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PACIIAPAJIJIEJINBAHNUE TECTOB NAS NPB
TIJIS COIIPOIIECCOPA INTEL XEON PHI HA SI3BIKE
FORTRAN-DVMH!

B.®. Aaexcaxrun, B.A. Barmun, O.P. 2Kyxosa, A.C. Koazanos, B.A. Kpioxos,
H.Il. Ocmposckasn, H.B. Iloddeproeuna, M.H. IIpumyaa, O.A. Casuukrasn

B crarbe anamusupyerca addexkTuBHOCTh BbinoJHeHus TectoB NAS u3 nakera NPB 3.3.1
(EP, MG, BT, SP, LU) na y3sax KJIaCTEPOB DPA3JIMIHOi apXUTEKTYPbl, MCIOIB3YIONUX MHOIO-
dAJIepHble YHUBEPCAJbHBIE IIPOIECCOPDI, rpaduyeckue yckoputesau dupmbl NVidia u comporieccopbl
dupmbr Intel. CpaBHUBaIOTCH XapakTEPUCTUKU TECTOB, Pa3pabOTAHHBIX HA BLICOKOYDPOBHEBOM
azpike Fortran-DVMH (nanee FDVMH), u ux peasmsanuu Ha Ipyrux sa3bikax. Vcciemyercs Biiv-
sauue pazjmgabix onrumusanuii g FDVMH-epcuit TrecroB NAS, HeoOxomumbix it ux aghdek-
TuBHO# paboTbl Ha comporeccope Intel Xeon Phi. IlpemcraBiensr pe3yibraTbl 3allyCKOB TECTOB
[P OJ[HOBPEMEHHOM HCIIOJIb30BAHUM BCEX sIJIEP IEHTPAJILHOIO IIPOIECCopa, I'padudecKoro mpo-
meccopa u corporieccopa Intel Xeon Phi.

Karouesvie caosa: DVMH, 6vicokoyposHessitl A3viK NPODAMMUPOSAHUA, YCKOPUMEAD, CONPO-
ueccop, epaduneckuti npoyeccop, mecmovr NAS, Qopmpan.

BBenenue

B mociienree BpeMsi Bce dalle CTajid MOSBISTHCS BBIYACIUTEIbHBIE KJIACTEPHI, B y3/aX
KOTOPBIX TIOMUMO YHUBEDPCAJIBHBIX MHOTOSJIEPHBIX IPOIECCOPOB YCTAHOBJIEHBI yCKOPUTEIH
pa3HbIX TUIIOB. B ocHOBHOM, 310 rpadudeckue mnporeccopbl Kommanuu NVidia u comporecco-
pol Intel Xeon Phi. Tak, B cuucke Top500 [1] cambix BBICOKOIPOM3BOAUTEILHBIX CYHEPKOM-
IIBIOTEPOB MUPA, 00bsiBJeHHOM B HOsiOpe 2014 rosma, 75 MaIluH UMEIOT B CBOEM COCTaBE yCKO-
puresun, u3 uux 50 mamuu nmeror yckopurenu NVidia, 25 — Intel. B gersipex mammnax wmc-
nosib3yercss kombunanus yckopureseir NVidia n Intel Xeon Phi.

JlaHHas TEHIEHIMsI 3aMETHO YCJI0XKHSET IIPOIECC ITPOrPAMMUMPOBAHUS KJIACTEPOB, TaK
Kak TpeOyeT OCBOEGHMs HA JIOCTATOYHOM YPOBHE Cpa3y HECKOJbKHUX MOJIeJIel W S3BbIKOB IIPO-
rpaMMupoBaHus. TPaJUIMOHHBIM IOJXO0J0M MOXKHO HAa3BaTh WCIOJb30BAHUE TEXHOJIOTUN
MPI nna pasmesienmsi paboOThl MKy y3JaMu KJjacrepa, a 3areM Texuosgoruiit OpenMP,
CUDA, OpenCL unu OpenACC gy 3arpysku siiep HEHTPAILHOIO U IpadHUuecKoro Imporuec-
copoB. Ilostomy mpu paspaboTke MPOrpamMMbl i CYyHEPKOMIIBIOTEPA ITPUXOUTCS TOYHO
3HATH €r0 APXUTEKTYPY.

C 1espio0 yIPOINEHUS MPOTPAMMUPOBAHNUS PACIIPEIEJICHHBIX BBIYUC/IUTEIbHBIX CHCTEM
OBLIN TIPEJJIOZKEHBI BBICOKOYPOBHEBBIE SI3bIKU IMPOTPAMMUPOBAHUs, OCHOBAHHBIE HA, PACIIHPE-
HUU JIMPEKTUBAME CTAHJIAPTHBIX s13bIKOB, Takue, kak HPF [2], Fortran-DVM [3], C-DVM [4].
Takrke ObUIM TTPEIJIONKEHBI MOJEIU TPOIPAMMUPOBAHUS U COOTBETCTBYIOIINE, OCHOBAHHBIE HA
JIUPEKTUBAX, PACIIUPEHUS S3bIKOB JJIsi BO3MOXKHOCTH HCIOJIL30BAHUS YCKOPUTEJIEH, TaKue,

kak OpenACC [5] u OpenMP 4.0 [6].

1 ., .,
CraThs peKOMEHJ0BaHa K TyOJIUKAIMA TPOrPAMMHBIM KOMHUTETOM MeXKIyHApOIHON Hay9IHON KOH-
depennun «ITapaiaeabHble BLIYACIUTEIbHBIE TexHOIorun — 2015 .
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1. O630p mapaJijieJIbHbIX aPXUTEKTYP

B nmamHO# riiaBe paccMaTpUBAIOTCS CIIEAYIONIHE apXUTEKTYPHI: TEHTPATBHOTO MPOIECCOpa.
na npumepe Intel Ivy Bridge-EP (7], conpomneccopa Xeon Phi (MIC — Many Integrated
Cores) [8] na npumepe Knights Corner u I'ITY Nvidia Kepler [9] na npumepe GK110.

1.1. Apxurektypa Ivy Bridge-EP

B nawmbosiee ciioxkuoO#t MojuduUKaAINA JIAHHON apXUTEKTYPbl HCIOJIb3YIOTCS TpU OJIOKA,
BKJtodaroiue derbipe siapa LIIY wu dparment K3m-namMsaTé TPETbero ypOBHS OObEMOM
2,5 MbB ma gapo. CasoeHHast KOJIbIEBas IIIHA ODECIIEUMBAET B3aUMOIEHCTBLAE MEXKIy OJIOKa-
MU BHYTPH YHIA, & MYJbTUILIEKCOPHI MO3BOJISIOT JOBECTU KOMAHJIbI 0 Spa, KOTOPOMY OHU
anmpecoBanbl. Bremugas muaa QPI (Quick Path Interconnect), ucnonb3syromasicst st coemu-
HEHUsl TIPOIIECCOPOB MeXK 1y coboit u ¢ guceroM, paboraer Ha ckopoctu a0 9,6 I'T/c. Berpo-
ennbiit Kourpostep PCI Express obecieunBaer paboty 40 juHMiT TpeTrbero mokojenus. B 12-
SIJIEPHOM YHUIIE TIPELYCMOTPEHO JIBA KOHTPOJLJIEPA TAMSTU, KaXKJIblii U3 KOTOPBIX IO/IJICPK U-
Baetr pabory namsaTu 70 DDR3-1866 B 1ByXKaHAJIHLHOM PEXKUME.

B nmannoit apxurekrype npucyrcrByor SSE (Streaming SIMD Extensions) perucrpbr u
AVX (Advanced Vector Extensions) peructpbi. SSE BK/IIO9aeT B apXuTeKTypy MPOLECCOPA
BoceMb 128-OMTHBIX PErucTpoB U HAOOP MHCTPYKIUi, pabOTAIONUX CO CKAJISIPHBIMU U YIIAKO-
BAHHBIMYU THUIIAMHU JIAHHBIX. [[peuMyInecTBo B IPOU3BOIUTEIHHOCTH JOCTUTAETCH B TOM CJIy-
Jae, KOrja HeoOXOIMMO MPOU3BECTH OJHY U Ty Ke IMOCJeI0BATEIbHOCTH JAEHCTBUI HAaJ, pas-
HBIMU JIAHHBIMHU. B Takom ciaydae 6j0koMm SSE ocyimecTBisieTcst pacnapasiieIMBaHe BbIUNC-
JINTEJILHOTO TIporiecca Mexk 1y maHHbiMu. AVX mpegocraBiisier pas3iMdHble YIyUIIeHNsI, HOBbIE
MHCTPYKIIMU ¥ HOBYIO CXEMY KOJIMPOBaHUsI MAITUHHBIX KOJOB:

e mmmpuHa BeKTOpHBIX peructpoB SIMD yBemmumBaercst co 128 mo 256 6ur. CyrecTByto-
mme 128-6utHble SSE-MHCTPYKIMM MCIONAB3YIOT MJIAJIIYIO TIOJIOBUHY HOBBIX 256-
OUTHBIX PErUCTPOB, HE U3MEHSS CTApPIIyI0 9acThb. J[jisi paboThl C JAHHBIMU PErUCTPaAMU
nobaseHbl HOBBIE 256-6uTHbIe AV X-mHCTpyKInu. B GyaymeM BO3MOXKHO pacCIIUpEHNe
BeKTOPHBIX peructpoB SIMD mo 512 unn 1024 6ur;

e it OOJIBITMHCTBA HOBBIX MHCTPYKIUN OTCYTCTBYIOT TPEOOBaHMS K BBIDABHUBAHUIO OTIE-
paugoB B nmamsitu. OJHAKO PEKOMEH/IYeTCs CJIEINTh 33 BHIDABHUBAHUEM HA Pa3MEpP OIe-
paHja, BO n3bekaHue 3HAYUTEILHOTO CHUYKEHUS TTPOU3BOIUTETHLHOCTH;

o pabop AVX-uHcrpykuuii comep:Kut B cebe amajoru 128-6mrTHbix SSE-mHCTpYKIMi a1
BeIeCTBEHHbIX Yuces. lIpu 3TOM, B OT/IMYME OT OPUTHMHAJIOB, cOXpaHeHue 128-6uTHOTO
pesyabTata OynerT OOHYJISITH CTApIIyIO TOJIOBUHY 256-OmTHOrO perumcrpa. 128-6uTHble
AVX-MHCTDYKIMH COXpAHAIOT Tpoune mpenmyiecTBa AVX, Takme Kak HOBasg CXeMa

KOIUpPOBaHUA, TpeXOHepaHrﬂHbII‘/JI CUHTaKCUC 1 HeBprOBHeHHbeI JAOCTYII K IMMaMATH.
1.2. Apxurektypa Knights Corner

B cormporieccope ¢ maHHON apXUTEKTYypPOil MOXKeET ObITh MHTErpupoBaHo 110 61 sapa x86 ¢
GosibiuMu  H12-paspsiTHBIMU - BEKTOPHBIME MOy IsiMu  (cojepzkaimue 512-6uthabie AVX-
perucrpsi), paboratomumu Ha dacrore 6osee 1 I'T 1 obecrieunBaoMMu CKOPOCTh BBIYHCIIE-
Huit jppoitHoit Tounoctu 6ostee 1 TFlops. Onm pacmosoxkennr Ha jgByxciaoropoit kapre PCI
Express co cneruanbroit npormuBkoii Ha 6a3e Linux. Intel Xeon Phi Bkirowaer mo 16 I'daiir
mamsitu GDDR5. BesyciioBHO, TakuM 00pa3oM CKOHCTPYUPOBAHHBIE COIPOIECCOPHI HE pac-
cunuTaHbl HA 0OpabOTKY OCHOBHBIX 33Ja4, C KOTOPBIMHU CIIPABJISIOTCS MPOIECCOPBI CeMeficTBa
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Xeon E. Oum mpeycreBaioT B TApaJIETbHBIX 3aJa9aX, CIOCOOHBIX WCIOJb30BATH OOJIBITIOE
KOJIMYIECTBO SIIep JJIsi MaKCUMAJTBHOTO 3 dekTa. OCHOBHBIE XaPaKTEPUCTUKA:
e apxurekTypa x86 ¢ mojiepKKoi 64 6uT, YeThipe MOTOKA Ha AApo u 70 61 smapa Ha co-
IIPOIIECCOD;
e 512-6urnabie AVX-uncrpykimn, 512 Kéaiir kama L2 wa gapo (mo 30,5 MbaiiT Ha BCio
kapry Xeon Phi);
e nomuepxkka Linux (cnermanbras Bepcus juisg Phi), mo 16 T'6aiit mamstu GDDRS na
Kapry.

MozxkHO 3aMeTuTh, 9To naxke y camoii crapmeit moyesim Intel Xeon Phi ropaszmo menbiie
siep, 9eM y obbIaHOro rpadudeckoro mporeccopa. Ho menb3st cpaBauBath sapo MIC ¢ -
pom CUDA B cooTHOIIEHNN OJIMH K OTHOMY, TaK Kak omHo aapo Intel Xeon Phi — 510 werhr-
PEXTIOTOYHBIN MOTYJH ¢ 512-6mT SIMD.

1.3. Apxurektypa GK110

Yun Kepler GK110 6pu1 pazpaboral B MEpBYIO OYepe/b I TOMOJHEHUST MOJIETHHOTO
psna Tesla. Ero e — craTh caMbiM OBICTPBIM MapaJIeIbHBIM MUKPOIIPOIIECCOPOM B MUPE.
Yun GK110 #e TOSBKO MPEBBIMAET MO MPOU3BOIUTEIBHOCTH UUI MPEILIYINETO MOKOJIEHUST
Fermi, Ho m morpebnsier 3HaunTespbHo Menbine sueprun. GK110 B MakcuMmaabHON KoHUTY-
pamuu coctouT u3 15 TOTOKOBBIX MYJIBTUIIPOIIECCOPOB, Ha3biBaeMbix SMX, u 1mecTn
64-OUTHBIX KOHTPOJLJIEPOB TAMSITH.

Kazx et morokosbiit MyJibTuiporieccop SMX comepxkut 192 cuda-siiapa juis oneparimii
onnHApHOI TouHOCTH, 64 cuda-gapa IjId omepainii ABOMHONW TOYHOCTH, 32 CIEUAJIbHBIX
dyHKIMOHABbHBIX OJI0Ka U 32 OJI0OKa JIJisi 3arpy3KM U COXPAHEHUs JTAHHBIX, YeThIPe IJIaHU-
posiuka. s Bcex SMX ma I'ITY npexycmorper oauH oOIIuil K31 BTOPOTO YPOBHSI, pa3Mep
koroporo cocrasysger 1,5 MB. Takxke y kaxkmoro SMX ecTb CBOIi COOCTBEHHBIN K3III IIEPBOIO
ypoBHs pa3zmepom 64 KbB.

st Toro aTobbl ucnoJib30BaTh Oosibiiime MotnHocTu ['ITY, HEeobXomMO 0TOOpa3UThH BbI-
YUCIUTEIbHO HE3aBUCHUMbIE YYACTKU KOJIa Ha TPYIIbl HE3aBUCUMBIX BUPTYAJbHBIX HUTEH.
Kaxgas rpymma OyJeT UCHOJHATD OJHY U Ty K€ KOMAHJIY HaJi PA3HBIMU BXOJIHBIMU JIAHHDI-
vu. s ympapiieHusi JTaHHON T'PyIION BUPTYAJIbHBIX HUTEH HEOOXOIUMO OOBEIUHUTH UX B
6s10ku (pukcupoBaHHOro pasmepa. lanubie 6sioku B apxurekType CUDA masbiBarorcst cuda-
OJI0KaMu.

Taxkoit 6710k uMeer Tpu m3Mepenus. Bee GJIOKM 00bEIUHSIOTCS B PEIIETKY OJI0KOB, KOTO-
past Tak»Ke MOXKET MMEThb TPU uU3MepeHusi. B KoHewHOM cuere, Kaxk bl cuda-0j10k Oyier 00-
paboTaH KakKuM-aub0 MOTOKOBBIM MYJIBTUIIPOIIECCOPOM, U KaXKJIOf BUPTYaJbHOW HUTHU OyIer
comocTaByieHa duandeckas. MuHnMmaabHOM emumHUIEH mapasieau3ma Ha LTIV  apasgercs
warp — rpynmna u3 32 He3aBUCUMBIX HUTEH, KOTOPbhIE UCIIOJHSIIOTCH (PU3MIECKU apasljie/IbHO

U CMHXPOHHO.

2. O630p makera TectoB NAS

NAS Parallel Benchmarks [10] — koMmIIeKC TeCTOB, HMO3BOJISIONIHI OLEHHBATL IIPOU3BO-
JIUTETHHOCTh  CYMIEPKOMIIbIOTEpOB. 'TecThl paspaboranbl u mojjep:kuBatorcst B NASA
Advanced Super-computing (NAS) Division (pamee NASA Numerical Aerodynamic
Simulation Program), pacnonoxenaom B NASA Ames Research Center. Bepcus 3.3 nakera
NPB Bxiouaer B cebst 11 TecTroB. B maHHO#I craThe paccMaTpUBaeTCsl paclapaJiie/IMBaHue Ha
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LIITY u conporeccopst B mogean DVMH [11] recros EP, MG, BT, LU, SP, ajs KOTOpbIX pa-
Hee ObLIM pa3paboTaHbl TapaJJIebHbe BEPCUM I KJIACTEPOB C WCIIOJIb30BAHUEM SI3BIKA
Fortran-DVM, a Takxke mapaJijieibHble Bepcuu Jijis TpPadUIecKuX IMMPOIECCOPOB C HCIOIB30-
BanueM sizbika Fortran-DVMH:

e MG (Multi Grid) — rect BbIUHCISIET TPUOIUKEHHOE PEIIEHNe TPEXMEPHOIO yPABHEHUS
[Tyaccona («TpexmepHas pelieTka») B 9aCTHBIX pou3BoaHbIX Ha cerke NxNxN ¢ mepu-
OJINIECKUMU TPAHUYHBIME yeaoBuaMu (DyHKIMs HA Beeil rpanure pasHa ( 3a MCKITIO-
genneM 3ajanubix 20 Touek). Pasmep cerku N onpenesnsiercs KiaccoM TecTa;

e EP (Embarrassingly Parallel) — upespbruaiino napajuiesnbubiii. TecT BbIUUCISET UHTE-
rpajs meronom MonTe-Kapiio; npenaasunaden jisi m3MepeHus MEPBUYHON BBIUUCIUTE b
HOW TIPOM3BOINTENTHHOCTH TIJIABAONIEH apudpMeTHKu. DTOT TECT MOXKeT ObITh MOJIe3€H,
eCJTH Ha, KJIacTepe OyIyT pernarhcs 3aJadn, CBI3aHHbIE C TTPUMeHeHneM MeToja MouTe-
Kapuro;

e BT (Block Tridiagonal) — 6s0unas TpexauaroHaabHas cxema. TecT perraer CHHTETHU-
YECKYI0 CUCTEMY HEJUHEHHBIX TudPepeHInaJIbHbIX YPABHEHUN B YACTHBIX TPOW3BO/I-
HbIX (Tpexmepnasi cucrema ypasaenuit Hapbe—Crokca 1yis cxkuMaeMoil JKUJIKOCTH WU
rasa), UCIHOJIb3ysl OJIOYHYIO TPEXIUATOHATBHYIO CXEMY C METOJOM MEPEMEHHBIX HAIPaB-
JICHUIA;

e SP (Scalar Pentadiagonal) — ckangpublii nenraauaronasbubiii. TecT pemaer cuHTeTH-
YECKYIO0 CUCTEMY HeJUHEHHbIX MuddepeHnnaabHbIX yPABHEHUN B YaCTHBIX ITPOU3BOJI-
HBIX (TpexmepHas cucrema ypasaeruit Habe—CToKca 11 C2KMMAeMOil KUIKOCTH WK
rasa), UCIOJIb3Ysl CKAJISPHYIO MSTHIUATOHAIBHYIO CXEMY.

e LU (Lower-Upper) — pa3siiokeHue Opu TOMOINKA CAMMETPUYIHOTO Meroia [aycca—
Seiinens. Tect pemraerT CHUHTETHYECKYIO CUCTEMY HEIUHEHHBIX Tu(MOEPEHIINATHEHBIX
yPaBHEHWII B YACTHBIX IPOM3BOJIHBIX (TpexmepHasi cucrema ypasHenuit Hapbe—Crokca
JUISE COKMMAEMOMN JKUJKOCTH WJIM T'a3a), WCHOJIb3Ysl METOJ[ CUMMETPUYHOI IOC/Ie10Ba-

TEJIbHOI BEepXHEN pesIaKCalluu.

3. OTobparkeHme IMporpaMM Ha pa3Hble apXUTEKTYPbl B CUCTEME

DVM

B 2011 romy B Uucturyre npukiagHoir maremaruku nm. M.B. Kempaprma PAH 6buta
pa3paboTaHa BBICOKOYPOBHEBasi MOJEIb MPOTPAMMUPOBAHUS JJIsi TOJJIEPXKKHU KJIACTEPOB C
rpacdudeckumu yekopuressivu. Mogesns nosnyuawia zassanne DVMH [11] (DVM for Hetero-
geneous systems). Ona siBjisiercsi pacimmuperneM Mogean DVM u mossosisier ¢ HEOOIBIIMMEI
n3MmeHennaMu nepesectu DV M-iporpammy g kinacrepa B DV MH-niporpammy g kimacrepa
¢ TpadUIECKUMU YCKOPUTEJISIMH.

B 2014 roxy ¢ nosisienuem cotmporieccopos Intel Xeon Phi Bozauk1a HEO6X0IUMOCTD B UX
nojaepkke DV M-cucreMoii.

Bcero cymectByer Tpu BapuaHTa BBIIIOJHEHHs TporpaMM Ha corporeccope Xeon Phi [12]:

e Native pexxum — mporpamMMa KOMIUJIUPYETCA U BBITTOJTHIAETCA TOJBKO HA COIMPOIIECCOPE;

o Offload pexum — mporpamma rKommuaupyercs s LITY, HekoTopble ydacTkKu Koja
kommmupytores u gas HITY wu gius Xeon Phi. /lanHble y9acTKM KO8 MTOMEYAIOTCS
crienmasbabivu gupekTuBamu OpenMP 4.0 (B obmem ciyuae #pragma offload).
IIporpamMma BBIIOJIHSETCST TaK Ke, KaK U B ciaydae ucnoab3oBanms ['IIY: mocnemosa-
TenbHag JacTb — Ha [IIIY, mapasuienbHas 9acThb CO CIIEIUAJTBLHBIMUA YKA3aHUSIMU — Ha
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comporteccope. llpu sTOoM BO3HUKaeT Ta Ke UpoOJEMa, YTO U IMPU HUCIOJTH30BAHUU
T'IIY — 3arpy3ka u BbIIDy3Ka JAHHBIX B COOCTBEHHYIO MAMSThH COIPOIECCOPA UYepe3
PCle. B ciydae orcyTcTBusi comporieccopa B y3iie, CenuaJbHbIe YIACTKU KOja OymayT
BoInoJsiHeHbl Ha TIITY.

e Symmetric pekuM — OFHA W Ta Ke MporpaMMa KOMIUIUpyeTcs oTaeabuo g LITY u
OTIEIBLHO i comporieccopa. CKOMIUINPOBAHHBIE MPOTPAMMBI OJTHOBPEMEHHO 3aITyC-
Katorca Ha comporeccope u HITY u MOryT CMHXPOHU3UPOBATHCH C MOMOIIBIO TEXHOJIO-
run MPL

OCHOBHO# pEXUM BBITIOJIHEHUSI, KOTOPBIH OBbLT BRIOpaH s peanusarmu B DVMH, —
cuMMerpuuHbIil (symmetric). JJanublii pexkum mo3Bosisier HacTpauBaTh Oasianc mexay LIITY u
cormporieccopoMm ¢ momorbio Texaogornu MPI u umcmonbsosars Texmomoruto OpenMP s
JIydIeil 3arpy3Ku sijiep BHYTPH KaxKJIOro ycrpoiicrsa. Takxke moxkHO 3amyctuth FDVMH-
nporpamMMy TOJBKO Ha compolieccope (native pexkum), uCnosb3ys, Harnpumep, ogua MPI-
mporiecc W MakcuMmasbHoe KojmdaecTBO OpenMP-uureit, mommep:kuBaeMoe KOHKPETHBIM CO-
TTPOIIECCOPOM.

B wurore, pacrnapasuiesimBast nporpamMmbl ¢ uctosib3oBanuem mogesu DVMH, we nHykHO
BBIOMDATH Ty WJIM WMHYIO apXUTEKTYpPy, Oy/Ib TO TrpadudecKue IPOIECCOPbI, EHTPAJIbHBIE
rporieccopbl miu corporieccopbl Intel Xeon Phi, Tak kak 3ra Mojienb MOAIEPKUBAET UCIIOJ b-
30BaHUE BCEX MEPEUYUCTEHHBIX aPXUTEKTYP KaK 10 OTJEJHHOCTH, TAK U OJHOBPEMEHHO B paM-

Kax OJHO# ImporpaMMbl.

4. Peammzamnusa noaaepkkKu Xeon Phi B FDVMH-kommuasTope

Boraunciurensapim pernonom B DVMH-niporpamMe Ha3bIBaeTCsl 9aCTh HPOTPAMMBI C OJ-
HUM BXOJIOM M OJIHUM BBIXOJOM JIJIsi BO3MOXKHOT'O BBITIOJTHEHUSA HA OJIHOM WJIM HECKOJbKUX
BBIYMCJIMTE/IbHBIX yCTPONCTBaX. PEermoH MOXKET COmepKarTb HECKOJBKO NapPaJLIeIbHBIX ITUK-
JioB. JlanHublil ygacTok nporpaMmbl momevaercs gupektuBoit REGION.

Permon moxker ObITH BBIIOJIHEH Ha OJHOM WA CPa3y HECKOJLKHUX YCTPONCTBaX: yCKOpPH-
rensx, HITY, conpomeccopax. IIpu srom ma HIIY mim comporeccope MoxKeT ObITH BBIIOJIHEH
Joboit pernoH. Jljist BBINOJIHEHUsI PErHOHa Ha Pa3INIHBIX yCKOPUTEISAX Ha PErHOH MOI'YT
HaKJIaALIBATLCSA — Pa3/MYHbIe JIOINOJHHUTEIbHBIEe orpanudenus. Hamnpumep, ma CUDA-
YCTPOMCTBE MOXKET OBITH BBIIIOJHEH JIFOOOH pErnoH, B KOTOPOM HET OIIEpATOPOB BBO-
J1a/BBIBOJIA WJIM BBI30BOB BHEITHUX MPOIELYD.

J1a KaxXX10r0 permoHa MOYXKHO yKa3aTh THUIl BBIYUCIHUTEJNsI, HA KOTOPOM CJEIYET €ro BbI-
nonaaTh. s sroro npenuasunadena cremudukanugs TARGETS. Bioxenubsie (crarmyecku
WM JMHAMWYECKHU) PErMOHbI He JiommycKatorcs. DVM-MaccuBbl pacupeessiorcss MexK 1y Bbi-
OpAHHBIMU BBIYUCIUTEIAMU (C YIETOM BECOB U OBICTPOJECHCTBUS BBIYMCIUTEIEH ), HEpacIpe-
JeJeHHble JaHHble pa3MHOXKaoTcdA. Burtkn nmapasieababix DV M-1mKI0B BHYTpH peruona Je-
JIATCS MEXKJIy BBIOPAHHBIMU JIJIsi BBIMOJHEHUSI PETMOHA BBIYUCIUTENISIMU B COOTBETCTBUU C
[IPABUJIOM OTOOPaXKEHUsl NAPAJIEIbHOTO IIUKJIA, 33JaHHONO B AUPEKTHUBE IIapaslIeIbHOIO
IUKJIA.

4.1. T'eneparusi 06pabOTYNKOB AJI MaPAJJIEJIbHBIX ITUKJIOB

Kommmmisarop ¢ s3bika Fortran-DVMH npeobpasyer ucxomgHyo mporpaMmy B HapaJiiesib-
HYIO0 TIpOrpaMMy Ha si3bike Fortran ¢ BbizoBamu (DYHKITUN CHCTEMBI MOJJIEPKKHU BBIMOJTHEHUS

DVMH-uporpamm (RTS, RunTime System). Kpome Toro, KOoMumastop co3maer Jiis KazIoi
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MUCXOJIHON TMPOIPaMMBbl HECKOJIBKO JIOTOJHUTEIbHBIX MOJyJIeH Jjisi 00ecriedeHus BBITOJTHEHUS
peruonos nporpammbr Ha ['TIY ¢ ncnomszoBamnnem texuogorun CUDA u ma IIITY u comporec-
cope ¢ uctob3oBanreM TexHoorun Open MP.

st KaXKJI0ro MapaJuie/TbHOTO IUKJIA U3 BBIYUC/IUTEIHHOIO PErMOHA KOMIUISTOD FeHEPU-
pyer mporneaypy-obpaborunk u sapo it Bbraucienuwit Ha ['IIY, a Takxke mnporeaypy-
00paboTUMK JJTsi BBITIOJIHEHWST ITOTO mapasiieabHoro mukia ua LITY un compomneccope. Obpa-
OOTYNK — 3TO MOIIIPOrpaMMa, OCYIIECTBJLIONAA 00pabOTKY YacTh MapaJiiebHOrO IUKJIA Ha
KOHKPETHOM  BBIYHCIUTEIBHOM YCTPOHCTBE. ApryMmeHTamMu 0OpabOTINKA SIBJISIOTCSA OIMCA-
TeJIb YCTPOMCTBA U YaCTh MMapaJIJICIbHOIO IUKJIA.

O6paboTunK 3ampaiuBaeT HOPIMIO JIJIsi BBIMOJIHEHNs (MPAHUIBI [UKJIA U I1Aar), KOHUry-
paIio MAapAJIIeIbHON 00pabOTKU (KOJIMYIECTBO HUTEH ), MHUIMAIA3AIMIO DEIyKIIMOHHBIX TIe-
peMeHHBIX u uHyIO cucremuyio umHpopmanmioo y RTS. CUDA-06paboTank il BBITTOJTHEHUST
JacTell IUKJa BBI3BIBAET CIEIUAIbHBIM obpasom cremepupoBannoe CUDA-ampo ¢ mapamer-
paMmu, moIydeHHbIMEU BO BpeMs BoimosHenust or RTS. CUDA-saapo BeimosiHsteTcst Ha Tpadutde-
CKOM TIPOIIECCOPE, MMPOU3BO/Isi BBIYUCJ/ICHUS, COCTABJILAIONINE TeJIOo IuKJja. g obpaboTrku 4a-
creit ukia [ITY-o06paboTunk ucnonb3yer texuosorunio OpenMP s pactpesesieHnst BbIIuc-
sieanii. [lo ymosrganuio mpesmosaraercs, 9To0 BBIYUCITUTEIBHBIA PErMOH MOXKET BBITOJTHATHCS
HA apXUTEKTypaxX BCEX THUIIOB, KOTOPbIE MPUCYTCTBYIOT B y3Jie KJIacTepa, ¥ KOMIUISITOP TeHe-
pupyet obpaborauku s LITY, comporeccopa m CUDA-ycTpoiicTBa.

OptHO# M3 OCHOBHBIX MPUYWH 3aMeJIJIeHUsT TPOrpaMM, BbImoTHsaeMbix Ha LIITY wiu compo-
[ECCOpe, SIBJISETCS JIMHEAPU3AIUs PACIIPEICJICHHBIX MACCUBOB, BBIOJTHAEMAs KOMITHISTOPOM
Fortran-DVMH. IlaMsaTh njs 3/1eMEHTOB TaKUX MacCHBOB Bblaessercs cucremoil RTS. s
JIOKQJTBHON CEKIMM MaCCHUBa HA KAaXKJIOM IIPOIECCOPE MAMSATh OTBOIUTCS B COOTBETCTBUU C
dopmarToM pacrpesiesieHusi JaHHbIX U C YIeTOM TEHEBbIX rpaHeil. Bce ccbuiku K 3jieMeHTaM
pacnpegenennbix MaccusoB Buga ARRAY(I,J,K) 3amensrorcss KOMIMJISITOPOM HA CCBLIKU BU-
Ja:

BASE(ARRAY OFFSET+I+C ARRAY1*J+C ARRAY2*K),
rme BASE — 910 6a3a, OTHOCHTENILHO KOTOPOH ajpecyioTCsl BCE PacIpeesieMble MaCCUBBI;
ARRAY OFFSET — cwmemmenne nHavasnta MaccuBa ornocuresnbHo 6a3p; C ARRAYi — ko-
3 PUIMEHThl aJpecalini PaclpeaeeHHON0 MacCuBa. Takasl IMporpaMMa XyzKe PacCIO3HAeTCH
U ONITUMUBUPYETCH CTAHIAPTHBIMU Fortran KoMmmiasgTopamu.

It pemenust gapHoi mpobsiembl KommmisgTrop FDVMH nmo crmernuaiabHO# omimum MozKeT
TEHEePUPOBATH ONTUMU3UPOBAHHBIE 00pabOTUYMKU, UTOOBI pACIIPe/eIeHHbIE MACCUBBI I€pe/ia-
BaJINCh B XOCT-0OPAbOTYMKU KAaK MACCHUBBI, TepeHuMatorme pasdmep (assumed shape arrays).
Taxkoit 110/1X0/] MO3BOJIIET HEe MPeoOPA30BBIBATH ODPAIEHUsI K MAaCCUBaM B JIMHEHHYIO (hopMy
BHYTPHU XOCT-O0PaDOTUIMKOB U CYIIECTBEHHO yCKOPUTH BhINOJHEHNE mporpaMmMbl Ha LITY mim
COIIPOIIECCOPE.

4.2. NUcnoabp3oBanue KJjay3bl collapse

B orstmume oT meHTpasibHBIX MPOIECCOPOB, KOJUYIECTBO HUTEH HA KOTOPBIX HE IIPEBOCXO-
qut 24 (s nocnenunx Intel Xeon E), componeccopst Intel Xeon Phi moryr nmers 244 noro-
ka. CyImecTByeT MHOXKECTBO 3aJ1ad, B KOTOPBIX IUKJIbI HE TOJIbKO OJIHOMEDHBIE, HO W JIBYX-
MepHble U TpexmepHble. K TakuMm 3ajgadaM, B YACTHOCTH, OTHOCSITCSH MHOTHE TECTHI U3 HaKeTa
NPB. upekrtuBa OpenMP [$OMP PARALLEL FOR, renepupyemast KOMIUJIATOPOM
FDVMH B xocr-06paboTunkax, pacipoCTpaHseTCs TOJIbKO HA CAMBI BEPXHUI ITUKJ U3 BCErO
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rHe3ma. Ecmm KOImdecTBO UTeparuit TAKOTO MUKJIa MEHbBIIe, 9eM KOJUIECTBO JOCTYITHBIX HU-
Tel, TO MPOU3BOIUTEIHLHOCTD OYIET CHUYKATHCS.

st ontuvusarmu paboThl x0cT-00paboTynkoB Ha Xeon Phi HeobxoauMo reHepupoBaTh
nomnosanTenbHyo Kiaaysy COLLAPSE B OpenMP-nupexkture. Kimayza COLLAPSE mozsoss-
€T PACIIpPEeIETUTD BBIMTOJTHEHNE HECKOJIBKUX ITUKJIOB THE3/A, YTO TO3BOJIAET 33/1eHCTBOBAThL BCE
simpa comporieccopa. [TapaMerpom JaHHONW KIAY3bI CIYKUT KOJUIECTBO BJIOYKEHHBIX ITUKJIOB,
HA KOTOpPBIE OHA PACIPOCTPaHAETCA. PacmpocTpaHATh MaHHYIO KJIay3y Ha BCE BJIOYKEHHBIE
IUKJIbI He 3(MEKTUBHO, TAK KaK OJIMH U TOT K€ MOTOK OyjieT 00pabaThbiBaTh 3JIEMEHTHI, HE
JIexKallue MoJIPsiJi, U B 9TOM cjrydae Oyzer 60Jibiie nmpoMaxoB B L2 karir.

IIpu crarwdeckom anasuze Bo Bpemsi kKommianuun DVMH-niporpammbr He yipaercs orpe-
JIEJTUTH KOJIMYECTBO BJIOYKEHHBIX IHKJIOB, HA KOTOPOE MOXKET OBIThH PaCIpOCTpaHeHa Kay3a
COLLAPSE. ITostomy BO BpeMsi KOMITUJISIITAN T€HEPUPYETCsI HECKOJBKO XOCT-00pabOTINKOB,
B KaxKJIOM uX KOTOpbIX paccrasisierca kiay3a COLLAPSE(N), rme N =1, 2, 3, .. m, a m
€CTh KOJIMIECTBO IUKJIOB B THe3/e. B MoMeHT BbimostHeHust mporpamMmbl RTS ompenensier 06-
paboTYMK, KOTOPBIA OyIeT BBIMOTHATH MAPasIIeTbHBIN UK.

IIpu kommuasimu DVMH-niporpamMMbr 110/1630BaTE/ b MOXKET 33JaTh OIIUI0 KOMITHISATOPY
-collapseN, tme N — nenoe uuciio, bosabinee 0. Torma s KaxKI0ro HapasIeIbHOTO MUKJIa B
xocT-00paborurke B OpenMP-nupektuBy 6ymer nobasiena kiaay3za COLLAPSE(N).

4.3. Banancuposka Harpy3ku B DVM-cucreme

OHrM M3 BaXKHBIX ACHEKTOB (DYHKIIMOHMPOBAHUSI TAKON MTPOTPaMMHOM MOJEIN, Kak
DVMH, saBistercs BOmpoc 0TOOpaKeHUsI UCXOTHON MPOrpaMMbl HA BCE YPOBHU MApPaJLIEIM3Ma
U Pa3HOPOJIHBIE BBIYUC/IUTEIbHBIE yCTpOicTBa. BarXHbIMEU 3a/layaMu MexaHu3Ma OTOOparke-
HUsl sIBJsieTCsi ODecriedeHrne KOPPEKTHOTO BBIMIOJTHEHUS BCEX IOJIEPKUBAEMBIX SI3BIKOM KOH-
CTPYKIWII Ha PA3HOPOIHBIX BBIYUCJUTEIBHBIX YCTPOMCTBAX, ODAJTAHCUPOBKA HAIPY3KU MEXKLY
BBIYUC/TUTE/ILHBIMIA yCTPOMCTBAMU, a TaKyKe BBIOOP OINTUMAJIBHOIO CIIOCO0a BBITIOJTHEHUS
KakJIOro yJ9acTKa KOJja Ha TOM WX WHOM YCTPOHCTBE.

[Tapamnennsm B DVMH-niporpaMmmax mposiBisieTcd Ha HECKOJBKUX YPOBHAX:

e pacmpejiesieare JaHHbIX U BbruucjeHuit mo MPI-tporeccam. Dtor ypoBeHb 3ajiaercs
JIUPEKTUBAMU PACIpPEeeHUus U epepacipeieeHus JTAHHBIX W CHeNn(UKAITUIMA T1a-
paJIeNIbHBIX MOJ3a a9 U NUKJI0B. Ha JTaHHOM ypOBHE HPOMCXOJUT OTOOPAa’KEHUE IMPO-
rpaMMbl Ha y3Jbl KJjacTepa. BHyTpH KaXKJIOro y3Jjia MOXKET HaXOJUThCs HECKOJIBKO
MPI-tiporieccoB, KoTopbie MOTyT OBITH OTOOpaXkenbl Ha siyipa LIIIY wnu axpa comporiec-
copa;

® pacrmpejiejieHUe JAHHBIX W BBIYUCIEHUN 110 BBITUCIUTEBHBIM YCTPORCTBAM IIPU BXOJIE B
BBIYUC/TUTEIbHBIN PETUOH;

e napaJuiesibHas 00paboTKa B paMKax KOHKPETHOI'O BBIUYUCIUTEIBHOIO YCTPOMCTBA. IDTOT
YPOBEHBb TOSBJIAETCS MPU BXOJE B MAPAJUIEIbHBIA IUKJI, HAXOIANINNACSH BHYTPU BBIYKC-
JINTEJILHOTO perunoHa. Ha jTaHHOM ypOBHE IPOUCXOJUT OTOOpa’KeHWe BBIYUCIEHUN Ha
OpenMP-uutu n apxurekrypy CUDA.

CorytacHo pamaomy pasneiiennto B DVMH-Momenu cymecrByer nBa ypoBHsT HajIaHCUPOB-
KM MEX/Iy BBIUYUC/IUTEIbHBIMU yCTPONCTBAMU: 3ajaHue Beca kKaxkjgoro MPI-mpomecca, oTob-
paxkaemoro Ha sapa ILIIIY wmam comporeccopa, u 3aJaHue COOTHOIIEHUSA BBIYUCIUTEIbHOMN
mormaocTy Mexkay gapamvu LIV u 'Y nna kaxmoro MPI-tiporecca.

st mactpoiiku npousBoauresbaoct DVMH-niporpamMbr He TpebyeTcs ee MmepeKOMITH-
Jisiusi. UTobbl ompenesnTh, Kak cooTHocaTcss Beca MPI-mporeccoB, mosb3oBaresto HeOOXO-
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JUMO YKa3aTh BEKTOD BECOB B crermajbHoM daityie ¢ mapamerpamu 3amycka DVMH-
mporpamMMbl. B coorBercTBum ¢ ykasamubiMu Becamu, RTS pazmenut mammbie mexay MPI-
mmporeccaMu BO BpeMsi paborel mporpammbl. 1lo ymosmyanuio Bce MPI-tiporieccsr cumratorcs
OTMHAKOBBLIMU.

s 6anancupoku Harpy3ku mexay LITY u T'IIY cyrmecTByoT ciaegayionme MEXaHU3MbI.
Bce nacTpoiiku OCyIecTBASIOTCA MPU HMOMOIIU IEPEMEHHBIX OKpy2KeHus. [lonb3oBaress Mo-
J)KeT onpeesuTh KojmdecrBo uHureit B repmunax OpenMP wa IIITY (uu comnporeccope), Ko-
TOpPOE HYKHO WCIOJIB30BaTh. TakKe MOXKHO BKJIIOYATH WJIM OTKJIIOYUTH BBIMOJHEHUE ITapaJi-
JISJILHOTO TUKJIa Ha OfHOM wiau Heckojibkux ['IIY. [lna Toro, 4robbl yKa3aTb POU3BOIHU-
tespaOCTD LIITY u I'IIY, cymecTByOT /Be II€pEMEHHbBIE OKPYKEHUS:

e DVMH CPU_ PERF — ornocurensuas npousBoguresbuocts LITY. Jlnsa pasmbix
MPI-tiporieccoB, BermoJiasiembix Ha gnpax LITY wmm sappax comporeccopa Intel Xeon
Phi, cymecTByeT BO3MOKHOCTH YKA3aTh PA3INIHbIe 3HAYEHHUS STOTO TapaMeTpa;

e DVMH CUDAS PERF — ornmocurenbuas mnpoussoaurenbHocts LIV, 3agaercs
CIIICKOM BEIECTBEHHBIX UHCET depe3 mpobe win 3amaTyio. CIUCOK ABJISIETCS 3aKOJb-
MMOBAHHBIM. DTO TIO3BOJISIET HE PACIUCHIBATH MPOU3BOauTeTbHOCTH Beex ['TIY.

Takum obpazom, DVM-cucrema mozsossier 3¢pHEKTUBHO KCIOJIb30BaTh BCE yCTPOHCTBA
Pa3/IMYHON apXUTEKTYpPbl, YCTAHOBJICHHBIE B y3JaX KJacTepa, IyTeM JIByXypPOBHEBOH OaJsiaH-
CHUPOBKHU: ompejiesienne Beca kaxkjoro u3 MPI-tiporieccoB u orpejiesienre COOTHOIIEHUs TTPO-
m3BouTeTbHOCTH Mexkay OpenMP-uutavu uw CUDA ycrpoiictBaMy BHYTpHU KaXKIOTO U3
MPI-tiporieccos.

5. IIpumenenue AV X-MHCTPYKIIUMN

MunumasibHOU equuuIeil napasuiesim3ma B TepmuHax 1LY gBisiercs warp, KOTOpbIil CO-
CTOUT W3 32-X HE3aBUCHUMBIX HHUTeN. Y2Ke IPU HANMUCAHWHN MapaJlIeTbHOU MPOrpaMMbl C HC-
mosib3oBauueM TporpaMmmuoit Momesn CUDA  mpukiagHoit TPOrpaAMMUCT CaM  OIPeJIe/IsieT
warp'sl, OObeMHAET UX B OJIOKH, & 3aTeM B CETKU OJIOKOB, T€M CAMBIM YKa3bIBasl, TJIe W UTO
Oy/IeT UCIOJIHATHCH MapaJIjIejIbHO U BEKTOPHO. MOXKHO CYMTATb, YTO MUHUMAJbHBIN pasMep
BekTOpa B apxutekType I'IIY pasen 32-m snemenTam. lajbHeire CJIOKHOCTH IO OIITAMH-
3aIu, IJIAHUPOBAHUIO U 3arpy3Ke/BbIIPy3Ke JIaHHBIX Oeper Ha cebs kommmisitop NVidia u
ammaparypa ['IIY.

MunuMmaabHON equHHIEH TapaJsuienaMma ognoro siapa LIIIY wnm comporieccopa MOXKHO
HA3BaTh BEKTOPHBINH AV X-peructp, KOTOpbIit MOXKeT obpabaTbiBaTh 256 win 512 6UT JaHHBIX
3a OJIHY OIEpalldi0 COOTBETCTBEHHO. B JaHHOM cjiydyae NPUKJIAIHONW MPOrpaMMUCT paboTaer
CHaYaja C TOCJETOBATEIbHBIM KOJOM IPOTPAMMBI, & 3aTe€M IPUMEHSET BBICOKOYPOBHEBBIE
mupekTuBHbie paciiupenuss OpenMP. U 8 orstmaue ot 'Y, B nmporpaMmme, OpueHTUPOBAHHOM
ua IIIY unau comporeccop, HET SBHBIX YKA3aHUN O BEKTOPU3AIIMK OMEPAIMl — BCIO paboTy 10
BeKkTOpHU3aliuu beper Ha cebst KoMmmiasdTop. lloaromy ecrh mBa BapwanTa Hamucauus 3ddek-
TUBHBIX TAPAJIIEHHBIX TPOrPaAMM, UCIOJIB3YIONNX BeKTOpHbIE peructpbl AVX:

® UCIOJIb30BaTh AUPEKTUBbI KoMmmwisitopa win OpenMP (manpumep, «omp simd» );
® JNCIOJIb30BATh HU3KOYPOBHEBbIe KOMaHbl win AVX-uHcrpykimn (Ha ypoBHe intrinsic-
dyHKImii).

Tlepeoriit crocob He Beerja peaju3yeM, TaK KaK KOMIUJISITOP HE BCErJla MOYKET CIIPaBUTh-
cs C BEKTOPHU3AIMEl, JlaykKe ecju OHA BO3MOXKHA. PaccMOTpuMM JBa BapuaHTa OIHOTO W TOTO
Ke 1uKiIa (cMm. puc. 1).
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#if VER1 /*** nepBuii BapMaHT LMKJA ***/
double rhs[5][162][162][162], ul[5][162]1[162][162];

#define rhs(m,i,3j,k) rhs[(m)][(1L)]1[(3)][ (k)]
#define u(m, i, ], k) ul(m) I I0(k)]
#endif

#if VER2 /*** BTOpOM BaApMAHT LMK ***/

double rhs[162][162][162][5], ul[l62][162][162][5];

#define rhs(m,1i,3j,k) rhs[(i)]1[(3)]1[(k)][(m)]

#define u(m, i, Jj, k) ul(D)I0E)I0(k)I[(m)]
#endif

#pragma omp parallel for
for(int i = 0; i < Ni; 1i++)
{
for(int j = 0; j < Nj; J++)
{
for(int k = 0; i < Nk; k++)
{ /*** nepeas Tpyllla OINepaTopoB ***/

rhs (0, i, 3, k) = F(u(0, i, j, k), u(0, i+l, J, k));
rhs(l, j—/ j/ k) = F(u(ll j—l jl k)l u(ll i_zl j/ k));
rhs(2, i, 3, k) = F(u(2, i, 3, k), u(2, i, j+1, k));
rhs(3, j—/ j/ k) = F(u(3l j—l jl k)l u(3l il j_lr k));
rhs (4, i, j, k) = F(u4, i, 3j, k), u(4, i+1, 3j, k+1));

/*** BTOpasa TpyNna ONepaTopoB ***/
for (int m = 0; m < 5; m++)
rhs(m, i, j, k) += F(u(m, i, j, k), u(m, i, j+1, k));

Puc. 1. /I[pa BapuanTa napaJijieIbHOTO ITUKJIA

JlaHHBIE NUKJIBI TPOU3BOJSAT OJIMHAKOBBIE BBIUUC/IEHUS, HO OTJIMYAIOTCS PaCIOI0XKEHUEM
JaHHBIX B mamsaTd. B nepsom BapuantTe (VERI1) kKoMmwisitop He MOXKeT BEKTOPHU30BATH HU
OJIHY TPYyIIy OIEPATOPOB, MOTOMY YTO CaMOe OBICTPO HHIEKCUPYEMOE U3MEPEHUE SBJISI€TCH
U3MEpeHNeM Tapa/lIeIbHOro 1wKiaa. Bo Bropom Bapumanre (VER2) kommumiasitop ycnerino
BEKTOPHU3yeT BTOPYIO I'PYIIILY OIEPATOPOB, TAK KaK CaMOe ObICTPO MHIEKCUPYEMOE U3MEpPEHUe
He dABJITETCS W3MEPEHWEeM IapaJjlIeIbHOTO IUKJIA W JaHHbIE B MAMSITHU II0 3TOMY HU3MEPEHUIO
PACIIONIOXKEHDI TIOIPSII.

Tem He MeHee, OBIBAIOT CUTYAIMH, KOTJA BBINOJIHO UCIOJIB30BATH PACIOJIOXKEHNE TAHHBIX
Takoe, kKak B nieppoM Bapuanre (VERIL, puc. 1). Ongna w3 Takux curyanuii — mepecraHoBKa
MAaCCHBOB B TPEIIITECTBYIONIEM MapaJJIebHOM IMUKJE MPOrPaMMBI JJTd JIYUINeH JIOKAJIU3aInu
JaHHbIX. VI 7j1ss TOTO, YTOOBI HE MPOU3OILIO 3aMEIJIEHUS BBIMOJHEHUST PaCCMATPUBAEMOrO
IUKJIa, HEOOXOIMMO WCIOJb30BATh BEKTOPHBIE AV X-MHCTPYKIIMU HEMOCPEJICTBEHHO B KOJE
IIPOrPaMMBL.

st mepsoro Bapuanra (VER1) Bo3aMoxKkHA BeKTOpH3aIus JIBYX TPYIIl ONEPATOPOB, TO-
TOMY 9YTO JIaHHBIE B TAMSTH IO CAMOMY OBICTPOMY U3MEPEHUIO MAPAJIIECTHHOTO IUKJIa, JIEXKAT
mogpsn. [pumep mpeobpas3oBaHusi OTHOTO W3 OMEPATOPOB ¢ mpuMeHeHneM AV X-mHCTpyKITwin
MIOKa3aH Ha puc. 2.
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double rhs[5][162][162][162], ul[5]1[162]1[162][162];
#pragma omp parallel for
for(int 1 = 0; 1 < Ni; 1i++)
{
for(int j = 0; j < Nj; J++)
{
/*** y3MEeHeHUEe UHIAEKCHOTO MNPOCTPAHCTBA LMKIA ***/
for(int k = 0; 1 < Nk; k+=8)
{ /*** rhs[0]1[1]1[31[k] = ulO0][i][
~mm512 store pd(&rhs[0][1][]] [k
~mm512 add pd(
~mm512 load pd(ul0][i][
~mm512 load pd(ul0] [i+1
)

J10k] + ul01 [i+11[3]1[k]; ***/
1,
J10k]),
1031 k]

PR —

);

Puc. 2. AVX-npeobpazosanne

3a oxmy omeparmio 512-6mtHast AVX-komManga MOXKeT 06pabaThIBATL 8 3JIEMEHTOB THUIIA
double. Ncnosb3oBanne JAHHOTO TOJIXOJA IMO3BOJISIET YCKOPHUTH IIPOIPDAMMY IPUMEPHO B 8
pa3. lis momreepikieHusi HaHHOTO (akTa OblLjla peaju30BaHa OJHA U3 BBIYUCIUTEHHO
coxkHBIX mporeayp Tecta NPB SP na a3pike C++ ¢ ucnosb3oBarmem AV X-wHCTpyKInit u
6e3. Ilosydennble mporpaMMbl KOMIHIUPOBaJMCH Intel-kommuiigTopoM ¢ arom ONTUMHU3A-
muu -03.

B pesysibrare mpoBeieHHOrO IKCIEPUMEHTa OBLIO JIOCTUTHYTO yCKOpeHWe mopsinka 06,3
pa3 O CpaBHEHWIO C TOil ke mporeaypoil 6e3 wucnonbzoBanus AVX-uHCerpykimit (cwm.
Tabs. 1), 970 TOBOPHUT O BBICOKOI 3(DMEKTUBHOCTH WMCHOIB30BAHUS JAHHOIO MOX0ja. Bos-
MOYKHOCTH wucrnosib3oBarnsa AVX-uncrpykmmit B Fortran-DVMH  kommuiasaTope saBisieTcs

npeJMeToM JIJId JTaJbHEeNIINX UCCJIeIOBAHUM.

Tabauma 1
CpaBHeHUE BpeMeHH BBIIIOJTHEHHs Pa3HbIX peasn3anuilt nporeaypsl compute rhs Ttecra SP
Kiacc Xeon Phi 240th Xeon Phi 240th + Yckopenue
(c) AVX512 (c)
A 2,9 1.8 1,55
B 13,4 4,8 2,76
C 118,1 18,7 6,31

6. Ilonyuenubie pe3yiabratbl. CpaBuenue ¢ MPI u OpenMP

Bepcusimu TectoB NASA

st onenku 3hHEKTUBHOCTH PaCIapalIe IMBaHus MPOrPAMM C HUCIOJIb30BAHUEM MOJIETH
DVMH 65110 nponsseseno cpasrenne Bpemenu soinosaenus tectoB NAS (MG, EP, SP, BT
u LU u3 nakera NPB 3.3), nanucanubix Ha si3bike Fortran-DVMH, ¢ Bpemenem BbimoJiHeHUsT
CTaHJIAPTHBIX BEPCUU TUX TecTOB, ucnob3ytornux TexHojoruun MPI u OpenMP. Jlna xax-
JIOTO TeCcTa MMeeTCsl BCero oJnH BapuaHT napasuieabHoit FDVMH-nporpaMMbr, KOTOpBIT Mo-
2KeT ObITh CKOMIMJIMPOBAH TOJ, Kaxk 1yt u3 apxurektyp: LIITY, conponeccop mwmm I'TIY. Bee
ONTUMU3AIANA, KOTOPbIe ObLIM IPOJEJIAHBI HAJ JIAHHBIMU TECTaMU, OB OIUCAHBI B CTa-
e [13].
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TecTupoBaHme TPOU3BOAUIOCH HA CEpPBEpPEe C YCTAHOBJIEHHBIMA Ha HeM 06-sg1epHBIM
(12-morounbim) mponeccopom Intel Xeon E5-1660v2 ¢ 24 I'6 oneparuBHOW mnamsaATH THUIA
DDRA3, comporieccopom Intel Xeon Phi 5110P ¢ 8 I'6 oneparusnoit mamaru tuma GDDRS n
I'TIY NVidia GTX Titan ¢ 6 I'6 omeparusmoit mamsatu Tuna GDDR5. OcHoBHBIE pe3yIbTATHI

[peJICTaBJIEHBI B TabI. 2.

Tabauna 2

Bpemena eoinosinenus TectoB NASA paznuanbix Bepenii (B cekyHax)

, GTX
Xeon E5 (4-12th) Xeon Phi (64-240th) )
Kuacc Titan
Serial | MPI | OpenMP | DVMH | MPI | OpenMP | DVMH | DVMH
BT
A | 407 [1213] 102 697 | 1108 | 115 7,68 2,84
B | 1669 | 549 | 4307 288 | 331 | 3215 20,9 9,16
c | m133 [2231] 1767 1181 | 1194 | 1057 74 31,05
SP
A | 286 [ 178 | 146 6,75 | 1203 | 133 11,6 2.4
B |11694] 968 | 571 20,18 | 334 38,7 27 10,2
C  |48324 4086 4252 1222 | 12403 1282 120 31
LU
A | 3507 | 96 8,31 47 [ 1505 | 165 16,5 4,18
B 14856 352 | 311 227 | 4701 | 445 577 | 1169
C | 8523 [2014] 3519 99 | 1624 | 1342 1573 | 3373
MG
A | 106 | 057 0,7 038 | 036 0,22 0,61 0,13
B | 496 | 27 3,22 214 | 17 1,13 2.8 0,58
c | 423 | 257 ] 346 162 | 109 6,39 15,5 3,36
EP
A 673 ] 163] 176 15 | 094 0,89 0,78 0,48
B | 6733 ] 66 7,03 599 | 394 3,31 2,99 1,17
c | 263 ] 21| 263 2396 | 148 | 1331 11,6 4,27

Ha puc. 3 mokazano yckopenme tecta EP, HammcaHHOrO € HCHOJB30BAHUEM SI3BIKA,
FDVMH, no cpaBueHnuio ¢ mocyieoBaTeTbHON Bepcreil JaHHON MPOrpaMMBbl, BLITTOJTHEHHOM Ha
omuoM gmpe HIIY. /[amHBIN TecT BBIMOJHSJICA HA PA3HBIX apXUTEKTYypax MO OTAETbHOCTH, a
TakkKe B ciaeayromnmx kombouaanusx: LIITY + T'ITY, HITY + comporeccop u comporieccop +
IIITY + TIIY. Ha puc. 3 juisd kKaxkjaoii KOH(MUIYPAIMM 3aIlyCKa YKa3bIBAETCs KOJMUIECTBO
MPI-tiporieccoB u kosiudectBo OpenMP-uuteii BHyTpu KaxKkKjaoro m3 mporeccoB. KpacHbiM u
CHUPEHEBBIM IIBETOM IMOKA3aHBbI CJIyYaHu, KOTJA JOMOJHATEIBHO MUCIIOJb30BaIACh OAJIAHCUPOBKA
Harpy3KW IMyTeM 3alaHus cooTHomrennsd BecoB BcexX siep LIIIY u 'Y u cooTHomenus Becos
MPI-mporieccos, orobpazkaembix Ha LIIIY 1 compomeccop.
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Puc. 3. UcnonbzoBanue 6amancuposku Harpysku B DVMH-porpamme
na mpuMmepe tecta EP kmacca C

B wrore, ma mamHoM TecTe mpu omHOBpeMeHHOM wucnosb3oBanun ['ITY um IIIIY ymasoch
JIOCTUYb TTPOU3BOJIMTEIHLHOCTH, KOTopasd Ha 17 % Gosblle IMpou3BOAMTEILHOCTH BBITOJTHEHMS
tecra Ha omuoMm ['IIY. Ilpm stom coornomenne mpoumsBomuresbuoctu LIIIY u T'ITY 6nu10
YCTaHOBJIEHO KaK 1 : 5,7 COOTBETCTBEHHO.

IIpu coBmecTHOM wmCHoIb30Banmu componeccopa u IIIIY ymasock mocTHYb TPOU3BOIU-
TeapbHOCTH, KoTopasd Ha 30 % Gosblie MpOM3BOANTEILHOCTH BBINOJTHEHUS TECTA HA OJHOM CO-
nporieccope. Haubosiee BoiroguHOe cootnomienne MPI-tiporieccoB cienytomee: na MPI-
nporecca Ha Xeon Phi m ogun MPI-niporiecc na Xeon ES5, npu atom MPI-tiporeccsr mmeror
OJMHAKOBBIH Bec, b0 1o oxgHomy MPI-tiponieccy ma IIIIY u comporteccop, u Beca mpoIeccoB
COOTHOCATCA KaK 1 : 2 COOTBETCTBEHHO.

IIpu ucnosb3oBaHUM BCEX YCTPOICTB, YCTAHOBJIEHHBIX B y3J/€, YIAJOCh TOCTUYb ITPOU3BO-
JINTEIBHOCTH, KOTOpas Ha 28 % GoJblle Mpou3BOANTEIHLHOCTH BhINoJHeHusa Tecra EP na TTIYV
u B 3,7 pa3 mpeBbIIIAET TPOU3BOIUTEIBHOCTD BBITIOJTHEHUS ITOIO TECTa HA COIIPOIIECCOPE.

3aKJI0YeHUue

B nmammoit pabore ucciaenoBano pacimuperue DVM-cucrembr i MOIEp2KKNA YCKOPHUTE-
seir Intel Xeon Phi. Peanuzanusi manHOTO paciivpeHnusi — CYIIECTBEHHBIN Iar B HaIpaBJie-
Hun obecneyenus 3dpdexkTuBHoil nepenocumoctu FDVMH-tiporpaMm, Korma ojHa u Ta XKe
rnapaJiiesibHast IporpaMmMa MoxKeT 3(D@EKTUBHO BBIIOJHATHCH Ha KJIACTEPAX Pa3IUIHON ap-
XUTEKTYPbI, UCIOJb3YIOININX MHOTOSIEPHBbIE YHUBEPCAJbHBIE MIPOIECCOPHI, IPAPUIECKHE YCKO-
purenu u comporeccopbl Intel Xeon Phi. PeammsoBannoe orobpazkenne DVMH-nporpammbr
ua IIITY u comporieccop 103BoJIsIeT TPUMEHATh MHOTHE U3 TEX ONTUMHU3AIUN TOCIeT0BATE b
HOI IPOrpaMMbl, KOTOpble ObLIM MpeJIoKeHbl B crarbe [14], u mossossomue 3bdekTuBHO
0TOOpaXKAaTh JTAHHBIE MPOI'PAMMBI Ha I'PAUUECKU TPOIECCoP.

Hccenedosanue vinoanerno npu gunancosots noddepocke PODPU 6 pamxar nayurnozo npo-
exma N 13-07-00580 a.
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The article analyzes the effectiveness of the implementation of NAS benchmarks from NPB
3.3.1 package (EP, MG, BT, SP, LU) on cluster nodes with different architectures using multi-
core processors, NVidia graphics accelerators and Intel coprocessors. Characteristics of tests de-
veloped in high-level Fortran-DVMH language (hereafter referred to as FDVMH), and their im-
plementation in other languages are compared. We research the effect of different optimization
methods for FDVMH NAS benchmarks necessary for their effective work on Intel Xeon Phi co-
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