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AHHOTaIUA

JaHHBI OTYET TOCBAIIEH Pe3yJbTaTaM UCCIEI0BAHUN B paMKax mepBoro sramna (2021 rox) mpoekta "Hobbie
MaTEeMaTUIECKUE METOJbl M TEXHOJIOIMU B aKTYaJbHbIX 33Ja49ax reodusuku u Ouomexanuku’. Ha nannom

srame ObLIN 3ATJIAHTPOBAHBI CJIEAYIOMIIE PAOOTH:

Bagaya 1.1. PaspaboTka HEMHBA3UBHBIX METOJOB THATHOCTUKHU HIeMuIecKoii Gosesnn cepama (UBC)

— TloaroroBka makeTa MOKYMEHTOB JIjid PETUCTPAIMHU WCCIEA0OBAHNS, TTOJIYIEHUT OM00PeHNsT JOKATLHOTO

9THYIECKOTO KOMUTETa M Hadaga c6opa KIAMHAIECKUX TAHHBIX
— Kimawueckuit cbop gammbrx ITKT, nx cratucrudaeckas: obpaborka

— Pazpaborka ajsropuTMoB ¥ [10JIX0/I0B 115l COBMECTHOM perucrparini n300pazkeHuil pa3Hoil MOJIaJbHOCTH

(IIKT u KT-aarunorpadun)

— Paspaborka anropurmos obpadborkn ITKT-maHHBIX MAIMEHTOB s aBTOMATU3WPOBAHHON MaAeHTH(N-

Kalli{l UIIEMUYECKHUX YYIaCTKOB MHUOKapda

— Pazpaborka penynupoBaHHON MOIE/M KOPOHAPHOTO KPOBOTOKA C YIETOM MPOCTPAHCTBEHHOTO TTOJI0YKE-

HUsT KODOHAPHBIX apTepuil B ToJIe paboTaoNero Muokap/ia

3amava 1.2. BupryanbHblii 1ePCOHATU3UPOBAHHBIN PACKPON CTBOPOK A0OPTAJLHOTO KJAIIAHA IIPH €ro pe-

KOHCTPYKIIMU U3 ayTollepuKap/ia

— Meros aBToMaTHUIECKO cerMmenTali KOpHst aopThl Ha ocHoBe K T-n306parkennii ¢ KOHTPACTOM ¥ METOJ

HaXOXKAEHUA TOYEK KOMUCCYD HATUBHOTO KJIallaHa

— Uccnemosanue npuMeHnMOCTH MeMOPAHHOIO TPUOIMKEHUS C MMOMOIIBIO METO/[a TUIIEPYIPYIUX Y3/10-

BBIX CUJI JJId MOJEJIUPOBAHUA 3aKPHITUA CTBOPOK aOPTAJILHOTO KJIallaHa

- CpaBHHTeJ’[beIfI AHAJIN3 METOA0B MOJCTINPOBAHNA KOHTAKTa CTBOPOK KJlallaHa C TOYKHW 3PpEHUA BpeMeHn

IpOBEACHHUA PACUYETOB U aJC€KBAaTHOCTH PE3YJILTaTOB

— Tlporokos myisg TpoBefeHNs HATYPHOTO IKCIEPUMEHTa HA 006pa3ie CBUHOTO a0PTAIBHOTO KJIAAHA, JIIT

BaJinJalluH PEe3YJIbTaTOB MaTEMATHIECKON MOJe/IN 3aKPBITHA a0PTaJIbHOT'O KJIallaHa

Bamaua 1.3. IlpeackazaresbHoe MOIEIUPOBAHUE OJHOYKEIYIOUYKOBON KOPPEKIIMM BPOXKICHHBIX MOPOKOB

cepana y nereit (onepanusa @onrena)

— Pazpaborka merooB yesoennst 4D FLOW-nanabix MPT ucciienoBanus mamuerTa B KPaeBbIX YCJIOBUIX

JJI PeayOUPOBAHHON MeMOJUHAMAYECKOR MOJEIH KPOBOTOKA
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— Bepudwurkanus meronos ycsoeruss 4D FLOW-gauubix MPT B penyiupoBaHHON MOme/M HAa OCHOBE

TPpEeXMEPHBIX AE€TAaJIbHBIX PaCY€TOB KPOBOTOKA

— Paszpaborka Merom0B aBTOMaTH3UpOBaHHON cermenTaruu MPT-1aHHBIX ¢ BbIAeI€HHEM JerOYHbIX ap-

Tepuii, T0JI0M BEHBI, KaMep Cepllla U MOCTPOEHUS PACYeTHBIX CEeTOK

— C60p KAMHUYECKUX JAHHBIX 110 HAIMEHTAM CO CJA0XKHBIMU IMOPOKAMU CEPJILa,

3agaua 1.4. IlepconaansnpoBaHHbIe MOIETN TOJACUCTEM OTIOPHO-IBUTATEILHOTO ATIIAPATA

— Ananuz umeromeiics nHGOPMAIUA OTHOCUTEILHO aHATOMUYECKUX U MOPQOJOTHYECKUX OPUEHTUPOB

JJIA CBA30K KOJIEHHOI'O CyCTaBa

— Paspaborka u anpobanus ajnropurma xHa npumepe meaunmackux KT-n300pazkenuii KOJIEHHOTO cycTaBa

3amada 2.1. PazpaboTka HErIIpOCTATHIECKON MOIEIN C:KIMAEMOI ATMOCQEPDI TS 33,184 IPOrHO3a, TIOTOIbI

n MOJC/JINPOBAHUA KJIMMaTa

— Peaymsanus mporeayp mapasieibHOrO BEIYUC/TEHNA OCHOBHBIX TOPU30HTAILHBIX JU(P(EPeHITHATHHBIX
orepaTopoB (TpaIMeHT, ITUBEPreHIis, 3aBUXPEHHOCT, JAITACHaH) 2-T0 U 4-T0 HMOpsIKa AITPOKCIMa-
AU C TIOMOIIBI0 paHee Peain30BaHHON OMOINOTEKN MaPAIIETLHBIX BRITUCIEHNN HA CeTKe KyOudecKkas

cdepa ParCS.

— Peanmsanusi yOoporeHHo# BepCcuy AMHAMIYECKOTO GJI0Ka (OTCYTCTBYET pesibed TMOBEPXHOCTH, sSBHASI
CXeMa MHTErPUPOBAHUS 110 BPEMEHU, 3i/epoBa aJ[BEKINs ), UCTIBITAHUE Ha OOIENPUHATHIX TECTOBBIX

3aj1avgax (pacopocTpaHeHne TPABUTAIIMOHHOM BOJIHBI, TEILIBIH Iy3bIPEK, IOTHOCTHOE TEUCHNUE).

— IMapasienpHas peaju3alivsi ¥ TPOBEPKa, aJTOPUTMa, NEHEPAIMKA KOPPEIUPOBAHHBIX 110 TPOCTPAHCTBY U
Bpemenn noseii na cdepe (AR1) B pamkax cymecrsytomeit mogenmm armocdepsr [TJTAB. Peamuszarus

BO3BMYIIEHNH BEPTUKATHHOTO KOMIIOHEHTA 3aBUXpeHHocTH B Momenn [1IJIAB

3amaua 2.2. PazpuTre BBIYUCIUTEILHBIX TEXHOJOTHHA [/ MOAEIAPOBaHNA MHUPOBOro OKeaHa,

— Pazpaborka HOBOII BEPCUHN MOJEJN JUHAMUKY OKEaHa B Z CUCTeMe KOODJIMHAT ¥ PeaJU3alius KPUBOJIU-

HEMHON cucTeMbl KOOPAMHAT HA Ccdepe ¢ HECUMMETPUYHO-CMEIIEHHBIMU TTOJIFOCAMU.

— Pazpaborka mporpaMMHOE pean3anuu HOBOM BEPCUN MO TWHAMWKN OKeAHa Ha OCHOBE THOPUIHOTO
nonxoga MPI-OpenMP. BynyT npoBeeHbl 9KCIIEPUMEHTHBI I/ OIIEHKHU MACIITaOUPyeMOCTH AUHAMUKN
OKeaHa OJ1d HOC.He,Z[yIOH_Leﬁ OIITUMHU3ANWH IIPOTPAMMHOTO KOJa Ha PA3JIMYHBbIX BbIYUCIUTEJIBHBIX CUCTE-
max (cymeprommobiorepsl CKLL MI'Y u MCL, PAH) B pexkumax BBICOKOTO paspeliennst Ha, HeOOTbIITe
BpEMECHA MHTCI'PUPOBAHUA U B PE2KUME [IPOME2KYTOYHOI'O PA3peHiCHns Ha 6OJ'[bH_II/Ie BpeMeHa MHTEerpu-

pOBaHUA.
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— Bribop nabopa mapamerpusaiiuii BEPTUKAJIBHOIO MEPEMEINUBAHUA ¥ UX MPOBEPKA HA JOCTYIHBIX pe-
sysbrarax suxpepaspemaomero (LES) monenmuposanus u jganubix msmepenuit. Peasmsanusa nabopa
TYypOyJIEHTHBIX 3aMBIKQHWI B MO/I€/IN OKEAHA, B TOM YMC/e, TEePCIEKTUBHBIX CXeM BEPTUKAJIBHOTO Ie-

PEMEITUBAHUS, TOTTYCKAIIUX MO/ IepyKaHue TypOyIeHTHOCTH TIpH JIFoh0it yeToRunBoil cTpaTuduKanum.

3anaua 2.3. Pa3paborka 3¢pHeKTUBHBIX BBIYUCAUTETBHBIX TEXHOJOTHH 19 TPOTHOZUPOBAHUS U JHATHO3A

COCTOSTHUS aTMOCEPBI B IOPOJICKO# cpejie

— Ananuz un 0000IIeHIe H3BECTHEIX SKCIEPUMEHTAILHLIX JAHHEIX U PE3Y/ILTATOB UNCIEHHOTO MOMEJIUPO-
BaHUs TypOYJEHTHBIX T€YEeHUi B ropojackoii cpeme (B Tom uucie, pesynbraros LES-pacaeros, nmpose-

JICHHBIX PaHee aBTOPAMHU IIPOEKTA).

— IIporenenne ponosmurensubix LES w DNS pacderos crpartndunupoBaHHBIX TypPOYJIEHTHBIX TEUEHU

Al

B obJsracTdx ¢ upeagusupoBanuoit "roposckoit reomerpueii. Craructuueckas o6paboTKa JTaHHBIX BUX-

Pepa3peIaoero MOIeINPOBAHIS.

— Ilposenenue ananornanbix pacderoB ¢ 3D RANS mojenbio. CpaBHeHUE PE3YJIBTATOB PA3IUIHBIX MO-
Jeqeil u BeigBaenne gedexkToB mojgeneii RANS, cBa3aHHbBIX ¢ UCIIOIB30BaHNEM PacCIPOCTPAHEHHBIX 3a-

MBIKaHUII.

3amaua 2.4. PazpaboTka Momesn IWHAMUKH MOPCKOTO JIbIa

— TlocTpoenne HepaBHOMEPHOH TPUAHTYJISIIUN PACIETHON 001acT APKTHKHU CO CTYIIEHHEM CETKU B 00-

JIACTH C TIOTEHITUAJIBLHO BBICOKOI CIJIOUEHHOCTHIO JibJIa, B Y3KUX MPOJUBAX U y Oepera.

— Peanmsanns KOHETHO-3JIeMeHTHON KBa3W-MOHOTOHHOH cxeMbl Teftmopa-l'anepkuia ¢ Koppekmuei moTo-

KOB JAJid YUCJ/ICHHOI'O PEIICHUA YPAaBHECHUS IIEPEHOCA CKaJIAPOB U €€ TeCTUPOBaHUE.

— Peanmsanust cxeMbl YHCIEHHOTO WHTETPUPOBaHUs ypasHeHus auaaMukn (mEVP) u ee rectupoBanue B

CB43Ke C pemiaTesjieM YPaBHEHUA TIepeHoca.

— Paspaborka 3¢ deKTUBHON CHCTEMBI UHTEPTIOSIINN CeTOUHBIX JIAHHBIX.

Ilo pesyspratam mcciemnoBanmii ObLIN TOJMY9EHBI CICAYIONE HAYYHbIE PEe3YJIbTAThI:
Samaua 1.1. Pa3paboTka HEHHBA3WBHBIX METOJOB JAMArHOCTUKY HIeMuaeckoil 6omesuu cepama (M1BC)
— Pazpaboran aaropuT™M COBMECTHO# perucTpanun n300pazkeHuii pasHoil MogaIbHOCTH (TIephYITMOHHO

kommbioreproit Tomorpadun (ITKT) u KT-anrworpadun). AaropuTv OCHOBAH HA JOMOTHATETHHOMN

obpaborke KT-cuumkoB nepdy3nu MUOKapia B [MOKOE U IIPU FUIIEPEMUN, IPU KOTOPOIl BBIYUCIAIOTCH
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3HAYEHUS TPAHCMYpaabHOro Tepdysuonnoro oruomenus: (TPR) misa 16-tu 308 Muokapaa. lomosau-
TesbHasg 00paboTKa MO3BOIIET yupocTuTh nporeaypy u ussiaekars ganubie [IKT u KT-anruorpacdun

B pamkax ogaHoro crarndeckoro KT-nepdy3nonHoro mccieioBanmst 1Mo MPOTOKOIY «ITOKO#-CTPECCs.

— Tlpemnoxen anropurm obpadorku [TKT-manasix marmmenTa, mO3BOJAONIIH aBTOMATA3UPOBAHHO WICH-
THOUIUPOBATD UIIEMUYECKNE YIACTKU MUOKAP/Ia U COIOCTABUTE WX C KOPOHAPHBIMU COCYJIAMHU, TTOJIY-
gennbiMu 11pu cermenrtanuu cauMkoB KT anrumorpadun. Tepmunanbubiil KOHEN KaxK00 KOPOHAPHOL
apTepun COMOCTABJIAETCH C 30HONH MUOKap/ia, OJyinxke K KOTopoit on HaxouTcs. [losromy npejaraercs
HUCKYCCTBEHHO JIODABUTH B CETh COCYI0B CUHTETHYECKUE aPTEPUH, CHAOKAIOIIME KPOBBIO 30HBI MUOKAP-
J1a, 6e3 COOTBETCTBYIONIEN UM apTepuu, JTUaMeTpoM He DOJIbIe CAMOro TOHKOI'O M3 PAa3peIMbIX COCY-
JIOB. DTO IMO3BOJIUT MPUNNCATH KKy UINEMUYECKYIO 30HY MUOKApP/Ia K KaKOi-TnO0 MaruCTpaJsbHOM

KOPOHApHOU apTepuu.

— Pazpaborana peayrnupoBaHHast OJHOMEDHAsI MOJEJb KOPOHAPHOTO KPOBOTOKA, YUYUTHIBAIOIIAS PEru-
CTPUPYEMbIE PaHee 30HbI MUOKAP/A 1 MOAUUIINPYIONAs IPAHNYHbIE YCI0Bus B 3aBucumoctu or [TKT-
JIAHHBIX nanmerTa. Ecim KopoHapHas apTepust 3aKaHIMBAETCA B 30HE C NATOJOTHIECKON (HU3KOI) mep-
dyaueil, To rpaHUYHOE YCJIOBUE B TEPMUHAIBHON TOUYKE WMEET ITOBBIINEHHOE MUKPOIUPKYJISTOPHOE
conporubyenne. CTermens MOBBIEHNS COTMPOTUB/ICHNST 3aBUCUT OT Bemwduwdbl Kodhdurmenta TPR,
ompenensemoro u3 IIKT-nanasix. Monens yuntbiBaer nanasie [IKT B mokoe u mpu runepemun (crpec-
ce) 1pu pacdére PasIMUHBIX PEXKMMOB KOPOHAPHOIO KPOBOTOKA: B HOPME WJIM IIPU BBEJICHUM BA30/1H-

jararopa (Mpw TUTIEPEMUHN ).

3amaua 1.2. BupryaabHbIil IepCOHAIN3UPOBAHHBIN PACKPO# CTBOPOK a0pTAIbHOTO KJjallaHa IIPH €ro pe-

KOHCTPYKIIUM U3 ayTOIEPUKAPOA

— Uccnenoana TpUMeHUMOCTb METOMA ABTOMATHUIECKON CerMeHTallnW KOpHd aopThl Ha ocHoBe KT-
n300paskeHuilt ¢ KOHTPACTOM C yUYETOM KaJIbIIMHO3a CTEHOK aopTajbHOTO Kjaamana. [Ipemmoxen merosn
HaXO0XK/IEHWS TTOJIOCHI OTPUIIATETbHOI KPUBU3HBI HA BHYTPEHHEH ITOBEPXHOCTH KOPHS a0PTHI, B KOTOPOTi

HaXOOATCA TOYKKM KOMHUCCYP HATHBHOI'O KJlallaHa.

— Peasm3oBana MO7eIb 3aKPBITASA A0PTAJIBHOTO KJIANAHA B PAMKAX MEMODAHHOTO TPUOJIUKEHUS I
CTBOPOK KJlallaHa, KOTOpas MTO3BOJISET UCIIOJIb30BaTh ITPOU3BOJIbLHBIE ONPE/IE/IAIONINe COOTHOIIIEHN JIJId

OIMUCaHWA TUTICPYTIIPYTOTro MaTepuaJia.

— Peasin30BaHbl J[Ba reOMETPUIECKUX TOAX0A /i MOJIE/IUPOBAHUA KOHTAKTOB MEXK/TY OT/IEJIbHBIMU T€-
snamvu. Peagm3opan nnrepdeiic maa 3aJanus MPON3BOJIbHBIX T€OMETPUYIECKIX METOI0B 00pabOTKN KOH-

TaKTOB THUIA "BepIUHA-TPEYTOIbHUK " .

— Ilpenoxena u peajsn3oBaHa YUCAECHHAS MOJETH 1e(DOPMUPOBAHUS TOHKOCTEHHOM I'MIIEPYIPY o CTPYK-

TYPBI C yIeTOM €€ M3ruOHON YKECTKOCTH.



— Pazpaboran mpoToKoJ IPOBe/IeHNsT HATYPHBIX SKCIIEPUMEHTOB Ha 0Opa3ile CBUHOI0 aopTaJbHOIO KJla-

HaHa JJId BaJIMAAIUU PE3YJIbTATOB MaTEMATUIECKON MOAEJIN 3aKPBITUA a0PTAJIbHOT'O KJIallaHa.

3amaua 1.3. TlpeackazaresbHOe MOAEIUPOBAHWE OJHOMKEIYIOUKOBOM KOPPEKIIMHM BPOXKIEHHBIX MOPOKOB

cepara y nereit (omepanusg Ponrena)

— Paspaborana apyxmacirraduas 1D3D momesns kposoobpamtenns PonTeHa, & TAKKE METOILI €€ ePCo-
HAJIU3AIMHN [0 KOHKPETHOrO maruenTa. B ToM uncite mpegoxen Meros yecsoerus 4D FLOW mammbix
MPT wuccienoBanus B KpaeBbIX YCJIOBUsIX (MOAXOMUT Kak st AByxmaciirabuoit 1D3D, tak u st

peaynuposanrnoit 1D momenn).

— TlocTpoennast MOIEIb W TIPEIIOKEHHBIE METOIbI €€ TMEePCOHAMM3ANNN BEPUMPUITNPOBAHBI Ha JAHHBIX

KOHKPETHOTO Mal[MeHTa.

3anaua 1.4. Ilepconann3npoBanHble MOJIEIN TOJCUCTEM OIOPHO-IBUTATEJIHHOTO ATIapaTa

— TlpoBenen ananns mmerIelics HHPOPMAITAA OTHOCUTETHHO AHATOMUIECKUX U MOPMOI0rndecKnx opu-

C€HTUPOB JJId CBA30K KOJIEHHOI'O CyCTaBa.

— Pazpaboranst u ampobuposansbl na meaunmackux KT-m30bpakeHnsax KOJEHHOTO CYCTaBa aJrOPUTMBI
ABTOMATHIECKOT'O M MOJIYyaBTOMATHIECKOTO JeTEKTHPOBAHNAA HanboIee KPyIHBIX CBI30K KOJEHHOTO CY-

cTraBa.

3agaua 2.1. PazpaboTka HETHAPOCTATHIECKOH MOIEIN CKIMAEMO aTMOCHEPHI IS 3a,1a9 TTPOTHO3a, TTOTOIRI

U MOIE/INPOBaHUA KJINMaTa,

- PeaﬂI/I3OBaH PAn KOHEIHO-PASHOCTHBIX aHHpOKCI/IMaHI/Iﬁ TOPU30HTAJIBHBIX W BEPTHUKAJIBHBIX OIlepaToO-
poOB Ha ceTKe Kybmdaeckas cdepa, OCHOBAHHBIX Ha mpuMmeneHnu Meroqa SBP-SAT. daunnbrit mojaxom K

YHUCJIEHHOMY PEIeHN0 ypaBHeHW UHAMUKN aTMOC(Eephl paHee He TPUMEHSIJICH.

— Ha ocHoBe qaHHBIX METOJIOB PEAJTU30BAHO JUHAMUYECKOE siJIPO IVI0OAJIbHON TPEXMEPHOU HETHIPOCTATH-
geckoit Mmoziesin armocdepsr 6e3 yuera pesbeda nopepxuoctu. JlunamMudeckoe gapo UCIBITHIBAIOCH HA
CTaHJAPTHBIX TECTOBBIX 3ajadax "reocTpoduueckoe paBHOBecHE "pacIpoCTpaHeHne IPaBUTAITMOHHON
BOJIHBI "TJIOTHOCTHOE TedeHue "Termiblil my3bIpek"n MoKa3aa0 ypOBEHb TOUYHOCTH, COOTBETCTBYOIINM
COBPEMEHHOMY MHUPOBOMY ypoBHIO. B 3amaue "rBepsoe Bparenne i KOTOPO# HOCTYITHO aHAJIATHIE-
cKoe perrerue, ObLT MOKa3aH 3MPEKTUBHBIN TOPSI0K ANTPOKCUMAINY >3 JJIs TTOJIs JaBJIeHUS U >2
IS 101 BepTukaabHoi ckopocru (B C-nopme). PeamuzoBanHas BepCcus JIUHAMUIECKOrO 610K Mac-
mrrabupyercs 10 4000 Thicsaa saep ¢ addekTusHOCTHI0 70% TPU UCTTONIB30BAHAN CETKH PA3MEPHOCTHIO

6x512x512, 30 yporeit o Beprukau (pasperterne - 20 KM 1m0 ropuzonTaan, 300 M 0 BepTUKAJIN).
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— Bruta mogobpana aMILIATYyIa BO3MYIIEHHAsT TEHASHIUA 105 3apuxpennocta mogenu IIJIAB. Bozmy-
[eHWe TEHJIEHITNY 3aBUXPEHHOCTH TpubmKkaeT pa3dbpoc K CPeIHEKBAIPATUUECKON OITHOKE CPETHErO

10 aHCcaMOJIIo TPOTHO3a, 9TO MOBBIMMTACT Ka9€CTBO TPOTHOCTUYIECKOTO aHCaMOJIs.

3ama4a 2.2. Paspurue BLIYUCIATEILHBIX TEXHOJOTHI IJIsT MOJETHPOBaHUI MHPOBOTrO OKeaHa,

— Paspaborana Mome/nb IMHAMUKN OKeaHa B 7z cucreme KoopaumHat. CucreMa ypaBHEHUH THAPOTEPMO-
JUHAMUKY OKeaHa B MpuOIMKeHnn Byccrnecka n THAPOCTATUKH PACCMATPUBACTCS B KPUBOJMHENHOMN
OPTOTOHAJBHON cHUCTEME KOOPAWHAT Ha cdepe ¢ HECUMMETPUYIHO-CMEIEHHBIMEU moTfocaMu. B Momenn
HCTIOJIB3YIOTCS CETKH CO CMEIEHHBIMU B 00IaCTE CYTIN MOJTFIOCAME, B TOM YUCJIE COXPAHAIONINE CUMMET-
PUYHOCTb OTHOCHUTEJIFHO SKBATOPA B HU3KUX IMUPOTAX ¥ COBIAJAIOIIUE C IITUPOTHO-IOJTOTHON CETKOM
B KOxHoM mostyrmmapun. B ancieHHON MOIe/n TPUMEHSIETCS TTOYHESIBHBIN METOJ, JIJIsl JTUCKPETU3aIInN
YPaBHEHUH TI0 BPEMEHH, & KOHCEPBATUBHBIE KOHEUHO-PA3HOCTHBIE CXEMBI BTOPOTO TOPSAIKA TOTHOCTH

Ha Pa3HeCeHHO ceTKe MCHOJIb3YIOTC s allllPOKCUMAIIUU TI0 TPOCTPAHCTBY.

— IlporpammHuas peanusarus MOJIEIH OCHOBaHA Ha ucnoJb3oBanuu rubpugnoro MPI-OpenMP nogxona
AJId paCde€Ta Ha HapaJIJICJIbHBIX BbIYUC/JIUTE/IBHBIX CUCTEMAX. HOK&3aHa BO3MO2KHOCTD MaCIHTa6I/IpO—
BaHUA pPeaIn3alnmn YUCJEeHHON Moaes M 40 HECKOJIBKUX JECATKOB TBHICAY BBIMUCJIANUTEIBHBIX AIep. C
momotpio TuOpugHOt MPI-OpenMP-CUDA Texmonorum pazpaboTaHa TporpaMMHast PeAJTH3AITH TS

rpadugeckmx IPOIECCOPOB IBYMEPHOTO TEPEHOCA CKAJISIPOB B KPUBOJMHEHHON CrCTEeMe KOOPAWHAT HA

cepe.

— B mogenn oxeama peaam30BaH HADOP ABYXMAPAMETPUUIECKUX 3AMBIKAHUN, BKIOYAIONINX TPOTHOCTH-
YecKUe YpaBHEHUS JJIs KUHETHYECKOH sHepruu TypOyJeHTHOCTH W CKOpOCTH ee juccunanuu. [lapa-
METPUBAINN JTOTOJHEHbI (PYHKIMAMA yCTONINBOCTH, TIO/IY9€HHBIMU U3 3aMBIKAHUN BTOPOTO MOPAIKA,
KOTODBIE JIOIYCKAIOT IoJJlepKanue TypOyaeHTHOCTH nipu Jr0bo# ycroliunoctu. uis mapamerpusanuu
BEPTUKAJIBHOTO TIEPEMEIUBAHUS TTPEIJIOKEHO BBIUUCIUTENBHO 3(hdDEKTUBHOE 3aMbIKAHIE TTEPBOrO T0-

PAIKa, alIPOKCUMUPYIONIEe CTAIIMOHAPHBIE PEIIeHAd ABYXIIapAMETPUUCCKONR MOJIEIH.

3aznaua 2.3. Pazpaborka 3¢dhekTUBHBIX BBIYUC/IUTEIBHBIX TEXHOJIOIUH I IPOTHO3UPOBAHUS U IMATHO3a

cocTosinus aTMoChEePbl B TOPOACKON Cpejie

— Beimosiren anagns omubok Tpexmeprbix RANS Mofesteit mpr BOCOPOU3BeIeHNN CTPATH(OUITHTPOBAHHBIX

TypOYJIEHTHBIX TE€UeHUI B TOPOJCKOM CpeJie ¥ B MOTPAHUYIHOM CJI0€ aTMoc(hephl HAJI FOPOJAOM:

— Ha ocnoBe anasnuza panubix LES-mozesnu mnpemsioxkena HOBasg alipoKcuMaius TypOyJIeHTHOIO Mac-
mrraba gauabl g RANS-monenedt roposckoii cpesnl. [lokazamo, 9ro mpemiaraeMas HAMH MOJETh
TypOyJIeHTHOTO MACIITa0a HA PACCMOTPEHHBIX TEOMETPUAX MOBEPXHOCTH MIPEBOCXOIUT TI0 KAUECTBY Ta-

paMeTpU3aliy, TOCTPOEHHBIE HA OCHOBE 0000OIINEHNs] T€OMETPUYECKUX [TapaMeTPOB MOPOJICKOH Cpeib.
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— llpemmoxen m peaJgnM30BaH HOBBLIH aJTrOpHTM IIPOBEIEHHUS PacIeToB TYPOYJIEHTHOCTH HAJ IIOBEPXHO-
CTSIMU CJIOXKHOM (DOPMBI, TTPEIHAZHAUECHHBIN JIJId [TOJIYYEHUs] PABHOBECHOT'O COCTOSIHUSI CTPATUQUIIN-
POBAHHOTO TEYEHWs C 33JaHHBIMU 3HAUECHUSIMU OTTPEIeISIIONINX TapaMeTpoB. PaBHOBECHOE COCTOsTHUE
JOCTUTAETCS 33 CUET BapHUAIINil 10 BPEMEHH TeMIIEpPaTypPhl IMOBEPXHOCTH B Xoae pacdera. Ilokazano,
9TO APOJMHAMUIECKHE CBOHCTBA 'ropoackux''moBepxHOCTEl HE 3aBUCAT OT cTparudukanuu (B CIy-
gae ycroitausoro AIIC). Ilpu 3ToM, MBI IPOBE/TH PACIETHL B IMIMPOKOM JMAa30He 3HAYCHUIT TapaMeTpa
yeroituusoctu <h>/L (rpe <h> - cpejnsisi Bbicora jeMenToB mepoxosarocti, a L - macmrab O6yxo-
Ba). Pe3ysbrarhl CBUIETENBCTBYIOT O TOM, 9TO B PACCMOTPEHHBIX CIyvasx JUHAMWYECKHUH Mapamerp
mepoxoBatocTt z_{0u} B OCHOBHOM OIPEJEISIETCST TEOMETPUIECKUMEI XapaKTEPUCTHKAMHI BEPXHETO
C10s1 06TEeKAEMBIX 00BEKTOB, & KOHpUTrypalnd 00beKTOB BOIM3M 3eM/IN U IMHAMWKA, TYPOyJIeHTHOCTH
B HUKHEM CJIO€ HE OKA3LIBAIOT CYIECTBEHHOTO BJIHSHUS Ha, 0OMEH MMITYJIBCOM MEXKY IOBEPXHOCTHIO

B II€JIOM M BHEIITHUM TEYCHUEM.

— Ilokazano, uTo ycroituuBas crparuduKanns Ipu OOJBIIMX 3HAYCHUSAX mapamerpa <h>/L Bbr3biBaer
OoJiee BBIpAXKeHHOE CHIKeHne 3(M@PEKTUBHOCTH TEILIO0OMEHa C MOBEPXHOCTHIO, UEM 3TO MPEICKA3hI-
BaeT Teopus 1o006us Mouuna-ObyxoBa IIpu HEM3MEHHBIX CBOHCTBaxX moBepxHocTu. PopMasibHO STOT
s deKT MOXKHO MPEJCTABUTL KAK 3HAUUTE]BHOE YMEHbBITIEHNE TEPMUYECKOr0 TapaMeTpa, MepoxXoBaTo-
cru z_ {0t} . Boiapuennble a¢bderThl CymecTBeHHO BansoT Ha TypOyserTHyto anddysuio npumeceii
BHYTPH FOPOJICKOH CPEJIbl, & MMEHHO - OYIYT IPUBOIUTE K CYIIIECTBEHHOMY HAKOILJIEHUIO 3aTrPs3HAFOIIIX
BEIIECTB y TIOBEPXHOCTH 3eMJIN TTPHU yCToianBoit crparudukaimu. CoBpeMeHHbIe MOIEU Ty POYIeHTHOM

auddy3un yIuTHIBAIOT 3TOT 9P (MEKT He MOTHOCTHIO.

3amaua 2.4. Paspaborka MOmeNH TUHAMHKH MOPCKOTO JIbIa

— Peasim30BaH yHUBEPCAJBHBIN aArOPUTM OOPAbOTKK MAHHBIX OEPEeroBOil JIMHWH, 3aMbIKAHUA 0DJIACTH,
crpy6/ieHust 6eperoBoil JIMHUY U TOCTPOEHUs TPEYTOJbHON CETKU C BO3MO2KHOCTBIO CI'yIIIeHUd B 00J1aCTh
¢ TIOTEHIINATBHO BBICOKOI CIIOUEHHOCTHIO MOPCKOTO JIb/Ia 1 'y Oeperosoii MuHnn. Beljia mocTpoeHa ceTka
ans obamactu Ceseproro Jlemosuroro okeana, Bepunrosa mops u CepepHoil ATJIaHTUKK C UCIOIL30-
BaHWEM CETOYHOTO TeHeparopa Ombamorekn Ani-2D ma ocuose gammbix beperosoit muamn GSHHG, a

TAKZXKE MCTOPUYIECCKUX MTAHHBIX IO CIJIOYCHHOCTHU JIb/a AJId PeaJIU3alnn CrynieHudA CeTKU.

— Peanmsosan naGop Bpemenubix cxeM Tuna Teiinopa-I'ajsepkuna 2-ro, 3-ro u 4-ro mopsiika ¢ KOPpPEK-
L{I/Ieﬁ IIOTOKOB. KaK IIOKa3aJIa MPAKTUKaA, UCIIOJIb30BaHNEe BBIYUCIUTE/IBHO 3aTPAaTHBIX CXEM IIEePEHOCa
BBICOKOT'O MOPS/IKA TI0 BPEMEHU ONpaBjaHo B ciay4ae uuces Kypanra, 6osbiiux 0,6. Jdannas kordury-
palysi BOBHUKAET B CJIy4ae MCIOJIb30BaHUs OOJIBIIONO Iara 10 BDEMEHU B MOJIEIH (HAIIPUMED, B CJIydae

KJINMMATUYECKUX pvaeTOB) .

— Peasm3oBano unc/ienHOe perienne ypaBHeHus dajganca nMmiyibca ctangapTabiM mEVP meromom. Tak-
ke OBLT mpeIokeH yckopeHHbIH mEVP-opt MeTon mHTerpumpoBaHus ypaBHEHHsI OaJIaHca UMIIYJIbCA,

KOTODBII OCHOBAH Ha Mjee JOKAJBHOTO TMOA00pa TMapaMeTpa MpPOCTO UTEPAINH, MUHUMU3UPYIONIET0
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KBaJIpaT HOPMbI HEBsi3KH. ONTUMAIBHO HACTPOEHHBIH yckopeHHbIil mEVP-opt MeTon MoxeT yckoputb

npomecc Borauciaennii na 30%.

— IIporpamMmuslit Kox ad cxeM mepernoca u mEVP-opt MeTona peanmn3opan B mapasie bHOM BapHaHTe Ha
s3pike C++. [Mapammenuzanvs nposoamiack B pamkax mporpammuoro kommiekca INMOST. Bmiors

110 1000 mporieccoB KoJi AeMOHCTPUPYET JUHEHHYIO MacIITabupyeMOCTh.

— Paszpaboran u peajm30BaH mapasIelbHBIN YHUBEPCATBHBIN KO /It CAUNTRIBaHUS TPOn3BOabHOTO Net CDF
dajina, KOTOPBIA MOKET COCTOATD U3 OTHOTO WU HECKOJLKUX YPOBHEN 10 BEPTHUKAJIN, & TAKKE XPAHUTD
JIAHHBIE B IIEJIOYHCIEHHOM (popMaTe, 9T0 Tpedyer “packoIupoBanus’ JMAHHBIX [pu cuanThipanun. Cun-
TaHHBIE JIAHHBIE 33T€M MHTEPIIOIUPYIOTCA Ha MOJEIbHYIO CeTKY OmnnHeiHbIM 00paszoM. aTepnosiims

BEKTOPHBIX BEJIMYMNH IIPOUCXOAUT C YIETOM IIOBOPOTa JIOKAJIBHOT'O Oasuca.

Pesynprarer, nosmydennsie B paMKax MpOEKTa HA JAHHOM 9Tale, OMYOJUKOBAHBI B CJEAYIOIAX CTATHAX

B JKypHaJax, nHgekcnpyembix B 6azax ganueix "Cern naykn” (Web of Science) wian "Cronyc” (SCOPUS):
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3ajsiada 1.1. Pa3zpaboTrKa HenHBa3MBHbIX
METO/IOB JTUATHOCTUKN UIIEeMUIeCKOIi

oosieznu cepsana (MMBC)

IToaroroBka makera JOKyMEHTOB [JIsI PErACTPAIN UCCJAEI0OBAHNS, [IOJIYyY€HUs OT00peHus JIo-
KAJIBHOTO TUYECKOT'0 KOMHUTEeTa M Havaja cOopa KAMHNYECKHX OaHHbIX. KiamHudeckuii cbop
maaabix IIKT, nx craructudeckas obpaborka. PazpaboTka aaropmTMoB M TIOAXOJ0B JisI COB-
MeCTHOI perucrpaimn n3zobpaxkennii pasuoii moganbuocru (IIKT n KT-anruorpacdun). Pazpa-
6orka asroputMoB ob6paboTku IIKT-maHHBIX TAIMEHTOB JJId aBTOMAaTU3UPOBaHHON naeHTUdU-
KAy UIMEMHUYIEeCKNX y9aCTKOB MUOKap/aa. Pa3zpaborka peayrimpoBaHHON MOAEAN KOPOHAPHOIO
KPOBOTOKA C yY€TOM IIPOCTPAHCTBEHHOI'O ITOJIOXKEHUS KOPOHAPHBLIX apTepuii B ToJiile pabdora-

FOTIETO MUOKAap/a.

1.1.1 COop KIMHUYIECKNX JAHHBIX

B pamkax pabor na mganaoM drare ObLIXM MOATOTOBICHBI JOKYMEHTHI /I PErucTPaIuy uccaeaopanusd. Tema
¥ TPOTOKOJI YTBEPXKAeHBI Ha 3acefganun Mucrturyra nepconaansuposannoit kapaunogornu HIIMY «Iludpo-
BOil Gmomm3ailn u IepcoHaIu3upoBanHoe 3apapooxpanennes OI'AQY BO «IIMI'MY um. 11.M.Ceuenosas
M3 P® (Ceuenosckuit Yuusepcurer). [IpoTOKOI HCCIEI0BAHIS COCTAB/IEH C YIETOM MOJIOKEHU X eTbCuHK-
cKoii meknapaiun Bcemuproit Memmmuuckoil acconmannu or 2013 roga; mpoOTOKOJ HCCJIEAOBAHNAA O00pEH

JIOKAJIbHBIM 3TUYECKUM KoMuTeroM CedeH0BCKOro yHI/IBepCI/ITeTa.

B kauectBe dopmara nzobpaxkenuit ucnonassyercs DICOM. KT-anruorpadguueckoe nuccaesoBaHue BBITIOJI-
HseTcss Ha crnwpaabHoM Tomorpade ¢ 640 wanm 320 cpezamu W JeTEKTOPOM IMWPHUHONW He Meree 150 mw.
Hcmonp3yeMoe KOHTPACTHOE BEIIECTBO M BCE HCIOJIL3yeMble IIPEnapaThl 0400PEHDl A1 KINHAIECKOrO IpH-
verenns B Poccuiickoit @eneparmu. Ipn perncrpannm KT-CHUMKOB 7151 KaXKT000 CEIMEHTa, KOPOHAPHBIX ap-
Tepuit HeoOX0aUMO JTOONTHCS PABHOMEDPHOI'O 3aII0IHEHNT KOHTPACTHBIM BEIIeCTBOM 0€3 CMBIBOB MJIH IIOTOKOB
HEKOHTPACTUPOBAHHHON KPOBH, YTO HEOOXOAMMO JIjisi JTOCTATOYHON BU3yaJIM3AIMK OKKJIFO3MPOBAHHON apre-

pun. Kommbioreprast tomorpadus ¢ onpejeserneM nepdys3un MUOKapia IPOBOJNTCS B TIOKOe n crpecce [1].

2
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CocrogHRE CTpecca JOCTUTAETCA ¢ MOMOIIBIO BBEACHUS META00JMYIECKOT0 CPENCTRA ¢ COCYLOPACIIMPIIOIAM
aeficreuem. Pesyabrarer mysibrumogasbaoro KT-uccaemoBanus mogBepraioTcs aHaM3y, B XOJE KOTOPOIO
BBISIB/ISIOTCS PACHOIOKEHNE CTEHO30B (TP HAJINYWN), WX CTENEHb (B MPONEHTAX MEPEKPHITHS MPOCBETA), a

Tak:Ke 0003HAYAIOTCS 30HbI HAPYIIEHHA nepdy3um.

Cobpansl kauanueckue ganubie (I[IKT, anrnorpadmust 1o onepanun, ucropusi 601€301) y 24 MalneHToB, u3
KOTOPBIX 15 moaxomdaT st uccaemoBaHus — Hajauune KJwHWKN creHokapmuu wanpsixenns [I-111 dymkmm-
OHAJILHOT'O KJjlacca. Bce mamueHThl noAnucaiu nHGOPMUPOBAHHOE COTJIACHE HA YYaCTHUE B HUCCJIEJOBAHUM.
[Tpousseneno obezauunsanue. [Tlomumo ITKT u KT-anrnorpadun cobpansr qemorpaduyieckue JaHHbIE, aHA-
MHE3 3a00/1€BAHNS, AHAMHE3 JKU3HU, JTJAHHBIE 00bEKTUBHOTO 0CMOTPA (dacToTa cepaednbix cokpamenuit 1CC,

aprepuasbhoe nasaenne AJl u T.1.).

[leppuunbivu KT nanabiMu Kaxkjgoro naienTa gpistorcs derbipe cepun DICOM cuuMKkoB:

o Komnvromepnas momoepapus (KT) Koponapnozo kasvyus usu onpedesenue KaAbUUEBO20 UHIEKCA

(Calcium score)

Kanbimmessiit nnmekc aBiasgeTcs MapKepOM KOPOHAPHOTO ATEPOCKJEPO3a M BBITIOJHSIETCS JJIsT BBISIBJIE-
HUSI U OIEHKU CTENEeHU KaJIbIIMHO3a BEHEUHBIX apTepuil ¥ TAITMEHTOB C COMHUTEIbHBIMU HATPY30UHBIMU
TeCTaM¥, HAYAJBHBIMU MTPU3HAKAMY KapPANOCKIEP03a, ATUIUIHBIM O0JIeBbIM CUHAPOMOM. g orenku
KOPOHAPHOTO KaJblldsl CKAaHUpYyeTcs: 00JacTh cep/iia 6e3 KOHTPACTHOro Inpernapara. Kajbiuit oueHb
XOPOIIIO 33/I€PKUBAET PEHTTEHOBCKHE JIY9H, TTOITOMY MYJILTUCIUPAILHBINA TOMOTpad crocoben ompee-
JINTH JayKe caMble HeOOJIbIINE OTIIOKEHUS KaJibilus Ha cocynax. [IpucyrcrBue Kajibiiusg B KOPOHAPHBIX
apTepusiX COBEPINEHHO TOYHO YKA3bIBAET HA MPUCYTCTBUE ATEPOCKIEPOTUIECKUX OJIAIIEK U PAZBUTHE

ATEPOCKIIEPO3a, a KOJIMIECTBO 3TOr0 KaJIbOUA IMOKA3bIBACT TAXKECTDH ITOPaKEeHUA apTepI/Iﬁ.

o Komnvromepnas momozpagus (KT) xoponapnwmz cocydos ¢ xonmpacmom (Cardiac CE REST CTA)

st ipoBeieHst TPOIIEIyPhbl BBOJUTCS KOHTPACTHOE BEIIECTBO B JIOKTEBYIO WM JIPYTYIO mepudepn-
9eCcKyI0 BeHy. B oTsimyame or cTraHmgapTHON KOpOHAporpaduu Cepiia ¢ IPUMEHEHUEM KOHTPACTA, ITOT
METO/I [IO3BOJISIET OTCJIEUTh COCTOAHNE CTEHKU KOPOHAPHON apTepuu U CTPYKTYPY OJIsINeK, IPUBOIs-
mmx K creno3y. B mamrom uccinemosannn KT KopoHApHBIX COCYIOB HUCIOJIB3YETCS TJIABHBIM 0Opa3oM

JJIA U3BJICHEHUA TE€OMETPUN COCYI0B MMallueHTA.

o Komnvromepnas momozpadus neppysuu muokapda 6 noxoe (Cardiac CE REST perfusion)

Ilepdysnonnast kommbioreprast Tomorpadus (IIKT, KT-nepdysust) — usmepenue KoIuIeCTBEHHOTO
M3MEHEHUS T1apaMeTPOB KPOBOTOKA B ucciemyemom oprane. KT-mepdysust npoBoauTcs COBMECTHO C KO-
poraporpacdmeil, uTo cokparaeT 3arparhl Ha uccaenoanue. Crarmueckast [IKT mosgosister Bu3yasbHo
U TOJIyKOJUYECTBEHHO OTEHUTHh M300payKeHUsl, OXBATHIBAIOININE BECh MUOKAD/ JIEBOrO YKeaymouka [1].
Brigasnenune nedekra mepdy3un MUOKAPAA TIPU CTPECC-TECTE, YACTUIHO WU MTOJHOCTHIO 00PATUMOTO B
[I0KOE, YKA3bIBAET HA, HAJUUIUE MPEXOJIAIell UIIEMUH, a COOTBETCTBYIONINIL edeKT mepdy3un B IOKOe
yKa3bIBaeT HA HAJIMUNE 30HBI HEKPO3a. BhisBiieHHbIe 30HBI HAPYIIEHUA IEPAY3UN MUOKAP/IA MOT'YT UC-

TTOJIB30BATHCA JIJIAd TOCTAaHOBKU I'DaHWYHBIX YCHOBI/Iﬁ IpU IMOCTPOEHUN MOAEC/IN KOPOHAPHOTO KPOBOTOKA.
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o Komnvromepnas momozpadua neppysuu muoxapda npu naepysxe (Cardiac CE STRESS perfusion)

st onerku mepdy3un MUPOKO MPUMEHSIIOTCS CTPeCC-TecThl [2]. VIMEHHO 5TO MO3BOJISIET BH3YATH3U-
pPOBaTH 00/IACTH MPEXONAIIEH UIMEMUN MUOKAPA, CIIPOBOIUPOBAHHBIE STUMU HATPY30UHBIMEU TECTAMHU,
nuddepeHIupoBaTh UIEMUIECKOe U pyOIIOBOE MOBPEXK/IEHNE MUOKAP/A U OIEHUBATHL COCTOSHUE pe-
3€pBa MUCTAJBHLIX OTIEIOB KOPOHAPHOTO pycia. [IpmMeHdaroTcs mpenMyIecTBeHHO TBa BUIA CTPECC-
TecToB: 1) TecThl ¢ dbu3nUecKoll HATPY3KOH Ha TPEJMUIE WU Beao3promerpe; 2)dapMakomornieckme
CTPECC-TECThI JIBYX THUIIOB: C (bapMaKOJOTUYUECKUMHU MTPENapaTaMi, BBI3BIBAIOIINME Ba30UIATAIINAIO
(MTMpUIAMOJT, AIeHO3MH) U NPUBOJAIIMMU K KOPOHAPHON TMIIEPEMUM; ¢ WHOXPOHOTPOITHBIMY apPe-
HEPIUYIeCKUMH IIperaparaMu (1o0yTaMuH, apOyTaMuH), YBETHIUBAIOIIMA T0TPEOHOCTh MUOKAp/a B
kucaopose. B cuny crnermudukn (Bospact, 3a00/€BaHus) KOTOPTHI MAIMEHTOB, YIACTBYIONINX B JTaH-
HOM WCCJIEIOBAHWH, TECTHI C (PUIWMIECKON HATPY3KOI HE PACCMATPUBAINCH B KAUECTBE BO3MOYKHBIX
crpecc-TecToB. lIpuMeHeHe HHOXOTPOIIHBIX MPENAPATOB MPOTUBOIIOKA3aHO OOJIBHBIM € HECTAOUJIBHON
crenokapaueii. B cBa3m ¢ 9TuM B Ka4eCTBE CTPECC-TECTA MPEIAraeTCs NCII0Ib30BATh BBEACHUE a€HO-

suaTpudocdaTa HATPUA.

OCHOBHBIM TIPEUMYIIIECTBOM TAKOI'O IIpelapara sBASeTCS ero ObICTPBI MeTaboiu3M B ILIa3Me KPOBH,
YTO TO3BOJISIET MUHUMHU3UPOBATH BEPOSTHOCTH PA3BUTH OCIOKHEHWH. BHYTpUBEHHOE BBEJIEHUE aje-
HO3MHA (KOTODBIH Bbljesisiercs py BBeieHun) B qo3upoeke 0.14 Mr/kr/vMuH Boi3biBaer caukenne AJl,
BJIEKYIIIEE 3a CODOI TaXUKapAUio, ¥ MaKCUMAJbLHOE W CyOMaKCUMAIbHOE YBEJIHIEHNe MUOKAPIAAIb-
HOT'O KPOBOTOKA mpuMepHo B 4 paza. [IpenmyrecTBo ncmoib30Banus m0g00HOTO TECTA IIPU SMUCCUOH-
HOIT KOMTTLIOTEPHO# TOMOTrpadun MUOKAPIa, TOMUMO ero 6€30TTaCHOCTH, OTIPEIETACTCA TAKKEe BBICOKO

IYBCTBUTEILHOCTHIO U CIENUPUIHOCTHIO 3T0i Tpobsl B BeisiBaenun UBC (10 90%).

Ha pucynke 1.1 npencrasiaensl npuMepsl cHEMKOB K'T' koponapmoro xanpiua n KT kKopoHapHBIX cocyIoB
omHOi m Toit ke obmactu cepana (y xopast aoprel). Ha pucyske Bumno, aro camvkun KT kopomaprHOro
KaJIbI[is HE I0JICTBEYEeHbl KOHTPACTOM, KAJIBIIUN XOPOIIO BUIHO Ha (DOHE OKPYIKAIOIINX OPTAHOB U COCY/IOB.
OTH JIBE CEPUU CHUMKOB UCITOIB3YIOTCS It TOCTPOCHUS CTPYKTYPhI KOPOHAPHBIX apTEPHil, TOUCKA CTEHO30B

1 OIICHKHW WX CTCIICHH.

[Ipumepsr camvikos KT-mepdysun B mokoe u npu Harpyske (cTpecce) mpejcrapiesbl Ha pucyake 1.2. Ilpu
Harpy3ke okpacka 6ojiee paBHOMEpHAd, T.K. Tepdy3MOHHBIN MOTOK KPOBY MOBBINTAETCS B 3-4 pasa mo cpas-
uvenuto ¢ nokoeM. CuuMiu KT-nepdysun ucrosib3yorcs g MOMCKA 30H MUOKapJa C HApYIIeHHOH MUK-
ponupkyssiimedi. Cocy bl Ha CHUMKAX MOKOsi (C/ieBa) gipve, 4eM Ha CHUMKAX [IPM HArpyske (crpasa) m3-3a
ABTOMATHIECKON HACTPORKM TPKOCTH, BBITIOTHAEMON KOMIBIOTEPHBIM ToMOrpad oM. MakCuMyMbl 1 MUHUMY-
MBI SIPKOCTH OTJINYATCS, [IOITOMY MOXKET TIOKA3aThCsl, UTO HA CHUMKAX [PU HATPY3KE B COCYJaX MEHbIIEe

KOHTPACTA, HECMOTPsI Ha 00Jiee BBICOKHE 3HAUEHNs TOTOKA KPOBH.
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Puc. 1.1: KT kopounapuoro kajbiusa (ciesa) u KT xoporapubix cocyzos (cnpasa)

Puc. 1.2: KT-nepdysusa Mmuokapza B nokoe (ciaesa) u npu Harpyske (cnpasa)
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1.1.2 Pa3zpaboTka ajJropuTMOB M IIOIXOI0B JJid COBMECTHOII PErucTpalum
n3o6paxkeunii pasHoiit mogasbHocTu (IIKT u KT-anruorpadun). Paz-
paborka aaroputmMoB obpadborkmu IIKT-maHHBIX manueHTOB JJisd aB-
TOMATU3UPOBAHHON NAEHTUQUKAINNA UIIEMUYIECKNX YIaCTKOB MMO-

Kapaa

UcrnonpzoBanue n3obpazkeHuil pa3/IMuHbBIX MOJAJBHOCTEN MPU IMATHOCTUKE UIIEMUYECKO# Hose3Hn cep/Iia
HeoOX0IMMO JIjisl KOMILJIEKCHOI'O aHa/in3a npuyanH 3abosesanus. Pasauaator ase ocHosrble npuantbl IBC [3].
[lepBo#t mpuuWHON ABIAIOTCI TMATOJOTHN COCYI0OB — CYKEHUsI, CTEHO3Ll U T.II. BTOpO#l MpUINHON ABISEeTCT
MOpaKEHNe MUKPOIUPKYJIIIU Muokapaa. OUeHb YacTo 0JHA MPUUNHA MOXKET BBI3BIBATH APYTYIO: CTEHO3 KO-
POHAPHOI apTpenn CHUKAET TMOTOK KPOBH, UTO MPUBOAUT K TTOBPEXKIEHNIO TKAaHEN MUOKap/a, CHAOKAEMBIM
9TUM COCYZIOM. B APDYTHX CHUTyalusgax B3aHMOBSI3b MEXKTY CTEHO30M KODOHAPHON apTepum W HAPYIIEeHUsd-
MM MUKDOIMPKYJISIMNA YCTAHOBUTH Cj0KHee [4] 1 HeoBXoinMo KOMIIEKCHOE JiedeHne. YCTPaHEeHHe CTeHO3a
npuBeAeT K nosbimennio mokazarens PPK (dbpakimonupoBaHHblii pe3epB KPOBOTOKA), HO 9TO HE BCETJa

yCTpaHsieT MTPoOJeMbl ¢ MUKDOTTUPKYISITHEA.

Hust copmectnoit pernctpannn ITKT n KT-anrnorpadpunn paccMaTpuBaIoch IBa, TTOAX0LA COBMECTHON pern-
crpanun n3obpakeHuit pazindHoil MogasbHOCTH. 1lepBhIil MTOAX0/1 OCHOBAH HA COBMEIEHNN MAapKEPOB, OJINH
13 KOTOPBIX YCTAHABAMBAETCS HA KOPHE a0PTHI, a APYroil — Ha Bepxyiike cepana. [{ogobHbIil mogxom yKe
UCITOJIB3YETCs TP COBMeITeHnn nanubix Koponapuoit KT-anrunorpadun u [I9T-nepdysun (11971 - nosurpon-
HAs SMUCCHOHHAST TOMOTpadUsI), UTO MO3BOJISET CTPOUTH MOJEJN KPOBOTOKA, YUUTHIBAIONINE OCOOEHHOCTH

MUKDOIMPKYJIsiun namuenTa [5, 6].

Bropoit moaxos, ncnosk30BaBiiniics B paboTe Ha TEKYIIEM 3Tame, MPEIIoIaraeT BTOPUUHYIO 00paboTKy
nanabix nepdysun n pacaére mapamerpa TPR (Transmural Perfusion Ratio — Tparcmypansroe nepdysnon-
Hoe oTHOMeHne) st 16-Tu 308 Muokapma. Crarndeckas [IK'T mo3sosisier BU3yaabHO U MOTYKOJHIECTBEHHO
OIEHUTH M300PaYKEHNUsI, OXBATHIBAIOIINE BECh MUOKAP, JICBOTO Keyaouka. Beigsienne mnedexra mepdys3un
MMOKap/a MpH CTPeCcC-TecTe /TI0OKOe yKas3hiBaeT Ha HAJNUNe PexoAIed nineMun /30061 Hekposa. Kpome To-
ro, JJis TOJTYKOJAMYECTBEHHONW OIEHKW MOYKET HCHOJIB30BATHCS KO(DDUIMEHT TpaHCMYpaabHOU mepdy3un
(transmural perfusion ratio — TPR), koTopsrit onpegensgercs Kak OTHOINEHNE W3MEHEHUs [IJIOTHOCTH OJHOTO
cerMeHTa cy0IHI0OKapIa K U3MEHEHUIO TIJIOTHOCTH BCEro cyO3nukapanaabaoro ciosi. TPR aBasercs orrocu-

TEJbHbIM WMHJICKCOM, IIO3TOMY OH MEHLIIEC 3aBUCUT OT BEJIMYUHBI KOPDOHAPHOT'O KPOBOTOKA.

['parmambie ycaoBUs B MOJEIN KOPOHAPHOTO KPOBOTOKA MOTYT VUWTLIBATEL BBLISBJEHHLIE 30HBI HApYIIEHUs
nepdysnn Muokapaa. B couerannu ¢ omenkoit PPK (dpaknmoHHOTO pesepBa KPOBOTOKA) 3TO MO3BOJIUT
TOJIyIUTh TIOJHYIO OIEHKY MOPAXKEHWdA COCYIAUCTOTO W MUKPOCOCYIUCTOrO pycia. [I0CKOMbKY Haau4ne mo-
parKeHuit MUKPOCOCYIUCTOrO pyciia uckaxkaer 3Hadenus PPK, nanuuue 30n Hapyuenus nepdy3uu Tpebyer

KpUTHYeCcKOro oTHomenud K 3uadernunsm OPK.
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Ha pucynke 1.3 ykazan npumep KT-nanaeix no nepdyzun co snauenusmu TPR. Cxemarnydeckoe pacrosio-

JKEHMEe 30H MUOKAP/a Ha JIEBOM 2KeJ/IVIA049Ke IIPe/ICTaBgIeHO Ha pucynke 1.4.

Puc. 1.3: Tlpumep naunbx KT-nepdysun ¢ ykasanubivu suadenusyvu TPR B mokoe (cBepxy) u nmpu Harpyske
(cHU3Y) [JIs1 OHOTO W3 MAIUEHTOB

Anroputm obpaGorku [IKT-mannbix marmenTa st aBTOMATH3UPOBAHHON HICHTHUMUKAIIN AITEMHTICCKUX
VIaCTKOB 3aKII0UYaETCd B COMOCTABJEHUN CTAHIAPTU3NPOBAHHBIX 30H MUOKAap/ia U KOPOHAPHBIX COCYJOB Ta-
nrenTa. Kaxaomy naeHTuUInpPOBAHHOMY COCYAY COMOCTAB/ISETCH 30HA MUOKAPAA, KOTOPYIO OH cHabykaeT
kpoBbio. ComnocrapiieHne TPOUCXOIUT Ha OCHOBAHUH O/IM30CTH TIEHTPA 30HBI K IpoxosieMy cocyay. 1lpu ot-
CYyTCTBUU PACIO3HAHHBIX COCYZOB BOJIU3M 30HBI IPOUCXOAUT T€HEPAITUs CHHTETUIECKUX KOPOHAPHBIX apTepuit

MaJIOro JuaMerpa, CHabXKaIMNUX UX KPOBBIO.

[Tonyuennass CTPyKTypa COCYI0B U COOTBETCTBYIOIIMX 30H MUOKAP/1a MUCIOIB3YETCH PEeAyIIMPOBAHHON MO/Ie-
JILIO KOPOHAPHOTO KPOBOTOKA, /IS ONEHKH KJIIOYEBBIX TEMOIMHAMUYECKNX WHIEKCOB (Harmpumep, (ppakIimon-

HBII pesepB kposoToka PPK) u mapamerpoB KpoBoToka (IaBienune, moTok). [IpocTpancTBeHHOE TTOI0KEHTE
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OCHOBaHMe OCHOBaHuKe

BEPLWHHa BEpPLWKHa

Puc. 1.4: 3oubr Muokap/ia JeBoro xejyaouka. Bun cnepenu (A), Bug c3aau (B) u cxemaruueckoe n3obpa-
skenne 30H (C).

KOPOHAPHLIX apTepuii COMOCTABIIETCS € PACIOJIOXKeHWeM 30H Muokapaa u 3HadenneM TPR mna 3amammsa

IPaHUYHbIX YCJIOBUI.

1.1.3 Pa3zpaboTka peaynupoOBaHHOI MOJEJN KOPOHAPHOTO KPOBOTOKAa C
Y4€TOM ITPOCTPAHCTBEHHOIO MOJIOXKEHNS KOPOHAPHBIX apTEepPUil B TOJI-

e padoTamiero MuoOKapaa

B kadecrBe 6a30B0i 0JHOMEPHOI MOJIETM KPOBOTOKA UCIIOJIB30BAJIACH KBA3UOIHOMEPHAST MOJIETb YJIbCUDY-
IOLIEI0 TeYeHUs! BSA3KOM HeCKumaemoil kposu B ssacrudHoM cocyie 7). st ussiedenus: ceru cocy o8 u3

KT-cunMKoB MCMOMB30BAINCEH AJTOPUTMBI CETMEHTAIINN 1 CKEJTETOHURAINN [8]

IIpuBenem KpaTKoe onucanme MOAEIN KPOBOTOKA. JITs KaxK 10l 3/1acTUYIHOM TPYOKY 3AlUCHIBAIOTCS 3aKOHBI

COXpaHEHUA MaCChl U UMITYJIbCA:

0Sk /0t + O(Skuy) /0x = 0, (1.1)
Qur /0t + 0 (up /2 + pi/p) Oz = fpr(Sk/Sh, k) , (1.2)

rae t — BpeMs; & — KOODJHWHATA BJOJb COCY/Ia; p — IUIOTHOCTH KPOBU (OPEJIIOJAraeTcss MOCTOSTHHON u
paszoit 1 r/ cm3); k — nomep cocyza; S — IOIEPEUHOE CEUCHHEe COCYIR; S,g — MOIEPEYHOE CEeUEHUe COCYHa
IpY HYJEBOM [TaBJIEHUU; Up — JUHEHHAS CKOPOCTH MOTOKA, OCPEIHEHHAS 0 MOMEPeIHOMYy cedenuio; P, —

JaBJIeHne B Cocyle, OTCUUTBIBAEMOEe OT aTMOChepHOro; fr, — CHla BA3KOTO TPeHUsd

drpuy Sk SP
Fre(Sko ur, SR) = — < + 2k, (1.3)
52 S0 TS,
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[ — IUHAMUYIECKasi BI3KOCTh KPOBH (mpeanoJaraercs pashoit 4 mlla-c).

s sambikanust cucremsl (1.1)—(1.2) ucnosb3yercst ypaBHeHne, CBSI3bIBAIOIIEE ILIOIIA/b OIEPETHOIO Cede-

HUs COCYJa W JlaBJIeHNe:

Pr(Sk) = Per = P f(Sk) (1.4)

TJI€ Py — JABJIEHNE B OKPYXKAIOIINX TKAHAX, Cp — CKOPOCTh PACIPOCTPAHEHUA MAJIBIX BO3MYIIEHUN B MOKOE

(Sk = SY), S-obpasnast dbynkuus f(S) npubimzKaercs Kak

exp (Sk/Sg — 1) -1, S > S,g

f(Sk) = :
In (Sk/S,S), Sk < 52

(1.5)

Ha Bxozme B aopry (aprepus, coeMHEHHAs C CEPAIEM) B KAUYeCTBE KPAEBbIX YCJI0BUE 33/13€TCst 00'beMHbIi

KPOBOTOK

uin(ta O) ’ Sin(t’ 0) = Qheart(t)- (16)
Dyukunsa Qpeqrt(t) npeacrasisier coboit Tpod ik, THINYHBIN JJIsT TTOTOKA KPOBU Yepe3 aopry uesioBeka [9].

Ha KOHITaX TEPMHUHAJBHBIX COCYJ0B 3aJda€TCA YCJIOBHUE!:

RiQr = pk — po, (1.7)

rjie p, — IEHTPAIBHOE BeHO3HOE JaBjeHne (1o yMOJYaHuIo 8 MM PT CT), pr = Pk (Sk) — /aB/ieHne Ha KOHIe
TePMHUHAIBHOI apTepun, Qi = SpU, — HOTOK KPOBH 4Yepe3 TEPMHUHANBHYIO apTepuio, Ry — CONPOTHBJICHHAE

k-#t obacTy MUKPOIMPK YJISIIN.

Comnporusiienne Ry, siBjisieTcsl COMPOTUBIEHUEM HE TOJBKO MUKPOIUPKY/JISTOPHON 00JIaCTH, HO M YaCTHU Be-
HO3HOHN CHCTEMBI, B KOTOPOIl JaB/IeHUE BBIIIE MEHTPAJbHOr0 BeHo3Horo. Conporusiienus Ry B KOPOHAPHBIX
COCYZIaX MCIO/IB3YIOTCS /I MOIEJINPOBAHUS CXKATUA MUOKap/aa. B dazy cucrosnbl comporusienus Ry, yBein-
quBaroTCA B 3 pasa [8]. Bpemernoit mpoduib COMPOTUBIIEHNST TIPU 3TOM UMeeT TY Ke (hopMy, 910 1 PyHKIHST
cepaeunoro Beibpoca (1.6). Ba3oBbie 3HAUEHNS COMPOTUBIEHNS PACCIUTBIBAIOTCS TIPOMOPIIMOHATBHO TUAMET-

paM TepMUHAJIBHBIX apTepHil ¢ MOMOIIBI0 3akoHa Moppes co crenenbio 2.8 [7].

Tlocsie Tor0 Daz0BHIE 3HAYMEHWS COMPOTUBICHUN KOPPEKTHUPYETCS B cooTBeTCTBUmM cO 3Hadenuem TPR 06-
JIACTH MHUOKap/ia, KOTOPYIO cHabkaeT KPOBbIO paccmarpuBaemasi aprepud. Huskue 3nadenus TPR coorsert-
CTBYIOT TATOJOTUYECKON Tepdy3un U BBICOKOMY COMPOTUBICHUIO O0JACTH MUKPOIUPKYJsiiuu. st yaéra

zaTpyAHEHHON mepdy3un Kaxkaoe 3HAUEHNE COTPOTUBACHUs ) yMHOKaeTca Ha kKoaddumenT ay,

1, TPR > 1.4
o = y (1.8)
a+bexp(c-TPRy), TPR< 14
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4 —a)? 4 —
a=2+2/V3, b= Q, c=5In a’
2—a b

(1.9)

rae T PRy — szuauenne TPR coorBercrBytomigit obiacru Muokapia. 3HadeHus: a,b,c nogdupaiorcs Tax,
arober ap = 1 mpu TPRy, = 1.4 n a, = 4 nipu TPRy, = 0.2. Kpome Toro, 3HaUeHNE () = 2 TPUMNCHIBAETCS
TPRy, = 0.6, arob6b1 0603HAYUTE TEPEXOHYIO 00/IaCTH OT CEPbE3HBIX HAPYIeHnit nepdy3un K KPpUTHIECKIM.

TTotox xposu npu T PR < 0.2 mpu 1m0106HO# KOPPEKTUPOBKE CTAHOBUTCS TMPAKTUIECKYU HYJIEBBIM.

DKcroHeHna bHast (QyHKIUS BbIiOpana s Toro, urOsl udMenenuss TPR or 1.4 no 1.0 maso Biausiau Ha
CONPOTUBJAEHUA U KPOBOTOK, a m3MeHenust or 1.0 go 0.6 Bausym cuiibHee, YTO COOTBETCTBYET KJIMHUYECKON

TPaKTHUKE.

KoppekTupoBka rpaHu9HbIX yCJAOBUN HA TEPMUHAJIBHBIX aPTEPUIX [OBBIIIAET COMPOTUBICHUE B 00JIACTAX C
mm3kumu TPR gas uvmutrpoBanva 3arpynuénnoit Mukpornupky/sainu. g rectupoBanna paboThl mpeio-
JKEHHON MOJeIN pacCMOTPUM MHAIlMEHTa CO CTPYKTYPO# cocynoB, m300paxKkénnoit na pucyuke 1.5. [lapamerpnr
cocyzioB npuBeaensl B Tabaunax 1.1 u 1.2. Crenossr (cermenTsr 3, 5, 9) MOAEIUPYIOTCA KAK OTEIBHBIE COCY/IbI

C MEHbIIUM ANAMETPOM.

Puc. 1.5: Crpykrypa cocynos npasoii koponapuoii aprepuu (RCA) u snesoit koponapuoii aprepuu (LCA).
[TyakTHpHBIE MTMHAM 0003HAYAIOT CUHTETHYECKHE COCybl. CTEHO3bI 0O03HAYEHBI ABYMsI KPACHBIME JTHHUSMHE

DPK usmepeno B aucraabHO# yactu nepeanei aucxogsed aprepuu (LAD), aro coorBercrByer cermenty
10 ma puc. 1.5. Uzmepennoe 3uauene PPK — 0.43. Onenka ®PK npu Mogesnposannu 06e3 yuéra sHaUeHU

TPR — 0.39. Onenka ®PK npu monemuposanuu ¢ yaérom suadenuit TPR — 0.41. Kpome Toro, mpoenero
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TapuuA 1.1: IMapamerpsr BerBeit jeBoii kopoHaproil aprepuu (pucynok 1.5): | — miuna, d — auamerp,
3oHa — HOMEp cooTBeTCTBYIOLIEH 30HbI MUOKapaa, TPR,.s; — 3nadenne TPR B nokoe, TPR4yess — 3HAUECHME
TPR upu narpyske.

No | I, d, | Zone | TPRyest | TPRgtress || No | 1, d, | Zone | TPRyest | TPRgtress
1 105 | 3.3 | - - - 18 |23 | 1.7 - - -

2 25.0 | 3.7 - - - 19 | 27.8 |25 - - -

3 78 |13 ]- - - 20 | 343112313 1.49 1.34
4 86 | 3.4 - - - 21 | 21.1 |25 |2 1.19 1.20
5 49 | 1.9 |- - - 22 1395 |25 | - - -

6 2441 3.3 | - - - 23 | 54 2218 1.18 1.41
7 24 |26 - - - 24 115211219 1.12 1.13
8 124 | 2.7 | - - - 25 | 574123 - - -

9 6.5 |04 - - - 26 | 146 | 1.1 | 13 1.21 1.39
10 | 62 1.9 | - - - 27 1201116 |7 1.02 1.10
11 97 |13 |4 1.22 1.28 28 120310712 1.21 1.33
12 199 071 1.03 1.05 20 1156 | 0.7 | 11 1.23 1.25
13 | 15313 |6 0.95 0.93 30 | 46.8 | 0.7 | 16 1.25 1.27
14 |67 | 255 1.06 1.08 31 | 1751 0.7 | 10 1.15 1.13
15 | 36.1 (3.5 |- - - 32 138310715 1.00 1.12
16 | 574 |23 | - - - 33 |174 107 | 14 1.13 1.22
17 | 11.1 ]| 21 | - - -

TABUIIA 1.2: IlapaMeTphbl TpaBoit KOPOHAPHON apTpenn: | — AanHa, d — IuaMeTp.

No | I, mm | d, MM
1 52.3 | 3.8
2 68.6 | 3.2
3 43.2 | 2.1
4 434 | 2.1
5 58.1 | 2.3

nccenoBanve m3Menenns paccuantanHoro @®PK mpu namenennn TPR B 30max Mmoxapaa 1 u 4, nuctanabHBIX
k mecry u3mepenus OPK. Pesynprarer npusenensr na pucysake 1.6. Tpu yxymmennn nepdysun (Huskne
suadennst TPR) snadenna OPK mosbimaoTes, 970 MOXKET IPUBECTH K HEIPABUIHHOM OTIEHKE TeMONHAME-
9ecKoil 3HaYMMOoCTu creHo3a. [lpu orcyrcrBun creno3a u napymennn rnepdysun OPK we paér nndopmarun

o maquunu narogorun, T.K. OPK apasercs mokazaresem maTogornit COCyI0B.

Taxum obpazom, pazpaboTara MOAe/h KOPOHAPDHOTO KPOBOTOKA, MO3BOJIAMONIAS TPUHUMATE BO BHUMAHNE
JaHnble KopoHapHoit mepdy3uu. Ha caegyiommx sTamax MpPeano/araeTcsad MOIuDUKANMT U ONTUMU3AINA

MOZEIH, a TaKzKe €€ anpobaliusa Ha COOPAHHBIX JTaHHBIX HIAIIMEHTOB.



3adawa 1.1. Paspabomka neunsasusnur memodos duaznocmuku uwemuseckot 6oresnu cepoua (UBC) 12

1
0.8
®PK
L
0.6 ® .
®
¢ L]
] ° |
0.4 ® e o0
0 0.2 04 06 08 1 1.2 1.4
TPR

O Be3 crteHo3a @ cTeHo3 85%

Puc. 1.6: Paccuntannbie 3nadenns @PK mpu mamudmm m OTCYTCTBUHM CTEHO3a AJId PA3IUIHBIX 3HATEHUI
TPR B 30Hax, AUCTAIBLHBIX K CTEHO3AM.
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3agaua 1.2. BupryaabHblii
MePCOHAJIN3NUPOBAHHBIN PACKPON CTBOPOK
aA0pPTAJbLHOIO KJialnaHa IIpu ero

PEKOHCTPYKIINN U3 ayTonepukapia

MeTtoa aBTOMaTHYECKON cerMeHTanuu KOpPHHA aoprtbl Ha ocHoBe KT-m300parkenuii ¢ kouTpa-
CTOM ¥ MeTOJ] HaXO0XKJEHUs TOYeK KOMUCCYP HATUBHOTO KJanaHa. WUccnenoBaHue npmMeHUMO-
CTU MeMOPaAHHOT0 NPUbIUXKEHUs C MOMOIBI0 METO/Ia TUTMEPYNPYTUX Y3JIOBBIX CUJI JIJIsT MOJIe-
JIMPOBaHUS 3aKPbITHUS CTBOPOK A0PTAJIbHOrOo KJjanana. CpaBHUTEJIbHBII aHAJIN3 METOJA0B MO-
JIeJIMPOBaHUs KOHTAKTa CTBOPOK KJIallaHAa C TOYKW 3PEHUs BPEMEHU ITPOBEIEHUS PacyeToB M
a/IeKBATHOCTYN pe3yabTaToB. IIpoTOKOJI /11 mpoBeaeHNs HATYPHOTO 3KCIIEPUMEeHTa Ha o0pasiie
CBHHOT'O a0PTaJbHOTO KJIallaHA OJIsS BAJINJALMN PE3yJIbTATOB MAaTeMaTHUYeCKON MOAeJIN 3aKpbI-

THUA aOPTAaJJIbHOTO KJIAallaHa.

1.2.1 Meroa aBTOMATUYECKOIl cerMeHTanmum KOPHdA aopThl Ha ocHOBe KT-
n300pakeHnii ¢ KOHTPACTOM M METO/] HAX0XKJAEHUSA TOYEK KOMUCCYP

HATWUBHOI'O KJIaIIaHa

OnepauHH 10 3aM€HE€ a0OPTaJIbHOTI'O KJlallaHa 3a9aCTYIO COIIPAXKEHDLI ¢ KaJbIIMHO30M aOpPTaJIbHOIO KJlallaHa.
Ha PUCyHKe 2.1 moxazan Cpe3 KOPHA aOPTHhI IMTallieHTa C CUJIBHO BBIPA2KECHHBIM KAaJBITMHO30M apPTEPHAJILHOTO
KJIallaHa. KaﬂbHI/IHI/IpOBaHHbIG OTJIOZKCHN A (KaﬂbHI/IHaTbI) 1 KPOBb C KOHTPaCTHBIM BE€IIECTBOM HMEIOT 6113-
KHE 3Ha4YeHud 110 IIKaJ1e XayHC(bI/II[b,ZLa, 9TO CTaBUT BOIIPOC O KOPPEKTHOCTU MCIIOJIb30BaHUA CYIICCTBYIOMINX

MEeTOJI0OB aBTOMATHIECKON CerMenTanuyu Kopug aopThl Ha ocHOoBe KT-m300pakenuii ¢ KOHTPACTOM.

B pamkax paboT 10 TPOEKTY GBLT UCCTETOBAH METO/] ABTOMATUYIECKON CEIMEHTAINN A0PTHI, OMMCAHHBIH B [1]
¥ IpuBeeHHBIA B Buge Ajnropurma 1. B Texyieit peasusaimm JaHHOTO aJrOPUTMa OTIOXKEHUS KAJBITUS Ha

CT€HKaX aOpPThI U JIEIIECTKaX a0PTa/JbHOI'O KJlallaHa YIUTBIBAIOTCA IIPHU OIIPEIC/ICHHUN IIPOCBETAa aOPThI.

14
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Algorithm 1 AjgropuT™m aBTOMATHYECKOH CErMEHTAIIHH TPOCBETAa A0PTHI COTIACHO 1]

1. Ha aHaToMu4ecKy HUKHEM CJI0€ TPUMEHUTH huabTp Xada /i Hax0xKIeHns 1IeHTpa Xxcenter u pajanyca
RA HAMOOJIBIITETO CBETIOTO JINCKA.

2. Haiitu MUHUMAJIbHYIO WHTEHCUBHOCTb T BHYTPHU JUCKA.

3. Beigesuts cogepaxKaiiyio xcenter ¢Bsi3Hyto macky M mo mopory T.

4. Ilpumenuts amroput™ Isoperimetric Distance Tree (IDT) x macke M u xcenter u moaydIuTh Macky MA.
5. Cy3uTsb U pacmupuTh MacKy MA Ha cjoit TosrmHel Rsmooth (RA).

6. Crommposatsh Macky MA B macky Msmooth. Cy3uts Msmooth Ha cjoit Tosmmiel Rsmooth (RA) BOKCeeit,
3aTeM PACIIUPUTH HA CJI0i TosmuHbl Rsmooth (RA) + Tsmooth (RA).

7. ¥YaaauTh w3 Macku MA BOKcenn, He MpHHAAIeKaIme Mmacke Msmooth.

Puc. 2.1: ITanuenr ¢ CUIIbHO BbIPAZKEHHbIM KAJIbLIMHO30M aprepuasibHOro Kianana (6esibie obactu Ha pu-
cyuke). JIKC — 370 neBas koponapuas crsopka; HKC — nekoponapuas crsopka; [IIKC — npasas koponapHas
CTBOPKA.

[Ipu poBeileHny TPUITUBAHNA HEOCTBOPOK a0PTAJIBHOTO KJTallaHa KaJbIIMHAT CIAIIAIOT, YTO0 MOYKET BBI3BATH
W3MEHEeHNe MPOCBEeTa aopThl. lIpoBeneHHbIe MCCIEIOBAHUS MOKA3AIM, ITO 9TO MIMEHEHNE HE3HAUNTETHLHO
MEHSIET BEJIMYUHY MPOCBETA, XOTd (HOpMa CTEHKU Aa0PThl B MECTaX OTJIOXKEHUS KaJIbI[Usl MOYXKET OKa3aThCHd
HepoBHOU. OTHeBHOTO UCCIe0BAHNs TpebyeT aBToMaTndeckoe onpeaenenne [V GhopMbl KaabIHO3a CTEH-
KW a0pPTHI, TTOCKOJBKY TIPU TOM ayTOTEPUKAPINAIHLHOE TTPOTE3NPOBAHNE CTAHOBUTCHA HEBO3ZMOYKHBIM W TP

KJIMHUYECKOM TIPUMEHEHUN JTAHHOM TEXHOJIOTHH 00 3TOM HeOOXOIUMO COODIATE XUPYPIY.

MeToa Hax0>XKAeHUS TOYEK KOMUCCYP HATUBHOIO KJjaraHa. [0YKW KOMUCCYD OMPEIEoT 001acTh
COeJIMHEHNS CTOBOPOK AaOPTAJBHOTO KJIallaHa, JUHUS KPEIUIEHNS KOTOPBIX TMOJTHOCTHIO ONMPEeIdeTcs CUHY-
camu Basnbcapbl kopHsi aopThl. Cunycbl BajibcaBbl npejcTaB/isiior cOOOl BBINAYUBAHUS CTEHKM A0PTHI U
00pa3yioT CEeJIOBUIHYIO MOBEPXHOCTH, KOTOPas XapaKTepPU3yeTCs OTPUIATENbHON TI'ayCCOBON KPUBU3HOM.
Jltst meTeKTHPOBAHWA TOYEK KOMUCCYP HATHBHOIO KJ/IAAHA MPEIAraeTcs WCIOJIb30BATL MAHHBIN (harT u
AHAJIU3UPOBATH JOKAJBHYI) TOMOJOIUI0 BHYTPEHHEN MOBEPXHOCTH KOPHS aopThl. Takum obpazom, 3ajada

CBOIUTCS K HAXOXKICHUIO 00JACTell OTPUIATEILHON rayCCOBON KPUBU3HBI BHYTPEHHEH MOBEPXHOCTH CTEHKHN
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aopThl. B KavecTBe BXOTHLIX JAHHBIX WCIOJIB3YETCS PE3YJIbLTAT MPUMEHEHUs MeTO/la aBTOMATHIeCKo# cer-
MEHTAIIMK TIPOCBETa aopThl. Takum 00pa30oM, MOBEPXHOCTH A0PThI MIPE/ICTABICHA BOKCEJIHHON MACKO, a He
TPUAHTYJINPOBAHHON TTOBEPXHOCTHIO, UTO SIBISETCST OCOOEHHOCTHIO 33/1a91. 33 OCHOBY BBIYUCJIEHWS TayCCO-
BOI KPUBU3HBI HA BOKCEIBHBIX MOBEPXHOCTSIX B3SIT METO/I [2] BEIUMCICHNS TayCCOBOM KpUBM3HBI K B KaxK 0

TOYKE JUCKPETU3NPOBAHHON MOBEPXHOCTH C MCIIOIB30BAHUEM MEPBOI M BTOPOH (PYHIAMEHTATLHON (hopMm:

(hi1hog — hi2ho1)
(911922 — 12921)

K p—
rje gij, Nij — KOMIIOHEHTHI I1epBOil U BTOPoil (byHIaMEHTAILHBIX (POPM COOTBETCTBEHHO:

gi11 = X,u : X,u» 912 = X,u : X,vv g21 = X,v : X,ua 922 = X,v : X,v;
hll = X,uu : Na h12 = X,uv : N7 h21 = X,vu : N7 h22 = X,vv -NN.

Bxeck u ganeee BBegeM caepyionme oboznadenust Of /Ou = f,, 02 f | Oudv = f ww- Bpranciienus rayccopoii

kpuBn3Hbl K peannzoBaHo B Buge AnropurMma 2.

Algorithm 2 Brruucsienue rayccoBoit KpuBU3bI JjIsI BOKCEJIBHON MACKU CEIMEHTUPOBAHHOI'O KOPHS a0pThI

Bxonuble naHHbBIE: TBOMYHAT MACKa CETMEHTHPOBAHHOTO KOPHS a0PTHI.

1. Cosamme MacOK «TOJICTOM» TTOBEPXHOCTH M «TOHKOIY MOBEPXHOCTH.

Omepaiiyig 5po3un ¢ pa3MepoM 3JeMeHTa 4 BOKCEIs K UCXOMHOM Macke — «TOJICTasg» MOBEPXHOCTb.
«Torkast» TTOBEPXHOCTH — MOJAMHOXKECTBO BOKCEJIEH «TOJCTOIY TMOBEPXHOCTH, ¥ KOTOPBIX B OKPECTHOCTHU
U. ectb 110 KpaitHeit Mepe ojiuH (pOHOBBIN BOKCEJIb, TO €CTh HE NPUHAJIEKAIIIH TOBEPXHOCTH.

U. upencrasisier coboit kyd 3x3x3 ¢ BBIKOIOTHIM IEHTPOM.

2. Brraucsienne Bekropa HopMa/u N B KaxKJIOM BOKCEJIE TOBEPXHOCTH.

3. Brruucienve nepueHIUKYIAPHBIX HAIPABIEHUN U ¥ V, Jjisi 00pa30oBaHus OPTOrOHAIBHOTO 0a3mca ¢
HOPMAJIBIO.

4. Bpruuc/ienue KOMIOHEHT 11epBoil (byHIaMeHTaIbHOi POpMBbI gj;.

5. Borancienne Bropoit bynnaMenTanbHoil popmbl hjj.

6. Borumcsienme rayccoBoli KpUBMU3HBI B KaxXK 0 ToUKe moBepxHOCTH K.

Jltst orteHkn PabOTOCIIOOHOCTHU AJATOPUTM BBIYKUC/ICHUS KPUBU3HBI K ObLI TPOTPECTHPOBAH HA AHATUTHICCKN
3a/IaHHBIX TIOBEPXHOCTSX: Map (MOBEPXHOCTH C MOCTOAHHOM MOI0KATETBHON KPUBU3HOI ), TUANHAD ([MOBEPX-
HOCTb C TIOCTOSTHHOI HYJIEBOI KPUBU3HOM ) U TOBEPXHOCTE cemoBuanoil hopmer GoldfeatherShape, onncannoii
B [3]. st mapa n nmsmHApa B KaXK/0# TOYKe N3BeCTHa aHAaJuTHYecKas GopMmysa Jisd HOpMaJu, KOTopas
CpPaBHUBAJACh C HOPMAJIBIO, BBIUYKUC/IEHHONW HA JUCKPETU3UPOBAHHON MOBEpXHOCTH. 3a KadecTBO OJIM30CTH
JIBYX HOpMaJieil Opasoch WX CKaJsapHOe IMpoussegaenue, npu 3tom 1 coorsercrByer 100% cxomcerBy m —1
HYJIEBOMY CXOJICTBY. KauecTBo BbIYHC/IEHNA HOpMaJieil Ha JUCKPETU3NPOBAHHBIX IIOBEPXHOCTAX IIApa OKa-
zasoch 99%, a Ha JAMCKPETU3UPOBAHHBIX MOBEPXHOCTAX IuanHapa — 96 %. IIpu sToM m3Menbdenue mrara
muckperuzarnuy B 100 pa3 He mIpUBOAMIIO K CYNIECTBEHHOMY Y/IYUIEHUIO KadecTBa. unamaszon pa3bpoca BbI-
IHCIEHHO rayccoBoil KpuBu3HbI Ha mmape coctasui [0.12,0.20] npu anasmrugeckoit orenke 0.16. Cpemnsist
BEJINYMHA KPUBHU3HBI HA, IMJIMHJIPE (IOBEPXHOCTD C HYJIEBON aHAIMTUYIECKON KpuBu3HOM) cocrasaser 0.023 ¢

mucniepcreit 0.00068.
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Ha durype cemropoit ¢popmbl GoldfeatherShape kadectso coorBercTBusi HOpMasieil cocrasisier 96.8%, npu
9TOM 00JIACTH OTPHUIATENHHON KPUBU3HBI OIPEIEISeTCsS JTOBOJIBHO YCTOWYMBO, XOTA abCOMIOTHBIE 3HAUCHUS
MOTYT JOBOJHLHO CUJIBHO OTJIMYATHCH OT aHaJuTHdecKuX. OOt pe3yabTaT MPOBEJIEHHBIX MPEIBAPUTE h-
HBIX HCCJIEOBAHUN HA aHAJTUTUUECKUX pUrypax — abCco/0THAsT BEJIUIUHA TayCCOBOM KPUBU3HBI K MOXKeT

OIpPeJIeSIAThCS HETOUHO, TIPU 3TOM 3HAK OIPeeTdeTCd BEPHO.

PesyabTar BRIYHC/IEHES TayCCOBON KPUBU3HDBI Ha CEMMEHTHPOBAHHON aopTe pejicTapied Ha puc. 2.2. Kpusus-
Ha JiexkuT B quanasone [—1.27,1.45], upu srom 99% pesysbraros aexur B auanazone [—0.01,0.01]. TTosromy
HNOBEPXHOCTH HA PUC. 2.2a OJHOTOHHAL, C €Ba PA3IMIUMbIMKA CHHUMHU M KPACHBIMH YYaCTKAME, COOTBET-
CTBYIOIIME OTPUIATEIBHON U MOJTOKUTENBHON KPUBU3HE COOTBETCTBEHHO. ECIM MPUMEHUTD K BBLITUCIEHHOM
kpususie K dbyuknuio ommbku erf(x/0.001), To pacupenenenne kpusnsubl (puc. 2.2b) cranosurcs 6oJiee
oTYeTAUBBIM. IIpr 3TOM TIPOCIEKUBAETCST HEIIPEPBIBHAS 00/IaCTh OTPUIATEILHON KPUBU3HBI B MECTaX COE/IH-
HEHUsI CHHYCOB C a0PTOii. Ta 06JaCTh XapaKTepU3yeTcs HAuOOJbIINM YUCIOM CBA3aHHBIX I'PDAHE, B KOTO-
PBIX BCE TPHU BEPIIMHBI UMEIOT OTPUIATEIBHYIO KPUBU3HY (ITOKA3aHO 3€JI€HBIM I[BETOM Ha puc. 2.2¢). Takum
00pa30M yIaercs BLIIEIUTH MOJIOCY OTPUIATEIBHON TaycCcoBOl KPUBU3HBI B OOJIACTH COEAMHEHUS CHHYCOB
M a0PTHI, B KOTOPHIX HAXOMATCA W TOYKH KOMUCCYD, W JIMHWHA KPEIJICHUS HATUBHOTO A0PTAJIBHOTO KJalla-
Ha. BoJsiee TouHOE onpejiesieHne TOYEK KOMUCCYDP CBOJUTCS K ONpPEJIeIeHNIO Tlepecedenuil JIHHUM KpereHnit

HATUBHOTO KJIAllaHa, 4TO sBJIETCH 3a/a4ell, 3aiianupoBantoil na 2022 rog.

Puc. 2.2: a) noBepxXHOCTh a0PTHI ¢ U300parkeHWeM KPHUBH3HbI B TOJHOM Juanasone K € [—1.27,1.45]; b)

KPUBU3HA HA TIOBEPXHOCTHU ¢ npuMenenueM dyukimu omubok erf(x) ¢ o = 0.001; ¢) nosoca orpunaTesbHol

KPUBHU3HBI B KOPHE a0PThI OTMeuYeHa 3ejieHbiM. lIBeToBas mikasia HA PUCYHKAX COOTBETCTBYET IUAINIA30HY

[—0.01,0.01], rme rny6okwmii cuamit nper — kpususna —0.01, kpacubiii nser — xkpususHa 0.01, Gembrit nBeT —
HyJeBasd KPUBU3HA.
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1.2.2 HWccaepoBaHue IIPUMEHNMOCTA MEMOPaHHOTO IIPUOJINXKEHNS C TIOMO-
IO METOAA TUIEPYIPYTrUX y3JIOBBIX CWUJI JJid MOJEJUPOBAHUA 3a-

KPBITHAd CTBOPOK aOpPTAJBbHOI'O KJIallaHa

Jocrarounoe cMbIkanue (KoanTalys) CTBOPOK a0PTAIBHOTO KJIANAHA W KOHMUTypanus Kaarmana B JuacTo-
JIMIECKOM (3aKPBITOM) COCTOSTHUH OTIPEJIEISIIOT JTOJIKHOE (DYHKIIMOHUPOBAHUE CEPIETHOrO KiranaHa. Koanra-
IIMOHHBIE N KOH(MUI'YPAIMOHHBIE XaPAKTEPUCTUKI 3aKPHITOTO KJIAllaHa MOXKHO OINEHUTH, MCIIOJIb3YSd MOJEIH
000J109KHM Wi MeMOpaHbI IIPU ONUCAHUNA MEXaHUYECKOTO MOBEJIEHUs a0pPTaJIbHOM CTBOPKU. BBLI IIpoBeseH
aHa/u3 pabor 110 MOJEJSMPOBAHUIO 3aKPbITUH CTBOPOK A0PTAJBHOIO KJIAllaHA C TOYKW 3PEHUS HCIO0JIB30-
BaHWsl Pa3INYIHBIX TOCTAHOBOK (MeMOpanHO# nian obosodednoit). Exnroro MueHns, kak Biansger m3rnbHas
JKECTKOCTH 000JI0UETHON MOJIESN Ha, KOANTAIMOHHBIE XaPAKTEPUCTUKU U JUACTOJUYIECKYI0 KOH(MUTYDAIIIO
KJIATIaHa, B HAYYHOI JIuTepaType HeT, Hojiee TOro, OTCyTCTBYIOT PA0OTH! 110 CPABHEHNIO HHTEPECYIOIINX XapaK-
TEPUCTUK /171 060104U€UHOM 1 MeMOpaHHOil TocTanoBok. Ha nmanHoM stane Oblia mpe/jioyKeHa U peajin30BaHa
YHCJIEHHAs MOJIE/Ib JeopMuUpoBaHus runepynpyroit obosouku. Jlannas Moje/b sBisiercd KOMOnuaumeit me-
TOJIA TUMIEPYTIPYTUX Y3I0BBIX CHJT (MEMOPAHHAS 9aCTh) W UCTIOIB30BAHUS CITEIMATBLHBIX KOHEIHBIX 3JIEMEHTOB
(rotation-free shell element) mis yaera m3rubHOl KECTKOCTH yHpyroil CTPYKTYPHI. BbLIH TPOBEIEHBI 9HC-
JIEHHbBIE YKCIIEPUMEHTHI 110 CPABHEHWIO KOANTAIMOHHBIX W KOHMUIYPAIMOHHBIX XapPAKTEPUCTUK 3aKPBITOTO

COCTOAHNA a0PTAJIBbHOI'O KJjlallaHa IIPHU HCIIOJIb30BAHNN MOﬂeﬂeﬁ 000J109KI U M6M6paHbI.

[To pesynbraram pabor ObLin onyGJaMKOBaHBI craTby [4, 5|, OCHOBHBIE MOMEHTHI U3 KOTODPBIX [IPHBE/IEHbI

HHZKe.

Kunemaruka 060s109kmu. Mbl paccMaTpuBaeM AeOpPMAIIAI0 TOHKOM THIIEPYIPYroi 000J0UKH, CUUTAas
9TO HOPMAaJIb K CPEIMHHOMN ITOBEPXHOCTH 000J0YKHY JI0 AePOPMAIIUN OCTAETCST HOPMAJIBIO K CPEINHHON TOBEPX-
Hoctu nipu gedopmanmu 06o0ukn (runoresa Kupxroda — Jlssa). Ilycrs orobpakenne W : A — Q € R3
olpeieIsAeT CpeIHAYIO TIOBEPXHOCTH 060/I0YKY B HAdaapHOI (0 medopmarmn) Kouduryparmmm, rae A C R?

SABJIETCS KOMIIAKTHBIM MHOXKecTBOM. O60j104Ka B HAYAIbHOM KOHd)I/IPypaLU/H/I So onpeaesdaercd Kak
So={X e R} X(£H, &2, =w(¢, ) + &N, ), (€1¢Y) e A, & e[-H/2,H/2]},

rae H — navasibras TosmmHa obosoukn, N — eInHIYHAS HOPMAaJIb K CPEIUHHON MOBEPXHOCTH B HAYAJBHOM

koudurypamnuu. AHaJIOrMYHO ONpeenM akTyaabHyo (mocse medbopmanun) KoHburypammio 060109k Sy
S ={x e Rox(¢",€%,¢%) = (', €%) + &xn(¢, &%), (6',6%) € A, € € [-H/2,H/2]},

e ¥ : A — Q € R® — cpeaunnag MOBepXHOCTE B aKTyasbHOM Komdurypamun, A = h/H, h — Tonmuma
000JI0UKHT B aKTYaJbHONW KOH(MDUTYPAITNT, N — eJUHUIHAST HOPMaJh K CPEUHHON OBEPXHOCTH B AKTYaIbHOM

KoHGUrypaIun.
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KoHBekTHBHBIE CHCTEMBI KOOPAWHAT JIJIs HadadbHOl ((G;) 1 akTyaabHOI (g;) KOHbUTypaImit ompeesIsiroTcs

KaK:

0X 0X ox 0X
Gazizlya 3NO[ GrzizN 0= = 3)\ o r:7:>\ =1.2.
8£a s + 5 Re%) 3 863 ) g aga ’lnb,a + E ( n), ) g3 6&.3 n, (0% )

[eomeTpus CpeIuHHOl ITOBEPXHOCTH OIIPENETAETCS KOMIOHEHTAME METPUIECKOTO TEH30Pa,
Aap = ga’§3:0 : g[}‘§3:0 = ¢7o¢ : /l/J7ﬂ «, 6 = 17 27

(w,a ‘g + "nb,ﬁ : n,a) , Q, B = 1, 2.

1 KOMIOHEHTaMH TeH30Pa KPUBU3HBI Kog = —P g M=
k)

N =

I'paguent nedpopmamnuu F mia 06om0ukn onpemenaseTcss Kak

0x > ;
F_ax_;g’@(}’

rea®b=abl, G = G*IG]‘, marpuna G mvueer xommonenTs! G;; = G; - Gj. B Teopum ToHKHX 000709€K

npaseli Tenzop necdopmanuiit Komu-I'puaa C = FTF = Z? =1 (8- gj) G’ ® G7 npejcTaBuM CJIeIYIOIIAM

obpazom [6]:
2
C= ) cpG*®G’+ N@N, Cap = Uap + 2Nk ap. (2.1)
a,B=1
Onpeneqsioniue coorHomieHust.  CupTaeM, 4TO MaTEpHAJ O0O00JOYKHM THIEPYIPYIHH, T.e. CYIIECTBYET

yupyruii norennuasn (pynknus sweprun gedopmanuun) W (C), KOTOPBIH TOJTHOCTHIO 3a7aeT ONPeIeIsIoNee

coornorenne. /g runepynpyroro marepuasna Bropoit Tenzop [lnons-Kupxrodda S ompenensercs Kax:

ow
(%U '

822%:ZS]G@®G‘]‘, 3‘7:2

ij=1

)

3D
g citydast HECKHUMAEMbIX THOPEYIPYIUX 000J109eK Ié = 1 MBI MOXKeM Ilepelnucarb BCe TPEeXMEPHbIE

MHBAPUAHTHI C HOMOIIBIO IIOBEPXHOCTHBIX MHBApUAHT I1, 14 o, J [7]:
L =tCP) [ =detC?) = J2 I,,=C% . (M, ®M,), a=1,2,
COOTBETCTBYIOIINE TPEXMEPHbIE NHBAPUAHTHI MMEPENUIITYTCH KaK

=L+t =040 LYW =ILa I,=s0+5L"Y+ (038,

—~

u creposarensuo, W(C) = W (I3, 144, J). llpu npu nepexose K AByMEPHLIM HHBAPUAHTAM Mbl CHUTA/IM, 9TO

Ha TIOBEPXHOCTH 33/aHbI JIBA CeMefiCTBa BOJIOKOH, OTIPEJIeJISIONINX aHU30TPONHIo nosepxHocTH, T.e. (M, N) =
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0, (Mg,N) =0, rme M, — eIuHUYIHBII BEKTOD, ONPEICSIONINI Cpe/lHee HAIPABICHHE CeMeHCTBA BOJOKOH

1o pedopmMarimm.

Csabast mocTtaHoBKa. PaccMoTpuM paBHOBECHE TOHKONW 0BOTOUKM TIOJ MefiCTBHEM BHEITHWX CHJI TIJIOT-
Hocru b. Ilycte rpanuma cpeamnuoit moBepxHOcTH Of); pazgenena na gse dacru O = Ty (t) U Ty (1),

[, (t) = Ty(t). Cumemmanbie rpaHutdHbIe YCIOBUS 3AUITYTCS KaK
u=u malyt), Tn,=t mnal,(t), (2.2)

e u = X — X — 1oJie IePeMeIennii TO9eK CPeJuHHON TTOBEPXHOCTH, Ny — eJUHUYHAS BHENTHAT HOPMAJIh
kK 0, T = (1/detF) FSFT — Temsop yemmmit Kommm, @t and t — 3aJaHHbIe mepeMeIneHHs W yCHTHS Ha

COOTBETCTBYIOIMUX T'DAHUIIAX.
CorTacHO IPUHINITY BUPTYaJbHON pabOTH 3a1atua CBOANTCA K HaX0KIeHHIo Takoro u € H'(Qy),

H!(Q) := {ve(HY () v=u onTy(t)}, aro

SU — 6Weyy = 0, 6U:5< W(Il(vu),J(vu))dv>, 5Wemt:/ ‘E-éudt+/ b-suds. (2.3)
Fo‘(t) Q4

So

YuureBas (2.1), MBI MOKeM mepenucarh (2.3): ceIyonmM 06pa3oM

H/2
oU = / 1: (5a(Vu)ds + m: 6;4,(Vu)ds, 1= (ln, l22, l12)T, lZ’j = / 8” d£3, (2.4)
Qo Qo —H/2
T H/2 T T
m = (my1, Moz, M12) , Myj :/ ) SN, a = (a11,a2,2a12)" , Kk = (K11, K22, 2K12)
_H/2

IMepsbiii unen B ypasaenuu (2.4) onuchbiBaeT MOBEIEHNE YIIPYTOH CTPYKTYPbI B KACATEIbHON TJI0CKOCTH, B TO
BpeMs KaK BTODOil 4jIeH XapaKTepu3yer M3rnbHy0 YacTh YIPYroil cTpyKTyphl. st [uckperu3anuu mepBoro
caraeMoro OyzeM HUCHOJB30BaTh METOJ] TUIEPYIPYTUX Y3J0BBIX CuJl (8], a i AUCKpPEeTH3aruun BTOPOTO

cnaraemoro (n3rubHoit wactu) — meron Enhanced Basic Shell Triangle (EBST) [6].

Huckperuszanusi. PaccMoTpum cpequHHYI0 TTOBEPXHOCTH B HAYAILHOM KoHUrypanun 2y, mpescTaBieH-
HYIO B BHJI€ TPEYTOJbHON ceTku. [Iyis HaxXOXKIeHusi TpubINKEHHOTO perenust ypasaeruit (2.3), (2.4) bl
Oy/1eM MCIOMBL30BATh P| KOHEUHbIE 3JIeMEHTHI TPU JMCKPETH3aIu MeMOpanHoi yacTu u rotation free koned-
HbIE 9JIEMEHTBI [IPY JUCKpeTu3anuy u3rubuoit actu. Ilycrs gedopmanus Tpeyrosibauka Tp ¢ BepImHAMU
P, Py, P3 8 rpeyromsuux Ty ¢ Bepumnamu Q1, Qz2, Qs oupepensiercs ¢ nomoupio orobpaxkenus x(X). O6o-
3HAYMM TUIOIAIL TPeyroabauKa 10 gedopmarym Tp Kak Ap, miomanas TpeyroabHuKa mocte aedopManim

To xak Ag.
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Hduckpernsanms meMOpannoii wacru.  MemGpannas gacTh sHeprun aedbopmariun (ypyroro mOTeHIH-

asa) tpeyrosbauka ITp [8]:

SUN = / 1: 6a(Vu")ds, (2.5)
Tp
rue u — P xoneuHo-3/IeMEHTHOE TTIepeMeITeHNe, COOTBETCTBYIONIAA Y3/I0Basl CUIa 1-0T0 Y3Ja TPEYTOJbHAKA
Tp umeer BUI
U AW |es_g
F"(Tp) = ——" = —ApH-——>=", 2.6
MR ="5q, 0Q; 20

Auckpern3anms u3rubuoii vacru. V3rubuas gacrs yupyroit gedopmanun (yupyroro noreniuaia) 1p

IUCKPETUINPYETC KaK

UP = [ m:ok(Vuh)ds. (2.7)
Tp

[TocrosiHmoe moJie KPUBU3HBI Ha TPEYTOJIbHUKE TP BbLIIUCJIACTCA COTJIACHO [6]

1 h
- ‘nd 2.
Frap Ap /Tp W10 S, 28)

rae Ap — maoma s neaTpansbaoro rpeyroabanka Tp maraa [lp (o6bequrenne Tp u ero Gimkaiimux cocemeit
gepe3 pebpo) B HAYATBHOW KOHMUTYpAIWH, ¢haﬁ — BrOpbIE NPOU3BOAHBIE Py-Bekrop (dyHKumu " npu
sagannbix Qi Ha narue I1p. Yncnenno unrerupys (2.8), nmomyuaem ciaeayomnryto hopMyry s KOMIIOHEHT

TEH30Pa KPUBUBHDI

3

1 ,
Fag =has 1, bap =Y o (LB + Lwh(BY) a6 =12, (2.9)
k=1
, l
rne (L]k\/,ll, Lﬁlg) = —ﬁ (nf, nlg)T, n® = (nf, nlg)T — k-oe pebpo meHTpaIbHOrO 31eMeHTa 1'p B HadaIbHOM

kouduryparuu, l u Ep — jqjmHa u cpegass To49ka k-0ro pebpa, COOTBETCTBEHHO.

Ypapnenne (2.9) cBA3bIBaeT BapHamio dk ¢ BeKTopoM 6Q = (n-0Q1, n-0Qz,n-6Q3,n-6Q4, n-6Q5, n-0Qg) "
u Marpuneii Kpusushel By, [6]: dk = B0 Q. 3rububie cuibl st 4-oro y3ia matda [lp onpegessoTes Kak
SUD

Fg = _Apﬁa J=1...,6, (F?aFganaFZ7Fg7Fg) =-Apn® (mTBb)' (210)
J

[TpenmoxeHHDBIN TOAXO /15T yIeTa M3THOHON KECTKOCTH dBIAEeTCA OOIMIUM [T TUEPYIPYTUX MATEPUAIOB

u obs1a/1aeT BceM HeODXOMMMBIM LI JIETKOH peaju3aliuu Jr00ro rTunepynpyroro moTeHnmnaia.
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CpaBHenue pe3yJibTaTOB MeMOpaHHOU u 00oJiouyeuHoit mopesieii.  Bwuio mposesieno cpasHeHne
000J104€4YHBIX U MEMOPAHHBIX PACYETOB 3aKPHITOI0 COCTOSAHUS WJI€AJIU3UPOBAHHOIO A0PTAJILHOIO KJIAlaHa
JUTST PA3IMIHBIX THITEPYTPYTUX Mozenett. CoriacHo MOMyIeHHBIM Pe3YIbTaTaM, NCTIOTHL30BAHIE 000 T0T€THON
dOPMYSIUPOBKY TPUBOJINT 0OBITHO K MEHBIIEH 30He KOATTAIINY, YeM UCIIO/Ib30BaHINe MEMOPAHHO (hOpMYIIu-
POBKHU, IPUYEM PA3HNIA CTAHOBUTCS OIILYyTHUMON B CJy4ae KECTKUX Marepuasion. 11101a ib 30HbI KOAITAIUH
Jtd 0DOJIOYKYM MEHbIIle, YeM JIJisi COOTBETCTBYIOIIEH MeMOPAHHOW MOENN: PA3HUIA B IJIOMAJN JOCTUTAET
8% nist Msirkux marepuasios (mogysb casura = 900 klla) u 16% aist xxecTkux Marepuasos (MOLYIb CIBU-
ra = 3000 xITa). Pasanna B KOANTAIMOHHBIX BHICOTAX TAKXKE HAMOOJIEE BHIPAYKEHA JIA CIydas KECTKUX
MaTepPUAJIOB: OHA MOXKET JOCTHTaTh 1-2 MM B IEHTPAJLHON 30HE KOANTAIUU, 9TO COMOCTABUMO C BBICOTOM

HeHTpaﬂbHOﬁ KOaIllITallul B HATUBHOM aOPTAJIBHOM KJIallaHe (OKO.HO 3 MM)

Taxum 06pazoM, HECMOTPS HA TO, YTO UCIOJb30BaHUE MEeMOpPAHHOTO MPUO/IMKEeHUs OoJiee TPUBIEKATETHHO
C TOYKHW 3pPEHHUA BpEeMEHHN U TIPOCTOTHI BBIYUCJICHUA, A4 O6OCHOBaHI/IH ITPUMEHUMOCTH MeM6paHHOI‘O mpu-
61mKenusi Tpebyercst 6ojiee OAPOOHOE UCC/IeIOBAHIE MEXAHUYIECKUX CBOHCTB 06pabOoTaHHOrO MepuKap/a, a

TaK>Ke IIPOBEJCHUEC HATYPHOI'O IKCIEPUMEHTA TI0 KOAITAITUU a0PTAJIbHOTO KJIallaHa.

OTmernM, 94TO B HACTOSIIIINI MOMEHT TIPU 3aMeHe CTBOPOK a0PTAJbHOIO K/IamaHa 1abIoH HeOCTBOPKY (HOBOI
CTBOPKHM) 3a4aCTyI0 CHIBHO OOJIBINE HATUBHOTO, W KOANTAIMOHHBIE XAPAKTEPUCTUKH B OOJBINEH CTeneHun

OTIPEJIEJISIOTCS HAYAJIBHBIM “BIMATHIM  IOJIO2KEHUEM HOBOI CTBODKH, 9€M THIIOM HCIOJIB3YEMO MOJEJIN.

1.2.3 CpaBHUTEJBbHBIII aHAJN3 METOJA0B MOJIEJIMPOBAHNA KOHTAKTa CTBO-
POK KJallaHa C TOYKHM 3PEHUS BPEMEHU IIPOBEJI€EHUd PACUYE€TOB U

aleKBaTHOCTU PE3YyJIbTAaTOB

IIpu MomenmpoBaHUM 3aKPBHITHS CTBOPOK A0OPTAJIBLHOTO KJIalaHa OJHON M3 OCHOBHBIX IIeJel SIBJSIETCS KO-
PEKTHOE BOCTIPOM3BEeHNe 00/1aCTell KOHTAKTa (KOAITAINK) JIETECTKOB K/Ianana. Beibop mojxoma Jag Mo-
JeTHPOBAHUS KOHTAKTHOIO B3aHMOIEHCTBHAA HMeeT KJ0UEeBOe 3HAUCHHE NI YHCIEHHON OIeHKH obJacTeil
Koarrauuu croBopok. OrMeruM, 4ro Ha PeasibHbIX IeOMeTpusx IabJaoHbl HEOCTBOPKU KJIAIAHA YaCTO sIB-
JITIOTCS M30BITOYHBIME, 9TO CO3MAET AOMOJHATEIbHEIE TPYIHOCTH IIPYU MOIEJIUPOBAHNE KOHTAKTOB. 3a/1a9a
OTBICKAHUS U 00PabOTKM KOHTAKTOB SIBJISIETCS BLIYUCAUTENLHO JOPOTON W MOMKET OKA3ATHCS Y3KUM MECTOM
BCeil MOe/ N, BCJAEACTBUE 9eT0 TP MOJETUPOBAHNN KJIATAHOB JO0 COBCEM CTAPAIOTCHT OTKA3ATHCI OT MOJe-
JUPOBAHUS KOHTAKTOB, OTPAHMYNBASICH PENTeHNEM 3a]1a4 Ha CHMMETPUIHBIX U/I€ATU3TPOBAHHBIX TEOMETPHUAX

[9], 6o ucnons3yior nenaaéxkuse ad-hoc amropurmst [10].

IIpu MonenupoBaHUy 3aKPHITHS KJIallaHa MBI TTPeIaraeM peraTh KBA3UCTATHIeCKYIO 33/1a7y PABHOBECHS, B
KOTOPO# BpeMs, KaK (pu3ndeckas Beananna, orcyTcTByer. OTHAKO, najgee B 9TOM pasjene OyaeT UCrmoan30-
BaThCH [TOHATHE N-T0 II1ara 1m0 BpeMeHH, U 10/1 HUM OyJIeT oapa3yMeBaTbCsl N-bIil Al HEJIMHEHHOTO COJIBEpa
(nanpumep, meroga Hproorona mam meroma BepxHeil penakcaryun). JIns HAXOXKJIEHHS JMACTOIMHYECKOH KOH-

durypanmu CTBOPOK 3aKPHITOTO A0PTAILHOTO KJIAMAHA MBI PACCMATPUBAEM ITOJ0KEHUE TOJHKO CPeIUHHOMN
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[IOBEPXHOCTH JIEIIeCTKa, U ero TOJIIUHA BBICTYIIAeT JIUIIE B Ka4YecTBe [lapaMeTpa, KOTODBII CHUIbHO MEHb-
e, 4eM JIMHeWHble Da3Mepsl Jenectka. MozgeniupoBaHue KOHTaKTHOI'O B3aUMOJEHCTBUS JJIS TAaKOI'O POIA
MOBEPXHOCTEN 49acTO Ha3bIBAIOT MojesnpoBanneMm crosikHoenusi Tkanu (cloth collision modeling). Muoro
paboT MOCBSIIEHBI JaHHOI IpobjeMe, OXBATHTHh UX BCe He IpeJICTaB/IgeTcd BO3MOXKHBIM. llasgee nmpusenen

KpaTKI/Iﬁ O630p OCHOBHBIX ITOAXOA0B K MOJCJIUPOBAHUIO KOHTAKTHOTO BSaHMO,ZLefICTBI/IH.

0630p METOAOB MOAEJINPOBAHUS KOHTAKTOB.  OIHUM U3 OCHOBHBIX METOJ0B MOJIEIUPOBAHNA KOHTAKT-
HOTO B3aMMOJICHCTBYSA sIBJISETCs reoMeTpraeckuii moaxo [11]. CyTe MeToza 3aKI09IaeTCs B OTCICKUBAHIH
HepPEeCceveHnsl 9IEMEHTOB PACYETHBIX CETOK KOHTAKTUPYIOUMX Tea Ha (n -+ 1)-M mare no BpeMeHw B TIpej-
MOJIOZKEHUN TTOCTOSTHCTBA CKOPOCTH CJBHUTa, y3/0B ceToK. Haidimenueie Ha (n + 1)-M mare mepecekarormuecs
9JIEMEHTBI TTO3BOJISIOT CIEIUATbHBIM 00pa3oM MOIuMUIMPOBATH TEPEXO]l ¢ N-0To mara Ha (n + 1)-m 1mar,

9TOOBI TIOJYYUTD JOKHBIM 00PA30M KOHTAKTHUPYIONINE TOBEPXHOCTH.

B reomerputueckoM moxoie BBIIEISIOT TPU OCHOBHBIX 3Tana. [lepBriil aram Ha3biBaeTCsd «IMUPOKOity (azoit
(broad phase) onpesenenus Ko/LTM3WI W COCTOUT B OTHICKAHWU JOCTATOYHO OJM3KHUX HApP JIEMEHTOB CET-
K, KOTOpBIE MTOTEHIINATBHO MOTYT Tepeceubcs. Creyronuii ITam, Tak Ha3bBaeMasi, «y3Kas» daza (narrow
phase), KOTOpas y»ke TOUHO IPOBEPSIET CTEIEHb OJM30CTH U XapaKTep COMMKEHUsI T1ap 9JIEMEHTOB U yOupaer
Jmtnare mapbl. OCTaBITHeCs Maphl 3JIEMEHTOB HCIOJIB3YIOTCS Ha TOCAeHEM 3Tame, 06paboTKa CTOJTKHOBE-
muit (collision processing), Tjie ¢ HUMHU MTPOM3BOJATCA KaKue-TO JeficTBust /i (POPMUPOBAHUST KOHTAKTHBIX
noBepxuocTel. Hampumep, K HUM MOTYT NPUKIALBIBATHCA OTTATKHUBAONINE CUJIbI WIH WMIYJIbCh. B 3aBu-
CUMOCTH OT XapakTepa 00paboTKM CTOJTKHOBEHUI MOXKHO BBIJIEJIUTH METO/I ITPaGOB U METO OrpaHUYEHU.
B Merouae LLITpa(i)OB K CJIMIIIKOM 6J11/I[3KI/IM nJjn C6HHH(aIOIHHMCH napaM 3JIEMEHTOB IPUKJIAABIBAIOTCA CUJIbI
WM UMIYJIbCHI OTTAJTKUBaHUsA. MeTosn orpanndenuil yCTpOeH CI0XkKHee, OH OCHOBAH HA PACCMOTPEHUH KOH-
GUTYPATTHOHHOTO TTPOCTPAHCTBA COCTOSHIH CHCTEMBI W OTBICKAHWS TAKOTO HMITYIbCA, TIPH KOTOPOM CHCTEMa
HE HapPpyImUT HU OJHOTO U3 OI‘paHI/ILIeHI/IfI 1 HEe IIOKUHET O6.HaCTb JOITYCTUMBIX COCTOSIHUT. OCHOBHBIMI/I neago-
CTATKAMY TEOMETPUIECKOTO TIOIX0A SIBASIETCST BBITUCAUTENbHAS CI0KHOCTD «IMUPOKOiy (ha3bl, Ha KOTOPYTO
MoxkKeT yxoauTh 60JIbIasg JacTh BPEMEHN MOJEIHPOBAHUS, & TAaKXKe CI0KHOCTb AJTOPUTMOB 00pPabOTKH

CTOJIKHOBEHUTA.

OTMeTnM, 9T0 CYIMIECTBYIOT COBEPINEHHO OTJIUYHBIE TIO CBOEH CYTH MOAXOBI K MOJETNPOBAHUI0 KOHTAKTOB.
Hanpumep, B paMkax MeXaHuUKW CILIONTHON CPeIbl MPeIIaraeTcd MOIEJTUPOBATH HE TOABKO CAMU YIPYTHe Te-
JIa, HO U TIPOCTPAHCTBO MEZK/Ty HUMH KakK JOTOJHUTEIbHBIH MeauyM [12]. DTOT mogxo/1 HMeeT JBa OCHOBHBIX
IperMyIecTBa. Bo-nepBeiX, OH 00ECIEINBAET €CTECTBEHHOCTH 00PAabOTKN CTOJIKHOBEHUM, TOCKOJIBKY JTOTIOJI-
HUTETBHBINT MeInyM He TIO3BOJISIeT JBYM TejlaM COMPUKACaThCsd, W KPOMe TOTO JAET BO3MOYKHOCTH JIETKO
BJIMSATH HA XapakTep oO0pabOTKH CTOJKHOBEHUI MOCPEICTBOM BBIOODA CBOHCTB JOMOJHUTEIBHOIO MEINyMa.
Bo-BTophIX, B 3TOM TO/X0/€ HEe TpebyeTcs OTHICKUBATH OJAM3KWE Maphl 9eMeHTOB ceTkr. OHAKO, Y 9TOTO
MeTO/Ia €CTh HEJIOCTATOK, & UMEHHO, TIOBBIIIEHHOE YUCJIO CTeleHeill cBOBOIBI 3a CUET CcTeleHell CBOOOIbI, TIPH-

XOASAIMXCS Ha, OKPYyzKatontyto cpeay (megmym). Kpome roro, rpebyercs Takxke n0CTpOUTh OOBEMHYIO CETKY
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OKpPY2Kalollleil cpeJibl ¢ BCTPOEHHBIMU ITIOBEPXHOCTHBIMU CETKAMMU JIJId YOPYTUX CIPYKTYP U MOJJepKUBaTh €€

KKQUIECTBO» [JIsdd IMTPOBEACHUA PACIYETOB, YTO HE BCETAd OKa3bIBACTCHA JICTKO.

Ucrnionb3zyembie anroputMmbl. Ha ganaoMm stamne padoTt ObLT MCC/IeI0BAH T€OMETPUIECKUH TTOAXO0 I, ¢ TOIKI
BpPEHUd 1e/1eCO00PAZHOCTH €r0 MPUMEHEHN JI/IsT MOJEHPOBAHIS 3aKPLITH CTBOPOK a0PTAJILHOTO KJIAIIAHA.
Jlamee MBI pacCMOTPUM HECKOJIBKO TTPOCTBIX TECTOBBIX 33aY ¢ UCIOJB30BAHUEM METOHa MITpadHBIX CUI U
MeTona orpanndenuii. Mbl He OymeM yInTHIBATH CAMOIIEPECEUEHNsI, YIET KOTOPHIX TJIAHUPYETCA PEaTn30BaTh
Ha JAJBHEUINX ITAnax TPOeKTa.

Bseném pan obosnauenuit. Ilycrs V; — j-ag Bepumna, 1; — 1-blit Tpeyroapnuk ¢ sepmunamu Vr, 1, Vr; 2, Vi, 3.

* 1
Lycrs V', T} oGo3nauaer nouozxenue seputel Vj u rpeyronsuuka T Ha n-0M IIare 10 BpeMeHH, V] L

T*,n+1

i — mojoxKeHne BepmmHbl V; n TpeyrospEuka 1; Ha (n + 1)-oM mmare B OTCYTCTBHE KOHTAKTHOTO

B3anmogeiicreusi. Ilycts d. — Hekoropas 3ajaHHas KoHcraHTa Osmsoctu, dist(X,Y) = min |x — y|,
xeX,yeY

proj(X,Y) = arg ;rg}r/l <)rcré1)1(1]x — y|> , orth(x) = ﬁ, S(T}") — opuentupoBaHHasl IJIOMIAIb TPeyroabHuKa 1) .
B kagecTBe cragkuBaommuxcsd map 3JIeMeHTOB OyIeM PACCMATPUBATEH MAPhl BEPIINHA-TPEYTOJBHUK, KOTOPHIE
IPUHAJJIEKAT PA3HBIM CTBOPKaM (JIETeCTKaM) aOpTAIbHOTO K/anaHa. [ljis mpoBeeHUsT «IUPOKOity hasbl
OyJleT MCHO/Ib30BATHCI MEPAPXUIECKAs CTPYKTYPA I XPAHEHUs] OCEOPUEHTUPOBAHHBIX APAJLIC/ICIIUIICIOB
n3 6ubamorexn BulletPhysics [13]. Ha «yskoit» dase must mapst Vj - T; 6ygem mpoBepsaTh TPOCTOE YCIOBHE:

dist(vjn’Tin) <d.+ ‘ij*,n—i-l - V]n‘

g obpaborku V - T map, Ipoleamux «y3Kyo» dasy, OyzeM npuMeHaTs, AaroputM 3.

Algorithm 3 Anroputm obpaGorkm V-T map. Cnesa mrpadHOi METO, a CIIPaBa METO/ OTPAHHICHUH

[Tycrs n, = orth( Y. S(T")) - nopmasus k V", ny - ex. vopmasas Kk T™: ny-n, <0, F, - cuita, upuiox. K
T:Ver
V™ P" = proj(V"™, T"), wy, - 6ap. Koopa. Toukn P ma T", P*"+l = 22:1 kaT*,’,?H, n, = orth(V" —P")

1. Beruucjisiem 3HaKOBOE paccTosHue de 1. BRIMHC/THEM OTHOCHT. CBHT V.-
. : -

¥ TPOEKIIAIO CUJIBI fi: v, = (V*,n+1 V) — (P*,n+1 — P
de = (V" = P") -y 2. Borauciisiem u IPUKJIA/IBIBAEM MUMILYJIbCHI:
fo=Fy -y if n, - v, <0 then
2. Beraucisiem mrpaduyto (hyHKIUO S j=(2d,—n,- (Vontl P*7"+1))np
7 9 PEeKTUBHYIO TPOEKIHI0 f: yrentl el g 1y
2
0, g =2 fry fa <0 for k € 1,3 do
s=43-2% % <1  f=q—fu, fa>0, d <0 L
(2 — 2—2)2, uHaye 0, unave end for
3. Nswvensiem cuny Fy: Fy <+ F, — sfny end if

CpasBHenue paborb! ajaroputmMoB. /s orenkn 3¢ peKTUBHOCTY U HAJEKHOCTH MTPEIJTOKEHHBIX TTOX0-
0B 6bIJ'[O ITPOBEACHO TPU YUCJICHHBIX IKCIIEPUMEHTA. BO BCEX IKCIIEPUMECHTAX IJId PEIIeHNA 3ada9n NCITOIb-

30BAJICS. METOJI BepXHell pejtakcaliui, KOHCTaHTa 6J1u30cTH d, BRIOUpaach Tak, 9To0bl 00eCIIeunTh 3a[aHHY 0
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3¢ deKTUBHYO TOJIIUHY MOJIe/IUpenpyeMbix opepxHocreit Hy. Bo Bcex akcrepuMeHTax MaTepuasl OMUChHI-
BAJICd HEOI'YKOBCKUM YIPYTUM MOTEHIIMAJIOM C MOJYJAEM CIABUTA (4, KO BCEM ITOBEPXHOCTAM TPUKJABIBAIOCH

OIMHAKOBOE TTOCTOAHHOE JaBienne P. PacdaéTbl TpOBOAMINCH HA CETKAX PA3JIMIHON METKOCTH.

B mepBoM 3KcIepuMeHTe PacCMaTPUBAIOCH PA3yTHe ABYX yCEUEHHBIX JIUMCOMIOB, PACIOJIOKEHHBIX OCe-
CHMMETPUYHO JBYX HANpOTWB Apyra (cm. cxemy Ha puc. 2.3a). Ha puc. 2.5 Bugwo, uro meros mrpados
no_ |IX*H x|
IPHUBOAMJI B JaHHOM Te€CTE€ K IIaJC€HHIO 7" — W

HUIT He TO3BOJIS © TafaTh bosee, ueM Ha 1 mopanok. BpeMs MogemnpoBannst KOHTAKTa MTPUMEPHO COBITA,IAT0

Ha 3-4 mopsaaka, B TO BpeMs, KaK MeTOJl OTpPaHuIe-

CO BpEMEHEM pacuera YVIPYIuX CUJI B MeMOpPaHHOM HMPUOJIUKEHUN.

Bo BTOpOM 9KCIIEpUMEHTE PACCMATPUBATUCH /1BA COMMKAIOIINXCS JIEECTKA PA3HBIX pasMepos (cm. puc. 2.3b).
Pazuniit pazmep Ob1 BBIOpaH, 94TOOH MPOMOAEIUPOBATEH CUTYAIUIO, KOT/Ia OOJIBINMH JIETIECTOK COBEPIAET
HaxJiécT HAa MeHbImit. MeTon mTpad 0B HEe CIPABUICST C STUM TECTOM U NPUBET PACUYET K PACXOIUMOCTH.
Metos orpannduennit mokazana cebst 6osee cTaOMIBLHO, OJHAKO TIPW €r0 MCIOJIb30BAHUN 7' OCTAaBAJIOCH HA
ypoehe (0.5 u He najlajga HECMOTPsT HA JIOCTUKEHNE BUJIUMOM HEJIBUKUMOCTHU MTOBEPXHOCTEN, UTO CB3aHO C
BOZHUKIITUMU KOJEOAHUIMEU B YaCTU MEHBIIErO JIEeCTKa, KOTOpas OKazajgach Mexy dactamu 60Jibimero
JieriecTka. Bpemst MOmetTmpoBaHus KOHTAKTA NPUMEPHO B 2 pa3a MPEBOCXOAUIO BPEMs PACIeTa YIPYTUX CHJI

B MeMOpaHHOM TTPUOJIUKEHIH.

B tperbem sxcmepumenTe OBLIO PACCMOTPEHO 3aKPBITHE TTPOCTON MOJIETN A0PTAJTBHOTO KIAMaHA W3 CTATHU
[10]. Merox mrrpadoB He CIpaBuiics ¢ €6 MOJEIUPOBAHNEM, T.K. B 0OJIACTH CTOJKHOBEHHST BCEX TPEX JICTECTKOB
HaYaJT TEHEPUPOBATH KOI€0aHN, B TO YK€ BPEMs MeTO/I Orpanntenuit BEa cedsa crabubao, 00eCed B naaeHmne
r"™ B 5 pa3 (rpaduk na puc. 2.4). Bpems MomemupoBaHus KOHTAKTa IIPUMEPHO B 3 pa3a MPEBOCXOANUIO BPeMsI

pacdera yopyrux Cui B MEMOPAHHOM TPUOIUKEHUN.

JLtst BCeX TECTOB TOIYUEHO, ITO BPEMSA MOJEINPOBAHUST KOHTAKTA PACTET MPOMOPIIMOHAIBHO 9HUCIY DJIEMEH-
TOB CEeTKH U mpuMepHO 96% OT HEro cocTaBisieT MOJEJUPOBAHUE «IMUPOKOily dassbl (puc. 2.5). g meroa
mrpadoB BpeMsa MOIETMPOBAHASA KOHTAKTa ObL10 mpuMepHo Ha 50% GosbIne, geM Jy1sa MeTo 13, OrPaHmIeHHi,

[IOCKOJTBKY MeToT Tpebyer BiBoe 6QUIBIIYI0 BeJUUNHY d.

CoryracHo TOy9IeHHBIM Pe3yIbTaTaM MOYXKHO CHEJaTh BBIBOJ, 9TO 00a METOma emé He OTBeYar0T BCEM Tpe-
OOBaHUSAM JIJId UX UCIIOJb30BAHUS B PEAJILHON MPAKTUKE, T.K. HEJOCTATOYHO Ha €K HBI. Bripouem, ToT dhakr,
YTO Ha MOJEJMPOBAHUE «Y3KOil» (hasbl m 3rama oOpaboTKH KOHTAKTOB IMPUXOANATCH UL 4% BpeMeHu, ro-
BOPHUT, YTO €CTh BO3MOXKHOCTH YCJOXKHSITH 9TU ITANBI 0€3 CUIBHON MOTEPU B CKOPOCTH MJId PEOIOIEHUST

TEKYIIUX TpobJIeM.
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Puc. 2.3: Cxembr TecToBbix 331a4. [lomynpo3padubiv mpeToM 0003HAUEHO HAYAIHLHOE MOJIOKEHUE, 8 Hempo-
3padHbIM KoHedHoe. CTpesKoil TOKa3aHO HAIPABJICHNE ACHCTBUS JABICHUSA.
o w
2 |
2, =
Tect 1 Orp
= Ul Tecr 1 LWpad
g Tect 2 Orp
T Tect 2 Wpag
Tect 3 Orp
§ il Tect 3 LWrpad
o T T T T T
Oe+00 2e4+04 de404 6e+04 8e4+04 1e+05
N - HOMEP MTEPaLMH
n_ |[X"=X""1]
Puc. 2.4: pontonus BewauHbl " = SXT=xoy /WA PA3HBIX TECTOB. Jlns meroma mrpadoB IjIst BTOPOTO

7 TPETHETO TECTOB JIMHUST OOPBHIBAETCS M3-33 PACXOAUMOCTH PACUETA.

wn
o ——  BLIUMCNEHHE YNPYTUX CHN
—— "WKpoKar" ¢asa
o | —— "yaxan" ¢asa u ofpaboTka
o
x
2 s R
% —
g
' (=]
o Sl
o0
CL
(=]
2 4 i
o

T T T T T T
Oe+00 2e+04 4e+04 6e+04 8e+04 1e+05

n - HOMep UTepalmuu

Puc. 2.5: CpaBaenue BpeMeHu paboTbl KOHTAKTHOIO MOYJIs U MOJLYJIsl YIPYTOCTH HA TPETHEM TECTE B CJIydae
MeTOA OTpAHWYEHUIA.
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1.2.4 IIpoTokKoJ Jjis HNpOBeJieHNs HATYyPHOTO KCIEPHWMEHTa Ha obpa3Iiie
CBMHOTO a0OpPTAJbHOTO KJalaHa JJsd BaJUJallui pe3yJbTaTOB MaTe-

MAaTHUYIECKOI MOJeJIN 3aKPbITHUA aOPTAJBHOI'O KJlallaHa

B pamkax pazpaboTku mpoTOKOJIa TPOBEIEHU HATYPHOrO SKCIEPUMEHTA ObIIN BHITIOJTHEHBI C/IEIYIONINE TITa-

'

1. 6Bl POBEJIEH aHAJIM3 CTPOEHUS KJIATAHHOTO AllllapaTa U pa3MepoB CepJIla YeJ0BeKa U MJIEKONUTAIO-

MAX [ BBIOOpaA OMOTOTHIECKON MOTENH;

2. OBLI IPOBEIEH AHAJN3 METONOB IOJYUEHHUSI MEIUINHCKUX H300paxKeHnii 00bLEKTOB UCCICIOBAHUS TS

X ITOCTeAYIOMell CerMeHTanun IPU MOCTPOCHUN COOTBETCTBYIOIIEH MaTeMaTUYeCKON MOAean;

3. ObLI ITPOBEJIEH aHAJIN3 OCHOBHBIX METOJMK MPOTE3NPOBAHNS CTBOPOK A0PTAJBHOI0 KJIalaHa, 000CHOBAH
BBIOOp MeTomuku S. Ozaki. ITpu 3T0oM 0CHOBHBIM TpeboBaHMEM ObLIO, YTOOBI METOANKA PACUYETA PasMepa
u GOpPMBI HEOCTBOPOK ObLIa BOCIPOU3BOANMA, 000CHOBaHA, obecreunBa/ia (hU3NOJIOTUIHYIO (DYHKIIAO

A0PTAaJBbHOTO KJIallaHa 1 ObL/Ia, BBIIOJIHIMA, B MOaeJIm CBUHOT'O Ceparia;

4. OBIM TPOAHATU3UPOBAHBI M3MepsieMble MapaMeTpPhl, OTPAYKAMININE 3aMBIKATEIBHYIO (DYHKIIHIO a0p-
TaJBFHOTO HEOKJAMaHa u paspaboTana Merojanka ux usmeperus. QOCHOBHBIM TpeboBaHUEM OBLIO Cjie-
JIYIOIEe: M3MepsieMble apaMeTpPhl JOJKHBI B TIOJHOM Mepe 0TpazkaTh 3aMbIKATEIbHYI0 (DYHKITHIO a0p-

TAJIBHOT'O HEOKJIaIllaHa U METOJNKA UX U3MEPCHUA AO0JIZKHA OBITD BOCITPOM3BOJNMA U CTAaHAAPTU30BaHA.

IIpennaraembiit TPOTOKOJI TTPOBEAEHUS HATYPHBIX HCCJIETOBAHMIA.

1. Csunble cepana Jjis UCCAeA0BaHUS 3aDUPAIOTCI HA, JIOKAILHON IPOMBIILIEHHON CKOTODOMHE B COCTaBE
OPTaHOKOMILIEKCa OPTraHOB PYIHON IIOJOCTH, BMECTE C JETKHUMU, Tpaxeeli, IMUIEBOAOM U ITapHeTa Ib-

HBIM TIEPUKAPIOM.

2. IlapueTasbHBIN TepUKap 0TCEKAETCA B 30HE TIEPEXOTHOM CKIAIKNI, OTAEISIONEH ero oT snnkapaa. Jda-
Jiee TmapueTasbHbIN nepukap Oyger obpadareiBarbCa 6% pacTBOPOM IUIyTapa/IbJerujia 1Mo CTaH aAPT-
HOM MeTOUKE JJIsT TIOTIePETHOM CITUBKY KOJLJIAT€HOBBIX BOJIOKOH. [IPeIrn3noHt0 BhIIEIII0TCA JIETOTHDBIH
CTBOJI HA TMPOTSKEHUHU, HAYAJIbHBIE YIACTKE JIEPOUHBIX apTepuii, TyOyadpHasi YacTh BOCXOISIIEH aop-
TBI, AYTA A0PTHI C HAUAJHHBIMHU YIACTKAMU €€ JIBYyX BeTBel, Ha9a bHBIN YIaCTOK HUCXOAAIIEH TPYIHOMN
a0pTHL. BolendioTcd TaKxKe TPUYCTheBble YIACTKN BepxXHell M HUKHeH MOJLIX BeH, JETOYHBIX apTe-
puii. TlepecekaroTcst 1moJIble BEHBI, JIEFOYHBIE BEHBI (MHOT/IA BBICEKAIOTCSI BMECTE ¢ BEHO3HBIM CHHYCOM
JIEBOTO TIPEJICEP/NsT ), JETOYHBIH CTBOJ MPOKCUMaIbHee ero budypkaiun i jgérounsie senbl. Cepare

C KPYIIHBIMHI COCYAaMH OTAEJAETCA OT OPraHOKOMILJIECKCa.
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3. BuimomnsgeTrca mucceKnus KOPHS a0pThI, HAYAJBHLIX VIaCTKOB BEHETHLIX apTepuii. Benednnie apTepnn
JIUTUPYIOTCS KAIPOHOBOH HUTHIO 2-0 HAa PACCTOAHMEM OT YCThEB (MHOI/IA KOHEYHbIE BETBH BEHEYHBIX
aprepuii 1Mo oTAeaLHOCTH). AOpTa MmepecekaeTcss MPOKCHMAIBHEE YCThs TEPBOH BETBU JyI'M aOpPTHI,
BEPXYIIIKA Ceplla OTCeKaeTCsd, U3 MOJIOCTU JIEBOTO KEJYI0YKa COCOYKOBBIE MBIIIIBI OTAEJSIIOTCI OT
CTEHKM JIEBOTO 2KE/IYI09Ka, TEPECEKAIOTCI CYXOKUIbHBIE HUTH MUTPAJIBLHOTO Kjaarnana. lig repmern-
3alliy KOPHS A0PTHI MMOMAPHO CIIMBAIOTCA CBOOOJHBIE Kpasi COCEIHUX CTBOPOK a0PTaJIbHOTO KJIAIIaHA

[OJIUIPOIIMIEHOBON HUTHIO 7-0.

4. BerrosHsieTcs KOMIbIOTEPHAS TOMOTpadist ¢ KOHTPACTHBIM YCHJIEHUEM KOPHS a0PTHI Ha, [TO/INOTOBJIEH-
HOM TIperapare ITocje HAMNOJHeHNd KOPHA KOHTPACTHBIM areHTOM IO/ JaBI€HUEM, COOTBETCTBYOITHM

bUBHOTIOTUYECKOMY JIMACTOTTIECKOMY.

5. ITpu omenke mpoduia KOAMTAIMY /st IMUTAIINN CMBIKAHUs CTBOPOK KJIATIAHA B JUACTOJIY BBITOIHIET-
¢s1 3aM0JTHEHNE TIPOCBETa KOPHS a0pPTHl pacTBOpOM muieBoro xkemraruna (Marera, 11gnkoso, Poccns),
NPUTOTOBIEHHOTO M3 CyXOr'O BEIIECTBA, PACTBOPEHHOrO B BOJE, ¢ MACCOBOH noseil xenaruna 16,7%
(10 r cyxoro BemecTra, pactBopérnoro B 50 My Bogbl). PacTBOp MpUroTaBIMBaeTcss HATPEBAHWEM Ha
BogstHO! Gawme. [lo 3acTyaHeBaHUS pacTBOpa C MOMOIIBID YCTPONCTBA, MCIOJIB30BAHHOTO paHee Jid
BATIOJTHEHUS KOPHS a0PThl KOHTPACTHBIM BEITIECTBOM, BBITIOJIHAETCS 3AM0THEHNE KOPHS a0PThI PACTBO-
POM JKeJIATHHA TI0CJIE [EPEKATHS JIUCTATBHOTO Kpas a0pThl IIJIACTUKOBBIM 3a2KMMOM. Y 9uThIBas Hosee
BBICOKYIO BA3KOCTb PACTBOPA, KOHTPOJIb THIPOCTATUYCCKOrO JABJICHUS TOJYKEH BBIIOJTHATHCA HE B Pe-
AJTHOM BPEMEHHU, & JUCKPETHO MOC/Ie TMOPIMOHHOTO HATHETAHUS PACTBOPA YKEJATHUHA TTyTEM OTKPBITHUST
U 3aKPBITUS TPEXXOJIOBHIM KPaHOM Maructpanan K Manometrpy. 1lo moctmxennn gapiaenus 80-90 MM pT.

CT. U3BJICKACTCA UTJI4 U3 IIPOCBETA aOPTHI.

6. Cepaite moMeraeTcs B MOPO3WIbHYI0 KaMepy Ha 10 MunyT npu Temmneparype -2 C jist 6BICTPOTO 3a-
CTYIHEBAHNA PACTBOPA KesatwHa. [locie 3acTyqHeBaHNS KeIATHHA OTIPENAPOBLIBAETCI KOPEHD a0p-
ThI: OTCEKATCH TKAHU JIEBOTO IIPEJICEPINs, TKAHU JIEBOTO 2Key/109Ka, hubpo3HOro KapKaca cep/ia
J10 YPOBHSA HAIMPOB BCEX TPEX CTBOPOK, B 00/IACTHU IMIPABOT0 KOPOHAPHOIO CHHYCA TKAHU CTEHKU JICBOTO
JKETYI0UKA OTCEKAIOTCS C OCTaBJIEHUEM HEOOJIbIIIOr0 MacCuBa, 9TOOBI HE OTCEYh IIPABYIO KOPOHAPHYIO
HEOCTBOPKY, COXPAHUTb T€PMETUIHOCTD KOPHS a0PTHI. BU3ya n3nupyoTca KeTyI09KOBbIe TTOBEPXHOCTH
TEJI HEOCTBOPOK. MapKepOM OTMEYAIOTCA ITPOKCUMAJIbHBIC I'PDAHUIBI 30H KOallTallu COCEAHNX CTBOPOK

[IOITaPHO.
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3ajada 1.3. Ilpeacka3areabHoe
MOJeJINPOBAHNE OJHOXKEJyT0TKOBOIA
KOPPEKINI BPOXKJIEHHBIX MOPOKOB CEP/Ia y

neteii (onepanus PoHTeHa)

Pa3zpaborka meromoB ycBoenuss 4D FLOW-pauubix MPT wuccienmoBamus manumeHTa B Kpae-
BBbIX YCJIOBUSX JJid PEAYyHUPOBAHHON reMoamHAMUYECKOl Moae/in KPOoBOTOKa. Bepudukarusa
meTonoB ycBoenusd 4D FLOW-nanasix MPT B peayiupoBaHHOIT MO/iesTh HA OCHOBE Tpexmep-
HbIX JeTAJIBHBIX PACYETOB KPOBOTOKAa. Pa3zpaboTka MeTO10B ABTOMATU3NPOBAHHON CErMEeHTAIIANA
MPT-naHHBIX C BBbIJEJEHUEM JIETOUYHBIX apTepuii, 0oJioii BeHbI, KaMep Ceplla U MOCTPOEHUs

pPacCYeTHbIX CETOK. CﬁOp KIIMHNYEeCKUX JaHHbIX 110 MaleHTaM CO CJIO2KHBIMU ITOPOKAMU Cepalia

1.3.1 Meroabl mozeaunpoBaHugd ornepanuu PoHTEeHA

Koppexiis BpoKIeHHBIX TOPOKOB CEPJIIIA TPOBOIUTCS XUPYPIrUUECKUM IIyTEM B HECKOJIBKO DTAIIOB, TOCIE]-
HUM #W3 KOTOPBIX gBjgerca omnepanna Pourena. B pesyabrare mpasas dacTb cepira “BBIKIIOUACTCH U3
KPOBOTOKA: HUKHsAS U BepxHsig moJible Benbl (HIIB u BIIB) Hanpsmyto coeIuHAIOTCS ¢ TIpaBOii U JIEBOIl Jie-
rounbivu aprepusivu (ILJTA u JIJTA). Takoe coennHenue cOCyI0B HA3BIBAETCS TIOJTHBIM KaBAILYIbMOHATHHBIM
coeqmuennem (ITKTIC), a noxydennas cucrema KpopooOparnenus — kposoobpamennem Ponrena. Hanbo-
Jiee monyasipHOit u H6e3omacHol Merogukoit opmupoBanus IIKIIC cuntaercs co3manue JByHANPaBJIEHHOTO

KaBaryibMoHabHOrO anacromosa (JIKITA) B Momudukamum 3KCTpakapAuaIbHOTO KOH/IYUTA.

Hecmorps Ha Bceobiee npusnanue 3(@PEeKTUBHOCTH JIAHHOTO MAJJTUATHBHOTO JIedeHUs], Y HEKOTOPBIX Iallu-
€HTOB Pa3BUBAIOTCA OCJOXKHEHHS, B TOM YHC/I€ B OTAAJIEHHOM nepuoje. IIpuunnaMu ociiokHEHUit canTa-
FOTCA HAPYIIeHna KPOoBOoTOoKa. Kak mpaBwmio, manuenTsl ¢ KpoBoobpamennem PoHTEHA WMEIOT MOBBINTEHHOE
IeHTpaJbHOe BEHO3HOE JIaBJIeHUe, BLICOKOE JIETOYHOE COIPOTUBJIEHUE, MeHbIIee 3all0/IHEHUE JIEBOTO TIPeICep-

qus 1, 2.
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Ocobennoctu cozgannoii reomerpun IIKIIC apisitorcss npuanaaMu GOJIBITHHCTBA BO3MOXKHBIX HapYIIeHUH
KPOBOTOKA, TIO9TOMY HEKOTOPBIE OCJIOXKHEHUS] MOTYT OBITh PEICKA3AHBI W OITUMU3UPOBAHBI [IyTEM MaTeMa-
THYIECKOTO MOjempoBannsi. QONTUMHU3ANKS TOCTPOEHHON KOH(MUTYPAIMN COCY/IOB 3aKII0YaeTCa B: 1) MuHu-
muzaryu conporusiennit serkux u [IKIIC; 2) munnmumsarmn guccnnaryn suepruu B [IKIIC; 3) cobaran-
CHPOBAHHOM DACIIPEJIESIEHUH OTOKOB KPOBU MEXKY TIPABBIM W JIEBBIM Jerkumu; 4) uckarouennn obacreit
C TOBBIIIEHHBIM WJIU [OHWKEHHBIM HAlpsi2KeHNEM Ha CTeHKy. MHorja onrumasibHble KOHMDUTYpAIUU JIIs
Pa3HBIX KPUTEPUEB MOTYT ObITH PA3HBIMU, [OITOMY OKOHUYATEBHOE DEIIEHHE O BBIOOPE TAKTUKU JIEUCHUS
JIOJZKHBI TPUHUMATL Bpady € y4eToM aHaMmHe3a manueHTa (1|, a Kpurepnun onTHMHU3ANMU JIOJKHBI OBITH

YIIydIeHs! [2].

Ha cerogusarmauit gens st ontumusaruu [TKITC pazpaboranbl JIOKaIbHBIE TPEXMEPHBIE MOJEIN TEUSHUS
KPOBH, OCHOBaHHBIE Ha ypaBHeHusx Hasbe-Crokca [1-5]. Cocyaucras reomerpus 10 OHepaIiyu CTPOUTCS Ha
ocuose noctymnabix KT win MPT nanseix narnuenta. Pesynprarsr 4D FLOW MPT ckarnuposanus, Y3U co-
CY/JIOB, BHYTPUCOCYINCTOrO M3MEPEHNS JABJIEHUA TATIUKAME U IPYTUX UCCIEIOBAHNN MOTYT UCITOJIb30BATHCI
JUI IOCTAHOBKY MPAHUYHBIX YCJIOBHUIl U 3a/1aHus 1apaMeTpoB Mojeiu. B Mozenn MoryT 6bITh CO3aHbI BO3-
MO2KHBIE [TOC/Ie0Nepanonubie Koudurypannu cocynos. Hanrydmas koadurypariust cocyioB BoiOupaeTcs Ha

OCHOBE pacCYeTa KOHTPOJIbHBIX MHANKATOPOB Yy TOJYYUYEHHBIX YUCJIECHHBIX peLL[eHI/IfI.

O/ HaKO TPEIOJOKEHNE O TOM, YTO TPDAHUYHBIE YCJIOBHUS 70 U II0CJE ONEPAINd HEU3MEHHBI, He sIBJISeT-
Csl KOPPeKTHbIM [3]: mepepacipe/iesieHie KPOBOTOKA BbI3bIBAET CYIIECTBEHHBIE W3MEHEHUS I'eMO/MHAMUKY
Ha rpaHUIAX paccMaTpuBaeMmoii obsactu. boJjee Toro, JIOKabHbIE MOJIEIH KPOBOTOKA HE MOLYT yYUTHIBATD
CONYTCTBYIONINE TTATOJOTUHN TTAITMEHTA, OIEHUTH MOCAEOTIEPAITMOHHOE TIEHTPAJbHOE /1aBJeHNe, TTPOAHAJIN3HU-
poOBaTh KPOBOTOK B MeveHu (HapylIeHwe PabOThl MEYeHN - 9acToe OCJOKHEeHWe 1mocae oneparun QorTeHa),
U3MEHEHUE TeMOIMHAMUKN 1Tpu (BU3MIECKUX HAPY3KaxX, M3MEeHeHUe reMOJInHaMUKN B cepare. Takum obpa-
30M, JIsi MOeanpoBanus kposoobpamenns PonTena pazyMHee UCIOIB30BATH MOJEIHU T/I0HATIHHOIO KPOBO-

obparreHus.

Panee B pabore [3] 6bu1a mocTpoena nByxMacirabuas 3aMkHyTast 0D-3D momesb Teuennst KpoBH, T/e 061aCTh
JKITA wau TIKIIC camTamack TpexMepHOi, a OCTaJbHAsl 9acTh KPOBEHOCHON CHUCTEMBI - HOJBMEDPHON u
MO/JIEJINPOBAJIACE TI0 AHAJIOTUHU C JJIEKTPUIECKUM [ENIMU. YucIeHHbIe paCdeThl TOATBEPAUIN, YTO HEOOXO UM
yUIeT M3MEeHEeHUH TPAHUYHBIX yCJI0BUi moce omepiuuii. OHako HACTpoiika paccmarpusaeMoit 0D momenn
JJId KOHKPETHOTO IMalEHTa ABJIACTCA O9ICHDb CJIOXKHOTL Sa/:paqeﬁ, TMOCKOJIBKY TTapaMeTPhI SﬂeKTpI/I‘{eCKOﬁ nenm

HE NMEIOT IIPAMOI'0 COOTBETCTBHA C PEaAJIbHBIMI HCCJACJOBaHUAMU I'eMOJNHAMUKHN ITallMECHTA.

Ksazuoguomepuyto (1D) mMogesb r106a16HOr0 KPOBOTOKA MOXKHO MEPCOHATM3UPOBATE 00JI€E €CTECTBEHHbBIM
obpazom, gem 0D mogesnn [6]. B Heit MOryT yunThIBATHCS pas3JMdHbIE MTATOJIOTHN, BHEITHWE BO3/efCTBUS U
duznueckne HArpy3Ku. JucieHHOE penieHne NpejocTaBjseT WHMOPMAINI0 KaK O JIOKAJbHBIX, TaK U TJIO-
HaabHBIX ocobernOCTSX reMoamtamvuku. Omxaako, koppekTablii yuer [TKIIC B 1D momenn He BO3MOXKeH De3
pPa3paboTKH CIeMUATBLHBIX YCI0BHH B TouKax cTeikoBKE BIIB, IIJIA, JIJIA u kouxywura. Taxue yegmoBus 10K~
Hbl YIUTbIBATH YTIJIbl CTBIKOBKHW Y€TbIPDEX COCYHOB, PACCTOAHNA ME2K/y HUMU, U pa3pa60TKa TaKnXx YCJ'[OBI/Iﬁ

TJTQHUPYETCAd Ha ﬂaﬂbHeﬁﬂlI/IX 9TallaX ITPOEeKTa.
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Ha nannom sTamne 6buia pazpaborana jgsyxmaciirabuas 1D-3D moness kpoBoobpaienuss Ponrena, rie 06-
stactb [TKIIC caurasack TpexmepHoit, a 60/bIH0H KPyr KpoBooOpaineHusi — ojHoMepHbiM. [locTpoerast Mo-
Jiesib ObLIa MepCOHAN3UPOBAHa 10/, KOHKpeTHOTo nanuenTa. OHa mo3BoJsIeT paspabaThiBaTh u BepudUIIN-
poBaTh Merobl ycoeruss 4D FLOW nanHbIX B I'paHUYHBIX YCJIOBHUSIX, [TO3TOMY IMOAXOUT JIJId PEIICHUS

Pa3HBIX aKTYaJbHBIX MEJIUIUHCKUX 3a0a4.

1.3.2 Amnaaus 4D FLOW MPT nmasabIx

Texunonorust 4D FLOW MPT paccuuTbiBaeT 3aBUCHMOCTD TIOTOKA, CKOPOCTH U ILJIOIIAN IOTIEPEIHOTO Cete-
HUd OT BpEMEHU B T€YeHUEC CEepaedHoro nmukKJjia B BbI6paHHbIX TIOMMEPEYIHBIX Cpe3aX COCYIO0B. TaKI/Ie JaHHbIC
SIBJIAFOTCA KpaiiHe TPUBJIEKATEbHBIME JJIs TTIEPCOHAJINBAINN MaTeMaTuIecKux Mojeseil. OIHaKO, X IpsiMoe

UCIIOJIB30BaHUEC MO2KET OKa3aThbCd HCKOPPEKTHBIM 110 CJICAYIOIUM HPUINHAM.

Huxe neranbhuo npoananuzuposanbl 4D FLOW MPT nansble nanuenTa, IIepeHECIIEr0 JIBE XUPYPIHUYECKHAE
onepanun. Ha mnepsom srane B Bozpacre 3 ser 61 cdhopmuposan JIKITA (mepesszan jierounbiii cTBOJ,
BIIB coemunena ¢ TIJTA). Ha sropom stame B 12 jer Gbuta nporenena onepanus @onrtena, korma HITB
MOCPEJCTBOM YCTAHOBKHU 9KCTPAKAPANAILHOTO KOHAyNTa Oblna coenuuena ¢ [IJTA. MPT uccremoBanue 66110

mpoBeeHo ammaparoM Siemens Avanto 1.5T coycra 1.5 roma mocse omeparuu B Bo3pacte 14 jier.

MPT wuccrnenoBanme IpoBOAUIOCH B 0OJACTH TPYIHON KJIETKH, MTOITOMY HAHHBIE MOTYT OLITH MOJIYyYEHBI KaK
I BeH, Tak u ajd aprepuil B 31oit obsacru. 4D FLOW MPT ganuble 6bLiM pacCUuTadbl B HECKOJIbLKHUX
cevennsx aoptel, HIIB, BIIB, IIJIA, JIJIA u mpencrasnenst Ha puc. 3.1. B rabaume 3.1 mpegcTaBiems!

OCpeaHEHHBIC IT0 BPEMEHHU ITOTOKW U TIJIOIIa M ITOIIEPEeIHBIX cedeHuil B 0D03HAUECHHBIX cpe3ax.

Puc. 3.1: Tonepeunsre cpessl aoprel (a) u [TKIIC(b), B xoropbix mpooguics pacder 4D FLOW MPT
nanubrx, guaau Toka B IIKIIC (c). Hua IIKIIC ceuenue 1 HaxomuTcs B 00JIACTH COEJAMHEHMs KOHIYUTA, U
HIIB, ceuenue 2,3 - B xouayure, cedenne 4 - B BIIB, ceuenne 5 - B JITIA, cegenne 6 - B ITJTA.

Ceuenust 2 u 3 B IIKIIC (puc. 3.1b) oTHOCATCS K KOHIynTY, cedenne 1 — k koumyury uian HIIB. TTockonbky

MaTepuaJl KOHAYUTA HE PACTATUBACTCA B HINPUHY, TIJIOITA/b TIOTIEPEYHOT'O CEYCHUA JOJIZKHA OBITH ITOCTOTHHOM
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TapannA 3.1: 4D FLOW MPT pansble namueHTa: OCPeIHEHHBIE 10 BDEMEHU IOTOKHM ()4, U ILIOMIAIM II0-
MepedHbIX cedeHuit Sy, B ucciaeayembix cpesax aoprst u [IKIIC. Homepa cpe3os npescrasienst ma puc. 3.1.

Aopra IIKIIC

Howmep Hazsanue Qav Sav Homep Hazsanmue Qav Sav

CeUeHNs cocya Ma/c | (vv?) CeUeHUs cocyza (m/c) | (vm?)
3 Aopra (Aorta) | 41.6 | 290.3 1 Kouayur/HIIB (IVC) | 15.9 75.9
4 Aopra (Aorta) | 43.6 | 398.8 2 Konaynr (conduit) 11.9 94.0
5 Aopra (Aorta) | 24.8 | 182.7 3 Konaynt (conduit) 12.6 | 124.3
6 Aopra (Aorta) | 21.0 | 150.9 4 BIIB (SVC) 13.0 96.9
7 Aopra (Aorta) | 24.4 | 182.3 ) ITIJIA (RPA) 13.8 86.1
8 Aopra (Aorta) | 16.4 | 184.9 6 JIJTA (LPA) 154 65.2

BO BpeMeHHU u 10 jynHe Tpyoku. OmHAKO, OCpeTHEHHBIE IO CeUeH 2 U 3 10 BPEMEHU CYIIECTBEHHO
pasmmaarorcs: 94.0 u 124.3 vm? (rabmuma 3.1). Bosee Toro, maomaas MOMEPEYHOTO CEYEeHWs! B TEUCHUN
CepIeTHOTO IUK/Ta BapbupyeTcsd B aumamaszone oT 84.7 mo 101.2 mm? (cpes 2), m or 113.7 1o 135.9 mm? (cpes
3).

B cobpannoit 6aze gamabix MPT ncciaemoBanuit ObLIM ABa APYTUX IMAIHEHTA, /19 KOTOPBIX ILIOMIAIL IIOIe-
pPEUHOTO ceveHnst KOHIynTa Oblna n3Mepena npyms meronamu: 4D FLOW MPT nannbie n kunopexum MPT.
Hanusie 4D FLOW ananornaso CBUIETEHCTBOBAIN O My ThCAITUE KOHyUTa (IO H CEUEHNS Y TTaluenT A:
MuHEMaIbHAS 164,93 MM?, MakcuMmaabHad - 179,86 mm?; namuent B: Musumanbras 196,14 Mm?, MakcHMaJIb-
was - 224,59 MM2), TOr/A KAK TIOIMIATh MOTEPEIHOr0 CEUeHNs KOHAYNTa B KHHOPEKUME ObLIa TPAKTUIeCKH
MOCTOSTHHOM (IJIOMAAb CedeHns y manuenT A: MuHUMagbHag 235 MM2, MakcuMmaJsbHasg - 240 MM2; TaIIeHT

B: vuamManbrag 270 MM2, MakcIMaabHagd - 271 MM?2), 9T0 U ABIACTCS TPABIILHLIM 3HATCHHEM.

Taxnwm obpazom, Bo-niepewix, 4D FLOW MPT namubIe CYIIECTBEHHO HEIOOIEHNBAIOT PEATBHYTO TLIOIIA b TT0-
[IEPEYHOT0 CeveHusi KOHAynTa. Jrnamerp KoHaynTa, Kak MpaBujio, BEIOUpaeTcd BOJIbINe, YeM pa3Mep HUKHEHR
OJION BEHBI, C YIeTOM JAJLHENINero POCTa MAIlMeHTa, UTO MPUBOAUT K BO3HUKHOBEHWIO O0JIacCTeil 3ames-
JIEHHOTO KPOBOTOKAa ¥ yBesmueHuto rorpemuoctu MPT wsmepennii. [last 6osiee TOUHON OlEHKHU ILIONIAH
HOIEPEYHOr0 CEYeHUst COCYa JIydIne UCI0b30BaTh MeToabl ¢ Beegeranem korrpacra (KT wim MPT ¢ sse-
JIeHMeM BHYTPHUBEHHOTO KOHTpacTa), ubo apyrue pexkumbl MPT ckanmposanus. Bo-BTopbIxX, pe3yrbrarTh
namepenud cedennsd 4D FLOW MPT cBusneresbcTBYIOT 0 ybcaliu KpoBu B KOHIyuTe. QIHAKO U3MEDPEHU ST

JMaBJIEHUS] BHY TPUCOCYINCTBIM TaTINKOM [MOKA3BIBAIOT MOCTOsIHHBIE 3HaueHus B obiactu [TKIIC.

Cortacao 4D FLOW MPT nanubiM, 3aKOH COXpaHEHHS MacChl HE BBIOJHSETCS B OJIHOM COCYIe IPU OT-
cyTcTBUM OTBeTBJieHuii. Hanpumep, BeIMunHa, OCPeHEHHBIX 110 BpeMenn moToKoB B cevuenusx 1 u 2 TIKIIC
cymectBeHno otngaerca: 15.9 u 11.9 mur/c, em.taba. 3.1. CyMMa BTEKAIOMUX U BBITEKAIOIINX OCPETHEHHBIX
o Bpemernnu moTokoB B obyractu IIKIIC momkwua 6biTh paBha (. 3aKOH COXpaHEHUS B TOU 06JIACTH TOXKE
He BBINOJIHSIETCS: CyMMa BbITEKAOIINX [OTOKOB B cedeHusx 5 u 6 paBHa 29.2 mi/c, cymMMa BTEKAOIMX B

ceqennsax 1 n 4 - 28.9 mu/c.

ITorok B BOCXO[AIIENl A0pPTE, OCPEAHEHHBIN IO BPEMEHU, OXKUIACTCA PABHBIM CYMMapPHOMY OCPEIHEHHOMY

10 BPEMEHU [IOTOKY KpoBH, rporekatoremy depe3 IIKIIC. [Ing paccmarpuBaeMoro marueHTa STU 3HAUEHU ST
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CymiecTBeHHO oTmdaorcesd (M. tabs. 3.1: 41.6 mi/c B cevennu 3 aoprsl u 29.2 mi/c B [IKIIC). Takas cy-
LIECTBEHHAsS PA3HULA MOXKeT OblTh 00YC/IOBJICHA HAJIMYUEM KOJLIATEPAJILHOIO KPOBOTOKA MEXK/ly a0pToil u
JIETOYHBIMY APTEPUSAME, 3 TaKXKe MOTPeNTHOCThio n3Mepennii. CkopocTh kpoBu, uameperntnas MPT nojsep-
JKeHa HAJIOZKEHHIO ImyMa |7]. YpoBens myma paser 15% 0T MaKCHMATIBHO BO3MOXKHOM H3MepseMOil CKODOCTH.
Js paccMaTpuBaeMoro nalenTa ypoBeHb IyMa okasbiBaercsi He MeHee 6 mui/c (1abu. 3.1): s BesnanHbl

OTOKa B ceveHusax 3 u 4 aoprel 310 15%, a anga norokos B ITKIIC - 40%.

Takum obpazom, uzmeperus 4D FLOW MPT nyxu0 mcmosib3oBaTh ¢ 0c060# 0CTOPOKHOCTHIO MPHU TEPCO-
HaJIM3alluu MaTeMaTuieckux mojeneii. lamee B pabore OyaeT UCIIOIB30BATHCS BPEMEHHON MPOMUIIb TOTOKA
KPOBU B a0pTe, a ocpeiHeHHbIe 110 Bpemenn noroku Kposu B BIIB, HIIB, JIJIA, IIJTA u aopte 6y1yT uCmoib-
30BATHCH JIAIIb [T HACTPOIKU MapaMeTpoB MOZETN (OCPEJHEHNEe 0 BPEMEHN YMEHBIIAeT 3alllyMICHHOCTD
JTAHHBIX ). VI3MepeHHbIe TIOMAN MOMEPETHBIX COCYI0B HE MCIOIb3YIOTCS HAITPSIMYIO IPU MOCTPOEHUN MO/Ie-

JIN.

1.3.3 Pa3spaborka MmeToa0B aBTOMaTU3UPOBaHHOI cermeHTaruu MPT-cHuMKoOB
C BblJIeJIEHUEM JIETOUYHBIX apTepuii, IoJioii BeHbl, KaMep cep/lia 1 I10-

CTPOEHNS PACUYETHBIX CETOK

g cermentaruu ganubix MPT u KT cyiectBytor pa3indHblie mporpaMMHble nakersl, Takue Kak I'TK-Snap
([8]) m SimVascular ([9]). st mosyaBTroMaTu3MpOBaHHON CErMEHTAIMH OPTAHOB PEIMTOYTHTETEHO UCIOJb-
zoearh maker [TK-Snap. O BrArowaer B cebs aaropuT™, MO3BOJAIONING CHAYUAIY, BPYYHYI0O MapKUPOBATH
BOKCEJIH C OJJMHAKOBOW WHTEHCUBHOCTBIO OIMPEJIESEHHBIM I[BETOM, a Jlajiee aBTOMATUYECKH OKPAITUBAIOIIHI
BCE HO,ZLO6HbIe BOKCEJ/IN B ,ZLaHHbeI OBET. TaKI/IM 06pa30M JIETKO BBIIIOJIHATH CeTMEHTAIIWI0 OPraHOB, B TOM

4qucje KaMep cepala.

CeFMeHTa]_[I/IH KaMep cepAama ITpOBOAUTCA B TPHU IdTallad. Ha IEPBOM 3ITalle B PYYHOM DPEXKUME€ B HECKOJIb-
KHX TUTOCKOCTSIX BCEX TPEX Cpe30B (PPOHTAIBLHOTO, aKCHAJBHOIO U CATMTTAJBHOTO) PA3THIHBIMA IBETAME
BBIJIEJIAIOTCS 2KEJTYJI09KH, npejacepaus u aopra (puc.3.2a). Ha Bropom srane ¢ npuMeHeHreM 1mo/1yaBToMaTu-
BUPOBAHHOTO AJATOPUTMA, CTPOUTCS 31 MOIETb KaXKI0TO U3 PACCMATPUBAEMBIX OpraHoB. JIaHHbIf agropuTm
OIMpaeTCs Ha paHee KjaaccuUIIMPOBaHHBIE TI0 I[BeTaM cpe3bl. Ha TpeTbeM 3Tare npu HEOOXOTUMOCTH TPOUC-
XOJUT PydHAsT KOPPEKTUPOBKA Moe u. [IoBEpXHOCTE MOXKEeT OBITH CIJIAXKeHa, C TTOMOIIBI0 GuabTpa Smooth
nporpaMmMbl ParaView. IToroBblit pe3ysibraT cerMeHTallny a0pThl M KAMEDP CEP/INA IPeJCTaB/IeH Ha puc.3.2b,

[HOBEPXHOCTHAs pacdyérHas Cerka Ha puc.3.2c.

Opanako mpu paborTe ¢ COCyJTaMy JAHHBIA METOJ] MPUBOAUT K 3HAYUTEHHBIM HETOYHOCTSAM. DTO CBSI3aHO B
MEPBYIO OYepesh C MX PasMepaMu: Y B3POCJOr0 9e/IOBEKa AMAMETP CAMBIX KPYIIHBIX COCYJAOB B HOPME HE
npesbimaer 3 — 3,5 cM. Bosiee Toro, aBromaruzupoBannbie aaropurmbl nakera ITK-Snap moryt npuBoguTh
K OIMMOOYHO BBHITOJTHEHHBIM CETMEHTAINSIM, B KOTOPBIX HECKOTHKO TOHKUX COCYIOB CJUBAKTCS B OJUH BBUITY

nx BJIM3KOI0 PACIIOIOKEHUs JAPYT K JAPYTY.
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a b C

Puc. 3.2: a) Ilepsslit 3Tan cermenTanuu. Bupio30BbIM 1BETOM 0003HAUEHA A0PTA, KPACHBIM - JIEBBIH KEJTy-
JOY€eK Cep/ilia, 3€JEHBIM -TIPaBble YKeIYA0UYeK, CHHAM - IPAaBOe Mpecepane, a XKEJIThIM - JIEBOe TIPeJiCcep/Ine.
b) Urorosas cermenranus. c) [ToBepxnocrHasi cerka nmpocerMeHTUPOBAHHON 00JIACTH.

Jnsa mocrpoenus 3D pacuérnoit obnactu [TKIIC mo kourpacruposanuabiMm MPT ganubiM ucmoas3yercs ma-
ket SimVascular. Cama cerMeHTaITMs TTPOXO/IUT B HECKOJBKO 3TAnoB. BO-1MepBhIX, BBIAEIAIOTCH OIYTH BIOJIb
KAXKJIOTO U3 PACCMATPUBAEMBIX COCYIOB, COCTOAIINE U3 HECKOJIBKUX TOUYEK. ABTOMATHYIECKOE COEIUHEHHE

JTAHHBIX TOYEK 00pa3yer elnHble TEeHTPAIbHbIC JIUNHUA MOJIBIX BEH U JErOYHBIX aprepuit (puc. 3.3a).

HIIB

a b c d

Puc. 3.3: Cermenranus obnactu [TKIIC: a) Beiae/ienne MEHTPATLHBIX JIUHNI; b) BbIIEJI€HNE KOHTYDPOB COCY/Ia
BJIOJIb IIEHTPAJIbHBIX JinHuil; ¢) nocrpoenue nosepxuoctu IIKIIC; d) Terpasapanbuas cerka obmactu ITKIIC.

Bo-BTophIx, gBUTrasich B0Ib IMEHTPAJBHBIX JIMHUN W MEHsIsT KOHTPACTHOCTH N300PaXKEHUsT, OIPEIeIsIeM Ipa-

HUIIBI COCY/IOB HA HECKOJIBKMX TIOTIEPEYHBIX CPE3ax W MojydaeM Habop KOHTYpoB (puc. 3.3b).

Ha Tperbem sTame y:Ke aBTOMATH3MPOBAHHO HA TPYIITEI KOHTYPOB HATATWBAETCH MOBEPXHOCTL, KOTOPAad U
SIBJSIETCS MCKOMOM MOMEIBIO JIETOUHBIX apTepuil u moJibiX BeH. [Ipu HeobXoamMoCTy TPOBOAUTCS CIIAKABA-

HUE MEeCT CTBIKOBKH COCYJIOB, KaK Ha puUC.3.3c, rie cCuHUM 0003HAaUeH yKe ckoppekTupoBanHbiil cthik HIIB
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u I1JIA.

Hakowner, Ha ocHOBaHUM TOIYy9IEHHON MOAEN CTPOUTCA TeTpadapaabHas cerka. 11lar ceTku paccunThIBaeTCS
ABTOMATUYECKM, HO IMPU XKEJAHUU MOKeT ObITh yCTaHOBJIEH IoJib3oBaTejeM. roroBas pacuérnas cerka

npuBeseHa Ha puc. 3.3d.

Bce Boimmenepeuncaennbie JefCTBUS MPOBOAMINCEH co canMKamu MPT ¢ komTpacTupoBanmneMm, OIHAKO, Cer-
MEHTAITMIO MOXKHO BBITIOJIHSATE, 0/1b3ysich JanHbiMu KT-anruorpacdun. MPT uccienoanue nmeer ps 3ua-
YUTEJBHBIX HEIOCTATKOB: BPEMA €TI0 MPOBeIeHns cocraBjigeT He menee 40 muuyT, Tpebyerca riaybokas ce-
Jlanus NalWeHTa, MUHUMAaJIbHAs BEJIUYUHA BOKcess cocrasiser 0, 8MM, K TOMY K€ B CTAaH/IADTHBIX CKAHAX
BOKCEJIb He sBJjisiercs n3orponabiM. KT ¢ BHYTPpUBEHHBIM KOHTPACTUPOBAHUEM HPOBOAUTCH 33 b — 10 MunyT,
9TO TIO3BOJIFET BBIMOJIHITH €r0 W MAIMEHTAM B TAXKEJIOM COCTOdHuU. KpoMe TOTOo, TPOCTPAHCTBEHHOE Pas3-
pemenne KT-cauMKoB obecrieunBaeTcss W30TPOIMHBIM BOKCETEM ¢ pa3mMepoM 0, 5MM, UTO B pa3bl IIOBBIIIAET
KadeCTBO M300PaXKeHWs IMOJIYyIEHHBIX CHUMKOB. Ha puc. 3.4 mpuBeeHbl TPUMEPhI CETOK, IMTOCTPOEHHBIX 110

nauabiMm MPT-ckanuposanus n KT-auruorpadun AByX pas/iMyHbIX HTAIUEHTOB.

Puc. 3.4: CpaBuenue ceTok, nocrpoeHbix Ha ocHose cermentanuii o KT (6enas) u MPT (cunss) cHEMKAM.

IIpu cermenTarun MPT-cHUMKOB BO3ZHUKJIA CJI0KHOCTH TTOIO0paA YPOBHS KOHTPACTA /I KOPPEKTHOTO OTOO-
paxkenus maTEepecyomux cocynon. lpu xkomnuectse 100 — 250 enunwil u JErOYHBIE APTEPUN, U TIOJIBIE BEHBI
4ETKO TTPOCMATPUBAJINCH BO (bpoHTanbHOM paspese MPT-uzobparkennii. Eciiu ke quanazon MeHsJICS B OJIHY
u3 cropot, To [IJIA cranoBuiach efgBa OTAEJIUMON OT TPOXOAAIINX MUMO Heé cocynoB. Ilpu cermenTaruu mo

nmanabiM KT-anrunorpadun takoii mpob/ieMbl He BO3HUKJIO BJIaro/1apsi HOBBIIIIEHHOMY KAueCTBY U300pazKeHus.

Takum obpazom, npu maaunyanu u MPT, u KT namabix neisecoobpasnee uCoib30BaTh CHUMKH, Oy YCHHBIE

B pe3y/bTaTe KOMIbIOTEPHON TOMOTPadUN.
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1.3.4 JIByxmacmTabHasg MO/eJib KpoBooOpamieHna PoHTEHA

Jeyxmacimrabuas 1D3D momens kpoBoobparrenusa cocTouT u3 conpsizkeuubix 1D u 3D momeseit KpoBOTOKA.

Uy mnornocteio p = 1

KpoBb cumraercs BA3KOH HECXKHMAEMOIl JKUJIKOCTBIO ¢ BA3KocTbio v = 0.04 cm?c™
r/em3. TIKIIC cumraercs TpexmepHoit o61acTbio () ¢ Tpammmeit J€), cocTOSINEH M3 TBEPABIX CTeHOK g u
rpaHul] Brekanus/Boirekanus [, Jout- 1IpeiNOIAras HAvaNIbHBIE YCTOBHA U = Ug (divag = 0) mna t = 0,

TedeHue Kpoeu B obsiactu ) onnceiBaercs ypapHenusmu Hapre-Croxca:

p(%?—i—(u-V)u)—vAu—kVp:f

Q,
diva=0

u=20 Fo,
Ou
V8711 —pn=yn 1—\in/outa

rJle p — JaBJIEHHE, U — BEKTODP CKOPOCTH, N — BEKTOP BHerHell HopMman, f — BHEITHSIS cujia, HATpUMep, CHUIa
rpapuTanuu. Ha TBepABIX cTeHKaxX MPEeNIoJaraloTcsd YCJIOBHUS MPUANTAHUS W HenmpoTekKanws. IHa rpanumax

BbITEKAHUS 3a/aHbl yciaosus [lyazeitsi:

Y = Pout + R/ 11(7f7 X) . l’ldS, (32)
Fout

rae R — ruapoanHaMuaecKoe COMMPOTURIECHNE Ha KaXKA0H TPAHUTIE, Doy — BHEITHee jgaBjiaenne. s uncien-
HOTO PEeITeHnsT TPUMEHSIIICS MeTOI KOHEUHRIX 3JIEMEHTOB. JIJIsT ANCKPETH3aInn NCIOIH30BAJINCEH STEMEHTHI

Taiinopa-Xyaa (P2/P1), obparueriit meroz Ditnepa(3.1).

B 1D mogenn Tedenns KpOBHU COCYIBI CINTAIOTCA DIACTUIHBIMU TPYOKAMHY C TLIOIIAJIHIO TTOTTPEIEHOTO CEUEHUST
S u nyunoit b. [lepeMeHHBIMY SIBASIOTCS JIABJIEHNE P U CKOPOCTh KPOBHU U, OCPE/IHEHHBIE 110 ceueHuto. Moieab
OCHOBaHAa HA 33KOHAX COXPaHEHWs MACChl, UMITYJIbCA M Ha yPaBHEHWUNW COCTOSHUS AJ TPAHCMYPAJbHOT'O

OABJICHUS D — Pext:

as  oa(Su)

E—i_ ox =0
du  Ow*/2+p/p) _ _ for x € (0,b). (3.3)
E—’_T _w(t7xvsvu)

D — Pext = pwcfuf(g)
Baech Y(t,x,S,u) — BHenHNE CHIBI (HAIIPUMED,CHJIA TPEHHsI, TPABUTAINSA), Pext — JABJIEHIE OKPYKAKOIIIX
Trameit, S = S~1S, S miomaib ceueHns cocyla IPH HYJIEBOM TPAHCMYPAILHOM JaBieHud. Tperbe ypas-
Henue B (3.3) OnmMCBHIBAET 3IACTHYHBIE CBOWCTBA CTEHOK COCYJI0B, Py — IUIOTHOCTH CTEHKHU, Cp — CKOPOCTH

pacnpocTpaHeHns MablX BO3MyIeHuit, dbyHKims f onpejgessiercs ciepyomum obpazom [6]:

~ exp(S—1)—1,
1(3) = p(S—1) !
In S,

wy

)]
IN V
—_ e
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HauasibHble yeaoBus Jyist MOJETH: Uli—g = Ug, S|i—o = So. 1 perenus: rumopb0onIecKoit CHCTEMBI YPaB-

Henuii (3.3) NpUMEHSIETCS CeTOYHO-XaPAKTEPUCTUIECKUI METOI.

MugpococyaucToe pycio OpeCcTaBAeHO B MOAEN BUPTYAIbLHBIMHI COCY/IaMHU, PACIIONIOKEHHBIMU MKy Tep-
MUHAJBHLIMIA apTepusaMu 1 BeHaMu. Tewuenne KPOBU B 3TUX COCYIaX TaKyKe OMUCLIBAETCS CUCTEMON ypaBHe-

Huit (3.3).

B Touykax CTBHIKOBKM COCY/IOB, BKJIIOUAsl CTBIKOBKY C BHPTYAJLHBIMH COCYIAMHU, TPEJNOJATAIOTCI YCAOBUS

[Tyazeitns (3.5) m 3akon coxpanenus maccwl (3.6)

Pr (Sk (£, 31)) = Proge (8) = ex RSk (¢, Fx) U (8, 8x) , k = k1, ka, - b, (3.5)
Z €rSk (t, .’Z‘k) Uk (t, Lfk) =0, (36)
k=k1,ko,....kar
rie | — Homep y3ja CTHIKOBKE, M — KOIWYeCTBO CTBIKYIOMUXCA COCYAOB, ki, ko, ..., ky — HOMEDPA CTBIKYIO-

mmxcst cocyoB, pl 4. (t) — naBnenue B yane [, RY — ruiposmHaMIMecKoe COMPOTHBICHAE MeZK Ty k-M COCYI0M
u [-M y3yioMm. [ cocynoB, BXOASMUX B y3eq, €y = 1, Ty = Ly, A4 Beixogsdmux — €, = —1, T = 0. Ha Bxoze
B COCYJIUCTYIO CeTh 3ajaercd notok @ = S (t,z) (¢, ). Beumy runepboamaeckoro tuma CUCTEMbI ypaBHe-
Huit (3.3), cucrema (3.5)-(3.6) monosHSIETCS YCJIOBHEM COBMECTHOCTH /TSI KAK/IOT0 COCY/Ia B KaxKJIOH TOUKe

crbiKoBKE cocy10B. TlonpobHoe omucanue Mo pejicrasieHo B Monorpadun [6].

IIpu compskennn 1D u 3D Momenelt KpOBOTOKa HaKJIAILIBAIOTCSA YCJIOBUS HEPEPLIBHOCTH TTOTOKA U HOP-
MaJIbHOM KOMIIOHEHTHI TeH30Pa Hanpskenuii. repannonubiii aaropuTM /s YUC/JIeHHBIX PACIETOB TOAPOOHO

onmcan B pabore [10].

1.3.5 Ilepconamm3arusa aByxmacmoitabaoit 1D3D momesm KpoBoTOka

3D pacuernas obsacts IIKIIC crpounach Ha ocuose nanubix KT ¢ momMoribio MeToj1a aBTOMaTH3UPOBAHHON
cermenTannn nu3 pazjena 1.3.3. IIporecc cermenTanuu u MTOroBas TeTPa’jpasibHAs CETKA, COCTOSAINAN U3

15481 Terpasapos, moKazaHBl HA PUC. 3.5.

KT u MPT wuccnenoBanus npoBOAgTCS TOJBKO B 00JIACTH IPYAHON KJAETKM, TIOITOMY ITIOCTPOSHUE TIEPCOHAJIN-
3UPOBAHHOTO COCYIUCTOTO JepeBa DOJIBIIOTO KPyra KPOBOOOPAIEHNS JIIsT KAYKI0TO TAIMEHTa HEBOZMOYKHO.
st mocTpoenus: 1D pacuernoit obactn ObLIa BRIOpaHa CpeaHEeCTATHCTUYECKAA apTepHaIbHas COCYINCTAs
ceThb 3/10pOBOrO B3pocsoro desoseka [11| (puc. 3.6a). Tannas cocymucras ceTh MOXKeT GbITH aJalTHPOBAHA
10/, KOHKPETHOrO MAIMeHTa IIyTeM MACIITaOMpOBAaHUS IJIMH U JUAMETPOB COCYIOB. B mamem ciydae poct
narueHTa He ObL1 M3BECTEH, OJHAKO, POCT 14-JIeTHEr0 moJIpoCcTKa OJM30K K POCTY CPEIHECTATUCTHIECKOrO
B3POCJIOT0, U MacITabupoBaHue JIuH COCyI0B He mponsBoquiaock. Cormacuo 4D FLOW MPT nawubiM gua-
METP A0PTHI COCTABJSUL IPUMEPHO 75% OT CPEIHECTATHCTUYIECKOrO THAMETPA A0PTHl B3POCJOTO YEIOBEKA.

B cBazw ¢ stum, quamerpnl Beex aprepuii OOJBITOro Kpyra KpoBooOparrenusd ObLir 0TMACIITAabUPOBAHBI HA
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Puc. 3.5: Huckperusauus obsnacru IIKIIC: a) BbluesieHne HeHTpasbHBIX JMHUIE; D) BbLIeJI€HHe KOHTYDPOB
cocyzia BIOJIb IEHTPANbHBIX JuHuii; ¢) nocrpoerne nosepxuaocru ITKIIC; d) Terpasmpanbuas cerka 06aacTu
ITKIIC.

MuOKUTE b 0.75. CTpyKTYypa BEHO3HO# ceTu ObLIa BRIOpAHA CUMMETPUYHON apTepuaIbHON 33 HCK/ITI0UeHIEM
pasguamii B CTPYKType a0pThl U nosbix BeH (puc. 3.6b). luamerp Ben 6b11 yBemmuen B 1.25 pas mo cpasHe-
HUIO C JUAMETPAMU COCYJ/IOB MCXOIHOI'0 apTEPHAILHOrO jepeBa. JlaHHblil MHOXKNUTEIb ObLT BBIODAH C yYeToM

OCpeJHEeHHbIX 110 BpeMmenu miomazeii monepeunbix ceuenuii BIIB u HIIB, paccunranubix mporpammoit 4D

FLOW MPT.

Puc. 3.6: 1D cocyaucrasa cerb: a) aprepuu GOJIBIIONO Kpyra KpoBooOpailienus; b) BeHbl GOJILIIONO KPyra
KpOBOOOpAIeHHsI.
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g HaCTpOHKK napaMeTpoB MOJETN HEOOXOIMMBbI JIOITOJTHUTEIbHBIE TOKA3ATE N FeMOJIMHAMUKY KOHKPETHO-
ro naruenTa. Mbl npejoiaraem, 9To /s HAIMEHTa JOIXKHO IPOBOANTHCS U3MEPEHUE JlaBjieHus Ha pyke. B
HaIlleM CJIy4ae m3MepeHuii He OBbLIO, U Mbl IIPEAN0JIaraeM CUCTOIMYECKOe U JUACTOJINYECKOE JTaBJIEHNS PaB-
aeiMu 110 u 70 MM pr cr (cpegree no Bpemenn pasierne 100 MM pT ¢T). BeHO3HOE HaBiIeHIe TIPETOIaraeTcst

OJM3KUM K 3HAYEHWIO JABJICHUs B IMIPABOM IIPEICEPINM 3TO0POBOTO Y€I0BEKA, & UMEHHO b MM PT CT.

CormpoTusjieHre MUKPOCOCYIUCTOTO PyCa R;C* (k* cooTBETCTBYET BUPTYAJbHBIM COCYIaM) BIMSIET HA CPEJI-
Hee [TaB/ICHUE B aPTEPUAX W Mepenaj] JaB/JIeHud MEXy aprepuaMmu W peHamu. J[aHubiil mapaMerp ObLT Bbi-
6pan RL. = 5660 mun-c/cM®, 9TOBHI OCPeTHEHHOE TaB/ICHIE Ha € OBLIIO PABHO JABJIEHUIO, U3MEPEHHO

p e = I , peJIHEHHOE JIaBJIEHNE HA PYKE OBLIO PABHO JABJIEHUIO, U3MEPEHHOMMY
manrzkeroii (B nHamewm ciayudae 100 mm pr. cr.). TmaponuravMudeckoe conporusieHue Ré B TOYKaX CTbIKOB-
K1 cocyqoB (3.5) onpesensger pacnpejesieHue JABIeHUs BHYTPU COCYAMCTOTO jepera. Jlammbiii mapamerp
Bapbuposaica or 1 go 100 guH-c/cM®, 9TOGE TIONYYUTH pebepeHTHOE CPeIHECTATHCTHIECKOE TaBIeHHe B

HECKOJIbKMX aprepusx [6].

CKOpPOCTB PACTIPOCTPAHEHUST MATIBIX BOSMYIIEHUI ¢y STBIISIETCST XAPAKTEPUCTUKON SJACTHIHOCTH COCY/IOB (3.3).
JlamHbiil TapaMeTp BAUIET HA AMILIUTYAY KOJaebaHus MaB/JIeHUA, OH MOXKET ObITh PAa3IUYIHBIM B PA3HBIX CO-
CyJax ¥ 3aBHCHT OT BO3pacTa, IMoja, obpa3a Ku3Hd, aHaMHe3a u T.1. [6]. B manmoit pabore Mbl BBIOpaIn
LAPAMETD Cyy OJMHAKOBBIM JJIsL BCEX apTepuil ¢, = 650 cM/c (on obeciednBaer pedepeHTHYIO aMIIATYLY
JABJIEHUsT B apTePny Ha PYKe) M ISt BCEX BEH Cyq = 350 cM/c (oH obecrievnBaeT KOPPEKTHYIO aMIIATYLY
KoJIe0aHWsI TaBJIeHNs B BeHaX). BUPTyalbHBIE COCYIbI CUUTAIOTC GoJiee 3JACTHIHBIMU U JIJIs HUX BhIOpaHa

CKOPOCTH PacCHpPOCTPAHEHUs] MaIbIX Bo3MyIeHuii cp« = 200 cm/c.

JLna KoppeKTHOTO Bocmpouseeaenns kposoToka B obyactu IIKIIC, Baxxuo B Mojien obecrnevdnTs TOTOKN KPO-
BU O HUXKHEH 1 BerHefI TIOJIBIM BE€HAM, COOTBECTCTBYIOIME TTOTOKAM MAIMUEHTA. ZLHH 9TOTO COMPOTUBJICHUA
R| 6 = 1.12
MUKPOCOCYJMCTOr0 pycia Rj. B HUKHUX KOHEYHOCTAX MacHITaOUpOBaIuCh Ha Koaddunuent oy, = 1.125,
a B BEPXHUX KOHETHOCTHAX - HaA KOIPMUIMEHT (y,y, = 0.875. Takoe macmrabupoBanme obecreunmBaeT pac-
nupegesienne KpoBUu U3 aOPTHI ME2KAY BEPXHUMU U HUKHUMU KOHEYIHOCTAMM, COOTBETCTBYIOIIEC NAaHHBIM 4D
FLOW MPT nanuenrta. JanHoe COOTHOIIEHHE MOYKHO MTOJYIUTh, CPABHUBAS OCPETHEHHBIE TI0 BPEMEHU T10-
TOKH KPOBH B a0PTE€ B CEYCHUAX QLOTM u Qjorm’ cM. Tabn. 3.1, niam B HUXKHEH W BepxXHEN IMOJBIX BEHAX

Qsve u Qrye. B oborx caygagx 55% o0bema KpOBU IIPOTEKAIOT 9€pPe3 HUMKHIE KOHEIHOCTH.

[Ipencrapmennasa cTparerns MePCOHAIU3AINN TeMOIMHAMUIECKON MOEIN HE TTO3BOJISET BOCITPOU3IBECTH -
MOJIMHAMUKY MAIUEeHTa TOYb-B-T0Ub. (OJHAKO, OHA IPOCTO Pean3yeMa Ha [PAKTHUKE, BOIPOU3BOIUT HEODHXO-

JUMBIE ITapaMeTphl U MATTEPHBI KPOBOTOKA, AOCTATOYHA, 14 [eJeld JaHHOIO HPOEKTA.

1.3.6 Pazpaborka metTos0B ycBoeHus 4D FLOW-manapix MPT wucciemo-

BaHUMA IIAaIIMEHTAa B KPAa€BbIX YyCJIOBUAX MOJEJIN

B pamkax Tekytiero aTtama mpoekTa mocTpoeHa apyxmacinTabuas 1D3D momens KpoBOTOKA, BKIIOUAONIAL

6oswimoit kpyr Kposoobpaterus u [IKIIC. Takas mojens TpebyeT MOCTAHOBKU TPAHWUYHBIX YCJAOBUH Ha
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BTOKE B aOpTy W BBITOKAX M3 JIETOYHLIX apTepnii. B manpmeitieM mpeamosaraeTcd yCIOXKHEHUE MOJETN C
JI0DABJIEHHEM JIETOYHOI0 KPyTa KPOBOODpAIIEHUS U MOJEIU CEPAd. 3aMKHYyTasi MOJE/Ib KPOBOOODAIIEHUSI

CHHUZKaET Tpe6OBaHI/IH K KOJIUYIECTBY U Ka49€CTBY HepCOHI/ICbI/H_[I/IpOBaHHbIX JaHHBIX JIJ1d HaCTpOfIKI/I MOJCJIN.

JJ1s MOCTaHOBKYM MPAHUYHBIX YCIOBUI BBITEKAHUS Ha, BbIxoje 3 TpexMeproit obactu ITKTIC (T1JIA u JIJIA)
MOTYT OBITH UCIIOTB30BAHBI PA3INIHBIE TOAXO0b!: compsxkenne ¢ 0D momeramu [12], UMIIe/IAHCHBIE TDAHUYHBIE
yenoust [13], yenosust [lyaseiins [6]. Mer ucronssyem yemosus 1lyazeiinst (3.2), nie poy: — JTaBJICHAE B J€r0d-
HOM MMKPOCOCY/IUCTOM PYCJIe, U3HAYAJILHO [IPE/IoaraeMoe paBabiM 7 MM pr cr. s nogbopa napamMerpos
COTPOTUBJCHNUH B ycaoBusx [lyaseitss Ha TPAHUIIAX BBITEKAHUS MBI HCIIOJIB3YEM CJASAYIONTNN UTEPAIHOHHBIN

AJITOPUTM.

Ha rpannmax srekannst 8 3D obaacts B BIIB u HIIB 3agarorcs mocTostHERBIE OCpeIHEeHHBIE TT0 BPEMEHN MTOTOKN
u3 tabsupl 3.1 (4D FLOW MPT nanusie) ¢ npodwmrem Ilyaseitnst. Compornsienust Ha KazxkKJ0i TpaHUIle
BBITEKAHUSI OMPEIEISIIOTCS UTEPANMOHHO, UCXOJ W3 M3BECTHOTO paclpejesieHus: moToKoB Mexay 1LJTA u
JIJIA (ta6n.3.1 - 4D FLOW MPT nanneie): B JIJIA 47% xposn, B ILJIA 53 %. Ha nepsoit urepanuu n = 1,
npesmonaras Ry, = RY 1, = 138 qum-c/cm®, permaem ypasnenns Hapbe-Crokca (3.1) B 3D obaactn ITIKIIC
¢ ycaosusvu [lyaseiing ma Boixoge (3.2) m nogydaeM JaBIeHUS, OCPEHEHHbBIE TTO0 TPAHUIAM BBITEKAHUSA B

ILIA u JIJIA (PRpa u Pp'py). Jdiaa ciaenyromeit mrepaliun COpOTUBIICHNS IEPECUUTHIBAIOTCS 110 hopMy/IaM

REEL = (PRpa — pout)/(0.53Qsve +0.53Qrve),  Riby = (PRpa — pout)/(0.47Qsve + 0.47Q v c).

B pesyabrare paboThl asropuTMa MOJyYeHbl Caeyomme conpotusienus: Rrpa=90 qun-c/ CMS, Rrpa=321

quH-c /oM.

Baxuo ormeTuTh, 9T0 XKegaeMoe pacipeesierue noTokos Kposu Mex 1y ILTA u JIJTA rapanTtupyercsa Tob-
KO IIPH TAKOM CyMMAapPHOM BTEKAIOIIEM B 00/1aCTh MOTOKE Qip = Qv + Qrvo, KOTOPBIA UCIOIBL30BAICA B
AJITOPUTME TI0 TOAOOPY compoTuBaeHuil. [Ipn n3MeHeHHN CyMMapHOT'O BTEKAIOIEro IOTOKA PACIpeseaeHne
kposu Mexay [LJIA u JIJIA usmenunrcs, cm. tabauuniy 3.2. [TosTtomy ocperHeHHBIN MO0 BPEMEHU MTOTOK, 3a-
JAHHBIM Ha BXOIE B aOpTy, JOJIKEH OBITh paBeH CYMMAapPHOMY IOTOKY (;n, mporekaromemy depe3 ITKIIC:
srekaroremy B HIIB w BIIB u Boitekatormemy w3 ILJTA u JIJIA.

TABUIA 3.2: Pacupenenenne norokos kposu mexxkay ILJIA u JIJTA B 3aBuCHMOCTH OT CyMMApHOIO BXOJIsi-
1mero moToka Q;, npu Rrpa=90 mun-c/cm® u Rppa=321 mun-c/cmd.

Qin | TLJIA | JITA
0.6Qin | 58% | 42%
0.8Qin | 55% | 45%

Qi | 53% | 47%
1.2Qin | 50% | 50%
1.4Qin | 49% | 51%

[Tpemmoxenusie Tpannvuble yeaosns Boitekanus B [LJIA u JIJTA n aaroputM moa6opa mapaMeTpoB MOTYT

OBITH KCIIOIb30BAHBI 1 JJId pacdeTa FreMOIMHAMUKHA ITOJTHOCTBIO O,ZLHOMepHOfI MOJEJIbIO TIPpW yCJIOBUM, 9TO 1D
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MOJIETb KPOBOTOKA, CMOZKET KOPPEKTHO MOJEINpoBarh Tedenue Kposu B obmactu IIKIIC (nanusie nccmemo-

BaHUA 6y,ZLyT IPOBOAUTBLCHA Ha CACAYIOIMIUX dTallaX HpOQKT&).

B kadecTBe TpPAHWYHOTO yCAOBHUS HA BXOIE B A0PTY UCIOJIL3YETCS BPEMEHHON TPOMU/Ib MOTOKA B CEUCHUN
4 aoprer (cm. puc.3.la), B3areiit u3 4D FLOW MPT namsbix. Vcexomueiit mpodbuib orMacmrabupoBaH Ha
KOHCTAHTY Qi / ngrta JJIg TOTO, ITOOBI 0DECIIeYNTh PABEHCTBO BTEKAIOIIETO W CyMMAaPHOTO BBITEKAIOIIETO
u3 cucreMbl 1oToKa. VToroselit npoduiib moToKa, 3a/1aBaeMoro B KauecTBe I'PAHUYHOTO YCJIOBUA HA BXOJIE B

aopTy, NPeJACTaBIeH Ha puc. 3.7.
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Puc. 3.7: Bxogsrmmit moTok B aopTte.

1.3.7 Bepundukaima meroaoB ycBoeHusda 4D FLOW-nauapix MPT B Mmone-

Jan KpoBooOpaiieHna PoHTEHA

Kak ymnomunasocs panee, npejjioxenusiii B pasjgesne 1.3.6 meroy ycsoenus 4D FLOW-nanubix MPT wnc-
CJIEJIOBAHUS TIAIIMEHTa B KPAEBBIX YCJOBUAX AByXMacimaduoi 1D3D momennm MoXKeT TPUMEHSTHCS U IS
noauocTbio 1D mogenu. Oanako, sritouenue obaactu ITKIIC 5 1D Mogenb reMoguHAMUKK TPOOIEMATUYHO
B CBS3U CO CJIOXKHBIM JIOKAJIbHBIM TE€YEHUEM U HEODXOIMMOCTBIO ydeTa yIJIOB M PACCTOSHUN MEXKIY COCy-
mamu B Touke cThikoBKU BIIB, xonmymra, [TJTA u JIJTA. Paspaborka Takux ycaoBmit B TOUKE CTHIKOBKI
cocysioB TpebyeT OT/JeIbHOTO MCCae/oBaHus. B cBs3u ¢ 1M, /i BepuUKAIUU TTPEJI0?KEHHBIX MeTO0B
yesoerns 4D FLOW-nanaeix MPT nccimemoBamus malmeHTa B KPAEBBIX YCJIOBUSIX U IEPCOHAMMIAINN MOIe-
JIM, TIPEJIOYKEHHBIX B pasmenax 1.3.6 u 1.3.5, ucnomssyerca asyxmacimrrabuas 1D3D monens. Takoit moaxosn
obecrieunBaeT KOPPEKTHBIN JETAJbHBIN pacuer JokaabHOU remojaunamMuku B 3D obmaactu [IKIIC, a Takxke

pacuer ro0abHON TeMOINHAMUKY B HOJILIIIOM KPyre KPOBOOOpAIIEHMS.

Anropury™ wmcIeHHBIX pacderoB JaByxmacinTabuoit 1D3D monensio monpobHo omucan B padore [14]. B xome
pacueToB OH MO3BOJISIET CKOPPEKTUPOBATH JABJICHUE B JIETOUYHOM MUKPOIUPKYIITOPHOM PYCAE Poyt, TTOOBI

mapaenne B obaactu [IKITIC 66110 paBHO JaBACHNIO, M3MEPEHHOMY BHYTPUCOCYIUCTHIM JATINKOM.
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Pacuer mpoBoamsics Aj1a mammenTa, ONMUCAHHOTO B pasznese 1.3.4, B mosmoxKennn jexka. s Hero mamepenme
gasyienust B [TKTIIC BHYTpHCOCYAMCTBIM JATIUKOM HE IPOBO/U/IOCH, TIOITOMY MbI IIPEJIIOJIOKMIN €10 PABHBIM
14 mm pr cr (Tunmunoe aus manmenTos ¢ PonTeHOBCKMM KpoBoOOpamenuem). B xome nrepanuii napamerp

Pout HOCTUT 3HadeHUd 10.5 MM PT CT.

Pesynbrarsr pacuera jgaBaenuil u ocpegHenabix o Bpemenn morokos B HIIB, JITIA, TIJTA, BIIB npeacras-
Jenbl B Tabsmme 3.3. Pacmpesenenne paccauTaHHBIX MOTOKOB (Tabs. 3.3) TO4Ub-B-TOUYL cooTBeTCcTBYeT 4D
FLOW MPT pawmaeiv B8 Taba. 3.1. Jlapnerune B obmactu [TKIIC Bapeupyercs B paiione 14 MM pr CT, KaK u

OXKUTAJIOCE.

TaB/IMUA 3.3: Paccuuranubie pasiaenus Py, (MM pr.cr.) u n010Ku @4y (MJ1/C), OCpEIHEHHbBIE 110 BpEMEHH, B
obmacru IIKIIC. Q;, = Qrve + Qsve — cymmapnsiiit morok Brekarorneii B IIKIIC kpoBu, ocpegHeHHbIH TO

BPEMEHH.
Hazsanue P, Qav | Qav/Qin
cocyna MM PT CT | MJI/C

BIIB (IVC) | 13.90 | 15.88 | 55.0%
HIIB (SVC) | 1388 |13.01 | 45.0%
JUTA (LPA) | 13.77 | 1359 | 47.0%
TIJIA (RPA) | 1153 | 15.30 | 53.0%

Pesyawratsr pacueros mokazasu, ato myabcarus B objactu [TKITC mpakTuyeckn 0TCyTCTBYET, TOT/Ia Kak
nauubie 4D FLOW MPT cBunerensctByroT 06 obparaom. OCHOBHO NIPUYWHON SABJISIETCS TIOCTOSHHOE JTaBJIe-
HUE JIETOYHOTO MUKPOCOCYIUCTOTO PYCIA Poyt B yeaoBusax [lyaszeiins (3.2). Beibop Takux rpaHu9HbIX yCa10Buii
Ka2KeTCs OIIPaBJAHHBIM, IIOCKOJIBKY JIaBJIEHIE, U3MEPEHHOE BHYTPHUCOCYAUCTBIM JaTynkoM B obactu IIKIIC,
SIBJIAETCS TPAKTUYIECKU TTOCTOSHHBIM Y TalneHToB ¢ KpoBoobpemienneM Ponrena. VcTUHHOCTD TY/IbCATIHH,

Ha KoTOpyio yKasbiBatoT uamepenns 4D FLOW MPT, apasgercs copHO#t n HYXA2eTCs B BepUDUKAIIAN.

Ha pucynkax 3.8 m3obpazkeHo pacnpenesnenue nasigenns (a) u jguaun toka (b) B 3D obmacru IIKIIC.
JIwHIE TOKa COOTBETCTBYIOT JUHUSM TOKA MAllMeHTa, BU3ya u3upoBaHHBIM mporpammoit 4D FLOW MPT

(cm.pue.3.1c): Gompimras gacts kKposu u3 BIIB tewer B ILJIA, a w3 HIIB — B JIJIA. Iloroku u3 BIIB u HIIB

IPAKTUYICCKN HE CMEIINBAIOTCA.

[lokazaresn reMoIMHAMUKE B apTeEpPUsiX DOJIBIIIOTO KPyra KPOBOOOpAIIEHUsT TAKKE COOTBETCTBYIOT OXKU A€~

MBIM (PUBUOIOTUIECKH KOPPEKTHBIM JIaHHBIM.

Taxkum obpaszom, pazpaborana jasyxmaciiradbnas 1D3D mozesns kpoBoobparenns PoHTeHa KOHKPETHOIO T1a-
muenTa. 3D pacuernas obgactes IIKIIC cTrpouTces pazpaboTaHHBIM aBTOMATU3UPOBAHHBIM aJTOPUTMOM Cer-
mvenTanmu u nocrpoennd cetku u3 KT mamubix. Hacrpoiika 1D mopenn mpon3BoanTed ¢ yaeToM aHTPOTIOMET-
PUYECKUX U3MEDPEHUT MMaIneHTa, ocpeJHeHHbIX 110 BpeMenu nanubix 4D FLOW MPT. IlocTanoBKa rpaHUYHBIX
ycqioBuii mponsBoguTcs Ha ocHoBe 4D FLOW MPT ganubIX: mapaMerpsl YCJIOBUiT BRITEKAHUS TOAOUPAIOTCS
C Y9€TOM [OTOKOB, OCPEIHEHHBIX 10 BPEMEHH, HA BXOJIE€ B a0PTY 33/1aeTCs 0TMACIITabupOBAHHbBIH BPEMEHHON
npoduab moToka KpoBu maimeHTa. CTeneHb MepCoHATN3ANNYT MOJIEN MOXKET ObITh YBEIUUEHA TPU HAJTUIUH

u3MepeHnil naBjeHnst BHyTpucocyauckiM matuukom B obacru [TKITC, ¥V3U uccnenosanmit u 1.
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Puc. 3.8: Pacupenenenue masinenuns (a) u auauu Toka kposu (b) B 3D obmacru ITKTIC.

ITocrpoennas Moze b BOCIPOU3BOAUT OCPEIHEHHbBIE II0 BPEMEHH IMOTOKKA KpoBu Ha rpanuiax obgacru I[TKIIC,
JuHIN ToKa KpoBu BHyTpu obmactu IIKIIC, a Takxke masienne, n3MepeHHOE BHYTPUCOCYINCTBIM JaTIHKOM

njim 0KHJacMOe CpeaHeCcTaTuIeCcKoe.

Hecmorps ma Bcro npussekaresbHoctb, 4D FLOW MPT nanubie 10/12KHBI UCHOJIB30BATBCS ¢ 0C000I 0CTOPO-
2KOCTBIO JJId HaCTpOﬁKH MaTEeMaTUYCCKUX MO,ZLe.)'[eIU/I7 ITOCKOJIBKY IIOABEP2KEHDBI 3aI1y MJICHUTO. B HallleM CJry4dae
JIJIS TIOCTPOEHUsT MOJE/TH UCIIO0IB30BAJINCH TOJIBKO OCPEIHEHHDBIE TI0 BPEMEHU JAaHHbIE U BPEMEHHOU MTPOMIIh
[OTOKa B a0pTe, MMEIOINil mpueMaeMblii mym 15%. B masbHeiineMm Heo6XoQuMbl OIITAMUABAIAS TIPOTOKOIOB

WCC/TeIOBaHM U BepuprKaImsa pe3yIbTaToB.

Kpowme Toro, ycnosus Ilyaseitis (3.2) Ha rpaHUIax BBITEKAHUS MOTYT BIUSTH HA MTPABUJILHOCTH MOJTYI€HHBIX
pPe3y/IbTATOB B BUJLY IOCTOSHHOI'O JIABJIEHNS JIETOYHOI'O MHUKPOCOCYAHUCTOIO PYCIA Poyt. TUCJIEHHBIE PE3YJIb-
TaThl CBUJIETENbCTBYIOT 06 orcyrcrBun myibcanuu B IIKIIC, uro nporusopeunt manubim 4D FLOW MPT.
Jlna m3ydeHust JAHHOTO BOTIPOCA TpeOyeTcst YCJIOXKHEHUE UNCJECHHONW Mojean: noOaBIeHne JeroqHoro Kpyra

KPOBOOOPAIIEHUS ¥ MOME/N JIEBOI 9aCTy CepAra. B 9ToM cirydae mosydeHHas MOIe b OKAXKETCH 3aMKHY TO.



Jluteparypa

1]

[10]

Trusty P., Slesnick T., Wei Z. et al. Fontan Surgical Planning: Previous Accomplishments, Current
Challenges, and Future Directions // J. of Cardiovasc. Trans. Res. — 2018. — Vol. 11. — Pp. 133-144.

de Zelicourt D., Kurtcuoglu V. et al. Patient-Specific Surgical Planning, Where Do We Stand? The
Example of the Fontan Procedure // Ann Biomed Eng. — 2016. — Vol. 44. — Pp. 174-186.

Baretta A., Corsini C., Yang W. et al. Modeling of Congenital Hearts Alliance (MOCHA) Investigators.
Virtual surgeries in patients with congenital heart disease: a multi-scale modelling test case // Philos
Trans A Math Phys Eng Sci. — 2011. — Vol. 369, no. 1954. — Pp. 4316-30.

Marsden A., Bernstein A., Reddy V. et al. Evaluation of a novel Y-shaped extracardiac Fontan baffle
using computational fluid dynamics // J Thorac Cardiovasc Surg. — Vol. 137.

Desai K., Haggerty C., Kanter K. et al. Haemodynamic comparison of a novel flow-divider Optiflo
geometry and a traditional total cavopulmonary connection // Interact Cardiovasc Thorac Surg. —
2013. — Vol. 17, no. 1. — Pp. 1-7.

Personalized Computational Hemodynamics. Models, Methods, and Applications for Vascular Surgery

and Antitumor Therapy / Yu. Vassilevski, M. Olshanskii, S. Simakov et al. — Academic Press, 2020.

Bertoglio C., Nuaez R., Galarce F. et al. Relative pressure estimation from velocity measurements in
blood flows: State-of-the-art and new approaches // International Journal for Numerical Methods in
Biomedical Engineering. — 2017. — Vol. 34, no. 2. — P. 2925.

Paul A. Yushkevich Joseph Piven Heather Cody Hazlett. User-guided 3D active contour segmentation
of anatomical structures: Significantly improved efficiency and reliability // Neuroimage. — 2006. —
Vol. 31, no. 3. — Pp. 1116-28.

Updegrove A., Wilson N., Merkow J. et.al. SimVascular: An Open Source Pipeline for Cardiovascular
Simulation. Annals of biomedical engineering // Ann Biomed Eng. — 2017. — Vol. 45, no. 3. —
P. 525-541.

Dobroserdova T., Olshanskii M., Simakov S. Multiscale coupling of compliant and rigid walls blood flow
models // Int. J. Numer. Meth. Fluids. — 2016. — Vol. 82. — Pp. 799-817.

46



3adaua 1.3. Ilpedckasamenvroe modesuposanue 00HONCEAYIOUWKOB0T KOPPEKUUL 8PONCOEHHBLL NOPOKOS
cepdua y demeti (onepayus Powmena) 47

[11] Simakov S., Gamilov T., Soe Y. Computational study of blood flow in lower extremities under intense
physical load // Russian Journal of Numerical Analysis and Mathematical Modelling. — 2013. — Vol. 28,
no. 5. — Pp. 485-504.

[12] Pennati G., Corsini C., Cosentino D. etl. al. Boundary conditions of patient-specific fluid dynamics
modelling of cavopulmonary connections: possible adaptation of pulmonary resistances results in a

critical issue for a virtual surgical planning // Interface Focus. — 2011. — Vol. 1, no. 3. — Pp. 297-307.

[13] Spilker RL, Feinstein JA, Parker DW et. al. Morphometry-based impedance boundary conditions for
patient-specific modeling of blood flow in pulmonary arteries // Ann Biomed Eng. — 2007. — Vol. 35,
no. 4. — Pp. 546-59.

[14] Dobroserdova T., Vassilevski Yu, Simakov S. et. al. Two-scale haemodynamic modelling for patients with
Fontan circulation // Russian Journal of Numerical Analysis and Mathematical Modelling. — 2021. —
Vol. 36, no. 5. — Pp. 267-278.



3ajsa4da 1.4. llepconajm3upoBaHHble MOJIEJIN

IHOACHUCTEM OIIOPHO-ABUI'aTE/IBHOI'O allllapaTa

Ananus umeroineiics naopManuu OTHOCUTEJIbHO AHATOMUYECKUX U MOPQOJIOIrMYECKUX OPU-
€HTHUPOB JIJIsI CBA30K KOJIEHHOTO cycTaBa. Pa3paboTka u ampobamnusd ajJropurMa Ha IIpuMepe

meaurnmHckux KT-n3zobpaxkeHunit KOJIEHHOTO cycTaBa.

1.4.1 Amnanu3 umeroineiica nHGOpMaIMN OTHOCUTEJIHHO AaHATOMUYECKUX U

MOP@OIOTUIECKIX OPUEHTUPOB Jid CBA30K KOJEHHOTO CyCTaBa

CBS3KEM M CYXOXKUIUS ABJISIOTCS BAXKHBIME 3JIEMEHTAMU DIOMEXaHUIECKUX MOJIeJIel, TTOCKOABKY Hermocpes-
CTBEHHO YYACTBYIOT B TIPOITECCE TIepeady CUJIbl OT MBI K KOCTSIM. CJI0XKHOCTE aBTOMATHIECKOTO JTETEKTH-
POBaHUA CBS30K M CYyXOXKUJINK 0OyCJIOBJIeHa 0COOEHHOCTSIMU WX OTOOpaXKEHUs HAa MEJIUNUHCKUX U300pazke-
nugax. Hecmorpst Ha npusnekareabayio Budyasnsanuio MPT n3obparkenunii, "HTEHCUBHOCTD 3TUX CTPYKTYP
SIBJISIETCS HEPABHOMEPHOM M IaCTO CXOIHOW C MHTEHCUBHOCTIMU OKPYXKAIOMUX CTPpyKTyp. [Ipobiema pasim-
YEHUs] TPAHUI] CBSI30K U CYXOXKUJIUN U OKPYKAIOIINX MITKOTKAHHBIX CTPYKTYP CYIIECTBYET W MPU PACCMOT-
pernn KT uzobpazkeruit. B ¢BsI3u ¢ 3TuM TpaauiinmoHHBIE OHMOMEXaHMIECKIE MOEIN COMEePKaT HEKOTOPHIE
YIPOIIEHUS: YIACTKHU KPEILJIEHUI MBI U CBI30K K KOCTSM IPEJICTABJISIIOTCS B BUJIE TOUEK, CAMU MBbIIIIIB] 1

CBA3KHK B BHUJC OTPE3KOB HUJIN JIOMAHbIX C KOHIIAMHA B 9THUX TOYKaX [1]

B nacrosiee BpeMs CyImecTByeT JIUITL HEDOBINOE KOIUIECTBO aBTOMATH3NPOBAHHBIX aJITOPUTMOB, O3B0~
JISTIOTIIUX JTETEKTUPOBATH HEKOTOPDIE CBSI3KM WJIM MECTa WX KPEILICHWs, OJHAKO 00JaCTh MPUMEHEHWUST STUX
AJITOPUTMOB OT'DaHUYECHA. ABTOM&TI/ILIGCKI/IQ U TTOJIYaBTOMATUYIECCKUE AJITOPUTMBI CErMEHTAITNN Hepe,ZLHefI n
3a/iHeill KpecTooOpasHBIX CBS30K Mpe/IoyKeHbl B padorax (2], [3], [4]. Pabora |5] ncnoassyer crarncrnieckue
MOOeJI AJid IIOMCKa 110 KT AaHHBIM YYaCTKOB KPEIJICHUA CBA30K U CyXO}KI/IJ'[I/Iﬁ B BuJe KOHTYPOB Ha TpEX-
MepHOiT moBepxHOCTH KocTH. OleHKa KadecTBa pabOThI METOIa MPOBOIUIACH /i deThipex cBst30k (ACL,
PCL, MCL u LCL). ABTops! paGoThl OTMEYAIOT, UTO TPEI0KEHHBINH ATTOPUTM TpebyeT GoIbInei KOHTPACT-
voctu KT wmzobparkenuit marmenTa W yaydIiieHWs METONOB aHAIM3a WHTEHCHBHOCTEN BOkcesneil. B pabore

[6] TeoMerpudeckne Mo KOCTEH ¢ JETEKTHPOBAHHBIMU B DYYHOM DEKWUME y9aCTKAMU KPETJICHUST MBIIIIIT
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TPaHCHOPMUPYIOTCS TaK, YTOOBI HAMIYUITUM 06Pa30M COOTBETCTBOBATEL KOCTSIM IAIMeHTa. Bblia BhisiBieHa
KOPpessius MeKy POPMOIl yUaCTKOB KPEIJICHU MBI 1 (POPMOIl reOMETPUYECKON MOJEIN KOCTH, OJHAKO

3Ta THUIIOTE3a, OBLIA, IPOBEPEHaA TOJIBKO JAJId MOJAEJIN TIjIe4a.

g pazpaboTku nepcoHaTU3UPOBAHHBIX AJTOPUTMOB JIETEKTUPOBAHUS yYaCTKOB KPEILIEHUN CBA30K U CYyXO-
JKUJINY HA TTOBEPXHOCTU KOCTU B JAHHON paboTe UCHOIb30BATACH (POPMATUIAIUS TTOUCKA, TTPEICTAB/ISTIONINX
WHTEPEC aHATOMUIECKUX OPUEHTUPOB KOJEHHOTO CYCTaBa. DBLT MPOBEIEH PEABAPUTEILHBIN aAHAJIN3 aHATO-
MUYECKUX OPUEHTUPOB KOJEHHOIO CYCTaBa, U OBLIO BBIJIEJIEHO TPU OCHOBHBIX IT0/IX0JIa K 00paborke nHMOP-
Ml O MPEJCTABJISIONINX HHTEPEC AHATOMUYECKIX OPUEHTHPAX KOJEHHOT'O CYCTaBa: aHAJIN3 KA9eCTBEHHBIX
AHATOMWYECKWX OMMUCAHNN, aHAJIN3 KOJNIECTBEHHBIX aHATOMUIECKNX ONMUCAHWN W aHATN3 KPUBU3HBI TTOBEPX-

HOCTH KOCT€M.

KauecTBeHHBIE aHATOMUYECKHE OMUCAHUS, TPEJICTABICHHBIE B aHATOMIYecKuX atnacax [7],[8], moryT GbiTh
UCITIOJIB30BAaHBI JJId CO3JaHUA aJITOPUTMOB ACTEKTUPOBAHUA TOYECK KpPEIJIeHWdA CyXO}KI/I.HI/Iﬁ n CBA30K, eCjin
[OPa3yMeBaloT eIUHCTBEHHBIH BLIOOP MX MOJIOKeHus. [IpuMep J1eTeKTUPOBAHUS TOYKH KPEIUIEHUS C HC-
MOJIB30BAHMEM 3TOT0 moaxona mpusegeH B Ajropurme 1.OmgHAKO, aHATOMUYECKHE OMUCAHUS MOTYT OBITH
HETOYHBIMHU W TOJIPa3yMeBaTh 10/ y9aCTKOM KPEeIJIeHUs JOCTATOYHO GOJIbIny0 061acTh. IIpu sToM HABIIO-
JIAIOTCST OTJINYUS B M300pasKeHUsAX JAHHOTO KPEIIEHUs B Pa3IMYHBIX MLTIOCTPATUBHBIX MCTOYHHKaX. Kak
IPaBUJIO, UCITOJIB30BAHNEC KaYCCTBEHHBIX aHATOMUYCCKUX onucaHuii JJIA A€TEKTUPOBAHUA YIAaCTKOB KDEILjIe-

nus 663 MCHOIL30BAHNTS ,I];OHOJ'[HHTQIH:HOﬁ I/IH(bOpMaHI/II/I HEBO3MOXKHO.

IIpnMepsl KOJIMUECTBEHHBIX aHATOMUIECKHX OMMCAHMil npuBoadTcsa B paborax 9], [10], [11], [12], [13]. Onn-
CaHWd TOJIYYIEHB! B PE3YJILTATE UCCACAOBAHUN TPYIHBIX MATEPUAIOB U PEHTTEHOIPAMM MaIueHToB. [Ipumep

AETEKTUPOBaHUA TOYKH KPEIJICHHUA C HUCIIOJIb30BaHHEM 3TOr0 IIOAXOAa IIPUBEACH B AHFOpI/ITMe 5.

B kavecTBe MHCTPYMeHTa A MOUCKA aHATOMUYECKUX OPHEHTHUPOB TaKXKe MCIOJIB30BAJICH aHAJIN3 KPUBH3-
HBI TI0BEPXHOCTH KOCTei. Boiykaoctu u yriyb/ieHus Ha IOBEPXHOCTH KOCTEH 4acTo COOTBETCTBYIOT MECTaM
KpEILJIeHUs. CBA30K U CYXOXKWJIUH U MOI'YT CJIYKUTh OPUEHTHUPAMHU B aJII'OpUTMax JeTE€KTUPOBAHUSA TOUYEK
Kperienns. B KaxX ot TouKe MTOBEPXHOCTH KOCTU paccMaTpuBaeTcs 'ayccoBa KpUBU3HA, KOTOPAd sIBIASIETCS
[IPOM3BEEHNEM TUIABHBIX KPUBU3H K = K1 - Ko M MOXKET OBbITH MCIIOIb30BAHA KAK XaPAKTEPUCTHUKA TOBEPXHO-
cru. B wactaocTu, 'ayccoBa KpuBu3Ha BhITyKJIOCTER U yryiybieHuit KocTH noJ0kuTeibHa. OCHOBHBIE IIAru

AJICOPUTMA [TOMCKA BBIIYKJIOCTEN 1 yIuIyOJIeHu Ciiejyrompe:
1. Tenepamnust MOBEPXHOCTHON CETKW /I KOCTENA.
2. Pacuér KpuBHU3HBI IIOBEPXHOCTH I10 IOBEPXHOCTHOI CeTKe.
3. Beibop joKasibHBIX MaKCHMYMOB ['aycCcoBOIT KPHUBHU3HBI.
IlepBeiil sTanm asropmTMa BBITOTHAETCA IIOJyaBTOMaTHdecKu. lloBepXHOCTHad CeTKa IeHepupyeTcs B HH-

tepdeiice oTkpwIToit porpamMmbl ITK SNAP mo pesyabraram cermentarnun kocreil. KauecTso mosydueHHoH

MTOBEPXHOCTHON COTKM yJIyUNIaeTCs C ucrmosb3oBannem puabrpa Triangle orkpoiroit mporpammer Paraview.
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Hanee, 6ubauoreka Trimesh2, peannzosannas Ha si3bike C++, UCHOJIB3YETCS JIJIs PACIETA TJIABHBIX KPUBU3H
Y9aCTKOB ITIOBEPXHOCTHU K1, K B KaXKJ0H TOYKE OBEPXHOCTHON Tpuanry/siuu. Ha BX0o ajaropurMa 3a1aercst
mapamMerp criaxkupauusg. OH 337a€T pasMep OKPECTHOCTH JAHHOW TOUYKH, 10 KOTOPOH OyIeT MpOBOANTHCS
yCpeJ/IHeHHEe 3HAYeHUIl PACCUYMTAHHBIX [VIABHBIX KPUBMU3H. [Jisi TOro, 4T00bI OTJIMYATEH BBITYKJIOCTH Ha I10-
BEPXHOCTH KOCTHU OT yriaybJieHwil, paccMaTpuBaeTcs CpemHds kpuBusna H = %(&1 + Kko): ecrm H < 0, 10
TOYKA paCcHojiokeHa B yriybsenuu, ecjiu H > 0, TO ToOUKa NpUHAJJIEKUT BhITyKgocTu. CiieIyromue maru

UCTIONB3YIOTCA T TeTeKTUPOBAHNS BBIMYKJIOCTeH U yrIyO/aeHuit KocTeit:

1. Pacuér riaBHBIX KpUBU3H B KaxKJ0# TOUKe TMTOBEPXHOCTH.

2. Jnsa xaxaoit Toukn P; TOBepXHOCTHON TPUAHTY/ISANINA PACCMATPUBAETCST OKPECTHOCTD PAJINYCA 71 MHO-

JKECTBO TOUEK, YUCJI0 PEGEp B KpaTdaiilieM MmyTH 10 KOTOPLIX MeHbIe Jubo pasHo 7 (puc. 4.1).

3. Ecmm I'ayccoBa kpumzna K B TOUKe P; MOCTHTaeT CBOET0 MAaKCHMAJILHOTO 3HAYMEHUS B OKPECTHOCTH

pajuyca r, T0 cauraercs, 4ro P; npunasexur soiykaoctu (H > 0) nau yruybaenuto (H < 0).

Puc. 4.1: Ilpumepsl okpecrHOCTEl pajsuyca T s pa3ubix Todek: r =1 (a), r =2 (6), r = 3 ().

JLts KaxK 0% TOYKY KPEIJIeHUsT BLIOOD MapaMeTpoB MPOBOAUIICT dSMIuprudeckn. JI1sg aBTOMaTHIeCKOTO JeTeK-
TUPOBaHUS yIJIyOJeHHU U BBITYKJIOCTEN HA TTOBEPXHOCTHU KOCTEH HEOOXOIUMO YIUTHIBATH TAKUE TTaPAMETPHI,
KaK Pas3Mephl yriayb/aeHusd Uin BBITYKIOCTH, UX OJOKEHUE M KOJUIECTBO JAPYTuX yIIyDaeHu# U BBITYK/I0-
cTeit B OKpecTHOCTH. PazMep OKpeCTHOCTH 1 OIpeesaicd KaK Iucao pebep B KpaTdaiiiieM Iy T (paccTosHue
B CMBICJIE TeOpUH rpadoB), T.e. OMPEIESSIeTCsT TOJBKO TPUOTHZKEHHO, YTOOBI PACCMATPUBATH JIOKAIBHO [ayc-
coBy KpuBuzHy. [lapamMerps! 3Ha9eHUi Paanyca OKPECTHOCTH 1 ObLIK BRIOPAHBI 119 CETOK ¢ pazmepamu pebpa
10 1.5 mm. [IpuMeps! JeTeKTHPOBAHNS TOUEK KPEIJIEHNST C UCIIOIL30BAHNEeM aHAJIN3a KPUBU3H ITOBEPXHOCTEH

KOCTell npuBesiesbl B Ajiropurmax 2,3,4.

Hcnonnp3oBHre TpUBEIEHHBIX BHIIIE TOAXOI0B MO3BOJIIET CO3JATH AJTOPUTMBI MAKCHUMAJILHO aBTOMAaTHUIe-
CKOTO JIETEKTUPOBAHUST TOUEK KPETJICHUS MITKOTKAHHBIX CTAOUIU3UPYIONINX CTPYKTYDP. Takume aaropuTMsl
HEeOOXOIMMBI I CO3/IaHUsT IePCOHATM3MPOBAHHON TeoMeTpuYeckoil Mozgenn KoJjenuoro cycrasa [14]. TIpo-

TOTHUIIOM TAKO# MOJIEIN MOYKET CIYKUTH IPOCTEIast MOIesIb KOJEHHOTO cycrasa [15].
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1.4.2 Pazpaborka m ampobanus aJropuTmMa Ha IIPUMEPE MEIUITMHCKNX

KT-u3006pakennii KOJIEHHOTO CycTaBa

Anpobanug anropurMoB nposoauaach Ha 26 nHabopax KT uzobparkenuil paziuvHOro paspelieHus, Ipeso-
craBienapix CedeHoBCKUM yHUBepcuTeTOM. KazKIast mocIe10BaTe/ IbHOCTD COMEPKAT N300paKeHNsT IIPAaBOTO
1 JIEBOI'O KOJIEHHOT'O CYCTaBa, TAKUM 00pa30M, 9KCIEPUMEHTHI TPOBOIUINCH HA H2 m300parKeHusIX KOJEHHOTO
cycraBa. Pazpaboranubie ajropuTMbl YAIUTHIBAIOT PA3IUUNST MPOCTPAHCTBEHHOTO TTOJIOXKEHUA TeTEeKTUPYe-
MBIX CTPYKTYP MeIUaJbHOU 1 JaTepaJabHOi JacTh /g IPaBoro M JIEBOrO KojeHa. Pa3zMepHOCTH paccMaTpu-
BaeMbIx m3obpaxkernit 512 X 512 X z Bokceseit, tae z ~ 300. Bcé muoxkectro KT m3obpaskennit MoxkeT OBITH
pa3iesieHo Ha 2 mojMHOoKecTBa: 13 m3o6parkenuit 60s1ee BEICOKOTO paspeliennst (IpoCTPAaHCTBEHHbBIE Pa3Mephl
BOKcesieil Bosib ka0 ocu 0.7 — 0.9 mm) u 13 uzobpaxkennii 6o/1ee HU3KOro pasperiennst (IIPOCTPAHCTBEH-
HBIE Pa3MEpBI BOKCe/IeH BIosh Kaxkaoi ocn 1.0 — 1.4 mm). B kauecTBe BXOIHBIX JAHHBIX I PA3PAOOTAHHBIX
AJITOPUTMOB CJIyZKaT CEIMEHTAIINN KOCTEl, CreHepUPOBAHHBIE TIPU TIOMOIIH aJrOpuTMOB u3 pabot [14],[15].

JIist Kask0T0 TMaInuenTa CerMeHTaIns COAepKuT 8 MeTok (puc. 4.2).

Puc. 4.2: Cermenranusi KOJIEHHOrO CycraBa: KOpoHaJIbHbIA (pponranbubiii) cpes (a), Tpéxmepusiit Buz (6),

merku: ¢dou 0, npasas 6eapeHHasi KOCTb 1, mpaBas 60JbiedepioBast KOCTh 2, IIPABbIil HAJKOJIEHHUK 3, [IPABas

masiobeproBas KOCTh 4, jgeBas OeipeHHast KOCTb 9, JeBas 00JibinebeproBast Kocrb 6, jieBblil HA/IKOJIEHHUK 7,
JieBass MajI06epIioBas KOCTh 8

Cyxoxxkujine 4derbIpéxriaBoii Mbininbl deapa.  YersipéxiiaBas MbIIa 6e1pa COCTOUT U3 YeTHIPEX
OTJIeJIbHBIX MBI, TPUKPEIIAONNXC K BepxHeil yacru najakosennuka (puc. 4.3a). B anropurme gerex-
TUPOBAHUS UCIIOJIH3YETCA CAEAYIONNit (DAKT: MHTEHCUBHOCTh CYXOKWIUN JeTHIPEXTIABOM MBIIIIILI Oeapa Ha
KT nzobpazkeHusix BBIIIe, YeM HHTEHCUBHOCTD AaHATOMUYIECKUX CTPYKTYP, CMEKHBIX C BEPXHEH JaCTHIO HAJ-

komerruka (Pucynok 4.36). Jlist meTeKTUpOBaHNS KPEILIEHWs UCTIOIB3YeT s

Aaropurm 1

1. Pazbuenune KT mnzobpaxenus na nomobaactu pazMepoMm 3 X 3 X 3 BOKceJiell, TPUNUCHIBAHIE KAXKJIOMY

BOKCEJIIO CpeJiHell 10 mo00/1acTh ¢ IEHTPOM B JIAHHOM BOKCEJIE€ MHTEHCHBHOCTH.
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2. Beibop ma KT m3obpakeHnn BoKceseil KOJEHHON YallledKu 110 METKaM BXOJHOTO m300parkenus (cer-

MEHTALMN ).

3. Ilposenenue oneparun “pacuupenns’ (dilation) HaKOJEHHUKA W TOUCK BOKCETEH Zmax U Zmin C MaK-

CUMAaJIBHON M MUHUMAJIBHON KOOPAWHATAMU I10 OCH Z.

4. Tlouck BOKCeJsist ¥ C MAKCUMAJILHON WHTEHCHBHOCTHIO CPeIN BOKCeseil z € [Zmax — %d; Zmax), THe d =

Zmax — Zmin-

Quadriceps femoris tendon

Patella

Patellar ligament

Pes anserinus

a. 0.

Puc. 4.3: Ilepeunuii Buy kosennoro cycrasa (a). Wiutocrpanus u3 [7]. Kperuienue yerbipéxriaBoil Mbliibl

Oenpa oTMeueHo po30Boit Toukoil (6). Haakomenuuk (cunuit); BOKCen, T00aBJICHHbIE TIPU TIOMOIIHA OTIEPAIIUY

pACIIMPEHUs HAJIKOJICHHUKA, ABJIAIOTCI O0IACTHIO MOUCKA, KPEIJIEHNs YeThIPEXTIIaBoil MBIl Oegpa (xKes-

ThIi); KpEIJIeHUEe YeThIPEXTIaBoi MbInIbl Oeapa (Kpachbiil) (B). Kpermienue 4eTbipéxriiaBoii MbIIbl Oeapa
K HaJKOJeHHUKY (Tpéxmepnbiil Bux) ().

T.

Cyxo>kuJjine 1oJKOJEHHOM MbIlibl. [loiKoseHHas MBIIITA KPEMUTCs K epeHell YacTu MO KOIEHHON
60OpO3/IBI HA JIATEPAJIBHON MOBEPXHOCTH MBIIIEIKA DEAPEHHON KOCTH. DTa 0COOEHHOCTH HCIOJB30BAIACH B

AJTOPUTME JEeTEKTUPOBAHNY KPEIJIEHUS CYXOXKUJINS MMOAKOIEHHON MBIMIIHI K OeIPEeHHON KOCTH.

B.

Puc. 4.4: Pesynbrarsl pacyera KpUBU3HBI IOBEPXHOCTH OeipeHHoi KocTH (a). BhI6op ToueK ¢ MakCuMaIbHbIM
3HAYEHNEM T + Y (MU Tmax — € + Y), B 3aBUCHMOCTH OT KOCTH (JByMepHOe m3obpaskenne) (6). Pesynbrarst
JIETEKTUPOBAHUS KPEILJIEHUs [OKOJIEHHONW MBIIIIIbI K OeApeHHOi KocTu (B).

Agaroputm 2

1. TTouck KpUBU3HBI TIOBEXHOCTH OEAPEHHOIN KOCTH ¢ mapameTpoM craaxkusaanst 4 (puc. 4.4a).
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2. Beibop BOKcesieil ¢ MUHUMAJBHBIM CPEJIHUM 3HAYEHUEM KPUBU3HBI 110 OKPECTHOCTH C pajuycom 15.

3. Bribop u3 sTMx BOKCeseH OQHOTO ¢ MAKCUMAJILHBIM 3HAYEHUEM T + Y WAN Tyax — L + Y, B 3ABUCUMOCTH

OT TOTO, TIpaBasi WK JieBasi KOCTh paccmarpuBaerca (puc. 4.46-4.48).

Cyxoxxujine JIByIJIaBOi MbIHINbI O0eapa. MecTo KpelieHusl CyXOXKUJIUs JIBYIVIABON MBITIIIEL Oemapa
n300paXkeHo Ha pucyHke 4.5a. AITOPUTM HAXOIUT JIOKAJbHBIE MAKCHMYMbl KPUBU3HBI TIOBEPXHOCTH MAJIO-

HeprioBoil KOCTH U BBIOUPAET TOUYKY CO BTOPOH 110 BEJTMYHHE KOOPJAUHATON 2.

Aaroputm 3

1. Pacuér xpuBu3HBI MOBEPXHOCTH Ma/I06EPIOBON KOCTH C TapaMETPOM CryIaxKuBaHus 4.
2. Haxoxktenne BoKceJell ¢ MAKCHMAJLHBIM 3HAUYeHNeM KPUBU3HBI B OKPECTHOCTH € paamycoMm 15.

3. Beibop BOKcesist cO BTOPOIl 110 BEJUYUNHE KOODIUHATON 2.

Apex

|
Attachment site for fibular Facet for articulation
collateral ligament of knee with inferior surface
/ of lateral condyle
of tibia

Attachment site for tendon
of biceps femoris musde

Head

\Neck

Common fibular nerve

Lateral surface
Anterior border

\ ‘ Medial surface

Interosseous
border

| Medial crest on Shaft

posterior surface

Posterior border  Posterior surface

Lateral surface

Medial part
Medial surface of posterior

a. A surface 6 . B.

Puc. 4.5: Kperuenne cyXoxKuius IBYIJIaBoii MbIpl 6eapa [7] (a). Pe3ymbrarsl paciera KpHBU3HBI TIOBEPX-
HocTH MaJi06epuoBoil kocru (6). Pesyabrar gerekrupoBanus CyXOKUIIMs JBYIIABON MbIIIIbl 6eapa (B).

JlarepasibHasi KoJIaTepPAJIbHASL CBA3KA  [PUKPEIUISIETCS K YIIyOJEeHU0 JaTepaabHON TOBEPHOCTH B
BepxHEH gacTu ManobepoBoii koctu (puc. 4.5). AJropuTM moucKa KperieHns JaTepaTbHOH KOLIaTepaIbHO

CBSI3KY MOX0XK HA Asroputm 3:

AaropurMm 4

1. Pacuer kpuBu3HbI NOBEPXHOCTH Ma/I0OEPIOBON KOCTH C ITapaMETPOM CryiaxKuBaHus 4.
2. Ilouck Bcex BOKcesell ¢ MUHUMAILHLIM 3HaUeHneM cpegHell KPUBU3HLI B OKPECTHOCTH pagmyca 2(0).

3. Breibop BOKcesis ¢ MAKCUMAJIbHBIM 3HAYEHUEM KOODUHATHI Z.
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MeauanpHas KOJLIATEPAJIbHAS CBSI3KA  IPUKPEILIIETCA K HAJMBIIIENKY OeJipeHHOI KOCTH, HECKOJIBKO
Hu2Ke IpuBo/sero 0yropka. [lockosbky HaIMbIIEI0K OeIPEeHHOT KOCTH IPEACTABIIAET U3 Ce0s1 BBIITYKJIOCTD,
€ro MOXKHO JIeTeKTUPOBATDH, UCIO/b3Ys PACIET KPUBU3HBI TOBEPXHOCTH C TMOAXOISIIAMY TAPAMETPAMY U TI0-
UCK JIOKAJIBHBIX MAKCUMyMOB. OCHOBHAaS CJI0YKHOCTH COCTOUT B BBIJIEJIEHUN M3 BCETO MHOYKECTBA JIOKAJTBHBIX
MaKCUMyMOB TOYKHU, COOTBETCTBYOIIEH HaIMbIIe Ky Oeapennoii kocru (puc. 4.6a). Iast pemenns 31oit mpo-
BJsieMbl OBLIO TPUHATO BO BHUMAHUE COOTHOIIEHHE MEXKJY NINPUHON OeIpEeHHON KOCTU U PACCTOSHUEM OT
MPUBO/IAIIEr0 OYropka JI0 CyCTaBHON JinHWH, mpuBeéHHOe B pabore [13|. OcHoBHBIE U3MepeHus GeIpeHHoi
KOCTH, MCIIOJIb3yEMbIE JI/IST BRIYUCTEHNsT COOTHOIIEHW, TIPUBEIEHbI Ha puc. 4.66: cycrasras juans (JL), mpo-
XOJSINas 9epe3 caMble HUKHIE TOUKHA MEJINAIBLHOTO W JIATEPATHLHONO MBIIIEIKA B KOPOHAJIBHON TLJIOCKOCTH,
paccrogHue Mexry npuBogammm 6yropkom u cycrasuoit uaueit (AJTL), mmpuna 6eapennoii kocru (FW).
Corutacao [13], cymectByer Koppessius Mexay 3nadenuamu paccroguauit FW u ATJL: cpennee 3nadenune
orHommennst ATJL/FW pasuo 0.543. OcHOBHBIE THAr¥ i JETEKTHPOBAHUS MEAUAIBHON KOJLIATEPATBLHOI

CBSI3KW CJIeTYIOIIHE:

Anropurm 5

1. Haittu JL u eé BHEMHIO eINHUYHYIO HOPMAJIb N.
2. Hatttu FW u BexkTop v =n - FW - 0.543.

3. HobaBuThb BEKTOP V K caMoOil IUCTATBHON TOYKE MEeIMATBHOTO HAIMBIIIEIKA I MOJyIeHs TPUMep-

HOTO TIOJIOYKEHUST TTPUBOISIIErO OYTOPKA a.
4. Haiitn kpuBu3ny 6eIpEHHON KOCTH CO CIVIAXKUBAIOIINM MapaMeTpoM 8.
5. Boibparb TOUKM ¢ MAKCHMAJILHBIM CPEIHUM 3HAUEHNEM KPHUBU3HBI B OKPECTHOCTH C PAIUyCOM 5.

6. Beibpars TouKy, 6/1MKAAIIYIO K @.

Banuganua anroputMoB. Jlag Bammaannm pa3paboTaHHBIX AJTOPUTMOB OBLIO TTPOBENEHO CPAaBHEHME
CTAaTUCTUIECKAX XAPAKTEPUCTUK CBA30K C JIUTEPATYPHLIMHA HCTOYHHKAaMuU. Ilosiyaenmbie B xoe TaHHON pa-
60Tl JTaHHBIE CPABHUBAINUCH CO CTATUCTHIECKUMH PE3YIbTATaMH M3MEpPEHHH JINH HepeaHell KpecToodpas-
Hoit ceasku (ACL), 3anneit kpecroobpasuoii ceasku (PCL), sarepanbroit kosarepanbhoii csizku (LCL) n
cs3ky HaJkosrenanKa (PL) g 30 mamunentos, npuseaenuabiMu B [16]. Touku Kpermiennit CBsI30K 1T KazK-
JIOr0 KOJICHA ONPEIEe/IaNCh KAK CPEIHEe MEXK/TY JIBYyMs-9eThIPbMs KPAHUMU MMOI0KEeHUIMU Ha mepudepun

ydgacTKa Kperiennst (nepejnee, 3ajHee, MeIualbHOe, JaTePaTbHOe, TUCTAILHOE U TPOKCUMAILHOE).

Tabmmma 4.1 comepxut ammnsl ¢Bst30K ACL, PCL, LCL u PL B TepMuHax paccTOsTHUSA MEKTY TOUYKAMHU KPeIl-

saenud, paccunranunoe mo 26 KT m3obpaxkenusam KOJEHHOTO CycTaBa 0oJiee BHICOKOTO paspertnenus. J[TuHb

AHATOMITIECKHX CTPYKTYD paccanmThiBainch Kak L = /(2o — )% + (Yo — ¥i)% + (20 — 21)2, T71€ (%0, Yo, 20) W
(T4, Yi, 2i) NEKAPTOBBI KOOPIMHATHI TOUEK KPEIIeHUsl. ECIM KOOPAMHATHI TOUEK KPEIICHUs ObLIA PACCIUTa-

HBI B BOKCeJIAX, KaK, HanpuMmep, B Ajqropurme 1, T0 OHU KOHBEPTUPYIOTCS B JEKAPTOBY CHCTEMY KOODIUHAT:
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Puc. 4.6: JlokanbHble MAKCUMYMBbI IOBEPXHOCTH OEJIPEHHON KOCTHU: JKEJITast TOYKA COOTBETCTBYET IMPHUBO/Is-
meMy Gyropky, KpacHas 0003HAYAET TOYKY KPEIUIeHus MEIMATIBbHON Kosuarepanbaoil ceasku (a). I[lepenme-
3a/IHsS TLUIOCKOCTh PEHTTEHOrPAMMBI KOJIEHA, JEMOHCTPUPYIOMIAs METOAUKY HAXOXKICHWS U3MEpeHuil Gesl-
PEHHOI KOCTH 7t pacuéra cooTHommenuns u3 [13]: cycrapuas nuans (JL), npoxoxsinas 4epes camble HUKHIE
TOYKM MEIUAJIBHOIO U JIATEPAJIHLHOTO MBIIIEIKA B KOPOHAJIBHOMN IJIOCKOCTH, PACCTOSHUE MEXKLY IIPUBOISIIIIIM
6yropkom u cycrasuoii sunueit (AJTL), mupuna 6eapennoii kocru (FW), paccroguue or manobepiioBoii kocru
no cycrapuoit smuuu (FJL), paccrosinue or mexuanbroro Hajmbiieaka g0 cycrapuoit junuu (MEJL), pu-
cynok u3 [13] (6). Benéuoit Toukoii 0603HAYEH HPUBOASILUI OYIOPOK, JETEKTUPOBAHHDBII € UCIOJIL30BAHUEM
coorHomennst ATJL/FW wu3 [13], kpacHasi ToUYKa TOKa3bIBaeT HaleHHOE KPEeIJIeHne MeIHalbHO KOJLIaTe-
paJibHOIT CBA3KH (B).

(x,y,2) = (VpSg+0z, VySy+0y, V.5, 40,), Tae (g, Uy, V) — KOOPIUHATHI B BOKCEJSIX, (Sg, Sy, S;) — HPOCTpaH-
CTBEHHBIE PA3MEPHOCTH BOKCEJIS, U (0g, Oy, 0,) — KOOPAMHATHI HaUaIa n300pasKeHns B 1eKAPTOBOIl CHCTEMe

KOOpPAUHAT.

Cpeanss pymna csss30k ACL, PCL, PL 6bLia paccurrana 110 KOOPAMHATAM TOYEK KPEIJIeHUs, HailJeHHbIM
Agropurmavu 4-5 o KT gannabiM Gosiee BHICOKOTO Pas3perienns, XOPOII0 KOPPEJUPYeT ¢ JTaHHBIMU, TTPe-
crayierabiMu B [16]. Crangaprabie orkiaonenus gt ACL, PCL u LCL cpaBHUMBI, CTaHIAPTHOE OTKJIOHEHTE
anst PL otsmuaaercs B 2 pasa. Cpegusig piuna ceasku LCL, npusenénnas B [16], va 11lmm 6osbiie, dem
cpenusts pwna LCL, paccunrantiasi o ToYKaMy KpPeIJIeHUsl C UCHIO/Ib30BaHueM aaroputmos 4-5. Crangapt-
HbI€ OTKJIOHEHUA CPABHUMDBI. HaHI/I‘{I/Ie ITOr0 CUCTEMATUYICCKOT'O PAa3/Janvnd MOZKHO O6”b?{CHI/ITb pa3jImIngaMmn
B TIOAXOJaX K MOWCKY JJIWHDLI CBA3KMW. B mawmoil pabore m3Mepsaioch PACCTOSHUE UCK/IIOUUTEIHLHO MEXKIY
TOYKaMi KperjieHus. B ciy4ae 6osbImoit mroma i 061acTu KpervieHnsi, 9acTh JJIMHBL 3TOH 00JIACTH MOXKET
6eITh obaBieHa K jgumHe cBasku. CorvacHo [17], cpefasisa nuoma b KperieHns JaTepaabHOil KoJliarepalib-
HOIT cBa3KM K OenpeHHoit koctn coctapiasger (.48 cm? (mmamazon n3menenus 0.43 — 0.52), cpegHss WI0MAIb
Kperuiennst K Maio6eprosoii kocru cocrasiser 0.43 cm? (ananaszon mamenenus 0.39 — 0.50). Ommmune 31a-
denud cpemueil mmwHb HA 11 MM Mo0xkeT O6bITH 00bACHEHO BHIOOPOM KOHKPETHON TOYKM KPEILIEHWd BHYTPHU

Y49aCTKa KPEILJICHUA CBA3KH.

B xone mammoit paboTsr Obiu poBeenbl Takke sKcnepuMenTsl ¢ KT mamabivMu 60/1ee HU3KOTO paspernenns.
Omnanst 3HAYEHUH CPEeTHUX JITHH OT JaHHBIX, IPEJICTABJICHHBIX B pabore [16], 3HAUNTE/IbHEE B CDABHEHUN
¢ 9KCIIEpUMEHTAMY Ha JAHHBIX 00J1ee BBICOKOTO paspelnenusi. AJropuTMbl, OCHOBAHHBIE HA aHAJM3E KPUBU3-
HBI TIOBEPXHOCTH KOCTEH, TBJISTIOTCS UyBCTBUTEILHBIMEA K PA3PEITEHNI0 BXOIHBIX JaHHBIX U MOTYT BhIJaBaTh
HEKOPPEKTHBbIE PEe3yJIbTAThl Ha JAHHBIX Oosiee HU3KOTO pasperterus (Tabmaura 4.3). D10 obbscHsIeTCS TeM,
aTo Tocae BoccraHoBienusa noBepxuocTu mo KT mammeiv Gosiee HU3KOTO pasperneHns BOIMOXKHO TOsSBJIE-

HUE BBIYUC/UTEIbHBIX OMMUOOK, B YACTHOCTHU, NPU Pacuére KPUBU3H. BojbIoe KOJMYECTBO HEKOPPEKTHBIX
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Pe3yIbTATOB /115 60JIbIIEOEPIIOBOI KOCTH OObICHAETCS HENPABUJIBHBIM JIETEKTUPOBAaHUEM 6YrpucTocTu 60Jib-
mrebepiioBoit koctu. st JaHHOTO aaropuTMa HeOOX0ANM MOA00P JOMOJIHUTEFHONO HA00Pa HapaMeTPOB JIIst

BXOJHBIX TaHHBIX H0J1ee HU3KOTO Pa3PEINeHHS.

a. ' 6. B. T.

Puc. 4.7: Tlpumepsl 1eTEKTUPOBAHHBIX TOYEK KPEIJICHUS MeIMAIbHON KOJIAaTepaabHON CBA3KH K OOJIbIIe-
0OepITOBOIT KOCTH.

0. B.

a. T.

Puc. 4.8: Ilpumepsl 1eTEKTHPOBAHHBIX TOUYEK KPEIJIEHUsT CYyXOXKUJIAS 9eTHIPEXTIIABOI MBIIIIIHI Oeapa K HAI-
KOJIEHHUKY.

6.

Puc. 4.9: Ilpumepsb! JeTEKTUPOBAHHBIX TOYEK KPEIJICHWUS TTOAKOJEHHON MBIMIIIBI K O0JIBITe6epIIOBOil KOCTH.

a. B. I

a. 0. B. T.

Puc. 4.10: IIpumeps! 1eTeKTUPOBAHHBIX TOYEK KPEILIEHUs ABYTJIABOM MBI Oe/1pa K MaI0bepIoBOil KOCTH.

TouHOCTE PE3YIBTATOB CEIMEHTAIINU s JAHHBIX 00Jiee BHICOKOI'O PA3pEIeHs TaKXKe OIEHUBAJIACH C HC-
MOJIb30BaHuEM pedePEeHTHBIX 0003HAUEHNI TOYEK KPEIJIEHUM, TPEIOCTABIEHHBIX KINHUIECKUMU YKCIEPTa-
mu. Omubku (paccTogHUS MEXKIAY TOYKAME, HAMIEHHBIMU aJTOPUTMOM, U TOYKAME, OTMEYEHHBIMU IKCIIED-
ToM) ObLH W3Mepensl st 208 Touek: Touku Kperterus cBsi30k ACL, PCL, PL, LCL mng 26 KojeHHBIX Cy-

craBos (13 wabopos garnbix). CpesHssa M0 BCeM TOYKAaM OMMOKA COCTABUAN 12 MM, MaKCHMA/ILHAA OMHOKa
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a. 6. ' B. .

Puc. 4.11: IIpumepbl 1eTeKTUPOBAHHBIX TOUEK KPEMJIEHUs JIaTepaIbHON KOJJIaTepaIbHON CBI3KH K MAJIO-
6epIIoBOil KOCTH.

Konennwiit cycras | ACL, mm | PCL, mm | PL, mm | LCL, MM
1 32.288 33.247 63.985 49.555
Ln 30.798 27.928 65.417 46.511
2m 31.669 37.154 65.042 43.557
2n 30.998 37.013 65.807 41.846
3 32.288 33.138 63.983 49.118
3 30.797 27.928 65.416 46.945
4 32.346 33.128 63.985 49.555
4 30.798 27.928 65.417 46.783
5 30.211 34.477 60.436 43.665
51 29.548 35.356 67.644 46.102
6 33.487 28.101 54.897 49.849
61 28.956 26.158 53.662 52.519
T 32.424 32.489 79.91 51.788
T 34.475 25.244 79.297 52.133
81 31.203 38.831 79.356 50.875
8 31.497 42.049 84.033 50.644
Omt 32.424 32.489 79.91 51.788
9 33.345 28.76 54.994 52.133
10m 46.839 52.155 83.579 51.98
100 34.827 30.968 86.772 52.06
11n 21.886 28.074 65.568 38.679
11n 23.006 21.256 63.215 45.851
120 32.389 33.373 53.889 36.016
12n 30.14 26.629 52.065 41.746
13m 31.577 25.518 48.734 37.816
13n 26.893 32.575 48.209 49.055

TABIUIA 4.1: Pesynbrarsr uamepenuit quun cBsa3zok ACL, PCL, PL, u LCL mo KT nanubim 6osiee BHICOKOTO
pasperenus
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CprKTypa cpeanee, MM S])7 MM Hlil’l, MM max, MM
ACL [16] 30.837 1355 | 236 126
ACL mamepeno | 31.427 4328 | 21.886 | 46.839
PCL [16] 31.247 4865 | 217 40.4
PCL usmepero | 31.999 6.286 | 21.256 | 52.155
PL [16] 63.907 5973 | 545 76.7
PL uzmepeHo 68.585 14.403 | 48209 | 86.772
LCL [16] 58.757 5.081 163 67.4
LCL msmepeno | 47.253 4857 | 36.016 | 52.519

Tap/MUA 4.2: Cpasuenue crarucrudeckux xapakrepucruk s ca30k ACL,PCL,PL,.LCL (cpeauee 3naue-

HUE, CTAHJAPTHOE OTKJoHeHne SD, MUHUMAIbHOE U MAKCUMAJIbHOE 3HAYEHUE), MOIYYEHHBIX 0 HANJIEHHBIM

aJropuTMaMu 4-5 TOYKaM KpeIUleHus, U TpeJcTaBieHHbX B padore [16] qust KT manebix Gosee BBICOKOTO
pasperenus

Konennwiit cycrag | ACL, mm | PCL, mm | PL, MM | LCL, MM
1 31.154 37.788 62.398 41.864
L 29.459 35.756 68.836 48.472
2n 28.802 37.363 64.385 40.096
21 26.556 33.543 — 40.043
3 37.892 44.727 66.836 53.868
3 37.554 41.903 86.105 56.112
41t 27.033 35.422 — 429
4 29.373 35.779 68.847 38.743
b 27.823 39.159 63.117 40.509
5 28.333 34.723 66.372 38.033
6 37.616 35.147 73.956 59.376
61 43.009 41.155 69.309 | 110.355
s 31.139 31.768 — 63.149
T 43.648 37.308 — —
8m 39.994 55.396 — 57.415
8 32.704 44.944 — 83.525
9m 39.346 43.461 — 61.961
9 43.189 38.62 69.763 —
10m 36.998 36.759 — 87.088
10 63.074 45.264 81.191 65.421
11m 28.855 32.284 — 49.413
11 33.973 28.291 — 99.101
12m 33.572 40.326 68.881 97.56
121 38.676 37.402 65.6 94.361
130 37.196 33.279 65.678 49.948
131 55.249 49.791 41.911 48.453

TABIUIA 4.3: Pesynbrarsr uamepenwnii ayun cesi30k ACL, PCL, PL, u LCL o KT gaunubsiM 60jiee HU3KOTO
pasperienns, “—’ 03HAYAET HEKOPPEKTHBIA PE3YIbTAT
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CprKTypa cpeanee, MM SD7 MM I’Ilil’l7 MM max, MM
ACL [16] 30.837 4355 23.6 126
ACL usmepeno | 36.239 8.624 | 26.556 | 63.074
PCL [16] 31.247 4865 217 40.4
PCL usmepero | 38.745 5939 | 28291 | 55.396
PL [16] 63.907 5.973 545 76.7
PL usmMepeHo 67.699 9.334 | 41911 | 86.105
LCL [16] 58.757 5.081 46.3 67.4
LCL usmepeno | 53.319 13.968 | 38.033 | 87.088

Tab/IMUA 4.4: Cpasrenve craructuyueckux xapakrepuctuk mig ca30k ACL PCL,PL,LCL (cpeauee 3uaue-

HUE, CTAHJAPTHOE OTKJoHeHHe SD, MUHUMAIbHOE U MAKCUMAJIbHOE 3HAYEHUE), MOJIYUYEHHBIX 10 HANIEHHBIM

ajgropurMaMu 4-5 TouKam KperuieHus, u npexacraBieHHbix B pabore [16] ans KT nanubix 6osee HU3KOro
paspereHust

23 mM. Hauboibimme 3uadenns OmmOKY OBLIH Oy IeHBI 15 CBA30K ¢ OTHOCUTE/IHLHO OOBINMMMY TLIOTIAIAMI
yaacTkoB Kperaennii, nanpumep, ACL, PCL, PL. Inuna kpemmrenus ACL k 6eapennott koctu 17.9 + 2.0 MM
(cpepnee snauennet SD) 18], kpewsienne PCL k Geapennoii kocru umeer jyuny 6osiee 20 MM B 1iepejjHe-

3a/iHeM Hanpasyennn [19].

IIpoBenennbIe SKCTEPUMEHTRI TOKA3AJINM, YTO pa3pabOTAHHBIM AATOPUTM Jydllie paboTaeT Ha JAHHBIX 0O0-
Jiee BBICOKOTO paspemniennd. Kak mpaBuio, TaKWe AaHHBIE MPOM3BOAATCI HA COBPEMEHHBIX ToMOrpadax mpu
JIMArHOCTHKE 3ab0/IeBaAaHUN KOJIEHHOTO cycTapa. Pa3paboTaHHBIN MOJIX0J MOXKET ObIThH HCIIOJIBL30BAH JIJIA aB-

TOMATHU3AINH [POIECCa CO3JAHMS MePCOHATNBNPOBAHHON MO/IE/ I KOJEHHOTO CyCTaBa.
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3ajsa4da 2.1. Pa3zpaboTKa
HeTrnJIPOCTATIIECKOIl MO CXKMMAaEeMOId
arMocdephl JJIsg 3aJIad MPOTHO3a IIOTroIbl 1

MOAEJINPOBaHNA KJINMATa

Peanuzarius npolieAyp Mapasijie;IbHOTO BBIYNCJIEHUS OCHOBHBIX TOPU30HTAJBHBIX auddepeH-
OMAJBHBIX ONEePATOPOB (rpagueHT, JUBEPreHIins, 3aBUXPEHHOCTD, JIAJIacuat) 2-ro u 4-ro mno-
pAJaKa anmpoOKCUMAITNKN C TTOMOMILIO PaHee Peajn30BaHHOIN 6UOINOTEeKN TTapaje/ IbHbIX BbIUMC-
JieHuii Ha ceTrke Kybuueckas cdepa ParCS. Peanuzanust yrpoiueHHoii Bepcun ANHAMUYECKOIO
6s10ka (oTcyTcTBYeT pesibed MOBEPXHOCTH, siIBHASI CX€MAa WHTETPUPOBAHUIIO BPEMEHH, JiijIepoBa
aJBEKIINs ), UCTIHITAHNE HA OGIIENPUHATHIX TECTOBBIX 3374a49aX (PpacnpoCcTpaHeHne rPaBUTAINOH-
HOI1 BOJIHBI, TEIUIbI Iy3bIPEK, IUIOTHOCTHOE Teuenue). [lapajuienbias peajim3anusi U IPOBEPKA
aJropuTMa reHepaln KOPPEeJINPOBAHHBIX MO MMPOCTPAHCTBY U BpeMeHu moJeii Ha cdepe (AR1)
B paMKax cyinecrtBymoiieii mogesm armocdepnt IIJTAB. Peasmm3anus Bo3MylueHuii BepTUKAJIb-

HOr0o KOMMOHEHTAa 3aBuxpeHHocTu B mozxesu IIJIAB.

2.1.1 IlocTpoeHne KOHEYHO-PA3HOCTHBIX ANMPOKCUMAIINI OCHOBHBIX -

dbepeHInMaNbHBIX OIIEPATOPOB yPaBHEHUI AMHAMUKN aTMOC@epPhI

BreruncaurenbHas ceTka Kybumdeckas cdepa aad moqesiu atmocdepbl. B obsactu amcienmnoro
IIPOrHO3a TOTrOAbI B MOJEINPOBAHNS KANMATA MHOTHE FOJbI IIPUMEHSIACH PEryJIdpHasl IIHPOTHO-I0JITOTHAST
cerka Ha cdepe. Hepocrarok Takoil CeTKr - CXOAUMOCTh MEPUIUAHOB K IIOJIOCAM, YTO YPE3MEPHO IOBBIIIAECT
paspelenne B BICOKHAX IMAPOTAX W BEJET K YKECTKOMY OTPAHMYEHHIO Ha IMar II0 BPEMEHN IIPH HCIOJIb30Ba-
HHUY ABHBIX METOI0B U MEIIEHHO! CXOIUMOCTH AJTOPUTMOB PEIIEHNs CUCTEM YPABHEHNN TP UCIIOIH30BAHIN
(mosty-)HEABHBIX METOMOB. [IpaKTHIECKOe MOIEMPOBaHIe ATMOC(EDPDI HA MMUPOTHO-TOJTOTHON CETKE HEBO3-

MOXKHO TIPH IlIare ceTku Ha skBaTope 10 KM n Meree [1].
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1TRLAA VY

[HARERE RN

1

u

Puc. 1.1: IIpumep cerku KyOudeckas cdepa

st peasim3anun HErHIPOCTATHIECKOH MOIEIN C2KIMAaeMOi aTMocdephl MBI BRIOpaJ/In CETKY TUIIa KybudaecKas
cdepa (cm. naupumep, [2]). Takas cerka nosydaercs nyrem 1EeHTPAIbHON IIPOEKIMN PABHOMEPHON CETKU Ha
rpansx Kyba na Brucanuyio cdepy (Puc. 1.1). @akrnveckn, Takas ceTka COCTOUT U3 6 OTAENBHBIX KPUBOJIH-
HEHHBIX HEOPTOTOHAJIBHBIX CETOK, CTHIKYIOMINXCS Ha 00pa3ax pebep Kyba. KoopauHaTHble TUHAN, TPH 3TOM,
WUCTIBITBIBAIOT w3sioM. K mocTomucTBaM ceTKu KyOmueckas cdpepa CjaeayerT OTHECTH BBICOKYI0 PABHOMEDPHOCTH
pa3peIennsi, JOrHIeCKH IPIMOYTOJbHYIO CTPYKTYPY, KOTOpas M03BoJigeT 3PPEKTUBHO IPOrPAMMUIPOBATH

METOAbl BBICOKOT'O ITOPsAJIKA alllIDOKCUMAILIUN.

YceToHYUBOCTh ITPOCTPAHCTBEHHON anmmpoKCcUMaIum Ha MpUMepe JUHEHHBIX YPaBHEHUIT MeJTKOi
Boabl. llpakTuyecku jiobyi0 cucreMy ypaBHEHUN JAMHAMUKU aTMOCQEPHI MyTeM BbIOOpa COOTBETCTBYIO-

mero pOHOBOTO COCTOSHUS U JIMHEAPW3AINH MOXKHO CBECTH K JUHEHHON cucTeMe YpaBHEHUI MEJIKOM BOJIBI:

ov
Oh .
o = ~HV- 7, (1.1b)

rie ¥ — BEKTOp TOPU3OHTAJBHON CKOPOCTH BeTpa, h — BO3MYyIeHUe TUIyOWHbBI Kuakoctu, Hy — cpenuss

rayOuHa.
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Bazkno, uTo6bI TpOCTPAHCTBEHHBIE ATPOKCUMAIIMKA TPEXMEPHON CUCTEMBI ypDaBHEHMI JUHAMUKU aTMocde-
PBI, IIPU CBEJIEHUM €€ K CJIy9ar0 MEJIKON BO/bI, ObLiau yecroitunpbl. JJoOuThCst 5TOr0 MOXKHO, €CJ/id JIUCKPETHDLIE

OTIepaTOPhl JUBEPTEHIINT W TPAIUEHTA 00aJa0T aHATOTOM CBOWCTBA WHTETPUPOBAHMS 110 FACTIM:

/ (uVh + hVu) dQ = ]{ uhdS. (1.2)
Q o9

B zamMkayTO#l 06s1acTH TpaBas YacTh ypaBHEHUS PAaBHA HYJIIO, CJIEJ0BATENBHO, OT KOHEIHO-DAZHOCTHBIX O~

paTopoB Ha ceTKe Kybmueckas cpepa Tpebyercs:
h’ A, Dyu+ul A,Dyh =0, (1.3)

rae h, u - opencrapiaenne h u u Ha cetke, A, u A, — KBaapaTypHble MaTpulnl, Dy, D, — ceTodHLIe ome-
paTopsel rpajmenTta u gqueepreanuu. [lpu BbmosHennn cBoiicTia (1.3) coxpansercsa sHeprust (KBagpaTUIHbIH

MHBAPUAHT): . .
E = 5hTAhh + 5uTAuu, (1.4)

9TO TapPaHTAPYET YCTOWYUBOCTH YHUCJICHHOTO PelleHud.

Mp#I mocTpouIN yCTORYIUBBIE AMMTPOKCUMAIUH 10 TPOCTPAHCTBY Ha ceTke Kybudeckast cdhepa, IpUMeHssa JIst
ANTPOKCUMAIINY JMBEPTEHIINY ¥ rpajnenTa Summation By Parts (SBP) anmpokcumanmu nmepssix mponsBoi-
HBIX TI0 MTPOCTPAHCTBY HA KayKI0H Tpann Kyba n Meron Simultaneous Approximation Terms jqaa cimmBry Ha

pebpax [3], [4]-

IIpumep SBP-SAT meTona B ofHOMEpPHOM cirydae. PaccMoTpuM HECMEIEHHYIO CeTKY Ha €IMHIIHOM
orpeske. llyctn D — marpuna guddepeHnuposanns, A — CHMMeTpUYHAsI, MOJOKUTEILHO OMpeTeTeHHast

MaTpuna Mace (HOPMbI, CKAIIPHOro npoussejaenus ). Ipeanonaraem soinosnenne SBP coficTsa agist maTpury

Awn D:

AD = -DTA+ B, (1.5)
roe B
~1 0
(1.6)
0 1

Caencreue (1.5) — masg 006X (MOIXOAAIIETO Pa3Mepa) BEKTOPOB U, h
T T _ Tpn
u ADh+h" ADu=u Bh = —ujh; + uyhy, (1.7)

YTO SIBJISIETCS] AHAJIOTOM MHTErpupoBaHus 1o dactsam (1.2).
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B pabore [3| mokazano cymiecTBOBaHUS KOHEUHO-PA3HOCTHBIX SBP-omeparopos mopsiika anmpokcumanuu 2p
BHYTPH OTPE3Ka, U P OKOJIO I'PAHULL C JIMArOHAJBHON MaTpuieir HopMbl A. BHyTpu orpeska takue oneparo-
PBI COBIIAIAIOT CO CTAHIAPTHBIMY ITEHTPAJIBHBIMU KOHEIHO-PASHOCTHBIMU (DOPMY/IAMUA /I ATITPOKCUMAITAN
[IEPBOIi MPOU3BOJIHOM ¢ TOPsIKOM 2p. B 2p Toukax y rpaHuiibl 0OTpe3Ka IIPUMEHSIOTCS OIHOCTOPOHHIE AITPOK-
cumarnmu. Mbl uctiosibzoBaau opmyasl SBP omepatopos st Hecmerennoit cetku ¢ p = 1, 2, 3, npuBeeHHbIe

B crarbe [4].

g mecMeIenHoil CeTKH, COCTOsIIell w3 ABYX U 6oJiee OTPE3KOB, CONPHKACAIONINXCA KPalHIMH TOUKAMIH,
CIMMBKA TIPOU3BOIUTCS Creytomum 00pazom: Oh/0t u du /0t BEIauCa0TCS OTAETBHO 71 KasKJI0TO OTPE3Ka,
3aTe€M B FPAHMYHBLIX TOYKaX OEPETCS CyMMa, JBYX PEIICHUI, B3BEIICHHAA HA 3JEMEHTEl MATPHUIBI Mace. Ilycrn
AL AR - marpumbt Mace JeBOTO W paBoTo OTPe3KoB, ik m Gl — pemenne ¢ JeBoro m MpaBOTO OTPE3KOB B

TOYKE KACAHUsI, TOTA CIITUBKA TPOU3BOIANTCA 110 (DOpMyIe

L L R ~R

. AN Ny + AT

- L R
Ax N+ AT

(1.8)

Herpyaao ybeaurbes, 9ro Takasi CIIMBKA He M3MEHAET 3HAUeHne mOoTHON sHeprun (1.4).

B ciyuae pasmnecennoit ceTku 1m0 MPOCTPAHCTBY 3HAUEHUS OHOW W3 MEPEMEHHBIX U, h He Ompeae/eHbl Ha

CpaHuUIle, MO3TOMY AHAJIOr CBOMCTBA MHTEIPUPOBAHNS 10 YACTAM 3aINCHLIBAECTCSI B BHIE
hT A, D h' (D))" Ayu = —u1 Rih Ryh 1.9
nDyu+h" (Dp)" Ayu = —uy Rih +uy Ryh, (1.9)
rne Ry, Ry — omeparopsl npoekium h Ha rpaHMIBl OTPe3Ka (PACCMATPUBAETCA CETKA, TJe rnepeMenHasa h
CMEIIeHa OTHOCUTEIBHO TPAHUIIBI, U — OTPE/IeIeHa B TPAHUIHBIX y3/1aX).

B pabore [5] mocrpoenbt SBP omeparopbl Ha pasHeCeHHON ceTKe MOpsiKa ammpoKcuMarun 2p = 2,4 BHyTpH
obslacTy W p Ha TpaHuUIe, I KOTOPBIX omeparop R - skcTpamosdriua mopgika anmpokcumarum p. Mbr

peaJIn30BaJjIu 3TU ONEPATOPHL.

B ciyuae pasHeceHHOM CeTKY YCIOBUS CITUBKU Ha TPAHUTIAX PEATU3YIOTCA ¢ ToMOoTbio SAT MeToa crmocobom,

OIMCAHHBIM HUKe. PacCMOTPUM OJHOMEPHYIO CHCTEMY yDaBHEHH MeJIKO BO/Ibl HA CMEIIeHHOi CeTKe Ha, ABYX

orpeskax ("+"u "-"):
+
5; — _D/h", (1.10a)
+
5; — _Drut (1.10b)
ol
gt =-D;h7, (1.10c¢)
5(; — —Dru, (1.10d)

Toukn ckopocTu uf U Uy COBIAJalOT Ha IPAHUIAX OTPE3KOB, N-TOYKM OTHECEHE! OT IPAHUIL Ha II0JOBUHY

mrara. PaCCMOTpI/IM yCii0BU4d CTBIKOBKHM ABYX OTDPE3KOB (OTB.HeLIeMCH OT BCEX APYI'UX I'PAHUYIHBIX yCJ’[OBI/IfI).
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Mg marpurt Dy, Dy, (+ 1 —) u marpui #Hop™m A, Aj, Bomosasgercs SBP-coorrommenwue:

A, Dy + (Dy)TA, =Q~ = (R)T, (1.11)
AEDT + (DAL = QF = (RN, (1.12)

rie R — omeparops! POeKINE (SKCTPAOIANNY h Ha TPAHUILY ), HATPUMED, TaKue JJIsl METO/Ia Mopsiaka 2-1:

3/2 —1/2 0 ... 0
e |0 0
0 0
1
R+h+_<2h1+_2h;),
0
_ 0
R = ,
0 ... —1/2 3/2

- 3 1 _

Buisesiem BhIpaKenme s TPOM3BOIHON TOJHON SHEPTUN IO BpEMeHn

+
8(; — gt (h*TA;[h* + u+TA;u+) — T A Dt —ut T AL D = T R (1.13)
R T A-Du —uTAZD; T R-Ty~ 4
W:a(h “hT +u uu)z—h Dyu —u  A;D h=—h" R (1.14)

1t TOro, 9TOGB! BBIMOJIHSIINCH 3aKOHBI COXPAHEHMUsT (MACChI ¥ SHEPTUH ) HYYKHO MOTU(MDUITIPOBATH UCXOTHY IO

cucremy (1.10) cnemyrommm 06pazom:

Ou* T TR R IR -
W = —th - QA (elR h™ — eNR h )617 (115&)
oh™* 1 -1 .7 _
- 1
agt = Dy h” =5 A” (e[ RYhT — kR W e, (1.15¢)
oh~ I B P _
el —Dju” — §Ah R~ (uf —uy)en. (1.15d)

Bemramna (el RThT — e%R_h_) = Bf — ﬁ& — pasHuIa npoeknuit h Ha rpasnuiy paszgena. OTMETHM, UTO

€CJIU pelienne yeroitunso, SBP-omepatopbl MMEOT TMOPAA0K AMMTPOKCUMAIIAY P HA TPAHUANAX U M3HATATBHO
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+ _ = +_ o= B¥_F—
Uy = Uy, TO BEJIMUUHDI U] — Uy, B —hjy, JOIOJHATENLHO BBOJUMbBIE B yPaBHEHUS, MMEIOT IOPAI0K MaJI0CTI

AxP.

SBP omeparopsl rpaJiueHTa U AUBEPreHIUN JIJid JBYMEPHON U TPeXMEpPHOM KPUBOJIUHEHHBIX
cerok. Opnomepubie SBP-SAT komedro-pa3HocTHBIE METOBI 000OMIAIOTCS HA JBYX U TPEXMEpHbIE KPH-
BOJIMHENHBIE CETKU C JIOTHIECKU-TIPSIMOYTOJBHONR CTPYKTYPOii MyTeM KPOHEKEPOBCKOTO MPOU3BEIEHUS OTHO-
MEpHBIX ortepaTopoB. SBP-cBoiicTBa COXPAHSAOTC, €CJN MATPHUIIBI MACC OJHOMEDPHBIX OIIEPATOPOB - IHATO-
HaJbHBbIE. B ciydyae IpuMeHEHUs PA3HECEHHBIX CETOK TPeOYIOTCS TaKKe ONEPATOPbl HHTEPIIOIAINNA U3 TOYEK,
B KOTOPBIX COXPaHAIOTCA KOMIIOHCHTBI CKOPOCTH, B TOYKHU, I'/Ie OIIPCACJICHO JaBJICHUEC (BbICOTa IIOBECPXHOCTHU
B CIydae ypasHeHWH Menkoil Bojbl). OmepaTopsl HHTEPIONAIMN HYKHBI JIsi pacueTa KOHTPABAPUAHTHBIX
KOMITOHEHT I'paJieHTa 10 €ro KOBapUAHTHBIM KOMIoHEHTaM [6]. Omeparopbl WHTEPIONSIINE JTOJKHBL YI0-

BJIETBOPATH COOTHOIICHUAM

u? A, P'n = hT A), Piu, (1.16)

TO €CTh, CKaJIAPDHOC IMPOMU3BCACHNA U 1 h AOJIZKHO HE€ 3aBHCETH OT TOYEK B KOTOPBIX OHO BBIYHC/IACTCH. M1

MOCTPOUJIH TAKWE OIEPATOPbI MHTEPIIOSNNN MOPsIKa anmpokcuManun 4-2 (BHyTpu 06JIACTH - Y TPAHUILBI).

Ciincok peasim30BaHHbBIX Jauckperusauuii qjudpdepennmanbabix oneparopos.  Mbl peasnzopain
IpoLeypbl Bbruucienus JudpPepennuaibubix u He JuddepeHImabHbIX KOHETHO-PA3HOCTHBIX OIEPATOPOB,
HEOOXOMMMBIX I PeATU3AINN JUHAMUYIECKOTO OJIOKa TPEeXMEpHON MOJeNn W B paMKax OMOIMOTEeK! st
nmapasuieJbHBIX BhIUKCIeHnil Ha ceTke Kybuueckas cdepa ParCS. bubauoreka ParCS 6bu1a paspaborana
HaMU paHee B paMkax 3asepiuupiierocs npoekra PH® 19-71-00160 [7]. B pamkax TekyIero sramna mnpoekrta

peasn30BaHbl CJIEYIONIe oepaTophl (nuddepenimanbabie u He muddepeHIaIbHbe):

SBP rpajuenT u JUBEpreHIns Ha HECMEIIEHHOI ceTke mopsaskos 2-1, 4-2, 6-3.
e SBP rpaguenTt u jguBepreHius Ha CMelleHHol cerke Tumna «Cy» mopagkos 2-1, 4-2.

e SBP untepmondnun Me:KaAy TOYKAMU CKOPOCTH U JABJIEHUs Ha cMelleHHol ceTke Tuma «C» MopsakoB

2-1, 4-2.

o Annpokcumanuu cuibl Kopuosuca wa cMemennoi cerke tuma «C» mopsjakos 2-1, 4-2, coxpassiroiiue

U He COXPAHLIOMNE IIOJIHYIO0 SHePIulo.

e Beprukanbmbie TpOU3BOLHbIC HA HECMEITEHHON ceTKe OPaaKoB 2-1, 4-2, 6-3 ¢ HyJIeBBIMU IPAHUYIHBIMUT

YCJIOBUSIMU Ha BEPTUKAJIbHYIO CKOPOCTb.

e Beprukanbmbie MTpOM3BOIHBIE W WHTEPIONANNHA HA pasnecennoi cetke Yapuw-Pumunca mopaskos 2-1,

4-2 ¢ HyNIeBLIMU TPAHUIHBIMU YCJIOBUIMHU HA BEPTUKATLHYIO CKOPOCTE.
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e OnepaTopsbl 3iJIepoBOil aIBEKITUN CKAJISPHBIX U BEKTOPHBIX I0JIell HA OCHOBE [EHTPAJIbHBIX U HAIIPAB-
JIEHHBIX pa3HocTeil 1-ro — 4-ro HopsaKoB Jjisi PA3HECEHHBIX U HE PA3HECEHHBIX CETOK 110 BEPTUKAJIU U

FOPU3OHTAJIN.

YeioBug Ha, CTHIKAX FpaHeﬁ Ky6a AJId aJABEKTHUBHBIX OII€PATOPOB 3aJal0TCdA C IIOMOINBIO MHTEPIIOJIATTNN B

BUPTYaJbHBIE TOUKH, BBIXO/ISIIME 38 IPAHUILY I'PaHU Kyba.

2.1.2 Peanmnsalusga U TeCTUPOBAHMNE MEPBOiIi BepCUM JUHAMUYIECKOTO OJIOKA

JJI9 HETUAPOCTATUIECKOIl MOJEN TJI00aJIbHOIT aTMocdephl

Onucanve AMHAMUYECKOTO OJioka. BaxkueilimuM KOMIIOHEHTOM MO aTMOChEeph! dAB/IgeTCA JuHA-
MHUYEeCKHii OJIOK (S1p0) — mapasie bHbI aITOPUTM 9UCICHHOTO PEIIeHNs YPABHEHUH THIPOTEPMOINHAMUAKH
[T SIBJICHUM, pa3peIraeMblX Ha ceTKe. B cOOTBETCTBHH C ILIAHOM paboT 0 MPOEKTY MBI PEATI30BAJIN BEPCHIO
IMHAMUYIECKOTO a1pa 663 yuera penbeda MOBEPXHOCTH W ¢ UCIIOJb30BAHNEM sIBHON CXeMbl MHTETPUPOBAHUS
o BpeMenn. [lpeanasnadenne JaHHONR BEpCHN ANHAMAYIECKOTro OJIOKa — IEPBHYIHOE TECTUPOBAHNE IIPOCTPAH-
CTBEHHBIX AIIPOKCUMAIII TPEXMEPHBIX ypPaBHEHWH JuHAMUKU. B rabHeleM miaHupyercs BBeJIeHHe 0PO-
rpadun (penbeda NOBEpXHOCTH 3eMJIN) U PACIIMPEHUE CIEKTPA MCIONb3YEMBIX CXEM WHTETPUPOBAHUS TI0

BPEMEHU.

M1 BRIGpasin cucreMy ypaBHeHU Ditjiepa, B TEPEMEHHbBIX TOTEHITHAIBHAS TEMITEPATYPA - (PYHKIHS JABJIEHUS

DKCcHepa, 6e3 KBa3UCTATUIECKOr0 MPUOJINKEHUS 10 BEPTUKAIH:

((;; =—v-Vu-— Cpeg]; + Feoriu, (1.17a)
?): =-—v-Vov— CPQZI; + Feoriv, (1.17b)
% = —v-Vw—CPO% = 9+ Feoriw, (1.17¢)
% —— (1.17d)
%];:—v-VP—g)PV-v, (1.17e)

T

rae v = (u,v,w)" — BEKTOP CKOPOCTH BeTpa, § — moreHnuaabias temmneparypa, P = (p/po)* — dyukuums

JMaBIEHUST JKCHEPA.

[Ipu KOHEYHO-PA3ZHOCTHON JMCKPETU3AINN CHCTEMbI ypasHenuii B ¢opme (1.17) HA cMEIIeHHON ceTKe THIa
«C» mo ropusonTanu u Yapau-Quaniica Mo BEPTUKAIHU Oy UAOTCH HAMIYUIIAE JUCTIEPCUOHHBIE XapaKTe-

PUCTHKH PACIPOCTPAHEHHsT OCHOBHBIX THUIIOB ATMOChDEDHBIX BOJTH [8].
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Asropurm pemennst cucremer (1.17) 6bun peasmzoBan ¢ momornsio 6ubmrnorekn ParCS, wmcnosp3oBanuch
KOHEYHO-PA3HOCTHBIE OMEPATOPbI, IIEPEUnC/IEHHbIE Bblle. B KadyecTBe OCHOBHOIO BAaPUAHTA PACCMaTpPUBA-
eTCs JUCKPETU3AINs Ha PA3HEeCEHHO CeTKe 10 TOPU30HTAIN U BepTUKau. Jjid 1eseil OTIa Kk U CpaBHEHUS

Pe€aIn30BaHbl BapUaHTHI Ha HECMEINEHHBIX CeTKaX I10 BEPTUKAJIN W I'OPU30HTAJIH.

PeBy.]'IbTaTbI TEeCTUPOBaAHNA

Dkcunepument “PacipocrpaneHre MHEPILMOHHO-IPABUTALIMOHHOIM BOJIHBI . B skcnepumenTe BO3-
MYIIEHHUE TOTEHITNATBHOM TeMIepaTypbl aMILIuTyAb 1 K| ¢ XapaKTepHbIM TOPU30HTAIBHBIM MACIIITADOM D KM
HAK/IaIbIBAETCS Ha yCTOumMBO crparudunnposannyio armocdepy (vacrora Bpenta-Baiicaaa N = 0.01c¢™1).
Hauvasibaoe BO3MYyIIeHHE JOKAJU30BAHO HA dKBaTOpe, HA I'puHBHYCKOM Mepuauane. OT HAYAJIHHOTO BO3MY-
IEHUST PACIPOCTPAHAIOTCS MPKYJISHBIE BOJHBI. PaiyC IJIaHETHl YMEHBIIEH 110 CPABHEHWIO € PaHyCOM

Semsm B 125 pas, urobsl BblieuTh Heruapocrarudeckue 3ddextol. dddext Kopuosuca oTKioueH.

Perrenve pazpaboraHHOro AMHAMUYECKOTO $pa HA CETKE C BEPTUKAJIBLHBIM M T'OPU3OHTAJbHBIM Pa3perre-
mrem 1 xm m3ob6pakeno ua Puc. 1.2. Ha pucynke mpeacTaBjeHo BEPTUKAILHOE CEUEHUE MO/ BO3MYIIEHUS
MOTEHIUAJIBHON TeMItepaTyphl uepe3 3600 ¢ momenupopanus. Perrenust pa3paboTaHHOTO JUHAMUYIECKOTO sifT-
Pa XOPOIIO COTIACYIOTCS C PEIIeHUuIMY APYTUX MOJIeIe, oIy IeHHbIMA B 9KCIepuMenTe npoekta Dynamical
Core Model Intercomparison Project-2012 [9]. Ilpu cpaBHeHWE pelieHuii co CpemHUM TTOTOKOM U 6€3 HEro
MOKHO OTMETHTh CHUXKEHUE AMILINTY/ bl BOJIHBI Ha 3a/1HeM (DPOHTE (BETE€p HA PUCYHKE JlyeT CJeBa HAPABO),

9TO XapakTepHO JJId BCEX MOJesIel.

Okcuepument “llogbem Tersioro nmy3sipbka’. B janHOM 3KCIEpUMEHTE MOJIEIUPYETCH MOIHEM IIAPO0-
06pa3HOro My3bIPS TEIIOTO BO3AyXa B HeHTpaabHO cTpaTnduinposanHoit armocdepe § = 300 K. Anomanus
TMOTEHITUAITLHON TeMmepaTypnl B meaTpe my3nipbka — 10 K, paguyc - 2xm. Ha Puc. 1.3 uzobpaxkeno Bepru-
KaJIbHOE CeYeHHUe T0JIs TOTEHITUAJBHON TeMIIepaTypPhl YUCJIEHHOTO PellleHrnd pa3paboTaHHOTO JUHAMIIECKOTO
siipa ¢ pazperternenM 200 M 110 BepTUKAJIY U TOpu30HTa U, JInHAMIIECKOE SITPO XOPOIIO BOCIPOU3BOIUT HOP-

MUpPOBaHUe rpubOBUAHON CTPYKTYpPbI B MOMenT Bpemenu t=400 c.

Okcuepument “IlLiiorHocTHOE TevueHME”.  ITOT IKCIEPUMEHT HABJAETCH ajanrtarnueil K cdhepuieckoit
reOMEeTPUN M3BECTHOTO CTaHIapTHOTO Tecta [10]. PaccMarpuBaeTcs 9BOJIONUS XOJIOMHOTO MY3bIPs BO3IyXa
(amomanm moTeHIMAMLHON Temneparypsl -15 K), omyckaormmerocss B HeTpasbHO CTpaTHOUIUPOBAHHON aT-
Mocchepe u pasbusatorierocsi 06 3emutro. Ily3bipek numeer nosysbicory 2000 M, nosymmupuny 4000 M, mupuHa
My3bIPbKa B JOJATOTHOM HANPABACHUU BHIOpaHa DECKOHEUHO, 9TOOBI BOCIIPOM3BECTH IBYMEPHYIO TUHAMUKY
(aHOMAaHsT TOTEHITNATBHOM TEeMIIEPATYPHI JIOKAJIN30BaHa BIOJIb S9KBATOpa). PaspaboTaHHbIl THHAMAYIECKU

BJIOK BOCITPOU3BOUT Y3KUI U OBICTPBIN TOTOK MJIOTHOTO XOJIOMHOTO BO3IyXa ¥ (DOPMUPOBAHUE BUXPEil pu
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mean u =0 m/s
T

height(km)

0 90 180
mean u = 20 m/s

0

height(km)

36
36
Puc. 1.2: BeprukanbHoe cevdeHne TOJIA BO3MYIIEHUS TMOTEHIINAJIBLHON TEMIIEPATYPHI MO SKBATOPY B IKCITE-

pumenTe «PacnpocrpaHenne rpaBUTAIMOHHOM BosiHbI» Yepe3 3600 ¢ monenuposanus. CBepxy - B OTCYyTCTBUT
CPeJIHEro 1oToKa, CHU3Y - CPeJIHUIi IOTOK CO CKOPOCThIO Ha dKBarope 20 Mm/c.

180
longitude

0

CTOJKHOBEHWH Ty3bIPbKa ¢ oBepxHOCTHIO. Ha Puc. 1.4 n306pakeHo BEPTUKATHLHOE CEUEHUE O/ TOTEHITU-
aTBHON TeMmepaTyphbl B permennn ¢ paspemniennem 200 M 1m0 TOPU30HTAIN U BEPTHUKAIU. PernenHne X0opoiro

CoOmIacyercs ¢ MOebio AHIINICKOI MeTeocayKObI [11].

Okcunepument “Ieocrpoduyeckoe pasaosecue”. PaccMmarpuaemslii sxcriepuMent [12] o6obmaer ama-
JIOPMYHYIO 3334y AJid MOJeJseil MeJIKOM BO/bl [13] Ha TpexMepHbiit ciayuail. Tedenue Tuna TBepioe BpaIeHne
€ MaKCUMAJIBbHON CKOpOCcThIO 20 M/C HAXOAUTCST B YCTORYMBOM PABHOBECHU 110j1 J€fCTBHEM CHJIbI TDajINeHTa
JaBjieHust U cuiibl Kopuosinca u siBjiseTcsi CTAIlMOHAPHBIM PEIIEHUeM CUCTEMBl YPABHEHU JIMHAMUKHU aTMO-
cepsl. C 1e/IbI0 yBEIUIUTE POJIb HETHAPOCTATHIECKUX 3P HEKTOB, Mbl YMEHBITIIN Paanyc 3eman B 125 pas
u B 125 pa3 yBejimumiin CKOPOCTH ee Bparienns. Omubkyu 4ucjeHHoro peinerns U 3peKTUBHbIE TOPSIKH

CXOJIMMOCTHU B SKCIIEPUMEHTE MOCJIe OJHOr0 moiHoro obopora (16000 ¢) npusemenst B Tabmure 1.1.

Iapannensuas 3ppeKTUBHOCTD AMHAMUYECKOTO sjpa. llapamnensras 3¢hpekTUBHOCTS HOBOTO JU-

HaMHUYECKOI'O SIAPa UCHBITHIBAIACH Ha, BhruncanTeabHoil cucreme CRAY XC-40 Pocruapomera. Bt mposegen
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height(km)

Puc. 1.3: BeprukambHoe ceuenne mojisd MOTEHITNATLHON TeMepaTypbl skcnepuMenTte «lloabem Temioro my-

309

308

307

306

—303

302

301

300

height(km)

t=200 s

309

308

307

306

height(km)

3BIPbKAy.

Axxm | Azgm | N | Nlev | max |w| (m/c) | max|P — P(t = 0)]
2,5 1,0 32 | 10 1,8 x 1073 1,6 x 107°
1,25 0,5 64 | 20 3,2 x107% 1,4x 1076

0.765 | 0,25 | 128 | 40 7,7x107° 1,19 x 1077

[Mopamok cxomumocTn 2,3 3,1

TAab/IUUA 1.1: MakcumabHbBIE OIMOKH TI0JIEH BEPTUKAIBHON CKOPOCTH U (DYHKIMY JABJIEHUS JKCHEDA, TOCIE
OJTHOT'O TIOJTHOTO 0O60POTA B SKCIIEPUMEHTE re0CTPOhUIeCKOe PABHOBECHE.

303.6

303.2

—1302.8
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t=900 s

300
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Puc. 1.4: BeprukasnbHoe cedeHue moJisi MOTEHIIHATHHON TEMIIEPATYPHI IKCIIEPUMEHTE IJIOTHOCTHOE TE€YEHHE.

SKCIIEPUMEHT 110 UCCACAOBAHUIO CUILHOM MacmTabupyemocTn Ha ceTke 6 X 512 x 512, 30 ypoBHeit 10 BepTUKa-
v (pasperierne o ropusonTann — 20 kM, no Beprukaan — 300 m). JuraMugeckoe a1po MacTabupyeTcs: 10
4032 nponeccoprbix auaep ¢ ahdexktusroctbio 70% (Puc. 1.5). Pacuer na 4032 aapax cooTBETCTBYeT pasMepy
nonobsiactu ojguoro MPI-tiponiecca npumepro 20x20 rouek 1o ropuszonTasu. 1lo pesysipraram sKcIiepuMeHTa
OTIpe/Ie/IeHbl HAIIPABJIeHUS PabOThI IO TOBBIMIEHUIO HaPAJLIEIbHON 3hPEKTUBHOCTH: ONMTUMHU3AINsT 0OMEHOB
B OJIOKE WHTEPTOJIAINN 3HAYeHn MoJIell B «BUPTyaabHBIE TOUKWy ¥ TpuMeHeHue texuojornn OpenMP B

coueranun ¢ MPI.

2.1.3 Pa3BuTtme TeXHOJIOTHII aHCAMDOJIEBOTO MO IMPOBAHUSA

C 1OMOIIBIO TEXHOJIOTHN HapaJuIie/ibHbIX Bhraucgenuii MPI peann3zoBan remeparop ciiydaifHbIX JIBYMEPHBIX

noJiefl, CKOPPEJMPOBAHHBIX TI0 BPEMEHU W TTPOCTPAHCTRY.

Ob6o3naunm gepes §; HEBO3MYIICHHbIC 3HAYCHH IapaMeTPOB (DU3MYCCKUX IapaMeTPU3aNuil, a BO3MYILIEHHbIE
3Hadenus — uepes §;. [lna monydenna BO3MyIIEHHBIX 3HAYEHII HCHIOIb3yeTCs JIOTapudpMIIeCKl HOPMaIbHOe

pacrpejesieHue

- 1
& =e"g, b~ N (_20327012) ’
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Puc. 1.5: Cunbras MacirrabupyeMOCTb HETHIPOCTATHIECKOTO TUHAMUIECKOTO A1pa Ha ceTke 6 X 512 x 512 X
30, mo ocu x — umcio y3aos CRAY XC40, onun y3em — 36 saep.

rae ; — CiydaiiHoe IByMepHOe I0Jie, 3HaYeHns] KOTOPOro MMeIOT HOPMAJIbHOe paclpeesieHie ¢ MaTeMa-
_ _ 1.2 . i

THYeCKUM Ookupannem FE(y;) = —50; U CTAaHIAPTHBIM OTKJIOHCHHEM 0. Takoit BeIOOpP mMapameTpoB pac-

upejenenns rapanrupyet, uro E(§;) = E(§;). Jlorapudmuiecku HOpMaIbHOE pacipeieieHne 0beclednBaer

HEOTPHIATEILHOCTh TeHepUpPyeMbIX BesimumH. B 3aBucmMocT oT BBIGOpa Tapamerpa o; OyIeT MeHATbCA

shbeKkTHBHAA IMIPUHA HHTEePBasa, B KOTOPHI MOnaaroT 3Hadenus ;.

A9 KOPPeTdanun noJaeit i 10 IIPOCTPAHCTBY UCIOJbL3YeTCd (DUALTPALUA IPU IOMOIIH OUTapMOHUYIECKOTO
J

omeparopa

Bicr) = Vi — vAZY(p.

3neck ¢; — nose o dusbTpanuu, ¥ r) — moJe noce GuabTpanmm, A? — Marpuna, BOHUKAIOMAS B PE3Y/IbTa-
Te JUCKPeTH3aluu OUrapMOHUYECKOro oneparopa Ha cdepe, v — koadduruent dbuabrpanuu. Koaddunrent
v oipeaeJsder HpOCTpaHCTBeHHbIﬁ paanyC KOppe/diuuyd 1OJIY4YE€HHOI'O 110J14d, OJAHAKO II0JIYYUTh $IBHYIO CBA3b
MeXK Iy TUM KO DUITMEHTOM 1 BETUAWHON PAINyCa KOPPEIAIUT HE PEICTABIAETCH BOZMOXKHBIM, TOTOMY
K03 dunment caeayer moabupars smnupudecku. B robanbroit mogenn IIJIAB [14] ucnonb3yercs 3Hadenne
k03 dunmenta dunprpanun v = (c- A)\a)4, rje A\ — Imar CeTKu Mo J0AT0Te B PAIUAHAX, @ — PATAYC 3EMJIH,

C — HEKOTOpad KOHCTaHTa.

Jlist mostyaenust CKOpPeJMpPOBAHHBIX 110 Bpemenu nosieit ucnobsyerca AR(1)-npouece

1
1 ,At At At At\]2
it = ——of— + (1 — ) Y+ [ <2 — )} el

27T Tj Tj Tj

3aecs At — mar mo BpeMeHH MOJENHU, T; — BpeMd JEKOPPEIANNH, €] — CreHepHPOBAHHOE Ha JAHHOM IIa-

re 1o BpeMeHHu cjydafinoe JByMepHoe mnoje ¢ pacrupeaenenuem N (—%O'JZ,O'JQ-) W 33JIaHHBIM PaJIAyCOM ITPO-

cTpaHCTBeHHOEe Koppessiuu (ordunsrposantoe). Ucnomapzosanne AR(1)-mporiecca, ompeeseHHOTO BHIIIE,
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Puc. 1.6: Cpennexksagparnynas ommbka CpeHero no ancamOJiio nporuosa (KpacHslii) u pazépoc ancambiis

(cunuit) 17151 KOHTPOIBLHOTO FKCIEPUMEHTS, (IIYHKTUP) U SKCIEPUMEHTa C BO3MYIIEHUEM TEHICHIUN 3aBUXPEH-

HocTH (CILJIONIHAs JIHW) B cpeaneM 3a nepuon 1-14 ausaps 2021 roga [yis MEPHIMOHAIBHON KOMIOHEHTHI

ckopoctu Berpa Ha yposae 850 rlla BoO BHETPONUYECKOI YaCTH CEBEPHOrO MmoJyniapus (cjieBa), B TPOIMKAX
(cupasa)

rapaHTHPyeT, uTo E(w;‘) = —%0]2- u oY) = oj.

Omnwucannblii Bhile aaropuTM peasusosan B Mogesn [LJIAB [14]. [enepupyembie 1ByMepHbIe CJTydaiiHbIE [0S
UCTIONB3YOTCS JIJI BO3MYITIEHNS BEPTUKATLHOTO KOMIOHeHTa 3apuxpernoctr B Mojean [IJTAB. Bermmosmers:
YUCJIEHHBIE SKCIEPUMEHTHI 110 aHCAMOJIEBOMY MPOTHO3Y B C/Iydae BO3MYINEHUS TEHIEHINN U O€3 3TOro Bo3-
Mmyirernst. Aucam0Jib TPOrHO30B CTAPTOBAJ ¢ HAYAJBHBIX MOJIEH aHCAMOJIEBOM CHCTEMbI YCBOEGHUS JAHHBIX
[15], [16], koTopbie yxke comepxasn pasbpoc. [Tposeseno cpasrenne pasbpoca ancamObJist 1 CPeJIHEKBAIPATH-
4ecKoil omubKY cpeiHero ancambIeBoro nporuo3a s 3abjarospementocteit ot 24 no 240 wacos ¢ marom 24
Jaca Jjisi CKOPOCTH BETPaA Ha PA3HBIX YPOBHSX JJIs aHCaMOJIEBOTO CPEIHECPOUHOTO TTPOTHO3A ¢ BOZMYITEHIEM

TeHJEHIINN 3aBUXPEHHOCTH 1 0e3 Hee.

B pesymbrare anaanza BO3MYINEHNN BEPTUKAIBHOTO KOMIIOHEHT, 3aBUXPEHHOCTH ObIIa BHIOPAHA aMIJIUTYIA
o =0, 3. Ha pucyuke 1.6 mpejicraB/ieHbl COOTBETCTBEHHO PE3yJIbTAThl CpaBHEHUS pa3bpoca ancambiid u cpeji-
HEKBAIPATUIECKON OMMUOKYN CPEeTHEr0 aHCaMO/I€BOTO TPOTHO3A /1 MEPUIHOHATHHON KOMIIOHEHTBI CKOPOCTH
Berpa Ha yposHe 850 rlla Bo BHETpPOIMUIECKOH YACTH CEBEPHOrO MOYITAPUA U B TPONUKaxX. BumHo, 9T0 BO3-
MYIIEHUE TEHJIEHITUN 3aBUXPEHHOCTH pubiikaeT pa3bpoc K CpeIHEKBAIPATUYIECKOI OMnbKe CPeTHETO 110
aHCaAMOJTI0 TTPOTHO3a, TaKW 00pa3oM, pa3paboTaHHBI HAME aJTOPUTM PabOTAeT U PeaJTM30BAHHBIN TeHepaTop

MO2KHO IIPDUMEHATDb W JJId APYTUX II€EPEMEHHDbIX.

Takum obpazomM, B paMKax JaHHOU 3aJadl OCYIIECTBJsSeTCs pa3paboTka HOBOM HErMJIpPOCTATHUIECKONW MO-
JIeNTA CKUMAeMolt aTMocdephl, a TaKXKe Pa3BUTHE METOJ0B aHCAMOJIEBOTO BEPOSITHOCTHOTO MPOTHO3UPOBA-

ausa moroakl. Ha stame 2021 roga 6plia co3mana OMOIMOTEKA, /5T TTAPAJISTHLHOTO BEIYNCIEHN OTIEPATOPOB
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ypaBHeHU# nuHaMuUKU arMocdepbl Ha ceTke Kybuueckast cdepa. Peasun3oBaHHbIE OMEPATOPHI UCIOJIB3YIOT
koHeuyHo-paszHocTHblii SBP-SAT meros, KOTOpbI paHee He LHPUMEHSICS B 3a/a4aX MOJECJAMPOBAHUA ATMO-
cdepnl. Jlarubie omepaTopbl WCIOJAB30BAJNCEH IS PEATHIAINNN IWHAMUYIECKOTO S7pa HETHIPOCTATHIECKON
Mozenn cxxuMaeMoii armocdeps! (Ha gaHHOM STare 6e3 ydera peiabeda moBepxHOCTH). JIuHaMudIecKoe -
PO HUCIBITAHO Ha PAA€ CTAaHAAPTHBIX MACAJIUIUPOBAHHBIX YMCJICHHBIX 9KCIIEPUMECHTOB U ITOKAa3aJ/JI0 TOYHOCTDH
COOTBETCTBYIOIIYIO TEKYIIEMY MUPOBOMY ypoBHIO. [luHaMudeckoe siapo 3bdeKTUBHO MacmTabupyercss Kak
muauMyM 110 4000 sgaep, cyIecTByeT MOTEHITUAJ TTOBBIIEHNsT TapaiebHol adderkTrnBHOCTH. MeToasr Be-
POSATHOCTHOT'O TIPOTHO3a PA3BUBAJINCH B COYETAHWN C ANNPOOMPOBAHHON TEXHOJIOTHEN CPEJHECPOYHOrO TIPO-
THO3a TIOTOIbI Ha ocHOBE Mogenn armocdgeps! [IJIAB. PaspaGoran HOBLIH mapaie bHbIH reHepaTop CKOp-
PEJTMPOBAHHBIX 1T0 TTPOCTPAHCTBY W BPEMEHHU Caydaiiubix mojieit. [IpuMenenne reneparopa [y BO3MYIIEHUS
TEeHIEHTNY TI0Js 3aBuxpennocTr Mogean [IJTAB mo3Boamao moBbicuTh pasbpoc TPOrHOCTUYIECKOTO AHCAM-
6JisT ¥ TpPUOIN3UTH €r0 K YPOBHIO OMNUOKHU CPEJTHEr0 TMPOTHO3a, UTO SBJSETCS HEOOXOIUMBIM YCJIOBUEM JIJId

Ka4eCTBEHHOTO BEPOATHOCTHOrO POTHO3a. Bee menm stama 2021-10 1078 1OCTUTHY THI.
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3amada 2.2. Pa3BuTue BBLIYUCINTEIbHBIX
TEeXHOJIOITiA AJist MoJieJimpoBanus VMuposoro

OKEaHa

Paspaborka HOBOI1 Bepcuu MOJIE/IN JIMHAMUKN OKEAHA B Z CUCTEME KOOPJAMHAT U Peajin3arms
KpUBOJIMHEIHOI cucTeMbl KOOpAuHAT Ha cdepe ¢ HECUMMETPUYHO-CMEIEHHBIMU IT0JII0CAMU.
Pazpaborka mporpamMmMHOII peasm3arnuy HOBOIl BepcUW MOJeJM IUHAMHUKHN OKeaHa Ha OCHOBE
rubpugaoro noaxoga MPI-OpenMP. ByayT mpoBeneHbl 9KCIEPUMEHTDI JIJisi OHEHKH MAaCIIITa-
OUpPyeMOCTH JJUHAMUKHN OKEAaHa JIJid MOCJAeAYIOIIell ONTUMU3aluu ITPOorpaMMHOro KOIa Ha pas-
JIMYHBIX BBIYUCIATEIbHBIX cucreMax (cynepkomubiorepsl CKIT MI'Y u MCII PAH) B pexxumax
BBICOKOT'O pa3pelleHuns Ha HeOOJIbIIIE BPEMEHA HHTEIPUPOBAHNA U B PE2KUME IIPOMEXKYTOUHOTO
pas3peliieHus Ha OOJbININE BpeMeHa MHTerpupoBaHus. Beibop Habopa mapameTrpusariuii BepTu-
KAJIBHOTO IIepeMelINnBAaHUs U NX NPOBEPKA HAa JOCTYIHBIX Pe3yJbTAaTaX BHUXPepPa3pelnaroniero
(LES) moaenvpoBaHus U JaHHBbIX u3Mepenwnii. Peanu3samnusi Habopa TypOyJIEeHTHBIX 3aMbIKaHUI
B MOJIeJI OKeaHa, B TOM YUCJIe, TIEPCIEKTUBHBIX CXEM BEPTUKAJLHOTO TIepeMeNInBaHUA, JOTTyC-

KaloIlUX IOJJEeP>KaHne TypPOyJIeHTHOCTHU Hpu JiI00oii ycroiiuuBoii crpaTudukanmm.

2.2.1 Mogenb AMHAMHUKN OKE€aHa B z CHCTeMe KOOPIWHAT

Pazpaborana HoBasg Bepcua MOe M AMHAMUKN OKEAHa B Z CUCTEME KOODAWHAT. B Momenn paccMaTpuBaeTcs
[NPUMHUTUBHAS CUCTEMA TPEXMEPHBIX YPaBHEHUN KPYIHOMACIITAOHON IMIPOTEPMOJIMHAMUKN OKeaHa B IIPH-
ommkennu Byccunecka n ruppoctaTuku, oM. [1]. YpaBHeHUs BKIIOUYAIOT MApAMETPU3AINN TOPU30HTAIBEHOTO
MOJICETOYHOrO TTEPEeHOca B Buje oneparopos auddysnn (¢ MOCTOAHHBIMU WU 3aBUCSIIUMA OT THPOTH KO-
s durimeHTaM”) 1 BEPTUKAJBHOTO TIEPEMENTHBAHNST, 3AMICAHHOTO € TOMOITBIO0 MPAJANEHTHOTO TTPUOTHKEHMS.
B Tekyieil Bepcuu MOJIeJIM UCIOJIB3YETCsl YIPOIIEHHOe yPABHEHUEe COCTOSIHUS, 1IPeJjIoyKeHHoe B pabore [2].
Ha moBepxHocTn OKeana paccMaTpUBAETCd JUHEAPU30BAHHOE KUHEMATHIECKOE YCIOBHUE /IS BEPTUKAJILHOMN

KOMIIOHEHTDBI CKOPOCTH.

79
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HucyreHHast MOJIEIb Pean30Bata B KPUBOJUHEHHON OpTOroOHaIbHOM crCTeMe KOOPAUHAT Ha cdepe U JOmyCKa-
€T BOBMO2KHOCTB PaCY€TOB KaK Ha perﬂHpHOﬁ H_[HPOTHO-,ZLOJIFOTHOIZ CeTKE, TaK 1 Ha CCTKaX C HCCUMMETPUYIHO-
CMEIIEHHBIMU MOJTI0CaMu. VICTIOMb3yI0TCS JBYXTIOMIOCHBIE CeTKH (CM. puc. 2.1), MOCTPOEHHBIE € TTOMOIIHIO KOH-
bopmHBIX 0TOGparkeHuil [3], ¢ IPOM3BOJIBHBIM PACIIOIOKEHNEM TOTIOCOB U CETKA, PE/JIOKeHHas B pabore [4]
HA OCHOBE TI0/TyaHAJTMTHYECKOTO TTpeobpasoBanus, TPeOYOIEro Yuc/IeHHOT0 MHTErPpUpOBanns. B mocieaaem
cllydae ceTKa CUMMETPHUYHA OTHOCHTEBHO SKBATOPA B HU3KUX IMHPOTAX, COBHAasd C IMHUPOTHO-I0JTOTHON
cerkoii B FOxuoMm mosrymapuu. [Ipeioxken u peajin3oBas aJrOPUTM MOCTPOEHUST CETKY [4] Ha OCHOBE 3aMEHBI
UHTETPUPOBaHUA BJ0OJIb KOOPDANHATHBIX JIMHUN MHTETPUPOBaHMEM (byHKLU/H/I OJHOTO IMepeMeHHOoro BA0JJIb O/~
Horo Jyiyda. Takoi moaxo/1 e Tpebyer naJbHeiinieli HHTePIOIAII U TPUBJIeIEHNs] PA3HOCTHBIX BBIPaKeHU

JJI HAXOXKIEHUA METPUIeCKUX K0I(DDUINEeHTOB.

Puc. 2.1: CueBa — BbIYUCIUTEIbHAS COTKA CHMMETPUYHAS OTHOCUTENILHO 9KBATOPA [4], cipaBa — ABYXI10J110C-
nag cerka [3]. ITokazano Bocrounoe nosymiapue, *KUPHOIT JIMHKUEH OTMEYEHO IIOJIOKEHUE Ieorpaduueckoro
9KBATOPA.

JL1s1 anmpOKCHMAITIH CHCTEMBI yPABHEHUIH 110 IPOCTPAHCTBY MPUMEHSIIOTCA KOHEIHO-PA3HOCTHBIE CXEMBI BTO-
POro mopsiZika TOYHOCTH Ha pasHeceHHOi cerke (cerka "C” mo wnaccudukamum Apakassl). B orcyrcrsun
JUCCHIIATABHBIX YIEHOB aIllIPOKCHMAINs KOHCEPBATUBHA U 00ECIEeYNBAET BBIIOJIHEHNE 3aKOHOB COXPAHEHN
AMIIY/IbCA M YHEPTUM B IUCKPETHOH crucreme. It MHTErpUPOBAHUS YPABHEHHUI IO BPEMEHH HCIOJIL3YEeTCsI
TOJIyHESBHBIM METO, B KOTOPOM OapOTPOMHBIN T'PAAMEHT MaB/JIeHUS W BEPTUKAJbHAA Audpy3us ammpor-
CUMUPYIOTCST HESTBHBIM METOJIOM, a OCTAJIbHbIE WIEHBI (38 MCKJIOUEHIEM TUCCUIATHBHBIX) PACCIUTHIBAIOTCS
sIBHOI cxemoii A mamca-Barmdopra Tperbero mopsiika TOYHOCTH, 4TO 00eCIednBaeT yCTONUYMBOCTE UHUC/IEH-
HOT cxeMBbl (CM., HapuMep, OlleHKH B pabote |5| ams 6aporpomnnoii cucremsr). st perierns s/nnrutde-
CKOTO YpaBHEHHSI OTHOCUTEIHLHO OTKJIOHEHNS YPOBHSI OKEAHa OT HEBOBMYIIEHHON ITOBEPXHOCTH IPUMEHSIETCS
UTEPAINOHHBIN CTAOUIN3UPOBAHHBIN METOI OMCOTPSKEHHBIX TpajueHToB. Crucrema JUHEHHBIX ypaBHEHU
obJsraiaeT AUAaroHaJLHBIM IPeodIa aHneM, B Ka4ecTBe Ipeao0yC/laBIuBaTe/ s HCIOIb3YeTCsT HECKOIbKO UTe-
panwmit meroma fxobu. Jmst meperHoca mMacCHBHBIX MPUMeECeil B MOEIN pPeasn30BaH HabOp MOHOTOHHBIX CXEM

JI0 TPeThero nopsijka roaroctu [6, 7).
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[IpoBejienbl duC/IEHHBIE SKCIIEPUMEHTHI Jijisi BepuduKalun pazpaboTaHHOW MOJEJNU JIMHAMUKU OKEaHa B 2
cucreme KoopauHaT. B gacrHOCTH, PACCMATPUBAJINCE 331891 IEPEHOCA, CKAJISIPHOIO 110Jis B KPUBOJIMHERHOM
cucreme KoopauHatr Ha cdepe [8] n BbInONHEHWE TeocTpodUUecKoro basaHca B JUCKPETHON crucreme ypas-
Henwit [8, 9]. OTMeruM, 9TO PE3yJIBTATHI MOKA3BIBAIOT 3HAYUMOE YMEHBIEHHE OMUOKNA B BOCIPOU3BEICHIH
[IEPEHOCA B HU3KKX IIUPOTaX Ha CeTKe [4] cMMMeTpUYHOil OTHOCHTEIBHO SKBATOPA, 110 CPABHEHUIO C UCIIOJIb-

30BaHUEM J[BYXIIOJIOCHOMN ceTKH [3].

2.2.2 IlporpammHuas peasm3alius

B pamkax mpoekTa pazpaboraHa mporpaMMHasi peaju3arys Mojean Ha ocaose sa3bika C/C+-+ u rubpuHo-
ro MPI-OpenMP mnoxaxona gy pacdera Ha HapasiielbHbIX BBIYUCAUTEILHBIX cucTeMax. bubnmnoreka MPI
UCITOJIB3YETCs 71 OJJHOMEPHON Wi ABYMEpHO# (0 rOpM30HTAJIBHBIM KOODJAMHATAM) JEKOMIO3UINN CETOU-
HO# obaacTu Mmex 1y MPI-tiporeccamu. omyckaercs BO3MOXKHOCTD BbljeeHns HeckKoabkux OpenMP nureit
nma oama MPI-ipormecc. Takoit moaxom mo3BOANII TIEPeKPHITEH paf Beranciaernit w MPI obMmenoB gamHBIMHT, B
JaCTHOCTH IPH IUCIEHHOM PEIIeHNN 3JLIHITHIECKOr0 YPaBHEHUsT OTHOCUTEIBHO OTKIOHEHUsT YPOBHS OKEAHa,

OT HEBO3MYIIIEHHON IIOBEPXHOCTH.

IIpoBeieHbl BEIYUCAUTENBHBIE SKCIIEPUMEHTHI JIJIs OIIEHKM BPEMEHHU CUETA W MACIITAOUPYEMOCTHU PeaJIn3ariinu
JUHAMUKY OKEaHa B Z CHCTEME KOOPJAUHAT JIJTsl TIOCTEAYIOIEH OMTUMHU3AIAN TPOrPAMMHOT0 KOJIa. DKCIIepPH-
MEHTBI IPOBOMINCE Ha BeraucanTesbroM Kiactepe UIBM PAH (Intel Xeon Gold 6230), cymepkoMmbioTepax
CKII MI'Y (“JIomonocos-27, Intel Xeon E5-2697 v3) u MCL] PAH (MBC-10II OII, Intel Xeon Gold 6248 R),
a Takxke Ha cynepkommnbiorepe CSC “Mahti” (AMD Rome 7TH12). TopusonTanbHOe pasperienne yBemanBa-
Jlock or 2 rpajycos 1o 1/16 rpaayca, a mo BepTuKaau 3amasanock ot 20 1o 64 yposreii. Ha pucynke 2.2(a)
NPUBEICHO CPE/IHEE BPEMs PACYeTa IMOJIHON CUCTEMBI YPABHEHUI HA HEME/I0 MOJEIBHOIO BPEMEHU TIPU “TPY-
6om” paspemennn (2 rpamyca n 20 ypoBHell) HA BBIYUCIUTENBLHBIX CUCTEMAX PA3IUTHON apXUTEKTYPHI B
3aBUCAMOCTH OT YHCJIa 3a7efCTBOBAHHBIX sifiep IeHTpasbhoro mporeccopa (CPU). Mogens rpy6oro pas-
PEITeHns TTO3BOJIeT YCKOPUTh pacueThl npu ucmogb3opanuu 10 ~ 200 CPU anep Ha BCcex cucremax. Ha
pucyrke 2.2(b) mokazaHa MacImTabupyeMoCTh MOJEIN OKEeAHa MPH YBEJUICHUN TOPU30HTATHLHOTO pasperrie-
nust (or 1/4 o 1/16 rpagyca) u upu 64 yposHsix 110 Beprukasu Ha cynepkomubsiorepe CSC “Mahti”, rae
omHOMY y3y coorBercTByer 128-simepusbrit poreccop AMD Rome 7TH12. Tlporpammuast peajmsaius mpu
paspemernu B 1/16 rpajgyca mokassiBaeT 6Jim3Koe K JuHEHHOMY yckopenue 10 16384 simep. YckopeHme Mo-
JeTU TMPEUMYITECTBEHHO OTPAHWUYIEHO MACIITAOMPYEMOCTHIO PEATU3ANUHN AJITOPUTMA TUCICHHOTO PEeIeHU
JIBYMEPHOT0 SJTUIITHIECKOT0 ypaBHenus. Tak myst mozesu ¢ paspemnienneM B 1/16 rpajayca B pacuerax Ha 64
u 60Jj1€€e y3/1aX CUCTEMBI, JI0JIsl PEIIEHUs CUCTEMbl JUHENHBIX YPABHEHUN, BOZHUKAIOMIEH DK JIUCKPETU3AINN

ypaBHEHUS Ha YPOBEHb, mocTuraer He Menee 60 % or ofmero BpeMenn BHIYUCICHNIA.

Pesynbrarhl 9nceHHBIX 9KCIEPUMEHTOB TOKA3BIBAIOT BO3MOXKHOCTH JAJIbHEHIIel OMTUMHU3ANINT pa3pabo-

TAHHOU HpOI‘paMMHOﬁ peasyim3danv, B TOM YUCJJIC: OITUMUIAINN NCIIOJIHb30BaHUA KIIIT IMaMATHU W BEKTOPHBIX
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MHCTPYKIIWU TPU pacdeTe IMHAMUKN OKeaHa Ha TOYHBIX CeTKAaX IPU OTHOCUTEIbHO HEeDOJIBIIIOM YHCJe 3a-
JIEHCTBOBAHHBIX BbhlUUC/IUTENbHBIX sijep; 1ubpugnoit MPI-OpenMP peasmzanuu s 6osiee 9¢hdekTuBHOTO
BHYTPHY3JI0BOTO MacITabupoBanus koja, B ocobernoctr aag NUMA apXuTekTyp; MeKy3/J0BbIX 00MEHOB
JaHHLIMI B pacdeTax ¢ paspemnenmeM 6osee deM B 1/4 rpamyca m memonszoanmn 103 — 10* CPU sanep;

peanmn3anun UTEPAMUOHHBIX AaJTOPUTMOB PEIICHUA SJIITUNITUICCKOT'O YPABHCHUA Ha YPOBEHD.

8 * Tttt TorT T B ! I ! | /V I ! 1120
__\ —=—(OSC Mahti  (a) | I , (b) 7]
4 _\%.\ —=— [NM RAS - L 7 ./- 100
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Puc. 2.2: (a) Bpems cuera mogenm aunamuku okeana npu “rpyobom” paspemiennu (2 rpajyca 1no ropu3oHTam
u 20 yposmeii o Beprukagu) Ha cynepkommbiorepe CSC “Mahti”, Berauciurensuom knacrepe IBM PAH,
cynepkommubiorepe CKIT MI'Y “JIomonocos-2”; cynepkommbiorepe MCIT PAH MBC-1011 OII; (b) macrrabu-
PYEMOCTb MOJIeJIU TIPU TOPU30HTaIbHOM pa3perieruu or 1/4 10 1/16 rpaayca u 64 ypoBHSX 0 BePTUKAIU HA

cynepkommbioTepe “Mahti” B 3aBrucuMocTH OT Unc/ia 3a1efiCTBOBAHHBIX BBITUCIUTEIbHBIX Y3JI0B, Ha KaXKIOM
U3 KOTOPbIX ycraHoseH 128-siepubiii nponeccop AMD Rome.

Ha 2022 r. B npoekre 3amiaHupoBaHa pa3paboTKa OpOTPAMMHOI peajn3aiuu JIUHAMUKN OKeaHa, OJI0Ka
[IePEHOCaA TPACCEePOB Ha IpadHUIeCKUX [POIECCOPax C UcHoab3oBanneM rubpuanoro nogxoga MPI-OpenMP-
CUDA. Ha macrositmiem srtare mpoekTa 6br1a paspaborana MPI-OpenMP-CUDA mporpavvuas peann3a-
ysl JIBYMEPHOIO MEPEHOCA M0JIst CKAIAPOB s rpaduaeckux npoueccopos (GPU) B kpusosmmueiinoit cucre-
Me KoopaumHaT Ha cdepe. [IpoeeHnl mpeaBapuTeIbHbie IKCIEPUMEHTHI Ha cynepkovnbioTepe CKIT MIY
“Jlomonoco-2” st cpapaenus BpeMenu caera Ha GPU u 1ieHTpabHBIX IPOTeccopax st CJIyYast IeHTPAJTBHO-
Pa3HOCTHOM annmpoKcuManuu ypasHenuii mepenoca-muddys3nu Broporo nopsizika rounoctu. Ha pucynke 2.3(a)
nokazano yckoperue peasnsanuu Ha GPU (Nvidia Tesla K40), mo cpaBHeHUto ¢ BpeMeHeM cdeTa Ha 0THOM sijI-
pe nenrpaabHoro nponeccopa (Intel Xeon E5-2697 v3) na cerkax npu ropu3oHTaILHOM pasperienuu ot 1 j10
1/16 rpamyca. Ha pucynke 2.3(b) npusejena macmrabupyemMocTsb IPOrPaMMHOIl Peain3ainy B 3aBUCHMOCTH

OT YHCJa 33JefiCTBOBAHHBIX I'DAMDUUYECKIX YCKOPUTEEH.



3adava 2.2. Passumue 8ul4UCAUMEALHOL TeTHOA02U dad modesuposanus Muposozo oxeana 83

12 ' T T 1T T T T T — 71 ' T T 1 T 1T ' T ' T~
1 (@) 1 T P
11 - - i e i
| 0-0 | -7
o .
10 4 i - 7 - 20

1

1
=
=}
@
Q
=]
\

Speedup
NeJ

Ll

|
o\\

| r\

S
Speedup

8 — O - /6//
] / - i O/// i
O 4
7 I T | T I T I T | T T I T I T I T I T I T I
1.0 08 06 04 0.2 ) 10 15 20 25 30
Resolution, degrees N, GPUs

Puc. 2.3: (a) Yckopenne GPU peasmsanuu, 1o cpaBuenuio ¢ Bpemenem cuera Ha ogaoM CPU smpe; (b)
MacrrabupyeMocTh aJIrOpUTMa, IBYMEPHOTO MEPEHOCA B 3aBUCUMOCTH OT YHCJIA rPadUIeCKUX yCKOpUTeei
IS TOPU3OHTAJIBHOrO paspemnienus B 1/8 rpamyca.

2.2.3 Ilapemerpu3anum BEPTUKAJbLHOTO IIepeMeEIINBAHUSI

IIponeccor TypbyaeHTHOrO 0OMEHA, CYIIECTBEHHO B/IMSAIOT HA JUHAMUKY BEPXHEIO CJI0d OKEAHA, ITPOIECCHI
TepeHoca mpuMeceil u B3auMoeiicTBre ¢ aTMOCcdepoil KaK Ha CYTOYHBIX, TAK W HA CE30HHBIX W KJIUMATH-
geckux Mmaciitabax. Ha ceronusitauil gens HamboJiblllee PA3BUTHE B MOJESX MOTPAHUYHOTO CJIOS aTMO-
cepbl U OKeaHa IMOJAYIUIN TYPOYJIEHTHBIE 3aMBIKAHUS 2-TO TOPSIIKA, B KOTOPBIX PACCMATPUBAIOTCI IIPO-
THOCTHUYECKNE YPaBHCHUA JJId BTOPBIX OJHOTOYECYHBIX MOMEHTOB THJPOJIWUHAMUYECKHX IIOJICH, & MOMEH-
Thl 0OJIE€ BBICOKOIO TOPSIIKA, BXOJSIIUE B 3TU yPABHEHUS, HAPAMETPUBYOTCH. 3aMbIKAHUS TI0J00HOIO TH-
na ObLIN TIPEeJIOYKEHbI JIJIS HEATPaJbHO CTPaTUHUIMPOBAHHBIX TeueHui oTHOCHTE LHO nasHo [10], onHako
OHU TO-TIPEKHEMY TPEOYIOT YTOUHEHUS JIJIsi BEDHOI'O BOCIIPOU3BEJIEHUsI TIPOIECCOB TYPOyIeHTHOrO 0OMeHa B
ycroiiuupo-crparudunupopantbix cpejax |11, 12]. B cBs3u ¢ BbIYnCAUTEIBHBIMI OIPAHUYEHUSIME B MOJIEJISIX

o0ITell MUPKYJIANINA OKeaHa, Kak [PaBUIIO, MCIOIb3YIOTCA 3aMBIKaHWs epBoro mopsaka |1, 13].

B pazpabarbiBaeMoil B paMKax [IPOEKTa MO/ OKeaHa peasin30BaH HAOOD IapaMeTpusaliuii BepTUKaJIbHO-
T0 TEePeMeITuBaHus PAa3AUIHON ciokuocTH. B KawecTBe 6a30BOi PACCMATPUBAETCS ABYXITAPAMETPUIECKOE
k — € 3aMBIKaHNUe, BKIAKYAOIIEE TPOTHOCTUIECKHE YPABHEHUS I KUHETHIECKOW SHEPTHU TYpPOyJIeHTHOCTH
k u ckopoctu ee guccumarnuu €. JIByxmapaMeTrpudecKue CXeMbl, B KOTOPBIX TypOy/ieHTHbIE KOIDDUINEHTRI
Bsi3KoCTH U JAuhdy3un pacCUUTHIBAIOTCS U3 COOTHOIIEHU 1M0100Ms, 03BOJISIOT BOCIPOU3BECTH OCHOBHBIE
0COBEHHOCTH W3MEHEeHUs] TeMIIePATyPbl U COJIEHOCTH B BEPXHEM cJioe okeaHa [14, 15]. BambikaHue J1010JIHEHO
GYHKIUAME YCTORIUBOCTH W TIApaMeTpu3alusaMu TypoyaenTaoro gucia [Ipangris, moaydIeHHbIMA U3 3a-
MBIKaHUII BTOPOTO MOPS/IKA, B TOM YHCJE JIOMYCKAIINX TOAepKane TYpOyJIeHTHOCTH TIpu 060 yCeToil-
qusoctu [16, 17]. TIpoBejenbl dnc/ieHHbIE SKCIEPUMEHTHI JJisi TPOBEPKH JBYXIAPAMETPUIECKONH MOJEIN 1
[I0Ka3aHa BO3MOXKHOCTH BOCIIPOU3BE/IEHUS] BEPTUKAIBHON CTPYKTYPBI yCTONYNBO-CTPATU(MUIINPOBAHHOIO TI0-

I'PaAHUYIHOTO CJ10d, KOHBEKTHUBHOI'O IIE€PEMEMINBAHNA, a4 TaK2KC CKOPOCTHU 3&FJ’[)’6JI€HI/IH nepeMernaHHOoro CJjaod
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o, aeiicrBreM Berpa. [ia BepuduKanuy pe3yIbTaToB U 33 aHNd IapaMeTPOB 3aMbIKAHUST NCIIOIb30BAJIACH
npannbie npamoro (DNS, Direct Numerical Simulation) n Buxpepaspematomero (LES, Large-Eddy Simulation)
MOJIE/IMPOBAHNSA, TOJYUEHHbIE, B 9aCTHOCTH, ¢ moMoIbio DNS-, LES- momenn, passusaemoit 8 HUBIL MT'V

u UIBM PAH (cwm., manpumep, [18-20]), a Takxke gaHHbIe JTAOOPATOPHBIX HKCIIEPUMEHTOB [21].

B pa6ore [22| nokazaro uro aByxmapamerpudeckue k — & MOJeaN JJIs yCTONYNBO-CTPATUMDUIMPOBAHHOTO
[OTPAHUYHOrO CJIOS MPUOJMKEHHO ONUCHIBAIOT PeTaKCAInD K 6€3pa3MepHbIM I'PAJINEHTaM CKOPOCTH U CKa-
JISIPOB, COTVIACOBAHHBIMU € JIOKAJIbHBIM 0000meHnem Teopun nonobust Mouuna-Obyxosa. st mapamerpu-
3aInu BEPTUKAJIBLHOTO MMEPEMEITUBAHNST B MOJIE/IN OKeaHa ObLIO Pean30BaHO 3aMbIKAHUE [TEPBOTO MOPSIKA,
AIMIPOKCUMUPYIOIIEe CTAIlMOHAPHBIE perteHusd k — & Mogesn. [lpu yemoBun MajgocT BpEMEHHU PETaKCAITUN Ch-
CTEMBI, 110 OTHOIIEHUTO K ITAry JUCKPETU3AINN TWHAMWKN OKEAHa, 110 BPEMEHU, BBEIECHHOE YITPOIIEHNE TTPEe -
CTABJISETCS JOCTATOYHBIM MIPUOJINKEHNEM BBIYUCIUTENBHO 3aTPATHBIX JIBYXITADAMETPUUYECKUX 3aMbIKAHUI.
TypOynentabit macirrad JJIMHBL B 3aMBbIKAHUN TIEPBOTO TOPSIKA 38a€TCH 110 JAHHBIM IIPIMOTO 9UCICHHOTO
MOJIeJINPOBaHUs ycToitanso-crparndunuposanioi Typoyaentroct [12, 18]. Yncsennble 9KCIepuMeHTHI 110
BOCIIPOM3BE/ICHUIO 3aryTyOJICHNsT TIEPEMEIIAHHOTO CJI0s1 IO JieficTBrueM BeTpa (sKcmepumMent Karo-Pumrca)
JEMOHCTPUPYIOT, 9TO PACUeThl C 3aMBIKAHUEM IIEPBOTO TMOPATKA COTJIACYIOTCI C M3BECTHBIMU PE3YIbTATA-
MU TPSIMOTO YHCJICHHOTO MOJEIUPOBaHUs [23] u s1abopaTopHBIX SKCmepuMeHTOB [21], cMm. pucynok 2.4(a).
Jlitsi BOBMO2KHOCTH TIOC/IEIYIONIEr0 CPABHEHUS C OKEAHNIEeCKOM KOMIIOHEHTON KjanMaTudeckoi mogean UBM
PAH [13]| nabop napamerpusaiuii BepTHKAIBHOTO TI€PEMeInBaHns OblI TAKyKe JOTIOJHEH IMINPUIECKUMI
3aMBIKaHUAME |24, 25|, B KOTOPBIX UCHOJIB3YIOTCSA MOCTOSTHHBIE KO3bDMUIMEHTHI TypOYIeHTHOH BA3KOCTH MPH
HEWTPAIBHON CTPATU(DUKAIINN U OTPEIEIIIOTCA TONPABKU HA YCTOWYMBOCTD CPEIbI B BUIE 3aBUCUMOCTEH OT

rpagmenTHOro umcaa Puwaapacona.
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Puc. 2.4: (a) Tonmuua mepeMenianioro ¢jaos B skcrnepuMente Karo-Ouiunca Ijisd pa3audHblX 3HAYEHUT
MOTOKA UMIIY/IbCA HA TIOBEPXHOCTH W YACTOTHI MJIABYYIECTH HAYAIBHOTO PACTIpEEeHUs TLIOTHOCTH, YepHast
JIMHWSA — aHAJIATHYIECKas 3aBUCHMOCTD [21] mo JaHHBIM J1a00pATOPHBIX KCIEPUMEHTOB; (b) IPUIIOBEPXHOCTHAS
Temeparypa B ceBepo-socTo4Hoii yactu Tuxoro okeana (50.1° N, 114.9°, Ocean Station Papa) 3a 2015 rox
1O JIAHHBIM M3Mepenuii (uepHas Jjunus). Pacuersl B onHOMEpHOl (110 BEPTHKAJIM) [IOCTAHOBKE IIPUBE/IEHDI
JU1sL IBYXIIADAMETPUYECKOil MoJiein (KpacHas JIMHUS); 3aMbIKAHUs LEPBOIO OP: KA, CONJIACOBAHHOIO ¢ k —&
nmapamerpu3anmeil (3ejeHasi JIWHNS); SMITUPAIECKOTO 3aMbIKaHus [25] (cuHsis THHAS).
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[IpoBe/ieHBI YUCICHHBIE SKCIEPUMEHTHI B OMHOMEDHO# ([0 BEPTUKAJIN) ITOCTAHOBKE C UCIIOJB30BAHUEM JTaH-
HbIX I/ISMepeHI/Iﬁ B CeBepO-BOCTOqHOﬁ HaCTu TI/IXOI‘O OK€aHa C PA3/JIMYHbIMU IIaPaMETPU3aluAMN BEPTUKAJIBHO-
ro nepememuBanus. [lokazano, 4To AByXmapamMerpudeckas k — & MOJeSb W COTJIACOBAHHOE C Hell 3aMBIKaHIe
MEPBOTO TOPSIIKA TIO3BOJISTIOT BOCIPOU3BECTH H3MEHEHUE TEMIIEPATYPhI B BEpXHEM cJioe okeana (puc. 2.4(b)).
Hanporus, ucnonp3oBanue sMnupuyeckux napaverpusanuii [24, 25| npusogut K 3HaunMbiM ommbkaM B BOC-
[IPOU3BEICHUN [IPUIIOBEPXHOCTHON TEMIIEpaTypPhl, B ONEHKAX TOJIIUHBI IEPEMEIIAHHOT0 CJIOS U BEJIUIHMHbBI

TpaJIleHTa TeMIepaTyphbl B TEPMOKJINHE.
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3ajsada 2.3. Pa3zpaborka 3(ppeKTnBHbIX
BBIYNCJINTEILHBIX TEXHOJJOTHUI JIJIsI
IIPOTHO3UPOBAHNA N ANATHO3a COCTOSHUSI

armocdepbl B TOPOACKOIl cpeje

Awnanu3 m 000011IeHe M3BECTHBIX IKCIIEPUMEHTAJILHBIX JIAHHBIX W PE3YJIbTATOB YHNCJIEHHOTO
MOJEeJIMPOBaHusl TYyPOY/JI€HTHBIX TeYeHUil B rOPOACKOIl cpene (B Tom 4ducie, pesyiabraros LES-
pacdeToB, NMPOBE/IEHHBIX paHee aBropamu npoekTa). Ilposenenue gonosaureabubix LES u DNS
pacueroB cTpaTuULMPOBAHHBIX TYPOYJIEHTHBIX T€YEHUI B 00J1aCTHX C M/1€a/IM3UPOBAaHHONI "ro-
poackoii'"reomerpueii. Craructuyeckas oopaboTKa JaHHBIX BUXPEPa3peInarollero MoaeJanupo-
Bauusd. IIposesenne anagorudabix pacuertoB ¢ 3D RANS monenpio. CpaBHeHUe pPe3ybTATOB
pa3auyYHbIX Mozesieii u BoisiBjienne gedektoB mogesieii RANS, cBsi3aHHBIX ¢ MCHOJIB30BAHUEM

PacpoOCTPaHEHHBIX 3aMbIKAHUIA.

2.3.1 Amnamm3 mybJsakaIruii o 4YMCcJIeHHOMY MOJeJIMPOBAHUIO TypPOYyJIeHT-
HBIX T€YEHU HA ] MOBEPXHOCTAMHU IOPOJACKOTO TUIIA U 110 CDABHEHUIO

TaKnNX pac4deToB C IKCIIEPUMMEHTAJIbHBIMU JaHHbBIMMA

[Iposesien ana/m3 nybauKanuii Mo YUCIEHHOMY MOJIEIUPOBAHUIO TYPOYJIEHTHBIX TeUEHU I HAJ| TIOBEPXHOCTSI-
MU TOPOJCKOTO THUIIA W 110 CPABHEHWIO TAKUX PACIETOB ¢ YKCIEPUMEHTAIBHBIMI JTaHHBIMU. J[OTOIHUTENIBHO
npoaHa/m3upoBanbl ganuble LES-MomenupoBanus TypOyJIEHTHOCTU B TOPOJICKON Cpejie, TOJyYeHHble PaHee
aBropaMu mpoekTa [1—4|. Bbur ¢aesan BBIBOI 0 TOM, UTO SKCIEPUMEHTAIbHbBIE JaHHBIE O TYPOYJIEHTHBIX Te-
YEHUAX W O TYPOYJIEHTHOM MEPEHOCE TIPUMECeit, 0Ty IeHHbIe TPKU HelTpaIbLHOM cTparndukanun (Hanpumep,
[5, 6]), ycnemmno Bocrmpoussomsites npu momormu LES u DNS-mogeseit (eum., Takzxke, o630p B pabore [7]),
a LES-mogens UBM PAH ne ycrymaer mo 9¢hdeKTHBHOMY NPOCTPAHCTBEHHOMY PA3PEINeHW 0 U TOTHOCTH

PE3Y/IBTATOB IHCIEHHBIM MOZEIAM JpYruX aBTopoB (Hampuwmep, [8], [9]; [10] ). Ilpu srom, RANS-mozenn
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TypOYJIEHTHBIX TeUeHul u TypOyIEHTHOTO EPEHOCA IIPUMECEN B Cpe/ie TOPOJICKOTO TUIIA OYEHb 1YBCTBUTE b
Hbl K BbIOODY 3aMblkaHuii (cM., naipumep, [7]). Kpome roro, mogesn RANS, uctosbsyembie jyisi pacueron
rOPOJICKO# TypOYeHTHOCTH, JaJIeKO He BCEr/ia TINATEJHHO MPOBEPHIOTCH HA JAHHBIX JaDOPATOPHBIX N3Mepe-
HUN WK [PU [IOMOIIU CPABHEHUS C PE3Y/IbTATaMU BUXPEPA3PEIIAIINIEr0 MojenpoBanus. Tak, B 0030pHOi
crarbe [11] yrBepxgaercs, uro goss nybaukanuii no LES-Mopeanposasuio ropockoii TypOyieHTHOCTH He
mpesbiiraer 4% oT cyMMapHOro KOJIMYeCTBa CTaTeil, [IOCBAIIEHHBIX YUCTEHHOMY MO/IEJIUPOBAHUIO TYPOYIEHT-

HBIX TCYCHUH B yCJIOBHUS TOPOACKON 3aCTPONKH.

LES-pacuersr Topoackoro armocdepuoro norparmaroro ciaog (AIIC) mpu ycroiiunsoit crparudukanum,
IPE/ICTABICHBI B JTUTEPATYpPEe HEJOCTATOYHO MIMPOKO (MOMUMO PE3yJBTATOB aBTOPOB IpPOeKTa |2, 3|, Takue
BBIUUCJIEHNsT TIPOBOTMINCE B paborax [12-15]). Bo Bcex aTux pacuerax OGbLIN BOCIIPOU3BEIEHBI TOJIBKO PEKI-
MBI C OTHOCUTETHHO ¢1aboii yeToiunBocThio. [lpenarereuem s npumenenns LES-momeneit k nccmeqosanmto
ycroiiunporo ropoackoro AIIC gBisoTcs CI0:KHOCTH ¢ IOCTAHOBKON UHCIEHHOIO 3KCIEPHMEHTa M HeoHX0-
JUMOCTE B 00Ji€e TPOJOJRKUTEIBHBIX PACUeTax 10 CPABHEHUI) CO BPEMEHEM WHTEIPUPOBAHUS MOJEIEH Ipn
HeitrpaabHoii crparudukaiun (cM. [15] ). TIpu srom, Hanbosbime KOHIEHTPAINN 3arPSI3HSAIONINX BEIIECTR
BOJIM3U TOBEPXHOCTHU JIOCTUTAIOTCS IPU CJIA00OM BETPE U B YCJIOBHSIX TEMIIEPATYPHON HHBEPCHHU (CM. 0030PHYIO
crarbio [16] o Baustanmmn Mopdooruu ropoCcKoii cpejibl 1 cTpaTudUKAIMKA Ha TIEPEHOC IIpUMecedi). DTo 1mo3-
BOJIIET PACCMaTPUBAThL YCTOMUIUBO-cTpaTnduImpopaunnit roponckoii AIIC kak omun m3 Hambojee BasKHLIX

CJIy4aeB, IoAJ1e2KaluX UCCICJO0BAHUIO U ITapaMeTPpU3aAlnn.

Ha ocroBamnm mepeuncaeHHOTO BHIME, OBLT CIeIaH BBIBOI O HEODXOIMMOCTH PaszpabOTKU HOBBIX CITOCOOOB
[IOCTAHOBKYU YHMCJIEHHBIX dKcnepuMeHToB ¢ Mogessamu LES u DNS u o nestecoobpasnocTu npoBejieHns: cepun
PacYeToB 110 BOCIPOU3BE/IEHUIO YCTAHOBUBIINUXCA YCTONIUBO-CTPATU(MUIMPOBAHHBIX TYPOYJIEHTHBIX TeYeHU T
HaJ[ IOBEPXHOCTIME TOPOJCKOr0 TUia. KpoMe TOro, 1Mo MHEHUIO aBTOPOB TPOEKTA, HeOOX0MMa TIaTe TbHaAST
mpoBepKa TypOyIeHTHBIX 3aMbikanuil 11st RANS-Momeneit roponckoit cpeabl ¢ TOUKM 3peHust UX CIIOCOOHO-
CTH KOPPEKTHO OMUCHIBATEH TYypPOYIEHTHBIN TEPEHOC CKAAIPOB HAPIIY C BOCIPOU3BEICHUEM CAMOTO CPEIIHETO

TEeYCHUA.

2.3.2 Tpexmepnas RANS momesrb TypOyJIeHTHOrO TeYeHUdA HaJ| IMOBEPX-

HOCTBIO I'OpOJACKOI'O THUIIa

B pamkax mpoekTa pa3BUBaeTCd TpexMepHast HernapocraTrndeckas RANS wucmentas Mojens A1 BOCIPO-
W3BeAeHNd CTPATU(UIMPOBAHHBIX TYPOYIEHTHBIX TEUEHWI B YC/JOBUA TOPOJACKON 3acTpoiiku. B kauecTse
3aMbIKaHUs B MOJEIM UCIIOJIBb3YIOTCs JIByXIIaDAMeTPUUYECKHe 3aMbIKaHUsI, B KOTOPBIX KO3MDPUIMEHTHI Typ-

bynenrroit Baskoctu K, u mudpdysun Kj 3a7ar0TCI COOTHOIIECHUSIMHY TTOA00M:

E2
Ky = Sm?’f, (3.1)
E}

Kh - Sh?, (32)



3adava 2.3. Paspabomxa sdermusnolis biUCAUMENHOET TELHOA0ZUT OAA NPOLHOSZUPOSAHUA U OUGLHO3G
COCMOARUA ammochepss 6 20podckoti cpede 90

rae Sy, u Sy — byskiuu ycroituuoctu. Kunernyueckas sueprusi TypOyJI€HTHOCTH U CKOPOCTD €€ JINCCUTIATIY

OIIPEAC/IAIOTCA U3 PEHICHUA ITPOTHOCTUYICCKUX ypaBHeHHfIZ

ot " om  omooy om LT PTE 33

de  Owe 0 K,, Os €
= — L Em T _ C (CP B- 4
ot + oz, 92; 0. Oz B (Clg + ('3, 0256), (3 )

rine P — casurosas renepaius sneprum, B — reneparus wiu mnorpedsienne snepruu iaByyectsio. Monesin
cofiepsKuUT psj amnupudecknx kKoucrant Cie, i = 1,2,3, (cm. [17]) u Tpebyer onpenesnenusi TypOyIeHTHBIX
qucen lmuara o n o.. Ormernm, aro RANS Mosens mMo3BOJIIET WCMONB30BATH AUATHOCTHIECKOE COOT-
HOIIIEHHUE I PACIeTa CKOPOCTH MUCCHUIIAIMY C MOMOIILIO Ompeenenns TypOyJIeHTHOro MacinTaba JITuHbI

lp:

€= —. (3.5)

Hanpumep, ana #eifirpaabHO CTpaTudUIIMPOBAHHOTO TEYEHUS HAJ, ILJIOCKONW MOBEPXHOCTHIO MOYKHO OIpe-
JIeJuTh I ~ Kz. B Mojesn ucnonab3yercss npubanKeHue JOrapudMUIeCKOro CI0s JJisd 3a/aHusl TPAHnd-
HBIX ycjoBuii. B pamkax mpoekTa pean30BaHbI JIOMOJHUTEIbLHBIE MOAUMDUKAIINNA JBYXIIAPAMETPUICCKUAX
3aMBIKAHUI, OpeJJIOKEeHHbIe B jmreparype (cM., Hampumep, [18, 19]|) msisg 3agad obrexanus HeHTpabHO-
CTPATUDUIMPOBAHHLIM TYPOYJIEHTHBIM TEUEeHHEeM ¥ OCHOBAHHbLIE HA BBEJIEHUW SMIMPUYECKAX TOMPABOK B
YDABHEHUSX OTHOCUTENTHHO CKOPOCTH JUCCUTIANNYU € WU TyPOYJEHTHBIX MacmTaboB (HAIPUMED, BPEMEHU

nJIin ,Z[.HI/IHI)I), a TaKzKe HCIOJb30BAHNT HEJIWHENHBIX IIOIIPaBOK IJIA IIapaMeTPpH3allluH IIOTOKa HUMIIYJIbCa.

ZLJ'[H AIMIPOKCUMAITUU TI0 TIPOCTPAHCTBY Ha MIPAMOYTOJIbHBIX CETKAX MPUMEHATOTCA KOHCEPBATUBHBIEC KOHEYHO-
Pa3HOCTHBIE CXeMBbI 2-T0 mopsiaka Todnoctr [20]. st moBbIenns pa3perienns BOIM3M 3aHUi TOMyCKAeTCs
n3MeJibucHune mara CETKHU BAOJIb Ka}K,Z(OI'?I n3 KOOpAWUHAT. HpI/I WHTCIPUPOBAHNU 110 BPEMEHU HCIIOJIb3YIOTCHA

TOJIYHEABHDBIC CXEMDbI, a JIJId PEIEHUA PA3HOCTHOI'O ypaBHEHUA HyaCCOHa — MHOT'OCETOYHBIN METOM,.

[Mposenennbl UncaeHHBIE SKCTEPpUMEHTHI ¢ TpexMepHoit RANS Momembio A1 BOCTPOU3BEICHUS TYPOYICHT-
HOTO OOTeKaHWs 37AHUI, B KOHMUTYpaIUax, aHAJOTHIHBIX nmocTanoBkaM ¢ LES momenbro. DKCmepruMeHTs
[NPUBOJUINCE KAK NPU HEHTPAJBHOHN, TakK W Npu ycToHdmBOi crparuduranmu. Pe3yapraTsl MOKa3bIBAOT
BHAYUMYEO 9yBCTBUTENHHOCTE K RANS mapamerpusaiiuu TypOyJI€HTHBIX TTOTOKOB UMITY/IbCA U TEILIA, B 4aCT-
HOCTH K BBIOODY SMIMPUIECKUX [1APAMETPOB B YPABHEHWUY JIjIs CKOPOCTHU JIMCCUIIAIUY KUHETUIECKON SHEPTIUH
TypbysenTHOCTH. B ciyduae cTpaTudUIUPOBAHHON TYPOYIEHTHOCTH TyBCTBUTETHFHOCTE K BEIOOPY RANS 3a-

MBIKQHUA YBEJINYIUBACTCI.
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2.3.3 LES- m RANS-monesmmpoBaHne HENTPAJIbHO-CTPATH(DUINPOBAHHBIX

Typ6yﬂeHTHbIX TedeHumn Ha/Jd IIOBEPXHOCTBHIO I'OPOJACKOI'O THUIIa

OuuM U3 BayKHBIX OJOKOB KpyITHOMACIITAOHBIX Mojeseit atvmocdepst spiasgtorcs RANS-mogenn ATIC, onm-
CBHIBAOIIIKE TIO/ICETOYHBIN TYpOYJIEHTHBIN MTEPEHOC UMITYJIBCA U CKAJISAPHBIX BEJUYUH [0 BepTukain. B 60b-
[IIMHCTBE COBPEMEHHBIX MPOTHOCTUYECKUX U KJIMMATUIECKUX MOjeieil Jrobast MOBEPXHOCTh, B TOM YHCJE U
TOPOJICKasT TEPPUTOPHUS, PACCMATPUBAETCS KaK IEPOXOBATAsT TOBEPXHOCTH, COBIAIAIOIIAS CO CTJIAYKEHHBIM
pesibechOM MECTHOCTH, a €€ METKOMACIITAGHBIE TeOMETPHIECKHEe 0COOEHHOCTH (HAITPUMED BBICOTHBIE 37IaHMS )
YUUTBIBAIOTCS TOABKO C TOYKH 3PEHUS MX WHTErPAIBHOTO BO3JAEMCTBUS Ha TPOIECCH TYPOYIeHTHOTO 06Me-
Ha MeXK/y MOBEPXHOCTBHIO B IEJIOM U BhIIIeaexaleit armocdepoit. Bmecre ¢ Tem, Hapsy ¢ Jerajn3amnuei
CeTOK MOJIeJIel 110 TOPUBOHTAIN YBEJIMIUBACTCH M MX BEPTUKAJIbHOE PA3PENICHne TAKUM 00Pa3oM, 9TO Ha
XapaKTEePHYI0 BBICOTY TOPOJCKUX 3MaHUI MOXKET MPUXOIUTHCSA yKe HECKOJIBKO y3J0B. BozHukaer HEoOXO-
JAMOCTE pa3suTusa Mmofemeil RANS, yaIuToiBaiommx JUHAMAYECKHE U TEPMUIECKHUE BO3TEHCTBUS 3TaHUN 1
PACTUTETBHOCTH HA TYPOYIEHTHOCTH B BUJE PACIPEISIEHHOTO 110 BEPTUKATH (DOPCUHTA W C MPUBICUEHUEM
CIeIMaJIbHBIX 3aMbIKaHUN. B Takux Mojiensx NMpu3eMHBIN CJIoif BO3/lyXa pacCMaTpUBAETCs KaK HEKOTOpad
MTOPUCTAST CPE/IA, CO3MAIIIAST 0OBEMHOE COMTPOTUBJIEHNE CPETHEMY BETPY U CIIOCODHAS TeHEPUPOBATh TypOy-

JIEHTHYI0 KHHETUYIECKYIO SHEPIUIO MIPU OOTEKAHWH 3IAHUIN.

[lepBbie Takume MOJIEN MOSIBUIKCH y¥Ke TOCTATOYHO JMAaBHO (cM., Hampuwmep, [21]) u Ha HacTOSIIHE MOMEHT
HACBIIIEHBI [IapAMEeTPU3AIMAMI PA3HOOOPA3HBIX (QU3MUECKUX HPOIeccoB [22-26]. Dru Momesn B mepcrex-
THUBE JAJYT BO3MOXKHOCTH YTOYHSITH MET€OPOJIOrHYeCKHe XapaKTePUCTHKNA BHYTPH MOPOJCKON CPeJIbl HEIO-
CPEJACTBEHHO y MOBEPXHOCTHU 3eM/M. KPOME TOro, BaXKHBIM CTUMYJIOM JijId Pa3BuThus MHOTOCHOHHBIX RANS-
MOJIEsIEH ABIAETCA HEOOXOAMMOCTh TTPOTHO3UPOBAHNS KOHIIEHTPAIWH 3aTPA3HAIONINX BEIIECTR, TTPEICTABICH-

HBIX Fa,3006pa3HI>IMI/I OpUMECAMA 1M B3BECAMMN YaCTHII.

B pamkax HacTOsIIero mpoeKTa Mbl MPOBepaeM PaboTOCTIOCOOHOCTD TPEIATaeMbIX TAPAMETPU3AIUN 11 10~
BEPXHOCTEl ¢ OTHOCHTEIbHO MAJIEHBKOMN MJIOTHOCTBIO 3AMOTHEHHs] 00beKTaMu (Ha OCHOBAHUHU TOTO, UTO MPH
VX BKJIIOYEHUN B KPYyTHOMACITTAOHBIE TPOTHOCTUIECKUE MOIEJIN, B MEPBYIO OY9epeb, MPUIETCI YINTHIBATH
BO3JICHCTBIE CAMBIX BBICOTHBIX 3/IaHHI, KOJIMIECTBO KOTOPBIX B TOPO/ie orpanndeHo). Kpome Toro, MbI mpose-
PUIM, KaK TpejijilaraeMble TapaMETPU3AINHE COUETAIOTCS ¢ TYPOYIEHTHBIM TIEPEHOCOM CKAJSIPOB. DTa 3a/1a49a
PECTABAIeTCI HAM erne 0ojiee akTyaJbHON, 9eM PAacdeT CPEeIHero BeTPa M €ro JUCIEPCUU B TOPOICKOMN
cpejie, TTOCKOJIbKY HANPSMYIO CBA3aHa C BO3MOXKHOCTBIO MPOTHO3WPOBAHUS KOHIIEHTPAIAM 3arpA3HAONINX

BEIIECTB.

B pab6ore |27] mva mannbix LES, mosydeHHbIX W3 pacyeToB HaJ MAcCHBOM Ky0oB, ObLTa OTKATHOpOBaHA W
nposepena ogHonapamerpudeckas (K — [) MHOrocjoifHas MOJ€/Ih, OCHOBAHHAS HA 33aHUU PA3JEJbHBIX
TYPOYJIEHTHBIX MacCIITabOB JJIMHBI BHYTPHU CJIOS TEPOXOBATOCTEN: [y, — JJ1s BhIAucIeHns Ko3hdUunnenTon
TypbyaenaTHo# Baszkoctu u nucddyzun TKD u [. — q1a BerumcIeHns CKOPOCTH AUCCUTIAIINE TYPOYICHTHOM!

KUHETUYCCKON SHEPIUu.
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Han cnoem mepoxoBarocreit npu 6osibiinx dncyiax PeffHosbjica U Ipyu HERTPAJbHON CTPATH(UKAIUN TIPO-

duib 6e3pasMepHOil CpegHel CKOPOCTH BETPaA MOXKHO MPUOIN3UTH JOTapUPMUIECKON 3aBUCHMOCTHIO:

U 1 z— D,
— = Zln( 22— 3.6
- m( - ) (3.6)

rie U, — ckopocts Tpenns (U, = |74|'/?; 7, — HOpMEpOBaHHOe HA IIOTHOCTH BO3AyXa CPEIHEE KACATETHHOE
HANPSZKEHNE TPEHHUsl 0 MOBEPXHOCTE B 1esoM); k£ ~ 0.4 — mocrostunas Kapmana; zg, — napamMeTp mepoxoBa-

TOCTH, Du — BBICOTAQ BBITCCHCHNA.

Msur mpejyiaraeM HOBBINM c11ocod mocTpoeHusi TypOyaeHTHOro MaciiTaba JAJUHbI BHYTPU CJIOS IIEPOXOBATO-
creff. DroT MacIITad IMOJYyYeH U3 PA3MEPHOCTHBIX COOOPAXKEHUN U BKJIFOYAET BCETO OJIMH IMIMPUIECKUN
k03 durment. [Ipeaiaraercst BHIYUCIATH 3TOT MACIITA0, HE UCIOIB3YS JAHHBIE O TEOMETPUH TOPOJCKOI TT0-
BEPXHOCTH, KOTOPBIE KpaliHe CJI02KHO 0000IUTh U BHIPA3UTH OJHUM 4ncjioMm. Harrma rumore3a cOCTOUT B TOM,
4r0 GespasmepHsiit napamerp D, /h, xapakrepusytomuii TypOyIeHTHbIe MACIITabbl JATMHBL Ha "TOPoaCKuM”
CJ0€eM, XapakTepusyer u TypOyJieHTHBIe MACIITabbl JIMHBI BHYTPHU 3TOrO CJI0si, TAaK Kak, 0 KpailiHel Me-
pe, cambie KpyliHbie TypOy/ieHTHbIE (DAYKTYAUU OYEBUIHBIM 00PA30M HE MOrYyT ObITh HE3ABUCUMBIMU BHE
TOPOJICKON CPeJibl M BHYTPH Hee. 3aMEeTHM, 9TO TapaMeTphl 2q, (MapamMerp MepoXOBATOCTH MOBEPXHOCTH B
mesiom) u Dy, (BBICOTA BBITECHEHUST) SIBJIAIOTCS M3MEPSIEMBIMI W MOTYT OBITH HOJIY9IEHBI [0 JAHHBIM METEOPO-

JIOTUIECKUX HAOIIOMEHNI U MYIbCATMOHHBIX U3MEPEHUN TOTOKOB MMITY/IHCA HAJ TOPOACKON MOBEPXHOCTHIO.

Hizke mpesicraBieHbl pe3ysibTaThl YHCACHHBIX pacdetoB ¢ LES-momensio IBM PAH [28], kotopas panee
HEOJIHOKPATHO MPOBEPAIACh Ha 3aa9aX MOJCIUPOBAHUSA TYPOYJIEHTHOCTH HAJ, TIOBEPXHOCTSIME TOPOJCKOTO
tuna |[1-4|. PacdeTsl BBINOJHEHB! B TPAJAUIMOHHON MOCTAHOBKE, COBIAJAOINIEH, 33 MCKJIIOUCHHEM MEJKUX
Jerasieil ¢ pacueTaMu, MPOBEIEeHHBIMU B paboTax (8, 9] u [27]. IloMumo Mo/eTMpOBaHMST CAMOTO TEYEHHUS MbI

paccunThIBAIN TyPOYIEHTHBIN EPEHOC CKAJIAPA C MCTOTHUKOM HA MTOBEPXHOCTH.

B xagectse RANS-Momenn mcnons3oBagack omHomapaMerpudeckas K — [ MOmenh, TOTOTHEHHAS TapaMeT-
)
puzanueit 00beMHOTO comporuserns u rereparun TKD. Jljag cpaBHeHUa Mbl TAKKE TPUBOAUM PE3YIBTATHI

pacueron ¢ Harreit RANS-Mozesbi0 Ipu moICTaHOBKE B Hee MaciITaboB JTHHBL, TPeIaraeMblx B [27].

2.3.4 IlocTtaHOBKaA YMCJIEHHBIX YKCII€EPUMEHTOB

371ech MBI TIPUBOJIUM DPE3YJILTATHl TPEX PACIETOB, BLINOJIHEHHBIX HA DABHOCTOPOHHEN ceTKe pazMepom 512 X
256 x 128 yznos. Pacuerst EXP1, EX P2 u EX P3 (cum., puc. 3.1a) pasnun4aioTcs 1m0 reOMeTPUH U PACIIO/NO-
JKEHMO 00'bEeKTOB Ha HUKHEH rpaHuiie 061acTu (KyObl U IPSIMOYTOIbHBIE TAPAJLIEICIHIIEIbl, IMATHDY OTINE
smanus). Ha srom pucynke: h u h/2- Beicora 00bekT0B (Ha BhICOTY h npuxoaurca 32 mara cerku A). Pasmep

BCelt pacdeTHoit obaactu coctaBsn: Ly X Ly X L, = 16h x 8h x 4h.



3adava 2.3. Paspabomxa sdermusnolis biUCAUMENHOET TELHOA0ZUT OAA NPOLHOSZUPOSAHUA U OUGLHO3G
COCMOARUA ammochepss 6 20podckoti cpede 93

(a)
EXP1

| SR SN, S T EXP3
,E Oh ! Oh
an oh |
T on A
o i R

Puc. 3.1: (a) — koudurypanus o6rekaeMbix 06beKTOB; (b) — BU3yanu3aius MrHOBEHHOTO COCTOSHUS TEUSHUS
B EXP2 u EXP3 (dparmentsr o61acTu, 00BEJEHHBIE TyHKTHUPOM); IBETOM HA CEYEHUM MOKA3aHa HOPMUPO-
BaHHAs KOHIEHTPAIUS IPHMECH, IePeHOCHMOH TypOyaeHTHbIM TedenueM (S — Syop)/Sy; H30IOBEPXHOCTD -

(S = Shop)/Ss = 7.

Teuenne pasronsercs 1oz BO3LEHCTBHEM MOCTOSHHOIO BHEIIHEro rpajuenta jgasienus FY = —dP/dr =
U2/(L, — h), tne U, — 3ajanHOe 3HaMeHIe CKOPOCTH TPEHHs Ha BHICOTE h B pABHOBECHOM cocTogHHH. B mpa-
BYIO 9aCTh YPAaBHCHUA IBOJJIIONUKY KOHOCHTPAIWN CKaJIAPaA S /2[06aBJ'[HeTCH ,ZLOHO.HHI/ITQ.HBHBH‘/JI 9JI€H, KOMIICHCH-
PYIOIIHIA TPeH/| Cpe/IHell KOHIIEHTPAIINT, He 3aBUCIIUI 0T KOOpIuHaT. PacyeTsl npoBoaAMINChH CpOKOM Ha 40
enuuul GespazMeproro spemenu t = L, /U, nociennne 10 eauuui 6e3pa3MepHOro BpeMeHN UCIOTb30BAUCH
I oCpeaHenud pe3yabTaroB. /laa aopMupoBky npoduieii KOHIIEHTPAIIUN CKAIsAPa B MPEICTABICHHBIX Pe-

i j— !/ /) o
3yJIbTaTaX HCIOJIb3yeTcd TypOyJaeHTHbIH Macmrab Konnentpanuu S, = (w's’);, /Uy, roe (w's’);, — momHblii

OCpe;[HeHHbIIZ II0 BpEMEHU M IIPOCTPAHCTBY IIOTOK CKaJldpa B YCTAHOBHUBILNEMCHA COCTOAHUHN HA BBICOTE 2 = h.

Ha puc. 3.1b nas nemomncrpaliun TypOynenTHON IPUPOALI Tedenus n3o0pazxkena Koumentpanud (S — Siop)/ S«

(0/1HO U3 MI'HOBEHHBIX cocrosiHuil) B skcuepumentax EXP2 u EXP3.

YemoBust mpoBeeHus pacderoB ¢ ogaoMepubiMa RANS MofensMu WIeHTHIHBI YCIOBUAM MPOBEIEHUS 9UC-

JIEHHBIX 9KcnepuMmenTos ¢ LES.
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2.3.5 Pezyabprarelr LES

Ha puc. 3.2a m3obpaxkena cpejHsd CKOPOCTH TEYeHHUS BO BCEX Tpex pacuerax. [[yHKTUDHBIMU KPUBBIMEU
IPOBE/ICHBI AIIPOKCUMAINU TPOMduIeli CKopocTu JorapudmudeckuMu 3asucumoctsavmu (3.6). BeicoTsl BbI-
Tecuenusa D, W mapaMeTphl IMEPOXOBATOCTHU Z(,, ONPEAENSIINCh MyTeM MUHUMU3AINN CPeTHEKBAIPATIIHOTO
OTKJIOHEHHUS AMMPOKCUMAINI 0T paccunTanubix B LES npodwuteit B yamax cetku mogesnn. M3 pucynka 3.2a
BUJIHO, 9TO 3aBUCHMOCTBIO (3.6) MOKHO MpPUOIN3UTE PACCINTAHHYIO CPETHIOI CKOPOCTh. JlaHHBIE O BEJINIH-

wax napamerpos D, u 2, 3amecensl B Tabjmiy 3.1.

Zou/h Du/h
EXP1 | 2.2E-2 0.7

EXP2 | 1.76E-2 | 045
EXP3 | 1.83E-2 | 0.32

TAB/IUIA 3.1: [lapamMeTpsl MITEPOXOBATOCTH 2, Y BHICOTHI BHITECHEHUS [, , OTIpeieIeHHbIE 110 PACCINTAHHBIM
CPeIHUM MPOQUIIAM CKOPOCTH MPU PA3HBIX KOH(MUTYDPAIUIX TOBEPXHOCTH.

Bespasmepnbie nedekThl KOHIIEHTPAIUK CKaJisgpa u3obpakensl Ha puc. 3.2b. Ha puc. 3.2c uzobpazxeHs! 11o-
TOKHU KOHIIEHTPAIIUU CKAJISIPa U UMITY/IhCa, HOPMUPOBAHHBIE HA COOTBETCTBYIOMINE TYPOYICHTHBIE MACIITADR.
13 puc. 3.2¢ BuamO, 9TO BO BCEX pacdeTax JOCTUTHYTO PABHOBECHOE COCTOAHUE, ITPU KOTOPOM JIUBEPTEHITHS
CpeJHUX MOTOKOB YPABHOBEIIUBAET ITOCTOSHHOE BHEIHEE BO3JEHCTBUE: KAK JJjIs KOHIEHTPAITUHU, TaK U JJIs
UMITY/IBCA TIOTOKKM UMEIT JiuHeitabiit Bug npu z/h > 1. Obespasmepentbiii ko3 duiment 06bEMHOTO COIPO-
tuBenust Cph [Jist pasHbIX PACYETOB M300paskeH Ha puC. 3.2d. DTOT KOIDMUIIMEHT BBIUUCIEH TO JaAHHBIM

LES u3 6asianca cpelHIX CUJI B PABHOBECHOM COCTOSIHUM.

2.3.6 TypOynentnsbrii Mmacmitad ammabl 1711 RANS

Macmrab mymuasr D, (Hapsiy ¢ HEKOTODPBIM CPeIHMM MACIITAbOM BBICOTHI 37anuil (h) M paccTOsTHUEM 0
MOBEPXHOCTH 3€MJIA 2) SIBJISETCS OJHUM U3 OMPEIESIONUX TYPOYIeHTHBIX MacIITaboB ITHHBL, O 9€M CBU/IC-
TeJILCTBYIOT PACCUUTAaHHBIE TPOGUIN cKopocTr (eM. puc. 3.2), 6in3Kue K JTorapudMUIecKUM 3aBUCHMOCTSIM
(3.6). leiictBurensro, mpn 00e3pasMepuBaHUM TPAJMEHTa CKOPOCTH C MCIOJb30BAHMEM MAaCIITaba I THHBI
72/ = 2z — D, MBI noay4aeM 3HAYCHHE OJIM3KOe K KOHCTAHTE: %% R %7

(3.6). B cBOI0 0Ouepesb, 3T0 03HAYAET, 4TO MacmTab 2’ = z — D, XapaKTepusyeT NPOCTPAHCTBEHHBIE CIICK-

OTKY/la U CJEJYET BBIPaKEHUE

TPBI ¥ KOCIIEKTPHI TypOYJEHTHBIX (DIYKTYaIliii Ha/l TOPOJCKON Cpeoif (CM. CHeKTpasbHBIH aHAIN3 TAKUX
TypOyIeHTHBIX Teuennii B paborax [1] u [3]). [TockoabKy 9eTKOil rpaHUIlbl MEXKIY TOPOJCKAM CJIOEM W aT-
Moccepoit Ha T HUM HET, MBI BIIPAaBe MPEANOJIOKUTE, UTO CIEKTPATLHBIE XaPAKTEPUCTUKU TYPOYIeHTHOCTH
B JIBYX 3THX CJOSX [OJI BO3JEUCTBUEM BO3MYIIEHUN OT 00TEKAEMBIX OOBEKTOB MEHSIIOTCSl TaKUM 00pa3oM,
YTO MEXKJy HUMHU MOXKHO yCTAHOBHUTH 10100me, ucnosb3yst macimrabbr maauabl Dy, (h) n z. Tpu stom D,
BBICTYIIAeT KaK MacIrrad IIuHbI, y2Ke abcopOnpoBaBImii B cebst BCe TEOMETPUYECKHE TTapaMeTPhl TOPOICKOH

cpenbl. B psifie cjiydaeB yCHENTHbBIM TPUEMOM MTOJIYUYUTh OJUH 0O0OMIEHHBIN MACIITad JJIMHBI U3 HECKOJIbKUX
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< 0,50
: 2,0 \ N
~N s / EXP1 \
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Puc. 3.2: Pesynbrarst pacuera LES-moznenu B sxcnepumentax EXP1, EXP2 u EXP3. (a) - HopmupoBanHas

ckopoctb U/Ux, (b) - medexr kommentpanuu ckansapa (S — Siop)/S« = 7, (€) - HOPMUPOBAHHBIE IOTOKH

UMIIYJIbCAa U KOHLEHTpauu (OCpeJHeHre 10 4acTu obs1acTu, 3aHaToil Bo3ayxoMm), (d) - HOpMUPOBaHHBIN KO-
spdunment obbemuoro conporusienus hCp.

sABgeTCd 00paTHas UHTEPIOAAIUs MAcITaboB ¢ HEKOTOPBIMU BeCcOBbIMU KOddr dunmentamu. Bocmomb3yemes

CAEAYIONICH allIpPOKCUMAIIMECH:

1 1 1

— (3.7)

)

c,z cpDy
rjie ¢, U Cp — HeoupejeseHHble (DYHKIUU 3aBucdAne or AByXx Gespaszmepubix Beauuud z/(h) u (h)/D,.

[Torpebyem BLITTOTHEHWS CIEIYIONINX CBOUCTE:

Ir — Kz, npn z — 0, (3.8)

ir = r({h) — D), (). (3.9)

JJIMHBI [TOJIZKEH MEPEeXOIUTh B OOLIYHDLIN

pu 2

Orpannuenne (3.8) o3HaYaer, 9TO MOJYUEHHBIH HAME MaCIITad

NPUCTEHOYHBIA TyPOY/IEHTHBIN MacTad £z TIpu NPUOJINKEHUU K TTOBEPXHOCTH 3eMJH, a orpanndenue (3.9)



3adava 2.3. Paspabomxa sdermusnolis biUCAUMENHOET TELHOA0ZUT OAA NPOLHOSZUPOSAHUA U OUGLHO3G
COCMOARUA ammochepss 6 20podckoti cpede 96

obecIeunBaeT HEIPEePBIBHOCTDL MacInTaba JINHBI IPH Hepexoje u3 “TOPOACKOro” CJosd BO BHEIIHEE TeYeHHe

HaJ HUM.

Yemosug (3.8) u (3.9) mo3BOAAIOT 3a7aTh €, = K, & TaK¥Ke HAKJIAJBIBAIOT OrPAaHUYEHUE Ha BUJ (DYHKINH
c¢p = cp(z/(h),(h)/D,). dnsa BbiuucieHus lp BOCIOJB3YEMCsI CJAEAYIONINM JTUHEHHBIM OTHOCHTEIBHO 2/ =

((hy — z) / D,, BBIpaXKEHUEM ISl CD:

o[ (22~ 0] s (22), o

rje ¢1 KOHCTaHTa, f1 (DyHKIms 3aBUCHT TOJBKO OT oaHOl tepemennoii (h)/D,,. Orverum, 9410 B passoKeHnn
(3.10) mepBerii wien ompeensierca orpannderneM (3.9). Bynem paccmarpuBars ciaydait fi = 1, uTo mosso-
JIeT TOJYYATh BBIpaYKeHue s lp, comep:kaliee BCEro OJHY KOHCTAHTY €. 3aBUCUMOCTL TYpPOYJIeHTHOTO
maciraba oT BhICOTHI z/(h) IPH Pa3MYHbIX 3HAUEHUSAX 1 NpuBejeHa Ha pucyske 3.3. Oyukunsg (3.10) mos-
BOJISIET 33JIaTh MaKCUMyM B BeJUYHHE |7 Ha HEKOTOPOI BBICOTE OT MOBEPXHOCTH BHYTPHU 3aCTPOHKH, z < h,

U IPU 3TOM COOTBETCTBYET MOJMHOMY MaJiofi crenenu ot aprymentos z/(h) u D, /(h).

Omnpeenierne 3HaUEHU TOTOJHUTEIBHBIX TAPAMETPOB €1, U B 0bI1ieM ciydae dyHKiuu f1, Tpebyer npupie-
YeHUd JAHHBIX BUXPEPA3PENTAIONIETO MOASAUPOBAHNS TPU PA3JINYHBIX ITapaMEeTPax 3aCTPONKM TOPOACKOM
cpennt. Hdamee npu 3aganun [ u cpaaennn RANS u LES pacueros st mpocTOTHl HyjieM CIATaTh, 9TO

¢1 = 0.4 (kpuBasi BbIIeJIEHA YEPHBIM TIBETOM Ha puc. 3.3).

2.3.7 Pesyaptarbi RANS 1 ux cpaBHeHue ¢ JaHHBIMU LES

Ha puc. 3.4 npeacrasiens pesysibrarsl pacaeros mpu nomotm RANS-mogeneit B cpaBaenun ¢ gqanabivu LES
(uepuble KpuBble). B BepxHeM pgjly PUCYHKOB HpuBejenbl npoduiu obespasmepentoii ckopoctu U/Uy, a B
HIKHEM DIy — 6e3pasmepble 1edeKThl KOHIEHTPANNn cKatapa (S —Stop) /Sy, CHHEME KpUBBIME H306pazke-
HBI TPOMUIN, BEIYUCIEHHBIE ¢ TPUMEHEHHeM TYPOY/IeHTHOTO MaciTaba J/IMHBL, ONMMCAHHOTO B paszaerne 2.3.6,
a KPACHBIMU KPHUBBIMU — HPOMUIIHN, MOJyYeHHbIe 10 MOJEINn TYyPOYJIEHTHBIX MACIITA00B, MPEJJIOKEHHOW B
pa6otre [27]. CruOlHBIMK JIMHUSIMU HAHECEHBI PE3YJILTATHI, [OJIyY€HHbIe 110 101HON Mojenn Gananca TKD,
BRJIFOUAIONIEN TeHeparuio 33, CUeT COMPOTURJIECHUS (DOPMbBI, & MYHKTUPHBIMU KPUBBIMU - PE3YJIBTATH Pac-
YeTOB, B KOTOPBIX TOT wieH B ypaBuenuu 6ajanca TKD onyien. PucyHkn pacnosox)eHbl 1o cTOIOIAM,

COIJIACHO I'eOMEeTPUU IIOBEPXHOCTEH.

B6sin3u noBepXHOCTH 3eMJIU T'PAJIUEHTHI CKOPOCTU U CKAJISIpa MpU NMPUMEHEHUH CKOHCTPYUPOBAHHOIO HAMU
MaciTaba pacTyT 1o abCOMIOTHON BEIUUNHE, UYTO ABJSETCH OTPAXKEHNEM BEPHOMW aCUMITOTHKN TPUCTEHOTHO-
ro Tedennd. BuyTpu ciosi 0 < z < h npoduiin, BEIYUCIEHHBIE C TPUMEHEHUEM TPEI0XKeHHOro Maciiraba Lp
UMEIOT TPABUIBHYIO “U30THYTYI0” (DOPMY, UTO OTparKaeT OTCYTCTBUAE U3OBITOYUHON TypOyIeHTHON BA3KOCTH U
mudysun. B GosnbmmacTBe ciyuaes (kpome npoduss ckopoctu 8 EXP2) nobasienue 1omoHUTE IBHON re-

wepanuu TKE, cBazannoit ¢ TypbysieHTHBIM obTeKaHueM OOBEKTOB, YIYUINAET PE3YJIbTATH MOJIEJIUPOBAHUS.
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(a) k (z/h-1) (b)
k(z-D )/h
- (z-D,) z/h
kz/h
1+
1 i
c=1
g A 1 I I D, /h 0.05
c=0 \
. c=04
D /h=0.75
Kz/h D /h=0.95
0 T T T 1 0 ‘ T T T T T 1
0,0 0,2 0,4 0,0 0,2 0,4 0,6
. /h l;/h

Puc. 3.3: (a) - Bapuanuu typ6ynearaoro macmraba I (3.10) npu u3MeHeHUAX mapaMerpa ¢i. UepHbIM

nBeroM BbieseHa Kpusas npu ¢; = 0.4. Bee pacuersr ¢ RANS-mozmenbio, mpeacraBieHHbie HA puc. 3.4
BBINOJIHEHbBI 1IpU 3ToM 3Hadenuu c¢1. (b) - Macwrab Iy upu ¢; = 0.4 u paznuynbix 3uadenusx D, (Ip — kz
upu D, — 0).

B mogpenn [27] Bce npoduin okazaanch W3JMIIHE nepeMeriaHHbiMu BHYTpH ciiost 0 < z < h, a npuCTeHOY-
HOIl acHMIOTOTUKK BOJIU3U 3eMIH He HaDJIOZAeTCsa. DTH Ke 0COOEHHOCTH BHAHBI U B OPUTHMHAJILHON CTaThe
aBTOPOB (CM. CPeJIHIOI CKOPOCTh Ha puc.12 u puc.14 u3 paborer [27]). OTmeTnM, 4T0 3/16Ch MBI IPEIbsIBUIIN
bostee kecTkue TpeboBarus K MomeasaM RANS, Bo-1TepBhIX, MPOTECTUPOBAB UX HA CPABHUTEIHLHO “HEMJIOTHOM
zacTpoiike”, Tre nedeKTh TYpOyIeHTHOTO 3aMbIKAHUS JIJIsi CKOPOCTH O0Jiee 3aMeTHBI Ha (poHe BAUSHUS 00b-
€MHOTO COTPOTUBJIEHUS, & BO-BTOPBIX - PACCMOTPEN TIEPEHOC CKAJSAPA, JJId KOTOPOro 3Ta 0ObeMHAst CHia
orcyTerByeT. [IposiBienne acUMTOTHK JTOTApUPMHAIECKOTO CT0s BOJM3U TTOBEPXHOCTH B pesyabrarax RANS
PaCY€TOB IIO3BOJIACT HAACATHCA, YTO IIPU IIOMOIIN TaKOM MOJ€/IM BOBMO2KHO YTOYHCHUE DACHYETOB TEILJIO- U
BJIAT0-00MEHA C MOBEPXHOCTHIO 3€MJIM HA, TOPOJACKON TEPPUTOPUN, TP BHIYUCIEHUH KOTOPOTO MPABUJILHBIH

yUeT YHUBEPCAJIbHBIX pyHKINI Teopun momobust Monnua-O6yxoBa nMeeT TEPBOCTENEHHOE 3HAUEHIE.

O6e MojeTM HENTPABUJIBHO, TPUYEM MOYTH OJWHAKOBO, Boctupoussenu mpoduib ckopoctu B EXP2. TToBepx-
HOCTH, onuckiBaeMasi RANS, cozmaer Gosbimiee aspoIMHAMAYIECKOE COTTPOTUBIEHNE BHEITHEMY TEUEHHIO, UEM

SIBHO NPEJICTAB/IEHHAS IOBEPXHOCTHL B pacuerax ¢ mogenbto LES. C roukw 3penns anmpoxkumanuii (3.6) aro
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so. EXP1 v, EXP2 vo. EXP3
—LES } : : I I / F
354 Tke drag production . - 3,5 35 L
— RANS / / N // ! I H
3,0 zero TKE drag production 3,0 v 3,0
= = = RANS / . / " // .'v/ .".
2,54 TKE drag production / ," // ‘ 2,5 / ,'-/ 2,5 "','
RANS (Nazarian 2020) S . . o
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N - - - - RANS (Nazarian 2020) . // . N / ) / N / s
‘ ¢ /! .
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Puc. 3.4: Cpasuenue pesyabraroB LES u RANS. Yepubie kpusbie — pesyiabrarbl LES. Cunue kpusbie -
npoduin, BHIYUCIEHHBIE C MPUMEHEHHEM TYpOYJIEHTHOTO Macmraba JJIUHBI, W300paKEeHHOro Ha, puc. 3.3;
KpacHbIE KPUBbIE - [I0 MO/ TypOyieHTHbIX MaciiTaboB u3 paborst [27]. Ciuiomtbie auauu - RANS ¢ rene-
panueit TKD 3a cuer conporubienust GOpMbL; MyHKTUPHBIE JIUHUE - 6€3 reHepaiuu. PUCYHKH PACIIOIOKEHbI

10 CT0/10LAM B COOTBETCTBUU C KOH(MUIYPALMEH HOBEPXHOCTH.

03HAYAELT, ITO TTAPAMETP IIEPOXOBATOCTH 2, MOJETLHON MOBEPXHOCTH OKA3aJICS 3aBBITTEHHBIM. MBI peno-

JlaraeM, 4To JlaHHas rmpobieMa TokKe MOXKeT ObITh pellleHa C IIPUBJIEYEHNEM PA3MEPHOCTHBIX COOOPaXKEHU.

2.3.8 3axkJjrounTeJabHbIe 3aMedYaHUSA MO pe3yiabraraM cpaBHenus LES- n

RANS- monenupoBanus TypOyJIEHTHOCTU B TOPOJICKOI cpejie

Bruta npeoxkena HOBasl alIpoOKCUMAIis TypbyseHTHOr0 Macirraba aauHb! 1 RANS-mogeneit. Dta amn-

TPOKCUMAITHST TOCTPOEHA W3 PA3MEPHOCTHBIX COOOPAKEHUN 1 CYIECTBEHHO OTPAHNYINBAET (PYHKITHOHATHHBIN

BUJ] UcKOMOT0 MaciiTaba. OCHOBHOU IMHIIOTE30i SBJISIIOCH IIPEJNOJIOKEHHE O TOM, YTO HeoOX0nuMbIil Habop

KJTIOYEBBIX IMAPAMETPOB, UMEIOIIUX PA3MEPHOCTD JJINHBI, HEOOXOIUMBIX J1J1si 060DIIeHrd TeOMEeTPUIECKAX Xa-

PaKTEPUCTUK TOPOJCKOH 3aCTPOIKH, COAEPKUTCH B CHEKTPAJIBHON CTPYKTYpe TYypOYJIEHTHOI'O TeYeHusl HaJl
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“ropojickum cjioem”. QCHOBHBIM WHTErPAJIBHBIM U U3MEPUMBIM [TaPaMeTPOM, OTPaKAIOIIUM BO3JEHCTBYE I'eo-
METPpHUHU ITOBEPXHOCTHU B IICJIOM Ha IIPOCTPAHCTBEHHbIC CIIEKTPLI, fABJIACTCA BBICOTA BBITCCHEHUA Du I/ICXO,HH us3
9TOMH TUITOTE3bI, Mbl TIOCTPOWIN U TTPOBEPUJIN TAPAMETPHU3AIINIO, He Tprderas K aHaan3y TeOMeTPU 00beKTOB

KaK TaKOBBIX.

[IpemioxkenHas mapaMeTpuU3anus MO3BOJISIET IPOU3BOANTL TPOCTYH HACTpoiiky Mmogeseit RANS, ne mepas
¢uznyueckn 060CHOBAHHBIE ACUMIITOTUKHY BOJIU3H IIOBEPXHOCTH 3eMJi U BOJIU3U BepXHEH IPAHUIbI “TOPOJICKO-
ro cios”’. st bosiee TIATENBHON TTPOBEPKH U HACTPOMKYM MOJIe/ I TPeOYeTCs PACCMOTPETh MMUPOKUIA Tuala-
30H KOHd)I/II‘ypaL[I/Iﬁ ITOBEPXHOCTH, AJId 9€eT0 HOTpe6yIOTC5{ AOIIOJTHUTEJ/JIbHBIC BHIYMCIUTEIBHBIC S KCIICPUMEHTHI

C BEUXpepa3peIaImuMu Moaessivu TypoyaeaTabix Tedennit (LES uw DNS).

Pesyabrarsr pasinanbix mozesneit RANS cpasauBajiuch ¢ jgapasivu LES-monenuposanust u Mexry coboii.
ITokazamo, uTo mpemTaraeMas HaMW TTapaMeTPU3anus TypPOyJIeHTHOTO MaciTaba Ha PACCMOTPEHHBIX Te€0-
MEeTPHUSX TTOBEPXHOCTHU HE YCTYIIAET, & B HEKOTOPHIX COYYadAX W MPEBOCXOIHUT IT0 KAUeCTBY MapaMeTPU3allui,

MTOCTPOEHHBIE HA OCHOBE ODOOIIEHNT reOMeTPUIECKUX TAPAMETPOB TOPOACKON CPEeIbI.

Ha mammom stame mpu momormu Mozeneit RANS 6buir BoCITpous3BeIeHBI TOMBKO HEATPATbHO-CTpaTU(U-
IUPOBAHHBIE TEUEHUs, OJHAKO HAMOOJBINNI WHTEpEC MPEJACTABIAIOT TEUYEHUS MOJ BO3JefCTBUEM CHUJ TLIa-
BYYeCTH, XapaKTepHble jjId aTMOC(EPHOTO MOTPAHUYHOTO CJI0s, a TaK’Ke IIPOIECChl TEIJIO- ¥ BJIArooOMeHa C
ropoJIcKo#t mosepxHocThI0. RANS-MomemnpoBaHie 1 MapaMeTpu3alns CTPaTHGUINPOBAHHON TypOyIeHTHO-

CTW B TOPOJCKOM Cpejle 3alljIaHNPOBAHBI HA CJIEAYIONINE STAITBI BBITIOJTHEHUS TPOEKTA.

OcHOBHBIE pe3ysbTaThl JaHHON YacTh PaboT MO TPOEKTY TPEJCTABIeHb! B crarhe [29].

2.3.9 JlomosHuTe/JbHBIE PACcUEeThl C BUXpPepa3peraonmmn Moaejaamu. Mo-
JeJMPOBaHNE CTPATU(MPUINPOBAHHBIX TYPOYJ/IEHTHBIX TEYEHUIA HAJ

IMIOBEPXHOCTBbIO TOPOACKOI'O THUIIQ

B xoje BbINOIHEHNS TTPOEKTA MIPOBEIEHA, CepUsl YNCJIEHHBIX IKCIepuMenTos ¢ LES-Moaensio no socrnpons-
BEJACHUIO YCTAHOBUBIIUXCS YCTOMIMBO CTPATUMHUIMPOBAHHBIX TYPOYICHTHBIX TEUYEHUN HAI MOBEPXHOCTAME
TOPOJICKOTO THTA. Pacuerhl BBITTOIHEHB! IJId PA3IUIHBIX KOHMUTYPAIuil 00TeKaeMbIix 00bEKTOB U TIPH Pas3-

JIMIHOM cTaTudecKoit yeroiamsocTn. Ilosydens! ciaenyromue pe3yabTaThL:

- IIpenoxken u ompobOBaH HOBBIM AATOPUTM MPOBEJEHUS PACUETOB C TPEXMEPHBIMU HECTATTMOHAPHBIME MO-
IeIaMU CTPATHUIIMPOBAHHON TYPOYIeHTHOCTH HAJ, MOBEPXHOCTIAMU CJOKHON (POPMBI, TPEIHAZHATCHHBIN
JUTA TIOTYIeHUsT PABHOBECHOTO COCTOSHUS C 3aJaHHBIMI 3HAUYEHUAMH ONpeAeNsdioNux mapaMeTpoB. PaBHo-
BECHOE COCTOAHUE JOCTUTAETCH 33 CUeT BAPHUAIMI 110 BPEMEHW TEMIIEPATYPhI IOBEPXHOCTH B XOJE PACUeTa.
AsropurMm npuMenunm kKak g LES-mozeneit, Tak u g npssMoro guciaenuoro moaeauposarus (DNS) u mo-
JKET CYHMIeCTBEHHO COKPATUTH BBIUUCAUTENBHBIE 3aTPATHI IPHU UCCIEIOBAHUAX TYPOYIECHTHOTO TEILI00OMeHa

C TIOBEPXHOCTHIO.
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nuHeiabiMu 3aBucuMocTsaMu. CrnpaBa — obparaoe gucsio CTeHTOHA.

- TToxreepsk ienb BLIBOABI pabor [2] u [3] o Tom, uro aspojnHaMuveckue cBOCTBA “ropoaCcKnX’ MOBEPXHOCTEH

He 3aBuCAT OoT crparudukanun (B ciaydae yeroitunsoro AIIC). I[Ipu 95ToM, MBI PACIIUPUIN UCCIIETOBAHHBIN

JManasoH 3Hadenuii napamerpa ycroitunsocru (h) /L ((h) — cpeHsis BBICOTA 9JIEMEHTOB I1epOX0BATOCTH, a L

— macitab Ob6yxoBa) u IPOBEJIN YUCICHHDBIE SKCIIEPUMEHTDI, B TOM YHCJI€, HAJT TOBEPXHOCTHIO ¢ HU3KOM TLIOT-

HOCTBIO €€ 3allOJIHEHU A KPYIITHBIMU 00 BbEKTAMU. Pe3yﬂbTaTbI CBUACTEC/IbCTBYIOT O TOM, 9YTO B PACCMOTPEHHBIX

CJIydadx AHHaMHqGCKHﬁ TTapaMeTp MIEePOXOBATOCTH Z(,, ONpeaedeTCAd TeOMETPUYECKUMU XapPaKTePUCTUKaMn

BEPXHErO CJI0st 00TeKaeMbIX 06BLEKTOB, a KOH(MUTrypalius 00 beKTOB BOIM3N 3eMIN U IUHAMUKA TYpPOyIeHTHO-

CTW B HUXKHEM CJIO€ HE OKA3bIBAIOT CYHIECTBEHHOTO BJANAHUA Ha obMeH UMITYJIBCOM MEXKJy TMOBEPXHOCTHIO B

oeJIOM 1M BHCITHHUM TCYCHHCM.

- TTokaszano (cm., puc. 3.5), 9ro ycroitumsas crparudukaiys npu 6oibmmx 3Hadenusax napamerpa (h) /L

BBI3bIBaET OoJiee BhIparkKeHHOE CHIKeHUe 3(hPeKTUBHOCTH TEIIOOOMEHa € MOBEPXHOCTHIO, YeM DTO IIPe-

cKa3bIBaeT Teopus nogobus Morwra-ObyxoBa Tpu HEM3MEHHBIX CBOHCTBAX MoBepxHOCTH. POpPMATBHO 3TOT

5 PeKT MOKHO MPEACTABUTEH KAK 3HAUUTETBHOE YMEHBITTEHNE TEPMUIECKOTO MTapaMeTpa MepoOXOBaTOCTH Z(;

(nnm yeenmaenue obparHoro unciaa CTeHTOHA).
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Puc. 3.6: Cpenuee teuenue y nosepxuoctu B8 EXP3 (ciieBa - neiirpanbiag cTparuduKalys; Copasa — yCTOM-

uymuBasi crparndukanus npu h/L =1.4 ); BBepXy — JIMHUW TOKA, CTPEJIKH MTOKA3BIBAIOT HANPABJICHNE T€UEHUS;

BHHU3Y MOJY/Ib CKOPOCTH (IPaJIAllUsAMU CePOro IBeTa HaHeceHsl 3Hadenns |(u),|/U..); 6eroit Kpusoit 06Be1eHbI
30HBI PEIUPKY/IAIMN, B KOTOPBIX CPEHSA IPOJOIbHAS CKOPOCTH OTPHIATEIbHA.

- ObHapyKEHO, UTO TP YCTOWIUBOI CTPATH(OUKAIINKT BHYTPHU CJIOS IIEPOXOBATOCTEH, BOJN3M 3eMIN CyTIle-
CTBEHHO BO3pacTtaer Ko3bduiineHT obbemHoro conporusierus Cp, 9T0 IPUBOIUT K 3aME/JIEHUIO CPETHETO
tederus. Mbl cBa3am 910T 2dpdexkT ¢ mepecTpoiikoit muHAMUKU TypOyIeHTHOrO 00TeKaHWs OOBLEKTOB U
npojieMoHcTpupoBasiu, uro upu (h) /L > 1 crpykTypa cpenHero Teuenus BOJM3M 3€MJIU CyIIECTBEHHO OTJIH-

YAeTCs OT CTPYKTYDBI TEUEHUsI TpU HefTpaabHoil crpaTudukanun (cM. puc. 3.6).

BrisiBiernbie 2 dexThl CyImecTBeHHo BAUAIOT Ha TypOyaenTHyo auddy3uio mpuMeceil BHYTPHU TOPOJICKOH
CPEJIbl, & UMEHHO — OYIYT NPUBOIUTH K CYIIECTBEHHOMY HAKOTIJICHWIO 3aTrPsI3HSIOININX BEIIECTB Y TIOBEPXHOCTH
3eMJTH Tpu yeToiunBoi crpartudukaiuu. CoBpeMeHHbIe MOIETN TYPOYIeHTHON TudDy3un yIUTHIBAIOT 3TOT
sdderT He mosHOCTHIO. JlOMONHUTEILHBIE UCCIEI0BAHNS, B TOM YHCJE [MOUCK CIIOCOO0B NapaMeTpu3aruu

JauHoro 3dderTa B pamkax RANS-momesieit 3aiaHupOBaHbl Ha, CJIEIYIOIIIE STAMNBI BHITOJIHEHWS [TPOEKTA.

ITo pesynbraTaM STHX HCCIETOBAHUIL MOATOTOBIeHA cTaThs |30].
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3ajjaga 2.4. Pa3zpaborka MoJemn JMHAMUKNT

MOPCKOI'O JIbJdA

IHocTpoenne HepaBHOMEPHOII TPUAHTYIALMU PAcYeTHOI 0o0JiacTu APKTUKU CO CrylIEeHUEM CeT-
K B 00J1aCTU C TOTE€HIIUAJIBHO BBICOKOIT CIJIOUEHHOCTBHIO JIb1a, B Y3KUX MPOJIMBaX u y Oepera.
Peanuzanusa KOHEWYHO-3JIEMEHTHO KBa3UM-MOHOTOHHOU cxeMmbl Teiisiopa-Tajsepkuna ¢ koppek-
nueii TOTOKOB JIJI YUCJEHHOrO PEHIeHUs YPABHEHUS MEPEHOCA CKAJISIPOB U €€ TeCTHUPOBAHUE.
Peanu3anus cxemMbl YMCJAE€HHOTO WHTErPpUPOBaHus ypaBHeuus muHamuku (mEVP) u ee tectu-
poBaHue B CBHA3Ke C pemiarejieM ypasBHenus nepenoca. Pazpaborka 3addekruBHOIl cucrembl

UHTEPIIOJIAIINNI CETOYHbIX JAHHDbIX.

2.4.1 Tpuanryaanuga ApPKTHIECKOTO PETHMOHA

Oama m3 cyImecTBeHHBIX 0COOEHHOCTElH JTe0BOTO TOKpoBa CeBepHOro JIemoBUTOr0 OKeaHa — CHIbHAA HEO-
HOPOJHOCTH, KOTJa JIOCTATOYHO MPOTSKEHHbIe 00JIACTH POBHOTO JIbJA PA3JIEIdioTcd y3KUMU 30HAMU C OT-
HOCHUTEIBHO HU3KO¥ KOHIEHTpaImell ibaa (MHOrIa 910 gaxke 00JacTh OTKPBITONH BOAbI). Ilpn 3TOM HMEHHO
B 9TUX 0BJACTSAX MPOUCXOANT HanbOJIee MHTEHCUBHOE Pa3pyleHue Jibaa (Tak HA3BIBAEMOE TODPOIIEHNE), Ha
KOTOpPOE TPATUTCH CYIIECTBEHHAs] JaCTh KWHETHUYECKO# sHeprum napeiicda jbna. [loaromy Tax BakHO Tipsi-
MO€ WJTH TIapaMeTPUIecKoe Orcanne 3Tux ocobennocreti. Obpazopanne obacTeil HHTEHCUBHOTO TOPOIIEHUS
JIbJIa, TIPUYPOYICHO 30HAM € GOJIBINIMME 3HAYEHUSIMU CIBUTA WJIN JUBEPTEHITHN TOJIA CKOPOCTH (OIBIT PAcIeToB
H.I. fkosnesa no mopensm FEMAO [1] u FESOM |2]). Taxue 3oubl nabnogatorcs, B yacraocru, s6/am3u
beperos. B duucienno#t Momenm AUHAMUKY JIbOa Ha Oepery OOLIYHO 337aeTCAd yCJAOBUE TMPUINMIAHUS, UTO U
obecrieunBaeT B CJIydae TeHEepaJbHOTO jpefida Boab Hepera Hosbline 3HAUEHUS CIBUTA cKopocTu. Briosne
eCTeCTBEHHOE YCJOBHE HEPOTEKAHWA JIbIa Tepe3 DeperoBoil KOHTYDP MPUBOAUT K OOIBITON JUBEPTEHITHN B
caydae TeHepajbHOTo Jpefida jbjaa 1mo Hopmasu kK Oepery. I[lpocTtpancrBennble MaciTabbl Takux obsacreit
OTHOCHUTEJIbHO HEBEIUKU — (PUIUIECKU ITO MOKET ObITh MACIITAd CPEeIHEro pa3Mepa JibJAuHbl, 4T0 s Llen-

TpasibHO ApkTrku cocrasiger npumepro 300m [3].

[Tockombky obstacTu GOMBIUK 3HAYEHUN TUBEPTEHITUN U CIBUTA CKOPOCTH Jpelicha JbIa ampuopyu U3BECTHBI

— 9TO 00/IACTH JIUBEPTEHITAN W CABUTA BETPa, u obyactu y 6eperoB — MOXKHO MTOCTABUTH 3329y ONTHUMUA3AIAN
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[IOCTpOeHusi ceTKu. B KavuecTBe nepBoro npubJinKeHus paccMaTpUuBaIiuCh TOJIBKO 0bacTu y 6epera u B y3KUX
opoJ/inBax, ‘-ITO6bI OIIMCaTh COOTBETCTBYIOIIMWE INOI'DAHUYHbIC CJIOU, U O6.7[aCTI/I C BBICOKOH KOHHeHTp&HHeﬁ
Jabja. OueBugHO, 9TO B 06/IACTAX C HU3KOM KOHIIEHTpAIMEll Jiba MPOIECChl TOPOIIEHNS HE TPOUCXOIIT, B
TakuX 00JIaCTIX JBUKEHUE JIba TOJ00HO TEIEHNIO UJIeAaJbHOI0 T'a3a, U MOYKHO UCIOJIb30BaATH Hosee rpyOyio

CETKY.

Wcxons u3 3tux coobparkenuii 6611 pazpaboran HAOOP MPOLESYD JIJIsd MOCTPOEHUsT CETKH 110 WHMOPMAIIUU O
KOHTYPe OEpPEeroB u alrpruoOPHBIX CBOMCTBAX MOPCKOTO JIb/1a — CIIOYEHHOCTH, TOJIIIMHE U CKOpocTu apeiida. B
Ka9eCTBE WJIJIIOCTPAIIUU TTPUBOJUTCA TTOCTPOCHUE CETKU TTO JaHHBIM O KOHTYPE 6epera N CIJIOYECHHOCTH JIbJa
qutsa Becero CeBepHOTO JIeI0OBUTOTO OKeaHa M YaCTU CEBEPHBIX Mopeit. Q4YeBUIHO, UTO 3TOT HAOOP MPOIEIYDP
MO2KET OBITH TMPUMEHEH sl MOCTPOeHnS CeTKu B JoboM apyrom paitome Muposoro okeana. Bosee Toro, B

ByayieM HAMU PACCMaTPUBAETCS BO3MOXKHOCTD JIMHAMUYECKOTO TIEPECTPOEHUS CETKU B MPOIECCE PEIeHUs.

B kadecrre pacueTHoO# obsacTH st MOAEH MOPCKOTO Jibja BbIOpaH ApPKTHYEeCKUil PErHOH, HAXOISIIHH-
cst Beime 45 muporsl. Kontyper 6eperos B3siTel ¢ momoripio nakera GMT [4] u3 orkpbiToit 62361 TaHHBIX
GSHHG |5] 6eperooii simanu. B kauecTBe OTIpABHON TOYKM HCIOJB3YETCS caMoe Tpyboe JIOCTYITHOe pas-
pemenne. HecMmoTpa Ha 9T0, KaK MOKa3a/ia MPAKTUKA, B MPEACTABICHHBIX KOHTypax Oepera mpucyTCTBYIOT
HECOTJIACOBAHHOCTH, BBIPAKAIOIIIECS B CAMOIIEPECEUEHUN OTPE3KOB I'paHuiibl beperos. Eire oM Heg0cTAT-
KOM SIBJII€TCsI TTPUCYTCTBUE Y3KWX 3aJMBOB M CMEXKHBIX OTPE3KOB Gepera, obOpasyromnux CIAUIIKOM OCTPHIE
yriibl. jist ycTpaHeHus 9TOT0 HEJOCTATKA IPUMEHSIETCS CASIYIONast METOIMKA CIVIayKUBaHUs, KOTOpast [pe-
CJAeyeT OCHOBHYIO I€Ib: MOXKHO YJIAJATh HEKOTOpPBIE BEPIIUHBI B JIOMAHHON OEperoBoil JIUHNUN, HO HEJb3d
nx npurarh. JlamHoe TpeboBanme aBgeTCa HeOOXOIUMBIM, BO-TIEPBBIX, JI/Id HAMMCAHUA aBTOMATH3UPOBAHHOMN
[IPOTPaMMBI CIVIAYKUBaHUsT 6EPEroBoOil JTUHUU JIJIsi [IPOU3BOIBHOTO “IIJIOX0T0” KOHTYPA, BO-BTOPBIX, OCTABJIAET
BOBMOYKHOCTE J00aBjeHusd 00Jiee AeTaTbHON 9acTu JJOMAHHOM Oepera u3 Toi ke 0a3bl JAHHBIX MEXKTY CYIIe-

CTBYIOIUMHU BepInmHAMHU. BrImomHgeTcd caeayomnas Iporeaypa ¢ HeCKOIbKIMA 33JaHHbIMA IIapaMeTpaMu:

1. Ecin JJINHA OTPE3Ka MPEBBITIACT 3aJaHHYI0 BEJINYINHY, TO €r0 KOHEYHaA TOYKaA YAAJIACTCI]

2. Ecnmu gBa cMeKHBIX OTpe3Ka 00PazyioT yroJi, MEHBINWI Halepes 3aJaHHOi BEJIUYUHBI, TO BEPIITUHA

yIja ylaJgercd;

3. Badwurcupyem BepUIUHY ¥ HATYPATHHOE TUCIO N. KCau cpem n CAemyIomnux OTPE3KOB eCTh 0TPE3OK,
npubJIMKEHHbI K BBIODAHHOW TOYKE HA pPAaCCTOSHUE, MeHbIee (DUKCUPOBAHHONW BEJWYWHBI, TO ITOT

OTPE30K U BCE NPEABILAYIINE TOYKH (BILIOTH 70 (PMKCUPOBAHHON TOUKM) yAAJISIOTCH;

4. Kaxawrit ocTpoB, cocToAIAi U3 MeHee b OTPE3KOB YAAJIAETCH.

Tax:ke HA HAYAJBLHOM DTalle MOCTPOEHUST CETKU OBLIN YIAJEHbI YCThs PEK, & pacueTHas 00JIaCTh 3aMbIKAIACh
110 BOJHOM rpanuiie, npoxoadrieit Baoab 45 mupotsl. [locie omucanabix Moaudukanmil, 7aHHbBIE JJOMAHHBIX
HeperoBoil JIMHUU TIOJABAJINUCh HA BXOJI IIPOIE/Iype IMOCTPOSHUS KBA3UPABHOMEDPHON TPHUAHIYJISAINN TAKETa

Ani-2D AFT [6], paspaboranroro 8 IBM PAH. Pesyabrar paboTsl mporieayphl mpe/crasien Ha puc. 4.1.
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KBazupaBnomepHas TPHUAHTY/ISANNA UMeeT sIBHBIM HEJOCTATOK — B HU3KWUX IMUPOTAX JIbJa MPAKTHYECKHA He
ObiBaeT, 30BITOYHOE KOJIMYECTBO Y3/I0B B TAKUX MECTAX ITPUBOIUT K JIMIITHUM BbiaucjeHusiM. [losromy ObLia
IpUMEHeHa TPOIeAyPa CrYIIEHNs CeTKU B 00JIaCTH € MOTEHNUAJIHHO BBICOKON CIIOUEHHOCTHIO Jbaa. Jlas
9TOT0 WCIOJIb30BAJIUCH JTAHHBIE 110 CIYTHUKOBBIM HW3MepeHusiM 3a mociaennue 10 ser [7] m crenuaabHbIil
dyukimonan makera Ani-2D AFT, nozsongrommii 3a7aTh KeIaeMblil JOKAJBHBIN pa3Mep TPEYTOJbHUKA B
KOHKPEeTHON Touke. ['panuiia jpfa ¢ BHICOKOH W HU3KOM CINIOYMEHHOCTLIO ABJISIETCS JOBOJBHO pe3roit. Jlmsa
TOT0, YTOOBI CTVIAUTH TPAHUILY, CITYTHUKOBBIE TAHHBIE 110 CIIOYEHHOCTH JIbIA B Y3/1aX MPAMOYTOJIbHON CeTKH

IPeodPA3OBHIBAIKUCE C TTOMOIILIO IUCKPETHOTO omepaTopa Jlammaca

@i—1,j + Git1,j + Gij—1 + @ijj — dai
2% - al’j - 4 .
MuHUMAIbHAS BO3MOMKHAs KOHIEHTPAIIUS CIYUTAETCS PABHON amiy = 0.05. MakcumasbHBINH pasMep Tpe-
YIOJIbHUKA 33JaBaJicst B 5 pas 6osblie MUHUMAIBHOTO dmax = Hdmin. Ecin a(z,y) - 3HaueHne GuanHeiHOrO
UHTEPIIONSTHTA CIJIOYEHHOCTH B TOYKE (Z,Y), TO JKeJaeMblil pa3Mep TpeyroJbHUKa B 9T0i Touke d(z,y) BbI-

qUCIIgeTCs 110 POpMyIe
dmin - dmax

d :dm X
(z,y) S .

“(a(z,y) — amin)-

Pesynprupytomas cerka co crymienueM B 00JACTb C BBICOKOH IMOTEHIIMAJIbHON CILJIOYEHHOCTHIO JIbJAA IJIs

dmin =~ 10 kM TpegcTaBiaena Ha puc. 4.2.

mesh miesh

Puc. 4.1: KpazupaBHOMepHas TPUAHTYIISIINAS Puc. 4.2: Tpranryiauus co CrylmeHreM

ITocTpoennas pacaerHas cerka coctout u3 329 670 y3y108, 642 387 tpeyrospaukos u 17 049 rpanmaabix pebep.
Yucaennbie perenns 3aa9 MOA00HbIX Pa3MePHOCTEH TPEOYIOT UCITOIb30BAHNS MAPAIIEILHON aPXUTEKTY PhI

CyIIepKOMIIBIOTEPA.

Bouiee 1101po6HO € ONMMCAHHBIM MTPOIIECCOM TTOCTPOEHUST TPUAHTYIISIIINY MOKHO 0O3HAKOMUTHLCH B pabore [8].
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2.4.2 Cxewmbl nnepenoca tuna Teitsopa-I'ajepkuHa

OpmHoit u3 QyHIAMEHTATBHBIX 33/1a9 BBIUUCIUTENBHON (DU3NKN sIBASETCST TOCTpoeHue 3 MEKTUBHON U TOY-
HOI CcXeMBl YUCJIEHHOTO PeIeHnsl ypaBHennd neperoca. He aBigerca nckmodeHneM U 331a9a MEPEHOCA Xa-
PaKTEPUCTUK MOPCKOTO Jibjla, CHETa U TaJbIX JIY:K Ha TOBEPXHOCTH CHEra u Jibna B paspabarsiBaemoii B UBM

PAH xoHeUIHO-3IEMEHTHON MOIEIN BOJIOTIHH MOPCKOro Jbna CeBeproro JIeqoBUTOTO OKeaHA.

O06B14HO HOJIBIIOE BHUMAHUE YSISEeTCs OMUCAHUIO KPOMKH JibJa. [loMuMo 9T0T0, BazkKHa BRICOKAS TOYHOCTH
IIPpU OIMUCaHUU IIEPEHOCA PA3JIUIHbIX KaTeI‘OpI/Iﬁ JIbJda II0 TOJIIITWHEe (MaCCbI 1 CIIJIO9CHHOCTH JIbJd B Ka)K,ZLOI;'I
KaTErOpHn ), MOCKOJIbKY TaKNe XapaKTEePUCTHKH MOPCKOTO JIbJa, KaK TPOYHOCTh, 3aBUCAT OT (DYHKIIUH Dac-
opejgesieHud JjibJda 110 I'paJaludaM TOJIIIUHBIL, a TOJIIWHA — HeJIMHelHas (byHK]J;I/IH MaCChl 1 CIIJIOUEHHOCTH. B
CBOIO OYepe/ib, MPOYHOCTD JIbJA BAWSET HA ocobenHocTH mpefida jbaa n Ha (HGOPMUPOBAHNE YIACTKOB OT-
KPBITOI BOJbI U TOPOCOB. BocpousseieHne cTaTUCTHKY JOJIH OTKPBITON BOJIBI UMEET BayKHOE 3HAUEHUE JJIs
MOJETNPOBAHUS MACCO- W DHEProodbMeHa MeXKIy OKeaHOM W aTMoCQepoil, a BOCIPOM3BEIEHUE CTATUCTUKI
TOPOCOB BasKHO /i 3aJiad Hapuramnuu. Kpome Toro, ocobeHHOCTH Mo jgpeiida JibJa TaKOBbI, YTO CKO-
POCTb MEHSIETCS HA OTHOCUTEJBHO HEeDOJIBINX TPOCTPAHCTBEHHBIX MACIITA0aX, (DAKTUUECKN — HA ITHPUHE
TperuHbl, TO ecTh Ha MaciTabax 10-1000m [9]. CryTHUKOBBIE JaHHbBIE OKA3BIBAIOT HATMYINE MTPOTIKEHHBIX
ocobennocreit (LKF, Linear Kinematic Features), B0 KOTOPBIX OTMEYAIOTCS BBICOKHE 3HAYEHUS 3aBUXPEH-
HOCTH, CjiBUra U AuBeprennnu ckopocru jpeiida [10]. Bocupoussenenne crarncruku LKF apisiercs oguoit
U3 COBPEMEHHBIX 3a/1ad MOJEJIUPOBAHUSA JIeT0BOr0 MOKpoBa ApkTukN |11| m Tak:kKe HAK/IAJbIBACT BBICOKUE
TpebOBaHUs Ha KAUECTBO CXEMBI TiepeHoca. B paboTe paccMaTpuBaeTcst 0JIMH KJIACC CXeM MEPEHOCA, UCITOJTh-
3yeMbIil B paMKax MeTOIa KOHEUHBIX 3/IEMEHTOB — cxeMbl Teitnopa-l'asmepkuHa, B TOM 9uC/e U C TPOIeaypoit
KOpPPEKIINY OTOKOB. IMEHHO Takas cXeMa UCHOJIb3YETCs B XOpoIo cebs 3apekoMmenopasieil mojeaun FESIM
2.0 [2]. Mexuy rem, FESIM 2.0 He jaer nosib3oBaTe/r0o BO3MOXKHOCTH BbIOOpa 60/1€€ TOYHBIX CXeM, TaKHX,
HaIPUMED, KakK JAByIiarosbie cxembl Teiinopa-lasepkuna TpeTbero u 4eTBepToro mopsijka mno spemenu. Mc-
moik3yemast B FESIM 2.0 cxema ¢ TOYKHM 3peHUsi yCTORYIMBOCTH UMeeT orpanudenue no uncay Kypanta 0.6
(oreHKa TIOJIyUeHa JJisi pABHOMEPHOI cerku n Guinnelinbix 6asucHbix dyHkmmit [12]), npu ucnoapzosann
CUJIbHO HEPABHOMEDHBIX CETOK C JIOKAJbHO-BBHICOKUM ITPOCTPAHCTBEHHBIM DPA3PENIEHUEM TO CO3aeT 00Jib-
mme npobdsembl. B ciyvuae amanTtuBHON TPUAHTYIAINN 9Ta OMEHKA [I0J7KHA TpoBepsThed. IIpeacrapisercs,
YTO TIOBBITIIEHUE TIpEeaesIa yCTOfI‘{HBOCTH CXEeMbI TIePEHOCa MOXKET MMETHh BaKHOE€ 3Ha4YeHue ITPpU UCII0JIh30Ba-
HUU [OJTHOM MOJIETH Jpeiida MOPCKOTO JibjIa B PEAJbHBIX 33/a9aX [MPOTHO3a, KOTJA BPeMsl CUeTa CTAHOBUTCS
NPUHIIMNHAIBHBIM. 3ajaueil sramna Oblia peaan3anus U TeCTHPOBaHNe HabOPa MaPAIeSBHBIX COJIBEPOB s
pacdera 2D mepenoca na cdepe (B TOM dncse W B Caydae akBaiianeTsl). Jlemaercs peBU3Hd PasTHIHBIX
mMeTo 108 Tuma Teityiopa-l'anepkuna /i MHTErPUPOBAHUS yPABHEHUA IIEPEHOCA, 3AIMCAHHOIO B JUBEPIreHT-
HOM Buje. Jlisd MocTpoeHns CeToK M MPOrPAMMHON peajn3anui COJABEPOB MCIOJIB30BAIUCH makeThl Ani2D,
Ani3D [6] w INMOST [13], paspaboranubie 8 UBM PAH. Koz atux 6ubanoTek OTKPBIT U PACIPOCTPAHIETCSI
cB060/1HO. JIJist IPOBEPKH pPa3/MYHBIX CXeM HCIIOJIB30BaJICs HAbop TecToB IepeHoca ckasspa Ha cdepe [14].
Ocobb1it uHTEpeC BBI3BIBAET TECT C JUBEPIEHTHBIM IIOJIEM CKOPOCTH, YTO XapaKTEPHO JJIs MOPCKOTO JibJA.

Bazktoe 3HaueHMe UMEET BBIUNCIUTENbHAS S(P(PEKTUBHOCTD CXEMBI MTEPEHOCA, TAK KAK JJIsT MOPCKOTO JIh/a,
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aMIPOKCUMHUPOBAHHOTO 9-10 KATETOPUIMH TI0 TOJIIUHE, € 5-10 YPOBHAMHU MO TOJIMINHE, TUCIO TEPEHOCUMBIX
JIBYMEPHBIX 110J1eli cocTa/iger kak MmuaumyM 50 (Macca Jibja, CIJIOUEHHOCTh, TPOMUIIb SHTAJIBIUU JIbJA 110
TOJIIIINHE, MACCA CHEra, TEMIIEPATYPa TTOBEPXHOCTH, KOHIIEHTPAINS TAJIBIX JIY2K — BCEe B KayKJ0W W3 KaTero-
pHii TIO TOJIITUHE JIbJA). YBeJIUUeHNe Pa3pelleHus 0 TOMIUHE U 110 YHCIY KATerOpuil yBeJIHINBACT YHUCII0
IePEHOCUMBIX MMoJieit. TakuM 00pa3oM, 3a7a49a 0 IEePEHOCE XAPAKTEPUCTUK b3 CTAHOBUTCA CYIECTBEHHOMN
C TOYKHU 3PEHUs BBIYUCJIUTENbHBIX pecypcoB. Curyanus ere Hojiee yCA0KHSIETCS IPU ONMUCAHUT OMOXUMUN

MOPCKOTO JIbJIa — YUCTO0 TIEPEHOCUMBIX TBYMEPHBIX T0JIel MOXKeT ObITh Kak MuauMyM 200.

BpemeHnHast AucCKpeTu3anus

PaccmoTpuM ypaBHeHUe epeHoca CKaJsipa B JIBYMEPHOM IIPOCTPAHCTBE. DTO YPaBHEHNE BBIPAXKAET 3aKOH
COXPAHEHUs [IEPBOI0 MOMEHTA. 3allUileM yPaBHEHHE [ePEeHOCa CKaaapa B IIOTOKOBOH dopme. IlepeHocumbrii

ckaJIgap m OymeM Ha3bIBATH B JAJbHEHIIEM MacCOM.

om

— 4+ V- (mu) =0. (4.1)

ot
371ech u — HEKOTOpOE M3BECTHOE TOJIe CKOPOCTEli, KOTOPOe 3aBUCHT OT BPEMEHHU M MPOCTPAaHCTBA. PaceMoT-
pPUM Da3IMYHBIE IBHBIE BPEMEHHBIE AUCKpeTm3anuu ypasHenus (4.1), ocHoBanHbIe Ha passoxennu Teitro-
pa. BeIGOp SIBHBIX BPEMEHHBIX JHCKPETH3AINH B KOHEYHO-3JIEMEHTHBIX MOJESIX Jibja 00YCJIOBIEH MaJIofi

CJIOKHOCTHIO O0PAIeHrs MACCOBON MATPUIIBI U BO3MOYKHOCTHIO MPUMEHEHUS KJIACCUYECKON BepCHU MeToa

KOPPEKITUH TTOTOKOB |15] /y1st mOJTy YeHns TTONOKUTETBHOTO TI00aIbHO KOHCEPBATUBHOTO DEIICHHUS.

Opnomarosbiii meroy Teiisiopa-l'anepkuna 2-ro nopsizika. C noMoIsio pasioxkenns: GYHKIIUA Mac-
cbl B paj Teitsiopa n ucnonws3oBanust pasencrsa (4.1) B IpeanosioKeHun mOCTOAHHOTO M0/ CKOPOCTH U B
npejiesiax Irara BpeMeHHOTo nHTerpupoBanusi [12] moayuaercs meros Teiinopa-Tanepkuna (TG2) sroporo

IOpAaKa alllIpPOKCUMalliuK 110 BpEMEHH:

2

2
TMocnemmee cnaraemoe B (4.2) MoxkHO TpakToBaTh Kak auddysuo. Oneparop muddysuu He sBASETCH OTPH-
1ATEeIbHO OMPEJIEIEHHBIM B C/1ab0i TOCTAHOBKE. DTO 03HAYAET, U4TO JAHHAS CXeMa HE CO3/IaeT UCKYCCTBEHHYTO

JIMCCUTIAIIHIO.

JAByxrmiarossiii Mmetos Teiimopa-Tamepkuna 2-ro mopsgaka. Takyke paccMaTpuBaeTcCd IBYXITAroBas

BapHalus CTaHIapTHOTO Meroja Teiinopa-Lanepkuna (4.2), Koropas 3anuceiBaercs B Buje [12]:
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2 1 (4.3)
m™ = m" — AtV - (m"T2u).

JAByxmiarosbiit meton Teitmopa-Tanepkuaa 3-ro u 4-ro nopsaka. PaccMoTpuM ABYXIIAroBBIM Me-
TOH, BUAA

e %Atv (m™u) + ALY - [uV - (m™)]
o 1 (4.4)
m = = AWV - (") + 5V - [uV - ()

[Moxcranoskoit mepBoro paserncrsa (TTG3) Bo Bropoe MOXKHO yOEIUTBCA, UTO STOT JABYXIIATOBBIH METOJ
SABJIAETCA annpokcumanmedi ypasaeaus (4.1) ¢ TperbuM mopamkoM 1O BPEMEHM NP JHO00M 3HAYEHWH TIa-
pamerpa «. B kuure [12]| npuBoggarcsa paccyXkJIeHUS O TOM, 9TO BBIOOD v = % Jesiaer HazoByr CKOPOCTb
JBYXIIIATOBOM CXeMbl UACHTUUIHON OJHOIIATOBON 1 MUHUMU3UPYET aMILINTYIHYIO OImuOKy. Paccmorpum Te-

neps ABYXIIATOBBIA METOH BUIA

mts — mn + @AtV - (m"u) + SALV - [uV - (m"u)],
(4.5)
1

m" T = m" 4 AtV - (m”+%u) + YAV - [uV . (m"'*'?u)} :

B [12] nokazano, uro BBIGOD

o = 0.1409714,
B = 0.1160538,
~ = 0.3590284

JIAET AnIpOKCUMAanuio ypapuerus: (4.1) 4eTBepTOro MOpAIKa TOYHOCTH 110 BPEMEHHU.

BeraucimrenpHas CI0XKHOCTB OJHOM HTepanuy JABYXIIAroBoro meroga tperbero (4.4) m werBeproro (4.5)
nopsiKa GOJIBIIE 10 CPABHEHUTO C OJHOMIANOBBIM MeTOA0M (4.2) B CBsA3M ¢ HEOOXOAUMOCTHIO PEIIEHUST CUCTEMbI

JIMHEMHBIX YPaBHEHU C MaCcCOBON MaTpUIlel JBAZKbL.

MeToa kOppekiiuu II0TOKOB.  Bce cxeMbl HHTErpUpOBaHUS XOTs ObI BTOPOIO MOPSJIKA ATPOKCUMAIINN
110 BPEMEHU [10BEPKEHbI YUC/ACHHBIM OCHM/LIANUsIM. B 0/10Kke AMHAMUKH MOPCKOT'O JibJa HEJAOILYCTUMO I10-
SIBJICHUE OTPUIATENbHBIX 3HAUeHUi Macchl. JIs Toro, 9Tobnr 60POTHCT C 3TUM HEIOCTATKOM, SIBHBIE CXEMBbI

JIOTIOJTHSIFOTCS KOPPeKIneit moTokos [15].

Bce omucannbie panee cxembr (4.2), (4.3), (4.4), (4.5) BBICOKOTO TOPS/IKA [0 BPEMEHH TIOC/IE TPOCTPAHCTBEH-
HOH JUCKPETU3AIUK IIPUHAMAIOT BHJT

MAm? =r, (4.6)
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¢ MaccoBoit Marpurneii M, BEKTOpPOM MpaBoif YacTH I W BEKTOPOM PAa3HOCTH Y3JIOBBIX 3HAUEHNN MAaCChI
Am” =m” — m". B pgononnenne k COOTBETCTBYIOLIEN CXeMe BbICOKOI'O 110PsjIKA crpouTcs cxema Jlepuepa

- CXeMa TIEPBOTr0 MOPAIKa C JAMIUPOBAHHON MaCCOBOW MaTpunein (M L) U IPaBOf YaCTBIO C UCKYCCTBEHHON

muddy3ueit

MpAm? = r + ¢g(M — Mp)m". (4.7)

JlokabHAsT PA3HUIA PEITEHU 0 CXeMe BBICOKOT0 M HU3KOTO TMOPATKA OIPEISIIeT IUCICHHBIE TTOTOKH, KOTO-
PBIE CO3/IAET TPEYTOJIbHBIH SJIEMEHT. 3aTEM PEIEHUE 110 CXeMe HU3KOI'0 MOPSiJIKA B KAXKIOM Y3J1e KOPPEKTUDY-

€TCd C Y4€TOM ITOTOKOB OT CME2KHBIX TPECYTOJIbHUKOB. Onucannerii METOJ, 00eCIIe9nBACT BBIIOIHEHIE yciaoBuda

n+1 H L H

. < m;’ B KaxXJOM y3JIe PacueTHON CeTKH, rjae m;’,m;’ — PelleHne B (-OM y3JIe, NOJydeHHoe T

cxeMaM HU3KOT'O W BBICOKOTO TIOpsJiKa, a m?“ — pellleEne, TOJYYeHHOe C MOMOIIBI0 KOPPEKITMU TTOTOKOB.

miLSm

DT0 TapaHTUPYET MOJOKHUTETBHOCTh MACCHI, B CAyYae MOJOKUTEILHOCTH PEIeHns, MOy IeHHOTO M0 CXeMe
HI3KOro mopsiZika (B HameM ciaydae BbIOOp ¢q = 0.5 obecrmedns moMoKUTeTbHOCT). OTHAKO, Ha TTPAKTHKE
BOBMOKHBI OCHU/LIANAN HEOOIbITON aMIanTyabl. Takke METO KOPPeKIuu IOTOKOB 00/1a/aeT CBOMCTBOM

100/ IbHOM KOHCEPBATUBHOCTH TTPU HAJIWIUN ITOTO CBONCTBA y BHIOPAHHON CXEMBbI BHICOKOTO TOPSIIKA.

TecTbl cxem mepeHoca

B nannoit pabore peasnzoBaH HabOp YMCJIEHHBIX SKCIEPUMEHTOB, omucantblil B [14]. On Britogaer B cebs
JIBa THUIA HAYAJbHbIX PACIpEeJeSeHril ¥ TPU THUIA PEBEPCUBHBIX IoJieir ckopoctu. llepBwiit Tun paccmar-
puBaeMoro HadagbHOro Tosist — Gaussian Hills (GH) — nBe 6eckoneuno riagkue [ayccoBsl mOBEPXHOCTH,
PACIIOIOKEHHBIE CHMMETPUIHO OTHOCUTENRHO HYJEBOTO MepuanaHa. Bropoit mpodmis — Slotted Cylinders

(SC) — nmBa paspbIBHBIX TPOMUIIST MACCHI, TAK¥KE PACTIOJIOKEHHBIE CAMMETPHYIHO.

Takke IpeCTaBIeHb JBa TUITA PEBEPCUBHBIX DE3MBEPreHTHHIX U OHO IUBEPTEHTHOE 1M0J1€ CKOPOCTH COTJIAC-
HO [14]. B ciyuae ucnonb3oBanus 6e3IMBEPIEHTHBIX TOJIEH TOCTYIIHO TOYHOE DEIleHne, KOTOPOE COBIIAIAET
C HAYAJLHBIM PACIPE/IeIEHeM MACChI, ITO TTO3BOJIAET KOJTUIECTBEHHO CPABHUTH PA3JIUIHBbIE CXeMbl UNCJIeH-
HOT'O MHTErpupoBanugd. J[MBEPreHTHOE TI0JIe UCIOIB3YeTCd /I MPOBEPKU BHITIOJIHEHUST CBOWCTBA, TI00ATHHOMN
KOHCEPBATUBHOCTH U MOJIOYKUTEJbHOCTH pertennd. [lepBoe pacnpenesienne peagusyer H6e31UBEPreHTHYIO T1a-
py Buxpeil B 3anagaom u BocTounoM nosaymapun (ND1). Bropoe pacupenenenwe orimdgaercss or mepBoro
JobaBieHnEM 30HAIBHOM KOMIOHEHTHI CKOPOCTHU, KOTOPOE IMEPEHOCUT MAcCy B/IOJIb BCeil IapaJjiiiein 3a Bpe-
Mg unTerpupoBanus (ND2). Tperbe pacnpemeenue — JUBEPTEHTHOE TOJIE CKOPOCTH € HAKAUKON MaCcChl K

sksaropy (D).

B nepsom Tecte peanmzopano pacupesenenue maccel GH u aByXBUXpeBoe 6€3/1MBEpPreHTHOE T0JI€ CKOPOCTH
ND1. ITpoeepsiyiock CBOWCTBO CXOIUMOCTH PEIIEHUs 10 Mary CeTKH. 3aBUCUMOCTE OIMMUOKN PEIIeHUusT B OT

pa3Mepa TPeyToJbHUKA PACIeTHON CeTKHU IpejcTaBiena Ha puc.4.3.
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I
—= TG24+FCT
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Puc. 4.3: GH+ND1, cxoauMocThb pelienusi 1o mary CeTKH.

Bropoit Tect nposommics B xouduryparuu SC+ND2. 3aBucumocTb omubKyM pa3HbIX BPEMEHHBIX CXEM B

zaBucuMocTu oT uncaa Kypawnra mpencrasiena ua puc. 4.4.

T T T
= TG2+FCT
0.11 ——TTG2+FCT |
TTG3+FCT
2 —o— TTG4+FCT
0.1} |
—
2
5}
T 95.1072 .
9-1072| .
| | | | | |
0 0.2 0.4 0.6 0.8 1 1.2

Courant number

Puc. 4.4: SC + ND2, unrerpasbuble omubKu npu pas3ubix duciax Kypanra.

Tperuit rect nposomusics B KoHurypamun SC+D, Ha HEM TPOBEPSLIOCH BBITIOJTHEHNE CBOMCTBO TOJIOXKUTEh-
HOCTH CXEMBI C KOPPEKITUEN [IOTOKOB. DBOJIIOIUS MUHUMAIBHOIO 3HAYEHUS PEIIEHUs JJIsE CXEMbI C KOPPEKITUE

MTOTOKOB U 0e3 mpejcTaBieHa Ha puc.4.5.

BriBoabl
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Puc. 4.5: SC + D, 3Bosiorust MUHEMAJIHLHOTO 3HAYECHHUS MACCHI.
Tlo pesynpraTam npogesantuoi padboThl MOXKHO CAEIATH CJIEIYIONINE BHIBOIHL:

1. Ucnoab3oBanue mporeaypbl KOPPEKIIUU TTOTOKOB YYUIaeT YCTONINBOCTD CXEMBI TI0 BPEMEHU 1 0bec-
IeYMBAECT HEOTPUIATEILHOCTE pelrennsd. KaueCTBEHHO PereHns BeITIgaaAT Doiee PEaTuCTUIHO, OTCYT-

CTBYIOT OCTIMJLIATINN.

2. Cxewmsr Boicokoro nopsiaka TTG3+FCT u TTG4+FCT neMoHCTpUPYIOT JYUIIyI0 YCTOWIUBOCTE (Ipn
gncaax Kypanra Bmaors g0 1.1-1.2), B 1o Bpema kax cxema TG2+FCT repsier 310 CBOHCTBO 1pn
gnciax Kypanra, npeBocxonsnmx 1. Cxema TTG2+FCT 6osee ycroituusa, gvem TG2+FCT, ognako

SHAYNUTE/JIbHO IIPOUTPBIBACT B TOYHOCTH BCEM OCTAJIBHBLIM IIPDW MaJIbIX YHCJ/JIaX KypaHTa.

3. Ilpm maneix unciax KypanTta Bce cxeMbl Jal0T CpaBHUMBIN pe3yabTat, 3a nckiwouenueM TTG2+FCT,
KOTOpas 3HAUUTETLHO MeHee TOUHa. llpw umcaax Kypawrra, 6osabmmx 0.7, cxema TTG44+FCT maer
cambrit Tounblii pesyibratr. Cxema TTG2+FCT cpasuuma no Tounoctu ¢ TTG4+FCT npu Gosbiux

anciax Kypa#nTa, OZHAKO MEHEe YCTONYMNBA.

4. COF.H&CHO OPOBEACHHBIM YHUCJICHHBIM 3IKCIIEPUMEHTAM, MOXKHO PEKOMEHI0BATH MCIIOJHB30BATH CXEMY
TG2+FCT npu masneix unciax Kypanrta, menbiiux (.5, KAK BBIYUCJIUTEILHO HAMMEHEE 3aTPATHYIO.
B ciyuae BosaukHOBeHUS O0abiux uncesn Kypanta, 6ombimux 0.7, Hanbosee MpenodTUTEHHA CXEMA
TTG44+FCT, kak nambosmee Tounasa m ycronunpag. Borauciurenbras caoxkuocTh TTGA4+FCT mpe-
BocxogauT TG2+FCT, onnako moBBINIIEHHAS] TOYHOCTh W HAJIEXKHOCTb C TOUKU 3PEHUS YCTOWYUBOCTH
OIIPpAaBABIBACT ITU 3aTPATHI. TaKa?[ CUTyalud peain3yeTcCsd Ha IPAKTUKE B CJIydae AOCTATOYHO MEJTKUX

CETOK WJIA IPHU CTYIIEHUN CETKU B 00JIaCTH OCODEHHOCTH pellleHus Wjin OeperoBoii JUHUU.

5. PeanuzoBaHHBIN MapaJulesbHBIA KOJ UMeeT TPUMEPHO JUHEHHYI0 MAacIITabupyeMoCcTb [0 YUCIY IIPO-
[IECCOPOB, UCCIETOBAHUN TIPU OYeHb DOJIBIIIOM YHCJIe TTPOIECCOPOB B JaHHON paboTe He TPOBOIUIOCH B

CHJIy TOT'O, 4YTO UCIIOJIb3yeMas ceTKa 00J1a/[aeT HEBLICOKHMM PA3PEIEeHHEM 110 TPOCTPAHCTBY. Bo3MOXKHO,
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B PEATIMCTHYHLIX KOH(MUIYPANNAX, OIPU OOJBIIOM YUHUCIe y3JI0B, IOTPeOyeTcsa TOMOJHUTENIbHAS OITH-
MU3aLKs TaPAJIEIBHOI0 KO/Ia, OJHAKO 9T0 0yer 3aBuceTh Takxke oT 3PpPeKTuBHOCTY HapasLieabHON
peanm3ammu 0JI0Ka pacueToB ckopocteii mapeticdha abma. Ha 128 mporeccopax kox mokas3aa yCKOpeHue

npuMepHo 65.

6. Ilpm mcmosp30BaHUN TPOCTPAHCTBEHHOM AIIPOKCUMAIINY CTAHIAPTHBIM MeToAoM lajmepkuna ¢ aumeir-
HBIMU Ha, TPEYTOJbHUKE DAZUCHBIMU U TECTOBBIMU (DYHKITUSAMU, HA TTPAKTUKE OTTUCAHHBIE METOJIBI JTAI0T

CXOMMOCTB 110 Iary cerku mopska h'®, uro 6su10 mpomeMoncrpuposano B 0l pabore.

Bosiee nogpobHo 03HAKOMHUTHCS € TIOCTAHOBKOM 331241 1 [OJIyYeHHBIMI Pe3yJbTaTaMu MOXKHO B craThe [16].

2.4.3 Meron 4nciieHHOTO pellleHns ypaBHeHnus basanca nmmysibca (mEVP)

Hanbosee caoKHBIM BOTIPOCOM TIPW PETTIEHNN 330a4n 0 apeiide TeJ0BOTO TTOKPOBA SIBIASIETCS BHIOOD PeoJio-
IUX ¥ T10100p 3hPeKTUBHOTO 9uCIeHHOro Meroaa. Ilocmennne roga HEKOTOPBIM CTAHIAPTOM IIPH THCACHHOM
MOJEINPOBAHUT KPYITHOMACIITAOHOTO npefidpa MOPCKOro jbia Obla TaK HA3BIBAEMAS DJITUNITHICCKAST BI3KO-
mwractudaas peojorus Xubsepa [17], korma e paccMaTpuBasics KaK IDaHYIMPOBAaHHAS JBYMEpPHas Cpe/a,
HaIpSKEHUST B KOTOPO#H MOXKHO OIMUCATDH 0 BI3KO-TIACTUYHOMY 3aKOHY, IpUYeM ILTACTHYHBINA PEXKUM Tede-
HUA d)I/I3I/ILIeCKI/I COOTBeTCTByeT Hpoueccy TOPOMICHUA JIbJa (LITO B TepMHUHaX ,Z[ByMepHOFO TEUCHUd O3HAYAET

yBeJIHUYICHUE €10 TOJ'[HII/IHI)I) .

Jlyist perennst 3aa4u ObLIN TPEJIOKEH PeJl IUCTEHHBIX METOJIOB, OJHAKO, KaK MOKa3aja MpakTHKa, W3-3a
CHJTLHON HEJIMHEHHOCTH 331a4n (PAKTUIECKN BCE JTOCTATOIHO TOIHBIE METO,IBI CBOAMINCH MO0 K BAPHAHTAM
merona Ilukapa, 1160 Merona Hbiorona, mbo BapuaHTaM MeTO/a IIpoCToii nreparyun. HeMHOrOYncIeHHbIe
TEOPETHYECKHME MCCAETOBAHNAS MOKA3AM, YTO BAZKO-IIJIACTUYHAS PEOJIOTHS IPUBOJANT K HEYCTOWIMBOCTHU pe-
menns 110 JIsmyrosy ([18], [19]), 9ro HakIaBIBAET CBOM CJIOKHOCTH KaK [TPU YUCJIEHHOM DEIeHNH, TaK U PN
CpaBHEHHUW C JaHHBIMU HaOoenuii. IlosiBieHne BBICOKOTOYHBIX CITYTHUKOBBIX JIAHHBIX 110 Jipeiidy JibIa mo-
CTaBUJIO TIOJ, COMHEHUE CIIPABEIINBOCTE PEOJOTHH XuOJePa, MOCKOIbKY OBLIN BBIJEIEHBI TAK HA3BIBAEMBIE
Jluneitaoie Kunemaruaeckue ocobennocru LKFE ([10], puc.4.6), KoTopble He BOCIPOU3BOMUINCH B PAMKAX
TPaJMIMOHHOTO BABKO-TJIACTUYHOrO TOAX0/1a. JIast Ipeo/10/1eHns KaKyerocss HeCOOTBETCTBUA ObLr pa3pa-
boranbl 6osee uzuueckn 0OOCHOBAHHBIC PEOJIOTHH MOPCKOTO JibJaa — Yrupyro-Iljactuyunas aHn30TpOmHas
([20]) m MakcBesnoBckast yrupyro-xpymnkas ([21]). Oxnako, kKak ObLIO MOKA3aHO, TPAJUIMOHHAS PEOJIOTHSI
crrocobua Boctpou3BoguTh LKF mpu BeIMOHEHNT ABYX yCIOBHI: TOYHON CXEMBI TIEPEHOCA, CIOCOOHOM CO-
XPaHATH Y3KHe 00IaCTH OTHOCUTEIHHO HU3KOM CIJIOYEHHOCTH JIbJIa, U TOYHOM CXeMbI PellleHnsl HeJIMHeHHbIX

ypaBuenuil apeiida jbiaa.

[TosTomy pu pazpaboTKe IUHAMUYECKOTO IPa MBI OCTA/INCh B PAMKAX TPUO/IMKEHWS /ITUIITUYIECKON BA3KO-
IJIACTUYHOM PEOJIOTHUH, TeM DoJiee, UTO /s ITOH 3a/1a9u HeJJABHO ObL OmybJIMKOBAH TECT, KOTOPBIH [103BOJISET

HaM CIeJIaTh BBIBOJ O KaYeCTBE pagpa60TaHH0171 MOJE/IN B CpaBHEHNHN C BEAYIITUMU MUPOBBIMI MOJAEJIAMA THILA

CICE 5.0, LIM 3 ICON-O u FESIM 2.0 [11].
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Kwok: Remote sensing of sea-ice thickness and kinematics 1137

07041 = 07035 07041
Feb 10 ' : .\_‘rg'..ﬂch‘..l)

Fig. 6. Large-scale mean ice motion and deformation of the Arctic Ocean ice cover between 4 and 10 February 2007. The high-resolution
ice deformation fields are derived from SAR imagery. (a) Mean vector field with superimposed sea-level pressure contours (interval 4 hPa
b) divergence; (c) vorticity; (d) shear. Deformation computed at gridcell ~10km on a side. Units: per day. After Kwok and Sulsky (2010

Puc. 4.6: Kpynnomacmrabublii cpeguuit apeiid abna u gedopmanuun mexiay 4 u 10 despana 2007. a)
cpejiHee BEKTOPHOE TIOJI€ T€UCHUH, HAJOKEHHOE HA JaBjenne arMocdepsl Ha ypoBHe MOpst; b) nuBeprenmnus;
c) 3apuxpennocts; d) capur ([10]).

Ha naHHBI MOMEHT IPEII0XKEHO MHOXKECTBO METO/I0B UHCICHHOIO MHTETPHUPOBAHUS ypaBHeHHiT Gamanca
UMITYJIbCA MOPCKOIO JIbJia C BA3KO-IIACTHYHO peostorueii [22], [23] u ux ontumusanuii [24]. Haubosee pac-

npoctpanen Merog mEVP [23]; koroperit u sier B ocHOBaHWE pa3pabaThIBAEMOTO IMHAMIIECKOTO BIIOKA.

Cucrema TByMEPHON JUHAMIKE MOPCKOTO JIBJa ¢ BA3KO-TLIACTUIHON PEOJTOTHEH TIPeICTaBIgeT U3 cebst 3aKOH

fastaHCca UMITYJIbCA ¥ JBA YPAaBHEHUsI IEPEHOCA — CIIOYEHHOCTH U MAaCcChl Jiba, [17]
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m(0: + fkx)u = ar — Cgapo(u —ug)|u —ug| + F — mgVH

T = Capa‘ua’ua

Fr=92,1=1,2
op(u) = lemm) (a — Aok + 25 (268 — Eadkr)

O1(2) = 011 £ 022, €1(2) = 011 £ 022

ér = 5 (Ohur + Opug); €q = Epp = €11 + €22 (4.8)
g = ((en — €22 + 4% A= (34 %))/

Py = p*he ¢1-a). p — %ﬁm

a+V-(ua)=0,a<1

om+V - (um) =0

m = ahp,

e kK — equHUIHBIN BepTHKAJIbHBIN BekTOp, f — mapamerp Kopwosauca, m,a, h — Macca, CIIOYEHHOCTh U
BBICOTA JIBJA, U, Ug, Uy — CKOPOCTH JIbJA, BOABI U BO3AYXA, P, 00, Pg — IVIOTHOCTHA JIbJAA, BOALI M BO3IAYXa, 0 —
KOMIIOHEHTBI T€H30pa HAIIPAKEHMIt, £;; — KOMIIOHEHTHI TeH30pa CKopocTe#l gedopmanuu, e = 2 — mapaMmeTp

JUIUITHIHOCTH, £, 1) — OOBEMHBIE U CIBUTOBBIe Bsa3kocTu, P — napienue, H — ypoBeHb OKeaHa.

Cyrb mEVP-noixona [23] puis perenus ypaBHeHuii JUHAMUKI COCTOUT B IIPUMEHEHUH SIBHOI cxeMbl Ditiepa

II0 BpeME€HH: OTAEJILHO I10 IVIaBHBIM KOMIIOHEHTAM TEH30pa H&HpH}KeHI/Iﬁ U CKOPOCTAM:

P,
+1 0 .
a(oP*! = of) = k(& — A7) —of
P,
p+1 P\ _ 0 -p p
a(oy " —0y) = (AP + Ain) - o227 92
P,
p+1 PN _ 0 -p P 4.9
a(0'12 - 0'12) - (AP—FAmm) . 62612 — 019 ( )
BuPt!t —uP) = —uPt £ u" — Atf x uP T4

At
+ [FPH 4 ar + Cyapo(uf — uP™)|uf — u?| — mgVH"].

3/ech MHIEKC P COOTBETCTBYET JIOKATBLHOW UTEPAITNH, & N — HOMep TIoOAJTLHOTO Tara mo Bpemenu. [maBroe
MIPEUMYITIECTBO TAKOI'O MOJXO0JIa — OTCYTCTBUE HEOOXOJIMMOCTH PENIaTh CUCTEMY JIMHEHHbIX YpaBHEHUN Ha
Kaxk10it ureparmu. Takoe CBOWCTBO MOIYYIAETCS 33 CIET UCTIONb30BAHUS JTAMITMPOBAHHOM (INArOHAIN30BaH-
HOIM MaTPHIBI, TyTeM CYMMHUPOBAHUSA 10 CTPOKE) MATPHIILI MACC TOCIE TIPUMEHEHns MeToa Lanepkuna st

IIPOCTPAHCTBEHHON AIlIIPOKCUMAITUH.

[Mapanmensubiit ko, peanusyrortuii onucanubiii mMEVP meron, TectupoBasics B CBA3KE C PEAJIM30BAHHBIMUI
CXeMaMH [ePEeHoca (JIJTst IePEeHOCa MACChL U CITIOUEHHOCTH JIb/TA) Ha MTPOCTOM TeCTe B KBAJIPATHON MOIeIBHOI

obsractu [11]. Marepec paHHOrO TecTa 3aKJI0UaeTCs B TOM, 4TO OllMCaHHbIe GOPCUHIM BO30Y K0T JIMHEHbIE
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kunemarudeckue ocobennoctu (LKF, linear kinematic features). Pesysibrar paGoThl mporpaMMbl B JTaHHOI
koudurypaiuu mpeacrasier ua puc. 4.7. Ha pucynke Buinb BoijgeeHHble Hanpasieraus — 310 u ectb LKF.
LKF noxkaan3yiorcs B 001aCTIX ¢ HU3KOH CIJIOUEHHOCTHIO MOPCKOTO JIhIa 1 TTPOABJISIIOTCA TTPU BHICOKOM Pas-
pemtennn cerku. IlogobmHble pacupeaeaeHns oAy IaloTCd U B APYTHX H3BECTHBIX MAPOBBIX MOJIE/IAX MOPCKOTO

JIbJa, KaK HoKasaHo B [11].
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Puc. 4.7: Pesyaprar MmomenupoBanus nedOpMaIiy CABUATA B JOrapudMUIECKOM MACIITade.

HonyquHme PE3YJIbTAaThbl CBHACTEJIBCTBYIOT O JOCTATOYHO BBICOKOM Ka4de€CTBE MOJE/JIH, 9TO, B YaCTHOCTH,

00eCIIeYnBaeTcd BLICOKUM KadeCTBOM CXEMBI IIEpEHOCa XapPaKTEPUCTUK JIbIa.

2.4.4 DddekTUBHAA CUCTEMA CUNTHIBAHNS 1 MHTEPIIOJIAIINN CETOYHBIX TaH-

HbIX

JLna apdexTuBHON PAOOTHI MOIE/ I B KAYECTBE IMHAMWIECKOTO OJI0KA B CUCTEME TTPOTHO38 COCTOTHUS MOD-
CKOI'0 JIbJ]a HEOOX0IUMO UMETH 3(DPeKTUuBHY OUOIUOTEKY NPOIEAYD NapaJlIeIbHOI0 CUYNTHIBAHUS U WH-
TEPHOIAIUY reOhU3UIECKUX JAHHBIX U3MEPEHUI 1 MPOrHO3a (JAHHBIX 110 COCTOSHUIO ATMOC(EPBI, MOPCKOTO
s okeana). Jlist mvuraram paBboThl TaKoi CHCTeMBI OBLII BRIOPAHB! anube Tporno3a cucrembl TOPAZ4.
IIpu sTOM BBITONHEHHYIO PAabOTY MOXKHO PACCMATPUBAThL TAKXKE KaK BAPUAHT INHAMHYIECKOrO JAayHCKEMRIMH-
ra (IPOEKIMK HA MEHBIINE TTPOCTPAHCTBEHHBIE MACIITA0bI) Pe3yIbTaToB mporuosa cucrembl TOPAZ4 — nubo

Jir000it JIPYyToit CHCTEMBI.

BosbmuacTBO reoganubix pacupocrpanserca B ¢gopmare netCDF Ha npsaMoyroiwsHOM ceTke ¢ HECKOJIbKHU-
mu ypoBasiMu. Oyukimonas cranpaptaoit 6ubiuorekn netCDF monyckaer napasuiesibHOE CUUTBHIBAHUE U3
netCDF-daitna n zanucy B wero. Jamusie TOPAZ-4 pacnonaraiorcs Ha TpsSIMOYTOJBLHON CETKE B CTEPEO-

rpadugeckoit mpoekiun. KaxKabiii TPoeccop CINTHIBAET TOJHKO HEODXOAUMYIO €My Y9aCThb MPSIMOYTOJIBHON
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CETKH, UTO ONTUMU3NPYeT JAaabHelIne BRITNCAEHNS 10 BpeMeHn W UCHoab3yeMoil mamsatu. Pesymbrar ma-

paJsLie/IbHOM OMJIMHENHONW MHTEPIO/ISIMU CKAJIAPHBIX 110JI€d peacrasiennl Ha puc. 4.8 u puc. 4.9.

Puc. 4.8: Pacnpenenenne Crjio9eHHOCTA MOPCKO-

ro gpga B 00:00 1 ampens 2020 r. 1o JIaHHBIM Puc. 4.9: Pacipenenenne yposuas okeana B 00:00
TOPAZ4, nporHTEpIIOJIUPOBAHHOE HA MOJIETBHYTO 1 ampesst 2020 r. o ganabiv TOPAZ4, npounrep-
CeTKy [OJIMPOBAHHOE HA MOJEJIBHYIO CETKY

Bosee HO,Z[pO6HO C CHCTEMOUN CUYNUTBIBAHUS U HHTEPIIOJIAINN I'eOJaHHbIX Ha MOIC/JIbHYIO CETKY MOXKHO O3Ha-

KoMuUThCs B pabore [8].
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