>




KneM

KOMIIBIOTEPHBIE UCCIIEJOBAHUASA
N MOJIEJIUPOBAHUE

2024 Tom 16 Ne 4

COAEPKAHUE

OT PEJAKIIUU
OT PEHAKIIHHL . . . . v v o v e e e e e e e e e e e e e e e e e e 821

MATEMATHYECKHUE OCHOBBI U HNCJIEHHBIE METO/AbI MOJIEJINPOBAHUSA

booicko A. H., Jlusanyos B.D. OnTuMu3aius CTpaTerud reOMETPUUYECKOr0 aHalin3a B aBTOMAaTH-
3UPOBAaHHBIX CHCTEMAX MPOCKTHPOBAHUS . . . . o o v v v e it e e e it e e e e e e 825

YUCJIEHHBIE METO/JbI 1 OCHOBBI UX PEAJIN3ATIUN

Xyoxyp X. M., Xanun M. X. Ynanenue muryma u3 U300pakeHHI ¢ UCTIONB30BAHNEM ITPEIaraéMoro
QITOPUTMA TPEXWICHHOTO CONPSDKCHHOTO IPAIMEHTA . . . « .« o o o o o o o oo oo e o 841

MOJEJIX B ®U3UKE U TEXHOJIOT'UH

Camconos K. 1O., Kabanos /. K., Hazapos B. H., Exomacos E. I Jlokanu3oBaHHbBIC HEJTMHEWHBIC
BOJIHBI ypaBHEHUsS CHHYC-IOpJ0Ha B MOIEIH C TPEMS MPOTSIKCHHBIMU MTPUMECAMHA . . . . . 855

Knexosxkun A. B., Kapasaes 10.JI., Kunun A. A., Hazaposé A. B. BiusHue XBOCTOBBIX IUIaBHHU-
KOB Ha CKOPOCTh BOIHOTO POOOTa, MPUBOJMUMOTO B JBUKCHUE BHYTPEHHUMU MOIBUKHBIMA
MACCAMHE . . .+« v o e e v e e e e e e e e e e e e e e e 869
Lonyoenko A. H., Kynukos FO. M., Casenves A. C. XaoTu3anus TEUCHUS ITOI JCHCTBHEM O0BEM-
HOM CHITBL . . . . v v v v i e i e e e e e e e e e e e e e e e e e e e 883
Llabbup K., Hzsexos O. A., Konwoxos A. B. MonenupoBanue IBYyX(pa3HOTO TEYCHUS B TMTOPUCTHIX
cpelax C MCIOIb30BAaHUEM HEOIHOPOJAHONU CETEBOM MOMETM . . . . . . « . o v o v o o o . . 913

Pham Cong Thang, Phan Minh Nhat, Tran Thi Thu Thao. Image classification based on deep
learning with automatic relevance determination and structured Bayesian pruning . . . . . 927

Jhooywun A. A., Poouonos E. A. AHanu3 IpOTHOCTUYECKUX CBOWCTB TPEMOpa 3€MHON MOBEPXHO-
CTH C MOMOIIBIO PABIOKECHUS XYAHTA . . . o v v v v v v e e e e e e e e e e e e e e e e e 939



818 Coneprxanne

AHAJIM3 1 MOAEJUPOBAHUE CJIOKHbBIX JKUBbIX CUCTEM

benses A. B. CroxacTudeckue mepexofpl OT MOPAIKa K XaoCy B METAMOMyJISIIIHOHHON MOAETH
C MHUTPALMEH . . . . . . o ot i e e e e e e e e e e e e e e e e

Ilanmenees M. A., bepwaockuii E. C., [llubexo A. M., Heuunypenxo /. FO. AKTyaJbHBIE TTpOOIIC-
MbI KOMITBIOTEPHOTO MOJICITUPOBaHUS TpomOo3a, GUOpHHOIN3a U TpoMOOIU3UCca . . . . . .

Xpywes C. C., @ypcosa 1. B., [lniochuna T. IO., Pusnuuenxo I FO., Pyoun A. 5. AHamu3 ckopo-
CTH 2JIEKTPOHHOTO TPAHCHOPTa Yepe3 (POTOCHHTETHYECKUI IIUTOXPOMHBIH by f-KOMILIEKC

MOJAEJIA SGKOHOMHUYECKHUX U COOUAJIBHBIX CUCTEM

Ansori M. F., Al Jasir H., Sihombing A. H., Putra S. M., Nurfaizah D. A., Nurulita E. Assessing
the impact of deposit benchmark interest rate on banking loan dynamics . . . . ... ...



COMPUTER RESEARCH
AND MODELING

2024 Volume 16 Number 4

CONTENTS

FROM THE EDITOR

Editor’s note . . . . . . . . . s, 821

MATHEMATICAL MODELING AND NUMERICAL SIMULATION

Bozhko A. N., Livantsov V. E. Optimization of geometric analysis strategy in CAD-systems . . . . 825

NUMERICAL METHODS AND THE BASIS FOR THEIR APPLICATION

Khudhur H. M., Halil I. H. Noise removal from images using the proposed three-term conjugate
gradient algorithm . . . . . . . . ... 841

MODELS IN PHYSICS AND TECHNOLOGY

Samsonov K. Yu., Kabanov D. K., Nazarov V. N., Ekomasov E. G. Localized nonlinear waves of

the sine-Gordon equation in a model with three extended impurities . . . . . . .. .. ... 855
Klekovkin A. V., Karavaev Yu. L., Kilin A. A., Nazarov A. V. The influence of tail fins on the speed
of an aquatic robot driven by internal moving masses . . . . . . . . . ... ... ... 869

Doludenko A. N., Kulikov Yu. M., Saveliev A.S. Chaotic flow evolution arising in a body force

field . . . . e 883
Shabbir K., Izvekov O. Ya., Konyukhov A. V. Simulation of two-phase flow in porous media using
an inhomogeneous network model . . . . . . . .. ... ... L 913

Pham Cong Thang, Phan Minh Nhat, Tran Thi Thu Thao. Image classification based on deep
learning with automatic relevance determination and structured Bayesian pruning . . . . . 927

Lyubushin A. A., Rodionov E. A. Analysis of predictive properties of ground tremor using Huang
decomposition . . . . . ... L L e e e 939



820 Contents

ANALYSIS AND MODELING OF COMPLEX LIVING SYSTEMS

Belyaev A.V. Stochastic transitions from order to chaos in a metapopulation model with
MIGratioN . . . . . . o e e e e e e e e e e e e e e

Panteleev M. A., Bershadsky E.S., Shibeko A.M., Nechipurenko D.Yu. Current issues in
computational modeling of thrombosis, fibrinolysis, and thrombolysis . . . . . . . .. . ..

Khruschev S. S., Fursova P. V., Plusnina T. Yu., Riznichenko G. Yu., Rubin A. B. Analysis of the
rate of electron transport through photosynthetic cytochrome bg f complex . . . ... ...

MODELS OF ECONOMIC AND SOCIAL SYSTEMS

Ansori M. F., Al Jasir H., Sihombing A. H., Putra S. M., Nurfaizah D. A., Nurulita E. Assessing
the impact of deposit benchmark interest rate on banking loan dynamics . . . . . . . . ..



KOMIIBIOTEPHBIE UCCJIEJOBAHUSA
N MOAEJIMPOBAHMUE 2024 T. 16 Ne 4 C. 821-823 KM&M
DOI: 10.20537/2076-7633-2024-16-4-821-823

OT PEJAKLINU

MBI TpOIOIDKAEM CEPHIO PENAKIIMOHHBIX CTAaThEH, HAMPABICHHBIX HA TO, YTOOBI aTh YHTATEIISIM
Ooiee 0OBEMHOE TIpe/ICTaBICHUE O MaTepHaliaX, MPEICTABICHHBIX B XKypHaje. DTOT HOMEP COIEPKHUT
MATh TEMATHYECKHUX pPa3lenoB: «MaTeMaTH4ecKue OCHOBHI M YHCICHHBIC METOABI MOICIUPOBAHUS,
«YwncneHHbIe METOBI U OCHOBBI HX peann3anuny, «Mojenu B pU3uKe U TEXHOJIOTHI», K AHAIN3 H MO-
JIETUPOBAHKE CIOXKHBIX JKUBBIX CUCTEM» B « MO 3KOHOMUYECKUX U COITUATBHBIX CUCTEM.

B crarbe A. H. bBokko n B. 3. JIuBaHIIOBa 00 ONTUMHU3AIMH CTPATETHH TCOMETPHUSCKOTO aHAIH-
32 B aBTOMAaTH3UPOBAHHBIX CHCTEMaX MPOCKTUPOBAHMS PACCMATPUBACTCS 3a7a4a MHHUMM3AIINH YHCIIa
TeOMETPUUYECKUX TECTOB B MpOIlecce COOPKH TEXHWYECKHX H3/IENUN C UCIOJIh30BaHUEM WX THIIEpPrpa-
¢ oBOI1 MOJIENIM HA OCHOBE TEOPETUKO-UTPOBOro Mojaxoa. B padore nmpejcrasieHa ¢hopmanu3alivs 3a/a-
YU MHHHMH3AIWU YUCIIa TEOMETPHUYECKUX IIPOBEPOK TIPU CHHTE3€ COOPOYHBIX OTEepaliii U MPOIeCcCOoB,
KOTOpasi OCHOBaHa Ha TureprpadoBoil MOAETN MEXaHUYECKOH CTPYKTYpHI H3aenus. 3aj1a4a MHHUMHU3a-
[IWU TTOCTABJICHA KaK HEAHTArOHUCTUYECKasl UTpa Jnia, npuHuMaroriero permenne (JIIIP), u mpupomnsr,
B koTopoii JI[IP npuHuMaeT penreHne B yCIOBHAX pUCKa. ABTOPHI OMUCAIN OCHOBHBIE CTPAaTeTHUH pa-
[IMOHAILHOTO TIOBEJICHUS U KPUTECPUI MIPUHATHUS PAIMOHATBHBIX PEIICHUN B JAHHOHU UTpe.

B craree H. M. Khudhur u 1. H. Halil 06 ymamenuun mryma n3 u300paskeHUH C HCITOJIB30BaHUEM
aJTOPUTMA TPEXWICHHOTO COMPSDKEHHOTO TPaIieHTa OMMCHIBACTCS HOBBIN MOAXOM B 337]a4€ BOCCTAHOB-
JIeHUs W300pakeHUI. ABTOPHI MpeJIararoT HOBYIO MOTU(HUKAIIHIO IBPUCTHUECKUX METOJ0OB TPEXUJICH-
HOTO COMPSsDKEHHOTO TPAJAMCHTA ISl ITYMOTIOAABICHUS B M300paKEHUAX, TIPECTABICHHBIX, HAIIPUMeED,
B pabore «A new family of hybrid three-term conjugate gradient methods with applications in image
restoration», KOTOPYIO IHUTHPYIOT B CTaThe. ABTOPHI MPUMEHIIIA 3TOT THOPUIHBIA METOA TPEXUJICH-
Horo compsbkeHHoro rpanueHTa (HYCGM) k npobiemMe BocCTaHOBIICHUST M300paskeHUH. UHCICHHbBIS
HKCTIEPUMEHTHI ITOKa3aJIN MEPCIEKTHBHBIE PE3YIBTAThI C TOUKH 3peHHsl 3(P(HEKTUBHOCTH U TPUMEHUMO-
CTH 3TOT0 anroput™a. [IpeanoxeHHpIid aaropuT™M JEMOHCTPHUPYET 00Jiee BRICOKYIO CKOPOCTD U JTyUIITHE
YHCIIEHHBIE Pe3yJbTaThl MO CpaBHEHHUIO ¢ asroputMamu Pnetdyepa U Pepuca (FR) u TpexunenHnoro
Oneryepa u Pesuca (TTFR). ABTops! Takke yTBepKIalOT, 4YTO HOBBIH aJITOPUTM MOXKET MCIIOJIb30BATh-
Csl M B IPYyTUX TIPHIIOKEHUSX, HAIIPIMEP HCKYCCTBEHHBIE HEMPOHHBIEC CETH, HEUETKHE HEHPOHHbIE CETH,
aJTOPUTMBI POEBOTO WHTEIICKTA U T. 1.

Crares K. 10. Camconona, JI. K. KaGanosa, B. H. Hazaposa u E.I. ExomacoBa o jokaim3oBaH-
HBIX HEJIMHEWHBIX BOJMHAX ypaBHEHUs CHHYC-IOpIoHA B MOAETH C TPeMs MPOTSKEHHBIMH MPUMECIMU
MOCBSIIIIEHA PACCMOTPEHHIO PAa3IMYHBIX PEIICHH, MPOSBISIONUXCS MPH (POPMUPOBAHUH CBSI3aHHBIX
JIOKAJIM30BAaHHBIX HEIWHEWHBIX BOJTH HA TPEX ONWHAKOBBIX MPUTATHBAIONINX MPOTSKEHHBIX «IIPUME-
CSIX», KOTOPBIE MOJEIUPYIOTCS MPOCTPAHCTBEHHOW HEOTHOPOIHOCTHIO MEPUOJMYECKOr0 MOTEHIHAIA.
C OMOIIBI0 aHATMTHYECKUX M YUCICHHBIX METOIOB aBTOpAaMH HalJIeHBI JIOKAJIN30BaHHBIE BOJIHBI OpH-
3epHOTO U CONUTOHHOTO TUMAa. C MPaKTUYECKON TOUKH 3PEHUS PE3YNIbTaThl, MOTYYCHHBIC aBTOPAMU,
MOTYT OBITh TOJE3HBI IPU ONHCAHWU TUHAMUKH BOJH HAMAarHMYEHHOCTH B MYIBTHCIOWHBIX MarHe-
THKaX.

Crarbs A. B. KitekoBkuna, FO. JI. KapaBaepa, A. A. Kununa u A. B. HazapoBa o BiussHUM XBOCTO-
BBIX IJIABHUKOB HA CKOPOCTH BOAHOTO POOOTA, MPUBOAMMOIO B JBIDKEHHWE BHYTPECHHUMH MOIBUKHBI-
MH MaccamH, TMOCBSIIEHa W3yYEHHUIO JTUHAMHKH BOJHOTO po0OTa, MPUBOAWMOTO B JBIKEHHE IABYMS
9KCLUEHTPHUKAMHU. ABTOPBI MIPOAOIDKAIOT CEPUI0 IKCIICPUMEHTATBHBIX H TCOPETHUCCKUX UCCIICIOBAHUM,
OIHMCaHHBIX B CEPUU paboOT, OJfHA M3 KOTOPBIX OMYOJMKOBaHA B HaieM xypHaie B 2018 romy. B atnx
paboTax paccMaTpHBaIMCh POOOTHI ¢ KOPITYCOM OJJUTHIITHUECKOW (HOPMBI M KWileM, Oiarofapsi KOTo-
poMmy obecreduBaioCh MpOABIIKEHHE. B HacTosIiel paboTe aBTOPBI paccMaTpPUBAIOT PHIOOIIOIOOHYTO
dbopMy KopIyca ¢ XBOCTaMHU Pa3JIMYHOM JKECTKOCTH. B 4acTHOCTH, MCCIENyeTcss BOIPOC O CKOPOCTHU
MPOABIDKEHUS poO0Ta ¢ Pa3TUYHBIMU XBOCTAMH.
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B cratse A. H. lonynenxo, 0. M. Kynukoa u A. C. CaBenibeBa 0 XaOTU3AIIMU TEUSHUS IO JICH-
CTBHEM OOBEMHOIl CHJIBI MCCIIEIOBAHO BO3JICHCTBHE BBIHY)KJAIOIIeH 00beMHOW rapMOHHUYECKOW CH-
JIbl Ha KUAKOCTb. [l0Ny4eHO aHaIUTUYECKOE pEllICHUE JJIs paclpeieeHus] CKOPOCTH, AABICHUS U UX
MIPOM3BOAHBIX. B paboTe mpeacTaBiIeHbl pe3yabTaThl YUCICHHOTO MOICTUPOBAHMS C TOMOIIIBIO MTaKeTa
OpenFOAM u uncnennsix cxeM KABAPE u MakKopmaka. IIpoBesieHo cpaBHEHHE 3TOro MOJICIMPOBa-
HUS C QaHAIUTUYCCKUMHU PE3YJIbTaTaMH ISl TAKUX MMapaMeTpoB, KaK KMHETUYECKAsl DHEPTHs, CKOPOCTh
JUCCUNAIIMN KHHETUYECKON PHEPruM, CKOPOCTh TUCCUMALIMK BCICACTBUE CABUIOBOM BSI3KOCTH, IUIA-
TallMOHHAS TUCCUMAINS, WHTETPATbHAS YHCTPOUS U WHTErpaigbHas maauHcTpodus. OTMEUCHO, YTO
XaO0TH3aIUs TI0JIs1 TeYeHUsT HAOIFOAaeTCcsl KaK MPU MalbIX, TaK M IpU OONBIINX yuciaxX PeliHombaca.

B cratpe K. I1l1a66upa, O. 5. U3BexoBa u A.B. KoHroxoBa 0 MomenupoBaHuH ABYX()a3HOrO Te-
YEeHHs B MOPHCTHIX CpPelax C HCIHOJIb30BaHHMEM HEOAHOPOJHON CETEeBOM MOJENH IpeUIoKeHa HOBas
MareMarndeckas MoJeNb NByx(a3HOH Hec)krmMaeMOW (GUIbTpAllid Ha OCHOBE HEOTHOPOIHOW CEeTH
KanWUIBIPHBIX TpyOok. C MCIIOIb30BaHUEM MPEIIOKESHHOW MOJIEH, PEIleHb! 3a/1a4a MPOTHBOTOYHOM
MPONUTKH HU3KOIPOHHUIIAEMOT0 OJI0OKa CMauyWBaIOMIel KUAKOCTBIO U 3aj1a4a JByX(a3HOTO BHITECHEHUS
B HEOTHOPOIHOW Cpeie ¢ MEPEeMEHHBIMH IO MPOCTPAHCTBY (HIBTPALMOHHO-EMKOCTHBIMHU CBOMCTBA-
Mu. Ha ocHOBe pacueToB orpe/eseHbl OCpeTHEHHbIE XapaKTepPUCTUKU TedeHuil. OcoOeHHOCThI0 MO-
JIeNH, pealn30BaHHOM aBTOpaMH, SIBJSIETCS HEOAHOPOAHOCTh CeTH Kanwuisipos. Ilpennonaraercs, 4To
TPYOKH, COCTaBISIOIINE CETh KalMUIAPOB, UMEIOT PaziIMuHBIA paguyc. B pamkax Takoit HEOmHOPOI-
HOW CETEeBOI MO aBTOPHI MPEAIaral0T OPUTHHAIBHBIN CIIOCO0 pacipeesIeHHs IIOTOKOB KU IKOCTEH
B y3JIaX: CMauMBaroIlas KUAKOCTh HarpapiseTcs B 0ojee TOHKUE KamuuIIpbl, oOecrednBas MUHUMYM
MTOBEPXHOCTHOW SHEPruy KOHTaKTa (PIOMIOB M cKeleTa. B HacTosIee BpeMs BIMSHUE KaTMIDISPHBIX
CWJI Ha MapaMeTpbl MHOTO(A3HBIX TEUEHUH B CTPYKTYPHO HEOJHOPOIHBIX MOPHUCTHIX Cpelax MpeacTaB-
nsietT OOJIBIIIONM MHTEpEC B 3a/1auaX He(PTAHOTO WHXKUHUPHUHTA, YKOJIOTHYECKUAX U JAPYTHX MPUIOKEHUIX.

Crarest C.T.Pham, M. N.Phan u T.T.T. Tran o xiaccupukanuu u300paKCHHH Ha OCHOBE TITy-
0oKoro 0Oy4eHHUs] C aBTOMAaTHYECKHM OIpECIICHUEM PEJICBAHTHOCTH M CTPYKTYPHPOBaHHBIM Oalie-
COBCKHM OTCEYEHHEM ITOCBSIIEHA TOUCKY PElIeHHUs MPOoOJIeMbl NepeoOydeHus] ITyOOKHX HEHPOHHBIX
ceTeH, MCMONb3yeMbIX Ul Kiaccu(uKanuu nzo0paxkeHuid. B cBoeil paboTe aBTOpBI BBOIAT yCEUCH-
HOE JIOT-PaBHOMEPHOE allPHOPHOE M YCEUEHHOE JIOT-HOPMaJIbHOE BapHAllMOHHOE MPUOIIIKEHHE, a TaK-
JKE aBTOMAaTHYECKOe OIpeeieHUe PEJIeBaHTHOCTH ¢ 0aileCOBCKUMH ITyOOKMMH HEHPOHHBIMH CETSIMH.
ATipropHOe pacripe/ielieHle JeHCTBYeT KaK peryiIsipu3arop, HampaBiisis Mpoliecc oOydeHHst K Oonee
NPOCTHIM PELICHHUSM U YMEHBILAs repeoOyueHne. ABTOPBI TECTHPOBAIM MOJEbh Ha ABYX Ha0opax JaH-
HBIX: KaHajnckoro WMHCTUTYyTa MEPCIEKTHBHBIX HCCIEJOBAaHUNA M HaOOpa JAaHHBIX MaKpOCKONYECKUX
n300pakeHuid ipeBecHHbl. Ha 3THX MaHHBIX MOJENb YMEHBIMIA TIepeoOydeHre B 3a/1auax Kiaccuu-
Kal[HH.

Crarest A.A.JIro6ymuHa u E. A. PomnoHoBa 00 aHaiam3e MPOTHOCTUYECKHUX CBOWCTB TpeMopa
3€MHOU MOBEPXHOCTHU C IMOMOIIBIO PA3JIOKEHUsI XyaHIa MOCBALICHA U3YYEHUIO BOBMOKHOCTH HMCIIOJb-
30BaHMSA MH(POPMALIMU O CMEIICHUAX 36MHOM MOBEPXHOCTH, perucTpupyemoii ¢ nmomomisio GPS-cran-
UK, UTSI TPOTHO3UPOBAHUS CCHCMHUYECKHX COOBITUH. ABTOpaMH HCCIICIOBAHbBI TaHHBIC 3a 15 Jer, pe-
rUcTpUpyemMbie BONM3H SMOHCKUX OCTPOBOB. BriOOp maHHOlN 00nacTi 0OyCIIOBIIEH HAJIUYHEM B CBO-
0OOMHOM JOCTYIIEe JaHHBIX O JIBIDKCHHAX JTHEBHOW TOBEpXHOCTH (callT l'eomesmueckoit imaboparopuu
HeBanpl) m wHTEHCHBHOCTH Tpowmsornenmux 3emierpscenuit (caitt USGS). Takum oOpa3oMm, mosiB-
JsieTCS BOBMOXKHOCTB alipoOMPOBaHUS MPEJIaraeMbIX B padOTe METOJIOB BBISBICHUS IIPOTHOCTHYECKHUX
cBoiicTB. [IpemmoxeHHbIi IpoIece aHanm3a JaHHBIX co cTaHuil GPS MHOTOCTaAMITHEIN, CONEPKUT J0-
CTaTOYHO OOJBIIOE YUCIIO «HACTPAMBAEMBIX» ITapaMeTpoB. ABTOpaMH JETalbHO U3JaraeTcs U 000CHO-
BEIBACTCS MPOLICAYpa MOCIEI0BATEIBHOTO MOA00pa KOHKPETHRIX MapaMeTPOB, B YACTHOCTH pa3OneHUE
CTAHUUI Ha KJacTephl, BBIIBICHHE BBICOKOYACTOTHOW KOMIIOHEHTHI CUTHAJIOB, MPOBEACHUE MOIOBOM
JekoMIo3uIuu. OTAEIHHO OTOBapUBACTCS MPEOAOJICHNE TEXHUYECKUX CIOKHOCTEH, BCTPEUAIOITUXCS,
HampuMep, Ipu 00padoTKe TPAHUIHBIX TOYEK BO BPEMEHHBIX Psax.

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE
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B craree A.B.bensdeBa 0 cToxacTH4ecKHX Mepexonax OT MOpsJIKa K XaoCy B METANOMyJIAIH-
OHHOW MOJENM ¢ MHTpaIMell paccMaTpUBAIOTCSl cToXacThdyeckue d(PQGEeKThl B UCCICAyeMOW MOJIEIH.
Kaxxnas u3 noxcucreM Moaenupyercs: otoOpaxkeHueMm Pukepa, mpu 3TOM paccMaTpuBaeTcsl Cllyda,
KOTJIa B YCJIOBHUSIX M30JIALIMU TIepBasi IOJCUCTEMA HaXOANUTCS B PAaBHOBECHOM PEXHMeE, a BTOpas — B Xa-
oTuuecKoM. st IeTepMUHUPOBAHHON MOZENH NPOBeieH OM(YpKALMOHHBIA aHAIU3 U JIOKAJIM30BaHBI
napaMeTpU4ecKre 30HbI MEPHOINIECKUX U Xa0THYECKUX PEKMMOB. MeTofaMu IpsSMOro YHCIECHHOIO
MOJIETMPOBAHNUS C MCIIOJIB30BAHNUEM TOKa3aTenel JIsAmyHoBa UCCIEI0BAHBl CTOXaCTHUECKUE TIEPEXOIBI
OT THops/Ka K Xaocy. B nccieoBaHny MHAYIMPOBAHHBIX IIYMOM II€PEXO0B MPOAEMOHCTPUPOBAHBI
BO3MOXKHOCTH aHAJUTHYECKOTO IIOIXO0/A, OCHOBAaHHOTO HA TEXHUKE (YHKIHMU CTOXACTHUYECKOW YyB-
CTBUTEIBHOCTH M METOJIE JIOBEPUTEIbHBIX oOnacTei. [IpoBesieH cpaBHUTENbHBIN aHAJIN3 BO3/EHCTBUA
CIly4aliHbIX BO3MYILEHUI Ha LUKIIBI U TPEX 30H MOpsiiKa. BBIABIEHBI yCIIOBHS, IPH KOTOPBIX IPOUC-
XOIUT MEPEXO EPUOANYECKOTO PEXKUMa B XAaOTUUECKHH.

Cratpst M. A. Ilanreneesa, E. C. bepmanckoro, A. M. [llu6exko u M. FO. Heunnypenko o0 axry-
QJIBHBIX NTPOOJIEMax KOMIIBIOTEPHOTO MOJEIMPOBaHUs TpoMOo3a, GrOprHHONIN3a U TPOMOOIM3HCa MIPEa-
CTaBJsIeT co00i 0030p HEKOTOPBIX MaTeMaTHYeCKUX Mofeiel MmpoueccoB (GOPMUPOBAHUS apTepUallb-
HBIX ¥ BEHO3HBIX TPOMOOB. BBuay TOro, 4To OTAEIBHBIM aCHEKTaM Ipolecca U MaTeMaTH4YeCKUM MO-
JEeTSIM TIOCBSIILIEHO OTPOMHOE YHCJIO padoT, aBTOPbI HE MPETEHAYIOT Ha IMOJHOTY OXBaTa MaTepHaa.
ABTOpBI 0030pa cTpeMsTCA [I0Ka3aTh, I, HA UX B3I, COCPEL0TOYECHB! Hanboiee BayKHbIE TPOOIeMbl
MOJICIIUPOBAHUS TAKOTO CIOKHOTO Ipoliecca, Kak oOpa3oBanue TpoMOOB. Pabora, HeCOMHEHHO, OyneT
MOJIE3HAa UCCIIEI0BATENSIM, 3aHUMAIOIIUMCS PA3JINYHBIMH aCIIEKTaMH CBEPTHIBAHUS KPOBU.

Crares C.C. Xpymesa, I1. B. @ypcosoii, T. }O. [Imrocaunoii, I 1O. Puznnuenko u A. b. PyOuna
00 aHanM3e CKOPOCTH 3IEKTPOHHOIO TPAaHCIOPTa 4Yepe3 (POTOCHMHTETHYECKUH LIUTOXPOMHBIN bg f-KOM-
IUIEKC MTOCBALICHA MOICIMPOBAHUIO NIEPEHOCA 3JIEKTPOHOB B LICHTPAIBHOM 3BEHE ()OTOCHHTETHYECKOTO
9JIEKTPOHHOIO TPAHCIOPTA. by f-KOMIIJIEKC TOMOJIOTHYEH LIUTOXPOMHOMY bC; -KOMILIEKCY JIbIXaTeIbHOM
eI MUTOXOHIPUH U psia 6GakTepuil U, B OTIMYME OT bc,-KOMILIEKca, ropas3io MeHee uccienosaH. [u-
TOXPOMHBIH bg f-KOMILIEKC TEM HE MEHee MMEET psiJi OTIMYHUif OT bc,-KOMIUIEKCa: B 4YaCTHOCTH, B HEM
Gonbuie KopakropoB. B pabore mocTtpoeHa Mozenb IepeHoca MIEKTPOHA B by f-KOMILIEKCE € y4eTOM
BCEX BO3MOXHBIX peakuuil. [lomydeHHbIe pe3ylbTaThl HHTEPECHBI JJIsl MccienoBareneil (poToCHHTe3a
U LIUTOXPOMHOTO by f-KOMILIEKCa; B YaCTHOCTH, IIOCTPOEHHAs: MOJIENIb MOXKET OBITh OCHOBOH /I MOJie-
JUPOBAHUS APYTHX KOMILIEKCOB (POTOCMHTETHUYECKOM U JIBIXaTeNbHBIX 1ereil. CTaThs XOpoIIo coYeTaeT
B ce0e ompcaHHe MaTeMaTHYecKOro alnapara ¥ €ro NPUMEHEHHUs K PEeLICHUI0 NpoOJIeMbl XapaKTepu-
CTHKHM peakiuii mepeHoca B b f-komiiekce.

Crarest M. F. Ansori, H. Al. Jasir, A. H. Sihombing, S. M. Putra, D. A. Nurfaizah n E. Nurulita 06
OLICHKE BJIMAHUS 0a30BOH NPOLIEHTHOW CTABKM IO JEMO3MTaM Ha JUHAMHMKY OAHKOBCKHUX KpEIUTOB
OTIHCHIBAET MPOOIEMy yIpaBieHHs IPOLEHTHBIMU CTaBKaMHU KOMMEPYECKHX OaHKOB ITyTEM H3MEHEHHUS
0a30BOI IPOLICHTHON CTAaBKU IO AENO3UTaM peryisropa. IIpennoxena ¢opmanusanus 3amadu mIyTeM
BBEJICHUSI COOTBETCTBYIOIINX NEPEMEHHBIX U TPEAION0KEHUS O HEKOTOPBIX COOTHOIIEHUSIX MEXITy HU-
Mmu. [IpuBeneH aHannu3 paBHOBECUS AMHAMHUKU KPEAUTOB TEOPETHUECKUMHU M YUCICHHBIMH METONaMHU.
Pabora mpencraBiseT coboil MHTEpECHOE TEOpPEeTHYECKOe HCCIeOBaHHE B O0JIACTH MOJAEITHPOBAHUS
nporecca 1eHoo0pa3oBaHusl Ha OAHKOBCKUE MPOLYKTHI U PEaKLUK 3TOr0 IpoLecca Ha mapamerp 0a3o-
BOH CTaBKH.

Ms!I HazjeeMcsl, YTO JaHHBIA MaTepHal IMO3BOJIUT BaM JIy4YIIE OPHEHTHPOBATHCS B 3TOM HOMEpE
JKypHajla U MpHBJeyeT Oosiee MPUCTAIbHOE BHUMAHNE K KaKOM-1100 U3 OIMyOIMKOBAaHHBIX CTaTe.

C ysaodiceHuem om umMeHu pedaxKyuu,
H. Mumun
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ABTOMaTH3anus MPOSKTUPOBAHKS MPOLECCOB COOPKU CIOKHBIX M3JIENMH — ITO BaKHAs U CIIOXKHAsI Hayd-
HO-TexHH4eckas mpobiema. [TocienoBarenbHOCTE COOPKH U cojiepkaHHEe COOPOUHBIX ONEpanuii B 3HAYUTEILHOM
CTEICHU 3aBUCSAT OT MEXaHMYECKOH CTPYKTYpbl U I'€OMETPHUYECKHX CBOICTB m3zenus. IlpuBeneH o0630p mero-
JIOB T€OMETPUYECKOTO MOJEIMPOBAHUS, KOTOPbIE IPUMEHSIOTCA B COBPEMEHHBIX CHCTEMAaX aBTOMaTU3UPOBaHHO-
TO MPOEKTUPOBaHMsA. MozeMpoBaHUEe FeOMETPHUUCCKHX MPEISITCTBUN MPH COOpKE METOAAMH aHAIN3a CTOJIKHO-
BCHUH, IJTAHUPOBAHMS NIEPEMEIICHUH U BUPTYaJbHOW peaJbHOCTH TPeOyeT OYEeHb OOJIBIINX BBIYMCINTEIBHBIX
pecypcoB. KomOnHaTopHBIE METO/IBI JAIOT TOJIBKO clla0ble HEOOXOMUMBbIE yCIOBHSI T€OMETPUYECKOM pa3pernmo-
ctu. PaccmarpuBaercst BakHasl 3a/la4a MUHMMH3ALUKM YUCIa TEOMETPHUECKUX TPOBEPOK MPH CHUHTE3e cOOpod-
HBIX oTepanuil u nponeccos. Popmann3aryst 3TON 3a/1a4l OCHOBAaHA Ha THIEPrpadoBOil MOAETH MEXaHUIECKON
CTPYKTYPHI U3AETHA. JTa MOJENb AaeT KOPPEKTHOE MAaTeMaTHIeCKOE ONMMCAaHNE KOTEPEHTHBIX U CeKBECHIINATBHBIX
cOOPOUHBIX OTepanuii, KOTOpBIE TOMUHHUPYIOT B COBPEMEHHOM AMCKPETHOM MPOM3BOACTBE. BBeneHO KiTtoueBoe
MOHATHE TE€OMETPHUECKON CUTyaluy. DTO Takast KoH(urypanus neraneii mpu cOopke, Kotopast TpeOyeT MpOBEpPKH
Ha CBOOOJY OT NPENATCTBHM, U 3Ta IPOBEPKA JaeT HHTEPIPETUPYEMBbIC pe3yibTaThl. [IpeioxkeHo MaremMaTrnyie-
CKO€ OMHMCAHHE TeOMETPHUUECKON HACJICACTBEHHOCTH MU COOpKE CIOKHBIX M3ICTHA. AKCHOMBI HACJICICTBEH-
HOCTH TO3BOJIIOT PACHPOCTPAHUTH PE3YNIbTAThl MPOBEPKH OJHON T€OMETPUYECKOM CHUTyallud Ha MHOXKECTBO
JIpyTUX cUTyanui. 3aaya MUHIMHU3AIUY YUCJIa TEOMETPUIECKUX TECTOB IMOCTABICHA KaK HEAHTarOHUCTHYECKas
urpa JIIIP u npuponsl, B KOTOpoi TpeOyeTcst OKpacuTh BEPIIUHBEI YIMOPSJOYEHHOTO MHOKECTBA B J[Ba I[BETA.
BepmmHbl TpeacTaBiIsAioT co00i TeOMETpUYECKHE CUTYAINH, a IIBET — 3TO MeTadopa pe3ynbrara MPOBEpKH Ha
cBoOomay ot komwmmsuid. Xox JITIP 3akmouaercs B BEIOOpE HEOKPAIICHHOI BEPIIMHBL, OTBET MIPUPOABI — 3TO IIBET
BEPILHHBI, KOTOPBII OIPEENAETCA 0 pe3yabraTaM MOJCIUPOBAHUS JAHHOM I€OMETPUYECKON cutyanuu. B ur-
pe Tpebyercsi OKpacHTh YIOPSIOYEHHOE MHOXKECTBO 32 MUHHMMAJIbHOE YUCIIO X070B. OOCYyXk/IaeTcsi MpoeKTHas
curyanusi, B kortopoit JIIIP mpuHUMaeT pemierne B ycIoBHAX pucka. [IpeanoxkeH cmocol momcdyera BEpOsSTHO-
CTEH OKpPAcKH BEPUIMH YMOPSAAOYEHHOTO MHOXeCTBAa. OTHCaHBI OCHOBHBIC YHCTBIE CTPATEIWH PAIMOHAIBLHOTO
MOBENICHUST B JaHHOW urpe. Pa3zpaboTaH OpUTHHAIBHBI CHHTETHYCCKUN KPUTEPUH TPUHATHS PAIMOHATBHBIX
peleHni B yCIOBHSIX puUcKa. IIpennoikeHsl ABe dBPUCTUKHU, KOTOPbIE MOXKHO HCIIOJIB30BATh JJISI OKpAIIMBaHUS
YHOPSIIOYEHHBIX MHOXKECTB OOJIBIION MOLTHOCTH M CIOXKHOM CTPYKTYPBHI.

KirroueBrwie cioBa: coopka, rmocienoBarenbHOCTh cOopku, CAAP-cuctema, CAIIP, anamu3 reomer-
PUYECKUX IPENSTCTBUM
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Computer-aided assembly planning for complex products is an important engineering and scientific
problem. The assembly sequence and content of assembly operations largely depend on the mechanical structure
and geometric properties of a product. An overview of geometric modeling methods that are used in modern
computer-aided design systems is provided. Modeling geometric obstacles in assembly using collision detection,
motion planning, and virtual reality is very computationally intensive. Combinatorial methods provide only
weak necessary conditions for geometric reasoning. The important problem of minimizing the number of
geometric tests during the synthesis of assembly operations and processes is considered. A formalization of
this problem is based on a hypergraph model of the mechanical structure of the product. This model provides
a correct mathematical description of coherent and sequential assembly operations. The key concept of the
geometric situation is introduced. This is a configuration of product parts that requires analysis for freedom from
obstacles and this analysis gives interpretable results. A mathematical description of geometric heredity during
the assembly of complex products is proposed. Two axioms of heredity allow us to extend the results of testing
one geometric situation to many other situations. The problem of minimizing the number of geometric tests is
posed as a non-antagonistic game between decision maker and nature, in which it is required to color the vertices
of an ordered set in two colors. The vertices represent geometric situations, and the color is a metaphor for the
result of a collision-free test. The decision maker’s move is to select an uncolored vertex; nature’s answer is its
color. The game requires you to color an ordered set in a minimum number of moves by decision maker. The
project situation in which the decision maker makes a decision under risk conditions is discussed. A method for
calculating the probabilities of coloring the vertices of an ordered set is proposed. The basic pure strategies of
rational behavior in this game are described. An original synthetic criterion for making rational decisions under
risk conditions has been developed. Two heuristics are proposed that can be used to color ordered sets of high
cardinality and complex structure.

Keywords: assembly, assembly sequence, CAAP-system, CAD, analysis of geometric obstacles
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BBenenue

ABTOMaTH3UPOBAHHOE NMPOCKTUPOBAHKE TIPOIIECCOB COOPKH CIOKHBIX M3lennil (computer aided
assembly planning, CAAP) — 310 BakHas M akTyajbHast HAyYHO-TEXHUYecKas rpodiaema. OHa aKTHBHO
obcyknaercst B coBpeMeHHBIX myonukanusax [Ghandi, Masehian, 2015].

CocraB u conmepkaHne COOPOYHBIX OMEpaIUii B 3HAYUTEIHLHOW CTEIICHU 3aBHCIT OT T€OMETPHUH
JieTaliell 1 MEeXaHHYECKOH CTPYKTYpHI U3/iens. MOHTaX JIeTald BO3MOXKEH, €CIIU CYIIECTBYEeT CBOOOI-
HOE OT CTOJKHOBCHHI IMEpeMEeIeHNE JETAau B CIy)KEOHOE MOIMKEHHE B COOMpPAEMON MAaIlIuHE WU
npudope. IIpu paspaborke mporeccoB coopku B CAAP-cucreMax aHaJM3 MPEMATCTBHA HEOOXOIUMO
BBINOJIHATH MHOTOKpAaTHO. B 0011eM ciydae oH TpeOyercs Julsl Ka) 0l MOHTaXXHOH oIepaliii U BCeX
BapHaHTOB €€ UCIIOJHEHH. DTO MOKET NMPUBOIUTH K (PaKTOPHAJIBHOMY POCTY CIOKHOCTH JTOH TpPO-
eKTHOH mporenypsl B 3aBUCUMOCTH OT uucia aetaneit [Ghandi, Masehian, 2015]. T'eomerpuueckue
MOJIEIIH, KOTOpPBIE HCIIOIB3YIOTCS ISl ONMCaHus jeTaneil B coBpeMeHHbIX CAAP-cucTemax, He yYUTHI-
BalOT MHOTOYHCIICHHBIC KOHCTPYKTUBHO-TEXHOJIOTHYCCKUE OTpaHUUEHUS Ha cOOpKy. B mepByto ouepens
9TO CTPYKTYPHBIC OTPAaHUUYCHUS, KOTOPHIE MOPOKIAIOTCS CUCTEMOM MEXaHMYECKUX CBSI3CH 3JIEMEHTOB
W3JICTIHSL.

Juis BbIOOpa paIMoOHANBHOW IOCIENOBATEIFHOCTH COOPKH TpeOyeTcss MHOKECTBO albTepHa-
THUB JIOCTAaTOYHO BBICOKOW MOIIHOCTH. | @Hepamusi Takoro MHOXKECTBA MPHU MOMOIIM CaMBIX Pa3BUTHIX
CAAP-cucrem TpeOyerT upe3MEepHO BBICOKHX BBIYHCIUTENBHBIX M BPEMEHHBIX 3arpar. Kpome Toro,
FEOMETPHUECKUE PEIIATeNIM STUX CUCTEM YacTO aHAJIM3UPYIOT TaKue KOHQUTYpAIUK JIeTalield, KOTOpbIe
3aBEJJIOMO HE MOTYT OBITh PeajH30BaHbl HA IMPAKTHKE.

Jnst moBbimeHust 3pQeKTHBHOCTH MpoLeAyphl reoMerpuueckoro anaimza B CAAP-cucremax
TpeOyeTcs pa3padboTars METOJ MUHUMHU3AINH IIPOBEPOK HA CBOOOY OT KOJUTH3HH MPH COOPKE CIIOMKHBIX
TeXHHUeCcKnXx cucteM. OH MOKEH yUWTHIBATH OTPAHUYCHUS HA MOCIEHOBATEILHOCTh M COMACPIKAHUE
cOOPOUYHBIX OIEpaInii, KOTOPbIe TOPOKIAET CTPYKTYpa MEXaHHUYECKUX CBSI3EH M3/IEIHA.

Mopnenu u MeTo/bl, KOTOPhIE TPUMEHSIOTCS JJIsT MOJACITUPOBAHUS TEOMETPUIECKHUX MPETIATCTBHIM
B COBPEMEHHBIX aBTOMATH3UPOBAHHBIX CUCTEMAaX MPOSKTUPOBAHUS, MOKHO Pa3AeIUTh HA YETHIPE TPYII-
el [Jiménez, Thomas, Torras, 2001; Gonzalez et al., 2015; Yin, Ding, Xiong, 2004; Boxxko, Pomnonos,
2022] (puc. 1).

Ananu3 reoMeTpuIecKuX MPersiTCTBIA
B aBTOMaTHU3UPOBAHHBIX CUCTEMaX

€TO/IbI TIJTAHUPOBAHUS TTIEPEMEIeHU
KombrunaropHble METOIBI

Meroap! anajmnsa CTOJKHOBEHUN

CucreMbl BUPTYaJIbHON peaIbHOCTU

M

Puc. 1. Kimaccudukarusi METOJJ0B aHAIN3a TE€OMETPUUSCKUX MPEMATCTBHA B aBTOMAaTH3UPOBAHHBIX CHCTEMAax
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Memoowl ananuza cmoaKHo6eHUIL

Mertonel aHaim3a crosikHOBeHui (collision detection) ocHOBaHBI Ha MOJICIIUPOBAHUU JBHIKEHUSI
JIETalld B CpeZie C MpenaTcTBUsMU. [IpoBepsieTcs mepecedeHne MO IeTall CO CTaTHYECKUMU dlie-
MEHTaMHU TEXHOJIOTUYECKOU crCTeMbl. MOOUIIBHBINA U BCE CTATUICCKUE OOBEKTHI MPEACTABISIOTCS MPO-
CTBIMHU T€OMEeTpHUYeCKUMH (urypamu: chepamu, napajuiesnenuneaMe, TTOIUIPaMu, BEITYKIBIMA 000-
nmoukamu u ap. [Jiménez, Thomas, Torras, 2001].

JleTanu COBPEMEHHBIX H3JICIUIl MOTYT UMETh CIOKHYH I'€OMETPHUUYECKYI0 (OpMY, TIOSTOMY HUX
anmpOKCUMAIIHSI TPOCTHIMU 000JIOYKAMH 4acTO He 00ecriedrnBaeT HeoOXOMUMYI0 TOYHOCTh MOJIEIHPO-
Banus. [Ipumenenue 3tux metonoB B CAAP-cuctemax TpeOyeT BBICOKMX BBIYHUCIUTEIBHBIX PECYPCOB
M 4acTo He MO3BOJISIET MOJIYYUTh HEOOXOIUMYIO TOYHOCTH PE3yJbTaToB.

B [Eng et al., 1999] onncansl 3BpUCTHYECKUE TTPABIIIA, KOTOPHIC TIO3BOJISIOT YMEHBIIUTD TPYIIO-
E€MKOCTh T€OMETPUYECKOTO aHaln3a Ipu cOOpKE CIOKHBIX U3ACTHUI.

e Jleranu, KOTOpbIE HE UMEIOT OOLIMX MOBEPXHOCTEH C BHIOPAHHOH AETalbI0, OYEBHIHO, HE MOTYT
00pa30BbIBaTh JIOKAJIBHBIX MPENATCTBUN IIPU pa300pKe, IOATOMY OHHM HCKIIIOYAIOTCS M3 IT'eOMET-
PUYECKOTO aHaIM3a.

e He npoBepsitoTcs feTan, y KOTOPBIX HET cTeneHeil cBoOOb! B HAlpaBlIeHUH Pa300pKH.

B [Miller, Hofman, 2000] ommrcan MeTo MpsSIMOTo aHaJIM3a TEOMETPHUSCKHUX MPEMATCTBUH. [le-
Talli alPOKCUMHUPYIOTCS IPSIMOYTOIBHBIMH 000109KamMu. 3 BepImH 0007I09KH MPOBOMAT JTyYd B Ha-
npaBJieHnn pa3dopku u3nenud. [IpoBepsroT nepeceueHne Jrydeil ¢ coOpaHHOW YacThIO MU3/ICIIHSL.

B [Hoffman, 1991] npeanoxen reomerpuueckuii pemarenb CAAP-cucremsr BRAEN (B-rep
Assembly Engine). B 3Toii cucteme Bce neTayid U3NCIUs MPEICTABISIOTCS MOAEIIMHU B-rep, KoTopbie
COCTOSIT U3 KyCKOB OMCIUTAHOBBIX MOBEPXHOCTEU. DKCIEPT BHIOMpAET MPSMOIUHEHHOE HAMPaBICHUE
pa3bopku. Kycku reoMeTpudeckoil Moaenn MOOMIBHON AETanu Mo OYepeln MEepPEeMEIIaloTcs B 3aaH-
HOM HanpanieHuH. [IpoBepsIoT nepecedeHne MOABIKHBIX U CTATUYECKUX KYCKOB.

B [Romney et al., 1995] npemioken criocod uaeHTU(UKAIUK TPEISATCTBHHA M0 TMPOCKIUSIM Jie-
Tajell Ha BHIOPAHHYIO NMPOEKIHOHHYIO TUIOCKOCTh. ECIM MpoeKiuu IByX AeTajeil He IepeceKaroTcs,
TO B HAIIPABJICHUHU MEPIICHAUKYJISIPA K MPOCKIIMOHHOM TIOCKOCTH OHU HE 00pa3yroT MPEIsSTCTBHUM IpyT
JUIA pyra. B IpoTHBHOM cilydae HY)KHO BBIOpaTh APYroe HarpaBlieHHE pa300pKH M ITOBTOPUTH IPO-
BEPKY.

B [Pan, Smith, Smith, 2005] npemioxkeH pa3BUTHI METOJ FEOMETPHUUSCKOTO aHAJIM3a, OCHOBAH-
HBII Ha MPSMOM MOJICITMPOBAaHUHY MPETATCTBUH. PaccmarpuBaroTest IpsMOIMHEWHBIE TPASKTOPHH cOOp-
K1/pa300pKU B IIECTH HAMPABJICHUSIX: +X, +Y, +Z JI1s kaxjporo HarpasiieHHs] (HOPMUPYETCsT MaTpuUIia
«Henepeceuenuit» (interference-free matrix). D10 KBagparHas mMarpuua A = ”aij”nxn’ rae N — YHcio
JeTane u3maenus. DICMEHT & = 1 Torma W TONBKO TOT/A, KOTHA JETaib | HEe CO3MaeT MPENSTCTBHUIA
JUISL ICTANK | TIPH TIepeMEeNIeHUH MOCTeHEH BIOJIb OJHOM M3 KOOpAUHATHBIX ocell. [IpeanoxeH cro-
co0 u3BIEeYCHUS reoMeTpuueckux qanHbix n3 STEP-daiina, HeoOXoquMbIX Ayt GopMHUpOBaHUS MaTPHUIL
HETIePECCUCHHS.

Memoowl nnanuposanus nepemeuseHuil

Merto/p! TIIAaHUPOBAHUS TepeMenieHni (motion planning) akTHBHO pa3pabaTHIBAIOTCS U TpUMe-
HSIOTCSL B COBpeMeHHOM pobotorexHuke. B [Weiwei, Kensuke, Kazuyuki, 2018; Halperin, Latombe,
Wilson, 2000] omucaHo HCITONB30BaHUE 3TOM MapaaTurMbl JUII aBTOMATH3UPOBAHHOTO MPOCKTHPOBAHMS
cOOpOYHBIX TUIAHOB. V3menmue paccMaTpuBaeTCsi KaKk reOMETpHUYecKasl CHCTeMa, B KOTOPOM NEHCTBY-
IOT TOJBKO TEOMETPUYECKHE OTpaHMYEHHs Ha ITEepeMEIICHUs JeTajieid, a KaXaas JeTallb CUUTAeTCA
a0CONIOTHO TBEPABIM TeNOM. llonck HOmyCcTUMOI TPaeKTOpUH TIEPEMEICHHSI BBIOIHACTCS B IIECTU-
MEPHOM KOH(HTYPAIIMOHHOM HPOCTPAHCTBE, B KOTOPOM MOOWIIbHAS JETalb MPEACTABISACTCS TOYKOM.

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE
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Jnst pemieHnst TaHHOHM 3aJaudl B OCHOBHOM HCIIONB3YIOTCS pasiuyHble Momudukanuu meroma PRM
(probabilistic roadmap method). [Ipumenenue metogoB nanHo# rpynmsl B CAAP-cucTemMax orpannyu-
BAETCS MX BBICOKOH TPYIOEMKOCTBIO, KOTOpasi BBI3BaHA OOJBLION pa3sMEPHOCTHIO KOH(HUIYPAMOHHOTO
MPOCTPAHCTBA.

Memoowvt éupmyanvHoil peanrvnocmu

MeTo/ibl 3TOM IPYIIbl OCHOBAHbI HA MPSIMOM aHAJIM3€ FEOMETPUUSCKUX TPEISTCTBHI B CUCTEME
BUPTYajbHOH peanbHoCTH (Virtual reality, VR), cpencTBaMu KOTOPO BBIIOIHSETCS POTOTHIIMPOBAHUE
cOOpOUHBIX omepanuil u mpoueccoB. Omeparop cucteMbl VR BhimonHseT cOOpKy mudpoBoit mMoje-
i u3nenusi. TexHUYecKue U mporpaMMHbie cpesicTBa VR 00ecnieunBaroT morpyKeHue B TPEXMEPHYHO
KOMIIBIOTEPHYIO PEaIbHOCTh IPU IIOMOIIM Pa3BHUTHIX CPEACTB BH3YaJbHOIO, TAKTHILHOIO M ayIHo-
ynpasnenus [Seth, Vance, Oliver, 2011; Schenk, Stralburger, Kifiner, 2005]. MeTonbsl BUpTYyanbHOI
PEaIbHOCTH IIMPOKO MPUMEHSIOTCS B COBPEMEHHON ITPOMBIIIJICHHOMN MPaKTHKE: aBTOMOOHICCTPOCHHUH,
CTAaHKOCTPOCHHUU U Tp. MeTo/Ibl 3TO# TPYIIIBI YaCTO HE 00ECIICUUBAIOT BHICOKYIO TOUHOCTH MOJICIIUPO-
BaHHUS U HE Jal0T OCHOBAHHUM ISl IPUHSATHS ONTUMAIIBHBIX IIPOCKTHBIX PEIICHHUIA.

Komounamopnvie memoowt

KomOuHaTopHble MeTOAbl aHalu3a MPENsITCTBUI OCHOBAHBI HE HA MOJCITHPOBAHUHU JIBUIKCHHS
JeTand, a Ha WCCICIOBAaHMU JIOKAJbHOM reomerpuu msznenus. Kak mpaBuiio, METOIBI 3TOHM I'pYIIIBI
MO3BOJISIIOT (POPMAaTM30BaTh TOJIBKO HEOOXOIMMBIE YCIOBUSI COOPKH/Pa30opKu. DTO JIaeT BO3MOKHOCTb
OTOPOCHUTD 3aBEAOMO HEpeaIn3yeMble IIPOCKTHBIC aJIbTepPHATUBBI Oe3 MPsSMON IPOBEPKU Ha CBOOOIY OT
CTOJIKHOBEHM.

Merton HampasieHHbIX Onokupyrommux rpagos (directional blocking graph, db-rpad) mpemmo-
ke B [Wilson, Latombe, 1994]. Db-rpad mnpezacrasiser co0oii OpUEHTHPOBAHHBINA rpad, KOTOPBIH
OIMCHIBACT JIOKAJIbHBIE TPEMSATCTBHS MPH JIBHKEHUU JETANN BJOJIb 3aJaHHOTO TPSMOJIMHEWHOTO Ha-
npasiieHusd. B TepMuHax maHHOM Mozesu omnucaHbl HEOOXOIUMBIE YCIIOBUS pa3OMpPacMOCTH M3IEIHS
B BEIOpaHHOM HAaIPaBIICHUH.

B [Wilson, 1992] npemnoxeno o6o6uienune db-rpadoB — tak HassiBaembie NAb-rpadsr (non-di-
rectional blocking graphs). Ndb-rpadg — 310 pa3dueHHe MMOJHOIO TEJIECHOTO yIjla Ha CEKTOPHI, B IIpe-
Jietax KOTopbix He Mensiercst db-rpad, onuceiBaromMil CTPYKTYpY JIOKAIBHBIX MPEMSTCTBUN M3CIHS.
IIpenoskeH MeTON, KOTOPBII MO3BOJISIET UCIIONIB30BATh JAaHHBIN ammapar Ul HeIMHEHHBIX TPaeKTOPUi
pa3bopKH.

B [Krishnan, Sanderson, 1991] obcyxmaeTcsi TOUCK MPSMONUHEHHBIX TEPEMEIICHUA aeTanen
npu cOopke/pazbopke nzaenus. IlokazaHo, YTO MHOXXECTBO BO3MOXKHBIX TPAGKTOPUH TAKOro BHUIA SB-
JSIeTCsl BBIMYKJIBIM TTONMU3IpaibHbIM KoHycoM (polyhedral convex cone, PCC) B TpexmepHOM mpo-
crpaHcTBe. B crarbe mpemnoxen meron pacuera PCC. [lerans He MOXeT ObITH yhajeHa W3 cocTaBa
m3nenus, ecimu ee PCC = @.

B [Su, 2009] ommcan crioco0® aHanm3a reoMETPHUECKUX MPENSTCTBUN MPH MTOMOIIM Myd4Ka JIy-
yeid. [Ipennokena ¢opmanuzanns Tak HA3bIBACMbIX MUHMMAJIBHBIX OJIOKMPYIOIIMX MHOXECTB (mini-
mal constraint assembly state, MCAS). MCAS — 5T0 MUHHMaJILHOE 10 COCTaBYy MHOYKECTBO JICTaJICH,
KOTOpOE€ MPENsATCTBYET IBM)KCHHIO NIeTalau Npu pa30Oopke mzaenus. [lerans nomkHa ObITh coOpaHa
Ipex/ie, 4eM CMOHTHPOBAHO €€ MUHUMaJIbHOE Onokupyromee MHokecTBo. [Ipu momomn MCAS Mox-
HO c(hOpMHPOBATH HEKOTOPOE OTHOLICHHE YAaCTUYHOIO IOpsiiKa Ha MHOXecTBe neraiedl. [l rene-
parmun MCAS(X) HeoOxoaumo HaiiT MuHuMaidbHyto JIH® xapakTeprctudeckoil OyneBod (yHKIIHH,
KoTOpasi (hopMaIn3yeT TeOMETPHUCCKHE MPESTCTBUS JETAIN X.

KomOuHaTOpHBIN METOX aHaIM3a JIOKAJIbHBIX TCOMETPUICCKUX MIPEITCTBUH NpeanoxeH B [Woo,
Dutta, 1991]. Monenupyetcs paz6opka U3eusi, B KOTOPOH pa3pelieHbl TONbKO MpSIMOIUHEHHbIE JIBU-
KeHus feraneil. [[puHATo mpermonokeHne 0 TOM, YTO BCE MOBEPXHOCTH KOHTAKTa JeTalel SBISIFOTCS
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Kyckamu nonuazipoB. ConpspkeHus 0oliee CIOXKHOW (GopMbl (MMIMHAPHYECKHE, chepUuecKue U Mp.)
aNMpPOKCUMUPYIOTCS TIPU TIOMOIIH (ParMeHTOB TIOCKoCcTe. COBOKYITHOCTh BEKTOPOB, KOTOPbIE 3ajia-
0T MPSMOJIMHEHHBIC IBIXKCHHS TPH JEMOHTaXKe JieTaneil, 00pa3yroT TeleCHbIH Yyroil B MPOCTPAHCTBE.
IToka3zaHo, 4TO €CJIM ATOT yroy OO0JIbIlIEe Pa3BEPHYTOrO, TO JIEMOHTAX JCTall HEBO3MOXKEH.

B [Srinivasan, Gadh, 2002] paccmoTpeHa 3amada yacTHUHOM pa3bopkm msnenus (selective dis-
assembly). [TpemyioxkeHa Mozesb, KOTOpasi OMUCHIBACT F€OMETPUUCCKUE TPEISITCTBUS MIPU JCMOHTAXKE
JeTaneit. 1o Tak HasbiBacMbIil ri-rpad (removal influence graph), KOTOpBIH OMKCHIBAET IIYOMHY BJIO-
JKeHHMs JieTalieil B coOpanHoe u3nenue. [1oka3aHo, 4To TOMOJIOrHUeCcKasi COPTUPOBKA BEPIIUH OPUCHTHU-
poBaHHOTO fi-rpada mpeacTaBisieT co0oil MareMaTHYeckoe ONMMCAHUE BO3MOXHOM MOCIEI0BATEILHO-
CTH pa300pKH U3MIEIHSL.

PaccMmoTpeHHbIe TIOAXOIbI K MOJICIMPOBAHUIO TCOMETPUYCCKHUX TPEMSITCTBUN MpH cOOpKe/pas-
OOpKe M3/IeNHUsI UMEIOT PSI OOIIUX HETOCTATKOB.

1. OHM HE YYHTBHIBAIOT CTPYKTYPY MEXaHHYECKHX CBA3EH (COCTMHEHUN WU COMPSIKCHUMN) M3AEIHSL.
ITo 3T0#1 MpUUMHE reOMETPUUECKUM aHAIN3 MOXKET BBIITOIHATHCS I 3aBEAOMO HEPEeaIn3yeMbIX
MIPOEKTHHIX aJIbTEPHATHB, KOTOPbIe HE 00J1a/Ial0T CBA3HOCTBIO U YCTOWYMBOCTHIO.

2. T'eomeTpuueckne MPOBEPKHU, BHE 3aBUCUMOCTH OT CIOC00a peann3anuu, OTINYAIOTCS BBICOKOM
BBIUMCIIUTEIILHON CIIOKHOCTBIO. B paccMOTpeHHBIX paboTax HE CTaBUTCS 3aj1a4a MHHHMH3AIIUU
qrcia HEOOXOIMMBIX TEOMETPUUICCKUX TECTOB.

aneprpaq)OBaﬂ MOA€CJ/Ib MeXaHuYeCKou CTPYKTYPbI U31€TUSA

B coBpemennbix CAD- u CAAP-cucteMax npuHUMAETCS TUIIOTE3a O TOM, YTO Ha paHHUX dTarax
MPOCKTUPOBAHUSI ICTATN U3JCIUS SBISIOTCS a0COMIOTHO TBEPABIMU U HEBECOMBIMU Tenamu. B [boxko,
2018] noka3aHo, 4TO MPHU 3TOM MPEAIIOJIOKEHUH aIEKBATHON MaTeMaTHyeCKOW MOJIENbI0 MEXaHUUECKOI
CTPYKTYPBI U3/ICTIHsI SBJISICTCS TaK Ha3bIBAGMbIH S-runeprpad.

[IpuBenem HeoOXomumbie (hopMallbHBIE ONpeneNneHus. V3ennuo mocTaBuM B COOTBETCTBHE T'H-
neprpap H = (X, R), y koToporo mHoxecTBO BepmmH X = {X}| TIpeicTapiser AeTanu H3Ieus,
a MHOXKECTBO pebep R = {rj ?11 OIHCHIBAET MUHUMAIIbHBIE TEOMETPHUYECKH KOOPIMHUPOBAHHBIEC TPYII-
MUPOBKH JICTaCH, TOTy4YCHHBIE 0a3MpOBAaHUEM 110 BHYTPECHHUM KOHCTPYKTOPCKHM 0a3aM (TIOTHBIE KOH-
CTpPYKTOpCKHE 6a3bl)

Ha puc. 2 n300pakeHbl KOHCTPYKLUS KpeIvieHns Baja (a) u runeprpad H, maHHOH KOHCTpPYK-
1 (0).

Puc. 2. KorcTpykiust kperieHust Bana (a), runeprpad H,, KOTOpBIil OnuChIBAET MEXaHUUECKYIO CTPYKTYPY JaH-
HOHM KOHCTpYyKIMH (0). BepimHbl moMe4eHbl YnuciiaMy, KOTOPbIE COOTBETCTBYIOT HOMEpaM JieTale
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[lomapnstoriee OOMBITUHCTBO COBPEMEHHBIX TEXHUYECKHUX CHCTEM (MaIlliH, MEXaHHYECKUX TpH-
OOpOB U JIp.) COOMPAIOTCS MOCPEACTBOM TaK HAa3bIBACMbBIX CEKBCHIIMAIBHBIX U KOTEPEHTHBIX COOPOYHBIX
onepanuii [boxko, 2018; boxko, 2009; boxxko, Poaronos, 2022; Priko, 2009]. TakoBbIMH SIBISIIOTCA
orepaiuu, KOTOPbIE PEaU3yIOT OJHY HJIM HECKOJIBKO MEXaHMUYECKUX CBs3ell (KOrepeHTHOCTh) U BbI-
TIOJTHSIFOTCS TIPU TTOMOIIH JABYX pab0duX OpPraHoB (CEKBEHIHAIBLHOCTB).

MareMaTH4eCKUM ONMMCAHUEM TAaKWX ONEpaluii CIyKHUT CTATUBaHHE pedep BTOPOH CTENeHH TH-
neprpada H = (X, R) (HopmanbHOE cTaruBanue). MareMaTHIeCKOi MOIEIbi0 COOPOYHOTO IIaHa CiIy-
JKUT TIOCIIEIOBATEIILHOCTh HOPMAIBHBIX CTATHBAHUH, KoTopas npeodpasyer H = (X, R) B ogHOBepIIHH-
HBIH Tuneprpad 6e3 nerens [boxko, 2009].

Ha puc. 3 mokasaHa mocienoBaTesIbHOCTh HOPMAJIBHBIX CTATMBaHWN rumeprpada H,, xotopas
OIKCHIBACT IJIAH COOPKU KPEIUICHHS Baa.

1,2,3,4,5,6,7,8

Puc. 3. ITocnenoBaTebHOCT, HOPMABHBIX CTATMBaHMH runeprpada H,. Kaxnpni cnemyrommuii runeprpad mo-
JydaeTcs M3 MPEAbIIYIIEro CTATMBAaHUEM OJHOTO pedpa BTOpo# crerieHu. JlaHHas MOCIEN0BaTENbHOCTh THITEP-
rpadoB mpecTaBiIsIeT co00i MaTeMaTHUECKOe OMUCAHUE TUIaHa COOPKU KOHCTPYKIMH KPEIUICHUs Baja, KaKaas
orepanusi KOTOPOro 00JialaeT CBONCTBAMHU KOT€PEHTHOCTH U CEKBEHIIMATIBHOCTH

Omnpenenenne 1. ['mmeprpad, KOTOPBI HEKOTOPOH MOCIIEIOBATEIIFHOCTHIO HOPMAJIBHBIX CTATH-
BaHHHU pebep mpeodpasyeTcsi B OMHOBEPIIMHHBIN runeprpad 0e3 merelb, Ha3bIBaeTCsl S-Tuneprpadom.

MexaHnueckas CTPYKTypa H3/eNusi, KOTOPOe MOXKET ObITh COOPaHO HPH ITOMOIIM KOI'€PEHTHBIX
CEKBEHIMAIIBHBIX Olepanui, mpeacTasisercs B Buae Srumeprpada. JIrodoi CBSI3HBIN U KOOPAWHHPO-
BaHHBIA (parMeHT TEXHUYECKOH cucTeMbl (y3es, cOOpovHas eAWHHIA U JP.), KOTOPBIH MOXKET OBITH
coOpaH HE3aBHCHMO, OIMCBHIBACTCA B BUAE S-noarpada Sruneprpada.

FeOMeTpuquKne CUTyalnum M reoMmerpuvecckas HACJ€ACTBEHHOCTD

Ecmm 3aman Ssruneprpad, to smodoi ero S-moxarpad OXHO3HAYHO ONPENENISeTCs MHOXKECTBOM
BEpIINH.

Omnpenesenne 2. MHOXeCTBO BeplIMH S-noarpada OyaeM Ha3blBaTh S-MHOKECTBOM.

Ilycte A € X — S-MHOXECTBO, a X € X — JieTallb.

Omnpenenenune 3. Ilapy (A, X) Ha30BeM reoMeTpHUICCKON cUTyaruel (cutyarueit), ecim A U {X}
SIBIISICTCS. S-MHOYKECTBOM.

I'eomerpuueckue cutyanuu (OpMaIU3yIOT TaKUe KOHCTPYKTHUBHBIE (DPAarMEHTHI, JJISI KOTOPBIX
MIPOBEpKa Ha TEOMETPUUECKYIO Pa3pelInMOCTh UMEET CMBICT U JJaeT MHTEPIIPETHPYEMbIe Pe3ysIbTaThl.

Omnpenenenne 4. Cutyanuto (A, X) Ha30BEM pa3pelICHHON, €CITM YCTAaHOBKA X Ha COOpaHHBIN
(¢parmMeHT A BO3MOXKHA, H 3allPEHICHHON — B IIPOTHBHOM citydae (puc. 4).

Ha puc. 4 moka3aHbl IpuMepbl ABYX CHUTYyaIlMi IPH YCTaHOBKE IMOANIMITHAKA HA BAJI: Pa3peIlieH-
Has (a) u 3anpenieHHas (0).
ITycts (A, X) u (B, X) — 1Be reomeTpudeckue cuTyaluu Takue, uto A C B.
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(a)

Puc. 4. Pa3pemienHas reoMeTpruueckas CUTyalis. YCTaHOBKA MTOIIUITHAKA BO3MOXKHA (). 3ampernieHHas reoMeT-
pUUeCKasi CUTyalusl. YCTAaHOBKA MOIIUITHUKA HEBO3MOXKHA (0)

YrBepikaenue 1. Ecnu cumyayus (A, X) aenaemcsa 3anpewennou, mo u (A, X) — 3anpewjennas.
YrBepikaenue 2. Ecau cumyayus (B, X) — pazpewennas, mo u (A, X) aensemcs pazpeutenHou.

PaccmorpuM MHOKeCTBO Beex cutyaunidi GS(X), CBSI3aHHBIX ¢ YCTaHOBKOI jeTanu X. Beenem Ha
HEM YaCTHYHBIH HOPSAIO0K, HHAYLUHPOBAHHBIN BKIIOUCHHUEM JIEBBIX YacTeil CUTyaluii, To ecTb (A, X) <
< (B, X) Torma u Tonpko Torma, korma A C B.

Ha puc. 5 mnokazaHbl KOHCTPYKLHMSI HPUBOIHOIO Baja (a) M yHNOPSAOYCHHOE MHOXKE-
ctBo GS(3) (6), onuchIBaroIee BCE CUTYAIlMA YCTAHOBKHU JICTAIH 3.

12,4,5,6,7,89,11,12 12,4,5,6,8,9,10,11,12

12.4,567389,11 2,4,56,89,10,11,12

oo
1

| 1,245,678

24,5689 2456911

N
{ ; 65 LO/k6 ’E i
270

@75 HT[{7T

1]

245,69

2,456

(a) (0)

Puc. 5. TlpuBogHoii Bat (a). YIOpsaoYeHHOE MHOKECTBO BCeX reoMmeTpudeckux cutyarmii GS(3), cBsI3aHHBIX
C YCTaHOBKOH raiiku 3. BeplnHbI yIopsI04eHHOTO MHOXECTBA MPEICTABISIIOT cOOO0M JIEBbIE YaCTH TeOMeTpuye-
CKHUX CHUTyallMi, Ha KOTOpbIe BO3MOXKHA yCTaHOBKa Jetanu 3 (0)

Hrpa I'(GS). OcHoBHBIE MOJI0KEHUSA

IlycTh BBIOpaHa JUIst MPOBEPKU reoMeTpuueckas cuTyarus (A, X), KOTOpoi COOTBETCTBYET OIpe-
JIeTICHHas BeplInHa yropsinoueHHoro MaokectBa GS(X). Ecim mpoBepka Ha cBoOOAy OT MpensTCTBUA
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JlaJia TIOJIOKUTENBHBIN pe3ynbTar (TO eCTh JaHHas CHTYyallusl pa3peninMas), TO BCE BEPIIUHBI, CPaBHH-
Mble ¢ (A, X) U pacToloXeHHbIe HIXKe ee, Takke OynyT paspemmmMbiMHu. M Ha060poT, eciam mposepka
JlaJia OTPUIATEIBHBIA Pe3ylbTar, TO BCE CPaBHUMBIC BEPIIUHBI BHIIIE Hee OYyT HEepa3pelInMbIMU.

Janee Oynem m300pakaTh BEpIIHHBI, OMUCHIBAIOIINE HEpa3pelInMble CHUTYalllid, YepHBIM IIBe-
TOM, a pa3pelinMbie — OeJbIM. 3aJady aHaln3a TeOMETPUYECKUX MPEISTCTBUNA MOXKHO CHOPMYIUpPO-
BaTh KaK WIrpy JHIa, MpuHUMatomiero pemenne (JIIIP), u mpupoasr o okpammBaHUIO BEPIINH YIIOPS-
JloueHHOro MHOXKecTBa GS(X) B JBa 1IBETA.

Urpa HaumHaeTcsi ¢ HeokpaineHHoro MHoxecTBa GS(X). Xox JIIIP 3akitouaercss B BbIOOpPE
HEOKpalleHHOH BepiuHbI. OTBET MPHPOABI — ATO IBET BEPIIUHBI: YEepHBINH wmiu Oenbiid. Ecmu Bep-
IIMHA YepHas, TO BCE BEPIIMHBI BEPXHEro KOHYyCa IOJy4aroT YepHBINA 1BeT. Ecnm BepmmHa Oemnasi, TO
BCE BEpIIMHBI HIDKHETO KOHYCa OKpamuBaioTcst B Oenblid mBeT. [locie 3Toro urpa mpomoipkaercs Ha
OCTABIIICHCS HEOKPAIIEHHOW YacTH yropsaodeHHOro MHoxecTBa GS(X). TpeOyeTcs BBIOpaTh TaKyro
MOCJIEA0BATEILHOCTD BEPIIUH, KOTOPAsk OKPAIIMBACT BCE MHOKECTBO 332 HAMMEHBILIEE YHCIIO XOOB.

bonee dopmanbho: mycTh P — mpoun3BosibHOE yIOpsiIOYeHHOE MHOXKECTBO U Y € P — ero ane-
MeHT. OGo3HaunM uepe3 Y* = {ae€ Pla>yluy' ={aec P | a <Y} BepxHuii 1 HIKHHUII KOHYCHI
anemenTa Yy B P. Beenem kommakTHoe 0603HaueHHe:

yiA, €CIIM BEPILMHA Y, YepHas,

y;)()n —

v
Y, , eciii BepunHa Y, Oenas.

Crparerust IepBOro UrpoKa NPEICTABIAET COOOH MOCIEN0BATENBHOCTE BEPIIHH (Y, Yy, -5 Vi),
y, €GS,i= 1, k, Takyio, 4To GS, =GS\y{", GS, =GS, \y;™", ...,GS, =GS,_| \y"" uGS, = 0.
OnrumanbHoi ctparerueit JITIP sBisieTcs mocneaoBareIbHOCTh BEPIIMH MUHUMAIBLHON JUTMHBI.

O6o3HauuM 31y urpy kak ['(GS). OtmeTum nBe ee ocoOeHHOCTH. BO-TIepBEIX, 3TO HEaHTaro-
HUCTUYECKAsI UTPa, MMOCKOIBKY BTOPOMY HTPOKY (TIPUPOME) HE BaXKEH PE3ybTaT M OH HE CIIOCOOCH Ha
OCMBICICHHBIC CTPaTErHuecKue AeHCTBUS. Bo-BTOPBIX, KOMOMHATOPHOE Pa3HOO0pa3ue YIOPsI0UCHHBIX
MHOKECTB YPE3BBIYaiHO BEJIMKO, IIOATOMY TIOMCK ONTUMAILHOTO aHAJUTHYECKOTO PEelIeHus s o01ie-
TO ciydas 3aBeJOMO OOpEUYCH Ha HEyCIeX. JTO JENaeT HEBO3MOXHBIM NMPUMEHEHHUE KIACCHYCCKOTO
arrmapara TeOpHH UTp IS PEelIeHNs TaHHO! 3a1aqu.

Br10op 1BeTa BEpIIMHBI YIOPSIOYEHHOTO MHOXKECTBA — A3TO MeTadopa TeOMETPUYECKOTO Te-
CTa, B pe3yJbTaTe KOTOPOTO MPOBEPSICTCS BO3MOKHOCTh YCTAHOBKH JCTAId HA HEKOTOPBIA COOpPaHHBIN
¢dparmenT uznenus. [IpoBepka Ha cBOOOLY OT T€OMETPUYECKHX MPEISATCTBUI MOXKET OBITH BBITIONHE-
Ha JIIOOBIM METOIOM, KOTOPBIH ymoO€H WM IOCTYIIEH B JAaHHOM MPOEKTHON cutyammu (cMm. puc. 1).
DT0 MaccoBas oreparusi, Kotopas I0JDKHa OBITh OCYIIECTBICHA Ui KAXKIOW JEeTall W KaXIOro Iuia-
Ha cOopku m3nmenus. [1o9ToMy COBOKYIHBIC BBIYHCIHUTEIBHBIC 3aTpaThl HA TEOMETPUUCCKUN aHATU3
MpU aBTOMATH3UPOBAHHOM MPOCKTUPOBAHUU IPOIECCOB COOPKU CIOKHBIX TEXHUYECKUX CHCTEM MO-
ryT OBITh OYEHb BEJIHMKH. PanmoHambHast CTpaTerysi OKpallnBaHUs YIOPSI0YeHHOT0 MHOKecTBa GS(X)
MO3BOJISIET COKPATUTh KOJTMYECTBO HEOOXOMUMBIX MPOBEPOK HA TEOMETPHUUCCKYIO PA3pPEIINMOCTh.

IpencraBum urpy I'(GS) kak 3agauy npunstus pemenuii (3[1P) ¢ mateskHol marpuiieii, oomuit
BHJI KOTOPO# M300pa)keH Ha pucC. 6.

X XU X2 |0 | X0
v Y, =uepHriii | €, | €, | -+ | €,
Y,=0Ccmpiii | &, | €&, | | &,

Puc. 6. Ilnarexxnast marpuna urpsl ['(GS) B ycnoBusix mojHoi HeompenenaeHHOCTH. B sroit matpune X u Y —
nepssiii (JITIP) u Bropoii (mpupoza) urpoku. X! — xonet JITIP, Y, — oTBETHI NPUPONBLL. € j — Boiurpeim JIIP npu
BeIGOpe X0ma X/ 1 oTBeTE IIPHPOIBI Y,
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Ha stom pucyHke X — jmIo, npuHuMaromee pemenue; Y — npupona; X!, j = 1, n, — xoms
JIIP. Xon JIIP 3aknroyaercst B BBIOOpE HEOKPALIEHHON BEpIIMHBI YIOPsIOYeHHOro MHOXecTBa GS.
Otsets! mpuponibt Y|, Y, — 9T0 LBET BHIOPAHHOH BEPIIMHBI. DJIEMEHT MaTPHUIIBI € i’ i=1,2,j=1,n—
BBITPBIII, KOTOpbIA momyunt JITTP mpu BeIGope xoma X) u orBeTe mpuposs: Y;. DTOT BBIMTPBILI PABEH
MOIIHOCTH KOHYCa BEpIIMHBI B YIOPSIOUCHHOM MHOKecTBe GS: BepxHEro — eciu BeplIMHa 4YepHas,
HIDKHETO — €CJIM BepIlIuHa Oenas.

B [boxkko, 2009] paccmoTpenbl ciocoOb! pemienust 3Toid 3[IP B ycrmoBHsAX MOTHOW Heompee-
nenHoctH. B aToi nHOpManmoHHoi cutyanuu npu arodoM xoxe JI[IP oTBeThl MpUpoAbl MoNararoT-
Csl paBHOBEPOSITHBIMU. [yl BBIOOpa ONTHMAJbHBIX PELICHUI MCIONB30BAaHbl KIACCHUCCKHE KPUTEPUU
Banpna, Jlatutaca, CeBumxka, Xomxka —Jlemana u np. BrinonHeH oG PHBIN BEIYUCIUTENBHBIN SKCIIEPH-
MEHT I10 OKPAIIMBAHHIO YIOPSAOYEHHBIX MHOXKECTB Pa3IMYHON CTPYKTYpbl. OH MOKa3aJl, 4yTo JIydIlInue
pe3ynbTathl gaet Kpurepuid ['ypBuiia ¢ KoagpuureHToM 10BepHst % u baiieca—Jlarmaca. Ot kputepun
HO3BOJISIFOT OKPACUTh YIOPSAOUYCHHOE MHOXECTBO 38 MEHBILEE YUCIIO XO0B (IIPOBEPOK).

Paccmotpum npyryro undopmarmonnyto curyanuto JIIIP B urpe ['(GS).

Hrpa I'(GS) B ycjioBusix pucka

ITycts ms xaxkzporo xoma JIIIP m3BeCTHBI BEpOSTHOCTH OTBETOB IpHpoAbl. llomyduTs TOUHBIE
3HAYCHUS ATUX BEPOSATHOCTEH HE MPEICTABISIETCS] BOSMOKHBIM. Bocrosb3yeMcsi puONInKeHHOH O1leH-
KO JaHHBIX BEIHYMH.

VYBenuueHne 4nciia Aeraneii B coOpaHHOM (parMeHTe B 00IIeM ciydae BiedeT 3a COO0H yCloxK-
HEHHE TEOMETPUHU U POCT YHCIIa MOTCHIHAIBHBIX T€OMETPUUECKUX MPENSTCTBUH JUII MOHTaXa APYTUX
Jeraned. DTO 3HAYMT, YTO BEPOSITHOCTH OKPACKH B UEPHBIN I[BET pacTeT C YBEIMUYCHHEM MOLIHOCTH
JICBOM 4acTH IreOMETPHUECKON cuTyaluu. YeM OoIbliie 3TO YMCII0, TEM BBIIIE HAXOIUTCSA COOTBETCTBY-
I0lIasi BEPILIMHA B yIOPsI04eHHOM MHOXKecTBe GS.

O6o3naunm: P,(B) — BeposTHOCTE cOObITHS «BepinHa A € GS veprasn», P,(W) — «Bepmmna A
Oenas». OUeBHIHO, YTO 3TH COOBITUS 00PasyIoOT MOJNHYIO IPymILy, To ecTh P,(B) + P,(W) = 1.

[Tycte a = N r)ngls( ){|A|} — MHMHHUMAaJbHas MOIIHOCTh JIEBBIX YacTeH BCEX M€OMETPUUYECKUX CH-
X)€! X

Tyalui ynopsiioueHHoro MuoxkectBa GS(X). Torma asist OEHKH BEPOSITHOCTH MOKHO BOCIIONIB30BAThCS
dopmymnoii P,(W) = (%)k. 3nece K > 0 — macmrabupyromui kKo3)GHUIUESHT, KOTOPbIA MO3BOJISET
HACTpaMBaTh CKOPOCTb HM3MEHEHH: BeposATHOCTH. [Ipu momomtu HacTpoiiku naHHoOro koaddummeHTa
MOYKHO TOJYYUTh paciipeeicHie BEpOSTHOCTEH Ha BEPIIMHAX YIOPSIOUEHHOro MHOXecTBa GS, Ko-
TOpOE JIOCTOBEPHO OIUCHIBAET PEANbHYIO MTPOEKTHYIO CHTYAITHUIO.

[Tonaraem, 4To y M3AENHS CYIIECTBYET XOTsl ObI OIHA MOCIEIOBATEIEHOCTh COOPKH, CBOOOIHAS
OT TEOMETPHUYECKHUX MPEMSITCTBUI. DTO 3HAYMT, YTO I JMOO0OU metamu X € X CYIISCTBYET paspe-
meHHas curyanus (B, X), koropas B urpe I'(GS) okpammBaercss B OSIbIiA IIBET. DTO 3HAYHUT, YTO IS
Hee W Beex cutyaumii (A, X) takux, 4ro (A, X) < (B, X), Bepostaocts P,(W) = 1. Jlerko Buners,
YTO TpeUIOKeHHass GpopMyia pacueTa almpHOPHBIX BEPOSTHOCTEH YHOBIETBOPSET JAHHOMY YCJIOBHIO,

k k
10 ecTb P,(W) = (ﬁ) = (g) =1
Ha puc. 7 nokazana miarexxnas marpuna urpsl I'(GS) B ycnoBusix pucka. Ilociennss ctpoka
MATPHIbI COICPIKHT BEPOSTHOCTH OKkpacku Bepmma X!, j = 1, n, B Gemslit user Pj(V\/). OueBuHO,
9TO Pj(B) =1- Pj(V\D.

Yucteie crpaTteruu 1js urpbl ['(GS) B yci1oBUAX pHuCKa

Bcee crparernu pasbIrpblBaHMs MHOIOIIATOBBIX HEAHTArOHUCTHUYECKUX WMIP MOXHO pa3leluTh
Ha YHCTHIE, CMEIIaHHbIE U PaHIOMU3HPOBaHHbIE. B 4HCTBIX cTpaTerusx Ha KaxaoM mare urps! JIIIP
HCTIONB3YeT TOT KPUTEPU, KOTOPBIN OBl BbIOpaH ampuopu. CTparerus Ha3bIBaeTCs CMENIAHHOW, eCiH
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X X! X? Xn
v Y| = 4epHbIi €, e, en
Y, = Gerbiid &1 € | ©n

P PW) [ P W) |- | PyW)

Puc. 7. Ilnarexxnast marpuna urpsl ['(GS) B yenoBusix pucka. B atoit marpune X n Y — nepssiit (JIIIP) u Bropoit
(mpupona) urpokn. XJ — xomsr JITIP, Y; — OTBETHI IPUPOJIEL. € j — BBIMIPBIII JITIP npu BeiGope xona XI u otBeTe
npuponsl Y;. P J-(W) — BEPOSTHOCTH TOTO, YTO BEPIINHA YIOPAIOYEHHOTO MHOXKeCTBa, BeiOpanHas JIIIP, Oyxer
OKpalleHa MpUPOIOH B OCIBIH IIBET

B mnponecce urpsl JIIIP menser xputepuii BeiOOpa myumiero xoxa. Mrposas cTpaTerusi Ha3bIBaeTCs
PaHIOMU3UPOBAHHOM, €CIIN JUI BBIOOPA X0J1a UCIIOJIb3YETCs HEKOTOPBIN ClIydaiHbIN MeXaHu3M. To ecTb
Ha Ka)XJIOM Ilare BbIOMpPAeTCsl X0 B COOTBETCTBUHM C HEKOTOPHIM 33/JaHHBIM 3aKOHOM pacIpeeNeHHs
BeposiTHOoCcTel [PrikoB, 2009].

Ha xaxyiom miare 1000 MHOTOIIIAroBOM MIpbl CMEIIaHHbIE U PaHIOMU3UPOBAHHBIE CTPATEruu
UCIIONB3YIOT OIHY M3 YHCTBHIX CTPATErHi, KOTOpbIEe NPUMEHsI0TCA 1o Beioopy JIIIP mim cormacHo 3a-
JTAHHOMY CllydaifHOMYy 3akoHy. [103TOMy 4HCTBIe CTpaTeruu MpeiCTaBIIAIOT COOOM 3IIEeMEHTHBINH 6a3znuc
ULl CHHTE3a PA3IMYHBIX KOMOWHUPOBAHHBIX CTPATEruil.

PaccMOTpHM OCHOBHBIE YHCTBIE CTpaTEerWu, KOTOpble MOXHO TpuMeHUTh Wi [(GS) B obmem
cllydae, TO €CTh KOIZa Ha CTPYKTYpy YHOpsIO4eHHOro MHOXecTBa GS He HakiaJpIBacTCsi HUKAKHUX
OrpaHUYEHUH, KpoMe TpeOoBaHMs CBsI3HOCTU. BBenem kopoTkoe ob6o3nauenue: P(W) = P.

Kpumepuii batieca (MmakcuMyma OXXUTaeMOW TIONE3HOCTH) 3aKJIIOYAeTCs B MaKCHMH3AllUU Ma-
temarndyeckoro oxujanust Berpseima JIIP [Peikos, 2009]. s ['(GS) on mpencrasisiercs B BH-
ne max(e, j Pj(B) +8; Pj(VV)). [Mockonpky P(B) = 1 — P(W), moryanm

J

Kpumepuii I'epmetiepa MaKCUMU3UPYET MATEMaTHYECKOE OXKHJIIAHUE XYIIIETO OTBETA MPHUPOIBI
Ha -i xomx JITIP [PeixoB, 2009]. dust T'(GS) sToT KpuTepnii IPUHUMAET BU/T

z, = mjax E, Ej= mjin(elj(l -P)+ erP).

Kpumepuii naubonee 6eposimnozo cocmosnus npupoosl Z, (mooansuwiii kpumepuil) [PbikoB,
2009]. Beibupaercs camblil BeposATHBIN OTBET NMpupo/sl. Ilonaraercs, 4to oH 0053aTeNbHO MTPOU30NIET,
u panee 3[IP pemaercst Kak MOJTHOCTBIO onpenesieHHas. To €CTh BBIOMPAETCsl BEpIIMHA ¢ MAKCHMaJlb-
HbIM BburpsieM JITIP. s urpst ['(GS) aToT KpuTepuii UMeeT CMBICI Il HEOKPAILICHHBIX BEPIIHH,

PacHoNOKECHHBIX Ha yAaJIeHUH OT IIEHTpa yIopsao4eHHoro Maoxkecrsa GS.

Kpumepuii Xoooica—Jlemana. D10 CAHTETUUECKUN KPUTEPUI, OH OCHOBAaH HA KOMITO3UIIMU KpPH-
tepueB baiteca u Banpna [Prikos, 2009]. Jlns ['(GS) ero MoxxHO 3amucarh B BHJIE

2, = max(amin(€,, &) + (1 - a)(&;P(B) + &, P(W)),

rme @ € [0, 1] — Tak Ha3pIBaeMbIi Kod(pUIMeHT aoBepus. Korga oH paBeH emWHUIIE, TO JaHHBIN
KpUTEpHii coBafaeT ¢ kputepueMm Banbna, npu a = 0 nmomyuum kpurepuii baiieca.

Kpumepuii maxcumusayuu eeposmuocmu  pacnpedeienusi [Peiko, 2009]. O6o3zHaumm: A =
= m_inmin(elj, ezj) u A = max max(elj, ezj). Bribepem HexoTopoe moporoBoe 3HaueHue: 4 < 4 < A.
J J
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CoracHO TaHHOMY KpHTepHIo JyqmuM cuntaetcst xon JIIIP, y kotoporo MakcuMasibHass BEpOITHOCTh
coObiTust «BhiUrpsii JITTP Gonbine unu pasen A». s ['(GS) kputepuii 3anucbiBaeTcs B BUJIC

0, € > & <A,
1, €:,6: >4,
Z :maij, Rj = 1 ©2i
j Pj, g < A, &) > A,

1—PJ-, e1j>/l, e2j</l.

Kpumepuii munumyma cpeoneco keadpamuynozo omkionerus [Poikos, 2009]. s xaxxmoro xo-
na JITIP paccyuThIBAIOTCS MAaTEMaTHYeCKOE OXKHJAHWE BBIUTPHIIIA U 3HAUCHHE CPEJHEr0 KBaIpaThd-
HOTO OTKJIOHeHHUs. JIydlIuM cuuTaeTCs TakoW XOJ, y KOTOPOTO BEIMYMHA OTKJIOHCHHS MUHHMAJbHA.
Jst I'(GS) maHHBINA KPUTEPHH 3alACHIBACTCS B BUJIC

%:%m$%—Mym&ﬂ%—Mymwy

Mj — MaremaTHuecKoe okugaHue Boiurpsira JIIP mpu BeiGope xoma X1, IMockomsky P(B) = 1 — P,
T0o M | =€ j(1 -P)+e j P. Tlocne smeMeHTapHBIX alreOpandeckKux Mpeodpa3oBaHUN KPUTEPHH MOMKHO

3aIucarh CICIYIOUUM 00pa3oM:
— i _ VP — p2
Z6—mj1n|ezj elj| P - P-.

YacTo B pa3mUuHBIX 33jauaX MPUHITHS PEICHUN pacrpe/iesieHue BepOSITHOCTEH OTBETOB MPUPO-
JIbI TIOJIYYCHO HE HAa OCHOBE JIOCTOBEPHOM CTaTUCTHKH, a 337[aeTCsl IMIHUPUUECKU. B monooHbIx undop-
MAIMOHHBIX CHUTYAIMSIX HAILIM MPUMCHEHHE Pa3IMYHbIC CHHTETHYCCKHE KPUTCPHH, HCIOJIb30BAHUC
KOTOPBIX TO3BOJISIET JIO HEKOTOPOW CTEIMEHHM KOMIICHCHPOBATh HETOYHOCTh HCXOJHBIX JIaHHBIX. Pac-
CMOTPHUM OJIMH M3 TaKUX KPUTEPHEB NMPUMEHUTENBHO K urpe [(GS).

Cunmemuueckuti kpumepui. OG03HAINM: €, = mjax min(g, = j). BBeneM HekoTOpoe OPOroBOE

3Hauenue: 6 > 0. OGo3HauMM yepe3 J; MHOKECTBO HOMEPOB CTOJOLOB (pucC. 6), s KOTOPBIX BbI-
nonnsercs J; = {] | (g — min(e, j,'ez J.)) < 0}. O6o3Hayum yepes J, MHOKECTBO HOMEPOB CTOJIONOB,
JUIsL KOTOPBIX BbIIONHSETCA J, = {] | (max(elj, e j) — max(e,, &,)) > d}. PaccMoTpuM MHOKECTBO
Homepos J = J, N J,. B cronbuax ¢ Homepamu u3 310ro MHOXecTBa npourpaiu JIIIP rapantupoBanto
MEHbIIIe, YeM 3HauCHHE BBIOPAHHOTO MOPOTra, a BRIMTPHII Ooibine §. Kpurepuit

2, = max(e, (1 = P) + &,P)

U3 BCEX CTOJIOIIOB MHOXKECTBA J BBIOMPAET CTONOEI ¢ MAaKCHMAILHBIM MaTeMaTUYCCKUM OXKHUIIAHUEM
Bbiurpoima JIITP.

B urpe I'(GS) BbIOOp X01@a 3aBUCUT OT MHOTOYHUCIICHHBIX CTPYKTYPHBIX M YHCIIOBBIX XapaKTe-
PHUCTUK ymopsaodeHHOro MHoxkecTBa GS. K dmciny Takmx XapaKTepHCTHK OTHOCSTCS: BBICOTA YIIO-
PSIOYEHHOTO MHOXKECTBA, €r0 IIUPUHA, CBSI3HOCTh, Mepa JTUHEHHOCTH, MOIIIHOCTh MaKCHMAalIbHON aH-
TUIENH, HAJHYUe MaKCHUMaJbHOTO WIIM MHHHMAJIBHOTO 3eMeHToB B GS m MHoroe npyroe. Bce 310
JenaeT 3a1ady MOMCKa palMOHANIBHONW CMEIIAaHHOW WM paHIoMH3MpoBaHHOW crpareruit st ['(GS)
OUYEHb TPYIHOM.

JBpucTUKHU 1Js1 urpsl [(GS)

Junetinaa sepucmuxa. JIerko BUAETb, YTO B HEYNOPSIOYCHHOM MHOXECTBE (QHTHUIICIIN) HEBO3-
MOYKHO HCITOJIb30BaTh YTBEP)KICHHS O TEOMETPHUYECKOM HaclieCTBEHHOCTH. OKpaluBaHie Takoro MHO-
JKecTBa TpeOyeT N XOomoB, Ie N — YHCIIO MIEMEHTOB MHOXecTBa. M HaoOopoT, modyro N-3IeMeHT-
HYIO 1IeTlb (YIOpSI0YEHHOE MHOKECTBO 0€3 HECPAaBHHMBIX DJIEMEHTOB) MOXXHO OKPAcHTh 3a He Oonee
geM (1 + n)(k+2) - 2% rre k = [log, n] (uenas wacte ot log, N), xonos [boxko, 2018].

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE




OnTtuMH3anys CTpaTeruyl TeOMETPUYECKOro aHaIu3a . . . 837

O06001MM 3TO YTBEP)KJICHHE Ha MIPOM3BOJIBHBIE YIIOPSAI0YeHHBIE MHOKECTBA. MOXKHO TI0NIararh,
YTO YEM BBINIC JTUHEHHOCTh YHOPSAOYCHHOTO MHOMKECTBA, YeM ONIKE €r0 CTPYKTypa K IIEMH, TEM
MeHbIIIe X0moB morpedyercs JITIP mis ero okpackw.

3TO MpearnonokeHne CTporo He J0Ka3aHo, HO, KaK U JII000e XOpollee 3BPHCTHUECKOE MPaBHIIO,
coracyercsi ¢ MHTYUIUeH U TOATBEP)KIAaeTCsl OOJIBIIMM YHCIOM PUMEepoB. TOYHBIM MOKa3aTesIeM Ju-
HEWHOCTHU YIOPSI0YEHHOTO MHOXeCTBa GS CIIy)KUT YKCII0 BCeX JIMHEHHBIX mponoukenuii |(GS) atoro
muoxectBa. s antunenu 1(GS) = n!, mis nenu |(GS) = 1.

PaccmoTpuM mpocToil npumep, Moka3aHHbIN Ha pucC. §. DTO yNOpAJ04EHHOE MHOXECTBO COCTOUT
u3 N-sneMeHTHON nenu Cp, ¥ OOHOM BEpILUHBI.

Yy

Va

1
1
Vn O O Vn+ 1

Puc. 8. IIpocToe ynopsnoueHHOE MHOXKECTBO

Ha ouepennom mrare JIIIP moxer BbIOparh mr00yi0 U3 N + 1 HEOKpameHHBIX BepIIMH. UTOOBI
n30eXaTh IPOMO3JKUX BBIYMCICHHUH, PACCMOTPHUM JIBa BApHAHTA U OLIEHUM HX 10 HAUXYAIIEMY UCXOLY.
Ecmu BeiOpath Bepmuny V., ., To [(Cp) = 1 u B Hauxyjmem ciyyae JUis OKpalIMBaHUA LEMH MOTPe-
Oyercs N npoBepok. Ecin BeiOupaercs Bepumna V,(Vy), To I(C_, U {v,,,}) = N n a1 okpammsanus

9TOTO YIOPSA0YCHHOTO MHOKeCTBa oTpedyercs 2(N — 1) mpoBepok.

JInHeliHyr0 3BPUCTHKY MOXHO HCIIOJIB30BAaTh KaK JONOJHUTEIbHBIA KPUTEPUH B cllydae, Korjga
paccMOTpEeHHbIE pPElIAole MpaBuiIa BEIOUPAIOT JUISI POBEPKU HECKOJIBKO HEOKpAIIEHHBIX BEPIIHH.
PaccmoTrpum npumep, nokazanHslid Ha puc. 9. IlycTts BeiOpana uncras crparerus JIIIP, ocHoBanHas Ha
UCTIONBb30BaHUM KpuTepus Banpaa.

Puc. 9. Ynopsangouennoe MHOkecTBO GS, ¢ HEOKPAIICHHBIMH BEPITMHAMU

[narexnas marpuna urpel I'(GS,) nepen nepseiv xonom JITIP npusenena B Tadm. 1.

Tabmuaua 1. Ilnarexnas matpuna urpel ['(GS,) nepen nepsbim xozom JITIP. 3aronosku cToa610B — 3TO BEPIIMHBI
ynopsijiodenHoro Muoxkectsa GS,. Liudpel B sueiikax MaTpHIlbl 03HA4alOT MOIHOCTH BEPXHETO (YEpHBIH 1BET)
¥ HIKHETO (OeNbIi IBET) KOHYCOB COOTBETCTBYIOIIEH BEPIIMHEI B YIIOPSIOYEHHOM MHOXKeCTBE GS,

Vi Vo | V3 | VY | Vs | Vs | Yy

Yepnsnii | 1 113 ]2]14]3 )4
Bemsiit | 6 | 3 | 2 |3 | 1|21
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o kpurepuro Banba, ontumanbHbiM BeiGopom JITIP OynyT Bepuiussl Vs, V, nin Vg. Ha puc. 10
TIOKa3aHbl BCE BAPUAHTHI YIIOPSI0YEHHBIX MHOXKECTB, KOTOPBIE MOJTy4aoTCs TOCIE UCKItouenns u3 GS,
OKpAIIeHHBIX BEPIIHNH.

; g
O O
v,y = "gepnbiit, GS, v, = Gemsrit, GS; v, = gepnnnt, GS, v, = Genvlit, GS; v, = yepnniit, GS, v, = Genbiit, GS,

Puc. 10. Bapuante! urpst I'(GS, ) nociie Bcex BO3MOMKHBIX 0TBETOB NpUpoibl Ha nepBbiii xo JITIP. Tlocre kaxo-
ro xona JIIIP u oTBeTa Npuposibl yropsaoueHHoe MHOkecTBO GS, pacrajiaercs Ha JiBa HECBA3HBIX (hparmMeHTa,
KOTOPBIC Jajlee OKPAllUBAIOTCs HE3aBUCUMO JIPYr OT Apyra

Tomcuntaem 3HaueHus mokaszarenst () I BceX YMOPSIOYEHHBIX MHOKECTB, MOKA3aHHBIX Ha
puc. 10: [(GS,) = 4,1(GS;) = 5, I(GS,) = 10, I(GS;) = 2, I(GS() = 4, I(GS,) = 10. Jlerko Bunets, 4T0
BBIOOP XO/1a V; MOPOXKIAET YIOPAJOYEHHOE MHOXKECTBO C HAMMEHBILIEH MEPOU JMHEHHOCTH, PABHOM
B cymme 9. Jliist BepIIMHbI V, CyMMa JIMHEHHBIX TIPOJIOJDKEHHI cocTaBisier 14.

Jlerko BHAETH, YTO GS3 = GS7. [TomcunTaeM YHCIIO MPaBUIBHBIX OKPACOK IS GS3 u GS7.
O603na4nm 510 ymcno M(): MGS;) = 5, a M(GS,) = 10.

Ha puc. 11 mokasansl BCe MPaBUIIBHBIE OKPACKU YIIOPAIOYEHHOTO MHO)eCTBa GS, B /1Ba 1BETA.

AXNNANNTNY

Puc. 11. MHOXeCTBO Bcex MPaBUJIbHBIX OKPACOK YIOPAJOUYCHHOTO MHOXKCCTBA GS7 B JIBa IIBCTa

B o01iem ciydae BRIYMCICHHE YKCIa JUHEWHBIX npoposnkenuii [(GS) ymopsjoueHHOro MHOXe-
crBa GS TpeOyeT 3HAYMTENBHBIX BEIYHCIUTENBHBIX pecypcoB. B kauecTBe Mepbl IMHEHHOCTH MOXHO
UCIIOJIB30BaTh PA3JIMuHbIC MPUOIMKCHHBIC OIICHKH 3TOTO YUCIIa, HAIPHMEP: MOIIHOCTh MaKCHMaIbHON
AHTHILIENH, YUCIIO YHOPSAOYCHHBIX Hap H Ip.

Depucmura makcumanoHoll yenu. Yacto B MHXKEHEPHOU NPAKTUKE T'eHEPAIMs BCEX JOIYCTUMBIX
QIIBTCPHATUB CBs3aHAa C OYCHb OOJBLIMMH 3aTpaTaMd PECypCOB HJIM HEBO3MOXKHA IO TEXHUYECKHM
HpUYMHAM. DTO THITUYHAS IPOSKTHAsI CHTYalHs JUIsl aBTOMaTH3HPOBAHHOTO IPOSKTHPOBAHUS MTOCIIEI0-
BaTEIbHOCTH COOPKH. DBPUCTHKA MAKCUMAJILHOM LIEMHU MO3BOJISIET IMOIyYUTh OONBIION 00beM reoMeT-
pHUYecKoil HH(POPMAIMK IPH YMEPEHHBIX BBIYMCIUTEIBHBIX 3aTpaTax.

B ynopsinouennom MHO)KecTBe GS HaxoauTCs camasi JUIMHHAS IIeTh U OKpalInBaeTcs 3a He Ooiee
gem (1 + n)(k + 2) — 21 e k = [log, n] (uenas vacte ot log, N), xonos. Ilo npapunam urpsel I'(GS)
IIBET BEPIIUH IETIM PACIPOCTPaHIeTCS Ha MX BEPXHHE M HIKHUE KOHYCHI, U NPOLEIypa TOBTOPSETCS
JUISl HEOKPALIEHHOH YacTH yHOpsiJoueHHOro MHOkecTBa GS.

3akioueHue

ABTOMaTH3HPOBaHHOE TIPOCKTHPOBAHHE TPOLECCOB COOPKH/Pa3OOPKH CIIOKHBIX M3IEIHA — 3TO
Ba)kKHasI Ipo0ieMa COBPEMEHHOI HHPOPMAaTHKH U TeOpuH IpoekTuposanus. IlocienoBarenbHOCTh U CO-
JiepKaHre cOOPOYHBIX OIepaluil B 3HAYUTEILHON CTEIIEHH 3aBUCST OT TeOMETPHUECKHUX CBOMCTB H3/ie-
nus. [TpuBenen 0030p METOIOB MOAGINPOBAHUS T€OMETPUUYECKUX IPETATCTBUN, KOTOPbIE IIPUMEHSIOT-
Csl B COBPEMEHHBIX CHCTEMax aBTOMaTU3MPOBAHHOTO MPOEKTHPOBAHMS U yIIpaBieHHs. AHAIN3 MTOKa3all,
YTO ATH MOAXOIABl HE TO3BOJISIFOT KOPPEKTHO MOCTABUTH 3a/ady MHUHUMH3ALUHN YHCIIA HEOOXOIMMBIX
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TEOMETPUUECKUX IIPOBEPOK IIPU CHHTE3€ IOCIIEN0BATEIBHOCTH COOPKU/Pa300pPKU CIOKHOTO H3ICIHA.
BBezneHo BaxHOe OHSATHE TeoMeTpudeckol cutyanuu. CHopMyIMpOBaHBbI [Ba yTBEPKICHUS O TEOMET-
pHYECKON HACIENCTBEHHOCTH. 3a/jada MHUHHMH3ALUHM YKclla TEOMETPUYECKHX IPOBEPOK IOCTaBJIEHA
Kak HeaHTaroHucTH4eckas urpa JIIIP ¢ mpupoznoii. B aToii urpe He06X0IUMO OKPaCHUTh YIIOPAI0UEHHOE
MHOECTBO BCEX T€OMETPUYECKHUX CUTyalllii B JBa LIBETa 32 HAMMEHBIIIEE YHUCIIO XON0B. PanroHansHas
CTpaTerusi OKpaIIMBaHUS MMO3BOJSIET MHHUMH3MPOBATh YMCIIO MPOBEPOK Ha CBOOOAY OT reoMeTpude-
CKUX NPENATCTBUH NMPH MOHTaXe AeTanell 1 cOOpPOUHBIX eAMHML. PacCMOTpEeHBI YHMCTBIE CTpaTeruu
JITIP B cuTyanuu pucka, KOIZa U3BECTHBI BEPOSTHOCTH OTBETOB MpUpPOAbL. IIpennokeHs! 1Ba 3BpUCTH-
YECKHUX MPaBUJIa, KOTOPBIE MOTYT OBbITh MCIOJIB30BAHBI Ul PAllMOHAIBHOTO PA3bIrPhIBAHUS UIpbl. J{is
BBIOOpa pannoHabHOH crpareruu B urpe I'(GS) HeoOX0aMMO BBIITOIHUTH BBIYUCIUTEIBHBIA dKCIIEPHU-
MEHT I10 OKpAacKe YHOPSJIOYEHHBIX MHOMKECTB CXOJHOM CTPYKTYpHI B JBa LBeTa. ABTOPHI IIAHUPYIOT
MOCBATUTB 3TOH TEME OTAEIBHYIO CTaThIO.
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Conjugate gradient algorithms represent an important class of unconstrained optimization
algorithms with strong local and global convergence properties and simple memory requirements.
These algorithms have advantages that place them between the steep regression method and Newton’s
algorithm because they require calculating the first derivatives only and do not require calculating
and storing the second derivatives that Newton’s algorithm needs. They are also faster than the steep
descent algorithm, meaning that they have overcome the slow convergence of this algorithm, and
it does not need to calculate the Hessian matrix or any of its approximations, so it is widely used
in optimization applications. This study proposes a novel method for image restoration by fusing
the convex combination method with the hybrid (CG) method to create a hybrid three-term (CG)
algorithm. Combining the features of both the Fletcher and Revees (FR) conjugate parameter and
the hybrid Fletcher and Revees (FR), we get the search direction conjugate parameter. The search
direction is the result of concatenating the gradient direction, the previous search direction, and the
gradient from the previous iteration. We have shown that the new algorithm possesses the properties
of global convergence and descent when using an inexact search line, relying on the standard Wolfe
conditions, and using some assumptions. To guarantee the effectiveness of the suggested algorithm
and processing image restoration problems. The numerical results of the new algorithm show high
efficiency and accuracy in image restoration and speed of convergence when used in image restoration
problems compared to Fletcher and Revees (FR) and three-term Fletcher and Revees (TTFR).
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AJNTOPUTMBI COIPSKEHHBIX TPAJHUCHTOB MPEICTABIAIOT COOOH BaKHBIA KJlacc aaropuTMOB 0e3-
YCIIOBHOM ONTHMU3AIMU C XOPOIICH JOKAIBHOW U II00aJbHOM CXOMUMOCTBIO M CKPOMHBIMH Tpebo-
BaHUAMH K namsaTH. OHM 3aHUMAIOT IPOMEKYTOUHOE MECTO MEXIy METOJOM HAaHUCKOPEHIIero CIrycka
1 MeroaoM HproToHa, MOCKOIBKY TPeOyIOT BBIUMCIECHUS M XPAaHEHMs TOJNBKO MEPBBIX MPOM3BOJHBIX
U Kak MpaBWIO OBICTpEE METO0B HAUCKOPEHIIero crycka. B 1aHHOM HccienoBaHUM pacCMOTPEH HO-
BBIM MOZIXOJ B 3aJjade BOCCTAHOBIEHUs n300paxeHni. OH HacjenyeT OAHOBPEMEHHO METOIY COMpsi-
JKeHHBIX TpanueHToB dnerdepa—Pus3a (FR) 1 TpeXKOMIIOHEHTHOMY METO/Y COTPSIKEHHBIX I'PaMeH-
toB (TTCG), n mosToMy Ha3BaH aBTOPAMU THOPUIHBIM TPEXKOMIIOHEHTHBIM METO/IOM COMPSKEHHBIX
rpaguentoB (HY CGM). HoBoe HampaBiieHHe clTycka B HEM YYHUTHIBAET TEKyIllee HalpaBIeHUs Tpajan-
eHTa, MPebIAyIIee HANpaBIeHNs CIIyCKa M TPAJUeHT U3 mpeabiaymei urepanud. [lokasano, 4ro Ho-
BBII anroput™ o6sanaeT CBOWCTBAMH TI00ATBHONW CXOMUMOCTH U MOHOTOHHOCTH NPH MCIOJIB30BAHUN
HETOYHOTO JIMHEHHOTO TIoMcKa Tuna Bysda npu HeKOTOPBIX CTaHAAPTHBIX MPENonoxeHusx. s nou-
TBEPXKJIeHHUS dPPEKTUBHOCTH MPEITIOKEHHOTO alTOPUTMA IIPUBOISTCS PE3yNIbTaThl YHCICHHBIX JKCIIe-
PUMEHTOB TIPEIIOKEHHOTO METo/la B CPaBHEHMM C KiaccuueckuMm Metopom Pnetuepa—Pussa (FR)
U TpeXKOMMOHEHTHBIM MeToioM Dretuepa— Pus3a (TTFR).
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1. Introduction

Optimization problems are notoriously difficult because of their nonsmooth nature. Restoring
images that were damaged by background noise while being sent or recorded is one such issue. Most
gradient-based methods are not suitable for solving these problems directly because of their structure.
Recent developments in gradient-based techniques have made it possible to employ more effective
and trustworthy noise suppression processes, leading to more precise outcomes. Impulse noise has
been proposed as a classical noise model by a number of academics. How well different gradient-
based techniques perform when used to image restoration problems has been the subject of recent
research (for examples, see [Aminifard, Babaie-Kafaki, 2022; Babaie-Kafaki, Mirhoseini, Aminifard,
2023; Khudhur, Fawze, 2023; Laylani et al., 2023]).

To do so, let’s first look at the noise candidate’s index set, which is as follows:

K ={(, ) € WI&j # &j» & = Sin OF Snax)> (1)

where W = {1, 2, ..., M}x {1, 2, ..., N} and is an adaptive median filter of the observed noisy picture
of X corrupted by salt and pepper impulse noise, X; j represents the grey level of the real image X at the
pixel location (i, J). Additionally, a noisy pixel’s minimum and maximum values are denoted by s, ..
and s,,. In light of the foregoing, we give the following definition of the picture restoration problem:

min G(U), 2)
where

6= D1 D by bt Y Gl -, 3

(,))eK | (mn)eV; j/K (mneVi j,K
where Vi,j ={l, j=D,(, j+ 1), 0-1,1]),{+1, )} is the neighborhood of (i, j). In the following
equation, ¢, (t) = V2 + o with @ = 1, represents the Huber function, and it is clear that this function
is responsible for the regularity of G. The Huber function is chosen because it preserves edges.
The following unconstrained optimization problem is addressed in this work using conjugate

gradient methods:
min(G(u)), xe€R" 4)

is frequently taken into account, when the smooth function G: R" — R has gradient g(X) = VG(X)
which is attainable. The optimization community paid close attention to problems in the form of (4)
due to their numerous applications in a number of domains [Dai, Zhu, Zhang, 2022; Hassan, Sadiq,
2022; Laylani, Hassan, Khudhur, 2022], including picture restoration [Hassan, Alashoor, 2023; Ismail
Ibrahim, Mohammed Khudhur, 2022; Jiang et al., 2023; Wang, Tian, Pang, 2023]. Iterative techniques
that utilize the gradient of G are typically the most efficient way to deal with such problems.

Due to its nice theoretical property and low memory requirements, the Conjugate Gradient (CG)
method is an example of such a technique. By utilizing X, € R" as a starting point, the approach
constructs the sequence {X,} according to the scheme

Xt = Xt ol k=0,1,2, .. )

Step size, often known as line step, is denoted by the scalar @, > 0.

The Wolfe rule [Powell, 1970] is a common method for calculating the step size. In the kth
iteration method, «, is calculated to adhere to a set of predetermined constraints [Hager, Zhang,
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2006; Elhamid, Khudhur, 2024; Souli et al., 2024]. The following inequalities characterize the widely
employed method known as the standard line search approach:

G(x + a d) < G(X) + 6oy 9y Il (©6)
di (% + @, d) > ody g, (7)

Replacing (7) with the formula
|k 9% + @y )| < —odi g, (®)

provides the rule where 0 < 6 < o < 1 known as strong Wolfe condition. The spectral search
direction, d is used to determine this step size, which is then expressed as

=Yg ifk=0,
KT — ey + B if k>0,

k+1°
€)

where 3, stands for the CG updating parameters. The parameter 8, plays a significant role in developing
and selecting a CG approach. Fletcher and Revees (FR) [Fletcher, 1964] and Polak, Ribiere, and
Polyak (PRP) [Polak, Ribi¢re, 1969] suggest some antecedent formulations for the parameters with the
following formulas:

2 T
AR = 1911 AORP Y1 Yk
T lgdP T TR lglP
withy, =g,,, — 9, and || - || stands for the Euclidean norm of vectors.

In addition to these, there are also the methods of Conjugate Descent (CD) [Fletcher, 1980],
Hestenes and Steifel (HS) [Hestenes, Stiefel, 1952], Liu and Storey (LS) [Liu, Storey, 1991], Dai and
Yuan (DY), and so on. Recently, three-term conjugate gradient methods were introduced by Zhang,
Zhou, and Li [Zhang, Zhou, Li, 2006a; Zhang, Zhou, Li, 2006b; Zhang, Zhou, Li, 2007]. These
methods always fulfill the sufficient descent criterion:

grd, < —Kilg,I* vk (10)

for some positive constant K, apart from line-of-sight considerations. They presented the modified FR
approach, which is outlined in [Zhang, Zhou, Li, 2006a]:

1
d = -g +B87d_, - H(k—)lgk’ (11)
where T
PO de_ 9
k-1 = T :
G- 19%-1
Since this search direction satisfies d;gk = ||gk||2 for all k.

In addition, they put forth the modified PR approach [Zhang, Zhou, Li, 2006b] and the modified
HS approach [Zhang, Zhou, Li, 2007], which are defined as

de = =g + B0, - 6 Vi (12)
de = -0 + 75, — 6 vy (13)
where .
0@ d, 9,
k-1 = AT ’
k=191
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and .
_ 19
A Yier
The global convergence features of their line searches were demonstrated. This implies the

sufficient descent requirement for k = 1, and we notice that these procedures always meet dj_, g, | =
= —lg,_,II* < 0 for every k.

)
gk

We will mention here the contributions we made in this paper as follows:

1. To counteract the slowness of the FR and TTFR approaches, we propose using a hybrid CG
parameter derived from convex combinations in the search direction of a three-term conjugate
gradient.

2. The derivation of a new value for using the pure conjugate condition to speed up the new
proposed method.

3. Improve the numerical results with the proposed new method by finding a new value that satisfies
the pure conjugate criterion.

4. Under certain hypotheses, the new proposed approach would be convergent both locally and
globally.

5. We use the new proposed method in image restoration to demonstrate its efficiency compared to
other methods in the same field.

This paper follows the following structure: Section 1 includes a general introduction to the
image restoration and noise removal algorithms. With a general introduction to numerical optimization
and some classical conjugate gradient algorithms. In Section 2, a completely new three-term gradient
conjugate algorithm is introduced. In Section 3, we study the descent property of the new algorithm.
In Section 4, we study global convergence results using a standard Wolfe line search. In Section 5, we
examine the numerical results and comparisons we used to solve the image restoration problems. In
Section 6, the concluding section, we present the conclusions we reached in the paper.

2. New three-term conjugate gradient algorithm

In this research, we focus on developing effective algorithms for large-scale unconstrained
optimization and picture restoration issues by making greater use of the information of the objective
function at the present iteration. Taking inspiration from the research presented in [Jiang et al., 2022;
Liu, Zhao, Wu, 2020; Narushima, Yabe, Ford, 2011], the convex combination method utilized in [ Yuan,
Li, Hu, 2020], and the hybrid CGM proposed in [Fletcher, 1964], we provide a novel family of hybrid
TTCGMs with the following search strategy:

- gk’ if k = 0,
d = HYCGM , (14)
- gk + (1 - /lk)ﬂk dk—l + nk/lkekgk—l’ if k > 1,

T
A a0, i A5 g - 0 5%,
k-1

(15)

where 0 < ¥ < 1,

gA _ OGP + (1= 6)lIg,.,, IIF
9% Y
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where || - ||,2: is the Frobenius norm of an m-by-n matrix:

m

Z Y |a1-j|2 = 4/trace (XTX).
=1

i=1

IXlle =

Using the pure conjugacy condition [Dai, 2001; Li, Tang, Wei, 2007], we find a new value for 4, :

Vi Ger + (1= BT MY A + 40 Yk Gy = 0,
T HYCGM,,T
Y Ge1 — Bk Yi e
T HYCGM\T 4
OV Fer1 — P Yic e
Also, from using the pure conjugacy condition [Dai, 2001; Li, Tang, Wei, 2007], we find a new value
for n, :

k:

“VeGat + (1= 3B Myg dy + A8V Gy = O,

B YO — (1= 28, Myg dy
0 Yk It

where BEYCGM is any conjugate parameter and 0 < 9 < 1.

In the upcoming analysis (see Lemma 1 and the theorem below), it is important to note that the
descent property for the search direction defined in (14) and the global convergence of the proposed
technique are unaffected by the selection of ,BEYCGM and line searches. More theoretical and practical
leeway will be possible as a result of these truths.

Using equation (15) and the weak Wolfe line search (6), and (7), we now officially present the
method’s steps (HYCGM).

Algorithm HYCGM

Step 0 (initialization). Given an initial point X, € R", parameters 0 < ¢ < 1,0 <d§ <o < 1
and € > 0. Setd, = —g, and k= 1.

Step 1. If [lg, || < &, stop.

Step 2. Find a step size @, using the weak Wolfe line search (equations (6) and (7)).

Step 3. Generate the next iteration by X, , = X+ ,d,.

Step 4. Choose an appropriate conjugate parameter 3, for BEYCGM in the recurrence relation (15),
and then compute d, by (14).

Step 5. Start with Step 1 and k = k+ 1.

>

Tk

3. Descent property

Here, we first examine how HYCGM'’s search direction generates a descent property. Then, we
move on to demonstrating its universal convergence.

An estimation of (1 — 4,)BY““M is provided, which is necessary for the convergence analysis
that follows, and the following lemma demonstrates that d,, | described in (14) is a descent direction.

Lemma 1. Let {d,} be a HYCGM-generated sequence; then the following holds:
O, <0, k>1, (16)

which means that the descending search direction is what HYCGM returns. Furthermore, for all K > 2,
we get

9e d
-
O G
Proof. This is similar to Jiang proof [Jiang et al., 2022].

0< (1 -2 )BYCM <

amn
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4. Global convergence

The following assumptions for the objective function are necessary for analyzing the HYCGM’s
global convergence property.

Al. A = {X eR" | G(X) < Q(Xl)} is a bounded level set.

A2. Since G(X) is differentiable and g(X) is Lipschitz continuous in some region U of, there
exists a constant L > 0 such that

19(X) — gl < LIIX=il, ¥x, yeU

holds true in this region. Based on the results of the weak Wolfe line search (equations (6) and (7)),
we may conclude that the sequence {G(X)} is monotonically decreasing. When we add this to
assumption Al, we find that {X} is a finite sequence. This famous Zoutendijk condition is proved by
the following lemma. For further information on its significance in the CGM’s convergence analysis,
see [Zoutendijk, 1970].

Lemma 2. [In this case, we can iterate in the manner (2), where d,, , meets the descent
criterion g-||<-dk .1 < 0 and Kk satisfies the weak Wolfe line search (6) and (7). Assuming Al and A2
hold, we get

< 400,

Lemmas 1 and 2 allow us to provide a convergence analysis for HY CGM.

Theorem. Let {X} denote a sequence produced by HYCGM. Assumptions Al and A2 imply
that 1i|£n inflg,/l =0

Proof. This is similar to Jiang’s proof [Jiang et al., 2022].
5. Numerical results and compares

Here, we show how well the proposed HYCGM works in restoring the original gray level
images (X) of the Camera Man, Lena, Baboon, Barbara, Brain, Man(512), Peppers (256 256), Zainbl,
Zainb2, Hisham, and M&M that were distorted by salt-and-pepper impulse noise. For more on this,
see [Aji et al., 2022; Hassan Ibrahim et al., 2022; Jiang et al., 2022; Khudhur, Hassan, Aji, 2024;
Khudhur, Mohammed, 2024; Souli et al., 2024]. The values of 6 = 0.01 and o = 0.1 were taken,
respectively, based on the strategy in [Sellami, Laskri, Benzine, 2015]. We evaluate the proposed
HYCGM against the FR and TTFR approaches using three metrics: the number of iterations (NOI), the
amount of processing time (CPUtime), and the maximum signal-to-noise ratio (PSNR). An Intel Core i7
machine with 16 GB of RAM was used to run MATLAB and carry out all of the procedures [Jiang
et al., 2022; Khudhur, Hassan, Aji, 2024]. For more information about the source code and images,
see the SI file. Images are restored to 30, 50, 70, and 90 percent of their original quality depending
on the amount of noise present. The number of iterations Iterations (NOI), central processing unit
time (CPUtime), and peak signal-to-noise ratio (PSNR) are three metrics used in this study, and the
results shown in Tables 1 show that the suggested method outperformed the other methods investigated.
Figures 1-6 further demonstrate that the proposed method outperformed the alternatives in terms of
removing noise from the flawed Lena, Brain, Camera man, Peppers, Zainbl, and Hisham images. The
outcomes lead us to believe that the suggested HYCGM is useful and appropriate.
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Table 1. Comparisons and numerical results of the algorithms (HYCGM, FR, and TTFR)
HYCGM algorithm FR algorithm TTFR algorithm
Problems Noise Ratio | NOI | CPU time | PSNR | NOI | CPU time | PSNR | NOI | CPU time | PSNR
lena.png 30% 15 7.73 37.04 | 245 74.13 3422 | 89 15.8 35.28
lena.png 50% 21 17.32 34.44 | 99 54.24 26.24 | 166 42.77 32.01
lena.png 70 % 22 23.35 31.05| 5 14.45 14.19 | 250 81.92 29.22
lena.png 90 % 30 31.25 26.2 | 130 | 117.88 | 23.43 | 144 69.55 25.18
brain.bmp 30% 20 2.31 29.72 | 75 5.43 24.43 | 225 7.76 29.07
brain.bmp 50% 21 3.14 28.15 | 238 26.98 26.22 | 204 11.09 27.30
brain.bmp 70 % 23 4.49 2593 | 175 25.56 23.98 | 269 18.76 25.30
brain.bmp 90 % 38 6.74 22271 5 4.17 8.58 | 292 24.28 22.02
cameraman.png 30% 22 2.52 29.61 | 148 12.08 2791 | 115 4.59 29.08
cameraman.png 50% 21 3.31 27.35 | 100 10.74 24.62 | 183 10.22 26.63
cameraman.png 70 % 23 4.84 2476 | 5 3.15 13.17 | 207 14.87 24.22
cameraman.png 90 % 34 6.25 21.19 | 106 21.01 19.88 | 148 13.64 20.83
peppers.bmp 30% 16 2.13 33.13 | 95 7.66 28.92 | 104 4.15 32.18
peppers.bmp 50% 22 4.26 30.37 | 204 22.39 28.05 | 165 9.56 29.23
peppers.bmp 70 % 24 4.42 27.08 | 110 20.27 23.86 | 221 15.97 26.33
peppers.bmp 90 % 32 6.99 22.74 | 119 26.92 21.18 | 145 14.81 22.27
zainbl.jpg 30% 17 8.51 32.27 | 166 63.04 28.48 | 171 29.28 31.69
zainb1.jpg 50% 22 17.32 30.09 | 72 43.98 22.99 | 184 49.95 28.94
zainbl.jpg 70 % 25 22.97 27.45 | 161 | 11293 | 24.66 | 273 92.72 26.47
zainb1.jpg 90 % 33 32.61 24.06 | 196 206.5 2235 | 285 | 129.09 | 23.54
Hisham.jpg 30% 24 17.01 37.8 | 178 68.51 30.69 | 186 38.88 33.70
Hisham.jpg 50% 21 23 3528 | 169 | 118.55 | 28.09 | 222 73.54 31.97
Hisham.jpg 70 % 26 29.45 31.96 | 301 | 267.62 | 2822|223 | 10836 | 30.22
Hisham.jpg 90 % 33 56.06 26.7 | 118 | 140.56 | 22.58 | 181 | 109.10 | 25.19

Original image Original with 30 % salt-and-pepper noise

TTFR

Figure 1. Comparing Lena image results of algorithms: The 1st column is the original image, the 2 column is

the image after the noise, the 3, 4, and 5 columns are HYCGM, FR, and TTFR algorithms, respectively

6. Conclusions and future works

In this article, we provide a hybrid three-term conjugate gradient method (HYCGM) in which
the search direction meets the descent requirement in every single instance. This is true regardless
of the conjugate parameters that are selected and the lines that are searched. A minimal amount of
work is required for the suggested approach to converge everywhere. We apply it to the issue of
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Original image Original with 30 % salt-and-pepper noise HY FR TTFR

Original image Original with 50 % salt-and-pepper noise HY FR TTFR

Original image Original with 70 % salt-and-pepper noise HY FR TTFR

Original image Original with 90 % salt-and-pepper noise HY TTFR

Figure 2. Comparing Brain image results of algorithms: The 1st column is the original image, the 2 column is
the image after the noise, the 3, 4, and 5 columns are HYCGM, FR, and TTFR algorithms, respectively

TTFR

Original image Original with 30 % salt-and-pepper noise

Original with 50 % salt-and-pepper noise

Original with 70 %

salt-and-pepper noise

Original with 90 %

lt-and-pepper noise

Figure 3. Comparing Cameraman image results of algorithms: The 1st column is the original image, the 2 column
is the image after the noise, the 3, 4, and 5 columns are HYCGM, FR, and TTFR algorithms, respectively

Original image Original with 30 % salt-and-pepper noise TTFR

Figure 4. Comparing Peppers image results of algorithms: The Ist column is the original image, the 2 column is
the image after the noise, the 3, 4, and 5 columns are HYCGM, FR, and TTFR algorithms, respectively
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Original image Original with 30 % d-pepper noise

Original image Original with 50 % salt-and-pepper noise

Original image Original with 70 % salt-and-pepper noise

e

and-pepper noise

-

Original image Original with 90 %

Figure 5. Comparing zainblimage results of algorithms: The 1st column is the original image, the 2 column is
the image after the noise, the 3, 4, and 5 columns are HYCGM, FR, and TTFR algorithms, respectively

Original image Original with 3 -and-pepper noise HY FR TTFR

Original image Original with 50 % salt-and-pepper noise

B

Original image Original with 70 % salt-and-pepper noise

Original image d-pepper noise FR

Figure 6. Comparing Hisham image results of algorithms: The 1st column is the original image, the 2 column is
the image after the noise, the 3, 4, and 5 columns are HYCGM, FR, and TTFR algorithms, respectively

picture restoration, and the first numerical results show promise in terms of efficiency and applicability,
even when compared to the most effective approaches that are now available. Contributions made
to the study in which the slowness of the Fletcher and Revees (FR) and three-term Fletcher and
Revees (TTFR) algorithms has been overcome, and the numerical results have been much improved in
comparison to the Fletcher and Revees (FR) and three-term Fletcher and Revees (TTFR) algorithms,
with reference to the fact that the approach satisfies the criterion of global convergence. We can also use
the new algorithm in other applications (for example, artificial neural networks, fuzzy neural networks,
and in the swarm intelligence algorithms, etc.) in future works.
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B paboTe ¢ MOMOIIBIO aHATUTHYECKUX U YUCIICHHBIX METOJIOB PACCMATPHUBACTCS 3a/aya O CTPYKTYpE U AUHAMHKE CBSI-
3aQHHBIX JIOKAJIM30BaHHbIX HEJIMHEHHBIX BOJIH B MOJIEIN CUHYC-IOpIOHA C TPEMs OANHAKOBBIMH IIPUTATMBAIOIIMMHU ITPOTKCH-
HBIMH HPUMECSMH, KOTOPbIE MOACIUPYIOTCS IIPOCTPAHCTBEHHOH HEOIHOPOIHOCTHIO NEPUOANYECKOTo roTeHuana. HalineHs
JIBa BO3MOXKHBIX THIIA CBS3aHHBIX HEIMHEHHBIX JOKAIM30BAaHHBIX BOJIH — OpU3EPHOrO M coiauToHHOro. ITpoBeneH aHanmu3
BIIMSHUS TIAPAMETPOB CUCTEMbI M HayaJbHbBIX YCIOBHI Ha CTPYKTYpPY JIOKAJIM30BAaHHBIX BOJH, X aMIUIUTYIy U 4acToTy. CBs-
3aHHbIE KOJIEOAHMS JIOKAJIM30BaHHBIX BOJIH OPH3EPHOro THIA, KaK M JUIS CIydas TOYSUHBIX NPUMECEH, IpeAcTaBisieT co0oi
CYMMY TpeX TapMOHHYECKHX KoneOanuii: cuHpazHoro, cuapazno-anTu(a3Horo u anTudazHoro Tuna. YacToTHBII aHATU3 JIO-
KaJIM30BaHHBIX HA MPUMECSX BOJIH, KOTOPBIC OBLIM IMOJIYYEHBI B XOJ€ YMCICHHOIO SKCHEPUMEHTA, BBIIOIHSICS C MOMOLIBIO
JHcKpeTHoro npeobpasoBanus @ypoe. s aHaM3a JIOKAIN30BaHHBIX BOJIH OPHU3EpHOTO THIA NMPUMEHSIICS YHCICHHBIH Me-
TOJI KOHEYHBIX pa3HOCTEH. I MpOBeECHNS Ka4eCTBCHHO aHAJM3a MOJIyYCHHBIX YHCICHHBIX PE3YJbTaTOB 3ajaya peliaiach
QHATMTHYCCKHU JUIA CIy4asl MaJIbIX aMIUIMTYJl JIOKAJIM30BaHHBIX Ha NpUMecsX Kkonebanuii. [TokazaHo, YTO IPH OINPEIEICHHBIX
napamerpax npuMmecH (IryOHHa, ITUPHHA) MOKHO IIOJYYUTh JIOKAJIM30BaHHBIE BOJIHBI COJIUTOHHOTO THa. HaiineHs! obmacti
3HAYCHUH MMapaMeTPOB CHCTEMBI, B KOTOPBIX CYIIECTBYIOT JIOKAJM30BAHHBIC BOJHBI OIPEICICHHOIO THIIA, a TAKKe 00NacTh
Hepexoia OT OpU3EPHBIX K CONMTOHHBIM THIIAM KojeOaHWH. BbutM ompenesneHbl 3HAYeHHS IIyOMHBI M LIMPUHBI IPUMECH,
IPY KOTOPBIX HAOMIOMAaeTCsl MEepexo OT OPH3EpPHOro K COIMTOHHOMY THITY JIOKAJIM30BAaHHBIX KosieGaHW. Beum mosrydeHsr
U PACCMOTPEHBI PA3JIMYHBIC CLICHAPUH KOJIEOAHHIH COMMTOHHOIO THIA ¢ OTPULATEILHBIMU M MOJIOKHUTEILHBIMHE 3HAYCHUAMHI
AMIUIMTY/l Ha BCEX TPEX MPHUMECSX, a TAKKEe M CMELIaHHbIe ciydau. [oka3aHo, 4TO B Cily4ae PAacCTOSHHUA MEXKIY NpUMecs-
MH MHOT'O MEHBIIIE eIHHUIBI OTCYTCTBYET IIePeXoHasi 001acTh, B KOTOPOH 3aporkIaroliuiicss Opu3ep rmocie moTepu SHEpruu
Ha U3JIyYCHHE IEPEXOIUT B COIUTOH. [T0Ka3aHO, 4TO PacCMOTPEHHAs MOZAEIb MOKET OBITH HCIOJb30BaHA, HAIPUMeEp, UL
OIMCAHMS AMHAMHUKH BOJIH HAMArHMYECHHOCTH B MYJBTUCIOWHBIX MarHETHKaXx.
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In this work, we use analytical and numerical methods to consider the problem of the structure and dynamics of coupled
localized nonlinear waves in the sine-Gordon model with three identical attractive extended “impurities”, which are modeled
by spatial inhomogeneity of the periodic potential. Two possible types of coupled nonlinear localized waves are found:
breather and soliton. The influence of system parameters and initial conditions on the structure, amplitude, and frequency
of localized waves was analyzed. Associated oscillations of localized waves of the breather type as in the case of point
impurities, are the sum of three harmonic oscillations: in-phase, in-phase-antiphase and antiphase type. Frequency analysis of
impurity-localized waves that were obtained during a numerical experiment was performed using discrete Fourier transform.
To analyze localized breather-type waves, the numerical finite difference method was used. To carry out a qualitative analysis
of the obtained numerical results, the problem was solved analytically for the case of small amplitudes of oscillations localized
on impurities. It is shown that, for certain impurity parameters (depth and width), it is possible to obtain localized soliton-
type waves. The ranges of values of the system parameters in which localized waves of a certain type exist, as well as the
region of transition from breather to soliton types of oscillations, have been found. The values of the depth and width of
the impurity at which a transition from the breather to the soliton type of localized oscillations is observed were determined.
Various scenarios of soliton-type oscillations with negative and positive amplitude values for all three impurities, as well as
mixed cases, were obtained and considered. It is shown that in the case when the distance between impurities much less than
one, there is no transition region where which the nascent breather, after losing energy through radiation, transforms into
a soliton. It is shown that the considered model can be used, for example, to describe the dynamics of magnetization waves
in multilayer magnets.
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1. BBenenue

Jiis orrcaHus COBpeMEHHBIX (PH3MUECKUX MTPOIECCOB B TEOPHH HEIWHEHHBIX KOJIeOaHW U BOJH
MIPOBOASATCS HCCIEAOBAHMS HEMMHEWHBIX nudepeHnanbHbIX YpaBHeHnH. MccnenoBanne HeTHMHEH-
HBIX BOJIHOBBIX IPOIIECCOB TMO3BOJMIIO CIENATh Psia (PyHIAMEHTaIbHBIX OTKpHITUN [Dauxois, Peyrard,
2010]. beutn HalIEHBI pEIICHHSI, KOTOPHIC OMUCHIBAIOT YEIWHECHHBIC BOJIHBI, COXPAHSIOIINE CBOIO (op-
MY U CKOPOCTH BO BPEMCHH, B TOM YHCIIC IPU B3aUMOCHCTBUU APYT C IPYTOM, — CONUTOHBI. OTKPHITHE
HOBBIX COJMTOHHBIX PEIICHUH, ONMCaHNe WX CBOWCTB M MOBEICHUE MHTEPECHBI KaK ¢ (yHIaMeHTallb-
HOM, TaK M ¢ MPUKIAAHON TOUKHU 3peHus. OIHUM U3 CaMbIX SAPKUX MPEACTaBUTENCH MOMOOHBIX ypaB-
HeHUH sBisieTcss ypaBHeHHe cuHyc-lopaona (YCI') [Cuevas-Maraver, Kevrekidis, Williams, 2014].
JlanHOE ypaBHEHHE OMHCHIBACT BOIHOBBIC MPOIIECCH B CAMBIX PA3HOOOPA3HBIX 00JACTAX €CTECTBO3HA-
Hus: reosoruu |[beikoB, 2000], monekymspHoi 6monoruu [Chevizovich et al., 2020], ¢usuke u xoc-
monoruu [Cuevas-Maraver, Kevrekidis, Williams, 2014]. Hanpumep, B ¢pu3uKe KOHJICHCUPOBAHHOTO
COCTOSIHUSI OHO MPHUMEHHMO IIPH ONHCAaHUU TUHAMUKHA BOJH HAMAarHMYEHHOCTH B (heppOMarHUTHBIX
Marepuanax [[IHamcytauHoB u np., 2009], nBuxeHus auciokanuid B kpuctayax [bpayn, Kusmaps,
2008], nuHaMUKU aHCaMOJIsl B3aMMOJICHCTBYIOIINX JAUCIOKAIMA B TMHEHHOM JIe()eKTE DIICKTPOKOHBEK-
THBHOHM CTPYKTYpHI KUAKOTo KpucTtayia [enes u ap., 2019]. YCI, Oynyun HEMTMHEHHBIM YpaBHEHUEM
B YaCTHBIX MPOM3BOIHBIX, SBISETCS MONHOCTHIO MHTETpUpYeMbIM. M3BecTHBI TouHble pernenus Y CI®
B BHUJIe KMHKa, OpH3epa, COJTMTOHA M Oojiee CIOKHBIX MYJIBTHCOJIMTOHHBIX pemreHuil [Cuevas-Maraver,
Kevrekidis, Williams, 2014; Kalbermann, 2004; Ferreira, Piette, Zakrzewski, 2008]. IccrnenoBanue
BIIUSTHUS Pa3IMYHBIX BO3MYIICHHH W Momupukamuii Ha pemenus YCI saBisercs akTyaiabHOW 3aaa-
Yyell COBPEMEHHOW T€OPUM HEIMHEWHBIX BOJIH. /[ UCIIOIB30BaHUS B PA3JIMYHBIX MPUIOKEHUAX YACTO
B ypaBHeHHE cHHYyC-] 0p/1IoHa JOOABISAIOT TOITOTHUTEIBHBIE claraeMble, YIUTHIBAIONINE HATMYHE BHETII-
HUX CHJI, JMCCUIIAIIMK B CUCTEME, HEOJHOPOIHOCTH mapaMeTpoB cpenbl [Cuevas-Maraver, Kevrekidis,
Williams, 2014; bpayn, Kusmaps, 2008; Dorey et al., 2021; Fabian, Kohl, Biswas, 2009]. [Torryaae-
MO€ B pe3yJiibraTe Takoi Moan(UKaluy ypaBHEHHE CUHYC-1 0p/IoHa yKe He HMeeT TOUHBIX aHAJIUTHYe-
CKHX pemieHud. YacTo mist mpuOMMKEHHOTO PENICHHs TAKUX 3a/1ad TPUMEHSICTCS TEOPHsI BO3MYIIICHUH
JUTSI COJTMTOHOB WJIM METOX KOJUICKTHBHBIX KoopauHat [Cuevas-Maraver, Kevrekidis, Williams, 2014;
Saadatmand et al., 2014]. Harpumep, nccnenoBana AnHaMHKa KHHKOB, COJTUTOHOB U OpU3EpOB MO/ ACH-
CTBHEM DPa3JIUYHOTO BUJIa BHEIIHEH CHIIBI (SBISIONICHCS (DyHKIMEH OT BpeMEHHU M MPOCTPAHCTBEHHBIX
nepeMeHHbIX) [Gonzalez et al., 2017]. Eme ogHuM NOMyNApHBIM HAllpaBIeHUEM HCCIIEIOBAHUHN SIBIIS-
eTCsl U3yUYeHHE BIUSHIS TPOCTPAHCTBEHHON MOYISLINHU MIEPUOJMYECKOTr0 MOTEeHIHAaa (FIIH TPUMECH )
Ha JMHAMHKY KHHKOB, Opu3epoB u comutoHoB YCI' [Baron, Zakrzewski, 2016]. Oqaumu u3 gacto
paccMaTpuBaeMbIX BHJIOB MPUMECH SIBJISIOTCS TodeuHas mpumech [bpayH, Kusmaps, 2008] u npots-
JKeHHasl IPUMeECh NpsMoyTrosibHOTO BUa [ExomacoB u ap., 2023]. [logo6HbIe 3a1a4u UIMEIOT U OONIBIION
npakTudyeckuii maTepec. Hampumep, Mmonens curyc-lopioHa ¢ mpuMecsMu TpUMEHUMa JIJIsl OTIHCAHUS
JUHAMHAKHA MarHUTHBIX HEOIHOPOTHOCTEH Ui ciydass MHOTrocjoiHoro ¢eppomarneruka [Ekomasov,
Murtazin, Nazarov, 2015]. Iloka3aHo, 4T0 KHHK-TIPUMECHOE B3aUMOJICHCTBIE MOXKET IMPUBOIUTH K Te-
HEepaIy JIOKAJM30BaHHBIX HA MPHUTATHBAIONINX MIPUMECAX BOJH (WM mpuMecHoi monsl) [Ekomasov,
Gumerov, Murtazin, 2016; Gumerov et al., 2019]. Taxxe npuTaruBaroias IpUMech MOXKET PUBOTUTH
U K Bo30yxaeHH0 MynbTHCcOmuTOHOB Y CI. Coryyait nByx npumeceit [Ekomasov et al., 2018; Exomacos,
I'ymepos, 2013] ngaer Oomnbioe pasHOOOpa3He HOBBIX MYJIBTHCOIUTOHHBIX PEICHUHA M TUHAMHYECKUX
3P PEKTOB IO CPAaBHEHUIO CO CITydaeM OHOH mpuMecH. MOXXHO O)KHIATh elle OOJBIIEro pa3sHoo0pa3us
peuieHuit 1 3()(EeKTOB MpU HAIMYMK TpexX W Oonee mpumeceld B cucreme. Pabotsl [ExomacoB u ap.,
2023; ExomacoB u jap., 2022], B KOTOPBIX HUCCIEAOBaHbl JUHAMHUKA KHHKOB W CBS3aHHbIC HEJIMHEHHBIC
BOJIHBI OPU3EPHOIO THUIIA, JIOKATH30BAHHBIE HA TPEX OJMHAKOBBIX TOUCYHBIX MPUMECSX, MONTBEPIUIH
st oxunanus. [lokasaHo, 4To cBS3aHHBIE KOJIEOAHUS JOKAIM30BAaHHBIX HA TPEX TOUSYHBIX MPHUMECIX
BOJIH OpU3EpPHOro THIIA MOXKHO OIUCaTh cucTeMod aud(HepeHIMaIbHBIX YPAaBHEHUI aHAJIOTUYHOMN CH-
CTeME, TIOTYUYCHHOU JIJIsI MOJIENU CBSI3aHHBIX TPEX TAPMOHUYECKUX OCHUIUIATOPOB. A KOJIECOAHUS TaKUX
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BOJIH TIPE/ICTABIAIOT cO0O0W CyMMYy TpeX THIIOB TapMOHHMYECKMX KoieOaHuWi. B manHoii pabore wc-
clefyeTcs MHTEPECHBI ¢ MPAKTUYECKOW TOUKM 3pEHMS Ciydail TpexX MPOTSKEHHBIX MPUTATHBAIOILINX
npuMecel, SIBISIONINXCS TeHepaTopaMu JUIs BO30YKICHUS CBA3aHHBIX JIOKAJTM30BAHHBIX HETMHEWHBIX
BOJTH.

2. Jlokanu3oBaHHbIe HeJIMHeHHbIE BOJHbI OPU3EePHOI0 TUIA

PaccmoTpuM BeriecTBeHHOE CKalisipHOE Tose U(X, t), TMHaMHUKa KOTOPOTO ONHCHIBAETCS ypaBHE-
HUEM cuHyc-l'opZoHa B MOMIENH C MIPUMECSIMU CICAYIONIETO BUIA:

U — Uy, + K(X)sinu = 0, 1)

rae K(X) — dyHKIus, onuckiBaromias MpoCTPAaHCTBEHHYIO HEOIHOPOTHOCTh ITEPHOTUIECKOTO MOTEHITH-
ana. Panee ObLT paccMOTpeH cilydail Tpex OJMHAKOBBIX TOUEUHBIX Mpumeceil [Exomacos u mp., 2023;
ExomacoB u ap., 2022]. [l omucaHus CBSA3aHHBIX KOJICOAHHWH TpeX HEIMHEHWHBIX BOJIH OPH3EPHOTO
THUIIA, JIOKAJIM30BAaHHBIX HAa TPEX OJMHAKOBBIX TOYEUHBIX mpumecsx [Exomacos u jap., 2022], Oblia 1mo-
nydeHa cuctema audhepeHIaTbHBIX YPaBHEHUH U TPeX TapMOHUYECKHUX OCIHIUIATOPOB CO CBS3BIO
yOpyroro Tuma. PemieHusi 3Toil cUCTEMbl YpaBHEHHMM U 4acTOT MPUMECHBIX MOJ XOPOIIO ampoK-
CUMUPYIOT pPe3ylbTaThl NPSMOT0 YMCIEHHOTO MOJAEIUPOBaHUS HEIMHEHHOU cuctembl. [lokazaHo, uto
CBsI3aHHBIE KOJIEOAHWs HEJIMHEWHBIX BOJH OpH3EpHOTO THIIA, PACIOJIOKEHHBIX Ha OIMHAKOBOM pac-
CTOSIHMHM JIPYT OT JIpyra, MPEJICTABIISIOT CO00M CyMMy TpeX TapMOHHUYECKUX KojeOaHMii: cuH(pa3HOTO,
cuHdaszHo-anTU(hazHor0 U aHTu(dazHoro tumna. CuHpa3HBIM TUIIOM HA3bIBAETCS CIy4aid, KOTla Bce TPU
JIOKAJIM30BAaHHBIC BOJHBI KOJIEOMIOTCS B ofHOM (pase. Cirydaii, Korja mepBasi ¥ TPEThsI IPUMECHBIC MO-
JIbI KOJIeOoTesl B MpoTHBO(Ase, a BTOpas He BO30YXIaeTcsl MEXIy HUMH, Ha3bIBaeTCs aHTH(A3HBIM
tunioM. CMEIIIaHHBIM THIIOM KoyieOaHui (niu cuH(a3HO-aHTU(hA3HBIM) HA3BIBACTCS CIyYaid, KOTnua JiBe
MIPUMECHBIE MOJIBI KOJICOTIOTCS B OJMHAKOBOH (haze, a TpeTbs — B NPOTHUBOIMONIOKHONH nM (haze. Ot-
METHUM, YTO JJIS CAyd4as TPeX TOUYCUHBIX MPHUMECEH HE ymaaoch MOIYYUTH JOKATU30BAHHBIC BOJIHEI
COJIMTOHHOTO THMA. J[JIs MpUKIamHBIX 3a/1a4, UCTIONB3YIOMUX ypaBHeHue (1), peanncTuuHeil paccMoT-
peThb cirydaii mpoTshKeHHbIX npumecei [Exomacos u ap., 2023; Lizunova et al., 2022]. B oOmem ciyuae
TaKyI0 3a7ja4y MOXHO PEUIUTb TOJIBKO C IOMOILBIO YHCIEHHBIX METO/OB.

Ha ceropmsiiiamii eHb pa3pabOTaHO JOCTATOUHO OOJBIIOE KOJIMYECTBO METOJOB YHCICHHOTO
penreHus oxoOHBIX ypaBHeHUH [Saadatmand et al., 2014; Ekomasov, Gumerov, Kudryavtsev, 2017;
Dodd et al., 1982]. Bocmosb3yeMcsi HaJIe)KHbIM METOJIOM KOHEUHBIX Pa3HOCTEH, YacTO UCIOJIb3yEeMbIM
TIPH PEIICHUH MOAU(PHUITIPOBAHHOTO ypaBHeHUs cuHyc-1 opaona [Ekomasov, Gumerov, Murtazin, 2016;
Ekomasov, Gumerov, Kudryavtsev, 2017]. BeidepeM TpexclIOWHYIO SIBHYIO CXeMY PELICHUs C amllpoK-
cUManyel MPOU3BOIHBIX Ha MATHUTOYEYHOM IIa0JIOHE THITA «KPECT». DTO YHCICHHAs CXeMa BTOPOro
MOpsi/IKa anmmpoKCuManuu 1mo AX u 7, rae AX — mar 1mo KoopAnHare, T — miar 1mo BpemeHu. OHa oOa-
JIA€T YCIOBHON yCTOHYMBOCTBIO 33 < % B HameM ciryuae cxeMa sIBJISIETCS OHOIIArOBOM, UCIIOJIb3YET
CPaBHUTENIFHO HEOOJBIIIOE KOJTMYECTBO OOpAIleHUH K MaMsITH B 00JIaJaeT IMOTEHITHAIOM JUIsl OITHMHU-
3allMU BBIUYMCIIUTEIILHOIO anropuTMa. YacTOTHBIN aHAJIN3 KOJICOAHUH JIOKATM30BaHHBIX BOJH, KOTOPBIC
PacCUHUTHIBAIOTCS YHCICHHO, BHITIOIHIETCS C TIOMOIIBIO TUCKpeTHOTro nipeoOpazoBanus Dypee. Jlist ero
pacdeTa MCIoIb3yeTcsl alNropuT™ ObicTporo npeodpazoBanust Pypee (BIID). Dtot anroput™ obiagaeT
XOpOIIEeH MPON3BOMUTENHFHOCTHIO, OTHAKO Hanboiee ONTUMHU3UpOBaHHbIe peann3annu bI1d Hakmap-
BAIOT OMPE/CIICHHBIC OTPAaHIYCHUS HA UCXOMHBIN psi. [l MOATOTOBKY JAHHBIX UCXOAHAS AUCKPETHAS
3aBHCHMOCTb MHTEPIIONUPYETCs] KyOWYEeCKHM CIUIAfHOM C €CTeCTBEHHBIMH T'PaHMYHBIMHU YCIIOBUSIMH,
U3 KOTOPOTO CTPOUTCS HOBAasi TUCKPETHAsI 3aBUCHMOCTH HAa PABHOMEPHON CETKE C YBEIMUYEHHBIM KO-
JIMYECTBOM TOYEK ammpoKcuMaruu. M3 HOBOM NUCKPETHOW 3aBUCUMOCTH PACCUUTBHIBACTCS YACTOTHBIM
criekTp ¢ nomotnbto bIT®. [l noBbIIEHUS TOYHOCTH ONPENEIEHUSI YaCTOThl TOUKM MAaKCUMYMOB 4a-
CTOTHOTO CTIEKTPa YTOUHSIOTCS C MTOMOIIBIO WHTEPIOJSIIIIY CIUIARHOM AKHMBI.
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Puc. 1. Bo30yxeHre ¥ ABOJNIONUS HEIMHCHHBIX BOJH OPH3CPHOIO THIA B OOJACTH MPOTSXKCHHBIX MpUMECEH
B BUJIE 3aBUCHMOCTH U OT KOOPIMHATBI X M BpeMeHH t s pasiuunbix napamerpos d u vV, mpu AK = 1,2, W = 1:
a)d=4,v,=07856)d=4,v, =0,5858)d=2,Vv, =08 1) d =2, V, = 0,653. KpacHbIMH ITyHKTUPHEIMH
JUHUSIMA 0003HAYCHBI TPU OOJIACTH MECTOIOJIOKEHHS TipuMecel mmpuaor W

Paccmorpum nanee ciaydail TpeX OAMHAKOBBIX IIPOTSDKCHHBIX INPHMECEH, HCHoib3ys (yHK-
ruto K(X) npsimoyrosnsHOTro BUja:

W w 3w
1, ecm — < [X| < — +d, |X>— +d,
K(x) = 2 2 2 D)
(X) WARYY, 3W @
1 - AK, ecnn|x|<7,3+d<|x|<7+d,

rne AK, W — mocrosiHubie BenuuHbl, d — mapaMeTp, OMHMCHIBAIOIINN PacCTOSTHHE MEXIY MpHuMe-
cavu. Ecim mapamerp AK > 0, npuMech sBisiercss 3Q(QEKTHBHOW MOTCHITMAIBHON SIMOM U KWH-
ka, a npu AK < 0 — moreHnuaibHbIM OapbepoM. UMCICHHBIA SKCIIEPUMEHT MPOBEICH CICAYIOMINM
oOpazoMm. B HadanmpHBIE MOMEHT BpeMEHH Ha HEKOTOPOM PACCTOSHHHW OT NpHMeced MMeeTcs KHHK —

X-V,t o v
u(x, t) = 4 arctan (exp [ ﬁ]), ABHKYLIMHACS C IOCTOAHHOM CKOPOCTHIO V. ['paHuuHbIe yClIoBUsA B Ha-
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YaJbHBIH MOMEHT BpeMeHH ciemyrommue: U(X = 0) = 0, U(X = co) = 2x. [locite MpoxXoKIeHUS KHHKOM
o0JIacTH TpeX MpUMeced UCCICIYIOTCS CTPYKTYpa M JTUHAMUKA JIOKAIM30BAaHHBIX BOJIH, BO30YXKIaeMbIX
Ha MPUMECSX.

Puc. 2. Bo30yxaeHne u 3BONIONNS HEIMHEHHBIX BOJH OpHU3EPHOTO THMA B 00IACTH MPOTSHKEHHBIX MpUMeEcei B
BUJIE 3aBUCMMOCTH U OT KoOopaMHaThl X U Bpemenu t mpu AK = 1,2, W =1 s d = 0,25, v, = 0,58. Kpacupimu
MYHKTHPHBIMH JINHUSIMA 0003Hau€HbI TPH 00JIaCTH MECTOIOJIOKEHHUS TpuMecei mupunod W

PaccMmoTpuM citydail IpUTATMBAIOLIECH MPUMECH, TAK KaK UMEHHO B 3TOM CIy4ae IPOHUCXOIUT
reHeparus jJokann3oBaHHbIX BoiH [Kivshar et al., 1998]. [1pu 3nauenusx AK < 1 B obiactu npumeceit
B030Y)XKJat0TCsl HEJIMHEWHBIE BOJHBI Opu3epHOro tuma (cM. puc. 1 u 2). Ammiuryna Bo3OyxaaeMoin
Ha IIPUMECH BOJIHBI 3aBHCUT OT HAuYaJIbHOH CKOpPOCTH KMHKA. Kak M 11 ciaydast TOYeUHBIX [IPUMECEH,
MOJKHO TOCTPOUTH 3aBUCHMOCTb aMmuuTyn @, (1), a,(t) u a,(t) Tpex soKaIM30BaHHBIX Ha MPUMECIX
BOJIH OT BPEMEHHU U NIPOBECTU UX YaCTOTHBIN (ypre-aHanu3 (puc. 3). Ha puc. 1 BugHO, 4TO, TaK ke KaKk
W 711 CIydasi TPeX TOYECUHBIX MPUMECcei, MOXKHO TIOJyYHTh cilydan cuH(a3HbIxX (puc. 1, a) u antudas-
HBIX (puc. 1, 6, 6) TunoB KoneOaHui. Tak Kak JIOKaJIM30BaHHBIC Ha MIPUMECSX BOJIHBI BO30Y)KIArOTCs
HE OJIHOBPEMEHHO, & Yepe3 NMPOMEKYTOK BpeMeHHU Al, HayanbHask CKOPOCTh KUHKA V, CIIOCOOHA BIMSATH
¥ Ha HAYalbHYyIO pasHOCTh (a3 ux xoneOanwuii. Ilpu n3sMeHeHUH V, YUCIEHHO HE yIAETCs IMOJYYHTh
IPOU3BOJIBHYIO HadallbHYIO Pa3sHOCTh (pa3 mpuMecHbIX BOJH. M3-3a 3TOro He Bcerma ynaercst Bo30y-
IuTh cuH(asHbie Koebanus BoH. M3 aHanmu3a puc. 1-3 MOXKHO yTBEpKIaTh, YTO B 3aBUCUMOCTH OT d
MEHSETCSI TUII CBS3H MEKAY BO30YKIaeMbIMHU JIOKQJIN30BAaHHBIMH HEJTMHEHHBIMU BoJIHAMU. [Ipu ymeHsb-
HICHUH PACCTOSHUS MEXKIy MPUMECSIMH Pa3HOCTh (ha3 JIOKATM30BAaHHBIX BOJH COKPAILIACTCS JI0 HYJIS,
U 4epe3 ONPENeNICHHBIH IMPOMEKYTOK BPEMEHHM OHHM HAYMHAIOT KosieOaTbesi cuH(pa3zHO. AHTH(A3HBIC
e KOJIeOaHMsl CTAaHOBSTCS HEYCTOWYMBBIMH, U BO30YIUTh TAKOH PEXKHUM IPU JOCTATOYHO MajoM d He
ynaercst. [lpy nanpHeiIIeM yMEHBIICHHH PAacCTOSHUS Mex 1y npumecsmu (d < 1) MoXHO HaOmoaaTh
cilydail repexofia Tpex JIOKaJIM30BaHHBIX Ha MPUMeECAX BOJH B OAHY (puc. 2, puc. 3, a). U3-3a B3aumo-
JEeWCTBHS CaMMX BOJIH B cilyyae OueHui (puc. 1, ¢; puc. 3, 6, 6) HabI0AACTCS 3aBUCUMOCTD aMIUTATY/bI
oT BpeMeHH. Dypbe-aHaIN3 TOKa3bIBACT, YTO B CIIEKTPE TaKUX KOJIEOAHUI MOTYT HPUCYTCTBOBATh Kak
JIBE, TaK U TPH OCHOBHBIC YaCTOTHI (CM. puC. 3, 6, 8). Cityuan OMEHUH ABIISAIOTCS HanboJee YacTo BCTpe-
YaOLIMMCSl THIIOM NOJTy4YacMbIX TPH YUCICHHOM cueTe KOJeOaHWid, TOra Kak CIeHapUil cHH(pa3HBIX
WA aHTU(a3HBIX KoJeOaHMI BCTpeuaeTcs TOMBKO B YacTHBIX ciydasx. Ha puc. 4 (kpussie 1, 2 u 3)
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Puc. 3. 3aBUCHMMOCTb aMIUIUTY/L JIOKJIM30BaHHBIX KoseOanuii Ha nepBoii nmpumecu @, (t), Bropoii — a,(t) u Tpe-
Thel — a,(t) or Bpemenn t u cooTBeTcTBYIOMEE Pyphe-pasnoxenne A(w) st AK = 0,8, W = 1 nipu pasnn4Hbx
paccTosHuAX Mex Ty npuMecamu: a) d = 0,25, v, = 0,45;6) d = 3, v, = 0,62; B) d = 4, v, = 0,52

MpejicTaBlIeHa 3aBUCUMOCTh HAalJICHHBIX YMCIEHHO OCHOBHBIX TPEX YacTOT KOJIEOAHWH OT pacCTOSHUS
mexay npuMecsimu d. KpuBbie 2 v 3 He HAYMHAIOTCS C HYJS, TaK Kak MpU Maibix d ycTOHYHBOCTHIO
o0naaroT UL CHH(a3HbIe KoJIeOaHHS.

Panee [Ekomasov, Gumerov, Murtazin, 2016] O6buT0 TIOKa3aHO, 4TO JJI OMMHOYHON M TBOMHON
MPOTSHKCHHON IPUMECH aHATTUTUIECKOE PEIICHUE 3a/1a4i MOYKHO TIOTYYUTH IS CIydasi MajblX aMILId-
Tyn koneOanmii. B paccmorpenHbix ciaydasx YCI' commioch k ypaBHeHuio lpénuHrepa, pernicHue
KOTOPOTO Ka9eCTBCHHO COBIIAJANO C PE3yJbTaTaMH YUCICHHOTO MOJCIMPOBaHUsA. PaccMoTpum ciayvait
MaJIbIX aMIUTATY], T. €. U < 1. Torma Moxkem 3aMeHHTH sin U — U 1 u3 ypaBHeHus (1) momyanm

Uy — U + KOQU = 0. 3)

Bynem mckare pernenne (3) B BUC _
u=ye', (4)

e ¥ = Y(X), w — gactora konebanmii. Ilogcrasus (4) B (3), momyunm cieAyromiee ypaBHEHHE:
U + (07 = K()) = 0. )
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Oto ypaBaenue tuna Ilpémunrepa. g ciydas K(X) Buna (2) B OMHOPOTHOW 0OJACTH MPOCTPAHCTBA
ypaBHeHHE (5) UMEeT BUJ

U + (0 = 1)y = 0. (6)

COOTBCTCTBy}OH_Iee CMY XapaKTCpUCTUYICCKOC YPABHCHHUC 3aIlIUIICTCs B BUAC

Pra?-1=0, I=+v1-w? 7)
B oGmactu mpumecu ypaBHeHHE (5) IMEeT B
U + (0 = 1+ AK) g = 0. (8)
XapaKkTepuCTHUECKOE YPABHEHUE JIJISl HErO 3aIUIIEeTCs B BUIC

M+w’ —1+AK =0, ny=+ivo?+AK -1, n= Vo?+AK - 1. )

IIpu >Tom monaraem, 4to 1 — w? > 0 m w? + AK =1 > 0, T0 ectb AK > 1 — w? > 0. Pazo6bem
HCCIIeyeMOe MPOCTPAHCTBO HA CEMb OONACTEH, re Uit o0NacTu BHE mpuMecH (00IacTu omperene-
HusA X, tae K(X) = 1 u3 dopmynsl (2)) pelreHre UIeM B BHAC SKCIIOHSHITUANBHBIX (DYHKIHMA, a I
obmactn mpumecu (obmactu ompenenenus X, rae K(X) = 1 — AK u3 dopmynsl (2)) pemieHue HIeM
B BHJIC TPUTOHOMETPUYCCKHUX (DYHKITHIA:

U (¥) = A e + B, e,

Y5 (X) = A, sinnx + B, cos nx,

U3 () = A,e”™ + B, e,

Yy(X) = Ay sinnx + B, cos nx, (10)
ws(X) = Ae™™ + BseX,

We(X) = Ay sin NX + By cos nX,

U5(x) = Ae™ + B X,

Pemienne (10) comepuT B cebe psiji MHTEPECHBIX YACTHBIX ciydaes. Tak, Hanpumep, eciu A, =
= A, = A, = 0, To JIOKaJIM30BaHHBIC HEIMHEHHBIC BOIHbI KOJIEOMIOTCS CHH(A3HO Wik, B ciiydae A, =
= B, = A; = 0, xonebanust umeror npornodaszHyro npupoy. Takke MOKHO TOIy4UTh KOMOHHALIMIO
CMelaHHbIX Konebanuit A, = A, = B, = 0.

VYpaBHeHUs U BBIYUCICHHS AMCIIEPCHOHHOTO COOTHOINEHHS TOJIYYHM, HCIIONB3Ys paBEHCTBA

p P y4 YL p

GyHKIMA ¥ = Y(X) ¥ IPOU3BOAHBIX OT HUX MO KOOpIMHATE HA TpaHHLaX oOnacTel, Ha OECKOHEUHOCTH
GYHKIMN CTPEMSTCS K HYIIO:

. X\ _
Jim, (A7) = .
A, +B, =B,
—IA, +1B, = nA,,

A, sinnW + B, cosnW = A,e”™" + B,eV,
NA, cos W — nB, sinnW = —IA,e™V +1B,eV,
Ae WD) 4 B.em WD — A sin n(W + d) + B, cos n(W + d),

—IAe” WD 4 1B dWHD = nA, cosn(W + d) — nB, sin n(W + d),

A, sinn2W + d) + B, cos n2W + d) = A,e”@W+d) 4 g @Wrd),
nA, cos N2W + d) — nB, sinn2W + d) = —IAe”'®W+d 1 | WD),
AW 4 B dCWRD - A sin n(2W + 2d) + B, cos N2W + 2d),

—IACWR2D 1B W) = A cos N(2W + 2d) — nB, sin N(2W + 2d),
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Ag sinn(3W + 2d) + B, cos n(3W + 2d) = A7e—'(3W+2d) + B7e|(3W+2d),
nA cos N(3W + 2d) — nBg sin n(3W + 2d) = —|A, e /CWr2d 4 |g_dGW+2d)
lim (B,€*) = 0. (an

X—00

HpOBe,HSI COOTBCTCTBYIOIIHUEC BBIYHUCJICHUA, ITOJYIUM JUCIICPCUOHHOC COOTHOHICHUC BU/Ia

(2Inctgnw + 17 - n2)3 =2e729 (2nctg W + 17 - n?) (17 + n?) +
+(17+ nz)2 (2Inctgnw - 17 + n?) e (12)

ITpu GoBLINX PACCTOSHUSAX MEXKAY MpuMecsiMu d — oo nmonydeHHoe cootHomenue (12) mpeod-
pasyercsi K BUIy
2lnctg nW + 12 — n? = 0. (13)

Bripakenune (13) siBisiercsi QUCIEPCHOHHBIM COOTHOILCHHEM, IIOJIyYEHHBIM paHee ISl Cilydast
onHO# npumMecu. B ciydae d — 0 Beipakenue (12) npeoOpasyercst K BUILy

2Inctg® W - 6Inctg "W + 3 (12 = n?) ctg? "W — (I = %) = 0, (14)
KOTOPBIN COBIAIAET C AUCHIEPCUOHHBIM COOTHOIICHUEM ISl OJIHON MPUMECH YTPOEHHOM HIMPHHBL:
2Inctg 3nW + 12 —n? = 0. (15)

[MoncTasnsas B mucnepcronHoe cootHomenue (12) snavenns | = V1 —w? un= Vo? + AK - 1,
MOy YHM

3
(2\/1—w2\/w2+AK—lctg \/a)2+AK—1W+2—2a)2—AK) _
=AK2[2(2\/1—w2\/w2+AK—lctg \/w2+AK—1W+2—2w2—AK)+

+ (2 VI =2 Va2 + AK — 1 ctg Va2 + AK — IW =2 + 20 + AK)e‘2 Vl—wzd] e2Vi=d (16

©)

Puc. 4. 3aBHCUMOCTD 4acTOT CHH(A3HBIX, aHTH(}A3HBIX U CHH(pa3HO-aHTH(A3HBIX KojeOaHuii oT mapamerpa d
mpu W = 1: a) AK = 0,2; 6) AK = 1,2. Kpussle 1, 2 u 3 — guciiennsie pe3ynbrarel. Kpusbie 4, 5 u 6 —
AHATUTUYCCKUE PE3YJIbTaThl

C nomonrpio (16) mocrpoena 3aBrucumMocts w(d), peacTaBIeHHAs Ha PUC. 4 CIUIOLIHBIMH JIMHU-
AMU. V3 pucyHKa BUIHO, YTO IOJIyYEHHOE TUCIIEPCHOHHOE BBIPAXKEHUE IIOKA3bIBAET XOPOLIEE KOJIHYe-
CTBEHHOE COBIAJICHHE C YUCIICHHO PAaCCUNTAHHBIMU 3HAYEHUSIMU 4acTOT (NPEICTaBICHHBIMH TOYCUHBI-
MH KPUBBIMH).
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Puc. 5. I'eHepanus JIOKaJTM30BaHHBIX BOJIH COJIMTOHHOTO THIIA HA TPEX MPHUMECSX B BUIC 3aBHCUMOCTH U OT
xoopauHaThl X u Bpemenn t qmas W = 1,7, K = —1,4, d = 6: a) mpn v, = 0,890; 6) npu v, = 0,84536; B) npu v, =
= 0,860; r) mpu v, = 0,84236. KpacHbIMH ITyHKTHPHBIMU THHUAMH 0003HAYEHBI TPH OOIACTH MECTOMOIOKCHHUS
npumeceit mmpuroit W

3. Jlokaiu3oBaHHbIE€ HeJIMHElHbIe BOJIHbI COJTMTOHHOIO THIIA

Jliis ciyuaeB OfiHOM W JIBYX mpumecei Obuto nokazano [Ekomasov, Gumerov, Murtazin, 2016],
yto ipu AK > 1 v mpu nocrarouno 60sbimoM W MOTryT BOSHUKHYTh PEIICHUS] COJTUTOHHOTO THIIA, JIOKa-
JIM30BaHHbIC HA mpuMecsX. JIOKan30BaHHbIC HEJIMHEWHBIC BOJIHBI COIMTOHHOTO THIIA HAWICHBI U JUISI
ciiydasi TpexX MPOTSHKEHHBIX MpuMecei. Ha puc. 5 mponeMOHCTpUPOBaHbI BO3MOXKHOCTH YIPABJICHUS
CTPYKTYpO# JIOKAJIM30BAHHBIX BOJIH COJMTOHHOTO THIIA C MOMOIIBI U3MEHEHUS HAYallbHOW CKOPOCTH
kuHKa. Hanpumep, B pe3ysbTare YHCICHHOTO 3KCIEpHUMEHTa HaOIoalcs Ciydaid, KOrja aMIuIuTyaa
CBSI3aHHBIX HEJIMHEWHBIX BOJH COJMTOHHOTO THIA OTpULIATEIbHAs (pPHUC. 5, ) WIM MOJOKHUTEIbHAS
(puc. 5, 6). Habmonanich 1 ciiyyad pa3HOHAINPABJICHHBIX aMIUIUTYI JOKATH30BAHHBIX BOJH Ha MPH-
MecCsX, HalpuMep JBE NMPUMECHBIC BOJIHBI C MOJOKUTEILHOW aMIUITUTYAONH U OJHA C OTPUIATEIBHOM
(puc. 5, 6) umm Haobopot (puc. 5, 2). Kak u B cmydae ¢ BomHAMU OpPH3EPHOTO THUIIA, MOXKHO HCCIIE-
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Puc. 6. Bo30yx/eHue U 9BOMIONHS JIOKAJIM30BaHHBIX BOJIH COJMTOHHOTO THIIA Ha TPeX NMPHUMECSX B BUJIE 3aBHU-
CHUMOCTH U OT KoopauHatel X U Bpemenu t npu K = —1,4, W = 1,7, d = 1. KpacHbIMH TYHKTHPHBIMH JIHHUSIMH
0003HaYeHBI TP OOJIACTH MECTOIIOIOKEHUS TTpuMecei mmpuHon W

K
~0,201
0,601 y=1,7343In(x) - 1,872 __
~1,001 I
~1,401 1 ey = 23037 In(x) — 2,2872
-1,801 R

-2,201 " o

—2,60 -
3,001
~3,40 1
~3.80
~4,20
-4,604 2 & w

B PR T e T e
0.00 0,20 0,40 0,60 0.80 1,00 1,20 140 1,60 1,80 2,00

Puc. 7. 3aBucumocts pynkuuu K(W), onpenensromniast 0061acTH CyIIeCTBOBAHHS Pa3HBIX THIIOB JIOKAJM30BaHHBIX
BosH npu d = 6, V, = 0,9: 1 — obnacTh Bo30y:KIeHUs MOCTOSHHBIX Kolebanuii OpusepHOro tuma, 2 — o61acTh
nepexojia KouebaHui U3 OpU3EpHOTo THIA B COJMUTOHHBIN, 3 — 00NacTh BO3OYK/ICHHMS IIOCTOSHHBIX KOJIeOaHUH
COJINTOHHOTO THIIA

JIOBaTh TCHEPALMIO JIOKAJTH30BAHHBIX BOJH IIPU MaJbIX PACCTOSHMSIX MEXIy mpumecsMu (puc. 6). 13
pHuc. 6 BHJIHO, YTO B 3TOM Clydyae MOXKHO TakyKe HAOJIOATh MEpexoj] TpeX JOKAIW30BaHHBIX BOJH
B OJIHY.

JU1s Ka)K10TO 3HAYSHMSI PACCTOSHHS MEXIy MpUMecIMU BO30yX/IeHHE BOJIH COMUTOHHOTO THIIA
BO3MOYKHO JIMIIb IIPY JOCTHKECHUM onpenesieHHbIX 3HadeHuil napamerpoB W u K. Ha rpaduxe c 3aBu-
cumocthio K(W) st cygast onpenernenHoro 3Hadenust d > 1 (cMm. puc. 7) MOXKHO BBIICIUTH 00JaCTH
HapaMeTpoB, B KOTOPBIX HAOIIOAAIOTCS JIOKAJM30BaHHbIE BOJIHBI OpPU3EPHOIO M COJMTOHHOrO Tumna. Ha
9TOM TpauKe CYIIECTBYeT U 0cobasi IepexonHas 30Ha, B KOTOPOH HaOIIoIaeTcsi BHAYaJe 3apOXkKICHHIE
HEJIMHEHHBIX BOJIH OpPHU3EpPHOrO THIIA, IEPEXOISIINX Yepe3 HEKOTOPbIH MPOMEXYTOK BPEMEHH B JIOKA-
JIM30BaHHBIE BOJIHBI COJIMTOHHOTO TuMa. CBA3aHO 3TO C MOTEpel SHEPruH MPUMECHBIX MOJ, KOTopas
UJeT Ha u3inydenue. M3 puc. 7 Takxke BUJHO, YTO IIUPHUHA TAKOW IEPEXOJHON 30HBI CTPEMUTCS K HYIIO
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¢ yBenuueHueM napamerpa W. 3ameTumM, 4To aHaIOrH4YHYO (a3oByro KapTHHY HaOmonanu pasee [Exo-
MacoB U Jip., 2022] ans ciyvast OMHOW U ABYX MPOTSHKEHHBIX MpuUMecel. [l ciaydas, Koraa paccTosHue
Mexy npumecsimu d < 1, Ha MOI0OHOM rpaduke OTCYTCTBYET IepexonHas 30Ha (CM. puc. 8).

K
0,00

-0,40
-0,80 I /’.
-1,20
-1,60 11
-2,00 ,
-2,40

-2,80 W

0 02 04 06 08 1 12 14 16 1.8 2

Puc. 8. 3aBucumocts pynkimu K(W), onpenenstomnias o0IacTH CyIIIeCTBOBAHUS Pa3HBIX THITOB JIOKATM30BAHHBIX
BosH npu d = 0,5, v, = 0,9. XKupHble TMHUM C TOUKAMHU ABIAIOTCA PE3yNbTaTaMH, MOJTYYEHHBIMM B XOJE dKC-
MCPUMCHTA, & MMyHKTUPHBIC JINHUU SIBIISFOTCS JIOTapU(PMUUECKON alPOKCUMAIIUCH JTAHHBIX MOJYYCHHBIX B XOJIE
YHCJICHHBIX PELICHUN

4. 3akioueHue

C KCHOJIB30BaHMEM YMCIICHHBIX METOIOB IUISl Cllydas TPEX OAMHAKOBBIX MPOTSHKEHHBIX HPUTA-
TMBAIOIINX NTPUMeEcel HallleHbl BOSMOXKHBIE CTPYKTYPbI CBSI3aHHBIX KOJI€OaHUH JIOKaJIM30BaHHBIX BOJIH
Opu3epHOro THUIA MPU Pa3TUYHBIX 3HAYEHUAX HAYaJIbHOM CKOPOCTH KHHKA M MapaMeTpoB IpHUMeceil.
ITocTpoens! rpadMKy 3aBUCUMOCTH aMILIUTY KOJIeOAaHUH JIOKaJIM30BaHHBIX BOJIH OpU3EPHOTO THIIA OT
BPEMEHHU M 3aBHCHMOCTb YaCTOT KOJICOAHUI OT paccTOSHUS MEXIy Ipumecsaimu. B ciydae Bo3Oyxe-
HUsI OZIHOW FapMOHMKH HaOirofaeMble KoseOaHus rapMoHuueckue. [Ipu Bo30yxneHun JByX rapMOHHK
BO3HHUKAIOT OMEHUs, KoeOaHus MOX0XKHM Ha KoleOaHWs B ClIydae JBYX OIMHAKOBBIX npumecel. [Ipu
BO30Y)KICHUH TpeX rapMOHHK (opMa KoiIeOaHUM CHIBHO ycaokHseTcs. s cirydast JTOKaJIM30BaHHBIX
BOJIH OPU3EPHOTr0 THIIA MAJIOW aMITJIUTYAbI Hal/IeHO TUCTIEPCHOHHOE ypaBHEHHE U ONpEIeNeHbl 4acTo-
Thl cuH(a3HbIX, aHTU(]A3HBIX U cuHGa3HOo-aHTH(DA3HBIX KosleOaHuil. [lomydeHHbIe 3aBUCUMOCTH Kade-
CTBEHHO COIJIACYIOTCSI C pe3ylbTaTaMi YMCJIEHHBIX pacueroB. IlokazaHo, 4To, yBenM4HUBas IUIOMIAIb
HOTEHLUAIBLHOM SIMBI, CO371aBAEMOM MPOTSHKCHHON MPUTATUBAIOLICH IPUMECHI0, MOKHO ITOJIYYUTh CBSI-
3aHHBIC JIOKAJIM30BAHHBIC BOJHBI COJIMTOHHOTO THIA. HallieHbl BO3MOXKHBIE CTPYKTYPbI CBSA3aHHBIX KO-
ne0aHM JTIOKAJIM30BaHHBIX BOJH COJMTOHHOTO THIIA. [IpogeMoHCcTprpoBaHa BO3SMOKHOCTH yIIPaBICHUS
CTPYKTYPOH JIOKQJIN30BaHHBIX BOJH COJIMTOHHOIO THIIA C IOMOIIBIO M3MEHEHHs Ha4aJbHOW CKOPOCTH
KuHKa. Halinens! obmactu 3HaueHui napameTpoB cuctembl K n W, mpu KOTOpBIX CyIIECTBYIOT JOKa-
JIM30BaHHBIC BOJIHBI OIIPEAEIeHHOro Tumna. J[id ciryyas, Korma paccTOSHHUSI MEXIY HPUMECSIMH MHOTO
MEHbIIE IMHUIIBI, Ha MOJAO0OHOM TrpadHKe OTCYTCTBYET INEpexoaHas 00IacTb, B KOTOPOH 3apOiKAaro-
muicst Opusep mociie NOTepH SHEPIUU Ha U3JIyYCHHUE NEPEXOJUT B COJIUTOH.

Cnucok guteparypsbl (References)

bpayn O. M., Kuswaps FO. C. Monens @penkens — KoHTOpoBo#: KOHIIENIIUN, METO/IbI, MPUITIOKEHUS. —
M.: ®usmariur, 2008. — 519 c.
Braun O. M., Kivshar Yu. S. The Frenkel — Kontorova model: concepts, methods, and applications. — Berlin: Springer,
2004. (Russ. Braun O. M., Kivshar Yu. S. Model Frenkelya —Kontorovoy: kontseptsii, metody, prilozheniya. — Moscow:
Fizmatlit, 2008.)

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE




Jlokanu3oBaHHbIE HEIMHEHHbIE BOJIHBI YPaBHEHUS CUHYC- . . . 867

buvixos B. I” HenuHeiiHbIe BOJTHOBBIE MPOIECCHI B FEOJIOTHYECKUX cpefiax. — BiaauBocTok: JlanpHayka,
2000. — 190 c.
Bykov V. G. Nelinejnye volnovye processy v geologicheskih sredah [Nonlinear wave processes in geological media]. —
Vladivostok: Dal’nauka, 2000. — 190 p. (in Russian).

lenes B.A., Hazapos B.H., Ckanoun O.A., Bameipuun 3. C., Exomacos E.I. CioxHas IWHAMH-
Ka KacKaJla KMHK-aHTHKHHKOBBIX B3aUMOJICHCTBUI B JTMHEHHOM JIe(eKTe 3NMEKTPOKOHBEKTHBHON
cTpykTypbl Hemaruka // [Tucema B KOTD. — 2019. — T. 110, Ne 9. — C. 607-613.
Delev V. A., Nazarov V.N., Scaldin O. A., Batyrshin E.S., Ekomasov E. G. Complex dynamics of the cascade of kink —
antikink interactions in a linear defect of the electroconvective structure of a nematic liquid crystal // Jetp Lett. —
2019. — Vol. 110. — P. 607-612. (Original Russian paper: Delev V. A., Nazarov V.N., Skaldin O. A., Batyrshin E. S.,
Ekomasov E. G. Slozhnaya dinamika kaskada kink-antikinkovyh vzaimodejstvij v linejnom defekte elektrokonvektivnoj
struktury nematika // Pis’ma v ZhETF. — 2019. — Vol. 110, No. 9. — P. 607-613.)

Exomacos E. I, I'ymepos A. M. KomiekTuBHOE BIUSHHE NpUMEced Ha JUHAMUKY KUHKOB ypaBHEHHS
cunyc-l'opnona // KommbioTepHble mccienoBanus U mopenupoBanue. — 2013, — T. 5, Ne 3. —
C. 403-412.

Ekomasov E.G., Gumerov A. M. Kollektivnoye vliyaniye primesey na dinamiku kinkov uravneniya sinus-Gordona
[Collective influence of impurities on the dynamics of kinks of the sine-Gordon equation] // Computer Research and
Modeling. — 2013. — Vol. 5, No. 3. — P. 403—412 (in Russian).

Exomacos E. I, Kyopssyes P. B., Camconos K. IO., Hasapos B. H., Kabanos /J]. K. JlnHaMuKa KAHKA

ypaBHEHHUs cUHYC-[OpZIOHa B MOJENINU C TPEMs OJMHAKOBBIMU MPUTATUBAIOIIMMU WA OTTAJIKUBA-
FOIUMU TIpuMecsiME // VI3BecTHsl BBICIIUX YYeOHBIX 3aBencHuM. [IpukianHas HeJIHMHEHHAsS TUHA-
muka. — 2023. — T. 31, Ne 6. — C. 693-709.
Ekomasov E. G., Kudryavtsev R. V., Samsonov K. Yu., Nazarov V. N., Kabanov D. K. Dinamika kinka uravneniya sinus-
Gordona v modeli s tremya odinakovymi prityagivayushchimi ili ottalkivayushchimi primesyami [Dynamics of the
kink of the sine-Gordon equation in a model with three identical attractive or repulsive impurities] // Izvestiya vysshikh
uchebnykh zavedeniy. Prikladnaya nelineynaya dinamika. — 2023. — Vol. 31, No. 6. — P. 693-709 (in Russian).

Exomacos E. I, Camconos K. IO., [ymepos A. M., Kyopasyes P.B. CTpyKTypa W JUHAMUKa JOKaJIH-

30BaHHBIX HEJIWHCHHBIX BOJH YpaBHCHUA CI/IHyC—FOpI[OHa B MOACIN C OAWMHAKOBBIMU IIPUTATHBA-
rommmu npuMecsivu // VizBectust By3oB. [Ipuknagnas nenuneliHas quHamuka. — 2022, — T. 30,
No 6. — C. 749-765.
Ekomasov E. G., Gumerov A. M. Struktura i dinamika lokalizovannykh nelineynykh voln uravneniya sinus-Gordona
v modeli s odinakovymi prityagivayushchimi primesyami [Structure and dynamics of localized nonlinear waves of
the sine-Gordon equation in a model with identical attractive impurities] // Izvestiya vysshikh uchebnykh zavedeniy.
Prikladnaya nelineynaya dinamika. — 2022. — Vol. 30, No. 6. — P. 749-765 (in Russian).

Llamcymounos M. A., Jlomaxuna U. IO., Hasapoe B. H., Xapucosé A. T., Lllamcymounos []. M. ®eppo-
U aHtudeppoMarHuToAnHamMHKa. HenwHeiHble KojeOaHus, BOJHBI W cOJIMTOHBL. — M.: Hayka,
2009. — 456 c.

Shamsutdinov M. A., Lomakina 1. Yu., Nazarov V. N., Kharisov A. T., Shamsutdinov D. M. Ferro- i antiferromagnitodina-
mika. Nelineynyye kolebaniya. Volny i solitony [Ferro- and antiferromagnetodynamics. Nonlinear oscillations, waves
and solitons]. — Moscow: Nauka, 2009 (in Russian).

Baron H.E., Zakrzewski W.J. Collective coordinate approximation to the scattering of solitons in
modified NLS and sine-Gordon models // Journal of High Energy Physics. — 2016. — Vol. 2016,

No. 6. — P. 185.
Chevizovich D., Michieletto D., Mvogo A., Zakiryanov F., Zdravkovic S. A review on nonlinear DNA
physics // R. Soc. Open Sci. — 2020. — Vol. 7, No. 11. — P. 200774.

Cuevas-Maraver J., Kevrekidis P.G., Williams F. (eds.) The sine Gordon model and its applications:
from pendula and Josephson junctions to gravity and high-energy physics. — Springer, 2014. —
263 p.

Dauxois T, Peyrard M. Physics of solitons. — New York: Cambridge University Press, 2010. — 436 p.

Dodd R. K., Eilbeck J. C., Gibbon J. D., Morris H. C. Solitons and nonlinear wave equations. — London:
Academic Press, 1982. — 630 p.

Dorey P, Gorina A., Perapechka 1., Romanczukiewicz T., Shnir Y. Resonance structures in kinkantikink
collisions in a deformed sine-Gordon model // Journal of High Energy Physics. — 2021. —
Vol. 2021, No. 9. — P. 145.

2024, T. 16, Ne 4, C. 855-868




868 K. 1O. Camconos, /1. K. Ka6anos, B. H. Hazapos, E.I. Exomacos

Ekomasov E. G., Gumerov A. M., Kudryavtsev R. V. Resonance dynamics of kinks in the sineGordon
model with impurity, external force and damping // Journal of Computational and Applied
Mathematics. — 2017. — Vol. 312. — P. 198-208.

Ekomasov E. G., Gumerov A. M., Kudryavtsev R. V., Dmitriev S. V., Nazarov V. N. Multisoliton dynamics
in the sine-Gordon model with two point impurities // Brazilian Journal of Physics. — 2018. —
Vol. 48, No. 6. — P. 576-584.

Ekomasov E. G., Gumerov A. M., Murtazin R. R. Interaction of sine-Gordon solitons in the model
with attracting impurities / Mathematical Methods in the Applied Sciences. — 2016. — Vol. 40,
No. 17. — P. 6178-6186.

Ekomasov E. G., Murtazin R. R., Nazarov V. N. Excitation of magnetic inhomogeneities in three layer
ferromagnetic structure with different parameters of the magnetic anisotropy and exchange //
J. Magn. Magn. Mater. — 2015. — Vol. 385. — P. 217-221.

Fabian A. L., Kohl R., Biswas A. Perturbation of topological solitons due to sine-Gordon equation and
its type // Communications in Nonlinear Science and Numerical Simulation. — 2009. — Vol. 14,
No. 4. — P. 1227-1244.

Ferreira L. A., Piette B., Zakrzewski W.J. Wobbles and other kink—breather solutions of the
sineGordon model // Phys. Rev. E. — 2008. — Vol. 77, No. 3. — P. 036613.

Gonzalez J. A., Bellorin A., Garcia-Nustes M. A., Guerrero L. E., Jimenez S., Vazquez L. Arbitrarily
large numbers of kink internal modes in inhomogeneous sine-Gordon equations // Phys. Lett. A. —
2017. — Vol. 381, No. 24. — P. 1995-1998.

Gumerov A. M., Ekomasov E. G., Kudryavtsev R. V., Fakhretdinov M. I. Excitation of large amplitude
localized nonlinear waves by the interaction of kinks of the sine-Gordon equation with attracting
impurity // Russian Journal of Nonlinear Dynamics. — 2019. — Vol. 15, No. 1. — P. 21-34.

Kalbermann G. The sine-Gordon wobble // J. Phys. A: Math. Gen. — 2004. — Vol. 37, No. 48. —
P. 11603-11612.

Kivshar Yu.S., Pelinovsky D.E., Cretegny T, Peyrard M. Internal modes of solitary waves // Phys.
Rev. Lett. — 1998. — Vol. 80, No. 23. — P. 5032-5035.

Lizunova M. A., Kager J., Lange S., Wezel J. Kinks and realistic impurity models in ¢4-theory //
International Journal of Modern Physics B. — 2022. — Vol. 36, No. 5. — P. 2250042.

Saadatmand D., Dmitriev S. V., Borisov D. I, Kevrekidis P. G. Interaction of sine-Gordon kinks and
breathers with a parity-time-symmetric defect / Phys. Rev. E. — 2014. — Vol. 90, No. 5. —
P. 052902.

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE




N MOJAEJIMPOBAHMUE 2024 T. 16 Ne 4 C. 869-882
DOI: 10.20537/2076-7633-2024-16-4-869-882

KOMIIBIOTEPHBIE UCCJIEJ1OBAHUSA -
Kn&M

MOJEJIX B ®U3UKE U TEXHOJIOI'MA

VIIK: 681.5

BiansiHue XBOCTOBBIX IIJIABHUKOB Ha CKOpPOCTH BOAHOI'0
p060Ta, IIPUBOAUMOI0 B IBHKCHUEC BHYTPCHHUMMNU
NOABHU’KHBIMM MacCCaMM

A.B. Kunekoskun'?, 10.J1. KapaBaes??, A. A. Kniun®*, A.B. Hazapos?4

! SIpocnasckuit rocynapcteennblit yausepcutet um. I1. T. [Jemumnosa,
Poccus, 150003, 1. Spocnasns, ya. CoBerckas, a. 14
>WxeBekuit rocyapcTBeHHbIH TexHudyeckuii yausepeutet uM. M. T. Kanaumaukosa,
Poccus, 426069, 1. Mbxesck, yin. Ctynendeckas, 1. 7
3Vpanbckuit MaTeMaTHUeCKHil EHTp, YAMYPTCKHUil TOCyIapCTBEHHBIH YHHBEPCHTET,
Poccus, 426034, . MxeBck, yin. YHUBepcuTeTcKas, 1. 1

E-mail: ® a.v.klekovkin@istu.ru, ® karavaev_yury@istu.ru, ¢ kilin@rcd.ru, ¢ antonnaz14@gmail.com

Honyueno 23.04.2024, nocne dopabomru — 21.06.2024.
Tpunsamo x nybauxayuu 11.07.2024.

B nanHO# paboTe NnpeiCTaBIeHO ONHCAaHNE KOHCTPYKIUH BOJHOTO po0OTa, JBHIKYIIETOCS IO TIOBEPXHOCTH JKUJIKOCTH
Y TIPUBOJMIMOTO B ABIKEHUE IBYMs BHYTPEHHHMH MOJABIDKHBIME Maccamu. Koprmyc BogHOTO po6oTa B ceueHnH UMeeT GpopMy
CHMMETPHYHOTO KPBITIOBOTO MpoGuiIs ¢ ocTpoit kpomkoi. Ha maHHOM mpoToTnme aBe BHYTPEHHHE MAacChl MEPEMEIIAIOTCS
[0 OKPY)KHOCTSIM ¥ IIPHBOZSITCS. BO BPAILICHUE 3a CYET OAHOTO JBUraTellsl IIOCTOSHHOTO TOKA M 3y04aToro MeXaHn3Ma, mepe-
JIAIOLIErO BpalllaTeIbHbI MOMEHT OT JBHrarells K Kakaoil Macce. B kadecTBe ynpaBisrOIIEro BO3ICHCTBHS UCIONIB3YIOTCS
YTJIOBBIE CKOPOCTH TMOABIKHBIX MaccC, a pa3pabOTaHHAs KMHEMATHUECKas CXeMa Tepeadyd BPAIIeHMs OT ABUTATENs K I0-
JBIDKHBIM MaccaM TI03BOJISIET PEeasiM30BaTh BPAIlCHHE JBYX MAcC C PABHBIMU MO MOIYIIO YIIIOBBIMH CKOPOCTSIMH, HO IIPH
9TOM pa3HbIM HallpaBJICHHEM BpamIeHUs. A TakKe Ha KOPIYC JaHHOIO poOOTa MMeeTCsi BOSMOXKHOCTh yCTaHABJIMBATH JIO-
HOJIHATEIIbHBIE XBOCTOBBIC TUIABHUKH Pa3yIMUHBIX (OpM M pa3MepoB. Takxke B paboTe M JaHHOTO 00BEKTa HpeIcTaBIeHb
YpaBHEHUsI JBWKEHHUS, 3alicaHHble B (opMme ypaBHeHHiT Kupxroda s IBIKEHHS TBEpIOTO Tela B HACATBHON JKHIKO-
CTH, JOTIONTHEHHBIE CIIaraéMBIMU BS3KOTO CONMPOTHBICHHUS. IIpeAcTaBIeHo MaTeMaTHIeCcKOe OMICAHNE JOMONHUTEIBHBIX CHII,
JEUCTBYIONUX Ha THOKHH XBOCTOBOU Iu1aBHUK. C pa3paboTaHHBIM IIPOTOTUIIOM POOOTA MPOBEICHBI SKCIIEPUMEHTAIIBHEIE HC-
CIICOBAHUS TI0 BIMSHUIO PA3INYHBIX XBOCTOBBIX INIABHUKOB HA CKOPOCTh MEPEABMKEHNUS B )KUAKOCTU. B manHOil paboTe Ha
poboTa yCTaHABIMBAINCH XBOCTOBBIE IUIABHUKM OTHON (DOPMBI M Pa3MEPOB, NPU TOM 00TAAAIONINE PA3HOH JKECTKOCTHIO.
DKCIIepUMEHTHI IIPOBOJMIIMCH B OacceiiHe ¢ BOIOW, HaJ KOTOPHIM yCTaHABIHMBAJach Kamepa, Ha KOTOPYIO OBLIM IMOJIyYEHBI
BHUJICO3AITICH BCEX DKCIepUMEHTOB. [lanpHelnas oOpaboTka BHUJIEO3aIiCeil TTO3BOMMIA ITOTYyYUTh MEpeMenIeHHsT 00beKTa,
a TaKkXKe eTo JIMHEHHBIE U YITIOBbIe CKOPOCTU. B paboTe moka3aHo pa3nuyue B Pa3BHBAEMBIX POOOTOM CKOPOCTSIX MPHU JBHIKE-
HHUM 6€3 XBOCTOBOTO IUIABHUKA, A TAKKE C XBOCTOBBIMH TUIABHUKAMH, MMEIOMINMHI Pa3HYIO ’KeCTKOCTh. [IpuBeneHo cpaBHeHNe
pa3BHUBAaEMbIX POOOTOM CKOPOCTEH, MONYyYEHHBIX B OKCIICPHMEHTAIBHBIX HCCIICJOBAHMAXK, C Pe3yIbTaTaMi MaTeMaTHIeCKOro
MOZIEIUPOBAHUSI CUCTEMBL.
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This paper describes the design of an aquatic robot moving on the surface of a fluid and driven by two internal moving
masses. The body of the aquatic robot in cross section has the shape of a symmetrical airfoil with a sharp edge. In this
prototype, two internal masses move in circles and are rotated by a single DC motor and a gear mechanism that transmits
torque from the motor to each mass. Angular velocities of moving masses are used as a control action, and the developed
kinematic scheme for transmitting rotation from the motor to the moving masses allows the rotation of two masses with
equal angular velocities in magnitude, but with a different direction of rotation. It is also possible to install additional tail
fins of various shapes and sizes on the body of this robot. Also in the work for this object, the equations of motion are
presented, written in the form of Kirchhoff equations for the motion of a solid body in an ideal fluid, which are supplemented
by terms of viscous resistance. A mathematical description of the additional forces acting on the flexible tail fin is presented.
Experimental studies on the influence of various tail fins on the speed of motion in the fluid were carried out with the
developed prototype of the robot. In this work, tail fins of the same shape and size were installed on the robot, while having
different stiffness. The experiments were carried out in a pool with water, over which a camera was installed, on which
video recordings of all the experiments were obtained. Next processing of the video recordings made it possible to obtain the
object’s movements coordinates, as well as its linear and angular velocities. The paper shows the difference in the velocities
developed by the robot when moving without a tail fin, as well as with tail fins having different stiffness. The comparison
of the velocities developed by the robot, obtained in experimental studies, with the results of mathematical modeling of the
system is given.
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BBenenue

B mHacTosmee BpeMs aKTHBHO Pa3BHUBAIOTCS PA3IMYHBIC POOOTOTEXHUYCCKHUE CHCTEMBI IS TIC-
pEeMELICHUS B KHJIKOCTH, BBITIOJHSIONINE OOJIBIION CHHCOK 3aj1a4: MOHUTOPHHI OKPY)KAIOIICH CpelIbl,
HCCIICIOBAHKE JTHA BOJIOEMOB, CIlacaTeIbHBIC OMEpaIluy, H3YICHHE KUBOTHOTO M PACTHUTEIHLHOTO ITOJI-
BogHOro Mupa [Antonelli, 2014].

Haubosiee nomysisipHbIM IBHKUTENIEM CPE MOOHIIBHBIX POOOTOB, TIEPEMEIIAIOIIUXCS B BOIHOM
cpezie, sBISETCS TPeOHOM BUHT, HO TAKKE CYIIECTBYIOT KOHCTPYKIIMH, HCIOJB3YIOIINE JTBUKUTEIH,
MIpeICTaBICHHBIC B )KUBOW Tpupoae, — ononndeckue nerkutenn [Chu et al., 2012; Castano, Xiaobo,
2019; Triantafyllou, Triantafyllou, Yue, 2000; Wang et al., 2014; Dnanasu, Kapasaes, 2023; Zou et al.,
2024; Guvernyuk et al., 2020].

Hapsimy ¢ OMOHWYECKMMH CYIIECTBYIOT OoJiee SK30THUYCCKHE THITBI IBUKUTEICH, HE Ipea-
CTaBJICHHBIC B JKMBOW MPHUPOJC, HO TEM HE MEHEE IMO3BOJSIONIME MEePeMEeIaThCsl B BOIHOW cpele.
K »TOli rpymnme MOKHO OTHECTH IBIDKCHHE 332 CUET MEXAaHH3MOB, HAXOISIIUXCS BHYTPH OOOJOYKH
pobora [Bolotnik, Figurina, Chernous’ko, 2012; Borisov, Vetchanin, Kilin, 2017; Borisov, Mamaeyv,
Vetchanin, 2018; Ivanov, 2021; Mamaev, Vetchanin, 2018; Mamaev, Tenenev, Vetchanin, 2018]. Pa3pa-
00TKa TTOJOOHBIX MEXaHM3MOB OCHOBAaHA Ha pPe3yJIbTaTaX TEOPETUUCCKUX HMCCICIOBAHHUM, MOTYyUCHHBIX
B paborax [Kosznos, Pamonanos, 2001; Ko3zmos, Onumenko, 2003], moxa3zaBIIuX BO3MOXKHOCTH JIBU-
JKEHUS TIpoQIIIs, 00JIaTaroIIero aHu30TPOIHEH MPUCOSTUHECHHBIX MACC, IPU MEPUOTUICCKOM H3MEHE-
HUU TOJIOKEHUS [IEHTPa MacC CHCTEMbl M/UJIM BHYTPSHHETO KMHETHUECKOr0O MOMeHTa. TeopeTndeckue
HCCIICIOBAHMS TTONYYHIIH dKCIICpUMEHTAIbHOE TToATBepkAcHHe Ha mpototunax [Childress, Spagnolie,
Tokieda, 2011; Vetchanin, Kilin, 2016; Vorochaeva, Jatsun, 2011; Klenov, Kilin, 2016; Kummn, Ke-
HoB, Tenenes, 2018; Karavaev, Kilin, Klekovkin, 2016; Pollard, Tallapragada, 2016; Karavaev, 2022;
Klimina et al., 2023]. Y mgaHHBIX THIIOB pOOOTOB OCHOBHBIM NPEHMYILECTBOM SIBIISIETCS BOBMOKHOCTh
TTOJTHOM TePMETH3AIINH 000JIOUKH, TaK KaK BHEITHHE TOABMKHBIC 3JICMEHTBI OTCYTCTBYIOT, YTO B CBOIO
o4epellb T03BOJISIET OMYyYUTh 0o0JIee MPOCTYI0 KOHCTPYKIUIO podoTa. OxHako 3Q(HEeKTHBHOCTD JBHIKE-
HUST POOOTOB € MOMOOHBIMU JIBUKHUTEISIMUA CYIISCTBEHHO MEHbINIE JPYTUX THUIIOB ABMKUTeNeH. [1oaTo-
My aKTyaJdbHBIM HAIPaBICHUEM HCCIICIOBAHUN SBIIIETCS OOBEIMHECHUE PA3IMYHBIX IPHHIIUIIOB IIEpe-
JIBUKCHHSI.

B nmanHoi paboTe mpeicTaBlieH peasibHBIA MPOTOTUI BOXHOTO PoOOTa, KOTOPBIH OOBEAMHSET
JIBA BBITIICONTMCAHHBIX THUIIA ABVKUTEIS: OMOHHMUYCCKHA M JBM)KUTEIh, OCHOBAHHBIA Ha TICPEMEIICHHH
BHYTPEHHUX Macc. JlaHHBIM MPOTOTHII JIBUXKETCS 32 CYCT BPAIICHHUS JBYX MacC, HAXOMASAIIMXCS BHYT-
pu O0OJIOYKH, a TaKKe UMEETCS BO3MOXHOCTH JO0ABUTH K KOPIIYCY ITACCUBHBIN TMOKHUH XBOCTOBOM
TIaBHUK. [Ipu Takoil KOHCTPYKIIMH BCE TPUBOJHBIC MEXaHU3MbI HAXOAATCS BHYTPH O0OJIOYKH poOOTa
U C KUJIKOCTBIO HE B3aUMOJICHCTBYIOT, OJIHAKO NIPU JBHIKCHHH XBOCTOBOUW IIJIABHUK HAYWHAET U3rH0aTh-
Cs ¥ MOSIBJISIFOTCS TOTIOJTHHUTEIBLHBIC THAPOAMHAMHYCCKIE CHJIBI, BIHUSIOIINE Ha IMPOIBHUKCHHIE POOOTA.
Tak kak JBUXKeHUE poOOTa OCYIIECTBIISICTCS [0 MOBEPXHOCTH JKUIAKOCTH, JCUCTBUTEIHHOE TPEXMEPHOE
JBIDKCHHE POOOTa alpOKCHMHUPYEM IIIOCKOTIapaslICIbHBIM.

YPaBHeHHH ABHKCHUSA

PaccMoTpuM miockonapasienbHOe BHKCHHE Tella B KUIKOCTH, 000J0YKa KOTOPOTO B CCYCHUH
SBJISCTCS. CAMMETPHYHBIM KPBUIOBUIHBIM TpoduieM. {1 onucaHus JBHKEHHS BBEIEM JBE CHCTEMEI
KOOP/IMHAT: HEMOABMXHYIO (MHepIHaibHyr0) O’ Xy U MOABUKHYIO, KECTKO CBA3aHHYIO € TenoM, OX, X,
HaYajo KOTOPOH HAaXOMMTCA B LEHTpe Macc pobora, och OX, HampasieHa K J1000BOH 4acTu poGora.
[onoxenne Toukn O ompenenseTcs paguyc-BEKTOpoM I = (X, Y)! B HEMOABIKHOMN cHCTEME KOOp-
JIMHAT, & Yrojl II0BOPOTa MEX/Iy IMOJNIOKUTEIBHBIMU HanpasieHusaMu ocell OX,; u O'X 0003HaYMM Kak
@, TIOJIOKUTEILHOE HANPaBICHUE KOTOPOTO OTCUMTHIBACTCSI MPOTHUB YacOBOW CTpenkH. CxemaTHiHOe
n300paXkeHne podoTa ¢ 0003HAYEHUEM CHUCTEM KOOpJIMHAT IMOKa3aHo Ha puc. 1.
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YA

X

OI

Puc. 1. CxemarnyHoe U300pa)KCHUE BOIHOTO poOOTA, MPUBOAUMOTO B JIBUKCHUC BHYTPCHHHMH IMOJIBHKHBIMU
maccamu, rie O'Xy u OX X, — HENOABMKHAA M TOJIBMIKHAS CHCTEMbI KOODIMHAT COOTBETCTBEHHO, & — YIOI
TIOBOPOTA MOJBHMKHON CUCTEMBI KOOP/IMHAT OTHOCHTENIBLHO HEMOABWKHOM, B, ¥ 3, — yIJIbl HOBOPOTA TOJIBHKHBIX
macc, | — pamuyc oKkpy»KHOCTH, TTO KOTOPOU BPAIalOTCs TIOMBIKHBIC MACCHI, @ L — paccTosHHe OT IEHTpa 3THX
OKpyKHOCTeH 110 ocu OX,

[Tpu onmcanuu ABMKEHUs KOpITyc poboTa cunTaeM HeaeGopMHUpyeMbIM, a CHIIBl © MOMEHTBI CHII,
BO3HUKAIOIME NIPU ABMKCHUHM TMOKOTO XBOCTa, OyIyT pacCMOTPEHbI OTHAEIBHO M YYTCHbI B Moauu-
LIUPOBAHHOM MOJEININ Jajee.

Jliist onvcanus IBUXKEHHS BBEIEM BEKTOP KBa3sMCKOpocTed W = (V,, V,, w)', e Vv, 1V, obo-
3HAYaIOT MPOEKUIHHU JIMHEHHON CKOPOCTH IEHTpa Macc poOoTa Ha TMOJABMXKHBIE OCH, a w — YIVIOBasd
CKOPOCTH Tena. Torga MoXHO 3amucarh clIeqyone KHHEMATHIECKHE COOTHOIIECHUS:

X=V, cosa—V,sina, Y=V, sina+V,cosa, &=w. (1)

1, 2. B mpoeknuu Ha
: T
(Icosp; £ L,Ising)".
Toraga ckOpoCTH MOABUKHBIX MacC B MOJBHKHOW CUCTEME KOOPJAMHAT 3alIMIIYTCS Kak fi = (r'ix, r'iy)T =
_ ; ; ANT
= (=Ising,B;, I cos 3, 5;)" .
JBr>KeHue TBEpJOro Tejia B )KUAKOCTU MPU OTCYTCTBUM BHEIIHUX CHJI MOYKHO OINHUCATh ypaBHE-
HussMHA Kupxroda, ToMmoTHEHHBIMH CTaraéMbIMH BSI3KOTO COIIPOTHBIICHUS:

BaezieM pajiyc-BeKTOpBI I}, ONpEENAroNue nojoxkenue i-i maccsl, i
TIOJBHKHYIO CHCTEMY KOOPIMHAT NaHHbIE BEKTOPBI UMEIOT BUJ I; = (I, riy)T

daT T o dar_ar
dtov, v, U dtov, oy, 2 5
doT oT &

a% = Vza - Vl@ - C3a)|a)|,
rae T — KMHETHYECKas SHEPTHs CUCTEMBL, C;, C,, C; — KOO(D(DUIMEHTBI BA3KOr0 CONpoTuBieHus. B nan-
HBIX YPaBHEHUSIX JUIsi OIMCAHMS CHJI CONPOTHBIICHHS HCIONB3YeTCS KBaJpaTHUYHAs 3aBHCUMOCTB 10
ckopoctsiM. B pabore [Klekovkin, Karavaev, Mamaev, 2023] moka3aHo, 4TO MOICIHPOBAHHE C WC-
MOJIb30BAHUEM KBAJIPATUYHOTO COMPOTHBIICHHS KAY€CTBEHHO COBIIAJACT C PEalbHBIM 3KCIICPUMEHTOM
(B omiMumMe OT JTMHEHHON MOJIEIN COTIPOTHBIICHIIS).

Jliis naHHOTO 00BEKTa KHHETUYECKAs SHEPTHSI COCTOUT M3 TPEX KOMIIOHEHTOB:

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE
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e T, — KMHETHYECKas SHEPIUsl JKUIKOCTH, T, — KUHETHYECKast SHEPrUst 000J104KH, T, — KMHETHYE-
CKasi SHEPrus MOJIBUKHBIX MAaCC.

ITpu paccMOTpEHHH TUIOCKOIAPAILICIBHOIO IBUKEHHUS TEJIa B )KHIKOCTH KMHETHUECKAS SHEPIHS
OyaeT uMeTh BHI

1
T= 5 ((/l11 + mo)vf + (/122 + mo)Vg + (/133 + |b)w2 + 2/123V2a)) +

1
+

2
Z m ((rxi + V) = wrg) + (Fy +V, + wrxi)z), 3)

i=1

N

e A4 | — K03 DUIMEHTBI TIPUCOEIMHEHHBIX Macc, |, — MOMEHT MHEpIMH KOpryca poboTa OTHOCH-
TEJNBHO BEPTUKAIBHOW OCH, poxozsiiel yepes Touky O. PaccmarpuBaemast Moenns poOoTa UMeeT JIBe
OTMHAKOBEIC MOJIBUYKHBIC MACCHI B BUJE AKCIICHTPUKOB, C MACCOU M.

3anucaB KHHETHYECKYIO SHEpruio (3) ¥ MOACTaBUB B YpaBHEHUS (2), MONydYUM YpaBHEHHS IBH-
JKEHUS:

A(W)W + Bwyw + C(w)w + d = 0, )

rae marpuibl A(w), B(w) u C(wW) u Bektop d UMEOT BT

a, 0 f 0 0 b v 0 0
AwW=[0 a g| Bw=|0 0 by, Cw=[ 0 c¢clvl 0 |
fog g by, by, by 0 0 Glol
—ml (cosﬁlﬁf + cosﬁzﬁ'% + sinﬁl,é1 + sinﬁzﬁz)
d= -ml (sin,Bl,B'% +sin, 3 — cos B, B, — cosﬂzﬁz) ,
—ml (—L cos,Bl,B% + Lcosﬁzﬁg - Lsinﬁl,é1 +L sinﬁz,é2 - IB1 - Iﬁz)

a =My +2M+A;, 8 =My +2m+ 1y, ay =l +2m(1? + L?) + Ay + 2miL(sin B, — sin,),
f = —ml(sinB, +sinB,), g=ml(cosB, +cosp,) + Ay,

b; = —2m|(cosﬁ1,31 + cosﬁzﬁz) -a,V, 0w, by = —2m|(sin,81,B1 + sin,Bz,Bz) +a,v, + fo,
by =V, +gw, by, =-av, - fw, by; =2ml L(cos B, B, — cos B, f3,).

JlonoynHuB nosTydeHHbIe YpaBHEHHS (4) KHHEMaTHUECKUMU COOTHOIIEHUAMU (1), moyyaeM mos-
HYIO CUCTEMY YpaBHEHHH, ONMCHIBAIOIINX IBHKCHUE PaCCMaTpPUBAEMOT0 OOBEKTA.

Jlanee npu MonenupoBanuy Ko3GOUIMEHTBI BA3KOrO CONPOTHBIEHHUS C,, C,, C; M KOO HUIHEHTBI
TMPHUCOCJIMHEHHBIX MacC A;; JUls PacCMaTpHBACMOTO HeneopMUPYEMOro mpoduist ¢ y4eToM XBOCTa
OTIpeJieNIsINCh 110 METOAMKEe, ONMUCaHHOM B pabore [Karavaev et al., 2021], u npu MonenupoBaHUH
NPUHUMAINCH PaBHBIMU

A = 0451, Ay, =2,961, Ay =0,013, A, = 0,119,
c, =3.407, ¢, =132, ¢ =0,028.

A CWJIbI, BOBHUKAKOIINC IIPU JABUKCHUHN THOKOTO XBOCTa, ONpeaciAJIMCh B paMKax I1OAXOOOB,
HCIOJIB3YEMBIX ITPU MOACIUPOBAHUU ABUKCHUA OMOHHUYECKHX BOIHBIX pO6OTOB n pr6.

Pacuer T'MAPOANHAMMUNYICCKUX CHUJI, I[QﬁCTB}’lOI[IHX HAa THOKHMI XBOCT

PaccmarpuBast XBOCT Kak I'OKoe Telo, IPUCOCIMHEHHOE K KOpIycy poOoTa, Chilbl, AEHCTBYIO-
IIMe Ha HErO CO CTOPOHBI JKUAKOCTH, MOXKHO ONPENeNUTh, HCNonb3ys Teopuro Jlaitxuna [Lighthill,
1971; Wang, Tan, 2013]. BBenem nmapameTp 7, KOTOPBIil OIlpeensieT TOUKy Ha XBocTe, IpuiyeM T = 0 —
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T=S

Puc. 2. CxematmaHOe M300pakeHHe THOKOTO XBOCTOBOTO IUIaBHUKA, TJE T — IapaMeTp, OMPEACISIOMNN TOUKY
Ha XBOCTE C JUTMHOW S; P U ( — eJMHUYHBIC KAaCaTeNIbHbIH 1 HOPMAaJbHBIA BEKTOPBI B TOYKE T COOTBETCTBEHHO,
V — BEKTOp CKOPOCTH TOYKHU T

TOYKA KPEIUICHHsI XBOCTa K KOpIycy po0oTa, a T = S — KOHell XBOCTa, IJie S — JJIMHA XBOCTa (CM.
puc. 2).

Ecmm w3BectHol pynknun X(7, t), Y(7, t), onpenensronue KOOPIUHATH KaKIOW TOYKHA XBOCTa
B CHCTEME KOOPJMHAT, CBSI3aHHON ¢ poOOTOM, TOIJ]a B KaXKIOW TOYKE T JIJIS KaXJIOr0 MOMEHTa Bpe-
MEHHU JIBHDKCHHUS I MOXKHO ONpPEJICTUTh KAacaTelbHbIH U HOPMAIbHBINA STUHUYHBIC BEKTOPHI K KPUBOM,
ornpeelstonei (opMy XBoCTa:

ax ay\ aY ox\'

p: ) > q: - > *
T T T T
oX oY

-
BexTop ckopocT JaHHON TOUKH 3aIUIIETCS Kak V = (T’ T) . A B IpoeKIuy Ha OCH MOJBUXK-
HOM CHUCTEMBI KOOPJAMHAT KOMITOHEHTHI JJAHHOH CKOPOCTH OyIyT MMETh BT

v = oX oX . oY dY v = oY 0X 90X oY
= ot or  otor’ = otaor ot
Torma, conmacHo [Lighthill, 1971; Wang, Tan, 2013], cuia, neiicTByromas Ha XBOCT CO CTOPOHBI
JKUJIKOCTH B JIAaHHOM TOYKE, paBHA

d
(1) = -m, (v, Q).

a THJIPOJIMHAMMYECKAs CUJIa B KOHIIE XBOCTa (Mpu T = S) uMeeT BUJ

1
Fs= _EvaZL p+myVv,v,q

rae M, — BHUpTyalibHas Macca, KOTOpas BBIUMCIAETCS HA €AMHUIYY JJIMHBI Kak M, = %npwd(‘r)z,

rae d(7) — BBICOTA 4acTH XBOCTA B TOYKE T, HAXOISAIICHCS B JKUAKOCTH, O, — IUIOTHOCTb JKHJKOCTH.

B 3aBucuMocTH 0T (hOpMBI XBOCTa BeTHUUHA 0(T) MOKET OBITH KaK KOHCTAHTOW, Tak ¥ (PyHKIIHEH OT T.
Torna oOmias cuia, NeicTByomas Ha THOKHH XBOCT CO CTOPOHBI KHUIKOCTH, BEIYUCIISAETCS KakK

L
thff(r)d7'+ Fs. 5)
0

A FI/I,I[pO,I[I/IHaMI/I‘IeCKI/Iﬁ MOMCHT, HeﬁCTBy}OLHHﬁ Ha XBOCT OTHOCHUTCJIIbHO HCHTPA MacC p060Ta,

Oyzner paBeH
L

Mh:frTxf(T)dT+erFS, (6)
0
e I, U g — paauyc-BEeKTOPBI OT HEHTPA MAcC poOOTa 10 COOTBETCTBYIOIIMX TOYEK XBOCTA.
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Tak xak paccMaTpuBaeTCs IIOCKONIapaUIeTLHOE ABMKEHUE, BEKTOP CHIIBI, ICHCTBYIOIICH CO CTO-

_ T _ T
POHBI JKMAKOCTH, OyaeT umeTh Bun F\ = (th, th, 0)", a Bektop momenta — M, = (0, 0, Mh) . Mo
y4eTa IMOJYICHHBIX CHJI, ICHCTBYIOIIMX Ha XBOCT, TOOABUM K YpaBHEHUSAM IBIKCHUS (4) BEKTOpP 0000-

meHnbx et Q = (F, , F Mh)T. Torna ypaBHeHus 1BHKEHNs (4) MOXKHO Iepenucarb Kak

hx> * hy’

AWW + Bww + Cww+ d+ Q= 0. @)

VYpaBHeHwue (7) OMUCHIBACT IUHAMHUKY pacCMaTpUBAEMOI CHUCTEMBI, IPH 3TOM B KaueCTBE yIpaB-
JIEHUs! BBICTYNIAIOT YIJIOBBIE CKOPOCTHU TOJBHKHBIX Mace B, B,.

Onucanne KOHCTPYKIHHA

Jluis IpoBEepKU MaTeMaTHYeCKOH MOJeNM pa3padoTaH SKCIEPUMEHTAIBHBIN MPOTOTHIT BOJIHOTO
pobora. Kopmyc pobora umeer GopMmy KpBUIOBHIHOTO MpoQuis ¢ TabapuTHBIMH pazmepamu 240 X
X 190 x 60 MM (6e3 xBocta). Kopryc m3rotoBier Ha 3D-mpunTepe m3 PLA-mmacTuka ¢ TOMIIMHON
CTeHKH 2 MM. BHYTpH KopIryca pacrojoKeHbI JABE MOABHKHBIE MACCHI, IIepeMeIeHIe KOTOPBIX BBI3bI-
BaeT U3MEHEHHeE IeHTpa Macc cucteMbl. POTO MPOTOTHITA POOOTA MIPEACTABICHO Ha puc. 3.

(a) (6)

Puc. 3. [Ipototun paspaboranHOro podoTa: a) ¢ XBOCTOM, AOTONHSIOMMM (opMy Kopiyca poboTa 10 KpbLIO-
BUIAHOTO Mpodmist; 0) ¢ yCTaHOBJICHHBIM F'MOKAM XBOCTOM

TpaekTopuu IBM)KEHHS MacC IPEICTABISIOT COOOM OKPYKHOCTH, JIeXKAllle B OOHOW IUIOCKO-
CTH, LEHTPBI OKPY)KHOCTEH paBHOYJAJICHBI OT OCH CUMMETPHHU MpoQuist Kopiyca. Macchl MpUBOAATCS
B IBI)KEHHE OT OJHOTO ABHMIaTess IOCTOSHHOTO TOKA Yepe3 cucreMy 3yodarsix nepenad. ©oto qaHHOTO
MeXaHH3Ma MpeICTaBIeHo Ha puc. 4. XapaKTepUCTUKU JBUTATENs MpeCcTaBiIeHbl B Tabmuie 1.

Tabmuma 1. XapakTepuCTHKH MOTOP-PEAyKTOpa, IIPHUBOIAIICTO B IBIKEHUE TOABIKHBIC MACCHI

XapaKTepHucTuka 3HaueHue
HoMmuHanpHOE HANpsHKEHUE TTHTAHUS 12B
[lepenaTouHoe OTHOILIEHHE pEAyKTOpa 9,7:1

MoMeHT Ha Bay 0,17 Hm
MaxkcumanbHast ckopocTs Bpamenus | 800 RPM

Tox xonocToro xona 02 A
MaxkcuMajbHBIN TOK 1,8 A

3yOuarblii MEXaHM3M Ha IaHHOM pPo0OTEe pa3padOTaH HMICHTHUYHBIM MEXAHU3MY, OINHCAHHOMY
B pabore [Klenov, Kilin, 2016], KoTOpbIi HCIOIB30BAJICS NMPH ABMKEHUH POOOTa, UMEIOLIETO B CeE-
YeHUu (GopMy SUIMITHYECKOr0 LMIMHAPA. JlaHHBIM 3y0uaThlii MEXaHM3M OT BBIXOJHOTO Baja MOTOP-
peryKTopa K OCH IOJBM)KHOM Macchl UMEET NepearodHoe oTHomeHue 1 : 1 u obecrieunBaeT BpalieHue
MOABIKHBIX Macc IO OKPYXHOCTSIM C YIJIOBBIMH CKOPOCTAMH, PaBHBIMH IO MOJYIIIO, HO C Pa3HBIMH
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5
t

Puc. 4. ®oto 3y6an0ro MEXaHU3Ma [JId nepeaaiu BpallCHUA OT ABUIaTCJIsd K MOJABUKHBIM MacCaM

3HaKaMu. HpI/I TakoM criocode BpaliCHUA MaCC 3aBUCUMOCTHU YIJIOB, OIPCACIIAIOMUX ITOJOKCHUE KaXK-
I[OI71 MaccChl, OT BpEMCHU MOXKHO 3aliucarb Tak:

T T
=2nft— = = 2nft— =
By T bk B, 4 7’ )

rae f — wacrora BpareHust MOIBIKHBIX Mac.
3Ha4eHus IapaMeTPOB MPOTOTHIIA, BXOIIINE B YpaBHEHHS JBKCHUS (7), IPEACTaBICHBI B Ta0-
e 2.

Ta6mma 2. MaCCOFeOMeTpI/IquKI/Ie rnapaMeTphbl MMPOTOTUIIA BOAHOTO p060Ta

XapakrepucTuka O603HaueHue 3HaueHue
Macca xopmyca poboTa m, 0,61 xr
MoMEHT UHepIH Kopityca poboTa Iy 0,0053 xr - >
Macca moaBMXHOTO Tpy3a m 0,07 xr
Panuyc BpamieHust moJBUKHON MaccChl | 0,04 m
PaccTostHMEe OT meHTpa Macc poOoTa 0 MEHTpa OKPYKHOCTH, L 0,045 m

10 KOTOpOﬁ BpallaroTCsa MacChbl

Koncrpykiust pobora mpeaycMaTpuBaeT YCTAaHOBKY XBOCTOBBIX IIABHUKOB Pa3iIMYHON (OPMBI,
pa3MepoB U kecTKOCTH. DOTO XBOCTOBBIX IUIABHUKOB, YCTaHABINBAEMBIX Ha poOOTa B paMKax TEKy-
IIET0 MCCIIeIOBaHNUs, IPEACTaBICHO Ha puc 5, a. Hampumep, mpu yCcTaHOBKE XBOCTa, MPEICTaBICHHOTO
Ha puc. 3, a, ¢popma Kopmyca podoTa MpHOOpeTaeT 3aKOHYEHHYIO (POPMY KPBUIOBHIHOTO MPOGUIIS
¢ octpoii kpoMKkoid. C TaHHBIM XBOCTOM HE BO3HHMKAET JOMOJHHUTENBHBIX CHII, CBA3aHHBIX C THOKOCTHIO
xBocTa, TO ectb Q = 0. OcranbHble XBOCTBl M3TOTOBJICHBI TaK, YTO WMEIOT OJMHAKOBBHIC Pa3MEphbI,
HO TIPU 3TOM Pa3HYIO JKECTKOCTh M BHOCST JOTOJHUTENBHBIA BKIAJA B JBIKeHHE pobora. [lpu mo-
JICIIMPOBAHUH JIBMDKEHUsI POOOTa C 3TUMHU XBOCTaMHU HEOOXOJMMO YYHMTHIBAThH JIOTOJHUTEIBHBIC CUJIBI,
JISHCTBYIOIINE Ha XBOCT, BCJIEJCTBHE €T0 KoleOaHui BO BpeMs JBMKeHUs, To ecThb Q # 0. Bce ucmons-
3yeMble XBOCTbHI OBUIM M3TOTOBIEHBI Ha 3D-nipuHTepe, pa3Mepbl MPUBEAEHHI Ha puc. 5, 6.

[Ipu 3akperieHnH XBOCTa K KOPITyCcy poOoTa nMeeTcss BOSMOKHOCTh PETYIINPOBATh BBICOTY yCTa-
HOBKU XBOcTa. [Ipu mpoBeAeHUN SKCIEPUMEHTOB KaXXIBIH M3 XBOCTOB YCTAHABIMBAJICS TaK, YTOOBI
XBOCT HaXOJWJICS B JKUJKOCTU Ha MOJOBHHY CBOEH BBICOTHI.

3KCI[epI/lMeHTaJIbHI)Ie HCCJICA0BaHUA

Pa3paboTaHHas KOHCTPYKLMS BOXHOI'O poOOTa II03BOJISICT PEaIN30BaTh ABUKEHHE 3a CUET COIvIa-
COBaHHOI'O IIEPEMELIEHUS JIByX BHYTPEHHHMX MAcCC, YITIOBBIE CKOPOCTH KOTOPBIX SIBIISIIOTCS YIIPABIISIO-
HMIMMH BO3ACHCTBHSAMU. [J1aBHON 3a1a4eill SKCIIEPUMEHTANBHBIX HCCIICIOBAHU, IIOMUMO BepUpUKALIUT
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LALAAs |

(a) (6)

80

Puc. 5. a) ®oTo XBOCTOBBIX IJIABHUKOB, HCIHOJIB3YEMBIX IIPH IIPOBEJICHUH dKCIEpUMEHTOB. 0) Pasmepbl XBocTo-
BOTO IUIaBHUKA (YKa3aHbl B MM)

pa3paboTaHHON MOJENN ABM)KCHUS, SIBISICTCS OIICHKA BIUSHHUS Pa3MEPOB THOKOTO XBOCTA U €T0 KECT-
KOCTH Ha CKOPOCTb JIBHKEHHUs. [109TOMY BO BCeX AKCIIEPHUMEHTAaX YIIIOBBIE CKOPOCTH TTOJIBUYKHBIX MaccC
ObUIM TIOCTOSIHHBIMU M PaBHBIMU 54 pajl/c, 4TO SIBJISETCS MAaKCUMAaJIbHOH CKOPOCTBIO BPAIICHUS JUISI
pa3paboTaHHOTO MPOTOTHUIIA.

Bce skcniepuMeHTaNBHEBIE TPACKTOPHH, TPEACTABICHHBIC B JAHHOM pasfielie, sIBISIFOTCS CPEIHUMU
TPAEKTOPUSIMH JIBIXKEHHS POOOTa, MOCTPOCHHBIMH TI0 TISITH SKCIIEPUMEHTaM, IPOBEJACHHBIM C OUHA-
KOBBIMHU YCJIOBHSIMH.

TeopeTuueckre TPASKTOPUX OBUIN TIOTYYEHBI TTPH TIOMOIIH YUCIEHHOTO PEIICHHUS CUCTEMBI T (]-
(hepeHMabHBIX ypaBHeHUH (7), MOMOMHEHHBIX KMHEMAaTHu4ecKuMu cooTHorneHusmu (1). B akcniepu-
MEHTE JBH)KEHHE PO0OTa OCYIIECTBISUIOCh U3 cocTtossHus mokos. CornacHo padote [Vetchanin, Kilin,
2016] TakoMy JBM)KEHHIO COOTBETCTBYET JBII)KEHHE HA HYJIECBOM YPOBHE MEPBBIX WHTETPAJIOB!

aT_oT_ o,
ov, av, ow

U3 KOTOPBIX ONpPEACISUINCh HauaJIbHBIC YCIOBHS I perieHus quddepeHnanbHbIX ypaBHEHHH.

Memoouka npogedenus IKCHEPUMEHM OB

DKCIIEpUMEHTHI TTPOBOAMIINCE B OacceitHe pa3zmepamu 2 X 1,2 Merpa. TpaekTopus HBHKESHUS
poboTta oTcnexxuBanach ¢ momouipio kameps! Brio Ultra HD Pro. JlanHas kamepa 006ecreunBaeT CheMKy
¢ yactoroi 30 KaapoB B CEKyHIy. 3alMCh BUACO NMPOU3BOAWIACH B MPOrpaMMHOM oOecrieueHHH Lo-
gitech Capture, a oTcnexnBaHHe OOBEKTOB Ha BHJEO — C MOMOIIBIO CIENHAIBHOTO MPOrpaMMHOIO
obecrieueHus ISl OTCIIEKUBAHUS MAapKEPOB, YCTAaHOBJIEHHBIX Ha KOpIlyce pooora.

Jlns MCKIIIOYeHus] LIyMOB Bce JlaHHble ObliM oOpabGoTaHbl criaxuBaromuM (uisTpom CaBui-
koro — [onest [Savitzky, Golay, 1964]. TunoBast TpackTOpHsl IBUKEHHSI, BOCCTAHOBJICHHASI C TIOMOIIIBIO
CHCTEMbl 3axBaTa JBIKCHUS U HAJOKCHHAs Ha KaJp C BUACO3AIMCH B OacceilHe, MpeicTaBiieHa Ha
puc. 6, a.

Jeusicenue 6e3 zubkozo xeocma

B stoMm ciygae Ha po0oTa B KauecTBe CMEHHOT'O XBOCTOBOTO MOAYJIS YCTaHaBIMBAETCS MOIYIIb,
pu KoTopoM (hopMa kopryca poboTa IpUHUMAET BUJ KPBUIOBOTO Mpoduis ¢ ocTpoil Kpomkou. [Ipu
BPAIEHUH MTOJBIKHBIX MAacC C MIOCTOSHHON CKOPOCTBIO POOOT JIBUKETCS B CPEAHEM T10 IPSIMOU JTHHHU.
I'paduky dKCIIEpUMEHTAILHON M TEOPETUYECKOH TpaeKTOpUH MpeicTaBieHbl Ha puc. 6, 6. CpemHsis
CKOpPOCTh IBMKCHHS B MopenupoBanuu coctaBmia 0,018 m/c, a B axkcriepumente — 0,023 m/c. B pabo-
te [Klenov, Kilin, 2016], rae paccmarpuBaiicsi BOIHBIA pOOOT, MIPUBOMSAIIMICS B ABMIKESHHE TOTOOHBIM
MEXaHU3MOM, HO UMCIOLIUI (OPMY JLTUITUYSCKOTO UIMHIPA, B AKCIIEPUMEHTAX MPU aHAJIOTUYHOM
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¥ M 0,00¥ ; :
0 025 050 0,75 1

X, M

(6)

Puc. 6. a) Kagp c Tpaekropueii nemkenust. 0) TeopeTndeckas (kpacHas) U SKCIIEpUMEHTaJIbHAs (YepHas) Tpaek-
TOPHS IBHXKEHHSI BOJTHOTO POOOTa ISl ABMXKEHHUST Oe3 TMOKOTo XBOCTa

CKOPOCTH BpaIlleHHs TOIBM)KHBIX Macc Oblla JOCTHUTHYTa cKopocTh repemerienus B 0,01 m/c. Pe-
3yNbTaT TeKyIlel paboThl OKa3bIBaeT, yTo (hopMa podOTa B BUAE KPBUIOBHIHOTO HMPO(UIIS MO3BOIIET
JIOCTUTaTh OOJNBIINX CKOPOCTEH MPOABIDKEHHS B XKUIKOCTH POOOTOB, YIPABIIEMBIX IepeMeElleHHEeM
BHYTPEHHHX Macc.

euscenue ¢ 2udKum xeo0cmom

Jlarmee paccMOTpUM aHaJOTWYHBIE SKCIEPUMEHTHI, IPU KOTOPHIX Ha POOOTA YCTaHABIHBAIUCH
pa3UYHbIE XBOCTHI.

Jis OlleHKH CUJI, ICHCTBYONIUX HA TEJIO BCICICTBUE THOKOTO XBOCTA, HEOOXOIUMO 3HATh (DYHK-
nu X(7, t), Y(7, t), onpenensromue KoopIuHATHI K10l TOYKH XBocTa. B padote [Mazlan, McGookin,
2012] mokazaHo, 4TO MPU HEOOIBIION aMIUTUTYAC KoJIeOaHUsI MOXKHO HCITOB30BaTh CIACAYIONIYIO aHa-
JUTHYECKYIO0 POpMY:

Xt =7 Y@ t)=(k7+k7)sin(kyr + 27ft), )

rie koapduumnentsl K, K,, K, 3anaror ammmutyny konebanuii u Gopmy usruba rubkoro Xxsocra.

B manHO#i paboTe 3T KOIDPUIMEHTHI MBI TTOIYYHIIH, aHATU3UPYS KaJpbl BUACO3AIUCH JKCIIC-
puMeHTOB. [IpH MpoBeeHNN HKCIEPUMEHTOB JOIOJHUTEIBHO Ha XBOCT YCTAHABIMBAJIOCH TPH MapKe-
pa (B TOuke KpeIuleHUs XBOCTa K KOpIycy M jajiee, B CpelHEeH W KOHeYHOH uacTu XBocTa). [lanee,
HOJIy4EeHHbIE KOOPAMHATHI TOYEK XBOCTOB alPOKCHMHUPOBAIHMCH (QyHKIHMEH (9) M HaXOQMINCh 3HAde-
nus K, K, K;. Annpoxkcumanus npoussonunack B nakere Curve Fitting nporpammuoro oGecriedeHus
MATLAB.

@Oyukiyst d(7), KoTopasi onpeaessieT BHICOTY YaCTH XBOCTA B TOUKE 7, HAXOMSIICHCS B KHUIKOCTH,
JUIsL TaHHOU ()OPMBI XBOCTAa PACCUUTHIBANIACH CIIEAYIOLIINM 00pa3oM:

T<53,d=15;

40 =1 53 < r < 126, d = 15 + 0205(r - 53).
ﬂf[ﬂ OIICHKU BJIMAHHA KCCTKOCTH XBOCTAa Ha CKOPOCTb NPOABUXCHUA B KUIKOCTH 6BIJII/I IIpoBE-
JIEHBI SKCIIEPUMEHTBI C XBOCTAMH OJHOM (POPMBI M PasMepOB, HO C Pa3HOM KECTKOCTHIO. JKECTKOCTh
XBOCTa MU3MCHAJIACH ITYTCM BAapbHPOBAHUA TOJIIMWHBI XBOCTA U H06aBHeHI/Iﬂ K HEMY peﬁep KECTKOCTH.
CTeHeHB KECTKOCTHU XBOCTA OLICHUM HapaMeTpOM MaKCHMaﬂBHOﬁ aMHHI/ITyHI)I OTKJIOHCHU A KOHG‘IHOIZ
TOYKH XBOCTa B SKCIICPUMEHTaX MPH OJHHUX M TEX JKe KoebaHusx Kopiyca. B tabiuie 3 mpecTaBieHs
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3HAUCHMSI MAaKCUMAJIbHON aMIUIUTYAbl OTKJIOHEHHUS! KOHEYHOM TOUKM XBOCTa — A, a TakKe aHaJIUTHYE-
ckast popma 3anmcu ¢yHKuK Y(7, t), 3amaromeil u3mMeHeHne (GOpMbI XBOCTa, KOTOpasi HCIIOIb3YeTCs
B MOZEIHPOBAHUHU.

Ta6m/1ua 3. HapaMeTpLI XBOCTOB C pa3H0171 KECTKOCTBIO, MJII KOTOPBIX MPOBOJUIIUCH SKCTICPUMEHTHI

Homep A M Y(r, t)
1 A, =0,0200m | Y(z, t) = (0,157 + 0,2072) sin(37 + 2rft)
2 A, =0,0030 M | Y(z, t) = (0,027 + 0,0472) sin(17 + 2rft)
3 Ay =0,0015 M | Y(r, 1) = (0,017 +0,0272) sin(0,57 + 27 f1)
4 A, =0,0010 M | Y(r, ) = (0,0077 + 0,017%) sin(0.47 + 27 1)

Cpenussi CKOpOCTh JIBHKEHHUS po0OTa ¢ KaXKJbIM M3 XBOCTOB, IMOJYYEHHAs B 3KCIIEPUMEHTax
U MOJICJIMPOBAaHUM, IpeIcTaBieHa B Tabmuue 4, a Takxke Ha puc. 7. CpenHss CKOpOCTh IBHXKCHUS
BBIYHCIIAIACH KAK CPEIHEE 3HAYEHUE POEKIMM BEKTOPA CKOPOCTH Ha 0Ch OX,, IIPH IOCTUKEHUH YCTa-
HOBUBILIETOCSI 3HAUCHMsI CKOPOCTH. Tak Kak poOOT coBepliaeT KoieOaTelbHbIE IBMXKCHMS, CPEIHS
CKOPOCTH BBIYUCIISIIACH KaK PACCTOSHUE 110 MPSAMON OT TOYKH, B KOTOPOH HAaXOAMJIICS poOOT MpH JOCTH-
JKEHHH YCTAHOBHBILIETOCS 3HAYEHUSI CKOPOCTH, 10 KOHEUHOU TOYKH JEICHHOE Ha BPEMs IBUKECHHUS.

Ta6n1411a 4. CpeZ[HHH CKOPOCTb NBUKCHUS p060Ta C KaXXJIbIM U3 XBOCTOB

HOMep 3KCHepI/IMeHTaHLHaH CpeL[HHH CKOpOCTI), M/C TeOpETI/IquKaﬂ Cpe)IHHH CKOpOCTI), M/C
1 0,261 0,0875
2 0,050 0,0150
3 0,038 0,0125
4 0,032 0,0120
0,25
0,20+
Wy, /e O]
0,10
0,05+

0005 0010 0015 0,020
A, M

Puc. 7. Cpensss ckopocTh IBMXKEeHUs podoTta (V) B 3aBUCIMOCTH OT aMIUTATYIBI KOJICOAHHST XBOCTOBOTO ITJIaB-
HUKa A, TIOJTy4CHHAs B DKCIICPUMCHTAX (YCpHAs JIMHUSI) ¥ MOJCIUPOBAHUU (KpacHAs JIMHUSI)

13 monmy4eHHBIX JAQHHBIX BHIHO, YTO JUIS TIEPBOTO XBOCTA aMIUTHTYJIa KOJIEOAHWH M, COOTBET-
CTBEHHO, CKOPOCTb JBHKCHUS CYIIECTBEHHO MPEBBIIIAIOT aHAJOTUYHBIC 3HAYCHUS JISl IPYTHX XBOCTOB.
PaccMoTpuM 3TOT 3KCTIepUMEHT Goliee oapoOHO.

Ha puc. 8, a npencrasieH rpaduk 3aBUCHMOCTH HPOCKLIUU CKOPOCTH JABW)KEHHsI poOOTa Ha
och OX,. [laHHast NpOEKIHs MOKAa3bIBAET CKOPOCTh JBMKEHHSI POOOTa IO HANpPAaBIEHHIO BrEpen 0e3
yueTa KoJjeOaTesbHbIX epeMeIeHHH.

I'paduku SKCIEpUMEHTATIBHON U TEOPETHYECKON TPAaeKTOPHUil IpeacTaBieHbl Ha puc. 8, 6. Cpen-
HsisL CKOPOCTh JIBWXKEHUs B Mojenupoanuu coctaswia 0,0875 m/c, a B sxcniepumente — 0,261 m/c.
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Puc. 8. a) I'paduk mpoeKuu cKopocTH ABMKEHUS poboTa Ha ock OX, — V,. 6) Teopernueckas (KpacHas) u SKC-
NepuMeHTabHas (depHas) TPaeKTOPUHU JIBWKECHHUST BOJHOTO poOOTa JJIsl IBMYKCHHUST ¢ THOKAM XBOCTOM

[TosyueHHbBIC CKOPOCTH JBMXKEHUSI 3HAYUTEIBHO MPEBBIIIAI0T CKOPOCTh JBMKCHHS 0€3 THOKOTO XBOCTA,
YTO yKa3bIBaeT Ha TO, YTO THAPOTUHAMUYCCKUE CHJIBI, JCHCTBYIOIINE HA TMOKUN XBOCT, CYIIIECTBEHHO
noBbIIaT 3QdekTuBHOCTh ABKeHus. [Ipu Onuskoit k 0 aMIuMTye KojJeOaHUs XBOCTa JIMHAMHUKA
CUCTEMBI OJTM3Ka K JIBIDKEHHUIO 0€3 XBocTa, kKoTopoe omucano B padorax [Klenov, Kilin, 2016; KwinH,
Kienos, Tenenes, 2018; Karavaev et al., 2021]. B nanHbIX paboTax HCIOJIB3yeTCs MOXOKHUH MOIXO
K BBIBOJlY YPaBHEHHI JIBMIKECHUS, U CKOPOCTH JIBHIKCHHUS, TTOJTyUYCHHbBIC B MOJICITUPOBAHNUHN, HIMEIOT MECHb-
mee 3Ha4YCHHE, YeM CKOPOCTH IBIDKCHHUS B JKCIIEpHMEHTE. [10X0KHX pe3yipTaToB yOaIOCh AOCTHYD
B HACTOSIIEM HCCIICIOBAHUU. DTO TOBOPUT O TOM, YTO MPHU JBUKCHUHU B KUJKOCTU Ha TEJIO JCHUCTBY-
IOT JIOTIOJTHUTEIBHBIC CHJIBI, TTIOMOTAOIINE IBMKCHHUIO; 3TO MOTYT OBITh CHIIBI, CBS3aHHBIC C ITOTOKOM
JKUJIKOCTH BOKPYT TeJia, BOSHUKAIOIIMM IPH JIBHXKCHHUH, & TAKXKE CHJIbI, CBA3aHHBIC C BOSHUKHOBCHUEM
BHUXPEBBIX CTPYKTYpP, CXOMAIINX C OCTPOM KPOMKH XBocTa. IIpw MoAenmupoBaHUN MOXKHO Y9IECTh ITH
nononHuTebHbIe Gaktops [Tallapragada, Kelly, 2013; Kotsur, Shcheglov, Marchevsky, 2022; Shvarts,
2023; Vetchanin, Valieva, 2023].

3akioueHue

B nanHo#t pabore mokasaHa 3KCHEpUMEHTaIbHAs BO3MOXHOCTD IBHMKCHUS B JKUAKOCTH poOoTa
¢ popmoii Kopryca B BUE KPBUIOBHIHOTO MPOQHIIS, EPEMENIAIONICroCs 3a CYeT BPAILCHHSI ABYX BHYT-
PEHHHUX Macc. DKCIIEPUMEHTAJILHO YCTAaHOBICHO, YTO NPH OIMHAKOBBIX YHPABIISIOIINX BO3ICHCTBUIX
poOOT KPBUIOBHIHOM (GOPMBI TOCTUTAET OONBIIMX CKOPOCTEH, YeM poOOT C KOPILyCOM B BHE DJUIUII-
THYECKOTO LMIMHIpA. Takke 3KCIECPUMEHTAIbHO IOKAa3aHO, YTO J00aBJICHHUE XBOCTOBOTO IIJIABHUKA
MOXET YBEJIMYUTh CKOPOCTh MepeMelleHns Npuonu3nuTensHo B 10 pas.

B maremarnueckoil Moneny ABHKEHUsI ObIIIM YYTECHBI IOIIOJHUTEIbHBIC CHUIIbI, ICHCTBYIOIUE HA
rHOKUI XBOCTOBOM IJIaBHUK. TeopeTndeckne U SKCIepHUMEHTAIbHbIC Pe3ylIbTaThl KaueCTBEHHO COIia-
CYIOTCSI, OJTHAKO JUIsl JOCTHUYKECHHsSI KOJIMYECTBECHHOTO COIIACOBAHMSI HEOOXOIMMO YUUTHIBATH BUXPEOO-
pa3oBaHUA M MUPKYISIIFIO KUIKOCTH BOKPYT Tena [Burmasheva, Prosviryakov, 2022; Semernik et al.,
2023].

Taxxe B OyaylieM IUIaHUPYETCsl pa3padoTaTh KOHCTPYKLHUIO 0A00HOr0 podoTa ¢ He3aBUCHMBI-
MU MIPHBOJAMH JUISI KaXKJIOW MaccChl JJIsl BOBMOKHOCTH peaii3alii Ha TPAKTHKE Pa3IMYHbIX MaHEBPOB,
a HE TOJIbKO ABMXCHUSI BIIOJIb MPSIMOH.
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B npenmaraemoii craTtbe PUBOMATCS PE3yNIbTaThl AHATTUTHYECKOTO W KOMITBIOTEPHOTO HCCIIENO-
BaHUS XaOTHYECKOW HBOJIOIMH PETYISIPHOTO OISl CKOPOCTH, BOSHUKAIOIIETO TIO/T IEHCTBHEM KPYITHO-
MacIITaOHON TapMOHWYECKOW BBIHY)KIAIOMIEW CHJIBL. ABTOpaMH TMOJYYEHO aHAJUTHYECKOE pelleHHUe
JUIst (YHKITME TOKa TEYCHHS W €€ MPOHM3BOJHBIX BEJIMYWH (CKOPOCTH, 3aBUXPEHHOCTH, KHHETHUYECKON
sHepruu, 3HCTpodun u nmanuHcTpodun). [IpoBeaeHO YUCIEHHOE MOACTUPOBAHHIE DBOFOIIMH TEUEHUS
¢ nomoInpko nmakera nporpamm OpenFOAM (Ha 0CHOBE MOIETH HECKUMAEMOM CpEelbl), a TAaKXKE ABYX
COOCTBEHHBIX peau3alliid, UCIIOIB3YIONIUX MPUONMMKEeHHE cltaboi cxxumaeMocTH (cxembl KABAPE
u cxembl MakKopmaka). PacueTsl TIpoBOIMINCH HAa MOCIENOBATENLHOCTH BIOKEHHEIX CETOK C 642,
1282, 2562, 5122, 1024 sueiikamMu 11 JBYX XapaKTepHBIX (aCHMITOTHYECKHX) umcen PeifHombI-
ca Re,, xapakrepu3yromux JaMUHapHYIO U TypOYyJICHTHYIO 3BOJIOLHMIO TEUEHUSI COOTBETCTBEHHO. Mo-
JISNIMPOBaHUE TI0KA3aJI0, YTO pa3pylIeHne aHATHTUYECKOTO PEIICHUs MPOUCXOTUT B 000X CIydasx.
DHepreTruyecKrue XapaKTepUCTHKH TeUeHHs 00CYKIar0TCs Ha OCHOBE KPUBBIX SHEPTHH, a TAKKE CKOPO-
cTeil auccunanyu. J{ist camoi mopoOHOI CEeTKU 3Ta BEITMYHWHA OKa3bIBAE€TCS Ha HECKOJIBKO TTOPSIIKOB
MEHBIIIe CBOETO THAPOAMHAMUYECKOTO (BSI3KOT0) aHajora. Pa3pylieHne peryisipHOi CTPYKTYpHI Teue-
HUS HaOITFOTaeTCs ISt JTF0O0TO M3 YHCIEHHBIX METOIOB, B TOM YHCJIE HA TIO3IHUX CTAIUAX JAMHHAPHON
HBOJIIOIUH, KOT/Ia ITOJTyYeHHbIE pacTpeAesIeHHsI OH3KN K aHATUTHYECKUM 3HaYeHHUSIM. MOYKHO TIPE/IIo-
JIOKUTh, UTO MPEANOCHIIKON K PA3BUTHIO HEYCTOMUNBOCTH BBICTYIIACT OLITNOKA, HAKATIINBaeMas B IIPO-
mecce cyeTa. JTa OmuOKa MPUBOJUT K HEPABHOMEPHOCTSIM B PACTIPEICICHUN 3aBUXPEHHOCTH U, KaK
CJIEICTBHE, K TIOSBICHUIO BUXPEH Pa3IUYHON MHTCHCHUBHOCTH, B3aHMMOACHCTBHE KOTOPBIX MPHUBOIUT
K Xa0TH3aIluu TeUCHUs. [ UCCiIemoBaHus MPOIECCOB MPON3BOICTBA 3aBUXPEHHOCTH MBI UCIOIB30-
BaJIM JIBE UHTETPAJIbHBIC BEJIMYUHBI, OMPE/CIIIEMbIC HA €€ OCHOBE, — MHTErpajibHbie 3HCTpOduUto ({)
u naguacrpoduto (P). TloctaHoBKa 3a/1auu ¢ MEPUOANYCCKUMHU TPAHUYHBIMU YCIOBHSIMH TTO3BOJISET
YCTAaHOBUTH MPOCTYIO CBSI3b MEXIy dTUMHU BenuaumHamu. KpoMe Toro, { MOXET BBICTYIIAaTh B KQ4ECTBE
Mepbl BUXpepa3pelaromieil ClioCOOHOCTH YUCICHHOTO METO/a, a MaJTHHCTPO(QHS ONpEIesIeT CTeIeHb
MIPOU3BOJICTBA MEJIKOMACIITaOHOM 3aBUXPEHHOCTH.

KitroueBbie ciioBa: TypOyJIEHTHOCTb, 3aBUXPEHHOCTbD, SHCTPO(DUs, MATUHCTPO(DUs, CKOPOCTh JIHC-
cunaruu, cxema KABAPE, cxema MakKopmaka, maker OpenFOAM
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This article presents the results of an analytical and computer study of the chaotic evolution
of a regular velocity field generated by a large-scale harmonic forcing. The authors obtained an
analytical solution for the flow stream function and its derivative quantities (velocity, vorticity,
kinetic energy, enstrophy and palinstrophy). Numerical modeling of the flow evolution was carried
out using the OpenFOAM software package based on incompressible model, as well as two in-
house implementations of CABARET and McCormack methods employing nearly incompressible
formulation. Calculations were carried out on a sequence of nested meshes with 64%, 1282, 2562,
5122, 1024? cells for two characteristic (asymptotic) Reynolds numbers characterizing laminar and
turbulent evolution of the flow, respectively. Simulations show that blow-up of the analytical solution
takes place in both cases. The energy characteristics of the flow are discussed relying upon the energy
curves as well as the dissipation rates. For the fine mesh, this quantity turns out to be several orders of
magnitude less than its hydrodynamic (viscous) counterpart. Destruction of the regular flow structure
is observed for any of the numerical methods, including at the late stages of laminar evolution, when
numerically obtained distributions are close to analytics. It can be assumed that the prerequisite for
the development of instability is the error accumulated during the calculation process. This error leads
to unevenness in the distribution of vorticity and, as a consequence, to the variance vortex intensity
and finally leads to chaotization of the flow. To study the processes of vorticity production, we used
two integral vorticity-based quantities — integral enstrophy () and palinstrophy (P). The formulation
of the problem with periodic boundary conditions allows us to establish a simple connection between
these quantities. In addition, £ can act as a measure of the eddy resolution of the numerical method,
and palinstrophy determines the degree of production of small-scale vorticity.

Keywords: turbulence, vorticity, enstrophy, palinstrophy, dissipation rate, CABARET scheme,
McCormack scheme, OpenFOAM

Citation: Computer Research and Modeling, 2024, vol. 16, no. 4, pp. 883-912 (Russian).
The study was supported by a grant from the Russian Science Foundation (project No. 21-79-30062).

(© 2024 Aleksei N. Doludenko, Yury M. Kulikov, Andrei S. Saveliev

This work is licensed under the Creative Commons Attribution-NoDerivs 3.0 Unported License.
To view a copy of this license, visit http://creativecommons.org/licenses/by-nd/3.0/

or send a letter to Creative Commons, PO Box 1866, Mountain View, CA 94042, USA.



Xaoruzanus Te4eHus ox JeHCTBUEM 00ObEMHOM CUIIBI 885

BBenenue

TypOyseHTHOE ABIIKEHHE SBIISETCS HACTOJIBKO IIMPOKO PAaCHpOCTPAHEHHBIM B TPUPOJE W MH-
JKEHEPHBIX MPUIOKEHHSAX, YTO 3TO COCTOSIHHE, 110 CyTH, MOXKHO CYHTATh HOPMAJIBHBIM JUISL TEUSHHH
JKUJKOCTH U Ta3a. OTCYTCTBHE |0 HACTOSIIETO BPEMEHH OOIICHPUHSATOrO OIpEIeSCHHs TypOyJIeHT-
HOCTH CBHUJIETEIBCTBYET O €€ CIOKHOCTA M MHOrooOpasHocTH. OJIHaKO ee MOKHO OXapaKTepHu30BaTh
COBOKYITHOCTBIO MPHU3HAKOB. TypOyJICHTHOE TEUEHHUE JIAJIEKO OT PABHOBECHSI M CHIIBHO XaOTHYHO, B HEM
MIPOMCXO/IAT MHTEHCHBHBIE BpalllaTelbHbIEe JIBIKEHUS, 4TO 00ycimaBiuBaeT 3(ppeKTHBHOCTD CMETIEHHS
JKUJIKMX YaCTHII, IEPEHOC MACChl, SHEPIUu U uMmynbca. OTHON U3 KIIOYEBBIX 0coOeHHOCTe TypOy-
JICHTHOCTH SIBJISIETCS TO, YTO €€ DBOIOIIUS MOXKET OBITh IPE/ICTaBIIEHa B BUJIE COBOKYITHOCTH JBIKEHHIH
BUXpEH pa3n4yHoi (JOpMbI, KOTOPBIE OXBATHIBAIOT HMIMPOKUN JTHAIA30H MMPOCTPAHCTBCHHBIX M BPEMECH-
HBEIX MacmTaboB. Pa3mep Takux CTPYKTyp BapbHPYETCsSl OT THTAaHTCKHX aTMOC(HEpHBIX BUXpel (IHKIIO-
HOB WJIM @HTUIIMKIIOHOB), IIPOCTUPAIOIIUXCS HA COTHU KUJIOMETPOB, /10 KPOIICYHBIX BUXPEH JHMAMETPOM
Mopsi/IKa HeCKOIBKUX MIULTMMeTpoB. [luprHa sToro auana3zona cBsizaHa ¢ yuciioM PefiHonb/ca Re, ko-
TOpOE MPEACTABISIET COO0H OTHOIIEHNE HHEPIMOHHBIX CHIT K BA3KUM. [Ipu Oomnpmmx yncnax PeriHomb -
ca CUJIbl MHEPIMU TPEoOIaaloT HaJl CUJIaMU TPEHUS B TEUCHHH HA HECKOJIBKO MOPSIKOB, YTO MPHBO-
JIT K TIOSIBIIGHUIO BUXPEH pa3iMyHbIX MacTaboB U TypOynu3anuu TedeHus. OIHAKO CyIIeCTBOBaHUE
BSI3KOCTH SIBJSIETCS OJIHUM M3 HEOOXOAMMBIX YCIIOBHH mojyiepxkanust TypOyneHTHOocTH [McDonough,
2014].

OTMETHUM, YTO BUXPH MOTYT CYIIECTBOBATh W B JIAMHHAPHOM JIBMOKCHHH, TP 3TOM HX IOBE-
JICHHUE SBIISIETCS OoJee WM MeHee HE3aBUCHMBIM, YTO JIOIYCKaeT OTHOCHTEIBHO MPOCTOE OMUCAHHE
Takoro TedeHus. Hemuueitnoctu B ypaBHeHUsx Hapbe — CTOKCa, KOTOPBIE OMPEACISIOT XapakTep Te-
YEHHSI KUJKOCTH, TI0/IPa3yMeBalOT CHIIbHBIC CBSA3M MEXIY MacimTabaMu, Takhe, 9TO BUXPH DPa3HBIX
pa3MepoB MOCTOSIHHO OOMEHHMBAIOTCS MeXIy co0o0il sHepruel n ummynascoM. Kak cneactsue, 6e3 mo-
HUMaHWS JHHAMUKY Ha MEJIKUX MaciTabaXx HeBO3MOKHO MPe/ICKa3aTh KPYyITHOMACIITA0HYIO JHHAMUKY
BCETO IMOTOKA (TTOJISI CPEAHEH CKOPOCTH), H HA0OOPOT.

OpfHOM W3 KIFOYEBBIX WJIEH TEOpHUH TYPOYIECHTHOCTH SIBJSICTCS IPEJCTABICHUE O CYIIECTBO-
BaHMM KacKaJa PHEPTUU OT OOJBIIMX BHXpEH K MajbIM, KOTOpoe Obuto mpemnoxkeHo JI. Pugapmco-
HoM [Richardson, Lynch, 2007]: Oosbliine BUXpPH MOPOXKIAKOT BUXPU MEHBILIETO pa3Mmepa, KOTOpPbIC
B CBOIO OY€pe/b paclajaroTcs Ha MEHBINNE JI0 TeX MacmTaboB, HA KOTOPHIX OCHOBHYIO POJIb HaYHMHA-
€T UTparh BI3KOCTh, IPEOOPA30BHIBAIOINAS TYPOYICHTHYI0 KHHETUYECKYIO SHEPTHIO B TEILIO. JTa Uies
JIOMUHHPYET B COBPEMEHHOM ITOHMMaHWH TypOyJIeHTHOCTH, OHa HaIllJIa CBOE OTPaXeHHE B pa3paboTaH-
Hoi A. H. KonmoropoBeiM Teopun u3orponHoii TypOynentHoctr [Kommoropos, 1941a; Kommoropos,
1941b].

JlBymepHasi TypOyJICHTHOCTh MPEJICTABJIACT COOOW CHEIU(PUUSCKYI0 Pa3HOBHIHOCTh XaOTHYe-
CKUX JIBKCHUH JKUIKOCTH, ITO3TOMY BIIOJIHE €CTECTBEHHBIM IIaroM ctaio obobmienne maeir Komamo-
ropoBa Ha Ciydail TUIOCKHX TYpOYJIEHTHBIX TEUCHHH, YTO OTPaKeHO B pszne (yHIaMEHTaIbHBIX padOT
Kpeitunana [Kraichnan, 1967], Jleiita [Leith, 1968] u batuenopa [Batchelor, 1969]. Onnako nBymepHast
TypOyJIEHTHOCTh TIPEJCTABISET HEe TOJIHKO TEOPETUYECKHH MHTEPEC, €€ CBOHCTBA MOTYT NPOSBISTHCS
B MPUPOJIHBIX SIBJICHHUSIX U CIHEIHAIbHO MOCTABICHHBIX J1a00paTopHbIX 3KcriepuMeHTax. CBoiCTBa IBY-
MEpHOW TypOyJIeHTHOCTH HaOIroAaloTcs B aTMOC(hEepHOM cioe 3eMITd, TOJIIWHA KOTOPOTro HaMHOTO
MeHbIle ero nomepednoii nporsikenHoctu [Charney, 1971; Rhines, 1979; Bouchet, Venaille, 2012;
Gage, 1979; Gage, Nastrom, 1986; Lilly, 1989; Tulloch, Smith, 2006], B kpyITHOMacITaOHBIX 30HAIb-
HBIX TCUCHHSIX B OKeaHax win B armocdepe rutanet ComHeuHol cuctemsl [Read, 2001; Galperin et al.,
2004; Read, 2001; Galperin et al., 2004; Scott, Arbic, 2007; Scott, Polvani, 2007], a Taxke B 3amauax
acTpodu3NKK (Hanmpumep, akkpennoHHsle aucku) [Balbus, Hawley, 1998; Mukhopadhyay, Afshordi,
Narayan, 2005; Brandenburg, Nordlund, 2011].

MopuenupoBaHue AByMEpHOH TYpOYJICHTHOCTH SIBJISETCS O0Jiee JOCTYITHBIM C TOYKH 3PCHHUS TPe-
OyeMbIX KOMIIBIOTEPHBIX PECYPCOB 10 CPABHEHHMIO CO CBOMM TPEXMEPHBIM aHaoroM. JlocTmkeHus
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B 00JIACTH KOMITBIOTEPHOW TEXHUKH M YHCICHHBIX METOOB IO3BOJISIOT ITPOBOIUTE MPSIMOE YUCICHHOS
MmozenupoBanrne (DNS) ¢ mocToSHHO BO3pacTalomUM pa3pelieHHeM U MPOAOIIKUTEIBHOCTHIO TAKUX
teuenmid [Lilly, 1969; Lilly, 1972; Siggia, Aref, 1981; Basdevant et al., 1981; Hossain, Matthaeus,
Montgomery, 1983; Frisch, Sulem, 1984; Smith, Yakhot, 1993; Smith, Yakhot, 1994; Farge, Schneider,
Kevlahan, 1999; Tran, Bowman, 2004; Chertkov et al., 2007; Boffetta, 2007; Perlekar, Pandit, 2009;
Boffetta, Musacchio, 2010].

BaxHBIM TOCTOMHCTBOM JBYMEPHOU TypOYJIEHTHOCTH SIBISETCS OTHOCHUTEIBHO MPOCTAsl Peau-
3anus B 1a00OpaTOpHBIX SKCIEPUMEHTAX, B YaCTHOCTH B TEUCHHSX MBUIBHBIX TUIGHOK W CIIOSX DJIEK-
TponuToB. Ocob0 mpumMedarenpbHOU sBisieTcst padora [Sommeria, 1986], B KOTOpoii OBUIO MONYYEHO
HECKOJIBKO Ba)KHBIX PE3yJbTaToB. Bo-mepBbhiX, Oblla 4EeTKO ONpeieieHa HEeyCTOWYMBOCTh KBaJpaTHOM
MIEPUOANYECKON PEIICTKH BUXPEU W3-3a WX CIHUSHUSA. DTOT PE3yJbTaT SBISETCS IEMOHCTpAIUEl To-
r0, 9TO JIByMepHasi TypOyJIE€HTHOCTh MOXKET CO3/IaBaThCs TUAPOJHMHAMUYECKON HEYyCTOWYHMBOCTHIO Oe3
KaKUX-T100 CIyyalHBIX BO3ZEHCTBUIl. BO-BTOPHIX, BIEpBBIE MOIYUYEHO IKCIIEPUMEHTAIbHOE H3Mepe-
HUE OOpPaTHOTO DHEPreTHYECKOTO Kackajga. B-TpeThux, ObLIO SKCIEPUMEHTAIBHO yCTaHOBIEHO, YTO
B CJIy4ae MajiorO TPCHHsSI MPOUCXOIUT KOHACHCAIMS SYHEPTUU B KPYMHOMACIITAOHBIX TapMOHHUKAX, KO-
TOpast MOKET OBITh OMHCAHA C TIOMOILBIO cTaTUCTHYEeCKOH TepMoauHamuku. ABTopsl [Couder, Chomaz,
Rabaud, 1989] BmepBbic MOKa3ajau, 4TO IUICHKY MOXKHO pPacCMaTPHBATh KaK JBYMEPHYIO YKHIKOCTH
C JIOKAJBHOH TUIOTHOCTBIO, MPOMOPIMOHATIRHON ee ToimuHe. [IneHka BemeT ceds Kak Hec:KuMaeMmast
JKUJKOCTh, €CIM ABMXKCHUS MPOUCXOIAT CO CKOPOCTSMH, MEHBIIMMH IO CPABHEHHUIO CO CKOPOCTHIO
pacripocTpaneHust ynpyrux BoiH. B padore [Gharib, Derango, 1989] npencraBiieH HOBbII SKCIIEPUMEH-
TaJIbHBIA MOIXOJ K CO3JaHMI0 ABYMEPHBIX IOTOKOB. B 1aHHOM MeTone MbUIbHAs IJICHKA MPUBOIUTCS
B JBW)KCHHE B JJIMHHOM paMKe C HCIOIB30BAHUEM IUIOCKOH CTPYH BOIBI B KaYECTBE TSHYIIETO Me-
xaHu3Ma. J{aHHBIM MOAXOM MO3BONUJI CO3/1aBaTh PA3IUYHBIE CIBUTOBBIC MOTOKH JJIS1 KOJMYECTBEHHBIX
MCCIIEIOBAHUH C IIOMOIIIBIO JIA3€pHOTO JOIUIEPOBCKOTO U3MEPHUTENSI CKOPOCTH: 00TeKaHNEe KPYIJIOTO -
JUHApA ¢ MalbIM 9uciioM Pefinonmpaca (Re = 38), cimen 3a kpyroBeiM mmmuHApoM (Re = 110), Teuenue
B IUIOCKOW KaBepHe, 00TeKaHHe 0OpaTHOTO yCTyIa, TYpOYIEHTHOCTh 33 PELICTKOM.

B pa0Gore [Paret et al., 1997] BriepBbIe SKCIIEpUMEHTAIILHO TIOKA3aHO CYIIIECTBOBAHNE CTAllOHAP-
HOTO JIBYyMEPHOTO 0OPaTHOTO HEPTreTHYECKOTO Kackaja B cioe aekTponuta. ABropsl [Paret, Tabeling,
1997] oOcyXIatoT penakcalyio TPEXMEPHBIX BO3MYILEHHUH B MOTOKaX, FTeHEPUPYEMBIX B TOHKHUX CTpa-
TU(QUIUPOBAHHBIX I10 IIOTHOCTH CJIOSX KOPOTKUMH HMITYIbCaMHU TOKa JUIUTENFHOCTEI0 1-2 ¢. Bpems
penakcanuy TakuX BO3MYILEHHM OKa3bIBAeTCs Majo 10 CPAaBHEHUIO C JAPYTMMH XapaKTepPHBIMHU Bpe-
MEHaMM CHCTEMBI. DTH Pe3yJbTaThl JAIOT OCHOBY JJIsl OLIEHKH JBYMEPHOCTH CBOOOJIHO 3aTyXarollen
TypOyJIEHTHOCTH, HaOJtomaeMoit B omeiTax. B akcriepumenTax [Rutgers, 1998] mpoBomuiiock KOMOMHH-
POBaHHOE HKCIIEPUMEHTAIBHOE HCCIIEI0BAaHNE BEIHYKICHHOM U 3aTyXaloliel AByMepHOil TypOyIeHTHO-
CTH, KOTOpast BO30y»/1ajach 3a pelIeTKON UIMHIPOB B TEKYIMX MBUIBHBIX IJIeHKax. B padore [Rivera,
Vorobieff, Ecke, 1998] BriepBbie Ob110 SKCIIEPUMEHTAIBLHO NOMYYSHO 3HaYeHUe yrcia PeiiHomnbaca, oc-
HOBaHHOE Ha TeinopoBckoM Mukpomacmrabe Re, ~ 100. ITokaszano, 4to >()eKThl C:KMMAaEMOCTH,
BO3HHKAIOIIME U3-32 N3MEHEHUH TOJIIIUHBI TUIEHKH, HE OKa3bIBAIOT BIUSHUS Ha KOPPEISIMHA CKOPOCTH,
3aBUXPEHHOCTH U MTOTOKA SHCTPOPUH, KOTOPBIE COTNIACYIOTCS C TEOPETUYECKUMH TIPEIICKa3aHMSIMH JUIS
JIBYMEPHOW TypOyJIEHTHOCTH.

OobmmpHoe dKcrepuMeHTanbHoe uccnenoBanue [Paret, Tabeling, 1998] nBymepHoro odparHoro
SHEPreTHYECKOTO KacKaja, BO3HUKAIOUIETO B TOHKUX YCTOHUMBO CTPAaTH(UIIMPOBAHHBIX CIIOSAX JKUIKO-
CTH IT0J] BO3/ICHCTBHEM JIETPOMArHUTHOTO T0JISI, TOKA3aJI0 CYIIECTBOBAHHE JABYX PA3IMUHBIX PEKUMOB,
peanu3anys KOTOPBIX 3aBHCHUT OT TPEHHUs: KOIZA TPEHUE MaJo, 3aKauMBaeMasl SHEpIrHs HaKalllIMBaeTCs
B CaMOM KpYITHOM Maciitabe, co3laBas cpelHee BpalleHue. /laHHoe sBICHHE TakkKe TOJNyYHiIo Ha-
3BaHUE CHEKTPaIbHOM KoHAeHcauuu. [Ipu GoNbIIMX 3HAYEHUSAX TPEeHHs HaOmonaeTcss oOpaTHBIN Kac-
KaJ DHEPruM, KOTOPBIH OKa3bIBAE€TCs CTAI[IOHAPHBIM, OJHOPOIHBIM M M30TPONHBIM. B pabote [Paret,
Jullien, Tabeling, 1999] BrepBbie MpoBeCHBI IeTalbHbIC YKCIIEPUMEHTAIbHBIC HAOMIONCHUS JBYMEp-
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HOTO Kackaja SHCTpoduu, a Takke coOpaHa CTaTUCTHKA 3aBUXPEHHOCTH BBICOKOTO IMOPSAKA, TOKAa3aHOo,
YTO B SHCTPOUITHOM Kackajie He HaOII0aeTCsl CKOIbKO-HHOY/Ib MEIKOMACIITaOHOM epeMexaeMOCTH.
B skcmepumentax [Rivera, Wu, 2000] TypOy/IeHTHOCTh B CBOOOIHO ITOIBEUIICHHOW MBUIBHOW ITJICHKE
co37aeTcs AIEKTPOMArHUTHBIM BO3EHCTBHEM M U3MEPSAETCS ITyTeM OTCIECKUBAHUS JIBUKECHUS YacTHUII.

B pat6ote [Rivera, Wu, Yeung, 2001] ucciieoBaHbl CTaTUCTUYECKUE CBONCTBA JIOKAJILHOW TOIIO-
JIOTHH IByMEPHOW TypOYJIEHTHOCTH Ha MBUTRHOH TUIEHKE, BEI3BAHHOMN AJIEKTPOMArHUTHBIM BO3/IEHCTBH-
eM. DkcriepuMeHTHl [Rivera, Wu, 2002] mokazamnu, 4To CyIIECTBOBAaHIE HHEPIIMOHHOTO KacKaia B OJHO-
POIHOM TypOYJICHTHOCTH BO3MOXKHO TOJIBKO TIPU COOITIONICHUH Psiia COOTHOIICHUH MEXITy pa3TmdHbIMU
MaciITabamMu: BHEIHUM MacIurabom (I,,), pasMepoM SKCIICPUMEHTAILHON YCTaHOBKH (), MacLITa-
OoM JeHCTBHSI OOBEMHOW CHIIBI (rinj), a TaKKe MHTErpatbHbiM Macmrabom (I, ). B padore [Rivera et
al., 2003] mpencTaBiIeHBI KCIICpUMEHTAIBHBIC JTAHHBIC O MPSIMOM KacKale PHCTPO(DHUHU B 3aTyXaromei
JBYMEPHOH TypOyJIIEeHTHOCTH. JKCIIEPUMEHTaIbHbIC H3MEPEHHS IPOBOAMINCH B IPOTOYHOM KaHalle U3
MBUIHHOH IIJICHKH, KBAa3UJBYMEPHON CHCTEMeE, JIUIsl KOTOPOH MOXKHO JIETKO T€HEPHPOBATh 3aTyXarOIIyI0
TypOyJIEHTHOCTh ¢ HU3KUM WJIM YMEPEHHBIM 4ncioM PeiiHombaca (102 <Re < 104).

Astopsl [Xia, Shats, Falkovich, 2009] skcriepuMeHTaIbHO W3y4ajd CBOWCTBA OTrpPaHHMYCHHOU
TypOYJEHTHOCTH B TOHKHX CJIOSAX JKHIKOCTH. B Takoil mocraHoBKe 0COOCHHO BaKHBIMHU OKa3bIBAIOTCS
3¢ QeKThl NPUIOHHOTO TPEHUSI M CIIEKTPalIbHOW KOHIEHcaluu >Heprun. OOpaTHBIA Kackal dHEPruu
B OIPaHUYEHHOM TYPOYJIEHTHOM KBa3WABYMEPHOM IIOTOKE IPUBOAUT K 00pa30BaHHUIO OOJBIIOTO Kore-
PEHTHOTO BHXPEBOTO KOHJEHCATa, MOANUTHIBAEMOTO TYPOYJIEHTHOCTBIO. DTOT BUXPb, B 3aBUCUMOCTH
OT CBOEH CHJIBI, MOXKET CYIIECTBEHHO BIIMATH HAa CTAaTHUCTHUKY TYpOYJIEHTHOCTH Jake Ha HeOOJBIINX
Macuradax.

Bonubr ®apazest MOTyT HMCHONB30BaThCs AJISI TEHEPALMK KacKala ABYMEPHOH TypOyJIeHTHO-
ctu [Francois et al., 2013]. Xors nBukeHne yacTull B BonHax Dapayes sSBisieTcs TpeXMepHbIM, Koseba-
HUSI CKOPOCTH B TOPU30HTAJILHOM HallpaBICHUH OOHApYXHMBAIOT HEOKUIAHHOE CXOJCTBO C JABYMEPHOM
TypOyneHTHOCThI0. OOpaTHBIN Kackag oOHapyXeH MyTeM M3MEpPEeHHs YaCTOTHBIX CIIEKTPOB JarpaHKe-
BOW CKOPOCTHU U ITOATBEPKICH PacdeTOM TPETHEIO MOMEHTA T'OPH30HTAJIBHBIX KOJICOAHUH CKOPOCTH.

ITocranoBka 3amauu, ONMUCHIBAEMON B JaHHOW CTAarbe, MOTUBUPOBAHA 3KCIEPUMEHTAMHM, U3JIO-
skeausiME B [Orlov, Brazhnikova, Levchenko, 2018], roe u3y4aiack AByMepHAas TypOyJICHTHOCTb B TOH-
KOM CJIO€ JIEKTPOJIuTa, Bo30yk1aemMas cucTeMol nuianHaprudecknx Marautos (10 x 10), pacronoxeH-
HBIX B IIaXMaTHOM Hopsake. [Ipy mponyckaHuy MOCTOSHHOTO TOKa 4epe3 dIEKTPOIUT KUIAKOCTh HAYH-
Haja JABUIaThCs IO JAeicTBUEM cuilbl JlIopeHna. B pesynbrare 3TOro BO3A€HCTBHs BO3HUKAJIA CUCTEMA
Buxpeit 8 X 10, 3BoMOLUS KOTOPBIX BOCIIPOM3BOIMIA OCHOBHBIE OCOOCHHOCTH JBYMEPHOW TypOyNeHT-
HOCTH (0OpaTHBIN Kackaja 3HEPruu, CIeKTpalibHas KOHICHCAIUs, 00pa30BaHUE KOT€PEHTHOTO BUXPS).

B npemyiaraemom uccienoBanuu cuina JlopeHiia 3aMeHsieTcss Ha 00bEMHYI0 TapPMOHHUYECKYHO CH-
7y o0IIero Buja, AeHCTBHE KOTOPOH MPUBOAUT K XaOTH3AIMH JIByMEPHOTO TedeHHs. B mociemayrommx
paszenax OIMCHIBAIOTCS MOCTAHOBKA 33J[a4y M e aHAMTHYECKOe peIIeHne, 00CyKIa0TCsd OCHOBHBIC
YpaBHEHHSI TIEPEHOCA BUXPEBBIX XaPaKTEPUCTUK TCUCHUS, MPUBOIATCS CBEACHHS 00 MCIIOIH30BAHHBIX
YUCJIEHHBIX METOax. Pe3ynprarel MOAEIUPOBAHUS MPEACTABICHBI B BUAE COBOKYIHOCTH HMHTErpallb-
HBIX [apaMeTPOB, MPOIIECC XAa0TU3ALUN 00CYKIACTCSI Ha OCHOBE TOBECHUS YHEPTETHUCCKIX XapaKTe-
PUCTUK TedeHUs (KWHETHYECKOH YHEPIUH, CKOPOCTEH AMCCUTIAINN) U UHTETPAIOB 3aBUXPEHHOCTH.

ITocTaHoBKa 33724y M aHAJIUTHYECKOE peueHue
Paccmorpum TeueHue BSI3KOH HEC)KMMAEMOM JKHUJIKOCTH MOJ JEHCTBHEM BBIHYKIAIOLICH CHJIBI,

KOTOPOE BO3HHMKAET B MPSMOYTOJILHOM pacueTHOM obnactu pasmepom Ly x L, = L? = 27 X 27 u onu-
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CBIBACTCSI CHCTEMOM ypaBHeHI/Iﬁ 3aKOHOB COXpaHCHH MACChl U KOJIMYCCTBA NABHUIKCHUA:

88—? +V-(oV) =0,
% + V- (puV) = —g—s + pG cos(Ky) + pAu, 0
%{V +V-(pW) = —g—s — pG cos(kX) + pAv,
V=
B KauCCTBC HAYAJIbHBIX yCHOBI/Iﬁ JJISL T10JIA CKOpOCTI/I 3a0aCTCs HCIIOABUXKHAA CpeI[a
ut=0)=0, wt=0)=0, )

a Ha rpaHvniax yCTaHaBJIMBACTCA YCJIOBHUC ICPUOAUYIHOCTH. B YaCTHOCTHU, NJIsI CKOPOCTU B HaAIIpaBJie-
HUH X
Ux=0)=ux=2r), uy=0)=uly=_2n). 3)

AHaNOTHYHBIC YCIOBUS 3aJA0TCS TSI CKOPOCTH V U IaBICHUS .
J1st moncka aHAMUTUYECKOTO PEIICHUS BBeJEeM (DYHKIIHIO TOKa Y/(X, Y) TCUCHUS, OMPEICIIONIYIO
-
nozne cxopoetr V = (U, V) :
oy oy
TS @)
ay oX
3Ta TOJICTAHOBKA aBTOMAaTHYECKU YIOBJIETBOPSET YPaBHEHUIO HEPA3PHIBHOCTH U MO3BOJISIET MCIIONB30-
BaTh (POPMYJIUPOBKY «3aBUXPEHHOCTh — (DYHKIIUS TOKA»:

Ay = —w,
v  OYow OYow . . (%)
0 + ay 9x ~ o dy vAw + KG(sin(kx) + sin(ky)),

1€ BBCACHBI KHHEMATHUYCCKas BA3KOCTb V = '% " 3aBUXPCHHOCTD,

w=VxV. (6)

Brinyxaatoniasi cuiia IefCTBYeT B KaXKIOM M3 OPTOrOHANBHBIX HAIpaBICHUH, TAKUM 00pa3oM, ClleIyeT
UCKAaTh pelleHne il (PyHKIUH TOKA B BUJE CYNEPHO3ULUH IBYX FapMOHMYECKHUX PANOB (27-neproau-
YecKUX (PyHKITHIH):

Y= an®sin(mx) + > b(®)sin(ly), 7)
m=0 1=0

TOorga 3aBI/IXpCHHOCTI) 6yIl€T HUMCETh BU
W= Z M a,(t) sin(mx) + Z 2a,(t) sin(ly). (8)
m=0 1=0

Ecnu MbI noactaBuM yactHoe perienue (7), (8) B ypaBHeHHe 3aBUXpeHHOCTH u3 (5), a 3areM
pPacKkpoeM MPOU3BEICHUS PALOB, TO MbI IIOJYYUM CllaracéMble, COAEpIKallie CICAyIoIue KOMOUHANT
TPUTOHOMETPUYECKUX (PYHKITHIL:

sin(mx),  sin(ly), cos(mx) cos(ly). 9)
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JloMHOKast MOJy4YHUBIIEECs ypaBHCHHE Ha Sin(pPX) u mHTepurpupys mo dX Ha orpeske X € [0, 2],
MOJTYYHMM CIIeTyIOIUe 3HaYE€HUsI HHTETpajoB oT (9):

2r

fsin( pX) sin(mx) dx = {

0

0, p£m,
T, p=m
2

fsin( px) sin(ly) dx = 0,

0
2r

fsin( pX) cos(ly) cos(mx) dx = 0, (10)
0

7 0, p#k

f sin(px) sin(kx) = {ﬂ’ o=k

0
2r

fsin(px) sin(ky) dx = 0.

0

AHaJIOrMYHbIE Pe3yJIbTaThl IOJIYyYaoTCsl U IPU JOMHOXEHHUH Ha sin(py).

Paccmorpum ciydait p # K, Torma pemienue 0ObIKHOBEHHOTO A (epeHInalIbHOr0 ypaBHEHHS
st Ko3QPUIHMEHTOB ¢ y4eToM HadalbHbIX ycnoBui naer a, = 0 (b, = 0). Eciu xe Homep rapmonuku
B Psily COBIaaaeT ¢ Bo3MylieHueM (P = m, p = k), To

k2, (t) = —vK'a,(t) + kG, (11)
4TO JAET G
_ — k2t
a(t) = W(l - ). (12)
Amnanornusdo s b(t): G
_ — k2t
b(t) = W(l — e, (13)
Torma wacTHOE pemieHue T GYHKIMH TOKa OyIeT HMETh BHJ
() = S (1- e—V"Qt) (sin(kx) + sin(ky)). (14)
vk3
COOTBGTCTBYIOH_IQQ I10JIC CKOPOCTHU:
u= a—l’b = E (1 . e_VKZt) COS(ky),
ay  vk?
G (15)
- Y __ = _ vkt .
= "o s (1 € )cos(kx),
I10JIC 3aBUXPCHHOCTHU:
G ~VIREY (o :
w(t) = — (1= &) (sin(kx) + sin(ky)). (16)
4

HOHy‘-II/IM BBIPpAXKCHUEC JIA aHAJIUMTUYCCKOI'O PACIIPCACIICHUA aBJICHUA. I[H}I 9TOr0 NpUMCHUM
Oonepanrio TUBEPreHIUN K YPAaBHCHUAM Hagbe —CTOKCa, 49TO AACT YPABHCHUC IJI JABJICHUSA:

B (au@ oV ou avav)

Ap= 6_)(6X+ a—xa/‘f—a/a/ (17)

2024, T. 16, Ne 4, C. 883-912




890 A.H. Honynenko, FO. M. Kynukos, A. C. CaBenbeB

[TomcTaHOBKA YAaCTHOTO PEIICHHS TSI KOMITIOHEHT ckopoctd (15) B ypaBHeHue (17) mpuBoauT ypaBHE-
HUE [Tl JaBICHUS K BUIY

26

AD =
P vk2

(1 - &%)’ sin(kn sin(ky). (18)

BYIIGM HCKaTb YaCTHOC PCHICHUEC IJIA AaBJICHUA B BU/C

p = Asin(ky) sin(kx), (19)
MOZICTAaHOBKA KOTOPOTO B ypaBHeHHE (18) Mmo3BosIsieT ONpeaeanTh KOHEUHBIN BU PEIICHNUS:

p=—S (1 - ™ sin(kw sin(ky) 20)
v2k4 '

BBCI[GM 3HAaYCHUEC XapaKTepHoﬁ CKOPOCTH:

G
Uy = —,
a k2

oIpefeIuM acuMIToruueckoe yucio PeiliHonmbiaca Re, mo xapakrepHoMmy pa3smepy pacdeTHOH oOna-
cru L = 2x:

_ 21U 22Gp?

TS

Re,

Taxke MOXXHO BBECTH XapaKTCpHOC BPEMs pa3sBUTHUA OCHOBHOI'O (HCB03MYH_IQHHOFO) TCUCHMU:

3I[eCI> cjenyer O6paTI/ITI) BHUMaHHC HA KBAaJIPAaTUYHYIO 3aBUCHUMOCTDH 9TOM BEIMYUHBI OT HOMCEpa rap-
MOHHKH BOBMYH.IaIOII_Ief/'I CHJIBI k; TaKUM 06pa30M, 3a/1aHUC BBICOKOYACTOTHBIX IMMPOCTPAHCTBCHHBIX I'ap-
MOHUK IMO3BOJICT CYHICCTBEHHO COKPATUTh BPEMS «HAKAYKWY). HpI/I t — oo mose CKOpPOCTHU JOCTUTACT
CBOHMX aCHMIITOTHYECKNUX 3HAYCHMM:

u=U,cos(ky), Vv=U,cos(kx). 20

J1st IpOBEPKU Pe3yNbTaTOB aHAINTUYCCKONH TEOPUU aBTOPAMU BBITTOTHEHO MOACITUPOBAHUE DBO-
JIIOIMY TE€YCHUS Ha OCHOBE TpeX MOAXOA0B: makera nmporpaMm OpenFOAM ¢ uCnoab30BaHHEM MOICITH
HEC)KUMAEMOU Cpelbl, a TaKkkKe COOCTBEHHBIX peanm3anuii Meroga MakKopmaka u metoga KABAPE
Ha OCHOBE IMPHUONMKECHHS cl1aboil cxxkummaeMocTd. JIJId MCCIeoBaHUs CETOYHON CXOAMMOCTH pacye-
Thl BBINOJHSUIMCh HA MOCIIEA0BATEIbHOCTH PAaBHOMEPHBIX PACUETHBIX CETOK C 642, 1282, 2562, 5122,
1024? sueiikamu.

TIpocTpaHCTBEHHAsT YaCTOTa BBIHYKIAIOIIEH CHIIBI COCTaBIsIeT K = 9, XapakTepHas TUIOTHOCTD
Kuakoctd — p, = 1000. Mcxomst U3 0COOEHHOCTEN aHATMTHYECKOTO PEIIEHHs, HaMU ObLIO BBIOPAHO
JiBa pexuMa, Haubosiee moaAXoMAux st Mmofenuposanus: (1) G = 0,48, v = 6 - 1073, U, = 0,987,
T, = 2,057, Re, = 1034; (2) G = 0,05, v = 1074, U, = 6,17, T, = 123,45, Re, = 387 850. Ilepnriit
PEKHM COOTBETCTBYET JAMHHAPHOM SBOJIOIMH TEUCHUS, BTOPOU MPHUBOAUT K PA3BUTHIO JIByMEPHOMU
TypOyIEeHTHOCTH.
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YpaBHeHMsl epeHOCA XapPaKTePUCTUK TYPOYJ1eHTHOCTH B BUXPEBOM
Te4eHNH

ITepexon k AByMEpHOH TypOyJICHTHOCTH COXpaHsET IPEICTAaBICHHE 00 3HEPreTHUECKOM KacKa-
Jie: DHeprusi BBOAUTCS B OJHOM MacuuTabe M pacceuBaeTcs B APYTOM, NPH 3TOM Ieperada MexIy
MacmTabaMy MPOMCXOAMUT MpakTHdyecku Oe3 morepb. Hanbosee spkoil OTIMUNTENBHOM 4epTOd HBY-
MEpHOI TypOyJeHTHOCTH SIBISETCS TO, YTO B BO30yxkmaemoil (forced), craTucTHUECKH CTallMOHApHOM,
OTHOPOIHOU H30TPOMHOU TYpOYTEHTHOCTH HaONomaeTcs OOpaTHBIM KacKal DHEPTUU OT MabIX Mac-
mTaboB K OOJBIIMM, YTO HPUBOAUT K 00Pa30BaHUIO KPYIHBIX BUXPEH (B OTCYTCTBHE TPEHHS), pazMep
KOTOPBIX COIOCTABUM C pa3MepoM cucTeMsl. [IpuunHa mosBieHuss o6paTHOro Kackaja Kpoercs B clie-
QHUYECcKOr 3BOJIIOIMU 3aBUXPEHHOCTH, KOTOPask BEICTYHAET B KAYECTBE MEPhI BPAIIATEIbHOTO ABHXKE-
HUSI J)KUAKOCTH. KBagpar 3aBUXpEHHOCTH, Ha3bIBAEMBIH SHCTPOHEH, H3MEPSET JTOKaJbHYI0 UHTCHCHB-
HOCTb BpalleHus. B TpexMepHOM TeueHHH MOJIHAs S3HCTPO(HUS B MOTOKE (TO €CTh OOBEMHBIN HHTEIrPajl
SHCTPO(UN) MOKET MEHSAThCA JIByMs criocobaMu. Kak m sHeprus, oHa MOXKET pacceuBaThCs 3a CUET
Bs3KHX 3¢ dexroB. Ho nake npu OTCYTCTBHH BA3KOCTH SHCTPO(US MOKET W3MEHHUTBCS IIOCPEICTBOM
npoliecca, Ha3bIBaeMOT0 PacTsDKEHUEM BUXps. Eciu BUXph CHIIBHO PACTSHYT, TO CKOPOCTB €ro Bpallie-
HUSL U, CIIEA0BATENbHO, SHCTPOdHs Bo3pacTaroT. OAHAKO MPU IUIOCKOM JABMKEHHH PACTSIKEHHE BUXPSI
IPOMU30MTH HE MOXET, B 3TOM Cilydae HET OCH, MEPICHIUKYISIPHONH BUXPIO, B HAIPaBJICHUU KOTOPOH
MOIVIO OBbI IPOUCXOIUTH pacTsbKeHue. B pesynbrare monHas S3HCTPOQUs, KaK U SHEPTHs, COXPAHSIETCs
B JBYMEPHBIX IIOTOKaX 0€3 BSI3KOCTH.

APryMeHTHI B N0JIb3y KacKaJa HEPIUu B TPEXMEPHOH TypOYJIEHTHOCTH B PAaBHOM CTEIIEHU IPH-
MEHHMBI 1 K SHCTPO(QHH B IBYMEPHOM citydae. M3 pe3ynbTaroB T€OpUH ISl TPEXMEPHON TypOyIIeHTHO-
CTH MOYKHO 3aKIIFOYHTh, YTO CKOPOCTH TUCCHITALUHN DHEPIHH ONPENENAETCS MPOU3BEIEHHUEM BA3KOCTH
U 3HCTpoduu. B TO ke BpeMms AnccUmanus 3HEPTUM HE 3aBUCHT OT BS3KOCTH JaXKe B Mpejesie Ma-
JBIX 3HA4YCHUH, ee yMEHbIICHHE OyleT ypaBHOBELIMBATHCS YBEIWUCHHUEM SHCTPOQHH U3-3a YCHUIICHUS
pacTsikeHust Buxpel. IIpu coBeplieHHH NpeAenbHOro nepexofa K aeanbHON KUAKOCTH CKOPOCTh JIUC-
cunanuu OyleT CTPEeMHUTbCA K HYIIO HapAgy C BA3KOCTHIO, TaK KakK B JBYMEPHOM TEUEHHH MEXaHHM3M
PacTsDKCHUSI BUXPEH OKa3bIBaeTCsl 3a0J0KUPOBAaHHBIM. TakuM oOpa3oM, B Pa3BUTOM ABYMEpPHOH Typ-
OyJeHTHOCTH TpU OONBIIMX uuciax PelHombaca BI3KOCTh MOYTH HE PACCEMBAECT DSHEPIHIO, OJHAKO,
€CJIM 3Ta 3HEPIus MepeaacTcs MEeJIKUM BUXPAM B KaCKaIHOM IIpoliecce, OHa Oy[eT MOIIOIIeHa BI3KOM
JUccUnanuei.

®dopmupoBaHre 00pPaTHOTO KacKaja CHIBHO OTIMYAcT JBYMEPHYIO TypOyJIeHTHOCTh OT ee 0o-
Jiee PacIpoCTPAHEHHOIO TPeXMEpHOro aHajora. OOBIYHBIA TPEeXMEPHbIH TypOyJICHTHBIM ITOTOK OYEHb
Xa0TH4eH, a (PU3NUECKUE BEIMYHMHBI, OMUCHIBAIOUINE JBHKEHUE, JEMOHCTPUPYIOT YacThle U CHIIbHBIC
kosieOanus. [lepexauka SHEPrUM OCYIIECTBISIETCS B HEOOJbLIME BUXPH, YTO IPUBOAUT K OOJBIIUM
rpajueHTam moiisi ckopoctd. HampoTus, B AByMepHOH TypOyJIEHTHOCTH KacKaJ HaIlpaBiIsIeT SHEPIUIO
B IPOCTPAHCTBEHHO IJaJKUe OOJNbLIME BUXPH, TEM CAMbBIM YJIydllas MPOCTPAHCTBEHHYIO KOTCpPEHT-
HOCTb 3a CUET CIVIXKMBAHMS MEJIKOMACIUTaOHBIX HeonHOponHocTed. Takum oOpa3oM, B TO BpeMs Kak
TypOyJICHTHBIE TOTOKU B TPEXMEPHOM MPOCTPAHCTBE B OCHOBHOM HEKOT€PEHTHBI, B IBYMEPHOI reoMeT-
PUH OHU MMEIOT CHJIBHYIO TEHACHIMIO K CaMOOPraHMW3aluy U (OPMUPOBAHUIO JONTOKUBYIIUX KPYII-
HOMACIITaOHBIX CTPYKTYD.

Kak yke ynmoMuHaiaoch BO BBEJICHUH, XaOTHYHOE JBMKEHHE CILJIOIIHOM Cpeabl MOYKHO TpescTa-
BUTHb B BHJEC MHOXXECTBA BUXPEH, aKTHBHO B3aUMOICHCTBYIOIIMX Mex1y coboil. Hambonee mpoctoit
Croco0 KOJIMYECTBEHHOT'O OMHMCAHMUS 3TOTO MHOXKECTBA CBSI3aH C BBEJEHHEM 3aBUXpeHHOCTH (6). Ilpu-
MeHeHHe orepanuu VX K ypaBHeHHsM HaBbe — CTOKCa 1M03BOJISET MOyYUTh YPaBHEHHUE [T 3aBUXPEH-
HOCTH:

D& ;
F‘;’ —(@- VNV + W2, (22)

2024, T. 16, Ne 4, C. 883-912




892 A.H. Honynenko, FO. M. Kynukos, A. C. CaBenbeB

22
- w’ .
Homuoxkas ypasHeHue (22) CKalsApHO HA @, MOXKHO TOJIy4UTh YPABHEHUE TIEPEHOCA IHCTPODUH -

D (& - S
a(;)zwiszij—v(wa)+vV-[w><(V><w)], (23)
% = % + V-V — cybcTaHnuoHanpHas IpousBoaHas, S, j — KOMIIOHEHT TEH30pa CKOPOCTEH nedopma-

ud. B IByMepHOM ciiydae BEKTOpP 3aBHXPEHHOCTH () MMEET JIMIIb OJHY OTIMYHYIO OT HyJs (BepTH-
KaJIbHYI0) KOMIIOHEHTY U OKa3bIBaeTCs MEPIECHANKYIIIPHBIM IUIOCKOCTH IBMKCHHUS; TAKUM 00pa3oM,
ypaBHeHus (22), (23) npeobpasyrorcs K BUILY

2 W, (24)
2
% [%} = —v[(Vw)’ - V- (wVw). (25)

IlepBoe ciaraemoe cripaBa B ypaBHeHHH (25) mpejcTaBisieT co00i elle OfHy BeIWYHHY, XapaK-
TEPU3YIOIIYI0 CKOPOCTh MPOM3BOACTBA DHCTPO(UU (3aBUXPEHHOCTH), HA3bIBAEMYIO MAJIWHCTPOQUCH,
KOTOpasi B IBYMEPHBIX JABIKEHHIX ONpENeNnseTcs KaKk @.

VYpaBHeHHE TepeHoca MaTHHCTPOGUN MOXKET OBITh IOJNY4eHO M3 YpaBHEHUs (22) IUId Tpexmep-
HOTO Cllydasi IlyTeM MPUMEHEHUsI orepanuu VX u JoMHOKeHHeM Ha V X . TlonydeHHOE ypaBHEHHE

JUTS TPEXMEPHON MaTMHCTPO(UH 3aTeM PEAYIHPYETCs K TUNIOCKOMY CITy4Yaro:

D

Dt

%(Va))z] = -S,;(Vw),(Vw); - v [(Vzw)2 -V (Vo) Vw)], (26)

id
e S, j(Va))i(Vw) j — CBEpTKa TEH30pa CKOPOCTeH neopmanun S ¢ Tenzoproi muanoi (Vw),(Vw) i
IIpu 3Bomonnu cBOOOAHOM TypOYJIEHTHOCTH B OECKOHEYHOM MEPHOJNYECKH MPOAOIKEHHON 00-
JACTH MHTETPajibl KHHETHYECKON SHEPrun

E= ff@ dxdy, (27)

(= ff%zdxdy (28)

Esz@dxdy, (29)

IMMO3BOJIAIOIIUE CYIUTDH 00 9BOJIIOLWH 3aBUXPCHHOCTH M KaY€CTBC BOCIIPOU3BEACHUA YHUCICHHBIM METO-
JIOM BUXPEBBIX 06paBOBaHHﬁ, OKa3bIBAOTCA CBA3AHHBIMU IIPOCTBIMHU COOTHOUICHUAMUA

SHCTpOhUU

U HaJTMHCTpOQHN

dEEz—v{,
g (30)
9.__p
dt V.

B nanpHeilimem npu o0Cy>KACHUH PE3yIbTaToOB Mbl OyeM paccMaTpuBaTh pa3iNyHbIC cIaracMble
JUCCUTIAIINY KHHETHYECKOI SHEPIUH, B TOM YHCJIe OOyCIOBJICHHbIE BA3KOM AMCCUIAMEH U MCIIONIb30-
BaHHEM NPUOTMKEHHS c1a00i CKUMAeMOCTH.
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YucjaeHHBIE MEeTOIbI

Onucanue uucnennozo memooa KABAPE, ucnons3ytouiezo npuonusicenue cnaooi
cocumaemocmu

JlJI 9MCIIEHHOTO MOJIENIMPOBAHHS TEYEHUI HECKMMAEMOW KUIKOCTH MOXHO HCIIONIb30BATh SB-
HBIC Pa3HOCTHBIC CXEMBI, MPEIHA3HAYCHHBIC [T MOJICIICH CXKMMAaeMOU KUIKOCTH. B 3TOM citydae ypas-
HEHHE COCTOSHUS IS Ta3a 3aMeHsIeTCs Ha 0ojiee POCToe, 3aBHUCSIIEe TOIBKO OT ITIOTHOCTH JKUAKOCTH.
B atom pasnene mbl ommmiem ocHOBHBIE ocoOeHHOCTH cxeMbl KABAPE [[onoBusnunH, Camapckwii,
1998a; T'onoBusnuH, Camapckuii, 1998b] anst AByMEpHOro TedeHUs: ciabOoCKUMACMOHN BSI3KOU KHI-
KOCTH. 3amuineM ogHopoaHble muddepeHnransasie ypaBaeHus (1Y) B yacTHBIX mpousBonHbix (YIT),
KOTOPBIE ONKCHIBAIOT COXPAHEHHE MAacChl U UMITYJIbCA B KOHCEPBATUBHOM (opMe JIJIsl UACATbHON KUJI-

KOCTH:
Op Opu Opv

ot ox Ty O
dpu  dpu*  dpuwv  Ip
50 + X + oy + 6X—chos(ky), 31
ooV dpw  dpv>  Ap a
ot + I + oy + ay 0G cos(ky),
p = Cz(p _po)’

rie p, P, — NMEPEMEHHAs U XapaKTepHas IIIOTHOCTH CIUIOMIHOM CPerbl; U, V — KOMIIOHEHTBI CKOPOCTH;
p — naBiieHue; C — CKOPOCTh 3ByKa; t — Bpemsi; X, Y — MPOCTPAHCTBEHHbIE KOOPAWHATEHI.

[epenumrem (31) B BUe TUepOOIHMYECKON CHCTEMbI YPaBHEHUH OTHOCHUTEIIFHO BEKTOPa-CTOJO-
11a TIPMMHUTHBHEIX IepeMeHHEIX (' = (p, U, V):

aq aq oq _
E+AX-6—X+A},-@—O. (32)

Otu ogHoponubie JIY B UIl MokHO paccMaTpuBaTh Kak HEOJHOPOJHYIO CHUCTEMY YpaBHEHUM IepeHoca
BIIOJIh HampaBieHus X:

aq oq oq
—+A,-—=F,, F,=-A, - —, 33
ot X ox % =Ry ay (33)
a TakXKe BJIOJIb HalpaBJIeHUs Y:
aq oq oq
—+A,-—=F, F,=-A-—, 34
ot A ay VY X oX (34)
e BBEJACHBI MATPHIIBI
u c 0 v 0 ¢
A, = % u 0|, A= (1) v 0| (35)
0 0 o 0 \
Jlist matpuiel Ay MOJKHO HOJIYYUTH CIEAYIOIINE COOCTBEHHBIC 3HAUYEHHUS U COOCTBEHHBIE BEKTOPBI:
AA=u+c, Af=u+c AX=uy, (36)
1 1
X pe X e X 0
wy=|1| wy=|11| wy=]|1} (37
0 0 0
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AHAJIOITM4YHO IJIA Ayi

y _ y _ y _
A =v+eC, A, =v+C A=V, (38)
1 1
P ¢ 0
wi/: 1, wgz 1 |, wgz 1| (39)
0 0 0

Ha ocHOBe COOCTBEHHBIX BEKTOPOB CTPOSITCS MATPHUIIBI
T T
X Yy
(“ﬁ)T (“H)T
Q= (a)ﬁ) , Q= (wg) ,
T T
X Yy
() ()
a TAaK)Ke JMaroHalbHbIC MATPULBL Ay, Ay, COCTABICHHBIC U3 COOCTBEHHBIX 3HAYCHUH, Ha KOTOPBIC 3aTeM
MOTIApHO YMHOXKAFOTCS ypaBHeHus (33), (34):

9 L R
QX-8?+A Qaq:Gx, Gy =9, Fy (40)
aq q =
Q- Gt Ay Q5 =G, G=0yFy (41)
49TO OaC€T CUCTEMY ypaBHeHI/Iﬁ JI1 ICPEHOCA JIs1 HHBAPUAHTOB Pumana:
y y
] | ]

+ XX =, ik K-@ k=1,2 3, 42
ot Kox T K ot Yoy (42)
e
I =C1n(p+02p0)+u, I§:—c1n(p+czp0)+u, 1X=v,
(43)
=C1n(p+Cpo)+V, |g=—Cln(p+Czp0)+V, Y =u.
B GonbUIMHCTBE CilydaeB sl KHUIAKOCTEH CIIPAaBEUTHBO P <K Czpo, YTO TIO3BOJISICT TPHUBECTU aKyCTH-
Jeckue MHBapHaHThl Pumana |} u |} x Gomee mpocTomy BTy, HCTIONB3ys pasnoxeHue B psan Teitnopa

(I =u+ o,
JUISL TIPOM3BOJIBHOTO HaOOpa MCXOJHBIX JIAHHBIX TPEOOBaHHE P <K Czpo MOJKET HE BBIMTOJHATHCS, & TaK-
JKe TEepSIOTCS OTPaHWYEHUS Ha OOJIaCTh OIpesesieHus jorapugmudeckoil ¢pyHknuu. Takum oOpazom,
COXpaHeHHe Jorapudma mpeacTaBIsieT OO0 HESIBHYIO MPOBEPKY COTIIACOBAHIS HAYATBHBIX M TPAHIY-
HBIX YCIIOBU.

3anwuiieM HEOTHOPOTHBIC YPAaBHEHUS KOIUYCCTBA JBUIKCHIHS BS3KOTO TCUCHUS:

) O,I[HaKO K 3TOMY npeo6pa30BaHI/Ho CJIeaAy€T OTHOCHUTBHCA C OCTOPOXHOCTBIO, TAK KaK

dpu  dpu’ &mv ap

—_ - FVISC
a0 + X + — Y 6X + Gp cos(ky),

7] 7] opV>  0p “4)
PV OpWw 0p vi
E + W + 8_y + a—y = FVISC - Gp COS(kX),
a TakXke, HCIOJb3ysl 0003HAYCHUS
ou ou ov ov

fl==—, f'== f=— f == 45

*Xox) Y oy X ox Y oy (43)
BBIpKEHHE JIJIs1 TEH30pa BA3KUX HAIPSIKEHUN O = % [VV + (VV)T]:

_uf 0 fot+ £
7= 2(fyU+va o f 0
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Ha stom sTane Mbl npeHeOperacM BIMSHUEM CXKMMAeMOCTH M 3alMCBIBAEM BBIPAKEHHS VIS NIPABBIX
YyacTell HEOJHOPOIHBIX YPaBHEHUH MepeHoca B AMBEPIeHTHOH Gopme:

u u
Fvisc _ an 6fy
u T ax T ay |
y fv 47)
. ofy 0
Fyise _ u X + y
v ox oy
B cxeme KABAPE wucnonesyiores JBe CUCTeMbl ypaBHEHMH B KOHCEPBATUBHOW M XapaKTepH-
crudeckoil gopmax. [lepeMeHHBIC 3THX CHCTEM ONpPEIECHBl B pa3HbIX TOYKaX pacueTHOH oOsactu.
Ilepemennsie koHcepBaTHBHOMN (hopmbl (P, U, V) cBsI3aHbI ¢ IIEHTpaMH sUeekK, a epeMeHHbIe XapaKTe-
puctrueckoil Gopmsl (o, U, V) JIOKaJIM30BaHbl B LCHTPAX IpaHell M B JajdbHEHIIEM OyAyT HA3bIBaThCs
MTOTOKOBBIMH MEPEMEHHBIMH.
Takum o0pas3oM, Ui ABYMEPHOIO Clydas HEOOXOAMMO BBECTH MHOXECTBA Y3JIOB PacyeTHON
CETKH JIJIsI KOHCEPBAaTHBHBIX (MC = {i + %, i+ %}) U MTOTOKOBBIX (Mx = {i, i+ %} (B HampaBienun X),

M, = {i + %, j} (B HampaBJeHUU Y)) TnepeMeHHbIX. 371ech U Janee unjekc i = 1, ..., Ny, Hymepyer
TOYKHM B MPONONLHOM Harmpasienuu (X), | = 1,..., N, — B nonepeynoM HanpasieHuu (Y), N 0060-
3HauaeT HOMEP BPEMEHHOrO Iiara, a N + % OTHOCHTCSI TOJIbKO K KOHCEPBAaTHBHBIM IIEPEMECHHBIM Ha
MIPOMEKYTOYHOM CJIOE.

Bonee nerampHO ocobenHOCTH Tekymel peann3annu cxembl KABAPE, a Takke ee mpuMeHeHune
K 3a7a4e 00 3BOJIOIUHU JBOMHOTO CABUTOBOTO CIIOS omucaHbl B padorax [Kulikov, Son, 2016; Kulikov,
Son, 2017].

Onucanue nacmpoex nakema npozpamm OpenFOAM

B makere OpenFOAM ypaBHeHust Hepa3psiBHOCTH U HaBpe — CTOKCa pemaroTcst METOIOM KO-
HeyHbIX 00beMOB (FVM, Finite Volume Method) [Nilsson, 2013]. Pacuernas oGmacts pa3OmBaer-
Csl Ha OJMHAKOBBIC SUCHKH KBaipaTHOH (GopMmbl. [ pemieHus: mpUMEHsSeTCs CTaHAAPTHBIA CoJBep
pisoFoam, HCIONB3yIOMUNA WTCPAIMOHHBIA aJTOPUTM HAXOKICHHS IONS JaBieHus MmetogoM PISO
(Pressure Implicit with Splitting of Operators). JanHblil conBep npegHa3HAYECH IS MOICIUPOBAHUS
HECTAIMOHAPHBIX TYpOYJIEHTHBIX HEC)KUMAEMbIX TEYEHUH KHUJIKOCTEH, B TOM YHCIIe HEHBIOTOHOBCKHX.
DTOT coNBEp JaeT BO3MOXKHOCTH JOMOJHUTH YPaBHEHUE UMITYJIbCa 00beMHOU cuioi. s muHeapu-
3allid pelIaeMbIX YpaBHEHHH MPUMEHSIOTCS CIEAYIONINe CXeMbl TUCKpeTU3auu (110 BpeMeHH U Tpo-
ctpanctBy) [Guerrero, 2020]: mo BpeMEeHH — HESIBHAS MEPBOTO MOPSIKA TOYHOCTH, JJIST BHIYHCICHUS
rpaaueHTa, TUBEPTCHITNH, JarlaciaHa — BTOPOTO MOPsIAKa TOYHOCTHU. J[JIs pelieHnst CUCTEMBI TINHEapH-
30BaHHBIX AU GEpPeHINATLHBIX ypaBHeHUH puMeHsietcs pemrate’b GAMG (Generalized Geometric-
Algebraic MultiGrid [Moukalled, Mangani, Darwish, 2016]), /uiss KOTOPOTO YCTaHOBJICHBI CIIC/IYFOIIIUE
YCIIOBHSI OKOHUYAHHS MTepaluii: Hesizka MeHee 107 mum otHocuTenbHas Hepsaska 0,05 (0 st rpy6bIx
CETOK).

3ameuanue 06 ucnonvzosanuu cxemvt MaxKopmaka ¢ npubnusxcenuu cnaooi
crcumaemocmu

YucnenHoe pemenue ypasHeHuil HaBbe — CTOkCa OCHOBaHO Ha METOZE HCKYCCTBEHHOM CoKMMae-
moctH [Anderson, Tannehill, Pletcher, 2016]. [Tpu 3ToM TunIepOoIMYECKast YacTh YpaBHEHUH peraeTcst
sBHBIM MeTonoM MakKopmaka [MacCormack, 2001], a mapaboiaudeckast 9acTh — CTaHIAPTHBIM METO-
JIOM KOHEYHBIX pazHocTell. Cxema MakKopmaka mmeeT BTOpPOH MOPSIOK TOYHOCTH 1O HMPOCTPAHCTBY
u BpeMeHH. Kaxplii oTan pacuera Ha KaKZI0M BPEMEHHOM CJIO€ pa3ielieH Ha 4 mara: pa3HOCTH BIEpe]
M Pa3sHOCTH Ha3aJ y NMPEeIUKTOpa BIOJIb HApaBIeHUs X, a TaKkKe Pa3sHOCTH BIIEPEd U Ha3aja y MpeauK-
Topa 110 HampasieHuto Y. Ha atane koppekTopa aHaJIoTH4HO, 3a HCKITIOYEHHEM TOTO, UTO IIar «BIEpeI»
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MEHSETCSI Ha «Has3al» U HAa00OpOT. DTH IIard MUKJINYECKH CMEHSIOT APYr Ipyra ¢ KaKIbIM BPEMEH-
HBIM cioeM. Meton MakKopMaka Xopoio 3apekoMeHI0Bai celsi MpH PEeHICHUH TUIEPOOIMYCCKUX
YpaBHEHUH ra3o- U TUAPOAUHAMUKU. IS 3aMBIKaHUS CHCTEMBI YPaBHEHUI HCIIOJIB3YeTCsl ypaBHEHHE
COCTOSIHUSL BUJIA

d
dp=Cp,—. (48)

T7ie C — CKOpPOCTh 3BYKa (CKOpOCTI) pacrnpoCTpaHCHUA BO3MymeHHﬁ), omnpeacirsieMas Kak

© — IUTIOTHOCTD KUAKOCTH, f — Kodppumment cxxumaemoctu. [lpu nucnonp30BaHIN METOA HCKYCCTBEH-
HOW C’)KUMAEMOCTH CTEITIeHb CKUMAEeMOCTH 8 MOKET BapbHPOBAThCS, YTO HEIIOCPEJCTBEHHO BIIMSET Ha
CKOPOCTh PACHpPOCTPAHEHHUSI BO3MYIIECHUN. DTa CKOPOCTh JODKHA OBITH OOJBIIE BO3MOMKHBIX MAKCH-
MaJIbHBIX CKOPOCTEH TeueHUsI, BOSHUKAIOIIMX MTPH MOJIEINPOBAHHH.

O0cy:kneHnne pe3yiabTaToB

Kunemuueckan Inepcus

Kunetnueckast sHeprus onmpeaenseTcs Kak BeIUYMHA, HOPMHUPOBAHHAS Ha TUIOMIANb PACUCTHOU
obmactu. OmnpenenuM aHAIUTHYECKOE 3HaYeHHe nHTerpaia (27) st KOHeuHBIX uncen PeifHombaca:

E=2770%(1- ), (50)

00e3pa3MeprM NOTy4YeHHBI HHTETrpall Ha IJIOMIalh PacieTHON 00IacTH:

Ug _k2t) 2 1 G v\
E=2(1-e™) =c——(1-e" . (51)
2 2 y2k#

[Ipu pacuere o cxeme KABAPE mnoBenenne KpuBbIX KMHETUYECKOM DHEPTUM HOCHUT PETYIISp-
HBII XapakTep Kak B cilyyae OojblIOH, Tak U Mayoil Baskoctu. Ilpu mambix Re, Ha rpyObIX ceTkax
aHAJIMTUYECKUE 3HaueHUst E mpeBocxomsT yucieHHble, OOHAKO0, HauuHasi ¢ t = 2 (3mech U pajee pas-
MEpPHOCTh BPEMEHH B CEKYHJIaX OITyCKaeTcs), OTHOCUTEIbHOE MOJIOKEHNE KPUBBIX MeHsAeTcs. HaunHas
C 3TOr0 MOMEHTA JIO0 Pa3BUTHA HEYCTOHYMBOCTH SHEPIUsl TEUEHHs IO pe3yJbTaTaM MOJEIUPOBAHMUS
CYIIECTBEHHO IPEBOCXOANUT aHAIUTHUECKYIO 3aBHCHUMOCTH. TakuMm 00pa3oM, NMpH HU3MEIBYEHUH CeT-
KU KPUBBIC KHHETHYECKON SHEPTUU MPUOIMKAIOTCS K aCHMITOTHYECKON KpUBOH cBepxy. Paspymienune
PEryNapHON BUXPEBON CTPYKTYpHI IPUBOIUT K O0Jiee YeM JIByKpaTHOMY TaJICHHIO KHHETHYECKOH IHep-
ruy. B nanbHedmeM NpouCXOAUT 3BOJIIOLHUS MO 3aBUXPEHHOCTH IO, BO3IEHCTBUEM BBIHYKIAIOIIEH
cwibl. Ilocnenyromas 6amaHcHpoOBKa MOABOIUMON MOITHOCTH NPHUBOAUT K TOMY, uTo E koneGmercs
OTHOCHUTEJIbHO HEKOTOPOI'0 PaBHOBECHOIo 3HaueHHs. Ha JocTaroyHo moApoOHBIX CeTKax KpHUBBIE KH-
HETHUYECKOH PHEPTUU COBMAJAIOT C AHAJTUTUYECKUM PEIICHUEM 10 MOMEHTA Pa3pyIleHUs] yCTOWIHBOIO
COCTOSIHUSI.

ITpu ManbIX 3Ha4CHUSIX BS3KOCTH (pHcC. 1, a) aHaIMTHYECKas KpUBasi BCEIZA IPEBOCXOIUT YHC-
JICHHBIH pe3yibTar. 37ech U3MENBIeHNE CeTKH TaKkKe MPUBOJUT K YBEJIMYCHUIO BPEMEHH YCTOWYHBOTO
COCTOSIHMSI CHUCTEMBL. Maiasi BSI3KOCTh CIIOCOOCTBYET KOHBEKTHBHOMY IIEPEHOCY C MEHBIIEH quccumna-
Iuei; TakuM o0pa3om, HabmromaeTcs nx Oojiee paBHOMEpHas «IOAKAaYKa» CO CTOPOHBI JeHCTBYIOLIEH
TapMOHHUYECKOU CHJIBL.

B cnyuae Gonbiinx uucen Peiinonbaca (puc. 1, 6) MOKHO BBIIIOJTHUTD pa3J1(()3>§<t§:HHe SKCIIOHEHTHI

B (51) mo vk?, uTo onpesenseT KBaAPaTHUHYIO AHATHTHUECKYIO 3aBUCHMOCTh E = <5— Ha JIAMHHapHOM
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(a) (6)

Puc. 1. 3aBucuMoCTb MHTErpana KMHETHYECKO sHepruu E ot Bpemenu, paccunrannas no cxeme KABAPE na
TMOCIIeI0BaTEIbHOCTH ceToK Jurs pacuera 1, Re, = 1034 (a), pacuera 2, Re, = 387 850 (6). Lludps! B nerenne
YKa3bIBAIOT KOJMYECTBO TOUYEK PABHOMEPHOM CeTKH (sueek). UYepHas KpuBas OTMEUAeT MOBEICHHUE aHAINTHUC-
CKOTO PEIICHUS

. : : Sy pp— 0,45, -E | .
045+ 6 — 7 041 — ot
; 1282 | — 128
0.4 2562 —— 0,351 -—~256§
| 5122 |
0,35 10242 —— 0,31 —15(1)542
T, 03 " 0,25]
L 0,25+ R
§ 02 ;02
0,15 | 0,15
0,1} 0,1}
0,05 0,05
i I I ! ! I I 1 | | | I ! L I 1 1 |
OO 5 10 15 20 25 30 35 40 00 5 10 15 20 25 30 35 40
t, C t, C

(a) (6)

Puc. 2. 3aBucumocTh HHTErpajga KHHETHYECKOH SHeprun E oT BpeMenu, nonmydenHas ¢ nomoinsto OpenFOAM Ha
HocienoBaTeabHOCTH ceTok st Re, = 1034 (a) u Re, = 387 850 (6). Lindpsr B nerensie yka3plBaroT KOJIMIECTBO
TOYEK PAaBHOMEPHOI CeTKH (s1eek). UepHast KpuBas OTMEUaeT MOBEICHNE aHAINTHIECKOTO PEIICHNUS

(HauabHOM) STare BoMoLuH. boiee Bricokoe umcio PeitHonbaca, 0ueBUIHO, MPUBOAUT K OOIBIIOMY
JIMaIa3oHy MPOCTPAHCTBEHHBIX MacITaboB, YTO 3aTPyAHSET (3aMeUIsIeT) IPOoIecc CETOYHON CXOIMMO-
ct. B manbHeiimem 3TOT GakT MOXKHO MPOJEMOHCTPUPOBATh Ha MpUMeEpe WHTErpaia NalTuHCTPOPHU.
Pesymerarel OpenFOAM npu HE3KHX yuciax PeliHombaca (puc. 2, a), HA00OPOT, BCerna MpHOIMKAIOT
CHHU3Y KPUBYIO KHHETHYECKOM 3HEPTUU K TOUHBIM 3HAYECHUSM.

[Iporiecc M3MenBIEHUS CETKU MTOKAa3bIBAET HEMOHOTOHHYIO CXOUMOCTH JIJISl BBIOpaHHBIX HACTPO-
ek conBepa. [ 0BOps 0 KaUeCTBEHHOM OMHMCAHUU PE3YJIbTaTOB MOAEIMPOBAHUS, MbI OyZIeM IpeAronararb,
YTO HAWIYYIIHE Pe3yJbTaThl JaeT TOT YHCICHHBIA METOM, JUII KOTOPOTO MOTepsl yCTOMYMUBOCTH pellle-
HUS TPOUCXOIUT TO3KE BCETO.

C 10it ToukH 3penus cetky 512 mis OpenFOAM MOXHO cuuTaTh Hammyudiueil. B cpaBHeHHH
co cxemoii KABAPE s Bcero Habopa ceTok, 3/1eCh pa3pylIeHne MPOUCXOIUT MPUOIU3UTENbHO Ha T =
= 2 panbme. Ha Gosee mo3nHUX BpeMeHaX 3BOJIOLWHU TeueHHs cpeanue 3HadeHus E qms KABAPE
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u OpenFOAM xoneOmorest B omHoM auarazone. OmHako He3aBUCHMO oT ceTku cxema KABAPE maer
Oonee peskue mynbcauu E (3akadka sHEPruu MPOUCXOTUT O0Jiee HHTEHCUBHO).

Just pacuera npu Gompmux Re, OpenFOAM neMOHCTpUpYET CyIIECTBEHHOE OTKIOHEHHE OT
aHAJIMTHYECKOi KPUBOii (pHC. 2, 6). YIOBIETBOPHTEIbHBIE PE3yIbTaThl MOXKHO MOITYYHTh Ha ceTke 512°.
Tak Kak pa3BUTHE HEYCTOWYMBOCTH MPOUCXOAUT B PA3IMYHBIE MOMEHTHI BPEMEHH, 3TO ONpEAesseT
00IIyI0 BENMWYNHY KHHETHYECKOH SHEpruM B IOTOKe. 110 Mepe n3MenpueHn: CeTKH OHA YBEITUINBACTCS
B ceMb pa3 (s cxembl KABAPE — B Tpu pasa).

Ha puc. 3, a moka3zaHa 3aBUCUMOCTh KHHETUYECKOW PHEPTUU TI0 Pe3ysIbTaTaM pacyeTa METOIOM
MaxKopmaka nist Re, = 1034, a Takxke HONOIHUTENBHO IOKa3aHO CPAaBHEHUE C aHAJIUTUUECKOM Kpu-
Boif M pesynsratamn cxembl KABAPE Ha cetke 64°. O6pamiaer Ha cebs BHUMAHUE, YTO PEryIspHOE
pacripeqiefieHle pa3pyIaeTcsl CyIECTBEHHO T03XKe, YeM B CIIydae JIBYX JAPYI'HX UHCIEHHBIX METO/IOB.
W3menpueHue CETKH MPUBOIUT K YMEHBIIIEHUIO BPEMEHH CYIIECTBOBAHUS PEryJsApHON cucTeMbl. Ham-
JydIee TPUONMKEHNE K aHATUTHIECKOi KPUBOi 1aeT ceTka 5122,

IIpu BEIcOKOM Re, (puc. 3, 6) pacueTsl Ha TPy6HIX ceTKax (647, 128%) mpuBOaAT K pa3Baly Tede-
HUS ¥ OCTaHOBKe cojiBepa. [Ipu nanpHeieM n3MeNbdeHHH CeTKH YCTOWYHBOCTh COJIBEPA COXPaHIETCS
Ha BCEM BpPEMEHH pacyeTa, OHaKO U B 3TOM cilydae ApoOJieHHe TPUBOIUT K HEOONIBIIIOMY YMEHBIICHHUIO
KWHETHYECKON SHEpruy TEUYEHUs BCIEACTBHE 0O0jee paHHETO Pa3BUTHS HEyCTOWYMBOCTH.

0,8 : : ; ; : : - - 0,8 ;
Eall Er— E'd.ﬂ
0.7 642 07} — 62
’ 1282 —— ’ —— 1282
2 S— 2
06 e o6 — 52
2 c— — 2
o 0,5 642, KABAE e 05 lﬁ%f‘KABAPE
() [}
T 040 S04
W03 < 0,3
0,2 S 0,2
0,1+ o
0/ R S— 0b— S
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
t,c t, C

Puc. 3. 3aBuCHMOCTh MHTETpajia KWHETUYECKOW 3Heprun E oT BpeMeHu, moiyueHHas ¢ IOMOIIbI0 MeToqa Mak-
Kopmaka Ha mocnenoBaTtenbHOCTH ceTok Juist ciydas Re, = 1034 (a) u pacdera ¢ Re, = 387 850 (6). Liudpsr
B JIETEHJIC yKa3bIBAIOT KOJIMYECTBO TOYEK PABHOMEPHON ceTkH (s4eek). UepHas KpuBas OTMEYAeT IOBEICHHUE
AHAJIMTHYECKOTO PEIICHHS

MOXHO OIpeneNuTh XapakTepHoe dyuciio PeifHombaca U 1o MakCHMalbHOMY 3HAU€HUIO KHHETH-
YECKOW DHEPTUH Kak Reg = @ Torna Reg ~ 500 (Re, = 1034) u Reg ~ 40000 (Re, = 387850). O1-
KyZa, B YaCTHOCTH, MOYKHO OIICHUTh COOTHOIIEHHS MAaCIITa0OB B KacKaJle ABYMEpPHOH TypOyJIEeHTHOCTH
JUTSI TEICHHS ¢ OOBIIUM JrciioM PeliHonbaca Iﬁ ~ 200 (u = 0,01), e |, 7 — HHTErpaIBHBIA U KOJIMOTO-
POBCKHIT MacIITaObl COOTBETCTBEHHO. TakuM 00pa3oM, MUHUMAJIBHO JOMMYCTHMAsI CETKA TOJIKHA UMETh
oxono 10247 srueex (CylecTBOBaHHE MENKOMACIITAOHEIX JOITOKHBYIINX 0OPA30BAHMUI, T. €. KOTEPEHT-
HBIX CTPYKTYp, HE YUHUTHIBACTCS). 3aMETUM TAKKe, UTO MOAOOHOE ompeaenicHue uucia PeitHonbaca He
SBIISIETCS TIOKa3aTeNIbHBIM, TaK KaK HE YYUTHIBACT CTPYKTYPY TEUEHHUS.

CKOpOCInb 0uccunauuu KuHemuuecKkoil IHepzuu

B nanHOM pazzene CKOpOCTh AWUCCHIALMU € = %—'tz o0Cy)XJ1aeTcss Ha OCHOBE pE3YJIbTaTOB CXe-
Mbl KABAPE u makera OpenFOAM. B ciydae pa3BuToii TypOyJI€HTHOCTH B HEC)KUMAeMOH cpejie 3Ta
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BEJIMUMHA MTPOIOPLHOHANIBHA HHTEIPAIbHOM SHCTPO(GUH, OJHAKO B JaHHOH 3a/ade 3TO PAaBEHCTBO HE
cOOJIOaeTCs BCJICICTBHE TIOCTOSHHON MOJAKAYKK HEPIHU C TIOMOILBIO BBIHYKIatomen cuibl. [padu-
KU & OOHAPYKUBAIOT CYLIECTBEHHOE PA3IMYME B PA3BUTHM XAaOTH3ALUU PETYISIPHOIO pacHpeiesIeHUs
Buxpeil npu Re, = 1034, 8 OpenFOAM 510 npoucxomut B okpectHoctd t = 10. [ cxembl KABAPE
MOMEHT min{&}, COOTBETCTBYIOLMI MHUHUMAJIbHON OUCCUIIALMM, CMEILAETCsl B CTOPOHY Oojbliero t
MIPU U3METBYEHUH CETKH.

JuddepenurpoBanne aHAIUTHUECKOTO BBIPAKEHUS Ul KHHETUYECKOH SHEPTrUM J1acT

o & (1- e t)e*t, (52)
vk?
Kpussie € (puc. 4) mia cxembl KABAPE He 00HapyXUBarOT OCHMIUIALUIN BCIEICTBUE BIUSHUS
Malioil ckumaemoctd. Kpusble, moiydeHHbIe TI0 pe3ynbsraram MojaenupoBaHus B OpenFOAM, npen-
CTaBJIEHbI Ha puC. 5.
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Puc. 4. CxopocTh quCCHIIAMK KUHETUYECKOH SHEPrUH &, IoJydaeMasi HElOCPEJACTBEHHBIM () GepeHIIPOBaHN-
eM pesyiabraroB cxeMmbl KABAPE Ha mocienoBarenbHOCTH ceTOk Juist pacuera 1 — Re, = 1034 (a), pacuera 2 —
Re, = 387850 (6). Lludpsl B nerenne ykasbIBalOT KOJIMYECTBO TOYEK PABHOMEPHOH ceTku (siueek). UepHas
KpHBasi OTMEYAET MTOBEACHNE aHAMTHYECKOTO PELICHHS

0,15 . ; 0,04
0,1 0,03
005} 0,02+
IU 0 IU
5 < 0,01
& —0.05 G
-0,1+ 0
~0.15" -0,01+
0 5 10 15 20 25 30 35 40 0020 s 10 15 20 25 30 35 40
L c t, c
(a) (6)

Puc. 5. CxopocTh AuCCHIAIMKE KUHETHUCCKON SHEPIUU &, TOIy4aeMasi HeIOCPEICTBCHHBIM T(depeHInpoBa-
HueM pesynsraroB OpenFOAM na nocnenosarensHocTH ceTok uist Re, = 1034 (a) u Re, = 387 850 (6). Lindpsr
B JIET€HJIC yKa3bIBAIOT KOJIMYECTBO TOYEK PABHOMEPHOW ceTkH (sueek). UepHas KpuBas OTMEYAeT IOBEICHUE
AHAJIMTHYECKOTO PEIICHHS
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Cropocme ouccunayuu eécieocmeue cO8U20601 8A3KOCHU

Bxnan caBUTOBOM BS3KOCTH B OOIIUIT MPOIECC MUCCHMIAIMHA MOXKHO PACCUUTATh C MOMOIIBIO

COOTHOLLIEHUHN
2n 2rm
2ut,
0-0- o %
oy 2 2 2
ou ov 1{0u ov
SiiSii=|=— — “\=+=. 54
Il (ax) : (ay) 2 (ay ' ax) o9
I[Tycte xapakrepHas ckopocts U, = 1, Torna t; = 27 u
G : vkt 2
& = 27rv(v—k) (1- ey, (55)
BripakeHue misi CKOPOCTH JUCCHUIIAIIMYA MOKHO TEPEMHCATh U B Pa3MEPHOM BHJIE:
- G2 —vk2t 2
szzﬁ(l—e ). (56)

Pesynsrarsl, nonyuennsie o cxeme KABAPE (puc. 6) u OpenFOAM (puc. 7), oka3bIBalOTCS B 3Ha-
YUTEIBHON CTENEHH MONOOHBIMM Kak IJIsi Majloro, Tak W i Oombmioro Re,. st cxembr KABAPE
JIOKAJIbHBIH MAaKCUMYM &, JIEXKHUT OJMKE K aHAIIMTHIECKOH KPUBOU M SIBIISETCS OOJIEE PE3KUM.

3 0,045 S
0,04
2.5+ 1282 ——
0,035 2562 ——
2 0,03
o s 0,025
©on 0,02
1 0,015
0.01
0.5
0,005 .
% % 5 10 15 20 25 30 35 40

t,c

(6)

Puc. 6. 3aBHCMMOCTL CKOPOCTH BA3KOH JMCCUIAIMK &, OT BpEMEHH, MoiydeHHas 1o cxeme KABAPE na mo-
CJIEIOBATEIBHOCTH CETOK Juisi Manoro Re, (a) u 6ompmioro Re, (0). [ns cirydas mensinero uncna PeitHonbaca
MOYKHO TOBOPHUTH O JIOCTH)KEHHUH CXOIMMOCTH 10 3TOM BesnuuHe. [loBe/eHre KPUBBIX sl JIBYyX CIIy4aeB OKa3bl-
Baetrcst moxoxuM. L{udpsl B Jierenie yka3blBaloT KOJIMYECTBO TOYEK PABHOMEPHOI ceTKH (siueek). UepHast KpuBast
OTMEUACT IMOBE/ICHUE AHAIUTHYCCKOTO PELICHUS

Junamauyuonnan ouccunayus

B ciywae ncnonp3oBaHus MPHOIMKEHUS ¢1a00i CKUMAEeMOCTH, KaK B JAaHHOW peaM3allii CXe-
Mbl KABAPE, HEoOX0MMMO OIEHUTH BKJIAJ TUIATAIMOHHON KOMIIOHEHTHI B OOIIUI Mpoliece AUCCUTIa-

ouun:
2r 2rx

&y = - i ffpVdedy. (57)
47Tp00 X
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Puc. 7. 3aBUCUMOCTB CKOPOCTH BA3KOU JIMCCUTIAIMM €, OT BPEMEHH M0 pe3ynbraram Mozenuposanus OpenFOAM
Juist pacuera ¢ Re, = 1034 (a), a Takxke ¢ Rey = 387850 (6). Lludps! B nerenie yxa3plBaloT KOJIUYECTBO TOUCK
paBHOMEpHOM ceTKH (sueek). UepHas KpuBas OTMEUaeT MOBEIEHUE aHATMTHICCKOTO PEIICHUS
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Puc. 8. 3aBUCHMOCTb CKOPOCTH JUNATAIMOHHON IUCCHUIALMU £; OT BPEMEHH, MOJTyYeHHAs Ha MOCJIEI0BATENb-
HOCTH CeTOK Ui pacuera ¢ Re, = 1034 (a), pacyera ¢ Re, = 387850 (6). Llndper B nerenne ykas3plBaoT
KOJIMYCCTBO TOYCK PABHOMEPHOU CETKH (SUCCK)

s manoro uucna Re, = 1034 (puc. 8, 6) xaoTusauusi OIPUBOIUT K PE3KOMY IHKY JHJIATALM-
OHHOU juccunanuu &, ~ 10, mocne KOTOPOro &; OCHMILTUPYET OKOIO &y ~ 1. M3MenbueHue ceTtku
MIPUBOIUT K TaJICHUIO TTMKOBBIX M CPEIHHUX 3HAYSHHWU B 5—7 pa3 MpH mepexone OT CEeTKH K ceTke. Ha
cerke 1024? HaOMOIAIOTCS MEIKOMACIITAOHBIE OCIIMILISIIHI |83| ~5-1072. AMITITUTYIA 3THX KoJieOa-
HUIl TIOCTOSHHO MEHSETCs, XapaKTEePHbIM MepHO OKa3bIBaeTCsl A0CTaTOYHO OonbmmM: T = 2. Takum
00pa3oM, CTyIIeHHe CETKH MPUBOAUT K YMEHBIICHUIO THIATAllMOHHON JUCCHUITAIINH.

Hoist Gonbuioro Re, = 387850 (puc. 8, a) BennuuHa &, MOCTOSHHO PAacTeT ¢ yBein4eHHEM f.
Hauunas ¢ cetku 256°, OCHOBHAs 3aBUCHMOCTD (83 ~ t3) OKa3bIBACTCA MPAKTUUECKU Hen3MeHHOH. Ha
9Ty 3aBHUCHUMOCTD HAKJIAIBIBAIOTCS MEITKOMACIITA0OHBIC OCIIMILUISAIINN, AMILTUTY/Ia KOTOPBIX YMCHBIIIACTCS
IIPU CTYIIEHNHU CETKH, a UX MEePHOJ HE 3aBHCUT OT NMPOCTpaHCTBEeHHOTo paspemenus (T = 0,25).

Heegazka ckopocmu ouccunayuu KuHemuueckoil Inepeuu, 00ycinoeieHHas YucieHHou
omuoOKOu

Ha npumepe pesynsratoB pacuetroB 1o cxeme KABAPE u B nmakere OpenFOAM paccmorpum
CBSI3b PA3NUYHBIX SHEPTCTUUCCKUX XAPAKTEPUCTHK TCUCHUS, TAKMX KaK: € — CKOPOCTh JAMCCHUIIAIINN
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KHHETHYCCKOW SHEPIHH, BBIUUCIIIEMAas ¢¢ HEMOCPEACTBEHHBIM MU (GEPCHIIMPOBAHHEM II0 BPEMEHU,
W — MOIIHOCTB, BKJIaJbIBa€Mas B TEUCHUE, &, — TUIPOAMHAMUYCCKAS AUCCUMALMS, £, — JIMIATAlU-
OHHas JuccHnanus (€Cld UCIONb3YeTCsl MOZENb Clabol CXKMMAEMOCTH), &, — HEBS3KAa YUCICHHON
JIUCCUTIAINH, O0YCIOBICHHAS YUCICHHON OIMMOKOHN, KOTOPBIE CBA3aHBI COOTHOIICHUEM

E=—& — &3+ &g + W, (598)

B I/ICXO,I[HOﬁ IMOCTAaHOBKE BBIPAXKCHUC BBIIIC BKIIHOYACT TOJIBKO TpHU ClIara€MbIX (W, g, 82) n sB-
JIACTCA CHIPAaBCIJIMBBIM B TOM YMCJIC U IJId aHAJIMTUYCCKUX BprEDKGHHfIZ

W = 55722 (1 _ e—vkzt)’
== % (e_Vth B e—2vk2t)’ 59)
5= (1-e.

Takum o6pa30M, OCHOBBIBAasICb Ha pe3yJibTaTax pacucToOB, Mbl MOXXEM B ABHOM BHUJC BBIACIWUTL BKJIA[
YHUCIICHHOMN AUCCHUIIALNN Epqq. 3ameTuM TAK)KC, YTO B JJAHHOM CJIy4da€ MbI OIICPUPYCM pPA3SMEPHLIMU
BCIIMYHMHAMM.

1071 ¢
1072
T T
(\IO | NU
5 1073 =
002 032
10745 — o
1078 b —— 1282
— 2562
10-5 - 1079 | 5122
E 1024 3
L 1 L ] 1 3 —10 | 1 1 L 1 L ] 1
15 20 25 30 35 40 070 s 10 15 20 25 30 35 40
t, C t, c

©)

(a)

Puc. 9. Heps3ka CKOPOCTH JUCCUNALUN KHHETUYECKOH SHEPIUHU &, , IOJIyU€HHAs HA OCHOBE PE3yIbTaTOB CXEMBI
KABAPE nst pacuera 1 (a), pacuera 2 (6). Lludpbl B nerenae ykasplBaroT KOJIMYECTBO TOYEK PAaBHOMEPHOU
CeTKH (sTueeK)

IIpu Re, = 1034 nns cxembr KABAPE (puc. 9, a) MoxHO Hab1r01aTh HEMOHOTOHHOCTD, CBSI3aH-
HYIO C TIOSBJICHHEM JIOKaJIbHOTO 3KkcTpeMyMa (t = 0,25, g, ~ 5 1077 — s cetku 10242). TTocie kopoT-
KOI'O CIIaJia &, OISATh HapacTaeT, yBEIIMUMBAsCh HA IOPAJOK 3a BpeMs At = 3...3,5, a 3areM ocTaercs
HOCTOSIHHOW 70 MOMEHTa Hayajla Pe3KOM OUCCUMALMM 3HEpruu (xaotusaumu tedeHus). Ilocne dero
TIPOMCXOMUT PE3KOE YMEHBIIEHHUE, IS TPYMIbI ceTok (2562, 5122, 1024%) nocTuras 3HAYEHUS &4 ~
~ 107*. Tlocsne XaoTU3alUK TEUEHHUS &, MMEET Pe3KUE OCHWUIAINU B Mpenenax g, ~ 2,5+ 1074
Takum 00pa3oM, MOXKHO CKa3aTb, YTO B &, YUYUTHIBAETCA U BKJIAJ JUWIATallMOHHOM KoMIIOHEHThl. Oc-
UWUALAA ABJISIOTCSA TapMOHMYECKUMH ¢ niepuofom T = 0,5. B Toxke Bpems KpUBBIE £; UMEIOT OC-
nwusinua ¢ nepuogoM 1 = 0,25, He 3aBUCIIIUM OT ceTKH. OKa3bIBaeTCs, YTO HA MEIKHX CETKaxX
OCHOBHOM BKJIaJl B HEBA3KY &£, AACT IWIATALOHHAS AUCCUIIALNS, ONHAKO €€ BKJIAJ B SHEPIreTUUECKUIl
OanmaHc B CpefHEM 3a MEepHoj AOCTaToyHO Maj. Ha 3Tame XaoTM4YecKoro Ted4eHHs HeBs3Ka KoiedneTcs

B TIpeenax |g,. | < 3+ 1074,
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Puc. 10. CpaBHeHHE MHTETPATBHBIX KPUBBIX MOIIHOCTH W, CKOPOCTH TUCCHUIAIIMK KHHETHYCCKON SHEPIUU &,
TUIPOJIMHAMMYECKOH JIMCCUIIALNM &, U YMCJIEHHOH IUCCUITALNH &, TOTYYCHHBIX Ha OCHOBE PE3YNbTaTOB CXEMBbI
KABAPE nns cnyuas Re, = 1034 (a) u nis Re, = 387 850 (6). Lindpsr B nerensie yka3plBaroT KOJIHIECTBO TOUEK
PaBHOMEPHOW CETKH (sIIeeK)

Ha puc. 10, a, 6 s cpaBHeHHs] MPUBEICH BKIIAJl B SHEPTETUYCCKUN OajlaHC BCEX ClIaraeMbIX
ypasreHns (59) (cerka 1024%). Bumno, uto kpuBas W sBIseTcss CyMMOil &, £, Epes BKIAL £, OKa-
3piBaeTcst npubmusurensHo B 5000 u 50 pa3 mensme it € aust Re, = 1034 u Re, = 387850

COOTBCTCTBCHHO.
1 s T T T T T T T 10_1 E T T T T T T T
10—1 L
74 10-2
102/ '
; . .
L1030 o107
= 10 =
21074 8.0y
g Lo
1075 ¢ — P
106 f — 2 107 % :
3 5122 5122
7 ‘_‘ 10242_. . , " . , - 6 ‘_‘ l()242_I . , |_ . , :
0% 5 10 15 20 25 30 35 40 970 5 10 15 20 25 30 35 40
t, c t, C
(a) (6)

Puc. 11. Hess3ka CKOpOCTU AuCCUTIallUA KHHETHYECKOI OHEPIrun &

res» HOJYYCHHAss Ha OCHOBC PE3yJIbTAaTOB

OpenFOAM s pacuera 1, Re, = 1034 (a), pacuera 2, Re, = 387850 (6). Lludps! B snerenne ykasbBaioT
KOJIMYECTBO TOYEK PABHOMEPHOU CETKH (SUeeK)

[Tonesno cpaBHUTH pe3ynbTarthl cxeMbl KABAPE u OpenFOAM (puc. 11). Tlocnennuii ucmonb-
3yeT MOJIEJIb HEC)KMMAEMOH JKUIIKOCTH, U B £, OTCYTCTBYET BKIIaJl £5. B ciiyyae masoro Re, nsmenbae-
HUE CeTKH OT 64% 110 2567 IPUBOIUT K yMEHBIIEHHIO CPETHETO &, B 5—7 pa3. Ha menkux cetkax (5122,
10242) TOSIBIISTFOTCST MEJIKOMACINTAOHBIE OCIMIIISIUH &, C aMIUTUTYION 1075-1074, CONPOBOXKAAEMbBIE
HEPEXOIOM &, UEPE3 HOJIb.

His Rey = 387850 g, Bo3pacTaeT Ha ydacTKe PerysIpHON 3BOJIOLMU TEUYEHUs, a [10CIE Xao-
TU3AIMU MEIUICHHO criafaeT. Ha 9ToT oOmmid TpeH1 HaKIaabIBalOTCsl MEITKOMACINTAOHBIE OCHIIUISIHH.

res
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Ha y4acTke Xa0THYECKOH 3BOJIIOLIMU U3MEIbUEHHE CETKU Ia€T YMEHBIICHHUE & OT 5 - 1072 50 5-107%.
Otmetum, uto mepexon oT 5122 k 1024° He NPUBOIMT K CYIIECTBEHHOMY YMEHBIICHHIO €., UTO,
BO3MOJKHO, SIBJISICTCSI CJICACTBHEM JPYTHUX HACTPOCK coyBepa (morrycka tolerance u T. 11.). OCIMLIAIINN
Eos CTAHOBATCS 0oJie€ 3aMETHBIMU IIPU U3MEIBYEHHMU CETKHU, YTO, CKOpEE BCEro, CBA3aHO C OOIIUM
YMEHBIIEHUEM CPETHETO &,y .

Humezpanvnan sncmpogus

WuTerpain sHCTpodHH MOKHO paccMaTpuBaTh Kak MEpy BHXpepa3pellaromieil criocoOOHOCTH YHC-
JICHHOTO METO0/a, OH HaXOAUTCS 110 U3BECTHOMY PAaCHpEe/ICHUIO 3aBUXPEHHOCTH:

G
w = —(sin(ky) + sin(kx)) x (1 - &), (60)
vk
qTO Hact
7 1 Gz 2 — k2t 2
(=30 47 (1-e ). (61)
Hopmupys uHTErpal Ha IIoma/p» pacueTHOW 00JacTH, MOTYIHM
1 GZ —szt 2
¢= 22K (l—e ) ’ (62)

B Cliy4ae OOJIBIITNX YUCET PCfIHOHI)IIC& TCOPCTUUCCKAasA 3aBUCUMOCTb UMECT BUJ

_ (Gkt)?

=

WuTerpanbHas SHCTPOGUsL CTPOUTCS] HA OCHOBE CETOYHOIO POTOPA CO BTOPBIM IOPSIKOM TOUHO-
CTH, a TAKXKE MOCIEYIOIIUM HHTEIPUPOBAHUEM METOJOM LIEHTPAIbHBIX IIPSIMOYTOJIbHHUKOB.

JlaHHast BeM4MHA SBIISICTCS MEPOH KadecTBa Pa3pelleHHs BUXPEBBIX CTPYKTYp: 4eM OoJbliIe To-
YeK pacyeTHOM CeTKH, TeM Oojiee MeJIKOMacIITaOHble BUXPEBBIE CTPYKTYPBl MOTYT OBITh pealM30BaHbI
B pacyere. 31eCh CTOMT OTMETHTB, YTO DHCTPO(HUS B JBYMEPHOM cClydae MO (U3NYECKOMY CMBICITY
BBICTYIIAET B KaUECTBE aHAJIOTa KUHETHUECKOW 3HEPIuu TypOYIEHTHOCTU B TPEXMEPHOM CiIydae.

40 35
35 30
30 - 25!
251
© 20 °.
A N 15+
15
10 - 10}
5 5
0 0

0 5 10 15 20 25 30 35 40
t, c

(6)

Puc. 12. 3aBucuMocTs WHTETpaia SHCTPodUu { OT BPEMEHH, pacCUNTaHHAsI Ha OCHOBE PE3yIbTaToB cxeMbl KA-
BAPE, nomydeHHbIX Ha HOCIEJOBATEIbHOCTH CETOK IIPU HavajJbHBIX yclIoBHsAX pacuera 1, Re, = 1034 (a),
pacuera 2, Re, = 387850 (6). Lludps! B nerenjie yka3pBalOT KOJIMYECTBO TOYEK PABHOMEPHOM CETKH (sUeek).
YepHas KpuBasi OTMEUAET MOBEJACHUE aHATUTUYECKOTO PEeIICHHS

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE




Xaoruzanus Te4eHus ox JeHCTBUEM 00ObEMHOM CUIIBI 905

40 - ; N . 35 -
an

| 642 ——
35 128 —— 301
30 e 25
25 10242 ——
020 ©
v 15
151
10 10
5t 5
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
t, c t, C
(@) (©)

Puc. 13. UnTerpansHas sucTpodus, nomydenHas ¢ nomouibio OpenFOAM Ha mocienoBaTesbHOCTH CETOK IS
pacuera 1, Re, = 1034 (a), pacuera 2, Re, = 387850 (6). Liucpsl B nerenje ykazplBaloT KOJIMYECTBO TOUCK
paBHOMEPHOH ceTKH (s4ueek). UepHas KpuBast OTMEUaeT MOBEICHHE aHATUTHYECKOTO PEIICHHS

60 ] T T T T T T T 50 [ T T T T T T T
Lani—— Lani——
642 —— 45] 642
50+ 1282 i 1282 ——
2562 —— 40+ 2562 B
5122 . 512
40+ 10;42 — 35 10242
‘T'o 642, KABAPE ‘T'O 30 - 642, KABAPE
w530 25
20 -
20| 15/
10+ - 10r
5 |
15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
t, ¢ t, ¢
(a) (6)

Puc. 14. WUnaterpansHas 3HCTpOdUs, MOTydeHHas ¢ MoMolslo MeToga MakKopMaka Ha TocenoBaTeIbHOCTH
cetok aia pacyera 1, Rey = 1034 (a), pacuera 2, Re, = 387 850 (0). Lludps! B nerenne yka3plBatoT KOINIECTBO
TOYCK PABHOMEPHOH ceTku (sueek). UepHasi KpuBask OTMEYACT MOBEICHHE aHATUTHYCCKOTO PEIICHUS

Jst cxemsl KABAPE B 060X cimydasx KpuBbIe { OKa3bIBAIOTCS HIDKE aHATHTHUCCKUX 3HAYCHHMA
(puc. 12). OTmMeTum TaKxke, 4To pa3dpoc 3HaUeHHUH { Ha MMO3IHUX BpeMEHaX dBOJIOLUY JUI Pa3InIHbIX
CETOK OKa3bIBAETCS CYIIECTBEHHO MEHBIIE, YeM Ul KHHETHYECKOW SHEPruH.

Pesynsrarer OpenFOAM g 000MX PEXUMOB OKa3bIBAIOTCA MOJIHOCTBIO MOJOOHBIMHU TIOBE-
nenmio E (puc. 13). 3amernM Taxke XOpollee COBIAJIEHHE MakCHMyMoB ¢ Ha cerke 1024° s
OpenFOAM u cxembr KABAPE.

Pacuers! no cxeme MakKopMaka Takke UMEIOT CXOACTBO C KPUBBIMM KUHETUYECKON SHEPruu:
U3MEJIBYCHHE CeTKH MPUBOANT K YMEHBIICHUIO HHTEIPAJIbHON SHCTPOhUH. AHAJIOINYHAS CUTyalus Ha-
6monaercs 1 npu GonbieM Re,, 31ech HanTydImee MpUOIMKEHHE TIoTydaeTcs Ha ceTke 5122 (puc. 14).

Hanuncmpogusn

IIpu uccrnenoBaHuy AByMEpHOI TypOYyJIEHTHOCTH 1LI€J€CO00pa3HbIM SBISIETCA pacueT MHTerpasa
NaTMHCTPO(PHHU, KOTOPBIH SBISETCS KOTMYSCTBEHHOW MEpOl (HriIaMEeHTallUH, T. €. TPOM3BOJICTBA I'paii-
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€HTa 3aBUXpeHHOCTH. [0 n3BECTHOMY pacnpeie/IeHUIO w HailieM 3HaueHHEe I'paJIneHTa 3aBUXPEHHOCTH,
YTO AT UTOTOBOE BBIpaskeHue 1is P:

. 2

G 2
P=2r=x(1-e"¥1). (63)
%

Hopmupys Ha rutomanp pacdeTHOH 001acTH, TOIyYUM BhIpaxkeHue i P:

1 G2 24\ 2

P=-=(1-e"". (64)
2y

OBOIOIUS 3TOHM BETMUMHBI IPecTaBlIeHa Ha puc. 15. OTMETHM, 4TO aCHMITOTHYECKOe 3HaueHue P He

3aBHUCHUT OT HOMEpA I'AapMOHHUKHU k
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Puc. 15. 3aBucumocTh MHTErpasia najauHCTpoduu P oT BpeMeHH, MOoTyueHHas Ha OCHOBE PE3YJILTATOB CXEMBbI
KABAPE, paccuuraHHbIX Ha HOCIEJOBaTeIbHOCTH CETOK JuIsd pacuera 1, Re, = 1034 (a), pacuera 2, Re, =
= 387850 (6). [ludpsl B JereHe yka3pBAIOT KOJMUECTBO TOUYCK pAaBHOMEPHOU ceTkH (sueek). UepHas KpuBas
OTMEYAeT MOBEACHHE aHATMTHUECKOTO PEIICHHS

AHanUTHYEeCKHUE KPUBBIC OMUCHIBAIOTCSA 3aBUCUMOCTBIO, CXOXKEH ¢ KMHETUYECKOW dHEPTUeu, 3To
omnpesenseT nopoodue KpuBblx P s masnoro yucna Pelinonsaca Re, = 1034 (puc. 15, @) u E (puc. 1, a).
M3menpacHUE ceTKH TMPHONMKAST pelieHre il P K aHaauTHYeckod kpuBoi. OMHAKO MOXHO 3aMe-
THTB, YTO MPH JIFOOOM YHCJIC TOUCK UMEETCs XapaKTepHoe obocTpeHne P, To €CTh MPOUCXOMUT OO~
HUTENBHOE YBEIMUYCHUE TPAMEHTOB 3aBUXPEHHOCTH, 3a KOTOPBIM CIEAYET PE3KHUH CIai, CBSI3aHHBIN
¢ xaoruzanuei Teuenus. Ilpu Re, = 387850 (puc. 15, 6) paspyiieHue peryasipHOil cUCTeMbl BUXPEH
NPUBOAUT K «B3PBIBHOMY» POCTY MHTErpalibHOM NanuHcTpoduu. B yacTHOCTH, HA caMoll MEJIKOH ceT-
ke (1024%) makcumanbHOe P 1o pesynbraTaM MOJIENHPOBAHHS MPEBHIINACT AHATUTHUECKOE PEIICHHE
npubnu3nuTensHo B 8,5 pa3. Pesynbrarsl, nonydennsie B OpenFOAM Ha pa3znuuHbIX ceTkax (puc. 16),
JEMOHCTPUPYIOT Mofo0Me BeIMYMHAM, pacCMOTPEHHbIM paHee. 11 manoro Re, Hammyumeil cetkoit
seisiercs 5122 u 10242, st 6onpioro Re, HaGmonaeTcss MOHOTOHHOE ToBeieHHe P B 3aBHCUMOCTH
OT KOJIMYECTBA UeeK pacyeTHOM ceTKU. MaKcuMallbHbIe 3HAU€HHS COOTBETCTBYIOT CETKE C 10242 siueii-
kamu (P = 18 000). Xaotuzanus NpuBOAUT K yBeIHUCHUIO P npubnusurensHo B 6,2 pasa.

Ja cxembl MakKopmaka mpu ManbIx unciax PeiiHonbena Re, m3mensieHne CeTKU MPHUBOIUT
K TOMY, 4TO P cienyeT aHaqUTHYeCKOW KPUBOW O MOMEHTA XaOTH3AI[MU TCUCHUS, IIPU STOM €€ 3Ha-
YEHHUsI HE MPEBBIIAIOT TOYHOE pelieHue. Jjia cpaBHeHus Ha puc. 17, a puBeIeHbl Pe3yabTaThl CXEMbI
KABAPE nns camoii Tpy6oif ceTkn 642, koTopast MOKa3bIBaeT JIOMOJIHUTENbHOE obocTpenue P. ITocie
xaoTusanuu TedeHus B cxeme MakKopmaka 3nauenust P cmabo 3aBUCAT OT ceTku (2562, 5122, 10242).
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Puc. 16. 3aBucumocTs masmHCTPOGUH, MOTyYCHHAs HAa ocHOBe pesynasraroB OpenFOAM Ha mocnemoBaTelb-
HOCTU ceTok Uit pacuera 1, Re, = 1034 (a), pacuera 2, Re, = 387850 (0). Lludpsl B nerenne yxasplBaroT
KOJIMYECTBO TOYEK PaBHOMEPHOI1 ceTkH (siueek). UepHas KpuBasi OTMEUACT MTOBEICHHE aHAJTUTHYECKOTO PEIICHUS
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Puc. 17. 3aBucuMocTs MaNUHCTPOQUH, TOTYyUSHHAS ¢ TIOMOMIBI0 MeToga MakKopMmaka Ha TOCIe10BaTeIbHOCTH
cetok 1us pacuera 1, Re, = 1034 (a), pacuera 2, Re, = 387 850 (0). Lludpsl B nerenge ykasplBaroT KOIUIECTBO
TOYCK PAaBHOMEPHOM CETKH (S4€eK) B OHOM HampaniicHUH. YepHasi KpUBasi OTMEUACT OBEACHUE aHATUTHYCCKOTO
pemeHus

Jnst Gonpioro uncna Peitnonbica Re, (puc. 17, 6) pacyeTsl He Ha BceX CETKaX SIBIISIIOTCS YCIIELI-
HeIMH (647, 128?). JlanpHeiinee n3MensueHIe IPHBOIUT K HOPMATLHOMY BBINOJTHEHHIO U PETYIISPHOMY
nmoBeneHuto KpuBbiX P. 3Hauenus P B Mmakcumyme (P = 32 000) mpeBBIIIarOT aHaJIOTHYHEIC, ITOJTyYCH-
HBIC J[PYTUMHU METOJAMH.

3aKJIrYeHue

HccnemoBanre BO3AeHCTBHS BBIHYXKIAMOIICH 00bEMHOM TapMOHHYECKOW CHIIBI Ha JKUIKOCTh T10-
Ka3aJl0 CYIICCTBOBAHWE AHAIMTHYCCKOTO PEIICHHUsS I PACIpEACTICHUS CKOPOCTH, JABICHUS U UX
MIPOU3BOMIHBIX, TOJYYEHHBIE pACIIPEACNICHUsI MPEACTABISIIOT «IapKeT» M3 BUXpPEH MPOTHUBOMOIOKHO-
TO BpPAICHUS, PACTIOIOKECHHBIX B IIAXMAaTHOM TMOPSIKE BIOJIb KOOPAMHATHBIX HAMpaBICHUU. B coyuae
MOCTOSTHHO JIEHCTBYIOMICH CHJIBI TMOJIE CKOPOCTH CTPEMHUTCS K CBOMM ACHMMOTOTHYECKUM 3HAUYCHUSIM
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Kak (1 —exp (—vkzt)). ACUMITOTHYECKHI PEXKHUM OIPEEeNIIeTCs CIeIYIONMME XapaKTepHBIME Tapa-

MCTpaMHu: CKOPOCTHIO Ua = %, YHUCJIOM PeﬁHOJ’ILI{C& Rea = %, a TAaK)K€C BPCMCHCM BbIXO/Jld Ha

pexuM T, = ﬁ [IpoBeneHue 4KUCICHHOTO MOJEIMPOBAHMS C IIOMOILIBIO CBOOOJHO paclpocTpaHsie-
moro 1O OpenFOAM (monens HecxumaeMmon cpenbl), uncieHHbIX cxeM KABAPE n MaxKopmaka
(ucnonp3yomux npubIMKeHue ciabol CKMMAeMOCTH) MOKA3aJI0 CYIIECTBEHHOE OTIMYHE B CPaBHE-
HUM C aHAINTHYECKMMHU pe3ylbTaTaMi, KOTOpPOe 3aK/II0YaeTcsl B Pa3pyLICHUH PETyISIpHOIO TE€UEHUS,
HPUBOASIIETO K BOSHUKHOBEHUIO XAOTHUECKOTO OISl 3aBUXPEHHOCTH.

HauanbHbIf MOMEHT, CKOPOCTh Pa3BHUTHS HEYCTOMYMBOCTH 3aBUCAT OT UYUCIEHHOIO METO[a,
a TaKKe KOJIMYECTBA sTYEEK pacdeTHOH ceTku. IlpumedarenbHo, YTO XaoTH3aLUus OIS Te4eHUs HaOuto-
JaeTcsl KaK IIpU MajblX, Tak U 1pu Oonbmux Re,, 4To sBiIeTCA CyLIECTBEHHBIM OTAMYHMEM pellaeMoi
3aa4u OT I1ockoro Buxps Teiiopa—I'puna. {1 mocnenHero MoryT HaOMOAaThCs 1Ba BaprUaHTa pac-
naja (JJaMUHApHBIA UM TYpOYJISHTHBIN) B 3aBUCUMOCTH OT 4Hcia PeiiHonbaca.

OCO0EHHOCTH HBONIOLUUK TEUCHHS UCCICAOBAINCh HA OCHOBE MHTEIPAJbHBIX XapaKTCPHCTHK:
KuHeTHYecKor sHepruu E, sHcrpodum ( u mammcrpodun P. OOmmMM CBOHCTBOM 3THX KPHBBIX SB-
JISIeTCSL CYIECTBOBAHME TPEX y4acTKOB. IIepBblil yuacTOK CBSI3aH € PETYJSPHON ABOIOLUEH TEUEHUS,
IIPU KOTOPOIl MPOUCXOANUT YCHIIEHHE WHTEHCHBHOCTH BUXpeH. PacueTHble KpUBBIE CIIENYIOT 3a aHAH-
TUYECKUM Pe3yJIbTaToM, a M3MeJIbUeHHE CETKH NMPUBOAWUT K YIYUIICHHIO WX coBlaaeHus. Ha Bropom
y4acTKe MPOMCXOJUT MEJIEHHOE OTKJIOHEHHE KPHUBBIX OT aHAIMTHYECKHX 3HAu€HHH, KOTOpoe 3aBep-
IIAeTCS YY9aCTKOM C OOJIBIION MPOU3BOJHON IO BpeMeHH (pe3kwii craj wim poct). [IpumedarensHo,
YTO OTKJIOHEHHE MHTETPAJIOB, BHIYMCICHHBIX IO pacyeTHOI 00JacTH, MPOHUCXOAUT MOHOTOHHO, a aHa-
JM3 JBYMEPHBIX paclpe/ieleHnii He MOKa3bIBAeT TOSBICHUS BO3MYIIAIONINX TAPMOHUK, MTPHBOISAIINX
K Pa3BUTHIO HEyCTOWYMBOCTH. Ha 3TOM ke mepexoqHOM ydacTKe HAauyMHAIOT HaOIIOAThCs CETOYHbBIE
HeMoHOTOHHOCTH: i1 OpenFOAM u cxembl MakKopmaka Hambolee mo3gHee pa3pylIieHue TCUCHHS
TIPOMCXOIHUT He Ha caMoil Menkoi ceTke (10247), a Ha Gonee rpyObIX. TpeTHii y4acTOK CBS3aH C XaOTH-
YECKOH BOJIOIUEH TeUeHHs U 3aBUCHT OT JUTUTEIBHOCTH WHTEpBaIa JIJAMUHAPHOH 3Botonnu. O0paTum
BHHUMaHME Ha CYIIECTBEHHBIE OTIMYHUS 3TOT0 MHTEpBaja Ul pa3auyHbIX Re,. B wactHOCTH, A1 KMHe-
TH4eckol ’Hepruu E 3HaueHus ocumumpyroT B okpecTHOCTH E ~ 0,2 11 Bcex YMCIeHHBIX METOIOB.
Takum obpaszom, npu ManoM Re, 3aBUCHMOCTH OT MOMEHTa Hadaja Hadajla XaoTH3aLUU OKa3bIBACTCs
HECYILIECTBEHHOM.

OTMeTHM, YTO aCUMITOTHYECKOE MOBEJCHNE MPH MANbIX 3HAYEHUAX KMHEMAaTH4eCKOM BA3KOCTH
JIOITyCKAeT Pa3iIoKEeHNE IKCITIOHEHITHAILHOW 3aBUCUMOCTH OT BPEMEHH, YTO JIaeT JTMHEWHBIA POCT HEKO-
TOpBIX BeIM4uH. s Oombiroro yucia PeifHONbca MOMEHT Havyasla XaoTHU3aI[UH OTIpesesIIeT Kolude-
CTBO JHEPIHH, MEPeJaHHON B TeueHHe 0ObeMHOH cuiiol. B mpomomkeHne aHanm3a SHEPreTHYecKOro
OanmaHca TeYEHHsI Mbl PaCCMOTpENIN HAabOp BETUYHH, KOTOPBIE TIO3BOJSIOT CYAUTh U O AUCCUIIATUBHBIX
XapaKTepUCTUKaX YUCIEHHBIX MeTonoB. lIpomecc 3akauku sHeprum cBsizaH ¢ MOIMHOCTHIO W BBIHYX-
JIATOIIE CHIIBI, B TO BpeMs KaK JIMUCCHUITANUS IMPEJCTaBIeHa CyMMOH CllaraeMblX, CBS3aHHBIX C HETO-
CPEICTBEHHBIM YBEIMYEHUEM KMHETUYECKOW SHEPIUH (€), BA3KOW IUCCUTALME (&£,), NMIIATAIIMOHHOM
JMCCUIIAKMEN (€5 — ISl METOIOB CO CIab0H CKUMAEMOCTBIO), & TAKIKE YMCICHHOU JIUCCUTIALNHY (& g )-
g pesynbraros, nomyueHHbIX 1o cxeme KABAPE u [10 OpenFOAM, Ha ocHOBe 0anaHCOBBIX CO-
OTHOLIEHHH YCTAHOBIEHO, YTO MOCIIE0BATENbHOE U3MENBIEHHE CETKH NPUBOAUT K YMEHBLICHHIO &y
B 5-7 pa3 mpu mepexoje oT ceTKH K cetke. JIus camoit mompo6Hoii u3 Hux (1024%) uncneHHas Juccu-
MaIys OKa3bIBaeTCSl Ha HECKOJBKO TOPSIKOB MEHBIIIE CBOETO THIPOIUHAMHYECKOTO aHajora. MoKHO
3aKIIIOYUTh, YTO JUCCUIIATUBHBIE XapaKTEPUCTUKN 000MX METO0B HE OKa3bIBAIOT CYIIECTBEHHOIO BIIU-
SIHUSL Ha TIPOIECC IBOIONNY 3aBUXPEHHOCTH. Kak ciieyer u3 mpeacTaBiIeHHbIX Pe3ylbTaToB, IMPOIECC
Xa0TH3allMK HaOIromaeTcs s J1000r0 M3 YHCICHHBIX METO/IOB, IIPHU 3TOM OHAa MOXKET MPOHCXOIUTH
Y Ha IMTO3HUX BpEeMeHaX PerysIpHON JBOIIOIUH TESUSHHS, KOT/Ia JOKaIbHbIC aHATUTHYSCKUE 3HAUCHUS
BPEMEHHBIX MPOM3BOIHBIX YMEHbIIat0TCA. [ HccnenoBaHus MPOIECCOB MPOU3BOJICTBA 3aBUXPEHHO-
CTH MBI UCIIOJIb30BAJIU JIBE MHTErpaJIbHbIE BEJMUNHBI, ONpeAessieMble Ha €€ OCHOBE, — MHTErpajbHbIC
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sHcTpoduto (£) u mamuacTpoduto (P). [TocTaHoBKa 3a1a9M ¢ IEPUOTUICCKUMHU TPAHUIHBIMU YCIIOBHUS-
MU TI03BOJISIET YCTAHOBHUTD MPOCTYIO CBSI3b MEXIy HUMHU. Kpome Toro, { MOXKET BBICTYIATh B Ka4eCTBE
Mepbl BUXpEpa3pelIaonell CrioCOOHOCTH YNCIICHHOTO METOAA, a HAJIMHCTPO(HS OIPEAesieT CTEIECHb
MIPOM3BOJICTBA MEIKOMACHITA0OHOH 3aBUXPEHHOCTH. Xa0TH3alus MIPH MallbIX yuciax PeliHonbaca npu-
BOAUT K MHTEHCHBHOMY YMEHBILICHUIO 3HCTPO(GHU M OBICTPOMY HCUE3HOBEHMIO MEJIKOMACIITAOHBIX
CTPYKTYD.

ITpu Gonpmnx ynciax PeliHonpaca ymMeHbIIeHHE SHCTPOGHH MPOUCXOOUT JTOBOJIBHO MEAJICHHO.
OnHako craji KpUBBIX MMOKA3bIBAET, YTO BBIHYKIAIOLIAsl CHJIa ¢ OOJBIINM MPOCTPAHCTBEHHBIM TIEPHO-
JIOM He crioco0Ha MOANEeP)KUBATh MEIKOMAcITA0HOE pacipeesieHHe BUXPEH, U B CHITY CYIIECTBOBAHUS
KacKaJa B TEYCHUU COXPAHSIIOTCS B OCHOBHOM TOJIBKO KPYITHOMACIITaOHBIC 00pa30BaHusI.

JlaHHBIN BBIBOZA XOPOLIO MOATBEPKAACTCS KPUBBIMH HNAJMHCTPO(PHHU, KOTOPHIE MTOKA3bIBAIOT aK-
TUBHYIO (PUIAMEHTALMIO B AByMEPHOM Xa0THYECKOM TeueHHu. Ha oTHOcuTEIbHO HEeOOIbIIOM HHTEPBa-
e At = 10 (cerka 1024%) mamuucTpodus P mpuHMMAET To ke camMoe 3HAYeHHeE, YTO U 0 XaOTH3ALNH.
MHTepBan MHTEHCHBHOIO HMPOM3BOJCTBA 3aBUXPEHHOCTH 3aHUMaeT OKolo At = 2, TO ecTh sIBISETCS
BeChbMa KpaTrkoBpeMeHHBIM. Criai Iocje XaoTU3aliy XapaKTepu3yeTcs CTeNeHHON (QyHKIHEH.
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We present an inhomogeneous two-dimensional network model of two-phase flow in porous media. The
edges of the network are assumed to be capillary tubes of different radii. We propose a new algorithm for
handling phase fluxes at the nodes of this network model. We perform two test problems and show that the
two-phase flow in this inhomogeneous network model demonstrates properties that are analogous to those of
real porous media: capillary imbibition, dependence of capillary pressure on saturation and effect of capillary
forces in two-phase displacement. The two test problems are: the counter-current imbibition and the two-
phase displacement in a periodically inhomogeneous porous medium. In the former problem, we implement
a network consisting of two regions: a region of low-permeability with thin capillaries surrounded by a region
of high-permeability with thick capillaries, initially saturated with wetting and nonwetting incompressible fluids,
respectively. Capillary equilibrium is established due to counter-current imbibition by a region. We examine the
dependence: of saturation of the wetting fluid with respect to time in the regions, and of capillary pressure on the
current saturation. We have obtained a qualitative agreement with the known experimental and theoretical results,
which will further allow us to use this network model to verify homogenized models of capillary nonequilibrium.
In the latter problem, we consider the two-phase displacement, where the network is initially saturated with non-
wetting fluid. Then wetting fluid is injected through a boundary at a constant rate. We analyze the saturation
with respect to the axis which is along the applied pressure gradient for various moments in time with various
values of coefficients of surface tension. The results show that for lower values of coefficient of surface tension,
the wetting fluid prefers to invade through the thicker tubes, and in the case of higher values, through thinner
tubes.

Keywords: porous medium, capillary pressure, imbibition, multiphase flow, network model,
periodically inhomogeneous media
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[IpenctaBieHa HEOJHOPOAHAS ABYMEpHAs CETeBas MOAENb JBYX(a3HOTO TEUEHHUs B MOPUCTHIX Cpenax.
IIpeamnonaraercs, 4To pebpa CETH MPENCTABIAIOT COO0H KammwusipHble TPyOKH pasHoro pammyca. IIpemnoxen
HOBBIH aJITOPUTM yTmpaBieHus (a30BbBIMU IOTOKaMH B y3llax 3TOH cereBoil mozenu. [lokazaHo, 4ro cereBas
MOJIeNb IEMOHCTPUPYET CBOICTBA, aHAIOTUYHBIE CBOMCTBAM PEANIbHBIX HMOPUCTBIX CPEJ: KAMWILISpHAs MPOIMUT-
Ka, 3aBHCUMOCTb KaIlWIJISIPHOTO JAaBJICHHUS OT HACBHIIIEHHOCTH M BIHMSHHME KAMMUIAPHBIX CHJI IpU ABYX(azHOM
TEYeHUH. BBIJIO peleHo /1Be TEeCTOBBIE 3aJauyd: IPOTHBOTOYHAS MPOMUTKA MOPHUCTOTO O10Ka M AByx(dazHoe Te-
YeHHE B IMEPUOJIMYECKH HEOJHOPOJHON MOpUCTOM cpeze. B mepBoii 3amade peann3oBaHa CEThb, COCTOSINAS U3
JIByX obnacteii: 001acTh ¢ HU3KOH NMPOHMIIAEMOCTHIO M TOHKUMH KallWJUIIPaMH OKpY)KeHa 00JIaCThIO C BBICOKON
MPOHULAEMOCTBIO U TOJICTBIMU KaMILIIPaMHU, U3HAYaJIbHO HACBIIIEHHBIMU CMAUUBAIOIUMK U HECMAuUBAIOLIUMHU
HEC)KUMAEMBIMH JKHJIKOCTSIMH COOTBETCTBEHHO. KanmnisipHoe paBHOBECHE YCTAHABIMBAETCA 3a CUET MPOTUBO-
TOYHOI MPOIUTKY BHYTpPeHHEH oOnacTu. MccnemoBaHa 3aBUCHMOCTh HACHIIIICHHOCTH CMAYMBAIOMICH KUIKOCTH
B 00JIaCTAX OT BPEMEHH M KalWUIIPHOTO IABICHUSA OT TEKyIleH HachIIeHHOCTH. IlomydeHo KadecTBEHHOE CO-
OTBETCTBHE M3BECTHBIM JKCIEPHUMEHTAIBHBIM U TEOPETUYECKUM PE3yabTaTaM, 4TO B JalIbHEHIIEM ITO3BOIHUT HC-
MOJb30BaTh 3Ty CETEBYH0 MOJENb JJsl MPOBEPKHU OCPETHEHHBIX MOJENEH KanMUIIPHON HEpaBHOBECHOCTH. Bo
BTOpOH 3aj1aue paccMaTpuBaeTcs AByX(]a3HOe BBEITECHEHHE, TP KOTOPOM CETh M3HAYaJIbHO HACBIIIACTCS HECMa-
YHUBAIOIICH JKUIAKOCTHIO. 3aTeM CMadMBAaIOIas >KUIKOCTh BBOJUTCS Yepe3 TPAHHUILYy C MOCTOSHHBIM PaCXOJOM.
AHanusupyercsa paclpe/elieHHe HACBIIIEHHOCTH BAOJIb OCH, HAllpaBICHHOW BAOJIb MPUIOKEHHOTO I'PaJUEHTa
JIaBJICHUSI, JUIsS PA3JIMYHBbIX MOMEHTOB BPEMEHH IPH Pa3IMYHBIX 3HAYCHHSX KOA(PQUIMEHTOB ITOBEPXHOCTHOTO
HaTSDKCHUSI. Pe3ynbraTel pacyeToB MMOKA3bIBAIOT, YTO MpH 0o0jee HU3KHUX 3HAaYEeHHAX Kod(duImeHTa moBepXHOCT-
HOTO HAaTSDKEHMSI CMauMBAIONIAs )KUIKOCTD MPEANOYUTAECT IPOHUKATH Yyepe3 0oJiee TOJICThIe TPYOKH, a mpu Oosee
BBICOKHX 3HAYEHHSIX — uepe3 0ojiee TOHKHE.
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1. Introduction

Modeling two-phase flow in porous media is important in a variety of applications in oil
production, hydrology, etc [Labed, Bennamoun, Fohr, 2012]. A porous medium consists of a skeleton
(usually solid) and voids (also called pores). The voids are connected to each other by capillaries. The
voids may contain fluids such as water, oil or gas [Su, Sanchez, Yang, 2012]. The saturation S, of
fluid F, is defined as the ratio of the volume V, occupied by the fluid F, to the total volume of the

void space V.

S = . M
void
We assume that the void space can be filled with only two fluids. We denote saturation with
a more wetting fluid (for example, water in a hydrophilic rock) as S,,, and with a less wetting fluid
(for example, oil in a hydrophilic rock) as S,,. Let these fluids completely fill the space of pores and
capillaries, then S, + S,;;, = 1. In what follows, we denote the saturation of the wetting fluid as S.
Darcy’s law is a continuum law for linear filtration of fluids in a porous medium [Whitaker, 1986]:

Q- —EVP, 5

where Q is the flow rate, K is the permeability, i is the coefficient of viscosity, and VP is the pressure
gradient.

Permeability in the case of multiphase flows is traditionally considered to be a function of
saturation K = K(S) [Coussy, 2004].

However, this assumption is only valid when the characteristic time of the fluid flow is much
greater than the characteristic time of relaxation, which is the time required for redistribution of fluids
in the pore and capillary space due to surface tension forces. Here, it is also assumed that the fluid
configuration corresponds to minimum surface energy at every moment in time. Thus, the traditional
models of fluid filtration in a porous medium are also called equilibrium models. The capillary
equilibrium can be disturbed when the saturation changes relatively quickly or the relaxation time
to the equilibrium state is sufficiently long. For example, the relaxation time is long for the continuum
description of filtration in a fractured-porous medium [Barenblatt, Zheltov, Kochina, 1960; Barenblatt,
Patzek, Silin, 2003]. In these cases the assumption that permeability is a function of saturation is
insufficient. Advanced models such as [Hassanizadeh, Gray, 1987] and [Hassanizadeh, 2004] take
capillary nonequilibrium effects (dynamic effects) into account by having K to also be dependent on
the rate of change of saturation:

0S
K=K (S, E) 3)

However, the process of fluid redistribution in the pore space can occur even at a constant
saturation S = const. This fact can be taken into account by including an internal parameter ¢ in the
arguments of K. The relative permeability is of the form

Ke = Ko(S, &), “

and the kinetic equation for the parameter &, such that it relaxes to an equilibrium value for a given
constant saturation S:
43

it CR ) ®)

This approach was implemented by Kondaurov in his works [Kondaurov, 2007; Kondaurov, 2009].
Equations of the form (5) have been developed by [Konyukhov, Pankratov, Voloshin, 2017; Konyukhov,
Pankratov, Voloshin, 2019].

In order to better understand the physical meaning of nonequilibrium models and to clarify the
parameters included in them it is necessary to consider the movement of fluids at the scale of pores
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and capillaries. Common methods for modeling the movement of fluids at the pore scale are: the lattice
Boltzmann method [Chen, Doolen, 1998], a direct solution of the Navier — Stokes equation, and network
models [Blunt et al., 2013]. Direct modeling gives fairly accurate results on the distribution of velocity,
pressure and positions of interfaces but it requires significant computing power and time [Liu et al.,
2013]. Network models [Fatt, 1956; Aker et al., 1998; Ramstad, Berg, Thompson, 2019; Shabbir, 2023]
allows us to qualitatively reproduce the observed effects with lower computational effort [Meakin,
Tartakovsky, 2009]. This paper presents a two-dimensional network model that allows us to reproduce
nonequilibrium phenomena during two-phase flow in a porous medium.

2. Numerical model of two-phase flow of incompressible fluids

Figure 1. Scheme of the network model. Showing nodes {vk}, where k = (1, 2, 3, 4, 5). Each tube connecting
2 nodes v; and v > can have a different radius R i» and contain a maximum of 2 menisci

We consider a network model of a porous medium, which is a set of nodes connected to each
other by capillary tubes. The tubes model the capillary space, and the nodes model the pore space. Each
node is connected to 4 neighboring nodes as shown in Fig. 1. A node can be connected to less than
4 nodes if they are located on the boundaries. In what follows, the double index ij denotes quantities
related to the capillary T, j connecting nodes v; and Vi of the set of nodes {v,}, k =1, ..., n, here n
is the total number of nodes in the system. Capillary tubes are considered to be cylinders of circular
cross-section and in general have different radii Rij [Shabbir, 2023]. The medium is saturated with
two incompressible fluids F, and F,, with different viscosities 4, and u,, and wetting properties. The
volumes of the nodes are neglected. The distribution of fluids in the medium is determined by the
position of the menisci. In the model under consideration the number of menisci in one tube does not
exceed 2. This model has many characteristics similar to [Aker et al., 1998], however, it is different for
example, about the choice of geometry of the capillary, they have used hourglass shaped tubes, while
we have used cylindrical shaped tubes, which allows us to derive accurate flow rate equations. The

volumetric flow rate for a tube 7] 1S

Q; = AjAP; + B, (6)

-P,

where the pressure difference at the ends of the tube is equal to AP, P = P J

R

~ 7TR|-4]- 2§j0'
ITEIMI R, ®
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: . . . I+ ) .
where | is the length of the tube, o is the coefficient of surface tension, M; | = M is the average

viscosity of the fluid in the capillary 7;;, p, is the coefficient of dynamic viscosity of the fluid F,
and (l)); j is the length occupied by the fluid F, in the capillary 7, j (k = 1, 2). The multiplier s j
takes into account the number and orientation of menisci in the capillary i when calculating the
total capillary pressure jump in the tube. The multiplier S = 0 if the ends of the tube are filled with
identical fluids, Sj = 1 if the end of the tube at node i is filled with a wetting fluid, and the end at
node | is filled with a nonwetting fluid, s = —1 otherwise.

Since Mij = Mji’ and Sj = S we have
Aij = Aji’ )
B.=-B.. (10)

1) JI

The average fluid velocity in the capillary j is

V.. = & (11)
ij ﬂ'R‘z‘ :
The law of conservation of volume at the nodes for a closed system (in the absence of
sources/sinks at the nodes) leads to a system of n linear equations for determining the pressures at
the nodes:

ZQH:O’ |:192’9n9 (12)
]

where | are the indexes of the nodes connected to node v;. For example, in Fig. 1, i =3,and j =
= (1, 2, 4, 5). Taking equation (6) into account, we have

i i

In the problem of counter-current imbibition, we have a closed system, that is, no fluid can enter or
leave the system. The determinant of the matrix of the system of linear equations is equal to zero (the
summation of equations (13), due to (9) and (10) leads to the identity 0 = 0). This case is solved by
adding a constant to the elements of an arbitrary column K of the matrix of the linear equations, which
enforces the additional condition P, = 0.

The coordinates of the menisci, if present in the j tube, satisfy the equation

dx;;
J

Let us formulate the equations in dimensionless form by introducing the linear scale L, the
pressure scale Py, and the dynamic viscosity scale ypy, such that: X = LpX, Ry = LRy, I = Lyl

t=tol, Vij = VoV, P = PP, My = 11 M;;. We define:

L,P L
V= —/——10 t, =, (15)
Hm Vim
The flow equations in dimensionless form are
dx.
i~
il (16)
2
N 2 _ | 25
U = 5L (AP” + Ni] (17)
8Milj Ri
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where N is the capillary number, which is a dimensionless parameter characterizing the relationship
between the viscous and the capillary forces:

v, LnP

a a

N

Note that the capillary number N can be expressed in terms of the radius R ; and the length |
of the tube, with a pressure difference at the ends of the capillary of scale P,

R2 _ 2s.
v, = 5L [APij + Nﬁi) (19)
8Mij|ij c Rij
N = RetPm o="e_ R (20)
T8l o’ N 8l Ly

ref—Mm

In the problem of capillary imbibition we choose the value P, = g~ as the pressure scale

and L, = R, as the length scale, then N = 1 and equations (16) and (17) takgfdimensional form. The
distribution of wetting and nonwetting fluids along the outgoing flows at each node is determined from
the condition of minimum contact energy of the nonwetting fluid with the walls of the capillaries, the
implementation of which in a network model is the novelty. A brief version of the algorithm:

1. Calculation of pressure at all nodes for the given configuration of menisci by solving the system
of linear equations (13).

2. Determination of the time integration step At, such that At = vc‘—l, here v, is the maximum

max max
velocity among all tubes, for all results in this article we have used ¢, = 0.1.

3. Integration of equation (14) per time step At to calculate the displacements of menisci and the
volumetric inflow and outflow in each node v,.

4. Distribution of fluids in each node v, according to the novel method, which is the wetting fluid
is first distributed into the tubes according to the ascending order of their radii, and then the
non-wetting fluid.

5. Recalculation of the position of the meniscus (merging of drops) when more than 2 menisci
appear in a tube, such that the center of mass of each fluid in the tube remains the same.

@
~

In what follows all quantities are dimensionless, so the sign is omitted.

3. Imbibition of an inclusion at a constant saturation

Using the developed algorithm, we solve the problem of imbibition of an inclusion inside a region
with closed boundaries. Initially, the wetting fluid is located in the outer region and the nonwetting
fluid is located in the inner region as shown in Fig. 2, a. During simulation, we calculate the saturation
of the wetting fluid S(t) in the inner region and the average capillary pressure P, in the inner region
were for various equilibrium values of S.

The computational domain consists of a grid of 30 x 30 tubes. The tubes in the outer region
have radii of R, = 6. The inner region (inclusion) consists of thinner tubes with radii consisting
of R = (2, 3, 4, 5). The volume of the inner region is approximately equal to the volume of the

mner
outer region, V. =~V where V,, =V

inner outer? Sys inner + Vouter .

Random small values are added to the initial radii of the tubes R?j that is R, j= R?j + AR L thus
preventing the case of two identical tubes being connected to a node, and thus ensuring that there
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9.9.0.9.9.0.0.0.0.0.0.0.0.90

(a) Sy =029, S, =0 (b) Sy, = 0.29, S, = 0.30

Figure 2. Flow visualization for counter-current imbibition, in 30 x 30 grid of tubes. Sy is saturation of wetting
fluid in the whole system, which remains constant, S; . is saturation of wetting fluid in the inner region.
All boundaries are closed. (a) Initial distribution, where the inner region of low-permeability is saturated with
nonwetting, and outer region of high-permeabality with wetting fluid. The wetting fluid invades the inner region
solely due the capillary forces. (b) Final distribution, wetting fluid prefers to rest in the thinner capillaries

1.0 0.8
function S (7)

0.8 ® simulation points 0.7
0.6

) 0.6
0.4

0.5
0.2

0.0 ¢ 0.4

0 100 200 300 400 500 0.0 0.2 0.4 0.6 0.8
t S
(a) Saturation vs time (b) Capillary pressure vs saturation

Figure 3. Results for counter-current imbibition. (a) Dependence of saturation S of the wetting fluid in the inner
region with respect to dimensionless time t. (b) The dependence of average capillary pressure P (dimensionless)
with respect to equilibrium saturation S

always exists a unique way of distributing fluids according to the novel method. In all results shown

AR
here, % ~ +1073. The other constants used were: My =py =005 0=1and| = 20.

Series of calculations were carried out for different saturations of the wetting fluid in the whole
system S, where a system consists of the inner and the outer region. An example of the initial and
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equilibrium configuration of fluids in a tube system is shown in Fig. 3. It can be seen that the wetting
fluid preferentially penetrates the tubes of smaller radius.

Figure 3, a shows an example of the evolution of the saturation of the wetting fluid in the inner
region over time for the case of maximum saturation 0.53. The calculated curve can be approximated
quite well using the function

S(t)=C, +C,(1-e%), (1)

where C,, C, and C, are fitting coefficients. In Fig. 3, b, we see that the average capillary pressure
decreases with increase in equilibrium saturation, this is in agreement with the well-known theory and
experimental results [Fatt, 1956].

4. Flow in a periodically inhomogeneous medium

Let us consider the process of displacement of a nonwetting fluid by a wetting fluid in
a periodically inhomogeneous porous medium. Heterogeneity is modeled by varying the radii of the
tubes. The radius of a tube is a function of the coordinate of its center (shown in Fig. 4, a):

R(x, ) = A(1 + B cos(kX) cos(K ), (22)

where A=4, B =08, k =k, = 27”, A =106, ¢ is the distance between two adjacent nodes, § = V2I,
and | is the length of the tube.

YA o1 2 3 ... 40 40 8
= 35 7
=

s © 30 6
o’ 25 5
%23 .733 “
A V4 20| 4
A
o' o 15 3
§ o 10 2
— 5 1
Y - o & i
(0] X 0O 5 10 15 20 25 30 35 40
(a) Dimensions (b) Thickness of radii

Figure 4. Radius distribution for filtration. (a) Simplified view of 40 x 40 tubes, with marked centers of 3 tubes
T35, T35, and 7,;. The center of 7, located at (X,5, ¥,5). ¢ is the distance between any two adjacent nodes along
an axis. (b) Periodical nonhomogeneity, heat map of radius distribution produced by equation (22), the numbers
along the horizontal and vertical axes denote the kth row and column of the grid formed by tubes

The setup and boundary conditions are shown in Fig. 5. The top and bottom rows of nodes are
closed boundaries, while the left and right column of nodes are open boundaries. The wetting fluid is
injected at a constant flow rate Q from the left. All open nodes on the left boundary are maintained at
the same input pressure P, (t), which are calculated at each computation step, in order to achieve Q =
= const for various different distributions of menisci. Fluids are drained from the right open nodes,

which is always maintained at a pressure P, = const. We terminate the simulation when we have
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Figure 5. Boundary conditions for filtration. 40 x 40 tubes, N = 1, t = 1000, where N is the capillary number
according to equation (18), and t is time in dimensionless form. Q is the volumetric injection rate, P, (1) is the

input pressure, and P, is the output pressure, all quantities are in dimensionless form

injected the wetting fluid of volume approximately equal to the total volume of the system V. The
physical time t,, for the simulation is

det = Vyyss (23)
0
since Q = const, we have
e = 2, (24)
Q

where Vo = 3 a2 for all tubes i.
|

For all results of filtration we have used: a grid of size 40 X 40 tubes; u, = p, = 0.01; | =

=100; P_,, = 10.0; Q = 1000. We calculate Vsys =9.7-10° ~ 107, and therefore from equation (24),
tnax & 2 = 10%
max ~ 103 :

We see flow visualization for the high capillary number N = 1 and the low capillary number
for N = 0.05 in Fig. 6 and Fig. 7, respectively. In Fig. 6, it is clear that the fluid prefers to flow
through the path of least resistance, which are the thicker tubes. In Fig. 6, a, the flow (front) is the least
progressed along the horizontal axis of symmetry as the region there has thinner capillaries. In Fig. 6, b,
we see formation of zones with nonwetting fluid located in the intersection of the thinner capillaries
temporarily surrounded by the wetting fluid on all its sides. In Fig. 7, the wetting fluid prefers to flow
through the thinner tubes with higher capillary forces. In Fig. 7, a, the flow through the thinner tubes
has moved the furthest ahead, partially surrounding the zones of intersection of the thicker tubes. In
Fig. 7, b, we see the formation of zones with the nonwetting fluid located in the intersection of the
thicker capillaries temporarily surrounded by the wetting fluid on all its sides.

In Fig. 8 we see three positions of the saturation front at different times for N = 1. Satura-
tion S(x, t) was calculated from the volume fraction of the wetting fluid within a vertical strip of
thickness %. In Fig. 9, we see a comparison of the positions of saturation fronts at the same time t =
= 4000 for different N. Oscillations in saturation graphs are associated with the heterogeneity of the
medium. It can be seen that for lower capillary numbers the oscillations are stronger. This is due to the
fact that the volume of tubes in the region with thin tubes is much less than the volume of tubes in the
region with thicker tubes.

2024, T. 16, Ne 4, C. 913-925




922 K. Shabbir, O. Ya. Izvekov, A. V. Konyukhov

%?%&§§§§§§§§§§§§§§§§ IR
£§§§§§§§§§§%%
SR HXHXHXHXHXHXIXIIK

SRR X

0‘0000000‘0000‘0‘ 0’ QR o

0%0%0%0%6 %6 %% %% %% %% %% %%
(a) t = 2000 (b) t = 6000

&R

0205050 %0 %0 %0 %

02020202020 %020 % %%
SREREEEEEKEKEE

QRSKRKRRY

Q

Figure 6. Flow visualization for filtration. 40 x 40 tubes, N = 1, high capillary number, corresponding to low
capillary force, at various t, where N is the capillary number according to equation (18), and t is time in
dimensionless form
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Figure 7. Visualization of flow for filtration in inhomogeneous porous medium. 40 x 40 tubes, N = 0.05, low
capillary number, corresponding to high capillary force, at various t, where N is the capillary number according
to equation (18), and t is time in dimensionless form

5. Conclusion

We developed a network model which uses a novel method of distributing phases at the nodes.
We proposed two test problems: the problem of counter-current imbibition in an inclusion, and the
problem of displacement in a periodically inhomogeneous porous media. We have observed the
following properties: capillary imbibition, dependence of capillary pressure on saturation, the effect
of capillary forces in two-phase displacement, which are analogous in real porous media. In the second

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE




Simulation of two-phase flow in porous media using an. .. 923

1.0

0.8

0.6
—— ¢ = 6000

1)

0.4 —&— t = 4000
—o— ¢ = 2000

0.2

0.0

0 5 10 15 20 25 30 35 40

X

Figure 8. Results for filtration in inhomogeneous porous medium. 40 X 40 tubes, N = 1. S versus coordinate X
for various t. Here, N is the capillary number according to equation (18), and t is time in dimensionless form.
S = S(x, 1) is the saturation of the wetting fluid in the column of tubes located at X, where X is the number of
tubes along the horizontal from the origin O, about O and X shown in detail in Fig. 4, a
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Figure 9. Results for filtration in inhomogeneous porous medium. 40x40 tubes, at t = 4000. S versus coordinate X
for various N. Here, N is the capillary number according to equation (18), and t is time in dimensionless form.
S = S(x, 1) is the saturation of the wetting fluid in the column of tubes located at X, where X is the number of
tubes along the horizontal from the origin O, about O and X shown in detail in Fig. 4, a

problem about filtration in a periodically inhomogeneous porous medium, the result shows that, for
higher value of capillary number, the wetting fluid prefers to invade through the thicker tubes, which
is the path of the least resistance and in the case of lower, through thinner tubes. It is clear that at low
capillary numbers the fluid predominantly moves through thin capillaries. At low capillary numbers
the redistribution of fluids in the pore space occurs faster than at high capillary numbers. Thus, the
flow with small capillary numbers is closer to the equilibrium case. Most importantly, the method of
distributing fluids in a node is valid and can be extended to an arbitrary number of connections, which
will be used in developing a network model for three dimensions. For the dependence of average
capillary pressure vs saturation in the problem of counter-current imbibition, a qualitative agreement
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with known experimental and theoretical results has been obtained. This will further allow the network
model to be used to verify other homogenized models of capillary nonequilibrium.

6. Appendix
The source code used is located here: https://github.com/kafiulshabbir/porus-fluid.
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Deep learning’s power stems from complex architectures; however, these can lead to overfitting, where models
memorize training data and fail to generalize to unseen examples. This paper proposes a novel probabilistic approach to
mitigate this issue. We introduce two key elements: Truncated Log-Uniform Prior and Truncated Log-Normal Variational
Approximation, and Automatic Relevance Determination (ARD) with Bayesian Deep Neural Networks (BDNNs). Within
the probabilistic framework, we employ a specially designed truncated log-uniform prior for noise. This prior acts as
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ARD with BDNNs, where weights have a probability distribution, we achieve a variational bound similar to the popular
variational dropout technique. Dropout randomly drops neurons during training, encouraging the model not to rely heavily on
any single feature. Our approach with ARD achieves similar benefits without the randomness of dropout, potentially leading
to more stable training.

To evaluate our approach, we have tested the model on two datasets: the Canadian Institute For Advanced Research
(CIFAR-10) for image classification and a dataset of Macroscopic Images of Wood, which is compiled from multiple
macroscopic images of wood datasets. Our method is applied to established architectures like Visual Geometry Group
(VGQG) and Residual Network (ResNet). The results demonstrate significant improvements. The model reduced overfitting
while maintaining, or even improving, the accuracy of the network’s predictions on classification tasks. This validates the
effectiveness of our approach in enhancing the performance and generalization capabilities of deep learning models.
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Introduction

In the field of image classification, Deep Neural Networks (DNNs) have made remarkable
progress. However, when dealing with small datasets, neural networks tend to become
overparameterized, leading to overfitting due to the abundance of weight parameters in the layers.
To address this issue and mitigate overfitting during training, researchers have proposed various
compression techniques to design lightweight models, including neural network pruning. Dropout
regularization, initially suggested by Hinton et al. as a method to prevent overfitting [Hinton et
al., 2012], involves randomly suppressing the activation levels of certain neurons during network
training. This strategy enhances the model’s feature extraction performance by retaining all neurons
and recovering all training parameters. Zhou and Luo [Zhou, Luo, 2018] have proposed a strategy that
considers the likelihood of node deletion based on the magnitude of the activation value. This approach
enhances the model’s feature extraction capabilities by selectively pruning nodes, thereby improving
overall efficiency.

In addition to overfitting, compression and acceleration present significant challenges for neural
networks, especially when their performance heavily depends on model parameters and computational
cost. Further investigation into variational dropout reveals the possibility of reducing the size of the
original network design and creating an extremely sparse model by examining individual dropout rates
for each weight [Molchanov, Ashukha, Vetrov, 2017].

While general sparsity offers a means of neural network compression, most present-day deep
neural network (DNN)-oriented software struggles to effectively handle sparse matrices, potentially
maintaining the same assessment time for network evaluation. Simultaneously, enforcing organized
sparsity in data tensors or convolutional filters can lead to acceleration. Structured sparsity techniques
vary from the straightforward removal of redundant neurons or adoption of convolutional filters to more
intricate patterns, such as those implemented in Perforated CNNs for eliminating redundant rows in
intermediate dataframe matrices during convolutions [Figurnov et al., 2016]. Group-wise Brain Damage
utilizes group-wise sparsity in convolutional filters [Lebedev, Lempitsky, 2016], and Structured Sparsity
Learning offers a mechanism for selectively pruning entire convolutional filters or layers within residual
networks [Wen et al., 2016]. These approaches facilitate the creation of parsimonious models while
preserving accuracy, providing realistic acceleration with minimal adjustments to the existing model.

A meticulously adapted log-uniform prior, as proposed by Molchanov et al. [Molchanov,
Ashukha, Vetrov, 2017; Kingma, Salimans, Welling, 2015], promotes sparsity while preserving
model correctness and overcoming the drawbacks associated with improper priors [Hron, Matthews,
Ghahramani, 2018]. Going beyond its conventional application, dropout can be viewed through the lens
of variational inference and automatic relevance determination [Mackay, 1995; Neal, 2012], offering
an alternative interpretation that mitigates its known deficiencies.

In this paper, these two methods are combined to create a model with substantial acceleration
in convolutional neural networks, demonstrating an acceptable level of accuracy loss and a high level
of group sparsity. The proposed model is designed based on VGG and ResNet architectures using
CIFAR-10 and a Macroscopic Image of Wood dataset.

Related work

Pruning techniques in Bayesian neural network

In [Louizos, Ullrich, Welling, 2017], the pruning of neurons and all their incoming and outgoing
weights is achieved through Bayesian modeling using sparsity-inducing priors on hidden units, instead
of individual weights. In contrast, the author in [Neklyudov et al., 2017] primarily applies the Bayesian
model to eliminate certain channels in each layer of the network for pruning purposes. The authors
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in [Zhou et al., 2019] achieved more optimal pruning by accounting for interlayer dependencies during
the pruning process and introduced a novel dropout-based redundancy measure to compute posterior
hypothesis inter-layer relationships. Despite their differences, applying these techniques to the Bayesian
model ultimately optimizes a weight importance metric that directly influences the pruning process.

Variational Dropout, initially proposed by Kingma et al. in 2015 [Kingma, Salimans, Welling,
2015], investigates the relationship between dropout and stochastic gradient variational Bayesian
inference. Subsequent work by Molchanov et al. [Molchanov, Ashukha, Vetrov, 2017] further explores
Variational Dropout, demonstrating its utility as a technique for model compression. This approach
enables neural networks to utilize significantly fewer parameters while maintaining a surprisingly high
level of accuracy.

Gaussian Dropout, as suggested in [Srivastava et al., 2014], represents a local reparameterization
of stochastic gradient variational Bayesian (SGVB). The goal is to treat the dropout ratio as a parameter
that can be learned during training, rather than as a fixed hyperparameter adjusted by the user.

In 2016, Gal and Ghahramani introduced the concept of Monte Carlo Dropout [Gal, Ghahramani,
2016], representing a deep Gaussian process in Bayesian approximation. A deep Gaussian process
generates a probability distribution as its output, and the parameters of this distribution are estimated
during testing using conventional dropout. This approach forms the basis for subsequent research [Gal,
2016; Lakshminarayanan, Pritzel, Blundell, 2017; Zhu, Laptev, 2017; Jungo et al., 2018], which focuses
on characterizing the uncertainty of model outputs to address expressing uncertainty in deep learning
without compromising test accuracy.

The idea that various neurons in a neural network should have varied dropout probabilities
based on their perceived significance for specific characteristics was proposed by Li et al. through
Evolutionary Dropout [Li, Gong, Yang, 2016]. Applied to both shallow and deep neural networks,
Evolutionary Dropout determines the dropout ratio in shallow networks using the second-order statistics
of input data features. In deep networks, the dropout ratio for each layer is determined in real-time using
the output of that layer for each batch. Evolutionary Dropout significantly accelerates convergence
while maintaining better accuracy results compared to ordinary dropout.

Wood identification

There are currently two primary techniques used for wood species identification: automatic
and manual. Identifying the species of wood using the manual method is the conventional and most
popular approach. This technique is based on the morphological (size, shape, color, and wood grain),
mechanical (hardness, strength, and ductility), and chemical (chemical composition) characteristics of
wood. Nevertheless, this method requires a high level of expertise and specialized wood knowledge
from the practitioner [Silva, Bordalo, Pissarra, 2020]. In contrast, the automatic deep learning model for
wood classification offers benefits such as reliability, accuracy, and lower requirements for practitioner
experience [Silva, Bordalo, Pissarra, 2020].

Utilizing a diverse dataset containing 77 Congolese wood species, the authors in [Rosa et
al.,, 2022] employed the multi-view random forest (MVRF) model to achieve accurate species
identification. This innovative approach incorporated information from three distinct anatomical planes
(cross-sectional, tangential, and radial), ensuring a comprehensive understanding of each wood sample
[Rosa et al., 2022]. For wood species identification, integrating both cross-sectional and tangential
features in the multi-view random forest model resulted in a substantial improvement in accuracy
compared to using only cross-sectional features. While the inclusion of the radial plane also provided
a slight performance gain, it was not as significant as the combined effect of cross-sectional and
tangential features. Unlike traditional methods that rely solely on local phase quantization (LPQ)
features, the MVRF model emerged as a clear winner, achieving significantly superior identification
accuracy. This success can be attributed to the additional information harnessed by the three-plane
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analysis, enriching the model’s understanding of wood anatomy. Acknowledging the complexity of
the wood species identification task and potential biases of k-folds, the authors opted for the leave-k-
tree-out method for a more rigorous and reliable evaluation of their models, ensuring generalizability
beyond the training data.

In differentiating between Juniperus cedrus and J. phoenicea var. canariensis, the authors
of [Esteban et al., 2009] employed a feedforward multilayer perceptron (MLP) network, a type of
artificial neural network, achieving a remarkable 92% accuracy. However, a limitation of this study is
the lack of data diversity, as the performance of this model significantly decreases when the dataset
is expanded [Silva et al., 2022]. The authors of [Lens et al., 2020] applied the ResNet101 model
combined with an SVM classifier to identify 112 tree species, mainly in the tropics. This model focuses
on microscopic analysis rather than macroscopic analysis and achieved an identification accuracy
of 95.6 % using cross-sections. The authors of [Filho et al., 2014] explored machine learning methods
for wood species identification, proposing a two-level divide-and-conquer strategy for classification.
Experiments on the Forest Species Database — Macroscopic dataset of 41 species yielded a result
of 97.07 %. The authors of [He et al., 2021] proposed a composite model from three convolutional
neural network (CNN) models, using transfer learning to increase training speed. This method achieved
an accuracy of 98.81 % after training on a dataset of 41 wood species and 11,984 images. The results
also highlighted the efficacy of using macroscopic images for high-performance identification, as
opposed to microscopic images. However, both of these studies observed a decrease in accuracy when
the dataset was expanded [Silva et al., 2022].

Methodology

Variational automatic relevance determination for neural network

L
At the core of our analysis are the weight matrices W = (W('))I_1 present in L layers, examined

within a data collection D consisting of paired input and output elements (X, Y) = (X, yn)r':lzl.
N

Assuming the existence of a parametric model p(O | W) = ] p(y; | %, W), where W € RP
i=1

establishes a relation between X and y governed by parameters W. Hyperparameters 7 € R act as
levers, adjusting the prior distribution p(W | 7) to influence the possible values of parameters W.
In Bayesian neural networks (BNNs), addressing the intractability of the posterior p(W | D, 7) =
= p(DO | W)p(W | 7)/p(D | 7) involves employing a tractable parametric prior p(W | 7). We strategically
optimize its hyperparameters 7 to maximize the dataset’s marginal likelihood (evidence), effectively
approximating the posterior [Kharitonov, Molchanov, Vetrov, 2018]:

"= arg max pD|1)= argmraxf p(D | W)p(W | 7)dW. €))

Doubly Stochastic Variational Inference (DSVI) [Titsias, Lazaro-Gredilla, 2014] provides
a method for approximating intractable posterior distributions in (1) by strategically designing an
approximate posterior ((W | ¢) and minimizing the KL-divergence D, (q(W | ¢), |Il, p(W | 7)). This
process effectively translates to optimizing the Evidence Lower Bound (ELBO) by considering both
parameters ¢ and hyperparameters 7, as follows:

log PD | 7) > L(@, 7) = Equyyllog PO | W)] = Dy @W 1) | W[ 1) > max. ()

Incorporating an Automatic Relevance Determination (ARD) prior [Mackay, 1995; Neal, 2012]
D D

given by p(W | 7) = [] N(V\/I | 0, Ti_l) and leveraging qW | u, o) = [] N(V\/I | 1, 0'-2), we can
i=1 i=1
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analytically derive the optimal hyperparameter values as 7} (,ul + 0 ) [Titsias, Lazaro-Gredilla,
2014]. This leads to the simplified Evidence Lower Bound (ELBO) expression of (2) as follows [Titsias,
Lazaro-Gredilla, 2014]:

2

N D
1 1
Larp, 0) = Z;Eq(ww,(r)[log P 1% W)T = 5 Z; log(l + 0_—12) = Lo, 0) + Rpagp(p, 0) = max.
i= = J
3)

The local reparameterization trick [Kingma, Salimans, Welling, 2015] serves as a crucial variance
reduction technique, facilitating efficient optimization of this estimation through stochastic gradient

methods. Under the restricted variational approximation q(W | u) = H N (W | 15 o ) where @; > 0,

the Automatic Relevance Determination (ARD) objective (3) 51mp11ﬂes significantly. The regularizer
term, being constant, no longer impacts optimization. This results in a streamlined objective function
that depends solely on the parameters p. Mathematically, it can be expressed as

N
‘LARD(.U) = ‘LD(.U) = Z Eq(ww)[log p(y. | X W)] - mjlx. (4)
i=1

Connection with Log-Normal Multiplicative Noise Pruning

Log-Normal Multiplicative Noise Pruning is a technique that achieves organized sparsity
within neural networks through a unique approach. This innovative mechanism fosters a structured
pruning process, enabling the removal of entire neurons or convolutional channels for a leaner, more
efficient network architecture. It introduces a distinct dropout-like layer, accompanied by a targeted
regularization term, to strategically inject multiplicative noise 6 into the outputs X with | features from
preceding layers:

= X| : gi’ (5 )
6 ~ Pnoise(6))- (6)
A fully-factorized improper log-uniform prior, denoted as LogU(:), is selected for the

noise 6 with the prior distribution p(#), ensuring model sparsity and possessing an infinite
domain. This distribution operates effectively for deep neural networks because of its sparsification

[
properties [Molchanov, Ashukha, Vetrov, 2017]. With 6, > 0, p(6) = [ p(¢,) in (5) and (6), the log-
i=1

uniform prior for sparsity is expressed as follows:
1
P(6;) = LogU,,(6;) o
|

In order to perform variational inference, an approximation family g(6 | ¢) needs to be determined
for the posterior distribution p(@ | D) ~ q(@ | ¢). This variational distribution is chosen to be a fully-
factorized log-normal distribution, with ¢, = (y;, o

| |
a0l ) =] |a@ 1 u, o) = | | LogN@ I ¢,

i=1 i=1
6 ~ LogN(6; | ¢;) < logt, ~ N(log¥, | ¢)).

While the log-normal posterior and log-uniform prior offer enticing advantages, their
combination for variational lower bound maximization presents optimization challenges. The
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log-uniform prior’s improper nature leads to infinite KL-divergence between the log-normal
distribution LogN(¢p) and a log-uniform distribution LogU,_, for finite parameter ¢ values, rendering
the optimization ill-posed. To resolve this problem, a proper probabilistic model is obtained with the
prior and the posterior:

P(6;) = LogU,(6,) = LogUp,p,(6),
;) = LogN(6; | ¢;) = LogN,15(6; | ¢),
LogP,p(6;) oc LogP . (6) - I, (log 6;).
Leveraging the defined notation, where £L,nn(u) (4) signifies the ARD model loss, q and p

represent truncated distributions, and ¢(-) and ®(-) symbolize the standard normal’s PDF and CDF, the
final loss is computed as follows:

L
L= Lago) - Z KL@O, [ 4. o) 1| P(6))s
I=1

where
|

KL(A®, | o) 11 PE)) = > KL, | o) 1 PGE)),
i=1

b-a @) =By i9B, )
e 1og(D(B, ) — D(a; ) — — L
2ﬂwﬁi Og( (ﬂ“) (a’|’|)) 2(q)(ﬂ|,i) — (D(CVU))

A, by

i s P =
9y o

KL(Q(HU |I«l|,i’ O'I,i) Il p(9|,i)) = log

Q
J

Experimental results

The performance of the proposed method is assessed on two datasets: the standard CIFAR-10
benchmark and a real-world dataset of macroscopic wood images.

Dataset

Four individual datasets were integrated to create the comprehensive dataset used in this study:
the Tropical Forest Species', the Brazilian Flora Species?, the Wood Species Dataset®, and the Forest
Species Database*. This integration was aimed at broadening the diversity for classification. During
data preparation, images from classes with identical names were merged. Additionally, naming errors
introduced by collectors were addressed by verifying and correcting the accurate species names, leading
to the consolidation of corresponding image collections. The final dataset comprises 16,346 images
from 75 species.

The combined dataset and detailed statistical information about the data sources are presented in
Table (1) and Fig. (1). The distribution of image counts for each wood type in the combined dataset is
depicted in Fig. (2). As indicated in Table (1) and Fig. (2), each species is represented by an average
of 218 images, with a range from 24 to 1332 images per species. The Tropical Forest Species source
contributes over 65 % of the dataset’s images, whereas the Wood Species Dataset accounts for only
about 4 % of the total.

! https://web.inf.ufpr.br/vri/databases/forest-species-database-macroscopic (accessed 18-03-2023).
2 https://zenodo.org/record/2545611 (accessed 18-03-2023).

3 https://data.mendeley.com/datasets/yzzcbyvgmh/3 (accessed 18-03-2023).
4 https://data.mendeley.com/datasets/cc78ftcdf9/1 (accessed 18-03-2023).
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Figure 2. Number of images per species in the total dataset
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Experiment setup

We built models based on the VGG-19 [Simonyan, Zisserman, 2014] and ResNet-18 [He et
al., 2016] architectures and trained them on the CIFAR-10 and Macroscopic Image of Wood datasets
for 300 epochs, with a batch size of 2048. We selected Adam as our optimizer, starting with a learning
rate of 1073 and employing Cosine Annealing for a smooth decay to 10~ by the end of training. To
prevent underfitting, we carefully scaled the regularizer terms by 0.05 and fine-tuned the truncation
parameters a and b to ensure model regularization without amplifying input signals. We constrained 6
to the range [0, 1], setting the right truncation threshold b to 0, as empirical evidence shows minimal
impact from the left truncation parameter a, which was set at a = —20 consistently throughout
the experiments. The proposed method was implemented with the optimal parameter configuration
described in the original study [Neklyudov et al., 2017] for comparative analysis. We divided the
Macroscopic Image of Wood dataset into training, validation, and testing sets, allocating 60 %, 20 %,
and 20 % of the data, respectively. The experiments were conducted using Python (v.3.9) and PyTorch
(v.2.1) as the computational backbone, with the NVIDIA GeForce RTX 3090 graphics card, which
features a 24 Gb memory capacity.

Evaluation
On CIFAR-10

Table 2. Evaluation on CIFAR-10 testing set

Model Accuracy | Sparsity
Pruning ARD ResNet-18 96.352 0.931
Pruning ARD VGG-19 95.048 0.932

In Table 2, we report accuracy and sparsity for ResNet-18 and VGG-19 trained with Automatic
Relevance Determination (ARD) combined with Structured Bayesian Pruning. Figure 3 depicts
a comparison between the accuracy of the original model and the model trained with ARD combined
with Structured Bayesian Pruning. It is evident that the proposed network model exhibits high sparsity
with negligible degradation in classification accuracy. Specifically, ResNet-18 and VGG-19, trained
with ARD combined with Structured Bayesian Pruning, achieve accuracies of 96.352 % and 95.048 %,
respectively. Furthermore, the accuracy of the suggested models decreases by only 2-3 % compared to
the original models. Both models, built with the new technique, exhibit more than 93 % sparsity. Higher
sparsity helps networks reduce numbers of active connections by eliminating connections entirely, the
model bypassed the need to explicitly multiply each input. This eliminates unnecessary computations,
leading to improved efficiency. In Bayesian statistics, hierarchical priors are a way to introduce prior
information not just about the model parameters, but also about the hyperparameters themselves.
The approach also accommodates the application of hierarchical priors to hyperparameters, providing
a mechanism for optimizing the sparsity-accuracy trade-off. Notably, the original model exhibits an
inadequate level of generalization on the test set despite satisfactory performance on the training set.
In contrast, the suggested model mitigates overfitting issues. Within the first 50 epochs, the proposed
model demonstrates notable acceleration in achieving accurate predictions, transitioning to a slower
approach and ultimately reaching optimal performance. The ARD model attains a training accuracy of
over 80 % after just 30 epochs, outperforming other models that require a more extended training period
to reach similar accuracy levels. Overall, these findings suggest that the ARD technique effectively
improves the accuracy of deep learning models. ARD models appear less prone to overfitting than
other models, achieving high accuracy on both training and test datasets.

The impressive complexity-learning capabilities of large networks are undermined by their
vulnerability to overfitting and their unsuitability for devices lacking computational muscle. Pruning,
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Figure 3. Training and Testing Accuracy after each epoch on CIFAR-10 dataset

a technique that optimizes network size with minimal impact on learning complex functions, serves
as a bridge between powerful yet resource-intensive networks and efficient but limited models.
Specifically addressing the issue of Binary Neural Network (BNN) complexity, our proposed pruning
method takes a significant step forward by successfully eliminating a substantial portion of the network
parameters. However, the current approach to structured pruning, though successful in shrinking the
model, carries the risk of generating sparse structures that may negate potential computational benefits.
To address this concern, our suggested method outperforms other studies [Mathew, Rowe, 2023;
Beckers et al., 2023] in terms of accuracy and sparsity, offering better results. This method represents
a promising advancement in overcoming the challenges associated with pruning BNNs and enhancing
their efficiency.

On Macroscopic Image of Wood

Table 3. Evaluation on Macroscopic Image of Wood testset

Model Accuracy | F1 Score | Precision | Recall | Sparsity
Pruning ARD ResNet-18 91.876 0.901 0.903 0.923 0.933
Original ResNet-18 91.572 0.913 0.907 0.919 0.226
Pruning ARD VGG-19 90.538 0.889 0.892 0.887 0.932
Original VGG-19 90.782 0.899 0.897 0.901 0.235

Table 3 and Fig. 4 present information on four metrics related to the training process of four
models. These metrics encompass accuracy, F1 Score, Precision, and Recall. In order to assess model
performance on imbalanced datasets, macro-averaging is relied upon for precision, recall, and F1-score.
This technique is particularly effective because it considers the size of each class, ensuring a fair
evaluation even when some classes have far fewer samples [Mortaz, 2020]. While accuracy might
seem like a straightforward metric, it can be misleading for imbalanced data. A model could simply
predict the majority class all the time and achieve high accuracy, yet completely miss the mark on
the minority classes that are often more important. Accuracy is therefore employed for visualization
purposes in Fig. 4. It serves to illustrate general trends, such as how the model’s overall performance
changes with increasing class imbalance in the training data. Additionally, accuracy’s simplicity makes
it an accessible way to convey the results. As observed, the suggested models achieve high accuracy
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Figure 4. Training, Validation and Testing Accuracy after each epoch on Macroscopic Image of Wood dataset

without any reduction in these metrics when compared to the original model. The Automatic Relevance
Determination (ARD) model demonstrates rapid convergence, surpassing a training accuracy of 80 %
within 50 epochs. This swift learning pace highlights its efficient learning capabilities, outperforming
other models. While the test accuracy gap narrows slightly compared to training, ARD maintains its
advantage, showcasing superior generalizability. In comparison to the original model, the proposed
method achieves a substantial 4 times compression in sparsity. This implies that the ARD model has
four times as many zeros for the same number of parameters, leading to a fourfold boost in calculation
speed due to efficient zero-computation. This significant improvement in efficiency surpasses the
original model’s performance.

Despite achieving high accuracy in wood classification based on macroscopic images, the
proposed model falls short of previous studies [Esteban et al., 2009; Lens et al., 2020], due to
data imbalance and data expansion. To enhance its performance and potentially surpass previous
studies, future work will address data imbalance using techniques such as Focal Loss or Upsample.
This approach holds promise for further improvements in accuracy and metrics, including F1 score,
precision, and recall.

Conclusion

This work introduces a groundbreaking approach that combines variational Automatic Relevance
Determination (ARD) approximation with fully factorized Gaussian variational posterior distributions,
along with a dropout-like layer for noise introduction. Its iterative pruning mechanism stands out,
and enables the model to achieve sparsity of over 90 % while maintaining as accuracy loss of less
than 1-2 %. Demonstrably effective on VGG and ResNet, the flexibility of this technique extends to
a wider realm of Convolutional Neural Network (CNN) architectures. Its impact is poised to reshape
the future of CNN design, paving the way for architectures like MobileNet, ConvNet, and ConvNeXt to
leverage its power. In this study, we construct the architecture of deep learning models and compare the
effectiveness of this model to the original models that achieved high accuracy in wood classification
based on macroscopic images. The ResNet-ARD model, designed to identify wood species by analyzing
visual images, achieves an accuracy of 91.876 % on the test set, demonstrating the superiority of the
model over its predecessors. The ARD technique enables the creation of models with fewer nonzero
elements, reducing storage requirements, and potentially improving computational efficiency, all while
maintaining the same level of accuracy.
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[Ipennaraercst METOR aHAIN3a TPEMOPA 3eMHOH MOBEPXHOCTH, H3MEPAEMOT0 CPEICTBAMU KOCMHUYECKOH Teo-
JIE3UHN C LEIbIO BBIACICHHS MIPOTHOCTHIECKNX 3((EKTOB aKTHBU3AINN CEHCMUYHOCTH. METO/ MILTIOCTPUPYETCS
Ha NpHMepe COBMECTHOTO aHajM3a COBOKYNHOCTU CHHXPOHHBIX BPEMEHHBIX PSJIOB €KECYTOYHBIX BEPTHUKAJb-
HBIX CMEIIEHUH 3eMHON MOBEPXHOCTH Ha SMoHCKUX ocTpoBax s uHTepBana BpemeHu 2009-2023 rr. Ananus
OCHOBaH Ha pa30MeHHN UCXOAHBIX MaHHBIX (1047 BpeMeHHBIX PsJIOB) Ha OJIOKH (KJIacTepbl CTAHLMI) U MOCIe0-
BaTEJIbHOM IIPUMEHEHNH METO/Ia [TIaBHBIX KOMIIOHEHT. Pa30neHue ceTn cTaHnuil Ha KJIacTephl MPOU3BOJUTCS Me-
TO#OM K-cpenHuX M3 KpuTepusi MakcuMyMa 1iceBio-F-craructuku. [t SInoHuM onTUManbHOE YUCIIO KIacTepPOB
66110 BBIOpaHO paBHBIM 15. K BpeMEHHBIM psijaM IVIaBHBIX KOMIIOHEHT OT OJIOKOB CTaHIMH MPUMEHSETCS METO
pasnoxkeHHs1 XyaHra Ha II0CIJIEIOBAaTeIbHOCTh HE3aBUCHMBIX SMIHMpHYecKUX Mon kosebanui (Empirical Mode
Decomposition, EMD). Jlist obecriedeHnst yCTOHYUBOCTH OIICHOK BOJNHOBBIX (hopm EMD-pasnoxeHus: mpous-
Bommiock ycpenHenrne 1000 He3aBHCHMBIX aJIMTHBHBIX pealn3aliiii 0eJI0ro mrymMa OrpaHHdeHHON aMIUTATY/IBL.
C moMoIBI0 pa3loKeHHsT XOJICIKOTO KOBAPHAIMOHHOW MAaTPHUIIBI BOJHOBBIX (opM IepBBIX Tpex EMD-kom-
MOHEHT B CKOJB3SIIEM BPEMEHHOM OKHE OMpEACICHBl MHAMKATOPHl aHOMAJIBHOTO MOBEACHUS Tpemopa. Ilytem
BBIYHCIICHHST KOPPESIIUOHHON (YHKIUHM MEXIY CPEAHHMMHU HWHIUKATOpPAaMH aHOMAJLHOTO TMOBEJICHUS U BBLJC-
JMBLICHCS] CEHCMUYECKOH SHEPTHU B OKPECTHOCTH SIMOHCKMX OCTPOBOB yCTaHOBIICHO, YTO BCIUICCKH MEPHI aHO-
MaJIbHOTO TIOBEICHUS TPEMOpa MPEAIIeCTBYIOT BRIOpocaM ceiicMudeckoi sHepruu. Llenbio cTaTeu SBIsieTCs Mpo-
SICHEHHE PACIPOCTPAHCHHBIX TUIIOTE3 O TOM, YTO JBIDKCHHS 3€MHOW KOPBI, PETUCTPUPYEMbIe CPEICTBaMHU KOC-
MHUYECKOW I'e0/Ie3uH, MOTYT COJepKaTh NPOTHOCTHYECKYI0 HH(popMarmio. To, 4TO CMEelIeHHs, pEerHCTpUpyeMble
TEOJIE3NUECKIMHI METOJaMH, PEarnpyroT Ha TOCIECACTBHUS 3€MIIETPSCCHUH, IIUPOKO M3BECTHO M MHOTOKPAaTHO
JeMOHCTpUpoBaochk. Ho BeiaeneHue reofe3ndeckux 3(QGEeKToB, MPEIBEIIAIONINX CCHCMIUECKHE COOBITHS, SIB-
JsIeTCsI 3HAUMTENNBHO OoJiee CIIOKHOI 3amadeil. B Hameil crarbe Mbl pezyiaraeM OJjMH M3 METOI0B OOHApY KEHUS
MPOTHOCTHYECKUX I(PPEKTOB B JJAHHBIX KOCMHUUECKOH I'e0JIe3H1H.

KuntoueBbie croBa: TpeMOp 3€MHOW IMOBEPXHOCTH, KJIACTEPHBIM aHalIu3, METOJ IJIaBHBIX KOM-
TIOHEHT, Pa3jioKeHUe XyaHra, Mepa aHOMAJIbHOTO IOBEJEHUS BPEMEHHBIX PsJIOB, KOPPEISAIMOHHAS
byHKUIUSA
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A method is proposed for analyzing the tremor of the earth’s surface, measured by means of space geodesy,
in order to highlight the prognostic effects of seismicity activation. The method is illustrated by the example of
a joint analysis of a set of synchronous time series of daily vertical displacements of the earth’s surface on the
Japanese Islands for the time interval 2009-2023. The analysis is based on dividing the source data (1047 time
series) into blocks (clusters of stations) and sequentially applying the principal component method. The station
network is divided into clusters using the K-means method from the maximum pseudo-F-statistics criterion, and
for Japan the optimal number of clusters was chosen to be 15. The Huang decomposition method into a sequence
of independent empirical oscillation modes (EMD — Empirical Mode Decomposition) is applied to the time series
of principal components from station blocks. To provide the stability of estimates of the waveforms of the EMD
decomposition, averaging of 1000 independent additive realizations of white noise of limited amplitude was
performed. Using the Cholesky decomposition of the covariance matrix of the waveforms of the first three EMD
components in a sliding time window, indicators of abnormal tremor behavior were determined. By calculating
the correlation function between the average indicators of anomalous behavior and the released seismic energy in
the vicinity of the Japanese Islands, it was established that bursts in the measure of anomalous tremor behavior
precede emissions of seismic energy. The purpose of the article is to clarify common hypotheses that movements
of the earth’s crust recorded by space geodesy may contain predictive information. That displacements recorded
by geodetic methods respond to the effects of earthquakes is widely known and has been demonstrated many
times. But isolating geodetic effects that predict seismic events is much more challenging. In our paper, we
propose one method for detecting predictive effects in space geodesy data.

Keywords: tremor of the earth’s surface, cluster analysis, principal component method, Huang
decomposition, measure of anomalous behavior of time series, correlation function
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1. BBenenue

OpnHoli U3 3a7a4 aHaJIM3a JAHHBIX O IBIKCHUSX 36MHOH KOPBI, OJIyYaeMbIX € IIOMOILBIO CPEACTB
KOCMHMYECKOW I'€0/I€31H, SIBJISETCS BBIICHEHUE BOIIPOCA O TOM, COAEPIKAT JIX OHU MH(OPMALHIO, IIPEa-
BapsIOIIyI0 celicMuueckne coobITus. B Hauane 1990-x ronos, xorma manHeie GPS ToibKO MOSBMINCH
U HavaJM paclpoCTPaHAThCs, ObUIO BBICKA3aHO MHOTO HAaJAEX[ Ha TO, YTO OHH OyIyT Ba’KHBIM MHCTPY-
MEHTOM IIOJY4EHHs MPOrHOCTHYECKOH mH(popManu. OJHAKO 0Ka3alnoCh, YTO CPEACTBA KOCMUYECKOM
Ie0Je3UH MPEKPACHO BBIICISIOT MocTceiicMuueckue 3p(eKTsl, Takue KaK CMELICHUs] TEKTOHHYECKHX
IUIMT B pe3yJbTare CHIBbHBIX 3eMiieTpsiceHU. UTo ke KacaeTcs MPeABECTHUKOBBIX 3(D(PEKTOB, TO s
UX BBIICICHUS TPAJULMOHHBIC METOIbl aHalIM3a BpPEeMEHHBIX psinoB GPS okasamuck He Oo4eHb mpu-
criocoOneHHbIME. OIHOW W3 MPUYMH JUIS OTOTO SBISIETCS TO, YTO OTH METOAbl OPHEHTHPOBAHbI Ha
BBIJICJICHUE TAK HA3bIBAEMBIX TPEHIOB, TO €CTh CUCTEMAaTHUECKUX HHM3KOYACTOTHBIX KOMIIOHEHT, KOTO-
pble JIETKO MOJJAIOTCS MHTEPIIPETAlMU KaK MPOSBICHUS MEIJICHHBIX TEKTOHWYECKUX IBHXKCHUI. BbI-
COKOYACTOTHAsI COCTABIIAIONIAsl ITUX BPEMEHHBIX PSIOB, KOTOPYIO MOXKHO HAa3BaTh TPEMOPOM 3EMHOMN
HOBEPXHOCTH, Yallle BCEr0 MHTEPIPETUPYETCS] KAaK MPOSIBICHUE LIYMOB, BO3HUKAIOLIMX M3-32 aTMO-
chepHbIX U MOHOChepHBIX (uykTyanuit. Hama Touka 3peHus 3aKiiodaeTcss B TOM, 4TO, HECMOTPSI Ha
HAJIMYUE 3THX TEXHOJIOTMYECKUX IIyMOB, HMEHHO B BBICOKOUACTOTHOM KoMioHeHTe GPS-gaHHBIX Ha-
XOJMTCS CKpBITast IporHocTuyeckast nHdopmanus. UrHopupoBaHne CTaTUCTUYECKUX CBOMCTB TPEMODa,
[0 HALIeMy MHEHHIO, IPUBOAUT K OTCYTCTBHUIO IPOIrpecca B BHIIEICHUU NMPOrHOCTHYECKUX 3PdexToB
B manubeix GPS.

Panee B pabortax [Filatov, Lyubushin, 2017; Filatov, Lyubushin, 2019] anamu3 cIeKTpoB Ko-
TePEHTHOCTH BpeMeHHBIX psiioB GPS wucmonb3oBaics aiisi BbIJCICHUs 00JacTell ¢ MOBBINICHHON Ceii-
cMudeckoil ormacHocThI0 B Smonnn u Kammdopuun. KorepeHTHOCTD MpoyKaHHs 36MHOM ITOBEPXHOCTH
aHanm3upoBasiach B padorax [Lyubushin, 2018; Lyubushin, 2019]. B manHOi#l cTarhe mpeacTaBiIcHO
JNTbHElIIIee pa3BUTHE METO/IOB aHAJIM3a TPEMOpa 3eMHON TIOBEPXHOCTH, IPeUIOKeHHbIX B [ Lyubushin,
2022; Lyubushin, 2023; Lyubushin, 2024]. Otiu4ne qaHHOM CTaThu OT HPEABLIYIUX pabOT 3aKIoya-
eTCsl B IPUMEHEHUH pa3jiokeHus XyaHra, KOTOpOe XOpOIIIo MPHUCIIOcCO0eH utd yaeTa 3¢(pdekroB HecTa-
[MOHAPHOCTH ¥ HEJIMHEWHOCTH BO BpeMeHHBIX psjax [Huang et al., 1998; Huang, Wu, 2008]. Drtor
METOJ] YCIICITHO TPUMEHSCTCS JUIs aHajdu3a Ireofe3ndecKuX BpeMeHHBIX psgoB [Pan et al., 2015; Li,
Guo, 2024], mpu odpadotke rumpoiornueckux [Huang et al., 2009], purancoeix [Huang et al., 2003]
u Ouomorndeckux [Li et al., 2011; Wei et al., 2018] maHHBIX.

CremyeT OTMETHTH, YTO TOHKAasi CTPYKTypa BPEMEHHBIX DPSIOB CMEIICHUN 3eMHON MOBEPXHO-
CTH, U3MEpseMbIX ¢ ToMoIbio GPS, sBisieTcst mpeaMeToM HccaenoBaHUi OOMBIIOTO YKCIa CIEeIHAIN-
ctoB. [logxom MakCHMalIbHOTO MPABIAOIIOMO0MS IS OIICHKH MapaMeTpPOB MoeeH BPEMEHHBIX PSIOB
GPS ucnone3oBaics B [Roncagliolo et al., 2007; Wang, Li, Lu, 2017]. B pa6orax [Bos et al., 2008;
Wang et al., 2012] MeTom MakCHMaIbHOTO MPABIOIIOIOOHS HCIIOIB30BAJICS LIS OICHKH ITapaMeTpOB
(GOpMBI CIIEKTPOB MOIIHOCTH M aMIUIMTYJbI IIyMa B pa3jinyHbIX peruoHax mupa. CTpykTypa Iryma
1 OILICHKH OIMMOOK paccMOTpeHbl B [Agnew, 1992; Amiri-Simkooei, Tiberius, Teunissen, 2007]. B pa-
6orax [Caporali, 2003; Zhang et al., 1997] ananu3upoBasUCh OIMOKK OIIGHKH CKOPOCTH CMELICHUS
B 3aBHCHUMOCTH OT (POPMBI CIEKTpa M MHTEHCHBHOCTH IIIYMOBOH COCTaBIIAIONICH BPEMCHHOTO psina.
ITapameTrpuyeckue mMonenu BpeMeHHBIX psimoB GPS nmns aHanmm3a TEKTOHHYECKH aKTHBHBIX TEPPUTO-
puii, BKIItogas aHanmu3 (a30BBIX KOppessaiui, ucnois3oBaimchk B [Li et al.,, 2000; Kermarrec, Schon,
2018].

CTpyKTypa BBICOKOYACTOTHOTO IIIyMa M HH3KOYACTOTHOH CE30HHOH COCTABIIAIONICH BPEMEHHBIX
psanoB GPS B cBs3u ¢ 3a7auell OLEHKH CKOPOCTEH CMEIIeHHs TeKTOHMYECKUX IUIUT M3ydanack B pabo-
tax [Blewitt, Lavallee, 2002; Bos, Bastos, Fernandes, 2010]. Ce3onHbie 3()()eKTH B psAaax CHTHAIOB
GPS, cBs3aHHBIE C THIPOIIOTHYECKONH HArpy3koi M TEKTOHHYECKHMH TBHKEHUSMHU 3€MHOW KOPBI, U3Y-
yanuch B paborax [Liu et al., 2020; Tesmer et al., 2011; Yan et al., 2019; Pan et al., 2015; Liu,
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Dai, Liu, 2017; Fu et al., 2013; Chanard et al., 2014] ¢ ucnonp30BaHHEM Pa3IMIHBIX METOIOB, B TOM
YHCIIE MHOTOMEPHOTO CTaTHCTUYECKOTO MOAX0/a. ['MoTe3bl 0 BOSHUKHOBEHUH aHOMAJIbHBIX TapMOHUK
BO BpeMeHHBIX psgax GPS paccmorpensr B [Ray et al., 2008]. MeToasl MHOTOMEPHOW CTaTUCTHKH
(TIIaBHBIE KOMITOHEHTBI, SMIIMPUUYSCKUE OPTOTOHAJIbHBIC (DYHKIMM U OIICHKA CHHTYJISIPHOTO CIIEKTpA)
B [Teferle et al., 2008; Chen et al., 2013] ucIoIB30BaIUCh IS BBISIBICHUS OOIINX MTPOCTPAHCTBCHHBIX
¥ BPEMEHHBIX KOMIIOHEHTOB BpeMeHHBIX psgoB GPS.

2. lannble

JlaHHBIE O CMELIEHUSX 3eMHON MOBEPXHOCTH, M3MEpeHHbIe ¢ nomouibio GPS, B3sTH C caiiTa
I'eonesunueckoit maboparopun Hesanwl [Blewitt, Hammond, Kreemer, 2018] mo agpecy (http://geode-
sy.unr.edu/gps_timeseries/tenv3/1GS14/).

[Monmoxxerust 1047 cranmmii GPS mist mpssmoyronmeHo# oomactr 30° < Lat < 46°, 128° < Lon <
< 146°, koTopBIe IMEIOT CYyTOUHBIE BpeMeHHbIe psa/bl ¢ Hadana 2009 roga no konna 2023 roga (15 ner),
JUTE KOTOPBIX 00IIlee KOJIWYECTBO MPOIYCKOB MeHee 365 OTCYeTOB M CaMblil UIMHHBIA pa3pblB MEHEe
182 otcueroB, nmpexacTaBieHs! Ha puc. 1, a. Mccnenyrores BepTUKaIbHbIE KOMIOHEHTHI CMEIICHHS 3eM-
Holi oBepxHOCTH. [IpoGenst Bo BpemeHHOM psixy GPS 3amonmHstoTes ¢ ucmons3oBaHreM WHGOpManun
U3 JIEBBIX W NPaBBIX OKPECTHOCTEH pa3pbiBa TOHM e UIMHBI, YTO U JJKHA pa3pbiBa [Lyubushin, 2018].

467 ”
44
3600
42 -
s 3200
40 - S| 1
¢ 2
3 = 2800 -
o, . <
LL 38 ﬁ s
(E) % 2400 -
36 = ]
8
= 2000
34 - 1
5 1600 e e
32 0 5 10 15 20 25 30 35 40 45 50
__ : A IIpobroe uncio KracTepos
30 1 ¥ I ' ] L] ...'I . I ¥ ::. ’. | v :: I L I .
128 130 132 134 136 138 140 142 144 146
B/I, rpan.

(a) (6)

Puc. 1. a) [Tonoxenust 1047 GPS-crannuii u ux pasuenenue Ha 15 kimactepos. [IpoHyMepoBaHHBIC KPYKKA 000-
3HAYAIOT LIEHTPBI TSHKECTH KJIACTEPOB, CUHUE JIMHUU — TPaHUIBl MEXAY sueiikamu Boponoro. Cuneid 3Be3noii
MOKA3aHO TIOJIOKEHHE IIEHTPa Macc BCE IIEHTPOB KIACTepoB. 0) rpaduK TceBao-F-cTaTHCTHKH, KOTOpas MO3BO-
JTa BBIOpATh 15 B KadecTBe 4Hcia KIacTepoB

HaOop cranuuii npenBaputenbHo ObUT pa30oUT Ha Kiactepbl. s pasaeneHus ceTH CTaHLIMH Ha
KJ1acTepbl ObUTO0 BBIOpaHo 15 omopHbIX Todek (puc. 1). B kauecTBe oNnTHMaJIbHOTO KOJMYECTBA KiacTe-
pOB cTaHuuil ObUIO BEIOpaHO ymcio 15, koTopoe pa3zduBaeT nx odnako MeronoM k-cpenHux. Pazoobem
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2 ~
HA0Op BEKTOPOB { TOJOKEHUSI CTAHIMHA Ha 3aJaHHOE MPOOHOE KOJMYECTBO ( KIACTEPOB, HUCIONB3Ys
HOMYJApHBIA MeTon kiactepusauuu k-cpenuux [Duda, Hart, Stork, 2000]. O6o3nauum uepes C,, I =

=1, ..., Q, KJIacTepsl, Mycth Z = . n% — BEKTOp IeHTpa Macc kiacrepa C,, N, — YMCIIO BEKTOPOB
2eCy

q > >

B kiacrepe, », N, = N. Bekrop ¢ € C,, ecnu paccrosiuue |{ — Z;| MUHUMAIIBHO CPEAN HOJIOKESHHH BCEX
r=1

HEHTPOB Kiactepa. MeTon k-cpemHiX MUHUMH3UPYET CYMMY KBaJpaTOB PacCTOSHUI:

OTHOCHTEJIBHO MOJIOKEHUSI IIEHTPOB KiiacTepoB Z. [Iycts () = min G(Z, ..., Zh). MBI HCITOTB30Ba-
Z,..
.

71 IpoOHOE KOJIMYECTBO KJIacTepoB B auanas3oHe 2 < g < 50. [Ipob6iema BbiOopa Hammydmero yucna g

KJIaCTEpOB pellajach ¢ UCIOJIb30BaHUEM KpUTEepHs MakcuMyMa rceBao-F-cratucruku [Vogel, Wong,
1979]:

2
o1(9)

> — max ,
a-o(q) 2<0<50

PFS(q) =

e

o J I 1 N R
03(q)=N(—_qL, d@=) %4k B=x 0.2
r=1 1

I'paduk Ha puc. 1, 6 npeacTaBiseT 3HAYCHUS MICEBAO-F-CTaTHCTUKH B 3aBUCIMOCTH OT MMPOOHOTO KOJIH-
yecTBa KiactepoB. Yucino 15 Ha rpaduke rnceBao-F-ctaTucTHKY SBIsIETCS TOYKOW U3I0Ma 3aBUCUMOCTH
OT MPOOHOTO YHUCIIA KIACTEPOB U PEaNTU3yeT OAWH U3 HAWOONBIINX JOKATBHBIX MAKCHMYMOB JUTS YUCIIa
kiactepoB oT 2 1o 50. Ha rpaguke nceBno-F-cTaTUCTHKK NPEACTaBIAIOT COOOH /1Ba JIOKAJbHBIX Mak-
cuMyMa ¢ ONHM3KAMHU 3HAYCHHUSIMH Yhcia KiractepoB 6 u 15. M3 atux aByX 3HadeHW# umciao 15 Obuto
BbIOpaHO Kak HanOoJbllIee ¢ LETbI0 00eceunTh Hanbosee AeTaabHoe pa30neHne MHOKECTBA CTAaHIIUH.
Ha puc. 1, a mokazano pa3nesicHre HaOopa CTaHIMK Ha 15 KilacTepoB BMecTe ¢ siuciikamMmu Bopororo,
KOTOpBIE YKa3bIBAIOT HA MPHUHAJIEKHOCTh CTAHLUH K TOMY WJIM MHOMY KJacTepy.

Krnactepsl cTaHnuil ynopsiioueHsl 0 BO3PACTaHUIO IHUPOTHI MOJIOKEHNS UX IIEHTPOB TSKECTH.
B Tabmume 1 mis kaxmoro kiacrepa (mepBas CTpOKa) yKa3zaHO YMCIO CTaHIMA B Kiactepe (BTopas
CTpOKa).

Tabnuua 1. Komndectso cranimii Ny, B kaxnom kxnacrepe Clust#

Clust# | 1 213 415 6 | 7 8 | 9 (10|11 |12 |13 |14 |15
N 57 |56 | 54 |83|69 |61 |78 77|91 |76 |57 |95]|48 | 88 | 57

sta

3. I'1aBHbIEe KOMIIOHEHTDI npnpameﬂnﬁ B CKOJIB3SIIIEM BPEMEHHOM OKHE

ITockonbKy 1IENBIO SIBISICTCS UCCICIOBAHKUE APOXKAHUS 3€MHON MOBEPXHOCTH, TO €CTh BBICOKO-
YaCTOTHOW YacTH CMELICHUI 3€MHOW MOBEPXHOCTH, aHAJIU3 IPOBOAWICA ISl MPUpAILEHUN BPEMEH-
HBIX psaaoB. [lepexon K mpHUpaIeHusIM CHUKACT JOMUHHUPYIOIIEE BIMSHIEC HU3KUX YaCTOT B CYTOYHOM
BpemeHHOM psity GPS m obecrieunBaeT cTalmoHapHOCTH ()ParMEHTOB BPEMEHHOTO psjia B Ipeleniax
365-THEBHBIX BPEMEHHBIX OKOH, KOTOPBIC MUCTIOIB3YIOTCS B HalbHCHIIIEM.

Pa3OueHne MHOXecTBa CTaHIMN Ha 15 KIacTEpOB HMCIOJB3YETCs JJISl MOCIEAYIONIEro MpUuMe-
HCHMsI METOJIa IVIaBHBIX KOMIIOHEHT [A#Ba3sH u np., 1989; Jolliffe, 2002]. Hdus kaxmoro kiacrepa
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CTaHLMI PacCUUTHIBAIACH NIEpBasl ITIaBHAs KOMIIOHEHTa BPEMEHHOTI'O psifia MPUPAIIEHUN BEPTUKAIBHBIX
CMEIEHNH 3eMHOM MMOBEPXHOCTH B CKOJIB3SIIEM BPEMEHHOM OKHE aJianTalliy ATUHON 365 nHeil.

[Tycth uMeercst p-MepHOE 00JaKO OMHOTUIMHBIX N-MEpHBIX CHTHAJIOB {yj(k)}, k=1,....,N, j =
=1, ..., p. Beibepem pa3mep CKOIb3SIIEro OKHAa W U OTLEHTPHPYEM CHIHAIIBI,
X =y;®-y;®, j=1....p k=w ..., N, (1)
e
S
yj(k):v—vzl:yj(k—wﬂ), k=w, ..., N. )
i=

Crenyronmm IaroM sBJsieTcs BBIYACICHNE BRIOOPOYHOM OIEHKH KOBapHAIIMOHHOH P X P-MEpHOM mar-
PUIIBI B CKOJB3SIIEM OKHE:

'
rg(n;,(n)zVlexm(i—w+k)xn(i—W+k), Kj=1,....,p, k=w,...,N. (3)
i=1

-
S S v 9 o

ycts ¢ = (qﬁ(l )., ¢§,)) — COOCTBEHHBII BEKTOP ATON MATPHIIbI, OTBEYAIOIINNA MAKCHMATLHOMY

cobcTBeHHOMY 3HaueHUIO. [Tomoxkum

p
£ =Y (49 %0, k=w.....N. 4)
=1

C nousTHRIMH U3MeHeHUAMHU Gopmyisl (1)—(4) obobmiarorcst Ha ciydait K =1, ..., w— 1.

OHpe,I[eJ'II/IM B3BCHICHHOC CPCAHECC B CKOJIb3AIIEM BPEMCHHOM OKHE HHHHOﬁ W 110 (bOpMy.TIe

Enn1(K),  k<w,

600 = g, k>w.

)

Taxum o6pazom, ¢opmyinsl (1)—(5) onpenenstoT 3HaYEHUS B3BEUICHHBIX CPEIHMUX HMPUpPALICHUN
BEPTHKAJIbHBIX BPEMEHHBIX PsIOB CMELICHUH 3€MHOM IOBepXHOCTH. B KauecTBe BecoB OepyTcst KBaj-
parhl 3HAYEHWI COOCTBEHHOTO BEKTOpa KOBApPHAIMOHHOW MATPHIBI B CKOJIB3SIIEM BPEMEHHOM OKHE,
COOTBETCTBYIOILETO HanOONbIIEMy cOOCTBeHHOMY uucy. CyMMa STHX BECOB paBHA CIUHHMIIC.

B pamkax xaxmoro u3 15 xmactepoB OBUIO OCYIIECTBICH NEPEXO/ K B3BEIICHHOMY CPETHEMY Me-
TOJZIOM, OTIICAHHBIM BBIIIE, JJTMHA CKOJIB3SIIEr0 BpEMEHHOTO OKHA MPUHUMAIACh paBHOH 365 oTcyeram,
T.¢. 1 romy. Ilpu 3TOM, B HENAX YCTpaHEHUS BIUSHUS OONBIINX BEIOPOCOB, IO BHIYKUCICHUS B3BEIICH-
HOTO CpeAHero ObLIa MPOM3BEACHA TaK Ha3bIBaeMas mporieaypa BuH3opusanuu [Huber, 1981], koTopas
3aKJIIOYACTCSl B YCTPAHCHUH BBHIOPOCOB, BBIMAMAIOIINX 32 YPOBEHb U + 407, MyTeM CpPEe3KH 3HAUCHUUN
BPEMEHHOTO PsiJia B CKONIB3AIIEM BPEMEHHOM OKHE (i U 0 — BBIOOPOYHBIE OIEHKH MaTeMaTHYeCKOTO
OKUIAHWS U CTaHJAPTHOTO OTKIOHCHWSI U TEKYIETO BpeMeHHOro okHa). [Ipomemypa moBTOpsieTcs
WTEPATUBHO JI0 TeX I10p, ITOKa 3HAYESHHS (L I 0" HE TePECTaHyT MEHSATHCS.

Ha puc. 2 npencrasieHsl rpaduKe MepBbIX IIaBHBIX KOMIIOHEHT NpUpalieHnii (B BUIE B3BEIlICH-
HBIX CPEIHNX) BEPTHUKAJIbHBIX CMEIICHUH 3eMHOW MOBEPXHOCTH B KaKJIOM W3 BBIJENEHHBIX 15 Kiac-
TEpOB.
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Puc. 2. I'paduku B3BCIICHHBIX CPSTHUX BEPTUKAIBHBIX CMCIICHHN 3CMHOW MOBEPXHOCTH B Ka)IIOM W3 BBIJIC-
JIEHHBIX 15 KIacTepoB B CKONB3SIIEM BPEMEHHOM OKHE JUTHHOH 365 cyTok. 1o ocsaM Y OTIOXKEHBI MIPUpAIICHHS
CMEIIEHUH B MM

4. BMHI/IpI/IquKaﬂ MoOoaOBafA JCKOMIIO3NIINA

ITycts X(K) — aHanu3upyeMblii JUCKPETHBIH CHTHAJI. DMITUPHUYECKAass MOIOBAs IEKOMITO3UIIHS
(EMD) [Huang et al., 1998; Huang, Wu, 2008; Slctpebos, 2016; JlaBbiaoB, JlaBbinos, 2010; MupoHoB
u ap., 2017; Mypaarynos, 3amsatud, Pomanosuy, 2021; [1aBnos, @unarosa, 2011] npencrasnser codoit
pa3joKeHHE CUTHAJIa Ha SMITUPHYCCKIE MOIBI KOJICOaHHI:

x(K) = > (k) + ro(K), (6)
j=1

rae h j(k) — J-s1 smmmpuyeckas Moja, I(t) — 0cTaToK, N — KOJIUYECTBO SMITUPUUCCKHX MO/,

AJITOPUTM Pa3JIOKEHUS Ha MOCIIEI0BATEIILHOCT AIMIMPHIECKUX MOJ SIBISIETCS UTEPALIMOHHBIM
JUTST Ka1oro ypoBHs j. O603HaunM gepes m, m=0, 1, ..., Mj, WHJIEKC UTepalui, rie Mj — MaKCH-
MaJIbHOE YHCIIO UTEepaluid Uit ypoBHS . MTepanmu onuceiBaroTcst popmyrnoi

h™ D (k) = h™(k) - 2™ (k). ™
™ (k)+t™ (K
3nmech z(jm)(k) = w’

m ) ) o
Haja h(j )(k), KOTOpBIE CTPOSATCS C MOMOIIBIO CIUIAHHOBOW HMHTEpHOSAIMU (0OBIYHO cIUiaiiHOM 3-To

rae pgm)(k) u q(jm)(k) — BEPXHSISI M HWOKHSISL OTMOAIONINe IJISl CHT-

MOpPsi/IKA) 110 BCEM JIOKAIbHBIM MakCHMyMaM W MUHHMYyMa CHUTHasa h(jm)(k).

Utepannu (7) MHUIHATU3UPYIOTCS HYJIEBBIM IIArOM Uil TiepBoro ypoBHs (] = 1) pasmoxe-
HUS h(lo)(k) = X(K). Tarmee HaXOmATCS BEPXHSS M HIDKHsISI OrHOaroIue p(lo)(k) u q(lo)(k), BBIUUCIISCT-
CSl CPEIHSS JIMHHS 2(10)(k) 1 HaXOIUTCSI h(ll)(k) o ¢opmyne (7). Hus h(ll)(k) OMPEIEIIAIOTCS BEPXHSS
1 HWOKHSISI OrHOaroInme p(ll)(k) u q(ll)(k) U CPEIHSS JIMHUS Z(ll)(k), HAXOIHUTCS h(lz)(k) U TaK Jaiee, 10
TOCJIEHEr0 MHIeKea uTepatuii M, mociie koTopoii cunTaercs, 4To neppas smMnupuyeckas moza h, (K)
HalieHa.
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VYciaoBue ocTaHOBKH I/ITepaI_II/Iﬁ 0OBIYHO BLI6I/Ipa€TC$I B cbopMe BBIIIOJIHCHH HCPABCHCTBA!

m+ m 2
2 (h™ 0 - R 9)

3 (W™ o)’

rae 0 — Kakoe-HuOya» manoe uucio, Hanpumep 0,01. ITocie Toro xak HaiineHa mMona hj(k), 3aIrycKa-
€TCsl UTEPALMOHHBINA MPOIIECC ONpPENeIeHUs] IMITUPUYECKON MOJIBI hj 1 (K) cnenyromero yposns. OtoT
IpoLecc HHULMATU3UpyeTcs GopMyIoi 11 HadaabHOIO MHAEKca urepauuid m = O:

h(j°>1(k) = x(k) - h;(K). (8)

+

CornacHo ¢opmyse (8) U3 MCXOMHOrO CHUTHAja BBIYUTACTCS BBICOKOYACTOTHASI YaCTh M HOBBIN
Ooylee HU3KOYACTOTHBIN CHUTHANl pacCMaTpUBAEeTCS KaK HOBBIH CHTHAJ JIJIS ITOCIIEAYIOIIEro pasjioxe-
Hust. [TocTpoeHne SMIUPUUECKUX MO KOJICOAHUH MPOIOIIKACTCS JIO TEX IMOP, MOKA YHUCIIO JIOKAIbHBIX
HKCTPEMYMOB HE CTAHET CIIUIIKOM MaJICHBKUM JJISl TOTO, YTOOBI II0 HUM MOXXHO OBLIO ITOCTPOUTH OTH-
6arormme. ITo Mepe yBeTHMUCHHST HOMEpa YPOBHS SMITMPUYECKON MO | CUTHAIIB! h j(k) CTaHOBSITCS BCE
Oosiee HU3KOYACTOTHBIMHU M CTPEMATCS K Hensmensemol gopme. Iocnenosarensrocts h, (K), hy(K), ...,
h,(K) mocTpoena Takum 00pa3om, 4TO ee cymMMa JaeT npuOImKeHue K ucxonHomy curnany X(K), xo-
TOPBI MOXKeT OBITH mpeacTaBieH B Buae (6) [Huang et al., 1998; Huang, Wu, 2008]. Dmnupuyeckue
MOJIBI SIBIISTIOTCSI OPTOTOHAJIBHBIMH JPYT JIPYTY, COCTABIISASA, TAKUM 00pa3oM, HEKUW dSMIHpPUIECKHii Oa-
3UC PA3IOKEHHSI UCXOHOTO CHUTHAJIA.

[Ipu mpakTHYecKkoil peanu3alliii METOAa BO3HHKAIOT TEXHUYECKHE CIOKHOCTH H3-3a KPaeBbIX
3¢ GeKTOB, TaK KaK MPOJOJIKCHUE OTMOAOIIUX 3a MPEJeIibl MEPBhIX U MOCICIHUX TOYEK JIOKAIbHBIX
HKCTPEMYMOB SBIISIeTCS HEOIHO3HAYHBIM. [ MpeomoneHus 3TOH TPYIHOCTH CYIIECTBYIOT HECKOJIb-
KO TIOJIXOJIOB, B YaCTHOCTU 3€PKaJIbHOE MPOJOJKCHUE aHAJIM3UPYyEeMOW BBIOOPKH Ha3aj U BIEPE] Ha
JIOCTATOYHO JITTMHHBIN POMEXYTOK BpeMeHH. FIMEHHO OH MCTONb30BaiCs B JaHHOW padoTe.

5. AHcamOsieBasi SMIUPUYECKAsT MOOBASI 1€KOMIIO3U U

OmHAM U3 KITFOYEeBBIX HemocTarkoB Meroma EMD sBnsercs mpobiemMa cCMEIMBaHHS MO, KO-
TOpasi BO3HUKAET, KOIJ[a OJlHA SMIIUPUYECKAasi MOJa BKJIFOYAET CHTHAJIBI PA3JIUYHBIX MACIITa0O0B WIIH
JKe KOTJla CHTHAJIBl OJJHOTO MacmiTaba pacrhpeseieHbl o pa3HbIM AMIHpHYecKuM MoaaM. Hampuwmep,
€CJIM B CUTHaJIC HAOMIOAAaeTCs TIEPEMEeXaeMOCTh, TO €CTh Ha (pOHE MJIIABHOTO CUTHAJIA BOSHUKAIOT Kpat-
KOBPEMEHHBIE YYacTKH Ooliee BBICOKOYACTOTHOTO MOBEIeHUs, TO ipu EMD-pasznoxeHnn npoucxoqur
CMEIINBAHUE MOJ TIOBEACHHSI C Pa3HBIMU YaCTOTaMH, TaK KaK CPAaBHUTEIHHO PEIKHE TOUYKH JIOKATHHBIX
HKCTPEMYMOB TIJIABHOTO TIOBEACHUS MIEPEMEKAIOTCsl 3HAUUTEIFHO 00JIee YaCTBIMH TOYKaMHU JIOKAJBbHBIX
9KCTPEMYMOB BBICOKOUACTOTHOM KOMITOHCHTEI.

st 60pr0OBI ¢ 3TUM 3hdexToM B padore [Huang, Wu, 2008] ObLI MpemionKeH METOI aHCaM-
OneBoit amnupudeckoil MozoBoi aexommnosunuu (EEMD). On npencrasnsier coOoi perynspusanuio
Metoga EMD, B KOTOpol K MCXOMHBIM JAaHHBIM T00aBJSICTCs] OCNBIN IIyM KOHEUYHOW aMILTUTYIBL. JTO
MO3BOJISIET OTIPE/ICIUTh UCTHHHBIE SMITUPUYECKIE MOJIBI KaK Cpe/IHee 3HaueHHUe 110 aHCaMOITIO HCITBITa-
HUH, KaKI0€ U3 KOTOPHIX MPEICTABISCT COO0H CyMMy CHTHajia U OEJIoTo IIyma.

Aunroputv EEMD BrJIt04aeT cieayroue maru:

1) nmoGamiieHHe peanu3aiuy OSJIOTo NTyMa K UCXOIHBIM JaHHBIM,
2) pa3oKeHHE MAaHHBIX C T0OaBJICHHUEM OEJIOro IIyMa B SMITHPHICCKUE MOJIBI,

3) moBTopeHHe mAaroB 1 U 2 10CTaTOYHO OOJIBIIOE KOJIMYECTBO Pa3 C Pa3HbIMU peallu3alusMu Oc-
JIOrO IIyMa,

4) MMOJIy4YCHHEC CPCAHCTO 3HAYCHUA 10 aHcaMOJIr0 IJI1 COOTBCTCTBYIOIUX OSMITMPUICCKUX MO/.
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TaKI/IM 06pa30M, I/IMI/ITI/IpyIOTCSI MHOI'OYUCJIICHHBIC «I/ICKYCCTBQHHHG» Ha6J'IIOI[6HI/I$IZ
XD(K) = x(K) + (K,

rie &(K) — i-1 peanusauus Genoro myma.

Hcrtunnas komnoHeHTta, comiacHo omnpenenennto EEMD, mist nocnenoBaTebHOCTH BCEX YPOB-
HEH IMIMPUYCCKUX MOJ BBIUYUCISICTCS KaK CpeIHEee 3HAUCHUE PA3NIOKEHUH 3allyMJICHHBIX MOA. Bak-
HO oTMeTuTh, yT0 EEMD B 3HaunMTenbHOW cTeneHW YCTpaHSeT yKa3aHHYIO IpoOJieMy CMeIInBa-
Hust [Huang, Wu, 2008]. loGaBieHne He3aBUCHMBIX OCJIBIX IIYMOB K BBHIOOpKE 00NagaeT peryispu-
3ytomuM 3G HEKTOM, TTOCKOIBKY YIIPOIIAET MOCTPOSHHE OTHOA0MNX (JIOKAIBHBIX SKCTPEMYMOB TI0CIE
JIo0aBIIeHHsI MaJIoro OEeNoro myMa cpa3dy CTaHOBUTCS MHOro). Omepaiiust yCpeIHSHHs 10 JIOCTATOYHO
0OJIBIIIOMY YHCITy HE3aBUCHUMBIX peain3anuii Oeroro IryMa 1mo3BojisieT H30aBUTHCS OT BIUSHUS IIyMO-
BOIl KOMITOHEHTHI M BBIICTUTh UCTUHHBIC BHYTPCHHHUE MOIBI KOJICOAHHIA.

Jlg KaXJ10T0 U3 MONy4YeHHbIX 15 BpeMeHHBIX psAaoB Obutn BeIuKciaeHsl EEMD-BonHOBBIE (op-
Mbl. EEMD-BoHOBBIE (opMBI TTOTy4YeHBI ITyTeM ycpeaaerus 1000 pa3inokeHHH UCXOJHBIX CHTHAJIOB,
K KOTOPBIM J100aBIICHBI HE3aBHCHUMEIC TayCCOBCKUE OCNBIC ITYMBI CO CTaHIAPTHBIM oTkiIoHeHHeM 0,1
OT CTaHJAPTHOI'O OTKJIOHEHUS B3BELICHHOI'O CPEIHEr0 OT Ka)JI0ro KilacTepa.

Ha puc. 3 nmpuBenensl rpadpukun EEMD-BoHOBBIX (hopM IJIs MEPBBIX 6 YPOBHEH Pa3JIOKEHUS
JUTSE Tpex u3 15 ximactepos.

Kimacrep #01 Kiracrep #09 Kiracrep #15
0,01 _ 0,01 0,01 _
B e o I
-0,01 -0,01 r : -0,01
8,882 _ . 0,004 0,004 . :
e L B
0,008 _g’g(o)j 0004
0,002 , 0,002 _ 0002
03 0 Wm 0 00(2) Mﬁw il 0 mmw
-0,002 20,004 -0,002
0.001 w . 0, 001 0, 0008
-0,001 ! - -0, 001 ' -0, 0008
0,0008 0,0008 0,0008
0,0004 0, 0004 0, 0004
05 0
-0,0004 -0, 0004 -0, 0004
-0,0008 -0,0008 —o 0008
0,0004 0,0004
0,0002 0,0004 0, 0002 W
06 0
-0,0002 MMWWMWW -0, 0002
-0,0004 0,0 -0,0004
2012 2016 2020 2024 2012 2016 2020 2024 2012 2016 2020 2024

Puc. 3. I'paduxu BomHOBBIX opM EEMD juist mepBbIx 6 ypoBHEH pasiioxeHus st 3 kiactepoB (Homepa 1, 9
u 15). Homepa ypoBHE# pa3noKeHUs yKa3aHbI CIIeBa

VYepenuum BostHOBEIE (opMbl EEMD 1o Bcem 15 xnactepam. B pesynbrare moiaydum rpadukH,
n300pakeHHbIE Ha puc. 4.

6. IlpeoOpaszoBanne I'miabOepTa

W3noxeHHbIH BhIIIE METON Pa3JIoKEHHUs BPEMEHHBIX PSJIOB B JIUTEPAType M3BECTEH KaK METOJ
I'mne6epra — Xyanra. Xots coOcTBEeHHO peoOpa3oBanne [uiapdepra B JaHHOM CTaThe HE UCTIONB3YeTCs,
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VYposens 01 0.004 Yposens 02 0.002 Vposens 03
0,002 | . 0,001 i
0 0 :
—-0,002 Bl | [ —-0,001 ujay f
—-0,004 -0,002
00004 Yposens 05 Yposeus 06
_ 0,0002 | 0,0002
+ 00002 ~0,0002
—-0,0004
2012 2016 2020 2024 2012 2016 2020 2024 2012 2016 2020 2024

Puc. 4. I'paduku cpeqanx BomHOBBIX Gopm EEMD mist mepBeix 6 ypoBHEH pa3nokeHus

HO JUIS HOJIHOTBI M3JI0KEHHSI METOAa M BO N30€KaHue HEJOYMEHUS y YUTATEN sl Mbl IPUBEIEM OCHOBHBIC
(dhopmyIIbl ¥ e NpuMeHeHHs npeoOpaszoBanus ['mibdepra k nonmydyennsiM EEMD BpeMeHHBIM psiiam
pasnokeHus XyaHra HCXOAHBIX JaHHBIX.

IIpeobpasopanue I'mnnbepra [Bendat, Piersol, 2010] H(t) curmama X(t) ompenensercs mo
hopmyme
+00
X(u) 1
Hy (1) = du = X(t) = | —
= [ 2 ()*(ﬂt),
+00

roe f(t) = g(t) = f f(u) - gt — u)du — ceeprka aByx (QyHkuuii. Eciu f~(a)) u g(w) — mpeobpazoBaHus

—00

+00

®Oypbe cBepThIBAEMbIX (YHKINH, ﬂw) = f f(t) - et dt, To, kak m3BecTHO, MpeoGpaszoBanue Dyphe

CBEPTKM PABHO IIPOM3BEACHUIO NpeoOpazoBanuil Pypbe cBeprhiBacMbIX (yHKIMHA. [IpeoOpazoBanue
1
®ypbe OT 7 paBHO

too -, w>0,
€ .
f—t dt = —i-sign(w) =40, w=0,
e
-0 i, w<0

Takum oOpasom, eciu )FZ(w) ecthb npeodpazoBanne Pypre ot X(t), To

—i X(w), w >0,
Hy(w) = —i - sign(w) - X(w) =1 0, w=0,
i - X(w), w < 0.

Ecnu npeacraButh )~((w) = |)~((a))|e‘i‘/’(w), TO

|)~((w)|e—i(¢(w)+7r/2)’ w>0,
ﬁx(w) =<0, w=0,
X(w)le @@=/ ) <0,

[Ipaktnyecku Ooree ymoOHO BBEIUMCIATH Mpeodpa3zoBaHue [ MibOepTa, UCIONb3ys TOHATHS dHA-
JUMUYECKO20 CUSHANA:

Zy (1) = X(t) +i - Hy(t) = |Zy (D] - €O = Ay(t) - €70,
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e Ay (t) = /X3(1) + H2 % (D) — ammmatyzer orubaromeit curnana X(t), a ¥(t) — mraosennas dasa. Ipo-

u3BoaHast v(t) = dﬂ() Ha3bIBAETCSI MTHOBEHHOM "acToTol. [IpeobpazoBanne dypre 0T aHAIUTHYECKOTO
CUTHAJIa UMEET BUJ Zx(a)) = X(a)) +i- X(w) = X(a)) (1 + sign(w)), nmu
2)~((a)), w >0,
Z(w) ={ X(0), w=0,
0, w < 0.

ITocne yero npeodpaszoBanue ['MibpOepTa paBHO MHUMOM YacTH OT pe3yJbraTa oOpaTHOro mpeodpaso-
Banus Dyppe o1 Zy(w):

+00

1 _ .
Hy(t) = Im | — f Zy(w)e“ dw|.
2n
Jst currana ¢ auckpetHbiM BpemeHeM X(t), t = 0, ..., (N — 1), aTo npeobpazoBanue MOXKET
OBITh BBIYUCIICHO C MIOMOIIIBIO JUCKPETHOTO mpeodpa3oBanusi Dyphwe:

N-1
d(w,) = Z X(t) - exp(—iwd), w, = %ﬂ(k— ), k=0,1,...,(N=1),
t=0

MOCJIE Yero BTOPYI 4acTh (yphe-k03()(UIMEHTOB (COOTBETCTBYIOIIYH) OTPHUIATEIBHBIM YacTOTaM)
ciienyeT OOHYJIHTH: h&N)(wk) =0,k = % +1,..., (N — 1), Torga Kak mepByl 4YacTb — YIABOHTE:
h(XN)(a)k) =2- dg(N)(wk), k=1,..., Y Tlocne sroro mpeobpasosanme [mipbepra BEIUMCIIETCS KaK
MHHMasl 9acTh 00paTHOTO JHCKPETHOTO mpeodpa3oBanus Pypee:

Hy(t) = Im Zh(N)( w,) - eXp('w"t) , t=0,1,....,(N=1).

IIpeobpasoBanue ['mnsbepra nmpumensercs k pesynsraraMm EEMD-paznoxenus Xyanra, u Io-
Jy4aeMble BPEMEHHBIC PsIbl M3MEHCHHS MTHOBEHHBIX aMIUIMTYZ OTHOAIOIIMX M MTHOBEHHBIX 4acTOT
MOTYT OBITh MPEAMETOM AATBHEHIIINX HCCICIOBAHUI.

B kagecTtBe nmpumepa Ha puc. 5 npuBeeM rpauKd MIHOBEHHBIX aMIIUTY/] OTHOAIOIINX CPETHUX
EEMD-Bo1HOBBIX (pOpM, TIpENICTABICHHBIX Ha pHC. 4, BBIYUCICHHBIX C MOMOLIBIO UX MPeo0pa3oBaHUs
I'mnsbepra.

0.02 Yposens 01 0,005 Yposenn 02 0,002 Yposenn 03
0,016 0,004 0,0016 | |
0,012 0,003 0,0012 |
e bl mw bbb A
0,004 i L 0,001 * Nh 0,0004 '™ L LA L b
0 0
0,001 Yposenn 04 0,0005 Yposenn 05 000028 Yposenn 06
0, 0008 4 0,00024
0,0006 (()) (0)883 0 0002
0.0004 M WM‘U 0,00016
0, 0002 0 0002 M \M 0 0001 2
2012 2016 2020 2024 2012 2016 2020 2024 2012 2016 2020 2024

Puc. 5. ['padyiku MrHOBEHHBIX aMIUIUTY/ Or'MOAIOIMX CpeAHUX BOIHOBHIX (popm EEMD st nepBbIx 6 ypoBHei
Pa3IoKEeHUs

B MOBCACHUHN aMIIJIUTY/] OFI/I6aIOH_II/IX Ha PAa3JIMYHBbIX YPOBHAX PA3JIOKCHUA MMCCTCA IMPOrHO-
CTHUYCCKast I/IH(I)OpMaHI/ISI, 0COOCHHO B IIOJIOKEHUHU TOYCK MX JIOKAJIBHBIX OKCTPEMYMOB. Ho m3noxenue
HUCCISIOBAHUMN B 3TOM HalpaBJICHUU BBIXOAUT 3a PaMKH I[aHHOfI CTaTbHu.
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7. ANroputm 00HApPY:KEeHUS AHOMAJILHOTIO MOBe/IeHUs BpeMeHHBbIX PS/10B

B ocHoBe omnmcaHHOrO HIKE ajiropuTMa JIC)KUT MCTON, W3JI0)KCHHBIN B [MYPSaFYJ'IOB, 3aM$ITI/IH,

PomanoBuy, 2021]. ITycts nan Bpemennoit psa X(K), k=1, ..., N. Jlns npaBoro koHua K BpeMeHHOT0
OKHa JUTHHOM (2W — 1) onpezesiiM BeKTOp, B KOTOPBIi BXOIAT W BPEMEHHBIX (JParMEHTOB C MOJIOKECHH-
SIMH TIPABBIX KOHITOB B Toukax K, K— 1, k-2, ..., k—w+ 1,

% = (XK=w+1), xk—w+2), ..., xk)", k=2w-1,...,N,

1 (W X W)-MaTpHIry

X(k=2w+2) xtk-2w+3) -+ xk-w+1)
Xk=2w+3) x(k-2w+4) --- Xk-w+2)

= . . ) . , k=2w-1,..., N.
Xk-w+1) xk-w+2) --- X(K)

Beenem marpuiy Q, kak pasnoxkenue Xomenxoro marpuibl A, = cov(A): A = Q, - Q-kr, e Q, —
BEPXHsIS TPEYTOJIbHAS MAaTPHIA. DJIEMEHTBI MATPULBI A, OTIPENENAIOTCS 10 hopMyIam

a| = vlvzwl(x(k—ZWH+s)—7<!‘)(x(k—2w+ j+9-%), X= vlvzwlx(k—ZW+i+s).
s=1 s=1

DyeMeHTBI BEpXHEH TPEYroabHOW MaTpuibl Q, BBINIE INIABHOM JIMAroHai¥ HaXONATCS U3 COOTHOLIE-
Hus [BoeBonun, Kysuenos, 1984]

1 = . o
q!"jza[a!"j—Zq:f-q:‘,j], i=1,...,w—1, j=i+l,...,w,
1,1

=1

k .
TJIE &' — COOTBETCTBYIOLIUE JIIEMEHThI MaTPHILbI A,; IMaroHaJbHBIE JIEMEHTBI MaTPULBl Q, ompene-
JSAIOTCS IO PopMyITaM

1
A= yds - > () i=Lw

I=1

Crenyronum marom moiy4uM BEKTOp Uy, IpeoOpasoBas X, :

R
Uk:Qj_l’(Xk_Xk)’ xk:V—vak(l), k=2w-1,..., N,

i=1

e X (i) — i-1 komnoHeHTa BekTopa X,. CMBICI Mepexofa OT MEPEMEHHbIX X, K TMEPEMEHHbIM U, 3a-
KIIFOYaeTcs B TOM, YTO TPH Ooibmmx W (W — 00), KOra BBIOOPOYHBIC OICHKH KOBapHUAI[MOHHBIX
MaTpHIL CTPEMSTCS K MCTHHHBIM, CPEJIHUE 3HAYEHUs Uy, CTPEMSITCS K HYIIIO, & MX JJUCIIEPCUH CTPEMATCS
K CIMHUIIC.

Bbr4ucium BEIOOPOYHbBIE OLIEHKH CPEIHUX U IUCHIEPCUH JUIs U, :

1

1 .

i=1

1 w
V—VZ(uk(i) —d)?% k=2w-1,..., N
i=1

2 2 2
ITo BBEIOOpKaAM {de_l, de, e N IR {O’zw_l, T o O'N} CTPOSITCS SMIHMPHUECKHE (DYHKIIUHM pac-
npenenenns Fyu F_, coorBercTBeHHO, rpaduKi KOTOPEIX MPECTABICHBI HA PHC. 6.
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0,8 —
0,6
0,4 —

0,2

-02 -0,1 O 0,1 02

(a)

Puc. 6. Dmnupudeckue QYHKIMH PacHpeieNieHNs MapaMeTpOB PasIoKeHuUsI XOJICIKOTO ISl IEPBBIX TPEX ypPOB-
Heil pasnoxkenus Xyanra: s mapameTpos d, (a), Ul mapameTpos o-ﬁ (6). UepHble TUHAHM — YPOBEHB 1, KpacHbIC
JIMHUU — YPOBEHB 2, CHHUC JIMHUHA — YPOBCHb 3

Teneps s craructuk d, n O'ﬁ, BBIYHCIICHHBIX JUIS KaXKJIOTO MOJIOKEHHMS TPaBOro KoHna K CKoJtb-
3SI1IET0 BPEMEHHOTO OKHa, MO SMIHMPUYECKUM (DYHKIHSAM PacIpeieieHns MOKHO BBIYUCIUTH YPOBHHU
3HAYUMOCTH:

Qg = I:d(dk) u ak,(rZ = F0-2 (O'i)> k=2w-1, ..., N,

KOTOPBIE 3aT€M CPaBHUBAIOTCS C OMPEJCICHHBIM JMAlla30HOM, 3aJ[aHHBIM Yepe3 Imapamerp «, U Jielia-
ercst BeiBox 0 Hanmuuuu (S(K) = 1) wnu orcyrerBun (S(K) = 0) aHOMaIuK B TEKYIIEM BPEMEHHOM OKHE
C TIPaBbIM KOHIIOM B TOuKe K:

0, ecnu
S(k) = 0, ecnmu

1, ecnin nHaye,

NDRNIR

Taxum 00pa3oM, IpH MaJIbIX @ 3HAYEHUS 5 U | — 5 — 9TO KPUTHUECKHE 3HAYEHUS IMITUPHIECKON Bepo-
ATHOCTH TOTO, YTO CTATUCTUKHU O, U o-ﬁ He MPUHUMAIOT aHOMAJIbHBIX 3HaYeHUH, BEPOATHOCTb KOTOPBIX
MaJia ¥ paBHa @. OIHO U3 Ba’KHBIX JOCTOMHCTB JITOPUTMa 3aKII04YAETCA B OTCYTCTBUM HEOOXOIMMOCTH
B allpHOpHON MH(POPMAINK 00 aHOMATUSX.

3agaguMcsl MaKCUMaJIbHBIM ITOPOTOM @, M IIOCTPOMM PETYISIPHYIO CETKY Ha OTpe3ke [0, @]
C HEKOTOpHIM mIaroM I . [lycts HaGOpsI curHasos, paBHbIX 0 umn 1,
[Sh}, k=2w-1,.. N, 1<j<3, a=r,2, ..

’ 4 amax ’

HOJIyY€HBI B Pe3yJIbTaTe IPUMEHEHHS OIIMCAHHOTO BBILIE aJITOPUTMA OOHAPYKEHHUS aHOMAIMH K KaXK 01
YCPEIHEHHO SMIIMPUYECKON MOJIE; | — HOMEpP dMIUPUUYCSCKON MOJIbI; W U @ — TapaMeTphl alropuTMa
oOHapy:keHus1 aHoMalaui. Mbl He paccMaTpuBaeM TPUBHAIBHOE 3HAUYEHHUE, COOTBETCTBYIOLIEE JIEBOMY
koHLly orpeska [0, @], TO €CThb HyIIO, TaK Kak JUld HEro CUTHalbl S) Gynyr mynesbiMu. Takum
o6pasom, craructuki S)(K) BBIMUCISIOTCS MOCIENOBaTeabHO 1isi ypoBHeil EEMD-pasnoxenus 1, 2
u 3. Jng KaxJaoro MOMEHTa BPEMEHH IPOCYMMHpYEM aHOMAJMU MO BCEM JOCTYIHBIM 3HaueHHSIM
napameTpa a:
SW= > Sha®, k=2w-1,..,N 1<j<3.

Q€{l gy ooy Upax}
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BBenewm ere onuH napaMeTp MeToza — [UIMHY L OKHa ycpeTHEeHuUs IPU3HAKOB HAIWYHS UM OTCYTCTBUS
aHoManuu. s kaxjaoro yposHs EEMD-pa3noxkeHus B CKONIb3s11eM BPEMEHHOM OKHE JUIMHOM L s
Ka)KJIOTO MOJIOKEHHs MPABOTO KOHIA STOTO OKHA BEIYHCIMM cpefHue curHauo Sy(K), 1 < j < 3:

L
UJV(k):%Z§JV(k—L+s), 1<j<3, k=2w-1,...,N.
s=1

JIiisi BHIYHCTICHUS CPEIHErO 110 HAYaNbHBIM 3HAYCHMSAM uHekca K curman S), JIOTIONIHACTCS CJIeBa Hy-
JIEBBIM BekTOpoM jmuHOW L — 1. TlomyduBrumecss TakuM 00Opa3oM CHTHAJIBI U\i,(k), 1 <j<3 k=
=2w -1, ..., N, KoTOpbIe Ha30BEM HHJIEKCAMH aHOMAJIbHOTO MTOBEJICHNSI BPEMEHHBIX PAIOB, YCPEIHS-
FOTCS JIOTIOJTHUTEIIBHO JUTSA KaXKI0TO MOMEHTa BPEMEHH I10 BCEM HCIONB3yeMbIM ypoBHsiM EEMD-pa3-
JIOKEHUS |

3
UMk):%ZUJV(k), k=2w-1,...,N. )
j=1
Takum oOpa3oM, anroput™ uMeeT 4 CBOOOAHBIX mapameTpa: W, .., I, ¥ L. Bbibepem MakcumanbHOe
MIOPOrOBOE 3HA4YEeHUE @, = 0,1 u mar perymsipaoit cetku r, = 0,01. JnuHy CKONB3SIIIET0 BpeMEH-
Horo okHa L ompenenum paBnoit 91 orcuera, T.e. mpumepHo | roaa. [lanbHeiiliee yBelnn4eHue mnapa-
METpa @, HE BIMACT HAa Pe3yJbTaT, 3aKIIOYAIONINNCS B IPEIBECTHUKOBOM 3(deKTe, KOTOPhIH Oyner
MPOMILTFOCTPUPOBAH HIIKE.

8. CBs3b MHJEKCA AHOMAJIBLHOTO MOBEAECHNS C BbleJeHHeM celicMUu4ecKoi
IHEPrum

PaccmoTpuMm celficMuueckuii mporiecc B OKPECTHOCTH SIITOHCKHX OCTPOBOB, B3ATOW B BUJIE
OKpYy>XKHOCTH paguycoM 1500 KM C IEHTpOM B TOYKE IEHTpa MacC IMOJOXKEHUH KIACTepOB CEUCMH-
YEeCKHX CTaHIU, MpeCTaBIeHHbIX Ha puc. 1.

Jannsie B3aTHI ¢ caiita USGS (https://earthquake.usgs.gov/earthquakes/search/). Ha puc. 7 mpen-
CTaBJIEHO pacIpe/ielieHne 3IUIEHTPOB JOCTAaTOYHO CHIIBHBIX 3€MJIETPSICEHUH (C MarHUTYIOW HE HU-
JKe 5) B 9TOM OKPECTHOCTH.

Omnpenenum 1g E kak norapudm cymMMapHOH BBICBOOOJHMBILEHCS CEHCMUYECKON SHEPTUU B MH-
TepBayiax JMHON 30 CyTOK co cMemeHHeM 1 CyTKH, rpaduKk KOTOpO# IpenacTaBiieH Ha puc. 8, a. Ha
puc. 8, 6 NpelCTaBIeH UTOrOBbI MHAMKATOP aHOManbHOro mosenenus (9) U, . 3HaueHne napamer-
pa W = 120 ObuTO BBIOpaHO AMIHPHYECKU ITyTeM epedopa. KpurepueM Ciry:KMIIO KOJIMYECTBO OTPH-
[[aTeIbHBIX BPEMEHHBIX CABHUIOB, KOTOPBbIE 00ECTIEUMBAIOT MAKCUMYM MOAYJS KPOCC-KOPPEJIAIMOHHON
¢ynxuun [upcona mst curnanos U, u 1g E, BeraucieHHON B CKOMB3AIIEM BPEMEHHOM OKHE [UTMHON
6 stet (2192 0oTCYETOB — € YYETOM TOTO, YTO B OKHE JJIMHOU 6 JIET 2 TONa SIBIISTFOTCS BUCOKOCHBIMH).

BpruucnuM B mpenenax Kakaoro BPEMEHHOTO OKHa JUTHHOM 6 JeT Kod()(UIMEHTHI KOpPEIsIun
mexay U, (t) u Ig E(t + K), re Bpemennoii cuur K nsmensiercs B mpenenax —k .. <K <k, u BbI-
OepeM Takol ONTUMAJIBbHBII BPEMEHHO# caABUT K*, 151 KOTOPOTro abCOIIOTHOE 3HAYeHHE KO3 PHIIHEeHTa
KOppeIsiuu MakcumMaiibHo. Ha prc. 9 mpencraBieHsl pe3ysbTaTbl Takol OleHKH. [l BpeMEeHHOTO OKHA
JUIMHOM 2192 3Ha4eHuit Mbl Opaan MaKCUMalIbHbIC BPEMEHHBIC CIBUTH K, = 182: 3Tn MakcuMaibHbIe
BpPEMEHHBIE CJIBUTY COOTBETCTBYIOT ITOJIOBHHE TOJIa.

Kaxk BumHO u3 rpaduka Ha puc. 9, 6, 3HaYeHHE BpeMEeHHOro casura K*, KoTopelii oOecrieuynBaeTt
MaKCHMaJbHbIE 3HAYCHUST MO KO PHUIIMEHTa KOPPEISAIUH, BCeraa oTpuIarebHo. OTpHiaTeIbHble
3HAYEHHs ONTUMAJBHOrO ciBura K*, oOecreurBaromero MakCuMyM MOJYIISL KOPPEJSLUiA, 03HAYaIoT,
YTO «B CPEIHEM» OCOOEHHOCTH TOBEICHHUS (JIOKaJIbHBIE SKCTPEMYMbI) MHAMKaTopa aHomammi U, ()
MPEIECTBYIOT 0COOEHHOCTSAM IOBEeHU Jorapu¢ma BeIOpoca ceificmuueckoil snepruu lg E. [l tex
WHTEPBAJIOB BPEMEHH JUIMHOMN 6 JIET, ISl KOTOPBIX Ha puc. 9, @ MakCUMalibHast a0COMIOTHAS KOPPETISIIHS
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[TIupora, Tpas.

130 135 140 145 150
Hounrota, rpa.

Puc. 7. Pacnpenenenuie 3nUIEHTPOB 3eMJIETPSACEHUN C MarHUTYJI0M HE HUXKE 5 B OKPECTHOCTH SMOHCKUX OCTpPO-
BOB B pamuyce 1500 kM oT meHTpa Macc BceX MEHTPOB KIACTEPOB (KpacHas 3BE3I0YKa) sl HHTEpBajIa BPEMEHH
2009-2023 rr.

18- LgE (a)
17 -

16 -

15

14

13

3 Uy (6)

: . : : | L i : : i i : : i '
2010 2012 2014 2016 2018 2020 2022 2024
[IpaBbrit KOHEI BpeMeHHOro okHa JuinHo# 30 cyToK

Puc. 8. a) 'pacduk 3HaueHnit necsTHIHOTO JorapumMa BbICIUBILEHCS CeHCMUYECKOH SHEPTHH (JKOYIIN) B CKOJIb-
3sIeM BpEeMEHHOM OKHe HHOH 30 cyTok co cMermenueM | cyTku B oOmacTH, MOKa3aHHOH Ha puc. 7; 0) cur-
Han U,,,. I1o Topu30HTaIbHON OCH OTJIOKEHBI BDEMEHHBIE METKH B TOJaX

OTpHuIIaTeNbHa, yBeNMYeHHe uHauKaropa U,  depes3 mpomMeskyToK BpeMeHH JUIMHOK K* cooTBeTCTByeT
YMEHBIIEHUIO BhIOpoca ceiicMuyeckoi aneprun. Tam xe, rie abcoIroTHAs KOppessaLus MOJ0KUTENIbHA,
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Puc. 9. a) MakcuManbHbIE 3HAYCHHS KOPPEIALHMA 10 UX aOCOMIOTHON BEMMYUHE MEXTy curHanamu U o n IgE
BO BPEMEHHOM OKHe JUTMHOH 6 sieT (2192 orcueroB); 0) BpeMEHHbIE CBUI'M BHYTPH BPEMEHHOTO OKHa, obecrie-
YHBAION[ME MAaKCHMaJIbHbIE 3HAYCHUsI MOAYJIeH Koppessiiuil. B kaXkioM BpEMEHHOM OKHE CABUTH BapbUPYIOTCS
B mpezenax +182 orcuera

HO 3HaueHHe K* Bce paBHO OTpPHUIIATENBHO, O3HAYACT, YTO, HAOOOPOT, BCIUIECKH WHIMKATOPA AaHOMAIlb-
Horo nosenenus U, co cpenHell BpeMeHHOMH 3a/epkKoii K nmpenmecTsytoT yBenuueHnio Briopoca
ceificMUYecKoil PHepruu.

W B TOM M B IpyroM ciydae OTPHUIIATEIIbHBIC 3HAUYCHHS ONTHUMAJIbHBIX BPEMEHHBIX CIBHIOB K*
MHTEPIIPETUPYIOTCA KaK MPOSIBICHHE MPOrHOCTHYECKOro dddekTa B MOBEACHUHN TpeMopa 3eMHOHU T10-
BEPXHOCTH Ha BPEMEHHOM MacinTabe, Orpe/esisieMoM MMapaMeTpoM MaKCHMAIbHOTO BPEMEHHOTO CJIBH-
ra K., KOTOpBIil Y Hac BEIOpaH PaBHBIM MOJOBHHE TOJIA.

9. O0cy:x/1eHre U BBHIBOIbI

IIpemioskeH MeToxI McCIeI0BaHUS TPEMOPA 3eMHON MIOBEPXHOCTH, PETHCTPUPYEMOTO CPEICTBAMU
KOCMHUYECKOH Te0Ie31H, OCHOBAaHHBIN Ha UCITOJII30BAHUN KJIACTEPHOTO aHAllN3a, METO/Ia TIIAaBHBIX KOM-
MIOHEHT U pasiokeHus Xyanra. Llenpto aHanmza siBisieTcss 0OHapyKeHHEe MPOTHOCTHUECKUX d(PheKToB
C WCTIOJNIb30BaHUEM CTAaTHCTHUKU aHOMAJIbHOTO TOBEICHHWsS, OCHOBAHHOTO Ha OIEpalliyd HOpMAalIU3aIiuu
KOBapHaIlMOHHOW MAaTpPHUIIBl KOMIIOHEHT XyaHTa B CKOJIB3SIIEM BPEMEHHOM OKHE MyTEM €€ pa3jIoKeHHs
Xomerkoro. B pesynbpraTe onTHMH3alMU MApaMETPOB CTATHCTUKH aHOMAJIBHOTO TOBEICHUS YNAIOCh
MOKa3aTh CyIIECTBOBaHUE MPOTHOCTHYECKOTO 3(p(peKkTa OTHOCUTEIIEHO NHTEHCUBHOCTH BBIJICIICHUS CeH-
CMHUYECKON 3HEPTuH IS JAHHBIX €KECYTOYHBIX BEPTHKAJIBHBIX CMEIIEHUH 3eMHON MOBEPXHOCTH Ha
cetu u3 1047 GPS-crannuii Ha SImoHCKUX OCTpoBax il poMexxkyTka Bpemenu 2009-2023 rr.

CrnemyeT OTMETHTh, YTO TPEIIOKEHHBIA METO]] aHaINn3a «OONBINNX» JaHHBIX MOHHUTOPUHTA SIB-
JsieTcs MHOTOCTYNEHYAaThIM M TpeOyeT MpOIeayphl «HAJAJAKM», 3aKIOYaloIelcss B MOI00pe TaKux
napaMeTpoB, KOTOpbIe obecnieumii Obl Hanbolee BhIPa3UTENbHBIA pe3ynbTar. YacTh mapamMeTpoB ompe-
JIeNseTcsl ¢ TOMOIIbI0 (POPMANBHBIX MPOLEAYP, HAlpUMEp YHUCIO U TOJIOKEHHE IIEHTPOB KIIaCTEpOB
CTaHIIUH, MPECTaBICHHBIX Ha pHucC. 1. BakHbII CBOOOMHBIN MapaMeTp MeToja — 3TO JJIMHA CKOJb-
3SIIET0 OKHA a/IalTalluy ISl BHIYMCIIEHUS CpeHE B3BEIICHHBIX BPEMEHHBIX PSJIOB HAa OCHOBE METOJa
IIaBHBIX KOMIIOHEHT, KOTOpas ObL1a BeIOpaHa paBHOW 365 cyTkaM Ui pacCMaTPUBAEMBIX €KECYTOUHBIX

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE




AHanM3 IpOrHOCTUYECKUX CBOIMCTB TpeMopa 3eMHOM . . . 955

BPEMEHHBIX PSIIOB. DTOT BBIOODP OBLI ClieNaH U3 reo(pU3NIeCKUX COOOpaKEeHUH, MOCKOIBKY MOYTH BCE
MPOLIECCHI B TBEPAOH U KUAKON 000JI04KaX 3eMITH OTUHUHSIOTCS CHIBHBIM TOAOBBIM IEPUOAHIHOCTSIM.
ANTOpPUTM BBIICJICHNST aHOMAJIBHOTO TMOBEJNeHHS B cpenHux BosHOBBIX EEMD-hopmax Takxke comep-
JKUT HACTpaUBaeMble MapaMeTpbl, YKa3aHHbIC BbIIIE. JIJIsI COMOCTaBICHHUS ¢ CEHCMHYECKHM PEXKUMOM
ObLT BEIOpaHa KpyroBas oonacth paanycoM 1500 KM ¢ IEHTPOM B LIEHTPE TSHKECTH MOJIOKEHHUH KilacTe-
POB. DTO paccTosiHUE 00eCIeYrBacT BKIIOYCHIE B aHAIN3 CEHCMUYECKUX COOBITHH BO BCEX OCHOBHBIX
pas3ioMax MeXIy YeThIPbMsI TEKTOHWYECKHMH TUIMTAaMH, KOTOPBIE CXOMATCS B paiioHe SIMOHCKUX OCT-
POBOB.

Peanmzanus merona He TpeOyeT MpPUBJIEYCHHUS MOIIHBIX BBIYHCIUTEIBHBIX PECYpCOB U MOXKET
OBITH NIPOBEACHA B TEUCHHE OTHOTO pabodero MHs ¢ MCIOJIb30BAHUEM MEPCOHAIBHOTO KOMITBIOTEpa
kiacca desktop ¢ mporeccopom Intel(R) Core(TM) 19-7940X u 32 rurabaiiTaMu ONICpaTHBHOM ITAMSTH.
Haubonee tpymoemkas gactb MeTona — 3To ycpenHeHrne EMD-BomHOBBIX (hOpM C HETBhI0 TOMTyYeHUs
EEMD-peanuzanuit mytem ycpennenust 1000 pasnoxenuit Xyanra c¢ j1o0aBieHHEM HE3aBHCHUMBIX Oe-
JIBIX IITYMOB.
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JanHast paboTa MOCBSIIEHA MCCICIOBAHHUIO MPOOJIECMBI MOACIHPOBAHUS M aHAIN3a IMHAMHYCCKUX PEKU-
MOB, KaK PEryJspHBbIX, TaK U XAOTUYECKUX, B CHUCTEMax CBS3aHHBIX MOMYJISLUNA B MPUCYTCTBHM CIIy4alHBIX
BO3MYIIIEHHWH. B KauecTBe MCXOMHON JAETEPMUHUPOBAHHON MOMYISIIMOHHON MOJIEIN PAcCMaTPUBACTCS JIUCKPET-
Hast MoJenb Pukepa. B pabote mccnemyercs TUHAMHKA JIBYX TOMYJISIIIHMA, CBS3aHHBIX MHTpanyed. Murparus
MPOTIOPIMOHATBHA PA3HUIIC MEKIY TUIOTHOCTSIMHE JIBYX MOMYJISIHNA ¢ K03()QUIMEHTOM CBSI3H, KOTOPBIH OTBEUYACT
3a CHJIy MUTPALMOHHOTO MOTOKA. M3011poBaHHbIE MOMYJISILUOHHBIE MOJCUCTEMBI, HE YUYUTBIBAIOLIUE MUTPALIUIO
U MOJICIIUpyEeMbIe 0TOOpaskeHHeM Prkepa, TEeMOHCTPUPYIOT Pa3InYHbIC TUHAMHYICCKHE PEKUMBI: PABHOBECHBIH,
MIEPHONYECKUN B XaoTHueckuid. B 1aHHON paboTe B KadecTBe OM(PYPKAIMOHHOTO IMapaMeTpa MCIOJIb3YETCs KO-
3¢ GUIHEHT CBA3H, a Takke (PUKCHPYIOTCS MapaMeTphl ECTECTBEHHOTO MPHPOCTA MOMYIISIINN, TPU KOTOPHIX OfHA
13 TOJICHCTEM HAaXOIUTCS B PAaBHOBECHOM DPEXMME, a BO BTOPOH mMpeobianaeT XaoTHUecKuil pexuM. CBA3bIBa-
HUC IBYX MOMYIIHIA MOCPEICTBOM MUTPALUH MTOPOXKIACT HOBBIC THHAMUYICCKIE PEKIMBI, HE HAaOONABIIACCS
B M30JIMPOBaHHOW Mojenu. L[enpro MaHHOI CTaThy SIBISCTCS aHAIN3 TUHAMHYCCKHX PEKHMOB KOPIIOPATHBHOU
JAHAMHUKHU TIPpU Baprualli UHTCHCUBHOCTU NEPETOKOB MEKY MOIYIAIMOHHBIMU MMOACUCTEMAMU. B craTtbe npen-
CTaBJIeH OM(ypKAIIMOHHBIM aHAIIN3 aTTPAKTOPOB JIETEPMUHUPOBAHHON MOJIEIH JABYX CBSI3aHHBIX MOIYJISLIUN, BbI-
SIBJICHBI 30HBI MOHO- M OMCTaOMIBHOCTH, AaHBI IPUMEPHI PETYISPHBIX H XaO0THUIECKUX aTTPAaKTOpoB. OCHOBHOM
aKIEHT TaHHOI pabOTHI C/IeTaH Ha CPAaBHEHUH YCTOWYMBOCTH TMHAMUYICCKIX PSKUMOB K CITyJaiHBIM BO3MYIIIC-
HUSM B KOA(QPUIHEHTe WHTEHCUBHOCTH MUTpAI. MeTogaMu MpsIMOTO YHCICHHOTO MOJICIUPOBAHUS BBISBIIC-
HBI U ONICAaHBl HHIYIIMPOBAaHHBIC ITYMOM IIEPEXO/BI C MEPUOJMYSCKOTO aTTPaKTOpa Ha XaoTHYeCcKuid. B crarbe
IMPCACTABJICHBI PE3YJIbTAaThbl aHaJIM3a CTOXACTUYCCKUX SIBJICHUH C IIOMOIIBIO ITOKa3aTeJIst .H}IHyHOBa. HOKa3aHO,
YTO B pacCMaTPUBACMOI MOJIENIU CYIISCTBYET 30HA U3MCHEHUs OM(YPKAIIMOHHOTO TapaMeTpa, Mpu KOTOPOM Ja-
JKe C YBEIMYCHNEM MHTEHCUBHOCTHU CIyYalHBIX BO3MYIIEHHH HE MPOUCXOIUT TIEPEX0/T OT MOopsiAKa K Xaocy. Jlis
AQHATUTHYICCKOTO MCCIICIOBAHNS BBI3BAHHBIX IIIYMOM IEPEX0JI0B MPUMEHEHBI TeXHUKA (YHKIIHH CTOXaCTHICCKOM
YYBCTBUTEIHHOCTH W METOJl IOBEPUTEIBHBIX oOmacteil. B paboTe mokasaHo, Kak ¢ MOMOIIBIO ATOTO MaTeMaTH-
YECKOTO amnmapara MOXKHO MPEACKa3aTh KPUTUYCCKYI0 MHTCHCHBHOCTH IyMa, BBI3BIBAIOIIYIO TpaHC(OpMAIIHIO
MEPUOAUYECKOTO PEKHUMA B XaOTHUECKHIA.

KmroueBrie ciaoBa: METaloIyJIaus, CBA3aHHbIC CUCTCMBI, CHy‘I&fIHI;IC BO3MYIICHHUA, CTOXaCTUYC-
CKasl 9yBCTBHUTCIIbHOCTD, IICPEXOA KIMOPAIOK —Xa0C», MOACIIb PHKepa
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This paper focuses on the problem of modeling and analyzing dynamic regimes, both regular and chaotic,
in systems of coupled populations in the presence of random disturbances. The discrete Ricker model is used
as the initial deterministic population model. The paper examines the dynamics of two populations coupled by
migration. Migration is proportional to the difference between the densities of two populations with a coupling
coefficient responsible for the strength of the migration flow. Isolated population subsystems, modeled by the
Ricker map, exhibit various dynamic modes, including equilibrium, periodic, and chaotic ones. In this study,
the coupling coefficient is treated as a bifurcation parameter and the parameters of natural population growth
rate remain fixed. Under these conditions, one subsystem is in the equilibrium mode, while the other exhibits
chaotic behavior. The coupling of two populations through migration creates new dynamic regimes, which
were not observed in the isolated model. This article aims to analyze the dynamics of corporate systems with
variations in the flow intensity between population subsystems. The article presents a bifurcation analysis of the
attractors in a deterministic model of two coupled populations, identifies zones of monostability and bistability,
and gives examples of regular and chaotic attractors. The main focus of the work is in comparing the stability
of dynamic regimes against random disturbances in the migration intensity. Noise-induced transitions from
a periodic attractor to a chaotic attractor are identified and described using direct numerical simulation methods.
The Lyapunov exponents are used to analyze stochastic phenomena. It has been shown that in this model, there
is a region of change in the bifurcation parameter in which, even with an increase in the intensity of random
perturbations, there is no transition from order to chaos. For the analytical study of noise-induced transitions, the
stochastic sensitivity function technique and the confidence domain method are used. The paper demonstrates
how this mathematical tool can be employed to predict the critical noise intensity that causes a periodic regime
to transform into a chaotic one.
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BBenenue

B Hacrositiiee BpeMsi MCCIICIOBATEIbCKUN HMHTEPEC B 00JACTH MATeMaTUYeCKOTO MOJISIIMPOBa-
HUWM HAaIlpaBJIeH Ha W3y4YeHHE CIIOKHBIX SBICHWH, HaOIIOMaeMbIX B CBS3aHHBIX cHcTeMaX. boibimoe
KOJIMYECTBO PabOT IMOCBSIICHO TaKUM SIBIICHUSIM, Kak cuHxponu3saius [Pikovski, Rosenblum, Kurths,
2001; Boccaletti et al., 2018] u camoopranm3anus [Nicolis, Prigogine, 1977; Cross, Greenside, 2009].
B mnocnenHee BpeMsi aKTUBHO HCCIIEAYIOTCS TUHAMUYCCKUE PEKUMbBI XUMEDP B CBSI3aHHBIX CHCTEMax
(cm., Hanmpumep, [Kuramoto, Battogtokh, 2002; Panaggio, Abrams, 2015; Zakharova, 2020]). Hapsmy
C MOJICTSIMHM CBSI3aHHBIX MEXaHMUYECKHUX, JJICKTPOHHBIX M HEHPOHHBIX CHCTEM, KOTOpPbIC paccMarpH-
BaJIUCh YK€ JIaBHO, Hadalu M3ydaTbcsa Mojenu Mmeranomnyianuil [baseikun, 2003]. KitoueBoe B aTOM
TEPMHUHE — HAJIMYKE HA HEKOTOPOM apealie J0CTAaTOYHO W30JUPOBAHHBIX MECTOOOMTAHUN C MIPOXKUBAIO-
[IMMHA B HUX JIOKAJIFHBIMHU TOMYISIUSAME (CYOTIONYIISIIUSAME ), 0COOM KOTOPBIX COBEPIIAIOT ITOCTOSIHHBIE
WJIM CE30HHBIC MUTPAIIUU U3 OMHOTO MeCTooOUTaHus B apyroe [@pucman u ap., 2019]. Hanpumep, me-
CTOOOUTAHUS MO MOTYT OBITH C(OPMUPOBAHBI HEOAHOPOIHO, U, MPEIIIOIOKUB, YTO ISl pa3BH-
THUS TIOMYJISAIMH 3HAYMMBIMU TIPOIIECCaMU SBIISIOTCS Pa3MHOYKEHHE W 3UMOBKA, MUTPAIIHS MOXKET OBITh
TOJIBKO OJIMH pa3 3a CEe30H, a UMEHHO JMOO0 10 mepuojia pazMHOXKeHus, 11bo mnocie Hero [Kymakos,
®pucman, 2010].

[Ipennoxennas Pobeprom MbiieM ncciieoBarenbckas mapajurmMa «IpocTas MOJIeNb — CIOKHAs
TuHaMuKa» [May, 1976] aBnseTcs BaKHOW OTIIPaBHOM TOYKOM BO MHOTHX pa3IMYHBIX HCCIEOBAHUIX.
[IpocTpie MOJETH METAIOMYJISAIHA, OMUCHIBAIOININE CIOXKHBIE CIICHAPHHA COBMECTHOW JTMHAMHKH JIBYX
TOMYJISIAH JTOTUCTUYECKOTO THIIA, PACCMaTPUBAIIUCH BO MHOTHX padoTax (cM., Hanpumep, [Sakaguchi,
Tomita, 1987; Maistrenko et al., 1998; Tanaka, Sanjuan, Aihara, 2005; Bashkirtseva, Ryashko, 2021a]).
B stux momensx Obutn oOHaApyXXEHBI Pa3lIUYHbIe HEJIMHEWHBbIC JMHAMUYECKHE PEXHUMBI, TaKue Kak
MYJIBTUCTa0HIBHOCT, TPaHCBEpCallbHas HEyCTOWYMBOCTh M (pakTaibHble OacceiiHbl [Maistrenko et
al., 1998], nByxmepruoguveckue XaoTHIeckue arTpakropsl [Sakaguchi, Tomita, 1987], BeI3BaHHAs KpH-
3ucoM nepemeskaeMocTb [Tanaka, Sanjuan, Aihara, 2005], nBymepHbie Topsl [XKycyOanues, SlHoukuna,
2009] u T. 1. B KadecTBE OCHOBHOTO WMHCTPYMEHTA JIJIS aHAJTN3a dTHX PEKUMOB M UX TpaHChOpMaIuit
UCIIONB3YETCS COBPEMEHHAsI TeOpust OM(pypKaIuii.

CrnenyeT NPUHATH BO BHUMaHUE TOT (JakT, 4TO B MOMYJSIIMOHHBIX CHCTEMaX HEOINPECIICHHOCTh
OKpY’KafoIel CpeIbl ABISICTCS BAKHBIM GakTopoM. CirydaiiHbIe KOJICOaHHsI CPeIbl MOTYT KapIuHAIBHO
W3MCHHUTH JUHAMHYECKOE IMOBEIACHHE CHCTEMBI, TOPOXKIAs PEKUMBI, HE UMEIOIIUC aHAJIOTOB B MCXOII-
HOW JIeTepMUHHPOBaHHOU Monenu (cM., Harpumep, [Lande, Engen, Saether, 2003; Greenman, Benton,
2005]). Lllym B HEeTMHEHHBIX CHCTEMaX HIpacT KOHCTPYKTHBHYIO poib [Horsthemke, Lefever, 1984;
Anishchenko et al., 2007]. B HacTosiiiee Bpemsi JUisi MOZICTICH CBSI3aHHBIX CUCTEM aKTHBHO M3y4YarOTCs
WHIYIHPOBAHHBIC IIIYMOM H3MEHCHHS PEKHUMOB JHUHAMHKH, CHHXPOHU3AINS M IEPEXOABl «ITOPSIOK —
xaocy (cM., Hanpumep, [Kraut, Feudel, 2002; Lin, Chen, 2006; Sun, Zhao, 2012; Zhang et al., 2020;
Bashkirtseva, Ryashko, Pisarchik, 2021; Rybalova et al., 2022; Ryashko, Belyaev, Bashkirtseva, 2023]).

B aHanmse croxacTW4ecKHX SBICHHU, HApAAy C TPAJAWIIMOHHBIMH METOIAMH TPSMOTO YHCIICH-
HOTO MOJISJIMPOBAHMS, aKTHBHO pa3padaThIBaeTCs MOAXOJ, KOTOPBIH OCHOBAaH Ha aHAJIMTUYECKUX all-
MIPOKCUMAITUSAX BEPOSITHOCTHBIX pachpeneneHuid. [l onucanus pazdpoca cilydaiHbIX COCTOSHUI BO-
KPYT aTTPaKkTOPOB HUCIIONB3YIOTCS JOBEPUTENIbHBIE 00IAaCTH, MOCTPOSHHBIE C ITOMOIIBI0 METOoNa (PYyHK-
Uy croxactuueckor yysctButenbHocTH (OCY) [bamkupresa, Psmiko, [[Betkos, 2009; Bashkirtseva,
Ryashko, Tsvetkov, 2010; Bashkirtseva, Ryashko, 2021b]. D¢ dekTHBHOCTS 3TOT0 OAX0AA ITPH aHATH3E
CTOXAaCTHUECKUX MOJICTICH M3 pa3iIMYHbIX 00NacTell ecTecTBO3HaHMs Oblia MokazaHa B padorax [beis-
eB, IlepeBanoBa, 2020; Bashkirtseva, Ryashko, 2017; Ryashko, 2018; Bashkirtseva, Ryashko, Pisarchik,
2021; Alexandrov et al., 2021].

Hapsiny ¢ x1accudeckuM JIOTHCTUYECKHM OTOOpakKeHHEM, B MareMaTH4ecKOM MOJIEIMPOBAaHUU
JUHAMUKH TIOMYJISAIMM MIUPOKO UCIONIB3YeTCsl TUCKpETHas Mojeib, npepioxkenHas Puxepom [Ricker,
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1954; Quinn, Deriso, 1999; Bjorkstedt, 2012; Bashkirtseva, Ryashko, 2018]. Hampumep, B cratbe [Ky-
nakoB, ®pucman, 2010] uccnenyrorcss OMypKalMOHHBIE MEXaHU3MbI CHH(pA3HOH U MPOTUBO(GA3HOMH
CHUHXPOHHU3AUN MYJIBTUCTAOMIIBHBIX PEXHMMOB CHCTEM CBSA3aHHBIX OTOOPaKCHHMH, IOCTPOCHHBIX Ha
OCHOBe MojieiM Pukepa M ONUCHIBAIONINX AWHAMHUKY MOMYJSIMNA ¢ Murpanueil. B Hactosmeit pabore
paccMaTpuBaeTCsl CUCTEMa, COCTOSILAs U3 JBYX CBSI3aHHBIX MOACHUCTEM, KaXIasl U3 KOTOPBIX MOJICIIH-
pyercsi AUCKpETHBIM oToOpaxkeHHeM Pukepa. M3onupoBaHHBIE MOACHCTEMBI MOTYT JIEMOHCTPHUPOBATH
pa3IuyuHbIC IMHAMUYECKUE PEKUMBI: PABHOBECHBIH, NEPUONUYECKUI M XaOTHUYECKUH. AHAJIN3 CTOXa-
cTrdeckuX 3(QGEKTOB B METAIONYJSIIKAX ¢ MUTpalield mpoBoauics B padorax [Belyaev, Bashkirtseva,
Ryashko, 2022; Ryashko, Belyaev, Bashkirtseva, 2023]. Llenpto JaHHOH CTaTbU SIBIISCTCS aHAIH3 JIH-
HAMHUYECKHUX PEKUMOB KOPIIOPATHBHON JAWHAMUKU TPU BapHallUl HHTCHCUBHOCTH INEPETOKOB MEKIY
HOMYJISIUOHHBIMU [TOACUCTEMAaMH, OAHA U3 KOTOPBIX M3HAYAJIBHO HAXOAUTCS B PABHOBECHOM PEKHME,
a Ipyras — B Xa0THUECKOM. B pabore cienaH akIeHT Ha CPaBHEHUH YCTOMYMBOCTH PEXKHUMOB K CIIydaid-
HBIM Bo3zeiicTBUsM. [lokazaHO HamMuue mapaMeTpUYecCKUX 30H, B KOTOPBIX Aa)Ke IPH MaJbIX IIyMax
HNPOUCXOIUT XaOTU3alMs AMHAMHYECKOTO PEXHMMa, M 30H, B KOTOPBIX COXPAHSAETCS PEKUM IOpPSIKa
Y TpU OOJTBIIUX MHTCHCHBHOCTSIX IIyMa.

PeskuMbl AMHAMUKH IleTepMI/IHI/IpOBaHHOﬁ MOa€eJIn

McxonHas nerepMUHUpPOBAaHHAsA MOZENb Pukepa umeer Buj

_ N'[
Ni.; = Nyexp (,u(l - ?)), (1)

rge N; — YUCICHHOCTD MOIMYIALUY B MOMEHT BpPeMEHHU I, u — napamMerp €CTeCTBEHHOIO IIPUPOCTa,
a K — eMKkocTh sKomorudeckoll HUIIM. buonornyeckuit cMpici napamerpa K MOXXKHO MPOSICHHUTH Clie-
gyromum oopazom: eciu N, > K, 1o 1 - % < 0, u torma N, < N, 4T0 O3HaYaeT ymeHbUICHHE
YUCIIEHHOCTH Nomysanud. Takum obpazom, K urpaer posib moporoBoro 3HaYSHHS.

Bpenenue HOBoH OHOpM3MUECKOM TEepeMEHHON X, = 3, XapakTepusyomei nemorpaduueckoe
JaBJieHue, co3laBaeMoe mnomyauuei pasmepa N; B skonoruyeckoi Humie pasmepoMm K, 1mosBosser
UCKITFOYNTH W3 ypaBHeHus (1) mapamerp K u uccnenoBaTh 3aBUCHMOCTh PEKUMOB MTOBEJCHHS TOJIHKO
OT TapaMeTpa ji:

Xey1 = X exp(u(l = X)).

ITpu sTom BenmmunHa K urpaer poib IpocToro Maciutabupyromero Muoxutens: N, = KXx,.
Torna AMHAMUKA W30JMPOBAHHOW TIOMYIISAIIUN MOACTHPYETCS CIEAYIONIMM 00pa3oM:

X1 = Tl %0, Flu X) = xexp(u(l - X)), 2

IIe 4 — IapaMeTp ecrecTBeHHoro mpupocra. Ha puc. 1 m3o0paxena OudypkannoHHas aHarpaMma
Moznenu (2) npu m3MeHeHnu mapametrpa u. [lpm 0 < g < 2 cucTtemMa MMeeT B KauyeCTBE arTpakTopa
ycToiunBoe paBHoBecue. C yBEeTMUCHHUEM IMapaMerpa ( OHO TepseT YCTOWIMBOCTh, W HAOIIOMACTCs
Kackaq Oudypkanuii yIBOCHHS IMEepHoAa C MOCICAYIOIMIUM YepeIOBaHUEM IMapaMETPHISCKHUX 30H I10-
psifKa U xaoca.

B crartbe u3ydaercs ABymMepHas METAMOMYISIIMOHHAS MOAETb, COCTOSIIAS U3 ABYX IOACHCTEM,
CBSI3aHHBIX B3aHMMHOW MUTpAILIUEH:

Nt+1

N 1 N +
t CXP | 44 K1 >

Mt
Meexp(up | 1= 1= || =
2

3

I\/|t+1
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0 1

Puc. 1. budypxanyonnas auarpamMma U30JIMpoBaHHOI cuctemsl Pukepa (2)

rae Ny u M; — uncnennocty nonynsuuii. Kaxnas us nonynsuuii umeer cBoi KodQHUIUEHT €CTeCTBEH-
HOTO IIPUPOCTa M CBOM pasMep JKONOormdeckod Humu. IIpenmonaraercsi, 94To B3auMMHas MUTpaLUA 1

LNM
ONIPENIENAETCS PA3HOCTBIO COOTBETCTBYIOIIMX JIEMOTPAQUIECKHX NABICHUN - U 1
1 2
M=o\~
K, K
¢ k03¢ (UIIMEHTOM TIPOIIOPIMOHANBHOCTH . [lepexons k mepeMeHHBIM
N My
b

Xt:K_’ yt:K

1 2

3auIlIeM 3aMKHYTYI0 cuctemy (3), (4) B Bue

X1 = g, %) + (Y — %),

5
Yiel = f(/’lz’ V) — o (Y — X)- ©)

3AMEYAHME 1. CreayeT oTMETHTh, YTO B JIUTEPATypPe PacCMaTPHUBAIOTCS JIBe 0a30BbIE MOJICIH CBSI3aH-
HBIX MOMyJsiMid: 1) CBSI3b 1O NepeMeHHbIM (cM., HanpumMep, padotsl [Sakaguchi, Tomita, 1987; Lloyd, 1995;
XKycybanues, Snoukuna, 2009]); 2) dyHkuuonanbHas cBsi3b (cM., HanpuMmep, padoTsl [Hastings, 1993; Kyuna-
koB, @pucman, 2010]). CxemMaTnIHO 3TH MOJETM MOXHO TPEACTaBUTh Tak. IlycTh MWHAMHUKA M30JMPOBAHHBIX
MOMYJSIINI 331a€TCs CIIELYIONINM 00pa3oM:

Xo1 = T, Yior = 9.

Torga cBs3b Mo MCPEMCHHBIM OIMTUCBIBACTCA TaK:

X1 = FOO) + 0V = %), Vit = 90 — o (Y = %),

a q)yHKIII/IOHaHLHa}I CBA3b 3aKJIIOYACTCA B CJICAYIOIIEM!

X1 = FO0) + 0 (@) = FO)), Vi = 9 — o(9Y) = F(X)).

B Texymeii padote (cM. (5)) ucmonb3yeTcs MEpBBId BapuaHT CBSA3H (CBA3b IO MEpEeMEHHBIM). TakuM o0pasom,
MHTPALHS MEXKY MOMYJSLIAME IPOIOPLHOHAIBHA Pa3HULE MEXIY Y; U X ¢ Ko durmenToM cBszu o > 0: 1, =
= o (Y; — %)- [lapamerp o perynupyer CHIy MUTPALMOHHOTO IOTOKA. YTOOBI 00eCceunTh HEOTPUIATENbHOCTS Y,
U % B cucreme (5), HCIOJIb3YeTCsl COOTBETCTBYIOIEE YCEUCHHE.

B pabore n3yuaercss 1moBeieHHE CHCTEMBI B 3aBHCUMOCTH OT O B Ciydae, KOrza IepBasi H30-
JIMPOBAHHAsS TIO/ICUCTEMA HAXONUTCS B PABHOBECHOM COCTOSHUM C (; = 1, a BTOpas M30JIMPOBaHHAs
TOJICUCTEMA — B XaOTUYECKOM C i, = 2,8. C OMOJOrMYECKOW TOYKHM 3pPEHHs 3HAYMTENbHAS PA3HHUIIA
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0.024
()

Puc. 2. budypxanmonnas nuarpamMma Ui cucteMsl (5) mpu u, = 1 u y, = 2,8: a) o € [0; 0,2]; 0) yBennIcHHBINH
¢dparment ms o € [0,023; 0,027]

B PEMPONYKTHBHBIX MOTEHIIMAJaX MOXKET OBITh 000CHOBaHAa TO-pazHoMy. Hampumep, B OIWHAKOBBIX
JKOJIOTUYECKHUX YCIIOBUSIX, OJM3KUX K UIealIbHbIM, Yy 00oux nomyisiuid u = 2,8. OHaKo y nepBoi 1mo-
NYJISLUW HA €€ TePPUTOPUU OOMTAHUS YCIIOBHS BEDKMBAHUS ITOTOMCTBA KpalHE TSXKEIbIE, U B PE3yib-
tate 2QPeKTHBHOE 3HaUCHHE MapaMeTpa pocTa OKa3hIBaeTCs CYIIECTBEHHO MEHbIIe, HarpuMep u = 1.
Cutyanusi, KorJa 00e MOMyJISIA UMEIOT HU3KUH Pe3yAbTHPYIOMINI PENPOAYKTUBHBINA MOTEHIUAN, ObI-
na m3ydeHa B padore [Belyaev, Bashkirtseva, Ryashko, 2021]. OcHOBHOI MHTepec TeKymieH padoThI
3aKIIF0YaeTCsl B TOM, YTOOBI MCCIIEIOBATh CIIydaid, Korga o0e MOMy/sIiiU UMEIOT CYIIECTBEHHO OTIHY-
HBIA PETPOIyKTUBHBIN MOTeHIMAN. M3MeHeHnsT THHAMUYECKUX PEKUMOB B METAIOMYJISIIIMOHHON MO-
nenu (5) Ipy U3MEHEHHH MapaMeTpa o IPEACTaBICHBI Ha PUC. 2, d, TAE KPACHBIM I[BETOM H300paKCHBI
X-KOOPJIMHATHI aTTPaKTOPOB, a CEPbIM — Y-KoopauHaThl. Kak BHIHO, 371ech HaOIMIOHaeTcsl YepeioBaHne
MEPUONYECKUX U XaOTHUECKHUX PEKMMOB: CYIIECTBYET OOJIbIIOE OKHO MOps/IKa MOCEpearHe, a 3aTeM
B 30He o > 0,16 ycraHaBIMBacTCs MOPSAIOK B (hopMe YCTOHYHBOrO 3-IIMKJIA. 30HBI TOPSAKA M Xaoca
XOpOILIO PA3TUYAIOTCS 0 3HAKy CTapIuero nokasarens JIsmyHoBa, n300pa’k€HHOTO Ha pUC. 2 CHHUM
I[BETOM.

Ha puc. 2, 6 npencrasiieH YBeTUYCHHBIH QparMeHT OudypKranuoHHoi muarpammsel it 0,023 <
< 0 < 0,027. 3geck MOKHO BHUJETH, KaK B pe3yibrare OMypKaliu Kpu3uca MOSBISETCS YCTOWYHUBBIN
S5-IMKJI, KOTOPBIH Mocie Kackana OuypKanuid yaIBoeHHUs Iepruoia BHOBb TPaHC(HOPMUPYETCS B Xa0cC.

Ha puc. 3 u300paxkeHbl MpUMEPHl OCHMILUISAIIMOHHBIX aTTPAKTOPOB CHCTEMBI (5) U COOTBETCTBY-
IOIIMX BPEMEHHBIX PAJOB JUIS Pa3IMYHBIX 3HAUCHWH mapamerpa o: a), 0) S-uuka aus o = 0,0246;
B), T) xaoc mist o = 0,027; n), e) 3-umkn mist o = 0,17.
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Y . o = 0,0246 ,
Al X,y o = 0,0246
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Puc. 3. ATTpakTopbl U BpeMEHHbIE PsA/Ibl peleHuil cuctembl (5) pu u; = 1 u u, = 2,8: a), 6) S-uuKa aig o =
= 0,0246; B), 1) xaoc g o = 0,027; n), ) 3-mukn asg o = 0,17

y
2.
1.
0 . .
0,158 0,16 0,162 O
(a) (6)

Puc. 4. 3onbI OMCTaOWILHOCTH CHCTEMBI (5) pH (1 = 1 1 u, = 2,8: a) dudypkannonHas nuarpamma; 0) 6accei-
HbI ipuTshKeHus At o = 0,162
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OTMeTHM, YTO M30JMPOBaHHAs cucteMa (2) Bcerga MoHocTabminbHa. OIHAKO METANOMYIISHOH-
Has cucTeMa MOXKeT ObITh 1 OucrabwibHa. Ha puc. 4, a nokasan yBenuueHHbIH GparMeHT Oudypkamnm-
OHHOH AMAarpaMmbl, H300pa’keHHON Ha pUC. 2, KOTOPBIM MIUTIOCTPUPYET OMCTAOMIIBHBINA PEXKUM: CHHUM
M300pakeH 3-LUKI, @ KPaCHBIM — COCYIIECTBYIOMIMN aTTpakTop, UMEIOMUH pasHyto Gopmy. DT1a Ou-
crabmipHOCTh Wit o = 0,162 mpencrarieHa Ha puc. 4, 6 1ByMs OacceitHaMu TpHTsOKeHUs. CHHUMUA
TOYKAaMH TIOKa3aH 3-IIMKJI CO CBOCH OOJNACTBIO MPHUTSHKEHHS (Toiy0oif), a KpaCHBIM [IBETOM H300pa)keH
6-1IMKIT ¢ OacCEHHOM TIPUTSDKEHUS (OCIBIi).

CroxacTuueckas ANHAMHUKa

B kadecTBe croxacTudeckoi MOJIENN paccMaTpuBaeTcs cucrema (5), B KOTOpOi MUTPalliy UMEIOT
BUL 1y = (0 + &&)(Y; — %). 31ech uccnexyercs ciaydaid, Korja cly4aHbIM BO3MYILEHUSAM HOIBEPKEH
ko3 duIUEHT cBsI3U 0, & — HE3aBUCHMBbIE I'ayCCOBCKUE LIyMbl MHTEHCUBHOCTH &. PaccMorpum, kak
3TOT CIIy4aiHbIH IIyM B KOI(QQULIUEHTE CBSI3H U3MEHSIET JUHAMHUKY CHCTEMBI.

Ha puc. 5 uzobpaxena OudypkannonHast nuarpamma ¢ nokasateiasiMu Jlsmynosa amst 0,023 <
< o < 0,027 u pasHoii uHTeHCHBHOCTH IymMa: € = 0 (cunwmii), & = 0,0002 (xpacHsbiit), € = 0,0005
(3eseHbiil). MOXKHO 3aMETHUTh, YTO C YBEIMYCHHUEM WHTCHCHUBHOCTHU IIyMa 30HA IOPsIKA CYKaeTCs
U BIIOCJIEACTBUH HMCUE3ACT, YTO MOATBEpXkIaeTcs rnokaszarensivu JlsmynoBa. Tak, Hampumep, Mpu € =
= 0,0005 croxactuueckas cucreMa Ha BceM untepBaie 0,023 < o < 0,027 sBhseTcss XaOTUIECKOM.

v, A

y

e=0
& =0,0002
& =0,0005

-1 0,024 0,026 T

Puc. 5. budypkannonnas quarpaMma Juis I€TEPMHHUPOBAHHOM cucTeMsl (5) mpu py = 1 u u, = 2,8 n nokaszarenn
JIsimyHOBa ISl pa3IMYHBIX 3HAYEHUH MHTEHCUBHOCTH IIyMa

PaccmorpuM mozipoOHee BBI3BAHHYIO HIYMOM CTOXAaCTHUYECKYIO TpaHC(hOpMalHio S-IUKIa B Xa-
otudeckuii arrpakrtop. Ha puc. 6 nns o = 0,0246 npeacraBieHa 3aBUCUMOCTh PACHpEeICHUs TO-
YeK aTTpakTopa OT MHTEHCHBHOCTH ITyMa. OTUYETIMBO BHIHO, YTO NPH MaJbIX IIyMax CiIydaiiHble
COCTOSIHMSI KOHIIGHTPUPYIOTCS BOJIIM3HU ToueK ukia. OHaKo KOTlla HHTEHCUBHOCTD ITyMa MPEBOCXOAUT
HEKOTOpOe KpUTHYECKOe 3HaueHue, GopMa pacrperelieHus CIIy9ailHbIX COCTOSIHUN PEe3KO MEHSETCS —
HAYMHAIOTCSl IEPEXO/Ibl MEKITY COCTOSHUSIMH LUKIIA. M3MeHeHne GopMbl pacripeielIeHus] COIPOBOXKIa-
€TCsl TIEPEXO0/IOM K XaocCy, YTO MOATBEPKIAETCS TTOJIOKUTEIHHBIMI 3HAYSHUSIMH TToKa3areis JIsamyHoBa,
N300paKEHHOTO KpacHBIM LIBETOM Ha pHC. 6, 0.

Peaxnus peTepMUHUPOBAHHOTO IHMKJIA Ha CIydallHble BO3MYIIECHHS MOXKET OBITh OIKCaHa C I0-
MOIIIbI0 MeTona (YHKITMH CTOXacTHYeCKoW 4uyBcTBUTENbHOCTH [Bashkirtseva, Chen, Ryashko, 2010;
Tsvetkov, Bashkirtseva, Ryashko, 2021]. B ciyuae 5-umkna (manpumep, mist o = 0,0246) sta QyHk-
uus TpescTaBiseT coboit Hadop us matu matpun W, (i = 1, ..., 5). Kaxas marpuiia xapakrepusyer
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1074 1073 1072 € 1074 1073 €

(a) (©)

Puc. 6. KoopauHATBI COCTOSHUI CTOXAaCTHYECCKOM cUcTeMBI (5) mpu p; = 1 1y, = 2,8 mna o = 0.0246 (5-nmxm)
B 3aBHCHMOCTH OT MHTCHCUBHOCTH Iryma. Crapiiuii moka3areib JIsmyHoBa U300pakeH KPacHBIM I[BETOM

YYBCTBUTEIBHOCTh ONPE/ICIICHHON TOYKH S-IIMKJIA K IIYMY. AJITOPUTM MOCTPOCHUS STUX MATPHIL MIPE/I-
crajicH B [Bashkirtseva, Ryashko, Tsvetkov, 2010].

Jns ka0l marpuiibl V\/I (i=1,...,5) MO)KHO HAliTH COOCTBEHHBIEC 3HAYCHMSI m ;. M, u co-
OTBETCTBYIOIIHE OPTOHOPMHPOBAHHBIE COOCTBCHHBIC BEKTOPBI U Uiy OTH COOCTBEHHBIC 3HAYCHUS
W BEKTOPHI MO3BOJISIIOT alPOKCUMUPOBATH TUCIIEPCHIO CIYYalHBIX COCTOSHHUN BOKPYT i-W TOYKH Je-
TEPMUHMPOBAHHOTO LIMKJIA B BUJIE JIOBEPUTENBHOTO diutunca E;:

43 .35

1 2 H
L+ 2 = 28I(1-Pr), i=1,...,5. (6)
m, My

3mech Z,, Z, — KOOP/IMHATBI HILIUIICA Ei B 0asnce cOOCTBEHHBIX BEKTOPOB U
JIOBEPUTEIIbHAS BEPOSITHOCTD.

10 Ui i=1,...,5,aPr—

Ha puc. 7, a noka3zansl (a30Bble TPACKTOPUU PELICHUH, CTapTYIOIIHMX C AETEPMUHUPOBAHHOTO
S-rukia. [Ipu mamoM 3Ha4eHHH WHTEHCHBHOCTH IryMa (& = 0,0001) cirydaliHble cOCTOSHUS (KpacHBIH
I[BET) JIOKAJIM3YIOTCS BOKPYT Touek S-nmkia. C yBenumueHneM HHTeHCHBHOCTH Iyma (g = 0,0004) pac-
npezieNieHne CIYyYaifHbIX COCTOSIHUN (CHHHM IIBET) MPUHUMAET Ka4eCTBEHHO WHYIO IPOCTPAHCTBEHHYIO
¢dopmy. CTOUT OTMETHUTB, YTO ITO CTOXACTUUECKOE PACTIPEeIICHUE OUYCHb ITOX0XKE Ha JIETEPMUHHPOBaH-
HBIN Xaoc (CM. pHC. 3, ), UTO O0OBSACHSIETCS OCOOCHHOCTBIO JaHHOW Mozend. YTo KacaeTcsl epexoaHo-
TO Tpolecca B JeTEPMUHUPOBAHHOMN CHCTEMeE, 37IeCh B 3aBUCHUMOCTH OT HayaJbHOW TOYKU BO3MOKHBI
JIBa CILIEHApHs: pelIeHHe MMeeT KOPOTKHMH MEepeXOAHBIM Mpolecc K IUKIY JHOO JOCTAaTOYHO JOJITHUN
XaOTHYECKUN MEPEXONHbIM Mpolecc, TOCTAaTOUHO NajJeKui OT Touyek Lukia. HavdanbHble cocTosHUS,
OTBEYAIOIINE KOPOTKUM MEPEeXOAHBIM MpolieccaM, H300pakeHbl Ha puUC. 7, 6 CHHMM LBETOM, a JUINH-
HBIM TIEPEXOJHBIM TIpolieccaM — OellbIM [BETOM. BHIIHO, 4TO CHHUE TOYKH BOJHM3HM COCTOSIHHS IHKIIA
(GhOpMHPYIOT HEKOTOPYIO CILIONIHYIO mojiocy (Oacceiin A). Bae 3Toi nosocs (6acceiin b) cunue Touku
B JIFOOOH CKOJIb YTOHO MaJIOW OKPECTHOCTH COCEACTBYIOT C OENBIMH.

JeiicTBUTENBHO, TIPY CJIA0OM IIyMe CIy4YailHble COCTOSIHHS JIOKAJIM30BaHBI BOJIHM3HU JE€TEPMHUHU-
POBaHHOTO IUKJIA M HE BBIXOAAT M3 OacceitHa A. [lpu yBenmm4eHWu mryma JUCTIEpCHs PacTeT, W CIy-
YaifHbIe peIIeHus MomanaT B O0acceiiH b, e ¢ BBICOKOM BEpPOSTHOCTHIO TEHEPUPYIOTCS XAaO0THICCKUE
MepexoHbIe mporecchl. Takol mepexoa MoKeT ObITh aHAMTHYECKH OIMCAH C ITOMOIIBI0 METOo/a J0-
BEpUTENBHBIX 3JuncoB (6). Ha puc. 7, 6 uzo0paxens! amwmrncel 1 € = 0,0001 (kpacHbIN MyHKTHP)
u & = 0,0004 (cunwmii myHkTHp). Kak BuauM, mepexo ammumca u3 6acceiina A B 6acceliH b MoxkeT OBITh
WCTIONIBb30BaH IS OLEHKH KPUTHUYECKOTO 3HAYE€HUS WHTEHCUBHOCTH IIIyMa, OTBEYAONIETO MEPEXoay OT
MopsiIKa K Xaocy.
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0,97 1 1,03 X 0,974 0,975 0,976 0,977 *
(a) (6)

Puc. 7. Croxactuyeckue Tpancpopmanuu B cucteme (5) npu p; = 1 u p, = 2,8 qana o = 0,0246: a) pasosbie
TpaekTopuu peuieHui must S-nmkia npu & = 0,0001 (kpacHbiif) u € = 0,0004 (cunwmii); 0) 1OBepUTEIbHBIC
awmnesl pu € = 0,0001 (kpacHblit myHkTHp) 1 € = 0,0004 (CHHUI MyHKTHP) JUIS TOYKU S-IUKJIa

PaccmoTpuM  Temepp BIMAHME IIyMa Ha TIOBEJCHHE METAOMYIALMOHHOM  CHCTEMBbI
B 30He 0,046 < o < 0,054. B sroif 30He HAOIIOMACTCS OKHO IOPSAIKA C YCTOWYUBBIM 3-ITHK-
nom. [yt 3TOM 30HBI Ha pHUC. 8 MOKa3aHbl JieTadd OM(YpPKAIMOHHOW JHarpaMMBbl C IOKa3aTeIsIMU
JlsamyHOBa ISt pa3HOW WHTEHCHUBHOCTH Imyma: & = 0 (cuHuit mBet), € = 0,0002 (KpacHBIA IIBET),
e = 0,001 (3enmensIil 1BeT). 3/1€Ch, AaHATOTUYHO CIIy4al0, PACCMOTPEHHOMY Ha pHUC. 5, MOKHO BHJETb,
YTO C yBeJIMYEHHEM HWHTEHCHBHOCTH IIyMa 30Ha IOpsAIKAa Cy)XKaeTcs W 3aTeM ucdezaeT. B cucteme
MIPOMCXOIUT Tepexos OT MOpsIKa K Xaocy, YTO MOATBEpKAAaeTcs Moka3areneM JIsmyHoBa, Hampumep,
st € = 0,001. Kak BuguM, 31ech 3-1UKI TpaHCHOPMHUPYETCSA B XaOTUYCCKUN aTTPaKTOp MPH ropaszio
OoJblIeM IIyMe, YeM pPacCMOTPEHHBIH BbINIE S-ITUKIL.

y
e=0
£ =0,0002

0,046 0,048 0,05 0,052 o

Puc. 8. budyprauuonnas guarpamMma it cuctemsl (5) npu u; = 1 u g, = 2,8 ¢ nokasarenamu JlamyHosa

IIpoanamu3upyeM neTaiad CTOXaCTHYeCKOH TpaHchopMmaruu 3-nuina mist o = 0,0483 u3 okHa
nopsiaka (puc. 8). Ha puc. 9 mpencraBieHa 3aBHCHMOCTD paclpeiefeHUs] TOYCK aTTPaKTopa OT WH-
TEHCHBHOCTH ITyMa. B aHHOM ciiydae Tak)e XOpOIIO 3aMETHO, YTO C yBEJIHYEHHEM WHTEHCUBHOCTH
HIyMa MPOUCXOJHUT TEPEX0 OT 3-IMKIIA K XaOTHUECKOMY aTTPaKkTOpy, YTO MOATBEPIKIACTCS MMOKa3aTe-
nem JlsmyHoBa Ha puc. 9, 0.

Ternepb paccMOTPUM JIOCTATOYHO OOJIBINYHO Hapamerpuueckyr 30Hy 0,15 < o < 0,51, tae pe-
TYJSIPHBIM aTTPaKTOPOM CHCTeMBbI Toxe sBisiercst 3-umkin. Ha puc. 10 m3o0paxena oudypkanmoHHas
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X
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(a) (6)
Puc. 9. Koopauuare! ciyyaiinbix coctosuuii cuctemsl (5) mpu u; = 1 v p, = 2,8 nua o = 0.0483 (3-umkn)

B 3aBUCUMOCTH OT MHTCHCUBHOCTHU IIIyMa C IOKa3aTcJIEM nﬂHyHOBa (KpaCHLIﬁ)

v, A
e T) : y —
Lgi 2|
2 & — =0 \i
; £=0,01
I
O -
_1 -
_2 -
0,15 0,25 0,35 0,45 o

Puc. 10. budypranuonnas quarpaMmma st cucteMsl (5) ipu py = 1 u p, = 2.8 ¢ nokasarenamu JlamyHosa

JuarpaMmMa c rokasarensiMu JIsimyHoBa Uit pa3HOW MHTEHCHBHOCTH myMma: &€ = (0 (CHHHH 1IBET), & =
= 0,01 (xpacusrii uBet), € = 0,05 (3enensrii nBer), € = 0,1 (yepHbI 1BeT). B omimumne ot ciryvaes
BBILIE, 9Ta 30HA 3-IIMKJa YCTOWYMBA K IIYMYy U COXpPaHSET PEKUM MOPSIKA, YTO TOATBEPIKAACTCS IMO0-
Kazatensmu JlsamyHoBa.

Uccnenyem BiausiHue citydailHOro Imyma Ha 3-1mukibl W3 30HbI 0,15 < o < 0,51, a umeHHo
g o = 0,17 (puc. 11, a, 6) n ana o = 0,45 (puc. 11, 6, 2). Ha puc. 11 npeacrasieHa 3aBUCUMOCTh
pacripefiefieHusi TO4eK aTTpakTopa OT MHTEHCHMBHOCTH mryMa. OTYETIMBO BHJHO, YTO IIPH yBeIHYe-
HUHM WHTCHCHBHOCTH LIyMa CIIy4YaiiHble COCTOSHHS 3-LIIMKJIA Pa3MbIBAIOTCS M (OPMHUPYIOT CIydaitHOE
pacripenenenue. Kak BuauM, 31ech, B OTIIMYUE OT PAaCCMOTPEHHBIX BHIIIE CIy4aeB, MoKaszarelnp Jlsiy-
HOBA TIPU YBEIMYEHUN WHTCHCHBHOCTH IIIyMa OCTACTCSl OTPULIATENILHBIM, TO €CTh TIepeXoa K Xaocy He
TIPOMCXOJTHT.

B kauecTBe 3aKIIOUHUTENFHOTO dTAIa NCCIeJOBAHHS CPAaBHUM TOBEJICHHE TToKa3arenei JIsmyHosa
(puc. 12) B 3aBHCHMOCTH OT HHTEHCHBHOCTH IITyMa JJIsi HEKOTOPBIX 3HAUEHHUH IMapaMeTpa o, IpeIcTaB-
JSFOIMX BCE TPH PACCMOTPEHHBIE BBIIIE MapamMeTpudeckue 30HbI mopsiaka. Kak BuaHo Ha puc. 12, a,
peryispHbIe aTTPaKTOPhI U3 MepBOH (puc. 5) u BTOpoH (puc. §) mapaMeTpUdecKiX 30H YyBCTBUTEIb-
HBl K BHEIITHEMY BO3JIEHCTBHIO M HAOIIONAETCS ITepexol OT IMopsaka K Xaocy. B Tperbeil ke 30He
(puc. 10), HA0OOPOT, MPHU yBETMUEHNH UHTEHCUBHOCTH IITyMa MOPSA0K coxpansercs (puc. 12, 6). Ilpu
3TOM TIoKazaTenb Jlamyrosa jis 3-mukina rpu o = 0,17 Goiree 4yBCTBUTEICH K M3MEHEHUIO IIIyMa, YeM
npu o = 0,45.
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1073 1072 &
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1,21
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10 1073 1072 € 104 1073 1072 €
(B) (r)

Puc. 11. KoopmuHaThl CIlyqaiiHBIX COCTOSHUN CUCTEMSBI (5) mpu p; = 1 w0y, = 2,8 Ui 3-IMKIIa C TIOKa3aTeeM
JIsmyHoBa (kpacHblii): a), 6) o = 0,17; B), T) 0 = 0,45

M=5= 0,17
—— =045
-0,2t
—0,4 b "/ e s000000000000
1074 1073 € 1073 102 €

(a) (6)

Puc. 12. Tlokazarenu Jlamynosa cuctemsl (5) npu p, = 1 v u, = 2,8 Juisl pasHbIX 3HAYEHUN TAPAMETPA CBA3U O
B 3aBUCHMOCTH OT HHTEHCHBHOCTH IIIyMa

3akioueHue

B nanHo#i pabore uccienoBaHbl croxacTuyeckue dQ(GeKTsl B IBYMEPHOH METaIoMy IsIIHOHHON
Mozenu ¢ murpanuei. Kaxnas u3 noxcucreM momenupyercs oroOpaxeHueM Pukepa, mpu 3ToM pac-
CMaTpUBAETCs CIy4aid, KOrja B YCJIOBUSX M30JLUM IIEepBasl MMOACHCTEMA HAXOAUTCS B PABHOBECHOM
pexxume, a BTOpas — B XaoTH4YecKoM. [l 1eTepMUHUPOBAHHOM MOJIENN MPOBEACH OM(ypKaIlMOHHBIN
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aHaJIN3 ¥ JJOKAJIU30BaHbl IApaMEeTPUUECKUE 30HBI IEPUOANYECKUX U Xa0THYECKUX PEeXXUMOB. MeTtonamu
IPSIMOTO YUCJIEHHOTO MOJAEIUPOBAaHUS C HUCIOJIb30BaHUEM IOKa3aresel JIsmyHoBa UCCIeNOBaHbl CTO-
XaCTUYECKHE INEepPeXolbl OT MOpsIKa K Xaocy. B MccienqoBaHUM MHIYLHPOBAHHBIX IIYMOM II€PEXOI0B
MIPOJIEMOHCTPUPOBAHBI BO3MOKHOCTH aHAJUTHYECKOTO IOJXO0Aa, OCHOBAHHOTO HAa TEXHHUKE (YHKIUHU
CTOXAaCTHUECKOW UyBCTBUTEJIBHOCTH M METOZE IOBEPHUTENbHBIX oOnacted. [IpoBeneH cpaBHUTENbHBII
AHAJIM3 BO3JECHCTBUS CIydyallHbIX BO3MYIIEHHMM Ha LIUKIIBI U1 TPEX 30H MOPsIKA. BBIABIECHBI yCIOBUS,
IIPA KOTOPBIX MPOUCXOAMT MEPEXOf OT NEPUOANUYECKOTO pekHMa B xaorndyeckuil. [lokasaHo, 4yro md
JOCTaTOYHO OOJNBIIMX 3HAYCHUH KOI(PPHUIMEHTA CBSI3U 3-LUKI, ONMUCHIBAIONINNA YCTAaHOBUBILUICS pe-
KUM JUHAMHUKH METAOMYJISIMH, SIBISIETCS YCTOMUMBBIM K IIyMY, COXpaHsisi CBOWCTBO nopsaka. C 6no-
JIOTMYECKON TOYKHU 3pEHMS 3TO MOXKET OBITh 0OOCHOBAHO HEOAHOPOJHBIMH YCIOBHSAMHU CpEJbl, KOTJa
JIBE MOMYJSILIMA UMEIOT Pa3HbII apaMeTp €CTECTBEHHOIO MPUPOCTA, a TAK)Ke BHYTPEHHUM CBOHCTBOM
CHCTEMBI.
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CucremMa TeMocTasa NPeACTaBIseT co00i OHY U3 KIIIOYEBBIX 3ALMTHBIX CHCTEM OpPraHH3Ma, KOTOpas NMPUCYTCTBYET
HPAKTHYECKU BO BCEX €ro JKMIKHMX TKaHAX, HO Hanbosee BakHa B KpoBU. OHa aKTHBHPYETCS NIPH PA3IMYHBIX HOBPEXKACHUSX
CTEHKH COCy/a, U B3aNMOJEICTBHE €¢ CIEIHAIN3MPOBAHHEIX KIETOK M T'yMOPAJIBHBIX CHCTEM NPUBOJHUT CHadaua K (op-
MHPOBAHHIO FEMOCTaTHYECKOTO CI'yCTKa, OCTAHABJIMBAIOIIETO MOTEPI0 KPOBH, A 3aTEM K ITOCTEIEHHOMY PacTBOPCHHIO 3TOTO
cryctka. OOpa3oBaHHE TeMOCTAaTHYECKOT0 TPoMOa — YHHUKAJIBbHBINA ¢ TOYKH 3peHUs (PU3MOIOTUH MPOLECC, TaK KaK 3a BpeMs
HOPsiIKa MUHYTBI CHCTEMa TeMocTa3a o0pa3yeT CIOXKHBIE CTPYKTYpBI, HMEIOIINE IPOCTPAHCTBEHHBII MacTad OT MHKPOMET-
POB (B cilydae MOBPEKICHHUS MUKPOCOCYIIOB MJIM CTHIKOB MEXY OT/IEIbHBIMH SHAOTEINATIEHBIMH KIETKaMH) 0 CAHTUMETpa
(B cityyae IOBPEIK/ICHHSI KPYITHBIX MarUCTPaIbHBIX apTepHil). [eMocTarniyeckuii OTBET 3aBUCHT OT MHOKECTBA CKOOPUHUPO-
BAHHBIX W MapauIeIbHO HIYIIHMX IIPOLECCOB, BKIIOYAMOIINX are3HI0 TPOMOOLMTOB, UX aKTHBALMIO, arpPEraliio, CeKPEIUo
Pa3IUYHBIX TPaHyl, U3MEHEeHHEe (HOPMBI, COCTABA BHELIHEH 4acTH JIMITMAHOTO OHMCIION, KOHTPAKLMIO TpoMOa U 0Opa3zoBaHue
(GbubpuHOBOIT ceTn B pesynbrare paboThl Kackaga CBEpThIBaHHs KpoBH. KOMIBIOTEpHOE MOJEIMPOBAHHE MPEACTABISCT CO-
60l MOIIHBII MHCTPYMEHT JUISL UCCIICAOBAHHS ITOM CIOXKHOH CHCTEMbI M PEIICHHs MPAKTHYCCKHUX 3ajad B 3TOW o0iacTH
Ha pasHbIX YPOBHAX OpraHuM3alyu: OT BHyTpI/IKHeTOqHOI;'I CUTHaJIM3alluu B TpOM6OLU/lTaX, MOJIECIIMPOBaHUA I'YMOpPAJIbHBIX CH-
CTEM CBEPTHIBaHUS KPOBU M (PHOPUHONM3A U IO pa3pabOTKH MHOTOMAacIITa0HBIX Mojelield TpomboobpazoBanust. [Ipobiemsl,
CBA3AHHBIE C KOMIIBIOTECPHBIM MOACIUPOBAHUEM OHOJIOrHYECKUX MpouecCcoB, MOXKHO pasACJIUThL Ha IBE OCHOBHBIC KaTCTrOPUU:
OTCYTCTBHUE aJICKBATHOI'O (bI/ISI/IKO—MaTeMaTH'-{eCKOFO OIMMCaHUA UMEIOMINXCA B JIMTEPATYPE OKCIIEPUMEHTAJIBHBIX JaHHBIX U3-3a
CIIOKHOCTH OHOJIOIMYECKUX CUCTEM (TIpobiieMa OTCYTCTBUS aJeKBATHOIl TEOPETHYCCKOI MOJIEIN OHOIOIHYECKUX MIPOLIECCOB)
H npoGHeMa BBICOKOHM BBIYHCIUTEIBHON CI0KHOCTH HEKOTOPBIX MOﬂeHeﬁ, KOTOpas HE MO3BOJIACT NPUMEHATDL UX IJIsL UCCIIC-
JAOBAaHHU (1)I/I3I/IOJ'IOFI/I‘-ICCKI/I UHTEPECHBIX CHEHApPUECB. 3[[60!) MbI PaCCMOTPUM KaK HEKOTOPLIC MNPUHIUITHAIBHBIC l'[pOGJ'[eMbI
B 00JIACTH MOJICIIMPOBAHMS CBEPTHIBAHUS KPOBHU, KOTOPBIC JI0 CHX HOP OCTAalOTCS HEPEIICHHBIMH, TaK M MPOrpecc B JKCIIe-
PUMEHTAJIBHBIX HCCIIEOBAHHUAX I'eMOCTa3a U TpoM003a, BeAyLIMH K IepecMOTPy MHOTMX paHee NMPUHSATHIX MPEICTaBICHUH,
YTO HEOOXOJMMO OTPA3UTh B HOBBIX KOMIBIOTEPHBIX MOJIEIAX 9THX HporeccoB. Ocoboe BHUMaHKE OYIET YACICHO HIOAHCAM
apTepHalIbHOTO, BEHO3HOTO M MHUKPOCOCYIHCTOro TpoMbo3a, a Takxke mpobiemam ¢ubpuHonusa u tpombonnsuca. B 0630-
pe TakxKe KpaTko 00CY)KIAIOTCsl OCHOBHBIE THIBI UCIIONB3YEMBIX MAaTeMaTHUECKHX MOJeNel, UX CIOXKHOCTb C TOYKH 3PEHHUS
BBIYHCIICHHUH, @ TAKKe NPUHIHUITHAIBHBIC BOIIPOCHI, CBSI3aHHBIC ¢ BOBMOYKHOCTBIO OITHCAHUs MPOLIECCOB TPOMOOOOpa3oBaHus
B apTepHsX.
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Hemostasis system is one of the key body’s defense systems, which is presented in all the liquid tissues and especially
important in blood. Hemostatic response is triggered as a result of the vessel injury. The interaction between specialized
cells and humoral systems leads to the formation of the initial hemostatic clot, which stops bleeding. After that the slow
process of clot dissolution occurs. The formation of hemostatic plug is a unique physiological process, because during
several minutes the hemostatic system generates complex structures on a scale ranging from microns for microvessel injury
or damaged endothelial cell-cell contacts, to centimeters for damaged systemic arteries. Hemostatic response depends on the
numerous coordinated processes, which include platelet adhesion and aggregation, granule secretion, platelet shape change,
modification of the chemical composition of the lipid bilayer, clot contraction, and formation of the fibrin mesh due to
activation of blood coagulation cascade. Computer modeling is a powerful tool, which is used to study this complex system
at different levels of organization. This includes study of intracellular signaling in platelets, modelling humoral systems of
blood coagulation and fibrinolysis, and development of the multiscale models of thrombus growth. There are two key issues
of the computer modeling in biology: absence of the adequate physico-mathematical description of the existing experimental
data due to the complexity of the biological processes, and high computational complexity of the models, which doesn’t
allow to use them to test physiologically relevant scenarios. Here we discuss some key unresolved problems in the field, as
well as the current progress in experimental research of hemostasis and thrombosis. New findings lead to reevaluation of the
existing concepts and development of the novel computer models. We focus on the arterial thrombosis, venous thrombosis,
thrombosis in microcirculation and the problems of fibrinolysis and thrombolysis. We also briefly discuss basic types of
the existing mathematical models, their computational complexity, and principal issues in simulation of thrombus growth in
arteries.
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BBenenue

Cucrema remocrasa MpeacTaBisieT co00i OOHY M3 )KU3HEHHO HEOOXOAUMBIX 3AILUTHBIX CHCTEM
MHOTOKJIETOYHBIX OpraHu3MoB. OHa OTBEYaeT 3a OCTAHOBKY KPOBOTEUCHHIN IPU PAHEHUSAX, a TaKKe
AKTMBHO BOBJICYCHA B YIIPABJICHHE MPOHUIAEMOCTBIO COCYJUCTON CTEHKH, aHI'MOTCHE3, PEereHepaLuio
MOBpEXKACHUM U 3ammTy oT matoreHoB [Kaiser, Escaig, Nicolai, 2023]. C apyroii cTOpoHBI, HapyIIe-
HUSI CHCTEMbl I'€MOCTa3a MIPA0T LEHTPAJbHYI0 POJb B MaTO(U3MOJIOTMM MHOTOYHMCICHHBIX 3a00ie-
BaHUM 1 COCTOSHHM, BKIIOUas MH(PAPKTHI, HHCYIBTHI, CETICUC, TPABMbI, OHKOJIOTMYECKHE 3a00JIeBaHMS
u MHorue apyrue. CucreMa reMocrasa BKIIOYAaeT B ce0sl HECKOIBKO KIIIOUEBBIX 3BEHBEB: TPOMOOLIUTHI
(MM KJIETOYHOE 3BEHO), CBEPTHIBAHWE KPOBU W (GuOpuHONMU3 (Ta3MeHHoe 3BeHo). HecMotpst Ha To
YTO CHCTEMa I€MOCTa3a B NEPBYIO OYEPEAb Ba’kHa AJIsI KPOBH, MHOTME KOMIIOHEHTBI 3TOH CHCTEMbI
MPUCYTCTBYIOT MPAKTUYECKH BO BCEX OMOJOIMYECKUX >KUJKOCTSIX UeJoBeKa — OT cjie3 U JUMQBI J10
CIIMHHOMO3TOBOW JKUKOCTH, 3@ UCKIIIOYCHHUEM Pa3Be YTO JKEITYJOYHOIO COKa.

HecMmorpst Ha AecaTuIeTHs NCClieIoBaHUH, COBPEMEHHbIE Hay4YHbIE MPECTABICHNUS HE IT03BOJIS-
IOT J1aTh Ha OTBETHl HA MHOTI'ME Ba)KHBIC BOIPOCHI, CBA3aHHbBIE C IIPOCTPAHCTBEHHO-BPEMEHHOM IMHA-
MHUKOH TeéMOCTaTH4eCcKOro OTBETa B HOpPME U NMPH MHOTOYMCIIEHHBIX MAaTOJIOTHAX. BhICOKas CI0KHOCTD
CHCTEMbI TeMOCTa3a Clellana IPUMEHEHHE MaTeMaTHYeCKUX MozeIel Ba)KHBIM MHCTPYMEHTOB AT e
MCCIIEIOBaHUsA, HauWHas ¢ MUOoHepckux pador 1960-x romor [Levine, 1966]. Tak kak mopaBisromniee
OOJIBIIMHCTBO COOTBETCTBYIOIIMX MAaTEMaTHUECKUX MOZIEJICH SIBISIIOTCS KpalHE CIOXKHBIMH C TOYKH
3peHHs BO3MOKHOCTH IMOJTYYEHHs aHATUTHUECKUX PELICHHWH, B JaHHOM 0030pe MBI OyZeM MPUMEHSTh
TEPMHUH «KOMIIBIOTEPHBIC MOZIEIH», MOApPa3yMeBasi IPH 3TOM LIMPOKUHM KIacCc MaTeMaTH4eCKUX MO-
Jeield, KOTOpble aHAIU3UPYIOTCS MPH ITOMOLIM YUCICHHBIX METONOB Ha KoMmIbioTepax. B Hacrosmiee
BpeMsI JUIs pelieHus pa3HOOOpa3HbIX 3a/1a4d B JAHHOW 00JIACTH MPUMEHSAIOTCS Pa3HOOOpa3HbIe KOMITBIO-
TEpHBIC MOZAEIH, OCHOBHASL (DYHKIHSI KOTOPHIX COCTOUT B MPOSICHEHUU NPEACTABICHUH, HCCIEJOBAaHUN
Pa3NUYHBIX TUIOTE3 U TE€HEPHPOBAHUM HOBBIX HJEH O KIIIOYEBBIX MEXAHNW3MaX COOTBETCTBYIOLIUX IMPO-
neccoB. HexkoTopele n3 GpyHIaMEHTAIbHBIX U NPUKIAAHBIX ACIIEKTOB MOAEIMPOBAHUS FeMOCTa3a OCBe-
HIeHbl B HemaBHUX 0030pax [Nechipurenko et al., 2020; Panteleev et al., 2007; Shibeko, Panteleev,
2016; Sveshnikova et al., 2016; Gutierrez, Mukherjee, Bark, 2023; Anand, Panteleev, Ataullakhanov,
2022; Belyaev et al., 2018]. Ilo mpu4mHe CyIIECTBOBaHHUS THX Pa0dOT MBI B HACTOSIIEM 0030pe He
OyzneM CTPEeMHTBCS K IETaJIbHOMY HUCTOPHUYECKOMY WM CHCTEMAaTHYECKOMY OINMCAHUIO MPEIbLIYLIHX
MoOJIeNeH, a COCPEOTOYMMCS Ha MPOOJIEMHBIX acrekTax B oomactu. C OfHOW CTOPOHBI, KakHe-TO U3
BOIIPOCOB MOJCIMPOBAHUS 33 NECATHICTHS PaOdOThI Tak M HEe ObUIH paspemueHbl. C Ipyroil CTOPOHHI,
n3-3a OBICTPOTO Pa3BUTHS HKCIICPUMEHTAIBHBIX IIOAXOA0B U MOSBJICHHS HOBBIX JaHHBIX MO J0CTa-
TOYHO OBICTPO TEPSIIOT CBOIO aKTYaJIbHOCTh MJIHM K€ TPeOyIOT CYIIECTBEHHOTO MepecMOoTpa, pPa3BUTHUS
u yrouHeHus. Llesis nanHOTO 0030pa — OTpa3uTh HauboIee 3HAYMMBbIEC U aKTyaJlbHbIe IPOOJIEMbI B MO-
JIENIUPOBAHUHM TIPOLIECCOB, CBSI3aHHBIX CO CBEPTHIBAHMEM KPOBHU U JIM3UCOM CT'YCTKOB.

B nauane 0630pa gaercs Kparkoe o0liee OMMCcaHne YCTPOHCTBA CHCTEMbI TeMOCTa3a, MOCIIe Yero
paccMaTpuBalOTCsl OCHOBHBIC CLCHApUU TPoMOO3a M reMocTas’a M, HAKOHELl, KIIOYEBBIC aKTyasbHBIC
npoOJIeMbl, CBS3aHHbBIE C MOJECITUPOBAHIEM TPOMOOOOpa30BaHUs U TPOMOOIH3HCA.

CucremMa remocrasa

OpHUM U3 TIEpBBIX W HanOoJiee BaXKHBIX JUIS BBDKHBAHUS (DU3MOJOTHYECKUX OTBETOB HA BHYT-
pEHHUE U BHEITHHE MTOBPEXICHHUS OpraHW3Ma SBJISIETCS TeMOCTaTHUECKUI OTBET, peau3yronuiics Oa-
romaps cucteMe reMmocrasza. JlaHHas cucTteMa B HOpME OOecriedyuBaeT OBICTPYIO M HAJICKHYIO OCTa-
HOBKY KpPOBOIIOTEPU B CIIydae MPOHHUKAIOIINX COCYIMCTBIX MOBPEKICHUN MyTeM (OPMUPOBAHHS Tak
Ha3bIBAEMBIX TEMOCTAaTHUECKUX MPOoOOK (puc. 1). OCHOBHBIM CTPOUTEIFHBIM MaTepHAIIOM LIS 00pazo-
BaHUS TaKUX MPOOOK SBISIFOTCS TPOMOOIIUTHI — HEOOINBIITNE KICTOUHBIE (DPArMEHTHI, IIUPKYIUPYIOITHE
B KPOBOTOKE BOJIM3M COCYIUCTBIX CTEHOK. TpoMOOIMTEI 001a1a10T YHUKAIBHON CIIOCOOHOCTBIO OBICTPO
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Puc. 1. Cucrema remocrasa: a) 3IeKTpOHHAs MUKpodoTorpadus reMoCcTaTHUECKOro CrycTKa IpH MPOKOJIE CTEH-
k1 cocyna y mbim [Yakusheva et al., 2022]; 6) ynpouieHHas cxeMa OCHOBHBIX PEaKILHi CBEPTHIBAHHS KPOBU
u ¢udbprHOIM3a [Zhalyalov et al., 2017]; B) myTn aktuBarmu TpomMOommToB KpoBH [[lanTenees u ap., 2022]

MIPUKPETUIATHCS K OeJIKaM BHEKJIETOYHOTO MAaTPHKCa B YCIOBHSX BBICOKHX CKOPOCTEH C/IBHTa, a TaKkKe
CIIOCOOHOCTBIO K arperanuu, HeoOXoAUMOH sl 00pa3oBaHMs MEPBUYHON MeMOCTAaTHYCCKON MPOOKH.
BozneiictBrue pa3zHO0Opa3HBIX OMOMEXaHWYECKHX M OMOXMMHYECKHX CTUMYJIOB TPUBOAMT K aKTHBA-
1 TpomOoruToB [[lantenees, Crenansu, CeenHukoBa, 2022]. DT KIeTOYHbIC (ParMEHThl MOTYT 3a
JIOJIA CEKYH[Bl MEHSATh COCTOSHHS TOBEPXHOCTHBIX MHTETPUHOB, 3HAYUTEIHLHO M3MEHSITH CBOIO (Op-
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My, KOHTPaKTHPOBaTh, BHIOPACHIBATH HECKOJIBKO THUIIOB TPAaHYJ, a TAKKe SKCIIOHUPOBATh OTPUIATEIBHO
3apspKEHHBIE MOJICKYIIBI pochaTHIUICeprHa Ha BHEIIHIOK CTOPOHY IUIA3MaTUYECKOM MeMOpaHbI, TeM
caMbIM BJIHSISI HA PEaKIK Kackaja CBEPTHIBaHUS, O KOTOPBIX MOiAeT peus aajibie [Podoplelova et al.,
2021].

Jpyrum BayXHEUIIMM Y4aCTHUKOM I'eMOCTATHIEeCKOTO OTBETA SIBIISIETCS KaCKaJ] CBEPThIBAHUS KPO-
BU, KOTOPBIN peanu3yercs Oiaronaps MHOTOYHCICHHBIM OMOXUMHUECKUM PEAKIHSIM, MTPOUCXOISIINM
B IUIa3M€ KPOBU W Ha MOBEPXHOCTH Pa3WYHBIX KIeToK (puc. 1, 6). OH mpeacTaBiseT coOOH cCeTh
MPOTCOIUTHUCCKUX PEAKIIUN, B KOTOPOH (PePMEHTHI aKTUBUPYIOT JIPYT JPyra MOCPEACTBOM YaCTUYHO-
ro mporeonu3a [Panteleev, Dashkevich, Ataullakhanov, 2015]. BaxkHbIM COOBITHEM B PEaKIUAX TIIA3-
MEHHOTO 3BEHA CBEPTHIBAHHS SIBJISICTCS HapaOOTKa TPOMOMHA — IICHTPAIbHOrO (DepMEHTa KacKaja,
KOTOPBIN OCYIIECTBIISIET MPEBpaIleHne pacTBOpUMOro (puOpruHOTeHa B HEPACTBOPUMBIN MOJIHMMEPH3Y-
fortuiics uOpuH. OUOPHHOBBIC BOJIOKHA CTAOWIM3HPYIOT MEPBHYHBIA TeMOCTaTHYECKHI arperar u3
TPOMOOIIMTOB, BBIMOJHSIS POJIb MPOYHOTO CBS3YIOIIETO KOMIIOHEHTA ISl KIETOK U CTPYKTYP BHEKJIC-
TOYHOTO MaTpukca. TpoMOWH Takke CIIOCOOCTBYeT HEOOpaTHMMOH aKTHBAallMM TPOMOOIIMTOB 3a CUET
B3aMMOJICHCTBHUS C TaKk Ha3biBaeMbIMU PAR-perienitopamu, a Takke CIIy>)KUT BaKHBIM MEUATOPOM pe-
aKIUi BOCHAJIEHUS — B TIEPBYIO OYEpe/Ih 32 CUET aKTHBAILUHU cX0kHX PAR-pernentopoB Ha MMOBEpPXHOCTH
SHJIOTEIHS U JICUKOLIUTOB,

BHyTpukieTouHass CUTHAIU3aIs TPOMOOITUTOB IPECTaBIseT co00i OONBINYIO CETh peaKIuil,
CJIOKHOCTH KOTOPOM TPEBBIIIAET CIIOKHOCTh CBEPTHIBaHUS KpoBH (puc. 1, 6). TpomOouunTs! pacmomnara-
10T OOJIBIIIMM apCeHaNIOM PEleNTOPOB, KOTOPhIE YIPABISIOT OTBETOM Ha aJ[r€3HMOHHbBIE B3aUMOICHCTBHS
U PaCTBOPHUMBIC aKTHBATOPHBI, a Takke UHruouTopsl. CucTeMbl (DEPMEHTOB U BTOPUYHBIX MECCEHDKE-
POB BHYTPH KJIETKH (DMIIBTPYIOT 3TH CUTHAJIBI, YIUTHIBAIOT X B3aUMOJCHCTBHIE U BHIPAOATHIBAIOT COBO-
KyITHOCTh TWHAMHYECKUX (PYHKIIMOHAIBHBIX OTBETOB B 3aBHCUMOCTH OT KOHIIEHTPAIIMA U KOMOWHAIIH
aronuctoB [Sveshnikova et al., 2016; Martyanov et al., 2020a; Martyanov et al., 2020b; Shakhidzhanov
et al., 2015; Sveshnikova, Ataullakhanov, Panteleev, 2015].

Cuenapuu remMocrasa u Tpomo603a

OTBeT cuCTeMbl reMOoCcTa3a Ha MOBPEXAEHUE 3aBUCUT HE TOJIBKO OT €€ COCTOSHHS, HO M OT TH-
JKECTH COCYIUCTON TpaBMbI (puc. 2). B HopMe obecrieunBaeTcst 00pa3oBaHHe HEOKIIO3MBHOTO TpomOa
B Clly4ae MOBPEXJEHUH | THIa — HEeMPOHMKAIOUINX MMOBPEXKICHUH, HE MPUBOAALINX K BCKPBITHIO MPO-
cBeTa cocyna. B cimyuae nospexaenuii 11 Tuna, npuBoasniux K NOsSBICHUIO PAHEBOIO IPOCBETA B CTCH-
K€ COCy/a, HOPMaJIbHBIH OTBET CHCTEMBI F'eMOCTa3a IoipasyMeBaeT (OpMHUPOBAHHE T€MOCTATHYECKOTO
TpoMOa, He BIHSIONIETO Ha KPOBOTOK B COCY/E, HO OCTaHABJIMBAIOLIETO MOTEPIO0 KpoBU. B ciydae mo-
BpexxaeHuit 11l Tuma — momHoOro paccedeHus cocyga — B HOpMe (HOPMHUPYETCS OKKIIIO3UBHBIH TPOMO,
3aKpBIBAIOIINHA TPOCBET COCY/a B OOJIACTH paHEHHS M OCTAHABIIMBAIOIINN KPOBOMOTEPIO. MeXaHU3MBI,
00yCITaBIMBaIOIIE TaKyl0 THOKOCTh CHCTEMBI TeMOCTa3a, He JI0 KOHIa U3y4YeHBI, ¥ JUIS X BBIICHEHHS
HEOOXOMMO CO3/1aHHE HOBBIX ITOJIX0JI0B, KaK SKCIIEPUMEHTAIBHBIX, TAK U TEOPETUYECKHUX.

B cuy 0omnbIoii KITMHUYECKO 3HAYMMOCTH 0C000€ BHUMAaHHE B COBPEMEHHBIX TEOPETUYECKHIX
Y DKCIIEPUMEHTAIIBHBIX MOJIEIISIX TPOMOO0Opa30BaHUsl YACICHO JIBYM OCHOBHBIM CLIEHAPHSM: HETPOHH-
KaloIIeMy TTOBPEKACHUIO COCYANCTON CTEHKH B YCIOBHUSX BBICOKHX CKOPOCTEH cABHTa (TaK KakK Io100-
Hasi CUTyallusl IMEEeT MECTO B Cilydyae apTepuaibHoro Tpombosa [Panteleev et al., 2021; Receveur et al.,
2020]) ¥ HEeMPOHHUKAIOIIEMY OBPEXKICHUIO BEHBI B YCIOBHH MHHHMAJIBHBIX FUIH HYJIEBBIX CKOPOCTEH
caBura (4TO COOTBETCTBYET BEHO3HOMY TpoM0Oo3y [Lehmann et al., 2018]). B nepBom cityuae ocHOBY
TpoMOa COCTaBIIIOT TPOMOOITUTHI, B TO BpEeMsl KaKk BO BTOPOM ciiydae (hOpMHUpPYeTCsl TaK Ha3bIBAEMBIN
KpacHbIH TPOMO, 10 OOJbIIEH YaCTH COCTOSIIIUMA M3 3aIyTaBIIMXCsl B PUOPUHOBON CETH SPUTPOLIUTOB.
Haymo otMeTHTh, 94TO, XOTSl BEHO3HBIH TPOMO (H3UYECKH HEMOCPEICTBEHHO co3/1aeTcsi GuOPHMHOBOM ce-
TBIO, PEryJAIHs (OPMUPOBAHMS ITON CETH, IO COBPEMEHHBIM IPEACTABIECHHUAM, IIOJIHOCTHIO ONpeIes-
€TCsl B3aMMHOM aKTHBanued TpoMOonuToB U HelTpoduios [von Briihl et al., 2012; Brill et al., 2012].

2024, T. 16, Ne 4, C. 975995




980 M. A. ITanTenees, E. C. bepmanckwuii, A. M. llIu6eko, . FO. Heunmypenko

TpomMb6 3aKpBIBAET MECTO TTOBPEKICHUS,

I crenern: He TIePEeKPHIBas COCYI,
HeIIpOHUKAIOIAS -
pana =3 TpoM6 3aKyHOPUBAET COCYH, — HIMEMUS
S
................................................................................................ ©
=
. o s
II cremens: 2 Tpom6 He 3aKyIOpHUBaeT PaHIeBoit
obpazoBanue I [IPOCBET — KPOBOTEYEHUE
aHEBOTO = }
ll?lpOCBeTa £ | = Tpomb sakymopwmBaeT paHEBO#l IPOCBET
M
S => Tpomb 3akymiopmBaeT CoCys — HIIEMWUSsT
............................................................. W M e
S
q
III cremens: TpoMmb He 3aKyIIOpPUBAET COCY,

— KpPOBOT€YE€HIE
paccedgeHnue b

=3 TpoMb 3aKyIIOPUBAET COCY/T

Puc. 2. OcHOBHBIE CLIEHAPUH TEMOCTATHIECKOTO OTBETA MPH MOBPEKICHUN COCY/a. 3EJICHBIM I[BETOM 00O03Haue-
HBI (PU3HOJIOTHYECKU ONTUMAJIbHBIC OTBETHI CUCTEMBI, KDACHBIM IIBETOM — HEXKEJIATCIIBHBIC

Takum 00paszom, 00a ClieHApHs CBA3aHbI ¢ TPOMO030M — 00pa30BaHUEM KPYIIHOIO BHYTPHCOCYIUCTOTO
CTyCTKa, KOTOPbI MOXXET HApyUIUTh KPOBOTOK B cOCyle. B CBSI3M € 3TUM KIIHOUEBBIMH BOIIPOCAMH,
OTBET Ha KOTOPBIC IIOMOIAalOT HAWTH MOJCIH TPOMOOOOpa30oBaHus, SIBIIIIOTCS BOIPOCH O MEXaHU3MaX,
OTPaHMYMBAIOIIMX POCT TPOMOA, a TaKKe BOIPOCH MEXaHUYECKOH M OMOXUMHUYECKOW CTaOMIBHOCTH
TpomboB [Belyaev et al., 2018; Masalceva et al., 2022; Kaneva et al., 2021; Tosenberger et al., 2016;
Tosenberger et al., 2013; Bershadsky et al., 2024].

OpHako Ba)KHO MOHWMATh, YTO MHOTOYHMCIICHHbIE CIIEHAPUH PadOTHl CHCTEMBI TéMOCTa3a He UC-
YepIbIBAIOTCS 3TUM. MUHUMAaIbHBIM CIMCOK CLICHApUEB, KOTOPBIC NMPECTABISIOT HHTEPEC U TPEOyoT
pa3pabOTKH KOMITBIOTEPHBIX MOJENel (M A KOTOPBIX celdac MOJETH KpailHe Maslo pa3BUTHI), TaKkkKe
BKJIIOYAeT B ceOs:

1) cobcTBeHHO TeMocTa3 — (OPMUPOBAHHE CTYCTKa B paHE C IPOKOJIOM HIIM Pa3pbIBOM COCY-
na [Stalker et al., 2013; Tomaiuolo et al., 2014; Yakusheva et al., 2022];

2) crenuaibHbIe CUTyalluu TPOMO03a — CUCTEMHOE BHYTPUCOCYIUCTOE CBEPThIBAHUE, TPOMOO3 aHe-
Bpu3MbI [Mountrakis, Lorenz, Hoekstra, 2013], TpomMOupoBaHHe TPOTE30B B KJIallaHAX CepI-
na [Zhang et al., 2023], oOpa3oBaHue TPOMOOB B TOJIOCTSIX cepAla B ciiydae (GUOPHIUIIIAH
npencepauii [Qureshi et al., 2023; Qureshi et al., 2020];

3) ecrecTBeHHbIH (GUOPUHOMM3 TPOMOOB M TI'€MOCTATHYECKHX CTYCTKOB, @ TaKXke TPOMOOIH3HUC
CTYCTKOB IIpu TpoMOosmTryeckoit Teparuu [Shibeko et al., 2020; Zhalyalov et al., 2017];

4) maremaTudecKkue MojeNu JabopaTOpHBIX AMATHOCTHYECKUX TECTOB I'€MOCTa3a, IMPEXkKAE BCETO
arperanmu TpoMOonmToB [Garzon Dasgupta et al., 2020], renepanmmm TpomOuHa [Panteleev,
Andreeva, Lobanov, 2020; Mitrophanov et al., 2020; Ratto et al., 2020; Panteleev et al., 2010]
u Tpomboauaamuku [Panteleev, Dashkevich, Ataullakhanov, 2015; Parunov et al., 2011].

IToCKOJIBKY CBEPThIBAHHUEC KPOBH IMPEACTABISCT COOOM XMMHUYECCKHH IMPOIECC, TO OCHOBOH €ro
MOJICITUPOBAHUS SIBJISICTCS MCIONb30BaHue MU GepeHIMaTbHBIX YPAaBHEHUH, OCHOBAaHHBIX Ha 3aKOHAX
XUMUYECKON U (epMeHTaTHBHON KMHEeTHKH [Anand, Panteleev, Ataullakhanov, 2022; Panteleev et al.,
2006]. B Tom cmyyae, Korjga paccMaTpUBaeTcs paclpoCTpaHEHHE CBEPTHIBAHUS B MPOCTPAHCTBE, TO
ypaBHEHUsI B YaCTHBIX MPOU3BOJHBIX JOMOIHUTEILHO HCIIONB3YIOT 3aKOHBI TUGPY3UN U KOHBEKIIUH,
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B KoMOWHaImu (B ciIy4ae TOTOKa KpoBH) ¢ ypaBHeHUsME HaBbe — CTOKCa WM WHBIM BapHaHTOM OITHU-
CaHMsI TEKyIIeW KPOBM WIIM ILJIa3Mbl. AJIBTEPHATUBHBIC CIIOCOOBI OTOOpaKEHUsI PEaKIUi CBEPThIBAHUS,
MOJICTUPOBAaHNE Ha OCHOBE CTOXaCTUYECKHX YPAaBHEHUH HITH YACTHII, HCIIOIB3YIOTCS JOCTATOYHO PEIKO
JUISL CIICNMANBbHBIX 3a/1ad. BHyTpukierounas curnainmuszanus [Shakhidzhanov et al., 2015; Sveshnikova
et al., 2016] u merabomusm [Shepelyuk, Panteleev, Sveshnikova, 2016] TpomOomuTa TakKe B TIOXABIIS-
OI[eM OOJIBIIIMHCTBE CIIy4acB OMMCHIBAIOTCS OOBIKHOBEHHBIMU UG PEPEHIIMATBHBIMU YPAaBHCHUSIMHU.

Hampotus, BO3MOXHOCTh TPOMOOIIMNTAa HAXOIUTHCS B HECKOJIBKUX COCTOSHHUSAX W €r0 CIOKHAs
MEXaHHMKa JINIAI0T MaTeMaTHYeCKUE MOJICIN Ha OCHOBE YACTHIl PACIIPOCTPAHCHHBIMH MPH MOJICIIUPO-
BaHUM JIMHAMUKHA TPOMOOOOpa30BaHUs B YCIOBHSIX TOTOKA. OIHAKO OrpaHUYEHUS BBIYUCIATEIEHBIX
BO3MOXKHOCTEH U MOTPEOHOCTh B aHAIM3E BEIYT TAKXKE K Pa3BUTHIO HEMPEPHIBHBIX BAPHAHTOB IPE/I-
CTaBJICHHs pocTa TpoMmboruTapHoro Tpomoa [Babushkina et al., 2015; Lobanov, Starozhilova, 2006].

OpHOM M3 MPOCTEHUINX HENPEePHIBHBIX MOZEJEH CTallMOHAPHOTO MPOHHUIIAEMOTro TpomOa sBIs-
ercst mozienb [Tomaiuolo et al., 2014], koTopasi onUCBHIBaET reTEPOreHHBINH TPOMO Kak Cpeiy, COCTO-
SAIIYI0 U3 JIBYX OJHOPOAHBIX KOMIAPTMEHTOB (COOTBETCTBYIOUIMX sAPy M 000J0YKEe Tpomba), CO CBO-
UMU 3HAYCHHUSIMU MTOPUCTOCTH M MPOHUIIAeMOCTH. [l pacyeTra MOTOKOB KPOBU B MOJICIH PEIIAIOTCS
ypaBHeHus1 bpuHkMana BHyTpu TpomOa u ypaBHeHUs: Ctokca B cocyrne. C 3THMH YpaBHEHUSIMHU CO-
MPSDKCHBI YPaBHEHUST KOHBEKIIUU — MU Py31U — peakI[iK, KOTOPbIC MO3BOJSIIOT PACCUUTHIBATH JIOKAJIb-
HBbIE KOHIIGHTPAllMU aKTUBAToOpoB TpombomwuToB (TpomOmHa 1 AJID). Jpyras mpemioxkeHHas Hemnpe-
pBIBHAs MOjieNb (POPMHUPOBAHUSA TPOMOA ONMHUCHIBAET TUHAMUKY TPOMOOOOpa30BaHUS MPU HCIIOIB30BA-
HUM YpaBHEHHS THUIIA KOHBEKIMH — TUPPY3UU — peakuu (B TOM YHCIE IS JIOKAJTBHBIX KOHIIEHTPAITHA
TpombormrToB) [Du et al.,, 2020] 1 y4nThIBaeT B3aUMOJAEHCTBHE TPOMOOLMTOB MOCPEICTBOM (HaKTO-
pa BunnebpaHia v HHTETPHHOB, a TaK)Ke aKTUBAIMIO TpoMOonuToB B oTBeT Ha AJlD n MexaHnYeckoe
BO3JIEHiCTBHE MTOTOKA KPOBH Ha TPoMO. Takoro poga MOJe MMEIOT OTHOCHUTEIIEHO HEOOIBITYIO BBIYHC-
JUTEIBHYIO CIIOKHOCTh U MOT'YT B Oy/IyIlleM TI03BOJIUTh aHAJTU3UPOBATH TPOMOBI, PACTYIIHUE B KPYITHBIX
cocynax (HarpumMep, TPOMOBI, BBIpACTarOIIMEe Ha aTepOCKIEPOTHYECKON OJIAIIKE B KOPOHAPHBIX apTe-
PHSIX YEIIOBEKa).

Jts onMcaHus IMHAMUKY JKAJIKOCTH B MOZIENAX (POPMHUPOBAHUS TPOMOA, IIOMHMO KITACCHUECKUX
nozaxonoB [Masalceva et al., 2022], Taxke akTHBHO TIpUMeHsieTCsi popMau3M 4acTul, KOTOPBI opra-
HUYHO COYETAeTCS C OMUCAHHWEM JWHAMHUKH TPOMOOIIUTOB M SPUTPOIIUTOB, HAIPUMEP METOJ IJIaIKUX
yactull (smooth particles hydrodynamics) [Al-Saad et al., 2020] u MeTON JAUCCUIATUBHON JUHAMH-
ku yactull (dissipative particle dynamics) [Tosenberger et al., 2013]. Taxke B Takux 3aJadax HHOTIA
MIPUMEHSIOTCS] METO/IBI pelieToyHoro ypasHenus bonpiimana (Lattice Boltzman) [Shankar et al., 2022,
KOTOPBIE OPraHUYHO COYETAIOTCS C PEHIETOYHBIMH KHMHEeTHYecKuMH Mozensimu Monre-Kapmo (Lattice
kinetic Monte Carlo, LKMC), ucriois3yeMbIMA IS OITUCAHUS JUHAMHKA KJIETOK B JKHIIKOCTH.

IIpo0siembl mpeAbIAYIIUX MOeJIel

dopMHUPOBaHUE TEMOCTATHUECKON MPOOKHM BKJIFOUACT MHOXKECTBO IMPOIECCOB PA3IMYHOIO Mac-
mtada, 4To CYIIECTBEHHBIM OOPa30M YCIOKHSIET KOMIBIOTEPHOE MOJICIMPOBAHUE reMocTasza. B cuiy
TOTO, YTO PETYJISIUs KaKIOr0 M3 ATHX IPOIECCOB IO OTICIBHOCTH IUIOXO MOHSATHA, UX OKa3bIBaeT-
csl HEe TaK MPOCTO peajM30BaTh B COCTaBe KPYMHOM Monenu. B pesynbrare mpakTHYECKH HU OHA W3
COBPEMEHHBIX MOJIENICH TeMOCTa3a WK €ro YacTH HE OTPaKaeT UX KOPPEKTHO.

OnuH u3 Hauboyee SIPKUX MPUMEPOB — MEMOpaHHBIC PEAKIMHU CBEPTHIBAHUSA. BOJBIIMHCTBO
KJTFOUEBBIX PEAKI[UH 3TOW CHUCTEMBI SIBIISIOTCS TTOBEPXHOCTHO-3aBUCHMBIMH M IPOMCXOAUT Ha OTPH-
[aTeLHO 3apsDKEHHBIX (ochomunmuaHbX moBepxHocTsIX [Podoplelova et al., 2021]. Yacte peaknmit
MPOUCXOIAT B 00BEME IJIa3Mbl, OJTHAKO B CIIy4ae WX MPOTCKAHUs BHYTPH TPOMOOIIMTAPHOTO arperara
HEOOXOIMMO YYHUTBIBATh MHOXECTBO IMPOIECCOB, CBSI3aHHBIX ¢ OOMEHOM MOJICKYJIaMU MEXKIY JBYMS
dazamu — 00BEMHOM U MOBEPXHOCTHON. OCHOBHBIM MCTOUYHUKOM MPOKOATYISIHTHOW MOBEPXHOCTHU SIB-
JISIFOTCSI aKTUBUPOBAHHBIC TPOMOOLIUTBI, IPUYEM JIUIIb YaCTh TPOMOOIIMTOB IPH AKTHUBAIUU MEPEXOIAUT
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Puc. 3. Hexotopsie n3 nmpobieM MeMOpaHHBIX pPEeaKIMi CBEPTHIBAHUS: HCITOJE30BaHNE KOMITLIOTEPHBIX MOICIIECH.
a) TonmpKo 9acTe TPOMOOIIMTOB TPW AKTHUBAIIMK CBS3BIBACT (PaKTOPHI CBEPTHIBAHHSA, NMPHYEM CBSI3BIBAHUE HACT
MIPEUMYIIECTBEHHO Ha YaCTH MOBEPXHOCTH — «IIamke». 0) CxeMa peaxiuii BHyTpeHHEH TeHA3bl B KOMITBIOTEPHOM
Mojenu. B) IIpocTpaHcTBeHHass OopraHu3aus peakiuu B Monenu. r) [IpocTpaHcTBeHHas reHepanus (akropa
CBepTbIBaHUS Xa B MOJeJu. 1) Briaipl «manku» 1 «0CHOBHOTO Tenay. €) [eoMeTpuueckas cxema KOMIbIOTEPHON
MOJIETH TeMOJAWHAMHUKH B paifoHe TpoMOa ¢ MPOKOATYISTHTHBIM TPOMOOIMTOB. k) PacmpeneneHue ckopocTeit
casura. AnantupoBano u3 [Podoplelova et al., 2016a]

B IpokoaryisiHTHoe cocrosinue [Sveshnikova, Ataullakhanov, Panteleev, 2015; Panteleev et al., 2005;
Topalov et al., 2012].

BykBanpHO cunMTaHHBIE MaTEMaTHUECKHE MOAETH — B TECTE€ IeHepanuu TpoMmOuHa [Susree,
Panteleev, Anand, 2018] wimm TpomOommaamuke [Panteleev et al., 2006] — yYHUTBIBAIOT 3TOT KPHTH-
geckuii peromen. Eme Gonee Bneuatiser [Podoplelova et al., 2016a], 9To JUIIb YacTh MOBEPXHOCTH
3THX TPOMOOIIMTOB XOPOIIIO CBS3BIBACT (DAaKTOPHI CBepThIBaHMS (pucC. 3, @). MBI pa3paboranu marema-
TUYECKYIO0 MOJIeITb, B KOTOPOH y4JIM BCE ATAIlbl aKTHBAUHU (hakTopa X Ha MOBEPXHOCTH Pa3HBIX dacTel
TpombormTa (puc. 3, 6, 8), ¥ MOKa3aJIM, YTO KOHIIEHTpaLKs (PaKTOPOB Ha IIIAIKEe» Ha MOPSIKH YCKOPS-
eT peaknuH (puc. 3, 2, 0). Kpome Toro, Mmaremarnieckoe MOICITHPOBaHUE ITOKA3aJI0 BTOPYIO BO3MOXKHYIO
3HAUMMOCTh «ILAMKW»: MOCKOJIbKY MMEHHO OHA OTBEYACT 33 CBS3bIBAHME TPOMOOIIMTA C apTepUaIbHBIM
TpoMOoM [Abaeva et al., 2013], B 3Tol MPUMBIKAIOIIECH K TPOMOY 00JacTH CO3MACTCS PETHOH II0-
HUKCHHBIX CKOPOCTEH CABHTa, TMO3BOJSIONINX MPOXOXKICHUE MPOIIECCOB CBEPTHIBaHUA (pHC. 3, e, o).
Kak 0b10 TOKa3aHO paHee, TakKe ¢ TOMOIIBI0 MaTeMaTHYECKOTO MOJISIIMPOBAHMSI, CBEPThIBAHUE KPOBH
CHJIHO HHTHOMpYeTcs apTepuaibHbpiMu oTokamu [ Tosenberger et al., 2016; Shibeko et al., 2010]. Bos-
MOXXHO, OJTHAKO, YTO MYJIBTUMEpHU3aIisl OSIKOB CBEPTHIBAHUS HA TIOBEPXHOCTH MEMOpPAHBI MTO3BOJISIET
UM U30eXKaTh YHOCA MOTOKOM: ATOT MEXaHHM3M TaKKe ObLI OOHApY)KEH MyTEeM aHaIHu3a JKCIIePUMEH-
TaJbHBIX JIAHHBIX C TIOMOIIBI0 MareMaTruueckoro moaenupoBanus [Podoplelova et al., 2016b].
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Puc. 4. 3araaku Ha ypoBHe TpoMOo0oOpa3oBaHus. a) HepaBHOMEpHOE paciipesieieHHe IPOKOaryiIssHTHBIX TPOM-
6o1mToB 1 (pubpuHa B TpomOe. M300paxkenust TpoMOOB, 00pa30BaBIINXCSI B MUKPOQIIOUIHONW KaMepe TpH Tpo-
KauMBaHUN PeKaIbIN(UINPOBAHHON LETBHON KPOBH Uepe3 (pUOPHILIAPHBII KOJUIareH MepBOTO THIA U TKAHEBBIH
(haxrop. MukpodoTtorpaduu mosydeHsl MPU TMOMOIIKA MeToAa TuddepeHnaIbHO-uHTepHEePEHIIMOHHOTO KOH-
TpacTa (cieBa), a TaKke B JBYX KaHanax (mayopecueniuu (cmpasa). Ha yeBoit MukpodoTrorpadguu BUIHBI ABA
TPOMOOIMTAPHBIX TPOMOA, @ TAKKe CeTh (PUOPHHOBBIX BOJIOKOH B OCHOBAHMH (TOJICTBIE TEMHBIC HUTH OTHOCSITCS
K ¢ubpmwiam koiutarena). Ha mpaBoii Mukpodotorpaduu Ta e camasi 001acTb MPOTOYHOH KaMepbl OTCHS-
Ta B KaHaJax (IyopecleHIMH: Ha MMOBEPXHOCTU arperaroB BUIHBI oOiacT, Gorarsie GpuOpHHOreHoM (roiy0ooi
IIBET), & TAKXKe MPOKOATYJSIHTHBIE TPOMOOIUTHI ((PUOTIETOBBIN 11BET). 0) Pacnpenenenne ckopocTeld caBura mpu
TpaBMaTH4YeCKoM Tpokojie cocyna [Yakusheva et al., 2022]. 8) HemMoHOTOHHAs 3aBHCHMOCTH CKOPOCTH C/IBHTA
Ha TpaHuIle PaHbl OT PaanMyca paHbl CBS3aHA C TEM, YTO IPH MaJbIX paHax IMOTOK Yepe3 paHy yIpaBIsIeTCs
COTIPOTHBIICHUEM PAHBIL, a MPH OOIBIINX — COMPOTUBIICHHEM MOABOASIINX cocynoB [Podoplelova et al., 2016a]

[IpocTpaHCTBEHHOE paCIpe/ielieHNue MPOKOATYIITHTHBIX TPOMOOIIMTOB B TpoMOe KpaliHe Heom-
HOPOTHO M MOXKET M3MEHSTHCS ¢ TeueHHeM BpemeHH. OOpa3oBaHue M IepepacipesesieHHe MpoKoa-
TYJASHTHBIX TPOMOOIIMTOB B PE3yJIbTare CHIBHON aKTUBALMHM MOTYT CYIIECTBEHHBIM 00pa3oM BIHATH
Ha MPOCTPAaHCTBEHHOE paclpelielicHne HapaOoTKu TpOMOMHA: MBI paHee MMoKa3aiu ()eHOMEH BBITECHE-
HHS ATUX TPOMOOIIMTOB Ha NEpU(EpUIo apTepHaIbHOrO TpoMOa BCIEACTBHE KOHTpakuuu (puc. 4, a),
YTO MPUBOAUT K IMOSIBJICHUIO TTOBBIIICHHON KOHIEHTpanuu (GUOpHHA B MepupeprUuECcKOi YacTH TPOM-
6a [Nechipurenko et al., 2019]. MaTepecHO, 4YTO B «BEHO3HBIX» TpoMOaxX TakKe HAOMIONACTCS YIUIOT-
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HeHne (uOpHHA Ha nepudeprun BCIEICTBHE KOHTPAKIIMU, OJHAKO MEXaHW3M HWHOW: MareMaTrhdecKas
MOJIeTTb KOHTPAKIIMU YKa3bIBaeT Ha TO, YTO COMMKeHHE nepueprdecKux TpoMOOUHTOB (M CBSI3aHHO-
ro ¢ HUMHU (UOPHHA) MPOUCXOIUT BCIIEJCTBUE ACHMMETPHYHOCTH CHIJI, JEWCTBYIONINX HA HUX OKOJIO
rpanutipl [Kovalenko et al., 2021].

Kpome 3aragkyn MeMOpaHHBIX peakiyii K TPaAUIMOHHBIM Ipo0JieMaM, CBI3aHHBIM C (PH3UKO-XH-
MUYECKUM OTHCAHUEM FeMOCTaTHIECKOTO OTBETA, MOXKHO OTHECTH MOIMMEpH3aIuio (pubpruHa, KoTopas
WHUIIMHAPYETCS TIOSBIIGHHEM MOHOMEPOB (PMOpUHA — SPKUH MpUMEp MHOTOMAacIITaOHOTO W MHOTOCTa-
JMUHHOTO TIpoliecca, MPH KOTOPOM M3 HAHOPA3MEPHBIX OOBEKTOB MOTYT TOSBISIFOTCS CIIOKHBIC MHK-
pOCKoIIMYecKre CTPYKTypbl. [laHHBIA mporiecc oOnagaeT OOJBIION YyBCTBUTENBHOCTHIO K BEIMYHHE
notoka [Shibeko et al.,, 2010]. B Hacrosmee Bpemsi, Kak ¥ JUII MEMOpaHHBIX PEaKLUil CBEpTHIBA-
HUS, €CTh CIEIHATN3UPOBAaHHBIC MaTeMaTHIECKUe MoieH 3Toro npomecca [Weisel, Nagaswami, 1992;
AHnnpeeBa, Huxomnaes, Jlobano, 2017], Ho mpencTout Oojbinas padoTa MO UX WHKOPIIOPAIIUH B MHO-
roMaciTabHble MOJCIH PA3IUYHBIX CIICHAPHUEB TPOMOOOOpa30BaHUS: Ceuac €CTh JIUIIh OTACIHHBIC
paboTsl Ha 3Ty Temy [Xu et al., 2012; Tosenberger et al., 2016]. JeTanbHbBII 0030p MOIXOMOB K KOM-
IBIOTEPHOMY MOICIMPOBAHUIO TIONIMMEpH3aluy (GuOpHHa MOXKHO HallTH B HeaBHeM 0030pe [Nelson et
al., 2021]. Cpemu moaxof0B K MOJUMEPH3AIUN (PUOPHUHA MOYKHO BBIICIIUTH OMOXHMMHYECKOE MOJICIIH-
poBanue [Pancaldi et al., 2022], craructuueckue noaxoasl [Moiseyev, Givli, Bar-Yoseph, 2013], pac-
CMOTpEHUE TIOJTMMEPH3AINH KaK BOJHEI (ha3oBoro mepexona [Jlobanos, 2016], MeToasl TUCCUTIATUBHON
nuHamuku yactull [ Yesudasan, Wang, Averett, 2018b], momxosp1 MosekyssipHoi auHaMuky | Yesudasan,
Wang, Averett, 2018a].

MopnenupoBanue ¢GuOpuHOIM3a U TpomOoau3uca (mporecca, o0paTHOrO CBEPTHIBAHHIO) CTall-
KHBaeTCsl ¢ HECKOJBKO APYTHMMH BBI30BaMH. 3allpoChl Ha MOJeNMpoBaHue (UOPUHONIM3A XOTS OBl in
vitro Bo3HUKIM eme B 1960-e romer [Liniger, Ruegsegger, 1967], 1 3T0 KMHETHYECKOE M CTOXACTH-
YecKoe MOJEIMPOBAHUE MPOJIODKAET Pa3BUBATHCS 10 CHX MOp B pasHbeIx BapuanTax [LaCroix, 2012;
Bannish, Keener, Fogelson, 2014; LeCover et al., 2019], Ho MaJio BBIXOAMT 3a TpeAeibl Tpooupku. Ec-
JIM TIPOIIECC FeMOCTa3a HaM MPUMEPHO MOHSITEH, TO PEryJsis €CTeCTBEHHOTO (PUOPUHOIM3A SIBIISETCSI
KpaifHe 3araJO4HOi: MBI IO CHX TOp IIOXO MOHWMAaeM, OTKyna OepyTcs aKTUBaTopbl (hHOpUHOIH3A
U KaK UX MPOU3BOACTBO PETYIHUPYETCS MapalieIbHO C 3aKUBICHHEM paHbl. CKopee BCEero, KOMIIBIO-
TEpHOE MOJeNupoBaHne (GUOPHHONIN3A i1 Vivo HEBO3MOXXHO B OTPBHIBE OT MOJIEIHMPOBAHHS 3a)KUBIIC-
HUS paHbl U KacKaja MpOTEUHA3 BHEKJIETOYHOTO MaTpuKca. HarmpoTuB, KOMITBIOTEPHOE MOACTHUPOBAHUE
Tpombonu3uca (Tpolecca, Korua B IiIa3My KPOBU BBOIST DK30T'€HHBINM aKTUBATOP) SBISIETCS aKTHBHO
pa3BUBacMbIM HallpaBicHUEM. [lepBbie MEXaHU3MEHHBIC MOJICNIM ITOTO IMpoliecca ObUIM pa3paboTaHbI
koutektuBoM Ckotta [laiimonna [Anand, Diamond, 1996]. B Hacrosimee BpeMs IpomoibKarTcs pado-
TBI, TTOCBSIICHHBIC KaK (PYHIAMEHTAILHOMY HCCIIEIOBAHUIO peryismun TpoMmoom3uca [Shibeko et al.,
2020; Petkantchin et al., 2023], Tak u knuHUYeckuM npuMeHeHusiM [Piebalgs et al., 2018; Lahr et al.,
2013]. O630p 1o 3TOH TeMaTHKe MOXKHO HaiTH B [Bannish et al., 2017].

HoBble npo6/ieMbl mOcJIeIHEro JecaTUIeTH s

3a mocneaHee ACCITHICTUE AKCICPUMEHTANBHBIX HCCICMOBAHUN TpomM0O03a M reMocTasza ObLl
HaKOIUIeH OOJBbINOi 00beM JaHHBIX, KOTOPBIE HE TOJBKO CYIIECTBEHHO Pa3BWIIM MPEICTABICHUS O Me-
XaHU3Max Pa3HOOOPa3HBIX MPOLECCOB, HO M IO3BOJHIIHN C(HOPMYIMPOBATH PsiJl BOIIPOCOB, LISl OTBETA HA
KOTOpBIE HEOOXOAMMO NMPUMEHSTH IIMPOKUH apceHall HOBBIX IOIXOJ0B, B TOM YHUCIIE KOMITBIOTEPHOTO
MOJIETTUPOBAHUSI.

Tak, HemaBHO OBLIO TOKa3aHO, YTO B psifie CIy4aeB HavYallbHBIE ATaIbl 00pa30BaHHs TeMOCTa-
TUYECKHX TPOMOOB IPH MpoKoie cocyna (puc. 4, 6) IPOUCXOIAT B YCIOBUAX HKCTPEMAIBHO OOJBIINX
CKOpPOCTEH CIIBHTA, KOTOPBIC paHbIlle OTHOCHIN K maroiorundeckuM | Yakusheva et al., 2022]. I1pu atom
B OOJIBIIMHCTBE CIIy4aeB PEAJMCTHYHOTO MOBPEXKAECHUS KOHTPOIHPYIOIIUM 3TalloM SIBISETCS COIpO-
TUBJIEHHE COCY/IOB, MOAXOAAIINX K paHe, a He caMoil paHsbl (puc. 4, ). DTH JJaHHBIE CBUAETENbCTBYIOT
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0 TOM, YTO aJIeKBaTHOE MOJICITUPOBAHNE TEMOCTATUYECKOTO OTBETA JIOJDKHO YUUTHIBATh IIUPOKUH KPYT
OMOMEXaHUYECKUX TIPOIECCOB, CBSI3aHHBIX C B3aummMmoneicTBueM (akropa (o Bumnedpanma ¢ mospe-
JKICHHOW COCYIUCTOM CTEHKOW M TPOMOOIMTaMU, U, BO3MOXKHO, TIPOLIECChl OMOMEXaHNIeCKOH aKTHBa-
Uy TpoMOouuToB. TakuMm 00pa3oM, aHaau3 KOH()OPMAIIMOHHON JMHAMUKUA U MPOIECCOB aKTHBALUU
daxTopa (on BumieOpanma B yCIOBHSIX BBICOKOTPAIUEHTHBIX TEUCHHI KPOBU MPHOOpETaeT HOBBIH
CMBICTT B KOHTEKCTE UMEHHO T€MOCTa3a.

I'emocTarn4eckue CryCTKH U IPUCTEHOYHBIE TPOMOBI 00Ia1af0T CYIECTBEHHOW MPOCTPAHCTBEH-
HOW HEOJHOPOIHOCTHIO. [IepBhle HaMeKH Ha 3TO cyliecTBoBaM yxke K KoHIy 2000-x rogoB [Kamocka
et al., 2010], HO pemrarOIUM TIPOPLIBOM CUHUTAETCS IHKII paboThl U3 jJadoparopuu JlopeHca bpacca,
kotopsie ¢ 2013 roga chopmynupoBain KOHIENLHUIO s7pa U 000JOYKH Ui apTepHalbHBIX TPOMOOB
¥ TeMOCTAaTHYECKUX CTYCTOB TIpH Mpokose cocyaa. OOHapyKeHHe CHIIBHOW MPOCTPAHCTBEHHOH TreTe-
POTCHHOCTH MPUCTECHOYHBIX TPOMOOB B MUKPO- U Makpouupkyssauu [Stalker et al., 2013; Marar et al.,
2022; Welsh et al., 2017] nukryeT HEOOXOIUMOCTh HE TOJILKO Y4eTa JIAHHOTO SIBJICHUS B COOTBETCTBY-
IONINX MOJAENSAX, HO M BaXKHOCTh MOWCKA (PU3UKO-XUMHYECKHX MEXaHW3MOB TaKOW T€TePOTCHHOCTH.
Halmrogaemas reTeporeHHOCTb, 10 BCEH BUANMOCTH, BEI3BaHA COBOKYITHOCTBIO B3aMMOBIHSIONINX (-
(hexTOB, aZleKBaTHOE OMHMCAaHUE KOTOPHIX HA CETOAHSNIHEW JIeHb MPENCTABISAET CEPhE3HBIA BBI30OB JUIS
KOMIIBIOTEPHBIX MOJIENEH:

1) u3HAYaILHOW T'€TEPOTCHHOCTBIO PACIIPEICIICHUS BAKHBIX aKTUBATOPOB I'EMOCTATUYECKOTO OTBETA
NpU MOBPEkKICHUH (B MEPBYIO Ouepelb KoJUIareHa M TKaHeBOTo (akropa), a Takke Gocdonumnu-
JIOB, CIIOCOOHBIX PE3KO YCKOPSTh COOTBETCTBYIOILIME PEAKIMU IUIa3MEHHOI'O 3BEHA CBEPThIBA-
Hus [Nechipurenko et al., 2019; Mangin et al., 2020];

2) CHJIBHOH 3aBUCHMOCTBIO PEaKIHil KaK IJIa3MEHHOTO, TaK ¥ TPOMOOLIMTAPHOIO 3BCHA IeMOCTas3a
or noroka kposu [Shibeko et al., 2010; Mangin et al., 2020];

3) sApKO BBIPAKCHHBIM HEIMHEHHBIM XapaKTEPOM 3aBUCUMOCTH (DYHKIIMOHAIBLHOTO OTBETa TPOMOO-
IUTOB OT KOHIICHTPAI[MK Pa3JInYHBIX aKTHBATOPOB, B IIEPBYIO OUepeilb TPOMOUHA, TPOMOOKCaHA
A2 nu AJI® [Sveshnikova et al., 2016; Shakhidzhanov et al., 2015; Masalceva et al., 2022;
Obydennyy et al., 2016; CgemnukoBa, Crenansi, [lantenees, 2022; bommosa, Bacunesckas,
CremaukoBa, 2023];

4) crmocoOHOCTBIO TPOMOOITUTOB K BBEIOPOCY Pa3HOOOpa3HBIX T'paHyNl, U3MEHEHHIO (JOPMBI M KOH-
TpaKIMK; JaHHBbIC (QYHKIMOHAIbHBIC OTBETHI MOTYT CHJIBHO BIHSTh HE TOJBKO HAa COCEIHHE
TPOMOOITUTEI, HO M HA MPOIECChl TPAHCIIOPTA BEIICCTB B TPOMOE: JIOKAIbHBIC MapaMeTphl yra-
KOBKHM TPOMOOIIMTOB B TPOMOE OMPEACISIOT KaK CKOPOCTH KOHBEKIIMOHHOTO TPAHCIIOPTA, TaK
U ckopocTh mudy3un Moekyi-ydacTHuKoB [ Tomaiuolo et al., 2014];

5) BHEIIHsISI YacTh pacTyiiero Tpomba obiazaet psjaoM OCOOCHHOCTEW: B CBSA3M C HU3KUM YpOB-
HEM aKTUBAIMKA TPOMOOIMTOB U MUHUMAJIbHOW aKTUBHOCTBIO TPOMOMHA JJaHHAs 00JIACTh TPOM-
0a, KOTOPYIO YacTO Ha3bIBAOT 0obOoyioukoi (aHmI. “shell”), obmamaeT BBHICOKOH ITOIBHIKHOCTHIO;
JIMHAMAYHOCTh BHEIIHUX CJIOEB TPOMOa B YCJIOBHUSIX IOTOKA MOXKET CYIIECTBEHHO BIIMATH Ha
ero pasMmep, OJJHAKO aJICKBAaTHOE OMUCaHUe (DU3UKH B3aUMOJICHCTBUS MMOTOKA C TAKOW JMHAMHY-
HOU CTPYKTYpOH TpeOyeT MCIOJIb30BaHUS COOTBETCTBYIOUIMX BBIYMCIMTEIBHO CIIOKHBIX MOJIC-
neit [Masalceva et al., 2022; Kaneva et al., 2021; Ahmed et al., 2020; Trifanov et al., 2018].

OnHUM U3 BO3MOXKHBIX MEXaHM3MOB, OIPAaHHYMBAIOIIMX PACHpPOCTPAHEHHUE IPOLecca CUIBHON
aKTUBAIlMK TPOMOOIIUTOB BO BHEIIHHE 007acTH TpoMOa, SIBISETCS MOTEHIMAILHO BbIcOKas 3(hdexTus-
HOCTh KOHBEKLIIMOHHOTO TPAHCIIOPTa BEIIECTB B 000JOYKE TPOMOa 3a CUET €€ BBICOKOW IOPUCTOCTH.
Janubiit 2QdexT MOKET UMETh elie Ooliblliee 3HAYeHUE B KOHTEKCTE 00pa3oBaHMsI FEeMOCTATHYECKON
npoOKH, rae OONBIION Tepenaj AaBJICHU MEXIy COCYAMCTBIM PYCJIIOM U BHEIIHEH 4acThIO PaHEBOTO
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MPOCBETa MOXKET MPHBOANUTH K PE3KOMY YBEIIMUCHHUIO MTOTOKOB KpoBH [ Yakusheva et al., 2022], B Tom
YHCIe MOTOKOB TUIA3MBbl Yepe3 (OPMHUPYIONIYIOCS MEPBUUHYIO MPOOKY. JIpyruM MexaHH3MOM MOXKET
OBITH CaM CHOC MEPBUYHON 000JIOUKH (3AIMUIIAOIEH CBEPTHIBAHNE OT IIOTOKA) M CTA0MIIN3aIUs OCTaB-
IIerocsl ydacTka MHTMOMPYIOIIMM CBepThIBaHHE JelicTBueM roroka [Kaneva et al., 2021; Tosenberger
et al., 2016; Tosenberger et al., 2013].

MopenupoBaHue TPaHCIOPTA BEIISCTB B apTePHAIBHOM TpoMOe WM TeMOCTaTHYECKOH Tpoo-
Ke, TIOMHMO CJIO)KHOCTH aJIeKBaTHOTO OIMCAHW TEYEHHUS Ha TPaHHIe MEXIy KPOBBIO M MPOHHIIAE-
MBIM JUIs1 TU1a3Mbl TpoMOoM [Lobanov, Starozhilova, 2006], Takke cTalKHBaeTCsl ¢ HATUYHUEM OOJIBILION
HEOIPEe/IeICHHOCTH B TIPOHUIIAEMOCTH Pa3IMYHbBIX oOiacteil Tpomba. Mimeromuecs B urepartype JaH-
HBbIC YKa3bIBAIOT HA KOJOCCAIBHBIN Pa3dpoC B M3MEPEHUSX MPOHUIIAEMOCTH TPOMOOB B 3aBHCHUMOCTH
OT YCJIOBHH TpoBeaeHus 3kcrnepumenta [Du et al., 2020]. IIpencraBieHHBIE B JIMTEpaType 3HAYCHUS
MIPOHHUIIAEMOCTH PA3IMYAIOTCS Ha MIECTh MOPSIKOB, YTO, O-BUANMOMY, OTpakaeT OOJbIIoe Pa3HOO00-
pasue peanusyromuxcs cTpykTyp. B ciydae Oorarbix (PUOPUHOM IUIOTHBIX TPOMOOB 3HAYCHHUS MOTYT
cocrapyaTh mopaaka 107°-1072 y2, B To BpeMs Kak phIXJIble TPOMOOIIUTAPHEIE arperaTsl, 0OpasyroNIH-
ecsl B YCIOBHSIX BBICOKHUX CKOPOCTEH caBura (C HHU3KOH CTEMEHBI0 KOHTpakiuu u 6e3 GubpunHa), mo
BCeil BUAMMOCTH, 061aatoT nporuaemMocthio 0,1-10 x4 [Du et al., 2020]. VuuThsiBas cylecTBEHHOE
BJIMSIHHE TIOTOKA Ha Pa3HOOOpa3HbIE MPOIECChl MPH TPOMOOOOPa30BaHNH, a TAKKE CHIIbHYIO TeTepOoreH-
HOCTb TPOMOOB in Vivo, KpaiiHe aKTyaJbHOM CTaHOBHTCS 3aja4a MOCTPOCHUS aJIeKBaTHON TeopeTHde-
CKOU 3aBHUCHMOCTH JIOKAJFHOU MPOHUIIAEMOCTH KaK OT MOPHCTOCTH apTepuaIbHOro TpombOa (Ha KOTO-
PYIO TJIaBHBIM 00pa30M BIHSET CTENEHb aKTHBALMU TPOMOOIUTOB), TaK M OT KOHIEHTpauu GuoOpHHa.
W ta u npyras BeIMYMHA CYIICCTBEHHBIM 00pa30M 3aBHCHUT OT JIOKAJIbHONW aKTUBHOCTU TPOMOMHA.

BaxHpIM HarmpaBiieHHEM COBPEMEHHBIX HCCIICAOBAHHA B 00JIACTH reMOCTa3a SBISCTCS U3yUeHHE
0COOCGHHOCTEH MOIIEKYIIAPHBIX IPOIIECCOB, MPOUCXOMIIINX Ha TaK Ha3bIBaeMbIX ckaddommax — nBy-
MEpPHBIX U TPEXMEPHBIX MaTPHUIIAaX, 00CCIIEINBAIONINX CIICIIMATbHBIC YCIOBHUS MIPOTEKAHUS Pa3HOOOpas-
HbIX peaknwi [[TanTenees u np., 2022]. Cpeau OCHOBHBIX TaKUX CKa(QoI0B MOXKHO BBIACIUTL 000-
rameHHble GpocharnauiacepuHoM (ochoIUUaHbIe MEMOpPaHbl (HAa HUX MIPOMCXOAAT KIIFOYEBBIC peak-
IIUU CBEPTHIBAHMSI KPOBH), KOMILIEKC pHOpHHA U OEITKOB BHEKJICTOYHOTO MaTpUKca (CIy)KUT MaTpUIeH
npo- U aHTU(PUOPUHOIUTUIECKUX MPOLIECCOB) M, HAKOHEL, TOJIMMEpHI (pocharoB, BKIKOUAs TPOMOOLIHU-
TapHbIe moiudocdaTsl ¥ BHEKIETOUHBIE JIOBYIIKH HEHTPO(HIOB (Y4acTBYIOT B OOJBIIIOM KOJHYECTBE
MPOIIECCOB, B TOM YHUCIIC B KOHTAKTHON AKTHBAIIMH CBEPTHIBAHMS KPOBH).

Jpyrumu mipuMepaM# HOBBIX TpoOJieM, KOTOpbIE BBICBETHIIMCH B XOJI€ DKCIIEPUMEHTAILHBIX
U TEOPETUUYCCKUX PAOOT MOCICTHUX JET U ISl KOTOPBIX MPAKTHUYECKH OTCYTCTBYIOT KOMIITBIOTEPHBIC
MOJIETIH:

1) JAHK-noByuikn HEUTpo(HIOB M KOHTAKTHBIN ITyTh B BEHO3HOM TpomMOooOpa3oBanuu [Brill et al.,
2012];

2) reTeporeHHBIN JIM3UC CTYCTKOB (pUC. 5), comepkamux He Tosbko pubpuH [Staessens et al., 2020;
Staessens et al., 2021];

3) MeTamonpoTerHa3bl MaTpUKCa Kak pa3BUTHE GUOPHHOIN3A;

4) merabonu3M TpPOMOOLHMTOB H ero BiusHMe Ha (yHkumoHamsHOCTh [Shepelyuk, Panteleev,
Sveshnikova, 2016];

5) mpoOsieMbl KPOBOM3JIUSHUN U MHUIPAlMUd TPOMOOLUTOB B CTBIKM MEXIy sHuoTenuem [Kaiser,
Escaig, Nicolai, 2023].

HecMoTps Ha IIUTETEHYIO UCTOPHIO MOACTHUPOBAHUS CBEPTHIBAHHS KPOBU M TPOMOOIIUTAPHOTO
remoctasa (M BO MHOTOM OJarofapsi €ii), Mbl CETOIHS HAXOJUMCS B CTaUHU PEIIUTEILHOTO TIEPEeCMOTpa
0a30BBIX MPEACTABICHUI 00 ATHX MpoIeccax M, COOTBETCTBEHHO, KOMIBIOTEPHBIX Moenei. MoKHO
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Puc. 5. PactBopenne hubpuHa B rereporeHHoM Tpombe, boratom TpomboumTaMu 1 Gakropom GpoH Briniedbpana
(a3putpountsr — 10 %, ¢pudbpur — 20 %, Tpomboruter — 70 %, daxrop pon Bumnebpanma — 60 %, meiikorm-
161 — 20 %, THK — 10 %), mox neiictBuem TIIA. PacdeT BBITIOJHEH ¢ MOMOIIBIO MOAM(DHUIIMPOBAHHON MOJIEITH
u3 [Shibeko et al., 2020]. a) HauansHoe pacnpenenenue pudpuna B Tpombe. 0) Pacripenenenue ¢pudprna B TpoM-
6e 4epe3 180 munyT nusuca. B) Pacnpenenenue TIIA B TpomOe uepe3 180 munHyT nmsuca. r) Pacnpenenenue
JIHK B TpomOe. 1) Kuneruka pacrBopenust puoOprHa B TpoMOe

OXWaTrb, 4TO B Omkaiiee BpEMs IMOABATCS HOBBIC ITOKOJICHUS Mozxeneﬁ, OTKPbIBAIOMIUEC IIYTh K HO-
BOMY NNOHUMAHUIO.

Hapsiny ¢ HeoOXOMMMOCTBIO pacIIUpEHUs CYIIECTBYIONINX MOJIEINIEH B CBSI3U C HOBBIMH AKCIIEPH-
MEHTAJIbHBIMU JIAHHBIMU HCCIICIOBATENIN CTAIKUBAKOTCS U C JPYTUMHE IIPOOJIEMaMHU: B TIEPBYIO Ouepelb
C HEOOXOIUMOCTBIO Pa3padOTKH HOBBIX (PU3MKO-MAaTEeMaTHYECKUX MOAXOIOB K OIHMCAHUIO CIIOKHBIX
OHMOJIOTHYECKUX MPOIEcCCOB. B KauecTBe MPUMEPOB MOXKHO IMPUBECTH CICAYIOUINEC HEPEIICHHBIE MPO-
ONIeMBI: aICKBaTHOE OMHMCAHNE BHYTPHUKJICTOUHBIX OMOXMMHYECKIX KAaCKAI0B, TAC OTACIbHAS MOJICKYIa
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(GepMeHTa MOXKET UMETh Oosee JecsiTKa CalToB (OCHOPUIMPOBAHUS (U, CIIEIOBATEIbHO, HAXOAUTHCS
6omnee ywem B 1000 BO3MOXKHBIX COCTOSHHI); MpoOieMa ajeKBaTHOTO ONHCAHHUS MEMOpaHHBIX peak-
IIM{ B ClIy4ae BBICOKOM KOHIIEHTPALMHM MOJICKYJI-Y4aCTHHKOB (TJe M3-3a Tak Ha3biBaeMoro sdgexra
KpayJMHI'a TIepecTacT XOpOIIo padoTaTh 3aKOH JEHCTBYIOIIMX Macc); MpolieMa PeAyKIHU eTadbHbBIX
Mojiernieli CBepThIBaHHS KPOBH ISl BOSMOKHOCTH OIMCAHUS TIPOLIECCOB B IPOCTPAHCTBEHHO HEOAHOPOI-
HBIX CHTYaIMsSX W [P HAJMYMH TTOTOKA; CO3/IaHHE KOHTHHYAJIBHBIX MOJIENeH apTepraibHOro Tpomoa,
YUYHUTBHIBAIOIINX KaK IUIACTHYHOCTh BHEIIHHMX CJIOEB TPOMOA, TaK U BO3MOKHOCTH OTpPBIBA OTIEIBHBIX
KYCKOB (TO €CTh SMOOHU3AIIUIO).

Jpyro#t BaxxHO# mpoOIIeMoli SBISETCS BBIYUCIUTENBHAS CIOKHOCTh MHOTHX JETAbHBIX MOJIe-
neit TpoM0O000pa30BaHUs, KOTOPast HE TO3BOJISICT HCIIONB30BATh UX JIJISl OMMMCAHUS HHTEPECHBIX C TOUKU
3peHus (PU3HOIOTHH CIleHapHeB. B kadecTBe MpUMEPOB MOXKHO MIPHUBECTH MOJIEIH MHKPOCOCYIUCTOTO
TpoMO00Opa30BaHus C pa3pellieHUeM B OT/eNIbHBIN TpomOoIuT [Masalceva et al., 2022; Kaneva et al.,
2021; Tosenberger et al., 2016; Tosenberger et al., 2013], koTopbie gake ¢ MPUMECHEHHEM MOITHEHIITHX
COBPEMEHHBIX CYMEepKOMITBIOTEPOB HE MOTYT OBITH MCIIOJIB30BAHBI JJIST UCCIEAOBAHUS TPOMOOOOpaso-
BaHUS B KPYITHBIX apTepusix. B CBSA3W ¢ ATHM BO3HUKAaeT 3aj[aya CO3/IaHUS aJeKBATHBIX KOHTHHYaIIb-
HBIX MOJICNIEH, YTO TAKKE CONMPSDKEHO C CYIICCTBCHHBIMU TEXHUYCCKUMU CIIOKHOCTSIMH, OTTUCAHHBIMU
BbIIIIE. AHAJIOTUYHASI CHTYyallusi MMEET MECTO NpPHU TOMBITKE IMEepeHoca JIeTabHBIX MOJeNell Kackasa
ceepteiBanus [Panteleev et al., 2005] B yCcI0BHS MPOCTPAHCTBEHHO HEOMHOPOIHBIX 33]1ad C ITOTOKOM,
YTO TUKTYET HEOOXOMUMOCTH CO3MAHUS PEAYIIMPOBAHHBIX MOJCIICH CBEPTHIBAHUS KPOBH.

JpyrumM npumepom Iporecca, KOTOPbIi Ha CEroHAIHUMI IeHb KpailHe CI0KHO UCCIIEN0BATh IIPU
HOMOIIY KOMITBIOTEPHOTO MOJCIMPOBAHUS B CHIIy TEXHHUYECKHX CIIOKHOCTEH, sSIBISIeTCSl 0Opa3oBaHKE
KpacHBIX TPOMOOB B TIOJIOCTSIX cep/ua pu GUOPHIUISIHMN NpeAcepauii: OOJIbIION MPOCTPaHCTBEHHBIN
MacmTad JaHHOW 3a1ayM, a TakkKe HEoOXOIMMOCTb ydyeTa HOABMXKHBIX IPAaHMIl IPUBOIAT K KpaiiHe
BBICOKOH BBIUMCIIUTENILHON CIOKHOCTH MOJENEH Jake B CIydae YIPOLICHHOTO ONWCAHMS pPEeaKIHil
cBepThiBaHusA KpoBH [Qureshi et al., 2023; Qureshi et al., 2020].

[Ipu perieHUM MUPOKOTO KPyra MPOCTPAHCTBEHHO HEOTHOPOIHBIX HECTAIIMOHAPHBIX 3aJ1au, CBs-
3aHHBIX C OIMCAaHHWEM II0TOKa KPOBH W PEaKIMii CBEPTHIBAHHS KPOBH, KOTOpBIE 3a4acTyio (popmymm-
PYIOTCS B BHJIE 3aj[a4 THIIA «peakius — auddy3usi — KOHBEKIIUs», BOSHUKAIOT TEXHUUYECKUE CIIOKHOCTH,
CBSI3aHHBIC C NMPUMEHSEMBIMU YHCICHHBIMH TOIXOJaMH. Tak, HalmpuMep, Hall OIMBIT MOJAEITHPOBAHUS
B makeTe nporpamMm Comsol Multiphysics moka3ai, 9To mpu pacuerax mpodriieii KoHIICHTpaun ¢ak-
TOPOB CBEPTHIBAHUS M aKTHBATOPOB TPOMOOLHUTOB (TakuxX Kak TpoMOWH U AJID) B yCIOBHSIX MOTOKA
3a4aCTyI0 BO3HUKAIOT OOJIbIINE TEXHHUECKUE TPYIHOCTH, CBSI3aHHBIE C pacdeTaMy Ha OJHOPOIHOM CTa-
[MOHAPHOM pacueTHOU ceTke. [Ipu UCIoab30BaHUM OTHOCUTEIBHO IPYyObIX CETOK TOYHOCTh YUCICHHOTO
pelIeHHsT OKa3bIBACTCS CIUIIKOM HU3KOH, a WCIOJIh30BAHHE MEJKUX CETOK COIMPSHKEHO CO 3HAYHMTENb-
HBIM YBEJIMYCHHEM BPEMEHH pacyera (KOTOpoe 00bIYHO PACTET KaK MUHUMYM IHPOIOPIIMOHATIBHO YUCITY
Y3JI0B pacyeTHOW ceTKH). J{Jist pernieHus: JaHHOM MPOOJIEeMbl CEerOHs aKTHBHO MPUMEHSIOTCS TaK Ha3bl-
BacMbIC alaTUBHBIC ceTkW. AnanTuBHas cetka [Berger, Oliger, 1984] — HeogHOpomHas ceTka, B KO-
TOPOW PACCTOSTHHE MEX]y y3JIaMU 3aBUCHT OT JIOKAJIbHBIX 3HAYEHUH PaCCUMTHIBACMBIX BEIIMYMH U MX
rPajMeHTOB, — TIO3BOJIIET COBMECTHUTH aJICKBATHYK) TOUYHOCTh PACUCTOB M OTHOCHUTEIILHO HEOOJIBIIOE
YHUCIIO DJIEMEHTOB CETKH, a 3HAYHT, BEIYMCIIUTEIBHYIO CIIOKHOCTh 3aJladH.

C TOYKHM 3peHHs HCIONB3yEMBIX IIOJXOJ0B MOJEIHPOBAHNWE pPOCTAa MPUCTEHOUYHOTO TpoMbOa
B YCIIOBHSIX IOTOKA, MOXKAJIyH, ABISAETCS MPUMEPOM 3aJadM, B KOTOPOM 3a4acTyl0 COYETAeTCsl caMblil
BHYIIUTEIBHBIN apceHall METOMOB: B CIIydae BBICOKOTO NMPOCTPAHCTBEHHOTO Pa3pelieHus 3a1a41 HeoO-
XOIMMOCTh OIUCHIBATH TUHAMHUKY OTICIBHBIX KJIETOK B CTPYKTYpe TpoMOa BO MHOTUX MOAENAX NPH-
BOAUT K Pa3iMUHBIM MaTeMaTHUSCKUM (OpMaM3MaM, HCIONb3YyEMbIM Ul OIMHCAHHS SKUAKOU (a3bl
(XKpoBM WJIM IIIa3Mbl KPOBHM) M TBEPABIX 4acTHL (TpomOouuToB). B nanHomM 0030pe MbI He KacaeM-
Csl HIOAHCOB TAKOTO ONMCAHUs, HO XOTeJW Obl MOAYEPKHYTh, YTO HAa CETOAHSIIHHUI JIeHb KaXjas H3
OITyONIMKOBaHHBIX MojeNell pocta TpomOa siBIsieTcsl (PaKTUUECKH YHHKAJIbHBIM CIIOCOOOM OIMCAaHUS
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TpoMO00Opa30BaHMs, 3a4aCTYIO COYETAIOIINM MHOKECTBO PA3IMYHBIX ITOAXONO0B. Takasi cUTyalus, yBHl,
HE 03BOJISIET IIPOBECTH KAKOIO-TO aJ€KBATHOIO CPAaBHEHUS STUX MOJEIEH, TaK KAaK B IOJABISIOLIEM
OOJIBIIMHCTBE CIIy4yacB OHU SBJIAIOTCS YHUKAJIBHBIM HPOAYKTOM OTHAEJIBHBIX JIAOOpATOpUi, 3a4acTyro
UCHOJIB3YIOIIMX CBOW IIPOrpPaMMHBIM KOJ, KOTOPBIM JAJIEKO HE BCErNa IPEIACTABJIECH B OTKPBITOM J0-
cTyne. B 3ToM cMmbIcie, K COXaJICHUIO, TaHHasi 00JIacTh MCCICIOBAaHMUN B LIEJIOM HaxXoOUTCs Ha Oolee
HU3KOH CTYIIEHU pa3BUTHs, €CIIM CPABHUBATH €€, HAIIPUMED, C TPAAULUOHHBIM MOJIEKYJISIPHBIM MOJEIIN-
POBAaHMEM, JJIsi KOTOPOI'O CETOHs CYLIECTBYET HECKOJIBKO HIMPOKO MCIIONb3YEMbIX U BaIUIUPOBAHHBIX
IIPOrPaMMHBIX PELIEHUI U YETKUX IMPOTOKOJIOB, MO3BOJISIOINX TOBOPUTh O NPUHIUIINAIBHON BOCIIPO-
U3BOJAMMOCTH IIOJIy4a€MbIX PE3YJIBTaTOB.
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PaccmatpuBaeTcss OCHOBaHHBIH Ha METOAAX JIMHEHHOW aiareOpbl MOAXOJ K aHAJINU3y CKOPOCTH
5JIEKTPOHHOTO TPAHCIIOPTa Yepe3 LUTOXPOMHbIH b f-kommiekc. B mpemnoxkeHHoM moaxone 3aBUCH-
MOCTbh KBa3UCTAIIMOHAPHOTO MOTOKA JIEKTPOHOB Yepe3 KOMIUIEKC OT CTENEHH BOCCTAHOBICHHOCTH ITy-
JIOB MOOWJIBHBIX MEPEHOCUYMKOB IEKTPOHA BBHICTYIAET B KauecTBE (DYHKLUH OTKIHMKA, XapaKTePH3YyIO-
nieit aTot mpouecc. Pazpaborano nporpammMHoe obecrieueHHe Ha A3bIKe MporpammupoBanus Python,
MO3BOJISIONIEE TTOCTPOUTh OCHOBHOE KMHETHUYECKOE ypaBHEHHE I KOMIUIEKCA IO CXeMe dlieMeHTap-
HBIX pEaKLUi U BEIYUCIIUTD KBA3UCTAIIMOHAPHBIE CKOPOCTH AEKTPOHHOTO TPAHCTIOPTA Yepe3 KOMITIIEKC
U JUHAMUKY UX U3MCHCHUSA B XOAC IMEPEXOAHOIO MIpoI1ecca. Breraucnenus IIPOBOAATCS B MHOT'OIIOTOY-
HOM PCKHUME, YTO IMO3BOJIACT 3(1)(1)€KTI/IBHO HCIIO0JIB30BaTh PECYPChl COBPECMEHHBIX BbIYMCIMUTCIBHBIX
CHCTEM M 3a CPAaBHHUTEIBHO HEOOJBIIOE BpEMs MOJIydaTh JaHHbIE O (YHKIMOHUPOBAHHU KOMILICK-
ca B IIMPOKOM JHara3oHe mapameTpoB. lIpeanokeHHbI MOAXol MOXKET OBITh JIETKO aJanTHPOBaH
I aHaJin3a SJICKTPOHHOI'O TPpaHCIIOpTa B APYIrUX KOMIIOHCHTaX (I)OTOCHHTCTH‘ICCKOI}'I u ,HBIX&TGHBHOﬁ
ANIEKTPOH-TPAHCIIOPTHOH LETH, a TAKKe IPYTUX MPOIIECCOB B CIIOKHBIX MYJIbTH(PEPMEHTHBIX KOMIUICK-
cax, co/epiKalliX HECKONbKO PEAaKIMOHHBIX IEHTPOB. /|11 mapameTpu3aluu MOAETH ITUTOXPOMHOTO
b, f-xomnekca ucnonb30BaHbl JaHHbIE KPUOIIEKTPOHHON MMKPOCKOTIMH U OKHCIIMTEIBHO-BOCCTAHO-
BUTCIIBHOI'O THUTPOBAHUA. HOJIy‘ICHI)I 3aBUCUMOCTH KBa3I/ICTaHHOHapHOI>'I CKOPOCTHU BOCCTAHOBJICHUA
IJj1aCToOiMaHHa U OKUCJICHUA IJIACTOXMHOHA OT CTCIICHHU BOCCTAHOBJICHHOCTH ITYJIOB MOOMJIBHEIX IIE-
PEHOCUHMKOB JIEKTPOHA U NMPOAHAIN3UPOBAHA JUHAMHMKA U3MEHEHHsI CKOPOCTH B OTBET HA U3MEHEHHE
PEIIOKC-COCTOSIHUS ITyJIa IJIACTOXMHOHOB. Pe3ynbTaThl MOIEINPOBAHUS HAXOIATCS B XOPOILLEM COIVIa-
COBaHHMH C UMEIOIIUMHCS SKCIIEPUMEHTAIbHBIMU JaHHBIMU.

KitoueBbie croBa: (pOTOCHHTE3, NEKTPOHHBINH TPAHCIIOPT, OCHOBHOE KWHETHYECKOE ypaBHEHHE,
(YHKIMS OTKIIMKA, IUTOXPOMHBIM KOMIUIEKC
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We consider an approach based on linear algebra methods to analyze the rate of electron transport
through the cytochrome b, f complex. In the proposed approach, the dependence of the quasi-stationary
electron flux through the complex on the degree of reduction of pools of mobile electron carriers
is considered a response function characterizing this process. We have developed software in the
Python programming language that allows us to construct the master equation for the complex
according to the scheme of elementary reactions and calculate quasi-stationary electron transport rates
through the complex and the dynamics of their changes during the transition process. The calculations
are performed in multithreaded mode, which makes it possible to efficiently use the resources of
modern computing systems and to obtain data on the functioning of the complex in a wide range of
parameters in a relatively short time. The proposed approach can be easily adapted for the analysis of
electron transport in other components of the photosynthetic and respiratory electron-transport chain,
as well as other processes in multienzyme complexes containing several reaction centers. Cryo-electron
microscopy and redox titration data were used to parameterize the model of cytochrome b, f complex.
We obtained dependences of the quasi-stationary rate of plastocyanin reduction and plastoquinone
oxidation on the degree of reduction of pools of mobile electron carriers and analyzed the dynamics of
rate changes in response to changes in the redox state of the plastoquinone pool. The modeling results
are in good agreement with the available experimental data.
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BBenenue

®DOTOCHHTE3 SIBIISCTCSI KIFOUEBBIM IPOLECCOM, OOCCIEUMBAIOIIUM CYIICCTBOBAHUE JKU3HU HA
3emiie. B xoze poTocuHTE3a 32 CUET 3HEPrHH KBAHTOB CBETA, MOMIOIIAEMbIX MOJICKyJIaMu XJiopoduiia,
MIPOMCXOTUT OKHCIIEHUE BOJIBI C 00pa30BaHNEM KUCIIOPO/a U CHHTE3 OPTaHUYECKHUX BEIIECTB (B MEPBYIO
odepesib CaXxapoB) U3 HEOPraHMUECKUX (YITICKHCIIOrO Ta3a U BOJIbI). Y BBICIIMX PACTCHUN U 3€JICHBIX BO-
Jopociel pOTOCHHTE3 TPOUCXONT B CIICIHATN3MPOBAHHBIX KOMIAPTMEHTAX KJIETKH — XJIOPOILIAcTax,
HUMEIOIINX JIOCTATOYHO CIOKHYIO CTPYKTYpy (cM. puc. 1), u BKJItO4aeT B ce0sl MHOXKECTBO 3JIEMEH-
TapHBIX TMPOIECCOB (peakiuii). B 3ToM MHOXecTBe MPHUHATO BBIACATH TaK Ha3blBaeMble ITEPBHYHBIC
nporecchl (OTOCHHTE3a (CBETOBBIE PEAKIINH), MPOUCXOAAIINE B THIAKOUAHOM MeMOpaHe MpH MOIvo-
IICHWW KBaHTOB CBETa. 3a CUET SHEPIWU KBaHTA CBETa B PEaKIMOHHBIX IEHTpax ¢orocuctem 1 u 2
(OC1 n ©C2) npouCcXOAUT Pa3neICHUE 3apsAI0B, MPUBOISINCE K MOSBICHUIO KpallHEe PEeaKIIMOHHOCIIO-
COOHBIX aHHMOH- M KaTHOH-PaJUKAIOB. biaromaps Ienu OKHUCINTEIFHO-BOCCTAHOBUTEIBHBIX PEaKIHii
MIPOUCXOIUT HAKOTUICHUE TIPOMEKYTOUHBIX COCIUHCHUH, B IIEPBYIO OYEpPE/ib BOCCTAHOBICHHOU (hOPMBI
HUKoTHHaMuuIHHYKIcotuapochara (HAADPH) n anenosuaTpudocdara (ATD), koTopble B HaibHEH-
IIeM CITy»KaT UCTOYHUKOM SHEPTHH JUTS OOJBIIMHCTBA OMOXUMHUYECKUX MPOIIECCOB, B TMIEPBYIO Ouepeib
UCTIONB3YIOTCS B OMOXMMHYECKUX MpOILEeccax CHHTe3a caxapoB (meHtozodocdarHblii mukin Kambu-
Ha— bencona— baccema n nukn Xotya— Cidka) U APYruX OpraHUYEeCKHX COCAMHEHUH (aMUHOKHCIIOT,
JTUTUAOB | Jp.).

XOTsI KBAHTOBBIN BBIXOJ| MIEPBUYHBIX MPOLIECCOB Pa3/ICICHUS 3apsi/IOB B PEAKI[MOHHBIX IIEHTPAX
OCI1 n OC2 6mm3ok k 100 %, obmias sHepreTudeckast 3pGeKTHBHOCTh (POTOCHHTE3a HEBBICOKA: Y OO0ITb-
IIMHCTBA KYTBTYPHBIX PACTEHUU TONBKO 1-2 % TOMIOMIEHHON COMHEYHON SHEPTUU TPaHCHOPMUPYETCS
B bmomaccy [Blankenship et al., 2011]. JlelicTBre HeOIaronpHUATHBIX (PAaKTOPOB CPEIBI IPUBOIMT K CIIIC
OoJpIIeMy CHUKEHUIO d(P(PEKTUBHOCTH (HOTOCHHTE3a, YTO MPUBOAUT K CHUYKEHHIO OMOMACCHI H, CIIeI0-
BaTeJIbHO, YPOXKAWHOCTH KYJIBTYp. B CBS3H ¢ 3TUM Ype3BhIYAfHO aKTYyaIbHOM 3a/1aueil sBIsieTCs pa3pa-
00TKa METONIOB, TIO3BOJIIONINX ONEPATHBHO OOHApPYXUBATh CHUXKEHHE APPEKTHUBHOCTH (OTOCHHTE3A
Y BBISIBIISITH TIPUYMHBI 3TOrO CHIDKeHMsI. K HacTosieMy BpeMeHH pa3paboTaHbl BEICOKOTOUHBIE OHO(pU-
3MYECKHE METOJIBI, TO3BOJIAIONINE TI0 JAHHBIM HEMHBAa3UBHBIX ONTHYECKUX U3MEPEHUH OLEHUTH aKTHB-
Hocte OC1 u ®C2 [Kalaji et al., 2014; Kalaji et al., 2016; Klughammer, Schreiber, 1994; Klughammer,
Schreiber, 2008a; Klughammer, Schreiber, 2008b]. Co3nanue mMareMaTHYeCKHX MomeiIeH (OTOCUHTE-
TUYECKHUX IPOIECCOB M UX HICHTH(UKALUS [0 IKCICPUMEHTAIBHBIM JIAHHBIM [MO3BOJISIIOT MOJIYYHTh
KOMIUTIEKCHOE ITOHWMaHKE TOTO, KaK (paKTOphbl BHENTHEW Cpebl BIUSIOT Ha 3(h(eKTHUBHOCTH ()OTOCHHTE-
3a. J{y1st onucaHus IEpBUYHBIX MTPOIIECCOB (POTOCHHTE3A OOBIUHO UCTIONB3YIOTCS JMHAMUYCCKHE MOICIH
B BHJIC CUCTEMBI OOBIKHOBCHHBIX nuddepenmanbabix ypapHeruid (OJ1Y) ¢ ucmonb3oBanueM (opma-
TU3Ma XMMHYECKOM KUHETHKH (3aKOHA JEUCTBYIOMMX Macc) [Pusamuenko u ap., 2022]. HdetambHOe
paccMOTpeHHe BCEX IMPOIECCOB, IPOUCXOIAIMNX B (POTOCHHTETUIECKON IEKTPOH-TPAHCIIOPTHON IIEeTTH
(3TLY), TpedyeT co3maHus MOAPOOHBIX Mojelel, urcio quddepeHIHATBPHBIX YPABHEHUN I OTICIb-
HBIX COCTOSIHUI KOMIIOHCHTOB B KOTOPBIX COCTaBISICT OT JCCATKOB ThHICSY JIO MHJUTMOHOB. AHAJM3
MOBEJICHUST MOjieield OONBIION pa3sMEpHOCTH IMPECTABISET COOOH HEMPOCTYIO 3ajady, IS pelIeHUs
KOTOPOH TOKa HET OOLICIPUHSITHIX METOJI0B. B aHHOMH padoTe Mbl pACCMOTPUM HECKOJIBKO TOJIXOJ0B
K aHAJIN3Y TaKUX CHCTEM W CO3JIAHMIO HA X OCHOBE YIPOIICHHBIX MOJIEJIel ¢ MEHBIIIEH Pa3MEepHOCTHIO.

AHAaJIU3 JIEKTPOHHOI0 MOTOKA B (poTtocuHTeTHYecKOH ITI

DNEKTPOHHBIA TOTOK B (orocuHTeTHdeckor OTLl ompenmensercs HECKOIBKUMHU (aKTOpaMH:
MHTEHCHUBHOCTBIO IOIIONIAEMOro (OTOCHCTEMaMHU CBETa, aKTUBHOCTHIO OMOXMMHYECKHUX IPOILIECCOB
M COOCTBEHHO IpomyckHOU crocoOHocThio DTLl. B mpupomHBIX ycIOBHAX XapaKTepHOE BpeMs H3-
MEHEHUsI HHTCHCUBHOCTU CBETa OOJIbILE TI0 CPAaBHEHUIO C XapaKTEPHBIMH BPEMEHAMH PETYISTOPHBIX
nporeccoB B (porocunrerndeckoM amnmapare (PCA), mosToMy HauOOJBIINI MHTEpEC MpeCTaBlIseT
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Puc. 1. Opranmanus (pOTOCHHTETHYECKOTO anmapaTa y BEICIIINX PAaCTEHHH M 3€JICHBIX BOJOPOCIECH: a) CXeMaTh-
geCcKoe N300paxeHHs XJIOpOTUIacTa; 0) cXeMaTHIecKoe H300paKeHUE TPaHbl THIIAKOUIOB (TIOKa3aHO HepaBHOMEP-
HOE pacrpeJielieHne TPaHCMEMOpPaHHBIX MYJIBTH(EPMEHTHBIX KOMIUIEKCOB B THJIAKOWJHONH MeMOpaHe); B) cxe-
Ma (POTOCHHTETHYECKOTO AJIEKTPOHHOTO TPAHCIOpPTa. B MeMOpaHbl BCTPOCHBI MYJIbTH()EPMEHTHBIE KOMILIEKCHI:
PSI — ¢orocucrema 1, PSII — dorocucrema 2, cyt b, f — nuroxpomnerii b, f-kommnexe, CF/CF, — AT®-
cuHTa3a. BOmm3u HapyKHOI MOBepXHOCTH MeMOpaHbI pacnonaratorcs FNR — deppenoxcun:HAJI®-penykrasza
n runoterndeckuii pepment FQR — deppenokcun: miacToxuHoH-peaykrasa. [lepeHoc aJIeKTpoHOB Mexy ¢o-
TOCHCTEMOH 2 M HUTOXPOMHBIM D f-KommIekcom obecneanBaeTcs MOABUKHBIM MEPEHOCIHKOM TLTACTOXHHOHOM
(PQ/PQH,), mudpynaupyromum B IMITHAHOM ClI0€ MeMOpaHbl. B iroMuHAILHOM MpocTpaHcTBe AM(PyHApyeT
MOJIBIDKHBIN TTEPEHOCYUK JIEKTPOHOB — Oesiok macronmanuH (Pc); B crpome — Genok deppenokcun (Fd). Ile-
PEHOC AIIEKTPOHOB MEKIY PEIOKC-TICHTPaMHU TI0Ka3aH TOYEYHBIMU CTPENKaMH, TPAHCIIOPT JIEKTPOHOB 3a CUET
T Qy3UH TOABIKHBIX MMEPEHOCYNKOB — IITPUXOBBIMHU, TPAHCIIOPT IIPOTOHOB — CIDIOMIHBIMU

BEJIMYMHA CTAllMOHAPHOTO IIOTOKA 3JIEKTPOHOB. B TO ke Bpemsi OOJBLIMHCTBO 3KCHEPUMEHTAIBHBIX
MIPOTOKOJIOB JUIst omleHkH napamerpoB PCA ocHoBaHbl Ha peructpauun auHamuku orsera @CA Ha
OBICTPOC M3MCHECHHE BHEITHUX (OOBIYHO CBETOBBIX) yCIIOBHi. TakuM 00pa3oM, HAM HEOOXOIUMBI TaKUE
Mmozenu pyHkunonuposanus PCA, nneHTrUKaus napaMeTpoB KOTOPHIX MPOBOIUTCS MO AWHAMHYE-
CKUM JIaHHBIM, a B Kau€CTBE IIPEACKA3aHMsl MOJAEIU BBICTYIAET 3aBUCUMOCTb CTAllMOHAPHOTO IOTOKA
ANIEKTPOHOB OT BHELIHHUX YCJIOBUH.

®otocunrernueckas DTL[ BkmovaeT mMpUMEpHO JABa JECSITKAa PEAOKC-KOPAKTOPOB, OOIbILAs
94acTh KOTOPBIX CIPYNIIMPOBaHA B KPyMHbIE TpaHCMeMOpaHHbIe OenkoBble Komruiekesl — OC1, dC2

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE
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¥ IUTOXPOMHBIH D f-KoMILIeKC, KOTOpBIE B3aNMOZIEHCTBYIOT MEK Ty COOOH C y4acTHEM MOOUIIBHBIX TIe-
PCHOCUMKOB JIEKTPOHA — IUIACTOXWHOHA, IJIACTOIMAaHUHA U (eppenokcruHa. OnrucaHne TakolH CUCTEMbI
C UCTIONBb30BaHHEM (popMann3Ma XMMUYECKOH KWHETHKH IPEIoiIaraeT, 4YTo I OCIKOBBIX KOMILIEK-
COB, COIIEPIKAIINX HECKOJIIBKO PEIOKC-IIEHTPOB, KaXKIas KOMOMHANUS WX COCTOSHHM TOJIKHA paccMmar-
pUBaThCS KaK OTHENbHBIN peareHT. [Ipoucxonsuiye B KOMIUIEKCE PEAKIIUU MOXKHO MPEICTABUTH B BUJIE
OpPUCHTHUPOBAHHOTO rpad)a, BEPIIMHBI KOTOPOIO COOTBETCTBYIOT PAa3IMYHBIM COCTOSHHUSIM KOMILJICKCA
(TO ecThb KOMOMHAIIMSAM COCTOSHUI BXOISIINX B €0 COCTaB aKTUBHBIX IIEHTPOB), a pedpa — peakiu-
SIM TIEPEX0/ia MEXKITy STUMHU COCTOSHUSIMU. B OOIBIIMHCTBE CITydaeB U3 BEPIIUHBI BRIXOAUT HECKOIBKO
pebep, Kaxoe U3 KOTOPBIX COOTBETCTBYET M3MEHEHHIO COCTOSHISI OHOTO M3 aKTHBHBIX IIEHTPOB KOM-
riekca. B obmem citydae rpad) COCTOSHUI KOMIUIEKCA HE SIBJISIETCS CBS3HBIM, TO €CTh JUIsl KAKOH-TO
napbl COCTOSIHUM MOMKET OTCYTCTBOBATH IOCJICAOBATEIbHOCTh PEAKIIMM, MPUBOASILAS K MEPEXONy U3
OJTHOTO COCTOSIHMS B Apyroe. Takoe OTCYTCTBUE CBSI3HOCTH MOKET BBIPAKAThCsl KaK B MOSIBICHUU H30-
JIMPOBaHHBIX BEPIIUH, TO €CThb COCTOSHUM, HE y4YacTBYIOIIMX HU B OJHOM M3 XMMHMUYECKUX pEaKIui,
Tak ¥ B pa3OueHnH rpada Ha HECKOIBKO OOJBIINX CBA3HBIX moArpadoB. CBs3HOCTH rpada COCTOSHUIMA
MOYET U3MEHSTHhCS B 3aBUCHMOCTH OT HAJMYUsl WIH OTCYTCTBHUS B CPEJC MOOWMIBHBIX IEPEHOCUHUKOB
ANIEKTPOHA: A0OABIICHHE TIEPEHOCUUKA JIeNIaeT BO3MOKHBIMU T€ PEAKIIMH, KOTOPBIE HE MMPOUCXOAAT TTPH
€ro OTCYTCTBHUH.

OcHnosnoe Kunemuueckoe ypaeénenue 07131 KOMRJeKca

Ha ocHoBe rpada cocTosiHHIT KOMITJIEKCa MOXHO 3aIlicaTh CHCTEMY OOBIKHOBEHHBIX TU(QepeH-
[UATHHBIX YPABHEHUH IS KOHIIEHTPAIIMA KOMIUIEKCOB B KaXKJIOM M3 COCTOSHUM, 8 TAK)KE OKHCICHHBIX
Y BOCCTaHOBJICHHBIX ()OPM MOOMIIBHBIX ITEPEHOCYMKOB JIEKTpOHA. B TOM citydae, Korma Hac WHTepe-
CYIOT 0COOCHHOCTH (DYHKIIMOHMPOBAHUS OJTHOTO THIIA KOMIUIEKCOB OTJEIBHO OT JPYTrUX KOMIIOHCHTOB
OTL, ynobHo nepeiiT kK (popMam3My OCHOBHOTO KHHETHYECKOTO ypaBHeHHs (master equation), B Ko-
TOPOM TIEPEMEHHBIMH SBIISIOTCS HE KOHIICHTPAIIUU COCTOSTHHI, & BEPOSTHOCTH HAXOXKICHUS KOMILIEKCA
B Ka)KJIOM M3 COCTOSTHUH. B Kaxk/(blif MOMEHT BpeMEHH CUCTEMa MOXKET OBITh OIHCaHa BEKTOPOM BEPOSIT-
HOCTEH P, COCTABICHHBIM U3 3HAUCHUH BEPOSTHOCTU HAXOXKICHUS KOMILICKCA B KaXKIOM M3 BO3MOKHBIX
coctosHui. CymMMa BceX BEpOSATHOCTEH (KOMITOHEHT BEKTOpa P) paBHa 1:

2=l (1)

3HAYEHMs KOMIIOHEHT JIeKar B quanasone 0 < p, < 1.

B ciayuae HecBs3HOTO Tpada s KaKI0H KOMIIOHEHTHI CBSI3HOCTH CyMMa BEPOSITHOCTEH HaXOXK-
JICHHSI KOMIIJIEKCa B KXKJIOM M3 COCTOSIHUH, BXOAAILINX B KOMIIOHEHTY, He Oy/IeT N3MEHATHCSI BO BpEMEHHU
1 OyleT paBHa CyMMapHOW BEPOSITHOCTH JUISL STUX COCTOSIHMW B HAYaJIbHOM COCTOSTHUH KOMILJIEKCA.

OCHOBHOE KMHETHUYECKOE YpaBHEHHE JUI1 BEPOSTHOCTH HAXOXKJCHHS KOMIUIEKCAa B KaXJIOM W3
COCTOSIHUI JIMHEITHO OTHOCHUTEIIBHO P:

— =A-D, 2

rae A — MaTpuIia, XapakTepHu3yrollas CKOPOCTH Mepexoia MKy COCTOSHUSMHU.

PaccMoTpuM 311€MEHTBI MAaTPHULIE & j» Tie | COOTBETCTBYET HOMEpPY CTPOKH, & ] — HOMEpY CTOJIO-
na. HeanaronasipHble s1eMeHTHl MaTpulbl A ONPENEIsIIOT CKOPOCTh YBEJIMUEHHS BEPOSITHOCTH HAXO0X-
JICHHsI KOMILJIEKCA B i-M COCTOSTHUU B 3aBHCHMOCTH OT BEPOSITHOCTH €r0 HaXOX/CHUS B |-M COCTOSIHUH
3a CYET COOTBETCTBYIOIICH SICMCHTAPHOW PEaKIMU. DICMEHT & j PaBeH HYJIO, €CJTH dJIeMEHTapHas
peaxiysi, MpUBOAAIIAs K TpaHC(HOPMALUH |-TO COCTOSHHS KOMIUICKCa B i-€, OTCYyTCTBYeT. Eciu Takast
3JIEMEHTApHAs PeaKlMs CyIECTBYeT U IMPOUCXOOUT 0e3 B3aUMOICHCTBHS C IPYyTrMMHU peareHTaMu (Ha-
npuMep, MOOUIBHBIMY TIEPEHOCYUKAME SICKTPOHA), JIEMCHT & j PaBEH 3HAYCHHUIO KOHCTAHTBI CKOPO-
CTHU 9TOU peakuuu. J{Js 2JIeMEHTapHBIX peaklUuii, B KOTOPBIX POUCXOAUT B3aUMOJEHCTBUE KOMILIEKCA
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C JIPyTMMH PEarcHTaMM, SNIEMEHT & ; PaBEH NPOM3BEJCHHIO KOHCTAHTBI CKOPOCTH PEAKIIMH U KOHIIEH-
Tpalny COOTBETCTBYIOIETO peareHTa. TakuM o0pa3oM, HelMaroHaJbHbBIE 3IIeMEHTHl MaTpULbl A Bceraa
HEOTPULATEIIbHBIL.

JluaroHasibHBIE JIEMEHTBI & ; XapAKTEPU3YIOT YMEHBIIEHUE BEPOATHOCTU HAXOKICHHUS KOMILIEK-
ca B I-M COCTOSHHU 3a CYET BCEX BO3MOXKHBIX JJIEMEHTApPHBIX PEAaKLUH, I KOTOPBIX 3TO COCTOSHHE
apisiercs cyoctpaTtoM. COOTBETCTBEHHO,

& = “Z 3 j» 3)

i, j#i

TO €CTh AMAaroHaJbHBIC 3JIEMCHTHLI NPEACTABIISAIOT c000#1 B3SITBIC C O6paTHLIM 3HAKOM CyMMbI HEAUAro-
HaAJIBHBIX 3JICMCHTOB KaXX10I'0O CTOJ'I6I_I3. MaTpuIbI A. COOTBGTCTBCHHO, JJIA KaXXa0ro CTOJ'I6I_Ia

2,3, =0. “)

Takoe oCcTpoeHHe MaTPHIIbI TAPAHTUPYET, YTO OHA SBISIETCS BRIPOXKICHHOHN U IO KpalHEeH Mepe OlHO
U3 ee COOCTBEHHBIX 3HaueHUi paBHO Hymio [Keizer, 1972]. DTo MOXXHO MOKa3aTh UCXOMIS U3 CBOMCTB
ompenenuTens MaTpuisl. [Ipu mo6aBieHn K 0001 CTPOKE MaTPHUIHI IMHEWHOW KOMOUHAIINN JIPYTUX
ee CTPOK OMpenenuTens He u3Mensercs. COOTBETCTBEHHO, BCIIEACTBHE (4) B MaTpuile A MBI MOXKEM 3a-
MEHHTB JIFOOYIO CTPOKY CTPOKOH, cocTosIel u3 Hysei. CieoBaTeIbHO, IIOCKOJIBKY OO MHOXKHUTEh
9JIEMEHTOB KaKOU-THOO0 CTPOKM MOXKHO BBIHECTH 32 3HAK OMPEACTUTENS, OMPEACTUTEb MaTPHUIIBl A pa-
BEH HYIIO, a 3HAYUT, IPOHU3BE/ICHIE COOCTBEHHBIX 3HAYCHHUU ATOM MATPHIIBI TaKKe PaBHO HYIO, YTO
BO3MO)KHO TOJIEKO B TOM CIIydae, €Clii 110 KpaifHel Mepe OJJHO U3 COOCTBEHHBIX 3HAUYEHHH PaBHO HYIIIO.

B Tom ciygae, ecnu rpad mepexoqoB MEXKIY COCTOSHHSIMU KOMIUIEKCA SIBJSICTCSI CHIIBHO CBSI3-
HBIM, TO €CTb JUIs1 JIF00OM Mapbl COCTOSIHUN | M | CYIIECTBYET Kak IyTh M3 | B |, TaK U IyTh U3 | B I,
HYJIIO paBHO TOJIBKO OJTHO M3 cOOCTBeHHBIX 3HaueHui [Keizer, 1972]; B npoTUBHOM cilyyae HYJIO OymyT
PaBHBI CTOJILKO COOCTBEHHBIX 3HAYEHUH, Ha CKOJIbKO KOMIIOHEHT CHIIBHOW CBSI3HOCTH pa3OuBaercs rpad
MePEeXo70B MEXJIy COCTOSIHUAMHU KoMIUIekca. be3 morepu oOGIHOCTH MBI MOYKEM paccMaTpuBaTh TOIBKO
CUTYAIIHIO, KOTJ[a BCE KOMIIOHEHTHI CBSI3HOCTH Tpada NMepexooB MEXKTy COCTOSHHUSIMH SIBIISTIOTCS CHITb-
HBIMU. DTO OINPABAHO TEM, YTO C TOUKU 3pCHHS (PU3MUECKON XUMHUU BCE PEaKIUK OOPATUMBI, YCIOBHO
HEOOpaTHMBIMH CYMTAIOTCS PEaKIINH, /ISl KOTOPhIX KOHCTaHTa paBHOBECHUS (OTHOIIEHHWE KOHCTAHT CKO-
poctu mpsMoit U oOpaTHOH peakiuii) oueHp Benuka. [lepeHymMepyeM COCTOSTHHUS Tak, YTOOBI CHadasa
IIUTH BCE COCTOSTHUS U3 OJHON KOMIIOHEHTHI CBSI3HOCTH, 3aTeM BTOpoH U T. 1. Torma marpuiia A mpumer
OJI0OYHO-MArOHANFHBIA BUII, U €€ OMPEICIUTENb OyIeT paBeH MPOU3BEICHUIO OMPEACIUTENei OI0KOB.
Kaxxnpiit 0110k 00s1a1aeT TEMU K€ CBOMCTBAMM, YTO M MATPHUILIA JJIsi CBA3HOTO rpada, a MMEHHO BBIPOXK-
JICHHOCTBIO M HYJIEBBIM COOCTBEHHBIM 3Ha4eHHEM. TakuM 00pa3oM, KpaTHOCTh HYJIEBOTO COOCTBEHHOTO
3HaueHUs OyJIeT paBHA KOJUYECTBY KOMIIOHEHT CHIIbHOM CBS3HOCTH rpada Mmepexo 0B MEX/y COCTOSHH-
ssMu. JlelicTBUTENbHAST YacTh OCTaJbHBIX COOCTBEHHBIX 3HaueHWH oTpuiarenbHa [Fernengel, Drossel,
2022]. Jlist mpoCTOTHI B JajbHENIIEM MBI paccMaTpuBaeM rpad, cCOCTOSIIMN W3 OFHOM KOMITOHEHTHI
CHJIBHOMW CBSI3HOCTH.

Haxoosrcoenue CMAUYUOHAPHO20 COCMOARUA KOMNJIEKCA

[TockonbKy meficTBUTENbHAS YaCTh BCEX COOCTBEHHBIX 3HAYCHUI MaTpUIbl A MEHbIIE WK paBHA
HYJIIO, TIpH t — +0co crcTeMa CTPEMUTCSI IPUATH B CTAIIHOHAPHOE cOCTOsiHEE P. B peanbHoil Gronoru-
YEeCKOM CHCTeMEe B3aUMOJAEHCTBHE OEIKOBOIO KOMIUIEKCA ¢ MOOMJIBHBIMHU IEPEHOCUNKAMH 3JIEKTPOHOB
MIPUBOJUT K M3MEHEHHMIO MX KOHIIEHTPALIMU B CPENe M COOTBETCTBYIOIIEMY HM3MEHEHHUIO 3JIEMEHTOB
Marpuis! A. B ToM citydae, eciii KOHIIEHTPAaLUU MOOHMJIBHBIX IEPEHOCUHMKOB 3HAYMUTENIBHO IMPEBbIIIa-
IOT KOHIIEHTPAINIO OEIKOBBIX KOMIUIEKCOB, 3TH U3MEHEHUSI KOHIIEHTPAIMK NMPEeHeOpekMMO MaJlbl, U Ha
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JOCTYIHBIX AJIs1 HAOMIONEHHUs BPEMEHAaX Mbl MOXKEM paccMaTpuBaTh NPUOIMKEHUE CHCTEMbI K KBa3H-
CTallMOHAPHOMY COCTOSIHMIO P IIPH MOCTOSHHOIN KOHIIEHTpPAllMH MOOWJIBHBIX NMEPEHOCYMKOB JIEKTPO-
Ha. [lockonbky Marpuna A 3aBUCHT OT IapaMETPOB SIEMEHTAPHBIX PEAKLUH U Pa3MEpoB U CTEICHU
BOCCTAHOBJICHHOCTH IYJIOB MOOHMJIbHBIX TIEPEHOCYHKOB DJICKTPOHA, BEKTOP P TaKkKe MOXKET paccMarpu-
BaThCs KaK (DYHKLHSI OT 3TUX [1apaMETPOB.

Bekrop p mponopuuoHaieH cOOCTBEHHOMY BEKTOpPY MarpHibl A, COOTBETCTBYIOLIEMY HYJIEBO-
My COOCTBEHHOMY 3HA4EHHIO, M, €CIM Mbl 3HAa€M COOCTBCHHBIC 3HAUCHMS U COOCTBEHHBIC BEKTOpA
MaTpHIlbl, MOKET ObITh HalJEH MCXOAA U3 TOTO, YTO CyMMa €ro KOMIIOHEHT paBHa efauHuie. OgHaKo
C BBIYMCIIUTEIBLHON TOUKH 3PCHUS TAKOH CIOCO0 HAXOXKICHMS KBAa3UCTALMOHAPHOTO COCTOSIHUS KpaiiHe
Hea(pdexruBeH. [IpuHUMas, 9TO B COCTOSHUU PaBHOBECHUS %—? = 0, U1 HaXOXKJICHUSI KBa3HCTAlMOHAD-
HOTO COCTOSIHUSI P JOCTaTOYHO PEIIUTh CUCTEMY JMHEHHBIX areOpandeckux ypaBHEHHUH

A-p=0. )

OnHoponHasi cucTeMa JMHEWHBIX ypaBHEHUI BCerna MMeeT TpHBHAlbHOE penreHue. ITockoib-
Ky detA = 0, To cucrema (5) umeer GeCKOHEUHOE MHO)KECTBO HEHYNEBBIX pemieHui. [IpumeM Bo
BHMMaHHUE, YTO HAC MHTEPECYIOT TOJIBKO T€ PEIICHUs, KOTOphIe YIOBJIETBOPSIOT ycioBuio (1). B Tom
city4ae, eciii rpad IepexoaoB ME¥kKIy COCTOSHHUSIMU KOMIUIEKCA SIBISIETCS] CHIIBHO CBSI3HBIM, MBI MOXKEM
3aMEHUTBH ypaBHEHHE VIS OJHOTO M3 COCTOSIHUM Ha 3aKOH COXpaHeHHs. J[JIs ompeneneHHOCTH caenaeM
9TO AJIsl TIOCJICHETO YPaBHEHUs, TOTJa Ul KOMIUIEKCa ¢ N COCTOSHUSIMH MBI TTOJYYHM CIIEIYIOLIYIO
CHCTEMY ypaBHECHUIA:

a a, A oy A n P, 0
R &Gy, o Hypng & n P, 0
: : - : S B A B (6)

a1 an—l,z an—l,n—l A in Pn-1
1 1 1 1 Pn 1

OGosnaunm Marpuily A ¢ TOCIEIHEN CTPOKOH, 3aMEHEHHOW Ha €IMHHUIbI, KaK A, a BEKTOp,
COCTOSIINH U3 N— | Hysel U MoCIeHel eaUHUIIBI, — Kak b, Torma MBI MOJKEM 3alicaTh ypaBHeHue (6)
KakK

A -p=b. (©)

B paborax [Hill, 1966; Schnakenberg, 1976; Fernengel, Drossel, 2022] naHbl J10Ka3areibCTBO
€IMHCTBCHHOCTH DEIICHUS CUCTEMBbI (6'), a TakKe CIOCOOBI MOCTPOCHUS CTAIMOHAPHOTO COCTOSHHS
U PEIICHHUS] OCHOBHOI'O KMHETHUYECKOTO YPaBHEHUSI.

Mooenuposanue nepexoonvlx npoueccos

W3MeHeHHe CTEleHU BOCCTAHOBICHHOCTH IYJIOB MOOMJIBHBIX IEPEHOCYMKOB 3JIEKTPOHA BIIC-
4eT 32 co00M M3MEHCHHE 3HAUYCHHUH SJIEMEHTOB MATPHIIBI CKOPOCTEH IEPEXOM0B MEKIY COCTOSHUSAMHU
U MPUBOJUT K MEPEXOIHOMY MIpoIiecCy B OeNKOBOM KomIuiekce. i ero MojenupoBaHusi HeOOXOIUMO
HAfTH 3aBUCHMOCTh BEKTOpa BEPOSTHOCTEH P oT BpeMeHH {. MBI paccMaTpuBacM CHUTYAIMIO, KOIZa
B HYJCBOH MOMEHT BPEMEHH MPOUCXOJUT CKAYKOOOpa3zHOE M3MEHEHHE MapaMeTPOB CHUCTEMBI. bymem
CUMTarh, 4TO B 0-ii MOMEHT BPEMEHH CHCTEMA XapaKTEPU3YETCsl MATPHIIEH CKOPOCTEH A ) M HAXOMUTCS
B COCTOHMM PaBHOBecHs . BeKTop BepOATHOCTEH P, MOKHO pACCUMTAaTh KaK PEIIEHHE YpaBHE-
Hust (6”) U MaTpPHULIBI AO. Heobxomumo HaiiTh pernenue 3amadu Ko

dp

— =A.p,

ot P )
p(0) = p,.
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Pemenue 3To# 3amaun 3agaeTcss MaTPUYHOM SKCIIOHEHITHAIBHON (DyHKITHEH:

p(t) = p, - M. (®)

ITockonbky Hac uHTepecyroT 3HaueHHus P(t) s OOJIBIIOro YHcia Pa3lIn4yHbIX MOMEHTOB BpEMEHH t,
HaM HeoOXoauM 3P (EKTUBHBIA ¢ BEIYUCIUTEILHON TOUKU 3pEHUs ClI0cO0 HAXOKICHUS 3TOU (QYHKIIHH.
OnTruManbHBIM IIPEACTABIACTCS HOUCK (yHIAMEHTAJIBHON CUCTEMBI peLIeHU i ypaBHeHus (2). s
€€ HaXOXKJIEHHs HY’KHO BBIYMCIIUTH 171 MaTpuibl A 1paBele coOCTBeHHbIE BekTopa ER; u cobcTBenHbIC
3nHayenus EV,. OOuee penienre 0OCHOBHOTO KHHETHYECKOTO YPABHEHHS MOXKET OBITh 3alIHCAHO B BUJIE

p(t) = > m- et ER,, ©)

e M — NPOM3BOJILHBIE MHOKHUTENM. YTOOBI HAHTH YaCTHOE PEIIEHUE, COOTBETCTBYIONIEE HAYATLHOMY
YCIIOBHIO P, HEOOXOAMMO PEIIMTH CHCTEMY JIMHEHHBIX AlreOpanvecKux ypaBHEHUHI

ER-m=p,, (10)

rne ER — matpuna, coctaBneHHas u3 COOCTBEHHBIX BEKTOPOB MaTpHibl A, a M — BEKTOpP, COCTaBIIEH-
HBIA M3 MHOKHTENCH M.

Jl1s HaxoXK/IeHUsI COOCTBEHHBIX BEKTOPOB 1 COOCTBEHHBIX 3HAUEHHUI MATPHUIIBI OOBIYHO MATPHUILY
pUBOIAT K hopme XecceHOepra, mocie 4ero uermonb3yor QR-anroput™m [Anderson et al., 1999]. Uto-
OBl YMEHBIIUTH CBA3AHHBIE C YHCICHHBIMHU METOJAMH OIIMOKH, MOYKHO BOCIIOJIB30BATHCS AllPHOPHBIM
3HaHHEM O COOCTBEHHBIX 3HAYEHHSIX U COOCTBEHHBIX BekTopax Marpuusl A. ITockonbKy B ciiydae mod-
HOCBSI3HOTO Tpad)a COCTOSIHUH KOMIUIEKCa Marpuia A MMEET POBHO OJHO HYJIEBOE COOCTBEHHOE 3Ha-
YEeHHUE, @ COOTBETCTBYIOIIUI eMy COOCTBEHHBII BEKTOP MOXKET OBbITh BBIYMCIICH PELICHUEM YPAaBHEHUS
Buza (6’), MBI MOJKEM TakvM 00pa3oM YTOUHHTBH pe3yJbTaThbl, MOIXyUYeHHbIe ¢ moMompio QR-anropur-
ma. Cymma (9), 3aparomasi pemeHne OCHOBHOIO KMHETHYECKOIO YpaBHEHUS, Ipu t — +co cTpeMuTCs
K cJaraeMoMy, COOTBETCTBYIOIIEMY HYJEBOMY COOCTBEHHOMY 3HaueHHIo. lIpum 3ToM camo permieHue
CTPEMHUTCSL K CTAllMOHAPHOMY (CM. mpeabaynmii paszen). Takum 0O6pasom, MHOXKHUTENb My, COOTBET-
CTBYIOIIMH HaiJeHHOMY W3 ypaBHEHHUs (6”) COOCTBEHHOMY BEKTOpY, PABSH E€ANHHMIIE.

Ilepexoo om eekmopa éepoamuocmeii K MAKpOnapamempam cucmemol

BekTop p 3aBUCHUT Kak OT 3HAQYEHUI KOHCTAaHT CKOPOCTEM BCEX NIEMEHTAPHBIX PEAKLHUU B KOM-
IUIEKCE, TAK M OT KOHLEHTPAIMH BHEIIHUX PEAreHTOB, C KOTOPBIMH B3aMMOJECHCTBYET KOMILIEKC. Takum
00pa3oM, BapbUpys STH MMapaMeTpbl, Mbl MOXKEM yYCTAaHOBHTbH, KAKAUM 00pa3oM WX M3MEHEHHE CKa3bIBa-
eTcs Ha COCTOSIHUM KoMIulekca. OmHaKo, BBUAY OONBIIONH pa3MEPHOCTH BEKTOpa BEPOSTHOCTEH, IIpea-
CTaBJICHHE COCTOSHUS KOMIUIEKCA B BUJE TAKOI'O BEKTOpPA HE IO3BOJISIET HAIISJHO OLICHUTh, B YEM
3aKJIIOYAIOTCS] BBI3BaHHbIE M3MEHEHHEM MapaMeTpOB M3MEHEHHUS B COCTOSHMM KoMIuIlekca. UToObl mo-
JTy4uTh Oosiee yroOHOe IpelCcTaBIeHIe, HEOOXOIMMO Ha OCHOBE JETAIbHOIO OIMCAHHS COCTOSIHUS KOM-
TUIeKCa B BHJIE BEKTOPA BEPOATHOCTEH MOyUUTh €r0 YIPOIIEHHOE OMUCAaHNUE B BHJIe HAOOpa CKaISIPHBIX
MaKpornapameTpoB.

HanGonee oueBUIHBIM U3 TAKUX MaKpONApaMETPOB SIBISACTCS J0JIS KOMIUIEKCOB, B KOTOPBIX KOH-
KPETHBIA aKTUBHBIN LIEHTP HAXOAUTCS B OLPENEICHHOM COCTOSIHUM. [[J1s1 BBIUUCIEHMS 3HAUEHUS! TAKOrO
MakpoIrapamMmerpa HeoOXOIUMO MPOCTO MPOCYMMHUPOBATh T€ KOMIIOHEHTHI BEKTOpa P, KOTOPBIE COOT-
BETCTBYIOT HYXXHBIM COCTOSIHUSIM. B BEKTOpPHOM BHJI€ 3TO MOXET OBITh 3alCaHO KaK CKaJIsipHOE Ipo-
U3BEJICHNE BEKTOpa P M BEKTOpa S, KOMIOHEHTHI KOTOPOIO PaBHBI €IMHUIIE JUIsI MHTEPECYIOIINX Hac
COCTOSIHUI KOMIIJIEKCA U HYJIIO — JUIS BCEX OCTaJIbHBIX COCTOSHUI:

X=s-p. (11)

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJITUPOBAHUE
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CxoxuM O6pa30M MbI MOXEM OIIPCACINTD Ha6J'I}0ILaIOH_IyIOC$[ B CTAllUOHAPHOM COCTOSSHUU CYM-
MapHYI0 CKOPOCTb KaKoi-1100 31eMeHTapHON peakiuu (Hampumep, TPAaHCIOpTa IEKTPOHOB) B KOM-
IJICKCC KaK CYMMY CKOpOCTeﬁ peaKHI/Iﬁ MCKY BCEMHU BO3MOKHBIMU COCTOSAHUSAMH KOMIIJICKCA. BKJ‘IaI[
KaXXJ0ro COCTOsIHMA B CYMMApPHYIO CKOPOCTH IMOJIOKHUTEJICH, €CJIM COCTOSHHE BBICTYNIACT B Ka4€CTBC
cyOcTpara peakluy, OTPHIATSIICH JJIA MPOAYKTAa PEaKIUH W paBEH HYJIO JJIS COCTOSHUWH, HE y4acT-
BYIOIIMX B JaHHOW peakuuu. B BEKTOPHOM BHJE 3TO TaKXKe MOXET ObITh 3allMCaHO KaK CKaJISIpHOE
IMPOU3BCACHUC!

v=_cC-p, (12)

r7e KOMIIOHEHTHI BEKTOpa C PaBHBI HYJIIO Uil COCTOSIHUM, HE YYaCTBYIOLIUX B PEAaKLIUU, KOHCTAHTE CKO-
POCTH TIPSIMOW peaKkIui — IS COCTOSHUM, SBISFOIIUXCS CyOCTpaToM peaklnd, W B3ATOW C 0OpaTHBIM
3HaKOM KOHCTAHTE CKOPOCTH OOpPaTHOM peakIuu — JAJs COCTOSHMMN, SBIAIOIIUXCS NMPOAYKTOM peak-
mun. s peaknuii BTOPOTO MOpSIKa C Y4acTHEM MOOWIIBHBIX MEPEHOCUYHKOB JIEKTPOHOB KOHCTAHTHI
CKOPOCTH JJOMHO)KAIOTCSl HAa KOHILIEHTPAIMIO COOTBETCTBYIOIIETO MEPEHOCUUKA.

Taxoit moaX0 K MONYYCHUIO CKASIPHBIX XapaKTEPUCTUK aHCaMOMIsl OETKOBBIX KOMILIEKCOB MO-
JKeT OBITh WCIOJIb30BaH KakK MPH ONHCAHWHU JWHAMHUKHU TIOBEJICHUS CHCTEMBI, TaK W Ul OIHCaHUS ee
KBa3UCTAIMOHAPHOTO COCTOSIHUSA. [10CKONBKY 3HaueHNE BEKTOPA ) 3aBUCHT OT 3HAYCHUI KOHCTAHT CKO-
poCTel 3IIEMEHTapHBIX peakUrid U OT KOHLIEHTPALM BHEIIHUX PEareHTOB, 3HAYEHUs! CKaJISIPHBIX BEJIU-
9UH X ¥ V, BEIYHCICHHBIX 110 ypaBHeHUAM BuAa (11) u (12) 11 KBa3UCTAITMOHAPHOTO COCTOSTHHS, TaK)Ke
OyayT 3aBHCETHh OT ITUX MapamMeTpoB. B mampHeliemM Mbl OyIeM pacCMaTpuBaTh 3aBUCUMOCTH TaKHM
00pa3oM OIpe/eNICHHBIX BEIMYMH OT CTEIIEHW BOCCTAHOBJICHHOCTH ITYJI0B MOOWIIBHBIX NEPEHOCYHUKOB
QNIEKTPOHA W APYTUX BHEUIHUX YCIOBUH Kak (DYHKIUH OTKIHMKa (response functions) Iuisi COOTBETCTBY-
IOIIMX COCTOSHUH M TmporeccoB. BaxkHol (hyHKIMEH OTKIIHKA, XapakTepU3yIolled TpaHCMeMOpaHHbIE
JIEKTPOH-TPAHCIIOPTHBIE KOMILIEKCHI, SIBIAETCS CKOPOCThH ITOTOKA 3JIEKTPOHOB MEXTY ITylTaMU MOOMIIb-
HBIX IIEPEHOCUUKOB 3JIEKTPOHA Yepe3 3TH KOMILIEKCH. [I0CKOIBKY MEpeHOC NMEKTPOHA MEXKIY AOHOP-
HOM WM aKIEMTOPHON CTOPOHOM KOMIUIEKCa OOBIYHO BKJIIOUAET HECKONBKO IMOCIEIOBATCIBHBIX CTAIUH,
BbIOOp BeKkTOpa KO3(D(UIIMEHTOB C TS pacdyeTa KBa3UCTAlIMOHAPHOTO MOTOKA V SBIISIETCS HEOJHO3HAU-
HBIM: JIsl OTIPe/esiCHUs] (PYHKIIUU OTKJIMKA MOXET ObITh MCIIOJIb30BaHa JIt00asi U3 TMOCIIe0BATCIbHBIX
CTaAUM AJIEKTPOHHOIO TPAHCIIOPTA, MIOCKOJIBKY B 3TUX YCIOBHUSIX CKOPOCTU MOCJEA0BATEIbHBIX CTaIuN
OJIMHAKOBHI. B TO ke BpeMs JUHAMHUKA U3MEHEHUS BEJIMYUHBI V Ui 3TUX MOCIENOBATENbHBIX CTAIUN
B XOJI€ TEPEXOHOTO MPOIecca MOXKET CYIIECTBEHHO Pa3INyaThCs.

CTpyKTypa H 0c00eHHOCTH (PYHKIMOHHPOBAHHUS IHTOXPOMHOIO
p f-komILIEeKCA

PaccMmoTpuM mpeioskeHHbBIH MOX0A Ha puMepe QYHKIMH OTKIIMKA JJIST OTHOTO M3 KOMIIOHEH-
T0B (portocunrernyeckoir OTL — nuroxpomuoro b, f-kommiekca. Lnuroxpomusiii b f-kommnexe BbI-
CTyIaeT B KaueCTBE IICHTPAIHHOTO Xaba, uepe3 KOTOPBIA MPOXOAUT KAaK JIMHEHHBIN MOTOK AIICKTPOHOB
or ®C2 x ®CI, Tak ¥ UMKIMYeCKHi MOTOK dnekTpoHoB BOKpyr OCI. b, f-kommekcr mpocrarouno
PaBHOMEPHO PaCIpECICHEI 10 BCEH TUIAKOMIHONW MeMOpaHe ¥ UMEIOT MPAKTHUECKH OJMHAKOBYIO ITO-
BEPXHOCTHYIO TUIOTHOCTh KaK B TPaHaJbHBIX ydacTKax, rae mnpeobmagaer @C2, Tak U B CTPOMAIBHBIX
yuacTkax, rae npeodmnagaer ®C1 u ATdaza [Albertson, 2001; Kirchhoff et al., 2007; Johnson et al.,
2014]. Oxucnenue MIACTOXMHOHA IMTOXPOMHBIM D f-KOMILIEKCOM CONPSIKEHO € MEPEHOCOM MPOTO-
HOB W3 CTPOMEI B JIIOMEH U (pOPMHUPOBAHUEM TPAHCMEMOpPAHHOTO TrpaaueHTta pH, HeoOXoaumoro st
cunre3a AT®. Kpome ydacTusi B 3JIeKTPOHHOM M IIPOTOHHOM TPAHCIIOPTE, MPEIoiIaraeTcs, 4To UTo-
xpomHublil D, f-KomIuieke BBITIONHAET U perysaTopHyto (QyHKIHIO, y4acTBysl B aKTUBALMK Stt7-KUHA3bI
(y muxpoBonopociieil) 1 STN7-kuHa3sl (y BBICIINX PACTCHHIA) MPH YBEIMYCHUN CTEIICHU BOCCTAHOB-
JICHHOCTH T1yJIa TUTACTOXMHOHOB. DTa aKTHBALUS MPUBOIUT K GochHOpUIMPOBaHIIO OEIIKOB CBETOCOOU-
parorero xkomiuiekca LHC2 u ux nepexony ot @C2 x ®C1 (state transition), 4To IPUBOAUT K yMEHbIIIE-

2024, T. 16, Ne 4, C. 997-1022




1006 C.C. Xpymes, II. B. ®ypcosa, T. 0. IImtocauna, I FO. Puznnyenxo, A. b. Pyoun

HUIO JIMHEHHOTO ITOTOKA JIEKTPOHOB 10 CpaBHEHUIO ¢ mMUKIMdeckuM [Shapiguzov et al., 2016; Finazzi,
Minagawa, Johnson, 2016; Singh et al., 2016].

Jo 2003 roma mpearoiarajgoch, 4To MeXaHW3M (YHKIMOHHPOBAHHS STOTO KOMIUIEKCA B Iie-
JIOM aHAJOTMYEH MEXaHH3My, HOAPOOHO M3YYEHHOMY JUIi MHUTOXOHIPHMAJbHOro Komruiekca bC, (ko-
9H3UM Q — IUTOXPOM C peayKTas3a), U MPEICTaBIseT co00il BapHAIMIO MPEATIOKEHHOTO MHUTUYEIIOM
Q-mumkna. Onnako /[1. llltpEoenem ¢ coaBropamu [Stroebel et al., 2003] ObUI0 yCTaHOBICHO, YTO B Caid-
T€, TOMOJIOTHYHOM Q,-caiiTy Kommekca bc,, B mutoxpomuom b f-xommiekce pacnonoxken eme onun
reMm C-tuna C,. B 2022 romy [Szwalec et al., 2022] ObIIO YCTaHOBICHO, YTO COOTHOILICHHE OKHC-
JIUTENEHO-BOCCTAHOBUTENBHBIX TIOTEHIMANOB TeMOB Tuna b B xommiekcax be, u by f pasmmuaercs:
B KOMIUIEKCE DC, moTeHuman rema, pacnonoeHHOro BOimsu Q-caiita, HUXKe, YeM NOTEHUHMAN IeMa,
pacnonoxkenHoro Bomusu Q,-caiira, a B kommekce b, f — naobopor. B pesyinbrare nepeHoc >1neKTpoHa
B xoz1e Q-1MKIIa B IMTOXpoMHOM by f-KomIiiekce omKeH OBITh CyIIECTBEHHO 3aTPY/IHEH [0 CPABHEHHIO
C KoMILIeKcoM b, .
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Puc. 2. Cxema nepeHoca 3€KTPOHOB B 1uTOXpoMHOM by f-kommnexce. Q, n Q, — caiiTbl cBA3bIBaHMS MUIa-
CTOXMHOHA, PACIIOJIOKCHHbIC HA JIFOMHHAJILHON (p) U CTPOMaIBHON (n) cropoHe komiuiekca, CytB) u CytB, —
LUTOXPOMBI ¢ TeMoM b-tuma, CytC, — tmroxpom ¢ remom C-tuma, CytF — mmroxpom f ¢ remom moxudummpo-
BaHHOTO C-THIA, FeS — jxene3ocepHslii ieHTp Pucke, Fd — MOOWIBHBIN MepeHOCUHK IeKTpoHa PeppeloKCHH,
Pc — MOOWIIBHBIN MEPEHOCUYUK IEKTPOHA TUIACTOIMAHUH. B caifTax CBsA3bIBaHUS IIACTOXMHOHA ITOKA3aHbI CTa-
JMH OKHMCJIEHHS U BOCCTaHOBJIEHHs TLIACTOXMHOHA OT okucienHoro (PQ) mo Boccranosnennoro (PQH,) 4epes
MIPOMEKYTOYHOE CEMIXHUHOHHOE cocTostHre SQ ™. [l xene3ocepHoro IeHTpa Prucke nHmekcamu b 1 ¢ TOKa3aHbI
JiBa €0 HON0XKeHHs: — BOImM3HU Q,,-caiiTa 1 BOIM3H LUTOXpOMa f. CuHuMM cTpenKaMu MMoKa3aHbl PEaKIUK IIEPEHO-
ca dJICKTPOHA, HATIPABIICHHE CTPEIKH COOTBETCTBYET MPEUMYIIIECTBEHHOMY HAINPaBICHUIO peaknuu. [IyHKTHpHas
CTpelIKa [OKa3bIBACT [EPEHOC JMIEKTPoHa Mexay remamu CytB , oTHOCAMMMUCS K Pa3HBIM MOHOMEpaM B JH-
Mepe. 3eJICHBIMU CIUIOIIHBIMU CTPEIKAMHK TIOKa3aHbl TICPEMEIICHHUE JKEJIC30CEPHOTO IIEHTPa Prcke ¥ MOJICKYIIbI
IIACTOXMHOHA B Q-cafite. CepbIM MoKa3zaHa TUIAKOMAHAs MeMOpaHa. MannHOBBIM (OHOM BbIAENEHA YacTh
KOMIIJIEKCa, BBICTYIAONIAs U3 THIAKOMIHOW MEMOpPaHBI B JIIOMCH

CoBpeMeHHbIE MPEACTaBICHUS O MeXaHW3MaxX (YHKIMOHWPOBAHHS ITUTOXPOMHBIX KOMILIEK-
coB bc, n b,f mompo6uo paccmorpenbl B 0030pHbIX cTathix [Tuxomos, 2023; Tikhonov, 2014;
Tikhonov, 2024; Sarewicz et al., 2021]. Tem He MeHee Ha JAHHBIH MOMEHT CPEOH OHOJIOTOB HET
TIOJIHOTO MOHMMAHHs TOTO, KaK MMEHHO (yHKIMOHUpyeT b f-kommuieke, nosromy npu cocrasnenuu
MaTeMaTH4eCcKOM MOZENH MBI TOCTapaluCh YYeCTh BCE BO3MO)KHBIE PEaKIMH IepeHoca SJIEKTPOHA
B 3TOM KoMIUIeKkce (puc. 2). Merommuecs naHHbIE 0 KHHETUYECKUX MapaMeTpax OKUCIUTEIHHO-BOC-
CTAHOBUTEINIbHBIX PEAKIUH, MPOTEKAIONIMX B LIUTOXPOMHOM by f-KomIIekce, B OCHOBHOM OTHOCATCS HE
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K 3JIEMEHTapHbIM PEakUUsM IIepeHOca ICKTPOHA B KOMIUIEKCE, a XapaKTePU3yIT CyMMapHYIO peak-
IIUIO0 OKHCIIEHHs OO BOCCTAaHOBJIEHUS SK30T€HHOTO JIOHOpPA JHOO0 aKIenTopa 3JIeKTPOHOB. ITO 00y-
CJIOBJICHO CJIO)KHOCTBIO HKCIICPUMEHTAJILHOTO MCCIICOBAHMUS IIapaMeTpoB 3THX peakuuid. B kauectse
PE/IOKC-IIEHTPOB B COCTaB IUTOXPOMHOTO D f-KomILIeKca BXOIAT YeThipe remMa ¢ J0CTaTOuHO GIU3KH-
MU CIIEKTPAIbHBIMHU XapaKTEPUCTUKAMU, YTO 3aTPYAHSCT ONPEACICHHE PEIOKC-COCTOSHUS KKIO0I0 U3
HUX ONTHYECKUMH MeTofaMH. MccienoBaHue AWMHAMHUKU COCTOSHUI BO BPEMEHH TaKKe 3aTPYAHEHO:
B TO BpeMs Kak Ul 3alycka mpouecca B ¢orocucteMax 1 M 2 MOKHO HMCHOJIB30BAaTh BCIIBILIKY CBE-
Ta, 3aMyCK peakIuil B UTOXPOMHOM KOMILJIEKCE BO3MOXKEH TOJBKO 3a CUET JA00aBIEHHS 3K30T€HHBIX
JOHOPOB HM/MJM aKLENTOPOB 3JIEKTPOHOB, M3-32 YEro HCCIEIOBaHUE HambOoee ObICTPHIX IPOLECCOB
B OKCIIEPUMEHTE OKa3bIBAETCS YPE3BBIYANHO CIIOKHBIM.

BhliensnoxeHHoe ABISETCS MPUYMHOM TOTO, YTO BCE CO3MaHHbIE paHee Mozenu b f-kommexca
OBUTH M3HAYAIBHO YIPOIIEHHBIMU. YacTh EPEHOCYMKOB allpHOPHO PAcCMaTpUBaach KaK HaXOASLIME-
cst B OBICTPOM paBHOBeCHH (HarpuMmep, xkene30cepHsbiit eHTp Pucke u rem f B padore Ixanan Kamamu
¢ coaBropamu [Kamamu u 1p., 2004] u remsr b, u C, B padore /1. JIazapa [Lazar, 2009]), a okuciauTens-
HO-BOCCT@HOBHTEJIbHBIE PEAKIMH C YYaCTHEM MOOMIBHBIX EPEHOCUHKOB 3JIEKTPOHA PacCMaTPHBAIUCH
Ha OCcHOBE (popManm3Ma 3aKoHa JEHCTBYIOLIMX MacC KaK XUMHUYECKHE PEakUuu BTOporo nopsiaka. Ox-
HAKO TaKoe YIPOIIEHHE MOXKET MPHUBECTH K CYIIECTBEHHOMY HCKaKEHHIO KMHETHKHM 3THX peakLui,
TaK Kak, B 3aBUCHMOCTH OT KOHLIEHTPAllMd MOOMJIBHBIX [IEPEHOCUMKOB U CTEIIEHH BOCCTAHOBJICHHOCTH
UX TYJOB, JTUMUTHPYIOMIEH CKOPOCTh CTagued IUId OTUX Peakiuil MOXKET ObITh Kak Au(PPy3uOHHOE
cONMMKEHUE PeareHTOB (1 B TAKOM CIIy4ae KHHETHKA Peakluy OyIeT COOTBETCTBOBATh PEAKIIMH BTOPOTO
HOPSIIKa), TAK U [IEPEHOC EKTPOHA B YK€ 00pa30BaBLIEMCsI KOMIUIEKCE, COCTOSALIEM M3 LIUTOXPOMHOTO
b, f-KkomIIeKca 1 MoTEKyIBI MOOUIIBHOTO TIEPEHOCYNKA (YTO MPUBENET K KUHETUKE PEAKIMH MEPBOTO
HOPSIKA) WIK e OTCTHIKOBKAa MOOMJIBHOTO IIEPEHOCUUKA OT KOMIUIEKCA (YTO TaKkKe NPUBOAUT K KUHE-
THKE MIEePBOTO MOpsKa). B cBsI3M ¢ 3TMM B JaHHOM paboTe MBI OTKA3alUCh OT YIPOIIEHHOTO PaccMOT-
PCHUS TaKUX PEAKLMH M paccMaTpUBacM PEaKLUH C Y4aCTHEM MOOWIBHBIX NEPEHOCYHKOB JIEKTPOHA
KaK TpEeXCTaJUuIHbIE.

CriestyeT OTMETHTB, YTO B IMMEPE MUTOXPOMHOTO b f-KomITekca Mex ity MoHOMepamu 00pasy-
€TCsl TOJIOCTh, KOTOPAsi MOKET CHIOCOOCTBOBATH HAIPABJICHHOM JM((Y3HH IIIACTOXHHOHOB MEXy Q-
u Q,-caiitamu. Ilomyuennsie B 2023 rogy naHHbIE O CTPYKType KoMiulekca [Sarewicz et al., 2023] no3-
BOJISIOT HPSATIOIOKHTE, YTO caM Q,-CaliT Tak)Ke MMEET CIIOKHYIO OPraHU3aLUIO U ISl OCYIECTBICHNUS
peaknuii Q-1uKIa HEOOXOAMM TEPEHOC CEMHUIIACTOXMHOHA BHYTPH KaHalla, BEIYLIETO0 OT BHEIIHETOo
Kpas IUTOXPOMHOTIO KOMILJIEKCA K BHYTPEHHEH ITOJIOCTH 0OMeHa XMHOHOB. B naHHO# pabore MbI npu-
HUMAaJId BO BHUMAaHHE, YTO MEPEHOC JIEKTPOHA MEXKIY IUIACTOIMIPOXUHOHOM M )KEJIE€30CEPHBIM IIeH-
TpoM PrcKe n MEKITY IIIACTOCEMUXMHOHOM H LIATOXPOMOM b)) IIPOMCXO/IUT NIPH Pa3HOM PACTIONOKEHNN
MOABMKHOTO MEPEHOCYHKA, OHAKO B SIBHOM BHJIE JBM)KEHHE MOJIEKYJIBI IO KaHAJIy HE paccMaTpHBaIIH.

Hapamempbt djiemernmapHslx peakuyuu 6 yumoxpommHom b6 f-komnnexce

CormocTaBieHue UMCIOMINXCS B JIUTEPAType MAHHBIX O KOHCTAHTaX CKOPOCTH MPOUCXOISIINX
B IUTOXPOMHOM D, f-KoMIIeKce peakimii ¢ KOHKPETHBIMU 3IEMEHTAPHBIMU PEAKIIUSAMH 3aTPYTHUTENb-
HO, a pa3dpoc OMyONMKOBAHHBIX 3HAUCHUH BeCbMa 3HauuTeNleH (Tadnuua 1). B ¢Bsi3u ¢ 3TUM B JaHHOM
paboTe Ui OIICHKH KOHCTAaHT CKOPOCTH 3J€MEHTApHBIX PEeaKklIWi MBI HCIIOJIb3yeM OIIEHKH, TOTy4eH-
HbIC Ha OCHOBE moytyueHHbIX B 2022-2023 romax paHHbIX [Szwalec et al., 2022; Sarewicz et al., 2023]
O CTPYKTYpe LMTOXPOMHOTO by f-KomIiekca n BelMYMHE OKHUCIMTENBHO-BOCCTAHOBUTENBHBIX MOTEH-
[[UAJIOB BXOJISIIUX B €r0 COCTaB KOPAKTOPOB.

K. Mozepom u II. Jlarronom [Moser, Dutton, 1992] na ocHOBe Teopun Mapkyca mpeagokeHa
noysMIuprueckas gopmyma

3,1(AG - 2)?
/l b
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Tabnuna 1. PaccrosHue R Mexty JOHOPOM M akIENTOPOM 3JIEKTPOHA, JIBIDKYIIas cuia peakuun AG, KOHCTaHTa
paBHOBecHus peakiui K, KOHCTaHTBI CKOPOCTH MPSIMOM (knp) U oOpaTHOH (k06p) peaknuu mepeHoca dJIeKTpoHa
MEX/Ty KOMIIOHEHTaMH ITOXPOMHOTO b f-KoMmekca 1o JaHHBIM PasIMYHBIX HCTOYHHKOB M TI0 OLIEHKaM, T10-
JydeHHBIM B JaHHOHW pabore. Eciau He yka3zaHO MHOE, PACcCTOSIHUS TPUBECHBI JIJIST CTPYKTYphl Komruiekca PDB
ID: 7QRM [Sarewicz et al., 2023]. [Tomy>kupHbIM MIPU(TOM BBIJEICHBI 3HAYEHHS, MCIIOIb30BAHHbBIE B JaHHOM
pabore. Pc — mnacrounanun; Fd — deppenokcun; FeS, u FeS, — xenezocephsiii uentp Pucke miactoxunoHom
B cOmukeHHoH ¢ Q,-caiitom b-konpopmaimu u commkennoi ¢ remom f c-xondopmarmu; b, (1) u b,(2) — remsr b,
ABYX MoHOMepoB B puMepe; (Q7/QH,), — OKUCIIeHHE IACTOIHAPOXMHOHA 0 IUIACTOCEMUXHHOHA B Q -caiite;
(Q/Q")p1 — OKHCJICHHE IIJIACTOCEMUXHMHOHA J0 IIACTOXWHOHA B THITOTETHYESCKOM IOJIOKESHHH, COOTBETCTBYIO-
IIEM €ro MaKCUMaJbHOMY COJMKCHUIO C FeMOM bp; (Q/Q™), m (Q7/QH,), — nByXcTanuiiHoe BOCCTAHOBJIEHHE
IJIACTOXMHOHA B Q) -caiite

Jonop Akuenrrop | R A | AG, moB K o €7 Kygps ¢! HMcTouHuK
(Q7/QH,), FeS, 7,2 +85 0,04 4.10" 10° oreHka 1o ¢opmyse (13)
0,18 500 [Kamamm u np., 2004]#
1 476 [[demun, Becrepxodd, Xononenko, 19987]%
200 [Hope et al., 1992]*
7850 [Berry, Rumberg, 20007
(QQ7),, rem b, ~ 14% -85 28 8- 10 3000 onenka 1o dopmyse (13)
1,29 900 [Kamamm u np., 2004]#
108 7668 [[demun, Becrepxodd, Xononenko, 19981%
1 650 [Berry, Rumberg, 2000]"
reMm C, (QQ™), 4,2 +210 3-10% | 7-10° | 2-10% oreHka 1o ¢opmyse (13)
remC, |(Q7/QH,), | 42 -340 | 6-10° | 8-10% 108 omenka o popmye (13)
rem b, (QQ™), 9,5 +55 0,1 6-10° | 5-107 onenka 1o dopmyse (13)
450 1500 [Kamamu u mp., 2004]"
3.2 1,6 - 10* [[demun, Becrepxodd, Xononenko, 1998]%
2.4 407 [Hope et al., 1992]*
1,25 2000 [Berry, Rumberg, 20007
rem b, (Q7/QH,), | 9.5 —495 2108 10° 5 onenka 1o dopmyse (13)
5 1370 [Kamamu u ap., 20047
5,07 7605 [Mlemun, Bectepxodd, Xomonenko, 1998]"
1,25 2000 [Berry, Rumberg, 20007
FeS, rem f ~ 117 -70 15 4.10° | 3-10° onenka 1o dopmyse (13)
200 [Soriano et al., 2002]
rem f Pc 12,4 +30 0,3 2-10° | 5-10° onenka 1o dopmyse (13)
3000 [Soriano et al., 2002]
62 [Modi et al., 1992]
2,8 [Meyer et al., 1993]
26 [Kannt, Young, Bendall, 1996]
rem b, rem b, 12,9 +30 0,3 8-10* | 3-10° onenka 1o dopmyse (13)
10 527 [Kamamu u zip., 2004]
22,6 8224 [Aemun, Becrepxodd, XomoneHko, 1998]*
7 2300 [Crofts, Wraight, 1983]
40 10° [Hope et al., 1992]*
rem b, rem C, 18,1 -125 130 500 4 onenka no gopmyse (13)
rem b, reMm C, 5,0 -155 400 | 5-10% 108 onenka no dopmyrne (13)
rem by(1) | rem b,(2) 16,0 0 1 1700 1700 oreHka o gopmyse (13)
FeS, FeS, — — 1 8-10* | 8-10* [Millett, Durham, 2004]
Fd rem C, ? -475 108 ? ? onenka 1o dopmyie (13)

& _ PaCCTOAHUC B I'MIIOTETUICCKOM IIOJIOKEHUU, COOTBETCTBYIOIIEM MaKCUMaJIbHOMY COJIMIKEHUIO TJIACTOCEMUXUHOHA C Te-

MoM b
" — par():CTOSIHI/Ie anst crpykrypsl bC, kommexca PDB ID: 1BE3 [Iwata et al., 1998].

— SHa4YCHUA JIs1 3¢)¢)BKTHBHOﬁ peakuuu, BKJTFOUAIOIICH MPUCTBIKOBKY IEPEHOCYHKA K KOMIUICKCY U COOCTBEHHO TNEPEHOC
JJICKTpPOHA.
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Tabmuua 2. CpeTHETOUEUHbIE OKUCIUTEIbHO-BOCCTAHOBUTEIbHBIE MMOTEHIINATIBI (0 PEJOKC-IEHTPOB IIUTOXPOMHO-
ro b, f-kommexca 1 MOGHIILHBIX TIEPEHOCUHMKOB JIEKTPOHA

Penokc-tieHTp ¢, MB Hctounux
1MTOXpOMHBIH D f-Kommeke
FeS +300 [Sarewicz et al., 2021]
rem f +370 [Szwalec et al., 2022]
rem by -80 [Szwalec et al., 2022]
rem b, -110 [Szwalec et al., 2022]
reM C, +45 [Szwalec et al., 2022]
[UIACTOXUHOH
PQ™/PQH, +385 [Hauska al., 1983]
PQ/PQ™ —-165 [Hauska al., 1983]
(beppenoxkcun —-430 [Batie, Kamin, 1981]
[JIACTOLIMAHUH +340 | [Malkin, Knaff, Bearden, 1973]

e K, — CKOpocTh InepeHoca 3IeKTPOHa, ¢!y R — paccrosiame, A; AG — BHKYyIas CHIa peak-
uu, 3B; A — sHeprus, HeoOXoAUMas IJIsl U3MEHEHUS SICPHBIX KOOPAMHAT MPH MEPEXoae OT pearcH-
Ta K MEPEeXOJHOMY COCTOSHHWIO (dHepruu BHyTpuchepHO#l peopranuszammu), 3B. Dta dopmymna mos-
BOJISICT, 3HASI PACCTOSTHUE MEXKIY PEIOKC-IIEHTPAMHU, PA3HOCTh MX OKUCIUTEIHHO-BOCCTAHOBUTEIHHBIX
MOTEHITNAJIOB W DHEPTUI0 BHYTPUC(EPHOH pEOopraHU3allii, OIEHHTh KOHCTAHTY CKOPOCTH TYHHEIb-
HOTO IepeHoca 3JIeKTpoHa MEeXJy HUMHU. B maHHOl pabore 3HaueHue mapamerpa A MPUHUMAIH paB-
HeIM 700 M3B [Moser et al., 2006]. JIBImKyIIyr0 CHIy peakliyd PacCUUTHIBAIA HCXOIS M3 CPETHETO-
YEYHBIX OKHUCIUTEIbHO-BOCCTAHOBUTEIBHBIX MMOTEHIIMAIOB (Tabiumia 2).

[Tonmyuennsie mo Gopmyne (13) OIEeHKH KOHCTAHT CKOPOCTEH TakKe MPUBEACHBI B TadimIie 1.
CremyeT OTMETUTh, YTO OKHCIUTEIILHO-BOCCTAHOBUTEIBHBIC TTOTEHIIHAIBI IACTOXUHOHA CHIIBHO 3aBU-
cAT OT ero okpykeHwus. [IpuBenenHbie B Tabmmie 1 3HaYEHUS HCIIONB3YIOT CPEAHETOYCHHbBIE TIOTSHIINA-
JIBI TUTACTOXUHOHA, OLIEHEHHBIC B JIMITUTHOM OKPY>KEHUH, TIOATOMY OIICHKH KOHCTAHT CKOPOCTH PEaKIInn
C €ro y4JacTHeM CIIe[lyeT pPaclleHHBaTh KaK 3HAYUTEIBHO OoJiee TpyOble 10 CPAaBHEHHIO C OCTaJIbHBIMH.

B Hacrosiiiee Bpemst cait cas3biBanus Geppenokcuna Ha nuroxpomuom by f-kommniexce nensse-
cTeH. XOTsI pacrpesielieHue AIEKTPOCTAaTHIECKUX 3aps0B Ha CTPOMAaJbHON MOBEPXHOCTH KOMITIEKCa
OYCHB MOXOXKE Ha paclpelelieHHe 3apsaoB Yy JIPYrHX OCJIKOB, MOMYYAIOMIUX 3JIEKTPOHBI OT (heppeaoK-
CHHA, TIPAMasl Mepenaya dIEKTPOHOB MekIy (peppenokcuHoM U mutoxpomubM D f-kommiekcom ne
nokazana. [Ipearmonaraercs, 4To BaXHYIO POJib BO B3aUMOICHCTBHH (EepPpPENOKCHHA C IIMTOXPOMHBIM
b, f-xommexcom moryr wurpars Oenku cemeiictBa PGR (proton gradient regulation) PgrS m PgrL1
[Hertle et al., 2013; Munekage et al., 2002; DalCorso et al., 2008], oqHaKo CTPYKTYpy COOTBETCTBYIO-
IIMX KOMIUIEKCOB YCTaHOBHUTH ITOKa HE yAalioch. B maHHOW paboTe MBI MCXOAWIHM U3 TPEAIIONOKEHUS,
4T0 (peppeOKCHH IepeiaeT MEKTPOHBI Ha TeM C, HUTOXPOMHOTO KoMmIuiekca. [1ockoibKy nocToBep-
HBIE CBEJICHHUS O MEXaHU3Me M IapamMeTpax 3TOH peakiMi OTCYTCTBYIOT, Mbl pacCMaTpUBAINA MEPEHOC
ANIEKTPOHA KaK MPaKTHYECKH HEOOpPaTUMYIO PEaKIHI0 C KOHCTaHTaMH CKOPOCTH IMPSIMOW M 0OpaTHOH
peakmuu 10° ¢! m 1073 ¢! coorBeTcTBeHHO (MpUHMMAas BO BHEMAHHE KOHCTAHTY PAaBHOBECHS PeaK-
IIUH, PACCUNTAHHYIO UCXOJIS U3 OKHCIUTEIHHO-BOCCTAHOBUTEIBHBIX IMOTEHIIMAIOB JIOHOPA U aKIIETITOpa
JJIEKTPOHA).

OreHka KOHCTaHT CKOPOCTH MPUCTHIKOBKU U OTCTBHIKOBKH ITACTOILIMAHMHA B MOJICITA OCHOBBIBA-
€TCs Ha 3KCHEPUMEHTAJIBHBIX JAaHHBIX IO B3aUMOJICHCTBUIO IUIACTOLMAHUHA C PACTBOPUMOM (Gopmoit
muroxpoma f [Hope, 2000; Kannt, Young, Bendall, 1996; Modi et al., 1992]. TTapameTpbI MTPUCTHIKOBKH
U OTCTBIKOBKH (DeppeOKCHHA ObUIM B3STHI 110 AHAJIOTHH C IUIACTOLMAHWHOM, HMOCKOJIBKY MOJICKYIISIp-
HBIE Macchl M pa3Mephl 3TUX OEIKOB OMM3KK MexTy coOoi. ITapameTpsl OMOMOIEKYISIPHOTO B3aUMO-
JEWCTBHS IUIACTOXMHOHA C KaKABIM W3 CAHTOB B3SATHI 110 aHAIOTHH C HapaMeTpaMH B3auMOJACHCTBUS
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IJIacTOXHHOHA ¢ orocuctemoirt 2 [Lazar, 2003; Stiehl, Witt, 1969; Crofts et al., 1993]. ITockonbky oc-
HOBHOE KMHETHYECKOE YpaBHEHUE 3aIMCAHO JJIsi BEPOSITHOCTEH HAXOXKJICHUSI KOMILJICKCA B KaKIOM U3
COCTOSIHUH, B MOZIE/IH MCIIOJIb30BaIM OTHOCHTE/IbHBIC KOHIIEHTPAIUH MOOMIIBHBIX TICPEHOCUYUKOB 3JI€K-
TPOHA, TO €CTh OTHOIIEHHE KOHIIEHTPALMH MEPEHOCUMKA K KOHIIEHTPAIMU IUTOXpOMHOrO b f-kom-
aekca. COOTBETCTBEHHO, KOHCTAHTBI CKOPOCTH JJISi OMMOJIEKYJSIPHBIX PEakUuid ObUIH HOPMHPOBAHbI
MCXOJIs U3 KOHIeHTpanuu nuroxpomuoro b, f-xommekca 1 MM [Antal et al., 2013]:

k, =k - [cyt b, f], (14)

e K, — HOPMUPOBAHHAs KOHCTAHTA CKOPOCTH, ¢~'; K, — KOHCTaHTa CKOPOCTH PEaKLiH BTOPOIO I10-
pamka, M~'c™!; [eyt b, f] — xonuenTpanus uuroxpomuoro b, f-xommnexca, M.

Moodenv nepexooa mesicoy cocmoanuamu yumoxpomnozo b f-xomnnexca

OO61Iee 9uCI0 BOBMOXKHBIX COCTOSTHUIM IIUTOXPOMHOTO b6 f -koMILIIEKCA BEChMA BEJIMKO U Jaxe 0e3
SIBHOTO PACCMOTPEHHMSI peakuii IPOTOHUPOBAHUS/ACTTPOTOHUPOBAHNS IIJIACTOXHHOHA cOCTaBisieT 9216
JUIL MOHOMEpA. YUeT BO3MOKHOCTH IEPEHOCA SIIEKTPOHA MEXK/ly FeMaMu by pasHbIX MOHOMEPOB B /-
Mepe (OIleHKa KOHCTAHTHI CKOPOCTH peaKmuy — mopsaka 2 - 103 ¢~!) kpaapaTiyno yBenmuuBaeT 4ucio
COCTOSTHUH — 110 TOYTH 85 MHUUTHOHOB sl muMmepa. CooTBeTCTBYIOmMUN rpad cocTosHME U mud-
(depeHIMaTbHbIE YPABHEHUST MOJICIIU JMHAMUKU COCTOSHUE 3TOT0 KOMIUIEKCA COCTABJICHBI Ha OCHOBE
MIPEICTaBICHHON Ha prc. 2 cxeMbl peaknuid. st reHepanuu rpada COCTOSHUN M YpaBHEHHH MOACTH
MBI ucnions3oBanu naker PySB [Lopez et al., 2013; Lopez, Garbett, 2014]. B nannoii padore MbI pac-
CMaTpUBAaEM MOJIENIb MOHOMEPa IUTOXpOMHOTO b f. TlepeMeHHBIME MOIENN SBJAIOTCS BEPOATHOCTH
HaXOXKJIEHHUS] KOMILIEKCa B KaXJIoM U3 9216 cOCTOSHMH, a Takke KOHIEHTPAIlMA OKUCIIEHHBIX M BOC-
CTaHOBJICHHBIX MOOWJIBHBIX ITEPEHOCYUKOB ICKTPOHA. [IpU HEHYJEBBIX KOHIICHTPALUAX OKHUCICHHBIX
Y BOCCTAHOBIJIEHHBIX (DOPM MOOMIIBHBIX TIEPEHOCUYHUKOB AIIEKTPOHA Tpad) COCTOSIHHUNA COCTOUT W3 OIHOMN
KOMITOHEHTBHI CHJIbHOUM CBSI3HOCTH.

IIpuHKUMas BO BHUMaHUE pa3MepHOCTh cucTeMbl (9216 ypaBHEHHIT), HaX0XK/IEHUE PEILICHUH ypaB-
Henuit (6') u (10) B aHATUTHYECKOM BUJIE MPEICTABISIETCS HEBO3MOKHBIM. Hamu pa3paboTaHo mpo-
rpaMMHOE o0ecIieyeHure, MO3BOIISIOIIEE B aBTOMAaTHIECKOM PEXKUME 10 3aaHHON CXeMe dJIeMEHTaPHBIX
peakuuii B KOMIUIEKCE CTeHEePUPOBaTh (PYHKIIMIO Ha SI3BIKE TTporpaMMupoBanms Python, mpuHIMaromnyio
B KauecTBE MMapaMeTPOB KOHCTAHTHI CKOPOCTH SJIEMEHTAPHBIX PEaKIMid W KOHIIEHTPALUU OKHACICHHBIX
U BOCCTAaHOBIICHHBIX (POPM MOOMIBHBIX MEPEHOCYUKOB IEKTPOHA W BO3BPAIIAIOIIYI0O MATPHUILy COOT-
BETCTBYIOIIIETO OCHOBHOTO KHHETHYECKOTO YPaBHEHHS B YHCICHHOM BH/E. /)11 CHMBOJIBHBIX OIepauit
C ypaBHEHMSIMU HcTonb3yeTcs naker SymPy [Meurer et al., 2017].

JJis HaXOXKICHUST KBa3HCTAI[MOHAPHBIX COCTOSHUM P U JJIsl HAXOXKJICHUSI MHOXKHUTENEH M MBI pe-
mrany ypasHenus Buzga (6”) u (10) ¢ momomsio dyskiuu linalg.solve makera SciPy [Virtanen et al.,
2020]. Dra QyHKIINSA UCTIOIB3YeT I HaXoKaeHus perreHus LU-(hakTopru3amuio MaTpUIlsl ¢ TOMOIIBIO
¢ynxumii dgetrf u dgetrs makera LAPACK [Anderson et al., 1999]. Ha TecroBoii cucreme ¢ miectu-
simepHBIM TIporieccopoM 15-8600K, paborarormmmm Ha yactote 3,6 I'Tr (Ubuntu 18.04, Python 3.10,
SciPy 1.11.2 u3 guctpubytuBa Anaconda), TOMCK pelIeHHs ISl OJHOTO Habopa MmapaMeTpoB 3aHHMa-
et npuMepHo 4 ¢, mpu 3ToM LAPACK noiHOCTBIO UCTIONB3YeT pecypchl Beex siiep mpoiieccopa. s
HaXOKACHUsSI COOCTBEHHBIX BEKTOPOB M COOCTBEHHBIX 3HA4CHHI HcTonb3oBain (yHkuuio linalg.eig
naketa SciPy, ucnons3yromyio gyuknuto dgeev makera LAPACK; BBIYUCIICHHS Ha TOW K€ TECTOBOM
cucreMe 3aHuMaiu B cpenHeM 330 c. s paccMOTPEHHOI MOJIeNu MPOBEACHNE BBIYUCICHNH B aprudMe-
THKe BOWHOM TOYHOCTH MO3BOJISAET MOTYUNTh PElIeHHE C HEBA3KOH He Gonee 10~ mpu oTHOCHTENBHOM
KOHI[EHTPAIIMH KAKIOr0 U3 MOOUJIBHBIX MEPEHOCUMKOB (KaK B OKHCIICHHOM, TaK U B BOCCTAHOBJICHHOU
dopme) 1072 u BBIIe. B nomonHeHue K pacuyeTaM ¢ JABOIMHOIN TOYHOCTHIO pa3pabOTaHHOE MPOrPAMMHOE
oOecriedeHre Mo3BOJIsIeT MPOBOIUTH PACUETHI C MMPOU3BOIBFHON TOYHOCTBIO C MCIOIb30BAaHHEM TTaKETOB
mpmath [mpmath, 2023] s FLINT [FLINT, 2023; Johansson, 2024], omHako BpeMs BBITOTHEHUS
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pacdera U TpeOOBaHHMA K 00BEMY OIEPATUBHOM MAaMsITH B TaKOM ClIydae MHOTOKPAaTHO BO3PACTAIOT.
Tak, HaxokJeHUE pelieHus ypaBHeHus (6') npu 128-OutHoil ManTHCce ¢ momombio makera FLINT
3aHuMaeT 160 MUHYT, a HAXO)KJCHUE COOCTBEHHBIX BEKTOPOB U COOCTBEHHBIX 3HAUCHUH — OKOJIO ABYX
HeJeNb, TIPU ATOM BCE BBIYUCICHHS BEIyTCS B OJHOIIOTOYHOM PEXHME.

DyuKyuu OMKIUKA 014 NOMOKA INeKMPOHOE uepes yumoxpomusiii b, f-komnnexc

Jlns kaxod U3 cTaauii mepeHoca >IEKTPOHa B muTOXpoMHOM D f-Kkommuiekce Gbutn ompene-
JIEHBI BEKTOPHI C,, MO3BOJIAIOIIME 110 ypaBHEHHUIO (12) paccynTarh CKOPOCTh 3JIEKTPOHHOIO TPAHCIIOP-
Ta V; HA 9TOM YYacTKE SJIEKTPOH-TPAHCHOPTHOH 1emu. ONHAKO [ TOro, 4TOOBI 0XapaKTepU30BaTh
KBa3HCTAIMOHAPHBIN TIOTOK SJIEKTPOHOB Yepe3 MUTOXPOMHBIA b, f-kommeke, rocratouno onpenenuth
TONBKO TPH CKOPOCTH TIOTOKOB: CKOPOCTh OKHCICHUS MIACTOXMHOHA Vpq_,p f, CKOPOCTH OKHCIICHUS
deppenokcuna de—>b6f U CKOPOCTb BOCCTAaHOBJIEHHUS IJIACTOLIMAHIHA \_/bﬁf_,Pc. ITockonbKy Bce peakiuu
SBJISIFOTCSL OOPaTUMBIMH, CKOPOCTh K)KIOI0 M3 3THX IOTOKOB MOXKET OBbITh OTpHLaTenabHOH. Harpas-
JIEHHUs TTOTOKOB BBIOpAHBI TaKUM 00pPa3oM, YTOOBI IpU OOJIBIIMHCTBE PACCMATPUBAEMBIX YCIOBHH €ro
CKOpPOCTh OblIa MONOKUTENbHON. ITockosbKy cyMMa BXOISIIMX W HCXOISIIMX IIOTOKOB 3JIEKTPOHOB
paBHa HYIIIO, vPQ—>b6f = vbéf—>Pc - de—»bﬁf- st onpeneneHust CKOPOCTH ITOTOKOB \_/bﬁf—>Pc u de—»be
MBI HCIIOJIB30BAJIM BEKTOPA KO3(HUIIMEHTOB /IS 2IeMEHTAapHBIX PEeakuii mepeHoca MMEKTPOHa MEXTY

MUTOXPOMOM fu mI1aCTOMUaHNnHOM Cbéf—>Pc = Ccyt fPc n MCXKIY (beppe,I[OKCI/IHOM U MUTOXPOMOM Cn
c c

Fd—b, f = Fd—cyt c,”

3aBHCHMOCTH KBAa3UCTALMOHAPHOIO NMOTOKA 3JIEKTPOHOB 4Yepe3
UHMTOXPOMHBII D f-KOMILIEKC OT KOHIEHTPALMY OKHCIEHHBIX
U BOCCTAHOBJIEHHBIX MEPEHOCYUKOB JIEKTPOHA MJIACTOXHHOHA,
IJIacCTONMAHUHA U (peppenoKcUHA

IIpoBenen pacuer 3HaYEHWIl CKOPOCTH BOCCTAHOBJIEHUS IUIACTOLIMAHWHA \_/béf—>Pc U CKOPOCTH
OKHCIIeHHS (eppeoKCuHa de—»béf MIPH pa3IMYHBIX KOHIICHTPAIUAX OKHCICHHBIX W BOCCTAHOBJICH-
HBIX (OPM MOOMIIBHBIX MTEPEHOCYMKOB dJIeKTpoHa. [loyueHHble pe3ynbTaThl MOKa3aHbl B BU/E JTHHUN
paBHOI ckopocTH Ha puc. 3-5. Jlns Goriplieil HaNIIJHOCTH Ha pUC. 3 3aBUCUMOCTh CKOPOCTH BOCCTa-
HOBJIEHUS TUIACTOLIMaHUHA Vbéf_,Pc OT KOHIIeHTpanuu okucienHoro (PQ) u Boccranosnennoro (PQH,)
TUIACTOXMHOHA JIOTIOJHUTEBHO [TOKa3aHa B BHJIE IpadukoB. J[is BU3yanu3anuu pe3ysbTaToB MOACIHU-
pOBaHMsI UCTIONB30BaNM TakeT matplotlib [Hunter, 2007; Caswell et al., 2021].

Ha puc. 3 nokaszaHa 3aBHCHMOCTb CKOPOCTH TIEPEHOCA 3JICKTPOHOB € ITUIACTOXMHOHA Ha IUIACTO-
LMaHMH Yepe3 MUTOXPOoMHBbIA by f-kommexe (\_/bﬁf_,Pc) OT KOHIIEHTPAIMU MOOWIIBHBIX IEPEHOCUYHKOB
JIEKTPOHA. MOXKHO BHJIETh, YTO 3aBUCUMOCTh \_/b6f—)Pc OT KOHIICHTPAI[MK KaK OKUCIICHHOT0, TaK U BOC-
CTaHOBJIEHHOTO TJIACTOXMHOHA UMEET HEMOHOTOHHBIN XapaKTep: MPH HU3KUX KOHIIEHTPAIHSIX CKOPOCTh
BO3pPACTACT IPH YBEJIUUYCHUHM KOHILICHTPAIMH, a MPU BBICOKHX, HA00OPOT, YObIBACT. YMCHBIICHUE KOH-
[EHTpaI OKUCIIEHHOTO TutacToruanuHa ¢ 3 o 1 (puc. 3, 2) He MPUBOAUT K M3MEHEHHUIO CKOPOCTH
AIEKTPOHHOTO TPAHCIIOPTA, YTO COMNIACYETCS C MPEJCTABICHUSIMU O TOM, YTO B3aUMOJICUCTBHUE C ILIa-
CTOLMAHWHOM HE SBJIAETCS JTMMUTUPYIOIIEH cTamuel paboTel muroxpomuoro b f-kommexca. Jlo6as-
JICHUE OKHUCIIEHHOTO (eppeokcuHa (puc. 3, 0) TakKe HE U3MEHSET CKOPOCTh IEPeHOCa AISKTPOHOB Ha
TUTacTONMaHWH. B To ke BpeMsi 1oOaBlieHHE BOCCTaHOBIEHHOTO (eppenokcuHa (puc. 3, g) MPUBOIUT
K HEOOJIBIIIOMY CHM)KEHHEO CKOPOCTH MEPEHOCA AJICKTPOHOB HA TUIACTOIMAHMH, JTO CBSI3aHO C TEM, YTO
TOSIBJICHNE JIOTIOJTHUTEIBHOTO JIOHOPA JIEKTPOHOB, IEPEIArOIIEro 3JIEKTPOHBI B HU3KOIIOTEHITHAIEHYTO
uenb IMToxpomMHoro by f-komruiekca (remst by, b, 1 C,), NpensTCTByET OKUCIEHHIO MIACTOCEMHUXHHOHA
B Q,-caiiTe U 3a CYET ITOr0 TOPMO3HUT NEPEHOC IEKTPOHOB [0 BHICOKONOTCHIMATIBHON LCTIH.
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Puc. 3. 3aBHCHMOCTH CKOPOCTH BOCCTAHOBJIEHHS TLIACTOLMAHMHA IUTOXPOMHBIM b f-Kommmexcom VbéfHPC oT
KOHIIEHTpanuu okucieHHoro (PQ) m Boccranosiennoro (PQH,) mnactoxunona. Ha maHensx a—e moKa3aHbI JIH-
HUHM PAaBHOW CKOPOCTH, HAa MAHEISIX 0—3 — rpad)UKu 3aBHCUMOCTH Vb, fpe OT KOHILCHTPALMH PQH, npu Quk-
CHUPOBaHHOW KOHIEHTparuu PQ, Ha MaHems X u—mu — TpapuKd 3aBHCUMOCTH Vbﬁf_q)c OT KOHIIeHTparuu PQ mpu
(uxcuposanHoi konuentpauun PQH,. KoHleHTpalus BOCCTaHOBIEHHOIO HiacTolMaHuHa Pcy... 1073 (Bce
MIaHEJN); OKUCIIEHHOTo IuiactonuannHa Pe . 3 (a—6, 0-oc, u—n), 1 (e, 3, M); BOCCTAHOBIEHHOTO (heppenok-
cuna Fd ... 1073 (a, 6, 2-e, 3x), 3 (6, o, 1); okucnennoro deppenokcuna Fd ., 1073 (a, 6-0, ac—u, 1, m),
3 (6, e, k). Bce KOHIEHTpAIMK HOPMUPOBAHB! HA KOHIIEHTPAIMIO IIMTOXPOMHBIX D f-Kommiekcos

3aBUCHMOCTh CKOPOCTH TIEPEHOCA AIEKTPOHOB C (eppellOKCHHA Ha IIACTOXHHOH (\_/Fd—>b6f) oT
KOHIEHTpAIIM MOOMIIBHBIX NEPEHOCUHUKOB 3JIEKTpOHa (pHc. 4) MOHOTOHHAs: yBEIMYEHHE KOHILIEHTpa-
LMY BOCCTAHOBJICHHOTO (PEpPpPENOKCHMHA WM OKHCJICHHOIO IUIACTOXMHOHA HPUBOAUT K YBEIUYCHHUIO
CKOpOCTH TpaHcropta. [Ipy HaaMuuu OKMCIIEHHOTO IJIACTOIIMAaHWHA J00aBiieHHE BOCCTAHOBICHHOTO
IUIACTOXMHOHA CHMXXAET CKOPOCTb OKUCJICHHMS (DeppeoKCHHA IPU HHU3KOM KOHLEHTPALUHM OKHCIICH-
HOTO IUTACTOXMHOHA, OJHAKO MPAKTUYECKH HE BIHSET Ha ATy CKOPOCTh (M MOXKET Jake HECKOJb-
KO YBEJIMYUBATh OTHOCUTEIBHOW €€) MPH KOHLEHTPAlUU OKUCICHHOIO IIACTOXHMHOHA OT 2 W BBILIE
(puc. 4, a—6). Ecnu OKHUCIEHHBIN MJIaCTOLIMAHNH OTCYTCTBYET, TO BBI3BAaHHOE JJ00ABJICHHEM BOCCTAHOB-
JICHHOTO TJIACTOXMHOHA CHI)KEHHE CKOPOCTH OKUCIICHUS (heppelOKCHHA OKa3bIBACTCSI MEHEE BBIPayKEeH-
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Puc. 4. JluHUU paBHBIX CKOPOCTCH IUIsi 3aBUCHMOCTH CKOPOCTU OKHUCICHHS (PEepPpeOKCHHA ITUTOXPOMHBIM
by f-xommnexcom VEgh,f OT KOHUCHTPAIMK OKHCICHHOTO MIACTOXHHOHA (PQ) u BoccTaHOBICHHOTO (heppeIoK-

cuna (Fd,,, ). Konuenrpanus BoccranosnenHoro miacroxunona PQH, = 1073 (a), 1 (6), 3 (6, 2); OKHCIIEHHOTO
¢deppenoxcuna Fd ., = 10~* (Bce maHemu); BOCCTAHOBIGHHOTO ILIACTOLMAHUHA Peoeer = 1073 (Bce mame-
M), OKUCJIEHHOTO TUIACTOIMaHuHa Pe .. = 3 (a-6), PCoguen. = 107 (2). Bee KOHIEHTpaIMK HOPMUPOBAHBI HA
KOHIIEHTPAIIMIO IIMTOXPOMHBIX b f-kommexcos
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Puc. 5. JIlunuu paBHBIX CKOpOCTEN I 3aBUCUMOCTH CKOPOCTEH BOCCTAHOBJICHUS TUIACTOIMAHWHA Vb(f_q)c (a-2)
1 OKHUCIIeHUs (heppenoKcHHa VEdob, f (0-3) muroxpomMHbIM b f-KOMIIEKCOM OT KOHIIEHTpAIMK OKHUCIEHHOTO TTa-
croxunoHa (PQ) u BoccTaHoBinenHoro ¢eppenoxcuna (Fd, ..,) Ipu HOCTOSHHOH CyMMAapHOH KOHLEHTpPAlUH
OKHCJIEHHBIX M BOCCTaHOBJIEHHBIX (DOPM IIEPEHOCYMKOB BJIEKTPOHA B KaxaoM u3 mynos: PQ + PQH, = 10,
Fdyoeer + Fdoguen = 35 PCuocer + PCownen. = 3. KoHmeHTpanmst oxucneHHoro miacronunanusa Pe,.. 3 (a, 0),
1 (6, e), 0,1 (6, 2c) 1 0,01 (2, 3). Bce koHUEHTpaIMK HOPMUPOBAHBI HA KOHIIEHTPAIHMIO IIATOXPOMHBIX D f-Komm-
JIEKCOB
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HBIM (pHC. 4, 2), 4TO yKa3bIBaeT Ha KOHKYPEHIIMIO JIEKTPOHHOTO ITOTOKAa OT (eppeOKCHHA C IIOTOKOM
Q-nmKna.

Ha puc. 5 nmokazana 3aBUCHMOCTh CKOPOCTH JIIEKTPOHHOTO TPAHCIIOPTa Yepe3 IMTOXPOMHBIN
b, f-KomILIEKC € MIIACTOXMHOHA Ha TJIACTOLMAHUH (\_/béf—>Pc’ MaHeNu a—2) U ¢ peppeoKCHHA Ha ITUIacTo-
XUHOH (\_/Fd_,b()f, MaHelu 0—3) OT CTENeHH BOCCTAaHOBJIEHHOCTH ITYJIOB TUIACTOXHMHOHA, (eppeoKCHHa
U Iiactonuanuna. Pasmep myna miacTOXWHOHOB NPHMHAT paBHbIM 10 Monexynam Ha omun b f-xomm-
JIEKC, pa3MepBI MyJIOB IUIACTOLMAHUHA U (EPPENOKCHHA — IO TPU MOJIEKYJIbI Ha omuH b, f-xommexc,
YTO TPUOIU3UTEIHHO COOTBETCTBYET COOTHOIIICHHIO KOJMYECTBA STUX MEPEHOCYHKOB K KOJMYECTBY ITH-
ToxpomHbIx D f-Kommiekcos y Beicinx pactennii [Antal et al., 2013]. MoKHO BUIIETD, 4TO MAKCHMAITb-
Hasi CKOPOCTh BOCCTAHOBJICHHS IJIACTOIIMaHUHA JOCTUTAETCs, KOT/Ia ITyJI IJIACTOXHHOHOB BOCCTaHOBJICH
npubnusutensHo Ha 60 %. BoccTaHoBIeHNE MTacTONMAaHUHA IPAKTUYECKH TTOJTHOCTBIO MTPEeKpaliaeTcs,
MIPUA CTETIeHW BOCCTAHOBJICHHOCTH ITyJia TUIACTOXMHOHOB MeHbine 10 % u Gombine 95 %. B ycnoBwusx,
Kora Oosblnas 9acTh MOJIEKYI TUIACTOI[MAaHWHA BOCCTAHOBJICHA, HAOMIONACTCSI HEKOTOPOE yBEIHUEHHE
CKOPOCTH BOCCTAHOBJICHHS TUIACTOXWHOHA 3a CYET OKUCIIEHUs (hepperoKcruHa.

MonenupoBanne NepexoxIHoro npouecca B MHTOXpoMHoOM b, f-kommexce
NP U3MEHEHUH CTeNeHU BOCCTAHOBJIEHHOCTH MYJIa MJIACTOXHHOHOB

[IpoBeneHo MoOnenMpoBaHUE NEPEXOIHBIX MPOLECCOB B IUTOXpOMHOM by f-kommuiekce npu us-
MEHEHHUHU CTENIeHH BOCCTAHOBIIEHHOCTH ITyJla IJIACTOXMHOHOB. IIpn MopennpoBaHUM Mpearosarainoch,
YTO M3MEHEHHUE KOHIIEHTPAIIMH HE CBS3aHHBIX C KOMIUIEKCOM OKHCJIEHHBIX M BOCCTAHOBJICHHBIX (hOpPM
TUTACTOXWHOHA MPOUCXOAUT CKauKOOOpa3HO B HYJIEBOW MOMEHT BpeMeHHU. COCTOSIHHE CBA3aHHBIX C LU-
TOXPOMHBIM KOMILUIEKCOM MOJIEKYJ IJIACTOXHHOHA MPH ATOM COOTBETCTBYET COCTOSHUIO PaBHOBECHS
C ITyJIOM B Ha4aJIbHOM COCTOSTHHH.

IToxazano (puc. 6, a—2), 4To MpH yBEITMYEHUHN BOCCTAHOBIEHHOCTH ITyia MracToxuHoHOoB ¢ 0,1 %
Y’Ke Ha IepBOii HAHOCCKYH/IHBIX BPEMEHAX HAYMHACTCs OKUCICHUE IUIACTOXMHOHA B Q,-caiite, ojjHa-
KO BIUIOTH JI0 MHKPOCEKYHIHBIX BPEMEH CKOPOCTb €ro OKHCIIEHHS HeBbICOKa. CKOPOCTb OKHCICHHS
TUTACTOXWHOHA JIOCTUTAET CBOET0 MaKCHMyMa Yepe3 OJHY HMJIM HECKOJIBKO MHKPOCEKYH] MOCIIE YBEIH-
YEeHHs CTENeHH BOCCTAHOBJIEHHOCTH ITyJa, TOCJIE Yero HaOlrofaeTcsl CHIDKEHHE CKOPOCTH K CTaIlHo-
HApHOW CKOPOCTH TIOTOKAa, COOTBETCTBYIOIIEH 3TUM YCIIOBHSM. YCTaHOBIIEHHE CTAllHOHAPHOW CKOPO-
CTH npoucxoauT depe3 10 Mc mocie yBenTu4eHHUs! CTENeHH BOCCTAHOBIEHHOCTH Iyna. MakcuMasbHas
CKOPOCTh OKHCJICHHUS YBEITMYHMBACTCS C YBEIIMYCHHEM CTEIIEHH BOCCTAHOBIEHHOCTH ITyla, €€ BeJIHYH-
Ha IpU yBEITHYEHHUH BOCCTAHOBIEHHOCTH Tyna IutacToxuHoHoB ¢ 0,1 % mo 60 % mpumepno Ha 20 %
OoJbIIIe CTAIMOHAPHOW CKOPOCTH TOTOKA, COOTBETCTBYOmEeH 60 %-i BoccTaHOBIEHHOCTH Tyna. Poct
CKOPOCTH TIEPEHOCA EKTPOHA C HKEJIE30CePHOTO LeHTpa Pucke Ha muroxpoM f HaumHaeTcs moxe —
Ha 100 MKc, ofHaKO yke K 1 MC 3Ta CKOpOCTh CTAHOBUTCSI pPABHOW CKOPOCTH OKHCIICHUS TIACTOXHHOHA.
XapakTepHOoe BpeMsl YBEIHUYEHHSI CKOPOCTH BOCCTAHOBJICHHUS TUIACTOIMAHWHA COCTABIISIET OKOJIO 1 McC
MocJie yBEJTHMUYEHHUs] BOCCTAHOBJICHHOCTH Tyna. llocie moctukeHns mMakcuMyMma BCe CKOPOCTH IOCTe-
MEHHO YMEHBIIalTcs U K 10 MC JOCTUTAIOT CTAI[IOHAPHOTO YPOBHSL.

IIporeccsl B HU3KOMOTEHIIMATBHOM BETBH JIEKTPOHHOTO TpaHcHopTta (puc. 6, 0—3) UMEIoT OIu3-
KW XapaKTepHbIe BpeMeHa. XapakTepHOoe BpeMs HapacTaHHUs CKOPOCTH OKHCIIEHUE TIAaCTOCEMUXUHOHA
B Q,-caiite cocrasisier nopsiaka 100 mMke. HemHOro 6bictpee HadMHACTCs OKMCICHHE IUTACTOXMHOHA
B Q,-caiiTe (xapakrepHoe Bpemst — okoi0 10 mxc). [Tocie 100 Mkc okuceHne IaCTOXMHOHA B Q, -caii-
T€ CMEHSETCSI €r0 BOCCTAHOBICHUEM, XapaKTEPHBIM IS HOPMAJIbHOTO peKUMa (YHKIIHOHHPOBAHUS
Q-mmkina. Ha rpaduke mokasana cyMMapHasi CKOPOCTh MEPEHOCA JIBYX AIIEKTPOHOB MEXKIy ITHTOXPOMa-
mu b, U C, ¥ IIIacTOXMHOHOM B Q, -CaiiTe, MOCKOIbKY KPUBBIC sl INIACTOXHHOHA U ITACTOCEMHUXHUHOHA
MIOJTHOCTBIO COBITAJIAfOT.

IIpu ymMeHbIIIEeHHH BOCCTaHOBJICHHOCTH ITyJa TNIACTOXMHOHOB CKOPOCTH TPOIECCOB B BBICOKOIIO-
TEHIMAJILHON BETBH AJIEKTPOHHOTO TPAHCIIOPTa U3MEHSIOTCSI MOHOTOHHO € XapaKTepHBIMU BpEMEHaMHU
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Puc. 6. JlnHaMyka U3MEHEHUSI CKOPOCTH OTACIBHBIX CTATUI JCKTPOHHOTO TPAHCIIOPTA B BEICOKOTIOTEHITHAILHOM
(a-2) ¥ HU3KOTIOTEHIMATBHOH (0—3) BETBAX IUTOXPOMHOTO b, f-KoMIeKca B OTBET Ha H3MEHEHHE CTENEHH BOC-
CTaHOBJICHHOCTH ITyna rmiactoxuHoHoB: ¢ 0,1 % mo 30 % (a, 0, crutomrakie muauK), ¢ 0,1 % 1o 60 % (6, e, crutonI-
ueie jmuHun), ¢ 0,1 % 1o 90 % (s, o, crutomnblie muaun), ¢ 0,1 % 10 99,9 % (e, 3, cruromHble uHUK), ¢ 30 %
1o 0,1% (a, 0, nmynkrupusle smann), ¢ 60 % no 0,1 % (6, e, nynkrupusie muHun), ¢ 90 % (8, e, MyHKTUPHBIC
munun), ¢ 99,9 % no 0,1 % (e, 3, nyHkrupHble guHUM). CyMMapHasi KOHIIGHTPALUs. OKUCICHHBIX U BOCCTAHOB-
JeHHbIX (GopMm minacroxunona B myie: PQ + PQH, = 10. Konnentpauus (eppenokcuHa: BOCCTAHOBIEHHOIO —
Fd,.... = 0,01, okucnennoro — Fd = 2,99; KOHIEHTpaIXs IUIACTOIMAHNHA: BOCCTAHOBICHHOTO — Pc
= 0,01, okucnenHoro — Pc !
Macitade

BOCCT. =
MIPUBEJICHBI B JIOTAPH()MUUECKOM

OKHCIL.

oxnen. = 2,99. 3Hadenus ckopoctu Beime 500 ¢”

nopsiaka 100 mc. OmHako B HU3KOMOTEHIIMAIBGHON BETBU CUTyalus otiamdaercs: depe3 100 mc mocne
YMEHBIIICHUS BOCCTAHOBJICHHOCTH ITyJIa CKOPOCTH JOCTUTAIOT CBOETO MaKCHMyMa, TOCJIe Yero HadrmHa-
IOT CHIDKATBCS K CTAI[MOHAPHBIM 3HAUCHUSIM.

Kunernueckue napaMeTpsl peakiuii TakoBBI, YTO BpeMs JKU3HHU IJIACTOCEMHUXHHOHA B Q,-caiiTe
OYEHb MaJlo, M €r0 HAKOIUIEHHE HE MPOMCXOOUT. DTO MOKHO BHIETH Ha pHC. 7, HA KOTOPOM IIOKa-
3aHA JAMHAMHMKA COJCPIKAHMs pasHbIX (OpM IUIacToXuHOHa B Q,- M Q,-CaliTax B XOHE MEPEXOAHBIX
MIPOLIECCOB C Pa3sHBIMU Ha4daJbHBIMU M KOHEUHBIMU ycIOBHAMHU. HU B cTalMOHapHOM COCTOSHUU, HU
B XOJI€ NIEPEXOJHBIX MPOLECCOB COACPIKAHUE TIACTOCEMUXUHOHA B Q,-caliTe HE OTIIMYAETCs 3aMETHO
ot Hyis (puc. 7, 0-3). B T0 ke Bpems B Q-CaiiTe yBeIMYCHHE BOCCTAHOBICHHOCTH ITyla HPHBOIUT
K HaKOIUIEHUIO CEMHXHMHOH-pajukana. Tak, Ipu BOCCTaHOBJIEHHOCTH ITyna XMHOHOB 60 %, cooTBeT-
CTBYIOIIEH MaKCUMAaJIbHON CKOPOCTH IEpPEeHOCa 3JIEKTPOHOB Ha IUIACTOIMAHNH, COfIepKaHue IuIacToce-
MUXUHOHA pocturaet 19 % (puc. 7, 6). OTo comiacyercs ¢ AaHHBIMHU CHEKTPOCKOIIMU 3JIEKTPOHHOTO
napaMarHuTHOTo pe3oHaHca [Sarewicz et al., 2017], yka3pIBalomMMU Ha 0Opa3oBaHUE ILIACTOCEMU-
XHHOHA B Q-caiiTe NpY HOPMAILHOM (YHKLUMOHMPOBAHUU LUTOXPOMHOTO by f-xommuekca. Dxenepn-
MEHTBHI [TOKa3aJli, YTO 00pa3yIOIMNCS MIIACTOCEMUXUHOH HAXOIUTCS B CIIMHOBOM COTIPSIKEHHH C BOC-
CTaHOBJICHHBIM JKEJIC30CEPHBIM KIIACTEPOM, UTO CIOCOOCTBYET ero crabmimsanuu. [Ipu MakcumaibHOR
BOCCTAHOBJICHHOCTH ITyJIa MOJIeJIb TIPE/ICKA3bIBAET YBEINYEHHE CO/IEPKaHN IIJIACTOCEMUXMHOHA JI0 T10-
ytr 100 %, 4To sABIsSeTCA KpaiiHe MallOBEPOSTHBIM, IIOCKOJIbKY CEMHXHHOH-paIuKai o0agaeT BEICOKOM
HecrenudpHuIeckol peaklMOHHON aKTHBHOCTBHIO. [1oiHOE BOCCTaHOBJIEHHE Mylia MPUBOAUT K BOCCTa-
HOBJICHUIO HU3KONOTEHIMAILHOH BETBH 3JIEKTPOHHOTO TPAHCNOPTa B HUTOXpoMHOM b f-komrmekce
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Puc. 7. Jlunamuka comepikaHus IIACTOXWHOHA B OKUCIIEHHOM cocTossHuU (PQ, cuHWMIA), B COCTOSSHUM CEMHXU-
HoHa (PQ™, opankeBblii) n B BoccTaHOBICHHOM coctosiiuy (PQH,, 3erneHblil) B caiitax cBssbiBanus Q, (a—2)
u Q, (0-3) nuToxpomuoro b, f-kommnekca B Xoje MepPeXoaHOTO MpoIECca, BHI3BAHHOTO H3MEHEHHEM CTETEHH
BOCCTAHOBJICHHOCTHU MyJna iactoxuHoHOB: ¢ 0,1 % 10 30% (a, o, criomukie nunun), ¢ 0,1 % mo 60 % (6, e,
crutomHbie ymHUK), ¢ 0,1 % 1m0 90 % (8, o, crutomnbie aunun), ¢ 0,1 % 10 99,9 % (e, 3, CIUTONIHBIC JUHUH),
¢ 30% mo 0,1% (a, 0, myaktupHsle muaNH), ¢ 60% mo 0,1 % (6, e, mynkTtupusle muHUH), ¢ 90% (8, o,
MyHKTUpPHBIE JUHUN), ¢ 99,9 % mo 0,1 % (e, 3, mynkTupHble nuHNK). CyMMapHas KOHIICHTPAIWs OKHUCICHHBIX
U BOCCTaHOBJIEHHBIX (popMm miactoxuHoHa B nyse: PQ + PQH, = 10. KonuenTpanus GpeppesokcuHa: BOCCTaHOB-
nenHoro — Fd = 0,01, oxucnennoro — Fd ., = 2,99; KoHIeHTpalys MIaCTOMAaHUHA: BOCCTAHOBIEHHOTO —
Pc =299

BOCCT.
= 0,01, oxucnennoro — Pc

BOCCT. OKHCII.

¥, CIIE[I0BATENbHO, HEBO3MOXKHOCTH IIEPEHOCA SNEKTPOHA C IUIACTOCEMUXMHOHA Ha rem b,. B Taknx
YCIOBUSAX TUIACTOCEMUXUHOH JOJDKEH B3aHMMOJCHCTBOBATH C MOJICKYJSIPHBIM KHCIOPOIOM C 00pazo-
BaHHWEM CYIEPOKCHUIHOTO aHHWOH-paawkaia [Baniulis et al., 2013; Rutherford, Osyczka, Rappaport,
2012], nosToMy J1isl KOPPEKTHOTO BOCTIPOM3BEIEHHUS COCTOsHUI 1uToXpomHoro b, f-komruiekca B Mo-
JIENT HeOOXOIMMO YYHTHIBATh ATy PEAKIIHIO.

3aKJIroYeHue

IpemokeH OCHOBAHHBIM Ha MeTOHaX JIMHEMHOW anreGphbl MOAXON K aHaaM3y CKOPOCTH DJIEK-
TPOHHOTO TPAHCIIOPTa YEPE3 IUTOXPOMHBIH b f-kommeke. 3aBUCHMOCTE KBA3UCTAMOHAPHOTO IOTOKA
BIEKTPOHOB Yepe3 KOMILIEKC OT CTEINEHH BOCCTAHOBIEHHOCTH IYJIOB MOOHIIBHBIX IIEPEHOCUUKOB DIIEK-
TPOHA pacCMaTPUBACTCS KakK (DYHKIMSA OTKIIHKA, XapaKTePH3YIOIas 3TOT mporecc. PaspaboraHo mpo-
rpaMMHO€e 00ecCIieUeHre Ha sI3BIKE IMpOrpaMMHpOBaHus Python, mo3Boisiolee MOCTPOUTH OCHOBHOE
KHUHECTHUYCCKOC ypaBHCHI/Ie JUIA KOMIIJIEKCAa II0 CXEME SHGMGHTapHI)IX peaKHI/Iﬁ U BBIYUCIIUTH KBAa3uCTa-
[IHOHAPHBIE CKOPOCTH DJIEKTPOHHOIO TPAHCIIOPTa Yepe3 KOMIUIEKC U TUHAMHKY MX H3MEHEHHS B XOJIE
MIEPEXOHOTO TIpoliecca. BrlunciieHus MpoBOAATCS B MHOTOIIOTOYHOM PEXHMME, UTO TO3BOJISIET dPdek-
THUBHO HMCIIOJIBE30BaTh PECYPCH COBPEMEHHBIX BLIYUCIUTENBHBIX CHCTEM U 3a CPABHUTENHLHO HEOOJIBIIOE
BpeMsl MOTy4aTh JaHHbIE 0 QYHKIMOHMPOBAHMH KOMIUIEKCA B ITUPOKOM JIMana3oHe napamerpon. Paspa-
0oTaHHOE MPOrpaMMHOE 00eCIIeueHe JOCTYIIHO B Ka4eCTBE JOMOIHUTENLHON HHPOPMAIIMH K CTaThe,
SBIISIETCSI CBOOOIHO PACIPOCTPAHAEMBIM M MOXKET OBITh MCIOJNB30BaHO Ha yCJIOBHAX JuieHsun GPL
Bepcuu 3 [Free Software Foundation, 2007].
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Jl1s1 mapameTpusanuu MOJEN MUTOXpoMHOTro D f-komruiekca ucnonb3oBanb! B3sThIE U3 JMTE-
parypsl JaHHBIE KPUO3JIEKTPOHHOW MUKPOCKOIIUU U OKHUCIUTEIbHO-BOCCTAHOBUTEIBHOIO TUTPOBAHMUS.
HecmoTpst Ha TO 4TO MONydeHHBIE TaKMM OOpa30M OIEHKH KOHCTAHT CKOPOCTH 3JIEMEHTapHBIX pe-
aKIWN SBISTFOTCS. BEChbMa MPUONMU3UTEIBHBIME, PE3YAbTaThl MOJIEITUPOBAHMS HAXOISITCS B XOPOIIEM CO-
[JJACOBAHUU € UMEIOLUIMMUCS SKCIIEPUMEHTAIBHBIMY JTAaHHBIMU: MAKCUMaJIbHAs CTAllMOHAPHASI CKOPOCTh
TepeHoca 3MeKTPOHOB Ha IUIACTOIMAHMH B MOJENH cocTaiser okorno 500 ¢!, B To Bpems kak 3Kc-
MepUMEHTAJIbHBIE OLEHKH YKa3bIBaIOT HA CKOPOCTh B HECKOJIBKO coT (HO He Ooinee 1000) anekTpoHOB
B CeKyHIy (cM. 0030p [Sarewicz et al., 2021]). Tem He MeHee ¢ TOUKH 3peHUsI OUOJIOTHU U (PU3UUYCCKOM
XUMHH pa3pabOTaHHYIO MOJIENb CIIeyeT pacCMaTpUBaTh JINIIb B Ka9eCTBE MPOCTEHINETO TONTBEPIK/Ie-
HUS IPUMEHUMOCTH TPEIOKEHHOT0 MaTeMaTHIeckoro MoaxoAa. JTO CBSI3aHO C TeM, YTO B MOJIENIN He
YYMTBIBAETCS OJIUH M3 OCHOBHBIX aCHEKTOB ()YHKIMOHUPOBaHHsS HUTOXpoMHOrO b f-kommekca — ero
y4acTue B TPAHCIIOPTE MPOTOHOB U3 CTPOMBI XJIOPOIUIACTA B JIIOMEH TUJIAKOUJOB, YTO YpE3BBIYAIHO
BaxxHO Juis1 cuHTe3a AT®. Peakuuu npoTOHUPOBAHUS U JEIPOTOHUPOBAHUS IIJIACTOXUHOHA TECHO CO-
MPSDKEHBI C OKUCIIUTEIbHO-BOCCTAHOBUTEIBHBIMU PEAKLIMSIMU U MOTYT OKa3bIBaTh 3HAYUTEIBHOE BIIHS-
HHE HA CKOPOCTh JJIEKTPOHHOTO TPAHCIOPTa Yepe3 uToxpoMHublit by f-kommnexe [Yerbiniok, Tuxonos,
2022]. B paMkax TpemIoKCHHOTO ITOAX0Ia CXeMa PEaKIMi MOIETH MOXET OBITh JIETKO pacIIhpeHa
JUI SIBHOTO ydeTa NMPOTOHUPOBAHUSA M AETPOTOOHHMPOBAHMS IUIACTOXWHOHA M TEpEeMENIeHHs IUIacTo-
CEMUXHHOHA B Q,-CaiiTe, OJHAKO KOPPEKTHas IapaMeTpU3allysl STHX PEakLHil MOXKET IoTpeboBarh
JIOTIONTHUTEIBHBIX MCCIEJOBAHMUM.

[IpenioxeHHbIH MOAXOM MOXKET OBITh JIETKO aJalTHPOBAaH IS aHaji3a 3JIEKTPOHHOTO TpaHC-
nopra B JIPYrHX KOMIIOHEHTaX (POTOCMHTETHUYECKOW W JIBIXaTeJIbHOW DJICKTPOH-TPAHCIIOPTHOW LICTH,
a TarxKe JPYTUX MPOIECCOB B CIOKHBIX MYIBTH()EPMEHTHBIX KOMITJIEKCAX, COJEPKAITUX HECKOJIBKO pe-
aKIMOHHBIX IIEHTPOB. B nanpHeimem MBI IIaHupyeM, UCTIONB3YS TTPEATIOKEHHBIN TIOXO0, pa3padoTarb
MOJICNIN OCTAILHBIX KOMIIOHEHTOB ()OTOCHHTETUYECKON JIEKTPOH-TPAHCIIOPTHON LENHU U UCTIO0JIb30BaTh
pa3paboTaHHbBIE MOJIENN B Ka9€CTBE KOMIIOHEHTOB JIETaIbHON MOJEIH 3JIEKTPOHHOTO TPAHCIIOPTA B TH-
JaKouax XjoporuiactoB. IIpu pacdere cralioHapHOW CKOPOCTH 3JEKTPOHHOTO TpaHCIIOpTa B MHTeE-
rpajbHOM MONENH JIeTaJbHBIE MOJIEN OTJCIBHBIX KOMIUIEKCOB MOTYT OBITH 3aMEHEHBI Ha COOTBETCTBY-
fo1re QpyHKIUU OTKIIMKA, YTO MPUBEAET K CYIIECTBEHHOMY YCKOPCHHUIO BBIYHUCICHHN. JIpyruM BasKHBIM
MPUMEHEHUEM MPEIOKEHHON MOJEIH MPEACTABISETCS €€ UCIOIb30BaHUE sl aHaJIN3a YyBCTBUTEIb-
HOCTH MaKCHMAJIbHOH CKOPOCTH 3JIEKTPOHHOTO TPAHCIOPTA Yepe3 MTOXPOMHBIH b f-kommeke k u3-
MEHEHUIO [TapaMETPOB AIEMEHTApHbIX peakuuil. [IpoBeaeHne Takoro aHaau3a Mo3BOJIUT JIyYlle OHSITh
MEXaHU3M (YHKIIHOHHPOBAHUS 3TOTO KOMILIEKCA.
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Deposit benchmark interest rates are a policy implemented by banking regulators to calculate the
interest rates offered to depositors, maintaining equitable and competitive rates within the financial
industry. It functions as a benchmark for determining the pricing of different banking products,
expenses, and financial choices. The benchmark rate will have a direct impact on the amount of money
deposited, which in turn will determine the amount of money available for lending. We are motivated to
analyze the influence of deposit benchmark interest rates on the dynamics of banking loans. This study
examines the issue using a difference equation of banking loans. In this process, the decision on the
loan amount in the next period is influenced by both the present loan volume and the information on its
marginal profit. An analysis is made of the loan equilibrium point and its stability. We also analyze the
bifurcations that arise in the model. To ensure a stable banking loan, it is necessary to set the benchmark
rate higher than the flip value and lower than the transcritical bifurcation values. The confirmation of
this result is supported by the bifurcation diagram and its associated Lyapunov exponent. Insufficient
deposit benchmark interest rates might lead to chaotic dynamics in banking lending. Additionally,
a bifurcation diagram with two parameters is also shown. We do numerical sensitivity analysis by
examining contour plots of the stability requirements, which vary with the deposit benchmark interest
rate and other parameters. In addition, we examine a nonstandard difference approach for the previous
model, assess its stability, and make a comparison with the standard model. The outcome of our study
can provide valuable insights to the banking regulator in making informed decisions regarding deposit
benchmark interest rates, taking into account several other banking factors.
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Introduction

Deposit benchmark interest rates serve as a reference point for pricing various financial products,
determine the cost of funds for banks, and impact monetary policy decisions. These rates, also referred
to as base rates or reference rates, represent the minimum return offered by financial institutions on
deposit accounts and serve as a key indicator of the current interest rate environment. The establishment
of deposit benchmark interest rates provides financial market transparency and stability. These rates
serve as a benchmark for pricing a vast array of financial products, including loans, mortgages, and
bonds, influencing the cost of financing for individuals and businesses. These rates are used by
financial institutions to compute the interest paid to depositors, ensuring fair and competitive rates
across the industry. Further empirical evidence regarding factors that may influence deposit interest
rate arrangement is more notable because it is commonly assumed that alterations in reference rates
are spread relatively quickly to retail interest rates and then into the real economy [Anderson, Ashton,
Hudson, 2014].

The study of the role of deposit interest rates on several aspects of the banking industry has
been done by various approaches. The impact of market structure changes and bank-specific factors
on the deposit interest rates that a bank offers in a particular local market are studied using an
empirical model [Rosen, 2007]. Three different models of deposit rate determination are estimated
by employing deposit interest rate quantification that is built from accounting data at the bank level
for an extensive cross-sectional sample of banks for each of three different years [Hannan, Prager,
2006]. A determination of whether the Japanese bank deposit markets exhibit geographic segmentation
is estimated by extending to which changes in market interest rates are reflected in deposit interest
rates [Uchino, 2014]. Historical bank-level data is used to investigate the impact of deposit rate ceilings
on the expansion of loans in commercial banks [Koch, 2015]. A logit model is used to link aloft deposit
interest rates to bank bankruptcy, where aloft a deposit interest rate is a dependable indicator of risk-
taking [Kraft, Galac, 2007].

The benchmark rate will affect the deposit inflows directly, and this cash will affect how much
money can be turned into a loan. This motivates us to assess the impact of deposit benchmark interest
rates on lending dynamics. Several ways to address the industrial banking problem are possible by
using mathematical models. For example, a constrained optimization portfolio of the bank balance
sheet to analyze the impact of a macroprudential policy on the bank’s decision-making [Gunadi,
Harun, 2011; Satria, Harun, Taruna, 2016], a dynamical system of bank balance sheet to study the
dynamics of banking variables such as deposits, loans, equity, and reserve requirements by employing
banking data [Sumarti et al., 2018; Ansori, Sidarto, Sumarti, 2019b; Ansori, Sidarto, Sumarti, 2019a;
Ansori et al., 2021c], a network approach to study a macroprudential instrument and its impact on the
banking system stability [Ansori et al., 2021a], and a single difference equation or a system of two
difference equations of banking loan variables to survey the banking policies such as capital adequacy
ratio, reserve requirements, and macroprudential policy [Fanti, 2014; Ansori et al., 2021a; Brianzoni,
Campisi, 2021; Brianzoni, Campisi, Colasante, 2022; Ansori et al., 2021b; Ansori, Theotista, Winson,
2023; Ansori, Ashar, 2023; Ansori, Theotista, Febe, 2023; Ashar, Ansori, Fata, 2023]. For this purpose,
we follow the latter model to investigate the role of deposit benchmark interest rates.

Model formulation
Suppose a bank balance sheet identity is given below:
L+R=D+E, M
where L is loan, R is reserve requirement, D is deposit, and E is equity.
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The reserve requirement is a monetary policy implemented by the central bank to mandate that
each bank holds a specific proportion of its deposits at the central bank. This policy is formulated as
an integral component of both monetary policy and macro-prudential policy. Thus, we have

R=pD, O0<p<]l. 2)

Equity is required to adhere to the capital adequacy ratio regulation, which mandates that its ratio
with risk-weighted assets must exceed a specific percentage. Given that this article only considers two
asset variables, namely, loan and reserve requirement, it follows that the risk-weighted asset is solely
the loan. In order to further simplify the model, we make the assumption that the equity is equivalent to

E=«kL, O<k<l. (3)

In this model, the deposit is assumed to be calculated after all variables are determined. Thus,

D= 175 )
l-p

The loan follows a gradient adjustment procedure [Bischi et al., 2010], where the following
period’s loan amount is determined based on the present loan and its marginal profit. It forms
a difference equation as follows [Fanti, 2014]:

on,
Ly = Let aLLta_L’ (5)
t

where @ is an adjustment rate, and 7, is the bank’s profit which is calculated below:
e =T ebe = oDy —TeB = G, (6)

where 1, . = a - Db L, is the inverse linear loan interest rate, rp, = ay + byD; is the inverse linear
deposit interest rate [Klein, 1971; Monti, 1972], r is constant equity cost, and C; = ¢;D; + ¢ L, is the
linear operational cost. All parameters are positive.

Next, we assume that the parameter of the deposit interest rate is defined as aj = a5, — @y,
where @, is the deposit benchmark interest rate set by the central bank. Usually, the banking industry
establishes its deposit interest rate at a level below the benchmark set by the central bank. The
parameter @, is the focal point of our investigation since we aim to examine its influence on the
dynamics of banking loans.

By those assumptions, the bank’s profit becomes

1 -« 1 -«

Thus, the banking loan model in (5) becomes

1 -« 2
b|_+bD( )

L = Letalk (aL - —p

Lt). 8)

1 -
rek +C_ +(@py —ap; + cD)(ﬁ)] -2
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Local stability and bifurcations analysis

Model (8) has two equilibria: a zero equilibrium Lf()) = 0 and a positive equilibrium

LA |rex + ¢+ (apg — ap, + o) (1))
= 1|2
2[by + by (12)’]

The positive equilibrium will have a positive value if it fulfills the following criterion:

1 -«
a >rgk+C +(apy—ap, + cD)(1 _p). )

The subsequent theorem asserts the local stability of the equilibria.

Theorem 1. The zero equilibrium is unstable. Furthermore, the positive equilibrium is
considered to be locally asymptotically stable if

2 1-
apg > (a,_—(a— +rE;<+c|_))(1—_'Z)+aD1 - Cp. (10)

L

Proof. To begin with, let us consider the loan model expressed in equation (8) and
rephrase it as L., = f(L). The function f is differentiated once to obtain f'(L) = 1 +

+a (al_ —regk—c +(ap, —ap, — CD)(l;k)) - da (b +b (1—_'()2) L;. Based on [Alligood, Sauer,

Yorke, 1996], equilibrium L* is locally asymptotically stable if |f’(L*)] < 1. In the case of L,, we

(0
have f’ (Lf())) =l+a (al_ - [rEK +C +(ay,—ap, + CD)(%_—;)]) > 1, because we have the positivity
condition in (9). Thus the zero equilibrium is not stable. In the case of positive equilibrium, it is
clear that f’ (Lfl)) -a (al_ - [rEK +C +(@p —ap + CD)(%%;)]) < 1. However, f’ (L(l)) -1

ifaDO>(aL ( +rE/<+c|_))(1'O)+aD1 Cpo- i

Bifurcations occur in the loan model (8) when the absolute value of the derivative of f with
respect to L at L* is equal to 1. The transcritical bifurcation occurs when f’ (L*) is equal to 1, while
the flip (doubling-period) bifurcation occurs when f’(L*) is equal to —1. The subsequent theorem
establishes the significance of those bifurcations.

Theorem 2. The positive equilibrium’s stability is compromised by transcritical and flip
bifurcations when the deposit benchmark interest rate is equal to ap, = aEO where aTD0 =

_ 1-
= (a_ - (rex + ¢)) (122)+ap, —¢p and ay, = af, where al = (aL ( +rek+ c,_))( £)+ap, —Cp,
respectively. In addition, the positive equilibrium is stable and exists when aD0 <ap, < aDO.

Proof. The values of the bifurcations can be quickly found by solving the equation |f” (L*)| = 1.
The inequalityF an, <T an, < ap, may be deduced from Theorem 1, which states that ay, > af, and
the fact that aj, < ap,. O

The deposit benchmark interest rate ranges from 0 to 1. Therefore, for economic significance,
both the flip and transcritical bifurcation values must likewise fall within the range of 0 and 1.
If 0 < af) < 1, then ¢y — (3 — (rex + ¢ )) (12) < ap, < 1+¢p —(a - (rgx + ¢ )) (£2)- Meanwhile,
the condition 0 < aTDO <1 implies 2 2

<o <+
a | (cp—ap (1 K)re K+CL] L [(1+c o) (12 )+re K+, |’
An additional interesting analys1s can be conducted by exammmg the partial derivative of the

transcritical and flip bifurcations with respect to the model’s parameters. This allows us to assess the
extent to which the parameters influence the values of the bifurcations.
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For the transcritical bifurcation, we have,

T T T
9ap, _ 985 _1-p 9apy _ k(1 -p) <0
dag, oda 1-xT 7 arg 1 -« ’

oal a —(rgk+¢)) oal (1-p)
DO L E L DO P
=- 0, =(a — (rgk+¢))——= >0,
dp 1 -« < Ok @~ (e« I‘))(1 - k)2 ”
T T
%=_1<0 %:_l;p<0
ac, T dc l-x

In the case of the flip bifurcation, we have,

daf daf - dar _
ﬂ:1>0’ ﬂzl_p>0’ DOZ_K(I p)<0,
0ay, oa 1 -« ore 1 -«
2
dap, _ & (q ekt C'—) dap, _ 2 (1-p)
P = - T <0, a——a,_— —+rEK+CL Ry 0,
o K K a, (1-x)
oar dak 1—
D0:_1<0’ DO _ _ P<0’
dcy ac, 1 -«
F
da a/f 1 -« '

In order to ensure the stability of the loan, the regulator or bank can adjust the other parameters
accordingly. If the partial derivative of aEO is negative, they may set the other parameters to have
higher values. Conversely, if the partial derivative of ago is positive, they may set the other parameters
to have lower values.

Numerical simulations

To validate the analytical findings, we conduct a series of simulations including the bifurcation
diagram, the Lyapunov exponent associated with the bifurcation diagram, a two-parameter bifurcation
diagram, and sensitivity analysis. All simulations utilize the parameter values specified in Table 1.
These values are selected for simulation purposes only, yet they still fulfill all the requirements stated
in the previous section.

Table 1. Parameters’ value

Parameter Description Value

an, Deposit benchmark interest rate Vary
ay, Bank’s deposit interest rate adjustment 0.01
bp Bank’s deposit interest rate adjustment to the deposit volumes | 0.05
a Loan interest rate adjustment 0.2
b, Loan interest rate adjustment to the loan volumes 0.05
M Rate of return of equity 0.05
o Reserve requirement 0.12
K Capital adequacy ratio 0.08
o Deposit’s operating cost 0.05
C. Loan’s operating cost 0.05
@, Speed of adjustment rate 5
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The graph in Fig. 1, a illustrates the bifurcation of the deposit benchmark interest rate a,. We
discover that reducing the value of aj, leads to an increase in the loan equilibrium. Insufficient a,
will result in complex dynamics behavior of loan expansion. The presence of chaos in this intricate
dynamics can be demonstrated by a positive Lyapunov exponent, as indicated by the red dots in
Fig. 1, b. To ensure the stability of the banking loan, it is necessary to fix the value of a,, between the
flip and transcritical bifurcation values.

0.7— ; - ; 0.5

0.6' lap, =0.010000} : } O"r-\ —————————————————————————

05!

:ulFm =0.035884

—1} lay =0.010000!

*

Lyapunov exponent

0.3 oo = 0099652? -L.5] b = 0.035884
0.2 -2+ aly = 0.099652"
0.1t 2.5+
ol ; , : 3l : :
0.02 0.04 0.06 0.08 0.1 0.02 0.04 0.06 0.08 0.1
apg apo
(a) (b)

Figure 1. (a) Bifurcation diagram of &, and (b) the related Lyapunov exponent

Figure 2 displays a two-parameter bifurcation diagram of a,, and a,, as well as a,, and by,
illustrating the joint impact of these parameters on the banking loan equilibrium’s stability. The
simulation is conducted using an algorithm suggested in [Ansori, Ashar, Fata, 2024]. The algorithm
represents the parameter points that are coupled in blue, green, or red markers, depending on whether
the banking loans are steady, periodic, or chaotic. The simulation allows us to view the specific location,
represented by the blue region, where stable banking loans may be ensured.

0.05 0.1
0.04 0.08
_0.03 0.06
GQ &Q
0.02 0.04
0.01 0.02
00 0.02 0.04 0.06 0.08 0.1 00 0.02 0.04 0.06 0.08 0.1
ap, apo
(a) (b)

Figure 2. Two-parameter bifurcation diagram of (a) a,, — a,, and (b) a,, — by

The stability condition of the positive equilibrium Lfl) in (10) is rewritten as S =

2 l-p
(aL—(q+rEK+cL))(m)+aDl—cD .

< 1. Therefore, we can conclude that L(l) is locally asymptotically stable

) pg
for S < 1. Now, we see S as a function with two variables, and our focus is on creating a contour plot
of this function. In Fig. 3, we provide the contour plot of S for combinations of @, with the remaining
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(a) (o)
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: 0.5 \
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Figure 3. Contour plot of sensitivity function S as a function of two parameters: a,, and (a) a,,, (b) &, (¢) I,
(d) p, (e) k, (f) ¢y, and (g) ¢, . The area with a heat color value of less than 1 means that the loan equilibrium is
stable if the parameters’ value is in there

parameters. Through analysis, we can identify the region in the contour plot where the spectrum has
a value below 1, indicating the presence of stable banking loans.

Model with a nonstandard difference scheme

We modify the model (8) by using a nonstandard difference scheme [Mickens, 1994; Shabbir et
al., 2019; Khan et al., 2022]. First, let us simplify the writing of the model (8) into

Ly = L+ o Li(A = QLy), (11)

where A = a - [rEK +C +(ap, —ap, + CD)(%_;Z)] and Q = 2 [bl_ +bp (}%;)2] From (10) we know
that A > 0, and since all parameters are positive, it follows that Q > 0.
The modification of the nonstandard difference scheme is by letting the term on the right-hand
side of (11) that has a negative sign, i.e., —aLQLtZ, be changed into —a QL(L,, . From this we have
(1 +a AL,
W7 Ty 0L

t+1°
(12)
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The difference equation (12) has the same equilibrium points of the difference equation (8), that is,

A

Suppose the right-hand side of (12) is denoted by g(L;), then we have

‘L l+a A
go= (1 + e, QL)*

If we substitute Ly, = 0 into g'(L), we have g'(0) = 1 +a A > 1. Thus, the equilibrium L, = 0 is not

stable. For the case of Lz‘l) = % we have |g’ (%)| = ﬁ' < 1. Thus, the equilibrium Lz‘l) = % is locally

asymptotically stable. Thus, according to this modified model, there is no bifurcation, since ¢’ (%) is
never equal to —1 or 1.

In Fig. 4, a, we illustrate the changes in banking loans by employing the model (8) and the
nonstandard difference model (12) with varying values of . It is important to remember that @
represents a parameter that determines the speed of adjustment. The time series of the standard model
is affected by the value of «,, whereas the nonstandard difference model is not modified. However,
Fig. 4, b demonstrates that an increase in the value of &, in the nonstandard model leads to a decrease
in its equilibrium of banking loans.

a, =5 a, =35
025 0.3 =
" lh. | 0.4
02 0.25 ||
~ 5 0.2 -
0.35
0.15 0.15
0.3
0. 10 20 40 60 0. 10 20 40 60
Time ¢ Time ¢ -
@, =40 @, =50 ~0.25
0.3 0.3 ;
T 02p ) : ap, =0.03
=0 ~ 02 [ 0.15 apy = 0.04| -
0.15 C 015 j dpy = 0.05)
0.1 - - : = - .
o2 40 6 %o 20 40 60 0 10 20 30 40 50 60
Time ¢ Time ¢ Time ¢
(a) (b)

Figure 4. (a) Time series comparison between the standard difference model (blue line) and the nonstandard
difference model (red dashed line) for different values of @ . (b) The impact of different values of a;, on the
nonstandard difference model

Conclusions

According to the analytical and numerical findings, we discover that the deposit benchmark
interest rate has a significant impact on the dynamics of banking loans. Initially, the regulator should
contemplate establishing the benchmark rate at a level that is neither excessively elevated (as indicated
by the transcritical bifurcation value) nor excessively low (as indicated by the flip bifurcation value).
This outcome is consistent with the findings reported in [Ansori, Ashar, Fata, 2024]. Furthermore, an
elevated benchmark rate will result in a decrease in the growth of banking loans. The regulator can
utilize sensitivity analysis to adjust the regulation of the benchmark rate in response to fluctuations in
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other factors within the banking industry. The change aims to ensure the stability of banking loans.
The scientific potential of our proposed model can be enhanced by incorporating nonlinear, stochastic,
or fractional interest rates, as recommended in other academic works [Brianzoni, Campisi, Colasante,
2022; Huang, Jiang, Wang, 2020; Zhu, 2015].
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