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AJAIITAIINA METOAUKHN "9TAK" K CHETY

HA TNBPNJHBIX 9BM C 'PAOUNYECKVMU YCKOPUTEJIAMNMN

A. M. Epodees, E. A. Cuzos, 1. 10. Typyruna, 1. H. Yucrsakosa
(OI'VII "POAI-BHUMND®", r. Capos Huzkeroposckoit obsactn)

[Ipencrasiens! pe3ysbraThl paboThI 0 ajantanun MeTogukn DI'AK K rubpuHbiM napadi-
senpabIM 9BM, conepxkammum rpadudeckne yekopureaun. Meroguka DT'AK npegnaznadena
JUIST YHCJIEHHOT'O MO/ICIMPOBAHUS MHOIOMEPHBIX 33/1a9 MEXaHUKHU CIJIONIHOM CPEeJIbl HA HEIO-
JIBH2KHOI CUETHO! ceTKe. B Hell akTUBHO HCIIOJIB3YeTCsl aJallTUBHO-BCTpAaNBaeMast JIpoOHasT
CETKa, BHOCHIAs HEPEryJISPHOCTb B CETOYHYIO CTPYKTYPY.

[TocsteioBaTEIHLHO OMUCAHBI MTOJIXOJIBI K PEIIEHUIO TTPOBJIEM, BO3HUKINUX B IIPOIIECCE CO3/Ia~
HUSI POTPAMMBI, IIPUCIIOCODJIEHHON K cUeTy Ha rpadudecknx yckopuressx. Paccmarpuba-
I0TCSI BOIIPOCHI BBIOOPA, IIPOTPAMMHON PEAIM3AINT IIPH AIAITAIIINH CYIIECTBYOIINX aJrOPHUT-
MOB METO/IUKH, BOIIPOCHI 0OMeHa nH(pOPMAIUel IIPU HCIIOJIL30BAHUU B PacdeTaxX HECKOJIb-
KX TpadUuIecKux YCKOpUTeJel. 3aTpoHyTa MpobjeMa OIHOBPEMEHHOTO 3aJeifiCTBOBAHMS
BCEX CYETHBIX PeCcypcoB pabouero ysia (OJHOBPEMEHHBIN I1apaJljieIbHbIi CYeT Ha BCeX J0-
CTYIHBIX $/[PaX IMEHTPAJIBHBIX [IPOIECCOPOB U BCEX JIOCTYIHBIX I'PAQUIECKUX YCKOPUTEIIX).
[IpecraBiieHsl MOKa3aTEH OJIYI€HHOTO YCKOPEHUS IIPUA UCHIOJb30BAHUH TMOPHJIHOTO BbI-
YUCJIUTEJILHOTO Y3718 ¢ I'PaDUIECKUMU YCKOPHUTEISIMA OTHOCHTEJIHHO y3J1a TOJIBKO C IIEH-

TPaJIbHBIMU IIPOIIEeCCOPpaMMU Ha XapaKTEPHBIX OJId METOAUKHN TECTOBBIX 3aJa4vaXx.

Karouesvie caosa:

OT'AK, 9T'MIA-TECT, GPU, yckopenue,

pacrnapaJuiesinBaHue,

CUDA, MPI, OpenMP, sdpdekruBHOCTD, Ta30Basi IUHAMHUKA, aJallTHBHO-BCTPAWBAEMAast

JpobOHAasT ceTKa.

Bsenenue

Borancurebabie  yeTpocTBa ¢ apXUTEKTYPOit
rpadudeckux yckopureseii (GPU) maBHO nepecra-
Jit OBITH TOJIBKO CpeJiCTBaMu OTOOparkeHus rpadu-
KU U [IPOYHO 3aHSUIM CBOE MECTO B KAUECTBE BLIUKC-
JINTEJILHBIX YCTPOUCTB Oj1aromapsi BLICOKOW CTere-
HH napasuienusMma. Bosee Toro, GPU yxke 3axBa-
TUJIN JILJEPCTBO B 0OJIACTH BBHICOKOTTPON3BOIUTE T
HBIX BBIYHUC/IeHN. AKTHUBHO BeLyTCsl pabOTHI 10 UC-
CJIEJIOBAHNIO U NIPUMEHEHUIO JIAHHOW apXUTEKTYPhI
K DeIIeHno npukIagnbix 3aga4 [1—3|. Ha porake
GPU noka Juaupyforye MO3UINNA JOBOJIBHO ITPOU-
o ynepxkusaer ¢pupma Nvidia. [Ins ucnonb3osa-
nusg GPU sroit dupmbl, Kak MIpaBUIO, IPUMEHSIETCST
paspaborannas ero ke rexaosorust CUDA [4].

B mannoii crarbe mpeacTaBied IEPBLI BapUaHT
peanuzauu pa3paboTaHHON U SKCILIyaTHPyeMOil B
POAI-BHUNY® meromuku STAK [5] mast obec-
nevyeHus cuera 3ajgad ¢ upumenennem GPU.

Obnacreio npumenennss Meronuku J['AK ssis-
ercsi MOJIeJINPOBaHUE YIAPHO-BOJIHOBBIX TEUEHUIT
MHOTOKOMIIOHEHTHO# CILJIOIIHOR cpeiibl ¢ GOJIbIIN-
Mu gedOpMAlUAMA HA MHOTOMEDHOR IMPOCTPAaH-
CTBEHHOH HENOJIBUXKHOI CeTKe C HMCHOJIb30BAHUEM
ALE-nonxoma. KimoueBoil 0co6EHHOCTBIO METOIU-
ku IT'AK saBasiercs BO3MOXKHOCTb BEICHUS CUYETA,
Ha aJIAIITUBHO-BCTpanBaeMoil 1pobHoii ceTke [6].

Hnsg amantanuun kK cyery na GPU BwiOpan ko
nporpammel OTTI/TA-TECT [7], BrioueHusiii B
cucremy tectoB POAI-BHUNI® st ucciremo-
BaHWs [TaPAMETPOB BBICOKOIPOM3BOIUTEILHBIX CH-
creM.  DTO YIPOIIEHHAS peajiu3aliisi MeTOIH-
ku DI'AK, B KOTOpOil IPHUCYTCTBYET JIMIIL OCHOB-
HO#I HAbOp TPOrpamMM, IO3BOJISIIONIUX PACCUUTHI-
BaTh IIPOIECC Ma30BOI JuHAMUKHU. Pacuer mporecca
BBIIIOJTHSIETCS B J[Ba dTalla — JIAaTPAHXKEB U diije-
POB, pellleHne Ha KaXKJI0M U3 KOTOPBIX IOJIYIaeTCsI
C IOMOIIBIO SIBHBIX cXeM. B mpoliecce amanraiund K
cuery ¢ ucnosibzoanuem GPU g 6osiee mmpoko-
ro oxBara TecToBbIX 3a1a4 Meroguku DI'AK B mpo-
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rpammy DT'UJTA-TECT 6b11a nobaBiieHa BO3MOK-
HOCTH BEJICHUSI CUeTa Ha aJalTHBHO-BCTPANBAEMOIH
JPOBGHOIT ceTKe. DTO BHECJO 3JIEMEHT HEPEryJIsp-
HOCTH KaK B PACYETHYIO CETKY, TaK U B CTPYKTYPBI
JTAHHBIX.

B nporecce aganranun x cuery sa GPU nonao-
6uCch TIyOOKMit aHAN3 U CYIIEeCTBEHHAsT TTepepa-
0OOTKa TEKCTOB ITPOrpaMM Ta30BOil JuHamMuKu. Pe-
3yJIBTATOM CTAJIM HOBBIE KOJIbI, ITO3BOJISIOIINE Be-
¢t paboTy KaK Ha OJIHOM, TaK W Ha HECKOJIHKUX
yerpoiicreax GPU. st 6osiee adpekTupHOrO HC-
noJsib3oBanust BosMoxkuocteit GPU nekoTopbie po-
rpaMMBbl OBLTH MEPEMUCAHBI TIOJHOCTHIO C M3MeEHe-
HUEM AJITOPUTMA.

PaborocmocobrocTs 1 3¢pPHEeKTUBHOCTD MOJTY Y€H-
Hoit ajanruposannoil nporpammbl SI'MIA-TECT-
GPU mnomareepxkmaercst pe3y/ibTaTaMi TIHCJIEHHBIX
9KCIIEPUMEHTOB, TIPUBEIEHHBIMU B CTATHE.

AHaju3 cyIIecTBYOIIEro Koaa
AIMAOA-TECT
u nyTu agantaiuu K cdery na GPU

Apanranust nporpaMmel K cuery Ha GPU naum-
HaeTcst ¢ NpOMUINPOBAHNS U aHAJN3a CYIIECTBYO-
mero Koja. Pe3yabraTtoM 3mux JefCcTBUil siBJISIETCST
Habop 0COOEHHOCTEH, KOTOPBIE OMPEIE/IAIOT Iajlb-
HEHINNA IPOoIece aJallTalluu.

[IpodunmupoBanue koma mporpammbr DI'TJIA-
TECT mnokazasno, aro "ropsune nsaraa" (#ebob-
masi 9acTh MporpamMMbl, 3anuMaomas oosaee 50 %
BPEMEHHU OT ODIIEro UCIIOJITHEHs1) B KOJIE OTCYTCTBY-
oT. IlosToMy mpocTefiimuil myTh aJIanTalul TOIb-
KO TOPSYNX IISITEH B JIAHHOM CJIydae He TMOIXOJUT U
HeobxoauMo amantupoBaTh myig GPU Bech cuerHbIi
KOJI IPOI'PAMMUBL.

Ananms kojia, peanusymoiiero hopMUPOBAHNE U
XpaHeHne JaHHBIX PEIIaeMbIX 3384, IPUBEJ K BbI-
BOJY O Helejiecoobpasnoctu peanusanuu Ha GPU
aHaJIorugHoro crocoba. Ilpu 3amycke B mporpam-
me II'NTA-TECT npoussoaurcst pacuer HeoOXO-
JIMMOTO KOJIMIECTBA TAMSITH JIJIsI PelraeMoil 3a/1a-
qn. Bech HeobxomuMblil oobeM maMsiTu 9BM BbI-
Jesstercs eTuHBbIM (bparMenToM. PaboTa ¢ JaHHBIM
dbparMeHTOM TaMSATH OPraHU30BAHA YEPEe3 CJIOXK-
HYIO CTPYKTYpPY, COJEPXKAIMyI0 BHYTpH cebsi Kak
JIpyrue CTPYKTYPhI, TAK U YKa3aTeJIn Ha OTJIe/IbHbIe
y4acTKH 3TOro pparmenra. Pabora ¢ 3Toil CTpyK-
TYpOil peaJim30BaHa depe3 CHCTEMY TaK Ha3bIBae-
MBIX (DYHKIUI JOCTYyIIA.

IIpu aganTamuum MOXKHO CKOIUPOBATh BECh BbI-
nenstemblit pparment namsatu Ha GPU, Ho Torma

MOSIBUTCST HEOOXOAUMOCTh B opranmsaruu Ha GPU
CTPYKTYDBI, aHAJOTHMYHON TOW, YTO UMEETCS JIJIst
CPU. Ilpu 9TOM IpOCTOTO KOMUPOBAHUS 3aII0JTHEH-
HO#l CTPYKTYPBI HEIOCTATOYHO, TaK KAaK KOHEUHBI-
MU DJIEMEHTAMHU JIAHHOW CTPYKTYPbI B OCHOBHOM $iB-
JISTFOTCsT YKA3aTeJl, & OHU Ha KaXKJIOM YCTpOICTBe
ceou. Cwmbica B konupoBannu Ha GPU ykazare-
qeit ma mamars CPU orcyrersyer. Kpowme Toro,
it GPU apanmupyercst TOJIBKO KO, CIETHBIX MTPO-
rpaMM, IO3TOMY JOCTATOYHO OOJIbIAas YaCTb HH-
dopmarun, XpaHsIiasicsa B pa3MedeHHOM (pparMen-
te mamsitu 9BM na CPU, He Oymer BocTpeboBaHa
na GPU. Takum 06pasoM, opraHn30BLIBATE 110100~
nyto crpykrypy Ha GPU menenecoobpasHo.

Ucxonst m3 yKaszaHHBIX COOOpDarKEHUU B MAMSsI-
1 GPU Bbljie/IeHBI TOJIBKO T€ MaCCUBBI, KOTOPLIE
HYKHBI JIJIs PaOOThI CIETHBIX IIporpamm. Pasmep
U CTPYKTypa TAKMX MACCUBOB COOTBETCTBYIOT WX
pacnosoxkernto Ha CPU. B ciryuae HeobxomuMocTu
€CTh BO3MOYKHOCTH OOMeHa maHHbiMu Mexkiay CPU
n GPU s KaxXaoro mMaccmBa OTHEIbHO €INHBIM
KYCKOM ITaM{ATHU, HEJIMKOM COAEpzKallluM 3TOT MacC-
CHUB.

[Ipu peasmzanuu CYETHBIX MOyl METO/IH-
ku II'AK B II'MIA-TECT, kak mupaBuio, uc-
[IOJIB3YIOTCS IIPOI'PAMMbBI pacdeTa OJHON sueiKu.
ITopsimok pacuera svueek, oOMeH ITAHHBIMHM MerK-
Iy sdefikaMmu, paccuuTbhiBaeMbiMu pasubivu MPI-
polieccaMu, opranusyer tunosas cxema |8, 9. Tu-
IIOBasl CXeMa peasn30BaHa B Buie (DYyHKIINN, OJTHIM
U3 MapaMeTPOB KOTOPO# TakKe SIBISeTCs (DYHK-
Ui, BBINOJIHAIONIAA pacdeT sgaeiiku. [losromy mpu
amantanun Ha GPU B KadecrBe mporecca, paccau-
ThiBaeMOro Ha Kaxk1oii GPU-uurtu, B GoJibImHCTBE
c/lydaeB BbhIOpaH pacdeT omHoil saeiikm. Kaxmast
GPU-auTh acconumupyercst ¢ Homepom siueitku. [Ipu
Tekyteit peanusarun nporpammbl I N IA-TECT-
GPU aBTopnl 0TKa3aauch OT €JIWHOI TUIIOBOM CXe-
MBI, OpHUEHTHPOBaHHOI Ha wucnoib3oBanue CPU.
BwmecTo BbIZOBa QYHKIMU TUIIOBOW CXEMBI BBIIIOJI-
Hsiercd BbI3oB sjapa GPU.

Pemaemasi cucrema juddepeHnanibHbIX ypaB-
HEeHUII Ha JIarPAHKEeBOM JTalle MMeeT CJICLYIOIINii
BUJI;

dil 1

W 2 grad P;

o pgra :

dp;

TZ = —pi divi;

dg;

d’if =B (divi; — divd);
de; P
a2 div u;.

dt pi
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3/1ech @ — CKOPOCTB; ) — IUIOTHOCTD; € — yJIeJIbHAas
BHYTpEHHsIS dHeprusi; P — nasienue; [ — 00beM-
Hasl KOHIIEHTPAaIUs; ¢ — HoMep KommoHeHTa. CKo-
POCTh OmpeJiesieHa B y3/1aX CIeTHON CeTKH, CKaJIAP-
Hble BeJIMYUUHBL p;, €;, P;, P, 3; = V;/V oupeenenst
B IIeHTpax sideek, riae V; u V. — oObeMbl 1-T0 KOM-
IOHEHTAa BEIIeCTBA U BCeill A4efiKu COOTBETCTBEHHO.
WNunekc i B BbIpaskKeHUU sl JUBEPreHIIMI OTHOCHT-
Csl He K CKOPOCTH, a K JIMBEPrEeHIMH B IIEJIOM.

JlamHast cucTeMa 3aMbIKAETCs Y PABHEHUEM COCTO-
SIHUSI KOMIIOHEHTOB CPE/Ibl

P; = P; (pi,ei).

Ha »itsiepoBoM 3Talie cueTHasi ceTKa BO3BPAIAeT-
¢l B UCXOJTHOE JIO JIAPAHKEBA JTAIla, COCTOSTHUE U
OCYIIIECTBJIAETCS IIepecdeT BEJUYNH 38 CYeT IIOTO-
KOB Uepe3 I'DaHU siueeK (371eCh HMCIIOJIbL3YeTCs PAc-
IEIJIEHUE 10 HAIIPABJICHUSIM ).

Kazkap1ii sTan pasaeseH Ha MOA3TAIbI, YTO OUeHb
YIOOHO W JIJIsl IOCIEIOBATE/IbHON peain3aliu, U
ajst aHajm3a ¢PQEKTUBHOCTH paclapaslie/InBa-
HUSI.

JlarpaH»keB 3Tall COAEPIKUT:

1) pacder npeBBIYMCIEHHBIX JIABJICHHUI;

2)
3)

pacueT yCKOPEHUII Ha I'paHdAX Sd4eeK;
repecyeT yCKOPEeHUs M pacyeT CKOPOCTH B y3-
JIaX CETKWU;

4) perieHne ypaBHEHHIl HEPa3PBIBHOCTH W SHEP-
THH.

DilsIepoB dTaIl BK/IIOYAET B ¢eOsl pacdeTh:

IIOTOKOB 061;eMa;

2) IOTOKOB Macc, OOBEMHBIX KOHIEHTPAIUi u
IJIOTHOCTH;

3) sHepruwu;

4) HOTOKOB MMILYJ/IbCA;

5) cKopocTH.

Kaxk1b1it u3 9TUX 1013TAOB aJalITHPOBAH K CUe-
ty na GPU mesaBucumo or ocranbabix. [log-
sran Ha CPU, Kak mpasmiio, peajn30BaH OJIHUM
WA HECKOJbKUMH BbI30BaMU (DYHKIMKA THUIIOBOM
cxempl. Ha GPU BMmecto dyHKIMI THIOBOH cxe-
MBI BBI3BIBAETCSI PEAJTU30BaHHAsT (DYHKIUs, CBOsI
JUTS KaKI0T'0 TIOJ[dTAIa, OpraHu3yoias paboTy ojl-
HOT'O WJIM HECKOJBbKUX I[OCJIEJIOBATEIbHO BbI3BAH-
weix saep GPU. Bhnocnencrsun obbeauHeHne Ta-
KX (DYHKIHI [TO3BOJIMJIO IIEPEBECTH BECH CUET HA
GPU. Ha CPU mpoussomurcst paboTa, CBI3aHHAsI
CO CYUTHIBAHUEM U 3AIUCHIO JTAHHBIX. DTO IEPBOHA~
JajbHAs WHUIUAJIM3AIUS 330891 [IPU CINTHIBAHUU
daitmoB ¢ HAUAIBHBIME JAaHHBIMU, 8 TaK2Ke BbIIATA
[IOJIy9IE€HHBIX 3HAYEHUN PEe3y/IbTaToB cueTa B (haii-
JIBL.

Ha puc. 1 npesncrasiiena cxema BBITIOJHEHUS IIPO-

rpammbl QT UJA-TECT-GPU.

WMHuumanmsauma

LiMKn no BpemMeHHbIM Waram

Bbiaaya uHdopmaumum o

pesynbTaTtax cueta

S

CPU\ 4 GPU )
> UHMumanusauma
b4 _| NMarpaHes stan
rasoBOi JMHAMMKH
v < dinepos atan
| rasoBoii puHaMMKK
/ L9 4

Puc. 1. Cxema Bormosaerns nporpammbl QT MIA-TECT-GPU npu ucnonszoBanuu ofxoro ycrpoitctea GPU
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OcobeHHOCTH aJANITAIIUA TPOTrPaAMM
K cuetry Ha GPU

Kompr dyuknumit pacuera oxuoit sueiiku na CPU
u kouel simep GPU cxoxkum mexiay coboit.  Ot-
JIMUUsT 3aKJII0YAI0TCA B OTKase OT (DYHKIUH J10-
crymna, ucrnonbdyembix Ha CPU, B mosb3y mps-
MBbBIX CCBIJIOK Ha HCIIOJIB3yeMbI€ MaCCUBbI, BbLAECJICH-
woie Ha, GPU. Kpowme Toro, npu paspaborke sijiep
GPU aBTopsl cTpeMuInch MaKCUMaJIbHO N30aBUTh-
Csl OT JIUBEPIEeHTHBIX BETBJICHUN (yCIOBHBIX Ollepa-
TOpOB, 3acTasJsionux pa3ubie GPU-uutn BbINOI-
HSITh HEUJEeHTHYHYI0 paboTy). Takke BeTBJICHUsI
PUBOJSAT K 3aMeJJICHUIO PabOThI BCJIEJICTBUE TO-
ro, uto GPU-murtn ommoro Bapma (rpymma GPU-
HUTEl, BBITIOJIHSIIOIIUX CBOIO PAbOTY (PUBUIECKH OJI-
HOBPEMEHHO) HE MOT'YT OJHOBPEMEHHO PACCUUTHI-
BaTh pa3Hble BETBU YCJIOBHOI'O OIIEPATOPA.

Pabora o u3baBiieHnI0 OT JUBEPIEHTHOIO BETB-
sgeans Ha GPU cxoxka ¢ BekTopusamueil Koga Ha
CPU.

Ha puc. 2 nokasan npumep, MO3BOJISIONIAN 110~
HATH HEOOXOJUMOCTH OTKa3a OT JUBEPreHTHOI'O
Bersiaenuss Ha GPU. B mpumepe Benercss pacder
BOCBMU slU€eK, HO B OJHON W3 HUX (9TO siyeilka
HOMEp 9eThIpE) HO KAKUM-JIHO0 KPUTEPHSAM peaJln-
3yeTcs MPOCTON Ciydaid, ITO3BOJILAONINIA COKPATUTh
BBIMHCJIEHUs] JIO HECKOJIbKUX oreparopos. GPU,
OGarogapst CBOEMY IMapaJsiIein3My, PaCCINTHIBAET
cpasy Bce siueiiku oJHOro Bapiia. Ho cHavaa cam-
TAIOTCA BCe AYeKN, KpOMe 4YeTBepPTOi, IIONaBIIue
B IIEPpBYIO 9aCTb BETBJICHUA. HOC.He 9TOI'0 cHHuTa-
eTcsl BTOpasi 4acThb BeTBJICHUs (deTBepTasi sdeii-
ka). Takum obpasom, ma GPU ycmoBubIil onepa-

=]

]
=

(15

BPEMA

Puc. 2. luseprenTtHoe BeTBICHNE

TOp (POPMAJIBHO MOYKET IPEBPATUTHCS B ITOCJIEI0BA~
TesbHBIH. Fcim gacrora cpabaTbiBaHus KPUTEPUst
peajn3alluy IPOCTOTo CJIyvasl HeBeJIuKa, TO JIydIlle
HE COKpalllaTh BBIYNCJIEHUS B KOJIE.

[IpumepoM JMBEPreHTHOIO BETBJIEHUS B KOJIE
OI'MJA-TECT wmoxkeT CIIy>KUTh BETBJIEHHE IIPU
pacuere cpejiHeil IIIOTHOCTH CMeIIaHHON (HEeCKOJIb-
KO BeIeCTB) U YUCTON (TOJILKO OJIHO BEINEeCTBO B
JIAHHBIN MOMEHT) siueeK. B cMmeranHoil siueiike BbI-
[IOJTHSETCH CYMMUPOBAHUE ITPOU3BEJIEHUN 00beM-
HBIX KOHIIEHTPaIuil Ha Y/eJbHYIO IJIOTHOCTh KaXK-
JIOro BelecTBa d4yeiiku. B uumcroil gdyeiike oJ1-
Ha W3 OOBEMHBIX KOHIIEHTDAIMii paBHA €JIMHUIIE,
a ocrajgbHble — Hymo. [losToMy mTpu BBIUHCIE-
HUU CpeJIHel JIOTHOCTHU BElIeCTBa B YUCTON dA4eilke
CYMMUPOBaHHE HE BBIIIOJHACTCA, & BEHETCA IOUCK
MIPUCYTCTBYIOIIETO BEIECTBA U OepeTcd 3HaYeHUe
€ro IUIOTHOCTH. KEcan Takoi aJropuTM OCTaBUTH
npu peanuzanun Ha GPU, to GPU-auTH, paccam-
THIBAIOIUE CMEIIaHHbIE U YUCThble AYelKU, JTaKe B
mpejiesiax OIHOTO Bapia OyayT paboTaTb He OIHO-
BpemenHo. Ilosromy npu peanusanuun nHa GPU B
JaHHOM CJIydae BCce g4efiKU pacCMaTPUBAIOTCA KaK
CMeIIanHble (B YUCTOH sTueiike CyMMUPYIOTCS pe-
UMYIIECTBEHHO HYyJIEBBIE CJIaraeMble).

Jpyrasi 0cOOEHHOCTH, HAIIOMUHAIOIIAS JIUBEP-
TeHTHOEe BETBJIEHNE, HO IIPU 3TOM HCHOJIb3yeMas
JIJIsT peIieHust TPodIeMbl JEKOMITO3UIINY BBITUCTH-
TeJILHOW pabOThI IIPU 3aBUCUMOCTH 10 JAHHDBIM, —
3TO MapKUPOBKa IPU3HAKOB, OIPEJIEISIONINX, CUn-
TaTh Ty WJIN UHYIO BEJINYMHY B JJAHHOU ddeiike UIn
ee MOXKHO HE CUYHNTATh, a OpaThb y»Ke MOCUYUTAHHOE
3HadeHue u3 cocequeit gueitku. Takas MapKUpOBKa
9acTo ucnojb3yercs B mporpamme DI'MJIA-TECT.
Ee npumenenne sgBiisieTcs cJjieJICTBUEM U30BITOYHO-
cTu xpandiiefica uHOpMAIMT I O00eCIIeUeHUsT
He3aBHUCHUMOTO pacueTa gueiiku. MapKupoBka mpu-
MeHsIETCs TIPU pacdeTe CMeXKHbBIX BEJINUNH, OIIpe/ie-
JICHHBIX Ha I'paHU, pedpe WiIn y3Jie U TPUHAIJIeKa-
mux cpady HeckosbkuM sdeiikam. Ha CPU rakast
BEJIMYMHA B KaXKJI0 d4elike oMedaeTcsd MapKepoM,
0003HAYAIONUM, YTO PACUET JJIsd ITON AIeUKU yIKe
npousBesien. Ilepen madasom pacdera odepemHoit
AYCUKN aHaJIU3UPYETCa MapKep coceHeil adeiku,
7, €CJIM OH HAXOJUTCA B COCTOSHAM TLOCUUMAHO, PAC-
9eT He MPOBOJUTCS, & 3HAUEHNE BEJIUIUHBI OepeTcst
u3 coceqHel d9eliku.

Ha GPU gna ykazamHoi peajnsaiiun HEOOXOIH-
MO npuberarhb K MeJJICHHBIM aTOMapHBIM (DyHKIIH-
dM, Jla W He BCErJa 3TO BO3MOXKHO. B Takmx ciy-
qaAX IPUXOJUTCA HECKOJIBKO BUJIOU3MEHATH aJIrO-
puTM, n36aBIAICH OT MAPKUPOBKU, KaK OT JTUBEP-
TeHTHOTO BeTBJIEHUs. ECan JJis pacdeTa MapKUpPy-
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eMOil BeJIMIUHBI TPEeOYIOTCS HEOOJIBIITIEe BBITUCTIE-
HUA, TO OHU BBINOJHAIOTCA JIJIA KaXKJI0U AYEHKHN CO
CME2KHOI BeJIMYIUHOIN U OJIHA U Ta YKe paboTta my0Jim-
pyercs Ha pasubix GPU-aurax. FKcam mjist pacdera
MapKUPYEMOH BeJIMYMHBI TPEOYIOTCS 3HAYUTETbHBIE
Beramcsienusi, 7o ogHo GPU-siipo 3amensiercst iBy-
M gapaMd. B mepBoM sape IS BceX sdUeeK pac-
CUNTBHIBAETCSI CMEXKHasl BEJIMINHA TOJBKO HA OJHOMN
dukcupoBanHoii 110 pacnosiozkenuo rpanu (pedpe,
y37e) sdeiikin. Bo BTOpOM siipe KONHMPYeTCs yiKe
MocuYuTaHHASs THOOPMAIUS OT COCETHEN sTIeKM.
Ha puc. 3 mokazan cxeMaTUYHBII IpUMED TOCIE-
JOBaTeJILHOCTU pacdeTa CKOPOCTU B y3Jax JIByMep-
HoMt ceTku. llpuwBeneH mpocteitmuit ciayvait dppar-
MEHTa CEeTKHU, [Jile HU OJIHa U3 IIPEICTaBJICHHDLIX
sdyeeK He HAaXOJUTCd Ha IPaHUIE PACUYeTHON obJia-
cru.  3aKpallleHHbIM KPY?KKOM IIOMEUYEHBI [TOCTH-
TaHHbIE 3HAUYEHU BeJIMYNHBI, He3aKPallleHHBII KPy-
JKOK O3Ha4daeT, YTO 3HaUeHUe JIAHHOI BEeJIMYNHBI B
TeKyllel aueiike CKOIIMPOBAaHO U3 COCeAHEH AYeiKu.

Ncnoab3oBanne neckoabkux GPU

ﬂ;ﬂﬂ BOBMOXKHOCTU HCIIOJIb3OBaHUA IIPpU pacydeTe
zataan Heckosbkux ycrpoiicts GPU B ko BHeceHa
npussiska MPI-niporiecca k GPU. Ocranbasie MPI-
poIeccbl HUYero o0 3TOM ycrpoiictBe "He 3Ha-
or". Tlo cytn mpm Takoit peamuzarnun GPU sB-
snsteTcst comporieccopom st MPI-miporecca.  Ta-
KOM TTOJIXOJT, TIO3BOJISIET OCTABUTH HEM3MEHHBIM AJl-

roputMm MPI-pacnapasutenmBanusi, peaan3oBaHHbII
ua CPU. BeaemcrBue sToro 6€3 MOMOIHATETBHBIX
TPYA03aTPAT IOSIBJISETCST BO3MOYKHOCTB IIPOU3BO-
JINTh pacyYeTbl B NETEPOrEHHOM DPEKUME, T. €. C
OJTHOBPEMEHHBIM UCIOTBL30BAHIEM BCEX JTOCTYITHBIX
CPU- u GPU-pecypcoB /il OIHOT'O UCIOJHSIEMOTO
daiira.

Jlst sKOHOMUU TPyI03aTpaT aBTOPBI UCIIOJIb3Y-
tor cymiecrByiomme B QI'MJIA-TECT nporpammbr
oOMeHa, BBITOJIHSIEMbIE TPU BBI30BE THUIOBOM CXe-
Mbl.  Taxkum oOpas3oMm, peaans0BaH CIIOCOD oOMe-
na wmHpopmanueir yepes CPU ¢ momorpio MPI-
nnrepdeiica Tunopoit cxembl DI'NIA-TECT, B ko-
TOPOI OTKJIFOUEH pacuer siueek. st KOppeKTHO-
CTH TaKoro obMeHa HeoOXOIMMO 00ECIEeYNTDh HaJIM-
4Jpe JaHHBIX B I'PaHMYHbIX ddefikax na CPU.

Jlo u mocsie BBI30BA TUIIOBOM CXE€MBI IPOU3BO/IAT-
cs1 KOMMUPOBaHUE JAHHBIX TPAHUIHBIX TOYEK MO Ka-
nasaMm GPU—CPU c¢ wucmosbzoBanmeM mpoMexKy-
TOYHOTO MaccuBa. PasMep MpPOMeKyTOUHOrO Mac-
CUBA OMPEJIETIeTCsT KAK MAKCUMYM U3 KOJUIECTBA
IPAHUYHBIX U 6HEWHENPOUELCCOPHBLT siaeeK (Turbl B
(boundary) m E (external) coorercrBeHHO [8]).
Aueiikn tnna E saBiastoTcst GUKTUBHBIMU sSTUeKa-
MM, TOYHBIMHM KOIHSIMM si€eK Tumna B ¢ apyrux
MPI-tiponiecco. Ha puc. 4 sdeiiku tuna B Bble-
JIEHBI YKUPHBIMU JINHUSIMHA, TUNIA F — IyHKTHPOM.
JIis HATJISITHOCTH HA PUCYHKE MPEJICTABICHA JIBY-
MepHasi CeTKa, a He TPpeXMepHasi, WCIoJb3yeMasl B

STUIA-TECT.

Pacuet PacueT Pacuet PacueTt
aueinkm 1 auenku 2 AYeinku 3 AYerKn 4
CPU: ® o ® ® & ® o) @ 3 5] o
1 2 1 2 2 1 2
L) L] @ ® o =] @ @ @ D 2
3 4 j 4 3 T 4 3 4 T
@ ] ® L @
GPU:
1 2 il 2
L ] L]
3 4 3 T 4
[ ] @ ® [
[lepBoe BTopoe
GPU-agpo GPU-agpo

Puc. 3. Ilocienosarensuoctu pacyera ckopocru Ha CPU u GPU
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Puc. 4. Tunsr ssgeek TpOCTPaHCTBEHHON CETKN

st ocyrecTBaeHUsT OOMEHA 3HAYCHUSIMU BEJIM-
YUH B I'PAHUYHBIX STYEUKAX BBIMTOJIHSIIOTCS CJICIYTO-
e OefCTBUL:

1. Banyck sapa GPU, cobuparorero stu 3Hade-
HUsl W3 I'PAHUYHBIX sT9€EK B ITPOMEXKYTOUHBIN
MaCCHB.

2. Ilepenata JaHHBIX MMPOMEXKYTOTHOI'O MACCUBA
¢ GPU na CPU.

3. Boirionnenne mporpaMmbl, KOIUPYIOIEH JaH-
HBIE U3 IIPOMEXKYTOUYHOTO MaCCUBa B PEAJIbHBIE
MeCTa XpaHeHUs TOi HH(MOPMAIUU B CUCTEME
namsita D' MJA-TECT na CPU.

4. Pabora tunopoit cxembl 1mo MPI-obmeny 6e3
BBI30BA PACUETHBIX (DYHKIIUN.

5. BeirmosiHenne mporpaMmbl, KOIUPYIOMIEH JaH-
Hble, mojydennbie ¢ gapyrux MPI-tiporeccos
u Haxougdmuecss B crucreMe mamsata DI VJIA-
TECT, B nupomexxyrounsiii maccus Ha CPU.

6. Ilepemavua JAHHBIX MPOMEXKYTOYHOI'O MACCUBA
¢ CPU na GPU.

7. Banyck sapa GPU, "packnanpiBatorero" Ho-
Bble 3HAYEHUS BEJIMYMH U3 IIPOMEKYTOYHOIO
MaccuBa B rpanundnbie saeiikn Ha GPU.

Ha pwuc. 5 mokazana mucnombzyemast B DI JIA-
TECT-GPU cxema MPI-06MeHOB.

Peanuzanusa aganTuBHO-BCTpanBaeMoi
apobHoii cerku Ha GPU

JI7IsT TTOBBIIIEHNST TOYHOCTH pPAacUeTOB Ha HEIOo-
JBUYKHOI CETKE M SKOHOMUU PECYyPCOB B METO-
auke JI'AK akTuBHO HCIONL3yeTcs aJalTHBHO-
BCTpanBaeMasl JIpobHasi ceTka (jiajee npocTo dpob-
nas cemka). OHa BBOAUTCS OO B HAYAJIBHBIH MO-
MEHT BPEMEHH C IPUBA3KONH K MPOCTPAHCTBY WU
BEIIeCTBY, JTUOO B CHJIy CpabaThIBAHMS HEKOTOPBIX
YCJIOBUI WM KPUTEPUEB.

7

MPI-nipourecc
/CPU

GPU A
¥
< e
4 :
Tvm B
[* ’H
v
| ) S ————
y
Tvm E

Puc. 5. Cxema MPI-06Mmenos

IIpumenenne apoOHOI CeTKM O3HAYAET, YTO B
poriecce cueTa B KOHIE KaXKJ0N0 BPEMEHHOro Iara
Jobast cueTHasd sTIeiika He3aBUCHUMO OT JPYIUX MO-
JKeT OBITh pasmapobiieHa Ha BoceMb dacTeit. BHOBB
[TOJIyYE€HHbIE TYEHKN TaK»Ke MOI'YT ObITh Pas3apod-
JIEHBI BILIOTDH JIO IISITOTO YPOBHS JpobJieHnst (Irpo-
IPAMMHOE OI'PAHUYIEHNE, CBSI3AHHOE C BBIIEJIEHUEM
namsaTu). [Ipu HEOOXOMMOCTH paHee IOJLyYeHHbIE
JPOOHBIE STYEHKN MOTYT yAaJsiThbCs. Bbraucienus
BBIIIOJIHAIOTCS Ha IOJIYyYE€HHON HEPETYJISIPHON CeTKe
JI0 CJAEIYIONIEro N3MEHEHHsI €€ COCTOSTHUSA.

Pacuer kaxkoro srarra BeJeTcst B IIUKJIE TI0 YPOB-
HsIM JIpOOJIEHUsI, HAYMHAS OT CAMBIX MEJIKUX STIEEK.
Sgeiik OCHOBHOM, peryssipHOM, CETKU HA3BIBAIOTCS
s9efKaMU HYJIEBOTO YPOBHSI IPOOJIEHUSI.

JLj1st Toro 94To6nI OBLIA BO3MOXKHOCTD B IIPOIIECCE
cuera cos3maBaThb HOBbIe sueiiku, B D' MJA-TECT
CYIIECTBYET CIIUCOK HOMEPOB sSTIeeK, YIACTBYOIINX
B pacyere B JaHHBIH MoMmeHT. Homepa sdeek, Ko-
TOpbIE B JAHHBII MOMEHT B pacdere He yIaCTBYIOT,
XpaHsATCAd B cTeKe cBOOOMHBIX siueek. CosmaHue u
yIaJIeHre ST9eeK B KOHIE CUETHOTO Imara Ioapasy-
MeBaeT: — IPOBEPKY KaxKJIOM d4YeliKu Ha COOTBET-
CTBUE KPUTEPUSM JIPOOJICHUS; — U3MEHEHUE CITUC-
KOB ST9€eK, YIaCTBYIOIINX B CUETE; — YCTAHOBJICHUE
COCEJICTBA MEXKJTY sTIefiKaMi KaK OJHOTO, TaK U pa3-
HBIX YPOBHEH JIpobJIeHNs; — 3all0JIHeHNEe BHOBb CO-
BIAHHDBIX ST9eeK (PU3NIECKUMU JTAHHBIMUA.

Pabora 110 u3MeHEHUIO CIIMCKOB A9€eK, yIaCTBY-
IOIKUX B cUeTe, He sIBJISIETCS apaJiie/bHoit. Boob-
e, Kak IpaBuiIo, paboThl Mo GOPMUPOBAHUIO Pas3-
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JIMUHBIX CIMCKOB ILIOXO ajantupyiorca Ha GPU.
[TosToMy B JaHHOM CJIydae aBTOPBI OTOIILIN OT IIa-
paaurMbl aganTannu Beero koga #Ha GPU. Ilpose-
JIeH MOUCK "Topsunx nsiTeH" B IporpamMmax Co3ja-
HUS U yIaJIeHns APOOHBIX sideeK. Takoi oKa3ajiach
TOJIBKO OJHa IIpOorpaMMa, KOTOpasd yCTaHaBJ/JIMBaET
NPU3HAKK APOOJIEHHS JJIs d49eeK, IONAJAIONX B
[IEPEXOJIHYI0 30HY JIpOOJIEHUsT C 3aJaHHON IIMpPU-
woit. Illupumna nepexodnoti 30mv. dpobaerus 3a1a-
eTCsl UCIIOJIHUTEIEM pacieTa B KOJUYECTBE sTIeeK U
OTIpeJIeJIsieT pajuycC MapoB, EHTPAMU KOTOPBIX siB-
JIAIOTC Bee apoduble sdeiiku. Hepasapobiennble
sTIefiKd, Momajiamlire B O0be JHEeHNe BCEX TaKUX
IapoB, APo0ATCd  (DOPMUPYIOT TEPEXOTHYIO 30HY
JIpobJIeHNS.

Ha puc. 6 nokasana cxema BBIIIOJHEHUST IIPOIPAM-
MBI TIPU UCIIOJIb30BaHuu JApobHoit cerku. Ilocsen-
HUM 3TaIOM SIBJISIETCs 3aIlOJIHEHIE BHOBbL CO3/IaH-
HBbIX d4YeeK CbI/ISI/IIIeCKI/IMI/I JaHHBIMU. 9TOT 9Tall
He 3aHIMAaeT MHOI'O BPEMEHH, HO HCIIOIL3yeT 0OJIb-
II10€ KOJIMIECTBO MHMOPMAINNA O (PU3UIECKOM CO-

CTOSIHUM PaCCYUThIBacMOil cucrembl. JlaHHast WH-
dopmalms B aKTyaJJbHOM COCTOSHUH XPAHUTCS HA
GPU. Ilosromy B Ie/isiX MUHUMU3AIUHA [T€peIaBa-
emoit uadopmanus o kanagxry CPU—GPU pabora
10 3aI0IHeHUI0 (BU3UIECKUMU JaHHBIME (yCpeTHe-
HUEM OT COCe/Iell) BHOBb CO3/IAHHBIX sI9€€K BbIIOJI-
nserca na GPU.

ITocTaHoBKa TeCTOBBIX 3aJa41

Tect 1. /IBu>keHue cpepuuecKoil CUCTEMBI.
JlaHHBII TeCT IpecTaB/IseT CODOI TPEXMEPHYIO 3a-
Jlady, B KOTOPOU JIBEHQIIIATh BEIIECTB HAXOJSATCI B
ceprudeckux CJI0sIX TOJIIUHON 1 ¢M, UMEIOIIIX 00-
it nertp [10].

Tect 2. CenoBckuii (TOUYEeYHBI) B3PbHIB.
JaHHBIIT TecT sIBIsteTCsI TPEeXMEpHOR 3amatieil o
ceputiecku-cuMMeTpUIHOM B3pbiBe. llocTtanoBka
3aj1a4un B3sTa U3 paborsl [11].

cPu [ GPU |
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Puc. 6. Cxema BBINIOJHEHHST TIPOTPAMMBI TP UCIIOJIB30BAHUN JPOOHOI CeTKH
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Tecr 2 xapakTepusyercs MaJjoil 06/1acThI0 BO3MY-
meHnst. 'TeM caMbIM OH SIBJISIETCSI XOPOIIUM IIPHMe-
POM HEOOXOIUMOCTHU HUCIIOJB30BAHUSA IPOOHOM ceT-
KI.

Vcmonb3oBanne qpoOHOI CETKU B pacyeTe ompe-
JesisieTcsl HaJaIudueM KpurepueB apobsrenns. Ham-
0oJjlee 4acTO B KAUECTBE KPUTEPUs APOOJIEHUST WC-
IOJIb3yeTCA HOMED BellecTBa: AYeHKU, ColeprKa-
III€ BEIIECTBO C 9TUM HOMEPOM, Ipobsitcs. Kpome
TOT'0, BOKPYT y2Ke Pa3apo0/IEHHBIX sTI€EK CO3/IaeTCs
repexojiHasi 30Ha, IPOOJEHUS C 33 JaHHOM IITUPUHOIA.
B Tecre 1 apobsTcst staeiiku, comeprKalliie BemecTBa
1, 2 m 3, B TecTe 2 — gueiiku, copepzKaliue BO3MY-
IIEHHOE BEIIECTBO.

KosmmaecTBo sieek Hys1eBOTO yPOBHSI JPOOJICHUST
3ajaercd npu crapre 3aja4du. KojmdecTBo stueek
JPYTuX ypoBHe ApobJieHus B 3a/a9aX BapbHpPOBa-
JIOCBH C TIOMOIIBIO MUPUHBI IEPEXOTHON 30HBI IPOO-
JICHUS.

PesynpraTbl TecTupoBaHus

TecrupoBanme MTPOBOAMIOCH HA  THOPUIHON
9BM, comep:kameit gBa mporeccopa Intel Xeon
CPU E5-2690 v4 2.6 GHz um gBa rpadwudeckux
yekopurenst Nvidia Tesla V100. Hannyammit
pexum 3arpy3ku jist mporpammbl DI'MJIA-TECT
0e3 WUCIIOIb30BAHNS YCKOPHUTEJEH TOCTUTACTCA C
mBymsi MPI-iporieccamu m  gBailiaThio  BOCEMBIO
OpenMP-aursvu (MPIXOMP = 2 x 28). /[lan-
HBII PEXKUM HCIIOJIb30BAJICS JJisi BCEX TECTOB,
paccunTbiBaeMbix 6e3 npumenenns GPU.

[Ipu wucnonpzoBanun ayx GPU 3zamyckm mpo-
BOJUJIUCH B TAKOM K& peXuMe. 3aMeTHM, dUTO
OMP-pacnapaJjieinBanie HeOOXOIUMO, TaK KakK

MIPOIIECC CO3JIAHMUSI U YJIajIeHUsI TPOOHBIX sTIeeK pac-
cunrtbiBaeTcd Ha GPU me mosmxocThIO.

[Tonyuyennble pe3yabTATHI PACUETOB BCEX BapH-
anTtoB TectoB 1o nporpammam IIMIA-TECT wu
SI'MIA-TECT-GPU B npesnenax cra BpeMeHHBIX
IIAr0B TIOJTHOCTBIO MEXKJIy CODO# COrJIACYIOTCSI.

Jlasee mpecTaB/IeHbl Pe3yILTATHl TECTUPOBAHUST
pasImuIHbIX BapuanToB TecToB 1 n 2. Ilokazaresn-
HBIM SIBJISIETCSI CPEJIHEE BPEMsi BBIIIOJIHEHUST BTOPO-
IO BPEMEHHOrO Iara B pacdere (Ha MEPBOM Iare
JacTh BPEMEHM 3aHMMAaeT CO3J[aHue W OOMEH Ha-
YasbHOlN uHMOpMAIUN).

B Tabs1. 1 mokazaHbl pe3yabTaThl BBIIOJTHEHUST Te-
cra 1 na aByx CPU, a rak:ke ognom n aByx GPU.
Ha CPU 3amyck Tecra mpou3BOAUTCS IO IIPOIPaM-
Me ITMIA-TECT 6e3 ucnonnsosanus GPU, on u
ABJISETCS OTIPABHOI TOYKOU IPU pacueTe yCKope-
Hust mporpaMMbl. [lokazaHHbIe B TAOIHUIE PE3Yilh-
taTel Ha AByX GPU momydens: npu 3amycke tecta 1
B JIBYX PEKHUMaX MacIITabupoBaHust — JeeHus (Ha
cerke 150 x 100 x 100) u ymHO)KeHHS (Ha CeTKax
300 x 100 x 100 u 150 x 200 x 100). ITpu ucnoss3o-
BaHUM PEXKUMa YMHOXKEHUsI B 0DOMX CJIydasix Mpo-
CTPAHCTBEHHAS JEKOMITO3UIINS BBITOTHSIIACE BIOJD
[IEPBOI'O ITPOCTPAHCTBEHHOrO HalpasjeHus. [Ipu-
BeJleHHBbIe B Tabsl. 1 BpemMeHa COOTBETCTBYIOT BbI-
[TOJTHEHUIO JIarPAHYKEBa U SHJIEpOBa 9TAIOB IIPOIEC-
ca Ta30BO#l JTMHAMUKY, TAITa CO3JAHUS U YIAJIECHUST
JIPOOHBIX STIEEK, & TAKKe BBITOJTHEHUIO BPEMEHHOTO
Iara.

Ob11ee KOJIMYIECTBO S9YeeK B 3ajlatie HEMHOTO Ba-
pbUpYyeTCsl B 3aBUCUMOCTH OT JEKOMIIO3UIINN, TaK
KaK YUYUTBIBAIOTCS BCE HCIIOJIb3yeMble sueiiku (B
ToM unciie Tuibl B u E). OCHOBHBIM TIOKa3aTeeM
pacdeTa sBJISEeTC KOJINIECTBO s9eeK (B MIIH), I0-
canTaHHBIX 3a cekyHuy (R). Ucxomst u3 sToro mo-

Tabauua 1
Pesynbrarhl BeimosHeHus: Tecta 1
TTapameTpnl KosmmaecTBo sueex Bpewms, mc
BBITIOJTHEH WS 0-it 1-i Jlarp. Diinep. Apo6. Bpemennoii R, S E%
YPOBEHB YPOBEHB STal sram  sS4Yefiku mar MJIH/ ¢

150 x 100 x 100:

2 CPU 1540000 111232 160 686 333 1179 1,4 - -

1 GPU 1500000 103 664 53 277 194 524 3,1 2,2 —

2 GPU 1540000 111232 45 248 111 404 4,1 2,9 66
300 x 100 x 100:

2 GPU 3040000 177120 71 379 211 661 4.9 35 79
150 x 200 x 100:

2 GPU 3080000 192832 89 478 219 786 4,2 3 68

— 52 —



Apanrrarmust merouku IIAK k cuery ma rubpuaabix 9BM ¢ rpagpuyeckuMu yCKOPHTETSIMI

Kazaress cauTaloTcesi yckopernue (S) u addexrus-
HoCcTh (E).

AHaJIOrnYHbIE PE3YABTATHI /IS TECTa 2 TPUBEIE-
HBI B TaOJI. 2.

[TukoBas npousBOAUTENLHOCTL rHOpUHOE DBM
6e3 yaera GPU cocrasysier ~ 1,2 Tduronc, a mu-
KOBasl MPOU3BOJINTENBHOCTE Hcmosb3yemoro GPU
~ 7,1 Tdmomc. Takum ob6pa3om, yCKOpEHHE OT HC-
nosb3oBanust ojHoro ycrpoiicrea GPU (2,2—2,7)
TpUOIN3UTETHFHO B JIBA Pa3a MPOUTPLIBACT OTHO-
IIEHUIO TIMKOBBIX IpousBojuresbHocreii (7,1/1,2 =
= 5,9pa3). Takue mokasareju sIBJISIIOTCS yJIOBJIE-
TBOPUTETBHBIM PE3YIBTATOM.

OsHako yCKOpEHWE OT HCIOJb30BAaHUS JIBYX
ycrpoiictrs - GPU  (2,9—4,4) cocrasiser b
~ 25 % OT COOTHOIIEHNST MUKOBBIX ITPOU3BOUTE -
Hocreit (14,2/1,2 11,8), 9TO MOATBEPKIAETCSI
sHaYeHUSIMU IDHEKTUBHOCTH UCTOIb30BAHUS TBYX

GPU (66—81%).

B Tab. 3, 4 npencrapieHbl CyMMapHbIE BpeMeHa,
nosie3Hoit apudmernyaeckoit Harpysku (kernel), me-
penaun nanabix Mex iy CPU u GPU (CPU—GPU)
u MPI-o6menos (MPI) na pasubix sranax pacuera
TecToB 1 1 2, a TaKKe UX JOJNU OT ODIIEr0 BpeMeH!
pacdera stanoB. Ha srame co3jganust U yJaaJieHUst
JPOOHBIX sT9eeK IPOU3BOJUTCS HEKOTOpas pabora
na CPU, ee Bpemsi yuareno Bmecre ¢ MPI (CPU+
+MPI).

B rabs. 3, 4 saBHO He MOKa3aHO, HO IPOCMATPU-
BaeTcst, 9TO 3P@PEKTUBHOCTD paclapalLieTnBAHNsT
IT0JIE3HOI HArpy3Ku pu mnepexoge ot oguoro GPU
K JIBYM B cpeJHeM HaxoauTes Ha yposre 90 %. TIpo-
O61eMy cocTaB/isieT Hu3Kasg o0Ias 3pHEeKTUBHOCTH
[Ipu mrepeade nadopMarmn Kak 1o kanajaam CPU—
GPU, tak u mexxay MPI-nporieccamu. Takue me-
penaan 3aHuMaioT 10 50 % BpeMeHU BbBIIOJIHEHUSI
nporpamMbl. Heobxoanma masbHeiinmass paboTa ajist
JOCTHU2KEHNA aCUHXPOHHOCTH I10JIE3HOM HaIr'Py3KU 1

Tabaruya 2
PesynbTarhl BeIDOJHEHUsI TeCTa 2
TTapameTpnr KosmaecTBo gweex Bpewmsa, mc
BBITIOJTHEHUST 0-it 1-i1 Jlarp. Diinep. Apo6. BpemenHoii R, S E%
YPOBEHB YPOBEHD STal sram  sS4eifiku mar MJIH/ ¢
150 x 150 x 150:
2 CPU 3456000 2512 286 689 761 1736 2 — —
1 GPU 3375000 2512 99 141 384 624 5,4 2,7 —
2 GPU 3465000 2512 78 174 209 461 7,5 3,8 70
300 x 150 x 150:
2 GPU 6840000 2512 127 240 404 771 8,9 44 81
150 x 300 x 150:
2 GPU 6930000 2512 154 346 416 916 7,6 3,7 69
Tabauua 3
Bpemst 1 1oJjist BBIMOJIHEHUS onepanuii ajisi Tecta 1 nmpu ucnojb3oBauuu GPU
Tun 1 GPU 2 GPU
Orarm omepartmu 150 x 100 x 100 150 x 100 x 100 300 x 100 x 100 150 x 200 x 100
Bpems, mc  Bpemsa, mc Homns, % Bpewms, mc Hous, % Bpewmsa, mc Homnsa, %
Jlarpamnxes kernel 53 28 62 54 76 54 61
CPU—-GPU 12 27 12 17 26 29
MPI 5 11 5 7 9 10
Ditnepos kernel 277 161 65 292 7 304 63
CPU—-GPU 66 27 66 17 132 28
MPI 21 8 21 6 42 9
Hpobmbie kernel 100 53 48 103 49 105 48
saefiku CPU—-GPU 65 32 29 65 31 65 30
CPU+MPI 29 26 23 43 20 49 22
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Tabruua 4
Bpemst 1 10Jisi BBIMOJIHEHUS onepanuii Jjis Tecta 2 npu ucnojb3oBauuu GPU
Tun 1 GPU 2 GPU
Orarn omepartuu 150 x 150 x 150 150 x 150 x 150 300 x 150 x 150 150 x 300 x 150
Bpems, mc Bpems, mc Honsa, % Bpemsa, mc Hoas, % Bpemsa, mc Hoas, %
Jlarpamxes kernel 99 53 68 102 80 106 69
CPU—-GPU 18 23 18 14 34 22
MPI 7 9 7 6 14 9
Ditrepon kernel 141 93 54 159 66 187 54
CPU—-GPU 60 34 60 25 114 33
MPI 21 12 21 9 45 13
Jpobubre kernel 226 118 56 232 57 237 57
STIeHKN CPU—-GPU 85 41 20 85 21 85 20
CPU+MPI 73 50 24 87 22 94 23

0OMEHOB, UTO BJjiedeT 3a COOOil pa3zpaboTKy HOBOI
WJIA COBEPIIIEHCTBOBAHUE CTAPON THUIIOBOA CXEMBI B
nporpamme II'MTA-TECT-GPU.

CrouT OTMETUTH, YTO HA ITAIE CO3JAHUST U Y/a-
JIeHUsT JIPOOHBIX sSTUeeK MPAKTHUIECKH HE HUCIIOJIb3Y-
ercst Tuniopas cxema. Obmen CPU—GPU 3necs siB-
JISIETCS HEOOXOIIMMBIM JIJIsi OCYIIECTBJIEHUST PabOThHI
co crmmckamu Ha CPU. Takoit obMen mpucyTcTBy-
er mazke npu ucnoab3oBanuu ognoro GPU. IlosTo-
My 3(PEeKTUBHOCTD pacnapasiieInBaHus Ha JIBYX
GPU ganHOTO 3Talia HAXOIUTCS HA MPUEMJIEMOM
yposte (~ 90 %).

Ilepen BBIMOSTHEHNEM JAJBHEHIINX pabOT IO OII-
TUMU3AIUNA UCHOJL30BaHust Heckoabkux GPU B
pacdere HEOOXOAMMO HUMETH pe3ybrarbl "B HyJie-
BOM TpubJmKeHun'", 3a KOTOpble MOXKHO IPUHSITH
pe3yJIbTaThI [IEPBOil Bepcuu PabOTAIOIIEH ITPOrpamM-
Mol QI UJA-TECT-GPU. Takue pe3yabTars! mpe/i-
craBJieHbl B TabJ1. 5, 6 1111 pa3HBIX PA3MEPOB CETOK.

B Tabsiniiax ykazaHbl pasMepbl CIETHBIX CETOK HY-
sieporo yposus. [Ilupuna mepexoaHoil 30HbI 1pob-
JIEHUsT TTOJA0UpaJIach TaKUM 00pa3oM, IToOBI obIiee
YUCJIO Y€EK B BapUAHTaX 3aJIa9d IIPUOJIU3UTE/b-
HO cOBITaa/10. JlaHHDBIN mapaMerp CHUJILHO BJIMSET
Ha BpeMs BBIIIOJIHEHUS TAIIA CO3TAHUS U YIAJICHUS
JIPOOHBIX sideek. Takrke yKa3aHO KOJIMIECTBO SUeeK
Ha KaXKJIOM U3 UCIIOJIb3YEMbIX YPOBHEH JIPOOICHUsT
7 00IIIee KOJIMIECTBO STYEeK HA BCEX YPOBHSX IPOO-
senusi. [lo sToMy mapameTpy MOXKHO IOHSTH, Ka-
KO MAKCUMAJIbHBIH YPOBEHDb JPOOJIEHUS UCIIOIb30-
BaJICS B JIAHHOM BapHaHTE TECTa. JHAUEHUS] YCKO-
peHuil, npuBejieHHble B Ta0. 6, [OJIyYeHbI IIyTEM
OTHOIIIEHUsI BpeMeHU BhIoJiHeHUsi B pexkume CPU
(6e3 mcnospzoBanuss GPU) ko Bpemenu BbIOJIHE-
HUsI ¢ ucoJsib3oBanueM 18yx GPU.
Wcnonbzoparnne GPU 1mo3BomiIo moaydurh Ha
Tecre 1 obiee yckopenwe oT 3 J0 D pa3, HA Te-
cre 2 — ot 4 10 6pa3. laHHble pe3yJILTATHI SIB-

Tabauua 5
ITapameTrpsbl ceTok /ijist TecTOB 1 1 2
Cerka Mupuna Kon-Bo stueex
nepexosn. 30HbI  0-it ypoBerb 1-if ypoBeHb 2-if ypoBeHb 3-i1 YPOBEHB Bcero
Tecr 1:
226 x 160 x 160 — 5785600 — — — 5785600
210 x 156 x 156 16 5207904 616 608 — — 5824512
194 x 140 x 140 6 3880800 247440 1659 648 — 5787888
Tecr 2:
200 x 200 x 200 — 8000000 — — — 8000 000
198 x 198 x 198 16 7919208 26 560 — — 7945768
196 x 196 x 196 16 7683200 33 360 212480 — 7929040
190 x 190 x 190 12 7003400 17040 118 696 819712 7958 848
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yCKOpeHI/Iﬂ IIPM BBIIIO/JTHEHUM 3TAIIOB TECTOB 1u?2

Tabauua 6

Cerka Jlarpam:xes sram DitrlepoB dran Jlpobuble sTaIeiKn Bpemennoit mar
Tecr 1:

226 x 160 x 160 4.4 3,2 — 3,4

210 x 156 x 156 4,1 3,2 5,8 5,2

194 x 140 x 140 3,5 2,9 2,3 2,8
Tecr 2:

200 x 200 x 200 3,9 44 — 4,2

198 x 198 x 198 4,2 4.8 59 5,8

196 x 196 x 196 4,1 4,7 5,7 5,5

190 x 190 x 190 4,5 5,2 49 4,9

JIAIOTCA YJOBJIETBOPUTEIbHBIMU, TaK KaK COOTHO-
IIeHne MeXKJTy MMMKOBOM ITPOU3BOIUTETBHOCTHIO HC-
II0JIB3YEMBIX YCTPOMCTB COCTaBJIET 0KOJIO 12 pa3.

T'ereporennsbiit pexxum
3arpy3KH CHYETHOTrO y3Jia

Cxema MPI-06MenoB, ucnosbsyemast B 91 TIIA-
TECT-GPU, nospoJisieT BecTu CYeT B PEXKUME, KO-
raa oauH mim Heckoiabko MPI-mporeccoB pabora-
foT Kazkablit co ceouMm GPU, a apyrue BBIIOJIHSIIOT-
cs1 Tobko Ha CPU. To ecth gy pacdera 3amadu
MOKHO HCITOJIb30BAaTh BCE CIETHBIE PECYPCHI y3J1a B
paMKax OHOTO UCHOJTHsIeMOTO daitia. st sToro B
nporpammy DI'UIA-TECT Brenpena crarudeckast
OaJIaHCHPOBKA TI0 TIEPBOMY ITPOCTPAHCTBEHHOMY Ha-
npaBJieHno. B urore mosyumiiack pabodasi BepCHUst
KOJIa, TI03BOJIsTioNas Bectu cyer B pexkume (MPIx
xOpenMP)+(MPIxCUDA).

B reuenme paspaborku mporpammbl DI JIA-
TECT-GPU rereporeHHbIil pe:KuM 3arpy3Ku I0/I-
JEePKUBAETCST B PAOOTOCITOCOOHOM COCTOSTHUH, HO HE
pa3BUBaETCS U HE ONTUMHU3UPYETCS: OCHOBHOM Iie-
JIBIO MCCJIEJIOBAHUS sABJIsIeTCsT 9(p(DEKTUBHOE OCBOE-
HIEe TOJIbKO HECKOJIbKUX ycrpoiicts GPU.

Cyer B rereporeHHOM peXKHME 3arpy3Kd HCCIe-
JoBaJicsi Ha TecTe 1 ¢ pa3MepoM CUYETHOH CeTKH
226 x 160 x 160 6e3 ucnosib3oBanus IPOOHON CETKH:
HCCJIEIOBAHNS IIPOBOIMINCDH CPa3y IOCJIE BBEICHUST
BO3MOKHOCTH CUIETa C UCIOIb30BAHNEM HECKOJBKUX
MPI-1t0TOKOB, KOT/ 18 BO3MOXKHOCTb UCIOJIb30BAHUST
JpOOHOI CeTKU elle He ObLIa PeaJm30BaHa.

Taxk wak ycrpoiictBa GPU smaumrTespHo Mor-
nee simep CPU m TecrmpoBanme IpOBOIMIOCH Ha
9BM, comepxkameii Tosbko asa GPU, To omrn-
MaJIbHBIN BAPUAHT JEKOMITO3UIMK PEITaeMOii 3a,1a-
9M MOKHO IIPEJICTaBUTHL B BHJE JBYX CTOJIOUKOB

BJIOJTb JIIOOOTO (BBIOPAHO MEpPBOE) MPOCTPAHCTBEH-
HOI'O HallpaBJIEHUA, B OCHOBaAHNN KOTOPBIX HAXOIAT-
cst MPI-iporiecest ¢ GPU (puc. 7).

Takoli BUJ HEKOMIIO3UIIUMU II03BOJISIET OaJjIaHCH-
poBath cuernyio Harpy3ky MPI-niporteccoB Tosb-
KO BJIOJIb IEPBOrO IIPOCTPAHCTBEHHOI'O HAIPaBJIe-
HUsl (BJIOJIb BTOPOIO HAIIPABJIEHUS] HATDY3Ka BCe-
rJa JeJTUTCS Ha JBe YaCTH MOPOBHY, BIIOJIb TPETHE-
IO HAIpaBJICHWsI HET pa30MeHHsi) 3a CUYeT pacipe-
JIEJICHUST CA0€6 siaeeK (WMJIH, JAPYTHMH CJIOBAMHE, KO-
JINYECTBA sT9€EK BJIOJIb IIEPBOrO MPOCTPAHCTBEHHO-
ro nampassenusi) na MPI-nponeccax. Kommaecrso
ciioeB gaeek Ha Bcex MPI-iporeccax, paboraromnux
¢ CPU, coBnajaer Mexy coboii (aHAJIOTMYHO HA
MPI-mpornieccax, paboratonux ¢ GPU).

B Tabn. 7 npuBenennl cpeHue BpeMeHa BBIIIOJI-
HEHUsI BPEMEHHOIO Iara Juisi 3aJiadu C Pa3HbIMU

Puc. 7. Jlexomnosurus peniaeMoil 3a1a4du
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Tabauua 7

Cpentee BpeMs (B MC) BBINOJHEHUSI OJHOrO IIIAra MPU Pa3JINYHBIX PEXXMMaX 3arpy3Kd cepsepa

MPI x OMP KoiymuecTso ciioeB stueex

4 6 8 10 12 14
4 %6 1022 957 940 933 989 —
4x 14 1048 989 981 970 1016 -
6 x 2 991 1040 1011 1089 1108 1207
6 x4 953 999 926 966 904 952
6 x5 960 996 926 969 897 961
6 x6 951 996 993 961 961 945
6 x 7 943 995 924 963 889 982
8 x 3 1020 932 920 909 966 —
8 x4 1012 932 920 896 947 —
8 x5 1007 932 907 883 917 -
8 x 6 1059 992 961 939 960 -
16 x 2 1074 1163 1344 1456 — -

mapamMerpaMu. Bo Bcex yKa3aHHBIX BapHAHTAX JBA
MPI-nponiecca paborator ¢ GPU, ocraibHble BbI-
nosastiorcst #a CPU. Pesymbrarsl mpejcraBiieHb
JUIst PA3HOTO KOJIMYIECTBa CJI0eB stueek (oT 4 jo 14),
pacdeT KOTOPBIX MPOU3BOMUTCS Ha KaxKkKjaom MPI-
mportecce, comepxxkaiiem CPU.

Bpewmst cuera mara ¢ mpuMeHeHHEM TOJIBKO JIBYX
ycrpoitcrB GPU Ha MOMEHT TeCTHpPOBAHUS COCTaB-
sgsio 906 mc.  Ilpm reTeporeHHOM peXKUMe IIOJIY-
YEeHO HECKOJIbKO KOMOWHAIUHN, MpPU KOTOPBIX Bpe-
Ms cdYeTa, XOTsl W HEe3HAYUTEIbHO, HO MEeHbIIe
(B Tabu. 7 BblIeseHO KUpHbIM mpudTom). Tem
CcaMbIM TIOKA3aHa, PUHIUIUAJIBHAST BO3MOXKHOCTH
ITOJIyY€HUsT BBIUTPBINIA OT TeTEPOreHHOTO PpeXKh-
Ma 3arpy3KH, KOrja 3aefCTBYIOTCA BCE BBIUUC/IN-
TeJIbHbIE BO3MOXKHOCTH YCTPONCTB Ha y3je, XOTsi
Ha TEKyIUil MOMEHT BBIYUCJICHUS IO IMPOrpaMMe
OI'MJA-TECT-GPU sdgdexTrBHee BecTH TOJBKO
na GPU.

3akJ/rroyeHmue

[IpuBeneHo onmcanwe HCCAEIOBAHUN W UX Pe-
3yJILTATOB II0 aJalTAIlMd K CYeTy Ha THOPUIHOI
9BM, conepxkameit GPU, nporpammver DT'MIA-
TECT. Jlarnast mporpaMMa, peajn3yeT ajJropuTMbl
JarpaHzKeBa 1 dfj1epoBa 3TAIIOB Ia30BON TMHAMUKA
MeTonukn JI'AK ¢ BOBMOXKHOCTBIO BEJECHUS CUETa,
Ha aIalTUBHO-BCTPANBAEMOI JIPOOHOI CeTKe.

PesynpraTom pabor crasa mepBasi BEpCHUs IIPO-
rpammbl II'MJIA-TECT-GPU, nosBossttorias Be-
CTH CYeT 3aJ1a49 I'a30BOl JUHAMUKN Ha aJallTHBHO-
BCTpanBaeMoil JpoOHOI ceTKe ¢ IPUMEHEHUEM

GPU. Ilomydeno xopoiiee coryiacue pe3yIbTATOB
pacdera TECTOBBIX 3a/1a9 HA THOPUJIHON IMapaJiie/ib-
ot 9BM c¢ pesysibraramu, MOJyIYeHHBIMA HA MHO-
romporieccopuoit 9BM (6e3 GPU).

[Ipu wucnonpzoBanuu jByx ycrpoiicre GPU na
Pa3HBIX TECTOBBLIX 3aJa4ax IOJyIeHO YCKOpEHUe
cdeTta oT 3 710 6 pa3 1o CPABHEHUIO CO CUYETHBIM Y3-
jiom ¢ aymsi CPU.

Amnanm3 TOMyYeHHBIX PE3YIbTATOB MTOKA3BIBAET
HEOOXOIMMOCTD MPOIOJIKEHHUST PAOOTHI IO OITUMIE-
3alK U HOBBIMEHUO 3D MEKTUBHOCTH IPU UCIIOJIb-
zoBanuu HeckoJibkux GPU, nanpumep, 3a cuer upsi-
MbBIX 0OMEHOB MexK 1y ycTpoiicrBamu. Kpome Toro,
10 MHEHWIO aBTOPOB, CJIEJYET COCPEIOTOYUTHCS HA
apantanun K caery Ha GPU mporpamm rerutonpo-
Bognoctu Meromukn DI'AK ¢ npumenenuem 1po6-
HBIX CETOK.

Uccieiopadne BBITOJTHEHO B paMKax HAayIHOI
nporpaMmMbl HarmonasibHOTO 1neHTpa (hU3MKu U Ma-
remaruku r. CapoBa, Hampabjienme Nt 1 "Harmo-
HAJIBHBII TIEHTD UCCIEIOBAHUSI ADXUTEKTYD Cylep-
KOMITIbIOTepOB".

Cnoucok JuTepaTypbl

1. Bbuxos A. H., Topdees /. I., Kydeavrxun B. I,
Cusos E. A., ®édopos A. A. Meronuka
PAM3BEC-KII Ha rubpuaHbIX MapasiiebHBIX
9BM c rpaduyeckumu yckopurensivmu // Bo-
mpockl aToMHuOM Hayky u Texankn. Cep. Mare-
MaTUIeCKOe MOJIEJINPOBaHNe (DU3UIECKUX [TPO-

neccos. 2017. Brim. 3. C. 70—76.

— 56 —



Apanrrarmust merouku IIAK k cuery ma rubpuaabix 9BM ¢ rpagpuyeckuMu yCKOPHTETSIMI

Bykov A. N., Gordeev D. G., Kudelkin V. G.,
Sizov K. A., Fyedorov A. A. Metodika
RAMZES-KP na gibridnykh parallelnykh
EVM s graficheskimi uskoritelyami //
Voprosy atomnoy nauki i tekhniki. Ser.

Matematicheskoe modelirovanie fizicheskukh
protsessov. 2017. Vyp. 3. S. 70—76.

. Teanep O. B., Bacuaves M. O., Xosrodos 5. A.
ITocTpoeHne BBICOKOIPOU3BOAUTENILHOIO BbI-
YUCUTEIFHONO KOMILIEKCA JIJIs MOJIeJINPOBa-
HUs 3374 ra30Boil quHaMmuku // Kommbiorep-
Hble WccaeoBaHus W MojenupoBanue. 2010.
T. 2, Ne 3. C. 309—317.

Geller O. V., Vasilyev M. O., Kholodov Ya. A.
Postroenie vysokoproizvoditelnogo kompleksa
dlya modelirovaniya zadach gazovoy dina-
miki // Kompyuternye issledovaniya i modeli-
rovanie. 2010. T. 2, Ne 3. S. 309—317.

. Anucose B. O., Basues 3. M., Ywaxos /. A.
Peanuzarmust MeToma  perieHust  BYMEPHOTO
YPABHEHUSI TEIJIOIPOBOIHOCTH HA THOPHUIHON
apxurekrype (CPU4+GPU) // Boupocsr arom-
Hoit Hayku u Texauku. Cep. Maremarumieckoe
MoJiesinpoBaHue pU3nIeCcKux mporeccoB. 2021.
Bom. 1. C. 39—52.

Anisov V. O., Vaziev E. M., Ushakov D. A.
Realizatsiya metoda resheniya dvumernogo
uravneniya teploprovodnosti na gibridnoy
arkhitekture (CPU+GPU) // Voprosy atom-
noy nauki i tekhniki. Ser. Matematicheskoe
modelirovanie fizicheskukh protsessov. 2021.
Vyp. 1. S. 39—52.

. Bopecxos A. B., Xaparamos A. A. OcHOBBEI pa-
6orwl ¢ Texnosorueit CUDA. M.: MK Ilpecc,
2010.
Boreskov A. V., Kharlamov A. A. Osnovy
raboty s tekhnologiey CUDA. M.: DMK Press,
2010.

. Hlanun A, A., HAnuaxun FO. B. Kowm-
mwrekc nporpamMm DI'AK. TlazommHammueckue
Pa3HOCTHBIE CXeMbl B 3HJIEPOBBIX IE€peMeH-
HbIX // Bompochl aroMHOIl HayKU U TE€XHUKU.
Cep. Maremarudeckoe Mojenuposanue pusu-
geckux 1poreccoB. 1993. Bem. 1. C. 24—30.
Shanin A. A., Yanilkin Yu. V. Kompleks
programm EGAK. Gazodinamicheskie raz-
nostnye skhemy v eylerovykh peremennykh //
Voprosy atomnoy nauki i tekhniki. Ser.
Matematicheskoe modelirovanie fizicheskukh
protsessov. 1993. Vyp. 1. S. 24—30.

. Hrnuaxun 0. B., Beases C. II., Topodnu-
wee A. B., Boponos E. I, Iyowcosa A. P.,

— 57 —

Leemapenxo JI. U., 2Kaposa I. B., Kyuepo-
ea Il. A., Cmadnux A. JI., Xospun H. A. Kom-
mwrekc nporpamm II'AK-++ st momesimpoBa-
HUsI Ha &JIalITUBHO-BCTPAUBAIOIIEHCS JTPOOHOM
caeTHOiT ceTke // Bompochl aToMHON HayKu n
rexauku. Cep. MeToauku u nmporpaMMbl 9uc-
JIEHHOTO PEIIeHus 38789 MaTeMaTHIecKoit (-
sukn. 2003. Bom. 1. C. 20—28.

Yanilkin Yu. V., Belyaev S. P., Gorodni-
chev A. V., Voronov E. G., Guzhova A. P.,
Degtyarenko L. 1., Zharova G. V., Kuche-
rova P. A., Stadnik A. L., Khovrin N. A.
Kompleks programm EGAK-+ dlya modeli-
rovaniya na adaptivno-vstraivayushcheysya
drobnoy raschyetnoy setke // Voprosy atom-
noy nauki i tekhniki. Ser. Metodiki i prog-
rammy chislennogo resheniya zadach matema-

ticheskoy fiziki. 2003. Vyp. 1. S. 20—28.

. Aanexcees A. B., Beases C. II., Bouxos A. U.,

Bwxos A. H., Bemuunnuxos M. B., 3Banas-
aoe A. H., Hyowcoun A. A., Oenes C. II,
Camconosa H. C., Yucmaxosa U. H., SHnun-
xun FO. B. Meronnueckne MpUKIATHBIE TECTHI
POAII-BHUND® yist 9uCIEHHOTNO HCCJIE/I0-
BaHUsI TAPAMETPOB BBICOKOITPOU3BO/IUTEIBHBIX
cucrem // Tam xe. Cep. Maremarnteckoe Mo-
menupoBaHne dusndeckux mporeccos.  2020.
Bem. 2. C. 86—100.

Alekseev A. V., Belyaev S. P., Bochkov A. 1.,
Bykov A. N., Vetchinnikov M. V., Zalya-
lov A. N., Nuzhdin A. A., Ognev S. P.,
Samsonova N. S., Chistyakova I N.,
Yanilkin  Yu. V. Metodicheskie prikladnye
testy RFYaTs-VNIIEF dlya chislennogo issle-
dovaniya parametrov vysokoproizvoditelnykh
system // Tam zhe. Ser. Matematicheskoe
modelirovanie fizicheskukh protsessov. 2020.
Vyp. 2. S. 86—100.

. Beases C. II. MeTo1 MEJIKO3EPHUCTOTO PacIa-

paJLIeJINBAHUsI ¢ JIMHAMUYECKOi OaiaHCUpPOB-
KON Ha TpUMepe 3aJa4d Ta30BOW JUHAMUKI
U BBIYHCIUTE/IbHbIE SKCIIEPUMEHTBI Ha IapaJi-
nenbroit cucreme // Tam xke. 2000. Bpum. 1.
C. 45—49.

Belyaev S. P. Metod melkozernistogo ras-
parallelivaniya s dinamicheskoy balansirovkoy
zadachi gazovoy dinamiki i vychislitelnye
eksperimenty na parallelnoy sisteme // Tam
zhe. 2000. Vyp. 1. S. 45—49.

. Konobanun B. K)., ®édopos A. A., Anwmu-

nuna H. P. JIByXypoBHEBOE pacrapaJsiiein-



A. M. Epogees, E. A. Cuzos, U. IO. Typyruna, 1. H. YucrsikoBa

10.

BaHUE $IBHBIX Pa3HOCTHBIX CXEM METOJUKU
SI'AK // Bonpocs! aToMHOIT HayKH 1 TEXHUKN.
Cep. Maremaruteckoe MojenpoBanne Hu3n-
geckux 1poreccoB. 2017. Bem. 3. C. 62—69.
Kolobyanin V. Yu., Fyedorov A. A., Anti-
pina N. R. Dvukhurovnevoe rasparallelivanie
yavnykh  raznostnykh  skhem  metodiki
EGAK // Voprosy atomnoy nauki i tekhniki.
Ser. Matematicheskoe modelirovanie fiziches-
kukh protsessov. 2017. Vyp. 3. S. 62—69.

Konobanun B. FO., Yucmaxosa H. H. Ilpo-
rpamma DT'UJIA-TECT pyist gncieHHoro wc-
CTIEIOBAHUST TTAPAMETPOB  BBICOKOTPOM3BO/IN-

11.

TeJIbHBIX BBIYUCIUTEIbHBIX cucTeM // Tam xke.
2023. Bpim. 1. C. 42—50.

Kolobyanin V. Yu., Chistyakova I. N. Prog-
ramma EGIDA-TEST dlya chislennogo is-
sledovaniya parametrov vysokoproizvoditel-
nykh vychislitelnykh system // Tam zhe. 2023.
Vyp. 1. S. 42—50.

Cedos JI. H. MeTojibl 1105100us1 1 PA3MEPHOCTH
B Mexanuke. M.: Hayxka, 1965.

Sedov L. I. Metody podobiya i razmernosti v
mekhanike. M.: Nauka, 1965.

Crarbst mocTynuia B pegakmuio 22.08.22.




