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OO0mas xapakTepucTKa padoThl

O0BbeKT ncc/IeI0BAHUS H AKTYAJIbHOCTb TeMbI

[Ipn pemienny 3amady MaTeMaTUYECKOrO0 MOJEIUPOBAHUS HAOIIOACTCs
pPa3UTENbHOE OTIUYUE MEXKIY OINHUCAHUEM aJITOPUTMOB B MaTEMaTUUYECKOM
JUTEpAType U peanus3alueld 3TUX aJroOpuTMOB B Mporpammax. B mureparype
IpU ONHUCAHWU aJTOPUTMOB AKTUBHO HCIMOJB3YIOTCA OIEpPaTOpbl, TaKHE,
HampuMep, Kak orneparop Jlammaca, omnepatopsl JUBEPreHIMM, TpaJueHTa U
poTOpa, omepaTopbl MPOU3BOAHBIX M UHTErpajgoB. Kpome Toro, npu onucaHuu
aJITOPUTMOB Ha JIBYMEPHBIX U TPEXMEPHBIX 00JIACTAX OMEPUPYIOT C BEKTOPAMH.
Bcé »3TO mMO3BONSET 3amUChIBATH AITOPUTMBI KOMIIAKTHO W MPOCTO IS
noHuManus. Ilpu 3ammcm  TeX Ke camMblX aAIrOPUTMOB HAa  SI3bIKaX
MPOrPaMMHUPOBAHUS 3TH KOPOTKUE U SICHBbIE (POPMYJIBI 4YaCTO MPEBpaAIAIOTCS B
IPOMO3JIKME€ MHOTOCTPOYHBIE OMNEPaTOphbl, Pa3zoOpaThCsi B KOTOPHIX BeCbMa
HenpocTo. [Ipu paboTe ¢ BeKTOpaMHu OJIHA OTHOCUTEIBHO KOpOTKas dopmylia
MOXET MPEBPATUTLCA JaXe HE B OJIMH TPOMO3IKUI OomepaTop, a B LUEIbIX TPH
(Mo ymucity M3MepeHuit).

Emé onna mpobiiema, ¢ KOTOPO#l CTAJIKUBAIOTCS MAaTEMATUKHU B TIOCJICTHUE
rojibtl — HEOOXOJMMOCTh OCBOCHHUS HOBBIX MOIIHBIX CYIMEPKOMITBIOTEPOB C
HeTpaaulMoHHON (He QoH-HeliMaHOBCKOW) apXUTEKTYpOH, B BBICIICH CTENEHU
napasuiesIbHbIX, METOIbl TPOTPAMMUPOBAHUS IJISI KOTOPBIX BECbMa OTIUYAIOTCS
OT  TpaAuIMOHHBIX.  OCHOBY  BBIYMCIWTEIBHOW  MOIIHOCTH  TaKHX
CYNEPKOMITBIOTEPOB MOTYT COCTaBJIATh Ipaduueckue yckoputean NVIDIA
CUDA (Compute Unified Device Architecture), Ha KOTOpbIX OXHOBPEMEHHO
MOJKET OBITh 3aIyIEeHO ThICAYAa HUTEH, WM HoBewIre nporeccopsl Intel Xeon
Phi ¢ 60 sapamu Ha KpucTaie, B KaXJI0M U3 KOTOPHIX OJHOBPEMEHHO MOKET
HCTIOJIHATHCS 4 HUTH.

NmeroTest mporpaMMHBIE CPECTBA, TTO3BOJISIONINE KOMIIAKTHO 3alUChIBATh

CIOXHBIE (OPMYJIBI, M CpEACTBAa, oOOJeryaroume MnporpaMMUpPOBAHUE Ha



rpauuecKkux yCKOpUTENSIX U IPYTUX HETPAIUIIMOHHBIX apxuTekTypax. Ho Het

eIMHOW CHCTEMBI, peliaromei cpa3dy ode 3aaaun.

esu padoTnbI

[enstmMu TaHHON JUCCEPTAIMOHHOMN PaOOTHI SABISIOTCS:

Pa3paboTka noaxoia Kk mporpaMMHUpPOBAHHUIO, TO3BOJISIOILETO:

o KommaktHO 3anuceiBaTh M 3(Q(QEKTUBHO MPOTrPAMMHO
peanu3oBBIBaTh  KJIACC ~ MaTeMaTH4ecKux  (Gopmyn, B
YaCTHOCTH, BBEJIEHHE B MPOrpPaMMbl IOHATHS «CETOYHOTO
OIlepaTopa», AHAJOTMYHOIO MAaTEMaTUYECKOMY ITOHSATHIO
oreparopa.

o EnmHo0Opa3HO peanu30BbIBaTH MOAXOA HAa pa3HbIX THUIAX
CETOK W JJIs1 Pa3JIMYHbIX BBIUUCIUTEIbHBIX aPXUTEKTYD;

Pa3paboTka  3KCHEPUMEHTAIBHOIO  MPOrPaMMHOIO  KOMIUIEKCA,
NOKAa3bIBAOIIETO BO3MOYKHOCTh pEANIM3aldy JaHHOTO MOAXOJa IS

pelieHus MUPOKOTro Kacca 3a1a4 MaTeMaTHIeCKON (hHU3UKH.

Hay4ynasi HoBU3Ha padoThbI

1. Pa3paGoTan HOBBIM TMOAXOJ K MPOTPAMMHUPOBAHHUIO [IJIs KJacca

MAaTeMaTHYECKUX BBIYMCIECHUA HA pPAa3JUYHBIX THUIIAX CETOK, KakK
PEryJspHBIX, TAK U IIPOU3BOJIBHBIX HEperyispHbIX. OCHOBOW AaHHOTO
IIOAXOJa SBIIAETCS BBEIEHHOE IIOHATHE IPOIPAMMHOIO CETOYHOIO
OmnepaTopa, AHAJIOTMYHOTO MAaTEMAaTHYECKOMY IIOHATHIO OIeparopa.
B03MOKXHOCTH NHpPOrpaMMHOIO OIIEPaTOpPa CYLIECTBEHHO IPEBBIILIAIOT
BO3MOYKHOCTH TPAJUIMOHHBIX IIa0JIOHOB (TaKuX, Kak, HaIlpuMmep,
mabJIoH YaCTHOM MPOU3BOAHOW HYKHOM cTerneHu M TodyHoctu). Ilo
CyTH, TIPOTPAMMHBIA oOmeparop — d3T0 GYHKIUS MTPOU3BOJIBHOU

CJIOXHOCTHU C HYKHBIM YHUCJIOM apryMCHTOB.

B pamkax pa3paboTaHHOTO MOX0/1a BBOJUTCS HOBAsi CHCTEMa TIOHSITHH,

obecrieunBaromias 3PGEKTUBHYIO pPeTH3aIUI0 MOIX0a. JTa CUCTeMa
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NOHSATHH, MOMHMO KJIFOYEBOTO MMOHATHSA IPOTPAMMHOTO CETOYHOIO
oreparopa, TaK)Ke€ BKJIIOYACT TIOHATHS BBIYHCIIEMOrOo OOBEKTa
(evaluable object), Beruucnurens (evaluator), cetounoit pyukuuu (grid
function), ucromauTeNs BRIUUCITCHNN (€Xecutor), uamekcaropa (index),
3amectutenst (Proxy). BeemeHwe B MOAXOA UYETKO ONPEAETEHHBIX
HOHSATHH TTO3BOJIET €AMHOOOPA3HO PEaM30BaTh €0 Ha Pa3HBIX THIIAX
CETOK W JIJISl PAa3IUYHBIX MapajUICIIbHBIX BBIYUCIUTCIBHBIX apXUTEKTYP
¢ o01ieii mamsaThi0. B yacTHOCTH, peanu3aliy MoAXo/a JJIs JOKaIbHO-
alanTHBHBIX CETOK M JJIs1 TPEXMEPHBIX HEPETYISIPHBIX TETPadApalbHbIX
CEeTOK OBLIM HAIMCAaHBl HA OCHOBE pealu3allid IS PEryJISPHBIX
TpEXMEpHBIX ceTOoK. [Iporecc mepeHoca moaxo/a Ha HOBBIA THIT CETKH,

KOHEUYHO, He(pOpMaIbHBIA U TBOPUYECKUI, HO HECJIOKHBIH.

. Pa3paboTtan xomruiekc mporpaMMHBIX OUOJMOTEK, JEMOHCTPUPYIOIINX
BO3MOXHOCTb 3¢ heKTUBHOMN IPOrpaMMHOM peanuzanuu
MPEAIOKEHHOTO MOJX0/1a K MPOrpaMMHUPOBAHUIO JJIsl pa3IMYHbIX TUIIOB
ceTok. JlaHHBIN MOaX0/ anmpoOMPOBaH HA PETYJISIPHBIX MPSIMOYTOJIBHBIX
TPEXMEPHBIX CETKaX Ha MHOTOCETOYHOM METOJIe, Ha JIOKAJIbHO-
aJlalTUBHBIX CETKaX Ha 3aj[a4y€ TEIUIONPOBOJHOCTH, Ha TETPadIPATbHBIX
TPEXMEPHBIX CETKaX Ha pa3pblBHOM Merone lan€pkuHa U Ha
omHoMmepHbIX ceTkax Ha 3amade ENO (Essentially Non-Oscillatory). s
KaKJIOTO TUIIA CETKU OblIa peain30BaHa CBOS MPOTPAMMHAsl CETOYHAS
OoubMoTeKa, peaausyrolias JaHHbIA noaxoa. Bece Bepcuu 6uOIMOTEKH
OblTH mepeHecensl Ha napawiensHyio miargopmy NVIDIA CUDA, a
takxe Ha OpenMP, uto naét BO3MOXKHOCTH 3amycka nporpamm Ha Intel
Xeon Phi B «native» pexume. IIyTéM mpocTOd MEPEKOMITUIISIINN
ymaércst yckoputh nporpamMmmbl Ha CUDA B 4-8 pa3 mo cpaBHEHHIO C

nocjeIoBaTeabHON Bepeueit (Ha cynepkommbiorepe K-100).



IIpakTHyeckas 3HAYMMOCTh

B cooTrBercTBHME ¢ TpeqIaraeMbiM IOJXOJOM HalucaHa CETOYHO-
ormeparopHas ~ OuOnmoteka  gridmath  mis  TpEXMEpHBIX  peryJspHBIX
IPSIMOYTOJIBHBIX CETOK, C TOMOINBIO KOTOpPOW TMepeHeceHa Ha rpaduyeckue
yckoputenu NVIDIA CUDA nporpamma, peanusyromias MmapajiieabHbIi
MHOTOCETOYHBIH METOJ B paMmKax npoekta ans HWHctutryra mpoOsiem
0e3onacHoro pa3Butusa atoMHoM 3Hepretuku PAH. IIporpamma 3amyckaiach Ha
kiacrepe K-100 B UIIM um. M.B. Kengesmma PAH, npuuém mporieccsl
OOMEHUBAJIUCH MEXIY CcOOOM MO MpOoTOKOIy oOMeHa cooOmieHusmu MPI, a
BHYTpHU Tiporiecca cu€T BEncsa Ha rpaduueckom yckoputene NVIDIA CUDA.
Kaxnpiii y3en K-100 comepKuT 1o Tpu TaKuxX yCKOPUTENS, UCIIOIb30BAINCH BCE
TPH YCKOPUTENS Ha KaXKIOM y3JIe.

Ha oOubOnuorexy gridmath (Bepcust mans peryisipHbIX TPEXMEPHBIX CETOK)
Obu1 Takke nepeHecéH Tect MG u3 Habopa TectoB NAS Parallel Benchmarks u
3aJa4a pelIeHns CUCTEMBI KBa3uruapoanHaMudeckux ypasHenuit QGD3D. O6e
TH MPOrpaMMbl TOKa3ald BBICOKYIO MEPEHOCUMOCTb HCXOJHOIO TEKCTa,
HAIMCAaHHOTO C UCIOJb30BAaHUEM CETOYHO-ONEpPATOpHON OWONIMOTeKH, Ha
yckoputenu NVIDIA CUDA, a taxxe nHa OpenMP ¢ nocnenyromnmm 3amyckom
Ha niporeccopax Intel Xeon Phi.

3areM moaxoa OBUT YCIENIHO peajnu30BaH Ha JIOKaJbHO-aJalTHBHBIX
CeTKax BHYTPH MPSMOYTOJIbHOIO Mapasuleienurea, U ¢ MOMOIIbI0 He€ pelieHa
3amava AuQQy3un, B KOTOPOH BHYTPH MapajuieenuIiea MOMeIanoch APyroe
Teno (Hampumep, Lap WIA UWIUHAP), HAa TPaHULE KOTOPOro ObUI CKadyoK
koddummenta nuddys3uu. Ha rpanuiie BHyTpeHHETO Tesa CeTKa CTyIaiach.

bubnmmnoTteka Obla Takke MEpPeHECEHAa Ha TEeTpadApalbHBIE TPEXMEPHBIC
CETKH U C e€ MOMOIIbIO ObUIO PELICHO YpaBHEHUE Dilfiepa pa3pbIBHBIM METOJIOM
[anépkuna. Taxxke Obur peanmuzoBaH Meron ENO isi ogHOMEpHBIX CETOK.

HOCJ’IG}IHI/IC TPpU IIpHUMEpPA IMOKA3bIBAIOT, YTO B COOTBCTCTBUC C IpCAlaracMbIM



moaxoaom MOXXHO OTHOCHUTCJIBHO JICTKO pcain30BaThb IMpOrpaMMHYIO

OMOTMOTEKY JJIsl TFOOBIX THUIIOB CETOK.

Ha mnpumepe TpéxmepHOi 3adaud TEIJIOMPOBOAHOCTU PEATU30BAHBI

HCCKOJIBKO ITapalJICJIbHBIX aJITOPUTMOB PCHICHHA 3aa4, BKIKOYass MCTOIbI

SAxobu, Naycca-3einens, UeObleBCckre METOIBI U MHOTOCETOYHBIA METO/I.

HO.]IO)KCHI/IH, BBIHOCHMBbIC HA 3aIIIUTY

1.

Pa3paboTan HOBBIM TOAXOM K MPOTPAMMHUPOBAHHUIO [IJIsT  KJacca
MaTEMaTUYECKUX BBHIYMCIICHUN Ha Pa3UYHBIX THUIAaX CETOK.

B pamkax pa3pa®oTaHHOTO MOJXOAa BBEJACHA HOBAsl CHUCTEMa TOHATHUH,
obecnieunBaronias 3GPEeKTUBHYIO peaau3aluio noaxoa.

Pa3paboran KOMILIEKC MPOrpaMMHBIX OMOJIMOTEK, JEMOHCTPUPYIOIIMX
BO3MO>KHOCTh 3¢ heKTUBHON IIPOTPaMMHOM peanuzanuu
IPEJI0AKEHHOTO MOIX0/1a K TPOrPaMMUPOBAHUIO JIJIS Pa3JIMYHbIX TUIIOB

CCTOK.

AnpoOauus padoThl U MyOJTHKALUH

I[Io Teme AUCCCPTalun ObLTH CACIaHbl JOCBATH AJOKJIAAOB HA HAYYHBIX

KOH(pepeHUusX:

1. MexnaynapoiHoit HayuHO# KoHbepeHuu «Hay4uHsiii cepBuc B cetu

HHuTtepHeT: 3x3adaoncHoe Oyaymiee», ceHTA0ps 2011 1.,

r. HoBopoccuiick.

. HatimonansaoMm cynepkommneiorepaom dhopyme (HCKD-2013), Hos16pb

2013 r., IlepecnaBnb-3anecckuii, UT1C um. A K. Aitnamassina PAH.

. XX Bcepoccutiickoi koHepeHinn « TeopeTnyeckre OCHOBBI U

KOHCTPYUPOBAHUE YUCIICHHBIX aJITOPUTMOB PEIICHUS 3a1a4
MaTeMaTu4yecko (u3ukmy», nocpsmenHas namsta K.M. badenko,

cents0ps 2014 1., . HoBOpoccuiick.

. Mexnynaponnoi koHpepenimu «CynepKoOMIbIOTEpHBIC THU B

Poccuny, 28 - 29 centsa6ps 2015 1., r. Mockaa.



5. XTIV MexnayHnapoHbiii ceMuHap «MartemaTu4ecKkue MOJIeNu 1
MO/ICJIMPOBAHUE B JIa3€PHO-TUIA3MEHHBIX MTPOLIECCaX U MEPETOBBIX
Hay4YHBIX TEXHOJOTHAX», 4 - 9 utons 2016 r., r. Mockaa.

6. VII Bcepoccuiickast HayuHasi MOJIOJICKHAS IIKOJIa-CEMUHAP
«MareMarnueckoe MOAECIUPOBAHUE, YUCICHHBIE METO/IBI U KOMILIEKCHI
nporpaMm» uMeHH E. B. BockpeceHCKOoro ¢ MexayHapOoIHbIM
yaactuem, 12 - 15 urons 2016 1., r. CapaHck.

7. XXI Bcepoccuiickas koHhepeHus «TeopeTuueckue OCHOBBI U
KOHCTPYUPOBAHUE YUCIICHHBIX AJITOPUTMOB JIJISI PELIEHUS 33/1a4
MaremMaTudeckou Gpuznkmy», nocssaieHHas namsatu K.M.babenko, 5-11
centsi0ops 2016 r., r. HoBopoccuiick.

8. XV International seminar «Mathematical models & modeling in laser
plasma processes & advanced science technologiesy, 26 - 30 September,
2016, Montenegro, Petrovac.

9. XVI Mexnynapoanas koHpepeHus «CynepBbIUnCICHUS U

MaTeMaTH4IeCKOe MoJeIupoBanuey, 3-7 oktsaops 2016, r. Capos.

Nmeercs 19 nyOnumkanuii, U3 KOTOpeIX math [7-11] — B kypHanax u3

crnucka BAK.

CrpykTrypa u 00bEM padoThI
JluccepTanusi COCTOWT W3 BBEACHMS, YETHIPEX TJIaB, 3aKIFOUCHHUS, CITUCKA
auteparypsl (66 HaumMeHOBaHWiI) W OFHOTO TpwiIokKeHUs. OOmmit 00BEM

paboThl coctapseT 113 crpanui.

Conep:xanue padoThbl

Bo BBejeHMH 00OCHOBBIBAETCS AaKTyaJbHOCTh TEMBI HCCIEIOBAHUS,
dbopmMynupyroTCs 1eNb W 3amayu  auccepranuu. [IpuBOIATCS OCHOBHBIC
pe3ynbTaThl  pabOThl, WX TMpaKTHYecKas 3HAYMMOCTh. llepeuncnsroTcs
BBICTYIUICHUS HAa KOH(PEPEHLIMSIX U CEMUHApaX, KPaTKO U3J1araeTcs CoJep KaHue

paboThI.



B nepBoii __rjgaBe mpuBOAWTCS 0030p CYMIECTBYIOIHUX  padorT,

HaIpaBJICHHBIX, C OJHON CTOPOHBI, Ha OOJIETYEHHWE MPOTPAMMHUPOBAHUSA Ha
HOBBIX HETPaJMIMOHHBIX KOMIIBIOTEPHBIX apXUTEKTYypax, a ¢ APYrOod CTOPOHBI,
Ha COKpAIIeHHE CrocoOa 3amicH CI0XKHBIX MaTeMaTUIeCKuX (popmyit.

JlaHHBII 1OAXOA K IPOTPAaMMHPOBAHUIO CTOMT Ha CTBIKE JIBYX
HampaBieHuil. [lepBoe HampaBileHHE CBA3aHO C TEM, YTO OCBOCHHE METOJOB
IPOrpaMMHUPOBAHMSI HAa HOBBIX HETPAJAMLMOHHBIX APXUTEKTYpax SBIIAETCS
HENpOCTOM 3ajayeil, ocoOOEHHO I NPUKIATHBIX MaTemaTtukoB. C apyroi
CTOPOHBI, OCBOEHME JTHUX apPXUTEKTyp HEO0O0XOAuMO, T.K. HOBeWIne
CYNEPKOMITBIOTEPBl OCHAIAIOTCS TAKMMH BBIYMCIUTEISIMH U OOMJHO HMX HE
UCIoNb30BaTh. OJHMM M3 BaXKHBIX HANPABJICHUM pPa3BUTHS CUCTEMHOIO
IPOrPaMMHOr0 00ECIEYeHHUs] CTAHOBUTCS CO3/IAHUE CHUCTEM, YNPOIIAIOUINX IS
IPUKIAAHOTO  MPOTPAMMHCTA  HANKMCAHME  MPOrPaMM,  HCIOJB3YHOLIUX
BBIYMCIINTEIIBHBIE BO3MOXHOCTH TaKHX CYINEPKOMIIBIOTEPOB C HOBEHIIMMHU
BbluMcIUTENIMA. OCHOBHAsl 1€JIb NPU CO3JaHUM TMOJOOHBIX CHUCTEM —
o0ecneunTh NEPEeHOCUMOCTh HCXOAHOIO TEKCTa MpOrpaMM Ha 3TH HOBBIE
apxuTeKkTypsl. Ilpy  3TOM  HUCXOOHBIM  TEKCT  MOXET  CHaOXKaTbCs
IICEBJOKOMMEHTApUSAMIA WM MparMaMy, C TOMOLIBI0 KOTOPBIX MOKHO
yIpaBJsATh pabOTON CIEUATU3UPOBAHHBIX KOMIMIATOPOB. WK ke oluH U TOT
K€ HCXOJHBIA TEKCT MOKHO KOMIIMJIUPOBATh PA3HBIMH KOMIIMJISTOPAMHU H
HOJTy4aTh KOJI 11l pa3HbIX apXUTEKTyp. Takue paboThl aKTUBHO BEAYTCS B TOM
yuciae u B UIIM um. M.B. Kengeima PAH. Hanpumep, s3pixk HOPMA un
cuctema DVM. Cpean apyrux paboT MOXHO YINOMSHYTh BBICOKOYPOBHEBbBIN
s3bIK Liszt.

Bropoe HampaBieHue CBS3aHO C TONBITKOM YHNPOCTUTh HAMKHCAHUE
CJIOXHBIX ITPOrpaMM 3a CYET BBIHOCA YACTO MOBTOPSIOLIETOCS KOJa B OTJEIbHBIE
MOJAYJIM WIM KJIacChl MU 3aTEM MHOTIOKPATHOIO HMX HCIOJIb30BaHuA. [Ipu sTom
pemaroTcs IBE 3aJaud: MCXOAHBIA TEKCT CTAHOBUTCS, BO-TIEPBBIX, KOpOYE, H,

BO-BTOPBIX, MOHATHEE. Tak Kak BHIHOCUMBII KO OOBIYHO HCIONb3YETCSI BHYTPU
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MHOTOKPAaTHO MOBTOPSIIOLIErOCs Teja LMKIA, BAXKHBIM CTAaHOBHUTCS BOIPOC
¢ dekTuBHOCTH. B YacTHOCTH, 3TOT KOJA TIUIOXO BBIHOCUTH B OT/EJIbHBIC
OOBIYHBIE (PYHKIMH, T.K. BBI30B (PYHKIMHM — JIOpOTasl IO BPEMEHHU OIepaiusl.
[Tpu mporpammupoBanuu Ha s3bike C++ QYHKIIMH MOTYT OBITH OOBSBJICHHBIMU
unnaiHoBeiMu  (inline). B asToM ciyyae Koj 3THX (DYHKIMEH BCTaBIISETCS
KOMIIWJISITOPOM B TOUKE BbI30Ba. [Ipu rcnonb3oBaHuM 111a0JI0HOB (PYHKIMNA U
KJIacCOB (MCIOJB30BaHKWE IIA0JIOHHOTO MeTanmporpaMMupoBaHus - Template
Metaprogramming) KOMOHWISATOp Takue (QYHKIUH M METOABI TaKUX KJIACCOB
JenaeT  MHJIAWHOBBIMK  aBTOMatuyecku. Ilpum  xopomo  paboTtarouiem
ONTUMU3ATOPE IOJYYEHHBI MAIIMHHBIA KOJ II0 CBOEHU ITPOU3BOJUTEIBHOCTH
MOXET HE YCTyHaTh KOJY, IOJIYYEHHOMY C IIOMOIIbI0 KOMIIWJIATOPA C SI3bIKA
@optpad. OpgHONl M3 Jydmux OUOIMOTEK, 3PPEKTHUBHO HCHIOIb3YIOIINX
111a0JI0OHHOE METaIporpaMMUpPOBaHUeE, sBJseTcs Onbnuoreka Blitz++.

EcTp cucTeMsl, ynpoLarolmue 3anuch BBIYMCICHHUM 3a CUET pean3aluu
MaTPUYHO-BEKTOPHON anre0pbl, B KOTOPBIX ONEPUPOBAHUE BEKTOPAMH H
MaTpULlaMUd TPOU3BOAUTCS Kak C eIWHbIMH oObekTamu. K Takum cucremam
MOKHO OTHecTH, Harnpumep, cuctemy Matlab u s3pik SIMIT. 3anuce crnoxHBIX
MaHUITYJISIUI ¢ MaTPULAMU U BEKTOPAMM B 3TUX CUCTEMAX OYEHb KOMIIAKTHA U
HE yCTYIaeT N0 CBOEW KOMIIAKTHOCTH 3aIIMCH B MaT€MaTHYECKOM JIUTEPATYPE.

CyliecTBYIOT TakXe€ CHCTEMBbI JUIsl pEelIeHUs 3aJad MaTeMaTH4YeCKOro
MOJCJIMPOBAHUS C YK€ TOTOBBIMM pEIIATENIMH Pa3IMYHbIX 3anad. Kak
NpaBuiIo, MOJ30BaTENlb MOXET A00aBIsATh B HUX cBou pacumupeHus. Cpeau

TaKUX CUCTEM MOKHO yHoMsHyTb Oubnuroreky PETSc u maker OpenFOAM.

Bropasi_rjiaBa mocBsieHa OOIIEMYy OMHCAHUIO CETOYHO-ONEPATOPHOTO

MOAX0/Ia, €r0 Ha3HAYEHUIO U 00J1aCTH MPUMEHUMOCTH, TUIIaM 00pabaThIBaEMbIX
JTaHHBIX. BBOASATCS OCHOBHBIE TEPMHUHBI, OMTUCHIBAIOTCSI B3aUMOCBSI3M OCHOBHBIX
00BEKTOB CETOYHO-OIIEPATOPHOTO MOIXO0A.

CeTouHO-0MEepaTOPHBIN MOAXO0 K IPOrpaMMUPOBAHUIO TIPEHA3HAYECH JIJIs

ynpOH.[CHHOfI 3allMCH BBIYMCIICHHM Ha ITPONU3BOJIBHBIX CCTKaX. OCHOBHBIMH
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O0BEKTaMHU, C KOTOPBIMH TO3BOJIsIET padoTaTh OMOIMOTEKa, HANHCAHHAS B
COOTBETCTBHE C JAHHBIM TIOAXOJOM, SIBJISIOTCS: BBIYUCISIEMBIA OOBEKT
(evaluable object), cerounas ¢ynkius (grid function), cerounsiit oneparop (grid
operator) u cerounslid BerumcauTeNb (Qrid evaluator), koroperii moiay4yaeTcs B
pe3ynbTaTe «IPUMEHEHHS» CETOYHOTO Ooleparopa K BbluucisieMoMy o0bekTy. K
BBIUHUCIIIEMBIM OOBEKTaM OTHOCSITCA CETOYHbIE (YHKIMA U CETOYHBIC
BBIUMCIUTENU. J[7As CEeTOYHBIX OMepaTOpOB pealn3oBaHa apUPMETHKA C
JPYTUMHU CETOYHBIMU OIEpPaTOPaMU, MPHU STOM MOPOKIAIOTCS HOBBIE COCTaBHBIC
CETOYHBIE OIepaTopsl. J[Isl CeTOUHBIX BBIUMCIUTENEH TaKKe pealn30BaHa CBOS
apuMEeTUKa C JPYTUMHU CETOYHBIMH BBIUYUCIUTEISIMH W CKAJISIPHBIMH
BEIMYMHAMHU, TIPU OTOM TIOPOXKJIAIOTCS HOBBIE COCTaBHBIE CETOYHBIC
BBEIYHCITATEITH.

Boluucnurenn MOXHO TPUCBAaMBATh IUIOTHBIM CETOYHBIM  (YHKIUSIM
(ceTouHBIM (DYHKIIMSM, XpaHSIIIMM BCE CBOU 3HAUEHHUS BO BCEX y3JaX CETKH).
3amycK BBIYUCIICHWM TPOW3BOAUTCS WMEHHO TPH TaKOM IPHUCBAaWBaHUU, HE
panbmie. Jlo MOMEHTa mpUCBaWBaHUS BBIYMCIUTENA IUIOTHOM CETOYHOMU
GYHKIMMA TIETIOYKAa BBIYUCICHUN MPOCTO 3amoMuHaeTcs. [l 3amoMuHaHUS
[EMOYKH BBIYMCICHUNA HCIOIB3YETCS MEXaHU3M I1a0JIOHOB  BBIPAXKCHHI
(expression templates). ITpu npucBauBaHWKM MPOUCXOMUT 3aAIYCK BBIYUCIICHUI
JUIS BCeX TpeOyeMBIX TOYEK CETOYHOW (YHKIMH B JICBOM YacTH OIEpaTropa
npucBauBanus. s 3amycka BEIYMCICHUN MCIIONB3YETCs CCIHAIbHBIA O0BEKT
— UcnoJaHuTeNb (executor). OH MoXkeT ObITh YKa3aH MOJIb30BaTelIeM SIBHO HIIU
UCIOJIb30BaThCs 10 ymonyanuto. [lpu xommwmsiuu ninss CUDA (komnunsitop
NVCC) M Ui OOBIYHOTO MPOIECCOPa MO YMOYAHHIO TMOJCTABISAIOTCS Pa3HbIC
ucnogautenu. {nsg CUDA uCnoNHUTENh BBIYUCISET BCE TOYKU MApaIICIbHO
nytém Be3oBa sapa (kernel) B rpaguueckom yckopurene. B mocienoBatensHoM
cllydae MCIOJIHUTETh OOXOJHWT BCE TOYKH TOCIEIOBATEIHHO C TIOMOIIIBIO

IIUKJIOB.
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[IpumeHeHrne CceTOYHOro oOmeparopa K  BBIUUCISIEMOMY  OOBEKTY
peaqnu30BaHO C TMOMOINbIO (GYHKIMOHAIBHOrO omneparopa (). Kakum Obl
CIIOXHBIM HHM OBUIO BBIPA)KEHHE B IPABOM YacTH OllepaTopa NpPUCBAaWBAHMI,
MPOLIECC BHIYUCIICHHUS 3aITyCKAaeTCs OJUH pa3 MpU MPUCBaMBaHUU. ITO OCOOCHHO
BaXHO Tipu paboTe Ha rpaduueckux yckoputensix CUDA, xorga BbI30B sijpa
ABJISIETCA ~ OTHOCUTEIBHO JOporocrosmiei omnepauueil. HeszaBucumo ot
CJIO)KHOCTH BBIPDAKEHHUS B MPAaBOW YacTU NPHU MPUCBAUBAHUU JIEJIACTCS OJUH
BBI30B OJIHOTO $JIpa, U BCE BBIUMCIECHUS IPOU3BOJASTCS B 3TOM SIAPE.

['TaBHOE Ha3HAYEHUE BBIUMCIUTENEH — «3alIOMHUTBHY ITOCIEA0BATEIBHOCTD
W mapaMmeTpbl BbIUMCICHUH. TakuM oOpa3oMm, B TOAXOJE pealu3yeTcs
KOHLEMLNS  OTJOKEHHBIX BBIYMCICHHM, TMO3BOJISAIOIIAS H30aBUTBCA  OT
IIPOMEKYTOUHBIX IEPEMEHHBIX M 3a CUET 3TOrO COKOHOMUTBH OIIEPATUBHYIO
NaMATh (YTO CTAHOBUTCS BAKHBIM IIPH OOJIBIIKUX pa3Mepax CETOK).

bubmoreka gridmath mnomnepxuBaeT paboOTy Kak €O CKaIIPHBIMU
BEJIMYMHAMU, TaK U C BEKTOPHBIMH, NMPUYEM U T€, U JIPYTrUe MOTYT OBITh Kak
O0e3pa3MepHBIMH, TaK M HUMETh pa3MepHOCTb. OOBIYHO MpU pELIEHUU 3ajad
BBIYHMCIIUTENILHON MaTeMaTUKU paboTaroT ¢ Oe3pa3MepHBIMH TUIIAMH JIaHHBIX,
takumu, kak double, float wm std::complex. Ognako paGoTta ¢ THIAaMHU JaHHBIX,
MMEIOIINMH pa3MEPHOCTh, UIMEET CBOM IIPEUMYIIEcTBA. Bo-nepBbIX, IporpamMma
CTaHOBUTCS OOJIee HATJISTHOM, TaK KaK pa3MEPHOCTh TOM MM MHOM TIEpEeMEHHON
BUJHA yxXe u3 e€ omnpeneneHus. Bo-BTOpbIX, YacThb BO3MOXHBIX
IPOrPaMMHUCTCKUX OIIMOOK (TaKUX, KaK CJIOKEHHWE U BbIUMTAHUE BEIUUYMH C
Pa3HBIMU Pa3MEPHOCTAMH) OOHAPYKUBAIOTCS YK€ HA CTaIUA KOMOWISIUU. YTO
kacaetcst 3(p(PEKTUBHOCTU BBIYUCICHHUM (a 3TO Ype3BbIYAHO BaXKHBIA ACMEKT),
TO MHGOPMAIHSI O PA3MEPHOCTH TOW WM WHOW BEJMYWHBI (MIEPEMEHHON WIIH
BBIYKMCIICHHOTO 3HAuY€HUsA) sBIseTcs UHGoOpMalMell BpPEeMEHH KOMIWIALMU
(MeTagaHHBIMK) M HE TNPUBOAUT HHU K YBEJIWYEHUI0 O00BEMA 3aHHMaeMOi

OHepaTI/IBHOfI MaMATH, HU K 3aMCIJICHHUIO BBIIIOJIHCHUA IIPOI'PaMMBI. BOSMO)KHO,
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HCIIOJIB30BAHUC PA3MCPHLBIX BCJIMYUMH HCCKOJIBKO 3aMCIJIMT BPEMSA KOMITUIIALIUA

IPOrpamMMbl, HO HECYILIECTBEHHO.

B Tperbeil riaaBe ONKCHIBAIOTCS IIPpUHOUIIBI PCAIU3allnH OnOIMoTEKN

gridmath, peamusyromeil ceTOYHO-ONICPATOPHBIA IOJIXOJ, HCITOJIb30BAHHBIC
TexHoJoTuH. bosee moapoOHO OMUCHIBAIOTCS HHTEP(PEHCH OCHOBHBIX OOBEKTOB.

bubmmoreka gridmath seisercs maomonnon (template). bonbmmacTBO €€
KI1accoB u  (QyHKIUNA madmoHHble. TakuMm o0pa3om, Bcs OuOnIHOTEKa
MOCTaBJIICTCA B HMCXOIHBIX TeKcTax B Buae HaOopa .h u .hpp daitnos.
CKOMIIIIMPOBATh HWCXOJHBIC TEKCTHI, HCIIONB3YIONINE JaHHYIO OHOIHMOTEKY,
MO>KHO OOJIBIITUHCTBOM COBPEMEHHBIX KOMITUJISTOPOB C si3bika C++,

bubimoreka gridmath, momuMo cranmapTHOM OHOIMOTEKH si3bika C++
(STL) ucronp3yet oubmmoTeky boost, a nmpu kommumsiuu it CUDA — emé u
oubnmnorexy thrust m3 cocrasa CUDA SDK. BubGmmoteka thrust comepkut
aHaJIOTH OOJBIIMHCTBA HEOOXOJAMMBIX KOMIIOHEHTOB Kak u3 STL, Tak u u3
boost.

C napyroi#t cTopoHbl, OMOIMOTEKAa OOBEKTHO-OPUEHTUPOBAHHAS M KJIACCHI
BBICTPOCHBI B ONIPEICTIEHHOE HepapXUIeCKoe IepeBo KiaccoB. OHO U3 CBOWCTB
O00BEKTHO-OPUEHTUPOBAHHOTO TIPOTPAMMHPOBAHUS — TOJIMMOPPU3M, KOTIa,
uMes CChUIKY Ha 0OBEKT 0a30BOTO Kjacca, MOXKHO BbI3BaTh METO]l M3 Kjacca-
HAaCJICIHUKA. B KJIACCUYECKOM 00BEKTHO-OPHUEHTUPOBAHHOM
nporpammupoBann  Ha C++  momuMoppusM peaqu3yeTcss ¢ MOMOIIBIO
MEXaHH3Ma BHPTYadbHBIX (QYHKIMA. OJHAKO, 3TOT MEXaHU3M SBJISCTCS
Ype3BhIYAHO 3aTpaTHBIM I10 BPEMEHU WCHOJMHEHUs. Ecimm Teno QyHKmum
HEOOJIBIIIOE, TO MOXKET OKa3aThCs, YTO BpPEMEHHBIC 3aTpaThl Ha BBI3OB
BUPTYaJIbHOU (DYHKIIMH CPaBHUMBI MJIH Ja)KE MPEBBIIIAIOT BPEMS BBITIOJHCHUS
camoit ¢pynkuuu. ['opaszno sddextuBHee padotaroT «inline» ¢yHkinu, Koraa
KOoA Tena (YHKIIUH TIOJCTABJISICTCS BMECTO BBI30Ba, HO I BHPTYaIbHBIX
GYHKIMHA Takoe HEBO3MOXXHO, T.K. KOMITHIIATOPY TeI0 (PYHKIIMH B KOHCYHOM

kinacce HeusBecTHO. C mosBieHueM B s3bike C++ 1maOIOHOB CHUTyarus
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panuKaIbHBIM 00pa30M W3MEHUIACh. XOTs, BO3MOXKHO, IEPBOHAYATILHON LIEIbIO
BBEJICHHs IIa0JIOHOB B A3BIK OBLIO 00ECNEUnTh padOTy € THIU3WPOBAHHBIMH
KOJUIGKIIUSIMA W JAPYTHME€ OTHOCUTEJIBHO MPOCThIE MPUMEPHI HCIOIb30BAHMUS,
BBISICHIJIOCH, YTO MIAOJOHBI SIBJSIOTCS MOIIHBIM MEXAaHU3MOM JJIsl peaau3aluu
TaKUX Bellei, Kak, HalpuMep, METaBbIYKMCICHUS (BBIUMCICHUS BpPEMEHH
KOMIWIAIMKA) U HOBOTO THHa mnojauMopdusma — mmadnonHoro. IllaGmoHHBII
noJuMOp(U3M peau3yeTcs ¢ IMOMOIIBI0 MmabiioHa mpoekThpoBaHus (design
pattern), ussectaoro kak CRTP - Curiously recurring template pattern. Mues
CRTP cunenyromasi: B 0a30Bblil KjiacC B KadyecTBE IMIA0JOHHOIO MapameTpa
nepeaaércst UMsi KOHEYHOro Kiacca. [Ipu 3ToM, ecinu uMeeTcs CChlIka Ha 00bEKT
0a30BOro Kjacca, To €€ BCerja MO>KHO NMPUBECTH K CChLJIKE Ha KOHEUHBIN Kilacc
¥ BBI3BaTh TOT WJIM WHOW METOJ KOHEYHOrO Kjacca HemocpeacTBeHHO. [Ipu
TOM KOMIIMJISITOP 3HAE€T BCE NPO STOT KOHEUYHBIM KJIacC M MOXKET BMECTO
BbI30Ba METOJIa MOJACTAaBUTh €ro TEJO, YTO U Tpedyercs. PaKTUYECKH TaKol
noMUMOpP(U3M  SBIISETCS CTATUYECKUM — I KaXJO0ro KOHEYHOTO Kiacca
KOMITHJISITOP TeHEpUPYET CBOM AK3eMIUIAp ImadionHol Qynkiuu. ITokaxkem Ha
IPOCTOM TpHUMeEpe, Kak 3To peannsyercd. [lycte Base — 310 6a30BbIi Kiacc, a
Derived — KOHEYHBIH KJIacC U Mbl XOTHM, MMEs CChUIKY Ha OOBEKT 0a30BOTO
KJjlacca, BbI3BaTh METOJ B KOHEUHOM Kjacce. Crenarb 3TO MOXHO, HallpuMmep,

TaK:

template<class D>
struct Base {
D& self(){ return static cast<D&>(*this); }
bi
struct Derived : Base<Derived> ({
void m(){ .. } // MeTom, KOTOPHI XOTKM BES3BATb
bi
template<class D> // TonvMopdHas OYHKLUI
void f (Base<D> &obj){ // Ccruika Ha 00BekT 0a30BOTO Kjlacca

obj.self().m(); // Be30B MeTOma KOHEUHOT'O KJlacca
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B Oubmmorexke gridmath akTuBHO WCHONB3YIOTCS METaBBIYMCIICHHUS.
MeTaBbIUMCIICHUST — 3TO BBIYUCIICHUSI, IPOU3BOAMMEIC BO BPEMS KOMITHIISIIHH.
B s3pike C++ BO BpeMs KOMIMJISIUM MOXXHO BBIYHCIATH THITBI WJIH
[EJIOYHMCIICHHbIE KOHCTAHTHL. J[7 METaBBIYMCICHHM MOXHO MHCaTh T.H.
MeTapyHKIIIH.

[MpuBeném npumep. MeTadyHKIHS iS_NUMErIC MpUHUMACT MPOU3BOJILHBIN
TUII M BO3BpalllaeT B epeMeHHol value OyneBckyro koHcTanTy (true wim false)

B 3aBUCHUMOCTH OT TOI'O, ABJIACTCA JIK HepeﬂaHHBIP'I THII Y1 CJIOBBIM:

template<bool B> // BCIoMOTaTeJIbHEIM KJIAaCC

struct bool { static const bool value = B; };
template<typename T>

struct is numeric : bool <false>{}; // Obmmit ciyuan, [0
YMOJTUaHMIO TUIl HE UMCIIOBOM

// Crneuranm3aumy OJIS YXCJIOBBIX TUIIOB OAaHHBIX

template<> struct is numeric<int> : bool <true>{};
template<> struct 1is numeric<long> : bool <true>{};
template<> struct 1is numeric<short> : bool <true>{};
template<> struct 1is numeric<float> : bool <true>{};
template<> struct 1is numeric<double> : bool <true>{};
template<> struct is numeric<long double> : bool <true>{};
template<typename T> struct is numeric<std::complex<T> >

bool <true>{};
Teneppr k d3TOM MeTadyHKIMH MOXKHO oOOpamarbCsi Kak U3 JPYTUX

MeTadyHKIMHI, Tak 1 U3 UCHOJIHAEeMOoro koja. Hanpumep:

bool for double = is numeric<double>::value; // true

bool for string = is numeric<std::string>::value; // false
Hcmons3oBanue PasSMEPHBIX BCJIMYHH IMOBBIITACT YUTACMOCTD ITPOTPAMMBI,

T.K. Y’)K€ U3 Pa3MEPHOCTH MEPEMEHHBIX BHJIHO, YTO K€ OHU XpaHSAT (Hampumep,

CKOPOCTb, MJIOTHOCTh WM AaBieHue). IIpu 3ToM ucCnosib30BaHUE pa3MEpPHBIX

BEJIMYMH BMECTO Oe3pa3sMepHBIX HE MEHSET O0BEM MaMsATH, 3aHUMaeMOil
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NEpEMEHHBIMH M HE BIMSET HAa CKOPOCTh PAa0OTHI MPOrpaMMbl, T.K. BCS
uHpOpMaIKS O pa3MEPHOCTH XPAHHUTCS B MeTaJaHHBIX. buOmmoreka gridmath
HOAJIEPXKUBAET pPa0dOTy ¢ pa3MepHbIMH BenuumHamu. Jlnsg  paboTel  co
CKJIIPHBIMU Pa3MEPHBIMH BEITMUYMHAMHE (IUIOTHOCTH, JABJICHUE) MpeIHA3HAYCH
K1acc quantity, a ¢ BeKTOpHBIMH (CKOPOCTb, YCKOpPEHHE, CHia) —
vector_quantity. O6a kiacca NMPUHUMAIOT JBa IIAOJOHHBIX MapamMeTpa — THII
xpanumoro 3HadeHus (Hanpumep, float wmm double) u coGcrBenHO

Pa3MEpHOCTH:

template<typename T, class Dimensions>
struct quantity
{

// Peamnuzauus Kjacca
private:
data type m value;
}i
B kadecTBe BTOpOro mapameTpa CJACAyeT mepefaBaTh CHCIMAIbHBIA THIT
quantity_dim, xpaHsmumii B MeTaJaHHBIX (MTapamMeTpax ImadJioHa) CeMb IICIbIX
YHCeJI, COOTBETCTBYIOIIUI CEMH OCHOBHBIM (DU3MYCCKUM BEIIMYMHAM: Macca,
JUITMHA, BpEeMs, CHJIa TOKa, TEMIIepaTypa, Chja CBETa W KOJUYECTBO BEIICCTBA.
Enuuuipl GU3HUecKuX BEIMYUH (HApUMEp, TPaMMbl WM KHJIOTPAMMBI IS

MacChl, METPBI WJIM CAHTUMETPBI JIJIs JJIMHBI) B OMOIMOTEKE HE ONPEACIICHbI, HO

MMoApa3syMEBarOTCA OAUHAKOBBIMU:

template<int N1,int N2,int N3,int N4,int N5,int N6,int N7>
struct quantity dim {

static const int wvaluel = N1;

static const int value?2 = N2;

static const int value3 = N3;

static const int valued = N4;

static const int valueb = Nb5;

static const int valueb6 N6;

static const int wvalue7 = N7;
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B GubnuoTteke peann3oBaHa KOHIIETILNS OTJIOKEHHBIX BBIYMCICHUI: 10 TEX
1op, MoKa He Oy/AeT UCIIOIHEH ONepaTop MPUCBAUBAHUS BBIYMCIUTENS MJIOTHOM
CETOYHOM (yHKIMM, BBIYMCICHUS HE MNpou3BOJsATCA. Bwmecto a3toro
MOCIIEI0BATEIBHOCTh BBIUMCICHUM 3amomuHaercsa. [lpu 3TomM 3amomMuHaroTcs
CETOYHbIE (PYHKIMHU, OINEPATOPbl, BBHIYMCIUTEIN M OMNEpald ¢ HUMHU U CO
ckaimsipamMu. Ho ccbulkM Ha OOBEKTHI COXPAHATHb HENb3d, M TMPUXOJIUTCA
CO3/1aBaTb M COXpaHATh KOMUU OOBEKTOB. CCBUIKM Ha OOBEKTHI HENIb3s
COXpPAaHATH 10 ABYM IpuuuHaM. IlepBas — 310 TO, 4TO 0OBEKTHI (ONEPATOPHI U
BBIUMCIIMTENN) YacTO CO3JAIOTCS «HA JIETy» KaK pe3ylbTaT apruPMETHUECKHUX
omepanyii W HET SBHBIX IEPEMEHHBIX, COOTBETCTBYIOIIMX ATHM OOBEKTaM.
Cchulku Ha Takue OOBEKTHI (CO3JaHHBIE «HA JIETY») COXpaHATh HENb3s U
HEOOXOMMO JeNaTh WX Komuu. BTopas mpuyMHA COCTOUT B TOM, YTO TPHU
xommuiisiie it CUDA 00bekThl co3faroTes B mamsitu host-mporeccopa, a
UCTIONHAIOTC B mamsath  rpaduyeckoro Bbraucautenss CUDA.  YrtoObr
BBIUMCJICHUS] MOXHO OBIJIO BBINIOJHUTH, HYXKHO BBIYUCIAEMBI OOBEKT
CKONUpOBaTh M3 mamsatd host-mpomeccopa B mamsth  rpaduyeckoro
BBIUHCIIUTENS, KOMMUPOBATH YK€ CCHUTKM (UM yKa3aTelnn) Ha OOBEKTHl U3 MaMsITH
host-nporieccopa B mamsate CUDA He uMeeT cMbIcia, T.K. 3TO pa3HbIe aJpECHbIC
npoctpancTBa. dakTudyeckn B cilydae IJIOTHOW CETOYHOM (DYHKIIMM HY)KHO
CKOTIMPOBATh YKa3aTelb Ha TaHHBIC.

Jljis TOoro 4ToOBl pelIUTh YKa3aHHYIO MpoOjemMy, B OMOIMOTEKE BBOJUTCS
MOHATHUE «3aMecTUTeNs» oObekTa (Proxy). B kauecTBe 3ameriaeMoro o0bneKTa
MOKET OBbITh MPAKTHUUYECKHU JII0OOW OOBEKT OUOIMOTEKH: ceTouHast (PyHKIuS,
oTepaTop WJIM BBIYUCIUTENb. TOT WM MHONH OOBEKT MOXKET ObITh «IETKUMY WU
«TSDKENBIMY I KOMUPOBaHUS. «JIErKUMW» 111 KOMUPOBaHUS Oy/eM Ha3bIBaTh
OOBEKTHI, HE COJIEPIKALIUE BEKTOPHI JAHHBIX, & «TSHKEITBIMU» — COJEPIKAIINE UX.
Ecin 00bekT «iI€rkuii», TO TPH KOMUPOBAHUM OYyIET COXPAHITHCS KOTIHS

CaMOro OOBEKTa, a €CIH «TDKEIBIM» — TO €ro <«JIErKui» 3aMeCTHUTEIIb.

17



3amMecTuTeNb OOBEKTAa IMOXO0XK HAa CaM OOBEKT 3a TEM MCKIIOYEHUEM, YTO B
3aMecTUTeNe O0bEKTa BCE BEKTOpPA JAHHBIX 3aMEHSIOTCS HA yKa3aTelau Ha JTU
JTaHHbIE.

[To ymomuanuto Bce OOBEKTHl (CETOYHBIC (YHKIMH, OINEpaTopbl U
BBIUMCIIUTENN) CUUTAIOTCS «JIETKUMM», T.€. B KAUECTBE KJIacca-3aMECTUTENS 110
YMOJYaHUIO Tepefaércs caM Kiacc O0beKTa, a B KauecTBe OOBeKTa-
3aMEeCTUTEINS CO3AETCS KOMMsI caMoro o0bekTa. Eciau ceTouHsbli onepaTop Wiu
ceTo4yHasi (YHKIMS, HANMCAaHHbIE MPOTPAMMHUCTOM, SIBJISETCS «TSKEIBIM»
(cCOomepKUT OJIMH MM HECKOJIBKO BEKTOPOB JaHHBIX), TO CIEAYET CO3aTh KIIAccC
3aMecTUTENs U B 0a30BBIM KJIAcC IEpeaTh B Ka4eCTBE BTOPOrO HIA0JIOHHOTO

mapamMcecTpa 3TOT KJIaCC 3aMCCTUTCIIA.

YerBépTasi Ij1aBa COJCPKUT ONKHCAHUE MPUIOKCHUN, HAMKUCAHHBIX C

UCIIOJIb30BaHUEM CETOYHO-ONEPATOPHOTO MOIX0/1a K IPOrPaMMHUPOBAHHUIO.

B oOmiem ciydyae mepeHoc MporpaMMbl Ha rpauueckue YCKOPHUTEIU
CUDA sBnsercs HENmpOCTOM 3amayeii, mMoapasyMeBarolieil, B TOM 4YHCIE,
3HaKoMCTBO ¢ apxutektypoir CUDA u meromamu mporpamMMupoBaHUs Ha HEW.
bubimoreka gridmath mo3Bonsier «aBromarmyeckm» mepeHocutb Ha CUDA
HalMCcaHHble C €€ MCIMOJIb30BaHHEM Mporpammbl. lIporpamma MoxeT OBbITh
OTJa)XK€Ha B MOCIEA0BATEIbHOM pEXHME Ha «OOBIYHOM» IpPOLIECCOpe, a 3aTeM
nepenecena Ha CUDA npaktuyeckun 0e3 M3MEHEHUH MyTEM MEPEKOMITHIISIIUN
KOMITHIISITOPOM NVCC.

CeTo4HO-0OMEPATOPHBIA MOAXO0A OB 33AyMaH MPU PEUICHUU 3a7auyd IO
NIEPEHOCY MPOrpaMMBbl, pealu3yroleii MHOroceTounbld meron (multigrid) wa
rpadpuueckue yckopurenu NVidia CUDA B pamkax mpoekta qiss MHcTHTyTa
npobsiem  Oe3omacHoro  pa3BuTuss  atomMHoM  sHepretuku PAH. C
UCTIONIb30BaHneM Oubnmotekn gridmath, peanusyromiuii JaHHBIA OIXO,
3a/1aya ObljIa YCIEITHO pelieHa.

Kpome Toro, aBTopom Obliia mepenucada ¢ UCHOJIb30BaHUEM OUOIMOTEKH

gridmath mocnenoBatensHas Bepcus Tecta MG u3 Habopa tectoB NAS Parallel
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Benchmarks, xoropas 3atem Obuia mepenecena mHa NVIDIA CUDA, a takxe
M3BECTHAs 3a7a4a O KaBEPHE C IMOJBWXHOW KPBIIIKOW C MOMOIIBI) CHUCTEMBI
KBa3UTa30MHAMAYECKUX YPABHEHUH T10 SIBHOM CXEME.

[lepBonayanbHas Bepcust OMOMMOTEKH Obla HamMcaHa ISl PETYISAPHBIX
NPSIMOYTOJIBHBIX CETOK, I03)Ke€ OHa ObUla TEepeHeceHa Ha MPOU3BOJILHBIC
TpéxmepHble ceTKu. C MOMOIIbI0 OUOIMOTEKH JIJISl TETPAdAPATbHBIX CETOK OBLI
peann30BaH pa3pbIBHBIN MeTo ['anépkuna.

Corpynaukamu HWIIM  wum. Kengeima PAH JKykoBeiM  Buktopom
TumodeesnueM, @eonopuroBoid Onwsroii bopucosnoit 1 HoBukoBoit HaTtanbeit
JIMuTpueBHO ObUT pa3paboTaH MapajuledbHbII MHOTOCETOYHBIM METOM IS
Pa3HOCTHBIX AJUIMNTUYECKUX YPAaBHEHUH U HalKcaHa IporpaMma, peajim3yronas
3ToT MeTon. B pamkax mpoekta s MHctuTyTa npobiieM 0e30macHoro
pasButusi atomHoi sHepretukn PAH (MBPAD PAH) Gbuta nmoctaBieHa 3aga4a o
nepeHoce 3Toi nmporpammbl Ha rpadudeckue yckopurenu NVidia CUDA.

HcxonHas 3a1ada cuMTaiach Ha Kiactepe, IpyU 3TOM BCs TpPEXMEpHas CeTKa
ObuTa pacripesesieHa MeXay y3jJamu, OOMEH IpaHHUYHBIMHU YCJIOBUSIMHU BEJNCS C
nomornipto MPI, a Ha kaxaoMm y3ne cu€r BENCS MOCIeAOBaTEIbHO. Tenepb
OPEJCTOSIO CYET HA KaKIOM Y3Ji€ TaKKe paclapajyieiuTh Ha rpa@UuecKux
YCKOpUTENSIX. OTO MOTpeOOBal0 BeChbMa CYHIECTBEHHOI'O MEpENHUChIBAaHUS
AITOPUTMHYECKON YaCTH MPOrPAMMBI, T.K. B ICXOJHOM KOJI€ LIUKJI B OIEepaTope
npuUcBavBaHMsI BENCSA MO CETOYHOM (PyHKLMHU HE B JIEBOM 4acTH omeparopa, a B
npaBoil. To0 He JaBajlo BOBMOXKHOCTH PACMapajuIeNUuTh CYIIECTBYIOMIMMI ITUKII.
BbIM HamMcaHbl TPU CETOYHBIX ONEpaTopa: UHTEPIOISIUHU, IPOCKTUPOBAHUS U
crinaxuBanus. OCOOCHHOCTBIO JaHHOM 3a7aud OBLIO TO, YTO, XOTS CETKa U
NPsIMOYTOJIbHAS, HO HE paBHOMEpHAs, IIAr CETKU B KaXKJOM HaIlpaBiICHUU IS
KOKJIOTO MHJAEKCAa CBOM (XOTSI OT MHAEKCOB B JAPYTHX HANpaBJICHUSAX OH HE
3aBucuT). OnepaTop CriaXvBaHUS PEaTU30BBIBAJI CEMHTOYEHYHYIO CXEMY CO
CBOMM KOA(DPUIIMEHTOM B KaXJIOM y3JI€ CETKH U C MEPEMEHHBIM IIaroM CETKH B

Ka’XJ10M HallpaBJICHUMU.

19



Emé omHoit ocoOeHHOCTHIO 3adauu OBLIO TO, YTO HYXHO OBLIO
oOomenmBathcsa 1o MPI manaeiMu, nexanumu B namsatd GPU. D1o 3Ha4uT, 9TO
9TH JAHHBIC HY)XHO OBLIO BHa4alle KOMHMPOBAaTh B MaMsATh OCHOBHOM (hOSt)
cuctembl, nepecbuiate mo MPI, a 3arem xomupoBaTh oOpatHo B mamste GPU.
Jlns KonmMpoBaHUS JAaHHBIX HMCIOJIB30BAJIACh BO3MOXKHOCTH IIOJIy4aTh CPE3bI
(TpaHM) IJIOTHBIX CETOYHBIX (PYHKIIUM.

Taxxe crienyer oOpaTuTh BHUMaHUE, uTo npu padote Ha GPU 6ubnuorexa
xpaHutT nanHeie B mamsatu GPU, a €€ He Tak yX M MHOTO IO CPaBHEHHUIO C
00BEMOM TaMATH B OCHOBHOU cucteme. Tak, Ha kimactepe K-100 Ha ocHOBHOM
cuctemMe umeercs 96 I'0aiiT mamsTH, 4YTO B Mepecuére Ha OJMH Ipouecc (mpu
NOJIHOM 3arpy3ke y3na — 12 mponecco) aa€r mo 8 ['0aliT Ha mporecc, B TO
BpeMs KaK Ha KaKIoW rpadudecKoil Tuiate uMeeTcs Toiabko 2,8 ['6aiT mamsary.
OTO HakIaJIbIBa€T OrPaHUYCHHE Ha pa3Mep CeTKU. MaKCHUMallbHBIA pa3zmep
CETKU Ha oJiuH mpouiecc rnpu padote Ha GPU cocrasisieT 256 Todek B KaKaoM
HaIlpaBJICHUMU.

Tectr MG wu3 nabopa TtectoB NAS Parallel Benchmarks ssasiercs
peanu3anuenl CTaHJAPTHOIO BapUaHTa MHOTOCETOYHOTO METOJA JJIA PElICHUS
TpeXMepHOro ypaBHeHus IlyaccoHa ¢ mepHoguUYeCKUMH KPAaeBbIMU YCIOBUSIMHU
Ha PAaBHOMEPHOM JEKapTOBOM ceTKe. lCmosb3yroTCs: JMHEUHBIA OmnepaTop
WHTEPIIOJIMPOBAHUS, TOUYCYHBIH MeTOoJ SIKoOM B KadecTBE CIIa)KUBAIOIICH
MPOLIETypbl U HAOOP BIOXKEHHBIX CETOK € KOA(DPHUIIMEHTOM 2 MPOPEKUBAHUS
y3JI0B 0 KaXXJI0MYy HampasieHuto. OnepaTopbl Ha KaxIOW CETKE CTPOSTCS IO
npocTermm Gopmynam 27-ToYeHHON pa3HOCTHOM anpOKCHMAIIUH.

Jlnig 3amaun onpeaeneHbl KIacchl 3a7auu, ONpeaesIioIIie pa3Mep CETKH U
yucio crtakuBarmux urepanuii. Ecte knaceet S, W, A, B, C, D, E. kiacc S —
caMbIil MaJICHbKUH, a Kacc E — camplit 6ombioit. [{s kimacca B pa3smep cetku —
256 Todek B Ka)XJIOM HAMpaBJICHUU, a yncio urepanuii papHo 20. Jlns knacca C
pasmep ceTku — 912 Touek B KaxJ0M HarpaBieHuu. [Ipu Takom KoJM4ecTBe

TOYEK TpeOyeMbIii pa3Mep omepaTuBHOW mamsaTu okoso 3,5 ['6Gaiit m Ha K-100
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Ha GPU namstu yxe He xBataet. Kcratu, ucxoansiit Tekct Ha DopTpaHe Takxe
Ha kmacce C He paboTaeT, HO HE M3-3a HEXBATKU MaMSTH, a U3-3a TOTO, YTO B
HEM NaMATh BBIIEISAETCS B CTATUYECKOW 00JIACTH OJHUM KYCKOM, a JUIsl 3TOTO
ecTb orpanuueHue B 2 ['0aifta. MakcumanbHbIA KJIacC, HA KOTOPOM MOXHO
IIPOBECTU CPABHUTEIBHOE TECTUPOBAHME — 3TO Kiacc B.

3ajaya O PEIIEHUU CHUCTEMBbl KBAa3UTHIPOJMHAMHUYECKUX YpaBHEHUU
QGD3D wunTtepecHa B ABYX OTHOILICHHUSIX. Bo-mepBbIX, B HEHl HCIOJIB30BATUCH
HE TOJIBKO CKaJISIpHbIE TpPEXMEpHbIE NOJsA (Takue, Kak IMOoJil IUIOTHOCTEH,
JABJICHUM W TEMIEparyp), HO U BEKTOpPHbIE (Takhe, Kak IOJsI CKOPOCTEH,
yCKOpeHu u cuj). BTopas 0OCOOEHHOCTh — WCIHOJIB30BAHUE Pa3MEPHBIX
BEJIMYMH, T.€. JUIsl, HAIIPUMED, AABJICHMS, UCIIOJIb30BAJIACh HE IIEPEMEHHAs TUIIA
double, a mepemeHHast crienUaaIbLHOTO THIIA, XPAHSINAS B METAJaHHBIX (JTaHHBIC
BPEMEHM KOMOWIALMHK) el U pa3MepHOCTh. Pabora ¢ TakuMu pa3MEpHBIMU
BEJIMYMHAMU (KaK CKaJIAPHBIMU, TaK U BEKTOPHBIMM) TaKXKE€ IMOJJCP>KUBACTCS
oubimotekoit gridmath. Mcmons3oBaHre pasMepHBIX THUIIOB JAHHBIX ITO3BOJISET
pemmTh ABE 3a4add. Bo-NepBbIX, MCXOAHBIA TEKCT IPOrpamMMbl CTaHOBHUTCS
Oojnee HarJAIHbBIM, T.K. U3 Pa3MEPHOCTH TOW WJIM HMHOM NEPEMEHHOU cpasy
CTAaHOBUTCS SICHO, YTO B HEH XpaHUTCS (HAIpUMEp, CKOPOCTh WJIM JABJICHHE).
Bo-BTOpBIX, YacTh BO3MOXHBIX OIIMOOK B MpPOTpaMMe, CBSI3aHHBIX C
HEIMpaBUIbHBIM MCIOJb30BaHUEM MEPEMEHHBIX (IIPUCBAaMBATh, CKJIAAbIBATH U
BBIUUTATh MOXHO TOJBKO BEJIMYMHBI OJHOW pPa3MEpHOCTH) OOHApPYKUBAIOTCS
y>K€ Ha 3Tane KoMnuisiuuu. Vcrnonb3oBaHue pa3MepHBIX TUIIOB JAHHBIX HUKAK
HE YBEJIMYMBAET 00BbEM MaMATH, 3aHUMAEMbIl IEPEMEHHBIMU, U HE 3aMEIIsSIeT
CKOPOCTB BBIITOJIHEHHSI IPOTPAMMBI.

[ peanuzanuu paspelBHOrO Metona [ ai€pkrHa CETOYHO-OIIEPaTOPHBIN
noJX0/ ObLT MepeHecEH Ha TPEXMEPHBIE HEPETYINIIpHbIE CETKH. Y 3TOr0 METoja
OTHOCHUTENIFHO CJIOXHasi MaTeMaThKa, KOTopas XOpouio (QopMyJIupyeTcs B
TEpMHUHAX ONEepaTOpoB (JIMMUTUPOBAHUS, BBIYUCICHUSI 00ObEMHBIX MHTETPAJIOB U

MOTOKOB 4YE€pe3 IrpaHu), U Ha HEM CETOYHO-OMEPATOPHBIA MOAXOJ MOXKET
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II0OKAa3aTb BCE CBOM IpenmylnecrBa. Kak W3BECTHO, paspbIBHBIM METOA
["anépkuHa XapakTepus3yeTcs BBICOKHMM IOPSJIKOM TOYHOCTH PELICHHUS, YTO
BJE€YET 3a COOOW M BBICOKYIO BBIYMCIUTENBHYIO CII0)KHOCTb, YTO SIBJISIETCS
OonpmMM  HemocTaTkoM Meroaa [an€épkuHa. B manHOW paboTe aKTHBHO
NPUMEHSAETCS MEXaHU3M MeTanporpaMMupoBaHus si3pike C++, MO3BOJIAIOIINN
BBIHECTH YaCTh BBIYMCIICHUM HA CTAIUI0 KOMIIWIALIMH.

Jlnst Mmerona I'anékprHa OBUIO peaqu30BaHO HECKOJIBKO OIEpaToOpOB, B TOM
YHCIIe ONepaTopbl IMMUTUPOBAHUSL, 0OBEMHOIO MHTETPUPOBAHUS U BBIYUCIICHHUS
IIOTOKOB Yepe3 rpaHd. Berumcienus mnposoawmmch Ha kimacrepe K-100 c
ucnoias3oBanueM MPI, BblunciieHHsT HA OJHOM Y3Jie pacnapaIeIuBaIUCh C
nomoibio OpenMP unu CUDA.

Meton ENO Obum peasm3oBadH il OZHOMEpPHOTO ciydas. JlanHas
peanuzanusa em€ pa3 IoKasajga IIMPOKYKD I[PUMEHHMOCTb  CETOYHO-
OIIEpaTOPHOIO MOAXOAA IS PA3JIMYHBIX 3a1a4 U TUIIOB CETOK.

B 3akioduenun chopMynrpoBaHbl OCHOBHBIEC PE3YJIbTaThl PAOOTHI.

OcHoBHBIE pe3yJibTAaThbl Pa0OThI:

1. Tlpennoxken HOBbIA Toaxof kK paspadorke I1O nns pemeHus: 3amay
MaTeMaTU4YeCKON (PU3UKU C UCTIOJIH30BAHUEM CETOYHBIX OMEPaTOpOB,
aHAJIOTUYHBIX MATEMAaTUUYECKUM OIEpaTOpaM.

2. Tlogxon peas3oBaH B BHJE MPOTPAMMHBIX OMOIMOTEK IS Pa3HBIX
TUTIOB CETOK, YTO OOECHeYMBACT HATSAHYI0 MaTeMaTHYECKYIO
HOTAIMIO, YIYUYIIAIOIIYI0 CTPYKTYPUPOBAHHOCTh UCXOAHBIX TEKCTOB
MpOTpaMM M YIIPOIIAET UX MEPEHOC Ha MapalieSIbHbIe apXUTEKTYPHI.

3. C moMoIIpI0 TaHHOTO MOAX0Aa ObUT pEI€H psizl 3a/1a4 Ha Pa3InYHbIX
TUMAaX CETOK: PETryJSIPHBIX TPEXMEPHBIX, TPEXMEPHBIX JIOKAJIBLHO-

AJAINTUBHBIX, HCPCTYJLPHBIX TCTPASAPAJIbHbBIX.

B nenom ngaHHBIM MOAXOJ YHIPOLIAET HANMCAHUE IMPOTpamM, PEIIArOIIAX
3alayd  Ha Ppa3UYHBIX ceTkax. TekcT mporpamMm CTaHOBHUTCS — Oojee

CTPYKTYpPUPOBAHHBIM W  NOHATHBIM. bnaromaps 53TOMy  yMeHBIIAETCA
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KOJIMYECTBO BO3MOXKHBIX OIIMOOK B MpOrpaMMax U BpeMsl Ha pa3pabOTKy H

otnaaky. [Ipm 3ToM mporpammel paboTaroT g0cTaTtodHO 3(G(HEKTUBHO W HE

Tpe6y}0T I[OHOJIHPITCJII)HOﬁ IMaMATH OJIA IIPOMCKYTOYHBIX BBIYHCJICHUM.
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