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AnHotamus. B paGore mpemnararorcs MeTOmbl HOANEPKKH pPa3pabOTKu S(PPEKTHBHBIX
IporpaMM JUIi COBPEMEHHBIX HApaUICTbHBIX apXUTEKTyp, BKIIOYas THOPUAHBIE.
OnuCHIBAIOTCS CIENUATM3UPOBAHHBIE METOIbI NMPOQMINPOBaHUS, NpeTHa3HAYCHHbIC UIS
IPOrpaMMHKCTa, 3aHMMAIOIIETOCs PaclapajlIeUBaHUEM CYIIECTBYIOIIErO KOJa, JIMOO s
noucka He3()(EKTUBHOTO HCIHONB30BAHUS KEMa B MHOTOMOTOYHBIX MPOrpaMMax.
PaccmarpuBaeTcs 3a1ada aBTOMaTH4ECKOI TeHepaluy MapaiedbHOro Koaa Uil THOPUAHBIX
apxuTekTyp. B 3amauax, rme A7 TOBBINIEHHWS MPOW3BOAWTENBHOCTH HAa THOPHIHBIX
apXUTEKTypax HeoOXOAMMa CyIIeCTBEHHAs IIepepaboTKa CTPYKTYp JAHHBIX WM adTOPUTMOB,
MOJKET MCHOJIB30BaThCs ABTOTIOHMHI JUIi CHCLMAIU3ALMU I0J KOHKPETHYIO 3ajady M
annaparypy Bo BpeMs BblnoiaHeHus. [loka3aHa onTHMU3alMs yYMHOXCHUS Pa3peKECHHBIX
matpull Ha GPU u ee npumenenue ais yckopeHus pacuéroB B nakere OpenFOAM.

KioueBble cjoBa: ontummzanus mporpamm, npodumupoBanne, OpenCL, CUDA,
paspexenHble MaTpulbl, OpenFOAM

1. BeedeHue

OBOJIONMS apXUTEKTYPhl IpaMUecKUX aKCeleparopoB IpHUBeNa K TOMY, YTO B
HacTosllee BpeMsl OHHU SBIIIIOTCS MAacCHBHO-TIAPAICTIbHBIMU BBIYHCINTEIBHBIMU
YCTPOMCTBAMH, TPUMEHEHHE KOTOPHIX YK€ HE OrpaHHYMBACTCS 3aJadaMH
rpaduueckoro peHaepuHra. 3a CuYeT CHEeHHalTu3MpPOBAHHON apXHTEKTyphl OHH
MOTYT JIOCTUTATh Oojiee BBICOKOI 3HEProd(peKTHBHOCTH M MPOU3BOAUTEIBLHOCTH
10 CPaBHEHUIO C COBPEMEHHBIMH MHOTOSIIEpPHBIMH IpoLieccopamu. i obnerdenus
pa3paboTku HerpadUYecKMX BBIUMCICHHH Ha akcejepaTopax OBUIM CO3IaHBI
monenu nporpammupoBarus CUDA [1] u OpenCL [2].

B wmonemn mnporpammupoBanust CUDA sBHO OTOOpaskeHbI HHU3KOYpPOBHEBBIE
MIPUHIOXIB pabOThHI aKkcesrepaTopa. DTO JaeT BO3MOXKHOCThH JAETAbHO HCCIIENI0BATH
MIPOM3BOANTENHHOCTS W BBIMOJHATH ONTUMH3AIMIO KOJA, YTO OBUIO BAKHO IS
obecrieueHnst ycremHoro pa3Butust Mogenu. C Apyroil CTOPOHBI, MCHOJIB30BAHUE
CTELUAIN3UPOBAHHON  HH3KOYPOBHEBOW  MOJENM  YBEIUYUBAET  CIOXKHOCTD
pa3paboTku.
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[TporpamMMHBIE pelIeHHUs], UCIOIB3YIOIINE aKCEIepaToOpbl, HE BCET/A CO3MAIOTCA C
HYJIS: HaIIPOTHB, BO3HUKAET HEOOXOAMMOCTh AOPAOOTKH CYILECTBYIOLUIUX POrpamMm
JUI.  MCIOJIB30BaHUS TpaUYecKuX aKcelepaTopoB C LENbI0  IOBBIIIECHUS
s deKkTuBHOCTH pacdeToB. [Iys1 KPYMHBIX MPOTPaMMHBIX IIPOEKTOB MEPEHOC BCEX
ITOPUTMOB Ha akcejeparop TpeOyeT HeEOoNpaBJaHHBIX Tpyjo3aTpar. B stux
ciyyasix TpeOyeTcs aHajiu3 C LENbI0 BBISBICHHMS YYacTKOB KO/, OTBEYAIOUIMX
HanOONBIINM 3aTpaTaM BPEMEHH BBINTOJHEHUS, W TOCICAYIONIMH MEPeHOC MX Ha
aKceJepaTop ¢ COXpaHeHHEeM BHEITHUX HHTep(deiicoB.

Hecmotps Ha To, uto OpenCL u CUDA o0ecrieunBaoT NEpeHOCUMOCTh MEXKIY
Pa3IMYHBIMH TIOKOJEHUsIMU akceneparopoB (B ciaydyae OpenCL —  Takke u
MEPEeHOCHMOCTh  MEXIY TIpa@HUyecKUMH aKcelepaTopaMH H  IpOIeccCopamMH
Pa3JIMUHBIX TMPOM3BOAMTENEH), JUIS JIOCTHXKCHUS BBICOKOW INPOM3BOAMTEIHLHOCTH
Tpebyercsi pa3paboTKa OTIENBHBIX BAPHAHTOB KOJAA JUIS Pa3IMYHBIX YCTPOWCTB.
Jaxe npu wucnons3oBannn CUDA wn3MeHeHuwe OanaHca MEXTy KOJIMYECTBOM
PETHCTPOB, aKTUBHBIX HUTEH BBHINOJHEHUS M 00beMa pasfeinseMod NMaMsaTH HpH
BBIXOZIC HOBBIX ITOKOJIEHHH aKCEeNepaTopoB TpeOyeT MepecMoTpa ONTHMH3ALUH
KOJIa, YTO O3HAYAET YCIOKHEHHE JOJITOBPEMEHHOH MOIAEPKKH Koaa. YacTuaHo 3Ta
mpobieMa MOXKET OBITh pelIeHa 3a CueT pa3paboTKH MEXaHH3Ma aBTOMATHYECKOM
HAaCTPOMKM MapaMeTpoB KOJa, BBINOJHSIIOUIEIOCs Ha akceneparope. ABTOTIOHHHT
MO3BOJISIET MPOBEPUTH TOJBKO HM3HAYAIBHO 3aJ0KEHHBIE B €0 CXEMY BapHAHTBHI
Koma. OTO KOMIIPOMECCHOE pEIICHHE, MO3BOJIAIONIee YIyqIINTh 3(PPEKTHBHOCTD
0e3 3aTpaT Ha PyYHOU aHAJIHM3 U ONITUMH3AIIHIO.

Lens manHOW paboTel —  pa3paboTKa HWHCTPYMEHTOB U OHOIHOTEK,
HNOAJCPKUBAIONIMX  IPOAYKTHUBHOCTH  pa3pabOTKH NPOrpaMMHOTO Koja H
obecriedeHHe  BBICOKOM  IIPOM3BOAMTENBHOCTH  JUIi  INHUPOKOrO  CIEKTpa
aKcenepaTopoB. I JOCTHKEHNS ITOH 1IN MPeAIaraloTcsl ClIeLyoIue MOIX0 bl
1) TIpodmmupoBanue MOCIEIOBATENBFHOIO KO VIS IOMCKA TEX yIaCTKOB,
HEPEHOC KOTOPBIX Ha NapalIeNbHYI0 apXUTEKTYPY aKTyaJleH B IEPBYIO
ouepep.
2) ABTOMAaTHYECKas KOJOTCHEPAIHs JJIs apalIebHOM THOPUIHOM
APXHUTEKTYPHI B MIPOIIECCE KOMITUIISIIHU.
3) ABTOMaTHYECKas aganTaius OHOIHOTEUHBIX (yHKIHIA.
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@ match_for @
OpHrHHATBHBIN KO expression init, test,
for (init; test; step) step;

stmt; statement stmt;

position testp;

0
[IpeoGpa3zoBaHHbIM KO - for
{ + {
__trace_start(loop_id); |__trace_start(loop_id);
for (init; for
| _trace_ test(test); step) ( Init;
stmt; - test@testp
H + _ trace_test(test)
; step) stmt
+ }

Puc. 1. Obwuil 610 uHCmMpymMeHmuposanHo20 Yukia for u coomeemcmeyouull
Coccinelle-cxkpunm

Cratpst WMeeT CIeNyIOIIyld CTPYKTypy. B  pasas. 2  mpemrararorcs
CIICHHUAJIU3UPOBAHHBIC METOAbI Hqu)I/IJ'Il/IpOBaHl/ISI, MpeaHa3sHAa4YCHHBIC JJIs1
NpOrpaMMHUCTa, 3aHUMAIOUIETOCS pacHapajuleIMBaHueM CYIIECTBYIOIETO0 KOJa,
nubo s mowcka HEed()(EKTUBHOTO HCIOIb30BAHMSA Kella B MHOTOMOTOYHBIX
nporpammax. B pasn. 3 paccmarpuBaeTcs 3amada aBTOMAaTHUECKOH TIeHepanuu
MapaJulebHOTO KOAa JJisi THOPHIHBIX apXuTEeKTyp. B 3amauax, korma s
MOBBIMICHUS. TPOU3BOAMTEILHOCTH Ha THOPHIHBIX apXUTEKTypax HeoOXoIauMma
CyIECTBeHHasi IepepaboTKa CTPYKTYp [HaHHBIX WM QJITOPHTMOB, MOXKET
HCIIOJIb30BAThCSl ABTOTIOHHMHT JUISl CIICLMATH3ALMU 101 KOHKPETHYIO 3ajady H
annapaTypy BO BpeMsI BBIITOJIHEHHs. JTO AEMOHCTpHUpPYeETCs B pas3a. 4, TIe nokazaHa
ONTHMHM3ALMSA YMHOXEHHS pa3pexeHHbIX Marpuny Ha GPU u npumenenue s
yckopeHus pacdéToB B makere OpenFOAM.

2. UHcmpyMmeHmMbI npoghunupoeaHust Koda

B ClIydasx, Korja nepea nmporpaMMmucToOM CTOUT 3aJada MepcHoca 0oJIbIION 0a3bl
KOJla Ha NmapayuICJIbHYI0 apXUTCKTYPY C LEJIBIO IMOBBIIICHUA ITPOU3BOAUTEIIBHOCTH,
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HEOOXOAMMO BBIIEIUTh YYaCTKH KOJa, aHalU3 U MEPEeHOC KOTOPBIX JIOJDKCH
POM3BOAUTBCS B IEpBYO ouepelns. Kak mnpaBuio, pacnapajuleIMBaHUE KoJa
BBIMOJIHAGTCSI B TEPBYIO oOdepenb Ha YpoBHE IHMKJIOB. COOTBETCTBEHHO,
HeoOxoaumMo coOpaThb HMH(OPMALMIO O TOM, KAaKUM IIMKJIAM COOTBETCTBYIOT
HauOOJbIINE 3aTPaThl BpEMEHH BBINTOJHEHUS (C y4EeTOM BPEMEHH, 3aTPauyeHHOT0 BO
BCEX BBI3BIBABIIUXCS MTOIPOrpaMMax).

Korpa nng nmepeHOCHMMBIX MpOTpaMM JOCTYIHBI BXOJIHBIC JTaHHBIC, NOBEJCHHE Ha
KOTOPBIX OTpakaeT peajbHble CIIEHAPUH HCIOJB30BaHUs, Haubojee yHOOHBIM
MOJIXOJIOM K COOpY XapaKTEpUCTUK BPEMEHH BBITIOJIHEHHUS SIBISETCS JMHAMUYECKHUH
aHamm3 (mpo¢unupoBanue). Kpome Toro, mHcTpyMeHTanuoo M npoduimpoBaHue
MOJKHO HCITIOJIB30BATh IS MOMCKA TUIHMYHBIX OIIMOOK, MPUBOISIIUX K YXYAIICHHIO
MIPOU3BOAUTENHLHOCTH NMapaJUIeNIbHBIX IPOrpaMM, Kak 0Ka3aHo B paszene 2.3.

cairo-tor-scan-converter.c:1885:
glitter_scan_converter_render:

31056899836 nsec: 11365462 iters: 2733
nsec/iter:

181819 loops: 63 iters/loop
cairo-image-surface.c:3025:
_composite_boxes:

18235085135 nsec: 101067 iters: 180426
nsec/iter:

101066 loops: 1 iters/loop
cairo-image-surface.c:3031:
_composite_boxes:

18204913778 nsec: 187791 iters: 96942 nsec/iter:

101067 loops: 2 iters/loop
cairo-tor-scan-converter.c:1932:
glitter_scan_converter_render:

17959504548 nsec: 76624515 iters: 234 nsec/iter:

5108301 loops: 15 iters/loop

Puc. 2. I[Ipumep pe3zynbmamos npo@uiuposanus YuKios

2.1. MpodunupoBaHme LUKNOB

B wHacrosmiee Bpems i mpodWIMPOBAHMS MPOTPAMM HCIOJB3YIOTCS METOJIBI,
OCHOBaHHbIE Ha IIEPHOJINYECKON 3alMCH YKa3aTelsl BBINOJHIEMONW MHCTPYKIHHU (U,
BO3MOXXHO, CTeka BbI30BOB). CoOupaemoil TakuM 00pa3oM HH(pOpPMAILKU HE
JIOCTaTOYHO JUIsl IPOTPAaMMHCTa, 3aHUMAIOIIEroCst MOUCKOM TMapaJuIeNIbHbBIX IIUKJIIOB,
TaK Kak OHa HE INpPUBS3aHa K MepapXuM LMKIOB. Takum oOpa3om, HE0OXOIMMO
JIOTIOJTHUTEBHO COOMPATh TMHAMHYECKHE XapaKTEPUCTHKHU IIUKIIOB!
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e KonnuecTBO BXOJIOB B UK
e KomnuyectBo ureparmii
e Bpewms, NIpOBEIEHHOE B LIUKIIE

3amuch 0 BpEMEHH, 3aTPadyeHHOM B IMKJIE, TO3BOJIIET JIETKO MJICHTU(HUIUPOBATH
Ba)KHBIC JUIsS paclapaiieluBaHus IMKIbL. be3 sroro Obuio OB HEOOXOIMMO
BBINOJIHATE HETPUBUAIBHYIO IMOCT-00pab0oTKy NpO(UIMPOBOYHON HHGBOpMAIHY.
3amuch KOJMMYECTBA BXOJOB M UTEPALUil MMO3BOJIIET MPOTPAMMHUCTY HCKIIOUHUTH M3
pacCMOTpeHHsI IMKIBI, KOTOPBIE HE HWTEPUPYIOTCS BOOOIIE, JHOO CcomepikaT
CJIAIIIKOM MaJIo UTepaluid 9To0kI pacrapaieIMBaHIE UMEIIO CMBICI.

BeIMONHATE  Takoe BCHOMOraTelbHOE MNPOQWIMPOBAHHME MOXHO 3a  CUeT
HHCTPYMEHTallMM  Koja. BoO3MOXKHO  11Ba  moaXoJa K  OpraHu3aluu
HHCTPYMEHTUpPOBaHUs. B mepBoM mojxoje TmpeajaraeTcss sl KaXJI0To
O00HApy)KEHHOTO IMMKJIA B TIPEA3arojIOBOK JOOABIATh KOJ, YBEIHYUBAIOIIHIMA
CYETYHK BXOJIOB B ITMKJI, @ B 3aTOJIOBOYHBINA OJIOK BCTPAUBATh KOJI, YBEIIMIUBAIOIITHIA
CUCTYHK HUTEepalMid W JOOABIAIOMMN BpeMs IOCIENHEH HTepalid K CUYCTUHKY
o0ImIero BpeMeHH, 3aTPauyeHHOTo B IMKIIE. DTOT IOAXO]] IPOIIEe B pearu3alii, HO
TpeOyeT BRIMOTHEHHS KO/Ia MHCTPYMEHTAIINH Ha KOKION UTEePalliil UK.

OTH HaKIaJHBIE PAacXoJbl MOXHO COKPaTHTh, €CIIM IpeoOpa3oBaTh rpad MOTOKa
yIpaBJeHus MK B (opMy C OZHHM BXOJOM M OJHUM BBIXOJOM. DTO ITO3BOJHT
MIEPEHECTH OOJBIIYIO YaCTh HHCTPYMEHTUPYIOILIETO KoJia (3aMep BPEMEHH U 3aIiCh
pE3yIIbTaTOB) U3 TeJla NUKJIA K €AUHCTBEHHOMY BBIXOLY.

Hnst si3pikoB C u CH++ HHCTPYMEHTHPOBAaHHWE MOXHO BBIMOJHATH Kak source-to-
source npeoOpazoBanue kona ¢ nomoinsio Coccinelle [3] (puc. 1).

2.2. OueHkKa paccToAHUA NOBTOPHOro UCMNOJSIb3OBaHUA

B HEKOTOpBIX Cydasx NPOrpaMMHUCTa HHTEPECYET PACCTOSIHUE MEPEUCIIONb30BAHMUS
(reuse distance) Uit HEKOTOPBIX MACCHBOB, DACIIOJNIOKEHHbIX B mamsTH. I[lycTb
¢yukmus ¢ npororunoM void compute(char out[], size t out n, const char in[],
size tin_n) reHepupyeT out n 3JEMEHTOB MacCHBa out[], HE COACPKHUT JOCTYIIOB K
I00aTbHBIM MTEPEMEHHBIM M HE COJCPKHUT MOoOOUYHBIX 3((EKTOB; TaKUM 00pazoM,
pe3ynpTaT ee pabdOThI 3aBUCHT TOJBKO OT COJEPKHUMOTO MACCHBOB Out W in Ha
MOMEHT BBI30Ba. JTO O03HAYACT, YTO BBIYUCIICHUS MOXHO IPOW3BOJIUTH B
MIPOM3BOJIGHBIT MOMEHT MEXIy TOYKOW BBI30BA M CJIEOYIOIIMM IIOCJIE Hee
oOpamieHHsIM K MaccuBaM out (Ha YTEHHE WM 3aluch) Wwin in (Ha 3ammchk). B
YACTHOCTH, BBIYUCICHUS MOXXHO BBIHECTH B OTJAEIBHYIO HHThH, KOTOpas MOXKET
BBIMOJHATHCS APAJUIEIIEHO ¢ OCHOBHOM MPOrpaMMOii, YTO MPUBEAET K YCKOPEHHUIO
Ha TApaUIeNIbHOM  apXUTEKType, ecid compute BBIIOJHSAET JOCTATOYHO
WHTEHCHUBHBIC BBIYUCIICHUSI.

KpOMe TOro, OIICHKa  pacCCTOAHUA IMOBTOPHOTO HCIIOJIb30BaHUA MOXCT
HCIIOJB30BATHCA UIA CIICHHUAIM3AalMU KOJAa B 3aBUCUMOCTH OT YPOBHSA KCIlla, B
KOTOpLII\/‘I JOJIKHBI IIOIIACTh BBIYMCJIICHHBIC 3HAYCHHU .

361

st 3aMepoB BpeMeHH 10 CIEIYIOIIETO JOCTYIa MOXKHO HCIIOJIb30BaTh MEXaHU3M
3alMThl BUPTYyalIbHOI mamstu. BeizoB mprotect(void *addr, size t len, int prot)
MO3BOJISIET M3MEHWTH IpaBa J0CTyna K pernony mamsrtu [addr, addrtlen-1] B
COOTBETCTBUM ¢ Mackoi prot. Ilpm cnemyromem jgoctymne mporpamma MOJTYYdT
curHan SIGSEGV, o0paboTuMk KOTOpOro HMMeEET IOCTyN K aapecy, KOTOPBIi
nporpaMMa IbITajachk MPOYUTaTh MM 3amnucatb. COOTBETCTBEHHO, 00pabOTUYHMK
MOXKET ONPENeNINTh, KAKOMY U3 paHee 3alIMIICHHBIX PETHOHOB MPHHAJICKHUT ITOT
azipec, 3ammcaTth BpeMs JOCTYNA, BOCCTAHOBUTH JOCTYH Ha YTEHHE M 3alUCh H
HPOJOJDKUTE BBITOJIHEHUE TPOTPAMMBEIL.

2.3. OueHKa 4acTOTbl npomMaxoB Kewa U NOOUCK cmyauuﬁ
JTIOXXHOro pasgeneHus

KemmpoBanue 4acTto MCMONB3YyEeMBbIX IaHHBIX W3 ONEPATHBHOW HaMATH SBISIETCS
OIHMM H3 KIIIOYEBBIX METOJIOB OOECIeueHHs] BBICOKOH HPOHM3BOIUTEIBHOCTH
COBpPEMEHHBIX TporeccopoB. Kemm He sBigeTcs OONIMMH pecypcaMH: Kaskaoe
MPOLIECCOPHOE AP0, Kak TMpPaBHIO, WMEET CBOW KeIl TIIepBOTO YypOBHS; B
MHOTOIIPOIIECCOPHBIX CHUCTEMax KaKAbIH (M3WYECKUIl MPOIECCOpP HMEET CBOIO
nepapxuio kemel. Kem XpaHUT MHOXKECTBO BBIDOBHEHHBIX YYaCTKOB OIEPATUBHOMN
MaMATH, Ha3bIBaEMBIX CTpokamu. OIUH M TOT K€ YJacTOK OMNEPATUBHOM MaMATH
MOXET OJHOBPEMEHHO HaXOJWUTHCS B KEIIaxX PasHbIX MPOIECCOPOB; KOTAA OIWH M3
MPOIIECCOPOB MOAM(PHUIIUPYET ITH JaHHBIC, HCOOXOTUMO OOHOBHUTH MIIA YAATHThH UX
13 Kella Ipyroro mnpoieccopa. JTa 3a/a4ya PenraeTcsi C UCIoIb30BaHNEM IPOTOKOIA
coracoBanus keiel (cache coherency protocol).

[Tockonpky MomubuKamws naxke oZHOTO OaiiTa MPHUBOAWT K OOHOBJICHUIO IEIION
CTPOKM Kellla, MOTYT BO3HHKATh CHTyallid, KOTJIda HUTH, MapajIe]bHO
BBITIOJTHAIOIIMECSA HAa PAa3HBIX gApax, MOOYEPEAHO O6HOBH${IOT Ppa3HbIC IICPEMEHHBIC,
MOMAaJaloIMe B OJHY CTPOKY Kella. B Takux cilydasx OOHOBJICHHE Ha OJHOM
nporeccope OyIeT MPUBOAUTH K BHITECHEHHIO COOTBETCTBYIOIIEH CTPOKHM M3 Kella
JIPYroro MpoIeccopa M CepHaln30BBIBATh BBIMOJHCHHE HUTEH, KaK €ciu Obl OHU
OOHOBIISUIM OJHY U Ty e MepeMeHHyio. Takoe MmoBelAeHHe H3BECTHO KaK JIOKHOE
pasaencuue (false sharing) m yxyamaer HTpPOU3BOTUTEIBHOCTh MAPaUICIBHBIX
nporpamm. COOTBETCTBEHHO, >KENIaTellbHO HMETh HMHCTPYMEHTHI JJisi aHalu3a
3 PEKTUBHOCTH HCIOJL30BAHMS KEIlla, B TOM YHCJE, MOUCKA CHTYAIHil JIOIKHOTO
pasjieneHus.

JI7st olleHKH KOJMYecTBa MPOMaxoB MOXKHO HCIIOJIb30BaTh HHCTPYMEHTAIMIO KOJA.
OcHOBHast wWJesl 3aKJI04YaeTcss B TOM, 4YTOOBI COOpaTh MPOPEKCHHYIO Tpaccy
JIOCTYTIOB K TIaMSTH, BKJIIOYas PACCTOSHUS MOBTOPHOTO MCIOJB30BaHUS, U 3aTEM
OIICHUTHh KOJHMYECTBO IPOMAXOB, HMCXOAS W3 COOpPaHHOW TPAcChl M HEKOTOPOM
TEOPETUYECKON MOJENU Kemla. XarepcTeH [4] mpeanaraet BEpOSATHOCTHYIO MOJEb
JUTSE OTICHKH (P (EKTUBHOCTH UCTIOIB30BAHUS KEIIa CO CITyYaitHBIM BHITCCHCHHECM Ha
OCHOBE PACCTOSHHS TIOBTOPHOTO HCIOJIB30BaHUS CTPOK Kemma. HemocrtaTtkom ero
MOIXOAa Ui TIOWCKAa CHTyaldi JIOXKHOTO pa3lelcHus B MHOTOMOTOYHBIX
MporpaMMax sIBIISIETCS HEOOXOOMMOCTh JONOJHHUTENBHOW CHHXPOHH3ALUH IPH
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cOope tpaccel. Harueil 1esnpto Oyner o6xoj 3TOW HEOOXOAMMOCTH, TaK Kak OHa
MOXET CyﬂleCTBeHHO 3aMCIJINTH BBIIIOJTHCHUEC HpOFpaMMI)I.

ITycts L — KOJIMYECTBO CTPOK B KEIE; TOTJa BEPOATHOCTH TOTO, YTO CTPOKA,
HaxoJsIIasics B Kellle, y>ke He OyJeT B HeM Iociie N MpoMaxoB, paBHa!

fln)=1-(1-1/L)"

Iycts r(i) — BeposiTHOCTH mMpoMaxa mpH i-om obpaienun, a A(i) — 3HaueHue
paccTosHUS MOBTOPHOTO MCIONB30BaHMs Ui i-ro obparneHus. Toraa KOJTHIeCTBO
mpoMaxoB keria Mexay i-M u (i-A(i)-1)-M oOpaleHUsIMH MOKHO OIICHHUTH Kak:

i—1

IR0

j=i—Ali)

Toraa BeposITHOCTH TOTO, YTO HA MOMEHT OOpalieHus | HCKOMasi CTpoKa He Oymer
HAXOJUTHCSI B KeIIIe:

i-1

@=f Y r@

j=i—Ali)

[IpeanonoxuB, 4TO BEPOATHOCTH MPOMaxa MmocTosHHa, T.€. (i) = R misa Bcex i (Ha
HEKOTOPOM y4YacTKe TPacChl MPOTPaMMbI), XarepcTeH IOIydaeT OCHOBHOE
YpaBHEHHE CBOEI MOJEIN:

Nnoeold

ReN=N_,;+ Z £(A(D) * R)
i=1

B MHOrOmoTo4HOM Citydae Mojenu XarepcTeHa 3alKch B TPAacce MOMHMO CTPOKH
KeIlla ¥ PACCTOSIHUSI ITOBTOPHOTO HCIIONBb30BAHMS COAEPNKHUT MHGOPMAIMO O TOM,
OblTa JIM 3amKCh B 3Ty CTPOKY B JPYrOoM HHUTH HPHIIOKEHUS MEXIY IEPBBIM H
BTOPBIM OOpallleHHeM B TMepBoi HUTH. Takod moaxoj K cOOpy HMH(pOpMAIHU O
3aIicAX B APYTOM HUTH TPeOyeT CHHXPOHHU3ALUH.

Ho Bo3MOeH U apyroil moaxoa — BBIUUCIEHHE BEPOSITHOCTH TOTO, YTO BO BPEMs
oOpalneHus1, 3alMCaHHOTO B TPAcCy, M CIEAYIONIero oOpamieHus K 3TOH CTPOKE B
9TOH e HHUTH, ObUIA 3alUCh B Ty K€ CTPOKY B JIpyroid HHTH (Ha OCHOBE Tpacc
oOpaleHnii K MamMsTH ¢ BPEMEHHBIMH METKAMH U KaKIOW HUTH TPHIOKEHHS).
3OTa BEpOATHOCTH M OYZEM HCKOMBIM IPOIIEHTOM ITPOMAaX0B KOT€PEHTHOCTH.

Z[J'If[ peuicHus IIOCTaBJICHHOM 3aJauu Tpe6yeTcs[ BBIYHCIIUTE AIIPUOPHYIO
BEPOATHOCTH TOI'0, YTO €CJIKM MPOMAX KOTCPEHTHOCTHU IMPOU3OLICT Ha 06paIIIeHI/II/I,
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3allMCaHHOM B Tpacce, TO 3alKCh, Onaroaaps KOTOPOW MPOH30ILIeN MmpoMax, Obuia
3aIrMcaHa B Tpaccy APYroil HUTH (TaKHUX 3ariceil MOXKeT ObITh HECKOJIBKO).

[Tycte Npo — KOJIMYECTBO 3alHceld B KEII-CTPOKY A B HCCIISyeMOM Y4acTKe TPacChl
BTOpol HUTH, N — KOJIMYECTBO Bcex 3amuceil B y4yacTke. P — BeposTHOCTB
BBIOOpKHM oOpamieHust A 3amucl B Tpaccy. | — MPOAOIDKUTEIHHOCTH
HCCIIEyeMOT0 y4JacTKa. Tp — BpeMs MEXIy IepBbIM M BTOPBIM JOCTYNOM K A B
nepBoii HuTH. Torma KonuuecTBo 3amuceii B yuactke Ny = N/P, cpennee Bpems Ha
Mexmy 3armucsiMu Ty, = T/N,,, KOJIHYECTBO 3ammcell BO BTOPOH HUTH MEXKIY MEPBBIM
U BTOpBIM oOpatiieHreM B 1epBoit HUTH Nag =T/ Ty,

BeposiTHOCTB TOrO, 94TO MEXIy MEPBBIM U BTOPHIM gocTynoM Oyxer K 3ammceit B Ty
K€ CTPOKY B IPYTO HUTH COCTABHT:

Mas In . —
Py = C SP5(1— P, )% ¥ raeP, = N, /N
Tor;[a BEPOATHOCTb, 4YTO B Tpacce 6YI[€T 06paIII€HI/I€, 6naroz[ap${ KOTOpOMY

MIPOM30ILIEI POMax (XOTsl ObI OJTHO U3 HUX):
e
g

Py = 1—2 By (1 — P)¥
k=1

A BEpOsITHOCTb, YTO MPOMAX IPOU3OLIEI, HE3aBUCHMO OT TOTO, MOMal OH B TPacCy
WJIN HET:

— _ _ My,
P,.=1— (1—P,)Vas
OﬂHaKO, HaM MHM3BECTHA CTATUCTUYECKAsA BCPOATHOCTH IOIIagaHUs IIpoMaxa B
Tpaccy:

PA.:] = ﬂAd /N, rﬂEﬁAd —KOJIMYECTBO 3aMEUEHHBIX IPOMAXOB.

Tor;[a YCJIOBHAsA BEPOATHOCTD IOMAJaHUA IIpoMaxa B TpacCy IPU HAJIUYHUU TaKOIo
npomaxa:

Paa  Pag
P Py
W3 3TOro ypaBHEHHsS MOXHO MONYy4YHTh P — HCKOMYIO BEpOSTHOCTH MPOMAaxXOB

KOI'¢pECHTHOCTHU, HJIK KE MPOLICHT 06pa1ueHyu71 K TaMATH, HOBJICKIIHX MpoMax
KOI'CPCHTHOCTHU.

Hna nmocratouno TouHOTO ompeaeneHus Ppg Tpebyercs HamHOTO OOiee wacras
BBIOOpKa OOpalleHHWil IJIs 3allUCH B TPAcCy, TaK KaK BEPOSTHOCTb, YTO MEXKIY
BBIOpAaHHBIMU C BEpOSTHOCTHIO P oOpauieHusiMu B Jpyroil HUTH Oblia BbIOpaHa
3aIKCh, BIEKYIAsi MPOMax KOTEPEHTHOCTH TOXe paBHa P, T.e. Ppg nMeeT mopsmok
P?. Tlostomy P cremyer BIOMpaTh Kak KBajpaTHbIi KOPEHb W3 BEPOSTHOCTH B
MOJIeNN XarepcTreHa.
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3. Aemomamud4eckas 2eHepayusi napasnsnesibHo2o OpenCL-
KoOa 80 speMsi KoMnusyuu

B HExoTOpBIX ciyyasx BO3MOXKHO MOJIyYEHHE NMapauIeNbHOr0 KOJa aBTOMaTHYECKH
BO Bpems koMnwianuu. HecMoTps Ha To, 4TO B pe3ynbTaTe pachnapasieInBaHUs
BPYYHYIO  OIBITHBIH  NPOrpaMMHUCT  BBLAACT Oosee  3(PQEKTUBHBIA KO,
aBTOMAaTHYECKas KOJIOTeHepaIus SIBISIETCSI crocobom TTOBBIIICHUS
MIPOM3BOANTEIHHOCTH CYHIECTBYIOIIETO KOJIa HAa HOBBIX apXUTEKTYPaX.

B pamkax mpempiaymux padot [S], [6] Obul pa3paboTaH METOJ| aBTOMAaTHYECKOM
reneparmn  OpenCL-koza uis mapajuleNbHBIX THE3[ LUKIOB. Vcmonb3oBanue
OpenCL B KkauectBe maropMbl JUIsd BBINOJIHEHHS MapajuIeNbHOTO —Koja
obecrieunuBaeT IEPEHOCHMOCTh PE3YJBTHPYIOIIEH MNpOrpaMMBl  MEXAy Kak
MHOTOSICPHBIMU ~ MIPOLIECCOPAaMH, TaK ¥ THOPUAHBIMH  apXUTCKTYpaMH C
akceneparopamu, nomnepxxuaromux OpenCL. OTMeTHM, YTO IIPU HCIOJIB30BAHUH
OpenCL dacTp Koma IpoOrpamMMbl BBIAEISAETCS B BHUJE OTACIBHBIX (QyHKOWH —
«siaep», KOTOpbIe MOJaloTCs OMOIMOTEKe BPEMEHH BBHIIIOIHEHHUS B BHIE UCXOJHOTO
konma. TakuMm 00pa3oM, KOMIWISLMS BBIACICHHOTO KOJA BBINOJSETCS BO BpeMs
BemonHeHus apaiisepom OpenCL. IIporpamma, ucnons3yromas OpenCL, nomkHa
HACTPOMTH KOHTEKCT BBIMIOJIHEHHS U TIepeliaTh Cpeie BhIMOIHEHHs Koa saep. Janee
nepea 3almyCKOM BBIIIOJIHCHUA ANCP IporpamMma  JO0JIKHA CKOIIMpPOBAaTH Ha
aKceJepaTop MAacCUBBI, K KOTOPBIM OyzeT oOpamiaTbes sSApo (€Ciau BBIIOIHEHHE
MIPOMCXOIUT Ha TUOPHIHOM CHUCTEME U aKceJepaTrop MMeeT JAOCTYI K OTIAeIbHOMY
NPOCTPAHCTBY MaMATH) W YKa3aTb 3HA4eHHs apryMEeHTOB sipa. Snpo Moker
BBIMOJIHATECSI Ha aKcelepaTrope IapayiebHO C OCHOBHOH IIPOTpaMMOM, HO
KOIMPOBAaHNE BBIYMCICHHBIX PE3YJIbTATOB C aKceleparopa B HaMsATh MPOTrPaMMBbI
OyzeT MpUBOJUTH K CHHXPOHHU3AIINH.

B xauectBe HQpacTpyKTyphI Ul pealn3aliy aHaiu3a U TpaHC(OpMaliy LUKIIOB
ucnons3oBanace cucteMa GRAPHITE xommuistopa GCC. GRAPHITE
obecrieunBaeT BO3MOXHOCTh BBICOKOYPOBHEBOTO aHajIM3a IMKJIOB B paMKax
monmu3IpanbHOil Mojenu. Pesynprar pabotei GRAPHITE nmns THe3na IMKIIOB
npezacrasnsier coboit cTpykrypy SCoP (Static Control Part), Briouaroryro
abCTpakTHOE MPEACTaBICHUE MCXOAHOrO TIpada MOTOKAa YIpaBiIeHHS B BHIC
CLAST, a Taxke NpOCTPaHCTBO UTEpALMA W paclucaHue BHINMONHEHUA. Kpome
TOTO, JUII MAaCCHUBOB, K KOTOPBIM BBINOJHAIOTCA OOpaIleHHs, CTPOUTCS MHACKCHAs
¢GyHKIMA, oTOOpaXkaromias 3JIEMEHT B IIPOCTPAHCTBE WTEpallMidi W OIEpaTop
IIpOrpaMMbl B CMEIIEHHE B MaccuBe. JlIsi BO3MOXKHOCTH IIOCTPOECHHUSI 3TOTO
MIPEACTaBICHNS TpeOyeTcs, YTOObl BCE LMKl MMENM KOHCTaHTHBIE INArd, a
MHJIEKCHI B JIOCTYNax K 3JEMEHTaM MaccHBOB a(GpUHHO 3aBHUCEIH OT HUTEPATOPOB
ITUKJIOB.

[ocne BeIMoONHEHMs aHanM3a W npeodpasoBanus pacnucanus 1ukiaoB GRAPHITE
BBINOJIHAET BOCCTAHOBJIEHHE MpoMexyTouyHoro mnpeiacrasnenus GIMPLE w3
CLAST. Ha sroM mare CTpyKTypBl Iepemaddl YIpPaBICHUS W WHAYKIHOHHBIC
MEpEMEHHbBIE UKIOB T'€HEPHPYIOTCS 3aHOBO, HO IIOMHMO 3TOTO IEPEMHCHIBAHUS
opurnnanibHoro GIMPLE-koma He TtpebOyercs. s reneparmm OpenCL-koma
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TpebyeTcsi ONpeNeNuTh THE3/Aa LUKIOB, IUIST KOTOPBIX BO3MOXKHO MapaulelbHOE
BBIMOJIHCHHE, M BHIMOIHNTH BoccTaHoBleHne U3 CLAST B rudpumusiii GIMPLE u
OpenCL xon. B Bune GIMPLE HeoO0XoauMo creHepupoBaTh psiii OOpalleHHid K
cpene BemonHeHust OpenCL:

1) MHMOHMANTU3ALIIO KOHTEKCTA (€CIH ellie He MPOU3BOANIIACE);

2) xommusinuio kona sapa mist SCoP (mpu nepBom BeinonHeHun SCOP);
3) BbIZENCHNE MAMATH U KOITMPOBAaHUEC MACCHBOB Ha aKCEIIEPaTop;

4) yCTaHOBKY apryMEHTOB 5/Ipa;

5) CcOOCTBEHHO 3aIycK spa Ha BBITIOIHEHNE;

6) KomupoBaHHE PE3yJIBTATOB M OCBOOOKICHHE MAMSITH Ha aKcelepaTope.

Takum o0paszom, BoccraHoBieHHbli GIMPLE-kox He 3aBucur OT rpada MOTOKa
yIpaBieHUs] LUKIA. Bce moBeneHWe HMCXOIHOTO LMKIA BOCCTAHABIMBACTCA U3
CLAST B xon Ha OpenCL C, npu aTom Tpebyercs peanuzoBaTh Beigady OpenCL-
kona w3 BHyTpeHHero mnpezacrasienuss GIMPLE nnst 6a3oBbIX OJIOKOB LMKIA.
Pesynprupyromuit xox saapa Ha OpenCL C mnomagaeT B CKOMIMIMPOBAHHYIO
nporpamMMmy Kak KOHCTaHTHasi CTpoka M mojaercst apaiiBepy OpenCL Bo Bpewms
BBITTOJTHEHHS.

4. AemomMamuyeckass adanmauus

CoBpemeHHble  Tpaduueckre  akceiepartopbl  00ecleuuBarOT  BBICOKYIO
MPOMU3BOIUTEIBHOCT, M HHEProd((EeKTUBHOCTh 3a CHET CIENUAIN3UPOBAHHOM
MaCCHBHO-TIAPAJUICIbHOM apXUTEKTYpHhl, COYETAIOIIeH MapajuieNu3M Ha YpOBHE
HE3aBHCUMBIX BBIYHCIUTENBHBIX OJIOKOB (MyabTUIpoLieccopoB B TepmuHax CUDA)
1 mapajuienu3M Ha ypoBHe ALU, CHHXPOHHO BBINOJHSIONIMX OJHY KOMaHIy JJIs
rpynnsl HuTed. KommdecTBo rpynn HuTel, KOTOpbIe MOTYT OBITH OJHOBPEMEHHO
AKTHBHBI HA MYJIBTHIIPOIIECCOPE, 3aBUCHUT OT HECKOIBKUX (haKTOPOB:

hd KOJIMYCCTBO PETUCTPOB, Tp66yIOH.II/IXC$I JUIIsL Ka)KI[Oﬁ HHWTHU,

e 00bBeM oOmIel maMsATH, TPEOYIOIHIXCS U OTOKOB HUTEH;
e  KOJIMYECTBO HHUTEN B OJIOKE.
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Puc. 3. [Ipumep mampuyer 6 popmame Sliced ELLPACK

KonmuecTBo aKkTUBHBIX HHUTEH BIMSET Ha JOCTHTHYTYIO IIPOM3BOJHUTEIHLHOCTE.
VYBenuueHne KOJNWYECTBa HHUTEH TIO3BOJISIET CKPBIBATh  3QEPXKKH  MEXKIY
3aBUCUMBIMH WHCTPYKLHMSMH 32 CHYET MEPESKPBITUS BBINOIHEHHUS PA3IMYHBIX HUTEH
Ha onHMX U Tex ke ALU. C npyroif CTOpOHBI, YMECHBIICHHE KOJIWYECTBA HUTCH B
COYCTAHHMHU C YBEIMYCHHEM IapajUlelii3Ma Ha YPOBHE KOMaHI B Npeaesiax OJHOU
HUTH (YTO TIOBBIMIAET TPEOOBAaHMS K KOJIHYECTBY PETHCTPOB HAa HUTH) B pAne
CIIy4aeB MO3BOJISIET JOCTHYb 00JIee BEICOKOW MMPOU3BOUTEIBHOCTH.

Kak MpaBujio, AHAJIUTHUYCCKOC TPECACKA3aHUC Hanﬂqueﬁ KOH(i)I/IpraHI/II/I
3aTPYAHCHO WK HEBO3MOXKHO. KPOMG TOT0, IPONU3BOAUTCIBHOCTD MOKET 3aBUCCThH
OT HCYYTCHHBIX B aHAITUTHYISCKOM MOACITIN q)aKTOpOB.

Jnsi MHOTOKpaTHO UCHOJNB3YIOMIMXCS (DYHKUMI WMEeT CMBICT BBINOJHATH
ABTOMATHUYECKYI0 HACTPOWKY pealn3aliy sl KOHKPETHOW apXHUTEKTyphl, Ha
KOTOpOoi OyneT BBINONHATHCS KOA. ABTOMAaTHYecKas ajanTaius Kak CpeICTBO
TIOBBILICHUS TPOM3BOANTEIBLHOCTH HcHonb3yercs B oubimorekax ATLAS (pabota ¢
ioTHeIME MaTtpuiamu) 1 FFTW (OsicTpoe npeoOpazoBanne dypoe).

OOpaboTka pa3peKeHHbIX MaTpHIl (2 UMEHHO, YMHOXXEHHE MAaTpPHUIbI Ha BEKTOP)
ABIISICTCS BA)XHBIM BBIUMCIUTEIBHBIM SIPOM B UTEPAI[OHHBIX METOHAX PEIICHHS
CHUCTEM  JIMHEWHBIX  ypaBHEHMH, 4acTo  HCHOJB3YIOLIIUXCA B  3ajadax
BBIYMCIIMTENBHON THApOAMHAMHUKUA. (OCOOEHHOCTBIO sipa  SIBJISICTCS  BBICOKAs
TpeOOBaTENFHOCTh K TPONYCKHOH CIIOCOOHOCTM TMaMsITH B COYETAaHHH C
HEPEryISIPHBIMU JOCTYHNAMH K AJIEMEHTaM BEKTOpa. DTO 3aTpyHSIET ONTUMU3ALMIIO
Y IPUBOJUT K HU3KOH 3arpy3Ke BEIUUCIUTEIBHBIX PECYPCOB.
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sliceptr (0.0 (6.4 (12, 10) (18,167 (22, 20)

Puc. 4. [Ipumep mampuywr ¢ popmame Sliced ELLPACK c bnokamu 1 x 2

IIpu ontumusanuu yMHOXKeHMs paspexeHHblx Marpull Ha GPU ocHOBHBIM
(hakTopom sBiseTcs 3¢ (HEKTUBHOCTD HCIIOIB30BAaHUS IPOITYCKHOW CIHOCOOHOCTH
naMsaTH. OTO O3HAa4aeT, YTO, C OJHOH CTOPOHBI, HEOOXOJMMO IO BO3MOXKHOCTH
YMEHbIIaTh O0BEM MaMATH, TpeOyeMBIid Ui XpaHEHWS MAaTpPHULBL, C IPyrod
CTOPOHBI, HEOOXOAUMO 00eCHedYnTh, YTOOBI OOpaIleHHs W3 CHHXPOHHO
BBITTOJHAIOMINXCS TPYNI HUTEH BBIMOJHSIINCH K COCEIHHUM SUCHKaM mamsTh (3TO
TpeboBanne apxuTekTypsl GPU 1 #OCTIKEHHS BBICOKOW —IIPOITYCKHOM
cnocobHocTH  mamsaTH). OOecrednTs OJHOBPEMEHHOE  BBIIOJIHEHHE  3THX
TpeOOBaHUH 3aTPyIHUTEIHHO: Hanbonee 3PPEKTUBHBIMUA C TOYKH 3pEHHS JOCTYIIa
k namsatu Ha GPU siBistorest 6iiounbie gopmatsl U Takue popmarel kak ELLPACK,
HO OHHM MPUBOJAT K BBICOKOMY pPAacxoly MaMmsTH JJsi MaTpull, HE HMEIOLIMX
OJIOYHYIO CTPYKTYPY WIIM UMEIOIINE PA3InuHOE KOJIMYECTBO HEHYJIEBBIX 3JIEMEHTOB
B cTpokax. DQQeKTUBHBIA ¢ TOYKH 3peHus pacxozna mamsatu ¢opmar CSR mioxo
noaxomut anst GPU, tak kak npu He3aBUCHMOW 00pabOTKE OTAENBHBIX CTPOK
11abJI0H 0OpaleHuii K naMsaTu OyeT Hed((HEKTUBHBIM.

Jna peanuzanuu yMHOXKEHHs paspexeHHbIx Marpuny Ha GPU mpemaraercs
ucnonbs3oBath ruOpuaneii popmar Sliced ELLPACK [7] (puc. 3). bazoBwbrii
dbopMar mapaMETPU30BaH UYHCIOM CTPOK B cliaiice Matpuipl S. HMcxoanas
pa3pexXeHHas MaTpUlla JAEIUTCS Ha CNANChl U3 S MOAPSA UAYIIUX CTPOK, KaXKIbId
13 KOTOpBIX He3aBucuMo xpaHuTcs B Qopmare ELLPACK (kak nBe MIIOTHBIE
marpusl K x S, rme K — MakcuManbHOE KOJMHMYECTBO HEHYJIEBBIX JJIEMEHTOB B
CTPOKE; MaTPHIIbl XPAHAT 3HAYEHHE U HOMEpP CTOJIOIa HEHYJIEBOTO KO (HUIIEHT]).
HToroBas cTpyKTypa AaHHBIX COAEP)KUT KOHKATEHANNIO IUIOTHBIX MaTpPUI] CIIaicOB
1 BCTIOMOTATEJIbHBIN MAaCCHB, XPaHAIINH CMEIIEHHS TUIOTHBIX MaTPHIL IJIs1 KXKIOTO
ciaiica. lnsg S = 1 atoT dopmat coBmagaer ¢ obbpraHbIM CSR, a mig S = N —
KOJIMYECTBO CTPOK McxoaHoi matpuisl — ¢ ELLPACK.
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column 50 71
diagoffs 0 1 2 o 2 0 2 -5 0
Puc. 5. I[Ipumep mampuyel ¢ OUa2OHATLHBIMU CIIPYKIYDAMU

JIoMHOX€EHME Ha KayKIbIi Calic MOXKET BBIIIOJHATHCS MOJHOCTHIO HE3aBUCUMO, ITPU
aToM ucnoins3oBanue Gpopmara ELLPACK B mpenenax ciaiica M03BOJISIET TOCTHYb
BBICOKOI mpom3BogurensHocT Ha GPU. Jlng MaTpuil ¢ mepeMEeHHBIM YHCIOM
HEHYJIEBbIX 3JEMEHTOB B CTPOKE CHID)KEHHE S TIO3BOJIAET COKPAaTHTh PAaCXoj
MaMsATH, HO P 3TOM CHIYKaeT Napaijiesiu3M B Ipeienax ciaica.

Takum obpazom, mas 6azoBoro popmara Sliced ELLPACK BrramcnutensHOE Sapo
napaMeTpr3oBaHo 1o S u mo Nt — konudectBy HuTeld B CUDA-On0Ke. B KagecTBe
KaHIUIaTOB Ha 3HaueHHs Nt Oymem paccMarpuBaTh Tonmbko 64, 128, 256, 512 B
cury toro, yto i CUDA mpeamodtuTensHB pa3Mepsl OJIOKOB HUTEH, pPaBHBIC
CTETNEeHU ABOMKM (MHAa4Ye BO3ZHHMKAIOT KOHQIIMKTHI NPU JIOCTYIE K perucrpam), 512
— MaKCcHUMaJIbHBIN pa3zMmep O5oka, a KoH(uUrypauuu c GJI0KaMu MEHBIIHNX pa3MepoB
HeadexTuBHbL. [loTpebyem Taroke, yToObl S ObUIO AenuteneM Nt. Bosnukaromee
MIPOCTPAHCTBO KOH(UTypauuii Io3BONISIET mepeOpaTh BCe BapHAHTHI IS
KOHKPETHOW pa3peXeHHOH MaTpuibl 3a KOPOTKHUH IEpuoJ| Iepes pelleHHeM
CHCTEMBI ypaBHEHHH.

OTmeTuM, YTO YacTO B 3a/a4ax BBIUMUCIUTEIBHON THIPOAMHAMHKH MaTpHIa C
(UKCHPOBaHHBIM  PACIIOJIOKCHUEM  HEHYJIEBBIX  AJIEMEHTOB (HO  pa3HBIMH
3HAYEHUAMHU KOI(P(HUINEHTOB, YTO HE BIHSET HAa ONTUMAJbHYIO KOHQHTYPaIHIO
spa) y4acTBYET B PEILICHHU HECKOJBKHX CHUCTEM ypaBHEHHH (IIPU DTOM Kakaas
cHUCTeMa MOXXET TpeOOBaTh COTHHU YMHOXKEHHII Ha MaTpHIly B HUTEPALMOHHOM
Merone). bnaromapst 3TOMy BBIOJIHEHHBIH /U1 TIEPBOM CHCTEMBI IIpOIECC
ABTOTIOHUHTA HE TPEOYETCs MOBTOPSITH BIIOCIIECTBUH.

bazossrit popmar Sliced ELLPACK nonyckaer psg MoanHKanuii, COKpamarmmx
MOTpeOJICHNE TAMSTH:
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Puc. 6. I[Ipoussodumenvrocms peanuzayuu YMHONCEHUSL PA3PENCEHHBIX MAMPUY 6
cpasHenuu ¢ bubnuomexou cusp na axcearepamope Tesla M2090

1) Hcnonb3oBaHMe CIAaliCOB MEPEMEHHOro pa3Mepa. B atom ciyuae S He
(uKcHpOBaHO /I BCEH MaTpUIBI, a BEIOMPAETCS OTHAEIBHO JUIS KaXkKI0To
caiica ¢ LeNbI0 MCKIIIOUUTD HOSBICHHUE CIIACOB ¢ OOJIBIINM KOJMYECTBOM
SBHO XpaHUMBIX HYJEBBIX DJEMEHTOB U3-3a OOJIbIIOro paszdpoca
KOJIMYECTBA HEHYJIEBBIX JIEMEHTOB B CTPOKax claiica.

2) Ucnonws3oBanue O704HBIX CTPYKTYp (puc. 4). Pa3pexkeHHbIE MAaTPUIIBI
MOTYT HE HWMeTh OJOYHOH CTPYKTyphl, HO JONS 3JIEMEHTOB,
MIPUHAAJISKAINX DIOTHBIM OTHOCTPOYHBIM Ookam 1 X 2 w1 X 4 Mmoxer
OBITh cymecTBeHHa. IlOCKONBKY 3arpy3ka TakHX OJIOKOB MOXET OBITh
3¢ dextuBHO BRomHeHa Ha GPU, mMeeT cmbich pacmmputs hopMmar Tak,
4TOOBI 4AaCTh 3JIEMEHTOB MOYKHO OBLIO XpaHUTh B BUJIE IUIOTHBIX 0JIOKOB. B
KOKJOM CTpOKE claiica IpU O3TOM MPUAETCS BBIAEIATh OIUHAKOBOE
KOJIMYECTBO OJIOKOB.

3) MUcnons3oBaHWe IHArOHAIBHBIX CTPYKTYp (pHc. 5). DTo pacimpenue
OCHOBBIBAETCSI HA aHAJIOTMYHOM HaOJIOZCHUH, YTO JOJIS 3JIEMEHTOB MOYKET
pacriojarateCsi BJIOJb AMaroHaneil marpunpl. [Ipm sToM nocTHraercs
JabHEHIIee COKpalleHne o0beMa MaMsaTH, TaK Kak I  KaKZoro
JIMaroHaJbHOro Oyioka TpeOyercss KpoMe ero Kod(h(HINEHTOB XpaHUTh
TOJBKO OJHO IeJIoe YHCIO (CMEIIEHWe OTHOCHUTEIbHO TIJIAaBHOM
nuaroHany). Kak u B mpeapinymeM ciaydae, KOJIMYECTBO M PACIIONIOKEHHUE
0IJIOKOB BEIOMpAETCsl HE3aBUCUMO JIJIS K&KIOTOo claiica [8].

Beibop Bapmanta ¢Qopmara AN KOHKPETHOM MaTpHIbl M akcelepaTropa
MIPOM3BOANTCS TAKXKE 33 CUCT aBTOHACTPOHKH. B HEKOTOPBIX CiIydasx BO3MOXHO
WCTIONIb30BaHKE 3BPHUCTHK IS BBIOOpA MOAXOISIIETO BApHAHTA.
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Puc. 6. Ilpoussooumenvrocms pearuzayuu YMHONCEHUS PA3PENHCEHHBIX MAMPUY 6
cpasHeruu ¢ bubnuomexoii cusp Ha axcerepamope Tesla M2090

PazpaboTanHas Ha OCHOBE ONWCAHHOTO IoAXoja OuWOMMOTEKa paboThl C
pa3peXKEHHBIMH MaTpPHULAMH HCIIONB3YETCS B MOAYJIC PEIICHHS CHUCTEM JIMHEHHBIX
ypaBHeHmid B makete OpenFOAM. Moy peanusyeT pernieHne THHEHHBIX CHCTEM
METO/IOM COTPSDKCHHBIX TPAIMEHTOB B COOTBETCTBUH C OOIMMM HHTepdercom,
ucnonsdyeMbiM B OpenFOAM s METONOB pEIICHUS JIMHEHHBIX CHCTEM.
[MonnmepxuBaercss pelIeHHE CHUCTEM B NMApaJIeIbHOM PEKHME, KOT/a HECKOJIBKO
mporeccoB OpenFOAM B3anmmoneiictBytoT uepe3 MPI [9][10].

5. 3aknrouyeHue

B pamkax »3T0ii paboTB pa3paboTaHBl METOABl MPOQIIMPOBAHHUS KOJA,
NOAJCP)KUBAIOIIME 3aJady MEepeHoca KoJa Ha IapajulelIbHbIE apXHUTEKTYpBIL.
[lepBplii MeTOx HampaBieH Ha IIOMCK LHUKIOB, KOTOPbIE HMEET CMBICH
pacnapaiienuBaTrh B IIEPBYIO odepenb. BTopoil MeTox 1mo3BoisieT U3MepsTh BpeMs
MIePENCIIONB30BaHMS JAaHHBIX U HOANPOrPaMM, KOTOPbIE MOXKHO BBIHOCHUTH B
OT/ICJIbHYIO HUTh BBIYUCICHHH.

Pa3pa60TaH METOO aBTOMATHYCCKOU TCHCpAIMHU MNapaJUICJIbHOIO0 KOJda BO BpPEMS
KOMIIWJIALIN U1 MHOTOSAACPHBIX WIIN FI/I6pI/I,I[HbIX r[J'IaT(l)OpM, NOoAACPIKUBAIOIINX
OpenCL.

Pa3zpaboTan MerToJ HACTPOMKHM mapamMeTpoB CTPYKTYpBl JaHHBIX M 3aIycKa
BBIUMCJIUTENBHOTO  siipa Uil 3aJadd  yMHOXKEHHsI Pa3peXEHHBIX MAaTpull.
Peanm3oBaHHBI METON NpPUMEHSETCS B 3arpy’kaeMoOM MOJIyJe Ui Iakera
OpenFOAM, BBINOJHAIOIIEM pEIIEHHE CHCTEM JIMHEWHBIX YpaBHEHUH ¢
ncnons3oBanueM GPU akcenepaTopos.
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Abstract. The article proposes methods for supporting development of efficient programs for
modern parallel architectures, including hybrid systems. First, specialized profiling methods
designed for programmers tasked with parallelizing existing code are proposed. The first
method is loop-based profiling via source-level instrumentation done with Coccinelle tool.
The second method is memory reuse distance estimation via virtual memory protection
mechanism and manual instrumentation. The third method is cache miss and false sharing
estimation by collecting a partial trace of memory accesses using compiler instrumentation
and estimating cache behavior in postprocessing based on the trace and a cache model.
Second, the problem of automatic parallel code generation for hybrid architectures is
discussed. Our approach is to generate OpenCL code from parallel loop nests based on
GRAPHITE infrastructure in the GCC compiler. Finally, in cases where achieving high
efficiency on hybrid systems requires significant rework of data structures or algorithms, one
can employ auto-tuning to specialize for specific input data and hardware at run time. This is
demonstrated on the problem of optimizing sparse matrix-vector multiplication for GPUs and
its use for accelerating linear system solving in OpenFOAM CFD package. We propose a
variant of “sliced ELLPACK” sparse matrix storage format with special treatment for small
horizontal or diagonal blocks, where the exact parameters of matrix structure and GPU kernel
launch should be automatically tuned at runtime for the specific matrix and GPU hardware.

Keywords: optimization, profiling, OpenCL, CUDA, sparse matrices, OpenFOAM

References

[1]. NVIDIA. CUDA  Programming  Guide. http://docs.nvidia.com/cuda/cuda-c-
programming-guide

[2]. Khronos Group. OpenCL. http://www.khronos.org/opencl/

[3]. Coccinelle: A Program Matching and Transformation Tool for Systems Code.
http://coccinelle.lip6.fr/

[4]. E. Berg, H. Zeffer, E. Hagersten. A Statistical Multiprocessor Cache Model. In
Proceedings of the 2006 IEEE International Symposium on Performance Analysis of
System and Software, Austin, Texas, USA, March 2006.

[5]. A. Belevantsev, A. Kravets, A. Monakov. Avtomaticheskaya generaciya OpenCL-koda
iz gnyozd ciklov s pomoshhyu polie*dral'noy modeli [Automatically generating OpenCL

373

(6].

[7].

8.
(91
[10].

374

code from loop nests via a polyhedral model]. Trudy ISP RAN [The Proceedings of ISP
RAS], volume 21, p. 5-22, 2011. (In Russian)

A. Kravets, A. Monakov, A. Belevantsev: GRAPHITE-OpenCL: Generate OpenCL
Code from Parallel Loops. In Proceedings of the GCC Developers' Summit: 9-18,
Ottawa, October 2010

A. Monakov, A. Lokhmotov, A. Avetisyan: Automatically Tuning Sparse Matrix-Vector
Multiplication for GPU Architectures. In HIPEAC 2010: 111-125, Italy, January 2010
A. Monakov, A. Avetisyan: Specialized Sparse Matrix Formats and SpMV Kernel
Tuning for GPUs. In GPU Technology Conference 2012, USA, May 2012

A. Monakov, V. Platonov: Accelerating OpenFOAM with Parallel GPU Linear Solver.
In 8th OpenFOAM Workshop, South Korea, June 2013

A. Monakov. Optimizaciya raschyotov v pakete OpenFOAM na GPU [On Optimizing
OpenFOAM GPU solvers]. Trudy ISP RAN [The Proceedings of ISP RAS], volume 22,
p. 223-232, 2012. DOI: 10.15514/ISPRAS-2012-22-14. (In Russian)



