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(pu3rKkH HA TPEXMEPHBIX JIOKAIBHO-2JAIITUBHBIX CETKAX €
HCNoIb30BaHneM rpaguueckux yckopureseit CUDA

M.M. KpacHos
HUIIM um. M.B. Kengriima PAH

OrmickBaeTcst GMONMOTEKA OTIePaTopOB T PabOTHI C CETOYHBIMA (PYHKIVSIMH, ONPEICIEHHBIMH Ha
TPEXMEPHBIX JIOKATGHO-AJANTHBHBIX CETKAX. BHONMOTeKa CIpoeKTHpoBaHa TaK, YTOOBI JETAIH €e
pearnpBaimy OBUTH CKPBITHI OT TIONB30BATENS, YTO TIO3BOIICT 3((EKTHBHO pear3oBarth €€ Ha
MalllMHaX C pa3IMIHON apXUTEKTYpoil (TapaUieNbHBIX, THOPUIHBIX W T.aL). [lpu cosmaHum
OMOJIMOTEKH CTABIIIOCH HECKOJIBKO IIeJIel: IPUOIIIDKEHNE BHELITHETO BUIA IporpamM K (opmyram B
TEOPETUIECKIX Pad0Tax, OTHOCHUTEIbHAS MPOCTOTA MCIOJB30BAHKA, B TOM 4MCIIe IpH paboTe Ha
rpadurdeckux mwarax ¢ apxurekrypoit CUDA, BerauciTeTbHAT Y(Q(PEKTHBHOCTS.

1. BBeaenmue

B 3agagax maTeMaTHdecKoro MOIEIUPOBAHUS IIMPOKO HCIONB3YIOTCS Pa3HOOOpa3HbIE CETKH U
ceTouHble ()YHKIIMH — BEJIWYUHBI, OMPENeNEHHbIe HA ITUX CeTKax. /[ YHCIeHHOTO peIeHns TaKuX
3aJa4 C 3TUMHU CETOYHbIMH (DYHKIMSMH JEJIAl0TCs ONpe/eiEHHbIe mpeoOpa3oBanus. B nurepatype
3T TMPeoOPa30BaHUs YaCTO OIMUCHIBAIOTCS YPAaBHEHUSIMH, COACPIKANIUME OIEPaTOphl, TaKue, Halpu-
Mep, Kak onepartopsl Jlamnaca, rpanuenta, nupepreHuuu. Kpome Toro, ypaBHEHUsI MOTYT COAEpKaTh
JIMHCHHbIC KOMOMHAIIMM U KOMIIO3MIIMUA ONEepaTopoB. [Ipy omucaHuM BEKTOPHBIX MOJEH (TaKUX Kak
TOJISL CKOPOCTEH MJIM CHJI) CAMHU YPaBHEHHMS TaK)KE MOTYT OBITh BEKTOPHBIMU M COJICPIKATh, HAIIPUMED,
CKQJIIPHBIE U BEKTOPHBIC MPOU3BEACHUS BEKTOPOB. YPABHEHUS MOTYT OIEPUPOBATH C Pa3MEPHBIMU
BeJIMUMHAMU. B pe3ynbrare 3anuch YpaBHEHUN BBIMJISAUT KOMIIAKTHO U B TO € BPEMS SICHO U MpPO-
3pauHo. [IpuBeném napy npumeposB. IlepBblii — 3TO ypaBHEHUE COXPAHEHUS KOJIMYECTBA JIBUKEHUS
JUTSL HBIOTOHOBCKOH HEC)KUMAEeMOH JKHIKOCTH 0e3 IEHCTBHSI MaCCOBBIX CHI:

dpU
— TV (pUU) = V- (uVU) = -Vp.

31ech p — IIOTHOCTH, P — naBieHue, U — BEKTOp CKOpOCTH, [\ — BA3KOCTh, V - onepaTtop Habia
(BexTop), UU —ckanspHoe npousBeneHne BekTopoB, VU — muBepreHnus ckopoctd, a VP — rpajiueHT
IUIOTHOCTH.
Bropoii mpumep — 3T0 ypaBHeHHe Diiiepa B THAPOJUHAMUKE UA€aIbHON KUAKOCTH B KOHCEpPBa-
THUBHOU BEKTOPHOH (opme:
om/ot + of/ox + ofy/oy + of,/0z = 0,
rie
m= (p, pu, pv, pw, E) ",
fi= (pu, p+pu’, puv, puw, u(E+p)) ',
f,= (pv, pvu, p+pv?, pvw, V(E+p)) 7,
f.= (pw, pwu, pwv, p+pw?, w(E+p)) ".
31ech p — 3TO IUIOTHOCTH XKUAKOCTH, U, V, W — KOMIIOHEHTBI CKOPOCTH, P — AaBlieHue, E — momHas
SHEPrHsl €MHHUIBI 00bEMA KUaKocTH, E=pe+p(U*+V*+W’)/2, Tie € — BHYTPEHHSS SHEPTHs ¢IHHHIIbI
MAacCCHhI JKUAKOCTU. Bennuunsl fy, fy, f, 3a7ar0T MOTOKY KUAKOCTH B HAIpaBIEHUIX TPEX oceit. Kaxkmast
U3 3THX BEKTOPHBIX BEJIMYMH COCTOUT M3 ISATH KOMIIOHEHT, UMEIOIUX Pa3HbIC Pa3MEPHOCTH. Y paBHE-
HHUe Diepa B JaHHOU GopMe 3a1a€T 3aKOHBI COXPaHEHHUS MacChl, MOMEHTa UMITYJIbCa U SHEPTHU.
HecmoTpst Ha CBOKO OTHOCHUTENILHYIO CIIOKHOCTh, 00a YpaBHEHHsI 3allUCHIBAIOTCS BeChMa KOM-
nakTHO. [Ipu 3ammcu Tex xe cambix (GOpPMYJ B IPOrpamMMax OHH TPEBPAIIAIOTCS B MHOTOCTPOYHBIE
OIepaTopbl C BJIOKCHHBIMU LIUKJIAMHU U CJIOKHBIMH BBIPaKEHHSMH, Pa300paThCsi B KOTOPBIX MOXKET
OBITH HETIPOCTOM 3a/IaUeH.
CyIecTBYIOT CUCTEMBI TPOTPAMMHUPOBAHNS, TIO3BOJISIONINE 3AIUCHIBATE TOI00HBIC BBIPAKEHHUS B
YIPOIIEHHOM BHUJIE C UCIIONb30BaHMeM InadioHoB (Stencils), nanpumep, cucrema Blitz++ (cm. [1]).
OpHako, 3Ta cHUcTeMa He peulaeT ApYyroil BayKHOM 3afaun — oOJierdeHue rnepeHoca nporpaMm Ha Ho-
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BbIC MapaJjieNbHbIE apXUTEKTYphl, HarpuMep, Ha rpaduueckue yckopurenu (Hanpumep, CUDA, cm.
[2]) u HOBBIE mpoteccopsl Intel Xeon Phi (cm. [3]). CyrmiecTByet psia cucteM, 00Ieryaronuii moa00-
HBI epeHoc. Cpean HUX MOXKHO OTMETHTH pazpabortannyio B MIIM mm. M.B. Kengpitma cucremy
DVM (cwm. [4]), cuctembr OpenMP (cm. [5]) u OpenACC (cm. [6]). C ucrnonp30BaHHEM 3THX M UM I10-
JOOHBIX CHCTEM MOKHO OTHOCHTEIIBHO JIETKO HPEeoOpa3oBaTh CYMIECTBYIOIIYIO MOCIEIOBATEIBHYIO
IporpamMmy, HamucaHHyko Ha si3bikax C/C++ wmm Fortran mis paboTsl Ha rpadMYecKUX YCKOPUTEISX
wn npoueccopax Intel Xeon Phi. [lns aToro B mporpamme mnepen ydacTkaMu Koja (Kak MpaBuiio,
[MKJIAMH ), KOTOPBIE JOJDKHBI HCIIOHATHCS MapaUIebHO, HY)KHO BCTABUTh CIICUAIbHBIC HHCTPYKIIHN
KOMITHJISITOPY, KOTOPBIE TIO3BOJIAT €My CTeHEpHpOBaTh MapauieabHblii koa. B s3pikax C u C++ sto,
KaK TpaBHIIO, JEJIaeTCs C MOMOIIBIO T.H. mparM (#pragma dvm, #pragma omp wuam #pragma acc). B
nporpammax Ha si3bike Fortran mcmosb3yroTes rnceBIqoKkoMMeHTapun (Hampumep, !$acc). Ecmu ckom-
NWJIMPOBATh TAKyl0 MPOTrpaMMy OOBIYHBIM KOMITMIIATOPOM, KOTOPBIA «HE MOHMMAET» 3TUX MHCTPYK-
Ui, TO OH UX MPOCTO HMPOUTHOPHUPYET M CTEHEPHPYET IMOCIEAOBATENBHBIN Kol. Bcé 310 mo3Bosser
OTHOCHUTENFHO JIETKO MEPEHECTH CYLIECTBYIOIIYI0 MPOTpaMMy Ha HOBBIE apXWUTeKTypbl. Eciu mpo-
rpaMMa KOMIIMJIMPYETCS Ul TE€TEPOreHHON apXUTEKTYphl ¢ OTICIBHBIM YCKOpPHUTENeM (Hampumep, C
rpaduyeckum yckopurenem, Takum, kak CUDA wiu ¢ mporieccopom Intel Xeon Phi), To HyxHO numeTh
B BUJY, YTO y OTJIEJILHOI'O YCKOPUTEIS CBOSI ONIEPaTUBHASI IAMSTh, 1 OH MOXKET 00pabaThIBaTh TOJILKO
JlaHHbIE, pa3MelIEéHHble B Hel. [10aTOMYy KOMIWISITOP, FEHEPUPYIOLIUM NTapajuIebHbIM KOJ, KaK Ipa-
BIJIO, XPaHHT J[BE KOIUH JAQHHBIX — B MaMsATH OCHOBHO# (hOSt) cucTeMbl M B maMsTH YCKOPUTEINS U
Ipy HEOOXOAMMOCTH CHHXPOHHM3YET HX (KONHUPYeT B Ty WIM IPYrylo CTOpoHY). CHHXpOHHU3anuen
JaHHBIX (KOTJIa ¥ YTO KOITUPOBATh) TAK)KE MOXKHO YIPABJIAThH C MIOMOIIBIO CIICIHAIBLHBIX HHCTPYKIIUIT
(TIparm Wiw 1ceBJOKOMMEHTAPHUER).

OnHako, BCE 3TO HUKAK HE COKPAIIAeT pa3MepoB GOPMYII B IPOTpaMMax.

OmnwuceiBaemasi OMOIMOTEKA CTOUT Ha CTBIKE STHX JBYX HampasieHuid. C 0JTHOW CTOPOHBI, OHA IO0-
3BOJISIET MCIOJIB30BaTh COKPALIEHHYIO 3allUCh BBIPAKEHUH C MCIOIB30BAHUEM OIEPAaTOpPOB, aHAJO-
THYHBIX MAaTEMaTHYECKHM, a C APYTOi CTOPOHBI, IMO3BOJISIET MyTEM IPOCTOH NEPEKOMITWIISAIIN TeHe-
PHPOBATH KOJ, UCTIOJHSAEMBII Ha pa3IMYHBIX apXUTEKTypax.

2. bub6amnoreka gridmath

st Toro, 4ToObI BHEITHUN BUJ YpaBHEHHI B TIporpamMax Ha si3bike C++ MOXKHO ObLIO mpuOIu-
3UTh K BHEITHEMY BHJy TE€X )K€ ypaBHEHHH B MaTeMaTHYECKOH JIMTepaType, HalicaHa OrepaTopHast
oubamoteka gridmath (cm. [7]). B et cetounast pyHKIUS — 3TO KJ1acc, ISl KOTOPOTO Mepeonpeerie-
HBI CTaHIapTHBIC MaTeMaTudeckue onepamuu. Kpome Toro, onepartop (Hampumep, omneparop Jlarraca)
npeBpanéH U3 abCTPaKTHOTO MaTeMaTHYECKOT'O MOHITHS B KOHKPETHBIA MPOrpaMMHBIH 00bekT. Ha-
npuMep, ypaBHEHHUE

u = A(uv)

C Wcmojb3oBaHueM OuOnmoreku gridmath moxker ObITh 3amucaHo, Hampumep, Tak:
u=laplas (mu*v) ;

B mpaBoii wactu omneparopa HPHCBAaMBAHHUS MOXKET CTOSTh BBIPRKEHHE JIOOOH CIIOKHOCTH, pe-
3yJIBTATOM 3TOTO BBIpAKEHUS OYJET CETOUHBINA BBIYUCIUTENh, KOTOPBIH 3alIOMHHUT BCIO LIEMIOYKY BBI-
YHCJICHUH, HE MPOM3BOS MX. B MOMEHT NmpuCBauBaHUS BBIYMCIHTENS CETOUYHON (DyHKUIUH TPOU30M-
JET 3aIlyCK BBIYUCIICHUH, U JUIA BCEX TOYEK CETOYHOW (DYHKIMHM B JICBOW YacTH OllepaTopa MpUCBau-
BaHUsI OYAyT MPOU3BEICHBI BBIYHCICHUS B COOTBETCTBHE C 3AIIOMHEHHOH IIETTOYKOH.

bubnunoreka gridmath pemaer emé oaHy BakHyro 3aaady. Kak n3BeCTHO, HA MHOTHX COBPEMEH-
HBIX CyNepKOMITbIoTepax (kiaactepax) crosaT rpaduueckue yckoputean CUDA wmm yckopurenu Intel
Xeon Phi. Hanpumep, B ciucke top500 cambix MOIIHBIX cyriepkoMitbioTepoB (cMm [8]) 3a Hosi0ps 2014
rojia Ha MIEPBOM MeCTe CTOUT cynepkomibiorep Tianhe-2 (Kuraii - NUDT), ocHoBaHHBI Ha mporiec-
copax Intel Xeon Phi 31S1P, a na Bropom mecte — Titan (CLIA - Cray Inc), ocHOBaHHBII Ha rpadu-
yeckux yckopuremax NVIDIA K20x. Muorue Poccuiickue cynepKOMIBIOTEpBI, HalpUMeEp, CaMblid
MortHbIi Poccuiickuii cyrnepkommbioTep «JlomonocoBy (cM. [9]) u BeruncnurensHbli kinacrep K-100
B UIIM um. M.B. Kennpima PAH (cm. [10]) Taxke comepxar rpaduueckue yckopurenu. Hampumep,
Ha K-100 Ha xaxgom u3 64-X y3710B, HOMHMO JIByX OCHOBHBIX mpoueccopoB Intel Xeon X5670 crosr
no Tpu maatel NVIDIA Fermi C2050 (o 448 GPU u 2,8 Gb mamsatu Ha kaxaoMm). DhdekTHBHOE Ke
HCIIOJIb30BaHNE 9THX BECbMa BHYIINTEIBHBIX BEIYHCINTEIBHBIX MOITHOCTEH 3aTPyAHEHO, T.K. TpeOyeT
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OCBOCHHS OOJIBIIOrO 00bEMA HOBOW M HEMPUBBIYHON HH(POPMAIMK O METOJaX MPOrpaMMHPOBAHHUS Ha
HuX. OTHON W3 IeeH pH CO3MaHuN ONONMOTEKH CTAaBUJIOCHh 0OJIErYeHHe UCTIOIB30BaHUS TTOT00HBIX
TeTepOreHHBIX CHCTEM. B wacTHOCTH, BCe pe3yabTaThl, H3JI0KEHHBIC B JTAHHON CTAaThe, MONyYEeHBI HA
knactepe K-100.

Kaxk moxa3aHo BbIIIe, OCHOBHO 3aIlyCK BBIYHMCICHHH B OMOIMOTEKE MPOU3BOANUTCS B OIEpaTOpe
NPUCBAaUBAHUS BBIYUCIUTENS ceToYHOW (yHKmmu. To, Kak 3TOT OIepaTop peann3oBaH, HOJTHOCTHIO
CKPBITO OT TOJIB30BATENsl U MOXKET MPOU3BOAUTHCS KaK MOCIEI0BATENbHO, TaK U MapajuIeiIbHO IS
TOYEK ceTouHoW (pyHKIMHU B JeBoi uacTu. [lopsmok 00xona ToUek — BHyTpEeHHEE A€o OMOIMOTeK: U
HOJIB30BATENb HE JOJDKEH 3aKJIAJBIBaThCS HA TOT WIIM MHOM TMOPSAAOK 00Xoma Touek. Be€ aro maér
OMOIMOTEKEe CYIIECTBEHHYIO THOKOCTh. B 9acTHOCTH, ecii KOMIMJISIIUS OCYIIECTBIIACTCS KOMITHIIS-
topom nvcc (CUDA), To, Bo-niepBbIX, BCE JaHHbBIC CETOYHBIX (DYHKIIMI pacroaratoTcs B MaMsTH rpa-
¢udeckoro yckopures, a He hOSt-cucTeMbl, U, BO-BTOPBIX, ONEPATOp MPUCBAMBAHUS PEaIn30BaH ITy-
Té™m BbI30Ba siapa (Kernel) B rpadudeckom mporeccope u OCYIIECTBISIETCS MapauienbHo. B mociaeno-
BaTEIIbHOM CiIydae 00XOJ TOUYEK B Cllyyae TPEXMEPHOW PETYJSIPHOH CETKH OCYLIECTBISIETCS B TPEX
BJIOKEHHBIX IUKJIax 1Mo TpéM ocsiM. [Ipu pabote na CUDA cienyer oOpaTuTh BHUMaHHE Ha TO, UTO, B
OTIIMYHE OT YHOMSHYTHIX BO BBEJEHHH CHCTEM, HAlleICHHBIX Ha pacnapauienuBanre nukiioB (DVM,
OpenACC), 6ubmmoTeka Ha XpaHUT KOMHUIO JaHHBIX B mamsaTH ocHoBHOro (host) mpomeccopa. Bee
JIAHHBIC CETOYHBIX (PYHKIMU XpaHsATcs Tojbko B mamsatu CUDA. Iy xpaHeHus JaHHBIX CETOYHBIX
(GYHKIMHA TPH KOMIWISIIUKA «OOBIYHBIMY KOMITHISITOPDOM HCHONB3yeTcsi Kiace Std:vector u3 crau-
naptHoii OmOmmoreknm C++, a NpM KOMIWIAMKA C TOMOIIBIO NVCC HCHOJNB3YETCsl KIace
thrust::device_vector uz CUDA SDK.

Takum 00pa3om, Mpu KCIOIb30BaHUK OnOIMoTeku gridmath mepeHoc mporpammel Ha Tpaduye-
ckne yckoputenu CUDA sBnsieTcss OTHOCHUTENBHO MPOCTOH 3aiaueil u He TpeOyeT OT IOJIb30BaTels
OMONMMOTEKH (a UM Yallle BCEro SBISACTCS MaTeMaTHK, CIICHUAITUCT [0 YUCICHHBIM METOIaM) TITyO0KO-
ro 3HaHus MeTo0B nporpammupoBanus ainst CUDA. B npocreiimem ciydyae nporpaMmy AOCTaTOYHO
IPOCTO MEePEeKOMIMINPOBaTh. HeMHOTO ciokHee momydaercs: npu ucnoib3oBanuu MPI. B stom ciry-
Yyae Ha/I0 YYUTHIBATh, YTO JAaHHBIE CETOUHBIX QyHKIMNA pacrnonoxensl B mamsitu CUDA, a MPI pa6o-
TaeT ¢ MaMAThI0 NOSt-cHCTEMBI, MTOITOMY HYXXHO emmié no0aBuTh KomupoBaHue naHHbIX 3 CUDA B
host-cucremy 1 o6patHo.

[Teperoc mocnenOBaTeNbHONW TNPOTPaMMBbl, HAINHMCAHHOH C HCIOJIb30BAaHHEM OHOIMOTEKH
gridmath, Ha yckoputens Intel Xeon Phi taxoke siBisiercst mpocToii 3aaaueid. J{ist 3TOro MCHoyb3yercs
OpenMP (cm. [7]). st Toro, 4To0Bl 3alyCTUTh MPOrpaMMy Ha 3TOM yCKopuTese B Native pexume,
HY’)KHO CKOMIIMJIMPOBAaTh IMporpaMMy OObIYHBIM KoMmmmisstopom ot Intel (mampumep, icpc wim
mpiicpc) ¢ ommsaMu —MiC 1 —Openmp. B 3tom ciiyyae, Kak yke rOBOPHJIOCH BbIIIE, 00X0J TOYEK
OCYIIECTBISIETCS B TPEX BIOKEHHBIX MUKIAX MO TpéM ocsiM. Ho mepes aTHMH IMKITaMu CTOMT Tparma:

fpragma omp parallel for private (i, ], k)

Ecnu He yka3zana omiust —Openmp, To KOMIMISTOP UTHOPUPYET 3Ty MparMy M Mojry4aeTcs mociie-
JloBaTebHbIN K01, Eciu sxe 3Ta omims ykaszaHa, TO MOJIy4aeTcs Mapalie/IbHbIA KO Ha O0IIeH maMsaTH
(pacmapasurenMBaHue IMKJIA), HCIOIB3YIONIHI BCE UMEIOIINECS BBIYMCIUTENBHBIE BO3SMOKHOCTH CHC-
Tembl. Oy —0PeNMpP MOXKHO, €CTECTBEHHO, HCIOJIB30BaTh M Ha OOBIYHBIX Tporieccopax. [Ipu sTom
TIOJTYYHTCS TTapaJUIeTBbHBIN KO/, UCTIONB3YIONINIA BCE siIpa OOBIYHOTO Mpoleccopa (MM MpOILEeCCOPOB,
€CJIM UX HECKOJIBKO).

3. IlepeHoc 6M0JMOTEKH HA JIOKAJIbHO-aIaANITUBHbIE CETKH

[lepBonayansHast Bepcusi OMOIMOTEKH HalMCaHa Ui PETYJSPHBIX ABYX U TPEXMEPHBIX MPSIMO-
yroibHbIX ceTok. C e€ momorpio yenemno nepenecén Ha CUDA mHorocerounsiii Mmeton (cm. [11]).
[IpoBenén cpaBHUTENBHBIN aHATN3 3P PEKTUBHOCTH MHOTOCETOYHOTO METO/Ia HA Pa3IMYHBIX apXUTEK-
Typax BBIYHCIUTEIBHBIX CHCTEM. Pe3ybTaThl n3ioKeHsl B padote [12].

3areM BCTal BOIPOC O MepeHoce OMOIMOTEKH Ha HeperyysipHble ceTKH. OCHOBHas HJesl TAKOro
MepeHoca COCTOUT B TOM, YTOOBI HEKOTOPHIM 00pa30M YHOPSIOYUTh STYEHKN CETKH, a 3aTeM, MPH MPH-
CBaNBAHUHU BBIPAKEHMSI CETOUYHOH (PyHKIMH, AenaTbh UX OAHOMEPHBIM 00X0[, MOCiIeI0BaTeNbHBIN (B
onHoM 1ukie) wim napamwtensHsiit (st CUDA wim OpenMP). Tlpu nepenoce OMOIMOTEKH Ha JpyrHe
THITBI CETOK TI0 CYTH, CO3/1aéTCS HOBasi OMOMMOTEKa, a HE HOBAas BEPCHsI CYIIECTBYIONMEH OHOIMOTEKH.
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B pesynbrare co3zmaércs menoe ceMeHCTBO OMOIMOTEK, OTIMYAIOMIMXCS THIIOM CETKH, HO ¢ 0Omiei
BHYTPEHHEH UIE0JIOTHeH 1 ¢ MHOTOYUCICHHBIMU OOIMMH YaCTSIMH.

BaxkHOe oTnmume B ciaydae HEPETYISPHBIX CETOK COCTOUT B TOM, YTO CETKA SIBHO OTHENAETCS OT
ceTouHoW ¢yHKUMH. B mpocreiimem ciydae B 3TOM He ObLIIO HEOOXOAUMOCTH, T.K. PEryisapHas Ips-
MOYTOJIbHAsI CETKa YCTPOEHA OYECHb MPOCTO U €€ BBIHOC B OTHENbHBIA OOBEKT HE MMEET cMbIcia. B
Cly4ae e HEpEryJSIpHOM CETKH 3TO He TakK. ECTh Lenblil psia HETPUBHAIBHBIX ONEpPalUil C CETKOM,
TaKUX Kak OMpeJesieHNe coceel sSueiik, BRIYUCIeHUE IonIaaei rpaneii, 00bEMOB siueeK, BEKTOPOB
HOpMaJIel K rpaHsM, HE UMEIOUINX HETOCPEACTBEHHOI0 OTHOIIEHUS K JaHHBIM, KOTOPbIE XpaHUT ce-
TouHas (HYHKIUS B KaxAoH siuerike. [103ToMy BEIHOC CETKU B OTAEIHHBIN CAaMOCTOSTEIHHBIN OOBEKT B
3TOM ciiy4yae onpaBaaH. CeTka He XpaHUT JJaHHbIX, HE UMEIOIINX K He HENOCPEICTBEHHOI'O OTHOLIE-
HUSI, 3TUM 3aHUMaeTcs ceTouHast pyHkuus. CeTounas QyHKIHS OnpeaensieTcss Ha CEeTKe, T.e. 00BEKT-
ceTKa nepenaércs CEeTOYHOM (PYHKIMH Kak IapaMeTp CO3AaHUs U MOXKET BIIOCIEICTBUU HCIOJIb30-
BaThcsa. CeTouHas QyHKIMS IO XKEJaHHUIO0 IPOrpaMMHCTa MOXKET OBITh ONpEAEeHa B AYEHKaX CETKU
win B e€ y3nax (BepmmHax). CerouHas QpyHKIHMS MOXET XPaHUTh AJS KaKIOW SYEHKHU CETKH OJHO
WJIM HECKOJIBKO CKAJIIPHBIX WM BEKTOPHBIX 3HaueHUi. Hampumep, eciau HyKHO JUIsl KaXKI0U SYEHKU
CeTKH XPaHUTb HEKHH TPEXMEPHBII BEKTOp (HAmpUMeEp, BEKTOP CKOPOCTH), TO HET HEOOXOAMMOCTH
3aBOJINTH TPH CETOYHBIX (YHKIUH IS XpaHEHMs KaXKIOW W3 KOOpAWHAT. MOXKHO 3aBECTH OAHY ce-
TOYHYIO (PYHKIHUIO ¥ XPAaHUTh B HEW JJISl KAKAOH SYEHKH CETKH Cpasy Bce TpU KoopAuHaThl. Ha onHol
U TOH K€ CETKE MOXKHO ONpPENeNUTh JIF000e KOJMYECTBO CeTOYHbIX (PyHKIMH. OnHA U3 HUX MOJXKET,
HaIpUMep, XpaHUTb CKOPOCTh (BCe TP KOOPAMHATHI), Apyrasi — JAaBICHUE, TPEThs — INIOTHOCTb, Y€T-
BEpTas — TemIepatypy U T.A. bubnuoreka mo3BoJsieT XpaHUTh M pa3MEpHbIC BEIUYMHBI, IPU ITOM
PasMEpHOCTh NEPEMEHHOM — 3TO MapaMeTp BPEMEHU KOMIWIALUHM U HUKAaK HE BIMAET HU Ha 00BEM
JIAHHBIX, 3aHIMAaeMOW TTePEeMEHHON B OIEPATHBHOM MaMATH, HU Ha CKOPOCTh 00paboTku maHHBIX. C
JIPYrOil CTOPOHBI, HUCIOJB30BAaHHE PA3MEPHBIX BEJIWYHH, BO-TIEPBBIX, MOBBIMIAET HATJISIIHOCTH IPO-
rpamMMBl, T.K. YK€ U3 OIpeAeNieHHs] IepeMeHHO! (e€ pasMepHOCTH) SICHO, YTO B HEW COJEP)KUTCS, W,
BO-BTOPBIX, HO3BOJIIET YacTh NPOTPAMMHBIX OLIMOOK (TaKHX, KaK CI0KEHHE U BBIYMTAHHE BEJINYMH,
MMEIOUINX Pa3HyI0 pa3MEepHOCTh) OTJIOBUTH YK€ Ha CTaIUH KOMITHIISILINY.

B kauecTBe mepBoro mara npu mnepeHoce OMOIMOTEKH Ha MPOU3BOJIBHBIC HEPETYISIPHBIE CETKH
OBUIO MPHUHATO PELICHUE NepeHeCTH OUOIMOTEKY Ha JIOKAIbHO-aJalITUBHBIE CETKH.

JlokanbHO aganTUBHBIE CETKH (POPMUPYIOTCA Ha OCHOBE PETYJSPHBIX PaBHOMEPHBIX ceTOK. Du-
3UYECKUM 1Iar UCXOJHOW PETYJIAPHOM CETKH BOJIb KaXXJ0M U3 OCel MOCTOSHHBIN, HO BJOJIb Pa3HbIX
ocell MOXXeT ObITh pa3HbIM. CeTKa CTpPOMTCS caMoil OMOMMOTEKOW MM MOXKET OBITh 3arpy’KeHa U3
¢aiinma. [locme mocTpoeHUs: ceTKy MOXKHO COXpaHuTh B (Qaitn. @opmar Qaiina OMHApHBIA W HECTaH-
JnapTHbIA. Bo3MoxeH skcnopT ceTku B ¢aitin ¢popmara TecPlot (ogHO 30HHBIH ¥ MHOTO30HHBIN), a
taroke B popmat ig u METIS (cm [13]).

Cetka cTpouTcs ciaeayoumM o0pa3oM. BHYTps HCXOAHOM PEryJsIpHOM CETKH MOMEIAETCs TEJ0
NPOU3BOJIBHOM (HOPMBI, HaIpUMED, LIap WIN LWIMHAP Tak, 4ToObl ObLI IMPOCTOW aJrOpUTM, MO3BO-
JISTFOIIMH JIJ1s1 JIF0OO0H TOYKM BHYTPH MCXOJHON (DU3MUECKOM 00JIaCTH OTBETUTH HA BOMPOC, HAXOIUTCS
JIM 3Ta TOYKa BHYTPU TeJla UM CHapy>KU. 3aTeM CTPOSTCA HECKOJIBKO (Hampumep, 5) ypoBHEH JTOKaIb-
HO-3JIaNITUBHOM CETKH, MPUUEM Ka)KIbId CIEAYIOIUI ypOBEHb CTPOUTCS Ha OCHOBE IPEIBITYLIETO.
HcxomHast peryisipHasi ceTka pacCMaTpUBaeTCsl Kak HyJeBOH ypoBeHb. Jlo mocTpoeHus ceTku hopMHu-
pyroTcs robaibHbIe (00IIUe U BCeX YPOBHEW) MacCHBBI (PM3UYECKUX KOOPIMHAT MO KAXKIOMY M3
Tp€x HampaieHui. [lepBoHayasbHOE 3alONHEHHE 3THX MAacCHBOB IIPOCTOE — 3HAYCHHE MO i-My HH-
JIEKCY PaBHO IIAry MO JAHHOMY HaIpaBJIEeHUIO, TOMHOKEHHOMY Ha 3TOT MHJEKC. DTH MAaCCUBBI IWHA-
MHUYECKHE — 0 Mepe MOCTPOCHUSI CETKH OHM pacmupsiorcs. llpu neixenunn pebpa momoiaM MOMKET
BO3HUKHYTHh HOBas TOYKa C KOOPAMHATOM, KOTOPOU emE HET B MacCHBE KOOpAMHAT. B aToM ciyuae
KOOpJMHATA C 33aJaHHBIM 3HAYCHUEM J00aBiIsIeTCs] B KOHEL MacCHBa KOOPAMHAT. DTO, B CBOIO OYe-
penp, 03HAYaeT, YTO MACCHUBHI KOOPIWHAT HE YMOPAJOYEHBI MO BO3PACTAHUIO (KpOMe Hayalla 3THX
MacCHBOB), 3HAUCHHS KOOPJUHAT MOTYT UATH B IPOM3BOJIBHOM IOPSIIKE.

AJTropuUTM NOCTPOEHUH CIIEAYIOIEero (HaYnHas ¢ IEPBOT0) YPOBHsI cienytoumid. M3HavansHo amst
CTPOSIIIEroCs YPOBHs CIMCOK pé0ep, rpaHed U siueek mycroit. PaccmaTpuBaiorcs Bce péOpa ceTKu
MPEBITYIETO YPOBHS. Y KaXI0ro pedpa ecTh JBE BepIIMHBI. Eciu OKka3bIBaeTcs Tak, YTO OJHA U3
BEPLIMH pedpa JICKUT BHYTPHU Tejla, a BTOpas — CHapyXH, TO 3TO pedpo AETUTCS MOMOIaM, U MOIy-
YUBIITHECS JBA KOPOTKUX pedpa M00aBIAIOTCS K CIIUCKY pEOEp CTPOAIIETOCsS YPOBHS, a camo pedpo ¢
MPEIBITYIIETO YPOBHS ITOMEYaeTCs Kak MojIeJIeHHoe. B onmcanny kaxaoro u3 00beKTOB CeTKU (Bep-
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IIMHBI, TPAaHU WM SYEHKH) XpAaHUTCS MHIEKC COOTBETCTBYIOLIETO OOBEKTa CO CIEAYIOLIETO yPOBHSI.
Ecnu sToT uHAEKC paBeH -1 (HegomycTUMOe 3HAa4YeHHUe Ul MHIEKCa), TO 3TO 03HAYaeT, YTO JAAaHHBIN
00BEKT CETKH He MOAEIEH, MHA4Ye B HEM XPaHUTCS! HHACKC NIEPBOTO U3 OOBEKTOB, U3 KOTOPBIX COCTOUT
JaHHbI 00BekT. [locne Toro, kak Bce péOpa paccMOTpeHBI (M HEKOTOPHIE M3 HHUX IMOJENICHBI), pac-
CMaTPHUBAIOTCS BCE TPaHU CETKHU Mpeablayiero ypoBHs. Eciu oka3piBaeTcst, 4To 1151 O4epeHON IpaHu
XOTs1 ObI OHO M3 4YeTHIPEX pEOGep ObUIO MOJENIEHO Ha MPENbIAYIIEM Iare, TO OCTaBILMECS HE IOAe-
NEHHBIMU pEOpaA 3TOM TpaHU TaKKe AETATCS MOIMoJaM, a caMa TpaHb ACTUTCS Ha 4 MaJeHbKUX PaBHBIX
rpaHy, KOTOpbIe TOOABISAIOTCS K CIIMCKY IPaHeil CTPOSILErocs YpoBHA, a TPaHb MPEIbIAYILEro YPOBHS
IIOMeYaeTcsl KaK MOZeIeHHasl. 3aTeM aHaJOrM4YHasl poLeLypa MOBTOpsieTcs Al siueeK. Ecau xoTs Obl
OJlHAa W3 ILIECTH TpaHell A4yelku OblIa MoJesieHa Ha MPebIAyIIeM LIare, TO OCTaBIINeCS He MOJCIEH-
HBIMHU TpaHM TaKKe JeNATcs (BMECTE CO CBOUMH pEOpamm), a caMa siueiika JenuTcs Ha 8 MaJeHbKHX
PaBHBIX S4Y€EK, KOTOPhIE AOOABISIOTCA K CIIUCKY SYEEK CTPOSILIET0Cs YPOBHS, a A4eiKa MpeIblayIiero
YPOBHS IIOMEYaEeTCs KaK MOCICHHAS.

[Tocne mocTpoeHust 0YepeTHOTO YPOBHS B TOM Cllydae, €ClIH HOMEP MOCTPOCHHOTO YPOBHS O0JTb-
ure 1, ocymecTBiseTcsl CriaKMBaHUE MPEIBIAYIIMX YPOBHEH B 00paTHOM MOpsAKe (BHAYAIE CIIIAXKH-
BaeTCs NpeA-TPEeAbIIyLIINHA YPOBEHb, 3aT€M Mpel-Tpea-Npeaplayuil u 1.1.). CriiakuBaHue AeIaercs
JUTSL TOTO, YTOOBI C IBYX CTOPOH OJTHOM I'PaHU HE OBLIO SYEEK «Uepe3 YPOBEHBY, T.€. 3TO JOJDKHBI OBITh
WM STYEUKU OJTHOTO YPOBHS, WJIM COCEJIHHMX ypPOBHEH. ANTOpUTM CriIaKuBaHus ciemyromuid. [Ipo-
CMaTPHUBAIOTCS BCE SUEHKHU CriakuBaeMoro ypoBHs. Eciu kakas-To suelika He ObLia MoJeeHa, a XOTs
OBl oHA M3 e€ TpaHel mojeneHa ABaKIb! (TIOJIeNeHa IPpaHb U XOTs ObI 0JTHA U3 €€ TOUYEePHHUX TpaHei),
TO stueiiKa JAeTUTCS (BMECTE CO BCEMU CBOMMU TPaHIMH U pEOpaMu).

dopmar BHYTpEHHETO TpeCTaBlIeHUs HHPopMarmu 000 BCeX IeMeHTaxX ceTku (pEopax, rpaHsx,
sueiiKax) OTMHAKOBBINA M COEPIKHUT CIEAYIOIIUE TTOJIS:

int child;
int boundary type;
int map[6];

Ilome child 3ama€T WHAEGKC TIEPBOTO JIOUYEPHETO OOBEKTOB  CIEAYIONIETO  YPOBHS
i -1,

[Tone boundary type COIEPKUT NPU3HAK TPAHUYHOrO IeMeHTa. ) — BHYTpEHHUH 31eMeHT, 1 —
TPaHUYHBIA C TPAaHUYHBIM ycioBueM Tumna upuxie, 2 - TpaHUUYHBIN C TPAaHUYHBIM YCJIOBHEM THIIA
Heiimana.

B none map xpanutcs nHbopMaius 006 00bEKTaxX TOTO ke YPOBHSI, COCTABIISIONINX JAHHBIN dITe-
MeHT (BepiurHax Juis pedpa, pédep [uist rpaHel, rpaneit ais saeek). Jis pé€dep XpaHsaTcs KOOPAHMHATHI
(rmoGanbHBIE MHIEKCHI) ABYX BepinuH. i rpaHelt rpaHAaTcs HHASKCH 4 pé0ep, OKpYKaromuX JlaH-
Hy1o TpaHb. [locnennne aBa 3MeMEHTa MaccHBa Map B 3TOM clydae HE HCIOIB3YIOTCA. JJis saeex
XPaHATCS MHIIEKCHI 6 TpaHeH, OKPYKAIOIINX JaHHYIO SYEHKY.

Jis ceTouHBIX QYHKIWH, ONpeNelnEHHbIX Ha JIOKAIBHO-aJalTHBHEIX CETKaX, ONpeAelieHbl TaKue
JKe OIepalluy, Kak U JUIsl CETOYHBIX (DYHKIMI Ha PETyJIApPHBIX CETKaX (CIOXKEHHE, BBIYUTAHUE, YMHO-
JKEHHUE U TIP. CO CKAJISIPaMU M BBIYUCIISICMBIMU O0BEKTAMHU) M TAKXKE MOXKHO CO3]IaBaTh ONEPATOPHI.

4. Pemenue napadoau4ecKnux ypaBHeHH

PaCCMOTpI/IM napa6on14quKoe YpaBHCHUC

ou
i div(k gradu) —au+f

bynem HCKaTh pelenue 3TOro YpaBHEHUSA B TpEXMEPHOI obnactu

Q= [Xo; X1l * [Yo; Y1l * [20 ; 1] (mpsiMOyTONBHBIN TTapasuIeNenue ) MPU YCIOBUH, YTO HA BCEX rpa-
.. . . ou

HSIX Pacy€THOW 00JIACTH 3aJlaH HYJIEBOW MOTOK k—==0, e 7 — BHEIIHASA HOPMaJb K TPaHMIIE Pac-
4yérHoit oonactu. Oyukuuu k(r), f(r), a(r) > 0 sBusrorces 3aganubivu, r=(t,X,y,z) € G =[to; T] x Q, [to ;
T] — 3amanHbIi HHTEPBAT BPEMEHH.

[penmnonaraercs, 4To pacyéTHas 00IaCTh MOXKET COJEPIKATh 30HBI CO CII0KHOM reoMeTpHei, OT-
JMYHOW OT TPSMOYTOJIBHBIX MMapajlIeIeUIe0B. DTH 30HbI MOTYT MMETh pa3iH4yHble (DU3HMUECKUE
CBOMCTBA, Ha I'PAHUIIAX 30H TEH30p IU(PPY3HH K MOXKET OBITh Pa3pPBIBHBIM U €r0 CKa4OK HA TIOBEPXHO-
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CTH pa3pbiBa MOXKET OBbITh OONBIIMM. TOra B OKPECTHOCTU MOBEPXHOCTH pa3phbiBa PEIICHUE MOXKET
UMETH OOJNBIITNE TPAJAUEHTHI, AT CETOYHOTO BOCIIPOU3BEICHHS KOTOPBIX OOBIYHO TPEOYIOTCS MOIPO0-
HbIe ceTk. Ho mocTpoeHue moapoOHO# CETKH Ha BCel pacu€THOM 001acTH MpuBeaET K 3HAYUTEIILHO-
MY POCTY BBIYMCIUTEILHOU CIIO)KHOCTH 3a7a4i. BEIOOPOYHOE U3MENBUCHUE DIIEMEHTOB CETKH MOXKET
OKa3aThCsl KOMIIPOMHUCCHBIM perieHreM. JIokanpbHO-aIanTHBHBIE CETKH KaK pa3 W MOMOTAIOT PEIIUTh
TaKylo 3ajaqdy.

PaccmoTpuM ypaBHEHHE TEIUIONPOBOIHOCTH B clieaytoeit gpopme:

dou _ @ ( 6u) d ( au) i ( au)
— =\t -\, =)t -la,—)—a-u+
ot 9x \ XX ox oy \"YY oy 0z \ %% 9z f
JInst modydeHus: TUCKPETHBIX YPAaBHEHUH HCIOIBb3YeTCs METOJA KOHEUHbIX 00bEMOB. CerouHas
(GyHKIMA 3aaHa B IEHTPaX SYEEK, U S9eiKa KOHCEPBATUBHOCTU COBIAMAET C AYECHKON CETKH:

Ti—ui _ 16 i i ~
V_izfacezlAfaceSface —a;u; + fl
WHzekce | HyMepyeT ceTOuHY0 (QYHKIIUIO B [ICHTPE STMEHKH CETKH,

il; — IckoMoe 3HaueHHe PYHKITUHM HA BEPXHEM BPEMEHHOM CJI0e t=t+r,
Sface — TIOMIATH GOKOBOM IPAHHU SUCHKH,

A}ace — yaenbHBIA MU Y3UOHHBI TOTOK depe3 OOKOBYIO TpaHb SYCHKH B HAIPABICHUH BHEIIHEH
HOpMautd, Vi — 00bEM i-0if sTueiiku.

st mapaOoaryecKux ypaBHEHHH YHHBEPCAIbHOM SBISETCS SIBHAS CXeMa, HO OHAa HUCIOIB3YeTCs
KpaifHe PeaKo M3-3a M3BECTHOT'O OIPaHUYCHHMS Ha IIIar 110 BpeMEHH. B TaHHOM IpHMepe HCIONIb3yeTcs
sIBHO-HTepanmoHHas cxema JIM-M, koTopas crienuaisHo pa3padoTaHa sl pereHus napadoIndecKux
ypaBHeHu# (cm. [14]).

annas 3amaya pemreHa panee ®eomgopurooit O.b. 6e3 ncnonp3oBanus 6udanoTeku gridmath.
HHTepecHO cpaBHUTH 110 OBICTPOACHCTBHUIO CTApYIO MOCIEI0BATEIbHYIO BEPCHIO € TIOCIIEIOBATEIBHON
JKe BepcHeld, HO ¢ UCTIONIb30BaHueM O6ubmuoreku, a takke ¢ CUDA Bepcueil (Takke ¢ HCTIOIB30BaHH-
em Oubmmorekn). Kak yxe rosopusocs Beime, CUDA Bepcust mporpaMMbl Moy4aeTcst IPaKTHIECKU
MPOCTON TIEPEKOMIIIIAIIEH KOMIIIATOpoM NVCC. Permanack Takxke pacmnpenenéHHas 3afada ¢ ooOMe-
HoM 110 MPI. JlekoMmo3umyst CETKM Ha HECKOJIBKO y3110B Obuta cienana ['onosuenko E.H. ¢ momoripro
paspaboranHoro e metoza (cm. [15]).

Jlyig penienus 3ajauu pa3paboTaH pa3HOCTHBIN onepatop Auddysun. Ha BXxoa 3ToMy oneparopy
HO/IAI0TCSI 3HAUCHUSI TeH30pa TUPQY3HN ayy, dyy, 8;; U GYHKIUH & BO Beex Adeiikax ceTku. Ha ocHose
9THX KOI()(UIMEHTOB U C MCHOJIB30BAHHUEM CTPYKTYPBI CETKH B KOHCTPYKTOpE OomepaTopa JJsl BCeX
SYEEK PACCUUTHIBAIOTCS Pa3HOCTHBIE KOA(PHUIMEHTH. B 3aBUCHMOCTH OT TOTO, C SUEHKaMH Kakoro
YPOBHSI (IIPEABIIYIIEro, TeKYIIEro Ml CIEAYIOIIEro) TPAaHNYHUT JaHHas s4elka, maloH pa3HOCTHOM
CXEMBI JUIsl He€ MOXKET COLEPKaTh OT 7 10 25 TOUeK.

Pacuérel npoBenennl Ha ceTkax 32 x 32 x 32 u 64 x 64 x 64 ¢ 3, 4 u 5 ypoBHAMU aJlalTAIIHH.
PellraeTcs HeCTAalMOHAPHOE ypaBHEHHE TerutonpoBoaHocTy B Ky6e [0 ; 1]° Ha npomexyTke Bpemenu t
€ [0 ; 1]. Buytps ncxomHoro kyba momeriaercs IIMHIAP BIOJIb ocH Z paauyca 0,2 ¢ OChIO BIOIb
npsimoit (x=0,5; y=0,5). Buytpu u BHe mmnuHapa kodpduienT nud@dy3un K monaraetcsi OauHaKo-
BbIM 1 paBHBIM 1. [Tapamerp a momaraercsi HIOCTOSHHBIM M paBHBIM HYII0. Bo3bMEM TOUHOE permeHne
B BHUJIE Usxact(t;X,Y,Z) = €7 COS mX COS my €OS 11z, Torna npagas uacTs f(t; X,y,z) umeer BUx

f(t; x,y,2) = (3n*-1) -u(t; x,y,2).

[Tar mo BpeMeHu B34T puKCcHpoBaHHBINA. Toraa uncio sBHBIX maroB cxemsl JIM-M npsmo mpo-
HOPLUMOHAIBHO YHCITY IIAroB M0 OJHOMY HampasiieHHIO (cM. [14]), To ecTh npu nepexoje ¢ ceTku 32
x 32 x 32 Ha ceTKy 64 X 64 x 64B cTaHAAPTHOM BapuaHTe 0e3 afanTaluyuy BpeMsl cuéTa Bo3pacTacT B
16 pa3. Huxe B Tabnuiax npuBeaeHo BpeMs cuéra (B CeKyH/IaX) Ha yKa3aHHbBIX CETKax MPU pa3HOM
4YHUCIIe YPOBHEH aanTanuu.

Tabmuua 1. Bpems cuéra npu TpéX ypOBHAX aJanTalH.

OcHoBHas «Crapas» gridmath gridmath
ceTKa mporpamma +CUDA
32 x 32 x 32 4.99 1.92 1.21
64 x 64 x 64 90.31 39.38 21.69
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Tabmnuua 2. Bpems cuéra npu 4eThIpEX ypOBHSI3X aJlalTalny.

OcHoBHast «Crapas» Gridmath gridmath

CeTKa mmporpaMmma +CUDA

16 x 16 x 16 4.24 1.64 1.05

32 x 32 x32 65.83 28.97 15.90

64 x 64 x 64 1282.60 490.74 258.97

Tabmuua 3. Bpems cuéra npu 1T ypoBHAX ajanTanum.

OcHoBHast «Crapas» gridmath gridmath +MPI gridmath gridmath+
ceTKa nmporpamma +CUDA CUDA+MPI
16 x 16 x 16 73.33 28.60 6.45 15.59 13.29
32 x 32 x32 1140.23 454.34 237.04

[locnenoBarenbHas BepcHsl MPOrpaMMBbl IPUMEPHO B 2,5 pa3a MPeBOCXOIUT IO MPOU3BOIUTENb-
HOCTH «CTapyro» Mporpammy, HalmMCaHHYIO Takke Ha s3pike C++, HO 0e3 UCMONb30BaHUS NaHHOMN
oubamoreku. [Tepexommusiius ass CUDA na€t yckopeHue eié nmpuMepHo B ABa pasza. Tarke mpo-
W3BOJIUIIACH JICKOMITO3UIIMS CETKH Ha HECKOJNBKO OOJIacTel, Kaxkaas o0IacTh OOCUUTHIBAIACH HA OT-
JIETBHOM y37ie, 0OMEH TPaHHYHBIMU sS9eiikaMu ipousBoauics mo MPI.

He ouens 6omnbioe yckopenne Ha CUDA o6wsicHsieTcs cnenndukoii 3agaun. CUDA nmaér cyme-
CTBEHHOE YCKOPEHHE, €ClM YAaETCsl ClleNaTh TaK, YTOOBI MOTOKH C MOCIEI0BATEIbHBIMA HOMEPaMHU
o0Opanianich K COCEHUM sSUYeHKaM MaMsITH, YTO B CIy4ae JIOKAJIbHO-aalTHBHBIX CETOK HE BBHITIOIHS-
eTcs. OTUM Ke 00bsACHSEeTCs c1aboe YCKOPEHUE MPU JEKOMIO3HUIUH ceTOK. OCHOBHOE BpPEeMs YXOIIUT
Ha MOCTPOEHNE MACCHBA TPAaHUYHBIX SYEEK, KOTOPbIE COOMpAIOTCs O Bcel obnactu. Takke, B OTIIH-
YHhe OT MOCIIEOBATENbHON BEPCHH, TOSIBISIETCS 3Tan KonupoBaHus AaHHBIX u3 mamsatu CUDA B ma-
msTh host porieccopa.

5. 3akjaouyeHnue

Hanwmcana oneparopHast Onbnmroreka Aiist pelieHus 3a/1a4 MaTeMaTHIeckoil pU3UKK Ha JTOKaIbHO-
a/IalITUBHBIX CETKaX, MO3BOJISIONIAass KOMIAKTHO 3allMChIBATh B MpOrpaMMax MaremaThdeckue Gpopmy-
JIB, CBSI3BIBAIOIINE CETOYHbIE (PYHKIMH, ONpeAeTIEHHbIE Ha TaKuX ceTkax. OnepaTopsl B 3Tol 61OIMO-
TEKe TMpeBpalleHbl U3 aOCTPaKTHBIX MaTeMaTUYeCKUX MOHATHH B KOHKPETHBIC IIPOTPaMMHBIE OOBEK-
ThI. [lepeHoc mporpaMm, UCMONB3YIONIKMX JaHHYI0 OMOIHOTEKY, Ha Tpadudeckue yckoputenu CUDA,
OCYILECTBIISIETCS IPOCTON MEPEKOMIMIISILIEH.

C nomo1upio OMOIMOTEKH pellieHa 3a/1a4a TeIUIONPOBOIHOCTH, 3a/laHHas B BHJIE apaboInyecKo-
ro ypaBHeHHs. 3ajada penraeTcs BHYTPHU MPSIMOYTOJILHOTO MapaslieNenuiesia, B KOTOPbIi MOMEeeHO
TeJI0, Ha TpaHuIe KOToporo kodhdunuent auddysnn MoxkeT mpereprneBaTh CHIBHBINA pa3pbiB. s
MOBBIIICHUS TOYHOCTH PELICHUs] EPBOHAYAIBHO PAaBHOMEPHAS CETKa M3MENIbYaeTCs B OKPECTHOCTH
rpaHuibl BHyTpeHHero tena. [lepenoc mporpammbel Ha CUDA (mepekomnuisiiueil) 1aét ycKopeHHue
IIPUMEPHO B JIBA Pa3a 10 CPABHEHUIO C IIOCIIEIOBATEIILHON BEPCUEN.

ABTOp BBIpakaeT el uCKpeHHIow OnarogapHocTs @eogopurosoit O.b. 3a KOHCYIBTALIMM TIPH TIE-
peHOoCce HANKMCAaHHOM €l0 MpOorpamMMbl, pelIaromleil MmapaboaruyecKkoe YpaBHEHHE Ha JIOKAIbHO-
aJIaNITUBHBIX CeTKax, Ha JAaHHYIO ONOINOTEKY.

JIuteparypa

1. The Blitz++ library. Official website. URL.: http://blitz.sourceforge.net/
2. NVidia CUDA.URL: http://www.nvidia.com/object/cuda_home new.html

3. Intel Xeon Phi. URL:http://www.intel.com/content/www/us/en/processors/xeon/xeon-phi-
detail.html

4. DVM cucrema. URL: http://www.keldysh.ru/dvm/
OpenMP. URL.: http://openmp.org

286


http://blitz.sourceforge.net/
http://www.nvidia.com/object/cuda_home_new.html
http://www.intel.com/content/www/us/en/processors/xeon/xeon-phi-detail.html
http://www.intel.com/content/www/us/en/processors/xeon/xeon-phi-detail.html
http://www.keldysh.ru/dvm/
http://openmp.org/

10.

11.

12.

13.

14.

15.

Cynepromnwstomeprule Onu 6 Poccuu 2015 // Russian Supercomputing Days 2015 // RussianSCDays.org

OpenACC URL.: http://www.openacc-standard.org/

KpacaoB M.M. OmneparopHas OHOIHOTEKA TSI pEIIeHHs TPEXMEPHBIX CETOYHBIX 3a/1a4 MaTeMa-
THYEeCKOH (PM3HKH C UCTIOIh30BaHNEM Tpadudeckux miat ¢ apxutekrypoit CUDA.// MaremaTmue-
ckoe mozaenupoBanue, 2015, 1. 27, Ne 3, ¢. 109-120.

TOP500 Supercomputer Sites. URL.: http://www.top500.0rg

Cynepkommbiorep "Jlomonoco". URL: http://parallel.ru/cluster/lomonosov.html

I'uGpuanelii BerancautenbHbiil knactep K-100
URL: http://www.kiam.ru/MV S/resourses/k100.html

Kyxos B.T., HoBukosa H./I., ®eogopurosa O.b. I[lapamiensHbiii MHOTOCETOYHBIN METO IS
Pa3HOCTHBIX AUIUNTHYECKUX ypaBHeHHA. YacTs |. OcHOBHBIE AneMeHTH! anroputMa.// Ipenpun-
161 UTIM M. M.B.Kenasmma. 2012. Ne 30. 32 c.

Kyxos B.T., Kpacnos M.M., Hosuxosa H.JI., ®eonopurosa O.b. CpaBHeHme 3¢ hekTHBHOCTH
MHOTOCETOYHOI'0 METO/Ia Ha COBPEMEHHBIX BBIYHCIIUTEIBHBIX apXUTeKTypax.// [Iporpammuposa-
uue, 2015, Ne 1, ¢. 21-31.

METIS — Family of Graph and Hypergraph Partitioning Software
URL: http://glaros.dtc.umn.edu/gkhome/views/metis

XKykos B.T. O sIBHBIX METOAAX YUCICHHOTO HHTETPUPOBAHUS I NapaboIMIecKuX ypaBHEHHHA.//
Matemaruyeckoe MmonenupoBanue, 2010, T. 22, Ne 10, ¢. 127-158.

l'onosuenxo E.H. [lapamnensHpIii makeT qeKOMITO3UIIMHN OOIBIINX ceToK.// MareMaTiudeckoe Mo-
nenmupoBanue. 2011. T. 23, Ne 10. c. 3-18

287


http://www.openacc-standard.org/
http://www.top500.org/
http://parallel.ru/cluster/lomonosov.html
http://www.kiam.ru/MVS/resourses/k100.html
http://glaros.dtc.umn.edu/gkhome/views/metis

