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Ma, @ TaK)Ke MeXXAYHapOAHBIH OMbIT.
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BBICOKOKBaJIMPULIMPOBAHHBIX CIIELaIMCTOB. [IaHHAs cepusi KHUT TpefiHa3Ha4eHa aJis
IIMPOKOr'O Kpyra CTy/IeHTOB, aClIMPaHTOB U CIELMAINCTOB, XeJaloMMX U3yYUTh U IIpaK-
THYeCKH UCIOJIb30BATh Napasie/bHble KOMIIBIOTepHbie CUCTEMBI [UIsl peLIeHys TPyo-
©MKHX BBIYHCIIMTENbHBIX 3a/a4.
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I jpeaucnoBue

B Hactosiee Bpems s36ik MATLAB siBnsieTcsi OCHOBHBIM 13BIKOM TEXHUYECKUX BBIYMC-
nenuit. HacumThiBaeTCs OKOJIO OHOTO MWIINOHA €T0 NOIb30BaTeNel o BCeMy MUPY, MHO-
'M€ M3 HMX BUAAT IPEUMYILECTBO B MOBBIILIEHHOI MOLHOCTH, KOTOPYIO NpPeA/araioT 1mu-
POKO JOCTYIIHble MHOTOSIEPHBIE MPOLIECCOPB! ¥ MHOTOY3/IOBbl€ BEIYMCIIMTENbHBIE K/IACTe-
. Cpena MATLAB Taxoke Mziea/lbHO TNIOAXOAMUT A/ M3y4YeHUs IapajUle/IbHBIX BBIYMCIIE-
4M#l, NO3BOJISAA TONB30BATENO OOPaTUTh OCHOBHOE BHUMAHMeE Ha Napasie/bHEIE a/rOpyT-
vibl, HeXcemM Ha ietTany peanusaumu. JITakoHMYHOCTb sisbika MATLAB paet BO3SMO>XXHOCTD
1peACTaBUTL MHOXKECTBO CrieIdecKiX NPUMEPOB KaK M/TIOCTPALIVEO OCHOBHBIX KOH-
Jenuuii napayieIbHOro NPOrpaMMMpPOBAHUA.

Hacrosiian kHura nocesuieHa mnapajielbHOMYy INPOrPaMMMPOBAHMIO Ha f3BIKE
MATLAB u, HapeeMcs, siB/seTCA NEPBOit U3 MHOXKECTBA KHMT Ha 3Ty TeMY, TaK KakK B Ha-
'TOfLee BpeMs cyliecTByeT GoraThlit BeIGOp napamienbHbix MATLAB-6uGnuorex ans
1onb3oBateneit [Choy 2004]. Mue nocyacTiMBMIOCH MPUMHMMATDL yYacTHe B paspabot-
<@ AByx Takux 6uGmotex [Kepner 2004, Kepner 2003]. HanGosnee mmpoko MCHONb3yIOT-
‘A cnepytoime u3 Hux: pPMATLAB (paspaborana JIuHKonbHCKOIt nabopatopueit Maccayy-
'€TCKOr0 TEXHONMOTrMYecKoro MHCTUTYTa), Parallel Computing Toolbox (paspa6otana The
VlathWorks, Inc.) u StarP (paspa6otana MaccadyceTCKMM TEXHONOTMYECKUM MHCTUTYTOM,
VCSB u Interactive Supercomputing, Inc.). Bce 3tvt 6ubnmoTekn oGecneynBaroT Herocpes-
"TBEHHYIO NOJJEPXKY Napa/uleNbHbIX BBIYMCIIEHMIt C MCNONb30BaHMEM pacnpefie/leHHbIX
ARCCHBOB U IPYTHMX MOJie/ell napaienbHOro nporpaMmupoBaius. OcoGble npyMepsl, pac-
'MaTpMBaeMble B JAHHO KHWre, HalMMCaHbl C UCNIONb30BaHMeM GubnMotek pMATLAB,
1Merowelica B ceobopHoM pioctyne. IlpeuMyinectBom mcnonb3oBanus pMATLAB saBns-
'TCA TOT (PaKT, YTO OHa MOXKET BBINONHATHLCA HE3ABMCMMO W/IM NOBEPX BBILIEYIOMAHY-
Bix napannenpHbix 6ubmorek MATLAB. TakuM o6pasoM, Bce nporpaMMel, NpMBefIeH-
1bl€ B KHUTE B KaueCTBe NPMMEPOB, MOTYT OBITh BHINOMHEHEI B 060t NapaenbHoi cpe-
e MATLAB. K cyacTbio, KOHLeNIMM, U3/I0)KEHHBIE B Halllelf KHUre, HE3aBMCHMEI OT Ga-
IOBO/ peanusanmm 1 AeiiCTBUTENbHBI IS MoO0ro CMHTAKCUCA Tapa/lIeIbHOTO MporpaM-
THpPOBAHMA, NpeANOYTUTENBHOTO A/Is NONMb3oBaTeNs. [IporpaMMHoe obecnedenue, a Takoke
INCTPYKLIMM 1O YCTaHOBKE Bbl MOXKeTe HaliTH Ha Beb-caiiTe KHUTM:

http://www.siam:org/KernerBook

BripasurenbHeie BosMoxHOcTM MATLAB no3Bonsior HaM CKOHLIEHTPMPOBATBCA Ha Me-
oaax cosfaHmA 3¢ PeKTMBHLIX napasuieIbHBIX NporpaMMm (B OTIMYME OT CMHTAKCMYECKOi
IEXaHMKM HANMCaHWA MapavienbHbIX nporpaMM). OCHOBHOEe BHUMaHMe MBI YielUM TeX-
IUKEe KOHCTPYMPOBaHMA, KOAMPOBAHNA, OT/IAAKM M TECTMPOBaHUs, HeobxomyMoit Ans Gbi-
Tporo npousBoAcTBa 3GPeKTUBHBIX NapanieNbHBIX MPOrpaMM 33 CYUTAHHBIE YaChl, 3 He
lenem 1 MecALbl (CM. pUCYHOK 1). DTH MeToabI pa3pabaThIBalMuCh B TedeHNe MHOTHX NeT
'0CpencTBOM MHAMBUAYANBLHOTO B3aUMOMENCTBIA C COTHAMY NONb30BaTeNel napasienb-
oro naxera MATLAB.
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TPYRO3aTpaThl MPOrpaMMUCTa

PucyHok 1. 3aBiCHMOCTb IPOM3BOAMTENLHOCTH OT TPYAO3aTPAT
Oro6pakenrie NMpOM3BOAUTENLHOCTH B 3aBMCMMOCTH OT TPYAO3aTpaT NONb3OBaTesns,
B/IOXEHHBIX B CTAHAPTHYIO NapanenbHyto nporpammy MATLAB. Hiokuss kpusas no-
KasblBaeT TPYAO3aTpaThl CAMOCTOATENBHOTO NONIb30BaTeNs. BepXHss KpuBad nokaspiBa-
eT TpyAo3aTparhl NONb30BaTeNs, 06ecneyeHHOro KBamQHIMPOBaHHO MOMONIBIO

Ipenmnonaraercs, 4To Hall YMTaTeNDb y>Ke 3HaKOM ¢ nakeToM MATLAB (BBeneHue B cpe-
ny MATLAB mnipeactaeneso B [Higham & Higham 2005] u [Moler 2004]). K ueneBoit aygu-
TOPMM KHUTH TIPUHAIEXUT H060i1 YenoBeK, nepes KOTOPHIM CTOMT 3a/la4a alaliTUPOBATh
nocnefopatenbyyio nporpammy MATLAB k napamiensHoit cpefie. Kpome Toro, Ty xamry
MOJKHO HCTIONb30BaTh B KaYeCTBE OCHOBHOTO y4eOHMKa Ha 3aHATUAX MO NIapaJUlebHbIM Bbl-
YUCIIEHNAM, TUOO B KayeCTBe [OMOMTHUTENPHOIO YTEHUS B KIACCaX M3Y4eHUS YMCIIEHHBIX
METONOB BBIYMC/TEHMI1 MM anropuTMoB MHpopMmaruku. Bce Mpen mpeacTaBineHs! 31ech C
NPaKTUYECKO TOYKM 3PeHMA C PaCCMOTPEHMEM MHOXKeCTBa IpUMepOB. I10 BO3SMOXXHOCTH,
np1MepEI GBIM B3ATH M3 LIMPOKO M3BECTHBIX M NMOATBEPXKAEHHBIX JOKYMEHTAIBHO Mapa-
JIENIbHBIX TECTOBBIX KOJIOB, KOTOPhIE y)e MPU3HAHBI XapaKTePHbIMU I MHOTUX IPUJIOKe-
HMt (XOTA CBSI3b C TEM WM MHBIM KOHKPETHBIM NPMIOKEHMEM MOXKeT noTpeGoBaTh u3y-
YeHUs1 CChINOYHOI MHGopMamu). VicTopudYecky CIOXKUIOCh, YTO GONMBIIMHCTBO PMMEPOB
6epeTcst U3 06NaCTH TEXHUYECKMX BRIMCTIEHMI1, HO [/IS1 MCTIO/Ib30OBAHMSA NPMMEPOB IOHUMa-
HMe YMC/IEHHBIX MeTOLIOB He TpebyeTcsi. OHM ABMNAIOTCA YIOGHBIMM M JOKYMEHTA/IBHO TOAI-
TBEPXIEHHBIMM PYMEPaMM Pa3IMYHbIX TUIIOB NapaJUIeNIbHOTO POrpaMMMpPOBaHMS.

ToBecTBOBaHMe B HaCTOA LN KHIIe OPraHU30BaHO BOKPYT IBYX LIEHTPaIbHbIX KOHLieN-
L[Mif: OCHOBHOIt IpolLiecc NporpaMMMpoBaHus (T. e. KOHCTPyMpOBaHMe, KOAMPOBaHUe, OT-
nafKa ¥ TeCTMPOBaHMe) M OCHOBHBIE MOJle/M MapaJlIeNIbHOroO NporpaMMMpoBaHus (T. €. pac-
npepieNieHHbIE MAaCCUBBI, HAYa/IbHUK/TIOAYUHEHHBIA U 06MeH coolieHnamu) [Lusk 2004].
Mogenb nporpaMMuUpOBaHMA Ha OCHOBE Pacnpene/ieHHHX MaCCUBOB pacCMaTPMBAeTCs Kak
GasoBafs MOfie/ib NMpPOrpaMMMPOBAHMA HA MPOTSXEHUH HCEro NMoBecTBOBaHUA. Pacnipejie-
JeHHBle MACCHBM NPOCTH A1A NONMMAKMA, NPEANIONArakT MeHbILMI 061em ucnonbsyemo-
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ro Koza M nmpeKpacHo codeTanTcs ¢ npuponoit MATLAB. PacnipeneneHHbie MacCMBHI TO-
SBOJIAIOT IPOIEMOHCTPUPOBATH CTIOKHbIE 1AG/IOHBI B3auMOfieitcTBUs Gonee MPOCTO, HeXe-
nu MetozioM oOMeHa coobieHusamMu. Kpome toro, onn 3dpdekTmBHO feitcTBYIOT Kak Ha MHO-
TOAfIEPHBIX, TaK ¥ Ha MHOTOY3/IOBBIX Napajiie/IbHBIX MallMHax. PacnpeneneHHble MaCCHBBI
ABNIAIOTCA €CTECTBEHHOI WITIOCTpaLyeif OCHOBHBIX KOHLIENLMIT NapajiielbHOTO KOHCTPY-
MpOBaHMs — Napa/leNu3Ma U JIOKAbHOCTU. VIcnonb3oBaHueM pacnpesieNleHHbIX MaCCUBOB
MOXXHO OTPaHMYMTHCS B 90% napaieNbHbIX NPUIOKEHHI, ORHAKO, B HEKOTOPBIX CUTYyallu-
AX ONTYMa/bHBIMU AB/SIIOTCS JIPYTUE MOZIENY IIPOrPaMMUPOBAHUSA, YTO TaK)Ke YIIOMMHAET-
ca npu HeobxomMocTu. KoHedHO Lie/ibIo JaHHOM KHUTH SIB/IAETCS HaydMTh YUTATENA «Iy-
MaTb [pacnpepenertbiMu] MaTpuLiamu, a He coobieHnsimmu» [Moler 2005].

Knura noctpoena cnepyoumm o6pa3oM: CHauasna NpefCTaBIAOTCA KOHKPETHblEe NIPH-
Mepbl, a 3aTeM uzeT noppobGHoe oOcyaeHue Haubornee OOIMX NPHHLMIIOB NapaieNbHO-
ro NporpaMMMPOBaHMU, KOTOPble WUTIOCTPMPYIOT aHHble npuMepsl. Kuura HaneneHa Ha
npuMeHeHMe faHHBIX M€V A/s pelleHns ocoboit 3afjauy HanMCcaHUsA NapaieNbHBIX MPo-
rpamMm B MATLAB.

YTo6bI y4ecTh BCce BOSMOXKHBIE NOXKeNaHNs YMTaTeNelt, KHUTa pasjie/ieHa Ha TPY YacTH.
Yacrb I (TnaBel 1-3) npeacTaBiseT OCHOBHOI KOHLIENTYa /IbHBI 0030p KITI0U€eBbIX MPUHIIM-
MOB NpPOrpaMMMPOBaHMS, MITIOCTPUPOBAHHBIX KOHKpeTHbIMM TipuMepami. YacTs II (Ina-
Bbl 4-6) OCHOBHOE BHMMaHMe yfieNsdeT aHanusy MeTofoB 3¢¢eKTMBHOrO NapaiebHOro
nporpammupoBanus. Yacte I coctout u3 usydenmns ocobbix cryyaes. Yactu I, II u III
MOXHO pacCMaTpMBaTh He3aBMCHMO APYT OT APYTa M UCNONIL3OBATh B KauecTBe MOAY/E B
Gonee xpymHoMm Kypce. Hakomerl, yuuThIBas )KeCTKIe BpeMeHHBIE PAMKH, B KOTOPBIX HAXO-
anaTca npodeccuoHanbHbIe MONB30BATeNM, KKAasl TIaBa SB/IAETCA 3aKOHYEHHOM 1O CMBbIC-
1Y, ¥ M3 I7IaBbI B I7IaBY 10 HEOOXOAVMOCTH NEPEHOCATCA ONpefieNIeHNs BceX KTIOYeBbIM Tep-
muHaM. Kaxaas rnaBa HaunHaeTcst ¢ KPaTKOTo pe3ioMe NpeACTaB/IeHHOI B Heit mHpopMa-
Uuu. B xoHLe I71aBbI AlOTCA CCBUIKM Ha [IOMOJHMTENbHble MCTOYHUKM. Takass opraHmM3a-
LMA NOSBOJIAET MONb30BATENIO BRIOPATh ¥ MCNOJIb30BATh TONBKO HEOOXOAMMYIO eMy ITIaBy.

MaBa 1 HauMHaeTCs C MpeACTaB/IEHMs CUCTEMBI 3arMcH M GasoBbIx MHTepdeitcoB mna-
paNeNbHOro NPOrpaMMUPOBAaHMs, MCIIO/b3yeMBIX Ha MPOTHKEHUM Beeit Kuuru. Inasa 2
BaeT KpaTkoe BBefEHME B NPMHLMIIbI CO3JaHUA U BBHINONTHEHMS MPOCTHIX MapasjiebHbIX
nporpaMM. JTa I/1aBa faeT YUTATENO NOHATh NPOCTOTY MCNONb30BaHUA NMAPANIENTBHOTO
nakera MATLAB. B rnaBe 3 paccMaTpuBaroTcs Gornee CIOKHBIE PUMEPHI, Y BbISBISAETCA
B3aMMOJlelicTBMe C pacnpesieNeHHbIMM MaccuBaMi. InaBa 4 penaer mmpoxuit 063op obna-
CTHU napanieNbHOro NPOrpaMMIPOBaHNS C PaCKPBITHEM KITIOYEBBIX MPHHLMIIOB, KOTOpLIE
nogpobHee paccMaTPUBAIOTCA Aajee Mo Xoay KHUIM. B rnaBe 4 ucnonvayercs Gonee clmox-
MBI/ NpuMep, YeM TpeCTaB/IeHHbIE B IVIaBe 3, a TaK)Ke OCBEILAIOTCA IPaHNYHbIE YC/IOBUA
PaSIMYHEBIX MOZiesIelt napanyeNnbHOro nporpaMmupoBanusa. Kpome Toro, B rnaBe 4 noghu-
MUETCS PALI KITIOYEBBIX BONPOCOB, CBA3aHHBIX C MapaJl/ie/IbHbIM POrpaMMUpPOBaHIEM:

KoHcTpynpoBaHue: korga HY)XHO MCNONB30BaTh NapanenbHyo obpaboTky, napanie-
NMSM M NIOKaNbHOCTh, KaK PaccuUTaTh MapaieNIbHYI0 NPOU3BOAUTENTLHOCTDb, KaKyl0 MO-
lienb napannenbHoOro IpOrpaMMUpPOBaHMA UCTIONb30BATh paclpefeneHHble MacCUBbI, KIH-
enT/cepsep unmu oOMeH coolIeHUaMU.

KoampoBanue: KAk ¥ tjie MCHONL30BaTD 1IAPAIENbHDINA KOJ, KaK HanncaTh MactnTabupy-
embift koy (Hanpumep, Maciirabuposannnii Qaiin 1/0), adipexkTMBHLIA cTUNBL KOIMPOBAHUA.
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Otnazika: Kakue MeTOZbI PMMEHATH /I MepeXofia OT MOC/IefOBaTeNbHOTO K naparn-
NeTbHOMY BbINO/THEHUIO, Ha NPENMeT KaKMUX OLMOO0K HY>KHO MPOBEPATD KOKABLH 3Tal Ipo-
rpaMMMPOBaHMS.

TectupoBaHue: Kak MU3MepUTD JOCTUTHYTYIO IPOUSBOAMUTENBHOCTD M CPaBHMTD C Pac4€THON.

InaBa 5 npefcTaBiseT TEOPUIO, AITOPUTMHIYECKYIO 3aNMMCh M «B3IJIAM MSHYTPU» Ha NPO-
rpaMMMpOBaHMsl Ha OCHOBE pacrpefie/IeHHbIX MaccuBOB. Il1aBa 6 mpencTaBnseT MeTpPUKU
OL|eHKM NPOM3BOAMTENIBHOCTY M KOAMPOBAHNA NapajieNbHol nmporpamMMel. [nasa 7 Bei6o-
POYHO f1aeT NpefCTaB/ieHe O METOAAX aHa/M3a MapajUle/IbHbIX MpUIoXKeHuit, oco6o nop-
4JepKMBas, KakMM 06pa3oM NPUBOAMMbIE B KHUTe NPUMePhI CBA3aHbI CO MHOTMMM fIOMeHa-
MM npunioxeHuit. B rnabax 8-10 npMBOAsATCA NpMMepPhI XOPOILUO M3YYEHHbIX T€CTOBBIX MPO-
rpamm u3 Habopa HPC Challenge benchmark (cm. http://www.hpcchallenge.org) gns mnmro-
CTpauMy pellleHMit 3aja4, MOCTaBlIeHHbIX NTapajielbHbIM KOHCTPYMPOBaHUEM, KOOMPOBa-
HMeM, OT/IAIKON U TECTUPOBaHMEM.

Ha npotskeHuu Bcero noBeCTBOBaHMSA B KHUTe Mbl CChIIaeMCH Ha MHOXXECTBO KJIaCCH-
4eCcKMX MPUMEPOB NapasleNbHOro NporpaMMMpPOBaHus, KOTOPBIE y>Ke XOPOLIO M3YYeHb! U
npefcTaBJIeHb! B muTepaType. Haperoch, 4To ¢ noMoLIbIo AaHHBIX IPMMEPOB YU TaTeNb CMO-
JKeT OLIeHUTb NIPOCTOTY M U3SAIECTBO NMapaieNbHoro nporpaMmupoBaius B MATLAB Ha-
CTOJbKO, HACKONIBKO 3TO CHenar fi.
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51 6b1 XOTen BBIPasUTh 6/1arofapHOCTL MHOTMM JIONIIM, KOTOPbIM 0053aH BOIUIOLeHEM
B XXM3HD f3bIKa Mapajuie/lbHOro nporpammupoBaius Ha MATLAB u 31oit kuurn. Heos-
MOXXHO TNepeYuCIIUTD X BCEX, U 51 GBI XOTeJl 3apaHee USBMHUTBCA NEpeJ TeMY, KOTO CITydail-
HO He YTIOMSHY.

PaspaboTka si3blka napajienbHoro nporpammupoBains MATLAB cTtana ImTeNbHbIM
MeponpusaTHeM, B KOTOPOM MPMHUMAJIO YYacTHe MHOTO HalIMX KOJUIeT, BHECIINX BaXKHBbI
BK/Iaj{ B KOHEYHBIil pesy/nbTat. IToit KHUroi 0003HaueHa BaXkKHas BeXa B pasBUTMM [aH-
HOIt 06macTu: IMpoKas AOCTYIMHOCTD M pueM/eMocTs sisbika MATLAB. Ha TexHuYeckoM
YPOBHe 3TO O3HayaeT IIMPOKYIO JOCTYIIHOCTh ¥ MPMEMIEMOCTD CIMAHUSA MOJENM MNapa-
NeNbHOTrO MpOrpaMMUPOBaHMS Ha OCHOBE pacrpe/ie/ieHHbIX MaCCHBOB C i3bIKaMM BBICOKO-
ro ypoBHs, KakuM siensiercsi MATLAB.

MHe noMoranu MHorue /oY, OKasaBIlNe HeNOCPeACTBEHHOe BIIMSIHIE Ha COfiep>KaHue
AaHHOV KHurY. [lepBoe NpecTaByIeHNe O YMCTIEHHBIX BEIYMCIEHMAX s nony4yun B Komnen-
xe ITomona (en:Pomona College) Ha ceMuHape VI CTYA€HTOB NEPBOrO Kypca, NMPOBOAM-
MoM npodeccopoM Beittiom CraiiHMeLioM, a TakKe IPY JalbHeiiLeit MOfepXKKe MOUX Ha-
yuHbIX pyKoBoauTeneit — npodeccopoB Katanuu Mutecky u Pobepra YeMbepa.

Jletom 1990 ropa s paboTan B komnanmu Aerospace Corporation, rae fokTop JJxoH Xak-
BE//l IO3HAKOMMJI M€HS1 C BbICOKOYPOBHEBBIMU Si3bIKaMM IIPOTPaMMIpOBaHMS Ha OCHOBE Mac-
CUBOB. 3aTeM, oceHbIo 1990 rofa nocrnenoBan MOt NepPBbII ONBIT Napa/lleNIbHbIX BHIYMC/IEHMI
noa pykxosoacTsoM npodeccopa Anekcanapa Yopuna B KammudopHmickom yHMBepcutete
Bepkmm [Kerner 1990]. C Tex nop si cTpeMuics pacIUMpsATh CBO ONBIT. [lepBas BOSMOXKHOCTD
Clienath 3TO NpeCcTaBUIach MHe B 1997 1, korpa s paGoTai ¢ jokTopoM Maiteit Toxans u r-HOM
Ponom MunnukoM [Kerner et al. 1998]. 3ta pabota Gbina noppepxkana B yHuBepcutete [IpyH-
CTOHa PyKOBOAMTETIEM MOei1 AOKTOPCKOi auccepTauum rpodeccopoM [isBuuom CrepreneM.

B 1998 ropy st npuctynmn k pa6ote B JIMHKONBHCKOI nabopatopuu MaccadyceTckoro
TEXHONOrY4eCcKOro MHCTUTYTa, Ifie MOJ, PyKOBOACTBOM r-Ha PobGepra BoHpa peitcTBoBana
rpynna paspaboTYMKOB N0 CO3AHMIO OAHOMN U3 NEPBBIX 6MONIMOTEK NapajUIeNbHbIX MacCH-
BoB Ha a3bike C++ [Rutledge & Kerner 1999]. BecHoit 2001 roaa npu nopaepkke npodec-
copa Crana AxanbTa s Hanucan 6ubnmorexy MatlabMPI 3a oxny Hepeno [Kerner 2001]. Ee
1epBbIM nonb3oBareneM 6bin goktop It Pair. HecMoTpsi Ha TpyqHOCTb MCNONB3OBaHMS,
MATLABMPI Hauta cBoux CTOPOHHMKOB B 1Itarte JIunkornbH u Oraito (6narogaps ycumm-
AM ntpodeccopa Auoka KpuuiHamypTu u soktopa [lxona HepGacca).

Jlerom 2001 ropa 51 BiiepBhle No3HaKkoMucA ¢ pabotoit StarP npogeccopos Anata SaensMana
u [Diona [un6epra u nx crynenTos, fokropa Ileppu Xasbaupca, r-Ha Pona Yost u goxropa Bupana
Loy [Husbands 1999]. Ha 3Tom ararie si HOH5A, YTO NPUHLMIIBI pacpesie/eHHbIX MACCUBOB, Pa3-
pa6oransbie B Gubnvorekax C++, MoryT 6biTh afanTvpoBausl B sisbike MATLAB ¢ GasoBoit 6u-
Gnuotexont MatlabMPI. Tlo stomy npuHimny r-xa Hags Brimce cospana 6ubmorexy pMATLAB
| Kerner & Bliss 2003], koTopas npv ofybe1HeHUY C UHTEPAKTUBHOI KoHuenuveit LLGrid, paspa-
GoTanHON coBMecTHO ¢ 1okTOpoM Ab6epToM PeiirepoM 1 r-HoM Iuppro MakKabu, crana ouenb
uonynsproit B JlunxonsHe [Reither et al. 2004]. Ita panussn Bepcus sspika MATLAB 6bina nog-
nepxana n3HyTpu r-HoM J3sunom MapTuHecom u nssHe r-HoM JxkonoM Ipourem.

B reveHne cneayommux HecKONbKUX NeT y MeHsi 6bina BO3MOXHOCTb TECHO COTPYAHU-
“arb ¢ pokropom Knunom Monepom u MHornmu apyrumu ciieunanuctamm B MathWorks no
MEPe TOIO, Kitk OIKM BHIHOCUNY tapannenbini navik MATALB 3a npenennt naGopatopmnm n
lpeBpaLLus cro 8 FOTUBBIA NPORYKT.
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B TO e BpeMs s y4acTBOBan B paspaboTke Habopa HOBBIX Mapal/ieNbHbIX TeCTOBBIX
nporpamm, npeiHasHa4eHHbIX [/1 TECTUPOBAHMS HOBBIX IapajlIeNIbHbIX ApXUTEKTYP U Na-
pannenphbix s3b1koB. Hab6op trectoB HPL Challenge benchmark 6sin paspaboran coBMecT-
Ho c npodeccopom [IxxexoM JloHrappa, nokropom ITnotpom JIyskekom 1 gokTopom Bo6om
Jlyxacom [Luszczek at al. 2006]. I-# Iuppro ©aHk, r-H Paitan Xeituu, r-u Xan Kum, noktop
JIoxymus Marmmn, r-H Yapmu Peitnep, a Takoke MHOTHMe M3 BBIILEYNOMSIHYTBIX JIUI| BHECTH
60nbuioit Bnap B s13bik MATLAB peanusanuio sTux TecToB. 3Ta paboTa ¢ napatebHbIM
sa3pikoM MATLAB Hania BHyTpeHHIOI NMOAAEPXKKY B /mmue aoktopa Kena Cena u nop-
HepXKy u3BHe OT r-Ha PobepTa Ipeitbuna.

BusyanbHo npescTaBJIeHNe 3TOI0 TeXHOMIOTMYECKOTO MOTOKA, PUBEAIIETO K CO3JaHMIO
PMATLAB, nokasaHo Ha pucyHke 2.

Kpome Toro, s BeIpaxcato 671arogapHOCTb MIOAAM, KOTOpPBIe NOMOTaMM ¢ pa3paboTKoit
TEXHOJIOTMM, ¥ TeM, KTO NIOMOTaJI MHe cOo3/iaBaTh 3Ty KHMry. Cpeay HUX Mol peflakTop B
SIAM r-xa Onusaber [puHCNsH, BRITyCKaoLIMit pefakTop B JIMHKonbHe r-xa Jlopotu Pait-
aH M CTyJieHThI BeceHHero Kypca 2008 rofa no NpMKIagHbIM Napa/UleIbHbIM BbIYMCIIEHN-
siM MaccauyceTcKoro TeXHONMOrm4eckoro MHCTUTy Ta. HakoHerr, si 6b1 XoTen nobnarogapurs
HECKOJIBKMX HEUSBECTHBIX peLieH3eHTOB, Yb¥ KOMMEHTapyM CIIOCOOGCTBOBAM Yy qLIEHUIO
3TOi KHUIH.

pacripefielieHHble
MacCUBBI

MacCUBBHI +
coob1eHns

nocneaoBaTeNIbHbIC
MacCCHMBBI

BpeMs

Pucynok 2. Pa3BuTie s3bika mapannenbHoro mporpaMmuposanus MATLAB
B3arnap Ha 3BOMIOLMIO HEKOTOPBIX TEXHONOTMi, KOTOphle NpMBenM K paspaborke
PMATLAB, nayuHas ¢ nepBOro A3bika Ha OCHOBE MHTEPAaKTUBHEIX MaccuBoB APL u
3aKaH4MBas CoBpeMeHHOI1 6nbnmotexoit pMATLAB



YacTb |
dyHaamMeHTanbHbIE NPUHLMNGI

MNaBa 1
OCHOBHbIE NOHATUA: CUCTeMa 3anucm
U uHTepdgencol

Pesiome

B nanHOJ IMaBe NMpeACTaBNeHa CMCTeMa MaTeMaTHYecKux o603HaueHHit JUIA omuca-
HMA NapasleNbHBIX aITOPUTMOB, a TAKXKE PACCMATPUBAETCH COOTBETCTBYIOLINIT KOM-
UleKc napannenbHbix QyHKmi u3 6ubmorexu pMATLAB. IlpencraBnen MeToA na-
PUIENBHOTO MPOrpaMMIPOBAHNA Ha OCHOBe OTOGpaXkeHMit Y IPUBOAUTCA NPUMEP
MCIONIb30BaHUA Napas/enbHOM 3aliCK M AAHHBIX QYHKLMIL.

B naHHOl KHMre pacCMaTpUBAeTCA BOMPOC Napa/ieNIbHOTO NPOrpaMMMPOBAHMSA, KO-
TOpbIt TpeOyeT TAKOHMYHOTO OMUCAHUA Napa/UIeNbHBIX ANITOPUTMOB. [l 3THX Lenet uc-
nonb3yeTcs MaTeMaTHMYECKuit A3bIK. B HacToselt IMaBe NPUBORATCA KpaTKie CBEfeHUS O
6a30BOJf MaTEMaTIIECKOI 3aNMCH, UCTIONb3YEMOI /Il ONMCAHUS TTapaJlIeIbHBIX AITOPUT-
MOB, BCTpevamoinmxcsa B yyeOHuke. Cuctema samucu (no HeobxopumocTu) Oymer monon-
HATbCA N0 XOAy HANMCAHMA KHUTH (AN nonydeHus Gomee nonHoit MHGOpMaLMM O JaHHOI!
cucreMe 3anucu cM. Ilpunoxenue).

ns peanusanuu gaHHBIX aITOPUTMOB B si3bike MATLAB HeoOxonmM KoMIUleKC mapart-
nenbHBIX GYHKLMIA, COOTBETCTBYIOLMX NapaUleNIbHBIM anroputMaM. XoTs M npeAnonara-
€TCA, YTO YMTaTeNb 3HAaKOM ¢ nakeToM MATLAB, ofHako, /11 HanMCaHUs NapaleNbHbIX
nporpaMm Ha MATLAB ucnonb3yiorcs HoBble ¢yHkumu. KHura Hanmcana ¢ ygeToM orpa-
HMYEHHOro NOAMHOXecTBa MHTepdeitca Gubmorek pMATLAB. B HacTos1elt r1aBe gaeT-
CA KpaTKoe oIlMcaHMe HEKOTOPBIX KII0YeBbIX QYHKIIMIL, MCIIONb3yeMBIX JUIi HATIMCAHUS Ma-
pannenbHbix anTOPUTMOB Ha MPOTsDKeHUM Bcelt KHuTK. JlaHHEbIe QyHKLMM (Tpy HeoOxoam-
MOCTM) MOT'YT GBITb pacIIMpeHb! B OC/IENYIOLMX I/IABaX.

1.1. Cucrema 3anucu anropuTtMoB

Yucna aBRAIOTCA OCHOBHBIMM eAMHMIIaMK, KOTOpble GyAyT oOpabaTeIBaTbCA aNrOpUT-
MaMy, NpeACTaBNeHHBIMY B 3TOi KHMre. YMCIa MOryT MMeTh pasnuyHble THMBL: OyneBbl,
L{enble, BeljeCTBEHHbIE, KOMIIEKCHBIE. ..
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Ina sanmcn AaHHBIX TMIIOB YMCE/I UCNONB3YIOTCA CNeAyIoL e o603HaYeHMs:

Tun HaumeHoBaHune Mpumep
Jorndeckuit B Aa (1), ver (0)
Lienwii z -5013
BeujectBeHHbIN R 56,2, -3.8,0.37

KomnnekcHblit (o] 5+6.24—1

S3pik MATLAB onTyMusupoBaH A BbINOHEHNSA ONepaLuil C MaCCMBOM JJAHHBIX, U B
OCHOBE €r0 MOLHOCTH JIEXUT CIIOCOGHOCTD paboTaTh C HAGOPaMK YMCeN B Pas/IMYHBIX pas-
MepHOCTAX. B yacTHOCTH, OH obecneunBaeT yRO0OGCTBO paGOTHI CO CKANAPHBIMM, BEKTOPHBIMM,
MaTpU4HBIMK U TEH3OPHBIMM Be/iruMHaMK. ITO OypeT 0603HAYATBLCA CERYIONMM 06pasoMm:

Pa3m. HawmeHoBaHue 3anuce Mpumep
0 CkansipHan HuxHwit peructp a:R
1 BekTopHan HuxHWit perucTp XupHbli WpndT a:RN
2 Marpuinan MponucHbie, XnpHeli WpudT A: RNxN
3 TeH3opHan MponucHele, HauepTaHne, XupHbIi LWpHUgT A: RNxNxN

Jina o6osnayenms cybMacCMBOB JIaHHBIX GyfieT MCIIONBL3OBATHCA CTAH/APTHAsA 3aIMCh
ssbika MATLAB. Hanpumep,

a=a(i),a=A(i, ), A=A(:,:)

AmnanormyHeiM o6pasoM OyneT MCNIONBL30BATLCA CTAHAAPTHas 3amuce MATLAB 11)1}1 no-
37IEMEHTHOTO C/IOXKeHus (+), BbrauTaHus (—), yMHOXXeHus (.*) u genenns (./). C ucnonp3o-
BaHMEM JJAHHOJ 3aIUCH NPOCTOIt aNITOPUTM AN NPUOAB/IEHNA eAMHULBI K MATPULIE MOXKET
6bITh 3amicaH kak Ayroput™ 1.1

Anroputm 1.1. NocnepoBarenbHoe aobaBneHne eanHULbI

Y : RY" = AddOneSerial (X : R¥*V)
1 Y=X+1

3anucp pacnpeieneHHoro MacCMBa JJaHHbIX

Jn1s1 omucaHus NapaieNnbHbIX alTOPUTMOB HEOOXOAMMO BBECTH [AOMOMTHUTENbHBIE 060-
3HayeHMA. B YacTHOCTM, KOMMYECTBO KOMMII MMM 3K3EMIVIAPOB BBIIONMHAEMBIX ITPOrpaMM
o6osHauaercss Np. Korga anroputM BHINONHAETCA B NapajjeNbHOM PeXMMe, 3TO O3Haya-
€T, YTO OfIMH M TOT )K€ anropyT™ (UM KOJ) BBINOMHSAETCA KaX/bIM 3K3eMIUIIPOM IIPOrpaM-
Mbl. Takas BbluMcnuTennHas Mopens nonyyuna HasBaHue Single-Program Multiple-Data
(SPMD) (opHa nporpaMma, HeCKONbKO MOTOKOB j{aHiibiX, uny apxutekTypa SPMD) [Flynn
1972, Darema 1984]. YTo0b1 pusnuyarsh 3K3eMITAPDI IPOIPAMMBI, KQXA0/M U3 HUX NpUCBa-
MBACTCA YHHKaNbHbIA uaeHTHguKaTop npoueccopa - Py, - Kotopuiit usmenserca ot 0 1o
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Np -1. Takue HOMepa P, BO3MOXHO BBECTU B 6O/IBIIOM KOIMYECTBE BHIYMCTMTENBHbIX CH-
ctem. Hanpumep, npenmonoxxmm, 4ro Np 3K3eMIIIAPOB IPOTpaMMBI BEITIONHAETCA Ha MHO-
roys/ioBOM Iapajujle/lbHOM KOMIIbIOTepe, CofiepxaliieM Np y3JIOB TakuM 06pasoM, YTO Kax-
AblV y3e BHINONHsAET ofuH P . JTaHHbI1 TV MCTIONHEHNA Gyer o603HauaTecss Np *1. Jipy-
MM pacrpoCcTpaHeHHbIM [IPYMEPOM SB/ISETCA BBITIO/IHEHME BCEX 9K3eMIUIApOB P, Ha olHOM
y3ne. JlaHHBIi1 T MCTIONHEHNs Oyfer o603Hauarbcs 1* Np. Eciu y3en sisnsercs MHorosmep-
HBIM, CYIIIECTBYET BO3MOXXHOCTD A/IsSl yCKOpeHus nporpaMmsl. Ecu ysen nMeeT TONnbKo OAHO
ANpO, YCKOpeHye IIporpaMMbl BHITIONHUTD NPaKTU4eCK! HEBO3MOXKHO, OJHAKO [ITAHHBII Ba-
PUaHT ABJIAETCA ONTUMAIPHBIM B CTy4ae IapaiyieNTbHOM OT/IAfKM WIN TeCTUPOBAHMS IIPO-
rpamm. ITpumeyanue: Np 03HaYaeT KOIMYECTBO CO3TAHHBIX IK3EMIIAPOB P, HE3aBMUCHMO OT
TOrO0, CKOJIbKO MMeeTCsl (u3n4ecKuXx y3/108 v sifep. M HakoHewn, (Np /4)*4 MoxxeT ucrons-
30BaTbCA A 0603HaY€eHNs CMELIAHHBIX CUTYyalmit, rae Np /4 o3HayaeT y3/bl, KaX/blit U3
KOTOPEIX BBHITIO/IHAET YeThIpe 3K3eMIuiApa P, . I1o xomy KHuIM Mbl pacCMOTPMM MHOTOSAfEp-
Hoe BbinonHeHue (1*Np) u MHOTOY3/1080€ BhinonHeHue (Np *1). K cyacTsio, Mofiens pacrpe-
Ae/leHHbIX MacCUBOB [NaHHBIX CMOXET paboTaTh HACTONBKO 3¢((PEKTHBHO, HACKOIBKO BO3-
MOXXHO Ipy MMeloleMcs 6a30BOM annapaTHOM obecTiedeHny, B 060MX CITyyasX, ¥ OfHA M Ta
’Ke Mofie/Tb TIpOTPaMMMPOBAHMs MOXET VICTIONb30BATHCA KaK I MHOTOAZIEPHOIA, TaK ¥ ISt
MHOrOY3/I0BO CHCTeMBL JTO SABJIAETCA OTHUM M3 OCHOBHBIX IIPEMMYIIECTB IpOrpaMMMUpPO-
BaHMA Ha OCHOBE pacIpeieNleHHBIX MacCUBOB.

Tpu nporpaMmmpoBaHmy Ha OCHOBE pacIIpefie/IeHHBIX MacCMBOB HEOOXOOMMO OTO-
6paxkaTb MacCHBBI [AHHBIX Ha 3K3eMIULAPHI P, . Takoii mporiecc pacTipe/ieNien s OMIChIBaeT
WHIEKCH pacrpeneNleHHOTO MacCuBa, KOTOPBIMYM «O6IafaeT» KaKAbIiA P,. «P-3anuch» mc-
Nonb3yeTcs B Ka4yeCTBe yJOOHOro KpaTKOTo YCIIOBHOTO 0603HaYeH M JIsl OICaHMA JaHHO-
ro npotecca pacnpenienenns [Choy & Edelman 1999]. Matpuuia, paciipefieieHHast TaK, YTO
Kaxnbuit P ymeeT 670K CTPOK, 0603HaYaeTcs crefyounmm o6pasom:

A : RPNXN,
AHa/orMyHo, MaTpuLid, KOTOpas paclpe/ieNieHa Takum 06pasom, 410 Kaxablit P, ume-
et 6110k cTon161108, 0603HaYaeTCA KaK:
ARV,
JlexoMIIO3M1MsI TIO CTPOKAM ¥ CTON61[aM ONHOBPEMEHHO MOXKET ObITh 3aIiCaHa Tak:
A RPN yay A : RPVXN)

B paHHOM cryyae Takxe HEOOGXOMMMO yTOYHMTD «CeTKy» u3 P, (Hanpumep, Np/4X4).

lannble pacripenienenns nokasaxbl Ha pucyHke 1.1.

1.1.2. JocTyn K pacnpefeneHHbIM RaHHBIM

Jloctyn K omnpeneneHHOMY 3/leMeHTY HaHHBIX B paclpefie/leHHOM MacCuBe 3afjaeTcs
06b14HbIM 0603HauenMem cybmaccupa. Ecn A : RFM*N, 1o A(i, §) sacrasut P, KoTopbIit
ofnaueer (i, j)-m aneMeHTOM A, OTIPaBUTb [aHHOE 3HAYEHME BCEM APYIMM IK3EMIUIS-
pam P, 'TouHo TaK Xe, Ipy 3afaHHBIX ABYX MaTPMLIAX C PA3NIMYHBIMM PaCIIpeNieNIeHnAMM
A RMNVXNy B : RV pripaxeHune

B=A
BHISORCT HEPEPUCHPEAeICHUE IANKBIX U3 A B HOBOE pacnipefieneHue B.
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JocTyn TONBKO K JIOKaIbHOM 4acTy pacIpefiefieHHOrO Maccusa OOO3HAYaercs € IIo-
MolpIo fononHenns Jloc. Ina A : RFM*N nokanbHOI 4acThio sABnsAerca A.loc : RVNIXN,
JanHoe 0603HaY€eHye OYeHD II0JIE3HO TPV OIIPENeNTeHNM MONIHOCTHIO JIOKAIbHBIX OTepaLyit
I Kaxporo P, kotopble He TpebyloT kommyHuKauymy. Ilpy mcmonb3osanuy JaHHOTO
0603HaY€eHNs TIPOCTOI TapaJUIeNbHbIN aJITOPUTM IJIsl IpMOGAB/IeHNs eqVHNLIBI K MATpHLie

MOXXeT 3alMChIBaThCs KaK AJITOpUTM 1.2.

Anroputm 1.2. lNapannensHoe nobasnexHne eanHULbI

Y: RFNXN = AppONEPARALLEL(X: REMXN)
1 Y.oc=Xloc+1

Bnok crpok Bnox ctonbuos Bnok cron6uoe 1 cTpok
A: RRP(NXN A: RNVPN A: RPN
Mpeobpasosanme Certka: 4x1 MNpeo6pasosanve Cetka: 1x4 Mpeo6pasosaHme Certka: 2x2
1 | L R

Pucynok 1.1. ITapannenbHble KapThl pa3MeLieHUs
Ha6op pacnipenenenmii, nopaep>xuBaeMblx 60IbLIMHCTBOM Cpef IIPOrpaMMUPOBaHMA
Ha OCHOB€ pacnpeAeeHHbIX MaCCMBOB

T

1.2. nuTtepdpencbl napannenbHbiX (YHKLWIA

B mpeppipy1ieM pasnerne OIMCHIBINCH HEKOTOpbIe M3 ITapa/lIENIbHBIX aTTOPUTMIYECKIX
olepalmit, HeOOXOMVMBIX JUIA HAMCaHMA MTapa/UIeNbHBIX porpaMm. Jjist pakTirdeckoit nx
peanv3aLmy HY>XHBI COOTBETCTBYIOLIVeE NapasleNbHble (pyHKImy. JlaHHas KHUra Hammca-
Ha C JICTIO/Ib30BaHyeM NMMOIMHOXeCTBa GyHKLMit 6ubmorekn pMATLAB. Ilepeuens QpyHK-
uyit pMATLAB 1o xony kuury 6ynmer pactumpsathes. [lapamienbHbre GyHKIMM MOXHO pas-
6MTH Ha HECKOJIBKO TPYTIIL.

ITapannenbHbie HapaMeTPhl BpeMEeH! BLINOTHEHNA. JlaHHbIe QYHKLN MPENOCTaBIIA-
10T MHQOpMaLMIO 060 BCeit apaIeNTbHON Cpefie, BIIONHAIONEN MPOrPaMMy, B LieTIOM.

Oynkuma Np - BosBpaljaer o61ijee KOM4ecTso 3K3eMIuispos MATLAB, suinonssio-
LMX MpOrpaMMy B HaCTOALMI MOMEHT (Hampumep, Np). 3ammice:

Np;

®yukumsa P, - BosBpallaeT uaeHTN(GUKaTOp KOXI0ro 3ksemmuiapa MATLAB, sbimon-
HAIOIIEro NporpaMMy B JaHHbIT MOMeHT. IlpuHuMaeT 3sHayenne 0 Ha EPBOM 3K3eMIUIApe
MATLAB n yrenuuusaercs fo Np-1 Ha nocneninem skseminspe MATLAB. 3anuce:

pid;
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KoncTpyupoBaHMe pacnpefeneHHOro MaccuBa. JlaHHble (PYHKLMY ITO3BO/SIOT WIC-
NONb30BaTb ¥ CTPOUTH paclpefefieHHble MaccuBbL IIpy KOppeKTHOM IpMMEHEHMM HU
OffHa M3 AaHHBIX (YHKUMIT He QO/DKHA WCIIONHATH KOMMYHUMKALMIO MEXAY 3K3eMIUIspa-
Mu MATLAB.

map ( [Np 1], {} ,0:Np-1) KoHCcTpynpoBaHie OBHOMEPHOTO pa3sMeleHU s
pacnpenenenusa MaccuBa BIO/Nb 1-ro n3Mepenns. VicrionbsoBaune:

Amap=map ([Np 1]1,{},0:Np-1));

map ( [1 Npl, {},0 :Np-1) KoncTpyupoBaHue OTHOMEPHOTO pa3MelleHus I/Is
pacnpenenenns MaccuBa Bo 2—M u3MepeHnu. Vicrionb3oBaHne:
Amap=map ([Np 1],(},0:Np-1));

zeros (N1, ... .map) IleperpyxenHas QyHKuU¥Ms Zeros, KOTOpas obecreynBa-
€T KOHCTPyMpOBaHye paclipefe/IeHHOTO MacCBa C pa3MellieHNeM, 3alaBaeMbIM IIpy IIOMO-
1 map. VicronbsoBaHue:

A = zeros (200,100, Amap) ;

local (A) BosBpalljaer 0KaJbHYIO YaCTh paclipefie/IEHHOTO MaccyuBa B KayeCcTBe
o6bruHoro uncnennoro maccusa MATLAB. Micionb3oBanne:
Aloc = local(d);

global_ind (A, dim) Bosepauraer crmcok r7106a/1bHbIX MHIEKCOB, KOTOpbIE sB-
AANOTCA NOKanbHbIMKU 15 P B ykasanHoM usmepenmm dim. Vicrionbsosanue:
myl = global ind(a,1);

put_local (A,Aloc) Komupyer obbrunblit uncnennent maccue MATLAB B rno-
KAABHYIO YacTh pacpefie/IeHHOrO MaccuBa. Vicrionb3oBaHme:

A = put_local (3,Aloc);

Tlepepasmemenne pacnpeneneHHOro MaccuBa. JlaHHble (PyHKUMM TIO3BO/SIOT M3Me-
HATb pa3MellieHMe pacTIpefiefleHHOro MaccuBa. 3T (PYHKUMM TIOYTH BCErAa BbIIONHAIT
KOMMYHMKaLMIO MeXy pasmyebivu P . = [IpucBanBanme aHHBIX OHOTO pacTipe/iesieH-
HOro MaccuBa pyromy. Vicrions3soBaHne:

B(:,:) =A;

agg (A) KommpoBaHnue Bcero comep>xMMOro paciipefie/IeHHOrO MaccuBa B OOBIYHBIN
uucnenHsiit maccus MATLAB na «sepymem» P, (1. e. P, = 0). Vicnonbsopanue:

Aagg = agg(a);

Kommyuuxanmus Touka-Touka. B ocHOBe peannsaium Bcex BBIILIEYTOMSHYTBIX (yHK-
umit nexxat $pyHnkLyy, obecreunBarolie KOMMYHMUKALMIO TOYKA~TOYKa MEX/Y 3K3eMI/Is-
pamu MATLAB. 31 ¢ynkummu crefyer MCIonb3oBaTh TONBKO Hpy HEOGXOAMMOCTH, TaK
KaK 3TO NPUBOOMT K C/IOKHOCTAM IIPY OT/Ia[iKe KOHEYHOI IIpOrpaMMBbl.

SendMsg (dest , tag, varl, var2, ... ) Ormpasnser ykasaHHbI€ Ile-
peMenHBle varl, var2,... B sk3emiiip MATLAB, nasnasennbiit ipu nomoum P = dest. Co-
obweHue umeeT Tar (tag), KOTOPBI OOBIYHO ABMAETCSA YNCIOBBIM 3HaYeHMeM ot 1 o 256.
WcnonbsoBaHue:

SendMsg(2,9,pi,i);

RecvMsg (source, tag) Ilonyyaer nepemeHHble, OTIpaBlIeHHBIE 3K3€MIIISPOM

MATLAB ¢ P,,==source c cooTBeTcTBylomunM T3roM. Vicnonbsobahue:

(pl 1) = RecvMsg(1,9);
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1.2.1. MNporpamMmupoBaHue Ha OCHOBE KapThl pa3meLleHus

YkasaHHBL1 BBILe OTHOCUTENIbHO KOPOTKMIA TlepedeHb (PyHKLMit sB/AETCA UCYepIIbIBa-
IOLMM JUIA BBIIIO/THEHMS LIVIPOKOTO pasHOOOpasns Mmapan/ienbHbIX IporpamMM. 3afadeit sB-
JIIeTCA peannsalus Napaule/IbHbIX IPOrpaMM, KOTOpble IIPOCThI B KOAMPOBaHMM, OT/Iajl-
Ke, TECTMPOBaHMUM ¥ 00€eCIIeYMBalOT BBICOKYIO IIPOM3BOANTENbHOCTD. B KHMre OmychIBaeT-
sl IIpOrpaMMMpOBaHNe «Ha OCHOBe KapThl pasmeleHus» [Lebak et al. 2005] ¢ mpumenenu-
eM MeTopfa separatio N-of-concerns (paspeneHue 0TBeTCTBEHHOCTH), LI€/IbI0O KOTOPOTO AB-
NeTCA CO3[jaHMe a/ITOPUTMA U €T0 OTOOpakeHMA /1A CUCTeMBI KOOPAMHAT IIapa/lyleNIbHbIX
MPOLIECCOPOB.

Amap = map ([Np 11, {},0:Np-1);

CeTKa NPOLECCOPOB PrOCESSOT gridT
distribution ({}=default=block)

Pacnipenenenne ({ }=default=block) processor list
CITMCOK NIPOLIECCOPOB

TIeperpyKeHH b} K°"°w overloaded constructor

A = zeros (4,6, Amap);
A =

PucyHok 1.2. CTpyKTypa KapThl pa3MeleHNs

e

Kapta pasmelennst 4ic/0BOTO MaccyuBa CO3aeT Ha3HaY€eHMe MHIEKCOB MaccyBa IIpo-
neccopaM. OHO COCTOMT M3 CETKM IPOLIECCOpa, OMMCAHMsA pacIpefeNeHus M CIMCKA
naenTuKaTopoB-rponeccopos. [leperpykeHHbl KOHCTPYKTOp MCTIONb3YeT KapTy Mist
CO3HaHMs pacIpese/IeHHOTO MacCuBa.

KapThl napa/uienbHOTO pa3mellenys COfepaT MHGOPMALMIO TONBKO O TOM, KakuM 06-
pasom MaccuB pasbupaercs Ha rpynmel P, v foGaBnieHie KapThl He JODKHO BIMATH Ha
yHKUMOHAIBHYI0 KOPPEKTHOCTD Tporpammbl. Kapra (cm. puc. 1.2) comepxut omycanve
TOTO, KaKiM 06pasoM VMHJEKCh MaccuBa paclpefiensiorcss 1o rpynnam P, Kpome Toro,
Tpe6yI0TCs COOTBETCTBYIOLIME KOHCTPYKTOPbI MACCUBOB, KOTOPbIE UCIIONB3YIOT KapThl [Is
CO3/laHus pacrpeneneHHbIX MaccuBoB. [Ipumep faHHOTO BuAa IPOrpaMMMpPOBaHMs TIOKa-
3aH Ha IpuMepe npocToii porpaMMsl AddOne B micTunre Kopa 1.1 (cM. Takke Ipymepsl
Examples/ AddOne/pAddOne . m).
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Nuctudr koaa 1.1. NapannensHas nporpamma gobasnexHus eanHn-
ubl Ha MATLAB

N = 100;

XYmap = map ( [Np=11,{},0:Np-1);
X = zeros(N,N, XYmap) ;

Y = zeros(N, N, XYmap) ;

Xloc local (X);

Yloc local(Y):

Yloc = Xloc + 1;

Y = put_local(Y,Yloc):

Set matrix size.
Create parallel map.
Create distributed x.
Create distributed Y.
Get local part of X.
Get local part of Y.
Add one to local part.
Put back into Y.

O oD WN
o0 o0 O 0 O o0 o0 o°

B BhIIlIeyKa3aHHOI1 ITporpaMme CTpOKa 2 CO3flaeT KapTy pasMelleHNs A/ JeKOMIIO31-
UMM MaccuBa B rieppoM nsMepeHnn. Crpoku 3 11 4 MICTIONB3YIOT 3Ty KapTy /A CO3[aHusA Co-
OTBETCTBYIOIMX paclipeieNleHHbIX MaccuBoB. CTPOKM 5 1 6 HO/y4aloT JIOKa/IbHble YacTU
AaHHBIX pacIpeeNleHHbIX MaccHBOB. CTpoKa 7 BBITIONHSET BhIYMCIEHNE Ha JIOKA/IbHBIX Ya-
crax. CTpoka 8 nmomenjaer pesy/nbTaT MECTHOTO BBIYMCIIEHNS OOpaTHO B pacIipe/ie/leHHbIi
MaccuB. JIaHHBI CTH/IB IPOrpaMMIpOBaHNs GyfeT UCIIONb30BAThCA B GOMNBIIMHCTBE IPYU-
MepOB, BCTpeYaIoLMXCsl B Hallieil KHure. OCHOBHBIM IIPENMYILECTBOM JAHHOTO CTUISA IIPO-
rpaMMMpOBaHN ABNIAETCSA TO, YTO OH MOAFAETCH YETKO OIpeieIeHHOMY IPOLeccy KORMpO-
BaHUA-OTIaAKN-TeCTMpPOBaHNA, TIO3BO/AIOLIEMY IMCATh BBICOKOIPOM3BOAMTE/NbHBIE Ia-
pannenbHble IPOrpaMMEI B CKaThble CPOKM.

1.2.2. NapannensHoe UcnonHeHue

WUTak, cucrema MaTeMaTi4ecKoil 3alucy M Napa/leNbHbIX (PYHKLMIA JIS YKa3aHUs v
BBINO/IHEHNA Mapa/ieNbHbIX IporpaMm Ha MATLAB yxe ompefnenena, M HacTano Bpe-
MA 3anyCTMTb ¥ BBIIONHUTD Iporpammy. CiysxebHas mporpamma pRUN, conpoBoxxzalo-
1af MpOrpaMMbl, IPMBefieHHbIe B AaHHOM KHUTE, UCTIONB3YeTCs IS MCIIONHEHNs CLieHa-
pua MATLAB Ha mMHOXecTBeHHBIX 3k3emIispax MATLAB (cM. MHCTpYKLM IO yCTaHOB-
Ke Ha BeO-caitte kuury: http://www.siam.org/KepnerBook). Hanpumep, nepeitnute B au-
pexropuio Examples/AddOne (vanpumep, Bemonuus komaugy, cd Examples/AddOne), 3a-
nycmre MATLAB n npormmumre

eval (pRUN( ‘pMandelbrot’ ,2,{}1»))

TTpu aToM BeimonuuTcs mporpamma pAddOne nocpencTBoM 3anycka fByX SK3eMIUISPOB
MATLAB xa noxanssom ysre. [laHHoe BoinonseHne 6yneT 0603Hayarbest 1¥2 cOrniacHo Bbl-
meykasaHHoi samcu. Ha pucynke 1.3 nmokasaHo, 4T0 IIpOMCXOANT BO BPEMs VMCIIONTHEHMA.
Korna BemonuAerca napannensHas nporpamma, oHa cosfaet Np (mmm Np) KOImii OfHOI!
1 TO# xe nporpammbl. Kaxras xorms nmeer ynvkanbHelit Py (v Pid). Pacripenenextbie
MACCHBhl HEABHO UCTIONB3YIOT P, 4TO6BI ONpeieNUTh, KaKue 4acTy KakuM IpoLeccopam
npuHa exart. B utore, no 3aBepiueHMM NporpaMmbl, BLIIONHAETCA 3aKPbITHE M BBIXOR, M3
ncex akaemunsapos MATLAB.
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Maremarnyeckas HoTaums pMATLAB

Pid=Np-1

| Pid=1
Pid=0

XYmap = map([Np 1],{},0:Np-1):
Xloc = local (zeros(N,N,XYmap));
Yloc local (zeros (N,N,XYmap) );

Yloc(:,:) = Xloc + 1;

Y.loc=X.loc +1 I

Pucynok 1.3. ITapannenbHoe UCIIONTHEHNE
Ilpy mapanienbHOM BBIIIOTHEHMY MPOFpaMMbl B MaTeMaTHYECKOI 3aIucy MM Kopia
MATLAB cospaetcs Np (m/m Np) korm1it ogHO# 1 Toi e nmporpammsl. Kaxxaas korst

uMeeT YHMKanbHbii P, (wm Pid)
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4. [Lebak et al. 2005] James Lebak, Jeremy Kepner, Henry Hoffmann, and Edward
Rutledge, PARALLEL VSIPL++: An open standard software library for highperformance
PARALLEL signal processing, Proceedings of the IEEE (Feb. 2005), Vol. 93, No. 2, pp. 313-330.



MaBa 2
BeenexHve B pMATLAB

Pe3iome

B HacTos1El I/TaBe pacCMOTPEHO HECKO/IBKO MPUMEPOB MapajiIeNIbHbIX IPOrpaMM Ha
asvike MATLAB. B kai0M U3 3TUX IPUMEPOB Peanu3yeTcs METON, IPOrpaMMNpOBa-
HUA Ha OCHOBE KapT pasMellieHMs M COOTBETCTBYIOLLMI eMy IIpoLiecc pa3dpaboTku—Ha-
NJCaHMA HpOrpaMMbl-OTNIAAKN—TECTMPOBaHuA. B kayecTBe mpumMepa MeNKO3EpHM-
CTOrO NPUWIOKEHUSA C TPMBUATBHBIM MaCCOBBIM Iapajle/IM3MOM MCIIONb3YeTCs Bbl-
4ncnemme MHOXeCTBa Manpienb6poTa. B kayecTBe nmpumepa KpyIHO3EpHUCTO! HIpO-
rpaMMbl C MaCCOBBIM Iapajenyi3MOM WUCIONb3yeTcs npunoxxenne Zoomlmage. Ha
nprmepe nporpammbl ParallellO nokasaHo, Kak Hy>XHO YMTaTb 1 3aIMCHIBATD Qaii/ibl
Ha MHOTOIIPOLIECCOPHBIX CUCTEMaX.

Hobpo noxanoeaTe B napanienbHoe NporpaMMmMpoBaHue Ha ssbike MATLAB.
B xope osHakoM/eHMsA C JaHHO ITIaBOit UMTaTENb CMOXKET YOEIUTHCA B HIpeuMyILie-
CTBax IpOM3BOAMTENLHOCTY HECKONbKMX MapanienbHeix nporpamm Ha MATLAB. B
JIaHHOM I7IaBe JIAETCA KPATKOE M3JIOKEHVIE HECKOIbKMX MPOrpaMM, NO3BONAIOLLEE MO-
NYYUTb TpeAcTaBleHue 06 OCHOBHBbIX IPMHIMIIAX HAIMCAHUSA ¥ BBIIOIHEHUS MHO-
)KeCTBa IapaJUleNbHbIX NporpaMM. Kaxasli npuMep sB/IA€TCA CaMOROCTaTOYHBIM U
MOXXET pacCMaTpMBATHCA HE3aBUCHMO OT Apyrux. [[Ipumeuanue: s MpaKTHYECKO-
T'O BBINO/IHEHMA JaHHBIX IPMMEPOB HEOOXOIMMO YCTAHOBUTh COOTBETCTBYIOLIME NPO-
rpaMMsl 1 6a30BOe NapajIenbHOe IporpaMMHoe obecrieyenyte. IHCTpykimm 1o ycTa-
HOBKe Bbl Haiffiere Ha BeG-caifte kayam (http://www.siam.org/KepnerBook).] Ilocne-
AyloLlMe pa3ieNbl MMEIOT TaKylo JKe CTPYKTypy. Kaxxapiit pasjen oTKpbiBaeTCs HOJi-
paspenom «Havano pa6oTel», B KOTOPOM HpOrpamMMa BBIIONHAETCA HA PasIMYHbIX
NpOLieCCOpaXx, IpU 3TOM U3y4aeTCA €€ pe3yNbTaT ¥ perMCTpUpYeTCs BpeMA BbIIOTHE-
Hus. Bo BTOpoM niofipaspiene npecTasieH MaTeMaTU4eCKMit aCHIEKT 3a/iauM, a TaKke
6asoBas napannensHas peanusaius. B TpeTbeM nogpaspene omcpiBaeTcs, KakuM 06-
pasoM 6bia HamvcaHa napasmienbHas nporpamma Ha MATLAB. B uetBepToM noppas-
[fiene paccMaTpyBaeTCA NMPOLECC OTIAfIKY MPOrpaMMbl. 3aBepLIaeTCA pasfieNl U3yYeHH-
€M BpeMEHHBIX XapaKTepyCTHK ¥ OLieHKO# 0611eit npoyspouTenbHocTy. B koHIe Ha-
crosuielt rnaBsI crenyeT 06Ccy>xaeHne paboTsl IpOrpaMMm 1 TO, Kak 6blIa IOCTUTHYTa
BBICOKAs NIPOM3BOAIMTENTbHOCTD.

2.1. Nporpamma: Mandelbrot (Menko3epHUCTLIN TPUBUANLHLIA Mac-
COBbIW Napannenuam)

Hau6onee pacrpocTpaHeHHBIM CIIOCO60OM IpVMEHeHMs Napa/UieNIbHBIX BHIYMCIEHUA
ABNAETCA MHOTOKPaTHOE BBITIONTHEHVE O{HOM M TOIA e TPOrpaMMBbI C He3HAYNUTEIbHO OT/N-
VAIOLMMUCA IPYT OT APYyTa BXOAHBIMYM NapaMeTpaMn. Takye IPoOrpaMmbl O6bIYHO OTHOCAT
K «IporpamMmaM C TpMBMabHBIM MacCOBBIM IIapanieNn3MOMy», IIOTOMY YTO OHM MOTYT BBbI-
NONHATBCA HE3aBUCMMO JPYT OT gpyra. I1pyu BbIO/IHeHM fAHHBIX IIPOrpaMM He Tpebyercst
KOMMYHUKALIMMU [Moler 1985). KoHeuHo, B Takmx NporpamMMax HeT HMYero TPMBMAZIbHOrO.
JlaHHBIA TepMUH O3HAYEET, YTO UX AOCTATOYHO NMPOCTO 3acTaruTh APPekTNBHO PyHKLM-
OHMPOBATH HA NAPANNENHHOM KoMuLTepe. B o6imem cnytae BhGOp cpen pusimiHbix
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BUJIOB TIapa/Ule/IbHbIX peaqm3aiyil B MONb3y «TPMBMAIBHOTO MAaCCOBOTO Iapasijie/in3Ma»
TIOYTY BCerfia sIB/ISETCS HaumyyIlyM.

IlepBas nmporpamMma IpVIMeHsET TOJXOJ, «TPMBMAIBHOTO MacCOBOTO Mapajlie/in3Mar»
IS BbIYMCTIeHua MHOXecTBa Manpiens6pota [Mandelbrot 1982], ogHoro u3 Ham6onee mo-
IIY/IAPHBIX TIPU/IOXKEHNIA ISl peany3aluy B Napa/UIeIbHbIX BBIYMC/IEHNAX, TaK KaK C €ro Io-
MOLbIO JOCTATOYHO IIPOCTO HONYYNTb XOPOLIYIO IIPOM3BOANTENBHOCTD. B TO >ke Bpems 3ta
3ajjaya AB/IAETCSA IPefiCTaBUTETIEM LIMPOKOTO K/Iacca 3afjay: MPOCTHIX, HO B TO ke BpeMs Tpe-
6yrompx 60/bLIOro o6beMa BHIYNCIEHMIL. B KOHEYHOM NTOTe B KaYecTBe pe3ynbraTa pabo-
TBI IPOTpaMMBI TIO/ly4aeM XapaKTepHoe n3o6pakeHne MHOXecTBa MaHzens6pora B Buje
«MeyexBocTa», KOTOPOe AaBHO yKpalllaeT 06/I0KKN MHOTYX HayYHBIX VI3[aHWil V1 ABJIS€TCS
TIOMY/IAPHON 3KPaHHO 3aCTaBKOM.

2.1.1. Hayano pa6otsi

Jlns BeITONHeHMA nporpammel 3aryctnte MATLAB nnepesimre B iupekropo Examples/
Mandelbrot (. e. BBegure cd Examples/Mandelbrot). B koManaHOit cTpoke Habepyre

pMandelbrot

B 310oM ciyyae mporpamMma BHITIONHAETCS Ha BallieM JI0KaZIbHOM IIPOLieCCOpe ¥ BBIBOANT
usobpaxenne (cM. puc. 2.1) 1 mopo6HbIe BpeMeHHbIE XapaKTepUCTUKM:

Compute Time / BpeMs BHuUMCIEHMs (sec/c)=29.396
Launch+Comm Time/BpemMms 3anycka+B3amMMOmeincTeMs (sec/c)=0.003034

3amunTe 3TV BpeMeHHbIE XapaKTepUCTMKY JIA TOC/eRyolero aHannsa. Ilostopure
Iporenypy [A KaXI0ii M3 CIeyIOnMX KOMaH:

eval (pRUN ( ‘pMandelbrot’ ,1,{}))
eval (pRUN ( ‘pMandelbrot’ ,2,({}))
eval (pRUN ( ‘pMandelbrot’ ,4, {

JlaHHbIe KOMaH/BI BHIONHsOT Hporpammy Mandelbrot ¢ mcronb3oBannem opxoro,
mByX M yeTbipex P,.. [Ipy BHIMONHEHNN HA Tapan/ielbHOM KOMIIbIOTEpe BHIIAIOTCS 3HayYe-
HWs BpeMEHHBIX ITapaMeTpOB, IIOX0XKIe Ha YKa3aHHbIe B Tabnuue 2.3.

MNo3sppapnsem! Bel ycrHemHO BBINOMTHWIN CBOIO IEPBYIO IapajlleNIbHYIO IPOrpaMMy
MATLAB. IlonyueHHble pe3ynbraTsl 6yRyT M3y4eHb 6071ee MOFPOGHO B X0z Na/TbHEIIIET0
o6cy>xaeHnst IporpaMMBI ¥ IoTyYeHNs 6oree MOMTHOTO IPeNiCTaB/IeHNs O TOM, YTO O3HaYa-
10T laHHble BpeMEeHHbIe XapaKTepVCTUKIL.

BaxHoe mpumevanme: NOC/TeNHNIT apryMeHT KoMaHAb PRUN  onpenensier, Ha KakoM
napal/iefibHOM KOMIbIOTepe GynieT BHIMOMHATECA MporpaMma. MoxeT BOSHUKHYTH Heo6-
XOAMMOCTb B TIO/Ty4€HNM HaJJIeXAIMX YCTAHOBOYHBIX ITapaMeTPOB Yy BaILEro CCTEMHOTO
aIMMHUCTpaTOpa; AIA HonydeHns 6onee nmoppo6HOi MHGopMaLum obpallaiiTech Ha Be6-
calfT KHMIM. YCTaHOBKa MOC/IEHEro aprymeHTa 3HaueHneM {} UpMBOAUT K BBINONHEHMIO
MHOXECTBA KONWiA POrpamMMbl Ha BalICM JIOKMIBHOM KOMIBITEPE 1 HOTYHEeHMI0 (PYHKIn-
OHa/IbHBIX XapaKTepUCTHK, OTIUYHDIX OT YKa3aHHBIX B Tabnnue 2.3.



PucyHok 2.1. Pesynbrar nporpammel Mandelbrot. Tlpumep pesynbrara mporpamMmbl
pMandelbrot

2.1.2. Pagpa6oTKa mapanienbHOli MporpaMMsl

Paspa6oTka napanienbHoit IporpamMmbl HauMHAETCA C YKasaHUA TOTO, YTO O/DKHA [Jie-
naTh NporpamMma. B jaHHOM cnyyae — BHIYMCIATH MHOXKeCTBO MaHpienb6poTa. MHOXeCTBO
Matpienb6poTa BIMMCIAETCA IIyTeM PEKYPCUBHOTO IIpUMeHeHNs (GOPMYITBI

f@=2.%Z+C,

rae Z u C - xoMIIneKcHble uncna. M3obpaxenne MHOXecTBa MaHpensb6pora popmupyercs
nyTem nepe6opa napamerpa C B CBOeit 06/1aCTi Ha KOMIUIEKCHO TVIOCKOCTH:

~1.6<Re(C)< 04, 1< Im(C)< 1,

rgpe Re () u Im() - MHMMas M AeNCTBUTENbHAS YaCTU COOTBETCTBEHHO. ba3oBblit anro-
PMTM JiIA BbIYKCTIEHUS MHOXKeCTBa MaHpienb6poTa nokasaH B Anroputme 2.1 (6onee mop-
po6Has uHPOpMaLA B IIOAINCH K aJITOPUTMY).

Anroput™ 2.1. NocnepoBaTtenbHbii anroputm Manaensbpota

B KayecTBe MCXOMHBIX JAHHBIX aNTOPUTM MPYHMMAET pasMep BBIYNC/IAEMO MATPULb]
N, MakcuManbHOe YMCTIO BBITIONHAeMBIX uTepaunit N, v HiwkHuit nopor &. Komnnekcuble
marpuupt Z v C MHMLanuM3upyoTcs B cTpokax 1 1 2. B crpokax 5 u 6 BeluncnsieTCs Cleny-
I011aA UTepaLyA MHOXeCTBa MaHpenb6poTa, ¥ 3HaYeHNs MacIUTaGUPYIOTCA B BHIXORHYIO
matpuuy W. 3HadeHns, peBbILIalon{ye Nopor, ONpefeNAIloTCA B CTPoKe 7.



W : RY*N = MANDELBROTSERIAL(N, Nytep, €)
1 2,C:CNVN*XN 4§, =1:N?

2 C(i,j)=(jN/2—-16) (iN/2-1)y/-1, i,j=1:N
3 for istep =1: Nstep

4 do

5 2(i;) = Z2G.) - » Z(;)  Clic)

6 W(ie) = exp("‘lz(ic)l)

7 ie = arg(W > ¢)

B maHHBIT MOMEHT TOYHBIE [leTay BBIYMCIIEHNI HaM He BaxkHbl. Hanbonee 3Haunmas
nH}pOpMALN 3aK/TI0YAETCs B CIEAYIOLINX ABYX CBOMCTBAX.

e  Brrumcnenue muoxxecTBa MaHfienb6poTa NpeacTasnseTr co60if MHOTOKpaTHOE IO-
BTOpeHMEe OIHOTO ¥ TOTO >Ke BBIYNMC/IEHMs 1151 KOHKpeTHOro mapamerpa C(i,j).

e Pesynbrar pns omHoro 3HadeHus C(i,f) He 3aBUCHT OT APYTUX ¥ MOXET GBITh BBIYNC-
JIeH He3aBUCUMO (T. €. TapajljieNIbHO).

TlepBoe CBOVCTBO O3HaYaeT, YTO 3afjaya B [IOCTATOYHOM CTETIEHM COIEPXMUT B cebe Ia-
pannenusm (T. e. €CTh BEIYMVCTIEHNS, KOTOPble (PAKTNYeCKM MOTYT GBITH BBITIONIHEHB! OfHO-
BpeMeHHO). B o611iem cryyae napanienusm B porpaMMe o6Hapy>XnTh HeCIOXHO. BTopoe
CBOICTBO O3HAYa€eT, YTO [JAHHBII KOHKPETHBII Iapajiieu3M MIMeeT BBICOKYIO JIOKaJIbHOCTDb
DaHHBIX (T. €. JaHHBIE [JIS BLITIONIHEHNSI TTapaJl/IeNIbHOTO BBIYVCIIEHWS ABIIIOTCS TOKAIbHBI-
My st 31010 P ). JIoKanbHOCTD HaliTy B IIpOrpaMMe CJ10XHee, OfIHAKO OHA AB/IAETCA KITI0-
4yeBbIM (PaKTOPOM IS TIONYYeHNs XOpollieil IapajUleNbHOM IPpOU3BOAUTENBHOCTH. 3T
IiBa CBOMCTBa — OO1Me [/I1 MHOTVX TUIIOB BBIYVMCIIEHNI ¥ BEICTYTIAIOT B Ka4eCTBe OCHOB-
HBIX Tpe6OBaHMii [/IS Iapa/lIeNIbHBIX POTrPaMM C MacCOBBIM ITapalfieNn3MOM.

B 1iepByio Ouepe/b TIpyu paspaboTKe MapalieNbHOI TPOrpaMMbi HEOGXOIMMO PELNTB,
KaKyM 06pa3soM HYXXHO pacTipefeNnTh NlapaMeTpbl MeXHy pasHbiMy P . JlanHbII TIpoLiecc
6yner MMeHOBATbCs pasmenjerHuem alrOPUTMa Ha NapajjlenbHOM KomIbloTepe. CraHaapT-
HBIi1 CTIOCO6 paciipeieNieHyst 11 MENKO3ePHNCTBIX 3afiad C TPUBMANIBHBIM MaCCOBBIM Ia-
pannennsMoM 3aKiIo4yaeTcs B Iepefade Kaxmoit yactu obnactu C oTaenbHoit rpynme P
Hanpumep, ecnu umeercs yetbipe P, 061acTb ompefieienns MOXHO 6b110 651 pacripefie-
MTh (Kak TokasaHoO B Tabnuie 2.1). Takoe pacipenenenue pas6buBaer obnacTb B IepBOM
M3MepeHuy M laeT pasHble BepTUKATIbHBIE TIONI0Ch! Kaxiomy P . B pesynbrare pactipenene-
HUs1 TIONy4YaeM INapajlleIbHbIA alTOPUTM, MOKa3aHHBII C UCIoNb3oBaHMeM P-3ammcu B An-
roputme 2.2.

Tonxon K napanneTbHOMY IPOITPaMMMPOBAHMIO HA OCHOBE KapT pa3Mell[eHNs sIB/IsAeT-
€S OCHOBOIJ1 TTapa/IeNbHOTO MPOTrPaMMIPOBaHN paclipefieNleHHbIX MaccuBoB. OH 6bl1 He-
ORNHOKpaTHO peannsonal (cM. ImaBy 5 u ykasanubie ccbinkm). [losxe ynpoijennas ¢op-
Ma IofXofa Ha OCHOBe KapT ObI/Ia YCIIeIHO afiaNTypoBaHa i paboThl C ONpefieNieHHBI-
MM K/TacCaMy KPYITHOMaCIITaGHBIX IIpM/IOKEHUI pacIipeie/IeHHOro MporpaMMypOBaHNs
[Dean & Ghemawat 2004].
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Ta6muua 2.1. Ilapannensuoe pacnpenenenne B nporpamme Mandelbrot

[Nuamnason usmenenusa C pacnipenenes ana Np = — 4 Takum o6pa30M, YTO KaXKbli1 P,D
6yneT BBITIONHATH BBIYMCIIEHHA [JIA OTAENbHOM BEPTHKABHOI! IOIOCH

P, JeicTBUTeNbHLIN AManasoH MHuMbIit aymanasoH
0 -1.6 <Re(C)<-1.1 -1 <Im(C) < +1
1 -1.1<Re(C) <-0.6 -1<Im(C) <+1
2 -0.6 < Re(C) <-0.1 -1<Im(C) < +1
3 -0.1<Re(C)<+04 ~1<Im(C) < +1

Anroputm 2.2. NapannenbHbii anroputm Mandelbrot

W: R +P(N)XN = ManpetsrorParaLLE(N,N,, zp,e,Np)
1  ZCCPN)XN  i=1,..,N2/Np

2 C(ij) = (N2 - 1.6) + (iN/2 = 1)V-1,ij=1: N

3 fori, =1:Nstep

4 do

5 Zloc(i)=Z.loc(i).* Zloc(i)+ Cloc(i)
6 W.loc(i) = exp( -|Z.loc(i )|)

7 i, = arg(W.loc > e)

Bo-BTOpEIX, IIpy paspaboTKe IapanenbHOi MPOTrpaMMbl HEOGXOAMMO OTIpeleNMTh, Ka-
KuM 06pa3oM IOCTaBUTD KaXAOMY P, nHpOpManmio, HeO6XOMMMYIO eMy /sl BEIYMCTIEHMIL.
B naHHOM npumepe ucnionb3yercs pactipeienenHbiit maccus C, 4To 1o3Bonser Kaxaomy P
onpenenuThb YacTbh 0671aCTH, Hajl KOTOPOIt OH JIO/KeH paboTaThb. 3aTeM Kaxplii P, BeIIoNn-
HAET BLIYMC/IEHMS Ha CBOei! NI0Ka/bHOI YacTy MaTpuibl W. Benymmit mpoueccop P, mo-
XeT NONMY4NTb NOKANbHbIE MATPUILI OT APYTUX P, a Takoke cO6paTh M 0TO6pa3UTh KOHEY-
HYI0 MaTpuLy. BuayanbHoe mpezncraBiieHne Takoit peanusalyy IapanieNbHOM MporpaMMBbl
NoKasaHO Ha puCyuKe 2.2.

2.1.3. Kox

CnepyonmM 1maroM CTaHeT HamycaHue IapajuienbHoOi mporpamMmbl Mandelbrot. TIpn
CTaH/IAPTHOM (M peKOMeHIyeMOM) MOAXOAE K HAIIMCAHUIO C/IEAyeT HayaThb C KOPPEKTHOM O~
cnepoBaTenbHol nporpammel Mandelbrot. Otnajika napanienbHBIX IPOrpaMM MOXET TIpef-
CT@B/IATL HEKOTOPYIO CNIKHOCTB, M JIy4ille BCETO HaYaThb C IIPOTrPaMMBl, KOTOpas yxe pa6o-
TReT ¥ MOXKeT ObITh IIPOBepeHa Ha KOPPEKTHOCTD IO Mepe Jo6aB/eHus Napaie/bHbIX KOH-
cTpykumit. Kak yxe 6bUI0 CKa3aHO B IpefibIylleM TIOApasfieNe, WIS NapajlelbHOTO Kofia
HeOo6XOMMBI TPM IONONHUTENbHbIE YacTy PYNKLMOHATBHBIX BO3SMOXKHOCTEIA.

o  Kaxnbuit P, cospaer pactipepenentble MaccuBbl W, C u Z ¢ nCTionb3oBaHmMeM Kap-

Th pasMellieHUA.
o Kawpmit P, onpegenset yacTh o6nacTv, KOTOpYI0 OH GYAeT BLINUCIATY, HOCPe-
¢TBOM OOpALLEHNUA K JIOKaTbHOM YacTu MaTpuubl C.
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o Benywmii aksemmiap P, mony4aet nokanbHbie YacT W i1 GOpMMpyeT KOHeYHbIit
pesynbIar.

KOHelL}
end

Bpems
time

1 |
| L . .

HayYyaJ/io o D

_1.6 - 1.01 mdlIMP)’lOIIIMﬁ x 0 4 ? 1 Oi s
npoiecc - .

PucyHok 2.2. Peanusaums napannensHovt mporpammel Mandelbrot
Kaxpiit sk3emnnsap P, onpenensieT, Kakyio 4acTb 06macT eMy HeO6XOMMO BbIYMC-
JIMTB, BBIMUC/IAET JIOKA/TbHYIO YaCTh MaTPUI[bl M IIOCbINIa€T ee BeAymemy komy P, (myHk-
THpHEble JMHyy). 3aTeM Benywmit P, GopMupyeT u 0To6paxkaeT KOHEYHYIO MaTpHIy

Slppo mapannenbHOro Kopa rnokasaHo B JIuctisre kopa 2.1 (TIONHbI IMCTVHT PacIiono-
eH B Examples/Mandelbrot/pMandelbrot.m). Cnenyer nosmmars, 4To OfMH ¥ TOT XKe KOF,
6yneT BHIMOMHATBCS KOXBIM 3K3eMiisipom MATLAB. EnvHCTBEHHBIM pasnuyyeM MeXJAy
SK3eMIIAPaMM ABJIAETCS Ha/IMYMe Y KXKJIOTO U3 HMX YHUKanbHoro P (1. e. Pid), KoTopbiit
MCTIONb3yeTCA [1A ONpeNe/ieHNs TOTO, KaKye YacTy paclpefieTeHHOTO MacCyBa IpVHajle-
Xart Kaxxiomy 13 sksemmsipos MATLAB.
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Jluctunr koga 2.1. NapannenbHasa nporpamma MATLAB anst Belvuc-
neHus MHoxecTBa MaHgenwbporta (nporpamma Mandelbrot)
% Set number of iterations, mesh size and threshold.

N=2400; Niter=20; epsilon = 0.001;
PARALLEL = 1;

oo

Set control flag.

o

Wmap = 1; Create serial map.

1
2
3
4
5 if (PARALLEL)
6
7
8
9

o0

Wmap = map ( [Np 11, {}, O: Np -1):; Create parallel map.
end

W= zeros (N,N, Wmap):;

local (W);

10 myI global_ind(w,1);

11 myJd global_ind(w,2);

12 [ReC ImC] = meshgrid(myJ./(N/2) -1.6, m

oo

Distributed array
Get local part.

Get local i indices.
Get local j indices.
I./(N/2) -1);

oP

Wloc

oP

oo

<

13 Cloc = complex(ReC, ImC); % Initialize C.

14 Zloc = Cloc; % Initialize Z.

15 ieps = 1: numel (Wloc); % Initialize indices.

16 tic;

% Start Clock.

17 for i=1 : Niter; % Compute Mandelbrot set.

18 Zloc(ipes) = Zzloc(ipes) .* Zloc(ipes) + Clock(ipes);
19 Wloc(ipes) = exp(-abs(Zloc(ipes))):
20 ieps=ieps( find (Wloc(ipes) > epsilon) );

21 end

22 W = put_local (W, Wloc); %Put back into W;

23 Tcompute = toc; % Stop Clock.

24 tic; % Start Clock.

25 W1 = agg(W); %Gather back to leader.
26 Tcomm = toc; %$Stop Clock.

Ilepesoo

1 Yemanosume xonusecmeo umepayuti, wiaz A4etiku u nopozosoe 3Ha4eHue;
3 Yemarnosume xonmponvHwiti dnae;

4 Cosdamv nocnedosamenvHyio Kapmy pasmeueHuss;
6 Co3damb napannensuyio Kapmy pasmeuyeHus;

8 Pacnpedenennviii maccus;

9 Ilony4ums noxanvHyio yacmo;

10 Ionyuumy noxanvhbie uHOeKcw i;

11 Iony4ums noxanvhvie undexcei j;

13 Mnuyuanusayus C;

14 Unuyuanusayun Z;

15 Unuyuanusayun unoexcos;

16 3anycmump aces;

17 Bostucnumo muoxncecmao Mandenv6poma;

22 [Tomecmums o6pamno a W;

23 Ocmanosums vaces;
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24 3anycmump 4acwl;

25 Cobpamb u Hanpasumv eedyusemy;

26 Ocmanosump 4acet.

Crpoxu 3-7 cospaioT napamienbHoe pasMmerenne Wmap. ®nar PARALLEL sansercs
JOTIO/THUTENbHBIM MHCTPYMEHTOM OT/Iaf KM, TIO3BOJAIOLMM BK/IIOYATh ¥ BHIK/IIOYaTh pac-
npezieneHHbie MaccuBbl. [Ipymedanne: faHHBI METOR MOXKET MPUMEHATHCS TONBKO B TOM
Cyyae, €C/y1 BCe MaCCBBI OOBABIEHb! KAK MUHMMYM C IBYMs M3MepeHusiMy (T. €. VCIIONb-
sylite zeros (N, N) BmecTo zeros (N) s co3faHus KBafipaTHbIX MaTpuL).

Crpoku 8-9 cospaloT pacnpeqeneHHblif MaccuB W, IpM 3TOM KaXIbIii 3K3eMIUIAP
MATLAB u3BnekaeT CBOIO IOKa/IbHYI0 4acTh Wloc.

Crpoxu 10-12 copep>xar KOMaH/y [ist Kaxxgoro sk3emiuiapa MATLAB BbramcmmThb MH-
nexcel my I 1 myJ pacrpefieneHHOro Mmaccusa W, COOTBETCTBYIOLLVIE €T0 JIOKAJIbHOM YacTH.
ST MHAEKCHI TI03XKe UCTIONb3YIOTCS VIS CO3[[aHN Hada/IbHBIX NTapaMeTpoB C1oc, KOTOphIe
MCIIONb3yeT KaXablit 3k3eMIuisp MATLAB fi1s1 BHIIONHEHNs CBOEi YaCTU BbIYVC/IEHWIL.

Crpoxu 13-21 aBIsAIOTCS AApOM aNropuTMa MHOXeCTBa MaHpens6pora 1 aHanormny-
HBI CTPOKaM IIOC/IeI0BATENbHOTO Kofia. B lTaHHOM Kome Kaxbii 3k3emiuiap MATLAB 6y-
AeT BBIYNMCIATh MHOXECTBO MaH/ienb6poTa ¢ MCIIoNb30BaHMeM JIOKA/IbHBIX MaTpuLl Cloc,
Z1loc u nomejaThb pesynsrar B Wloc.

B cTpokax 22 u 25 kaxpiit P oMelnaeT CBOKO JIOKaNbHYIO YacTh pesynbrata Wloc
Hasaj B pacmpefieneHHblit MaccuB W. 3aTeM pesynbrat cobupaeTcsi 06paTHO B BefyLimit
npoueccop MATLAB (. e. P,,=0).

BrllieykasaHHBI KOJI ABAETCA APKUM IPUMEPOM MOAXOAA K IPOrpaMMMPOBAHNIO Ha
OCHOBe KapT pasmenjenns. Ilocne Toro, kak cosfaHa Kapra Wmap, OHa MCIIO/b3yeTcs s
CO3naHNs pacipefieNieHHOI MaTpyLbl W AJIsl XpaHeHMs! pe3y/IbTaToB BBIYVMCIEHNSA MHOXe-
ctBa Manpenb6pora. Tenepb kaxaeptit sksemisip MATLAB moxer ncnonb3oBaTh pacipe-
NleleHHbIi MacCUB JUIA ONpeJeNIeHNs MHIEKCOB, KOTOPBIMM OH BJIAJI€ET, C UCIIONIb30BAHM-
em ¢yHKIM global ind. 3T MHEEKCH BIOCIEACTBUM VICTIONB3YIOTCS A/ BRIYNCIIE-
HUSl JIOKaJIBHOI YacTy o6nacteit Cloc, KOTopble 3aTeM MCIIONB3YIOTCA AJIS BBIYMCIIEHMS
nokanbHOro MHOXecTBa Manpenb6pota. JlokanbHble pe3ynsraTel Wloc KOMMpYIOTCs 06-
paTHO B pacnipenieneHHbI MaccuB W ¢ icrionbsosanueM ¢yHkumu put local. Hakowner,
MaTpuiia W Hanpas/isieTcs «BefylleMy» Ipy romoum GyHKumm agg.

Ha panHOM mpuMepe kofa MOXXHO IpOCTIEINTh HEKOTOpble CBOMCTBA MOAXOAA K Ipo-
IpaMMMpPOBAHNIO HA OCHOBE KapT pasMelleHusl.

e HesnaunrensHoe BrmsiHue Ha kop. [IporpamMma npeo6pasoBaHa 13 IoCjeioBaTeNb-
HOV B TapaJUIeNIbHYI0 NyTeM 06aBneHNs OKoo 10 JOIONMHUTENbHBIX CTPOK KOHa.

o Ilocneposatenbhblit Ko coxpansiercs. [Ipu ycranoke PARALLEL = 0 laHHBI/ KOX
MOXXeT OBITh BHIIIO/IHEH TIOCTIE[OBATENbHO 6€e3 MOALep>KKY NapajuleNbHbIX 6M67m0-
TeK, Tak Kak W 6yneT muib perynsapHbiM maccuBom MATLAB.

o Heb6onbwoit 06bem ucronb3oBaHms NMapatenbHoOi 6ubmorexn. ITorpe6oBanocs
TO/NBKO NATH (YHKLWIt NapajuenbHOM 6ubmoTex: map, local, global ind,
put_local,un agg.

e Macmtabupyemoctb. Ko MOXeET BHIIONHATHCA 1A 3ajaue N060Oro pasMepa U Ha
noGOM KONMMUCCTBE HPONECCOPON, TAK KAK PAIMEP NOKANBLHBIX IEPCMCHHBIX He
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Y4YUTHIBaeTCA HY B OJJHOM 4acTy BbIYMC/IEeHMIT, a Wloc, Cloc u Z1oc BHIYNCIA-
107TCA M3 W.

e OrpannyeHHas KOMMyHMKaLm. [I0CKO/bKy MCIIONB3YIOTCA TIOKATIbHbIE IIEpEeMEHHbIE
Wloc, Cloc, n Z1oc, ucrnonb3oBanye KOMMyHMKALMA CTPOTrO KOHTPOIMPYETCH.

»  Hesasucumoctb or KapT pasmemenms. IIporpamma 6ymer paGorath ¢ 6onb-
LIVM YMCTIOM Pa3HOOOpasHbIX KapT. 3HaueHye Wmap Moxer OBITh 3aMeHEeHO Ha
map ([1INP], {},0:NP-1),npu3ToM Kof 6yIeT BBHIIONHATLCA KOPPEKTHO.

o TapanTtma nmpousBogmTenbHOCTH. Vicmonb3oBaHue B OCHOBHOM aITrOpMTMeE JNILb
NIOKa/IbHBIX NepeMeHHbIX Wloc, Cloc, u Z1oc, KOTOpble ABNAIOTCA OGBIYHBIMU
yncnosriMy MaccuBaMu MATLAB, rapanTipyer OTCyTCTBYE CKPBITOTO YXyALIEHNs
MpOM3BOAUTENLHOCTY Iy TapaslleTbHOM BHITIIOIHEHRNY JAHHBIX CTPOK KOfia.

2.1.4. OTnagxa

Kak ynommunasnoce patee, apanienbHas OTIaaka IpeJcTasiseT co6oit HEPOCTYIO 3afia-
yy. OCHOBHBIM TIpeNMYILIECTBOM IIOAXOM2 K MPOrpaMMIPOBAHMIO HA OCHOBE KapT pa3Melile-
HMA ABNAETCA TO, YTO OHO IIOMIAETCA CTPOTO OIpefeNIEeHHOMY IpOLecCy HallyCaHMA—-OT/Iaj-
KU-TecTupoBaHus. [lapa/ieNibHblf KOfi BBOAUT B IIPOTpaMMy HOBYIO (yHKIMOHA/IbHOCTD,
OTN1ajIKa KOTOpOit IPOV3BORUTCS HE3aBUCHMO OT ITOCTIEIOBATENbHOI (PYHKUMOHATIBHOCTH.
Haunyuimm crioco6om oTnajiku Takoi HporpaMMEL IB/ISAIETCSA e IOBTOPHOE BHIIIONIHEHNE B
Heckonbko 3tanos. CoOTBETCTBYIOLIME ILIary yKa3aHbI B Tabnuiie 2.2 (6onee nogpobHoe 060-
CHOBaHMe CMBIC/IA, CKPBITOTO 3a 3TUMM IlIaraMu, GyaeT MpeICTaB/IeHO B KHNUTe MO3Xe).

Illar 1. BoimosHeHye IIporpaMMbl IOC/IEA0OBATENbHO Ha JIOKA/IbBHOM KOMIIBIOTEPE C pac-
npefeneHHbIM MaccuBoM W, IpeBpallleHHbIM B OObIYHBI 4MCIOBOi MaccuB. TakuM 06-
pasoM o6ecrneurBaeTcs COXpaHeHNe KOPPEKTHOCTH TIOC/IENOBATENBHOTO KOJa, a OlepaLym
global_ind u local paboTaioT Ha OGBIYHBIX YMC/IOBBIX MaCCHBAX.

Ta6bmuua 2.2. Hlaru oTnagku

CraHgapTHBIe IOCIEAOBATEBHO YCIWKHAIOLMECS LIaTy NP OT/IajKe Mapa/UIeNbHOM
nporpammsl. ITpyu ka>x0oM L1are TECTUPYIOTCA ONpefeNneHHble aCIIeKThl KOAa

War Pexum Mpoueccope! 3apaua Llenk otnagku
1 PARALLEL=0 1 (nok.) Man. KoppekTHbiii nocneaos. koa
2 PARALLEL=1 1 (nok.) Man. KoppexTHelit napan. koa
3 PARALLEL=1 2+ (nok.) Man. KoppekTHas nok. KoMMyHMKaLus
4 PARALLEL=1 2+ (ynan.) Man. KoppekTHas yaan. KoMMyHMKauus
[} PARALLEL=1 2+ (ypan.) Bon. W3mepeHye Npon3roaANTENbHOCTY

Lllar 2. BoimonHesue nporpamMmsl NOC/€NOBATENIBHO Ha JIOKa/IbHOM KOMIIBIOTEPE C pac-
npezeneHHbBIM MaccuBoM W. JlaHHBI [ar no3BonsAer y6eauThCs, 4To onepaliy Hay W Bce
ewye paboTaloT, Koraa OH SAB/AETCA Y)XKe pacrpeneNeHHbIM.

Llar 3. BoinonHenne nporpamMMbl Ha JIOKa/IbHOM KOMIIbIOTepe B IapayiennbHoM Bupe. Ha
3TOM LIare onpefeNAeTcA, ABNAECTCA /1Y IEKOMNO3NLUSA 06/1acTH KOPPEKTHOM KOHKPETHO 1A
JRHHOTO NpuMepa - NPABUILHO 7| NpOM3BeJeHO BblyncneHue Cloc Ha ocHoBaHuMM myI M
myJ. OH TaKoke oupeAcnfeT OUMOKM KOMMyHMKaLMK, BLITONMHACMONA MIPX 1OMOLUM orepa-
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uuy agg. V3 Bcex maroB 3TOT, BepOsiTHEE BCETO, SAB/IAETCS CAMbIM BaXKHbIM M BBLIABIISAET
6071bl1ie BCETO OUIMOOK.

Illar 4. BbinonHeHye mporpaMmbl Ha yAaleHHOM KOMIIbIoTepe B MapajuienibHoM Bupe. Ha
JAHHOM IIare ONpefe/IAI0TCS OINMOKM yalleHHO KOMMYHVKALH, BHITIONIHAEMOMN [Py [IOMO-
L olepaLny agg. B 0cHOBHOM Ha 3TOM Iliare ONpefie/1AI0TCSA OLMOKN KOH(Urypaym mpu
YCTaHOBKe ¥ HaCTpOJiKe Mapajvie/IbHOrO MporpamMmMHOro obecrieyennss MATLAB.

Ilar 5. BeimonHeHne nporpaMMbl Iapasiie/bHO Ha yzia/leHHOM KOMIIBIOTepe, HO C HTepe-
CyeMBIM pa3MepoM 3afiaun. J[o 3TOro MOMeHTa TeCTMpOBaHMe O/DKHO GbUIO OCYIIEeCTBATD-
4 Ha 3afjaye MajIoro pasmepa. JlaHHBII Iar MO3BOJIsAET ONpe/ie TN Th IIPOM3BOAMTETbHOCTD Ha
peanbHoI 3anaye.

OnucaHHble WAru sABIAIOTCS CYIIeCTBEHHBIM OTpa)keHNeM 3TalloB, YKa3aHHBIX B pas-
pene «Hayano pa6ore». Ha Ka)kioM M3 IIaroB TeCTHPYIOTCA ONpee/leHHble acTeKTHI Ma-
pamnenbHoro kofa. Kpome toro, B HanbonplieM o6beMe TeCTHPOBaHNe IPOU3BOAUTCS JIO-
KaJIbHO Ha MaJIbIX 3aflayax, KOTOphIe BHIIOMHAIOTCS 6bICTpee Bcero. O4eHb 4acTo Mporpam-
MJCTHI TIBITAIOTCS BBITIONIHUTD OT/IafiKy Ha 6ONbIIMX 3afiadax (IIpy KOTOPBIX MPOLIECC BhI-
sIBTIEHMA OIMOOK 3aHMMaeT 6O/bllie BpeMeHM), XOTS 3TH OIUNMOKY MOXXHO 6b110 651 06Ha-
PYXWTb, 3aTpaTB HAMHOTO MeHbIlie BpeMeHH, TIOCPECTBOM BBINO/IHEHNS OT/IafKy Ha Ma-
NBIX 3ajja4yax.

2.1.5. TectupoBaHue

Tectupoanne nporpammer Mandelbrot — npu ycioBun, 4To OHa yxe OTNIaXkeHa M BbIJaeT
NpasM/IbHbIE OTBETHI — B OCHOBHOM 3aK/II0YaeTCsl B ONpefie/leHNy BpeMeHM, KOTopoe Tpéby-
€TCs I/ €€ BHITIO/THEHNA, @ TakKe BBIACHEHUA TOrO, HACKOJIbKO €€ POV3BOJMTEIbHOCTD CO-
OTBETCTBYeT OxuyiaemMoii. [Touty Bce BpeMeHHbI€ IIOKa3aTeny, HeOOXOMMble 71 IPOBEIeHNA
TaKOro aHamm3a, 6bU TOMy4YeHH! B pasfiene «Hayano pa6ote». B tabmmue 2.3 ykasaHo ot-
HOCHUTENIbHOE BpeMsl BhMUC/IEHMS (MpMBENEeHHOe K Cy4alo Np = 1), BpeMs 3alycKa + KOM-
MYHMKALM 11 KO3(¢QNLEHT YCKOpeHMs! BbIMCIEHNA. TV JaHHbIe 6bUIN COOPaHbl-Ha BOCh-
MM-TIPOLIECCOPHOI MHOTOSIIEPHOIL cucTeMe 1 16-y3/10BOit MHOTOY3/I0BOIA cucTeMe. B MHOrO-
fAflEPHBIX CUCTEMAX BCe IIPOLIECCOPHI MICTIONb3YIOT OOHYI0 IIaMATh. B MHOroys3nosbix cucremax
KaX/IbIiA y3€J1 MMEET OTHE/IbHYIO MAMATD, ¥ IIPOLIECCOPbI B3aMIMOMENCTBYIOT IO CETH.

Lenbio mapajuieNbHOM MPOrpaMMBl AB/IAETCS YMeHbIlIeH)e BpEMEHM, 3aTpavynBaeMOro
Ha Bblync/leHus. B rabmuue 2.3 nmokasaHo cokpauieHre BpeMeHM BbIYMCTIEHMIT Py YBe/IN-
yeHnyu NP KaK B MHOTOSJIEPHOI, TaK ¥ B MHOTOY3/I0BOI CHICTEME.



m Maea 2

Ta6muuya 2.3. IlponssopurensHocTs nporpammsl Mandelbrot Ha Muorosiiepasix
M MHOTOY3/IOBBIX CHCTEMAX

OTHOCHTeNbHOE BpeMsi BBIYMCTIEHMIA, aBCOMIOTHOE BpeMs 3aIycKa + KOMMYHMKALMH,
Kk03GQUIMEHT yCKOPEHNs BHIMMCIEHMH HA MHOTOSIIEPHBIX M MHOTOY3/IOBBIX BbIYMC-
JIMTEIBHBIX CHCTEMAX Ji/iA pasNM4IHbIX 3HadeHnit Np. JlaHHble O MpOM3BOANTETLHOCTI
npuBejieHsl A GUKCMpOBaHHOTO pasmepa 3axaum (N u N, - IIOCTOAHHbIE BE/MYM-
Hbl). Bce 3HaueHns Hopmamm3oBatbl 10 cTon6uy 2, B KOTOpoM Np = 1 ¢ BBIK/IOYEH-
Hbvu pacnpesienesbiMy MaccuBammn (PARALLEL=0). Cron6upl 3-7 copepxar 3Ha-
YEeHMs C BKMOYEHHBIMM pacnpenenenHbiMn MaccuBamy (PARALLEL=1). 3armch 1*8
o3navyaeT, yto Np = 8 u Bce Kopipl P, 661 BHITOMHEHBI HA OHOM [IPOLIECCOPHOM y3/ie
¢ obeit mamMaATeIO. 3amycey 16* 1 03HayaerT, 4To Np =16 u Kaxblit P,D ObUT BHIIIO/THEH HA
CBOEM MH/IMBUJYa/IbHOM HPOLIECCOPHOM Y3/I€ C MCIIO/Ib30BaHMEM OT/E/IbHOM NaMATH

MHorosgepHble NPoLeccophbl: 1 1™ 12 1*4 1*8
OTHOCUTENBLHOE BpemMs BbIYMCNEHUIA 1 1.0 0.47 0.16 0.07
Bpems aanycka+xoMMyHukaumm (c) 0.0 0.0 20 57 55
KoachpmumeHT yckopeHus BblYvCneHmin 1 1.0 21 8.2 14
MHoroy3noesle Npoueccopb!: 1 1™ 2*1 4*1 8*1 16*1
OTtHOCUTENbHOE BPEMS BbIYMCNEHUIA 1 1.0 0.47 0.16 0.06 0.02
Bpems 3anycka+koMMyHukauum (c) 0.0 0.0 8.4 14.2 13.8 13
KoahhmumeHT yCKOPEHMA BbINUCNEHMI 1 1.0 21 6.3 18 42

OnHako B mapamienbHOM MporpaMMe OOBMHO yBeNMYMBAETCS BpeMs, 3aTpauynBaeMoe
Ha 3aMYCK ¥ KOMMYHMKaLMIO MeXAY Bcemu 3k3emivsipamu MATLAB. B rabmure 2.3 npo-
CNIeXXMBaeTCs yBe/lyeH e BpeMeHM 3allycka + KOMMYHMKalyy C yBemmdeHneM Np, a Takxe
CpaBHUTeNbHO 6OMBLINIT BpeMeHHOI TI0Ka3aTeNb 3aIlyCKa + KOMMYHMKAIMy B MHOTOY3J10-
BOJt cUCTeMe, TaK KaK 3aITyCK ¥ KOMMYHMKaLMsA OCYLIECTB/AIOTCA Yepes CeTh.

KoHeuHEli1 3Tan aHa/m3a BK/IIOYaeT BeMMCIIeHMe K03 uLeHTa yCKOpeHus, JOCTHUT-
HyTOro 6n1arofaps napannesnbHoit nporpamme. Popmyna koapurmenTa yckopenus S:

T(N,=1)

S(NP)= T(N,)

b

rae T(N,) - Bpema BbIYMC/IEHMs € MCTIONb30BaHNeM Np mpoueccopos. Ilpumensisa manHyo
dopmyny Kk BpeMeHHBIM XapaKTepyCTMKaM BbIYVCIIEHMIA, IOTly4aeM 3Ha4YeHus Koapduum-
€HTa YCKOpeHMs, yKa3aHHble B Tabmue 2.3. KoadduumenT yckopeHys BbI4MCIeHMin fie-
MOHCTpMPYeT IPOU3BOAUTENBHOCTD YacTeil KOfia, KOTOphble GBIIN pacHapaiieneHsl. 3TM
NOAYEPKMBAETCS OHO OYEBMHOE, HO OYeHb BaXKHOE CBOMCTBO: MapajlieNbHble BBIYKCTIe-
HMA BO3[EMCTBYIOT TO/IBKO Ha MapaieNlbHO BbITIONHsieMble YacTy Kofa. TectupoBaHue, u
3TO OY€Hb BaKHBIN aCIeKT, HEOGXOAMMO HayaTh C M3MepeHNs K03 uLMeHTa YCKOpeHns
YACTM MpPOrpaMMbl, KOTOpas JIO/KHA MOKa3aTh BHICOKYIO NPOM3BOAMUTENBHOCTD, OTOMY
4TO €C/u 3Ta 4acTh paboTaeT HeyNOB/IETBOPUTE/ILHO, Napaj/ie/ibHas MporpaMma He CMO-
MET B [la/ibHeltllleM KOMIIEHCMPOBaTh YBe/mieHHOe BpeMs 3aIlycKa — HaK/a/lHble pacXofbl
KOMMyHHMKanmn,
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JlaHHas mporpamMma ¥MeeT BBICOKYIO NpPOV3BOAMTENBHOCTb ¥ BBICOKMIT Ko3(duiyeHT
YCKOpEHMsA Ha BBIMMCIUTENbHOI YacTy Kofia. [Ipymedanye: IPOHMLATEIbHBIN YTATE/b MOXET
MOCYUTATD, YTO KO3(pULVIEHT YCKOPEHNsl BBIYMCIIEHMs CIMILKOM BBICOK (CM. paspen 5.5). Op-
HAaKo, MOCKONbKY HAaKIaJ{Hble PaCXOfbl YBE/MMYMBAIOTCA C pocTOM Np, ob11jast Ipovi3BOfUTENb-
HOCTb MporpaMMBl OrpaHinyeHa. 310 No60YHHIT 3¢eKT TOro, 4T0 MpOrpaMMa BHINOJHAETCS,
10 60oBlLIelf YacTy, B TeueHe NNIIb HECKONbKIX CeKyHJI. B 60/bI1IHCTBe peallbHBIX PIIOMKe-
HMI1 CTOUT Lie/Ib B3AThH NPOrpaMMYy, BBINONHIOLLYIOCA JOCTATOYHO IPOMIO/KUTENILHOE BpeMs,
¥ 3acTaBuThb ee paborars GpicTpee. [1o Mepe TOro, Kak IMporpamMma BHIYMC/IEHNA MHOXeCTBA
Manpiens6pota cTaHeT BBHIIONHAThCA 3a 607ee AyMTeNbHbIN Nepyop (T. . npu Ber6ope 60nb-
umx 3Havenmit Nu/wi N, ), Bpems BbIYMCTIeHMit CTaHeT HaMHOTO ITPeBbIIIATh BPEMsl 3aITyCKa
+ KOMMYHMKaLmy, 11 k03GQLMEeHT YCKOpeHusa BEIYMCIeHnit 6yseT oTpaxarb OOIIy10 Ipous-
BOMMTENBHOCTD TMAPAJITIENIbHOTO NPIIIOXKeHNS.

2.2. MNMporpamma Zoomimage (KpynHO3epHUCTLI TPUBUANbHLIN Mac-
COBbIV Napannenuam)

[Npumep ¢ BbIUMC/IEHMEM MHOXKeCTBa MaHzenb6poTa MIMIOCTPUpPYeT KOHLENTYalbHOe
NpefiCTaB/IeHNe O MapajUleNbHOI MpOorpaMme C MaCCOBBIM MapasyieIM3MOM, KOTOpas BbI-
TIOTIHAET MHOXXECTBO HE3aBYMCHMbIX METKO3EPHMCTHIX BBIYMCIIEHNI! IIOCPEACTBOM pacIpe-
AeeHMs 3TIEMEHTOB MaTpHMLIBI MEXAY pasIn4YHbBIMY IIpoleccopamu. B HacToswweM pasfene
Ha IIpuMepe IMporpaMMbl ZoomImage HarnAgHO JEMOHCTPUPYIOTCS 0COGEHHOCTH KPYITHO-
3epHMCTON MTapaenbHO IPOrpaMMBI C MACCOBBIM IIapayienn3MOM.

B mpumepe ZoomlImage 6epeTcs Haya/bHOe M306pakeHne (B JaHHOM CITydae 3TO Ce-
pBlit IPAMOYTONBHUK Ha YepHOM QOHe), ¥ BBIYNC/ISETCS MHOXKECTBO HOBBIX M306paxkeHnil,
KaXXJioe C HECKOJIBKO OT/IMYHBIM KO3(pULEHTOM yBennyeHys. Pe3ynbTaToM BbIYMC/IEHNIA
SIBJIA€TCA NOCTeN0BaTeNbHOCTD U306 pakeHNit, KOTOpas CO3AaeT oufylleHye CTpeMI/ITCIIbHO
npy6MKalIerocs Ha4aJbHOTO U306 paXkKeHs.

2.2.1. Havano pa6oTsi

Yro6b1 HayaTh BLITIONHEHNE porpaMmel, 3anyctute MATLAB u nepeitnure B aupeKTo-
puto Examples/ZoomImage (1. e. BBenute cd/Examples/Zoomlmage). B xomanzHO!
CTpOKe HabepuTe
pZoomlmage
B 3tom cnyyae mporpamma OyneT BBHINONHATBCA Ha BallleM JIOKAJIbHOM IIPOLiECCOpe M
MONy4UT TOCTIeNOBATENBHOCTD M3006pakenHnit (CM. puc. 2.3), a TakxKe NOf06HbIe BpeMeHHble
XapaKTepUCTUKM:

Compute Time/Bpems BHumcieHus (sec/c) =22.7613
Launch+Comm Time/BpeMss HAa 3anyck + KOMMYHMKaLmo (sec/c) =0.003693
Performance/npousBomuTensHOCTb (Gigaflops/ruradionc) =0.84701

3anuiuMTe 3T BpeMeHHble XapaKTepUCTUKK /1A Moc/enyolero aHanmmsa. [loBropure
HPOLEAYPY JUIH KQXLOH M3 CIEIYIMNX KOMAHJL:
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eval (pRUN ( ‘pZoomlmage’ ,1,{}))
eval (pRUN( ‘pZoomlmage’ ,2, {}))
eval (pRUN ( ‘pZoomlmage’ , 4, {}))

JanHble KOMaHAB! BBINONHAIOT IporpaMMy Zoomlmage Ha OHOM, ABYX M Y€TBIpeX
npolieccopax. I1py BhINONHeHNM Ha Napa/UIeTbHOM KOMIIBIOTEPE BBINAIOTCS 3HAY€HMA Bpe-
MEeHHBIX IlapaMeTpoB, 6/1M3Kue K yKasaHHBbIM B Tabnute 2.5.

Ha 3tom paspen «Hayano pa6orei» 3aBepuaercsi. [lonyyenHble pesynbraTsl 6ynyT msy-
YeHb! 6071ee TIOAPOOHO B XOfie Aa/IbHeIIIero pacCMOTpeHws IIPOrpaMMEL 1 TIONyYeHus Gonee
TIO/THOTO Ipe/ICTaB/IeHNsI O TOM, YTO O3HAYAIOT NpUBe/IeHHBIE BpeMEHHBIE XapaKTepUCTHKIL

Baxnoe npumeuanue: ITocnemumit aprymeHT koMauabn PRUN  onpefenser, Ha Ka-
KOM MNapasuie/IbHOM KOMIIbIoTepe OyzieT BRIIONHATBCS IporpaMMa. Mo>xeT BOSHUKHYTh He-
06X0MMOCTB TIO/IyYeHNs HaJ/IeXXallyX YCTAHOBOYHBIX IIApaMETPOB Y BAILLEro CUCTEMHOTO
afMMHMCTpaTOpa; /IS TIONy4YeHus 6onee NMOxpo6HOIT MH(popMaLyy obpallaiitech Ha Beb-
caltt kuuru (http://www.siam.org/KepnerBook). YcranoBka 1nocnenHero aprymeHTa sHade-
Huem {} IpMBOIMT K BBHITIONIHEHMIO MHOXXECTBA KOIMI1 IIPOrpaMMbl Ha BallleM JIOKA/IbHOM
KOMITBbIOTepe ¥ ITOTyYeHMI0 IPOVU3BOAUTENNHHOCTH, OTIMYHOM OT yKa3aHHOI! B TabnuLie 2.5.

Pucynok 2.3. Pesynbrat nmporpamMmel ZoomImage.
ITpymep BBIXOHBIX JaHHBIX [IporpaMMbl pZoomImage

2.2.2. Paspa6oTKa Napamie/bHOM MporpaMmsl

OCHOBHOe Ha3HayYeHue AaHHON MPOrpaMMBl 3aK/IOYAETCA B BbIYVCTIEHMY I3MEHEHHOTO
n Maclutabe usobpaxenuns Zs pasmepom NXN npu 3apjaHHOM MCXOnHOM M306paxeHnn Zo
1 koadduunente MacmTabupoBanms. CylniecTnyer MHOIO Cloco60B BBITONMHUTD JaHHYIO
otepayuio. [Ipoctoft MeTos1 3aK/MIOYAETCA B PaSMBITUM KCXOAHOTO M30GPRIKEHMUA C MOCTE-
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AyIOlLLelt ero MHTepronsue. PasmMbiTie OCYILeCTBsAETCS Ipy IIOMOLLY OIlepaliy CBepT-
o bis

Ki McXomHoro nsobpaxenus ¢ anpom Ks — marpuuieit pasmepo N, X N; (1. e. Zs =K 0Z,),

TZie CBepTKa (KOHBOMIOLNA) OIIpefie/isneTcs Kak

NK NK
blurf: .\ — ) C s
me Nk = [5s0] u 2o (Z,J)~§£K,(z,a)zo(z ij -7
i — Nxc/2)? + (j — Nk /2)*
K,(i,) = J;_mexpf(* /20" + G = Nc/2")

- 3TO CTaHAapTHas MaTpuua ¢ fayccoBbIM AApOM. DTall MHTEPIIONALMY OCYIIECTBAETCA C
UCTIONb30BaHMeM CTaHAAPTHOI OGMIMHENHOI VHTePIIONALNN

Zs (4, 7) = G022 (is Gs) + 010Z5™" (35 + 1, Js)
+ 01 Z8T (i, o + 1) + 001 25" (is + 1,55 + 1)

rae i = [ils], j, = jls]m

ag = (i~14)(1—j+37,), aw= (i—14s)(1 — 7+ js)
Qg1 = (1 —i+ Z's)(j _‘j.s)r apn = (i - is)(j “ja)

Temepp paccmMoTpyM ITpHMEHEHMe BblIlieyKa3aHHbIX MaTeMaT4eCKUX MPVYeMOB LS TIOY-
YeHWsI M0C/IeNOBaTeNIBHOCTY MaclITabypOBaHHBIX M306paXkeHNit C UCTIONb30BaHNMEM B Kave-
CTBe BXORHBIX JIAaHHBIX Ns-37IeMEHTHBII1 BeKTOp Ko3¢¢uLmeHToB MacurabupoBanus s. Oc-
HOBHOI1 alTOPUTM ISt BBIYMCTIEHN ST MHOXKECTBa MacIITabypoBaHHBIX 306 pa>keHmit IIOKasaH
B Asropurme 2.3 (noppo6nas nHGopMaims npusesieHa B CONPOBOAMTENbHOM MIOATHCK).

AnroputMm 2.3 lNocnepoBatentHei anroputm Zoomimage

AJITOpUTM B KayecTBe MICXORHEIX JaHHBIX NIPMHIMAeT MCXOfHOe M306pakeHne Zo pas-
MepoB NXN, Ns-anemeHTHbBI BeKTOP s KO3(p(PuLMEHTOB MacIUTabypOBaHUA ¥ IUMPUHY
siapa pasmeTns. Ha Beixopie monmydaem Maccus pasmepoB NXNXNs u3 macurabupoBaH-
HbIx n306paxkennit Z. Ctpoka 1 opranmsyer LMK IO KaX0OMY K03 uLyeHTy MaciiTabm-
poBaHus B s. B cTpoke 3 BriGupaercsa koagpduuyeHT MacmrabupoBanus. Crpoka 4 nmpoms-
BOJMT CBEPTKY MICXOHOTO N300 paXkeHNs, a CTPOKa 5 OCyIecTBIIsAeT MHTEPIOMALVIO.

% : RY*N*Ne — 700MFRAMES(Zo : RY *V, s : R}, 0)
1 fori,=1:N,

2 do

3 8 =8(1i,)

4 Zblvr =K, 0 Zo

) 2(:,:,s) = INTERPOLATE(Z]!Y", 5)
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Tins Haumx neneit TOuHble eTany BHYMCTEHMit He Baxkubl. Hanbonee snaunmas un-
$opmaums sakmoyaercs B cnepyomem:

*  Borumcrnenve MHOXeCTBa MacuITaGMPOBaHHEIX M306paXkeHNit TIpENCTABNAET COBOi
MHOrOKpaTHO€ TIOBTOPEHME OfHOTO U TOTO >Ke BHIYMCIIEHNS IS Pas/IMIHBIX KO3(-
duumentoB MacmTabupoBanHMs S IPU OIMHAKOBOM BXOTHOM NapaMeTpe Zo.

»  Pesymbrar gns ojHoro savenus Z(,:;, i) He 3aBUCUT OT JPYTHMX M MOXET GbITh BbI-
YHUCTIEH HE3aBUCUMO (T. €. NapalieNIbHO).

IlepBoe cpoitcTBO 03HauaeT, YTO 3aj1aya B IOCTATOYHO CTelleHM COfiePXKUT B cebe Hapar-
nenusM (T.e. cymectByioT N, BEIYMCTIEHMIA, KOTOPHIE HPaKTHYECKM MOTYT GBITH BBITIONHEHBI
ONIHOBPeMeHHO). Bropoe cBOMCTBO 03HauaeT, YTO BHIYMC/IEHME Kaxioro Z(:, :, i) MeeT Bbl-
COKyYIO JIOKaTIBHOCTD JIAHHBIX (T. €. JAHHBIE [/ BBIYMCTIEHMS KaXX0i Marpuusl Z(:, 5, i) ABNA-
I0TCA NOKA/IbHBIMM /1A 3TOTO P, ). JIOKaNbHOCTD HaiiTH B IpOTpaMMe CTIOXKHEe, OfTHAKO, OHa
AB/AETCA Ko4eBbIM (haKTOPOM A/ IIONy4eHUSA XOPOIlleit ITaparieNIbHOM MPOU3BOUTENBHO-
ctu. I1py craHpapTHOM NOXOJIE K 3afjaue ¢ KPYITHO3EPHUCTHIM MacCOBBIM Napa/l/IeM3MOM
KRXAOMY P, naetcst oTenbHblit Habop MacTa6upyomMX K03QGULMEHTOB S /A BBYMCTIE-
HuM, a TaKXe BlajieHye COOTBETCTBYIOLLEl YaCThIO TPEXMepHOTo MaccuBa Z. Hanipumep, nipy
HA/TMYMM YeThIpex MpoLieccopoB K03 ¢uumeHTs MaciTabuposanus ot 1 io Ns MoryT 6bITh
pacnipenenenb! (kak ykasaHo B Tabnumue 2.4). B pesynerare HomyyaeM NapajieNbHbli aro-
PpYTM, MOKasaHHbI ¢ McTionb3oBanueM P-3anucu B Anroputme 2.4.

Ta6nuua 2.4. IlapannensHoe pacnpepeneRue ZoomImage

HAns Bekropa ¢ Ns koadduumenTamy MaciTabuposanms S, HasHAYEHHBIMU YETBIPEM
TIpoleccopaM TakyuM 06pa3oM, YTO KaXKbiil P,D BBIYMCISIET OTAENbHBII HAOOP Koqu—
duumentoB macrrabuposarus

P, KosgduumeHt macwtabuposarus

0 - s(1;|%|m]
1 et
2 s[‘%Nsn: Ns)

3 S(’% Ns+1:Ns)

3

4

AnropuTtm 2.4. NapannensHbiin anroputm Zoomimage

TpeTbe mamepenme BBIXOUHBIX JaHHBIX paclpeseNieHo MeXny pasmusnbiMu P, npu
o6vancuuy (r.e. Z : RV ), Tapannennimit anroput™ npocTo BH3bIBAET NoC/ENO-
BATENLHLIA WArOPUTM, TAKUM O6Pa3OM, KK/ P, waaucnser oTjeNbHbIH HAbGOP KO3g-
numenron macwTabuposanms. Takoe pacipeasneNNe KHAEKCOB AR KOZOB Py, RocTHraeT-
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s riocpencTBoM onepauuy arg(Z(1,1:)).loc, kotopas Bo3BpallaeT MHEEKCHI JIOKA/IbHO Ya-
cn Z.

% : RY VPN — 700MIMAGEPARALLEL(Zo : RY N, 5 : RY-, o)
1 Z.loc = ZOOMFRAMES(Zo,s( FIND(Z(1,1,:)).loc ),0).

Hanee, npu pa3paboTke napaIeNbHOI MPOrpaMMbl HEOOXONMMO OIpEJIENNTh, KaKUM
06pasoM ocTaBUTh 3K3eMIUIAPy P koadduumentsr MacuiTabupoBanms, Heobxomumble
eMy 1711 BhIuMClieHuil. B atToit peamisauum npencrasienus Bce ko3¢ puuMeHTh MacIITa-
6MpoBaHMA M MCXOFHOE U306pKeHIe UCTIONB3YIOTCS B BBIYMUCIIEHUSX BCEMU IK3eMITIApa-
mu P, . B o611ieM cryyae raHHBI IIOAIXOJ] IPEANIOYTHTENbHEE BBIYMCTIeHUs s U Zo ogkuM P
¥ OTIpaBKM UX ipyrumM 3ksemruispaMm P, . Konkpernbie koadduuments: mMacmrabuposa-
HMS BHIGMPAIOTCSA ITyTeM BBIK/TIOYEHNS pacnpeelleHHOTO TPeThero u3MepeHus Maccusa Z.
Kaxapnit P, 3areM BBIYUCIISET CBOM usobpaxenns Z.loc. Becy MaccuB Z 3aTeM MOXeT ObITh
cobpan 06patHo B Befymmit P, . BusyanbHoe npesicTap/ienme Takoi apaieNbHOi peany-
3auum g nporpaMmbl Zoomlmage nmokasaHo Ha pUcyHke 2.4.

2,2 NAEN)
start time end
Havqallo BpemA KOHEL|

Pucynok 2.4. IlapannenbHasa peanusaumsa nporpammel Zoomlmage
Kaxgpit P BHINONHsAET Onepaumy Ha CBOEI JIOKAbHOM 9aCTH pacrpeneneHHoro
maccuBa Z. [Nocne 3aBepuienus onepauyii I0OKalIbHble YaCTH NMOCHUIAIOTCA BenyLieMy
P, (nysxtuphbie mumy). 3ateM senywmii P, cobupaer 1 0To6paskaeT KOHEUHYIO 1o~
CnefoBaTeNnbHOCTh M306paskeHnii
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2.2.3. Kogg

CrenyouymM 1aroM AB/seTC HanMcaHMe NapasylenbHoi nporpammbl ZoomImage. Kak yixe
ObIJIO CKa3aHO B MpepbIAyllieM NOARpasfiene, IIA pean3aluy NapajielbHOro Kopia Heobxony-
Mo I06aBUTB K NIOCTIEROBATENbHOI POrpaMMe TPH AOTONHUTENbHBIE PYHKLMOHA/IbHbIE YaCTH.

o  Kaxppit sksemnnap MATLAB cospnaeT pacnipezienennbit Maccue Z.

o Kaxpoui sksemmnap MATLAB onpepienstet cBou KoaPuIpeHTh MacIITabMpOBaRUA

$ 13 3Ha4eHMI CBOMX JIOKa/IbHBIX MHIEKCOB PaCIIpefie/IeHHOTO TPEThero u3Mepenns Z.

o  Benyumit sksemriasp MATLAB cobupaer Bce yactu Z.

SAppo napannenbHoro KoAa rnokasaHo Hike B JIvcTusre Kopa 2.2 (TOMHbIA JIMCTUHT pac-
NnonoXer B mupektopun Examples/Zoomlmage/pZoomlmage .m). Cnefyer noHu-
MA&TM, YTO OIMH M TOT JKe KoJi 6yieT BBIONTHATHCA KaXAbIM 3K3eMiuispoM MATLAB. Equn-
CTBEHHBIM pasuumeM MEXY 3K3eMIUISpaMyu ABJAETCA Halu4yMe y KaXAOoro u3 HUX yHU-
kanbuoro Py, (. e. Pid), KOTOpEIit MCIONB3YETCA VIS ONPEAETEHN TOTO, KaKue YacT Z
pUHARNeXaT KaxaoMy u3 aksemiuiipoe MATLAB.

JNucturr kopa 2.2. NapannenbHas MATLAB-nporpamma Zoomlimage

1 % Set image size, number frames, start and stop scale.

2 N~ 128y Ns = 16; Sstart = 32; Send = 1;

3 sigma = 0.5; % Width of blur kernel.
4 PARALLEL = 1; % Set control flag.

5 Zmap ~ 13 % Create serial map.

6 if (PARALLEL)

7 Zmap =~ map((l1 1 Np],{},0:Np-1); % Create parallel map.

8 end

9 Z = zeros(N,N,Ns.,2Zmap); % Distributed array.

10 s = linspace(Sstart, Send,Ns); % Compute scale factors.
11 disp(‘Zooming frames ...” ‘);

12 tic; % Start Clock.

13 20 = referenceFrame(N,0.1,0.8); % Create reference frame.

14 % Compute local frames.
15 Zloc = zoomFrames (20,S( global_ind(Z,3) ),sigma);

16 Tcompute = toc; % Stop Clock.

17 Z = put_local(Z,Zloc); % Insert into Z.

18 tic; % Start Clock.

19 Zagg = agg(Z); % Aggregate on leader.
20 Tcomm = toc; % Start Clock.
Ilepesoo

1 Yemanosump pasmep u3o6pasxenus, Konu4ecmeo KAOPOE, HAANbHbIL U KOHEUHbIL MACulMabyi;
3 Llupuna sdpa pasmuimus;

4 Yemanosumv konmponvhblil pnaz;

5 Cozdamv nocnedosamenvhyro kapmy pasmeuserus;

7 Co30amv napannenvhyio Kapmy pasmeuenuss;

9 Pacnpedenennuili maccus;



10 Borucnump koadpduyuermor macumabuposaHus;
12 3anycmump uacws;

13 Cosdamv HauanvHbiii kadp;

16 Ocmarnosumv uacvs;

17 Bcmasumv 6 Z;

18 3anycmump uacwo;

19 Buinontump c60p OarHHbix HA 8e0yU4EM;

20 3anycmumpv uacwt.

B cTpokax 4-8 cospaeTca napanienpHas Kapta pasMeneHua Zmap. ®nar PARALLEL
SIBJIAETCS JOTOJTHUTENbHBIM MHCTPYMEHTOM OT/I3fIKM, NMO3BOJIAIILMM BKITIOYATh M BHIKITIO-
YaTh paclpefie/ieHHbIe MaCCUBBI, B pe3y/IbTaTe 4ero Z CTAaHOBUTCS OOBIYHBIM MaCCHBOM.

C1poka 9 co3paeT pacnpeneneHHbIii MaccuB Z.

B cTpoxe 15 ucnonpsyercsa xomanfia global ind, mpefnuchiBamilas KaKIOMYy 3K-
3eMiApy MATLAB BbIYMCIMTD MHIIEKCHI TPETHETO M3MEPEHN A pacIpefieNIEeHHOTO MacCHBa
Z, cCOOTBETCTBYL1[} i€ COOCTBEHHBIM JIOKA/IbHBIM YaCTAM. DT MHJIEKChI 3aTeM MCIIONb3YIOT-
cs1 a1 BbI6opa ko3 $uiMeHTOB MaclITabupoBanus S, IPUMMEHAIOMMXCS TIPY BBIYMCTIEHUM
MacmTabupoBaHHBIX M306pakeHN.

B cTpoke 17 xaxpiit P, ioMelyaeT CBOIO JIOKa/bHYI0 YacTh Zloc pesynbrata o6parHo
B pacripeqie/IeHHbIi MaccuB Z.

B cTpoke 19 pesynbrar cobupaercs obparso B Beayumit MATLAB (t. e. P ,=0) ¢ uc-
none3oBaHKeM QyHKIMU agg.

BeneykasanHblii kopi ZoomImage AB/IAeTCA APKMM IPHMMeEPOM NMOAXOa K POrpaMMUpO-
BaHMIO Ha OCHOBe KapT pa3MetlieHus1. [Tocre Toro, kak cosfaHa kapTa Zmap, OHa UCTIONb3yeT-
€S /1A CO3[aHNA pacripefie/IeHHOTO MaccuBa Z C Lie/Iblo XpaHeHUs pe3y/braroB. Tereph Kax-
Aot sx3eMIisp MATLAB MoxeT 1cronb30oBaTh pacipefie/ieHHbIH MacCHB Ji1A onpefieNeHNns
MHIEKCOB, KOTOPEIMM OH BJIafieeT, C UCTob3oBaHueM QyHkImu global ind. M uHpEeKCH
BIIOCTIENCTBMM MCIIONB3YIOTCSA JUIs1 BhI6Opa K03 (PpuIMeHTOB MaciiTabupoBaHus S, IIpUMeH-
IOIVXCS TIPY BBIYMCTIEHMM MacIITabupoBaHHbIX M306paxeHmit. JIOKanbHbIe pe3ybTaThl KO-
MIMPYIOTCA OOPaTHO B pacTpefie/leHHbIi MacCUB C MCIONb3oBaHMeM QyHKuMu put local.
HakoHel, MaccuB HanpaBiseTcs «BeRyllieMy» C MCIONb3oBaHueM QyHKLMM agg.

Ha nanHoM npumMepe xopa ZoomImage MOXXHO IPOC/IEAUTb HEKOTOPbIE CBOJCTBA IOf-
XOfia K IIpOrpaMMIMPOBaHMIO Ha OCHOBe KapT pa3MelleHnsl.

»  HesHauntenrHoe BiMsaHMe Ha Kop. [IporpaMma npeobpasoBana 13 nocnefoBateb-
HOJ B IapaJUIeNIBHYIO0 Iy TeM fo6aB/ieHns okoo 10 [ONo/HUTENBHBIX CTPOK KOia.

o IlocnemopatenbHblit Kop coxpansetcs. [Ipu ycranoeke PARALLEL=0, Z ctaHOBUT-
¢ O6BIYHBIM MacCMBOM, KOTOPBIH MOXeT 6BITh 06paboTaH mocnefoBarenbHO 6e3

NIOAiePXKKM Napa/lIeNIbHBIX 6M6MMoTeK.

o Heb6onpoit o6beM ucnonp3opaHus napamwienpbHoit 6ubmmoreku. IloTpe6osa-
70Cb TONbKO YeThipe QyHKIMM HaparnlenpHoi 6ubmoTtekn: map, global ind,
put local n agq.

o Macurrabupyemoctnb. Koi Mo)keT BBINONMHATLCA Ha 3afiayax Pas/MYHOTO pasMepa,
TaK KaK Bce MAcCUBBI napameTpusoBanbl pasMepoM N. Kox Taxke MOXKeT BbIION-
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HATBCA Ha JII060M KONMMYeCTBe NPoLiecCOpoB MeHbIle Ns, TAK KaK BCe pasMepHl JIo-
KaJIbHBIX MAaCCHBOB TIO/TyY€HbI M3 OTHOTO PacNpeneeHHOro MaccuBa Z.

o  OrpaHnyeHHasd KOMMyHMKalMs. Tak kak BXORHBbIE U BBIXO[Hble apTYMEHTBI A
dyHKUMM zOOmMFrames SBNAIOTCS JIOKATBHBIMU MEepeMEHHBIMM, BHYTPU 3TOM
byHKIMM He MOXeT IPOM30MTH CITY4aiTHON KOMMYHUKALIVM.

o  HesaBucumocts ot xapT pasmemenus. Ilporpamma 6yaer paboraTs ¢ 60mBIIMM
YUCTIOM Pa3sHOOGPa3HBIX KapT Npy YC/IOBMY, YTO KapTa paboTaeT TONBKO Ha Tpe-
TheM M3MepeHun. Hanpumep, nuknmnyeckoe pacnpenesieHue B JaHHOM M3MepeHUM
TO>X€ MOXXET UCTIONIb30BaThC .

o TapanTusa mpomspomgmtensHocTH. Vicnonb3oeaHue QyHkumeit zoomFrames yo-
Ka/IbHbIX MepeMEeHHBIX IapaHTUpYeT OTCYTCTBME KaKMX-M6O CKPBITHIX yXyALle-
HMIi TIPOM3BOXUTENBHOCTY IpU Iapayie/IbHOM BbINOTHEHMY JaHHBIX CTPOK KOJIa.

2.2.4. OTnanka

Kak ynoMuHanoce paHee, napajuieNibHas OT/IafiKa IpecTaBiseT coboit HeMpoCTyw 3a-
Aady. OCHOBHBIM NIPEMMYILECTBOM MOJIXO/Ia HA OCHOBE KapT pa3sMeLleHUsA AB/AETCA TO, YTO
OHO TMOANAETCA CTPOTO ONpEAETIEHHOMY MPOLEeCCY HalMCaHUA-OT/IAJAKU—TeCTUPOBAaHUS.
CoOTBeTCTBYOLLMe LIATY YKa3aHb! B Tabuige 2.2.

Illar 1. BeinosnHeHe NporpaMMBl NOCTENOBATENIEHO Ha JIOKAJIBHOM KOMIIBIOTEPE ¢ Maccy-
BOM Z, B Bifie 0GBIYHOTO MaccuBa. 3TOT Luar NMo3BO/seT YOenmMTbCs B TOM, YTO Toce fobabiie-
HuA pynxkumit global indmagg, 6a30Bbli1 IOC/IENOBaTE/TBHBIN KO, OCTA€TCS KOPPEKTHBIM.

Illar 2. BoinmosHAeT NporpaMmy NocefoBaTe/IbHO Ha JIOKAJIbBHOM KOMIIbIoTepe ¢ Z B Ka-
YecTBe pacrpelie/ieHHOTO MaccuBa M TO3BOJIAET NPOBEPUTH NMPAaBU/IBHOCTD PaboTl PyHk-
uMu zoomFrames ¢ BXOMHBIMM JAaHHBIMY, NIONTyYEHHBIMM OT Pacrpeie/IEeHHOTO MacCuBa.

Illar 3. BrinonHeHMe NporpaMMel Mapasuie/IbHO Ha JIOKAJIBHOM KoMIbloTepe. [laHHBIi
LIAr BHIACHAET, ABJSAETCA JIM NapajieNibHas [eKOMIIO3NLMs Z KOPPEKTHOI M NPEeAOCTaBs-
I0TCA 1Y NMpaBWIbHbIE MHAEKCH A/ Beibopa koadduumeHToB MaciTabupobanus u3 S. OH
TAKXKE ONnpefesaeT OlMOKY B3aMMOJENCTBMS, POMUCXOpLIMe OT onlepaumu agg. V3 Bcex
LUAr'OB 3TOT, BEPOATHEE BCETO, ABJIAETCS CAMbIM BOXKHBIM U BBIAB/IAET 6071b1Ie BCero ommbok.

Lllar 4. BrinonHenue nporpaMMbl HapajnienbHO Ha yAaneHHoM KommbioTepe. Ha yas-
HOM Luare onpeaenAnTcs omvbky B GyHKLMM agg, CBSI3aHHbIE C UCIIO/Ib30BAHMEM Ya/eH-
HOM KOMMYHMKaIMK; faHHbIe OMMOKM OOBIYHO BOSHMKAIOT BCTIE[ICTBME HEBEPHO YCTAHOB-
KM nporpaMMHoro obecrieyeHus M ommbxy KoHGUrypaymm.

Illar 5. BhinonHesue NporpaMMel NapasileNIbHO Ha YAaleHHOM KOMIBIOTEpE, HO C UH-
TepecyeMbIM pa3MepoM 3afiaum. JIo 3Toro MoMeHTa TeCTMpOBaHMe JO/DKHO GBIIO OCy1iecT-
BIATBCA Ha 3afja4ye Majioro pasMepa. ITOT HIar MO3BONAET ONpeAeUTh MPOU3BOIMUTEND-
HOCTDb Ha peanbHOM 3afaye.

JlaHHBble 1Iary AB/AIOTCA CYLIECTBEHHBIM OTPa)KeHMEM ITalloB, YKa3aHHBIX B paspene
«Hauano pabotei» g ZoomImage. Ha kaXxgoM M3 LUAroB TeCTHPYIOTCS OIpPENe/leHHbie
acneKTH napannenpHoro xoga Zoomlmage. Kpome toro, B HaubornbieM o6beMe, TeCTUPO-
BaHMe NPOU3BOAMTCA IOKA/IBHO Ha MaJIBIX 3a/ja4yax, KOTOpble BhINOMHAIOTCA OBICTPee BCeTo.

2.2.5. TectupoBanue

‘TectupoBanue napannenstol nporpamMmnt Zoomlmage ~ npy yCnosuH, 4TO OHa yxe oT-
NAKENA M BhilaeT MPpaBUNBbHBIC OTBETH ~ B OCHOBNOM SAK/IIONAETCA B OllpeAe/IeHUH KOMKU-
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YeCTBa BpeMeHM, KOTOpoe Tpe6GyeTcs s ee BHIIONTHEHNS U BbIACHEHNS TOTO, HACKOJIBKO ee
IPOU3BOUTENTBHOCTb COOTBETCTBYET OXKMAaeMoit. [louTn Bce BpeMeHHBIe ITOKa3aTes, He-
obxonMMble [/ POBEJIEHMsT TAKOTO aHa/IM3a, 6BV NpencTaBieHs! B pasgene «Havaro pa-
60tEI» (cM. Tabmuny 2.5). IIpou3BOAMTENBHOCTH MHOTOSIAEPHBIX M MHOTOY3JIOBBIX CUCTEM
aHAJIOTMYHBL IPYT OPYTY, ¥ B 060MX CTyYasx Hab/MogaeTcss HEKOTOPOE YCKOpeHHe.

Ta6mnna 2.5. IIpousBoauTeIBHOCTH NporpamMel Zoomlmage Ha MHOTOAJIEPHBIX 1
MHOTO0Y3/IOBBIX CUCTEMaX

OTHOCHTENIBHOE BpeMs BBIMMCIEHMI, aBCOMIOTHOE BpeMs Ha 3amycK + KOMMYHMKa-
1o, k03(pPUUMEHT YCKOPEHMsT BBIYMCIEHMII HA MHOTOSIIEPHBIX M MHOTOY3J/IOBBIX
BBIYMC/IMTENBHBIX CUCTEMAX /ISl pa3/IMyHbIX 3Ha4Yenmii Np. JlaHHbIE O NMPOM3BOAM-
Te/IBHOCTM MpMBeLeHbl ANs (PMKCHMPOBaHHOTO pasMepa 3afiaum (N u Ns KOHCTAHTBI).
Bce 3HaueHMsA HOPMAIM3OBaHEI N0 CTONOLY 2, B KOTOPOM N = 1 ¢ BBIK/IIO4€HHBIMM
pacnpenenenneiMu MaccuBamu (PARALLEL = 0). Cron6usr 3-7 coep)xat sHa4YeHUA
€ BKJIIOUEHHBIMM pacnipefieneHHbiMMu MaccuBamy (PARALLEL = 1). 3ammce 1*8 o3Ha-
uaeT yT0 Np = 8, 1 Bce P, 6bi/n BHINONHEHD! Ha OJTHOM IPOLIECCOPHOM Y3rie ¢ 061et
naMATHI0. 3anuch 16*1 o3navaeT yto Np = 16, M Kaxblit P, Gbi/ BBITIONHEH HA CBOEM
MHIMBMIYa/IbHOM NPOLIECCOPHOM Y3JI€ C MCIONIb30BaHMEM OTIENIBHOM NMaMATH

MHorosaepHbie npoueccophbi: 1 1*1 12 14 18
OTHOCUTENbHOE BPEMS BbINUCIIEHUN 1 1.0 0.86 0.63 0.34
Bpewms 3anycka + B3aumoaencTsms (c) 0.0 0.0 0.1 0.3 0.2
KoappmumeHT yckopeHus BbiucneHni 1 1.0 12 1.6 29
MHoroyanostie NpoLyeccopb:: 1 11 2+ 4*1 8*1 16*1
OTHOocUTENnbHOE BPEMS BbIYUCNEHNIA 1 1.0 0.85 0.56 0.32 0.17
Bpewms 3anycka + B3aumoaencTemns (C) 0.0 0.0 0.16 0.17 34 6.5
KoapmnymneHT yckopeHus BbiducNeHuin 1 1.0 1.2 1.8 31 »:8

Llensio mapasuienbHOM MporpaMMBbl ABISETCS YMeHBlIEHNe BpeMeHM, 3aTpauBaeMoro
nporpaMMoit Ha BerumncieHns. Tabnuna 2.5 ieMOHCTpUpYeT COoKpallieHNe BpeMeH!U BbIYMC-
neHmii nipu yBenmdeHuu Np Kak B MHOTOAJIEpHOM, Tak M B MHOTOy3/10BoJi cucTeMe. OpHa-
KO B rapa/uIeNnbHo# porpaMme o6bIYHO YBe/IYMBAETCA BpeMs, 3aTpauMBaeMoe Ha 3aIycK
M KOMMYHMKaLUIO Bcex 3K3eMIuiapoB MATLAB. B Tabnuue 2.5 npocnexxuBaeTcs yBenmye-
HMe BpeMeHH 3aIlycKa + KOMMYHMKaLMM C yBennyeHueM Np, a Takke CpaBHUTENBHO 60J1b-
1Mt BpeMEHHOJ ITOKa3aTe/lb 3allyCKa + KOMMYHMKaIMs B MHOTOY37IOBOJi CUCTEME, TaK Kak
8aITyCK ¥ KOMMYHMKAIIMS OCYIIeCTBIAIOTCA Yepe3 CETh.

ITporpaMma vMeeT BBICOKMIT KO3 (PUIMEHT YCKOPEHMS Ha BBIYMCIMTENBHON YacTV
Kopa. [IIpumeuanue: npoHUYAMENbHbIL YUMAMeENb MOKEM NOCHUMAMb, Ymo Ko3PPuyy-
EHM YCKOPEHUR BbIMUCTIEHUR HE MAKOLL 8bICOKULL, KAK MONHO 6bio Hadeamucs (cm. pasden
5.5)] Tlockonpxy HawiapHble PacXOfbl YBEMYMBAIOTCA € pocToM Np, obujast Ipou3BoaK-
TeNILHOCTD MporpaMMnl orpaimdena. [o 6onblueit yacty, 3to, Mo60YHDI AdPeKT TOro, YTO
nporpamma BhIIONIACTCA IMLUD B TedeH1e HECKOJIBKYX CeKYH/. B 60/bIIMHCTBe pealbHbIX
NPUIOXKCHUA CTOUT IeNh B3ATH IPOrPAMMY, BbITO/IHAIOLLYKICA JIOCTATOYHO NPONO/DKUTETb-
HOC BpeMH, 1 3acTanuTb ee pabotars Onicrpee. llo Mepe Toro, kak nporpamma ZoomImage
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CTaHeT BHINOJIHATHCS 3a 6ollee IMTeNbHBII Iepuoy BpeMeHH (T. e. Ipu Bbi6ope 6onbUIMX
3HayeHuit N u/vunu Ns), BpeMs BHIYMC/IEHMI CTaHET HAMHOTO NPeBbIIIATh BpeMs 3aITycKa +
KOMMYHMKA1MH, ¥ K03¢bPULMEHT YCKOPEeHUA BBIYMCTIEHMIT Oy/ieT OTpaXaTh 061y Npous-
BOJIUTENBbHOCTD Iapa/uIe/IbHOTO NPN/IOXKEHM .

2.3. Nporpamma ParallelIO

IIpenbinyime MpuMephl CIAYXaT WUIOCTpPaLMeil KOHLENTYalbHOrO IIpefCTaB/IeHNs
0 NapaJVIeNIbHBIX MPOrpaMMaXx C MaCCOBBIM NapaJUie/IM3MOM, BBIIOMHAIOMMX 6oblloe Ko-
JIMYeCTBO He3aBMCUMBIX BHIYMC/IEHMIT Ha Pa3/IMYHBIX Mpolieccopax. BaxkHeIM sneMeHTOM,
OTCYTCTBYIOILMM B JaHHBIX NporpaMMax, sBnseTcaA ¢aitnoBerit BBOA/BeIBoA. BonpmmxctBo
NpWIOXKeHMI1 UCNONB3YIT HeKoTopble GopMbl ¢aitnioBoro BBofa/BhIBOAa. B maHHOM pas-
Rene Ha npuMepe nporpammel ParallellO Mb1 npofeMoHcTpypyeM, KakuM 06pa3oM MOXKHO
peanu3oBarh GaiyIoBblii BBOL/BLIBOJ, HE3aBMCUMO OT Np.

Iporpamma ParallellO co3naer MaTpyiy, 3anichIBaeT ee Ha MCK M 3aTeM CYUTHIBAET ee
B ONepaTUBHYIO NamATh. Ha BhIXofie MoyyyaeTcs KOMMYeCcTBO BpeMeHM, 3aTpauMBaeMoe Ha
BBINONIHEHMe NaHHO onepauyu. TpyaHocts B ParallellO npepcrasinser co3fanme nporpam-
MBI, KOTOpas 3alMChIBaeT (Gaitibl TAKMM 06pa3oM, YTO OHM MOTYT GBITh CYUMTAHBI aXKe IPU
uaMeHeHuu Np.

2.3.1. Havyano pa6otsi

YTo6Bl HayaTh BHINO/HEHME MporpaMmsl, 3anyctute MATLAB u nepeitnurte B aupex-
Topuio Examples/IO (t. e. BBeiute cd/Examples/I0). B komangHoi cTpoke Habepure

pIO

B 3TOM CNMyyae nporpaMMa BHINMOMHAETCS Ha BalleM JIOKA/TbHOM IpoLieccope ¥ BbIBOJUT
nofo6Hble BpeMeHHbIE XapaKTepUCTUKIA:

Write Time / Bpemsa sanucu (sec/c)= 21.5991
Read Time / BpeMs cumTHBaHusa (sec/c)= 2.1681

3anuumTe faHHBIe BpeMeHHbIe XapaKTePUCTUKH IS TIocTeAyonero aHam3a. Ilobro-
pHTe NpOLENYPY ANA KXo/ U3 CrefyIOIMX KOMaH]:

eval (pRUN (‘pIO’,1,{}))
eval (pRUN ('pIO’,2,{}))
eval (pRUN ( ‘pIO’, 4, (}))

JlaHHbIe KOMaH/Ibl BHINOMHAKT MporpamMmy IO Ha ofiHOM, IBYX M YeThIpEX IpoLeccopax.
Hpu BbINMMO/THEHUHN HA f1apa/l/ieJIbLHOM KOMIIbIOTEPE BHIIAIOTCA 3HAY€HMSA BPEMEHHLIX Ilapa-
MeTPoB, 6/1M3KMe K ykasaHHbIM B Tabnuue 2.6.

Ilonyyennme pesynsratst 6ynyT usydeHsl nosxe B paspiene «Tectuposanue».

Baxxnoe npumetanue: nocnenumit apryment komanas pRUN  onpenesnser, Ha Kakom
napansenbHOM KOMIbIoTepe GyneT BHIONHATHCH NPorpaMma. MoXeT BOSHUKHYTh Heo6xo-
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BMMOCTBD B IOJTyYeHMM HaJ/IeXaIMUX YCTaHOBOYHBIX IIapaMeTPOB Y Balllero CMCTEMHOTO afi-
MMHMCTPATOPa; [i/1s Nony4Yenns 6omnee noppo6Hoit uHdopMalum obpamjaitTech Ha Beb-caifT
kauru (http://www.siam.org/KepnerBook). YcraHoBka nocnesero aprymeHra sHauenveM {}
NPUMBOUT K BHITIOJIHEHMIO MHOXK€CTBA KOTIMI IPOrpaMMBbl Ha BallleM JIOKa/IbHOM KOMIIbIOTe-
Pe ¥ NOJTy4eHNIo IPOU3BOAUTENBHOCTH, OTIIMYHOM OT YKa3aHHOI B Tabnuie 2.6.

2.3.2. Pa3pa60TKa napaulenbHOl POrpaMMBI

OcHoBHOe Ha3HaYeHMe IAHHOM MPOrpaMMBI 3aK/TI0YaeTCA B CO3flaHmm MaTpubl X pas-
MepoM NXM u3 cnydaifHbIX YMCeN, 3anmcu uX B GaiyIbl M CYMTHIBAHUMM UX CHOBA B Olle-
paTMBHYIO naMATh. basoBHiT anroput™ A/1a laHHOJ onepanuy NokasaH B AIroputme 2.5
(monpo6Hoe onucaHye B IORNNUCH).

Anroputm 2.5. MNocneposarenbHblin anroputm 10

AnroputM 3anmceiBaeT MaccuB pasMepa NXM B M ¢aityioB faHHBIX M 3aTeM CYMTHIBa-
eT MX 06paTHO B MaccuB. ITO HeNaeTcs C ucnonb3oBaHueM ¢yHkumit WriteMatrixSerial u
ReadMatrixSerial, koTopble Tak)xe MoKa3aHbL.

SERIALIO (X : RNxM, file)
1 WrITEMATRIXSERIAL (X, file)
2 Y = READMATRIXSERIAL (file)

WRITEMATRIXSERIAL (X: RNxM, file)
1 for j =1: M

2 do

3 WRITE (X(:,3j), file.j.dat)

Y : RNxM = READMATRIXSERIAL(file) “p
1 for j=1:M

2 do

3 Y(:,j) = READ (file.j.dat)

IMapamnenpHaa peam3auusa nporpaMmmel IO BbINonHeHa ¢ McHONb30BaHMeEM pacripefie-
nexHoro Maccupa. Kaxppui P, 3anMChIBaeT TONBKO CBOKO JIOKA/IbHYI0 YacTbh MaccMBa Ha
auck. Hanpumep, ecnn N = 1000, M = 32 u Np = 4, kaxppiit P, 3anuiuet BoceMb ¢aitos
Ha MCK, M Kaxpbiil ¢aitn 6ynet cogepxxath 1000-3neMeHTHBII BekTOp. PeaynbraTe! gaH-
HOTo 0TO6paXkeHNs B NapasiebHOM a/ITOpMTMe TIOKas3aHbl ¢ uCIonb3oBaHueM P-3ammcu
B AnroputMe 2.6. OgHMM 13 NpeMMYLIECTB JaHHOTO BUAIa MOJIENN SB/IAETCSA 3anuch ¢aii-
OB TakuM 06pa3oM, YTO OHM MOTYT CYMTHIBATBCS B ONEPATUBHYIO NaMATh, aXe eCTN KO-
AMYECTBO NPOLECCOPOB 6yleT MEHATHCA. ITO HOCTUTAETCA MyTeM co3naHnA M yHMKab-
HbIx (aitzioB BMecTo co3nanus Np yHukanbHbIx ¢aitnos. BusyanbHoe npencTaBrieHne Mo-
peru anroputMa ParallellO nokasano Ha pucyske 2.5.

Anroputm 2.6. MNapannensHulii anroputm ParallelIO

ANropuT™ MIUCHBRET pacipe/ie/ieHHbI Maccus pasmepa NXM B M GalinoB fanHbix 1
sarem cuuTbIBaeT UX OGPATHO B pacripesienerHbik MACCHB. 3TO AENAETCA C HCTIONBIOBAHMEM
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¢dbyHkumit WriteMatrixPARALLEL 1 ReadMatrixPARALLEL. B kaxkgort 13 naHHbIX (yHK-
LMt cTpoka 1 nonydaer ro6anbHble MHIEKCH JIOK&IBHOI YaCTH paclpefie/leHHOTO Mac-
cuBa 1 3anucbiBaeT ux B BekTop Lj_. Crpoka 2 Brmonuser nukn FOR ot 1 o konmmyecTBa
anementosB B Lj,, kotopoe o6osnauaercs || Lj,,, ||. Haxonen crpoka 4 mpomssonmt daxth-
4eCKYI0 orepaluio ¢ (ait/ioM ¢ UCNONb30BaHMeM I7106a/TBHOTO MHAEKCa [T ONpefeeHns
YHMKaJIbHOTO I71062/IbHOTO MMeHM (aita.

PararlErLIO(X : RNxP(M), file)
1 WrRITEMATRIXPARALLEL (X, file)
2 Y = READMATRIXPARALLEL (file)
WRITEMATRIXPARALLEL (X : RNxP (M) , file)

1 jmy = FIND(X(1, :)).loc

2 for 3 =1 : |Ijmyll

3 do

4 WRITE (X.loc(:, i), file.jmy(j) .dat)

Y : RNxP(M) = REapMATRIXPARALLEL (file)

1 jmy = FIND(Y(1, :)).loc

2 for 3 =1 : ||jmyl|

3 do

4 Y’loc(:, j) = READ(file.jmy(j) .dat)
2.3.3. Kogx

Crnenyommm HIaroM sIBJISeTCs HamMcaHue IapajulenbHoit nporpammsel ParallellO. Kak
yake 6BII0 CKa3aHO B ITpeABIAYILEM IIOApa3fieNe, I Mapa/lie/IbHOTO Kofa Heo6XxoumMMo fo-
6aBUTH TPY HONOTHUTENbHDBIE HYHKLMOHATbHBIE YacTH.

o Kaxppit aksemmiasp MATLAB cospaet pacnpesnieneHHbI MaccuB X € MCMIONB30Ba-
HMEM KapThl pasMelleHMs.

o Kaxppiit axksemnnsap MATLAB onpepenseT BekTOpbI, KOTOPbIe OH 3alIMHIIET U3 pac-
nipeneneHHoro MaccuBa X, ¥ 3alMChIBAeT 3TM BEKTOPHI KaK yHUKaIbHbIE (aiiIbl.

o Kaxpbit axsemmiap MATLAB onpenenser BeKTophl, KOTOpble OH CYUTAET C pac-
IpefieZieHHOro MaccyBa Y, M CYUTHIBAET COOTBETCTBYIOLLE (ajiIbL.

Anpo napannensHoro Kofa Mokas3aHo HyoKe (TOJHBINA IMCTUHT pacIionoxkeH B Exam-—
ples/1D/Pid.m). CiegyeT NOHMMATD, YTO OLMH M TOT XK€ KOJ Oy/ieT BBIIIONHATHCS KaXkK-
AbiM 3k3emnnsipoMm MATLAB. EquHCTBEHHBIM pasiiumeM MeXAy SK3eMIUIAPaMU SIBJISeTCS
Ha/IMyMe y KaXKJIOTO U3 HUX YHUKabHOro P (1. €. Pid), KOTOpPBIN MCTIONb3yeTCA IS Ope-
JleNeHus TOro, Kakye YacTu pacnpefeieHHOrO MacCMBa NPUHAZIEXAT KaXKIOMY U3 9K3eM-
nasipoB MATLAB (1. e. X.loc u Y.loc)
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Pucynok 2.5. Peamusanus ParallelIO
Kaxapiit P, sanMchIBa€T 7IOKa/TbHYIO0 YacTbh pacnpeneneHHoro mMaccusa X B Habop
¢aitnos (OnMH Ha BEKTOP) M 3aT€M CUMTHIBAET IAHHBIE B pacIipefie/ieHHBbIT MaccuB Y

Nuctunr kopa 2.3. Mapannenshaa MATLAB-nporpamma ParallelIO

1 % Set the problem dimensions and filename.
2 N=1024; M = 32; FILE ‘./plOvector’;

3 PARALLEL = 1; % Set control flag.

4 ¥map = 1; Ymap = 1; % Create serial maps.

5 if (PARALLEL) % Create parallel maps.

6 Xmap - map (|l Np]l ,{},0:Np 1):; Ymap = Xmap;
7 end

't*"
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8 Xrand = rand(N,M,Xmap); % Create distributed array.

9 Yrand = zeros(N,M,Ymap); % Create distributed array.

10 WriteMatrixParallel (Xrand,FILE); % Write files.
11 Yrand = ReadMatrixParallel (Yrand, FILE); % Read files.

function WriteParallelMatrix (X,filebase)
myJ = global_ind(X,2); % Get local indices.
Xlocal = local (X); % Get local matrix.
for j=1:length (myJ) % Loop over local indices.
Xj = Xlocal(: ,3j): % Get a vector.
filej = [filebase ’. ’ num2str (myJ(j)) ’ .mat’]; % Filename.
save (filej,"Xj’): % save vector to a file.
end

® d D WN R

function ¥ = ReadMatrixParallel (X, file)
Y = X; % Create output matrix.
myJ = global_ ind(Y,2); % Get local indices.
Ylocal = local(Y): % Create a local matrix.
for j=1:length (myJ) % Loop over local indices.
filej = [file’.’ num2str(myJ(j)) ’ .mat’]; % Filename.
temp load(filej, ‘Xj’): % Read data.
Ylocal(: ,j) = temp.Xj; % Insert column.
end
0 ¥ = put local(Y,Ylocal); Copy back to Y.

=0 O JU s WN

Ilepesoo

1 Yemanosumv pasmepoi 3a0auu u ums datina.

3 Yemanosumv konmponvhbiii nae.

4 Co3damv nocnedosamenvhyio Kapnty pasmeujeHus.
5 Coadamv napannenvhyio Kapny pasmeueHus.

8 Coadamv pacnpedeneritbiti maccus.

9 Coadamv pacnpedenenHbiti maccus.

10 3anucamv daiinbi.

11 Cyumamo daiinvt.

2 llonysums noxanvHbie UHOEKCDL.
3 Ionyuums noxanvHyio mampuyy.
4 L{uxn Ha noxanvHbix uHoexcax.

5 Monyyums eexmop.

6 Uma daiina.

7 Coxparvumn sexmop e datin.

2 Coadamnp anixodmyw Mampuyy.
3 Honysumn noxansnbic uHOCKCb.
4 Coadans ROKARBHYK MAMPUKY.
5 Lluxn na nokansnuix undexcax.



6 Mms paiina.

7 IIpouumamy danHbie.

8 Bcmasumbv cmonbey,

10 Konuposamv o6pammno 6 Y.

B ocnoBHOI nporpamme

Crpoxu 3-7 co3naroT napajle/ibHble KapThl pasMemieHnss Xmap u  Ymap. @nar
PARALLEL sABNAETCA NOMNOMHUTENBHBIM MHCTPYMEHTOM OT/IAAKM, ITO3BO/IAIOIIMM BKITIO-
YaTh M BBIK/IIOYATD pachipefiefieHHbe MaccuBbl X 1 Y.

Crpoxu 8-9 co3paioT pacnpefeneHHble MaTpubl X u Y.

Crpoxy 10-11 3an1CBIBAIOT ¥ CYUTHIBAIOT PacnpefieNIeHHYI0 MaTpuLLy.

B nporpamme WriteMatrixPARALLEL

Crpoku 2-3 npeanuceBaoT KaKgoMy 3k3eMiyiipy MATLAB nmonyuuts uHgekcs myJ
pacrpezieieHHOI MaTpMLbl, COOTBETCTBYIOLIME €0 JIOKaNTbHOM YacTH. 3TU MHEEKCHI 3aTeM
MCTIOTIB3YIOTCSA YISl COSTAHUA MMeH (aitioB BeKTOPOB, KOTOPbIe 3aIMCHIBAIOTCA.

Crpoxu 4-8 3anMCHBaOT BEKTOPH! M3 X10C B OTe/IbHbIE Qaitybl.

B nporpamme ReadMatrixPARALLEL

Crpoku 3-4 npefnuchBaloT KaKgoMy sk3emnnsapy MATLAB nonyunTs mHpekchl myJ
pacrnpefienieHHO’ MaTpUIbl, COOTBETCTBYIOLLYiE €r0 JIOKANBbHOM 4acTU. ITU MHAEKCHI 3aTeM
UCNONB3YIOTCA 1A BBI60pa MMeH (ail/IoB BEKTOPOB, KOTOpPBIe CYMTHIBAIOTCA.

CTpoK# 5-9 cUMTHIBAIOT /I0Ka/bHble BEKTOPHI MaTPUIIbI U3 OTJIENIbHBIX ¢aiinos B Y1ocC.

Crpoxka 10 cospaeT pacrpefieneHHbli MaccuB Y 13 JIOKaNbHBIX MaTpuL; Y1oc.

BeimieykasaHHBI KOJ, ABNAETCA APKUM NMPUMEPOM IOfIXOfa K NPOrpaMMMPOBAHUIO Ha
OCHOBe KapT pa3MeltieHns. Ilocye Toro, kak co3nanbl kKapTel Xmap ¥ Ymap, OHM MCIIONb3Y-
I0TCA JU1A co3paHu pacnpepeneHHbix MaTpun X u Y. Teneps kaxxablit aksemmnnap MATLAB
MOXXET UCIIONIb3OBATh Paclpefie/IeHHbIf MacCUB JiIA ONpeNie/ieHNUsA UHEKCOB, KOTOi)l:IMM
OH BJIajieeT, C UCNOJIb30BaHMeM QYHKLIMU global ind.3Tu MHEEKCHI BIIOCTENCTBUM UC-
MO/B3YIOTCSA 1A CO3TAaHUA MMeH (PaiffioB, aCCONMUPYIOLMXCS C JIOKAJTBHBIMM BeKTOpaMH,
KOTopbIe 6y/ieT 3anuChIBaTh M CYMTHIBATD KKbIi P .

Ha paHHOM npyuMepe Konia MOXKHO IPOCTIEAUTH HEKOTOPBIe CBOICTBA METOM MPOrpaM-
MMpOBaHMs Ha OCHOBe KapT pa3MeLleHu.

o  HesHauntenbHoe BMsaHMe Ha Kox. IIporpaMMa nmpeo6pasoBaHa us IOC/TeNOBaTENb-
HOI1 B IIapa/UIe/IbHYI0 Ty TeM fo6aBiieHns okono 10 [onolMHUTeNbHbIX CTPOK KOfa.

o TlocnepoBarenshent kof, coxpansercs. Ilpu ycraHoBke PARALLEL=0 pacnpene-
neHHble MaccuBbl X M Y CTAHOBATCA OGBIYHBIMM MacCHMBaMM, KOTOpble MOTYT 6bITH
06paboTaHb NOCTIEROBAaTENBHO 6€3 NOAAePXKKN NapaebHbIX 61bMOoTeK.

o Heb6ompmoit 06beM ucnons3oBaHuaA napawienbHoit 6ubmiorexu. Ilorpe6oBanoce
TO/IBKO YeThipe QYHKLUMM Napa/uienbHoit 6ubmmoreku: map, put_local , lo-
cal,umglobal_ind.

e Macmtabupyemoctn. Kon Moxer shimonnsaThcs Ha 3ajiade mo6oro pasmepa u Ha Jiio-
60M KonmyecTne npoieccopos, eciu N > Np. Bonee saxxHok oco6eRHOCTBIO ABMA-
€TCs TO, YTO KONMNECTBO MPOLIECCOPON, HCNONBIYEMBIX A/IA 3ANMUCH NAHHBIX, MOXeT
OTAMYATECA OT'KOMHYYeCTER NPOLNCCOPOD, HOOCLOTMMME ANA CYHTHBANYNA RAHMMIX.
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¢ OrpaHnyenHasd KOMMYHMKauus. Tak Kak JIOKaJbHbIE IepeMeHHbIE MCIONb3YTCA
BHyTpM $yHKUmit WritePARALLELMatrix u ReadPARALLELMatrix, TeM ca-
MBIM OCYHIECTB/ISIETCS CTPOTHI KOHTPO/b HaJl TeM, KOTfia OCYUIeCTB/IAETCA KOMMY-
HUKaIUA.

o HesaBucumocTb OT KapT pasMelleHus. B naHHOM ciyyae nporpamma 6ornee 3aBu-
CMMa OT KapT, YeM JIOIDKHa 6bITh B Mpeane. KapTa pasmMernenns u napanienpHele
GYHKIMM 3aNMCH M CYMTBIBAHUA CBA3aHbI M 6yIyT paboTaTh TOMBKO JIs paclpe-
Jie/leHHbIX MaTPML, pasbUTHIX 10 BTOpoMy u3MepeHuio. OnHako nporpamMma 6ynet
paboTaTh mns moboro pacnpeseneHns Bo BTOpoM nsMepeHmu (T. e. 67104Hoe, 1i-
KIINYeCKOe, 6/I0YHO-IMKIMYECKOE).

o  TapanTtus npousBogutenbHocTH. Tak kak KoMaHfl save u load paboraroTr
C JIOKaJ/IbHBIMY TIepeMEHHBIMM, KOTOPbIE ABJIAIOTCS OOBIYHBIMM YMUCITIOBBIMM Mac-
cuBamy MATLAB, rapanTupyeTcs OTCYTCTBME KAaKMX-/IMOO CKPBITHIX yXy/LIEeHMIA
NPOM3BOAMTENBHOCTY NPU NapasUIeIbHOM BBITIONTHEHMM JAHHBIX CTPOK KOfia.

2.3.4. OTnagxa

Kak ynommHanoce panee, napanienpHas oT/ajika IMpecTaBiseT co60il HEMpOCTyIo 3a-
Aavy. OCHOBHBIM NPEMMYILECTBOM NOJIXONa HAa OCHOBE KapT pa3MelleHNs ABNIAETCS TO, YTO
OHO NOJIaeTCA YeTKO ONpefieNIeHHOMY NpOLecCy HalMCaHU A NIPOTPaMMbI-OT/IaAKU~TECTHU-
poBanna. CooTBETCTBYOLUME LIaTy YKasaHsl B Tabmmue 2.2.

Ilar 1. BrinonxeHye nmporpaMMbl OCNefOBaTe/IEHO Ha JIOKa/TbHOM KOMIIBIOTEpe C Mac-
cuBamu X 1 Y, CKOHCTPYMPOBaHHBIMU KaK obbIyHbIe MaccuBbl. Takum obpasoM mpose-
PAeTCA KOPPeKTHOCTE 6a30BOro MocefoBaTeNbHOroO KOfia Iocie NpuMeHeHns QyHKIuit
global_ind ulocal.

llar 2. BrmonHue nporpaMMel IOC/IENOBATENIBHO Ha JIOKaTbHOM KoMIbIoTepe ¢ X U
Y B KayecTBe pacrpeieTeHHBIX MacCMBOB M IpOBepKa NpPaBUIBHOCTU paboTsl QyHKIMIt
WritePARALLELMatrix u ReadPARALLELMatrix ¢ pacnpefie/IeHHbIMM MaCCUMBaMy
B Ka4¢CTBe BXOIHBIX JTAHHBIX. :

Ilar 3. BrimomHeHMe NporpaMMbl apa/UleNbHO Ha JIOKaJIbHOM KoMIibloTepe. JlanHbIi
11ar ONpefieNseT, ABNAETCA JIU Napasuie/ibHas iekoMno3ulius X 'Y KOppeKTHO M BhIYMC-
NIAIOTCA N1 MPaBy/IbHblE MHAEKCHI /IS CO3RaHMA MMeH aiiioB IS 3aIMCH M CYUTHIBAHMA.
W3 Bcex 1aroB 3TOT, BeposATHee BCETo, SAB/AETCA CAaMBIM BaXKHbIM M OOHapY>XuT 6obile
BCEro OHIMOOK.

Illar 4. BrinonxeHne nporpaMmbl MapawleNbHO Ha yAaleHHOM KoMmbloTepe. Ha paH-
HOM luare BbISIBJIAIOTCS oMbk QyHKUMIt save u load, NpefCTaBIEHHBIX yAa/leHHbI-
mut GaM/IoBEIMM OnepauMsAMK, B YaCTHOCTH, €CTIU IMPEKTOPUS, KOTOPYIO HYXXHO 3alliCaTh,
HEBUAKMA JUIA BCeX MPOLECCOPOB.

lar 5. BrinonHeHMe nporpaMMsl NapaieibHO Ha yAa/leHHOM KOMIIBIOTEPe, HO C 3afia-
veh uHTEpecymoltero pasMepa. Jlo 3Toro MoMeHTa TECTMPOBaHMe NOJDKHO 6OBIIO OCyIlecT-
B/IATHCH Ha 3aflaye Ma/loro pasMepa. JlaHHbIi LIar NO3BONAET ONpeNeNMTh MPOM3BOIUTETb-
1OCTDb HAa pea/ibHOW 3afiave.

JlaHHble WA ABNAIOTCA CYL{ECTBCHHMM OTPWKEHNUEM JTANoB, YKa3saHHBIX B pasjiernie
«llavano paGorbi» ParallellO. Ha koM v imaron recTMpylorcs onpepyesieHHble acnek-
Thi HAPANNEAbHOIO Kopga, KpoMe 1010, Bedjie, I4¢ 310 BOSMOXHO, TECTUPOBAHKE IIPOU3BO-
RITEA, AOKAZIBMO B MAZNIX sanayax, KOTOPMA SMAASIENEER SaicTpee ncero, Ouens YacTo
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IporpaMMMCTBI IIBITAIOTCA BLINO/THUTDb OT/IafKy Ha 6onpmmx 3ajayvax, npu !(OTOpOl"'l npo-
LeCC BbIABJIEHUA ommboK 3anmMaeT 6onplie BPEMEHM, XOTA 3TU omMbKM MOXHO 651710 6B
06Hapyx<mb, 3aTpaTUB MEHBbLIEE KOJIMYECTBO BPEMEHM, ITIOCPENCTBOM BBINIO/THEHUA OT/NAaJ-
KM Ha MajibIX 3ajjayax.

2.3.5. TecrupoBanue

TecTupoBaHye napaieNbHON MPOrpaMMbl — IIpU YC/IOBMM, YTO OHA yOKe OT/IaXKeHa U BbI-
IaeT npaBuibHbIE OTBETH — B OCHOBHOM 32aKJII0Ya€eTCs B ONpefie/IeHNM KOIMYeCTBa BpEMEHH,
KOTOpOe TpebyeTcs [/ ee BHIIIOMHEHNS U BBISICHEHNS, HACKONIBKO €€ IIPOM3BOAUTENIBHOCTD
COOTBETCTBYeT oxkupaeMoit. [Toutn Bce BpeMeHHbIe ITOKa3aTemM, HeoOXomMMBle [/ IpoBe-
IieHus TaKOTO aHa/nuM3a, OblIM NpeCTaB/eHs! B pasfieie «<Hayano paboTei» (cM. Tabmuuy 2.6).

Bo-nepBbIxX, X0Temoch 6Bl 3aMeTUTBD, YTO BpeMsl BBIIIOTHEHMS pa3buTo Ha fiBe ¢a3bl: 3a-
m1ch u cunThiBaHMe. [Toka kaXxkas ux ¢pas BHINOMTHAETCA UCKITIOYUTENBHO B HapaielbHOM
pexuMe, GYHKLIMOHATBHOCTH OyAeT OTpaHMYMBaTHCA MaciTabupyeMocThio ¢aitoBoit cu-
CTeMBI, Ha KOTOPYIO MAET 3allMCh M C KOTOPOy MAET CYMThiBaHMe. B faHHOM ciyuae, no-
CKOJBKY 3afiaua Hebonbmas, ¢aityioBas cucteMa criocob6Ha o6beMHATD KOMaHAb! BBO#a/
BhIBOfa 13 Bcex Np. Takum obpasoM, ko3 GUIMEHTH YCKOPEHUS 3allUCU U CYMTBIBAHUS
BO3PACTAIOT C yBenueHneM Np Kak B MHOTOAJEPHBIX, TaK M B MHOTOY3/IOBBIX CUCTEMAX.

Ta6numa 2.6. IIponsBogurensHOCTb Nporpammsl ParallellO Ha MHOrosimepHBIX 1
MHOrOY3/IOBBIX CMCTEMAaX

OTHOCHTENBHOE BpeMs 3aIMCH ¥ CYUTHIBAHMA Ha MHOTOAIEPHBIX ¥ MHOTOY3/IOBBIX CUCTEMAX J/IA
PpasTU4HBbIX 3HaYeHuit Np. [JaHHBIE TPON3BOMUTENBHOCTH IPUBENIEHE! I/ PUKCHPOBAHHOTO pasme-

pa sapauu (N u M - koucranTsi). Bee 3navenms nopmamisoBatbl no cronbuyy 2, B xoropom N, = 1

C BHIK/TIOYeHHbIMM pacnipefienenibiMu Maccuamy (PARALLEL = 0). Cronbust 3-7 copepxar 3Ha-
YeHUs C BKTIOYEHHbIMY pacnpenenenHbiMu Maccuamy (PARALLEL = 1). 3amuck 1*8 o3Hauaet 410

Np =8, n Bce axseMnsApsi P Gy/y T BBITIONHEHBI Ha OIHOM POLIECCOPHOM Y37ie IPH COBMECTHO MC-
ToNb3yeMoit maMATH. 3amucs 16*1 osnavaet uto Np = 16, M Kaxabiit P, 6bin BBINONHeEH Ha CBOEM’
MHJMBUYaTbHOM IPOLIECCOPHOM Y3/ie C MCTIONb30BaHMEM OTAe/bHOM NaMATH

MHorosgepHbie NpoLeccopb! 1 ™1 12 14 1*8
OTHocuTeNbHoe BpeMs 3anucu 1 10 045 017 0.09
OTHOCUTENbHOE BPEMA CHUTLIBAHNS 1 1.0 0.67 0.20 0.15
KoacdduumeHT yckopeHus sanucn 1 1.0 22 5.9 10.7
KoagdmumeHT ycKopeHUn CUMTbIBaHNA 1 1.0 1.5 49 6.5
MHoroy3noBsie npoLeccophb! 1 ™ 2*1 4*1 81 161
OTHOCUTENBHOE BpEMS 3anucu 1 10 048 024 0.12 0.07
OTHOCUTENbHOE BPEMA CUUTLIBAHUS 1 10 046 023 0.11 0.06
Ko3hpuumeHT yckopeHus 3anucu 1 1.0 21 4.2 8.6 13.5

KoadpdpuumeHT yckopeHuss CuntbiBaHus 1 1.0 21 4.3 8.8 17.7
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2.4. Noyemy ato paboraer

B panHoO# rnaBe 6bIM KPaTKO ONMMCaHbl HEKOTOPBIE IPUMepHI IIPOrpaMM, a TaKxke Npo-
aHa/M3MpoBaHa NpolleAypa UX paspaboTKM, HaNMCaHUA, OT/IAKU M TeCTupoBaHus. Teope-
TUYECKH, JAHHbIE NPMMePHI NAlOT XOpolllee NMpeCTaB/IeHNe O TOM, KaK BBIIOMTHATD Napa-
nenbHble nporpaMmmbl MATLAB, HekoTOpble 3HaHNA O NapajUleNIbHOM HalMCaHMM NAHHBIX
nporpaMM # criocobe OLeHKM MX Hajjie)xalleif Mpou3BOAUTENBHOCTH. Bricokuit ypoBeHb
NPOU3BOANTENTBHOCTY HaHHBIX IIPOTPaMM NOCTUTAETCS 3a CYET HECKONBKMX (aKTOPOB.

o JlaHHBIe mpOrpaMMBl BEIGPaHBI M3 NPUIOXKEHMI, KOTOPble MU3BECTHBI KaK MMeIopte
XOPOLIMIA NOTEHLMAJT IPOM3BOAMUTENBHOCTH (T. €. MaCCOBO-TIapauleNbHble)

o  Peanusaimu BBINONHEHB! C LENBI0 MMHMMU3MPOBATDH MOIOHUTENBHBIA Pacxof
BpPeMeHM ITyTeM MaKCMMU3alMH JIOKaIbHOCTH.

o Kop 6b1n1 Takke HaIMcaH C 4eNbl0 MUHMMM3ALUK JIOTIO/THUTEIBHOTO PAacXofia Bpe-
MeHM M KOJIM4eCTBa HOBBIX CTPOK KOJia.

o  Ornapka ocyecTBAeTCA UHKPEMEHTHO.

o  M3mepeH x03¢PULMEHT yCKOPEeHMS BBITIONIHEHUS ONlepalinii ¥ NPOBENEHO CpaBHe-
HMeE C OKNIAEMbIM Pe3yIbTaTOM.

B ocTanpHBIX [J1aBaX KHUTHM 3T U APyTHe BONPOCH 6YAYT paccMoTpeHs! 6oiee ToApo6-
HO C Iie7IbIO NPEACTaBUTh KII0YeBble KOHLEMLMM, HeobXonmMele s 6ricTporo u agdex-
TUBHOTO I10/1y4Y€HN s BBICOKOKaYeCTBEHHBIX IapaiellbHBIX IPOrpaMM, IOJO6HEIX ONMCaH-
HBIM B HACTOsALIEN I71aBe.
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B3aumopgeuncreue ¢ pacnpeaesieHHbIMU
MaccuBaMu

Pe3iome

IMpencTasnex npyMep MHOrO3TaNHOI! MPOrpaMMbl C BBOIOM/BBIBOJIOM C L{€/TbIO JIEMOH-
cTpauum cnnoco6a pa3paboTky TaKMX MPOrpaMM C MCIIONb3OBAHMEM paclperieNeHHbIX
MaccuBoB. ITporpaMMa cosfiaeT MMMTMpOBaHHbIE JaHHbIE OT MHOTOKaHA/IbHOTO AIaTuM-
Ka ¥ 3aTeM o6pabareiBaeT Habop 3Tux gaHHbIX. Ha npuBesieHHoM npyMepe Takoxe 1o-
Ka3aHO, KaK HY>KHO paboTaTh C pacnpezie/IeHHbIMM MacCMBaMy BO BpeMA NpOLiecca OT-
NafKyu ¥ TeCTUPOBaHMA. B 4acTHOCTH, pacCMaTpuBaoTcs BUAB MHGOpMALWMHM, KOTOPBIE
MOXXHO M3B/I€Yb M3 Pacrpefie/IEHHbIX MacCHBOB NPY BHINIONIHEHMM IIPOrPaMMBl.

B HacToA1Ie! I71aBe M3y4aeTCss MHOTO3TaIHOe NPUIoXKeHKue ¢ BBofioM/BbiBofioM. OHO
CTPOMTCS Ha KOHLIENMAX, M3OKEHHBIX B MpefbiAyllieit I/1aBe, C Le/bl0 co3fiaHusA bGornee
CTIO>XHOJI TIPOrPaMMBI C MCTOTIb30BaHWeM pacrpefieNieHHbIXx MaccuBoB. OCHOBHOI 3apavyeit
ABJIAETCS BHINOJ/IHEHME MPOrPaMMbl B 4eTHIPEXIIArOBOM TIpOLiecce OT/IafKM M MHTEPAaKTYUB-
Hoe uccliefjloBaHMe pacnpefieNIeHHbIX MaCCUBOB /I BBIAACHEHUA TOTO, YTO MOXHO YBUIETD
Ha KaXkfioM Hiare. [IaHHBII NpUMep MTIOCTPUPYET CNocob B3auMOENCTBUA C pacIipefie-
JIEHHBIMM MacCHMBaMM, a TaKXXe OCBeljaeT HEKOTOpble BOIIPOCHI, CBA3aHHbIE C MHOTOJTall-
HBIMM TapannensHbIMu nporpamMami. [[IpuMeuanne: mis NpakTMYECKOTO BBINOTHEHUA
NpMMepoB Heo6XOMMO YCTAHOBUTDH COOTBETCTBYOIIME IIPOrpaMMEI 1 6a30Boe Napasiieb-
HOe IporpaMMHoe obecrieueHne. VIHCTPyKLMM 10 YCTaHOBKe MOXKHO HalfTu Ha Beb-caiiTe
KHury http://www.siam.org/KepnerBook).

INocnepyromume paspenbl MMEIOT CIEAYIOILYIO CTPYKTYpY. Kaxablit paspen oTKphiBaeTcs
noxpasznenoM «Havano pabotsi», B KOTOPOM IporpaMMa BBINIONHAETCS Ha Pas3NMyHOM Ko-
JMYecTBe IPOLIECCOPOB, M COBMPAIOTCA BpeMeHHbIe NoKa3are/m. B crenyomeM nogpaspe-
7e MpefCTaB/IeHbl MaTeMaTUIeCKUIT aCleKT 3aJjauM M OCHOBHAsA peanms3alius napaie/ibHOM
nporpaMMel. B TpeTheM nofipaspene pazbpAcHAETCH, KakuM 06pa3oM 6blna HamycaHa Ipo-
rpamMa. B yeTBepTOM paspenie nporpaMma BBITIONHAETCS CHOBA. 31eCh TaK)ke NpeJicTaBlie-
HBl MHCTPYKLIMM T10 MCCNIEflOBAHMIO U M3YYEHMIO Pacripe/ie/ieHHbIX MaCCMBOB B MHTEPAK-
THBHOM ceccuu MATLAB. B saxmoyenne flaHHOI I71aBbl CllefiyeT KPaTKOe pacCMOTpeHMe
PpaclIMpeHHBIX BO3SMOXHOCTEN MapajuielbHO-KOHBeMePHbIX IPOTPaMM.

ITporpamma Beamformer sBnsieTcs namocTpanyeii KOHIENMKM MHOTOITAITHOM Mapa-
NeTbHOM NPOr PaMMBI, KOTOPAs COCTOUT U3 CEPMM MENIKO3€PHMCTBIX TPUBUATBHO MaCCOBBIX
napavienbHbIX onepauuit. Bo-nepebix, nporpaMma Beamformer mMmtHpyer BonHoByro
KapTHHY, NONy4eHHYI0 MaCCMBOM JAaTYUKOB OT JIBYX TOYEYHBIX MCTOYHMKOB. 3aTe€M IIpo-
rpamMma o6pabaTbiBaeT MMUTHPOBaHHbIE BXOIHBIE [aHHBIE ITyTeM (POPMUPOBaHUA JTydeit,
boKycHpyOIMX 93HepPruio Ha ONpe/ie/IeHHBIX YYacTKaX; 3TV faHHble 3aNMCHIBAIOTCA B (ail-
nel. B koHLe Bce faHHble COOMPAIOTCH BMeCTe, CYMMMPYIOTCH, U 3aTeM 0TOGpaXaeTcs pe-
3ynbTar.
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3.1. Hayano pa6oTtbl

Ans soinonuenus uporpammnt sanycrure MATLAB u nepeitnute B nMpeKkTOpMIO

Examples/Beamformer (1. ¢. naBepure cd Examples/Beamformer). B xomanpgHoit cTpo-
Ke BBeiuTe

pBeamformer
MCTOMHUKN CHHTETMYECKHit
BXOMIHBIX OTBeT fiaT4MKa
AAHHBIX
pesynbTar, CYMMMpOBaHHDbIi
cOopMHUpOBaHHEI B 1Ty4 pesynbrar

PucyHok 3.1. Pesynsrat nporpammbl Beamformer
ITpuMep BBHIXOLHBIX faHHBIX TIporpamMmsel pBeamformer
970 3aNyCTUT NporpaMMy Ha JIOKaNbHOM [POLIeCCOpe 1 BbIIACT u3obpasexue (cM. puc. 3.1),
8 TaKXXe NofobHble BpeMeHHbIe TIOKa3aTeu:

Compute Time/BpeMsa BLUMCII@HUS (sec/c) =22.5518
Launch+Comm Time/BpeMs 3anycka+B3aumomencTeus (sec/c) =0.00576

3anuiuuTe 3TN BpeMeHHble XapaKTepUCTUKM IJIA nocrenymoero aHamsa. [losropure
1poLenypy A/IA KaXoil U3 CNeAyoIIUX KOMaH:

eval (pRUN ( ‘pBeamformer’ ,1,{}))
oval (pRUN ( ‘pBeamformer’,2,{}))
eval (pRUN ( ‘pBeamformer’ ,4,{}))

JlaHHble KOMaH[BI BHIMOMHAIOT NporpaMMy Beamformer Ha omHOM, IBYX M yeThIpex
nponeccopax. Ilpu BoinonHennu Ha napannesbHOM KOMIBIOTEPE BBIAAIOTCA 3HAYE€HUS Bpe-
MENHbIX NapaMeTpoB, aHaNOrMYHble YKasaHHBIM B Tabmuue 3.2.
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Mb! BepHeMCs K 3STUM pe3y/ibTaTaM I03)Ke B XOfie Aa/IbHelIero o6cyxueHus MporpaMm-
MBI ¥ NIOCTIE TTO/Ty4eHNst 60Jlee MOMHOTO MPeNCTABIEHNS O TOM, YTO O3HAYAIOT JaHHbIE Bpe-
MeHHBIe XapaKTepUCTUKM.

Baxnoe npumevaHme: nocienHuil apryMeHT koMaHibl pRUN  onpefienseT, Ha KakoM
niapa/yie/IbHOM KOMIIbIOTepe OyfieT BHINOMHATHCS IporpaMMa. MoxkeT BOSHMKHYTb He00-
XOIMMOCTD B NOJTyYeHMM HayIeXANMX YCTaHOBOYHBIX IIapaMeTPOB Y Ballero CMCTEMHOTO
8/IMMHUCTPaTOpa; 1A NoydeHus 6osee nonpobHoit udopManm obpalaitecs Ha Be6-
caitt kaury (http://www.siam.org/KepnerBook). YcraHoBka 1ociefiHero aprymeHTa 3Haye-
HUeM {} IPMBOOKT K BBHIIONTHEHMIO MHOXKECTBA KOIMI IPOrpaMMBbl Ha Ballleil JIOKaJIbHOM
MalllMHe U TIO/Ty4eHUIO IIPOM3BORMUTENBHOCTH, OT/IMYHOM OT yKa3aHHOM B Tabmmile 3.2.

JNIMHENHBII MaCCUB JaTYMKOB
linear sensor array

source,
UCTOYHUK,

Pucynok 3.2. ®usuka nporpammel Beamformer
Mporpamma Beamformer uMMUTMpYeT OTBET, NMOMy4YEHHBI HA NIMHEMHBIX MacCUBax
NATYMKOB, A/IA IByX MCTOYHMKOB BOJIH

3.2. Paspabotka napannensHoi nporpamMmsi

PaccMoTpuM [IBa TOUeYHBIX MCTOYHMKA, UCITYCKAIOIPIX BOJTHOBYIO SHepruio (cM. puc. 3.2).
SHeprusa MoxxeT 6BITh aKyCTHYeCKO¥ (HarpyMep, 3BYKOBbIe BOJTHBI B BO3[yXe M/M BOJie) U/
3/IEKTPOMAarHUTHOMN (Hanpumep, pagmosonsb). IleppeiM marom B mporpamme Beamformer
ABINAETCA BBIYMCIIEHME CYMMapHOM SHEpTyM 3TUX BOJTH, ONy4YEeHHBIX HA JIMHEITHOM MacCUBe
RaT4MKOB, copepikalieM Ns 371eMEHTOB IaTYMKOB C Ha6opoM yacToT Nf B pas/MyHble MOMEH-
ThI BpeMeHM (CHUMKU cocTosiHms) Ni. PacrionoxeHre MCTOYHMKOB N0 OTHOIIEHMIO K 37IeMEH-
TaM MacCUBa JJaTYMKOB HAXOIUTCA BO BXOMHOM TEH30pe

riie Nt — kOnMUCCTBO «iyued» UIK yrios, KOTOpbie IPUHUMAKIT Iontyuateny. Ecim ucrod-
HUK | pacionuxen 104 yrnom 45, 310 MoXeT 6biTh YKAIHO Kak
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X, ([N, /4,5)=1.

TakumM e 06pasoM, ecrii MICTOYHUK 2 PacIIOIOXEH TIOx YoM 90° 3T0 MoxeT 6bITh yKa-
3aHO Kak
X% GIN, 12,:)=1.

Koneyno, Apyrue 3Ha4eHus TarxKe MOryT MEHATbCHA, €CIn HCOﬁX.OJIMMO MU3MEHUTHD I10-
7Io)KeHye MCTOYHUKOB MEXY CHUMKaMM COCTOAHMSA MM YaCTOTHAsA XapaKTEpUCTUKA pa3-
JIUYHBIX UICTOYHUKOB He OIMHAKOBA. HHH yno6cha B JAaHHOM IIpMMepe UCTIONIb3YIOTCA OfU-
HaKOBbI€ UCTOYHUKMU.

PeaKum{ ANaTIMKOB HAa WMCTOYHMKU XPaHUTCA B KOMIUIEKCHO3HaYHOM TEH30pe

X -~
xl . CNtXNe N . Beruncnenue AaHHOM peaKIUy OCYLIECTB/IAETCA IIyTEM YMHOXXEHUA BXON-
HBIX IaHHBIX H&a MaTpuLly

X b4 o o
e y; CNN*N _ yacrorso-saBucumbiit TEH30p «BEKTOpa YIPAaB/IEHUS», KOTOPbIiA

TparchOpMUpYeT BOIHbBI OT UCTOYHMKOB B PeaKUMIO Ha PHMEMHBIX 3/leMeHTax. ViMutupo-
BaHHas peakuus 3aBeplUaeTCs NPOCThIM 06aB/ieHeM CTydaitHbIX oMeX K X .

CnegylommM aranoM o6paboTky sAB/ETCs MONBITKa BOCCTAHOB/IEHUA IO3MLMIA VC-
TOYHMKOB M3 3alllyM/IEHHBIX JaHHBIX METOOM «(popmMypoBaHus nyda» (beamforming vm
NpOCTPaHCTBEHHOM (MIIBTpaLM) M CYMMMPOBAHNA IO pa3IMyHbiM yacTotaM. Popmupo-
BaHMe N1y4a BhInonHsAerca no ¢opmyne

. NtxNbxNj .
rme X, :R, 7 . Oumamsmiit war CyMMMPOBaHMs BBITIONHAETCA CIERYIOIMM 0Opasom

Nf
x3(i,,ib) = sz(inib’if) >
7=l

a NtxNb
rAe x3 . R + — MaTpuLa, IoKa3bIBaK1as YTo/l KOKIOro MCTOYHMKA ITPU KaXKTOM CHUM-

Kxe.B yﬂpraBByKOBbIX TIIPUNIOKEHUAX TaKasAg MaTpuLia HOCUT Ha3BaHue «rpad)ux BpeMeHHOﬁ
3ABMCUMOCTH YT/IOB».

BasoBbih nocrnepoBareNnbHblit anroputM GopMMpOBaHUA JTy4a HoKasaH B Anropurme 3.1
(nonpoGHoe onuMcaHue B MOATIMCYU K aJITOPUTMY).

TouHble fileTanyu BbIMMCIIEHMIt HaM He BaxHbl. Hambonee sHaummas mHbopMaLms 3a-
K/N0YaercA B C/IEAYIOMMX TONOXEHUAX.

e  Bhiuucnenua npousBORATCA Haji TPEXMEPHBIMM MACCHBAMM C YETHIPBMS OCHOB-
HbiMu uamepeHusami: Nt, Nb, Ns u Nf.

®  A/ITOPUTM COCTOMT M3 HCTLIPCX DTANON; KK/bINA 3Tall COCTOMT u3 umnkna for
HQJi TEH3OPOM.
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e Tlepeble Tpy umkna £Or cOBEpLIAIOTCA HAJl OfTHAKOBBIMM MHIEKCAMM LIMKJIA, U3
3TOTO CIEAyeT, YTO OHU MOTYT MCIIO/IB30BATh OfIHY ¥ TY JKe NapaJlIe/IbHYI0 KapTy
pacrnipeneneHus.

e 3akmouyMTe/IBHBIN LMK BK/IOYaeT B ce6s1 CyMMUpOBaHNe HaJl pa3inyHbIMU Ha-
6opamyt MHIEKCOB LMKIa; M3 3TOTO CEAYET, YTO /1A 3aBEPIIEHMST ONlepaliMy He-
06xonuMo 6yzieT 0GMEHATLCS STUMM JaHHBIMU.

Anroputm 3.1. MNMocnepoearensHbii anroputm Beamformer

ATopMTM B KayecTBe BXO[IHbIX [JAHHBIX 6epeT TEH3Op MCTOYHMKOB X , TEH30P BEKTO-
PoB ynpasnesus V, IUCNEPCHIO IyMa G U 3aToJ/IOBOK alina [IfA COXpaHEeHUs pe3y/nbTa-
TOB. PesynbraToM sBNseTca MaTpuia X,, KOTOpas BOCCTaHaB/IMBAET YT/IOBOE PaCroNoXke-
HMe UCTOYHUKOB KaK (YHKIMIO BpeMeHM. AJTOPUTM COCTOUT U3 YeThIpeX pas/IMYHBIX LU-
xioB for. IlepBhlii co3aeT MMUTHPOBAHHBIN OTK/IMK MCTOYHUKOB U KOMIUIEKCHBIE CITy-
yajiHble TOMEXHU mﬁ:o, »)- BTOpPOIt IMKJT OCY11[eCTB/NIA€T HPOCTPAHCTBEHHYIO GUIBTPALIMIO.
Tperwnit — 3anuceBaeT copMupoBaHHbIe faHHbIe B HA60p ¢aitnioB. PUHANBbHBI LUK CyM-
MupyeT chopMUPOBaHHbIE JAHHbIE N0 YaCTOTaM.

X3 : R+NtxNb= BeAMFORMERSERIAL (
X0 : RNtxNbxNf, V : CNs xNb xNJ,o , file)
1 X1: CNtxNsxNf X2: R +NtxNbxNf
2 for it =1 : Nt, if =1 : N f
3 do —> Stage 1: create sensor data.
4 X1(it,:,if)=V(:,:,if) * X0(it,:,if)T+n C=0,0
5 for it =1 : Nt, if =1 : N £
6 do -> Stage 2: beamform sensor data.
7 X2(it,:,1if) = |IX1(it,:,if) * V(:,:,1if) |2
8 for if =1 : Nf
9 do -> Stage 3: write data to files.
10 WRITE (X2(:,:, if), file.if.dat)
11 for it =1 : Nt, ib =1 : Nb,
12 do -> Stage 4: sum along frequency dimension.
13 X3 (it,ib) = ) ifNf = 1X2(it,ib,if)

Hepesoo

3 3man 1: co30amv nokasanus 0amuuKa.

6 dman 2: sLINORHUMD NPOCMPAHCMBEHHY 0 GUALMPALUIO NOKA3AHUIL 0amuUKa.
9 Oman 3: 3anucamv darnvie 6 paiinvt.

12 3man 4: cymmuposamv 8007b USMEPEHUS HACTOMDYL.

IepBhIit TyHKT O3HAYaeT, 4TO 3a/ja4a COREPXKUT B cebe [OCTaTOYHYI CTelleHb HapaJie-
m3Ma (T. e. eCTh BBIYMCIIEHMS, KOTOpPHIe (PaKTUYECKM MOTYT OBITH BHITIONIHEHDI B OfHO M TO
e Bpems). B obiem cyyae napasren3M B nporpamMMe 06HapyXuThb He cnoxHo. Bropoit
MYHKT O3HaYaeT, YTO JAHHbI KOHKPETHBIA 11apAJLIENIN3M MMEET BHICOKYIO CT€1IeHb NI0KAJIb-
HOCTM laHHbIX (T. €. JIANHbIE JUIA BBINOTHCHUA KKAOTO HAPAIJICILHOTO HpoIecea ABIAIOT-
CH TIOKAZIBHBIMYU JUIR 3TOTO tiporteccopa). JIoKanblnocTs nalTy B 1POrpaMme CloXHee, Ol
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HAKO OHa fAB/IAETCS KII0YeBbIM (PaKTOPOM JUIA MOTYYEH A XOpOLIelt IapanenbHO Mpous-
BOIMTENBHOCTY. TpeTnit M YeTBepThiit MyHKThI IOKa3bIBalOT, YTO JIOKA/IbHOCTD JUIs NEepBbIX
TPEX 3TaNoB OMHAKOBAas, a /I Y4eTBEPTOr0 3Tana OHAa OT/IMYAeTCA. ITU CBOJCTBA AB/IAIOT-
€A 06LIMM J1A MHOTMX TUIIOB BRIYMC/IEHMI Y TUIIMYHBIMY JUIS MHOTO3TAITHBIX IIPOTPaMM.
Kak npaBuo, ka>kziplit 3Tall MporpaMmbl pacrapaie/mBaeTcs He3aBUCHMO, U 3aTeM I10 He-
06X0aMMOCTM OCYIIECTB/AETCSI KOMMYHMKALMA MEXAY 3TalaMy Wi BHYTpyu HuX. B pan-
HOM NpyMepe JICNONb3yeTCs METKO3epHMCThIH MOAXon C nepebopoM napameTpa BHYTpM
KaXXJ0ro IMKia, TaknM 06pasoM, Kaxapiit sKseMIuiAp P, OTBe4aeT 3a OTHENbHYI0 4acTb
Ka)XX[IOTO MaccuBa.

B neppyio oyepenpb npy paspaboTke mapasuieNbHBIX IPOrpaMM HEOOXOmIMO pelmTh,
KakuM 06pasoM HY>XKHO pacTIpeieNiATb MaccMBbl MeXJy pasHbiMu P, . CTaHfapTHBI! CHIO-
cob pacripepeneHMs JUIA MENTKO3€pPHMUCThIX TPUBMATbHO MAcCCOBBIX MapasulelbHbIX 3ajad
3aKJTIOYaeTCA B Mepefiade Kax/oit 4acti obnacti MaccuBOB OTAEnbHOMY Habopy P Ha-
npuMep, ecmt Np = 4, 0611acTh MOXKHO 6b1710 661 OTOOPa3UTh, KaK NMOKa3aHO B Tabmiue 3.1.
T0 oTobpakeHme pasbyBaeT 06NacTb B TpeTbeM M3MepeHMH M NiepefaeT pasmIyHble YacTH
MaccuBa KaXxioMy aksemIuisapy P, . B pesynbraTe pacnipenenenus omyyaeM napamienbHblit
aJITOPUTM, NTOKA3aHHbII C UCNoNnb3oBanyneM P-samuan B Asniroputme 3.2.

Bo-BTOpBIX, Npu paspaboTKe napamienbHOI NpoOrpaMMbl HEO6XOHMMO ONpee/mTh, Ka-
KMM 06pa3oM MOXHO [OCTaBMTh Kaxaomy P uH(OpMalpio, HEOOXOMMMYI0 eMy LISl Bbl-
yycnennit. B naHHOM npyuMepe MCNONb3yIOTCA pacnpelieNeHHble MACCUBbI, YTO NO3BONIAET
KaXXHOMY 3K3eMIuiApy P, 3aie/icTBOBaHHOMY B BbIYMCIIEHMSIX, ONPENEMTD YacThb 0bnacty,
HaJl KOTOpOit OH NO/DKEeH paboTaThb. 3aTeM KaXKablif P, BBINIONHSET BHIYMCTIEHWS HA CBOEH
4acTy pe3ynbTUPYIOLLEl MaTpUIIbl M NOChUIAET JaHHble Hasaj BeaywieMy P, (kak npaBuio,
P,, =0). Bepymwit P, nonmyyaeT Bce MaTpUIb OT APYTMX 3K3EMIVIAPOB P, , a 3aTeM cyMMu-
pyeT ¥ oTo6paXkaeT pe3ynbTHPYIOLIYI0 MaTpully. BusyanbHoe npefcrabieHue Takoro MeTo-
Jia pa3paboTKM NMOKa3aHO Ha pyUCyHKe 3.3.

Anropvtm 3.2. MNapannenbHblid anropyutm Beamformer

[TapamienbHbI anropuTM CXOX C NOC/IEAOBATENbHbIM aJITOPUTMOM C BHECEHNIEM HEKO-
TOpbIX U3MeHeHuit. OCHOBHOE M3MEHeHMe 3aK/II04aeTCs B TOM, YTO X | , SIBIIAIOTCS Te-
nepb pacrpeeneHHbIMI MaCCMBaMM, JIEKOMIIO3MPOBAHHBIMU B CBOEM TPEThEM U3MEPEHUN
(crpoka 1). CooTBeTCTBYIOI e IMK/Ib £OT TAKXKe MEHSIOTCS, TAKMM 06pa3oM, YTO MHAEKC
usMeHseTCA B npenenax ot i =1 1o i, =[[i,™], 4TO ABNAETCA pasMepOM NIOKANbHO Ya-
CTH MaccMBa B TpeTbeM u3aMepenym (CTpoku 3, 6 1 9). B koHne pyHaIbHBII 3Tan BbIYMCIIe-
nult pas6bupaerca Ha iBa uKia for. [eppoiit iukn for cyMMupyeT NpoCTpaHCTBEHHO OT-
¢unuTpoBaHHbIE faHHBIE IT0 YaCTOTaM Ha JIOKaTbHOM P, (ctpokn 12— 14). 31 ganHble CO-
Gupalorca BMecTe (CTpoKa 15) € MCrONb30BaHeM paclpeieNeHHOTO MacCHBa X,, ¥ CyMMM-

poBanue 3aBepiuaetrcs (CTpoku 16-18).
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X3 : RYe*No — BEAMFORMERPARALLEL(

DL OIS A WN =

Pt et et
W =0

ot
[

e e e
o~

Ilepesoo

xl : CN,xN.xP(N;)
™ = arg(Xy(1,1,5)).doc
for ig=1:Np,ip =1:|li7¥|

X : RN: bexP(N,),V . CN'XN""P(NI),O‘,file)

X, : RﬁthbXP(NI) :‘xs 5 Rf.xN.,xP(Np)

do > Stage 1: crea.te sensor dats.
xl-loc("'h :"_f) V( S0y 7'] V(z’)) * Xo. loc(zh "'f) +n —0.0'

for i, =1: Np, ig = 1: [|i77]|

do 1> Stage 2: beamform sensor data.
Xa.doc(is,:, i) = [X1.doc(is,:,i5) * V(:, :,i'f""’(i,r))|2

for is =1: |||l

do > Stage 3: write data to files.
WRITE(X2(:, 5, i5), file.i7™(ig).dat)

fori;—l Ng, '5—1 Nb

do D> Stage 4a: sum along local frequency dimension.
xa loc(ig, %, 1) = Ell:j‘=1u Xa(is, s, zf)

AGG(ia)
foris =1:Ng, ip=1: N,

do > Stage 4b: sum aggregated data.
Xs(izyib) = Tivmy Xalits i, ip)

4 Sman 1: cosadamp noxasamenu 0am4uxa.

7 9man 2: npocmparcmeerHo om@unemposams HoOKG3ameny 0GMmuuKa.

10 3man 3: sanucame danrvie 6 datinv.

13 3man 4a: cymmuposamp 800nb NOKANLHOZ0 USMEPEHUS 4ACMOMbL. e
17 3man 46: cymmuposamp cobparvie OaHHbLE.

Ha6op mMaccuBOB pacnipefieieTCA Ha YETHIPE 3K3eMIUIApa

Ta6nuua 3.1. ITapanenbHoe pacnpenenenye B nporpamme Beamformer

P, Takum o6pa3om, uTo

KaXKAbIN 9K3eMNIsAp PID BbNMCIAET OTAENBbHYIO 9YaCTh MacCuMBa

P Maccue CHumkm Nyun/patunk Yacrorn

0 X, ( 1: N, 1: N, 1:[174N)
. . lN 1- l

1 xm( 1 N, 1: Ny, Z FRdE EN, )
: : Ly, |+1]2n,

2 xtm( 1. N, 1: N, 3 +1: 2 )
. . 3

3 Xara 1N, 1. N, '4'N, +1:N,)
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PucyHok 3.3. IlapamnenbHas peanmysanua nporpaMmbl Beamformer
Kasxapiit 31an anropuT™Ma B3auMOZIEACTBYeT IIPeXie BCEro C ABYMA MacCMBaMM: Of-
HMM Q717 BXOAa M OfHMM 1Al BbIXORA. Bce pacripeenenmbie MaccuBbl X, , HEKOM-
NO3MpOBaHbl B usMepenuu Nf, Takum 06pasoM, He TpebyeTcsa HMKaKOro B3auMopeii-
CTBUSA Ha CTafUAX OTBETA JAaTYMKA, TPOCTPAHCTBEHHON PUIBTPaLMM M 3aIMCH JlaH-
Hbix. KoHeyHoe cocTosnme (akKkyMynuMpoBaHMe M CyMMMpOBaHMe) TpebyeT, YTo6bI
BCe pesy/bTaThl 6bUtM OTIpaBnienbl o6parHo Ha P = 0

3.3. Kog

Cnegylomum maroM CTaHeT HallMCaHUe NapajuleNbHOi nporpamMmbal. I1py craHgapTHOM
(1 pexoMeHgyeMOM) nofxofie K HAMICAHUIO CTIEAYyeT Ha4YaTh C KOPPEKTHOI IOCTIeN0BaTeNb-
HOA nporpammbl. OTnajxa napalensHBIX INPOTPaMM MOXKET NMPEACTABIATh HEKOTOPYIO
CNOXKHOCTD, M JIy4Ilie BCErO Ha4yaTh C MPOrpaMMbl, KOTOpas yxxe paboTaeT ¥ MOXeT ObITb
IIpoBepeHa Ha KOPPEKTHOCTD N0 Mepe [obaB/IeHua napajulenbHBIX KOHCTPyKLmit. Kak yxe
6b1110 CKa3aHO B NpebiAyLIEM pasfiene, [Vl NapajuleIbHOrO KOa HeOOXOMMMBI TPY AOTION-
HUTeNbHbIE YacTy (PYHKLMOHAbHBIX BO3MOXXHOCTE.
e Kaxppiit sxsemmnap MATLAB co3faeT MHOXXeCTBO pacnpefielleHHbIX MacCUBOB C
UCHIO/Ib30BAHMEM KapThl pacrpefieNieHus.
o Kaxnppiit axsemmnap MATLAB onpezenser cBowo 4actb 0671acT1 M3 pacrpefieeH-
HOro Maccupa.
e Begymmit skaemruiap MATLAB nonyyaer yactit 1 GopMMpyeT KOHEYHbIA pe3ynbTaT.

Nuernnr koaa 3.1. Napannenshas MATLAB—-nporpamma Beamformer

1 % Number of times, sensors, beams and frequencies.

2 Nt = 50; Ns = 90; Nb = 40; Nf - 100;
i PARALLEL - 1; Y Set control flag.
4 Xmap - |; %oCreate serial mape,

Bl (PARANLLIETL)
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7 end
8 XO = zeros(Nt,Nb,Nf,Xmap); % Source array.
9 X1= complex(zeros (Nt,Ns,Nf,Xmap)); % Sensor input.
10 X2 = zeros (Nt,Nb,Nf, Xmap) ; % Beamformed output.
11 X3 = zeros(Nt,Nb,Np, Xmap) ; % Intermediate sum.
12 myI f = global_ind(X1,3); % Get local indices.
13 % Get local parts of arrays and insert two targets in XO.
14 XOloc = local (X0):; Xlloc = local (X1l); X2loc = local (X2):;
15 XOloc(: ,round(0.25*Nb), :)=1; XOloc(: ,round(0.5*Nb), :)=1;
16 for i_t=1: Nt % Time snapshots loop.
17 for i_f=1: numel (my I_f ) % Local frequencies loop.
18 Xlloc(i_t,: ,i_f) = ... % Shift beams to sensors.
19 (squeeze (myV(:,: ,i_f))*squeeze(XOloc(i_t,: ,i_f)). ")
20 + sqgrt(Ns) *complex (rand(Ns,1),rand(Ns,1));
21 end
22 end
23 for i_t=1: Nt % Time snapshots loop.
24 for i_f=1 :numel (myI_f) % Local frequencies loop.
25 X2loc(i_t,: ,i_f) = ... % Sensors back to beams.
26 abs (squeeze (Xlloc(i_t,:,i_f)) *squeeze (myV(:, :,i f)))."2;
27 end
28 end
29 for i_f=l:numel(myl f) % Loop over frequencies.
30 X_i_f = squeeze(X2loc(:,: ,i_f)); % Get a matrix of data.
31 filename=[‘dat/Beam freq.’ num2str (myI_ f(i_f)) ‘.mat’];
32 save (filename,’X i f’); % save to a file.
33 end
34 X3 put_local (X3, sum(X2loc,3)); % Sum local into X3.
35 X3 squeeze(sum(agg(X3),3)); % Agg and complete sum.
Ilepesod

1 Konuuecmeo cHumkos, 0amuuxos, nyyeii u uacmom.

3 Yemanosums xonmponvhuiii dnae.

4 Co3oamp nocnedoeamenvHyto Kapmy pasmeuseHus.

6 Co3damb napannenvHyo Kapmy pasmeueHus.

8 Maccue ucmouruxos.

9 BxooHvie daHHbie 0amMuuKos.

10 IIpocmparcmeenro om¢unvmposarviii 6b1x00.

11 Ilpomercymounvie cymmbi.

12 lonyuumbv noxanvHvie uHoexcot.

13 Ilonyuump nokanvKvie wacmu maccueos u ecmasumo 0se yenu 6 XO.

16 lluKll CHUMKOU COCMORNHUR 6 pasnuwabzc MOMEKMbL apemcuu.
17 L{uxn noxanvKmix sacmom,



m maea 3

18 Ilepemecmump nyuu K 0amyuxam.

23 Luxn cHUMKO8 COCTOATHUA 8 PA3NUUHbIE MOMEHMbL BPEMEHU.
24 I{uxn noxanvHbiXx uacmom.
25 Jlamuuxu o6pammo x nyuam.

29 I{uxn no wacmomanm.
30 Ionyuumv mampuiy OGHHBIX.
32 Coxpanump 6 daiin.

34 Cymmuposamv noxanvivie danHvie 8 X3.
35 Cobpamb u 3asepuums cymmupoeatue.

Kmoyesble ¢parmMeHTH! mnapaiienbHOrO KOfa IOKa3aHbl Bbiile (NONHbIA JIMCTUMHT
KOfa HaxomuTcs B pupektopum Examples/Beamformer/pBeamformer.m). Cre-
RyeT MMeTb B BUAY, YTO OAVH Y TOT e KOf Oy/eT BbINOMHATBCA KaKEBIM 9K3eMIUISIPOM
MATLAB. EnvHCTBEHHBIM pasimMyMeM MeXXAY 3K3eMIUIAPaMM ABIIAETCA HAYMe Y KaX/io-
ro U3 HMX yHuKanbHOro P (1. e. Pid), KOTOpbIit MCMIONb3yeTCs U ONpeNieNeHus ToTo, Ka-
KMe JacTy pacnpeielleHHOTO MacCuBa IpMHAJIeXart KaxoMy u3 sksemnnsapos MATLAB.

Crpoku 3-7 co3paloT napauienbHylo KapTy pasMenieHusa Xmap, KOTopas UCNoyb3yeT-
CA JJIA CO3aHMA pacnpefie/IeHHbIX MaCCUBOB. ®nar PARALLEL sBIfgeTCA OONOIHUTEND-
HBIM MHCTPYMEHTOM OTNafIKM, TO3BOMAIONMM BK/IIOYAaTh M BHIKIIOYATh pacnpefie/ieHHble
MacCHBBI.

Crpoku 8-11 co3paioT pacnpefienieHHble MacCUMBBL X1, X2, X3 1 X4. 3TH cTpokM koaa
MOI'yT NOBTOPHO MCIIONb30BaTh Xmap, MOTOMY YTO BCe pacrpefe/eHHble MaCCUBbI TpeX-
MepHble ¥ HO/DKHBI pacnpefeNATbCs M0 TpeTbeMy M3MEepPEeHMUIO.

Crpoxa 12 npepnucbiBaeT KaXxioMy 3k3emrnsapy MATLAB nomyumnts MHAEKChI pac-
TpeAe/leHHOr0 MacCMBa, COOTBETCTBYIOLIME €[0 JIOKAbHOI YacTM. 3TH MHAEKChl VICIIONb-
8yI0TCA 2718 BbI6Opa YacTOT M BEKTOPOB YIpaBleHusA, IIpMMEHAeMBbIX IpU BbIYNCIIEHNAX.

Crpoxa 14 npegmichiBaeT KaxgoMy 3ksemnnapy MATLAB nomyuntb cBoio JOKanb-
HYIO 4acTb pacnpe/ie/lleHHbIX MaCCUBOB.

Crpoku 16-22 co3pator Habop AaHHBIX MIMUTMPOBAHHOrO OTK/MKA fAaTyuKa. I{ukn no
YaCTOTE BBITONHAETCA 10 TOKATbHBIM MHAEKCaM KaXIoro sksemivispa MATLAB.

Crpoxyu 23-28 npocTpaHCTBEHHO GWIbTPYIOT AaHHblE MIMMTMPOBAHHOIO HaTyMKa.
LMK 1o YacToTe BBINOMHAETCSA 1O TOKATbHbIM MHEEKCaM KaXoro sksemmnsipa MATLAB.

Crpokyu 29-33 3amchbIBaloT JaHHbIE B ai, py 3TOM KaXK/blit a3k3emmnap MATLAB
salucbiBaeT oguH Qaity QI KaXk0M 4aCTOThI, KOTOpas ABNIAETCA TOKATbHOM JIs 3TOTO 3K-
seMniapa.

Crpokn 34-35 akKyMyIMpyIoT M CYMMMPYIOT JaHHBI€.

BbiuieykaszaHHbIit KOI SABISAETCA APKUM HPUMEPOM IMOJIXOA K TPOrpaMMMPOBAHUIO Ha
OCHOBe KapT pasmeltenus. [Tocre Toro, kak cosjlana Kapra, 0Ha MCIONB3YeTCs A/s CO3-
AQHUSA PACIIPEIC/ICHHBIX MaCCUBOB, 11PEJIIIHAYCHINX JUIL XpaHeHUs pe3ynbTaToB. Teneph
KOXKALIA HKieminstp MATLABR MoXeT oOpaimarnesn k preipeneneiniomy Maccuny, MCHoID-
ayn Pynkuuio g loba | ind ans olpepenciun MHACKCOR, KOTOPbIMU OIF BAafCeT. STy nit-
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BeKChI BITOC/IEACTBMM VICIIONB3YIOTCA A/ BbIOOpa YacTOT M BEKTOPOB YIpaBlIeHUs, NpUMe-
HAEMBIX I BLIYMCIIEHMM pesynbraToB. Ha mepBbIX HECKONBKMX 3Tanax KOMMYHUKaLVs
He TpebyeTcs, TaKMM 06Pa3OM, MCIIONBb3YIOTCA TOIBKO JIOKATbHbIE YaCTH pacrpeneleHHbIX
MaccuBoB. JIokajibHble pe3y/nbTaThl KOMMPYIOTCS 06paTHO B pacnpene/ieHHbI MacCuB C UC-
nonb3oBanueM ¢ynkimy put _local. HakoHern, MaccuB cobupaeTcs M CyMMUpYeTCs «Be-
AyLMM» C MCNIONb30BaHMeM PYHKIMM agg.

Ha panHOM npumepe Kofa MOXHO NPOCTIERUTh HEKOTOpbIe CBOVCTBA IOAXOAA K Ipo-
TPaMMMpOBaHMIO Ha OCHOBE KapT pa3MeLIeHu.

o  HesnaunrenbHoe BimsiHMe Ha Kofi. IIporpaMma npeo6pasoBaHa 13 nocnegoBaTeNb-
HOJt B Iapa/lIeNbHYI0 IyTeM nobapienus okono 10 JonomHuTeNbHBIX CTPOK KOAa.

o TlocnepoBatenbHbll Kop coxpaHsercs. Ilpn ycranoke PARALLEL=0 pgaHHBII KO
MOXeT ObITh BBINIOTHEH MOC/IEAOBAaTENbHO 63 NoAnep KKy Mapauie/bHbIx 6ubnuoTek.

o Heb6onburoit 06beM ycnonb3oBaHyns napajenbHoit 6ubmorexn. IlotpeboBanock
TONBKO YeThbipe GyHKLMM IapajurenbHOi 6ubmorexu: map, global ind, lo-
cal, put_local, u agg, a TakKe neperpyxeHHble QyHKLIMI-KOHCTPYKTOPbI
zeros (), complex () nrand(). [I'IpumeanMe: rand MOXXeT BbiJaBaThb 3Ha4Ye-
HMA B Pa3/IMYHOM NOpsfKe B 3aBUCUMOCTY OT NapajuleIbHON KapThl pa3MeLLeHus].

e Macmrabupyemoctsb. Kox MoXxeT BBINONMHATBCA Ha 3apade moboro pasmepa wim
mo6oM yucie Np.

e OrpaHndeHHass KOMMYHMKaIMs. Tak KaK MICHONb3YIOTCs IOKATbHBIE NIepeMeHHBle,
MOMEHTBI OCYLIeCTB/IeHMs KOMMYHUKAIMM CTPOro KOHTPOMPYIOTCA.

e HesaBucumocth o1 Kapt pasmertenus. Ilporpamma 6yner paborarb ¢ 6onbmym
YMC/IOM pa3HOOOpasHbIX KapT.

o TapanTna npouspoputenbHOCTH. Vicnmonb3oBaHMe B OCHOBHOM alITOPUTME JMILb
TIOKa/IbHBIX NTepEMEHHBIX, KOTOpbIe ABJIAITCA OOBIYHBIMI YMC/IOBBIMU MacCMBaMy
MATLAB, rapantupyeT OTCYTCTBME KAKMX-TMOO CKpHITHIX yXYALIEHMII IIPOU3BO-
IMTENbHOCTY NPY HMapalieNbHOM BBINIOTHEHUY JaHHBIX CTPOK KOfIa. ’

3.4. HTepakTnBHan otnagka v TeCcTMpoBaHue

B panHOM paspgene mporpamma Beamformer BrINONHseTCA 3a NATH ONpeRe/eHHBIX La-
ros. lllar 1 BrmoONMHsET NMpOrpaMMy IOCIENOBATENbHO HA JIOKA/IbHOM KOMIIBIOTEPE C BbI-
KMOYEHHBIMY pacnpene/ieHHbIMM MacCMBaMy. 3TMM NpOBepAercs NpaBWIBHOCTD JieXa-
fiiero B OCHOBe NOC/IefOBaTeNbHOroO Kopa. Illar 2 BbINOMHAET MpOrpaMMy MocaefoBare/b-
MO0 Ha JIOK&JIPHOM MalllMHe C BK/IIOYeHHbIMU pacnipefieleHHbIMM MaccuBamu. Ha manHOM
Rtrare nposepsiercs NPaBMIbHOCTD NapautenbHOro kopa. lllar 3 poimonuser nporpaMmy mna-
pannenbHo Ha nokanbHOM Kommbiotepe. Ha ganHOM Inare BHIABIAKTCA OIMOKK KOMMY-
HuKauuy. Vi3 Bcex 11aros, 3T0T, BEPOATHEE BCETO, ABNAECTCA CAMBIM BaXXHbIM M BBIABJIAET
6onbiue Bcero ownbox. Illar 4 BemonHser nporpaMMy napainelbHO Ha yfjaneHHOM KOM-
nblotepe. Ha gaHHOM 3Tane BhIABIAIOTCS OLUMOKYM, BHECEHHbIE IPY YIA/IEHHOM B3aVIMOJI€it-
ersuu. lllar 5 BuinonHAeT nporpaMmy napannensbHO Ha yfianieHHOM KOMIbIOTepe, HO Ha 3a-
flave MHTepecyloniero Hac pasMepa. [lo 3Toro MOMenTa TecTUpoBaHue JOMMKHO ObITO OCy-
WECTBIXTLCA Ha 3a/lMe MIIOrO pasMepd. Jlanimifl mar nossonnet onpeaeniTh NPoUsBoOaK-
TENLHOCTD HA Peanbhiof snflave,
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B pononHeHMe K BBINONTHEHMIO NporpaMmbl 6yRyT Takoke IpefOCTaBlIeHbl ONMCaHUA
TOro, KaK MOXXHO B3aMMOJEMCTBOBATb C HEKOTOPbIMY NepeMeHHbIMI. UTO6bI BBINOMTHUTD
nporpammy, 3amyctutre MATLAB u nepeitaute B pupekropuio Examples/Beamformer
(1. e. Habepute cd Examples/Beamformer).

3.4.1. KoppeKkTHOCTH NIOCNIENOBATENHHOrO KOfa

Yrobr! nepepectu nporpaMMmy Beamformer B nocnefoBaTeNbHbI PeXXMUM, OTpefaK-
Tupyitre daitn pBeamfomer .m u ycraHosure PARALLEL=0, 3aTéM paCKOMMEHTUPYIITe
MOCIIeHION CTPOKY ¢aita:

whos XO X1 X2 X3 XOloc Xlloc X2loc %3 myl f ny V
3atem B xoMaHAIHO cTpoke MATLAB BBenuTe
pBeamfomer

ITpu aToM nomy4uTe CremyloLMit BHIBOA:

Umn Paamep Baiir Knacc ATpubyTHI
X0 50x40xI00 1600000 double
XOloc 50x40x100 1600000 double
X 50x90xI00 7200000 double complex
Xilloc 50x90x100 7200000 double complex
X2 50x40xI00 1600000 double
X2loc 50x40xI00 1600000 double
X3 50x40 16000 double
x3 50x40 16000 double
myI_f Ix100 800 double
myV 90x40xI00 5760000 double complex

YcranoBka PARALLEL=0 BBIK/TIOYAeT Mapa/lieNbHyI0 OMOIMOTEKY, IIpeBpallias KapThl pas-
MelileHus B nocnefiopatenibHble. Vicnonb3oBaHue nocnenoBaTeNbHOM KapThl B Ka4yecTBe apry-
MeHTa Ana koHcTpyktopa MATLAB npuBoput K BO3BpalleHMI0 KOHCTPYKTOPOM PerynisipHOro
maccuBa MATLAB. QaxTiuecky, 3To TO ke CaMoe, YTO ¥ BHIIIOHEHMe NporpaMmsl 6e3 pac-
npefeneHHbIX MaCCUBOB. ITO MOXXHO TNOJTBEPANTD, POBEPUB, ABNAIOTCA TN pa3Mepbl M K/ac-
Cbl 1ap pacrpefeneHHbIX/TOKa/IbHbIX NepeMeHHbIX X0/X01oc, X1/X11loc, X2/X21ocu X3/
%3 opuHakoBbIMy, Ec/v OHYM OT/IMualOTCA, 3TO NPUBHAK TOTO, YTO MacCHBbI He OOBAB/IEH! Mpa-
BMNBbHO. BhinomHeHyne nporpaMMel B TAKOM peXyMe NMpOBepsieT KOPPEKTHOCTD ITOC/IEIOBATeNb-
HO# nporpaMmeL.

3.4.2. KoppexTHOCTB NapanjienbHOro Koga

Yr10o6b1 BepHyTb porpammy Beamformer B napannensHbiit pexxum, oTpegakTupysite ¢aiin
pBeamfomer.mu ycranosure PARALLEL=1. 3arem B koMaHaHOit ctpoke MATLAB BBepute
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3TO aHa/IOTMYHO 3aIUCH
eval (pRUN ( ‘pBeamformer’ ,1,{}))

[1pu 3TOM MOMy4MTE CNIEMYIOIMIt BHIBOM:

Wmsa Pa3mep Bait Knacc ATpnGyTHI
X0 50x40x100 1600928 dmat
XOloc 50x40xI00 1600000 double
Xl 50x90xI00 7200928 dmat
Xiloc 50x90xI00 7200000 double complex
X2 50x40xI00 1600928 dmat
X2loc 50x40xI00 1600000 double
X3 50x40 16920 dmat
x3 50x40 16000 double
myI_f 1100 800 double
my V 90x40xI00 5760000 double complex

YcranoBka PARALLEL=1 BK/II0YaeT napajienbHyio 6ubmorteky, cosfasas pacnpere-
NeHHbIe KapThl pa3MelieHus. VicnonbaoBaHye pacnipefieNleHHON KapThl B Ka4eCTBE apryMeH-
Ta i1 KOHCTpyKTopa MATLAB 06ycnosmiBaer Bo3BpalleHue KOHCTPYKTOPOM pachpefie-
neHHoro mMaccuBa MATLAB. 9To MO>XHO NOATBEPANTD, IPOBEPUB pasMepsl M KacCh TIap
pacrnpeneneHHbIX/NOKaNnbHBIX nepeMeHHbIx X0/ X0loc, X1/X1loc, X2/X21oc u X3/
x3. Ha panHOM 3Tane pasmepbl MacCMBOB JO/DKHBI ObITH OAMHAKOBBIMI, HO K/IacChl pac-
NpefeneHHbIX MaCCHBOB JO/DKHBI MMeTh THI dmat. Ec/i OHM He OMHAKOBEI, TO PU3HAK
TOrO, YTO MacCUBbI He 06bsiBIIeHb! npaBunbHO. Ha JaHHOM 3Tane BBINONHEHME IIPOrpaMMbl
NpoBepseT NpaBMIbHOCTb 06bABNEHNA pacnpenie/leHHBIX MaCCHBOB M IPaBUIbHOCTD pa6o-
ThI Ieperpy>xeHHbIX GyHKIMIT (B fTaHHOM Cly4yae Zeros, rand () u complex).

3.4.3. KoppeKkTHOCTH TOKa/IbHOI KOMMYHMKal UM

JIns BbIMONMHEHNs IPOrpaMmbl C MCIIONTb30BaHMEM yeThipex 3k3emnnapoB MATLAB na
TIOKanbHOI KOMITbIOTEPHOI cMcTeMe B KOMaHAHOM ctpoke MATLAB BBenute

eval (pRUN ( ‘pBeamformer’ ,4,{}))

Ipu 3TO0M NONMYUNTCA CNERYIOWMIL BHIBOL;



Wms Pasmep Baiir Knacc ATpubyTel
X0 50x40x100 400952 drnat
XOloc 50x40x25 400000 double
XI 50x90xI00 1800952 drnat
Xiloc 50x90x25 1800000 double complex
X2 50x40xI00 400952 dmat
X2loc 50x40x25 400000 double
X3 50x40x4 16952 drnat
x3 50x40 16000 double
myl_f 1x25 200 double
my V 90x40x25 1440000 double complex

YcraHOBKa nocefHero apryMeHTa B komanzie dRUN () Ha 4 3amyckaeT nporpaMmy Ha
yeThipex sk3emmapax MATLAB Ha nokambHOM mporeccope. 3T0 MOXHO NOATBEPAMTD,
NpoBepPMB Pa3Mephl M KIAacChl Nap pacnpeleNeHHBIX/TOKAIbHBIX NepeMeHHbIx X0/ X0l oc,
X1/X1lloc, X2/X21oc u X3/x3. Ha paHHOM 3Tane pa3Mepbl MaCCMBOB JO/DKHBL OT/IN-
4aThCA, a K/IACChl pacrpee/leHHbIX MaCCMBOB [IO/DKHBI MMeTh Tun dmat. B yactHOCTH, Tpe-
Tbe U3MepeHMe TOKATbHOTO MaccuBa JOIDKHO ObITh paBHO 1/4 pasMepa TpeTbero usmepe-
HUA COOTBETCTBYIOILETO pacnpeneneHHoro maccupa. Ecm onm oTmmuaoTcs B ipyroit npo-
MOPLUM, 3TO NPU3HAK TOTO, YTO MACCUBBI He O0bsB/IEHb NpaBUIbHO. KpoMe TOrO, BHIBO-
Abl oT Apyrux sksemmiapos MATLAB Mo)kHO pocMOTpeTh, BBEAS B KOMaHOHON CTPOKe
MATLAB cnenyomee:

ltype MatMPI\*.out
370 aHAIOrMYHO 3aMmicK

!more MatMPI\*.out

Pasmepb! ¥ THIIBI KIIACCOB pacrpefeNleHHbIX M TOKaTbHBIX MaCCHBOB IO/DKHBI C/IEI0BATh
TOMY >Ke MPUHIMITY.

Ha fraHHOM 3Tane mporpaMMa BBINONHAETCA NapajieNbHO Ha TOKanbHOM MaumHe. Ha
MaHHOM 1llare BBIAB/AIOTCA OLMOKM, CBA3aHHbIE CO B3auMopeiicTBueM. M3 Bcex maros
3TOT, BEPOATHEE BCETO, AB/IAETCA CaMbIM BaXKHbIM ¥ OOHapy>KMBAeT 60/IblIe BCEro OLMOOK.

3.4.4. KoppeKTHOCTD yAa/leHHOV KOMMYHUKAIN

lins BEIMONHEHMs MPOrpaMMbl C ICIIONb30BaHMeM YeThipeX sk3emmuisipoB MATLAB Ha
YAR@/1€HHO! KOMNBIOTEPHOI cucTeMe B KOMaHHOM ctpoke MATLAB BBemuTe

eval (pRun (‘pBlurimage’, 4, ParallelMachine)).

Mocnepnutt apryment komanab dRUN () onpenensier, Ha KakOM MapasnieNnbHOM Bbl-
MUCITUTENBHOM KOMIbIoTepe GyfieT nuinonisirhes porpamma. (MoxeT BOSHUKHYTD Heo6-
XOAMMOCTD B 1IYYEHMY HAJUIENRAIIUX YUTAHOBOWILIX 1HAPAMETPOB y Balllero CUCTEMHOTO
MAMUHUCTPRTIOPA; Jutst HostydeHrs Gonee nogpoGioit mipopmanumn oGpainairech Ha Be6-
CART KnMI'M (hllp:llwww.sium.nrg/ Kepnerllook)). Benog, nonysenibiii na jatniom arane,
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AOIDKEH ObITh MIEHTVYEH BBIBORY, IONYy4YeHHOMY Ha mpenbiaylieM. Ecm BHIBOABI He om-
HaKOBBI, 3TO IIPU3HAK TOTO, YTO CIIOCO6 BBIITONHEHUA NPOrpaMMHOro obecrnedeHns Ha yaa-
JIEHHO} MalllMHe OTIMYAeTCA OT €r0 JIOKa/IbHOTr'O BBIMOITHEHYS.

3.4.5. OneHKa NpoU3BOIUTETHHOCTH

IJar 5 BrimONHsET NPOrpaMMy NapasuleNbHO Ha Y/ialleHHOM KOMIbIOTEpe, HO Ha 3afjaye
MHTEPEeCYILero Hac pasmepa. JIo 3Toro MoMeHTa TeCTMpOBaHMe IO/DKHO 6bUTO OCyInecT-
BATHCA Ha 3afjaye Majioro pasmepa. JlaHHbII 1l1ar IO3BOAAET ONPEAENNTb IPOU3BOAUTEND-
HOCTb Ha peanbHOit 3afiade. YT0o6bI IIOMyYnTh BpeMEHHbIE XapaKTepUCTUKM TpeOyeTcst Bbl-
NOTHUTb NpPOTPaMMy 1S AManasoHa 3HadeHuit Np (TMOMYHBIMM 3HAaYEHMAMN ABIAIOTC
CTEeNneHM ABONMKM).

TectnpoBanye nporpammbl Beamformer - npu ycIoBuy, YTO OHA yXKe OT/aXKeHa U
Bbifla€T NIpaBWIbHbIE OTBETHI — B OCHOBHOM 3aK/II0YaeTCA B ONpeNeNeHN BpeMeHH, KOTO-
poe TpebyeTcs [i1s1 ee BHIONHEHNA, Y BBIACHEHM, HACKO/IBKO €€ IIPOM3BOAMTEILHOCTD CO-
OTBETCTBYeT OxkufaeMoit. Iloury Bce BpeMeHHbIe N10Ka3aTeNny, Heobxoaumble [ MpoBefe-
HUS1 TAKOTO aHanMM3a, 6puT-cobpanb! B pasaene «Havano pa6oTei».

IlepBoe mcrbITaHMe MPOBOAUTCS JIA CPaBHEHUS MPOM3BOAUTENBLHOCTH MPOrpaMM C MC-
nomb3oBaHueM Np = 1 ¢ BrikmoueHHbIMY (PARALLEL=0) pacnipefieieHHbIMM MACCMBaMU M
BKMoYeHHbIMY (PARALLEL=1) pacnpeneneHHbIMI MaccMBaMy. JTU JaHHbIE COREPXKATCA B
cron6buax 2 u 3 Tabmuupl 3.2. B JaHHOM CTy4yae pasnuymsA 3HaYeHMit IIPOM3BOAMTENbHOCTH
npeHeOpeXMMO MaJlbl; OHM IIOKA3bIBAIOT, YTO pacrpefieleHHble MACCUBBI He BbI3bIBAIOT YXYA-
LIeHNA MPOM3BOAMTENbHOCTU. EC/IM Mcronb3oBanme pacnpeneneHHbIx MaccuBoB ¢ Np = 1 3Ha-
4NTe/IbHO 3aMefAeT paboTy, Heo6XOmMMO yaemMTh BHMMaHMe 3105 npobneMe. OueHb TPyAHO
nonyunTb Kakoe-nmu6o npeymyiectso npyu Np > 1, ecn ipy Np = 1 BbINONHEHKe IIpOrpaMMbl
NPOMCXORUT MeTIeHHee, YeM Ny MCXORHOM IoCTeioBaTeNbHOM koie. Pabota Tonbko Ha y1o-
KaJ/IbHBIX 4aCTAX paclpefieNeHHbIX MaCCMBOB IIOYTY FapaHTUPYeT, YTO NPOU3BOUTENHOCTD
6yneT TaKoi1 xKe, KaK pu paboTe 6e3 MCIonp30BaHNA paclIpene/IeHHbIX MACCMBOB.

B Tabmme 3.2 mokasaHO OTHOCUTENbHOE BpeMs BbIYMCIEHMIT (HOPMATN30BaHO 110 OT-
HOUIeHMIO K cryyaio Np = 1), BpeMst 3armycka + KOMMYHMKaLy ¥ KO3(PUIMEHT YCKOPEHUA
BBIYMCIEHMIL. ITU faHHbIe 6bU1M cObpaHbl ¢ BOCBMUITPOLIECCOPHOJ MHOTOSIREPHON CHCTe-
Ml ¥ 16-y3110BOJ cuCTEMBbL. B MHOrosfiepHbIX CMCTEeMaX BCe IIPOLIECCOPLI MCTIONb3YIOT OfHY
IaMAThb. B MHOTOy3nOBBIX CMCTEMaX KaXJIbli y3€/1 MMEeT CBOIO ITaMATb, ¥ POLECCOPBI OCY-
LIECTBAIOT KOMMYHMKAIIMIO Yepes CeTb.

B Tabmime 3.2 nokasaHo COKpallieHMe BpeMeH! BbIYMCTIeHMIt NIy yBemdeHuy Np Kak
B MHOTOsSJIEPHOJ, TaK M B MHOroysnoBoit cucteme. OfHaKO B napajuieNbHO NporpaMme
06bIYHO MOABIIAETCA IONOMTHUTENTbHOE BPEMs, 3aTpadMBaeMoe Ha 3aITycK ¥ KOMMYHMKALVIO
Mexay snementaMu MATLAB. B Tabmie 3.2 npocnexxuBaeTcsi yBemmdeHnue BpeMeHy 3a-
nycKa + KOMMYHUKaLMy € yBenmmderneM Np, a Takoke CpaBHUTENbHO 60/bILMIT BpeMeHHO
I10Ka3aTeb 3aMmycKa + KOMMYHUKAIUM B MHOTOY3/I0BOJ CHCTeMe, TaK kaK paboTa ocymrect-
B/ISI€TCA Yepes CETh.

ITporpamMma umeeT BHICOKMI KOI(DULMEHT YCKOPEHUS HA  BhIYMCIUTENBHON YacTH
Kofta. Oanako, TaK Kak fOHOMHUTE/IBHBIA PACXO/l BDEMEHU yBenuuMBaeTca ¢ poctoM Np,
O0LAR HPOUIBOAMTCABHOCTH HPOCPAMMDBI OFPRIKYCHA. D10 10 Gonbnieil YacTy 1H0604HBbIi
adext roru, Yro HPOIPAMMa BEITIOIHACTCH I TENCHUE JINTLDL HECKOILKNX CeKYHAL. B 60nb-
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AOCTaTOYHO NPONO/XMTENbHOE BPEMS, U 3aCTaBUTD ee paboTaThb 6picTpee. Ilo mepe Toro
Kax nporpamma Beamformer 6yner BHINONHATHCA 3a 60nee [/MTeNbHBIA NepUOA BpeMEHN
(7. e. ipy BrI6Ope 60mbIMX 3HadeHnit Nt, Ns, Nb u Nf), BpeMst BBIYMCIIEHMI CTaHET HAMHO-
TO IIPEBBIIATH BpeMs 3aI1ycKa + KOMMYHMKALVM, ¥ KO3 PMIMEHT YCKOPEHNs BHIYMCTIEHMIt
6ymer orpakeHmneM 061eil MpOU3BOAMTENHHOCTH [apa/l/ieNIbHOTO NPIIOXKEHM .

Ta6mmua 3.2. IIpou3BoaMTeNbHOCTE niporpamms! Beamformer Ha MHOrOsiiepHBIX M
MHOrOY3/I0BBIX CICTEMaX
OTHoCHTeNbHOE BpEMs BBHIMMCIIEHMI, abCOMOTHOE BpeMs 3a1ycka + KOMMYHHMKALIMH, KO-
3 duLMeHT ycKOPeHNs BbIYMCIIEHNMIT Ha MHOTOAEPHBIX ¥ MHOTOY3/IOBBIX BBIYMCTMTENb-
HBIX CHCTeMax /A pas/iiHbIX 3HadyeHmit Np. JlaHHble 0 MpoM3BOIMTENIbHOCTH IpMBefie-
Hb! 1n1st ukcupoBanHoro pasmepa sapaum (Nt, Ns, Nb u Nf koHcTanTbl). Bee sHavenms
HOPMa/M30BaHbI 110 cToN6Ly 2, B kKoTopoM N = 1 ¢ BHIKTIOYEHHBIMY PacrpefieNeHHbIMU
maccuBamy (PARALLEL=0). Cron6usi 3-7 copepxaT 3HaueHMs C BK/IIOYEHHbIMM pac-
npefenenHbiMyu Maccysamy (PARALLEL=1). 3ammch 1*8 o3HavaeT uTto Np = 8, u Bce
3K3eMIUIApbI Py GbUIM BLINOMHEHD! HA OHOM NMPOLECCOPHOM Y3/ie TP COBMECTHO MC-
NOnb3yeMoit mamATH. 3ammchb 16*1 o3navaeT 4o Np = 16, M Kaxqblit sksemmap P 6bin
BBITIONIHEH Ha CBOEM MHMBMJIYaTbHOM IPOLECCOPHOM Y3/i€ C MCIIONb30BAHUEM OT/IE/b-

HOJ MaMATH
MnorosaepHbie npoleccopb: 1 11 1*2 1*4 18
OTtHocHTENBbHOE BPEMS BbiUCNEHUIA 1 1.0 0.48 0.22 0.12
Bpemsn 3anycka+e3aumoneincreus (C) 0.0 0.0 0.5 05 1.2
KoappurimeHT yCKOPeHUA BbluMCNEeHMiA 1 1.0 21 44 8.0
MHoroy3noBble npoueccopb!: 1 1"1 2*1 4*1 8*1 16™1
OTHOCUTENLHOE BPEMS BbIMUCNEHMUI 1 1.0 0.51 0.26 0.12 0.06
Bpems 3anycka+B3aumoaeincTeus (c) 0.0 0.0 84 109 10.7 14.3
KoachmrymeHT yckopeHmna BuiuMCNEHNIH . 1 1.0 20 3.9 8.1 16.7

3.5. TeMa NOBLILLIEHHOM CINOXHOCTU: BBEAEHWE B NapannenbHo-
KOHBEWepHbIe NPUITOXEHUsI

B npeabinylmx paspenax pacnpefieneHHble MACCMBBI MICIIONb30BANCh ANIA TOTO, YTO-
Obl KaXKAblit 3K3EMIUTSAP P,D MOT BBINO/IHATD ONEpanMy Ha Majoi 4acTM LIe/IOr0 MacCuBa.
JlaHubIft TN Napanen3Ma YacTo HasbIBAeTCs «IIApaJIIENIN3M 110 JAHHBIM», TaK KaK KaX-
AbIR P, BLINOMHSAET OfHY M TY )K€ CTPOKY KO, HO Ha Pas/IMYHBIX YAaCTSAX AaHHBIX. YUTO6HI
napannenusm faHHbIX pa60’ran, KaXX[Ibli1 3K3eMII/IAp Pm JIOJDKEH BBIMONHATD OfHY M TY Xe
nporpammy. JlanHas MozieNb I1apaiielIbHOro NpOrpaMMIpOBaHMs HOCUT Ha3BaHue Single-
Program Multiple-Data (SPMD) (ogsa nporpaMma, HeCKONbKO MOTOKOB AAHHBIX, MM ap-
xutextypa SPMD).

ITpunoxenne Beamformer Taxke AeMOHCTPMpYET APYTOit TUIT Napa/IeNM3Ma, TaK KaK
OH XapaKTepu3yeTcsi MHOTOLIArOBOCTHIO U BOAMOXHOCTBIO pacnpefenuTh pasnuyHble 3Ta-
fin 1o pasHeiM Ha6opam Py, Takoit TMN napannenusMa HOCUT HasBaHUe «IapannenusaM 1o
safetam». YTo6bl UCIIONL30BATL HTOT RUJL HAPANNEANIMAE HA NPAKTYKE, HCOOXOAUMO BHe-
CTH HEKOTOpbIE MaMeHeHUA B mpunoxenue. B HucTHOCTH, BMecTO npocToi 06paboTky ofm-

MONHOTO MACCHBA BXOAMBIX RAKNBIX OH TPeOYUR OBPABOTION ANMUNNON HOCNETORATOMBHOCTH
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HEe3aBMCMMBIX MACCUBOB [JAHHBIX, YTO BCTPEYAETCS OBOIBHO YacTo. B JaHHOM KOHTEKCTe
Ka>X[Ibli1 3TAll MOXKHO CHeNaTh NnapajyleNTbHO-KOHBeliepHbIM C 00paboTKOM MaccuBa AaHHBIX
U nocrenyoweli OTNpaBKoit ero aApyrum Habopam P, (cm. Anropurm 3.3). Pacripenenenne
s i-oro Habopa P, 060sHavaetcs Kak P (). KoHKpeTHbBI/1 NpyMep NpUBeReH Ha PUCYHKe
3.4, a pacnipepienenne Habopa P, nokasano B rabmie 3.3

Ta6nuua 3.3. IlapannenbHO-KOHBeltepHOe pacnpeaeneHue B mporpamme Beamformer

OGo3HaueHune Muoxecrso P, Kapta
Py 1.23,4 map (114}, , 1:4)
P{Z}() 5,6,7,8 map ([114},, 5:8)
P(3)() 9,10, 11, 12 map ([114}.,9:12)
P 0 map([114]..0)
oTBeT IPOCTPaHCTBEHHAA aKKyMynupoBaHue
AaTIMKa Gunsrpauns ¥ CyMMUpOBaHue
processor processor processor processor
set 1 set 2 set3 set 4
MHO>XeCTBO MHO>XeCTBO MHOXECTBO MHOXXeCTBO
npoweccos 1 npoieccos 2 npoueccos 3 npoleccos 4

Pucynok 3.4. IlapannenbHo-KOHBelepHasA peanusauys nporpamMmsl Beamformer
Kaxpplit 1mar anroput™a pasmeIaeTcs Ha OnpefeNeHHOM MHOXECTBe P,

Anroputm 3.3. MapannenbHO-KOHBEViepHbIV anroputm Beamformer

CxeMa JaHHOIO alTOpUTMa WITIOCTPUPYET M3MeHEeHMA B NapajulenbHO-KOHBEHiepHOM
aJITOpUTMe 110 CPaBHEHMIO C NApa/lIeNbHbIM anroputmoM Beamformer. Kaxxaeiit pacnipene-
neHHelit Maccus oObaBnen asaxbl (crpoku 1-3) ¢ nabopom P, {1}, {2}, {3}, wm {4}. ITpu-
CBaMBaHMC MCAJLY JIBYMS! pacTIpeiesieHHbIMIY MACCMBaMU BbI3bIBaeT KOMMYHMKALMIO MEX-
Ay pumu (crpokn B u 1),
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Xg : Ry M M) _ BrAMPORMERPIPELINE(
Xo : RNexNox Pp1y (NI), v CN.xN.,xP“,(N,), o, file)

1 il : CN:XN.XP{“(N;) xl . CN;XN.XP(z}(N!)
9 :-x-:2 . Rf.xN.xP‘z}(N,) xz . RrngoxP(a)(N;)
3 :23 . Rf‘ xNpx P33(Np)
4 fori=1:00
5 do > Loop over sequences of input data.
6 for i, i '
7 do > Stage 1: create sensor data.
8 X, =X;
9 for i,, if
10 do > Stage 2: beamform sensor data.
11 X =X,
12 for if
13 do > Stage 3: write data to files.
14 for 4, %
16 do > Stage 4a: sum along local frequency dimension.
16 Acac(Xs)
17 for it, ib
18 do > Stage 4b: sum aggregated data.
Ilepesoo

5 Luxa no nocnedosamenbHOCMAM 8X00HBIX OGHHDIX.

7 3man 1: co30amp noKa3aHUs OGMH4UKO8.

10 3man 2: npocmparcmeeHHo om@uabMposams noKaameny 0am4uKos.
13 3man 3: sanucamp darnvie 8 PatinbL.

15 B3man 4a: cymmuposamsv 60071 NOKANLHO20 U3MEPEHUS HACTMOMbL.

18 Sman 46: cymmuposamv cobparHbie OaHHbie.
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MeToankn NoBbILLEHHOW CNOXHOCTU

haBa 4
Mopgenv napannenbHoro
nporpamMmmMupoBaHus

Pe3iome

Ha npuMepe HeTpMBMa/IbHOI MacCOBOJ NapayieNbHOil porpammel (Blurimage) npo-
WIMICTPUPOBaHBI KITIOYEBbIe KOMIIPOMMCChI TIPOEKTHPOBAaHMA, KOFMPOBaHHs, OTNIaji-
KU ¥ TECTMPOBaHMA, CBA3AHHbIE C Tapa//ieNbHbIM NporpamMmuposanneM. Ipyu paccmo-
TpeHnu nporpammbl Blurimage BbiABnsAeTcs GONMBILION PAR BOIPOCOB B CBA3M C BbI-
TIO/IHeHMeM JlaHHbIX 3TanoB. Kpome Toro, B rmase 6yzieT Takoke IPeACTaBNeHO KPaTKOe
BEEJIeHME B OCHOBHbIE MOJIE/IM TTapa/I/ie/IbHOrO NPOrpaMMMPOBAHMA: pacIIpenieNeHHble
MaccuBbl, 06MeH coob1IeHnAMY U CxeMa HayaTbHNK/TIOAYMHeHHbII (manager/worker).

JlaHHas I71aBa HallenleHa Ha THONy4yeHMe YuTaTeneM 6onee MIMPOKOro NpeACTaBneHNns o
KOMITPOMICCaX MPOEKTHpPOBaHNs, KORUPOBaHMsl, OTIAfKM M TECTUPOBaHMS KOJa, CBSi3aH-
HBIX C NapaJulenbHbIM NporpaMmyupoBatyeM. OCHOBHas 3afjada I7IaBbl — BbIAB/IEHME 1UM-
POKOro Kpyra mpo6ieM, CBA3aHHbIX C HpMMeHeHNeM 3Tux npuuumnos. KpoMe Toro, 3gech
TaK>Ke IPeICTAB/IEHO KPaTKOe BBEIEHNE B OCHOBHbIE MOJIE/M I1apaJlIeNIbHOTO IIPOr paMMU-
POBaHMA: CEMAHTUKY PAcIpefie/IeHHbIX MAaCCUBOB, OOMeH COOOLIEHMAMMU U cXeMy Hayajlb-
HUK/TIONYMHEHHbI (manager/worker). HekoTopble NPMHLMIIBL, pacCMOTpEHHBIE B TaHHOI
I71aBe, BK/TIOYAl0T B cebs cefyioljue acreKTsl.

[IpoexTpoBaHye: OLleHKAa HEOOXOAMMOCTU pacapale/IMBaHMs, KIacchl Hapanieb-
HBIX IIPOrpaMM, MOZAE/HM A PaeNTbHOro MpOrpaMMUpPOBaHNs, MallTHHbIE MOAEIIL.

Kopupopanue: pasniyHble CTHWIM Mapa/uenbHOroO NpOrpaMMUpOBaHMsl, BIMsHME KOa
Ha IPOU3BOANTENBHOCTD U MacCIITa6MpyeMOCTb.

Omnagka: 0co6eHHOCTM MpoLecca napayuleNnsHoi OTIaAKY, OlM6KY, KOTOpble MOXXHO
06Hapy>XMTh Ha KaXXJOM ILary.

TecTpoBaHMe: M3MepeHNe U NPOTHO3MPOBaHMe MPOU3BOAUTENBHOCTY (OTHOCUTENBHO
NapamMeTpOB KOMIIBIOTEPA).

IporpaMMa, ucrionb3yeMas B KauecTBe OCHOBHOTO IpyMMepa B HacToOsLiel I7IaBe, fiB-
nsercs 6onee CIOXKHOI, 4eM MpOrpaMMBl, NpefcTaBIeHHble B I/maBe 2. OHa npeHa3HaYeHa
AJIA BHISIBIIEHVS| HEKOTOPBIX OIPaHIMEHMIA, IPUCYILMX Pa3MMYHbIM MOJENAM NapajlieTbHO-
ro MporpaMMupOBaHU.
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4.1. NpoekTnpoBaHUe: oLeHka HeOBXOAUMOCTY pacnapannenueaHns

EpuncTBeHHbIM Hanbomee BaXXHBbIM pellleHVeM IIpM NapajuleNIbHOM IPOrpaMMMpOBa-
HMU ABJIAETCA OLIEHKa HeOOXOAMMOCTY NpyMEHeHMA Mapa/IeNbHbIX Bbrumciennit. Cyiie-
CTBYeT AB€ Y TONbKO iBE MPUYMHLI MCIIONIb30BATh I1apal/ie/IbHblif KOMIbIOTEP.

e  Bpems: BBIUNC/IEHNE HA OAHOM IPOLIECCOPE 3aHMMAET CIIMIIKOM MHOTO BpeMEHU.
e  IlamATh: YTOOBI BBIOHUTD BBIYMCIIEHNE, TpebyeTcs 6omnblie MaMaTH, YeM MOXET
IpefIOCTaBUTD OfMH IPOLECCOop.

OueHnp YacTo NpucyTCTBYIOT 06€ npuuMHbl. Beinonuenyne nporpamm, Tpebyrommx Ha-
muumsa 6omburoro o6peMa naMATH, 4acToO 3aHMMaeT 6onblloe xomryectBo Bpemenn. Op-
Hako Kakum obpasom nporpammuct MATLAB onpenenser, MMeIOTCA 11 faHHbIE YCTTOBUA?
IMonsATHE O KOMIYECTBE 3aTPauyNBaEMOro BpeMeHM O4YeHb cybbekTuHO. Kak npaswio, 3o
O3HAYaeT, YTO BHIYMC/IEHME 3aHMMAET Yachl MM JHY, HO IHOTAA Y1 ECATb MMHYT CYUTAET-
¢t gonruM cpokoM. «ITaMATb» NoHATHE MeHee CybbeKTHBHOE. BpruyciMrenbHas MalIHa
obnapaeT onpeneNeHHBIM 00BEMOM MAMATH, ¥ €C/IM IIPOTpaMMa IIbITAETCA 3aeiCTBOBATh
o6peM namaTy 60/IbILe MEIOILErocs, B 3TOM ciiyyae mi6o BbigaeTcs oumbka «HeoCTaTou-
HO MaMATH», OO NporpaMMa HauyMHAET CYLIECTBEHHO 3aMe[IATH CBOIO paboTy, Tak Kak
omnepalMOHHasA CMCTEMA ITbITAeTCS MCII0Nb30BATh JIOKaIbHble HOCUTENM JAHHbIX B KauyecTBe
namsaTH (3TO AB/IeHMe HOCUT Ha3BaHMe «CBONMHI» (swapping)). K cyacteio, MATLAB 06-
nafiaeT HeKOTOPbIMM BCTPOEHHBIMYM MHCTPYMEHTaMy, KOTOpbI€ MIOMOTAIOT ONpEeAe/NTb He
TO/ILKO KOJIMYECTBO BpEMEHM Y ITaMATH, HEO6XOAMMOe IS BbIIONTHEHUSA MPOTPAMMBI, HO M
€e KOHKpeTHbIe 4acTH, Tpebylomye HauboNbIIero KomdecTsa BpeMeHu M maMati. QyHx-
LM JaHHBIX MHCTPYMEHTOB 6yyT HaI/IAMHO IIOKa3aHbl A/1 Ha4yaJla B IPOCTO pOTrpaMme
o6paboTki u3obpaxcennit (Blurimage).

4.1.1. Ilpodunuposanne npon3BOAUTENHHOCTH Y IAMATH

PaccMoOTpyM NOCTIENOBATENBHOE IPUIOXKEHNE, BHITONHEHNE KOTOPOTO TpebyeT MHO-
ro BpeMeHM WM 3aHMMaeT 06beM IaMATH, MpeBblIlaonit 06beM, MMEeIoIACA Y OTHOTO
npotteccopa. Kaxim o6pasom nporpaMMucCT onpenenset, Iae M KaK MpUMEHUTD [apasiieb-
Hy10 06paboTKy 18 Hanbolee YCrelHOro pelleHns JaHHbIX BOMpocoB? [lepBbIM IIarom
AB/AETCA NPOQMIMPOBaHYE IPWIOKEHUSA Y BbIABNIEHME CTPYKTYP HAHHBIX, KOTOpbIE 3aHM-
MQI0T HanbonbLMit 06beM MaMATH, U ONlepaliMit, Ha KOTOpbIe 3aTpayyBaeTcs 6onblle Bee-
10 BpeMenn. B HacTosmlel I/1aBe B KavyeCcTBe MWITIOCTPaLMy 3TOTO NPOLIECCa UCHONb3YeTcs
npumep nporpammsl Blurimage.

Jlna navana sanycture MATLAB u Habepure cd Examples/Blurimage. [Ins ne-
peBoia nmporpammbl Beamformer B NOC/IEAOBATENbHBI PEXUM OTpefakTupyitte ¢aitn
pBlurImage.m u ycraHoBute PARALLEL=0. B xomangnoit crpoke MATLAB BBegute
profview wis Bbi3oBa npopunmposiyka. B none «Run this command» (BbIMONHUTE 3Ty
KoMaHay) Habepute pBlurimage. [pyu 3toM BbInONHAETCA npodumposane MATLAB
Ha 31O nporpamMe. HUepes HEKOTOpoE BpeMst BhijlaeTcH u3obpaxkeHue (cm. puc. 4.1). B okne
NPOPUAMPOBINUKA IENKHITE KHOMKOIR Muliny 11 ¢Tpoke dBeamformer, nocne uero ot-
KPOKYTCH Jtibie HPOPUns, 1oA06HLe H30GPKeHIbIM Ha puc. 4.2.



Pucynok 4.1. Pesynsrat nporpammsl Blurimage
Ipodunmposiyk npegocTasfeT NOAPo6Hylo MHGOPMALMIO O TOM, KaK JONIO Bbl-
TIONMHANACh KaXKfasA CTPOKa rporpammel. Jia nonydenns mHGopMaumm o 3aHMMae-
Mo¥t amsATH Habepute whos, B pesyibTare Yero MolyuuTCs CeRyoLee:

N_x 1x1

8 double
N y 1x1 8 double
Nk_x 1x1 8 double
Nk_y 1x1 8 double
Z 1024x1024 8388608 double
Zloc 1024x1024 8388608 double
Zmap 1x1 8 double
kernel 32x32 8192 double
my I 1x1024 8192 double
nyJ 1x1024 8192 «+» double
n_blur 1x1 8 double

Kax BupHO 13 pucyHkKa 4.2, ogHa ¢yHkims (conv2) Tpebyet Gonmblie BCero BpemeHH,
a oTHenbHas nepemeHHas (Z) 3aHumaeT Gonbllle BCErO MAMATH, YTO COOTBETCTBYET OXU-
nanuam. [Tpunoxenne Blurimage npepcrasnser coboit mpoctyio nporpaMmy GuUIbTpaLym
u3obpaxeHMit, KOTOpas MHOTOKPAaTHO NMpMMEHsAET K M300pa>keHMI0 CBEPTKY C MOMOLIBIO
¢unbrpa (M sapa). ITo opHa U3 Haubonee obuMx onepanmit o obpaborke nsobpaxe-
HMIt, ¥ MATeMAaTHYeCK! OHa IpeficTaBeHa GOpMYIoit IBOJHOTO CyMMMpPOBaHMUSA

Ny Ny

Zshlw(iqj)zz Z Ks(i',j')zo(i—i"j—j')$

i'=l =l

e i M j - 910 HUKCENnbHBE MHIIeKeh, Z n Z"" - nxoptioe n BrixogHoe usobpaxenus;, K - sgpo
$unnrpa pasmepon N, x N,. Bunieykazanioe npaMoc cymmupoBanue skiioyaer B ceba 2N, 2
otepanuit 1 nUKCenn (2 18 CBAIN ¢ TCM, WEO CCTh Oliepalilnn yMIXKeRUs 1 ciokenns). [ocne-
AOBATENLHBIA ATOPHTM [/IA ARHHOR NPOIPAMMEL IPUBEACH B Anroputme 4.1,
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Anroputm 4.1. MNMocnepoeateneHbl anropyTM Blurimage

AnropntM B KayecTBe BXOAHBIX [AHHBIX IPMHMMAET MICXOAHOe M306paxkenue Z pasme-
poM N X N, sigpo K pasmepom Ny X Ny u N, — KOMMYeCTBO ONepanmit pasMbITUA N30~
6paxenus. PesynsratoM (BBIXOGHBIMM JaHHBIMM) SIBIIIETCA pasMbITOe M306paxeHue Z
pasmepom N_ X N_.

= y

2 : RY=*M — BLURIMAGE(Z : R}™*™, K : RY* V™, Ny,)
1 for dpiur =1: Nptur

2 do
3 Z=KoZ
Havarb BbinonHuTk 3tor koA (Run dBlurimage Bpems npodmnmpoBaHus:
npodunupoBaHue this code) 26¢c
CTpoku, Ha KoTopble noTpayeHo Gonbiue BCero BpemeHn
06 Mpaduk
Ne cTpokmn Kog BrizoBbi x eMG: % 8pemeHu BpPEMEHHOM
P 33BUCHMOCTH
51 Zloc (1:end-Nk_x+1,1:end-Nk_y+1... 2 4geerl 80.9% fi—r =
75 figure 1 2'261 10.0% ]
1.641
76 pcolor (transpose (local (z))) ;... 2! . 6.4% [ ]
31 zloc = (myI,’*ones(l,length(... 1 0'217 1.2% [ ]
34 z = darray(zloc,z); 1 0'237 0.3%
Bce gpyrue CTpokun 0.309 ¢ 1.2% ]
WtoroBeie gaHHble 25.726 ¢ 100%
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fpo ¢':g:§ro:auue BbinonHuts 3ot koa (Run this code) dBlurimage 22 npozd%n(r:l L[sel ol
< 0.01 1 48 for i_blur = l:n_blur % Loop over each blur.
0.02 2 49 %$loc = local (z); % Get local data.
50 % Perform covolution.
20.81 2 51 Zloc (1; end - Nk_x+1, 1: end-Nk_y+l) = conv2(zloc, icernel,’valid’)
< 0.01 2 52 Z = darray (zloc,20; % Put local back in global.
< 0.01 2 83 Z = synch(2); % Copy overlaping boundaries.
< 0.01 2 54 if (CHECK)
55. im(l:end-Nk_x+1, l:end-Nk_y+l) = conv2 (im,kernel,’valid’);
56 end
57
< 0.01 2 58 end
Iepesod

48 Ljuxn no xaxo0omy pasmvimuo.

59 Ionyuumv noxanvroie daHHble.

50 Bomonnumo ceepmiy.

52 INomecmump noxanvHoe o6pamo 8 znobanvHoe.
53 Konuposamv nepexpoieaioujuecst 2paHuyl.

Pucynox 4.2. Pesynbratsl npo¢unupoBLmKa ansa nporpaMmsel Blurimage
Tpodmnuposinyx 3anmucoBaeT obilee BPeMs U KOMMIECTBO BHI3OBOB K10t (yHK-
LMy MM CTPOKM KOpa. JlaHHbI MPOdmb yKasbIBaeT, YTo Ha QyHKIMI0 conv2 3aTpa-
YHBaETCA HalﬂiOﬂblﬂe(&K(ﬂﬂdHeCTB()BpehdeHlI

e

CaepTka 06X0IMT KaXKAYI0 TOYKY (JWIM IMKCeNb) M300paskeHus, yMHOXAeT BCe Ipyrye
TOYKM BOKPYT IMKCe/IA Ha 3HaYeHMA B QWIbTpe U 3aTeM CYMMMpYET MX BMeCTe Ji/IA MOiy-
YeHVs1 HOBOTO 3HA4Y€HNs1 IMKCes. JIaHHbII THIT IPOTPaMMbl XOPOLIO NOAXOAUT ANlA pacna-
patenyBaHMs, TaK KaK BCe BpeMsA 3aTpayMBaeTCA Ha OfHY QYHKLMIO, Y BCIO ITAMATH 3aHU-
MaeT eMHas1 CTPYKTYypa JAHHBIX. Bo MHOTMX OTHOWIEHMAX MporpaMMa Blurimage nogo6-
Ha nporpamme Mandelbrot, npencrabneHHod B r1aBe 2, OfHAKO, MEXAY HUMM €CTb OfHO
He6OJbIIOE, HO BecbMa CylecTBeHHOe oTmmyme. B nporpamme Mandelbrot kaxpyo T04-
Ky 1306pa>keHNs MOXHO BbIYMC/INTH HE3aBUCUMO OT Apyrux. B Blurimage xaxpgas Touka
3aBUCHUT OT OKPY>XKAIOLMX ee 3HaYeHMit. ITO TOHKOe pasymiuue 6yneT MMeTh 3HAYUTETbHOE
BIIVIHYE Ha METOJ] pacnapa/yienNMBaHysA NporpaMmel. B cylsocTy, MHOrue 13 CyIecTByo-
I{MX NPOTrpaMM XapaKTepPU3YIOTCs TAKMM THUIIOM HETTOKAIbHOJ 3aBUCHUMOCTHL.

WUrak, kakum 06pa3oM jydllle UCMONb30BAaTh Napa/yIebHbII KOMIbIOTEP B JAHHOM CH-
Tyauym? 9TOT BOIIPOC 3aCTaBIAET HaC 0OpaTUThCA K IPYTOMy O4eHb BaAXXHOMY NpPUHIMITY:
Ny4IIas napanneibHas NporpamMma — 3T0 XOpolllas MocnexoparenbHas nporpamma. Iapan-
NenbHble BbIMUC/ICHUS IPUBHOCAT HendbexKHble CTOXHOCTH B niobylo mporpammy. IToaro-
My CHavazna 1y ume HONKTUThC PCHIMTH BONPOCH! THIPOU3BOMTENbHOCTH C MOMOLLBIO ApY-
TMX CPEACTB, eC/M 3TO BOIMMKHO, TRKMM 06pa3oM, HIEPBBLIM LIATOM HBJIACTCH ONTUMU3aLNA
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e Bpems

— MoryT m1 CTpYKTYpbl JaHHBIX pa3MelLaThcsl 3a6/1aroBpeMeHHO, a He ITHAMMYecKu?

— Mo>xHO /1 MCIIONB30BaTh BEKTOPM30BAaHHbIE BHIPAXKEHMA BMECTO LMKIOB for?

— CylecTBYOT 1M O4YeHb AMMHHBIE LMKIBl fOT, KOTOpbIe MOXHO 3aMEHMTD Ha 60-
nee KOpoTKye uykibl for?

- MoxHO v HanycaTh U CBA3aTh nopnporpammy Ha sisbike C, C++ wium Fortran s
6oree 6BICTPOro BLINONMHEHMA KTIOYEBbIX QYHKLMIT?

e Ilamars
— IlpucyTcTByet 1 u3anuilHee Ky6MIMpOBaHMe NepeMEHHBIX?
— MOXXHO /1 yAalMTh NIepeMeHHbIe N0C/Ie MX UCTIONb30BaHMA?
— Mo>XHO MM MCIIO/Tb30BATh MaCCUBbI BMECTO CTPYKTYP MIIM MacCUBOB A4eeK?
— MO>HO /1 MCIIO/IB30BaTh MEHbILMIT THI JaHHBIX (HarpyMep, int8 BMecto double)?
- Moxxert nu 3aaya pelaThcst Ha OQHOM 4aCTM B KaXXAbIIf MOMEHT BpeMeHM, a Ipo-
MEXYTOYHbIE pe3y/IbTaThl XPAaHUTHCA Ha IUCKe?
3T0 INIIb HEKOTOpble pEKOMEHAALM 10 onTiMusaLyu. 3a 6onec noppobHoit MHGOP-
Manueit no onTumysanuy nporpamm MATLAB obpaiyaittecs k [McGarrity 2007]. Hacros-
ujas KHMIa HalMCaHa O IapajyIebHbIX BEIYMCTIEHMAX, IO3TOMY IONYCTUM, YTO HaYaTbHOM
TOYKOI ABIIAETCA XOPOILO ONTMMM3MPOBaHHas NOCIENOBaTeNbHasA IPOrpaMMa, crocobxas
NpeoponeTb OrpaHNYeHMs 0 BpeMeHM M NIaMATY TOBKO IIOCPEACTBOM MCIIONb30BaHM Ma-
pannenbHbIX BbrMcneHmit. B npumepe c nporpammoit Blurimage 6ombinas yactb BeImicTe-
HUIt UCTIONb3yeTcs eguHCTBeHHOM QpyHKuMeit MATLAB (conv2), a Haubonbluas 4acTh na-
MATH PacXORyeTCsA Ha eMHBIII MaCCUB JaHHbIX (image), ocTaBisAs ML He6OMbILYIO BO3-
MOXXHOCTb OTIONTHUTETHHOM ONTHUMM3ALMI [IOC/IEfOBATENbHO IPOrpaMMBbl.

4.1.2. llla6nonsI napanieIbHOro NPOrpaMMIUpPOBAHUS

Ecmv npuHATO pellieHMe, YTO MCMONB30BaHME IMAaPAIENbHbIX BbIYMC/IEHMIT SIB/ISET-
CA ONTUMAITBHBIM CNIOCOO0M MpPEOHONTEeHNA OrpaHMYeHM1 BpeMeHM U/WM TIaMATH, BO3HU-
KaeT Clefyioumit BONpoc — KakuM obpasoM pacrnapamnenusarh nporpammy. [Ipu Bei6ope
napasieNIbHOM peanu3anyy ydllle CIeAOBATh KAaCCUYECKOMY MEDKEHEPHOMY NMpMHLIMITY:
Ny4iMM croco6oM pellieHMA 3afjauy ABNAETCs 3abnaroBpeMeHHOe 3HaHMe OTBeTa. ToyHee
rOBOpsi, CyILeCTBYeT MHOXECTBO KIaCCMYeCKMX 3afjad Napajule/IbHbIX BbIYMCIIEHMIA C U3-
BeCTHbIMM pelieHNsAMM (HEKOTOpbIe M3 HMX ObUTM NpecTaB/ie sl B I1ase 2). B cea3u c atum
peKoMeHAYeTCs CHayalna ONpefe/MTh, KaKas M3 3TUX KIacCyeckux 3agad Haubonee roxo-
e Ha MMEIOILYIOCA 3afiady, M C/IeIOBaTh y)Ke M3BeCTHOMY MeTopy peluenus. Takoit moa-
XOf MHOTAA HasbIBaeTCAd NpPOrpaMMMpOBaH}EM Ha OCHOBe 11abnoHOB (cM. [Mattson et al.
2004)). B Halueit KHure NIpUBOAMUTCA MHOTO NOKOOHBIX PUMEPOB, a B Tabmuue 4.1 gaercs
KpaTkas knaccuumkanms u cucrematnsanmsa. OgHako Bbibop Heob6xommoro 1mabnoHa sB-
NAETCA TOJIBKO MEPBBIM IAaroM B Npoliecce MpoeKTpoBaHus. Llenb naHHO KHUIY — Npea-
CT4BUTh CYTh BCErO MPOLIECCa CO3IaHUA MPWIOKEHMUSA C BbICOKOI IIPOM3BOANTENTBHOCTBHIO.

Ckopee Bcero, gaHHas Tabmmia He OMCHD 10/1€3HA Ha JAHHOM 3JTalle, TaK KaK Y4TaTeNb
clje He 3HAKOM C 3TUMM nmporpaMmamu. He crout 6CClOKOUTbCA — MO XOAY KHUIY NpO-
rpammer GysyT onucannl 6onee noppoGHo. |lekoropbie ud Hux Obinu yxe HpencrabIeHbl
(cM. npUMepBL B Iane 2) U ABIRIOTCH OJIHUMHK 13 CAMBIX BAOXHBIX. Eciu Baie npunoxe-
MMe NPeACTaB/IeHO OAHUM M3 NIPUMEPUB B rmp’_m,m H3BECTHO, NTO HeoBXoxMMO
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IpeBpaTUTh B MapaUienbHylo nporpammy. Ecim nocie npoyrenyns KHuru Bel O6Hapy»xu-
M, YTO Ballla 3afjaya He MOAXOMUT HY IOJ OfVH U3 NPUMEPOB, peKOMeHAYeTCs 06CyanTh
€e CO CIelMaauCcToM B 06/1acTH napastenbHOro nporpaMmmupopanns. Hakonern, Moxer mo-
Tpe6oBaTbcsa Bripaborath Balre cO6CTBEHHOE pellleHue 3a1a4y, U B 3TOM CITy4dae Bbl YMTae-
Te NpaBWIbHYI0 KHUTY. B Tabmuie 4.1 BBOgATCA iBa HOBBIX TEPMMHA, KOTOpBIE €11le He pac-
cMaTpuBanuch. [lepBblit — 3T0 «MofeTb KOMMYHMKaLM», HeobxonuMas nporpamme. Bro-
pOit — «MopeNnb NapalIeNbHOrO NPOrpaMMIPOBAHNS».

Tabmuna 4.1. Kiraccumkaipms napauienbHbIX NPUTOXKEHMI

Tlepeyens napanenbHBIX MPOrpaMM, ONMCHIBAEMBIX B JIaHHON KHUre (6onee noppo6-
HOe OIMCaHMe B IMaBe 7). ViMa — 310 obiiee HaMMeHOBaHMe IPUTIOXKEHMA MIH TecTa
npoussopuTenbHocTH. Omircanne npeacTasnseT coboi KpaTkoe ormcanye Toro, YTo
IIbITAETCA CAleNaTh nmporpaMma. KoMMyHMKanms — TMII KOMMYHMKaLmy, HeoGxomu-
Mblit 17151 OCYIIECTB/IEHMA MPOrPaMMbl Napasine/bHo. Mojienb nporpaMMipoOBaHys —
«WIyyLIas» MOENb IIPOrPaMMIPOBAHMA JI/I JAHHON 3aflaum

Wms (rnasa) OnucaHuve KommyHmkayus Mogenk nporpamMupoBaHmns
AddOne (1) Mepebop 3HaveHwit napameTtpa pacnpepesneHue/cbop MaccuB unu HauvanbHuk/
(scatter/gather) NOAYNHEHHDIA
pacnpegeneruel MaccuB unu HayansHuk/
Mandelbrot (2) MNepebop 3HayeHuit napameTpa P cbop :O‘;Lwe“"b,ﬁ
HeT
ParallellO (2) MNapan. daiinoesbit BBOA/BLIBOA Nioboit
pacnpegernexue/cbop .
Zoomimage (2) Macwre6upoBaHme nsobpaxeHus Maccus unu HasanbHuk!
napennanesHo- i
Beamformer (3) O6paboTtka nokBaaHuit farumka Kozaeﬁepublﬁ e
Biurimage (4) dunsrpayms 6onbluoro BnwkaiiLas coceaHss
n3obpaxeHus Touka (nearest neighbour)
Maker TecToB npoussoauTensHocTy: HPC Challenge
STREAM (8) Cknapbleaet 6onblune BEKTOpbI Her INioGoit ,
RandomAccess (9) O6Hoen. 6onblure BEKTOPLI Kaxabii ¢ kaxabiM (All- MaccuBs 1 coobuieHusn
to-all
1D FFT (10) BN® Gonbioro BekTopa )
Kaxapiii c kaxabim
HPL(11) Pa3noxeHnue LU — MaTpuibl A s Maccus 1 coobLieHus

Kaxabiii ¢ kaxabim

IlIabnoxbI NapannenbHO KOMMYHMKAIN

Knaccndukanms no ma6mony KoMMyHNKALMY ABIAETCA CTAHKAPTHBIM C1IOcO60M Kiac-
cuMKaLyM MpOrpamMm, IPYMEHsAEMbIM SKCIIEPTaMM B NapaslieTbHOM NPOrpaMMUPOBAHMM.
Yerripe Hanbonee pacnpocTpaHeHHbIX MA6/IOHA NMpeACTaBieHbl Ha pucyHke 4.3. Ileppbit
wabnon: «pacnpenenenmne/c6op» (scatter/gather) 6bin Mcronb3oBaH BO MHOTHMX NMpuMepax
B maBe 2. B 3ToM 1ma6moxe oguu sk3emmuiap P, pacrnipefienseT faHHble i1 APYTUX 3K3eM-
NIIAPOB U XJET OT HUX OTBETOB. JTOT Iab/IOH MOXET peann30BbIBaThCA NMI060# M3 MO-
Zeneil mapannenbHOTO NporpaMMypoBalms. B 6onblumHCcTBe CTyyaeB Mogenb HaYalTbHUK/
MOMUMHEHHBI OrpaHNYMBaeTC TONBKO 3TUM IabnoHoM B3aumopesicTus. Crenyiormit
Wab/10H — HapANNeNLHO-KOHBENREPHBIN, ITie KaX/ibil 3K3eMIUTAp P, nionyyaet faHHble, 06-
pabathipact MX ¥ 3ureM nockinaet ux aipyromy P, ‘Takoit napannensHo-KOHBestepHblit 1a-
67101 6L UCHONBIYETCH BO MHOPUX TIPUIMKeHUAX 0OpabOTKY 110KazaHnil [aTIMKOB.

Wa6nou 6nmxuﬁulcﬁsc:>§e§ugﬂ TOYKU OPraHusyeT dK3eMInApbl Py B BUPTYanbHyio ceTky;
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Kaibiit P B3anMofeicTByeT TONbKO cO cBoMMM Omnkaitiymu cocefisamu. Blurimage no-
ajaeT nop 3ToT wabnoH. HakoHew, a6/IoH «kaXablit KaXkAOMy» NPEAToNaraeT, YTo Jio-
601 P, MOXET IbITaTbCA B3aMMOJIENCTBOBATD C MIOGBIM APYTUM P,

Bonblas 4acTh nmpuMepoB M3 I71aBHI 2 MOMafiaeT Mop 1abnoH «pacnpefeneHne/c6op»
(scatter/gather). BoamMo>xHO, 3TO caMblif pacIpocTpaHeHHbI abioH. IIpenmMyiecTBoM ero
MpUMEHEHMA ABJIAETCA CPaBHUTENIbHAA MPOCTOTa peann3alMy C UCIIO/Ib3OBAaHMEM JTIOOBIX
Moyiefieit mporpaMmMupoBanms. B obem cnydae Mofienb NpOrpaMMMPOBaHMA Ha OCHOBE
pacnpeqelleHHbIX MacCMBOB OyZieT MCIIO/Ib30BAThCA VIS peanu3aliy JaHHBIX TUIIOB IIPH-
TIO>KEHMI, TaK KaK 3TO CaMblif POCTOi BapuaHT (T. €. TpebyeTcs HavMeHblllee KOMYECTBO
U3MeHEHMI1 B MOC/IeIOBaTeNIbHOM KOfie).

Blurimage umeeT 11a6/10H B3aMMOJIECTBUSA C COCEZSIMM, KOTOPBIN JIerye BCETO Peanu3o-
BaTb C MICIIO/Ib30BaHMEM MOJIE/IM IIPOrPaMMUPOBaHMA Ha OCHOBE PacIpeie/IeHHbIX MacCH-
BOB. Tpy Mojienu NporpaMMMpOBaHMs, pacCMaTpUBaeMble B IAHHOJ KHUTe, — 3TO pacrpe-
neneHHble MacCUMBBI, 0OOMEH COOGIEHMAMM M CXeMa HavyaJlbHMK/MIOMYMHEHHBIA. B onpene-
JIEHHBIX ITPOrpaMMax C a6/I0HOM «Ka>k[Ibli1 KaXKJOMY» PEKOMEHAYETCH MCIO/Ib3OBAThb 06-
MeH coo61eHMAMY, JM60 KOMOMHMPOBAHHBII MOAXO/ Ha OCHOBE PacCIIpefie/leHHbIX MaCCH-
BOB ¥ 06MeHa coobenHnamu. [Tompo6Hee 3TOT BOIPOC paccMaTpMBaeTCs B rnaBax 9 u 11.

C6op (gather)
-
Pacchbinka (scatter)'_
scatter/gather pipeline
Pacripepenenne/coop KOHBejfep
?v T ,v.
N 4
| >/ |
N |
‘ » \‘
@+
nearest neighbor all-to
6mkaitias cocefHAS TOYKa Ka>KHblif ¢ xamnbm (all-to all)

Pucynok 4.3. CrangaprHsie ma6/i0HbI IapainelbHoro B3anMoeicTBus
B wabnone pacnpenenenme/c60p omuu skseMmisp P pasbupaeT fanHbie I APY-
I'MX 3K3eMIVIAPOB P,D M XJieT OT HuX oTBeTOB. [Ipyu KOHBelfepyusaLym KaX/Ibiif 3K3eM-
nnap P, nonyyaeT fannble, O6pabaTeiBaeT ux u 3ateM mockinaet apyromy P, Illa-
6nown 6mvkairueit coceiuelt TOYKM OpraHM3YeT 3K3eMIVIAPH! P B BUpTyanbHyIo ceT-
KY; KaXplit P, B3aMMOJEACTBYET TONBKO CO CBOMMM 6nmxamnumu cocenamu. Illa-
Grnox «xa;«nbm C KaXIbIM» NpeATionaraeT, 4o Mmo6oit 3kseMI/IAp P, MOXeT NbITaTh-
CH n3auMopeicTBOBaTD C Mo6LIM fpyrum P,
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Mopenu napauieIbHOro NpOrpaMMUPOBaAHUS

Monenb «HaYaJIbHUK/TIOAYMHEHHDII» ABNIAETCA CaMOJ IIPOCTOM MOJIENBIO Mapa/lIeNIbHO-
ro nporpaMmupoBanmi. OHa UCIIOIb3yeTcs, KOIfa 3ajady MOXXHO pa3éuTh Ha MHOXXECTBO
COBEPILEHHO HE3aBUCUMBIX 3afjay, KOTOpble OMYMHEHHBI (KIMEHTH) MOryT 06pa6oTaTh
6e3 BaammMopeitcTBuA Apyr ¢ ApyroM. OCHOBHOE OrpaHUdY€eHNEe JAHHOI MOJIENN HayanbHUK/
MOMYMHEHHBIN 3aKIIOYAE€TCA B TOM, YTO KaXK[blif IIOJYMHEHHDIN B3aUMOJEACTBYET TOIBKO
¢ BegyuuM (cepBepoM), M eMy He TpebyeTCs 3HaTh, YTO AENAIOT APyTUe UCIIONHUTENM. ITO
OrpaHnyeHMe O4eHb MOIHOE M 3HaYMTENbHO ynpoiyaeT pabéoty. Kpome Toro, oHo odeHp Ha-
AEeXXHOE B MCIIO/Ib30BaHMM, ¥ MHOTHE CeTeBbie IPOrPaMMbl C/IENYIOT TaKO¥ MOJIETM.

Mopens o6MeHa coO61EHMAMN BO MHOTMX aCIIEKTaX AB/IAETCA IPOTHUBONONIOXKHOCTBIO
MOJie/IM «Ha4Ya/IbHUK/IIORYMHEHHbI». Mopienb 06MeHa cOO6ILeHUAMY MOAipasyMeBaeT, YTO
mo6oit 3k3eMIUIAp P, MOXeT IOChIIaTh M MOTy4YaTh COO6WeHns ot apyroro P, Undpa-
CTPYKTypa MOJieTM IOBOJILHO MpOCTa. JTa MHGPaCTPYKTypa B KPYrax CHELMaJMCTOB IO
HapajuieIbHbIM BBIYMC/IEHMAM, KaK MPaBWIO, peanusyeTcs OCPEACTBOM MHTepeiica fe-
penaun coobuenmit (MPI) [Gropp at al. 1999]. Mognens o6MeHa coobienmnsMu Tpebyer,
YTOOBI KDKBII! IIpoLieccop 06/1afan YHUKaNbHBIM UAEHTU(PUKATOPOM (Pm) ¥ 3HaJ, CKOJIb-
Ko Jipyrux mporeccopos (Np) pa6oTaeT BMecTe Han 3amadeit (o tepmunonorun MPI (P )
u (Np) HOCAT Ha3BaHMe «paHr» NpoLeccopa U «pasMep» rpymmst «Mup» (world) MPI). Jlro-
6as napasuienbHas MporpaMma MoXeT ObITh peanu30oBaHa C MCIONb30BaHIEM MOfeny 06-
MeHa coobieHmsamMmu. OCHOBHOI HEJOCTAaTOK 3TON MOJENV 3aKII0YaeTcs B TOM, 4TO IpO-
rpaMMMCT IOJDKEH YIPaBIATh KaX/IbIM MHAMBULYAIbHBIM COOOILEHNEM B CUCTEME; TAKMM
o6pa3oM, Mofienb TpebyeT HanmcaHus 60/IbILOro AONOMTHUTENIbHOTO KOfIA, M ee OT/Iajika Mo-
XeT 6bITh OYeHb 3aTPyAHUTENbHA. TeM He MeHee CyLIEeCTBYIOT OIpe/ie/IeHHbIe Iaparuielb-
HbIe IIPOrpaMMbl, KOTOpbIE MOXXHO p€aM30BaTh TONIbKO IPY NOMOLM Mofiem 06MeHa co-
o0l esnsaMm.

Mopenb Ha OCHOBE pacIpefielIeHHbIX MaCCUBOB ITPENCTABIAET CO60i KOMIIPOMMCC MEX-
Ay IByMA BbIlLIIeyKa3aHHBIMM MofiensaMu. PacnipenienieHHbie MacCUBbI HAK/IaIbIBAKOT TOMIONI-
HUTE/IbHbIE OTPaHMYEHMA Ha IPOrpaMMYy, YTO TO3BOJIAET MMCATh CJIOXKHbIE IIPOrPaMMBI OT-
HOCHUTENbHO MPOCTO. Bo MHOIMX OTHOLIEHMAX 3Ta MOfE/b MapajlelIbHOrO MPOrpaMMMPO-
BaHMs ABJIAETCSA CaMoit ecTecTBeHHOI s MATLAB, Tak kak OHa peanusyeTcs Ipy MOMO-
LM MacCMBOB, SBJIAIOLIMXCS 3[1eCh OCHOBHBIM TUIIOM JIaHHBIX. B Heckonpkux cnosax, Mo-
Jie/Ib Ha OCHOBE pacIpefie/IeHHBIX MACCUMBOB CO3[IaeT pacipefie/IeHHbIe MaCCUBBI, B KOTOPBIX
KaX[Ibiit SK3eMIIAp P XpaHUT 49acTb LIEIOT0 MacCMBa W BiafieeT eit. JlononuuTenbHas
mH(pOpManys XPaHUTC B MACCUBE, TaKMM 06pasoM, Kaxnbiit P, 3HaeT, KakuMy 4acTsMu
MaccuBa 0671afatoT apyrue sksemiapst P . [lopspnok paséuenys MacCMBOB MEX[y 9K3€M-
nysipavm P onpenensarcs kaproit pasmenienus [ Lebak et al. 2005]. Hanpumep, Ha pucynke
4.4 mokasaHa MaTpmLa, pa3buTas Ha CTPOKM; CTONOGLIBI; CTPOKM U CTONOLBI; CTOMIOLBI C He-
KOTOpBIM HaJIOXeHMeM. 3HaHMe crloco60B pasMeILeHMsl Ha OCHOBE KapT MOXKET 0Ka3aThCA
IOJIe3HBIM, JIaXKe €C/TM MOfieNb pacIpefie/IeHHbIX MacCMBOB He ucnonb3yerca. KoHuenums
pa36uBaHMA MacCUBOB Pa3/IMYHBIMM CIIOCO6aMM SIBIIAETCS OfIHOI M3 KIIOYEBBIX UAEl Ma-
PannenbHbIX BbIYUC/IEHNH.

Beraucnenua Ha paclpefieneHHbIX MaTpuLax oGuIMIIO BLINOMTHAKTCS COrNMAacHO MPaBy-
Ny «BBLIYUCTACT WHYIC/ICI, KOTOPOE DIHAUAET, IO KiK/(bI DKieminsp P, oTBeuaeT 3a Bbi-
TIO/IHEHUE BBLIMKCICHUA HU ARHHBIX, KOTOPBIC ON Xpaumt JvkaiabHo. Kaprtel paismelieHun
MOTYT CTATD ROBONBNO CAOMHMMM M GaKTHUECKH BAPRNKATD NPOMIBOILHOE NpeobpasoBa-
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Hye. OfHMM M3 IPUMEPOB CIOXKHOCTY ABJIAETCS CTy4Yalt, KOrja rpaHuLja Maccusa TpebyeT-
cs1 6onee, yem ognomy P, B mpumepe ¢ nporpammoii Blurimage umeercsa nanHoe ycnosue,
TaK KaK CBEPTKa HYX[Ia€TCs B JAHHBIX BOKPYT KaXX0/ TOYKMU.

block
block rows block columns columns & rows
6mox 610K cTpOK
cTonbucs A - RP(N)XN A :RNXP(N) A :RP(‘NxN)
KapTa jmp == map Kapra
pewerka 1x4 grid: 4x1 grid: 1x4 grid: 2x2 pemetxa 4x1
|
6ok | 6ok
CTONGLOB M CTPO! — CTPOK C HAa/TOXXEHUEM
Kapra ~  kapra
peLueTKa 2x2 || peueTka 1x4
" Hanoxenue Nk

Pucynok 4.4. PacripeieieHye MacCMBOB IO KapTaM paclpefie/ieHust
Pasnuunble cri0co6bl napaesIbHOro pacrpefiefieHMs ByMEPHBIX MaccuBoB. Mac-
CMBBI MOTYT OBITb pa3butsl B mo6oM usMepenmu. Bnounoe pacnperenenye osnaya-
€T, YTo KaXAblit P, Coflep>XnT HempepbiBHY10 4acTb Maccuba. Hanoxenme rossonser
TpaHmMIlaM Macc1Ba XpaHMTBbCA B IBYX coceHux P

4.1.3. ITapannenbHas peanusanusa nporpammel Blurimage

IMpome Bcero MOHATH HPMHLMI (PYHKUMOHUPOBAHMS 3TUX MOMENEl Ha KOHKPETHBIX
npumepax. B janHOM paspene Ml 06cyauM npyuMep peanu3anyy nporpamMmbl Blurimage ¢
MCMONb30BaHMEM BCEX TPeX MOJiefiell mporpaMMupoBanus. B aTom ciny4ae untaTens cMo-
XET MOMYyYMTh HEKOTOPOE TIOHMMaHMe, HAIPUMep, KOMIIPOMMCCOB, MCIIO/Ib30BaHHBIX IIPU
peanusanuy Kaxpoi Mopenu. Pasmmynbie BUs peanm3anyy NapauleNibHOM MporpaMMbl
Blurimage noxasaus! Ha pucynke 4.5

B peanusanmy no cxeme «Ha4yaJIbHMK/TIOTYMHEHHBI» HaYalbHUK MOCHIIAET YacTh M30-
Gpajxcenus BMecTe C rpanmueit kaxiomy P, VIcnonHuTenu ocymecTBIAIT CBEPTKY ¥ O-
chinaloT 06paTHO OTBeT. ITOT mpouecc pa3buenus M c6OpkyM M306parkeHUs OBTOPSETCS
ZiNA KaXxpoit uteparuy cBepTu. [Tpy peanmsanpym faHHOI MOREny CyIIECTBYIOT /iBE OCHOB-
Hble TPYFHOCTH. Bo-TepBHIX, €C/M HPMYMHOI BBIIOJIHEHYMA POrPaMMBbl B MapajyleNIbHOM
pexumMe ABsAETCS Ype3MEPHBINT pa3aMep M306pakeHNs (UTO CTy4aeTcsl yalle BCEro), MOieNh
«HAYa/NbHUK/TIONYMHEHHBI» He CpaboTaeT, MOTOMYy YTO Y BeAyuiero 6yayT HpoO6IeMel
C XpaHeHMeM Bcero u3obpakenns. Bo-BTOpbIX, MHOTOKpaTHbIe pa3buenus u c6opka MOryT
3aHATb Gonbloe KONMYECTBO BpEMEHY, M HEOGXOAMMOCTDb B HUX mponapaeT. [Ipy kaxmoit
utepaumy Tpebyercs mpoussectn obmen N, N, + Ny N N rmxceneit unm 8+8 N, Np /N,
GaT Ha Kaxablit ukcens (Ipu ycnoBuu 8-6aitTHBIX nukcerneit). TepMuH «OTHOLIEHME BHI-
UMC/IEHUA K KOMMYHUKALMM» UCTIONb3yeTCR J/IR U3MEPEHMA BaXKHOI XapaKTEPUCTUKM pa3-
Mepa BhIYUCTUTENBHON MHTEHCUBHOCTH NAPA/IIENBLHON MporpaMmbl. YeM Bhille faHHOE
OTHoOIleHKe, TeM GbicTpee MPorpammi GyieT BNOMHATHCA A NapannenbHOM KOMIIBIOTEpE.

B naHHOM ciyuae uMeeTCA Ceiy0Iee OTHOILIENHE B ofiepaLaX Ha GaifrT:
R IFT 5| Ry
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1
BBIYMCIEHE/ KOMMYHMKaLMA = 2N: (8+8N Np/ Nx)=~ 7 Ni;

ansa N, = 32 nony4aetcs oTHOLEHMue 256.

4 f worker
I I 4 processors
manager/worker

i all protessors i all prodessars I
message passing distributed arrays

Pucynoxk 4.5. Bunsl maparenbHbIX peanusanyii mporpammbt Blurimage
Peanusaipmm mapannenbHoll NpOrpaMMel MO CXeMe «HAaYaAbHUK/TIOMYMHEHHbIN»
Ha OCHOBe O6MeHa COOOLIEHUAMY I PacIpefiefIeHHbIX MacCMBOB A/IA NMpOrpaMMbl
Blurimage. ITyHkTHpHBIMYU nuHMAMMU 06O03HAYEHB! B3aMMORENCTBUA MEXKAY 3K3eM-
nnsapamu P

Anroputm 4.2. Peanusauus Blurimage Ha ocHoBe mogenu
«HavYanbHUK/MOAYNHEHHBIA»

Am‘npwrM COCTONT K3 JARYX nporpamm: HpPorpaMMnl HIHA/IbHUK U NporpamMmbl Moj-
unHenHbIA, LI pOrpaMMY HANR/ILHUK BBIILOHACTCH 118 UAHOR MALLIUHE, TIOCHITAET BXOAHDIC
ARKHBIE KAXAOMY NOAYMHENHOMY (CTPOKA 5) U NONYVAET PESYRMEET, KOTRA NORNMMONMBIA
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BBITIOJTIHMII CBePTKY (cTpoka 7). ITporpamMMa McHOMHMTENA BHIMONHAETCA Ha Np mponecco-
Ppax, Hony4aeT BXOAHBIE [laHHbIE OT Haya/IbHMKa (CTpOKa 3), BHIIIONHAET CBEPTKY (CTPOKa 4)
M IIOCBUTa€eT pe3ynbraT (6e3 rpanmubl) 06paTHO (CTpOKa 5).

Z : RY=*Mv = BLURIMAGEMANAGER(
Z: Rﬁ’x’v',K H RﬂxXNx’ Nblur)
for ipir = 1: Nyt
do for Prp=1: Np
do SEND(P;p, Z(tstert(Prp) : min(iend(Prp) + Nk, Nx),:)
for PID =1:N, P
do Z(istart(PID) : tend(Pip), :) = RECEIVE(Pip)

OO bWN =

BLURIMAGEWORKER(K : RY*¥*Nx Ny,..)
1 for iblur =1: Nblur

2 do

3 Z = RECEIVE(manager)

4 Z=KoZ

5 SEND(manager, Z(1 : end — Nk, :))

Peanusaums Ha ocHoBe 06MeHa cOOO1IEHMAMY peliaeT 06a ITHX BOIPOCa IIOCPENCTBOM
TOro, YTO KaX/blii P, MHMIMANM3NPYET M XPAHUT TOJIBKO YaCTb M306paXKeH s, Hal KOTO-
PbIM paboTaeT, a TaKkXXe JONONHUTENbHbIE TPAHUYHbIE TOYKY, HEOOXOXUMBIE €MY JIS BbI-
MO/t HEHNA BbraMcneHns. ENMHCTBEHHOI Heo6XOMMOI KOMMYHMKaLME MEXTy MTepauus-
MU ABNIAETCSA OGHOBNIEHME rPAaHNYHBIX TOYEK HOBBIMM 3HAYEHMAMY, BBIYMCTIEHHBIMM CMEXX-
HbiM P, B pesynbraTe mpy KaXaoi MTepaLyy NOCHUIAETCA TONbKO Ny N Np IIMKCeneit (uim
8N, Np /' N, 6aitToB Ha mMKcenp). Pe3yNbTUPYIOMM OTHOLIEH)EM BbIYMCTIEH)E~ KOMMYHM-
KaLuA B onepanmAx Ha 6aiT ABNsAeTCA

BBIYMC/IEHVE/KOMMYHMKALMA = 2N,2( /(8NyN,/N,)= -‘II NN, /N,.

Ipu N, =32 u N/N, = 1024 nomyyaercs oTHowenxue 8192, 4to B 32 pasa BBIILE, YEM OT-
HOLUEHME JI/IA aJITOPUTMa HavyaTbHUK/TIONYMHEHHBIIT. 3TO 03HAYaeT, YTO anropuT™M ob6MeHa
COOGLIEHUAMY BHITIONHSET NPUGIM3NTENLHO B 32 pa3a MEHbIIMIT 06bEM KOMMYHMKALMM,
YeM anropuTM HadanbHMK/TIOMYMHEHHbIA.

Manublit 3Tan KOMMYHMKaLMy BKITIOYaeT B ce6s onpefienenue Toro, kakue P, spndiorcs
CMeXXHbIMM, YTaKOBKY JJaHHBIX, OTIIPaBKY JIaHHBIX M MX nony4yenne. Ha onHoM yposne 3ta
orepaumsi ABNAIOTCA OTHOCUTENBHO NMPOCTOM, TaK Kak P, paKkTHIECKM BHIOMHSAIOT OYTH
ofiHO M To xe. K coxanenmo, To, YTo BLINOMHAET KaXxablii P, B OT/IEIBHOCTH, HEMHOTO OT-
NUYAETCA OT TOro, YTO BhIMONHAET moboi apyroin P, [Isa P, He 6ynyT nocbimaTh Wiy mo-
MyyaTh OfHM M Te XK€ AAHHbIE OT OHUX M TeX xe P, unu Ana uux. Hanncanue n otnanxa
ATUX TUIIOB KOMMYHUKALMM TPeOyIOT y¥eTd MHOIUX ieTanelt B GonbiuoM o6peme u ABNA-

107CA yRSBMMMIMY ANA OlKGOK, PU ey
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Anroputm 4.3. Peanusauus Blurimage Ha ocHoBe obMeHa coobLieHnamu.

AJrOpMTM COCTOMT M3 BBIITO/IHEHUA OFHOM IIPOrpaMMBI Ha BCex sk3eMIuiapax P . Kax-
apin P paboTaeT TONbKO ¢ 7, AnAlouieiics ero ( Nx/ Np+ N, x Ny )-it YaCTbIO LIeJIoT0 U30-
6paxenusa. [Ipu kaxnoit uTepauyuy Kaxabiit axkseMmwisp P sBHO nocbinaeT (cTpoxa 4) u
nomyyaer (CTpoka 6) rpaHmify ins/OT CBOMX cocefiHuX P, u 3aTeM BBINONHAET CBEPTKY
(cTpoka 7).

Z : RY=/NPHNexNy _ By yRIMAGEMESSAGEPASSING(

Z RPNy g REKXNK Ny
for dpiur = 1 : Niur
do
if (Pip > 1)
do SEND(Prp — 1,Z(1 : Ng,?))
if (Prp < Np)
do Z(N,/Np : N;/Np + N;:) = RECEIVE(Pp + 1)
Z=KoZ

N O T N

Anroputm 4.4. Peanusaums Blurimage Ha ocHoBe pacnpefeneHHbIX
MaccuBoB

AnroputM NOX0X Ha NOCTIEOBaTENbHBIN, HO MMEET ClIefylolme OTIymsaAx: Bo-nepsrix,
pacnpepenennbiii Maccus Z o6bsiBleH ¢ Nk HaKnafipiBaroieiicst rpaHMyHol HQopMaliteit ¢
MCIO/Ib30BAaHUEM 3alMCH Pka(). Bo-BTOpBIX, KaXAblit P BLITIONHAET CBEPTKY Ha CBOEJ JI0-

Ka/lbHOM YacTy M306paxkeHus (cTpoka 3). HakoHel, rpaHM4HbIE YCIOBMSA CMHXPOHM3MPY-
10TcA (CTpOKa 4), YTO BHI3BIBa€T 0OMEH MepeKpHIBAIOLIMXCA IPAaHMI] MEX]Y cocefHumy P,

P, N,
Z: R+°“‘"""(N')x ¥ = BLURIMAGEDISTRIBUTEDARRAY (
Poy Nz)x N,
7 - R+° () (Nz) u,K " ]RI_:_’KXNK,Nblur)

1 for ipiur = 1 : Nplur

2 do
3 Z.loc = K o Z.loc
4 SYNCH(Z)

Peannsanyusa Ha OCHOBe paclpefie/IEeHHbIX MacCHMBOB 3a[lefiCTBYyeT TaKoi ke LIa6/oH
KOMMYHMKAL[M}, YTO M peanu3aliis Ha OCHOBe o6MeHa coob1eHMaMy (M MMeeT Takoe ke
COOTHOLIEHME BBIYMC/IEHNEe—KOMMYHMKALUA), OHAKO B IEPBOM C/Ty4ae UCIIONb3yeTCsA Me-
TOA 60JIee MPOCTON € TOYKM 3peHMs KopMpoBauua. EnyHoe pacripegeneHHoe m3o0paxe-
HME CO3[IaeTCA M0 BCeM 3K3eMiuiapaM P ¢ ykasaHHbIM nepekpbiTueM mexay P . Kaxpii
P, BHIIIONHAET OMEpayyIo CBEPTKM Ha CBOMX IOKA/IbHBIX JAHHBIX, ¥ OGHOBNEHMA TPaHMY-
HBbIX YCTIOBMII OCYWIECTBNIAETCA MOCPENCTBOM E€AMHCTBEHHONM pacCnpefelieHHON KOMaHMbI
CMHXPOHM3aLMK, KOTOPaA ONpeaeNfeT, YTO GmnKaimM cocefisiM HeO6XOIMMO OTIIPABUTh
TO/bKO IPAHMLBI, & TAK)KE YNPaBnAeT BCeMU HeOOXORMMbIMU COOOLIEHMAMY M UHAEKCHPO-
BUHMEM MACCHBOB.
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4.2. KogupoBaHve

B nmpeppinyiem pa3nerne 6bUia npeacTaBieHa KOHUenuus WaboHa koMMyHuKammu. Ot
3T0rO 1a6/I0Ha 3aBMCUT, KaKyl0 MOfiellb MPOrpaMMMPOBaHKs HEOOXO[IMMO MCIIONb30BATh.
B pasperne, nocBsieHHOM TeCTUPOBaHMIO, CTAHET OYEBUJIHO, YTO MOJIE/Ib IIPOrPaMMIPOBa-
HUA MOXeT MMeTb 60JIbIOe BIMAHME Ha IIPOU3BOAUTENBHOCTD (KaK MpaBuio, IO MPUIMHE
TOTO, YTO pa3/INIHbIe MOJIENM IPOrPaMMMUPOBaHNs B GONbLIIEN 1 MEHbLIIe CTeTNIeHH MOfi-
JIep>XMBAIOT pa3/iMyHble 1aboHb KoMMyHuKaumu). Kpome toro, Monens nmapamienpHoro
IPOrpaMMMPOBAHMA MOXXET OKa3bIBATh OOJIbILIOE BIMSAHME Ha CTIOXKHOCTD HAMMCAHMSA MPO-
rpaMmsl. JleifcTBMTENbHO, MHOTAIA 1iefleco06pa3Hee UCIIONb30BaTh 6oree POCTyI0 MOfENb
(HanpumMep, «HaYa/TLHMK/IIONYMHEHHBII») C MEHbIIEl MPOM3BOAUTENBHOCTDIO, YeM Goree
CNoXxHyI0 (HanpuMep, o6MeH coOb1EeHNAMM), KOTOpas uMeeT 6oJiee BHICOKYIO TPOM3BO-
JUTENTLHOCTb.

B maHHOM paspiele paccMaTpMBaeTCs TPOLECC paclapauieNIMBaHUA C MCIIONb30BaHM-
€M 3TMX Mojie/ieil MPOrpaMMMPOBaHMs M TaKXKe CBfI3aHHbIE C HUMM KOMITPOMKMCCHI. VI3-3a
HeMaJIoro pasMepa KOLOB MOfie/ielt «HayaIbHIK/IOMYMHEHHBII» U «00MeH COOBIeHsIMM»
6yneT oKa3aHa M BBINOIHEHA TOJILKO BEPCHS C pacIpefie/leHHbIMM MacCHBaMIL.

Ipu npeo6pa3oBanmy MOC/IENOBATENBLHOM NPOrpaMMBl B MapavleIbHYI0 HeOOXORMMO
NOMHMTD O HECKONIbKMX Ba)XKHBIX LieJIfX 3TOro npouecca. IlepBoit 1enbio siBsieTcss JOCTH-
JKeHye ONTHMA/IbHOM NPOM3BOAMTENPHOCTH ITyTeM HPeJICTaBlIeHNs MapajuleNn3Ma B 3ajja-
4e ¢ TeM, YTOObI KaXXABI MpoLeccop GBUI MOMHOCTBIO 3a/I€ifCTBOBAH MPY MUHMMM3ALMU
HaK/IafHBIX PacXofOB KOMMYHMKauMu. BTOpoii Lienb1o, KOTopas O6bIMHO He COrnacyeTcs ¢
1epBoi1, ABNAETCS MUHMMM3ALVA CIOXKHOCTH NporpaMMel. COXXHOCTb NPOrpaMMBI MOXX-
HO OLIEHUTS 110 criefyomM pakTopam.

e Poct pasmepa xopa. Hackonbko 60sbllie mapasuienbHbIi KOJ, II0 CPaBHEHMIO C IT0-
criefloBaTebHbIM?

«  Pacnpenenenue uameHenuit kopa. JIokanM3oBaHbI 1M M3MEHEHM S, WIM OHM BHOCAT-
€A 10 BCEMY KORy? E

e Macmrabuposanue. [TapamerpuaoBans! nu QyHkumy npu nomowy Np uin pasme-
pa 3afaun? MUHMMM3MPOBAHO JIN IBHOE MCIIO/Ib30BaHMe MapaMeTPOB, TaKMX Kak,
Hanpumep, Np wmm P ?

o Tectuposanme. Hackonpko 607biie TeCTOB HEOOXOAMMO BHIONHUTD [J1s IPOBEPKU
IIPaBWILHOCTY BHIIIOJIHEHMS IIPOTPaMMBbI?

e Otnapka. fIBnseTcs JM Mapajie/lbHblil KOJ MPaBUWIbHBIM MOC/IENOBATENBHBIM KO-
nom? TNopnep>xuBaeT /1 KOp, MPSIMOIL MPOLIECC IEPEXOfia OT IOCTIE0BAaTENILHOIO
KOJia K IIapajie/IbLHOMY?

4.2.1. HayanbHuK/ogYMHEHHbII

JanHblit NOAXOA K peany3auyy napajvleNnbHbix nporpaMm Ha MATLAB sBrsieTcs op-
HMM M3 CaMbIX cTapbix. B cxeMax «HavanbHMk/mogumHeHHblt» [Choy & Edelman 1999,
Morrow et al. 1998, Dean et al. 2005] npumensercs MATLAB kak 1monb30BaTeIbCKMIT MH-
Tepdelic B KaYecTBe HaYanbHUK HAGOPY NofiuMHeHHDbIN. [TogYMHEHHBIT MOTYT BBINOIHATD
unu He Bhiionunts MATLAB. Haupumep, StarP xpannr pacupenenenHbie MmaccuBbl Ha na-
panneNbHOM CepBepe, KOTOPbIN BLELINNCT HeOOXOAUMDBIE IVAPOIPaMMBb U3 LIAPAN/IENh-
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HbIX 6M6mroTek, Takux kak ScaLAPACK u FFTW. Takue MeTopbl 3a4acTyio 06ecrieduBaroT
JTy4LIYIO IPOM3BOAM TENIBHOCTD, KOITIa laHHbIE EpeRaloTCs Ha cepBep. OiHAKO 3TU METObI
orpaHudeHbl TeMy (PYHKLUMAMY, KOTOpbie GbIIM HEMOCPEACTBEHHO CBS3aHbI C MapaJlieb-
Hol1 6ubnmnotekoit. pPMATLAB MoxeT paboTaTh B JaHHOM peXXMMe, XOTA B cny4yae pMAT-
LAB ucnonuutenbHbiM cepBepoM apseTca MATLAB, soimonusonmiica Ha kaxaom P,
M MO/Ib30BaTeNTb OTBETCTBEHEH 3a pa3bueHye BHIYMCIIEHMIT HA MaCCOBO-TIapaJlie/IbHbIe 3a-
Bauy, KOTOpble MOXXHO HE3aBMCUMO pacrpeRennThb IO UCIIONHUTENAM. B HacTosIeM paspe-
Jle fjaeTcs KpaTKoe OIMCAaHMe peanu3alMy CXeMBl «Hadya/JIbHUK/MOTYMHEHHBI» ImporpaM-
MbI Blurimage. KimroueBast KoHLlenTya/lbHas pasHMIa MeXY MOJIE/IbIO «Ha4yaIbHMK/TIOTYM-
HEHHBII1» ¥ IPYTUMM MOJIEIIMM IMPOrPaMMMPOBaHMsA 3aK/TI09AETCS B TOM, YTO CYLECTBYIOT
ABe (BO3MOXKHO ¥ Tpy) pasHble POy, MCIIONHAEeMbIe KOMITbIoTepaMy. CylliecTByeT Mo7b30-
BaTenbckas cpena MATLAB, koTopas 3amyckaeT mporpamMmy, paséusaer paboTy Ha 3ajjaum
M pacchiniaeT MX MOJYMHEHHOMY. 3aTeM HayalbHMK OTIIPaB/IfAET 3afja4M MHOTOYMC/IEHHBIM
MCIIO/IHUTENBHBIM 3K3eMITIApaM P, KoTophie B CBOI0 OYEPENb HANPaBJIAIT CBOM PE3yTb-
TaThl 06PaTHO HaYaNbLHUKY JiIA nepefaun cpene MATLAB.

Kop, «HauanbHMK/IIOAYMHEHHBIT» TpebyeT, YTO6BI K 6a30BOMY IIOC/IEOBATE/TLHOMY all-

ropuT™y 6bi7M 106aB/IEHEI YETHIPE NOO/IHMTENBHBIX 37IeMeHTa QYHKIMOHAbHOCTH.

»  HavaneHuk Bb4MC/IAET YacTh M306parkeHMit, KOTOPYIO JO/DKEH MOMYINTD KaXKAbIiA
MCIIOTHUTEID.

»  HavaneHuk 3amyckaeT KaXIOro MCIIONHUTEA CO CBOEN YacThI0 M306pakeHus.

» TMonuMHeHHbIE MOCBUIAIOT CBOM YacTH M306pakeHMs: 06paTHO BeAyLeMy IpQLieC-
COpY M 3aTeM BBIXO[AT U3 IIPOLIEAYPHI.

e  HavanpHuk nonyyaer yacty nso6paxenus u GopMupyeT KOHETHOE U306pakeHNe.

B xopie HauanbuMKa ynpapasowmit P BHMMCISET rpaHuibl M306paxeHnns, 3a KOTo-
phle HeceT OTBETCTBEHHOCTD KaX/IbIii IIOTYMHEHHBIN, M TIOMEIAET X B MaCCUBbI MHTIEKCOB
i start u i_stop.3TM MHEEKCH 3aTeM MCIOMNB3YIOTCS /IS KOIMPOBaHM YacTeit M30-
6paxcenys (BK/IoYas IepeKphIBaOLMecs Kpas) B MaccuB image overlap_cell, koTo-
phiit MMeeTCA B OTHOM 3K3eMIUIsApe Ha Kaxpiit P, . Cnenyromas komanpa dfeval paséusaer
M306parkeHye 10 UCIIONHNTENAM. [IofYMHEHHDIIT BBIIIONHAET CBEPTKY, M BeAyLMit co6upa-
€T pe3ynbTaThl 06paTHO. HakoHell, BO3BpaIleHHBI MacCUB SY€EeK KOHBEPTHPYeTCs 06paT-
HO B M306paxeHMe npy moMouy koMaHasl cell2Zmat. Jlo6asnenne GpyHKIMOHATBHOCTH
KOfly MMeeT Pl IOC/IeCTBMIA.

Pocr pasmepa xopa. Ilepexof; OT oc/iejoBaTenbHOM MPOrpaMMsI K IporpamMMe «HaqyanbHMUK/
NOMMHEHHBII», KaK IIPAaBUJIO, IPMBOAUT K HE3HAYMUTE/TLHOMY YBEIMYEHHMIO pasMepoB KO,

Pacnipepienenue u3aMeHenmit Kopa. SIpnseTcs HauGonee 3HAYMTELHBIM IOCTIEACTBUEM
MCIIONb30OBaHMsA IPOrpaMMbl «HAaY&/IbHMK/TIONYMHEHHBI», TaK KaK IMporpamMMy notpe6yercs
pasbuTh Ha JiBe YacTH, KaXK/yl CTPOKY KOAa HeOOXONMMO Ha3HauYMTh OJHOM M3 ABYX IpPO-
rpaMMm.

Macmitabuposanue. Kak npasuno, mporpammbl «HauanbHUK/ IOTYMHEHHDI» pa3fens-
10T 33/ja4M Ha OCHOBaHUM OMNPENENEHHOrO NPeJlyCTaHOBIEHHOrO pasMepa Masoit 3ajiaum u
3aTeM BapbUPYIOT Pu3MCp MANOM 3aJa4M Ha OCHOBAHMM O0IICIV pasmepa OCHOBHON 3apia-
un. K coxancHmio, 310 MaCTo IPUBOAUT K 1OABACHMI MHOKCCTBA MEIKUX 3a71a4, KOTOpPble
He MOryT 3 GEKTUBHO JUUCACTBOBATL MOAEL/D «HAYG/ILHUK/HOANMHEHNB Y, LUK peuieHun
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RaHHOI Npo6meMb KO\ «HaaNbHUK/IORUVMHEHHBI» MOXXET GBITh IapaMeTPM30BaH KO-
Y€CTBOM MCIOMHUTCNCH, UT0 NpUBEAET K cosfanmio 6oee addexTvBHOro kopa. K coxarne-
HMIO, TaKas NapaMeTpusalMa UCKIIOUAeT OHO U3 IVIABHBIX MPEMMYLIECTB KOfia «Hayallb-
HMK/TIORYMHEHHBIIi»: OTCYTCTBYE ABHON 3aBUCUMOCTH OT Np.

TecrmpoBanue. KonnyectBo Heo6X0OIMMBIX TECTOB COKPAILIAETCsl, TAK KaK IPOBEEHNME
TeCTMPOBaHM MOC/ENOBATENBHOI porpamMMsl 60jiee He HeceT HMKAKOTO CMBICTa.

Otnanxa. BeposTHo, caMbiif 6071bLION HELOCTATOK lRHHOrO MeTopa. B Mopenm «Havab-
HMK/TIOMYMHEHHBII» M0CTeoBaTeNbHas MpOrpaMMa yTpadeHa, M 3a4acTyl0 HEBO3MOXHO
BBINO/IHUTD MPOTPaMMy YMCTO B NOC/Iefi0BaTeNbHOI (opMe. Takum 06pa3oM, OTCYTCTBYeT
YUCTDIN IPOLIECC CUCTEMATUYECKOTO OTAEIEHMS Y TeCTUPOBAHMS KOHKPETHBIX aCIIEKTOB I1a-
pannenpHoit PpyHKMoHambHOCTH. OTCYTCTBME NPOLecca 3HAYMUTEILHO YBEIIMIMBAET BpEMS]
€O3AaHMs1 KO IIPOrPaMMBI, TaK KaK JUIs1 Hero 6071ee CI0XHO BIfIENUTD M BBISIBUTD OLIMOKY.

C TOYKY 3peHNst HAMCAHNSA KOJa MOTIeTIb «HayaIbHMK/ IO MHEHHBII» XOPOLIO CIIpaB-
naeTca ¢ 3ajadeit obecriedeHus HeGOMBIINX pa3sMEpOB M MPOCTOTHI mporpammsl. [loTepst
BOSMOXXHOCTM BBITIO/THUTD IIPOrPaMMY TOJIBKO B IIOC/IE[IOBaTE/IbHOM BHjie BJIEYET 32 cO60ii
TPYAHOCTH TecTpoBaHMsA. C TOYKM 3peHMs MPOM3BOAMTENTLHOCTH MPOrpaMMa «Hadajlb-
HMK/TIOMMHEHHbII» TpebyeT, 4ToObI Bce YacT M306pakeHus 6bUIM OTNpaB/IeHbI 06paT-
HO BefiynieMy ¥ HOBTOPHO NEPefiaHbl UCIIONIHUTENAM IpY KaXK[0it MTepanmy, YTO BeTeT K
GonbluyM HaKIaHBIM pacxofaM. Kpome Toro, o npudmHe Toro, YTo BeRy1LMii IIPOLIECCOP
JIOTDKEH XPaHUTh Iiefioe u3o0paxceHne, BO3MOXHOCTU 3TOI POrpaMMbl OTPaHMYMBAIOTCS
06paboTKoi1 M306parkeHUs], KOTOPOE IIOMEILAETCS B €T0 IaMATH.

4.2.2. O6MeH coobueHUAMM

B panHOM paspene paeTcs KpaTkoe OIMMCaHMe peanymsauuy mporpammbl Blurimage na
OCHOBe Mopieny «o6MeHa coobieHuamMm». [lanupnit Metop [Kepner 2004, Zollweg 2006, Hudak
2008] TpebyeT OTIPaBKY MO/b30BaTENEM COOOILIEHMIT BHY TPY KOfIa. 3T METOZbI YacTo pea-
nusyot BapuaHT ctaHpapta MPI [Gropp et al. 1999]. O6MeH coo61ueHmAMY IO3BONSET JEo-
6omy P, HampsiMyio B3auMOJIE/ICTBOBATh B MIOOBIM Ipyrum P, u obecneunBaeT MMHMMANIb-
HO Heo6XOAMMY0 (PYHKUMOHAILHOCTD /IS peanu3anyy noboil mapasyle/bHOl MpOorpaMMBL.

Kax 11 Mopienb Ha OCHOBe pacIpefie/leHHbIX MaCCHBOB, IIPOrpaMMa «o6MeHa coobLieHN-
AMU>» BDITIOTIHAET OfIHY M TY XXe IPOTPaMMy Ha KaxzioM P, HO pa6oTaeT ¢ HECKOMbKO OT-
NUYHBIMM JAHHBIMM. DTO OTHOCUTCS BCE K TOI XKe Mofien peanu3anuu «OfHa mporpaMma,
HECKO/bKO IOTOKOB faHHbIX» (SPMD, npousHocurcs «comm-gu») [Flynn 1972]. KnroueBas
KOH1lenTYya/mbHasA pa3HUIla MeKAY MOJIEIbI0 Ha OCHOBE pacpefie/leHHbIX MaCCMBOB M MOJie-
nbl0 0OMeHa COOOILEHMAMM 3aK/TIOYAETCsl B HAIMYMM ABHOTO YTIpaB/ieHMsA 06OMEHOM c006-
LICHUAMU MEXAY BBIYMCIMTETbHBIMU MaliMHaMu. B mporpamMe «o6MeHa coo6ieHuamMu»
CYLIECTBYIOT JiBa K/IIOYEBBIX BMJIa IAHHBIX, KOTOpBIE MPOrPaMMa MCIIONb3YeT AJIs YIpaBJie-
HUA [IefICTBMAMM: KONMYECTBO Mpoleccopos, (Np), u unentudukatop nmpoueccopa, (P,)
Wcnonbsys sty undopmanmio, kaxpiit P, onpenenseT 4acTb 3ajiauy, Haji KOTOPOit OH pa-
6oTaeT, M C KaKMM¥ IPYTMMM SK3eMInsApaMu P eMy HeO6XOMMO B3aMMOJIE/CTBOBATD.

Kon «obmeHa coobiieHmsiMmm» TpebyeT HNONONHEHMS MCXOOHOrO MOCNENOBATENBHOTO
KO/Ia 4eThipbMsl (PYHKUMOHANbHBIMU 3/ICMEHTaMK.

o Kaxpniit sksemnnap P onpepensier paamep CBOEro 10KanbHOro 1306paxeHus.

o Kt oxcasemunnp P, oupepenser nienrudukatopbl cocejtinx aksemnnapos P,
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e Kaxnpui sksemmysip P, nocuinaeT rpaHiYHbIe aHHble coceuum P .

»  Kaxppni sksemmisp P, momyyaeT rpanmiy or cocenumx P .

JaHHbI KOf, COCTOMT M3 OfHOM MpOrpaMMbl, paboTaouielt Ha BCex aK3eMIuiapax P .
Kaxxpiit P pa6oTaeT TONbKO Ha CBOEN NIOKa/NbHOM YacT M300paxenus. Tounbii pas-
Mep 3TOro JIOKaJIbHOTrO M306pakeHuA Jo/DKeH ObITh ABHO paccumTad. Ha kaxnoit utepa-
MM KaxIbiii P IBHO OCHUIA€T ¥ MONY4aeT IPaHMYHbIE [JAHHbIE 1S/0OT CBOMX COCEHMX
3K3eMIUIApoB P v 3aTeM BHINONHSAET CBEPTKY. [lo6aBneHye 3105 QpyHKIMOHATBHOCTH KORY
MMeeT psifi MOC/EACTBMIAL.

Poct pasmepa xopa. Ilepexon oT nocnenoBaTeNbHON IIPOrpaMMbl K porpaMme o6Me-
Ha COOOIIEHNAMM, KaK IPaBUJIO, HPMBOAUT K 3HAUMTENILHOMY YBETMYEHMIO pasMepa KOfia.
INocnenoBaTe/nbHbIE MPOrpaMMBbl, Mpeo6pa3oBaHHbIE B Mapa/UIe/IbHbIE C MCIIONb30BAHUEM
obMeHa cOOOLEHMSIMY, KaK IIPaBM/IO, YBEIMYMBAIOTCA Ha 25-50%; 1 CpaBHEHMsI, METO-
Ibl «HaYa/IbHMK/TIOYMHEHHBII» M «pacIpefie/IeHHble MaCCMBBI» YBETMYMBAIOT Pa3Mep Kofia
npu6nusurenbHo Ha 5% [Funk & Kepner 2005].

Pacnpenenenue usMenennit xopa. IIporpaMmer 06MeHa cOO61LIEHMAMM, KaK IIPaBUIIO,
Tpe6yI1oT BHECEHNA M3MEHEHMIT B IIPOrpaMMy Ha HIDKHEM YPOBHE, M MSMEHEHNA KOJia 4acTo
HOCAT HEIOKA/IM30BaHHBII XapaKTep.

MacmrabupoBanue. [IporpaMMbl ¢ 06MEHOM COO6LIEHNAMM OOBIYHO TPEOYIOT Hau-
MeHblIero o6’beMa KOMMYHMKaLMK CPEeiM BCeX Mogenei IporpaMMMpOBaHNs M 4acTo Jie-
MOHCTPMPYIOT HaMIy4lIyl0 MacliTabupyeMOCTh mpou3BopuTenbHOCTH. K coxanenmio,
nporpaMmbl O6MeHa COOOLIEHMAMM 110 CBOEI NpUpOfe 3aBUCAT oT Np u P, . 3T mousa-
TUS UCTIONB3YIOTCA Ha MPOTSHKEHMM Beell mporpaMmel. [Ipy Hapnexalueit peanusanyum 3To
MOXHO pellMTh napaMeTpu3aarmeit. OfHaKoO Mpy 3TOM NOTpe6yeTcss MHOrO yCHIMii [iis
[IPOBEPKY KPAeBBIX YCIOBMIA Py MacuTabuposaumu Np nim pasmMepa BXOJHBIX JaHHBIX.

Tectnposanne. KomryecTBo HeO6XOMMMBIX TECTOB COKPALJa€TCs, TaK KaK MPOBENEHME
TeCTMPOBaHMA IIOCTENIOBATETbHO MpOrpaMMbl 6071ee He MMeET HMKAKOro CMBICTIA.

OTtnaaxka. [lonb3oBareny, 3HaKOMbIE C COOOLIIEHMAMM, HAXOIAT JAHHbIT MeTom 9¢dek-
THBHBIM. OIHAKO PAOBOMY [IO/Ib30BATENIO0 HeOOX0MMO OyeT M3yUMTh JOBOIBHO MHOTO,
TaK KaK MeTOfi IBHOro o6MeHa COOOLIEHMAMM HaXOUTCA Ha HIDKHEM YpOBHe abcTpakimii
¥ TpebyeT OT o/Ib30BaTeNs pa6OTHI HAPAMYIO C B3aUMOOG/IOKMPOBKaMM, CMHXPOHM3aLMeNt
M IpyrMMM HOHATHAMM NapaJlIebHOTO IPOrpaMMMpOBaHys HIDKHero ypoBHs. Kak u B Mo-
Iie/M «Ha4ya/IbHUK/TIOfYMHEHHBIN», TOCIe0BaTe/IbHasA POorpaMMa TepseTcs, ¥ HeBO3MOX-
HO BBINOIHUTE IIPOrpaMMy B YMCTO MOC/IE0OBaTeNLHOM Bufe. Takum 06pa3oM, OTCYTCTBY-
€T SICHBIN MPOLIECC CUCTEMATMYECKOrO OTHENEHMS M TeCTMPOBAaHMA KOHKPETHBIX acIek-
TOB NnapaenbHoi GyHKIMOHaNbHOCTH. OTCYTCTBME IPOLIECCa 3HAYMTENbHO yBeTMIMBAET
BpEMsI CO3[JaHMA KOJIa, TaK KaK B HEM C/IOKHee BHIABUTD M YCTPAHMTD OLIMOKM.

HecMoTps Ha 3T TPyAHOCTH, BO3SMO>XXHOCTH 06MeHa COOOIIEHNAMM SIBIIAIOTCA HEOOXO-
IMMBIMM KaK /Il MeTOia «Havya/IbHMK/IIOAYMHEHHBI», TaK U [/l METOfla «pacIipefie/ieH-
HBIX MaccuBOB». Boree Toro, 06MeH cOOOIIEHMAMY 3a4aCTYI0 CIY>KMT caMbiM 3¢ dexTns-
HBIM METOJIOM peanv3aLuy NporpaMMBbl, ¥ ONpefie/IeHHbIe TUIIbI IIPOTPaMM CO CIIOKHBIMU
MOJIeNsiIMM KOMMYHMKaLMM MOTYT ObITE peanyu3oBaHbl TONBKO IIPY MOMOLLM IIpsSIMOro o6Me-
Ha coobuennsamu. Takum o6pasoMm, N1060e 3aKOHYEHHOE Mapa/l/ieNbHOE PELeHMe AO/DKHO
obecrieunBaTh MEXAHNIM JIOCTYIIA K HIDKeNeXXaleMy coto oOMeHa cooOeHUAMM.

B jjaHHOM cnydae nporpamMma «06MeHa COOOLCHUAMMY U TIPOFPAMMA pacrpejieneHHbIX
MacCHBOB BAINOIKAKT OAMHAKOBYI0 KOMMYHHKALMIO, H MCNONbIOBAKKE MeTopa «obMme-
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Ha COO6II.[CHMHMM» B OTHOLUEHMM ITPON3BOOUTENBHOCTM HE [AET HUKAKUX ITPEUMYIECTB.
OcHOBHBIM HENOCTATKOM TaKoM IIporpaMMBbl ABJIAE€TCA 3HAYNTE/IbHAA YCIIOXKHEHHOCTb. KOJI
IIporpaMmbl 60HbIIIe, M3MEHEHMs MOCTIeOBATENbHOM MporpaMMbl HE JIOKAJIM30BaHBI, U €€
C/I0)XXKHO TeCTUPOBaTh.

4.2.3. PacnipenenenHrie MacCuBbI

Peanusaumsa mporpaMMbl Ha OCHOBE pacIipeie/IeHHbIX MacCHMBOB Y)Ke paccMaTpyBaach
¥ 6bUIa IPOMIUIIOCTPUPOBaHa Ha pUCYHKe 4.5. Peannsanums ¢ moMoIybi0 pacrpeeNeHHbIX
MacCHBOB aHaJIOTMYHA MOAXORY mporpaMmbl Mandelbrot 1 fpyrux nporpaMm, OnMcaHHbIX
B rnaBe 2. Kop, ucrione3ayronmit pacripenesieHHble MaccuBBI, TpebyeT fob6aBeHns YeThipex
TOIO/THUTENTLHBIX QYHKLMOHATBHBIX 971€EMEHTOB.

e Co3spnanme KapT pasMelLeHMs M pacIipeielIeHHOTO M306pakeHUs C HaK/TaibIBAIoLIyM-
MMCS KpasMM.

o BbimonHeHNs cCBepTKM Ha JIOKA/ILHOM YaCTH M306paXKeHMs.

o  CuHXpOHM3aLMs rpaHNL].

o Cobupanne BefyuM IPOLECCOPOM YacTelt U30OpaXkeHMs [UIA CO3NAHUS KOHEYHO-
o M306paKEeHMA.

Snpo Kopa pacripepieNleHHBIX MacCMBOB IIOKa3aHO Hyke (IONHBIA TMCTMHT HaXOAUTCA B
Examples/Blurimage/pBlurimage.m).

B nanHOM cryyae Mofienlb Ha OCHOBE pacITpefieIeHHBIX MacCMBOB obecreynBaeT JIyd-
11ee OTHOBPEMEHHO M3 MMPOB MOJIE/IM «HaYaIbHUK/TIOIYMHEHHBI» ¥ MOfie/M «0OMeHa co-
obwennamm». OHa obecrieunBaeT HEGONBILOI MIPOCTON KOJ, KOTOPHIN JIETKO TECTUPYETCS
KaK nmporpaMma, paboTaroras I1o cxeMe «HayaTbHUK/IIOfYMHeHHbI». Kpome Toro, maMaTs
M KOMMyHMKaIlMy MaclITabupyeMbl, Kak B MporpaMme o6MeHa cOO6ILeHNAMY.

NucTtunr kopa. NapannenbHas MATLAB-nporpamma Blurimage

1 ¥ Set image size (scaled by Np), filter size and blur.

2 Nx = 1024*Np; Ny = 1024; Nk = 32; Nblur = 2;

3 PARALLEL = 1; Set control flag.

4 Zmap = 1; Create serial map.

5 if (PARALLEL) Parallel map with overlap.
6

7

8

o0 o° o

Zmap = map([Np 1] ,(},0:Np-1, [Nk O]);

end
Z = zeros (Nx,Ny,Zmap) + l.e—4; % 2D distributed array.
9 (ii jj] = find(sprand(Nx,Ny,le-4)); % Create noN-zeros.
10 for i=1:numel (ii)
11 z(ii(i),3i(i))=1; % Insert noN-zeros.
12 end

13 my I = global_ind(Z,1); % Get local i indices

14 myJ = global_ind(Z,2); % Get local j indices.

15 kernel = ones(Nk,Nk); % Crerate kernel.

16 Z2 = synch(2); % Synchronize boundary conditions.

1'l tor iblur = 1:Nblur % Loop over each blur.
18 Zloc ~ local (2); % Get local data.
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19 Zloc(l:end-Nk+l,1:end-Nk+1) = conv2(Zloc, kernel, ‘valid’);

20 Z = put_local(Z,Z2loc); % Put local back in global.

21 Z = synch(Z2); % Copy overlapping boundaries.
22 end

Ilepesoo

1 Yemanoeumy pasmep usobpamerus (kpamnvtit Np), pasmep dunvmpa u pasmoimue.
3 Yemanosump xoHmponvHulii nae.

4 Co30amp nocned0osamenvHylo Kapmy.

5 Ilapannenvhas xapma c HanoxeHuem.

8 Jlsymepnviii pacnpedeneHHuill MAccus.

9 Co30amp Hemynesvie 3HA4EHUS.

11 Bcmasumv Henynesvie 3Ha4eHus.

13 Honyuumy noxanvhvie i-unoexcsl.

14 Ilony4umy noxanvHvle j~uHoexco: .

15 Co3oamp sidpo.

16 Cunxpornusuposamv 2paru4Hvle YCAOBUS.

17 Lukn no xaxdomy pasmoimuo.

18 Ionyuumy noxanvhole OaHHble.

20 IMomecmump noxanvHoe 06pamHo 6 2no6anvHoe.
21 Konuposamv 2paruibl HAN0HEHUS.

4.3. Othaaka

Llenp oTnapgky napannenbHONi IPOrpaMMBI 3aK/II0YaeTCs B JOCTVDKEHNM BBICOKOTO YPOB-
Hs IIPOM3BOAMTENLHOCTH IIPH BHIIONIHEHMM MHTepecyoLleit Hac 3afiaun. TeopeTyecku 3To
MOXHO CfienaTh 10 OKOHYaHUY HamMcaHMA mporpaMmbl. IIpakTiyecku MosiBMIOCh MHOTO
JOLONHUTENIBHBIX (PYyHKLMIA, OOAB/IEHHbIX K IIPOrpaMMe, M KaXKaasd M3 HUX JO/DKHA OT/Ia-
JXUBaTbCs OTAENbHO. KpoMe Toro, mapanenpHas mporpaMMa o6bIYHO Halje/leHa Ha 3afia-
4y, Tpe6yoLIyI0 IMTeNIbHOTO BHINOHEHNS, a MIPOLecC OTIAJKM IIPOMCXOAMT ropasfo 6bl-
CTpee, ecii nporpaMMa 6biCTpO 3aBeplIaeT cBol0 paboty. [Ipouecc focTiKeHMs] KOMIIPO-
Micca MeXy STMMM KOHKYPUPYIOLIMMM LieNsiMu IIpUBEJiEH B IilaBe 2. 3TOT Mpoliecc U3o-
6paxeH Ha pyucyHKe 4.6 M COCTOUT U3 YETHIPEX OCHOBHBIX IUAaroB. O4YeHb Ba>KHO BHIIONHATD
STy LIary uTepauymoHHO. [Ipu o6Hapy>keHMM OLIMOKN PEKOMEH/TYeTCsl BEPHYThCA B Ha4ajio
M IIONBITAaThCS OT/IAAMTh OLIMOKY Ha 60Jee paHHEM 3Tare.

IepBbiit Iar — HEOGXOAMMO B3ATD IIOC/ENOBATENBHBI KOJ M O6aBUTH 6230BYI0 (yHK-
LMOHANIBHOCTD PacNpefeNiEHHbIX MaCCUBOB, MCIIO/Ib3YA KapTy pasMelleHusA. ITOT KO, BbI-
MOJIHSAETCS Ha OHOM ITPOLIECCOPE IOKANbHO:

eval (pRun ( ‘pBlurimage’,1,{})).
Llenb 3ak/0uaeTcst B ONPENENEHNM TOTO, HBINETCH 1K KOJ| PacnpeneleHHOrO MacCuBa

CUHTAKCUUCCKU KOPPeKTHLIM. Kak 11panmnio, onmnGKy, BCTPEUaoniuecs Ha 3ToM Liare, mMme-
KT OTHOMENNE K HPCOOPATOBAHKIO MACCHION i PACTIPEACHCHIDBIC MACCUBDI.
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Bropoit mar ~ TecTMpoBaHue mapaMeTpu3aly KOfia B OTHOLIEHMM Np. ITOT KOJ| BbI-
IOJ/IHAETCHA C MCIONb30BaHMEM MHOXXECTBEHHBbIX sk3eMruiapoB MATLAB nHa nokanbHOM
KOMIIBIOTEpE:

eval (pRun ( ‘pBlurimage’, 2, ParallelMachine)) .

Llens 3akoyaeTcs B ONMpefie/IeHUM TOrO, SIBIAETCS 1M AEKOMIIO3MLMA CMHTaKCUYECKN
KoppekTHO#. Kak mpaBuio, omm6ku, BCTpeyaonpmecs Ha JaHHOM LIare, MMEIOT OTHOLIEHME
K apupMeTHKe [JeKOMIIO3ULIMIL.

Tpernit war — 06614HO He TpebyeT HONMONHUTENPHOIO COCTABIIEHMA KOfa Y 3aK/II0YaeT-
s B BBINO/THEHUM HA yJIa/IeHHBIX KOMIIbIOTepax:

eval (pRun (‘pBlurimage’, 2, ParallelMachine)).

Ha 3ToM 1mare, rnaBHBIM 06pa3oM, TECTMPYIOTCS HIDKeTIeXalle MeXaH3MBI pacrpefie-
JIeHMs IaHHBIX Y YAaJeHHOTO BHINONHeHus mporpammbl. Kak npasusio, oum6ky, Bctpeya-
oLMeCs HA I]AHHOM llIare, VMEIOT OTHOLIEeHME K KOHGUIYpalMM YCTaHOBKY Mapasyle/IbHO-
ro nporpaMMHoro o6ecrnieuenus unu paitnopoit cucreme. Hanpumep, Gynkums, Heobxonu-
Masi i1 BHITIOJIHEHMS NPOrPaMMBl, CYIIeCTBYET Ha JIOKalIbHOM MallliHe, HO HEIOCTYIIHA Ha
ynaneHHOM KOMIIbIoTepe.

YeTBepThlit 1ar — KaK MPaBMUJIO, TAKXe He TpebyeT NOMOHNTENPHOTO KOfIa, 3aK/II0YaeT-
CA B BBINOJIHEHMN Ha yHAJIeHHBIX KOMIILIOTEPax NPM YCTAHOBKE IIOCTOSIHHO yBeINYMBAI0-
LMXCS 3HaYeHmit Np 1 yBe/IMdeHMy 3afjauM fio Lie/IeBBIX pa3MepoB.

eval (pRun ( ‘pBlurimage’, 4, ParallelMachine)).

I.Ienb 32K/TIOYAETCA B Hayajie mpouecca OLEHKU MPOM3BOAUTENBHOCTM IPOrpaMMbl
M OnpeneneHmumn Toro, LOCTUrHyTa JIn )enaeMas NpoOnu3BOAUTENbHOCTD.

4.4. TectupoBaumne

B nmpeppipy1eM paspene Mbl 3aIyckany Bepcuio nporpammel Blurimage ¢ pacnipenenen-
HBIMM MacCHMBaMM JiJiA 3a[ja4 PasIMYHbIX pa3MepoB. B ononHeHNe K BU3yalbHOMY BBIBOLY,
KKK 3aITyCK TaK>Ke CONPOBOXIA/ICA OTOOpaskeHMeM IPOM3BOAMUTENBHOCTY MPOr'PAMMBI
B ruradnorncax (opMH MMUIMAP] OnepaLmii ¢ IaBaolLeil TOYKOit B ceKyHpy). Crnenyrommit
BOMPOC ~ SBJIAIOTCS 3TY 3HAYECHMSA XOPOLIMM MM IIOXMM Noka3aTenem? JIpyrumu cnosa-
MM, AiBnsieTcst i pBlurimage xopolo HanMCcaHHOM MapaIeNbHOM IPorpaMMoNt?

Jlna oTBeTa Ha STOT Bompoc TpebyeTcs cobpaTh AaHHBIE O IPOM3BOAUTENTLHOCTH M MPO-
BecTn 6onee rnybokmit aHamu3. JlenieHneM MpOU3BOAMTENBHOCTY Ha IPOM3BOMTENIBHOCTD,
JIOCTUTHYTYI0 Ha O[HOM HNPOLIECCOpE, ONYyYaeM [OCTUTHYTOE YCKOPEHME BBIYMCIIEHMIA
napainenbHoi nporpamMmbl. B Tabnmue 4.2 noka3aHO OTHOCHUTENIBHOE BpeMsi BHIYMCIIEHMIT
(vopmanusoBaHHoe K cnydaro Np = 1), Bpemsi 3anycka U OTHOCUTeENbHas MPOU3BOAMTENb-
HOCTh. ITH JlaliHbe 6binK cobpaHbl Ha 8-IpolleccopHOll MHOrosilepHOIt cucTeMe U 16-y3-
NOBOR MHOroOy:anonoit cucteme. B MHOrOmJICPHOR CUCTEME BCE MPOLIECCOPbI UCTIONb3YIOT
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o6y naMATh. B MHOroy3/10BO#! cHCTeMe KaXXAblii y3el MMeEeT OT/E/TbHYIO MAMATD, Y IIPO-
LeCCOPBI B3aNMOJIEHCTBYIOT Yepe3 CeTh.

cpenatb cpenarb
TpaBMIbHO  yar | mrar 2 war 3 1ar 4 6ricTpo

L S L
TECNEROBATENbHbIA | BATENLHBIR HHBIN [Rm——y

]
n06aBuTH nobaeurs RoGasws
maccus KapTbl na.
&y s napanemLInA
NPaBUIBHOCTD p;/la'.lab FPSERIRLOCE
BbInonHenume: 1 nokanen. CPU 1 nokanbH. CPU 2 nokanbh. CPU 2 ypanen. CPU N ypanen. CPU
(tecT): (nmocrnen. xox) (cunTaKcuc pMatlab) (mexommosmimsa) (xommyrvmxanms) (mpowss.)

PucyHok 4.6. YeThIpexcTyneHYaThIi MPOLIECC OTHaKM
Ha xa>«oM 1uare fo6aB/iseTcss MMHMMabHbIit 06beM GyHKLMOHATBHOCTH, U BBHINON-
HSIIOTCS CIleLMasIbHBle TECTHI [/l TECTUPOBAaHMU 3TOi GyHKLMOHAIbHOCTU

Ta6myma 4.2. IlponsBoguTenbHOCTD mporpaMmel Blurlmage va MHOrosinepHbIX 1
MHOTOYS3/IOBBIX CHCTEMAX

OTHocHTeNnbHOE BpeMst BBIYMCTIEHMIA, aOCOMOTHOE BpeMsl 3aITyCKa+KOMMYHMKAL[MM, KO-
3¢QOULMEHT YCKOpEHMs BBIYMCIIEHMIT Ha MHOTOSIIEPHBIX ¥ MHOTOY3/IOBBIX BBIYMCITA-
TeJIbHbIX CUCTEMAX U1 pasnuyHbIX 3HadeHuit Np. [laHHBIE O MPOMSBOAUTENTLHOCTY NpU-
BeJleHBI 11151 MacITabupoBaHHoOTO pasMepa 3apaun (Nx o Np). Bce 3HaueHus HopManu-
30BaHBI 10 cTONOLLY 2, B KoTopoM Np = 1 C BBIKIIOYEHHBIMI PacTIpefie/IeHHbIMI MacCH-
Bamu (PARALLEL=0). Cron6upl 3-7 copep)kaT 3Ha4eHUsl C BKIIOYEHHBIMMU paciipene-
neHHbIMM MaccuBamy (PARALLEL=1). 3amuch 1*8 o3Havaer, uTo Np = 8 u Bce 3K3eM-
mspbl P, 66011 BBITONHEHBI Ha OIHOM BBIYMCIIUTENHHOM Y371€ IIPU COBMECTHO MCIIONb-
3syemoit mamaTy. 3amuch 16*1 osnayaert, uro Np = 16 u xaxnblit P, 6bU1 BHINONHEH Ha
CBO€M MHMBMJIYaTbHOM BbIYUCTTMTENBHOM Y37I€ C MCIIOIbSOBAHUEM OT/IENbHOM NaMATH.

B

MHorosaepHbIe NPoYeccopbl: 1 1”1 1*2 1*4 18
OTHOCUTENbHOE BPEMS BLISUCNEHUIA 1 1.0 0.85 0.87 0.86
Bpems 3anycka (c) 0.0 0.0 0.7 1.2 1.8
OTHOCUTENbHaA NPOU3BOAMTENbHOCTL 1 1.0 2.3 46 9.3
MHoroy3noBbie NpoLeccops!: 1 11 2*1 4*9 8*1 16*1
OTHOCUTENbHOE BPEMS BLIMUCTIEHWA 1 1.0 1.0 1.0 1.0 1.0
Bpems 3anycka (c) 0.0 0.0 8.0 8.0 78 7.8
OTHOCUTENbHasA NPOU3BOAUTENBHOCTD 1 1.0 2.0 4.0 7.9 15.9

CpaBHeHMe TTPOM3BORMTENBHOCTY BBHIIIOIHEHUA IPOTPaMMbl C MCIONb30OBaHMEM
Np = 1 npu BeIK/II0YeHHBIX (PARALLEL=0) 1 BK/moyeHHbIX (PARALLEL=1) pacripeneneH-
HBIX MacCMBaX ITOKa3bIBAET, YTO pacIpesie/ieHHbIe MACCUBBI He BBISBIBAIOT YXYAILIEHMA MPO-
usBopuTenbHOocTH. Ecnu ucrnionp3aoBanme pacrpeneneHHbix MaccuBoB ¢ Np = 1 npuBoguT
K 3HAYUTENBHOMY 3aMe/i/IeHNK) paboTrl, HeOOXOAMMO ylienuTh BHMMaHMe 3Toit mpobieMe.
Oucttb TPYIIHO HOAYUNTE KaKyto-mn6o addexTunnoctns npu Np > 1, ecin npu Np = 1 npo-
rpaMma paboTacT MOUICHIICE, MCM IOKAIMA B e¢ OcHone HocaeponatenbHbiil ko, PaboTa
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NMLLb Ha JIOKA/IBHBIX YaCTAX pacIpe/ieleHHbIX MAaCCMBOB TIOYTH FapaHTUPYET TY Xe IPOu3-
BOJMTENBHOCTD, YTO 1 6€3 MCIONb30BaHus pacIpe/ie/leHHbIX MaCCHBOB.

Tabnyuua 3.2 neMOHCTpUpYyeT cOKpallieH1e BpeMEHM BhIYMCIIEHMIT 1Py yBenydeHum Np
KaK B MHOTOSi[IEPHOI4, TaK M1 B MHOTOy37110B0# cucteme. OfIHaKoO B napae/nIbHOl Iporpamme
00BbIYHO YBe/MYMBAETCS BPEMsi, 3aTPAYMBAEMOE Ha 3aITyCK Y KOMMYHMKALMIO MEXIY KaX-
AbM u8 ak3eMuapoB MATLAB. B Tabnune 4.2 mpocnexxuBaeTcs yBenuyeHne BpeEMEHM 3a-
nycKa + KOMMyHMKaLuy ¢ yBenmdeHneM Np, a Taxke CpaBHUTENbHO 60JIbIINIt BpeMEHHO
NOKasaTe/Ib 3aITyCKa + KOMMYHMKaLMy B MHOTOy3/I0BOJ CHCTEME, TaK KaK 3aIlyCK ¥ KOMMY-
HMKalMsA B 3TOM C/Tydae OCYILIECTBIIAIOTCS Yepes CeTb.

Brimonuenne Blurimage ocymecTsnsnock Ha KpaTHOM pa3Mepe 3agaum (T. e. Nx o Np).
Bpems ucnonnenns nouty He uaMeHsieTcs ¢ yBenuuenmeM Np. [IponsBoguTenbHOCTb BO3-
pacTaeT, Tak Kak o061t 06beM paboTHI Takyke BO3pacTaeT ¢ yBemrdeHneM Np.

4.5. O6wunin aHanua nNpon3BoanTENbHOCTH

Hanomunaem, yto B anroputMe Blurimage tpe6yerca O(N,’) onepaumit Ha BbIYMCIIE-
HMe kakporo mukcerns. [Ipu peanmsaiyy Moneny «HavalbHUK/TIONYMHEHHBII» MPEKPACHO
OCYILIECTBNIAETCA pacHpefie/ieHMe BHIYMCIIEHMI TaKuM 06pa3oM, 4TO Ha Kaxapii P, mpu-
XOOMTCA paBHOE KOJIMYECTBO IMKceneit usobpakenns. Takum o6pa3oM, IpOM3BOAMTEIID-
HOCTb BBIMMC/IEHMIT [IOJDKHA ObITh KpaTHa 3HadeHymo Np. OfHaKo IpM peanusaliii MeToO-
Jla «Ha4a/IbHMK/TIOYMHEHHBII» Leloe M306parkeHye HeoOXOMMO MOChIIATh Tyfia 1 obpart-
Ho OT /uiepa K MCIIOJIHMTE/AM Ha KaXkoM Iuare. JIpyrumu cioBamMy, Kaxx/blit BhIYMCIIse-
Mblif MUKCeNb NOChITaeTCA ABaXIbl. He yuMThIBas OCTOSHHBIE BENMYMHBI, IPU 3TOM IO-
My4aeM OTHOLIEHME BblYMC/eHne-KoMMyHuKaums O(N?,) onepaumit Ha KaXx/piit OTIIpaB-
TNeHHBI TMKCENb, KOTopoe A N, =16 paBHO 256. [laHHOE OTHOLIEHME CPABHMMO C MOTTyYa-
€MBIM Ha TMIIMYHBIX NMapajUIe/IbHbIX MalllMHaxX. TakuM 06pa3oM, apPeKTMBHOCTD Ha ypOB-
He 0,5 MOXXET AB/IATLCA MAKCHMMalIbHO BO3MOXXHOJ NIPYM MCIONb3OBAaHMM METOJa «Hayajlb-
HUK/TIOAYMHEHHDII». .

YuuThiBas, 4TO CXeMa «HAaYaJbHMK/TIOMYMHEHHBI» OrpaHNMYMBAET IPOM3BOAUTE/b-
HOCTb NPUTIOXKeHMA, C KaKoil 3¢ deKkTMBHOCTBIO 6ynyT paboTaTh mMopenn obmeHa cO06-
WIeHMAMY M pacrpefieNleHHbIX MacCMBOB? BbluMcrieHMs B 06eMX MOJENAX OCTAlOTCS TaKu-
MU e, KaK B MOJIENy «Havya/IbHUK/NOmunHeHHbI»: O(N?,) Ha mukcens. O6e peanusanmu
- 06MeH coOOLEHMAMM M pacpefieNleHHbIe MaCCHBBI — MCIIO/Ib3YIOT MOJiE/b KOMMYHMKa-
LMY «OmyoKalueit coceiHel ToYkM». B maHHOM Mofiey TONbKO He6oNblIas YacTh MMKCE-
neét usobpaxxenus nomkHa 6uTh nepenana: O(N,/N,) nns uso6paxenus paamepom N, X N,.
Pesynh'ra'rom Mopemm «6muKkaniei cocejHeil TOYKU» SBJIAETCA OTHOLIEHME BHIYMCIIEHME—
KoMMyHMKauus, pasHoe O(N,/N)) onepaimit Ha OTHPaB/IEHHbI TMKCENb, KOTOpOe A N,
=1024 npenmnonaraet OTHoLIeHMe 0Ko/o 16 000. 3Ta mpa HAMHOTO NpEBBILIAET HOMYYeH-
HYIO NpY MCNONb3OBaHMM MOJIE/M «HAYaIbHYMK/MONYMHEHHbIT». TakuM ob6pasomM, obe pe-
anu3aumK, & MMeHHO 0OMeH COOGLIEHMSIMM U PacIIpefieNieHHbIe MACCUBBI, JODKHBI UMETD
BLICOKYIO IPOM3BOAMTENBHOCTS C yBenudeHneM Np, kak u GBIT0 MoKasaHo B Tabmuue 4.2.

4.6. BoiBoab!

Henn AMNOR raBbl 3aKTIOMANACH B KPATKOM HPEACTABNCHUN GONMBIIMHCTBA KOHLEN-
LKA, YIIOMUHAIOLIKXCA B KHUTE,
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ITpoexTupoBaHue: oLeHKa HeO6XOAMMOCTM pacrapajie/IMBaHms, KJIacChl Mapaelib-
HBIX IPOrpaMM, MOJIE/IN IapaJl/IENIbHOTO IIPOrpaMMIMpPOBaHN A, MAIIMHHbIE MOJE/IN.

Kogupopanue: pasmyHbie CTUIM Mapanie/IbHOTO IpOorpaMMMpOBaHus, BIMsHME KO
Ha [IPOM3BOUTENBHOCTD M MaclUTabMpyeMOoCTb.

OTnagka: 0cO6eHHOCTH Mpouecca Mapane/bHON OTNaAKM, OLIMGKY, KOTOPbIE MOXHO
O6Hapy>XMTh Ha KaX/IOM luare.

TecrupoBanue: METpMKa IIPOM3BOAUTEIBHOCTYM Y IPOTHO3MPOBaHye IPOM3BOAMTEID-
HOCT (OTHOCHUTETIHO MapaMeTPOB MalUMHBI).

K cyacTbio, 3TM KOHLENMY OXBaTHIBAIOT GONblNy0 YacTh Heo6xonMMOit MHPOpMa-
. Jlanee no xofy KHury 6yflyT mpeacTaBieHbl HEKOTOPBIE HOBBbIE KOHLENMM. B 0cHOB-
HOM, OCTaBIIAACA YaCTh KHUTHU NOCBANIEHa 6ojee MOAPO6HOMY M3YYEHMIO YXKe YIIOMAHY-
TBIX KOHLIEMIIMI ¥ 06y4eHMIO YMTaTesIsi HEOOXONMMBIM HaBBIKaM MX MCIIO/NIb30OBaHMA B cO6-
CTBEHHBIX [IPOrpaMMax.
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MnaBa 5
Pa3paboTka CNnoXHbIX nporpamMmm
C pacnpepgeneHHbIMM MaccMBamm

Pesiome

Jins a¢dpeKTUBHOTO MCNONB30BaHUA paciIpefie/eHHbIX MACCMBOB HEOOXOAMMO HOHM-
MaHue 6a30BOI TEXHONOIMY, KOTOpas MPUMEHAETCs 1A ux peanusaumuu. Pacripene-
neHHble MaccuBsl MATLAB B 0cCHOBHOM peanu3oBaHbl B 6U6MOTEKe C MCNIONB30Ba-
HMEM METOJIOB IEPErpysKu OlepaTOpOB 06bEKTHO—OPUEHTHPOBAHHOTO IPOTPaMMHM-
poBatust. OCHOBHYIO CTPYKTYPY AaHHBIX B OMONMOTEKe NpPEACTaBNseT paciipefieNieH-
HBIIT YMCIIOBOI MaCCUB, paciipefie/ieHue KOTOPOro 10 MHOXKECTBY IPOLIECCOPOB OIpe-
HensieTCs CTPYKTYpOit KapTel pasmerteHusi. Onepanyy KOMMYHUKALMKU MEXAY pac-
npefieNeHHBIMM MacCMBaMy HaXOAATCS Ha HYOKHEM YPOBHe abCTpaKLymy, He BULUMOM
nonb3oBaTemo. TUIb pacripeneneHus JaHHBIX, HOAAEPKMBaeMBble KaPTaMy, KaK Ipa-
BUJIO, NIpMHajUIexKaT KinacCy N-MepHBIX 6/I0YHO-LIMKINYECKUX PacIIpefie/ieHuit C 1ie-
pexpbiTueM. BriouHsle pacnipenenenus UCIonb3yTCs Yaie BCero. L{nkmyeckue pac-
npefie/ieHNs 3a4acTyio MOTyT GBbITh NONIE3HBIMM IIPM PELLEHNM BOIPOCoB banaHcu-
poBKu Harpysku. Bubnuoteka pacripeneneHHbIX MaccuBoB 6a3upyercs Ha 6ubmmore-
ke 0bMeHa cooOIeHNAMM ToYKka—TOYKA, HAIIpUMep, Ha MHTepeiice nepefayn coob-
wenuit (MPI). Bu6nmoteka cooOruenuit ycTaHaB/IMBaeT OCHOBHOM TMMUT Ha IIPOM3-
BOIMTENBHOCTh KOMMYHMKALMK B 6M6/MOTeKe paciipeieNleHHbIX MaCCHBOB.

5.1. Beegenue

CywHocTs 6M61MoTeKM pacpeieNleHHbIX MACCMBOB 3aK/TI0Y2ETCs B ClIOCOOHOCTY 1Of-
Hep>KUBaTh Mapasie/ibHOE NiepepacnpesieNieHMe B pacpeie/eHHbIX MacCUBaX

v

B=A.

B mpocTtom cnyuae, korma A u B pacripeneneHs B COOTBETCTBMM C KapTaMy pasMeliie-
HMs ueHTUYHO (Hanpumep, A, B : R"*"), onepanus oTHocuTensHo mpocTa. Kaxpprit P
MPOCTO KOMUPYET CBOKO JIOKAJIbHYI0 4acTh A B CBOIO JIOKaNbHYIO YacTh B; MHBIMM clOBaMu

B.loc = A. loc.

[[Tomuure, yto 3anmck P() 0603HayaeT pazbuenne omnpeneneHHOIO USMEPEHUA Ha Ofi-
HoTMOHBIE 6110kM B Np mpoueccopax]. B 6onee cnoxuoM cnyyae, Hanpumep, B : R"V*Y y
B:R"™", nexalnas B ocHOBe 6MONMOTEKA pacrpefe/IeHHbIX MacCMBOB [O/DKH OIpefe-
NUTH, Kakol upentudukarop P, «BrajieeT» KakuMy 3lieMEHTaMM IAHHBIX, ¥ OTIIPaBUTD CO-
OTBETCTBYIOLME 3NMEMEHTHI IaHHbIX cooTBETCTRYIOMMM P, . B rmaBax 2 u 3 6pumu HarnsagHo
IPOJIEMOHCTPUPOBaHI GOnee COXHbIE TPUMePhI, KOTOPLIE BKIIOYa/y HalI0XEHMe TPaHmL]
¥ KoHBeliepiyio o6paboTKy aHHbIX Ha6opoB P . Tunbt pacnpepenenys faHHbIX, MOAEp-
KUBACMBIC KAPTAMM PRIMCIICTIAA, KK TPABKIO, HPUIaUICKaT knaccy N-mepHbix 67104Ho-
LIMK/IMYCCKUX PacTIpeneneHni ¢ HanmKkenueM. B urore umenno 6ubnnorexa pacnipenenex-
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HBbIX MaCCMBOB JIO/KHA OIPEeNATh 3TO TakuM 06pasoM, YToObl 06eCieynTs IPOCTOTY U
3¢ beKTUBHOCTD UCNONB30BAHMSL.

5.2. CpaBHUTENbHAA XapaKTEPUCTMKA YMCTbIX U hparmeHTUpoBaH-
HbIX pacrnpefeneHHbIX MacCuBOB

IIporpamMmmupoBaHne Ha OCHOBeE pacrpefieneHHbIX MaccuBoB B MATLAB umeer He-
CKOJ/IBKO MpealIeCTBEHHUKOB, Cpely KOTOpbIX Hambonee 3ameTHoie — pMATLAB [Bliss &
Kepner 2007], StarP [Choy & Edelman 1999], Falcon [Falcon] 1 nepapxmuyeckue paciumpe-
Hus maccuBoB [Kim & Kepner 2006, Bikshandi et al. 2006]. 31 MeTopbI IpenOCTaBAAIOT
MeXaHM3M CO3[jaHMsi MacCUBOB, KOTOPbIE PaCIpeReNsoTCA Cpefy MHOXECTBa IPOLIECCo-
poB. Pacnipesie/ieHHbBIe MacCHBBI JaBHO IIPMMEHSIOTCA B IPYTHX A3bIKax, HanpuMep, Fortran
[Koelbel 1994, Numrich & Reid 1998] u C [El-Ghazawi et al. 2005], a Taxxe BO MHOTMX 61-
6notexax C++, Takux kak POOMA [Cummings et al. 1998], GA Toolkit [Nieplocha et
al. 2002], PVL [Rutledge & Kepner 1999] u PARALLEL VSIPL++ [Lebak et al. 2005]. Me-
TOJ, pacrpene/ieHHbIX MaCCMBOB II03BOJIAET MO/Ib30BATEN0 BUAETh Paclipefe/ieHHbI 00b-
€KT KaK eJIHOe 1ie/Ioe. ITOT METOJ [O03BOJIsET BBIIIONIHATD ONEPALIMY Ha MACCUBE B L{€/IOM
WNM Ha NIOKAJIbHBIX YacTax MaccuBa. KpoMe Toro, aTi 6MbnmoTekyn coBMecTMMBbI ¢ 6u6nmo-
TeKaMM KOMMYHMKauuy, Takumyu kak MPI, u cioco6HBbI 6BITH peann3oBaHbl Ha OCHOBE I'M-
6puaHoIt 061Leit/ pacripeieNIeHHOI MaMATH.

PacripenienieHHBIe MacCHMBBI MOXXHO MCIIONIb30BATh KaK B MOJIE/IAX YMCTBIX PacIpefie/ieH-
HbIX MaCCHBOB, TaK M B MOJIE/ISIX [IPOrPaMMMPOBAHMs1 Ha OCHOBE (parMeHTUPOBaHHbIX pac-
npefie/ieHHbIX MacCMBOB (CM. PMCYHOK 5.1). Mozenb Ha OCHOBE YMCTHIX PacrpefeeHHbIX
MACCMBOB IpENCTAB/IAET MONHbIA [NOGANbHBIA BUI, pacrpene/ieHHOro maccusa. B vact-
HOCTM, pacripeieNieHHbIe MacCMBBI, Oyyuy CO3JAHHBIMM C IIOMOILBIO COOTBETCTBYIOLETO
o6bexTa KapThl, pacCMaTpMBAIOTCA OIMHAKOBBIM 06Pa3oM BMeECTe C HepacIpeielleHHbIMU
MaccuBamm. IIpyu MCNIONB30BaHMM MOJE/M [IPOrpaMMMPOBaHMs MIO/Ib30OBATENb HMKOIMIA HE
o6palyaeTcs K JOKIbHOI YaCTM MacCuBa, M BCe orepaumy (Takue KaK YMHOXEHMsI Ma-
Tpuu, BII®, cBepTKy ¥ T. [1.) COBEpIIAIOTCA Ha TI06aNBHON CTPyKType. [IpeumymiecTsamm
MCNONb3OBaHMs YMCTHIX PACIPeENETEHHBIX MaCCMBOB ABJISIIOTCS IPOCTOTa IPOrpPaMMMPO-
BaHMA U BbICOYalilMit ypoBeHb abcTparnpoBanus. K HeocTaTkaM OTHOCUMTCA Heo6xopu-
MOCTb peanu3auuy napajyie/ibHbIX BEPCHil MOC/IENOBATENLHBIX ONepaMii ¥ BHITEKAIOILUE
M8 3TOrO HaKIaJHbIE PACXOfibl IPOM3BOANTENPHOCTH GUOMOTEKM.

Mopens Ha ocHOBe (pparMeHTMpPOBAaHHBIX PaCIpeNeNeHHbIX MaCCMBOB COXPaHSET BbI-
COKMI1 ypOBeHb a6CTparmpoBaHus, HO TAKOKe MIO3BO/SET OCYLIECTBIAT HOCTYII K JIOK/Ib-
HbIM YaCTAM MaccuBa. B yacTHOCTH, pacripefie/ieHHbIE MaCCHMBBI CO3[AIOTCS TaK XKe, KaK U
YMCTble pacrpesie/ieHHble MaCCUBBI; OHAKO, ONEpanMil MOXXHO BBINOHATH TONBKO Ha JI0-
Ka/lbHoit YacTu Maccusa. [lozxe mo6anbHYI0 CTPYKTYPY MOXHO OGHOBMTSB C YYETOM pe-
SYNbTATOB NOKA/MbHBIX Bhramcienuit. JlaHHbI! momXof obecrneunBaeT GONbIIYIO THOKOCTD.
Kpome Toro, on He TpebyeT QyHKILMOHAIBPHOIO MOKPLITUS WIM Peanu3alyy Mapaenb-
HbIX Bepcuit Bcex CyLiecTBYIOIUMX MOCTIEflOBaTENbHEIX QyHKLMIL. Bonee Toro, mporpamms:
Ha OcHoBe (PparMeHTHPOBaHHBIX paclipefie/leHHbIX MACCHMBOB YacTO JOCTHI'AIOT Goree Bbl-
COKON 11POUSBOAMTENBHOCTH 32 CHET YCTPAHCHUA HAK/TAAHBIX PACXOMIOB IOKAIBHON KOMMY-
HUKaLuu 6MbnnoTexmu.
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pure distributed array
YMCTHIH PacTIpefieNeHHbI MacCUB
A

Aloc(ij)
Pp=0

Aloc(ij) Adoc(ij)

Aloc(i)
=. P =N.1

Pm=l 2[2-. o5
fragmented distributed array

¢$pparMeHTHPOBaHHBII pacTipeieNieHHbIi
MaccuB

PucyHok 5.1. CpaBHMTeNbHAA XapaKTEPUCTUKA YUCTHIX ¥ PparMeHTUPOBaHHbIX
pacnpefieIEeHHbIX MAaCCMBOB

BepxHas NMONOBMHA PUCYHKA WIIOCTPMPYET YMCThle pacnpesieNieHHble MacCHBbL. Ma-
Tpuua A pacripesensercs cpeam N, nporeccopos. K anementy i, j obpainatorcs Bce npo-
Lieccopbl. B 4MCTHIX pacripesieleHHBIX MacCMBaX MHAEKC i, j AB/NAETCA IMOOANbHBIM MH-
JIeKCOM, KOTOPBIit 06palllaeTcs K OfHOMY M TOMY )Ke 3/IeMEHTY Ha BCeX Ipolieccopax (Ha
P, =0 310T 371€MeHT ABNAETCS IOKANbHBIM; Ha Beex Apyrux P, ( oH ymaneHHbii1). Hyok-
HAsl IOTIOBMHA PUCYHKA WITIOCTpMPYeT (parMeHTHpOBaHHBIe paclipefienieHHbIe Macch-
BBL 3[1€Ch KKIbI P, obpalllaeTcs K 37IEMEHTY i, j, IOKa/IbHOMY /I JaHHOrO P,; Ta-

KuM o6pasoM, kaxbli P ofpaiaeTcs k pasHbIM aleMeHTaM [106a/IbHoil MaTpULbl -~

Bu6nmoTteky pacnpeaeneHHbIX MaCCHMBOB, MCIIONb3yeMble B Hallleit KHUTe, O iep)K1Ba-
10T 06e MOJie/IN ~ Ha OCHOBE YMCTHIX M PparMEHTHMPOBAHHBIX PACIpeieNIeHHbIX MACCHBOB —
M TO3BONAIOT KOMOMHMPOBaTbh METOJ] pacpefieNIeHHbIX MaCCMBOB C METOJIOM IPSAMOTO 06-
MeHa coO6LIeHMsAMM /IS ONTHMMM3aLyuy npoussoauTensHocti. Obe Mopeny nporpaMMu-
POBaHMs KaK C YUCTHIMM, TaK U ¢ PparMeHTHPOBAHHBIMM PaCIpeENENEHHBIMU MaCCUBaMH,
MCIONB3YIOT OfHY M TY Xe CTPYKTYpPY pacIpefie/IeHHOro MacCHBa JJaHHBIX, IO3BONAIOILYI0
npeo6pa3oBaHuA MexXly MofiensaMu. B To BpeMs Kak 6uM6/moTeKa ucnonb3yeT o6MeH co06-
LeHUsIMM B 6MOIMOTEYHBIX IIPOLIEAYpax, OObIYHBIN M0Ib30BaTeNb He 0053aH ABHO BKIIIO-
4aTb COOGLIEHMA B KO IIPOTPaMMBI.

5.3. UnTepdeinc n peanusauuns apxutekTypbl pacnpeaeneHHbix mac-
cusos MATLAB

OCHOBHO# TPYRHOCTHIO IPK peanusanuu 6ubnmoTekn apanIenbHbIX BEMMCTEHMI SB/sET-
CH YPABHOBEIMBAHYE NIPOTUBOPEYMBLIX Lenell, K KOTOPHIM OTHOCHTCA MPOCTOTa UCHO/Nb30Ba-
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HMsl, BBICOKast IPOM3BOAMTENLHOCTD M IPOCTOTa peanuaalym. B oTHOLeHMM pacnpelieNeHHbIX
MaccuBoB B MATLAB, kaXxgyio ux 3THX 1iefieif MO>XHO OTIpeie/IUThb M M3MepuTh (Tabmmiia 5.1); B
I1aBe 6 JaHHbIe XapaKTepUCTUKM OyyT IpencTaBieHbl 60ree noapo6HO. XapaKTepuCTHKY IPo-
M3BOAIMTENILHOCTH ABNAIOTCA TUIIMYHBIMY M3 YMCTIA TeX, KOTOpble MCTIONB3YIOTCA B cOO6LIecTBe
CTELMA/IMCTOB 10 BBICOKOIIPOM3BOAMTENbHBIM BBIYMC/IEHUAM, U, IIPEX]ie BCETO, pacCMaTpuBa-
10T HaKIagHble Pacxofipl Ha NaMATb U BBIYMCIIEHMA NPOTPaMM, HANMCAHHBIX C MCIIONb30BaHM-
eM MATLAB, oTHOCHTENBHO IIOCTIEIOBATENIbHBIX IIPOrpaMmM, HamcanHbix B MATLAB, n napar-
NeNbHBIX MPOrpaMM, HallMCaHHBIX Ha sA3bike C ¢ ucnonb3osanneM MPI. Xapakrepuctuxm ans
NMPOCTOTHI MCTIONB30BAHUA M peann3aliy B3ATH y paspaboTYMKOB MPOTrpaMMHOTO obecrede-
Hus (cM. [Johnson 2004, Johnson 2005] u [Kepner 2004] u ux pa6otsr) n paCCManubam pasmep
Kopa, 06peM paboThI IPOrpaMMMCTa M HeO6XOAMMYI0 KBa/mMpUKaIMIO. 3T METPUKM COfiep>KaT
CyOBEKTUBHBI SIEMEHT; TeM He MeHee, OHM SIBJIAIOTCS MOIe3HBIMM MHCTPYMEHTaMM ISl OLleH-
KM IIporpecca B OTHOILIEHMH Iielelt porpammupoBanusl. [lanee B paspene noifet peus 06 onpe-
AeNIEHHBIX BapMaHTax BbIOOpa npy peanmsalym 6MGMMOTEKy pacripeieieHHBIX MacCHMBOB IS
TOCTHIXKEHMA YKa3aHHBIX LiefIet.

5.4. Kaptbl n pacnpeaenexusi

IlepBHIM 11aroM B HaNMCaHMM [ApA/VIENbHOI NPOTPaMMBI ABJISETCS MOMydYeHne QyHK-
IMOHA/IBHO KOPPEKTHOM IIOCTIefOBaTe/IbHONM NMporpamMMel. Jlns mepexofia OT MOCIefOBa-
TE/BHOI NPOrpaMMsl K Napa/ie/IbHOM M0/Ib30BaTe/b JO/DKEH ONONHATD KO HOBBIMY KOH-
CTpyKUMAMM. B mporpaMMmupoBaHuM Ha OCHOBe pacrpefie/ieHHbIX MacCMBOB K JaHHOMY
npoleccy NpuMeHeH NOAXof «separation-of-concerns» (paspenexue OTBETCTBEHHOCTH), KO-
TOpBit fiertaeT PyHKLMOHATBHOCTD NPOTrPaMMbl OPTOTOHAILHOI IO OTHOLIEHMIO K 0TO6pa-
HKEHUIO ee Ha MApa/UIENIbHYI0 apXuTeKTypy. IlocnefoBatenbHas nmporpaMmma TpaHcopMu-
PyeTcA B Mapajie/IbHyIo NyTeM N06aBNeHUs KapT pasMellleHNs K MacCUBaM, YTOObI MOXXHO
6bLn10 cO3aaTh pacnpenenennbie MaccuBbl. KapTel copepyxat nHGOpMalmio TONBLKO O TOM, Ka-
KuM 06pasoM Maccus pasbuBaeTcs Ha MHOXeCTBO P, u lo6aB/ieHye KapThl He JIOTKHO Me-
HATH (PYHKLMOHATBHON KOPPEKTHOCTH TIporpamMMsl. Kapra coctout 13 peleTky, 3agaroneii
NMPMHLMI pasfiefieHus KaXkKaoro M3MepeHMs; pacrpeeNieHus, KOTopoe BbiOupaeT pa3buerne
1o 6104YHOMY, LMKIMYECKOMY MM G/I0YHO-LIMKTNYECKOMY NIPUHLMITY; CIIMCKa MAeHTU]MKa-
T0poB P, onpenensromux, kakue P, GpakTiyecku XpaHAT faHHbIe.

KoHuenuus ucnonssoBanus KapT pasmeljeHMs IS ONMCaHuA pacIpefeneHus: Mac-
CHBOB MMeeT aBHIOI MCTOpMIO. Vien KapT 11 mapannenbHoro pasmeledus B MATLAB
BSATHl [MIABHEIM 006pasoM y crenmanucToB B o6mactu ssbika High Performanve Fortran
(HPF) [Loveman 1993, Zosel 1993], 6u6nmotekn npocTpaHCTBEHHO—BPEMEHHO aalTUB-
Holt 06paboTku JIMHKONbHCKOI NabopaTopyy MaccaqyceTCKOTo TEXHONOTMYECKOTO MHCTH-
TyTa (STAPL) [DeLuca et al. 1997] (MIT Lincoln Laboratory Space-Time Adaptive Process-
ing Library) u napannensHoit BektopHoit 6ubnmorekn (PARALLEL Vector Library PVL)
(Lebek et al. 2005). Pacnipenenentsie Maccussl MATLAB sBHO mOAjiepXMBaKOT napane-
NM3M 10 AaHHBIM; OfHAKO HESABHBII IIapaJljIe/In3M M0 3aladaM MOXeT ObITh PeaIn30BaH 110-
CPeACTBOM TILATENBHOTO pacIpefie/IeH A MacCUBOB JIaHHBIX.

CTpyKTypa KapThl pacIIpeieIEeHHOI'O MACCUBA OIIPE/IE/IAETCA TpeMst KoMnoHeHTaMu: (1)
onucanue pewetky, (2) onucanme pacupesienenun v (3) cnucok P, . Ouncatnme pemerku co-
BMECTHO CO CIIMCKOM P, YT 14 ONMCUNKA MECTR PACHPEACIEHUA OOBEKTA JLaNlibIX, B TO
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BpeMs KaK pacnpeqieieHye ONMChIBaeT, KakuM o6pa3oM pacriperieneH 06beKT. B 3aBucumo-
CTH OT HIDKeTIeXalleyt peaymsanym pacupeneneHnble MaccuBbl MATLAB MoryT nonpepxm-
BaTh Mo0y10 KOMOMHAUMIO 6/I0YHO-IMK/IMIECKUX pacnpenenenmit. IIpuknagHoi nporpaMm-
HbIi uHTepdeiic (API), onpenensrolmit 3T pacnpeeNeHus, IoKa3aH Ha PUCYHKe 5.2.

Ta6muua 5.1. Ilenm peanusanymu pacnpeeneHHbIX MACCHBOB

XapaKTepUCTHMKI OIPEAENAIOTCS A5 KaX/A0i1 U3 1ieTeit co3fanms 6ubmoTexn pacrpe-
Nle/IeHHBIX MaCCMBOB BBICOKOTO YPOBHS: POCTOTAa MCIONBb30BAHWs, POM3BOAUTEND-
HOCTb M IIPOCTOTa peanm3anuy. TV XapaKTEPUCTUKY MPUBORAT K MCIONB30BaHMUIO
CrieLMajIbHBIX NIOAXOMOB A/l MPeACTABIIEHNS LieTlell B BIjie MU3MepAeMbIX BeTMIMH

Uens

MpocTtora ucnonb3oBaHus

Metpukm

— Bpemsi, Tpebylolieecs Nonb3oBaTento ANA co3aaHNs ahPEKTMBHONO NapannenbHoro Koaa ua
nocnenoBaTentHoro Koaa;

— 4acTb NOCNEeAOBAaTenbHOIO KOAa, KOTOPYIO HYXXHO MOaUMUMPOBAaTD;

— cneymarnbHbie 3HaHUs, HeoBXoanMbIe ANA AOCTUXEHUS XOpowweii NPON3BOAUTENBHOCTH

Mertop

— oTaeneHue KogupoBaHUA (PYHKLMOHANbHOCTM OT 0TOGpaXeHus Ha napannenbHylo epXUTEKTYPY;
- abcTparmpoeaHue nepegaym coobuieHuii Ha yposeHb, He BUAUMBI NONL30BATENIO;
— obecneyeHue NpocToTbl NpeAcTaaneHuA NPOCTLIX (MaccoBo) NapannenbHbIX NPorpamM;

~ NpefoCTaBneHMe MNpOCTOFO0 MeXaHWaMa AN Mo6anbHOro BKIMIOYEHNA U BLIKMIOYOHUA
KOHCTPYKTUBHbIX 3nemeHToB pMATLAB;

- obecneueHre ob6paTHoil COBMECTMMOCTHU C nocnepoBarensHbiM MATLAB;

— npepaocTaeneHue 4eTtko onpeaeneHHoro U MnoBTOPUMOFO npouecca AnA nepexoga oT
nocnepoBarenbHOro kKoga NporpamMmbl K napennensHomy

Uens

BbiCOKan NPOU3BOAUTENLHOCTL ",

MeTpukun

— HaknagHble pacxoab! No NaMATU U BPEMEHN UCNONHEHUSA N0 CPABHEHUIO C NOCNeAoBaTeNbHLIM
MATLAB, Huxenexauwleii 6ubnuotekoli KOMMYHUKauuu W TecTamnm NpPOU3BOAUTENbHOCTH,
HanucaHHbiMu Ha C+MPI;

Mertop

— Ucronb3oBaHue nocreaoBaTentbHbix Npoueayp MATLAB, rae 310 BO3MOXHO (Aaxe ecnu ato
o3HavaeT Hebonswoe yBenuueHue nonb3oBaTensCKoro Koga),

— MUHAMM3ALUA UCTNONb30OBaHUA neperpyMeHHbIX (pyuxuuﬁ, NpOU3BOAUTENBbHOCTb KOTOPbIX
3aBUCMUT OT TOro, Kak pacnpeaeneHbl MaccuBbi NO KapTam pasmewieHus;

— NpepocTaeneHue NpocToro MexaHuama ansa UCnonb3o0BaHUA KOMMYHUKaLUU HWKHENo YPOBHA
B cnyyae HeobxoaumocTun
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Uenn NMpocrora peanusauvmn

— Bpema ansa peanuaauumn acddekmeHOM NapannensHovi 6ubnuoreku;
- pa3mep koaa Gubnuoreku;

MeTtpuku — KOnm4ecTBo 06LeKToB;
— KOMMYECTBO NneperpyXeHHbIX chyHKUuiA,

- NOMHOTa NOKPLITUA TECTOB HAa NPOU3BOANTENBHOCTL U (PYHKUMOHANBHOCTL

— NpUMEHeHWe MHOIOCNONHON peanuaauyun, KOTopas OTAeN\eT MaremarMyeckuii acnekt or
KOMMyHUMALWW,

— WCNONb30BaHUE NOHATHOW KOHLEeNUMU pa3neneHHoro rrnobanbHoro aapecHoro NPocTpaHcTea
MeToa (Partitioned global address space — PGAS) 1 KOHCTPYKUWii NnepepacrnpeaeneHHbIX AaHHbIX;
— MUHUMM3ALMA UCTIONb30BaHNA NEPErpPYNEHHbIX (hYHKUUA;
— passuTue peanusayum Ha «umuctom» MATLAB ans MuHuMmu3ayum pasmepa koaa v NofMyveHus
MakKCUMansHON NepeHoCUMoCTU

brnoynoe pacnpenenenue ABNAETCA TUIIMYHBIM pacrpefeieHUEM, MCIONb3yeMbIM IO
YMOMYaHHIO, KOTOPOE MOXKET ONPENENATLCA IPOCTOI nepenadeii KOHCTPYKTOPY KapThl M3Me-
peHua, nopexailero pacnpenenesuio. Lukmraeckue u 67109HO-IMKIMYECKHE pacTIpenere-
HMA TPeOYIOT OT NMONb30BaTeNA MPEROCTaBIeHMs GOoMblIero Komiectsa MHGopManmu. Pac-
npefieneHnst MOTYT OBITb OMMCAHBI [/ KKAOTO M3MEPEHMs, M KaXioe M3MepeHue MOTeH-
LMalbHO MOXXET MMETh OTIMYHYIO CXeMy pacnpenenelus. Kpome Toro, ecnu ykasaHo TONbKO
OJ{HO pacrpefieneHue, a peleTka OIpeNeNseT, YTO MMEeET MECTO pacipesenenue 6oree OfHOTO
M3MepeHUs, TAHHOE pacpeeNeHue MPUMEHAETCA TAKKe K KaXXTOMY U3SMEPEHUIO.

HekoTOpbIM MpUIOXKEHUAM, B OCOOEHHOCTH NPUIOKEHUAM 00pabOTKM M300paXkeHui,
TpebyeTcs nepeKprITHe JaHHBIX MM KONMPOBaHME CTPOK MM CTONOIIOB JaHHBIX 110 COCEN-
HUM 3K3eMnuiapam P, . ITa BO3MOXXHOCTD TakKe HOJfiepXuBaeTcs yepes uHTepdeiic Kap-
Thl. Eci TpebyeTcs mepekpriTie, 3TO yKa3bIBaeTCA IONOMHUTENbHBIMY apryMeHTamu. Ha
PUCYHKe 5.2 4eTBEPTHIi apryMeHT 03Ha4aeT, YTo uMeeTcs 0 mepeKphITHit cTpoK u | ctonben
nepekpuTHA MexAy cronbuamu. IlepekpriTie MoXeT GBITh ONIpeneneHo A Mo6oro naMe-
PeHUA, ¥ OHO He 00513aHO OBLITH ONMHAKOBBIM 10 OCTATLHBIM U3MEPEHUAM.
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% block columns % 67moyHbIe
Amap = map([1 Np},{},0:Np-1); CTONOLBI
A = zeros(N,N,Amap} ;

% cyclic columns.

dist(l) .dist="b’; dist(2).dist=‘c’;
Amap = map([1 Np],dist,0:Np-1); cronbubt
A = zeros(N,N,Amap);

% uMKIMYecKue

% block cyclic columns with blocksize of 2.
.dist(1l).dist="b’; dist(2).dist='bc’; dist(2).size=2

Amap = map([1 Np],dist,0:Np-1); 9 GroyHO-UMKIMYECKME CTOMOLbI
A = zeros(N,W, Amap};
c pasMepoM 6oka 2

% block columns with overlap of 1.
Amap = map([1 Np],{},0:Np-1,[0 1));

A = zeros(N,N,Amap);
% 6710K CTONOLBI C HAJTOXKEHMEM 1

Pucyhok 5.2. BnioyHo-nuknmyeckue pacnpeaencHus
Brnounoe pacnpenenenve pasnenser 06bexT paBHOMEPHO MeXAY AOCTYNHbIMu P . In-
K/DM4eCKOe pacripefieieHye OMeLIaeT 110 OffHOMY 37IeMEHTY Ha KaX[blit umetowmiics P
M 3aTeM NOBTOpsieTcsl. BriouHo-1MK/DIYeckoe pacnipefieneHye IOMellaeT ONpeieNleHHOe
KOJINYECTBO 37IEMEHTOB Ha KaX/blit uMetomuiics P, v 3areM notopsiercs. [lepexpbi-

THe NTO3BO/IAET TPAHMIHBIM 371eMEHTaM ITPUCY TCTBOBATDb HA COCETHMX IK3eMIUIApax PID

Kapts! pasMenienus npeacTasisior co60it HOBYI0 KOHCTPYKLIMIO M IOTEHIMAIBHO YXYA-
LIAIOT IPOCTOTY NPOTPaMMMPOBaHMsA, HO BMECTE C TEM OHM MMEIOT 3HaYMTeIbHOE IIPEUMY-
IECTBO HaJi METOAAaMM «Hada/TbHUK/TIOMYVMHEHHBI» M «0OMeH coobiieHnsaMmu». B yacTHo-
CTH, KapThl MOAAAIOTCSA MacClITa6MpPOBaHMIO, TO3BOJIAIOT CO3AaBaTh ONTUMANIBHOE pacipe-
AeieHue /IS pas/IM4HbIX aITOPUTMOB M MOAAEPXKUBAIOT KOHBele pHY10 06paGoTKy aHHBIX.

KapTe! pacnipenenenus SBnsioTCsa MaClITabMpyeMBbIMM KaK B OTHOLLIEHUM pa3Mepa JlaH-
HBIX, TaK ¥ B oTHoLIeHuu Np. [IpuMeHeHMe KapT O3BOJAET NOMb30BATENIO OTAENATD 3aa-
Yy 10 pacnpefie/IeHMIO MPUIOKEHU OT 3ajia4yM HaNMCaHUs NpunoxeHus. Pasnuynere Ha-
60phI KapT He TpeOyI0T BHECEHUA M3MEHEHMIT B KOJ| PY/IOKeHusA. B yacTHoCTH, pactpepe-
neHue NaHHBIX M Np MOXeT GBITh M3MeHeHO Ge3 BHeceHus M3MeHeHmit B anroput™. OTpe-
neHue pacupeqieNieHus IPOrpaMMbl OT (GYHKIMOHANBHOTO NMPOrPaMMMPOBAHUSA ABIAETCA
Ba)XHBIM METOJIOM peansaluu B napannenpHoit 6ubmorexe MATLAB.

KapTel obrneryaroT mnporecc onpeneneHus pasIMuHbIX pacnpeneNeHuil Ajis MOAAep-
KU pas/IMIHbIX aITOPUTMOB. JI/11 MHOXXeCTBa KOHKPETHBIX BHIYMCIIEHMIT CYILIeCTBYIOT OITH-
ManbHEIe WM TpeJjlaraeMble pacnipenenenus. Hampumep, onepaiyy yMHOXeHMs MaTpuy
- Hau6oree 3¢)eKTMBHBI Ha NPOLECCOPHBIX pelleTKaX, KOTOphle ABJIAIOTCA TPAHCIIOHUPO-
BaHueM 7Apyr apyra. Onepauun 6picTporo mpeo6pasoBanus Oypwe (BIID) no cronbuam u
CTPOKaM CTaHOBATCA MacCOBO-MapalIeNIbHbIMMU, €CTM M3MepeHue, 10 KOTOPOMY pa3tuBaer-
€A MacCuB, COOTBETCTBYET M3MEPEHMIO, 110 KOTOPOMY BhinonHsercsa BIIO.

BoamoxHO, Haubonee crnbHEL aCNeKT KOHLENMM KapT pa3MeLeHNs NEXNUT B €€ Npu-
MEHMMOCTH K IMUPOKOMY KpyTy cuTyaumit. KapThl HOSBONAIOT OGBABAATE NPOCTHIE Napan-
NenbHKC NPOPAMMBI IPOCTHIM CIIOCOO0M, B TO )K€ BPeMS NOJiepKKBas [IOBONbHO CIIOKHbIE
nipunoxenun, Hanpnmep, Kax rosopunock B rnase 4, KapThi NOSBORAIOT BHEAPATH KOHBeEIR-
epuy10 06paloTKy B BMANGASNMA, TAKIM OOPASUM TIOAREPKHUBAR HEABHMLIN NAPANENHEM 10
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safiayam. ITapannenbHO-KOHBelePHBI METOJ, IMPOKO IPUMEHAETCA J/Is CKPBITHS 3af{epKeK
NPy KOMMYHMKALMK MeXJy 3Tanamu. [[jIs BHe[peHMs KOHBENEPHOTO HOX0Aa MOXHO Ipo-
M3BECTH CTIeAyIoLIMe HeGOoMbIMe 3MEHeHNs B KapTax pasMeltienns (cM. Anroputs 4.3), pu
3ToM nepsbuii Ha6op P, (x, :C*""»™) ppmonnser nepsylo yacT BhIuMCIENHt, 2 BTOPOt Ha-
6op P, (x,:C""*"™) ppmonuser Bropyio yacts u 1. i. Koraa P, BcTpeyaeTcs ¢ Takoi Kap-
TOIf, CHaYa/Ia BBIIONHAETCA IPOBEPKA Ha IIPeAMET, MMeeT /I OH JlaHHBIe, KOTOphIe GyfeT 06-
pabatbiath. Ecu P, He o6najiaeT JaHHBIMK, OH TEPEXONUT K Crenytoweit crpoke. B cy-
yae BBILIEONMCAHHDIX Pe06pasoBaHuii neppbiii Habop P, 6yneT NpOCTO BLINOMHATH NEPBbIit
wWar BEMMCIEHMI, OTIPAB/IATH AaHHBIE BTOPOMY Habopy P, mpormycKaTh OCTa/IbHbIE 3TaIbl
¥ nepexonuThb K 06pabotKe crrenyoniero Habopa faHHBIX. TakuM >xe 06pas3oM BTOpoit Habop
P, nponyCTHT NepBbIit LIar BHIYMCTIEHMIA, TIONYYNT JAHHBIE OT IIEPBOTO HabOpa 3K3eMIIIAPOB
P, ¥ BBITIONHUT BTOPOIA ILIaT BBIYMCIIEHMIA.

5.5. ®dyHKkuMM noaaepxku napannenuama

Kaxcpas peanmsanus pacnpepeleHHbIX MACCUBOB JIOMDKHA NPeROCTaBNATh Habop QyHK-
uuit AN ynpasieHus U paboTel C pacpefieIeHHBIMM MacCMBaMM, He MMEIOIIMMU NOCTIER0-
BaTeNbHbIX 5KBMBaneHTOB. Habop yHKuMIiT MOARep>KKM MapanyeNbHBIX pacipefeNneHHBIX
MacCUBOB NpUBOANTCA B Tabnuue 5.2. 3Tu GyHKLMM NMO3BONAIOT NONb30BATEN0 COGMPaTh
AaHHblE Ha OHOM MM HECKONbKUX P, ompeniensth, Kakue 17106ambHble MHAEKCHI ABMIA-
I0TCA JIOKaTbHBIMM JUISt KaKMX P, ¥ IONy4aTh JaHHbIE U3 IOKANbHOM YacTH pacnperieneH-
HOro MacCMBa MM NOMeWATh UX B Hee. ITOT Habop PyHKIUMIT OTHOCUTENBHO HEOONbLION
1 TpebyeT BHECEHU MUHMMAIILHOTO KONIMYeCTBA MU3MEHEHMII B MICXONHBII HO/Ib30BaTeb-
cxuit kop. 3T QYHKLMM, B IONONTHEHME K ONMpPENEIEHNAM KapT pa3MellleHNs, IPECTaBIsA-
10T OCHOBY CMHTAaKCMCa pacrpeneneHHbIX MaccuBoB nakera MATLAB. C yensio nopuepx-
KM OIMCaHHOTO mpoliecca pa3paboTky, Bce 31 GyHKUMM 6b1M neperpyxeHsl fus pa6o-
THI TAK)KE Ha ocnefioBaTenbHbix MaccuBax MATLAB tak, 4To6e! KOf IpOROIDKan paboTaTh
Aig)Xe NpM OTKNMIOYEHHBIX KApTaX pasMelieHMA.

CymecTByer Macca pasnuMuHBIX BO3MOXKHBIX KapT pacrlpefiefieHus, KOTOpble MOTYT
noagepxxuBaTbca 6M6GIMOTEKOI pacmpeseneHHBIX MaccuBoB. OrpaHudeHye 6u6mMoTEKN
no N-pasMepHbIX 6/I0YHO-LIMKINYECKMX PaclpefeNeHMil ¢ MePeKPHITUAMU TeM He MeHee
ocTaBnfeT GonblIOe KONMMYECTBO BO3MOXXHOCTeN. Buppl aTux pacnpenenenmii, a Taloke ux
3anuch ¥ CHHTaKCHC NpefCTaBliens! B Tabmume 5.3

5.5.1. Llnknnueckue pacnipesenieHns u 6anaHCHMpoBaHye Napa/ule/IbHOM Harpy3Ku

U3 MHoOXecTBa BUIIOB pacripeqieNieHMit, ONMMCaHHbIX B NpeAbIAyLieM pasfiene, Hanbonee
WHPOKO UCIIONMb3yEMBIMU SABIIAIOTCA OIHOMEPHEIE OJIOUHbIE pacnpefe/ieHUA. YIUBUTENbHO,
HO Ha BTOpOM MeCTE IO NONyIAPHOCTU CPEAM N0/Ib30BaTeNei UAET OFHOMEPHOE LIMK/INYe-
CKOe paclipefie/ieHHe.

uMKIIM‘IeCKMe pacnipenenenus ABAAIOTCA ONHUM U3 Haubosee MoNe3HbIX BUJIOB pac-
npeneneHuﬁ. Ipy NOMOIM KOTOPHIX NOCTUIaeTCsi POCT NMPOUSBOAUTEIBHOCTU MacCOBO-
MAPA/UIENbHBIX BbluMCIeHMIL. B vacTHOCTH, IMKNMYECKHUE pacnipefieNieHNs TIONIe3HbI IPU pe-
WICHUM WIMPOKO PAacnpoCTpaHEHHOH 1podneMI OunaHCHpoBaHUs Tlapanie/ibHON Harpys-
KU, KOTOPAR OTHOCUTCA K BONIPOCY PAHOMCPHOCTH PACHPEACICHUS PaboThl MY pas-
ARNRBIMK Py, HanpumMep, €ciin HekoTopus BRNHCIENKE Ppactipeae/sitcs 110 Np npouecco-
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pam, nyctb T(P) — Bpems, KoTOpoe TpebyeTcs KaXAoMy NpPOLECCOPY ANs 3aBeplieHus
cBoeit yacTy paboThl. B mpeane BpeMs JOMKHO ObITh IPYMEPHO OAMHAKOBBIM 1A BCEX MPO-
LIeCCOPOB, M OHO e AB/IAETCA BpeMeHeM BHIIIOTHEHUA BCero Buramcnenns. OgHako oburee
BpeMs Ha Np nporneccopax pakTHIecKy COCTaBIAET

TWN,)=maxT(Fp).

P

Tabnuuya 5.2. GyHKIMY NOAAEPXKKY NAPalIeNbHbIX Pacnpee/IeHHBIX MACCYBOB

Ha6op dyHkipmit 6es mocnefoBaTenbHbIX 3KBUBATIEHTOB, KOTOPBII [O/DKeH ObITh Ipe-
nocTasjieH 6ubnMOoTekot pacnpefieneHHbIX MAaCCUBOB

MaremarTuu.
SanWCe DyHKYUA Onucanve
MneHTudmKaTop KaXaoro 3K3eMnnspa NporPaMMbl, BLINOMHSIOWIErO
nporpaMMy B HACTOALLMIA MOMEHT
P, pid porpammy -
N KonuyecteoBo ak3emnnapos MATLAB, BbINONHAIOWMX nporpammy
P Np B HAaCTOALLUI MOMEHT
Fo Coapaer kapTy
B: RPN map Coanaet pacnpeaeneHHblin Maccus
Aloc gEres BoaBpalyaeT nokankHylo YacTb Pach peaeneHHoro Maccuea
arg(A).loc local Boaepallaer rmobanbHbie MHAEKCHI, NIOKENbHBIE MO OTHOLIEHUIO K
A=B global_ind TeKyleMmy P,
A=A = MNepepacnpenensier faHHbie OT OBHOTO pacnpeaeneHHoro Maccmea
Apyromy
Synch(A) agg
, CobupaeT yacTi pacnpeaeneHHoro Maccusa B oauH unu 6onee P,
sync

CUHXpOHU3UPYET faHHble B pacnpegeneHHoM Maccuse C
nepekpbITUEM

1

Takum 06pasoM, ecnyt OHOMY M3 NPOLECCOPOB TpeGyeTcss HaMHOro 6osblie Bp'caMenn,
4eM [PYT#MM, 3TO HaNpsAMYyIo OBNUAET Ha oblliee BpeMs BHINONHeHUs Bhluncnerus. Korpa
TaKoe MpPOMCXOAMT, HarpysKa 1o BceM MpOlieccopaM paclpepensieTcs HepaBHOMepHO. Ta-
Kasi HepaBHOMEPHOCTb B 00lijeM BHie ONpefieNseTcs Tak:

HEPaBHOMEPHOCTb Harpy3ku = IIII)aX T(Bp)/ n}l)in T(Bp) -

B upeanbHOM ciyyae flaHHOe 3HadeHMe OdeHb 6/mM3ko k 1. Yem 6Gonblue HepaBHOMEp-
HOCTDb Harpysku, TeM 6orbliiee KOMMYECTBO HPOLECCOPOB MPOCTAaUBAET.

Onnoit M3 caMbIX pacIpOCTPaHeHHBIX NPUYMH HepaBHOMEPHOCTY Harpy3Ky AB/AETCA
CUTYalM#A, KOI7Tla BpEMA BBLIIIOIHEHNA MPOrPaMMbl 3aBMCUT OT 3HA4Y€HMA BXOJHOIO Iapa-
MeTpa. HampyuMep, npennonoxmm, 4to BhIYUCIEHNE NOMKHO MIOBTOPUTHCA 1O KXAOMY U3
N 3HaueHuit B BeKTOpe BXOAHBIX TlapameTpoB X. ITyctb T(x(i)) - BpeMs BHINOMHEHMSA BBI-
unc/neHns c i-m nxojiHmM napameTpom X (7). TTpy Hanuuuy KOppenALmit B STUX BPEMEHHBIX
HOKQIATCANX ¢ MICKCOM HAPAMETPa § HAOMIOJRETCH 1ICPanOMEPHOCTD Harpysky. Hanpu-
MEP, UPCJLONONKUM, 1TO CYIECTHYCT HCOOARIIOE NUHERNOE YRCNUUCHNE BPEMEHH BHITTOT-



T(x(i+1)) = T(x(i)) + e
unu
T(x(i)) = T(x(1))+ie.

Ecnu BxopHOI1 apaMeTp pacnperneieH MeXAY MpOLieCCOpamMy Mpy MOMOL CTaHApPTHO-
ro 6noyHoro pacnpeienenus (ranpumep, X : R*™), ouesunano, uro mpoueccopy P, = Np no-
Tpebyercsa 6onbiie BpeMeHM [/ BBIIONHEHUS CBOeit paboThl, ueM npoueccopy P, = 1.

PesynbTupyoijas HepaBHOMEPHOCTh HArpysku COCTaBUT (B HPEAIONOXEHUM, YTO
T(x(1)=1)

=N 1+
i=N-N/Np 43

S s
_1+5(N—N/2Np)
1+&N/2Np

=~1+eN

HEPAaBHOMEPHOCTDb HarpysKu =

s Tunmaneix sHadenmit N = 1000, e = 0,01 u Np = 50 pesynbrupyiomias HepaBHOMep-
HOCTB Harpy3ku COCTaBuT ~10.

Ta6muua 5.3. Tunbl pacnpegenelns pacnpefeneHHbIX MaCCHBOB
O6o3nauenus u CHMHTAKCUC [I1A OIIMCaHM A pa3IMYHBIX TUIIOB paCrpeiesieHns pacrpe-

[e/IeHHbIX MaCCMBOB
Matematuy. 3anucn OYHKUUA Npeo6pazoBanue
P(MN) x N3 map([Np 1]1,{},0:Np-1) 1-mepHoe 6MouHoe B 1-M UaMepeHm
M x P(N3) map([1 Npl,{},0:Np-1) 1-mepHoe 6royHoe B 2-M U3aMepeHum
P(Nl) x P(Nz) nap([Np/2 2], {} »0:Np-1) 2-mepHoe 61104HOoE B 1- U 2-M M3MEpeHNsiX
P( M x Na) mp( [Np /2 2], ,O:Np"'i) 2-mepHoe 6royHoe B 1- U 2-M 3MepeHnsx
. feHoe 6no4Hoe
Py(N) nmap([Np 11,{}.0 :Np-1) fiBHOE UMKNUYECKoe
FPo(N) dist.dist=’c’
map([Np 1],dist,0:Np~-1)
By(s)(N) dist.dist=’bc’; dist.size=B; Sy
ma.p( mp 1] ,dist,0 :Np-i) [ B =1ToxAaecTBeHHO P, ]
Pw( B (N ) map([¥p 11,,0: Np-1,[0 BI) MepekpuiTe ¢ paamepom B
Py (NS map([Np/2 2],{},8) Bio4HOE 110 MHOXeCTBY HoMepos P, S

IlpocThiM MeTOAOM BhIpaBHMBaHMA [AHHON HEPAaBHOMEPHOCTHM HArpys3Ku SB/ISETCS
paspylueHMe KOppenaLyuy MeXXAY BpeMEHEM BbINOTHEHUA M MHAEKCOM NapaMeTpa Ipy 1o-
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MOIIM UMK/IMYECKOTO pacnpenenenus (Hanpumep, X : R PM). B nannom cnydae HepaBHO-
MEPHOCTb Harpy3Ky COCTaBUT

HepaBHOMepHOCTD Harpysku ~ 1+eNp,

YTO /A TUIIMYHBIX 3HA4EHMI1 NpeBpalljaeTCA B HEPaBHOMEPHOCTD Harpysku ~ 1,05.
ITpumep: Beruncienne B mporpamme Mandelbrot ¢ ncnonb3oBasmeM HMKIMYECKOTO
pacnpenenenms
Y106BI MOITYYUTD NPENCTaBNEHNE O HEPABHOMEPHOCTY HArpy3Ky Ha IIpaKTHKE, BBITION-
HUTe NMOBTOPHO nporpamMMy Mandelbrot (cM. rmaBy 2) Ha YeThIpex npoLeccopax. 3amy-
cture MATLAB u nepeitnure B iupekTopuio Examples/Mandelbrot (t. e. Habepure:
cd Examples/Mandelbrot). B koMaHHyI0 CTPOKY BBELUTE

eval (pRUN (‘pMandelbrot’,4,({}))

IIpu sTOM Mporpamma BBEINIONHAETCSA Ha BallleM /IOKa/IbHOM IPOLIECCOPE U BHIIAET Bpe-
MEHHBIE NTOKa3aTeNy, aHa/TOTMYHbIE HVKENPUBESEHHBIM

1]

Compute Time /Bpems BruMCIEHus (sec/c) 6.0421
Launch/Comm Time/ BpeMs 3anycka + KOMMyHukaumy (sec/c) = 14.2262

Kpowme Toro, BriBO OT mpyrix sksemmispoB MATLAB M0o>xHO IOCMOTpETH, €C/TM BBE-
ct1 B KoMaHpHOI ctpoke MATLAB cnenyromiee

'type MatMPI\*.out
B cucremax UNIX 370 3KBMBa/IeHTHO HaNMCaHUIO
'more MatMPI/*.out

Brinonnenne Ha napannenbHOi BHIYMCINTENbHOM MalllMHE BBIAIaCT BPEMEHHBIE apaMe-
TPHI, CXO[HbIE € TapaMeTPaMy B NEPBOI1 CTPOKe Tabmmuibl 5.4. ITH pesynbraThl OKa3bIBa-
10T, 4TO 3K3eMIIsApsl P 1 u 2 paboTaloT no4Ty B 1Ba pasa fonbuie, 4eM P, 0 u 3. O6mmm
yCKOpeHveM BhluMcneHus 6yneT MMHMMATIbHOE YCKOpEHME, IOCTUTHYTOe 110 BceM P, ko-
TOpO€ NpUOITN3NTENBHO PpaBHO 3.1.

HOns 3aBepuiennsas c6opa BpeMEHHBIX XapaKTEPUCTMK OTpemakTupyitre caitn
Examples/Mandelbrot/pMandelbrot .mu packOMMeHTHPYIATE CTPOKK

dist (1) .dist = ‘c’; dist(2).dist =‘b’;
Wmap = map([Np 1J ,dist,0:Np-1);

[Tpu a1oM pacnpeie/icHre nepek/UNTCH ¢ O104HOrO Ha LmKInyeckoe. Tenepb cHOBa
BRINOMMINTE BhIMUCACHNE, 1alpan
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eval (pPRUN (‘pMandelbrot’,4,{}))

BrinonHenne Ha napanieNbHOit MallMHe BHIJIACT BPEMEHHBIE XapaKTePUCTUKH, aHAJIO-
TMYHble BTOPOJ CTpOKe B Tabmuiie 5.4. [laHHbIe pe3y/bTaThl MOKA3BbIBAIOT, YTO BCEM NP OLLeC-
copaM TpebyeTcs NpuOIN3UTENBHO ONMHAKOBOE BPeMs, M 3TO BpeMsA HaXO[UTCA B IPOMe-
XYTKe MEXJYy MaKCMMa/IbHBIM ¥ MUHMMAJIbHBIM BpeMeHeM B CiTydae 6104HOrO pacnpere-
neuns. Takum 06pasoM, ob1iee BpeMs BHINONHEHMA OyeT MeHbLLe C MCIIONb30BaHMEM Liy-
K/IMYeCKOTO pacipefieNieHus, TaK KaK OHO MMeeT 6ojlee paBHOMEPHYIO HarpysKy.

BakHOe mpuMevaHMe: NOCNefHMIT apTyMeHT KoMaHbl pRUN onpepenseT, Ha Kakoit ma-
PaLIENbHOI BHIYMCIIMTENbHOM MalunHe 6yneT BBIIONHATHCA NpOrpaMma. MoXkeT BO3HMK-
HyTb HeO6XOMMOCTD B NOTYYEHMM HA[IEXKALNUX YCTAHOBOYHBIX IaPaMeTPOB Y CUCTEMHO-
ro aMMHMUCTPATOPa; /1A Noydenus 6onee nofgpobHoit MHPOpManuy cM. Be6-cailT KHUIH
(http://www.siam.org/KepnerBook). YcTaHOBKa noc/efHero apryMeHTa suayeHuem {} npu-
BOAMT K BBINOJIHEHNIO MHOXKECTBA KOIMI IPOrpaMMbl Ha Balllell IOKA/IbHOM MalllMHE U I10-
NY4eHMIO 3Ha4YeHMI IPOM3BOAUTENLHOCTH, OTIMYHBIX OT YKasaHHBIX B Tabnuue 5.4.

IloBbiLIeHMe BEIYMCUTENBHOI NPOU3BOAMTENLHOCTH NporpaMmbl Mandelbrot npu nc-
NONB3OBAHMM LUKINYECKOrO pacupeieNeHss TUMIMYHO J/I1 MHOTUMX TPUIOXKEHMI, /1A KO-
TOPBIX XapaKTepHa HepaBHOMEPHOCTDb Harpysku. B cmyuae ¢ nporpammoit Mandelbrot an-
FOPMUTM BHINOTHAET MOBTOPAIOLIMEC BLIYMC/ICHUA IS PANia BXONHBIX IapaMeTpOB Z, KOTO-
Pphi€ NOKPEIBAIOT 06/1aCTh KOMIUTEKCHOM IIOCKOCTH. 1Nt K&XIOTO NapaMeTpa BoIYMCIIeHHE
NOBTOPSAETCS, I0OKA OH He JOCTUTHET ONpPENeNeHHOTO 3HaueHns. 3HadeHMs, 6nm3Kue K LieH-
TPy obnacty, TpebyioT 6ONBIIET0 KOMMYECTBA LIAroB 1A AOCTVOKEHUA JAHHOTO KpUTEpus,
4eM SHadeHus, 6/mmskue K Kpaio. B pesynbrate 6n04HOrO pacnpeneneHus 6onplIyo 4acTh
pa6oTe! BbinonusioT cpepnme P (1 m 2), a MeHbIIYI0 YacTh pabOTHI BHINONHAIOT KpaifHue
P, (0 u 3). Ilpu umkmmyeckom pacrpenenenuu pabota Mexuy NpoLeccOpaMy pacnpepiensi-
€TCA paBHOMEPHO.

Tabmuua 5.4. HepaBHOMepHOCTB Harpy3ku B nnporpamMMe Mandelbrot

OtHOCHTeNbHOE BpeMs BBIYMCIEHMIT 1 KO3(PULIMEHT YCKOPEHUA BLIMMCTIEHNIt A
kaxgoro P, mpu Np = 4 ipy Beinonsenuy nporpammel Mandelbrot Ha MEOroy3nosoit
cucteMe. Pesy/brars okasaHbl C MCIONB30BaHMeM GIOYHOTO pacrpefeleHus 1 LM-
KJIMYEeCKOTO PacrpefieNleHysi ¥ HOPMA/IM3OBaHBI IO BpeMeHM BHINMO/MHeHMs npu Np = 1

P, 0 1 2 3
Bnoutoe
OTHOCUTENBLHOE BPEMS BbIYMCIIEHUI 0.15 0.31 0.31 0.15
KoachduumeHT ycKopeHUs BbIYMCIEHMIA 6.33 3.16 3.19 6.33
Lvknuyeckoe
OTHocUTensHoe BpeMs BbIUCTIEHNA 0.24 0.24 0.24 0.24

KoagdpuumeHT yckopeHus BbiumcrieHuit 421 4.20 423 4.20
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5.6. Buibop B nonb3y napannenuama unu nokanbHOCTU

KimoueBbIM Ha4a/JbHBIM LIATOM NPy paspaboTKe Mapa/yIeIbHOTO aJTOPUTMA SABIAETCS
onpefeneHre Habopa onepaumuii, KOTOpble MO>KHO BBIIIOTHUTD NapanenbHo. B actHocTy,
napajie/ibHbIe onepauuy — 3T0 Habop onepauuii, He 3aBUCALINX OT MOPSAAKa, B KOTOPOM
oHy BhinonHATCA. K cdacTbio, BrisiBIEeHMe napannennsMa B nporpaMme Ha MATLAB ne
BBI3BIBa€T 3aTPyHAHEHMII, TaK KaK GONBLIMHCTBO NPOTPaMM OCHOBaHBI Ha MacCMBaX, KOTO-
pbie napaienbHb O cBoeit npupope. Jllo6as onepauus Ha OTHOM MM HECKONBKUX MacCH-
BaX, KOTOpas NPMBOIUT K CO3MIAHUIO HOBOTO MaCCMBa, MOXET BHINONHATHCA NapanebHo
110 BCEM 3/IEMEHTaM B pe3y/IbTHpyoliieM MaccuBe. PakTHYecKy NapauienusM B 60/bLINH-
cTBe nporpaMm Ha MATLAB HOCHT NOBCEMECTHBIIT XapaKTep; TakuM 06pa3oM, HalMcaHue
nporpamMm, KOTOpbI€ BHINOTHAIOTCA NapasleNibHO, He NPEACTaBIieT C1oXHocTu. Hactosn-
I[yI0 TPYAHOCTb NpeJCTaB/IseT HalMCaHKe NMapaieNbHbIX IPOrpaMM, KOTOpbie paboTaroT
6bicTpo. KimfoyeBbiM MOMEHTOM IS HANMCAHMS TaKOTO POfia POrPaMM sABJIAETCSA BhIsBIIe-
HMe NapaienusMa NporpaMmel, pe3ynbTaTOM Y€ro TakXe IO/DKHa CTaTh BBICOKAs CTENEHb
nokanbHOCTH. Takas nporpaMMa cnoco6Ha BHIONHATH Napajle/bHble Onepaluy ¢ MUHU-
MaJIbHBIM 06€MOM JJaHHBIX, IPUXOAALMX OT APYTUX P (cM. pucyHoK 5.3).

Monens mporpaMMMpOBaHMs Ha OCHOBE paclIpefe/IeHHBIX MacCMBOB ABIIAETCA YHM-
Ka/IbHOI1 CpefiM BCEX MOfiefiel apajiieIbHOr0 NpOrpaMMMPOBAHMA B CBA3M C TEM, YTO 371€Ch
€ CaMOro Hayaja JOCTMIA€TCS TOKaNTbHOCTh MOCPEACTBOM IPOCTOrO NIECTBUA IO CO3/1a-
HMIO pacnpegeneHHoro Maccuba. Ilocne 3Toro napaniennsm B 3ajgade MOXeT ObITh MOTYYeH
Ha OCHOBE JIOKaNTbHOCTH, YTO M MPUBOAMT K CO3aHMI0 3(ppeKTUBHOI MapaiebHO po-
rpamMMeL. HanpoTus, Apyrie MopieNy napanjeibHOro NporpaMMMUpPOBaHUA OOBIYHO BBIHYXK-
[AI0T NporpaMMMCTa CHayasa pellaTb IpobeMy napajrenuaMa, M y>Ke IOTOM MMEThb [eJI0
¢ 6onee cr1oXxHOMN 3afiadeit TOKanbHOCTU. OCHOBHOM CMBICI MCIIONb3OBaHM Jyukumit nop-
nepxku napannenmmsma local m global ind 3akmoyaeTcs B BOSMOXHOCTU M3BJI€YE-
HUA NOKaNbHOCTY M NIapajnenmsma us pacrpeneneHHbIX MaCCMBOB.

Jna vunmocTpaumm faHHbIX KOHIIENLMIt pacCMOTpUM nporpamMy AddOne, ONMCaHHYIO
B rnase 1. CymHOCTb JaHHO¥ MPOTpaMMbl 3aK/II0YaeTCA B ONepamu

Y=X+1,

rae X, Y : RV, lannas nporpaMma uMeeT N’ onepanmit, KOTOpble MOXXHO BBIIOJIHUTD Ia-
pamwienbHo. Pasmep napannenuaMa 4acTo HasbIBAIOT CTENEHBIO NapamnenusMa. B 6onpumH-
CTBe CITyyaeB napanjenbHoe pacnpenenenne X u Y oTpasuT fjaHHbI mapannenusm. Ecnu
X, Y : R 10 pesynsTHpyoLIuMit anropuT™ o6Hapyxut N cTeneHeit napannenuama (npu
ycnosun N > Np). Bonblue cTeneHeit napasnenusma MOXHO HOMy4UTh, eCliu 062 M3MePEHUA
maccusa pacnpenenenst. Hanpumep, ecmn X, Y : RPAYPMY) yy X, Y : RP® (uro 3k-
BUBAJIEHTHO), Tony4nM N? cTeneHeit mapanenuama.



rapannennim

JIOKA/IbHOCTh
)

Pucynok 5.3. Ilapannenusm u noKanbHOCTh
ﬂapannenusm OIMUCHIBAET, CKOJIBKO onepauuﬁ MOXXHO BBINNOJIHUTDL IapaniielbHO B
mo60oi MOMeHT BpEMEHUN. JlokanmbHOCTB MOKA3bIBAET, KAKOE KOMYECTBO HOaHHBIX He-
06X0/IMMO NepeMeCTHUTD AJisi 3aBeplLIeHNA [Tapa/IIeNbHbIX OIleparuit

JloKanbHOCTb NPOTPaMMBl MOXXHO M3MEPU Th, UCIIONB3Ys OTHOLIEHME «BBIYMCIIeHUE—KOM-
Mysukatuss» W/D, rne W - Konm4ecTBO cOBepIleHHbIX oneparuit, D — o6muit 06beM faH-
HBIX, nepemeltaembix Mexay P, . [lporpamma AddOne 6ynieT MMETh BBICOKYIO CTeTeHb J10-
KanbHocTH, ecvt X u Y pacripefienieHbl 0 KapTaM OfIMHAKOBO, TakK KaK HET HeO6XOMMOCTH B
nepenaye JaHHBIX. PesynbTupyiolliee OTHOIIEHME «BBIYMCIIEHME~KOMMYHMKALMA» COCTABUT

WI/D=N*10—>w,

C npyroit ctoporsl, ecnu X : REMXN, 3 Y : RMPIN) 70 g 3aBeplieHMsA NPAKTUYECKU KaX-
Ro# onepanyy Heo6xomuMo GyeT BEINOMHATH 0OMeH uH$popMaLmeit. PesynsTupyiomee ot-
HOLLEHHE «BBIYMCIIEHN €~KOMMYHMKALMA» COCTABUT

Ina pemoHcTpaumyu napamnenusMa Bepcus nmporpamMmbl AddOne Ha MATLAB moxer
6BITH HamucaHa ABHO CIIERy MM 06pasoM:

X = zeros(N,N); Y
Y = zeros(N,N);
for I~|:N

for )=I1:N



Y(i,j) = X(i,]) + 1;
end
end

Yro6bl npeobpasoBaTh BBILIEYKA3aHHEI KOJ B MapaeNbHbl, HeOOXOAMMO NPOCTO
TIPUMEHUTDb KapTy K KOHCTpyKTopam X 1 Y:

XYmap = map([Np 11 ,{},0:Np-1);
X zeros (N, N, XYmap) ;
Y zeros (N, N, XYmap) ;
for i=1:N
for j=1:N
Y(i,3) X(@i,3) + 1;

end
end

OyeBupHO, YTO MONy4YeHHAs B pesy/abTaTe NPOrpaMMa MMeET XOPOLIYIO TOKalbHOCTb,
Tak Kak X 1 Y Mcnonb3yioT OfHy M Ty >ke KapTy. OfHako OTHOLIEHME MEX/Ty Mapajliesms-
MOM M JIOKa/IbHOCTBIO BHIpa)XkeHO HesABHO. Heckomnbko 60/ee JIMHHEBINA c1oco6 HanmmcaHus
3TOi1 IpOrpaMMBl, B IBHOM BHUJl€ FapaHTUPYIOLNI1 JIOKAJIbHOCTD, BBIIJIANNT TaK:

XYmap = map([Np 1] ,{},0:Np-1);
Xloc = local (zeros (N, N, XYmap»;
Yloc = local (zeros (N,N,XYmap»; for
i=l:size(Xloc,1)
for j=1l:size(Xloc,?2)
Yloc(i,j)= Xloc(i,j) + 1;
end
end

B nannoM Cy4ae CBA3b MEXY Napaie/IM3MOM M JIOKa/lbHOCTBIO sABHAA. Kak IpaBuio,
HamcaHue IporpaMmMel TaKMM crnoco6oM obecreynBaer HaMBBICLIYIO IPOM3BOAUTENTbHOCTb.

5.7. lNpocTtoTta peanusauuu

IocTmwkeHye IPOCTOTH MCMONb30BaHMS M BBICOKOH NPON3BOJMTENLHOCTY — 3TO LieJIN,
XOpOILO NOHATHBIE pa3paboTunKaM napanenbHbIx Beraucaennit. K coxxanenmo, peanusa-
LMs 3THX Leselt B 6u6MoTeKe MPOMEXYTOYHOro ypoBHs Tpebyer 6onbiunx 3aTpat. Tunmy-
Has 6u6nmoTeka pacnpeneneHHbIX MaccuBOB Ha C++ MoxeT focturath 50 000 cTpok xofa
U noTpe6oBaTh HECKONBKMX Y€NIOBEKO—TIET AN peannsanun. bubmmorexu pacnpeneneHHBIX
MacCMBOB, peanusoBaHHble AnA MATLAB, npuMeHAIOT HEKOTOPBIE CTPATETMM [ YMEHb-
1eHuA 3THX 3aTpat. O61IMIi CMBICT JaHHEBIX CTPATErMif 3aK/IOYAETCS B HAXOXKAEHUM MUHMU-
MasbHOI0 Hahopa BO3MOXHOCTEN, KOTOpEIE Bce ellje 6yyT NO3BONAATD pa3paboTynKaM nu-
catb a¢ypeKTUBHBIE IPOIPAMMBIL.

OnHMM U3 K/IIONERBIX MOMEHTOR 11pY peanudauny 6ubnnoTekn pactipeneneHHbIX Mac-
cupos sBnseTca Babop nopAepxumrembix pacnipencnciuit nanubix. C onnodt (kpaniHen)
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TOYKM 3pEHMS, MOXKHO 3aSB/IATD, 4YTO GONBIIMHCTBO pa3paboTunKoB 6yNyT IOBONBHBI Ofi-
HOMepHBIMM 6GouHbIMU pacnpeneneHuaMu. C gpyroit (KpaifHeit) TOYKM 3peHUs, MOXK-
HO HalfTM NPWIOKEHNs, KOTOpbie TPeOYIOT AECTBUTENBHO NPOM3BONbHBIX paclpernerne-
Hut MHEKCOB MacCMBOB IO 3k3eMIUispaM P, . B HacTosulee BpeMs peanusanuu pacmpe-
peneHHbIx MaccuBoB B MATLAB BriGpany Ha6opsI pacnipesenenuil, nexaiye MeXXRy ABY-
MA 3TMMM KpaitHocTAMM. Kak mpaBuio, 3Ti pacnpezneneHus noppep>xuBaiotr N-MepHble
611049HO-LIMK/INYeCKIe pacIipeielieHNs C NepeKphITHEM, TaK Kak npobeMa nepepacnpese-
TIeHUA MEeXJy ABYMSsI TaKMMMU pacnipeneneHuamMu (cM. paspen 3.3) 6bina MHOTOKpaTHO pelte-
Ha NpY NIOMOILM Pa3/IMYHbIX TEXHOIOTHIA Tapa/lIe/IbHBIX BHIYUCTIEHUIA.

Ileperpyska onepatropa MATLAB subsasgn (MHEeKCMpOBaHHOe IPUCBaMBaHUE) MO7-
AlepXXUBaET nepepacnpesiefieHMe aHHbIX MEXTY MacCMBaMy C MCIIONTb30BaHUEM = OMepalluu.
Cnenyommit BOIpoc COCTOUT B TOM, Kakue ipyrue GYHKUMM Hy>XHO NOAAEPXXUBATD U I
KaKuX pacnpepenenuit. B Tabmuue 5.5 nepeunciieHbl pa3inyHble ypOBHU HOANECPIKKM pacipe-
JeneHHBIX MaccBOB. CIOCOOGHOCTDb PaboTaTh C NOKATIbHOM YaCThIO pacnpee/leHHOTO MacCH-
Ba M €ro MHJIeKCaMM IeMOHCTPMPOBAach HEONHOKPAaTHO. 3HAYNTENbHAA TPYAHOCTD 3aKIIIO-
YaeTcs B Ileperpyske Bcex MaTeMaTnaeckux QyHKumit B 6ubnuoteke, 4To6p! 06ecrieuntsp 3¢-
(exTBHOCTD paGoOTHI C KaX/I0i KOMGMHALMEl BXORHBIX pactpefenenmit. Kak yxe 06cyx-
Aaock B pasfiene 2.2, JaHHOE CBOICTBO O4Y€Hb TPY[HO Peann3oBaTh, M B HEM HET HeoOXo-
AMMOCTH, /i pa3paboTuMKy TOTOBEI paboOTaTh B MEHee KpaCMBOM CTMIIe HaITMCaHUs KOfia
MporpaMM, UCIONb3yeMOM NPy NpUMeHeHnM pparMEeHTMPOBAHHBIX pacpee/IeHHBIX MacCH-
BoB. TakumM 06pa3oM, 60mbLIMHCTBO 6M6GIMOTEK pacnpeneneHHBIX MaccuBoB MATLAB npe-
AOCTaB/IAIOT IUMPOKMI1 HabOp TMIOB pacrpeneneHuit faHHBIX, HO CPABHUTENILHO CKPOMHBII
Habop neperpyxeHHbIx QYHKIMIA, ITaBHBIM 00pa3oM CKOHLIEHTPMPOBaHHBIX Ha QyHKLMIX
KOHCTPYMpPOBaHMUs MacCUBa, PYHKIMSAX NOAJEP>KKM MHIEKCOB MAaCCUBOB M Pas/IMYHBIX M03-
NeMeHTHBIX onepaumii (+, —-—, .*, ./).

TMocnepaum pelieHneM, KOTOpOe Hy>XKHO NPUHATH IPY peanu3anuy Hanmucanus 6ubnu-
OTeKy pacupefieNleHHbIX MAaCCHBOB, SIBISIETC BBIOGOP si3bika. B atom oTHOwenun MATLAB
YHUKa/€eH, TaK KaK OH ABJISAETCA SI3bIKOM BBICOKOTO YPOBHS Ha OCHOBE MacCHBOB C JIOCTa-
TOYHBIM A3bIKOBBIM a6CTparupoBaHyeM, NO3BOSIOIMM peanu3oBbiBaTh 61OMMOTEKM pac-
npeneneHHbIX MaccuBoB Ha MATLAB ¢ MMHMMAabHOI 3aBMCUMOCTDBIO OT [IPYTMX A3BIKOB.
ITpu maHHOM nopxonie MMHMMUSUPYETCA pasMep KOJia, a MEePeHOCUMOCTDb YBENUUMBAET-
CR 10 MaKcuMyMa. Hanpumep, MOXXHO peanu3oBath 60MbUIMHCTBO (PyHKLIMOHANBHBIX BO3-
MOXHOCTEN pacnpefenecHHbIX MaCCMBOB C NOMOIIBIO Kofia Bcero nuiub u3 3000 ctpok u
NpencTaBNeHNA TONBKO BYX HOBBIX 06BEKTOB (KapThl M pacnpefieneHHble MaccuBbl). Ta-
KO MeTOJ| rapaHTUPYeT BbINONHEHME KOia Be3fe, rae 6p1 Hu paboran MATLAB.

5.8. OcobeHHocTY peanusauum

B naHHOM paspiene noppo6HO paccMaTpUBaeTCs peanusaLus pacnpeneneHHBIX MaCCUBOB
8 MATLAB. OcHoBa peanusauyu 616mmoTexy pacnpefeNieHHbIX MaCCHBOB CTPOUTCS Ha KOH-
leniuAX napannenbHolt BektopHoit 6ubmroreku (PVL) [Lebak et al. 2005] u StarP [Choy &
Edelman 1999] 1 ucnonb3osalum KoHuenuu#h, 1ipumeHerHbix B MPI [Kepner & Ahalt 2004]
ANK XOMMYHMKal{MoHHOro cnosi. Ha pucymke 5.4 nao6paxkeHa MHOroC/IOiHaA apXUTEKTypa
nupwinensoi Gubnuorexn. [pyu mMiorocnoltnolt apxurekrype 6ubnmoteka pacnpepenes-

HBIX MACCMBOB pea/l3yeT pacripeicnchibie KONCTPYKIMM, TaKKe KaK pactipesie/ieHHble Ma-
Y Lo L
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TPMLIBI ¥ MHOTOMepHBIe MaccuBhl. KpoMe Toro, 6ubmmoreka obecneunBaer mapamienbHyo
peanuaaumio 3aflaHHOTO Habopa yHKIMIL, TAKMX KakK Iepepacnpefienenme, 6picTpoe npeo6-
pasoBanue Oypoe (BIID) 1 nepeMuoxxerme Matpuy. OfHakO MPOrpaMMUCTY OOBIYHO JIeT-
de CO3[IaTh Napa/IeNbHYI0 peanuaanmo QyHKUMM 07, KOHKPeTHbIe pasMephl 3aflauy ¥ pac-
npefieneHMe JaHHBIX, YeM pa3pabaThiBaTh 06LIMe NapauieNbHble peanu3anyuy QyHKIMIA, Ko-
TOphle obecreyar XOpoIlyio MPOM3BOJUTENbHOCTb IS BCEX paclpeneneHmil IAHHBIX U MX
pasmepoB. BubnmnoTeka pacnpefieieHHBIX MaCCMBOB MCIIONB3YeT MOAXON «IapajuIeM3M—ye-
pes-nommopdusm», kak onucaHo B [Choy & Edelman 1999]. MoHoMopdHBIe A3bIKM Tpe-
6y10T, 4TOOBI KXK/ask TepeMEHHasA OTHOCHMIACh TOIBKO K OIHOMY THITY; C iPYTOii CTOPOHBI, B
HONMMMOPQHBIX A3bIKAX IEPEMEHHbIE MOTYT ObITh Pa3HBIX THUIIOB, 2 HOMUMOPQHbIe QYyHKIMM
MOTYT BHIIIOJIHATBCS Ha PasIMiHbIX THIAxX epeMeHHBIX [Abadi et al. 1991].

Tabnuua 5.5. YpoBHyM peanusanmm

YpoBuu noamepxku napamienu3ma i faHHbIX U GyHKumit. [Ipumeyanme: mopaepxx-
Ka pacrpejieieHMs JaHHbIX BKITIOYaeT MOANEPXKKY epeKpbITHsA B mobom pacripere-
neHHOM M3MepeHun. YpoBeHb Data4/Opl ycHeLHO peann3oBbIBajiCsi MHOTO pas.
YpoBens Datal/Op2 BO3MOXEH, HO ITOKa He 6bI/T HMKeM ITPOeMOHCTPUPOBaH

YpoBeHL AaHHbIX Onucanuwe noaaepxKu
Data0 Pacnpegenenve aaHHbIX HE NOAAePXUBaETCA (HenapannensHas peanusauus);
Datai BoamoxHo BnoyHoe pacnpeaeneHne AaHHbIX B 0GHOM U3MEPEHUM;
Data2 BoamoxHo 6noyHoe pacnpeaeneHue faHHbIX B ABYX U3MEPEHURX,
Data3 BoamoxHo 6noyHoe pacnpeaeneHne faHHbIX B nloGOM U BO BCEX M3MePEHMAX;
Datad BoamoxHo 6noyHoe mnu uMKNuuYeckoe pacrnpeaeneHue faHHbix B niobom M BO BCex
WU3MEPEHUAX;
YposeHL onepauvi Onucaxve noanepxKu s
Op0 He noanepxusalotcs onepayumn pacrpegeneHus (HenapannenbHas peanmsauus);
op1 PacnpegeneHHbie onepayvmn NpUCBanBaHUA, Npuema U oTNpaBkK, NoAaepxka Nony4eHUs
AaHHbIX U MHOEKCOB NOKaNbHbIX AaHHLIX OT pacnpeaeneHHoro obyvexTa;
Noppepxka pacnpegeneHHbiX onepauuii (peanusauma [OMKHA oNpeaenaTe KOHKPETHbIE
Op2 BUbI Onepaumii);

Mpusuyn nonumopdusMa cBoiicTBeHeH A3bIKy MATLAB: He Hy>XHO ONpenenaTh TUIIBI
IIepeMEHHBIX, TUIIHI IepEMEHHBIX MOXXHO M3MEHATh BO BPEMSs BBHITIOJIHEHUSA IIPOIPaMMBI; 1
MHorye GyHKIMY CIOCOOHBI paboTaTh CO MHOTMMM TMIIaMM JaHHBIX, Hanpumep, double,
single, complex uT. I

B 6ubnmmoTexe pacrpefieleHHBIX MacCMBOB IO CPaBHEHMIO C STMM HPMHLMIIOM 6bin
chenaH eue oAuH war sreped. Ilonumopduam npuMeHseTcs MyTeM BHeApeHUs o6beKTa
KapTbl. O6beKTH! KapT MpUHaANeXKar K Knaccy Aseika MATLAB 1 cosparotcs mocpeacTBom
3alaHyH ONMCAHMA PelleTKH, ONMCaHUA pacnperie/ienns U nepeyHs NPoLEecCOpOB, KakK yxe
66110 YHOMITYTO B npeAnAynnx pasaenax. O0bexT KapThl [0CIe 3TOr0 MOXHO nepena-
narh n Konerpykrop MATLAB, Tako#t kak rand, zeron mam ones. Kocrpykropn nepe-
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TPY>KeHbl, ¥ KOrjia 06beKT nepefaeTcss B KOHCTPYKTOp, 61bnmoTeKka cosfaeT nepeMeHHyo
pacnpezieleHHOro TUIa, T. €. pacpefie/IEeHHbI MacCUB.

Kax rosopmnocy Beiiie, mogmMHOXXecTBO ¢yHKuMit, Takmx Kak plus, minus, fft,
mtimes ¥ No3NeMEHTHBIE ONePALVM, IEPErPY>KeHbl 1A paboThI Ha 0OBEKTAX pacIpele/eH-
HbIX MaccuBoB. Eciii ucronp3oBath Mojie/lb IIPOrpaMMUPOBAHNA Ha OCHOBE YMCTBIX pacipe-
ReNeHHbIX MACCHBOB M Neperpy>XeHHyI0 (GyHKIMIO, OOBEKT pacrpeae/IeHHOrO MacCHBa MOXKET
MCMOMb30BATBCA TaK JKe, KaK ¥ OOBIYHBIN MaccuB. DYHKLMH, KOTOpBIe paboOTaloT TONBLKO Ha
NOKA/IbHO! 4acTH pacrpeelleHHOTo MaccuBa (II037IeMEeHTHBIE Oepaluy) IPOCTO COBEPILAIOT
TpebyeMble onepanyy Ha TOKa/IbHOM MacCHBe, KOTOPBIif OTHOCUTCS K TUITY CTAHAAPTHBIX YHMC-
nosbix MaccuBoB MATLAB, ykasanHOMY py cosfiaHuy Maccupa. QyHKIMM, TpeOyloLe KoM-
MYHMKaluy, TaKue Kak nepepacnpesenenue (mm subsasgn B cunrakcuce MATLAB), B ka-
yecTBe KOMMYHMKALIMOHHOTO CJIOS MCTIONB3YIOT METO 0OMeHa COOOLIeHMAMM.

kemel layer

1[[ messaglng (MPD | [ math (Matlab) [Il

LIMNEGEFEFE

Iepesoo

Application — npunoserue;

PARALLEL library - napannenvnas 6ubnuomexa;
PARALLEL hardware — annapamnvie cpedcmea Ons napannensHoix 6vi4ucnenut;
User interface - unmepdeiic nonvsosamens;

Hardware interface - unmepdetic annapammvix cpedcme;
INput - 6xo0Hbie Oantvie;

Analysis - ananus;

Output - pesynvmam;

Distributed array — pacnpedenentutii maccus;

Distributed function - pacnpedenennas gyHxyus;
Library layer - cnoti 6u6nuomexu;

Kernel layer - cnoii sadpa;

Messaging (MPI) - o6men coo6uernuamu (MPI);

Math (MATLAB) - mamemamuxa (MATLAB).

PucyHok 5.4. MHOTOC/IOiHas apXMTEKTypa napamienbHoit 6u6noTexn
Bubnunoreka pacnpeseneHHbIX MacCHBOB peannsyeT pacnpefielleHHbIe KOHCTPYKIM,
TaKume KaK BEKTOPbl, MATPULIbl ¥ MHOIOMCPHbIC MACCHBBI, @ TAK)XKe NApaIeNIbHbIE -
FOPUTMBI, KOTOpbIE PabOTAKT 114 NTUX KOUCTPYKUMAX, TaK1E KaK Tepepacrpenene-
nue, BII® u nepemumxenme marpuit. KoMMynukaigms TMIa To4ka—TOYKa M HOCTCO-
BaTENbHAIC PYHKUUN PEANIMAYIOTCH B CIOC AP K BBISKIBAKOTCA cloeM 6UbnnoTexu
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OCHOBHOI! 11€/IbI0 MCIIONIb30BaHM NapaIe/IbHOTO KOMIIbIOTepa ABJIAETCA YIy4lIeHue
BPEMEHHBIX IOKasaTeseit BRINONMHeHMs. [lepBbIM 1IaTOM K JOCTVOKEHMIO BBICOKO IPOM3-
BOIMTENbHOCTY AB/IAETCS MUHUMMU3ALUA HAKIaHBIX pacXofoB IpU MICIIONb3OBaHUM KOH-
CTPYKIMIi pacHpese/IeHHBIX MaCCMBOB O CPAaBHEHMIO C MX NMOC/IEN0BaTETbHBIMI 3KBUBa-
nentamu. K coxanenuo, B clrydae upeanbHOrO «4MCTOrO» NpMMepa C pacnpeeneHHbIMNI
MacCHMBaMM, B KOTOPOM Bce TpeGyeMble yHKUMM MEPETPY>KEHBI, MMEETCS TEHACHLMA K
saMemTeHuIo pa6oThl. Bonee Toro, HeLenecoobpasHo (1 HeobsA3aTeNbHO) 06ecreYnBaTh Ol
TUMU3MPOBaHHYIO peanmu3anuio okono 8000 BcrpoeHHbix ¢yHkumit MATLAB pnsa xaxmoit
KOMOMHaIMy pacnipepieneHus MaccuBoB. BmecTo aToro, ropaspo npotie 6yfieT epenoXxuThb
Ha IIPOrpaMMMCTa OTBETCTBEHHOCTD 3@ VICIIONb3yeMBIit CTUIIb COCTaBNEHMA KO, IPH KO-
TOPOM HPUMEHSIOTCS KOHCTPYKUMM (PparMEHTMPOBAHHBIX PaCHpPERENIEHHBIX MacCUBOB.
STOT CTMIIb He TaKOit KPacHBBIif, HO OH 00ecIeYuBaeT CTPOTYIO FAPaHTHIO IPON3BOAMUTENb-
Hocti. ITo Gonbuiomy cuery, cambie 3¢QpeKTUBHEIE IPOTpaMMBl Ha OCHOBE pacIpeseneH-
HBbIX MacCMBOB — 3TO IPOrPaMMBI, MCIIONb3YIOLME TONbKO pacipefieieHHble MaCCUBBI [Is
OCYIIECTB/IEHUA KOMMYHUKAIMM MEXY NPOLieCCOpaMM.

5.8.1. BeinonHeHnne NporpaMmsl

Becw kop pacrpefieTeHHbIX MaCCMBOB HaXOUTCA B paMKax MH(QpPAacTPyKTypHl obie-
ro kopa (cM. puCyHOK 5.5), IpenHasHaYeHHOro A1 MHMLManM3aumyu OMOmMoTexy pac-
npeneneHHblx MaccuBoB (PRUN), ompeenieHNns KONMMYECTBa BHINIONMHAEMbIX 3K3E€MIIIAPOB
MATLAB (Np), onpenenenus unentudmkaropa nokanrbHOro npoueccopa (P) u nemumim-
amsaumy (puHamsanmm) 6mM6MmMOTEKM MO 3aBepiueHMM BhuKcIeHns (pRUN). ITporpam-
Ma pacIrpefielleHHBIX MacCMBOB MCIIONb3yeT Mope/b BbinonHenus SPMD (opna mporpam-
Ma, HeCKOJIbKO NoToKoB fanHbiX) [Flynn 1972]. ITonb3oBarensb BHNOMHAET NpOrpaMMY, MC-
NOJIb3YIOUIYI0 paclpeneNeHHble MacCUBBI, IOCPENCTBOM BBI30Ba KOMaHAbl PRUN s 3a-
nycka v MHMnMamsanum sksemmnapoe MATLAB, Heo6XoaMMBIX s MapanienbHoi pa-
6otbl. Ha pucynke 5.5 nokasaH npumep cueHapus RUN.m ¢ ucnonb3oBaumeM QyHKLMM
PRUN ps 3amycka YeThipex konmit cueHapus dI0 .m (cM. rnaBy 2).



diOmfile Pid=Np-1 |

s s4 dI0.m file Pid=2|
scd s s,{ dIO.m file Pid=ﬂ
" dI0.m file Pid=0

% Set the problem size ...

% Create maps and arrays.
RUN.m file PARALLEL = 1;

SiNane la ot | Xmap = 1; Ymap = 1;

if (PARALLEL)

Xmap = map ({1 Np],(),0:Np-1)
Ymap = Xmap;

end

Xrand = rand(N,M, Xmap) ;
Yrand = zeros(N,M, Ymap) ;

% Name script to run.
mFile = ‘pIO’;

% Set number of processors.
Nproc = 4;

% Provide machine names.

nodes = (‘nodel’ ‘node2’); "
% save files ...

% Run the script dRUN.

eval (pRUN (mFile,Nproc, nodes)) ; g % Read files ... 7

PucyHok 5.5. IndpacTpykTypa BBINOTHEHUS

Iporpamma pacnipeneneHnbix MaccuBoB (dI0.m) 3anmyckaeTcs mpy HOMOLIM KOMAHZIbI
PRUN, nokasanHoit B ¢aitne RUN . m, koOTopas ycTaHaB/MBaeT KOMMYECTBO IPOLieCCo-
POB M OnpefenseT MalIMHEI, HA KOTOPBIX 6yaeT MpoucxofuTh BhinonHenye. Ciena-
puit pRUN . m 3anyckaeT Np axsemnnsapos MATLAB, kaxbiit co ceoum P, . Buytpu
NporpamMMel, MCIIONb3YIOLIEH paclpesieleHHble MaCCHBbI, MHMLMANM3UPYETCA Cpena
pacnperieleHHbIX MaCCUBOB, IIOCTIE Y€T0 MOXXHO MOTY4YMUTh KOMMIECTBO IIPOLIECCOPOB
(Np) u nokanvubiit Homep P,. IporpamMma 3aBepuiaeT paboTy, korna saBepiaeTcs
cueHapmit 10 . m ¥ BBIONHAETCA aBTOMaTHYeCKuil BHIXOH U3 sk3eMiisipa MATLAB
BHyTpy kOMaHzibl pRUN

5.9. NepepacnpeneneHve maccuBoB

IMoxanyit, 0CHOBHOI1 Onepanmeit 6MGMIOTEKM pacrpefieleHHbIX MAaCCUBOB SIBNSAETCH [epe-
pacnipefieneHue JaHHbIX MEXY ABYMS pacnpefe/leHHBIMM MacCUBaMy. AJITOPUTMUYECKHM 3TO
MOXHO KpaTKo 3anmcath kKak B = A ¢ MaccuBamm tina A : RPNy B : RAM>N, B Bypie kopa 310
BhILTIAAUT CIIENYIOLMM 06pa3oM:

Amap = map({Np 1J ,{},0:Np-1):
Bmap = map ({1 NpJ ,{},0:Np-1);
A = rand(N,N,2Amap) ;

B = zeros (N,N,Bmap);

B(:,:)=A;

SddekTuBHBIM M 06IMM MeTOLIOM NepepacupeneneHus faHHbIX cauraercs PITFALLS
(Processor - npoueccoproe, Indexed Tagged Family of Line Segments- TeroBoe mumekcupo-
RAHHOE CeMelCTBO NMHeHbIX cerMeHToB) [Ramaswamy & Banerjee 1995], koTopoe npep-
craniser co6oil MaTeMaTMYeCKyl0 MOLENDb pacnpefieleHus JAHHbIX Ha OCHOBE BOCIIPUS-
TMA KQXIOT0 M3MEpPEHMA MACCHBa B KAYeCTRC OT/IE/IbHOTO CeMeMCTBa IMHENHBIX CerMeH-
Ton. Kpome toro, B [Ramaswamy & Banerjee 1995] npuBOAUTCA A/ITOPUTM [IA ONpefieleHNs
TOr0, KaKUM 1apam P, HCOGXOANMO BRIONNNTL KOMMYHHKALUIO, eC/U TPebyeTcA nepepac-

n
npenenenue, 1 KOKKPETHO Kakue AuHHbie HEOBXOAMMO OTNPABKTS.
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Ipouenypa nepepacnpeneneHns HauMHaETCA C ONpeaeNeHNns IMHeitHOro cerMenTa (LS),
KOTOPBIiT NpefCTaBsieT c060it HAOOP CMEXHBIX MHIAEKCOB B OJHOM M3MEPEHUM MacCHBa.
Ins pacnpepnenenHoro Maccusa LS ommcpiBaetT Habop MHIEKCOB, KOTOPbie ABMIAIOTCA JI0-
Ka/lbHBIMMU JUIS ONpPefieNIeHHOTO Pn)' JIuHeiHpiit cerMeHT LS MoXeT GBITh NIpenCcTaBneH na-
poit uucen (I, r), rae | ABNAeTCS HaYaTbHBIM MHIEKCOM, @ ¥ — KOHEYHBIM. Beruncienne ne-
pepacrpefiefieHus OT OJHOTO pacIpeae/leHHOr0 MacCuBa JPYTOMy BKI/IIOYa€eT B ce6s1 MHOTO-
KpaTHOe HaXoXXAeHue obnacTu nepecedenus gByx LS: L, = (I, r ) u L, = (I, r,) no dopmyne

Ecnu max(l,,1,) > min(r,,r,), 10 obnacTp nepecevyeHms Nycra.

CemeiicTBO nuHelHbIx cermenToB (FALLS) npexcraBnsier co60it nocienoBaTenbHOCTD
PaBHOOTCTOALIMX NIMHENHBIX CETMEHTOB U 0603Havaercs koptexeM (L, r, S, N,), roe N — ko-
JIM4ECTBO JIMHEVHBIX CETMEHTOB, @ S — 1lIar MeXY NeBbIMY I'PaHMLAMM IBYX COCETHMX CeT-
MeHTOB. TakuM 06pa3oM, i—blif TMHEIHBI CETMEHT 3alaeTCA CIEAYIOIMM 06pasoM:

L'=(Lr+ixs.
Ha ocnoBe nannoro npunumna crpykrypa PITFALLS onpenensieTcs cnenyiommM KOpTexeMm:

PITFALLS = (Lr,s,n.d,Np),

e

I: HauanbHBI VHAEKC,

7: KOHEYHbIN MHMEKC,

§: paccTosiHMe MEXY AByMs IOC/IEROBATE/bHbIMY NIEBHIMU TPaHUIIAMMU,

#1: KONMYIECTBO PAaBHOOTCTOALUMX O{MHAKOBBIX IO pa3Mepy 6I0KOB 37IeMEHTOB Ha KaX-
JIbIi1 IIponeccop,

d: nar mexxpy uHpexcamu I, Bxopsummu B FALLS nocnexnyowmero npoueccopa,

Np: KOnMM4ecTBO NPOLIECCOPOB.

Crpyktypa PITFALLS onuceiBaer Habop paBHooTCcTOAMX ceMeiicTB FALLS Ha Konu-
yecTBe nporieccopoB Np. CemerictBo FALLS Ha P, safiaeTcs Tak:

FALLS(P,) = (I + (P, - I)xd,r + (P - I)xd, s, n).

TakuM 06pa3oM, i—blit IMHEIHDI CETMEHT Ha Pm 3ajaeTcA Tak:

Crpyktypy PITFALLS MoxHO 6e3 TpyAa BHIYMCINTD M3 KapThl paclpefeleHHOTO Mac-
CMBa M NCTIONL3OBATD JUIA GBICTPOro ONpeieNeHus TOro, KaKue STIeMEHTh MaCCHBa IIPUHAN-
Jlexar 3aHHoOMY npolieccopy (1 Hao6opor).
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Anroputm obnactu nepecedenns PITFALLS ucnonbsyetcs s onpeaeneHus coobie-
Huii, HeOOXOMMBIX JIJIs1 Iepepacpeie/ieHNs MeXXAY ABYMs pacipesne/leHHbIMU MaCCUBaMH,
W UCTIONb3yeTCs oneparyeil sabsasgn. AITOpUTM MOXET IPUMEHATHCA K KaXAOMY 13-
MEPEHMIO MacCHBa, TAKUM 006pa3oM obecneunBas 3¢ peKTUBHOE NepepacnpeneneHue Mac-
CUBOB C IPOM3BOJIbHBIM YMC/IOM M3MepeHMit. AropuT™ nepecekaet cTpyktypbl PITFALLS
ANA KaX0ro usaMepenna. Ecim o6acTv nepeceyeHus BO BCEX M3MEPEHMSAX He ABJIAIOTCA
IyCTBHIMM, J/IA KaXKAOrO MPOLIECCOpa BBIYMCIAIOTCS pasMep M cofepxaHue coobuieHmit,
NofIeXalMx OTNpaBKe,. B anropurme ob6nactu nepecedeHms yMeHbLIAETCA KONMYECTBO
HEOOXOIMMBIX BBIYMCTIEHMII TOCPECTBOM MCIIONb30BaHUA CBOVICTBA IIOBTOPAEMOCTM
6nouro-yuknnyeckux pacnpenenenuit. Kpome toro, ctpykrypa PITFALLS Takke ucnonn-
3yercs onepanueit o6pauenns subsref, 4To6bI ONpenenMTh, Kakas 4acTh pacnpefie/ieH-
HOTO MacCHBa KaKoMy Ipoleccopy npuHaanexut. Ilonpo6Hoe onncaHue anropurMa u ero
s¢dextuBHOCTH cM. B [Ramaswamy & Banerjee 1995].

5.10. Crio#t obmeHa coobLLeHuaMU

OnHMM 13 IIABHBIX NPEMMYILECTB MCIONb30BaHUs Paclpefie/IeHHbIX MaCCUBOB ABJIA-
€TCAl OTHOCUTENIbHAS MPOCTOTa ONMMCAHMA OYEHb CIIOKHBIX MepepacrpeneneHuil AaHHbIX
Mexny MaccuBamu. B pesynbrate TpebyeTcs nuiub He60/blI0e KONUIECTBO 6a30BbIX QyHK-
LMt KOMMYHMKALMM A7 IOCTPOeHus Oubnmotekn pacnipeneneHHbix Maccueo. Ha ypos-
He nonb3oBaress TpebyoTcs ToNbKO aBe QyHKI: SendMsg u RecvMsg. 3ti QyHKuMM
CTpoATCA noBepX Hebonbiuoro Konmmyectsa pynxuuit MPL. ®ynkuun MPI, ucnonssyemsle
6ubmoTEKOI pacnpeneNeHHBIX MaCCUBOB, IEPEYMCIIEHBI B TaGuLie 5.6.

Tabmuua 5.6. Pyuximym MPI

OcHogHoit Habop ¢yHkit MPI, Heobxommsiit 616/m1oTeKe pacrpesieNeHHOTO MaccuBa

DYHKUUR Onucanue
MPI_Unit VHuymanusayms MPL
MPI_Comm_size Flonyyexue kon—ea NpoLEeccopos Npy KOMMYHUKaLUKU
MPI_Comm_rank FonyuyeHue patra TekyLuero npoyeccopa BHyTPU KOMMyHUKaTopa
MPI_Send OTnpaenenue coobuieHns npoueccopy
MPI_Recv Monyuexue coobujeHus oT npolieccopa
MPI_Finalize OunHanusaums MPI

He6onboe 4ncno HeoOXOAMMBIX KOMMYHMKALIMOHHBIX (PYHKUMIT TaKXe IO3BOJAET
MCTIONb30BaTh pa3HOoOOpasHble MPOTOKOIB KOMMYHMKALMK Ha YPOBHE HIDKe, YeM YPOBEHD
6ubnuoteku. B KauecTBe SKCTpeManbHOTO npuMepa MOXHO npusect MatlabMPI [Kern-
er & Ahalt 2004], rae daxkTuyeckas KOMMYHUKALMA OCYLECTBAAETCA MOCPEACTBOM dait-
nomoro BBOAa/BbIBOAA (CM. pUCYHOK 5.6) Yepes o6imyio daitnopyio cucremy. Ipenmyine-
CTBO AHHOTO NO/IXOAA 3AK/I0NACTCH 1 TOM, 110 Gubnuorexa MatlabMPI ouenb mana (~300
CTPOK) U 11erKO 1epeHOCUTCA. OHAKO TAKAN HIEPEHOCHMOCTb MEET CBOIt HELOCTATOK: €Cn

byt
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npousBoputenbHocTh MatlabMPI cpaBHMMa ¢ TpapmuyonHbIMY 6u6GmoTexamMn MPI s
6onbumx coobLieHMit, TO 3afiepXKa NPy MepPechIIKe MaIeHbKMX COOOIEHMIT 3HaYMTeNb-
HO yBemumBaeTcs (cM. pucyHok 5.8). Bubnmoteka pacrnpeneneHHbIX MaCcCHMBOB, MCIIONb3Y-
toijas MatlabMPI, nnist gocTvdkeHUsI CMHXPOHM3ALMY [OMKHA [OOABIATh YHUKATIBHBII TIT
K Ka)XXJIOMy IOChl/IaeMOMy cooOLieHMIo. B yacTHOCTH, Py KaXKpoi1 mpolenype KOMMyHM-
KaLlyy yBeNMYMBAETCs I106a/IbHBLI TST COO6LIEHNU 11O BceM 3afieficTBoBaHHbIM P, Takoke
MatlabMPI npegocrapnseT HeorpaHuueHHEBI1 Gydep BcnencTBie ee KOMMYHMKALMOHHOM
cXeMBl Ha ocHOBe (aii/IOBOTO BBOAA/BHIBOAA. YIIpaB/IeHNe TaraMu Ipy oMol 6u6nmuore-
KU pacrpeseNeHHbIX MaCCUBOB B COYETaHMM C HalNuMeM HeorpaHndeHHbIX 6ydepoB mpe-
AOTBpalljaeT BO3HMKHOBEHME B3aMMOGIOKMPOBOK.

TpousBopuTENnbHOCTL GMONMOTEKM COOOLIEHMIT B CBOE1 OCHOBE ONPERENAeTCA B COOTBET-
CTBMM C pa3aMepoM COOOGLIIeHMI! 0 OTHOLIEHMIO K KpMBOIi 3afiepkke. JlaHHas KpUBas MOKa3bl-
BaeT BpeMs, Heo6XoauMoe JI/IA Iepeaun cOOOLIeHMs 3aJlaHHOrO pasMepa OT OHOTO HpoLec-
copa K ipyromy. IIpocToii anroput™ u3MepeHMs JaHHOTO aclleKTa IoKa3aH B Anropurme 5.1.

SendMsg (dest, tag,variable) ;

data file : ]
sender receiver
| ||

lock file

variable = RecvMsg(source, tag);

Ilepesoo

Sender - omnpasument;

Variable - nepemennas; .
Save - coxpanumev;

Create - co30amp;

Data file - gatin dannvix;

Shared file system — pasdensemas aiinosas cucmema;
Lock file - ¢atin 6noxuposxw;

Load - 3azpysumy;

Detect — o6Hapyscumv;

Receiver — nonyuamens.

Pucynok 5.6. KommyHykanus Ha ocHoBe ¢aitioBoro BBoga/BeiBofia B 6ubmmorexe
MatlabMPI
Jins peanmsaymm KOMMyHMKaLmy Toyka-toyka MatlabMPI ucnionesyer daitnobbiit
BBoz/BbiBOf. OTNpaBUTEND 3anMChiBaeT NepemeHHEIe B 6ydepHeiit daitn 1 3ateM 3a-
muceiBaeT Gaitn 6noxmposu. [lonyuarens xaet, noka He yBuaut ¢aitn 610KkupoBKy,
1 3aTeM cuuTriBaeT 6ydepHniit daitn
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Anroputm 5.1. TectupoBaHne CKOpPOCTU CETU

OrnpasnseT coobLieHnsa pasHOTo pa3Mepa MeX/y ABYMs IpOLieCCOpaMM M M3MepsieT
Pesy/IbTaThl 110 BpeMeHM.

t. : RVm = SPEEDTEST(N,y,)

SEND(dsendi P, ; Ie)ndi i)
drecy = RECEIVE( 1D i)
£ (i) = CLOCKSTOP()

1 Pgd=(Pip—1 mod Np)+1
2 Pif*=(Pip+1 mod Np)+1
3 fori=1:N,,

4 do

5 dsend; Arecw : Rz‘

6 CLOCKSTART()

T

8

9

CooTBeTCTBy0OLIasA NpOrpaMMa MoXkeT ObITh BHINO/THeHa nocne 3anycka MATLAB u ne-
pexopa B mupektopyio Examples/Speedtest (1. e. BBemmte cd Examples/Speedtest).
B xomanpHOI cTpoke HaGepuTte

eval (pRUN( ‘pMandelbrot’ ,2,{})).

STa KOMaHJia 3aITycKaeT NporpaMMy fyia paboThl Ha fiByX npoljeccopax. Tak Kak mpo-
rpamMa pSpeedtest ocyliecTsseT To/IbKo KOMMYHMKALWIO, OHa He 6y/ieT BbLIOHATHCA
TONbKO Ha ofrHOM nporieccope. [Tocne 3aBepuierns nNporpaMMe! IONOIHUTENBLHO HabepuTe

load speedtest.l.mat

loglog (ByteSize, TotalTime)

loglog (ByteSize, Bandwidth).

B pesynbrare nospaTcs rpadmky, aHanorndHble M306paKeHHBIM Ha pycyHKe 5.7. ITpo-
rpaMMa pSpeedtest BBINOIHAET HECKONBKO NOMBITOK cepyunu M3MEPEHHil, ¥ B pe3y/bTaTe
Ha Ka)XIyIo NOMBITKY BEIIaeTCsA OiHA Kpybast. [padmk 3aBMCcHMOCTM 3afiepXXKu cOOOLIeHMit
OT MX pa3Mepa IOKa3biBaeT, CKOJIKO BpEMEHM 3aHMMaeT Ilepechlika cooblleHns 3afaH-
HOro pasMepa Mexiy AByMs mpolieccopamu. O6paTuTe BHIMaHMe, 4TO IepBasA TOYKA Ha
rpadmKe pacrniosnaraeTcsi rOpasfio Bblllle OCTanbHBIX. OHa COOTBETCTBYET 3afiepXKKe BCIIefi-
CTBME OXXMIaHMsA NEPBBIM MPOLIECCOPOM 3aIycKa OCTaTbHBIX IPOLIECCOPOB. DTy 3afIepXKKy
MHOINA Ha3bIBAIOT «CABWT 3allyCKa». BpeMs, cOOTBeTCTByIOLIee ITOCKOI YacTy KpuBOit 3a-
nepXxxu cooblernit (py He6GobLIMX COOOLIEHNAX), O3HAYAET 3aflepXKKy KOMMYHMKaLIM-
oHHo# ceTn. Ipadmk 3apucHMMOCTV IPONYCKHOI CIOCOGHOCTM OT pa3Mepa coobIeHmit mo-
KasbIBaeT CKOPOCTD Nepefady laHHBIX 10 cety. [IpomnyckHas cnoco6HoCTh, COOTBETCTBYIO-
wan nIockolf yactu KpuBoit (py 607bIIMX cOOOLEHMSAX), IOKa3bIBaeT N0/I0CY MPOIYCKa-
HUA KOMMYHUKaLIMOHHOM CeTH.
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PucyHok 5.7. Pe3ynbTaThl TECTUPOBaHMA CKOPOCTH CETH
INporpamma Speedtest MOXeT BBIIOMHATHCA C UCTIONB30OBAHVEM Pa3/IMYHBIX KOM-
MYHMKALMOHHBIX OMOMMOTEK HIDKHErO YPOBHSA JUIS CPaBHEHMs MX OTHOCMTENbHON
npousBoputenbHocty. Ha pucyHke 5.8. mokasaHel KpMBBIE 3afIEPXXKM ¥ MPOIYCK-
HOI1 CIOCOOHOCTH WIS ABYX pasnmu4HbIX 6M6m1oTek o6MeHa coobernsami. Obe 611-
6/110TeKy MMEIOT MPUONMM3UTENTLHO OfMHAKOBYIO MPOITYCKHYI0 CIOCOOHOCTD ¥ GyRyT
MMeTh IPUOMN3NTENBHO OIMHAKOBYIO MPOM3BOAMTENBHOCTD MPH MCIIONb3OBAHUY B
NPWIOXKEHUAX, B KOTOPBIX IepechinaeTcsi GOMbIIoe KOmmM4YecTBo Gonbiumx coobiue-
Huit. OHAKO, OYEBMIHO, YTO OFHA M3 HYUX XapaKTEPHM3YeTCs MEHBbLUEH 3aepXKKOI U
XOpOLIO NOAXORUT [VIs [IEPECBIIKY COOOLIEeHMIt HeGONBLIOrO pa3mepa

ITpu co3panum 6ubnMoTEKH pacnpefeNeHHbIX MaCCUBOB BaXKHO 06eCIeunTh OTCYTCTBYIE
3HaYMTENbHOIO BIMAHMA Ha NPOM3BOAUTENBHOCTh HaK/IaHbIX PacXofioB, MOABJIAILMX-
¢ BCIEACTBME UCTIONBb30BaHMA OubmoTexn. B oTHONIEHNM 6MO/MOTEKM 3TO O3HAYAET, YTO
Npou3BOANTENbHOCTD Olepalit KOMMYHMKALWMM ¢ UCTIOJIb3OBAHMEM Ieperpy>KeHHOO oIle-
paropa subsasgn [o/bKHa OBITh KaK MOXXHO 60mee 6n13K0 3KBMBaTeHTHOMy Kofty 0OMeHa
coobueHnsaMu 6e3 pacripesieneHHbIX MaccuBoB. Ha pucyHke 5.9 nokazaHa Npou3BOAVTeEIb-
HOCTb ollepaliu nepepacrpeieNieHns «Kaxablit K Kaxaomy» (all-to-all) ¢ ncnonesosannem
TO/IBKO 06MeHa co06LeHMAMY, IPUCBaNBaHuA pacrpefielleHHbIX MacCUBOB U CIleLaTbHO
bynkumn transpose grid. 3Tu pesynbTaThl ABNAIOTCA TUOMYHBIMK A7 6M6mMoTeKn
pacnpezeneHHbIX MaccuBoB. IlepepacrnipenieneHue ¢ ucnonb3oBanueM B(: , 1) =A o06br9HO
MPOMCXOJMT B 2 pasa MeJl/IeHHee, YeM BHIIIOJTHEHNE TOM XKe onepalyy NoCpeACcTBOM ABHOM
3amucy Bcex onepaumit SendMsg 1 RecvMsg. 3TH HaK/IafiHble PacXOfibl 06BIYHO MMeIOT
MeCTO BCTIeICTBME HeCKONbKMX (pakTopoB. Bo-niepBhix, 0611iee nepepacnpefeneHne JOMKHO
NOiieP>KMBaTh BCe BO3MOJKHBIE paclipe/ie/ieHNs 1 BBIOIHATH GObiiIoe KOMMIeCTBO MpoBe-
POK IO OIpefieNeHNIO, KyAia KaKie faHHble HeobxonuMo oTipaBuTh. Bo-BTOpHIX, pacnpene-
JIeHHble MaCCUBBI OGBIYHO Tpe6GyI0T XpaHeHMsA HeCKONBKMX JIONOTHNTENbHBIX KOIMIA Tlepe-
MeHHBIX. B-TpeTbux, Tpy/JHO IPMMEHATH CTleIManbHbIE METOMbI ONTUMM3aLM pacipesierne-
HMit (Takye KaK ynopsigodeHue coobLienmit anst MuEMMM3anmm y3kux mect). [TIpu nomomn
CrieManu3upoBaHHbiX GyHKLMI /1A KOHKPETHbIX pacnipefeNeHnit MOXXHO IOOUTHCS TaKoi
e HPOUINYIUTCNBHOCTH, KaK IIpU o6MeHe cOOOLIeHUAMY.
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Ilepesoo

Fraction of peak bandwidth ~ dons nuxoeoti nonocv! nPonycKaHus;

Bandwidth - nponycknas cnocobrHocmu;

Bandwidth Dominated regime — JoMuHupyoujuti pesxcum nonocst NPONYCKAHUS;
Message size as a fraction of total memory - pasmep coobuerus 6 donsx om obujezo
obvema namamu;

Processor Clock cycles - maxmosvie yuxnv: npoyeccopa;

Latency - 3adepscka;

Latency dominated regime — domuHupyouuii pexcum 3a0epicKu.

Pucynok 5.8. CpaBauTenbHas Xapakrepuctuka MatlabMPI 1 MPI
Tonoca npomyckaHus 1 3afiepXkKa B 3aBUCMMOCTH OT pa3Mepa coobiuenmit. ITpomyck-
Haf CrocoGHOCTD NpeACTaBleHa KaK A0/ AMKOBOV NPONMYCKHOM ClIOCOGHOCTY coe-
IVIHEHMA HVDKHETO YpoBHA. 3afiep)kka BblpakeHa B LMK/ax npoueccopa. ns 6onb-
LIMX COOOLIEHMIT MPOM3BOAUTEILHOCTD 0beyx 6ubmioTek conocraBuma. {1 Manbix
coo6wiennit 3apeprka MatlabBMPI ropaspo eeiue

B oTHOmeHM npunoXkeHnit MMHMMM3ALMA HAKIAZHBIX PaCXOlOB O3HAaYaeT NpuMeHe-
HUe aliropuTMa, KOTOPbI MCTIONb3yeT MeHblilee KO/MM4ecTBO 60MbLIMX co06LIeHNiT BMECTO
MHOXeCTBa ManbiX. OTHOCHTE/IbHAA NPOM3BOAMTEIBHOCTD XOPOIIO peay30BaHHON Mpo-
rpaMMBbl MOXKeT B 3HAYMTENIBHOM CTeNeHy OCHOBBIBATbCA Ha NMPOV3BOAUTENbHOCTY HIDKe-
nexxatneit 6mbnuotexkn ob6Mena coobmennamm. OueBrpHO, TPMBHATBHO MacCOBble Mapan-
NenbHbIe BBIMVC/IEHNSA, KOTOPble XapaKTepy3YyIoTCsA He6GoMmbIM 06beMOoM KOMMYHMKALN,
cMoryT o6ecnednTh XOpOouIyio NpoM3BOAMTENbHOCTD. [Tpuioxenns, MCnonb3yiouwye rpyn-
NOBYI0 KOMMYHMKALMIO pacrpe/ie/leHHbIX MacCMBOB (HampyMep, «KaXZblA K KOXKIOMY»
UMK IIMPOKOBeLLIaTeNbHAsA PacChIKa — broadcast), CKIOHHEI K IIepexoxny B pexum pabo-
Tht ¢ 6onbIMMYM coobleHnAMY, obecriednBas TakuM 06pa3oM IpyeM/IeMyIO0 TPOM3BOAY-
TenbHocThb. ITpunoXxkenns, KOTOPHIM HEOOXOAMMO MHOXKECTBO CITy4aiHBIX cooOLeHMi1 He-
6Gonbiioro pasmepa, MeHee 3¢ EKTUBHEL

5.11. NpyHUMNEI yBENUYEHUS NPOU3BOAUTENBHOCTH

B npenvinyuiem nogpasgiene Ounm HPCACTARICHNM NEKOTOPblE MOAPOOHOCTH peannHO-
ro yctpoiicrsa 6ubnuorexn pacupeneacinimx muccuson 8 MATLAB. OcHonbiBasch Ha laH-



Maea 5

HOi1 MH}OpMaLMY, MOXHO Bbi4/IeHUTh HEKOTOpPble MPUHLMIIBI YBeNUYeHUs! TIPOU3BOAN-
TeNIbHOCTH, KOTOpbI€ MOTYT CTaThb I0/I€3HBIMM IPY MCIIOIb30BAHMM pacHpe/ie/IeHHbIX Mac-
CHMBOB Ji/I CO3/IaHM A NTapannenbHbIX nporpaMM Ha MATLAB.

5.11.1. IIpon3BOAUTENBHOCTD, IPOM3BOAUTENBHOCTD, NPOU3BOAUTENBHOCTD

EduncmeenHoti Npy4MHOI CO3[aHMA NMapalieIbHON IIPOrPaMMEL ABNIAETCA CTpeMIIeHNe
yckopuTh ee BhinosnHenue. K coxxaneHuro, mpyu 3TOM 0YeHb JIETKO IIOTPY3UTHCA B CNIOXKHO-
CTV TIpM TNOMBITKE 3aCTAaBUTh Napaie/bHOe MpUIOXKeHNe paboTaTh M MOTePATh U3 BUAY
raBHYIO Llenb. Ha kaxkmoM 3rane pa3paboTKy HeOOXOAMMO NPOBEPSATH MpPOM3BOANTEIND-
HOCTB K101 yacTu. Eciv oTiennbHbIe YacTy Mapaj/utenbHOTO MPUAOKEHNs CTpoATcs 6e3
ydeTa MX IpOM3BOJMTENIBHOCTH, OYEHD CIIOKHO OyleT «HaCTPOMTB» IPUIIOXKEHME MO3XKe.
Ha 6onpumx nmpoektax o6514HO HeO6XOAMMO NMPUCYTCTBYE TaK HassBaeMoro «performance
hawk» (s1poro cTopoHHMKa »eCTKOTro Kypca IpoM3BOANTENbHOCTH ), KOTOPBII MMeeT IpaBo
OTK/IOHUTB BHeCEHNe KaKUX-M60 M3MeHeHM B IPOrpaMMy, KOTOpPble CHIDKAIOT IPOM3BO-
ImTenbHOCTh. [IpryunHOli 3TOMY ABJIAETCA €CTECTBEHHDBI MHTEepeC 60NbUIMHCTBA IPOrpaM-
MMCTOB K QYHKLMOHAIbHOCTH, HeXXe/lM NPOBe/IeHNI0 BpeMeHM 32 perpecCMBHBIM TECTHPO-
BaHMeM NPOU3BOJIMTENIHOCTH.

10 105 104 103 102 10°
relative matrix size

Ilepesod

Relative cornerturn throughput — omnocumenvHas nPonycKkHas cnocobHocmy
nepedauu ¢ nepeynopaoouUsaHUemM OGHHDBIX;

Relative matrix size - omHocumenvHulil pasmep mampuypl;

Message passimg — obmeH coobuenuamu;

Distributed arrays - pacnpedenervie Maccusb..

Pucynok 5.9. KommynukanMoHHble HaKJIafHble pacXOfibl MaCCMBOB
OTHOCHTENbHAA MPOM3BOIUTENIBHOCTD METORA «KaXMbI K KKJIOMy» JUIA peanusa-
LM IIpy IIOMOLLM IMCTOrO 06MeHa cooB1LeHNnAMY € noMoLbIo ollepatym A(: , ;)=B

ntranspose_grid. Ocb X npencrapnaer co6oit pasmep KXol MaTpuLbl IO OTHO-
eI K 0ObeMy tamsity yana. Och Y npeactanisiet nponycknyio cllocobHOCTb HO OT-
HONICHMIO K NIMKOBON
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5.11.2. OnieHKa Npou3BOAUTENHBHOCTH

OueHb BXXHO MMeTh pasyMHOe IpefICTaB/IeHNe O IIpousBopMTeNbHOCTH Oyay1neit mpo-
rpamMmbl. CaMbIM ITPOCTBIM CIIOCO6OM ee TONTyYeHUs ABNAETCA NpYMeHeHNe OfHOTO MM
ABYX T€CTOB NMPOM3BOAUTENBHOCTH, KOTOpble 6blIM OB1 60JTee MPOCTEIMY, YeM «peaIbHOe»
NpUoXeHNe, HO Ipy 3TOM 6bliM GBI CIIOCOGHEI IlepefaTh CYTh TOTO, YTO IBITAETCS CeNaTh
RaHHOe NpuIoXKeHNe. VIcnonb3ys 3TOT TecT NPOM3BOANTENBHOCTH, OOBIYHO rOpasfio erde
UCCTIEOBaTh pe3ybTaThl H06aB/IeHNs MPOLeCCOPOB ¥ M3MEHEHUA KapT pacnpefielleHHBIX
MaccuBoB. IIoHAB 0co6erHOCTH PYHKIMOHMPOBAHUSA TECTOB IPOM3BOAMTENBHOCTH, pas-
paboTunk scHee npefcTapnser cebe, Kak HOMKHO paboTaTh peanbHOe NpunokeHne. Vic-
TNIONIb3OBaHMeE TeCTOB TaK)Ke IIOMOTaeT BHIABUTD, B KAKOM acIeKTe HeoOX0[MMO NPU/IOKUTD
JIONONHNTeENbHBIE YCUITUA C LieTIbI0 YydLiIeHNs NPOU3BORUTENBHOCTI.

5.11.3. MunmMH3anmsa HaKITaJHBIX PacXOfOB

Hcnonb3oBaHue pacnpefieneHHBIX MacCMBOB 06JeryaeT paspaboTky Napa/iie/bHbIX Po-
TPaMM, O[IHaKO yBe/M4yMBaeT HaKIa[Hble PaCXOfibl IIOC/IEOBATEbHbIX IIPMIIOXKeHuit. BaxkHo
NpOBECTY CPaBHUTENbHBII aHAIU3 MPOM3BOAMUTENBHOCTY POTPaMM € OFHUM MPOLIECCOPOM
C UCNONb30BaHNeM paclpefie/leHHbIX M HepacrpefieleHHbIX MaccuBoB. Eciu mporpamma ¢
pacrnipezie/leHHbIMM MaccuBamu paboTaeT faxke Ha 10% MefyieHHee, 3TO MOXKET 3HAYNTEbHO
OTPa3UThCA Ha IPOM3BOAMTENBHOCTY IPOTrPaMMBl, BBINIONIHAEMOlI Ha HECKONBKIX IIpOLiec-
copax. 3710t 3¢eKT HOCUT HazBaHMe «3aKOH AM/Iaa» (CM. CTIEAYIOLIYIO [IaBy).

5.11.4. MaccoBas napa/nienbHOCTb NOpasyMeBaeT MHEHOe YCKOPEHMe BbIYUCIeHMIT

Ecnn npuno>xenne ApnseTcsa MaccoBO (TpMBUAIbHO-TIapallIeNIbHBIM (T. €. B HEM OTCYT-
CTBYeT KOMMYHMKaLMA), TO C YBelTMYeHNeM KOMMYECTBa MPOLIECCOPOB OHO JIOJDKHO YCKO-
paTbca nuHeitHo. Hanpumep, npy paboTte Ha 10 mpoljeccopax BbINO/IHEHNE IPUIIOXKeHNS
ROMKHO 3aHMMATh 1/10 yacTh BpeMeHM BbINOIHEHNS NIPUJIOKEHNS Ha OfIHOM Mpolieccope.
Ecnu panHoe ycroBye He BBINONHAETCA, 3TO AB/IAETCA NIPU3HAKOM TOrO, YTO YTO-TO He TaK
C npunoxeHneM (HanpyMep, HepaBHOMEPHOCTb HarPy3Ku) MM HiDKenexxaujeit 6ubmioTe-
KOit pacnipejie/ieHHbIX MacCUBOB (HalmpUMep, CABUT 3aIycKa).

5.11.5. Anroput™ M pacnpefiefieHye OpTOrOHaNbHEI PYT K APYTY

3apaHue ayropUTMa M 3afiaHMe Iapajulen3Ma JHO/DKHBI ObITh opToroHanbHbl. Kapra
pasMelleHms NO/DKHA ABNATHCA eMHCTBEHHBIM XpaHUINLIEM Bceit MH(pOpMaIMy, ONyCHI-
BaIOLLet NapaneNyaM, ¥ JO/DKHa GBITh He3aBUCHMOI! OT anroputMa. Takum o6pasom, pac-
npejieNneHHbI MaccUB NpeACTaB/AeT co60it 06BIYHBI MacCUB C KapToif pasMewenns. Vis-
MEHEeHMe KapThl JO/DKHO M3MEHSATH TOJIbKO MPOU3BOAUTENBHOCTD, HO He JIOJDKHO BIUATD Ha
1paBUNILHOCTD pe3ysbTaTa.

5.11.6. He naBspean!

HM O/IMH M3 Mnoc/iefoBaTe/IbHbIX KOIOB HE SABJIAETCA XOpO].HMM napanneanbIM KOJIOM,
OJIHAKO, BCE XOPOLIMeE NapauteNibHBle KOfibl JO/DKHB XOPOUIO BBIIONHATHCA MOC/IEI0Ba-
TenbHo. CaMoe nocnenHee, YTO X0TeNnOch Oni ienath paspaboTumky, 310 06aBUTH rpymITy
KOHCTPYKLUH, KOTOpble 3arpA3HAIOT KO/, TAK Y10 Ol hepecTaeT 6uiTb paboTochocoGHbIM
nocnepoBatenbHbIM koloM MATLAB, KoTopuit MOXET BBINOMHATHCH €3 HOIYIEPKKN 1a-
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pannem3ma (1 MOXeT GBITh NepefjaH KOJIeraM, y KOTOPbIX MOXeT He 6hTb YCTaHOB/IEHHBIX
napajieNbHbIX 6M6moTeK).

5.11.7. Cnemgute 3a SLOC

BubmioTeka pacrpefie/leHHBIX MaCCMBOB MOXXET PealTN30BBIBaTh(A YEPe3 OTHOCUTE/Ib-
HO He6GOJIb1II0e KOMMYeCTBO IporpaMMHbIx cTpoK Kopa (SLOC - Software Lines of Code).
5000 cTpok - pasymHOe KomuecTBo. K coxxanenmio, o Mepe pacumpenus 6ubnmorexu
CTaHOBUTCA BCe TPyAHee MOAiEPXXMBaTh ypoBeHb NpousBoputenbrocry. CrieoBaTenbHoO,
CYILeCTBYeT TOHKasA ITPaHb MeXTy Bo3pocuieii (yHKLMOHAIBHOCTBIO i BO3POCLIeil NPOys-
BOJIMTENbHOCTDIO.

5.11.8. BecnaTHBIM ChIp GLIBa€T TONBKO B MBILIETOBKE

IporpamMmupoBaHue napauieNbHBIX GMOMMOTEK 3a4aCTyI0 aCCOLMUPYeTCs ¢ «(abIum-
BBIM 30710TOM». Ecnu cioXkHas 3afiaya BBIJIAMUT TaK, Kak GyATO OHa iMeeT NMPOCTOoe pelile-
HMe, TO, BEPOATHO, 3TO oMIMG0YHOe NpencTaB/ieHne; MHade, Mol 6bl fasHo ero Hauym. Ot-
pe3BisoumM dakToM ABIAETCA TO, YTO Gornee yMHble mmopy (4eM Mbl), 06r1apatoliye 60b-
LIMMM JieHbraMy, TIOTepIeNy Heyfady B 3Toit ob6mactu 3agonro go Hac. [Ipocro npourute
paboThl, u3nanHble B KoHLEe 1980-x — Hayane 1990-X rofioB, ¥ CTaHET 04eBUIHBIM, YTO Ca-
Mblif OObIYHBIA NPaKTVK MMeN ropaszio 6oree rmy6okoe MoHMMaHWe TApa/yIeM3Ma, YeM
6ONBUIMHCTBO U3 HaC.

5.11.9. YeTnipe mpoCTHIX mIara

bubmmotekn pacnpepieneHHBIX MaCCMBOB, KaK NMPaBUIIO, Pealmu3ylTcs B CIelManbHOM
MHKpeMeHTHOM Npoliecce pa3paboTkyu kofia. Bce aTu warm — o6asneHue napanienbHO-
CTM B KOJI, yIpaBJieHe KOMMYHMKaLMeii ¥ OT/Iafika — ZIOJDKHBI HaIpsAMyIo NMOJIiepXXUBaTh-
ca 6ubmotekamu. Vicxopa u3 Hallero onbita paboTel €O MHOTMMM NONIb30BaTe/IAMM MNa-
pannenbHbix MATLAB-nporpaMm, Mbl OTyYU/IM CTaHAAPTH3MPOBaHHbIN M IIOBTOPHEMBIN
npouecc (cM. MpebiAyLIMe IIaBbl) Aj1s GBICTPOro Mepexofia OT IMOC/E0BaTeTbHOTO KOofia K
s¢dexTMBHOMY napamIeNnbHOMY KOAY. 3TOT Ipoliecc MMeeT GoMbllioe 3HAYEHMe, TaK KaK
HabrmoflaeTCA eCTeCTBEHHAasA TeHZIEHIIMSA CpeiM MONb30BaTeNell MapannelbHBIX MPOrpaMM
Ha MATLAB nocne no6apnenns napaureNbHbIX QyHKuMIT He3aMeIUTeNbHO peliaTh KpyTl-
HBIe 3a/1a4y Ha 60/IbIIOM KOMMYeCcTBe MpOLieCCOpOB.

Illar 1. Jo6aBnenne nocnegoBaTeTbHBIX KapT

YeThIpex1IaroBblit NpoLlecc HaYMHAeTCA ¢ f0OaB/IeHNA pacnpeieNieHHBIX MaTpUI| B I10-
CnefoBaTeNbHYI0 MpOrpaMMy, a 3aTeM IpUCBOEHUS BCeM KapTaM 3HaYeHUs 1 ¥ MpoBepKyu
nporpamMmel ¢ Np = 1 Ha JIOKa/IbHOIt MallyHe,

BosbmuTe nocnenoBatenbHbI1 KO ¥ io6aBbTe KapTHI K K/IIOYEBBIM MacCHBaM; MCTIONb-
syifTe MX /I CO3/IaHNA NapaJUleNbHbIX IUKIIOB for; 3aTeM OTK/IOYMTE BCe KapThl. Beimosn-
HeHue 3TOro KOoJia IO/DKHO IPUBECTY K TOYHO TAKOMY e KOJTy, KaK ¥ IIPeXJie, C TeMM XKe OT-
BeTaMy1 ¥ NPOM3BOAUTEILHOCTBIO, KaK IPY MOC/IeA0BaTeIbHOM BhinonHeHnn. Kak Bbl Mo-
eTe NpeCTaBUTh, 3TOT 3Tall BbISB/AET BCe TUIIBI ZieeKTOB, KOTOphle OTHOCUTENBHO JIer-
KO YCTPaHMTh B JaHHOM OrpaHNy€HHOM KOHTEKCTe.

Ina nonnepxxm atoro atana 6ubnmoTeka pacnpeneneHHbIX MaccMBOB obecneyuBaeT
Halnune HENOro pAjia BOIMOXKHOCTER. Bce KOHCTPYKTOPBI JOMKHBI BbIKAIOUUTD 06beKT
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KapTol. KoHcTpyKkTOpBI, KOTOpBIe paboTatoT 6e3 ABHOro 06beKTa KapThl, He MOTYT OBITD Bbl-
K/II0YeHbl, IO3TOMY MX CrefyeT u3berarb. Bce GyHK1MM fOIDKHBI paboTaTh M MMETb CMBICT
Kak Ha NoC/eJJOBaTeNIbHbIX, TaK M Ha pacnpefielleHHBIX MaccuBax. B mpoTnBHOM cry4ae, Kop
OTKaXkeTCS paboTarh Ipy NOMbITKe BHINONHATD €ro nociefoBarenbHo. 1o 3Toit mpuynHe
6onbUMHCTBO 6M6/MOTeK MMEIT NMOC/TeNiOBaTeNbHbIE «3aI/TyIKM» I BCeX CBoMX (yHK-
umit. PekoMeHsyeTcs nsberath mcnosnb3oBanua QpyHKIMIL, KOTOpble He paboTaloT B Ioce-
AloBaTeNbHOM pexkuMe. B pesynbrare nomydaem Koji, NO-TNpeXXHeMY SAB/IAIOIIMIICS XOPOLIMM
NOC/Nefi0BaTeNbHBIM KOJIOM, KOTOPBIM MOXKHO IOfIETUTHLCA C APYTUMH, KOMY Heobs3aTeNlbHO
TpebyeTcs ero napannenbHOe BHIIIONHEHMe.

Illar 2. Bxroyenue napamneIbHbIX KapT

BropbiM 1m1aroM sAB/IfeTCst BKIKOYEHMe KapT pasMellieHus M NMOBTOPHOe BBINOMHEHME
nporpamMmbl ¢ Np = 1, B X0fie 4ero npoBepseTcsi KOPPEKTHOCTh paboThI NeperpyKeHHBIX
KOHCTPYKLUMit B 616moTeKe pacnpeieleHHbIX MaccMBOB. Taxoke HEMa/IOBaXXHO B3ITISIHYTh
Ha OTHOCHTEJIbHYIO IIPOM3BOANTENTbHOCTD Ha IIEPBOM M BTOPOM LIIare, Tak KaK 3TO IOMOXKeT
onpefenuTh Mmobble HenpenBIeHHbIE HAK/IAHble PacXofibl, BhI3BaHHBIE MCIIO/I30BaHEM
KOHCTPYKLMIT pacrpeie/leHHBIX MaCCHBOB.

3TO CIY’>KUT NPOBEPKOIi TOTO, YTO Pe3yNbTaThl ¥ MPOU3BOAUTENBHOCTD B NOC/IEROBa-
TeNIbHOM peXyMe NO-TIpeXXHeMy paboTaT KOPPeKTHO B NMPUCYTCTBMM pacripefieleHHbIX
MaccuBoB. Ha aTom artamne BbIABIAIOTCA Bce THIIB ie)eKTOB, KOTOpBle OTHOCHTENBHO JIer-
KO YCTPaHUTb B IAHHOM OrpaHM4YeHHOM KOHTeKCTe. KpoMe TOro, oH BBIAB/IAET BCe HENO-
CpeﬂCTBCHHbIC HaK/IaHbl€ pacXo/ibl IO MPOU3BOAUTEIBHOCTH (Hanpumep, OT UCIOJIb30Ba-
HuA QyHKIMIT pacTipefeNleHHbIX MacCHMBOB), KOTOpble HeOOXOAMMO MCIIPaBUTD [0 TIOMBIT-
KM Tiepexoyia K napanjiemsmy.

Jnsa noxgep>xanu 3Toro srana 6ubmorexa pacnpejie/IeHHBIX MACCUBOB MCIIONB3YeT TY
e TEXHONOTHIO, YTO M Ha IepBOM 3Tarle: KApThl MOTYT OBITh BBIK/IIOYEHBI 1 BKIIOYeHbI 6e3
sarpynHenmil. Kpome Toro, Bce ¢pyHKumMM nopaep>kki napaiien3Ma nO/DKHbL pabotath Ha
O6bIYHBIX MaccuBax. B muTore mazepxku mobbIx neperpyxeHHbIX ¢yHKuMI Heo6XOAMMO
MUHMMM3UPOBATh; MHa4Ye NPOCTOE MCNIONb30BaHMe pacnpefieNleHHBIX MaCCMBOB 3aMefiAeT
paboty nporpamMmsl, 4TO 3aTPyAHsIET YCKOPEHe BEIYMCIEHNIT IPOrpaMMOil B Iapasuienb-
HOM pexume.

Illar 3. MacinTabupoBaHue Ha paGoyeii CTaHIUK

Cneqyoumit ar 3aKIH0YaeTCs B BbINOHEHMM NIPOTPaMMBI NPY NMOMOLIM MHOXKeCTBa 9K-
semmuiapoB MATLAB Ha niokanbHoit paboyeit cranyn. Kak npaBuno, Boimomenne c Np = 2,3
u 4 paboraeT Jy4lile BCErO 1 OCYLLeCTB/IseT afieKBaTHYI0 NpoBepKy Kopa. Yacro cmyvait Np = 3
6b1BaeT 0cOGEHHO NOME3HBIM, TAK KaK pasMepbl MAacCHMBOB (1. e. N), KaK IIpaBu/Io, He KPaTHHI 3,
M BbIABMAITCA OUMOKYM, BO3HMKIIMeE BCNeACTBYe fonyiienns: «N mod Np = O».

Uar 3 aBnsAerca Hanbosee BaXKHBIM ILIArOM IPOLlecca OT/IAfKY, TaK KaK MMEHHO Ha HeM
napannenusM TecTupyercs BrepBble. Ha aHHOM Iare npoBepseTcA NpaBMIBHOCTD WC-
T1101b30BaHUA M3MEPEHNI, MONy4YeHHBIX OT pacnpefieleHHbIX MaccuBoB. Kpome Toro, mpu
HeobxoaMMOCTH OCylLiecTB/IEHMs KOMMYHMKALMK, OHa BIIEpBble NIPOBEPAETCA MMEHHO Ha
JTOM 9Tame.

Ilns nosep>kkyu atoro stana HeoOXORNMMO, YwTOGBI 6GUONHOTEKa pacrpene/eHHBIX Mac-
CHBOB NOIKOJHIIA JaITYCTUTh MHOXECTRO sKaeMinipos MATLAB na opHoit Mawmne. s
ATOrO TpebyeTcH MUHUMM3ALMA BPCMENM IMHYCKA ¥ oObeMa 3aHUMaeMo NaMATH IS
Kaxjoro sxseminapa MATLAB. Kpome T0ro, B8sXMOZEACTBIA O/KHDBI OCYLIECTBIATLCA
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6e3 B3anmo6moknpoBok. Hakonerl, He0O6X0MMO MMeTh MOHATHBI MeXaHU3M Ha6ITIoeHN
3a BBIBOJIOM BCeX BHINO/HAEMbIX 3k3eMnnsapos MATLAB.

Illar 4. MaciuTabupoBanne Ha napanienTbHOM CHCTeME

Tocnepumit war 3awioyaeTcss B PaKTUYECKOM BBIIIOJIHEHNM NPOrPaMMbi Ha CHCTeMe
napasieNbHbIX Beryucinenui ¢ Np > 1. BornblumuHCTBO paspa6oTumkoB (Bo Bpen cebe) nepe-
CKaKMBaIOT Cpa3y Ha 3ToT 31a1l. [Ipy nepBoM BEINOIHEHNM Ha TaKOV CHCTeMe OCHOBHOIA 1ie-
TIBIO ABJIAETCA MPOBePKa KOPPEKTHOTO 3amycKa MPOrpaMMBbl 1 IPaBUIbHOCTH (PYHKLMOHM-
PpOBaHMA NapajyieNbHON KOMMYHMKauun. Ecii nporpamMma xopolio BHINONHANACH Ha LIare
3, Han1are 4 B OCHOBHOM IIPOMCXOMIUT Te€CTUMPOBaHMe NPaBMIbHOCTY YCTaHOBKM IIPOrPaMM-
Horo obecrieyeHus M HajyIeXalero KOHQUIypupoBaHus NIapa/Ule/IbHOM MalIMHbL.

Jo HacTOAULero MOMeHTa MporpaMMa Io/KHa OblIa BBITONHATHCA Ha 3ajja4axX HebOIb-
moro pasmepa (1. e. MambiM YucioM N), KOTOpble BBITONHATCA ObICTpO. 3a4acTyio npo-
FPaMMICTBI Cpa3y IpoOyIoT BBIIOJIHUTE IIPOrpaMMy Ha KPYIHBIX 3afjayaX, NPy 3TOM Bbl-
siBeHye olm60oK 3aHMMaet 6onblile BpeMeHN. Pa3Mep 3afiauyt MOXKHO YBeTM4YMBATh TOBKO
NOCTIe YCTIEIHOrO BBIIO/IHEHNMsA NIPOrpaMMbl Ha NaparienbHOi MalluHe.

3T10T 3Tan AB/IAETCA [JIABHOM LENbI0 MCIONb30BaHMA OMO/MMOTEKM pacrpelieneHHBIX
MacCHBOB, ¥ OGBIYHO B IieHTpe BHMMaHUA Pa3pabOTKyM napatenbHOI 616MMoTeKn Haxo-
IUTCA Mofifiep>kKa 3Toro srana. OCHOBHBIM CBONMCTBOM, HeoOXoiMMBIM 616/m1oTeKe pac-
npefeleHHBIX MacCUBOB JIIs1 TIOJZIEP>KKM 3TOTO 3Tala, ABAETCA NPOCTOTa YCTAHOBKM U
KkoHurypupoBanusa. Kpome toro, macurabupoBanie pasMepa 3afiaqyy 03Ha4aer, YTo 6u-
6mioTexa flo/DkKHa 06ecreYUTh €ro MpOCTOTy He3aBucuMo oT Np. B srom sakmoyaercs
OCHOBHO€ IPEMMYLIECTBO NMOAXO0/Ia HA OCHOBE KapT pa3MellieHud, KOTOPbIi I03BO/IAET U3-
MeHATb Np 1 N 6e3 n3aMeHeHNs (byﬂxuuomiporsaﬂuﬂ KoJia.

HaxoHer, oyeHp Ba)XHO BBIMOJIHATD OT/IaJKy 3ajilay Ha CaMOM HM3KOM 3Talle, Kmbpbn?t
BBINIONHAETCA 6071ee GBICTPO M NMO3BOJIAET CKOpee YCTPaHUTb OLIMOKH.

5.12. Pesynerarsl, NpeaocTaBneHHbIe NonsL3oBarensimm

VicTuHHasA Mepa yCIeLIHOCTH TOi MIIN MHOI TEXHOOTMM — 3T0 3¢ eKTUBHOCTD ee IpH-
MeHeHNs pealbHbIMM 1I0/Ib30BaTesIMU. B Tabnmite 5.7 npuBeeHBl HECKOIBKO NPOEKTOB,
MCIIO/Ib3YIOLIMX BHILIEYIIOMAHYThIE TexHONOrmn napamennsma B MATLAB [Reuther et al.
2004]. 31 NpOoEKTHI NOAAEPXKUBAMCH COTHAMM N0JIb30BaTelIelt ¥ ABIIAIOTCA perpe3eHTa-
TUBHBIMM B NI0JIb30BaTeNbCKON cpefie. Ocobblit MHTepeC BBISBIBAIOT CTONMOLIb], TIOKA3bIBAIO-
L¥e BpeMs pacnapajulenMBaHiA U TO, Kakie BO3MOXXHOCTY AaeT napauiennsm. Bpems pac-
napauieNMBaHNs MOKa3bIBaeT, Kak 6bicTpo kof Ha MATLAB moxer 6biTh mpeo6Gpa3oBan
M3 II0CTIeR0BaTeNbHOTO B Napa/le/IbHblIA, a TaKKe HaCKONbKO GBICTPO NO/Ib30BaTeNb MOXKET
MOy YMTB NapaJUIeNbHbLI KOfI, paboTaloLIMii Ha napaenbHoit MalnHe. [Tpunoxenns, Ko-
TOpble CTAHOBATCA JOCTYMHBIMM O/arofiaps pacrapanie/MBaHmIo, BKIIOYAIOT CLieHapui, B
KOTOPBIX MOTYT paccMaTpuBaThbcs HabGOpHl JaHHBIX GoIbliero pasMepa, 6oree TUaTeNBHO
M3y4aTbcsA HabOphl IapaMeTPOB M paccMaTpyuBaThcs 6oree CnoXHbIe MMUTaLmu. B To Bpe-
MA KaK Mbl, KaK MpaBu/o, obecnieunBaeM Nno/mb3oBaTeNeil HadalbHbBIMM HaIpaB/IAIOLMMN
PEKOMEHJIALIMAMM 110 pacnapai/ie/IMBaHUIO aITOPUTMOB, 110/Ib30BaTeNM ObICTPO OCBaMBa-
I0TCA B HAUMCAIMY HIOBBIX HAPASNETBHBIX KOJOR.
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Ta6nuua 5.7. Pe3ynbrarsl paboThl HEKOTOPBIX NIONH30BATENbCKMX MIPUIOKEHMIT

B nepBoit 1 nocnegHeit KOIOHKAX MPMBOAMTCA KPAaTKOE ONMCaHMe KOfIa M TO, Yero yfia-
nocb fOCTHYD Gnaropiaps napaieNbHoM Bepcuy Kopa. B cpenHeit KOMOHKe MPYBORUT-
CA pacyeTHOe BpeMs HANMCaHMsA NEPBOHAYA/IBHOIO MOCTENOBATE/IBHOrO KOfa M Jio-
NONMHUTENILHOE BpeMs [ pacnapajileMBaHNs KOfA Py MOMOLIM pacHpeneneHHbIX
MaccMBOB M Nony4enus 3¢ GeKTMBHOCTH BIIIOMHEHNA Ha apa/lIebHOM MalllMHe

Mocnenos. Bpemna

() / Yro ynyvwmnocs/crano GbicTpee B peynsrare
Onucatne koga pacnapannenuBaHus
Mapan. spems (4)
WmuTtaummn gatunkos 2000/8 Bonee BLICOKOTOUHbIN pagap
OcHoBHbie npyHUvnb LADAR N
(naseph. nokaws) 1300/1 WUMuTaumm cnekn-cTpyKTypbl 3obpaxeHni
Wmutaummn parimkoB 40/0,4 Wccnepoeanna obnactu napameTtpos
Wmutaummn AatumkoB 900/0,75 Meroa MoxTe-Kapno
PacnpocTpaxexue nazepHoro 401 Bpews BLINCNHeHNS
nyva
NonnHomuanbHan o
annpokcumaLma 700/8 Bonee 6bicTphiit anroputm obyyexus
Cnexenve 3a ABWKEHNEM
36MHOM KOpbi 600/3 Bonee 6bicTpbie/6onbilune Habopbl AaHHbIX
ABTOMaTU4ECKaR o
waeHTudmKauma uenu 650/40 Knaccei/cueHapwm uenein
MunepcnexTpantHbii aHanva 960/6 Yeenuienne HabopoB AaHHbIX U306pakeHnit

IMouty Bce 3T NpunoXkeHMa paboTAIOT Ha 3aja4ax MaccOBOro mapamnemama. Tak Kak
A3biKk MATLAB sBnsercsi A3BIKOM, OpMEHTMPOBAHHBIM Ha 06pabOTKy MaccMBOB [aHHBIX,
TIONb3OBATE/MM CYMTAIOT pacrpesieNieHHble MacCHBbI €CTECTBEHHBIM Crioco60M OMNMCaHus 3a-
fia4y MaccoBOro napaanenusmMa. s 3TUX TUIOB NPUIOXKEHMI1 HaK/IaZiHble PacCXOfbl Hamuca-
HMA KOfla HAMHOTO MeHbillle, 4eM IIp¥ MCIIO/b30BaHMM obMeHa coobuiernsamu. Kpome toro,
pacnpeienieHHbIe MaCCHBBI €CTECTBEHHBIM 00pa3oM BBITONMHAIT EKOMIIO3MLMIO 3afiay Ha
HauGonblilMe ecTeCTBEHHbIE YaCTH, YTO MAKCHMAIbHO yBeTMYMBaeT JIOKA/bHYIO TPOM3BOAM-
TeNbHOCTb. B NpOTHMBONONOXHOCTD 3TOMY, TIOAXONL «K/IMEeHT/cepBep» MMeeT TeHJEHLMIO fie-
NUTb 3a/1a4¥ Ha HauMeHb1Ive QyHKIMOHANbHBIE eNVHMIIb], BbI3bIBast 60ree BHICOKIE HAKIAf-
Hble pacxonibl. [Tonb3oBaTe/m pacnpesielleHHBIX MaCCMBOB CYMTAIOT, YTO (yHKLMIA, KOTOpBIE
npepocrasnseT 6ubnMoTexa pacnpeieleHHBIX MACCUBOB, IOCTATOYHO YA pacnapaulenBa-
HUA MX MIPUIOKEHMI ¥ IONy4YeHNs 3HAYUTENBHOTO yBeYeHN s Ipon3BopuTenbHoCcT. OHu
TIOMIb3YIOTCA NpenMyllleCTBaMM KaK pacrpefie/leHHBIX MacCMBOB, KOTOpbIe YacTO MpUMeHs-
I0TCA UMM KaK K/acChI-KOHTEHEPE!, TaK ¥ pacnpefie/leHHbIX MHIEKCOB B CUTyaLMsX, KOIAa
Tpe6yI0TCA pactipesieneHHble LMKIbl for. BompimHCTBO paspaboTunkos ucnoneayet ¢par-
MEeHTUpOBaHHble pacnpesielleHHble MacCUBbI, CYHUTasA, YTO OHM MPOCTHI B UCIIONB30BaHUM W
XOPpOILO pelaloT NoCcTaBNeHHBIE 3a7iadM.
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MeTpuku nponsBoaUTENILHOCTU U
apxXMTeKTypa nporpamMmHoro oéecne4yeHus

Pesiome

MeTpuky NPON3BOAUTENBHOCTH ABMAOTCA GeCLIEHHBIM MHCTPYMEHTOM JUISA peany-
3alMy NapaJuieNIbHBIX HpOrpaMM, KOTOpble OTIMYAITCA BbICOKOH 3¢EKTHBHOCTBIO
Npy MMHMMM3ALMM CTOMMOCTYM TporpammHoro obecrnedenns. B macrosieit rnaBe
OMKUCBIBAIOTCA HEKOTOpBIE METPYKYM NMPOM3BOAMUTENLHOCTY, @ TaKKe MOKa3aHbl CHO-
COOBI MX NPUMEHEHM JUIA MPUHATHA MPAaBWILHBIX PeIueHui OTHOCUTENBHO peany-
3anuy npuiokeHus. B xozie npencTaBiienys 3THX METPMK ONMCBHIBA€TCA CTaHapTHas
CHCTeMa Tapa/ieNIbHBIX BHIYMCIEHNIt M PacCMaTPUBAETCA BIIMAHYE TIPOUBOIUTEND-
HOCTY Ha pasfi4Hble MOJle/IM Iapajie/IbHOTr0 MPOrpaMMMPOBaHM L.

6.1. BeeneHue

3¢dextnBHy0 napamrensHyilo MATLAB-nporpaMMmy Hammucarh JOBOJIBHO CIIOXHO IO
npu4yHe GOJBIIOTO KOMMYeCTBa JONOMHNTENBHBIX (aKTOpPOB, KOTOpble HEOOXOAUMO y4N-
ThIBaTh, IOMMMO OCHOBHOII (PYHKIIMOHAIbHOJ KOPPEKTHOCTHM NporpaMmel. [JaHHbIe ¢ak-
TOPHI NIpUBeREHbI HIDKE.

IIpon3BoAMTENbHOCTD: 3afiepXKKa ¥ MPONYCKHAsA CIOCOOHOCTE.

AddexTnBHOCTDL: 06paboTKa, IIMPHHA NPONYCKAHNS Y IAMATb.

3arpartsl Ha IporpaMMHOe obecrniedenne: pasMep ¥ IePeHOCHMOCTD KOJIa.

3aTpaThl Ha annapaTHbl€ CPEACTBa: pa3Mep ¥ MOLIHOCTb.

MeTpuky npon3BOAUTENBHOCTH SBJIAIOTCA BaXXHBIM MHCTPYMEHTOM, KOTOPBI O3BO-
nset paspaboTumnky napamienbHsix MATLAB-nporpaMM cienaTh 0CO3HaHHBIIT BEIOP Me-
TOJIa IIPOrpaMMMPOBaHMA U peann3anmum.

B nanHoI1 r71aBe OCHOBHOE BHMMaHMe Yie/seTCsA MeTpUKaM IMPOMU3BOANTENTbHOCTH ¥ ap-
XMTEKTypaM MporpaMMHoro obecrneyenns, npejHasHaYeHHOTO JUIA pean3alyy napauienb-
HBIX NIPUJIOXKeHMI1, KOTOpBIe CIOCOOCTBYIOT MMHMMM3allMK 3aTpaT Ha IporpaMMHoe 06e-
CIleyeHye IIpM TOM, YTO OHM OTBEYAloT Kak MOXXHO 60JIbIlleMy YMCITy APYruX Tpebopanmit. B
JaCTHOCTH, MBI PACCMOTPMM pas/IMYHble APXUTEKTYpPhl IIPOrPaMMHOT0 obecrieyeHs, KOTo-
Ppble MOXHO MCIIONIb30BaTh C 1ie/IbI0 NpYMEHEHNA Napal/Ie/IbHbIX BHMUCIIEHN, IpefHa3Ha-
JeHHBIX JI/Is IOCTVDKEHNA BBICOKOIA MMPOMU3BOAMTENBHOCTH. B CBA3M ¢ 3TMM, JOMMHMPYIOLN-
My ¢aKTOpaMy JUIS apXUTEKTYpbl Napa/IeTbHOTO NPOrPaMMHOTO obecriedeHNs ABIAITCA
cremyoume.

Tyn napannenusma: napauzen3M IO JaHHBIM, N0 3afadaM, KOHBeiiepHas o6paboTka
n/vm KapycenbHas ayucneryepusanms (UMKIMIECKMIi aITOpUTM).

Mopems napannenbHOro NMporpaMMMpOBaHMA: 0OMeH COOOLIEHMAMY, «HAYANTbHUK/
TIOIYMHEHHbII» U ITI06aNbHble MACCHUBEL

Cpenia HporpaMMUPOBaHMUA: A3bIKY M/Unu OUONTMOTEKN.

Hopxoan K pemeHuio JlaBHKMX BONPOCOB NyHlle BCEI0 MOrYT ObITh MPOWINTKICTPUPOBaHb!
113 KOHKPETHLIX NpUMEPUX, JlaHHRK rNaBe HanMcaHa ¢ OIIOpOi HA IIPUMEPDI, pacCMOTPEHHbIE B
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npeabiymmx rmaBax: AddOne, Mandelbrot, ZoomImage, ParallelIO, Beamformer u
Blurimage.

B paspiene 6.2 onychIBalOTCA HEKOTOpble METPMKY Napasiyie/IbHbIX MPUIIOXKEHMIA M MX
NpYMeHeHMe Ha IpuMepe IporpaMM, NpefiCTaBlIeHHbIX B MPEAbYIMX IaBax. B paspene
6.3 npesicTaB/NeHO ONpesie/ieHNe TUIMYHOI NapayieNIbHOM BHIYMCIUTENbHOM MAIIVMHE M ee
XapaKTepUCTMKM C Lie/IbIO NIO/TyYeHNs MPeACTaB/IeHN O ee BIMAHMM Ha NapaUleNbHOe pH-
noxenue. B pasperne 6.4 onucano B/MAHME Ha IPOTrPaMMHOe 06ecnieyeHye pasIMyHbIX MO-
fieNieit MapateNpHOro nporpaMmuposanus. HakoHen, paspen 6.5 faeT onpefieneHns me-
TPUMK IPOM3BOUTENBHOCTH cHCTeMBl, 3ddekTBHOCTH, PopM-PakTopa 1 3aTpar Ha Ipo-
rpaMmHoe o6ecriedeHe, KOTOpble 6yyTMCIIONb30BATHCA HaMM JUIA OLIEHKM peau3aLiyi.

6.2. XapakTepucTukv napannenbLHOro NpuoXeHus

PasmuuHble MporpaMMbl MMEIOT pa3/IMyHble NapajUlelbHble XapaKTepucTuky. Ilapan-
ne/bHasA peanu3anmsA, XOpoUIo MOAXoAAas OIHOMY ITPUIOXKEHMIO, MOXKET COBEPIIEHHO He
noaxomuTe Apyromy. OTcrofa ecTeCTBeHHBIM 06pa3oM BO3HMKAeT CieqyIoLIMii BOIIPOC: Ka-
KMe XapaKTepUCTMKJ Iapajlle/IbHOI ITporpaMMbl OKa3blBaloT Haubolblilee BIMSAHME Ha ee
napajuieNibHy10 peanu3anmio? s neneit orobpaxkeHus alrTOPUTMa Ha NapajenbHyIo Ma-
IIMHY Han6orTee 3HAYMMBIMM XapaKTEPUCTUKAMM ABIAIOTCS CeRyIoLMe:

OcHOBHBIE CTPYKTYpPbI JAHHBIX: MAaCCUB(~ bl) Ha KaXTON CTafjuy IIPOrpamMMBbl, TOTpe6ns-
IoLLK1e HanOoJIbLIMIT 06beM NaMATH, Ha HUX BHIIOIHAETCA G0/IBIUIMHCTBO BHIYMCTIEHMIA.

Cnoxuoctp BeruMcienuii (W): o6iee K0mMyecTBO BBIIONHEHHBIX orepanuii (M Bbl-
MONTHEHHOM paboThl) ¥ MX 3aBUCUMOCTD OT AITOPUTMUYECKMX NTApPaMeTPOB

KonuuecTBo onepanmii Ha snemMeHT faHHbIx (W, ): KOMMYECTBO BbINOTHEHHBIX OTle-
paumit (MM BBIOIHEHHON paboThl) Ha KaX/IOM 371eMeHTe JAaHHBIX.

Crenenn napannenusma (DoP): napanenismM, cBOCTBEHHDIN aITOPUTMY, M €T0 CBA3b
€ OCHOBHbIMM CTPYKTypaMy JaHHBIX.

CnoxxnocTe KoOMMyHMKauu (D): o61ee KOMMYeCTBO 37IEMEHTOB [IaHHBIX, IlepeMelljae-
MBIX NpY BHITNIOJIHEHUM TTapaJlIeNIbHOTO aIlTOPUTMa.

OrtHowenne BorYncienne-koMmyHukanus (W/D): o6beM BBIIOIHEHHBIX BbIYKCIIE-
HUI Ha KaXXAblii NepeMellleHHbIVi 37IEMEHT JJAHHBIX.

Hexoropble 13 3THX XapaKTepUCTHK /IS IPOTpaMM, ONMCAHHbIX B I71aBax 1-4, npuse-
JieHbl B Tabnuue 6.1.

6.2.1. XapakTepucTMKM IPUMEPOB MPOrpaMMm

IMporpamma AddOne (cM. maBy 1) npenHasHadeHa gia gobasnenus 1 k marpuue X
NXN; takum o6pasom, o6uias BernonHerHas pabora cocrasnsier W = N, a pa6ora, Bbion-
HEHHas Ha KaX/IoM 3/ieMeHTe MaTpuIlbl, cocTapnstier W, =1.

[NapannenbHpiit anroputM AJddOne pasbuBaeT MaTpully B IEPBOM M3MepeHUM, TaKUM
o6pasom, umeetcs N cTeneHelt napajienuama, U3 4ero ciemyet, 4To He G6onee Np = N nipo-
ueccopoB Moru 9¢PEKTUBHO MCNONb30BaThCsA € JaHHBIM anroputMoM. HakoHer, sTor an-
ropuT™ He TpebyeT KOMMYHMKAL[UM, C/IefloBaTeNbHO, o6muii 06beM OTIpaBIeHHBIX aH-
Hbix cocTaBnAaeT D=0u W /D —>o».

Ilporpamma Mandelbrot (cM. paspen 2.1) urepayyOHHO BBIIO/MHAET 1103/IEMEHTHOE

yMHOXeHMe Ha MaTpuLy Z pasmepom NXN u axclioMeMUmManbHoO MacluTabupyer pesynsrar
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npy nomouy GyHKIMM exp () . JiiA yMHO)XeHMsA KOMILUIEKCHBIX Y¥CeN KaK IpaBuwio Tpeby-
eTcs ~5 onepaumit, a SKCIIOHeHLManbHas QyHKIMA 0OBIYHO BBIYMCAETCA B ~15 oneparnmit,
YTO B pe3y/bTaTe COCTaB/sAeT ~20 onepanmii, BHIMOTHEHHBIX Ha KaXIblif 37IEMEHT Ha KaX-
zoM mare. TakuM o6pasoM, BEITIONHeHHas paboTa Ha OJIHOM 3/IeMeHTe MaTPMLIbl COCTaBIIAET
W, e ~20 N, 1 061mit 06bem paboTsl cocraput W~20 N, p V- T1apaiienbubli amroput™
Mandelbrot pas6éusaeT MaTpuily B lepBoM M3MepeHMY, TakuM 06pasom nmeeTcss N cTeneHeit
TIapa/UIeNnn3Ma, U3 4ero clefyet, 4to He 6onee Np = N nporeccopoB Mory 3¢peKTHUBHO Kc-
NIOJIb30BATBCA C JAHHBIM anropuTMoM. [1apajutenbHas nporpaMmMa oTIpasiseT MaTpully 06-
PaTHO BexylLieMy Npolieccopy mis oTo6paxeHus, v nepegatorcs D = N? aieMeHTOB JaHHBIX,
B pe3y/bTaTe NO/yyaeM OTHOLIEHNE BbIYMC/IeHNe-KOMMyHMKauus, pasioe W/D = ~20 N, -
orepaimii Ha KaXX/Iblii OTIIPaB/IeHHbIN 37IEMEHT JAHHbIX.

IMporpamma Zoomlmage (cM. pasgien 2.2) BBHINONHAET CBEPTKY M MHTEPIOMALIMIO Ha KaX-
noM usobpaxernnn pasmepoM NX N B Tensope Z pasmepom NX NX N. Kaxqgras cBepTKa Bbi-
nonHset 2N° . OTIEpaLMit Ha IUKCETb. Kaxxpas uaTepnonaumsa sbinonuset ~10 onepaumit Ha
nmkcenb. CymmapHas paboTa Ha KaX[blif 3/1eMEHT [JaHHBIX cocTapnser W, . ~ 2N7+10.
O6umit o6bem paboTet coctabnseTr W~(2N2+10)N’Ns. Anroput™ napaiienbHOl Iporpam-
Mbl ZoomImage o6pabaTeiBaeT Kaxkaoe u3o6paxkeHNe He3aBUCUMO, ClIEOBATENBHO, IMe-
erca N, creneneit napannenusma, u 3HaumT He 6onee Np = N, nporjeccopos Mornn 3¢dek-
TMBHO MCIIO/Nb30BAThCA € AaHHBIM anroputmoM. [lapamnenbHas nporpamMma OTIIpaB/IsA-
€T TeH30p BeAyILeMy IpOLieccopy WA 0TOOpaXkeHNs LIeNIMKOM, TaKiMM 06pa3oM nepefarnT-
ca D = N°N_ 371eMeHTOB IaHHBIX, B pe3y/bTate N0My4aeM OTHOLIEHNE Bb4MCIEHMe—KOMMY-
HUKaLus, pasHoe W/D ~ ZI\FK +10 onepanmit Ha KaXk/[blif OTIPaB/IeHHbIi 37IeMEHT JaHHBIX.

Iporpamma ParallelIO (cM. paspien 2.3) He BbINONHAET HMKAKMX BBHIYMCIICHM, a
MPOCTO 3aNyCBIBaeT M cyMUThIBaeT MaTpuiy X pasmepom N X M. Takum obpasom, W =0 u
W, .= 0. Ilporpamma ParallelIO pasbupaer MaTpuily BO BTOPOM M3MEPEHMH, 4TO
paeT M cteneneit napamwiennsma. Texuuyecky, B mporpaMmme PARALLELIO OTCYTCTBYeT
KOMMYHMKaL{1s MEX/[y IPOLlecCOpaMy, HO OHa 3amMChIBaeT (aiibl Ha YCTPOICTBO XpaHe-
HNA naHHbIX. Ecin ycTpoiicTBo XpaHeHMA JaHHBIX IOCTYITHO IOCPeAICTBOM CETH, TO 3TO 3K-
BuBajneHTHO otnpaBke D = NM snemeHTOB faHHbIX. [Ipy ncnons3oBanuy 3Toro sHaYeHMs
D oueBMAIHO, YTO OTHOLIEHME BBIYMC/IEHNe-KOMMYHMKalmaA coctaBut W/D = 0.

I[Tporpamma Blurimage (cM. 171aBy 4) BBIIONHSET CBEPTKY Ha M306paxeHny Z pasMepoM
N X N. Kaxnas cBepTka BbmonHset 2N, onepaumit Ha m1KCenlb, U B pesynbTare pabora Ha
KaXX/Iblil 37IeMeHT aHHbIX coctapnser W, =2N°N,, . O6umit o6bem paboThl cocTaBA-
er W =2N2KNJCI\{v N,,,- AnroputM pacnpefieieHHbIX MacCMBOB Iapa/l/ie/IbHOM MPOrpaMMBl
Blurimage pas6usaet nsobpaxeH1e B epBOM M3MepeHNH, HO KaXIblii MPOLIeCCOp XPaHUT
N, IOTIONHUTENBHBIX CTONOLIOB NEPeKPHIBAIOLIMXCA TPAHNYHBIX IAHHBIX TaK, YTO6bI, OH MOT
BBINONHATD CBePTKY. Be3 aToro nepekpuiTis cymectsoBano Ob1 N, cTeneHest napajvienmsma.
Onnako ecmn N, /Np < N, anroputm He 6yniet paboTath, Tak Kak nepekpbiTie Gyner 6ornbiie,
yeM 4acTb M300paxKeHs1, XPaHALLIErocs B OHOM npotjeccope. Takum o6pa3om, pakriyeckme
cTeneny napasnnenuaMa coctapnsaioT N, /N,, I03T0OMy MaKCMMallbHOE KOJIMYECTBO MpoLiec-
COpOB, KOTOPKIC MOXKHO UCTONBb30BaTh, COCTaBUT Np = N, /N,. Aroput™ pacnpefie/leHHBIX
Maccunoh Bl { mage iepechiiaeT nepeKpbIBaIOIMECH rpaHUYHbIE ITAHHbIE NOCTIEe KOXKO0M
MTCPANMK, B PCAYIIWTITE Yero oTiHpasnakTca D = Nl_ N,N N, anemenron siantbix. Cootser-

CTBYKLEC OTHOIIEHNE BRINKCIEHe-KOMMYHuKalus cocTasnser W/D =2N, N, /N, onepa-
LA He KOKANS OSEDARARINSILR 81OMEHT ARHHBIX,
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ITporpamma Beamformer (cM. r1aBy 3) cOCTOMT M3 YeThIPeX 3TarnoB, KOTOPbIe 3aK/II0-
HaKTCA B CO3MAaHMM MMMTMPOBAHHBIX JAHHBIX JIATYMKA, MPOCTPAHCTBEHHOI PUIBbTpaLyy
BaHHbIX, 3aMKCcy ¥ 3aTeM CYMMMPOBaHUM IO TpeTbeMy nsMmepennto. Ha srane 1 xomnexc-
Hasf MaTpuua pasmepoM N, X N, yMHOXXaeTcCsi Ha KaXXQyI0 U3 BeleCTBEHHbIX MaTpylL] pas-
MepoM N, X N, , sanucbiBast pesynbratsl B MaccuB x, pasmepom N, X N, X N,. Kaxpoe ne-
peMHOXeHue Matpu1l copepuiaer W, = 2N, onepaumit Ha snement. O6was pabora co-
crasnser W = 4N,N, N,N.. Tlapannenbbiit anroputm Beamformer pas6uaer nsobpaxe-
HME B TPETbeM M3MepeHMM, B pesy/nbTare yero umeercs N, cTeneHeit napawienusma. Ha
9TOM 3Tane KOMMyHMKauusa He Tpebyetcs, Takum o6pasoM D = 0 u ¥/ D — o». XapakTe-
PUCTHMKM 3Tana 2 MaeHTNYHBI 3Tany 1 3a MCKII0OYEHNEM TOTO0, YTO BHIIOJIHAETCSA YMHOXEHNE
KOMIUTEKCHBIX MaTpul], 32 KOTOPbIM ClI€AyeT BBIYMCIEHMe aGCOMIOTHOI Be/IMYMHEL, a BTO-
poe usmepenye x, coctapnser N, BMecto N,, B pesynbrate yero nomydaem W, . = 13N;.
Ha 3rane 3 fanHble 3anMchIBalOTCS BO BHELIHIOKW NaMSATb, Y €T0 XapaKTePUCTUKU UIEHTHY-
Hbl IpuMepy ParallelIO. Ha stane 4 cyMmmupyercs BellleCTBEHHBI MAaCCHUB X, pa3MepoM
N, X Nb X ano TpeTbeMY M3MEPEHMIO, TPV STOM BbINONIHAETCA dem = 1 onepaumit Ha
aneMeHT. [lapanienbHblit aropyT™ CHayasa BbIIONHSET CyMMMpPOBaHMe JIOKA/IbHO, a 3aTeM
co6upaeT pesyneraTh Ha BeJlyllieM IPOLECCOpPe, KOTOpPbL cymmupyet Np marpuy. B pesyns-
Tare nonyyaem D= N, N,N,u W/D=N/N,.

BuiBogs!

XapaKTepucTvKu NpWIOKEeHWI!, IpuBeneHHble B Tabmue 6.1, mpepcTasnArwT co6oit
Haubornee 3aMeTHbIE 0COGEHHOCTY Napa/UIENbHOI peanu3aumm.

OcHOBHOI MaccyB JAHHBIX XapaKTepu3yeT pasMep 3ajiadyl, U3 Yero onpepensercs, no-
MeLllaeTcA M 3Ta 3afja4a Ha ofiuH npoueccop. Ecnu pasMep 3apaun He MeHsieTcs B 3aBUCH-
MOCTM OT KO/M4eCcTBa NPOLIECCOPOB, 3TO HasbIBaeTCs «(PMKCMPOBaHHBIM» pa3MepoM 3ajia-
Yu, ¥ U1 HeKoToporo yycna Np HaiffieTcst JOCTaTOYHO MaMATH, YToObl 3ajlaga MOITIa pas-
MecTUTbCA B Heit. Eci pasmep 3ajiaum MeHAETCA B 3aBUCMMOCTHM OT KOJIMYEeCTBa Mpoliecco-
POB, 3TO HasblBaeTCA «MacHITabMpOBaHHBIM» pa3MepoM 3agauy. Hanpumep, B nporpamme
dBlurimage N, = 1024Np, TakuM 06pa3oM ... pasMep 3ajja4y TMHENHHO NPONOPLIMOHAIEH
umcny Np. [IIpumeyanne: UCTOPUYECKU CJIOXKUIIOCH TaK, YTO MHOT/AA IPOU3BOAUTENBHOCTD
anropuTMa Ha QUKCHpOBaHHBIX pa3Mepax 3afiad HasblBAeTCs «CHIBHBIM» MacIuTabnpopa-
HUeM, B TO BpeMs KaK IPOM3BOAMTENbHOCTh Ha MacHITabMpOBaHHBIX 3afjadax Ha3bIBAaeTCA
«cnabbiM» MaciTabuposanvem).

Cnoxuoctb Boramcenmit (W) nokassiBaet, Kakoe o61jee KONmM4ecTBo orepanmit Heo6-
XOIMMO BBLINONHUTD. Pasfenys 370 4MCIIO0 Ha CKOPOCTh CUCTeMBI (B ONlepalMAX B CEKYHATY),
NOAY4MM OLIEHKy 0611lero BpeMeHy BbINO/IHEHNs AaHHBIX OIlepaLyii.
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Ta6mmua 6.1. XapakTepuCTMKM napa/lelbHbIX aITOPUTMOB

Pasmrunble BoIYMCIMTENBHBIE XapaKTEPUCTUKM IIPMMEPOB MPOTPaMM, NPUBENEHHbBIX
B I7IaBax 1-4

D cnoxuocts  W/D Bbiv/

W cnoxHoctb W, oot Crenenn
Nporpamma MaccuB fiaHHbIX Bbl{VCnaHui onep‘auv'lﬁ/ napanne— (gror%g::ﬁo mgxggj"
onepatmit Sl Lol ANEMEHTOB) 3neme;ﬂ
AddOne X (RPN N? 1 N 0 o0
Mandelbrot Z : CPivxN 20N, N 20N, N N2 20N,
Zoom- Zz 2N,2+10N>N, 20N,2+10 N, NN, N,2+10
1mage
ParallellO X :RV<PM) 0 0 M 2NM 0
Blurimage Z R FPomolNIxNy 2NZN,N. N, 2N2N,,, N,/N, NNNN,,,  2AINNN,)
Beamformer
Stage 1 X, 1 RNxNxPING 4N,N,N,N, 4N, N, 0 o0
Stage 2 X, : RNxNxPN) 13N,N,N,N, 4N, N, 0 o0
Stage 3 X, : RN 0 0 N, N,N, N, 0
Stage 4 X : RIGNoxENe) N,N, N, N, N, N,N,N, N,/N,

3HaueHMe onepaumit Ha sneMeHT faHHBIX (W, ) NokasbiBaeT, HAaCKO/MbKO 6GONMbIION
BBIYMCIIMTENIBHON MOLHOCTH (W;,mm > 100) mam 60/bLIOro KOMMyecTBa JAHHBIX A/S 06-
paborkn (W, < 10) Tpebyer anroputm. B o6iiem, anroputmel, Tpebyowme 60NbLION
BBIYMCIIUTENIBHOI MOLIHOCTH, C 60/IbLiIelt BepOATHOCTHIO 3()eKTUBHBI B MCIIONHEHNM, YeM
aJIropuTMBl, TpebyloLye 06paboTky 60/IbLIIOro KOMAYeCTBa AHHBIX.

Crenenu napajienaMa NOKa3bIBaIOT, BIOJIb KAKOTO M3MEPEHUs pacrpeienserTts anro-
putM. OH onpefienseT KOMMYECTBO MPOLECCOPOB, KOTOpble MOTYT 3¢ $eKTMBHO MCIONB30-
BaThcA. TakKe, /11 MHOTO3TAaNIHBIX IIPUJIOXKEHMIA, €C/IM NapauleNlbHOe M3MePeHMe U CTele-
HU Napajule/M3Ma He MeHAITCA Ha Ka)X/IO0M 3Tarle, IONOTHUTEeNTbHOI KOMMYHMKALIMM MeX-
Ay 3Tanamm He TpebyeTcA.

CnoxxHOCTh KOMMYHMKa1my (D) nokasbiBaeT, CKO/IBKO BCErO 3/IeMEHTOB JAHHBIX He00-
XofMMo nepepiathb. PasfienvB 3T0 3HaYeHNMe Ha MPOITYCKHYI0 CNIOCOOHOCTh KaHa/ma KOMMY-
HUKaluy (B 3/1eMeHTax JaHHBIX B CEKyHAy), MOMy4MM OLIeHKy oOlLilero BpeMeH! nepeaadn
3/1eMEHTOB JIaHHBIX.

OrHollleHMe BbIYMCIeHNne-KoMMYyHMKaims (W/D) nokassiBaeT, HACKO/IbKO GO/IBIION BBI-
yucmrenbHoi Mowsoctyt (W/D > 100) mim o6bema kommyHukarmm (W/D < 10) tpebyet an-
roput™. B 061iem, asroputMel, Tpebyrouiye 60/BLIONH BHIMMCIUTENBHOI MOLIHOCTH, € 607/1b-
Hleit BepOATHOCTHIO 3 QeKTHBHBI B MCMIONHEHNY, YeM ITOPUTMBL, TpeGyiolume mepenayn
6071bLIOTO KO/IMYecTBa AaHHbIX. [ MHorux anroputMoB W, 1 W/D cxopHBL.

element

6.2.2. MeTpnKkmu Npou3BOANTENHHOCTH B NIOCTIEAOBATEILHOM peKMMe
Xapukrepuernki HporpamMmel, ipejcranieninbie n rabauie 6.1, npenoctapasior Gonn-

0¢ KOMU'ICCTHO MH(pOPMMlMM. HO HU OZIHA U3 HUX HE ABJTHETCA Me’rpMK()ﬂ NpOUIBOSU-

TENLHOCTH, TOBM MOAYNNTS METPHKK NPOHIBOAUTEIBHOCTH HE OCHOBE ITHX XBPAKTEPH-
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CTHK, HeOOXO/IMMO BBECTH B PACCMOTpPEHME BpEMEHHbIE PaMKV, BHYTPH KOTOPBIX BBIIIO-
HAIOTCA Onepauyy UK HEPEAAIOTCA INEMEHTDI JIaHHbIX,

B onmncanuu tpeGosanuit o6uel NpoU3BOANTEIBHOCTY CHCTEMBI NMPOIYCKHAsA CIIOCO6-
HOCTb ABNAETCA KIIOYEBbIM MapaMeTpoM. PaccMoTpyM Hekoe 0606111eHHOe PUIOXKeHNe, KO-
TOpPOE MHOTOKPaTHO CYMThIBaeT D 3/IeMEHTOB [IaHHBIX B KaX/Blif MOMEHT BpeMeH! M BBIIION-
Haer W, onepaumit Ha KaXKioM sniemenTe faHKbIX. Jlanee, mycTh T, — Bpems, 3a KOTOpoe
MbI XOTUM, 4TOGB! Ipoxofina obpaborka. Hanpumep, T, MOXeT GbITb MHTepBa/oM BpeMe-
HU MeXAY NOC/efioBaTeNbHBIM NOCTyIUIeHMeM HAGOpoB 13 D 3/eMeHTOB laHHBIX. B gaHHOM
cny4ae HeoOXOMMO BBINOIHUTD BCe OIEpauMy Ha OfHOM Habope JaHHBIX Ilepef TeM, KaK
MOCTYNUT cleAyoumit Habop, 4TOOb! MPeAOTBPATUTL UX HarpoMoXkaeHue. B 6oree obiem
cmbicre, T, MOXeT GbITh MPOCTO XenaeMbIM BpeMeHeM 06paboTky D neMeHTOB IaHHBIX.

Heo6xonumas nponycksas cnocobrocts BW, , (B sneMerTax B cexyHJty) 3afiaeTcs Cre-

AYIOLIMM BbIpaXkeHNeM

BW

input

D/T:nput'

B obuemM ciyyae ecnu npwioXkeHue sIB/IsIETCS MHOTO3TAIHBIM, MPOIYCKHAs CHOCO6-

HOCTb i-0r0 3Talna onpenenseTcs KakK
i — i
BW input D /Tinput’

IMpocTbiM cnocoboM pacyera obuieit HeO6XOAMMOI CKOPOCTH 06paboTKM ABNsAETCA
YMHO>€HMe NMPOIYCKHOM CIIOCOGHOCTY Ha KOMYEeCTBO HeOOXO[MMBIX Onepauuit Ha Kax-
FOM 3MleMeHTe faHHbIX. Takum 06pasom, eneBas HOpMa NPOM3BOAUTENLHOCTH R, orpe-
penfeTcA TaK

Ecnu xenaemas HOpMa NNpOM3BOAUTE/NBHOCTM MEHbIIIEe TO¥, KOTOPYI0 MO>XHO IIONTY4UTb,
UCNONb3Yys OAMH IIPOLECCOP, TOrAa HY>XHO UCII0/Ib30BATh NApaJUle/IbHble BEIYMCIICHUAA.
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Wsmenenne xonmmyecTBa mpoueccopos. PacueT Heo6xommMoro KomdecTsa npouec-
COPOB VIS IOCTVDKEHNS Lie/IeBOit POM3BOAMTENBHOCTY ABJIAETCS BaXKHOM 4acThiO pas-
paboTKM Xopollleil peaTnsaumyl NMapajueNIbHOTO NMpUIOKeHUs. ANTOPUTM, KOTOPBII C
ycnexoM npuMeHsercs asA 20 IpoleccopoB, MOXeT He cpaborarb s 200 mpolieccopos,
€CI CTeleHel NapaienaMa HeffocrarogHo. OCHOBHas OlleHKa KOMMYeCTBa IMPOLecco-
POB COCTOMT M3 C/IERYIOLIVMX 3TAIOB:

AHanmu3 CNOKHOCTY BhIYMCIEHMIL. Pacyer o6iero o6bema paboThl, KOTOpBIT He06-
XOZIMMO BBIIONTHUTD IIPUIIOXKEHMIO.

AHanus nponyckHoi cnoco6nocty. IIpeo6pasoBanne o61ero o6beMa BHIIONHEH-
HOIf paGoTHI B CKOPOCTb, C KOTOPOJ1 3Ta paboTa Io/kHa ObITH BBIIIONIHEHA.

IIpousBoAMTENLHOCTD Mporeccopa. PacyeT Npou3BOANTENPHOCTM ITOPUTMA Ha
OJIHOM IPOLIECCOPE.

Iocne ananmsa BhILIEyKAa3aHHBIX XapaKTEPUCTMK PacCUMTBHIBAETCS HOMMHATBHBIN
PpasMep IpoLeCCOPHOI YacTy (BBIPa)XKeHHbII B KOMMYECTBE IIPOLIeCCOPOB) [ie/IeHNEM He-
06XOmMMOIt IPONTYCKHOI CIOCO6GHOCTM Ha CKOPOCTh 06paboTKy

Ne.sr e~ Z R;aal
? R

i
i ecomp peak

i . .
pee’, - 3(QeKTMBHOCTD, IIpM KOTOPOIi NPOLIECCOP C TMKOBON IIPOM3BOAMTENBHOCTHIO
R, , (B onepanusx B ceKyHzy) MOXeT BBIIOHATD paGoTy Ha stare i.

6.2.3. Creneny napamennsma

TepMMH «CTelleHM Napa/UIeNM3Mar, YIOMAHYTHINA B IPeAbIAyILEeM pasfiefnie, OTHOCUTCS K
06beMy naparnienmsma, JOCTyTHOMY ONpefieleHHOMY IapaJiieTbHOMY atroputMy. Paccmo-
TpUM HeKwit o61Imit a/ITOpUTM C MHOXKECTBOM 3TalloB, B KOTOPOM Ha KOKIOM 3Tare BO3-
MOXHOCTH Napa/UIeNM3Ma MOTyT OTIIMYAThCs. TUIIBI Mapa/ieM3Ma, MOXHO YCTIOBHO pas-
ZieNUTh Ha TpU Kareropuy (CM. pUCyHOK 6.1).

KpynHo3epHMCTBI (KapycenbHas fyUcHeTYEpU3AINA): PeACTaBsieT co60it BBICLINIT
yPOBeHb IapaienuaMa M UCNomb3yeT BO3MOXHOCTb 06paboTKM OfIHMX BXOMIHBIX TAaHHBIX
He3aBMCUMO OT Apyrux. 3ta ¢popma napammemsma 06bIMHO MpenIonaraeT HauMeHbLINIA
06beM KOMMYHMKALMM MeXAY Npolieccopamy, HO TpebyeT HanbombLmit 06beM NaMATH U
xapaxmepuyemcs camoli 8bicoK0Li 3a0epHcKoli.

IMapamrenusM no sagayam/KoHBeiepHblit: pa3byuBaeT sTanbl 06pabOTKM Ha 4acTy U
COCTaB/IsA€T U3 HUX KOHBeliep. Pe3y/nbTar OffHOTO 3Tana NogaeTcs Ha BXOJ C/IEAYIOLEro 3Ta-
na TakuM 06pasoM, 4To B mo6GOI MOMEHT BpeMeHM Ha Ka)k[IOM 3Tare uzeT pabora Haj pas-
HBIMM HabopaMy IaHHBIX.

IMapannenmsM 1o faHHBIM: 3TO HaboTee MeNKO3ePHMCTHI NTapaJieNn3M, OH pasbuBa-
€T KaXIy10 MOPLMIO BXOZIHBIX JAaHHBEIX Ha 60Jlee MeIKye 4acTi.
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Pucynok 6.1. Tune! napanrenusma
BHYTpyu HEKOTOpOro o61iero NpuIoKeH st MOXKHO BCTPETUTD PasiuyHBIE THIIBI Na-
pannenu3ma, KOTOpble MOXHO 3aIefiC TBOBATD: Napa/yle/n3M Mo 3afiayaM (KpyTIHO3ep-
HMCTHIi), KOHBEMEPHBII Mapa/lleNnaM, KapycelbHas mucneTdepusanus (KpymHosep-
HMCTaA) ¥ apajiieM3M MO AaHHbIM (MelIKO3EPHUCTDII!)

IMTapamrenbHoe pacnpesienieHNe yKa3blBaeT, CKOIbKO IPOLIECCOPOB MICNIONIb3y€eTCA Ha KaXK-
noM stane. Llemb napanenbHOTO pacnpeienieHNs 3aKIIOYaeTCsA B TOM, YTOOB! HAVTYuLIMM
06pasoM pacrpezie/MTh NMPOLIECCOPbl Il HOCTVKEHMS JKeNlaeMOit IPOM3BOINTETbHOCTI.
Pacnpenenenve npwioxenns MoxeT nNapaMeTpU3MPOBATHCA CNIEAYIOLIMMM 3HAYEHMAMI:

NmrnE KONMNYEeCTBO pa3s/INYHbBIX 3a/1a4 M/ KOHBEMUEPOB;

N‘ - =KONMMYECTBO 3TAaNOB B KOHBelepe;

N', ., =KONM4ECTBO NPOLIECCOPOB, UCIIONb3YeMbIX Ha i—OM 3Talle B KOHBeliepe.

ITM napaMeTphl HOIDKHBI YAOB/IETBOPATH CIIEAYIOLIEMY YC/IOBMIO: CyMMa BCEX IIpoLiec-
COpOB, MCTIONB3YEMBIX Ha KaXX/IOM 3Talle B Ka)XXIOM KOHBeltepe, IOMXHA OBITh paBHOI 06-
ljeMy KOnuyecTBy nporieccopos Np:

ClymecTByeT HeCKOIBKO Ba>KHBIX YaCTHbIX C/Ty4aeB M3 NPUBEIEHHOTO BBILIE ONMCAHUA.
[lepBnift cnyuait — YMCTBIA KPYIHO3epHUCTHIN l1apanieNnu3M, B KOTOPOM KaXIOMY Nnpotiec-
COPY Jla€TCH Bech HAGOP HAaHHBIX Jst OGPAGOTKY, HPU HTOM He 3alleNcTBYeTCst HU MeJIKO-
SEPHUCTBIA, HY KOHBEAREPHBIN Hlapa/neHnIm:
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=N,

coarse

N _=1N

P? * stage -

stage =1L

Cremyowmmiit ciryydait — YMCTBI KOHBeepHBI NapannemsM. B janHOM ciydae fieficTBY-
€T OrpaHMYeHMe, onpefie/sollee, YTo obljee KOMMYECTBO IMPOLIECCOPOB He MOXKET IPEBHI-
uIaTh KOMMYECTBO 3TaNOB B KOHBelepe:

=1,N

coarse stage

=1.

stage

=N, N!

Hakorern, cnyqail YUCTOrO mnapayiennsMa no AaHHBbIM, IIpY KOTOpOM SaneﬁCTByeTCH
TOJIBKO MeHKO3epHMCTbIﬁ napasienin3m:

=N,

stage ~ P

=1,N

coarse stage

1, N

6.2.4. MeTpuKy napannenbHoli IPOM3BOANTEILHOCTH (KOMMYHMKALIMA OTCY TCTBYET)

B oTcyTcTBME 3aTpaT Ha KOMMYHMKALMIO ¥ BBOJI/BBIBOJ] BCE ONMCAHHBIE BBILIIE TIOXOAbI
K TapaJI/ielbHBIM BBIYMCIIEHMAM TPe6yIoT OffMHAKOBOTO KONMYeCTBa BpeMeHy Ha 06paboT-
Ky BXOJIHOTO 6710Ka IaHHBIX (KOTOPBIX TpeAIIonaraeTcs Nﬁm 3K3€eMIIISAPOB)

T;omp (Np) = th oo n/lot Y
€omBo NP  Np

comp™” *peak

rne W, - o6liee Konu4ecTBO BHYMCIMTENbHBIX ONepanmit My paboThl, KOTOPYIO Heo6xo-
ZMMO BBITTONIHUTB AN 06paboTky Habopa 37leMEHTOB JAHHBIX Ha Ka)XIoM 3Tare (cM. Tabm1-
1y 6.1) 3apaetcs crenyoumm o6pasom

Nstage
VVm’ = z w' =Wla+Wlb+W1cd+Wle+W2' i
i=1

YckopeHve BeIYyCIIeHMIT GyfieT TMHETHO 3aBUCETh OT KOMMYeCTBa IPOLIeCCOPOB:

Lo D) _
T, Np

comp

Scomp (ND) = Np.

TakmuM >xe 06pasoM mpy HyseBOIt KOMMYHMKaLN 3afiep>kKa (T. e. BpeMs, 3aTpauynBaeMoe
Ha TIOJTy4eHMe TIepBOro OTBETa) — 3TO KOIMYECTBO 3TAIOB, yMHOXXeHHOE Ha CaMBli1 [/IMHHBII
OTPE30K BpEMEHMN, HeOﬁxO)IMMbIﬁ 1A BBITIOJIHEHUA 06pa60TKM Ha OTHOM M3 3TAaIIOB



i

o Wistage
stage ) R Ni

comp peak” " stage

T,

latency (

IlpyyyHa B TOM, 4TO HM OFVMH 3Tal He MOXeET MPORO/KATBCSA, NOKA He 3aKOHYMJICA
NpeABbIRYIUMit 3Tal. YCKOpeHye 3afiepKKI B 3TOM ClTydae COCTaBUT

T;Memy 1
Sy (NP) = —(](v))

Iatem.y

O6umit 06'beM ITaMATH, HeOOGXONMMBIN NPY Pa3NINYHbIX MOAXOMAX, COCTaBNAET

M (Np ) coarse Z S’age °

i=l slage

Bo3MOXXHO, Hanbojiee BaXKHOI METPUKOI! SIBIsIETCA 06beM HaMATH, HeOOXONUMBIit 1A
OT/IeNILHOTO IpOoLeccopa

cpu max(Np ) =INax; ( slage stage)

6.2.5. MeTpuKy napanienbHOil NPOM3BOANTENBHOCTH (KOMMYHMKAIMsA NPUCYTCTBYET)

Besycnosno, gomyienne, 4To 3aTpaThl HA KOMMYHMKALMIO U XpaHEeHMe OTCYTCTBYIOT,
He COOTBETCTBYET JEfCTBUTENLHOCTH, Y ENVHON Le/IbI0 pa3paboTKy ¥ peanu3aaimu Hapa-
NeNbHBIX MPUIOXKEHUIT ITTaBHBIM 06pa3oM sBJAETCA MMHMMM3aLMA STUX 3aTpaT. TeM He Me-
Hee BbILIEOMYCaHHble MOAE/IN M0JIe3HB HAM B TOM OTHOLLEHMY, YTO OHM ONIPEfENAIOT BepX-
HMe TpaHMIIbI MpousBopMTenbHOCTH. Kpome Toro, onpeznenenus yckopenus u o6beMa 3a-
HUMaeMoi1 MaMATY 1py [OOaBJIeHNY KOMMYHUKAUMY OCTAIOTCA HEU3MEHHBIMUL.

B cy4ae Me/Ko3epHUCTOTO NapaienmaMa TpebyeTcsi KOMMYHMKAIMA MEX/TY 3TallaMu, Ha
KOTOpbIX MEHSETCS HAaNPaB/IEHHOCTD Napajlie/3ma (pYHLVI pa3MeLieHys JaHHbIX). B cBoio
oyepenb, TPy M3MEHEHMY HAlIPaB/IEHHOCTY TPeGYeTCsl BLINONHNUTD IepeyopsoMBaHue JaH-
HBIX C L{e/IbIO NPYMEeHeHNA NapaienyaMa. BpeMs s coobLienns gaHHBIX OT 3Tara i 1o 3Ta-
na i+1 3apaercs Tak

. Di—n’ﬂ
Z::I(N stage > N”Isla e) = i i+
s ® Bu/cjf(Nsmge_')N '

>
stage )

rae D' - o6beM panubIX (B 6aiiTax), NepeMemaeMbIX OT 3Tana i [0 3Tana i+l, u
1 1 “

BW,(N', . = N™, ) — 3bdexTuBHas nponyckHas cnoco6HoCcTh (B Gaittax B cekyHpy)

Mexay npoueccopaxvm, KOTOpasi 3afilaeTcsl TaK:

”’,ﬂ (Ni,mge - Nlﬂswge) er—»ulBW o (Nl - Ni+l

comm stage stage) .

BW ot ( N’"m - N’”w ) — MMKOBas NPOINYCKHas CMOCOGHOCTb OT NMPOLECCOPOB Ha 3Tarne
IK npoueccopaM Ha 3tarne i+1. [Insa nonyuenns 6onee nogpo6HOIt MORENM TaKOi MPOU3BO-
JMTENBHOCTU TpeGyeTcss MORENb COCAUNERUN 1IPOIECCOPOB, KOTOpas NPUBEJIEHa B CNiELy-

101LleM pa3gene.
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BbIBOJ_Ibl U3 OL€HKM KOMMYHMKallMy B pa3HbIX CJTydYasaX 3aK/II04YalnTCA B CIEAYIOILEM. B cny-
4ae Ynuctoro KOHBeﬁepHOTO napajienmuama (HPM ycnoBuy, 4TO BbIYMCIIEHME 1 KOMMYHUKaLyA
MOTYT BbITIOJIHATbCA OJIHOBPCMCHHO) BpeMsA BbIMUC/IIEHNUA U 3a[1€pP>KKa COCTABNAKOT

T,/ (Np) = maX(max(T" e, (D, Toomy (1 > 1))/ N,

comm oarse

Tateney (NP) = 2N

stage

max(max(7" "tency (Vs T (1 = 1))

comm

Ecmn Berancnenne v KOMMyHUKalMs He MOTYT BBINONIHATBCS OHOBPEMEHHO, BHYTPEH-
Hsist QYHKIMA max () 3aMEHMUTCA CIOXKeHMeM. B 3ToM cyuyae OCHOBHBIM IpenMyIecTBOM
KOHBefepHOTO napajuleNi3Ma sBJISeTCs TO, YTO OH OIpefenseTcs MaKCMMabHBIM (a He
CYMMMpPOBaHHbIM) BpeMeHeM I10 BCeM 3TanaM. 3a CueT y/Iy4dLueHst IPOU3BOJUTENbHOCTH,
OJHAKO, yBENIMYMBAETCS 3afiepXkKa, KOTOpas MpONOPLMOHAIbHA KONMNYECTBY 3TAllOB KOM-
MyHyKanun 1 BeruucieHuit. HabmiopaeTcs Takxke He3HauMTeNIbHOE BIMsIHME Ha 06beM yc-
T10/Ib3ye€MOJ NaMATH.

B cnyyae uncToro nmapanieni3sma 1o JaHHbIM BpeMsl BbIYMCTIEHNS U 3afiepXKKa COCTaB/IAI0T

T;omp (Np ) + T;‘Omm (Np )

coarse

Tt (Np) =

rge

Teomn(NP) = 2 Trmms” (NP —> Np).

Kax mpaBmio, B ciyyae YMCTOro Iapajienn3Ma IO JaHHBIM CJIOXKHO 00ecreunTdb Of-
HOBPEMEHHOCTDb BbIYYMC/IEHMIT ¥ KOMMYH¥MKaLyy. OCHOBHOE HpeMMyILeCTBO Mapaienn3Ma
IO JaHHbIM 3aK/I0YA€TCS B TOM, YTO BpeMsl BBIYMC/IEHMI YMEHbLIAETCS IPY YCIIOBYIM, YTO
OHJ He OXXMAAIOT He0OX0omMMOit kKoMMyHMKanyu. TakyM ke 06pa3oM B 3TOM ClTydae yMeHb-
1aeTcst 3afepkKa. JlaHHbIT MeTof TakKe obGeclieynBaeT JMHEITHOE COKpaljeHe 06beMa
Tpe6yeMoit MaMATH.

Jns KOM6MHMPOBAHHOTO CITy4as TapajlellbHO-KOHBEePHOrO MOAXO0Aa Mbl NOTyYaeM

(Ni ’TI'—)HI(Ni

stage ) comm

- Ni+lstage ))) / Nc

T;amp stage oarse

T,,,(Np) = max(max(

1ot noaxon obecrieyrBaeT obliee yMeHblleHMe BpeMEHY BbIYMCIIEHUIT M FOIycKaeT
OIHOBPEMEHHOCTD BBIMVC/IEHMIT 1 KOMMYHMKALHY, @ TAKXKe JaeT COKpaljeHue o6beMa Tpe-
6yemoit nmamsaty. Kak Mbl yBupuM Jarnee, 3TOT METOR 4acTO NMPUMEHAETCA B CHCTeMaXx Ia-
paJuieNIbHOIt 06pabOTKM CUTHAJIOB.
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6.2.6. 3akoH AmMpmana

BosMoxHO, Hauboee BaKHBIM TIPUMHIMIIOM pa3paboTKy IapaJUle/ibHbIX peanuaaluii siB-
TI5I€TCs yIpaBNieHMe HaKagHbIMK pacxofamu. [TpennonoximM, 4ro obupit 06veM paboTbl, KO-
TOPYI0 HEOOXOIYMO BBITIONHUTD, MOXeET ObITh pa36yT Ha [Be YaCTH: OffHY MOXXHO BBIIO/IHUTD B
napasuie/IbHOM PeXMMe, a APYTYIO — TONBKO B IOC/IE0BATE/IBHOM (T. €. Ha OHOM IpoLieccope)

BpeMﬂ BBITIOJIHEHUS TOrga 6YI[€T MponoprnoOHa/IbHO cnenylomeﬁ BECINMYUHE

T,y (NpD) © Iﬂ/Np+WI_

n npeo6pa3ye'rca B YCKOp€HUE TaK

w
S0 = DT,
W,/ Np+W,
Ecnu Mbt HopManusyeM ero 1o W, , 0HO nipeo6pasyetcs Tak
Seomp (NP) = m
100 ¢ : >

1 2 4 8I 16 32 64 128

nponeccopnl

Pucynok 6.2. 3akon Amzana

Ipaduk nokassiBaeT yckopeHue nporpaMMmsl ¢ uoneﬁ Amnana w, = 0.1. ToyeuHbIM myH-
KTHpOM o603uaqeno MaKCHMMaJbHOe yckopenue S 10 m TOYKa MONOBMHHOTO

max

yckopenua Np = w ! proew, =W /W, nw=W/W hum }\Ip oueHb 6O/bLIOE, TO MAKCH-

ot "’

MQ/IbHOE IOCTMKUMOE yCKOPCHMC cad mmmc r
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Sax = Seomp(NP > 0) =W

max

Hanpumep, ecru w, = 0.1, To MakcumanbHOe yckopenue coctasnser 10 (cm. pucyHok 6.2).
3TOT OCHOBHO#! pe3yNnbTaT HOCUT Ha3BaHMe 3akoH Amaana [Amdahl 1967], a snauenne w, = 0.1
YaCcTO Ha3bIBAIOT «fio7leif AMfiaa» B IpWIOKeHMN. 3akoH AMAaa [ofdepKyBaeT HeoOXOIMMOCTD
CfienaTh KaXJblif acreKT Kofja napauieNbHbiM. OH Takoke BepeH MO OTHOLIEHMIO K JIPYTHM Ha-
KJIa[IHbIM pacxofiaM (Harpymep, KOMMYHMKa{ui), 13-3a KOTOPbIX He BBINIOJIHAETCS HUKAKOI 110~
nesHoit paboTsl. HakoHely, 3akoH AMfia/a Takoke sIBJIAETCA MOJIE3HBIM MHCTPYMEHTOM JIst Ha-
XOXIeHMA KOMIpoMUCcoB. ITonoBMHa MaKCMMATLHOTO YCKOpeHms flocTuraercs npu Np = w;.

y _ 1
Seomp (NP =W")=w '/(w"+l)z5Sm_

Ecm w, = 0.1, To ucrnionb3oBanue 6onee 10 nporeccopos 6yneT MMeTb MUHUMAJILHYIO
NOJIE3HOCTh. AHAJIOTMYHO: €C/IU [ COOTBETCTBYA L{eJIEBOI IPOM3BOAUTEIBHOCTY He06X0-
AVMO YCKOpUTD npwioxenne B 100 pa3, To peam3anys AO/HKHA 6BITh ONTUMU3UPOBaHa JI0
MOMeHTa W, < 0.0.

6.2.7. XapaKTepMCTHKA YCKOPEHMA

Yckopenne, JOCTMTHYTOE Iapajyle/IbHbIM IPUIOKEHUEM, ABIsETCA (PyHIaMeHTaIbHOM
Mepoit 3¢ beKTMBHOCTH UCIIONB30BAHMSA PUJIOKEHNEM ITPEMMYINECTB CHCTEMbI Iapajuleb-
HBIX BBIYMCTIEHMIL. YCKOpeHue 0ObIYHO XapaKTepyu3ayeTcs Kak (PyHKIMA KO/YecTBa Impoliec-
copoB S(Np). ®opMa gaHHOM KPMBOIf, KaK MPaBWIO, 03BOJIAET BbTENTb HECKOJILKO KaTero-
puit. O6BIYHO ycKOpeHMe M3MepsieTCs 110 I0Ka3aTe/IAM CTeneHel BOMKY, paBHbIX KOIMYECTBY
npoueccopos, Np = 1,2, 4, 8, ..., u kpusas cTpourcs norapugmmdecku. Ha pucynxe, 6.3 uso-
6paxeHbl HECKOJIbKO Hanbollee paclpOCTPaHEHHBIX KPUBBIX YCKOpeHns. VigeanbHbIM cyya-
€M AB/IAETCSA JMHeiTHOe ycKopeHue, rie S(Np) > Np. Bonee TMIM4HBIM siBiseTcA CybmHeitHoe
ycxopenue, rge S(Np) =aNp u 0 < a <1. K coxanenuio, jaxe 60nee pacnpocTpaHeHHO# cpe-
[IM HAYMHAIOUMX TO/Tb30BATENIe SBACTCA KPUBAS YCKOPEHMUS, HACBIIEHME KOTOPOI IpOMC-
XOJIMT NPy IOBOJILHO He6ONBIIOM unmciIe nporieccopos. Hanbornee penxo BcTpeyaeTcs cBepx-
nuHeltHOe ycKopenue, e S(Np) > Np. CBepximHeitHoe yckopeHuMe 06bIYHO CITYYaitHO JOCTH-
raercs KBa/muUMpOBaHHBIMY ClIEIMaTMCTaMu.
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HpOLIeCCOPBI

Pucynok 6.3. Kpusbie yckopenua. Ipadpmky pasnuyHbIX TUIIOB YCKOPEHUA
Ilo maHHBIM KPMBBIM MOXXHO OXapaKTepu3OBaTh peanM3aliMio Napamnenmsma. Ecnmm
AOCTUTHYTO NUHeHoe YCKOp€HUE, TO, KaK TpaBMU/IO, HET HCO6X01U/IMOCTM B la/IbHEMN-
1€l ONTHMM3aLMH. JInneitHoro YCKOpEHMS JOCTHYD JIErYe BCErO Ha 3a/iayax Macco-
BOrO NapajensMa C MMHMMaNnbHOM KOMMYHMKalmel wiv npu ee orcyTctByum. Ilpn
Ha/M4MM TaKMX 3ajlay Lie/bI0 JO/DKHO OBITh NMMHEIHOe YCKOpeHMe, 1 MHOTMM IpO-
TpaMMKCTaM B MTOT€ YAAE€TCSA €ro NONYy4YMThb

Yacro goryckaetcst Cy6MMHeitHOE YCKOpeHue, KOTOpoe OOBMHO 03HAYaeT Halydye Io-
CTOSIHHBIX HAaKMaHbIX PacXOfiOB, KONMYECTBEHHOE OTHOLIEHME KOTOPBIX OCTAeTCs MOCTO-
AHHBIM TIPM yBe/IMYEHMM 4YMCIa mporeccopoB. HampuMep, nmporpamma, B KOTOpPOIt [0
AMpana yMeHbIUIAeTCs C yBeM4eHMeM KOMMYeCTBa MPO1eCCOPOB WI(Np) a Np™, xapaxTe-
puayetcs cybnuHeitHbiM noseferueM. IIpy paborte MaccoBo-napanieNlbHOrO MPUJIOKEHs
cy6nuHeitHOe noBeficHYe MOXET CTYXMTb IPU3HAKOM HalNuyst HEHYXHBIX PacXOfiOB, KO-
TOPBIX MOTEHIMaIbHO MOXKHO M36exath. Ecny nporpamMma He siBnsieTcss MaccoBo (TpuBY-
anbHO) — TMapajUleNbHOM U TpebyeT HaNuuMs MOCTOAHHOM KOMMYHMKaLMy, Cy6mHeitHoe
yCKOpeHye 4acTo GbIBaeT JIy4LUMM Pe3y/IbTaTOM, KOTOPOTO MOXXHO HOCTHYb.

Hacplmenne TMIIMYHO 18 MHOIMX Tapanjie/bHbIX MIPOTPaMM Ha PaHHUX CTafiuAX pas-
paboTKy. ITO NMOKa3aTe/b «y3KOTO MeCTa» B KOAE, Tfie OAMH MPOLIECCOP X/ET BCEX OCTallb-
HBIX [/151 3aBepLUEHNMS HEKOTOPOif 3afjauy. AHalIu3 MporpaMMbl MOXeT IIOMO4Yb O6Hapy-
XMTb 3TH «y3KME MECTa» U YCTPAHUTDb UX.

CaepximHeiiHOe yCKOpeHne TMIMYHO AJIA MacCOBO-MapajuleNbHbIX MPOrpamMm ¢ (puk-
CUpPOBaHHBIM pasMepoM 3ajia4 (T. €. pa3MepoM 3ajauy, KOTOPHIif He YBEIMYMBAETCS C Po-
crom uncna Np). ITocnenoBaTensHan NPOM3BOAUTENBHOCTb POTPaMMBbl Y/y41LaeTcs € po-
cToM Np, TaK Kak paMep 3aiaum 11 KXKJIOM HIPOIeccope CTaHOBUTCA MEHbIIE M IPUBOSIUT
K yBE/TMHEHUIO TIPOU3BOAUTENBHOCTH KAMI-HAMNTH,



TOYKa BBICOKas @Q/ Y
y6biBanus R
OTTHAYM S wN? 1quka
point of caéq
] diminishing et )
; return e

r

™YY

PucyHok 6.4. [Inana3oHb! yCKOpeHUA
Ipaduk, meMOHCTPUPYIOMMIT pas/MYHBIE IYATIa30HBl YCKOPEHMsA

Ha pucynke 6.3 n306paxceHbl KpUBBIE YCKOPEHMUA, [EMOHCTPUPYIOIYE, KAK OHO MOXKET
HabJI0faThCs MONb30BaTeNEM [IJIA ONpefeNIeHHOro NpuoxeHus. B meitcTBuTENIBHOCTH BCe
HPUIOXKEHUST UMEIOT OfHY KpUBYIO (CM. PUCYHOK 6.4), IOTOMY 4YTO BCe MapaJyielibHbIe Mpo-
rpaMMBI XapaKTepy3yI0TCA HaChILeHMeM 1A JOCTaTo4HO 6ombLioro uyucna Np [Kuck 1996].
Lenb a¢pdexTHBHOI peanyusanyy 3aKmo4aeTcss B TOM, YTOOBI NepefBIHYTh TOYKY Heobpa-
TUMOCTH K JOCTaTOYHO 6OJIbIIOMY 3HadeHuo Np. B naHHOM KoHTeKcTe ycxopenme'npnno-
JKEHMsl MOXXHO pa3buThb Ha Tpy guanasoHa. B guamnasoHe BbicOKOit IpOM3BOANTENIbHOCTY BY -
IMM YCKOpeHye OT JiMHeitHoro fo cybmuueitHoro (Np/2 < S(Np)). C poctoM 3HaueHus Np
yCKOpeHye HauyHaeT MajjaTh, ¥ BHIrOfja OT YBEIMYEHMs 4MCIIa MPOLeCCOPOB yMEHbLIAeT-
ca. Ecm S(Np) = Np/2, nporpamma paboTtaeT TONBKO B NMOJIOBUHY OO1Ieil MPOM3BOATENb-
HOCTM: 3Ta TOYKA Ha3bIBAeTCA «TOYKOM yObIBaHUA OTAAuM». B mpoMexyTouHOM Ayana3oHe
(Np/2log,(Np)) < S(Np) < Np/2 nporpamMMa oNy4aeT OrpaHU4EHHYI0 BBIrOfly OT yBe/TM4eHUs
9HCITa MPOLIecCOpOB. B TOre NMuK yckopeHus NpUXoAMUTCA Ha TOUYKY HeoOpaTMMOCTH, B KO-
TOpOIt yBeNMYeH!e YUCIa MPOLeCCOPOB HAYMHAET 3aMeJl/IATh paboTy mporpamMmsl. B fiuamna-
30He HenpuemieMoit npoussoputenbHocTu (S(Np) < Np/2log,(Np)) BbIrona ot BbiNONHEHNs
IpOrpaMMBbl B NapaJjl/Ie/IbHOM PeXXyMe O4eHb HeBe/MKa.

JJo 3TOrO0 MOMEHTa YyCKOpeHMe paccMaTpyBajoch TONbKO Kak dynknusa Np. OgHaxo cy-
LecTBYeT eliie OffHa IlepeMeHHasA — 3T0 pa3Mep 3agayuy N, KOTOpyIo peliaeT mporpamMma.
CoBMmeujeHne 060X 3TUX NIapaMeTPOB AiaeT OBEPXHOCTb ycKoperus S(Np; N). Ha pucys-
Ke 6.5 nokasaHbl jiBa cpe3a 3TOif NOBEPXHOCTH. Bo-nepBhIX, BaXXHO MOMHUTD, YTO TOJIBKO
4acThb nenoro uanasoda Np u N pusudeckm noMecTurca B naMaTh KoMnbloTepa. [1pyu us-
MepeHumn YCKOPCHUA HPUIOKEHNA BAKHO ONPCJICUTL, Kak uaMeHsaercst N ¢ poctom Np.
Cyuwectsyer gt CTangapTHpix noaxoaa. Kpunas yckopenus ¢ GukcupoBanHbiM pasmMepom
sazauy yrepxusaeT O0@iiA pasmep sagauy N MOCTOAMMMM NPy yBenuvenuy Np. B nannom
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cnydae pasMep 3ajjauu Ha poueccop: N/Np — yMeHbL1aeTcs. B HekoTopeix cryyasx pasmep
3agauy N HAaCTONbKO OONBINOIL, YTO OHa He NMOMeljaeTcA Ha He6OJbIIOM KONMMYeCTBe Ipo-
HeccopoB. McTopudecky CloXxunoch, YTO KpuBass YCKOPEHMS 4acTO Ha3BIBAeTCs KpUBOI
«CHWIBHOTO MaciiTabupoBanusa». Ha kpuBoit yckopeHMs ¢ MacIUTab¥pOBaHHBLIM pasMepoM
3apaum obumit pasmep 3apaun N yBenmuumBaetcs ¢ yBenndeHeM Np. B aToM ciyyae pasmep
samayy Ha npoueccop: N/Np — octaeTcs Hem3MeHHbIM. IIpy 3TOM Takyio KpMBYIO ycKope-
HM5 YaCTO Ha3bIBaIOT KPMBOI1 «C1aboro MaciutabypoBaHms».

cnaboe MaciiTabupoBanye
cunpHOE MaclTabrpoBaHme

strong scaling

l L
v B (GMKCHPOBAR HBLI
; s g 7 pasMep 3afiaum
) s .
e ,-"/’ e :
MacITabupyembiit
pasMep 3afaumn

PucyHox 6.5. CpaBaenme cnaboro u cmipHOro MacurabupoBanus. Ipaduk yckopenns
MacuTabupoBaHHOro (c1a6oro) 1 GUKCUPOBaHHOTO (CHIBHOTO) pasmepa 3ajadu

6.2.8. IlpocTpancTBeHHAA M BpEeMEHHAsA TOKaIbHOCTD

Bonee abcTpakTHOE MOHATHE O NPOrpaMMe MOKHO TOy4YMTh, M3YYMB €€ C TOYKM 3pe-
HUA BHIMONHAIOLLEH €€ BBIYMCIMTENIbHOM MallMHbL. 111 BHIYMCINTENBHON MalLMHbI NPO-
rpaMMa ABJISETCS JMIUb MOTOKOM OOpalieHMit K siyeifkaM NaMATH M COOTBETCTBYIOLIMX
onepauwmit. Takoit B3I/ Ha POTPaMMy YacTo HasbiBaeTcs MofAenbio ¢on Heitmana [Von
Neuman 1945]. B s70it Mogenu obpaijeHus K syeifkaM MaMATV MOXXHO aHa/IM3MPOBATh C
TOYKM SPEHUs TOTO, KaK G/IM3KO OHM HaXOAATCA APYT K APYTY (IIPOCTPAHCTBEHHAs JIOKaJIb-
HOCTB) M KaK 4acCTO OIpe/je/ieHHbIe OOpaleHus UCIIONb3YIOTCA IIOBTOPHO (BpeMeHHas J1o-
K&/IbHOCTD) (CM. pUCyHOK 6.6). IIpocTpaHCTBEHHBI POMEXYTOK MeXAy OOpaleHnsaMM K
AvelikaM namsTV Ha3biBaeTcs waroM (stride) mamsaru. IToBTOpHOe McCONB30BaHMe CBA3aHO
C TeM, KaK 4acTo (parMeHTHI IaMATH MICTIO/Ib3YIOTCA NIOBTOPHO.
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poLeccop
MIOBTOpHOE
opl — op2 WCTIONb30BaHMe
l stride =3
Hat MaMAThb
Hepesoo

get — nonyuumo;
put — nomecmump.

Pucynok 6.6. Mopenb npoCTpaHCTBEHHO#/BPEeMEHHOI TOKaTbHOCTH

TloHATHS TPOCTPaHCTBEHHON/BPEMEHHOM NIOKaNbHOCTM OYeHp 3 ekTHBHO Haior

MPEICTaBIEHNE O MPOrpaMMeE € TOYKM 3pEHMS BbIYMCIMTENbHON Maunmbl. VHTYH-

TMBHO NOHATHO, YTO IPUTIOKEHNS C BHICOKMM YPOBHEM IIPOCTPaHCTBEHHO/BpEMEH-

HOJ JIOKa/IbHOCTYU HO/DKHBI ObIT «/1erde» [Isl BBITOMTHEHMS MaIUVHOIA, YeM MpUIIO-

XKEHMS C HU3KMM YPOBHEM IPOCTPAaHCTBEHHO/BPEMEHHOM JIOKaTbHOCTM. AHaorny-

HO, IIPOrpaMMbl C BBICOKMM YPOBHEM IPOCTPAHCTBEHHOI/BPEMEHHOM JIOKaIbHOCTH

AO/DKHBI JIETY€ p€a/M30BbIBaTbCS B Iapal/IEIbHOM PEXUME, TaK KaK JOCTYTIBI K iaH-

HBIM SIBIIAIOTCA PETYNAPHBIMM, M KK/IbIi1 37IEMEHT JAHHBIX, KOTOPbIN MCIIONb3YETCS,

CKOp€€ BCETO, 6y)1€T MCIIONTb30BAaTHCA MHOIO pa3

[IpocTpaHCTBEeHHas/BpeMeHHast TOKaIbHOCTb — 3T0 He TO/NbKO abCTpaKTHOE NGHSTHE.

Ee moxxHO u3Meputhb (cM. [Weinberg at al. 2005]) nyTem u3yueHns cratuctuky obpauie-
HMI K sT9efKaM MaMATY POrpaMMbl BO BpeMs BbiNoNHeHus. C IIOMOMLIbIO 3TOi CTaTUCTUKY
MO>XHO BBIYMC/IATD 6aJI1/Tbl MPOCTPAHCTBEHHOM JIOKANbHOCTH M0 (popMyie

Stride(i)

IIpocTpaHCTBeHHBI! NMOKa3aTeNb = Z
i

rae Stride (i) - aTo gons obpaieHnii K sdeitKe HaMsTH ¢ WAroM i. [IpocTpaHCTBEHHBII HOKa-
3aTenb - 3TO CpefHEB3BELIEHHOE 3HaUY€eHMe BCeX 3THX cchutoK. [Iporpamma, cogepxamas 06-
palleHus Tonbko c waroM 1, 6ymet umets Stride (1) = 1 v HOMb [IA APYTHX IATOB ¥ IPOCTPAH-
CTBEHHbIi1 10Ka3aTenb, paBHelit 1. [Iporpamma, nMerolas Tonpko 6obiumye mary, 6yaet obina-
AaTb NOKa3aTeNieM MPOCTPRHCTBEHHOM JIOKAIbHOCTH, CTPEMALLVMCS K HYJIIO.

Takum e 06pasom, BpemeHHOI NOKa3aTenb BLIMUCIAETCA 110 GopMyne

BpemenHo# nokasaTenn = Z Reuse(2"! )2;' Reuse(2')
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rae Reuse(2Y) - pona o6pameum7[ K si4YeiiKaM I1aMATn, KOTOpbie N0CELanTCA IIOBTOPHO Me-
Hee YeM B - 2i obpaujeHnaAX K siyeitkam. [IporpaMMBl, 4acTo MocemjaolLye OBTOPHO OFHY
M Ty XKe sT4eifKy, 6yAyT MMeTb BpeMeHHOI M0Ka3aTellb, CTPeMAIIMITCA K 1, a IporpamMMel,
KOTOpble HYKOTa He MCIIO/b3YI0T IAHHBIE IIOBTOPHO, 6YAyT MMeTh BpeMEHHOI MOKa3aTeb,
ctpemaAmmiica K 0. HoMuHanbHble 110Ka3aTe/y NpoCcTPaHCTBEHHOI/BPEMEHHOI T0KaNIbHO-
CTY I/1s1 IPMMEPOB MPOrpaMM JiaHBI Ha pUCYyHKe 6.7. B 061ieM, 3TH npyMephl NPMIOKEHMIT
MMEIOT BHICOKMI YPOBEHb IOKa3aTeslell MpOCTPAHCTBEHHOM JIOKaJIbHOCTHM, TaK KaK OHU
06pabaTHIBalOT AaHHbIE, UCNONb3YA PerynsapHOCTh obpamennit. [Iporpammbl AddOne u
ParallelO uMeroT HU3KMUIT yPOBEHD MOKa3aTesieil BPEMEHHO JIOKaJIbHOCTH, TaK KaK OHM
BBINOJTHAIOT O4€Hb MAJIO ONepalmii Ha 37IeMEHT JaHHBIX.
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MpOCTPaHCTBEHHBIN II0Ka3aTelb

Pucynok 6.7. IlpocTrpaHcTBeHHbIe/ BpeMEHHbIE TIOKa3aTeny NpUMMEpPOB NporpaMm
HanHbie npiIoKeHMs MMEIOT BBICOKMII yPOBEHD IOKa3aTe/ls IPOCTPaHCTBEHHOIA 110~
kanpHocTi. AddOne u PARALLELIO MMeOT HM3KMIT YPOBEHDb IIOKa3aTe/Ieil BpeMeH-
HOJ JIOKa/TbHOCTH, TaK KaK BBINOTHAIOT O4€Hb MaJIo onepanuit

6.3. CtanpaprHan napannenbHas BblHUCNUTENbHAs MalunHa

TonkoBanue MeTpMK MapaneNnbHbIX MPUIOXKEHNH, NPEACTaBIeHHbIX B MpeAbIAyIInX
pasnenax, YHOGHCC MpOBOIUTH B KOHTEKCTE MOAE/IN anapaTHBIX CPENCTB napannenbuoﬁ
BBIYMC/IMTENbHOM MaulyMHBL. Buayanusaius nporiecca BBINOJIHEHYMS MapajleNlbHOM Mpo-
l‘paMMbl Ha napannenbﬂoﬁ BBIYMCIUTEIbHOM MAalLMHE — 3TO OIUH U3 CaMbIX BaXXHbIX U Ca-
MBIX CTIOXKHBIX aCIIEKTOB Mapa/lie/IbHOTO MporpaMmupoBanus. Kak npasuno, Heo6s3atennb-
HO MOHMMATBh MOAPOGHOCTH YCTPOICTBa 060PYAOBaHMs, a JOCTaTOYHO 6onee abcTpakTHON!
Mogenu. B paHHoM paspene onucaHa TpajMUMOHHAA NapajUieNibHasA BHIYUCIUTENIbHAS Ma-
IIMHa, ¥ 3TOro 6yfIeT KOCTATOMHO JUIA 110N YYEHUA NPEACTABNEHNS O BIMAHNM METPUK Ia-
pannenbm)ru upunomem/m Ha ero peanysaiink. honee ACTANTBHOE OIINCAHNE apxwrex'rypl.l
HAPANNENbHOM MAlIMHB MOXKHO HalTy u [Hlennexy & Paterson 2006].
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ApxuTekTypa K1accu4ecKoif MHOTOY3/I0BOM BbIYMCIMTENbHO MaLIMHBI COCTOMT U3 He-
KOTOPOTO Y#C/a y3/10B, COEIMHEHHBIX MOCPEACTBOM ceTy. KaXkablit y3es cocTouT U3 OFHOTO
uny 6oee npoueccopos ¥ nmaMaATH. Ecin y3en uMeet 6071ee OHOrO mporeccopa, 370 CuuTa-
€TC MHOTOsIfIePHBIM y3/10M. [TaMsATDb B y371e MOXeT NOAPa3feNnaTbCA Ha pasIMYHble YPOBHU:
K31L-NaMATb, OCHOBHYIO NaMATb ¥ AMCKOBYIO IAMATD (CM. pUCYHOK 6.8). B 3TOM oTHOLIIE-
HUY CYLIeCTBYeT MHOXXECTBO BapMaHTOB. Y3€/1 MOXeT MMeTb MHOXXECTBO IMpPOIeCCOPOB,
AeNMAILMX MEeXAY co60it pasnnyHble YPOBHU K3MI-TIAMSATH, MaMATh Y AUCKOBYIO NMaMATh.
KpomMe Toro, MoxxeT CyliecTBOBaTh BHELUHsA IMO6aTbHAA NMaMATh WM AUCKOBAs MaMATh,
KOTOpas sIBJISAETCS BUAMMON /I BCEX Y3/10B. BaXKHBIM aclieKTOM noio6HO# TpaguuMOHHONM
ApPXUTEKTYPHI ABJIAETCA «MepapXus NaMaTh» (CM. pUCYHOK 6.8).
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PARALLEL architecture — napannenvHas apxumexkmypa;

CPU - LJITY;

RAM - O3Y;

Disk - duck; e

Network switch — cemesoii xommymamop; :
Memory hierarchy — uepapxus namamu;
Application - npunoxmcenue;

Unit of Memory ~ edunuya namamu;
Registers — pecucmpui;

Instruction operands - onepandvt Komano;
Cache - xaw-namsamp;

Blocks - 6noxu;

Local memory - noxanvHas namsame;
Messages - coobuserust;

Remote memory — yoanennas namame;
Pages - cmpanuypi;

Implications - anusntue;

High - evicoxuii;

Bandwidth - nponycxran cnocobruocmu;
Latency  aadepwne;
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Programmability - npozpammupyemocmy;
Capacity — emxocmp.

Pucynok 6.8. IlapannenbHas apxuTeKTypa M M€papxus NaMATH
Tpanmmom-xax napasielbHas BhIYMCIMTE/IbHAA Malll/iHa COCTOMT M3 y3J/10B C ITPOLI€C-
COpaMy ¥ MaMATHIO, CBA3aHHBIX KOMMYHMKALIMOHHOII CeThio (C1eBa). ITa apXUTeKTy-

Pa NPMBOAUT K TPaJMLIMOHHOI MepapXyy IaMATH (crpaBa)

TloHATMe MepapXuy MaMATH OTHOCUTCA K TOMY ¢aKTy, YTO aMATb, HAXOAAAACS «6mm-
e» K IpoLeccopy ropasgo 6bicTpee (IIponycKHas crioco6HOCTD BBILLe, a 3afiepXKKa HIDKe).
OpHako Takas pOM3BORMTENIBHOCTb HOCTUTAETCA LeHOi eMKkocTy. CTPYKTypa Mepapxmumu
naMATY OOBIYHO BBIITIAGUT TaK:

e  Peructpsl nponeccopa;

e Kosw-mamars L1, L2,...;

«  JlokanbHOe OCHOBHOE 3allOMMHaoLIee YCTPOHCTBO;
*  YpganeHHOe OCHOBHOE 3allOMMHalOLIee YCTPOUCTBO;
e  JloKa/lbHBIit BUCK;

e  YmaneHHbIt gUCK.

OGBbIYHO Ha KaX[OM ypOBHe Mepapxuu 10-KpaTHOe yBeludeHHe NpOU3BOAUTEIbHO-
CTH NPUBOINT K 10-KpaTHOMY yMEHBLIEHUIO eMKOCTH. Takas «KpyTH3Ha» Mepapxuy nams-
TH ONpefieNsieT BEIMYUHY CHUKEHNS IIPOM3BOANTENBHOCTH IO Mepe CITycKa 110 MepapXuu.
Ec/u npousBogyuTeIbHOCTD CHIDKAETCS 3HAUYUTE/IbHO, MBI TOBOPYM, YTO CUCTeMa ¥MeeT Bbl-
COKyI0 Kpy TM3HY MepapXui [IaMsATH.

PasnmuHble npunoxenusa GyAyT cosfgaBaTh HarpysKy Ha pasiiyuHble HacTy yepapxuy
namatu. Ha pucyske 6.8 kaxjas 4acTb mepapxXuy OTMeYeHa Pas/MuHbIMU TIPUIOXKEHUSA-
mu: AddOne (nokanbHas namarb), Mandelbrot (npoueccop), ZoomImage (mpoueccop),
ParallelO (ceTs n guck), Beamformer (npoueccop u auck) 1 Blurimage (nponeccop
U CeTh).

INousTue Mepapxuy HaMsATH ABISETCA, BOSMOXHO, OTHOM U3 CaMBbIX BOXHbIX M€, KO-
TOpYI0 HEOOXOAMMO YUMTHIBATh MY paspaboTke HapaieNbHOrO NpUIoXKeHus. B yacTHo-
CTHM, XOpolllee NapannenbHoe npunoxenue 3¢pGeKTUBHO 0CnabseT BAUsHUE Ha IIPOU3BO-
AMTEeNBHOCTD MepapxXuy [aMsTy aNnapaTHbIX CPEACTB. B 3TOM cnyyae o1 nmporpaMMucToB
TpebyeTcs HamuuuMe ICHOTO NPENCTAB/IEHMS O CUCTEME, YTO HOMOXET HOHATb CYL{HOCTb €€
B/IMAHMA Ha IPOU3BOAUTENBHOCTb. OCHOBHOE MPAaKTU4€ECKOE IIPaBM/IO 3aK/II0YAETCS B KOH-
CTpYMpOBaHMM peanm3ariny, KOTOpas MMHMMU3NPYeT Kak o6imumit o6beM, Tak M Komuye-
CTBO NepeMeLIeHMI JaHHbIX BBEPX Y BHY3 10 MEPapXUYeCKOi JIeCTHHULUE.

6.3.1. CeteBas Mozennb

B pamkax mepapxum namMaTH KOMMYHUKAL{MOHHAsA CETh, COENMHSAIONIasA IIPOLECCOPHI B
napannenbHOi cUCTEMe, OOBIYHO ABNAETCA Hauboee BaXKHO! YaCTBHIO, KOTOPYIO Y4MThIBA-
€T NMpOrpamMMuCT, TaK KaK 3[€Ch BO3ZHUKNOT HOIIPOCHI, XapaKTEPHbIE TO/THKO 1A Napa-
nenbHOM peanusauuu (T. e. KOMMYHUKAHKA MEXAY HpoLieccOpaMu). 10 ClIpaBeATUBO Ans
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CETV KaK BHYTDU y3/1a, TaK 11 MX/y y3/llaMM, a Takxke [11 060uxX Clyyaes OJIHOBPEMEHHO.
OcranbHble YacTy Mepapxuy MaMATH TaKXe OYEHb BaXKHBI, HO He SBJIAIOTCS YHUKA/IbHbI-
My 14 r1apannenbHoii peanusamum. Hanpumep, cnoco6 ucrionbsoBanms HpOrpaMMoit pe-
TUCTPOB WM OKANIbHOI NaMATY ABNISETCS GyHAaMeHTaIbHBIM BOIIPOCOM [OC/EOBATE b~
HOro nporpammupoBanys. To4HO Tak ke Coco6 3amucy NPOrpaMMoit Ha JIOKaTbHBIA IMCK
ABIIAETCA OCHOBHBIM BOIPOCOM I0C/IE0BATENIbHOTO IPOrpaMMupoBanus. B o6mem ciydae
CHaaJia peKOMEHIyeTCsl PEIUTb BOIPOCH TIOC/IENOBaTebHOTO NpOrpaMMMpPOBaHMA, a 3a-
TEM MPUCTYNATh K NapayieNIbHON peanm3aliym.

tree
CEeTKa iepeBoO
3Be3aa N€papxmnyecKas CeTKa

Pucynok 6.9. Tononorny ceteit
Criocobbl coemymHenns KOMIIBIOTEpPOB APYT C IpyroM NOCPeRcTBOM Kaberneit u npo-
MEXYTOYHBIX ToueK (Hanpumep, MapIlpy TH3aTOpbI) HasbIBAKOTCS TOIOIOIMAMM ceTy,

Ceryt MOTYT 6BITh OPraHM30BaHBI Pas/MYHbIM 06pa3oM. Crioco6bi opranmsaimu coesu-
HEHMS pa3/MIHBIX TOYEK CETH Ha3bIBAIOTCA TONONOTMAMY CeTH (CM. pucyHok 6.9). Paspa-
6oTumku mapaenbHBIX cucTeM 06paboTky NPUK/IAbIBAIOT HEMMOBEPHbIE YCU/NSA K CO3-
RAHMIO ¥ NOCTPOeHMI0 3¢ deKTHBHOI TONONOrMN cetyt. C TOUKH 3penus HPOrpaMMMUCTa TO-
TNOTIOr 15 CETH MOXKeT 6bITb a6CTparupoBata 1 NPUG/IVKEHHO HpupaBHEHa KO BpeMeHH, KO-
TOpoe TpeGyeTcs OFHOMY NMPOLECCOPY VISt OTIPABKM JaHHbIX Apyromy nponieccopy. Ot-
MPaBHOI TOYKOI MOJENMPOBAHMSA KOMMYHMKALMOHHOM CeTH SB/IAETCS [IPOM3BOANTE b~
HOCTD coepMHeRMit «TouKa-TouKa». Ee MOXHO 3dexTnBHO M3MepuTH HIOCPENICTBOM M3Me-
penns Bpemeny, Heo6xoaMMOro gBYM poneccopam st OTIPaBKU COOBILEHMIT Pa3IMIHBIX
PasMepos npyr apyry. B pesynbrate nony4yaeM craHgapTHYI0 Kpusyio, KOTOpas XapakTepu-
syercs opnoii gynxumeit T, (m), osnavaroweit Bpems, 3aTpauyBaeMoe Ha OTIIPaBKy c006-
WeHus pasmepa m. OyHKuMA T, . (m)xopowo onuceiBaetcsa CTeyIoLeit mpocToit ABYX-
IapameTpuyecko#t popmynoir:

m
T.,..(m)= Latency + .
eonm (1) 4 Bandweight
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IponyckHas crioco6HOCTD (06BIYHO M3MepsieTcs B 6uTax, 6aifTaX Iy CIOBaxX B CEKYH-
Ay) — 3TO MaKCMMa/bHass CKOPOCTb, TP KOTOPOIf AaHHBIe MOTYT IepeMeljaThbCs MO CeTH.
INponyckHas croco6HOCTb 06BIYHO M3MePsETCs OCPEACTBOM M3MepEeHNs BpeMEHH, He06-
XOJVIMOTO Ji/1S1 IIePeChUIKNM 6OMbLIMX COOOIEeHMIT MEXAY ABYMS IPOLIECCOPaMM, 1 fielleHNs

pasMepa coobiieHus Ha oblee BpeMs:
. T(m)
Iponycknas cnocobHocts = lim ———

m—o  m

(6.1)

3afiep>KKa — 3TO KONMMYECTBO BpeMeHM, 3aTpauyBaeMOe Ha OTIPaBKy OFHOro 6yra ot
OfHOTO nporieccopa apyromy. OHa 06bIYHO OLIEHMBAETCsA M3MepeHeM BpeMeH! IS OYeHb
KOPOTKOTO cOO61LeHys ¥ BeruycnsieTcs no ¢popmyre

3azepxka = li_l)n T(m). (6.2)

STy ABa MapaMeTpa MMeIOT 60nbLIOE 3HaUeHNe, TaK KaK HEKOTOPBIe IPOrpaMMel Tpe6y-
0T OTIPaBKM HECKOJIbKIMX COO6IeHNiT 0ueHb 60/bLIOT0 pasMepa (¥ OrpaHMYeHBI MPOMYCK-
HOIf CIOCOGHOCTBI0), @ HEKOTOPBIE IPOrPaMMBI OTIIPABIIAIOT MHOXECTBO HeGOBLINX CO06-
LieHuit (OrpaHMYMBaeTCs 3afiep>KKOIA).

Ha pucynke 6.10 riokasaHbl 3ajiep>XKa ¥ MTHOBEHHas MPOITYCKHasA CMOCOGHOCTD 1A TH-
MMYHOI KIacTepHOit ceTy Kak QyHKumM pasMepa coobujennit. BaXHBIMYM CBOIfCTBaMy faH-
HOJ KpUBOI, TMIMYHBIMY 1 GONBLIMHCTBA CeTelt, SB/IAIOTCS BbIpaBHMBaHMeE 3af{ePXKKM Ha
MaJIEHbKMX COO6ILEeHNAX 1 BbIpaBHMBaHMe IPOIYCKHOM ClIOCOGHOCTY Tipy Nepechiyike 6onb-
wnx coobuieHnit. BeaycnoBHO, 3HaTh MPOMYCKHYIO CIIOCOGHOCTD M 3afie PXKKY CUCTEMBI OY€Hb
NOJIE3HO, HO elle 6osiee MONe3HO CPaBHUTH JaHHBIE TMapaMeTPhl C BHIYMUC/IMTENBHOM MOL-
HOCTBIO TpoLeccopa. B yacTHoCTH, eciu pasgenuTh CKOpOCTh npoueccopa (06bIMHO M3Me-
prercs Bo ®nonc/FLOPS ~ onepaumsx ¢ maBawolLeif 3ansToi B CeKyHAy) Ha IPONYCKHYIO
CNOCcOGHOCTD (M3MepsieTcst B 8-6aifTOBBIX C/IOBaX B CeKyHAY), MonywiM komndecTso Prorc/
FLOPS, koTOopbie MOryT GBITH BHITIONIHEHBI 32 BpeMs, 3aTpauMBaeMoe Ha MepechUIKy cooblie-
HMA 3aIaHHOTO pa3Mepa (cM. pucyHOK 6.10). 3To «06paTHOe 3HaUeHye HPOMYCKHOI Croco6-
HOCTH» JJaeT sICHOe NPEACTaB/IeH)e O MYHMMAIbHOM KO/MYeCTBe Onepanyif, KOTopoe Heo6-
XO{MMO BBITIOJIHMTD Ha 3HAYEHMM JJIA NOTalleHNsA U3AepxKeK Mepefady 3TOro 3HaYeHMA.

B nanHOM ciyyae fis He6onbLuMX cOOOIIEHMt HEOOXOAMMO BBIIONHUTL OKoso 10 000
omnepaumit Ha Ka)XgoM 8-6aiiTHOM 3neMeHTe. [Iist 6obLnX cooOLeHnit HeOOXOAMMO BBI-
nonHUTh TonbKo 100 onepaumit. Ha 3ToM npuMepe XopoLo NpoM/UTIOCTPUpOBaHa Kilode-
BaA Nnapajiurma napajie/bHOro NporpaMMipoBaHysA: ydlle OTIPaBUTh HECKONBKO CO06-
WeHuit 60/1bLIOTO pasMepa, 4eM MHOTO COO6IeHNiT MAJIOTO pa3Mepa.

Oco6eHHO pajfiyeT B OIMCaHMUM CETU U IPOM3BOAUTENLHOCTH MpoLieccopa TOT QaKT, 4To
npuBefieHHble Lyppbl OTHOCUTENBHO MOCTOSHHBI I/Isi GOMBLUYHCTBA MHTEPECYIOIMX HaC
cuctem. Hanpumep, sty snavenns (10° mis Manbix coo6umennit u 10? i GONbLINX) THIINY-
HbI Ji/Ist MHOTMX CHCTEM U [TOYTH He U3MEHSIOTCA C Te4eHMEM BPEMEHM.
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101 paamep coobmerns (6aiir)

10°
107
§ 102

103

P

1041 TTIREN| ]

18 256 4K 64K 1M 16M 256M
Meseage Size (bytas)

ncy (s)

pa3smep coobuenus (6aitt)

pasmep coobuwerms (doubles)

32 512 8K 128K 2M 3aM
Message Siae (doubles)

Pucynok 6.10. ITpousBogutemuocTb ceTu
3ajiepkka, MPOIYCKHas CIocO6HOCTD M «06parHas MpoIycKHas CIIOCOGHOCTb» Kak
yHk1mm pasmepa coobiyeHuit s CTAHAAPTHOM KiacTepHoi ceTn. ObpaTHas npo-
ITyCKHas CIIOCOGHOCTD BBIP2XKEHA B OTHOLUEHM) KONMUYECTBA ONEPALIMIL C BEILECTBEH-
HbIMM ymcrnamu B ceKyHAy (FLOPS) k konudecTBy OTIIpaBNEHHBIX 33 3TO BpeMs IO
CeTH BELeCTBEHHbIX YMcen ABoitHoi TounocTu (double)

AG6COMOTHBIE CKOPOCTH IIPOLIECCOPa M CETH MOTYT CYIIECTBEHHO M3MEHUTBCA C TeYeHMeM
BpeMeHY, HO MX COOTHOLIEHMS OCTAlOTCA OTHOCUTENbHO HemaMeHHbIMu. Hanpumep, B T0 Bpe-
M1 KaK CKOPOCTH MPO1eccopa M CeTu YAy4LuMIuCh 3a MOC/ENHME HECKONbKO eCATUIeTHI B
10° pa3, OTHOCHTE/IbHASA TPOM3BOJUTENIBHOCTD M3MEHWIACh TOJIbKO Ha KoagduuueHT 10.

ITo faHHBIM NapaMeTpaM MOXXHO IOHATD, YTO €C/M Mapa/lieNbHas MporpaMMa UCHOb-
3yeT coo6ILeHNA 6ONbLIOTO pasMepa, OHa HOJ/DKHA BBINONHATD >100 omeparyit Ha Kaxioe
Y1CIIO0 Mepef nepepayeit ee 1o ceTi. TOYHO TaK Xe, €C/y MporpaMma OTIpaB/isfeT cooble-
HUS MaJIoro pasmepa, OHa JO/MKHA BBIMONHATL >10 000 oneparmit Ha KaX/i0€e YMC/O0 nepen
oTnpasKoit. BHilonieHne MeHbIIEro KOnmyecTsa onepaiuii, YeM yKa3aHo Bbillle, IpUBEAeT
K TOMY, YTO IlApanenbitas porpamma 6ynet GyHKumMonupopath HeadpdeKTMBHO, TaK KaK
Ganbitiee KOUMECTRO MPEMEHU GyeT HHOTPAY€eHO Ha 1IEPECHIIKY COOOUIEHMH, a He BHINON-
HEHUE BBIYMCTICHHA,
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KaXXbIi1 MpolLieccop NOCHUIAET JAHHBIE KaXKIOMY
ApyTOMY IpoIieccopy

McxXopHas g MOBEPHY Tas
MaTpMua MaTpula
HaHHBIX

I RAHHBIX
m m

IOJIOBMHA NaHHBIX MPOXOAUT I10 pacCeYEeHN IO MalllMHbI

PucyHok 6.11. IlepepasMelrieHue JaHHBIX C IOBOPOTOM yT/Ia
IMepemeluenns gaHHbIX TPebyIOT NepepacnpeneneHns JaHHbIX U3 OFHOIO pacIpesie-
JIeHUS 110 PAflaM B IPYTroe pacipesieieHue 1o pAxam

Vicnonb3ys npocTyio MOfieNb «TOYKa—TOYKa», Mbl MOXeM MPOrHO3MpOBaTh BpeMs s
607ee CNOXHOIT onepauyy, TaKoif KaK «MepepasMeljeHye NaHHBIX C MOBOPOTOM YIJIa»
(corner-turn) (cM. pucyHok 6.11). [list sToro TpebyeTcsi KOMMYHMKALMS THUIIA «KKHBII C
KaxxapiM» (all-to-all), mpu koTopoit Ha6op nporeccopos P, nepeckinaeT cOOOIeHMs pasMe-
pa m kaxpomy Habopy rporieccopos P,

T _ RP,(Latency + m/ Bandwidth)
C

ornerTurn — Q »

rae B - konuyectBo 6aiiT Ha OFHO coobuieHue, 1 Q — KONUYECTBO OFHOBPEMEHHBIX Iapan-
MeNBHBIX NyTeit OT nmporieccopos P, k nporieccopam P,. O61iee KommiecTBO NepeMelieHHbIX
AAHHBIX 32 JAHHYIO OMleparymio paBHo mP P,

6.3.2. Uepapxusa Kexa

Uepapxmsa naMaATy 1 MOZIENb CETH, ONMCAHHbIE B NPeAbIAYIIEM pa3fiene, 0ObIYHO Npemo-
CTaB/IAIOT JOCTATOYHO 3HAHMII IS IPOTPaMMUPOBaHusA GOJBILINHCTBA HapajUleNIbHBbIX CU-
creM. [IpyruMy cnoBamy, Mbl pacCMaTpMBaeM BBIYMCIMTENbHYIO MalIMHY Kak HaGop rpo-
1J6CCOpPOB, COeIMHEHHBIX ceThio. [lapagurma napannenbHoro nporpaMMupoBaHNs, BO3HU-
Kamowas 13 3Toil MOfieny, 3aK/Io4aeTcs B paspaboTKe napamwiebHOTO arOpUTMa TakuM
o6pa3soM, 4To6b MeXAy IPOLIECCOpaMM IepechUIaNCh JaHHble HaMMeHbLIero o6peMa u
HaMMeHblIIee KOJIMYECTBO COObIeHmit.

3710 npocTas MofeNb KOMIbIoTepa BIIoNHe 3¢ (eKTHBHA st 6ONBLINHCTBA 3af1ay, OfiHa-
KO, B HEKOTOPBIX C/Iy4¥asAxX HEOOXORNMO IIPUMEHATH 60nee YCIOXKHEHHYI0 MOJiellb, CIIoco6-
Hy10 paboTaTb C MepapXieCKuMm KOJUICKI{MIMMU IIPOLIECCOPOB, 3alIOMMHAIOILMX YCTPOICTB
n cetelh. Ha pucynke 6.12 mpeficTaBicn takan MOAC/Tb, OCHOBAHHAaA Ha TePMUHONOTHUM,
paspaboranton Kekom [Kuck 1996/, Jlannan Mopenn COIEpXXHUT TPoOUEcCOPDI, 3alloOMMHa-
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Iowe ycTpoitcTea u cety. Ha HipkHeM ypoBHe (ypoBenb 0) Mbl MMeeM HaGop mporiecco-
pos P, co cBoeit co6cTBeHHOI NOKaNbHOI MaMATbI0 M. Coo61enns MOryT nepechiaThcs
MexJy npotieccopamu nocpenctsom cetu N . ITporieccopbr Ha ypoBHe 0 Takke MMEKOT fO-
cTyn K ob1weit TaMATY Ha ClefyIoleM ypoBHe, 0603HavaeMoii SM,. K nannbiM BHYTpU SM,
MMeIoT focTyn nponeccopsl Py nocpencrteom cetn obweit namatu SMN,. Takyro nocnemo-
BaTeMbHOCTD CeTef ¥ 3aIIOMMHAIOIUX YCTPOMCTB MOXKXHO MPOO/DKUTD Ha /I060M Kojde-
CTBE ypOBHeI.

B peasibHbIX CHCTeMaXx NPYMEHEHME ceTeil ¥ OOLMX 3aIIOMUHAIOIMX YCTPOCTB Ha KaXK-
BOM YpPOBHe MaJioBeposATHO. Hanpumep, paccMOTpUM cucTeMy, COCTOSAILLYIO 13 Y3/I0B, COe-
BVHEHHBIX TNOCPEACTBOM ceTy (CM. pUCYHOK 6.13). Kaxxblit y3en cofepuT mpoweccopsl ¢
NOKa/IbHOI K3LLI-NIaMATBIO ¥ COBMECTHO MCIIONb3yeMOl amAThIo. Takas cucteMa 6yneT co-
Repxatb P, M, SM, , SMN, u N, ; Tlpu 3T0M B franHoit cucteme 6yayT otcyrcTBoBaTh N
SM, u SMN,. Uepapxus Kexa Takke roie3Ha Jijis OHMManus 6oriee CI0XKHBIX MHOTOSIiEp-
Hbix nporeccopoB. Ilepen HauyanoM nporpaMMmpoBaHus NapajuieNbHOM BbIYMCIUTEIbHOM
MaIUVHbI PeKOMEH/yeTCsl HOTPAaTUTh HEMHOTO BPEMEHM M HapyMCOBaTh CXeMy, MOJOGHYI0
'M306pakeHHOI Ha pucyHke 6.13. TakuM 06pa3oM, MOXKHO B3IJISIHYTb Ha CUCTEMY M3HY-
‘TPY ¥ BBIAE/NTDb KaKue-/60 npobessl HOHMMaHusl, Tpebyolye JalbHeNMIero M3y YeHns..

e

sM,

7 MHJIEKC O3HaYaeT yPOBEHb
MepapXuu

- subscript indicates
hierarchy level

Legend:
P - processor
N - inferprocessor network e

, M - memory
SM - shared memory

l ! SMN - shared memory network
l x.5 subscript for N indicates
" t N " indirect memory access

nHexc X5 yia N 03HavaeT HeNpAMO#H JOCTYM K NAMATH

YcnoBHbIE 0603HaYEHNA:
P - nponeccop

N - npoMexyTo4Has ceTh
M - nmamATH

SM - cOBMeCTHO
MCNONb3yeMas aMATb
SMN - ceTh COBMECTHO
MCTIONb3yeMOJ TaMATH

PucyHok 6.12. [IByxypoBHeBaa nepapxmus
TepMunonorns Mepapxumn NaMATH AR KBYXyPOBHEBOI CTPYKTYphI (1O MaTepuanam
|Kuck 1996]). P, = uponcccop, M, = satiommuuatomiee ycrpoitctso, N, = cetb, SM, = 06-
e AMHOMUHANIIEE YCTPOACTBO, SMN, = Cetb 00iiero 3all0MUHAIILETO YCTPOACTBA
g

=
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6.4. Mopenu napannensHOro NPorpaMmMupoBaHUA

Mogenp napajuienbHOro NpOrpaMMMpPOBaHUA ONMCHIBAET, KaKMM 06pa3soM MporpamMm-
Hoe obecrnedeHue OyneT pean3oBbIBaTh NPHMIIOKEHNE Ha NapajUlebHOM MaLyHe. Jddek-
THBHas Mopienb IO nossosnseT 3afeiicTBOBaTh pas/IiMyHble TUIIBI ITapajUleN3Ma: napajie-
NU3M IO JaHHBIM, NapaJieN3M 110 3ajjadaM, KOHBellepHblil IapajieN3M ¥ KapycenbHY10
mucneryepusanuio. Kpome toro, apdektnBHas peamsauys Mofeny NapaienbHOrO Mpo-
rpaMMMPOBaHMs O3BONIAET MEHATH VICIIONb3YEeMBIil THII ITapajieNiM3Ma o Mepe ocTpoe-
HMA CYICTEMBI ¥ pasBUTHSA TPe6OBaHMit K MPOM3BOAUTENTBHOCTH.

-

I_ i3 !

K/IaCTEp OHOIPOLIECCOPHBIX y3/10B reTepOreHHbII MHOTOSifiePHblif IPOLIECCOp

Pucynok 6.13. Ilpumep nepapxun Keka
ITpuMenenne uepapxuy Keka K THIMYHOMY KacTepy OHONPOLIECCOPHBIX Y3/I0B — Ha
cxeme criesa. ITpumeneHne uepapxum K 6onee C10XXHOMY reTeporeHHOMy (pasHOPOR-
HOMY) MHOTOSIIEpPHOMY IIPOLIECCOPY, COCTOAILEMY M3 YHMBEPCATIbHOTO IPOLIECCOpa M
BOCBMM YCKOPMTE/TBHBIX 3/IEMEHTOB — Ha CXEM€E CIpaBa

CyinecTByeT HECKOJIBKO LIMPOKO MCIOJIb3yeMbIX MOfieJielt apaJlie/IbHOTO IPOrpaMMu-
poOBaHMA. MBI pacCMOTPUM TPY U3 HUX NOAPOOHee: «HaYaTbHUK/IOXYMHEHHBI», 0OMEH
COOOLIEHUAMY ¥ paclpefe/ieHHble MaCCUBBL

Monenb «HauyambHUK/IIOMYMHEHHBI» SABNAETCA HauboJsiee MPOCTON MOJENbIO Mapa-
nenbHoOro nporpammypoBaniuA. OHa UCNONb3yeTcst B CNy4asx, KOrja 3afayy MOXHO pas-
6UTh Ha MHOXXECTBO OTHOCUTEJIbHO HE3aBUCUMBIX 3afiay, KOTOpble 06pabaTbiBaloTCs MC-
HONHUTENsAMM 6e3 ABHOI KOMMYHuKauumy gpyr ¢ ApyroM. OCHOBHOe OTpaHyYeHue MOfe-
MY «HaYaJIbHUK/TIOMYMHEHHBI» 3aK/II09aeTCsA B TOM, YTO KaXKIbli NOAYMHEHHBINM OCY1LIeCT-
B/IAET KOMMYHMKAIMIO TONIbKO Yepe3 OTHpaBKy MHpOpMaiy MeHemxkepy. ITO orpaHude-
HUE ABJIAETCS OYEHb CWIBHBIM ¥ 3HAYMTENbHO yIpolamnmmM. bonee Toro, OHO 0YeHb Ha-
A\€XHOE B YICIIO/Ib30BAHMY, ¥ MHOXECTBO NapaJyleNbHbIX HPOrpaMM ¢ He6OIbLIUM KOJuYe-
CTBOM NpOLeCCOPOB (T. €. pabouMx CTaHIMIT) MPYMEHAIOT JaHHYI0 Mofenb. K coxanenmio,
3Ty MOZE/b MOXKHO MCIIONb30BaTh TOJIbKO B IPUJIOKEHUSAX, He TPeOYIOIMX KOMMYHMKaUMu
Mexay npoueccopamu. Kpome Toro, 1ieHTpanbHblif HaYaJIbHUK He HONYCKaeT MacITabupo-
BaHMA AaHHOTO MeTOAa Ha 6OJIbLIOe KOMMYECTBO MPOLECCOPOB.

Monene 06meHna cOO6LIEHNAMYN BO MHOIMX ACHEKTAX ABMAETCA NPOTUBONOIOXKHOCTHIO
MOZIENIN «HAYATILHUK/NOAYMHERHbI». Mojienn o6mena coobiuennamMy nofgpasymeBaert, YTo
Mo60# 1POLIECCOP MKET TIOCHINATH U 110KYNATH CO0BILEHNA OT Mo6oro APYrore 1poLecco-
pa MudpacTpyxrypa monenu oGmena cOOBUEHHAMK OBONBHO NpocTa, ITa HHPPacTpyK-
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Typa Cpefy CIeLyayuCcTOB M0 MapajUieNIbHBIM BBIYMCIEHUSIM, KaK MPaBuWIO, MCIONb3yeT-
¢ nocpeacTBoM mHTepdeiica nepenauu coobwenuit (MPI) (http://www.mpi—forum.org).
Mopens nepenaun coobueHuit Tpe6yet, YTO6BI KaXblit poweccop 06nagan yHUKanbHbIM
npentudukatopom (P, unu Pid) u 3Ha, CKONBKO APYTHX NpPOLIECCOPOB paboTaeT BMecTe
Hap 3agadeit (Np umm Np). B cootBetcTBuM ¢ TepMunonorueit MPI 3T OHATHA HOCAT Ha-
3BaHye «paHr» Ipoleccopa u «pasmep» «mupa» MPL Jlroban napamiensHas nporpamma
MOXeT ObITh pealn30BaHa C UCIONb30BaHMeM MOJe/y fiepefauy coobuiennit. OCHOBHOI!
HEIOCTATOK 3TOIf MOfieNH 3aKITI04YaeTCsA B TOM, YTO MPOrpaMMUCT JOJDKEH YIPaBIATb KaX-
AbIM MHAVBYUAYaTbHBIM COOOLIEHMEM B CCTeMe; TAKMM 06pa3oM, Mofienb TpebyeT Hamuca-
H¥ 6ONIBLIOTO HOMOTHUTENIBHOTO KOJIa, ¥ ee OT/IafiKa MOXKET MPeNCTaBIATb c060ii Ype3BHI-
4ajiHyI0 TPYAHOCTD. TeM He MeHee, CYI{eCTBYIOT OMpefie/ieHHbIE Mapa/UieibHbIe MPOrpaM-
MBI, KOTOpBIe MOXXHO peajii30BaTh TOIBKO NPy MOMOLIYM MOfieny 06MeHa cOO6IeHNAM.
Mogenb Ha OCHOBe pacrpefielleHHBIX MaCCHUBOB IpelcTaBnsAeT co60if KOMIPOMMCC MeX-
Ay OBYMS BBILIEYKasaHHBIMM MOfie/IsIMu. PacripenienieHHBIe MaCCUBBI HAK/IAIbIBAIOT AOMOJ-
HUTe/IbHbIE OTPAHMYEHMS Ha POTPaMMY, 4TO MO3BOJIAET OTHOCUTENBHO YIPOCTUTD HAMy-
CaHMe CJIOXKHBIX NporpaMM. Bo MHOTHMX OTHOLLIEHMAX 3Ta MOJIE/b TapaIeNIbHOTO POrpaM-
MUPpOBaHUs ABJIAETCS caMoit ecTecTBeHHOIt inst MATLAB, Tak kak OHa peanuayeTcs npu
HIOMOLIY MaCCHBOB, AIBJIAIOIIMXCS 37,€Cb OCHOBHBIM TUIIOM JJaHHBIX. B Heckonbkux cnoBax,
MOJIe/Ib Ha OCHOBE pacrpefeNleHHBIX MaCCHMBOB CO3/aeT pacipefielieHHble MaCCUBHI, B KOTO-
PBIX KOXHABI HNPOLIeCCOp BIIafieeT YacThIO 1{e/IOr0 MAacCyBa, WM XpaHUT ee. B MaccuBe Tak-
e XPaHUTCSA JONOJHUTeNbHAA MHOPMAaLMA, Py MOMOLIY KOTOPOM KaX[blit mpoweccop
3HaeT, KaKIMH 4acTsAMM MaccuBa 06MafalT gpyrue upoueccoprl. Cioco6 pasbuenns Mac-
CUBOB MeXy IpOLIeCCOpaMy ONpenensaTcs KapToit pasmenjenns [Lebak et al. 2005). 3nanue
PasMMYHBIX CIOCO60B pacnpefieieHNst Ha OCHOBE KapT MOXET GBITh MOJIe3HBIM, faXKe eC/u
MOJIeNb pacipefieieHHbIX MaCCMBOB He MCnonb3yetcs. KoHuenips pasbuenns MaccuMBoB
pasIMYHBIMM CIIOCO6aMy ABJIAETCS OFHON M3 KIIOYEBBIX MAeil Mapaje/lbHbIX BBIUNCIIE-
Huit. Beidyicienusi Ha pacnpefieneHHBIX MacCHBaX OOBIYHO BBITIOHSIOTCSA COIIACHO IipaBu-
Ty «BBIYMCIIAET BIafieriel», KOTOpoe 03HAYaeT, YTO KaXX/Iblif IIPOLIECCOp OTBEYaeT 3a BHINON-
HeHye BBIYVIC/IEHMI Ha JAHHBIX, KOTOpBble OH XpaHuT JIokanbHO. KapTel pasmenienns Mo-
TyT CTaTh IOBO/IHO CIOXKHBIMM ¥ (paKTH4eCKy BEIPaXATh MPOM3BOJIbHBIE pacIpeie/ieHN.

6.5. CucreMHbie MEeTPUKKN

B npeppimymux paspenax 6bUIM OMMCAaHBI CHOCOOB XapaKTEPUCTUKM MapayieTbHbIX
HPMIOKEHMIt 110 OTHOLUEHMIO K TPaAMIIMOHHOMY TapajuielbHOMY nponeccopy. Pakruye-
CKuit BBIGOp THIIA MapajyIeNnbHOTO pa3MelleHNs HpencTapiseT coboif Mporecc yCIOBHONM
ontumMusauyy. OrpaHnueHns 06ecneunBalTCsa NIPUIOKEHNEM, M LiebI0 3TOTO Mporecca
SBNAETCA ONTMMM3ALMA METPUKM CHCTEMHOTO YPOBHsA. B JaHHOM pa3spene npencTaBieHO
OMMCaHye HEKOTOPHIX OCHOBHBIX CMCTEMHBIX METPMK: MpPOU3BOIUTENBHOCTD, 3¢deKTHB-
HOCTB, GOpM-(aKTOp ¥ 3aTpaThl Ha IPOrpaMMHOe obecrieueHme.

6.5.1. TIpom3BoOAMTENBHOCTD

[Hosbimenve HPOKIBOUUTCABHOCTHY ABTSACTCA OCHOBHOM llpM‘lMH()ﬁ UCIIONb30BaAHUA CU-
CTCMb! HAPAIICIDIHBIX BHYUCICHUTT U COOTHOCUTCA CO BpeMeHEM, 3aTpaiiBaeMbIM Ha 06-
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paboTKy ofHOro Habopa laHHBIX U3 cepyuy HA6OpOB faHHbIX. [IoHATHE IPOU3BOINTENBHO-
CTy OOBIYHO BKIKOYaeT B ce6s1 3aiepKKy M IPOIYCKHYIO0 ClIOCOGHOCTb.

3aziepxxka 03HayaeT BpeMs, Tpebylollieecss epBoMy HabOpy AaHHBIX Ha NPOXOXKHEHME
yenoyku 06paboTku. 3ameprkka IMaBHBIM 06pa3oM orpaHydyeHa TeM, HACKOMIBKO ObICTPO
noTpebuTeNnio faHHbIX HyxXHa uHbopMauusa. HekoTopele TUNMYHbIE 3afiepXKu AJis pa3-
JIMYHBIX CUCTEM COCTABIAIOT:

MUKPOCEKYHABI: yIpaBjieHye B peaTbHOM MacLuTabe BpeMeHy;
MWUIMCEKYHJIBL: OTIEPaTOp B LIMKITE;

CEKYH[IbI: CHCTEMBI OOeCIedeHus KaueCcTBa;

MMHYTBI: CUCTEMBI MOHUTOPMHIa;

Yachl: CMCTEMBI apXMBaLMH.

Ipouecc ONTMMM3ALMM HAMHAETCA C BBIGOPa 11e/1EBOI 3aeP>KKY [i/Is IIPefTioNaraeMo-
ro npunoxenus ( I5, ,e,,cy) v MoxeT GbiTh BhIpaXeH nipy nomouu T, , . Hanpumep, ycraso-
BMM IPOM3BOJIbHYIO LI€JIEBYIO 3a[IePXKKY

T2 IT =10

Iatency input

ITpomyckuas crioco6HOCTb MpeAcTaB/sieT c060/ CKOPOCTh, ¢ KOTOPOJ 3/IEMEHTHI BBI-
nojnHsAeMoit paboTel MoryT 6biTh 06paboTanbl. Kak npasuno, faHHble AODKHBI 06pabaThi-
BATbCsI C TOM JKe CKOPOCTDIO, C KOTOPOI OHY IOCTYMAIOT B CHCTeMY; MHa4e, OHY HA4YHYT «Ha-
IPOMOXAATbCA» Ha OFHOM 13 3TanoB 06pabotku. KimoyeBbIM rapamMeTpoM 3piech ABIAET-
¢ Heo6XoAMMAas MPOIYCKHAA CIIOCOGHOCTD 1O OTHOLIEHMIO K BO3MOXHOCTAM OJHOTO IPO-
yeccopa. Jl1s Halllero npuMepa ycTaHOBUM MPOU3BONIbHYIO LIE/IEBYI0 CKOPOCTb OTPaboTK:

Sget =T [T, ~100.

latency — lalency comp

6.5.2. ®opm-daxTop

TeopeTuyuecks mis BHINIONHEHNMS NPWIOKEHUA KOCTYIHA NPOU3BOIBHO GONbLIAA BBI-
YMCMTENbHASA MalllMHa C HeOTPaHMYEHHBIM YIC/IOM Tponteccopos. K coxanenmio, gakru-
YecKy CyllieCTBYIOLiye Napasle/ibHble MaLMHBI MMEIT PSA OTPaHMYEHMIT 1O CIeRYIOIMUM
acmeKTaM:

Pasmep. dpusiruecknit 06beM MapajuieNbHOM MallMHBI JODKEH COOTBETCTBOBATh IIOMe-
IEHMUIO, ITie OHa YCTaHaB/IMBAETCA.

MomHocTh. 0611125 MOIHOCTD, IOTpebisieMasn Hapa/UleIbHOI MALUMHOM ¥ ee CUCTeMOit
OXNTOKAEHMA.

Tennosbinenenue. obiiee TEMIo, KOTOPOE BHENSET NapaienbHas MallyHa 1 KOTOPoe
NOMKHA HEWMTPaIN30BaTh CHCTEMA OXTaXKIEHMA.

Kananb sBopa/BuiBOfa. KomuuecTso M CKOPOCTh KaHA/IOB TAHHBIX, TIO{BOIMMBIX K CH-
cTeme M OTXOAALNX OT Hee.



Masa 6 m

Bui6op nponeccopa. Kak Bbi6paTh nmpoueccop mnsa npunoxerns? Ilocne Toro, kak
IIPUHATO pelileHre CTPOUTh CUCTEMY NapasyleibHoit 06paboTky, HEOGXOAMMO BHIOpPATh
¢dusnyeckoe o6opynosanue. Yaue Bcero, 3T0T BHIGOP NPOAUKTOBAH BhILIEyKa3aHHBIMMU
Tpe6oBanuaMu popM-akropa. Hanpumep, uMeeTcs noMeleHe As pasMelLieHns MATH
6710K0B ¢ obecnedeHreM HeOOXOMMMOrO MUTaHUA 1 oxaxaeHu. IIpeqnonoxuM, Kax-
Ablit 6710k MMeeT 14 MocagoYHbIX MecT. s Kaxmoro 6710ka HeO6XOAMMO NPERYCMOTPETD
wiaTy 6ydepHOro BBOAa, OFHY OCHOBHYIO YIIPAB/IAIOLIYI0 MAIUKHY (M pe3epBHYIO) ¥ Li€H-
TpajIbHOE YCTPOAICTBO XpaHeHNUs HaHHBIX. [Ipy 3TOM OCTaeTcs AecATb COTOB, B KaX/IbIi
M3 KOTOPBIX MOXHO BCTaBUThb ABYXIIPOLIECCOPHBIN y3en (CM. pucyHOK 6.14). ITonmyyaem

preal= (5 6mokoB) (10 mecT/6siok) (2 mpoueccopa/mecTto) = 100

Ha ganHoM 3Tarne BHIGOp cfienaH, ¥ Tenepb Te, KTO peanu3yeT NPUIOXKeHMe, FOIDKHBI
OlIpefieNMTh COOTBETCTBME HEOOXOAMMOI (YHKIMOHAIbHOCTH BEIOPAHHOMY IIPOLIeCCO-
py- Ilopsipok ocyuiecTBiienus 3TOM 3afaum HpeXie BCETO BKIOYAeT B cebs obecrieuenue
IlepBOHaYaJ/IbHOIA HIPOrPaMMHOI peaym3anuy ¢ HEKOTOPOI ONITMMM3atest 1ox 06opyo-
Bauue. Ecyiy nipu 370t peanu3anuy HEBO3MOXHO COOTBETCTBOBATh TPe6OBaHMSAM NPOU3-
BOIMTENBHOCTH, 06BIMHO MY T Ha KOMIIPOMMCC ¥ BBISICHAIOT, 06€CIIe T /iy yMEHbIIEHNEe
rapamMeTpoB ajnroputMa (Hanpumep, o6beMa 06pabaThiBaeMbIX JaHHbIX) COOTBETCTBUE
L{€/IEBOIT TIPOM3BOAMTENBHOCTH. B uTOre, MOXET MOHa{OOUTHCS1 COBEPLIEHHO HPYTON -
FOPUTM, KOTOPbIf COBMECTHO C F€pPOMYIECKUMIU YCUITUAMY TIPOTPAMMICTOB IIOMOXXET BBI-
>KaTb BCIO BO3MOXHYIO [POM3BOANTEIbHOCTD U3 CHUCTEMBL

Compute (2) Compute (2) Compute (2) Compute (2) Compute (2)
Compute (2) Compute (2) Compute (2) Compute (2) Compute (2) .
Compute (2) Compute (2) Compute (2) Compute (2) Compute (2)
Compute (2) Compute (2) Compute (2) Compute (2) Compute (2)
Compute (2) Compute (2) Compute (2) Compute (2) Compute (2)

Storage Storage Storage Storage Storage

Control Spare Control Spare Control Spare | Control Spare | Control Spare

Control Control Control Control Control
10 10 10 10 10

Ilepesod

Compute - eviuucaumenvHblii ysern;
Storage - xpanunuwe;

Control spare — peseperoe ynpaenerue;
Control - ynpaenenue;

10 - 8600/6v1600.

PucyHok 6.14. ITpumep BbIMuCIUTENBHOM CTOMKM
Thasmionnan croitka napannenbHoi o6paGotku. Kaxpgas croifka coctont u3 natu
Gnokor. Knkpm#e Gnok nmeer 14 nocaiotinax Mecr. Uerbipe (0cajjouHbIX Me-
CTa e OXOAUMO 0THECTH HOA BBOA/BBIBOL, Yupunaciiyce (W pesepn) M Xpaienue jan-
nbix. B peaynarare pech 610x MoxeT sMecTiT» 100 npoyeccopos
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6.5.3. 3ddexTnBHOCTH

SddeKTMBHOCTD ABNIAETCA [ONEN MMKOBBIX BO3MOXHOCTEN CHUCTEMBI, JOCTMIaeMou
npunoxenvem. SHavenne T, onperienser koadduupent sddexTMBHOCTI Ha OIHOM NpoO-
Lieccope IO OTHOLIEHMIO K TEOPETMYECKON INMMKOBOI NMPOM3BORUTENLHOCTM (HampuMep,
€., = 0.2). Ananormunbie k03¢ duumeHTs! 3GGEKTUBHOCTH XapaKTepUYIOT IPOITYCKHYIO
cnoco6HocTy (Hanpumep, e, = 0.5 ) u namaTe (Hanpumep, e, = 0.5 ). Bommensior ga
OCHOBHBIX C/IefICTBMSI U3 aHHBIX Ko3dduumentos sddexrmBHocTn. Ectn Tpebyemas ad-
($eKTUBHOCTL HAMHOTO TIPeBbILIAET JaHHBIE 3HAYeHMsI, 3TO MOXKET O3HaYyaTh, YTO HeobOXo-
AMMO 3aMeHUTh 0bopynoBaHMe (HampuMep, Ha HeIpOrpaMMMpyeMble alIapaTHbIe Cpef-
CTBa, ceTy C 6onblleli MPOMyCKHOM CIIOCOOHOCTBIO MM MaMATH bonbileli emkocth). Ecm
HeobxoMas 3¢ PeKTMBHOCTD TOPa3fio HIDKE 3TUX 3HaueHMIt, 3TO O3HAYAET, YTO MOXHO
Mcnonp3oBath 6oriee rnbkite cpenibl 60ree BBICOKOTO yPOBHSA INPOrPaMMMPOBaHMUS, YTO 3Ha-
9UTENHHO COKPATUT CPOKYU M CTOMMOCTD PaboThL.

Peanusanus nporpaMMHoro o6ecreyeHnst OOIYHO pacKIafibiBaeTcs Ha fiBe yacTu. Ilep-
Basi — Coco6 peanmsanyy Kojia Ha Ka)XXIoM OT/Ae/IbHOM Npolieccope. Bropas — croco6 pea-
N33l KOMMYHMKaLMM MeXJy Tporeccopami. TUyHble KaTeropym Jijis Cpef Iocnexo-
BaTe/IbHONM pearmM3anyu MpUBeeHb! HIKe.

Mamunnbiit accem6nep. Habop komanj KoHKpeTHoro mporeccopa. AcceMbrep obecrie-
4MBaeT BHICOYAIIIYIO MIPOU3BOAMTENLHOCTE, HO TPeOyeT 3HAUMTEMbHBIX TPYHO3aTpaT M BBICO-
KOi1 kBamnpmkalmm, a Takke He 0GecriednBaet MepeHOCMMOCTH IIPOrPaMMHOTO OOecTieYeHNs.

ITpouepypHbie A3bIKM C ONTUMU3MPOBAHHbIMU 6MOMMOTeKaMu. Takne kak C u For-
tan, KoTopbie UCTIOML3YIOTCS cOBMeCTHO ¢ BLAS (6a30Bbiit makeT MOAIIPOrpaMM JIMHENHO
anrebphl). B pesymbrate Takke MOXXHO MONyunTh 3¢ GEKTUBHBI KOJ, IPYU 3TOM TpebyeT-
€A MeHbllle TPYHO3aTPaT, ¥ He HY>KHO MMeTb 0co0y10 KBamMpMKaLMIO, @ TAKKe KO ABJIAET-
€Sl HACTONILKO TIEPEHOCHMBIM, HaCKOJIBKO TAKOBOIA sIBJISIETCA JIeXalasi B OCHOBe peaynsa-
uuu 6ubmmoreka.

O6beKTHO-OpHEeH TUPOBaHHbIE ASBIKY C ONTUMMHM3HPOBAHHbIMY Oub6MMoTeXamu. Ta-
Kue Kak C++, MCIIONb3yeMblit COBMECTHO C ONITMMU3MPOBaHHbIMM 6MbmoTekamu C++ (Ha-
npumep, VSIPL++ [Lebak et al. 2005]). 3ToT MeTOR AaeT MPOM3BOIUTENLHOCTD, CPaB-
HMMYIO C TIPOLEYPHBIMM A3BIKaMM, TpeOyeT Takoit Xke KBam(umKarmy, OfHAKO TOpasfio
MeHbllle Tpyfo3aTpat. IIpu 06 beKTHO—OpMEHTMPOBAaHHOM TIOAXOfie KOf siBNsieTcs Gonee
MM MeHee NMePeHOCUMBIM IO CPaBHEHMIO € MPOLIEAYPHBIM MOAXOMOM, YTO 3aBUCHUT OT JiO-
CTYNHOCTM KOMIWIsATOpa M 6MbnmoTex.

MATLAB. IlpousBognTeNbHOCT OOBIYHO 3HAUMTENLHO HIDKE, YeM Y MpPOLeAypPHbIX
A3BIKOB, HO M MOTPeOHOCTD B TPYO3aTpaTax ropasfio MeHnlle. IlepeHocMMOoCTh OrpaHuye-
HA Npoueccopamy, nongepxusaowmmin MATLAB.

TunmyHble KaTeropum AJis Cpeq MapaieNbHON peanu3anmy IepeurciIeHbl HIKe.

Ipamoit goctyn x namaTu (DMA/ITHIT). Oco6s1it IPOTOKOT, 3aBUCALIMIL OT KOHKPET-
HOIt ceTu M Ipolleccopa, MO3BONAOLMII OFHOMY MPOLIECCOPY 3alMChIBaTh IaHHbIE B IIa-
MATb Jpyroro npoueccopa. OH cXox ¢ 06MeHOM COOOLEeHUsIMU, HO peanuayeTcst Ha 6o-
nee Hu3koM ypoBHe. DMA ob6ecrieumnBaet BhICOKYK HPOU3BOIMTENHLHOCTD, OfHAKO Tpeby-
et 6UNbIINX TPYRO3ATPAT M BBICOKON KBaNM(PUKALMY, 8 TaKXKe He 06ecrieYnBaeT nepeHo-
cumocth HO.
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O6men coo6mennamu. Takue kak unrepdeitc mepenaum coobennit (MPI). 3to mpo-
TOKOJI J/I51 IePeChbUTKM coob1eHMit MeXAY npolieccopamu. B pesynbrate momydaem adpdek-
TUBHBIN KOJf, TIPM 3TOM TpebyeTCA MeHblLIe TPYHO3aTPaT, M He HY>KHO MMeTb 0COOYI0 KBaIu-
ukarmio, a TakxKe KOJ, ABJIAETCSA HACTOMBKO IIEPEHOCUMBIM, HACKONIBKO TAKOBOU ABJIAETCA
nexanras B OCHOBe peanmsanmm 6ubnmoTeka.

«HAYAILHMK/NOYMHEeHHbI». Vicnonb3oBanue 6o BbICOKOYPOBHEBOTO METOJa, Ta-
KOro KaK IVTaHMPOBIUMK 3alaHui1, 160 HU3KOYPOBHEBOI'O MeTO/Ia Ha OCHOBE NMOTOKOB C JIC-
nonb3oBanueM OpenMP wm pthreads.

Pacnpegenennnie MaccuBbl. Takue Kak ucnonsdyemsie B Unified PARALLEL C (UPC),
Co-Array Fortran (CAF), Parallel VSIPL++ 1 pMATLAB. 310T NOAXOL CO3MaeT pacipefe-
JIeHHble MACCUMBBI, YTO NO3BOJISIET 3aMMCHIBATD CTIOKHBIE NepeMenieHNs JaHHBIX B CKaTOi
¢opme. [TponsBoaMTENBLHOCTD, KAaK IPABMUTIO, CPABHUMA C 0OGMEHOM COOOLLEHMAMM.

[Tpm6bmsnTenpHas oLeHka 3¢ peK TMBHOCTI IPOM3BOAMTEIHOCTM BbILIIEyKa3aHHBIX METO-
noB I1O maHa B Tabimue 6.2 (015 nonyverns 6onee noppo6Hoit nugopmanmm cM. [Kerner 2004,
Kerner 2006]). Bropoit cron6ey; (0603HayeHHbli €,, ) NIOKasbIBaeT NPUGMSUTENBHYIO OTHO-
cutenbHyo 3¢eK TMBHOCTD MPOM3BOIMTENBHOCTI ONHOIIPOLIECCOPHOI pearM3alm mpy MUc-
TNO/B30BaHMM TIOJIXOA, YKa3aHHOTO B NepBoM cronbue. Bropas crpoka (o6osHaueHHas e )
IaeT MpUOU3NUTENbHYI0 OTHOCHTEBbHYIO 3¢deK TMBHOCTD MPOMYCKHOM CIIOCOOHOCTH NPy M-
NOJNB30BaHUM METOJ3, YKa3aHHOTO B IIEPBOIt CTPOKe. BHYTpeHHAA YacTh MaTpUI{bl 3 CTPOK U
CTONOLOB NOKa3bIBAET NPOM3BELEHME 3 TUX IBYX BUIOB 3K TUBHOCTY M OTPaXKaeT AManasoH
MPOU3BOAMTEBHOCTH, Ha KOTOPYIO BO3[EICTBYeT peanun3anus MporpaMMHOTo obecTieyeHusI.

Ta6muua 6.2. Ouenka 3¢ QPeK TMBHOCTH peannsaluy NpOrpaMMHOIO 00 ecrieyeHNA

B neppoM cTon6rie nepedncIATCA METORbl HATMCAHMs [IOC/IeOBATENILHOrO KOAa. Bo
BTOpOM CTONOLe yka3aHa npuOmMauTenbHas ouenka a¢GexTHBHOCTH (ewmp) nocrnefo-
BaTeNbHOro MeTona. IlepBas cTpoka cTon6uos 3, 4, 5 1 6 nepeyncIAeT pasyidHbIe MO-
JieIM KOMMYHMKALMU I/ HapajuleNbHOi peanvsanyu. Bo BToOpoit crpoke 3tnx cron6-
LB MpyBefieHa Npu6mamTenbHas ouelka s¢dexTuBHOCTH KOMMYHMKaym (€, ) AN
3TVK Mofpieneit. B ocTanbHbIx syeftkax Tabnmipbl ykasaHa komMOuuMpoBanHas 3¢dekTus-
HOCTb (emmpemmm). IlycTbie siveitku OCTaBNeHbI [/1A OC/IEAOBATENTbHOrO KOfia M Mopiesnei

KOMMYHMKaL{MM, KOTOpble BMECTE VCIIONb3YITCA peaKO

Serial Serial o Comm Model Distributed
Code Coomp Message Passing  Manager/Worker Arrays
€. m - 0.8 0.5 04 0.5
Assembly 04 0.36
C/Fortran 0.2 0.16 0.1 0.08 0.1
C++ 0.18 0.14 0.09 0.07 0.09
MATLAB 0.04 0.02 0.016 0.02
Ilepeand

Serial code  nocnedosamentuwiii Koo;
Serial  nocnedonamenvuniii;
Comm. model  Modenv Kommynuxayuu;
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Message passing — 0bmen coobujeHusML;
Manager/worker — «HauanvHuK/noOuuHeHHBILI»;
Distributed arrays — pacnpedenentvie Maccusbi.

3HauYMMOCTb NpoM3BefileHMA € e MOXKHO NPOWIIIOCTPUPOBATh CIEAYIOIMM 0bpa-

comp comm

soM. O6mas ckopoctb paboThl MOXeT OBITh 3aNMcaHa KaK

R(Np) = WIT = WI(T, (Np))

omp

(Np)+T,

comm

3amena T (Np)=Wle, R NpuT  =Dle

comp comp peak comm

BW .Np naet

e e R _ Np

R ( Np) — comp ~comm™ " peak .
+ € (DI W)YR | BW,)

ecomm comm peak

rie D/W - orHolleHMe KOMMYHMKALMsi-BBIUMCIIEHME, CBOMCTBEHHOE MPUIOXKEHUIO, U
Rpe «/BW,,~ OTHOLIEHMe BHIYMCTIEHNe-KOMMYHIKALMSA I BHIYMC/MTENBHOM MaLIMHBL.
O6a oTHOMEHNs GUKCUPOBAHDI I/l MOCTAB/IEHHONM 3afjauM M apXuTeKTypbl. TakuM 06-
Pa3oM, OCHOBHasl «Ilefia/ib» Jijisl TIOBbIlleHNst 061ielf CKOPOCTYM BBIYMCIIEHMIA, HOCTYITHAA
NpOrpaMMICTY, — 3TO KOM6MHNpoBaHHaA 3¢p¢deKTMBHOCTL MeTOMa HaIlMCAHUSA TTOCTIENO-

BaTEIbHOIO KOJfa U MOJie/I1 KOMMYHMKaLMN.

6.5.4. 3aTparhl Ha IporpaMmMHOe obecrieyenne

3arpathl Ha mporpaMMHoe ofecrieueHMe sIBJIIOTCA OCHOBHOW COCTABIAIOLIEN CTOM-
MOCTH MapajuieNIbHOTO MpuioxkeHns. CyllecTByeT MHOTO METOfOB peaM3aLiy CUCTEMBI
Napajie/IbHOrO MPOrpaMMHOrO obecredeHNsi, OT/IMYAIMXCS MO MPOU3BOAUTENBHOCTH,
TPyHRoO3aTparaM 1 NepeHocuMOcTH. OCHOBHOII IIOAXOM K MOE/IMPOBAHMIO 3aTPaT Ha Mpo-
rpaMMHOe o6ecIeyeHye MpefOCTaBIAETCS MOLENBIO CTOMMOCTY M cocTaBreHus Koga (Code
and Cost Modeling, CoCoMo) [Boehm et al. 1995]:

Tpynosarpars! paspaborumka [cyTku] =

(O61. SLOC) * (HoBas fons kona) + 0,05 (HOBTOPHO MCNIONH3OBAHHAA O KOJIa)
SLOC/ cytkn

W3 popmynbl BUIHO, YTO TPYAO3aTpaThl IOYTH JIMHEHB OTHOCUTENIBHO OOIEro KO-
4ecTBa HamcaHHBIX cTpok Kopa 1O (SLOC). SLOC o6s14HO onpefienseTcs Kak Kaxkaas He
COfepkalllas KOMMEHTapMeB M HeIlyCTasA CTPOKa B porpaMme. 3To MOKa3bIBaeT, YTO Cyllie-
CTBYET TP OYEBMIIHBIX ITyTH YMEHBIIMTH TPYAO3aTPaThl, CBA3aHHbIE C peanu3saLnmeii npo-
rpammel. [TpuBenem nx Huxe.

YBenuyeHne noBTOPHOTro Mcnonb3oBaHMA. Vicronb3oBanue Kofa, KOTOpbI O6bin Ha-
1IUCAH paHee, ropasjio fielleBlle, YeM HallucaHue kofia ¢ Hyns. Hanpumep, ucnonbsoBanue
HEKOTOPOro MHCTpyMeHTanbHoro nakera MATLAB nieniesne, yeM HanucaHue Tako# e
YHKIMOHANbHOCTY C HynA.
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IosbmIenye ypoBHa abcrparuposanna. Ecm ofHa 1 Ta xe yHKLMOHATBHOCTD MO-
>KeT OBITh OIMCAHA C MCTIONb30BaHNEM MEHBLIETO KOMYeCTBa CTPOK KOfa, CTOMMOCTD Ta-
koro kofa 6yner Hipke. B ob1eM cryyae sisplkaM BBICLIETO ypOBHA, TakuM kKak MATLAB,
TpebyeTcs: MEHbLIE CTPOK KOJIa, 4eM Ai3bIKaM 6ojiee HUBKOTO ypOBHs1, Harpumep, C.

YBennuenne ckopocTy Koguposanua. Ecnu cpepa nossonser Hanmcats 60rbliie CTPOK
KOJla B 3aJlaHHBIIf OTPe30K BpeMeHM, 3TO TIO3BOJMT CHM3UTDH CTOMMOCTS Kopa. Hanpumep,
MOHOCTBIO MHTETPUpPOBaHHasA cpefia pa3paborky mporpamm (IDE), kak npasmno, mosBo-
nset paspaboTuMKaM micaTh Kop 6bicTpee.

[IpubmmsuTembHas olieHKa BIMSAHUA Ha IPOrpaMMHOe o6ecrieyeHMe BhIIEOMCAHHBIX
MeTOJIOB NpuBefieHa B Tabmie 6.3 (3a mogpobHoi mHpopMmaumeit obpamaitrecs k [Kerner
2004, Kerner 2006]). Kormuectso SLOC 151 3aiaHHOI#1 porpaMMbl CW/ILHO MEHAETCS OT pas-
paboTumka K paspaborumky. OgHako SLOC, HOpMamM30BaHHOe MO OTHOLIEHMIO K OIpefe-
JIeHHO peayM3aLiy JaHHOTO pa3paboTuMKa, B3sTOI B KayecTBe oOpa3swa, sinsetcs 6oree
TOYHBIM. TakuM 06pasoM, jaHHBle B Tabmuie 6.3 JO/DKHBI paCCMAaTpUBAaTbCS KAaK OTHOCH-
Te/IbHble JUIA JAHHOTO pa3paboTyyKa, peali3yOLero OfiHY M Ty e IIPOrpaMMY pas/ImdHbIMU
crocobamu. B nepBoM cronble ykasaH pa3Mep Kofia OTHOCMTEIBHO SKBMBAJIEHTHOTO KOJIa,
HaIMCAHHOTO Ha IpowueypHoM si3bike (HarpuMep, C). B cnenyromemM crondle ykasaHa Tu-
myHast ckopocts (SLOC / cyTku), Ipy KOTOPOIt IMUIYTCS CTPOKY B faHHOIA cpefie. Cronbel,
0603HaYeHHBI «ITOCTIEOBATE/IbHO», IIOKa3bIBAa€T CKOPOCTb..., Ie/IEHHYIO Ha OTHOCUTE/bHBIN
pa3Mep Kofia ... M JiaeT 3¢pPpeKTUBHYIO OTHOCUTEbHYI0 CKOPOCTb BBIIONIHEHHO paboThI, HOP-
Ma/IM30BaHHYIO 110 OTHOLLIEHMIO K NpoLieiypHoit cpefe. CTpoka, 0603HaueHHas! «KOI», ITOKa-
SbIBaeT OLiEHKY YBe/MYeHMs pasMepa Kofia IIpH TepeXofie 0T NMOCeR0BATeIbHOTO KOfia K IIa-
pa/I/IeIbHOMY ISl pasjIMYHbIX METOJOB Iapa/UIe/IbHOTO NMporpamMmupoBanmsa. Crpoka, 060-
SHaYyeHHas «TPyH03aTpaThl», IOKa3bIBaeT OTHOCHTENbHOE yBeMYeHue TPyAo3aTpaT, CBA3aH-
HBIX C K0l M3 CTPOK MapajuiebHOro Kofa. Bo BHyTpeHHei! yacty MaTpuLbl IpuBeie-
HbI IIpOV3BeJIeHNsI STUX 3Ha4YeHMI1, KOTOpble JAI0T NpencTaByeHye 06 3¢¢eKTMBHOM ypoBHe
TPYAO3ATPAT 1A KaX/I0i CPeibl IOCTIE0BATENLHOIO M TIaPaI/Ie/IbHOTO IPOr PAMMUPOBAHMA.
Hanpumep B cnyyae 06 beKTHO-OpHEHTMPOBAHHOI CPefibl B CpeHEM Kax/lasi CTPOKA BBIIIOJ-
HseT paboTy IBYX CTPOK IIPOLieAyPHOTO si3biKa. KpoMe Toro, TMImMyHbIit pa3paboTunk MoXkeT
nycaTh KOJ, B NOC/IEIOBaTENbHOM Cpefie O CKOPOCTBIO 25 cTpOK B cyTKu. Ecrm kop, HarmcaH-
HBI B 3TOV Cpefie, IlepeBOAUTCS B NapaJyIe/IbHbli NPy IIOMOLLM 0OMeHa COOOLEeHUAMM, OXKM-
AaeTcs, Y10 o6Immit pa3Mep Kofia yBemmuntca ¢ koapdurmentoM 1,5. Bonee Toro, ckopocts,
C KOTOPOJ 3TH IONOIHUTEbHbIE CTPOKY 3alIMCHIBAIOTCS B KOJI, yMEHBIINTCA ¢ K03 duumeH-
TOM JIBa, TaK KaK HaIlMcaThb MX clioxkHee. B pesynpTare 061mas ckopocTs IapainnenpHoi pea-
nusaLyy coctaBUT 25 3¢ peKTUBHBIX MPOLeRYPHBIX CTPOK (T. €. C) B cyTKN.

Ha pucyHke 6.15 nokasaHbl TeopeTidecky oO'beiMHEHHbIe AaHHble 13 Tabmy 6.2 1 6.3
Anst TunoteTMyeckoi 100-mpoLeccOpHOi CUCTEMBL M WITIOCTPUPYIOTCS pas/iM4dHble KOM-
MNPOMMCCHI MeXy TPOM3BOAUTENLHOCTBIO M TPYH03aTpaTaMy IIpy MCIONb3OBaHUM pas-
NIVYHBIX MOfieNielt IporpaMMMpPOBaHMA.



m maBa 6

Ta6nuna 6.3. OneHka CKOPOCTH HAMMCAHMS KOAA NMPOrPaMMHOTo obecnedeHns

B nepBoM cTon6ue ykasaH pasMep KOfa OTHOCHTENIbHO SKBMBAJIEHTHOTO KOJa, HAIIN-
CaHHOro Ha NPOLiefYPHOM s3bike (Hanpumep, C). B cnepyromiem cronbue ykasasa -
mmyHas ckopoctb (SLOC / cyTkw), mpy KOTOpOJi IIMIIYTCsl CTPOKY B TaHHOM cpege.
Cronbe1;, 0603HaYEHHDII «IIOCTEROBATENbHO», MOKA3bIBAET CKOPOCTb, AENEHHYIO Ha
OTHOCUTEIIbHBIH pasMep KOfa, ¥ faeT 3bQeKTHBHYI0 OTHOCUTENBHYIO CKOPOCTD BBI-
TMIO/IHEHHOM pabOoThl, HOPMAM30BaHHYIO IO OTHOLIEHWIO K MPOLERYPHOI cpepe. Ctpo-
Ka, 0603HaYeHHasA «KOf», NOKa3bIBAaeT OLEHKY YBEIMIEHUA pa3Mepa KOfa Ipy Iepe-
XOfie OT MOC/IEfOBATENbHOrO KOfa K Mapa/yieNIbHOMY Ul Pa3/MYHbIX METOJIOB Mapar-
JNeNbHOFO porpaMmupoBanus. CTpOKa, 0603HaueHHas «TPYA03aTPaThl», IOKA3bIBAET
OTHOCHTENIbHOE YBEIMYEHNE TPYRO3aTpaT, CBA3aHHBIX C KaX/JOi1 U3 CTPOK Mapaie/b-
HOTO KOjia. BHy TpeHHsis yacTh MaTpyILbl OTOOpaXkaeT IpOV3BeeHH s BCeX ITUX Mapa-
MeTpOB 1 iaeT 3¢ dEeKTNBHYIO HOPMY TPYAO3ATpPAT IS KXAO#H Cpefbl IOC/e0BaTeNb-
HOFO NMPOrPaMMMPOBAHMSA U MApaJUIeNIbHOrO IIPOrPaMMMPOBAHNSA, 3aJaHHBIX ITPY TIO-
moum (SLOC/day)/(RelativeSLOC)/(1+(Expansion Factor - 1)(Effort Factor))

Serial  Relati sLoc/ Gomm - Motel  pir,
Ceord ae SeL% |Z:e Day Serial DMA Message Manager/ A‘::ng
Passing Worker
Code - - 1 2 1.5 1.0 1.06
Effort - - 1 2 2 2 15
Assembly 3 5 1.6 0.5
C/Fortran 1 15 15 5 8 14 14
C++ 12 25 50 17 25 45 a7
MATLAB 1/4 40 160 80 140 148
Ilepesod

Serial code — nocnedosamenvhviil k00;

Relative SLOC - ommnocumenvhwiii SLOC;
SLOC/day - SLOC / cymxu;

Comm. model- moOenv KomMmyHUKaLUL;

Serial — nocnedosamenvrasy;

Message passing — o6men coobuyeHuamu;
Manager/worker — «navanvrux/noduunenbiit;
Distributed arrays - pacnpedenentvie maccugoi.

6.5.5. IlpopyKTMBHOCTH IIPOrpaMMHOro obecredeHns

B utore nenvio mo6oro ycunmsa ABnseTcsa NpofyKTMBHOCTD. OIHAKO omNpefiernieHMe Mpo-
RYKTMBHOCTM B KaXX/IoOM KOHKPETHOM cry4ae TpebyeT 6ornee rmy6okoro aHanmsa. IKOHO-
MMYECKOE ompefieieHye NPORYKTUBHOCTH:

V = noneanocrs / croumocty,
e = nipojykrusHocTb
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B cnyyae nporpaMmHoro obecrnedyeHyss CTOMMOCTD OIPEENIUTb IOBOIBHO JIETKO, OHa
MpONOPLMOHabHA TPyAo3aTpaTaM pa3paborymka. Ecrm laHHBIX MO TpyZos3aTpataM pas-
paboTuMKa HeT, pa3Mep KOfja MOXXET BBICTYIINTD B KaUeCTBe pa3yMHOro NpU6/IOKeH U 3Ha-
YyeHus Tpypo3arpar [Boehm et al. 1995]. IloneaHocTs — NOHATHE MeHee OYeBUAHOE. IKOHO-
MMCTBI ONPEJIENIAIOT €r0 KaK OTHOCUTEIbHYIO BBITOAY OT ToBapa umm ycnyru. IlonesHocTs
UCTIONb3YeTCsA IS ONMMCaHMA CYLHOCTel, KOTOpble Helb3si jieTko o6MeHsATs. Hanpumep,
ynydlIeHMe IIPOrpaMMbl ABJIAETCA BBITOKOI TOMBKO IS 3TOV IPOrpaMMbl. ITO ylydLIeHue
MMeeT IOJIe3HOCTH TONBKO JJISI 3TOI MPOrpaMMbl, HO He IS APYTOM.

1000
o [
=
=
£ 10 e~
g CITH e
g‘g
g
] Meilab/DA
se 10 . WM acabmr
50 MatlabMW
o
£8 T
SE -
£ C

| [YRTRY
0.1 v +
001 0.1 1 10 100
relative effort

OTHOCHUTENbHbIE TPYAO3aTPAThI

Pucynok 6.15. YcKkopeHne B 3aBUCMMOCTH OT TPYy/i03aTpaT
OrieHKa OTHOCHTETBHOTO YCkOpeHUs (CpaBHEHMe ¢ MocefioBaTeNbHbM C) Ha TMIIOTeTHYeCKOi
100-nporieccopHoit cucTeMe M306paXEHO TI0 OTHOIIEHUIO K OLIEHKE OTHOCUTENbHBIX TPYHO-
sarpar (cpaBHenwme ¢ niocneoBatenbHbiM C). Visobpakerbi asbiku: accembnep, C (mpouenyp-
Hb11), C++ (0bbexTHO-OpueHTHpoBarHbt) 1 MATLAB (Bbicokoro yposHs). Mopemu B3an-
MOJEICTBY S BKTIOYAI0T IPAMOit focTyn K namsitit (DMA), urrepdeitc nepenaun coobuienwia
(MPY), «HavanbHyk/mogunHertbi» (MW) 1 pacipeenensbie Maccussl (DA)

K cyacTnio, B 0c060M KOHTEKCTE IAHHOI KHUTY, TIapajUIe/IbHOM IIPOrpaMMMPOBaHIy Ha
MATLAB, none3Hocts onpegenuts nerko. [ToneaHocTs — 310 ycKopeHue, JOCTUTHYTOE MO-
CPeCTBOM IIpMMeHeHMs TIapa/UleNibHOTO MporpaMMyupoBakus. Takas nmapaienbHas mpo-
JNYKTMBHOCTb COCTaB/IsA€T

yCKopeHue

\PII

TPYZ03aTpaThl Napasuie/IbHOTo IPOrpaMMIMpPOBaHNs
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Ecmn mcnonb3oBarb jaHHbIe ONpefieNieHNs, CaMOCTOATENbHBIN pa3spaboTumK 1 pa3pabor-
YMK, TIONyHAIOWMi KBaMU(PUIMPOBaHHYI0 TIOMOILb, YIIOMAHYTHIE B MPENVCIOBNM, TTONYYaioT
KpUBbI€ IPOAYKTMBHOCTH, MIOKa3aHHBIE Ha pUCYHKe 6.16. B 0601x cimyyasx, Kax/plit paspabot-
YMK TIOAJEPXMBaET NMOCTOSTHHYIO MPOAYKTMBHOCTD, OTHAKO Pa3paboTuMK, OMyYarolmii KBa-
UL pPOBaHHY IO TIOMOLIb, B 100 pas IpoiyKTMBHee, YeM AeiCTBYIOLIMII CAMOCTOSITENBHO.

Ty >ke uper0 MOXKHO IIPUMEHNTD K CpefiaM MapajyIeIbHOTO IPOrpaMMMPOBaHN JIJIA TTO-
Ny4eHMsi OTHOCMTENLHON MPOAYKTMBHOCTU /I TPaiIULIMOHHONM Cpenbl IIPOrpaMMMPOBa-
HUA, TaKOM KaK nociefioBaTeNbHblil aA3bIK C. Vcrionb3ys naHHble pucyHKa 6.15, MOXXHO olje-
HUTb MPOAYKTMBHOCTD, B3B OLIEHKY YCKOpeHNs (OTHOCHTENTbHO NOCTIEiOBATENbHOTO SI3bIKa
C) Ha runoremyeckoit 100-mpoueccopHoit cucTeMe 1 pasfieIMB ee Ha OTHOCUTENbHDIE TPy-
flo3aTpathl NporpaMmupoBanms. PesymbraThl npuBeieHb B Tabmue 6.4. HeymBurensHo,
9TO METOJ pacrpefieTeHHBIX MaCCMBOB OKa3aJICsl CAMBIM IIPORYKTUBHBIM B IOO0M 13 s13bI-
koB. KpoMe Toro, s3bIK1 BbICOKOTO YPOBHs, TaKue Kak C++ m MATLAB, siBndiorcst Hanbornee
NPORYKTUBHBIMI. JII0O6ONBITHO, YTO pasmrume Mexay MATLAB (MeHblile Tpyzo3aTpathl) u
ASbIKOM C++ (BBIllle TPOM3BOAMUTENLHOCTD) MCUYE3AET TPY BHIYMCIIEHUI IPOAYKTMBHOCTH.

E BT 101* aided € NOMOLbIO
) -
z oy

&

& 1
=]
¢ i

0.1

E g. 100
-]
5 'g. 7 ble
E @' 10 4 y acceptable mpuemnemo
B 7
g /7 unaided
g 1 _ -
B -
g 0.1| ¥,0.1
% hours days weeks months

TPYRO3aTPaThl IIPOrpaMMICTa

PucyHok 6.16. IlapannenpHas npogyKTMBHOCTb B 3aBMCUMOCTH OT TPYAO3aTpar
Hinknne rpadmky nokaspiBaloT MapanienbHOe YCKOpeHVMe OTHOCHUTENbHO TPYAO3a-
TPaT paspaboTdyKa i pa3paboTyMKa, MOMYYaoLIEro MOMOLIb 3KCIepTa ¥ paboTa-
towero 6e3 moMowy akcnepToB (camocToATenbHO). IlapanienbHas NpOLYKTMBHOCTD
V| BHIMMCISETCA B pasnn4HbiX TOYKax. Bepxame rpadmku nokasbiBalOT o6uiyro ma-
pannenbHylo NPORYKTMBHOCTD B XOJI€ MPOEKTa



maea 6

Ta6nuna 6.4. IpubnusurenbHas OTHOCHTENbHAS NPOAYKTUBHOCTD

OrieHKa OTHOCHTENBHOI MPOXYKTUBHOCTM PasNIuYHBIX METOJOB NapaIeNbHONO Npo-
rpaMMMpOBaHMsA (CpaBHMTENBHO ¢ AsbikoM C) Ha rMnoreTnyeckoit 100-mpoLeccop-
Holt cucteme. B nepeoM cTon6ue ykasaH NOIXo Mpy COCTAaBNEHMY TOCIENOBATENTbHO-
ro xona. OcranbHble CTONGUB MMOKA3HIBAIOT KOMOMHMPOBaHHbIE BO3[EHCTBUA pa3-
JIMYHBIX CPEJ MOCNEN0BATENbHOrO M NMapaieNnbHOro nporpaMmmposanma. Kak mpa-
BUJIO, METONTbI PacTIpeIe/IeHHbIX MAaCCMBOB ABMAIOTCA HAMGONEE MPORYKTUBHBIMM.

Comm Model
Serial
Serial DMA Message Passing  Manager/Worker Distributed Arrays
Assembly 0.2 5
CiFortran 1 25 25 35 50
C++ 2 75 75 100 150
MATLAB 2 50 75 100
Ilepesod

Serial code — nocnedosamenvhpiit k00;

Serial - nocnedosamenvhbiil;

Comm. model- modenv kommyHuxayu;
Message passing — o6men coobujeHuamu;
Manager/worker — «nasanvHux/noduunenHbLi»;
Distributed arrays — pacnpedenenHbie MAccusb..
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3a nocnepHe HeCKONbKO BeCATUIETHIA AMANa3oH MPUIOXKeHHit, B KOTOPBIX IIPUMEHA-
I0TCS MapaJuleNibHble BHIYMCTIEHNs], 3aMETHO pacumpuics. Ha nepsbiit B3rnag, croco-
6Bl IapasuleNbHOI peany3aliyy STUX IPUIOKEHMIT TIPEACTABNAIOTCA O4€Hb PasHOO-
6pasnbpiMi. TiyaTenbHbl aHANN3 TIOKA3BIBAET, YTO STY IPUIIOXKEHMs] MOXHO pasfeNnTh
Ha KaTeropy 1o TVATY Iapa/uieNn3Ma, IIPUMEHSIOIETrocs B HUX, IIPOCTPaHCTBEHHON 1
BPEMEHHOI1 JIOKaJIbHOCTY VX BBIYVC/IEHMIT M Harpy3Ke Ha MEPapXMIO YCTPOICTB HaMATH
CHCTeMbl NTapajlIeNIbHbIX BBIYKCTIEHNIL. Boree TOro, 3Tu Kateropuut MOTyT OBbITh Ipes-
CTaBJIeHbl OTHOCHTENHHO MTPOCTHIMU BHIYMC/IEHUAMM, OTPaXKAIOLMMK KITIO9€eBbIe 3Ie-
MeHTbl TapaienbHbix Bbrakcnenmir. HPC Challenge benchmark (#a6op TectoB mpo-
U3BOAMTENIbHOCTH) MPEACTABNsAeT OO0/ KOMIEKIMIO 3TUX CTAHZAPTHBIX BHIYMCIIEHMI.
CpaBHeHMe ¥ COMOCTaBIIEHNe 3TUX TECTOB MO3BOJIAET BBIABUT HEKOTOPBIE BaXKHBIE OT-
NINYUA peasbHBIX MapaUleNbHbIX Mpunoxennii. Onpenenys, K KaKoit KaTeropyu npy-
HaJUIeXXUT MapajiieNlbHoe BBIYVCTIEHHe, pa3paboTuMK MOxeT 6bicTpee MpyHMMATh 3¢-
¢$eKTHBHBIE pelleHNs B OTHOILEHUH pa3pabOTKy MapajuleNbHOI IPOTpaMMBl.

7.1. Uctopuyeckunin 063op

ViccnepoBanme Mupa HapajuleNibHBIX TPWIOKEHM T — 4pe3BBIYAiHO TPYyAHas 3ajjaya.
Omnucarsy Kaxgoe MapanjenbHoe MPUIOXKeHVE HEBO3MOXKHO, M KaK JXe B 3TOM CITyYae Bbl-
6parb M3 HUX NOAMHOXKecTBO? OIHMM M3 CIIOCOO0B ABNAETCS B3[TIAJ B IPOLUIOE Ha TO, KaK
pasBuBanacy M MSMEHIach JaHHas 0671acTh B IIOCTIEAHME NEeCATUIETHS.

Victopmueckn KoHUenumst «opraHusalym BbIYMCIeHNit Ha cynep-OBM» popmace B rpa-
BUTE/IbCTBEHHBIX MICCIIEIOBATENBCKMX JTAOOPaTOPUAX Ha 3ape 3pbl BBIYMC/IEHMI1 (CM. pucy-
HOK 7.1). B aT1x na6oparopmsix 1ie/1€eBOro Ha3HauyeHMsi OCHOBHOE BHUMaHMe YHeNSNoCh pas-
paboTKe IpMIOKeHMI1 B HALMOHANBHBIX MHTepecax: pa3paboTKa BOOPY>KEHMIt, MMUTALMs
HaseMHBIX ¥ BO3[YLIHbIX CYJIOB, B3710M KofioB. K ynuBneHuio, aToT «y3kumit» Habop npuo-
YKEeHMI1 MMeeT LIMPOKNIt IManas3oH Tpe6oBaHMIi K BBIYMCTIMTEbHBIM CpefcTBaM. B rotoBbix
MporpaMMax MCIONb3YIOTCS pa3/MuHbie MaTeMaTHYeCKye NOHATHS (HENPePHIBHOCTD M MC-
KPeTHOCTb), anroputmbi ($pusmka u teopust yncen) u pasHoobpastbie si3biky (Fortran u C).

MepBble cUCTEMBI, KaK IPaBWIO, COCTOSUIM M3 HEeGOMBbUIOrO KOMMYECTBA BEKTOPHBIX
npoueccopoB. KaXablit BeKTOpHBII MpoLieccop, Kak MpaBMUIIO, 3arpyxan BeKTOp M 3aTeM
BbI3bIBaJ Oj{HY KOMaH]ly, KOTOpasi PUMEHSA/IACh KO BCEMY BEKTOPY Cpasy.
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PucyHok 7.1. 3Bononus BLIYMC/IeHMi Ha cynep-3BM
VicTopus Hauanach ¢ BeKTOPHBIX MalllMH, KOTOpPBIe 61N OTHOCUTEBHO IIPOCTHI B MC-
NONMb30BaHMK. B HejaBHeM NpOILIOM MOABUNICH MaCCHMBHO-TIapaslyieNlbHble KOMITbIO-
Tepbl. B HacTosIee BpeMsi CTa/y pacrpOCTpaHeHHBIMMU KIacTephl Linux, 6onee crmox-
HbI€ B IPOrpaMMMPOBaHMM, @ MACCMBHO-MHOTOAEPHbIE CHICTEMbI TIPECTABIAIOT CO-
60i1 KpyTIHeiiLMe B MUpe CUCTEMBI

Takue mpoweccops! YacTO HasbIBAIMCH NPOLIECCOPAMM «OfIMH MOTOK KOMaHJi, MHOTO TIO-
TOKOB ianHbIX» (SIMD) [Flynn 1972]. KirtouoM k 3¢pexTMBHOMY MCTIONIB30BAHMIO ITUX CH-
cTeM 6blyi0 cosfiaHMe 6OMbIIMX 1MK/IOB £Or, KOTOpble PaClo3HaBa/MCh BEKTOPU3UPYIO-
LM KOMIMJIATOPOM M 0TOOpa’ka/ich Ha BEKTOPHBIE IIPOLIECCOPHL.

Xotst 0671aCTh MCTIONb30BaHMA NIAPaJIIE/LHBIX BEIYVMCTIEHMIA C TEX NOP 3HAYUTEBHO pac-
LUIVMPUIIach, 3TV TEpPBble TPUIIOXKEHNSI COXPAHSIOT CBOIO BaXKHOCTb M 3a4acTyIo SIBIIAIOTCA
K/IIoYeBbIMM (paKkTOpaMy pocTa /st GONMBbLINX CUCTeM IapalieNIbHBIX BHIYMC/IEHNIT BO BCeM
mupe. KpoMe Toro, aTi NpuinoxeHns fany TON4YOK MHOXKECTBY MCCIETOBaHMit B 06/1acTu
yyullueHUsi MPOrpaMMMPOBAHNA Tapa/TeNbHBLIX MAIIMKE. PA3BUTUE TEXHOMOTUIT pacripefe-
NeHHbIX MaccuBOB, Takux kak POOMA [Cummings et al. 1998], GA++ [Nieplocha et al.
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2002])” n UPC [EI-Ghazawi et al. 2005], B3s710 Haya/0 OT 3TMX IpUJIOXKeHMit. B Hepare-
KOM TIPOILJIOM KOHLENLMsl NaparnielbHbIX BBIYMCIEHNI BhILIA 33 PaMKM HaLMOHA/IbHBIX
MCCIElOBATENbCKIUX Ta60paTOpMIl M CTana OCHOBHBIM 37IEMEHTOM Hay4HBIX MCC/IeOBaHMIA
BO MHOTMX AUCLMIUIMHAX. 3TO MpyUBENO K opyiiabHOMy IPU3HAHMIO «BBIYMCIUTEbHON
HayKM ¥ MHXXEHepMM» MU «HayKM MOJieIMpOBaHMsl» BO MHOIMX yHMBepcuteTax. Hekoro-
pble 06macTyi Hayky, TONy4MBLIMeE BHITOAY OT CyNepBbIYMC/IeHMI, BKIIOYAIOT B cebs Mopie-
JMpoBaHye MOTOABI M K/MMaTa, HayKy O MaTepyarnax, XMMuIo u actpodusuky. Ilpumeya-
TE/IbHO, YTO, XOTs Cepa MCIIONb30BaHNS Tapa/lie/IbHbIX BHIYMCIEHNI paclIMpsiiach, fabbl
OXBAaTUTb BECh [IMANla30H Hay4YHBIX BOIIPOCOB, TPeOOBaHMs K HMM IOYTH He M3MEHM/ICD
C caMbIX paHHUX fiHelt. CaMbiMM GONBIUMMM M3MEHEHUSMM, NPOM3OLUEALIMI B 3TY 3I0-
Xy, OblyI1: BHETpeHye MaCCHBHO flapajle/IbHOrO alnapaTHOro obecriedeHns u IMpoKoe 1c-
Nonb30BaHMe Mofierm mporpammupoBanns MPI (BMecte ¢ COnyTCTBYOLMMI TPYFHOCTS-
MM IIPOrPaMMUPOBAHMS).

B Hacroslee BpeMsi pa3HooOpasye NpuUIOKeHnit B 0671acTy 1aparleNbHbIX BBIYMCIIE-
HMIt BBIIJIO 33 TIpefeNbl CCTIeN0BanMili B 06/1acTh KOMMepYeCKoi! fesiTeTbHOCTH. BronH-
¢dopmaTuka, GMHAHCOBBI MHXMHUPUHI, KOMIILIOTEPHAs aHUMALWs Y MHTE/UIEKTYaIbHbIit
aHaym3 faHHbIX (data mining) — BOT HEMOJIHBII TIepevyeHb «HOBBIX» NPUJIOXKEHMI, IPOJiBUTa-
IOLMX NTapaJieibHble BHIYMCIeRMs. Yl cHOBa, BMECTO TOrO YTOOB! paCUIMPATD IPOCTPAHCTBO
BBIYMC/IMTENbHBIX TPeGOBaHWIA, 3TU IPUIOXKEHNS CY3UIN IIPOCTPAHCTBO alrOpUTMOB (IIpe-
JKfie BCETo, MacCoBO-TIapajlie/IbHOro) 1 obopyaoBanus (mpexxaie BCEro, cepuitHble Kiacre-
Pbl ¥ apasuienbHble paboune cTaHLMM), OFHAKO OHM CYL[eCTBEHHO paclIMpUMIIi MPOCTPaH-
cTBO mporpaMMHoro obecriedenns (MATLAB, Java, Python) u yBemunmi Heo6xomumMocTs
B CpeJiax NapaiebHOro IMpOrpaMMMUPOBaHNs, KOTOPbie MOXKHO GbUIO 6l GBICTPO M3YIMTD.

TexHOMOrMYeCKN TPEHABI, O3HaMEHOBABLINe 3BOMIOLMIO NapajelbHbIX BHIYMCIEHWIA,
BK/IIOYAIOT C/IeiyIoLiee:

e  yBeIMYeHMe MMKOBOI IIPOU3BOAUTENLHOCTM 6OTIee YeM B MUI/IMAP], pas;,

e« CMeHa OCHOBHOI 0071acT¥ HpUMEHEeHMUSA OT HECKOIbKMX aJIfTOPUTMOB, MMEIOLMX
Ba)XHBIi HAL[VIOHA/IbHBIN MHTepec (HamucaHHbIX Ha sizpikax C 1 Fortran), k mpuro-
>KEHMSIM, OXBaTBIBAIOLIMM ‘Bech [ManasoH HayKM M MPOMBILIIEHHOCTY (HammcaH-
HBIM Ha MHOTHX A3bIKaX);

e  yBemMYeHMe KOMMYECTBA IMPOLECCOPOB OT HECKOBKMX €AMHMUL] IO HECKOJIbKUX ThI-
CST4Y M COOTBETCTBYIOlee yBeIMieHNe obLieit TPYA0eMKOCTY POrPaMMMPOBaHMS;

e  [IOC/TIEIHUM ILATrOM B pacCIIMpeHMM Mapajie/IbHBIX BBIYMC/IEHMIi CTAlo pa3BUTHE
MHOTOsJIEPHBIX TIPOLIECCOPOB, CAeNaBlllee MCIIONb30OBaHMe Tapajyie/IbHbIX BbIYMC-
neHuit moBceMecTHbIM. Celfyac Kaxjass IporpaMMa npeficrabisier co6oit mapait-
nenbHYyI0 mporpamMmy. K cyacreio, MeToq paciipefie/leHHbIX MaCCHMBOB C aKLIEHTOM Ha
JIOKaJIbHOCTD JIaHHBIX, OIMHAKOBO XOpOLIO paboTaeT KaK Ha MHOTOSIIEPHBIX MPO-
L{eCCOPaX, TAK M Ha 6ONBLIMX CEpUITHBIX K/TaCTEpax.

7.2. Xapakrepucruka npoCTpaHCTBa NPUNOXeHNI

Us KpaTKoro UCTOpuYdecKkoro 0630pa, NpEeACTaBJIEHHOIO B NpEAbIAYIEM pa3jfi€iie, BUJ-
HO, YTO 32 IOCNCAHUC IECATUNCTUA MSMEHMIIOCH MHOro€, HO B TO >K€ BpeMA MHOroe ocrta-
NoCb HeusmelnbiM. B HYUCTHOCTH, C CAMBIX PaHHUX IHel 6b1110 U3BECTHO, 4YTO f€naeT 1a-
PannenbHoe NPUAOHKENHE SLAQKMAM» MK «NIPOCTBIM», ToYHee roBOPA, MpocThie npuno-
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XEHUA Halle BCero GLIBaT MaCCOBO-NApA/UIENIbHBIMY C PEry/ISPHBIM [JOCTYIIOM K IIaMs-
TH U COBEPIIAKDT MHOI'O ONlEpaLMit Hafl KXKbIM 3IEMEHTOM JJaHHBIX, IPOYMTAaHHbIM U3 TIa-
MATU. CroXHDbIe HPUTOKEHUA Yanie BCEro TPeGYIOT MEXITPOLIECCOPHON KOMMYHMKaLM
HEpEeryJIApHOro OCTyMNa K NamMATH M COBEPIIAIOT Majio oIlepauMii Haj KaKAbiM 3jIeMEH-
TOM H@HHbBIX, IPOUUTAHHBLIM M3 NaMATH. TakuM 06pas3oM, C TOUKM 3peHNs MapajyiebHO-
rO MPOrpaMMMPOBaHUA, HaC MEHbLIIE MHTEPECYIOT 0COOEHHOCTH TPMIIOXKEHMS, HO Gorbllle
MHTEPECYeT «IIPOCTOTa» UIIK «CNOXXHOCTH» MporpaMMbl. OLeHKa MPOCTOTH! MM CTIOKHO-
CTH MOXXET OCYLIECTB/ATBCA C Tpex TodeK 3penns. Ileppas ToUKa 3peHUs OpMEHTUPOBaHa
Ha anmnaparHoe obecIieyeHye ¥ pacCMaTpMBaeT TO, KaK IPOrpaMMa HarpyskaeT Mepapxuio
ycTpoiicTB namsT 060pynoBanns. Bropas Touka 3peHNst OpUEHTUPOBAaHa Ha aJITOPUTM U
paccMaTpuBaeT MPOCTPAHCTBEHHYIO ¥ BPEMEHHYIO JIOKQ/IbHOCTD IIa67I0HOB OCTYMNA K Ia-
MATH B anroput™e. TpeTos TOUKa 3peHMs OpMEHTHMPOBaHa Ha pa3paboTyyKa 1 paccMaTpu-
BaeT MePapXMIO JIOTMYECKOI MTaMATH BBIYMUC/IMTENBHOM MallMHBI M TO, KAKMM oOpa3oM ma-
panensM MpunoXKeHNs COINacyeTCs C 3TOM Mepapxueit.

7.2.1. epapxusa ¢pusuyeckoit naMmaTn

INonATHe MepapXuM YCTPOVCTB MAaMATH MOABMIOCH HA 3ape pa3paboTKM BHIYMCIUTEND-
Hoi1 TexHukn. Hamnbonee Baxkrble XapaKTepUCTHKY BKIIIOYAIOT B Ce0si PETMCTPBI IIPOLIecco-
Pa M K31I-TNAaMATH, JIOKA/IbHBIE 3alIOMMHAIOLIME YCTPOICTBA, yAA/IEHHBlE 3aTIOMMHAIOIIeE
yCTpOICTBa M YCTPOIACTBa XpaHeHM s laHHBIX. O6bIYHO B 06071 3aflaHHbIf MOMEHT BpeMe-
HM NOKA BHINONTHAETCS MPOrpaMMa, OfiHa 4acTb MepapXuy naMAaTyi OyneT 3arpykeHa 60mb-
e Beero. B cBA3M € 3TMM Bce porpaMMsl BhinonHATcs mpyu 100% s¢dektnBHOCTY 1O OT-
HOLIEHMIO K KaKoi-mbo yacTi Mepapxum mamsati. B upeane sta yacte Haxommtca Ominke
BCEX K IPOLIECCOPY, TAK KaK MPOLIECCOP ABNAETCA eAMHCTBEHHOI YacThIO CUCTEMBI, KOTO-
pas MOXKeT COBepIlIaTh NMojie3HyI0 pabory Haj HaHHbIMKU. OfiHAKO ec Kakas-m6o fipyras
YacTb MEpapXuy NMaMATH BHIIIOTHAETCS ¢ MAKCHMMA/IbHOM CKOPOCTBIO (HalpyMep, HOCTYI K
yAaneHHOMY 3allOMMHAIOIEMY YCTPOJCTBY), TO, BEPOATHee BCero, mpoleccop paboTaer ¢
ropasgio MeHbieit 3¢ ek THBHOCTDIO.

IpocThiM crioco6oM OXapaKTepusoBaTh CUCTEMY MapajIeNbHBIX BHIYMC/IEHNI ABISAET-
€A HanucaHye Habopa TeCTOB IMPOM3BOANTENIBLHOCTH, KOTOPbIE Halje/IeHbl Ha OTpefie/leHHYIO
4acTb MepapXuy NaMATH. BrllToyHeHNe 3TUX MPOrpaMM Ha OIIpefie/ieHHON BBIYMCINTEMbHOM
MalllfHE TIO3BONIUT M3MEPUTDH MPOM3BOAMTENILHOCTD 3TON cucTeMbl. CpaBHeHMe IPOMU3BO-
BMTENbHOCTY 3TUX TECTOBBIX MPOIPaMM C MPOU3BOAUTEILHOCTHIO PeanbHOTO TPUIOKEHMS
obecrieunBaeT IOHMMaHMe TOTO, KaKasi YaCTb MEPAPXMM NAMSITH IIPUIOXKEHNM TIOBEPraeTcs
Bo3fieltcTBIIO Gorbinte Beero. JIpyrMmm crioBaMy, MMeeTCSl BOSMOXKHOCTD OTIPEfIeNUTh, Ha Ka-
KY10 TECTOBYIO IIPOTPaMMYy I} IPOrpaMMBbl TIPMJIOXKeHMe NOX0XKe 6Gorbille Beero.

Ha pucynke 7.2 nokasan Ha6op tectoB npoussoputensHoct HPC Challenge bench-
marks B coOTHOLIEHMM C KaHOHMYeCKOI1 uepapxueit mamatu. Tect HPL (High Performance
LINpack) uMeeT ckioHHOCTD Harpy>kaTsb npoweccop (M obpaieHns npoueccopa K peru-
cTpy). Tect Stream B OCHOBHOM CKOHLIEHTPMPOBAH Ha IPOITYCKHOi CIIOCOOHOCTH K OCHOB-
Holt namatn. Tect FFT (BII® - 6picTpoe npeobpasoBanue Pypre) Harpy>xaeT MpOMyCK-
HYI criocobHocTh ceit, a RandomAccess uaMepsiet 3ajepXKKy mepefaun cetv. Vismepss
CKOPOCTb BBIMONIHEHMA TECTOB NPYU PABIUHBLIX $HaueHuAX Np, 1 cpaBHMBas C COOTBET-
CTRYIOUMMMY KPMBBIMM JUIA PeanbHulX HUPR/UICARHDIX HPUIOKEHUH, MBI HHONYHaeM vet-
KOE IIOHMMAHME TOI'0, HACKONbKO e TipuaokeHne noxwke va HPL, Streum, FFI' unu
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RandomAccess. 3to cpaBHeHMe Jjajiee OnpexnenseT, Kakas TEXHONOIN Napaje/IbHOro Npo-
rpaMMupoBauus 6yzeT st npynoxenns 6onee s¢pexTMBHOIL.

memory hierarchy
parallel architecture benchmark unit of Memory

SEEE=

Rav | [Rav ]| |[rav]

[ram]
‘ = &=

T

]
I disk |
Ilepesod
Parallel architecture — napannenvhas apxumexmypa;
CPU - LiITY;
RAM - 03Y;
disk - duck;

network switch — cemesotl Kommymamop;
memory hierarchy — uepapxus namamu;
benchmark ~ mecm npoussodumenvrocmus;
unit of Memory - edunuya namamuy;
registers — pezucmpuol;

instruction operands — onepanob kKomano;
cache - Kaw-namamo;

blocks - 6noxu;

local memory- noxanvras namame;
bandwidth — nponycknas cnocobHocmy;
latency - 3adepscka;

messages — COOOUEHUS;

remote memory — y0aneHHas NAMAmy;
pages — cmpanuyb;

disk - ouck.

PucyHok 7.2. Viepapxus nmamat u Ha6op tecroB npoussogutensioctu HPC Challenge
Ha6op TectoB mponsBomurensioct HPC Challenge paspa6oran Takum obpasom,
4TO KaXK[bI TECT BO3AENCTBYET Ha ONpeNie/IeHHYI0 YaCcTb MepapXUJecKoi IaMATH Ia-
pannenbHOro KOMIIhi0TEpa

7.2.2. [IpocTpanHcTREeHHAA/BpeMEHHAA IOKATbBHOCTD

Jlpyroit cuoco6 XapakTepUCTUKM NapanfenbiihiX pUAOKeHuit, KotTopbiit uMeeT Gonee
NpAMOE OTHOLUEHHE K HX Q/ITOPUTMAM, PACCMATPHBAET NPOCTPAKCTBEHHYIO M BPEMEHHYIO
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JIOKa/IbHOCTD Npyio>keHuit. [IoMHMTe, YTO MPOCTPaHCTBEHHAs JIOKAIbHOCTD — Mepa yIo-
PAAOYEHHOCTH WAGIOHOB AOCTYTIA K TaMATH IIPOTPaMMBl, @ BpeMEHHas JIOKaIbHOCTD SIBJIA-
€TCs Mepoil KO/M4ecTBa OIlepauyii, BBIIO/IHSAEMbIX HaJl 3/1EMEHTOM JJaHHBIX, IIPOYNTaHHBIM
u3 namath. IlocpeicTBoM npodumpoBaHus MPUIIOXKEHNST MOXKHO (aKTMUECKM BBIYMC/TUTD
IPOCTPaHCTBEHHBIN M BpeMeHHOM Noka3aTesnb. Ha pucynke 7.3 3T nokasarem MpofieMoH-
CTPMPOBaHBI [I/Is1 HECKOJILKMX peajmbHbIX puioxkeHnit [Weinberg et al. 2005].

IV NMPUICKEHNsI 3aAMOJHAIOT HEKOTOPYI0 06/acTh B NMPOCTPaHCTBEHHO-BPEMEHHBIX
KoopamHatax. Obnacts, orpaHudeHHass Habopom TectoBbix nporpamm HPC Challenge,
MMeeT CKIIOHHOCTb OXBAaTBhIBAaTh BCe Apyrie Npuioxenns. TouHoe pacnionoxexne no6oro
3aJJaHHOTO IPYJIOXKEHNsI XapaKTepU3yeTCs TeM, K KaKoit TeCTOBOI mporpamme nakera HPC
Challenge ono Haxomurcs 6mnke Bcero. He ynmBuTenHO, YT0 Hay4dHBle IIPUITOXEHNS Ha-
xopsarca bmnke K FFT u HPL. AHanornyHo npunokeHns U3 o6yacty aHanM3a JaHHBIX Ha-
xopArcs 6mmke K Stream 1 Random Access. Bonee Toro, mpocTpaHcTBeHHast/BpeMeHHas j10-
KaJIbHOCTH TIPUJIOXKEHMS MOXKET MU3MEHNTHCS BO BPEMs €T0 BHIITOTHEHMUS M MOXKeT Npnoym-
XATbCA K TOMY MJI MHOMY TECTY B pa3Hble MOMEHTHI BpEMEHI.

1
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HPOCTpaHCTBCHHbIﬁ IIOKa3aTenb

PucyHoxk 7.3. CpaBHeHME NPOCTPAHCTBEHHOI ¥ BPEMEHHOI JIOKATbHOCTH
IpocTpaHcTBeHHbIIT/BpEMEHHOI TOKa3aTeNy HEKOTOPBIX MpPUIIOKEHMit U TaKeTa
HPC Challenge, namepernsie npu nomongt MetaSim [Weinberg et al. 2005

7.2.3. Viepapxus noru4ecKoi naMaTn

Cnoco6 Hanbonee 3¢dheKTMBHOTO MPOrpaMMMPOBAHMS APAJUIENBHOTO TPUIOKEHNSA B
3HAYMTENILHON CTETIEHM 3aBUCUT OT TOTO, KaKiM 06pa3oM Heo6XomMO nepeMeniaTh JaHHbie
IO JIOTMYECKON MepapXum MaMATH cUCTeMBL. Uisi HEKOTOPBIX AG/IOHOB TIepeMeLeHNA [aH-
HbIX KOJi MUCATh CTIOXKHee, YeM s apyruX. K cyacTeio, CyluecTByeT /MILIbL HECKOIIbKO OCHOB-
HbIX 1a6/10HOB. Vicnonp3ys TecTbl IIPOM3BORUTENIBHOCTY, KOTOPBIE UCIIONb3YIOT laHHBIE LIa-
G/OHDBI, MOXKHO cfienarb BLIBOK B OTHONICHUY IPOCTOTDI M/IM CTIOXHOCTY HATTMCAHUSA HPOTpaM-
Mbl PeaZbHOro NPUCKEHUA 1O ANAAOTVM ¢ HOJOOHMMY 1AGNOHaMK TlepeMeLleHUA JaHHbIX.
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B yacTHOCTH, 3TH IIA6NIOHBI TOMOTYT ONPELENNTh, KaKyie MOJie/ M ITapa/lieNIbHOrO MPOorpaMMy-
poBaHus Hanboree 3pPeKTUBHBI B MICTIONb3OBAHUM JISL PA3/IMUHbIX IIPUIOXKEHMIA.

B na6ope tecroB HPC Challenge ncronbsyercs mmpokuit iuamnasos mabioHoB nepe-
MelLeHMs JJaHHBIX (CM. pucyHok 7.4). Hanbonee npoctriM siBnsteTcs m1a6/i0H MaccoBOTO Ia-
paiutenn3Ma, KOTopbiit He TpebyeT nepeMelieHMsi JaHHBIX MeXJY NpoLeccopamMu. 3To 1a-
6r1oH tecta Stream. Tect FFT npencrasnset 6onee perynspHbiit ab/oH B3aMMOAeCTBUA
«KaXX7Ibli K KaxzioMy» (all-to-all). B 3ToM 1ma6noHe KaX bl IIpOLECCOP OTIPABIAET Pery-
TISIPHBII PeRONpeieNieHH bl 06bEM TaHHBIX BceM AapyruM npoueccopam. lla6noxn HPL mo-
noben mabnony FFT, Ho B HeM 06bIYHO 3ajielfiCTBYeTCs OAMH MM Gorlee MPOLECCOPOB, pac-
CBHUTAIOLIMX HMIMPOKOBELIATEIbHO JaHHble OFHOMY WM Goree NMOAMHOXeCTBaM MPOLIECCO-
poB. HakoHner, ma6son kommyHnkarpm RandomAccess siBsieTcss caMbIM CIOXKHBIM, Tak
KaK OH OTIpaBiseT COOOIEHNA MeX Y IIPOLIeCCOpaMy ClydaitHbIM 06pa3oM.

NI.S

Pucynok 7.4. KommyHykaums B uepapxun
Illabnosb! KOMMYHMKaLMK Habopa Tecto npoussofutenbrocT HPC Challenge mo
OTHOIUEHMIO K Mepapxuy Keka Ha CTaHapTHOI BEIMMCTUTENBHOI MallHe

7.3. Habop HPC Challenge: oxeaT npocTpaHcTBa NPUNOXEHWUIA

B npenpigyiueM paspeie Mbl IIOCTapamich 0GOCHOBATH MAEI0 TOTO, YTO HEOGO/MBIIOE KO-
NMYECTBO TECTOB MOXKET JATh IPEACTABIIEHME O MapajUlebHOI IPOM3BOIUTENLHOCTY M Xa-
pakTepucTMKax 60/NBLIOrO NPOCTPAHCTBA NPpMIOXKEHMit. B yacTHocTH, 6B BHIGpaH maker
tectoB HPC Challenge, Tak kak OH Haue/ieH Ha pa3/iyHble YacTy Mepapxum (Hu3n4ecKoi
NaMATH, OXBATLIBAET NPOCTPAHCTBEHHYIO/BPEMEHHYIO TIOKANIbHOCTD Pea/IbHbIX IPUIIOXKe-
HUl 1 aaieicinyer pasHoo6pasHble 1A6NIoOHb NepeMeuieHUsT IOTMYECKNX JaHHBIX. B Ha-
CTOSALEM PUMIENE IIPEACTAB/IEHD! BHICOKOYPOBHERBbIE [IETANMN ITHUX TECTOB IIPOM3BOAMTEND-
HocTH, Kaxauhh rect Omt n3yuen 6onee 1OXPOGHO B HIOCEAYIOUMX rNaBaAX.

..
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7.3.1. Stream

Tect mpomsBommTenbHOCTM Stream ABNAETCA caMbIM NpocThiM M3 Habopa HPC
Challenge. O BbINosHsieT HEKOTOPOE KOMMYECTBO MPOCThIX onepanmit Ha N —31eMeHTHbIX
BeKTOpax a, b 1 c. Hanbornee usBectHoi1 siBnsieTcs onepaums Stream triadd:

a(i) = b(i) + qc(i),
Ifie q — KoHCTaHTa. Lle/pio 3Toro TecTa sB/sAeTCs M3MepeHMe NPOIYCKHOI CIOCOBHOCTH 710~
KaJIbHOJ TaMsATH BCeX MPOLeccOPoB cucTeMbl. TakuM 06pa3oM, Kax/blit IPoLieccop Bbl-
TOJHSIET BbIIIEYKa3aHHYIO OMePaLMIo Ha CBOe JIOKaIbHOM YacTM MaccMBOB 6e3 ocylecT-
BJIeHM KOMMYHMKALMY C JII0OBIM APYTUM IPOLeCCOPOM. TUIMYHOE pacripefiefieH)e faH-
HBIX JI/151 3TOrO anroputMa: a : RP™ (cm. pucyHok 7.5).

Stream siB/I€TCs MpeCTaByMTENIEM MHOTMX MaCCOBO-TIapa/yIe/IbHBIX TIPMIIOXKEHMI, KOTO-
Ppble OCYLIeCTBISIOT PETY/SIPHBIil MOCTYI K MacCMBaM JaHHBIX. C IIOMOLIBIO 3TOTO TECTa MOX-
HO XOpOLIO IPeACTaBUTh MHOTMe 3ajja4yyl aHa/M3a JaHHbIX (HanpumMep, 06paboTKy M306pa-
JKeHwmit). Stream JIeTKo peann3oBats B J1i060i MOLENN MapajuieIbHOTO MPOrPaMMMUPOBAHMS.

7.3.2. FFT

BricTpoe npeobpasoBanue Pypoe (BIID) — BaxkHOe BbIYMCIEHME BO MHOTHMX IIPUIIOXKe-
Husx. OHo sAB/IeTCA OCHOBOM 06pabOTKM CUTHAJIOB, TaK Kak Mo3BofseT 3 PeKTUBHO BbI-
MOJHATH NpeobpasoBaHMe JaHHBIX O BpeMEHHBIX PsiiaX X B YaCTOTHbIE AaHHble Z. [Tpeo6-
pasoBanue BIIQ Takke BaXXHO B YMC/IEHHBIX pelieHMAX AU PepeHLMaTbHBIX ypaBHEHWI1 B
YaCTHBIX MPOM3BOAHBIX, TJie UCTIONb3YIOTCsI TICEBAOCTIEKTPa/IbHblE METOBL

Ipeo6pasoBanne BIIQ aBnsetcs 6bICTPbIM METOAOM BBIYMCTIEHUSA TUCKPETHOTO IIpe-
obpasoBanus Oypwe (IT1D):

z(k) = i x@)e*

rfie X, 2 : CV. Yacto 3ta onepaums o603Ha4aeTcs Kak

z = FFT(x).

IIpeo6pasoBanne BIIP He siBNAeTCA oneparnmell TpMBUAMLHOTO Mapajuienn3Ma. QakTy-
YecKM KaXkfblil 37ieMeHT pe3ynbTaToB Z(i) 3aBUCUT OT KaXXIoro 3HadeHus X. O6bI4HO na-
pariensHas onepauns npeobpasosanus BIIQ ucnonbsyer Tot $aKT, YTO OFHOMEPHOE Mpe-
obpasoBanyue BIID MOXXHO BBMUCIUTH NpeBapUTEIbHBIM IIpeobpa3oBaHMeM BXORHOTO
BeKTopa B MaTpuLy, BbinmonHeHneM BII® Ha cTpoKaX, yMHO)KEHMEM -Ha HEKOTOpbIE KOH-
CTaHThI U 3aTeM BHINONMHeHUeM npeobpasoBanus BIID Ha cronbuax. PesynsTupyiowmas mMa-
TpMLa 3aTeM Nnpeobpasyercs o6paTHO B BekTop. Takoit ajropuTM fienaeT napauienmsm B
nporpaMMe ocTaTo4Ho sAcHbIM. Kaxias onepanmsa npeobpasoBanus BIIQ Haj cTpokoit
MN¥ CTON6G1IOM MOXKET BBHINOJIHATHLCA He3aBMCUMO OT ApyruX. OTHaKo flaHHble MaTPUIIbI He-
06X0IUMO TepepacnpefenaTs MeXRy KaXabiM U3 IIaroB

2=X,
e X : CrMxM, 7 . CMXPM) y N = M, M, 'Takoe nepepacnpenenetine Tpebyer, 4Tobbt Kax-
AbIA 1poOLieccop OTNPaBNA/ AaHHble APYTOMY MPOLECCOPY M KATpYyXxan NpONYCKHYK CIo-
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COOHOCTD CeTV MEeXITPOLIECCOPHOIt KOMMYHMKALMY TapasUieNbHOM MAIIMHBL (CM. PUCYHOK
7.5). BT0 mepepacnpefeneHye ABIAETCS KIaCCMYECKMM IPUMMEPOM TUIIA ONEpaLyy ITIO-
6a7bHOI KOMMYHMKALIMY, KOTOPYIO JIETKO MPEeJiCTaBUTh C MCIO/b3OBAHMEM pacIpefie/ieH-
HBIX MaCCMBOB.

FFT rows—
0% - FFT columns
=
corner .
turn
YTNIOBOJ TOBOPOT
RandomAccess
send random
X indices OTIpaBKa
MpOM3BONbHBIX
MHJEKCOB
receive, XOR,
X > fate TONYHEHMe, XOR,
‘- sniy, o6HOBIIEHKE

HPL

Pucysok 7.5. llla6nmonnt kommyHukauum naketa HPC Challenge

7.3.3. RandomAccess

Tecr Stream siB/IsteTCst IpeACTaBMTENIEM MHOTYMX IIPUJIOXKEHMIT aHa/M3a JAHHBIX, HO B TO
e BpeMs CYIIeCTBYIOT IpyTHe MpUIOKeHNs], MMelolye 6osiee ClIOXHbIe MIA6/IOHbI JOCTYIa
K namsti. Hanpumep, mpoctas omepanyisi BBIYMCIEHNUS TMCTOIPAMMBI NTOCTIEROBATENTBHO-
CTU CTyYailHBbIX 4MCe IO CyluecTBY TpebyeT MpoM3BOMbHOro obpamenms K namatm. Tect
RandomAccess cosfaH Ai/1A IpencTaBiieHis 3TOro Kacca orepanmil, KOTopble MOXHO Hall-
Ty B 6asax jlaninbix, aHanuse rpacgos, aHamM3e Kofia ¥ TEXHOIOrMIt MMM TALMN/MOLeMpoBa-
HMA Ha ocnone uacTuiy Metoniom Monte-Kapno. OcHoBHast onepanys Tecra:

x(1) = XOR(x(/),r),
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rae x : Z¥ ~ Tabanua wenbix yucen, r : Z- cayyaitHoe yenoe uncro u i(r) = AND(r, N-1)- no-
mep oOHoBnAeMo# suchxu Tabimibl. O6prMHO Tabnuiia pacnpeneieHa MeXY MpOLLECCOpaMu
t : Z'(N) (cM. pucyHOK 7.5), npu STOM KaXKAblit IPOLIECCOP TEHEPUPYET NOCIEfI0BATEMLHOCTD
u3 r. [Ins BeIONHenusn OOHOBIEHMA HEOOXOMMMO, YTOOB! KaXKAblil MpoLeccop ofpaiancs K
MHpekcy i(r), onpenensin, Kakoil MpoLeccop BafieeT 37IeMeHTOM Tabnuupl ¢(i), u oTnpaBIAn
COOTBETCTBYIOLLEe 3HaYeHMeE 7 STOMY IPOLIECCOPY /A BBINONMHeHUs 0OHOBIeRNA. CrefcTBN-
€M JTaHHOTO Mapa/IENbHOrO METORA ABMAETCS TO, YTO KaXKAblil IIPOLIECCOP HAIpaB/IAeT faH-
Hbl€ MPOM3BONIbHBIM NOJMHMKECTBaM IpoLeccopoB. Takoil mabmoH KOMMyHUKALy BIuseT
Ha 3aJlep)KKy COefiMHenMii Mexy nporieccopami. Kpome Toro, s aToro mab6ona TpysHo
nucarh Kof B 60NbIIMHCTBE MOferell apalie/IbHOTO IPOrpaMMUpPOBaRus.

7.3.4. HPL

Tect nponssogurensHocti High Performance LiNpack (HPL) umeet ponryso ucropuo
M XOPOIIO U3BECTEH KaK TECT, accoummpyommiics co cmckoM «Top 500». B pannbiil crm-
coK BXomT 500 CaMbIX OBICTPBIX BBIYMC/IMTENBHBIX MAIIMH B MUPe B COOTBETCTBIM CO CKO-
pocteio BeinonHeRs umu tecta HPL. B ocHoBe Tecta HPL nexxut Bhuncienue BeKTopa
x : RM, KOTOpblit ABAETCS pellieHneM CUCTEMBI TMHEIMHDbIX YPaBHEHMIL:

Ax=b

CO C/yYaiHO TeHEPUPYILMMUCS BXONHbIMU faHHBIMM A : Ry b : R™. AnropumM, uc-
HONb3YIOMMIACA [/ HAXOXKEHUA X, CHavana pacKnafiblBaeT MaTPULy Ha [iBe MaTpPMILbI-
COMHOXXMTEJISA: HIDKHe-TpeyronbHyo Marpunly L u BepxHe-TpeyronpHyio Marpuity U. 3t
MaTPULBI 3aT€M UCTIONB3YIOTCA 1A HAXOXKAEHNS PellleHNs X C UCTIONb30BaHMEM UCKITIoYe-
Huit Taycca. B BorMcnennsax nmpeo6nafaloT MHOTOYMC/IEHHBIE TIEPEMHOXKEHMS MaTpPHI Ha
MATpMLB], HaXo#Amyecs Ha ware LU-pasnoxxenus MaTpuipl, KOTOpble 6orbllle BCEro Ha-
TPYXAI0T NPOLECCOP B MapasIIeNbHOM CUCTEME.

Haub6onee Bricokonponspopurempubie peanmsampy HPL ucnonesyior cnoxxHoe ABYy-
MepHoe 6710YHO-LMKMYeCKoe pacnipenienieHme MaTpuupbl A : RPM*Pu™) (cm. pucyHok 7.5).
IJ10 pacnipefienenme obecrieynBaeT ONTHUMANbHYIO PaBHOMEPHOCTH HATPy3KM U IIO3BOJISA-
€T KaXIOMy TPOLeCCOPY BHIIONHATL NMPUOMM3UTENBHO OIMHAKOBBIN 06beM paboTh! 1O
Mepe BbINonHenust Boraucennit. ITo6ounbiM adpexToM Takoro pacrpenieNieHust sBIAETCA
TOT BaKT, YTO, XOTA 06LMIL OGBEM TepeMeniaeMbIX AaHHBIX HeOOMBIIO (110 CPaBHEHMIO C
BBIYMC/IEHNEM), 1Ia6/I0HbI KOMMYHMKAIMM IOBO/IBHO CTIOXKHBIE M TPeOyIoT, YTOOB! KaXablit
IIpoLieccop ONpefiesy NOAKIACC MPOLECCOPOB /il KOMMYHUKALMM 110 Mepe BBITIOTHEHUS
BbIYMCIEHMil. JJaHHbII1 A6/IOH ABJIAETCS CIOXKHBIM JJIst HAIMCAaHMUA KOfla B OONMbUIMHCTBE
Mopienell napajule/IbHOrO NMporpaMMMpOBaHMs, OHAKO 3[ieCh Ha TOMOLb IPUXOAAT pac-
npepenesHble MaccuBbl. CTOUT YIIOMAHYTh, YTO MOXKHO peanmmsoBath HPL, ncnionn3sys 60-
Tiee NPOCTBIE pacrpefienieHns JaHHbIX (Hanpumep, A : RMP™M), onnako atu pacnipenenenus
NPUBEAYT K NOy4eHmIo Gonee HU3KOI MapasensHON POM3BOAUTENBHOCTH.

7.4. CobcTBEHHas NPOU3BOANTENBHOCTE aNFOPUTMa

Tlo crpykrype Habop TectoB npouapoputenbiHocTit HPC Challenge npepcrasnser co-
Goit BecbMa pasHooOpasHbie anropuTMbl U 0GECTIEYMBAET OTNIMYHYIO BO3MOXHOCTD TOK-
YEPKHYTh, KAK Pas/iMuHble anroputMbl MOryt obnagarb pasnMuHLIMU MapanienbHbIMU
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cBoitcTBaMu. JI/Is1 OL{eHKM a/irOpUTMOB HeOOXOIMMO OIpefie/IMTh MX caemylompme QyHpa-
'MEHTa/IbHbIE XapaKTePUCTUKM.

OcHoOBHBIE CTPYKTYPBI AHHBIX: MACCHB(-bI) Ha KXAOM CTaZyy NporpaMMbl, KOTOpbI€ TIO-
Tpebnszor Hanbom it 06beM NaMSTH 1 Ha KOTOPBIX BBIIOMHSAETCS GOMNbIIMHCTBO BHIMICTEHMIA.

CnoxxHocTs Bhrymucaenmit (W): ob1iee KO/mMuecTBO BHIIONMHSEMBIX Onepauyit (W1 Bbl-
JIONHAEMON pabOTHI) M MX 3aBUCUMOCTD OT A/ITOPUTMUIECKUX TTapaMeTPOB.

Konmyecrso onepanmii na snemMent pauubix (W, ): KOMM4YeCTBO BHINOTHAEMBIX OIle-
parmit (M1 BBIIONMHsIeMOV paboTHI) Ha KaXXIOM 3/IeMEHTe JaHHBIX.

Crenenn napannennsma (DoP): napannemsM, CBOitCTBEHHBII aITOPUTMY, M €TI0 CBSA3b
'C OCHOBHBIMM CTPYKTYpPaMy JaHHBIX.
| Cnoxmocts KommyHmnkanum (D): obuiee KomiecTBo IepeMelaeMbiX 37IEMEHTOB JIaH-
}me, HeOOXOIMMBIX [ijIs1 BBIIIOTHEHMA ITapaj/ie/IbHOTO aNropuTMa.
y  OTHomemnme Bbryncrnenne-Kommynmkanmusa (W/D): o6beM BBIIONMHAEMbIX BbIYMCIIE-
WMit Ha Ka>KBIit TepeMerieHHbIN 37IEMEHT JaHHbIX.

BeieykasaHHble 3HaUeHUs1 1A KXIOTo Tecta 06061eHb! B Tabmue 7.1.

'0.‘7.4.1. CrpyKTypa AaHHBIX

OCHOBHbBIE CTPYKTYPHI JaHHBIX /st KaXKAOro TecTa GbUIM MpeficTaB/IeHb! B MPEAbIY-
gneM paspene. Tecty Stream tpebyetcsa Tpu N-anemeHTHBIX BeKTopa. Tect FFT Takoke mc-
flone3yet N-371€MEH THBII KOMIIIEKCHO3HAYHBII BEKTOP, HO Npeo6pasyeT ero B MaTputly us
M, X M, anementoB, e N = M,M,. RandomAccess ucrnonb3yer N-aneMeHTHBI BEKTOP
{1 Ta6muy) yenbix uncen. Hakowew, HPL ucnionsayer matpuny M X M, tge N = M? - 06-
fliee KOMMYECTBO MEMEHTOB B MaTpyuie. CTPYKTypa BCeX TECTOB IPOM3BOAUTENBHOCTH 11O~
8BO/ISET BHITIONHATD MX KaK MaclUTaGMpoOBaHHYIO 3aiady, TaKMM o6pasomM, N BrIOMpaeTcs
1 UCIIONb30BaHMA 6OJBIIOH HO/mM O6LIel MaMATH BbIYMCIMTENBHOM MallMHbBL. B 061eM,
8710 03HayaeT, 4To N a Np. Ha npaktnke N/Np noppep>uBaeTcsi HeM3MEHHBIM, a N expene-
NAeTCA YMHOXEHMEM 3TOTO 3HaUeHNs Ha Np.

7-4.2. C1oO)XHOCTH BBIYMC/ICHM I

- Yactb Tecta Stream - triadd — BHIIONHAET OFHO YMHOXKEHME ¥ OFHO C/IOXKEHME Ha KaxK-
Rulit a7ieMeHT naHHbIX (W, = 2), B pe3ynbTare Yero o61mas CI0XHOCTDb BHIYMCIEHMIT CO-
craBnser W = 2N. Ananormudo RandomAccess coBepinaer Tonmpko ogHy onepaipio XOR
Ha KaXX/ioM 9neMeHTe Janubix W, = 1. TouHasa cnoxxHocTh Bbrunciaenmuit BITMD He3Haun-
TE/bHO OT/IMYAETCA OT peamm3alM K peanmsampm. CTaHgapTHOe 3Hayenme ajis BIID na
KOMIIIEKCHBIX JaHHBIX cocTaBnsAeT W = 5Nlog2(N) c coorBercTBYyIOLelt paboTOi Ha Kax-
AOM 37MeMeHTe JIaHHbIX, paBHoit Slog (N). insa pemenns ypaBhenua Ax = b cymecrsyer
MHOTO a/ITOPUTMOB; OfHAaKO TecTh! ponsBogutenbHocT HPL Tpe6yiot ncrionb3oBars LU-
pasnoXeHne MaTpUIIb C IOC/ENYOIMMYN MCKIoYeHnamm Jaycca. B gaHHOM crydae C/IoX-
HOCTD BBIMMCNIEHMIA COCTaBUT W =(2/3)M* =(2/3)N*?, B pe3ynbTaTe 4ero paboTa Ha Kax-
HOM 3/1eMeHTe [IaHHBIX cocTaBifer W, = (2/3)JN . TouHass CIOXHOCTb BbIYMCTIEHMIT
HPL pana B nocnepyioueit rnase.

CornacHo peanmaanny, o6veM padoThl 11 BICMENT JINHHBIX 3aMETHO BapbUpyeTcs cpe-
an tecton npousnoautenniocty HPCG Challenge, ot W = | ansn RandomAccess no

element

W mem = 2/3JN znn HPL, Tio atum BAHHBIM MOXHO NPUNLKNHKANDHO ONPEAETUTD, Ha-
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AVLMOHHOI1 IPOLI€CCOPHON CUCTEMBI C TPAIULIMOHHOI MepapXueil MaMATU OXMAAETCS, YTO
peanmsauus HPL 6ynet camoit addexrnBHOiL, a TectoB Stream ' RandomAccess — camoit
HeaddexTnBHOIL.

Tabmuua 7.1. XapakrepucTuky napamrenbHbix anroputmos naketa HPC Challenge

PasnuuHble BbiMMCNUTENbHBIE XapakTePUCTUKW TecToB NpouasoauTensHocTn HPC Challenge

MNporpamma  Maccue aaHHbIX W CMOXHOCTB W, oment CreneHn D cnoxwocTb wmD
BbINMCTIEHNI onepauww/  napannenusma KOMMYHUK. BbIYHCNEHNS/
(onepauwit) 3neMeHT (oTnpaeneto KOMMYHMK.
anemexToB)  Onep./anemext
Stream 8, b, c: R 2N 2 N 0
FFT X : CFPiMxM; .
P SNlog2(N) Slog2(N) min(M,, M,) N Slog2(N)
RandomAccess t:zem N 1 N N 1
HPL A : RPcMXPoclM) (2/3M° (2/3)M M M (2/3)M

7.4.3. Crenenn napannenmsma

CTpyKTypH! JaHHBIX ¥ CIOXHOCTD BbruMcienmit nakera HPC Challenge cBoitcTBeHHBI
CaMyM aJrOpuTMaM He3aBMCHMO OT TOTO, KaK OHM OTOOp@KEeHBI Ha Mapajyie/ibHYI0 Mally-
Hy. [l BBIYMCIIeHMs cTelleHel! rapanenm3Ma HeoOXOMMMO YYUTHIBATD ONpefie/IeHHOE I1a-
paenbHOe pa3MerlieHre. B HalleM ciyyae 6yRyT MCNONb30BaThCA NapasielbHble pasMe-
HIeHMUsA, pACCMOTPEHHBIE B IIPEABIAYILE TIaBe.

B Tecte Stream ycronbsyercs OBHOMEpHOe 6/104HOe NapaljieNbHOe pasMelleHNe JJis
€ro Tpex BeKTOpOB a, b, ¢ : R*™. B atoM ciyyae xaxpoe Boipaxenue a(i) = b(i)+qc(i) moxer
6BITD BBINONHEHO HE3aBMCHUMO, IPUBOAS K N cTeneHsIM napalenmsma.

B tecte RandomAccess Taroke UCIIONb3YeTCsl OTHOMEPHOE G/I0MHOE IaparnieNibHOe pa3Me-
IeHMe CBOETO I/IaBHOTO BekTopa t : ZP™. Ha nepBbiit B3rsg, Tak kak RandomAccess cy4ait-
HO OGHOBJIsIET t, MOXXET II0KA3aThCA, YTO 37IeCh HET CTEIEHEN NapavleNM3Ma, II0TOMY YTO €CTh
BEPOATHOCTD, YTO JIBA IPOLIECCOPA MOTYT IIOMBITaTbcsA OGHOBUTD OJTHO M TO XKe 3HadeHMe t(i).
OpnHaxo, Tak Kak orepaiys XOR siBrisiercss KOMMYTaTMBHOM, HOPSROK BBIIONHEHNS ITHX Olle-
paumit He MMeeT 3HaueHus. B atoM cirydae kaxgoe Boipaxenne t(i) = XOR(#(i),r) moxeT BbI-
NOJHATBCA HE3aBUCHMO, IPUBOAS K N CTereHsaM napajuienmsMa.

HapannensHpiit anroputm FFT 0661400 Tpe6yeT npuMeHeHNs ABYX OTHOMEPHBIX 67104~
HBIX pacripesiefieHmit K fByM Matpuuam X : CPMIXMe 7 . CMXPIMD_ Creneny napamiermsma B
mo6oit 3a[JaHHOI TOUKe aITOPUTMAa 3aBHCAT OT TOTO, Kakasi Marpuiia ucnonb3yertcs. Ha nep-
BOM Luare aiIrOpuTMa, Ifie Orepauyy coBepuiarTcs Haj X, uMeetcss M, crenenei napanie-
nusma. Ha BTopoM 1iare anropurMa, Ifie onepanyy coBepIIaoTcs Haj Z, umeerca M, ctene-
Heit napaenama. O6p19HO, Np He MEHAETCS OT IEPBOYO 11ara JIo BTOPOTo, TakuM 06pasoM,
o0liee KONNYECTBO CTEMeEHeN Napa/lielM3Ma COCTABISET min(Ml,Mz).

[Napannenbhbiit anropur™ HPL mcnonbsyet fByMepHOe 6710MHO-LIMK/IMYECKOe pacipesie-
NeHue Ha CBoell r1aBHOM MaTpule A : R\ Teopetuyecku, ecnv pasmep 610ka ycTaHo-
BUTDL PaBHBIM | 37IEMEHTY, TO TAKYI0 MaTPUIY MOXKHO pa36utb Mexxay M? = N npotleccopamu,
uTO 1puBeno 6ui kK N cTenenam napanncauame, O{HaKo exaliiuit B OCHoBe HporpamMmsl an-
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TOPUTM VIMEET OIpefe/ieHHbIE 3aBMCHMOCTH, TaK YTO 3¢ eKTHBHOE MaKCUMaJIbHOE KOJMYe-
CTBO CTelleHel Napa/ulenu3Ma, Kak NpaBuio, cocTassier M = Jn.

KonmmdectBo creneneit napannenuama B tecrax npouspoputenbuocrn HPC Challenge
Bapbupyercs B npefenax or VN 1o N. Tak kak Ha6op HPC Challenge npenxasHadeH mis
BBINO/IHEHNS Ha 60nbllNx 3afjayax, rae N o Np, nouty Bcerfia 6yfieT BBIIONHATbCS HEPaBeH-
ctBO VN > Np . [Ipyrumu cnoBaMH, TOYHO TaxK e, KaK M [yI MHOKeCTBa IPYTHX 3afiay, 3iech
MMeeTCsl JOCTaTOYHO CTelleHel apajyieNn3Ma, ¥ OOHApY>KUTh MX HECIIOXKHO. JleficTBUTeNb-
HYIO TPYAHOCTb MpeACTaB/lIsgeT CO3fjaHye aJIrOpUTMa C JOCTATOYHOM CTENEHBIO JIOKa/TbHO-
cTH, KOTOPBLi 6yneT 3¢ dekTMBHO paboTaTh Ha 3alaHHOI ITapa/UTENIbHOI MaLIMHE.

7.4.4. C10)XHOCTH KOMMYHUKALMM

KonmiecTBo nepemeiiiaeMbIX JaHHBIX TalOKE 3aBUCUT OT MCIO/Ib3yEMOTO Napan/e/lbHOTO
pasmenienns. B cyyae ¢ TecToM Stream — NOCKONBKY BCe TPY BEKTOPa MCNIONb3YIOT OfiVHA-
KOBOe Iapa/ie/ibHoe pasMelieH1e — HeT HeoOXOmMMOCTH B nepeMetiieHmy aaHHbIX (D = 0),
B pe3ynbTare Yero OTHOIEHME BBIYMCIIEHUEe—KOMMYHMKausa W [ D — co. Ecnm no kaxoii-
Jnm60 npudMHe OOMH U3 MaCCUBOB MMel 6b1 KapTy pasMeLieHNs, OTIMYAIOH[YIOCA OT APYTHX,
T0 661710 651 HEOOXOIMMO IepeAaTh BeCh BEKTOP LieTMKOM ApYyruM npoweccopaM (D = N), u
B 3TOM cnyyae W/D = 2.

B Ttectre mpomssommurenbHoct RandomAccess nepefaya HaHHBIX CXORHA C TECTOM
Stream B c/y4ae pasnuyHbIX pasMenieHmit: D = N. 3To MOXXeT II0Ka3aTbCs YAMBUTENbHBIM,
fraK KaK KaXXAbIi NPOLieCCOp TeHEPUPYeET MHAEKCHI s 06HOB/IeHNs. OHAKO 3TU MHAEKCHI
©XBaTHIBAIOT BeCh IManasoH ot 1 1o N, 10aTOMy BEPOATHOCTH TOTO, YTO Npoueccop 6yner
‘FeHepnposa'rb MHJIEKCBI, KOTOpble OCTaHYTCA B €70 JIOKaJIbHOI NamMATH, coctapnser 1/Np. B

synbrate W /D —> 1 npu yBenudeHun Np.
+ JIns paborel FFT Heo6xopMMo nepepacrpefienieHye JaHHbIX MeXy AByMs MaTpULaMy,
M3 yero cnenyetr D = MM, = N. B pesynbtate OTHOIIEHME BBIYMC/IEHME~KOMMYHMKAIIMSA
-BHO W/D = 5log (N). .
Jna pa6orer HPL Takxe Tpe6byeTcs nepeMeliieHNe Bceil MaTPUIBI B XOfie BBIYMC/IEHNIA,
KkuM obpasoM, D=M?*=Nu W/D= (2/3)M=(2/3)\/ﬁ.
Bnaropaps cocraBy nakera HPC Challenge, ortHolleHMe BBIUMCIEHUE~KOMMYHM-
UA 3HAYUTETLHO BapbUPYETC MEXY pasiMuHbBIMM €ro Tectamm, or W/D = 1 pna
~domAccess go W,,,.. =2/ 3N wis HPL. 91u 3nauenus SIBNIAIOTCA MOKasaTesleM CTe-
HY JIOK/IbHOCTHM BBIYMCTIEHMI ¥ IMPUHLMIIMANBHO ONPERENIOT, HAaCKONbKO 3¢ dexTuB-
3ajlaHHas ccTEMa Napajlle/IbHbIX BBIYMCIIEHNI MOXET BBIIOTHATD 3TU TECTHl TPON3BO-
durenbHocTH. [Ipy HamMuIMy TPaAMLIMOHHOM CUCTEMBI TTApa//IEIbHbIX BBIYMCTIEHMI C Tpa-
JBMLMOHHOI MepapXuei naMATH OXUAaeTcs, 4to peanusanmm tecrob HPL u Stream 6yayT
cambiMu 3¢dexTHBHBIMM, a TecToB RandomAccess 1 FFT - cambiMu HeapdekTHBHBIMU.
Bo MHOIMX ciyyasx OTHOLIEHMe BBHIYMCIEHME-KOMMYHMKaumsa W/D coBniafaeT ¢ Konude-
CTBOM paboThI Ha OAHOM 3/IeMeHTe aHHBIX W, KpoMe CITyyaeB, KOITia BbIYMCTIEHNE B~

lemen

RAETCS MacCOBO-TNIapa/UIeNIbHBIM, NPUMeP — TecT Stream.

7.5. NponasoanTensHOCTL 06opyaoBaHNA

Xapakrepucruxu anropurma, takue kak W, u W/D, paiot oflilee mpencrasiexne

06 OXMNCMON IIAPANINEIHHOR NPOUBOAUTENLIOCTY pUNoXKeHus. B obuieM cnyyae an-

i
LS
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TOPUTM C BBICOKMMM 3HaueHusamyu W
element
HU3KMMI 3HAYEHMAMM.
Yt0651 OTONTYM OT 3TMX 06061IEHHBIX YTBEPXKAECHNI1, HeO6XOMMMO paccMoTpeTh mabo-
HBbI JOCTYIIA K NIaMATH U BBIUMCIIeHNs 6oee ORPO6HO Npy NOMOLIM MCCTIEN0BaHMs NPO-
CTPaHCTBEHHO ¥ BDEMEHHOI JIOKa/IbHOCTU 3TUX a/ITOPUTMOB.

u W/D 6ypet paborarb nyduile, 4eM aJITOPUTM C

7.5.1. IIpocTpaHCTBeHHasA ¥ BpeMeHHas JI0KaTbHOCTH

Kaxk yce 65110 yIOMAHYTO, IPOCTPaHCTBEHHAS JIOKAIbHOCTB SBJIAETCS MEpPOii TOro, Ha-
CKOTIbKO 67IM3KO APYT K APYTY HaXOAATCS 1ab/IOHEI IOCTYIa K MAMATH /1S TAHHOTO BBIYMC-
neHus. BpeMenHas nOKaNbHOCTb SABJIAETCA MEPOJ KONMMYECTBA ONeparmif, BbINOTHAEMBIX
HaJl KaX/IbIM 3JIEMEHTOM JJAHHBIX, K KOTOPOMY OCYLLIECTB/IAETCA HOCTYI. VI3MepeRHbIe ITO-
KasaTe/M MpOCTPaHCTBEHHOI ¥ BPEMEHHOI1 JIOKaJIbHOCTH Ji/isl Habopa TeCTOB IPOU3BOAM-
tenbHocT HPC Challenge npusenens! Ha pucynke 7.3.

Tect Stream — aJrOpMTM—NPOTOTUI BBICOKOI NMPOCTPAHCTBEHHON NOKanbHOCTH. OH
06XOIMT KaXX[blil MAaCCMB B CTPOTO INOC/IEIOBATENILHOM NOPAJIKE, TaK YTO KaXKHas onepa-
LA JOCTYNa K NaMATH obpailjaeTcs K 9/1eMEHTY, PacriofIOKeHHOMY Cpasy 3a MCIO/Ib30BaB-
HmIMMcA npepbipyielt onepanyeii. HeBo3MoXxHO mpeficTaBUTh nporpaMMy ¢ 6onee BBICO-
KMM YPOBHEM NPOCTPAHCTBEHHOI JIOKalIbHOCTH. TecT Stream Takoke fIB/IAETCA alrOPUT-
MOM—IIPOTOTUIIOM HM3KOJ BPEMEHHON JIOKa/IbHOCTH, TaK KaK OH BBINONHAET TONBKO JIBE
orepanyy Ha KaxJble [Ba CYMThHIBAEMbIX 3HaueHMsA. TouHo Tak ke TPYHHO NpeNCTaBUTh
cebe nporpammMy ¢ 6o7ee HU3KUM ypOBHEM BpEMEHHOI1 ToKa/ibHOCTH. Takum obpasom, TecT
Stream ompepenseT HIWKHUI NpaBblil YTONI Ha rpaduke NMPOCTPaHCTBEHHOrO/BPEMEHHOTO
IoKa3aTeJis.

Tect npoussopurensHocTr RandomAccess sABsieTca anropyTMOM—IIPOTOTUIIOM HU3-
KOJi IIPOCTPaHCTBEHHOI NI0KanbHOCTU. OH B Cly4yaifHOM NOpAAKe CYMTHIBAET JAHHbIE U3
IIAMATH, TaKMM 06pasoM, Kaxjas onepaimsa obpailieHMs K NaMATH HUKAaK He CBf3aHa C
npenpigyeit. Tecr RandomAccess, Tak ke kak u Stream, MMeeT HM3KUI1 YPOBEHb BpeMeH-
Hoit tokanbHocTu. Tect RandomAccess onpefiensieT HYDKHMI TeBBLi yTON Ha rpadmKe IIpo-
CTPaHCTBEHHOTO/BpEeMEHHOT0 NIOKa3aTers.

HpoctpancTBenHas nokanbHocTs TectoB FFT u HPL pacnonaraercs Mexqy Tectamm
Stream 1 RandomAccess. BpemenHas nokamHocTs HPL Haxomrrcst Ha 04eHb BBICOKOM YPOB-
He, TaK KakK OH coBepiuaer (2/ 3WN onepanmil Ha KaXX[[bli1 9/IEMEHT JaHHBIX — 3TO O3HaYaeT,
YTO Ha KXKJIYIO OIIEpaLMIO IOCTYIA K NaMATH NPUXOAMTCSA O4€Hb MHOTO onepanumii. Bpemen-
Has nokanbHocTb y FFT Bhlute, YeM y TecTa Stream i RandomAccess, Ho Hinke, yem y HPL,
TaK KaK OH BBIIIO/IHSET SlogZ(N) orepanmii Ha KaX/Iblil 3/IEMEHT JaHHbIX.

7.5.2. 3¢ PekTMBHOCTH HPON3BOAUTETHHOCTH

3HaHMe KONMYECTBa OrepanMii Ha Kax/blil 97IeMEHT JaHHBIX, OTHOLIEHMs BBIYMCIIE-
HME~KOMMYHMKALMA Y MPOCTPAHCTBEHHONM Y BPEMEHHOI JIOKAJIBHOCTU aJrOPUTMa JjaeT
HaMm 60/bLIOe KOMNYeCTBO MHGOpMaLMY O IPUIOKEHHUSAX, KOTOPYIO MOXXHO MCIIONb30BaTh
Ans ob1edt OLleHKY IPOM3BOANTENBHOCTH. JI/Isi KONMYECTBEHHOM OLIEHKM [IPOU3BOIMTENb-
HOCTY Heo6XOAMMBI 3HaHMsA 0co6eHHOCTel KOHKPETHO! NapaneNnbHOM BLIYUCTIUTENLHOM
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apXMTEKTYPHL. [ 3TOro NpeAnoNoKuM Haluume CTaHIApTHOIN NapauleNIbHOM BBIYMCIIN-
TEIbHOM MalIMHBI (CM. pPUCYHOK 7.2, B KOTOPO# MMEETCS K3LI-MaMATh, JIOKaibHas U yaa-
NIeHHas NnaMsATh). B Takoit cTaHapTHOI MalliMHe KaXX/blit YPOBEHb MepapXuM NaMsTH Xa-
paKTepUsyeTCs 3aflepXKKoi ¥ 06paTHOI POITYCKHO CIOCOOHOCTDIO IO OTHOLIEHMIO K [laH-
HOMY YPOBHIO Mepapxum naMaty. bojee T0ro, TaKToBbie LMKJIbI NPOLIECCOPa MCHOJb3YI0T-
sl B KauecTBe eAyHu1 BpeMeHn. TakuM 06pasoM, 3ajieprkka usMepseTcs YMC/IOM TAKTOBBIX
LIMKJIOB IIPOLeCCOpa, KOTOPble HeO6XOMMMBI [/ M3BJIeYEHNs OfHOTO 1eMEeHTa JaHHBIX C
3Tor0 YpoBHs Mepapxum. TakuM e 06pasoM, obpaTHas MpoNycKHas coco6HOCTb M3Me-
pAeTCA B TAKTOBBIX LMK/IAX NPOLECCOPa Ha 7IeMEHT AaHHBIX, KOTAa 60nbiuoit o6beM aaH-
HBIX U3B/IEKA€TCA C AAHHOTO YPOBHSA Mepapxum naMatu. Vicnonb3sys sty eIMHUIBI, MOXHO
abCTpakTHO OXapaKTepM3oBaTh MapajlIe/bHYI0 MaLHy, Kak IokKasaHo B Tabmue 7.2. Te-
f1epb MOXKHO OLIEHUTb IPOM3BOAUTENbHOCTL Habopa HPC Challenge.

Ta6nmua 7.2. IlapameTprl Mepapxuy HaMATH

ITapameTpbl IMIIOTETUYECKOI MEPAPXUI NTAMATY I CTaHIAPTHOI HapannesbHOM MallHBI

Namatb L NponyckHan NOCOBHOCTb
YposeHb (mg»)«a (UKNBI/aNeMeHTLI)
MNpoueccop — NnokanbHan K3wWw-naMaTb (ca) 101 10!
Mpoueccop — nokanbHan naMATb (Im) 10° 107
Mpoueccop ~ yaeneHHas namaTs (rm) 108 10°

Kaxawin k kaxaomy (aa) - 10°

7.5.3. OneHKa NpoM3BOIUTETHLHOCTH

IepBblit LIar npy OLlEHKE MPOM3BOAUTENBHOCTY Napa//IEIbHOTO MPWIOXKEHNUS 3aKJIIo-
YaeTcs B pacuere NPOM3BOOMTENLHOCTM Ha OfHOM mnporeccope. Ilpouseomntenbrocth
BceTfia U3MePAETCA OTHOCUTENIbHO MUKOBOI NPOM3BOAUTENLHOCTM Ha OFHOM MPOLECCO-
pe. VicxogHoe 3HaueHue, paBHoe 1, 6yneM paccMaTpuBarh B KadeCTBe NUKOBOV IIPOM3BO-
IMTEITbHOCTM Hallleil CTaHHApTHOM MalHeL Torfa NMKoBas MpOU3BOAUTENBHOCTD Mapai-
JNIeNILHOTO nporieccopa paBHa Np.

ITpousBopuTENBHOCTb OHOrO NPOLIECCOPA MOXHO paccuMTaTh, B3SIB OTHOLIEHME Bpe-
MeHM, 3aTPaYMBaeMOTO Ha BBINOJIHEHMe Ollepanmii Ha npoueccope 6e3 uepapxum namsTy,
KO BpEMEHY, 3aTpayiBaeMOMY Ha BBHINIOTTHEHMe OIlepaIymil Ha NpoLeccope ¢ uepapxueit na-
mATH. B ciyyae Stream oHa pasHa

IIponssopurenbHOCT ( Np=1)= _W_
W +2B, N
_ 1

1+ 2B, )W,

element

=1/B,' =107

rae » gHamcinvre/ie YNMUThiBacTCs BpeMst, JaTPAiuBacMoc Ha HEPEMELILEHUE TAHHDIX U3
maMfaTy U B iamMntn, B AGHHOM cnyHae ACHO, YTO OLPCeNs oM (l)ak'mpom lIPOU3KLO-
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ITpON3BOANTENIBHOCTD T€CTa Stream paccunTarb JIETKO, TaK KaK OH ABJIAE€TCA MacCOBO-Ia-
pavieNbHbIM:

Ipoussonutenshocts (Np >1) = Np/ By, .

Takum o6pasom, xoTs Stream xapaxkTepusyeTcsi JOBONBHO HUSKOM MOC/IEOBATE/IbHOM
HPOM3BOANTENLHOCTDIO, OHa MAacIITabMpyeTcst IMHENHO ¢ yBemrieHnem Np.

IMocnenoBatenbHas npousBopuTenbHocTh RandomAccess MoxceT 6BITh paccuMTaHa Ta-
KMM >Ke criocobom:

IIponssoaurenvuocts (Np =1)=—————
P & (Np=1) 1+L W, -

element
~1/L, =107

B pmannHOM cryyae scHO, 4TO 3afiepXXKa JIOKa/bHOM NMaMATH SBJAETCS ONpeReso-
muM  GakTopoM MPOM3BOAUTENLHOCTH. [lapaiienbHyl0 HpOM3BOAUTENLHOCTb TECTa
RandomAccess paccuntathb 60J1ee CIOKHO, TaK Kak IO MPaBMIaM TecTa KaXdblil mpowec-
COp MOXXET TeHepupoBaTb Habopbl MHIEKCOB st O6HOBNeHMA rpymmamyu no 1024 emHu-
upl. Taknm 06pa3oM, Kom4ecTBO COOOLIEHMIT, OTIPAB/IEHHBIX IPOLIECCOPOM, 6yneT paB-
HO HauMeHbleMy 3Ha4deHMIo u3 1024 u Np. ITpubasus nononHuTeNnbHOe BpeMs Ha OTIIpaB-
Ky coo6LIeHMit, IToTyyaeM napa/uteNbHyIo nponssoautenbHoctb RandomAccess, pasryio

Np
+ L, min(1024, Np)(W | D)™

IpouseogurensrocTh (Np > 1)

p n p g 1 + leWe;elmenr

_ Np
1+ L, +L A min(1024, Np)

~1/L,, =10 forNp <1024

B 3TOM ciyyae 04eBMIHO, YTO 3ajiepikKa ynaJeHHO aMATH ABJISETCS ONpefe/sIouNM
(pakTOpPOM NPOM3BOANTENLHOCTH.
ITocnepopatenbhas npoussopurenbHocTh TecTa FFT 3aaercs Tak:

1
1 + 6Bl:nlWe;e]mem ’

~5log,(N)/6B,,
~02 for N=2*

Ilpoussomurensuocts (Np =1) =

IZie B 3HaMeHarelle yuuTbIBaeTcs GakT, 4ro B nocnefosatesibHoM BITD manHBle cuMTHIBa-
I0TCSl B M 3 JIOKa/IbHOM naMsATH TpY pasa. B ormrane ot Tectos Stream 1 RandomAccess,
HOCTIeNiOBaTe/bHas IPOM3BOAMTENLHOCTL ABHO 3aBMCUT OT pasMepa 3afiauy N, Tak KaK IIpu
yBenmuenuu N ysenmumsaerca W, B niponiopiu log,(N). IMapannensuas npoussonm-

element

TenbHocTh Tecta FFT 3afaercs Tak
Np
+3B

~1
rm

IpoussopnrensHocts (Np > 1) =

1+6B'W;! w/Dy"’

clement

= 5Nplog,(N)/3B,)
» 0.02Np{1+ 2log,(Np)) forN/ Np =2*
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rae N nponopuyoHansHo Np. VI3 BbileykazaHHOI (GOPMYIIBI MOXHO NPEAIIONOXHUTD, YTO
npoussoguTenbHocTh BII® MacuTabupyetcs cynepmHeitHo ¢ poctoM Np. OnHako B 3T0#
bopMyre ecTb HesABHOE JONYLIEHNE, YTO KOMMYHMKALMOHHAs! ceTh MEXTY yalleHHBIMY 3a-
HOMMHAIOUIMMM YCTPOICTBaMM MOXET paboTaTh ¢ umciioM Np npoleccopoB OFHOBpEMEH-
HO, B3aMMOJIelCTBYA 6€3 KaKoro-11bo MOHMKeHNs NPON3BOAUTENBHOCTH. 3TO HONYIeHNe
HE COOTBETCTBYET [IECTBUTENbHOCTH. Bollee peanbHoe lOMy1ieHME COCTOUT B TOM, 4TO B,
¢dukcuposaso unm pacrer norapudmmyecky ¢ pocroM Np. Ilpunnmas, uro B, dukcupo-
BaHO, NONTy4aeM
Np

>
+3NpB,, (W /D)™

[IpoussogutenbHoctb (Np >1) =
g NP> =1 ep W

element
~5log,(N)/6B;
~ 0.021+2log,(Np)] for N/Np=2*

YTO sAB/sETCs H0JIee pearmcTUYHOIN MOAEBIO rapajulenbHON npousBoputenbHocTy Tecta FFT.

[TocnepoBarenbhas npounssopurenbHocTs HPL coctaBnser
1

Im”" element

T 1+(4/3)B 1NN

~1

[Tpoussopntensuocts (Np=1)

To ectb xonMyecTBO onepanuit Ha 37IEMEHT JaHHBIX JOCTATOYHO BEMKO, YTOOBI Bpe-
MeEHeM, 3aTpauMBaEMbIM Ha IiepeMellieHMe JaHHbIX B IIPOLIECCOP U U3 NPOLECCOPa, MOXHO
6e110 npeHebpeyn. [Toxoxas cUTyalus 1 B Clydae napanieNbHOi peanu3armm:

Np
Np>1= 3
IMpouseomrrensHocts (Np > 1) 32800 T NpB (W1 D)
- Np ',
1+(4/3)B, I\N +(2/3)B} 1NN
= Np
Jaxxe mpy GMKCHPOBAHHOI MPOIYCKHOI ClIOCOOHOCTH CETH
N
ITponseopurenbHOCTD (Np>1)= - p - -
1+2B, W, ..+ NpB,,(W/D)
- Np
1+(4/3)B;} /[N +(2/3)NpB;! 1N

~ Np

7.5.4. PesynbTaThl aHa/IM3a

BrinleykasaHHe OLEHKM POM3BOAUTENIBHOCTU MOXKHO CPaBHUTb C MHOTOYMCIIEHHBI-
mu pesynnratramu Habopa tectos HPC Challenge. VicionbsoBanue cucTeMbl € XapakTepH-
CTUKaMM HPOMIMOARTENNHOCTH, ONUBKMMU K YKa3aHHBIM B Tabmuue 7.2, faeT aMnmMpuse-
CKue peaynbTurl, QTOOPRKEHHBE HA PUCYHKE 7.6. ITH Pe3y/ILTAThI OKA3bIBAIOT, HTO Pac-

-
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4eThl M3MEPEHHOIT U MpeamnonaraeMoil Npou3BOAUTENIBHOCTY COIIACYIOTCA MeXAy coboit.
Takoi1 ypoBeHb cornacoBalms MeXAy TeoOpyeit ¥ NPaKTUKON AB/IAETCA y6eqUTENbHBIM [0~
Ka3aTe/lbCTBOM TOTO, YTO Napan/e/bHas NIporpaMMa peannsoBaHa NpaBWIbHO, Y JOCTUTa-
€TCsl MaKCHMaJlbHast IPOM3BOSUTENLHOCTD /1A JaHHOU NapalieIbHOM MallyHBbL

7.5.5.3HaveHue NPOU3BOAUTEILHOCTH

OrieHKy MPOM3BORUTENIBHOCTY HaNaraloT pyHaaMeHTa/IbHble OTpaHMY€eHN s apajuUlelb-
HBIX aIFOPUTMOB Ha KOHKPETHYIO CHCTeMY armaparHoro obecneyenus. Kavectso peamrsa-
LM IIPOTPaMMHOTO obecrieveHNs M3MePAETCS OTHOCUTENILHO 3TUX NPEHeENoB POU3BOLN-
Te/bHOCTH. OUeHb IONI€3HO 3HATH JJaHHBIE IIPEMEIbL.

Bo-nepBeIx, OLleHKM IPOU3BOAUTENIBHOCTY HEOOXORMMBI Ai/Is TOTO, YTOObI ONpENeNuTh,
MMeEETCS JIM MOTEHIMa/IbHas BBITOfla OT UCNIO/Ib30BaHMs MapajieIbHOlM MallMHbI, 0 TOTO,
Kak pa3paboTyuK HauMHaeT MpoXoauTh Yepe3 Myku Hammcanms I1O. Tects Stream u HPL
CyllleCTBEHHO BBIMTPBIBAIOT OT pea/msanmy napamwtennsma. FFT nonyyaer cpenHIol0 Bbiro-
ny. RandomAccess He MMeeT BBITOZBI B IIaHe IPOU3BOAMTEILHOCTY MPM UCIIONTb30OBaHMM
CTaHOAPTHO Napaie/IbHONM BhIYMCIINTENbHOM MallMHBIL.

t-}
£ 1 1
o
e~
= 1
5 10
3
S 100
S
£. 101
=l
a
g 102 @Top500
§ MSTREAM
AFFT
§ 103 @®RandomAccess|
o]
S 10-4 L4
. . ] lP
1 2 4 8 16 32 64
IpoLecCopbl

Pucynok 7.6. Ouenxu npoussognrensHocti HPC Challenge
IMpoussopurenprocts HPC Challenge B 3aBMCHMMOCTH OT KONIMMECTBa IIPOLIECCOPOB.
Toutm 03Ha4arT M3MepeHHbIe BennyuHbl. CIIOIHBIE TMHMM 03HAYAIOT IIPOU3BOLM-
TENIbHOCTb, MPENICKa3aHHYI0 Ha OCHOBE OLIEHOK

Bo-BTOpBIX, OLIEHKM IPON3BOAUTENBHOCTU MOTYT OBITh NOI€3HBI /IS BHIAB/IEHMA YaCTH
peanusayuu 1porpaMMHOro obeciieyenmns, KOTopas okasbiBaeT HauOoblliee BAMAHNE Ha
IIpOM3BOUNTENbHOCTD. 1A TecTa Stream HunG/Iee BaXXHBIM AB/IAETCA IIEPEMELLIEH UE KPYTI-

HBIX 6/10KOB ZRHHBIX B /IOKAZIbHYK IIAMATS M 43 Hee IIPK BLICOKOW MPOIMYCKHOM croco6HO-
>! E‘ P
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ctu. JIna FFT - nepenava kpynHbX 6/IOKOB JaHHBIX MEXHY YAaleHHBIMM YCTPOMCTBaMM
[aMsITH NpY BBICOKOM NpomnyckHoit criocobrocty. s RandomAccess ~ nepenaya 6/10koB
HAHHBIX MaJIbIX Pa3MEPOB C HU3KO 3aJIEPXKKOIA.

B-tpeTbux, ¢ MOMOLIBIO pacyeTa POM3BOAUTENLHOCTY MOXXHO OLIEHMTDb, HAaCKOJBKO
3¢ deKTMBHO BBHINONHAETCA peamsanms. B yactHocTH, ecri npy peanusany yaaercs 1o-
CTUYB TONIBKO HeOONbILOI YacTH OLEHOYHO! NPOU3BOAUTENLHOCTH, BEMKA BEPOATHOCTD,
YTO €CTb CMBIC/ B la/IbHeiel onTuMusaumm. Hanpotus, ecrm npu peanusaumm octura-
eTcs 6onpiIas YacTh IPOM3BORUTENILHOCTH, fa/IbHelIIas ONTUMIU3auMsA HenenecoobpasHa.

7.6. NpounssoanUTeNbLHOCTL NPOrpamMm

AHanm3 nponsBOANTENLHOCTY B NPEAbIAYIIMX pa3feNlaX yCTaHAaB/IMBaeT BEPXHIOKO Ipa-
HMITy HOCTIDKMMOU IPOU3BOAMTENBHOCTH VIS ONpefeNieHHOTO a/ITOPUTMa Ha Onpefie/leHHOI
apXuTeKType NapajUleNbHBIX porieccopoB. Llenbio peanusauum nporpaMMHoro obecreve-
HIS1 AABJISIETCA HAXOXKJIEHME Pa3yMHOTO COOTHOLIEHMS MEXY HOCTIDKEHMEM OIPEe/IEHHOTO
YPOBHS IPOM3BOANTENILHOCTM U HEOOXOMMMBIMY TpyAo3arpaTamu. [1py napasienbHoil pea-
nusaipn ¢ nomonbio MATLAB Heobxommmo BEI6paTh M3 CleqyOUMX NapaMeTPOB:

Tun napannenusama: napajieNusM 10 JaHHBIM, NapajyIeIn3M 110 3aia4aM, KOHBeltep u/
WIN Kapyce/lbHas AucIieTIepu3anysi.

Mopnenp mapanienbHOro NporpaMMypOBaHNA: 0OMeH COOOLIEHMAMY, «HaYaabHUK/
MOAYMHEHHBII» ¥ pacnpefie/ieHHble MaCCHBBI.

Cpena nmporpaMMupoBaHuA: S3bIKM M/ Wi 6MbOIMOTEKN.

Beibop xaxporo u3 napaMeTpoB ocobbM obpasom BiuseT Ha 3¢GEKTUBHOCTD IPO-
rpaMmHoro obecniedenns (06paboTKy, NPOMYCKHYIO CIIOCOGHOCTD M IAMATb) M €T0 3aTPAThI
(pasmep M HEpeHOCUMOCTD KOJIa).

7.6.1. Stream

AHa/3 NpOM3BOAMTENLHOCTM TecTa Stream IOKa3bIBA€T, YTO MapajuleNbHas peanu-
3auMa [O/DKHA pabotath a¢dexTMBHO. OCHOBHBIM y3KMM MECTOM IPOM3BOAUTENILHOCTH
Stream sB/IA€TCA NPONyCKHas CMOCOGHOCTD JIOKA/IbHOM MaMATH KaXOro npoueccopa. Ta-
KMM 06pa3oM, Ipy peannsaLyy 3TOro TecTa NPOM3BOAMTENBHOCTH HEO6XOAMMO 0co60 ax-
KyPaTHO MCIIO/Ib30BaTh MPOIYCKHYI0 CIOCOGHOCTD 7I0KanbHOM namatu. B dactHoCcTH, NpU
peanmsaumn crnefyer usberatb CO3MaHNUs HOMOTHUTENbHBIX BPEMEHHBIX KOMMI MacCUBOB,
KOTOpBle MOTYT elile 60/Iblile 3arpy3UTh JIOKA/IbHYIO aMSATh.

Stream sAB/IA€TCA AOCTATOYHO IPOCTBIM TECTOM NPOU3BOAMUTENBLHOCTH, KOTOPDI MOX-
HO peanu3oBaTh C UCIOIb30BaHMEM Pa3/IMIHBIX TUIIOB napamiem3ma. OfHako Haubornee
€CTECTBEHHBIM 3fiech OyleT napaleNM3M IO JaHHBIM, IPY KOTOPOM KaXX[blii NPOLIECCOP
paboTaer Haj cBOEI JIOKaNbHOI YacTbio 60/BLIOro pacHpefienieHHOro Maccupa. OCHOBHOe
NPeMMYILECTBO 3TOTO NOAXOMa 3aK/I0Ya€TCsl B TOM, UTO MapajUle/ibHas BEPCUA MOXKET ObITh
peanu3oBaHa ¢ BHECEHMEM CPaBHUTE/TbHO He6ONbLIOro KonmndecTBa M3MEeHEHMI B MoOCIe-
poBaTenbHelit Kop. [lapannemam no 3agayam, KOHBelepHEIIT TapajUie/M3M U KapycenbHas
AMcrieTyepU3aLua B TecTe Stream [PUCYTCTBYIOT, HO MX NpUMeHeHMe IPUBENET K peannsa-
LM C HU3KMM YPOBHCM JIOKa/ILHOCTH M, COOTBETCTBEHHO, mpouspopuTenbHocti. Hanpu-
Mep, KOHBEACPHIH PEUTTMARIMA TECTA Stream MOXCT BhHONHATD ONEPaUIo yMHOXEHUA Ha
OIHOM HaGOPeE HPOUECCOPON, & OHEPULIMIO CIOXKEHUH KA APYIOM HAGOPE, HO LIPU BTOM Tpe-
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Gyercs nepenabaTh Maccus nemkoM. Ha cTaHmapTHOM napajiiebHOM npoweccope 1o 6y-
&eT HeadekTUBHO.

Ilpn ycnoemm, 4To mapaanenmsM no AaHHbIM SABJAETCA ONTUMANILHON NapanienbHOM
MOReNbI0, MOfie/b pacrpe/leNieHHBIX MACCMBOB C MCNONb3OBaKMeM 6ubmoTexn pacnpefie-
MEHHBIX MAaCCHBOB 3aKOHOMEPHO SBTISAETCA NPOTPaMMHOM TEXHOJOINEN, eCTECTBEHHOM AN
MCNONBb30BaHMA B 3TOM peamsayy. PerymmposaHie nponycKkHoi cnoco6HOCTH naMATH
ﬁpu MCNONB30BaHMM 3TOV TEXHONOIUM TpebyeT HEKOTOPOi OCTOPOXHOCTH. Bo-nepshix,

O/Ib30BaHMe ABHOTO IMKIa fOr [ BBHINONHEHUS BBIYMC/IEHMIT OOBIYHO BIIEYET 32 CO-

it HEKOTOpble HaKIaHble pacXofibl B pea/m3anun Ha MATLAB. Bo-BTopbix, cnonb3oba-
Wite wicTOro «BEKTOPM30BaHHOIO» KOMa PacNpefieNleHHbIX MaCCUBOB MOXKET ITOBJIEYb 3a CO-
0Jf HEKOTOPble HaK/aHble PACXOABI OT 6MOMOTEKY pacnpele/leHHBIX MaCCUBOB, TAaK KaK
[QHa MbITaeTCs ONpeie/Th, KaKie MHAEKCHI JIOKa/IbHBI 151 KaKMX npoueccopos. Takum 06-
p\som, ONTUMa/bHasA peam3anusa MoxeT 6b1Tb 3¢ PEeKTUBHOI ¢ UCNIONB3OBaHMEM ABHOTO
JI0Ka/IbHOT O «BEKTOPU30BaHHOIO» MOAXOMa:

i
¢

a.oc = b.loc +gc.loc.

ITpy ucnonb3oBaHMy 3TMX METOOB peanM3anms TecTa Stream Ha OCHOBE pacrnpefie/ieH-
MBIX MaCCHMBOB JO/DKHA ObITb ClIOCO6HA FOCTHYD YPOBHS IIPOU3BOAMTENBHOCTH, 6/IM3KOTO K
TOMY, KaKoil MOXeT PENOCTaBUTDb Mapa/UlebHbIX nporeccop. Kpome Toro, napannensHsiit
xox Ha MATLAB pmomkeH BK/TI04aTb OTHOCUTEILHO HEGOMbILIOE KOMMYECTBO M3MEHEHMI 110
CpaBHEHMIO C NOCNIEfOBaTeNbHBIM KofioM Ha MATLAB.

7.6.2. RandomAccess

Hpyroit xpaitHocTbIo siBNsietcst TecT RandomAccess. AHa/3 IPOM3BOAMTENLHOCTH 110-
KasbIBaeT, YTO napasmlelbHas peam3aims RandomAccess Ha cTaHaapTHOI napasiieNnbHoil
MallIMHe MIMeeT HU3KYI0 NPOU3BOAUTENLHOCTb. O6GBIYHO 3TO O3HAYaeT, YTO Hewenecoobpas-
HO Jla)ke MBITATbCsl BBIOMHATD NapalleIbHYI0 peanm3anmio nporpaMmel. OfHako npyu He-
KOTOPBIX 06cTOATENbCTBAX Napajle/ibHas IPOrpaMMa MOXKET OBITh Bce JKe dKeNaTe/lbHa, Ha-
npuMep, e/ pa3Mep 3afaum 60/blie, YeM MOXKET IOMECTUTDCSA B IIAMATH OFHOM MaLIMHEL.
B gaHHBIX YCIOBMAX Ba)XKHO M3MEPUTD IIPOM3BORUTENBHOCTb Peamm3anyy OTHOCUTENbHO
TOrO, YTO COCOGHA NPENOCTaBUTh MapanienbHas MaiHa. [Ipy oueHb addextuBHOI pea-
nusaumn Tecta RandomAccess MoxxeT He Hab/IIO[ATbCS NAPAJIIENIBHOIO YCKOPEHMS.

OCHOBHBIM Y3KMM MecTOM mpomspopgurenbHoct RandomAccess siBnsiercsi cnioco6-
HOCTDb OTIPAB/IATb COOOHIEHMs MalBIX pasMepoB OYeHb OBICTPO GONBIIOMY KOMMYECTBY
nporieccopoB. Taxkas OCO6EHHOCTb NPOM3BOAMTENLHOCTY (yHIaMeHTaNbHBIM O6pasoM
onpenenseTcs 3aJilepXKOi HInkerexallieil napajuleNibHoit cetn. VI nporpaMmHas peammsa-
1151 RO/DKHA YReNATh 0co60e BHYMaHMe TOMY, YTOObI He fie/laTb HIYETO, YTO CIIOCO6HO yBe-
NIMYUTD 3TY 3aJIEPXKKY.

RandomAccess I1aBHbIM 06pa3oM NpOSIB/sAET Napaie/ymsM 110 JAHHBIM, U €0 OCHOB-
Has CTPYKTYpa AaHHBIX eCTeCTBEHHBIM 06pa3oM oToOpakaeTcs Ha pacrpefie/ieHHble Mac-
CUBBI KaK criocob pocTinkeHns napannemsma. K coxxaeHnio, 11a6/10H KOMMYHMKaLy pu
MCTIONB30BAHMM YUCTBIX pacnpefeleHHbIX MacCMBOB BhiNonHAercA HeaddexkTnBHo. B vact-
HOCTH, €CNM oneparus

t(i) = XOR(¢({), r).
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BBIIIO/IHAETCS HENOCPENCTBEHHO Ha paclpefielieHHbIX MacCMBax, 3TO, CKOpee BCero, Io-
BJleyeT 3a cO60i1 HONOMHNUTENbHbIE HAaK/IafHble PACXOAbl, OCKONbKY KaXKAblil Iporeccop
6ymeT NbITaThCS ONpERENTUTD, KaKoil IpoLeccop BilafieeT KaXAbIM MHAeKcoM i. KpoMe Toro,
61b/mMoTeKa pacnpe/ielleHHBIX MAaCCMBOB He MOXKET 3HaTh, 410 omnepauys XOR sBnsercs
KOMMYTATUBHOJ, ¥ MOXXET IOINBITATbCA «HABA3aTh» IPaBMIbHBII MOPAAOK OOHOBIIEHUI.
Bce ato 6yner nMeth addekT pocta 3afiep>xku wis onepauyu. Takum o6pasom, s BbI-
COKOIPOU3BOAUTENBHON peansaluy clefyeT MCIoNb3oBaTh KOMOMHMPOBaHHBI METO —
pacrpefienleHHble MacCHBBL M 06MeH coobujennamm. Kaxslit nmpoueccop reHepupyer Ha-
60p MHIIEKCOB i, ABHO onpefessieT, KaKue MpOIeccoOpbl KAKUM MHIEKCOM BIIafieloT, ¥ 3aTeM
OTHpAaB/AeT MHAEKCH 3TUM NpoLieccopaM IS BBIIONHEHNA OOHOBIEHNA.

Ilpn Mcronb3oBaHuM NaHHBIX METOAMK KOMOMHMpPOBaHHAs peanM3alius Ha OCHOBE pac-
npefieNIeHHBIX MacCUBOB 1 o6MeHa coobmennsamy tecta RandomAccess fommkHa 6bITH crio-
co6Ha IOCTUTHYTh YPOBHS IIPOM3BOAMUTENHLHOCTH, HIIM3KOTO K TOMY, KOTOPBIt MOXXET IpeRo-
CTaBMTb NapannenbHblit nporeccop. K coxanennio, Ha 60NbIIMHCTBE NapalebHbI NpO-
L(€CCOPOB 3Ta IPOM3BOIMTENLHOCTD He 6yaeT Bbicokoit. KpoMe Toro, Tak Kak rapanenbHbii
kofi Ha MATLAB Tpebyer ucronb3oBatb 06MeH coO6ILeHMAMY, 3TOT KOX Oy/eT cofiep>kaTh
60n1b1110€ KOTMYECTBO M3MEHEHMII 110 CPABHEHMIO € IIOCTIENOBAaTENLHBIM KofioM Ha MATLAB.

7.6.3. FFT

Ananus nponssoputenvHocty Tecta FFT nokasbiBaeT, ¥To Ha napale/IbHOM HpoILec-
€Ope MOXXHO [IOCTUYb CPEITHETO YCKOPEHMA. ITO NPU/IOKEHNE NMONANIAET B CEPYIO 30HY MEX-
Ay OTMETKaMM «4McTas nobea» M «OHO TOro He cTouT». IIpuMeHeHNne napaienbHoil pe-
a/mM3anmy, Tak xe kak B cnyyae RandomAccess, 1o 6oibliteit yacTi MoXxeT 6bITb BHISBAaHO
HeOoOXOAMMOCTBIO BBIO/HATD 3afiauy GONbIIOro pasMepa, KOTOpble He IOMELAI0TCs B Ma-
MATH OJHOTO Npoleccopa. B aToM cnyyae Tarke BaXHO CONOCTABIATh NMPON3BOAUTEND-
HOCTb peansanmy ¢ Toi, KOTOPOi MOXHO JIOCTUYb Ha Napa/UIENbHOM MPOIECCOpE. Y3KMM
MecToM npousBopuTenbHocTi TecTa FFT sBnseTcsa mabioH KOMMyHMKaimu «KAKBIA K
Kaxxgomy» (all-to-all) , Tpebyrommitcs npu nepepacrpeneieHnu JaHHbIX Ha IIAre:

Z=X,

rne X : CPMxMz gy 7, CMixPMD | TTpou3BOOMTENBHOCTD HA 3TOM 3Tare (QyHAaMeHTaIbHbIM
06pasoM onpepensaeTcs NpOIyCcKHOM ClIOCOOHOCTLIO KOMMYHMKAIMOHHBIX ceTeit. ITapan-
NieIbHAA peanu3anys JODKHA 3a60TUTBCA O TOM, YTOOBI He YXYAUINTD 3Ty MPONYCKHYIO
CIIOCOOHOCTD.

FFT nposiB/sieT KaK napaulenu3M 110 IaHHBIM, TaK ¥ KOHBeEPHBlil NapajlIeNu3M, KO-
TOpBI€ €CTECTBEHHBIM 06pasoM MOFYT OBITb BBIpaXKEHBI NPM IOMOLIM pacipele/leHHBIX
MaccuBoB. Ilepepacnpernenenue, ynoMaHyToe Bbllle, ABAAETCA KIACCMYECKUM IPUMEPOM
npenmymec’rsa KO}IMPOB&HMH IIpM IIOMOIIHN pacnpe,uenenﬂblx MacCHBOB. 3anuchb 9KBMBa-
JIEHTHBIX BBIP2KEHMI NPy nomoum obMeHa coobLIeHMAMI IPUBOANUT K 3HAYUTETLHOMY
yBemmuennio kopa. OfHako nepepacnpepenesne obiero Buaa, KOTOpoe JI0/KHO paboTaTh
wis mo60oi BO3MOXHON KapThl pasMeleHNs, MoBJledeT 3a co60i onpefie/ieHHble HAK/Ia[-
Hble pacxojibl, KOTOPhIEe OTCYTCTRYIOT IIPM UCIIONB30BaHUYN MeTOA 06MeHa coobLIEHUAMMN.
Kpome roro, peanumiun oGMenn coobuieHMAMN MoxeT 60/lee akKypaTHO yNpapasTh Gy-
depamy fanHbIX B HOPARKOM PACCHINKK cOOGLUEHNH 110 ceTH ~ THK, 4TOGbI M3OOKRTD Nepe-
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HachluleHNs coobLIeHMMU ONpefieNIeHHOTO NpoLeccopa. Takyum o6pasoM, 06bI9HO s Ie-
pepacrpenelieHNs! JAHHBIX, HOFOOHOrO 3TOMY, peanusyeTcs creumasnbHast GyHKLUA B BUTe
YacTHOTO Ciyvas, KOTOpass MOXXET MCNONb30BaTh MpEMMYIIeCTBA ONTUMMU3AIMY, CIIELHU-
$buuHOIM WA faHHOTO pa3MeLleHNs.

[Ipn npumeHenmn aroro Metopa peanmsanus tecta FFT Ha ocHOBe pacnpeneneHHbIX
MaccMBOB JO/DKHA JAOCTUTHYTh YPOBHS MPOM3BOAMTENBHOCTH, O/IM3KOTO K TOMY, KaKoii
MOXeET IPENOCTABUTD Mapajle/IbHbLA Mporeccop (T. . cpenHaAs BenMUYMHA Napalle/lbHO-
ro yckopenus). Kpome toro, napannenbblit ko Ha MATLAB pomxeH cofiep>xath OTHOCH-
TeIbHO He6OJIbIII0e KOMMYECTBO M3MEHEHMIT 110 CPABHEHMIO C ITOCIIEOBATENIbHBIM KOZIOM.

7.6.4. HPL

Ananus npoussogutenbHoct Tecta HPL nokaseisaet, 4To napanienbHas peanmn3sanus
RomkHa paborath adpdexTrBHO. OcHOBHBIM y3kuM MecTtoM HPL siBNIsieTCst cCKOpOCTS, € KO-
TOPOI NPOLIECCOP MOXXET BHINIONIHATD OIl€palMy C IJIaBaloLleil 3ansAToM, NPUCyLIe MHO-
XKECTBY ornepauyii epeMHOXEHNA MaTpuLl. Takum 06pasoM, peannsaLys 3TOro TecTa npo-
U3BOUTENBHOCTH JIO/DKHA 06€ecreunTb COXPAaHHOCTh TUX OIlepaLyif, He pasbupas ux Ha
MHOXXecTBO 607lee MENKMX oneparmii IepeMHOKXEHMsT MaTPULL.

Tect HPL rnasubiM 06pasoM mposiBisier MapajienusM Mo JaHHBIM, M €r0 OCHOBHas
CTPYKTYpa JaHHBIX €CTECTBEHHBIM 06pasoM oTobpakaeTcs Ha pacnpene/leHHble MacCUBB
Kak cnocob mocTibkenus napannenusma. Ecnu ucnonesyercs NpocTo napaliienbHoe pac-
npefieNienne, Takoe Kak A : CPMXM 1q pesynbtupyionime onepanuy KOMMYHUKALUY CTAHO-
BATCA NPOCTBIMY [/ HAIIMCAHMA C MCTIONIb3OBAHMEM paclnipene/eHHbIX MaccuBoB. K coxa-
NIeHHI0, TaKOe pacpefe/ieHMe NPUBEIET K HEpaBHOMEPHOMY pacrpezeNieHnIo paboTel B xofe
BBIITOJIHEHMSA BBIUMCeHMit. Merton, obecrniednBaronuit 6051ee paBHOMEPHOE pacrpeneneHue
Harpysku, MCIO/Nb3yeT ABYMepHOe GJI0YHO-LMKIuYecKoe pacnpefienienye A : CPuMxPuM),
Iabnonb KOMMyHMKALMH, BBITEKAIOMIME U3 TAKOTO pacipefie/ieHusl, JOBOJIBHO CIIOXKHBIE.
VIMK HenpocTO ynpapnATh Npy UCHONb3OBAHUY METOAA YMCTHIX paclpeleeHHbIX Maccu-
BoB. OO6BINHO A/A JOCTIDKEHUA ONTHMA/IBHON NPOU3BOAMUTENBHOCTH UCIIONB3YETCS KOM-
6)HMPOBaHHBII METO| HA OCHOBE PacIpeie/ieHHbIX MACCUBOB ¢ 06MeHOM cOObILeHMAMIA.

IMpu ucnonb3oBaHmy 3TUX METOIMK peanusaLusA Tecta nponssoputenbHoct HPL Ha
OCHOBE paclpefie/IeHHbIX MacCUBOB [JO/DKHA HOCTUTHYTh YPOBHS NMPOU3BOAMTENBHOCTY,
6/113KOT0 K TOMY, KaKoil MOXXeT MPeJOCTaBUTDb NapaeNbHblil nporeccop. OpHako mapan-
nenbHelit kog Ha MATLAB 6yfer cunbHO OTIMYAThCs OT MOCTEHOBATENBHOTO.

7.7. MNpon3eoguTeENbHOCTbL MO OTHOLLEHUKO K Tpyao3aTparam

B nipenpinyinem pasaene 6601 IpoBefieH aHanys npou3Bogu TeNbHOCTY Habopa tectos HPC
Challenge u cnenana cepus npennoONOXeHuii 0 NPOU3BOAMTENLHOCTY M TPY[O3ATPATaX, CBSA-
3aHHBIX C pearm3anueit aTux TectoB. Ha pucyHke 7.6 paHee 6bU10 MOKa3aHO, YTO IPOU3BOMM-
TENBHOCTb TECTOBBIX BEPCHIL, HANMCAHHBIX Ha fA3blke C C Mcnonb3oBanueM obMeHa coobliie-
HMIMM, COINAcyeTCH C MOTENbIO IIPOU3BOAMTENILHOCTHU. UTO KacaeTcss Bepcmiil napannenbHbX
nporpamm Ha MATLAB, HamcaHHBIX ¢ UCTIONB3OBaHMEM paclipeleNieHHBIX MaccuBoB, — 60-
nee HoAPOGHO BOPOC UX peanusarmu Gy/eT PACCMATPUBATBCA B NIOCNEAYIOWMX IT1akaXx.

B aroM ornomenun  Hac mHTEpecyior i cpanierus. lepsoe — npoussopmrensuoct
HapansenbRbix nporpamm #a MATLAB no orgotitennio k Hocaeponarenbibim, Tak KaK 310
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OIIMH U3 BXXHENIIMX BOIMPOCOB, MHTepecyolyx paspaborunkos. Bropoe — npoussomm-
TelIbHOCTD napannenbHbix MATLAB-nporpamm no ornomenmo k C+MPI kak criocob us-
MepeHHsT KadyeCTBa peanu3aliuy pacrpeie/IeHHBIX MacCHMBOB ¥ PYKOBOACTBO K OyyHieMy
NOBBILIEHUIO TPON3BORUTENLHOCTH.

Bbinn peanusopaHbl YeThipe OCHOBHBIX T€CTa NPOM3BOGUTENBHOCTY C UCMIONb3OBAHUEM
[apaJienbHOro nporpammupopanms Ha MATLAB; onm 6b1mi 3anyleHbl Ha CepUIHOM Kia-
CTepHOI1 cucteMe (TOYHOe ommcanme o6OpyOBaHKA INPUBENEHO B KOHLe IaBbl). Obe ma-
palUleIbHBIE pean3anuy TeCTOB mpoussoputenbHocT — Ha MATLAB n C+MPI, B3aThHIX B
KadecTBe 06pasiia, — 6pUM 3anyllleHsl Ha 1, 2, 4, 8, 16, 32, 64 u 128 nporeccopax. ns kax-
AOro BapMaHTa KOJMYECTBA UCIIOIb3yEMBIX IPOLIECCOPOB ObUIa BHINOMHEHa Hanbonpluas mno
pasMepy 3az:a4a, IOMEHIAIOIAsACA B MMEIOIYIOCA OCHOBHYI0 NamATh. 1o cobpaHHBIM JaHHBIM
MO>XXHO ONPERENUTb OTHOCUTENBHYIO IIPOU3BOIMTENNBHOCTb BBINMC/IEHUI M HaK/IagHbIE pac-
XOZIbI IaMATH NapajyienbHbix nporpaMM Ha MATLAB no cpasrenmio c C+MPI. OtHocurens-
Hble 3HaYEHMA aMATH, IPOU3BOAUTENLHOCTY M pa3MepOB KOOB 060611eHb! B Tabnmiie 7.3.

Ta6bmuua 7.3. Pesynbrarsl peannsanuu nakera HPC Challenge

(BepxHsas 4yacTb) MakcyManeHbIit pasMep 3afiauy IO OTHOLUEHNMIO K OJHOIPOLECCOp-
Homy BapyanTy C+MPI Ha 128 mpoueccopax. (Cpeauss 4actp) IlpoussoayuTenbHOCTD
TECTOB IO OTHOLLUEHMIO K offHOnpoueccopHoMy BapuanTy C+MPI na 128 nponeccopax.
(Hyoxuss yactb) Pasmep xopa uamepeH B cTpokax kopa (SLOC). Pasmep mapannensHoro
ucxopHoro kopa C+MPI na6opa HPC Challenge, B3sitoro B kavyecTse o6pasiia, B3AT 13
paspena HPC Challenge FAQ. Pasmep kopa FFT Biutouaer B cebst Kop, MCIOnb3yeMbist
Ul CO30aHMA Cy4aifHbIX BOJIH, ¥ He BK/IIOYaeT KOJ, Hauya/lbHbIX ¥ KOHEYHBIX onepanyit
«KaXK[BIM K KOXAOMY». 3T OIlepaLiyy IpHONM3NTeNbHO YPAaBHOBEIUMBRIOT APYT APyra

Peanusayna Stream FFT RandomAccess HPL(32)
MakcnmanbHbih pasmep 3agaqm
C+MPI/C serial 63.9 727 48 326"
pMatlab/C serial 42.8 213 32 93
C+MPl/pMatlab 1.5 34 1.5 35
OTtHocuTenbHas
NpPOU3BOANTENBHOCTb
C+MPV/C serial 62.4 4.6 0.074 282
pMatlab/C serial 63.4 4.3 0.0016 6.8
C+MPl/pMatiab 1 1 46 4
Pasmep kona
C+MPI 347 787 938 8800
pMatlab 119 78 157 190
C+MPl/pMatiab 3 10 6 40

Kak upasuno, peanusanuu napannenvioix MATLAB-nporpamm MoryT BBINONHATD
AAAN, PAIMEP KOTOPHIX cocTasasier 1/2 pasmepa 3ajia4, cliocoOHBIX pemaThcs peanu-
sauuamu na CyrMPL Hpyanng ororo s HeoO0Xo/iuMocTi CORBATL BPEMEHHBIC MACCUBI
LHPY UCIBIBIONRHKK BMPKCHKIT BLICOKOro yponust. 1iporsnojurensHocth apanenn-
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HbiX MATLAB-nporpamm usmeHseTcs, HaYMHasg OT NOKasaTeNell, CDAaBHMMBIX C KOJIOM Ha
C+MPI (FFT u Stream), u 3akanunBas 6onee Mennennoit (Top 500) u eitie 60rmee MefyIeHHOI
(RandomAccess). Hariporus, xop napamiensHeix nporpamm Ha MATLAB o6sr4Ho B 3-40
pa3 MeHbllle 9KBMBajieHTHOro koxa Ha C+MPI.

Ilo cpaBHeHMO ¢ nocnenopaTeNbHBIMU KofaMy Ha MATLAB Bce napasienbHble KOZIbI
IOIyCKAIOT BHINOJIHEHME 3a/ja4, MaclITabMpyeMBIX IMHENHO C KONTMYECTBOM IPOLECCOPOB.
Taxkum >xe 06pasoM OHM IOKA3BIBAKT 3HAYUTEILHOE YBENMYEHUE IPON3BOAMUTENBHOCTH
(xpome RandomAccess). ITponssomutensHocts RandomAccess orpaHuumMBaeTcs HipKelle-
XauyM MeXaHusMoM koMMyHmkaipm. Ilo cpaBHenmio ¢ C+MPI pasmeps! 3apay ms na-
paienbubix MATLAB-nporpaMM MeHbllle B 2 pasa, a IpOM3BOIMUTENbHOCTD Napaieb-
Hbix MATLAB-Bepcuit kak Stream, Tak 1 FFT sBnseTcsa conocraBuMoil.

B tecte npoussomuTenbHOCTH Stream MaKCHMasIbHBIA pasMep 3afiaul [yis napasienbHo-
ro koga Ha MATLAB B 1,5 pasa MeHbllle, 4eM MaKCHMa/IbHBIN pa3Mep 3ajia4uy B CIIyYae KOjfia Ha
C+MPI n3-3a He06XOMMOCTH CO3[ABATh IPOMEXYTOUHbBIE BpeMeHHble MaccuBbl. Heobxomu-
MOCTb BO BpeMEHHBIX MaCCMBaX ABJLATCA N060YHBIM 3@ exToM 60NbIIMHCTBA CPES IPOrpaM-
MMpPOBaHMs BbICOKOTO ypoBHs. [IpoussoauTenbHOCTh napamensuoro koga Ha MATLAB ra-
Kas xe, Kak u B cnydae C+MPL. ITpuunna sakmodaercs B TOM, 4To unTeprnperatop MATLAB
PpacriosHaet orepaTop MacHTabupoBaHusA 1 NPUGABIEHNA U 3aMeHseT €T0 Ha BBI3OB U3 COOT-
BETCTBYIOLETO ONTUMM3NpoBaHHOrO BLAS (6a30Bblif MakeT MOAIPOrpaMM JMHENHOI anre-
6pn1). [Tapamnenbubiit kog Ha MATLAB B 3 pasa Menblue, yeM kof Ha C+MPI us-3a uckmove-
HMA pas/IMUHBbIX IMKIOB fOr U Mcnonb3oBaHus BCTpoeHHbIX QyHKumit MATLAB.

B recte nponspogutenbHoct RandomAccess MakcMMaIbHBIN pasMep 3afauy AjiA mna-
panmnenbHoro koa Ha MATLAB B 1,5 pasa MeHblie, YeM MaKCYMaNbHBI pasMep 3afauy Uis
kofia Ha C+MPI u3-3a Heo6XOAMMOCTH CO3aBaTh MPOMEXYTOUHBIE BPEMEHHbIE MACCUBHL
Ha onsoM npoueccope npoussoputenbHocTh napamiensuoro RandomAccess Ha MATLAB
CpaBHMMa ¢ npou3BopMTeENbHOCTb Kopa Ha C+MPI OpHako Ha 60nbllieM KONMYeCTBE MPO-
1eccopoB napanmnenbHulit kof Ha MATLAB B 45 pas mennennee, yem xop Ha C+MPI. Ota
pasHUIA MPOU3BOAUTENLHOCTH HabMofaeTcsA Mo npuynse 601bLION 3afiep> KN HIDKeNe-
Kalero MexaHn3Ma KOMMYHMKALIMY, KOTOPbIl MOXXHO NOTEHIMANbHO YAy1LIUTb NPYU VC-
NOJIb30BaHMM MEXaHM3Ma KOMMYHMKALMM C MeHbLlei 3amep>xkoit. [lapannenbHblit KOI Ha
MATLAB B 6 pa3 meHblie, yem kop Ha C+MPI.

B Tecte npoussoputenbuocti FFT MakcuManbHBIN pa3Mep 3afjauy [yis Napajie/ibHOro
koma Ha MATLAB B 3,5 pasa MeHbllle, 4eM MaKCHMMaJbHBII pasMep 3afiauM I Kofa Ha
C+MPI, us-3a Heo6XOmMMOCTH CO3/IaBaTh MPOMEXYTOYHBIE BpeMeHHbIe MaccuBbl. Kpome
Toro, BHyTpr MATLAB mcnonbsyercs paspenbHoe npefcTaBineHue wis KOMIUIEKCHBIX TH-
1I0B IaHHBIX, B TO BpeMs KaK BbI3bIBaeMas HIDKeJIeXxaryas rnocjefoparenbHas 6ubnmoreka
BIT® ucnonbayer yepenymolieecs npencrapneHue. B pesynprate fanHble HeO6XOMMMO Mpe-
06pasoBBIBaTh MOKAY 3TUMM npencTapnenuamu. Ha ogHoM nporeccope npousBonurerib-
noctb FFT na MATLAB B 5 pas Hike, YeM MPOU3BOAUTENbHOCTD kofja Ha C u3-3a Hakaj-
HbBIX PaCXOfIOB BPEMEHH, HeOOXOAMMBIX [UIsI BHINOIHEHNS npeobpasoBanms Mexxay dpopma-
TAMM XpaHEHMsl KOMIUIEKCHBIX naHHbIX. [lo Mepe pocTa pasmepa sapaum Bpems FFT nauu-
aet Bce 60nblile 3aBUCETh OT BpEMEHM OCYLECTB/ICHI KOMMYHMKALMM «KXKIbIN K KaX-
JOMY», 11e06XOIMMOIt MEXAY dTanamMM BbiYUcHeHMsl. Tak Kak 3TO B OCHOBHOM cOOOLLieHUsT
OOILIIOrO pasMepa, [POU3BOFUTENBHOCTL NapwienbHoro koila Ha MATLAB cranonuTca
paBroit npousposuTensHocTM KoAa Ha C-+MPI npu 6onbliom xonmuuecTse 1poLECCOPOB.
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IMapamienbuoiit kog Ha MATLAB B 10 pas menbure, yeM ko Ha C+MPI u3-3a 10KalbHBIX
BbI30BOB BCTpOeHHBIX pyHkumit BIIO u nckmodyeHns kopa o6MeHa coobmennssmu MPL

B tecte npoussonutensHoctn HPL MakcuManbHbIit pasMep 3ajiauy A/1s napasiebHOro
kofia Ha MATLAB B 3,5 pasa MeHbllle, 4eM MaKCHMMa/IbHBIi pa3Mep 3ajja4uM B CTy4ae Kofia Ha
C+MPI u3-3a HeO6XORMMOCTH CO3aBaTh NMPOMEXYTOUHble BpeMEHHbIe MaccuBbl. B yact-
HOCTH, HIDKHE- ¥ BEpXHe-TPeyTro/ibHble MaTPUIIbl BO3BPAILAIOTCA KaK IOJIHbIE MaTPMLbI;
HanpoTus, B koge Ha C+MPI 31 Matpuus! MoryT 6b1Th O6'beAMHEHBI B OfMH MaccuB. ITa-
pannenpHbiit ko Ha MATLAB o6ecneunBaer 10-kparHoe yckopeHue Ha 32 npoleccopax,
YTO MpUOM3UTENBHO B 4 pa3a MeHbllle, YeM YCKOpeHMe C UCIIONb30BaHMeM koa Ha C+MPIL.
YnydieHne ceT 3TOro 060PYHOBaHMs JOKHO NPUBECTU K 3HAYUTENTBHOMY YIyYLIEHMIO
NPOM3BOAMUTENLHOCTY NapaleNbHoro koga Ha MATLAB otHocutenbHo kopa na C+MPI.
IMapannensHbiit kof Ha MATLAB B 40 pas menblie, yeM kopi Ha C+MPI. 10-kpaTHOe cokpa-
HleHMe JaHHOTO Kofia HabmopaeTcs 6narogaps abcrpakumsaM 6oree BHICOKOTO YPOBHSI U3
napajiensHoro koga Ha MATLAB, a fononuutensHoe 4-KpaTHOe cOKpallieHue IpoUCcXo-
IUT U3-3a UCTIOJIb30BaHus 6onee IMPOCTOrO alropUTMa.

Omm nopxop K u3obpaxenuio npoussopnrenbHoctn TectoB HPC Challenge nokasan Ha
pucyHke 7.7. YckopeHMe 11 OTHOCUTENbHBII pa3Mep Kofia ISl KXo pea/salpiy Nporpam-
MBI ObIIM paccUMTaHBbI N0 OTHOLIEHMIO K NOC/efoBaTenbHol peam3awym Ha C/Fortran. Ha
AaHHOM rpaduke MOXHO YBUTIETD, UTO, 3a McKmodeHneM RandomAccess, Bce mporpaMMbl Ha
C+MPI nonapaioT B BepXHMi1 NpaBbIil KBaPaHT AMarpaMMBl, II0Ka3biBasd, YTO OHM obecreyn-
BalOT HEKOTOPBIiT YPOBEHD IapalIebHOro yCKOpeHus, Tpeby st cosfaHms koa 60MbIIero pas-
Mepa, HeXXe/M Noc/efoBaTeNbHbli Kof. Kak u oxamanock, peanmsailyy noc/efoBaTeNbHbIX
kopoe Ha MATLAB He [jaloT HMKaKOTO yCKOpEHMs, OFHAKO Bce OHY TpeOyloT HalmMcaHus Kofa
MEHBILETO pasMepa, YeM peannsaliuy B nociaenosare/ibHoM kone Ha C/Fortran. IMapannens-
Hble pearm3arym Ha MATLAB (xpome RandomAccess) nonaaaior B BepxHMit /IeBbIit KBafipaHT
puarpaMMBel, obecrieunBas napajle/IlbHOe YCKOpeHMe MpY MEHbILIEM KOMIMYeCTBE CTPOK KOfa.
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OTHOCUTENbHBIN pa3Mep Kojia

PucyHok 7.7. YckopeHye OTHOCUTEbHO pa3Mepa Kofia
Yckopenue (oTHOCHTenbHO TocnepoBaTenbHoro C) no OTHOLUEHUIO K pa3sMepy Kopa
(otHOCHTENbHO MOCesoBaTensHoro C). BepxHuit npaBbiit KBafpaHT — 3TO TPAAULIM-
oHHblit pexkum HPC: f1s yBemmueHns POU3BOOUTENLHOCTY TpebyeTCs yBem4eHue
pasMepa Kopa, ¥ 6onbIIMHCTBO kopoB Ha C+MPI nonagatot cropa. Hyokumit neBbiit
KBaJIpaHT — CTaHAAPTHBIA PEXUM IOC/IENOBATENbHBIX BbICOKOYPOBHEBBIX fA3bIKOB,
KoTOpble 06eCreYnBaloT KO MHOTO MEHBILIETO pa3Mepa, HO MpU 3TOM paboTaioT ro-
pa3spo MeaneHHee. RandomAccess HAXOIUTCS B HUOKHEM MPaBOM KBafipaHTe M Mpex-
CTaBJ/IfieT aNrOpUTMBbI, KOTOPBIE TIIPOCTO He COOTBETCTBYIOT HIwKenexaileMy o6opy-
JI0BaHMIO ¥ MEXaHM3MY KOMMYHMKaLuK. B BepxneM 71eBoM KBajpaHTe pacronoXkeHO
6ONbILMHCTBO MapajIeNbHbIX peanusaimit Ha MATLAB, MMerompx Kofibl MEHBIIMX
Ppa3MepoB ¥ 06eCIieYMBAIOILMX HEKOTOPOe YCKOpeHMe
Taxoit KOMIpOMMCC MEXAY MPOU3BOANTENLHOCTBIO M TPYHO3aTpaTaMy NOABITOXMUBAET
€ IpY U3yYEHUM OTHOCHUTEIIBHOM MPORYKTUBHOCTH cpel (cM. InaBy 6). Ha ocHoBe gaHHBIX
06 yCKOpeHMM ¥ OTHOCHTENILHOM pa3Mepe Kofia Ha pUCYHKe 7.8 rokasaHa IpOAYKTMBHOCTh
KaXX/IOTO IIOAXO0/a Ha Ka)XKIOM TeCTe IMPOM3BOAUTENLHOCTH.
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Pucynok 7.8. IIpogyxtusHocts HPC Challenge

OTHocKTeNnpHAsA NPOAYKTUBHOCTD KaXXIOTO TeCTa IPOM3BORUTENBHOCTH B KXKION U3
cpeQi IporpaMMMpOBaHMs
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NMporpamma Stream

Pestome

Tecr npouspopyTensHOCTH Stream mpepcTapaseT co6oit NPOCTYIo MPpOrpaMMy, KOTo-
pas 6yneT HaM oveHb MOJIe3Ha B Ka4eCTBe M/UTIOCTPALMM HeCKONMbKMX BaXKHBIX TIPUH-
LIMIIOB IlapajnenbHOro InporpamMmyupoBanms. IlporpamMa Stream — mpeAcTaBUTENb
LI{POKOTO KJIacCa MAaccoBO MapajlenbHbIX mporpaMM. OHa JEMOHCTpMpYeT BaxK-
HOCTb IOKa/IbHOCTH JaHHBIX, a TAK)Ke IIOKa3bIBaeT, KakMM 06pa3oM U3B/ieub naparie-
NM3M M3 JIOKanbHOCTH faHHbIX. [IporpamMma Stream Takxke [eMOHCTpUPYeT MPOU3BO-
AMTENbHOCTb PasHbIX METOROB [KOCTYINa C Ilapasiie/3MoM 1o fanHbIM. HakoHetl, usy-
JeHMe IporpaMMsl Stream faeT NpeACcTaBNEHNE O KOMITPOMICCAX NPOU3BOJUTENBHO-
CTH MHOTOSIJIEPHBIX IIPOLIECCOPOB.

Hporpamma Stream 6pl1a npeficTaB/ieHa B I7laBe 7 B KadeCTBE TeCTa NPOU3BONUTE/Ib-
HOCTYU I/I1 U3MEPEHMS NPOIYCKHOM CIOCOOGHOCTH MEXTY IPOLIECCOPOM M €0 OCHOBHO
namsaTbio [MCCalpin 2005]. ITporpamma Stream Taxoke SIBAA€TCS XOPOLUMM IIPMMEPOM U3
MHOXXeCTBa MacCOBO-TNapajule/IbHbIX MPUIOKEHNI, M Ha Hell MOXXHO IIPOJIeMOHCTPUPOBaTh
HEKOTOpPBIE I10/IE3HbIE METOABI HAaIlMCaHUA Kofa napannenbﬂoﬁ nporpaMmbl, B YaCTHOCTU
crnoco6 HanMcaHus NPOrpaMMBI C NapajleNIM3MOM IO NaHHBIM, KOTopast 3BJeKaeT Hapai-
JIENIN3M U3 pacnpelie/IEHHbIX MaCCUBOB. I

IMporpamma Stream cospaeT HeckonbkO GombluMx N-27IEMEHTHBIX BEKTOPOB ¥ MHOTO-
KpaTHO coBepluaeT 6a3oBble onepauyy Haj 3TuMM BekTopaMu. Tak kak KOJIMYECTBO OIte-
PpaLmit, BHINONHSEMbIX HaJj KQXBIM 9/1EMEHTOM BEKTOPa, HEBENMKO, IPOU3BOAMTENILHOCTD
Stream orpanuueHa nponycKHoi cnoco6HOCTHIO K OCHOBHOI namATH. ITporpamma Stream
ABJIAETCA NPEKPAaCHOM MUTIOCTPalMell KOMIIPOMMCCOB NPOM3BOAUTETLHOCTY MHOFOSATIEP-
HBIX IPOLIECCOPOB, KOTOPbIE MMEIOT 06Nt JOCTYTI K NaMATH.

8.1. Hauano paborhl

Ins BoinonHenus nporpammbl 3anyctute MATLAB u nepeitnute B AUpeKTOpMIO
Examples/Sream (1.e. Habeputre cd  Examples/Sream). Orpepaktupyitte ¢aiin
pStream.mu ycraHoBuTe PARALLEL=0. B xoMaHHOI1 cTpOKe BBEAUTE

pStream

Tak kak Stream sIB/Is€TCsl TECTOM NPOM3BOAMTENBHOCTH, OHA BbIIACT GOMBILNOH 06BbeM
AAHHBIX O POU3BOAUTENILHOCTH, AHAJIOTMYHBIX CIIEAYIOLUM:
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Bpems pacnpenenenns/tHasnaqenus (c) RAllocation Time (sec) = 1.4523
Bpems zanycka (c) Launch Time (sec) = 0.094735
A,B,C ouubku A, B, C errors =0 1.819e-12 3.638e-12
Np Np =1

Pid Pid =0

Pa3mep rnobanbHOro MaccKBa (3n1eM.) Global Array size (elem) = 33554432
Pa3mep rnobanbHoro macckea (6akrel) Global Array size (bytes) = 268435456
Heobxoaumas rnobansHas namats (GaiiTsi) Global memory required (bytes) = 805306368
Pasmep noxaneHoro Maccusa (3neM.) Local Array size (elem) = 33554432
Paamep noxansHoro Maccupa (6aiTsi) Local Array size (bytes) = 268435456
HeoGxommvms noxansHas namats (Gaiiter) Local memory required (bytes) = 805306368
KonnyecTBo MPoGHBIX BEIMOIHEHHUH Number of trials =4
JlokansHas nponyckHas cnocoGuocts Copy (I'6/c) Local Copy Bandwidth (MB/sec) = 2338.2472
JI bHaA MPOMYCKHaRA 6rocTs Scale (I'6/c) Local Scale Bandwidth (MB/sec) = 710.2395
JT nponycKHas 01 b Add (['6/c) Local Add Bandwidth (MB/sec) = 994.2772
JlokanbHas nponyckHas cnocobHocts Triadd ([6/c) Local Triadd Bandwidth (MB/sec) = 798.4208
Imo6anbnan nponyckHas cnocobuocts Copy (['6/c) Global Copy Bandwidth (MB/sec) = 2338.2472
Imo6anbHan npomnyckHas cnocobHocts Scale (6/c) Global Scale Bandwidth (MB/sec) = 710.2395
Imo6anbHas nponyckHas cnocobuocts Add (I'6/c) Global Add Bandwidth (MB/sec} = 994. 2772
I'oGanbuas nponyckxas cnoco6uocts Triadd (I'6/c) Global Triadd Bandwidth (MB/sec) = 798.4208

BoimeyxasaHHyio MHGOpMaLMio MOXHO pa3butb Ha ueTbipe KaTeropym. Ilepsas - ma-
paMeTpbI MPOrpaMMBEl, KOTOpbI€ OIMMCBIBAIOT pa3Mep 3afauy N, KOMM4ecTBO Heo6XOmMMBIX
6aifTOB, KO/MMYECTBO NPOGHBIX 3aITyCKOB, KONMYECTBO IpoiteccopoB Np u P, npolieccopa,
BBINO/IHMBIIIETO BBIBOJ. BrOpas xateropus Bxmodaer B ce6s BpeMs MHULMaIM3aLMU Mac-
CMBa M BpeMsl 3allyCKOB, KOTOpbI€ OIMCHIBAIOT KOIMYIECTBO BpEMEHM, 3aTpaulBaeMoe IO Ha-
Yajia BbITO/THEHMs MporpaMMbl. TpeTbs KaTeropus — 3TO 3Ha4YeHMs JIOKa/IbHOI U I1o6aib-
HOJ NpONycKHo# crioco6HocTH. YeTBepTas KaTteropus — 3HadyeH!s IPOBEPKU MPaBUIbHO-
cT. 3TH pe3ynbTarhl 6yRyT pacCMOTpeHB! fajee B pasferne «lectupoBanue». Ceityac oTpe-
AakTupyiite ¢aitn pSt ream.m, yctaHoBute PARALLEL=1 ¥ BHIIONHNTe Stream noBTOp-
HO C ¥ICTIO/Ib30BaHMeM CIIERYIOMMX KOMaH:

eval (pRun (‘pStream’,1,{}))
eval (pRun (‘pStream’,2,{}))
eval (pRun (‘pStream’ ,4,{}))

STH KOMaH/BI BHINONHAIOT IPOrpaMmMy Stream C MCHONb30BaHMeM OHOTO, IBYX U de-
Thipex npotieccopop. IIpy BEIIONMHEHMM Ha Hapa/UleNIbHOI BEIYMCINTENBHON MALINHe Bbl-
[al0TCs 3HaYeHMs BPEMEHHBIX IIapaMeTpOB, NOo6HbIe yKa3aHHBIM B Tabmuite 8.1. 3tu pe-
3y/IbTaThl MO3)Xe 6yAYyT paccMOTpeHbl roupobHee B paspene «Tectuposanue».

Baxnoe npumevanme. ITocnegunit apryMeHT koMannel pRUN  onpepenseT, Ha Kakoii
HapanieNbHO BHIMUCINTENbHOI MalyHe 6yfieT BBIONMHATLCA NporpaMMa. MoxeT BO3-
HUKHYTb HEOOXOIMMOCTD B IONTYYEHMM HaUIEXKAIUX YCTaHOBOYHBIX NapaMeTpOB Y Ballle-
ro CMCTEMHOTO af]MMHICTPATOPa; A/ NonydeHus 6onee noppobHoit mHdopmaimu obpa-
wadtrech Ha Be6-caitt kuurn (http://www.siam.org/KepnerBook). YcranoBka nocnensero
aprymMeHTa 3HaueHMeM {} IpMBOAUT K BBIIIOIHEHMIO MHOXECTBA KOINMIT MPOrPaMMBI Ha Ba-
et 7I0KaNbHO MalllMHe M NONY4YEeHMIO NMPOM3BOAUTENBHOCTH, OTIMYHONM OT yKa3aHHOI
s Tabmuue 8.1.
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8.2. NapannenbHan peanusayus

Crnemndumkanms TecTa IPOM3BOAUTENLHOCTM Stream mNpeAnoaraeT HalMyMe Tpex
N-a/leMEHTHBIX BEKTOPOB a, b, ¢ : RN Takux, 4To 0611jas1 3aHATas NaMATh COCTAB/ISET 3HAYM-
TeIbHYIO YacTbIo NaMATH MpoLieccopa. 3afjaHHble MOC/IER0BaTENbHOCTH OIlepaLiil BbIITON-
HAIOTCA Ha 3TUX BEKTOPaxX B C/IeyIOILEeM MOPAMKe:

Copy: ¢ = a Scale: b =
g c Add: ¢ = a+ b
Triadd : a = b + q ¢
Ilepesod
Copy — xonuposatiue;
Scale - ymoscerue;
Add - cnosxcenue;
Triadd — ymHosceHue c NOCTEOYIOULUM CIOHEHUEM;

BrieykasaHHble onepauny nopropaoTcs N pas. Vicxopuelit arropurM ans Stream no-
Ka3aH B AnroputMe 8.1 (moppo6Hee cM. B IIOATINCH).
Anroputm 8.1. NocnepoeBatensHaa Bepcys NporpaMmebl Stream

AnroputMm cosnaer Tpu N-37€eMeHTHBIX BEKTOpA M BBIMOJIHAET CEPUM ONepaumii Haj
3TUMM BeKTOpaMy. BpeMs BBINOMTHEHMsT KaXAOM M3 orepanmii 3aMepseTcs mpy IMOMOLIM
onepaumit TIC u TOC.

STREAM(a,b,c: RV, ¢:R,n: Z)

1 tcopw tscales tadds tcapy :R
2 fori=1:n

3 do "

4 TIC

5 c=a

6 teopy += TOC

7 TIC

8 b=qc

9 tscale += TOC
10 TIC
11 c=a+b
12 todd += TOC
13 TIC
14 a=b+qc
16 ttriadd += TOC

FHenn nporpaMmn Stream SaKmoHaeTcA B USMEPEHNUM NMPOITYCKHOM CNOCOGHOCTY nams-
™ B Gaiirax v ceKyHAY. Ina TecTa npoussouutensHocTH Tpebyerca, 4robb BEKTOpbI npe-
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CTaBnA/mM co60it 8-6aiToBble 3HAYEHMA C MJIABAIOLLEl 3aMATON C [ABOMHOI TOYHOCTBIO, B
pesynbTaTe Yero NoNy4aroTcs ciaegymorye ¢GopMysl MPOMYCKHOI CIOCO6HOCTH:

Copy Bandwigth: 16nN/t,

Scale Bandwigth: 16nN/t_,

Add Bandwigth: 24nN/t ,
Triadd Bandwigth: 24nN/t ..

TpoBepka npaBWIBHOCTH ABJIAETCS BXKHOM YaCThI0 MOOOro Tecta nmpoM3BOANTENBHO-
ctu. Ecnn 3HayennaM BekTopa a 6pUmM MPMCBOEHD! Haua/IbHble 3HAYEHUA d,, KOHEYHbIE pe-
SY/IBTaThl MOTYT OBITh POBEpeHH! 10 GOPMYIaM

a_, =2q+q)" a,
a(:)=02q+q)" a,
bn(:) = q an-l
b(:)=(1+q)a,,

XoTs mporpaMma Stream OYeHb ITPOCTasi, B Helt COIEP>KUTCSA CYyTh MHOTUX IPOrpaMM.
B yacTHOCTH, OHa pa6oTaeT Ha MOCIEFOBATETBHOCTAX BEKTOPOB C ONMpefie/leHHbIMM Ha-
yaJibHBIMM 3HaYeHnsiMH. OHa NOBTOPsET NOCTENOBATENBHOCTh CTAHAIAPTHBIX BEKTOPHBIX
orepanuii ¥ BeIIaeT OTBEThI, IPaBMIBHOCTb KOTOPBIX MOXXET ObITh MpOBepeHa.

TapannenpHasi mporpamMma Stream MOXeT ObITh peanM3oBaHa JOBO/IBHO JIETKO C MC-
NONb30BaHMEM paclpefieNIeHHbIX MacCHBOB. JIo TeX MOp, OKa BEeKTOPH! 6yAyT MUCIOMB30-
BaTh OfIMHAKOBOE pasMelleHMe, pe3y/bTHPYOLIas porpaMma He 6yfieT Tpe6oBaTh MeX-
npoueccopHoi kommyHMKaimm. Crporoe cobmopienre TpeGOBaHNMA OTCYTCTBMA KOMMYHM-
KaL1i MOXXHO 06ecneynTh, MCIIOMb3Ys B MPOrpaMMe KOHCTPYKIIO .loc. 3TOT mOAXOA pe-
KOMEH/yeTCsl BC/IEACTBIE TOTO, YTO OH FAPAHTUPYET OTCYTCTBIUE KAKOI-MO60 KOMMYHMKA-
uuu. Ecmm cmydaitHo 6bU10 MCNO/IB30BaHO pasMellieHne, Tpebyolee KOMMYHMKaLK, pe-
SYNBTUPYIOILAA MporpamMma mbo BeacT ommbKy, mbo He MpoitieT MpoBepKy. ITo pas-
MellieHye IPYBOAMT K MapajuleNIbHOMY aJTOPUTMY, IIPEICTAB/IeHHOMY C MCIIO/Ib30BaHMeM
P-sanucu B AnroputMe 8.2. BusyanpHoe npeficTaBiieHMe peanu3aluy napamieNIbHOTO all-
ropuT™Ma nporpaMMsl Stream NMpMBeieHO Ha puCYyHKe 8.1.

MacurabupoBanmue
R CIOXEHME YMHOXeHME
c=a b=gc c=atb a=h+qc crocreayoumM
a: RP(N) [ 0 | 1 | |N"li CTOXeHVEM
b:RPO [0 [ 7 [ = ] ]
c:RP(N) [ (] I 1 | ves in_ll

PucyHnok 8.1. IlapannenbHas peanusaumnsa nporpaMmsi Stream
Koxpuuit exrop senscrcs pactipeniencnnuim MaccunoM, ECnu kaxuabiit BCKTOp MMECT OJIMHAKOBYK)
HBPENNICABHYK) KPTY PASMELLCHUSI, PCayniTHpPyIOIiin IPOIPAaMMA ne TPeGyeT KOMMyHMKaIM
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Anroputm 8.2. MNapannenbHas Bepcusi Nporpammbl Stream

MapannenbHelit anropuT™ cospaet Tpu N-37IEMEHTHBIX BEKTOPA M BBIIONHSAET CepuUM
onepauyit TOIBKO Hajl TOKaZIbHbIMI YaCTAMM 3TUX BeKTOpPOB. JIyis monyderns obiueit ma-
PpaieNbHOI MPOIYCKHOM CMIOCOGHOCTH pesy/IBTMpYIOLMe BpeMeHHbIe IOKa3aTeln MOX-
HO YCPeJHUTb.

PARALLELSTREAM(a,b,c : RP(M) g : R, n: Z)

1 toopy, tscales Laads tcopy :R
2 fori=1:n

3 do
4 TIC
5 ~ cloc=aloc
6 teopy -+= TOC
7 TIC
8 b.loc = q c.loc
9. tscale += TOC
10 TIC
11 cloc =a + b.loc
12 tadd += TOC
13 TIC
14 aloc=b + qeloc
15 tiricdd += TOC
8.3. Kog

Cnepyrommm 11aroM sB/IsSETCS HanMCaHUe NapajnenbHoit nporpammel Stream. IMapan-
JIeTIBHBIT KOfi MOXKET ObITh pearm30BaH NMPOCTHIM Ipeo6pa3oBaHiM