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PEAJIN3AIIA IBYMEPHOU 'A30IMTHAMWYECKO METOINKU T
HA TIBPU/IHO! BBIYNCJ/JIUTEJIBHON CUCTEME

E. E. Yynpakos
(POALI-BHUNDD)

[Ipemmaraercsa cnocobd mporpaMMHO# peasn3alii PA3HOCTHHIX yPABHEHU JBYMEDHOIl ra-
30[IMHAMUKY HA TUOPUIHON BBIYUCIUTENBHON CHCTEME, COAepKaIIell apudMETUIECKHE YCKO-
purenu. Vccmenyrorcsa Bonpocs 3 dEKTHBHOCTH pacIapa/lIe/IMBaHus HA HECKOJIBKUX YCKO-
puUTeNIaX, ONHUCHIBAETCA pa3pabOTaHHAS CXeMa COBMECTHOIO HCIOJIb30BAHUS AJIE€D YHUBED-
CAJILHOTO IIPOIECCOPA U apu(PMETHIECKUX YCKOPHUTENIEH, PeaJn30BaHHAS HA OCHOBE TEXHO-

goruit MPI u CUDA.

Karoueswie caosa: apudmernaeckue yckopurenu (GPU), CUDA, MPI, meronuka /I.

BBeneunne

OpHUM ¥3 OCHOBHBIX TPEOOBAHUI K TOBBIIIEHIIO
Ka94eCTBa MaTEMaTUIECKOTO UMUTAIMOHHOTO MOjIe-
JIUPOBAHUA, IMOMHMO CODCTBEHHO pa3BUTHA (pU3U-
YeCKUX MOeNell M MaTeMaTHu4eCKUX METOJI0B WX
pelennd, gBiageTcsa TpeOOBaHWE POCTa MPOW3BO-
murenbHOCTH cynepdBM. [mobasbHO 1enbio mjs
BCeil 00J1aCTU BBICOKOIPOU3BOAUTEILHBIX BBITUCIIE-
HUIl B HACTOMAIIEE BPEMs SBJISETCH TMOCTPOEHHUE CY-
nepdBM npoussogurenprocThiO 1 Dpiroric.

Peasnbuo#l asnbrepHATHBON TPAAUIMOHHBIM IIPO-
IeCCOpaM CTAHOBATCSA CIEIUAIA3UPOBAHHBIE ITPO-
[IECCOPBI, YCKOPSIOIINE BBIYUCIECHUS 33 CIET 3aeli-
CTBOBAHHUS OOJIBIIOrO KOJUIECTBA YHEProdddex-
TuBHBIX axep. OJHUM W3 BHIOB MOMOOHBIX YCKO-
puTeleil ABIMIOTCH apupMETUIECKUE YCKOPUTEIN
(GPU). Bce 6omee BocTpeboBaHbI rEOpHIHBIE BBI-
YUCTUTENbHBIE CHCTEMBI Ha WX OCHOBE, COBMEIIAIO-
i€ BBIYUC/IUTEIbHBIE MTPOIECCOPHI ODIIEro Ha3Ha-
YeHWd W CIEeNHAJU3UPOBAHHBIE apupMeTHICCKHE
mporeccopbl.  AKTyajabHON CTaHOBUTCS MPODJIEMa
cosmecrroro npuMmeneaus CPU u GPU B rakux cu-
cTeMax JIJid PelleHns MPUKIATHBIX HAYIHBIX 32129,

CyliecTBeHHBIM TIPENATCTBUEM K MIMPOKOMY HC-
MOJIb30BAHUIO apupMETHIECKUX YCKOPUTETEe B~
JIIETCA CIEIUATN3UPOBAHHASI MOJENb TPOTPAMMIU-
poBaHud Ay HUX. UTOOBI MOJYYUTH HPEUMYIIe-
CTBa OT WCIIOJb30BAHUSA THOPUIHBIX BHITHCIATE -
HBIX CHCTEM, CYLIECTBYIOIIHE MPOTPAMMBI, HAIIW-
CAHHBIE JIJIS YHUBEPCAJBHBIX MPOIECCOPOB, IOJIK-
HBI OBITH 3HAYUTESbHO MoAudunupoBansl. OdUeHb

YaCTO aJITOPUTMBI JIJId apU(PMETHIECKIX YCKOPUTE-
seii Tpebyercda pa3pabaTbiBaTh 3aHOBO, OTKA3bIBA-
ACh OT TPAJIUINOHHBLIX MOIXOHOB.

CymiecTByer yKe IOCTATOYHOE KOJIHIECTBO
YCHEIIHBIX MPUMEPOB HPUMEHEHUs apudMeTn-
YeCKUX YCKOpHUTeNell mJid 3amad, CBI3aHHBIX C
objacTaMu THApPO- W rasomuHaMuku. Hampumwmep,
YCKOPUTEIW TPUMEHAIOTCA I MOJEIUPOBAHUA
TypOysmeaTHOCTH 1O Merony LES (kpymebIX BHX-
peit) [1], permerus ypasHenwuii razogquramuku 2, 3,
pacdera TedeHuil Baskoil xuzakocru [4]. B mo-
IaBJIMIONEM OOJIBIIMHCTBE peaH30BaHHBIX HA
apuMETHYECKIX YCKOPUTEIAX nporpamMMm (Kak
B YKa3aHHBIX BBIIIE IPUMEPax, Tak M BO MHOTHX
IPYTUX) HUCHOJB3YIOTCA YHUCJIEHHbIE METOIBI, OC-
HOBaHHBIE HA METOAE [OJyHOBA W HEMOIBUKHON
pacuerHoii cetke. K HMM, B 9aCTHOCTH, OTHOCHTCS
METOJ, KOHEYHOr0 00beMa.

B mammOli cTarhe Ha mpWMeEpe JABHO W YCIIEMI-
uO 3Kcmryarupyemoir B POAI-BHUUD® razonu-
Hamuaeckoii meropuku /I [5] paccmarpuBaercs Bo-
IpPOC TPOrPAMMHON peaau3anuy PENIeHus ypaB-
HEHUI IBYMEPHOH ra3oquHAMUKH Ha THOPHIHBIX
BBIYUCIUTENbHBIX cucTeMax ¢ Heckoubkumu GPU
IO MeTOJy KOHEYHBIX Pa3HOCTell C IpUMEHEHHEM
JlarpaHzKeBa IMOAX0Ja K pacueTy TedeHnii rasa. VMc-
MOJIB3yeTCd PA3HECEHHAsd CTPYKTYpPUPOBAHHASA Pac-
JeTHasd CEeTKa, IBUKYINALCI BMECTE C BEIIECTBOM.
Cama kOHEYHO-pa3HOCTHAA MeTomwka /| ocHOBaHa
Ha ABHOU PAa3HOCTHOU CxeMe, UMeIOIeil CeTOYHBIN
abJIoOH THIIA Kpecm.
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B crarbe wmccmenyerca 3dp¢eKTHBHOCTL pacia-
paJTeIMBaHAS TAKOH CXeMbl Ha apupMETHIECKUX
yckopurensx ¢ momompio rexxosorun CUDA [6].
[TogpobHO paccmaTpuBaeTca pa3pabOTaAHHBIN AJIrO-
PUTM pellleHud ypaBHEHUN ra3ofuHAMUAKA IO METO-
muke /I HA rUOPHUOHON BBIYUCIUTEILHON CHCTEME.
[IpuBoggTca pe3yabTaThl TECTOBBIX PACIETOB U IIO-
JIyYEHHBIE YCKOPEHUS.

WNcxonubie ypaBHEHUSA U UX PA3HOCTHALA
anmpoxkcuManusg

Ucxognasa cucrema ra3onmHAMUYIECKUX yPaBHE-
HUO UMeeT CIeAyIOUNil BU:

@ = —grad
Zdt grad p;
@ _ —pdiv[?;
dt (1)
dE _ d(1/p)
élg B dt -’
r —
a5 e
dt ’
rge 7 = (x,y) — pagmyc-BEKTOD TOYKW; U =

= (U, V') — BEKTOp CKOPOCTH; p — IJIOTHOCTD; P —
nmasiienne; ) — BHyTpenHdd sHeprud; ¢ — Bpemd.
Cucrema (1) 3aMBIKaeTCs ypaBHEHHEM COCTOSHUS
s p=p(p,E).

B meronuke /I ucronb3yerca pa3necenHnas CTPYK-
TYypUPOBaHHAA PA3HOCTHAS CETKA, B y3JaX KOTOPOi
XPaHATCS CKOPOCTH W KOOPAUHATHI (Y3.4106ble Besn-
‘-IHHI:»I), a B IDEHTPpaX d9€CK — TePMOJWMHAMUYIECKUE
BEJINIHUHEL (AueeUHBIE).

B [7] mosydena anupokcumanus ypaBHEHUS [[BY-
sxennd cucreMsl (1) msa y3na 0 (puc. 1). /Ipukenue
y3J1a CeTKHU OLHCHIBAETCA yPABHEHHEM BHA

dU, _
mod—t" =B, (2)
3
3 2
4 L 2
4 1
1

Puc. 1. ®parmenT pacaeTHO# ceTKu

1 4

Smecs my = 1 > M; — macca y3saa 0, roe M; —
i=1

Macca duedikm i, mpumierapomeir k ysay 0; Py =

= (Pyo, Pyo) — BexTOp pPa3HOCTHOrO IpajMeHTa

IaBJIeHWdA. BbIpaykeHud OJis KOMIIOHEHT BEKTOPA

B, npuBesieHsl B [7] U uMeoT ciaexyoomuil Bui;

3

1
Pro = 6 Z (Wi+1 +yo + vi) (Wis1 — vi) pi +
i=1
+ (y1 +yo + ya) (y1 — ya) pa 5
(3
Pyo=—¢ > [(wi+1— 20) Yi+1+ 2 (Tit1— 24) Yo +

i=1
+ yi (xo — wi)]pz’ + [(371— To) Y1+

+2 (21 —x4) Yo + ya (zo — 374)]]94

Takum 06pa3oM, Ijid BBIYUCJIEHHA CKOPOCTH HA
CEeTKE WCIIOJb3YeTCd PA3HOCTHBIM MIA0JOH THIA
kpecm (puc. 2), musa KOTOPOTO HEOOXOAUM JOCTYIT
K Y3JIOBBIM BEIUYMHAM BO BCEX IMATHU TOYKAX mIab-
JIOHA, & TaK¥XKe K IYeeTHBIM BEJIMIMHAM B OKPYZKa-
IOIIUX [EHTPAJIbHBIA y3es ddeifKax.

PaccmoTpuM pasHOCTHYIO anpOKCHMAIINIO Y PaB-
HeHus ABUXKeHus. B merommke [l 3HadeHUs: CKo-
pocTeil OTHECEHBI K MOJIYIEIbBIM BPEMEHHBIM CJIOAM
t"+t1/2 ocranpHBIE BETMYHHBI — K IEJBIM CI109M t7.
VYpasuenne (2) Oyzer nuMeTh CIeAyONMA Pa3HOCT-
HBIA BH/I;

[7(?+1/2 B [7(?71/2
mo n = —Ig;
ntl —yn + 7_n—|—1/2;

Fn+l/2 4 n—1/2

n —

4 2
®
® (]
¢ * ®
o o
&

Puc. 2. Pa3uocrabrii mabmon merogukn J1
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Koopauuarsr y3ma 0 (cM. puc. 1) Ha ciexyroomemM — ypaBHEHHi, OyIeT 3aBHCETh U OPraHU3AIUA JAHHBIX

BPEMEHHOM CJIO€ 3aJaI0TCH BBIPAXKEHUEM B MAMATH GPU.
+1 _ + [j6t+ /2_n+1/
CxeMa COBMECTHOTO I pPUMeHeHUud
JLj1s BBI9UCIIEHUA HOBBIX KOO PAWHAT y3J1a CETKHU zio- CPU u GPU
JT HO KOPO B TOM XK
y3Jie W IIar Mo BPeMeHHU, OMWHAKOBBIA JIJId BCEX ¥ Paccmor puUM ajro PUTM COBMECTHOTO HCIIOIB30-
T HUd d7iep YHUBEPCAJIHHOTO TIPOIeccopa u apud
Paccmor pPUM MeXaHW3M BBIYHCTIEHUA T€ pMOIMHA-  METHYECKUX YCKOpHUTeJI€eii.
MUYECKUX BEJINYWH B gIeiKaX. (Cxema COBMECTHOTO UCIOIb30BAHUA CPU u GPU
HoBble mI0THOCTH BBIYMCIAIOTCI W3 3aKOHA CO- I peamosaraeT pa3esieHne CEeTKU B JIOMEHe Ha IBe
XpaHEHAA MaCChI sombl (puc. 4). Boma 1 — eHewHul caol y3/10B 1
(MOXKeT mMeTh pa3Hylo MIyOMHY B 3aBUCH
Pt = prn, MOCTH OT HWCITOJIb3 YEMBIX aJIr0 pUTMOB ) — 3TO Ca0oii

. MPI-06meHOB u/mnm (HecTalMOHAPHBIX) IpaHUY-
rme w — o0beM dYeHKIH. . .
st CKBOSHOTO pacuera VIAPHBIX BOJH BEO, X VCJIOBHIA. Pacuer V3JI0B U d9eeK ITOH 30HBI
Begercs Ha CPU. 3ona 2 — yenmpaavhas obaacmo,
CCCCC YCCTBEHHAd CYEeTHAs BI3KOCTh THUIA BA3-
N . PaCCYUTHIBAETCA HA GPU.
koctu Heiimana—PuxTwmaiiepa, mmeromas pa3mep-
Jlnig He3aBHCHMOrO pacgera o berx 30H Me KTy
HOCTbH TaBJIEHUS. OHa BBIYHCIFETCH 110 dopmye
HUMJ HEOOXOIUM OOMEH JTAHHBIME Ha KaXKIOM CIET-
oM mare. (OOMEH OCYIIECTBJISIETCS C IOMO IIBIO
2 Tpex OOMEHHBIX CJIOEB (2a/40), CXEMaTUIHO n300pa-
q= BHz1 @ = Bﬂ—l@ @ + @ , xzeHme Ha puc. 5. Cn(()ﬁ 1 l 9TO CJIOW y3JI0B pr;c—
p \ Ot 2 pot\|ot ot ’
rine H — xapakTepHslii pazmep sdeiiku; f — mocTo- W \
AHHBIA KO3 uruenT. XapaKTepHLIA pa3Mep ddeii- \\\\\\\\\\\\ \
KM €CTh (DYHKIWA KOODANHAT €€ BEPIIWH. \
Beraucienve sue prum M JaBJIEHUd HAQ MOMEHT \
BpeMeHH t"t1 ocymiecTBIgeTCH HA OCHOBE CHCTEMBI \
ypaBHeHUit
Entl — B 05(+_|_n) L_i
P + _f(p +1,En+)+qn+
KOTOpAas PEeII METOIOM UTEpPaIH
Takum obpazom, i1 JICHUS TE€PMOIUHA-

aKuM 00pa; BBIYH

MHIYECKNX BEJINYNH B SUeiiKe HEO OXOAUMO UMETH Z10- =

CTYI K BEJUYUHAM B €€ BepIInHAX (y3JlaX CeTKH) U \

B €€ IIE€HT . \\ \ \ \ \ \ Y
- o, o, o, -~ -

Or onmcaHHBIX IIIA 6s10HOB JocTyna K CeTod-
HHHHHHHHHHHHHHHH pBIe CIenyIOT U3 PA3HOCTHBIX
e ’

I .
Puc. 3. 111a6 IOCTY e
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cautbiBaeMbix Ha CPU um mepemaBaembrix Ha GPU
AJId pacdeTa BHYTPEHHUX Yy3JI0B U AYE€EK 30HBL 2.
Cuoit 2 — 3710 CJIOll siUeeK, PacCIYUTHIBAEMBIX Ha
GPU u nepenasaembix na CPU. Cioit 3 — 3To cioit
y3708B, paccuntbiBaeMbix Ha GPU u nepegaBaembrx
ma CPU. Crnou 2 u 3 HeoOXOnMUMBI [IJId pacdeTa y3-
goB ciog 1 ma CPU, koropble aBigroTca oOImMu
y3JIaMu 30HBI 1 1 30HBI 2.

Taxkum obpazom, mex gy CPU u GPU peanuzosa-
Ha ITapaJurMa NePeKpHITHS 10 JAHHBIM, CTAHIAPT-
Has js 6ot MPI-porpamver. Orinuuune cocro-
UT Julb B TOM, 9T0 B MPI-mporpammax mepekphbI-
TUE 110 JaHHBIM OCYyHIIECTBJIAETCA MEXK Yy COCEAHNMU
MpPOTECCOPAMHU, TOTJA KAaK 37eCh OOMEH MaHHBIMU
MPOUCXOAUT MEXKY MPOIECCOPOM U YCKOPHUTEEM.

Jlinst paccMaTpuBaeMoOil JTEKOMIIO3UIIUN CUETHBIHN
Iar pemreHns CHCTEMbl PAa3HOCTHBIX ypaBHEHUM,
ANMPOKCAMUPYIONIAX UCXOTHBIE Ta30IUHAMUIECKIE
yPaBHEHHHA, MOXKHO IIPEJCTABUTH CXEMOM, m300pa-
JKeHHOHU Ha puc. 6 (cMm. Takxke puc. 4, 5).

[Tockosbky mpu maHHON cXeMme pacrapaJliesnBa-
HU4d Ha CYETHOM IIIare COBEPHIAOTCA TOJIBKO MMH-
HUMaJIbHO HEOOXOIMMble OJHOCTOPOHHHE OOMEHBI
vexy CPU u GPU — aByms cjiosmu y3J10B U OJ1-
HOM CJIOEM d9€€eK, TaKasd CXeMa gBJIdeTcd Hanboiree
SKOHOMUYHOHN [0 9HCJIy OOMEHOB JAHHBIMU MEXKIY
CPU u GPU u3 Bcex BO3MOXKHBIX JIJIs PACCMaTPH-
BaeMOTr0 YUCIEHHOTO METO/A.

Jnsg  oCyuIecTBIEHUS  6biPOBHEHHO20 FOCTYIIA,
(memory coalescing) k rnobamprol namaru GPU
KaXKJad CTPOKA A9IeeK CEeTKH pa3bmBaercd Ha 0JI0-
ku pazmepom BLOCK SIZE. [Ipu sTom BO3MOXKHO
mosiBiieHre (PUKTUBHBIX A49€eK JIJIg MOJHOTO 3aI0Ji-

MPI-06MeHBI JAHHBIMH 30HBI 1

J4 L

Pacuer ckopocreii Ha CPU nu GPU

J L

Pacyer koopaunat Ha CPU u GPU

J L

OO0GMeHbI KOOPAUHATAMH H CKOPOCTSIMH cJioeB 1 u 3
mexay CPU u GPU

J L

Pacuer Tepmonnnamnyecknx Beanuyud Ha CPU u GPU

J4 L

Ilepenaua cios 2 ¢ GPU na CPU

Puc. 6. Cxema cueTHOrO mIara

menud 6s0koB. Ha puc. 7 Gsokm, comepzkaliue my-
CTBIE TYENKN AJId BbIDaBHUBAHUA, IPEACTABJIEHBI B
BUJ€ HEIO/JHOCTHIO 3aKPAMICHHBIX IPAMOYTIOJIBHU-
KOB.

[Tpu pacuere va GPU kosmuecTBO HE3aBUCUMBIX
[OTOKOB MCIIOJIHEHNUs (HUTel) B GI0Ke PABHO JjIHHEe
6moka BLOCK SIZE. Ilpu pacuere gdeedHBIX Be-
JIMYWH KazKJad HUTHb 6JIOKa, PaCCIATBIBACT BEJINYIN-
Hy B coOCTBeHHO# sueiike (puc. 8).

[Tpu pacdere CKOPOCTH MACCUBBI B pa3eiseMoit
MaMATH PACHIAPAIOTCA 33 CYeT dIeeK-(HaHTOMOB
cupaBa (KpaitHuil y3es ciaeBa Bcerzga Gyaer npuHai-
JIeKATh TPAHUIE TajJo W HE ODCYUTHIBAETCH). IDTO
JaeT BO3MOXKHOCTH 3aJefiCTBOBATh BCe HUTH OJIO-
Ka — II0 OfHOIl Ha Kaxkablil y3ex (puc. 9).

'HJISI XpaHEHUA MPOMEXKYTOYHBIX JAHHBIX B Al-
pax CUDA (uporpammax, ucnonugembix Ha GPU)
ucmosb3yercd paszgengemasd (shared) mamars, KoTo-
pPad 3an0/JIHAETCAd BCEMU HUTAMHAU 6JIOKa,.

Eme ogma mpobiema, cBg3aHHAs C pasHECEHHOR
CTPYKTYPHUPOBAaHHOI CETKOM, — HECOBIaJeHUE JJINH
AYECTIHBIX U y3JIOBBIX MAaCCUBOB: KOJIMYIECTBO y3JI0B
B KazKJIOil CTPOKE CeTKHU BCerjga Ha eIuHuIly 6OJb-
me xkoamaectBa sveek (puc. 10). s BeipaBHUBA-
HUA 10 [JIAHE Y3JIOBBIX W S9€€YHBIX MACCHBOB W3
y3a0Bbix MaccuBoB Ha GPU nckmaogarorca siemen-
ThI, COOTBETCTBYIOIINE KPAWHUM JIEBBIM y3JIaM BCEX
crpok cerku (puc. 11). Ilpu paccmarpuBaemoii ne-

T

i e - B
T P

BLOK_SIZE

Puc. 7. Jexkomnosunuga wa GPU (i — ungekc cronbua,

J — UMHIEKC CTPOKH)

BLOK_SIZE
]

Puc. 8. Pacupenesenue HuTell npu pacdere sdeedHBIX
BEJINYWH
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BLOK_SIZE
A

/o

Puc. 9. Pacnpenenenne HuTeil mpu pacyere CKOPOCTH

N+1
(e - * 3

® @

Puc. 10. CrpykTypupoBaHHas pa3HECEHHAs CETKA

N

[ o ® ®
[ x X X

° o— Nl

Puc. 11. BripaBHEUBaHuE pa3dMepoOB y3JIOBBIX U SI€€U-

HBIX MaCCHBOB

KOMIIO3UINY OHU XPAHATCA B MAacCHBaX cJjrod 1, me-
pexaBaembix ¢ CPU.

[Tpu pabore ma GPU ¢ pasHocTHBIM 1a0JI0HOM,
HEBBIDOBHEHHBIM B riobanpHol namaru GPU, ume-
eTcs JOCTYN K y3JI1aM U s9eiikam (K 3Ha9eHuAM Pac-
CYATBIBAEMBIX B HHUX BEJIMYWH), PACIOIOKEHHBIM
B OJHOM CTOJIOIle CEeTKW, HO HEJOCTYIHBI y3Jbl U
ddeifikm, JeXKalllye B OTHOW CTpoKe. BoO3MOXKHO, B
majpHeiieM 3Ty mpobiieMy yaacTCd PeuInTh, HO B
TeKyIell peajn3amuu OHa OCTAETCS.

Mopgenp IIporpaMMUAPOBAHUS
nJig Heckoabkux GPU

Cuenapuii ucnoyib30BaHus y3J10B THOPUIHON BbI-
YHCIUTETbHON CHCTEMBI MOMKET BBITIAIETH CIIeIy-
fomum obpasom (puc. 12). BzammopeiicrBue mex-

MPI

| CETb

Puc. 12. Cxema KOMMyHUKAIUA B rUOPUIHOM KJIaCTepe

[y y3JIaMH OCYIIECTBJIAETCH C MOMOIIBIO OubmoTe-
ku MPI, mMexnay gapaMu OZHOTO y3Jia BO3MOXKHO
B3aumogeiicrsue nocpeacrsom OpenMP wau MPL.
Cea3sp gapa CPU ¢ GPU nporpammuO peanusyerca
¢ momotbio CUDA. JIya MeKImpoIeccopHbIX obMe-
HOB B JIAHHOW peajin3alluy BCIOAY WCIOJIb30BAJACh
6ubaumorexa MPI.

CyurecTByeT HECKOJIBKO BO3MOXKHBIX CIIEHAPUEB
ucnosib3oBarus cBsa3ku MPI + CUDA ua rubpug-
HOM Yy3JI€.

[TepBriit BapuaHT — KOrJa JKeJATENbHO 3aeii-
CTBOBATh BCE UMEIOIIUECT IIPOIECCOPHBIE Apa, HO
ux 6oaeuie, uem GPU-ycrpoiicts Ha y3me. DrToT
BapUAHT HA MPAKTUKE HABJISETCH TPYIHOPEAJn3ye-
MBIM, TaK KakK TpebyeT CIOKHOU CHHXPOHU3AIUU
nIeficTBuil o mepekJroUeHusi0 KoHTekcToB Ha GPU
U yIPABJICHHUIO TAMATHIO (31€Ch BO3MOXKHO UCIIOJIb-
30BaHUE 3aKPEILIEHHOW MaMATH, HO He IOHATHO,
KaK 9TO CKaKETCA Ha MPOU3BOAUTETHHOCTH ).

Bropoit BapmaHT — KOrjma HCIOJb3YETCH THUCIIO
anep, pasaoe quciay GPU. B uneansuom ciygae 3a-
IEefICTBYIOTCA BCe MPOIECCOPHBIE SAPA y37a, HO eC-
au anep dusudecku 6ombine, vem GPU-ycrpoiicTs,
TO OHHU OyIyT HIPOCTAUBATS.

Tperuit BapuaHT, KOrJa 9UCJIO AOCTYIHBIX IIPO-
meccopHbIx gmep Menbine gucia GPU-ycrpoiicTs,
Jlerde Jjis peajiu3aluu, 9emM obDparTHas CUTyallus,
7 TOXKE€ MOZKET pPaCCMaTPUBATHCA KaK IMEPCIEKTUB-
HBI.
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B mammOM ciyguae peanm3zoBan Hanbosee IpPOCTOi
cuenapuii ¢ npukpemieauem oguoro sapa CPU
onaomy GPU. OueBupHbIi HEIOCTATOK TAKOIO pac-
mpeseseHnd COCTOUT B TOM, UTO He3aJelCTBOBAH-
weie sjapa CPU moryr npocramBars. B masibreii-
1eM BO3MOXKHO HCCJie[joBaHue OOjiee COBepIIEHHO-
ro pacupenenenusa Harpy3ku Ha gapa CPU co cro-
POHBI IIPUJIOZKEHUA TOCPEACTBOM HCIOJIb30BaAHUA
HezazeiicrBoBanHbIX B cBa3ke ¢ GPU amep mia BbI-
[IOJIHEHUS HEKOTOPOH dacTu paboThI.

Kaxmgoe sapo CPU Ha ysie «BUZUT» TOJBKO
GPU-ycrpoiicrBa Ha ToMm ke y3ie. Jlnga ogHo3HAT-
uvoro Beibopa GPU kaxaeim MPI-nponeccom meob-
XOAMMO 3HATh UAeHTU(DUKATOPHI BCEX IPOIIECCOPOB
Ha TOM Ke y3ie. MOXKHO NpeyIoKUTD CJIeIyONTit
AJITOPUTM:

1) mosydnTh WMd y3/1a C MOMOLIBIO (DYHKIUH

MPI _Get_processor name();

2) BbrAECIUTH X311 (IEI0€ YUCI0) HA OCHOBE HMe-
HU Y3714,

3) co3marb BHYTPUY3JIOBOI KOMMYHHKATOD, WUC-
[OJIh3Ysl 3HAYEHUE XIIIIa B KAUECTBE IapaMeTpa
nsera aiaa Gyakmun MPI Comm  split();

4) ¢ DOMOWBI HIAEHTU(MHUKATOPA IPOIECCA BO
BHYTPHY3JIOBOM KOMMYHHKaTOpe "mpusg3ars"
MPI-mpomecc & GPU-ycrpoiictBy byuKIuei
cudaSetDevice(node rank).

[Ipu pacnapannenmuBanuu Ha Heckoabkux GPU
BI)I6I/Ipa,eTCH OAHOMEPpHAA ACKOMIO3UIUud II0 CTPO-
KaM (M3-3a MOCTPOTHOTO PACIIOJNOKEHUS CETKH B Ma-
maru). Oxaomy moroky MPI coorsercrsyer omun

GPU (puc. 13).

////////////

GPU N

///

* %k %

GPU 2

= GPUl EBVYeT—

—_—

Puc. 13. [ekomno3umus 3a1a9u B CIy9ae HECKOJIbKHUX

GPU

Pe3ynabraTrbl TecToB

Jlna rectupoBaHug ObLaa BhIOpaHA IByMEpPHAS
OocecHMMeTpPHUYHAA 337a9a O CXOAAIIENCT aBTOMO-
nenbHO ymapuoit Bosnue [8|. IlocramoBka 3amaun
B3gTa U3 [9]: HagasnbHAsA pacderHad O0OJIACTH HpEJ-
cTaBygeT coboil moayKpyr paguycom Ry = 1 ¢ nen-
TPOM B HadaJjle KOODAUHAT, 3aIOJHEHHBIN HJIeajb-
HBIM ra3oM C IokasareseM amuabarsl ¥y = 5/3 u
IIOTHOCTRIO 1. BHemngasa rpanunma gaBigeTcd CBO-
OOIHOM TOBEPXHOCTBHIO C 33JaHHON Ha HEH 3aBUCH-
MOCTBIO [TaBJIEHUS OT BPEMEHH.

[TocTanoBka pacuera mpOM3BOAUIACH B 00JACTH
0° < ¢ < 180° ma mBymepHOIi cdepudeckoit cer-
ke pasmepamu 200 x 200 (40 TwIC.), 400 x 400
(160 TsIc.), 800 x 800 (640 TBIC.) m 1000 x 1000
(1 mum) y3moB go momenta Bpemenu 0,5. Pacuer
BBITIOJIHAJICA B pexXuMe nBoiiHON TouHOocTH. Jlmsa
IOUCKAa MUHUMAJIBHOT'O IIara 110 BpeMEHU B dJIenkKax
npumensaaacs bubsmorexa Thrust v.1.3. Pesysnbra-
TBI pacderoB ¢ ucmosb3zoBanuemM GPU coBmagaror
C 9TAJIOHHBIMU DE3yJbTaTaMW, IIOJYIECHHBIMU C HC-
moss3oBaHueM Tosbko CPU, u oTmesnbHO HE mpuUBO-
JiATC.

B Tabsa. 1 npusemensl pe3ysbTaThl 3aMePOB IJId-
TEeJIbHOCTH BBIMOJHEHUSA pPACUeTa [Jid BapUaHTAa, B
KOTOPOM BBIYHUCJNUTENb, COCTOAIIAN U3 OJHOTO $/I-
pa CPU wu ommoro GPU-ycrpoiicrsa, cpaBHUBaeT-
ca ¢ ogauM aapom CPU (6ubmnorexka MPI me 3a-
neiicreoBana). [Ipu 9TOM HCIOIB30BAIACH CIIELYTO-
mas recropas koudurypanusa: CPU Intel(R) Core
(TM) i7 920 2.67GHz, GPU NVIDIA Tesla C2050,
kommmiiaTop GCC v.4.1.2 ¢ kiarouom —02, CUDA
v.3.0 ¢ kmogom —arch sm_ 13. V3 Tabaunsl BugHO,
9TO C yBeJIMYeHHEeM pa3Mepa 3aa9u YCKOPEeHre BO3-
pacraer, B 9aCTHOCTH, JJId 3343491 C | MJIH CIETHBIX
d9eeK TMOJydeHO 14-KpaTHoe MUKOBOE YCKOpPEHHeE.

Jna n3ydenns 3 deKTUBHOCTH pacmapaiiesin-
Banus Ha HeckoybKuX GPU ucnonb3oBamace ciaemy-
I0I[as TeCTOBasd KOHQUrypanus (s OJHOTO y3Ja
ruOpPUIHON BBIYMCIMTEIHHONW CHCTEMBI): JBa IIPO-
neccopa CPU Intel X5670 2.93GHz (6 azep), Tpu
yckopurena GPU NVIDIA Tesla C2050, kommums-
top Intel C++ v.11.1.069 ¢ karouom —02, CUDA
v.4.0 ¢ kmrogom —arch sm_ 13.

B Taba. 2, 3 npuBezeHbl 3aMephl UINTEIbHOCTH
BBIIOJTHEHUA PAaCY€Ta U INOJIY9I€HHbIEC YCKOPEHUA OT-
HocurenbHO omHoro aapa CPU. Pexum coBmect-
woro wucnosb3oBanus CPU u GPU noxpasywmesa-
er B3ammogeiicrsue omuoro aapa CPU ¢ omamm
GPU-ycrpoiicrom (maa N GPU nomamoburca N
anep CPU). Ilpu stom CPU paccuanThiBaer TOIBKO
HEOOJIBIION CJIOH OKPYIKAIOINIUX IEHTPAJBHYIO 00-
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Tabaruya 1
JdauTenbHOCTH BBINOJHEeHUS pacdera (C) U yCKOpeHHe, IOJIydeHHbIe 6e3 mcnoub3oBanus MPI
Koudurypanus 200 x 200 400 x 400 800 x 800 1000 x 1000
(40 000) (160 000) (640 000) (1 mum)
1 CPU 28,8 239,9 1896,4 3718,2
1 CPU + 1 GPU 6,41 26,5 143,9 269,8
Vckopenue 4,5 9 13,2 13,8
Tabaruuya 2
JaurenbHOCTH BBINOJHEHU pacdera (c) npu ucnoiab3oBanuu MPI
Pazmep 1 GPU + 2 GPU + 3 GPU + 1 CPU 12 CPU 24 CPU
ceTKu 1 CPU 2 CPU 3 CPU
200 x 200 11,9 9,7 9,1 28,19 2,8 —_—
400 x 400 37,62 28,89 24,66 232,16 21,87 11,48
800 x 800 189,79 118,64 94,9 1870,11 172,21 88,91
1000 x 1000 362,01 208,64 163,12 3692,77 337,57 178,54
Tabruya 3
Yckopenue orHocurenabHo omuoro CPU
Pa3mep 1 GPU + 2 GPU + 3 GPU + 1 CPU 12 CPU 24 CPU
CeTKu 1 CPU 2 CPU 3 CPU
200 x 200 2,4 2,9 3,1 1 10,0 —
400 x 400 6,2 8,0 9,4 1 10,6 20,2
800 x 800 10,0 15,8 19,7 1 10,9 21,0
1000 x 1000 10,2 17,7 22,6 1 10,9 20,7

JIACTh d9€eK, a OCHOBHOI pacder MNpPOBOIUTCH Ha
GPU. Pexuwm, obo3nadenusiii B Tabmumax kak N
CPU, monmpa3ymeBaer BbIONTHeHWE pacdera Ha [N
A7pax IMEeHTPAJIBFHOrO MPOoIeccopa 0e3 MCIoIb30Ba-
auga GPU.

U3-3a Gosee npOU3BOAUTENLHOTO (110 CPABHEHHIO
C PaCCMOTDEHHBIM DpaHee) MPONMECCopa B JAHHOMN
TeCTOBON KOH(UTYypAIUU ITUKOBOE YCKOpPEHHe MIpHU
cpaaerun ¢ ogauM sypom CPU Berauciauress, co-
crogmero u3 oxuoro aapa CPU u ommoro GPU-
yCcTpoiicTBa, Ha 3ajade ¢ 1 MJIH d9eeK COCTABUIO
10,2 paza. YckopeHume mo CpaBHEHUIO C OTHUM $]I-
pom CPU nna Beraucaurens u3 tpex GPU u Tpex
CPU cocrapuio 22,6 pa3a u TakKe JOCTUTHYTO IPH
MaKCHMaJIbHOM pa3Mepe ceTku. B To XKe Bpems
nanbosibiiee yckopenue gnga CPU-BapuanTta mpo-
rpaMMBbl JOCTHIIO BhICIIEro mpegena (21 pas) npm
24 anpax CPU u momyueno yxke Ha 3amade ¢ 640
TBIC. d9eeK. MOXKHO MpEeIIOJI0KUTh, ITO B OTJIH-
qme or pacueroB ¢ ucnosb3oBanuem CPU ¢ ypenu-
JeHmeM pa3Mepa 3a7add YCKOpeHHe Ha TubpumHoit
BBIYUCIUTEIHHON CUCTEME IPOAOJIKAT PACTH.

YrobBl MOHATH, BO CKOJBKO pa3 OBICTpee mpo-
rpaMma OyAeT BBIIOJHATHCA [IPU OJUHAKOBOM YBe-
gugenun kKonmdecrBa gmep CPU wu kommuecTBa
GPU-ycTpoiicTB, OleHHM TOJTydYeHHBIE YCKODEHUS
pacnapastenusanug ainga CPU- u GPU-BapuanTos
IPOrpPaMMBI 10 CIeAyIomei Gopmyie:

Ty

SN = 7

Tn
rae Iy — BpeMd BBIIOJHEHUS PACHApaJiIeSIeHHON
nporpammbl Ha N gaapax CPU (n1u6o Ha ogaOM BBI-
qucurene, cocroamem u3 N GPU u N CPU); Ty —
BpeEMd BBIMIOJTHEHUA WCXOAHOW TPOTPAMMBI HA Of-
HoM szape CPU (nmubo HA OZHOM BBIYHCIHTENE U3
opaoro GPU u omroro CPU). Pesynbprarsr npuse-
JeHbl B TadII. 4.

Db dekTuBHOCTS pacmapaieluBaHAd  OIEHIM
o dopmyire
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E. E. Yynpaxkos

U3 pesynbraros (Tabu. 5) BUAHO, YTO C yBEIUICHN-
eM 4ucia gieek 3PEeKTUBHOCTD PacrapaJiieInBa-
HUA HA TUOPUIHON BBIYUCIUTENIHHON CUCTEME TOJIb-
KO moBbImiaercd, torga kak Anag CPU-mporpammbr
OHA JIOCTHUTAeT BBICIIErO IIPEea yKe Ha 3a/ade C
640 TbIC. AYeek (XOTH M OCTAETCS IPH STOM JOCTA-
TOYHO BBICOKOIf).

Pasmep 3azaum B 1 MuIH d9eek ABIgeTCI Xapak-
TEpHBIM [IJId PACIETOB IO AByMepHOU meronuke /l.
BOHI)HIee KOJINYECTBO CYETHBIX dYECK BI)I6I/Ipa,eTCH
IOCTATOYHO PEIKO W TOJBKO JJIA OTAEIHHBIX 3312
73-38 UCKJIIOYUTEJIBHON SKOHOMHUYIHOCTH CaMO# Me-
Tonuku. [Ipm 3TOM OYeBHAHO, ITO OOJIBIIEE KO-
YeCTBO d9eeK U OOJIbIIee KOJIHUIECTBO apudMeTH-
9eCKUX OIEepAIuil MOJOKUTETbHO CKAaXKeTCd Ha -
dexkrusnocru GPU-pacnapasnenmusanus. Coxpa-
HAETCAd TaKKe M IOTeHIuaJ pocTa 3P QeKTuBHO-
cru nocpeacreom onrumusanuu CUDA-mporpamwm,
rJIaBHBIM 00Pa30M C IIOMOIIBIO MPUMEHEHUs YJIyd-
[IEHHBIX IIa0JIOHOB JOCTYIA K IVIODAIbHONW MaMATH

GPU.

3aKJiroueHue

UccnenoBana peanu3amusd IpPOrpaMMbl IBYMeEP-
HOI ra30QWHAMUKHU I THOPUIHON BBIYUCIUTED-
HOI CHCTEMBI C HECKOJbKHMH apu(pMeTHIeCKUMHI
yckopuresagmu. B gacTtHOCTH, padpaboraHa dKOHO-
MUYHAd CXeMa COBMECTHOTO WCHOJIb30BAHUA AIED
YHUBEPCAJBHOTO IIPOIECCOPa U apudpMETHIECKUX

ycKopuTeseil, peaqn30BaHHAA HA OCHOBE TEXHOJIO-
ruit MPI u CUDA. IlukoBoe yckopeHue, q0CTHI-
HYTOE BBIYUCJIUTEJIEM, COCTOALIIUM U3 OJHOTO SpPa
CPU u ognoro GPU, cocrasuno 10 u 14 pa3 (B 3a-
BUCHMOCTH OT TECTOBOH KOH(UIypammm) mo Cpas-
HeHmio ¢ omauM gapom CPU.

Brimonuensr TecTOBBIE pacueTsl HA TUOPUIHOM
BBIYMCJIUTEHHOW CUCTEME, 10 PE3YJIbTaTaM KOTO-
pbIx oneneHa 3pOEKTUBHOCTH PACHAPAJLICTUBAHII
ma Heckosnbkux GPU. C yBemumuenuem pasmepa
zagaun apdekruaocts GPU-pacnapasuienuBanus
moBbImaeTcd, Toraa kak aiag CPU-mporpaMver ora
TOCTUTAeT BBICIIErO Mpefesa 0e3 IOCJIenyIoIero
pocra.

g 6osee motHON OneHKU acuMITOTUKA Y dek-
THUBHOCTHU PACHApAJIIeNNBAHAA HA THOPUIHON BBI-
YUCIUTENHHON CHCTEME MPEeACTABIIETC IeIeco00-
Pa3HBIM MPOBECTH MaJIbHEHIINe MCCIeOBAHU I
TpexMepHOil cxeMbl MeTonuku /1.
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