HaIpaB-
nennn. [Ipu 5TOM cunTaeTcs, 9TO KaXABIH PEXUM U3 CEMEWCTBAa IPUHAICKUT COOTBETCTBYIOIIEMY
JIIBYMEPHOMY MHOT0O0OpPa3uio, Ha KOTOPOM SBIISIETCS €IWHCTBEHHBIM H30JIMPOBAHHBIM TPEIeIIbHBIM
nukiioM. Takum 00pa3oM, TaHHYI COBOKYITHOCTb IMEPHOJUYECKUX PEKUMOB MOXKHO CUHTATH HOBBIM
00BEKTOM — CEMEHCTBOM IpPENeNbHBIX TUKIOB. B paboTe mpoBOMUTCS BBIYMCIUTEIBHBIN SKCIIEPUMEHT
IUISL TIapaMEeTPOB CHUCTEMBI, PACCUMTHIBAIOTCS MEPUOIbI U MYJIBTUIUIMKATOPHI MPENeTbHBIX ITUKIIOB.
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1. HUccaenoBanue quLIpexnapaMeTpnqecxoi/i MOJ€JIH

B [18] onucan cueHapuid pazpyuieHus: oJJHONapaMeTpUIECKOro ceMelcTBa paBHOBECUH KOCUMMET-
PUYHON CHUCTEMBI, IPUBOAALINHN K BOSHUKHOBEHHIO MPEAEIbHOTO HUKIA. [Ipoananu3upyemM BO3MOXKHOCTb
MIOSIBJICHUS OJTHOIIAPAMETPUUECKOTO CEMEMCTBA MEPUOANUECKUX PEKUMOB (IPEACIbHBIX LUKIOB) MPU
pa3pylIeHUH ABYXIIapaAMETPUUECKOIO CEMENCTBA paBHOBECUM. Takoe CeMEeNCTBO CyIECTBYET ANl CUCTE-
Mbl (1)—~(3) mpu a; = 3; = 1 U IPOU3BOJILHBIX 3HAYCHHAX TAPAMETPOB POCTA.

PaccMmoTpuM citydae deThipexmapamMeTpruueckod Moeu ¢ KoddduIreHTaMu o; = o, P; = 3,
ro, r3. JAuddepenmmansupie ypasHenus (1)-(3) npu a; = f; = 1 MOXHO 3amucaTh B BEKTOPHOM BUJIE:

3
U:F, U: [Ul,UQ,ug]T, F:P[ul,T’QUQ,Tg’U,g]T, P = 1—Zui. (8)
i=1

Cuctema (8) uMeeT AByXIapaMeTpHUIECKOE CEMENCTBO paBHOBECUM
up =1—us—u3z, 0L us+ug<l, 9)

JICKaIIe€ B IINIOCKOCTHU
u1 + ug +ug = 1. (10)

CrexTp yCTOMYHMBOCTH PaBHOBECHS CEMEICTBAa MMEET JBa HYJIEBBIX 3Ha4eHUs 07 = O2 = (), COOT-
BETCTBYOILINX HEHTPAIbHBIM HAMpPaBICHUSAM BIOJb MIockocT (10), u 3Hauenue o3 = (1 — 7r9)ug +
+ (1 — r3)us — 1, oTBevaroIee 3a YCTONYUBOCTH B TPAHCBEPCATLHOM K TUIOCKOCTH HarpaBieHud. [1pu
JIIOOBIX ITOJOXKUTENIBHBIX 3HAUCHUSX 9, T3 BeIWYMHA 03 < (0, TO €CTh BCE CEMEHUCTBO COCTOHUT U3
yCTOMYMBBIX paBHOBecUU. IIpu o = r3 = 1 nmomydaeTcss MICHTUYHBIN I BCEX PABHOBECHUM CIIEKTP
01 = 09 = 0, 03 = —1, 4YTO COOTBETCTBYET CUMMETPUHU 3a1ayH, a Opu 7o # 1, r3 # 1 Kaxmgoe
paBHOBecHe 00TaacT HMHIUBUIYAILHOM CIIEKTPOM, YTO XapaKTEPHO JJIs KOCHMMETPHYHBIX crcTeM [19].

CornacHo BBeZieHHOMY B [19] ompeneneHuto, KOCUMMETpUEH SIBISIETCS BEKTOPHOE IOJie, Op-
TOTOHAJIFHOE TIOJII0 33Jjaud BO BCEM IIPOCTPaHCTBE. JByXmapameTpHuecKOMY CEMEUCTBY OTBEYaeT
MYJIBTUKOCUMMETPHSI, TO €CTh CYIIECTBOBAHUE JBYX Pa3HBIX KOCUMMETPHI, OPTOTOHAIBHBIX BEKTOPY
mpaBoii gactu. Kocummerpusimu cuctemsl (8) ABISIOTCS BEKTOPHI, BBeIeHHBIE B [17]:

Ly = (raug, —uy, 0)7, (11)
L2 - (_r3u37 07 ul)T7 (12)
Lz = (0, r3u3, —roug)™. (13)

OTO MpoBepsieTCs] HEMOCPEACTBEHHO BBIUMCICHUEM CKAJSIPHOTO MPOU3BENEHUS KOCHUMMETpUH L; U
MIPaBOM YaCTH CUCTEMBI F'.

Tak kxak nuHEHas koMOnHanMs ABYX BeKTopoB u3 (11)—(13) mo3BonseT moay4dnuTh TpETHil (HaIpH-
mep, —uy Ly = rsusly + rougLe), TO Mapy KOCHUMMETPUH MOXHO MOJIYYHUTh MPH TTOMOIIH TTPOLIEAYPbI
oproronanu3auuy I'pama—IlImunra. Ilomy4yeHHbIe BEKTOPBI OyIyT OPTOrOHAIBHBI APYT APYTY U BEKTOPY
npaBoi yactu F.

PaccmoTpum Bo3MyIieHHe crcTeMBI (8) pu cienyionieM BeIOope k03 puiimenToB B3anmMoaen-
ctBus A ucxonuoit moaenu (1)—(3)

o, =1—s, Pi=1+hs. (14)

[Ipoananu3upoBaTh pelIeHHs], PEaTH3YIOIUECs B pe3yabTare pa3pyLICHUs] CEMENUCTBa, MO3BOJIS-
€T METO/, OCHOBaHHBIM HA BBIYHCICHHH KOCUMMETPUYHOTO Je(eKTa U CelleKTUBHON (yHKuuu [18].
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CkassipHble POM3BEICHHsI KOCUMMETPHUI 1 BeKTopa mpaBoil acTu cucteMsl (1)—(3) maroT KocuMMeTpH-
YecKue AeeKThI

Dy = (F,L1) = ((u1 — ug) h +ug — u3) sraujus, (15)
Dy = (F, La) = — ((u2 — u3) h — uy + uz) srauius, (16)
D3 = (F, Lg) = — ((u1 — UQ) h+u; — U3) SToTr3u2Us. (17)

Bugno, uro D; obpamarorcst B Hy/ b I paBHOBecui F; (4), a Taxoke misa paBHoBecus F, (5),
KOTOPOE HUMeeT TPH OJIMHAKOBBIE KOOPAUHATHI p; = [3 + (h — 1)s] ™. Takum o6pazom, TIpu BO3MYIIEHHH
(14) u3 AByXImapaMeTpHUeCcKoro ceMencTBa COXpaHs0TCs YeThlpe paBHOBecus. [Ipoananusupyem, 4to
MPOUCXOJIUT C OCTANBHBIMH WwieHaMu cemerictsa (9). s storo moacraBuM B (15)—(17) BeipaxkeHus
IUISL OTpe3ka u3 drmeMeHToB (9). B pe3ynbsrare moirydaroTcs CeNeKIIMOHHbIC (CEIEKTUBHEIE) (DYHKITHH.
Hanpumep, mist orpeska (u1, u1, 1 — 2uq), tie 0 < ug < %, nMeeM:

S1 = (3uy — 1) (h + 1) srou?, (18)
82 = (3’11,1 - 1) (—1 + 2u1) h8T3’U,1, (19)
S3 = (3u; — 1) (=1 + 2uy) srarsuy. (20)

BunHo, uto S;(u1) # 0 npu m06s1x u; € (0, %) CrnenoBaTennbHO, IPU BO3MYIICHUH CUCTEMBI (8) U3
paBHOBecHii (9), oTBedarouX 3Ha4eHUAM u; € [0, %], OCTalOTCSI TOJIBKO KOHIICBBIC TOUKH. AHAIOTUYHO
MOJIy4YaeTCs ¥ JIIsl PYTUX OTPE3KOB, KOTOPBIC UIYT OT TOUKU F, IO TPaHMIII CEMECTBA PAaBHOBECHUH.
B »Tom ciyuae cornacHo [18] BO3MOXHO MOSIBICHUE TMPEASTBHBIX ITUKIIOB.

B [8] moka3ano, 9TO TSI CUMMETpUIHOW Moaenu (r; = 1) cCeMEMCTBO MpEeNeTbHBIX ITUKIIOB
MONyYaeTcs P O, + [3 = 2, 4T0 cOOTBETCTBYeT 3HaueHUr0 h = 1. [{uKibl pacronararotcst Ha TIIOCKOCTH
(10) u o6pa3yroT cucTeMy KOHIIEHTPHYECKUX 3aMKHYTBHIX KPHBBIX BOKPYT paBHOBecHA (5) ¢ Tpems

111
E.=(- = ). 21
<3 3 3) @D
[Ipoanamu3upyem CBOWCTBa STHX PEKUMOB JIJIsSL IBYX HaO0OpoB koddduimentTor: o = 0.8, f = 1.2

u o =0.6, p = 1.4. Ha puc. | npuBeneHbl pe3yabTaThl BEIYMCICHUI NIEPUOJIOB IIMKIIOB U3 ceMeiicTBa.
JlJ1s 3TOTO MCTIONB30BaH AlTOPUTM, OMHUCaHHBIN B puiokeHnn A. Ha puc. 1, a kpyxku 0003Ha4aroT

HCHYJICBBIMU KOMIIOHCHTAMMU:

HavaJbHBIC TOUKH AJISL pacyeTa IepHoA0B U MYJIbTHIUIMKATOPOB NEPHOAMYECCKUX PEKUMOB. TpaeKkTopus
K)XIOTO pexXrMa ompeesseTcs HadadbHOH Toukoi Ha mockoctu (10) u He 3aBucHT oT 0., 3. [lepronst
LMKJIOB ¥ 3HAUYEHUS WX MYJIBTHUIUIMKATOPOB MpuBeAeHBI B Ta0m. 1. O0o3HaunM yepe3 d paccTossHUE
OT Ha4YaJIbHOHM TOYKHM 10 paBHOBecus (21). Buano, 9To ¢ yBenmueHueM d MEpHOABI IUKIOB PAacTyT
(puc. 1, b).

B BBIYMCIHTETBHOM HKCIEPUMEHTE YCTAaHOBJIECHO, YTO C YBEIMYEHHEM pa3sHOCTH 3 — 1 meprost
MIPEeNbHBIX [UKJIOB YMEHBIIAIOTCS. DTO WUIIOCTPUPYET pHUC. 1, ¢, Tlie IPeACTaBICHbI Pe3yabTaThl
BBIUKCIICHHS TIEPHOIOB MUKIOB 1" st IBYX HadanbHbIX Touek: P; = (0.3,0.4,0.3) u P, = (0.6,0.1,0.3).
Ha puc. 1, d npuseznens 3aBucumoctu ot 3 — 1 npomssenenust 1'(f — 1). Takum 06pa3oM, momydaercs,
YTO TIEpUOJ NUKJIA 0OPaTHO MpOoHOpIMoHaieH pasHoctu  — 1, To ectb T = K(B — 1)1, e K
oTpesieNaeTcsl BBIOOPOM Hada bHOM TOUKH.

AHanu3 ycTOMYMBOCTH PaBHOBECUN M IIPOBEIEHHBIM BBIUMCIUTEIBHbIN SKCIIEPUMEHT NOKAa3aJH,
YTO IPHU OTJIMYHBIX OT €AMHUIBI 3HAYCHUSX 7; HA MJIOCKOCTH IapaMeTpoB o; = a, B; = [} momydaercs

Heyen b. X., Huoynun B. I
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Puc. 1. CemeiicTBO IpeaenbHBIX HUKIOB: @ — TPAGKTOPHHU, b — rpad)uK 3aBUCHMOCTH NEPHUOIOB OT PACCTOSHHS MEXIY
HavyaJbHON TOYKOW n paBHOBecueM (21), ¢ u d — rpaduky 3aBUCHMOCTH NEPHOJOB IPEICIbHBIX LUKIOB OT 3HaYeHus 5 — 1

(uBeT OHIAlH)

Fig. 1. Family of limit cycles: a — trajectories, b — dependence of period 7" on the distance from the starting point to
equilibrium (21), ¢ and d — graphs dependence of periods of limit cycles on the value of B — 1 (color online)

Tabmuua 1. INepuonst (1°) 1 MyNBTHUIUIMKATOPHI (P;) NPENEeTIbHBIX UKIOB IpH o + = 2, r; = 1

Table 1. Periods (7") and multipliers (p;) of limit cycles fora +p =2, r;, =1

Koa¢pdummenTs! B3anMoaeiicTBUS d [epunon p1 P2, P3
0.05 | 54.55 1.3x 10716 | 1.0, 1.0
o, =0.8, B; =12 031 | 5925 | —1.0x 107! | 1.0 £ i0.0002
0.51 | 68.87 | —1.1x 107! | 1.0 £ i0.0003
0.05 | 27.28 1.4 x 10712 | 1.0, 0.99999
a; = 0.6, B; =14 031 | 29.62 1.4 x10713 | 1.0 £ 6.7 x 107°
0.51 | 34.43 1.1 x 10715 | 1.0 4 40.0008
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KapTa pPEeKUMOB, aHAJIOTUYHAs MPHUBEICHHON B
\

B 3 patore [8] (puc. 2). IIpu a, f > 1 uMeercs MyJb-

SN THUCTaOMIIBHOCTB: YCTONYMBHI paBHOBecus F; (4),

2 g | Tpu4eM peanu3alys KOHKPETHOTO PaBHOBECHS 3a-
YN BUCHT OT BbIOOpa HauyaJbHON TOUYKH.

MY ) TpeyroabHUK, OTpaHUYEHHBIA OTpe3KaMu
N oa=0,p=0,a+p = 2, onpegensier 00-

e JIaCTh YCTOWYMBOCTH paBHOBecus F, (21) mpu
ro = r3 = 1. C u3MeHeHueM r; mpsiMast o+ 3 = 2
1 MpeBpaIIaeTcs B BOTHYTYI0 KPUBYIO, TaK YTO 00-
“ JIaCTh YCTOMYMBOCTH paBHOBECHUs [/, BKIIOYAeT

S TPEYToJbHUK, HoNMyJatomuiics npu r; = 1. [lpu
NS 3TOM TpaHHLa AeHOPMUPOBAHHON 00IacTh comep-
R KHT TOYKY C KOOpAMHAaTamu o = 3 = 1, 1uist 3TuX

~. Y 3HaueHuW# cuctema (8) mMeeT IByXmapaMmeTpuye-

0 1 2 0. CKOe CeMEHCTBO paBHOBecHil (9) M KOCHMMETPHH

(11)—(13).
Puc. 2. Obnactu yCTOﬁ‘IHBOCTH paBHOBeCI/Iﬁ E. (I) u F; (H) HpI/I 3HAQUECHUIX 0L U B BHE 06HaCTI/I YCTOﬁ-
cucrems! (1)-(3) mpu o; = a, B; = P. ['panuna obnactu (I)
mpu r2 =r3 =1 (1), mpu ro = 0.5, r3 = 2.5 (2), npu ro = 2,
r3 = 0.2 (3)

€TCS YCTOMYHUBBIN TCTEPOKIMHUYCCKUM MUK [8],
Fig. 2. The stability regions of the equilibria £, (I) and E; (1) M . P 1 [8]
of the (1)—(3) system for a; = a, B; = f. Region boundary (hopMHpYIOIIHHCS U3 KPUBBIX, «COCAMHSAIOWIX)
Matra=rs=1(1),atry, = 0.5, r3 = 2.5 (2), at r, = 2, paBHOBecus L1, Fo u E3. JlanHbIe paBHOBECHS
r3 = 0.2 (3) npu o; < [3; IMEIOT MO OJHOMY YCTOHYHUBOMY U
OAHOMY HCYCTOﬁQHBOMy YCy, KOTOPBIC NPpUHAAJICKAT IIJIOCKOCTAM, COOTBCTCTBYIOIIUM OTCYTCTBUIO

YHBOCTH paBHOBecUs L, ¥ 30HBI MYJIBTUCTAONIIB-
HOCTH (YCTOWYMBOCTH paBHOBecHH F;) momyda-

onHoro u3 BUAOB (u; = 0, ug = 0 umm uz = 0).

Kpowme Toro, ans dersipexnapameTpuieckoi monenu (o; = o, B; = P, r;) umeerca obiacth
3HAYCHUH 0, , TPH KOTOPBIX pealu3yeTcs OMCTaOMITBHOCTh: YCTOMYMBEI paBHOBecHe ), 1 reTepoKiu-
HUYECKHHU UK, pa3/ielIeHHbIE HEYyCTONUMBBIM CEIJIOBBIM TIpeeNbHBIM IIHKIOM. Ha puc. 2 ata obnacts
MPUMBIKAET K BOTHYTHIM KPUBBIM — IpaHHIle 00JIaCTH yCTOWYNBOCTH PaBHOBECHS .

2. BbIYMCIUTENbHBIA IKCIEPUMEHT

Jist moucka mpeAebHbIX UKIoB cucteMbl (1)—(3) ¢ BoceMbpro mapameTpamu Oy/ieM aHaJIi3H-
poBaTh ycToiiuMBOCTh paBHOBecus E, (5), koTopas ompezensercs KOPHAMHU XapaKTepHCTUYECKOTO
MIOJIMHOMA:

0% + Cy0? + C1o 4 Cy = 0, (22)
e
Cy = p1 + para + p3rs,
C1 = rarspaps (1 — agfs3) + rap1p2 (1 — a1Pz) + rapips (1 — asfi),
Co = r2r3p1p2p3 (1 — 1Pz — a2f3 — asPr + arozas + B1P2Ps) .

B paGore [12] mokasaHo, 4To HEYCTOWYMBLIN TPEAETbHBIN LUK HMEETCS TP BHINIOJIHEHUH YCIOBHIM
CyCy > Cy, A < B, a ycroiuusiii npeaensHbiii mukn — npu CoCy < Cy, A > B, 31ece A u B

Heyen b. X., Quoyaun B. T
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Puc. 3. KpuBble 3aBHCUMOCTH '3 OT T'2, OTBEYaIOIHe ycioBuio (23); mudpbl COOTBETCTBYIOT CTPOKaM Tabi. 2 (LBET OHJIAIH)

Fig. 3. Dependence curves of r3 on 72, which ensure the fulfillment of the condition (23); the numbers correspond to the rows
in Table 2 (color online)

onpenerstorcs opmynamu (6). byneM mcKaTh 3HaUYEHUS MapamMeTpoOB, MPH KOTOPBIX HOJIUHOM (22)
HMMEET Mapy MHUMBIX KOPHEH, TO €CTh BBIIOIHSIETCS

CoCh = Cp. 23)

PaBenctBo (23) comepxut Bce BoceMb nmapameTpoB cucteMsl (1)—(3). B tabn. 2 mist psnga 3HaueHU
K03 HUIUEHTOB O, [;, 00ECIICYHBAIOIINX BHITIOJIHEHUE paBeHCTBA A = B, NpuBeICHBI BEITHYHHBI
napameTpoB PocTa 7;, JUIsl KOTOPBIX YCTAHOBJIEHO CYIIIECTBOBaHHWE CEMENCTB MpeAeNbHbIX UKIOB [9,12].
DTHM 3HAYEHUSIM 7; Ha PHUC. 3 COOTBETCTBYIOT TOUYKH, Y€pe3 KOTOPBIE MPOXOIAT KPUBEIE, OTBEYAIO-
e (23). Jis pa3HbIX BAPHAHTOB O, ; KPUBBIC MEPECEKAIOTCS B 001Iel Touke 1o = 13 = 1. Takum
o0pasom, Juist mectd HabopoB K03 PUIIMEHTOB B3auMoaencTBYs (Cciay4an /—6 u3 Tabi. 2) CyIIeCTBYIOT
ceMeicTBa TIpeNeNbHBIX MUKIOB IIPU MapaMeTpax pocTa, YKa3aHHBIX B TaON. 2, U s ro = 13 = 1.
NmeroTcst Taxoke 3HaYCHUS KOI(DOUITUSHTOB B3aUMOJICHCTBHS, JIs1 KOTOPBIX KPHUBAs HA THIOCKOCTH T2, T'3
CTATHBACTCS B OJHY TOUKY. Tako# Ciydail IpHUBeIeH B TOCICAHECH CTPOKe Tadi. 2.

Tabmuia 2. KomOnHamu mapaMeTpoB, UIsI KOTOPHIX UMEIOTCS ceMeiicTBa MpeaeIhbHbBIX
LUKJIOB NPH BBINONHEHHH ycnoBuid (23) u A = B (cM. puc. 3)

Table 2. Combinations of parameters for which there are families of limit cycles under
the conditions (23) and A = B (see fig. 3)

o1 Og as B1 B Bs T r3 Kpupas
1.1 1.2 1.4 1 0.5 1
1.1 1.4 1.2 0.5 0.5 2

0.8 0.8 0.8 1.4 1.2 1.1 1 2 3
1.4 1.1 1.2 2 2 4
1.2 1.4 1.1 0.5 1 5
1.2 1.1 1.4 2 1 6
1.1 1.2 1.4 2 1 7

0.6 0.8 0.9
1.1 1.4 1.2 1 1

Heyen b. X., Quoyaun B. T
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Puc. 4. CeMelCTBO NpenenbHBIX OUKIOB IPpH 72 = 1, r3 = 1 (CHHHUe CIUIOMIHBIE JIMHUN) U 72 = 1, r3 = 0.5 (kpacHbIe
IITPUXOBEIE): @ — TPAEKTOPUH B (Pa30BOM IPOCTPAHCTBE, b — 3aBUCUMOCTD OT BPEMEHHU 3HAUCHUs CyMMBI BHIOB S; a; = 0.8,
B1 = 1.1, B2 = 1.2, B3 = 1.4 (uBer oHyaiin)

Fig. 4. The family of limit cycles for 7o = 1, r3 = 1 (solid blue lines) and r2 = 1, r3 = 0.5 (red dashed): a — trajectories in
phase space, b — time dependence of the sum of species S; a; = 0.8, f1 = 1.1, f2 = 1.2, f3 = 1.4 (color online)

Ha puc. 4, a npencraBieHsl peAeabHbIC UKIIBI U3 IBYX CEMEHCTB, BRIYUCIECHHBIE TIpH o; = (.8,
B = 1.1, B2 = 1.2, Bs = 1.4, ro = 1 nnsg 3HaueHuit r3 = 1 (cunue xpusbie) U 73 = 0.5 (KpacHbIe
mTpuxoBbie). HayanbHble TOUKH U BCE CEMEHCTBO, OTBEUaromiee 3HaueHuio 73 = (.5, Jexar B III0CKOCTU
(10). IlpenenbHble mMKIBI A1 ciydas r3 = 1 mepecekatoT miockocts (10) u mo Mmepe ynmaneHus
HadaJbHON TOYKHU OT F, aMIumTyma KoreOaHuid CTaHOBUTCS OOJNBINE. ITO XapaKTepu3yeT puc. 4, b, rme
Hpe/cTaBlIeHb! IpadUKN H3MEHEHHS 110 BpEMEHU CyMMBI BUIIOB S (1) = Z?Zl w;(t).

B npoBeieHHOM BBIYHCIUTEIHFHOM SKCIIEPUMEHTE ObLIIO HAalIEHO, 9TO CEMEICTBO MpeNeTbHBIX
LUKJIOB CYIIECTBYET U MPH T2, 73, OTIMYAIOIIMXCS OT ONHcaHHbIX B [9,12]. Ha puc. 5 nns 3naueHuii o;,
B;, oTBeuaromux ciyvasm / u 4 u3 Tabn. 2, qaHa KpuBas 3aBUCUMOCTH '3 OT 7’2, Y/IOBJICTBOPSIOIIIAS
paBeHCTBY (23). st 3HaYCHUH T2, 73, JSKAMUX MEXKITY STON KPUBOM (CHHSS CIUIOIIHAS ) U PACCUUTAHHOM
TpaHUIlel (KpacHas IITPUXOBAs), HAOIIONAIOTCS N30IUPOBAHHEIC TIPEACIbHBIC IUKITBL. [laHHBIE PeKUMBI
HaXOIATCSA MEXKITy FeTePOKIMHMYIECKAM HUKIOM K paBHOBeCHEM L. Touku T} 0TBEHarOT 3HAYCHUAM 72,
3, IPA KOTOPBIX IMOJTydaloTCs CEMENCTBa MpeaeNnbHbIX UKIoB. Hampumep, B cioydae / KpoMme TOUEK
Ty (rgo=r3=1)[9]uTs (ry =1, r3 = 0.5) [12] cemeicTBO MpeaeTbHBIX IUKJIOB MOIYyYEHO IS
ro = 0.9834636477, r3 = 0.8335 (Touka 13), cM. puc. 5, a. OTMeTUM, YTO TOYKHU T)j COOTBETCTBYIOT
MepeceyeHusIM CIUIOIIHON (CHHEN) U MTPUXOBOH (KpacHOi) kpuBbIX. U3 puc. 5, b BUAHO, 4TO 00MaCTh
3HAUCHUH 73, T3, JUISI KOTOPBIX MUMEIOTCS M30JIMPOBAHHEBIC MPEICITbHBIC ITUKIIBI, MOXKET OBITh OYCHB
HeOOJIBIION.

g mpenenbHBIX IUKIIOB CeMEWCTBa OBUIH BBIYHCIICHBI MYNIBTHIDIMKATOPHI, cM. Tabi. 3. BumHo,
YTO MOIYIIH MYJBTHILITHKATOPOB P2, P3 OMU3KU K eWHHIE. B yCIIOBHAX BBIPOXKIEHOCTH 3aa9H 3TO MOX-
HO paccMaTpHBaTh KaK XOpoliee MPHOIMKEeHUE Il TBYKPATHOW €JUHHMIIBI, OTHA U3 KOTOPHIX OTBEYAET
HAIPaBICHUIO BJIOJIb OPOUTHI IIUKIIA, a IPYras — HEUTPaAIIbHOMY HAIIPABIICHUIO NI KOHTHHYJIBHOTO
CeMeNCTBa.

Heyen b. X., Quoyaun B. T
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Puc. 5. Kpussle 3aBucumMoctn 73 oT 72 npu o; = 0.8, 1 = 1.1, 2 = 1.2, 3 = 1.4 (cneBa) — ciyuqait / B Tabn. 2 m a; = 0.8,
P1 =14, P2 =1.1, 3 = 1.2 (cipaBa) — ciry4aii 4 B Tabi1. 2; cuHsSA KpuBas oTBevaet (23), KpacHast ITPUXOBAs OTMEYACT
TPaHUIly CYIIECTBOBAHHUS IPEAENbHBIX IIUKIOB, 1; COOTBETCTBYIOT CeMEICTBAM NPENeNbHbIX IIUKIOB (I[BET OHJIAKH)

Fig. 5. Curves of dependence of 3 on r3 at a; = 0.8, 1 = 1.1, 2 = 1.2, f3 = 1.4 (left) — case / in Table 2 and a; = 0.8,
B1 =14, p2 = 1.1, 3 = 1.2 (right) — case 4 in Table 2; the blue curve corresponds to (23), the red dashed line marks the
boundary of the existence of limit cycles, 7; correspond to families of limit cycles (color online)

Tabnwuma 3. Hepﬂoz[ W MYJIBTHUIUIMKATOPBI UKJIOB IIPU PA3HBIX 3HAYCHUAX 7°2,
T3, 0; = 08, 61 = 11, 62 = 12, 63 =14

Table 3. Period and cycle multipliers for different values of 7o, r3; a; = 0.8,
B =1.1,B=12,p3=14

r9, T'3 Ilepuon P1 P2, P3
1 5884 | —9.1x 1077 | 1.0+£42.4 x 1077
74.77 6.6 x 10716 | 1.0 & i0.0002
75.11 9.2 x 107'® | 1.0 £40.0004
1,0.5

95.4 —1.4 x 10716 | 1.0 440.0001

59.35 - .
0.9834636477, 0.8335 —8.6 x 1077 | 1.0£10.0003
7731 1.1 x 10726 | 1.0+ 6.6 x 10~°

Ha puc. 6 mpencraBieHbl TPAacKTOPUM HECKONBKHX IUKIOB W3 HOBOTO ceMeEHCTBa (ry =
= 0.9834636477, r3 = 0.8335, Touka T3 Ha puc. 5, @) U CXONUMOCTh TOKazareneit JlsmyHoBa st
OIHOTO IUKJIA U3 CEMEUCTBA.

Ecmu mapameTpsl yI0BIeTBOPSIOT yCnoBuio (23), HO mipu 3ToM A # B, TO ceMeicTBO mpe/ielib-
HBIX IIMKJIOB BBIPOXKIAETCA U MOJy4aeTCsl MEAJICHHAs! JUHAMUKA, C OY€Hb MaJIbIM NIPUPACTaHUEM HIIN
yObIBaHHEM aMIUTUTYAbl KoneOaHuid. dparMeHTsl TaKUX TPACKTOPHHM M3 OOJBIIOTO yucia 000pPOTOB
NpeAcTaBIeHbl Janee Ha puc. 7. B 3ToM cirydae Bo3MOXKHA pean3auys U30JIMPOBAHHBIX MpPeAeIbHbBIX
UKJIOB. 3aduKkcupyeM 3HaueHUs IATH napameTpos: o; = 0.8, f1 = 1.1, P2 = 1.2. Toraa npu P3 = 1.45

Heyen b. X., Quoyaun B. T
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Puc. 6. CemelicTBO npeenbHBIX TUKIOB IpH 72 = 0.9834636477, r3 = 0.8335: @ — TpaekTopuu B (ha30BOM IIPOCTPAHCTBE,
b — noxkazaremu Jlsmynosa; a; = 0.8, 1 = 1.1, f2 = 1.2, 3 = 1.4 (uBer oHaiin)

Fig. 6. The family of limit cycles for ro = 0.9834636477, rs = 0.8335: a — trajectories in the phase space, b — Lyapunov
exponents; o; = 0.8, f1 = 1.1, B2 = 1.2, B3 = 1.4 (color online)

Tabnuma 4. Hepnoz[ 1 MYJIBTUIIITUKATOPBI IPEACIBHBIX ITUKJIOB IIPH A 7é B;
a; = 08, Bl = 11, [52 =12

Table 4. Period and multipliers of limit cycles for A # B; a; = 0.8, 1 = 1.1,

By = 1.2
B3 T2, T3 IMepuon P1 P2, P3
145 | 1.2, 0.22620179898 108.76 | —5.8 x 1018 1.0, 1.0043
1.35 1.587661492, 3.5 37.8 —1.1 x 10716 | 1.0, 0.99625

nonyyaercs A < B, a ipu B3 = 1.35 — A > B. B Tabn. 4 npencraBlieHbl MyJIbTHILTMKATOPHI BBIYUCIICH-
HBIX NPEAEIbHBIX NUKIIOB MIPH Pa3iIMYHBIX 3HAUYCHHAX 12, 3. [lepBas cTpoka oTBe4aeT HEyCTOMYMBOMY
IpeAeIbHOMY LUKy (p3 > 1), a BTopas — yCcToiuMBOMY IpenensHoMy HuKiy (ps < 1).

Pe3ynbraThl, HILTIOCTPUPYIOIINE CYIIIECTBOBAaHHE MPEENbHbBIX UKIIOB, IPEACTABICHBI Ha pHC. 7
IUTsL psfla 3HaYeHW mapaMeTpoB pocTa. PacdeTsl MpOBOAMINCH U3 Pa3IUYHBIX HAYaJIBHBIX JaHHBIX
(uepHBIE 3BE3bl HAa PUCYHKE) Ha MHTEpBaJaX BPEMEHH, MO3BOJIIOMINX YOCOUTHCSA B pOCTE MIIM 3a-
TyXaHUHM aMIUTATYAbI KoieOaHui (IIBETHBIE TIOJIOCKH Ha pUCyHKe). KOHeYHBIE COCTOSHUS OTMEYEHBI
cuauMu Toukamu. [Ipu B3 = 1.45 cymecTByior GacceliHbl HaYaJIBHBIX AaHHBIX, U3 KOTOPBIX Peatn3yeTcs
paBHOBecue E, 1 TeTepOKIMHUYECKUI IMKII, ONMpAIoNTuiics Ha paBHOBecus F; (puc. 7, a). B atom
cllydae UMEETCsl HeyCTOMYMBBIN MpeAeNbHbI UK (ToHKast KpuBasi). s B3 = 1.35 paBHoBecue F
U TeTEPOKIIMHUYECKUI IIUKII HEYCTOWYHUBEI U IMEETCS] M30JIMPOBAHHEIN TTpeNeNbHbIN UK (puc. 7, b).
OTOT UMK HoJTyyaeTcs A1l HeOONbLIINX MHTEPBAJIOB 3HAYEHUH MapaMeTpoB pocTa 72, 13.

Kpome Toro, O6buIM OOHapyKeHBl Opyrue cleHapuu nuHamukd. Hampumep, mpu B3 = 1.45,
ro = 1.6, r3 = 0.195 u P3 = 1.35, ro = 1.6, r3 = 3.62 uMeeTcs 1Ba W3OJHUPOBAHHBIX (YCTOM-
YUBBIA M HEYCTOHYMBEIN) MpeAeibHBIX UKIa (puc. 7, ¢, d). D10 03Ha4aeT OMCTAOMILHOCTh B BHIE
COCYIIECTBOBAaHUS IeTEPOKINHUYECKOTO IIUKJIA U U30JUPOBAHHOIO YCTOMYMBOIO MPEAEIbHOIO IHUKIIA,
a TakXe paBHOBECHs (CTallMOHAPHOTO PELIEHMS) U U30JIMPOBAaHHOTO YCTONYHMBOIO MPENEIbHOIO UKJIA.
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d

Puc. 7. Konebanus ¢ MeHsIOMIEHCS aMIUTATYA0H (LBETHBIC HOJIOCKH) M M30JMPOBAHHBIC MPEeTIbHBIC IIUKIBI (TOHKHE KPUBBIC)
npu B3 = 1.45 (cieBa) u npu Bz = 1.35 (cnpaBa): a — ro = 1.2, r3 = 0.22620179898, b — rp = 1.587661492, r3 = 3.5,
c—ry=1.6,r3 =0.195,d — ro = 1.6, r3 = 3.62; HaYaJbHBIC YCIOBUSI — YCPHBIC 3BE3/Ibl, KOHEUHBIC COCTOSIHUS — CHHHE
TOYKHU (I[BET OHJIAMH)

Fig. 7. Oscillations with varying amplitude (color bars) and isolated limit cycles (thin curves) at 3 = 1.45 (left) and at
Bs = 1.35 (right): @ — ro = 1.2, r3 = 0.22620179898, b — ro = 1.587661492, r3 = 3.5, ¢ — 2 = 1.6, r3 = 0.195,
d —ro = 1.6, rs = 3.62; initial conditions are black stars, final states are blue dots (color online)

B BBIUUCIIUTENEHOM 3KCIIEPUMEHTE NMPH (PUKCUPOBAHHBIX KOA(D(GUITMEHTaX B3aMOCHCTBUS HANACHBI
007acT! 3HAYCHUH IMapaMeTPOB POCTA, IPH KOTOPHIX PEATH3YIOTCS MTEPEXOBI OT YCTOMYHUBOTO PaBHO-
BeCHs C HEHYJIEBHIMH KOMIIOHEHTaMU F, K YCTOHYMBOMY TeTepOKIMHUYECKoMY LUKy, Hanpumep, s
¢ukcupoBanHbIX KodpdunuentoB o; = 0.8 (1 =1,2,3),p1 = 1.1, P2 =1.2, B3 = 1.35 npu o = 1.6
paBHOBecue E, ycToiuuBo oT 73 ~ 3.7 10 73 ~ 3.6. 1711 3 ~ 3.62 NpoHCXOIUT POKICHHUE «U3 BO3AYyXa»
YCTOMYMBOTO M HEYCTOMYMBOTO TMPEACTHHBIX IIMKIOB, KOTOPHIE C YMEHBIIICHHEM TTapaMeTpa 7' BIUMAIOT
COOTBETCTBEHHO B TETEPOKIMHUYECKHN ITUKIT U PaBHOBeCHE F,, TaK 4TO NPH 13 = 3.35 YCTOWYIHMB TOIBKO
rerepoxsinHndeckuii nuki. Ilpu 3nadenusax 0.3 < r3 < 0.4 mepexox oT ycToiiunBoro pasHoBecus [,
K YCTOHYHBOMY T€TEPOKIHHUICCKOMY ITHKITY TIPOUCXOTUT TPH YBEIMUCHUH 7"3. AHAIOTUIHBIN CIIeHApHi
peayiu3yercs U MpH 3HAYCHHSX 79, OJM3KUX K PACCMOTPEHHOMY Citydaro ro = 1.6.
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3akjIoueHue

Jannas paboTa MOCBSIIEHa HCCIIEOBAHNIO OTHOCHTEIFHO MPOCTON CHCTEMbI HEJTMHEHHBIX OOBIK-
HOBEHHBIX IU(PepeHINANEHBIX YPaBHEHHH, OMICHIBAIOIINX KOHKYPEHIIHIO TPeX HEaHTarOHUCTHYECKUX
BHJIOB Ha MPOCTPAHCTBEHHO-OJTHOPOHOM apeaiie. PaccmarpuBatoTcst koieOaTelbHBIE ClICHAPUH B3a-
MMOJIEHCTBUS BUJIOB M BOSHMKHOBEHMSI CEMEWUCTB INpeneabHbIX IUKIOB. C HCIIONBb30BaHUEM TEOPUHU
KOCHMMETPHH YCTAHOBJIEHA CBSI3b MEXIY pa3pyIIeHHEM JIBYXIIapaMeTPHUECKOTO ceMeicTBa CTallloHap-
HBIX pelIeHni (PaBHOBECHI) 1 BOZHUKHOBEHHEM HETPEPHIBHOTO CEMEWCTBA MEPUOAMYECKUX PEKUMOB.
Panee B [20,21] ama cucteMbl OBYX XHUIIHWKOB W JKEPTBHI OBUT HaWeH CIEHApHHA BO3HHUKHOBEHUS
OJTHOIIAPaMETPUUYECKOTO CEMEUCTBA NPEACIbHBIX LIUKJIOB, OTBETBIIIOLIUXCS OT pAaBHOBECUH, COCTABIISIO-
IUX OHOIApaMeTpUIecKoe ceMeicTBO. B [22] ObIIM 0OHApYKEHBI IBYXIIapaMEeTPUICCKUE CEeMEHCTBa
paBHOBECHI U MPEACNbHBIX HUKIOB (CICACTBUE MYIBTUKOCUMMETPHUH) AJII CUCTEMBI ABYX XHUIIIHUKOB
U JIBYX >KEpPTB.

[IpoBeneHHBIN aHaTN3 MTO3BOJIMI HAUTH HOBBIE CIIy4an SKCTPEMaJIbHONH MYyIBTUCTAOMIBHOCTH —
BO3HHKHOBEHHE KOHTHHYaJIHHOTO CEMENUCTBA MPEAETbHBIX IUKIOB MPH JAOTIOIHUTEIFHBIX COOTHOIICHUIX
Ha mapaMmeTpbl cucTeMbl. [lpyu HapymeHnn 3THX COOTHOIIEHUH PEeaTn3yIoTCs TOJITOBPEMEHHBIE PEKUMBI
YCTaHOBJICHUS K U30JMPOBAHHBIM NEPUOIUUYECKUM PEXKHMAaM, B TOM UUCIIE U K FeTEPOKIMHUYECKOMY
uukiy. Takas AMHaMMKa CBSI3aHA C Pa3pyLICHUEM KOCUMMETPHUYHOTO CEMEHCTBA MpeleIbHbIX [IUKIIOB.

ITonyuyeHnHble pe3ynbTaThl MOTYT OBITH IMOJIE3HBI JUISl aHalK3a KOHKYPEHIIMH BHIOB C YYETOM
CTOXacTU4YecKux BozaeicTBuil. [IpakTuka mokaseiBaet [23—-25], 4To Ui TPAKTOBKH PE3YJILTATOB C yUe-
TOM IIIyMOB TIOJIE3HO MPEABAPUTEIBHOE MCCIEA0BAaHUE JETEPMIUHUPOBAHHON CUCTEMBI C BBIICIIEHUEM
Ou(ypKanrOHHBIX UHTEPBAJIOB IS TapaMeTpoB. Pe3ysTarel, mpeacTaBieHHble Ha puc. 7, TOKa3bIBAIOT,
YTO JJIS1 pa3HBIX 3HAUYEHUH IMapaMeTpoB pocTa (a3oByIO KapTUHY CYNIECTBEHHO MEHSIOT HeOOoIbIIne
OTKJIOHEeHUs K03(h(uimeHTa 3 OT 3HaYEHHS, TP KOTOPOM BO3MOXKHO CYIIIECTBOBaHHE CEMEWCTB IIUKJIOB.

Jarnee npezmnonaraercs UCCIeAOBaHNE KOJIeOATENBHBIX PEKUMOB JIJISl IPOCTPaHCTBEHHO-paCIIpe-
JEeJICHHBIX CUCTeM KOHKypupyromux nomyisiuid. [lpu B; = 0 B [26] paccMoTpeHa 3amada Ais Tpex
BHJIOB C YYETOM IMPOCTPAHCTBEHHBIX 3()()EKTOB U 3ama3apiBaHusi. AHAJIN3 KOHKYPEHLUH JIBYX BUIOB
C YYeTOM MPOCTPAHCTBEHHBIX 3(h(HEKTOB MOKA3aJ, YTO THIIUIHBIM CIICHAPHEM SBIIIETCS yCTaHOBICHHE
K CTallMOHApHBIM pacnpeneneHusim [27]. IIpu JONOJHUTENbHBIX COOTHOIICHUSIX MEXy MapaMeTpaMmu
CHCTEM BO3MOXXHBI KOCUMMETPHUH W MYJIBTHCTAOWIBHBIE PEIISHUS B BHJIE CEMEHCTB CTAI[MOHAPHBIX
pacnpenenenuit [28,29].

Tlpunoorcenue
Boruuciienne MyJbTHIIHKATOPOB MpeaebHOI0 UK

Crcrema aBTOHOMHBIX OuQQepeHnnaIbHbX ypaBHeHui (1)—(3) 3anuceiBaercs B BUIe
= f(u), weR" wu=(up,ug,uz), n=3. (24)
Ee nepuoguueckoe pemenue, uMetromiee nepuon I' > 0, yIOBIETBOPAET YCIOBHIO
u(t+T) = ul(t). (25)

YCTOMYHUBOCTE IEPHOAMIESCKOTO PEIICHHS OTIPEEIIIETCSI COOCTBEHHBIME YHCIIAMH MATPHITEI MOHOIPOMHUH
[30,31], y koTOopoii Bcerga CymecTByeT eANHIIHOEe COOCTBEHHOE 3HaueHue p; = 1. Ecim ocranpHbIe
COOCTBEHHBIE YHCIIA JIe)KAaT BHYTPU €AMHUYHON OKPYKHOCTH, TO MEPHOANIYECKOE PEIICHHE YCTOHYHBO.
Pemenune HeyCTOHYHMBO, €CIM CYIIECTBYET XOTS Obl OJHO COOCTBEHHOE 3HAYCHHE BHE CIUHUYHOMN
OKPY>KHOCTH.
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B pacuerax acHMITOTHYECKH YCTOWUYUBBIA NEPUOAUYECKUM PEXUM IOIY4aJICS B PE3YyIbTATe
YCTaHOBJICHUS, I[P 3TOM OIICHMBAJIACh BeIM4YMHA Teproaa 1'. s BBIYHCIEHUS NEPHOANYECKOTO
peurenus cuctemsl (24) nonarany, 9to B (25) ¢t = 0. Yepes Uy () nanee o603HagaeTcsi oneparop CIBura
1o TpaekTopun cuctembl (24) u3 Touku u(0) = x 3a Bpems t.

3azaua MoMcKa MPENEIbHOIO IIUKIIA CBOAMUIACH K HAXOXICHUIO HEMOJABM)KHOM TOUKH OIepaTopa
Ui(x), T0 ecTh TOYKH X, yaoBaeTBopstouieii yenosuto x = Up(x). [lonyyaromasicsi cucTeMa cocTosiia
U3 m ypaBHEHUH ¢ 1 + 1 Hen3BeCTHBIMU (KOOPAMHATHI TOUKH X U nepuon 1').

g(x) =2z —Ur(z)=0. (26)

B pacuerax ¢ukcupoBanach oqHa U3 KOOpAuHAT & (r3 = ug). Jst petuenus ypaBaenus (26) IpuMeHsIICS
Metoxn Herotona
2D = M) A=t (M) g (20m)) | (27)

3nece M — marpuna SIxkobu cuctemsl (26). Bmecte ¢ pemennem 3amaun Komm s (24) pemanuch
3aJa4 B BapHalMAX, AJIS KOTOPBIX HAauyaJbHBIMU JaHHBIMH SBILSUINCH OPTHI (ha30BOTO IMPOCTPAHCTBA!
(1,0,0),(0,1,0),(0,0,1). Ha xaxngom mmare meroga Hetorona (27) pemanace 3agada Komu st cu-
crembl n(n + 1) 0ObIKHOBeHHBIX AU(dEpeHIIMANBHBIX YpaBHEHNUIT. i1 pacyera npeieibHbIX MUKIOB
UCIIONB30BANINCH Pa3IMYHbIe BapuaHThl MeTona Pynre—Kyttel, peannzosannsie B MATLAB (pyHkunu
ode45 u 0de89), BEIUUCICHHS TPOU3BOAMINCE C KOHTPOJIEM a0CONIIOTHON M OTHOCHTEIBHOW TOYHOCTH.
B BBIUKCIICHHUSX TSI OIIEHKH CXOMMMOCTH MeToa HpIOTOHA MCIonb30Baich 3aderns 1075 u 1077,
a TIpu pacueTax MeTogoM Pynre—KyTTsl npumensmichk Bemmunasl 1077 1 1077,
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Abstract. Purpose of this work is to determine the average time to reach the boundaries, as well as to identify the strategy
in the game between two players, controlling point movements on the finite square lattice using an independent choice of
strategies. One player wants to survive, i. e., to stay within the interior of the square, as long as possible, while his opponent
wants to reach the absorbing boundary. A game starts from the center of the square and every next movement of the point is
determined by independent strategy choices made by the players. The value of the game is the survival time that is the number
of steps before the absorption happens. In addition we present series of experiments involving both human players and an
autonomous agent (bot) and analysis of the survival time probability distributions. Methods. In this work, methods of the
theory of absorbing Markov chains were used to analyze strategies and absorption times, as well as the Monte Carlo method
to simulate trajectories. Additionally, a large-scale field experiment was conducted using the developed mobile application.
Results. The players’ strategies are experimentally obtained for the cases of playing against an autonomous agent (bot), as
well as human players against each other. A comparison with optimal strategies and a random walk is made: the difference
between the experimental strategies and the optimal ones is shown, however, the resulting strategies show a much better result
of games than a simple random walk. In addition, especially long-running games do not show the Markovian property in case
of the simulation corresponding strategies. Conclusion. The sampled histograms indicate that the game-driven walks are more
complex than a random walk on a finite lattice but it can be reproduced with a Markov Chain model.

Keywords: random walk, markov chain, random walk game, mobile application, game experiment.
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Annomayusn. Llens HACTOSIIETO HCCIENOBAHUS — ONPEACIUTh CPETHEE BPEeMs HOCTUKEHHS I'DaHHUIIBI, a TAaKXKe BBIABUTH
CTpaTeruyl B UTpe MEXIY AByMs UTPOKaMH, YIPABISIOINMH JBIDKCHUEM (DUIIKK Ha KOHEYHON KBaApaTHOM peIeTke ¢ mo-
MOIIBIO HE3aBUCHMOTO BBIOOpa cTpaTeruii. OIMH UIPOK CTapaeTcsl OCTaBaThCsl BHYTPH KBaJpara Kak MOXKHO JOJbIIe, I0OKa
€ro IPOTUBHUK CTapaeTcs JOCTUYb IOMIOIIAONIeH rpaHulbl. Mrpa HaunHaeTcs B LIGHTpE KBaJpaTa, U KaKIoe Cleyroliee
JBIDKEHNE (DUIIKH OTPEAEISAETCS CTPATErHsAMHU, BBIOMPaeMbIMHI HTPOKaMH HE3aBUCHUMO JIpPYT OT Apyra. Pesynbrar urpel — 31o
BpeMs1 BBDKHBAHUS, TO €CTh KOJIIMYECTBO MIATOB JI0 TOTO, KaK IPOM30HAET nomionieHue. J{onoNMHUTENbHO B paboTe IpecTaBiIs-
I0TCSI Pe3yJIbTaThl IIPOBEICHUSI CEPUH IKCIEPHUMEHTOB C Y4aCTHEM KaK UTPOKOB-JIOEH, TaK M aBTOHOMHOTO areHra (0ora),
1 aHAJM3 COOTBETCTBYIOIIMX pacIpeesieHnil BepOsTHOCTEW BpeMEHH BBDKUBAaHUA. Memoowl. B manHOH paboTe mpUMEHSITUChH
METO/BI TEOPHH TOTIONIAIOIINX MapKOBCKUX IeTIel IJIs aHaM3a CTPATeTHi U BPEeMEeH JOCTH)KCHUSI TPAHUIIBL, a TAKXKe METO
Momnre-Kapio st cumyasinuy TpaeKTopui. J{OMOMHUTENHO OBUIM MPUMEHEHBI HOIXOABI K MPOBEJCHUIO0 MacIITaOHOTO
TI0JIEBOTO SKCIEPHMEHTA C HCIOJIb30BAaHUEM Pa3pabOTaHHOTO MOOMIIBHOIO MPUIIOKEHHs. Pe3ynomamul. DKCIIEPUMEHTAITBHO
MOJTy9IeHbI CTPAaTeTHH UTPOKOB IS CITydaeB MIPHI IPOTHB aBTOHOMHOTO areHra (60Ta), a TakxKe UTPOKOB-TIONEH APYT HPOTHUB
npyra. IIpoBeneHo cpaBHEHHE C ONTUMAIBHBIMU CTPATETHSIMU U CIIyYaifHBIM OXyXXJaHHEM, B X0 KOTOPOTO IT0Ka3aHO OTJIH-
Yl SKCIEePUMEHTAIBHBIX CTpaTeruii OT ONTUMAJIBHBIX, OJHAKO IOJyUYeHHbIE CTPaTeruy MOKAa3bIBAIOT 3HAUUTEIBHO JTy4IIHH
pe3ybTaT urp, YeM MPOCToe ciydaitHoe OmyxaaHue. JIOMONHUTENBHO MPOAHATH3UPOBAHBI 0COOCHHO JINTEIbHBIE HIPHI, HE
o0Jaaroye CBOMCTBOM MapKOBOCTH TIPH CTOJIKHOBEHUH COOTBETCTBYIOIIMX CTpareruil. 3axaouenue. HalineHnnsie pactpene-
JICHUs YKa3bIBaIOT Ha TO, YTO MCCIEAYEMBIi Ipolece sBIsieTcst 0oJee CII0XKHBIM, YeM CIIydaifHoe OykJaHue Ha KOHEYHOH
pelIeTKe, OHAKO PacIpe/ieNieHue MOXKET OBITh BOCIPOU3BEEHO C TIOMOIIIBIO Mojienel e Mapxkosa.

Knioueswie cnosa: CHy‘{aﬁHBIe 6J'Iy)KHaHI/I$I, MAapKOBCKHE LE€IIHA, UTPOBBIC cnyqaﬁHme 6Hy)KIIaHI/I}I, MOOHIIbHBIE MPUIIOKEHNA,
HFpOBOﬁ OKCIICPUMEHT.
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Introduction

A one-dimensional random walk on a finite discrete interval is famously interpreted as a story
of two gamblers playing a coin-flipping game again and again until one of the gambler’s capital is
exhausted and he is ruined [1,2]. In the random-walk framework, this is a situation when the random
walker — whose position is determined by the current capital of one of the players — reaches one of the
two boundary points and is absorbed there. The ruin time is therefore first-passage or survival time, one
of the key concepts of the random walk theory [3].

Assume now that the game is not completely random but the corresponding transition probabilities
are controlled by the players. This is the idea of “games of survival” proposed by Hausner [4] and
Peisakoff [5] in their notes in 1952. Similar to the original gambler ruin’s process [6], survival games
can be generalized to two and three dimensions and finally formulated in the most general way as a
game-driven motion over some finite domain with a border [7]. In such a game one of the players tries
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to avoid hitting the border while his opponent wants to reach the border as fast as possible. The game
is specified with a matrix with a certain number of rows (strategies of the first player) and columns
(strategies of the second player). On every step, the players independently choose their strategies, that is
the first player chooses a row and the second one — the column, and the move of the point is determined
by the corresponding element of the matrix. The game is over once the point has reached the boundary.

Even though the idea of such games was formulated more then seventy years ago [7], no
quantitative results were presented until now. This is not a surprise as such games are characterized by
high complexity [8]. Here we present an experimental realization of a two-dimensional survival game.
Our idea is to consider the game as a first-passage process [3] and analyze the collected game histories
from the corresponding perspective, by inspecting histograms of the survival time.

From the very start, random walks were interpreted in biological and behavioral terms, and
now Pearson’s drunkard [9] is no less famous than Schrodinger’s cat. Different types of random
walks [10, 11] are used as foundations to build optimal search theories and explain the spatial-temporal
patterns produced by foraging animals and people exploring the Disney World park [12].

However, whenever a new random-walk model is introduced, a round of discussion about model’s
validity and the importance of all details neglected during the model’s formulation immediately starts.
E.g., it is often mentioned that search landscapes are not uniform but patchy and often exhibit fractal-like
patterns, which might induce a power-law scaling in foraging trajectories [13, 14], or that people usually
follow streets or existing trails which form a very correlated structure [15], etc. In other words, there
are always factors and features that are not taken into account and thus there is always room for a
discussion on whether these features are important and relevant; see, f.e., Refs. [16, 17]. Therefore, it
would be beneficial to design a process, perform series of experiments (with organisms or humans), and
collect the statistically sounding amount of data — which then can be analyzed.

In case of humans, game theory provides a possibility to implement this idea. The concept
of game-driven or “game-type” [7] random walks, when players determine the move of a point by
independently choosing strategies, looks like a good opportunity.

Here we present the results collected for a two-dimensional game-driven process, by using a
mobile application (app) “Random Walk Game” [18]. The app provides two people with a possibility
to play regardless of their location, interrupt games, and challenge each other for a game by inviting
the opponent from the list of registered players. The app allowed us to collect data more quickly and
with less effort than traditional methods (such as lab sessions) usually demand. Additionally, the app
provides a human player with a possibility to play anytime against a bot (the latter, so to say, is simply
flipping a fair coin on every round).

We analyze the collected game histories from a point of view of survival time statistics, by
comparing the histograms of the game duration with the distributions corresponding to random walks
and distributions obtained with Markov-chain models. The experimental histograms bear several features
which demonstrate that the game-driven walks can be, in general, emulated with a Markov-chain model.
However, we also have detected some games with anomalous length whose occurrence cannot be
explained as ’rare events’ of the corresponding model.

1. Game

The Random Walk Game is a game played on a square lattice by two players, A and B. The lattice
consists of vertices (z,y), z,y € {—-N/2,...,—1,0,1,..., N/2}, where N is an even number, and the
size of field is n X n, where n = N + 1. The game always starts from the center of the square, i.e., from
the vertex (0,0). Both players can see the current position of the marker on the lattice. The boundary
vertices of the lattice can be defined as absorbing points and the game terminates once the marker gets
into one of these vertices.
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Players control the movement of the marker by making an independent choice of one out of the
two possible strategies. Information about the possible movement is represented by a matrix (analog of
a pay-off matrix in the standard games) which is known by both players; see Fig. 1, a. The movement
of the marker is defined by the mutual choice of strategies; Fig. 1, b, Fig. 2.
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Fig. 1. a — The strategies of two players, player A (playing
*for the center’) and player B (playing ’for the border’).
Each player has two strategies to choose from: Player A —
(up, right) and (down, left) and player B — (up, down) and
(right, left). » — Example of the one turn. At each step of
the game, players independently choose their strategies. For
example, if player A has chosen the first button (up, right)
and the player B has chosen the second button (right, left),
the next move will be to the right (color online)
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Fig. 2. Screenshot of the Random Walk Game. The header
shows of the number of turns made (left), what the player is
playing for (in this case they are ’playing the center’, i.e., they
try to avoid the absorption for as long as possible) (center),
and the number of turns in the longest up-to-date game (right).
Players see the game field, the marker current position and the
trajectory of the game. At the bottom of the screen there are
the strategies for a player to choose from. In this case, these
are the rows of the movement ’pay-off” matrix (color online)
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The aim of player A is to keep the marker inside the square, i.e., at one of the internal vertices,
and thus avoid the absorption as long as possible. We say that this player ’plays the center’. The aim
of player B is to reach the absorbing boundary, i.e., one of the boundary vertices, as fast as possible.
We say that this player ’plays the border’.

A typical trajectory produced during a game is shown on Fig. 2.

2. Experiment

2.1. Mobile application. To carry out the experiment, we have developed a mobile application
[18] which offers two game types: (i) to play against another player (P vs P) or (ii) to play against
the bot (P vs B, in case the player plays for the center or B vs P, in case the player plays for the
border). The bot makes a completely random choice of its strategy at every turn. The app transmits
player choices over the Internet to the web-server and receives back the resulting movements. All player
choices and resulting movements are collected in the server database for further analysis.

Choices of the bot in P vs B and B vs P games are determined by the sequence of pseudo-random
numbers computed by using Mersenne Twister random number generator (implemented in PHP 7.4
as mt_rand function). The game is played on a square lattice 17 x 17 (which means N = 16,n = 17).

2.2. Players. Players, that are the participants of the experiment, are aged from 16 to 52 years.
Players in the category <25 years are volunteers from the students of Lobachevsky State University
and Higher School of Economics. Players above 25 are volunteers from academic staff of different
universities and research institutions in Russia, Germany, France, Norway, and South Korea.

2.3. Experiment. Player versus player (P vs P) sessions were organized in the three following
formats.

1. Students were gathered in the same room and played without communications for one hour.
The participant’s goal was to obtain the highest score in the room. Player pairs were formed based
on similarity of players’ skills in the competitive programming.

2. Students were gathered in the same room and played without communications for two hours.
The participant were arranged by the sum of weighted scores of played games. The longer game —
the higher weight associated with this game for player A (and the opposite for player B).

3. Players played without communications for around 30 minutes per day, whenever they wanted to
play. The aim is to reach the highest cumulative score.

To organise Player vs Bot game sessions we used two formats.

1. Participants played against the bot at will (they were also able to pause the game any moment).
This was continued for one month. Players were then ranked by the ratio of exponentially moving
average (EMA) score of playing ’for the center’ (P vs B game) to the EMA score of playing ’for
the border’ (B vs P game). Player ranking table was then made available online to all participants.

2. Participants played against the bot at will. The ranking table defined as the result of the
implementation of the previous format was used. The task for a participant was to beat the
highest score.

Whether a player is supposed to stay inside the square as long as possible (i.e., Player A type) or
reach the absorbing boundary as soon as possible (Player B type), is decided at random at the beginning
of every game. Altogether, we have collected a database consisting of 512 realizations for the P vs P
game and 528 and 534 realizations for the P vs B and B vs P games, respectively.
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3. Analysis

We are interested in the statistics of the game duration, i.e., the number of turns k before the
absorption on the boundary happens and the game terminates. In terms of the random walk theory this
will correspond to the ’first-passage time’ or ’survival time’ [3].

We will consider three different types of games: (i) a pure random game, when two players
choose their strategy at random (B vs B game or random walk), (ii) a game when a player plays against
the environment (P vs B and B vs P games) and (iii) a game played by two players (P vs P game).

3.1. Absorbing Markov Chains. To analyze P vs B, B vs P, and P vs P games, we use the
framework of Markov Chain theory [19].

The state of the system is a coordinate vector wy = (zk, yy) at the k-th turn, where position
corresponds to the vertex and coordinates vary in the ranges: —N/2 < xp < N/2, —N/2 <y, < N/2.
Overall there are n? — 4 reachable vertices (excluding 4 unreachable corners), » = 4(n — 2) of which
correspond to absorbing states (|zx| = N/2V |y| = N/2) and the remaining s = (n — 2)? to transient
states (|xx| < N/2 A |yx| < N/2), see Fig. 2. Although, there are two parity cases of the lattice size, we
consider only odd sizes due to the symmetry of the lattice with respect to the center. We arrange vertices
into a column according to the horizontal scanning of the lattice. After that we introduce transition
matrix [20] P((i,7) — (x,y)) with elements corresponding to probabilities to go from the state (i, j) to
(x,y) after one turn.

The absorbing Markov Chain theory provides a way to compute survival time in the case of
absorption processes [20]. According to the theory, transition matrix P can be represented as a block

matrix:
_|Q@ R
P13 7 g

where () is an s-by-s matrix corresponding to transitions between internal states, R is a non-zero s-by-r
matrix corresponding to transitions from internal states to absorbing states, and last two matrices are
corresponding to loops in the absorption states: 0 is an r-by-s zero matrix, and I, is the r-by-r identity
matrix [20].

Here we resort to the standard concept of the mean absorption time which is based on the idea of
fundamental matrix [20] (it also appears in the context of quasistationary state theory [21]).

Namely, we construct fundamental matrix L:

L= Q"=(I-Q™", )
k=0

where [ is the s-by-s identity matrix. The (4, j) entry of matrix L is the expected number of times the
chain is found in state j, given that the chain started in state i.

Based on the property of fundamental matrix, we obtain the expected number of steps before
being absorbed starting in transient state i:

T =11, (3)

where 1 is a column vector whose entries are all 1.

Since the starting position of the game is a center of square lattice the resulting expected number
of steps before being absorbed ¢,, corresponds to entry of 7" for the (0,0) state, where n is a size
of field.
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3.2. Game as a Markov Chain. To model the game as a Markov chain, we have to specify
transition probabilities between different states. In general, relying on memoryless property of Markov
chains, we define mixed strategy Slpj determined by Bernoulli distribution ofj over two pure strategies
for the player p € {A, B} in the state (i, j):

v, ifs=0,
(4)

P
1- /2,

ifs=1,
where Z‘ € [0,1] is a probability of picking first strategy (s = 0).

This in turn allows us to determine the transient probability from the state (4, j) to (x,y) for the
corresponding mixed strategies:

) it Ji— o]+ iyl £ 1,
5 (1-18), if z=iAy=j+1—

Py = e = (1_iﬂ i if z=i+1Ay=3j1 (5)
(1-52) (1 18) it w=iny=j-1c
\fi? 5‘7 if r=i—1Ay=741

The connectivity in the system is defined by transitions to the four neighboring states on the
square lattice. This way, the first case of transient probability denotes the zero probability between
unconnected states, and others are transition probabilities to neighboring states in the corresponding
direction.

The case of the random strategy choice corresponds to equal probability to choose strategies for
both players, i‘? =1/2, 5 = 1/2. Therefore, the transient probability is equal to 1/4 for neighbour
state transition and zero otherwise. Having applied the absorbing Markov chain formalism, we were
able to compute the mean absorption time t5V5B depending on the field size n.

The last two cases, games against the bot (P vs B and B vs P games) and games of two players
(P vs P games) explicitly determine only the bot strategy which is the equiprobable choice. In contrast,
strategies of participants are unknown. Therefore, in order to assess behavior we assume the absence
of memory in participant choices and estimate relative frequencies of their strategies depending on
the current position of the marker on the lattice. Next, we interpreted the experimentally obtained
relative frequencies as probabilities and computed the mean absorption time for both cases, t1¥5B, tBysP

and t7ysP,

3.3. Probability evolution model. Although absorbing Markov Chains let us find the mean
duration of the game, the exact distribution of the duration cannot be obtained in this framework.
To solve this problem, we define a mathematical model based on a Markov chain property of the game.

Let us first define probability WZ'; of finding a marker in the state (7, j) on the k-th turn. The (0, 0)
is the initial state of the marker and for k& = 0 the probability to find the marker in this position W, = 1
and for all other states Wioj =0, (i,7) # (0,0). By sequentially applying modified transition matrix P

k

to state probability vector w*, we could propagate the latter:

wktl = pPwk k>0 (6)
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where P is n2-by-n? transition matrix P modified in such a way that reaching the boundary state
excludes the marker from the system. These modification are required to compute exact probability WZ’;
that marker finishes in the particular absorption state at turn k, where (¢, j) € B — boundary states.

Then, the probability of marker being absorbed on the k-th turn can be computed using the
following expression:

ko _ k
Pabs = Z VVZ’j’ (7)
(1,5)€B

where B is a set of boundary states.
The analysis described above was applied to all three cases, B vs B, P vs B (also B vs P),
and P vs P.

3.4. Numerical simulations. To model game realizations, we perform stochastic simulations of
the game process by using transition matrices constructed from the collected database.

The mark’s start is located at the state (0, 0) initially and then, at each turn, its move is determined
by sampling of strategy choices, Eq. (4). Upon selecting the strategies, the marker is moved according
to Eq. (5). Eventually, marker reaches an absorption vertex and the simulation stops.

We compute statistical properties and distributions considered in this Section in order to compare
the obtained results with the modelling and experimentally obtained statistics. All three approaches
(numerical simulations, probability evolution model, and inversion of fundamental matrix) and their
statistics were implemented using Python 3.8 and performed on a work station (Core i5-8600 3.1GHz,
32Gb RAM).

The source code is available at https://github.com/SermanVS/RWAnalyzer.

3.5. B vs B game or random walk. This game results in the standard random walk on finite
two-dimensional lattice, initiated at the central vertex of the lattice. There is the analytic closed form
solution for the mean absorption time [6]:

N/2—1
7BvsB _ 2 Nk cos((2k + 1)m/(2N))
b= kzo( Doy sin3 (2k + 1)m/2N -
1

ag,N =1-— _
cosh (N/2 cosh™? (1 + 2sin? W))

For our case, N = 16, this expression gives 75.22. Additionally, we simulated the process to
sample the probability distribution of k. It is shown by the purple line on Fig. 4, a, b (Cf. below).

4. Results

Aiming at analysis process, Python 3.8 is used for modelling, simulations and inversion of
the matrices. Results address the 3 cases of the random walk game of 2 players on the finite lattice.
Comparison to experimentally obtained trajectories of real games were done with using the 17 x 17 field.
The size of the field was chosen due to the comfortable game time: longer game leads to fatigue and
smaller games have simpler strategies. The players have spent approximately 250 hours in total playing
in the Random Walk Game to produce experimental data. As a result, we have obtained trajectories of
marker movements and corresponding player choices of 1562 real games in different modes (Cf. first
row of the Table).
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Table. The absorption mean times obtained by different approaches for the 3 game modes: B vs B is a pure
random walk on 2D finite lattice, player versus bot in case of two goals: keep marker inside the field as
long as possible (P vs B, center), reach the border as soon as possible (B vs P, border), and P vs P mode
is a game of two players (all games and only games with length greater than 400 turns). The values are
provided for the field size 17 x 17. The statistics in the simulation were performed using 10° trajectories.
The modelling were performed up to 10* steps. The simulation, modelling and AMC theory (absorption
Markov chain) were applied to the frequencies obtained from the real games in the experiment. In B vs B
case were used the equiprobable choice strategy

Field size Random walk | P vsB B vs P PvsP | PvsP 400+
17 x 17
# of games - 528 534 500 13
Experiment - 145.45 71.12 120.60 594.27
Simulation 75.22 145.77 73.66 115.93 132.91
AMC theory 75.21 145.85 73.79 116.22 133.22
Modelling 75.21 145.85 73.79 116.22 133.22
Optimal - 225.00 64.00 N/A -

4.1. Mean absorption time. The analysis of B vs B and P vs B (also B vs P) cases of random
walk game suggests the quadratic function of the mean absorption time depending on the field size. The
corresponding dependencies are presented on Fig. 3. In case of P vs B the identified relation for player
A (goal: center) is t.VB = (n — 2)2 and for player B (goal: border) is t5V5F = (n — 1)2/4. Though,
relation for B vs B can be approximated by formula ¢tBvsB = 0.294685413(n — 1)? — 0.232 with mean
absolute error less than 1073 at the range [3; 1001]. Coefficients at leading term n? are approximately
equal to 1.0, 0.3, 0.25 in the order P vs B (goal center), B vs P (goal border), B vs B. Asymptotically the
expected time of the game in the optimal center strategy (P vs B) is 3 times longer than the absorption
time in the pure random walk. However, the optimal border strategy (B vs P) is only about 20% quicker
than the pure random walk.

The mean absorption time in B vs B case was computed based on formula (8) is equal to
75.20846497681383 that match up to 14 significant digits to the values obtained by the inverse of
fundamental matrix approach 75.20846497681377.

Random Walk

P vs P (experiment)

71 121145

P vs B (experiment)
B vs P (experiment)
P vs B (optimal strategy)
B vs P (optimal strategy)

Synchronized strategy

o e 1D

0 100 200 300 400 500
Number of turns, k

Fig. 3. Mean absorption times obtained in the experiment compared to different strategies and pure random walk (color online)
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Here, we showed the algorithm of the optimal strategy construction in B vs P case. It is evident
that increasing the number of states on one-dimensional segment leads to higher mean absorption times.
Therefore, in case of requirement to reach the border as soon as possible it is profitable to choose the
smallest one-dimensional segment on the 2d plane. There are 2 shortest segments that passes through
the center: vertical and horizontal. According to the rules of movements (Cf. Fig. 1), player B can
explicitly choose one of those segments and keep the marker on this segment until reaching the border.
The resulting process is a one-dimensional random walk on the shortest segment that has the property
of shortest mean absorption time among other segments. The length of this segment is equal to n and
based on the random walk theory the mean absorption time is equal to t2VsP = (n — 1)2 /4. Considering
of other 2 dimensional strategies leads to increased number of states on the path to the absorption states
resulting in increased mean absorption time. The formal proof was done only for small sizes 5,7 by
solving the global optimization problem using Wolfram Mathematica.

On the other hand, the goal of staying inside the field as long as possible requires the longest path
for the random walk. The longest segment that can be placed within field corresponds to diagonal states.
Although, such states are ambiguous, their constitute main and side diagonal “stairs”. The movement
rules enable player A to keep marker only on the main diagonal regardless of choices of the second
player. That produces a random walk on the diagonal with length 2n — 3 because the states under the
main diagonal have symmetry according to movement rules. Then, mean absorption time is equal to
thvsB = ((2n —3 - 1)/2)2 = (n — 2)2.

Another strategy for player A can be described as follows: in neighbors of absorption states
choose pure strategy with one probability corresponding to movement away from the field border, and in
other states choose any strategy. Analysis of this algorithm was done for the sizes 5,7,9,11. As a result
of the t,, simplification we found the independence of the mean absorption time from choices away
from the border. The values of mean absorption times obtained by this algorithm matched to the optimal
times of one-dimensional diagonal strategy t£'VSB, The formal proof of optimality of this algorithm will
be interesting part of the future works.

Next step in the analysis of the expected time of game endings is the comparison of the theoretical
optimum to the experimental statistics. The detailed experimental study description was provided in
the section “Experiment”. In total we obtained 1062 games in the player versus bot mode: 528 of
which are corresponds to playing with a center goal (P vs B) and 534 — with a border goal (B vs P).
The participants who should have kept marker inside the field as long as possible in the average shows
145.45 turns per one game. However, the optimal strategy suggests the mean absorption time equal to
tlf}’ sB — (17 — 2)? = 225, that 57% higher than obtained in the real games. Although, players showed
lower average times than optimal, their games are still 2 times longer than pure random walk that
provides 75.2 mean absorption time. The experiment shows the ability of the considered population to
recognize properties of the game and to improve the simple strategy of random choices at each step
regardless of knowledge about optimal strategies. However, the population strategy did not converge to
the optimal strategy in the average. Applying the modelling approach to the average population strategy
in the P vs B mode provides similar result of 145.85 absorption time.

Results of players aimed to reach border as soon as possible demonstrate the average number of
turns equal to 71.12. This is 7 turns ahead compared to the optimal strategy tEVsF = (17 — 1)2/4 = 64
and 4 turns faster than pure random walk. Also, in that game mode we see slight improvement of
equiprobable random choice strategy and gap with the optimal strategy. Eventually, modelling of the
average population strategy for B vs P border mode demonstrates quite higher mean absorption time
73.79 in contrast to the modelling of P vs B center strategy. This difference can be caused by inaccurate
frequencies of rarely visited states.

Using frequencies sampled with the player versus bot games as input probabilities for the mo-
delling Markov process which propagates probability distribution (Cf. Sections 3.2, 3.3, Eq. (5)) and
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for the stochastic simulation procedure of individual trajectories (Cf. Section 3.4) we correctly reproduced
the results. Therefore, frequencies of corresponding strategy choices determined for each state allowed
us to interpret set of f;; as the average strategy revealed by population. Simulation and modelling values
are presented in the summary table of mean absorption times (Cf. the Table).

Finally, results of participant games with each other (P vs P) shows intermediate mean absorption
times between P vs B center and B vs P border values. The average number of turns in P vs P games is
57 moves longer than mean absorption time in the optimal strategy of the B vs P mode with border
goal. Comparison to the P vs B mode with center goal shows 25 steps lower values in P vs P versus
experimental P vs B games and approximately 2 times lower values in P vs P versus optimal P vs B
center strategy.

Mean absorption times obtained with simulations for particular frequencies coincide with AMC
theory mean values (error is less than 10~?). Therefore, both methods can be used to calculate mean
absorption times for the arbitrary strategies. The simulation of 10° trajectories shows good error, accurate
to the integer part.

4.2. Absorption time distributions. Both modelling and simulation approaches allowed us to
compute precise and estimated probabilities of finishing the game at the arbitrary turn number. Applying
these methods requires specifications of mixed strategy depends on the game field position. The pure
random walk defines simple strategy of the equiprobable choice from pure strategies. Also, we analysed
two suggested strategies of optimal random walk in the player versus bot mode. Besides the analytic
strategies we collected experimental games of choice frequencies at each state. Based on those strategies
we propagate probabilities through the field space and time. Additionally, we run simulations of 10°
individual trajectories using different strategies. As a result we obtain distributions of absorption times
that are presented on the Fig. 4.

All the distributions have differences in probabilities on even and odd turns on the close inspection.
To assess only behavior associated with major trends, we consider histogram with wide bins (size 16).
All the modes follow the same pattern of distribution:

1. the short games are rare;
2. distribution has one statistic mode at an intermediate number of turns;
3. the probability of long games exponentially decreases as game length increases.

The P vs B center mode demonstrates similar distribution form except the statistic mode corresponds to
short games that remain hidden with chosen bin size.

Although the number of trajectories in the P vs P mode are small (500), very long games were
observed in the distribution with length greater than 400 turns. The probability of obtaining such games
according to modelling the population average strategy is lower than 0.015. However, 13 long trajectories
were found in games of participants in the range from 461 to 964 turns and average absorption time
equal to 594.27. Discovered abnormality can be explained by “synchronization” between individual
brain activities in long runs. As one turn takes 4.5 seconds in the average, game with 400 turns is 30
minutes long. Such a long time of the failure to finish the game by player B causes frustration and
reduces concentration that can lead to unconscious decisions that can be easily predicted by player A.
A loss of concentration results in worse ability of the individual to produce pure random independent
choices. In this regard, such “synchronization” events can arise in the game.

Analysis of these games was performed by decoupling strategies of the games from the main
part of the distribution. Eventually, the modelling of the opposite average long run strategies produced
the lower mean absorption time, approximately 133.22 turns. In order to compare distributions of such
games we also modeled propagation of frequencies of movement directions that were observed in the
long run games. The corresponding distributions of long run games are depicted in Fig. 5. Although,
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Fig. 4. Distributions of the number of turns obtained by modelling (solid line) and by simulation (dots) using corresponding
strategies of players A and B. The Random walk mode (purple line) run equiprobable choice for both players. The player
versus bot (green — P vs B, and blue — B vs P) curves were produced based on corresponding average population strategies.
The bot chooses a strategy equiprobably. The optimal strategy for the P vs B center mode (green dashed line) is to keep a
marker on the diagonal stair. The optimal strategy for the B vs P border mode (blue dashed line) is to only chooses movements
along the horizontal line. Experimentally obtained histograms are presented for player versus bot modes (green area — P vs B,

and blue area — B vs P) (color online)
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Fig. 5. The absorption time distributions for the P vs P mode (yellow histogram and purple line) compared to modelling of
movement frequencies (green line) and strategies (blue line) observed in long run games (4004 turns). The frequencies of
movement directions for each state obtained in the experimental long run games were used to propagate probabilities over
the field by the modelling approach. Strategies of both players A and B in the P vs P with length over 400 turns were used

separately in the modelling approach (color online)
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the distribution of frequencies demonstrates the long tail, the underlying strategies that appears in the
“synchronized” games did not reproduce the emergence of long games. Therefore, it demonstrates the
presence of choice dependence on hidden factors that can not be explained only by the Markov chain

property.

4.3. Spatial distributions. Next, we analysed probabilities to find a marker in a particular state
during the game. Similarly to previous sections we assessed experimentally obtained frequencies and
results of modelling. Visualizations of spatial distributions for corresponding strategies are depicted on
the Fig. 6.

The pure random walk demonstrates generalized multinomial distribution over space. In contrast,
addition of game rules changes resulting distribution picture. Predictably, the P vs B mode with center
goal demonstrates mostly movements on the diagonal (Fig. 6, a). Although, this behavior coincides
with the spatial distribution in the suggested optimal strategy, the experimental data have higher spread
around the diagonal states than optimal.

The optimal strategy in B vs P border mode should produce vertical or horizontal lines of involved
states. As a result of experimental B vs P border games we obtained 3 main patterns in the distribution
(Fig. 6, b): the expected movements on the straight lines, and different from the optimal pattern is a
distribution similar to the pure random walk on 2D square lattice. The second pattern shows the attempt
of population to find the best strategy in the two-dimensional space rather than in one-dimensional
line. However, the leaving of one-dimensional lines increases the mean absorption times. This explains

Relative frequency
0.00 0.01 0.02 0.03 0.04 0.05

PvsB BvsP
a b

PvsP P vs P 400+
c d

Fig. 6. The 2D distributions of state visits obtained in experimental games for 4 cases: a — P vs B with center goal, » — B vs P
with the border goal, ¢ — games of two players (P vs P), and d — games longer than 400 turns in P vs P mode (color online)
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the small difference in terms of mean absorption times between experimental B vs P border and pure
random walk (B vs B).

The spatial distribution pattern in the P vs P mode (Fig. 6, ¢) is similar to the P vs B center
case: the marker mainly moves on the diagonal. The only difference is the enlarged spread around
the diagonal line that shows stronger average strategy of player B with border goal compared to the
equiprobable random choices (as in the P vs B center mode).

Lastly, we analysed the spatial distribution of states in games longer than 400 turns. In general,
the probability of marker locations mostly concentrated on the main diagonal similar to previous cases
(Fig. 6, d). Nevertheless, the distribution is more compact at the field center and has higher variation
around the main diagonal compared to the P vs B center and P vs P cases. Such behavior suggests
longer staying of marker close to the center during the long games, but also with movements from the
diagonal and not only along it.

4.4. Strategy analysis. Finally, we disentangle average population strategies of each player A
and B and compare it to each other and to the optimal one. To present strategies we visualize them as
the colored two-dimensional matrix with indices corresponding to the states on the 2D squared lattice
(Fig. 7). Elements of the matrix depict the frequency of choosing the first pure choice from possible

Probability of choosing first pure center strategy
0.0 0.2 0.4 0.6 0.8 1.0

Pvs B P vs P (center) P vs P 400+ (center)

||

||

n m
a.u bF

Probability of choosing first pure border strategy

i

0.0 0.2 0.4 0.6 0.8 1.0
1 1 1
BvsP P vs P (border) P vs P 400+ (border)
|
[fm & N . I
|
||
d Ll e

Fig. 7. The visualization of average population strategies for different modes obtained in the experiment. The color of cells
depicts the frequency of choosing first pure strategy: for the center goal (a, b, c¢) and for the border goal (d, e, f) (color online)

Kpusonocose M. U., Tuxomupos C. H.
WzBectus By3oB. ITH/, 2023, T. 31, Ne 3 347



choices according to the rules (Cf. Fig. 2). Technically, player A with center goal has two choices: move
up/right, and move down/left; player B with border goal has another two choices: move up/down, and
move left/right. The divergent colors of elements demonstrate which pure strategy dominates at each
state in the average over all games.

The observed strategy in case of P vs B center mode shows mainly movement in direction of the
diagonal states (Fig. 7, a). However, states distant from the diagonal shows slightly higher frequencies
of the opposite choices. Generally, players choose go away from the border, but in the states closer to
corners on the side diagonal the behavior becomes more random (relative frequencies are closer to 0.5).
The experimental strategy on the main diagonal looks similar to the first optimal strategy. In contrast,
the choices on the border differs from the second optimal strategy that suggests always moving away
from the border. This results in a leak of probabilities outside the field not only in corners of main
diagonal, but also in other border states.

The strategy of player with center goal in the P vs P case also shows similar strategy to the P vs B
center mode (Fig. 7, b). Moreover, players on average choose to move in the direction of the main

diagonal regardless of the position on the lattice.
Almost all states at the border suggests similar
strategy except some states with almost equal
299 frequencies of both choices. In comparison to the
W P vs B center mode, player in P vs P mode with
center goal have slightly lower confidence about
280 moving towards main diagonal (the frequencies
w are closer to 0.5 in the P vs P center compared to
P vs B center). As an example of experimental P
240 vs P trajectory see Fig. 8.
W Eventually, the B vs P border strategy is
well-defined at the horizontal and vertical lines
200 (Fig. 7, d). Although, players more often chose
w move towards the closest border at the central
straight lines, frequencies in other states are not
160 following to the common pattern. In contrast
to the similarity of P vs B and P vs P center

§% L goal strategies, the strategy of P vs P border

120 demonstrates very different picture with clear

%i pattern. In this case players act exactly the
opposite to the B vs P border mode. Their average

80 strategy suggests the more often to choose moving

% along straight line that already conquered. That
means movements along the coordinate line with

spunoy

40 lower deviation from the center. As a result
plane of decisions is divided into 4 alternated
triangles. Although, the frequencies are close to

0 0 or 1, they are not equal to. The small difference
demonstrates rare attempts of movements towards
the closest border.

Lastly, strategies obtained in the long

games between 2 players did not produce

Puc. 8. Trajectory of P vs P mode game obtained from the clear patterns due to limited number of games.

experiment divided by rounds that consist of 40 turns (color However, there is similarity of decision principles
online) to the normal P vs P model.
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Conclusions

We presented the results of experimental studies of a game-driven spatial process which appears
as the result of the interaction of two antagonistic players. The collected trajectories were analyzed as
realizations of a two-dimensional random walk in a finite domain with absorbing boundaries. We chose
to focus on the statistics of survival time and its features such as the shape of the corresponding
probability distribution. We use a novel technique to conduct experiments and collect the data, based on
a mobile app [22].

We demonstrated that the survival time histograms, obtained from the experimental data, can be
reproduced with Markov Chain (MC) models. However, we also detected instances of super-long games
which cannot be explained as ’rare events’ of the Markov Chain models — because the probability to
observe such a single event is negligibly small for the corresponding MC model. These anomalous’
games were played by experienced players and their duration cannot be explained by, f.e., assuming that
one of the players is a ’dummy’ who chooses the next move (strategy) completely at random — in this
case the duration of game can be estimated with a MC model and should be much shorter.

The origin of super-long games is a challenging open problem. We could only speculate that the
mechanism behind is related to some sort of (anti)correlations appearing between antagonistic players
and its explanation can only be found by going beyond the MC models and standard single-round theory
of games.

As the next step, we are aimed at collecting more realizations thus obtaining more instances of
super-long games. A detailed analysis of the corresponding trajectories can shed light on the origin
of the counter-intuitive inter-player (anti)correlations.
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Annomayusn. Llens HACTOSIIETO FCCIEAOBAHHS 3aKIOUACTCS B aHAIN3E BIUSHHUA (HOPMBI CyTOYHOTO HMPO(DIIIS OCBEIICH-
HOCTH Ha CHHXPOHM3ALMI0 PUTMOB B MOJENH NEPEKIIIOYEHUS COCTOSHUN «COH—OOapcTBOBaHUE». B HOpMe depenoBaHue
CHa ¥ OOJIPCTBOBAHUS YEJIOBEKa CHHXPOHHM30BAHO C €0 IHPKAIHBIM PHUTMOM U C 24-4acOBBIM PHUTMOM OCBEIIEHHOCTH.
Hmeetcs, 0fHAKO, MHOXKECTBO KCIEPUMEHTAIBHBIX CBHACTEIHCTB HAPYIICHHS 3TOTO CHHXPOHHU3Ma, Kak B opme cboeB a3
(HanpuMep, IpU aBUaIepesieTax), Tak U B GopMe JUIUTENBHOIO pacconiacoBaHUA PUTMOB (HallpuMep, IpU CMEHHOH paboTe Ha
pou3Bo/CTBe). MaTeMaTniecKyue MOJENN Ipolecca NepeKIIOueHUsI MEXK/Ty CHOM U OOAPCTBOBAaHHUEM TaKXkKe AEMOHCTPHPYIOT
PACCHHXPOHHU3ANNIO PUTMOB M YCIENIHO NMPHUMEHSIOTCS IS ONTUMH3anuK pabounx rpadukos. B To ke Bpems, BIusHHE
1esoro psizia (akTopoB Ha TOT MPOLECC HEJOCTAaTOYHO M3Yy4YEHO, B TOM UYHCIE — XapaKTepa M3MEHEHHsI OCBELICHHOCTH
B T€UECHHE CYTOK. Memoowl. AHAaNIN3 HCCIEyeMOIl MIECTUMEPHOI MOJIEIH TTI0KA3bIBAET, YTO B TEPMUHAX HEIMHEHHON JUHAMHKHI
3aja4a CBOAWTCS K IMOMCKY U MHTEPIpPETAlMK 00IacTeil pe30HaHCOB Ha TPEXMEPHOM Tope. J[Is KOHKpETHBIX Iesiei Hamen
paboTh! yoOHO OKa3anach OLEHKA COOTHOLICHHS TPeX MepruonioB (24 yaca, IMPKAIHBIA HEPHOJ M TEKYIIas JIUTEIbHOCTh
IUKJIa «COH—OOAPCTBOBAHKE)») METOIOM YHCICHHOTO HHTETPHPOBAHUS YPaBHEHUH MOJIEIH Ha CeTKe 3HAUCHMI ITapaMeTpoB
C TIOMOIIIBIO TEXHOJOTHH TapaJlIeNbHBIX BIYUCICHUH. OcHOo6HOI pe3yibmam Hamel paboThl 3aKIF0YAETCA B TOM, YTO HATHINE
KPYIJIOCYTOYHOW MaJIOMHTEHCHBHOIT 3aCBETKH (TO €CTh JOOABIEHUE K CyTOYHOMY CBETOBOMY LIMKIIy CHTHAJIa HYJIEBOW YacTOTHI)
BBI3BIBAET PACCHHXPOHU3ALMIO [IUPKAJHOTO PHTMA II0 OTHOIIEHHIO K CyTOYHOMY B 3HAYUTENILHON oOnacTy mapamerpoB. Hamu
MIPEATIOKeHO OOBACHEHHE NaHHOTO 3(QeKkTa Ha OCHOBE CTPYKTYpHI MaTeMaTHUeCcKod mopenu. 3aknouenue. IlomydeHHbIe
HaMU pPe3yJIbTaThl MOJHUMAIOT KaK MUHHMYM JIBa CEphE3HBIX BOIPOCA, HEPBBIl M3 KOTOPBIX CBS3aH C (PHU3HMOIOTHYECKOIT
MHTepIpeTaleil OMHOU U3 OCHOBHBIX IIEPEMEHHBIX MOJIEIH, FOMEOCTa3a CHa, a BTOPOU — ¢ YTOYHEHUEM IIPEATIONIOKCHUMH,
KOTOPBIE HCTIOTB30BAaHbI IPU MOJEIBHOM OIMCAHUH PEeaKIHu (oToperenTopoB. B mobom cirydae OTKpBIBAIOTCS WHTEPECHBIE
HEPCIIEKTUBbI JaTIbHEHIIINX HCCIECAO0BAHUM.

Knrouessle cnosa: 1nKil COH—OO0IPCTBOBAHKE, LIMPKAHBIH PUTM, PACCHHXPOHH3ALUS, MATEMaTH4ECKasi MOJIEIb.
Brazooapnocmu. Pabora Boinosnnena npu noanepxkke PH®, rpant Ne 22-15-00143.
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Abstract. The purpose of this study is to analyze the influence of the shape of the daily illumination profile on the
synchronization of rhythms in the sleep-wake state switching model. Normally, the alternation of sleep and wakefulness
of a person is synchronized with his circadian rhythm and with the 24-hour rhythm of illumination. There is, however, a lot
of experimental evidence of a violation of this synchronism, both in the form of phase failures (for example, during air travel)
and in the form of long-term mismatch of rhythms (for example, during shift work in production). Mathematical models of the
process of switching between sleep and wakefulness also demonstrate the desynchronization of rhythms and are successfully
used to optimize work schedules. At the same time, the influence of a number of factors on this process has not been
sufficiently studied, including the nature of changes in illumination during the day. Methods. An analysis of the six-dimensional
model under study shows that, in terms of nonlinear dynamics, the problem is reduced to finding and interpreting resonance
regions on a three-dimensional torus. For the specific purposes of our work, it turned out to be convenient to estimate the ratio
of three periods (24 hours, the circadian period, and the current duration of the sleep—wake cycle) by numerically integrating
the model equations on a grid of parameter values using parallel computing technology. The main result of our work is that the
presence of round-the-clock low-intensity illumination (that is, the addition of a zero-frequency signal to the daily light cycle)
causes the circadian rhythm to desynchronize with respect to the daily one in a significant range of parameters. We have
proposed an explanation of this effect based on the structure of the mathematical model. Conclusion. Our results raise at least
two serious questions, the first of which is related to the physiological interpretation of one of the main variables of the model,
sleep homeostasis, and the second is to refine the assumptions that are used in the model description of the photoreceptor
response. In any case, there are interesting prospects for further research.
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BBenenne

B 1982 romy A. A. Bopbenu omy0uKoBai IEpBYI0 MaTeMaTHIECKYI0 MOJIENb PETYIIAINH Tpoiiecca
coH—OoapcTBOBaHME [1], KoTOpasi cTaja M3BECTHA KaK «MOJENb JBYX MPOLECCOB» W ObLIa MO3IHEE
pacmupeHa U IOmoiHeHa B padorax [2-6].

[TepBsIif U3 IBYX MPOIECCOB, TOMEOCTa3 CHA, OTPaXKaeT MOTPEOHOCTh BO CHE, KOTOPAsl YBEIH-
YUBaeTCsl BO BpeMs OONPCTBOBAHUS M CHHXKAETCS BO Bpems cHa [1]. Bropoi, mupkagHslii mporecc,
KaK TPaBUJIO, CHHXPOHU30BAaH C CYTOYHBIM PUTMOM M BJIMSET Ha TOCJIE0BATEILHOCTh SIH30/I0B CHA U
6onpcrBoBanuA. OH cOCOOCTBYET OOIPCTBOBAHMIO, MPOTUBOACHCTBYS TOMEOCTaTHIECKON MMOTPEOHOCTH
B CHE B JIHEBHOE BpeMsi, U OTBEYAET 3a KOHCOIUIAIIMIO SITH300B CHA B HOUHOE BpeMs [ 1, 7].

B ynmoMsiHyTBIX BBIIIE MaTEMaTHYECKUX MOZEISAX ABYM IPOIECCAM COOTBETCTBYIOT JIBE aBTOKO-
nebaTeNbHBIE TIOCUCTEMBI (faliee MO TEKCTY IS KPaTKOCTH — «OCHUJUIATOPBD» ), KOTOPBIE HAXOIATCS
I10J BO3JIEHICTBIEM BPEMEHH CYTOK, OCOOCHHOCTEH MOBEIeH!s, PUTMa NMUTAHUs, YPOBHS (pu3mueckoit
aKTHBHOCTH | JIPYTHX (aKTOPOB OKPYKaIoIIei cperpl (eiHTredepoB) — OCHOBHBIM M3 KOTOPBIX SBISETCS
PUTM YepesOBaHUs CBETa M TEMHOTHI [7-9].
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COou B CBETOBOM PHTME MOTYT BO3HHUKATh IIPH aBHAaIlEpesIeTax, a TaKkKe MPH CMEHHOH pabore
Ha NPOU3BOACTBE, B chepe oOciayxuBaHus, B MeauuuHe. VX BIMsSHHME Ha COCTOSIHME PaOOTHHKOB
KpaiiHe BayKHO U TIOTOMY CTaJlo IPEeIMETOM MHTEHCHBHOTO M3y4eHHs, Kak dKcrepuMeHTansHoro [10-13],
Tak ¥ MonenbHoro [14,15].

Kak ynomsnyTble Bbile (akTOphl, TaK U APYTHE, YaCTO HE YCTAaHOBICHHBIC HPUYHHBI, MOTYT
BBI3BIBATH HAPYIICHNE CHHXPOHN3MA MEKAY INPKaIHBIM PUTMOM M LIUKJIOM COH—OoapcTBOBanue [16-18].
[Ipu Takux paccTpolCTBax 4YeJIOBEKY TPYAHO (MHOIZA HEBO3MOXKHO) MOAEPKUBATh COLUAIBHO HOP-
MaJIBHBIN PACIOpAIOK AHA U pabounii rpaduk, 9To yCyryOIseT CUTyaIlio CO CHOM U 3710poBbeM [19].
Kax npaBuito, 3Té Ipo6ieMbl OTHOCST K HapYIICHUSIM B CUCTEME LIMPKaJIHOTO PUTMa, OHAKO UX TOYHBIC
MEXaHWU3MbI Heu3BeCTHHI [20].

B 10 Bpems kak BiusiHHE cO0eB (ha3bl CBETOBOI'O PUTMA B YHOMSHYTHIX BhILIE paboTax M3yueHO
XOPOIIIO, TOPa3l0 MEHbIIee BHUMaHHE Ha HACTOAIIMN MOMEHT Y/IEJIEHO HE CTOJIb SIBHBIM U TpYyJIHEe
KOHTPOJIMPYEMBIM XapaKTEPUCTUKAM, B YACTHOCTH — NPOQUII0 OCBEILIEHHOCTH B TeueHue cyTok. [Ipume-
HUTENBHO K OTJENIbHO B3ATOMY IIMPKaJHOMY PUTMY 3Ta 3ajaya pemanach [7,21], oqHako posib CyTOUHBIX
W3MEHEHNH OCBEIICHHOCTH B PACCHHXPOHU3ALMH BCEX TPEX PUTMOB IMPAKTHYECKH HE HCCIIENOBaHA.

B nannoi1 paboTe MbI onupaeMcs Ha KOHKPETHBIM BapHaHT MaTeMaTHYeCKOil MO/IenH HEHPOHHBIX
nmonyrsnui (neuron mass models), npemnoxkeHHsit B padore [22]. Kak m MHOTHE Apyrue Momeian
CHUCTEMHOTO YPOBHsI, OHa U3HaYalbHO CTPOMJIACH C LIEJIBI0 HAMIy4YIIEro KOJUYECTBEHHOTO OMUCaHUs
9KCIEPUMEHTATBHO 3a(KCHPOBAHHBIX 3aKOHOMEPHOCTEH Ha SI3BIKE YPOBHSA aKTHBHOCTH M XapakTepa
B3aUMOBIHSAHMS (PU3MONOTMYECKH 3HAYMMBIX OJIOKOB — HEHPOHHBIX saaep. Tak, B padote [23] mokaszaHo,
YTO MOAOOHBIA THII MOJIETTH, OCHOBAaHHBIN Ha Monenu SlHceHa u Puta, MOXKET reHepupoBaTh MHOTOYA-
CTOTHBIE PHTMBI, KOTOPBIC OJIM3KH K pealbHbIM puTMaM DOI. A Mozens, peacTaBieHHas B padote [24],
CHOCOOHa C BBICOKOW TOYHOCTBIO BOCHIPOM3BOAUTH AaHHble DD mus craauit cia N2 u N3. Beioop
KOHKPETHOI MOZENM Ul HalllUX MCCIIEIOBAaHUM OOYyCIIOBJIEH TEM, YTO OHA ONMPAETCSl HAa HEJaBHUE
pa3paboTku Mozeneii Takoro Tuma [25,26] 1 HanTy4muM (Ha MOMEHT ee IyOIMKaluu) o0pa3oM BOC-
IIPOU3BOJUT HKCIIEPUMEHTAIbHbBIE JaHHbIE 110 BO3HUKHOBEHUIO 3(p(pekTa pacCHHXpOHU3ALMH MEXKIY
pUTMaMu OpraHu3Ma M CyTOYHBIM PHTMOM (spontaneous internal desynchrony, SID). B pa6ote [22] mo-
Ka3aHO, YTO MCTOJb30BAaHHBIN BU/ HEJIMHEHHOCTH M BEIOpaHHBIC 3HAYEHUS apaMeTPOB 00ECTIeUnBaIOT
Jyd4lee, IO CPaBHEHUIO ¢ MOICJISIMU-IIPOTOTUIIAMH, COOTBETCTBUE J1a00OPATOPHBIM HCCIICAOBAHHSM.

B xo071€ BEIMHCIUTENHFHOTO SKCTIEPUMEHTA MBI CTPOHUM JIByTIapaMEeTPHUYECKHE AUArpaMMBbl 3HAYCHUH
MIEPUOZIOB JBYX PUTMOB MOJENN U aHAIU3UPYEM MOITYUEHHbIE 3aBUCUMOCTH MPU PA3IUYHBIX YPOBHSIX
(hOHOBOI1 OCBEIIEHHOCTH. | TaBHBIN pe3yapTaT MPOBEJSHHOTO HAMU aHAJN3a 3aKII0YAeTCs B TOM, 9TO
HaJIW4he HOYHOHM 3aCBETKHM CNa00 M3MEHSET PEeXHMBI B 00JacTH THIIMYHOTO BHIOOpA MapameTpos,
OJTHAKO BBI3BIBAET 3HAYMTENILHBIC I3MEHEHHUS B COCEIHEH 00IacTH TuarpaMMbl B MOXKET, TAaKUM 00pa3oM,
0Ka3aThCs BaXXHbIM (PAKTOPOM B CMHXPOHHU3ALMU UCCIELyeMbIX PUTMOB. MBI IIpeaniaraeM oObsICHEHHE
MIOJTy4EHHBIM pe3yabTaraM Ha OCHOBE aHaJIN3a 0COOEHHOCTEH B3aMMOCBA3M ypaBHEHUH MOJIETH, a TaKkkKe
o0cyx1aeM BO3HHKAIOIIE IIPU 3TOM BOIPOCH HAa TeMy (U3HMOIOrHYECKO MHTEPIIPETALMN IEPEMEHHBIX
U MapaMeTpoB MOJEIH.

1. MeToauka

1.1. Moaeab. B stom pasnerne Mbl KpaTKO OMKCHIBAEM MOJIENb, I€TaJlbHO OOOCHOBAaHHYIO B
paborte [22]. B 31Ol M Apyrux MOAOOHBIX MOJEISIX MPOIECCHl OMMCAHBI ¢ TOYKH 3PEHUS MOMYIALUi
HEUpPOHOB U UX B3aumojelcTBUil. CTpyKTypHas cXxeMa MOJEIU MNpPUBEICHA Ha pUC. | U BKIIIOYaAET
0710k akTHBaIMu GoTopenenTopoB (1), HUPKAIHBIN 0CHMILIATOP (2), OJOKU MEePEKIIFOYCHUS HEHPOHHBIX
simep (3) u (4), 6ok roMeocTasa cHa (5) ¥ 3aBHCHMEBIE OT COCTOSHUS (COH WITH OOPCTBOBAHWE) CBSI3H
aneMeHTOB (6). ®U3HONOrMYECKU COCTOSHUS CHA WM OOPCTBOBAHMSA 3aa0TCs pabOTOM HEeHPOHHBIX
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Puc. 1. CtpykTypa Maremarndeckoil momenu: 1 — ypoBeHb akTHBalUH (OTOPELENTOpoB (mepeMeHHas P) 3aBUCHT OT
MOCTYMAIOLIEr0 CBEeTa M TEKYILIETo COCTOSHUS CHCTeMbI S; 2 — TreHeparop LHMpKagHoOro putMma (mepemeHubie X, Y);
3 — «ueHTp cHay», BEHTpOJATepaIbHOE MpeomTHyYeckoe sapo runoranamyca (VLPO), nepemennas V,,; 4 — «ueHTp 60apcTBOBa-
HU», MOHOaMuHepruueckue sapa (MA), nepemenHas Vi,; 5 — romeocrarnueckuii npouecc, nepemennas H; 6 — npouenypa
MIOPOTOBOM (PUITBTPAIIMK OTOOPAKACT COCTOSHKS CHA U 6oapcTBOBaHUsA B 3HaueHuss S = 0 1 .S = 1, COOTBETCTBEHHO

Fig. 1. The structure of the mathematical model: 1 — the level of photoreceptor activation (variable P) depends on the
incoming light and the current state of the system .S; 2 — circadian rhythm generator (variables X, Y'); 3 — “sleep center”,
ventrolateral preoptic nucleus of the hypothalamus (VLPO), variable V,,; 4 — “center of wakefulness”, monoaminergic nuclei
(MA), variable V,,,; 5 — homeostatic process, variable H; 6 — threshold filtering procedure maps sleep and wake states to
S =0and S = 1, respectively

snep Mo3ra: MA (MoHoaMHHEpruieckue aapa, nentp o6oapereosanusi) u VLPO (BeHTponarepansHoe
MIPEONITHYECKOE SAPO TUTIOTAIaMyca, TPECTABIAIONIEE IEHTP CHA). AKTUBHOCTD THX SAEP ONMUCHIBACTCS
CPEIHMM HalpsDKEHUEM MOMYJALUI HeHpOHOB: UL LIEHTpa CHa 3TO NepeMeHHas V;,, a A LeHTpa
6oapctBoBanust — Vp,. CocTosiHue GOApCTBOBAHUS PErHMCTPUpPYETCs IO MpeBbIIeHUIo V,, 3apaHee
3aJaHHOTO IIOPOTOBOI0 3Ha4yeHMs Vi},, MHAUE CUUTAETCS, YTO CHCTEMa HAaXOIUTCS B COCTOSHHUM CHA.
Anpa VLPO u MA (6noxu 3 u 4 Ha puc. 1) cBsi3aHbl MEXAY cO00M TOPMO3SIIUMU CBA3IMHU U 00pa3yroT
OUCTaOMIIBHYIO CUCTEMY, KOTOpasi B OTCYTCTBHE BHEIIHEIO BO3JIEHCTBUS CKOJb YTOAHO JOJI'O HAXOIUTCS
B OZIHOM M3 JIBYX YCTOMYMBBIX COCTOSIHMH. CMeHa COCTOSHMH (IEepeKITIOueHUE aKTUBHOCTH SEp)
BBI3BIBAETCS] BO3ACHCTBYIOMIMMH HAa HUX ITUPKAJHBIM M TOMEOCTAaTHYECKUM TIporieccaMu (MOIynu 2
u 5 Ha puc. 1, cooTBeTcTBEHHO). KpoMe Toro, Ha akTUBHOCTb SII€p BIMSIOT HUX JIaTEpaJIbHBIE CBA3U
(curHANBI OT APYTHX MOIMYIALNN HEHPOHOB), KOTOPHIE B TAHHOM BEPCHH MOJENH MPEAETbHO YIIPOIIEHBI
NPECTABICHHBIMU YIPABISIONMMY TTapamerpamu A, u Ay,.

VpOBeHb aKTUBHOCTH SIIpa ONPEIEISIETCS KaK CPEIHsIsA 4acToTa Bo30y:kaeHus HeipoHoB Q(V;)
1 ONHUCBIBACTCS] CUTMOMIHON (YHKIMEH CpeAHEero HaNpsDKEHHUsT COOTBETCTBYIOLICH MOMynsanuu V;

Qmax

QVi) = 11 @ V) t=m,v, (1)

e Qmax — MAKCHUMaJIbHO BO3MOXKHASI 4acTOTa IeHEpallid UMITYJIbCOB, ©® — CpeAHMil MOTCHIIHUAT
JICIiCTBHS HEMPOHA OTHOCHTENBHO MOKOS, a 0’1t/ /3 — ero craumapTHOe OTKIOHeHHe [25].
YpaBHEHUS, OMHICHIBAIONINE aKTUBHOCTH simep MA u VLPO, umerot Bu:

avy
TU% = vaQ(Vm) - Vv + Av + VUHH + VUC’C(Xa Y), (2)
Tm% = vaQ(Vv) — Vin + Ap, 3)

Mepxynosa K. O., [locmnos /[. .
354 W3Bectus By3os. [TH/, 2023, T. 31, Ne 3



TIe Ty U Tp, — HOCTOSHHBIC BPEMEHH, Uy U Uy, — HapaMeTpsl BIHMSHUS siep APYyT Ha npyra, A,
u A,, — yIOMSHYTBIC BBIIIE MapaMeTpsl, MPEACTABIAIOMNE cOO0W BXOABI OT APYIHMX MOITYIISIIUH
Heitpono. Crnaraembie v, H 1 v,cC(X,Y') ONUCHIBAIOT BO3IEIHCTBIE CO CTOPOHBI TOMEOCTATHIECKOTO
U UPKaJHOTO IPOLEecca, COOTBETCTBEHHO.

Tomeocratnyeckuii mpouecc H (610K 5) NONTHOCTBIO ONpeeNnsieTcss akTHBHOCTBIO LIeHTpa 0op-
ctBoBanus Q(V;,), OH onmcaH ypaBHEHHEM:

H
i T = Vi QVin) — . @)

I1e Ty — IIOCTOSIHHAs BPEMEHU T'OMEOCTAaTHUYECKOIO IPOLECCa, a Vi, 3aJaeT CHIy BO3ACHCTBUS
co ctopoHsl MA.

Hupkanseiit nponecc C' (6mok 2) uMeeT GopMy KBa3UTAPMOHMUYECCKUX KOJIeOaHUiT U TeHepupyeTcs
aBTOKOJIE0aTEeNFHOM MOACKCTEMO U3 ABYX ypaBHEHHH Ui epeMeHHbIX X U Y

dxX 1 4 256

=Y X+ XX )+ Ox, +C 5
Ko +v<3 +3 105 >+ xn + Cxp, )
dy 82
Tyﬁ = — ('ljc> X =+ CYp7 (6)

IIIE Ty, Ty — KOHCTaHTBI BDEMEHH, KOTOPBIE 3aJJa0T IIEPHO OCUUILIATOPA, Y — MApaMETP, YIPaBJIAIOMIUH
¢dopmoii koneGaHuid, T U1 O — MapaMeTpbl, BBEICHHBIC AJISI COIVIACOBAHMS C SKCIEPUMEHTAJIbHBIMU
nanuaeivu [27]. Korkpetnast hopma Henuueinon ¢pynkimu C'(X,Y) npemioxena B [22] st jydiiero
COOTBETCTBUS SKCIIEPUMEHTAIIbHBIM JAHHBIM.

OMnupuyuecku nogoopannsie HenuHelnele pynkuuu Cxyp,, Cyp 1 Cxy, 331a10T BIUSHUE CBETA
U IpyTux LeuTredepoB ((hakTOpoB OKPYKAIOLIEH Cpenbl, KOTOPhIE YBIEKAIOT ONOJIOrMYECKUEe PUTMbI
K 24-4acOBOMY CYTOYHOMY PUTMY), COOTBETCTBEHHO.

BrusHre 1mupkamHOTO OCHMILIATOpAa Ha akTWBHOCTH siapa VLPO 3agano B ypaBHeHuu (2)
C OMOIIBIO QyHKIUH

C(X,Y) =0

.1(X+1) <61X—02Y—i-03>27 7)

2 X+2

T7ie CHJIa UPKAIHOTO BO3JICHCTBHUS BBIPAKACTCSI MAPAMETPOM Uy, @ (hOpMa peryaupyercs mapaMmeTpamu
C1, Co2 M C3.

He 3aBucumMele OT cBeTa BO3H€ﬁCTBHﬂ Ha L[IdeaI[HbeI OCHUJIIIATOP CO CTOPOHBI TOMEOCTATUYCCKOTO
3a/1aHbI CJIEIYIOMUMUA COOTHOIICHUSIMU:

Coxn = Vin (; (- S)) (1 — tanh(rX)), @®)

S =UVim — Vin), 9

TZIe Vxy, — MapaMeTp, XapaKTepU3YOLINi CHITy CBS3U (JaKTOPOB, HE CBSI3aHHBIX CO CBETOM, a MOCTOSHHAS
r JleNlaeT BO3/ICHCTBUE 3aBUCUMBIM OT (ha3bl IUPKAIHOTO ocHMLIsITopa. OYHKIUS COCTOSIHUS CHCTEMBI
S BBIpaXkaeTcs yepe3 cryneHdaryr QyHkuuto U, KoTopas MpUHUMAET €AMHUYHOE 3HA4YCHUE, KOrjaa
Vin — Vin>0 (cucrema «6oapcTByeT»), Win HyneBoe, korna Vy, — Vi < 0 (cuctema «coury).

3aBHUCHMOE OT CBETa BO3/ICHCTBUE HA HUPKAJIHBINA OCHMILIATOP 3aJ1a€TCs C TIOMOILBIO (QYHKIIMI
Cxp and Cyp 114 ka0l U3 NepeMEHHBIX OCHUILIATOPa

Cxp=vxpor(l — P)(1 —eX)(1 —¢Y), (10)
Cyp:(1](1—P)(l—SX)(l—SY)(VyyY—VyxX). (11)
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[Tapametpsl Vyy U Vy x JIeNaioT BO3AEHCTBHE 3aBUCHMBIM OT TeKyIei (a3pl HUPKATHOTO OCLMIIIATOpA,
a € 33/1aeT CTEIECHb YyBCTBUTEIILHOCTU CBETOBOM COCTABIISAIOLIEH K UPKAIHBIM IEPEMEHHBIM.

PU3NONOTHYECKH BIMSHUE CBETA Ha IUPKAJHYIO CUCTEMY OCYIIECTBIIAETCS Yepe3 raHIIHallb-
HBIE KJIeTKH (poTopemenTopsl) Ha ceTdaTke a3 [28,29]. B Momenu akTHBHOCTH (POTOPEIIEHTOPOB
MIpEJCTaBIICHA MIEPEMEHHON P U BBIpaXkaeTcs CIeIyIOIUMI ypaBHEHUAMU:

tp = ar(l~ P)~ BP (12)
_ (t) I(t)
= O‘OSI(t) 0\ 1 (13)

Jonst GOTOpenenTopoB, TOTOBBIX K akTUBAIMH, cocTaBiseT (1 — P). OHU MepexoisT B aKTHBHOE
COCTOSTHUE CO CKOPOCTBIO 07 M CIIOHTaHHO JEaKTHBUPYIOTCS cO cKopocThio 3. [lapamerpsl ag, Iy, I
3a[1al0T 3aBUCUMOCTb aKTUBHOCTH (DOTOPELENTOPOB OT TEeKylled MHTEHCHBHOCTH cBeTa [(t), T, —
MOCTOSTHHASI BpeMEHH akTuBanyu. OTMETHM, YTO MPHUCYTCTBHE COCTOSHUSA CUCTEMBI S B ypaBHeHUH (13)
JICNIaeT CBETOBOW CHUTHAJ 3HAYMMBIM TOJIBKO B COCTOSTHHM OOPCTBOBaHUS (IJIa3a OTKPBITHI).

1.2. CgeroBoii npodpuasb. Cyrounsii podusiapr ocBelieHHOCTH () B peanbHBIX yCIOBHAX
MOJKET MMETh CaMble pa3jidHble (POpPMBI B 3aBUCHMOCTH OT Treorpaduueckoil HMIMPOTHI, ITOTOIHBIX
ABJIEHHUH U T. 1. B ropoackoii cpeae oH BO MHOTOM 3afaeTcsi COLMAIBHBIMU (akTopamu (Tpaguk paboTsl)
1 C YY€TOM MCKYCCTBEHHOTO OCBEIICHHS MOXKET OBITh MPEACTABIICH B BHJE MOCIEIOBATEIHHON CMEHbI
JHEBHOTO M HOYHOTO OCBEIIEHHMS, YTO COOTBETCTBYET CHTHAJIY THIIA «MeaHap» (puc. 2). Yipasisiomue
rapameTpbl MOJEH [y U lext 3371a10T YPOBEHb (DOHOBOI 3aCBETKH M pa3Maxa OCHOBHOTO CHTHAIA,
COOTBETCTBEHHO. M3 pHCyHKa BHIHO, YTO Hajuuuue (OHOBOI 3aCBETKM JIMILIL NPUIIOAHUMACT BECh
CUTHAJI, He MeH:A ero (opMy, U YBETHYHMBAET aMIUIUTYAY IOCTOSHHON COCTaBISIOLIEH B CIIEKTpeE.
Tem He MeHee, Kak OyIeT OKa3aHO HUKE, TAKHE U3MEHEHUS MOTYT PE3KO MEHATh JUHAMUYCCKUN PEKUM
CHCTEMBI B IIEJIOM.

800 , - ; ‘ 400 .
_____ e, 300 ¢ 1
L 1x 400 | A(S) 200 1
1 100 | 1
0 -——1.,  F==—= ] A e I (L S L1
10 20 30 40 50 50 100
a t’ h b j7 HHZ

Puc. 2. CeToBoii CyTOUYHBIH NPO(WIL B BUJE MEAH/PA C THKOBOH HMHTEHCUBHOCTBIO oyt = H00 1K (a) U ero ¢ypbe-CrieKkTp am-
wutyx (b). KpacHBIM MyHKTHPOM MPOMUTIOCTPHPOBAHB! HM3MEHEHHS B ClIydae HaIW4Us (JOHOBOH 3aCBETKH C HHTEHCUBHOCTBIO
Tamb = 100 nx. [Tonoca B BepxHe# 4yacTu NmaHeNIH AEMOHCTPUPYET CMEHY COCTOSIHUM cHa (Cephli 1IBET) U 0OJPCTBOBAHUS
(>KenThIi) PY THUIUYHOM BBIOOPE YIIPABIIIONINX MapaMeTpoB (LBET OHJIAIH)

Fig. 2. Light diurnal profile in the form of a meander with a peak intensity lext = 500 1x (a) and its amplitude Fourier
spectrum (b). The red dotted line illustrates the changes in the presence of background illumination with an intensity
Tamb = 100 Ix. The bar at the top of the panel shows the transition between sleep (gray) and wakefulness (yellow) for a typical
choice of control parameters (color online)

1.3. BoruncaurteabHblid MeToa. J[J1s1 OLIEHKH Mepurojia Kaxa0ro U3 JByX BHYTPEHHUX PUTMOB
CUCTEMBI BHITIOHSIIOCH €€ YUCIEHHOE HHTETPUPOBAHUE C OMHUMHU U TEMU K€ HAYaIbHBIMH yCIOBHUSIMH,
HO pa3HBIMH KOMOWHAITMSAMH YTPABISIONINX HapaMeTpoB. CUHTANIOCh, YTO MEPHOJ YCTAHOBICHUS
3aHuMaeT He Oosee 1000 "acoB MonenbHOrO BpeMeHH, Mocie uyero B nociuenyromue 1000 yacos
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BBIYHCIISUINCH CpPEeIHUE 3HAYSHHS MepHoa MUPKaJAHOTO OCHMIIIATOpa 1 0 BPEMEHHOM peanu3aun
nepeMeHHOH X W mepuona putMa coH-O0ozxpcTBOBaHUE Ty 110 BPEMEHHOH pean3aluy IepeMeHHon V.
JanHas mpoleaypa BHIOIHATIACH HE3aBUCUMO UTS KaXKI0M KOMOMHALIMY YIIPABISIOMINX ITapaMeTpoB
Ty U lex. N yckopeHus pacdueToB Bce KOMOMHALIMU NapaMeTPOB 00pabaThIBAINCh OMHOBPEMEHHO
C MIOMOILBIO METO/IA MapaJllebHBIX BEIYUCICHUH Ha rpaguIecKux mpoueccopax. TakuM oOpazom, aHanu3
TEKYIIEero pekuMa OCHOBBIBAJICS HA COOTHOIICHWH TIEPHUOIOB TPEX PUTMOB: CYTOYHOTO C IIEPHOAOM
cTporo 24 yaca, TUPKaJHOTO C MEPUOAOM 1. U TOMEOCTAaTUIECKOro ¢ mepuoaom 1.

Jlns MHTErpupOBaHus ypaBHEHUH HCIIOIh30BAINCH JIBE pa3ndHbIe mporpaMMel. [lepsas, B cpexe
Octave ¢ ucnonbp3oBaHueM QyHKIUH lsode U MepeMeHHBIMH IBOMHOM TOYHOCTH CUUTANach 3TAJIOH-
HO#. Bropas mporpamma B cpene pazpaborkun NVIDIA CUDA, npumensiach Ui pacyeTa JByIapa-
METPUYECKUX AuarpamMMm. B Heil ncnosp3oBanachk pasHOBUAHOCTH Metona PyHre—KyrTol 4 mopsaka
¢ ¢uxcupoBanHbM Iarom (h = 0.001 4), amanTupoBaHHAas IS PEeIICHHsI KaK OOBIKHOBEHHBIX, TaK
U CTOXaCTHYCCKUX AuddepeHnnaibHbX ypasHeHui [30-32]. B pe3ynbrarax pacdera qByMs yKa3aHHBIMHU
MIporpaMMaMi 3HaYMMBIX PACXOXKAECHUI HE BBIABICHO.

1.4. 3HavyeHus1 yNPABJSIIONIAX MAPAMETPOB. MbI ONUpaIKCh Ha HA0Op YIPABISIONIMX Mapa-
MeTpoB u3 [22]. OcHOBHAS MX YacTh MOAOHMPANIACh C TOYKH 3PCHHS KOJTHMYCCTBEHHOTO COOTBETCTBHS
JKCIIEPUMEHTAIBHBIM JIaHHBIM, Mbl CUMTAJIH X KOHCTaHTaMu. CBOOOIHO M3MEHSEMBIMU MapaMeTpaMu
MOYKHO CYHTATh MapaMeTPhl HHTEHCUBHOCTH CBETOBOIO BO3MEHCTBUS I, b, loxt, @ TAKXKE MapaMeTp T,
(PM3HOIOTHYECKHUI CMBICI M POJIb B MOJICIH KOTOPOTO MOHSATHBI, HO 00OCHOBaHHAsI KOJMYECTBEHHAS
OIICHKA 3aTpyaHUTEIbHA. Hike puBeAeHBI 3HAUCHUS TEX MapaMeTPOB, KOTOPHIC CYUTATIUCH KOHCTAH-
TaMu: Qmax = 100 Tm; © = 10 MB; o = 3 MB; 1, = 1), = 50/3600 w; vy, = —2.1/3600 MB-u;
Ve = —1.8/3600 MB-u; A, = —10.3 MB; A,, = 1.3 MB; Vi, = —2 MB; v,y = 1 MB; v, = —0.5 MB;
TH = 59 95 vV, = 4.57/3600 45 1, = 1, = 24/(2n) 95 v = 0.13; 1. = 24.2 4; § = 24.2/0.99729 u;
cp = 0.838; cog = 0.676; c3 = 1.136; vx,, = 0.032; r = 10 9; vx, = 37; vyy = 12.33/60 u;
vyx = 20.35/60 4; ¢ = 0.4; p = 0.007/60 T'u; og = 0.1/60 'y Iy = 9500 nk; [; = 100 1k;
T, = 1/3600 u.

2. Pe3yabrarhbl

IIpu uccnenoBaHuK TMHAMUKY LUKJIa COH—OOIPCTBOBAHUE IPUHSITO NPEACTABIATH PE3YIbTAThI
pacyueToB WM U3MEPEHHH B BUAE TUarpaMm, MOKa3aHHbBIX HA pHC. 3, @ U b, TAe 10 00eUM 0CSIM OTIIOKEHO
BpEMsl, B yacax M0 FOPU30HTAIU U JHAX IO BepTUKaIU. [BeTHOH 3aJuBKOM BBIACICHO YepeqOBaHUE
MIEpHOAOB CHa U OONPCTBOBAHMS, a KPAaCHbIE M 3€JIEHBIE METKHU yKa3bIBalOT IMOJIOKEHHE OCHOBHBIX
OHMOJIOTUYECKUX MapKepOB: MHHUMYM BHYTpPEHHEH TeMIlepaTypbl Telna (3eIeHble TPEYTOIbHUKHN) H TTHK
MeJIaTOHWHA B TJ1a3Me (KpacHble KBaapathl). [1o TakuMm 1uarpaMma JIETKO THarHOCTHPOBATh OTCYTCTBHE
(manens @) mnbo Hanmuuue (MaHe b b) CHHXPOHHOCTH MPOIIECCOB IO OTHOIIEHHUIO K CYTOYHOMY PHUTMY,
Ha MaHENU @ XOPOUIO BUJEH CIBUT U «IIEPECKOK» 30H U MAPKEPOB MO FOPU3OHTAIIH.

B nanno# pabore MbI uCiONb3yeM OoJiee TpaaUuIMOHHBIN NIPH aHAIN3€ CHHXPOHHU3AINH TTOIXO!
COTIOCTABIISIEM PACCUYUTAHHBIE 3a JOCTATOYHO JUIMTEIBHBIA IIPOMEXKYTOK BPEMEHH MEPHUOABI IBYX aB-
TOKOJIE0ATEeNBHBIX MOACUCTEM MoAenu. Ha puc. 3, ¢ mpuBeneHbI Takue 3aBUCUMOCTH 1S Ty = 58.0.
Kax MOXHO BuzieTh, B IpaBoi yacTH rpaduka (momeueHo OykBoi A) o0e KpHUBbIE COBNAAAIOT U JIEXkKAaT Ha
ypoBHe 24 gacoB. To ecTb 00a BHYTPEHHUX PHUTMa CUCTEMBl CHHXPOHH30BaHbI CO CBETOBBIM CYTOYHBIM
putmom, Ty = T, = 24.0 gaca. 310 pr3HOIOTHUECKHN HOPMAIBHBIN PEKUM, KOTOPBIN pean3yeTcs Ipu
TUIIMYHOM BBIOOpE mapameTpoB. [Ipu MEHBIINX YPOBHSIX OCBEIIEHHOCTH, B obiactu C, 06a mepuoaa
OTIIMYHBI OT CYTOYHOTO Iepuofa 24 daca, HO CHHXPOHHM30BaHBI Mexay coboi, T, = T;. Hakonem,
B obOmacti D, mpu MambIX YpPOBHSIX WHTCHCHBHOCTU AHEBHOTO OCBEIEHHS Icxt, BCE TPH IMEpHOIA
pasmuunbl, T, = 23.2...23.5 gaca, a Ty yMEHBIIACTCS C YMCHBIICHUEM eyt .
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Puc. 3. a, b — IlpeacraBneHue pexuMOB MOJEIH B (pOpME CYTOUHBIX TUArpaMM IpPH OTCYTCTBHH 3aCBETKH M PA3TUIHOM
YPOBHE JTHEBHOM OCBELICHHOCTHU lext: 10 1K (@); 200 sk (b). 3HaUeHUs APYrUx napameTpoB AaHbl B paszaene 1.4. duonerosas
3aJIMBKa COOTBETCTBYCT MHTEPBAJIaM CHa, JKeJTas — HHTepBaiaM OoapcTBoBaHUs. KpacHbIe H KpYIHEIC 3€JICHBIC MapKEePhI
MOKa3bIBAIOT (ha3y HUpPKagHOTO puTMa. [laHens ¢ sABIsgeTcs OgHONMapaMeTPUYECKOW OHarpaMMON 3aBHCHMOCTU MEPUOIOB
mupkagHoro putma (1) u nukna cou—0oapcrBosanue (1) OT CTENEHU AHEBHON OCBEINEHHOCTH lext U1 Ty = 58.0 (uBer
OHJIAlH)

Fig. 3. a, b — Representation of the model dynamics in the form of daily diagrams in the absence of constant illumination and
various levels of daylight illumination Iex¢: 10 Ix (a), 200 Ix (). The values of other parameters are given in the section 1.4.
Purple shading corresponds to sleep intervals, yellow — to waking intervals. Red markers show the phase of the circadian
rhythm. Panel ¢ is single parameter diagram of dependence of the periods of the circadian rhythm (7%) and the sleep-wake
cycle (75) on the degree of daylight I« at Ty = 58.0 (color online)

Ha puc. 4 npuBeneHbl 3HaUCHHS UPKAIHOTO repuoaa 1. yKe Ha TIIOCKOCTHU ABYX YIPABIISFOIIIX
MapaMeTpoB Ty U leyy IS PA3INIHON BETUWIUHBI (DOHOBOM 3aCBETKHU [,,,. AHAIN3 TaKUX AHATPaAMM
IM03BOJIAECT WACHTU(DHUIIMPOBATH TPU ONKCAHHBIX BhINIE pexuma (obmactu A, C, D) u eme oauH, 000-
3HaYEHHBIN Kak o0nacTek B, rme mepron mupkagHoro putMa 1, B mpeaenax TOYHOCTH PacueTOB paBeH
24.0 yacaMm, Torna kak 7 MMeeT CyIIeCTBEHHO MEHbIIINE 3HaUeHUs, mpuMepHo 18 yacoB. OmucanHoe
BBIIIIE pa30MeHne IJIOCKOCTH MapaMeTPOB MMEET SICHYI0 MHTEPHPETAIHIO C TOYKHA 3PECHHS] TECOPUHU
cuaxpoHm3aruu [33,34]. Tak, o6macTh A COOTBETCTBYET 00JIacTH OCHOBHOM (24 : T : Tx=1:1:1)
CUHXPOHHU3AIIMU TPEX PUTMOB, TJI€ BEIIMYMHBI BCEX TPEX MEPUOAO0B oauHakoBbl. O6nactu B u C — 310
30HBI YaCTHYHON CHHXPOHU3AIINH, TJIe COBIIANAIOT 2 U3 3 YacTOT, a Pe3yALTHPYIOIIHHA KoiaeOaTeTbHBIN
PEXUM — 3TO JBYXYaCTOTHBIC KBa3UIepHoauueckue koiaebanus. O6macte D COOTBETCTBYET IMOIHOCTHIO
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Puc. 4. 3nayeHus nupKagHOTro Nepuoaa 7. Ha MIIOCKOCTH YNPABIAIONIMX TapaMETPOB Ty U lext JUIS PA3IMYHBIX 3HAYCHUI
HMHTEHCUBHOCTH (POHOBOI 3aCBETKH [amb, = 0, 25, 50 JK 1 manenei a, b u ¢, COOTBETCTBEHHO. [IyHKTHPHBIC JINHUHM H OyKBBI
A, B, C, D pasrpaHH4uBaroT 00JIaCTH PEKMMOB Pa3INYHON CTEICHH CHHXPOHHOCTH, CM. TEKCT (L[BET OHJIANH)

Fig. 4. The values of the circadian period 7 on the plane of the control parameters Ty and I« for different values of the
background illumination intensity lamb = 0,25, 50 Ix for panels a, b and ¢ respectively. Dashed lines and letters A, B, C, D
delimit the regions of modes of varying degrees of synchronicity, see text (color online)
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HECHUHXPOHHOMY TIOBEJICHHIO, KOTJla BCe TPH pPUTMa MMEIOT pas3indHble nepruonsl. B pabore [35] Ha
puUMepe MPOCTEHIIe MO/IETbHONH CUCTEMBI TIOKa3aHa IMoI00Hass nepapXusl CTeIeHH CHHXPOHHOCTH.
OTMeTHM, 9TO B paMKaX JaHHOM paboThl MBI HE paccMarpuBaeM pe3onance Buma (1:1:n),n =1,2,3..,
KOTOpBIE pacmloiokeHsl B obmactu Ty < 50. B HacTosmem nccieqoBaHuN HaC MHTEpeCcyeT o0macTh B,
a TouHee, OOHapyKeHHBIN Hamu 3(P(EKT ee NCUC3HOBEHUS MPH YBEIHMUYSCHUH HHTEHCUBHOCTH (DOHOBOA
3aCBETKH [ .

ITanens a puc. 4 cCOOTBETCTBYET pHUC. 3, OHAKO JJIS JIyUIlIeH BU3YyaJU3alUH JJIsl BEIUYUHEI 1
BBIOpaH Jpyroil BepTHKAIbHBIN MacmTad, ot 23 mo 24.5 gacos. [Ipu atom 3Hauenns 7y B obmactax B u D
He 0ToOpaxkaroTcs, HO MmoBeneHne 1. BUIHO Oonee netanbHo. MHTeHCHBHOCTH (DOHOBO 3aCBETKH [,y
Ha pUC. 4 yBEIWYMBACTCS CBepXy BHU3 U cocTaniseT 0, 25 u 50 1k it naneneit a, b u ¢, COOTBETCTBEHHO.
CpaBHeHHe maHelneil O3BOIIsIeT YBUAETh BIHSHUE (DOHOBOM 3aCBETKH B AHMHAMHUKE: IIPH €€ YBEINYCHUH
MHOTOYHCIICHHBIC 30HBI CIa0BIX PE30HAHCOB U MEPEXO0B MEXKIAY HUMHU CTIIAKUBAIOTCS, 00JIacTh MOTHON
CHHXpOHU3AIMU A yMeHbBIIaeTcs B pazMepax, HO TaBHOe — MpH [y = 50 JIK (¢) MOTHOCTBIO HCYe3aeT
obmacte B! Takum oOpaszoMm, goOaBlieHHE MOCTOSHHON COCTaBJISIONICH, TO €CTh CHUTHAIa HYJIEBOM
YacTOTHI, CYLIECTBEHHO BIUSET Ha KapTHHY B3aUMOJECUCTBUS TPEX PUTMOB B HUCCIEAYEMOM CHUCTEME.

HuTepecHo, 4TO BBICOKAas 4YyBCTBUTEIILHOCTh MPOIIECCa MEPEKIIYCHUS MEXy CHOM U OOAPCTBO-
BaHHMEM K M3JIUIITHEMY OCBEIICHUIO B HOYHOE BpEeMsI U3BECTHA (DU3MOJIOTAM M U3ydallach dKCIICPUMEH-
TaJbHO [36].

s morydeHust JOTOTHUTEIBHOW HH(pOpManuu OBUTH TOCTPOCHBI OHOMIAPaAMETPUICCKHE 3a-
BUCHUMOCTH BeIHYHMH 1. ¥ Ty OT MHTEHCHBHOCTH THEBHOTO OCBemIeHUS Ioyt (puc. 5). Kak mMokHO
BUJICTH, 3aBUCUMOCTD 1y OT oy Majo MEHSETCS TpH Haauduu (OHOBOW 3aCBETKH, BO BCSKOM CITy-
yae, OJJHO3HAYHOW TEHJIEHIIMH He HaOmomaercs. B To xke Bpems rpaduk mist 1, BO BCceX Ciydasix
HaxoAsmmiicss Mexay 1y u 3HaueHneM 24 qaca, MOHOTOHHO CMEIIAETCsl B CTOPOHY 1y, YepHas, CHHSIS
W KpacHas KPHBBIE COOTBETCTBYIOT (pOHOBOIH 3acBeTke [, B 0, 25 u 50 JK, COOTBETCTBEHHO. JTO
MOXKHO MHTEPIPETUPOBATH IBOSKO: TUOO KaK 0OciIabIeHne CHHXPOHU3YIOMIETO NEUCTBUS CO CTOPOHBI
24-9acoBOro puTMa, MO0 KaK YCHIICHHE AEUCTBUSI CO CTOPOHBI pUTMa COH—OOIPCTBOBAHHE.

B 3amaum naHHOW pabOTHI BXOJWIIO MPEMIOKUTH HEIWHEHHO-IUHAMHYECKOE, a He (QPU3HOIIO-
rudeckoe oObsiCHeHHe HaljeHHBIX d(pdexToB. [losTomMy B ero momckax ObBUIH MTPOAaHAIU3WPOBAHEI
0COOEHHOCTH MOJICNBHBIX ypaBHeHUH (1)—(13), KOTOpbIE MOTYT NMPUBECTH K OOHAPYKCHHBIM HAMH
addexram.

23.0 ]amb:O
EAA [umb:25 P
nh T —— Lwy=50 .

0 50 100 150 200 250
chl’ lx

Puc. 5. 3aBucumoctb BesinuuH Tc ¥ Ts OT MHTEHCUBHOCTH JHEBHOTO OCBEHICHUS lext UL Ty = 52.0 (LUBET OHIIANH)

Fig. 5. Dependence of Tt and 75 on daylight intensity lext for Tz = 52.0 (color online)
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[TepBast mpoBepeHHast TUIIOTE3a OBLIA CBS3aHA C BO3MOXKHBIM BKJIAIOM HEIHMHEHHOW (PYHKITUU
axTuBanmu ¢portopernentopos (13). BersicHmIOCH, 071HAKO, YTO B UCCIIEAyeMOM JHana3oHe 3HaYeHHH mapa-
METPOB HaJlMuKe (OHOBOI 3aCBETKH BEChbMa HE3HAUYUTENBHO (MEeHee 4eM Ha 5%) U3MEHseT COOTHOLICHHE
aMIUTUTY/] TTIOCTOSTHHOM COCTABIIIONIEH M aMIUIUTYl TAPMOHUK B CHEKTPE CUTHAJA, IPeo0pa3oBaHHOTO
cornacho (13). Kpome Toro, 1onogHUTENbHBIE PACUeThl, B KOTOPBIX TECTUPOBAIMCH PA3IHYHbIE (POpMBI
CUTHAJIOB, MTOKA3aJli, 9TO CTPYKTypa AWarpaMM JOBOJBHO CIa00 3aBUCHT OT M3MEHEHHUS COOTHOIIICHUS
aAMILTUTY]] UX TAPMOHHK.

OnHako TeCTHPOBaHKE PA3IUYHBIX (OPM THEBHOTO MPO(HIST MOICKA3aI0 BO3MOXKHBIN MEXaHNU3M
JeiicTBUsL (DOHOBOM 3aCBETKHU, KOTOPBI HanOoJIee CHIIBHO MPOSIBIISIET ce0s sl CUrHasa B hopMe MeaH Ipa.
Ha puc. 2 BBepxXy maHenu a IIBETOBOW rpajarueii oToOpakeHa CMEHa COCTOSHUN OOApCTBOBAHUS
(>xenTeIM) M cHa (cepbIM) s obnactu A Ha puc. 4. B Beipakenue (13) 3Ta 3aBHCUMOCTH BXOIHT
KaKk yMHOXXCHHE Ha TEKyIIee COCTOSHUE cHUCTeMBI S. Da3bl CHTHAIIOB COOTBETCTBYIOT THIIUYHOMY
YCTaHOBHUBIIIEMYCS peXHMY. B OTCyTCTBHE 3acBeTKM (CHHsS KpHBas) BO BpeMs cHa, korma S = 0,
CBETOBOW CHUTHAJ TaKKe PaBeH HYNIO, U X NIepeMHOKeHHE B BeIpakeHHH (13) He MeHseT HH QOPMBIL,
HU CHEKTPAIBHOTO COCTaBa BO3ICHCTBUS Ha MUPKAIHBIN oclmisaTop. [Ipu Hamiuuy HOYHOM 3aCBETKH,
ee MepeMHOXeHue ¢ S MOPOKIaeT KoJieOaTeIbHYI0 COCTABISIONIYIO Of, KOTOpas IO 4acToTe U Qase
IyOnmupyeT mporiecc MEePeKTIOYeHUsT MEXTy CHOM M OOIpCTBOBaHNEM. DTO Kaue€CTBEHHO YKBUBAJIICHTHO
YCHUJICHUIO CTETICHH BO3/ICHCTBUS Ha IIMPKAHBIN OCIHUILIATOP, H3HAYAILHO 3aJI0)KEHHOE B COOTHOIICHUH
(8). ITo mepe ycunenus GOHOBOM 3aCBETKHU [, 1, ATO MOTOITHUTEIHFHOE CHHXPOHU3YIOIIEE BO3ICHCTBHE
Ha T, pacTeT ¥ MPOTHUBOJEHCTBYEeT CHHXPOHU3AINH [TUPKAJTHOTO PUTMA C CYTOYHBIM.

JlomosHNTETbHBIE pacyeThl ¢ Pa3lUnYHBIMUA (POPMAMH CBETOBOTO MPOGMIS MOATBEPIMIN, YTO
0051acTh YaCTUYHON CHHXPOHU3AIWU B ymeHbInaeTcst 1100 BOBCe MPOMagaeT MMEHHO Ul T€X CUTHAJIOB,
KOTOpbIE UMEIOT 00IacTh HEHYJIEBBIX 3HAYEHHUH B MEPHOABI CHA. B TO jke Bpems, HCKIIIOYeHHE BEH-
yuHbI S U3 cooTHOIIEHU (13) 3HAYUTEIBHO pacuIUpsAeT 00JIACTh CHHXPOHHOCTH ITUPKATHOTO PUTMA
C CYTOYHBIM 24-4acCOBBIM IIHKJIOM M CYIIECTBEHHO OCJIa0JseT €ro 3aBUCHMOCTh OT MapaMeTpa Ty .

3akaoueHue

[TomBoayM UTOTH M3MI0KEHHOTO BBIIIEe. MBI HCCIIEIOBANN, Kak (hopMa CHT'HajIa CBETOBOTO MPOQuiIs
BIIMSET HA CHHXPOHHOCTh CYTOYHOTO 24-9acOBOTO IIMKIIA, ITUPKATHOTO PUTMA, M IMPOIECCa CMEHBI
COCTOSTHHM COH—OOJPCTBOBAHHE B MaTeMaTHUECKOW MOJIEIH, KOTopas paHee Oblia OmyOiauKoBaHa B [22]
KaK HanOoJjee TOYHO BOCIIPOU3BOSIIIAS DKCIICPUMEHTAIbHBIC TaHHEIC.

OCHOBHOI1 pe3ynbTar Hamlei paboThl 3aKIIFOYAETCS B TOM, YTO HAJIMYUE KPYTJIOCYTOYHOW MAJIOMH-
TEHCHUBHOM 3aCBETKH (TO €CTh 100aBICHUE K CUTHATY CYTOUYHOTO CBETOBOIO ITMKJIA CUTHAJA HYJIEBOU
YaCTOTHI) BRI3BIBAECT PACCHHXPOHHU3AIUIO TUPKAJTHOTO PUTMA 110 OTHOIICHHUIO K CYTOYHOMY B 3Ha4H-
TEJIBHON 00JIaCTH MapaMeTpoB. A UMEHHO, YBEIIMYCHNE NHTCHCUBHOCTH ()OHOBOI 3aCBETKH (B HAIlIEM
cioydae oT 0 mo 50 JK) MpUBOAUT K YMEHBIICHHUIO B pa3Mepax U IOJIHOMY MCYE3HOBECHHUIO O0JaCTH
YaCTUYHO-CHHXPOHHOTO PEXHMa, B MpeJieaXx KOTOPOH MUPKaIHBIH PUTM CHHXPOHHU30BaH C CYTOYHBIM
24-gacoBsIM puTMOM. HaMu ipeioxkeHo oObsSICHeHHE JaHHOTO 3(pdekTa Ha OCHOBE CTPYKTYpPHI MaTe-
MaTH4yeckor mozenu. MIHTepecHo, 4To Takoe AeCTBUE HOYHOW 3aCBETKH €CTh CIEICTBUE JHOMYIICHUS
0 HEUYBCTBUTEIHHOCTH (POTOPEIICTITOPOB K CBETY BO BpeMs CHAa. MaTeMaTHIEeCKH 3TO PEaM30BaHO Kak
CTpOOMPOBaHKE CBETOBOTO CUTHAJIA PUTMOM COH—OOJIPCTBOBAHHKE, a IOTOMY B OIIPEIETICHHBIX CUTYaIlUsIX
NPUBOANT K A(P(DEKTY THUIMA KOHKYPEHIIMH MOJ — YCUJICHUE JNCHCTBUSI TOMEOCTAaTHUECKOTO OCIIAIIIS-
TOpa He CIIOCOOHO CHHXPOHU30BATh IUPKAIHBINA OCIMIIISTOP, HO €T0 JIOCTAaTOYHO, YTOOBI «OTOPBATHY
HUpPKaJHBIE KONeOaHus 0T 24-4acOBOTO CYTOYHOTO IIUKIIA.

[lonmyyenHble HAMH PE3yNBTaTHl TIOAHUMAIOT KaK MUHIUMYM JBa CEPHE3HBIX BOIPOCA, TIEPBHIN U3
KOTOPBIX CBSI3aH C (PHU3UOJOTHYECKON MHTEPIpeTalrel OJHONH M3 OCHOBHBIX IMEPEMEHHBIX MOJCITH —
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rOMEOCTa30M CHa, a TOYHEe, C JOMOJHUTEIILHBIM 000CHOBAaHHEM IMapaMeTpa Tyy, KOTOPbIA OKa3bIBACTCS
KPUTHYECKH BOKHBIM IS CHHXPOHHU3AI[MH PUTMOB, YTO YK€ OTMeJajock Hamu B [37]. Bropoii Bonpoc
CBS3aH C YTOUYHEHHEM MNPEIION0KEHUN, KOTOPBIE UCIIOIB30BAHEI IPU MOAEIHEHOM OMUCAHUU PEaKITUH
(hotopenentopoB. Kak cTaHOBHTCA SICHO, MIPENITONIOKEHUE TTOHON MX HEUYBCTBHUTEIBHOCTH K CBETY
B MEPHUOJl CHA — 3TO CUJILHOE YIPOIICHUE CUTyaluu. B 1r000M ciydyae OTKpPBIBAIOTCS WHTEPECHBIC
TIEPCTIICKTUBEI JTATLHEHIIIETO COBEPIIICHCTBOBAHUS MOJICIIH.
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Abstract. Purpose of this paper is to study the evolution of longitudinal strain waves in the walls of an annular channel filled
with a viscous incompressible fluid. The walls of the channel were represented as coaxial shells with fractional physical
nonlinearity. The viscosity of the fluid and its influence on the wave process was taken into account within the study.
Metods. The system of two evolutionary equations, which are generalized Schamel equations, was obtained by the two-
scale asymptotic expansion method. The fractional nonlinearity of the channel wall material leads to the necessity to use
a computational experiment to study the wave dynamics in them. The computational experiment was conducted based
on obtaining new difference schemes for the governing equations. These schemes are analogous to the Crank—Nicholson
scheme for modeling heat propagation. Results. Numerical simulation showed that over time, the velocity and amplitude
of the deformation waves remain unchanged, and the wave propagation direction concurs with the positive direction of the
longitudinal axis. The latter specifies that the velocity of the waves is supersonic. For a particular case, the coincidence of the
computational experiment with the exact solution is shown. This substantiates the adequacy of the proposed difference scheme
for the generalized Schamel equations. In addition, it was shown that solitary deformation waves in the channel walls are
solitons.
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IIponoabHbIE BOJHBI B CTEHKAX KOJIbIEBOr0 KaHaja
W3 MaTepHaJia ¢ APOOHOIi HeJTHHEHHOCTHIO, 3aII0JTHEHHOTO KHIKOCTHIO

JI. U MOZL!JZ@GLM@, E. B. Ilonosa

CapaToBcKHii TOCYIapCTBEHHBI TEXHUYECKHH yHUBepcUTeT uMeHH ['arapuna 0. A., Poccus
E-mail: D} mogilevichli@gmail.com, elizaveta.popova.97@bk.ru
Tlocmynuna 6 peoakyuio 26.02.2023, npunsma k nyonuxayuu 14.03.2023,
onybnuxosana ounatin 11.05.2023, onyonuxosana 31.05.2023

Annomayus. [Jenvio TaHHOH CTaTbU ABISETCS UCCIIEIOBAHNE YBOTIOMHI MPOJOIBHBIX BOTH Je()OpPMAINH B CTEHKAX KOJIBIIEBOTO
KaHaJla, 3all0JJHEHHOTO BA3KOH HEC)KMMaeMOoH >KuAKocThI0. CTEHKH KaHaNa MPeACTaBIsUINCh KOAKCHATbHBIMU 000I0YKAMHI
¢ IpoOHOH (HU3UIECKOi HEMMHEHHOCThIO0. B X071 ncciIenoBaHus yYUTHIBAIACh BI3KOCTh JKUAKOCTH U €€ BIHSHHE Ha BOJTHOBOM
nporecc. Memoowi. Mcronb3yst METOA ABYXMACIITaOHBIX PAa3I0KEHUH MOMyUeHa pa3pelnaomas CHCTeMa ABYX 3BOTIOIMOHHBIX
yYpaBHEHHH, KOTOPBIE MPEACTABIAIOT c000i 0000meHHble ypaBHeHus Lllamens. [{poOHas HEMMHEHHOCTh MaTepuaa CTEHOK
KaHaJla IPHBOAUT K HEOOXOAUMOCTH HCIOIb30BAHHS BEIYMCIHTENLHOTO SKCIIEPUMEHTA AT UCCIIEA0BaHHUS BOITHOBON THHAMHUKI
B HUX. BBIUMCIMTEIBHBIN OKCHECPHUMCHT MPOBOAUJICA HAa OCHOBC NOJIYUYCHUA HOBBIX PA3HOCTHBIX CXEM JIsI CUCTEMBbI DBOJIIO-
IIMOHHBIX YPaBHEHUH. DTH CXeMbl IOJIy4eHbI C UCIOJIB30BaHUEM TeXHUKH Oa3uca I'péOHepa u aHamornuHs! cxeme Kpanka—
HuxkoscoHa [y1st MOIeTMPOBaHUsI pacIpoCTpaHeHus Temna. Pesyiomamst. UncaeHHOE MOJEIUPOBAHKE TT0KA3aJI0, YTO CKOPOCTh
W aMIUIUTYAa BOJIH JeOopMalny OCTAIOTCS HEN3MEHHBIMHU, a HallpaBJIEHHE PaclpOCTPaHEHHsS BOJH COBIAAACT C MOJIOXH-
TEJBHBIM HallpaBJIeHHEM NpoNoiIbHOH ocH. [locienHee yka3pBaeT Ha TO, YTO CKOPOCTH BOJIH CBEpX3BYKoBas. J{i1sg yacTHOro
Cllydasi IOKa3aHO COBIA/ICHHE BBIYMCIIUTEIBHOTO SKCIIEPUMEHTA C TOYHBIM pellleHHeM. DTO 00O0CHOBEIBACT a/IeKBaTHOCTh
NIPEIUTOKEHHON PAa3HOCTHOI cXeMblI Juist 00001meHHbIX ypaBHeHui [lamens. Kpome Toro, mokaszaHo, 4To yeAMHEHHBIE BOJIHEI
nedopManuy B CTEHKaX KaHalla SIBISIOTCS COJUTOHAMHU.

Knroueesvie cnosa: BonHoBas JWUHaMHKa, KOJIBIICBOM KaHall, BA3Kas KUJIKOCTb, L[pO6Ha$[ HeIIPIHefIHOCTL, BBIYUCIUTEIIbHEIN
OKCIIEPUMCHT.
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Introduction

The wave technologies of nondestructive testing are increasingly being used in different industries,
for example, for pipeline diagnostics. Papers [1-5] are devoted to various aspects of wave propagation
in rods, plates and shells. In the above papers, the effect on the wave process in the shell of a viscous
liquid located inside it was not studied. The shell-fluid interaction was studied in [6] outside the
consideration of wave processes. On the other hand, in [7] the wave process in an annular channel is
studied considering the fluid inertia forces and cubic nonlinearity of shells forming the channel. In the
cases of shells containing a viscous fluid, the use of qualitative analysis methods for the analytical study
of nonlinear models for deformation waves causes significant difficulties [7-9]. Consequently, for these
cases it is necessary to carry out computational experiments [10]. In our study, the system of governing
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equations for wave processes in two cylindrical shells forming an annular channel are obtained by the
perturbations’ method with respect to a small parameter of the problem, as well as considering the
fractional physical nonlinearity of the shell material. This system is two generalized Schamel equations
and allows us to estimate the wiggle of dissipative properties of the fluid on longitudinal strain waves in
the channel walls. For a particular case, an exact solution of this system is found, for the general case,
difference schemes are developed, and its numerical solution is performed.

1. Mathematical statement of the problem

Let us consider an annular channel formed by two cylindrical shells. Further in the paper we
denote by the index ¢ = 1 the parameters for the outer shell and ¢ = 2 the parameters for the inner
shell. We assume that the Cartesian coordinate system xyz associated with the channel symmetry axis
and the corresponding cylindrical coordinate system r0x are introduced. The x-axis coincides with the
symmetry axis and the z-axis is directed along the normal to the unperturbed middle surface of the
shells. For the shells material, relationship between the stress and strain tensors, as well as deformation
intensity in the frames of the plasticity theory of A. A. Ilyushin [11,12] is

; i i )3
ol :E(MOE((;) +8(x)> [1"'5;)27];} /(1= u5),

o) = B (sg) I Mogg)> [1 - eff)ég /(1 —u),

(1)
) =2 (r (07 + 202) — paelfe)* /3,

1 o 1 2u0
)
3 (1—po)? 3 (1—pp)?

here pg is the shell material Poisson’s ratio, F is the shell material Young’s modulus, m is the constant
determined from tensile-compression experiments [13], 0, O are the normal stresses along the « and 0
axes; €., €¢ are the tensile-compression strains along the = and 0 axes; ¢, is the strain intensity. Note
that the relation of stresses o,, 0g with strains ¢, g and strain intensity ,, on the basis of the physical
law with nonlinearity in the form of power function with a fractional value of the exponent for the case
of incompressible material, i.e. when po = 1/2, is considered in [5, 14].

The relationship between the components of the strain tensor and ¢-th shell displacements has
the form

oUu @ 2w (@

(1) — _
cz Ox Tor?
(9 _ w W t hL < - < hL
€ = TR0 —ZR(Z.)Q at — 5 <z < 5

Here z is the local coordinate along the axis normal to the shell middle surface (z = 0 corresponds to
the shell middle surface), z is coordinate along the longitudinal axis of the shell median surface, W)
is the deflection of the ¢-th shell, the positive direction of which is taken to the shell curvature center,
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U @ is the longitudinal displacement of i-th shell, R(®) is the median surface radius of the i-th shell,
h") is the i-th shell thickness.

The asymptotic analysis carried out in [7] showed that the intensity of deformations in (1), (2)
can be considered on the middle surface (z = 0) for longitudinal waves. Consequently, forces acting on
the element of the shell middle surface are determined by the formulas

h /2

(4) i i
N = / ol dz — Lo o _ MOW(,) X
—h{ /2
1
iam(2 3 U . W\ . au® wo |
E\yv3) |"M\\ oz RO s RO | |
3)
h(()i)/g () (i) ()
@) @, _ Ehg out Wt
No™ = / % =12 <“° or RO )~
—h{ /2
1
ram(2 3 aU ) 2+ W\ L, 200w !
E\v3) |"M\\ oz RO s RO | )
and the moment is defined as
n /2 ‘
. . ER3 92w (@) w®
(1) — (1) - _ 0
M, / 0, zdz 2(1-12) ( 922 +u0R(i)2 , (4)
—h{ /2
We write the dynamics equations for the i-th shell
= Pohyg 5 9 )
Oox ot R
, (5
"oz o aw ) T gpaNe = eoh’ g~ () o

Here p(()i) is the ¢-th shell material density, qc(f), qn, are the shear and normal fluid stresses; r, x are the
cylindrical coordinates, ¢ is the time.

Substituting (3), (4) into the shell dynamics equations, we obtain the equations in displacements

() . . 1 . . A\ 2
Ehy’ 0 oU B w @ Lm 2\2 [3(](2) B W(l)] U @ N
1—uw2ox\ oz  "RO TE\3 or MR M\ Tar
2 T
w@ oU® W (i) 92U ,
— . — g
+ (R(l) ) + w2 8.’1) R(Z) — pOhO 8t2 |:Qx :|R(i) 3
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2. Analysis of equations for shells containing fluid by perturbation method

To analyze the wave process in the channel walls, we consider a dimensionless axisymmetric
problem and choose small parameters of the problem. Namely, we assume

w = wmuéi)7 U@ = umugi), Tzt = %,
Y = Cﬁt * L =h — M (7)
- 1 r _R(Z)a Wm = No, um_R(z)’
here ¢g = \/E/(po(1 — u3)) is the sound velocity in the shell, [ is the wavelength, wu,,, wy, are the
characteristic values of elastic shells displacements. Let us make the following assumptions
30 R()? -
0k, = (;)7 Um _ 0(1),
R® [2 30
Uy, R®) m " ®
70 " 1), £ =00Q),
0

here ¢ is the small parameter.
The method of two-scale expansions is applied and the dependent variables as an asymptotic
expansion are represented

) =g +erul) + . u) =)+ eruf) 4+ ©)

Independent variables are introduced in the form of

E=at —\/1— ', T=cott, (10)

Here T is the slow time.
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Substituting (7)-(10) into (5) in the zeroth approximation by ¢ gives

(i) au(fg 82u§1) Ousg 62u(12 . (an

Uzg = Wo 6% 5 8E2 — Wo 8% :( _M(Q)) 88’2

Thus ugzg is an arbitrary function. Then the system of equations in the next approximation with
account (11) is we obtain in the form of

1
62u(i) m [ 2 > 3 1 8u(i) 2 82u(i) 2./1—u? 84u(i)
1+<> T /1 -2 (M1+M2M0+M1M(2))4 10 10 , Mo Mo @ U1p _

9ot | E HE2 2 ol

1 l . 10 (—1)i_1q
= 5 3 (i) (q;)) - MOS4M - (12)
21— 2 5290h0 0(2) R()
(%)
The obtained Eqs. (12) are the generalized Schamel equations for 83;;’ . If the fluid is excluded,
we will have two homogeneous uncoupled Schamel equations. To determine fluid stresses in Egs. (12)
it is required to study the fluid motion in the channel.

3. Determination of stresses acting on the shell from the liquid

Two coaxial infinitely long shells forming an annular channel with a viscous fluid whose density
is constant are considered. The width of the slot occupied by the liquid 6 = R; — Ro, where R; is the
inner surface radius of the outer shell and R is the outer surface radius of the inner shell. The fluid
motion equations of creeping flow for the problem under consideration have the following form [15]

18pv<82‘/} 10V, | &V, w)

por orz " r or ox?  r?
pﬁx_v<0r2 o T 03@2)’
10 oV,

rar TV + gy =0

At the boundary of the shells and the liquid, the no-slip conditions of the liquid are satisfied [15]

0 (0
U W

= — R —Ww®
ETRE ” B at r=R; — WY, 14)

here r, x is the cylindrical coordinates, V,, V,. are fluid velocity projections on the coordinate axis, p is

the fluid pressure; p is the fluid density, v is the kinematic coefficient of fluid viscosity.

The fluid stresses qg(f) and ¢,, are determined at r = R(?)

17 vV, oV,
Gn=—P+2V 5", qg&):—pv(ar + ax) (15)
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Dimensionless variables and parameters are introduced

(i) €0 ., r—R® o ., T pvcolh(i)

Vo =0 20, Vo= b D, 1 = L= =T o YO p
l 5 5 l z 53 a16)
_ % _ 4 k—ﬁ—% hg)_ ﬁ_g d_.3 Re—§%—
V=R T AT T g Te T TEh pTen Re=goEE

The variables (16) are substituted into Eqgs. (13), (14), (15), and the following decompositions
P=P'te2P 4., vT:vS—i-E%vi%-..., vx:vg—keévi—k... (17)

are taken into account. After that, for the first terms of expansion (17) are obtained dynamics equations
of the thin fluid layer for creeping flow [7,15]

Jol PO 2,0 0 0
0 0, 0 :8%’ 8v$+8vr:0 (18)
or* dx*  Or*2’  Qx*  Or*
with boundary conditions
gulH . ou'? .
v?z—atg*, v) =0atr* =1, vB:—at?’*, v)=0atr* =0 (19)
as well as with the accuracy to 1, £3 from (15) are obtained, too
h(l)co OvV* . h(2)co ov0* N pvcolh(i)
gtV ~ —pv 062 87‘*36 at =1, ¢?~ PV at =0, g~ -3 — 0_po.

(20)

Solving the problem (18), (19) we obtain

o oull oY P2u? 92,V
0 __ 3 3 * * z _ x2 % 3 3 *
P= 12/ [/ ( o o )| g =6 (= )/ oz arr )

21

Bearing in mind (9), the new variables &, T (10) and with the accuracy to £2 we write (21) as

PO = 12,/1 3 / (ulf) — ulf)) e, gjj?f —6/1— (@ 1) (ufd — i), @

and then

oP° 2@
oe =124/1 — ug (u30 — u30> , -

(g @) 0% vy
=0 1_1‘0(“30_“30)7 O

_ T

0
ov, _
*

-0 or

or*

r*=1 r*—=1
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Given that according (11) uézo p,oaul / J% submiting (22), (23) into (20) and assuming
R = R = R, h(()l) = h(()z) = hg due to smallness 1, A the right-hand side of the first equation
(i = 1) of system (12) was obtained as

_ez PV <R>3 oug _ duig) 24)
"0 00h0 Rege \8) \ 08 o )
and the right-hand side of the second equation (i = 2) of system (12) was obtained in the form of
62 pl v <R>3 Gu%) B 8ug ) 25)
"Opoho Reget \0) \ 08 T o )

4. Governing equations of deformation waves

Taking into account the found right-hand parts of Egs. (24) and (25), the system of Eqs. (12) is
rewritten as

1
8%%) m3 2 \2 1 aulD\2 924 uzy/1 —u2 )
mo o2 2\ 4 10 10 0 0 10 _
5o T B ug (\/§> (1 + papo + wiug) 5t R 5 5l

gl v (BY (0w 0wl
¥ p0ho Rege \ & OE og |’

2
Ou go)> 0%ul 10 V — Uo 84“&0) _

(Ml + Malo + Mlug) : ( OE OE2 2 &t

gl v (BN (o duig
O p0ho Rege \ & OE O&

1

82u§0) m3 5[ 22
geor T EaV! W ()

(26)
The following notations are introduced

duly 08 = c30D,  duy) JE = c30?, m=ciE t= o,

vV 3
ST L <2C2/ <u3\/1 —u3>> :
P02 ¢yt 27)

E 4

cam 3@(2/\/5)% (Ml + U2lo + Mlug)

Considering (27) in (26) the system of governing equations for the study of longitudinal
deformation waves in the walls of the annular channel is obtained

S

dpW) R A RO
o OO T+ T el e =0,

I 196®  §3¢p®
qc;t +6¢ gn - (p +¢® - oM = 0.

(28)
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System of Egs. (28) has exact partial solution

2

@) = 224 (1 4 chk (n—4kt)) ", (29)

4

M=

but the general case requires a numerical solution to this system. By implementing a numerical solution
to equations (28), the initial conditions at ¢ = ( in the form of solutions (29) can be used

25 _
e (0,m) = @ (0,m) = R+ chikn) 72 (30)

or

25 _
oM (0,m) = (1 chkm) ™2, @2 (0,m) = 0. 31)

5. Computational experiment results

The computational experiment was carried out similarly to [7], but taking into account the
fractional nonlinearity. The desired difference scheme for the numerical solution of the system of
equations (28) was obtained using the Grobner basis technique in the Maple computer algebra system.
The resulting difference scheme is similar to the Crank—Nicholson scheme for the heat equation [16]
and has the form

3/2 nt1 50 n+1 : :
u(l);LJrl _ " ) (u(1)3/2 ;:_1 _ (P2 ;L_l)—k(u(l)d/2 ?—&-1 — u?? ;L_l>

J
T + 4h
(uu) ;j,j —9u® ;?111 1 ouM ;Lfll _ u<1>;?_+21) (uu) P —2uM oM u(l)f_2>
4h3 + Ah3
u(l)}?“ +u®? @ ;L“ +u®7
* 2 a 2 =0

u(g) ?—i-l . U(Q);L (u(2)3/2 n+1 (2)3/2 n—H) i (u(2)3/2 n _ u(2)3/2 n )

+4 j+1 U j—1 j+1 j—1
T 4h

n+1 n+1 n+1 n+1 n n n n
(@7 —2u@ T +2u® 70 —u®@7)  (w@ - 2u@ ] 4 2@ —u® )
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- - 0.
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(32)
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Within this scheme, terms with fractional nonlinearity for the next time step are linearized as

8/2 _ 32 32, 32 12 1 1/2 3/2
Vkil_vkil / +V/ = (Vkérl_vk/ ) (Vk+1‘|’“k/+1 / +V/€)+Vk/ =

_ ( 1/2 1/2) Vk{i-l +Vk/2

/ 1/2
Vi1~ Vi 1/2 Ly 1/2 (Vk+1+vk+1

/2 B2 _ 9B/

~ (Vi41 — Vi) 5 5Vk

RORN

3 1/2 3/2
2vk/ Vk+1—§vk/ . (33)

Models (28), (30) and (28), (31) were numerically studied by using this difference scheme.
We consider the initial condition (30) with k£ = 0.2, the numerical simulation results of the wave process
are shown in Fig. 1.

According to Fig. 1, it can be seen that the waves propagate to the right without changing the
speed and amplitude (supersonic speed). The numerical solution coincides with the analytic solution (29).
Then the initial conditions (31) are consider with £ = 0.2 and the calculation results are shown in Fig. 2.

According to Fig. 2, it can be seen that in the presence of a disturbance in the outer shell and its
absence in the inner shell at the initial moment of time, the wave amplitude in the outer shell decreases
with time, while in the opposing shell it increases. The wave amplitudes are equalized, which indicates
the transfer of energy through the liquid layer between the shells.

Let us consider the case when at the initial moment a perturbation is given in the form of two
waves (30) with different amplitudes and speeds assuming k£ = 0.225 for the first wave and k£ = 0.2 for
the second wave. The numerical simulation results are presented in Fig. 3.

(P(IJ (p(g)
0.0025 —1=0 0.0025 — =0
=36.22 1=36.22
— (=7245 —=T7245
0.0020 — 1=108.67 0.0020 — 1=108.67
0.0010 0.0010
0.0005 0.0005
0 0
40 20 0 20 40 o0 80 100 M 40 20 0 20 40 o0 80 100 M
Fig. 1. Results of numerical solution of equations (28) with initial conditions (30) (color online)
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Fig. 2. Results of numerical solution of equations (28) with initial conditions (31) (color online)
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Fig. 3. Results of numerical solution of equations (28) with two initial conditions (30) for k=0.225 and k=0.2 (color online)

It follows from Fig. 3 that there is an elastic interaction of waves as particles. This means that
deformation waves are solitons.

Summary and conclusion

The numerical simulation of nonlinear wave process in the walls of an annular channel indicates
the need of accounting the presence of viscous fluid in the channel in the study of longitudinal
deformation waves propagation. Excitation of the strain wave in the outer shell at the initial moment of
time leads to the appearance of the strain wave in the opposite shell. In other words, energy transfer
from one shell to the other occurs via the liquid. This process is accompanied by a decrease in the
amplitude of the wave in the outer shell, which leads to a decrease in the rate of propagation of the
deformation wave in this shell. At the same time, the amplitude of the wave in the opposite shell
increases. Due to fluctuations in amplitudes and velocities, their amplitudes be come equal in cause of
time. In addition, for the case where a solitary strain wave is excited in each shell at the initial moment
of time, calculations have shown that these waves are solitons. The results obtained can be used for the
development of non-destructive methods of control of pipelines with viscous liquids used in devices,
machines and units, as well as the control of working processes.
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Abstract. On June 14, 2023, could be celebrated the 85-th anniversary of the founder of the journal “Applied Nonlinear
Dynamics”, the Corresponding Member of the Russian Academy of Sciences, the Honored Scientist of the Russian Federation,
the laureate of the Presidential Prize in Education, the Rector of Saratov University (1994-2003), the head of the department
electronics, oscillations and waves (1981-2020) Dmitry Ivanovich Trubetskov. Published reflections of colleagues and friends
of D.I. Trubetskov reveal his contribution to the development of science, education and the significance of his multifaceted
personality for the history of Saratov University.
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Bcenomunas JImutpusi UBanoBuua TpyOenkoBa

I'T Typus

14 nrons 2023 roga nomxHO ObUTO OBI McTTOMHUTECA 85 neT Amutpuro MBanosuay TpyOerkosy.
JymaeTcs, 4To He TONbKO Kosier mo CapaToBckoMy rocyaapcTBeHHOMY yHUBepcuteTy uMmenu H. I Uep-
HBILIEBCKOTO, HO U COTPYAHUKM MHOTHX JPYT'HX OpraHU3aluid U3 pa3HbIX TOPOIOB, C KOTOPHIMU JIMUTpuit
WBanoBmY TecHO 00mIasCs, B 3TOT JeHb MOAHUMYT OOKaJbI M TIOMSHYT €0 JOOPBHIM CIIOBOM. Y MEHS HET
COMHEHUH, 4TO npexje Bcero Jmurpuilt IBaHOBUY OCTaHETCS B IAMSATH JIFOJEH KaK KPYNHbII yUEHBIH,
CYMEBIIMH B HETIPOCTOE BPEMS COXPAHUTH U MPUYMHOKUTh HAYYHBIM MOTEHIIMAJ CapaTOBCKOM IIKOJIBI
HEJNMHEHHBIX HccaeoBaHui. W 1eno He TONbKO B TOM, YTO IOJ €r0 PYKOBOJCTBOM IIETBIN Psifi TaJaHTIN-
BBIX JIFOJEH 3aLUTUIN KaHAUAATCKUE U TOKTOPCKUE TUCCEPTALMM, HE TOJIBKO B KHUTAX, BBIIICAIINX
n3-riox riepa Jmutpus MBaHOBHMYa, HO W B TOM, YTO caMa «HEJIWHEHHas KyJabTypa» MPIKATAch Ha
Oeperax Boiry, B TeX caMbIX MecTax, Inie, CyAs 10 BCEMY, U CETOAHS MPOJOIKAIOT «OPOJUTh MPU3PAKI
I1. A. Cronemuna, H. H. Basunosa u H. H. Cemenona.

Maio kto 3Haert, uto I1. A. CToNBITUH HaYa)l CBOE YHHUBEPCHTETCKOE oOpa3oBaHue B 1881 romy
Ha €CTECTBEHHOM OTAeNIeHNH (hr3uKo-MareMaTrdeckoro ¢akyisrera Cankr-IlerepOyprekoro Mmme-
paTtopckoro yHuBepcurera. B 1885 rogy okoHUNIT yHHUBEPCUTET U MONYUHII TUTLIOM O MPHUCYXKACHUU
€My CTETeHU KaHaujara (pusnko-maremaruieckoro (akynprera. IMEHHO OH HHUIIMMPOBAJ CO3JJAaHUE B
CaparoBckoil TyOepHHM YHHBEPCUTETA, KOTOPBIHA MOMydrs UM HUKOIaeBCKOTO U CTall IEBATHIM 10 CHETY
B Poccwiickoit ummnepun. [IpoBuaennro 0110 yromguo, 4to0s! Jmutpuio MBanosudy TpyOenkoBy, cTas-
[IeMy CIIYCTS MOYTH CTO JIET PEKTOPOM 3TOTO YHHBEPCUTETA, YAAIOCH 3aBEPIIUTH €T0 apXUTEKTYPHBII
aHcaMOIb, TIOCTPOUB COINIACHO MCXOAHBIM dcku3aM 10-it kopmyc, a 3ateM u 11-i. Jlymaercs, uTo BbIcIIas
CIPaBeUIMBOCTh ObLTa ObI B TOM, YTOOBI MaMATHYIO JOCKY B 4ecTh mpodeccopa /1. U. Tpybernkosa
yCTaHOBWIJIM UIMEHHO Ha 10-M KopIryce, CTaBIIeM CETOIHs OIHUM U3 TYPUCTHYECKHX CUMBOIIOB CapaToBa.

He Gyner mpeyBenuaeHneM cKaszarh, 9To coopykeHue 10-ro koprmyca B TeX UCTOPUIECKIX yCIOBH-
SIX MOJKET PacCMaTpUBAThCS JIFOJbMU, TAIEKUMH OT KaKoH-T00 CO3UIAaTeNbHO e TeNbHOCTH, KaK Yy/Io.

Typua I' T, Manuneyxuii I I, Comunckuui I I, Ilotisnep b. H.
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OpHaxo 3To e COOBITHE MOXKET paccMaTpUBaThcs Kak TPUyM( H4eIoBeYecKoro pasyma, CriocoOHOTO
B peanbHBIX 00CTOATENBCTBAX YBUICTh POCTKU CKIOHHOCTH JIIOJEH K KOOMEPaLH B CIOXKHBIX YCIOBHSAX,
KOTZIa UAesl «TOTAIbHON KOHKYPEHIIMN» BCEX CO BCEMH IPENCTABIANIACH «IT00CUBIIEH OKOHYATEIHHON.

Her myxzas! roBoputs, uto Jmurpuii IBanHoBHY TpyOenkoB, MHOTO CAEITABIIMNA JUIA IPOTAraH/Ibl
CHUHEPreTHKH, KaK AMCIUIUIMHBI, N3y4aroneil mepexoasl «oT Oecrnopsiaka K MOPSAKY» B JAIEKHX OT
paBHOBECHUsI CUCTeMax, HamucaBIIUil yuyeOHUK «CuHepreTuka Ajsi TyMaHHTapHeB», OblT HE MPOCTO
«B T€ME», OH BXOAMWJI B TOT y3KUH KPYI Y4EHBIX, KOTOPBIX HA3bIBAIOT Ha «LUBUIM30BAHHOMY 3allafie
«climate makersy — nenareisiMu ToIbKO popMmupyroIIeiics HaydHOH orofsl. [IprdyemM mpaxe B 3TOM KpyTy,
BO MHOTOM COCTOSIBIIEM U3 JIIOJEH, UMEIOLIUX €CTECTBEHHO-HAy4YHbIe B3MIsiAbL, JIMutpuii IBaHoBUY
BXO/IWJI B CaMyI0 paJuKaJbHYIO MOATPYIITY YUCHBIX, HCKPECHHE BEPUBIINX, YTO UJICH CHHEPIeTHKU HEOO-
X0AuMO 0e30TIaraTenbHO HECTH B MPAaKTUYECKYIO Ku3Hb. Bo Bce cdepsl, Iie HamedarTcs paauKaabHbIe
IIepeMEeHBI: B 00pa3oBaHKe, B MEJULIMHY, B aAIMUHUCTPUPOBAHUE U TOCYIIPABICHHE.

CTouT 3aMeTHUTh, YTO KPYT JIONEH, KUCTHHHO BEPYIOIINX» B HJIEH 3apOXKICHHSI HOBOTO TOPSIKA
13 Xaoca MpH CIEHaIbHO CO3JaHHBIX YCIOBUAX, ObUT y3KUM. OH OBUT OU€Hb y3KUM. A YHCIIO JIIOACH,
BXOJSIIIMX B 3TOT KPYT, KOTOPbIE HCKAIIM MPAKTUYECKNE BOBMOKHOCTH pean3aliii CHHEPIHUECKUX HIIEH,
OBUIO MEHbIIIE, YeM YHCIIO allOCTOJIOB (WM YHMCIIO PhIlapell KpyIiIoro cTojia Kopoist ApTypa).

Jmutpuii MiBaHOBHY HE MPOCTO OBLT OMHUM M3 «PETHOHAIBHBIX aIeNTOBY» TEOPUU CHHEPTEeTHKH,
OH, 0e3 mpeyBeJUYeHHs], BBICTyHaJl B Ka4eCTBE HEHTPa KPUCTAIM3ALUU CXOKUX IO CBOMM «HEJH-
HEHHBIM» B3MIsAJaM Jrofeil. ExkeroqHo, B camoe «CMyTHOE BpeMs» OH IpoBoani B CapaToBe HUIIH €To
OKPECTHOCTSIX HAy4YHBIE IIKOJIBI MTO]] YCIOBHEIM Ha3BaHHeM «HennHeliHble [HU A1 ModoAbIx». Ha atn
LIKOJIBI IPUIVIAIIAINCE CTYACHTHI, ACIIUPAHTHL U «IIPOJABUHYTHIE IIKOIBHHUKI, KOTOPHIM YHUTANIH JIEKLIIUU
y4eHbI€, U3BECTHBIE CBOEH HAyYHOW M MEAarornyeckoil akTHBHOCTBIO, BBIXOASAIIECH AAJIEKO 3a paMKU MX
JOJDKHOCTHBIX OOSI3aHHOCTEH M COLMAIBHOTO CTaTyca.

OTH «open-mindedy Ar0nN HE TONBKO YUTAIH JIEKIMU CIIYLIATENAM, HO ¥ HA MPOTSDKCHUH HENENN
WJIM JECSATH THEH aKTHBHO OOIIAIMCH MEXIY COOOM M C MOJIOABIMH yYaCTHHUKAMH IITKOJIBI Ha CaMble
pa3HbIE TEMBL: OT BOIIPOCOB aHTUYHON UCTOPUU U CPEJHEBEKOBOM MO33HMHU JI0 IIUPOKOIONIOCHBIX CPEACTB
Nepeaadn JaHHBIX B COBPEMEHHBIX CHCTEMax KOMMYHHMKaLUU. B Kpyr aTux auckyccuit camo coboii mno-
HaJaiy ¥ BOIPOCH! IPENofaBaHus, K 00CY)KICHHIO KOTOPBIX MPHUBJIEKAINUCH YUUTENS, COIPOBOXKIABIINE
LIKOJIBHUKOB, IPUEXABIIMX U3 PErHOHOB U camoro Caparosa.

Hamo ckasarp, uro M. . TpyOenkoB 1 B OTHOIICHUH TOTO, KaK CICAYET YIHUThH JCTCH B IIKOJAX,
MOCJIEIOBATEIbHO BBICTYIAT 3a COCIUHEHHE «TEOPUU U MPAaKTUKW». [IpruéM oH ObUT CTOPOHHMKOM
AHTUYHOT'O ONBITA, KOTAa Hay4YHbIC TUCLUIUIMHEL e He AnddepeHINpOBAINCH, IPUHIB COBPEMECHHbIC
(hopMBl, a pacCMaTpUBAJINCH B CBOEM CHHTETHYECKOM equHcTBe. CaMu 1o cebe MepoInpusaTusi, Koraa
JIFOIIM, UMEIOILUE PasHbIE U JJAJIEKHE IPYT OT Apyra MHTEPECHI, IPHUHYKJAINCh K COBMECTHBIM Tpare3am
U B3aUMHOMY OOILeHHIO, H3BeCTHHI co BpeMeH Iltonemes III DBeprera, KOTOpHINA, TOBOPS COBPEMEHHBIM
SI3BIKOM, BBIJEJISIII TPAHTBI CaMbIM Pa3HBIM YYEHBIM AJS PaOOTHl B OMOMHOTEKe AJEKCaHIPHHCKOTO
My3esi, He TpeOysl HU4ero B3aMeH, HUKAKUX MyONMuKanui U nuTHpoBaHuil. beuto numb TpeboBaHne
K TPAHTOIOIyYaTessiM €XEeTHEBHO COBMECTHO COTPAIle3HUYATh M MO KUBATh 3aCTOJILHBIE OECebl.
B uncno Takoro pona rpaHronoiy4areneil BXoaua U asns npasurens Cupakys ['nepoHa, n3BeCTHBII
B COBPEMEHHOM MHUpE Kak ApXuMe.

W3BeCTHO HECKOJIBKO MCTOPUYECKHX MONBITOK PEaHMMALUU aHTHYHBIX TEXHOJIOTHH 00ydeHUs,
B TOM 4rciie 00ydeHHUs] «IPOIBUHYTHIX W ONApEHHBIX» MPeNCcTaBUTeNe coobmiecTBa. BepoarHo, ik
TaKoro pojla aKTUBHOCTH NPHUIIENCS Ha 310Xy PeHeccaHca, korma peBepcHBIM 00pa3oM OT apaboB
U TpenCcTaBUTEIEN BOCTOUHBIX LiepKkBed B EBpoIy BEpHYIHCh MHOTHE HAEH AHTUYHOTO BPEMEHHU.
B namem oreuectBe TOXKe ObII Takoi ombIT. BocuranHuku Anekcanaposckoro Llapckocenbckoro
yues: 00ydJanch sS3pIKaM, HCTOPUU U ICKYCCTBaM B aHTHYHOM cTunmctrke. [Ipenogannasie nM unen
«TPaXJAHCTBEHHOCTH U MATPHOTH3Ma» MpPHBENH MOTOM MHOTruX Ha CeHarckyro ruiomanas. Ho u mo-
o1 A.C. IlymkuH, u nociaennuit kanuuep Poccuiickoit imnepun M. A. T'op4akoB BBIIUIN U3 3TOTO
apckocensckoro nuuest.
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i s SR i [ToaTomMy mepen BCAKHM, KTO 33 yMbIBaeT
i : CO3JJaHUE OPraHU30BAaHHOIO B AHTUYHOM CTHIIH-
CTHUKE JIUIEes IS «IIPOABUHYTHIX IIKOJIEHHUKOBY,
BCTAaeT HETPUBUANIbHAS 3a/a4a: KaK pa3BUBATH dJie-
MEHTBI KPUTHIECKOTO MBIIIJICHHUS y JIeTel, 9TOObI
OHM BHUJEJH BBITYKIBIM 00pa3oM HEIOCTaTKU U
HECOBEPILIEHCTBA B MPEAMETE CBOEr0 BHUMAHMUS,
HO TIPY 3TOM HE CTPEMHIINCH K Pa3pyIISHHIO YCTO-
€B TOTO OOIIECTBa, KOTOPOE UX IMPEIKH «3aBOe-
BaJIm» M OTCTOSUTH IIeHOU Oobioi kpoBu. Hamo
cKa3arb, 4yTo JMuTpuii IBaHOBUY SICHO OHUMA
3Ty CTOpOHY mpoOmeMbl. EMy mpencraBisiiocs,
YTO JIMIEHCTHI TOJDKHBI 3HaTh MCTOPHIO BHE CXEM
U pacxXoXux TpadapeToB BO BCeH MOIHOTE.

Ero Touka 3peHns cocrosia B TOM, YTO OT
panuKaIbHBIX COLMANBHBIX MIEH JIofel crienyer
«KYJIBTYPHO BaKIIMHUPOBATH» B JIETCTBE M IOHOCTH,
MOJJOOHO TOMY, KaK ceifyac NMPUHATO BaKIIMHHUPO-
BaTh OT BETPSIHOM ocmbl, mapoTuTa U Kopu. Criopsl
0 TOM, BEpHA JI OHA, HEOTHOKPATHO LUK B KyIy-

1 apax ynomuHaBlmxcs panee Llkon ais MonoapIx.
i e I b e OIIMOHEHTHl PE30HHO 3aMeYalid, YTO PEabHYI0

HCTOPHUIO HaM He JJaHO 3HaTh «BO BCEW MONHOTE». Jlaxke B 0OLIMX YepTax MHCaHHAs UCTOPHS eCTh He 0o-
Jiee yeM coOpaHue cka3ok. [lo3ToMy, KOTo 1 OT 4ero clienyeT «BaKIMHUPOBAThY», — 3TO OOJBIION BOTIPOC.

Co BCeM 3TUM TPYIAHO CIIOPUTH, KaK U C T€M, 4TO 00pa30BaHKE BCETAA B TOM MM MHOM OTHOIIECHUU
TpaBMarnuyHO. Bompoc o ToM, MOTYT JI1 BCe 3TH apryMeHTHI 00 3BEHTYaIbHBIX yrpo3ax JIUIINTh HaC
peIMMOCTH caMUM 00yd4aTh M BOCIUTHIBATh cBomx nerei? M mutpuii lBaHOBHY OTBEwasm Ha HETO
ongHo3HauHo: «Het, HE MoryT!»

Ha, moboe mo3HaHNe — 3TO «HMrpa ¢ orHem». Ho mcTopus demoBedecTBa y4HT, YTO U OTHEM
MOYKHO yHpaBisiTh! Jlaske B3pBIBbI MOTYT MCIOIB30BaThCcs B MUPHBIX IesAxX. Tak uTo, co3naBas JIumei
npukianabix Hayk ipu CI'Y, J1. 1. TpyOenkoB B KauecTBe OMHOH W3 Ieliell 0OyYeHHUs CTaBHJI Pa3BHTHE
TEXHUK «UHTEIUIEKTyaJIbHONU 0e301MacHOCTHY». BBIMyCKHUKY JHIIes TOKHBI ObUIH 00J1a1aTh HE TOIBKO
3HAHUSIMU U YMEHUSIMU, HO U OTCYTCTBHEM «BHYIIAEMOCTH» U CAMOBHYLIAEMOCTHU; YCTOMYHUBOCTHIO
K HOBBIM, ITog9ac (paHTOMHBIM, BIUAHUAAM. [IOHATHO, YTO TaKOrO poja «yCTOWYHBOCTE)» HEBO3MOXKHA,
eciu BcE 31aHre 00pa3oBaHUs CTOUT HE Ha TBEPJAOM OCHOBAaHHU.

HmeHHO aHTHYHBIE, MTPOIIEIINE UCTIFITaHHE BpeMeHeM, IbloucTeie ook, o [I. Y. TpyGeukosy,
JIOJDKHBI JIEXKaTh B OCHOBAHUH BCSIKOTO CEPHhE3HOTO 00pa30BaHMsA, KOTOPOE TOTOMY U IPUHSITO HA3bIBATh
(yHIaMEeHTaIFHBIM, YTO OHO CTOHT Ha TBepIoM (DyHAaMEHTEe PallMOHAIBHBIX 3HAHHH B KA94eCTBE CBOETO
OCHOBaHWS.

Omutpuii MBanoBuu TpyOeuxoB, kak u ero omuskuii apyr MOmmit Anexcannposud JaHWIIOB,
ObUT yOSXKIEH B TOM, UTO HUKAKOW allbTEPHATHBHI (PyHIaMEHTAIBHOMY 0Opa3oBaHHIO HeT. Bcee, uro
CO3JIaeTCs U CTPOUTCS Ha MECKe, JA0JT0 CTOATh He MOXeT. JIrou, Mody4rBIIre TO UM HHOE CYyppPOraTHOe
obOpazoBaHue, 0OpeueHB! Ha HEMPEPHIBHOE MepeydnBaHie W OOpb0y CO CBOMMH 3a0MyXIeHUIMH. bopn0y
MaJIONPOAYKTUBHYIO, TIONHYIO ApaMaTu3Ma U TpaBMaTH3Ma.

B atom cmbiciie oOydeHue B JIunee NpuKIaaHbIX HAYK JOJDKHO OBLIO MPUBUTH BOCITUTAaHHHKAM
€CJIM He «CIOCOOHOCTh HEBOOPYXEHHBIM B3IVIAIOM BUAETH KOPHHM BCEX MPOOIEM», TO KYIBTYPHYIO
TPaJULHUIO BHYTPEHHE HEMPOTHBOPEUMBBIM 00pPa30M CTPOUTH LETOYKH yMO3akiodeHui. Koneuno, 3to
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myTh He g Bcex. OH 3aBeIOMO HE MOIXOAUT TEM, KTO BO BCEM M Be3ie «wmieT Oypw». s xoro
JIBIDKEHHE K «TIEPMaHEHTHBIM PEBONIOIMSAM» BO BCeX cdepax ecTh He TOJNBKO IIellb, HO M CI0CO0
cymecTtBoBaHus. M3BecTHO yTBepKAcHUE: «[IpopokaM He Hy)KHBI HUKaKWe MPOABUHYTHIC TUIeH». OHU
caMM HaXOIST CBOM MyTh U UAYT IO HeMy. [pyroe nesno, 4To KpoMme MPOPOKOB €CTh JIIOIU, KOTOPHIS
CTPEMSTCS KUTh HE pajii UaeH, a paau aeTer. [ Koro TpaHCHAlMs YMEHUM U HaBBbIKOB U3 MTOKOJICHHS
B IIOKOJICHHE, B TOM YHUCJIE B paMKaX OJHOW CEMbU WIIM OJHOTO COIIMAIIBHOTO KPyTa, €CTh TO, «C YETro
HaunHaeTcs Ponunay.

Bpsin nmu Hano U3NUIIHE MOAYEPKUBATH, 4TO JIMuTpuil BaHOBUY, HECOMHEHHO, IPUHAIICHKUT
K YHCIIy T€X, KTO BUAEN YHHBEPCUTET KaK SMULIEHTP KyJIbTYpPHOU TOPOICKOM Cpelbl, BOKPYT KOTOPOTo
(hopMUPYIOTCS «KOOPAMHAIIMOHHBIE» 00pa3oBaTellbHBIE ceprl, 00Ianaromniue, IoJ00HO IIeCTepEHKAM,
B3aMMHBIM 3alleryicHueM. TakuM oOpa3oM oOpa3oBaTelibHbIC, HAYYHBIC U CBETCKUE HOBOCTH O0PETAIOT
CITOCOOHOCTH PacXOAMTHCS HEHTPOOEKHBIM 00pa3oM MO «YHUTAIOIIEH M JyMarolleid» 9acTH TOopofa.

B stoMm cmbicie [Imutpuii FiBaHOBUY OBLI MPSIMBIM MOCHE0OBATENEM UCH (PpaHIly3CKUX MPO-
ceeruteneit XVIII Beka U 0Te€ueCTBEHHBIX PEBOJIOLMOHEPOB-AeMOKpaToB XIX Beka, BUAECBIIMX CBOIO
IJIaBHYI0 MHCCHIO B MPOCBEIIEHWH Hapoaa. B cuiy Hamero GIM3KOTO 3HAKOMCTBA M MOMX YaCTBIX
npue3noB B CaparoB y MeHs ObLTIO MHOTO 3aJylIeBHBIX Oecen ¢ Jmurpuem MBanoBudem 00 oOImx
MPUHIHITAX TOCTpoeHHs 3(h(HEKTHBHOTO COBPEMEHHOTO 00pa3zoBaHus. MHOTIA pa3roBOpHI IUTH HA TPE3-
BYIO TOJIOBY, KOTJIa Ha CTOJIE ObLI «TOJBKO Yaii». MIHOTa B OaHKETHBIX YCIIOBHUSX, KOTAA «EBKIIMIOBOCTHY
MPOCTPAaHCTBA HAapyIIajgack Npoaykramu BuHonaenus. Ho Hukorna Jimutpuii MIBaHoBUY He Tepsy IiaB-
HyI0 HUTh O€cepl, Jake B TeX CIydasx, KOrja OHa JUIMJIACh HECKOJIBKO THEH IMONpsiA 3a KaKIbIM
3aBTPAaKOM, 00EIOM U YIKHHOM.

Jlanmexo He BcerJa OH pa3/eNsi MOM OLIEHKH COOBITHIA, HO BCETJa JaBai ceOe TPY/ BBICIYIINBATh
HeOIIM3Koe eMy MHEHHE J0 KOHIIA, JTOXOIUTh «JI0 CAMOU CyTH». DTa €ro yBaXHTEIbHOCTh K MHEHUIO
co0eceTHNKOB MMella MECTO U B APYTHX ciy4asx. JloBOIMIOCH OBITH CBUIETEIEM, KaK HEKOTOPHIE €ro

B Jlunee npuxnanaeix Hayk. CieBa HampaBo: A. A. Kuszes, C. I1. Kanmna, /1. U. Tpy6eukos, JI. A. Topuosa

Dypus I’ T, Manuneyxuu I I, Comunckuii I I, Ilotiznep b. H.
WzBectus By3oB. ITH/, 2023, T. 31, Ne 3 381



KOJUIETH, a TaKXKe BHICOKOTO paHra YHHOBHUKH M3 MUHHCTEpCTBa 00pa30BaHUs HECTH MOJIHYIO YYyIb,
a Jlmutpuii 1IBaHOBMY BHHMATEIbHO UX BBICIYIINBAJ, HCKPEHHE CTAapasCh OTAENATH 3€pHA OT IIJIEBEIL.

YacTh U3 00CYyXAaeMbIX BOIPOCOB KacajaCh aKTUBHOCTH HEKOTOPOH TPYMIIBI JIMOEpaIbHBIX
JiesTeNel, HallpaBIeHHON Ha BHEAPEHUE €IUHOTO TOCyNapCTBEHHOIO dK3aMeHa. CerogHs Mbl 3HAEM,
YTO B pe3ynbTare BHeApeHHus EI'D cymecTBeHHbIM 0o0pa3oM ymaa B CTpaHE YPOBEHb MHXKEHEPHOTO
00pa3oBaHMs, HO B Ha4YaJe HYJIEBBIX MHOTHM 3TO HE Ka3aJ0Ch KPUTHYHBIM. B X0my OBLIO MHEHHE OHOTO
BBICOKOIIOCTABJICHHOTO YUHOBHUKA: «HaM He Hy»HBI TBOPIIBI, HAM TPeOyIOTCsl KBaTU(GUIUPOBAHHBIE
notpebutenn». Emy Bropmin apyroi: «Her Hyxael camum pa3paOaTeiBaTh HOBBIE HeH. MBI Bce
Hieu KynuM Ha 3amaze, BMECTE€ ¢ MX HOCHUTEJSAMU...». Kak Obl TO HU OBIIO, HO 3TH TOYKH 3PEHUS
nomuaupoBanu B CMU, a Bcex npotuBHUKOB EI'D GyKBasbHO mIETEMOBAIH.

Koneuno, JIMutpuii VIBaHOBHY BHUIEN PHCKH, CBA3aHHBIE C IOCIEACTBUAMHU TOTAILHOIO IEepexona
Ha EI'D. B koHIle KOHIIOB, cTporo roBops, EI'D — 310 He mpo To, Kak CleAyeT y4uTh IIKOJBHUKOB. Peun
TOJIBKO O TOM, KaK MX TECTUPOBATh HA MPEAMET HAINYHS WIN OTCYTCTBHUS «OCTATOYHBIX CJIENOB 3HAHUID).
OH noapoOHO MeHs paccrpalinBajil 0 MO3UIUN BeAYIIHX By30B cToiuLbI o Bompocy EI'D. Ocobenno
€ro MHTEepecoBaja MOTHBALIMOHHAsS HedopMalibHas YacTh apryMEHTALUH.

KoneuHo, s He MOT OTBETUTh 32 BCE MOCKOBCKHE BYy3bl, HO HenIacHas nosuuus dusrexa ero
oropunia. PykoBomcTBo By3a TOro BpeMEHH PEIniio He UATH Ha KOHGPOHTAIMI0 ¢ MUHHCTEPCTBOM
0e3 Toro, 4ToOHI «criepBa monpoboBare». Ha ypoBHe dakynsreToB mobeamia TOUKa 3peHus: «A HaM
Bce B Kai(, B cTpyro U B xwry». CoOCTBeHHass CeTh NMPOBENCHUS BHIC3MHBIX onumiian MOTU
cocTosia nmpuMepHo u3 300 HaceleHHBIX MyHKTOB. Pa3BepThiBanue QenepaibHON CETH IS TOTAJIBHOTO
npoBefeHns Bcioxy EI'D MbIcIumock Kak TOTMOTHUTENBHBIN «TypOOHAAIyB» Ha COOCTBEHHYIO CE€Th. JTO
JOJKHO OBIJIO TOJIBKO YBEIMYHUTH YUCIIO aOUTYPUEHTOB B By3e. losoca o HemocTatkax cuctemsl EI'D
TOHYJIH B XOpP€ «Pa3yMHBIX MPHUCIOCOOICHIIEB.

Jmutpuii IBaHOBHYY OBUIO TTOHSATHO, YTO CTOJIWMYHBIC BY3bI, UCTIONB3ysl EI'D kak HeoTOTamHn-
TapHYI0 «(pOopMy OrpabieHHsD» U 00ECKPOBIMBAHUS IPOBHHIMAIBHBIX 00pa30BaTeIbHBIX YUPEKICHUH,
HaXoITCs ¢ MOCIEIHUMHU IO pa3Hble CTOpOHbI Oappukaxa. Te, KTo 3TO Bce 3aaymall, MONYyYWIH B
UTOTE MOJJICPKKY B 00EHX CTOJIMIAX, U JIO3YHT: « YMPH Thl CETOIHS, a sl 3aBTPa», — BBILIEI 338 CTCHBI
NEHUTEHIUAPHBIX YUPEKACHUNA U MOLIEN 0 IpOoCcTopaM yHUBEpcUTeTckol xu3Hu Hosoil Poccun.

HagsepHo, B 3T0 KOPOTKOH cTaTbeé HEYMECTHO OIUCHIBATH, KAKHE KOHTPMEPHI ObUIH MPEANPUHSTEL
. Y. TpyOenKkoBbIM U €r0 KOJUIEraMu, 9TOOBI CMSATYHUTH TocheaAcTBrs BHeApenus EI'D. Tlo-Buanmomy,
elle He HacTauo BpeMs TOBOPUTH 00 3ToM moApoOHo. Tak uiu uHave, HO, Aake OKMHYB HOCT PEKTOpa
CI'Y, Imutpuit iBaHOBHY CMOT CHJIBHO CMATYHTH TOT yAap, KOTOPHI ObUT HaHeceH BHeapeHnneM EI'D
BCell 00pa3oBaTeNbHOM crucTteMe CapaToBCKO# 00TacTH.

BenoMuHast 3T cOOBITHS CETOHSI, XOUeTCsl CKa3aTh, YTO JOJITOBPEMEHHbIE HAllMOHANbHBIE UHTE-
PECHI, B TOM YHCJIE HHTEPECHl B 00JacTH BBICOKMX TEXHOJOTHH M, KOHEYHO, B 00J1aCTH HEIMHEHHBIX
HCCIeI0BaHUM, BKIIIOYas MpoOIeMbl HCKYCCTBEHHOIO MHTEJIEKTa, HE MOTYT OBITh MCKIIIOUUTENBHO
IIPEpPOTraTUBON OIOPOKPATOB U INIAMYPHBIX YUYEHBIX, JIIOOAIIMX IOCEIATh 3apyOekHbIe KOH(GEpeHINU U
HOCHUTb MOJIHBIE IJIalY U3 bonoHbH.

JKu3Hp nokaszana, 4To NPEeICTaBUTEIH AIEKTPOHHON MPOMBIIIIEHHOCTH B CapaToBe U €ro OKpecT-
HOCTSIX HUKOTZIA HE CMOTJIM OBl BHOBB 3aITyCTHTB 3aBOJBI MO BBITYCKY BJIEKTPOHHBIX KOMIIOHEHTOB IJIS
HApOIHO-XO35MCTBEHHBIX YCTPOUCTB, ecin OBl Takue MaTpuoThl, kKak Imutpuit iBanoBna TpyOerkoB He
COXPAHWJIN HayYHBIE LIKOJIbI MIOATOTOBKU KaJIpOB, CIIOCOOHBIX «B YCIOBHSAX HEONPENCIEHHOCTH» PEeIlaTh
BaYKHEHIINE HAYYHO-TEXHUUYECKHUE 3aJ]aul B CaMBbIE CHKAThbIe CPOKHU.

OtaenbHOE CIOBO XOYETCs CKa3aTh O KOMIbIOTepIIMKax n3 CapaToBa. MHE HEOOHOKPATHO JOBOIM-
J0Ch 10 paboTe BCTpeuarses ¢ npenacraButensmMu 1T, momyuusimMu obpasoBanue B CapaToBe, U Kax bl
pas3 s J0BWI ce0s Ha MBICIIH, YTO TI0 MIMPOTE CBOETO BOCTIPHUATHS IPOOIEM OHU BHITOAHO OTIMYAIOTCS
OT «y3KuX creruanuctoBy. [lomo6Ho oTnmuunio Bonru B paitone «Bomkckux nanein» ot Toi ke Bonru B
ee BepXoBbsX, Win xe oT Cenbl, D1nb0bI 1 TeM3bl, IPOTEKAIOIINX B U3BECTHBIX CTOJIMLAX. Y MEHS HET
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Ha mixone «XAOC-2013». Cnesa nanpaso: J[. 1. Tpy6euxos, A. H. ®neiimman, A.I1. Cyxopykos, I. T. I'ypus

JIOKa3aTeNIbCTB, YTO 3Ta HKCHO3UIMOHHAS IIUPOTa €CTh MPSAMOE CIIEACTBUE PAa3BUTHS U MPOPACTAHUS
B CapaTOBCKOH KyJIBTYpPHO-00pa30BaTeIbHON Cpeie «CeMsIH aHTHYHOTO TTOX0/1a, TPOIBUTABIIIETOCS
. U. Tpy6eukoBeiM. Ho, TpemieH, 1 UMEHHO TakK U JyMaro.

B zaxmrouenne xouy nmpuBectr dparMeHT Hamero ¢ Jl. M. pasroBopa. Kak-To oH cipocui MeHS:
«Koro Bprl, I T., Mo)xeTe BBIOENUTH CpeAH CaMbIX SIpKUX Ipenopasarened Ha Pusrexe?» Hemomnro
Iymas, 1 ckazain: «OZHOTO BBIIEIHTH TPYAHO, HO B TPOHKY CaMbIX APKHX, C MOEH TOUKH 3pEHHS,
BoizeT corpynHuk Mucruryra xumuuecko pusuku AH CCCP, npodeccop Eprenuii EprenseBnu Huku-
TrH. OH OnecTsIe YuTaa HaM Kypce “OieMeHTapHbIe aTOMHO-MOJIEKYJISIpHBIE TTpoLecchl ». AmMutpuit
WBanoBuY ynbeIOHYsICS 1 cka3an: «OH Halll, CapaTOBCKUM!».

A storo He 3Han npo E. E. HukuruHa, HO cdyen HyKHBIM 3aMETUTh, YTO U OCHOBarenb VHCTUTYTA
xumuaeckort ¢puzuku AH CCCP, B koropom pabotan E. E. Hukutun, HoGenesckuit nmaypear Huxomaii
Huxomnaesuu CemeHoB Toxe ypoxener; Caparoa. [la, rosoput . U., on aBaxns! ['epoit Conmanucrude-
ckoro Tpyna, eMy yCTaHOBIIEH OFOCT HelaJdeKo OT YHUBepcUTeTa. 3Has, uro Jmurpus MBaHoBuda TpyaHO
YVIOUBHUTH UCTOPUYECCKUMH (pakTaMu, Bce-TaKd Cyell HyXKHBIM 3aMeTuThb, yTo H. H. CemenoB ctosin y
uctokoB oprannsanuu MOTU u paxynereTa MOJICKYIIPHON U XUMUICCKON QU3UKHN, KOTOPBIN S OKOHUHIL.
Jmutpuii IBanoBu4 3amymarcs, a HOTOM ckasai: «/la, HenmMHelHbIe HayYHbIE CBSI3U U “COMMKEHUS”
OBIBAIOT OYCHb NPUXOTIMBEL. Y HAC B YHUBEPCUTETE €CTh ayIuTOpHUs, B KoTopoii Hukonait MBanoBud
BaBuiioB BriepBbIe MPOYEN CBOIO 3HAMEHHUTYIO paboTy O TOMOJIOTMUECKHX pAnax. Bul, BeposTHO, 3HaeTe?»
«Kak mMHE HE 3HaTh, — TOBOPIO 51, — Benb 310 Bol, mutpuii MiBanoBud, ocensto 2000 roga ymocTommu
MEHSI BBICOKOH YE€CTH MPOYECTh B ATOM CaMOW ayIUTOpPHUH mHepel wieHaMHu yyeHoro CoBeTra JEKLHIO
0 HETMHEWHBIX MPOoOIeMax aKTHBALMK CBEPTHIBAHUS B MHTEHCHBHBIX ITOTOKaX KPOBH.

[To mumy Jmutpus MBaHoBHYa OBLTO BHIIHO, YTO €My NPHUSTHO, YTO «CBSI3b BPEMEH» HE pa3o-
pBanack. X04eTcs BEpUTh, YTO HE NIOPBETCS OHA M B JajibHeleM, a namsath o Jmutpuu MBanoBuye
TpyOerkoBe, kKak OCHOBaTele «HEeTUHEHHOro dopriocta Ha Bonre», ocranercs xuth B Poccuu u 3a ee
npezenaMu, TOKoJIe Ha CBETE «OKUB OyIeT XOTh OIUH ITHUTY.
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7Ku3Hb — Bellb HHTEpPecHas

I I Manuneyxuii

OTH 3aMETKH 0 3aMedaresIbHOM 4YelloBeke, OJecTAIeM yIeHOM, TieJjarore, opranusarope, Jmurpun
WBanoBuye TpyOeLkoBe MHE MHCATh OHOBPEMEHHO TPYAHO M JIETKO. TpynHO, MOTOMY UYTO HE yKJia-
JIBIBAETCSI MBICITB, YTO OOJIBIIE HE YCIBIITY €r0 ONTUMUCTHYHOTO, PaJIOCTHOTO TOJIOCA, YTO HE MOIYUy
OoJIblIIEe €ro YyJEeCHBIX [TMCEM, HAIIMCAHHBIX «IIPAaBUIBHBIMY, «IIKOJBHBIM» [TOYEPKOM, HE IIPOUTY €ro
3aI0pHBIX CTUXOTBOPEHUH. . .

Jlerko, mOTOMY 4TO B IyIlle )KUBET U COIPEBAET €€ OIIYIIEHNE HAIIUX CBETIBIX, TEIUIBIX, PafoCT-
HBIX OTHOIIEHWH ¢ HUM. BOJBHO WM HEBOJIBHO MBI «KJIacCH(PpHUIMpPyeM» CBOMX Apy3eH, 3HAKOMBIX,
KOJUIET, pa30upaemMcs, Ha KaKylo IOJIOUKY €ro «IHOJOKUThY. [locie Heckonbkux BeTped ¢ Jmutpuem
VBaHOBHYEM I OLIYTHJI, YTO BO MHOTOM YyBCTBYIO €r0 TaK e, KaK ObIBaeT MPU BCTPEUE C MOUM MAIIOMH.
Teruto u pagoCTHO OT €ro MPUCYTCTBHS, ACN, IIyTOK, YIbIOku. Y TopHTOHa Yaiinmepa ecTh Takas
MBICITb, — YTOOBI YeJIOBEK OBLT CYACTIIMB, Y HEr0 JOJDKHO OBITH IIeCTh Apy3el. J[Boe crapiue Hero, 1Boe
— MIajle, JB0€ — NPUMEPHO OJHOTO ¢ HUM Bo3pacTa. IMuTpus VBaHOBHUYA 51 BCErna YUCIUI CPENU
CTapLIMX APY3€H.

IlepBoe sipkoe BIIeHaTIEHUE OT COBMECTHOIO JeNla — Nepensianue KHUru « Beenenue B cuHep-
TeTUKY AJISl TyMaHUTapueB». 51 OblI 04apoBaH STOH yAMBHUTEIBHOM KHUIOW, OOJBILION, MOAPOOHOM,
C IBETHBIMM KapTHHKaMHu. Becenble HaamMcH BBI3BIBAIH YIBIOKY, «IPHU3EMIISIIN HAYYHBIH TEKCT H
JlaBajy OIIYIIEHHE, YTO BCE 9TO MOXKHO OCBOMTH U MPUMEHNTH. HO I[BETHBIE BKIIAIKN JOPOTH, TOJICTYIO
KHHUTY HE KyTISIT, TyMaHUTapuH BCE 3TO «HE MOTIHYT», — Y pyKoBoacTBa u3narenscTBa YPCC Obimn
cBou pe3oHbl. HopmanbHas paboTa, 0OCyXIeHus, CIOpsl, yTOUHEHHE JeTanel

OnHa U3 IIyTOK KHUTH MOKa3ajgach MHe XecTokoil. S Hamucan [Imutpuio MIBaHOBHYY O TOM, 4TO
e€ myume cHiITh. CHadaja ObUTH BO3paXKEHHUS, a TOTOM TeIe(QOHHBIN Pa3roBop:

— Orto He Bama mrytka. Bel He Taxoil. U xHura He Takad. J[aBaliTe cOXpaHUM B BEYHOCTH
Bawr ctuns.

— HagepHo, BbI npaBsl. Jlagno, naBaiite. S He Oyny HacTauBaTh.

MeHs o4eHb NOPasoBaIo TOTAA TAKOE B3aUMOIIOHUMAHUE.

Jmutpuii MiBaHoBUY 1o3Ba MEHA Ha LIKOJIy AJs MonopbIXx B CaparoBe. OHa IpoXonuia B 1OMe
OTIbIXa, HAa TOPKe, C BUAOM Ha Jiec. «ToNbKO TaM MpoOJIeMbl C OTOIUIEHHEM, MOXET OBITh, OyIeT
XOJIOTHO, — HAITyTCTBOBAaJ OH MEHs, — BO3bMUTE IIANOYKY IS CHa». KOHEYHO, 1 BOCIPUHSI 3TO Kak
LIYTKY ¥ HE 03a00THIICS CHalIbHOM IIArno4YKkoi. B mepByto ke HOub B MIKOJIE st 00 3TOM OYEHb TIOXKaJIEI.
Ecnu ckazarb, 4To OBUIO XOJIOAHO, TO 3TO HUYETO HE CKa3arh.

Jlekuuu u 3acenaHus ObUIM B CHOPTUBHOM 3alle, CPEAN MAaTOB U TYPHUKOB, CIIOPTHBHBIX CKaMeEeK.
Ox3otrka. Ho 9t0 Bce 3TH Menmkne Heyo0CTBa 110 CPaBHEHUIO C CHHEPTETHUKOM !

VY Imutpust IBaHOBHYA ObLT MpeKpacHbIi 1ap MpeBpaliaTh To, B Y€M OH y4acTBOBAJI, B MPa3IHHUK.
Ero pagoBanm mocTrkeHus, yCHeXH, yaadu ONU3KUX, YIEHUKOB, KOJUIET, BBIIAIONINXCS YUEHBIX. JTO
MPOSABIISIETCS B €T0 TEKCTaX O BBIJAIOLIUXCS YUEHBIX — PaJOCTHOE YIMBIEHHE OT TOTO, YTO JIFOIU
HNpUAYMaNIH, U3MEPUIIH, CACIAIH.

Kak-To B TakoM OTHOIIEHHH MHE OH caM IpusHaics. [Ipu o0CcyXIeHnH NOMyJIIpHOTO MUcaTelis
oH 3aMerun: «He noHumMaro s ero. B ero kHurax nopagoBarbCsi HEUEMY».

HagepHo, HE 0OUEHB MPaBUIIBHO CPAaBHUBATh HAYYHBIE IIKOJBI, HO, BUIUMO, 3TO CTOUT CHENATh.
B cBoe Bpems oueHb nomyisgpHa Oblja MIKoJIa IO HENWHEWHBIM BOJIHAM B caHaropuu nof [opskum. Macca
Onecky — ctuxu nocie gexuuil. OObsiBICHUS Ha 3Taxax Bpoje «yauna benoro, nmpocnekT ['opbkoro,
nepeynok Kpacroroy». U npu 3ToM olyIieHne KOHKypeHIIUH, conepHudecTBa: «OHU PEeKIaMHYIH, a MBI
pesyasrar nonyumin!» CBoeoOpa3HbIid 00pa3 HAyKH KakK CIIOpTa.

B mxonax JIMutpust MiBaHOBHYA [TApUITO OIIyIIEHHE OOLIeH yAaud OT TOro, KaKk MHOTO OTKPBUIOCH
HaM B HEMMHENHHOM MHpe. JTo, CKOpee, OllyllleHne CKyccTBa. Ha ofHON M3 IIKOM g BIEpBbIE YCIBIIIAT
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codeTaHme, oTpaxkaromee e€ CyTh — «HE3pUMBIH Koimemk». eicrBurensHo, B 1640-1650 rogax
CYIIECTBOBAN KIy0 aHIIIMHCKUX YYEHBIX-HATYP(UIOCOPOB U MHTEIUICKTYallOB, PA3BUBABIIUX WICH
smnupusMa Opencrca bokona u cantaBmux, 4to «3HaHue — cuiay. OHU Ha3pIBANIH ce0sl «HE3pUMOit
koyuteruei». Iloxke 3TOT KoJUTeHk TpeBparwics B JIOHIOHCKOE KOposeBckoe obOmecTBo. HazBanume
Bo3poxun B 1970-x romax [epek Ilpaiic, oTHOCS ero k rpymnmnam y4eHbIX, paboTaronMX OXHOBPEMEHHO
HaJI OJIHAM KPYTOM IpoOJIeM B Pa3HBIX OpraHM3alUsAX U CTpaHaX.

DTo Ha3BaHUE MHE KXKETCS OYeHb INTyOOKUM M IMOHUMAThCA ceildac JTOJKHO Mo-uHOMY. EcThb
MIPOTHBOPEUHE MEXKITY HAyKOW-CIIOPTOM C CONMEPHUYECTBOM, TpaHTaMHu, (OHIAMHU, XUPIIAMHU H [TUTH-
poBanuem B Scopus u Web of Science, u nmoznanuem. I[lepBoro, oueHb yI0OHOro 1Jisi OIOPOKPATOB,
cTaHOBUTCS BcE Oonble. BToporo, cBsI3aHHOTO ¢ MEUTOM, ¢ MPOPLIBOM B Oyayliee, Bce MEHbIIE. DTO
YIUBUTEIBHO, TIOCKOJIEKY UMEHHO Ceifiuac CTaHOBHUTCS SICHO, KaKk Majo MbI 3HaeM. B Hauane XX Beka
OyIymieMy KJIacCUKY OOBSCHSIIH, YTO €CTh HEYBA3KHU C IBIKEHHEM ITPOBOIHUKOB M M3yYEeHHEM a0co-
JIIOTHO YEPHOTO TeJa, & BCE OCTAIBHOE yxKe TMOoHATHO. Celyac MBI yMeeM ONHCHIBATE JHIIEL 2% BEIIECTB
Bo Bcenennoil, u masHast mpoOieMa — JIIOAM, JKENAIOIMe MOHATh U HCCIe0BaTh OCTAIBHOE.

DTy U He3pUMOro KoJUIe/ka MBI He pa3 oOcyxaanu ¢ JMutpuem VBaHOBHYEM U €ro JAPyrom,
IOnuem AnekcanapoBuueM JlanunoBbiM. 3HaHue FO. A. JIaHUIIOBBIM Ji€CSITKa C JIMIIHUM SA3bIKOB U
TMEPEBOA COTHU C JIMITHUM KHHUT, 6.]'131"021&1)5[ KOTOPBIM MbI CTAJIM HAMHOTO JIYYLIC ITPEACTaBIATE MUPOBYIO
(HU3HKO-MaTeMaTHUECKYIO KIIACCHKY, TPYAHO NepeoleHnTb. O0a OHM TOBOPHIIH O «KEHTABPUCTHKEY» — MO-
CTe MEXAY €CTeCTBEHHBIMU M TYMAaHUTAPHBIMU HayKaMu. IMEHHO 3TOT UX B3IV CO3BYUEH CUHEPIEeTHUKE
Y TIPOJIOJDKAET MPHBIIEKAaTh K HEW OYeHb MHOTHX.

Wnero crHepreTHdecKoro Kouieaka BOIUIoNaeT xypHan «3Bectus By30B. [Ipuximagnas nenn-
HelHas TUHAMHUKa». B 3TOT m1yOokuii, HHTepecHbII 1 Becenblil xKypHan Jmutpuii IBaHOBUY BIOKHI
OuYeHb MHOTO. POJIb 3TOrO M3MaHUA AJISl OTEYECTBEHHOM HENMHEHHON HAayKU OTpOMHA...

C JImutpuem VBaHoBHMYEeM OBLIO OY€Hb MHTEPECHO TOBOPUTH — €T0 TOYHOCTh U OCTPOYMHE
Bocxumiany. OnHaKo, Kak 1 B 6ecenax ¢ MOMM MAIo#, paJjocTh OT OOIMIEHH, OT TOTO, YTO OH TYT, ITEPE/I0
MHOM, ITpeBOCX0MiIa Bce ocTanbHoe. 1103ToMy 0 MHOTOM Ba)KHOM MBI HE ITOTOBOPUIIM, MHOTOE OCTaJIOCh
HeJocKa3aHHbIM... O0Iee onyIeHne 0T OOIIEHUSI C HUMH CBSI3aHO C TeM, YTO MHOTHE JETaJIH Ka3allch
HEeBaXHBIMH. B nymie Oblia moiHast yBepeHHOCTbD, YTO ATH J[Ba YEJIOBEKa HAMIYUIIUM 00pa3oM CAENaloT
BCE, 4UTO HAJI0, pEeIIaT CTOSIINE MPOOIEMBI, a €CITH 3aXOTAT, TO MHE 00 3TOM PacCKaxyT.

Cnesa nanpago: [. I. Comunckuii, I. I. Monocos, /. . Tpy6enkos, 0. A. [lanunos
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Koneuno, s 3Har0 JuIe HEOOMBIIYIO YacTh peanbHocTH JMutpus MBanoBuya. Ceifuac ¢ y10BOJIb-
CTBHEM paccHpocuil Obl ero 0 pekropcTBe. Korna npuesxaeiib B HE3HAKOMBIH TOPOA, TO BO MHOTOM
BOCIPMHHMMAEIIb €TO IVIa3aMH YeJIOBeKa, KOTOphIid npuriacui Teds. [locne xkaxaon moe3nku Kk JAMuTt-
puto IBaHOBHYY y MEHA BO3HMKAJIO ICHOE IOHHMAaHUE, YTO IaBHOe B CapaToBe — 3TO YHUBEPCHTET.
O kaxaoM ¢axyibTeTe OH TOBOPHI MHE € IITyOOKHMM IMOHMMAaHHEM H JIIOOOBBIO KO MHOTUM, KOTOPBIE
paboTanay Ha HUX.

C yIoBOJBCTBHEM OH paccKasblBajl MHE HCTOPHIO IPO TO, KakK «pedopMaTophl» PELIHIIN «Iepe-
YCTPOUTH» BCE Tak, YTOOBI TUBHOE YHUBEPCUTETCKOE MECTO C SOJMOHAMH MONUIO MO Aa4H. JMUTpwHii
VBaHOBUY yCTpPOMII COBELAHKE IO 3TOMY ITOBOY UIMEHHO B MECTE, KOTOPOE XOTEIH «OTTANATH», OKOJIO
TeX caMbIX fA070Hb. ECTeCTBEHHO, BceM cpas3y CTajlo SCHO, YTO HAJ0 COXPAaHHUTH BCE TaK, KaK €CTh.

C ynbpIOKOM OH paccka3piBall MHE MPO Helaasl ¢ rydepHaTtopom . M. ASmkoBBIM. 3ByJasio 3T0O
MIPUMEPHO TaK. «Y Hac MpoluIa MPorpaMma Mo MOAJEP)KKe CTYISHYECKOW MOJIONIEKH BY30B. S, Kak
npezceaTeab MECTHOTO COK03a PEKTOPOB, BBICTYNMII, YTOOBI TOOIAroJapuTh MECTHYIO aAMHUHUCTPALHIO.
U rosopro:

— JKu3Hb-TO HanmakuBaeTcs. PaHbIlle EHBIM MIPOCHIIN HA PEMOHT TEKYIIMX KPBIII, Ha TyaJeThl,
a ceiiyac Ha MOJIOAEKb, Ha TOAJIEPHKKY JIyUIIHX...

W npouutuposan:

— He ynmBasicwy croBecamu,
JKu3Hp yOekmaeT HaC OMSATh:
Tamantam HaJ0 MOMOTaTh,
Be3mapHoctu npobbroTCsS cami.

I'yGepHarop moxpacHesn, OH, BUIMMO, HE YNTaJI 3TOro cTuxoTBopeHus JIrBa O3epoBa, u crpamu-
BaeT: “Brl umeere B Bugy MeHa?”

C aToro Hemaasl ¥ HAuYaJIHChy.

Hy, a nmpo 1o, Kak MecTHbIE JHIEePb! TPEOOBATIH YBOJIUTH H3BECTHOTO UCTOPHUKA, KOTOPBIH «BBICOKO»
OLIEHWJI HayYHBIH YPOBEHb PETMOHAIBLHOTO PYKOBOAUTENS... TyT HyxHO nepo [oromns unu CanteikoBa-
[lenpuHa...

HewmHoro 3annmasich aiMUHHUCTPHUPOBAHUEM, IOHUMAIO, YTO MHOTO HEJIETKHUX MOMEHTOB OBLIO
C PEKTOpPCKOH AesTenbHOCThI0 JMmutpus MBaHoBHYa. B To Bpems, koraa BCE BOKPYT PYLIMIOCH, OH
OTCTPOWJI HOBBIH Kopmyc. Bbl co3nan ¢axyasTeT HeIMHEWHBIX MPOLECCOB — €AMHCTBEHHBIM B CTpaHe.
B Caparose nonro u ycnemHo pa3BuBaiack CBU-anexrponuka. murpuii IBaHOBHUY «CKpecTHI» €&
C HEJIMHEHHOW AMHAMMKOM, CO34all CBOIO HAYyYHYIO IIKOIY. A MOTOM Hadallach «3pa Xaoca» M 311eCh
pa3paboTKM OTEYECTBEHHBIX yUEHbIX, B 4aCTHOCTH, paboraBmux B CapaToBe, B KOHTEKCTE JIEKTPOHHUKU
U paguoU3UKK OKa3aJluch HA MUPOBOM YPOBHE.

B kosuteqpxe MpUKIIagHBIX HAyK OH HA4all YUUTh LIKOJIBHUKOB cuHepretuke. IIpekpacHoe neno
YUTaTh CBOIO HAyKy JIOOMMON BHYUKe!

Kazanoce 651, «3ddeKkTHBHBIE MEHEKEPBD) TOJKHBI H3 CBOMX YUCTO OIOPOKPATHYECKHX HHTEpE-
COB TIOIZICPXKUBATh TaKWX BBTAIOIMUXCS Jironeii. Ho He TyT-To ObLITO!

[Momnro, kak JImurpuii MiBaHOBHY ¢ yIbIOKO# Hepecka3biBall Oecey ¢ YHHOBHUKOM U3 «Cle-
IYIOLIEro pekropara». I TOT Ha NOJHOM cepbE3e FOBOPUI BBIAAIOIIEMYCSI YUYEHOMY CTpaHbl: «MBbl
061 ¢ ynoBonbscTBHEM Bac yBommim. Ho ceifuac 3to He cpasy momyuutcs. Bac cnmimikom MHOTrMe
HOJIEPIKUBALOT...»

OO0 sToii poccuiickoil mpobieMe Mbl HECKOIBKO pa3 roBopunu ¢ Jmurpuem MBanosnuem. S Bemo-
MHHAJ TOpPbKHE CTPOKH BhiAatomierocst uctopuka B. O. KitoueBckoro: «B Poccun HET cpeaHnx TalaHTOB,
IIPOCTBIX MAacTEPOB, a €CTh OJMHOKUE T€HNH M MUJUTMOHBI HUKY/Aa HE TOIHBIX JItofied. ['eHnn Hudero He
MOTYT CIEJIaTh, IOTOMY 4YTO HE MMEIOT NOAMACTEPHEB, & C MIJIIMOHAMY HUYETO HENb3S CAEIATh, IIOTOMY
YTO Y HUX HeT MacTepoB. [lepBrie Oecrones3Hbl, IOTOMY YTO MX CIMIIKOM MaJlo; BTOpbIe OECIIOMOIIHEI,
IIOTOMY YTO UX CIIMIIKOM MHOIOY.
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«A wmpl tonpodyem. Ceifuac MHOTOE H3MEHWIIOCH. Y HAC JOJDKHO MOYYUTHCS!» — ¢ YIBIOKOH
3aKOHYMJI TOT pasroBop JAmutpuit iBanosuy. U aeficTBUTENBHO, MOMYYHIOCH YAUBATEIBHO MHOTO —
u te cambie CBU-niprOopHkI, KOTOpPHIE CBSI3BIBAIOT C HAIMOHAIBHOMN 0€30MaCHOCTHIO, U HAay4Has IIKOJA,
U KypHaJI, ¥ 3aMedaTebHble KHUTH, U (PaKyJIbTeT, U ITaBHOE — TOT CaMblii «HE3pHMBIN KoJIek». Benp
TeM, KTO MIPHUJET IOCIIe HacC, B3JIETETh OyAeT Jierde, a yTBep KACHHS, BOKPYT KOTOPBIX Hallle MOKOJICHNE
JIOMaeT KOIbs, OyIyT Ka3aTbCs UM a3aMHU.

VYIUBUTENBHOE AETCKOE OLIYIEHUE — XOTS YK€ JOBOJIBHO MHOTO 3HAEIlIb, KAYKETCS, YTO JOPOTrHe
¥ OYeHb Ba)KHBIE JUISI HAC JIOnW OymyT *KXUTh Bcerga. Tak s MOACO3HATEIHHO OTHOCHWIICSA M K TIarie,
u xk mutpuro MBanoBuuy. Beerna kas3anoch, YTO BpEMEHU BIIEPEAN OYE€Hb MHOT'O — MBI BCE yCIeeM
0obcynuTh, cuenarb, H3MeHUTh. Ho Korma BpeMeHa MEHSIOTCS, NbITaellibCsi MOHATh, KaKue IVIaBHbIE
YepTHl BA)KHO COXPAHUTH B MAMSITH WM, TOBOPS S3bIKOM CHHEPTeTHKH, KAaKOBBI T€ MapaMeTphl MOpsAAKa,
KOTOPbI€ U3MEHWIN MOIO U MHOTHX JIPYTHX JIIOACH >KU3Hb.

VY Amutpus VBanoBu4a st Obl BLAETHI ABa Hayana. [lepBoe — orpoMHasi SHEPTUS U ONITUMH3M.
Ero Bcernma «0pmo MaOTOY. Kaskaprii pa3roBop ¢ HUM OBUT 3HAYMM, B K&KJOM €r0 MHChME WIIH TPeJIo-
KEHUU — HOBOE, TBOPYECKOE, HEOOBITHOE.

OH yIUBHUTEIBHO MHOTO YCII€BaJ — €3IWI Ha KoH(pepeHInH, ynTtan Jekuuu B MI'Y, Ben kypc B
MU®MU, nucan, anurain, o0cykaan. Bradane MHE XOTEIOCH BCTPEUAThCSl C HUM TOYale, 1Mo KpaitHei
Mepe, BO BpeMs Moe310K B MOCKBY, a IOTOM MPUILIO OUlylieHue, yto Jmutpuil IBaHOBUY OCTOSIHHO
PSIOM, HEJAIEKO, U BCE BPEMsI MOXKHO C HUM CBS3aThCSL.

ITockonbKy 3a CITUHO#M y HETo OBIIO HACTOAIIEe, OONBIIOE NIEeT0, K MOYSCTIM M HEen30eKHOH
cyeTe OH OTHOCHIICS ¢ FoMOpoM. BTopasi ocHOBa — 3T0 xu3Hb B OyaymieM. VIMEHHO 1O3TOMY YYEHHKH,
CTYICHTBI, IIKOJIbHUKH, BHYYKH ObUIM Ha TiepBoM TutaHe. C yIOBOJNILCTBHEM paccKa3biBajl OH O Oecene
C BHYYKOH, KoTopas Bockiunana: «Hy, moueMy y Hac B ceMbe TOJNBKO JBa aJI€KBAaTHHIX 4deioBeKa?!
— A kT0 agexBarHbie-T0? — Hy, Tl Aa a».

J1. U. TpyGenxoB Ha nocnieHeM 3BoHKe B Jluiee mpukiaaHeix Hayk, 2016 ron. [lepsas ciipasa B mepBoM
pany U. A. Tpy6erkoBa
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B onuH U3 HamuX MOCIEIHUX Pa3rOBOPOB PEyb IIjia O €ro KHUTE, IOCBIIEHHOW TEOPUH TOI00HS.
N oH pacckazan MHe myTiuBylo ucTopuio. Korma oH 3amuian JOKTOPCKYIO, OAMH U3 ONIIOHEHTOB
3ameTiin: «Teopust momobuss — 310 TOomOOHe Teopum». OH oTBedar: «Cama CBSI3b 3TOTO METOIAa B
BalllMX CJIOBaX C TEOpHeEl MOJHUMAET €r0 Ha OYCHb BHICOKUI YPOBEHB». TYT yiKe KPBITh ObLIO HEUEM.
WU o kHHure: «OTY KHUTY HAJIO0 BBITYCTUTH, OHA MHOTHM pedATaM O4eHb TOMOXKET).

Hymaro, 4To sipkasi, yIuBUTEIbHAS KU3Hb IMuTpus MBanoBuya, ero /ena, MBICIH, IIaHBI TIOMOTIIN
MHOTUM JroAsiM. U ele oueHb MHOTMM IIOMOTYT.

Uro ocraetcs? KakoB «cyxoit octatok»? Bpemsi — sxectokuii pegaktop. U ciemyroriee moKoieHue
3a0bIBaeT UJICH, YIBIOKH, IIYyTKH, JIEJIa BBIIAIOLINXCS JIFOJICH. ..

Ha moit B3mIs1, 60BIIMM W OY€Hb Ba)KHBIM JIETIOM SIBIIA€TCA cepusi KHUT «CHHEpreTuka: oT
MPOILIOro K OyayrieMy». Bo MHOrOM OHa coCTOsUIach U BCTajla Ha KPBUIO Olarojaps KHUraM M SHEpruu
dmutpus MBanoBuua. Ero ynuBUTENbHBIN Jap coueTaTh €CTECTBEHHO-HAYUHYIO U TYMAHUTAPHYIO KYJb-
TYPBI CBITPAI 3[IECh OTPOMHYIO POJb. TPyIHO OBUIO MOJIOMATH TUCIUILTHHAPHYIO MATPHITy — MaTeMaTHKU
JIOJDKHBI TTUCATh IS MareMaTHKOB, (DM3UKU — JJIsl (PU3MKOB, TIOSTHI — JUIS IMOATOB. BIOXHOBEHHBIE
nekuuu [mutpus IBaHOBHYA MOKa3aiy, YTO TyMaHUTAPHSIM WHTEPECHBI HAXOIKH M MPOOJIEMBI ecTe-
CTBEHHUKOB, 2 €CTECTBEHHUKAM 3BE3/[bl TYMAHUTAPHOTO 3HAHHS CTalld ropas3no onmmxke. B HacTosmiee
BpeMs B YIIOMSIHYTOH CEpUH TOJBKO Ha PYCCKOM SI3BIKE BBHIITYIIEHO 0OJIee COTHU KHHT, Y HEKOTOPBIX —
no 6-8 u3manuii. OHU (QOPMUPYIOT CETOTHSIIHIOI HAayYHYIO PeajbHOCTh M OyAyT ONpeAessTh ee
pa3BUTHE AaJIbLIE.

Eme oana BakHasi yepra, KOTOpasl OCTajach C TeX JAJIEKUX BPEMEH: MHTEPEC K Xaocy B pa-
muodu3uKke U TeopuH CBsi3u. B cBoe BpeMs B POCCHIICKOM OTKpPBITOM YHUBEPCHTETE OBLI MPOEKT
«Mudopmxaocy, a B pe3ynbrare UccienoBanuii madoparopun npodeccopa A. C. JImutpuena u3z Uactury-
Ta PaJAUOAICKTPOHUKHU CTANO MOHITHO, HACKOIBKO HHTEPECEH M MEPCICKTUBEH BapUaHT UCIOIH30BAHUS
JMHAMHUYECKOTO Xaoca B nepenade nHpopMarwd. lymaro, 9To 3T0 TOXXe onpenenuT Oymymee. Konedno,
«IIIYMOTPOHBI», JIeIa KJIaCCUKOB, CITIOPbI M HaXOIKH OCTaHYTCS B MPOIUIOM, a paboTaroIne CHCTEMbI
OyIyT BOCIIPHHHMATKCS KaK caMo co0oii pasymeromuecs. Eme oHa Belib, Ha KOTOPYIO XOTEJIOCH OBl
HaZEsThCS, 3TO YIUBUTEIBHOE OTHOIIIEHHUE K JIIOASIM, KOTOpOE S BHOBH M BHOBB BHel B CapaToBCKOi
Hay4yHOU mkoine. Y Jmutpust iBaHoBHYa OBUIO YIUBUTENBHOE COUYETaHHUE MYIPOCTH H toMopa. OH ¢
OONBIINM TTOIBEMOM U YBKEHHEM PacCKa3bIBAII O JeflaX CBOMX KOJUIET, IIPeToiaBaTeiell U CTyIeHTOB,
HE3aBHCUMO OT CTETICHEH U 3BaHMA, IPU3HAHUS WU OMaNbl. 1 Kak-TO CIIPOCHII €r0 MO €ro KHU3Hb MMOCIIe
pekropcTBa. «KU3Hb NpekpacHas, UHTEpeCcHasi, 3acayKuBarolas BHUMaHusl. JKUBY s1 B cyMacIlIeiieM
noMe, HO omnyHO». «Ilouemy xe ormmano?!» «IloTomy 4TO 51 — B camMoi manmbHed manarte, Kyaa
Ha4yaJIbCTBO 3aIVISABIBAET PEAKO», — YCIBIIIAN 51 OTBET.

Hmutpuit UBanoBuY ymen ynupisaThes. Korma s BOCKIMIIA, YTO HAIIA PYKOBOAUTEIH SHEPTUUHO
MEPENUINBAIOT CYK, Ha KOTOPOM CHJIST, U U3YMJISUICS MX TIIYIOCTH, TO OH OOBSICHAN, YTO 3TO HE TIIYIOCTh,
a yM TaKoOM.

U B xuurax, u B paborax AMuTpus MBaHOBHYA BUIHA YIUBUTENbHAS H300peTaTeNbHOCTD. Jlymato,
YTO 3TO CBS3aHO C 3aHATHAMH paguodu3nkoir. OH MHOTO JIET PyKOBOAMI Kadenpod 3IeKTPOHUKH,
KoJIeOaHMI ¥ BOJH, MPOAOIDKAS TPAIAWUIINN 1 3aKJIabIBasi OCHOBBI HOBBIX HaIpPaBICHUIL.

51 xak-To pacckaszan eMmy O CBOeM panuodu3uveckoM ombite. Ha BOGHHON MOATOTOBKE M3 HAC
TOTOBWJIN O(HUIIEPOB 3€HUTHO-PAKETHBIX KOMILIEKCOB. J[0 CHX IO CYHMTAr0, YTO MMITYJIbCHAS TEXHUKA
U PaguoONIOKAlAS — BEIIHM MUCTHYECKHE, a B TEX CXeMaX, KOTOPhIC 3aHUMAIOT BCE MPOCTPAHCTBO OT
CTEHBI JI0 CTEHBI, MOTYT pa300paThCs TOJIBKO BBHIAAIONIUECS JIOAN. Y Hac ObUTH JabopaTropHbIe PaboTH,
Y TIOYEMY-TO Ha KOKJOW M3 HUX MHE YIaBAJIOCh HailTh 3—4 HOBBIX HeNWHEHHBIX dddekra. A mpemraran
HallleMy Mafopy UCCIe0BaTh XOTsS Obl OIMH U3 HUX, TOTOMY YTO TYT HEJIMHEWHOCTh HA HETMHEWHOCTH
CUJINT W HETMHEHHOCTHIO TIOTOHSET. S paccka3biBall 00 ATHX MPHUKITIOYeHISIX JMuTputo MBaHoBHYy, OH
JIOJITO CMESIICS, a TIOTOM CKa3all, YTO MEHsl OYCHb HE XBaTaeT y Hero Ha kadexape, naii bor et 310poBbsi.
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B mepepsiBe Mexny 3acemanusiMu B Axagemuu Hayk, 2013 roxm. CmeBa HampaBo: A.M. Ceprees,
M. . YepnoOposuesa, A. I Jlursak, . 1. Tpy6enxos (poto E.I. TpyOeuxosoit)

[Moxany#, ojiHa BayKHas BElllb HE yAanach. bbuto Obl BaXXHO JOOUTHCS OHUMAHUS TPUHIIAIHATb-
HOTO 3HAYCHUS HETMHEWHOW HAYKH U MEXKTUCIUILIMHAPHBIX TOAXO0I0B B HAYYHOM COOOIIECTBE B IIETIOM
1 B AxajgemMnuu HayK B 4acTHOCTH. Ho B Akamemun HenmnHeHIUKoB, kpome JImutpus MBanopuya, O6U10
BCETO HECKOJIbKO desoBeK. [locie BRIOOPOB OH ¢ TPYCTHOU YIIBIOKOW roBopwi: «B AxanemMun Hamo
paboTarh HIaifkamu, TTOSTOMY HEJIHMHEWIUKOB OISITh HE yCIbImaid. BeiOupaior apyrue, a Mbl Ipu
ceM npucytctByeM. OHU BBIOMPAIOT — WX IIaiKa pacTeT, paboTaeT MOJIOKHUTEIbHAsT 00paTHas CBS3b.
Cuneprerukay. Ta jxe camas HCTOpUS MPOU30IILIA C IPOrPaMMUPOBAHUEM. JTO HalpaBICHHUE, KOTOpOe
B TEUCHHUE TPEX JNECATKOB JIET ObLIO KIIOYEBHIM B MUPOBOI HayKe, TAK)KE OKa3aJl0Ch HE 3aMEUEHO U He
Pa3BUTO B TOH Mepe, B KOTOPOH 3TO HY’KHO BEJIMKOHN CTpaHe.

Brpouem, oTpumaTenbHbBI pe3yabTaT — TOXe pe3yibTaTr. AKaJeMHs HaXOIWUTCS Ha ITOCTHOW
IMeTe — e¢ JINIIWIN HHCTUTYTOB. [{ymaro, Imutpuii FiBaHOBWY, y3HAB BCE ATO, OIATH YIBIOHYIICS OBI
u ckazair: «Jlymaro, 9to 310 He QuHan. bynyiiee MokeT okazaThCs TOpa3/Io JIyIlle, YeM HaM CEeTOIHS
kaxetcs. [locmoTpumy.

K 85-netuio J. . Tpybeuxona

I I Comuncrkuit

14 wronst ucnonHsieTcs 85 ner co mus poxaeHus Jmurpus VBanosuda Tpybernkosa. Jlo aToro
00TBIIIOTO FOOMIIEsT OH, K BETMKOMY COXKaJIeHHI0, He MoXmiI. OH OBUT MOMIM JIPYTOM, PYTOM MOCH CEMBH.
Ceiiuac yMECTHO, HaBepHO, CKa3aTh, 33 YTO MBI €T0 JFOOWIHN M IICHUJIH.

MpI nozHakoMuInch ¢ Jmutpuem ViBanoBrueM mpumepHoO 45 et ToOMy Has3a]| Ha OJHOH 13 KoHpe-
penuuit mo CBY-anexTpoHunke, kKoTopoit oH 3aHuMancst B CapaToBCKOM YHHUBEPCUTETE, a s B JIEHHMHIpaj-
CKOM MOJHUTEXHUYEeCKOM MHCTUTYTE. [Ipu nmepBoM ke 3HakoMcTBe JMUTpHii IBaHOBHY IpoU3BET HA MEHS
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Pabounii momenrt: ciesa — 1O. U. JI€BuH, cnpasa — /1. U. Tpyberxos

OTPOMHOE BITEYaTIIEHUE CBOEH IpyAuIHel, IMTyOOKUMHU MO3HAHUSAMH HE TOJBKO B 3TOM KOHKPETHOM
HayKe, YMEHHUEM JIOCTYIIHO M MHTEPECHO M3JIaraTh CBOM MBICIH O CAMBIX CIOKHBIX SIBICHUSX MPUPOIBL.
Jmutpuii MBaHOBHY 3aCiTy’KEHHO IOCTUT OOJIBIINX HAYYHBIX U aJMUHUCTPATUBHBIX BBICOT.
OH aBTop okoj0 300 MmeyaTHBIX cTaTei, Henoro psga MoHorpaduii 1 0030pHBIX padOT, KOTOPBIE YKe
cranm xnaccukoit CBU-anexrponnku. JImutpuii iBaHOBUY cTa)l JOKTOPOM (hr3.-MarT. HayK, Ipodeccopom,
3aBEAYIONUM Kadenpoi AEKTPOHHUKH (TI0PKE TIepenMEHOBaHa B Kadeapy AIIEKTPOHUKH, KolleOaHui 1
BoJH). OH MHUIIUMPOBAN Ha Kadeape pa3BUTHE HOBOTO HAyYHOTO HAIIPABIEHH — HEJMHEIHOW JHHAMUKH.
[Ipu ero aktuBHOM yuacTuu B CI'Y OBLT cOo31aH HOBBIH (haKyIETET — (aKyJIbTeT HETHHEHHBIX TIPOIIECCOB,
KoTopblii Bo3naBwi FOpuii BanoBrY JIEBWH, OMH U3 OMIKAWITNX YIEHUKOB U COPATHUKOB JIMUTpUs
UpanoBuya. B 1991 rony Jmurpuii iBanosuy 0611 n36pan wieHoOM-Koppecnongentom PAH.

[Mouru 10 ner Amutpuii UBanoBuY ObLT pekTopoM CapaToOBCKOTO rOCyAapCTBEHHOTO YHUBEP-
cuteta. OH Bcerga crapajics MPHUBJIEKAaTh B YHUBEPCUTET CIIOCOOHBIX aOMTYpHUEHTOB, JAEal BCE I
MTOBBITIEHHUS KaueCTBa MOATOTOBKM CHEIHAINCTOB B yHUBepcuTere. [1of ero pyKoBOICTBOM 3alHIIEHBI
JECATKU KaHIUAATCKUX AuccepTauridi. MHOTHE ero y4eHUKH CTalu JAoKTopamu Hayk. HaydHas nesrtens-
HOCTh Trpynnsl JMutpus Banosuda TpyOenkoBa Mpu3HaBajgach BeAyIeH HayqHOH kool Poccun.

Bynyuu pexropom, Amutpuii FMiBaHOBUY MHULMUPOBAJI CO3IaHUE NPU yHUBepcuTeTe Jluies npu-
KJIaJHBIX HayK U TperojiaBaj B 3TOM Jiniiee. MHe TpyAHO MOHATh CO CTOPOHBI, KaKk 3TO yAaJIOCh, HO
13 YHCJIa JINIEUCTOB BBIILIO OOJIBIIOE KOJIMYECTBO TAJAHTIMBBIX MCCIIeA0BaTeNell U MperoiaBaTeneil.
Bumnmo, cama cructema oOIIEHUS MOJIOABIX PeOAT ¢ BRICOKOKBATH(HIIMPOBAHHBIMU JIOMBMH U3 YHUBEP-
CHUTETa MOATANKHBAJA X K TaKOMY pa3BuTHIO. [l0 CHX TOp MBI C YIOBOIBCTBHEM HaOMI0maeM, KaK SpKo
BBIIVISIAST BBIXOALBI JIMIIES] HA BCEBO3MOKHBIX KOHKYPCaxX M MHTEIJIEKTYalbHbIX COPEBHOBAHUSMX.

OrpoMHyo posb B pazButuu CBU-37€KTpOHUKU CHITpalid MPOBOAMBIIKECS, B OCHOBHOM, pa3
B 3 rona 3uMHUE IIKOJKI 1m0 3MekTpoHrke CBY u paanodusuke, OMHUM U3 WHUIIUATOPOB U PYKOBO-
autenei kotopeix Obu1 Amutpuii UBanoBuy. [Tonmutexnuku [lerepOypra crapaiuck He MPOITyCKaTh
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3THX IIKOJ. BONBIIMHCTBO MIKOJ MPOXOoamio B Bommkckux massix, )HUBOMKUCHOM MecTe Ha Oepery Bosru.
K uTeHuto nekuuii NpuBIEKaIUCh HE TOJIBKO KPYMHEUIINE CIIEIUATUCThI, HO U MOJIOABIE JIIOH, XKeja-
FOIIHE TIOYYNUTHCS WITH TIOICTUTHCS CBOMMHE JOCTIDKCHUSIMH. TaMm, B BOIDKCKHX Nansx, MOKHO OBLIO
MOOOMIATECS IPYT C IIPYTOM, TYJsis IO JIBIy 3amep3iieit Bonru wim B Kymyapax. B aTom oOmeHun
3a4acTyl0 y/IaBaJloCh Y3HATh TOpa3ao OOJbIle, YeM W3 YTCHHS MeYaTHBIX padoT B JKypHanaX. Tpymbt
kol u3naBanuchk B CI'Y u Bpydanuch y4acTHHKAM IO MPUOBITHH HA mIKoiy. Kak mpaBuiio, Tpyasl TeX
LIKOJI, KOTOPBIE ST TOCETHII, TIPEaBaAPSUIH MOoATOTOBIeHHbIe IMuTpuem VBanoBuueM BBeAeHUS. B »aTHx
BBEICHUSIX 00pa3HO U IOXOJYMBO OH HM3JIarajl CBOIO TOYKY 3PEHHUS O CMBICIIEC W 3HAYCHHUH IIKOM. J[ms
npumMepa Ha 9-i mkose (1992) on mpusen Boicka3biBanne Morana-Bonsgranra ['ére: «O4enp TpynHO
m30exKaTh IBYX BEIICH: TYIIOYMUS, €CJIH 3aMKHYTHCS B CBOCH CITEIMAIbHOCTH, 1 HEOCHOBATEIIHHOCTH,
ecyu BEINTH 3a e€ mpenens». W manee Hanmcan: «lLkombl, B M13BeCTHOI Mepe, TIO3BOJISIOT H30EKATh
TOrO U Apyroro». S mosHOCThIO coriaceH U ¢ ['ére u ¢ Jmurpuem VBanoBuuem.

W3 Bcero cka3aHHOTO BHIIIE SCHO, 4TO JIMuTpuii ViIBaHOBUY OBLI MPEKPACHBIM YYECHBIM U 3aMe-
YaTeabHbIM Pa0OTHUKOM BBICIIEH IIKOJIbI, YMEJBIM OpraHu3aTtopoM. Ho IeHUM MBI €ro He TOJBKO 3a
310. JIMuTpuii IBaHOBHY — Ype3BbIYAiHO MIPUBJIEKATENbHBIA YenoBeK. Ilopaxany ero sHIMKIONE -
YeCKHUE 3HAHUSA B CaMbIX pa3HBIX 001acTsaX. OH MOT MHTEPECHO U CO 3HAHHEM paccKa3aTh HE TOJIHKO
0 Onmm3KkuX eMy MpodecCHOHANBHEIX Mpobiemax. OH Tak ke TIyOOKo pa30upalics B JIUTEpaType U
HCTOpUH, B UcKyccTBe. OH yMeN MaKCHMaJbHO MPOCTO, HO MOJHO U yOeIUTEeIhHO OCBETUTH MOYTH
moOyro npobiemy. Ho Bce e u 3To, Kak MHE KaKeTcs, He caMmoe riaBHoe B JIMutpun UBaHoBuye. OH
MpUBJIEKAN K ceOe JIrojiel He TONBKO YMOM U 3HaHusAMH. OH MpUBIeKal K ceOe JOOpOKenarebHOCThIO,
YMEHHEM BBICIYIIATh, YCIBIMIATh U MOHATh codecenurka. OH ObUT UCKITIOYUTENHHO HAJACKHBIM YeTI0-
BEKOM, Ha KOTOPOTO MOXKHO OBIJIO OMEPEThCs, OBLIT HACTOAINM JApyroM. Jmutpuii MiBaHOBHMY cymen
co0park BOKPYT ceOs1 KOJUIEKTUB YMHBIX, YMENBIX U Pa3HOCTOPOHHHX CITOJBM)KHHUKOB, CO37aJl BCEMUPHO
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Ha onno#t u3 3umuux mkon mo CBY-anexkrponuke u pagunodpusuke: . M. Tpy6erkos, T. A. Tymapera,
I.T. ComuHckuit
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H3BECTHYIO IIKOJTy (PH3MUKOB-TEOPETUKOB. X0UETCA HAACATHCS, YTO OHH CyMEIOT MPOJOJKUTH JTyUIlIne
€ro HaYMHAHUS U TaKUM 00pa3oM COXpaHAT MaMsiTh 00 3TOM 3aMeYaTeIbHOM YEIIOBEKeE.

CkazaHHOe BHIIIIE TIpaBa ¥ TOJNBKO mpaBaa. Ho Bce ke, eciu Obl MHE MPUIILIOCH MMUCATh MOPTPET
Amutpus VBanoBuya miis OMM3KUX MHE JIIONCH, ST OBl HE OTpaHMYMIICS TOJNBKO ATUM. [lompoOyro
MIPUBECTHU TPUMEP, KOTOPBII HAWIYYIIUM OOpa3oM TOBOPUT O TOM, KAKMM OH OBLT JIOCTOMHEUITNM
YeNOBEKOM. B HAIINX CEMBsIX MPaKTUYECKH OJHOBPEMEHHO MOSBUINCH HA CBET BHYYKU. MBI ¢ JIMuTpuem
MBaHOBHYEM K TOMY BPEMEHH OBLIH YK€ JIOBOJIBHO B3POCIBIMHU JIFOIBMH, H K BHYYKaM OTHOCHIIUCH
MPUOTU3UTEIFHO OUHAKOBO, ¢ 00JIBLION M000BEI0. He Oymy roBopuTh 0 TOM, YTO Aeiai s AJsl CBOSH
BHYYKH, HE 000 MHE pedb. A BOT TO, 4To caenai murtpuii IBaHOBWY, Kak S MOMHIO, MEHS MTPOCTO
notpsicio. Kak oH paccka3piBal HaM C CyHpyrod, OH IPOYUTad BCE, YTO MOXKHO OBLJIO MPOYUTATH
o 'appu [loTTepe, 4TOOBI TOBOPUTH C HEIO HA OMHOM s3bIKe. MBI ObiBas B foMe [Imutpus MBanoBuua
1 00IIAIUCh CO BCEM ero ceMeiicTBoM. M ObLI0 04EBUIIHO, YTO OH OBLT JTFOOUMBIM JeayIIKold. Bo3aMoxHO,
9TO OBUIO U TIOTOMY, YTO OH OBLT UM WHTEPECEH.

W Imutpuit Banou4 u ero cynpyra CoHeyka ObLTH OY€HBb TEIUIBIMU U JOOPBIMHU JFOJBMH.
Ms1 ObIBanM B MX XJ1€00CONBHOM JIOM€e M OHM ObiBaiy y Hac. Ha mpuBenenHom ¢oto murpwuii IBanoBuy,
Mos cympyra TarbsiHa AJleKCeeBHA U s HAa OAHOH W3 3UMHHMX 1Ko 1o CBY-31ekTpoHnKe U pagrodu3nKe,
OpraHu3aTopoM KOTOpPOil OH OBII.

B INonmurexanyeckoM 3HaIH U aro0wtu JImutpus MiBaHoBHYa He TOIBKO Mbl. COTPYIHUKY HaIren
nabopaTopuu 3HaIM U O4eHb LeHW M [Imutpus MiBanosuua.

Mapaaurma /1. U. TpyGenkoBa: HHTE/UIEKTYaJl B HayKe

b. H. otizuep

Korna uenosex ymupaer,
W3MeHAI0TCA €10 OPTPETHL.
[To-npyromy miaza misiisT, 1 ryobl
VieibaroTes Ipyrod YapIOKOM.

Anna Axmamosa, 1940

Good society is made only by good people.
Bertran Russel, 1941

[Tonasmsromas yacTe Hay4dHbIX AocTIbKeHU# mutpus MBanoBuua TpyOelkoBa nomydusia mpu-
3HaHHWE B yUYEHOM COOOIIECTBE MPH €ro >Xu3HU. J[ocTaTodHO cKa3arh, YTO OH OBLI M30paH HICHOM-
koppecrionienToM PAH. OnHako motepst Gurypbl Takoi BETHMYMHBI, KaK OH, MOOYyKAaeT oOpaTuTh
BHHMMaHUE HA JIATCHTHBIE CTOPOHBI €r0 COLUAIbHON 3HAYMMOMN JIEATENBHOCTH U TBOPYECKOIO HACIEIUS.
WX pasblie, BO3MOXKHO, 3aCJIOHSIIA OT €ro KOJUIETr €KeAHEBHAs pyTHHA, HYXKAa pearupoBaTh Ha IOTOK
COOBITHI, HEPBO3HOCTh YHUBEPCUTETCKON *KM3HU etc. Ha Moit B3mmsA (HaBepHOE, HE BCEMH pa3/IeieMblii
U CHOPHBIN), BaXKHO HE ymycTuTh U3 Buay: . W. TpyOenkoB — mpakTu4ecku BO Bcex 00JIACTAX CBOEH
AKTUBHOCTH — TIPOSIBIISUT YEPThl MHTEIUIEKTyalla U HOCUTENS MYIPOCTH.

BriHOCHMBIE Ha CyJ YMTaTEINsl 3aMETKH — IIOIBITKA BBIICHUTH HEKOTOPbIE 00CTOSTENBCTBA, JETIat0-
M€ CTOJIb HACYIIHBIM /ISl YHUBEPCUTETA MPUCYTCTBHE B HEM MHTEIIEKTyala.

Boszmoscen nu cuacmauenrii unmennexkmyan? Onpenensia uateiiext, b. Paccen Buaut muccuro
HMHTEJUIEKTyalla «B TOM, 9TOOBI COXpPaHATh TPE3BOE M OECIPUCTPACTHOE MHEHHE Tepes JINIOM BCeX
HCKyLIeHu# crpactu. Bopouem, s ybeaunncs, 4To OOJIBIIMHCTBO HHTEIUIEKTYAIOB BEPUT B II0JIE3HOCTh
WHTEIUIEKTa JIUIIb B CIIOKONHBIE BpemeHay [1, ¢. 108]. Paccen 0cobo BeIAEISIET HHTEILIEKTYATHHYIO
YEeCTHOCTh. DTO «INYHAs JOOPOIETelb, KOTOPasi HE BCET/Ia JIETKO COYeTAeTCsl C COTPYAHUUECTBOM B KOJI-
JEKTUBHOM INpeanpusaTuu. OnHaKo B MepClekTHBe e€ coluaibHas IEHHOCTh OYeHb Benuka» [1, c. 108].

Typua I' T, Manuneyxuii I I, Comunckuui I I, Ilotisnep b. H.
392 W3Bectus By3os. [TH/, 2023, T. 31, Ne 3



Coyctst 70 net mociie cioBapsi Paccena ¢unocod u dunomor M. H. DnimurteitH moarotoBui
JIeKCUKOH KoHLenToB «llepBononsarus: Knroun kK KyapTypHOMY KOAy». UTeHHE €ro He pa3 BBI3BIBAJIO
nepeno MHOI 00pa3 mutpust ViBanoBm4a. «B 11e10M yM CTOIB JKe JIETKO 3aMETHUTh U TPYIHO OIPENENUTh,
Kak o0asiHue, — CPaBHUBACT DMINTEHH. — YM — 3T0 00asiHAE CMBICIIA B YEIOBEUECKON PEUU U MOBE/ICHHU.
[ToaToMy yM MOXXET BOCTIpHHHUMATHCS Ha B3NS, YUCTO Qu3noHOMUYEecKH. OcoOeHHO oKa3aTeIbHO
COBMECTHOE BBIpa)KEHHUE I1a3 U T'y0, KOorja 4eJOBeK HAYMHACT TOBOPUTH: HACKOJIBKO TIJ1a3a CIIOCOOHBI
BOMPATh W M3Ty9aTh CMBICI, IIOKAa POT UCTOYACT peuby» [2, ¢. 633]. Kaxxapli, KTo TOMHHUT CBOIO Oecemy
¢ Jmutpuem MBaHoBudeM, JIETKO MPOBEPUT TE3UC DminTeliHa. BoT emé ero neuHuImm: misas yepe3
HUX, MOXKHO YTOYHHUTH 4epThl U 4€prouku TpyoOenkoBa-uenoBeka, TpyoeukoBa-pusuka, Tpydenkosa-
aAMHUHHCTparopa etc. «B 4ém ke 3akimodueHo obasiHHEe yMa W YMHOTO 4YeloBeKa? YM yCTaHaBIHBACT
CBS3M JANEKUX Belllel U MPOBOAUT Pa3ivuus MEXAy OMU3KUMM, YTOOB! KaXkJas Bellb MoTydala Mepy
CBOCH €IMHCTBEHHOCTH — M CBOETO €IMHCTBA C IPyruMm» [2, ¢. 633]. « )KuBoymue BUANT 00paTHYIO
CTOpOHY BeIIeH, CTaBUT I10J] COMHEHHUE MIPETeH3UH Ha aOCOMIOTHYIO UCTHHY, TOATPYHHBAET Jake HaJ
caMuM pasymom» [2, c. 633].

3amo5To 10 aHTPOTIOIOTHYECKON TuiteMMbl O. dpoMma «MMeTh Wiu OBITh?» Paccen BRIABUHYIM
CBOIO: UMETh WM TBOPUTH? «BBICIINK MPUHIMII KaK MOJUTUKH, TaK U YACTHOM JKU3HU, — MOJarajl OH —
JIOJDKEH 3aKIIF0YaThCsl B TOM, YTOOBI MOAEP)KUBATh BCE TBOPUECKOE M TEM CaMbIM OCIAOIATh HMITYIIECHI
U JKeJIaHUs, CBI3aHHBIC CO CTpEeMIIEHUEM K obnmamanuio» [ 1, c¢. 284]. Ha moii B3z, Amurpuit Banoswuy
NPaKTUYECKU BO BCEX BUJIAX aKTUBHOCTHU JIEWCTBOBAJ B COIVIaCHMU C 3TUM IpuHUunoMm. U Buepa, u
CEerofHs Takas MOAJep)KKa OTHIONb He TpuBHaibHA. Paccen ObT yOeKaEH: «TBOPUECKOI COCTaBISAIOMIEH
YeJIOBEUECKOM JISATENBHOCTH CIIEyeT MPEIOCTABUTh MAKCHMAIFHO BO3MOXKHYIO CBOOOIY OT OOIECTBEH-
HOTO KOHTPOJISA, YTOOBI OHA MOTJIa OCTaBaThCs CIIOHTAHHON W HE TEePSATh CBOeH cuibl» [1, c. 284]. Hamo
IyMaTbh, ¥ TE€3HC, U CBOMCTBEHHBIH TpyOenKoBy cTHib pykoBoacTBa macmtabHeiMu HUP mocmyxar
OJTHHMH U3 JOBOJIOB B CIIOPAX O CPEACTBAX CaHALMU U Pa3BUTHsI OT€UECTBEHHOM BBICIIEH IIKOJIBI M HAYKU.

Hackonbko nonumaro, JImurpuii IBaHOBHY yIOBIETBOPSUI APEBHEMIIEMY, HO TPYAHOBBIIIOJIHU-
MOMY KPHUTEpHIO, KOTOPBIA BELIBUHYT, BUAMMO, €II€ B TIIyOOKOW aHTHYHOCTH. He rpex B Hamm JHU
(OTHOCHTENBHO CBHITHIE, HO BeChMa OECIOKOWHBIE) IPUBECTH ero — B pemakunu Paccena: «Ilommanas
JKU3Hb YEJIOBEKa HE COCTOUT B Jielic HAOMBAHUS KEIy[Ka W OJICBaHUS Tella, HO B HCKYCCTBE, MBIIUICHHN
1 JIFOOBHM, B TBOPYECTBE M CO3CPIIAHWH IIPEKPACHOTO W B HAYYHOM ITOCTIKEeHWH mupa» [1, c. 319].
Bouto Obl ommbOkoii 00BUHATH Paccena B MponoBeM acKEeTHU3Ma, MOHAIIECTBA U TOMY IOJOOHOTO.
. . Tpy6enkoBa — Toxke. [To MOMM OIIyIIEHUSIM, OT HETO MCXOIMIN (MIIOUBI CHACTIMBOTO YETIOBEKa.
[o-BumuMoMmy, 3TOT cTaTyc OB B TAPMOHMH ¢ HAOOPOM KadecTB MHTEIIeKTyana. Beap mocneqHuii ecTh
JIUIIO OOIIeCTBEHHOE, 0COOSHHO €CIIM OH JISHCTBYET B HayYHO-00pa3oBatenbHO cepe. Paccen pekomen-
nyet: «Ecnu BBl X0THTE cCaMU OBITH CYACTIIMBBIMH, BBI JIOJDKHBI 3aHATHCS 3a00TOH O cHACThE IPYTHX»:
«CyactnuB ToT, — yOexkn€H Paccen, — kTo KUBET HempeayOexK 1EHHO, KTO UMEET CBOOOHbIE YyBCTBA U
IIMPOKHI CIIEKTP MHTEPECOB, KTO 00ECIIeYnBaeT CBOE cHacThe Onaromaps STUM MHTEpPecaM W 9yBCTBAM
1 Onaroziapst TOMy, UTO OHH, B CBOIO OY€peaib, AENAIOT €r0 0OBEKTOM HHTEPECOB M YYBCTB MHOTHX JIPYTHX
moaei» [1, ¢. 319]. Bo3moxHo, untarens u3 CapaTroBa BCIIOMHUT ITOKa3aTeIbHbIN (DAKT: CKOJIBKO €ro
3€MJIIKOB MPUILIO IpocTuThes ¢ Jmutpuem MBanosuuem B aBrycre 2020 ., HECMOTpPS Ha MMaHJEMUIO.

COmmkasi KOHTEKCThl HHTEIUICKTYaIbHOCTH M CYACThsI, PUCKHY MPEATOIOKUTH eIlé OHy 00IacTh
nepeceueHus1. HasepHoe, yxe set 50 Hazax crano scHo: JMutpuit FiBaHOBHY 00NaaeT TeM COUeTaHHEM
KauecTB, KaKOe MO3BOJISIET My CHIENIAThCS C8A3VIOWUM 36eHOM. MUCCHIO 3TY, CTOJb )K€ PEAKYIO0, CKOJIBKO
Y TPYIHYIO, OH IUTOJOTBOPHO BHITIONHSJ B IINPOKOW HAYYHO-00pa30BaTENBHOM Cpe/le 0Te4eCTBEHHBIX
CHENHAaINCTOB 10 Paguo(pU3UKe U AMEKTPOHUKE. To OblIa CBs3b, (UTypaNTbHO TOBOPS, IT0 TOPH3OHTAIIH.
OHa KOHCOJIMIUPOBAJIa TBOPUECKHUE YCHIIUS €r0 COBPEMEHHUKOB, KaK MPABUIIO, HE OUECHBb CXOXKHUX MEXITY
c000if, a TOTOMY M HE BO BCEM conmacHBIX. JIMutpuit FiBaHOBUY OKa3aics emi€ u CBSI3YIONIMM 3BEHOM I10
BepTHKaIu. OH CO3HATENbHO, OTBETCTBEHHO, YMEJO, AaXe U3AIIHO, MHE KaKeTcs, MPOJOIKA MUHUMYM
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TPHU HCCIIEI0BATENbCKUE U MeJarornieckrue TPaauluu. JTOo, BO-NIEPBBIX, CTHIb AEATEIBHOCTH, XapaKTep-
HBIN 17151 KadeIphl 3IeKTPOHUKH, BOCIIUTABILIEH ero. Bo-BTOpBIX, Tpaguuuu GU3HKO-MaTeMaTHYECKOTO
community CapaToBCKOTO YHUBEPCUTETA, KOTOPBIE OBUIN 3aJI0KEHBI IPKUMH (PUTypaMH HaIllX JOPEBO-
JIOLMOHHBIX YUEHBIX. [ HaKOHEl, 3TO — Hacleaue eBPONEeHCKON HayKH, B COPEBHOBAaHUM U B JHAJIOre
C KOTOpPOH pocia B pacTET oTeuecTBEHHAsA. TpyOeIkoB OB He3aypsIHBIM IIPOU3BOAUTENEM (DH3UKO-
MaTeMaTH4eCKOro U MHKeHepHO-(hu3uueckoro 3HaHus. [1o pomy cBOMX 3aHATHI OH HE MOT HE MBICIHTh
npoueccyaiabHo. Buanmo, Gnarogapst 3ToMy IpeuMyIIeCTBY M CBOMM I'YMaHUTApHBIM CKJIIOHHOCTSAM, OH
000raTui1 JIETOMUCH 3TOTO 3HAHUS, U3ydasi, YTOUHSSA, a MHOT/Ia BOCCTAHABIUBAs HEJOCTAIONINE SMTHU30bI.

N3BecTHO, uTO B )XypHane «M3Bectus By30B. [IpukiiagHas HenuHelHas JuHaMUKay JIMuTpuit
ViBaHOBHUY 3aJI0KUJT TPAJULIMIO OTMEUAaTh OUEPKAMH «KPYIIIBIE» JIaThl CO JHS POXKICHUS TBOPLIOB (PU3UKH,
MaTeMaTUKH, WHKEHEPHOIO HUCKycCTBa. M poXKAeHMs WX AETHII: TECOpUH, YpaBHEHHM, KOHIETIIHMH,
3aKOHOB, OIBITOB, THIIOTE3, a TAKXKE OTKPBITHH CBOMCTB MaTepuu. Kaxablil Takoil «robuneit» obocTpser
BOCIPUSATUE CTAPUHHBIX PE3yIbTaTOB UHTEIUIEKTYAlIbHOU JesTeNbHOCTU. ITpuuéM OHO UAET B KOHTEKCTE
COBPEMECHHOT'O TTOHUMaHHS TOTO HJIM MHOTO (DeHOMEeHa, TOW WJIM MHOH Monend. [103ToMy HEBOJIBHO
BO3HUKAET CMBICIOBask HHTEp(epeHHs AByX conepkanuil. A TpyOenkoB B CBOEM MCTOPHKO-HAYTHOM
HappaTHBE CTPEMMIICS M yMeEJI TIOBBICUTH KOHTPACT MHTEP(EPEHINOHHON KapTHHBI, Kak cKa3all Obl (hH3UK.

KoMMeHTHpYS y3710BBIE 3MM30AbI U3 XKU3HMU Hayku, Jmutpuii ViBaHOBHY Hepenko noOuBasics
a¢dekTa ocTpaHEeHH, «BCTPAXUBAHUS 33APEMaBILETO BHUMAHUS K cyTH Aena. OqHOBPEMEHHO, XOTS U
HESIBHO, 3TO BJICKJIO YCBOGHUE YUTATEIIEM METOA0JIOTHUECKON nodoniéky TBOPUYECKOTO yCIexa JanéKkoro
npeanecTBeHHNKa. [1oqoTuIéku HeMpUMETHOM, MOTYa TTOApa3yMeBaeMOi JTH00 TYMaHHO BBICKa3aHHOM,
HO BEChMa CYILIECTBEHHOM.

ITo moemy omymienuto, /1. M. TpyOenkoB OTHOCHIICS K BEIAAIONIUMCS Pe3yabTaraM HAaydIHOH
JIESITENIPHOCTH TaK e, KaK W K IIeleBpaM JINTepaTyphl, KUBOMUCH, Tpaduku. Beas n Ha crocobe
MOCTPOCHMSI MaTeMaTHYECKOM MOJENH, U Ha 3aMbIciie (PU3UUECKOTO SKCIEPUMEHTA BCEIIa OTPaXKaeTCst
modus cognandi viccnenoBatens, BCerna pa3iniuM ero HHIMBUAYAJIbHbBIH OTIICYaTOK. OMOLMOHAIBHBIN
oABEM, BBI3BAHHBIN BOCXHUILEHUEM, HaCIaKICHUEM, KaKOE€ TIPUHOCUT JaBHEE TBOPUYECKOE TOCTHKEHUE
B MO3HAaHUH, HEPEJKO YYBCTBYeTCs B TekcTax [Imurpus MBanoBuya.

Uro emé mpuaaéT 3aHUMaTEIbHOCTh ero pabotam? beccropHo, TO, YTO OH TEPIENHUBO PACITyTHIBAET
XPOHOJIOTUYECKHE «Y3eJKH», BHUKACT B TSDKOBI O MIPUOPHUTETE, TPUHUMAET B Pacu€T ()eHOMEHBI MapHBIX
OTKPBITHHA JTHOO HECITPaBEUTHBO HEIIPU3HAHHBIX OTKPHITUH | T. 4. be3 3THX ero meliCTBHI YUTaTeIIo
HE IOHATh, B 4€M XK€, COOCTBEHHO, COCTOAT THUIHMYHBbIC NpUKIIOUeHHs uiaeil. Mo, HanpoTus, uX
BEChbMa 3K30THYECKHE U Janékue myTemecTsus. Mnm — dyeM xke BbI3BaHBI HENPeACKa3yeMble IEPUNIETUN
B JKUTEHCKHX OOCTOSATENBCTBAX U TBOPYECTBE aBTOPOB HICH.

B urore Imutpuii IBaHoBHY, GUTypaIbHO TOBOPSI, YMENIO HAXOIWI OOLIUI S3bIK C €CTECTBEH-
HUKaMH, U300peTaTesIMKi, MaTeMaTHKaMH TOCIEAHUX YETBIPEXCOT JIeT. A MOTOMY CTall BXOX B HX
TBOpPYECKHE TIPOCTPAHCTBA, YACTO BECbMa HECXOJHBIE MEX COOOH, MOpoi B MX «KyXHM». KoHTpacT mx
3aKOHOMEPHOMY HECXOJCTBY COCTABILUIO Cyry0O 4eloBE4eCKOe ycuiue TO3HAHUS PeaJbHOCTH, 00IIee
BO Bce Beka. Ero-to u Boccranasnusai Jmurpuii ViBaHOBHY 17151 M0003HATENBHBIX YUTATEIICH.

Humennexkmyan kax Kynomypmpezep ¢ Hayxe. OTNIAbIBasCh Ha €ro «TPYyAbl U THW», IOHEBOJIE
CTpalluBaellb: B KaKUX MPOAYKTHBHBIX (hopMax MOXKHO BbIpa3uth nueret nepen /. . TpyOernkoBsim —
yu€HBIM U uHTeIUIeKTyanoMm? He mopa nu 3amyMaTbes HaJ KyJIbTypHO-aHTPOIIOIOTHYECKUM OPHUEHTUPOM
1715l coBpeMeHHoro yuénoro B Poccun? He cipocuts m cebst M KoJuter: KaKUM OHM XOTST BUACTH HaIlle
yaéHoe coobrmiecTBo JieT uepe3 10-20-30? 1 kakum — He XOTIT?

Koceenno [Imutpuii iIBaHOBHY OTBETHII HA TIOIOOHBIC BOIIPOCHI, OCTAHOBUBIINCH HA TEX WU
HWHBIX UCTOPUKO-HAYYHBIX CIOKETAX, BRIPAXKAIOIIMX W MUPIIECTBO JyXa, U ApamMy HOCUTEIEH uaeH,
1 TI030p OTCTYITHUYECTBA. BBIMMOMHAS 0053aHHOCTH WHTEIUIEKTyajla, OH CHCTEMaTHYeCKH TepecakuBaj
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Ha POJIHYIO TI0YBY paboume ITaJOHbl eBPONEHCKON HaydHOI KyIbTyphl'. MHe IyMaeTcs, 4To 9Ta CTOpPOHa
€ro AeATeTbHOCTH 0COOCHHO BakKHA, €CIIM MBITaThCs 3arAHyTh B Poccnio rpsaymmx 2020-x rT., BKITIOYas
1 coobmecTBo yuéHbIX. [loTroMy 4TO B CTpaHe — OCTpBIA NeHUINUT KyabTypTperepcTBa Kak (HopMbl
0c000 IEHHOTO COIMANBHO IIEHHOTO TOBeJAeHUI. Beh OHO KOMIIEHCHpPYeT — XOTsI Obl YaCTHYHO —
MPOTPECCUPYIONIYIO YOBIIIb MaJIOYHCICHHONW KOTOPTHI OTEYECTBEHHBIX MHTEIJIEKTYaJIOB: TyMaHUTAPHEB,
€CTECTBEHHUKOB, ITyOIUIIMCTOB.

Kak kBanmu¢unuposats Bozaeiicteue Jl. 1. TpyOenkoBa Ha MBIIUICHHE U HEHHOCTHBIE OpPHEH-
Tallud COBPeMEHHUKOB? Eciu Tak cTaBUTH 3a1ady (M CTPEMHTHCS K OIpPeNeI€HHOCTH TEPMHHOB),
TO — B MIEPBOM NPHUOIMKEHUH — JAOMYyCTUMO MPUHATH paboumii KpuTepuid Kympryposora. K nHTEmeK-
TyaJIbHOM anuTe Poccuu KymbTypOJIOTH MpenjiaraloT «OTHECTH JIIOEH, 3aHATHIX MHTEIUIEKTYaIbHBIM
TPYIOM, 0OTaIaroNINX JOCTATOYHON CTETIEHbI0 CBOOO/BI, HE BOBJICYEHHBIX B TIOJIMTHYECKYIO U SKOHOMH-
YECKYIO JKU3HB OOIIECTBA U He AHEANCUPOBAHHBIX B UICOJOTHICCKOM OTHOIICHHM [3, c. 87]. Ilpuuém
«O3TH JIIOIH TOJKHBI UMETh ONPeeNEHHBIN 00IECTBEHHBIH cTatyc, ObITh “‘gracmumenimu ymog”', yMETh
BO3/IEICTBOBaTh Ha OOIIECTBO M OBITH MPU3HAHHBIMU 3TUM 001IecTBOM» [3, c. 89] (KypcuB — aBTOpa
nutar). Ho oHM He 00pa3yroT «HUKAKOTO CJos, “KacThl’, 3TO HHANBUAyalbHOE KadecTBo. OOmanaromuit
UM SIBJISIETCS] T€M, KTO ¥ OJIMH B TI0JI€ BOWH, Ja)Ke €CJIM OOJBIIMHCTBO HE MPUCITYIINBACTCSA K €r0 MHEHHIO
¥ Ia)Ke aKTMBHO OCy’kJaeT ero». TakoB case akanemuka A. J[. Caxaposa?.

Herpenno Beicnymars emé cyxaenrne C. Contar (1933-2004) o B. benbsmune (1892-1940).
O06a oHu papUHHPOBAHHBIC MHTEIUICKTYaJbl: TEOPETUKH JIUTEPATYPhl U UCKYCCTBA, KYJIbTYPOJIOTH, XY-
JIOKECTBEHHBIE KPUTHKH MOJCPHU3Ma, 3CCEUCTHI, MyOnuuucTsl. AMepukanka CoHTar, KpoMe Toro, —
nucaresibHUIa, Hemell benbsMuH 1o cknany yma — ¢uiocod. dymato, 4yTo He CIydaifHO cpeny ImepeBo-
YHKOB €ro padotr — genomenanbHbIN 3pyaut 0. A. [laawumnos (1936-2003), npyr u eTMHOMBIIUIEHHUK
J. . TpyGernkoBa. ConTar B 3cce 0 beHbsIMUHE ¢ MHOTO3HAYUTEIHHBIM Ha3BaHueM «llom 3HaKOM
Carypnay» (1978) 6e3 ontumm3ma 3akimodaet: «[lo Mpicin beHbsiMUHA, HE3aBHCHMBIN WHTEILIEKTyal —
YeII0BEYEeCKHA THII, BRIMUPAIOIIUI TIOBCIONY: B Oyp)Kya3HOM OOIIECTBE OH 0OpEeYEH POBHO TaK JKe, KaK
B KOMMyHHCTHYeCKOM» [4, ¢. 109—110]. He o3Ha4aeT Jin 3TOT BBIBOJ, YTO JIEJIO HE B THUIIC OOINECTBA,
HO B camoit pupoze ero? Henb3st nu Torna cunuTarh, YTO MHTEUIEKTYall 3aMelaeT BaKaHCUIO MTPOpOKa
B cBOEM oTeuecTBe? Benp ero He3aBHAHAs MUCCHS OCO3HAHA B He3allaMsATHBIE BpeMeHa. B myumem
cilydae HaJ HAM CMEIOTCS M IIyMATCS, B Xy[IIEM — MOABEPTaloT OCTPAKU3MYy, MPUHYKIAIOT K N3THAHHUIO
WA caMOyOWHCTBY. B HCTOpHM COBETCKOM JKM3HM TaKMX TOPECTHBIX IOBECTBOBAHWN — Macca. bymyun
MOCBSAIIEH B CTOJIETHIOK MCTOPHIO MpemnojaBaresibckoro kopmyca CI'Y, JImutpuit IBaHOBHY HE MOT
He OBITh OCBEJOMJIEH O HUX.

Humennexmyan ¢ nepuoovi Konmpnpoceewjenus. «beHbIMUH 4yBCTBOBAJI, YTO JKUBET B TAKOE
BpeMsl, KoTaa BCE 4ero-HUOYIb CTOsIIee MPHUXOMUT K KOHIY» [4, ¢. 110], — xoHcTaTtupyeT CoHTAar.
Cyns mo MHOTUM MCTOYHHKAM, IPUIMBBI TAKOTO YMOHACTPOCHHUS Y MPOCBEIIEHHON MyOINKHN B HAIIEM

"MeTonmdecKire IPHHITHITE HETPOAYKIMH MEPOBOH HAYIHOH KyNETYpPH B POCCHICKYIO HayqHO-006pa30BaTebHYIO Cpefy,
KOTOpbIe MPHMEHSUI U CoBepIIeHCTBOBAN J{MuTpuii MiBaHOBHY, ITOJCKA3BIBAIOT BOIPOCH! Oojee obmero nopsiaka. Kakyro pomb
ChITpaja MUPOBast €CTECTBEHHO-HAYYHAs KyJIbTypa B CTAHOBJICHUH U YKPEIUICHUH «EIUHCTBA €BPONEHCKOro Jyxa»? KakoBbl
MEXaHU3MBI ¥ 0OpaTHBIE CBS3H B TUX Iponeccax? KakoBo ceromHs BIMSHUE MaTeMaTHYECKOTO €CTeCTBO3HAHMS HA «EIMHCTBO
eBporeiickoro ayxa»? A Ha IMO3MIUH paliMoHANN3Ma BooOme? B kaBbIUKH B3AT TEPMHH, HCHOIB3yEeMBbIil COBCEM B JIPyroM
KOHTEKCTE: IIPU OLIEHKEe TBOPYECTBAa «pyccKoro eBporneiina»y — ¢uiocoda H. A. Bepnsesa (1874-1948).

T'ona ueThIpe Ha3a[ Ha CEMHHApE IS aCIHPAaHTOB peub 3amuia o A. JI. CaxapoBe, U 51 CKa3al, UTo OH — 6J1aropoIHBIil
YeJIOoBeK. ACIIMPaHTKa IOAHUMAET PYKY M CHPAIIUBAET: a «OIaropoaHbli» — 31o kakoi? CripammBaeT cepbE3Ho, 63 HHTOHAIMI
U3JIEBATENILCTBA, HO, MOXKAIYH, C OTTEHKOM HCKPEHHEro HEJIOYMEHHUs. AYIUTOpPHUS MOJYHUT, HUKTO HE IOJCKA3bIBACT €.
Craparoch 00bSICHUTB, COBETYIO TpoYecTh ero ouorpaduro: [openuk I. Auapeit Caxapos: Hayka u cBo6ona (2004). Kuura,
yBepeH, Obuta u3BectHa JImurputo MBanosuuy. Yem moyuureseH 1ot snu3oa? OH HOKa3bIBaeT, YTO GJaropoicTBO CIENanoch
9K30THKOM, TpeOyroleil KoOMMeHTapreB, Kak miocca. BeposTHO, BEIPOCIIO MOKOJICHUE, He UMEBIIIee Tepe]] Iia3aMu )KHUBOTO
HOCHTEJIsl BBICOKHX KayeCTB, YAOCTOBEpsieMbIX ero nocrynkamu. [lonarato, yro umu ortuyaics J. Y. Tpy6euxos.
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otreuecTBe ObIBamy HeomHOKpaTHO. CkaxkeM, B Hadaie u B KoHie 1920-x, Bo Bpemsa 1930-x, 1940-x,
Ha ctapTe 1950-x, mocie oTMeHbI XpyIIEBCKON oTTemnenn», B Hadane 2020-x. «bbpiBaliu Xyxe BpeMeHa,
HO He OBITO TIOAIEl» — NEHTMOTHB HAIIET0 CAMOKPUTHYHOTO CAMOOIHCAHHS yKe TIONTOpa CTONEeTHs".
Cxonbko pa3 3To ciplian (M Tak ke ayman) Jmurtpuil MiBanosuu? He 3Haro. Ero g Bocnpunuman
KaK MHHAIIUATUBHOTO, 3/[PAaBOMBICIIAIIETO, TIeTIeyCTPEMIEHHOTO, III00TBOPHOTO ONTUMICTA. Bo3MoXxHO,
CKa3bIBAJICS SHAEMHUYECKHH (haKTOp — HEKUH gonoiccKkull KynbTypHBIH apxeTun? Y MeHs BEIOOpKaA SBHO He
penpeseHTaruBHas. Bc€ ske, o MOMM HaOMIOEHUSM, XapaKTep capaToBIEB OTIMYAET OOIIUil 3HaMeHa-
TeJTb: MONHOE OTCYTCTBHE TOTO KA4eCTBA, KAKOE JIIOTEPAaHe HAa3bIBAIOT JIGHOCTHIO CEpJIla, MM areaueii’.

Ceronssi, HaBepHOE, yXKE HE BCEM IMOHATHO, IIOUeMy modus vivendi 0Te4eCTBEHHBIX WHTEIICKTya-
70B (a TeMm Oonee — ux 00pa3 MBICieH) He MOT He OBITh BpakJieOEH COBETCKOMY peXHnMy. Benb pexxum
YCTaHOBUJIM OTHIOAb HE MHTEIJIEKTYalbl, HO PEBOJIIOIIMOHEPHI-3KCTPEMUCTHI U PaJUKaIbl-TOTMaTHKH,
NPUBBIKIINE K BOEHHOMY HACHJIMIO, K BOGHHOH XUTPOCTH, IPOBOKALMU U Pa3BEAKE, YTPATUBIINE HOP-
MbI rymaHu3Ma. [lokopénHoe GomnbiieBukamu k 1922 1. HaceneHue ObUIO CBHJIETENEM UX 3TOACSTHUI
00 KEPTBOM M yXKe MOTOMY 3aCITyKHBAIO KECTOKOTO, 3allyTUBAIOIIEro odparnieHus. Ype3BbraaiiHo
TpParuvyHsl OBITH CYIbOBI HHTEIUIEKTYaJIOB JOPEBOITIOIMOHHOTO MMPOUCXOKICHHS U NX He(OpMaIbHBIX
MOCJIeIOBATENICH, MOMABIINX B YCIOBUS TOTAIUTAPHOU cucTeMbl. «CKBO3b ac(anbr» — Takod o0pa3
npenyaraet KynsTyposor P. M. ®pyMkuHa, onichIBas )KU3HEHHBIE CTPATETHH, PENSTCTBUS IS CBO-
00HOTO TBOpUECTBA YUEHBIX, ClIOCOOKI uxX mpeogoneHus (2012). «Oqna u3 ocobeHHOCTEH ‘“‘ueroBeka
COBETCKOTO” — €ro CIIOCOOHOCTh K COIHAIbHOM MUMHKPUU, — UTOXKUT OHA. — [IpuxXoanuTcs pu3HaTh,
910 0€3 COIMaIbHOM MUMHKPHH MHOTHE HAIllM COTpaXkIaHe BOOOIe He BEDKIIH Obl. JIHEBHUKH U 3ammc-
KU, HE IpeAHa3HauYCeHHBIC IS NIeYaTH, HO — MyCTh HE BIOJHE OCO3HAHHO — apEeCOBAaHHBIC HEBEAOMBIM
MOTOMKaM, OTKPBIBAIOT HAM HCKaJIEYEHHBIE XKU3HU U Aymm» [5, c. 79].

Kaxk 3710 HU mapagokcaabHO, CEroAHs PacTET 3HaYEHHE OIbITa MPOTHBOJACHCTBYSA HallleH AUKTaType
U1t MeiciuTeneid EBporel! K TakomMy cooOpaxeHuio MpuBoauT KHUra « CoOia3Hbl HecBoOoasl: MHTEN-
JeKTyanbl Bo BpeMeHa ucnbitanui» (2008). E€ nanucan Pansd Hapennopd (1929-2009), eBponeiickuit
ABTOPUTET, U3BECTHBIA TPYAAMH IO COIMOJIOTHH ¥ procodun. Ha Mol B3, aesrensrocts . U. Tpy-
OerKoBa KellaTelIbHO M3ydaTh W WHTEPIPETHPOBATh KaK aKTUBHOCTHh MHTEIIEKTyala M BO BpeMeHa
ucnsITanuit’ Toxe. Oun B Poccuu moce 1913 roza, hakTuueckyu, He NPEKpaIlaiich, BAPHUPOBANACH
JUIIb CTENEHb UX TSDKECTH U LIMpPHHA 3axBara >kepTB. CKIOHEH cuuTarh, yTo Jmutpuii ViBanoBuu
B OCHOBHOM cornacuiicst 661 ¢ MbIcibio Japenaopda: B XXI B. s EBponel HacTynaetr «HoBoe Kontp-
npocsemeHue» [6, ¢. 295]. Mexny tem, Jmutpuii IBaHoBHY, mmo-MoeMy, paboTai u kKak PeBHUTETH
[IpocBemenus (ecian U3IBSCHIATHCS CTAPUHHBIM CIIOTOM), M KaK npoceemument O0Ji npoceemumeneti
(ecnu Tak MOXKHO cKa3atrh). To U Apyroe BecbMa TPYIHO, OTBETCTBEHHO, HE3aMETHO HCTOIIAET HEPBHBIC
pecypebl. M penko xorma He BRI3BIBAECT COMPOTHBICHHUS HA4YaIbCTBA BMECTE C €0 CTOPOHHUKAMH — TEM
0oJiee B pOJTHBIX MAJIECTHHAX.

[IpaBoty muarnosa lapennopda moaTBepkaaeT, B YaCTHOCTH, aKTHBHOCTh aHTHHHTEIUIEKTYaIb-
HBIX TEUCHUHN HE TOJILKO y HAC, HO U Ha 3amaje. Pe30HHO 0XKUAATh, YTO 3amaJHbIC JOKTPHUHBI IMOIyYar

3BcroMHmICs aHEKIOT 06 HCTOPHYECKOM ONTHMH3ME, H3BECTHBIH YKe MOEMy 0TIy (WMIIH 3T0 Gpomsdnii cioxer?). «PaBBuH
cobupaer OOLIMHY ¥ CHpalIMBaeT eBpeeB, Kak MM XKUBETCs. Te CTOHYT: mIoxo, pede, Oif II0X0, y’Ke HEBBIHOCHMO. . . PaBBHH
BeIciyman Becex U mpekaeT: OUYEHD xopormro, yto Bam Tak 1uioxo... EBpen B ykace BoOIAT: pebe, Kak TeOs MOHUMATh?!!
PaBBuH 3aBepuraer ¢pasy: ...0ToMy 4TO cKopo BceM HaMm Oyner HAMHOI'O xyxe!» BepHo, n JImutpuii ViBaHOBHY aHEKIOT
9TOT CIIBIIIAN, YAbI0asCh 9yTh IPYCTHO?

43THMOH — JpeBHErpedecKoe MOHATHE CkNOLC («AKEAU»), TO €CTh HEOPEKHOCTb, 6e33a00THOCTb. VY IPEBHUX PUMILLH
acedia («areaus») O3HaYaeT: YHBIHKE, Meaanxonus. B amoxy IIpoceenienust B EBporne areqnro-MeIanXoMui0 HHOTIA CUMTATN
HEIYyroM y4€HOCTH, TO €CTh ITOCIEeICTBUEM UPE3MEPHOTO yCepAus B yMCTBEHHOM Tpyae. [ BU3aHTHIICKHX MOHAXOB U
6orociioBoB IV B. akenus — cuHOHMM Oeca (rpexa) YHBIHUS, a O3AHEe — JICHOCTU. B mocnenHue moiaBeka ICUX0IOTH 0OBIYHO
TOJIKYIOT aKeIMI0 B KOHTEKCTE NMPOTHBOJIEHCTBHS UIIOXOHAPHH, ACTPECCUH, YTPaTe CMBICIA XKHU3HH, CMbICIIA CBOETO JAeJia M T.II.

SHcnbTanmii — BCTenCTBHE GECUETOBEUHOCTH, KECTOKOCTH, MpaKoOecns BiacTi. Ho m caM TexHonormueckuii hakrop
B KYJIBTYpe 00s3bIBacT 0Opa30BaHHBIN CIIOW BHIMOJIHATH AOTOJNHHUTENbHBIE GyHKIMU. OcobeHHO ke — HeIHYe U B Poccum.
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nomynsipHocTh B Poccuu. M TeM caMbIM IEHHOCTB npeacTaBicHui o urype TpyOenkoBa MOBBICHTCSI.
B nnane onacenuii lapennopda cTonT KOCHYTbCSI KOHLEIIIMU TIOCTIYMaHN3Ma, HallpuMep, B U3JI0KEHUU
®p. Deppango (2019), uccnenosarenbruibl u3 CILIA, nonHol neBbix uae u adgdexros. I1o duito-
co(ckoe HanpaBieHUe, HapSLy ¢ TPAHCTYMaHU3MOM, aHTUT'YMAaHHU3MOM, 0ObEKTHO-OPHUEHTHUPOBAHHOM
OHTOJIOTHEN, CTPEMUTCS MEepeoIpeeInTh yenoBeka [7, c. 14] (kapauHanbHO oOeclieHHuBas €ro, Mo
HameMy MHeHHI0). s 3TOro BBEACHO MOHATHE postaenoBeka. Ero Ku3HenesaTenbHOCTh 00yCIIOBIIeHa
JOCTHXECHUSIMU PaJUKaIBHOTO mporpecca (OMo)TeXHOJIOrui, HO CTPOro MOAYMHEHA MOJIUTHUYECKUM
HOpMaM, BKJIIOYAs HMITEPATHBHI TOJTUTKOPPEKTHOCTH, W SKOJIOTHYECKUM TpaBuiam [7, c. 19].

I'py6o roBops, xoruenuus Oeppanao 3WKAETCA HA IPOTHBONOCTABICHUN ABYX HOHSITHH, YIO-
TpebisieMbIX U B paano¢usnke. Korna MonearpyroT mpouecchl pacpoCTpaHeHHsI IIEKTPOMarHUTHON
BOJIHBI B YCTPOWCTBAX, UX MPEACTABIISIOT 1BOSAKO. JINOO KaK CHCTEMBI ¢ JIEKTPUYECKUMHU IapaMeTpa-
MH, HETIPEPHIBHO paclpeeéHHbIMU B IIpocTpaHcTBe (BonHOBOA, CBY kabens). JInbo, HanmpoTus, —
¢ IapamMeTpamH, JIOKaJbHO COCPEJOTOYEHHBIMH (HU3KOYaCTOTHBIC PaJOTEXHUYECKHE 1enu). B cBere
3TOM aHanmoruu odparumcs K smoxe [Tudaropa Camocckoro (kouerr VI B. 10 H. 3.) WIH UTAIBSIHCKOTO
MEICTHTEN Tepuona Bo3poxknenus Jx. [Tuko memra Mupannonsr (1463-1494). MoxxHO cka3aTh, 9TO
coo01IecTBo OoJiee UM MEHEee MBICIISIINX CYOBEKTOB, CKaXkeM, B 3amajHoii EBpone ObUI0 crucTeMoit
€ JIOKaJIbHO COCPEIOTOUYECHHBIMU KOTHUTHUBHBIMU NapaMeTpaMu. A BOT, couuyM Hadaia XXI B. nmpaso-
MEpPHO YNOJOOUTh CHCTEME C pacHpeAeIEHHBIMY apaMeTpaMy. B 4éM NMEHHO U HACKOJIBKO CHIIBHO
WHTEHCUBHOCTH )KUTEHUCKOTO, MPO(ECCHOHAIFHOTO, O0IIECTBEHHOTO ¥ HHOTO B3aUMOJICHCTBUS ITOBIHIA
Ha TMOHHUMAaHHUE YeJIOBEKa, €ro Ha3HadyeHHWsd, MOTEHIUH, [IeHHOoCTe! etc.? B Bepcuu moctrymanusma
@p. OepHanmo (HECKOIBKO IKIEKTHYECKOH M 3PPEKTHO MMIIPECCHOHNCTUYECKON, HAa HAlll B3IVISH)
TpaAULIMOHHOMY M yCTapeBLIEMY Y€JIOBEKY MPOIIOro MPOTUBONOCTABIEHO pOSIUENIOBEUYECKOE CyIlle-
cTBo. OHO OTJIMYaeTCs] TEM, YTO BKIIIOYEHO B CETH MHOIOOOpa3HBIX COLMAIBHBIX, IKOHOMHYECKHUX,
MOJINTUYECKUX, NICUXOJIOTUYECKUX, KyJIbTYPHBIX U JPYTUX OTHOIICHHH, CBsi3ed, BIMAHUU. [Ipnaém
CBsI3€l HE TOJIBKO C YEOBEYECKUMH O0COOSMH BCEBO3MOXHBIX BUJIOB, HO TaK)K€ C MHBIMU OOUTATENAMHU
Ouocdeps! 3emin, ¢ HEOPraHMUECKUMU 00bEKTaMHM, BKIIIOYas UCKYCCTBEHHBIC.

Paszymeercs, OT Takol UAEOIOTUU MOKHO OTMaxXHYThCA: JECKAaTh, OHA — OYEPEAHOM 3NMaTUPYIOIINI
aKT B KOMEJIMU COBPEMEHHOW T'yMaHWTapHOH MbICcTH. Bcé ke, HemomycTuMo 3a0BIBaTh, 9TO HOCHTEIH
JIEBBIX COLHMAJBHO-IIOIMTHYECKUX YOSKICHUH Y)Ke peanpHHUMAaI GpyHIaMEHTAIbHYIO BOHHY IPOTUB
YeJI0BeKa, aHTPOTOIIEHTPHU3MA, EBPOTIOIIEHTPU3MA U TTOAOOHBIX -U3MOB. BoitHy BEN pyccKuil KOMMYHHU3M,
pasropsu€HHBIN ycriexoM OKTAO0pbckol peBosmonnu U 3PQPEeKTUBHOCTBIO Teppopa. To ObLT OdeHb
MTOCJIEZIOBATENbHBINA, KUIISIINNA PECEHTUMEHTOM, H300MIYIOIINH MaTOIOTHSMH UMITYJIBC K J€MOHTAXY
YeNI0BEKa MBICIISAIIETO U COBECTIMBOIO.

Ho noctrymaHucTsl HTHOPUPYIOT aHTPOTIONOTHIO, TIPAKTHKY, COIMATIBHYIO MPOAYKIIMIO pacyeno-
BEUMBAHMS, Pa3BEPHYTOTO OONBIIEBUKAMH BKYIE C YEKHCTaMH, U ero ¢araabHble MocIeAcTBI. Mexay
TeM, YTBEpAUTEIN KOMMYHH3Ma U3TOTOBMIIM MTPOOHBIN BapuaHT postuenoBeka. B CCCP ero umeHoBanmu
«HOBBIH COBETCKHH 4elloBek» 1 ¢ 1930-X IT. IpOW3BOAMIN B HHAYCTPHAIBLHBIX 00bEMax. Homo soveticus
OBUT CIIPOCKTHPOBAH B KaueCTBE MOJIHOW MPOTHUBOIOJIOKHOCTH HHTEIIeKTyana. COBETCKUI YeloBeK
He OBLT IpeHa3HavYeH KUTh COOCTBEHHBIM WHTEIIEKTOM. Ho eMy OBLTO 1O crjlaM BOCTIPOM3BOIUTH U
TPaHCIMPOBATh TEKYIIMH HAOOp pa3pemEHHBIX JorMaToB. OH MOT TPYIUTHCS B HAPOJHOM XO3SICTBE
CTpaHbI, MOT BOEBATh C BparaMi BHYTPEHHUMH W BHEITHUMH. CIIyCTS BEK mocie Ae0roTa KpacHBIX aHTPO-
MIOMHXEHEPOB, B PyCJie UX NpeAcTaBleHui, de facto, nuxetcs Op. Peppanno u He TONbKO oHA. JIeBbie
MEUTAIOT YIPa3THATh «CaMOCTOSHBE YeJIOBeKa» (€ciu BCIIOMHHTH llymknHa). TakoB ke U CTepKeHb
nporpammsl Konrpnpocsemenus. 1. M. TpyGerkoBa 310 He MOIVIO HE BOJIHOBATb, MHE KayKETCSI.

CuHeprus Ku3HM M yMa? PesroMupys onHy U3 cTopoH HaydHo aestensHOCTH . WM. TpyGenkosa,
PUCKHY HallOMHHUTB, YTO CO BPEMEH LTYMEPCKUX 3BE30YETOB U DJUIMHCKUX MYJPELOB, LIEHTPalIbHON
mpo6aeMoil HayKu U €€ HepBOM OBbLIT caM yUEHBIH.
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Ha Bctpeue ¢ A. U. ComxennnpiaeiM (Caparos, 1995 rox)

HerHe cocrosHMe Hamiero cooOmiecTBa, 00pa3oBaHHs, HAYKH TAaKOBO, YTO HYXKJa B IEPCOHAX
ypoBus . U. Tpy6GenkoBa Kyaa octpee, 4eM, ckaxeM, 20-30 et romy Hazax. [lo-BunuMomy, emeé ogHuM
CPEICTBOM HCIPABJICHUS MOJIOKEHHS CIIY>)KUT HE TOJIBKO BCEMEPHOE MOBBIIIEHHE METO0JI0IHUECKOTO,
TEXHOJIOTHYECKOT0, SMUCTEMOJIOTMYECKOT0, MeTposiorudeckoro u T. 1. ypoBHs HUP u HUOKP. Kpaiine
HACYIITHO BBIOPATh 3TAJIOHBl YHUBEPCUTETCKOTO BBITYCKHUKA, MPUTOAHOTO I paboThHI B Hayke. Buaumo,
OBUTO OBI ONTHOKOM TIPOIOIDKATE JIMHUIO MINOvis resistentia, TO €CTh (OPMHPOBATEL €TO JIUIIL O€37TH-
KHM pelraresieM mpooiieM, TO3HAIUM CYObeKTOM ¢ MUHUMYMOM HHIWBUIYATbHOCTH, YIOOHBIM JIJIS
MaHUITyIUpoBaHus. Y TMYHOCTB, U BCA AeSATENbHOCTh TpyOenkoBa Oblila HE MPOCTO aHTHIIOAOM, HO
OTpULIAHUEM TaKoW 00pa30BaTEIbHOM MPAKTUKH, CTPATETHH, OINUTHKH, IPOTUBOACHCTBUEM €H.

IlpuBeny em€ oOaMH [0BOA, IOKAa3bIBAIOWIMI TEPANeBTUUECKUN NOTEHUHAT IapaJurMbl
. W. TpyGerkoBa /i HAIINX KIFOYEBBIX 09aroB YMCTBEHHOW aKTHBHOCTH: aKaJleMHH U YHUBEPCHUTETA —
B 2020-¢ rT. «B Poccun ecTh cribHAS TpaaWIUsd aHTHUHTEIDICKTyalIu3Ma, ‘yMoOopUYecTBa’”: NEeCKaTh: yM
BpakaeOeH KUBOH XKU3HU U He criocobeH e€ moctuyh (“YMom Poccuio He moHATE...”"). Ho 3T0 CBOHCTBO
MMEHHO He CJIMIIKOM Pa3BHTOTO yMa, KOTOPBIH CKIOHEH YMCTBOBaTh, YMHHUYATh, TO €CTh OOCITYXHBATh
camoro ce0s. [1e HexuBOI yM, TaM M HEyMHas )KH3Hb — OeCCMBICIICHHAs, OecrolIaaHas K caMmoil cede.
<...> XuBo# yMm, HE BBIIPAMIISIOIINNA MOHATHI AOrMaTHYECKH, HO U HE JIOMAIOIIUI UX UCTEPUIECKH,
HYy’KHee BCETO 3pesioMy OOIIeCTBY, KOTOPOE HE TOTOBUTCS K KOHILY CBETa, HE AEpraercs B MpHIIagKax
SICHOBHICHUSI ¥ MUPOCIIACUTENIFCTBA, & COOMPAETCS KUTh JOJITO, TEPIIENNBO, OCMBICICHHO, CO BKyCOM U
B CBOE ymoBoIbCTBUEY [2, ¢. 634-635]. Ha sToM HacramBaeT M. H. Dmmreiin.

Meue kaxeTtcs, 9To JMutpuii IBaHOBHUY Bps M OBI B3sJICS OIPOBEPraTh €ro KapIuHAJIbLHOE
o0o0menune. Pagnodusnk 3aMeTuT, 4T0 OHO HESIBHO MCXOIUT U3 IIOHUMAHUS CHHEPTUH JIBYX HEITMHEHHBIX
MOZICKCTEM: MHTEIJUICKTYaIbHOM M COUMaIbHON. VX KOHTAKT, X YCTOMYMBBIN IpOrpecc HeBO3MOXKEH 0e3
CBSI3YIOIIIETO 3BeHa, 0e3 0yXOTBOPEHHOTO Nocpeauka. O0pas3ioM Takoro u O0bul TpyOerKoB.
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Teopeuii Teoooposuu I'ypus — 1.¢.-M.H., npodeccop, PyKOBOAUTEIb JIAOOPATOPHI MaTEeMAaTHYECKO-
r0 MOZEIHPOBAHHUS OHOIOrHYECKUX HporeccoB HaloHanbHOro MeJUIIHHCKOTO HCCIIe0BATE b
CKOTO IIeHTpa remaronorud M3 PO, Mo cOBMECTUTENBCTBY COTPYAHHUK Kadeapsl HU3UKHU SKHBBIX
cucteM MOTU. OxoHunn (akyIbTeT MONEKYIIpHONW 1 Ononornueckor Gpusnku MoCKOBCKOTO
(PU3HKO-TEXHUIECKOTO MHCTUTYTa N0 Kadeape MoNeKyaspHoi U Ouonorndeckoit pusmku (1980) u
actimpantypy MOTHU (1983). JumnomHyro paboTy ¥ KaHIUIATCKYIO IUCCEPTALIUIO BBHIOIHST B
naboparopuu 6uonomumMepoB UucTuTyTa Monekynspaoit 6uonornn AH CCCP mox pykoBoacTBOM
npo¢. M. B. Bonskenmrreitna u cr.H.c. M. A. JInmmia. C 1984 o 1989 rox pa6otan B npodiem-
HOH J1aboparopun KocMHYeCcKoH Gruosnorny kadeaps 6nodu3nKu OMoIOrnuecKkoro axkyisreTa
MI'Y um. M. B. JlomonocoBa. C HosiOpsi 1989 roxa crapiiuii, 3ateM BeAyIIUil HAYYHBIA COTPY/I-
HUK Jaboparopuu npod. A. M. XKaborunckoro B ['emaronornueckom HayuHoM nenrpe. C mapra
1996 roxa no HacTosiiee BpeMsi — 3aBeAyrouii 1aboparopueii. OCHOBHBIE pabOTHI MOCBSIICHBI
HCCIIEZIOBAHUIO OOIIMX MPOOJIEM CaMOOPTaHM3allui HEPABHOBECHBIX CHCTEM M MPUIIOKEHHIM
TEOPETHUECKUX PE3YIBTATOB K AKTyalbHBIM OMOMEAUIMHCKIM CHTyalusaM. Psi paGoT mocssiieH
SIBJICHUSIM CTPYKTYpOOOpPa30BaHUsI MPU CBEPTHIBAHWU KPOBU M MX MAaTEMaTHYECKHM MOJEISM.
B nmexabpe 2020 roga Yuensim Coserom MOTU u3bpan [ToueTHpM mpodeccopom.
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Teopeuit I'ennaovesuu Manuneyxuii — pomwics B Yde (1956). OxoHumn ¢ oTiuuneM pusnde-
ckuit dakynasrer MI'Y um. M. B. Jlomonocosa (1979). 3amuTiin KaHAUAATCKYIO AUCCEPTALHIO
(1982), noxrop ¢puzuxo-maremaruueckux Hayk (1990), mpodeccop, 3aBeayromuii OTAEIOM MaTe-
MAaTH4ECKOTO MOAENHPOBAHHS HEIMHEHHBIX MporieccoB MHCTUTYTa MPUKIaJHON MaTeMaTUKH M.
M. B. Kenppima PAH. Oy U3 BeqyImux CreNUanicToB B 00IacTH HETHHEHHOH THHAMUKH, aBTOP
6onee 700 Hay4HBIX TPYHOB, 0K0J0 100 Hay4IHO-TIOMYISAPHBIX CTAaTed M KHHUT, M3NaHHBIX B Poccun
n CIIA. HanGomnee n3BecTHBIC PE3yNnbTaThl: TEOPHs TU(QY3HOHHOTO Xaoca, MOJIEIIN CHCTEMBI
00pa30BaHMsl, HCCIEIOBATEIBCKUI IIPOEKT CO3IaHUS MAaTEMaTHYECKOI HCTOPHH, a TaKiKe MPOEKT
co3nanus HarpoHanpHOM CHCTEMBI HAyYHOTO MOHHTOPHHTA OIIACHBIX SIBJICHUH M ITPOIIECCOB B
MPUPOIHOM, TEXHOTEHHOH M coranbHoi cdepax. [Ipodeccop MoCKOBCKOro rocyapcTBEHHOTO
TexHU4eckoro ynusepcurera uMm. H. 3. baymana u Poccuiickoro ynusepcurera apy»0bl Hapo-
noB. SIBnsercs Buue-npe3naeHToM HanorexHonoruueckoro obmectsa Poccun. Jlaypear npemun
[paBurensctBa P® B oGnactu obpazoBanust (2002). B nocnenHue roasl 3aHUMAeTCst MATKUM MO-
JeTMPOBAHNEM, CUCTEMHBIM aHAIN30M, IPOTHO30M OeICTBHI, KaTacTpo(d M KPU3HCHBIX SIBICHUI
Ha OCHOBE METOJIOB HEIMHEHHOM IWHAMUKH, a TaK)Ke TEOpPHEH pycel U HKOKEPOB, MpodieMaMu
MPOEKTHPOBaHMS OyIyIIero.
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Comunckuii I'ennaouii ['upuwesuy — poguncs B Jlenunrpane (1935). Oxonunn B 1960 roxy Jle-
HUHTpaJCKui nonurexaudecknit nHctutyT uM. M. U. Kannuuna (aeiHe Cankr-IletepOyprexuii
nonurexHudeckuit yausepcutet Ilerpa Bemnkoro — CIIGITY). C 1960 ronga mo Hacrosimiee Bpems
pabotaer B CIIGITY, ¢ 1991 . — B momkHOCTH Tpodeccopa. B 1968 roay opranuszosan iabo-
paropuro cuibHOTOYHOH U CBY 31eKTpOHUKHN 1 PYKOBOAMT €10 10 HacTosmee Bpems. Obnactu
OCHOBHBIX HAay4YHBIX HHTEPECOB: MPOILIECCHI B MPOCTPAHCTBEHHOM 3apsfe M UX BIHMSHUE Ha paboTy
CHJIbHOTOYHBIX 3JIEKTPOHHBIX YCTPOHCTB, pa3paboTKa U COBEPIICHCTBOBAHHE MOJNEBBIX SMUTTEPOB
Ut (OPMUPOBAHHS MHTCHCUBHBIX JIEKTPOHHBIX MOTOKOB. PykoBommi paboTaMu 1o rpaHTam
Poccniickoro HayqHOTO ()OHIA M X0310TOBOPHBIMHU paboTamu. ABTop Gonee 300 meqaTHBIX paboT
1 22 u300peTeHUA.
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