BBEJIEHME

Jlroneit Ha CErOmHAIIHUN JEHb BOJIHYET PEIIeHue mPOOJIEM, CBSA3AHHBIX C
MEIULMHON 1 310POBBEM uUenOBEeKa. HeCMOTPs HA TEXHHYECKHUI IMPOrpecc, B MUpe
CYILIECTBYET OTPOMHOE KOJUYECTBO 3a00JIEBAHUM, U3JIEYUTh KOTOPHIE MEIUIIMHA HA
JAHHBIH MOMEHT OeccuiabHa. KpOMe TOro, B&KHBIM 1IArOM B YJIYUIIEHHH 3]10POBBS
JIONEN SABIAETCS MPOGUIAKTAKA 3300JE€BaHMM, KOTOPAs, B OOJBITMHCTBE CIy4YaEB,
MOXET NPEA0TBPATUTH PA3BUTHE OOJIE3HHU.

Kapauonorus - ogHa w3 BaxHEHmHX chep pazButus MeauiuHbl. bomesHu
CEpaua BO3HUKAIOT MO PA3JMYHBIM NPUYMHAM, MHOTHE U3 KOTOPBIX MOXKHO
NPEea0TBPATUTL OJaronaps HWCHOIB30BAHUIO CPEICTB COBPEMEHHBIX TEXHOJIOTHM.
Hanpumep, apuTMun cepana - NMPOKO PAcIPOCTPAHEHHOE CEPEYHOE 3a001EBAHNE.
[Tox apuT™Mueit Ha CErOMHAIITHUHN IEHh TOHUMAIOT YYalllEHHe PUTMA U OECTIOPSI0IHOE
COKPAIIEHWE  CEPAEYHOM  MBIIIILI, KOTOPBIE  BO3HUKAIOT B  PE3YJbTATE
pacnpoOCTPaHEHUsI HE CUCTEMATHUYECKH BO3HHUKAIOIIUX JJIEKTPUYECKHX CUTHAIOB B
cepaue uyenoBeka. YacTtO 3TU PACCTPOMCTBA CBA3BIBAIOTCS C TPEBOrOM WU
HAMNPsSOKEHWEM M BCTPEUYAIOTCS y KaKAOr0 4YenoBeka cO BPEMEHEM. JlaHHBIE
paccTpoicTBa HE JOCTABJISIOT OMTACHOCTH M HE PACCMATPUBAIOTCS KAK CEPHE3HBIE €CIIH
OHU HE CIIUIIKOM IOSIBIISIFOTCA.

Bpaucii ropaszmo 0obiiie 6SCIOKOST JIPyrue apuTMHH, B YACTHOCTH T, KOTO-
phle BOZHHUKAIOT B BEPXHUX OT/AEHax cepima. [pu «moBpekIeHUDY UITH HaApPYTICHHUSIX
(GyHKUME CHHYCOBOTO y3/1a MOLYT BO3HHUKAaTh OpaauKapausi, TaxuUKapausi WU
yepenoBanue »THX coctosinuii [1]. [Ipeacepane MOKET BbLACpKAaTh JIMIIL B TEUCHHUE
KOPOTKOTO BPEMEHH 3IEeKTPUUECKHE CUTHAIIBI, OepyIlHe HaYali0 U3 CHHYCOBOTO y3J1a,
NPHUBOASINKE K COKpAaWIEHUIO cepaua ¢ 4vacrorod 200 ynapoB B MHHYTY. JTO
COCTOSIHME M3BECTHO [0JI HA3BAaHUEM I[IAPOKCU3MAIBHOM  HAKEIYJ0UKOBOH
Taxukapauu. PaccTpoiicTBa, KOTOPbIC XapaKTEPU3YIOTCA OYEHb OBICTPBIM PHUTMOM
CepIevHBIX COKpalleHHH, BO3HUKAIOMUX B BEPXHUX KaMepaxX cepAlla, M3BECTHBI KaK
HaJKEJTYIOYKOBBIC apuTMHUHU [2].

K HacrosimemMy BpeMeHH HCCIICIOBAHUIO BOSHUKHOBCHUS U PA3BUTHS apUTMHHU

ITOCBAIIICHO OOJIbIIIOE KOJIHUYECTBO I/ICCJ'IC,Z[OB&HI/II‘;I, B OOIBIIMHCTBE CBOEM OJTH



WCCIEeNOBaHMUST TIPOBOISTCA C HCMOJIL30BAHMEM DIIEKTPOKAPAMOTpPaduu WU
pa3aM4HBIX BUJIOB TOMOrpaduu. J[aHHbIE METOABI UCCIEAOBAHUS HA CETOAHSITHUN
J€Hb JOCTATOYHO NMOMYJISAPHBI, HO MPU 3TOM MMEIOT CBOM HEAOCTATKH, K KOTOPBIM
MOXHO OTHECTH TOT (paKT, 4TO JJIA BBISBIEHUS aPUTMUU HEOOXOMUMO TPOBOIUTH
HKCHEPUMEHTHI HA PEATbHON 4enoBedyeckOM MbIE. [I0OMUMO 3TOrO, MOIy4YEHHBIE
pe3ynapTaThl MPEJICTABISAIOT COO00M TOBEAEHWE CEPHEYHON MBINIIBI JIMIIb B
OMPEeeNeHHbI MOMEHT BPEMEHH, U O TOM, KK CEPAEUHAs CUCTEMA OyIET BECTH CEOs
B MOCHEAYIOMNE MOMEHTHI BPEMEHHU, MOKHO OyAET CyIUTh JIUIIb C ONMPEIEIeHHON
J0nen BePOsATHOCTH. [Ipu 3TOM 111 TOTHOLEHHOTO MCCIIEI0BAHNSI BOSHUKHOBEHUS U
pa3BUTHS APUTMHUHM HEOOXOIUMO MOJIYYUTh KAYECTBEHHYIO KAPTUHY MOBEIEHUS BCEH
CUCTEMBI JJig TOr0, 4TOOBl MMETh BO3MO>KHOCThH MPOTHO3UPOBATH €€ NaTbHEUIIEE
noseaeHue. [I[pOra03upoOBaHUE UTPAIOT 3HAYUTEIIBHYIO POJIb B TAKUX UCCIEN0BAHUSX,
TAK KAK IMOMOTAaeT BBISIBUTh y KOHKPETHOrO 4YEIOBEKA MPEAPACIOIONKEHHOCTh K
BO3HUKHOBEHUIO QPUTMUU U, KAK CIIEJCTBHE, OLIEHKH BEPOSITHOCTH €€ PA3BUTHUS B
00J1ee OmacHbIe 3a00JE€BAHUS, KAK HAMPUMEP, UIIIEMUYECKAsT O0JE3Hb, TAXUKAPAUS U
T.J.

Takum 00pazom, Mcciaea0BaHue BOMPOca BOSHUKHOBEHUS aPUTMUM SBISETCS
AKTyaIbHOM 3a7a4yeii. ICTOYHMKOM 3HAHUM O HUIMYUUA aPUTMHUM CEPLA SIBJISIFOTCA
AJIEKTPUYECKUE CUTHAIBI, BOZHUKAIOIIME B CHHYCOBOM Yy37€ U, mPox0oxas uepe3 AB-
y3€J1, PacnpOCTPaHSAIOTCA MO BCEMY CEPALY W BHOCIEACTBUU MO OPTaHU3MY. DTH
CUTHAJIBI MOKHO 38PErucTPUpPOBaTH, a 3aTE€M, MOCIIEe UX 00PAO0TKH, MHTEPIPETHUPO-
BaTh COCTOsiHME cepaua. [IpOBOaMTH TakWe HCCIEA0BAHUS HEMOCPEACTBEHHO Ha
CepILEe YenOBEKA SABISETCSA CIOXKHOWU 381a4eil, M03TOMYy BCE OOJBIIEE MPUMEHEHUE
MPY U3yYEHUH APUTMHUU HAXOAAT METOAbl HMUTALIMOHHOTO MOJEIMPOBAHUS.

[lenbto PadOTHI SABISIETCA CO37aHUE MOENH, TEOMETPUYECKAs CTPYKTypa
KOTOPO# Oym3Kka K PealbHOM TreOMETPHHM YeJIOBEYECKOrO cepima, a MPOIEcCHI,
MPOUCXOSIINE B PEATHHOM CEPAEYHON MBIMIIE, OYIyT MOJETHPOBATHCS HA OCHOBE
pemeHuss  KPAaeBOW  3amauyd,  COCTOSIIEM  HU3  CUCTEMBI  HEJIMHEWHBIX

b epeHuaTbHBIX YPaBHEHUH.



JIns nOCTHKEHUs ITOCTABIIEHHOM eI HEOOX0IMMO PEIINTH PsIJT 33134

. CocrapieHue MaTeMaTuyecKO MOAEIH POIIEcCca PACPOCTPAHEHUS
AJIEKTPUYECKUX CUTHAJIOB B CEP/ILIE

«  BpIOOp MeTOnA Pemenus 33139 0 PACIIPOCTPAHEHUHN SJIEKTPHUIECKHX
CUTHAJIOB

. CocTaBi€HUE rOpUTMa PEIIEHUS

« IIporpamMmuas peanuzanus ayirOpuT™Ma B MPOrpaMMHOM MMAKETE

« IIpOBEnEHUE YHCIEHHBIX SKCIEPUMEHTOB HA MNOJYYEHHOW MOAEIH

CEPI€YHOM MBIIIIIIHI.

OOBEKTOM HCCIEN0BAHMS, T. €. HAYYHO-TIPAKTUYECKOH 00JAacThiO, B PaMKax
KOTOPOM BEAETCS WCCIENOBAHWE, SIBISETCA KAPAUOJIOrHs, 4 WMEHHO CEepIedHasd
MbIIA yenoseka. [Ipenmer uccinenoBanus - 3TO 4acTh OOBEKTA UCCIEN0BAHMUS, ETO
MPU3HAKHU, CBOMCTBA, KOTOPBIE MTOJIEKAT AETAIBHOMY N3Y4E€HUIO. [103TOMY B TAaHHOM
CITy4ae moJ MPEIMETOM HCCIIEIOBAHMUS OyJIEM NMOHUMATh APUTMHUU U MPUYHUHBI UX
BO3HUKHOBEHHS.

Co3nanue JaHHOM MOAENM HEOOXOAMMO IS MCCIIEIOBAHUS IPOIECCOB,
MPOUCXOJAIINX B CEPIEYHOM MBIIIE, & UMEHHO Uil BU3YUIM3allMM W3MEHEHMWH,
MPOUCXOIAINUX B CEP/IE MO BIUSHUEM Pa3IMUHBIX (PakTOpPOB. Takum 00pazom, B
X0J€  WCCIENOBAHUS  TMPEAIOJIAraeTcsl  BBISIBJIEHHE  3aBUCUMOCTEM  MEXITY

OTKJIOHEHMAMHU B PACTIPOCTPAHEHUH DJIEKTPUUYECKUX CUTHAIIOB U PA3BUTHUEM dPUTMUU.



1. OB30P JIMTEPATYPBI

1.1 O630p cymecTBYIOIMX METOA0B OOHAPYKEHUA APUTMHUI

N3yyeHuto BO3HUKHOBEHUSI W OOHAPYXEHHS APUTMUA B IOCJIEIHHE
NECATUIIETHS YIENAETCA NOCTATOYHO OO0 BHUMAHWE. CyIIECTBYET HECKOJBKO
CrIOCOOOB  BbIsiBNIEHUsA apuTMuil. K HUM OTHOCSTCS MAarHUTHO-PE30HAHCHAS
tomorpadus (MPT), kOommberoTepras tomorpadus (B 4acTHOCTH, C DJIEKTPOHHBIM
ayuom) (KT), snexrpoxapauorpadus (OKI).

MPT OTHOcHTCS K HOBEHIIMM TEXHOJOrUsM Bu3yanu3anuu. HO, xOTsa 31OT
METO/ 00€CreurBaAET MOTYYEHUE KOHTPACTHOIO TPEXMEPHOr0 N300PaKEHMUS BHICOKOM
yetkoctu, MPT umeer cBou Hepocrarku [3]:

 JlocTarO4HO BBICOKAsSI CTOMMOCTH OOOPYAOBAHUS U €0 KCILTyaTalNH;

« Hapymenwus purMa (Pu UccieI0BaHuU CEPALA);

* HeB03MOXHOCTH HAAEKHOTO BBISIBIEHUSI HEKOTOPBIX BUAOB NATOIOTUI;

» CneunasibHbIE TPEOOBAHMS K MOMEILEHUAM, B KOTOPBIX HAXOAATCA TPUOOPbI
(9xpaHupOBaHUE OT MOMEX);

* HeB03MOxHOCTH 00Ci€n0BaHUSA OOJBHBIX C KPYMHBIMA METQJUIMYECKUMU

UMIIJIaHTATAMM, KAPAHOCTUMYJISATOPAMHU U T. 1.



Pentrenoeckas kommbetoTepHas Tomorpadus ( KT) sBmgerca oxnmm  u3
HanboJIee UCTIOIB3YEMBIX B COBPEMEHHON MEIHITHHE TYUIEBBIX METOIOB TUATHOCTUKH.
Onnako B TeueHue nuTenbHOTO BpeMeHn KT penko nmpuMeHsnach sl HCCIEI0BaHU N
CepALa U COCYIOB. DTO OBUIO CBA3aHO C HEOOMBIIOH CKOPOCTHIO MOJYYEHUSI CPE3OB C
noMONIbl0 TpaauiuoHHbIX cucteM KT, MOCKONbKY y JaHHBIX NpUOOPOB BpeMs
obopota TpyOKM OBLIO CONOCTABHUMBIM C JUIMTENBHOCTBIO CEPACYHOTO ITHKIIA.
[IpakTHueckn enMHCTBEHHOM pasHOBHJHOCTRIO KT, mpurogHoH g nosnydeHus
H300paskeHni cep/na, Obuia 3MeKkTpoHHo-Ty4deBas Tomorpadus (3JIT), nosiBuBIIasCs
B 1984 r.

B 1998 r. nossuiics Meron Mynstucnupaibioil KT, KOTOpBIA cTai MHPOKO
MPUMEHSATHCS ISl UCCIIEIOBAHUM cep/na U cocyuos [4].

Ho nipy 5TOM Henb3s He YUUTBIBATH Psi/i HEJOCTATKOB, npucymux Merony KT.
OCHOBHBIM HEJIOCTATKOM AAHHOTO METO/AA OCTAETCS BHICOKAS JydeBas HArPy3ka Ha
NamnueHTa, HeCMOTPs Ha TO, 4TO 3a BPemsi cymiectBOBaHusa KT e€ ynanock 3HaYUTENTEHO
CHU3UTD.

Henocrarkamu meTona 3nekTpokapauorpaduu siBiastoTCs:

* HANPSIMYyIO0 HE TMArHOCTUPYET MOPOKHU U OMyXO0JIU CEPALA,;

* HE OTPAXAET HAJIMYUE ITyMOB CEPALA,;

* TECT, B3STHIM B COCTOSHUM TIOKOS, MOXKET HE BBIIBUTH MMEIOIIEECS
3abonesanue [5].

Ha nmamHOM oramne pasButuss HUHPOPMAUMUOHHBIX  TEXHOJOTHH  JUIs
UCCNEN0BAHUST MPOLECCOB, TMPOTEKAIOMUX B CEPAIE UEJOBEKd, BCE yYalle
MPUMEHSIOTCSI METOAbI UMUTAMOHHOTO MOJIETUPOBAHUS.

K 3HaunMbIM npenmyiecTBaM JaHHOTO METOA MOKHO OTHECTH CIIETYIOIINE
(baKThI:

1. MonenupoBaHre HE OKA3BIBAET BIHSHHUS HA 3I0POBHE PEUTLHOT0 YEJTOBEKA,
T. K. MPOUCXOUT U3YYEHUE MOJIEIN HA KOMITHIOTEPE.

2. MOI[EJ'II/IpOBaHI/Ie MOXXHO HCIOJIb30BaTh B KA4€CTBE CPEACTBA 06yquI/151
MEIMIIMHCKOr0 nMepcOoHaa Pad0Te ¢ PeaIbHOM CepPIEYHON CHUCTEMOI.
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3. Pa3zpaboTka uMUTAIMOHHOW MOJIENIA CHUCTEMBI 3a4aCTYIO MO3BOJISIET JTyUIIe
MOHSATH PEATIbHYIO CUCTEMY.

4. KOMNbI0TEPHOE MOIENMPOBAHKE MO3BOJISIET HE TOJBKO MOIYYUTh MPOTHO3,
HO W OMPENENINTh, KAKHE YIPABISIONINE BO3ACHCTBUS MPUBEIYT K HAMOOIEE Oaro-
NPUSATHOMY PA3BUTHIO COOBITHH.

5. KomnbroTepHbIE MOJIETHN TPOIIE U YAO0OHEE NCCAEA0BATH B CHITY UX

BO3MOKHOCTH IIPOBOAUTH BbIYUCIHUTEIIBHBIE SKCIIEPUMEHTHI.



1.2 KonuentyaibHas NOCTAHOBKA 33134

Takum 00pa3oM, nisi AOCTWKEHWS TOCTABIEHHOW IENW, & WMEHHO, IS
CO37aHUSI UMUTAIIMOHHOW MOJENM CEPAEYHON MBI, HEOOXOAUMO PEIIUTh Psif
3a1a4.

 Co3nanue  reoMEeTPUUYEcKO  MOJENnuM  cepaua ¢ napaMeTpamu,
NPUOIMKEHHBIMU K PEIbHBIM NTAPaAMETPaM YEI0BEYECKOTO CepPIIa.

» CocraBieHue MareMaruyeckOi MOAEIH MPOIEcca PAcTIPOCTPAHEHUS DIIEK-

TPUYECKUX CUTHAIOB B CEPALE.

Bri00p MeTOna pemenus 3anaund 0 PacpOCTPAHEHUU AIEKTPUUECKUX CHUT-

HaJIOB.

CocraBneHue anropurma PEnIeHus.

[IporpamMmmuas peasm3zanus asiroput™Ma B IPOrPaMMHOM NAKETE.

[IpoBeneHNE YHCIEHHBIX OJKCIEPUMEHTOB HA TOJYyYEHHOW MOJENH
CEPIEYHOMN MBIIIIIIHI.

* YCTaHOBJIEHUE BJIMSIHUS MAPAMETPOB, HCIOIL30BAHHBIX B MOJIENH, HA BO3-
HUKHOBEHUE aPUTMHUH B CEPIIE.

Jlis pemenuss NOCTABIEHHBIX 337384 MEPBOHAYAIBHBIM JTAIOM SIBIISETCS
paccMOTpeHue 00beKTa Hccaea0Banus. st 3TOr0 BBIICHUM, 9YTO COOOM MPEICTABIISET
JJIEKTPHUYECKAS CUCTEMA cepara.

Cepaue cocTouT M3 4YeTbIPpex OTAENOB (PucyHOK 1). B HEro BxOmsT ABe
BEPXHUE KaMmepsl (mpencepmaust). M3 HUX KPOBb MOCTYNAET B JIBE PACHOJIOKEHHBIE
HIDKE KaMEPbI (Key10uKr), OTKY/Jd OHA MMEPEKAYNBAETCS B JIETKUE M IPYTUE YaCTH
TEJIa.

Pons ymapauka B pad0Te cepara BBITOTHAET HAXOAIIMICS BHYTPH HETO Pe-
I'yJISTOP PUTMA, HA3bIBAEMBIN CHHYCOBBIM y3JI0M (IPyrO€ Ha3BaHME: CHHOATPUAIBHBIH
un CA yzen). OH 00ecreunBaeT CIaxeHHyr PadboTy BCEX OTAENOB CEPAIA MyTEM
Nepenayuu CinadbIX MEKTPUYECKUX CUTHAIOB M3 MPEACEPAHUN YepPe3 yd4acTOK MEXITY
NPeICePaUIMU | HKeTy1I0YKaMH, HA3bIBAEMbBIN aTPUOBEHTPUKYIIPHBIM (AB- y3en win

AB-coenunenue).



AB-y3en 10CTaBISET CUTHAT K KEITYJ0YKaM, U KEITyJO0UYKH OOECIIEYHBAIOT
HUPKYJSIUI0 KPOBU B Opranu3me [6]. MHOTna nmpoucxOasT HAPyHIEHUs MPOIecca

nepenayu 3TUX CUrHajiOB, ¥ TOrJd BO3HUKAIOT paCCTDOﬁCTBa CepaeyHOro purMma.

SA yzen
(cuHycHo-
npeacepaAHbIA)

Npaeoe
npepcepave

Jlesoe
npeacepawne

AV yzen
(npeacepato-
YENYAOYKOBbIN)

FNesbiin

MNpasbiii -
wenypnoyex

Menyaouexk

Puc. 1. Dnextpuueckas cuctema cepana

CocTosHMe, TTPX KOTOPOM MPOUCXOIUT HEHOPMAILHOE 3aMETIEHNE CEPAEUHOM
NEeATeNIbHOCTH (MEHBIIE 60 COKPAIIEHUH B MUHYTY ), BPAYX HA3BIBAIOT OPaau-KapIue.
UpesmepHoe yckopeHnue cepnednoro purma (6omepme 100 cokpameHuit B MUHYTY)
HOCUT HA3BAHUE TAXUKAPIHUU.

AputrmMuu MOTYT BO3HHUKATH MPYU HAPYIIEHUSIX TPOBOAUMOCTH AJIEKTPUUECKUX
CUTHAJIOB HA JI0OO0M y4acTKE cepiud, OT CHHYCOBOrO y3Ja 10 NPEeacepauil u xeiy-
JIOYKOB. APUTMHUU B TON MM MHOM CTEMEHM BCTPEYAIOTCS Y KKA0r0 4eI0BEKA, HO B
OMPENENIEHHBIX CUTYyalusiX OHM MOTYT MPUBOJIUTH K TMEYAIbHBIM MOCIEIACTBUSIM.
ITosTOMY M3yu€Hus JAaHHOTO BOMPOcA U MOCTPOEHHE JAHHOW MOJENIM TaK aKTYaJIbHO
HA CEerOgHSIIHUY JIEHbD.

Tak kak OmMcaHHas BBIIIE MOAEIL JOCTATOYHO CIIOXKHA I MOAEIUPOBAHMS,

CIIEAYET OCYIIIECTBUTH MEPEXO. K YIPOIIEHHON MOEnu cepara (PUCyHOK 2).



Bepxnaz kaMepa (Jlesoe

SA-yiea npeacepue)
Bepxnaa kamepa
(Tipasoe
Tpeacepane)
Huxmas Ravepa
(Jeprrit Keayaouex)

Huxmaz kamepa

(ITpaBsrit xeTyI0uCK)

Puc. 2. YnpomenHas MOaeb cepaia
Konyenmyanenas nocmanoska 3aoauu. Takum oOpa3oM, B gaHHOH pabore
CTaBUTCA 3aJa4a IMOCTPOEHUs MOJEIH, OTOOpaKaroleH nepenayy JEeKTPHYECKUX

CHUI'HAJIOB B cepneqﬂoﬁ MBIILIE.



1. 3 O630p JAuTEPATYPHBIX HCTOYHUKOB

MeTtoapl MaremMaTHYeCKOrO MOJCIUPOBAHUS WIPAIOT OONBIIYIO pPOJib B
WCCIIEJIOBAHUHU 3JIEKTPOPU3HUOIIOTHUECKHX TPOLECCOB, MPOUCXOAIIUX B CepJle, u
BBIABJICHUM PA3JIMYHBIX HAPYILICHUH CEPACYHOMN ACATEIBHOCTH.

[lepBas moaens Obu1a mpeanioxkena B 1913 rogy DiinTxoBeHOM. B Hel Teno
YEJIOBEKA MNPEACTABIJIOCh PABHOCTOPOHHUM TPEYIOJIbHUKOM, B LIEHTPE KOTOPOTO
pacnoJiarajgoch CEpAle - MCTOYHUK AJeKTpuueckoro noteHuumana (“TpeyroapHuk
OitaTxoBeHa’’, [7]). OnHako WHTEpnpeTauus AAHHON MOJENIHM WU UCIOJIb3yeMas Tep-
MMHOJIOTHSI  (IPOEKLMSA BEKTOpa 3JEKTPUYECKOM OCH Ccep/illa Ha CTOPOHBI
TPEYroJIbHMKA) HE Hecau 3a coboi (Qusnueckoro cmeicia. [loatomy wmonens
UCIIOJIB30BAJIACh  TOJIBKO JUIA  WUIIOCTPAUMU  IMOJAKIIOUEHHS CTAHJAPTHBIX M
OJIHOTIOJIAAPHBIX OTBEACHUI npu CHATUHU 3JIEKTPOKapAHOrpamMm Ha
snexkrpokapauorpadax. Tomykom And co3AaHUSA WCTHHHO (U3MYECKUX Mojenei
CEpPACYHOM JEATENbHOCTH, CHOCOOCTBYIOIIMX Oosiee riayOOKOMY IMOHUMAHHIO
MPUPOJBI SJIEKTPUUYECKUX CHUTHAJIOB, SIBUWJIMCH CICAYIOIIME AOCTHMIKEHHS B 00JacTH
OMONIOrMUecKOM (PU3UKHU, BBIYMCIIUTEIbHOW TEXHUKH U MPUKIAJHON MAaTEMATUKH.

1. Ha xjeTtoyHoM ypoBHE AOCTMUTHYTO 0oJiee SCHOE IMOHUMAaHUE CBA3H
ME3K1y MEMOpaHHBIM TOKOM M HaNPsUKEHUEM 171 KJIETOK Cep/La.

2. 3HauuTENIbHO 000raTHWJIOCh 3HAHHWE NMPOCTPAHCTBEHHO-BPEMEHHBIX Xa-
PaKTEPUCTUK PACIIPOCTPAHEHUS BO30YKAEHUS U BOCCTAHOBJICHUS B MUOKApP/IE.

3. PazButne cpencts mugpoBoii BHIMUCIUTEIHPHONW TEXHUKH 10 YPOBHS,
o0ecrneunBaroero BO3MOMKHOCTh J0CTATOYHO OBICTPOrO M TOYHOIO pPELICHUS
“npsiMoii 3a1auM AeKTpokaparorpaduu’, T.€. BeiuuciaeHus nopepxHoctHoit DK mo
W3BECTHOMY pacrnpeaeneHuto ynekrpoasmwkymux cui (3/1C) B cepare.

4. Passutne Meron0oB peuieHHsa OOpaTHBIX 334a4  MaTEeMaTHYECKOM

¢u3ukmn, nos3possomMx BeuucaATe DJIC cepana nmo JaHHBIM, MOJTYYaeMbIM TIPH
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3anucy noepxHocTHou DKI'.

KneTtku pa3nuuHbIX OpraHoB MOryT OBITH MOJpa3[eNeHbl Ha [Ba THUMA:
BO30y/IMMbIE€ KJIETKM HEPBHBIX BOJIOKOH, CEpAlla, KJIETKH TJIaJKOH M CKeJleTHOM
MYCKYJIATypbl, U HEBO30yJMMBIE KIETKH, K KOTOPBIM OTHOCATCA, B YAaCTHOCTH,
KiaeTku snutenus M doropeuentopsl. [locine NpUIOKEHUs 3IEKTPUUECKOTO TOKA
HEBO30Y/MMBIE  KJIETKH Cpa3y pelakCUpylT K CBOEMY [E€pBOHAYaIbHOMY
COCTOSIHMIO, B BO30YIMMBIX KJIETKaX BO3HHMKAET IOCJIEIOBATEILHOCTh IPOLIECCOB,
3aBUCALLASA OT BEJIMUMHBI MMITyJIbCa MPOMYCKaeMOro vepe3 memOpany Toka. Ecim
UMIYJIbC MMEET HAANOPOTOBYIO BEIMYMHY, HA BO30yaMMON MeMmOpaHe HEpPBHOIO
BOJIOKHA BO3HMKAE€T OJIWHOYHBIM HEPBHBIA MMIIYJIbC - IOTEHUHA JCHCTBUA -
KOTOPBI JJIUTCA MPUMEpPHO | MC M pacnpocTpaHSeTcsi 10 HEPBHOMY BOJIOKHY CO
ckopocTeio oT 1 10 100 m/c, coxpaHss MOCTOSHHYIO aMIUTUTY Ay U (opmy [8].

Jlns  onmcanuss  npouecca  BO30YKJAEHUS — cepiala  NPEIOKEH  Psjl
matematudeckux Mozenei. [llupokoe pacnpoctpanenue mnonydwin moxaenu [9],
NpeaCTaBAOMMe 000 HavyalbHO-KpaeBble 3aJaud Uil CUCTEM YpaBHEHUH B
YACTHBIX TPOU3BOJHBIX, PAacCMAaTPUBAEMBIX B OOJACTAX € JIOCTATOYHO CJIOIKHOM
reoMeTpueit, Kk ux uuciay otHocarcs moxenu Jlanmay-I'mn3bypra [10] m Anmena-
[Tandunosa [11], akTMBHO HcHONb3yeMble Ul aHAJIM3a PA3IMYHBIX TPOIECCOB
BO30YKJACHUA cepala.

OcHoBomnonararomeii Teopueii 0 pacnpoOCTPAHEHUHM HEPBHOTO HMMIMYJbCa
NPUHATO CYUTATh MOJAENb XOMKKNHA-XAKCITH.

Xomxkun Anan Jlnoia (Hodgkin Alan Lloyd, 1914-1998) u Xakcnu DHapro
Ounmuar (Andrew Fielding Huxley, poa. 1917) — anrnmiickue Helipodusunonoru u
onodusuku, naypearsl HobeneBckoit npemMun no (pu3nog0orud U MeauuuHe B 1963
roay. MIx paGora Obula BBIMOJHEHA HAa AKCOHE TMIAHTCKOrO KajbMapa, KOTOPBIN
npeacTasyiger coboil IMHHYIO UWIMHIPHYECKYIO TPYOKY, OTXOISAILYIO OT HEHpOHa,
HMEKTPUYECKHI CUIHAJI PACIPOCTPAHAETCS BAOJIb BHEIIHEH MeMOpaHbl TPyOKH. DTO
HEPBHOE BOJIOKHO A0CTUraeT ToiamuHbl 0.5-1 MM (4TO B COTHM pa3 NpPEBHILIAET
TOJILIUHY HEPBHBIX BOJIOKOH MJIEKONUTAIOIINX ) U MPEACTaBIsAeT co00i OueHb y100-

HbIil 00BEKT I TAKUX UCCJIEJOBAHHA.
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[IoMMMO 9SKCHEPUMEHTAJIBHOTO MCCIEIOBaHMA, XOMKKMH M XaKCiIu
NpeAsIOKUIN MoJenb [12], onmuceiBaONIyl0 MpoLecchl MOHHOTO TPAHCMOPTa uepe3
MeMOpaHy M NpPOXOXKIAEHUE HMIYJIbCa NOTeHUMana BAOJb MeMmOpanbl. Paborta
OpuTtaHCckuX yueHbIX Oblna yaocrtoeHa Hobenesckoit npemun 1963 r.

Mexanu3m  paboTbl MEeMOPAHHOrO TeHeparopa BBIMIAIUT  CJIEIYIOIIMM
obpazom [13]. B coCTOSIHUM TOKOS MEKJY HApPYKHOHW MOBEPXHOCTHKD HEPBHOIO
BOJIOKHA M  HAXOAALICHCS BHYTPHM MPOTOIJIA3MOM  CYIIECTBYET  Pa3sHOCTh
MOTEHIMAJIOB, cocTapisgtomas npumepHo 60 — 90 MB, npuueM moBepXHOCTh KJIETKH
3apsyKeHa  MOJIOKMTENIBHO TI0  OTHOWIEHWI0 K MpOTOIuiasMe. JTa  pasHOCTb
MOTEHIIMAJIOB HA3bIBAETCS MOTEHUHMAIOM MoKosA. OHa 00yCJIOB/IEHAa TEM, YTO UOHHBIH
COCTaB TMPOTOIUIa3Mbl HEPBHBIX M MBIIIEYHBIX KJIETOK CHJBHO OTJHUYAeTCs OT
HOHHOTO COCTABa OKPYJKAIOMIEH BHEKJIETOUYHOM JKMIKOCTH, B MPOTOIUIA3ME
KOHUEeHTpaus uoHoB kanus B 30 - 50 pa3 Gosbiue, a moHoB Harpus - B 10 pas
MEHBIIIE, YEM CHAPYIKH.

[TonoKUTeNbHO 3apsKEHHbIE MOHBI KaJMs, BBIXOAS 4Yepe3 KIETOUHYIO
MeMOpaHy Hapy:)Ky, CO34al0T MOTEHLMan MoKos. MoHbl HaTpus (3apsaKEHHBIE TOKE
MOJIOYKUTEJIBHO), TPOXOAsA B OOpaTHOM HamNpaBJIEHHH, CO3JAIOT MPOTUBOIMOJIOMKHBIHI
3 eKT, HO TaKk KaK B COCTOSIHUH MOKOS MeMOpaHa 3HaYUTEJIbHO O0Jiee MpoOHHUIIaeMa
VIS Kajus, 4YeM Uil HaTpHus, NEPBBI NpOLEeCC JIOMHUHHUPYET, U B PE3yJbTare
BO3HHUKACT YKa3aHHaA BbILIC PA3HOCTb NMOTCHLHMAJIOB.

Korna memOpana nepexoauT B BO30YKAEHHOE COCTOSHME (MO BJIMAHUEM
BHEIIHEr0 BO3JEHCTBHSA, BO30YKIEHHMA COCEIHHUX YYacTKOB MeMOpaHbl MU T. 1.)
n30upaTenbHbBIM 00pa30M MEHSETCS €€ MPOHULIAEMOCTh IS Pa3JIMYHBIX HOHOB.

CHayasia mNPOMCXOJMT Pe3KOe YBEJIWYEHWE HATPUEBOH IPOHHULIAEMOCTH
MeMOpaHbl M TIOTOK TOJIOJKUTEIBHO 3apsKeHHBIX WOHOB HATPUSA YCTPEMIISETCS
BHYTPb KIETKU. [Ipm 3TOM pasHOCT NMOTEHUMATOB nO 00€ CTOPOHBI MeMOpaHBbI
CHauaja CHWJKAeTCs N0 HYyJA, a 3aTéM MEHAeT 3HaK. akKcoIula3Ma CTaHOBUTCA
3apAKEHHON TOJIOKUTEIBHO 10 OTHOLIEHWKD K BHEKJIETOYHOH cpejae, NnpuueM
Pa3HOCTh MOTEHUHUAIOB jaocTuraer B mMakcumyme npumepro 30 mB [14]. (Takum

06pa30M, IMOJIHOC U3MCHCHHUE MeM6paHHOFO IMOTCHIIMAJA 110 CPABHCHHUIO C HCXOJHBIM
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3HaueHneM coctaBisieT npumepno 100-120 mB.)
[Iocne »TOr0 cHOBa HAYMHAET NMPE00IanaTh NOTOK MOHOB KANMsS HAPYKY, U
CUCTEMA IOCTENEHHO BO3BPALIAETCS K UCXOAHOMY COCTOSIHMIO MOKOs. Jlanee Ha

PUCYHKE TIPUBOIUTCS U3MEHEHUE TTOTEHIIUANIA MTPU BO30YXIE€HUH (PUCYHOK 3).

mB |-
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30
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Puc. 3. ®opmMa HEPBHOTO UMITYJIbCA BO BPEMEHHU.

[Toreniman OTCYMTHIBAETCS OT yPOBHs MOTEHIMAIA MOKOs. [10 Ocu abcrmce
OTJIOKEHO BPEMsI B MC, 10 OCH OPIMHAT - TOTeHIHa B MB. OIbITHI ¢ HCTIOIH30BAHUEM
(GapMakOIOrnYeckux AreHTOB MO3BONIMIM PA3AeNuTh MPOTEKAOMUNA MOMEPEK
MEMOpPaHbI TOK HA cOcTaBisttone, cooTeercTByromue Na* u k" tokam (Ina u Ik). B
(GOpPMUPOBAHUK TOKA NPUHUMAIOT YYACTUE U APYTHE MOHBI, B 4ACTHOCTH MOHBI CaZ”,
B monenun X0omkkuHa- XaKceu UX BKJIAA XaPaKTEPH30BAIN OOIIUM TOKOM «yTEUKI(
IL). O6mmui Tox I(t) mpencraBnseT cOO0K cymMMmy TOKOB OTAEIbHBIX HOHOB 4Epes3
MEMOPaHy M «EMKOCTHOrO TOK@», BBI3BAHHOIO BAapPHAIMSIMH TPAHCMEMOPAHHOrO

norennuaia V. Takum 00pa3om, umeem cieayromee ypasaenue (1):
)=Cc Y+ @)

rie C - eMKOCcTh MEMOPAHBI, | = Ing + Ik + I

Ha OcHOBE HSKCNEPUMEHTAIBHBIX MAHHBIX (O 3aBHUCUMOCTH IMPOBOIUMOCTH
MEMOPAHBI ISl PA3IHYHBIX HOHOB OT MOTEHIHAa HA MemoOpane) A. XOMKKUH U D).
Xakcnu OMUCATM BEIMYMHBI MOHHBIX TOKOB C MOMOIIBIO (DYHKIHMA, 3aBUCAIIUX OT
«KOHIIEHTPALMI» HEKOTOPBIX TUNOTETUYECKUX YACTHUI, MEPEMEMIAIOIINXCSI B
MEMOpaHe I0j JENCTBHEM >JIEKTPHYECKOrO mois. Monenpro XOmKKHHA-XaKCIN

HA3bIBAETCA CIEAYIOIIAs CUCTEMA HennilgﬁHbe muddepeHunanbHbIX ypaBHeHuH (2 -



5):

%%:c%+(v ~EQ) i +(V ~Epp) G+ (V —E) Gy, (2)
%n:an(l—n)—ﬂnn, (3)
%—T:am(l—m)—ﬂmm, (4)
X -a,1-h)-4h, (5)

IJIe a — paauyc BOJIOKHA,
R — Y nenpHO€ cOnPOTUBIEHNE MPOTOILIA3MBI,

C — ynenpHas eMKOCTh MEMOPAHBI,

Ev EnaEor 0k Onar 9 — IIOCTOSIHHBIE TTAPAMETPEI,

n, m u h — (QyHKIMM TOTEHIWATA W BPEMEHW, OMPENENSIONINE MOBEIEHUE
HATPUEBOTO M KAITHEBOTO TOKOB,

a,,a,,a,, B, B, B — 3anannsie QyHKIMHA TOTEHIINATA, UMEIOIUE CJIE YOI

Buj (6-11):

-1

a, =0,01-(V +10){exp[v foloj 1 (6)
an=01(V + 25){exp(v ;525}—1_ | (7)
a, =0,07exp(V /20), )

3, =0,125exp(V /80), )

B =4exp(V /18), (10)

B = {exp (V ::030] +1} . (11)

Koad¢unmentsr B hOpmynax momoopansl smnupudeckd. Moaens (6 - 11)
MO3BOJISIET OnucaTh OCHOBHBIE CBOMcTBA [15] MPOBOAAIIEr0O HEPBHOTO BOJIOKHA.

PaccMOTPuUM HEKOTOPBIE U3 HUX.
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1. I'enepanus ummynbCcOB. J[0mycTuM, 4TO HEPBHOE BOJIOKHO, HAXOAUBILIEECS
NIEPBOHAYAIILHO B IIOKOE, CTUMYJMPYETCS HA NPOTSHKEHMM KOPOTKOrO BPEMEHU
BHEIIIHUM HCTOYHMKOM TOKA. Kak MOKAa3bIBAET aHAIN3 YPABHEHUH, IIPHU 3TOM, IPEKIE

BCEr0, HAYHET BO3pactaTh BemunHa M(V, t), 9TO MPUBEET K YBEIMYEHUIO HATPUEBOTO
TOKQ, PaBHOrO (V — Ena )gNam3h , d CIeAOBATENBPHO M K YBEJIMYEHUIO PA3HOCTH

MOTEHIIUAIOB MEXAY MNPOTOIIA3MOM W BHEIIHEH cPemoil (TO EcTh YCUJIEHWIO
Jenonspu3anuu BOIOkHA). [Ipu yBeIu4YeHuu Nenoasipu3aiuu BeJIUYrHa m PacTeT, a
BEJIMYMHA N yMEHBIIIAeTCs, MPUYEM 3TH U3MEHEHUS M 1 h CBS3aHBI TAK, YTO BEJIMYUHA
m3h, BXOAsAmAs B BBHIPAKEHME U HATPUEBOrO0 TOKA, CHAYANA PACTET, d HOTOM
HAYMHAET YOBIBATH.

2. Tlonnoporosas cTuMyJisinus, nopor. MI3BecTHO, YTO M3MEHEHNE NOTEHIMATIA
MEMOpPaHbI MPUBOIUT K BO30YKAEHHUIO HEPBHOTO BOJIOKHA M BOZHUKHOBEHUIO B HEM
VMMIIYJIbCA JIMIIb B TOM CJIy4ae€, KOraa 3TO0 HAYAIBbHOE W3MEHEHUE NPEBBILIAET
HEKOTOPYIO ONPEAENEHHYIO BEJIMYMHY, HA3BIBAEMYIO MOPOrOM, a CIMIIKOM MAasble
«n0ANOPOrOBbIE» W3MEHEHHA TMOTEHIMANIA 3aTyXarT, HE NOPOXKIAs HMITYJIbCa.
Haymune tak0ro nopora aHanOruyHO CyLIECTBOBAHUIO OINPENEIIEHHON TEMIEPATYPHI
BOCIUIAMEHEHUS, TO ECTh TEMIIEPATYPHI, 10 KOTOPOI HYKHO HATPETH TAHHOE BEMIECTBO
JUTs1 TOTO, YTOOBI OHO 3arOPEJOCh.

3. Pedpakrepuocts. Hamnuue€ y BCEX HEPBHBIX W MBIIIEYHBIX BOJIOKOH
pedpakTepHOCcTH, TO €CTh HEKOTOPOrO MEepuoaa HEBO30YyAMMOCTH, HACTYMHAIOIIETO
10ocJie NPOX0XKIEHUS UMITYJIbCA, TOKE ECTECTBEHHO BBITEKAET M3 PACCMATPUBAEMONU
Monenu. Kak Mbl yk€ BHAENH, 4E€Pe3 HEKOTOPOE BPEMsi MOCIE BO3HWKHOBEHUS B
BOJIOKHE MMITyJibca mapamerp h cTaHOBUTCsS Mas, a mapaMeTp 7 BO3PACTAET, B 3THUX
yCJIOBUSIX TIPU JIFOOOM YBEJIMYEHWM MEMOPAHHOTO MOTEHIUATA COOTBETCTBYIOITUI
KIMEBBIM TOK OYJET MPEBBIINIATh HATPUEBBIM, TO ECTh JIFOOAS CTUMYINSAIUS OyAET
OANMOPOroBOii. B 3TOM 1 cOCTOUT sIBIEHNE PEPPAKTEPHOCTH.

4. Axxkomonamms. M3 skcnepuMeHTa M3BECTHO, YTO €CJIM JEWCTBOBATH HA
HEPBHOE BOJIOKHO TOKOM NOCTENEHHO HAPACTAIOMIEN CHIIbI, TO TAKOE BO3/IEMCTBHE

NPUBOAUT K BOSBHUKHOBEHUIO I/IMHy.Hbca B BOJIOKHE JTHIIb B TOM cnyqae, €CJIi CKOPOCTh
15



HapPacTaHus TOKd MPEBBINIAET HEKOTOPYXO OIIPENETIEHHYIO BEIMYHHY, NPU CIMIIKOM
MEJIJIEHHOM YBEIIMYEHUH TOKA BOJOKHO HE BO30YXKIAETCs (3TO SIBIEHUE HA3BIBAETCS
«AKKOMOJAIMeH», WM «IPUBbIKAHUEM» BOJIOKHA). B MOnenn XOmkku- Ha-XaKciu
HAJIMYUE AKKOMOJAIMU OOBACHSIETCA TEM, 4YTO MPU MEJIEHHOM HAPACTAHUU TOKA
YCIIEBAET PA3BUTHCA HATPUEBAS MHAKTUBALIMS, B CUITy YETO HATPUEBBIN TOK HE MOKET
NPEBBICUTh KAIMEBBIA, M HMIYJIbC HE BO3HHUKAET. MUHHUMAIBHYIO CKOPOCTh
Hapactanus TOKA, MPU KOTOPOM e1mie BO3MOXKHO BO3HMKHOBEHUE MMITYJIbCA, MOKHO
OTPEIEJIUTH C MTOMOIIBIO YUCIEHHOT0 PEIIEHUs YPABHEHNN XOMHKKUHA - XAKCIIU.

Cucrema (2-5) ciaumikOM ci0kHA IS AaHATUTHYECKOT0 HCCIIEN0BaHus. b
NPEIOKEHBI YIIPOIIEHHBIE MOJIEH, CITIOCOOHBIE OMUCATH TE k€ cBOMcTBA. Hanbonee
NOMyJIsIPHAs U3 HUX - MPEUIOKEHHAs HE3aBUCUMO Jlannay-I un30ypra.

Mopnene Jlannay-I'mH30ypra mo3BOISET KAYECTBEHHO OMMCHIBATH MPOLIECC
pacripocTpaHeHus BO30YXKIEHWS B MHUOKapPAe MW JAeT XOPOmyrd TOYHOCTH
MOJIETMPOBAHUSL TAKUX HAOIIOMAEMBIX XaPAKTEPUCTUK, KaK MPOI0JDKUTEIHHOCTD
UMITYJILCA M CKOPOCTH ero pacrnpocrpanenus [16].

Ho wnexkoTopeie npyrue€ xapakTepPucTuku mporecca, Takue Kak ¢Gopma
UMITYJIbcA M BOCCTAHABJIMBAIONIME CBOMCTBA cpenbl, MOaens Jlannay-I'un3oypra
onuchiBaeT HE TOYHO. Monens Anunesa-Ilandunosa 601ee TOYHO OnKCHIBAET (HOPMY
HAOJIIOMAEMBIX HMMITYJIbCOB B MuOKapme. Monens Anwuesa-Ilangumosa (11)

3AIIUCBIBAETCA TAK:

U, = DAu—ku(u—a)(u—1)—uw, (12)
W, :_[50+ UTVA\IIZJ(WJr ku(u-a-1)), (13)
g—ﬁ(x, y,t)=0, (14)

(x,y)eG, te[O,T]. (15)

rne G — orpanwuennas o6macts, D,K,a, &y, 44, 4, — 331aHHBIE TONOXKHUTEIHHBIE

IMOCTOSIHHBIE.

Kak u B w™momemu Jlamgay-I'mu3oypra, ¢yskmus u(x, y, t) — 210
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TPAaHCMEMOPAHHBIN TOTEHINA, GYHKITUS W(X, V, {) — MEJJIEHHAS BOCCTAHABIMBAIOIIIAS
NEPEMEHHAs, CBA3AHHAS C HOHHBIMHU TOKaMU. [10CTOSTHHBIE KO3(DPULIMEHTBI &, 44, 1L,
ypaBuenus (13) n03BOs0T TOYHO NMPUOIN3UTH (HOPMY MOAETUPYEMOTO0 UMITYIBCA K
AKCIIEPUMEHTATIbHBIM JTAHHBIM [17]. Paznuuus bhOpPMBI dbponTa

pacnpocTPaHSIOMIErOCs UMITYJIbCA MTOKA3aHbI HA PUCYHKE 4.

i
|
|
|
1‘
|

Puc. 4. Peentpu (BUXPh) B PEUTMCTUYHON MOJIETHN CePIIIA.
B pesynbsrare (pucyHOk 4) BUIHO, 4TO B cepane (GpOpMupyercs: 10CTar0uHO
cioxkHas Gopma BuxPs (COUMPAIHHOM BOJIHBI), BO3ZHUKAIOMIAS M3-38 MCIOJIb30BaAHUS
PEATMCTHYHOM TeOMETPHH ey 104K0B 1 aHu30TPOonuu, (a) u (b) - ppoHTATBHBIN 1

OOKOBOM BU/T XKETYN0YKOB CEPLIA.

1.4 BeiBOabI 0 1 riiase

Takum 00pa3OM, HA CErOAHSIIHUA JEHb MOAETMPOBAHUIO MOBEAEHUS DJIEK-
TPUYECKOTO MOTEHIUANIA B CEPAEYHOM MBIIIIE YAENSeTcsl JOCTATOYHO OOJIBIIIOE
BHUMAHHE. DTOMY CIOCOOCTBOBAIM HE TOJILKO HAKOIUIEHHBIE 3HAHUS B 00JIACTH ME-
JTULHUHBI, HIEKTPOAMHAMUKKA W XUMHUU, HO W 3HAUUTENIbHBIA MPOPBIB B cdepe
aBTOMATH3alMK M  KOMIbtoTePpuzauumu. Ecam  moxpens X0 KkuHA-XaKCIH,
ynocroeHHas B Hauane 60-pix rr. XX Bexka HOOEneBckOi mnpemMuu, MO3BOJSET
KaueCTBEHHO OMHCATh MPOXO0KIEHHE IEKTPUIECKOTO MOTEHIINANIA CKBO3h MEMOPAHY,
HO CJMIIKOM CJIOKHA JUIsl AHAJIMTHYECKOrO MCCIIE€n0BAaHUs, TO YK€ 4Yepe3 naBa

JNecATWIETHs] ObLIT MPENJIOKEH Psi MaTEeMATHYECKUX MOJENEH, MPEeICTaBISIONINE
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cO00¥ HAYATLHO-KPAEBBIE 334A4H JIJIsi CHCTEM YPABHEHUH B YACTHBIX MPOU3BOIHBIX, K
uX 4yuciay OTHOcatca moaenu Jlammay-I'muzOypra m Anmesa-lIlandunosa, akTuBHO
UCIIOJIb3yEMBIE NIJIsi aHAINU3a PA3IUYHBIX MPOIEcCOB BO30OYkIEHUs cepaua. Moaenb
Jlannay-I'un30ypra npeacraBiseT cO00i B HEKOTOPOM CMBICIE YIPOUIEHHYIO MOJIENH
CUCTEMBI XOKKMHA- XaKCiI, MO3BOJSIONIYI0 HATJAIHO YBHUJIETh HA (Pa30BBIX
MOPTPETAX TE CBOMCTBA CUCTEMBI, KOTOPBIE OMPEAENSAIOT €€ KAUECTBEHHOE TOBEJEHNE.
Takum 00pa3oM, B JaHHOW PaO0TE cCTaBUTCSA 3a1a4a TOCTPOEHHS MOJENH,
OTPaKAOIIEN MEpPenavy 3JIEKTPUYECKOr0 MOTEHHHAIA B CEPALE, M€OMETPUYECKAS
CTPYKTyPa AAHHOW MOJAENHU AOHKHA ObITh MAKCUMATBHO MPHUOIMKEHA K TEOMETPUU

peanbHON CePAEYHOM MBIIIIIBI.
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2. MATEMATHNYECKASA IOCTAHOBKU 3AJAYHA

2.1 YpaBuenus Jlanpay-I'mu3oypra

19



[locne BbIABICHUA OCHOBHBIX OCOOCHHOCTEH, HMMEKOIIMX MECTO B
HCCIIelyeMOM OOBEKTE, HEOOXOAMMO COCTaBUTh MAaTEMAaTHYECKOE OMUCAHUE, YTOOBI
NPUCTYITUTh K PACCMOTPEHUIO MATEMATUYECKUX CBOMCTB OOBEKTA.

[Ipy MomenupoBaHWM TMPOLECCOB pabOTHI B CEpAlle MPUMEHAIOTCS B
JIMTEPATYpPEe MOJXO0/IbI, CBA3aHHBIE C MOJIEIMPOBaHMEM B BO30yaumbix cpenax. M3
JIUTEPATYPHBIX UCTOYHUKOB [19] M3BECTHO, YTO pa3 B CEKYHIy IO cepaiy npoderaer
BOJIHA BPEMEHHOI0 YMEHBIIEHHUS PA3HOCTH NOTEHLMAIOB MEKIY HApYKHOH M
BHYTPEHHEMN CTOPOHAMH MeMOpaHbI CePIEYHBIX KJIETOK. BounHsl,
pacnpocTpaHsmonecs 0e3 3aTyXaHWs W COXPaHAIONIME CBOWM XapaKTEPUCTHKH
MOCTOSSHHBIMM 32 CYET HENPEpPBIBHOTO TIOJIBOJA HHEPrUM HW3BHE, HA3bIBAIOT
aBTOBOJHAMHU.  HarnmsaHelM  aHAIOroM  aBTOBOJIHOBOTO — TPOIECCA  CITYXKUT
pacnpoCTpaHEHUE BOJIHBI TOPEHUs B Cpeje, KOTopas cnoco0Ha K MOCHEayOLIEeMYy
BOCCTAHOBJIEHUIO CBOUX CBOMCTB. OT/I€/TbHBIE MBIIEYHBIE BOJIOKHA CEP/Ia IO CBOUM
3JIEKTPUYECKUM XapAKTEPUCTHKAM QAHAJOTMYHBl HEPBHOMY BOJIOKHY. MblleyHas
TKaHb COCTOUT M3 IUIOTHO MEPEeIIETEHHBIX BOJOKOH, JIEKTPHUUECKH CBA3AHHBIX IPYT
C JpPyroM B ydacTKaX KOHTakTa. Mmmysbc BO30YKIEHHS MOXKET MEPEXOAUTh C
OJIHOrO BOJIOKHA Ha JIpyroe, TaK 4YTO BOJIHBI BO30YXKIACHHS CHOCOOHBI
PacipoCTPaHATBHCS TO CEPACYHOM TKAaHW B JIFOOOM HAINpaBJIEHWH, B 3TOM CMBICIIE
Cep/ieuHast TKaHb SBJISIETCS BO30YIMMOI CPeJIOi.

B 1945 rony Bunep coBmectHO ¢ Po3eHOmoTOM mocTpounu
MaTreMaTH4ecKyr Mozaenb [20], MO3BOMMBIIYIO UM B YIPOIIEHHOM BHUIE OOBICHUTH
OCHOBHBbIE OCOOEHHOCTH MpOLIECCOB B BO30yaumbix cpenax. B moxenn Bunepa u
PoszenOmoTa mnoctynmupyercsi, 4To BO30yaMmas cpeaa o0pa3oBaHa CETHIO W3
JIEMEHTOB, KaXK/IbI U3 KOTOPBIX CIOCOOEH MnpedbIBaTh B TPEX COCTOSAHMSX - TOKOS,
BO30YKIeHUSA U peppakTepHOCTH, IEPEXOABI MEKIY COCTOSHHUSIMH OCYIIECTBIISFOTCS
CKAaYKOM, TIOTYMHSISACH OMPEIETICHHBIM TTPaBUIaM.

OcHOBHBIE CBOMCTBA BOJIH, PACIPOCTPAHSAIOIIUXCA B BO30YAMMbIX cpeaax:
KaKJIbI 37€MEHT BO30yaumoOii cpeasl (BC) MOXKET HAXOAUTHCS B OJHOM M3 TPEX
COCTOsIHUI: @) BO30YXIEHHUS, BO30YXKIEHHBIM »nemeHT BC MOxeT BO30OYAHTH
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COCeHUN DJIEMEHT, HAXONAIMUNACA B COCTOSHMHM TIOKOs; ©) OCTATOYHOM
pedpakTepHOCTH, B TEYEHHWE BPEMEHW TIOCIE BO3OYXKIEHHS CPEAa OCTaeTcs
HEBO30yIMMOU - pedpakTepHOi («pedpakTePHBI XBOCT»), B 3TOM COCTOSHUU
aneMenT BC yxe HE MOXKET nmepenaTs BO30YKIEHHE COCETHEMY DJIEMEHTY, HO U caMm
eme OCTAETCS HEBO30yAMMBIM; W B) TOKOS, U3 COCTOSIHUA TOKOS B COCTOSIHHUE
BO30Yyx1€HUsI 351eMEeHT BC MOXET ObITh MEPEBENIEH MO0 BHENIHUM BO3JIEWCTBHEM,
1100 BO3/IEMCTBUEM COCETHUX BO30YK/IEHHBIX JIEMEHTOB,;

1) Bonna BO30y»X1eHUs OT COCEAHUX BO30YKIEHHBIX 2JIEMEHTOB PacmnpocTpa-
HSIETCS TOJIBKO 10 00JIACTH MTOKOSATITUXCSI DJIEMEHTOB BO30YIMMO¥ CPEIBI C ITOCTOSTHHOM
JUTS 9TON CPeabl CKOPOCTHIO;

2) JlnvHa BOJIHBI BO30YX1€HUs (AyuMHA BOJHBI BrHEPA) ONPEenenseT mupuHy
HEBO30y1uMOro yuactka BC - 30HbI pedpakTepHOCTH.

N3 OCHOBHBIX CBOMCTB BOJIH, PAcHPOCTPAHSIOMIMXCS B BO30yIUMON CPEnE,
CJIETyeT, 4YTO OHU HE MOTYT MHTEP(EpPupOBaTh. /[B€ BCTPEUHBIX BOJHBI racat APYT
npyra. D10 00BICHSAETCS TEM, UTO BO3OYXkIEHUE CBsI3aHO ¢ pedpakrepuoctrio BC B
TEUYEHNE HEKOTOPOrO BPEMEHH.

Jls MOIeTMPOBAaHUSI TTPOIIECCOB B BO30YIMMBIX CPenax B JAHHOW Pad0Te uc-
noyb3yroTcs ypaBaenus Jlannay-I' un3oypra.

VYpasuenus Jlannpay-I'muzoypra (16-17) mis BO30yAMMBIX CPEI OMHUCHIBAOT
npocrenmue (HU3NOIOTHUECKHME MOJENTH C ABYMS NEPEMEHHBIMHM, AKTUBATOPA |
WHTHOUTOPA!

Uy, — AUy = CU, ) = Uy — (U — Gy, ) (U, +U,?) (16)

U,, —A(clu1+u2) =u, —(c3u1+u2)(u12 +U,%) (17)

re U; — TOTEHIMAT aKTUBATOPA, ¥ Uy — MOTEHIMa HHruouTopa. KOHCcTaHTH
C1 1 C3— MapameTpPsl, OTPKAIOIINE CBONCTBA MATEPUAIA. DTU KOHCTAHTHI ONPEAETUTh
HJIMYUE U XAPAKTEP YCTOMYMBBIX PEIIEHHI. DTH KOHCTAHTHI TAKXKE ONPEIETSIOTCS
AJEKTPONPOBOAAIIME CBOMCTBA KJIETOK CEPAEYHON MBIIIIIIBI.

HauansHoe ycinoBue OnpenenseT HadalibHOE MOTEHIMAILHOE PacipeneneHme

MOTEHIMAIIOB U1 1 Uy [ peanm3anuu 3T0r0 HA4auIbHOTO PAacnpeneneHusi B MOJIEIISIX
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ypasHenuit Jlannay-I' mH30ypra ucrnonb3yloTcs CAEAYIOMNUE JTOTUYECKUE BHIPAKEHUS
(18-19):

u, (0, x, y,z) =tanh(z) (18)

u, (0, x, y,z) =—tanh(z) (19)

B 1aHHBIX JOrMYECKUX BBIPKEHUSAX OMNPENEnseTcs, B KakOW 00nactu

HaXOAMUTCS Kakaas U3 TOUEK: B 001actu aktusaropa (18) umu B 001actu HHruOuTOpa

(19).

I'panuunsie ycnoBus (20-22) kak g Ui, Tak U sl Uy TPUHUMAIOTCS

U30JIMPOBAHHBIMY (TPAHUYHOE ycia0Bue HeiiMana), OCHOBBIBASCH HA AOMYIIEHHH, YTO

MOJIENTb 3aKPBITAsA, T.6. MOHHBIE TOKU PACTIPOCTPAHSIOTCS BHYTPU CEPLA, 3aMBIKASICh

HA €r0 MOBEPXHOCTH, M HE YXOJAT HAPYXKY B IPYTrU€ OPraHsbl.

Ny —0, (20)
M1 (xy.)
N, -0, (21)
N w2
M(x,y,2) €S, (22)

rae M(X,y,z) - TO4Ka, nekamas Ha MOBEPXHOCTH CEPALA, N -BEKTOP HOPMAIIH.
[TapameTpsl, KOTOPBIE HCHOJB3YIOTCSI B MOJAENH, TPUMEHHUTENIHHO K
PactpOCTPAHEHNIO 3JIEKTPUYECKHX CHTHAIOB, HMMEIOT 3HAa4eHws (tadmauma 1).

Y4acTByIOIIME B BHIPAKEHUSX MAPAMETPHI B3SATHl B 0€3Pa3MEPHOI GOPME cOTIIACHO

BEIBOJTY.
Tabnuua 1. ITapamerpsl, UCTIOIB3YEMBIE B MOJIETTH
IHapameTrp 3HaveHune Onucanne
C, 2 PDE napameTtp
C, -0.2 PDE napametp
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2.2 BeIBOABI 1O 2 1J1aBE

Mopens Jlannay-I'un30ypra npeactaBisier cO00i B HEKOTOPOM CMBICIIE YII-
POIIEHHYIO MOJEJNIb CUCTEMBI XOIKKHHA-XAKCIH, TO3BOISIONIYI0 HAMISAHO YBUIETD
Ha (a30BBIX MOPTPETAX TE CBOMCTBA CHCTEMBI, KOTOPHIE OMPEIEIISIOT €€ KAYECTBEHHOE
NMOBEJIEHUE, B YACTHOCTH, CYIIECTBOBAHME MOPOra BO30OyxaeHus. Moxaens Jlanaay-
['mH30ypra TO3BOJSET KAYECTBEHHO OMUCHIBATH MPOIECC PacnpPOCTPaAHEHMS
BO30OYXKJEHUSI B MHUOKAPAE W JaeT XOPOIIyr0 TOYHOCTh MOJAENHPOBAHUSI TAKUX
HAOIIOAAEMBIX XAPaKTEPUCTUK, KAK MPOAOIKUTENBHOCTh UMITYJIbCA U CKOPOCTh €r0

pacnpoCTPaHEHUS.
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3. IPUMEHEHHMUE METOJIOJOI'NK CUCTEMHOI'O AHAJIM3A U
TEXHOJIOI'MU BBIYMUCJIMTEJBHOI'O OKCIIEPUMEHTA IIPU
PELLIEHUUA 3AJAUYMN.

Meton0n0rust NPUKIIHBIX MATEMATUYECKUX HCCIEN0BAHMI OCHOBAHA HA
METO/IOJIOTUM CHCTEMHOTO aHAIM3a W BKIIOYAET OMNPEAEJIEHUE MCIOIb3YEMBIX
MOHATUM, OOIIYI0 XAapPaAKTEPHUCTUKY TPOOJEMBI CHUCTEMHBIX MCCIEAOBAHUNA U
CUCTEMHBI TOIXO0J - HAuOOnee OOmyl0 4YacTh METOAOJOTUM MPHUKIAIHBIX
WCCIEN0BAHNM, €€ OCHOBY.

TexHOJIOrnYecKHil UK BBIUUCIUTEIBHOTO SKCIEPUMEHTA COCTOUT U3 JIBYX
¢daz u mecTu HTanos.

1. Kanubposka MOae1u

1) AHaH3 N3y4aeMbIX POIIECCOB, SIBIIEHU, CUCTEM;

2)  IlocTpoenwe MareMarudyeckOd MOJEIM HM3YYaEMBIX TPOIIECCOB,
SIBJIEHUH, CUCTEM,

3) ITOCTPOEHNE BHIYMCIUTEIBHBIX AITOPUTMOB,;

4)  IIporpamMmMupOBaHNE BBIYUCIUTEIBHBIX AITOPUTMOB;

5) BapuanTHpIE pPacUeTHl W CPABHEHWE C JAHHBIMH (PU3UIECKOTO
AKCIIEPHUMEHTA.

2. 11IpOTrHO3 ¢ MOMOIIBI0 MOAETH

6) IIporuocTryecKkue UCcCcaeI0BaHUsI MATEMATUYECKON MOIEHN B 38/IaHHOM
00nacTu mapaMeTpos.

Ha mnepsom »srame HA OCHOBE 0030pa JauTePaTypsl (hopmynupyercs
KOHIIENTYyaJIbHAsI TMOCTAHOBKA 3a7auv. B aganHON pPadboTe, ucx0as W3 KOHTEKCTA
paccMaTrpuUBAEMBIX SIBIEHHM, KOHIIENTYalIbHAS MOCTAHOBKA 337a4a MOXKET OBITh
chopMynrpPOBaHa CIEAYIOIIMM 00Pa30M: cO31aTh MOJIENb MEePenaun dIEKTPUUECKUX
CUTHAJIOB, TEOMETPUYECKAs CTPYKTypPa KOTOPOH OyiM3Kka K TEOMETPHUH PEATHHOM
cepneyHOU MbIIIel. [{jist Pemenus 3T0i 33184 HEOOXOJUMBIM YCIOBUSIMHU SIBJISUIACH
M3yY€HHE BO3HUKHOBEHMS DJIEKTPUYECKUX HUMITYJILCOB, TPOIECCOB WX TMepenayu,

paccMOTPEHUE XapakTepa cpebl, B KOTOPOU 3TH UMITYJIbChI HAOTIOJAI0TCS.
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Cnenyromum 3TanOM TEXHOJOTMYECKOTrO IHUKIA SIBISETCS MATEMATUYECKas
NOCTAHOBKA 3371auM, B JAHHON PabO0Te €e MOXHO c(OPMyIHPOBATH KAK PELIEHHE
CUCTEMBI HEIMHEUHBIX AU(PHEPEHITNATBHBIX YPABHEHUHN B YACTHBIX MPOU3BOIHBIX (16-
17) npu 3anannubix HAYUIbHBIX (18-19) m rpanuunsix ycnoBusx (20-22). Ha srane
NOCTPOEHUSI MATEMATUYECKON MOJENM BO3HUKAET HEOOXOAMMOCTh MPUOETHYTH K
HEKOTOPBIM JIOMyIIEHUsIM. B 4acTHOCTH, ClEeAyeT Yy4UTHIBATH TOT (AKT, UTO
TeOMETPUs CO3MaHHOW CEPAEYHON MBIMIBI OyAeT A0CTATOYHO YHPOMEHHON C
yCPEeaHEHHBIMU Pa3MEPaMu PEATLHOTO cepaia u OyayT cOcTaBiiaTh 54X54X70 mm.

Ha »ramne nocTpOeHusi BBIYUCIUTENBHBIX &ITOPUTMOB K MATEMATHYECKON
MOJEIM TPUMEHSIOTCA TE€ WM HWHBIE MATEMATHUYECKUE METOJbI C IMEJIbI0 €€
anroputMuzanuu. Tak kak paccMaTpPuBaemasi B JAHHOM Pad0Te cucTeMa HeJIMHEWHBIX
nudhepeHIUAIbHBIX YPABHEHUM B YACTHBIX MPOU3BOHBIX HE UMEET aHATUTHYECKOTO
pemenus, N03TOMY JUIsl IOMYUYEHHUS PE3yJIbTATOB MPUHATO PEIIEHUE KCIIOIb30BAHUS
YUCJIEHHOrO0 METOna - METOJAd KOHEYHBIX 3JIEMEHTOB. [{ns peanuzauuu MEeTona
KOHEUHBIX DJEMEHTOB BBIOPAH MATEMATUYECKUNA MAKET MYJIbTU(DU3NUECKOTO
monenupoanus COMSOL Multiphysics.

Ha cnenyromem srane ¢ nomousio nporpammel COMSOL Multiphysics nipo-
BOJUTCS TTOCTPOEHNE MOJIENH, 33AaHNE (HU3UIECKUX TTAPAMETPOB, BBOI HAYAIIBHBIX U
IPAHUYHBIX YCJIOBHM, T€HEPALUMs KOHEYHORJIEMEHTHOW CETKU. B uTOre momaydeHo
BU3YyQJIbHOE PEmeHue cuctembl ypaBHeHuil Jlanpay-I'mnH3Oypra, rpaduxwy,
JEMOHCTPUPYIOLIKE MPOUECC PACTIPOCTPAHEHUS PIEKTPUUECKOTO CUTHAJIA B CEPILE.

Ha mnsarom »Ttame mnpoBOAWTCS MPEACTaBI€HHE, O00pad0TKa, aHauu3 u
WHTEPIPeTanusi MOJyYEHHBIX Pe3ynbTaTOB. [IPOM3BOASTCS TECTOBBIE PACUETHI IS
HaXOXKJIEHUST ONTHMAILHOTO Pemarens il KOHKPETHOHW 3amaun. Takum 00pazoM,
pemaemas 3a1a4a MOXKET ObITh Pa30MTa M0 ATANAM BBIUUCIUTEILHOTO YKCIIEPUMEHTA.
[IpOrao3upoBanreé Ha OCHOBE TIOCTPOEHHOW MOJEIM HA JAHHOM JTAane€ HE
NPEACTABIAETCS BO3MOKHBIM BCJIEJACTBUE MPUHSATHIX B MOJEIU YMPOILIEHUM, HO TIPU
00J1€€ NEeTATLHOM U3YyUYEHUH 38144 U COBEPIIIEHCTBOBAHUHU MOAEIN OHO MOKET OBbITh

BBITIOJIHEHO.
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4. BBIBOP METOJA PELLIEHUSA

4.1 O630p cymeCTBYIOIIUX METOIOB
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IIpouecchl, npoucxoAsiiMe B JIETKOBO3OYAMMBIX Cpelax, OINMUCHIBAIOTCH
HeJMHEeHHBIME A depeHnaTbHBIME - YPaBHEHUAMHU. TOYHBIX aHAJTUTHYECKHX
METOJOB peIleHUs] HeluHEeHHBIX auddepeHnnanbHbIX YpaBHEHHH, 3a pPeIKUM
UCKIIOYEHUEM, HE CYUIECTBYET, B CBSA3M C 3TUM Obul0 paspabotaHo Oosblioe
KOJIMYECTBO Pa3HOOOpPA3HBIX METOJOB MNPUOIMIKEHHOTO aHajiu3a HEeJIMHEHHBIX
cucreM. Hanbosee pacnpocTpaHEHHBIMH METOIaMU SIBJISAIOTCSA: METOJI JIMHEAPH3ALUH
¥ METOJI KOHEYHBIX 3JIEMEHTOB.

MeToa nMHeapu3alMK 3aK/IIOUAeTCA B 3aMEHE HEIMHEHHBIX 3aBUCUMOCTENH
JMHEHHBIMU, UYTO BO3MOJKHO TOJIBKO I MalblX BO3MYLIEHHH (oTkioHeHuit). [Ipu-
MEHSIETCS B OCHOBHOM IIPH WCCJIEJIOBAHMM YCJIOBHI YCTOWYMBOCTH M YCJIOBHIA
camoBO30y aeHus. [l WccneaoBaHWs TOBEJAEHHMS CHCTEMBI  IIPH  OOJIBIIMX
aMIUIMTYAaX (CTalMOHAPHBIE AaBTOKOJEOaHWsA, IEpPEeXOAHbIE MPOLECChl) TaHHBIH
METO/1 He ucnosb3yerces [23].

MeTo KOHEUHBIX JIEMEHTOB - 0JIMH U3 Haubosee I3(h(PeKTUBHBIX UUCIIEHHBIX
METOOB PEIICHUsT MAaTEeMaTHYECKHUX 3a/]a4, ONHUCHIBAIOIIUX COCTOSHUE (PU3NUECKUX
CHCTEM CIJIOKHON CTPYKTYPHI [24].

B Hayke ¥ TeXHUKE MOCTOSHHO CTABUTCS 3aJlaya pacyeTa CUCTEM, MMEHOIIMX
CIIOKHYIO TE€OMETPUYECKYI0 KOH(Urypammio W HeperyaIapHylo (U3HUecKylo
CTPYKTYypy. KOMIBIOTEpPEI MO3BOJSAIOT BBIMOJHATE TAKUE PaCU€Thl MPHU TMOMOIIH
NpUOIMIKEHHBIX YMCJICHHBIX MeToaoB. Meroa KoHeuHblX snemeHtoB (MKD)
ABIIACTCA OAHUM M3 HUX. B mociennue necATuneTrs OH 3aHsUT BeAylIee MojJ0KeHHue U
MOJIYUHJT IIHPOKOE MPUMEHEHHE.

[Ipy »TOM ecnu HWCXOAHAs 3aJada OTHOCHTEIBHO (DYHKIHMH COCTOMT W3
(DYHKIIMOHAJIBHOTO ypaBHEHWs, Hampumep auddepeHInasIbHOro ypaBHEHHS C
COOTBETCTBYIOUIMMHM  TPAHUYHBIMM  YCJIOBMAMM, TO  3agaya  pa3OueHus
reOMETPUUYECKOro TejJla Ha noJ00JacTM  METOAOM  KOHEUHBIX  3JIEMEHTOB

OTHOCHUTEJIBHO €€ 3HAUYEeHMIl B y3j1ax MpeacTaBisieT cOO0M cucTteMy anreOpandeckux
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YPaBHEHUH.

C ymMeHbIIEHHEM MAaKCHMMAJIbHOTO pa3Mepa 31€MEHTOB YBEJINYUBACTCA YHUCIIO
y3JI0B W HEHM3BECTHBIX V3JIOBBIX TMapaMeTpoB. BmecTe ¢ 3TUM MOBBILIAETCS
BO3MOXKHOCTb 00JIe€ TOYHO YJIOBJIETBOPUTH YPABHEHHWSM 33JIayd M TEM CaMbiM
NpUOIM3UTECA K MCKOMOMY PEIEHUIO, B HACTOAIIEE BPEMS YK€ M3yYeHbl MHOTHE
BOITPOCHI, KACAIOIIUECH CXOJAUMOCTH MPHOTUIKEHHOTO PEIICHHUsS METOJIOM KOHEYHBIX
3JIEMEHTOB K TOYHOMY pemieHHio. CylecTBYeT HECKOJIBKO Ba)KHBIX JAOCTOMHCTB
METO/1a KOHEYHBIX 3JIEMEHTOB.

1. Meroa KOHEUYHBIX 3JIEMEHTOB MO3BOJIAET IMOCTPOUTH YIOOHYIO CXEMY
bopMHUpOBaHUSA CHUCTEMBI alreOpandyecKux YpPaBHEHWH OTHOCHUTEJIBHO Y3JIOBBIX
3HaueHW WCcKoMOM (yHkumu. ITpuOnmikeHHas anMpPOKCUMALMS pPEIEHHUs TIPH
MOMOIIM TPOCTBIX TMOJMHOMHAIbHBIX (DYHKUMHA M BCe HEOOXOJMMbIE ONepaluu
BBITIOJIHAIOTCA HA  OTAETbHOM  THUIIOBOM  3JIEMEHTE. 3aTeéM  IPOW3BOIMTCS
00BeMHEHHE SJIEMEHTOB, YTO MPHUBOIUT K TpedyeMoil cucteme anredpanyecKux
ypaBHeHuil. Takoil ajropuT™ nepexoja OT OTAEIBHOIO 3JIEMEHTa K MX IOJIHOMY
HabOpy 0cOOEHHO YI00€H /T reOMETPUYECKH U (PU3NUECKH CIIOKHBIX CHCTEM.

2. Kaxkmoe otnenbHOe anreOpandeckoe ypaBHEHHWE, MOJYyUEHHOE Ha OCHOBE
METOAa KOHEYHBIX OSJIEMEHTOB, COHECPKUT HE3HAUUTENIbHYIO 4YacTh Y3JI0OBBIX
HEM3BECTHBIX OT 00miero ux yucna. [pyrumu cmoBamu, MHOrue Kod@UIHUEHTH B

ypaBHEHMX aJireOpandyecKoil CUCTEMBI PABHBI HYJIIO, YTO 3HAYMTEJILHO 00JIeryaeT ee

penieHue.
3. 3anaum, pelieHue KOTOPBIX OIMCHIBACTCS $yHKIAAMMY,
VIOBJIETBOPSIOIIMMH  (PYHKIMOHATBHBIM ~ YPaBHEHMSAM,  HOCAT  Ha3BaHUE

KOHTUHYAJIbHBIX. B oTIMuMe OT HUX pelieHre Tak Ha3bIBAEMBIX AUCKPETHBIX 33Jau
TOYHO  OMNPEAENAETCA KOHEYHBIM  YHUCJIOM  [ApPaMETPOB,  YJOBJIETBOPAIOLIMX
COOTBETCTBYIOLLIEH cHCTEME anreOpauuecKkux ypaBHEHMH. MeTon KOHEUHBIX
AJIEMEHTOB, TaK K€ KaK M JIPYrHMe YHCIIEHHBbIE METO/IbI, M0 CYIIECTBY MPHUOIHIKEHHO
3aMEHAET KOHTMHYAIbHYIO 33/1adyy Ha JUCKPETHYIO. DTO MO3BONIAET Oosiee MOITHO
npeAcTaBUTh ce0e Bech MPOLECC PElIEHUs 3aJa4yM, M30eKaTh MHOTUX BO3MOJKHBIX

OmMOOK ¥ NMPABUJILHO OLEHUTH MOyUagyble pe3yabTaThl [ 16].



4.2 BuiBOABI 1O 4 riiase

Jlns monyuenusi pemenusi cuctemel Jlangay-I'mH30ypra HE0O6XO0aumO BOC-
M0JIb30BATLCSA OJTHUM W3 CYIIECTBYIOIIMX YHCIEHHBIX METOAOB. METOJ KOHEYHBIX
AJIEMEHTOB BBHIOPAH B KAUECTBE HAMOOJIEE ONTUMAIBHOIO METOAA PEIIEHUS] CUCTEMBI
HEJTMHEWHBIX  JTU(PGEPEHITUATBHBIX  YPABHEHMH B YACTHBIX  MPOW3BOIHBIX.
Hcnonp30Banre 7aHHOT0 METOA MOIPAa3yMEBAET BBEIEHUE HEKOTOPBIX YIIPOIIEHUH B
UCXOIHYI0 MOJENns. B yacTHOCTH, MOBEPXHOCTh T€OMETPUUEcKOro tena mais MKD
NPEACTABIAET cOO00H HAOOP mOm00macTed, OMPEnenseMblX KOHEYHBIM YHCIOM

1apameTpoB.
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5. PABPABOTKA AJITOPUTMA
biiok-cxema anroputMa nocTpoeHust TPEXMEPHON MOAENH cepla U

MOAEINPOBAHUA PACTIPOCTPAHEHMS DJIEKTPUIECKUX CUTHAIOB IIPEACTABIEHA HA

pucyHke 6.

L
2
/ / ............................ S { (dopMupoBaHHe pazMepos 0bnacTH
- 3 A
.................................................... .{ Beoa koHCTAHT H NMapaMeTpoB
~ 4 3
{ 3ananue HAYABHBIX YCIOBHIA, HHTEPBAI
BPEMEHH, LIAT 110 BPEMEHH
- & 3
................................................... { BLI30B NpoOLEAYPEl METONA KOHEY-
| HBIX 2/IEMEHTOB
- 6 3
I— { [Mony4yeHHe pesyibTaToB
- ? 3
........................... { Buayanuzaima
h 4
- § —
................................................. { Konen
W r

Puc. 6. baok-cxema anroputma MOAETUPOBAHUS JIEKTPUUECKUX CUTHAIOB B CEPIIIE

B 6n0ke 2 mnpoucxomut ¢GHOPMHPOBAHME PaA3MEPOB 00iacTH, & MMEHHO

ONPENENAIOTCS PA3MEPBHL:

a) cohepsr;
b) SJUIMIICOUIA,
C) rHAPa (PUCYHOK 2).

B 6510ke 3 BBOAsTCS 3HAYEHUS TPEOYEMBIX mapamMeTPOB (Tadsmia 1) corimacHo
3a1aHHOW CUCTEME YPABHEHUN, ONHUCHIBAIOIIMX PACIPOCTPAHEHNE CUTHAIA.
B Onoxe 4 BBOmarcs KO3PGUUMEHTH AUPHEPEHIUATBHBIX YPABHEHUI
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cucrembl (1), HauanmpHble yciOBHS (3) W CMENIAHHBIE TPAHUYHBIE YCIIOBHS,
OMPEnensieTcss WHTEPBAT BPEMEHH, B TEYEHHE KOTOPOTO OYyIET MPOUCXOAHTH
pacnpocTpaHeHue U ONPeeNseTcs mar no BPEMEHHU.

B 06noke 5 npousBOauTcs OOpAIIEHWE K TPONEAYPE METOAd KOHEYHBIX
9JIEMEHTOB, B KOTOPOW mpOu3BOauTCA (GOPMHPOBAHUE PACUETHONH KOHEYHO-
DJIEMEHTHOM CETKH.

B 6510ke 6 popMupyrotcs Pe3ynbTaThl PacUETOB.

B 010k€ 7 npOu3BOAUTCS BU3YaTU3AIMS MTOTYyYEHHBIX PE3YIbTATOB B BUAE 3D

rpadukOB ¥ aHUMAIIH.
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6. IPOI'PAMMHASA PEAJIM3ALUA AJITOPUTMA

6.1 Beenenue COMSOL MULTIPHYSICS 4.3b
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[Iporpammuoe  obGecrmeuenne  COMSOL  Multiphysics ~ mo3Bosnser
MOJIEJTMPOBATh MPAKTHUYECKH BCe (PU3MUECKHE TMPOIECCH, KOTOPHIE OMMCHIBAIOTCS
yacTHeiME Judepenumansupivi ypasaeHussMu. COMSOL Multiphysics comepxut
pa3jMyYHbIE pelIaTed, KOTOPbIe IMOMOTYT OBICTPO CIPABUTHCS JIaK€ C CaMBIMH
CJIO’KHBIMM 33/1auaMi, a POCTas CTPYKTypa MPUIIOKEHUsA 00€CIeunBaeT NpOCTOTY M
r’uOKOCTh UCIOJIb30BAHUSA.

COMSOL Multiphysics siBisiercst yaoOHOH, BBICOKONPOM3BOAMTEILHOW U
YHUBEPCAJIBHOW CpPeIoi Ui MOAeNMpoBaHus (usmueckux mnpoieccoB. Mcnomnb3ys
HacTpauBaembple  1IAOJOHBI, MOXXHO  MOJEJMPOBATh JIIOOYH0  KOMOMHALIMIO
B3aMMOCBSI3aHHBIX (PU3MUECKHUX TIOJICH.

[TakeT mpenocTaBiIsAeT MOJIB30BATENSAM TOJHBIM CINEKTP WHCTPYMEHTOB s
MOJICIMPOBAHMSA: TOCTPOEHUS MOJEIW, OmnucaHus (PU3UYECKOro mpolecca,
NOCTPOCHHUSI CETKU pa30MeHusi, MOACIMPOBAHUA U NOCTOOPAaOOTKH pe3yIbTaTOB
pacueta. Ilaker mO3BOJMSIET MOAENIMPOBATH CaMbl€ PA3IMUHBIE MPUIOKEHUSA:
’KMJIKOCTHBIE TOTOKH, PACIPENEIICHHE TEIUla, 3JIEKTPOMArHUTHBIE U aKyCTHUECKHE
spdexTei. MopenupoBaHue yUMTHIBA€T pa3jIMYHbIE CBOWCTBA MaTEpHUAJIOB,
VCTOYHUKH BO3JEHCTBUS M TPAHUYHBIEC YCIIOBUS, a HA0OP JOMOJHUTEIbHBIX MOIYJICH
NO3BOJISIET PELIaTh PA3JIMUHbIE PUKIIA/IHBIE 33/1a4H.

Cpenu paccMaTtpuBaeMbIX AUCHUILIAH B mporpaMmmHOM makere COMSOL —
MEXAHMKA KOHCTPYKLMMA, TEIJIONEPEHOC, NHKEHEPHAs XUMUS (B TOM YHUCIIE C YUETOM
XUMHUYECKON KUHETHKH), 3JIEKTPOTEXHHUKA, AKyCTHKA, reo(us3uka, ONTUYECKUE U
BBICOKOYACTOTHBIE A(h(PEKTHI.

VYuukaneHoit ueptoii COMSOL Multiphysics sBiseTcss cnocoOHOCTb HC-
1oJ1b30BaTh BO3MOKkHOCTU MATLAB.

OcCHOBHBIE BO3MOIKHOCTH COMSOL Multiphysics:
BbICOKOTIPOM3BOINTEIbHBIN, HHTEPAKTUBHBINA U yI0OHBIH HHTEPdEiic moap30BaTENA.

MouHbeie npsiMble W UTEpaTUBHbIE pewarend. WHCTpyMEHTBl Ui TNPOBEACHUsA
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JIMHEHHOT0, HEJMHEHHOr0, CTAlMOHAPHOIO M HECTAalMOHAPHOIO aHajIM3a, a TaKKe
aHaym3a coOctBeHHOro 3Hadenws. [lomHas cBoOoma mpw ykazaHUW (PU3NUECKUX
CBOMCTB B BHJE AaHAJIMTHUECKUX BbIpaKeHWH wuiau (yHkuuid. HeorpaHuueHHbie
BO3MOIKHOCTH TSI MOJEIMPOBAHUSA B3aMMOCBSA3aHHBIX (pusmueckux moseid. OOmme
(hbopMyTHPOBKH [UIsi OBICTPOrO MOJEIUPOBAHUS MPOU3BOJIBHBIX CHUCTEM YaCTHYHBIX
mddepeHumanbHbIX YpaBHEHHIA. HUuCcTpyMEHTBI aBTOMATU3MPOBAHHOT O
MPOEKTUPOBAHUS JUISI MOJICIIMPOBAHUSA B OJJHOMEPHOM, JIBYXMEPHOM M TPEXMEPHOM
npoCcTpaHcTBe. ABTOMATHUYECKOE CO3JaHHME SAYEEK pazaudHbIX (OpM (TPEyrojbHUK,
KBaJpar, TEeTpa’ap, mNapaienenunen M npusma). Pacummpennsie OuOIMOTEKH
mozeneit (6osee 100 roroBeix nmpumepoB). [lapamerpruueckuii pemarens it padoThl
C HeluMHeHHbIMH Mozensmu. HMHTepakTuBHas 3akmounTenbHas oOpaboTka u
rpaduueckoe NpeACTaBIeHHe MOJEIH. | eHepaTop OTYETOB JUIsi aBTOMAaTHUYECKOIO
COCTaBJICHUs TOKYMEHTAIMH 10 MoaesiaM. [loanepikka cliosKHBIX BEIYMCICHUH Ha 64 -
OUTHBIX TUTaTdOpMaXx.

['naBHO# 3amayeit MOAETUPOBAHKS PEATIbHBIX MPOIECCOB SABJISAETCSA PEIIeHHE
MyJIbTH(U3NYECKUX 3a1ad. Vcrmonb3ys MoJAeIMpoBaHHE Ha OCHOBE YpPaBHEHHWIA,
MO3KHO paboTarh ¢ PyHKIHMAMH, COAEPKAIIMMH 00IIMe IepeMeHHbIE.

C COMSOL Multiphysics moctaTouHO BBECTH HEOOXOIHMMBIE YpaBHEHUS
yepe3 KIIaBHATypy, NPHU 3TOM He TpeOyeTcs MepenuchiBaTh KOJ WA OCYIECTBISAThH
KaKUX-TH00 CJOKHBIX MaHumysauuid. [lpemoctaBisieTcss BO3MOMKHOCTb BHOCHTD
Mo0bIe U3MEHEHUS B PEKUMBI MOJICTTMPOBAHUA.

27 wmions 2013 komnanueit COMSOL Obu1 npeacTaBieH HOBBIH penu3 ee
(pmarmarckoro mpojaykra, kotopelii HaseiBaetcsi COMSOL  Multiphysics 4.3b,
NpeHa3HAYEHHBIH JUIS CUMYJISILIMM ¥ MOZEIMpOBaHus pusnueckux cucreMm. OQHO u3
TJIABHBIX MPEUMYIIECTB JaHHOW Bepcuu - momyib LivelLink for Excel, 6maromaps
KOTOPOMY MOHO COO0IIAThCA C pe3yIbTaTaMHd MMHUTALIMOHHOTO MOJIEJIMPOBAHUA U3
tabmuny Excel. Tarxke Bepcuei 4.3b mpemraraioTcsi AONMOJHUTENBHBIE OMUMM IJIA
MIPOBEJIEHUS CJIOKHBIX MYJIbTH(U3MUECKUX IKCIIEPUMEHTOB (C BBIYUCIUTETLHOM
TOUYKH 3peHus) Oarogaps TOMY, 4TO €10 MOJJEP/KUBAIOTCS KJIACTEPHBIC BBIYUCICHUA

Ha matopme Amazon EC2 (Elastic Compute Cloud).



B nmaHHO# Bepcum camumu paspaboTuMkaMu 0co00€ BHMUMAHHE YJEJIAETCS
moaymo LiveLink, mpenHazHaueHre KOTOpPOro - 3amycK W aHAJIM3 HKCIIEPUMEHTOB
COMSOL Multiphysics npsimo B cpene makera Excel. JlanHbIM MoOaynem BKIaaka
COMSOL daktuuecku nobdaBnsgercs B JEHTOYHOE OQoOpMIIeHHE COBPEMEHHBIX
Bepeuii Excel. Tlonb3oBatenu B 3T0i BKIagke MOryT COBEpIUATh KOHTPOJIb PabOThI
COMSOL-monenu. Tak, KOppeKTHMpOBaTb M IPOCMATPUBATH IEPEMEHHBIC U
mapaMeTpbl, KOTOpble HCHojb3ytoTess B mojaean COMSOL Multiphysics, MoxHO
npsAMO U3 IEKTPOHHOM Tabmuibl Excel, a Bce u3MeHeHusA, KOTOpbIe ObUIM BHECEHBI
yepe3 Excel, B mo00#i MOMEHT MOryT OBITh CHHXPOHU3HPOBAHBI C MOJIEIBIO
COMSOL.

bnaromaps monymo LiveLink ana Excel MoxkHO 3arpyaTh M COXPaHSATb
(aiinbr Excel ¢ naHHbIMU KaTUOPOBKH, BAIMAALMY, C PE3YJIbTATAMU 3KCIIEPUMEHTOB,
a Takke C JOOBIMH [JaHHBIMH, KOTOPBIE HMMEIOT OTHOUICHHE K CUMYJIALUAM,
BhITIOJTHsAeMbie B makere Comsol Multiphysics ckauate ero u mnpeajaraer
paspaboruuk I10. Moaynem LiveLink mma Excel B momosHUTENEHOM OKHE B BHIE
uHTepakTUBHBIX  3D-rpadukoB  oToOpakaroTCs  pe3ysbTaThl  CHMYJISLIHH.
[Tonp3oBarenu manubie rpadguxu B Excel MoryT BcTaBiATh OYKBaJIbHO MPH MOMOLIH

OJIHOTO IIEJTYKA MBIIIH.

6.2 TIIocTPOEHME MOIE/TH

Jlns co3manus MONEny W TPOBENEHUs pacuetoB 3agaun B cpene COMSOL
ObL1a MPOBEEHA CIIEIYIONIAs TOCIEI0BATENHHOCTD JIEWCTBUIA:

e BrIOOP BUIA 1 HAYAIBHBIX TAPAMETPOB MOIETUPOBAHUS,

o Omnpenenenne padoueit 061acTy U NOCTPOEHUE TEOMETPHH,

e BBOJ MCXOIHBIX JAHHBIX, 3aBUCUMOCTEN NIEPEMEHHBIX OT NPOCTPAHCTBA
Y BPEMEHH,

e VkazaHue (U3MYECKUX CBOMCTB M HAYAIBHBIX YCIOBUM, BBOA
MapamMeTPOB U NOCTPOEHUE CETKH,

e OnpeneneHue napamMeTpoB PELATENEH 1 3amycK PacyeTa,
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e Hacrpoenue pexxuma 0TOOPaKEHHS,
o [lomyuenue pe3ynbTaroB B BUAE rPaGuKOB, TAOINI, AHUMAIWHA U T.]1.

Pacnmiem noapOOHEE KaKIYIO U3 CTAAUM.

Ha nannoi craguu OnpenensieM pasMepHocTs mMonenu (Space dimension), B
JAHHOM ciy4ae - MOnmenb TpexmepHas. Taxke ompenensemM Qu3ndyeckuil pasnen B
Hasurarope wmogneneir (Model navigator) (kakaOmy pasgeny CcOOTBETCTBYET
onpeneneHHoe auddepeHnuabHOe  YPAaBHEHHE) M KOJIMYECTBO  38BUCHMBIX
MIEPEMEHHBIX.

1] Model Navigator - &

Mew | Madel Library | User Models | Open | Settings

Space dimension: 3D W

. Application Modes ~ General Form
= ) COMs0L Mulkiphysics

- | Acoustics
, Convection and Diffusion 2 =
. cu o - s
- || Electromagnetics e a’ 4L v,f =F
- || Fluid Dynamics - ot ey
- |, Heat Transfer
- | Structural Mechanics
| PDE Modes
- | Classical PDEs
- # PDE, Coefficient Form
o
- 4 Weak Form, Subdomain
- # Weak Form, Boundary
-4 Weak Form, Edge
- @ Weak Form, Point v

T O O B R e

Description:
Madel using a system of one or more partial
differential equations in general farm,

1O g OO g O e O O e OO oy

Dependent variables:  |u1 w2

Application mode name: g

Element: Lagrange - Quadratic v Multiphysics

Cancel Help

Puc. 7. Onpenenenne HAYTBHBIX TAPAMETPOB MOIETMPOBaHUs B HaBurarope
MOIeNen.

Jlnst pemenus 3agaun O MEePenadyu CUTHAIOB BBHIOPAH (PU3WUYECKHM Pa3nen
COMSOL Multiphysics, nanee ero moapasnen - npuioxkenue auddepeHuaibHbIX
YPABHEHUI B YACTHBIX MPOU3BOJHBIX i1 MOJETMPOBAHUSA HA OCHOBE YPABHEHHM.
Cuctema ypaBuenuit Jlannay-I'mH30ypra OMUCHIBAET MPOIECC C UCMOJIB30BAHUEM
JIBYX aKTUBHBIX 30H - aKTUBATOPA W WHrHOUTOPA, KOJUYECTBO 3aBUCHMBIX

MEPEMEHHBIX OTIPENIETSIEM PABHBIM IBYM (PUCYHOK 7).
36



Ha nanHOM »Tane c0373eTcsi reOMETPUUYECKOE TEn0, HeOOXOAMMOE st
BU3YAIHM3AIMH MPOLIECCOB NEPEAUYN CUTHAIIOB.

YT0OBI MOCTPOUTH TPEXMEPHYIO MOJIENH CEP/ILIA, HY’KHO, B IEPBYIO OUEPEND,
co3aarb €10 (popmbl, HANOMUHAOMIEN Gopmy cepana. [mst 3TOr0 cneayer co3aaTh
chepy u >uncouns paguycoM 54 Mm u BeIcOTOM 70 MM (PUCYHOK 8, 9) npu mOMOIIH

CHenUaIbHBIX KHOMOK HA [Tanenu pucosanus (Draw toolbar).

Puc. 8. Coznanue chepsr Puc. 9. Coznanue smiuncoua
3areM npPoucxXOauT CO3AaHUE TEA YIPOIIEHHON (POPMBI cepia myTeM Clus-
HUS BEPXHEH M0I0BUHBI CHEPBI ¢ HIHKHEH MOJI0BUHOIM Auturicouaa. st 5T0ro Hy»KHO
pasznenuTh 00a Teya Yepes cepenuHy ¢ nomoripio Padcoueit miockoctu (Work plane).
3arem 06a Tena N00YEPETHO PA3PE3AIOTC YEPES ATy CEPEAMHY, U JUIS HUX YAAISIOTCS
HUKHSIE M BEPXHSS YacThb COOTBETCTBEHHO. Jlanmee OcTaBmIMECs TMOJOBUHBI

COEIUHSIOTCS B O1MH O0BEKT (PucyHok 10).
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-50
Puc. 10. Teno ynpomenHO# ¢hOpMBI cepana
Yr00bI cO318Th TOJIOCTH BHYTPH CEP/IA, CJIeIyET BCTABUTH TEJIO AHAIOTUYHOM
($bOPMBI ¢ U3MEHEHHBIM MACIITAOHBIM KO3(PGUITUEHTOM, B JAHHOM CIIydae OB B3AT
kO3 pumment 2/3. 3arem u3 60IbIIET0 O0BEKTA BRIYUTAETCS MEHBIITUHN U TIOTyJaeTCs

N0JIOCTh BHYTPH CIUIOIIHOTO MOJI0ro Tea (PucyHok 11).

Puc. 11. Co3nanue BHYTPEHHEHN M0I0TH

Yr00bl CO31aTh CTEHKH, OTAEJSIONINE YETHIPE KAMEPBI, HY)KHO CO3/1aTh IBE
IHHAPBL auaMetpoM 47 mm (> 70*2/3) m BeicOoTOM 10 MMm. LleHTPBI IUIHHIP
HAXOIATCSA B TOYKE HAa4Yama Ocuera, OxHa nmepneHaukyssipaa ocu Oz, apyras — Ox.

3aTeM ux 00EJIMHUM C BBIIIENOCTPOEHHBIM MOJIBIM TEJIOM. Jlanee mjst TOro, 4yTo0bl
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BUJIETH PACIPOCTPAHEHNUE CHUTHAJIOB BHYTPU T€OMETPUYECKOrO TEa, BBIPEXKEM
YETBEPTYI0 YacThb M3 MOJY4EHHOM MOnenu. Takum 0OPa3OM, MONYy4YUSId MOJETD,

NPEICTABIEHHYIO B paszpese (PucyHok 12).

=N = \\ / 50

Puc. 12. 'eomeTpueckas cTpykTypa cepaua B pazpese
Jlanee 3anaemM UCXOAHBIE JAHHBIE, 3dBUCUMOCTH NEPEMEHHBIX OT KOOPAUHAT U
BPEMEHHM BO BKJIauke YperyaupoBanue mnomoonactu (Subdomain  settings),

OCHOBBIBASICH HA cCUCTEME yPaBHEeHUH (5) (PucyHOk 13).
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= Equation
Show equation assuming:
Study 1, Time Dependent
ea‘;i;‘ + da‘;—l;+ V.Ir=f
u=[ul, 2]

_(0. 9 9
?_[dx’dy’dz]

« Conservative Flux

-ule+s el udy X
-uly+cl*udy ¥ 1/m
-ulz+cl*ulz z

r
-1 ulx-udx
-c1uly-uly ¥ Lim
-c1*ulz-udz

* Source Term
1fm?

1/m?

Puc.13. Yperymuposanue nogooiactu
Ha nannO#t cramum, y4duThiBash aHATOMHYECKHE OCOOEHHOCTH CEPaeYHOn
MBIIIIIB U XapakTep ypaBHenuit Jlannay-I' un30Oypra, TPeOyeTcs BBEIEHHUE B CUCTEMY

ypaBHEHHUI TAPAMETPOB, MPUBEAEHHBIX B Ta0IUIE 1 (prucyHOK 14)

+ Parameters

Marne Expressicn Value Description
cl 2 2.0000
c3 -0.2 -0.20000

Puc.14. Beenenue napamMeTpoB ypPaBHEHUN
Teneps TpPeOyeTcs BBOA rpaHruHbIX ycaoBwuii (Boundary settings) B cnenuaabHOM [ist
ATOr0 MOAPA3MENE B HACTPOUKE (PU3NUYECKHX MAPaAMETPOB. Tak Kak 4epe3 TPaHUIIbI

o6siacTtu pemenus HET MOTOKOB (yciaoBus Heiimana), OOHyJs€M BCE HEOOXOIUMBIE

HacTpoiiku (pucyHnok15 ).
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Boundary Selection

Selection:  All boundaries

1 Al B
2
3 & =
4 O
5 =
6 i
-
a W
¥ Override and Contribution
* Equation
Show equation assuming:
Study 1, Tirme Dependent W

-n-I"=0
Puc.15. Beenenue rpaHiuuHOr0 yciOBUs

Ha srane 3ananus napaMeTpOB CETKH MPOrPaMMHBII MAKET MO3BOJSET PEIINUTH
38189y METONOM KOHEYHBIX O3JEMEHTOB, TPEIBAPUTENHHO UL MOTYIeHHS
NEPBOHAYAILHOTO PEMIEHUS CIEMyeT OMPENEIUTHhCS C KOMWYECTBOM Y3J0B CETKH
pazouenus. s 5T0r0 CreHePUPyeM CETKY U IOTy4aeM, 4TO BCE TEOMETPHUYECKOE TEI0
pazouto Ha 15626 kOHEUHBIH eMEeHT. YTOOBI MONMy4YnTh OOJIEE MEJIKYIO CETKY, MPO-
u3BeeHa onepanus Yyumienus cetku (Refine mesh) (pucynox 16).

500 :

I

-20

Puc.16. [TomyueHne KOHEUHOMEPHON CETKH
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[To oxkOHuaHMM MOIO0PA Y3JI0B CETKHM BCTAI BOMPOC O pemeHuu 3anadn. Jis
>TOr0 ompexenum IlapameTpsr pemaromer0 ycrpoiictea (Solver parameters) B
COOTBETCTBYIONIEM OKHE (PUCYHOK 17), 8 UMEHHO PemaeM, 4T0 MPOLEcC MPOUCXOIUT
C BPEMEHHOW 3aBUCUMOCTBIO, ONPEAENseM, 4YTO BU3yaiuu3auus Oynetr miutbes 45
CeKyHJ i1 HauOOJNbIIEH HArIAAHOCTH. Takke pemaeM, yTO PacnpOCTPaHEHUE
CUTHAJIA OYJIET MPOUCXOAUTh OTHOCUTENILHO TEPEMEHHOM aKkTUBATOPA Uy,

[Tocne wactpoiiku Ilapamerpor pemartens (Solver Parameters) samyckaem
Pacuer (Solve). Takum 00pa3OM, mis OMHMCAHHON TE€OMETPUYECKOH MOIEIH C
38/TAHHBIM KOJIMYECTBOM SJIEMEHTOB PA30OUEHMS 3a/1a49a PENTIIACh TPHOTU3UTETHHO 33
3 muHyT 30 CEKyHJ HA CTaHAAPTHOM CTAIMOHAPHOM KOMIbIOTEPE. Bu3yampHOe
pemenue npeacrabiseTcs Ha pucynke 18.

[«t, Time Dependent [l Model Library =8

- Study Settings
Times: range(0,5,45) s | L.

Relative tolerance: 0.01

» Results While Solving
w Physics and Variables Selection

[ Modify physics tree and variables for study step

Physics Solvef.. Discretization
PDE (g) ' Physics settings -

» Values of Dependent Variables
» Mesh Selection

» Study Extensions

Puc. 17. Hactpoiika napaMeTpoB Pemaromero ycTponcTaa

Time=45 Surface: Dependers: JFTa‘le\(}}

-0.5

D= e v 11268



Puc. 18. IIpeacraBneHue BU3yasbHOTO PEIIEHNS

Ha nanHOM pucyHke npeacTaBieH0 PacnpeneieHue 3JIEKTPUYEeCKOro rnoTeH-
nuana Ul mo moBepxHOcTu kamep cepana. HanbG0i1ee MHTEHCHBHBIM KPACHBIM IBET
COOTBETCTBYET HAMOOJBIIEMY 3HAYEHUIO MOTEHIMATIA, CHUHUW, B CBOIO OYEPEND,
MPEICTABISAET MOBEPXHOCTD, 110 KOTOPOM B JAHHBIM MOMEHT BPEMEHM MOTEHILIMAT HE
pacnpocTPaHsaeTcs.

W3 pucynka MOXHO yBUAETH, YTO pacnpenaenenne GOPMUPYETCs XapPaKTEPHBIM
CIIUPAIEBUIHBIM y30POM, HAUMHASICH B TOM MECTE, T/ MPEANOJ0KUTEIHHO B CEPILIE

YeJI0BEKA HAXOIUTCS CHHYCHO-TIPEICEPIHBIN y3€I1, & 3aTEM 3aTyXaeT Ha NEPudepun.

6.3 BeIBOIBI 11O rJ1aBE 6

B nannOi rimase Oblna cO37aHa MOAETL PACTIPOCTPAHEHHS SIEKTPHYECKOTO
norenrnuana mnakere COMSOL  Multiphysics  4.3b.  T'eometpuyeckoe Teno
MPEACTABIISAET COO0M YIPOIIEHHYIO MOAENH CEPIA. PEIIEHNE CHCTEMBI HEJTMHEMHBIX
mu(pPepeHIUATbHBIX ~ YPABHEHUMH B YACTHBIX  MPOU3BOJIHBIX  CPEACTBAMHU
nporpaMmMHOr0  mMAaKeTa  MPEACTABISET  cOO0W  KAYECTBEHHYIO  KapTUHY
pacnpocTPaHEHHsT BIEKTPUUYECKUX CUTHAJIOB C 33JaHHBIMU DJIEKTPOPU3UUECKUMH,

XUMHUYECKUMHU MapaMeTpamu, NPeacTaBI€HHBIMU B TA0UIIE 1.
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7. IPOBEJIEHME SKCHEPUMEHTAJIBHBIX UCCJIEJJOBAHUHI U
OBCYXJIEHUE PE3YJIBTATOB

7.1 BpIfiBJIEHHE 3aBHCUMOCTH IIOBEACHUSA PECINEHUA OT U3MEHEHUSA

KO3(p(PMUMEHTOB CUCTEMBI YPDABHEHUI JaHAAY-THH30YPra.

Ha pucynke 19 nokazanbl BU3yalibHbIE PEIIEHUS B PA3HBIE MOMEHTHI BPEMEHH.
BuanO, 9TO npu OqHUX U TEX KE KO3PPUIIMEHTAX C1 ¥ C3, €cTTU BPEMs { yBETMUIMBAETCS
0T 25 10 95 ¢ TO pemeHne cnuPAIbHBIX BOJIH MOHHBIX TOKOB M0 TOBEPXHOCTHOM CYMKE

CEpI[E‘-IHOfI MBIIIBI TOKA3BIBAET, YTO JJIMHA HpOCTpaHCTBeHHBIﬁ BOJIHBI TOBBIIAETCH.

Time=25 Surface: Dependent variable ul (1)

Time=45 Surface: Depend;t variable ul (1)

A 11432

¥ -1.1546

a

Time=75 Surface: Dependent variable ul (1)

g e A1.2834 :

507

Puc. 19. IIpeacrasnenne Bu3yanbHOr0 pemnienns B MOMeHThI t = 25 ¢ (a), t = 45 ¢ (6)
t=75c(6)ut=95c () mpuci=2;c3=-0,2,
V3MeHuB mapameTpsl ¢i1, ¢, CUCTEMBI AM(PEPEHIHATBLHBIX yYPABHEHUH B

YACTHBIX MPOU3BOIHBIX HAOIIOAAIH PE3yJIbTAThI, MOKA3bIBAIOMUECS HA PucyHkax 20
u2l.
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W3 mopTpeToB mOTEHUMAT UOHOB TOKOB CEPAEUYHBIX CYMKH B OIMH U TOXKE
Bpemenu (t = 45 ¢) BUAHO, 4TO NECATH KPATHON YBEIMUEHUN KOAPIUIMEHT C1 (TIPH
OCTOSTHHO KO3 duiueHT €3 = — 0,2) peneHre cuuPaibHbIX BOJIb HOHHBIX TOKOB 110

MMOBEPXHOCTHOM CYMKE CEpPJIEeYHOM MBIIIIE JJIMHA MPOCTPAHCTBEHHBIN BOJIHBI

YBEJIMYUBAETCA.

Time=45 Surface: Dependent variable ul (1) Time=45 Surface: Dependent variable ul (1)

//‘ »\\r\ Al4sgl

Time=45 Surface: Dependent variable ul (1)

V-1.2895

a o 8
Puc.20. [1pencrasinenne Bu3yaapHOro pemenus npu ¢; = 0,2 (a); ¢1 =2 (6), ¢1 =20
(6) nc;=-0,2

N3 pucynka 21 BuHO, 4TO Py OTHOM U TOM K€ BPEMEHH, Hanpumep t = 45 c,
ecnu kOd3(ppuuueHT C; ypenuuuBaercss B 10 pas mO a0bcOnOTHON BeIUYuHE (MPU
MOCTOSTHHOM KO3((PUITMEHTE C1 = 2) TO PEIIEHHE CIIMPATHHBIX BOJH HOHHBIX TOKOB 110
MOBEPXHOCTHOW  CyMKE  CEPHEeYyHON  MBIMIBI  TOKA3BIBAET, YTO  JJIMHA

HpOCTpaHCTBeHHBIﬁ BOJIHBI YMEHBIIIAETCS.

Time=45 Surface: Dependent variable ul (1) Time=45 Surface: Depe,,&:“ variable ul (1) Time=45 Surface: Dependent variable ul (1)
\K/ " =

s0
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Puc. 21. IIpencrasnenne BU3yanbHOr0 pemenus npu ¢ = 2; ¢z =— 0,02 (a), ¢z =—
0,2(6), c3 =—2 ()

Ha pucynke 22 mpencrtamieHa 3aBUCMMOCTh BO3HHWKOBEHHsS MEPIATEITHHON
apuT™MuKM S OT 3HAYEHHM c3 nPpu c1 =1,5. UnCneHHBIE PACYETHl MNOKA3ILUIMA, YTO
MEPLATETbHAS APUTMUS OTCYTCTBYET( S =0) IPU 1< ¢, <2 U NPUCYTCTBYET (5 =1) npu

OCTAJIBbHBIX 3HAYEHUSX C3,

0 +— .
0 1 2 3 ¢

Puc.22 O6nacts 3HAYEHUH €3, XaPAKTEPU3YIOMUX CTAOMILHOE cEPaIeOneHne
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7.2 BeIBOIBI 1O rJaaBe 7

[IpoBenenHbIe pacueThl MOKA3aHbI YTO, METOJ KOHEYHBIX 3JIEMEHTOB,
peanu3oBanubii B makete COMSOL Multiphysics u mOaynu (B 4acTHOCTH,
OCHOBAHHBIE HA MAaTEMATHYECKOW (HOPMYIHPOBKE 337a4ud), BCTPOEHHBIE B CAMOM
HAKeTe Cr0COOHBI K PEIIEHHIO TIOCTABIEHHOM 331841 U MOIETUPOBAHNIO (PU3HUECKHX
HPOIIECCOB PaCHIPEEIEHNUs dIEKTPUUECKUX CUTHAIOB B cepaie. B riiase Takxe Obuia
NOCTPOEHA TPEXMEPHAsT MOJIEb CEP/IA C BU3YATU3AIMEN MEPEIAYN FITEKTPHYECKHUX
CUTHAIOB B CEPAeuHOi cucreme. Cnemyer OTMETHTb, YTO TIPEICTABJIEHHBIE
pe3ynbTaThl B JAHHOH TrOJ0BE MPHUTOHBI IS KAYECTBEHHOW OIIEHKHM ITOBEIEHWMS,
OXKHIAEMOr0 OT CHCTEMBI MNPH 33JAHHBIX MAaPaMEeTPax COOTBETCTBEHHBIX C
OMOXMMHUYECKUMH U 3JEKTPOPU3NIECKUMHU CBOMCTBAMHU TKAaHEH. YnCIIEHO TOKA3aHO,

yTO Ay1g C1 = 1,5 mepuarensHas apuTmusi OTCYTCTBYET NPU 1< ¢, <2 U NPUCYTCTBYET

NPU OCTIBHBIX 3HAYEHUSIX C3. B nanibHEHIIEM B X0/1€ TPOBEAEHUS BHIYUCIUTEIBHBIX
HKCIIEPUMEHTOB HEOOXOIMMO TaKke MOAOUPaTh MmapaMeTpsl PEmarenaeii u ceTok

TaKUM 00Pa30M, 4TOOBI N30€KATh YMCIEHHONW HEYCTOMYHNBOCTH.
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3AKJIIOYEHUE

[Ipu BHIMOTHEHUH BBHIMYCKHON KBATM(PHUKAMOHHON PabOTHl MOIy4YEHBI OC-
HOBHBIE PE3yIbTATHl, B YaCTHOCTH, HA OCHOBAHWU AHAIN3A JTUTEPATYPHI MOTy4YEeHA
MaTeMAaTHYECKas MOJENb CEPAEYHON MBIIIIBI YEJIOBEKA, MO3BOJNIAIOMAsS MPOBOAUTH
WCCJIEIOBAHMSI TIO BJIMSHUIO TTAPAMETPOB JIEKTPHUECKUX UMITYJIHLCOB HA PacmpocTpa-
HEHUE SJIEKTPHUECKUX CUTHAIOB B CEPIIIE.

Jlnis pemenust mOCTaBIEHHON 38184 O PACTIPOCTPAHEHUU CUTHAIOB MCIOJIb-
30BaH METOJ KOHEYHBIX 3JIEMEHTOB, MPEIHA3HAYEHHBIN TSI TTOTYyIEHUS YHCIEHHOTO
PemeHus u PeaTn30BaH B MOIIHBIX MATEMATHIECKUX TTAKETaX. Pa3pad0TaHHbIA aro-
pUTM TOCTPOEHUS MOnIEnW ObuT Peanmn3OBaH B mporpammuOM makete COMSOL
Multiphysics Bepcuu 4.3b, KOTOPBIiA, B CBOIO O4€pe b, O3B0 COCTABUTH T€OMET-
PUYECKyI0 MOJENb, OMHCATh 3aKOHBI PACIPOCTPAHEHUS SIEKTPUYECKOTO CHUTHAIA,
00paruThes K MPOIETYPE BHI30BA METOAA KOHEYHBIX JIEMEHTOB U IMOJIYYUTH BU3Y-
TBHOE PEIIeHHE TOCTABIEHHOM 3a1a9H.

Jlna pemenust mOCTaBIEHHOM 3a4a4M MCHOIB30BAINCH PA3INYHBIE PEIIATENH,
NPOBENEH CPABHUTENILHBIN AHAIHM3 PEIIaTenei B 3aBUCUMOCTH OT BPEMEHH, TOTPa-
YEHHOTO HA MOCTPOEHUE PEMIEHUS M 3aTPAT OMEPATUBHON MAMSTH, BBIIEIIEMON MO
nporecc pemenns. Ha OcCHOBaHWY TIPOBEJIEHHBIX SKCIIEPUMEHTOB CJIEJTAHBI BBIBOIBI O
TOM, KaKOi u3 pemareneit Handonee 3(pHEKTUBEH NJIsl PEIIEHUS TOCTABIEHHOM 3a1a4u
B NIPOrpPaMMHOM ITaKeTe, B XO7e MPOBEIEHHUS SKCIIEPUMEHTOB HA MOJIENH BBISBIIEHBI
38BHCHUMOCTH MEXTy KO3(h(HUIMEHTAMU YPABHEHHUS W IOBEIEHHEM PEIIEHUS TPH
OJTHUX M TEX K€ JOMOJHUTEIbHBIX YCIOBHsIX. Ha OCHOBaHMY NPOBEIEHHBIX PACYETOB
MO>KHO 3aKJIIOYHTh, YTO MPU U3MEHEHUHU TEX WJIM MHBIX MMaPaMETPOB, MBI MOXKEM HE
TOJILKO HAO0JIOIATh M3MEHEHUE TEePuoaa PedpPakTepPHOCTH, SBIEHUE AKKOMOIALMH,
W3MEHEHHWE PA3MEPOB O0OO0nacTH YBEIMYEHHOTO W TOHMKEHHOTO 3HAYEHHMA
AIIEKTPUYECKOT0 MOTEHIHAIA, HO ¥ YIPABISITH XaPaKTEPOM PACTIPOCTPAHEHHUS CUTHA-
J1a, B YaCTHOCTH, MMPEI0TBPAIIATH PA3BUTHE CITUPATBHBIX BOJIH.

CocrasneH nuHEHbIM rpaduk NPOBENEHUS UCCIEA0BAHUS, PaccunTaHa TPy-
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JIOEMKOCTh Pa00T, ONPenesieHa BEIUYMHA HAPACTAHUS TEXHUYECKOM rOTOBHOCTH Pa-
O0THI 1 yIETHLHOTO BECA K&XKAO0Tr0 ATamna, paccunTana ceO0ECTOMMOCTh MCCIIeI0BAHMS.
Taxxe npousBeneHa OneHka 3PpGHEKTUBHOCTH BBIMTYCKHOM PaOOTHI U OLEHEH SKOHO-
MUYECKHIA dPGHEKT, KOTOPBIA MOKET BO3HUKHYTH B CIIY4a€ MPAKTUYECKOTO HCTOJb-
30BaHMs JAHHOW PAOOTHI U UCTIOIL30BAHMS TIPEACTABIEHHOIO UCCIIEI0BAHUS B KaYe-
CTBE NIPEBEHTUBHOIO METO/1A OOHAPYKEHUS APUTMUM.

[1poBenen ananus BEIBIEHNUS BPEIHBIX U OMACHBIX (DAKTOPOB TPOEKTHPYEMOMA
cpenbl, OCBEIIEHbI BOMPOCHI, KACAIOIIMECS OXPaHbl OKPYXKAIOMIENH CPEIbI, 3AIIUTHI B
YPe3BBIYANMHBIX CHUTyalMsIX, & TAKKe MPaBOBBIE W OPraHWU3AMOHHBIE BOTMPOCHI
ob6ecreuenuss 6e30macHOcTH. [IPOBENEHO McCnea0BaAHME MO BBISABIEHHIO ONTHMAIIb-
HBIX YCJIOBHI TPY/Ja MAaTEMATUKA-TIPOTPAMMUCTA, B KAUECTBE 0OBEKTA UCCIIEI0BAHUS
BBICTYyTIATA PAO0YEE MECTO MPOTPAMMHUCTA U TTOMEIIEHHE, B KOTOPOM OHO HAXOAHUTCS.

PexoMeHauu no UCIOIb30BAHUIO0 U MOAUGUKAIIMN MOJIEIH: HO OCHOBE I10-
JYYEHHBIX TAHHBIX MOJIENTE MOXKHO U3MEHATH C IEJIbIO MOTYYEHUs1 O0JIEE IETATHLHOTO
pesynapTata. Jljmst 3TOr0 HEOOXOAMMO HW3MEHHWTH MapaMeTPsl HACTPOWKH CETKH, a
MMEHHO YBEJIMYUTH YUCIO y3JI0B Pa3ouenus. Tem HE MEHEE, NeTaIU3AIUs CETKU MO-
JKET MOTPEO0BATH HECKOJIBKO YacOB BBIYUCIUTEIHLHOTO BPEMEHU HA PEIIEHWE yPaB-
HEHUSA, B TO BPEMSI KaK MOJIENh, OMUCAHHAS 3/1€Ch, ObLIA MOTY4YEHA B TEUEHUE TMPHU-
onu3uTenbHO 10 MUHYT HA CTAHAAPTHOM MEPCOHATHLHOM KOMIMbIOTEPE. [1s1 pemenus
00JI€€ CIIOXKHBIX 337184, UMEIOIMMUX OO0JEE MEJIKYH0 CETKY, O0BIYHO PEKOMEHIYETCs
UCIOJIb30BAHUE 64-OMTOBBIX TUIATPOPM, B JATHHEHIIEM TUIAHUPYETCS MPOAOIKATH
WCCJIEI0BAHNE BIIMSHMS MAPAMETPOB MATEMATHYECKON MOJETM HA MOITYy4aeMOe pe-
HIEHUE, T.K. 3HAsA, KAKUM 00Pa3OM PacCMOTPEHHBIE ANEKTPOPU3NUECKUE, OUOI0TUYE-
CKHE W XUMHYECKHE KOMIIOHEHTHI BJIMSIOT HA XaPAKTEP PAcnPOCTPAHEHUSI CUTHAIA,
CTAHOBHUTCS BO3MOKHBIM MPEAOTBPAMIATE PA3BUTHE APUTMHI C TTOMOIIBIO JIEKAPCTB,

comepkamux JaHHbIE KOMIIOHEHTHI.
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1 Literature review
1.1 Review of existing methods for the detection of arrhythmias

Nowadays much attention is paid to study and detect of arrhythmias. There are
several ways to do it. These include magnetic resonance imaging (MRI), computed
tomography (in particular, with the electron beam) (CT), electrocardiography (ECG).

MRI is referred to the latest imaging technologies. Although this method
provides contrast three-dimensional high-defmition images, MRI has its lacks [3]:

« Fairly high cost of the equipment and its exploitation;

« Rhythm disturbances (during heart study);

« To detect certain types of pathologies reliably;

* Special requirements for premises to install the devices (shielding from
interference);

« Inability to survey patients with large metal implants, cardiac pacemakers,
etc.

X-ray computed tomography (CT) is one of the most used in the modem
medicine among the radiation diagnostic techniques. However, for a long time CT has
been rarely used for studies of heart and blood vessels. It was associated with a low
rate of sectioning by conventional CT systems, because a tube rotation time was
comparable to the duration of the cardiac cycle in these devices. Virtually the only kind
of CT suitable for heart imaging was electron-beam tomography (CRT), which
appeared in 1984

In 1998, the multi slice CT method has appeared. It has become widely used
for studies of heart and blood vessels [4].

However there is a number of lacks for CT method. The main of them is the
high radiation dose for the patient, despite the fact it has been significantly reduced
during the history of CT development.

Electrocardiography method has the following disadvantages:

« does not directly diagnose tumors and malformations of heart;

« does not reflect the presence of heart mumiurs;
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« teststo be taken at rest, does not detect existing disease [5].
At this stage of development of information technologies simulation methods
are often used to study the processes occurring in a human heart.
There are some advantages of this method:
1. Simulation has no real influence on human health, because the model is
represented by a computer.
2. Simulation can be used as medical personnel training to work with real
cardiac system in the future.
3. Creating a simulation model allows to understand better a real system
better..
4. Computer simulation allows not only to predict, but also to determine what
kind of control actions will lead to the most favorable consequences.
5. Computer models are easier and more convenient to exam owing to
computational experiments.
1.2 Conception of the problem
Thus, to create a simulation model of heart muscle, it is necessary to solve
several problems:
e Create geometrical model of a heart with the parameters similar to the
actual parameters of a human heart.
e Build up a mathematical model of electrical signals propagation in a
heart muscle.
e Select a method for solving a problem of propagation.
e Draw up a solution algorithm.
e Implement the algorithm in the software package.
e Conduct numerical experiments on the model of the heart muscle.
e |dentify the impact of the parameters used in the model on the arrhythmias
development.
The initial step to achieve the objectives is to consider the object of the

research. To do this, let’s find out what the electrical system of heart consists of.
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The heart consists of four parts (Figure A.l). It includes two upper chambers
(called atria). From these two chambers blood enters the two conjugated chambers

(ventricles) located below, from where it is pumped to the lungs and other body parts.
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Figure A. 1 - Electrical system of the heart

The sinus node (aka the sinoatrial or SA node) acts as a heart control regulator.
It provides coordinated work of all parts of the heart by passing the weak electrical
signals from the atria through the area between the atria and ventricles called AV node(
aka AV connection). AV node delivers the signals to the ventricles and the ventricles
pump blood to the body. Sometimes there are violations of the transfer of these signals,
and then a heart rhythm disorder appears [6].

A condition in which there is an abnormal cardiac slowing (less than 60 beats
per minute), is called bradycardia. Excessive acceleration of heart rate (over 100 beats
per minute) is called tachycardia.

Arrhythmias occur when there is a sequence of electrical signals in any part of
the heart, from the sinus node to the atria and ventricles. Every person can have
arrhythmia during the life, but in certain situations, it can lead to the tragic
consequences.

Therefore, the study of this issue and the construction of this model are very
important nowadays.

Since the model described above is quite complicated to create, it has to be
converted to a simplified model of the heart (Figure A.2).
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Figure A.2 - Simplified model of the heart
Thus, creating the model that shows the transmission of the electrical signals in

the heart muscle is the main goal of this research.

1.3 Literature review

Mathematical modeling techniques play an important role in the study of elec-
trophysiological processes in the heart and in detecting various cardiac disorders.

The first model was proposed in 1913 by Einthoven. In his view the human
body is an equilateral triangle, the heart is located in the center/ the heart is a source of
electrical potential ("Einthoven triangle™, [7]). However, the interpretation of the
model and the terminology (the projection of the vector of electrical axis on the sides
of triangle) didn’t have any physical sense. Therefore, the model was used for illu-
stration purposes only in the electrocardiogram at electrocardiographs. The impetus for
the creation of true physical models of cardiac activity, contributing to a better
understanding of the nature of electrical signals, was given by the following
developments in the field of biological physics, computer science and applied
mathematics:

1. At the cellular level a clearer understanding of the relationship between
nembrane voltage and current was achieved.

2. The knowledge of the spatial and temporal characteristics of excitation and

Recovery propagation in the myocardium was greatly increased.
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3. The digital computer technology developed to a level that ensures the pos-
sibility of sufficiently fast and accurate solutions of "direct problem of electrocardio-
graphy", i.e. calculating surface ECG by the known distribution of electromotive
Forces (EMF) in the heart.

4. The methods for solving inverse problems of mathematical physics were
greatly developed; now they allow calculating the EMF data from the results of
recording surface of ECG.

Cells of different limbs may be classified into two types: excitable cells of lerve
fibers, heart, smooth and skeletal muscle cells and no excitable cells, which include, in
particular, epithelial cells and photoreceptors. No excitable cells immediately relax to
its original state after effects of an electric current. In excitable cells a sequence of
processes occurs, depending on the magnitude of the momentum flowing through the
membrane current. If the pulse has above-threshold value, a single nerve impulse
occurs on excitable membranes of nerve fibers. This impulse is called the action
potential and it takes approximately 1 ms and propagates along the nerve fiber at a rate
of 1 to 100 meter per second to preserve a constant amplitude and shape [8].

To describe the process of heart excitation a number of mathematical models
was offered. The initial-boundary problems for systems of partial differential equations
are very popular. They are considered in areas with fairly complex geometry [9]. These
include models of Ginzburg—Landau [10] and Aliev-Panfilov [11] equations; they are
often used for the analysis of various processes of heart excitation.

The underlying theory of the propagation of nerve impulses is considered to be
the Hodgkin-Huxley model.

Alan Lloyd Hodgkin (Hodgkin Alan Lloyd, 1914-1998) and Andrew Fielding
Huxley (Andrew Fielding Huxley, b. 1917) are British neuroscientists and biophysics.
They have won the Nobel Prize in Physiology and Medicine in 1963. Their work has
been performed on the giant squid axon, which is a long cylindrical tube extending
from the neuron. An electrical signal spreads along the outer membrane of the tube.

This nerve fiber reaches a thickness of 0.5-1 mm (which is hundreds of times greater
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than the thickness of the nerve fibers of mammals) and is a very convenient object for
such studies.

In addition to experimental studies, Hodgkin and Huxley proposed the model
[12] which describes the processes of ion transport through the membrane and the po-
tential pulse passing along the membrane.

The principle of membrane generator work is as follows [13]. In the quiescent
state there is a difference of potentials between the outer surface of the nerve fibers and
cytoplasm located within, which is approximately 60-90 mV. Cell surface is positively
charged in comparison with cytoplasm. This difference of potentials is called the
resting potential. It is due to the fact that the ionic composition of the protoplasm of
nerve and muscle cells is rather different from the ionic composition of the surrounding
extracellular fluid; protoplasm contains 30-50 times more potassium ion concentration
and 10 times less sodium ions than the outside.

Positively charged potassium ions leaving through the cell membrane create
the resting potential. The sodium ions (also positively charged ), passing in the opposite
direction, create the opposite effect, but due to the fact that the membrane is sub-
stantially more permeable to potassium than sodium in resting position, the first
process is dominant and the result is presented in the above potential difference.

When the membrane is in an excited state (due to an external impact) its per-
meability is selectively changing for different ions. First, there is a sharp increase in
sodium permeability of the membrane and the flow of positively charged sodium ions
rushes into the cell. At the beginning, the potential difference on both sides of the
membrane is reduced to zero and then it changes sign: axoplasm becomes positively
charged in relation to the extracellular environment, and the difference of potentials
reaches a maximum of about 30 mV [14]. (Thus, there is a total change in membrane
potential compared with an initial value of about 100-120 mV.)

Then the flow of potassium ions going out begins to dominate again, and the
system gradually returns to the original state of rest. The following figure shows the
variation in the excitation potential (Figure A.3).
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Figure A.3 - The form of nerve impulse in time

Potential is measured from the level of the resting potential. The abscissa
indicates the time in ms and the ordinate indicates potential in mV. Experiments using
pharmacological agents have allowed dividing a current flowing across the membrane
into components corresponding to Na* and K* currents (Ina and lx). Other ions are also
involved in the process of current formation too, in particular there are ions Ca?*. In
the Hodgkin-Huxley model their contribution is called as the total current of «leakage»
(IL). The total current I(t) is the sum of currents of individual ions going through the
membrane and the "capacitive current" caused by variations of the transmembrane
potential V. Thus, we have the following equation (1):

dv
I =C—+1
(3 % +1,, (D)

Here C is the capacitance of the membrane, | = Ina + Ik + 1.

On the basis of experimental data Hodgkin and Huxley described the magni-
tude of ionic currents using functions that depend on “concentrations” of some hypo-
thetical particles moving in the membrane under the influence of an electric field.
Hodgkin-Huxley model is the following system of nonlinear differential equations (2-
5):
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Here n, m and h are functions of capacity and time. They determine the beha-
vior of sodium and potassium currents,

a - the fiber radius,

R - resistivity of protoplasm,

C - the specific capacitance of the membrane,

E..Ex.rEyr 0. 0par U, — CONstant parameters,

a,a,a, ,Enﬂ_m ﬂ_h — potential function having the following form (6-11):

0,01(V +10)
D=0 (6)
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a, = 0,07 CXP(Vlzo)v (9)
B, =0,125exp(V /80), (10)
B, =4exp(V/18),
b (L)
bi=—v30
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The coefficients in the formulas are chosen empirically. The model (6-11) al-
lows us to describe the basic properties [15] of the conducting nerve fibers. Some of
them are represented below.

1. Pulse Generation. Let’s assume that the nerve fiber is at rest. It is then sti-
mulated for a short time by an external current source. As the analysis of equations

shows, the value m(V, t) primarily starts to increase, which in turn increases sodium
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currentequal to (V — Ey, )g_Nam3h and then the potential difference between the cytop-

lasm and the external environment will increase too (i.e. strengthening of fiber depo-
larization). The value of m is increasing while depolarization is increasing and the value
of h is decreasing. These changes of m and h are connected in such way that the value
m2h in the expression for the sodium current increases first and then starts to decrease.

2. Sub-threshold stimulation, a threshold. It is known that the change in mem-
brane potential leads to the stimulation of the nerve fibers and the impulse occurred in
it only when this initial change exceeds a certain value, called the threshold. Besides,
too small "sub-threshold" potential changes damp down without impulse generating.
The presence of such a threshold is similar to the existence of certain ignition
temperature, i.e. the temperature needed to heat the substance to caught fire.

3. Refractoriness. The fact that all the nerve and muscle fibers have refracto-
riness, i.e. a period of no excitability coming after the impulse; can also be drawn from
this model. As we have seen, after the occurrence of an impulse in the fiber the
parameter h has become small, and the parameter n has been increased. In these cir-
cumstances, with any increase in membrane potential the corresponding potassium
current exceeds the sodium one. That means any stimulation is sub-threshold. This is
the phenomenon of refractoriness.

4. Accommodation. It is known from the experiments that acting on the nerve
fiber by gradually increasing current strength leads to an impulse occurrence only if
the rate of current rise exceeds a certain value. Besides, slow increase of the current
does not cause the fiber excitation (this phenomenon is called "accommodation™ or
"addiction" of fibers). In the Hodgkin-Huxley model the accommodation appears be-
cause of the sodium inactivation, whereby the sodium current cannot exceed the po-
tassium and the momentum does not appear. The lowest rate of current rise that still
allows the impulse occurrence can be determined by numerical solution of the Hodgkin
- Huxley.

System (2-5) is too complicated for analytical study. That is why simplified

models have been proposed. These models can describe the same properties. The most
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popular of them is suggested by Landau and Ginzburg independently.

The Ginzburg-Landau model can qualitatively describe the process of exci-
tation propagation in the myocardium and gives good accuracy for simulation of ob-
servable characteristics such as impulse duration and its propagation velocity [16].

But some other process characteristics, such as impulse shape and rejuvenating
properties of the medium are not described by the Ginzburg—Landau accurately. The
Aliev-Panfilov model [10] describes the shape of the impulses observed in the

myocardium more accurately. Aliev-Panfilov model (11) can be written as:

u, = DAu—ku(u—a)(u-1)—uw,

(12)
W, :—(804' lulw ](W-l-ku(u_a_l)), (13)
Uty
Z—u(x,y,t)z(), (14)
n
(x,y)eG,tel0,T] (15)

Here G is a bounded domain, D,k,«, g,, 4, 1, are preset positive constants.

As in the Ginzburg—Landau model the function u(x, y, t) is a transmembrane
potential, function w (X, y, t) is slowly recovering variable associated with ionic
currents. Constant coefficients &,, 14, 1, (13) can accurately approximate the shape

of the simulated pulse to the experimental data [17]. The difference in the shape of

the propagating impulse front is shown in Figure A.4.

"

Figure A.4 - Reentri (vortex) in a realistic model of the heart
The result (Figure 4) shows that rather complicated form of the vortex is formed

in the heart (they are called «spiral waves»). This is due to the use of the realistic
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geometry and anisotropy of the ventricles, (a) and (b) are the front and side view of the
heart ventricles.
1.4 Conclusions

Thus, much attention is paid today to the modeling of the electric potential
propagation in the cardiac muscle. It is facilitated not only by the accumulated
knowledge in the medical sphere, electrodynamics and chemistry, but also by a major
breakthrough in the automation and computerization sphere. The first step in this
process was made by the Hodgkin-Huxley model, which was awarded with the Nobel
Prize in the early 60s of the XX century. It can qualitatively describe the passage of an
electric potential through the membrane, but is too complex for an analytical study.
Then after two decades a number of mathematical models was proposed. They
represent the initial- boundary value problems for systems of partial differential
equations. These include models of Ginzburg-Landau and Aliev-Panfilov equations.
They are actively used to analyze the different processes of the heart excitation.
Ginzburg—Landau model is a simplified model of the Hodgkin-Huxley; it allows
visualizing the phase portrait of the properties determining its qualitative behavior.
Thus, this paper seeks to construct a model that visualizes the transfer of the electric
potential in the heart. The geometric structure of the model should be as close to the

real geometry of the heart muscle as possible.
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