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AnHoTanms. ['7aBHOH LENBIO COBPEMEHHOIO TI'E€MOAMHAMHUYECKOTO MOJIECIUPOBAHUS
SBJSIETCSl TpeACKa3aHue IIOBEJCHUS MaBICHUS KPOBH B apTepusX, a TaKkKe H3ydeHUe
KOMIUIEKCHOTO BO3JIEHCTBHS Pa3HOOOpa3sHbIX (AKTOPOB Ha XapaKTEPUCTUKH CEpACHHO-
COCyMCTON cucTeMbl. Haunbosiee HOMyJSIPHBIMH IIPU 3TOM SIBIISIIOTCSl KBa3HOJHOMEPHBIE
MOJIETTM TEYEeHHs KPOBH IO COCyJdaM, MO3BOJAIOMIME MOJEIHPOBATH KPOBOTOK BO BCEH
cocymuctoit  cucreme. IlocKompKy TONHOMAcIITAaOHOE MOJEIMPOBAHHE  CEPAETHO-
COCYAMCTOH CHCTeMBI TpeOyeT OONBIIMX BBIYUCIHTEIBHBIX 3aTPaT, aKTyalbHOW SBISETCS
3aada pacrapajie]IMBaHus BBIUMCICHUH. B maHHOW paboTe MpPOBENEHO HCCIEIOBaHUE
3¢ (EeKTUBHOCTH pacrapauleNIMBaHusl BBIYHUCICHUH TPH YHCICHHOM MOJEIMPOBAHUU
KPOBOTOKa B KBa3HOJHOMEPHOM NpHOMMKeHUH. sl MPOCTOTHI paccCMOTpeHa 3ajada o
MOJIEJIMPOBAaHUM TEUYEHHUs KPOBU B OTAENBHOM KpPOBEHOCHOM cocyne. Ilpu moctpoeHuu
MapaJUIeJbHOTO AITOPUTMa ObUT MPUMEHEH METON JCKOMITO3HMIMH 00jacTH. B kaxmoi
moj001acTy 3a/ada Ha KaXKJOM Iare 10 BPEMEHH PacIIeInIIeTcss Ha THUIEpOOINIEecKyo 1
napabonudeckyro noxzamadu. s pemeHus rHnepOONMYecKod IOA3aJaddl HCIIOIb3yeTcs
HMHTETPO-NHTEPIONISIINOHHBIN MeTox, ocHoBaHHBIH Ha cxeme MUSCL. [l naTerpupoBaHus
10 BPEMEHH TpHUMeHsIoTcs MeToasl Pynre-KyTTer n Anamca-bamgopra BToporo mopsiaka.
s pemenust mapabonudeckoil moxazamauu ucnonb3yercs Meron Kpanka-Hukosncona. Ha
CTHIKax Mojobnacteil nHTEepeiicHbIe ycaoBHs 00pa3yloT HENWHEHHBIE CHCTEMBI C TpPeMs
HEU3BECTHBIMU. DTH CHUCTEMBbI PEIIAIOTCs Mpu nomoinu merona Hetorona. C momolibio
npodumuposumka AMD CodeAnalyst Obia onpesiesieHa CTpYKTypa BpEMEHHBIX 3aTpat Mpu
pelIeHnN TEeCTOBOH 3a/Jaudl B IMOCHEJOBaTeNIbHOM pexknme. [Ipn momomm 3akoHa Ampmana
TOTYyYeHBl OIEHKH MAaKCHMaJlbHO BO3MOXKHOTO YCKOPEHHS TIIPH paclapauielnnBaHUH
HanboJiee JTOPOTOCTOSIIUX C BBIYMCIHMTEIBHONW TOYKH 3peHus onepauuil. [Ipn peammsanun
MIOTYYSHHOTO alrOpHTMa B pa3pabOTaHHOM aBTOpaMM HacTosmied paboThl MPOrpaMMHOM
KOMIUIEKCE HCHONB30BaNNCE TexHosoruss OpenMP u Oubmmorexka MPI.  Pacuerst
NPOBOAWINCh Ha y4eOHO-BbIYMCIAHMTENbHOM Kiactepe Kadeapsr DH-2 «[Ipuxnagxas
marematuka» MI'TY um. H.D. baymana. Pe3ynabTaTbl BBIYHCIUTEIBHBIX 3KCIEPUMEHTOB
MOKa3aJM, YTO BBIMTPBHIII MO BPEMEHH, JOCTHTAEMBIH 3a CUET UCIOIb30BaHHSA OMOIMOTEKH
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MPI, He mpeBBIIIaET HECKOJIBKHUX IPOIEHTOB 110 CPAaBHEHMIO C IMPUMEHEHHEM TEXHOJIOTUI
OpenMP. B cBs3u ¢ 95THM, NIpHHUMAas BO BHHMAaHHS IIPOCTOTY paclapauIeIMBaHUSL
anroputMoB mocpenactBoM OpenMP, MOXKHO OCTaHOBHTH BBHIOOpP Ha JAHHOW TEXHOJOTHH,
oJiHaKo ucnonb3oBanne MPI o3BosseT caenars MporpaMMHbINA KOMIUIEKC YHHBEPCAIbHBIM —
paboTaoIMM KaK Ha CHCTEMax C OOLIeil MamMsaThio, TaK M HAa CHCTEMax C paclpeeleHHOI
HaMSATBIO.

KuarwueBbie ciaoBa: texHonoruss OpenMP; MPI; kBa3momHOMepHasT MOJENb; KPOBOTOK;
METOJ JICKOMIO3HIIMH OOJACTH; TapauieNbHBIA aaroput™; kiactep, Mmeron MUSCL,;
pacmieruienue ['omyHoOBa.
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1. BeedeHue

B nocnegnue roapl rmaBHOM NPUYMHOM CMEPTHOCTH B MUPE SBISIIOTCS CEPACYHO-
cocyamcThle 3aboneBaHusA. B Hacrosmiee BpeMs 3HAYMTENBHO YBEIUUUBACTCS
KOJINYECTBO CTEHTHUPOBAHMUN KPOBEHOCHBIX COCYIOB M AHTHOIIACTHK, MPHYEM B
MPOEKTe TOCYAAapCTBEHHONH IpOrpaMMBl MO  PA3BUTHIO  3PaBOOXPAHEHUS
IUIAHUPYETCsl JlajbHEMIEe YCWIEHUE MEp II0 OKa3aHWUI0 CHELUAIN3UpPOBAaHHOU
MEUIIMHCKON TIOMOIIH OOJIBHBIM C OCTPOM cOoCcyaucTOol maronorueid. Hepenxo mms
BOCCTaHOBJIGHUsI ~ KpOBOOOpalleHUs] B  IOPAKEHHBIX  COCyJax  IOMHMO
MEIMKaMEHTO3HOTO JIEYCHHS IMPOBOJATCS JIOPOTOCTOSAIINE PEKOHCTPYKTHUBHBIE
orepalyu, ¥ 3aYacTyl0 HEBO3MOXKHO OOBEKTHBHO OIEHUTb, KaKOW THII
OIIEPaTHBHOTO BMEIIATENHCTBA OyJEeT ONTHMAIbHBIM JUII KOHKPETHOTO MalWeHTa,
a TaKKe, HACKOJBKO ONM30K OyZeT KPOBOTOK B COCy/Ae K HOPMalbHOMY IIOCIE
oneparu. Takum 00pa3oM, O4eHb BAXKHOM 3ajgadei INpeicTaBIIsIeTCS HE TOJBKO
YCOBEPIIEHCTBOBAHNE METOJOB pAaHHEH JUAarHOCTUKU CEPAECYHO-COCYIHUCTBIX
3a0oeBaHni, HO M pa3pabOTKa METOAOB, IO3BOJIIOIINX CMOJAEIHNPOBATH IS
KOHKPETHOTO  TAallMeHTa  MOCIEACTBHA  MpPOBENEHUS  TOM  WIM  WHOH
PEKOHCTPYKTUBHOM KapAUOXUPYPrUUECKON ONepanuu.

D¢ GeKTHBHBIM METOJIOM pPEUIeHUs JAHHOW NPOOJEeMBl SBISETCS WCIIOJIB30BAHHE
BBIYUCITUTENFHOTO JKCIEPUMEHTa: B BHPTYalbHOH CHCTEME KpOBOOOpaIeHus
MOJKHO PEan30BaTh PAa3IMYHbIC CIEHAPHH ONEPAlNH JUII KOHKPETHOTO MAalUeHTa,
CIPOTHO3MPOBAaTh WCXOJX TOW WM WHOM TAaKTHKM JICYEHUS W  BBIOpATh
omtumainbHyto [1, 2].  Mcrmonp3oBaHHEe  OTHOCHTENHHO  HEAOPOTHX  CPEICTB
MaTEeMaTHYECKOT0 MOJIEIMPOBAHMS MOXKET 00eCTeUnTh 3HAYUTEIbHBIN MPOrpecc B
pa3paboTKe M ONTHMHU3AIMK (OPMBI UCKYCCTBEHHBIX KIIANIAaHOB CEP/la, IIYHTOB,
UMIUIAHTHPYEMBIX HACOCOB KPOBH, CIIOCOOOB YIPaBJICHHSI UMH, U, CAaMOE TJIaBHOE,
MO3BOJMT MCCIEJOBAaTh HX BIMSHUE HA TEMOAMHAMUKY U CHPOTHO3HPOBATH
YCIEIIHOCTh IPUMEHEHUS JaHHOTO METOJa Tepamuy AJs KOHKPETHOrO MallUeHTa B
JOOMNepalMoHHbIM  mepuoa. IIporHocTHueckyr0o ILIEHHOCTh U KIMHHUYECKUIl
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NOTEHIMAT  IEPCOHAIU3UPOBAHHOTO  MOJCIMPOBAHUS  CEPACYHO-COCYIHUCTOM
CHCTEMBI U1l PAla KIMHUYSCKH 3HAYUMBIX [ApaMeTpoB TOKa3al MEXIyHapOoJHBINH
HCCIleToBaTeNILCKUi poekT «euHearty [3], koTophIii Bo3rIaBisiia Kommanus Royal
Philips Electronics.

['maBHOH LeNbI0 COBPEMEHHOTO TI'eMOJHMHAMHYECKOTO MOJCIHPOBAHUS SBISACTCS
NpefcKa3aHue MOBENCHUs MaBICHHSA KPOBH B apTepUsX, a Takke H3ydeHHE
KOMIUIGKCHOTO BO3ZCHCTBHS pa3sHOOOpasHBIX (AKTOPOB Ha XapaKTEPHCTHKU
CEep/ICYHO-COCYAUCTOH cucteMbl. Hambosee NOMyNsSpHBIMH TPH 3TOM SIBISIIOTCS
KBa3MOJHOMEPHBIC MOJENH TEYCHHs KpPOBH MmO cocymaMm [4-8], mosBossromnue
MOJIETIMPOBaTh KPOBOTOK BO BCEW COCYOUCTOM cucreMe. IlapaMeTpsl OTAENbHBIX
COCYZIOB (JUIMHBI COCY/IOB, CKOPOCTH PAacHpOCTPAaHEHHs IyJIbCOBBIX BOJIH M T.II.)
O0epyT W3 pe3yJbTaTOB MEIMLIMHCKUX HWCCICIOBAaHHH, HaNpUMep, IBETOBOTO
IOYIUIEKCHOTO CKaHHPOBAHHS apTepHi.

[TockoabKy MOJHOMACIITA0HOE MOJEIUPOBAHHE CEPACYHO-COCYIUCTON CHUCTEMBI
TpeOyeT OONBIIMX BBIYUCIUTENBLHBIX 3aTpaTr, aKTyalbHOM sBJsIeTCS 3ajava
pacmapaJuleNliBaHHs ~ BBIYHMCICHMI. Bompocam — pa3pa0oTku — mapajuielbHBIX
ANTOPUTMOB pELICHHS pa3HOOOPA3HBIX 3aad BBIYHUCIUTEIBHOW MEXaHHKH H
aHanu3y ux 3(p(EeKTHBHOCTH MOCBSAIIEHO OONbIIOe YUCIO ucchaenoBanuii  [9-15].
Ilpy »>TOM pacMaTpuBalOTCAd BONPOCHI NPOBEICHHS pacyeToB Kak Ha
BBIYMCIIMTEIBHBIX CHCTEMaxX KJIACTEPHOTrO THIA TPH IIOMOLIM OHOIMOTEKH
napaensHeIX Beranciaennit MPI [16, 17], Tak u Ha cucTemax ¢ oOIIeH maMsaThIO
TP MOMOIIM TAaKHX TEXHOJOTHil MapaiebHOro mporpaMmupoBanms, kak Intel”
Cilk™ Plus [18], Intel® TBB [19], OpenMP [20].

Lenpto pmaHHOH pabOTBl SBISACTCS H3y4YEHHE BO3MOXHOCTH 3(deKTHBHOrO
pacnapauieIuBaHus] BBIYMCICHUH TPU YUCICHHOM MOJEIMPOBAHMHM KPOBOTOKA B
KBa3MOJAHOMEPHOM MpUOMIKeHUH. [l TPOCTOTHI paccMaTpuBaeTcs 3ajada o
MOJICJIMPOBAHUHM TEYEHHs KpPOBM B OTIEJIBHOM KPOBEHOCHOM cocyne. Ilpu
NOCTPOSHHUN TapaUIeIbHOTO AJITOPUTMA IIPUMEHSIETCSl METOJ  JEKOMIIO3HLIUH
obmactu [21]. Tlpu peanusanuu TMOJYYEHHOIO aaropurMa B pa3pabOTaHHOM
aBTOpaMHM  HacTosieil  paboThl  HPOrpaMMHOM  KOMIUIEKCE — HCIIOJIb3YHOTCS
texHonorust OpenMP n 6ubimnorexa MPI.

2. KeasuoOHomepHast Modesib Kpo8omoka 8 omoesibHOM cocyde

11 IpOCTOTHI PAacCMOTPHUM OJUH YYaCTOK 3JIaCTHYHOTO KPOBEHOCHOTO COCYHa
(puc. 1) B munmHIpuueckoil cucreme koopauHat (r,6,X). BHyTpeHHui pagmyc
cocyma R 3aBucut or koopmuHatsl X W Bpemenum . KpoBp momaraercs
OJTHOPOJTHOM M HECX)KUMaeMO# (IJIOTHOCTh O = CONSt) HBIOTOHOBCKOM KHKOCTBIO
(Bs13kOCTH Vv = CONSt). TeueHHe XapakTepU3yeTCs CKOPOCTHIO VZ(Vr,Vg,VX) u
maiieaneMm P . Ormerum, uro P — 310 BHyTpeHHEE maBiIeHHE, T.€.

P = Pext + Part-
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3meck P,y — BHENIHee JaBJICHHE, T.€. aTMOchepHOoe maBiaeHHe, a Poyg

TpaHCMypajbHOE JaBICHHE, KOTOpOe€ B MEAUIMHE MPUHATO HA3bIBATh
aprepuansHbM gaaBienueM [1, 2]. IIpenmomaraem, uTo Pgyt IOCTOSHHO BIONB
0ceBoif epeMenHoi X . CauTaeTcs, 9TO CHIIOHN TSKECTH MOKHO TipeHeGpeus [7, 8].
Cocyn u TedeHHe KpOBH TI0JIaraloTcs OCECUMMETPHYHBIMH, 03TOMY Vg =0 u Hu
OJJHa W3 NEPEMEHHBIX HE 3aBHCHUT OT ¢ . [lomaraem, 4TO TeUeHHWE ONMCHIBACTCS

ypaBHEHHEM HepaspbIBHOCTH W ypaBHeHneM Hasbe-Crokca [7, 8]. DTu ypaBHeHust
JOTIONHAIOTCS TPAaHUYHBIM YCIIOBHEM MPHIHIIAHUS

vy (R) =0.

KpOMe TOTO, IIpearnojaraéM, YTo CTCHKA COCyaa IBUIKETCA TOJIBKO BAOJb I, T.C.

Puc. 1. Pacuemnas obnacmo
Fig. 1. Computational domain

HepennmeM YPAaBHCHHME HEPA3PBIBHOCTU B MHTECTPAJIbHOM BHUIE!

% + @ = (_’]_)
ot ox
3nece Q —pacxoj moroka, A —ILIOIIA/b TIOTIEPEYHOTO CEYEHUS:
R
Q= [2myrdr, A=mR%
0

Jns onucaHust BSI3KOYIPYroro MOBEACHHUS CTEHKH COCyJa HCIOJIb3yeM MOJIEINb
KensBuna — ®oiirra. Torga BHyTpeHHEE JaBJI€HWE MOKHO BBIYUCISATD CIETYIOLUIUM
o6pasom [7]:

P = Pag + AA - Rg) +vs . @

3necy [ — k0IQHULHEHTOM KECTKOCTU U Vg — KOADOULHEHT BI3KOCTH.

B pabore [7] moka3zaHo, 4TO MPU MabIX BO3MYLICHHH MOXHO IOJIAraTh, 4TO
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Ao Q) . 2%Q
p x| ox Vox?

Av
3necs C, = S Torma ypaBHeHne HaBpe—CTOKCa B WHTETpaJbHOM BHAE C

y4eToM (2) MOXKHO MepenucaTh CASAYIOUIM 06pa3om:

Q,0(Q% B )| o 0% o Q A(MBK) 2 205 o
a x| A 3p Vo2 AT 5l ox 37 x|

3nece Cy =227v [7]. Ypasuenus (1), (3) MOKHO 3amucaTh CICAYIONIIM 00pa3oM:

N LF g “
ot ox

3nece U — KoHcepBaTHBHAs NepeMeHHas, F — cooTBeTCTByroWmMi MOTOK, S —
UCTOYHHK:

A , Q 0
= F=F.+F, =
Us| o FRerRs| QL 8 e || o )
A 3p OxX

0
s=|_¢, QAN 2 zop
A p OX 3 oX

3amMeTuM, 4TO MOTOK COCTOMUT U3 JIBYX YacTel, KoOHBeKTUBHON F, u muddy3nonnoi
F, . B obmem ciydae, npu paboTe ¢ KOHBEKTUBHBIMHU U TU(DPY3HOHHBIM OTOKAMU

MPUMEHSIIOTCSI pa3Hble YUCIEHHBbIe MeTObl. [loaTomMy muddy3noHHbIE claraeMbie
YacTO OTHESIOT W MEPEHOCAT B MPAaBYI0 4acTh. TakuM 00pa3soM, MbI MOKEM
nepenucarh 3a1a4y (4) cnenyromnmm oopa3om:

0
y+i:S+D, F=F, D= 02Q | ®)
ot OX V62

X

3amnuiieM B 06IIICM BUJAC, KaK 6yﬂyT BBITVISIICThL HAYaJIbHBIC U I'PAHUYHBIC YCIIOBUSA
JUIA KaXXJI0ro cocyaa. B xauecTBe Ha4aILHOI'O YyCJ0BUA MOJIaracmM

U (X,O) =U in (X)
Ha neBom KOHIIC pacCMaTpuBaE€MoOro cocyja 3aJaauM IrpaHU4HOC YyCJIOBUEC IMICPBOT0
poJa, a Ha IpaBOM KOHLE — YCJIOBUC CBOGOL[HOFO BbIXOJa IIOTOKA:
) ) SU(L.t
U0.5)=Ugy(r). # =0
con
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3. YucneHHbIll Memod

Kak u B paborax [7, 8] ucmonb3yem MeTox QpOOHBIX [Iar0OB: UCXOAHYIO 3a1auy (5)
paszenuM Ha THIepOOTHYECKYI0 M TapaboINIeCKy0 COOTBETCTBEHHO:

LF ©
ot ox

ouU

2= =D. 7
m (7

Torma, pemenne UCXOOHOH 3amaun (5) MOKET OBITh 3aMEHEHO ITOCIIeAOBATEIHHBIM
pelieHHeM JTUX [BYX TMoja3aiad. B jmaHHOW paboTe MCHONB3YyeTCsl METOo[
pacuierienuss [0oJyHOBa: Ha KaXAOM [Iare MO BPEeMEHH OyaeM periaTh

runepOoNIMUecKy0  1ojA3aaady, uToObl mony4duth mporuo3 U * , KOTOpBIH
UCIIOJIb3YETCsl B KAYeCTBE HAYAIbHOTO 3HAUCHHUS B apaboIMYecKoi noa3aaaye
At,H | AtP
ul 5 Ut s ult
3neck H 1 P o3HavaeT perrenue runepO0IMveckoil u napaboanyeckoi mo3anad Ha
J -M 1mare 1o BpeMenu. BTopoif mar MOXHO paccMaTpHBaTh Kak KOPPEKTOP.

st pemenns runep6onudeckoi noazagayuu (6) MCrmoap3yeM METO KOHTPOJBHBIX
00BEMOB: KaIyl0 NoJ00nacTs pasgenum Ha sdeifkm 1j. Jna kxaxnoid Takoi

STYCHKH JOJIKCH BBITIOJHATHCSA 3aKOH COXPAHCHUA

I dx+I—dx- dex

li li

[lpu mocTpoeHWM IUCKPETHBIX aHAJOrOB MNPOU3BOAHBIX MO HPOCTPAHCTBY
ucnonszyeM MUSCL-orpanuuurens [22]. s pemenus  auddepeHnuanbHoe
ypaBHEHHE IIEPBOTO TIOPSAKA, MOJYYAIOIIErocs Iocjie JUCKPETH3aluu 110
NPOCTPAHCTBY B pa3pabOTaHHOM MPOrpaMMHOM KOMIUIEKCE pEalli30BaHbI JBa
MeToJla MHTETPUPOBaHMs MO0 BPEMEHU BTOPOro mnopsaka: meron Pynre—KyTTol u
JIByXIIaroBeiit Metoa Anamca—bamidopra.

3ameruM, uTo s A pemars mapabomudeckyro momsanady (7) He TpebyeTcs, Tak

kak A= A" [ostomy (7) mpuHUMAaET BHI!
@ = CV _a Q .
ot 6X2

s penienus 1aHHOM 3a1a4u uctnonb3dyeM Merol Kpanka-Hukoncona:

R 41 1 1 i A
Q- _c [l -20M" +Q/} Q|+1_2QiJ +Ql
At 2 Ax2 Ax2

(8)

. . .
3nece Q) =Q, te. Q! sBusercs pemenmeM rumepGoHUECKOM MOA3ATAUH.
PasnocrtHas 3ama4a (8) pemaeTcst METOIOM TPOTOHKH.
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4. flekomno3uyus obnacmu

Jns pacmapasuieMBaHusi BBIYUCICHUH MNPU PEUICHHM 3aa4 BBIYHCIUTEIHHOM
MEXaHWKH 4acTO MCIOIB3YIOT METOBI AekoMmItosuitin obmactu [10]. Unes MeTomoB
JICKOMITO3MIIMY 3aKII0YaeTCsl B TOM, YTO pacueTHas o0nacTh pa3OuBacTCs Ha
MepeceKarolecss WIM HelmepeceKkame MoJ00MacTd W UCXOJHAas 3ajada
NPE/ICTABISIETCS. B BUJEC COBOKYIMHOCTH BCIIOMOTATENbHBIX KPaeBbIX 3a/ad B ATHUX
nogobnactsx. [Ipu 3TOM Ha rpaHHIaX MOJA007IaCTel, COBHAJAMONIMX C TPAHHLIAMH
UCXOJTHOW PAcUYCTHOM 00JaCTH, CTABATCS TPAHUYHBIC YCIIOBHS U3 MCXOIHOM 3a/1a4H,
a Ha OCTAJBHBIX TPAHUIAX MOJO0JIACTCH, HA3BIBACMBIX BHYTPCHHUMH, CTaBSTCS
ycIoBHs comnpsbkeHus (uHTep(eiicHbIC yCloBHs). PellleHHEe BCIIOMOTaTEbHBIX
3a/1a4 MOYKET OCYIIECTBIIATHCS MapajlIe/IbHO.

Ha puc. 2 moka3an mpuMep JICKOMIUIO3WIIMM pPAaCYCTHOW O00NacTH Ha JBE
MoA00IaCTH: B MECTE CTBIKOBKH MOJ00JIACTEH UMEEM YEeThIPE HEU3BECTHBIE: Ap ,

Qp Ha BBIXOJIE M3 POAMTENbCKOM apTepun M Ay, Qg Ha BXoJe B JOYEPHIOK.

3mech W janee HIKHMA uHAeKC P, O omnpemenser NPHHAIIEKHOCTh K
POANTENBCKOM M TOYEpHEH apTepUsiM COOTBETCBEHHO.
A, Ay

L Qp Q, >

Puc. 2. Jlexomnosuyus obracmu
Fig. 2. Domain decomposition

B Touke COCIMHCHUA Ha KaXI0M n-+1-m mare o BPEMCHH NOJUKHBI BBIIIOJHATHCA
YpaBHCHUEC pacxoda MOTOKA KXUJAKOCTU U 3aKOH COXPAHCHUA UMITYJIbCA:

Qpt =qd*, ©)

2 2
n+l n+l
Qp n+l _ 1 Qd n+1

zpp AB+1 p 2pd A(T+1 (10)

3Ha4yeHNs HaBICHUS PS 1y Pdn+1 3aBUCAT OT IUIOUIAN MONEPEYHOI0 CEYEHUS U
BBIYUCIISIOTCS IPY IOMOLIH (2).

B pa6ore [7] nokazaHo, 4To B QU3HONOTHYECKUX YCIOBUSX uncio Yomepenn W,

JIOCTaTOYHO MaJlo, U3-3a YEro MCTOYHUKOBBIE WIEHHI B pacCMaTpUBaeMON CUCTEME
YpaBHCHHI OKa3bIBAIOTCS HE3HAYUTCIBHBIMH M B CHUCTeMe mpeoOriagaer
runepOonuaHOCTh. [l03TOMY /1Ba HEIOCTAIOIIMX YCIOBHSA Ha CTHIKE MOAOOJIACTEH
MOTYT MOJYYCHBI IPH TIOMOIIIN XapaKTePUCTHK MJIM MHBApHAHTOB Pumana[22]

W, =%i4c. (11)
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3nece C — ckopocts Mosnca — KopreBera, koTtopast sIBISIETCSI CKOPOCTBIO BOJIHBI
JIABJICHUSI, T.€. CKOPOCTHIO MYJIbCOBOM BOJIHBL:

1
P p2,
2p

JBa COOCTBEHHBIX 3HAYCHHUSA Ay M Ay HMEIOT IPOTHBOIOIOKHBIC 3HAKH!

c=

/11 2= 9 tcC.
T A
COOTBETCTBEHHO, Ha KaXIOM KOHIIE BEIYUCIUTEILHON 00JIACTH CYILIECTBYET POBHO
OZiHa BXOJAIIAsi XapaKTePUCTUKA U OfHa BeIxozsmas. Ilockonbky W) o MOCTOSHHBI
Bronb suHui Dy X1 9 =) » B NPOCTPaHCTBEHHO-BPEMEHHOH IMIOCKOCTH, MOXHO

NoXy4uTh 3HaueHuss Wi +1(L ) u W n+1(0) , IPUMCHUB UHTCPIIOJISAIUIO JaHHBIX C
N -ro miara 1Mo BpeMeHH:

W L) =W L - A (L)AD, WEHLO) =WE (-B0)A), t>0. (12)

. n+1
Takum 00pazoMm, B pOIUTEIHCKON apTEepUH 3HAUYCHUE (\Nl) p  MOXHO BBIYHCIHTH

no Qopmyne (12) u norpebosarh, 406l OHO ObLIO paBHO 3HaueHuo Wi (U n+1)’

KOTOpoe 3amaetcs cooTHomenuneM (11). B urore nmeem ypaBHEHHE

Wy =wy U ). (13)
Amnanoruyso ctpourcs ypasHeHue s Wy JUis fodepHei apTepun:
W) g™ =W, U g™, (14)

Takum o6pasom, nmeeM cuctemy u3 ueThipex ypasuenuit (9), (10), (13) u (14) ¢
4eTHIPbMsI HeM3BeCTHBIMU. Ee pemieHue pact 3HadeHus: HemsBecTHoH U Ha crbike
nopobnacteit. C yuerom YCJ'IOBI/ISI (9) ypaBHeHUA (10) (13), (14) npumyrt Bu:

n+1 n+1
l Q n+l _l Q n+l
2 P ArH—l p 2 A(l;H—l d

:0,

(Wl)n+1 _Wl(An+1 Qn+1) =0,
(Wz)n+1 —W2 (An+1 Qn+1) =0.

Taxum 06p8.30M, NMEEM HCHI/IHCI/IHy}O anre6paWIeCKy}0 CUCTEMY BHIA
F(x) 0 X _(An+1 Qn+1 A&H—l)T

Jlnst ee perieHuss MPUMEHUM HWTepallMOHHBIA Merton HeioroHa. Matpuna Skoou
CUATACTCA AaHAIUTHYECKH. B KkadecTBe Ha4YalbHOTO MpHOMMKEHHS OymeM
WCIIONIb30BaTh 3HAYCHNUS HEM3BECTHBIX C MPEABIAYIIETO Iara Imo BpeMeH!
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x © :(AB’QB'AS)T'
Pacuernas Qopmyna s pacyera K+1-ro urepanmoHHOro NpUOIMKEHHS METOa
HeroToHa nMeeT caenyronmil B
XD = x O _(Fr(x ®y)Trx®), k=01K

OTMeTI/IM, YTO BO BCE€X BBIYUCIUTCIBHBIX JSKCIECPHUMCHTAX OBLIIO JO0CTAaTOYHO

HCCKOJIBKUX I/ITepaHI/Iﬁ JJI1 JOCTHXKCHHA TOYHOCTU 10 6 .

5. OueHka a¢hghekmueHOocmMu pacnaparsisiesniueaHusi eblYUCIIeHul

OmpemenuM, Kakhe BBIYHCICHUS HMMEET CMBICH pacmapamienutb. s sroro
HEOOXOAMMO BBIACIUTH YYaCTKM IPOrpaMMbl, Ha BBIIOJHEHHE KOTOPBIX
pacxonyercs HanOoJblIee KOMMYECTBO BpeMeHH. IloyHas CTpyKTypa BPEMEHHEIX
3aTpaT TpH pPELICHHHM TECTOBOW 3ajadd ObLIa ONpEeAeNieHAa C IMOMOIIBIO
npo¢uuponmka AMD CodeAnalyst [23]: 95,8 % Bpemern pa®oThl mPOrpamMMBbI
3aHMMaeT pacyeTr 3HaueHHMH A wm Q BHyTpH Kaxnoil mojobiactu (omepaums 1),

al,2% — BbIUMCIICHHWE HEU3BECTHBIX W3 HWHTEP(EHCHBIX YCIOBHH Ha CTBIKaX
nogo6nacteil (omeparust 2). Bcee mpoume onepanmu 3aHuMaioT 3 % BpeMeHH
BBHITIOJTHEHUsI pacueTa (puc. 3).

Onepaunst 1 [Tpoumne oneparmn (3%)

(95,8%) [

Onepanus 2 (1,2%)

Puc. 3. Cmpykmypa pemennvix 3ampam npu pewenuy mecmogoil 3a0ayu
Fig. 3. The time-cost structure

OueHNM  MaKCHMalbHOE  YCKOPEHHE, KOTOpPO€ MOXKHO  MOJYyYUTh  [pH
pacnapasuieMBaHUK TOJIBKO omnepanuu 1 win oneparuit 1 u 2, mpy IOMOIIIH 3aKOHA
Ampana [24], KOTOpBIH TIACHT, YTO U CHCTEMBI M3 S BBIYHCIHUTENBHBIX sIIEpP
MaKCHMAJIbHO BO3MOXKHOE YCKOPEHHUE POrpaMMel ¢ foneii P mapamiensHoro xona
u (1-P) nociexoBarensHOro Koxa paBHO

1t
P .
—+(1-P
g TA-P)

a =
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ITony4yennble oleHKH TpuBeneHbl B TaOs. 1. OHU COOTBETCTBYIOT CIIyYaro
UIEATBHOTO — PACIapaUICNIUBaHMs, IPH KOTOPOM IapaJUIJIBHBIA  KOX  Ha
BBIYHMCIINTEIBHON CHCTEME C S siipaMu BBIOJHSETCS B S pa3 ObicTpee. PeanbHOE
yCKOpeHHe OyAeT HIKe, IIOCKOIbKY IIpH TIepexoje OT IOCIeA0BaTeIbHON
NPOrpaMMbl K IapaJUIeNIbHOW J100aBATCS HaKJIagHBIE PacXoIbl Ha IOAJCPIKKY
MHOT'OIIOTOYHBIX BEIYHCIICHUH. Jlanee 1 pacmapauielIiBaHus BBIYUCICHHN OyneM
WCIIONB30BaTh TEXHOJIOTHIO TMapajuieNbHOro mporpamMMupoBanus OpenMP  u
oubmmoreky MPI. Texnomoruss OpenMP mpenmosaraer, 4To IMOIB30BATENb IMPH
HOMOIIM KJIIOYEBBIX CIIOB JIMIIb 0003HAYAeT 3aJa4H, BHIOJHSAEMBIE MapauleNbHO,
a OpraHu3anus yrnpaBjiIeHUs MOTOKaMU M pabOTBl ¢ HUMH OIPEAEISIOTCS CaMOM
TexHonorued. Takum 0Opa3oM, BBIIIETIEPEUHUCIICHHBIE HaKJIaIHbIE PAacXoabl Ha
HOAJIEP)KKY MHOTOIOTOYHOCTH, a, 3HAUYUT, M pealbHOE YCKOPEHHE, 3aBHCAT OT
UCIIOJIb3YEMOIl TEXHOJIOTHH TTapajlielIbHOTO NPOrpaMMUPOBAHUSL.

Tabn. 1. MaxcumanvbHo 803MOCHOE YCKOpeHUe npu pacnapaiieruganuu onepayuti 1 u 2

Table 1. The maximum possible speed up at operations 1 and 2 in parallel mode

PacnapasuiennBaeMbie b MakcumanbHOE YCKOpPEHHeE, pas
omnepauuu 2smpa | 4sapa | 8samep | 12 smep
1 0,958 | 1,92 3,55 6,18 8,21
1,2 0,970 | 1,94 3,67 6, 61 9,02

BeruucnutenbHble KCIEPUMEHTHI MPOBOJMINCHE HAa Y4eOHO-IKCTIEPUMEHTAITEHOM
BEIYUCITUTENHHOM KitacTepe Kadeapsl @H-2 "[Ipuknannas maremaruka” MI'TY um.
H.D. baymana [25]. Pacuernas o6nacts pazouBanach Ha 100 nomobnacreii. Kaxas
nogobmacte cocrosia U3 200 KOHTPONBHBIX 00BeMOB. Monenuposanocs 1000
II1aroB 1o BpeMeHH. Pacmapaminenusanuce omepanuu 1 u 2.

Ha puc. 4 npeacrasiieHa 3aBUCUMOCTb YCKOPEHUS OT YKCIIa BEIYUCIUTENBHBIX SJIEDP
MU pacrnapaieIuBaHus npu noMouu texnonoruu OpenMP.

yCKOpeHue

NWHEAHDE YCKOpEHWE
----- YCKOpEHKE No AM,D,EJ'I}‘

pEANEHOE YCKOPEHUE

2 3 YMCMO MOOyMen 4

Puc. 4. Peanvroe ycxkopenue npu ucnonvzosanuu mexuonoeuu OpenMP u oyenku yckopenus
Fig. 4. The real acceleration (OpenMP technology) and acceleration estimates
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BuzHO, 4TO peanbHOE YCKOPEHHE INPEeBBIIAeT JHHEHHOe. DTO MOXHO OOBSICHHUTH
TeM, 4YTO MpU pEIICHWH 3aJadd Ha OJHOM IIPOLIECCOPE NaHHBIE IOCTOSHHO
HOATPYXKAFOTCS B KOII-TIAMSATh, a NPU paclapajUleUBaHUK 3aJa4d IPOHCXOIHUT
JeJIeHHe aHHBIX 110 MPOoIeccopaM, M KM KaKIOTO MOIYJIS CMOT BMECTUTH CBOIO
HOPLUIO JaHHBIX.

Ha puc. 5 npeacraBieHa 3aBUCUMOCTD YCKOPEHHS OT YUCIIa BEIYUCIHTEIBHBIX SIep
NIPY pacnapaIeTNBaHAN, HCIIONB3yomeM onbdamotexy MPI.

16

yCKOpeHue e

MUHBIHOR YCKOPEHIE -
12— =-=u- ycKopeHWe no Amaany
——— peankHoe yCKopeHue - L

YUCRo Mogynei

2 4 8 12 16

Puc. 5. Peanvhoe yckopenue npu ucnoavsosanuu oubnuomexu MPI u oyenku yckopenus
Fig. 5. The real acceleration (MPI library) and acceleration estimates

Ha paccmoTpeHHO# TECTOBOH 3a/jaue IpU YUCIIE MOAYJIEH, IPEBBIIIAIOLIEM YEThIPE,
HaOJoaeTcs CYIIECTBEHHOE PACXOXKICHUE PEaJbHOTO YCKOPEHUs C OLEHKOH 110
3akoHy Amjana. OTo OOBSCHSIETCS TJIaBHBIM 00pa30oM BIHMSHUEM MEKMOJYJIbHBIX
oOMeHOB. [Ipu MeHbIIeM YHCIIe BBIYHCIUTENBHBIX SAEP BBIMIPHIII MO BPEMEHH,
JOCTUTaeMBIil 3a CYeT WCIoNb30BaHusA Oubnmoreku MPI, He mnpeBsimaer
HECKOJILKUX TIPOLIEHTOB 110 CPABHEHNUIO ¢ IpUMeHeHneM TexHosoruu OpenMP.

6. 3aksroyeHue

HccnenoBana 3¢ (HEeKTUBHOCTh pacrapauieTMBaHUs BBIYUCICHUA TPU YUCICHHOM
MOJACIIMPOBAHNU KPOBOTOKAa B KBAa3WMOJHOMEPHOM HpI/I6J'II/I)KeHI/II/I. PaCCMOTpeHa
3aa4a 0 MOJCITUPOBAHUM TCUCHHS KPOBH B OTICIHHOM KPOBEHOCHOM COCYJIC.
IlocTpoeHre mapaIenbHOrO AalropuTMa MPOU3BEIACHO IPH MOMOIIY METoJa
JICKOMITO3UIIMK 00nacTu. B kaxjod momoOracTé 3ajada Ha KaXAOM IIare II0
BPEMEHU PACHICIUISCTCS Ha THICPOOIMYSCKYI0 U MapadOIMYeCcKyo MOA3adaqn PH
noMoInu pactiervieHnss ['ogyHoBa. [l pelneHus TUnepOOTUYECKON I0/13a1auu
WCTIONB3YeTCS MHTErPO-WHTEPIOAIMOHHBIA METOJ, OCHOBAaHHBII Ha CXeMe
MUSCL. Jy11 MHTETrpUPOBAHUS 110 BPEMEHH MIPUMEHSIOTCS MeToIbl PyHre-KyTThI 1
Anamca-bamdopra Broporo mopsinka. Jlns pernenus mapaboJUIecKo TOo3aIaqu
nucnonb3yetcs Meton Kpanka-Hukoncona. Ha cTeikax momoOmacTeit maTEpdhericHbIC
yCIoBHSA 00pa3yloT HETMHEHHBIE CHCTEMBI C TPeMsSI HEM3BECTHBIMH. JTH CHCTEMBI

311



Avdeeva A.N., Puzikova V.V. Application of parallel algorithms for numerical simulation of quasi-one dimensional
blood flow. Trudy ISP RAN/Proc. ISP RAS, vol. 30, issue 2, 2018, pp. 301-316

pemrarores mpu momomny Meroaa Heiotona. C momompto npodumuposika AMD
CodeAnalyst Oputa ompemeneHa CTPYKTypa BPEMEHHBIX 3aTpaT NPH PELICHUU
TECTOBOM 3a/a4M B IOCJIEAOBATEIBHOM pexume. IIpu momomm 3akoHa Ampmana
MOTyYCHBI OIIEHKH MaKCHMAaIbHO BO3MOXKHOTO YCKOPEHHSI IIPH PacapajieINBaHUH
Hanbosee JOPOTOCTOSAIIMX C BBIYHUCIUTEIBHOW TOYKM 3peHus omepauuid. [Ipu
peanu3anyy TOJYYEHHOTO ajropuTMa B pa3padOTaHHOM aBTOpaMM HACTOSILEH
paboTel TPOrpaMMHOM KOMIUIEKCE HCIOIb30BANINCh TexHosorus OpenMP wu
o6ubmmoreka MPI. Pacuers! mpoBouinck Ha yueOHO-BBIYMCINUTEIBHOM KIIAacTepe
kagenpel ®H-2 "INpuknannas matemaruka' MI'TY um. H.D. baymana.

PesynpraThl BBIYHMCIUTENBHBIX 3KCIEPUMEHTOB IIOKAa3ajad, YTO BBIUIPHII IIO
BpPEMEHH, JIOCTUTAaeMBbIi 3a cUeT UCIojbp30BaHus Oubianoreku MPI, He mpeBbiaeT
HECKOJIBKHX TPOIEHTOB MO0 CPAaBHEHMIO C MpUMeHeHueM TexHojoruu OpenMP. B
CBSI3U C 3TUM, IPUHUMAs BO BHUMAaHUs MPOCTOTY paclapauIeINBaHUs adrOPUTMOB
nocpeactsoM OpenMP, MOKHO OCTaHOBUTH BBIOOpP Ha TaHHOW TEXHOJIOTHH, OHAKO
ucnons3oBanue MPI no3Bonser caenats NporpaMMHbBIN KOMIIIEKC YHUBEPCAIBHBIM
—paboTalomMM Kak Ha CHCTeMax C oOOmed MaMsaThio, TaK M Ha CHCTEMax C
pacrpeeNeHHON NaMsATBIO.

BnarogapHocTu

Pabota BrImonHeHa Npu 4acTHYHOW (PMHAHCOBOW moxmepkke rpanTa lIpesunenra
Poccuiickoii ®enepanuu a8 MOJOIABIX POCCUHCKUX YYEHBIX-KaHIUAATOB HAaykK
(mpoext MK-743.2018.8).

Cnucok nutepaTtypbl

[1]. Quarteroni A., Formaggia L. Mathematical Modelling and Numerical Simulation of the
Cardiovascular System. Handbook on numerical analysis, Ed. By P. G. Ciarlet, J. L.
Lions. Amsterdam: Elsevier, 2004, 101 p. DOI: 10.1016/S1570-8659(03)12001-7

[2]. Quarteroni A., Formaggia L., Veneziani A. Cardiovascular Mathematics: Modeling and
Simulation of the Circulatory System. Milano: Springer, 2011, 526 p.

[3]. Goals — euHeart. URL: https  http://www.euheart.eu/index_id_27.html (mara
o6pamenust: 09.05.2018).

[4]. Formaggia L., Lamponi D., Quarteroni A. One dimensional models for blood flow in
arteries. Journal of Engineering Mathematics, vol. 47, 2003, pp. 251-276.
DOI: 10.1023/B:ENGI.0000007980.01347.29.

[5]. Azer K., Peskin C. S. A one-dimensional model of blood flow in arteries with friction
and convection based on the Womersley velocity profile. Cardiovasc. Eng., vol. 7, 2007,
pp. 51-73. DOI: 10.1007/510558-007-9031-y

[6]. Sherwin S. J., Franke V., Peiro J., Parker K. One-dimensional modeling of vascular
network in space-time variables. Journal of Engineering Mathematics. vol. 47, 2003,
pp. 217-250. DOI: 10.1023/B:ENGI.0000007979.32871.e2

[7]. Wang X., Delestre O., Fullana J.-M., Saito M., Ikenaga Y., Matsukawa M., Lagree P.-Y.
Comparing different numerical methods for solving arterial 1D flows in networks.
Comput.  Methods  Appl. Mech. Eng., wvol. 15, 2012, pp. 61-62.
DOI: 10.1080/10255842.2012.713677

312



AsnieeBa A.H., ITy3uxosa B.B. [IpumeHeHue napasuiebHbIX aIrOPUTMOB MPH YUCICHHOM MOJIEIUPOBAHUU KPOBOTOKA B
KBa3HOTHOMepHOM npubmmkenun. Tpyosr MCII PAH, Tom 30, Bbim. 2, 2018 ., ctp. 301-316

[8].

[9].

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].

[18].
[19].
[20].
[21].

[22].

[23].

Wang X., Fullana J.-M., Lagrée P.-Y. Verification and comparison of four numerical
schemes for a 1D viscoelastic blood flow model. Computer Methods in Biomechanics
and Biomedical Engineering, 2014, pp.1-22. DOI: 10.1080/10255842.2014.948428
ABetucsH AWM., babkosa B.B., Tlaiicapan C.C., I'ybapr A.JO. Paspabotka
MapajyieIbHOTO MPOTPaMMHOTO OOecledeHus] ISl pelIeHHs TPEeXMEPHOH 3aJaud o
POKICHUHM TOpHAJO 1o Teopun Hukonaesckoro. Marem. monenupoBanue, Tom. 20, Ne 8,
.2008 r., cTp. 28-40.

MapueBcknit 1.K., Tokapesa C.A. CpaBHenue 3GQEKTHBHOCTH IapauIeIbHBIX
QITOPUTMOB pEIICHUs 3aJad Ta30BOM JUHAMHKM Ha Pa3HBIX BBIYUCIHTEIBHBIX
kommuiekcax. Bectauk MI'TY um. H.O. Baymana. Cepust "EcrectBennsie Haykn'", Ne 1
2009 r., ctp. 90-97.

Mapuesckuit M.K., IllernoB I['.A. IlpuMmeHeHHe NapauIeNbHBIX aJITOPHUTMOB IPU
pelIeHny 3afad TUAPOJMHAMUKH METOJOM BHXPEBBIX 3JIEMEHTOB. BrrumcimTensHble
METO/IbI U porpamMMupoBanue, Tom 11, crp. 105-110.

Mopea B.C. CnocoOpl ycKOpeHHs BBIYHCICHHH TNPH PEMICHHH IUIOCKUX 3agad
a’pOJMHAMHMKHU METOJOB BUXPEBBIX 3iieMeHTOB. BectHuk MI'TY um. H.O. baymana.
Cepust "EcrectBennsie Hayku'", Ne S, 2011 r., ctp. 83-95.

Jlykun B.B., Mapuesckuii U.K., Mopesa B.C., Ilonos A.lIO., Illanosanos K.JI.,
lernos I'.A. Y4eOHO-9KCIEpUMEHTANBHBIH BEIMUCIUTENBHBIN Kinactep. Y. 2. [Ipumepsr
pemenus 3amad. Bectauk MI'TY mm. H.D. baymana. Cepus "EcrecTBeHHBIE Hayku'".
2012. Ne 4. C. 82-102.

Mapuesckuit UK., [Ty3ukosa B.B. HccnenoBanue 3 QpekTHBHOCTH pacnapauieTiBaHus
BBIYHCIICHUI PN MOAEIHPOBAHUN TECUCHHUH BS3KOH HECKMMAEMOH cpenbl MeTomoMm LS-
STAG =Ha cucremax ¢ oOmed mnamaTeio. BeMHCIUTENBHBIE METOIBI M
nporpaMmupoBanue, Tom 16, 2015 r., crp. 595-606.

ITy3uxoBa B.B. Peanuzanus napajieslbHBIX BBIYUCICHUNA B MPOrPaMMHOM KOMILIEKCE
«LS-STAG turb» mjis MOAENUPOBaHUS TEUCHHH BS3KOH HECKHMACMOW cpeaspl Ha
cucremax ¢ obmeit mamsareo. Tpynst UCII PAH, Tom 28, Beim. 1, 2016 1., cTp. 221-242.
DOI: 10.15514/ISPRAS-2016-28(1)-13

MPICH Overview | MPICH. URL: https://www.mpich.org/about/overview/ (mara
obpamenust: 09.05.2018).

Avetisyan A.l., Gaisaryan S.S., Ivannikov V.P., Padaryan V.A. Productivity prediction
of MPI programs based on models. Autom. Remote Control., vol. 68, 2007, pp. 750-759.
DOI: 10.1134/S0005117907050037

Intel (R) Cillk (TM) Plus | Intel® Software. URL: https://software.intel.com/ru-
ru/node/522579 (nara obpamienus 09.05.2018).

Reinders J. Intel Threading Building Blocks: Outfitting C++ for Multi-Core Processor
Parallelism. Sebastopol: O'Reilly, 2007, 336 p.

OpenMP FAQ — OpenMP. URL: https://www.openmp.org/about/openmp-fag/ (mara
o6paruenus: 09.05.2018).

Quarteroni A., Valli A. Domain decomposition methods for partial differential
equations. Oxford: Clarendon Press, 1999, 360 p.

Togynos C.K., 3abpoaun A.B., VeanoB M.A., Kpaiiko A.H., IIpoxomnor TI'.II.
UuncneHHoe pelIeHHe MHOTOMEPHBIX 3ajad ra3oBoi quHamuku. M.: M3p-Bo "Hayka',
1976. 400 c.

Drongowski P., Lei Yu, Swehosky F., Suthikulpanit S., Richter R., Incorporating
Instruction-Based Sampling into AMD CodeAnalyst. 2010 IEEE International

313



Avdeeva A.N., Puzikova V.V. Application of parallel algorithms for numerical simulation of quasi-one dimensional
blood flow. Trudy ISP RAN/Proc. ISP RAS, vol. 30, issue 2, 2018, pp. 301-316

Symposium on Performance Analysis of Systems & Software (ISPASS 2010), White
Plains, NY, 2010, pp. 119-120. DOI: 10.1109/ISPASS.2010.5452049.

[24]. Teprens B.II. BbICOKONPOM3BOAUTENBHBIC BBIYUCICHHS JUII MHOTOIPOLECCOPHBIX
MHOTOs,IepHBIX cucteM. M.: M31-Bo Mock. yH-Ta, 2010, 544 c.

[25]. JTykun B.B., Mapuesckuii M.K. VYueOHO-IKCIIEPUMEHTATBHBIA BBIYMCIHTEIbHBIN
kaactep. Y.1. MuctpymenTapuii 1 BosmoxkHocTd. Bectuk MI'TY um. H.D. baymana.
Cepust «EcrectBennsie Haykn», Ne 4, 2011 r., cTp. 28-43.

Application of parallel algorithms for numerical simulation
of quasi-one dimensional blood flow

A.N. Avdeeva <aan--bmstu@yandex.ru>
V.V. Puzikova <vvp@dms-at.ru>
Federal state budgetary institution of higher professional education «Bauman
Moscow State Technical University (National research university of technology)»,
5/1, 2-nd Baumanskaya st., Moscow, 105005, Russia

Abstract. The main goal of modern hemodynamic simulation is the prediction of blood
pressure in the arteries, as well as the study of the various factors complex effect on the
cardiovascular system characteristics. Quasi-one dimensional models of blood flow through
blood vessels are the most popular. They allow to model the blood flow in the entire vascular
system. Since full-scale simulation of the cardiovascular system requires large computational
costs, the problem of parallelizing computation is actual. In this paper, the efficiency study
was carried out for parallel algorithms in the numerical simulation of blood flow in the quasi-
one-dimensional approximation. For simplicity, we consider the problem of the blood flow
simulation in a separate blood vessel. When constructing a parallel algorithm, the domain
decomposition method was applied. In each subdomain, the problem at each time step splits
into a hyperbolic and parabolic subproblems. To solve the hyperbolic subtask, an integro-
interpolation method based on the MUSCL scheme is used. To integrate over time, the
second order Runge-Kutta and Adams-Bashfort methods are applied. The Crank-Nicholson
method is used to solve the parabolic subproblem. At the subdomains conjunctions, the
interface conditions are non-linear systems with three unknowns. These systems are solved
using the Newton method. The time-cost structure was obtained for solving the test problem
in a serial mode using the AMD CodeAnalyst profiler. Computations were carried out at the
cluster of the BMSTU "Applied Mathematics" FN-2 department. The computational results
showed that the time gain achieved by using the MPI library does not exceed a few percent in
comparison with the OpenMP technology usage. Taking into account the simplicity of
parallelizing algorithms through OpenMP, we can choose this technology, but MPI usage
allows to make the software package universal (it can work both on shared memory systems
and on distributed memory systems).

Keywords: OpenMP technology; MPI; quasi-one dimensional model; blood flow; domain
decomposition method; parallel algorithm; cluster; MUSCL scheme; Godunov splitting.

DOI: 10.15514/ISPRAS-2018-30(2)-15

For citation: Avdeeva A.N., Puzikova V.V. Application of parallel algorithms for numerical
simulation of quasi-one dimensional blood flow. Trudy ISP RAN/Proc. ISP RAS, vol. 30,
issue 2, 2018, pp. 301-316 (in Russian). DOI: 10.15514/ISPRAS-2018-30(2)-15

314



AsnieeBa A.H., ITy3uxosa B.B. [IpumeHeHue napasuiebHbIX aIrOPUTMOB MPH YUCICHHOM MOJIEIUPOBAHUU KPOBOTOKA B
KBa3HOTHOMepHOM npubmmkenun. Tpyosr MCII PAH, Tom 30, Bbim. 2, 2018 ., ctp. 301-316

References

[1].

[2].
[3].
[4].

[5].

[6].

[7].

[8].

[9].

[10].

[11].

[12].

[13].

[14].

Quarteroni A., Formaggia L. Mathematical Modelling and Numerical Simulation of the
Cardiovascular System. Handbook on numerical analysis, Ed. By P. G. Ciarlet, J. L.
Lions. Amsterdam: Elsevier, 2004, 101 p. DOI: 10.1016/S1570-8659(03)12001-7
Quarteroni A., Formaggia L., Veneziani A. Cardiovascular Mathematics: Modeling and
Simulation of the Circulatory System. Milano: Springer, 2011, 526 p.

Goals — euHeart. URL: https  http://www.euheart.eu/index_id_27.html (mara
ob6paruenus: 09.05.2018).

Formaggia L., Lamponi D., Quarteroni A. One dimensional models for blood flow in
arteries. Journal of Engineering Mathematics, vol. 47, 2003, pp. 251-276.
DOI: 10.1023/B:ENGI.0000007980.01347.29.

Azer K., Peskin C. S. A one-dimensional model of blood flow in arteries with friction
and convection based on the Womersley velocity profile. Cardiovasc. Eng., vol. 7, 2007,
pp. 51-73. DOI: 10.1007/s10558-007-9031-y

Sherwin S. J., Franke V., Peiro J., Parker K. One-dimensional modeling of vascular
network in space-time variables. Journal of Engineering Mathematics. vol. 47, 2003,
pp. 217-250. DOI: 10.1023/B:ENGI.0000007979.32871.e2

Wang X., Delestre O., Fullana J.-M., Saito M., Ikenaga Y., Matsukawa M., Lagree P.-Y.
Comparing different numerical methods for solving arterial 1D flows in networks.
Comput. Methods Appl. Mech. Eng., vol. 15, 2012, pp. 61-62.
DOI: 10.1080/10255842.2012.713677

Wang X., Fullana J.-M., Lagrée P.-Y. Verification and comparison of four numerical
schemes for a 1D viscoelastic blood flow model. Computer Methods in Biomechanics
and Biomedical Engineering, 2014, pp.1-22. DOI: 10.1080/10255842.2014.948428
Avetisyan A.l., Babkova V.V., Gaisaryan S.S., Gubar' A.Yu. Development of parallel
software for 3D tornado arising modeling by Nikolaevskiy theory. Matematicheskoe
modelirovanie [Mathematical Models and Computer Simulations], vol. 20, Ne 8, 2008,
pp. 2840 (in Russian)

Marchevskii 1.K., Tokareva S.A. Comparison of the parallel algorithms effectiveness for
solving gas dynamics problems on different computational complexes. Vestnik MGTU
im. N.E. Baumana. Ser. Estestvennye nauki [Herald of the Bauman Moscow State
Technical University. Series Natural Sciences], Ne 1, 2009, pp. 90-97 (in Russian)
Marchevskii 1.K., Shcheglov G.A. Application of parallel algorithms for solving
hydrodynamic problems by the vortex element method. Vychislitel'nye metody i
programmirovanie [Computational methods and programming], vol. 11, 2010, pp. 105-
110 (in Russian)

Moreva V.S. Ways for calculation speed-up in solving 2D aerodynamics problems by
vortex element method. Vestnik MGTU im. N.E. Baumana. Ser. Estestvennye nauki
[Herald of the Bauman Moscow State Technical University. Series Natural Sciences], Ne
S, 2011, pp. 83-95 (in Russian)

Lukin V.V., Marchevskii 1.K., Moreva V.S., Popov A.Yu, Shapovalov K.L., Shcheglov
G.A. Educational-experimental computing cluster. Part 2. Examples of problem solving.
Vestnik MGTU im. N.E. Baumana. Ser. Estestvennye nauki [Herald of the Bauman
Moscow State Technical University. Series Natural Sciences], Ne 4, 2012, pp. 82-102 (in
Russian)

Marchevsky I.K., Puzikova V.V. Efficiency investigation of computation parallelization
for viscous incompressible flow simulation on systems with shared memory.

315



Avdeeva A.N., Puzikova V.V. Application of parallel algorithms for numerical simulation of quasi-one dimensional
blood flow. Trudy ISP RAN/Proc. ISP RAS, vol. 30, issue 2, 2018, pp. 301-316

Vychislitel'nye metody i programmirovanie [Computational methods and programming],
vol. 16, 2015, pp. 595-606 (in Russian)

[15]. Puzikova V.V. Realization of parallel computations in the software package «LS-
STAG turb» for viscous incompressible flow simulation on systems with shared
memory. Trudy ISP RAN / Proc. ISP RAS, vol. 28, issue 1. 2016, pp. 221-242.
DOI: 10.15514/ISPRAS-2016-28(1)-13 (in Russian)

[16]. MPICH Overview | MPICH. URL: https://www.mpich.org/about/overview/ (accessed:
09.05.2018).

[17]. Avetisyan A.l., Gaisaryan S.S., lvannikov V.P., Padaryan VV.A. Productivity prediction
of MPI programs based on models. Autom. Remote Control., vol. 68, 2007, pp. 750-759.
DOI: 10.1134/50005117907050037

[18]. Intel (R) Cillk (TM) Plus | Intel® Software. URL: https:/software.intel.com/ru-
ru/node/522579 (accessed: 09.05.2018).

[19]. Reinders J. Intel Threading Building Blocks: Outfitting C++ for Multi-Core Processor
Parallelism. Sebastopol: O'Reilly, 2007, 336 p.

[20]. OpenMP FAQ — OpenMP. URL: https://www.openmp.org/about/openmp-fag/ (mara
ob6parenus: 09.05.2018).

[21]. Quarteroni A., Valli A. Domain decomposition methods for partial differential
equations. Oxford: Clarendon Press, 1999, 360 p.

[22]. Godunov S.K., Zabrodin A.V., lvanov M.Ya., Kraiko A.N., Prokopov G.P. Numerical
solution of gas dynamics multidimensional problems. Moscow: Science Publ., 1976. 400
p. (in Russian)

[23]. Drongowski P., Lei Yu, Swehosky F., Suthikulpanit S., Richter R., Incorporating
Instruction-Based Sampling into AMD CodeAnalyst. 2010 IEEE International
Symposium on Performance Analysis of Systems & Software (ISPASS 2010), White
Plains, NY, 2010, pp. 119-120. DOI: 10.1109/ISPASS.2010.5452049.

[24]. Gergel' V.P. High-performance computing for multi-core systems. Moscow: Moscow
University Publ., 2010, 544 p. (in Russian)

[25]. Lukin V.V., Marchevskii I.K. Educational-experimental computing cluster. Part 1. Tools
and capabilities. Vestnik MGTU im. N.E. Baumana. Ser. Estestvennye nauki [Herald of
the Bauman Moscow State Technical University. Series Natural Sciences], Ne 4, 2011,
pp. 28-43 (in Russian)

316



