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BBenenue

OnHoM 13 IBHO MPOCIEKUBAEMBIX TEHICHIIMN Pa3BUTHUS YEJIOBEUYECTBA SIBJISCTCA
YKEJaHUE MAKCHUMAJIBHO CTPOr0 MOJEIMPOBATH MPOLIECCHl OKPYIKAKOIIEH AEHCTBH-
TEJIBHOCTU C LENbI0 KaK yJIYUYUICHUs YCIOBUM KU3HHU B HACTOSIIEM, TAK U MaKCH-
MaJbHO JIOCTOBEPHOIO MpeJCKa3aHus Oy IylIero (co CX0HOM, BOPOYEM, KOHEUHOU
1enblo). MatemaTuyeckue METOAbl M TpHEeMbl HUGPOBOrO MOJAETUPOBAHUS BO
MHOTHX CJIy4asiX MO3BOJISIOT pa3peniaTh MmoJo0HbIe MpoOIeMbl, OJJHAKO C TEUCHU-
€M BPEMEHU UMEET MECTO CepbEe3HOE YCIOKHEHUE (KaK KaueCTBEHHOE, TaK U KOJIH-
YECTBEHHOE) TEXHOJIOTUH PElIeHHs 3a/1ady. Bo MHOTHX CilydasiX OrpaHU4Y€HHEM $SB-
JSI€TCA HENOCTATOK BBIYMCIUTEIBHBIX MOIIHOCTEW COBpeMEHHBIX DOBM; 3Haum-
MOCTh PEIIAEMbIX 3aJa4 MPUBJICKIN OTPOMHbBIC (PMHAHCOBBIE PECYPChl B 00JIACTh
CO37IaHusl CBEPXCIOXKHBIX DBM, cTOMMOCTh pa3pabOTOK KOTOPHIX JOCTHTAET CO-
TE€H MUJJIMOHOB JIOJUIAPOB.

OpHako ¢ HEKOTOPBIX TMOP IMOBBIIMICHHE OBICTPOACHCTBUS KOMIIBIOTEPOB TPaIH-
IUOHHON (MMeHyeMmol ‘¢on Hetimanosckou’ u (pakTHUECKH 0000IIArOIIeH pe-
3yJbTaThl UCCIIEIOBAHUNA AHTJIMACKUX KOJJIET-COIO3HUKOB U pa3pabOTKU Haxo-
nusiierocs torga B CIIIA Ha mosiokeHHH KOHCYJIbTaHTa-BOCHHOIUIEHHOTO Koupa-
0a ¢on L]y3e) apXUTEKTYphl CTAIO YPE3MEPHO AOPOTO BCIEICTBUE TEXHOJIOTHYE-
CKHUX OTPaHUYCHHUI MpU MPOU3BOACTBA MPOLIECCOPOB, MOITOMY Pa3zpabOTUHKU 00-
paTrUiIM BHUMAHUE HA UHOW ITyTh MOBBILIEHUS TPOU3BOIUTEIBHOCTH — KOMILJIEKCH-
poBanne OBM B mmuozconpoyeccopHvie eviuuciumenvhvle cucmemsvt (MBC); npu
TOM OTJEJbHBbIE (pParMeHThl MPOrpaMMbl NMapaJJICNbHO (MU OJHOBPEMEHHO) BbI-
MOJIHAIOTCS. Ha Pa3IUYHBIX MPOIECCOpax, OOMEHUBAsACh MPHU 3TOM HH(OpMaluen
MIOCPEACTBOM BHYTPEHHEU KOMHNbIOMEPHOU Cemu.

Nnes xkommekcupoBanuss 9BM ¢ 11e/1b10 MOBBIIEHHS KaK TPOU3BOIUTEIBHOCTH
TaK ¥ HAJIEKHOCTH MOYTH TaK K€ CTapa KaK KOMIIbIOTEPHBIA MUP (IOKYMEHTHUPO-
BaHHbIC 00beAuHEeHUsI DBM u3BecTHbI ¢ KoHIa 50-X I.T.).

TpeOoBaHUs MONYYUTh MAKCUMyM HPOU3BOJUTEILHOCTH IMPU MHUHUMAIBHOM
CTOMMOCTH TPHUBEIHN K pa3paboTKe MHOTOMPOIECCOPHBIX BBIYUCIUTEIbHBIX KOM-
IJICKCOB (8blUUCIUMENbHBIX KAACHepos) Ha 0a3e HeJOPOTUX KOMIIOHEHTOB MEPCo-
HaapHBIX DOBM (II9BM); u3BeCTHBI CUCTEMBI TAaKOTO POja, OOBEIUHSIOIINE BBI-
YUCJIUTENBHBIE MOIIHOCTH ThICSIY OTIEIBHBIX IpoleccopoB. CAEAYIONIMM 3TalloM
SIBJIIFOTCS TIOTIBITKH O0bEIMHUTh MUJIJTMOHBI PA3HOPOIHBIX KOMITBIOTEPOB IJIaHETHI
B €/IMHBIN BBIUMCIUTENBHBIA KOMILIEKC C OTPOMHOM MPOU3BOAUTEIILHOCTBIO (TEX-
HOJIOTHSI pacnpeOeneHHbIX 8bIYUCTIeHUL, MemaKoOMNbOMUHea) MOCPEICTBOM CETU
InterNet. Ha cerogHsmiHuil 1€Hb NPUMEHEHUE HAPALIENbHBIX BbIYUCTUMETbHbBIX
cucmem (IIBC) sBAsieTCs CTpAaTErMueCKUM HAMpaBICHUEM PAa3BUTHUSI BBIYMCIIU-
TEIbHOW TEeXHUKHU. Pa3zButhe ‘“xkene3a’ ¢ HEOOXOIUMOCTHIO MOJKPEIUISIOTCS CO-
BEPLICHCTBOBAHUEM AJITOPUTMHUUYECKON U MIPOTPAMMHON KOMIIOHEHT - MeXHOI02Ull
napannenviozo npozpammupoganusi (T1III).
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XoTs uaes pacnapayiieIMBaHUs BBIYUCICHHA OTHIOAb HE HOBA (IMPUHIIUAI KOH-
geliepa Tipu 00pabOTKE MAaHHBIX BHYTPU KOHKPETHOTO MpOIEcCcCopa MUPOKOU3BEC-
TEH), OPTaHM3aIls COBMECTHOTO (DYHKIIMOHMPOBAHUS MHOXKECTBA HE3aBUCHUMBIX
MPOIIECCOPOB TpeOyeT MPOBEIEHUSI CEPhE3HBIX TEOPETHKO-TPAKTUYECKUX HCCIIe-
JIOBaHMIA, 0€3 KOTOPBIX CI0KHASI U OTHOCHUTENBHO JOPOTOCTOSINAss MHOTOIPOIIEC-
COpHasl YCTaHOBKA YacTO HE TOJILKO HE MPEBOCXOINT, & YCTyMaeT MO MPOU3BOIH-
TEIBHOCTH TPAIUITMOHHOMY KOMITBIOTEPY.

[ToTeHnManbpHass BO3MOXHOCTh pacliapauIeIMBaHus HEOJWHAKOBA I BBIYHMC-
JUTENBHBIX 3a7a4 Pa3IMYHOTO TUIA — OHA 3HAYMTENbIra I HAYYHBIX TPOrPaMM,
coJiep KaliuX MHOTO ITUKJIOB M JJIUTEIbHBIX BBIUUCICHUN U CYIIECTBEHHO MCHBIIIC
JUTST MTHOKCHEPHBIX 3a7ad, JUIsi KOTOPBIX XapaKTEPEeH pacdyeT MO SMIUPUICCKUM
dbopmynam.

Bvioenennvie Kypcusom TEKCTOBBIC TOCIEIOBATEILHOCTH (DAKTHUECKHU SBIISIOTCS
KITIIOYCBBIMU CJIOBAMU JIJISl IOMCKA MX 3Ha4deHwid B InterNet, MCTHoOIb30BaHUE SBHO
3aaHHbIX InterNet-CChIJIOK HEMHUHYEMO MIPHUBENET HACMOUYUB020 TUTATENS K TIep-
BOMCTOYHUKY HHpOpManmu. B crockax K KOHKpETHOW CTpaHUIE MpHUBEICHA J0-
MOJIHUTEJIbHAS JIUTEPATypa, MoJIe3Has! IPU U3yUYECHUU MaTepHuaia.
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1. O0mue Bonpockl pereHus ‘00JbIINX 32124’

[Tox TepMuHOM ‘GOMBITHE 33/1a4l’ OOBIYHO MOHUMAIOT MPOOJIEMBI, pElIEHUE KO-
TOPBIX TPEOYET HE TOJIBKO MOCTPOCHUSI CIOKHBIX MaTeMaTHUYECKUX MOJIENEH, HO U
MIPOBEJICHUS] OTPOMHOT0, HA MHOTHE TOPSIIKU TPEBBIMIAIONINE XapaKTePHbIE IS
[I9BM, konuyecTBa BBIYUCICHHH (C COOTBETCTBYIOIIMMU pecypcamu OBM — pas-
MepaMH OMEPATUBHOW M BHEIIHEH MaMATH, OBICTPOACHCTBHEM JMHUUN Tepeaadu
uHbOpMaIUu U JIp.).

3ameTuM, 4TO (IPAKTUYECKUI) BEPXHHUM Mpeaen KOJWYECTBA BBIYMCICHUN IJIS
‘00npIINX 3a/1a4’ onpezensercs (Mpu OJUHAKOBOM alnropuTMme, 3QGeKTUBHOCTD U
CTOMKOCTH K MOTEPE TOYHOCTH KOTOPOTO MPH BBIYUCIECHUSAX CYIIECTBEHHO OIpPEe/Ie-
JSIOT JTAXKE CAMBIUA KIacc peuiaemMvlx 3a0ay) TUIIb TPOU3BOJAUTEILHOCTBIO CYyIIe-
CTBYIOIIMX HA JIAaHHBIA MOMEHT BBIYMCIHUTENbHBIX cucTeM. [Ipu ‘mporonke’ BbI-
YUCJIMTENBHBIX 33/1a4 B PEATbHBIX YCIOBHSIX CTABUTCA HE BOMPOC ‘PEIIUThH 337ady
BOOOIIE’, a ‘pelInTh 3a MpueMsIeMoe BpeMst® (IECSITKHA/COTHU 4acoB).

1.1. CoBpeMeHHbIE 3a1a4M HAYKH U TEXHUKH, TPeOyIouUue 1JIs peleHust
CYNEePKOMIIBIOTEPHBIX MOIIIHOCTEH

HwxenpuBeaeHsl HEKOTOPbIE 00JIACTH YEIOBEYECKON JIESITEIBHOCTH, TE BO3-
HUKAIOT 3aJa4d IMOJ00HOr0 poJia, 4YacTOo HMEHyeMble IIpoljieMaMH Kiacca
GRAND CHALLENGES wnu 34A/JAYAMHU BOJIBIIIOI'O BbI3OBA (umeercs B
BUJIy BBI30B OKpYXalomeMy MUpPY) - dyHIaMEHTalbHbIC HayYHbIE WM WHXKCHEP-
HbIE 3a7a4M C IMIHUPOKON 00JIaCThIO IPUMEHEHHUs, YOPEKTUBHOE PEIICHUE KOTOPHIX
BO3MOYKHO MCKJIIOUUTEIIBHO C HCIOJb30BAHUEM MOIIHBIX (CyNEPKOMITBIOTEPHBIX,
HEN30Ee)XKHO KCIOJIB3YIONIUX TapalieIbHbIe BBIUYMCICHUS) BBIUUCIUTEIBHBIX pe-

cypcoB [1]:

[Ipenckazanust mOrojpl, KIMMaTa U TJI00adbHBIX U3MEHEHUH B aTMocdepe
Hayku o marepunanax

[TocTpoenune morynpoBOJHUKOBBIX MPUOOPOB
CBepXIpoBOAUMOCTD

CtpykTypHas Ouoiorus

Pa3zpabotka hapmaiieBTHUECKUX MpenapaToB
['enerrka yenoBeka

KBaHTOBast XpoMOAMHAMHUKA

AcTpoHOMUS

TpaHcnopTHbIE 3a/1a4M OOJBLION Pa3MEPHOCTH
['mapo- v razoauHaMmuKa

YrpaBiisieMbll TEPMOSIIEPHBIN CHHTE3

O (hHEeKTUBHOCTh CUCTEM CTOPAHMS TOTIMBA
Pa3Benka nedptu u raza
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e BrruncnurtenbHbie 337a41 HAYK O MUPOBOM OKEaHe
e Pacno3naBanue u CUHTE3 peun, pacro3HaABaHUE N300PaKEHHIMA

OnHa u3 ceppe3HENINX 3aAa4 — MOJCIMPOBAHNE KIIMMATUYECKOM CUCTEMBI U
npeAcKasaHue noroasl. IIpm 3TOM COBMECTHO YMCIIEHHO PElIAlOTCsl YpaBHEHUS
JUHAMMKH CIUIOIIHOW CpeIpl W YpaBHEHHs PAaBHOBECHOM TEPMOJAMHAMMKH. I
MOJICTTHPOBAHUS PA3BUTHS aTMOC(EPHBIX MpoIeccoB Ha mpoTsbkenuu 100 met u

6 o
YyuCye 3JIEMEHTOB JAUcKpeTu3anuu 2,6 x 10~ (ceTka ¢ marom 1° mo mupoTe u J10-
roTe 1o Bce noBepxHocTH [InaneTsl mpu 20 cI0oMX MO BBICOTE, COCTOSAHUE KAXI0-
ro AJieMeHTa onuchiBaeTcsi 10 KOMIOHEHTAMK) B JIFOOOM MOMEHT BPEMEHU COCTOSI-

o 7
HUE 3eMHON atMocdepsl onuckiBacTcs 2,6 x 10" yucimamu. [Ipu mare quckpeTnsa-
nuu 1o BpeMeHu 10 MUH 3a MOAENUPYEMbIH NMPOMEXYTOK BPEMEHH HEOOXOIUMO

4 o 14 .
onpenenuth ~5x10° ancamOneit (T.e. 10 HE0OXOAMMBIX YHCIOBBIX 3HAYECHUU
npomexcymouHulx @viuucienuti). Ilpu oreHke yucia HEOOXOAUMBIX JIJISl TIOJyde-
HUS KaXJIOTO TIPOMEXKYTOYHOTO pE3yJbTaTa BBIUUCIUTEIBHBIX OMNEpaii B

2 3
107+ 10" obuiee ynciao HEOOXOAMMBIX JJIsl IPOBEIECHUS YUCIEHHOIO 3KCIIEPUMEH-
Ta ¢ TJI00aJbHON MOJIENBbI0 aTMOC(EPHI BRIYUCICHUH C TIaBAIOIIEH TOYKOM 0X0-

16 17 12
mut g0 100 +10 . CynepkomMnbioTep ¢ MPOU3BOAUTENBHOCTRIO 10~ on/cek npu
ujealbHOM ciiydae (TOJIHAsl 3arpy>KeHHOCTh U A(PGhEeKTUBHAS aITOPUTMU3AIINS)
OyJeT BBINOJHATH TAaKOM HKCIIEPUMEHT B TEUEHUE HECKOJIbKUX YacoB; ISl MPOBE-
JIEHUsl TIOJIHOTO IMpoliecca MOJEIMPOBAaHUS HEOOXOJUMa MHOTOKpaTHas (AecsT-
KH1/COTHU pa3) MpOroHkKa nporpammsl [1].

KoHkpeTHbIM npuMepoM OOJBIION MpOrpaMMbl B 3TOM OOJACTH MOXET CIly-
KUTh TIporpamma ‘Snepnas 3uma’ mig oredectBeHHOM bOCM-6, B KoTOpOi Moze-
JUpOBAJICS KauMaTudeckuid 3¢ ekt snepHoil Boinbl (akaa. H.H.Mouceeé n B.A
Anexcanopos, BIl AxanemMun Hayk); MPOBEJIECHHbBIE C TOMOIIBIO ATON MPOTrpaMMBbl
UCCJIeIOBaHUs CIIOCOOCTBOBAJIM 3aKIIOYEHUIO COrallleHni 00 OrpaHUYEeHUH CTpa-
teruueckux Boopyxenuit OCB-1 (1972) u OCB-2 (1979). W3BecTHblit
Earth Simulator (Anonus, cM. HUKE) UHTEHCUBHO MPUMEHSETCS MIPU MOJIETUPO-
BaHUM MOBEJCHUS ‘030HOBOU ABIPHI’ HaJl AHTAPKTUION (TMOSIBJICHUE KOTOPOU CUH-
TaJOCh CIIEJICTBUEM BbIOpoca B aTMOchepy  XJIOPPTOPYTIAEPOIHBIX COSTUHECHHUI).
[Tpu noarotoBke Kuomckoeo npomoxona (COrnameHre 0 CHUKEHUH TPOMBIIIIECH-
HBIX BBIOPOCOB MAPHUKOBBIX ra30B B LESIX NPOTUBOACHCTBUIO KaTaCTPO(PHUECKO-
ro noTeruieHus kinMara [lnaHeTsl) Takke MUPOKO MCIOJIb30BAIOCh MOJIEIUPOBa-
HUE C NOMOIIbIO cyniep-OBM.

OrpoMHbIe BBIYUCIUTEIBHBIE PECYPCHl TPEOYIOTCS MPU MOACIUPOBAHUU SJEP-
HBIX B3PbIBOB, OKOHTYPHUBAHUM MECTOPOKIECHUN, OOTEKaHUs JIETaTE€IbHBIX U MOJI-
BOJHBIX allapaToB, MOJIEKYJIAPHBIX U TEHETUUYECKUX UCCIEAOBAHUAX U JIP.

[Ipobyiema CynepBBIUUCICHHUI CTOJIb BaKHA, YTO COBPEMEHHOW MUPOBOI TEH-
JEHIUEN SBIIAETCA KECTKOE KypupoBaHUE pabOT B 00JACTH CYNEPKOMIIbIOTEP-
HBIX TE€XHOJIOTUI TOCYJapCTBOM: IpHUMEp - 0ObEIUHSIONIAs TPU KpyHHEHIIe Ha-
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nuoHanbsHble J1abopaTopun (Jloc-Anamoc, JluBepmop, Sandia) amepukaHckasi mpa-
BUTEJILCTBEHHAsI MporpaMma ‘Y CKOpEHHasl CTpaTeruyeckasl KOMIbIOTEpHAs WHHU-
nuaruBa’ (ASCI, Accelerated Strategic Computing Initiative,
http://www.lInl.gov/asci), mporpammbl  NPACI (National Partnership for Advanced
Computational Infrastructure, http://www.npaci.edu), CASC (Coalition of Aca-
demic Supercomputing Centers, http://www.osc.edu/casc.html) u np. ['ocynapcTBen-
Hasl MOJJIEPKKa MPSMO CBA3aHA C TEM, UTO HE3aBUCUMOCTh B 00JIACTH IPOU3BOJICT-
Ba U UCIOJIb30BaHUs BHIYUCIUTEILHON TEXHUKH OTBEUAET MHTEpPECaM HAIlMOHAJIb-
HOM 0€30MacHOCTH, & HAy4YHbIH MMOTEHIMAN CTPAaHbl HEMOCPEICTBEHHO CBSA3aH U B
OOJIBIIION Mepe OMPEACIISIETCS YPOBHEM Pa3BUTHS BEIYUCIUTEILHON TEXHUKHU U Ma-
TEMaTUYECKOTO 00eCTIeUEHUSI.

Tak, B pamkax npunsarord B CIIA eme B 1995 r. nporpammer ASCI  craBuiiach
3a/1a4a yBEIUYEHUSI IPOU3BOAUTENBHOCTH cynep-OBM B 3 pasa xaxzasie 18 mecs-

IIEB U JIOCTHXKEHUE YPOBHS Mpou3BoauTesbHOCTH B 100 TpumimonoB (100x 1012)
omepaluii ¢ riaBaromei Toukoit B cekyHay (100 Tepadionc) k 2004 . (s cpas-
HEHUs1 — HauboJiee MOIIHBIEC ‘MEPCOHAIKM’ HMEIOT MPOU3BOAUTENILHOCT MeHee |
['uraduorc).

C uenpto 0OOBEKTHUBHOCTH TPU CPABHEHUU MPOU3BOJUTEIHHOCTH cyrep-OBM
pacCcUMTHIBA€TCSI HA OCHOBE BBINIOJIHEHUS 3apaHEe W3BECTHOM TECTOBOW 3aJaydd
(‘Oenumapka’, ot aHri. benchmark); B kauecTBe MOCIEIHEH OOBIYHO MCIIOJIB3YETCS
tect LINPACK  (http://www.netlib.org/utk/people/JackDongarra/fag-linpack.html),
MPEAnoIaraiolnii pelieHue IOTHO3AMOJIHEHHBIX CUCTEM JIMHEWHBIX anredpaunye-
ckux ypaBHeHuit (CJIAY) Gosnbiioi pa3MepHOCTH METOJOM HUCKIIoYeHus ['aycca
(npyroif MeTOJI HE JIOMyCKAeTCs) C YUCIaMH C TIJIaBarOIIC TOUYKOM JBOMHOM TOU-
HOCTH (YMCJIO BBIMIOJIHSIEMBIX OIEpalui MpU 3TOM anpuOPH KM3BECTHO M PABHO
2xn’/3+2xn?, Te n — NOPANOK MaTpulbl, 006rdHO n=1000; Takoii TecT BHIOpaH
BCJICJICTBUE TOTO, YTO OOJIBIIIOE KOJTUYECTBO MPAKTUYECKUX 3a/1a4 CBOJUTCS UMEH-
Ho k pemennto CJIAY 6ombmioit (n~10*+10°%) pasmepHocTn. JIns napanienbHbIX
MalmMH ucnosb3ytorcss mnapamwiensHele  Bepcun LINPACK — ScaLAPACK
(Scalable LAPACK, http://www.netlib.org/scalapack) unu HPL (High Performance
Computing Linpack Benchmark, http://www.netlib.org/benchmark/hpl).

n3/3+n?

LINPACK-npou3BOIUTEIBHOCTD BBIUUCISAETCS KaK R 2x———— r1ne t—
t

max —

BpEMsI BBINIOJIHEHUS TecTa (BpeMs BBINOJIHEHUS CJIIOKEHUW U YMHOXXEHUN MPUHHU-

MaeTcsi 0JIMHAaKOBBIM). [TuKOBOE (MakcMMabHOE) OBICTPOICHCTBHUE B OOIIEM CITY-
i=k

4ae ONPENENsAeTCs B BUNE R ., =P/ 2. y;ti> TAE p — UHCIO NPOLECCOPOB HIIH
1=

AJIY; k — 4ducio pa3nuyHbIX KOMaHJ B criucke koMana DBM, Y; - YACJIBHbIN

BE€C KOMaHJI i-I'O THUIIA B ImporpamMmme, ll- — BPCMs BBIIIOJIHCHHA KOMaHJABI THUIIA l,

BeCca KOMaH/]l ONPEICNIAI0TCS Ha OCHOBE cOOpa CTATHUCTUKU I10 YacTOTaM KOMAaHJI B
peabHBIX MpoTpaMMax (M3BECTHHI CTaHIAPTHBIC cMecHu KoMaH[ [ mbcona, OnuH-
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Ha U 1p.), 06brano R, =(0,5+0,95)x R

PEryJsipHO COCTaBIIAIOTCS MUPOBOM CIHUCOK HamOojee ObICTPOACHCTBYIOIINX BbI-
yucautenbHbix cucteM ‘Top-500" (http://www.top500.0rg) B MUpE U BHYTPU POC-
cubickuit criucok ‘Top-50° (http://www.supercomputers.ru). bosiee npuOInKeHHBIM
K peajibHbIM 3aJaukam siBiigerca HaObop tectoB NPB (NAS Parallel Benchmarks,
http://www.nas.nasa.gov/NAS/NPB).

Henocrarkom mMeTosla OLEHKM MHUKOBOW MPOU3BOJUTEIBHOCTH KaK 4YMCIA BbI-
MOJIHSAEMBIX KOMITbIOTEpOM KOMaH[ B enunuily Bpemenu (MIPS, Million Instruc-
tion Per Second) naetr ToJlbKO caMoe OOIee MpeCTaBICHUE O ObICTPOJICUCTBUH,
T.K. HE YUUTBIBAET CIIELU(PUKY KOHKPETHBIX MPOTrpaMM (alpruopu TPYIHO IpeicKa-
3yeMO, B KaKO€ YMCJIO U KaKMX UMEHHO MHCTPYKIUH OTOOPA3UTCS MOJIb30BaTEIb-
CKas Imporpamma).

Beenennas B ctpoii eme B 1999 r. B Sandia National Laboratories mHoromnpo-
neccopHas cucreMa ASCI Red (Intel Paragon, CIIIA) umeer npenenbHyto (ITMKO-
BYIO) MPOM3BOJUTEIBHOCTh 3,2 TPWIIMOHOB omnepauuii B cekyHay (3,2 Tepad-
jorc), BkIovaeT 9632 mukpomnporneccopa Pentium Pro, oOmuii o0beM ornepaTus-
Hoit mamsati 500 I'GaiiT m ouenuBaercs B cymmy okoso 50 miaH. $US. Chumcok
‘Top-500 HEKOTOpOE BpeMsi BO3TJIABIISUI CO3IAHHBIN I MOJEIMPOBAHUS KIIMMa-
TUYECKUX U3MEHEHHI Ha OCHOBE MOJYYEHHBIX CO CIYTHUKOB JAHHBIX MHOI'OINPO-
neccopHsbiil komriekc Earth Simulator (NEC Vector, Slnonwust), coctosiimuii u3z 640
y370B (y3€Jl BKJIOYaeT 8 MHKPOMpPOILEecCOpoB SX-6 MNPOU3BOIUTEILHOCTHIO &
['pnonc kaxapiif), 00U 00beM onepaTuBHON nmamsaTu 8 TOalT, cyMMapHasi Nu-
KoBasi mpouszBoauTenbHOCThI0 40 Tdmon/cek. (3aHMMaeT IJIOMIAAbL pa3MepaMu
65x50 M B cielMalibHO MOCTPOCHHOM ABYXBSPYCHOM 3/IaHUU C CUCTEMaMH aHTH-
CEHUCMUKH, KOHIUIMOHUPOBAHUS BO3/lyXa U 3aUIUThI OT JIEKTPOMArHUTHBIX U3ITY-
yenuii). 70-tu tepadaonueiii Blue Gene/L 3akazan Munsnepreruku CIIA u yc-
TAQHOBJICH B CIIEHUAIM3UPYIOIEHCS Ha sIACPHBIX Mpodiemax Jlupepmopckoil mabo-
paropuu. OteuectBenHas cucrema MBC-15000BM (ycranosiena B MCI] - Mex-
BEJIOMCTBEHHOM CyIepKoMIlbioTepHOM LieHTpe PAH, http://www.jscc.ru) npencras-
asieT coboit kimactep u3 462 cepepoB IBM, kaxbiii U3 KOTOPBIX BKJIKOYAET JBa
npoueccopa PowerPC 970 c wactoroit 2,2 I'Tu u 4 I'6 oneparuBHOM namsTH, Ipo-
u3pojuteabHocTh MBC-15000BM B Tecte LINPACK paBna 5,4 Tdnonc npu nu-
KoBOM mpousBoautenbHocTd B 8,1 Tduonc Ha 56 mecre B “Top-500° (urons 2005
r.).

Kuraii miianupyet B Teuenue 11-it kuraiickoit nsatunerku (2006+2010 r.r.) BBe-
CTH B CTPOH CyHEepKOMIbIOTEP MPOU3BOAUTENBHOCTHIO HE MeHee | [leradionc (1

peak - Nmenno Ha ocHoBe LINPACK-Tecta

H(bﬂonc=1015 ‘IIaBAIOIIMX’ OINEpalrii B CEKyHAY), NMPUOIU3ZUTEIBHO K ITOMY
CpoKy SNoHMs MIIaHKUPYET MOCTPOUTh cynepkommbioTep Ha 10 Tldorc.
BrruncnuTensHble MOIIHOCTH OT€UeCTBEHHBIX cynep-OBM (criucok ‘Top-507) ¢
2002 r. Bosrnaisn komiuieke MBC-1000M MCII (768 mnporeccopoB Alpha
21264A 667 MHz, nuxoBas npousBoauteabHocTh 1 Tdmornc); B cepeaune 2005 r.
OoH Ha derBeproM Mecte. Ha Ttperbem - xmactrep ANT (HUMBL MIY,
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http://parallel.ru/cluster/ant-config.html), Ha BTopoM — knactepHas cucrema CKU®D K-
1000 OObenMHEHHOTO0 WHCTUTYTa WH(MOpPMAIMOHHBIX MpobieM, benapych
(http://www.skif.bas-net.by), Ha nepBom — cuctema MBC-15000 MCII PAH (mipo-
u3BoauTenbHOCTH 0 LINPACK paBHua 3,1 Tdunornc, nukoas 4,9 Tdiornc).

Bce Bosrmasnsromue cnucku “Top-500" u ‘Top-50 BEIYMCIUTENBHBIE CUCTEMBI
peanu3yroT MPUHLHUI NapajulesIbHbIX BBIYMCIECHUN, BCIEICTBUE YEr0O UMEHHO 3TO
OPUHIMI CO3[IaHUsl CYNEPIPOU3BOAUTENIbHBIX KOMIIBIOTEPOB B HACTOSIIEE BpeMs
cuuTaercs HauboJee NepCreKTUBHBIM.

JInst OYMCTKM COBECTHM HEOOXOJMMO OTMETHUTh, YTO CYIIECTBYIOT apryMEHTbI
OPOTUB HIMPOKOI0 TMPAKTUYECKOTO MPUMEHEHHUs MapajulesIbHbIX BbIYMCICHUN

[3,4]:

o [lapamenbHble BBIYHCIMTENBHBIE CHUCTEMBI Ype3MepHO Jopord. [lo moarBepkaaeMomy
npaktukou zaxony I powa (Herb Grosch, 60-e r.r.), IpOM3BOAUTEILHOCTh KOMITBIOTEPA
pacTeT MPOMOPIHMOHAIBHO KBaJIpaTy €ro CTOMMOCTH; B pe3yJIbTaTe ropasao BBITOJHEE T0-
JY4YUTh TpeOyeMyI0 BBIUMCIUTEIBFHYI0 MOIIHOCTh NMPHOOPETEHHEM OJHOTO IMPOU3BOJU-
TEJIBHOTO TIPOIIECCOpa, YeM HCIIONB30BAaHHE HECKOJIBKHX MeHee OBICTPOCHCTBYIOIMINX
MIPOLIECCOPOB.

Kontpapryment. Poct ObicTponeiicTBus mocienoBarenbHbix OBM He MoeT mpoao-
XKaTbcsl OECKOHEYHO (ITOTOJIOK B HACTOSIEE BPEMsI MMOYTH JOCTUTHYT), KOMIIBIOTEPHI MOJI-
BEP>KEHbI OBICTPOMY MOPAJIbHOMY CTapEHHUIO U HEOOXOIMMBI YacTble (PMHAHCOBBIE 3aTpa-
Thl Ha MOKYTKY HOBBIX Mojenel. IIpakTuka co3maHus mapaieNbHBIX BBIYUCIUTEIbHBIX
cucreM kinacca Beowulf (http://www.beowulf.org) sicao mokazana 5KOHOMUYHOCTH UMEH-
HO 3TOTO IyTH.

o [lpu opraHuzanuy napaienn3Ma U3JIUIIHE OBICTPO PACTYT MOTEPH MPOU3BOIUTEIHHOCTH.
[To eunomesze Munckozco (Marvin Minsky) gocturaemoe mpu MCTOIB30BAHUM TapaIIeib-
HOM CHCTEMBI YCKOPEHHE BBIYHCIECHUI MPOMOPIIMOHATBHO JBOMUYHOMY JIoTapu(My OT YuC-
na nponeccopos (mpu 1000 mpoueccopax BO3MOKHOE YCKOPEHHME OKa3bIBAE€TCS PABHBIM
Bcero 10).

Konrpaprymenr. [lpuBeneHHass OIeHKa YCKOPEHHsI BEpHA Ui pacHapalyieTuBaHHSI
oTnpesieNIeHHBIX anropuTMoB. OHAKO CYHIECTBYET OOJbIIOe KOJIMYECTBO 3a/ay, MpH Ma-
paJJIEIbHOM PEIIeHUH KOTOpbIX aocTuraercs Ommskoe k 100% wuMCHonp30BaHUIO BCEX
UMEIOIIUXCS MTPOLIECCOPOB MapauIeIbHON BHIYUCIUTEIBHON CUCTEMBI.

o [locnenoBaTenbHble KOMIBIOTEPHI TOCTOSHHO COBEPIICHCTBYIOTCS. [10 MIMPOKO M3BECTHO-
My (¥ MOATBEpKIaeMOMY MpakTukou) zaxony Mypa (Gordon Moore, 1965) crnoxHOCTB
(TecHO cBsi3aHHAs ¢ OBICTPOACHCTBHEM) MOCIEAOBATEIBHBIX MUKPOIPOIIECCOPOB BO3pac-
TaeT BABOE Kaxble 18 mecsueB (uctopuuecku ObicTponeiictBue DBM yBennunBaioch Ha
MOPSIIOK KaXJ0€ S-TIeThe), MO3TOMY HEO00XO0auMasi TPOU3BOJAUTEIBHOCTE MOXET OBITH
JIOCTUTHYTA U Ha ‘OOBIYHBIX  TOCJEeI0BATEIbHBIX KOMITbIOTEPAX.

KonTpapryMeHT. AHaJIOTHYHOE Pa3BUTHE CBOMCTBEHHO U MapalljieIbHBIM CHCTEMaM.
OpHako MpUMEHEHHE Mapajljieu3Ma MO3BOJSET MOIy4aTh HEOOXOAMMOE yCKOPEHHE BbI-
YUCJICHUM Oe3 ooxxcudanus pazpabomxu HOBBIX 0osiee ObICTPOAEHCTBYIOMIUX MPOIECCOPOB.

e DddexTuBHOCTH napayieau3Ma CHIbHO 3aBUCUT XapaKTEPHBIX CBOWCTB HapasuieIbHBIX
cucteM. Bce coBpeMenHbIe nocienoBaTensHbie 9BM paboTaioT B COOTBETCTBHE C KJIACCH-
yeckoit cxemoii poH-Helimana; mapanienbHble CHCTEMBI OTIMYAIOTCS CYLIECTBEHHBIM pas3-
HOOOpa3ueM apXUTEKTypbl U MaKCUMalbHBIA A(Q(EKT OT HCIONb30BaHUS MNapajiienn3mMa
MOKET OBITh TOJy4YeH NpPU TOJHOM HCIOJIb30BAaHUU BCEX OCOOEHHOCTEH ammaparypbl
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(crencTBUE - IEPEHOC MAPAUICTBHBIX aJITOPUTMOB U MIPOTPaMM MEXKAY Pa3HbBIMU TUIIAMU
CUCTEM 3aTpyAHUTEJICH, & UHOT/Ia U HEBO3MOKEH ).

Kontpapryment. [Ipu peanpHo uMeroiemMcsi pa3HO00pa3uu apXUTEKTYp MapaiieIbHbIX
CHUCTEM CYIIECTBYIOT U OTMpECNICHHBIC ‘yCTOSBIIUECS CIIOCOOBI OOEcIeYeH s mapaie-
nu3Ma (KOHBEHEpHBIE BBIUYMCIICHUSI, MHOTOIIPOIIECCOPHBIE CUCTEMBI M T.I1.). MHBapuaHT-
HOCTb CO3/1aBa€MOTI'0 NMPOTrPaMMHOI0 00ecreueHus: 00eceynBaeTcs MpU MOMOILIH UCIOJb-
30BaHUsl CTAHAAPTHBIX MPOTPAMMHBIX CPEACTB MOJACPKKU MapaieNbHbIX BBIYHCICHUN
(mporpammusie Oubnuoreku PVM, MPI, DVM u np.).

e 3a jecATWJIETHUS SKCIUIyaTalldyd MOcjienoBaTeabHbIX DBM HaKOIMJIEHO OrpOMHOE TMpo-
rpaMMHoOe o0ecrnedeHre, OpUEeHTUPOBAaHO Ha mocienoBaTenbHbie OBM; nepepabotka ero
IUTSI TapaJlJIeIbHBIX KOMIIBIOTEPOB MPAKTUYECKH HepealbHa.

Kounrtpapryment. Ecnu 3T nporpaMMbl 00€CI€YMBaIOT PEIICHUE TOCTABICHHBIX 3a/1a4,
TO uX mepepaboTka BooOIIe He HykHA. OIHAKO €Clii MOCeA0BaTeIbHbIE IPOrPaMMBbI HE
MO3BOJISIIOT MOJIYy4YaTh PEHICHUE 3a7ad 3a MPUEMIIEMOE BpeMsl HIIM YK€ BO3HHMKAET HeoOXo-
JUMOCTb pelIeHHs] HOBBIX 3ajlad, TO HeoO0XoAuma pa3paboTka HOBOTO MPOTrPaMMHOIO
obecreyeHns U OHO U3HAUAILHO MOXKET PEalln30BbIBATHCS B MAapallIeIbHOM UCTIOTHEHHH.

e CyliecTByeT OrpaHMYECHHE Ha YCKOPEHHE BBIYMCICHHUE MPU IMapauieIbHOW peaan3aiuu
aJICOPUTMa [0 CPABHEHUIO C MOCIEI0BATeNbHON (3akoH AmOans, CBA3BIBAIOUINI BEIUUNHY
ATOTO YCKOPEHHS C J0JIel BBIYUCICHUN, KOTOpble HEBO3MOXKHO pachapaslielnTh; MoaApoo-
Hee 0 3aKoHe AMJajs CM. HUXe, nmoapaszzaen 1.3)

Kontpapryment. B camom nene, anroputMoB BooOIe 0e3 (ompenerneHHoM) A0Iu Mo-
CJIeIoBaTeNIbHBIX BBHIYMCIEHUIN He cymiecTByeT. OHAKO 3TO CyTh CBOWCTBO alropuTMa U
HE UMEEeT OTHOIICHUS K BO3MOXKHOCTH TapaJuIeIbHOTO pelieHus 3a1a4u Booodire. Heo6xo-
JUMO HAyYUTHCS MPUMEHSATH HOBBIC AJITOPUTMBI, O0JIee OIXOISIINE I PEIIeHUs 3a1a4
Ha MapaJUieIbHBIX CUCTEMAX.

T.0. Ha KaX10€ KPUTHUECKOE COOOpaKEHUE MPOTUB MCIIOJIb30BAHUS Mapasliesb-
HBIX BBIYMCIIUTENIbHBIX TEXHOJOTUN HAaXOAUTCS OoJee MM MEHEE CYIIEeCTBEHHBIN
KoHTpaprymeHT. Hanbonee cepbe3HbIM MPENSTCTBUEM K IPUMEHEHHUIO TEXHOJIOTUN
napajyie/IbHBIX BBIYMCICHUN SIBJISIETCS Bce ke (M3HAyalbHas) HaIeJIeHHOCTh
MBIIUICHUS] COBPEMEHHBIX aJTOPUTMHUCTOB M MPOrPaMMHCTOB Ha CTPOTYIO IMOCIIE-
JIOBATEJIbHOCTDH BBITIOJIHEHUS BBIYUCIICHH; 3TOMY HE MPENsATCTBYET Ja’Ke OCO3Ha-
BaeMas (Ha pa3yMHOM, HO OTHIOJb HE HA NOOCO3HAMENbHOM YPOBHE) PEATbHOCTh
HIMPOKOT0 MPUMEHEHUS Mapajuiesiu3Ma B BBIITOJIHEHUH MUKPOKOMAaH]I COBPEMEH-
HBIX nporieccopoB gaxe B [I9BM. OueBuiHO, €AMHCTBEHHO PEabHBIM CPEICTBOM
‘mepecTpOiKd MBIIUICHHS CO3JaTeNie MPOrpaMMHOTO oOecreueHus: SIBISETCS
MPAKTUKA MapalieTbHOTO MPOrPAMMHUPOBAHUS; MPU 3TOM TEOPETHUECKHUE pa3pa-
00TKH 0oJiee YeM MOJIE3HBI IPU COBEPIICHCTBOBAHMM TEXHOJIOTHI MapajuieIbHOro
IPOrpaMMHUPOBAHHUS.

1.2. ITapaaneabHast 00padoTKa JAHHBIX
1.2.1. lIpyHUMIIMATBbHAS BO3MOKHOCTD MapaJlieJIbHOM 00padoTKU

[IpakTrdecku Bce pazpaOOTaHHBIE K HACTOSIIEMY BPEMEHH alTOPUTMBI A8/~
romces nociedogamenbrvimu. Hanpumep, mpu BEIYUCICHUH BBIPAXKCHUS
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a+bxc,

CHayaja HEeOOXOJUMO BBIIOJHUTh YMHOKEHHE U TOJBKO IOTOM BBIIOJIHHUTH
cinoxxenue. Eciim B OBM npuCyTCTBYIOT y3JIbI CIHOKEHUS U YMHOKEHUS, KOTOPbIE
MOTYT paboTaTh OJJHOBPEMEHHO, TO B IAHHOM CIIy4ae y3el CI0oXKeHus OyaeT mpo-
CTauMBaTh B OKUJIAHUH 3aBEPIICHUS PaOOTHI y371a yMHOXKEHUSA. MOXHO TOKa3aTh
YTBEPKJEHUE, COCTOALIEE B TOM, UTO BO3MOKHO ITOCTPOUTH MAILIUHY (pa3ymeeTcs,
TUIIOTETHYECKYI0), KOTOpasi 3aJlaHHbII alropuT™M OyneT obpabamvieamsv napa.-

JenbHO (*).

dopmyna @ +b X c daxtuuecku 3amaer npeobpasoBaHue uucen a,b,c B He-
KOTOPOE JIPyToe 4HCio 7 =a+b+c. be3 orpanndennii 0OITHOCTH CYUTAEM, UTO
yucna a,b,c 3amanpl B 1BOUYHOU (popMyIie; Toraa pedyb uaeT o mpeoOpa3oBaHUuU
HEKOTOpPOTro Habopa HyJied u enuHull (6umoes), NpencTaBiIgdOIUX COO00M mocie-
JIOBATEILHOCTD YUCEN @,b,c B HEKOTOPBIN Ipyroil HabOp OMTOB MOCIEIOBATEIHHO-
cTé 7. BO3BMOXXHO TMOCTPOUTH TaKOE€ JIOTHUECKOE YCTPOUCTBO, HAa BXOJ KOTOPOTO
noctymnaer jgro0asi JomycTuMas KOMOWHANMS a,b,c, a Ha BBIXOJE Cpa3y JOJDKHA
MOSIBUTHCS KOMOWHAITMS, COOTBETCTBYIOMIAs pe3ynbrary r. CoriiacHo anredpe
JOTUKU ISl 1000 (YHKIIUU MOYKHO TIOCTPOUTH OUZBLIOHKMUBHYIO HOPMATLHYIO
¢opmyny, TOTAA i-W TBOMYHBIN paspsan (i=1...n) pe3ynaprara r OyaeT paccMaTpu-
BaThCS Kak JIOTHYeCcKast (DyHKIIISI

I"l = I"l-(al,az...an, bl,bz...bn, Cl,CZ...cn) 5

rac aj,bj,Cj ABJAIOTCA ABOMYHBIMU pPa3piagaMu, IIPCACTABIIAOIMMMHU BO3-

MOXHbIE 3HaueHus a,b,c. YunursiBas, 4yto nr06asd GyHKuus r, (000N i-ThIH

pa3psia OABOUYHOTO r, i=l..m, TAe m - 4YUCIO pa3psAlOB pe3yjbTaTa) MOMKET
OBITh MpECTaBICHA TU3BIOHKTUBHOW HOPMATbHOU (OPMYIION C y4acTHEM JIOTH-
yeckux onepanui ‘N, ‘UJIN°, ‘“HE’, MOXHO MOCTPOUTH m MPOLECCOPOB (m Jo-
TUYECKUX CXEM, 10 OJHOM JJIsi KaKJIOro OWTa 4ucia ), KOTOpble IPH OJIHOBpE-
MEHHOU paboTe BBIAAKT HY>KHBIN PE3yJIbTar.

Takue ‘MHOrompoleccopHble’ MallMHbl TEOPETUYECKH MOMXHO MOCTPOUTH s
Kaxcoo2o0 KOHKPemHOo20 ajneopumma W, Kazajaoch Obl, ‘000WTH’ moOCIeno-
BaTEJIbHBINA XapakTep aaropuTmMoB. OJHAKO HE BCE TaK MPOCTO - KOHKPETHBIX
QITOPUTMOB OECKOHEYHO MHOTO, MIO3TOMY PA3BUTHIC BBINIE aOCTPaKTHBIE paccy-
KJICHUS HUMEIOT HE CTOJIb MPSIMOE OTHOILICHHE K MPAKTUYECKOM 3HAUYUMOCTH. VX
pa3BUTHE yOSIUIIO B CaMO BO3MOXKHOCTHU pacriapayieTuBaHus, SBUJIOCH OCHOBOM
KOHLICTIIIUU HEeO02PAHUYEHHO20 Napajienu3md, ajn0 BO3MOXKHOCTb paccMaTpUBaTh

*

Kopones JI.H. Ctpykrypst 9BM un ux marematnueckoe odecneuenue. —M.: Hayxka,
1978, -352c.
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¢ OOLIMX MO3WLUNA peanu3alui0 T.H. 8bIYUCTUMENbHBIX CPeO - MHOTOIPOLIECCOP-
HBIX CUCTEM, TUHAMUYECKH HACTPAMBAEMBbIX O]l KOHKPETHBIN aJTOPUTM.

1.2.2. AOcTpaKkTHBIE MOJe/IH NAPAJLIEJIbHBIX BbIYMCICHUN

Mopnenp nmapamieabHbIX BBIUUCIECHUN 00€CIeUnBaEeT BHICOKOYPOBHEBBIN MOAXO0A
K OIpPEACIICHUIO XAPAKTEPUCTUK U CPABHEHUIO BPEMEHH BBINOJHEHUS Pa3IMYHBIX
IporpamMm, MNpHU 3TOM aOCTParupyroTCs OT annapamuoz2o obecneyenus u oemaneu
gbinoanenus. 1lepBol BaXHOM MOJENBIO IAPAJUIEIBHBIX BBIYMCICHUW SIBUJIACH
mawuna ¢ napanrnenvioim cayuatnvim oocmynom (PRAM, Parallel Random Ac-
cess Machine), kotopasi o0ecrieunBaeT aOCTPaKIMIO MAIlIMHbI C pa3jeisieMon mna-
MaATBIO (PRAM sBisieTcss pacIMpeHHeM MOJENIU IOCJIEI0BAaTENbHON MAaIIMHbBI C
pou3BOJIBHBIM A0cTynIoM RAM - Random Access Machine). Monens BSP (Bulk
Synchronous Parallel, maccoBasi CHHXpOHHAsI TIapaJiieNibHasl) OOBEAMHSIET a0CT-
pPaKIMK KaK pa3eJeHHOM, TaK U pacupenesieHHon namsatu. B LogP monenupyrores
MallMHbl C PACHpPEEICHHON MNaMsAThIO U HEKOTOPBIM CIIOCOOOM OIIEHUBAETCS
CTOMMOCTH CeTell u B3aummojercTBus. Monens pabomul u enyounst NESL ocHOBa-
Ha Ha CTPYKType MpOrpamMMbl U HE CBS3aHA C allapaTHBIM OOecIeuYeHNueM, Ha KO-
TOPOM BBIIIOJIHAETCS POrpaMMa.

PRAM (Fortune, Wyllie, 1978) sBisieTcsi UAcaIU3UPOBAHHON MOJIETBIO CUH-
XPOHHOU Mawiunsl ¢ pasoensemou namsamoio. IlocTynupyercs, 4To Bce MpoLecco-
PBI BBIIOJHSAIOT KOMaH/bl CHHXPOHHO; B CJIy4ae BBIIIOJHEHUS OJTHOM U TOM K€ KO-
ManJibl PRAM sBnsiercst abctpaktHoit SIMD-MammHoM, OJIHAKO MPOIECCOPhI MO-
I'YT BBIIOJHATH U pa3jinyHble KOMaHAbl. OCHOBHBIMU KOMaHJAMH SIBJISIOTCS CYU-
mul8aHue u3 Namsamu, 3anucb 8 namsams U OOBIYHBIC Jlo2uiecKue U apupmemue-
cKue onepayuu.

Mogens PRAM uaeanu3zupoBaHa B TOM CMBICIIE, UTO KAHCObILU NPOYECcop 8 Jito-
00U MOMEHM 8peMeHU MOdcem umems 0ocmyn K ar06ou sayetike namamu (MAE0IO0-
rema ‘Onepauuy 3alKCH, BBIIOJHAEMbIE OJHHUM IPOLIECCOPOM, BHIHBI BCEM OC-
TaJbHBIM IIPOLIECCOPAM B TOM IOPSIIKE, B KAKOM OHH BBITOJIHSUIUCH, HO Ollepaluu
3alMCH, BBINOJHSAEMbIE Pa3HBIMU IMPOLECCOPAMHU, MOTYT ObITH BUAHBI B IPOU3-
BOJILHOM mopsifke’). Hanpumep, kaxapiii npoueccop B PRAM MoxkeT cUUTHIBaThH
JAHHBIE M3 SYEHKM MaMsITH WIM 3aliChiBaTh JIaHHbIE B 3Ty ke suelky. Ha pe-
QJIbHBIX MapaJJIEIbHBIX MAalIMHAX TAKOI'0, KOHEYHO, HE OBIBAET, IOCKOJIBKY MOJY-
JU NaMsATH Ha Qu3uueckom yposHe yNOPAIOYMBAIOT JOCTYIl K OZHOW M TOM ke
sauelike namsaTu. bonee Toro, BpeMs 10CTyna K MaMsITH Ha PeaJIbHbIX MallMHAaX He-
ONMHAKOBO M3-3a HaNW4us KOUIEH W BO3MOYKHOM HMEPAPXUYECKOW OpraHu3aluu
MOJyJIEN MTAMSITH.

bazoBas monens PRAM noanepxuBaet koukyppernmusie (B JaHHOM KOHTEKCTE -
napajuienbabie) cuutbiBanue W 3anucbk (CRCW, Concurrent Read, Concurrent
Write). W3BectHbl noamoaenu PRAM, yuuThIBaromue MNpaBuiia, MO3BOJISIOLINE
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n30ekaTh KOHQJIMKTHBIX CUTYallUl TIPU OJJHOBPEMEHHOM OOpaIeHUH HECKOJIbKHIX
MPOIIECCOPOB K OOIIEH MaMsITH:

* [lapannensHoe cuuThiBanue npu napamienabHor 3anucu (CRCW, Concurrent
Read, Concurrent Write) — naHHbple Ka)KJIOW SYCHKU NaMATH B JIFOOOH MOMEHT
BPEMEHH MOTYT CUUMbBIBAMbCA U 3ANUCLIBAMbC NAPAJLIEIbHO TIOOBIMU TPO-
ECCOpaMH.

e [lapamienpHoe cunThiBaHue mpu uckaounTenabHon 3anucu (CREW, Concur-
rent Read, Exclusive Write) - n3 KaXn0W SYCHKH MMaMATH B JTIOOOH MOMEHT
BPEMEHH JJAHHBIE MOTYT CUUMbIBAMbCS NAPALIENbHO TIOOBIMU MIPOIIECCOPAMU,
HO 3aIMHUCBIBATHCS TOIBKO OOHUM NPOYECCOPOM.

e [TapayenpHOE cunMThIBaHKME pH UckKItounTenbHoi 3amcu (ERCW, Exclusive
Read, Concurrent Write) - n3 KaXXJa0i STYSHKN TIaMATH B JTI0O00H MOMEHT Bpe-
MEHHM JIaHHBIE MOTYT CUMTBIBATBCS MOJNbKO OOHUM NpPOYECcoOpom, OIHAKO
3aIMChIBAThCS napaiiesibHO HECKOJIbKUMU.

o VICKIIOUNTENILHOE CUYUTBHIBAHME MIPU UCKIIOYUTENbHOM ke 3amucu (EREW,
Exclusive Read, Exclusive Write) - xaxxas siueiika aMsIiTH B JIIOOOH MOMEHT
BPEMEHH JIOCTYITHA MOJIbKO 00HOM) TIPOLIECCOPY.

Otu Mojaenu Oosee orpaHudeHsl (M, caMo co0ol, Oosee peauCTUYHBI), OJTHAKO
U UX TPYJAHO pealiu30BaTh Ha mpaktuke. Jaxe xe npu 3tom monens PRAM u ee
MOJIMOJIENIM TIOJIe3HBI /U1l aHAJIU3a U CPABHEHMS MapajlieIbHbIX allrOpUTMOB. Bep-
cueit monenu PRAM ¢ oOmeHoM coobieHusmu sasisercs BPRAM.

B monenu maccoBoro cuuxponHoro mnapaienusma BSP (Valiant, 1990) cun-
XpOHU3ALMS OTIEJICHA OT B3aUMOJICHCTBUS U YUYTECHBI BIUSHUS MEPAPXUU NAMATU
u oOMeHa cooOuieHussMu. Monens BSP BkiltouaeT Tpy KOMIIOHEHTA:

* [Ipoueccopsl, HMCIOIUC JIOKAJIbHYIO IIaMATb H pa6OTaI-OHII/I€ C O,ZII/IHaKOBOﬁ

CKOPOCTBIO.
* KoMMyHUKaIIMOHHAS CETh, MO3BOJISIIONIAS MPOIECCOPAM B3aMMOJIEHCTBOBATH
JPYT C IPYyTrOM.

* MexaHu3M CHHXPOHM3AIIMU BCEX IPOLIECCOPOB UEpE3 PETYISPHBIE OTPE3KU
BpPEMEHU.

[TapameTpamMu MoAeNU SIBISIOTCS YUCIO MPOLECCOPOB U UX CKOPOCTh, CTOM-
MOCTh B3aUMOJICUCTBHS U Mepuoj cUHXpoHU3auuu. Beruuciaenue B BSP cocrout
U3 TIOCIIEIOBATENBHOCTU c8epxuiacos. Ha KaxJIoM OTAEIIbHOM CBEpXIIare mpoiec-
COp BBINOJHSET BBIYUCICHUS, KOTOPbIE O00paIllaloTCsl K JOKAIbHOW MaMsTH U OT-
IpaBJsIeT cOOOIIeHUsI APYyTruM npoiieccopaM. CooOIIeHUs SIBISIIOTCS 3apocaMu Ha
NoJIy4eHHe Komuu (orepanus 4TeHHs) WM Ha OOHOBJIEHHE (3alKCh) ylajJleHHBIX
JTaHHBIX. B KOHIIE cBepxIiara mpoieccopsl BHIMOIHAIOT 0ApbePHYI0 CHMHXPOHHU3A-
U0 U TOJBKO 3aTeM 00padaThIBAIOT 3aMpOChl, MOJYyUYEHHbIE B TEYECHUE JTAHHOTO
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CBCpXIIara, aajcc mpouecCopbl NEPExXoasaT K BbINMOJHCHUIO CICAYIOIICTO CBCPX-
marara.

[IlepBoHauanbHO MpEIIOKEHHAS B KAUECTBE HMHTEPECHON aOCTPaKTHOW MOJENH,
BSP mno3anee crana mooenvro npoepammuposanus. Hanp., B OxcopackoMm yHH-
Bepcutete (http://www.osc.ox.ac.uk) peanm3oBaHa OMOJIMOTEKA B3aMMOJCUCTBHS U
HAa0Op MPOTOKOJUPYIOIIMX WHCTPYMEHTOB, OCHOBaHHbIE Ha Mojenu BSP. Ota
oubmmoTeka conepxut okosio 20 GyHKIUH, B KOTOPBIX MOIICPKUBACTCS TOCTYIIU-
pyemblii BSP-ctiiie 0OMeHa cooOIIeHHsIMU U yIalleHHbI Joctyn K namsaTtu. [loa-
mozens E-BSP sBnsercs pacmmpenuem BSP, yunteiBaromias HecOanaHCHUpOBaH-
HOCTb CXEM B3aUMOJICUCTBHUS.

bonee coBpemennoii sBisiercst monenb LogP (David Culler, 1996), T.x. oHa
YUYUTHIBAET XapaKTEPUCTHUKU MAIMH C PACHpPEICICHHON MaMsIThbIO U COAEPKUT
OoJbIIIe JeTalield, CBA3aHHBIX CO CBOMCTBAMU BBINOTHEHUS B KOMMYHUKAITMOHHBIX
ceTsx, Hexxenu mozenb BSP. Iponeccel B LogP paccMmarpuBaroTcst Kak aCHHXPOH-
HbIE, 4 HE CUHXpPOHHbIE. KOMIIOHEHTaMU MOJENH SIBISIOTCS TTPOLIECCOPHI, JIOKAIb-
Has MaMITh U COEJAMHUTEIbHASA CETh; CBOE Ha3BaHWE MOJENb MOJy4YWsia OT IMpo-
MUCHBIX OyKB CBOUX NTAPAMETPOB:

* L - BepxHsis rpanuIia 3ajiepxxku (Latency) npu niepeaade OT OJHOTO MPOIECCo-
pa K Apyromy cOOOIICHHS, COCTOSIIETO U3 OJTHOTO CJIOBA.

* 0 - HAKJIAJHBIC PACXOJIBI (0verhead), KOTOPBIE HECET MPOIECCOpP MPH Mepeaaye
coo01IeHus (B TEYEHUE ATOTO TPOMEKYTKA BPEMEHH MPOIECCOP HE MOXKET BbI-
MOJTHATH UHBIE OTIEPAIUN).

* g - MUHHMMAaJbHBI BPEMEHHOW HHTEPBAN (gap) MEXIY IMOCIEA0BATEIbHBIMU
OTIPABKAMH HJIM TTOJIy4eHUSIMU COOOIICHHI B MPOIECCOpE.

* P - yucno nap ‘npoueccop-namsrTh’ .

Enunuueit uamepeHus: BpeMeHU SIBISETCA JIUTEIbHOCTh OCHOBHOTO LIMKJIA MPO-
nieccopoB. [Ipennonaraercs, 4To JJIMHA COOOIIEHUN HEBEIHMKA, a CETh UMEET KO-
HEYHYIO MPOMYCKHYIO CITIOCOOHOCTb.

Mogaens LogP onuchiBaeT CBOMCTBA BBINIOJHEHHWS B KOMMYHHUKAIMOHHON CETH,
HO a0cTparupyercst OT ee CTpyKTypbl. Takum oOpa3oM OHaA MO3BOJISET MOJAEIUPO-
BaTh B3aUMOJICIICTBUE B aIrOPUTME, HO HE JAET BO3MOXHOCTH MPOMOJIEIUPOBATH
BpEMS JIOKAIBHBIX BBIYMCICHUNA. Takoe OrpaHuueHrue MOJENIU ObUIO MPUHSTO TO-
CKOJIbKY, BO-TIEPBBIX, [P 3TOM COXPAHSIETCS MPOCTOTAa MOJAEIH U, BO-BTOPBIX, JIO-
KaJIbHOE (TI0CJIEI0BATENIBHOE) BPEMS BBIIIOJIHEHUSI AJITOPUTMOB B IIPOLIECCOPAX HE-
CJIOKHO YCTAHOBHUTH U 0€3 3TOW MOJICIIH.

MonenupoBath cxeMbl U3 (YHKIIMOHAIBHBIX DJIEMEHTOB C TMOMOIIBIO Tapal-
JENbHBIX MAIlIMH € Npou3BOJbHBIM JocTynoM (PRAM) mnosBossier meopema
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bpenma (+). B kadecTBe (QyHKIMOHAIBHBIX 3JIEMEHTOB MOTYT BBICTYyNHaTh Kak 4
OCHOBHBIX (OCYIIEeCTBISIOMMUX Jorudeckue omneparuu NOT, AND, OR, XOR — om-
puyanue, noeudeckoe U, noeuueckoe UJIU wn uckrnouaowee UJIM cOOTBETCTBEH-
HO), 6osiee cioxxkable NAND u NOR (U-HE w UJIU-HE), Tak u m000 CIOKHOCTH.
B nmanepHeilimem npeamnonaraercs, uTo 3adepoicka (propagation delay, T.e. Bpems
cpabaTbIiBaHUs — BpeMs, Yepe3 KOTOPOe MPEelyCMOTPEHHbIE 3HAUYEHUS CUTHAJIOB
MOSIBJISIIOTCA Ha BBIXOJIE DJIEMEHTA IIOCJIE YCTAHOBJICHMS 3HAYEHWI Ha BXOZax)
OJIMHAKOBA JJIs1 BceX (QYHKIHMOHAIBHBIX JIEMEHTOB.

PaccmatpuBaercs cxema u3z ¢hyukyuonanvuwix 21emenmod (combinational
circuit), cocrosias U3 QyHKyuoHaivbHulx snemenmos (combinational element), co-
eAMHEHHBIX 0e3 o0pa3oBa-
HUSl LIMKJIOB (Tpesroiara-
€M, YTO (YHKYUOHATbHbLIE
97leMeHmbl UMEIOT JH000e
KOJIMYECTBO BXOJIOB, HO
POBHO OJIUH BBIXOJ - DJie-
MEHT C HECKOJbKUMH BbI-
X0JJaMd MOKHO 3aMEHUTh
HECKOJIBKUMHU 3JE€MEHTaMHU
C ©IMHCTBEHHBIM BBIXO-
noM), cm. puc.l. Yucno
BXOJIOB ONPENETSET 8X00-
Hyto cmenens (fan-in) sre-
MEHTa, a YHCIIO BXOJOB, K
KOTOPBIM TIOJIKJIFOUYEH BBI-
XOJl DJIEMEHTA - €ro 6bi-
XooHoti cmenenvto (fan-
out). OObIYHO mpexanosa-

ni - YMcno
rnyGuna NeMeHTOB

n rnyGuHbl h
1 3

PucyHok 1.— MogenunpoBaHue cxembl pa3mepa 15, rnybuHbl
5 ¢ AByMs npoueccopamu ¢ Nomolblo napannenbHoit 4€TCA, 9TO  BXOAHBIC CTC-
MaLLUUHbI C NPOon3BOosNbHbLIM gocTynoMm (PRAM - mawmHa) TI€HH BCEX MCIOJIb3YyEMbIX

DJIEMEHTOB  OTPAHHYCHBI
CBEpPXY, BBIXOIHBIC K€
CTeneHU MOTYT ObITh MoObIMU. [loa pazmepom (size) cXemMbl TOHUMAETCS KOJTHYE-
CTBO DJICMEHTOB B HEl, HAMOOJIBIIICE YUCIIO DJIEMEHTOB Ha IMYTAX OT BXOJOB CXEMBI
K BBIXOJY dJI€MEHTa Ha3biBaeTcs 2nyounou (depth) sToro snementa (riyouHa cxe-
MBI paBHa HauOOJIbIIEH U3 ITyOMH COCTABIISIONINX €€ DJIEMEHTOB).
Teopema bpenra ytBepknaeT (IokKa3aTeabCTBO B BBILICHUTHPYEMOM paboTe),
YTO IPU MOJECIUPOBAHUU PAOOTHI CXEMbI IITyOUHOM d ¥ pa3MepoOM 1 ¢ OTPaHUYCH-
HBIMH BXOJIHBIMH CTETICHSIMH DJIEMEHTOB ¢ ucrnonb3oBanneM CREW-anroputMma Ha

Kopmen T., Jleiizepcon Y., Pusect P. Anroputmel: noctpoenne u a"anmu3. —M.: MITHMO,
2001, -960 c.
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p mpolieccopax docmamouro (T.e. He eviuie) Bpemenu O(n/p+d). Beipaxenue O(f)
TOBOPUT, UTO CKOPOCTh POCTA CIOKHOCTH AJITOPUTMA OrpaHnYeHa PyHKIUEH f.

Ha puc.1 npuBesneH pe3ysibTaT MOJAEIUPOBAHUS CXEMbI pa3MepoM (olliee KoJu-
YECTBO MPOLIECCOpoB) n=15 npu riryOuHe cxembl (MaKCMMaJbHOE YHCIIO 3JIEMEH-
TOB Ha KaXXJIOM U3 YPOBHEH IIyOUHBI) d=5 ¢ 4MCIOM IpoiieccopoB p=2 (0JHOBpE-
MEHHO MOJICTUPYEMBIE 3JIEMEHTBI 0OBEIUHEHBI B TPYIIBI IPSIMOYTOJBHBIMH 00-
JacTsIMU, IpUYEM Il KaKI0M IPYIIbl YKa3aH 11ar, Ha KOTOPOM MOJEIUPYIOTCS €€
3JIEMEHTBI; MOJICIMPOBAHUE MPOUCXOJUT MOCIEA0BATEIBLHO CBEPXY BHHU3 B MOPS-
K€ BO3pacTaHus TJIyOMHBI, HA KaKJI0M TIyOMHEe Mo p mTyK 3a pa3). CorjiiacHo Teo-
pembl bpenra monenupoBanus takoit cxembl Ha CREW-mamnne 3aiimer He Oonee
ceil(15/2+1)=9 maros.

Tam ke mokazaHo, 4TO BBIBOJBI bpeHTa BepHBI U AJI MOJCTHUPOBAHUS CXEM Ha
EREW-mammne (pu ycioBUM, UYTO BBIXOJHBIE CTEIEHU BCEX JJIEMEHTOB TaKKe
OrpaHUYEHbI CBEPXY).

1.2.3. Cnoco0bl1 napa/iesbHO 00padOTKM JAHHBIX,
MOTPEIHOCTh BHIYHCICHUH

Bo3MOXHBI Ccleayromme peXUMBbl BBIIIOJIHEHUS HE3aBUCHUMBIX 4YacTed IIpo-
IrPaMMBI:

o [TapanyiesnbHOE BBINOJHEHHUE - B OJUH U TOT K€ MOMEHT BPEMEHU BBIIIOJIHAETCS
HECKOJIbKO KOMaH/1 00paObO0TKU JaHHBIX; 3TOT PEKUM BBIYMCICHUI MOXKET OBITh
o0ecIieyeH He TOJIbKO HAJIMYUEM HECKOJIBKUX MPOIECCOPOB, HO U C MOMOILBIO
KOHBEHEPHBIX U BEKTOPHBIX 00pabaThIBAIOIINX yCTPOUCTB.

o PactipeienieHHbBIC BBIYMCICHUS — ATOT TEPMHUH OOBIYHO MPUMEHSIOT JIJIs yKa3a-
HUS cnocoba napannenvHou oo6padomky 0aHHbIX, TIPU KOTOPOI WCMONB3YIOTCS
HECKOJIbKO 00pabaThIBAIONINX YCTPOMCTB, MOCTaTOYHO YJAJeHHBIX IPYT OT
Jpyra U B KOTOPBIX Iepeaayda AaHHBIX M0 JMHHUIM CBSI3H MPUBOAMT K CYILIECT-
BEHHBIM BpEMEHHBIM 3ajiepkkaM. [Ipu Takom crioco0e opraHu3aiui BEIUUCIIE-
Ui 3 PexTuBHA 00padOTKa NaHHBIX TOJBKO AJS MapalIeIbHBIX aJTOPUTMOB
C HU3KOU UHMEHCUBHOCMbIO NOMOKOE MEICNPOYECCOPHBIX nepeoay OaHHbIX;
TakuM 00pa3oM (YHKUHUOHUPYIOT, HAIp., MHOLOMAUUHHbIE GLIYUCTUMELbHBLE
komnaexcot (MBC), oOpasyemble 00bEIMHEHUEM HECKOJIbKUX OTIEIbHBIX
OBM ¢ noMomibi0 KaHaJlOB CBS3M JOKAJIbHBIX WJIM TNIOOANbHBIX MH(OpMaIu-
OHHBIX CETEH.

®opMaibHO K 3TOMY CHHUCKY MOXET ObITh OTHECEH U MHO203A0AUHbIU PEHCUM
(pedrcum pazoenenusi 8pemeHu), TPU KOTOPOM JJIS BBITIOJTHEHUS IPOIIECCOB HC-
NOJIb3YETCS €AMHCTBEHHBIN Mpoleccop (peKuUM SBISETCS NCe80ONapalebHbIM,
100 pearbHOTO YCKOPEHUS BBIMOJIHEHUS! HE MPOUCXOUT); B 3TOM PEKUME YI0O0HO
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OTJIAXXUBATh TapauUIebHbIC NMPUIOKEHUs (PYHKIIMOHMPOBAHUE KaXIOTO IMPOIIeC-
copa MBC umumupyemcs otaenbHbIM nporeccom MHoro3aaaunon OC).

Cy1iecTByeT BCEro-HaABCEro JiBa Crocoba mapajuiebHOM 00pabOTKU JTaHHBIX:
COOCMBEHHO napaiieiusm u Konsetiepnocmo [ 1-4].

CobcmeenHo napannenusm TPEANoNaraeT HaJIWMYKUe p OJUHAKOBBIX YCTPOMCTB
JUTsl 00pabOTKHU JIaHHBIX W AJITOPUTM, MO3BOJISIOIIMA TPOU3BOAUTH HA KAXJIOM He-
3aBUCUMYIO YacTh BBIUMCIICHUH, B KOHIIE 00paOOTKM YaCTUYHBIE JTAHHBIE cOOMpa-
I0TCS BMECTE I MOJYy4YeHUs OKOHYATEIbHOTO pe3ylibrara. B 310 ciyuae (mpened-
perasi HaKJIaJHBIMU PACXO0JIaMU Ha TMOJIYYEHUE M COXPAHEHHUE JIaHHBIX) MOJYy4YUM
YCKOpEHHeE mpoliecca B p pa3. Jlanexo He Kaxablid aarOpUTM MOKET OBITh YCIIECITHO
pacnapajijieieH TaKMM CHOCOOOM (€CTECTBEHHBIM YCIOBHEM paclapaslieIuBaHUs
SIBIIIETCSA BBIYUCIICHHE HE3aBUCHUMBbIX YaCTEH BBIXOJHBIX JAHHBIX MO OJMHAKOBBIM
— WIM CXOJHBIM — MPOIEAYpaM; UTEPALIMOHHOCTh WM PEKYPCUBHOCTH BBI3bIBAIOT
HanOoJIbIINE TPOOJIEMBI TP pacliapajlieINBaHUN ).

Unes kownsetiepnoui 06pabomku 3aKitOo4aeTcsl B BBIICICHUM OTACIbHBIX 3Ta-
OB BBIMOJIHEHHUs OO0IIEH onepanuu, NpUYeM KaKIbId 3Tal 1MOCJie BBINOTHEHUS
cBOEH paboOThI MepeaaeT pe3ybTar CIEAYIIIEMY, OJHOBPEMEHHO MTPUHUMAS HO-
BYIO MOPIHUIO BXOJHBIX JaHHBIX. Kaxaplii 3Tanm oOpaOOTKU BBIMOJHSAETCS CBOEH
YaCThIO YCTPOMCTBA 00paOOTKHM JaHHBIX (cmynenvio KoHEeliepa), Kaxaas CTyleHb
BBITIOJTHSIET OMPEACIICHHOE JISUCTBUE (Muxpoonepayuro); odmas oopadboTka JaH-
HBIX TpeOyeT cpabaThIBaHMS ATUX YacTel (MX YHUCIIO — JIuHa KOHBeliepa) TOCIe0-
BaTEJIbHO.

KongetiepnocTs (‘nmpuHIUn godonposoda’, akau. C.A.Jlebenes, 1956) npu BhI-
MOJIHEHUH KOMaH]i UMUTHUpPYET paboTy KOHBeiliepa cOOpOYHOTO 3aBOja, HA KOTO-
POM U3/eHe MOCAeA0BATEIbHO IPOXOAUT Pl pabOUYNX MECT; MPUYEM Ha KaXKIOM
U3 HUX HaJ U3JEeJIMeM NPOU3BOAUTCA HOBas onepanus. IHPeKT yCKOpeHus JOCTU-
raeTcsl 3a CUET 0OHOBPEMEHHOU 00pabomxu psada uzoeiuti Ha PAasHblX padooyux
Mecmax.

VYckopeHue BBIUKCICHUN JOCTUTAETCS 3a CUET MCIOJIb30BaHUSI BCEX CTyINEHEH
KOHBelepa Jisi TOTOKOBOW 00paOOTKU JTaHHBIX (JJaHHBIE TOTOKOM IMOCTYMHAaloT Ha
BXOJl KOHBEHepa U IMocienoBareabHo 00pabaThiBatOTCsl Ha BceX cTymneHsx). Kon-
Beliepbl MOTYT OBITh CKAIAPHLIMU VIH 8eKMOPHbIMU YCTPOUCTBAMH (pa3HHIIA CO-
CTOWT JIMIIIb B TOM, YTO B MOCJIETHEM CIIy4ae MOTYT OBITb UCHOIb308aHbL 0Opaba-
muléaroujue 6eKmopvl KOMauabl). B ciydae nauMubl Konseliepa ¢ Bpems o0paboT-
KU 1 HE3aBMCUMBIX orepaiuii cocraBur ¢+ n —1 (kaxmas cryneHb cpabarbiBaeT
3a eauHULy BpeMmeHu). IIpu HMcrnonab30BaHUM TAaKOro yCTpOMCTBA Uisl 00pabOTKU
CIMHCTBEHHOM MOPIIMU BXOIHBIX TAHHBIX MOTPeOyeTcs BpeMs £ X I 1 TOJIBKO ISt
MHOKECTBA TOPLHKH MONIYyYUM YCKOPEHHE BhIYMCIEHHH, Onm3koe K f (MMEHHO B
TOM TPOSBIISIETCSI CBOMCTBEHHAs] KOHBEMEPHBIM YCTPOWCTBAM CHUJIbHASI 3aBUCHU-
MOCTb MPOU3BOJIUTEIBLHOCTH OT JUIMHBI BXOJHOTO HA0Opa JaHHBIX).

[IpousBoauTENLHOCTS £ KOHBEHEPHOTO YCTPOMCTBA OIPEACIIIeTC KaK
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E="- ! (1)

! |:T+(0+f—1)xf:|,

n

rac n — 4uCJjI0 BBIITOJIHCHHBIX onepaunﬁ,
! — BpEM: UX BbIIIOJHCHMUS,
T - BpE€MA TaKTa pa6OTBI KOMIIBOTCPA,
o - BpCM:i MHUIOHAIIN3AllUU KOMAaHAbI.

N3 puc.2 BUIHO, YTO MPOU3BOAUTENBHOCTh KOHBEMEPA aCUMITOTHYECKH PACTET

C YBEJIMUEHUEM JJIMHBI 7 HA0Opa JaHHBIX HA €ro BXOJE, CTPEMSCh K TEOpeTHYe-
CKOMY IHUKY MPOU3BOAUTEIBLHOCTH %

E = 1 Ha ocHoBe peanuzauuu xousetiepa KOMaHo
nak T OBLIIN CO3/ITaHbI U3BECTHBIC KOHCTPYKIIUU - CO-
Berckas OBM BOCM-6 (19571966, paspa-
6otka Mucturyra TouHoit Mexanuku u Bei-
yucnurenbHoit  Texuuku AH CCCP -
NTMBT) wu anrmmiickas MmammHa ATLAS
(1957+1963); apudmernueckuii KOHBEHEp
HamOoJiee MOJIHO BOIUIOMIEH B CYNEPKOMIIb-
torepe CRAY-1 (1972+1976), [7].

E

n

PucyHok 2.— lNMpon3BoguTensHOCTb
KOHBENEpPHOro yCTpoOMnCTBa B

pyHKUMM ANnHBI BXOAHOTO Habopa CymectByer ILP (Instruction Level Paral-

AARABIX lelism)-xmacc  apXUTEKTYp, XapaKTEPHBIM

MPU3HAKOM KOTOPBIX SBJISIETCS Hapasiiens-

HOCMb HA YposHe KOMaHOobl [4], K 3TOMY KJIAcCy OTHOCSTCS CYNepCKalsApHble W

VLIW-npoyeccopui. IPL-cUCTEMBI peaIM3yIOT CKpbImblil OmM NOAb308ameJls napai-
JICJIU3M.

CucreMa KOMaH]| CYNEpPCKaJSPHBIX MPOLECCOPOB HE COJCPKHUT yKa3aHUil Ha
(BO3MOXKHYI0) MapajjieIbHOCTh B 00paboTKe, 00eCIeYnTh TMHAMUYECKYIO 3arpy3-
Ky MapajuieJbHBIX MPOTpaMM MPHU3BAHBI KOMIIWJIATOP M amnmaparypa MUKpPOIPO-
neccopa 6e3 BMeIaTeIbCTBA MPOrpaMMUCTA. APXUTEKTYpa COBPEMEHHBIX MHKPO-
poLeccopoB (TUMMYHBIN npumep — mpoueccopsl cepur DEC Alpha) uznavainbno
CIIPOEKTHPOBAaHA B pacyeTe Ha BBHINOJHEHHE KAaK MOXKHO OOJBIIET0 4YMcCia MHCT-
PYKIUUNA OJHOBPEMEHHO (B HEKOTOPBIX CIy4yasix B MOPAJKE, OTIUYHOM OT HCXOJ-
HOM MOCJIeIOBATEIBLHOCTU B MPOTpaMMe; IPUUEM MEePeynopsI0UeHIEe MOXKET ObITh
BBITIOJIHEHO U TPAHCISATOPOM). JlaIbHEMIIUM pa3BUTHUEM CYIEPCKAJSIPHOU apXu-
TEKTYPbI AGIAEMCA MYIbMUmMpeo0sas, B COOTBETCTBUE C KOTOPOH Mporpamma pas-
OuBaeTcs (anmmapaTHbIMA M TPOTPAMMHBIMU CPEJCTBAMU) Ha COBOKYITHOCTh mpe-
0oB (eauHuUIl 00paboTKM MH(POpPMAIIMKM — YacTe MpOrpamMMbl, UCIIOJTHEHUIO KOTO-
PBIX COOTBETCTBYET HEMNpEphIBHAS 00JIACTh JTUHAMUYECKOW IMOCIEI0BATEIHLHOCTH
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WHCTPYKIMI); TPEl BHINOIHIETCS ONPENEICHHBIM APOYEeCCOPHbIM nemenmom (Co-
CTaBHOM YaCThIO MYIbMumpeo08020 npoyeccopa) NapajielibHO ¢ APYTUMH Tpeaa-
MU [4]. MyJIbTUTpEIOBBIE IPOLIECCOPHI YXKE BBIIYCKAIOTCS — HAIP., CETEBOW MUK-
ponportieccop [PX1200 (bupma Level One, http://www.level1l.com), MTA (kommna-
Husa Tera, http://www.tera.com), kpucrtamn s npoekta Blue Gene neradionnoro
cynepkommnbiotepa (hupma IBM).

ApXuTeKTypa cgepxonunno2o komanornozo ciosa (VLIW - Very Long Instruc-
tion Word) Geper cBoe Hauyajgo OT MapajuIeIbHOIO MHUKPOKOJA, MPUMEHSBIIETOCS
€llle Ha 3ape BBIYMCIHUTEIbHON TEXHUKH, a TAKXKE OT cynepkommbiorepoB Control
Data CDC6600 u IBM 360/91. VLIW-koMaH1pl BKJIFOYAIOT HECKOJIBKO MOJieh (He-
KOTOPbIE MOTYT OBITh IyCTBIMH), OTBEYAIOLIUX KaXJ0€ 3a CBOIO OMNEPaLNIO, MPHU-
YeM BCE OHM BBINOJIHAIOTCS B €AMHOM IuKie. B Hauane 70-x r.r. MHOTME BbIYHC-
JIUTEJIbHbIE CUCTEMbl OCHALIAIKNCH JOMOIHUTEIbHBIMA BEKTOPHBIMHU CUTHAJIbHBIMU
npoiieccopamu, ucnonb3zyomumu VLIW-nonoOHble dnunuble uncmpykyuu, mpo-
mutbie B 113V (0ObI4HO AJi BBIMOJHEHHS OBICTpOro mpeodOpazoBaHusi Oypre u
MOJAOOHBIX BEIYUCIIUTEIBHBIX aJITOPUTMOB).

IlepBpIMU HACTOSALLUMH VLIW-koMIibroTepamu cTajiv MWHU-
CYNEepKOMIIbIOTEPHI, BBIMyILIEHHbIE B Hayaine 80-x r.r. komnanusmMu MultiFlow,
Culler u Cydrome (onepenuBiine cBoe BpeMs MOJENIA HE UMETU KOMMEPUYECKOTro
ycnexa). VLIW-komnbtotep komnanuu MultiFlow 7/300 ucnons3oBan aBa apud-
METUKO-JIOTHYECKUX YCTPOMCTBA Uil LENbIX uncen, asa AJIY mis yucen ¢ muia-
BalOIlled TOYKOW M OJIOK Jormyeckoro BeTBieHUs. Ero 256-OutHoe KOMaHAHOE
CJIOBO COJIEP>KaJI0 BOCEMb 32-OMTOBBIX KOAOB onepauuii. Moaynu 1j1s 00paboTKu
LEJbIX YHCENl MOTJIM BBINOJHATH JIBE onepamuu 3a oauH TakT 130 Heek, uTo mpu
00paboTKe 11eIbIX yucea odbecneunBano obicTpoaeiicTere okono 30 MIPS. MosxHo
ObLIO TaKKe KOMOMHUPOBATH allapaTHbIe pelIeHUs] TAKUM 00pa3oM, YTOObI MOJTy-
yaTh Win 256-O6utHbie win 1024-OuTHBIE BBIUMCIUTENIbHBIE MamuHbl VLIW-
koMmibtoTep Cydrome Cydra-5 ucnonbs3zoBan 256-OMTHYI0 UHCTPYKLHUIO U CIIELHU-
JIbHBIA peXUM, 00€CTIeUMBAIOIINIA BBITIOJHEHNE KOMAH B BHUJIE MOCJEI0BATEIb-
HOCTH U3 11ecT 40-OMTHBIX ONEpalMii, TOCEMY €ro KOMIMIATOPbI MOTJIM T€HEepHU-
pOBaTh CMECH NAPAJLJIEIIBHOIO KOJIa U OOBIYHOIO MOCEI0BATEIBHOTO.

Eme omun npumep MamumH ¢ VLIW-apxurtektypoii — kommnbrorep AP-120B
dbupmel Floating Point System (x 1980 r. 6s110 moctasiieno 6oisiee 1’600 sx3emIi-
aspoB, [1]). Komanna AP-120B umena anuny 64 paspsana (6 rpynm, COOTBETCT-
BYIOLIUX 16-OMTHON LEIOYMCICHHOW apu(pMETUKE, ‘TUIABAIOIIMM  BbIYUCIEHUSM,
yIPaBJICHUEM BBOJOM/BBIBOJIOM, KOMaHAaM Iepexojia U padoThl ¢ ONEpaTUBHOU
MaMAThIO) M BBITIOJIHSATACH 3a 167 Heek. EcTecTBeHHO, MOCIe10BaTEIbHOCTh CTOJIb
CIIOXKHBIX KOMAaHJ T€HEpUPYETCs CIEUUAIbHBIM ‘BBICOKOMHTEIIEKTYaIbHbIM
KOMITUJIITOPOM, BBISBJSIOIIMM Hapajijieiu3M B UCXOJHOM MpOrpaMMe U TeHepHU-
pytomuMm VLIW-UHCTpYKIIUHU, OTACIBHBIE TOJISI KOTOPBHIX MOTYT OBITh BBITIOJTHEHBI
HE3aBUCUMO JIPYT OT Jpyra ((pakTUYECKU MapajlieabHo).
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Heo6xo1uMo ynoMsiHyTh OTE€YECTBEHHbBIE Pa3pabOTKU — MapaijiebHYO BbIYHUC-
autenbHyto MamuHy  M-10 (1973) u BekTopHO-KOHBelepHyro M-13 (1984)
M.A.Kapyesa (Hay4Ho-ucClieIOBaTeIbCKUNA WHCTUTYT BBIUUCIUTEIBHBIX KOM-
miekco - HUMBK).

HayuHoil ocHOBOI quccepTaliil Ha COMCKaHWE YUEHOM CTeMeHU MOKTOpa TeXHHYECKUX
Hayk M.Kapuesa siBunach co3ganue nepBoro stama (1969 r.) cuctembl npeaynpexacHuii o
PaKETHBIX HAMaJACHUSX, JIJIT YeTO MHOTHE JIECATKH MaIluH ccepur M4 Obuin 00bEIUHEHBI B
paboTaBIIyIO B peanbHOM macuimabe épemeHy €IUHYI0 BBIYUCIUTEIbHYIO CETh KaHallaMu
JUIMHOI0O B THICAYU KWUJIOMETPOB (4YTO, TMOXKaNyHd, TPYJHOJOCTYITHO U COBPEMEHHOMY
InterNet’y).

Ha aBTopuTeTHOM coBelianuu B KoH1le 60-x I.T. paccMaTpuBajIach NEPCIEKTUBHOCTh ABYX
MOJAXOJ0B K CO3JaHUIO0 CyINepKoMITbIoTepoB — akan. C.A.JlebeneB oTrcramBay OJHOMPOIIEC-
COpHBIM BapuaHT MaKCHUMalbHOTO ObICTpoxelcTBUs (cuctema ‘OnbbOpyc’), M.Kapues mpo-
JIBUTAJl MHOTOIIPOLIECCOPHYIO cucTeMy M-10 (MOMHOCTBIO NMapayliebHON BBIUYMCIUTEIBHON
CHUCTEMBI C pachapajuleIMBaHUEM Ha YPOBHSX IMporpamMM, KOMaH[, JaHHBIX U JaXKe CIIOB);
akan. B.M.I'mymkoB moamepxan o6a HampaBJICHHS.

Eme B 1967 r. M.KapueB BbIABUHYJ HJI€H0 CO3/1aHHUSI MHOTOMAIIMHHOTO Komruiekca BK
M-9 (mpoekt ‘OKTSI0pB’), MOCTPOSHHOTO M3 BEIYUCIUTENHHBIX MAIIUH, CIICIIHAIBLHO pa3pado-
TAHHBIX JIJI1 COBMECTHOU pabOThl MMEHHO B TAKOM KOMILJIEKCE; HMCCIIEIOBAHUS MOKA3alu, YTO

9 .
MPONU3BOAUTCIIBHOCTE KOMIIJICKCA MOKET NJOCTUTHYTH 10 ornepanr B CCKyHOY (B TO BpEMA

3aKaH4YMBAJIOCH MpoeKkTUpoBaHUEe BOCM-6 ¢ NMpou3BOAUTEILHOCTHIO 106 omnepaluii B CeKyH-
ny). Takas mpou3BOAUTENFHOCTH JIOCTUTANAch pa3pabOTKON HOBOW CTPYKTYPHI BBIYMCIIH-
TEJNbHBIX MAlIUH — 00pa0aThIBAJINCh HE OTAENbHBIE YUCIA, @ TPYIIbl YUCEN, MPEACTABIAIO-
e co0oi MpUOIMKEHHBIE TpecTaBieHnus (QYHKIUN T100 MHOTOMEpHbIE BEKTOphL. M-10
pazpabatsiBaniack i Cucremsl Ilpenynpexnenus o Pakernom Hamanenun (CIIPH) u ans
o0rmiero HaOIIOAEHUS 32 KOCMHYECKUM IpocTpaHcTBOM, onHako M.KapreB noGuiics paspe-
meHus Ha myonukanuio matepuasioB o0 M-10. [1o ero uanmmaTtiuse Ha M-10 ObutH IpOBEIEHBI
0CO0OCIIOKHBIE HAyUHbIE pacueThl 0 MEXaHHUKE CIUIOIIHOM cpenbl (B JECITKU pa3 ObICTpee,
yem Ha EC-1040), BuepBble B MUpE MOITYy4YEHBbI JaHHbIE TI0 SBJIECHUIO KOJIAIca B Iu1a3me (4ero
He yaanock caenarh yu€ubiM CIIA na momueiimeit B To Bpemss CDC-7600).

BaxxHbIM 3TamoM pa3BUTHS OTEYECTBEHHBIX cynep-OBM sBusieTcs mpoOeKT
‘Onpbpyc-3’ (1991) u ero coBpemeHnHoe pasButue - nporeccop E2k (‘Dnbbpyc-
2000°, b.A.habasan, http://lwww.elbrus.ru), KOTOpBIA SBISETCS OMPEICICHHBIM D3Ta-
oM passutuss VLIW-texHonoruu. bauska K onucbIBaeMbIM IIOAX0JaM U COBpeE-
menHas TexHosiorus EPIC (Explicitly Parallel Instruction Computing), peanu-
3yIolliasg MPUHIMIIBI SBHOTO MapajuiejM3Ma Ha ypOBHE ONepaluuid ¥ IIUPOKOM KO-
MaHJIHOM cJioBe (mpumep - paspadateiBaeMbiii pupmamu Intel m Hewlett Packard
npoekT Merced u oiHa U3 ero peanuszanuii — npoieccop Itanium).

W cknrounTeIbHO MHTEPECHON (M MOYTH 3a0BITON ceidac) sIBIseTCsS ‘MOoO0yasap-
Hasa OBM’ (ucnionb3yromasi IpUHIUIBL CUCeMbl CUUCTIEHUS OCMAMOYHBIX KIACCO8
- COK), noctpoennas B Hawaie 60-x r.r. mus nener [MPO (M.A Axywckui,
I U IOouyxuii u E.C.Anopuarog) 1 yCIenIHo KcIryaTupyromiascs oomnee 40 jer.
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B COK kaxmoe 4uciio, sSBISIOMEecs MHO20pA3pAOHbiM B TIO3UITAOHHONW CUCTEME CUHUCIIe-
HUSl, TIPEICTABISAETCS B BUI€ HECKOIBKUX MAIOPA3PAOHbIX TIOZULIMOHHBIX YHCEN, SBISIOINX-
Cs1 OCTaTKaMH OT JIeJIEHUS MCXOJHOTO YUCJIa Ha B3aUMHO MPOCThIE OCHOBaHUs. B Tpanuuuon-
HOM MO3UIIMOHHOM JBOMYHOM CHUCTEME BBINOJHEHHE orepanuil (Hamp., CJIOKEHUE IBYX 4YH-
ceJl) MPOU3BOJIUTCS NOCIEO08AMENLHO NO pa3psaoam, HadWHas ¢ MIIAJIIETO; TIPH 3TOM o0pa-
3yeTCsl IEPEHOC B CIEAYIOIMUN CTApIINA pa3psill, UTO OIMPEAETSET nopa3psaOHYI0 NOCIe)08a-
menvHocms obpabomxku. Cama cymuocts COK moarankuBaeT K pacnapajiieTuBaHUIO 3TOTO
Ipolecca: Bce Oepaluy HajJl OCTaTKaMU MO KaXK/10My OCHOBAHHIO BBIMOIHSIOTCS OTJAEIBHO U
HE3aBHCHUMO U, U3-3a UX MaJION pa3psiIHOCTH, ouensb Obicmpo. Manast pa3psIHOCTb OCTaTKOB
JAET BO3MOKHOCTh PEalM30BaTh mabiuuHylo apugmemuxy, Ipu KOTOPOH pe3yabTaT onepa-
[[MU HE BBIUMCISIETCS KAXIBI pa3, HO, OJHAXKIbl PACCYMTAHHBIN, MMOMEIIAETCS B 3aIIOMH-
HAIoIee yCTPOMCTBO M MPU HEOOXOJAMMOCTU W3 Hero cuuthiBaeTcs. T.0. omeparus B COK
npu Ta0IMYHON apudMeTuKe U KOHBEWepU3alluu BHIMOIHIETCS 32 OJIMH NEPHUOJ CHHXPOHU3H-
pyrolel 4acToThl (MaMHHBIN TakT). TabmuyabiM cioco6oM B COK MOXKHO BBINONHSTH HE
TOJIKO MPOCTEHIINE ONepallii, HO U BBIYUCIATH CIIOKHBIE (QYHKIIUHU, U TAK)Ke 32 OJMH Ma-
muHHBI TakT. B COK oTHOCHTENHbHO MPOCTO BBECTH (DYHKIIMU KOHTPOJS U HCIPABJICHHS
omMOOK B MPOIIECCE BBIUMCIEHUS apu(DMETHUEeCKUX orepanuii (0COOCHHO BaKHO il pabo-
TAIOIUX B KPUTHUHBIX ycnoBusix DBM). Monynspusie 9BM T-340A u K-340A umenu Obi-

ctpoaeiictBue 1,2x 10 nBoiHBIX (2,4x 10 0OBIUHBIX) onepanuil B cekyHay (B Hadane 60-x
I.T. TUTIOBOE ObICcTpoaeiicTBe DBM M3Mepsioch 1ecaTkaMu Wi COTHSIMH ThICSY OTIEpAIHi B
cexkyHay). B Hauane 70-x r.r. pabotamu B 001acTH MOAYJISIPHON aprU(PMETHKU 3aMHTEPECOBA-
JIUCH 3amnajHble pa3pabOTUMKU KOMIBIOTEPHON TEXHUKHU, HO BCE IPEUIOKEHUS O JeTralbHON
3aKyIKe pe3yJbTaToB pa3pabOTKU ObLIH MpecedeHbl I'TyOOKOKOMIETEHTHBIMU OpraHaMu; ¢
TeX MOp MOIYJSIPHOM apu(pMETHKON B HaIlel CTpaHe 3aHUMAIOTCS TOJIBKO OTAENbHBIE IHTY-
3MaCThI-TEOPETUKH.

[TapannenpHble CUCTEMBI aPUOPU TPEAHAZHAYCHBI IS PEIICHHS 3a7ad OOJb-
10K Pa3MEPHOCTH, ITOATOMY CPEAU MPOYMX UCTOYHUKOB MOTPEITHOCTEN 3aMETHOM
CTaHOBUTCS nocpeuwHocms okpy2ineHus. VI3BeCTHO, 4TO CPEeAHEKBAAPATUYHOE 3HA-
YeHHe MOTPENIHOCTH OKpyTiieHns o =O(f+/e), Tie - 3Ha4YeHHe MIAIIIEro pas-
psla MaHTUCCHI yucia (Ui ‘TUIaBaloIIMX’ YKUCENl OJMHAPHOW TOYHOCTH MpHU 3-X

o o -24 o
0aliTOBOM MaHTHCCE =2 ), e — 4UCII0 apu(PMETUKO-JIOTHUECKUX ONepanuil B
3amaue [7]. Ayis KoMmmbroTepa ¢ MPOU3BOAMUTENIBHOCTHIO Beero 1 I'duioric 3a yac

12 -
paboTbl BenuuuHa e pocturaer 4x10°7, a o Oyzaer umerb mnopsgok O(2

24 106)z0( 10%x27« 106)=0(2_4); Takasi TOTPEIIHOCTh (€IUHMIIBI TMPOIIEHTOB)
HEOMYyCTHMA, TIO3TOMY IS TApAJIJICIbHBIX BHIYMCICHUM IPAKTUYECKU BCET1a UC-
MOJIb3YETCs IBOMHAS TOYHOCTb.

OMnupudecku 3amedeHo, uto 10 90% obpamenuit B OIl nmpousBoautcs B orpa-
HUYEHHYIO 00JIaCTh aApecoB. DTa 00JIaCTh HA3BIBACTCS pabOUUM MHOHCECMEOM,
KOTOpOE€ MEIJICHHO TMEpPEeMENIAeTCS B MaMSATH MO MEPE BBINOJHEHUS MPOrPAMMBI.
st pabodyero MHOXKECTBa LIE€IECOO0Pa3HO peaiu30BaTh MPOMEKYTOUHYIO (JI0-
KalbHY10 U151 JaHHOro AJIY 1 oueHb OBICTPOIEHCTBYIONIYIO0) aMsATh HEOOJIBIIIOTO
pa3Mepa (k2ut), UCIOJIB30BAHUE KAII-MIAMITH OY€Hb 3(P(HEKTUBHO ISl yCKOPECHUS
obOpamienuss k OIl. Bo MHorux cnydasx paiyoHajJbHbIE MpPeoOpa3oBaHUsI MPO-
rpaMMbl (HAmp., MUKIMYECKUX YYACTKOB) MO3BOJIAIOT MHOTOKPATHO (MHOTJA B Jie-



-24 -

CATKHU pa3!) MOBBICUTH OBICTPOJIEUCTBHE IMOCIIEI0BATEIBLHON MPOrpaMMBbl 3a CUET
‘ocefanusl’ B K3IIIE YAaCTO UCIOJIb3YEMbIX IEPEMEHHBIX.

1.3. IlonsiTHe Mapa/IebHOr0 Mpouecca M rpaHy bl pacnapajjieJuBaHus
Haubonee oOmiasi cxema BBIMOJIHEHUS MOCJIEIOBATENIbHBIX U MapajuIeIbHBIX

BBIYMCJIEHUI TpUBEJeHa Ha puc.3 (MoMeHThl BpemMeHu S u E — Hauano um xoHen
3aJlaHUsI COOTBETCTBEHHO).

a) 6) 8)

PucyHok 3.— [dnarpammbl BbINOMHEHUSA MPOLECCOB NPW NOCnefoBaTeNbHOM BbIYUCIEHUN -
a), Npyn 6NM3KoM K naeanbHOMy pacnapannenueaHum - 6) n B obLuem crnyyae pacna-
pannenuBaHus - B)

[IporieccoM Ha3bIBAIOT OMPEIEIICHHBIC MOCIEI0BATEILHOCTA KOMaH/l, HapaBHE
C IPYTUMU IpolieccaMu MPETEHAYIONIUE 1Jisi CBOETO BBIIOJIHEHHUS Ha UCIIOIb30Ba-
HUE Mpolieccopa; KOMaH bl (MHCTPYKIIMN) BHYTPH MPOIECCa BBIMOJIHIIOTCS MOCIe-
JOBaTeNbHO [2], BHYTpEHHUI (HAIp., KOHBEHEpHbIN) mapajuienu3M MpU 3TOM HE
YUYUTBIBAIOT.

Ha puc.3 TOHKMMM JMHUSIMHU TOKa3aHbl ACHUCTBUA MO CO3JAAHUIO MPOLECCOB U
oOMeHa TaHHBIMU MEXJYy HUMU, TOJCTHIMU — HETIOCPEJCTBEHHO MCIIOJHEHUE TPO-
1eccoB (och abciuce - Bpemsi). B ciaydae mociegoBaTeIbHBIX BBIUUCICHUM cO3/1a-
€TCsl €IMHCTBEHHBIN Tpoliecc (puc.3a), OCyHIECTBISIONUNA HEOOXO0IUMbIE JTEHUCT-
BUSI; TIPU MAPAJJICTIFHOM BBINOJHEHUHN aJITOPUTMa HEOOXOAUMBI HECKOJBKO (MHO-
rja JACCATKU/COTHU/THICAYN) MPOIECCOB (napanienvHvlx 6emeaeti 3aaanus). B ume-
aTbHOM cliydae (Ou3Kkoe K uoeaibHoMy pacnapaiieuéanue) BCe MPOoILecChl CO3-
JAI0TCSl OJJHOBPEMEHHO M OJHOBPEMEHHO 3aBepiinaroTcs (puc.30), B 001IeM ciydae
JyarpamMma MpoIecCcoB 3HAYUTEIBLHO CIOKHEE M MPEACTaBIsSET COO0M HEKOTOPHIM
rpad (puc.3B).

XapaxmepHas Onuna KOMAHOHOU NOCI€008AMENbHOCU NAPAJIETbHBIX NPoyec-
co8 Hazvigaemcs paszmepom epanyiavl (3epHa). B moboM ciydae 1iernecoo0pasHo
CTPEMUTBHCS K ‘KPYIMHO3EPHUCTOCTH (uaean — auarpamma 30). OObIYHO pa3zmep
3epHa (2pany/ivl) COCTABISAET NECITKU-COTHU ThICSIY MAIIMHHBIX ONEpalnil (4To Ha
MOPSAJIKM TIPEBBINIACT TUIUYHBIA pa3Mep omeparopa s3eikoB Fortran unmu C/C++,
[3]). B 3aBHCMMOCTH OT pa3MepoOB rpaHys rOBOPSAT O MEJIKO3EPHUCTOM U KPYITHO-
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3epHUCTOM napaienusme (fine-grained parallelism v coarse-grained parallelism).
Ha pa3mep rpanyJsibl BAUSET U y100CTBO MPOrPaMMUPOBAHUS — B BUJI€ TPaHyJIb
4acTo OQOPMJISIOT HEKUM JTOTHYECKH 3aKOHUYEHHBIN (pparmeHT nporpammel. Leme-
CO00pa3HO CTPEMUTHCS K PAaBHOMEPHOM 3arpy3Ke MpoueccopoB (Kak MO KOJIUYECT-
BY BBIUMCIUTENbHBIX ONEpALMid, TaK U 1O 3arpy3Ke ONepaTUBHON MaMsITH)

Pa3paboTka mapamienbHbIX MPOrpaMM SIBISIETCSI HEMPOCTOM 3a/iayeil B CBSI3H C
TPYJIHOCTBIO BBISIBICHUS napanieausma (0OBIYHO CKpwimo2o) B mporpamme (T.e.
BBISIBJICHUS YaCTEW aJlfOPUTMA, MOTYIIMX BBITOJHATHCS HE3aBUCUMO JIPYT OT JpY-
ra). Hanpumep, s 3agaun BeluuciaeHuil ¢pparmMenta mnporpammsel (ZnN — BbIYHC-
neHHble 3HadeHus1, OpN — onepanasl, FunN — Beruncnurensaeie npouenypsl, DN —
apu(PMETUKO-JIOTMUYECKUE BBIPAKEHUS):

Zn1<Fun1(Op1,0p2) D1 Fun2(Op3) D2 Fun3(Op3); // operator 1 (2)
Zn2 <—Fun4(0Op4,Zn1) D3 Fun5(Op3); // operator 2

BBISIBUTH MAapAJJIEIN3M 'BPYYHYHO' HECIOXKHO. J/la’ke Ha NepBbId B3IJIAL BUIHO,
YTO BBIUMCIIEHUE ONEpaTtopa Zn2 HEBO3MOXKHO O€3 MpeABapUTEIbHOIO BhIYUCIIE-
HUsA Zn1 (IIpU 3TOM T'OBOPST, YTO ONepaTop ‘Zn1 3aBUCUT OT Zn2', T.€. CYIIECTBYET

3a6UCUMOCIb NO OAHHBIM; TIOJPOOHEE CM. mojipasaen 3.2).

B mpocreiimeM ciyyae BO3MOXKHO PACIPENENIUTH 10 MPOLECCaM BBIYMCICHUS
Fun1+Fun3 B cooTBeTcTBHE CO cxeMoil puc.30 u nanee ‘coOpaTh’ BBIUYMCICHHBIC
3HaYeHUs IJs ompeneneHus Zn1, B JaibHEiIIeM NoJ00HBIM 00pa3oM NOCTYIUTh
C BBIYUCIIEHUEM Zn2 (Y4TO BBIYMCIECHUE Fun5 MOXHO COBMECTUThH C BBIYHMCICHUEM
Fun1+Fun3); B 3TOM rpaHyJiamMd [apajuieIu3Ma SBISAIOTCA BBIYUCICHUS
Fun1-+Fun5. 3ameTuM, 4yTo aBTOMaTU3a1us (CTOJb JIETKO MPOJeIaHHas ‘BpYYHYHO)
BBISIBJICHUS Mapajlien3Ma B aJITOPUTMAxX HEMpOCTa U B MOJTHOM OObeMe Bpsij Jin
MOXKET OBITh pelieHa B Onrpkaiiiiee Bpems. B To e BpeMs 3a JeCATUIIETHS JKC-
TUTyaTalliyd BBIYUCIUTEILHON TEXHUKH Pa3pad0TaHO TaKOe KOJWYECTBO (TIIATEIb-
HO OTJIAKEHHBIX U ONTHUMU3UPOBAHHBIX) MOCIEI0BATEIbHBIX AJITOPUTMOB, UTO HE
MOKET OBITh U peUH 00 UX PYUYHOM pacrapayieIMBaHuU.

[TocTpouM mpoOCTEHITYI0 MAaTEeMAaTHUYECKYIO MOJEINb I OIEHKH BO3MOXHOTO
MOBBIIIEHUS MTPOU3BOJAUTEIIBHOCTH MPHU pacliapajuleIMBAHUNA BBIYUCICHUN C yue-
TOM BpeMeHH oOMeHa naHHbIMH. IlycTs ¢, - XapakTepHOe BpeMs oOMeHa (omepa-

HI/Iﬁ MNEPECBUIKN JaHHBIX MCKIY HpOHCCC&MI/I), t3 - BPpEMs1 BLIIIOJIHCHUA ITOCIICI0-

BaTEJILHOCTH KOMAaHJ, COCTaBISIONIUX TPaHyIy, # — 4ucio rpanyi. [Ipumem (yri-
POIIIEHHO), YTO MPH pacnapaylicIMBaHUU KaKJas TpaHyJia BBIIOJHICTCS Ha OT-
JIeTLHOM IIPOIIECCOpPEe, BPEMsS BBIUMCIICHUS MOCIE0BATEILHOCTH KOMAaH KaX0M
rpaHyJIbl OJWHAKOBO, KaXKJbIH mpoliecc TpedyeT mpu (HYHKIIMOHUPOBAHUM ABYX
oOMeHoB (kak moka3aHo Ha puc.30). Torma mocienoBaTEIbHBINA ANTOPUTM BBITIOJN-
HUTCS (B CpeIHEM) 32 BpeMs

TnOC/l:ts’Xn’
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a BPEM: BBIITIOJIHCHHSA MMapaJJICJIbHOI'O aJiIrOpUTMa

Tnapp:t3+2xt0.

Bbiurpeiin B poru3BOAUTENLHOCTH MMAPATUIETBLHOTO AJITOPUTMA MO CPABHEHUIO C
NOCJIEIOBATENbHBIM (YCKOpeHUe 8bluucieHUll) B ITOM CIyYae:

k — T}’lOCJl — t3 Xxn
Tnapp t;+2%t,

3)

Pacuer konmuuecTBa mporeccopoB, HEOOXOAUMBIX ISl TIOJTyYeHUs xoms obl k=1
B QyHKUMM ¢,/t, nan B Tab.1 (3HaUEHMS 7 HE OKPYIJIEHBI JIO 1IEJI0T0).

Tabnuua 1.— MuHHManbHOE pPACUETHOE KOJIMYECTBO MPOLIECCOPOB n,_s

HEOOXOAMMBIX IS TapaHTUPOBAHHOI'O YCKOPEHUs IMPHU Mapaljieiib-
HOM BBITIOJTHEHUH (pacyeT Mo BeIpakeHHIo (3))

o/t 0,125 0,25 0,5 1,0 2,0 5,0 7,5 10,0

n_ | 125 | 15 2 3 5 1| 15 | 21
Z, / t,<1 (Bpems oOMeHa naH- t, / t,>1 (BpemMsa oOMeHa JaHHBIMH
HBIMH MEHbBIIIE BPEMEHHU BHI- MPEBHIIAET BPEMsl BEITIOJHEHUS TPaHy-
TTOJTHEHHS TPAHYJIbI) JIBI)

Kak BuaHO 13 Ta61.1, TOTBKO MpU MAIOCTH BpeMeHU 0OMeHa (0 CpaBHEHHIO C
BPEMEHEM BBITIOJIHEHHSI TIporiecca) 3G(HEeKTUBHOCTh paclapaieTuBaHus BBICOKA
(mnst moctmxeHus: k=1 Tpebyercs Mano MPOLEeCCOB), MPU MPEBBIICHUA BPEMEHU
oOMeHa BpPEMEHM BBIIIOJHEHHS Tpollecca AOCTHXKEHUE XOoTsa Onl k=1 Tpedyer
OOJIBIIIOTO KOJMYECTBA MPOIIECCOB.

Tabmumna 2.— YckopeHre BBIYUCICHUN & B 3aBUCUMOCTH OT YHCJIa TPOIIeC-
COB 71 ¥l BEIMYMHEI 7, /t, (pacueT 1o (3))

n 2 3 5 7 10 15 20

t,/1,=0,1 | 1,67 2,5 417 | 583 | 833 | 12,5 | 167
t,/t,=1 | 0,667 1,0 1,67 | 233 | 333 50 | 6,67
t,/t,=10 | 0,095 | 0,143 | 0238 | 0333 | 0476 | 0,714 | 0,952

Kakx u cnenoBano oxunare (Tabi.2), CHUKEHME OTHOMICHUS f,/t, B BBICHICH

CTEIICHH OJIArONIPHUSATHO JIJIS TOBBIIICHUS YCKOPEHUS MPH TapajlieIn3alii BEIYHC-
JICHUMH.



-27 -

T.o. naxxe mpocreiiiias MoAeNb (HE YYUThIBAIOIIAs peaIbHOM AUarpaMmbl pac-
napajuyieIMBaHus, 3aIepKEK Ha CTapT MPOILIECCOB, 3aBUCUMOCTh BPEMEHU OOMEHOB
OT pa3Mepa COOOIIEHHSI M MHOXKECTBA JAPYTHX IapaMeTPOB) MApaLIEIbHBIX BbI-
YUCJICHUM MO3BOJIWJIA BBIIBUTh BaXKHOE OOCTOATENBCTBO — BpeMsi OOMEHa JaHHbI-
MU JOJIKHO OBITh KaK MOKHO MEHbBIIIE BPEMEHH BBIMOJIHEHUS OCIEI0BATENbHOCTH
KOMaH/, 00pa3youux rpatyJy.

Ecnu B (2) xauectBe Fun1-+Fun5 BeicTynaroT ¢yHKIUU TUMa sin(), cos(), atan(),
log(), pow(), XapakKTepHOC BPEMs {3 BBIIOJHCHHUSA KOTOPBIX CIMHMIIBI MHKPOCE-

KyHI, BpEMs tO oOMeHa JaHHBIMHW JOJDKHO COCTaBJIATH I[CCHTLIC/COTBIG J0JIN

MKCEK (CTOJIb ‘OBICTPBIX’ TEXHOJOTHI CETEBOTO MEXIPOIIECCOPHOTO OOMEHa He
CYIIIECTBYET); IJIsi TpaHyJ OOJBIIEro pa3mMepa JOMyCTHMO BpeMsi OOMEHOB B Jie-
CATKM (B HEKOTOPBIX CIIy4asix — J1a’)ke COTHU) MKceK. J{Ji peabHbIX 3a1a4 (Tpaau-
[IMOHHO) XapaKTEPHBIA pa3Mep 3epHa pacnapayijieIMBaHUS HA HECKOJBKO TMOPSII-
KOB TIPEBBIIIACT XapaKTEPHBIM pa3Mep olepaTopa TPAJAUIIMOHHOTO S3bIKA MPO-
rpammupoBanus (C/C++ wiu Fortran).

CooTHOWIEHHUE ¢,/t, ONPENENAETCA B 3HAUNTEILHON CTENEHH CTPYKTYPOH U aI-

NapaTHBIMU BO3MOYKHOCTSIMHU BBIYHUCIIUTEIIBHOTO KOMIUIEKCA (apxumexmypou MHO-
20NpoYEeCcoOpHOl cucmemsl), IPU ITOM PAYUOHATbHBIU pazmep 3epHa pacnapaiie-
JIUBAHUS MAKHCE 3ABUCUN O UCNOIb3YEMOU aAPXUMEKINYPbl.

1.4. B3aumojeiicTBHe napa/uieJIbHBIX MPOIECCOB,
CHHXPOHM3AIHUA NPOLECCOB

BelnosiHEHHE KOMaH]I IPOrpaMMbl 00pa3yeT GuluuCaIUmeNbHbll npoyecc, B Cly-
Yyae BBIIIOJIHEHHS] HECKOJBKUX IPOrpaMM Ha OOUIEH WM pa3/ensieMOod MaMsTH U
00OMEHEe TUX MPOrpaMM COOOIICHUSMU MPUHATO TOBOPUTD O CUCIEME COBMECHIHO
NPOMEKAOUWUX 83auUMOoOoeticmeyowux npoyeccos [4].

[Topoxknenne u yuuutoxkeHue mnponeccoB UNIX-mogoOHbIX omnepanuoHHbIX
CUCTEMAX BBIIIOJIHSIOTCS ONlEpaTopaMu (CUCTEMHBIMU BbI30BaMH ) fork, exec u exit.

CucreMHbIi BbI3OB fork mpH BBINOJHEHUU TEKYLUUM (pooumenbcKum, parent
process) TPOLECCOM 3alpallMBAET SIPO ONEPAUMOHHOW CHCTEMBI Ha CO3/aHHE
nouepHero (child process) npouecca, SBISIOWIErocs noumu (3a UCKIOYEHUE 3Ha-
yeHus uaeHTudukaropa mpouecca pid) TouHoi kommer Tekymero. O6a mpoiecca
IIPU YCHEIIHOM BBIIOJTHEHUH fork BBINOJHSAIOTCS OJHOBPEMEHHO C OIlEpaTopa, He-
NOCPEJCTBEHHO CJIEIyIOUIEro nociie Bbi3oBa fork. BbI30BbI oniepaTopoB cemeicTBa
exec 3arpy’karT HCIOJHSAEMYIO MPOrpaMMy Ha MECTO BBI3BIBAIOIICH, MPOU3BEI-
M 3TOT BBI3OB (pid mporecca U (HailaoBbIe JECKPUITOPHl COXPAHSIOT CBOM 3HA-
YEHUS 71 3aMEelIatolIero MpoLecca), eXec-BbI30Bbl MO3BOJISIIOT MEpeaaBaTh MOpo-
XKIACHHOMY Iporieccy napamerpsl. Co3nanue 08yx pazHulx MPOLECCOB PEATU3YETCS
NOCJIEOBATEIBHOCTHIO BBI30BOB fork pOIUTENBCKUM IpolieccoM (CO3AaroTcs JBa
nporecca ¢ OJMHAKOBBIMHU KOJAAMH U JIaHHBIMH) U exec JOYEPHUM IpoLeccoM (mpu
ATOM OH 3aBEpIIACTCS W 3aMelaeTcsl ‘HOBBIM mporieccoMm). KoppekTHocTh pabo-
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ThI C IpoLeccaMu TpeOyeT BbI30BA POJUTENBCKUM IpoLeccoM wait rmocie fork (na-
Obl MPUOCTAHOBUTH Pa0OTYy O MOMEHTA 3aBEPLICHMS TOUEPHEro MPOLEecC U 3ame-
IICHUS €r0 ‘HOBBIM ).

CucTeMHBIN BBI30B exit 3aBEpIIAET BBINOJHEHHUE IIpoliecca ¢ BO3BPATOM 3a/1aH-
HOTO 3HA4YeHUs UEJIOYUCIEHHOrO0 cTaryca 3aBeplleHMs (exit status), mpolecc-
pOIUTENH UMEET BO3MOXKHOCTh aHAIM3UPOBATh ATY BEIMYMHY (IIPU YCIOBHH BbI-
MIOJTHEHHS UM wait).

ITapaymenu3M 4yacTo ONMUCHIBAETCA B TepMUHAX MakpooneparopoB FORK u JOIN,
B IAPAJUIENbHBIX A3BIKAX 3AIYyCK NapaileibHblX 6emeeli OCYIECTBIAETCS C TIOMO-
mpro oneparopa FORK M1, M2 , ..ML, roe M1, M2, ..ML - nMeHa HE3aBUCUMBIX
BETBEM; Ka)k/1as BETBb 3akaHuuBaercs oneparopoM JOIN (R,K), UCIIOIHEHHE KOTO-
pOro BbI3BIBAET BbIUUTAHUE €IMHULBI U3 sfyerku namatu R. [IpensapurensHo B R
3aMMChIBAECTCA PABHOE KOJIMYECTBY BETBEW UMCIIO, MPH MOCIEAHEM cpabaTbIBaHUU
oneparopa JOIN (T.e. KOrjla BCe BETBU BBINOJHEHBI) B R OKa3bIBaeTCs HYJb U
yIpaBiieHHe nepenaercs oneparopy K (B HeKoTopbix ciydasx B JOIN onuceiBaeTcs
MOJAMHOKECTBO BETBEMU, MPU BHITIOJIHEHUN KOTOPOTO CpadaThIBAET ATOT ONEPaTOP).
B nocnenoBarenbHbIX sA3bIKax aHanoros onepatopam FORK u JOIN He MOKeT ObITh
Y BETBU BBINOJIHAIOTCS OCIEA0BATEIBHO APYT 3a APYIOM.

B Tepmunax FORK/JOIN wurepauMoHHas napajulesibHas IPOrpamMMa MOXKET
uMeTh caenyromuii Bun (pynkuuu F1, F2 u F3 u3-3a pa3inyHON anropurMuye-
CKOM peain3aiyu JOJKHBI BBIYUCIATHCSA OTACIBHBIMU IIPOIPAMMHBIMU CErMEHTa-
MU, KOTOpbIE JIOTUYHO O(POPMUTH B BHUJI€ BETBEH MapasuieabHON NporpaMmsbl), [7]:

X1=X10; X2=X20; X3=X30; R=3; [l vHMUManu3aumsa nepemMeHHbIX

LL FORK M1, M2, M3 // 3anyctnte napannensHo M1,M2,M3
M1 Z1 =F1 (X1, X2, X3) I/l Bblumncnntb Z1=F1(X1, X2, X3)
JOIN (R, KK) /Il R=R-1
M2 Z2 = F2 (X1, X2, X3) I/l BblumncnnTb Z2=F2(X1, X2, X3)
JOIN (R, KK) /Il R=R-1
M3 Z3 =F3 (X1, X2, X3) I/l BblumcnnTb Z3=F3(X1, X2, X3)
JOIN (R, KK) /Il R=R-1
KK IF (ABS (Z1-X1) < €) AND /| ecnv aBConOTHAsi TOYHOCTb €
(ABS (Z2-X2) < €) AND /I BBIMMCNEHN JOCTUTHYTA. ..
(ABS (Z3-X3) <¢)
THEN BbIBOA pe3ynbTaTos; // TO BbIBECTU JaHHbIE N 3aKOHYUTb
STOP
ELSE X1=21; X2=22; X3=Z3; I/l nHaye nepeonpegenntb X1,X2,X3
GO TOLL /l n NOBTOPUTL LMK BbIYNCNEHUI

JI1si MHOTOIIPOLIECCOPHBIX BBIYMCIUTEIBHBIX CHCTEM 0CO00€ 3HAUEHHE HMEET
obecrieueHue cuHxporuzayuu npoyeccog (Bbllieonucanubiii oneparop JOIN  co-
BMECTHO C A4EHMKON R Kak pa3 M OCYIIECTBIISECT TaKyl0 CUHXPOHHU3ALMIO - COCTOS-
Hue R=0 cBUIETENHCTBYET 00 OKOHYAHUHU MPOLECCOB pa3HOU JuTenbHOCTH). Ha-
pyuMep, MOMEHT BPEMEHH HACTYIUIEHHUsS] OOMEeHa JaHHBIMU MEX]y MpOoleccopaMu



-29-

ampyuopy HUKAK HE COTJIACOBAH M HE MOKET OBITh OMpesesieH TOYHO (T.K. 3aBHCUT
OT MHO’KECTBA TPYAHOOIIEHUBAEMBIX TTapamMeTpoB pyHkimonuposanuss MBC), npu
3TOM JJis 0OecrieueHts OJHOIIEHHOrO paHieBy (BcTpeuu At oomeHa uHpopma-
1yel) MpoCcTo HEO0OXOAUMO MNPUMEHSATH CUHXpOHM3alMi0. B ciabocBsi3aHHBIX
MBC BooOmie Henb3si HaIeAThCS Ha aOCOTIOTHYI) CHUHXPOHHU3AIMI0 MAIIMHHBIX
9acoB OTJAEIBHBIX MPOIECCOPOB, MOKHO TOBOPHUTH TOJILKO 00 M3MEpPEHUH MpoMe-
KYTKOB BPEMEHH BO BPEMEHHOM CHCTEME Ka)KIO0Tro MpoLeccopa.

CuHXpOHM3AIMS ABISETCS IEHCTBEHHBIM CIIOCOOOM MPEIOTBPALIICHHS CUTYaIlHid
nemoka (deadlock, xnuHY, TYNHUK) — CUTyallMy, KOTJa KaXAbli U3 B3aUMOJICHUCT-
BYIOIIMX MPOIECCOB MONYYHI B PACIOPsDKEHHE YacTh HEOOXOIUMBIX eMy (pase-
JSIEMBIX C APYTMMHU MPOIIECCaMU) PECYPCOB, HO HA €My HU WHBIM MpOIleccaM 3TO-
ro KOJIMYECTBA PECYpCOB HEIOCTATOYHO JUIsl 3aBeplueHusi o0padoTku (U mocrie-
JYIOIIEr0 OCBOOOXKIEHUS pecypcoB), [4].

OmHMM U3 U3BECTHBIX METOJOB CHHXPOHH3AIUMH SIBISETCS HCIOJIh30BAaHUE Ce-
madopoB (E./etikcmpa, 1965). Cemagop mnpeactaBisier coOOM TOCTYIHBIN HC-
TOJTHSIOLTUMCS TIpOIleccaM  LENOYUCICHHBIA 00BEKT, IJIs1 KOTOPOTO ONpeAeTIeHbI
CICAYIOIIUE JIEMEHTApHBIC (amomaprovie, Hedeaumble) OTePaALIN:

o Wuunmanuzamus cemadopa, B pe3ysibTare KOTOpoil cemadopy MpHcBauBaeTCs
HEOTpHULIATEIbHOE 3HAUCHHE.

o Omnepanusg Tuna P (ot gaTckoro cioBa proberen - TpoBEpATH), YMEHbIIAOIIAS
3HaueHue cemadopa. Eciu 3Hauenue cemadopa omyckaercsi HUXKE HYJIEBON
OTMETKH, BBITIOJHSIOIIMMA ONEpaIuio MpoIecc MPUOCTaHABIMBAET CBOIO pabdo-
Ty.

o Omnepanusa tuna V (ot verhogen - yBelIMYMBATh), YBEIIMYUBAIOIIAS 3HAUCHUE
cemadopa. Ecnu 3nauenuwe cemadopa B pe3yibTaTe ONEpALMH CTAHOBUTCS
6ompiie uiu paBHo 0, OJUH U3 TMPOLECCOB, MPUOCTAHOBJICHHBIX BO BpEMS BbI-
MOJIHEHUS onepaluu P, BBIXOAUT U3 COCTOSIHUSA MPUOCTAHOBA.

o YcioBHas onepanus tuna P (cokpamenno CP, conditional P), yMmeHbIIaromas
3HaueHue cemadopa M BO3BpAIIAOIIAs JIOTUYECKOE 3HAUYCHUE ‘UCTHUHA B TOM
cily4ae, KOTJla 3HaueHHue cemadopa ocTaeTcsi MOJ0KUTENbHbIM. Eciii B pe3yJib-
TaTe ONEpalMK 3HaYeHue cemMadopa JOJKHO CTaTh OTPUIIATEIILHBIM WJIU HYJIe-
BbIM, HUKAKUX JEHCTBUN HaJL HUM HE NMPOU3BOAUTCS U ONEpalvs BO3BpaIacT
JIOTUYECKOE 3HAYEHUE ‘TIOKD .

B cucremax mapaiienbHOTO MPOTrPAMMHUPOBAHMS HCIOIB3YIOT CYIIIECTBEHHO
0oJiee BEICOKOYPOBHEBBIC MPUEMbl CHHXPOHHU3AIMH. B TEXHOIOTHH MapalijieIbHOTO
nporpammupoBanus MPI (cm. paznen 4.2) nmpuMeHeHa cXxeMa CUHXPOHU3aIuu 00-
MeHa nHpopManrein MeXIy poIecCaMy, OCHOBAaHHAs Ha WCIIOh30BAaHUH TTPHMH-
TUBOB send/receive (MOCIATh/MIPUHAITH coobmienue). [lpu s3Trom send MokeT OBITH
BbI3BaH B JIFOOOH MOMEHT, a receive 3a/IepKUBAET BBIIIOJIHEHUE MPOTPaMMBI 10
MOMEHTa PeajbHOI0 MOCTYIIEHUsI COOOIIeHus (T.H. Ooxkupyiowue @ynkyuu). B
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MPI onpenenen onepatop Barrier, sBHbIM 00pa3oM OJIOKMPYIOLIUN BBINOJHEHUE
JAHHOTO Tpolecca A0 MOMEHTA, KOrja Bce (M3 3aJlaHHOI0 MHOXKECTBA) MPOLIECCHI
He BBI3OBYT Barrier. ®ynkius cunxponusauuu B T-cucreme (pasgen 4.3.2) non-
JEP’KUBACTCSI MEXAHU3MOM HE20MOBbIX NepeMeHHbIX, B CUCTEME MPOrpaMMHUpOBa-
Hus Linda (paznen 4.2) npu OTCYTCTBUM SIBHOM MOJJIEPKKH CUHXPOHU3AIHUS TIPO-
LIECCOB HECJIOAKHO MOJEIUPYETCS SI3bIKOBBIMU CPEJICTBAMH.

CuHXpoHM3aIUsl MOXKET MOJJEPKUBATHCS U anmnapaTtHo (Hanmpumep, bapvepHas
cunxponuzayus B cynepkomnbeiorepe Cray T3, ¢ mOMOIIBIO KOTOPOW OCYIIECTBIIS-
eTcsl 0KHMJIAHHE BCEMH IpOIleccCaMH OIpPEAEICeHHOM TOYKH B Mporpamme, mocie
JIOCTUKEHHUS KOTOPOH BO3MOXKHA JalibHEIIas pabota, cM. moapaszaen 2.4.1).

1.5. Bo3moxkHOe yCKOpeHue P Napa/IeJbHbIX
BbIYMCJIEHUSIX (3aKOH AMJIAJIs)

[IpencraBnser UHTEPEC OyeHKa BETUYUHBI BO3MOYXKHOI'O MOBBIIIEHUS MPOU3BO-
JUTEIBLHOCTU C YUETOM KAYeCMBEeHHbIX XapaKmepucmuk caMOi UCXOHO MOCIEN0-
BATEJIbHOU MPOrPaMMBI.

3axkon Awmpans (Gene Amdahl, 1967) cBA3BIBacT MOTEHIMAIBHOE YCKOPECHHE
BBIYHCIICHUH TP pacliapayieIMBaHuU C J0JIEH Omepalnii, BEIOIHIEMBIX anpuopu
nociredosamenvio. Ilycts f (0<f<1) — yacTp omnepanuii anropurma, KOTOpyIo pac-
napajjIeIuTh HE MPEJCTABISETCS BO3MOXKHBIM; TOTJa paclapasuieiiBaeMasi 4acTh
paBHa (1-f); mpu 3TOM 3aTpaThl BpeMEHH Ha Tiepenady COOOIICHU HE YUUTHIBAIOT-
Csl, ¢, - BpeMs BBINOJIHEHUS alrOPUTMA HA OJHOM IIPOLECCOpe (IIOCIEN0BATEb-
HBIM BapUaHT), # — YUCIIO MPOLECCOPOB MapaICIbHOW MAITUHBI.

[Ipu mepeHoce ajiropuT™Ma Ha HapajjIebHYIO MAlIMHY BpeMsi pacdera pacrpe-
JEUTCS TaK:

® fxt, - BpeMs BBIIIOJHEHHUs YaCTH alrOPUTMA, KOTOPYIO pacnapajjieuTh He-

BO3MOKHO,
o (1-f)xty,/n - BpeMs, 3aTPAYCHHOE Ha BBINOJIHEHHE PACIAPAJUICIEHHON 4YacTh

aJIropuTma.

BpCM}I pr ) HCO6XOI[I/IMOG HJIA pacducTa Ha HapaHHGHLHOﬁ MalouHE C n IIpoucc-

copamu, paBHO (CM. puc.4)
tp:fxts-i-(l—f)xts/n,

a YCKOpeHHue BpEMEHU pacuera
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s<ls Ls L 4

ty [xt+(1=f)xt/n =f+[1—fj

n

. 1
Ananm3 BeipaxkeHus (4) mokasbiBaeT (T.K. [im S(f,n ):7), YTO TOJIBKO IpH
n—»00

MaJIol JI0JIM MOCJeA0BaTeIbHON onepanuil (f<<1) BO3MOXKHO JHOCTUYb 3HAUYUTEIIb-
HOTO (€CTeCTBEHHO, HE 0oJiee 4YeM B 7 pa3) yCKOpPEHUs BbluucieHuit (puc.5). B
cinydae f=0,5 Hu npu KakoM (J1ake O€CKOHEUYHO OOJIBIIIOM) KOJIUYECTBE MPOIIECCO-
POB HEBO3MOXKHO JIOCTHYb

nocrnepoBarensHas S$>2! 3aMCTI/IM, 4TO OTH

yacTb [
\ Tt (-Dxt, OTPaHUYCHUS] HOCAT (PyH-
N napanneneHble hParmeHTbI OaMeHmManbHblil xapak-

eAUHCTBEHHbIN l |
npoueccop

----------- ] mep (UX HeNb3sT OOOHTH

l ] } } JUIg 3aJaHHOTO aJIrOpHUT-

/ Ma), OJIHAKO TpaKTH4e-

CKas OILIeHKa JoJu f To-

CJIeJOBATCJIbHBIX  OIepa-

» mpouecCopos UH anpuopu OOBIYHO HE-
v BO3MOKHA.

- - Takum ob6pazom kaue-

(- f)xty/n CTBEHHBIE XapaKTepUCTHU-

PucyHok 4.— Cxema K BbiBOOYy 3akoHa Ampaans KA CaMOro ajropuTMa Ha-

KJIaJIbIBAlOT OI'PaHUYCHUS

Ha BO3MOKHOE YCKOpPEHME IIpU pacnapasuienuBaHuu. Hanpumep, XapakTepHble s

WHKEHEPHBIX PACUETOB AJTOPUTMBI CUETA MO MOCIEI0BATENbHBIM (hOpMYyJIaM pac-

napajyIeIMBaOTCs TUI0XO (YacTh f 3HAUYKMMa), B TO K€ BpeMsl CBOJUMBIE K 3a/1auaM

nunelno2o npoepammuposanus (JIIT — onepauuu ¢ MaTpuliaMu — yMHOKEHHE, 00-

palieHue, HaxoXJ1eHue coOCTBEHHBIX 3HaueHuid, pemenne CJIIAY — cucrem mnu-

HEHHBIX aNreOpandyecKux ypaBHEHUH W T.I.) aJITOPUTMBI pacrapajijieIuBarOTCs

YAOBJICTBOPUTEIIBHO.

ATPUOPHO OIIEHUTH JOJIO MOCJEI0BATEIbHBIX OMNEpalMii f HEMPOCTO, OAHAKO
MO>KHO HCIIOJIb30BaTh (hopmyny Amaans Juisl peleHus o0paTHOM 3a1auu — ompe-
JeJIeHUs] [ TI0 SKCIEPUMEHTAIIbHBIM JaHHBIM MPOU3BOJUTEIBHOCTH; 3TO JA€T BO3-
MO>KHOCTh KOJMYECTBEHHO CYAHUTh O JOCTUTHYTOW 3ghdhekmusHocmu pacnapaie-
AUBAHUSL.

MHOTOUUCIIEHHbIe
npoueccopsl
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Bo3zuoxHoe yckopeHnue
npu pacnapannenueBaHuu

10

Jdona -
nocneaoeaTensHeIX 08
onepaumi f 0 5

fo_—15 20

UYucno npoueccopos n

PucyHok 5.— TpexmepHbi rpaduk, KONM4eCTBEHHO
oTpaxawLwmin 3aBMCUMOCTb Amaarnsi corfacHo
BblpaxxeHus (4)

Ha puc.6 npuBeneHsl pesylib-
TaThl JKCHEPUMEHTA HA KJACTepe
SCI-MAIN HUBII MI'Y na 3ana-
4Ye YMHOXEHHUs MaTpULl IIpU JICH-
TOYHOM CXEME pacupenciieHus
JAHHBIX MEXAY IPOLECCOPAMHU

3 3
(pazmepnocts 10" x 10"  BemiecT-
BEHHBIX 4YHCEJI ABOMHOM TOYHO-

CTH, Ccepus OIbITOB MapTa
2005 1.), AKCIIEPUMEHTAJIbHbBIC
JAHHBIE HAWIYYIIUM  00pa3oMm

(MCTIOJIB30BaH Memoo HauMeHb-
wux Keaopamos) COOTBETCTBYIOT
bopmyne Ampans npu f=0,051
(BBIBOA: NTAaHHBIA AJITOPUTM pac-
napauiesen 3(QQPEeKTUBHO, T.K.
JONIsl  MapaJUIeNbHBIX — OTepaIuit

COCTaBJICT = 95%, 4TO BIIOJIHC YAOBJICTBOPUTCIIBHO JIA aJITOpUTMA CO CIOKHO-

CTBIO YPOBHS O(n3) oneparui).

3akoH Ampansa yao0eH Juisi KaYeCTBEHHOTO aHallh3a MpoOJIeMbl pacrapasiieu-

BaHMHA, HCOOCTaT-

KOM BbIpaxeHus (4) 0

ABJIACTCA HCYUYCT

thopuyna Amaana npu f = 0,051

—
o

IIOTEPh BPEMEHU Ha
MEKIIPOLIECCOPHBIN

JKCNEPUMEHT 4

o0MeH coOoOIIeHus-

MU (YTO KaK pa3 "
BBIPAXKEHO 3HAKOM

OTHOoCHTeNnbHaA
NpPoOM3BOANTENBHOCTL
(s3]

‘MEHBLIEC WJIM DPaB-

HO’ B (4)); aTH TO-

TEpU  MOTYT  HE 0 .
TOJBKO CHU3UTH YC-

10 15 20 25

Yucno BeIMNCNUTENBHBIX Y3noe

KOPEHHE BBIYHUCIIE-
HAW B Iapajuieib-
HOM BapHuaHTe, HO U
3aMEIJINTh  BBIYHUC-
JIEHHsT TI0 CpaBHE-

PucyHok 6.— lNMpon3BognTenbHOCTL  BbIYMCIIUTENBHON  KNacTepHomn
CUCTEMbl Ha npouenype YMHOXEHUS MaTpuy, (SKCMEePUMEHT U
pacyeT no copmyne Amagans)

HHUIO C ITOCICOAOBATCIIbHBIM. bonee O6IHI/IM SIBJIACTCA BBIPAXKCHUC (cemeeoﬁ 34KOH

Amoans):
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1

S =
1-f ’
|+ +c
n
4 7 WC X tC
TIe ¢ — Koaghuyuenm cemesoii 0ecpaoayuu GbINUCTEHUL, ¢ =C,,XC, =
Xt
W . - KOIN4ecTBO Iepejad JaHHbIX, W — o0liee 4nuciio BEIYMCIEHUH B 3a-

nade, f, - BpeMs OJHOH nepegaud AaHHBIX, ! — BPEMs BBIIOJIHEHUS OJHOM
oreparuu.

CoMHOXHUTENb C = VIZ/C OTIpEeJIeIISIET COCTABJISIONIYI0 KO3 dulneHTa aerpaaa-

le

LIY, BBI3BAHHYIO CBOMCTBAMH AIITOPUTMA, C,=-< - 3aBUCALIYI0 OT COOTHOLICHHUS
t

MPOU3BOJIUTEIILHOCTH TMPOLECCOpa U anmnaparypbl ceTH (‘TEXHUYECKYH0 ) COCTaB-
JAIOLIYI0; 3HAYEHHUsA C,, U C, MOTYT OBITb OLICHEHBI 3apaHee. T.0. MOIy4YEHHBIE
(mpu HeyueTe CeTeBOW JAerpajallui BBIUYMCICHUN) U3 BbIpaxkeHus (4) 3HadyeHus f
SIBIIIFOTCS] IECCUMUCTUYECKUMU.

HNaxxe npu uneansHoM napaienusme (f=0) ceTeBoe yCKOpEeHHUEe BBIYUCICHUIN He
MOJKET OBITH BBIIIIE:

1
lim |~y
c—>0 f+{ j+c

=n

n

KOHTpOHLHbIe BOIIPOCHI

1. YUro Takoe cynepkomnbiorep? Uem OH (kKoruuecmeeHHO W KauecmeeHHO) OTIIN-
qgaeTcsi oT nepcoHanbHori OBM? B kakux 005acTsX 4enoBeuecKou AesiTeIbHO-
CTH HEOOXOIMMO MPUMEHEHHE CYIIEPKOMIBIOTEPOB?

2. B kakux eIuHUIAX BBIPAXKaeTCS MPOU3BOAUTENBLHOCTH cynep-2BM? Kakum 00-
pa3oM CpPaBHUBAIOTCS MPOU3BOJIUTEIBLHOCTH PA3JIUYHBIX CYNEPKOMIIBIOTEPOB?
Kakue u3 3Tux XxapakTepucTHK (XOTs Obl KAYECTBEHHO) Hanbosiee OObEKTUBHBI?

3. Kakue npuyuHbl TOPMO3AT JajbHEHIIee YBEIMUYECHUE BBIYMCIUTEIbHBIX MOIIIHO-
CTel OJHOIPOIIECCOPHBIX KOMIBIOTEpOB? KakoBbI apryMeHThl IPOTUB IpHUMe-
HEHUsl TMapauieNbHbIX BbhlUMCIeHUN? ECTh JM anbTepHATHBBI MapajuieIbHbIM
BBIYHMCIIUTEIbHBIM TEXHOJIOT UM ?

4. JlokazaTb BO3MOKHOCTh MOJHOCTBIO MAPAJIJIEILHOIO0 BBIUUCICHUS J000T0 3a-
nanHoro anroputMa. KakoBa ero mpakrudeckasi IIEHHOCTb?



5.

6.
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B gem cyTh Teopembl bperta? Kakum myTeM MOYKHO YMEHBIIUTh YUCIIO IIaroB
MIPU MOJCTUPOBAHUH CXEM U3 (DYHKIIMOHAIBHBIX dJIEMEHTOB?

Hate ompenenenue mpouecca (napaiierbHo2o npoyecca) U 3epHa (TpaHyJibl)
pacmapannenuBanus. B kakux eounuyax MO>XHO €0 ONpeIeIuTh?

. ns 4ero Hy»KHa CMHXPOHM3aLMsl BBIIOJHEHUS NapajuleNbHbIX npoueccoB? Ka-

KM 00pa30M CUHXPOHU3AIUS MOXKET MOMOYb B PEIICHUU MPOOJIeMbl BOZHUKHO-
BE€HUS JICJIOKOB?

. Uem OrpaHMYMUBACTCSA BO3MOXXHOCTHL pacllapaJlUICIIMBaHHA PCAJIBbHBIX aJIlOpUT-

MOB? B yem cyTb 3akoHa Amaana? MoxHO U ‘obotimu’ 3aKoH AMaans?

. Kakyro (KoJnuecTBEeHHO) JOJII0 MOCIEAOBATEIbHBIX OMNEpaIluii MOKHO CUUTATh

I[OHYCTI/IMOﬁ AJI1 pa3/IMYHbIX BBIYUCIINTCIIbHBIX aJ'IFOPI/ITMOB?
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2. [IpyHIUNIBI TOCTPOEHUS] MHOTONIPOLECCOPHBIX
BBIYHMCJIHUTEIbHBIX CHCTEM

2.1. ApXuTEeKTypa MHOTONIPOLECCOPHBIX BHIYMCIUTEIbHBIX CHCTEM

ApXUTEKTypa MapauielIbHbIX KOMIIbIOTEPOB Pa3BUBaJaCh MPAKTUYECKU C CaMO-
ro Ha4yaJla uX CO3JaHus U MPUMEHEHHUs], TPUYEM B CAMBIX Pa3JIMUHbIX HAIPABIICHU-
ax. Hanbonee oOuive mosiaokeHus NPUBOAAT K JBYM KIIacCaM — KOMNbIOMEPLL C
obwell namsamsio U KOMIbIOMePdl ¢ pacnpeoeneHHOl NAMAMbIO.

KommbroTepsl ¢ o0uieil namMsTelo (My1smunpoyeccopul, KOMnvlomepsl ¢ pazoe-
JISleMOU NAMAMbI0) COCTOIT U3 HECKOJbKUX (OAMHAKOBBIX, BO3MOXKHO) MPOLIECCO-
POB, UMEIOLIUX PABHOMPUOPUTETHBIN OCTYN K OOIEH MaMATh C €JUHBIM aJipec-

HBIM TpOCTpaHCTBOM (puc.7a).
+ss [Npoueccop | TUOUYHBIN PUMEDP TAKOW apXu-
i TEKTYpPbl — KOMIIBIOTEPHI KJIacca
X L i i SMP (Symmetric Multi proces-
lamsme Sors), BKJIOYAIOLIME HECKOJIBbKO
IPOLIECCOPOB, HO OJHY MaMsTh,
KOMIUIEKT  YCTPOWCTB  BBO-
Na/BbIBOJIa U ONEPAMOHHYIO
Mpoueccop | |Npousccop | |Mpoueccop MNpouyeccop CUCTEMY (‘S}’mmetﬁc’ O3Ha4acT
Pe— Fe— Fe— Pey— BO3MOXHOCTh Ka)JI0r0 IpoIliec-
f f copa BBINOJIHATH TO e, YTO U
L 1 10001 IOPYrou; 2+4-
KommynmKauHoHKan cpead poIeccCopHbie  cepBepbl  SMP-
APXUTEKTYPHI JIETKO MPUOOPECTH
6) MOYTH B JIOOOM KOMITBIOTEPHOM
PucyHok 7.— NapannenbHbie KOMMbIoTEPbI: ¢ obuweit  parasune). JJOCTOMHCTBOM KOM-
NaMATbIO - a) N C pacrnpenesieHHon NamM4aTbio — 6) HBIOTepOB c 061]16171 MAMSTBIO
SBJISIETCS (OTHOCUTEbHAS) NpPo-
Cmoma npocpamMmupo8anusi napaiiesvbHulx 3a0ay (HeT He0OXO0AUMOCTH 3aHUMATh-
Csl OpraHuM3anuei nepecbuloK COOOIIEHUN MEXIy NPOLECCOpaMy C LEIbl0 OOMeHa
JAHHBIMU ), MUHYCOM — HeO00CmamouHas macuimaoupyemocms (IpU yBEIUYCHUU
YHCIa MPOLECCOPOB BO3PACTAET KOHKYPEHLHMA 3a AOCTYyN K OOIIMM pecypcaMm — B
MEPBYI0 OuYepe/lb MaMATH, YTO OrPAaHUYMBAECT CYMMAapHYIO MPOU3BOIUTEIHLHOCTH
cucrembl). Peanbabie SMP-cuctemsl cosiepxaTt 00bIYHO HE OoJiee 32 mpoIecCopoB,
JUISL JabHEHIIIEro HapaliuBaHUs BEIYUCIUTEIIBHBIX MOITHOCTEN MOJOOHBIX CUCTEM
ucnionszyercss NUMA-texnonorus (cM. Huxke). OreuectBeHHo  SMP-
paszpabotkoii sBasiercs IBM ‘Onsbpyc-1° (B.C.bypyes, 1980) ¢ ObicTpoaeiicTBH-
em 710 15 muH. om./c. (125 muH. om./c. s ‘Onb0Opyc-2’); KOMIBIOTEPHI 3TON MOJIe-
JM A0 cux mop oOecrneyuBalOT (YHKUIMOHUPOBAHUE CUCTEM MPOTHBOPAKETHOU
000pOHBI M KOCMUYECKUX BOiCK Poccum.

II'IpDu,ecl:cpI |I'Ipou,ecl:cp| |I1poL|,eccup
& & .
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B xommnbloTepax ¢ pacnpeneseHHON NaMAThIO (MYIbMUKOMNbIOMEpPHble CUcme-
Mbl) KOKIbIN gbiyuciumenvusii y3en (BY) sBiseTcs MOJHOLEHHBIM KOMIIBIOTEPOM
¥ BKJIFOYAET MPOIECCOp, MaMsITh, yCTPOMCTBA BBOAA/BBIBOJIA, OTIEPAIMOHHYIO CHC-
TeMy U Ap. (puc.70). TunuuHell npuMep TaKOW apXUTEKTYpPbl — KOMIIbIOTEPHBIE
cucrtembl kiacca MPP (Massively Parallel Processing), B KOTOPBIX C MOMOIIIbIO
HEKOTOPOW KOMMYHHKAIMOHHON Cpeabl OOBEIUHSIOTCS OJHOPOJHBIC BBIUMCIIH-
TENbHBIE y31bl. JJOCTOMHCTBOM KOMIBIOTEPOB C paclpeeieHHOW MaMsThIO SBIIS-
eTcst (ouTH HeorpaHWYEHHas ) Macumabupyemocms, HEAOCTaTKaMH — HEOOXO 1-
MOCTh MNPUMEHEHHUS CIEUUATU3UPOBAHHBIX MPOTPAMMHBIX CPEICTB (O6ubiuomex
obmena coobujenusmu) AJid OCYLIECTBICHUS] 0OMEHOB MH(pOpPMALIE MEXIy BbI-
yucnurenbubiMu y3iamu. s MBC ¢ obweld u pacnpeneneHHoil naMsThio HC-
MOJIB3YIOTCSl TEPMHUHBI CUTLHO- U CIAOOCBA3AHHBLE MAUUUHBI COOTBETCTBEHHO.

Kak Ob110 MMOKa3aHO, MPOU3BOIUTEIBHOCTh KAaHAJIOB OOMEHA CHIIBHO BIMSET Ha
BO3MOXHOCTb 3()(PEKTUBHOIO pacnapauieIMBAHUsI, TPUUYEM TO BAXKHO ISl 000UX
paccMOTpeHHBIX apxuTekTyp. [Ipocreiiieit cucmemol KomMmyHuKayuu SBISETCS
oowas wuna (puc.8a), KOTopas CBA3BIBAET BCE MPOIECCOPHI U MaMsTh, OJHAKO Ja-
K€ TPU YUCJIE YCTPONCTB Ha IIMHE OOJIbIIIE HECKOJIBKHX JECSITKOB MPOU3BOIM-
TENBHOCTh IIMHBI KAaTaCTPOPUUECKH MaAaeT BCIEACTBUE B3aUMHOTO BIUSHUS U
KOHKYPEHIIMU YCTPOWCTB 32 MOHOIOJBHOE BIaJCHHE IIMHON Mpu OOMEHaX JaH-
HBIMH.

Moaynu naMaTi

Npousccopil

7959 9

i
X
tELE

Npougccopel

Nepexmovarens 2x2

Nepexmoqarens

a) 6) B)

PucyHok 8.— MHoronpoLeccopHble cUCTeMbl C OBLLEN LUMHOWN - @), C MaTPUYHbIM KOMMYyTa-
TOopom — 6) n ¢ KackagupoBaHuem kommyTaTopoB (Omera-ceTb) — B)

[Ipn mocTpoenun Gosiee MOIIHBIX CUCTEM (KOMMYTAIUsl JECATKOB/COTEH YCT-
POMCTB) UCTIONB3YIOTCS O0JIee N30MIPEHHbIE TT01X01bI. D(HPEKTUBHON (HO TOPOTOit
BCJICJICTBUE 3HAUUTEIHLHOTO 00beMa 000OpYJOBaHUS) SBIAECTCS CXeMa MAMpUUHOU
kommymayuu (puc.80), Ipu KOTOPOW YCTPOWCTBA CBA3BIBAIOTCS MEXIy COOOMU
JIBYHANIPABJICHHBIMU TEPEKIIIOYATEIIMU, Pa3pelIalonuMy WK 3alpenialonuMu
nepenayy WHQOpPMAIUA MEXAY COOTBETCTBYIOIIUMH MOAYJSMU. AJbTEPHATUBOU
SBIIICTCA KACKAOUpOBAHUe nepexuoyamesiell; HanpuMmep, no cxeme Omera-ceTH,
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puc.8B. Ilpu 3TOM KakIblil mepeKtouaTeab MOKET COCAMHSTH JIIOOOH U3 JBYX
CBOMX BXOJIOB C JIFOOBIM M3 JIBYX BBIXOJOB, JJII COEIMHEHHUS N MPOIECCOPOB C N
0J0KaMH NaMATH B 9TOM ciiydae TpeOyeTcs nxlog,n/2 nepexirodarenei (BMecTo

n? 1o cxeme puc.86). HemocraTtok cxeM ¢ KacKaupoOBaHHEM KOMMYTAaTOPOB — 3a-

JIEP’KKU cpabaThiBaHUs Mepekiiovareneil (Ha cxeme puc.8B Mpu IMPOU3BOJIBHOM
COCIMHEHMM CHTHAJ BBIHYKJIEHHO MPOXOJMT MOCIENOBATENbHO Yepes [og,n me-

peKJIrouaTesneil BMECTO €IMHCTBEHHOIO 10 cxeme puc.80).

st cucteM ¢ pacnpenerneHHOW MaMsSThbl0 HMCHOJB3YIOTCS MPAKTUUYECKH BCE
MBICJIIMbIEC BAPUAHTHI COEAMHEHUH (CM. pucC.9), TpH ITOM MapaMeTPOM KayecTBa ¢
TOYKHU 3PEHUSI CKOPOCTH Mepeayr COOOLIEHUMN CIIyKUT BEIMYUHA CpeoHell OJIUHb]
nymu, COEAMHSIIONIETO MPOU3BOJILHBIE MTPOLIECCOPHI; MPU 3TOM UMEETCS B BUILY (u-
3uyeckull nNymv, T.K. peain30BaTh JOTMYECKYIO TOMOJOTHIO (IPOrPaMMHBIMU CPE/I-
CTBaMU) HE MPEJICTABISET TPYIHOCTEM.

@ ®
(8)
O,
@ @ ! ®
? \9
© ®
a) 6) B) r
1100 1101
110 it 0101
0700
0110 0111
1010 1011
1000 |00101 1 0011
0000 0001
A) e) 3) u)

Pl/lcyHOK 9.— BapVIaHTbI TOMONOrMM CBA3N npoueccopoB B MHOronpoueccopHbiX BbIYUCIIN-
TeJlbHbIX CMCTEMaX

[Tpocreitmas unetinas mononozus (puc.9a) ymoBIETBOPUTEIHLHO COOTBETCTBY-
€T MHOTHM aJIFCOPUTMaM, JIJIsl KOTOPBIX XapaKTepHa CBSI3b JIUIIh COCEAHMX MPOIIec-
COB MeXay coOoi (OZHOMEpHBIE 3a/Ja4ydl MaTeMaTHYeCKOH (U3WKH U MHOTOMED-
HbIC, CBOJIMMBIC K OJIHOMEPHBIM); HEJJOCTATOK — HEBO3MOXKHOCTH IEpeIauu cO00-
IICHUH TP pa3phIBE B JTIOOOM MecTe. Y MEHbBIIICHUE BIABOE CPEAHEH JTMHBI TyTH U
TIOBBIIIICHUE HAJICKHOCTH CBSI3H (IIPH HAPYIICHUU CBS3H COOOIICHHSI MOTYT OBITh
nepesaHbl B IPOTHUBOIOIOXKHOM HAIMPABICHUH, XOTS W C MEHbBIIEH CKOPOCTHIO)
JOCTUTACTCS COCIMHEHHUE MEPBOTO y3Ja C MOCICAHUM — TOIYYaeTCs MONnoL02Us
‘xonvyo’ (puc.96). Tononocusn ‘36e30a’ (puc.9B) MakKCUMaJIbHO OTBEYAET pacIpe-
JICJIEHUIO HATPy3KH MEXAY MPOIECCaMHU, XapaKTePHOU ISl CHCTEM 'KIIMEeHT/cepBep
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(rmaBHBIN y3en ‘pa3zfnaer’ 3aJaHus U ‘coOMpaeT’ pe3yJibTaThl pacyeToB, IPU 3TOM
MOJIYMHEHHBIE Y3JIbl IPYT C APYTOM B3aUMOACHCTBYIOT MUHUMAJIBHO).

Tononorust ‘pewemxa’ (puc.9r) ucnonwszoBayiach emie B Hadaine 90-x r.r. mpu
nocTpoeHuu cynepkommbtotepa Intel Paragon Ha ocnoBe mporeccopon 1860 [1,4];
HaXO0XXJICHUE MUHUMAJILHOTO MyTH TIepeaadn JaHHBIX MEXy mpoiieccopamu A u B
(xoopnunarsl [1,1,3] u [2,2,3] cooTBeT-
CTBEHHO ) JJIsl TOIOJIOTHUHU ‘TpeXMepHas
peurerka’ wimoctTpupoBano puc.10. To-
noJyioruss  ‘0ogymepusviti mop’ (puc.9n)
pacmupsieT ‘IBYMEPHYIO PELIETKY JIO-
MOJIHUTEIBHBIMU CBSI3SIMU, CHUKAIOIIIH-
MU JIJIMHY CpeHEero myTu (camo coOoi,
BO3MOXKEH U ‘MpexmepHulil mop’) U Xa-
pakTepHa aiist cereBor TexHosiorun SCI
(Scalable Coherent Interface), npenia-
raemoil gupmoii Dolphin Interconnect
Sol. (http://www.dolphinics.com). [Ipume-
Hsercst (puc.9e) XapakTepusyrolasics

HaJIMYKEM CBS3HM KaXKJOTO Mpolieccopa ¢
PucyHok 10.— HaxoxaeHne  MWHUManbHOro

(9
nyTM Ans nepenaun coobieHmi mexay KAKIBIM TPEXMEPHAsS TOTONOTHS ‘KITH-
npoueccopamu B tononorun  Ka’ (Clique). Ha puc.93) npuBeneH 006-

'TpexmepHas pelueTka’ M BUJ TOMOJIOTUH MOJHON CBSI3U BCEX
IIPOLIECCOPOB MEXKIYy COOOM; Takas TO-
MOJIOTUS XapaKTepU3yeTcsl HauMEHbIEeH (TOXKIACCTBEHHO €IWHUYHOMN) IJIMHOU
CpEIHEro MyTH MEXAY IPOLECCOPAMU, OJHAKO annapamuo npakmuyecKu Hepea-
Ju3yema NpyU 3HAYUTEIBHOM YHCIIe TPOLIECCOPOB BCIEACTBUE KaTacTPOPUUIECKOTO
pocTa uncia cBa3eil (0JJHaKO YacTO MPUMEHSIETCS] B KAUE€CTBE GUPHIYATbHOU MONO-
Jlo2uly, peasu3yeMblil Ha IOTHYECKOM YPOBHE MPOTrPaMMHBIMU CPEJICTBAMH).
Hns Tononorun ‘eunepky6’ (puc.9m) xapaxkTepHa COKpallleHHasi JJIMHA CpeaHe-
ro MyTH U OJIM30CTh K CTPYKTYpaM MHOTHX aJTOPUTMOB YHUCIICHHBIX PACYETOB, YTO
o0ecreynBaeT BBICOKYIO MPOU3BOAUTENIBHOCTh. N-MEpHBIA THIEPKYO COAEPKUT

2N nponeccopos. J[ByxMepHbIil THIIEPKYO - 3TO KBaapaT, TPEXMEPHBIH THIIEPKYG
00pa3yeT OOBIUHBIN KyO, a YETBIPEXMEPHBIN TUIIEPKYO MpEICTaBISIET cO00i Ky B
kyOe. [l cemeiictBa cynepkomibioTepoB nCube 2 (M3BeCTHAsE TECHBIM COTPY/I-
HUYECTBOM B oOjactu mapayienbHbix 0a3 maHHbIX ¢ ORACLE ¢upma nCUBE
Corp., ceituac monpasuaenenne C-COR, http://www.c-cor.com) THIEPKYO MakcCH-
MajpHOM pasmepHocTH 13 comepxut 8192 mpoueccopa, B cucreme nCube 3 gucio
MIPOIIECCOPOB MOXKET OCTUTATh 65536 (16-MepHBIi THIIEPKYO).

B kaudecTBe OCHOBHBIX XapaKTEPUCTUK TOMOJIOTMH CETU NEpelayu JaHHbIX 4yac-
TO UCTOJIB3YIOTCS CIEAYIOIINE MOKA3aTENN:
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o JluameTp ompenenseTcs Kak MaKCHMalbHOE paccTosHUE (OOBIYHO KpaTdaii-
MIUX MYTh MEXAY MPOIECCOpPaMu) MEXIY ABYMSI MPOILIECCOpaMHU B CETH, 3Ta
BEJTMYMHA XapaKTepU3yeT MAKCUMaJbHO HEOOXOAMMOE BpeMs IS Tepenadu
JAHHBIX MEXIy MpolleccopaMu (BpeMsl Nepeiadyd B MEPBOM NPUOIMKEHUU
IPsIMO ITPOTIOPLUOHANIBHO JUTUHE Ty TH).

e CBAIBHOCTB (commnectivity) - TIOKa3aTelb, XapaKTEPU3YIOIIUN HAJIMYUE Pa3HbIX
MapuIpyToOB ME€peNavn JTaHHBIX MEXKY MPOIECCOPAMU CETU; KOHKPETHBIA BUJL
MOKa3aTessi MOXKET OBbITh OMpenesieH, Hamp., KAK MHUHHUMAJIbHOE KOJIUYECTBO
JyT, KOTOPO€ HAA0 YIAJuTh IS pa3leJiCHUs] CETH TNepelayu JIaHHBIX Ha O8e
HeceA3Hble 0baacmu.

o lllupuna 6unapHoro aenenus (bisection width) - mokazareinb, ONpeaeIIeMbIN
KaK MUHHUMAaJIbHOE KOJIMYECTBO JIyT, KOTOPOE HAJO0 YIAIUTh AJIS pa3elICHUs
CEeTH Tepeiadynl JaHHBIX Ha IBE HeceA3Hble 001acmu 00UHAKOBO20 pazmepd.

e CTOMMOCTL OMpeJENseTCs, Hamp., KaKk o0Iee KOJUYECTBO JIMHHUM TMepeaadn
JAHHBIX B MHOTOIIPOLIECCOPHON BBIYUCIUTEIBHON CUCTEME.

KosmmuecTBeHHbIE 3HAUYEHUS ATHUX IIOKA3aTeNed ISl Pa3jIMyHOM TOIIOJIOTUM Ce-
Tel mpuBeAeHBI B padote [3].

EcTtecTBeHHBIM mpejcTaBisieTcss 00bEAMHEHUE MPEUMYIIECTB CUCTEM C OO0IIei
(oTHOCUTEIIbHAST MPOCTOTA CO3JAaHUs MapajuleNIbHBIX MPOTPaMM) M paclpeiesieH-
HOM MaMsThIO (BBICOKAs MACIITaA0MPYEMOCTh); PEIIEHHEM ATOTO BOMPOCa SBUIOCH
co3ganue komnbioTepoB ¢ apxutektypoit NUMA (Non Uniform Memory Access);
B 3TOM CMBbICTIe Kinaccuueckne SMP-kommbioTepsl 06nagatoT apxutekrypoin UMA
(Uniform Memory Access). Ilpu 3ToM nipuMeHsieTCs MeXaHu3M (O0OBIYHO armapar-
HOTO YpPOBHSA — 4YTO OBICTpEE), MO3BOJSIONMINNA IOJIH30BATEIHCKAM IMPOTpaMMaM
paccMaTpuBaTh BCIO ((PU3UUECKH) pacIpeieNICHHYI0 MEXKIy MPOIIECCOPAMU MaMSTh
KaK euHoe aapecHoe npoctpanctBo. [Ipumepamu NUMA-KOMIIBIOTEPOB ABISIETCS
noctpoeHHas emie B 70-X T.T. U coaeprKarias 00beTMHEHHbBIN MEXKIACTEPHON IIIH-
HOU Habop kimactepoB cucreMa Cm* U 00bEIUHAIOMMKN 256 MPOIECCOPOB KOM-
wiekc BBN Butterfly (1981, pupma BBN Advanced Computers).

Henocrtatkamu NUMA-KOMIBIOTEPOB SIBISIETCSA BCE K€ 3HAUUTENIbHAS pPa3HUIlA
BpEMEHU 00pallleHns K COOCTBEHHOH (JIOKaIBHOMN) MaMsITH JAaHHOTO MpoIieccopa u
naMsATA CTOPOHHUX TMPOIIECCOPOB, a TaKxke npoobaema kdowia (cache coherence
problem) - B ciay4yae coxpaHeHHUs mporieccopoM II; HEKOero 3HaueHUs B sSUEHKe

N; 1pu nocienyromnen NonbITKE MPOYTEHU JAHHBIX U3 TOH ke A4erdku N mpo-
neccopom II, mocienHuii MONy4YUuT 3HAYeHUE U3 Kduia Impoueccopa Iy, koropoe
MOXKET HE COBIAJaThb C UCTUHHBIM 3HAYCHUEM IICPEMEHHOU B suerke Np, eciu
K11 mpoueccopa I1; eme He ‘cOpomien’ B namsaTh (0 yem mpoueccop I1, ‘3Hate’

HEe 00513aH).
Jyisa perieHust mpoOJIeMbl KOTEPEHTHOCTH (COOTBETCTBUS, OJJMHAKOBOCTH) KOIIIA
npeiokeHa u peaim3oBana apxutekrypa ccNUMA (cache coherent NUMA), no-
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3BOJISIFOILASA (MPO3PAYHBIMU JIJIS TTOJIH30BATENS) CPEJICTBAMU JIOCTUTaTh COOTBETCT-
BUS K3ILEH MPOLIECCOPOB (YTO TPEOYET JOMOIHUTENbHBIX PECYPCOB U, COOTBETCT-
BEHHO, CHUKAET MPOU3BOAUTEIBHOCTD). TunuunsiM o0paziom ccNUMA -ManuHbl
apisiercst HP Superdome (2+64 cynepckamsipasix npoueccopa P-8600/P-8700 c
BO3MOXKHOCTBIO JalIbHEHIIEro HapamuBaHus, 256 ['06aliT onepaTUBHOU MaMATH,
MUKOBasi MPOU3BOAUTENBHOCTE 192 ['diomnc B 64-mporieccopHOM BapuaHTe,
http://www.hp.com/go/superdome).

B cucremax c apxurektypoii COMA (Cache-Only Memory Architecture) na
BBIYHMCIIUTEIBHBIX Y3JIaX MPEIyCMOTPEHbI JOMOJHUTENbHBIE (MOCTPOCHHBIE MO-
NOOHO CTPYKTYpe K3II-NIaMATH) U Ha3biBaeMble AM (Attraction Memory, ‘npumsi-
eusarowas namams’) JoKanbHble MOAYIU namsaTu. [lpu oOpamenun k GpparmeHTy
naMsTH CTOPOHHEro Ipolieccopa MOCTYNUBIIMK ()parMeHT pa3MellaeTcs Kak B
KALI-MIaMSITU 3alpallliBaloIIero mpoueccopa, Tak U B ero AM (paHee pa3melleH-
HBIM (DparMeHT MpU 3TOM MOXKET ObITh BBITPYKEH); MPU HEYJTAYHOM IOUCKE (npo-
Maxe) B K3LI-MAMSTU KOHTPOJUIEP MaMsITH mpocMarpuBaeT AM u, eciii HyHOTro
(¢parMeHTa HET M TaM, UHULMHUPYET 3alpOC HA €ro KOMHUPOBAHUE U3 JIOKATbHON
MaMsATHA COOTBETCTBYIOIIETO BBIYMCIUTEIBHOTO y3ia [4].

2.2. PacnipenesieHue BbIYUCICHUH U JAHHBIX B MHOTOIIPOLIECCOPHBIX BbI-
YHCJIUTENbHBIX CHCTEMAaX ¢ pacnpeaeJeHHoN NaMAThIO

B cnydae Haimuus B cOCTaBE€ MHOTONPOLIECCOPHOM BBIYMCIUTEIBHON CHCTEMBI
(He-NUMA cTpyKTypbl) BBIYUCIHUTENBHBIX Y3JI0B C JIOKAJIbHON ONEpaTUBHOW Ma-
MATBIO KPOME PACIIPEICIICHUS] YaCTEW BBIYMCIICHHS 1O OTAENIbHBIM BY BaxkHO pa-
YUOHAIbHLIM 00pazom pacupenenuTh mo uMmeronmmcs BY nannbeie (Hampumep,
O50KK 00pabaThIBa€MbIX MAaTpPHIl 3HAYUTENHHOU pa3MepHOCTH). Jleno B TOM, 4TO
3aTpaThl BPEMEHH Ha OOMEH JTAHHBIMU MEXIy 00palaThIBaIONIUMU T TaHHbie BY
u BY, Xpansmumu 3TH JaHHbIE B CBOeH jokanbHOM OII, MOXeT Ha mOpsSaKku 3a-
MEJIJTUTh MPOILECC BHIYUCIECHUM.

ScHo, uTO pacmosiokeHre OOJIBIIOTO MyJia JaHHBIX HA OJTHOM (HAmpuUMep, mep-
BOM B criicke) BY Bpsn nmu menecooOpa3Ho BCISACTBUEC HEM30C)KHOW 3HAYHMTEIIb-
HOW MOTEpPH BPEMEHHM Ha OPTaHU3AIMIO MEPEChUIOK OTACIBbHBIX OJOKOB 3THUX JIaH-
HBIM oOpabaTtsiBaronuM BY (He roBops yxke o Bo3moxknor HexBarke OII). C mpy-
TOi CTOPOHBI, YUCTO opMaIbHOE pa30MEHNE JaHHBIX HAa paBHOE unciay BY uucio
OJIOKOB YPEBATO TEM KE.

PanmonanbHOe pacnpeqieieHne JaHHbIX MO JIOKaIbHBIM OIl BBIYMCIUTEIBHBIX
y3JI0B  JIOJDKHO COBEPIIATHCSA C YYemom uacmomsl oopaweHus xasxtcooco BY k
Kaxcoomy ON0KY OAHHBIX, DPACNONONCEHHbIX HA coomeemcmeyowux BY mnpu
CTPEMJICHUH K MUHUMM3AIUU YKCTIa OOMEHOB, YTO TPEOYET OMPEICICHUS MOHKOU
UHGDOPMAYUOHHOU CIMPYKIMYPbL ANCOPUMMA.

Kazanocek 0b1, B 00111€M CiTydae BO3MOXKHO TOCTPOEHUE HEKOEH (yHKyuu mpy-
doemkocmu (HaPUMEP, B CMBICIIE BPEMEHH) BBIYMCIIEHUI, YUYUTHIBAIONIEH KakK pe-
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CYpCHBIE 3aTpaThl HA COOCTBEHHO BBIYMCIEHUS TaK U TPYJIOEMKOCTh OOMEHOB MpHU
3aJJaHHOM paclpelelICeHUd JaHHbIX N0 BY W nanbHeWInern MUHUMHU3ALUUHA ITOM
byHKUMM 10 mapaMmeTpy (mapameTpaMm) pachpeleieHUsl AaHHBIX; NPUYEM CaMo
pacupeneseHue MOXKET SBISAThCS H3MEHAEMbIM (JIMHaMH4YecKuM). PeanbHO TmO-
CTpO€HHE MOJO0OHON (PYHKUMHU 3aTPYJHEHO BCIEACTBUE HEOOXOAUMOCTH KOJIHYE-
CTBEHHOTO (11 KOHKPETHOW BBIYUCIMTEIbHOM CUCTEMBI) ONpPENENEHUs BPEMEH-
HBIX [TapaMETPOB BBINOJHEHUs Onepaluuil (B T.4. CETEBBIX, C yUETOM pealbHOM 3a-
BUCHUMOCTH CKOPOCTH OOMEHa OT JUIMHBI COOOIICHUs, TeEM 0oJiee MPU yUeTe Heoo-
HOpPOOHOCMU BBIYMCIUTENbHBIX y3JI0B) U BBISBICHUU 3HAYUMbBIX MApaMETPOB OIl-
tuMu3auu. [IpereHeHToM Ha posb N0I00HOW (DYHKIIMM MOXET CIY>KUTb, HAIIp.,
BBIIICONMCAHHBIN cemegoll 3akon Amoans. HekoTopble CUCTEMBI MPOTrPaMMUPO-
BaHud (Hamp., mpC, cM. noapaszaen 4.1) o01anar0T BCTPOCHHBIMU CPECTBAMHU /IS
OCYLIECTBJIEHUS OAIAHCUPOBKU MPOU3BOJUTEIBHOCTH.

B cranpapTHbIX nmakerax peuieHus 3aaad jauHeitHoi anredpel ScaLAPACK wu
AZTEC ucnonb3yroTcsi OCHOBAHHBIE HA TEOPETUUECKOM AHAIM3E U JI0JTOBPEMEH-
HOM NpakTUKE METOJbl pacHpeleieHUs] JaHHBIX MO BBIYUCIUTEIBHBIM Y3JlaM
(BKJIIOYAs CrieMANIbHBIE TEXHOJOTUHU, HAIIP., OI0YHOe pacnpeoeneHue ¢ meHegblMU
epansamu, [3,5]).

2.3. Knaccupukanus napauieibHbIX BBIYMCIUTEIbHBIX CHCTEM

Knaccuduxamust apXuTeKTyp BBIYUCIUTEIBHBIX CUCTEM IMPECIETYET 1IEJIH BBISIB-
JICHUE KaK OCHOBHBIX (DaKTOPOB, XapaKTEPUIYIOUIUX KXKIYI0 apXUTEKTYpy, TaK U
B3aMMOCBSI3€H MapalieIbHbIX BBIYUCIUTEIbHBIX CTPYKTYp [1]. TlonmbiTku BBICTPO-
UTh (BO3MOKHO HEMPOTUBOPEUMBDIE) KIACCU(PUKALUNA HAYAIIUCH TIOCIIE OMyOJINKO-
BaHud B KoHIle 60-x r.r. M.dauHHOM NepBOro BapraHTa KiiaccupuKauu.

Knaccugpurxayua M. Daunna (M.Flynn). OcHoBolt 3toi kinaccudukamuu (1966
r.) SBIAETCA MOHATHE NOMOKA KaK TOCJIEeI0BATEIbHOCTH KOMaHj ([nstruction
stream) u naHubIX (Data stream), o0padaTbiBaeMas MPOIECCOPOM.

SISD (Single Instruction stream / Single Data stream) — OTMHOYHBIN TIOTOK KO-
MaHJl U1 OAMHOYHBIN MOTOK AaHHBIX; K SISD-kitaccy OTHOCSTCS KJIaCCUYECKUE T0-
cienoBareibHbie ((poH-HeilimaHOBCKOTO THIA) MamUHbBI (HAIp., BCEM H3BECTHAs
PDP-11). B Takux MammnHax UMeETCs TOJIBKO OJIMH MOTOK (MOCIe0BaTeIbHO 00-
pabaTbIBaeMbIX) KOMaH/I, KaXk/1ask U3 KOTOPbIX MHULUUPYET OJIHY CKAISIPHYIO OIle-
panuio. B 3TOT Kilacc momajgaroT ¥ MalIMHBI C TEXHOJOTHMEH KOHBeHepHOW olpa-
OOTKH.

SIMD (Single Instruction stream / Multiple Data stream) — OTMHOYHBINA TTOTOK
KOMaHJ Hapsily CO MHOXKECTBEHHBIM IMOTOKOM AaHHBIX. [Ipu 3TOM coxpausiercs
OJIMH MOTOK KOMaH/l, HO BKJIIOYAIOUIUI BEKTOPHBIE KOMAH/IbI, BBIMOJIHSIONIUE OJTHY
apuMEeTUUECKYI0 OMepalrio cpa3y HaJl MHOTMMH JIaHHBIMU (Hamp., OTAEIbHBIMU
AJIIEMEHTaMH BEKTOpa). BhIMoIHEHNE BEKTOPHBIX ONEpaliii MOKET MPOU3BOIUTHCS
Matputiei nporeccopoB (kak B mamuHe ILLIAC IV) wim koHBe#iepHBIM criocoOoM
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(Cray-1). ®aktuuecku mukpormnpoueccopsl Pentium VI u Xeon ¢ HaGopoM HHCT-
pyxkunit MMX, SSE, SSE2 saBnsttorcst onHOKpUcTauibHbIMU SIMD-cucrtemamu [4].
N3 oteuectBeHHbIx SIMD-cuctem cienyet Ha3zpath [1C-2000 (MucTuTyT ipobiem
ynpasinenust PAH, X.B.Ilpancuweunu, 1972 +1975) — BeicokonapasienbHas KOM-
NbIOTEpPHAsi cucTeMa Iyt  o0paboTku MHGPOPMAIMU C TMPOU3BOJUTEIBHOCTBIO 10
200 muH.om./c.

MISD (Multiple Instruction stream / Single Data stream) — MHOXECTBEHHBIH
NOTOK KOMAaHJl M1 OJMHOYHBIN MOTOK JaHHBIX. APXUTEKTypa Mopa3yMeBaeT HaJlU-
Yhe MHOTHX MPOLECCOPOB, 00pabdaThIBAIOLIMX OJUH U TOT K€ MOTOK JIaHHBIX; CUH-
TAeTCsl, YTO TAKUX MAIIMH HE CYLIECTBYET (XOTS C HEKOTOPOW HATSKKOU K 3TOMY
KJIACCY MOYXHO OTHECTH KOHBEWEPHBIE MAILIMHBI).

MIMD (Multiple Instruction stream / Multiple Data stream) — MHOXXECTBEHHbBIC
IIOTOKM Kak KOMaHJ, Tak ¥ JaHHbIX. K kmaccy MIMD npuHamnexaT MalldHbI
JIBYX TUIOB: ¢ yrpaBieHueM ot noroka komaua (IF - instruction flow) n ynpasie-
HueM ot notoka gaHubiX (DF - data flow); eciiu B KOMIbIOTEpax MEPBOTO TUIIA UC-
N0JIB3YETCSl TPAAUIIMOHHOE BBIMIOJHEHUE KOMAHJ HOCIE008AMENbHO UX PACNOJIO-
JiCeHUs B TIPOrpaMMe, TO BTOPOM THUIl MPEANOJaraeT akTUBALMIO ONEepaToOpoOB 71O
Mepe ux mekyweti 2comosHocmu (MOApoOHee CM. mojpasaei 2.5 TaHHOW paboThI).
Knacc npenmnonaraer HaJMyue HECKOJIBKUX OOBEAMHEHHBIX B €IMHBIA KOMILIEKC
IPOLIECCOPOB, pa0OTAIOMIMI KaXblii CO CBOUM IMOTOKOM KOMaHJI U JaHHbIX. Kiac-
cudeckuil pumep - cucrema Denelcor HEP (Heterogeneous Element Processor);
coepxkut 10 16 npoueccopubix monyneit (PEM, Process Execution Module), ue-
p€3 MHOT'OKACKA/IHBIM MEPEKII0YATENb CBS3aHHBIX CO 128 MoaynsamMu naMmsTy JaH-
HbIX (DMM, Data Memory Module), npuyem Bce MpOLIECCOPHBbIE MOAYJIH MOTYT
paboTaTh HE3aBUCUMO JAPYT OT JApPyra CO CBOMMHU NOTOKAMHM KOMAaHM, a KaXKIbIi
IPOLIECCOPHBIA MOAYJIb MOXKET MOJAEPKUBATH 10 S0 MOTOKOB KOMaHJ MOJIb30Ba-
tened. OTedecTBEHHbIA MpeAcTaBuTeNb MalnHbl MIMD-apXUTeKTypbl — BbIUHC-
autenbHbie cucteMbl EC-2704, EC-2727 (xonen 80-x r.r., HUIIDBT), mo3Bosto-
U OJHOBPEMEHHO KCIIOIb30BATh COTHH MPOIIECCOPOB.

Knaccugurayua P.Xoxknu (R.Hockney). B 3ToM ciiydyae kiaccuGUUUPYIOTCS
(6onee moapoOHO) KoMmbioTephl Kiacca MIMD no ®@nunny [1]. OcHoBa Kiaccu-
(duKauu - BbIJCICHHE CIOCOOOB peanu3aluyd MHOXKECTBEHHOI'O MOTOKAa KOMaHJ:
€IMHBIM Pa0OTAIOIIMM B PEXKUME PA3ACIICHUS ISl KaXKI0TO MOTOKA KOHBEHEPHBIM
YCTPOMCTBOM  WJIM HECKOJIBKUMH YCTPOMCTBaMH, 0OpadaThIBAIOLIMMHU KaxJ0€
CBOM IIOTOK. BTOpOI BapuaHT NpeACTaBIICH ABYMs pealu3alusMu — C IIEPEeKIIroYa-
TEJISIMU, JAIOUMMHU BO3MOKHOCTh OCYILIECTBUTH MPSIMYIO CBSI3b MEK/y BCEMU IPO-
LECCOpaMU M CUCTEMaMH, B KOTOPBIX IpsiMasi CBSA3b Ka)XJOro Ipoleccopa BO3-
MOKHA TOJIBKO C ONMmkalllMMHU cocelsMH (IOCTYN K YJAJICHHBIM MPOLEccopaM
OCYLIECTBJISIETCS CHELUANIbHOW CUCTEMON MaplIpyTHU3alMu COOOILECHMI); KaKaas
peanu3anus UMeeT MOIKJIACCHI.

Knaccugurayua T.Denca (T.Feng, 1972). Kaxnas BblUMCIUTENbHAS CHUCTEMA
OMUCHIBAETCS Mapo yuceln (n,m), TAe 7 - YUCIO NapajyieNbHO 00padaThIBaEMBbIX
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€MHON KOMaH/J0i OUT B MAalIMHHOM CJIOBE, /1 - UUCJIO OJJHOBPEMEHHO 00padaThI-
BAEMBbIX CJIOB; MPOU3BEJICHUE P=nxm CyTb MAKCUMANbHAS CMENeHb NapauleIusmd
8bIUUCIUMENbHOU cucmembl (BETUUNHA, TPONOPLHUOHATIbHASI TUKOBOW MPOU3BOIU-
TENBHOCTH). Bce BhIUMCIUTENbHBIC CUCTEMBI T.0. IEJSTCS Ha:

pa3psIHO-TIOCIEA0BATENbHBIE, OCIOBHO-TIOCIEAOBATENbHBIE (n=m=1),
paspsIHO-TIapalijiebHbIe, MOCI0BHO-TIOCIeA0BaTENbHBIC (1> 1, m=1),
pa3psiIHO-TIOCIeI0BATENbHbIE, TIOCIOBHO NMapaiensHbie (n=1, m>1),
paspsIHO-TIapasuiesibHbIC, MOCT0BHO-TIapauieNbubie (n>1, m>1)

Knaccupukanuio d@eHra cuuTaroT ycTapeBIIEed M JAJIEKO HEMOJHO YYUThIBAIO-
e cnenupuKy COBPEMEHHBIX MHOTOMPOLECCOPHBIX BBIYMCIUTEIBHBIX CHUCTEM,
OJIHAKO €€ MPEUMYUIECTBO COCTOMT BO BBEACHHUH €OUHOOODA3HO20 YUCLO0B8020 Na-
pamempa sl CPaBHEHUs] BBIYUCIUTENbHBIX CUCTEM (Jlajiee hjesd CUsl pa3BHUTa B
KJaccudukanuu Xauuiepa).

Cornacno knaccugurxayuu B.Xanonepa (W.Handler) xaxnaasi BBIYUCIUTENbHAS
CHUCTEMa XapaKTepHU3yeTcs TPOUKOW uucen (B pacIIMPEHHON BapuaHTe — TPOMKOU
IPYIIl YKCeN U apu(PMETUKO-JIOTMUYECKUX BBIPAKEHUI), KOJUYECTBEHHO XapaKTe-
PU3YIOLIEN BO3MOKHOCTH BBIYMCIUTEIIBHON CUCTEMBI MO MAPAIIETBHOW U KOHBEU-
epHOi 00pabOTKe AAHHBIX (MPU STOM HE YTOUHSIETCS THI CBS3€M MEXIy mpouec-
copaMi U OJIOKaMU MaMsTH - alPUOPHO MPEAINOIaraeTcs, YT0 KOMMYyHUKAaMOHHAs
CEeTh aJIEKBAaTHO BBINOIHIET cBoU (pyHKIMH). Tpolika onpenensieT Tpu ypoBHS 00-
pabOTKU TaHHBIX:

® YpPOBEHb BBINOJIHEHHUS MPOrPaMMbl - HA OCHOBE JAHHBIX CYETUYMKA KOMAaH] U
JOTIOJHUTENBHBIX PETHMCTPOB YCTPOUCTBO yrpasieHus (YY) Npou3BOIUT BbI-
O0opky u aemudpannio HHCTPYKIIAH,

® YPOBEHb BBIMOJIHEHUS KOMaH] - apu(PMeTHKO-ToTHIecKkoe ycTporcTBo (AJIY)
VCIIOJIHSIET OYEPEAHYIO KOMaHy, BbIIAHHbIE Y'Y,

® ypoBeHb OWUTOBOW 00pabOTKM - 3yemeHTapHOU sorudeckue cxembl (DJIC)
IIpolieccopa BBIMOMHSIOT ONEPAlMM HAJl OTACJIbHBIMU OUTaMH JIaHHBIX, CO-
CTaBJISIOLIMX MAIIMHHOE CIOBO

[Ipu ob6o3naueHnuu uucia YY uepes k, B Kak10M U3 HUX yucio AJIY cumBoiom
kak d u yucio DJIC B kaxaom AJIY dyepe3 w, TO KOHKpETHas BBIYMCIUTEIbHAS
cucTeMa Kojaupyercs Tpoikoit uucen (k,d,w), Hanpumep:

e IBM 701> (1,1,36)
e SOLOMON > (1,1024,1)
e ILLAIC IV— (1,64,64)
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Pacmupenus cucrembl kinaccudukanuu XaHajiepa IMO3BOJSAIOT 0oJjiee TOYHO
KOHKPETU3UPOBATh BBIYUCIUTEIbHBIE CUCTEMBI (YUECTh YMCIIO CTYNEHEW KOHBele-
pa, AIbTEpHATUBHBIE PEKUMBI paOOThI BBIYUCIUTEIBHON CUCTEMBI U Ap., [1]).

Knaccugurxayusa JI. Ckunnuxopna (D.Skillicorn, 1989) npeanonaraer onucaHue
apXUTEKTYpbl KOMIIbIOTEPA KaK aOCTPAKTHOW CTPYKTYpPBI, COCTOAILIEH U3 KOMIIO-
HEHT 4 TumnoB (Ipoleccop KOMaH/l, MPOLECCOP JAaHHBIX, UepaApPXUsl NaMSATH, KOM-
MyTaTop):

o iporieccop komau (IP, Instruction Processor) - GyHKIIMOHATBHOE YCTPOUCTRBO,
paboTarolee Kak MHTEpPIPETaTop KOMaH I (B CUCTEME MOXKET OTCYTCTBOBATh),

o poueccop AaHHbIX (DP, Data Processor) - pyHKIIMOHAIbHOE YCTPOUCTBO, BbI-
noJHstoIee (QyHKIUU MPeoOpa3oBaHus NaHHBIX B COOTBETCTBHH C apudmMeTu-
YECKUMU OTICPAIHSIMH,

o« uepapxus namsatu (IM, Instruction Memory; DM, Data Memory) - 3anioMuHaro-
1iee YCTPOWCTBO, XpaHAIIEE MEPEChIAEMbIE MEXKIY MPOLECCOPaMU JAHHBIE U
KOMaH/IbI,

e IEpPEKIIOUaTeslb — (a0CTPAKTHOE) YCTPOUCTBO, OOECIIEUMBAIOIIEE CBS3h MEKIY
nporeccopamMu M namsIThio (CKUIUTMKOPHOM OMNpEEICHbl YeThIpe TUMa Tepe-
KJIFOUaTeJIeH ).

Knaccupuxanus JI.CKkuuMKOpHa COCTOUT U3 JIBYX ypoBHeH. Ha mepBom ypos-
HE OHA MMPOBOJUTCA Ha OCHOBE BOCbMH XapaKTEPUCTHUK:

. KonmnuectBo npoueccopo komans (IP).

. Hucno 3anoMuHamONMX yCTporucTB (Moyient namstu) komang (IM).

. Tun nepexmrouarens mexay [P u IM.

. KonmnuectBo npoueccopoB ganueix (DP).

. Hucno 3anoMuHAKOIIMX YCTPOUCTB (MOyJiel mamsitu) gaHHbiX (DM).
. Tun nepexmrouarens mexxay DP u DM.

. Tun nepexmrouareins mexay IP u DP.

. Tun nepexmrouarens mexay DP u DP.

01O DN AW

Ha BTOpOM ypOBHE yTOUHSIETCS ONTMCAHKUE TIEPBOTO YPOBHS MyTEM J100aBICHUS
BO3MOKHOCTH KOHBEHEPHOU 00pabOTKH KOMaH]I U JAHHBIX B MPOIECCOPAX.

CKUJUTMKOPHOM OOBSBIICHO, YTO 1IEJb KJIaCCU(UKAIIUN apXUTEKTYP 3aKII0YaeT-
Cs B BBIMYKJIOCTH TOKA3a, 32 CYET KaKUX OCOOCHHOCTEH CTPYKTYpHI JOCTUTAETCS
MOBBIIIEHUE MPOU3BOJUTEIIBHOCTH PA3JIMYHBIX BBIYMCIUTEIBHBIX CHUCTEM; 3TO
BKHO HE TOJBKO JUIsl BBISIBJICHUSI HAIMIPABJICHUM COBEPIICHCTBOBAHUS allllapaTHON
YaCTH KOMIBIOTEPOB, HO U ISl co37aHus Y(PPEeKTUBHBIX apaUIeIbHBIX IPOrpaMM.

JlonoJIHUTENbHBIE JAaHHBIE MO KJIACCU(UKAIMU APXUTEKTYP BBIUUCIUTEIbHBIX
cucteM (BKJIOYas M HE  LUTUPYEMble 3/1eChb  KJIACCU(PHUKALMUHU)  CM.
http://parallel.ru/computers/taxonomy/index.htm.
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2.4. MHOTrONpoumeccopHbie BHIYMCIUTEIbHbIE CHCTEMBI
¢ pacnpeaejieHHON NAMSThIO

C nocnenuero necsatuwietus 20 Bexka HaOMromaeTcsl TEHACHIIUA K MOHOIIOJIMU3A-
LUN apXUTEKTyp cynep-OBM cucrtemamu c pacnpeneneHHON MaMsThIO, IPUYEM B
KayecTBE MPOLECCOPOB HA BBIUMCIUTENBHBIX y3/aX BCE Yallle MPUMEHSIOTCS JIer-
KOJIOCTYITHbIE TOTOBbIE YCTpOoHCcTBA. OCHOBHBIMHM IIPEUMYILECTBAMU TaKUX CUCTEM
SBJIIETCA OTPOMHAsl MAacIITaOUPyeMOCTh (B 3aBUCUMOCTH OT KJlacca pelIaeMbIX
3a/1a4 U OIOJPKETa MOJIb30BaTENIb MOXKET 3aKa3aTh CUCTEMY C UMCIIOM Y3JIOB OT HE-
CKOJIBKUX JIECSITKOB /IO ThICSY); YTO MPHUBEJO K MOSBICHUIO HOBOI'O Ha3BaHUS IS
paccMaTpUBAEMBbIX CUCTEM — MACCUBHO-NAPANIENbHble KOMNbIomepbl (BbIYUCIH-
TelabHbIE cucTeMbl apxuTekTypsl MPP - Massively Parallel Processing).

JI>aan Xumuc, ocHoBaTenb komnanuu Thinking Machines, B 1982 r. mpone-
MOHCTPUPOBAJ MEPBBIA CYNEPKOMIBIOTEP C MACCUBHOM MapasuiebHONH 00paboT-
Kol (massive multiprocessing). Cuctema, nosyuusiias HazBanue Connection Ma-
chine (CM-1), Obuia ocHamieHa 64 ThIC. IPOIECCOPOB, KAXKABIA U3 KOTOPBIM HMEI
cobcTBeHHYIO mamsiTh. Ha cBoeit nmeppoit npe3entauuu CM-1 BbINOIHUIIA CKAaHU-
poBaHue 16 ThIC. cTaTel CO CBOJAKAMHU MOCIEAHUX HOBOCTEH 3a 1/20 cek. u paszpa-
0oTana MHTErpalIbHYIO CXEMY Mpoueccopa ¢ 4 ThIC. TPAH3UCTOPOB 32 TPU MUHYTHI.

BeinykneiMu nipeacrasurensimu MPP-cucteM sIBISIOTCS CynepKOMIIBIOTEPHI Ce-
pun Cray T3 (mpomeccopsl Alpha, Tomonorus ‘rpexmepubii top’, Cray Inc.,
http://www.cray.com), IBM SP (http://www.ibm.com,
http://www.rs6000.ibm.com/sp.html, coeIMHEHHBIE UEPAPXUUECKON CUCTEMOU BBICO-
KOIIPOU3BOAMUTENbHBIX KOMMYTaTopoB mpoueccopsl PowerPC, P2SC, Power3), In-
tel Paragon (http://www.ssd.intel.com, nByMepHasi MpsMOYroJjibHasi pelieTka Mpo-
reccopoB 1860) u ap.

MPP-cuctema cocTouT U3 OJAHOPOAHBIX GuluucaumenvHulx y3106 (BY), BkitO-
YaKOIINX:

e OAMH (MHOTI'JIa HECKOJBbKO) LIEHTPAIbHBIX MPOLECCOPOB (OOBIYHO apXUTEKTYPhI
RISC - Reduced Instruction Set Computing, 1jist KOTOpOU XapaKTEPHO JITMHHOE
KOMaHJIHO€ CJIOBO /I 3aJaHusl Olepalui, COKpalleHHbI HAO0Op KOMaHa U
BBITNIOJIHEHKE OOJILIIMHCTBA ONEPaliii 3a OJJUH TaKT IpoLeccopa),

o JIOKaJbHYIO NAMATh (IPUYEM MHPSIMOW JTOCTYI K MaMSATU JPYTUX Y3JIOB HEBO3-
MOEH ),

¢ KOMMYHHKAIIMOHHBIN Mpolieccop (MM CeTEBOM aaanrep),

e JKECTKHE TUCKH (HeoOs3aTeNbHO) /UK JPYTHe YCTPOMCTBA BBOIAa/BBIBOIA

K cucreme n0o06aBisitoTCSl ClielMaIbHBIE Y3Jibl BBOAA-BHIBOAA U YIPABJISIONINE
y37bl. BbIYMCIUTEIbHBIE y3JIbl CBA3aHBI HEKOTOPOU KOMMYHUKAYUOHHOU Cpedoul
(BBICOKOCKOPOCTHASI CETh, KOMMYTATOPHI U T.I1.).
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Texnudeckoe 00CTy’KMBaHHWE MHOTOMPOIIECCOPHBIX CHCTEM SBIIETCS HEMpPO-
cToi 3anaueit — npu yucie BY coTHu/Thicsun HEen30€XeH €XXEeIHEBHbIN OTKa3 He-
CKOJIBKUX W3 HUX; cucmema ynpaeienuss pecypcamu (IpOrpaMMHO-annapaTHbIA
KOMILJIEKC) MAaCCHBHO-NAPANIETbHOTO KOMIblOTEpa 00si3aHa 00pabaThiBaTh IMO-
NOOHBIE CUTyalluu B 00X0J KaTacTpo(PUUECKOro 00IIero pecrapra ¢ norepen KoH-
TEKCTa UCTIONMHSIOIIUXCS B TaHHBI MOMEHT 3a/1a4.

2.4.1. MaccuBHO-nIapaJjieibHbIe cynepkomMnbioTepbl cepuu CRAY T3

OcHoBannast Ceilimypom Kpoem (Seymour Cray, 1925+1996 r.r.) B 1972 r.
¢upma Cray Research Inc. (ceituac Cray Inc.), mpocnaBuBmiasicsi pa3paOoTKOI
BeKTOpHOTO cynepkommbioTepa Cray 1 (1975 r., omeparuBHas namsate 64 Mowur,
MTUKOBAs MPOU3BOAUTENBHOCTE 160 Mduornc), B 1993 + 1995 r.r. BeimycTHiIa MOIE-
o Cray T3D/T3E, moiHOCTBIO peanu3yromue MPUHIUI CHCTEM C MacCOBBIM Ta-
pamtenuzmoM (cuctem MPP-apxutextypsl). B MakcumanbHON KOHGUTYpaluu 3TH
KOMITbIOTEpbI 00beauHsoT 32 +2048 mporeccopoB DEC Alpha 21064/150 MHz,
21164/600 MHz, 21164A/675 MHz (B 3aBUCHUMOCTH OT MOJIEIH), BCA TpeaBapu-
TenabHas 00paboTKa M MOATOTOBKA MPOTpaMM (HaIp., KOMIWIISIIINS) BBITIOTHSAETCS
Ha yIPaBJISOIIEH MalllMHE (XOCT-KOMIIBIOTEPE).

Pa3zpabotunku cepun Cray T3D/T3E monumm mo myTH CO3MaHUS GUPMYATbHOLL
ooweu navamu. Kaxaplid mpoueccop MOXKET o0pamarbcs HampsSMyl TOJBKO K
CBOEH JIOKaJIbHOM MaMsTH, HO BCE Y3JIbl UCIOJIB3YIOT €MHOE aJIPECHOE MPOCTPAH-
ctBO. [Ipu mombITke OOpamieHus Mo MPUHAJISKAIEMY JTOKATbHOW MaMITH JAPYro-
ro mpoueccopa ajapecy reHepupyeTcsl CIEeHHAIM3UPOBAHHOE alapaTHOE MPEephI-
BAaHUE U OINEPALMOHHAS! CUCTEMA BBIMOJHSIET MEPECHIIKY CTPAHUIIBI C OAHOTO y3JIa
Ha JPYTOM, IpUUYEM BCIEACTBUE YPE3BBIUAWHO BBICOKOTO OBICTPOACHCTBUS (IOPO-
rOCTOSAIIEH BCJIEACTBUE 3TOT0) KOMMYHUKAIIMOHHOW CUCTEMBI (IIMKOBasi CKOPOCTh
nepenayu JaHHBIX MEXIy ABYyMs y3namu jnocturaetr 480 MoOaitt/c npu JaTeHTHO-
CTH MEHee | MKCEK) ATOT MOJAXOJ B IejdoM omnpaBiaH. OgHAaKO 3aMEUYe€H pPe3KO
CHUKAIONTUHN MPOU3BOJUTENBHOCTD dPGEKT ‘MUHT-TIOHTa’ — B CIydae MOMaJaHus
Ha OJIHY CTPAHUILy MEPEMEHHBIX, MOAUPUIIUPYEMBIX HECKOJIBKUMH TPOIECCOpa-
MU, 3Ta CTPAHUIA HEMPEPHIBHO MUTPUPYET MEKIY Yy3JIaMHU. BeruuciuTenbHbie y3-
JIbl BBIMOJIHAIOT MPOTPAMMBbI MOJIB30BATENS 8 MOHONOLHOM pedcume (0AHO3aaau-
HBII PEKHM).

KonkpetHoe wucnonHenue komnbioTepoB cepun Cray T3 xapakrepusyercs
TPOUKOW uncen, Hamp., 24/16/576 (ynpaBisirorye y3ibl/y3Jbl OEpauOHHON CHC-
TEMBbI/BBIYUCIUTEIBHBIC y3JIbl); TPU UCIIOJIB3YyEMON TOIMOJIOTHU ‘TPEXMEPHBIN TOP’
KaXKJIbIM y3el (HE3aBUCHUMO OT €ro PacIoOKEHHs) UMEET IIECTh HEMOCPEICTBEH-
HeIX coceneil. [lpu BeIOOpe Mmapmipyta mexay aByms y3inamu A u B (3D-
KOOpJMHATHl KOTOPBIX cyTh [1,2,4] u [2,1,2], puc.11) cereBble MampyTU3aTOPHI,
HayuHasg MPOLIECC ¢ HAYAJIbHOW BEPUIMHBI A, CHadalla BBIIOJIHIIOT CMEUIEHUE MO
KoopamHaTe X TakKuM 00pa3oM, MOKa KOOPJUHATHI OUYE€PEIHOTO y371a CBSI3U U y37a
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B He cranyT paBHBIMH (3TO
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PucyHok 11.— KOMMyHUKaLMOHHasi  pelueTka ‘Tpex- 110U CUHXpOHUsAyuu — ara-

MepHbIN Top’ koMnbioTepa Cray T3E paTHasA OpraHu3anvdg OXHuAa-

HUSI BCEMH NpoLECCaMU OIpe-

JIEJICHHOW TOYKH B MPOTrpamMMe, IPU JOCTHKEHUU KOTOPOM BO3MOKHA JTAJIbHEUIIAsA

pabora [1]. Komnbtotepsl cepun T3E neMOHCTpuUpOBaid MPOU3BOJUTEIBHOCTD
1,8 +2,5 Tnomnc (na 2048 muxponpoueccopax Alpha/600 MHz) [4].

JlanbHeluM pa3BUTHEM JIMHUM MAaCCHUBHO-NApAJUIICNIbHBIX  KOMIIBIOTEPOB
Cray T3 saBnserca cynepkommnbrorep Cray XT3. Kakaplil BEIUMCIUTENIBHBIA y3€Il
Cray XT3 Bxirouaet npoueccop AMD Opteron, nokanbHyro namsats (1+8 ['6aiit)
u 0o0ecreurBaONINi CBSI3b K KOMMYHHMKallMOHHOMY Oioky Cray SeaStar kanan
HyperTransport (http://cray.com/products/xt3), UMeIONNUi TMHKOBYIO MPOU3BOU-
tenbHOCTh (st AMD Opteron 2,4 GHz) ot 2,6 Tdnomnc (548 npoueccopos, ore-
patuBHas namsath 4,3 ToOaiit, Tomonorus 6x12x8) mo 147 Tdmonc (30’508 mpo-
nieccopoB, 239 Toaiit, Tomonorus 40x32x24). Cray XT3 paboraer moxa ymnpasiie-
anuem OC UNICOS/Ic, no3soistitomeii 00beauuATh 10 30’000 BBEIYHCIATEIBHBIX
y3JI0B, MpUMEHSIOTCSE KoMnuaTopsl Fortran’77/90/95 u C/C++, KOMMYyHUKaIIMOH-
Hble Oubnuoreku MPI (Message Passing Interface ¢ noaaepxkoit cranaapra MPI
2.0) u ShMem (pa3pabortannas Cray Research Inc. 6ubnuoreka ns paboThI ¢
00111e# MaMsAThIO), CTAaHAAPTHBIC OMOIMOTEKU YUCIEHHBIX PACUETOB.

HecMoTpst Ha TOCTUTHYTBIE CTOJIb BHICOKKE Pe3ybTaThl B 00sactu MPP-cuctem
¢upma Cray Inc. npou3BOIUT BEKTOPHO-KOHBEHEPHBI KOMIIbIOTEPHI (Moeas C90
C MMKOBOM MPOM3BOJUTEIBHOCTHIO 16 I'duionc nmpu 3aneiicTBoBaHnu Beex 16 mpo-
IIECCOPOB U €€ pa3BuTHE - MojAedb 190 ¢ mpou3BoauTENbHOCTHIO 10 60 I'dutornc
npu 32 mpoueccopax), IpUYEeM 3TH MOJETU MOTyT ObITh 00benuHeHbl B MPP-
cucreMy. IIpou3BoauTENBHOCTh Kaxaoro mnpoueccopa kommbiorepa Cray SV1
nocturaer 4 I'gnornc (oOmas nuKoBas MPOU3BOAMTENBHOCTh CHUCTEMBI 32
['prnomnc), obuiee uucino mporeccopoB MoxeT pgocturarb 1000. Bexropho-
KOHBEUWEPHBIE MPOLIECCOPHI ABIAIOTCSA OCHOBOM YIIOMUHABIIEHCS BBILIE MACCUBHO-
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napajuiesibHON BeIUUCAUTENbHON cucteMbl ‘the Earth Simulator’ mpousBoauTtesns-
HocThI0 40 Tdmomnc (http://www.es.jamstec.go.jp/esc/eng/index.html).

2.4.2. Knacrepubie cuctembl kiacca BEOWULF

3anpenenbHasi CTOMMOCTb MPOMBIIUIEHHBIX MACCHUBHO-MAPAIIJIEIbHBIX KOMIIbIO-
TEpPOB HE JaBajiv MOKOS CIEHHAIKNCTAaM, KEIAIOIUM IPUMEHUTh B CBOUX UCCIIE0-
BAHUSX BBIYMCIUTEIIBHBIE CUCTEMbl CPABHUMOW MOUIHOCTH, HO HE UMEIOIIHUX BO3-
MOXKHOCTEH TproOpecTr npombinuieHHbIe cynep-OBM. [loucku B 3TOM Hampas-
JIEHUU TIPUBEIU K PA3BUTHIO GbIUUCIUMENbHBIX Kaacmepod (He IMyTaTh ¢ KiacTepa-
MU 6a3 manHbIXx 1 WEB-cepBepoB); TeXHOIOTHUECKONW OCHOBOM Pa3BHUTHSI KJIACTE-
pU3aLHMHU CTAA IMUPOKOAOCTYIIHBIE U OTHOCUTEIIBHO HEAOPOTrHE MUKPOIPOLIECCO-
pbl 1 KOMMYHHKAITMOHHBIC (CETEBHIE) TEXHOJIOTHH, MOSBUBIIMECS B CBOOOIHOM
npoaaxe B 90-x I.r.

BrrancnurensHbIi Ki1acTep MpeacTaBiIsieT cO00M COBOKYMHOCTh BBIYMCIUTEIh-
HBIX y37I0B (OT JECSITKOB JO JECATKOB THICSY), 00bEIMHEHHBIX BBICOKOCKOPOCTHON
CETBHIO C LICJIBIO PEUIEHUS €IMHON BBIYMCIUTEIBbHON 3aaauu. Kaxap1i y3en Beumc-
JUTENBHOTO KJIacTepa mpejcTaBisieT co0oit ¢gaktuuecku [[19BM (uHOTHA NBYX-
WM YeThipexmporieccopubiii SMP-cepBep), paboTaroniyto co cBoeil cCOOCTBEHHOU
OTIEPallMOHHON CcHUCTEMOH (B TIOJABISAIONIEM OOJBITMHCTBE Linux); oOBeAMHSIO-
IIYIO CETh BBIOMPAIOT MCXOMAS M3 TPEOyeMOoro Kiacca peniaemMbix 3aj1ad u (uHaH-
COBBIX BO3MOXHOCTEU, MPAKTUYECKU BCET/IA PEAIU3YETCS] BO3MOXKHOCTH YJIaJICH-
HOI'0 JI0CTyMa Ha Kiacrtep nocpeacrsom InterNet.

BreruncnurensHbie y37bl M yOPABIAIONIMA KOMIBIOTEP OOBIUHO OOBEIUHSIOT
(MUHUMYM) J1B€ (HE3aBUCUMBIE) CETU — cemb ynpasienus (CIyKUT LEIsIM yIpaB-
JICHUS! BBIYUCIIUTEIbHBIMU Y3JIaMU) U (4acTo 0oJiee MPON3BOUTENbHAS) KOMMYHU-
KayuoHHas cemsv (HETIOCPEACTBEHHBIM OOMEH TAHHBIMU MEXKy MCTIOTHSAEMBIMU Ha
y3J1ax MPOLECCaMH ), IOMOTHUTEIBHO YIPABISAIOMIMI y3en uMmeeT Bbixoa B InterNet
JUIsL TOCTyTa K pecypcaMm KiacTepa ynajJeHHBIX IMOoJib3oBaTenei, (daiin-cepep (B
HECJIOKHBIX KJIACTEPax €ro (PYHKIMU BBIMOJIHSAET YIPABJISIONUNA KOMIBIOTED) BbI-
MOJIHAET (PYHKIIMU XPaHEHUs TPOrpaMM mojb3oBarens (puc.l12). AIMUHUCTPUPO-
BaHME KJIacTepa OCYUIECTBISIETCS ¢ yrnpasisitonieii 9BM (wim nocpencTBom ynaa-
JIEHHOT'O JIOCTYTa), MOJb30BaTEIN UMEIOT MPaBO A0CTyMa (B COOTBETCTBUE C MPH-
CBOCHHBIMH aJIMUHUCTPATOPOM IpaBaMu) K pPecypcaMm KiacTepa UCKIOUHUTEIbHO
yepes ynpasisionuii komibiorep IBM.

OnHUM M3 MEpBBIX KiIacTepHBIX MPOEKTOB siBWiCA NpoekT BEOWULF
(http://lwww.beowulf.org, Ha3BaHue naHO B YeCTh reposi CKaHIMHABCKOMN
carn). [Ipoext ‘BEOBYJIb®’ 06bL1 3a/105)k€H B CO3/JaHHOM Ha OCHOBE IPH-
Hajuiexxkamed NASA opranmzanuu GSFC (Goddard Space Flight Center,
http://www.gsfc.nasa.gov) uccienosarensckom tiearpe CESDIS (Center
of Excellence in Space Data and Information Sciences) B 1994 r. u crapro-
Ban cOopkoii B GSFC 16-y3noBoro kiacrepa (Ha mpoleccopax
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486DX4/100 MHz, 16 Mb namsiTu, 3 ceTeBBIX ajganrtepa Ha KaXaoM y3Je U 3 mapajiieIbHbIX
10 Mbit Ethernet-xabeneit); BblYMCAUTENbHAS CHCTEMA MpeIHA3HAYaNach IS MPOBEICHUS
pabort o MIPOEKTY ESS (Earth and Space Sciences Project,
http://sdcd.gsfc.nasa.gov/ESS/overview.html).

[Tozmnee B mompasnmeneHusix NASA Obitn cobpansl apyrue Mmozenn BEOWULF-
nono0HbIX KinactepoB: Hanp., theHIVE (Highly-parallel Integrated Virtual Environment) u3
64 nByxnpoueccopubix (Pentium Pro/200 MHz, 4 Gb mamsatn u 5 xommyrtatopoB Fast
Ethernet B xaxxaom) y3noB (o6mas croumocts 210 Teic. $US). MeHHO B pamkax mpoekrta
Beowulf 01t pa3zpaboTansl npaiiBepsl s peanm3anuu pesxknma Channel Bonding (cMm. HE-
xKe).

| | | | | | | l I:l BbluncnuTensHbIA y3en (NODE):

npoueccop ( unu 2-4
e s s e npoueccopHad SMP-cuctema),

onepaTMBHasA NamMATb,
(HeoBA3aTEeNbHBINA) XeCTKUA AUCK

CeTb ynpaBneHuA

KOMMYHWUKaUWMOHHAA CeTb

1 ceTb InterNet
| | C——1
. C——1 . :
. L] L]
| Hﬂmm - ] .
I
= C—1 = g —— ——
3 dann-cepeep
Auvcnnen . YaanéHHble nonb3oBaren
agMUHUCTparopa  Ynpasnawiwmia
Knactepa (HOST) KomMnbHoTED

PucyHok 12.— YKpynHeHHas cxema BblYUCIUTENBHOro Kracrepa

‘beoBynbd’ — TUNMUYHBIA o0Opaser; MHOTOIpOoIEeCcCOpHOM cuctemMbl MIMD
(Multiple Instruction — Multiple Data), ipy 5TOM OJHOBPEMEHHO (M OTHOCUTEIBHO
HE3aBUCUMO JIpYr OT JIpyra) BBINOJHSIOTCS HECKOJIBKO MPOrpPaMMHBIX BETBeM, B
onpeeNeHHbIe MPOMEXYTKH BPEMEHH OOMEHHUBArOIIMeCs JaHHbIMU. MHorue mo-
cienyromue pa3padoTKu BO BCEX CTpaHax MUpa (DAKTUUECKHU SBISIIOTCS KIAHAMU
Beowulf.

B 1998 r. B nammonaneHoi saboparopun Jloc-Anamoc actpodusux Michael
Warren (http://gso.lanl.gov/~msw) ¢ COTpyAHUKAaMU TPYIIIbI TEOPETUUECKON acTpo-
(GU3UKHN OCTPOMIIN BBIYUCIUTENbHYIO cucTeMy Avalon (http:/cnls.lanl.gov/avalon),
npeacTaBisionlyo Linux-kinacrep Ha npoueccopax DEC Alpha/533 MHz. Ilepgo-
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HavyasibHO Avalon cocrosn u3 68 npoueccopoB, 3areM Obul pacmuped a0 140, B
KaXJ0M y3J€ ycTaHoBiieHO 256 MB onepatuBHoi namsitu, EIDE-xecTkuit auck
3,2 Gb, cereBoii agantep pupmbl Kingston (obmas croumocts y3ma — 17700 SUS).
VY31bl coequHensl ¢ nomolblo 4-x kommyTtaropoB Fast Ethernet (36 mopToB kax-
JIbIi) U IIeHTpasibHOTO 12-mopToBoro kommytaTopa Gigabit Ethernet pupmbr 3Com
(http://www.3com.com). Avalon o6omrencs B 323 teic. $US u 3ansut 114 mecto B 12-
i pegakuuu ‘Top-500" (1998); nmpuuem 152-npoueccopusiii IBM SP2 3ansin 113-e
mecto! 70-mpouieccopHblii Avalon o MHOTMM TecTaM IMOKa3all TaKylo ke MpPOu3-
BOJUTEILHOCTh, Kak O4-mporeccopHas cucrema SGI Origin2000 / 195 MHz
(http://www.sgi.com/origin/2000) ctorMocThio Beime 1 miuH. $US.

W3 npyrux cMexHbIX npoekToB cieayer Ha3BaTh [1] Berkeley NOW (Network
Of Workstations, http://now.cs.berkeley.edu), Condor (High Throughput Computing,
http://www.cs.wisc.edu/condor), MOSIX (mporpammHoe oOecnedeHue MOIACPKKH
KJIacTepHbIX  BbhluMcieHud B Linux, Hebrew  University, HW3pawisb,
http://www.mosix.cs.huji.ac.il), T-Cucrema (mporpammupoBaHue Ha s3bike T++ u
cpelia BpEMEHH BBIMIOJIHEHUS JUHAMUYECKHU paclapaieInBaeMbIX nporpamMm (HMu-
cmumym IIpoepammnuvix Cucmem PAH, [TepecnaBnb-3anecckuid,
http://www.botik.ru/PSI/PSI.koi8.html).

TunuuabiM 00pa3oM MACCHUBHO-NAPAIETbHON KIACTEPHON BBIYMCIUTEIBHOM
cucrtembl sBIsiIOoTCE  MBC-1000M (kommyHuKarmoHHas cetb — Myrinet 2000,
cKopocTh oOmMeHa undopmarmen 120+170 Mo6aiit/cek, http://www.myri.com, Bcro-
moratenbHbie — Fast u Gigabit Ethernet) u MBC-15000BC (cMm. moapasznen 1.1 u
http://www.jscc.ru).

TpuymdansHbIil yernex, siBHas ASIICBH3HA U OTHOCHUTENIbHAS TIPOCTOTA U3TOTOBIICHUS TIPH-
BEJIM K BO3HHUKHOBEHHIO B KOHIIE XX BEKa B aMEPHKAHCKHX OKOJIOTPABUTEIBCTBEHHBIX KpY-
rax ‘cuHapoma beoBynbda’. B camom nene, BEIUMCIUTENbHBIA KOMIUIEKC Thma ‘beoBynbd’ ¢
JIOCTAaTOYHOM JIJIsl PEIIeHUs] BOCHHBIX U KPUNTOTpapUUECKUX 3a/1a4 MOIIHOCTHIO MOXKET OBITH
coOpaH B J11000i1 cTpane Mupa (BKJIIOYas T.H. ‘TOCYJapcTBa — 0Yaru MEX,JyHapOIHOTO Teppo-
pusma’). Curyanust ycyryOisieTcss TeM, 4TO HCIoiib3yeMble mpu cOopke ‘beoBynbpa’ kom-
TUIEKTYIOIINE Il TIEPCOHATBHBIX DBM He momajgaroT 1moj1 IKCIOPTHRIE OTpaHUYEHHSI TIPaBH-
tenscTBa CHIA (a mpu HEOOXOIUMOCTH MOTYT OBITH TPHOOPETEHBI U B TPETHUX CTPaHAX).

TpeboBanne makcumanbHON 3P(HEKTUBHOCTH HCIOIB30BAHUS PECYPCOB BBHIYHC-
JIUTEIBHBIX MOITHOCTEH (KaK MPOIECCOPHBIX, TAK U ONEPATUBHON U AUCKOBOU Ma-
MSITH) OTJIETBHBIX MPOIIECCOPOB KIIacTepa HEM3OEHKHO MPUBOJIUT K CHUIKEHUIO ‘HUH-
TEJUIEKTYaJIbHOCTU OINEPALMOHHON CHUCTEMBI BBIUUCIUTEIbHBIX Y3J10B 10 YPOBHS
MOHUMOpPOS; C IPYroil CTOPOHBI, NMPEUIATAIOTCI pacnpeodeleHHble KAACmepHble
onepayuonHble cucmemol - Harp., Amoeba
(http://www.cs.vu.nl/pub/amoeba/amoeba.html), Chorus, Mach u Jip.
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CHCHI/IaJ'IBHO JJIA KOMIIIICKTAI 1 annapaTHoﬁ YaCTU BBIYHUCJIINTCIIBHBIX KJIACTC-

poB Beimyckatorcsa T.H. Bladed - cepBepa (x) — y3kue (‘ne3BHifHbIC’) BEPTUKATb-
Hbl€ IUIaThl, BKItOHarouue mnpoueccop, OIl (o0pruno 256+512 Mbaiit npu L2-
kome 128+256 kbaiiT), IMCKOBYI0 MaMsITh U MHUKPOCXEMBI CETEBOM MOIACPIKKH;
3TH TUIaThl YCTAHABIMBAIOTCA B CTaHAapTHbIE ‘Kop3uHbI' (popmara 3U mmpuHOH
19” u BeicoTOM 5,25 n0 24 mTyK Ha KaxAyl (240 BBIYMCIMTENBHBIX y3J0B Ha
cToiiKy BbicoTOI0 180 cMm). Jlnst cHEDKeHus 0OIIero HEpromoTpeOIeHUs MOTYT
MPUMEHSTBCS PACXOAYyIOLIUe Bcero edunuyst eamm (npotuB 75 W nna P4 unu
130 W nna xpuctamioB apxutektypel [A-64) mpoueccopsl Transmeta Crusoe
(http://www.transmeta.com) cepuu TM 5x00 c texnonorueit VLIW (cm. nonpasnen
1.2.2); mpu 3TOM cymMapHasi motpebisieMast MOIHOCTh TP 240 BBIYMCIUTETHHBIX
y31ax He npesbimaeT 1 kBT.

2.4.3. KOMMYHUKAIIMOHHBbIE TEXHOJIOTHH, HCII0JIb3yeMble
IIPH CO31aHUM MACCOBO- NAPAJ/IICIbHBIX CYNIEPKOMIIBIOTEPOB

BaXXHbIM KOMIIOHEHTOM MAacCOBO-ITAPAJUIECITBHBIX KOMIBIOTEPOB SIBIISIETCA KOM-
MYHUKaIMOHHAs cpea — Ha0Oop almapaTHhIX U MPOTPaMMHBIX CPEJICTB, 00ecTeun-
BAIOIIUX OOMEH COOOLIEHUSIMU MEXy Ipolueccopamu. PakTUYECKH KOMMYHHUKA-
[[MOHHAs Cpella B JAHHOM CJydae SIBJISICTCS aHAJIOrOM OOIeH IIMHBI TPaJIUIMOH-
Hbix DOBM u nocemy Oka3bpIBaeT CHUJIbHENIIEE BIMSIHUE HA MPOU3BOJUTEIBHOCTD
BCEH BBIYHMCIIMTCIILHON CUCTEMBI.

2.4.3.1. TpaHCHBIOTEPHBIE CHCTEMBI

B cepenune 80-x r.r. ¢upmoit Inmos Ltd. (B ganbHeiimeM Bomexamed B o0be-
muaenue SGS Thomson) ObUTH BBIMYIIEHBI CHEIUATM3UPOBAHHBIC MUKPOIIPOIIEC-
copHble ycTpoiicTBa cepuid T-2xx, T-4xx u T-8XX Ha3BaHHbBIE MPAHCNbLIOMEPAMU.
TpancnbprOTEpHl COAEPKAT HA €AMHOM KpPHUCTaJIE COOCTBEHHO Mpolieccop, OJoK
NaMsATH 1 KOMMYHUKAIIMOHHBIE KaHAJbI (IUHKU) 11T O0bEIMHEHUS TPAHCIIBIOTEPOB
B MapajuiebHy0 cucreMy. JIMHKU (JBa TPOBOJHUKA, TMO3BOJISIONINE TEPEIaBaTh
JAHHBIC TOCTEAOBATEILHO B MPOTHUBOMOIOKHBIX HANIPABJICHUX, T.H. JJUHKU THUIIA
OS, OverSampled) no3BoNsAIOT TIepenaBaTh JaHHBIE ¢ IPOITYCKHON CIIOCOOHOCTHIO
10 Mo6wut/cex (mns tpancubtorepa T-805 moctynmHa ckopocts a0 20 Mowut/cex). B
90-e ronbr SGS Thomson 6wuTH pa3paboTanbl 00siee TPOU3BOAUTEIBHBIE U UHTEII-
JEeKTyallbHbIEe TpaHcbioTephl (Monenb T-9000 nopaep:xkuBana supmyaivHvle TUH-
Ku, UMena annapamuuiii kommymamop aunxkos C-104 u Gosiee mpon3BOUTEIHHBIC
nByxnpoBoanbie DS-nmunakm). [TogoOHbIe naen npuBenu K pa3pabOTKe cTaHapTa

The Bladed Beowulf: A Cost-Effective  Alternative  to  Traditional = Beowulfs.
W.Fengy, M.Warrenz, E.Weigley. Advanced Computing Laboratory, Computer & Computa-
tional Sciences Division, Los Alamos National Laboratory, Theoretical Astrophysics Group,
Theoretical Division, 2002, p.11.
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IEEE P1355, mpenycmarpuBaromero nepeaady JaHHbBIX O cKopocTsasmu oT 10
Mo6ut/cex no 1 I'6ut/cex [4]. Bo Bropoii nonoBune 90-x pupma Texas Instruments
BBIITYCTUJIA TPAHCIBIOTEPONOAO0OHBIE cucHanbHble Mukponpoyeccopvt TMS 320
C4x, Analog Device npennaraer mogoOHble ycrtpoiictBa cepun ADSP 2106x
(nponyckHas cnocooHocTh 20 1 40 MOUT/cek COOTBETCTBEHHO).

TpancnbroTepsl conepxkar 4 +6 JIMHKOB, UTO MO3BOJIAET annapamusvim oopazom
peanu30BbIBaTh TOMOJIOTMH ‘ABYMEpPHAs-’ U ‘TpeXMepHas pemeTku’ (B HEKOTOPbIX
ciyyasx ‘TUnepkyO’) BBIYMCIMTENBbHBIX Y3JI0B, & TAKXKE OCYIIECTBISATH CBS3b C
JTMCKOBBIMU MaCCHUBAMH .

3HauuTeNbHAs MPOMYCKHASl CIIOCOOHOCTh TPAHCIBIOTEPOB (HApPALy C MX BBICO-
KO ‘WHTEJUIEKTYaJbHOCTHIO  BCJICACTBUE HaIW4usi 32-OMTOBOIO IMPOIECCOpa)
IPUBEIN K CO3JAHUIO BBIUUCIUTEIbHBIX CUCTEM, COCTOSLIUX U3 TPAHIBIOTEPOIO-
JNOOHBIX BBIUYMCIUTENbHBIX Y3JI0B; B 3TOM Clly4ae OPUEHTHUPOBAHHAsI HA BBIYUCIIE-
HUSI KOMIIOHEHTA peajn30BaHa MOLIHBIM BbIYUCIUTEIBHBIM MUKPOIPOLECCOPOM, a
KOMMYHUKAIIMOHHAS — TPaHCIbIOTepOM. TUNHYHBIN IPUMEP TaKOW KOH(PUTYpaluuu
— poccuiickue cynepkomibiorepsl cemeiictea MBC-100 u MBC-1000/200 (HUUA
‘KBant’, cepenuna 90-x r.r.), KaX/IbIil BBIYMCIUTEIbHBIN y3€71 KOTOPbIX BKIIOYAET
BBIYUCIIUTEIBHBIA U KOMMYTalMOHHBIN Mukporpoiieccopsl (180860XR/180869XP
¢upwmsl Intel u Tpancnsrorepsl T-805/T-425 nns MBC-100 u DEC Alpha 21164 u
TMS 320C44/ADSP Sharc 21000 myist MBC-1000/200).

Cmpyxmypnuoiti mooyrs MBC-100 npencraiisier coO0H TBYMEpPHYIO MaTpUILy U3
16 BBIYMCIHUTENBHBIX MOAYJIEH (B KaXJI0M HMCHOJIb30BAHbI TPAHCHBIOTEPHI C 4-Ms
JUHKamMu puc.l3a, makcuManbpHas JJIMHA OYTH paBHa 3), JUIsl NPUCOEIUHEHUS
BHEIIHUX YCTPOMCTB UCHOJB3YIOTCS 4 TUHKA YIIIOBBIX BBIYMCIUTENIBHBIX MOTYJIEH,
JUISI CBSI3U C BHEILIHUMU CTPYKTYPHBIMHU MOJTYJISIMH OCTA€TCsl 8 JIMHKOB.

ba3zoesvuii sviuuciumenvrviii 610k 00bEAUHSICT 2 CTPYKTYPHBIX MoayJs (puc.120,
MaKCHMallbHas JJIMHA MyTH paBHA 5, uMeeTcs eme 16 JIMHKOB IS JalbHEHUIIEro
oobenuHeHus1). Cxema 0O0beAMHEHHS IBYX 0Aa30BBIX OJIOKOB IIPUBEICHA Ha
puc.13B, MakcuMalbHas JUIMHA ITyTH paBHA 6), IPU 3TOM JajbHeillllee HapaliuBa-
HUE BO3MO>KHO MOCPEJICTBOM JIOMOJHUTEIBHBIX TPAHCIIBIOTEPOB (CM. BBIJICICHHBIN
MyHKTUPOM KOMIIOHEHT pHcC.13B).

B Hacrosimiee BpeMsi TpaHCHBIOTEPHBIE TEXHOJIOTMHM CUUTAIOTCA YXOISIIMMH B
poLUIOe, HA CMEHY UM IPUILIK 0ojee TMOKUE U TEXHOJOTUYHBIE B MPUMEHEHUU
CETEBbIE TEXHOJIOTHH.
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a) 6) B)
PucyHok 13.— Bo3moxHble cTpykTypHble cxembl cuctembl MBC-100: a) — CTpPyKTypHbIA MO-
aynb 4x4, 6) — 6a30BbIN BbIYNCIIUTENBHbIN 60K (32 BbIMMCANTENBHBIX MOAYNs), B) —
BO3MOXHas cxeMa o6beanHeHnsa aByx 6a3oBbIX GrIOKOB.

2.4.3.2. YHuBepcaJbHbIC BBICOKONPOM3BOAUTEIbHbIE KOMMYHUKALMOHHbIE
CeTH: MPOU3BOAUTEIbHOCTD, JIATEHTHOCTD M IIleHa 00MeHAa

BaxHO! XapaKTEepUCTUKOM KOMMYHHMKALMOHHON CETH sBIseTCs (IKCIEpUMEH-
TaJbHO 3aMEPEHHAs) 3aBUCUMOCTh €€ Mpo-
U3BOJUTEIHFHOCTU OT pa3Mepa COOOIICHHUIA;
NpoussoautenbHOCTL TOJIBKO MIPU JOCTATOYHO OOJIBIIMX (OOBIY-
ceTn, Mbant/cek o
HO BhIe ~ 100 kbaiitT) pazmepax coobire-
) HUN CETh BBIXOAUT HA MAKCUMYM IPOM3-
st
BOIUTENBHOCTH S .. (puc.14).

[Ipou3BoANTENBHOCT, KaHata OOMEHa

S max JAHHBIMM B IIPOCTEHILIEM CiIy4ae OIpene-

JSIOT Ha OTepanusX ‘ToYka-Touka’ (0OMeH

MEXIYy IBYMs y3JIaMH) U 3aMepsioT B

T fInyHa 600 ﬁmem:;: Mo6aiiT/cex 3a JI0CTATOYHOE MPOIOJIKHU-

BanT TenpHOE BpeMsa (MuHyThl). OIHAKO B pe-

ATBHOCTU MEXIPOIECCOPHBI OOMEH JaH-

PucyHok 14.— KadecTseHHblit rpacuk sa- HBIMU XapaKTEPH3yeTCs OOIBIINM YHCIOM

BMCUMOCTU MPOU3BOAUTENBHOCTU CETU OTHOCHUTEIBLHO KOPOTKHMX (ICCATKH -+ THICS-

OT pa3vepa nepefaBaeMbix COOOWE- gy GajiT) OCKIIOK, IPU ITOM BAXKHOE 3HA-

el YeHUE HAYMHAET UIpaTh Bpems ‘pa3roHa’
KaHaJia CBS3H.

Bpewms T (cex) nepeaauu coobmenus amunoit X (Mo6aiit) ot y3na A y3iny B ipu

MPOITYCKHOU criocoOHOCTH cetu S (MOaiT/cek) mpu yCIOBUH, YTO HUKAKHX WHBIX

0OMEHOB B CE€TU HE MTPOUCXOJIUT, C XOPOIIIEH TOUHOCTHIO OMUCKHIBACTCS (POPMYIIONA:
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T=2+1, ()

rae L — Bpemsa ‘3amycka’ oOMeHa (ramermHocms); IipuyeM L He 3aBUCHUT OT
TuHbl cooommenus X, npu X—0 wm S— o umeem T'— L (MMEHHO
BIIMSIHUEM JIATEHTHOCTHU OMpEJIEsieTCsl BUJ KpUBOH puc.14).

Ilena obmena P oneHUBaeT 4MCIO OalT, ‘TMIOTEPSHHBIX KAHAJIOM BCIICIACTBHUC
HaJIMYUs JTJATEHTHOCTU (€CTECTBEHHO CTPEMHUTHCS K BCEMEPHOMY CHIIKCHHUIO Ja-
TEHTHOCTH):

P=LxS.

Jluie s SMP-mamiviH MOXHO NpUHATH S— cou L —(); OEHOYHBbIE JaHHBIE
JUTSI HEKOTOPBIX M3BECTHBIX TEXHOJIOTUH MEXKIIPOIIECCOPHOTO OOMEHa MpecTaBIIe-
HBI B Ta0:1.3 [5,6].

Tabmuma 3.— XapakTepUCTUKH HEKOTOPHIX PacCIpOCTPAHECHHBIX KOMMYHH-
KallMOHHBIX CETeW JUId TUNHWYHBIX mnpeacraBurened MPP-
KOMIUIEKCOB — B8bIYUCAUMENbHBIX KAACMEPOS.

SCI  (Scalable Coherent | Myrinet (Myricom,
Interface, lnc.,
ttp://www.dolphinics.com) nttp://www.myri.com)
JIaTeHTHOCTh, MKCEK 40+70 3=10 17

[pomyckHas crnoco0- 12 150+170 170

HOCTb armaparHas
(Mo6aiit/cex)
[IpornyckHas crocoo6- 10 80 40
HOCTh  IIPOTPaMMHast
(M6aiit/cex)

Cemesas Fast
MEexXHOI02Us Ethernet

Texnonorus Gigabit Ethernet mo3BonsieT moBeCTH MPOMYCKHYIO CHOCOOHOCTH
cetu 10 60-+80 MoOaiiT/cek, 0OTHAKO JTATEHTHOCTh 3a4acTyl0 B IOJITOpa-IiBa pas3a
Bbiie, 4yem y FastEthernet [5]. Ecmm g moBbimeHwst OBICTPOACHCTBUS
Fast Ethernet-cetn Bo3moxHO mpumenuts TexHojoruto Channel Bonding (csa3wi-
sanue Kananog, (PakTHUECKU — UX NTyOIUPOBAaHUE MyTEM COBMECTHOTO HCIIONb30-
BaHUs CETEBBIX IUIAT; B Linux HauuHas ¢ siep Bepcuu 2.4.X 3Ta BO3MOKHOCTD SIB-
JsieTCA CTaHAAPTHO BKJFOUAaeMoi, cM. http://linux-cluster.org.ru/bonding.php.htm), ToO
CHU3HUTH JATEHTHOCTh PEAJbHO JIMIIb C MOMOIIBIO MPUMEHEHUs1 00Jee T0poro-
CTOSIILIETO CETEBOr0 00OPYAOBAHMUS.

OpHoli w3 HamOosiee TMEpPCINEeKTHBHBIX TexXHOJOTH cuntaercs InfiniBand
(http://www.infinibandta.org/home), mo3BoIsOIIAs] JOCTUYD JIATEHTHOCTH 4 +5 MKCEK
(B mepcnektuBe a0 | MKcek) M mnpomyckHou crnocooHoctu ot 8001000
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Mobaiit/cex (omHoHamnpaBiaeHHbI 00MeH) A0 2000+2700 Moaiit/cek (IByHanpaB-
JIEHHbIE OOMEHBI).

BennunHa naTeHTHOCTH OMpeNeseT KIace 3a/1a4, KOTOpble MOKHO 3 ()EKTUBHO
pemarb Ha JaHHOM MHOTOMPOLECCOPHOM KOMIUIEKCE WIIM HEOOXOAUMBIA YPOBEHb
MacTtepcTBa pacnapauienuBanus. Hanpumep, npu narentHoctu 100 Mkcek Benu-
YyHA 3€pHA pacrapajuieIuBaHus JOJDKHA ObITh TaKOW, 4TOOBI COOTBETCTBYIOIIAS
€My IOCJeI0BATEIbHOCTh KOMaHJ| BBIMOJHSAJIACH B CPEIHEM 3a BpEMs HE MEHee
1+10 mcek (AOCTaTOYHO KPYIMHO3EPHUCTHINA Mapajiean3M), HHaue BpeMsi oOMeHa
COOOIICHUSIMU ‘ChECT’ BCE MOBBIIICHWE MPOU3BOAUTEIILHOCTH OT pacnapasijieliu-
BaHUA.

2.4.4. CranaapTHbie NPOrpaMMHbIe IAKEThI
OPraHM3aluU BbIYUCIUTEIbHBIX KJIACTEPOB

B nocneanue roapl NOSBWIOCH MPOTrPAMMHBIE KOMIUIEKCHI, O3BOJISIOIINE Op-
raHU30BaTh BBIYMCIIMTENBHBIE KJIACTEPbl OYKBaJbHO B TEYEHHE MHMHYT. JTO, Ha-
npumep, TUCTPUOYTUBBI Parallel Knoppix (http://pareto.uab.es/mcreel/
ParallelKnoppix), CLIC (http://clic.mandrakesoft.com/index-en.htm) kommanuu Man-
drake (http://mandrake.com), BCCD (http://bccd.cs.uni.edu) pa3paboTku YHuBepcH-
teta CeepHoiri AiioBel CIIA (http://cs.uni.edu), Rocks Cluster Distribution
(http://www.rocksclusters.org) u np.

OcoOblil UHTEpEC MPEACTABISIET MEpBasi U3 MEPEUUCIECHHBIX pa3padOTOK, OCHO-
BaHHAas Ha TEXHOJIOTMHM openMosiX M BKIIIOYAIOIIAsl TEXHOJIOTUIO MUspayuu 3a0a-
Hutl. Knactep openMosix (paktuaecku Linux ¢ 3% u3mMeHeHHEM UCXOAHOTO KOJa
anpa OC) npencraBisieT coboir 0onoobpasuyto cucmemy (Single System Image -
SSI), mpu 3ToM pecypcebl Bxoasiux B kiactep O9BM moryT ucnonbs3oBarbes Oonee
3 PEeKTUBHO BCJIEICTBUE BO3MOXKHOCTH Mucpayuu (IepeMenieHus OoT OJHOM Ma-
HIMHBI K Apyroi) 3ananuid. Oco6eHHOCThI0 openMosix SIBISETCS TO, YTO MOJIb30-
Bareb TOJBKO 3amyckaeT mporpammy, a OC knactepa pemiaer, rae (Ha Kakux
MMEHHO y3J1aX) €€ BBINOJHUTH (€CIU HE MPEAYCMOTPEHO MPOTUBOMOJIOKHOE); pa3-
paboTuriku openMosiX Ha3bIBAIOT 3TO CBOMCTBO ‘pa3BETBUCKH-U-3a0y1b’ (fork-and-
forget). TlonoOHble cucTeMBbl 00Jaal0T BBICOKOW MacITaOMPyEMOCTbIO U MOTYT
ObITh CKOMIIOHOBAHBI M3 MAILIMH C Pa3jIM4YHbIMU pecypcamu (IPOU3BOAUTENLHOCTh
npoleccopa, pa3Mep namsTi 1 Jp.).

HecMoTpst Ha nexaiiue Ha MOBEPXHOCTH SIBHbIE JIOCTOMHCTBA MOAOOHBIX MPO-
IPaMMHBIX IMAKETOB, MX MPUMEHEHUE MPU CO3[JAaHUU MACHITAOHBIX KIACTEPHBIX
CUCTEM OTpaHWYeHO (0OBbIYHAs 00JIACTh MX NMPUMEHEHUS — JIEMOHCTPAIIMOHHbBIE U
MaKeTHbIE CUCTEMbI U IpocTeime kinactepsl). OCHOBHAS MIPUUYKMHA ATOTO — CEPb-
€3HbIC 3aTPyAHEHUS MPU ONTUMM3AIUU TOCTPOCHHOIO C UX MCIOJIb30BAHUEM KJla-
creproro IO (kaxaplii MacITaOHBINA KJIACTEP HACTPAWBAETCS M ONTUMUZUPYETCS
CTPOr0 UHJIMBUIYAIBHO).
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HuTepecHoii pazpadotkoii I10 knactepusix cuctem sipisiercs npoekt MBC-900,
pa3paboTaHHBI B HUCIbITaTelIbHOM jaboparopusi mnpoekta MBC HUIIM
uMm. M.B.Kenaeimma PAH [5], cm. hitp://pilger.mgapi.edu/metods/1441/lacis.zip.
Texnonoruss MBC-900 ucnons3yer (OTHOCHTENIBHYIO) Majlo3arpy>KeHHOCTh 000-
pynoBanus yueOHbiIx Windows-kiaccoB, Texuuueckas peanusanus MBC-900 oc-
HOBaHAa Ha MPUMEHEHUU OJucnemuepa eupmyanvuvix mawiurn VMware (dbupma
VMware, Inc., http://www.vmware.com), nox KoTopsiM padoTaeT Linux (pexkomeH-
nytoress auctpuOytuBel Dragon wmm Slackware, http://sourceforge.net/projects/
dragonlinux, http://www.slackware.com); 6a30Basi onepaloHHasi CUCTeMa — HE HUXKE
Windows’2000. ITpu stom Windows u VMware-Linux Ha ¢pu3nueckoid MalliuHe
B3aMMOJICHCTBYIOT MUHMMAJIBHO (Tepepa3MeyaTh AUCKM He Tpedyercs, UCIOJIb-
3yI0TCS HETlepeceKarolrecs agpecHble mpocrpancTsa, [P-agpeca obcmyxuBaro-
IIMX CETEeH pa3IMuHbl); B Clly4ae CEpPbe3HON aBapuu BOCCTAHOBUTH pabOTOCIOCO0-
HocTh MBC-900 ‘c Hyns® peanbHO 3a noydaca-vac.

T.o. supmyanvusiii k1acmep padotaet coBMecTHO ¢ Windows-mMalmmHaMu KOM-
NBIOTEPHOTO KJlacca, pasfenss ux pecypcbl. OTCYTCTBHE 3HAYMMBIX HAKJIAIHBIX
pacxoqoB npu padote Linux nox VMware 00yciioBieHO ee PyHKIMOHUPOBAHUEM
HE B PEKMME IMOJHOW MPOrpaMMHOM SMYJISIIIUU IBOUYHOTO KOJAQ, & CTAaHAAPTHOTO
BBINIOJIHEHUS Ha mpaBax oObiyHOro Windows-nporuecca; npyu 3TOM HENpPUBUIIETU-
pOBaHHBIC KOMaHJbl (apudmeTnyeckue, Mepexog0B U MOJA00HBIE) BBIMOJHSIIOTCS
(bU3HUECKUM MPOLECCOPOM HAMPSMYIO U TOJBKO 3alpellieHHbIE K UCIIOJIHEHUIO BHE
npenesoB 0a30BOM ONEPAIMOHHONW CHUCTEMbl MPUBUIETUPOBAHHBIE KOMAH]IbI MO-
JNENUPYIOTCs (3MYJUPYsI HaJU4Ke COOTBETCTBYIOIIETO BHEIIHEro ycTpoicTBa). B
KOHEYHOM WUTOI€ LIEHTPAJIbHBIM MPOLIECCOPOM BBIMOIHIETCS MOTOK KOMaH/ (ecTe-
CTBEHHO, IepemexaemMblid npeanucanusiMu 0a3oBoil OC npu COXpaHEHHH U BOC-
CTAQHOBJICHMM KOHTEKCTa), MOJIHOCTHIO MJEHTUYHBI TakOBOMY B HACTOSIIMX
“xene3Hbix’ Linux-kiactepax; mpu 3TOM MNOTEepU OBICTPOACUCTBUS Mpolieccopa Ha
HAKJIaJIHBIE PACXO/Ibl COCTaBJISIIOT OKOJIO 7% (110 JaHHBIM pa3paOOTYMKOB). Takum
oOpazoM ¢ nomompto TexHosorun MBC-900 peanusyercst kinaccuyeckas MPP-
CUCTEMA KOJIJIEKTUBHOTO IMOJIb30BAHUS, MPAKTUYECKHU MOJHOCTHIO MIEHTUYHAs (110
paBWjiaM aJIMUHUCTPUPOBAHUS, IPOrPAMMHUPOBAHUS U OTJIAJIKH) PACIIOJIOKEHHO-
My B MexaenomctBeHHOM CynepkomibioTepHoM [entpe (MCIL) cynepkiactepy
MBC-1000M (http://www.jscc.ru).

2.5. HerpaauiiuoHHbIEe APXUTEKTYPbI
MHOTI'OIIPOLECCOPHBIX BHIYMCIUTEIbHBIX CUCTEM

[Toucku myTel MOBBIICHUS MTPOU3BOJIUTEIIBHOCTH KOMITBIOTEPOB BBI3BAIU pPa3-
BUTHE HOBBIX HETPAJUIIMOHHBIX aPXUTEKTYP BBIUMCIUTEIIBHBIX CUCTEM; HauboJsee
U3BECTHBIMU SIBIIIOTCS ynpasisemvie HOMOKOM OAHHLIX GbIYUCIUMENU, MACCUBDL
CUCMONIUYECKUX AYeeK U MHO2ONPOYECCOPHbIE CUCEMbl C NPOCPAMMUPYEMOU ap-
Xumexmypot.
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B naubonee o61iem Buje mporecc npeoopa3oBaHus JaHHBIX MOXKHO 3allKicaTh B
BUJIC TPUABI (CP. C U3BECTHBIM OTHOILICHUEM ‘mM08ap = OeHbeu = mosap’):

BXOJIHbIE npeoOpa3zoBaHuE AaH- BBIXO/IHBIE
JAHHBIE HBIX (OmepaTopsbl) JAHHBIE

Kakoil 00beKT (U3 NepeynCIeHHbIX) JTOJKEH YNpaBiATh npeodpa3zoBanueM? 13
00IIMX COOOpaKEHUN UMEHHO TOT, paJy KOTOPOTO U ‘3aTesiHa BCsI UTpa’ — OaHHble
(B 9TOM CMBICII€ OTIEpaTOPhI CYyTh BCETO JIMIIb KOHKPETU3AllKs TEXHOJIOTHH 00pa-
00TKHM HHPOpPMALIUU, MAJTOUHTEPECHAS! KOHEYHOMY MOTPEOUTENIO OHOM).

MeTon BBIUMCIECHUM, IPU KOTOPOM BBINOJIHEHUE KaXKIOW OIEpAlMU IPOU3BO-
JUTCS MPU TOTOBHOCTH BCEX €€ olnepaHnaoB, Ha3wiBaeTcsa data flow (ewiuucinenus,
ynpasnsiemvle NOMOKOM OAHHbIX), TIPU TAKOM METOJE NOCIe008ameNbHOCHb Bbl-
NOJHEHUs. KOMAHO 3apaHee He 3a0aemcs; WCIOINIb3yeTcs Takxke nonarue Data
Driven Computing (BbIUHCIICHUSI, yIpaBisieMble AaHHbIMHU). BriepBoie rpaduue-
CKYIO MOJIENIb BBIYHMCIICHUH, YIPABIsIEMbIX TOTOKOM JaHHBIX, Mpeanoxun [lyaiin
Ommce (Ctaudopackuit yausepeuteT, 1968). B cucteme data flow Bmecto nmre-
PaTUBHOIO YKa3aHHUs BBIIOJHUTh HEKOTOPYIO KOMAaHy UCIIONB3YETCS paspeuierue
ee evinonHumy; cxema data flow mpoTuBomocTaBisieTCsl TPAJAULIMOHHOM CXeMe ¢
yhpaBiieHHeM oTokoM (control flow).

Cama npupojia MeTo/1a yrpaBiaeH!sl HOTOKOM JJAaHHBIX MOAPa3yMeBaeT IiyOoKHit
napajiesn3M (B OTJIMYUE OT METO/A YNPaBJICHUs TOTOKOM KOMaH/, 33JJaHHbIX Ye-
JOBEeKOM). MeTo/1 ynpaBieHus! MOTOKOM JIaHHBIX OTKPBIBAET MIMPOKHE BO3MOKHO-
CTH JJIsl OpraHU3alliy MMapaljIeIbHbIX BBIYUCIUTEIBHBIX MPOIECCOB, IPUYEM C an-
RApamHuIM pacnapaiieiu8aHuem.

PaboTbl MO co3AaHMIO MO CO3AAHUIO MPOrPaMMHO-ANNapPaTHBIX CPEACTB peau-
3anuu npuHnuna data flow Bemuch B rocyJapCTBEHHBIX M YACTHBIX HCCIIEOBA-
TEIbCKUX IIEHTPaxX BCEro Mupa: Hamp., B MaccadyycercoM TeXHOJIOTMYECKOM HH-
ctutyte (mpoueccop Tagget Token), nmabopartopusix ¢upmbl Texas Instruments
(CIIIA), B ManuectepckoM yHuUBEpcUTeTe (AHIJIUSI), OJHAKO JaJbIle DKCIEpPH-
MEHTaJbHBIX MalIMH Jeno He nouuio. Hambonee usBectHsl data flow - cucremsl
Monsoon, Epsilon (CIIIA) u CSRO-2 (ABcTpasusi).

B cucremax data flow nocienoBaTenbHOCTh BBIIOJHEHUS ONEPALUid 3aBUCUT OT
TOTOBHOCTH ONEPaHOB (KaK TOJBKO B MaMSITH OKa3bIBAIOTCS HEOOXOIMMBIE OIe-
paHbl, HEOOXOAUMBIE W IOCTATOYHbIC ISl BHIITOJHEHUSI TOTO WMJIM MHOTO Ofepa-
TOpa, UCHOJHEHUE MOCIEAHEr0 MHUIMUPYETCS Ha OJAHOM U3 HECKOJBKUX HCIOJ-
HUTEJNbHBIX YCTPOUCTB - €CJIH €CTh CBOOOMHBIE). IIpu 3TOM mocnenoBaTebHOCTh
BBITMIOJTHEHHSI OTIEpaIfii MPOTpaMMbl MOXKET OTJIMYATHCS OT MOPSIIKA MX 3alHCH -
HaTpuMep, pa3InyHbIe UTEPALUU ITUKJIa MOTYT BBIIIOJHATHCA OJHOBPEMEHHO (00-
JIe€ TOro, i+ /-5 UTEpALMS MOKET BBIIIOJIHATHCS PAHEE i-TOM — €CNM JJIs1 HEE TOTO-
BbI aHHbIe). Data flow - cucTeMbl BKIIFOYalOT MHOTO UCTIOTHUTENBHBIX YCTPONCTB,



- 58 -

paboTaIMX MapauiebHO, HA KaXJAOM U3 HUX BO3MOXHO BBIIOJIHEHUE JIFOOOTrO
oreparopa CUCTEMbl KOMaH/| MalllUHBbI.

Takum 00pa3om ygaeTcsi mpeooJieTh TPaAULIMOHHO-Y3KO€ MECTO COBPEMEHHBIX
CKaJISIPHBIX MPOLECCOPOB, CYIIECTBEHHYIO YacThb BPEMEHM TPATSIIMX HE Ha 00-
paboOTKy JaHHBIX, a HA npoyedypvl YAPAGIeHUs OGHHbIMU W CHEK)JISIMUGHbIE Bbl-
yucnenus. B oTnmynMe OT MHOTOMAIIMHHBIX KOMIUIEKCOB C TPaJAMLIMOHHOM apXu-
TEKTYpOI pacnapaieTMBaHue BbIUMCIUTENbHBIX MpolieccoB B cucreMax data flow
ocyuiecTBisieTcs anmnapaTtHo. [Ipu 3Tom padoTa mo OpraHu3alyyd  BBIYUCIUTEIb-
HOT'O Mpolecca BO3Jaraercs Ha oco0oe 3alOMHUHAIOLIEE YCTPOMCTBO, B KOTOPOM
IPOUCXOIUT HAKOIIEHUE ONEPaHJ0B M MOUCK TOTOBBIX K BBINOJHEHHUIO ONEpaTo-
poB (aHaJOr  yCTpOMCTBA YyIpaBi€HUS B TPAJULIMOHHBIX IOCJIEI0BATEIbHBIX
OBM). Jlns onucaHus MOTOKOBBIX MPOTPAMM UCHONB3YETCS s3bIK AKMOPHLIX Ce-
meti.

Haubomnee spdextuBHas peanusaius 3TOro MexaHu3Ma — UCIOJIb30BaHUE ACCO-
[MAaTUBHON MaMATHU, KOTOpask MPEACTaBIseT COOOM CIOKHOE YCTPOIMCTBO, MpeaHa-
3HAYEHHOE HE TOJBbKO JJI1 XPAHEHUS JAHHBIX C OINpPEACICHHbBIMU NMPU3HAKAMHU —
TAramu (fag, IpuyeM TAT YKa3bIBAET, B KAKOM KOHMeEKCHe UCTIOIb3YIOTCS JaHHbIE
U ]ISl BBIMOJHEHUS! KaKOW KOMaHbl OHM MpPEJHA3HAYEHbl), HO U ISl CPaBHEHUS
TAroB (IIPU UX COBMAJCHUU MPOUCXOJUT BBHIOOPKA JAHHBIX W MHUIIMALIUS BBITIOJN-
HEHUsI COOTBETCTBYIOIIEH KOMaH/Ibl). 3aMETUM, YTO 3TOT MEXAHU3M YaCTUYHO HC-
M0JIb3YETCSI B HEKOTOPBIX COBPEMEHHBIX BBICOKOIPOU3BOAMTENbHBIX MHUKPOIPO-
neccopax (Hamp., B 64-pazpsaaom [tanium ¢upmer Intel).

B tepmunonoruun data flow nanHbie BMecTe ¢ HAOOpOM MPHU3HAKOB (TATamMu)
MMEHYIOTCSl TOKEHaM (foken — mpU3HAK, METKA, 20mosulil 0Jis1 ynompeb.ienus). [lpu
data flow MexaHu3M ynpaBlieHUs JAHHBIMUA CHJIBHO Pa3BUT, COOTBETCTBEHHO MMeE-
eTcst OoJblliee YUCIO YIPABISIIOUIMX MPU3HAKOB Y AAHHBIX (BBIOJHIEMAs U clie-
Jyromiasi 3a Hel KOMaH/Abl — Ta, KOMY HEOOXOJUM pe3yibTaT OIlepalud, HOMEP
UTEpALMK, TUI ONEpalMy - BEKTOPHas/CKaJIspHas, OJHO/IByXOINEpaHaHas, YUCIO
TOKEHOB pe3yJibTaTa Olepaluu, Npu 3TOM COBOKYIHOCTb MPU3HAKOB TOKEHa 0e€3
KOJla OTiepalii UMEHYETCS €ro ‘OKpacKoil’).

Ha puc.15 npuBenena cxema data flow — BbIYucIMTENS corjacHO paboThI (x),
UCCIIEOBAHNS U CO3JIaHME HOBBIX apXuUTekTyp OBM mnpoBoguinuce B pamkax
‘[Iporpammbl OCHOBHBIX HampaBieHUM (QyHIAMEHTAIbHBIX UCCIEAOBAHUN U pa3-
paboTOK MO CO3[IaHUIO ONTHUYECKON CBEPXBBICOKONPOU3BOIUTEIHHON BBIYUCIH-
TenbHOM MamuHbl Akanemun Hayk® (OCBM), mo3nHee OT peanu3alvu accoliua-
THBHOW MaMsATH HA OCHOBE ONTHUKU OTKA3aJIUCh B IOJIb3Y MOSIBUBIIMXCS HA PHIHKE
BBICOKOIIPOU3BOAUTEIBHBIX ITOJIYIIPOBOJHUKOBBIX MOJAYJIEM TPOMYHOU accolua-

Bbypues B.C. BbiOop HOBOH cHUCTEMBI OpraHH3allM{ BBINOJIHEHUS BBICOKOMApPAJIEIbHBIX BbI-
YUCJIMTENIBHBIX IIPOLIECCOB, MPUMEPBI BO3MOXKHBIX aPXUTEKTYPHBIX PEIICHUN MOCTPOECHUS CY-

nepOBM. // B ku.: [lapamienusm BbIUUCIUTEIBHBIX MPOIIECCOB M PA3BUTHE aPXUTEKTYPHI CY-
nepOBM. — M.: UBBC PAH, 1997.
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tuBHOM mamsTu (Ternary Content

WenonHuTentsHoe Addressable Memory, TCAM) xomma-
yCTpoUCTEE HUU Motorola, Music
Semiconductors, Inc., Micron Tech.,
] Inc.
I'{ln > I'(n:mut o
ITo »Toii cxeme BBIYMCIUTEIBHOE

e YCTPOMCTBO  MPEACTABISAET  COOOM
KOJIBLEBYIO CTPYKTYpy. Tokensl op-

MUPYIOTCS HA OCHOBE aHallu3a CTPYK-
Typbl aJIroOpuTMa, XpaHATCA B acCCo-
ACCOLMATHBHER uuatuBHOM namstu (All) u mpu ycno-
NamaTh BUM HA0Opa MX KOMILIEKTa, JOCTATOY-
HOTO JIsl BBITIOJIHEHUS OJTHOTO U3 OIle-
paTopoB, HaIpasisAlOTcsa B Oydep ac-
a—— cormatuBHot mamstu  (BAII). B

BAIl’e nHakammMBaroTCsi TOTOBBIE Ia-
iaa KEThl AJIs mepeadyu B HCIIOJIHHUTEIIb-
HOU yctpoiictBo (MY); kxommyTaTop

Bychep
ACCOLUMATHEBHOK
namATH

Kin pacnpenensier mnakeTbl TOTOBBIX
PucyHok 15.— Apxuntektypa BbIMUCINTESNBHOIO TOKCHOB MCXKIY cBoOOHbIMY LY.

YyCTPONMCTBA,  peanuaylolero  noaxos B accouuaTtuBHOM IIaMsATH TIOMCK

data flow. HYXKHOM WHOOpPMalUK MPOU3BOIUTCS

HE 10 ajJpecy sYEHKH, a 10 ee Coluep-

KaHUIO (accoyuamusHom)y NpPusHaxy),

IPU 3TOM IOHUCK MO aCCOIMATUBHOMY NpPHU3HAKY (MM TOCIEAOBATENIbHO IO OT-

JENbHBIM €0 pa3psijiaM) MPOUCXOJUT MapajuielIbHO BO BPEMEHHU ISl BCEX sS4YeeK

3alIOMUHAIOINIET0 MaccuBa. J[aHHBIE B acCOIMATUBHOM MaMsTH MHTEHCUBHO 00pa-

0aTBIBAIOTCSI, TIOATOMY JUISl YBEJIMUCHUS OBICTPOJICUCTBUS OHA pa3OuTa Ha OTHIEIb-

Hble MOysM. HaGop mpU3HAKOB TOKEHOB, MOJYYCHHBIX B pe3yJibTare 00pabOTKU

MY, annapatHo aHanu3upyercss 1 KommyraropoM Ky pacnpenensercs mo Moay-
asm AL

HiMeHHO B TakOM HampaBiIieHUH pabOTaIOT COTPYIHUKHU oTAena MHcTuTyTa mpo-
onmem napopmatuku PAH, psn ner Bosrnasisiembie B.C.bypuessiM (pu ¢uHaH-
COBOW MojiepKKe aMmepukanckoit koproparuu Nodal Systems).

Jpyroii myTh pa3BUTHS BBIYUCIUTEIIBHBIX CHUCTEM CBS3BIBAIOT C OTKa30M OT
KOMMYTATOpPOB (KOMMYTAIIMOHHBIX CETEH), OTpaHUYCHHOE OBICTPOACHCTBUE KOTO-
pbIX TOpMO3UT pocT npousBoautesibHoct MBC. CoBpeMeHHbIE TEXHOJIOTUH 10-
3BOJISIOT CO3/1aBaTh KPUCTAIBl C OFPOMHBIM KOJIMYECTBOM MPOCTBIX Hpoyeccop-
Hoix 21emenmog (113), maccussl 11D ¢ HenmoOCpeACTBEHHBIMU COCTMHEHUSIMHU MEXKIY
onusnexammmu 13 HazpBawoTCs cucmoauveckumu. Takue MaccuBbl 00JAIAIOT
OYCHb BBICOKMM OBICTPOJEHCTBHEM, HO KK/l M3 HUX OPUEHTUPOBAH Ha pellle-
HUE OYE€Hb y3KOTro KJlacca 3ajad.
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B pabote [7] onucaHo UCIOJIb30BaHUE CUCTOJMMYECKUX MaccuBOB (CM) miist pe-
HICHUS CIICIMAIbHOW 3a/1a4ud YMHOXeHUs U cinoxkenust matpull [D]=[C]+H[A]x[B]
(yacTHbIN ciydail agpunno20 npeobpazosanus), IpUIEM BCE MATPUIbI — JICHTOY-
Hble nopsiaka N; maTpuna [A] UMeeT OJHy JuaroHajib BbIIIE U ABE IUAroHaIu HU-
K€ r1aBHOM; MaTpulia [B] — oaHy AuaroHasib HUXKeE W JIBE JUArOHAJIU BBIIIIE TJIaB-
Hol; Matpuna [C] mo Tpu AMAroHaau BbIIIE U HYKE rIaBHOM. Kakapiii BXoAsIniA
B CUCTOJIMYeCKU MaccuB 1D BeIMONHAET ckansapHyilo onepauuto ctab u ogHO-
BPEMEHHO OCYIIIECTBIISIET Mepeiauy JaHHbIX (MMEET TpH BXOja a,b,c U TPpU BBIXO-
na a,b,c, npuueM (in) W BBIXOAHBIC (ouf) JTAHHBIE CBSI3aHBI COOTHOIICHUSMHU

Aout=%in bour=bin Cour=Cintainxbin, TOUKa B 0003HAUCHUN CUCTOJIMYCCKOU SUCHi-
KH OIIPEJICIIsICT €€ OPUEHTAIUS Ha TIOCKOCTH, PUC.16).

g . /(%
Ay a,, a,, a, b,, b,, b,, b,

C — —_—C
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b/ T \a
14
PucyHok 16.— Cuctonunyeckui mMaccmB  An4 peanusauum MaTpuU4HOM onepaunu

[D]=[C]+[A] % [B] (cneBa — npuHsiToe 0603HAYEHME CUCTONMUYECKON SYENKM ONS BbINOSI-
HEHWs cKkanspHOM onepauum c+axb n nepegayum gaHHbIX).
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Slyeiiku pacmoyioKEHbI B y3/1aX PEryIsipHON KOCOYTOJIbHON PElIeTKH, UCXOIHbIC
JTaHHBIE TIOCTYIIAIOT CJIEBA CBEPXY, CIpaBa CBEPXY M CHHU3Y (DJIEMEHTHI MaTPHIIGI
[A], [B] u [C] cOOTBETCTBEHHO), 32 KaXXJbIM TaKT BCE JAHHbBIC MEPEMENIAIOTCS B
COCEIHUE Y3JIbl 110 YKa3aHHBIM CTPEIKaMH HallpaBlieHHsM. Puc.16 wuroctpupyer
coctosinne CM B HEKOTOPBIM MOMEHT BPEMEHH, TIPHU CJICAYIOIIEM TaKTe BCE JIaH-
HbIE TIEPEMECTSTCS Ha OJMH y3€Jl U JJIEMEHTHI d;;, b;; W ¢;; OKaXyTcs B OJTHOM
[19 (momeueH HOMEpOM /), HAXOJAIIEMCS Ha MEPECEYCHUHU IITPUXOBBIX JUHUN
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(T.e. OYyIET BBIYMCIIEHO BBIPAXKEHUE C;;Ta;;xcy;. B 9TOT Ke TakT JaHHBIE d;; |

by; BmioTHyto npubnuzsaTcs B [13, HaxondiieMcss B BEPUIMHE CUCTOIMYECKOIO
MaccuBa (MIOMEYEH CUMBOJIOM 2), B CIEAYIOIIUNA TaKT BCE JIAHHbIE CHOBA MEepeMec-

TATCSl HA OJIMH y3€Jl IO HaMpaBJECHUIO CTPEJIOK U B BepxHeM [1D okaxyTcs a;r, u
by mIroc pe3ynbTaT npeapayiero cpadbareiBanus 119, Haxoadiierocs CHU3y, T.e.
cjjtagxbyg. CnenoBaTeibHO, oyner BBIYHCIICHO BBIPAKECHUE

ciptapxbytagrxby;, a3T0 U €CTh UCKOMBIN AnieMeHT d;; maTpuusl [D]. Ha coot-
BETCTBYIOIIMX BepxHeW rpanune CM Beixomax [0, mepuoanyecku yepes TpH Tak-
Ta BBIJAKOTCA OYEpPEOHBIE DJIEMEHTHI MaTpulbl [D], Ha Ka)KI0M BBIXOJE IOSBIIS-
I0TCS DJIEMEHTBI OJJHOUM U TOM ke auaroHanu. [IpumepHo yepe3 3xn TakToB OyneT
3aKOHYEHO BBIYMCIIEHUE Bcel maTpuupbl [D], mpu 3TOM 3arpyK€HHOCTb KaXKIOU
CUCTOJIMYECKOH STYEHKM aCUMIITOTHYECKHU pulImxaercs K 1/3.

Cucronnueckre MacCuBbl 001aIal0T YepTaMU Kak MPOLIECCOPHBIX MATPHI] (CO-
BOKYITHOCTb CBA3aHHBIX [13D, BRIMOIHAIOMMX €AMHYIO KOMAHY), TaK U SIBHbIE MPHU-
3HAKU KOHBEHEPHOr0 BBIYUCIUTENS (UTO BBIpAXXKAETCS] B MOTAKTHOM IOJY4YEHUU
pe3ynbrata). CUCTOIMYECKUE MACCUBBI SIBISIOTCS CHEYUATUIUPOBAHHBIMU GbIUUC-
JIUMENbHbIMU CUCTEMAMU U MOTYT BBIIOJHATH TOIBKO peyisApHble alcOpUmmbl;
MaTeMaTUYECKUE MOJEIU CUCTOJIMYECKUX MAaCCUBOB, IIPUTOAHBIC UIA LIeJIEU I10-
ctpoenusi CM c 3ajaHHBIMU CBOMCTBaMHM, 00CYy>k1aroTcs B padote [1].

['maBHOE OTIMYME MHOONPOYECCOPHBIX CUCEM C NPOSPAMMUPYEMOU apXu-
MeKmypou SBIISIETCS BO3MOKHOCTh IIPOTPAMMHO YCTAHABJIMBATH KaK CBSI3H MEXK-
Iy MPOLECCOPHBIMU 3JIEMEHTAMHM, TaK U (QYHKIMHU, BBINOJIHsIEMbIe TaHHbIMU [13.
BaxuHeliien coCTaBHOW 4aCTb TAKOW CUCTEMBI SIBIISIETCS YHUBEPCAIbHASA KOMMY-

tamoHHas cpena (YKC) (x), koTopas COCTOUT M3 OJIHOTHUIHBIX, COETUHEHHBIX
JIPYT C JPYrOM PETyJISpHbIM 00pa3oM aBTOMATUYECKUX KOMMYTAlIMOHHBIX SUEEK,
JUTSI KOTOPBIX XapaKTePHO KOJLIEKMUBHOE NOBEOECHUE .

CTpykTypa MHOTOMNPOIECCOPHOM CHUCTEMBI, HCIOJIb3YIOIIEH YHHBEPCAIbHYIO
KOMMYyTaIuio, npuBeaeHa Ha puc.l7. Hactpoiika cuctemMbl Ha BBIOJIHEHHE KOH-
KpPETHOM 3a7a4uu MPOU3BOAUTCS B JBA dTAlA:

e Ha nmepBoM sTane npou3BOAMUTCS paCIpEeesICHUH KPYIHbBIX (MaKpo-) onepauui
(u"TerpupoBanue, quddepeHurpoBaHrue, MaTpUUHbIE Olepaluu, ObBICTPOE Tpe-
oOpazoBanue @ypobe u T.1.) Mmexay 11D u HacTpoiika umeromuxcsa 19 Ha BbI-
IIOJITHEHUE ITUX ONEpaLUil.

e BTOopoii 3Tan 3akiaroyaeTcss B HACTPOMKE HEOOXOAMMBIX KaHAJIOB CBA3H MEXIY
I19 B YKC.

*

Kanses A.B. MHoronpoueccopHble CUCTEMBI C IPOrPAMMUPYEMON apXUTEKTypoi. -M.: Panno
" CB3b, 1984. -283 c.
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[Tocne STOrO0 BO3MOXKEH aBTOMAaTHYe-
CKUU peKUM pabOThl MHOTOIIPOLIECCOPHOM
CUCTEMBI, IPU KOTOPOM Ha BXOJI MOJACTCS
BXOAHasi MH(opMaius, a ¢ BbIXOJA CHHU-
MAIOTCSI pE3YJIbTaTHI.

IIpocrenmmii KOMMYTALIMOHHBINA  dJIe-
MeHT (K3), HeoOXoauMmbIil mJis MmocTpoe-
Hus mwiockod YKC (BO3MOXXHBI U MHOTO-
MepHbie YKC), conepxuT ABa BXojia U JiBa
BBIXO0JIa M CBSI3aH C YETBIPbMS COCETHUMHU
K. B TakoM »iieMeHTEe BO3MOIKHBI JEBSTh
BAPDUAHTOB  BHYTPEHHEW  KOMMYyTaIlUU
(puc.18), uto u obOecreyuBaeT BO3MOXK-
HOCTh YCTaHOBJICHUSI TTPOU3BOJIbHBIX CBSI-
3eit mexay 1D (B T.4. 1 u300pakeHHBIX Ha
puc.17).

IIpu Hactpolike mockot YKC Hameua-

CUCTEMbI C MpPOrpaMMUpPyeMON apxuTtek- €TCS HEMpepbIBHAs IIEMOYKa CBOOOIHBIX

TYpOWn

K3, coenuHsAronmx BXOAbl M BBIXOJbl HY>KHBIX
[13. Tlpu 3TOM 1IEeTIOUKA JTOKHA OOXOJAUTH HEHC-
npaBHble KD 1 351eMeHTHI, YK€ BOLIEAIINE B APY-
rie KaHaibl cBsi3u. [locie BbIOOpa KaHama CBSI3U
BO Bce BbIOpaHHbie KO BBOAMTCS KOl HACTPOMKH,
Janee KaHal CBA3M (QYHKIMOHUPYET TOJI00HO
CIABUTOBOMY PETHUCTPY, B KOTOpOM HH(MOpMAIs
1o TakTaM nepegaercsi ot ogHoro KO k npyromy.
Hactpoiika KD mMokeT mpou3BOAUTHCS BPYUYHYIO
WJIM @BTOMATHUYECKH.

Jlnst  aBTOMaTHdeckoro oOpa30BaHUS OJHOTO
KaHayla cBA3U Mexay naByms [1D xopomo moaxo-
JIAT U3BECTHBIUA 8OTHOBOU NPUHYUN:

Sl
S g
o

Puc.18. BapuaHThl BHYTPEHHEN
KoMMyTauum npoctenwero KO

0 B YKC yxka3biBarorcst BXOAHOM 1 BBIXOHOU KO.

O BXOnHOM 3lEMEHT COEIMHSETCS CO BCEMHU UCHPABHBIMU U HE3AHSATBHIMHU COCEJI-
HUMH 3JIeMeHTaMu (Ipu 3TOM o0pa3yercs BoiHa nojcoeanHeHHbix K9J; ecnu B
HEW HE OKA3aJI0Ch HY>KHOT'O BBIXOJIHOTO 3JIEMEHTA, TO KAXKJIbIA JIEMEHT BOJIHBI
coequnsieTcs ¢ cocenuumu KO, o0pa3yst HOBbIM (PPOHT BOTHBI).

O IlponBuskeHue BOJHBI MPOAOJIKACTCS /10 TEX MOP, MOKA €€ PPOHT HE TOCTUTHET
HYKHOT0 BBIXOJHOro KO, mocie 4ero B 3J€MEHTHI, COCTABISAIONIME KpaTdail-
MK myTh MEXAY AByMs [10, 3aHOCATCS KOABI HACTPOMKH, & OCTAJIBHBIEC yCTa-

HOBJICHHBIC CBA3H PA3PbIBAIOTCA.
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O Ilpouecc moBTOpsieTcst JJisi BCEro Habopa BXOJHBIX M BBIXOAHBIX KDJ; Takum
o0pa3oM MOCeI0BaTEIbHO YCTAHABIMBAIOTCA BCE CBA3M, HEOOXOAMMBIE IS
pelLIeHuss KOHKPETHOH 3a7a4H.

O PexTUBHOCTH CUCTEM C MPOrpaMMUPYEMON apXUTEKTYPOU 3aBUCUT OT BEJH-
yuHbl k03P dunmenta K = ¢,/ t,,, Tie t; — BpeMs pElICHUs 3a]1a4uH, f,, — BpEeMs Ha-

CTPOMKHU CHCTEMBI (ECTECTBEHHO CTPEMHThCS K yBenuueHuto K). Bpems ¢, nus
CHCTEM C IPOTrPAMMHUPYEMOU aPXUTEKTYPOU OTHOCUTEIIBHO BEJIMKO, MO3TOMY IIO-

BBICUTH K MOKHO TOJIBKO YBCIIMYCHUCM t;.

s yBenuyeHus f; CieayeT dKCIUIyaTUPOBATh MHOTONPOLIECCOPHYIO CUCTEMY C
MPOrpaMMHUPYEMON APXUTEKTYPOU UIMTEIIBHOE BPEMS ISl PELIEHUS] OJHOW U TOM
e 3a7]auM; MMPU ITOM B KaXKJIbII TaKT Ha BXOJ| CUCTEMbI NOCTYIAET HOBBIM HA0Op
VCXOJHBIX aHHBIX, @ C BBIXOJA CHUCTEMBI B KaXKAbIM TaKT CHUMAIOTCS HOBBIE pe-
3yJbTaThl — IMEHHO 3TUM OOBSCHAETCS OYEHb BBICOKOE OBICTPOJIEHCTBHE MPHU pe-
HIEHUH KpYynHoix 3a0ay. T.0. HanbOosee BBITOAHBIM JIJIsi CUCTEM C MPOrpaMMuUpye-
MO apXUTEKTYPOU SBIISIETCS peHcUM KOHBeLepHOU 00pabomKu, B TO K€ BPEMs 3TU
CHUCTEMBI IIPUHAIIEKAT K MHOIOIIPOLECCOpHBIM cucTteMam tunia MIMD B kiaccu-
¢bukanyu M.OnunHa (cM. noApaszaen 2.2 gaHHOU paboThI).

HHuTtepecHo, uto eme B koHie 80-X I.r. OblIa co3gaHa dKCIIepUMEHTaIbHas ‘U3 Psda BOH
BBIXOJISINIIAs’ MHOTOIpOIeCCOpHas (24 BBIYMCIUTENBHBIX MOIYJSA, 12 KOMMYTAIMOHHBIX
MpoleccopoB U 6 TMpoOIEeccOpoB BBOAA-BBIBOJA) BbIUMCIUTENbHas cucrema EC-2704
(B.A.Topeawes, B.Y.Ilnocnun, HayuyHo-uccnenoBaTeIbCKUM LEHTP 3JIEKTPOHHON BBIYMCIINU-
tenpHOM TexHuku - HUIIDBT), npeacrasmstomas co00it MyJIbTUIIPOLIECCOP C OUHAMUYECKOU
apxumexkmypoti (MJIA) u MaccoBbIM MapajyIeIM3MOM; OCHOBON HEOOBIYHON apXUTEKTYPhI
COCTaBJIsIa afanTuBHAs (TOJACTPAMBAIOIIASCS MOJ] JOTHYECKYIO CTPYKTYPY KOHKPETHOH 3a-
Jaul) CEeTh BBIUMCIUTEIHHBIX MOJYJEH C MOJHOCTHIO ACIIEHTPAIU30BAHHBIM YIIPABICHHEM.
Hns EC-2704 xapakTepHO NpeACTaBiICHUE 33a/1a4u HE B BUJE TPAJAULUOHHOTO aJrOpuTMa, a B
BUJIC CETH, KaXIbI DJIEMEHT KOTOPOH CITOCOOECH U3MEHSTh CBOM CBSI3U C APYTHUMU dJIE€MEHTA-
MU CETH, OPOKJaTh HOBBIE JIE€MEHThHI UM CAMOYHHUTOKAThCSA. ANMapaTHO MOJJepKaHHAs
pacnpenenennas OC oOecnednBaiia JTUHAMHYECKOE YIPABIEHUE PEeCypcaMH MpU pelleHus
3aJa4, MOJATOTOBJICHHBIX IS BBHITIOJHEHHS] B CETH MPOIIECCOPOB, BHICOKYIO CTEIEHb pacia-
palIeNIuBaHus M HAJIeKHOCTh. JlanpHelmme pa3paboTKy MPUBENH K TOSBICHUIO HOBOTO THITA
KOMIIOHEHTa BBIUYHCIUTENBHOM CHUCTEMBI - IIpolleccopa € IMHAMMYECKOM apXHUTEKTYpOH
(ITIIA), xoTOophIii MOXET OBITh Kak AyeMeHToM (MoayieM) MJIA, Tak M caMOCTOSTEIHHBIM
YCTPONCTBOM, KOTOPOE MOKET OBITh MCIIOJNIB30BAHO MMl CAMBIX PA3MUYHBIX MPHIOKESHUN;
peanu3aluuu MporeccopoB ¢ AuHamudeckor apxurektypoit (DAP-31, DAP-311, DAP-317)
MIPUMEHSIOTCS B CUCTEMaxX 00pabOTKH paguoIOKalIMOHHON MH(GOPMAIMN U TeTeKOMMYHHKA-
117078

2.6. MetakomnboTuHr 1 GRID-cucreMbl

HecmoTpst Ha OTpOMHYIO IPOU3BOJUTEIBHOCTD CYIIEPKOMIIBIOTEPOB, BIIOJIHE pe-
QIBHO CYIIECTBYET OrPOMHBIM PE3€PB BBIYMCIMTEIBHBIX MOIIHOCTEH, KOTOPBIN
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NPEICTaBIAIOT 00beauHEeHHbIE ceThio InterNet MuUIMOHBI KOMIbIOTEPOB. Mx
CyMMapHasi IpOU3BOJAUTEIBLHOCTh U 00BbEM NaMSTH Ha MOPSAKU MPEBBIIIAIOT COOT-
BETCTBYIOILIME BETUYUHBI JTHOO0Tr0 MBICIIMMOIO CYyNEPKOMIIBIOTEPA.

Ot mwumoHsl DBM 00pa3yloT COOOIIECTBO BBIYMCIUTEIBHBIX MOIIHOCTEH
(mMemaxomnviomep), IOATOMY HCIOJIb3YyIOIIAsi 3TH MOIIHOCTUA TEXHOJOTHUs MOJIy-
yuia Ha3BaHue Mmemaxomnviomune. Jns cBsizu OBM 1npu METaKOMIIBIOTHHIE
00b1yHO ucnonbiyercs InterNet (mporokon TCP/IP) kak oOiienocTynHas U oxBa-
ThIBarolas Bcro [lnaHeTy ceThb, XOTS 711 HEKOTOPBIX CHEUATbHBIX MPOEKTOB MO-
IYyT CO3/1aBaThCsl CHELUAIM3UPOBAHHBIE KOMIBIOTEPHBIE CETU. MeETaKOMIIbIOTED
CYILIECTBEHHO OTJIMYAECTCS OT MHBIX BBIYMCIUTEIBHBIX CUCTEM — OH SIBJISIETCS pac-
IpENEIEHHBIM [0 CBOEW NPUPOAE, AUHAMUYECKHM MEHSET CBOIO KOH(UIyparuro
(cenuanibHas NPOrpaMMHAsl CUCTEMA OTCIIEKMBAET BKJIIOYEHUE U OTKIIOYEHUE
otnenbHbIX OBM Takum 00pa3zoM, yToObI MOIB30BATENL 3TOTO HE 3aMeyall), MEeTa-
KOMITBIOTEP HEOJHOPOJIEH (MCIOJIb3YIOTCS KOMIIBIOTEPHI CAMbBIX PA3JIMYHBIX MOIII-
HOCTe W KOHQUrypaluil ¢ HECOBINAJAIOIMMUA CUCTEMAMH UHCTPYKIMI MpolLec-
COpOB, ONEPALMOHHBIMU CUCTEMAaMH U T.11.).

He Bcsakue 3agaun MOryT 3(Q(EKTUBHO pelaThCs ¢ MOMOUIBI0 METaKOMIIbIO-
THUHTa — BCIIEJICTBHUE CYILIECTBEHHO OOJIbIIET0 (CEKYHIbI/MUHYThHI) BpEMEHU OOMEHa
JAHHBIMU 111 00pabOTKU MPUTOAHBI 3a7a4H, HE TPEOYIOIIUE TECHOro (4acToro u
MHTEHCUBHOI'0) B3aUMOJICHCTBHS MapaJuIeNIbHbBIX MPOIIECCOB.

Opgnum u3 HauOosiee M3BECTHBIX METAKOMIBIOTEPHBIX IPOEKTOB SBIISETCS
SETI@home (Search for Extra Terrestrial Intelligence) — o6paboTka NPUHATHIX
panuoteneckornoM Apecu6o (ITyapro-Puxo) manueix (mpocmaTpuBaeTcs IMojoca
2,5 MHz Boxkpyr uactotel 1420 MHz, B neHb 3anuceiBaeTcs okojo 35 ['0ailT un-
dbopmManmK) ¢ UENbIO BBISBICHUS NPU3HAKOB CUTHAJIOB MCKYCCTBEHHOI'O MPOMUCXO-
KAeHUs (LeJb — MOUCK BHE3EMHOM pa3zymuou xu3Hu). [IpuHATh yyactue B mpo-
rpamme MoxeT 0ol nons3oBatesnb Windows, UNIX, Mac unu OS/2, 3arpy3uB
KJIMEHTCKYIO 4acThb MPOrpaMMbl ¢ ajipeca http://setiathome.ssl.berkely.edu (pycckos-
3pIYHOE 3epKayio http://setiathome.spb.ru). CepBepnas yacth [IO 3arpyxaer Ha
KJIMEHTCKHE MalIuHbl OJIOKK JaHHBIX pazmepoM 0,34 Mbaiit u nocne o0padoTKu
IIPUHUMAET PE3yJbTaThl aHAIN3a, PacueThl BO3MOXHBI B Iepuoi npocros 119BM
(pabota B pexume ‘XpaHUTENsl SKpaHa’) UM MOCTOSIHHO B (JOHOBOM pEeXHUME; €Ile
K 2002 r. yucI0 KJIMEHTOB MPUOIU3WIOCH K 4 MJIH., IPU 3TOM CyMMapHas Mpou3-
BOAMUTENBHOCTh UX DBM HaMHOI0 NMpeBOCXOUT MPOU3BOJUTEIBHOCTD BCEX BKJIIIO-
yeHHbIX B ‘Top-500" cynepkoMIbOTEPOB.

[Ipoekt Einstein@Home (http://einstein.phys.uwm.edu) umeer 1enb MPOBEPKU
OJIHOTO M3 CJICICTBUH OOIIEH TEOpUU OTHOCUTEIHHOCTH A.DWHINTEHHA - CyIIeCT-
BOBaHUE rpaBUTAIIMOHHBIX BOJIH. JlanHbie noctynatT ¢ LIGO (Laser Interferome-
ter Gravitational wave Oservatore, nBe ycranoBku B CILIA — JIuBuHrcTon u XaH-
dopn, wrarsl Jlynsuana u Bammurron coorBercTBeHHO) M ycraHoBku GEO 600
(I'annosep, ['epmanust); MeTo 3amepa — CpaBHEHHE BPEMEHU 3alia3/IbIBaHUs Jyda
Jazepa B HUHTEpPEPOMETpPaxX CO CBEPXIJIUHHBIM mieuoM 0,6 +4 KM IpU aHATU3e
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IPaBUTALIMOHHOTO BO3JACHCTBUS OT IIyJIbCAPOB WJIA HEUTPOHHBIX 3Be3xd. IIpoekr
3anmynieH B Havaie 2005 r., pasmep KIMEHTCKOro OJIOKa JaHHBIX COCTaBISET
12 +14 MO6alT 1 paccuuTaH Ha HeJleJbHYI0 00pabOTKYy, MPUPAIICHHE YYACTHUKOB
npoekta — 1’000 B J1eHb.

[TpoexT Condor (http://www.cs.wisc.edu.condor) pacnpenensier 3aja4i B KOpIo-
PaTUBHOM CETH, UCIOJIb3Ysl HEUCIoab3yemble pecypcsl [IDBM B pexnme ux npo-
cTos (Hepabouue JHU, HOYb U T.I1.); IPOrpaMMHOE 00eCTIeueHrEe paclpOCTPAHIET-
cs cBoboano s matdopm Windows NT, Linux, Solaris u ap.

B pamxkax npoekra Globus (http://globus.org) pa3zpabarbiBaercs erobanbras uu-
GopmayuonHo-8bluUCIUMENbHAS CPeOd; CO3JTaHHbIE B paMKaX IPOEKTa MPOrpaMM-
HbIE CPE/ICTBA PACHPOCTPAHSIOTCS CBOOOJHO (B T.4. C UCXOJHBIMU TEKCTaMHU) B BH-
ne makera Globus Toolkit; 3T0 mporpammHoe obecriedeHue SIBISETCS OCHOBOM
MHOTHUX MHBIX IPOEKTOB B 00nacTu MeTakomnbioTUHra 1 GRID.

HekoTopble u3 Apyrux M3BECTHBIX MPOEKTOB PacCHpEesIEHHbIX BBIUMCICHUN:

e Climate Prediction - IpoeKT MO MOJEIUPOBAHUIO BIUSHUS BHIOPOCOB YIJIEKH-
CJIOTO T'a3a Ha KJIMMaT 3eMJiu (‘apHUKOBBIN 3D PexT’).

o Legion (4 Worldwide Virtual Computer, http://legion.virginia.edu) - pa3paboTka
O00BEKTHO-OPUEHTHPOBAHHOIO MPOTPAMMHOI0 OOECHeUeHUsl JUIsl MOCTPOEHUS
BUPTYaJbHBIX METAaKOMIIBIOTEPOB Ha OCHOBE MUWJUIMOHOB WHJMBUIYaJIbHBIX
OBM U BBICOKOCKOPOCTHBIX CeTeH, mpu 3ToM padotaromuii Ha [I9BM mnomb-
30BaTellb UMEET MOJHOCTHIO MPO3payHbId JIOCTYIl KO BCEM pPECypcaM MeTa-
KOMIIBIOTEPA.

¢ Dictributed.Net (http://distributed.net) - mepeGop kitOouYel ¢ IENbIO B3J0MA
¢ pos..

e TERRA ONE (http://cerentis.com) — koMMmepueckuii nmpoekt ¢upmbl Cerentis
[0 CO3/IaHUI0 METaKOMIIbIOTEpa JJIA aHajdu3a pa3auyHoi uHdopmanuu (mpe-
JIOCTaBUBIIME ISl BbluKcieHuil cBou [I9BM mnonp3oBaTenu mnomydaroT Kpe-
nuthl TerraPoints mys 3akynok B InterNet-marasunax).

¢ Find-a-Drug (http://www.find-a-drug.org) - IpOEKT 110 OUCKY JIEKApCTB OT pa3-
JUYHBIX OOJNe3HEH MyTeM pacyeTa Mpolecca CHHTe3a OENIKOB C 3arlIaHUpO-
BAHHOU MOJIEKYJISPHOU CTPYKTYPOM.

e Folding@Home - mpoekT mo pacueTy cBepThIBaHUS OEIKOB (CyMMapHas BbI-
yucauTenbHas MouHocTh 200 Tdiornc).

o GIMPS (Great Internet Mersenne Prime Search) - TIOUCK TIPOCTBIX yucel
Mepcenna (http://mersenne.org). ®ounn Electronic Frontier Foundation
(http://www.eff.org) mpemtaraer puz B 100 teic. $US 3a HaxoxaeHue yucia
MepcenHa (IpocToro yucia Buja 2P—1) ¢ uncyioM uudp 10 miH.

e SeventeenOrBust (http://www.seventeenorbust.com) - IpoeKT, 3aHUMAIOLIUICS
pemenreM 3adauu Cepnuncku (HaXOXKIAECHUU BEJIIMYUHBI N, TP KOTOPOM 3Ha-
ueHue BEIpaKeHHs k x 2’ +1 sBisercs MpOCTHIM; B Hayase IPOEKTa 3TO GBIIO

JOKa3aHO JJIA BCCX 3HAYCHUM k, KpOMC CCMHAJAATH — OTCrOAa HA3BAHUC IIPO-



-66 -

ekta SeventeenOrBust).
o ZetaGrid (http://www.zetagrid.net) - mpoBepka eunomesvt Pumana (oaHa U3
npo0Oiem Teopuu unced, 1859).

HecMmoTps Ha 3a1elCTBOBaHHBIE MPU METAKOMIIBIOTUHIE€ OTPOMHBIE BBHIYMCIIHU-
TeJIbHBIE MOUTHOCTH, HEKOTOPBIE 3a/1a4l HE MOTYT OBbITh 32 IPUEMJIEMOE BpeEMsI pe-
IIEHBI Ja)KE TUM CIIOCOOOM.

[Tog GRID (mo ananoruu ¢ ‘power grid’ — aJieKTpuYecKas C€Th) MOHUMAIOT pac-
IpEeIEICHHYIO MPOrpaMMHO-AINAPaTHYI0 KOMIIBIOTEPHYIO Cpey, PU3BAHHYIO ITy-
TE€M MUHTETPUPOBaHUs reorpaduyuecku yaaJeHHbIX KOMIBIOTEPHBIX PECYpCOB 0Oec-
NEYUTh BCEOOIIMA TOCTYI K BBIYMCIUTEIBHBIM MOIIHOCTSM Il PEIICHUS KPYITHBIX
HAy4YHO-TeXHUYECKUX 3ajad. Jns co3nanus HazaexHoil cuctembl GRID ocobenno
BaXXHO CO3/IaHHME CHELHATM3UPOBAHHOIO MPOrPAMMHOIO OOECHEUYEHUS MPOMEXKY-
TouHOro (middleware) ypoBHS sl yOpaBJieHUsS 3aJaHUsIMU, oOecrieueHus 0e30-
[ACHOTO JIOCTYIa K JIAaHHBIM, MEPEMEIICHUS/TUPAXKUPOBAHUS JAHHBIX OTPOMHOIO
o0beMa B npejierax KOHTHHEHTOB.

[TokazaTenbHbIM IIPUMEPOM HcCIONb30BaHus TexHosoruu GRID sBisercs opra-
HU3alusg 0O0pabOTKM NaHHBIX SKCIIEPUMEHTOB MPEINOJIAralolerocs Ko BBOAY B
ctpoit B 2006+2007 r.r. bonsmoro Aaponnoro Komnaiinepa (LHC, Large Hadron
Collider) B EBponeiickom llentpe Anepusix uccnegopanuit (CERN). Ha ueTsipex
KPYNHBIX (PU3NYECKUX yCTaHOBKax B TeueHue 15+20 ner Oyaer cobupaThcs MO
Heckosibko IlerabaiiT maHHBIX exerogHo. Bo BpeMs npoBeeHUs 3KCIEpUMEHTa
JTAaHHBIE 3aMUCBIBAIOTCS cO ckopocThio 0,1 +1 I'GaiiT/cek U coxpaHsOTCS Kak B ap-
xuBax CERN, Tak 1 MHOTHMX COTEH yYaCTHUKOB — MCCIIEA0BATEIbCKUX UHCTUTYTOB
Y YHMBEPCUTETOB BCEX CTpaH MUPA; JUIsl XpaHEHUs U 00pabOTKM JaHHBIX CO3/1aHa
NSATUYPOBHEBAS UEPAPXUUECKAS] CTPYKTYpPa BIUUCIUTENbHBIX IEHTPOB.

[Monnepxkky LHC ocymectensier cuctema EU Data GRID (EDG, http://eu-
datagrid.org), ocHoBan EBpomneiickum CooOIIeCTBOM C IETbI0 CO3J]aHUSI CETEBOM
KOMITBIOTEPHOM MH(PACTPYKTYphl HOBOT'O MOKOJIEHHS JIJIsi 00OpabOTKH pacmpese-
JICHHBIX Tepa- U neTadalTHBIX 0a3 aHHBIX, MOJYUYEHHBIX B PE3YJIbTaTe HAYUYHBIX
uccinenoBanuii. EDC npenmnonaraer xpaHeHue u o0paboTKy JaHHBIX (PU3HKHU BBICO-
KHUX 3Hepruil, OMonH(opMaTUKu U cucTemMbl HabmoneHui 3a Ilmanertoil (0ocoOeH-
HOCTb MPOEKTa — pa3jeiaeHrue HHPOpMaUU MO Pa3IMYHbIM 0a3aM JaHHBIX, PacIo-
JIO’)KEHHBIX Ha Pa3IMYHbIX KOHTUHEHTAX, LIeJb — KapJIMHaIbHOE yiydileHue 3¢ dek-
TUBHOCTH M CKOPOCTH aHAJIM3a JAHHBIX METOJIOM PaclpeesieHrs MOLIHOCTEN Mpo-
LIECCOPOB M CHUCTEM PACIIPEIEIECHHOrO XpaHEHHs ¢ JMHAMMYECKU paclpeesieHueM
u perukanuein). OCHOBOM MpoekTa sBIsIeTcs Ha0Op MNPOrpaMMHBIX CPEJICTB
Globus. B Poccuu aeiictByer komnoneHT DataGrid, yciyramMmu KOTOpOro mosib3y-
IOTCSl BEIyLIME HAY4YHbIE UHCTUTYTBI - HUHUAD MT'Y, OUAU, UTOD, HDB3.

B HUBI MI'VY pa3zpaborana GRID-cucrema X-Com, npegHazHayeHHas Jjist op-
raHU3aluy PACTIPEJEICHHBIX BHIYUCICHUM C MCIOIb30BAHUEM HEOJIHOPOIHBIX BbI-
YUCIUTENbHBIX pecypcoB. s dyHkuuonupoBanus X-Com He TpeOyeTcs cre-
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LAAJM3UPOBAHHBIX KOMIIBIOTEPOB, BBICOKOCKOPOCTHBIX CETE€W, CJIOKHOW Ha-
CTPOMKH 3aJIeCTBOBAHHBIX BBIUMCIUTEIbHBIX PECYPCOB U HEOOXOAMMOCTU HC-
IIOJIb30BAHUS ONPENEIICHHOTO S3bIKa IPOrPaMMHUPOBAHMUSL.

KonTpoJsbHbIE BONPOCHI

1. B uem 3akiroyaeTcsi OCHOBHOE OTJIMYME MHOT'OIPOLIECCOPHBIX CUCTEM C obuyell
U pacnpedenennou TNaMsiTbi0? KakoBbI JOCTOMHCTBA U HEJOCTATKH CHCTEM
Kaxaoro w3 otux  kjmaccoB? Urto  Takoe  macmTabupyeM — OCTh
MHOTOITPOLIECCOPHBIX BBIYMCIUTENBHBIX cucteM? B ueM mnpeumyiuectBa u
HeJI0CTaTKU KOMIIbIOTEPOB ¢ NUMA -apxurektypou?

2. JlonycTuM, UMEIOTCA CHUCTEMBI MapajluIEIbHOrO MPOrpaMMHUPOBAHUS C BO3MOXK-
HOCTBIO IPEUMYIIECTBEHHOIO PacHpeleieHUs 110 BBIYMCIUTEIbHBIM y3JaM: a)
TOJILKO BBIYMCIICHUH, 0) TOJBKO JAAHHBIX, B) U JaHHBIX U BhiuucieHuil. C mo-
MOIIIbIO KAaKUX M3 3THX CUCTEM Mpoine (yoobHee, bbicmpee) pa3pabaTeiBaTh d¢-
(eKTHBHBIE TApAJUIENIbHBIE MPOTPAMMBbI IS MHOTOIPOLIECCOPHBIX BBIYUCIIH-
TEJIbHBIX KOMIUIEKCOB apXUTEKTyphl: a) SMP, 6) NUMA, B) MPP?

3. B ueM CyThb UCIIONIB30BAHUSA MATPUYHBIX NEPEKIIOYATENICH U NPUHIMIA KACKa-
JTUPOBaHUS MPU O0BEIMHEHUH MOAYyJel MHoromporeccopabsix OBM? KakoBsbl
JIOCTOMHCTBA U HETOCTATKU ITUX TEXHOJIOTHN?

4. Yto Takoe BEJMYHUHA CpeOHell OJIUHbL nymu, COSTUHSAIONIETO TPOU3BOJIbHbBIC BbI-
YUCIIUTEIBHBIE Y3JIbl MHOTOIIPOLIECCOPHBIX cUCTEM? J[JIl KaKuX TOIOJIOTMH 3Ta
BEJIMYMHA OOJIbILIE U JJI1 KAKUX OHAa MUHUMAJIbHA CYTh?

5. B 4uem pasnnuue TOonoJorui ‘AByMeEpHas pelmeTrka’ U ‘AByMEpPHbIA TOp  (COOT-
BETCTBEHHO ‘TpEeXMEpHas peleTka’ U ‘TpexXMepHbIid Top’)?

6. Ha xakux xapakTepHCTHKaX OCHOBBIBAIOTCS M3BECTHBIE KIACCHU(PUKAIIUH Mapa-
JIEJIbHBIX BBIYACIUTEIBHBIX CUCTEM?

7. IlocTapaiirech pacmmputh Tomonoruto MBC-100 1 MBC-100/200 nnst Tpasc-
NBIOTEPOB C 6-10 TMHKAMHU (IIPEACTaBUTh BO3MOYKHBIE CXEMBbI TOIIOJIOTUH ).

8. KakoB (pu3mueckuil CMbICI MOHATHI tamenmuocmu U yenvl oomena? Ilpeniio-
KUTE UHYIO CUCTEMY (KOJMYECTBEHHBIX) XapaKTEPUCTUK ISl pacCMaTPUBAEMO-
IO SIBJICHUS.

9. Ha3BaTph pacnpocTpaHEHHbIE CETE€BbIE TEXHOJOTUU ISl CBAI3BIBAHUS BBIYUCIIH-
TEJIbHBIX Y3JI0B MHOT'OIIPOLIECCOPHBIX CHCTEM M JaTh KOJIMYECTBEHHBIE XapaKTe-
PUCTUKHA OCHOBHBIX [apaMETPOB OHBIX (JATEHTHOCTH, IPOIYCKHOW CIIOCOOHO-
CTH U Jp.).
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3. AHaau3 AJTOPUTMOB C I€JIBIO BBISABJICHHUS IMMapajIcJIn3Ma

KapivHallbHBIM OTJIMYMEM BBIMOJHEHUS! IPOTPAMMbl Ha BBIYUCIUTEIBHON CHUC-
TEME€ MapaJUIeIbHON apXUTEKTYpPbl OT TAKOBOI'O MOCJIEIOBATEIILHOTO KOMIIBIOTEPA
ABJISIETCS.  803MOJICHOCMb OJJTHOBPEMEHHOI'O BBINIOJIHEHHUS 1I€JI0W TpyNIbl omnepa-
WA, IpYT OT ApYyra He 3aBUCAILLMX (HA MOCIJIEI0BATEIbHOW MAllIMHE B KaXbId MO-
MEHT BPEMEHHM BBINOJIHAETCS TOJIBKO OJIHA OMeparusi, IPyrue MOryT HaXOAUThCS
TOJIKO Ha CTaJMM MNOATOTOBKH). Ha pa3nuyHbIX MmapaiienbHbIX MalllMHaX 3TH
TPYIIIBI U MOCJEI0BATEILHOCTh UX BBIMIOJHEHUSI CKOPEE BCETO OVOYmM pA3HbLMU.
OpnHako CymecTByeT (€CTeCTBEHHOE) TPEOOBAHHUE NOBMOPAEMOCIU Pe3YIbmMamos
(aJIropuT™M, MPUBOJALIMNA K Pa3IMYHBIM KOHEUHBIM pe3yJIbTaTaM Ja)e MpPU OJIU-
HAKOBBIX BXOJHBIX JAHHBIX, BPSI/ JJU KOMY HY>KE€H — MOJIEJIMPOBAHUE CTATHCTHYE-
CKHX MPOLECCOB HE pacCMaTPUBAEM).

B o0miem cimydae atan pa3paOoTKy mapauieIbHON MPOTpaMMBbl JOJIKEH MpeBa-
PATHCA TPOIIECCOM BBISBIICHUS OJOKOB (IOCIEIOBATENBHOCTEH HMCIOIHIEMBIX
MPEANUCAHNI ), MOTYIIMX OBITh BHITIOJHEHHBIMU HE3aBUCHUMO JIPYT OT Apyra U TO-
4yeK (MOMEHTOB) B MPOTpaMMe, B KOTOPHIX HEOOXOIMMa CUHXPOHM3AIUS BBITTOTHE-
HUS ITHX OJIOKOB (/11 BBOJA MJIM OOMEHAa JaHHBIMU). TONBKO JJISi MPOCTEHIIIX
QITOPUTMOB ATa 3a/1a4a MOXKET OBITh BBHITIOJIHEHA ‘B yMe’, B OOJIBIIMHCTBE CIIy4yae
TpedyeTcst (I0OCTaTOYHO CIIOKHBIN) aHaIu3 Cmpykmypul aieopumma. B HEKOTOPBIX
CiIy4asix 1eJIecoo0pa3HO MPOBECTH IKBUBANECHMHbIE NPEOOPA308AHUS AI2OPUMMA
(3aMeHa JTaHHOTO AJITOPUTMAa — WM €r0 YacTH — Ha allfOPUTM, FapaHTUPYOLIUN
MOJIYYCHHE TAKOTO K€ KOHEYHOT'O Pe3yJibTaTa Ha BCeX Ha0Opax BXOAHBIX JAHHBIX,
pUYEM KelaTelIbHO 0€3 CHUKEHHSI TOUHOCTH PacyeToB).

3.1. [IpeacraBiieHue aaropurmMa rpagoBoii CTpyKTYpoH

[IpuHATO M yNOOHO TMPEACTABIATH AJITOPUTM B BUAE I'padoOBON CTPYKTYpHI.
I'pap G crammaptHO oO6o03Hauaercss G=(V,E), tne V — MHOXECTBO BEpIINH
(vertex), E — MHOXeCTBO IyT (edge), Tyra MEX1y BepIIMHAMHU [ U j 0003HAYAETCS
Kak e(i,j). B obmem ciyuae BepmuHbl rpada COOTBETCTBYIOT HEKOTOPBIM Oelicii-
BUAM NPOSPAMMbL, & AYTU — OMHOUWEHUAM MEXY STUMU IEHCTBUIMH.

[Ipoctelimuii rpad Takoro poja ONMUCHIBACT UHDOPMAYUOHHBIE 3ABUCUMOCTIU
aneopumma (BEpPIIMHBI 3TOTO rpada COOTBETCTBYIOT OTIEIBHBIM ONEpaLUsIM all-
rOpUTMa, HaJUYME AYTH MEX]y BEpUIMHAMU i,j TOBOPUT O HEOOXOAMMOCTH MpHU
BBITIOJIHEHUHU OTEpaIUU j HAJTUYUS apryMEHTOB (OTMEpaH]IOB), BIPAOOTAHHBIX OIle-
panue i; B ciiydae HE3aBUCUMOCTH BBITIOJIHEHUS ONEpalluid i U j Ayra MexIy Bep-
MHAMU OTCyTCTBYeT). Takol rpad HaszbIBaloT epagom areopumma (8biuuciu-
menbHOol Mooelvio ‘onepamopwsl - onepanowt’), [1,3]. Jlaxxe npu oTCYTCTBUU YC-
JIOBHBIX OIEPATOPOB (YTO MAJIOBEPOATHO) YUCIIO BBIMOJHEHHBIX onepanuii (a cie-
JIOBAaTENIbHO, U OOLIEEe YUCIIO BEPIIMH rpada U, COOTBETCTBEHHO, YUCIIO JYT) 3aBU-
CUT OT pa3MepOB BXOJHBIX JIaHHBIX, T.e. rpad anropurma (I'A) sBusercs napa-
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Mempu308aHHbIM IO Pa3MeEpPy BXOJHBIX JaHHBIX. AIMKIWYHOCTH ['A crenyer u3
HEBO3MOXHOCTH ONpeIeieHUs JTI0OOM BEJIMYMHBI B aIrOPUTME Yepe3 camy ceOs.
['A Takxe sIBIsIeTCS opueHmupoearnHvim (BCE IyT'M HarpaBiieHbl). Paznuuaior oe-
mepmunuposantviti I'A (mporpamma He COJIEPKHUT YCIOBHBIX OINEPATOPOB) U He-
Odemepmunuposanuwil I'A (B mpoTuBHOM citydae). st HepepMuHupoBaHHoro ['A
HE CYILECTBYET B3aUMHO-OJJHO3HAYHOTO COOTBETCTBUSI MEX]y ONEpalUsIMH OIH-
CBIBAIOLIEH €ro mporpamMmsbl U BeplinHaMu rpada npu Bcex Habopax BXOAHBIX Ia-
pameTpax; 4alle BCEro paccMaTpUBAIOTCS JE€TEPMUHUPOBAHHBIE anropuTmbl. He
MMEIOIINE HA OJTHOW BXOJSIIECH MM BBIXOJSIIEH IyTH BepIIMHBI ['A Ha3bIBarOTCSA
6XO0OHBIMU VI 8bIXOOHBIMU 8epuiuHamu cooTBeTCTBEeHHO. [locTpoenue ['A He s1B-
JsieTCsl TPYNOEMKOU orepanueit (4ero Helib3si cKa3aTh O MpoLeAypax aHaiau3a rpa-
¢da) — 1000 KOMOWIATOP (MHTEPIIPETATOP) CTPOUT (SIBHO WJIM HESABHO) €ro MpHU
aHaJIN3€ KaXI0T0 8blpadiceHus A3blka MPOrpaMMHUPOBAHHUS BICOKOTO YPOBHSI
[TocnenoBaTenbHOCTh BBIYMCIECHUN (OAUH U3 BAPUAHTOB) HAXOXKJECHUSA KOpHEM

—biﬂb2—4ac
2a
npuBesieHa B Ta0i.4 u TpeOyeT 11 omnepanuii BBICOKOYPOBHEBOTO SI3bIKa MPOTPaM-

MUPOBAHUA (CJIO)KCHI/IG, BBIYUTAHUC, YMHOXCHUC, ACJIICHHUC, HN3MCHCHHUC 3HAKAa,
BBIYUCJICHHUC KBAAPATHOI'O KOPHA U T.H.).

IIOJIHOTO KBAaJpPaTHOI'O0 YpPaBHEHUS ax?+bx+c=0 B Buje X|,=

Tabmnua 4.— IlocinenoBaTeIbHOCTE BBIYMCIICHUS 3HAUCHUH
KOpHEH IMOJIHOTO KBAJPAaTHOTO YpaBHEHUS.

Ne onepamopa Jleticmeue Ilpumeuanue
BBona, b, ¢ Omnepaiuu BBOJIa HE HYMEPYIOTCS
0 a2« 2xa a2 — pabouas nepeMeHHas
1 ad<«4xa a4 — pabouas nepeMeHHas
2 b neg<«neg(b) |b neg-— pabouas nepemeHHas,
neg — omepamus U3MEeHeHNe 3Haka (‘yHap-HbIH
MHUHYC’)
3 bb<«bxb bb — pabouas nepeMeHHas
4 ac4d «adxc ac4 — pabouas nepeMeHHas
5 p_sqr<«bb-a4 p_sqr — paboyasi nepemMeHHast
6 sq<«sqrt(p_sqr) | sq — paboyas mepeMeHHasl,
sqrt — omepainus BBIYHCICHHUS KBaJIPaTHOTO
KOPHSI
7 wl«b negtsq |wl —pabouas nepeMeHHas
8 w2<«b neg-sq | w2 — paboyasi nepeMeHHas
9 root 1« wl/a2 |root 1 — nepBblii KOpEHb YpaBHEHUS
10 root 1« w2/a2 | root 2 —BTOpO KOPEHb YpaBHEHUS
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[Ipn mocnenoBaTenbHOM BblYMCIHEHUHM Tpad anroputMma (puc.19) momHOCTHIO
KOIMPYET MOCJIEI0BATENbHOCTh JEHCTBUNA Ta0i.4; uMeeT 3 BXOJIHBIX BEPIIMHBI
(cooTBETCTBYIOIIUE BBOJY KOA(DPUIMEHTOB a,b U C), JIBE BBIXOJIHbIC BEPIIUHBI
(BBIUUCIICHHBIE KOPHU X; U X, MCXOJIHOIrO ypaBHEHuUs) U 11 BepIuH, COOTBETCT-

BYIOLIMX OIl€paTopaM ajiropurma.

R LU,

BbIBOA, | BIBOA,
BBOA, root_1| root_2

PucyHok 19.— 'pad anropmMtma (3aBUCMMOCTb ‘Onepauun - onepaHabl’) HaxXOoXAEHUsI KOPHEN
MOSIHOMO KBaApaTHOro ypaBHEHUS ANS NOCNef0BaTENbHOMO BbINOMHEHMS.

OnuuM 13 (HE3KOHOMHBIX IO HUCIOJB30BAHUIO MaMSITH MPU HCHOJb30BAHUM )
npeacTtaBienuil rpadpa G=(V,E) sBugercs KBaJpaTHas Mampuyei CMeHCHOCmU
(HyMepauusi CTpOK M CTOJIOLIOB COOTBETCTBYET HyMEpallMd ONepaTopoB, OyseBa

‘I’ B (i,j)-TOM sA4YelKe COOTBETCTBYET HANMUMUIO0 Ayru e(ij), ‘0’ — OTCYyTCTBHUIO

OHOM):
[0 000O0OO0O0O0GOO0 O]
000O0O1O0O0OO0OOO0O
0000O0OO0OO0OT1TM1TO0OO
000O0OO1TO0O0OO0OO0O
000O0OO0O1T10O0O0O0
000O0OOO1TO0OOOO
000O0O0OO0OO0OT1TM1TO0O
000O0OOOOOOT™1TO
000O0OOOOOO OO O1
10000O0O0O0OOOO
1000000000 O]

[Ipn HawyambHOM aHaIM3€ BpPEMs BBIMOJHEHUS BCEX OMNEPAMA MPUHUMACTCS
OJIMHAKOBBIM, 0OJIee TOYHBINA aHAINU3 TpeOyeT HHPOPMALIUUA O TPYJOEMKOCTH KaxK-
J0¥ omeparuu (IIpy ATOM BEPIIMHAM U JAyraM rpada MOTYT OBITb COMOCTAaBJICHBI
BeCca — BEJIMYHMHBI, IPOMOPIHOHATILHBIE TPYIOEMKOCTSIM OTIEPAIMiA BHIYUCICHUS U
0o0OMEHa TaHHBIMHU COOTBETCTBEHHO).

Tor xe rpad mpexacrasinen Ha puc.20 B uHOU GopMe, MpUYeM OJHOBPEMEHHO
MIPOBENICH AHAIU3 GHYMPEHHEU CMPYKmMYpbl aleopumma ¢ TENbI0 MOUCKa TPYIII
OTIepaTOPOB, MOTYIIMX OBITH BBIMOJTHEHHBIMH TapayienbHo. Takoit rpad mpen-
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CTaBIIsICT APYCHO-

napanienvHyo dopmy

O O (AIld) anroput™a, mpH-

[\ 4YeM KOJHMYECTBO SIPYCOB

HoRNOREORENO v o
VU,

B sapycwer cobuparotcs
OrepaTopbl, Tpedyromue
JUISL CBOETO BBITOJTHEHUS
3Ha4YCHUN  (OomepaHoB),
KOTOpPbIE  BBIYHCIISIOTCS
MOAbKO HA NPeoblOyUUx
apycax (Bcero Ha puc.20
() fbo-dac BBIJICNIEHO 6 SIPyCOB); T.O.
napajijieIbHOE  BBITIOJTHE-
HUE JIAHHOTO aJropuTMa

BXOA: al Bxof. b

-——
=
o
=
(1]

-

4)4ac apyc 2

apyc 3

apyc 4

u

apye 5 -bsfbb-4ac -b-\bb-4ac TpeOyeT mocie10BaTeNb-

l HOTO 6-pa30BOr0 BBINOJ-

b+yBb-dac .b-ybb-dac HeHus  OJIOKOB  mapall-
L R R OE :

2a 2a JeNbHBIX — onepauuii (B

l KOXJIOM U3 KOTOpBIX 3a-

BLIXO! KOpeHs 1 BbIXOA: KOPeHb 2 IIYCKaroTCA 4,1,1,1,2,2

HC3aBMCHUMBIX Imponccca

PucyHok 20.— Npadh anroputma (3aBUCMMOCTb ‘onepauun - COOTBETCTBEHHO, MPHYEM

onepaHabl’) AN HAXOXAEHWs1 KOPHEN MOMHOro KBaapaTHoro
ypaBHEHUs C rpynnMpOBKOW onepaLmii no spycam SApycChl 2,3,4 BBIPOKIAIOT-
Csi B IIOCIIEIOBATEIBLHOE

BBITIOJIHEHUE AJITOPUTMA).

I'pad puc.20 mo3BoISIET YK clenaTh HEKME KOHKPETHBIC BBIBOJIBI O aJIbTEpHA-
THBaxX pacnapaieiuBaHus. 3aMeTuM, 4TO sipyc 1 meperpyxeH omnepauusmu (3
YMHOXEHUA U 1 U3MEHEHUE 3HaKa), 4acTh U3 HUX (KPOME Omepaluu 2) MOKHO Iie-
peHecTu Ha OoJiee HUKHUE SPYCHI (BapUAHTHI: ONiepalnio 4 Ha Spyc 2, onepauio 3
Ha spychl 2,3 wiu 4, onepauuto 1 Ha spychl 2,3,4 win 5); KOHKPETHBIM BapuUaHT
JIOJIKEH BBIOMPATHCS UCXO/SI U3 JOMOTHUTEIBHBIX JAHHBIX (HampuMep, BpeMs BbI-
MOJIHEHUSI KOHKPETHBIX OIEpaluii, YHUCIO 3aJIeCTBOBAHHBIX BBIYMCIUTEIbHBIX
MOJIyJIe, MUHIMHU3allis BpEMEHU OOMEHOB TaHHBIMU MEXIY MOIYJIISIMU).

BrisiBienne 3THX SIpycOB TpPEACTaBIsSIET COOOW OAWH U3 YPOBHEH aHanusa
8HympeHHel cmpykmypul areopumma. Huxenpusenena ynpowennas TOCIEI0Ba-
TEJIBbHOCTh JICUCTBUI MO BBISIBICHUIO MOTYILIUX BBINOJIHATHCS MapajlIeNIbHO SIPYCOB
rpada anroput™ma (80yMyuUEbIli YUTATETH CAMOCTOSATEIBLHO MPOU3BENET HEOOXOaH-
MbI€ YTOUYHEHHS U ONITUMHU3ALHIO):
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KOHYHTDH paboTy

LIlynkm eticmeue Ilpumeuanue

a) 3aaTh CIIMCOK BEPIIMH, 3aBUCSIIUX movko | HauanpHple naHHBIEe i1 paOOThI
Om 6X0OHBIX OAHHBIX; 3aHECTH €r0 B CIIMCOK | aIrOpUTMa 3aJal0TCs BPYUHYIO
list 1

0) Haiitn Bepimabl, 3aBHCHMEIC 10 ayraM ot | Haubonee TpyaoeMkuii MyHKT, Tpe-
BEPIIUH, BXOIAIINX MOIbKO B CIIACOK [ist [ | Oylomuii  mpocMOTpa  MaTpHLb
U TpeAbIAylIe CHUCKU (€CIM OHU €CTh); | CMEXHOCTH JUISl KaKJOro 3JIEMEHTa
3aHECTH UX B CIHCOK /ist 2 CIIMCKA

B) Ecnu cnucok /ist 2 He myct, ckonupoBath | L{luki mo sipycam, moka OHbIE MOTYT

ero B /ist I v UATH K MYHKTY 0); MHa4ye 3a- | OBITh BBISBIICHBI

BapuanTt (¢ menpio JOCTH)KEHUs HAMOOJBIICH MPO3pavyHOCTH ONTHMH3ALUUA HE
MPOU3BOJIUIIOCH) peain3aluy alropuTma Ha sizbike C npuBefieH HUXKE (MCXO/IHbIE
JAHHBIC - KBajpaTHas OyyeBa maTpuila cMeKHOCTH MS[ ][] pasmepHoctu N_MS,
OJHOMEPHBIE LEJIOUYUCICHHBIE MacCuBhI LIST_1[] u LIST_2[] nouHont N_L1 u N_L2

COOTBETCTBEHHO):
001  do{
002  N_L2=0;
003  for (ii=0; ii<N_L1; ii++) {
004 i_ii=LIST_A1Jii];
005 for (j=0; j<N_MS; j++)
006 if (MS[i_iil[il) {
007 i1=j;
008 for (i1=0; i1<N_MS; i1++)
009 if (MS[i1][j1]) {
010 flag=false;
011 for (k=0; k<N_L1; k++)
012 if (LIST_1[k] == i1)
013 flag=true;
014 } /I koHew, 6rioka if (MS[i1][j1])
015 if (flag)
016 LIST_2[N_L2++] = 1;
017 } /I kowew, Groka if (MSIi_iil[j])
018 } // koHey 6noka for (ii=0; ii<N_L1; ii++)
019 for(i=0; i<N_L2; i++)
020 LIST_1[i] = LIST_2Jil;
021 N_L1=N_L2;
022 } while (N_L2);

// no sipycam ckonbko nx 6yaeT BbIBNEHO

// unkn no BepwunHam B cnncke LIST 1

/['i_ii — Homep BepLUMHbI U3 cnncka LIST 1

// umkn no ctonbuam MS (j — HOMep BEpLUMHBI,

/| K kKomopou HanpasneHo agyra)

// Hawnm Kakoe-To pebpo i_ii—>j

/[ 3anoMHUNK BePLUUHY, K Komopol naet ayra ot i_ii
// no ctpokamu MS = ucxogdiimm BepLUHam

/l Hawwnm Kakyro-To gyry i1 —j1

// umkn no cnucky LIST_1
// ecnv BepwwHa j1 Bxogut B LIST_1...
// npwn flag=true BepwwnHa i1 BxoanT B cnmcok LIST_1

/I ...ecnn i1 BxoguT B cnucok LIST_1
// no6aBuTb BepLnHy j1 B cnncok LIST_2

// xonmpyem LIST_2 B LIST_1

Il ...noka cnucok LIST_2 He nycT

OmHUM U3 SMIUPUYECKUX METOJIOB MPOCKTUPOBAHUS aJITOPUTMOB HAUMEHbULELL
ébicombl (C MUHUMAJIBHBIM YHCIIOM SIPYCOB) SIBJIIETCS Mpollece cogausanus. Jns
3a/1a44 BBIYMCIICHUS NIPOM3BEJCHUM 1 YHCEIl d[,d,...d, AITOPUTM IOCIIE10BATEIb-

HOTO BBIYHCIICHUS JUTsl n=8 TIpeIcTaBisercs Tak (mo padote [1]):

UCXOHBIE NAHHBIC: @) dy A3 dy A5 dgdq dg
Apyc I: aa
apyc 2: (a; a,) az
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apyc 3: (a,a, as) ay
apyc 4: (a; a, ayay) as
ApycC 5: (@, a, azayas) ag

sApyc 6: (al ardsdyds a6) a;

Apyc 7: (al a, dza,dsdg a7) ag

Bvicoma sToit cxembl (YHCIIO SIPYyCOB) paBHA 7, wiupura (YUCIIO OTNepanuii Ha
KaKJIOM sipyce) paBHa 1. AJITOPUTM MOKET ObITh PEaM30BaH HAa MHOTOIPOILIEC-
COpPHOM BBIYHCIIUTEIBLHON CUCTEME, HO BCE KPOME OJTHOTO MPOLIECCOPBI OyayT MPO-
CTauBarTh.

Hcnonb3oBanue opyeoeo ancopumma peuieHus: TOM ke 3agauu (MCHOJIb3yeTcs
CBOMCTBO aCCOLIMATUBHOCTH YMHOKEHHUS ) IPUBOAUT K CXEME:

VCXOJIHBIE JIAHHBIC: a4 d, Ay dy dsdg dy dg
apyc 1: aja, aza, asag a;ag

apyc 2: (ayay)azay) (asag)aq ag)

apyc 3: (ajayazas)asagaq ag)

BricoTa Takoil cxeMbl paBHa 3, mupuHa — Te ke camblie 4. /{7151 mpou3BOIBHOTO 71
(B oTOM cnydae BbicOTa paBHa ceil(log,n) Takodl ajropuT™ peanusyercs Ha

ceil(n/2) nponeccopax (HO 3arpy3Ka MPOIECCOPOB OMHAPHO YMEHBIIIACTCS OT SIPY-
ca K sipycy). IIporecc cnBanBanus (M3BECTEH U MPUMEHSETCS TaKXKe MPOIECC pe-
KYPPEeHMHO020 CO8auU6aHus) TIO3BOIISET MPOCKTHPOBATh AIITOPUTMBI MHHUMAJIHLHON
BBICOTHI IS 170001 ACCOYUAmMuUBHoU (couemameibHoll) onepayuu, HO IMHAPUHA TI0-
JYYEHHOT'O aIlrOpUTMa Ype3MepHa (Ha MEePBBIX spycax).

JlJis pacCMOTpPEHHBIX aNTOPUTMOB pa3Mep I'paHYJbl (OMpPENeICHHBINH TPYI0eM-
KOCTBIO BBITIOJTHEHHSI OTepaIiiii BRICOKOYPOBHEBOTO SI3bIKa MPOTPaMMHUPOBAHMUS)
CTOJIb MH3EPEH, YTO €r0 MPUMEHEHHE OMPaBIaHO TOJbKO st SMP-cuctem (MHO-
TOIPOIIECCOPHBIX BBIUMCIUTEIBHBIX CHCTEM C 0OmIel maMaThio); 3ddekTruBHOE
pacnapaienuBaare B MBC ¢ jokanbHOM maMsaThio TPeOYIOT NCIOb30BaHUE Tpa-
HYJI TIapajuiein3Ma HAMHOTO O0JIBIIIEro pa3mepa.

[TooOHBII MOAXO0M K MPOSKTUPOBAHUIO MApaUICTBHBIX CXEM BBIMIOJHCHUS all-
TOPUTMOB SIBJISICTCSI M3SIIHBIM, OJHAKO abCTparupoBaHHE OT YHUCIIA MPOIIECCOPOB
¥ MapaMeTpOB KOMMYHHKAIIMOHHOW CPebl KOHKPETHON BBIYHCIUTEILHON CHUCTE-
MBI JeJIAeT €ro MPAaKTHIECKYI MPUMEHHMOCTh BECbMa OTpaHWMYEHHON (HAMp., IS

PACCMOTPEHHOTO TPUMepa MPH 1 ~10° HA IEPBOM Spyce HEOOXOIMMO 3a1eHCTBO-

BaTh 500 mporieccopoB, a Ha nocieaHeM — Bcero 2!). Iloaxo, oCHOBaHHBIN HaA UT-
HOpUpOBaHUU apXUTEKTypbl MBC U KOJHMYECTBEHHBIX MapaMeTPOB €€ KOMIIO-
HEHTOB, MTOJIYYHJI HA3BAaHUE KOHYENYUU HeO2PaAHUUEeHHO20 NAPAIeIU3MA.
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[Ipu onepamoprom nooxooe B JIIOO0OU MporpaMme paziuyaroT JiBa TUMA JACHCT-
BUSI — npeobpazosamenu  (OCYIIECTBIISIIOT MepepadOTKy uH(opManuu, Hamp.,
orepaTopsl MPUCBANBAHU) U pacno3nagamenu (OMPEAEIIOT MOCIE0BATEILHOCTh
cpabaTbiBaHus mIpeoOpazoBaTesieit npu padboTe mporpaMMbl, HAMp., YCIOBHbBIE OTle-
paTophbl, MepeKIIIoYaTeTu U Ap.). Bcero MerTcs 4eThipe OCHOBHBIE (TpaIUIIMOH-

HbIe) MoAenu (cM. TabJ.5) peICTaBICHNUS alTOPUTMOB B BUJIE TPAdOB (*):

Tabnuna 5.— OcHoBHBIE MOAENH TPA(OBOTO MPEACTABICHUS AITOPUTMOB.

NoNe Haszsanue Bepuwunul epagha Jlyeu epaga Ilpumeuanue
1 |I'pagp ymnpas- | COOTBETCTBYIOT [lepenaua  ynpasnenus | I'pagp He 3aBHcHUT
JeHUS SK3EeMIUIAIpaM omne- | (HaJduuue HampaBiIeHHOW | OT BXOJHBIX JIaH-
paTopoB- YT MEX]y BEpIIMHAMH | HBIX M CO3/aeTcs
npeoOpa3oBareneil | COOTBETCTBYET  BBINOJ- | HENOCPEICTBEHHO
WIA pacrio3HaBare- | HEHUIO OIEpaTOpOB He- | M0  TEeKCTY  Tpo-
nei MOCPEACTBEHHO OJMH 3a | TPaMMBI
JIPYTHM)
2 | Uadopmamu- | COOTBETCTBYIOT HNudopmanroHHble CBI3U
OHHBII Tpad AK3EMIUISIpaM MEX Ty orepaTopaMu To xe camoe
TOJIBKO TIpeodpazo- | (smo u ecmv panee pac-
Baresei cmompenHblil  epagh  an-
2opumma).

3 | OnepaunonHo- | COOTBETCTBYIOT CootBercTBYIOT Tepena- | ['pad 3aBucut oT
Joruyeckast KaX/IoMy cpabaThl- | 4aM yIpaBlIeHHS BXOJIHBIX JaHHBIX U
HUCTOpHUS BaHHIO (OHO HEOOs- Tpebyer mia To-

3aTebHO SIBIISIETCA CTpOEHHSI  OTCJe-
€IMHCTBEHHBIM ) KUBAHUS  BBITION-
KaX/I0TO OIepaTo- HEHHsI BCEX OIepa-
pa TOPOB

4 | Uctopusa pea- | COOTBETCTBYIOT CoOTBETCTBYIOT Tiepena-

JU3aIUU KaKIOMYy cpabatbl- | yaM uHpOopMaluu To xe camoe
BaHUIO OIepaTopa-
npeoOpa3oBaTes

Ha camom pene TpaauuMOHHBIE Tpadbl 3aBUCUMOCTEH YCTPOEHBI HW3JIUIIHE
CJIOHO - B KQXKJIyI0 BEPUIMHY BXOAMUT CIUIIKOM OOJBIIOE YHCIIO AYT, K TOMY K€
3aBHCSIIEE OT 3HAYEHUI BHEIIHUX NepeMeHHbIX. i1 Takux rpadoB TpyAHO MOTY-
YUTh IMPUEMIIEMOE AHAIUTHUYECKOE IPEACTABICHUE M MO3TOMY C KX ITOMOIIBIO
TPYAHO pElIaTh CIOKHBIE COAEPKATEIbHBIE 3a0aUH.

B HUBI[ MI'VY psan ser nind u3y4eHus: CTPYKTYpbl aJITOPUTMOB UCIOJB3YIOT T.H. MUHU-
manvHule epagul 3aeucumocmeti [1]. D1tu rpadsl sSBIsAIOTCS oArpadamMu TPaJIUIIMOHHBIX Tpa-
(G 0B 3aBHCUMOCTEH, OJTHAKO MPUHIMIINAIBHO OTIMYAIOTCS OT MOCIETHUX TEM, YTO B KaXKIYIO

*
EpmoB A.Il. CoBpeMeHHOE COCTOSIHUE TEOPHH cXeM yrpasiieHus. // [IpoGneMbl kubepHeTHKHY,

-M.: 1973, Ne 27, ¢.87 +110.
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BEPILIMHY TAaKOro rpada BXOIUT JIUIIb KOHEYHOe YUCLO0 OYe Y YUCIO UX He 3a8UCUM Om 3HaAYe-
HUU 6HeWHUX nepemMeHHbIX TIPOrpaMMbl. J{J1si MUHUMAaNbHBIX TpadoB 3aBUCUMOCTEH MOTyueHO
UX MpeACTaBIeHUE B BUE KOHEYHOr0 Habopa NpocTenux (pyHKINHA, a OHO, B CBOIO OUEpEeib,
MO3BOJISIET PElIaTh IIUPOKUI CHEKTp 3a4ad B OOJIACTH UCCIEAOBaHMS CTPYKTYpbl aIrOpUT-
MOB.

[TpuMeHeHre MUHUMAIIBHBIX I'pad)OB 3aBUCUMOCTEH MO3BOJIMIIO PEIIUTh 3aauu (BKIIOYAs
3aJla4M, pelIeHnue TECHO CBA3aHO C MUHUMaJIbHBIMU Ipadamu), [1]:

e Omnpenenenne napajiebHON CTPYKTYpbl AITOPUTMOB M IIPOIPaMM Ha yPOBHE OTIEIbHBIX
onepanui.

Pacunenenne AJITOPUTMOB Ha Kpynrvle napailejibHO UCNOJIHAEMbLE cﬁpaeMeHmbl.
BoccraHoBiieHnE 110 IPOTPaMMe UCXOOHBIX MAMEMAMUYECKUX GQOopMYiL.

Onrtumu3anus UCIOIb30BaHNs BHELIHEH MaMSITH.

OueHka napannenvHol C10HCHOCMY aITOPUTMOB ¥ IPOTPaMM.

BeicTpoe BeIUKCIEHUE TPAIMeHTA CIIOKHBIX (PYHKIHH.

HccnenoBanue BIUSHAS OMTUOOK OKPYTIICHUSI.

[TocTpoeHne MaTeMaTHIeCKUX MOACTICH CUCTONUYECKUX MACCUBOS.

PazpaboTtka moprabensHbIX OUOIHOTEK IPOTPAMM.

PesynbpTarhl pa3paboOTOK HCHONB30BaHBI MPHU CO3JaHUU cuUcTeMbl V-Ray (pa3paboTka
HUBI[ MI'V, http://parallel.ru/v-ray).

B o6miem ciygae ananu3 uMeromero m Ayr rpada anroputMa C IeNIbI0 BBIsSBIIC-
2 nepe6opoB,
IIPY ATOM CaM QJITOPUTM BBITIONHSACTCS (Ha OJHOIPOIIECCOPHOM KOMITBIOTEPE) 3a
IPONOPIIMOHANIEHOE M BpeMs. T.0. pems uccredosanus CTPYKTyphl alrOpUTMa C
IIEJTbIO BBISBIICHUS Mapajuielii3Ma 3HAYUTEIBHO MPEBHIIIACT BPEMs €T0 BBITIOJTHE-

HUS Tapajyienu3Ma (Hamp., BBISIBJICHUE sIpyCOB) TpeOyeT mopsiaka m

Hus! Kak mokaszano B pabote (i), pemieHue Haubosee MpakTUIECKH [IEHHBIX BapH-
aHTOB 33Jla4M ONTHUMAJIBLHOIO pa3MelleHus onepanuid no npoueccopam MBC tpe-
OyeT uncna nepedopoB nopsaka m! Juisl TOIBKO OAHOrO Ha0Opa BXOIHBIX JAHHBIX
(T.e. IO TPYJOEMKOCTH OTHOCUTCSI K NP-IIOJIHBIM 337iauaM U TOYHOE PEIIeHHUE He-
BO3MOJKHO IMOJYYUTh 32 PA3YMHOE BpeMsl).

B GonbimHCTBE (M3 OTPOMHOI0 MHOKECTBA HAPAOOTAHHBIX ) MOCIIEA0BATEIBHBIX
QIITOPUTMOB NIPUCYTCTBYET @HympeHHUull napaiieiusm (BO3MOKXHOCTb IpeJICTaBlie-
HUSl aIrOpUTMa B MapajuieIbHOM (OpMe MPU COXPAHEHUH €T0 GblYUCTUMENbHBIX
C80UCME — YUCICHHOW YCTOMYMBOCTU U JIP.), KOTOPBIA MOXKET ObITh BBISIBJICH M€-
TOJIOM IOCTPOEHHUS M aHayu3a rpada anroput™ma. B cloXHBIX ciiydasx NpUMEHs-
I0TCS IK8UBATEHMHblE NPeoObpa306aHUs UCXOAHBIX alropuTMOB. ['padbl anropur-
MOB ISl HEKOTOPBIX 3aaad npuBeneHsl B [1,3]. s yacTo mpuMeHsSIEMBbIX alro-
PUTMOB (HaIp., Olepauuy ¢ MaTpuLaMU) OIepaluu pacnapajjieIuBaHus MpoBe-

%
I'spu M., JI>xoHCOH /[. BeluncnurenbHble MAallMHBI U TpyIHOpPelaeMmsle 3aaadd. —M.: Mup,
1982, -416 c.
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J€Hbl M  COOTBETCTBYIOIIME MPOrpaMMbl  COOpaHbl B npood.IeMHO-
opuenmupoganHvie budbuomexu (naxemol).

[TpakTHUecKoro UCHOIb30BAaHUE BBHISBICHHBIX BO3MOXKHOCTEH pacrapaijiennBa-
HUsl TpeOyeT oToOpakeHHs rpada aaropuTMa Ha KOHKPETHYIO MHOTOMPOLECCOP-
HYIO BBIYUCIUTEIBHYIO CUCTEMY, JUIS 4ero Heo0Xxoaumo nMeTh omucanne MBC -
KOJIMYECTBEHHBIE MapaMETPhl MPOLECCOPOB M KOMMYHHKAIIMOHHOW cpenbl (Ha
MIEPBOM JTale aHalan3a YacTo MPUHUMAETCS OJWHAKOBOE BPEMs BBITIOJHEHUS JIFO-
OBIX BBIYMCIUTENBHBIX ONEpalliii © MTHOBEHHBIH OOMEH TaHHBIMH MEXKIY Mpoliec-
copamu, MpU y4eTe BpeMEeHH OOMEHa JaHHBIMH MPOBOJIUTCS AHAU3 KOMMYHUKA-
YUOHHOU mpyodoemKocmuy TapajuleTbHOTo anropuTtMa). VIMeHHO Ha 3TOM JTame
MO>KHO OTIPEJICIUTH:

e BpeMs BBITOTHEHNS TapaUICIEHOTO aJITOPUTMA.

e YckopeHue (OTHOLIEHHWE BPEMEHM PEIICHUS 3ajay Ha ckaisipHoii OBM k Bpe-
MEHU BBITIOJIHEHHUS MMapaIETLHOTO AITOPUTMA).

e DbdEeKTUBHOCTS (BEIMYMHA, OMPEICTSAIONIAs YCPeOHeHHYI0 IO BPEMEHU
BBITIOJIHEHHUS aITOPUTMa, B TE€YEHHE KOTOPOU MPOIIECCOPhl HA CAMOM €€ UC-
MOJIB3YIOTCS /ISl PEIICHUS 3aa4H).

Ha ocHoBe aTHx JAAaHHBIX CTPOUTCA onucanue napajileibrhoco 6blNOJIHEHUA AJicO-

pumma, OJIMH U3 BAPUAHTOB MOCTPOCHHUS KOTOPOTO MPUBEJIEH B KHUTE (*x) U pabo-
Te [3]).

HepaBHOMEpHOCTD 3arpy3Ku MpoOIECCOPOB CHIKAET 3(P(HEKTUBHOCTH MCIIOIb30-
Banus MBC, nmostomy npobrema b6arancuposxku (paBHOMEPHOCTH 3arpy3KH IpO-
IIECCOPOB) OTHOCUTCS K YUCITY BaKHBIX 33/1a4 MapaJIEIbHOTO MPOTPAMMUPOBAHUS.

OnuH W3 JeNCTBEHHBIX MOAXOJ0B K OOECIEYEHUI0 PaBHOMEPHOCTH 3arpy3KH
IIPOLIECCOPOB COCTOWT B OPTraHMU3AIMU BCEX TOTOBBIX K BBHITIOJHEHUIO B CHCTEME
BBIYUCITUTEIBHBIX JICUCTBUN B BUIE ouepedu 3adanuii. [Ipyu BeIUUCIESHUSIX OO0
OCBOOOJMBIIMIICS MPOIIECCOP 3ampaiiuBaeT sl ceds paboTy U3 ITOH ouepesu;
MOSIBJISIIONIUECS. 110 Mepe 00pabOTKH JAHHBIX JOMOJIHUTEIbHBIC 3alaHUs TOTOJI-
HSIOT O4Yepesb. JTa cxema OalaHCHUPOBKH BBIUMCIUTEIBHOW HATPY3KH MEXKITY
poLiecCoOpaMu MpocTa, HarsAHa U 9P dEeKTUBHA, YTO TTO3BOJISIET TOBOPUTH 00 HC-
MOJIb30BAaHUU OYEpPENI 3aJaHui Kak 00 oOweu mooenu opearuzayuu napaiiensb-
HbIX 8bIYUCeHULl TJIS1 CUCTEM ¢ 00IIeH maMsaThio [3].

[Ipu TeopeTnyeckoM aHaIU3€ MPUMEHSETCS TAKXKE MOHATUE CIOUMOCIU NAPAl-
nenbHo20 aneopumma (IPOU3BEICHUE CIOKHOCTH QJITOPUTMA HA YUCIO HCTOJb-
3yeMbIX MpoIeccopoB). M3BecTHO, HampuMep, YTO ONTUMAIBHBIN aJITOPUTM COP-
TUpOBKU TpeOyeT O(nxlog n) onepanuii (n — YUCIO COPTUPYEMBIX 3aIUCEH, CM.

kk
Dimitri P.Bertsekas, John N.Tsitsiklis. Parallel and distributed Computation. Numerical

Methods. - Prentice Hall, Englewood Cliffs, New Jersey, 1989.
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(#xx)), TOT/AA JJIs TApaJUICIbHOTO aJIrOpUTMa CO CIOKHOCTBIO O(n) K03 UITUEHT
yckopenusi coctaBut O(log n), a CTOMMOCTb MapajlIeIbHOrO alropuT™Ma Ha p Mpo-
neccopax paBHa O(nxp). T.K. CTOMMOCTbH aJTrOpUTMa IOCIIEIOBATEILHOW COPTH-
POBKM Ha OJHOM IPOIIECCOPE COBMAAAET C €ro CIOXKHOCThIO U paBHA O(nxlog n),
AITOPUTM TapaUICILHON COPTUPOBKU 00X00UmMCs 00podice NApaiienvHol Tpu
nxp _ p
nxlog n B log n

>1 (1.e. p>log n) n dewegne B MPOTUBONOIONKHOM ciily4yae (mpu

p<log n). B cny4ae p=n CTOMMOCTb NapaJIJICIbHOW COPTUPOBKH BCETA BBIIIE IO~
cieaoBaTebHOM (7 Bcera Oosblie log n).

3.2. [lorenuuana pacnapauieJuBanust HukiI0B. Hukasl ParDO

[IpakTuka mporpammupoBaHusi (0COOEHHO HAYYHO-TEXHUYECKUX 3a/1ad — B Iep-
BYIO OY€pe/b JJII CEeTOYHBIX METOJIOB) MOKA3bIBAET, YTO HAUOOIBIIUN pecypc na-
pannenuzmMa CocpeloTOueH B IUKIIAX, MO3TOMY pPacHpOCTPAHEHHBIM CIIOCOOOM
pacrnapajuieTuBaHus SBISCTCS pacnpeoeienue umepayuli yuxkiog (ecim MexIy
UTEpaIusIMU HE CYIIECTBYeT WH(OPMAIMOHHBIX 3aBUCHUMOCTEH, TO HTEpaIUU
MOYHO OTMPEACIICHHBIM CIIOCOOOM pacHpeAesuTh Pa3HbIM MPOIIECCOpaM I Ta-
paJIeIbHOTO UCTIOJIHEHUSA).

[{ukiibl, Bce uTepamnu KOTOPHIX UHPOPMAITMOHHO HE3aBUCUMBI, IPUHATO HA3bI-
Batb ParDO yuknamu, W3 yCIOBHUS HE3aBUCHUMOCTH CJIEAYET, YTO BO3MOXKHO HX
BBITIOJIHATH B JIFOOOM MOpsiAKe (B T.4. MapauieabHO). ITOT BUJl Tapajuieini3Ma Ba-
KEH Ha TIPAKTUKE OJiaro/iapsi 4acToil BCTPEYaeMOCTH U MPOCTOTHI UCIIOIH30BAHUS.
Haxoxnenue ko ParDO mpou3BoauTCst ¢ TOMOIIBIO aHAIM3a WH(POPMAITMOH-
HOW CTPYKTYphI NporpamMMbl (OCHOBaHHBIA Ha TpadoOBOM MPEICTABICHUU aJTO-
puUTMOB KpuTepuil onpenenenus mukiaa ParDO mpusenen, namp., B padore [1]).
[Tpuuem HaivimenHnoe mo rpady amroputMa cBoiictBo ParDO roBoput nuiib o
NPUHYUNUATILHOU 803MONCHOCHU HE3ABUCUMOTO BBITIOJTHEHUS UTEepaluil (115 pea-
JN3alUd BO3MOKHOCTH HEOOXOIUMO MPOU3BECTH ONPEICTICHHBIE TTPEOOpa30BaHuUs
IIMKJIa), TIOJIHOCTBIO TOTOBBIE K pacHapaUICIMBAHUIO IHUKJIBI 0003HAYAIOTCS Kak
TrueParDO.

OpHUMU U3 TEPBBIX MPOTPAMMHBIX CPECTB, 0OECIICUNBAIONTUX HEKOTOPYIO aB-
TOMAaTU3ALMIO paclapajiIeINBaHusl, SIBUJIUCh KaK pa3 CUCTEMbl BbIABJICHUS Mapa-
aenu3Ma B 1ukiiax. OOBIYHO UCTIONIB3YIOT JIBA THIA TAKUX CUCTEM:

e Crenuain3upOBaAHHbIC KOMIUISATOPHI (KOMIMIATOPBI C TPAIUIIMOHHBIX SI3bI-
KOB NpOrpaMMHUpoBaHus — 00bIYHO Fortran), QyHKIIMOHATBHOCTH KOTOPBIX
paciiMpeHa cpefCTBaMU BBISBICHUS Mapajuieliu3mMa, IKBUBAJICHTHBIMU MPe00-
Pa30BaHUSIMH IIMKJIAa M CO3/JaHMEM COOTBETCTBYIOILIEIO HCIIOJIHSIEMOr0 KOJa
(0OBIYHO PACCYUTAHHOTO HA BEKTOPHYIO APXUTEKTYPY BBIUMCIUTENS).

*k*k

Maxkkonen /. OcHOBBI cOBpeMeHHBIX anroputMoB. —M.: TexHocdepa, 2004, -368 c.
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e [Ipenporieccopbl, OCYIIECTBISIONINE aHAIU3 U OTOOpP LUKIOB Ha BEKTOPHU3a-
LUIO0 WM pacnapajijieIMBaHUE, BbISIBJICHHbIE OJIOKM YacCTO KOHBEPTHPYIOTCA B
JOITyCKaroIIee MmapaiebHy0 00paboTKy pacuinpenue s3bika (Hamp., MPI, cm.
nozapazzaen 4.1); B nanpHeiem (mpeodpa3zoBaHHbINA) UCXOIHBINA TEKCT 00Opada-
THIBAETCS CTAHAAPTHBIM KOMIIUISITOPOM.

MHorue Takve CHCTEMBI AOIMYCKAIOT TUATOTOBBIN PEXXUM PabOThI — MPHU 3TOM
aBTOMATHUYECKH BBISBIISIIOTCS OJIOKM-KaHIUAATHI HA pacrmapajieIMBaHue, a OKOH-
YaTeJIbHOE PELIEHNE 0 HEOOXOJUMOCTH U crioco0e npeoOpa3oBaHus B NMapajljieib-
HYy10 pOpMy MIPUHUMAET Pa3pabOTUHK.

OaHUM M3 M3BECTHBIX M MOILHBIX MPEMPOLIECCOPOB-BEKTOPU3ATOPOB, KAXKIbIH
YJIEH KOTOPOr0 HACTPOEH HAa KOHKPETHYIO OOBEKTHYIO MalMHy, siBiasercs KAP.
Cucrema KAP ucnons3yer i ONTUMU3ALNN KOAIANC YUKI08, pazbueHue yukia,
nepeynopsooyenue onepamopos U paspyuieHue KOHmypo8 3a8UcuMocmeti no OaH-
HbIM, ceemenmayuro yukia (mpeodpa3oBaHNE MCXOIHOTO LIMKIA B THE3J0 M3 HE-
CKOJIBKUX IIUKJIOB IIPHU COOJIFOICHUH YCIOBHS HENEPETIOTHEHUS KIUI-MIAMSITH).

N3BectHbiMu cuctemamu siBisitorcsi PFC (u ocHOBaHHasi Ha HEW MHCTPYMEH-
TaJgbHas Juanorosasi cucreMma ananusa nporpamm PTOOL), ParaScope, BERT 77,

D-cucrema, Polaris u ap., (x). OCHOBOM [Uisl pelIeHHu O pacnapayieIMBaHUU SB-
asieTcsl rpad 3aBUCUMOCTEH MO JaHHBIM (CTPOUTCS MO MCXOAHOMY TEKCTY IpO-
rpaMMbl), B HEKOTOPBIX CIIy4asiX MCIOJIb3YyeTCs JOMOJHUTENbHAs HHGOpMALUS O
IIIyOMHE 3aBUCUMOCTH JJIA THE3/1a IIUKJIOB WM BEKTOPOB HAIIPaBJICHUIN 3aBUCUMO-
ctu. UccnenoBanue rpada BbISABISIET KaK 00JacTH HepacnapajuleIMBaHus WU T0-
CJIEIOBAaTEIbHOrO HWCIIOJIHEHMS, TaK U CTPYKTYypy Takux oOrnacteil. Hampumep,
U3y4YeHUE KOHTYPOB 3aBUCHUMOCTH Ha MPEAMET OJHOPOJIHOCTH AYT KOHTYpPa MOKET
MI0Ka3aTh, YUTO KOHTYP MOXET ObITh pa3pyllieH. 37eCh BOZMOXHO MPUMEHEHHE Tpe-
00pa3oBaHUIl TUIIA nepeUMeHOB8aHUsL NePEMEHHBIX.

B Hameil crpane Taxke pa3padaThIBAIMCh CUCTEMBI MOJAOOHOTO THUMA - HAMp.,
cucrema nporpammupoBanus s [1C-3000 nns MBK I1C-3000 (BkiroyaeT sI3bIK
nporpamMmmupoBanusi @oprpan’77BII, sBistomuiics paclumpeHueM cranaapra For-
tran’77 cpeAcTBaMU OpraHM3alMyd BEKTOPHBIX M MapajlyielbHbIX BBIYUCICHUI),
Cucrema M10 (M.A.Kapyes), xouBeprep-BekTopuzarop @opa-EC (mns  cnenua-
JM3UPOBAHHOTO BekTOpHOro npoueccopa CIIEC, MHcTUTYT npuKiagHONd MaTtema-
tukn AH CCCP), Bektopusyromuii [1JI/1-komnunstop UIIK AH CCCP (nns ma-
mvH Cray, UactutyT npobsem kubepuetuku AH CCCP) u nip.

N3 coBpeMenHbIX pa3paboTok pexiamupyercsa cuctrema OPC (Otkpritas Pacna-
pamtenuBatomias Cucrema, Open Parallelizing System Group; PocTtoBckuii rocy-
JApCTBEHHBIM YHUBEPCHUTET, http://ops.rsu.ru) - mporpaMMHasi UHCTPYMEHTaJIbHas

*
B.A.EBcturuees, 1.JI.Mup3ynutoBa. AHaJIU3 UKJIOB: BHIOOp KaHIUIATOB Ha pacrapasuieiiv-

Banue. / [Ipenpunt. Poccuiickas akagemusi Hayk Cubupckoe otaenenue MHCTUTYT cucTem
unpopmatuku uM. A. I1. Epmoa. ~-HoBocubupck, 1999, -41 c.
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CUCTEMA, OPUEHTUPOBAHHAs Ha pa3palbOTKy pacrapauieIUMBAIOLIUX KOMIUISATO-
POB, ONITUMU3HUPYIOIMX KOMIIWISITOPOB C MAPAJUIENIbHBIX S3bIKOB, CHCTEM IOy aB-
TOMAaTUYECKOr0 pacnapajjieiMBaHusl (Tak CHCTEMa MO3ULUMOHHUPYETCs pa3paldoT-
yukamu). OPC Oazupyercss Ha MHTEPAKTUBHOM XapakTepe pacrapauieIMBaHUs
(pa3paboTana MoIlHas CUCTeMa BHU3yaJM3alliM), HCIOJIb3YEeT pasiuyHble rpado-
BbIE€ MOJIESIM MIPOrpPaMM, SKBUBAJIICHTHbIE IPEOOPA30BaHUsl BbIPAKEHUM, OJJHOMEP-
HBIX [IUKJIOB U THE3]T IUKJIOB.

[Ipu pyuyHoMm aHanu3e ¥ NpeoOpa30BaHUM IUKIOB MCIOIb3YIOT HApaOOTaHHBIE
SMIIMPUYECKUE METOABL, YACTh U3 HUX OIACAHA HUXKE.

[IpuBenem npumep mnporpammupoBaHusi B TexHojorun MPI (mogpoOuee cwm.
nonpasnen 4.1), cornacio MPI Bce npoiieccopbl BEIIOJHAIOT OJMHAKOBBIN UCITOJI-
HSIEMBIN KOJ, a HEOOXOANMbBIE KaXK/I0M MapaiieIbHOM BETBU JIEUCTBUSI OIPEaes-
I0TCS MCIOJIb30BAHMEM YCIIOBHBIX OIEPATOPOB; OJIMH M3 MPOLECCOPOB (OOBIYHO
HYJIEBOM) SIBJISICTCS YNPAGAAIOUUM, OCTAIIBHBIE - paboyUMU.

3ajada 3aKI04YaeTCsd B CyMMHUPOBAaHMM N 4HCEI, MOCIJIEIOBATEIBHO PACIOJIO-
JKEHHBIX B MaccuBe A[], yucio mpoieccopoB paBHO N_P (amama3oH 0+N_P-1);
IPEeAnonaraeTcs, YTo KaxJplil mpoiecc ‘3HaeT’ cOOCTBEHHBI HOMEp (IepeMeHHas
I_AM):

intk =N/N_P; /I uenoe ot genexHna N Ha N_NP
intk1 =N % N_P; /l octaTok oT geneHusa N Ha N_P
if (ILAM > 0) && I_AM < N_P-1){ /I Ans BCcex NpoueccoB KPOME HYNeBoro U NocnegHero. ..
s=0;
for (i=k * (N_P-1); i<k * N_P; i++) /I cymmupyem k anemeHToB maccusa A |
s += Alil; /I s — nokanbHasa onga kaxgoro npowecca nepemMmeHHas
nocnartb S ynpasnsoLwemy npoueccy // onepaTop He KOHKpeTusmpyeTcs
} /I koHew, Grioka if ()
else
if (I_AM == N_P-1){ /I Ans nocnegHero npoueccopa...
s=0;
for (i= k* (N_P-1); i< k* N_P+k1; i++) Il cymmunpyem k+k1 anemeHToB maccumsa A[ ]
s += Alil; /I s — nokanbHasa onga kaxgoro npowecca nepemMeHHas
nocnartb S ynpasnsowemy npoueccy // onepaTop He KOHKpeTusmpyeTcs

} /I koHew, Groka if ()

31ech KaxIplid mpoueccop (KpoMe HYJIEBOIO U MOCJEIHEr0) OCYLIECTBIISIET CyM-
MHUPOBAHUE OYEPEIHBIX K 3JIEMEHTOB MaccuBa A[ ], MOCIEIHUN POLECCOP CYMMHU-
pyet ocrtaBmmecs K+K1 snemenTtoB. I[lociaegHum aeiicTBHEM (BBIMOJHSIOIUMCS
nocie 8cex npueedeHHvIX — UMEHHO 3]1eCh He00X0IMMa CUHXPOHU3AIIMS) SBIISETCS
CYMMHPOBAHHE BCEX YaCTUYHBIX CYMM, ITOJIy4Y€HHBIX N_P-1 mporeccopamu:

if I_AM ==0){ /[ BBINOMNHSIETCS YNPaBNSAOLLMM NPOLIECCOM
sum = 0;
for (j=1; j<N_P; j++) { /I no Bcem npoueccam 1+N_P

MPUHATL 3HAYeHMe S OT npoLecca j // onepaTop He KOHKPeTU3npyeTcs

sum +=s; // roTOBOE 3HaYeHne — B NEPEMEHHON SUM

} // koHew, Grioka for ()
} // koHew, Grioka if ()
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[Ipu uznuirHe 00IBIIOM pa3zMepe MaccuBa A[ ] Ipoliecc pacrpeeieHus ero mpo
npoiieccaM MOXKET MOBTOPSTHCS MHOTOKPATHO (UTO crocoOcTByeT skoHoMuu Ol
Ka)KJI0r0 Ipolieccopa), 0011ee YCKOPEHUE BBIOJIHEHUS TPOrpaMMbl OyAeT, KOHeu-
HO, HECKOJIbKO MeHbIle N_P (cemesoul 3axon Amoana, cM. noapaznen 1.5). Ilpu
pa3paboTke mapajijieIbHON MPOrpaMMBbl KeNaTeIbHO UCIOb30BaTh aJrOpUTM, ao-
CTParupymoIuiics OT KOJIUYECTBA MPOIECCOPOB (MporpaMmma JT0JKHA BBITOJIHSITHCS
Ha MBC ¢ yuciom nporeccopoB >2).

[IpuBeneHHBI MpUMEpP WILTIOCTPUPYET O.10¥HOe pachnpedeieHue UTEPAlUil 1o
mporeccopaM M SIBJISICTCSl THUIIOBBIM JIJII MHOYKECTBA aJTOPUTMOB, OCHOBHBIMU
JNEUCTBUSIMU B KOTOPBIX SIBISIOTCS OOJAJalOlIUe€ CBOMCTBOM acCOIIMATUBHOCTH
OTIiepaluii CIOKEHUS/YMHOKEHUST (MAaTPUYHBIC OTICPAIMH, TTOWCK dKCTPEMYMOB B
MaccHuBax, UHTETpUpPOBaHUE U MHOrue Ap.). [IpeumymiecTBoM ero siBisieTcst coa-

JTAaHCUPOBAaHHOCTh 3arpy3ku ‘paboymx’ MpoIeccopoB (Bce KpOME OJHOTO BBIMOJI-
100% )
1

HSIOT OJIMHAKOBYIO pa0oTy, MOCIEIHUNA ‘niepepaldaThIBaCT’ MEHEE YeM Ha

3amMeTuM, 4YTO YCJIOBHEM COAIaHCUPOBAHHOCTU 3arpy3KH MPOLIECCOPOB SBIISIETCS
IPUOIU3UTEIIHFHO PABHOIICHHBIE 10 BPEMEHU HWCIIOJHEHHS paCIpeeisieMble UTe-
pauuu (paccMaTpuBaeMblii IPUMEP YIOBIETBOPSET 3TOMY YCIOBUIO). TakuMm yc-
JIOBUSIM (C HEKOTOPBHIMH OTOBOPKaMH) COOTBETCTBYET, HAIPUMEDP, pacIipeieicHue
10 TIPOIIECCOpaM BBIYHCIICHHE OJHOW M TOH XK€ (YHKIMH B HECKOJIBKHX TOYKAX
(pu OMCKE PKCTPEMYyMOB (YHKIIMM MHOTHX MEPEMEHHBIX TPAJIUCHTHBIMA METO-
namu). Luxauueckoe pacnpeodenenue uTepauuil MPEANoaaraeT BhIIOJHEHUE BCe-
MU MPOLIECCOPaMH MO OJHON MOCJeA0BaTEIbHON UTEpAIlUU HUKIA (IJIs1 TPOCTHIX
omnepalnuii B Teje IUKIa pa3Mep IpaHyJsibl MOXKET MPU 3TOM OKa3aTbCsl Yepecuyp
MEJIKHUM).

B nporpammax 4acTo BCTpEUYarOTCsl MHO2OMEPHble YUKIUYecKue cHe3od, Tpu-
YeM KaXKJIbIi IIMKJI TAKOTO THE3/Ia MOXKET COJIep>KaTh HEKOTOPBIN pecypc napauie-
musma. Ilpocmpancmeo umepayuii (Lamport L., 1973) rHe3a TeCHO BIIOKEHHBIX
IIUKJIOB Ha3bIBAIOT MHOXECTBO 11€JI0YMCICHHBIX BEKTOPOB, KOOPAMHATHI KOTOPHIX
3a/1a10TCS 3HAYEHUSIMH MMapaMeTPOB LIMKJIOB JAaHHOTO THe3/a. 3ajayda pacrapasuie-
JIMBAaHUS B OTOM CJIy4ae CBOJMTCS K pa30MEHUIO0 3TOT0 MHOXECTBA BEKTOPOB Ha
BBITIOJIHSIOIIUECS IPYT 3a IPYrOM IMOCJIeI0BATEIbHO TOAMHOXKECTBA, OJTHAKO JIJIs
Ka)XJI0T0 MOJAMHOXKECTBA UTEPALIMK MOTYT OBITh BBIMIOJIHEHBI MapaijieibHO (BHYT-
U TIOJIMHOXKECTBA He cyujecmeyem UH@GOpMayuoHHbIX 3a8UCUMOCTE).

Cpean MeToA0B aHaiM3a MPOCTPAHCTBA UTEpALMil U3BECTHBI Menmoobl cunepn-

Jlockocmeti, Koopounam, napaiieienunedos u nupamuo (x). Ilpu ucnosp3oBaHUU
Memooa 2unepniockocmetl TPOCTPAHCTBO UTEPAIUN Pa3MEPHOCTH # pa3OnUBaeTCs
Ha TUMEPIUIOCKOCTH Pa3MEpHOCTH #—1 TakuM oOpa3om, 4TO BCE OINEPAIMU, COOT-
BETCTBYIOIINE TOYKAM OJHOMN THIIEPIIOCKOCTH, MOTYT BBIIOJHATHCS MapauIeTbHO.

%k
A.C.AnTOHOB. BBenenue B mapasuienbHbIE BBIYHCICHHs (MeToaudeckoe mocobue). // Uz,

MI'Y um.M.B.JIomonocosa, HUBII. -M.: 2002, -69 c.
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Memoo xoopounam 3aKII04aeTcs B TOM, UTO MIPOCTPAHCTBO UTEpaluil pparMeHTa
pa3ouBaeTcs Ha TMIEPIUIOCKOCTH, MEPIEHANKYIISPHbIE OJHOW U3 KOOPIAUHATHBIX
oceil. Memoo napannenenunedog SIBISIETCS] TOTUYECKUM PA3BUTUEM JBYX IMPEIbI-
OyIIUX METOJOB W 3aKJIIOYaeTcss B pa3OMEHUM NPOCTPAHCTBA HUTEpALMd Ha n-
MEpHbIE MapaJlyIeNenuIebl, 00beM KOTOPBIX OMpPENEseT Pe3yJbTUPYIOIIEe YCKO-
penue nporpammsbl. [Ipu Mcnonb30BaHUM Memoda nupamud HAXOIATCS UTepa-
1[MY, BhIpa0aTHIBAIOLIME 3HAUEHUS, KOTOPbIE Jlajiee B TeJe THe3[a LUKIOB HE HC-
NOJIb3YIOTCS; KaXK/1asl Takasi UTepalus CIy>KUT OCHOBAaHUEM OTHEIbHOW Napasieib-
HOW BETBH, B KOTOPYIO BXOJAT U BCE UTEpalNu, UH(HOPMAIIMOHHO BIUAIOLIME HA
BbIOpaHHYIO (HENPUATHBIM 3(G(PEKTOM IpPU 3TOM SIBIAETCA NyOJIMPOBAHUE HH-
(dbopmManK B pa3HbIX BETBAX, YTO MOKET MIPUBOAUTH K oTepe IP(HEKTUBHOCTH).
N3BecTHBI METOABI (HAMP., Memoo JUHELH020 NpeoObpa308anusl), SBISIIOIIAECS
0osiee MOILIHBIMHU, HEXEIU METOJ TMIEPIUIOCKOCTEN U JaKe Memoo KOOpOUHAm

JIhmnopma, (=+).
[TpocTpaHCcTBO HTEpAIHiA ISl MPOCTOTO IUKIIA

for (i=1;i<N;it++)
for (j = 1:j < M; j++) (6)
AliI0] = Ali-1]01 + ALOT;

npuBeAeHO Ha puc.2]l (OKPYKHOCTH COOTBETCTBYIOT OTIEIBHBIM OIE€paTOpam
BBIUMCIICHUS U MPUCBAUBAHMS, CTPEIKH - HHPOPMALIMOHHBIM 3aBUCUMOCTSM).

N3 puc.2]1 BuaHO, 4TO pa3OMeHHE MPOCTPAHCTBA UTEpALM MO U3MEpeHuro [
IPUBOJIUT K Pa3pbIiBy HHPOPMAIIMOHHBIX 3aBUCUMOCTEN; IJIs1 U3MEPEHHS J TaKOBO-
ro HE MPOUCXOAMT, IOATOMY BO3MOXHO IPUMEHEHUE METO/1a KOOPAUHAT C pa3oue-
HUEM IPOCTPAHCTBA UTEPALIMI TMIIEPILUIOCKOCTSIMHU, IEPIEHAUKYJIIIPHBIMUA OCcH J (Ha
puc.2] — myHKTHp). DTH ONepaluyd Ha3HAYarTCs U1l BBIIOJIHEHHS] Ha OJJHOM IpO-
1eccope.

JId rHe31a UKII0B

for (i=1;i<N;it++)
for (j = 1:j < M; j++) (7
Al = Al-1]00] + ALII0-11;

METO/JT KOOPJAUHAT HEPUMEHUM, T.K. Jito0oe pazduenue (1 mo usmepenuro [ u no
U3MEPEHHIO J) MEepNeHIUKYJIAPHbIMUA OCSIM KOOPAMHAT IUIOCKOCTSMHU IMPHUBOJIUT K
pa3pbiBy MH(POPMAIIMOHHBIX 3aBUCHMMOCTEe. HecMOTpst Ha 3TO MOYKHO 3aMETHTh, YTO
CYILECTBYIOT YJOBJIETBOPSIOIIME YCIOBHIO 1+j=CONnst TUMEPITIOCKOCTH (IIYHKTUP HA
puc.22, mpoXoJsIIue Yepe3 He coaepx aiie WHPOPMAIMOHHBIX 3aBUCHMOCTEH Bep-

Lamport L. The coordinate method for the parallel execution of DO-loops. // Sagamore com-
puter conference on parallel processing, 1973.



IIMHBI, TIPU 3TOM  Mapa-
JIIbHO PAa0OTAOIIUM MPO-
LECCOpaM CJIEAYET Ha3Ha-
YUTh BBIYMCJIICHUS  Teja
UKJIa IS KaXXIOM U3 T'H-
IIEPIUIOCKOCTEN i+j=const.

Yacro ymaercs 10OUThCS
noBbIIeHUs () (HEKTUBHO-
CTM  pacnapajuleJIMBaHUs
porpamMMbl  TIPH  TIOMOIITA
IKBUBANIEHMHBIX NPeobpa-
308aHUll - TaKUX Mpeodpa-
30BaHUIl KO/a MPOrPaMMBl,
IpU KOTOPBIX TOJHOCTHIO
COXpaHsieTCsl pe3yJibTaT ee
BBITIOJIHEHUSI TIPU H3MEHE-
HUM  TOCJIEI0BATEILHOCTH
JICUCTBUH.
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J
A
M-1 O—=0—=0—=O -0
4 00— =00 -0
3 O—Q—=Q—=Q -0
2 OO0 -0
1 00— =0—=0 -0
- |
1 2 3 4 N-1

PucyHok 21.— lNpocTpaHcTBO UTepaumin ansa dpparmeHTa (6)

HepBBIM oTalioM pa60TBI 110 pacClapayiCJIMBaHUIO ABJIICTCS BBIABJICHUC 3aBUCHUMO-
CTCI>’I; BTOpOfI mar - pacrnapauiCJIMBaHUC IMHUKJIIOB C HCIIOJIB30BAHUCM PC3YJILTATOB

|

1 2 3

PucyHok 22.— lNpocTpaHcTBO UTepaumi ans dpparmenTa (7)

4

N-1

nepBoro sramna. [Ipumepsr
aBTOMATHYCCKHMX  (BBITIOJ-
HACMBIX  paclapaiieiu-
BaOIIUM KOMITHJISITOPOM)
SKBUBAJICHTHBIX IpeoOpa-
30BaHMK B TPUMEHCHHUU K
IIUKJIaM TIPUBEIICHBI HUXKE
B Ta0J1.6.

Ecau mocnenosarenn-
Has MporpaMma Cojep-

KUT JBa omeparopa Sy u

S», mpuuem S| HaXOaUTCs
nepen Sy, TO TOBOPAT, UTO
MEXIYy OTUMH  JBYMSA
omneparopaMu CylIeCTBY-
eT 3a6UCUMOCIb NO OaH-
HbIM, €CIIU OHH CUUTHIBA-

10T WJIM 3aIMCHIBAIOT JIAHHBIE B OOIIEH 001acTH MaMsITH TaKuM 00pa3oM, 4TO TOps-
JIOK WX BBITIOJTHEHUS HEIIb3sl U3MEHATh 0€3 M3MEHEHNs KOHEYHOTO Pe3yJIbTaTa BbI-
yucieHni. IMEroTCst Tpu OCHOBHBIX THIIA 3aBUCUMOCTH T10 JTAHHBIM:



-83-

 [IoTOKOBAsI 3aBUCUMOCTb - o1IcparTrop Sz ITOTOKOBO 3aBHCHUT OT S], CCJIn Sz Cyu-

ThIBAET U3 STYEHKH, B KOTOPYIO 3aMMUCHIBAET S| (Takasi 3aBUCUMOCTb HA3bIBAECT-
CSL UCMUHHOUL).

o AHTH3aBUCHMOCTE - OIIEPATOP S SBIACTCS AHTU3aBUCUMBIM OTHOCUTEIBHO S1,

€CJIM S) 3aIMChIBAET B TYEHKY, U3 KOTOPOU S| CUUTHIBAET.

« 3aBUCUMOCTH I10 BBIXOAY - OIICPaTOp Sz 3aBUCHUT II0 BBIXOOY OT S], CCJIN OIIC-

paTop S, 3anUChIBAET JAHHBIE B Ty K€ SYEHKY MaMsTH, 4TO U Sj.

YacTo nmpocTo roBopAT Sy 3aBUCUT OT Si°, €CJIM MEXIY HUMH CYIIECTBYET 3a-
BUCHUMOCTH IO JaHHBIM (TUIl 3aBUCUMOCTU HE BaXKE€H). 3aBUCUMOCTH IO JAHHBIM
JIETKO OMpPEJENsAeTCs] B MOCJIEIOBATEIIBHOM KOJE, COJAEPKAIlleM CChUIKM TOJBKO HA
ckaysipbl. HamMHOro TpyaHee onmpeaesiuTh 3aBUCMMOCTU B LIMKJIAX U MPHU CChUIKAX
Ha MacCHUBBI (YTO OOBIYHO BCTPEUAETCS BMECTE), MOCKOJbKY CCHUIKM B MAacCCHBBI
MMEIOT UHJICKCHI, a B UHJIEKCaX YacTO MCIOJIL3YIOTCS apaMeTphl IUKIOB, T.€. UH-
JIEKChl MACCUBA UMEIOT Pa3JIMUHbIC 3HAUCHUS HA Pa3HbIX UTepanusax nukia. Oomas
npoOiieMa BBIYMCICHUS BCEX 3aBUCHMOCTEH MO JaHHBIM B MPOTpaMMe Hepaszpe-
IMMa M3-32 CHHOHUMHYHOCTH UMEH MACCHUBOB, KOTOPasi BO3HUKAET MPHU UCIOJIb-
30BaHUM yKa3aTelel WK BhI30BOB (DYHKIIMI BHYTPU WHICKCHBIX BbIpaykeHui. Jla-
K€ €ClIM yKazarelid He pa3pelieHsl (kak B Fortran’e) u MHIEKCHbBIE BBIPAYKEHUSI SIB-
JSI0TCS TUHEHHBIME (QyHKITUSIMU, TipoOsiema siBiisietcss NP-tpymno#, T.€. 3¢ dek-
THBHOTO aJITOPUTMa PELIEHUS €€ CKOPEE BCErO HE CYLIECTBYET.

Hwxe paccmaTpuBaroTCs HECKOJIBKO TMOJIC3HBIX MPE0Opa3OBaHUM JJIS IUKJIOB:
JIOKanu3ayus, pacuupenue cKaiapa, pacnpeoeiieHue Yukia, ClusaHue Yukios, pas-
gepmKa u coycamue, pazeepmra Yukid, pasoeleHue Ha Noaochl, pazoenenue Ha
OJI0KU, nepeKoc YuKkid, KOTOPbIe TOMOTAIOT BBISIBIIATH MApAIIEIbHOCTD, YCTPAHITh
3aBUCHUMOCTH U ONITUMU3HPOBATH UCIIOJIb30BAHUE TAMSTH

o IlepecTaHOBKA IMKIIOB - BHEITHUH U BHYTPEHHUM [IUKIJIBI MEHSAIOTCSI MECTAMH.

o Jlokanuzaius - Ka)JaoMy IPOIECCy JaeTcs KOMHSI IIEPEMEHHOM.

o Pacmmpenue ckansgpa - ckajsp 3aMEHSETCs 2JICMECHTOM MacCHBa.

« Pacnpenenenue muKiIa - OJWH IUKII PACIICIIIAETCS HA JABA OTJACIBHBIX ITUKJIA.

o CimsgHHe LUKIOB - JBa IUKJIAa O0bEIUHSIOTCI B €IUHBIN.

o Pa3BepTka m cxkatMe - KOMOMHHUPYIOTCS TIEPECTAHOBKA IMKJIOB, Pa3JICICHHE
Ha TI0JIOCHI U Pa3BepTKa.

« Pa3BepTka muKia - TEJO NUKIIA IOBTOPSACTCS, OJIaroaapsi 4eMy BBITIOJTHICTCS
MEHBIIIE UTCPALTHH.

« Pa3jieneHue Ha MOJIOCHI - UTEpAIMU OJHOTO ITUKJIA Pa3JIe/ISIOTCS Ha JBa BIIO-
YKEHHBIX [IMKJIA.

o Pa3znenenue Ha OJ0KHW - 00JIaCTh UTEpAIMii pa30MBaeTCS HA MPSIMOYTOJIbHBIC
OJIOKHU.
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L HCDCKOC HUYKJId - TPAHHUIIBI OUKJIA UBMCHAKOTCSA TaAKHUM 06pa30M, 9TOOBI BbI-
ACJINTD MMapaJJICIIbHOCTD CI)pOHTa BOJIHBI.

Pacnpeodenenue yuxnos ucionb3yercs Aj1sl yCTpaHSHUS 3aBUCIMOCTH B TIMKITE ((pak-
TUYECKH JUTS BBISABJIICHHUS Mapajuienu3Ma). Ecim ucXoqHpIi UK UMeeT BUJ, (37ECh U
JaJiee MCIIOJIb3YETCsl HOTAIHS SI3bIKA MPOTpaMMHUPOBAHMS, PaBHOYAAJICHHAS U OT For-
tran’a u ot C)

for [i=1ton] {
af]=...;

e =t afi-];
}

3nmech BTOPO# orepaTop Teja MUKJIa 3aBUCHT OT Pe3yJIbTaTa, BEIUMCIICHHOTO Tep-
BbIM Ha Tpeapyiymied urepanuu. [Ipy yCIIOBHMHM OTCYTCTBHS MHBIX 3aBUCHMOCTEH
(KkpoMe yKa3aHHOM) IUKJI pacrlpeAessieTcsl ClAeIyroIMM 00pa3oM (Kaxablid U3 JIBYX
ITUKJIOB JIETKO pacrapaUIeIMBACTCs, XOTS CaMH IUKJIBI TIOJDKHBI BBITOHATHCS ITOCIIE-
JIOBATEIIbHO):

for [i=1 to n]
af]=...;
for [i=1 to n]

= ... +a[i-1];

[pu cruanuu TUKIBI, UMEIOIINE OOUHAKOBblE 3A20l06KU W He3asucumvle meid,
O00BEAMHSIOTCS (CIIMBAIOTCS) B ©IUHBIN IWKJ, CIAMSHUE MPUBOAUT K YMEHBIICHHIO
Yucya MpoLecCOPOB U UX YKPYITHEHHIO (00s1ee KpyTHO3EPHUCTBIN Mapalienu3m).

Pazeepmka u cocamue IpUBOJUT K COMMKEHUIO OOpaIlleHUH K sueiikaM MmaMsTH,
IpY ATOM MPOU3BOIUTEIBHOCTh TIOBBIIIIACTCS 3a CYET KAIIMpPOBaHus. B mpumepe ywm-
HOKCHUST MaTPHII;

for [i=1 to n]
for [[=1 to n]
for[k=1ton
cfi, j] = cfi, j] + ali, k] * bk, jl;

CHavana paseopayueaemcs BHEIIHUN LWKJ, 3aTeM MOJIyYEHHBIC LUKIBI CHCUMA-
romes (cauearomest) TaKUM 00pazoM, YTOOBI ONIEPATOPHI CJIOKEHUS OKA3AJIUCh B ITUKIIC
MaKCUMaJIbHOM BIOXEHHOCTH. [locnie pa3BepTKy BHEUIHErO IUKJIA M CKATHS BBIIIIE-
PacIoIOKEHHOTO (hparMeHTa MOJyYUM (CUMTAst N YETHBIM):

for [i=1 to n by 2] // nonoBuHa Bcex ntepauui (TOrbKO HEYETHbIE i)

for [[=1 to n]

for [k=1to n] (®)
{
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cli,j =cli,j] +ali,k]+Dblk,jl;
cli+1, J] = cfi+1, ] + ali, k] + blk, j];
}

3/1ech B KaXJOM BHEIIHEM ILMKJIE BBIUMCIISIOTCA JIBa CKauisipa cfi, j] u c[i+1, j], pac-
TOJIararolIMecss B CMEXHBIX sueiikax naMsatu (Ipu yciioBu, 4yto Marpuiisl B OI1 xpa-
HAMCcs no cmoabyam — 4to xapakrepHo g Fortran’a u otHrons He st C/C++). A
YTO MEIIAET B KAXKJOM BHEIIIHEM IIMKJIC BEIYMCIIATH HE 2, a 3,4,5.. cKaasapoB (KOHEYHO,
€CIIM N HE JCJUTCS HAIEIO Ha 3TO YKCII0, TOHAA00UTCS HEKOTOPOE JIOTIOJTHEHHE ajro-
putma)?

B cnyuae pazdenenus na nonoce TAKI ASTUTCS HABOE, IPUYEM BO BHEIITHEM ITHK-
JIe TIEpeOMPArOTCS MOJIOCHI, & BHYTPSHHUI UTEPUPYET BCE DJICMEHTHI JAHHOM IOJIOCHI.
Harpumep, 1711 yMHOKEHHSI MaTPUIl €IMHOKPATHOE Pa3BEPTHIBAHUE BHEIIHETO ITUKJIIA
PABHOIIEHHO Pa3JICJICHUIO TOJIOCHI IIMPUHOM 2 UTepaluu (JIONOJHUTEIbHBIE UTEpa-
[IAY TIPOM3BOJIATCS 10 MHJIEKCY i1):

for [i=1 to n by 2] // nonoBnHa Bcex ntepaunin (TONbKO HEYETHbIE i)
for [i1=i to i+1] // nonoca u3 oByx utepauun
for [[=1 to n]
for [k=1 to n]
c[i1, jl = cli1, jl + a[i1, k] + b[k, j];

[IpeoOpa3oBaHue pa3BepTKH M CXKaTUi PABHOLEHHBI PA3JCICHUIO Ha IOJIOCHI
BHEIIHETO LMKJIA, IEPEMELIEHUIO PA3JIEICHHOIO LMKIIA HA MECTO BHYTPEHHETO U €r0
pa3BepTKHU (LIMKI MAaKCUMAJIbHOW BI0KEHHOCTHU MCIIONIB3YET UHJIEKC i1):

for [i=1 to n by 2] // nonoBvHa Bcex ntepaunin (TONbKO HEYETHbIE i)
for [[=1 to n]
for [k=1 to n]
for [i1=1 to i+1] // nonoca n3 gByx utepaummn
c[i1, j]=cli1, jl + a[i1, k] + blk, ];

[Tocne pa3BepTKH BHYTPEHHETO LIMKJIA (T.€. 3aMEHBI i1 ABYMsI 3HAUEHUSIMU — i U i+1)
MOJTy4YaeTCsl Mporpamma, PaBHOIICHHAS TIOy4eHHON TpeoOpa3oBaHUEM pPa3BEPTKH U
cxkarus (8).

[Ipu pazoenenuu na Oroxu pacnpeneseHUe NaHHBIX B MaMSITH KOMIIAKTUPYETCS U,
ClIeZIOBaTeNbHO, MOBBIMAECTCS AP GEKTUBHOCTH KatrpoBanus Ha MBC ¢ o0reit nmamsi-
TBHIO WJIM pa3MeIleHNe TAaHHBIX B pacrpeielieHHo maMsaTi. B kadecTBe mpumepa pac-
cMaTpuBaeTcs (pparMeHT TPaHCTIOHUPOBAHUS MATPHIIBI:

for [i=1 to n]
for [j=1 to n]
bfi, j1 = alj, il;
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[Ipu ycinoBuM XpaHeHUs: B MaMSITU MacCUBOB TI0 cTpokaMm (xapaktepHo 1uist C/C++)
JOCTYI K DJIEMEHTaM MaTpPHIIBI b ocymiecTBsieTcs: ¢ maroM | (KakIplid 3JEMEHT b
pa3MeraeTcs psAaoOM ¢ MPEIbITYITIM BBIYUCICHHBIM JJIEMEHTOM b B COOTBETCTBHH C
BHYTPEHHUM IUKJIOM TI0 j). OTHAKO TOCTYII K 3JIEMEHTAM MaTpPHIIBI @ OCYIIECTBIISCTCS
C maroMm n (JyiMHa Bced CTpoku). T.0. MpHU CChUIKAX HAa a K3II UCMOIb3yeTCsl Hed]-
(EKTHBHO (B K3III 3arpy’KaeTcs U3JIMIITHE MHOTO 3HAYCHUH AJIEMEHTOB a, U3 KOTOPBIX
pealibHO HYy>KHa Bcero 1/n).

Paz0buenne marpuilbl Ha OJOKHM ACTUT OOJACTh WUTEPAIMA HA MPSMOYTOJLHUKU
(KBaJIpaThl B YaCTHOM CITydac), pa3Mep JaHHBIX B KOTOPBIX He npesvbiuarom pamepa
kowa. 1Ipu xeJaHny MOJTHOCTBIO MMOMECTUTH B KAIII mxm  (camMo co0oif, m<n) ducen
(3HaYCHMI MATPHIT @ WK b) CIIeAyeT U3MEHHUTD aJITOPUTM TPAHCTIOHUPOBAHUS TaKUM
o0Opa3zom:

for [i=1 to n by m] // ans kaxgon m-in CTpokn
for [[=1 to n by m] // n m-Horo cton6ua...
for [i1=i to min(i+m-1, n)] // 6Gnok pasmepom m CTPOK
for [j1=j to min(j+m-1, n)] // 6nok paamepom m cTonéLoB
b[i1, j1] = a[j1, i1];

Tenepb B IByX BHYTPEHHUX LUKJIAX JTOCTYIIEH KBAJIpaT U3 Mxm 3JIEMEHTOB MaT-
pHII @ U b, KOTOPBI MOTHOCTHIO TIOMeIaeTcs B KoL [IpeoOpazoBanue pa3ieneHus Ha
OJIOKHM SIBJISIETCS] KOMOMHAITUEH pa3/Ieiie s Ha TIOJIOCHI U IEPECTAHOBKHU ITHKIIOB.

[IpeoGpazoBanue nepexoc Yuxio8 NCTIONIB3YETCS C LENbIO BBIACTICHUS CKPBITOM I1a-
pPAJIETTHHOCTH B OCHOBHOM BJIOJIb 8OIHOBbIX (DpOHMOE (B STOM Ciydae OOHOBIICHHS
BEJIMYMH B MAaCCHBAX PACIpPOCTPaHSETCA MOJO0HO BOJIHE). THUIMYHBINA TpUMEp — pe-
nmieHre audypaBHEHU B YaCTHBIX MPOU3BOAHBIX MeTonoM [ aycca-3elinens mpu 5-
TOYEYHOM I11a0JIOHE HA PAaBHOMEPHO KBaJ[PaTHOM ceTKe pazmepom nxn [3]:

PucyHok 23.— 3aBncuMoCTn No gaHHbIM B MeTode utepaumn Maycca-3engensi: a) — uexoa-
HOe MpPOCTPaHCTBO UTepauun, 6) — NPOCTPaAHCTBO UTepauun nocne casura uukna.

for [i=1 to n]
for [[=1 to n]
a[i, j] = 0.25 x (a[i-1, j]) + a[i, j-1] + a[fi+1, j] + a[i, j+1]);
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[Tpu nepexoce LUKIIA CMEIIAIOTCS TPAHMILIBI IUKJIa TAKUM 00pa3oM, 4TOObI BOJHO-
BbI€ ()POHTHI YCTAHABJIMBAINUCH HE M0 JUArOHAIM, a MO CTOJA0LAM (YTO MILTHOCTPUPO-
BaHO cxemoi puc.23). Ilepekoc ocyiecTBiIsieTcss METOIOM MPUOABJICHUS K TpaHWY-
HbIM 3HAUEHUSIM MHJIEKCA BHYTPEHHEroO IMKJIA YMCJa, KPATHOTO BEJIMYMHE MHIEKCA
BHEIIIHET0 LMKJIA, 3aTE€M B TeJ€ BHYTPEHHErO IUKJIA U3 3HAYEHUS] MHJIEKCA 3TO YUCIIO
BbIuuTaeTcs. O0pa3yronmii KpaTHOE COMHOXKUTEIb HA3bIBACTCSI COMHOMCUMENeM ne-
pexoca. 1IpeoOpa3oBaHHbIN T.0. BBILIENIPUBEIECHHbIA (parMeHT mpu paBHOM 1 co-
MHOYHTEJIE IEPEeKOoca MPUBEACH HIKE:

for [i=1 to n]
for [j=i+1 to i+n] // npnbaBuTb i kK MMEOLLMMCS rpaHMLam 9)
ali, -] = 0.25 x (a[i-1, j-i]) + ali, j-1-i] + a[i+1, j-i] + a[i, j+1-i]);

[lepexoc nukiIa MO3BOJIWII BRISIBUTH MAPAJUIEIbHOCTD, KOO TMOCTE Mpeodpa3oBaHui
3aBUCUMOCTEN B KA#COOM cmoibye 00IacTU UTepaliii 0oJIbIle HET, OJIHAKO 3aBUCH-
MOCTH OCTaJIMCh BO BHEUIHEM YUKIE.

N3 ¢parmenTa (9) BUIHO, UTO TpaHUIBI BHYTPEHHETO IIUKJIA 3aBUCAT OT 3HAUCHUN
uHeKca BHeNHero. OHaKo rpaHullbl UCXOAHBIX LIUKIOB HE3aBUCHUMBI, I03TOMY BbI-
MOJIHUTh NIEPECTaHOBKY LMKIOB BO3MOXHO. [lociie nepectaHOBKHM LMKIIOB MOJTyYaeM
it obero ciyyvast (Li, Ui — HUKHSISL 1 BEpXHSS TPAHUIBI KUCXOAHOTO BHEIIHETO IUK-
na, Lj u Uj — To e JiyIs1 BHYTPEHHETO IIUKIa, K — COMHOXKUTEIb TIEPEKOCa):

for [j = (kx LI + Lj) to (kx Ui + Uj)]
for [i = max(Li, ceil((j - Uj) / k)) to min(Ui, ceil(j - Lj) / k))]

KonkperHoe mpumMeHeHune 3Toro mpeobOpasoBanusi st metona [aycca-3erimens
IIPUBOJIUT K TAKOMY KOJY:

for [[=2 to n+n]
for [i=max(1, j-n) to min(n, j-1)]
a[i, j-] = 0.25 x (a[i-1, j-i]) + a[i, j-1-i] + a[i+1, j-i] + a[i, j+1-i]);

ITocne 3Toro BHYTpEHHUIN LMKII HECJIOKHO pacnapauienTh, Hamp., IIyTeEM CO3/1a-
HUS IIPOLIECCOB IS KAXKJIOM UTEpALlMM BHELIHETO LIMKJIA.

HecmoTpst Ha Hanuume anmapata BbISBICHHS HH()OPMAIMOHHBIX 3aBUCUMOCTEN B
LMKJIaX, MPETEHAYIOWNA Ha ONBIT PACIAPALICIUMBAHUS AITOPUTMOB MPOTrPAMMUCT
JOJDKEH NPUYYaThCsl BUACTH MMAPAILIEIN3M B IIPOCTHIX KOHCTPYKLUSAX, HAIIPUMED

for (i=1;i<N;i++){
Ali] = Ali] + BI[i; (8)
C[i] = C[i-1] + BIi[;
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B npuBeneHHOM (pparMeHTe CylecTBYeT 3aBUCUMOCTb 10 MH(OPMAIMU MEXTY 1-
Toit u (i-1)-i1 urepanusimu B onepatope Cli] = C[i-1] + B[i], moaToMy npocTo pacmnpe-
JIeIUTh UTEpallid MEXIy MpolieccopaMmu Henb3sd. OpHako (parmenT (8) Jierko
pazouTth (omeparusi pacnpeoeneHue yukiog) Ha ABa OJJHOMEPHBIX LHKIA (T.K. OTe-
partopsl Afi] = Afi] + BJi] u C[i] = C[i-1] + B[i] uHdOpMallMOHHO HE3aBUCUMBI), IPUUEM
nepBbli 3P PEeKTUBHO pacnapaieuBaeTCs:

for (i = 1; i < N; i++)

Ali] = Ali] + BI[i];
for (i=1; i< N; i++)
C[i] = C[i-1] + BI[i];

Pazymuviti nooxo0 ¥ pacnapajuieIMBaHUIO TO3BOJIIET H30eXaTh MHOTHX
TYNUKOBBIX cuTyauuii. Hampumep, QopmanbHbIi MOIX0A K CYMMHPOBAHHUIO
(MepeMHOKEHHIO, TOUCKY IKCTPEMYMa) 3JIEMEHTOB MaccuBa Al |:

for (sum=0,i=1;i<N; i++)
sum += A[i];

HUKOT/Ia HE JACT pe3yJibTara (BCe MTEpaluu LUKJIA WH(OOPMAIMOHHO 3aBUCH-
MbI), OJTHAKO BBIIIE MMOKa3aHa d((PeKTUBHAS pacmapaiieTuBaéMOCTh TaKOTO ITUKJIIa
(KOHEYHO, B CiIy4ae BO3MOXXHOCTHU MPEHEOPEKEHUsT OMMOKAMU OKPYTJIICHHUS, BbI-
3BAaHHBIMU PA3HBIM MOPSIIKOM CYMMHUPOBAHUS DJIEMEHTOB MacCHBAa).

3.3. DKBUBAJICHTHBIE NIPe00Pa30BaHUA AJITOPUTMOB,
U30bITOYHOCTH BHIYUCJICHUNA M1 00MEHOB JAaHHBIMHU

DKkBUBaNIEHTHBIM TNpeoOpa3zoBanuemM (IOkIl) anropuTma sBisieTCs 3aMeHa JaHHO-
ro ajJroputMa (WM ero 4acTv) Ha ajlrOpUTM, TApaHTUPYIOIIUI MOJyYeHUE TaKOTrO
K€ KOHEYHOT'O pe3yJibTaTa Ha BCEX HAOOpax BXOAHBIX JIaHHBIX B TOUHOMW apudme-
TUKE (Yy4€T OrpaHMYEHHOM MAIIMHHOM TOYHOCTU MPEACTABICHHUS JAHHBIX MOKET
HaKJIa/IbIBaTh orpannyeHus Ha OkII).

Omnum un3 OkIl, mOCTaTOYHO YacTO MCHOJIB3YEMOE B pacnapaiieINBarOIINX
KOMITWISITOpPAaX, SBISIETCS pedyKyusi eblcomsl oepesa. OIMH U3 METOJIOB peaau3a-
IIUU TaKOTO MPEeoOpa30oBaHUs — UCIIOIH30BAHNUE ACCOIMATHUBHBIX, KOMMYTAaTHBHBIX
U TUCTPUOYTHUBHBIX CBOMCTB apU(PMETHKHU, TAKUM ITyTEM KOMIMIATOPHI MOTYT 00-
HAPY)KUBATh HESBHBINA MapaljIeNiu3M B anreOpanvdecKux BHIPAKCHUSIX U TE€HEPUPO-
BaTh OOBEKTHBIN (a 3aTeM U MCTIOIHSIEMBIN ) KO JJIsI MHOTOIIPOILIECCOPHBIX CUCTEM
C YKa3aHUEM OIepalrii, KOTOPbIE MOKHO BBIINOJIHATH OJJTHOBPEMEHHO.
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Ha puc.24 nokazano (B Buje rpada airopurma), Kak OTTpaHCIUPOBaAI Obl aj-
redpanveckoe BhIPAKEHUE OOBIYHBIM KOMIUIATOP (CI€Ba) U KaK OHO MOXKET OBITh
00padoTaHO pacnapajyIeIMBAIOIIMM KOMITUISATOPOM (CIIpaBa); MpU 3TOM HE MpHU-
HUMAaETCSd BO BHUMAaHHE BO3MOKHO€ M3MEHEHHE TOYHOCTU BhluucieHuiu [2]. Kak
BUJIHO, BO MHOTHX CJIy4asiX BO3MOKHO YMEHBIIIUTh YUCIIO SIPYCOB (peaylupoBaTh

[(a+b)+c)+d | [@+p+c+a] a)

I\ . /\
/
/6\\\\\1 a/\/\

a b c d

[ a+(bc)+d | [(@+d)+(b+ )] 6)
® 3
@ 2 / \
5\ /\ /\
A\ a
a b c d
|a*(b*t:*d+e)| |(a*b)*(0*d)+(a*e)| B)

4 3

®\ 3 /\
\ \

/\\\ bc\d a e

PucyHok 24.— YMeHblUeHME BbICOTHI AepeBa: a) - 3a
CYEeT accouMaTMBHOCTM, ) - 3a CYET KOMMYyTaTUB-
HOCTM M B) - 3a cYeT AMCTpUbYTMBHOCTM (crneBa —
OObIYHbI KOMOUNATOP, CnpaBa - pacnapannenu-
BalOLLNN)

BBICOTY JIepeBa) MyTEM BBISB-
neHus (paHee CKpBITOro) Iia-
pajienn3Ma B BHIYMCICHUSIX.

He cnenyer 3a0biBaTh, 4TO
noAoOHasi ONTUMM3ALMS TPO-
rpaMM COBCEM He OecrjiaTHa —
HEOOXOUMBI  YBEIHUYCHHBIC
3aTpaThl BPEMEHU W BBIUMCIIH-
TENBHBIX PECYpPCOB B TEPUOJ
aHaJIN3a/KOMIIISALNH.

Ouenb 3(PPEeKTUBHBI HKBU-
BaJICHTHbIE  IpeoOpa30BaHUs
Opy  ONTHUMH3AIMH  IMKJIOB
(THE3 ITUKIIOB).

B Tabn.6 nmpuBeneHbl HEKO-
TOpbIE MPEeoOpa3oBaHUs LIMK-
JIOB, aBTOMAaTUYECKH OCYILECT-
BJISIEMBIE  paclapajlieInuBaro-
muM  Fortran-koMnunstopom
Lahey/Fujitsu Fortran’95
(LF95,  http://www.lahey.com)
s Linux (LF95°Pro Bkiroua-
€T BO3MOXHOCTh aBTOMaTH4Ye-
CKOM U OpenMP-
napayenusanuu). Pacmapan-
JICUBAIONIUE  KOMIHUJISTOPHI
MOCTOSIHHO ~COBEPILIEHCTBYIOT-
Cs M B HACTOSAIIEE BpEeMs TIPH-
rOIHBI 17151 co3faHust 3¢ dek-
TUBHBIX TMapaJUICIBHBIX TIPO-
rpaMM C pa3ieiisieMbIMU Tepe-
MEHHBIMH;, 0COOCHHO 3TO Kaca-
€TCS HAy4YHBIX MPOTPaMM, CO-
JEpKalUX MHOTO IHUKJIOB W
JUTHTEITHHBIX BHIYUCIICHHMN.
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Tabnuua 6.— Onepauuu HaJ MacCMBaMU M aBTOMaTH4YecKas mapajuieiusa-
uus (Ha npumepe Fortran-6a3mpoBaHHO# pacnapaliiennBarolieii cucTe-

Mbl LF95°Pro).
Ne | IIpeobpaso- o Ilocne Ilocne
Ne 8aHue npeobpaso- npeobpazo- pacnapanieiueanus
B8AHUA B8AHUSA
1 | Ceuenns (slic- | doi=1, 50000 lpouyeccop 1: lMpoueccop 2:
ing) IUKIOB a(i)=b(i)+c(i) do i1=1,25000 do i2=25001,50000
end do a(i1)=b(i1)+c(i1) a(i2)=b(i2)+c(i2)
end do end do
2 | IepecranoBKa do i= 2,10000 do j=1,10 lpoueccop 1: lpoueccop 2:
BJIOYKEHHBIX do j=1,10 do i=2,10000 doj=1,5 do j=6,10
(nested) uukoB a(i,j)=a(i-1,j) a(i,j)=a(i-1,j) do i=210000 do i=2,10000
+b(i.j) +b(i.)) a(i,j)=a(i-1,j) a(i,j)=a(i-1,j)
end do end do +b(i,j) +b(i,j)
end do end do end do end do
end do end do
3 | Cimusaume  (fu- | doi=1,10000 do i=1,10000 lpoueccop 1: lpoueccop 2:
sion) 1UKIOB a(i)=b(i)+c(i) a(i)=b(i)+c(i) do i=1,5000 do i=5001,0000
end do d(i)=e(i)+f(i) a(i)= b(i)+c(i) a(i)=b(i)+c(i)
end do d(i)=e(i)+f(i) d(i)=e(i)+f(i)
do i=1,10000 end do end do
d(i)=e(i)+f(i)
end do
4 | IlpuBenecHue sum=0 lpoueccop 1: lpoueccop 2:
(reduction) do i=1,170000 sum1=0 sum2=0
LHKIIOB. sum=sum-+a(i) do i=1,5000 do i=5001,0000
end do sum1=sum1+a(i) sum2=sumz2+ali)
[Tpusenenue end do end do
OUKIIOB MOXKET
OBITH IPUYHUHON
HU3MEHEHUN B
pesynbTatax (B [danee 4acTyHble CyMMbl CKNaabiBalOTCA:
npejenax OIiu- sum=sum1+ sum2
0OK  OKpyTIIe-
HUSA).

Bo MHOrux ciy4asx npuBeAeHHbIE (JeXKallnue, BOPOYeM, HAa TOBEPXHOCTH) Ipe-
o0pa3oBaHMsl MOMOTAIOT U Pa3pabOTYUKy MPHU CO3MaHUH HOBBIX mporpamm. OpHa-
KO Tepe]] pealbHbIM IPOrpaMMHUPOBAHHEM B JIOOOM CiIydae IMOJIE3HO 00ayMath
MOCJIeI0BATEIbHOCTh BbIYHMCICHUH (anroputmuzanuio). Kiaccuueckuit npumep —
napajiesibHasi COPTUPOBKA (110 aHAJIOTUH C JIEXKAIIUM Ha TIOBEPXHOCTH pacrapai-
JeTMBaHUEM aJrOpUTMa CYMMHUPOBAHUS 3JIEMEHTOB MacCHBa CKJIabIBaeTCs yOex-
JIEHUE B BO3MOXHOCTH 3¢hheKmusHo2o KpynHooOI04HO20 pacnapaiieiu8anus Me-
TOJIOM COPTHUPOBKH Ha KaXKIOM MPOIECCOPE YaCTH OOIEro MaccuBa; OJHAKO IO-
HUMaHHe MpoOJeM, CBSI3aHHBIX C IEPECEUYEHHEM YACTUYHO OTCOPTHPOBAHHBIX
MHO>KECTB MPUXOJUT OOBIYHO II03/IHEE); MOCIEAOBATEIbHBIE U MEIKO3EPHUCTHIE
napajuiesIbHbIE aJITOPUTMBbI COPTUPOBKH OIMCAHBI, HAIIp., B padoTe [3].
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PacnapanenuBaromuye KOMIHISTOPE! XOPOIIM B TEX CIIyYasx, KOTJia UMEIOTCS (anmpuopH
KOPPEKTHO padoTaronye, HO He MOTYIIUe ObITh MOAU(DHUINPYEMBIMHU BCIICJCTBHE PA3IMIHBIX
MIPUYHH) TapajijIeIbHbIe MPOTPaMMbl U TPEOYETCsl MOBBICUTh UX d(PPEKTUBHOCTH MyTEM HC-
MOJIb30BaHUS MHOTOIPOIECCOPHBIX BBIUMUCIUTENBHBIX CUCTeM. [Ipu co3gaHMM HOBBIX IMPO-
IPaMMHBIX ~ KOMIUIEKCOB JJIi MApPaJJICIbHOTO  HCIOJNHEHUS  Pa3padOTYMK  JTOJDKEH
PYKOBOJICTBOBATHCS pa3yMHBIMHU COOOpaXEHUSIMU TIpH pa3paboTke mporpamm. Bpsia i ctout
HaJIeIThCA, UTO  KoMIuwiaTop npousBenetr OklII Tuma m3BectHoM ‘3amaum roHoro [aycca’

i=100
(cBemeHHEe CyMMBI MHICKCOB K mpom3BeneHuio, ».0=50x(100+1) kak gacTHbIA Ciaydaii)!
i=1

Hcnonb3oBanue IpaBuiIa T'opuepa
(agp+ a1x+a2x2+...anx" =agtx(a;+..x(a,_1+xa,))) XOTd U YMEHBIIAET YHUCIO yM-
HOKEHUH MpHU BBIYUCICHUN 3HAYEHMsI [TOJIMHOMA, HO pachapajieIMBaeTCsl He JIydIlle UCXO/-
HOTO BBIpakeHUs. ECTh M cMBICT pacmapaiienBaTh Npoueaypy COPTHPOBKU HA MAacCHBE U3
10 (Bo3moxHO, 100) uncen? A ompeneneHre 3HAUYCHUS BBIYMCIUTEILHOTPYA0EMKON (GyHK-
[[UU HECKOJIbKUX TEepEMEHHBIX (HampuMep, Mpu TPaTUEHTHOM METOJIe TOMCKAa IKCTpeMyMa
(GYHKIIUM MHOTHX NMEPEMEHHBIX WM BBIYHCICHUH OMPEIEICHHOTO MHTErpalia OHOI) pacmpe-
JeNUTH 110 miporieccopaM MBC mporpaMmuct 00si3aH caMOCTOSTEIHHO!

H36v1mounvle eviuucienyss BOSHAKAIOT B CIIy4ae HEUCIOIb30BaHUS PE3YJIbTAaTOB
BBIYMCIICHUI B KaU€CTBE JaHHBIX I MOCIEIYIOUIMX BBIYMCICHUI; B rpade anro-
pUTMa 3TOMY SIBJIEHUIO COOTBETCTBYIOT BEPIUMHBI (OIEpPATOPbI), BBIXOASIINE W3
KOTOPBIX AYTH (ONEpaH/ibl) HE BXOAUT HU B KaKylO APYryio BepmiuHy. M30bTou-
HbI€ BBIUMCICHUS BO3HHMKAIOT OOBIYHO BCJEICTBHE HEAKKYPATHOCTHU MPOTPAMMHU-
CTa, HWKE IIPUBEJICH PUMED MPUCBOCHUS YETHBIM 110 CyMME MHIEKCOB JIEMEHTAM
JBYMEPHOM MaTpHUIIbI 3HAYEHUH true U HEYETHBIM — false:

HpI/ICyTCTByIOT N30BITOYHBIE I/I36I>ITO‘IHLI€ BbBIYUCIICHUSA
BBIYUCIICHUSA OTCYTCTBYIOT
for(i=0;i<i_max;i++) for(i=0;i<i_max;i++)
for(j=0;j<j_max;j++) for(j=0;j<j_max;j++)

a[i][j]=false; if((i+))%2)

ali][j]=true;

for(i=0;i<i_max;i++) else
for(j=0;j<j_max;j++) ali][j]=false;

if((i+))%2)

ali][j]=true;
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Kpome u30BITOUHBIX BHI-

k J i1 2
'r_ kr J YUCIIEHU MOKHO T'OBOPHUTH U
SR IR 00 U30bLIMOUHBIX NepPecHLIKAX
: L B RN I
Lo Farararae Y S oot Rl naHHbIX (0OMeHax wuH(pOpMa-
jp| | =msn" "R iEEEas 1[MeH ); MUHUMU3AIUs OOMEHOB
LI n (g EE|nn

L JAHHBIMH  OCOOEHHO BaXkKHA
JUISL BBIYUCIIUTENBHBIX CHCTEM

C pacHpeseNeHHON MaMsThIO

bgj: k=1..kmax: (43-32 OTHOCUTEIBHO OOIBIINX
=-.g2 BPEMEHHBIX 3aJIepXKEK Ipu Ie-
penaue cooOLIeHnT UHTEHCUB-

HOCTb B3aHUMOJEHCTBUS IIPO-

IIECCOPOB JIOJDKHA OBITH MHU-

HUMalibHOM). Ha puc.25 npu-

BE/ICHA YIPOILICHHAs CXeMa

JIEHTOYHOIO0 aJropuT™Ma BbI-

I T YUCJIEHUSI OJHOTO U3 MpPsIMO-

PucyHok 25.— Cxema Gno4Horo anropMtMa yMHOXEHUS yFOHBHEIX OIIOKOB  pesyIILTH-
matpuy [A]x [B]=[C] pytomeit marpuibl [C]. Co-
IJIACHO 3TOMY JITOPUTMY Ka-

xaomy mpoueccopy MBC ne-

[€]

=
m|E EE =
"= N Eomom

pechuiaeTcs psll CTPOK ajy, tae i=il...i2, k=1...kyq, (rOpu30HTATIbHAS JICHTA) dJIe-

MEHTOB MaTpuilbl [A] u ps CTONONOB (BEPTUKANbHAS JIEHTA) bij, Th€ k=1 ...kpyqy,
j=jl...j2 >nemeHnToB Matpuubl [B], mpoueccop BbIUUCISET 3HAYEHHE 3JIEMEHTOB
OJTHOTO M3 MPSAMOYTOJIbHBIX OJIOKOB pe3yibTupyromen Mmatpunbl [C]=[A]x[B] kak

for(i=i1; i<i2; i++)

for(j=j1; j<j2; j++)
for(c[i][j] = 0.0, k=0; k<k_max; k++) 9)
clilli] += a[illk] * b[K][l;

®parmeHT (9) NOBTOPSIETCS NUKINYECKU, YTOOBI BBIUUCISIEMbIE IPSIMOYTOJIbHBIE
osoku 3anoaHwin Matpuly [C] uenukoM. XOTs 175 BBIYUMCIEHUS KaX10ro 0J0Ka
Matpulibl [C] B caMOM Jieie He0OXOIMMbl YKa3aHHbIE HA PUC.25 TOPU3OHTAIbHAS
neHTa [A] u BepTukansHas aeHTa [B], onu (JIeHTHI) OyIyT MepechuIaThes e1e MHO-
ro pa3 MpHU BBIYUCIECHUU APYIUX MPSAMOYTOJIbHBIX OJIOKOB PE3yJIbTUPYIOUIEH MaT-
puubl [C]. Ogna u3 MoauduKanuii anropuTMa JeKUT OYKBaJIbHO ‘Ha MOBEPXHO-
CTH’ — INpHU 3aJaHHON BEPTHKAIbHOU JieHTe [B] BO3MOXHO BBIYUCIUTH HE TOJBKO
NPSIMOYTOJIbHBIA  OJIOK Cl.j,ie [il..il];ie[jl...j2] , HO U 6CI0O 6€PMUKAIbHYIO JIEHMY

Cij,ie[l..

puc.25); IJsi 3TOr0 AOCTATOYHO MEPECHUIATH MPOIECCOPAM TOJBKO HOBBIE TOpH-
30HTaJIbHBIE JIEHTHI MAaTPUIII [A] pU HEU3MEHHOU BEpTUKaIbHOU JieHTe [B].

dmacl i€ j1...j2] dnementoB matpuubl [C] (BBIIEIEHO IyHKTUPOM Ha
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AHanmu3 W30BITOYHOCTH MEPEChUIOK MPHUBeT K MOIU(MUKAIIMH METOJO0B YMHO-
*KeHust MaTpull — 010unbiM anroputmMaM Dokca (Geoffrey Fox) n KonHona, B ciy-
Yyae MPUMEHEHHUS KOTOPBIX MpolieccaM MePechUIatoTes Uit 00paOOTKH HE JICHTHI, a
IPsIMOYTOJIbHBIE OJIOKM NEPEMHOKAEMbIX MAaTpull (3TU aIrOpPUTMbI TPEOYIOT H0-
TIOJIHUTETLHBIX OOMEHOB JJAHHBIMU MEX]TY MPOIIECCOPaMH, BBIYUCIISIONTAM HTOTO-
BYIO MaTpuily). Haaudre nHTEHCUBHBIX 0OMEHOB MEXTY MPOIIECCAaMH XapaKTEPHO
U ISl METOJIOB 80/IH0B0U 0bpabomku dannsix (Wavefront or hyperplane methods).

[TogoOHbIM ke 1ensiM  (KOHEUHas peraemas 3ajiadya — peajqu3aius BO3MOXKHO
0oJiee KpynHoOIOUHO2O Napaileru3ma) CIyKUT METOJ PaclpeesieHHs] JTaHHbIX C
menesbiMu epansamu (OKpyKeHrue OCHOBHOro oOpabarpiBaemMoro Ojoka OydepHoi
30HOW MIMPHHOW | 3JEMEHT MaHHBIX, KyJa MPUHUMAIOTCSA MPU OOMEHAX KOIWU
3HAYEHUH OT COCEIHUX MPOIECCOPOB), [5].

KoHTpoJsibHbIE BONIPOCHI

1. Yro Takoe rpa¢d amroputrma? Ilouemy I'A sBnsercs opuenTupoBaHHBIM? Yem
OIpeeIsieTcs] IPUHAIIEKHOCTh BepliuH ['’A K MHOKECTBY BXOJHBIX M BBIXO-
HbeIX? UTO Takoe spycHo-napaiienvras ¢popma anroputma’?

2. Kakum 006pa3oM MaTpuiia CMEKHOCTH MPEACTABISAET rpad anropurma?

3. Yto Takoe omepaTophI-IIpeodpa3oBaTeln U ONepaTopbl-pacno3HaBarenu’? B ka-
KHX MOJIEIISIX Tpa)OBOro NPEICTABIECHUS aJITOPUTMOB OHH HUCIIONIb3YOTCA?

4. B yeM 3aKiro4aeTcs MOTEHIMAN Mapauienu3Ma B nukiax? Kakue meronsl aHa-
JM3a MPOCTPAHCTBA UTEpPALMU HCIOJIB3YIOTCS JUISl BBISIBICHHS Hapajuienn3ma?
UYro takoe uukiel ParDO?

5. Kakum 00pa3om BBIABISETCS Mapajlien3M CUCTEMaMH aBTOMAaTHYECKOTO pac-
napayuienuBanus? Kakve skBUBanieHTHbIE MpeoOpa3oBaHUSI OOBIYHO BBITIONHS-
I0TCA 3TUMH cucteMaMu? UTo Takoe peayKuusl BhICOTHI J€peBa U Ha OCHOBE Ka-
KHUX CBOWCTB apH(PMETHUKH OHA peanu3yercs?

6. Uto Takoe cOamaHCHPOBAHHOCTh 3arpy3KH MPOIIECCOPOB MPH pacrapaieanuBa-
Hun? KakoBo ycioBue cOagaHCUPOBAaHHOCTH?

7. Yto Takoe M30BITOYHOCTH BBIYMCICHUN W 0OMeHOB maHHbIMU? Kakum myTem
MO>KHO CBECTU K MUHUMYMY 3TH SIBJICHUS?

8. KoanuecTBeHHO OIpeAenTh H30BITOYHOCTh IEPECHUIOK JaHHBIX B IMPUMEpPE
puc.24 (mepechbUIKy Ka)xaoro djaeMeHTa MaccuBoB [A] u [B] cunurtats n30bITOU-
HOM, €CIIM OHA MPOUCXOAUT Oolee 00H020 pa3a 3a BpeMsl pelieHus 3aaaun). Kak
WU3MEHUTCS 3Ta KoAuuyecmeenHas OLUEHKA MPU Jexcaujell Ha NO8epXHOCMU MOOU-
@uxayuu 6GIOYHOTO ANTOPUTMA IEPEMHOKEHHUS MATPHIL?
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4. TexH0J10IMH NAPAJLJIEJIbHOT0 NPOrpaMMHPOBAHUS

[Tpou3BOANTENBHOCTD MapaIeIbHBIX BBIYUCIUTENBHBIX CUCTEM elle Oosee 3a-
BUCUT OT ‘MHTEJUICKTYaJIbHOCTH TMPOTrPAaMMHOTO OOECHEUECHHMs, HEXKEIu s
OOBIYHBIX MOCJIEAOBATENbHBIX; [P 3TOM OOBIYHOW CUTYallMeW SIBIIAETCA pa3oya-
poBaHue (APUOPU U3JIUIIHE BOCTOPKEHHOTO) MPOrPaMMUCTA, MOJIYYUBIIETO BMe-
CTO O0XHUJAEMOT0 CHIKEHHSI BPEMEHH BBIUMCICHUN CYIIECTBEHHOE MOBBIIICHUE
OHOTO (Ja)ke 10 CPABHEHUIO C MOCIIEIOBATEIbHBIM BAPUAHTOM IIPOTPAMMBI).

[Ipu paspaboTke mporpamm Jisl MapauieIbHbIX MHOTOMPOIECCOPHBIX BBIYHUC-
JUTEIBHBIX CUCTEM (napannenvbHulx npocpamm) npodjeMa MepeHOCMMOCTH (BO3-
MO>KHOCTh MCIOJHEHUSI HAa PA3IMYHBIX MapajileNIbHbIX BBIYMCIUTEIBHBIX CHCTE-
Max) ¥ )KUBYYECTH (BO3ZMOXHOCTH JOJTOBPEMEHHOI'O MCIOJIb30BaHMs) TAKXKE MPHU-
obperaer OoJiblliee 3HAUCHUE, YeM TMIPU TPAAUIIMOHHOM (n0ciedo8amenbHoM) TIPO-
rpaMMHUpOBaHuU. [[en0, KOHEUHO, B ‘MOJIOJIOCTH (M CBSI3aHHBIM C 3TUM OBICTPBIM
UX MPOTPECCOM BIIMPH U BIUIyOb) TEXHOJIOTHM MapaieIbHbIX BBIYUCICHUNH BOOO-
mie.

Jlnst 3amucu mapauleNbHbIX NPOrpaMM ObLIM CO3[aHbl Napaijie/ibHbIE S3BIKH.
Onu MOryT OBITh COBEpPUICHHO HOBBIMHU (HANpPUMEp, OPUEHTUPOBAHHBIA HA MPO-
IPaMMHUPOBAHUE TPAHCIBIOTEPHBIX YCTPOUCTB si3biIk OCCAM - C.Hoar, 1984), a
MOTYT OBITh OCHOBaHbI Ha TPAJAMIIMOHHBIX SI3bIKaX - CYIIECTBYIOT MapaJlieIbHbINA
C, mapamnenbubie Pascal, Fortran u gaxe ParJava (Muctutyt Cuctemuoro Ilpo-
rpaMMHUPOBaHUs PAH, http://www.ispras.ru/~javap/parallel_java/par_java/
parjava.html). Jpyrum si3pIKOM MapajuieIbHOTO MPOTrpaMMHUPOBAHUS, UCIIOJIb3YIO-
UM O0BEKTHO-OPUEHTUPOBAHHBINA MOAXOA U MOAACPKUBAIOIIUM IMOAECPKUBACT
napajyIeIbHOCTh O 33/1a4aM U 10 AaHHbIM, siBisieTcss Orca (Henri Bal, Amcrtep-
namMckuii yauBepcurer, 1989, http://www.cs.vu.nl/orca). S3bik ZPL (Larry Snyder,
http://www.cs.washington.edu/research/zpl) obGecrieunBaeT MapauIeIbHOCTh 1O JaH-
HBIM, SIBJISICTCS TMEPEHOCHMMBIM M JIOCTATOYHO MPOU3BOAMUTENbHBIM. 3biK Cilk
(Charles Leiserson, Massachusetts Institute of Technology,
http://supertech.ics.mit.edu/cilk) pacmupsier ANSI C msatero (KitodeBbie ciioBa cilk,
spawn, synch, inlet u abort) HECIOXHBIMU WHCTPYMEHTAMH JUJISl TAPAJIJICIIBHOTO
IPOrpaMMHUPOBAHMS, pa3padboTan it 3HPEKTUBHOIO BHITTOJIHEHHSI MapaiieTbHbIX
IporpaMM Ha CHMMETPUYHBIX MYJBTHIPOIECCOPAX C Pa3JeisieMOl MaMsThIO,
MOJJICP)KUBACT MAPAILJICIU3M 0 BBIUUCICHUSM M 10 JAHHBIM, MO3BOJIIET d(Pdek-
TUBHO palO0TaTh C MapaJIeIbHONW peKypcueii; ¢ ucnoib3oBanuem S5-it Bepcun Cilk
CO3/IaHO HECKOJIBKO IIaXMAaTHBIX Mporpamm (oaHa u3 Hux, Cilkchess, moka3zasna xo-
polne pe3yibTaTbl HA BCEMHPHOM KOMIIBIOTEPHOM YEMIIMOHATE MO HIaxMmaTram
14+20.VI.1999 r. B Paderborn, Germany).

[lepBbIM (PYHKIIMOHANBHBIM SI3bIKOM, CO3JAaHHBIM CIIELUATIBHO ISl YMCIICHHBIX
pacuetoB, ctan Sisal (Streams and Iteration in a Single Assignment Language,
Lawrence Livermore National Laboratory, 1985), BTopas Bepcus si3bIka OINvicaHa B
(J.T.Feo, D.C.Cann, R.R.Oldehoeft, 1990). Peanm3anus Sisal ocHOBaHa Ha MoieNn
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MOTOKOB JJAHHBIX (BBIPAXKEHUE MOXHO BBIYHMCIIUTH, KAK TOJIBKO OYIyT BBIUUCIICHBI
ero omepanjpl); Sisal-mporpammel okazanuch 3PPEKTUBHBIMU, HO K KOHIY 90-x
I.T. IpoeKT ObuT 3akphIT. SA3bik NESL (Guy Blelloch, Carnegie Mellon University,
1996, http://www.cs.cmu.edu/ ~SCandAL/nesl.html) npencrasusier coboil GyHKIHO-
HaJILHBIN SI3bIK C MAPAUICIbHOCTHIO 110 IAaHHBIM U B II€JIOM COOTBETCTBYET MO
NESL (konyenyusa pabomor u enyounsvr). @yukimoHanbHbiil 361k Eden (Philipps
Universitit Marburg, I'epmanun u Universidad Complutense, Manpua, 1998,
http://www.uni-marburg.de/welcome.html, http://www.ucm.es/UCMD.html) paciupsier
dbynkunonanbHbld moaxox si3bika Haskell (cm. nanee mogpaszaen 4.3.2) myTtem oT-
MEHBI MEXaHU3Ma ‘JICHUBBIX (omuoocenuwix) Beruuciaenud’ (lazy evaluation) B mo-
MEHT pacrapaieTuBaHus BHIYUCICHHM.

Nudopmaruio n JOKyMEHTALMIO 1O NapaJljIebHBIM SI3bIKAM U CBOOOJHO pac-
pOoCTpaHsieMble BEpPCUU MO>KHO HAWTHU Ha
http://www.parallel.ru/tech/tech_dev/par_lang.html, http://www.hensa.ac.uk/parallel, mo-
JIE3HBIE CChUIKM - http://computer.org/parascope.

K Hacrosimiemy BpeMEHH BBIKPUCTALTU3UPOBAINCH CTaHAAPTHBIE TEXHOJOTHUH,
CYILIECTBEHHOI'0 (Kaue€CTBEHHOI'0) U3MEHEHHSI KOTOPBIX 0XKHMJIaTh B Pa3yMHOE Bpe-
Msi He mipuxoauTcs. Hiuske kpaTko paccMaTpuBarOTCs OCHOBAHHBIE HA pacrpeerie-
HUU JIaHHBIX U BBIYMCIIEHUN CUCTEMBI MapajuienbHoro nporpammupoBanusi HPF,
OpenMP u DVM, cnenuanu3upoBaHHbii 361K MpC BBICOKOTO YPOBHS JJIsi TIPO-
IrpaMMHPOBAHUS PA3HOPOJIHBIX CETEeH, HU3KOYPOBHEBAs TEXHOJOTHS MPOTPAMMHU-
poBanus oOMeHoB coobmieHusMu MPI, PVM u s3eik Linda, MmeTosibl aBTOMaTH3a-
MU pacrnapasuienuBanus Beranciennit (T-cucrema, HOPMA), cm. [1,4,5,8].

Becbma nokazatenbHbIM SIBIISIETCS CBSI3aHHOE ¢ MPOoOJIeMOil pacrapasieTuBaHus
QITOPUTMOB ~ OOpallleHHe K pe3yibTaTaM (JIaBHO pa3pabdaTbiBaeMoil) meopuu
¢yukyuonanvrnozo npocpammuposanus (T-cucrema, HOPMA; uyTh moapoOHee
cM. noapazzaen 4.3.2). [Ipaktuueckasi peasinzaiusi MojJ0KeHu (QyHKIIMOHATBEHOTO
POrpaMMHUPOBAHUS (PAKTUYECKU MEPEBOAUT LIEHTP TSHKECTU C OnepamopHo2o
ynpaeienus IpoleccoM o0pabOTKHU JaHHBIX HA npoyecc, ynpasisiemvlit OaHHbIMU
(cm. monpaszaen 2.5).

Mosxno peanuzoBaTh data flow Ha 4MCTO anTrOPUTMUYECKOM ypOBHE (armmapart-
Hasi yacTh octaetcsi control flow u BbINONHSAET TPAAUIIMOHHO UMIIEPATUBHBIC WH-
CTPYKIIMH), UMEHHO JJIsl 3TOTO KaK HEJb3sl MOAXOAIT UACH (DYHKYUOHAILHO20 NPO-
2PAMMUPOBAHUAL.

4.1. I[OHOJIHeHI/Iﬂ H3BECTHBIX IMOCJICA0BATCIBHLIX AJITOPHTMHICCKUX
SI3BIKOB CPEACTBAMH NAPAJLJICJIBbHOI0 IIPOrpaMMHUPOBaAHUA

[Ipocreiimmii (M1 UICTOPUYECKH COBEPILIEHHBbIN) MyTh CO3JaHUSI CUCTEMBI CO3/1a-
HUs NApaJUICIbHBIX ITPOTPAMM — JONOJHUTH TPAJULMOHHBIE S3bIKM IIPOTPaMMH-
pOBaHUS CPEACTBAMHU ONMCAHUS pacnapalyIeIMBaHUS BBIYMCICHHUH (2 BO3MOXKHO, U
naHHbIX). [Ipu 3TOM gocTturaercs MUHUMYM MOJUGUIIMPOBAHUS CYIIECTBYIOIIUX
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nporpamMm (TpeOyeTcst JIMIb HEKOTopas ‘Tepeesika’) U COXPAHSETCs] ONBIT MPO-
rpammupoBanusa. HempoctaTku moaxoga 0asupyrOTCS Ha ITHX )K€ MOJIOKECHUAX —
JU1sl pa3paboTku dPPEeKTUBHON MapauiebHOW porpaMMbl HEOOXOAUMO YUUTHI-
BaTh BHYTPEHHIOIO CTPYKTYPY aJIrOpuTMa, a 0a30BBIH (MCXOJHO TMOCTEI0BATENb-
HBIN) 3BIK OOBIYHO HE COJCPKUT JaKe MEXaHHU3MOB, C TTOMOIIBIO KOTOPBIX BO3-
MO>KHO pPeajiu30BaTh 3TO.

EctecTBeHHO, HA MOBEPXHOCTH JIGKUT TOMBITKA PEaTH30BaTh Mapauien3M B
nukiax (rHesgax 1ukioB) B Fortran-mporpammax (cMm. paHee moapaszen 3.2).
B03MO0XHOCTB peann30Baliach UCIIOIB30BAHUEM JOMOJHUTEIBHBIX KIIFOUEBBIX CIOB
ParDO (oreuectBennas cucrema M-10), ParDO/ParEND (cucrema napajuieabsHOTro

coopouHoro nporpammupoBanus MHA, ().

MeTton ‘moaCcKa30K’ KOMIUJISATOPY C IENbI0 JOTOJHUTE €ro (PyHKIIMOHATBHOCTD
CpelncTBaMH pacrhapajulelIuBaHus peain3oBaH, Hanpumep, B cucreme HPF (Hight
Performance Fortran, 1995). B HPF-cucteme tpamunuonnsiii Fortran momonHeH
CHeIUaTbHBIMA TUPEKTUBAMH, 3allUChIBA€MbIMU B (hOpME KOMMEHTapueB (T.€. HE
BOCIIPHHUMAEMBIX OOBIYHBIM KOMITUJISITOPOM — METOJ pelIeHUsI MPOOJIEMBI Tepe-
HocuMocTu!). C BO3MOXKHOCTBIO ucnonb3oBaTh HPF-porpamm Ha mnocnenosa-
TEIbHBIX W TMapajUIeJIbHBIX MalllMHAX 0e3 M3MEHEHWI ObLIM CBA3aHBI CEPbE3HBIC
HAJCXK]Ibl pa3pabOTUNKOB, CMEHUBIIUECS B JATbHEUIIEM 370POBBIM CKENTHIN3-
MOM (HecMOTps Ha 3T0, B 1997 1. O6b11 pa3padotan npoekt ctangapra HPF2, pac-
IIUPSBIIMNA BO3MOYKHOCTH MPOrPAMMUCTA B CMBICJIE AUPEKTUB pacnapajuienBa-
Husl, [6]).

Uctopus pazsutusa HPF TecHo cBsizana ¢ TakoBoit s3bika Fortran’90. MiMenHo B
HTOM SI3BIKE MOSIBUIUCH NPOTOTHUIIBI A3bIKOBBIX KOHCTPYKIIUH, KOTOPBIE MTO3BOJIAIIN
KOMIUIATOPY 3(D(PEKTUBHO TEHEPUPOBATH MAPATUICTBHBIN KOJ. DTOT S3bIK HE SB-
JISIETCSL B TIPSIMOM CMBICIIE TIApaJlJICIbHBIM, €r0 CO3/aTeNid CTaBWiIM cebe Ooiee
oOmue 1enu - co3JaTh MAaIIMHHO-HE3aBUCUMBIM HHCTPYMEHT OOpabOTKH YHCIO-
BbIX Hay4YHBIX JaHHBIX. OCHOBHBIE BO3MOXKHOCTH Mapasuienusaiuu B Fortran’90
CBSI3aHbl C LMKJIAMU (OMepanusM HaJl MAaCCUBaMH, UMEHHO Ha 3TH JACHCTBUS MpPHU-
XOnUTCs OO0bIlIee BPeMs BBITIOJIHEHUSI HAYYHO-TEXHUYECKHUX 337a4 U UMEHHO MX
1eJ1ecCo00pa3Ho pacnapajjieNiuBaTh B MEPBYIO 04Yepeib). MOIIHBIM CPEICTBOM pa-
6otel ¢ MaccuBamu B Fortran’90 sBnseTcs BO3MOXXHOCTH HCIIOJIB30BAaHUS WX B
apru(METHICCKUX OTIEpaIUsIX MOJ0O0HO OOBIYHBIM CKajsipaM. MHOTHE BCTPOCHHBIC
onepanuu B s3blke Fortran’90 MOXHO NPUMEHHTh M K MaccuMBaMm, IoJiyyas MpuU
TOM MAacCHB TaKoOW ke (HOPMbI, KOKIBIH AJIEMEHT KOTOPOro OyJIeT MMETh 3Hade-
HUE, paBHOE PE3yJbTaTy 3aJlaHHOM oOmepaluu Haj 3JIEeMEHTaMu MaccuBOB. Bo3-
MOHO BBIJIETISATh CEKIIMM B MAcCHUBaxX W ONEPUPOBATH C HUMH KaK C HOBbIMH Mac-
CHUBaMH U JIp., IPUYEM MOPSAI0K, B KOTOPOM COBEPILIAKOTCA MOAJIEMEHTHbBIE Omepa-
WU, CTAaHAAPTOM HE YCTAHABJIMBAETCS. DTO AA€T BO3MOXXHOCTh KOMIIUJISITOPY

%
B.3.Manpimkua. OCHOBBI HapalijIeIbHBIX BhIUKUCIEHUU. // YueOHoe mocobue, yactp 2. [ITUT

CITA. —HoBocubupck, 2003.
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obecrnieunTh UX AQPEKTUBHYI0 00paOOTKY HA BEKTOPHOM WJIM MapaieIbHOM BBbI-
yucnurene. Cunrakcuc Fortran’90 moMoraer  KOMOWJISTOPY B OOJIBIIMHCTBE
Cily4daeB M30aBUTHCA OT MPUMEHEHUS CIIOXHBIX aJITOPUTMOB OMPEACIICHUS Tapa-
JIEJIbHBIX CBOMCTB UKIMYECKUX KOHCTPYKUMM. JlanpHelee pa3Butre okonodop-
TPAHOBCKOTO HampaBjeHus TmpuBead K pa3padborke Fortran’D (1992) u For-
tran’Vienna, HPF (1992), uHCcTpyMeHTaJbHOrO NakeTra aHaiu3a I[porpaMm
ParaScope (Rice University), cCpeicTBa aBTOMAaTHYECKOI'0 pacnapasienuBanus For-
tran-nmporpamm BERT 77, a taxxke cucremnl Forge (Applied Parallel Research,
Inc., cM. HIKE).

Cucrema nporpammupoBanusi HPF — Tunuynas cucrema ¢ MMIIEpaTUBHBIM yKa-
3aHMEM MPOTrpaMMUCTa KOMIWJISATOPY, KaKUM 00pa3oM pacnpedenums OaHHble
MedHcoy npoyeccopamu (8bl4UCIEHUs PACNPeOeNsIOMC HA OCHOBE PACNPEOeeHs]
Odannbix). Pacpenenenue MaHHBIX yIpaBisercs nupektuBamu ALIGN (ompenerne-
HUE COOTBETCTBUS MEXIY B3aUMHBIM PACHOJIOKEHUEM JJIEMEHTOB HECKOJIBKHX
MaccuBoB) U DISTRIBUTE (oToOpakeHHe rpymniibl MAaCCHBOB Ha PEIIETKY IPOIIeC-
COpOB), IIPU ATOM JIOMYCTUMO ‘pa3pe3aHue’ MacCHuBa THIEPIUIOCKOCTSIMU Ha pac-
MoJIararouMecss Ha pa3IMuHbIX IMpolieccopax OJIOKU M TUHAMUYECKOE (B XOJE BbI-
MOJTHEHUS TIPOTrpaMMBbl) Tiepepacnpeacinenue (aupektuBbl REALIGN u REDISTRIB-
UTE). ITapayimenusm no BeruucienusiMm B HPF peann3oBan 1o cienyrommum KOHCT-
PYKIHUSAM SI3bIKA — OTEPAlMK HaJ CEKIMSIMU MAacCUBOB (TIapaJIjIesIu3M BBIYMCIICHHM
JNETEPMUHUPYETCSl paHee 3aJJaHHbIM PACTPECICHUEM JaHHbBIX, IPU HEOOXOIUMO-
CTH MCIOJIB3YETCS TIePEChUIKa JTaHHBIX ), MUKIBI DO u oneparnuu FORALL (koMmrmu-
JSITOPOM MTPOU3BOAMTCS TOMbBITKA 00OOIIUTH 3TH KOHCTPYKIIMU B BUJE ONepanui
HaJ cekiusiMu mMaccuBoB). [Ipumep HPF-nporpammer npusenen B [punoxxennu 16
(MCXOIHO-TIOC/IeIOBATENbHBIN BapuaHT mporpammbl — [Ipunoxkenue a). HPF-
npenporeccop Adaptor (http://www.gmd.de/SCAIl/lab/adaptor/ adaptor_home.html)
pacnpocTtpansieTcs (B yIpouIeHHOW Bepcuu) cBOOOIHO; aBTOMATHYECKOE TTOCTpOe-
Hue HPF-npuoxxenuii ocymiectBisgercss yTuianuTon gmdhpf, moodyepeaHo BbI3bI-
Baronieit HPF — Fortran-npenponieccop (yrunuta fadapt), Fortran-xkommnumnsarop u
KOMITOHOBIIIHK.

[TporpammupoBanue Ha HPF (cymectByroT BapuanTsl 1ist C/C++) ¢ ToOUkH 3pe-
HUSL TpOrpaMMHcTa OJM3KO K Hujeany (OrpOMHOE MOJe Il MHTEJUICKTyalbHOU
NEeSTEIBbHOCTH, HET HEOOXOJUMOCTH BBIITHUCHIBATH IPOMO3JIKME KOHCTPYKIIMHU 00-
MeHa paHHbiIMH B ctuie MPI), ognako 3ddextuBHOCTh co3gaBaembix HPF-
KOMITUJISITOPAMHU TMapajuiedbHbIX TPOrPaMM HEBBICOKA (OCTaBIIAsCA TIOCIE yKa3a-
HUW MPOrpaMMUCTa YacTh IMPOIECCa pacnapauieIMBaHUsl KOMIWISTOPOM aBTOMa-
TUYECKU pacrapajiieJieHa MOJIHOCThIO ObITh He MoxkeT). B mnenmom HPF-nonxon
OKa3aJICsl YpEe3MEPHO POMAHTUYHBIM (C TOYKH 3PEHHSI COOTBETCTBUS KOHCTPYKIIU-
M SI3bIKA POrPAMMUPOBAHUS TTOCTABIECHHBIM LIETISIM).

Jpyroil moaxoJ OCHOBaH Ha MOJENHM napaiieiusma no ynpaseieHuto (work-
sharing, mooenv pacnpedenenus pabomol) 1 GOpMaAIIBLHO 3aKJIFOYATCS B JOMOJHE-
HUU S13BIKOB MPOTrPaMMMPOBAHUS CHEUUAIBHBIMA KOHCTPYKLUSMH YIPABICHUS —
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napaiienbHbIMU YUKIaMu U napaniienvHelmu cekyusmu. 1'myOuHHas OCHOBA MOJI-
XO0J1a 3aKJIK0YAETCA B MPEACTABICHUU MApAJIIEIbHON MPOTPaMMbl CUCTEMOW  HuU-
metl (HUTb - thread — ynpoIIEHHBIA MPOLIECC, B3aUMOACUCTBYIOMIMI C IpyrUMuU
HUTSMU MOCPECTBOM OOLIUX MEPEMEHHBIX U IpocTerieil cuaxponusauun). [lpu
TOM BCIIOMOTATENbHYIO0 padoTy (Co3daHUe U YHUUTOKEHUE HUTEU, pacrpeselie-
HUE€ MEXJy HUMHM BUTKOB IapajuICNIbHBIX LUKJIOB M NapaJuIeIbHbIX CEKIIUN — BBI-
30BOB IPOLIEYP, HAIIP.) BHIMOIHIET KOMIUISTOP.

[lepBast momneiTKa pazpabOTKH NOJOOHOrO MoaX0a OTHOcUTed eme K 1990 r., Ho
ToJIbKO B 1997 r. nosiBwiics cranaapt si3bika OpenMP Fortran (mo3aHee nosiBUIMCh
ananoru ayst C u Fortran’90/95, [6], http://openmp.org). IIporpamma Ha OpenMP
HAYMHAET CBOE BBHIMIOJIHEHHE B BHUJE €AMHCTBEHHOIO (MMEHYEMOIrO 2l1a6HOU HU-
mbio) npouecca. [ 1aBHas HUTh BBIMOJIHSAETCS MOCIEA0BATENIBHO A0 TEX MOp, MOKa
yIpaBieHUe HE JONAET N0 Hayaja MepBOM mapajiebHON 00JacTH MPOTPaMMbI
(omucwiBaeMoi aupektuBamu PARALLEL u END PARALLEL). [Ipu Bxozae B mapali-
JIeJIbHYI0 001acTh TJIaBHAs HUTh MOPOXKIAET ONPENEIEHHOE YUCIO MOJTYMHEHHBIX
eil HUTel, 00pa3yIoluX BMECTE C HEU mexywyro epynny Humeli, IPA BbIXOJE U3
napajuyieJIbHOW 00JIaCTU BCE MOPOXKJEHHBIE MPU BXOJE€ B HEE HUTH CIUBAIOTCS C
[JIaBHOW HUTHIO (B IIEJIOM IOCJIEIOBATEIbHO PEANM3YETCs Cepusl MapaiedbHbIX
IIPOLIECCOB, MHOTOKpPATHO MOBTOpsitonias auarpammy puc.30). Bece Haxonsmmecs
BHYTPH TNapajUieJbHONW 00JacTH omneparophl (BKIIIOYas BBI3OBBI MPOLEAYP) BbI-
MOJIHSIOTCS] BCEMHM HUTSAMM TEKYLIEH IPYNIbI NapAJIEIbHO JO MOMEHTA BBIXOAA U3
napauiesIbHONM 00JaCTH UM BCTPEUH OJTHOW U3 MHCTPYKIIMHN pacrpeaesieHus: pado-
Thl DO (pacmpeseneHue BUTKOB HUKIa Mexay HuTsMu), SECTIONS (pacmpenerne-
HUE MEX]Y HUTAMH 33JJaHHBIX CEKUUW mporpammbl), SINGLE (yka3zaHue CEKLUH,
KOTOpas JAOJDKHBI BBIMOJHATHCA €AMHOW HUTHIO). IIsi opraHu3anuy BbIYMCIECHUN
UCIIOJIB3YIOTCSl BBICOKOYPOBHEBBIE TUPEKTUBBI CUHXpOHM3auuu. [Ipumep npocroi
nporpaMmsl ¢ ucrnonbzoBanueM OpenMP npusenen B [Ipunoxenun 2.

[IporpammupoBanue B TexHosoruu OpenMP B nenom npome, uem va HPF, on-
HaKoO pacmnpenesieHne JaHHbIX B OpenMP mpakThyecku HHMKaK HE OINMCBIBAETCS
(mouatHo, uyto OpenMP wuzaeaneH Ajis MHOTOINPOLIECCOPHBIX BBIYUCIUTENbHBIX
cucTeM ¢ oO1ei namsThio). [lepcreKTUBHBIM MOXHO ObLIIO ObI CUMTATh JOMOJIHE-
Hue OpenMP BO3MOXHOCTSMH pacupenciieHUs] aHHbIX, OJHAKO PEAJIbHO B Ha-
cTosiiee BpeMs pa3BUBaeTCs MoaxoJ, oObenuusitomuii OpenMP (cpenctBo mpo-
rpaMMupoBanus npoieccoB) u MPI (Mmexanu3m o0beIMHEHU MIPOLIECCOB), [6].

[IpumepoM cuctembl, OOBEAUHSIOMEN pacHpe/ieeHue KaK BbIUMCIECHUN TaK U
naHubix, sisiercas DVM (Distributed Virtual Memory wnu Distributed Virtual
Machine, 1994, http://keldysh.ru/dvm), cymectByioT Bepcuun Fortran’DVM u
C’DVM. Cucrema pa3paboTku mnapajuiesibHbix nporpamm DVM pazpaborana B
NIIM um. M.B.Kenapima npu yyactuu cTy1eHTOB 1 acnupanToB MI'Y [1,6].

B DVM pnanuble ¥ BBIYKCICHUS MO MPOLECCOPAM BUPMYATbHOU NAPALIEAbHOU
MAawiuHbl pacrpenenseT NTporpaMMHUCT U KIMEHHO HAa HETO BO3JIAracTcsl MOJIHAS OT-
BETCTBEHHOCTh 3a COOJII0JIeHUE (EMY M3BECTHBIX) MpaBuUil BbiunciaeHui. [Iporpam-
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MUCT ONpEEseT HE TOJIBKO 001IKe (BBIYMCIIAEMbIE HA OJIHUX, @ UCIIOJIb3yEeMbIE Ha
JpYrUX IpoLeccopax) JaHHbIEe, HO U OTMEYAeT TOYKH B MOCIEAOBATEIbHON MpO-
rpaMMe, I7e HeoOXOJIMMO OOHOBUTH (CHHXPOHMU3UPOBATH) AaHHbIE. [lpu 3TOM
TekcT DVM-niporpamMmbl SIBISI€TCS KOPPEKTHBIM U ISl OOBIYHBIX ‘TIOCIIEIOBATENb-
HbIX’ KoMmnwisTopoB (B Fortran’e mna 3aganuss DVM-IUpeKTUB HCHIOIB3YIOTCS
CTPOKM KOMMeHTapueB, B C NMpPUMEHSAETCS MEXaHW3M MAaKpOCOB), YTO IO3BOJISET
OCYLIECTBIIATh CHaYaja OTIAAKY II0CIEIOBATEIbHOW BEPCUM IIPOTPAMMEI, a B
JajbHenmeM tectupoBatb DVM-pacimimpeHnss HCXOQHOIO TEKCTa U KOMIIUIIMPO-
BaTh IIapaJIJICIbHbIA BAPUAHT IIPOTPAMMBI.

OObsiBIIEHHBIE B ITpOrpaMMe NepeMeHHbIe (MCKII0Yasi ONMMCaHHbIe KaK ‘pacrpe-
JIeJICHHbIE’ MAacCHBBI) KONUPYIOTCS MO BCEM MpoueccopaM. B MomeHT crapra
DVM-nporpammbl co3faeTcs €IMHCTBEHHAsI €€ BETBb (MOMOK ynpaesieHus), Npu
BXOJI€ B MapaJJICIbHYI0 KOHCTPYKIMIO (HAIlp., MapajulesbHbIA UK UK 00J1acTh
napajuiesbHbIX 3aJ]a4) BETBb pa30MBAECTCS Ha OINpPEIECIICHHOE KOJIMYECTBO Mapall-
JIETIbHBIX BETBEH, KaXKJas U3 KOTOPBIX UCIIOJIHSECTCA Ha BBIICIEHHOM MPOLIECCOPE
(4McI0 MPOIECCOPOB M TOMOJOTHUS MHOTOMPOLECCOPHON CUCTEMBI 3aJaeTcsl B KO-
MaHJHOM CTPOKE MpOrpamMMbl); MPHU BBIXOJE€ U3 MapajuieIbHOM KOHCTPYKLIMH BCE
BETBU BHOBb CIIMBAIOTCS B IIEPBOHAYAIBLHYIO BETBb.

Jlns pacnipenenienus MaccuBoB B cucteMe DVM ucnone3dyercs aupekrusa DIS-
TRIBUTE, sBisiomascs IOMOJHEHHEM OIMHMCATeIbHON (HEHCIIOIHSAEMOM) YacTH
nporpammsl. Hannpumep, crtpoka CDVMS$ DISTRIBUTE mass_1 (BLOCK) onucsiBa-
€T paclpeleeHue paHee OMMCAHHOrO oJHOMepHOro Fortran-maccuBa mass 1 Ha
pelieTky npoueccopoB paBHbIMH Osiokamu (WGT_BLOCK(wb, nwb) 3aiaer pacmpe-
JieJIeHuEe HEpaBHbIMU OJIOKaMu, * - oToOpaXXeHue 1eIbIM U3MEPEHUEM), BbIPDABHU-
sanue maccueos (PacrlojOKEHHE HECKOJBKUX MACCHMBOB COIVIACOBAHHO JIPYT C
JPYroM — HalpuMep, Ha OJJHOM U TOM K€ IPOLIECCOPE) TOCTUraeTcs MPUMEHEHH-
eM aupektuBbl ALIGN. [lupextussl REDISTRIBUTE u REALIGN nuHaMHU4YeCKH W3-
MEHSIOT paclipelesieHue NaHHbIX. [lapaiienbHoe BBINOJHEHUE LUKIIOB 3a4aeTCs
nupexktnBoil CDVM$ PARALLEL ¢ mapamerpamu, nupektuBa MAP ompenensier co-
OTBETCTBUE BBIMIOJIHSIEMBIX 3a/lady CEKIMU MIpoueccopoB W T.A. (mpumep For-
tran’DVM-nporpammsl npuBezeH B [Ipunoxenun 1B).

B nenom DVM-cucteMa BBICOKONIEPEHOCHMMA, JOCTATOUYHO TMOKA B OMUCAHUU
BO3MOXXHOCTEU pacliapajijleIMBaHus U, BMECTE C TEM, IIO3BOJISIET COKPATUTH BPEMs
pa3pabOTKH U OTIAJAKU IPOTPAMM.

B Uucturyre Cucremuoro IlporpammupoBanust PAH pa3paboran crienuaabHbIi
a3plKk mpC BBICOKOIO YPOBHS JUIsl IPOrPaMMHMPOBAHUS HEOJHOPOJHBIX CETEU
(http://www.ispas.ru/~mpc). A3pik mpC ucnosibzyeT HoTanuio C U BKIHOYAET BO3-
MO>KHOCTH, HEOOXOUMBIE ISl OMPEEICHHUS BCEX BaXKHBIX CBOMCTB MapaljiebHO-
ro ajiroput™ma (Hy>KHOE YMCJIO MapajuleNIbHbIX MPOLIECCOB, OOBEM BBIUYMCIEHUHN U
IepelaBacMbIX JaHHBIX U1 KaXIOro IpOolLiecca, CLIEHapUl B3aUMOJIEUCTBHUS IIPO-
LIECCOB U T.II., IIPUYEM MMEETCA BO3MOXKHOCTb U3MEHATH OTU XapaKTEPUCTUKHU BO
BpEMSsI BBITIOJIHEHUSI IPOTPAMMBI ).
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B mpC mnousitue cemu Cay>KUT MEXaHU3MOM, MO3BOJISIOLIETO Pa3pabOTUUKY
abCcTparupoBaThcsi OT (PU3MUECKUX OCOOCHHOCTEH KOHKPETHOW BBIUMCIUTEILHOU
CUCTEMBI (B MPOCTEHILIEM CIy4Yae CEThbIO SIBJISETCS MHOXKECTBO GUPMIYATbHBIX NPO-
yeccopoeg); Mocie ONMUCAHUS CETU MPOrPAMMUCT CBSI3BIBAET OTOOpPAXKEHHUE €€ BUP-
TyaJIbHBIX MPOLIECCOPOB C PEaJbHBIMHU IMPOLIECCAMH MapaJUIEIbHOM MPOrpaAMMBI.
Aemomamuueckas cems ONpeNieTieHAa BHYTPU OJIOKa MPOrpaMMbl, MPU BBIXOJE W3
3TOro 0JIOKa BCE 3aXBay€HHbIE MOJI BUPTyaJIbHbIE MPOLIECCOPBI CETH OCBOOOXKIa-
I0TCA U CETh MOKET ObITh NEPEOIpeiesieHa 3aHOBO; CMAamuiecKkas cemsv CyIIecT-
BYET BCE BpEMs CYILIECTBOBaHUA MporpaMmbl. Kaxknasi BHOBb co3faBaeMmasi CETh
UMEET POBHO OJMH BUPTYaJIbHBIN Mpolieccop (pooumens co3aBaeMon ceTu), 00-
M ¢ YK€ CYIIECTBYIOIIMMHU CETSIMU (Yepe3 HEero MmepearoTcs pe3ysibTaThl Bbl-
YUCJICHUH MPHU MPEKPAIIEHUU CYIIECTBOBAHMS C€TH). B 110001 MOMEHT BBINOIHE-
Huss mpC-nporpaMMbl UMeEETCsl MpeonpeaesieHHas ceTb host U eupmyanvhubiii
xocm-npoyeccop (poAUTeNb Bcex cetelt). Pazmazannas nepemenHas (MaccuB) OIl-
peneneHa A BCeX MPOLECCOB U €€ 3HaYeHHE OJJUHAKOBO B KaXKIOM U3 HUX. ba-
306ble (PYHKIIMM HMMIIEPATUBHO BBIMOJIHAIOTCA BCEMM IIPOLIECCOPAMU, )37108ble
(YHKIMM MOTYT OBITh BBI3BAHBI OTJEJIBbHBIM IIPOLECCOM WJIM TPYMNIION IpoIecco-
pPOB, cemegble aHAJIIOTWYHBI 0A30BbIM, HO BBINOJIHSAIOTCA HA KOHKPETHBIX CETSX.
OOMEH IaHHBIMM MEXJy MPOLIECCAMU BBIIOJIHAETCS C OMOIIbIO MEXaHU3Ma 1no0-
cemeli — TIOJMHOYKECTBA MPOLECCOPOB, OOBEIUHSIIOIIMNX JABE (UM HECKOJBKO) Ce-
TEH.

Baxnoii ocobeHHocTh mpC COCTOUT B HaJIMYUU CPEACTB Ul AUHAMUYECKOTO
pacnpeziesieHuss 00beMOB BBIYMCIEHUH 110 BUPTYaIbHBIM IIpolieccopaM (YTO HEOO-
XOAUMO Juisi OajJaHCUPOBKM BBIYMCIEHHUM IO y3/1aM HEOJHOPOIHBIX CETel); s
3TOTr'0 UCHOJb3YETCS BCTPOECHHBIE S3bIKOBBIE BOZMOXKHOCTH, peajlu3yeMble OIepa-
TOpPOM recon.

B nenom mpC npeacraBiasieT nporpaMMHCTy OTPOMHBIE BO3MOXHOCTH pa3pa-
OOTKHU MapaJljIeNIbHbIX MPOrpamMM, OJHAKO TpeOyeT BBICOKOro Ipo¢ecCHOoHaIn3Ma
KaK B JIOTMYECKOM IPOrpaMMUPOBAHMM TAK U B MPAKTUYECKOM HCIIOJIb30BAHUU
A3bIKA.

[Tponarangupyercs takke cuctema OPC (Otkpeitas PacnapamienuBaromias
Cucrema, Open Parallelizing System Group, http://ops.rsu.ru/about.shtml) - mpo-
rpaMMHasi UHCTPyMEHTaJbHasi CUCTEMa, OPUEHTUPOBAaHHAs Ha pa3pabOTKy pacra-
pAJIENIMBAIOIIUX KOMIWISITOPOB, ONTUMHU3UPYIOLIMX KOMIWIATOPOB C Hapai-
JIEJIbHBIX SI3bIKOB, CHCTEM I10JyaBTOMATHUECKOI'O paclapaljielIiBaHus.

4.2. CucremMbl NapajieIbHOT0 NPOrPaMMHUPOBAHUS
HA OCHOBE 00MeHAa COO0IIeHNSIMHU

Brlieonncanuble CUCTEMBI pa3pabOTKU NapaJljIeIbHbIX IPOrPaMM, HECMOTPS Ha
TpeOOBaHMSI IBHOT'O OMKCAHUS PACIPEAENICHUs BBIUUCICHUN U JAHHBIX MO MpoIiec-
copaM, BCe e BO3JIaraioT Ha ‘mapajuieibHblii’ KOMIIWIATOP padoTy MO peanu3auuu
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ATUX ONUCAaHUU. B HEKOTOpPBIX CilydasiX ObIBA€T IMOJE3HBIM HUMETh BO3MOXKHOCTb
CaMOCTOATELHOTO MaKCHMMAaJbHO IOJIHOTO YIMPAaBIEHUSA HPOLEccoM 00padOTKU
uH(popmaluu (BKIItOYas pacrpeesieHue JaHHbIX U BBIYMCICHU 1 0OMEH coo0I1ie-
HUSIMUA MEXKJy BETBSIMU [TPOTPAMMBI).

Mopnens nporpammupoBanus MPI  (Message Passing Interface, 1994,
http://mpiforum.org) ocHoBaHa Ha mnepenaye coodbmeHuii. Coobujenue COCTOUT U3
0s0ka (OJOKOB) MepenaBaeMbIX JAHHBIX U JOMOJHUTENbHOM MHGpOpManuu (TUI
nepeaBaeMbIX JAaHHBIX, MACHTUPUKATOp CcOOOLIEeHUsl, HOMEp Ipoliecca-
noJiy4aresns u ap.).

MPI uHoraa Ha3bIBalOT ‘acceMOJIEpHBIM YpOBHEM B MapalijIeIbHOM MpOrpam-
MHUPOBaHUH, OCHOBBIBAsI 3TO HEOOXOJAUMOCTHIO MaKCUMAJIbHO MOJAPOOHOrO Omuca-
HUSL BCEX HEOOXOAMMBIX oneparii 0OMEHOB JaHHBIMHU MEXKIY YacTAMU MPOrpaM-
MBI, BBIMOJHSIOIMMUCA HAa OTAENBbHBIX MPOLECCOpPAX; MPU ATOM paclpeesieHue
JAHHBIX ¥ BBIYMCJICHUI MOJTHOCTHIO BO3JIAraeTcsl Ha MPOrPaMMUCTA U BBIIIOJIHSET-
csl cpeAcTBaMHu 0a30BOr0 SI3bIKA MPOTPAaMMUPOBAHUS (YTO OYEHb HEIPOCTO, MO-
3TOMY U NMPUMEHSIOTCS CUHTETHYECKHE MOAXOAbl — HAIPUMED, BBIILICYTOMSIHYTHIN
OpenMP+MPI). Bosmoxknoctu MPI peanuzoBanbl kak Ha0op (pa3MEIIEHHBIX B
cooTBeTcTBYIOMICH Onbnoreke) MPI-pynkuuii (cymectByer untepderic ¢ Fortran
u C/C++); nosBuBmmiics B 1997 r. npoekt crannaprta MPI-2 cymiectBeHHO pac-
mupsaer Bo3MoxxkHoctd MPI (Hamp., TuHaMUYECKOoe MOPOKIAECHUE U YHUUTOKEHUE
npoiieccoB; npu 3Tom st MPI-1 nuarpamMmma mpoiieccoB cOOTBETCTBYeET puc.30, a
st MPI-2 — puc.3B). B HacTosiiiiee Bpemsi CyIIeCTBYIOT JIBE OCHOBHBIC peau3a-
nun MPI — MPICH (MPI & Chameleon, http://www-unix.mcs.anl.gov/mpi/mpich) u
LAM (Local Area Machine, http://www.lam-mpi.org). CyIecTByIOT CBEJICHHUS, YTO
MPI-2 peanuzoBaH B cucTeMe INPOrpaMMHUPOBAHUS BEKTOPHO-NAPAJLIEIBHON CHC-
teMbl Earth Simulator.

Boo01iie roBops, sl HaNMCAaHUsI MOAABIISIIOUIETO OONBIIMHCTBA IPOrpaMM J10C-
TaTO4HO 6-TU (pyHKUM nHTepderica MPI:

MPI_lInit - yannuanuzanus MPI-6ubnuorexku
MPI_Comm_size - OIpEJIENIEHHE YKCIA TIPOLIECCOB
MPI_Comm_rank - OIIpEeJIEIICHHE TIPOIECCOM COOCTBEHHOIO HOMEpPa
MPI_Send - IIOCBIJIKA COOOIIEHHMS

MPI_Recv - TIOJTyY€HHE COOOIIEHUS

MPI_Finalize - 3aBepiieHne mporpaMmmsl MPI

Cpelli KOTOPBIX OCHOBHBIMH sBJsitoTCA (pyHKIMU MPI_Send/MPI_Recv oOmMena
COOOMICHUSIMU THUIIA ‘TOYKa-To4yka’. OgHAKO JUIs yIoOCTBA MPOTrpaMMUPOBAHUS B
MPI Brimrouen mmpokuii HaOOp (QYHKIMN - HIMPOKOBEIIATEIbHAS TMepeaada
MPI_Bcast, pa3maya cOOOIICHHI OT OJHOTO IPOIECCa BCEM MPOIECccaM TPYIIIIbI
MPI_Scatter, cOop TaHHBIX OT BCEX IPOIECCOB B TPYIIIC B OJWH U3 IPOIIECCOB
MPI_Gather u T.11., QyHKIIMU OapbepHON CUHXpOHU3AMU TporieccoB MPI_Barrier,
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rJ100aJIbHBIC ornepanuu peayKLIun MPI_Reduce, MPI_Allreduce,
MPI_Reduce_Scatter, MPI_Scan (KOHKpeTHasi omepaius peayKIUu MOXKET ObITh
nepeorpesiesieHa MmoJib30BaTesIeM) U Ap.

[Tpu nmporpammupoBanur Ha MPI mporpammucTt o0s3aH KOHTPOJMPOBATh HUC-
XOJIHBIN TEKCT Ha HAJIMYUE CTPYKTYP, BbI3BIBAIOIIMX (TPYAHOJIETEKTHUPYEMBbIE HA
paboTatoie nporpamme) neuioku (deadlock — TynukoBas CUTyalusi, 3aBUCaHKE);
BO3HMKHOBEHUE Jie/yioKa rpu MPI-nporpamMmMupoBaHuu 0OBIYHO CONPSIKEHO C HUC-
MOJIb30BAHUEM OIOKUpYIowux @ynxyuti ooMeHa cooOuieHusMu. B ganHoMm ciyuae
JEMJIOK — CHUTYyallus, KOTJa MepBbIi MPoLecC HE MOXKET BEPHYTh YIPaBJICHHUE U3
(YHKUMU MOCBUIKH, TOCKOJIBKY BTOPOM HE HAYMHAET IPUEM COOOIICHMS], a BTOPOI
HE MOKET HauyaTh IpHeM, MO0 caM MO TOW ke MPUUYMHE HE MOKET BBIMOJHUTH MO-
CBUIKY.

HononHuTtenbHy0 THOKOCTh aeT MPI BO3MOXKHOCTh omnpeneseHus supmyaib-
HOU MOnoJI02uy MPOILIECCOPOB; MPU ITOM (HE3aBUCUMO OT (PU3UUECKOU TOMOJIOTUU
MPOIIECCOPHOM PEIIETKH) MOXKET BBOJUTHCS TOIMOJIOTHS N-MEPHBIX KyOOB (TOPOB)
uiu npousBojbHOro rpada (MPI_CART_CREATE, MPI_GRAPH_CREATE cooTBeT-
CTBEHHO M (PYHKUMHU MOAJIEPKKM MX MCIOJIb30BaHMs). BUpTyanbHble TOMOJIOTUU
CIIy’aT KakK ILIeJIIM YIPOILEHUsS MpOrpaMMUpOBaHUsl (Hampumep, JByMEpHas pe-
nieTka yJoOHa Juisl MPOU3BEICHNUS MAaTPUYHBIX OIepaluil), Tak U CIOCOOCTBYIOT
MOBBIIICHUIO MPOU3BOJIUTEIBLHOCTH (P KOPPEKTHOM MX OTOOpaKEHUH Ha (PU3U-
YECKYIO TOMOJIOTHIO BBIYUCIUTENBHBIX Y3JI0B MHOTOIIPOLIECCOPHOM CHCTEMBI).

B uenom co3nanue mporpaMm ¢ ucrnosib3oBanrueM MPI — ynen nrobuteneit Hau-
0oJiee TOHKOTO, THOKOro (HU3KOYPOBHEBOI'0) MPOrpaMMUPOBaHMUS, OJHAKO (BCJIE]I-
CTBHE MMEHHO 3TOr0) MMEIOTCS BO3MOXKHOCTU pa3pabOTKu HajacTtpoek Hajg MPI,
CYIIECTBEHHO ymporiarmux padoty. MPI npumenen npu pa3paboTke OOJIBIIOTO
KOJIMYECTBa MPOOJIEMHO-OPUEHTUPOBAHHBIX MapajuiesibHbIX Ounbnuorek. [Ipoctoi
npumep Fortran’MPI-niporpammel npusenen B [Ipunoxenuu 1r).

K ‘pyuHbiM’ (HU3KOYpOBHEBBIM) TEXHOJIOTHSIM pa3pabOTKHU MapaliedbHbIX Mpo-
rpaMMm  oTHocutrcss u  cuctema PVM  (Parallel  Virtual — Machine,
http://epm.ornl.gov/pvm/pvm_home.html), npennoxkeHHass ucropudecku panee MPI
(mpoekt —1989, peanuzamus — 1991 r.). PVM cranmaptusupyer He TOJbKO UH-
mepghetic npoepammucma (HaOOp U ColepKaHUE MPEAOCTABIIEMbIX (DYHKIIUIA), HO
U unmepdqeiic nonvzosamesns (KOMaHIbl TOJb30BaTENsA, BBOAUMBIE C KJIABUATYPbI
JUIsl YOPaBIICHUs NapajljieNbHOW nporpamMmsbl), [4]. @ynkuuun PVM npenocrasis-
I0TCA OOIIEOCTYNMHOW OMONIMOTEKON, CyHIeCTBYIOT peanu3aiun PVM s cambix
Pa3IUYHBIX TUIATHOPM.

Bupmyanonoii mawunoti (BM) Ha3bIBalOT COBOKYIHOCTBH Y3JIOB, Ha KOTOPBIX
UCIIOJIHAETCS MapajulielibHasg MnporpamMmma; (QpyHkuuoHupoBanue BM nocruraercs
(GYHKIIMOHUPOBAHUEM Ha KaX0M y3Jie npoiecca - demona PVM. Koncono PVM —
crenuanbHas MporpamMma, HO3BOJISIIONIAS YOPABISATh BUPTYaJbHON MAIIMHOM.
Hmeercst BO3MOKHOCTb TPOrPAMMHBIM ITyTEM U3MEHSATH (AKTUBU3UPYS U ‘BBIKIIIO-
yasi® y31bl) coctaB BM, crapToBaTth M BKJIIOYaTh B COCTaB BETBEU MapayljieIbHbIX
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IporpaMm mpouecchl (T.e. TMHAMHYECKH MOPOXAAaTh BETBU MapauIeNbHON MpPO-
rpamMMbl) WK oTcoeauHATh ux oT BM. JIro60i1 PVM-nporniecc moxxet uHbpopmupo-
BaTh JIPYyrod >KIYIIUH OT HEr0 COOOIIEHUN MPOLECC CUTHAIOM O BOSHUKHOBEHUU
OIIKUOKH, ITOT CUTHAJ SIBJISIETCS OCHOBOM MeXaHuW3Ma H30exaHUsl 3aBUCAHUS WU
aBapuitHoro 3aBepuieHus. lIporpamMmuas peanuzanusi NOCBUIKM COOOIIEHUI Mpo-
CTa, M0 YMOJYaHUI0 cooOIIeHus Oydepu3yeMbl; BEPOSTHOCTD JI€IJI0Ka MUHUMAJIb-
Ha. Kak u B MPI, kpoMe 0OMEHOB ‘TOUYKa-TOYKAa’ MMEIOTCS IIMPOKOBEIATENbHBIE U
COOOIIEHUSI PETYKIINH.

PVM u3HayaibHO NPOEKTUPOBATIACHh pa3pabOTUMKAMK KaK CUCTEMa JJI 3a]1au C
KPYIHBIM 3€pHOM Mapajuienu3ma (TpedoBaHusi K 3PPEeKTUBHOCTH KOMMYHHUKALUN
HE CTOJIb BBICOKM — B mepuoj pazpadbotku PVM mpumensuiucs 10 Mbit Ethernet-
cetn); nonyysipHocth PVM 10 cux mop BbicOKa (OCHOBHBIE MPOU3BOJIUTENHU CY-
NEPKOMIBIOTEPOB CHAOkat0T cBou u3aenus u MPI u PVM).

CucreMoll mapajijiesIbHOrO MPOrpaMMHUpPOBAHUSl HA OCHOBE IEepeaadu cooOle-
Hui siBrsgercs cucrema Linda (http://cs.yale.edu), pazpaboranHas B cepeanne 80-x
r.r. B CIIA. Unesa Linda ocHoBaHa Ha MPOCTHIX MOJIOKEHUSAX:

a) mapajuieNipHas MporpamMma MpeacTaBieHa MHOXKECTBOM TPOIIECCOB, KaKIbIi
U3 KOTOPBIX BBIMOJHAETCS MOJ00HO OOBIYHOM MOCIEI0BATEILHOM MpOrpaM-
Me,

0) Bce MPOLECChl UMEIOT JOCTYII K O0LIeH MaMaTH, MPpUYeM eAUHULEN XpaHEeHUs
TAHHBIX SIBISAETCS Kopmedc (B 3TOM CMBICTIE 00Ias MaMsITh CYTh NPOCMPAH-
cmeo Kopmedicell),

B) BCEM IpoIIeccaM JOCTYIHBI CIEAYIOUINE ONepalny ¢ MPOCTPAHCTBOM KOpTe-
xKel: nomecmums kopmedic (MOKHO OMECTUTh UMEIOIIMICS KOPTEX, MOCie
Yero B MPOCTPAHCTBE KOPTEKEH OKAXKETCs JBa KOPTEkKa C OJIMHAKOBBIM HMe-
HEM), 3abpamb (IOCJE ATOTO KOPTEK CTAHOBUTCS HEIOCTYITHBIM OCTaJbHBIM
IpoLeccaM) U CKONUpPo8ams,

T') IPOIECCHl HE B3aUMOJICHCTBYIOT APYT C JIPYTOM SIBHO, a TOJBKO Yepe3 Mpo-
CTPAHCTBO KOPTEKEM.

T.o. B otnmuumne ot MPI (rae nonyctum npsiMoit 0OMEH TaHHBIMU JIFOOOTO MPO-
necca ¢ Jao0biM), B Linda oOMeHbI oCcylmecTBISIOTCS (PAaKTUYECKH 4Yepe3 HEeKui
‘kapMaH’ (‘IPOCTPAHCTBO KOPTEXKEH , MpUUEM BCJIEICTBUE BO3MOXKHOCTHU TIPHU TIO-
UCKE KOpTeXa MCMOJb30BATh METOJ] COBMAJCHUS 3HAUEHUS OTJEIbHBIX €ro MoJieh
‘IPOCTPAHCTBO KOPTEXEH’ (HAKTUUECKU SABIAETCS GUPMYATbHOU ACCOYUAMUBHOU
Namsimoio).

Pa3pabotunku Linda nokas3siBatoT, 4yTO J1000I MOCIEA0BATENbHBIN SI3bIK MPO-
IrPaMMHUPOBAaHUS ISl MPEBPALIEHUSI €r0 B CPEJCTBO MApaUIEIbHOTO MPOrpaMMHU-
pOBaHUsl JOCTATOYHO JTOOABUTH JIMILIb YETHIPE HOBbIE GYHKUUU (TPU PYHKIUHU IS
ornepanuii HaJl MPOCTPAHCTBOM KOPTEKEW U OJIHA JIJISl MOPOXKACHUS MapaieIbHbIX
npoueccoB) [1]. @yHKIMA out(...) MOMENIaeT KOPTEX B MPOCTPAHCTBO KOPTEKEH,
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in(...) MIIET B MPOCTPAHCTBE KOPTEXKEW HYX HBIM (MCHOJIb3yeTcss Macka), read(...)
aHaJIOrM4YHa in 0e3 yJaneHus: Koprexka (I0JIe3HO UCIIONIb30BaTh AJIs MapajlieIbHOro
J0CTYIA K MIEPEMEHHBIM M3 HECKOJIbKUX MPOLEecCcoB), PyHKIUs eval(...) mopoxiaa-
€T OTAENIbHBINA MapaJlIeNbHbIA MPOLIECC ISl BRIYMCICHUS 3HaYeHUN (yHKLUM, Te-
PEUMCIIEHHBIX B CHUCKE (OPMAJIbHBIX MapamMeTpOB BbI30Ba (PYHKIMHU, BBIYUCIICH-
HOE€ 3HAYECHHE MMOMEUIAETCS B IPOCTPAHCTBO KOPTEXKEN aHATOTMYHO BBI3OBY Out.

Ecnu B mpocTpaHCTBE KOPTEXKEN HU OAUH KOPTEXK HE COOTBETCTBYET 3a/IaHHOMY
B in uiu read oOpasily, mpoiiecc OJOKUPYETCsl A0 MOMEHTA MOSIBICHHS] COOTBETCT-
Bylolero koprexa. [lapamnensnas nporpamma B cucrteMe Linda 3aBepiaercs, Ko-
I71a BCe MOPOKICHHbIE MPOLECC 3aBEPUIMIIUCH WM BCE 3a0J0KMPOBaHbl (QyHKIIMSI-
MH in " read.

VYkazaHHble s3bIKOBbIE cpecTBa Linda Ha caMoM Jene AOMyCKaroT UIMPOKHE
BO3MOXHOCTH MO0 CHHXPOHM3AIMH MIPOLIECCOB, pealn3alun padoTaoIKX 0 CXEME
‘TJIaBHBIN/TIOAYMHEHHBIN ™ niporpamm U T.1. Linda addexTrBHa A511 MHOTOMpOIIEC-
COPHBIX BBIYMCIHUTENBHBIX CHUCTEM, 00JIaJaloluX OOUIeil NamMsaTho0 (TOJIBKO B MpHU
pa3MeIleHNH MPOCTPAHCTBA KOPTEKEH B MaMATU TAKOrO THIA BO3MOXKHO peau-
30BaTh OBICTPOTY OmNepaluili ¢ Koprexamu); npu peanusauuu Linda qis cucrem ¢
pacrpenieIeHHONM MaMsThi0 ~ BO3HUKAIOT TMpobsieMbl, aHajorudyHbie NUMA-
cuctemaMm (VSM - Virtual Share Memory - BupTyalibHasl pa3zeisgeMasl naMaTh B
cucreme Linda peanuzyercs nporpamMmHO).

B Hacrosimee Bpemsi Linda xommepuecku mnojiep>KMBaeTcs 0Opa3oBaHHOU B
1980 r. ¢pupmoit SCA (Scientific Computing Associates, Inc.), Toproass mapka
TCP Linda (http://www.lindaspaces.com, lunix-support@LindaSpaces.com) BKJIrO4Ya-
10T Tpaduueckyro omianounyto cpeny Tuplescope. Ha ocnoBe VSM ¢upmoit SCA
paspaboranbl cucteMbl Piranha (cpeactBo oO0beanHeHus nepcoHanbHbIX OBM B
MHOT'OMPOLIECCOPHYIO BBIYUCIUTENBHYIO cucTeMy), JParadise (cucrema moanepx-
KU paclipe/ielIeHHbIX MPUKIaAHbIX Java-iporpamm), SCA npennaraet takke Win-
dows-Bapuant cucrembl nporpammupoBanus Linda u (coBmectHo ¢ OptTek
Systems, Inc., http://www.opttek.com) mnapainenbHyl0 Bepcui0 OHOIUOTEKH
OptQuest Callable nporpaMMHBIX TAKETOB MHOTOMEPHOW ONTUMM3ALIUH.

Linda ucnons3oBana npu pa3padotke cucrembl Gaussian'03 (u3yueHue siek-
TPOHHOM CTPYKTYPbl XUMUUYECKHUX BEILECTB), IPUMEHEHA MPU pa3padOTKe CUCTEMbI
Paradise ang nmapamnenu3auuu npouecca oOHapy>KeHHsl 3HaHUM B 0a3ax JaHHBIX
(rexnonorus Data Mining), ucnionb3yetcs ¢pupmoit Motorola, Inc. npu npoexTu-
pPOBaHUM MHKPOCXEM, IS MOJIIEPKKH (PUHAHCOBOW NIE€ATEIBHOCTH, O0OpabOTKU
JAHHBIX Te0(U3NYECKUX UCCIICIOBAHUN TTPU MOPCKOM HedTeno0bIue u Jip.
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4.3. ABTOMaTu3alnus pacnapajjie IMBaHUus aJIrOpuTMOB
4.3.1. PacnapajuiesimBawime KOMIUJIATOPBI

Kenanue aBTOMAaTHU3UPOBATH MPOLECC MEPEBOAA B MapajlieibHbId BapHaHT OT-
POMHOTr0 KOJIMYeCTBa HAPaOOTAHHOIO (M BHOBB pa3pabaThIBAEMOro) MpOrpaMMHO-
ro obecrneueHus aBisieTcst 00JIee YeEM €CTECTBEHHBIM.

Pa3paboTka nornocmuvio agmomamuuecku pacnapaniierusanue2o KOMRUIAmo-
pa, Ka3ajaochb, MOKET CHATh Bce MpoOseMsbl nporpammucta. K coxkaneHuto, peasb-
HbIE pa3pabOTKU B ATOM HANpaBJICHUU HE BIECUATISIOT CBOEH 3((HEKTUBHOCTHIO.
Bo-nepBeIX, anpuopu HEBO3MOXKHO CO3AaTh TaKOW KOMIIMJISTOP YHUBEPCAIbHBIM
(BCleICTBHE HAJIM4YMs 3HAYUTEIBLHOTO KoiMuecTBa apxutektyp OBM u cuctem
KOMaH/[ MPOLECCOPOB, MPU ITOM ONTUMHU3UPOBAHHBIN ISl OJHOM CHUCTEMBI KOM-
NUWISATOP OKaxeTcs Majod(ppexkTuBHbIM Ajig Apyroi). Bo-BTopeix, (Ha OCHOBE
OMbITa Y€ pa3paOdOTaHHBIX CUCTEM MApaJUIEIBLHOTO MPOrpaMMHUPOBAHUS) TPE-
CTaBJseTCs MPOOJIEMATUYHOU caMa HJIES HOJHOCMbIO A8MOMAMUYEcKO20 Paciia-
paiienuBanus (1Mogo0Hasi cucTtema JO0JDKHA 00J1a/laTh CYIIECTBEHHBIMU YEPTAMHU
UCKYCCTBEHHOI'O MHTEJUIEKTa U, CKOpee BCero, OyJeT IpOMO3AKON U TPYIHO Ha-
cTpauBaemoii). BecbMa npobiiematiuHa (XOTSI HA CErOJIHSIIHUN JICHb YK€ CKopee
YUCTO MmexHuyecky) pa3paboTKa eAMHON CXEMbl pacrapajlieIuBaHus IPOU3BOJIb-
HOT'0O aIrOpUTMa C OTOOpPAKEHUEM Ha apXUTEKTYpy peaibHoit OBM (nMeHHo 31ech
KaK HeJlb3sl 00J1ee MOJIe3Hbl IPUEMbI KJIACCU(DUKAIIMU U OTIUCAHUS APXUTEKTYD).

NMeHHO 03TOMY OOBIYHO OIPAaHUYMBAIOTCS 3a/ladyeil CHHTAaKCHYECKOro aHaJln3a
UCXOJIHO-TAPAJUIEIbHOTO TEKCTa C LENbI0 BBISIBICHUS MOTEHUUAIBLHOTO Mapasie-
JU3Ma U FeHepalyen pacnapaijieJIeHHOTO UCXOIHOTO TekcTa (yacto B ctuiie MPI),
KOMITAJISIIMS 3TOM IMPOrpaMMbl OCYILIECTBISETCS MAIIMHHO-3aBUCUMbBIM KOMITHJISI-
TOPOM C mojjepkkoi Oubamoreku MPI (yacTUUHO Takue CHCTEMBbI OMUCAHBI B
noapazzene 3.2).

Hamnpumep, B coctaB nonHopyHkuunonaisHoro nakera Forge90 (APR - Applied
Parallel Research, Inc., http://www.infomall.org/apri//index.html, forge@netcom.com)
BXOJAT mpernpoieccopsl dpf, spf, xhpf (115 cuctem ¢ pacnpeneraeHHOW NamsThIo,
oO1el mamsThi0 U IS UCIONb30BaHus nporpammupoBanus B HPF-ctune coot-
BETCTBEHHO), MO3BOJISIIOIIME HAa OCHOBE HCXOJHOIO TEKCTa IMOCIEA0BATEIBLHOTO
anroputMa chopMUPOBaATh TEKCT, YK€ pacnapajijie]eHHbIi B TexHonoruu PVM nHa
Fortran’77; nogo6HbIe makeTbl 00beMHBI U JIOPOTOCTOSIIIH.

4.3.2. ABTOMaTHYeCKOe pacnapaJjjieJMBaHue ¢ noMombi0 T-cucremsl

Pa3paboTka TEXHOJOTMH aBTOMATHYECKOI'O JIMHAMHYECKOrO paclapajlieianBa-
Hus nporpamm (HazBaHHas ‘T-cucrtema’) Benercs ¢ konma 80-x r.r. B MHCcTUTYTE
nporpamMmmHbix cpeactB  PAH (r. IlepecnaBnb-3anecckuit). B menom ctunp T-
IPOrpaMMHUPOBAHMS  OJIM30K  TPAJAUIMOHHBIM  S3bIKAM  MPOTPAMMUPOBAHUS
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(Fortran, C/C++), npudem siIBHOE yKa3aHUE Ha MapaJlieIbHOCTh BHITIOJHEHUS 0JI0-
KOB IIPOTPaMMbI B TEKCTE OTCYTCTBYET.

bazoBble mpuHIMNB T-cHCTEMBI OCHOBaHBI Ha pPE3yJbTaTax OOMICH TEOpHH
@yuxkyuonanrornoeo npoepammuposanuss (OII). Teoperndeckre OCHOBBI umnepa-
MuHo20 (onepamopnozo) npozpammuposanusi ObuM 3aiioxeHsl B 1930-x r.T.
(Anan Toropune, /{orcon ¢pon Hetiman), NOI0KEHHAS B OCHOBY (DYHKLIHOHAIBHOTO
noaxonaa teopus poaunack B 1920+1930-x r.r. (komOuHaTtopHas ynoruka - Moszec
Hlenghunxensv, Xackenn Kappu, nambna-ucuvcinenue - Anonzo Yepu, 1936).

MatemaTuueckue GyHKIHUUA BBIPAKAIOT CBSI3b MEXKIY MapameTpaMmu (BXOJ0M) U
pe3ynbTaToM (BBIXOJIOM) HEKOTOPOrO Ipoliecca. Beuncienue — Takke IMpoiiecc,
UMEIOIIMNA BXOJl U BBIXOJ, NIPU 3TOM (DYHKIUS SIBJISIETCSI BIOJHE MOAXOISIINM U
aJICKBaTHBIM CPEJICTBOM OIKMCAHUS BbIYMCICHUH. IMEHHO 3TOT MPOCTON MPUHIUIT
MOJIOKEH B OCHOBY (DYHKIIMOHAJBHOM MapaiurMbl U (PYHKIIMOHAIBHOTO CTHJIIS
nporpammupoBanus. DyHKIMOHAIBHAS MporpaMma MpelCTaBisseT coboi Habop
onpeneneHnii QyHkiui. OyHKIMK ONpeAensoTes yepe3 Apyrue (QPyHKIUU WU
pPEKypcUBHO uepe3 camux cels. B mporiecce BBIMOTHEHUS TPOrpaMmbl (QYHKIIMH
MOJIYYAIOT MapaMeTphbl, BHIYUCIAIOT U BO3BPAILIAIOT PE3yJIbTaT, B Cllydae HE0O0XO-
JUMOCTH BBIYUCISS 3HaueHus Apyrux (yskmnuit. [IporpamMmmupyst Ha QyHKIHO-
HAJIBHOM SI3bIKE, TPOrPAMMHUCT HE JIOJKEH OIMUCHIBATH MOPSIIOK BBIYUCICHUH - eMy
HE0OXO0IMMO JIMIIIb OMUCATH KeJIaeMbIH Pe3yJIbTaT B BUJIE CUCTEMBI (PYHKIUH.

Oynkunu B OII HE uMeroT nobounsix s¢hgexmos. Obpanienne Kk GyHKIIUU HE
BBI3bIBAET MHOTO 3(peKTa, KpoMe BHIYUCICHUS Pe3yJsibTara (B 3TOM CMBICIE MPHU-
BBIYHBIC BBI3OBBI TPAJUIMOHHBIX S3BIKOB MPOrPAMMHUPOBAHUS CYTh HpOYeOypsl, a
He ¢yuxyuu B nousatuu OII); 310 ycTpaHseT cepbe3Hblil HICTOYHUK OIMUOOK U Jie-
JIAET NOPsOOK BbINOJHEeHUs. QyHKYuli HecyujecmeeHHbvlM (TaK Kak MOOOYHBIC d(]-
(beKThl HE MOTYT U3MEHSTh 3HAaYEHUE BBIPAKEHUSI, OHO MOJcem Oblmb GbIYUCTEHO 8
nr0boe epems).

Teopus (QYHKIMOHAIBHOTO MPOrPAMMHUPOBAHMS JOJTO€ BpEMs OCTaBalach
‘TaIkUM yTEHKOM’ (B MPOTUBOIOJIOKHOCTD MAESIM UMIIEPATUBHOTO MPOTPAMMHUPO-
BaHUA) A0 MOMEHTa pa3pabOTKH MEepBOro noumu (PyHKIIMOHAIBLHOTO SI3bIKA MPO-
rpammupoBanus Lisp ([ocon MaxKapmu, 1950). K nagany 1980-x r.r. mosiBUIUCH
®I1-s3p1ku ML, Scheme, Hope, Miranda, Clean u ap.; ogHO#W W3 MOMYJISPHBIX B
Hacrosiee Bpemsi peanuzanui OIl-noaxona smusercs si3pik Haskell (Xackenn
Kappu, nauano 1990-x r.r., http://www.haskell.org).

Baxxnoit ocobennoctrio Haskell siBisiercss MmexanusMm ‘neruswix (omaoosicenHwlx)
gvluucienuti’. B TpaJuUIMOHHBIX S3bIKaX MpOrpaMMUpOBaHUs (Hampumep, Fortran,
C/C++) BbI30B (PYHKIIMU TPUBOJUT K BHIYUCICHHUIO BCEX apryMEHTOB (‘6b1306-10-
3HaweHuro’); IPU ITOM €CIIM KaKOW-T100 apryMeHT He UCIOJIb30BAJICS B (PYHKITUH,
TO pe3yJIbTaT BHIYMCIICHUN MPOTAIAET, T.€. BEIUUCICHUS ObLUTN MTPOU3BEICHBI BITYC-
TYI0. AJITEPHATUBOUN 6b1308a-NO-3HAUEHUIO SIBISIETCS Gbl306-N0-He00X00UMOCmU
(9TOM CiTy4yae apryMeHT BBIUYUCIISETCS, TOJIBKO €CIIH OH JCHCTBUTEIHLHO HEOOXOIUM
JUTSI BBIYMCIICHUS PE3yJIbTaTa); MOHSATHBIM MPOrPAMMHUCTY MPUMEP — BBITIOJHEHUE
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oneparopa KOHbIOHKIUU && n3 C/C++, KOTOPBIA HUKOIAA HE BBIYUCIISIET 3HAUE-
HUE BTOPOTO apryMeHTa, €CJIM MEPBBIM apryMEHT CYThb ‘JIOXKb . S3bIKH, UCIOJIb-
3YIOIIUE OTJIO)KEHHBbIE BBIYMCIICHUS, HA3BIBAIOTCS Hecmpocumu (IpUMEpPbl —
Haskell, Gofer, Miranda); ecnu QpyHKIMOHAIBHBINA SI3bIK HE MOACPKUBAET OTJIO-
JKEHHBIC BBIUMCIICHUs, OH sBIsAeTCS cmpoeum (s3biku Scheme, Standard ML,
Caml, B Takux sI3bIKaX NOPSAOOK BbIUUCIEHUSL CMPO2O ONPEOeieH).

OnHO W3 IIaBeHCTBYIONIUX MOHATHH T-cuctemsl — ‘yucmole’ ¢hynkyuu (HyHK-
1uu 6e3 nobouHwvIX 2¢hhexmos PN BBIYUCICHUSX ); YUCTasT (PYHKIUS MOXKET OBITh
BBINIOJTHEHA MMAPAJIIEIBHO C OCHOBHOW mporpaMMoi. UuCThIMU (OTCYTCTBYIOT IO-
060uHbIe YDPEKTHI) OOBIYHO SIBISIIOTCS Hecmpozue A3bIKU.

B KaXaplii MOMEHT BPEMEHU BBIICIISIIOTCS TOTOBBIE K BBIYMCICHHUIO ‘TOJBBIPA-
XKEHUsI’ U PaACHpEeHesItoTCs M0 UMEKLMMCS MpoleccopaM, Py 3TOM 3a OCHOBY
Oepetcs rpad, y37bl KOTOPOTO MPEICTABIISAIOT BEIOpaHHbIE (DYHKINH, & TyTH COOT-
BETCTBYIOT OTHOIICHUIO ‘BbIPAXKEHUE-TIO/IBBIPAXKEHUE .

JI1st uiconb30BaHMsT BO3MOXKHOCTEH (DYHKIIMOHATBLHOTO MPOTPAMMHUPOBAHMS B
TPaJMIIMOHHBIE S3bIKM BBOJUTCS MTOHSITUE HE20M0B020 3HaueHus. B mpuMeHeHUH K
C 5TO0 BBIpa)KaeTcsl BBEJICHUEM JOTIOJHUTEIHHOTO aTpulyTa tval onucaHus nepe-
MEHHBIX, tval int j ompenemnser nepeMeHHylo, 3HAaYUeHHEe KOTOPOl MOXKET OBITh Iie-
JBIM YUCJIOM WJIM HETOTOBBIM (TIOKa HE MOCYMTAHHBIM) 3HAYCHUEM, B ONMUCAHUU
bynkuuu 6e3 moboyHBIX dPPeKToB HEOOX0UM aTpUOYT tfun, BEIXOAHOTO 3HAYeE-
HUS — tout, T100aTbHOM CCHUIKM HA HETOTOBYIO MEPEMEHHYIO - tptr (M3MEHEHHBIN
TakuM ob6pazom C++ nmomyunn HazBanue T++, cm. [Ipunoxkenue 3).

T-cucrema 3amyckaeT uncTbie GyHKIUU KaK BETBU MapajuieIbHON MPOTPaMMBI, a
Hecomogvle nepemertvle (HII) SBIAIOTCS OCHOBHBIM CpPEJICTBOM CHHXPOHH3AIUU
ux BeimoiaHeHus. [Ipu urenun HII npoucxoaut O610KMpoBKa mpoliecca BHIYUCIIEC-
HUS, BBIMOJHUBIIETO Takoe OOpallleHue, MPUYEM OXHUIAHUE MPOIIUTCA JO TeX
1op, MOKa NEPEMEHHAS] HE MOJIYYUT TOTOBOIO 3HAYECHUS (MCKIOUEHUE — Omepalus
npucBauBanus HII, mpu 3ToM 61okupoBka He Bo3HUKaeT). [Ipu 3anmucu oObaHOTO
3HaueHus B HII oHa CTaHOBUTCSA TOTOBOM JJISI BCEX BBIPAXKEHUM, B KOTOPHIE OHA
BXOJIUT; paHee 3a0JI0OKMPOBAHHbBIC HA HEH MPOIECCHI BBIXOAAT U3 OJIOKUPOBKHU.

T-cucrema cHaOkeHA Pa3BUTHIMU CUCTEMaMU OTJIAJKU — OT HAYaJIbHOW MPOTOH-
KU TIPOTPaMMBbl Ha MOCJIEA0BATENbHON MaluHe (t-aTpuOyThI B 3TOM PEXKUME UTHO-
PUPYIOTCS) IO UCIIOJI30BAHUS CIIEIIMETOIOB (TPacCUpPOBKaA, MPOPMIMPOBKA U JIP.)
JUUIsL ONITUMU3AIIMM TIPU BBITIOJIHEHUH Ha MHOTOMpoIlieccopHoit DBM.

[TpeumymectBa T-cucTeMbl 3aKII0YAETCS B IPAKTUYECKH TIOJIHOM OCBOOOXK/Ie-
HUU MPOTPAMMUCTA OT 0OyMBIBAHUS JIETalIel ONMUCAHUs paclapauieINBaHus, He-
JIOCTaTKU — B TPEOOBAHUM OnuUCAHUA aneopumma 6 hyrkyuonarvnom cmuie (hop-
MaJbHO HEOOXOJMMO COCTaBUTH MpOrpamMMy B BUAE Habopa YUCTHIX T-(yHKIIUNH,
YTO HEMPHUBBIUHO). BeruncnurensHas cinoxHocTh T-QyHKIM (0OHA 3a/1aeT pa3mep
TpaHyJIbl MapauieIn3Ma) TaKKe JOJDKHA OTPEIEISATHCS TPOTPAMMUCTOM (HU3JIHIIHE
Majias TPUBEIET K YpE3MEPHBIM HAKJIAIHBIM pacxojiaM Mo OOMEHY JaHHBIMH Me-
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XKy MPOIECCOpaMU, CIHMIIKOM OOJbIIasi — K HEPAaBHOMEPHOH 3arpy3Ke BBIYUCITH-
TEJbHBIX Y3JI0B).

4.3.3. HenmpouenypHsliii fexkiaapatuBHbii 1361k HOPMA

CBOOOHO pacnpoCTpaHIEeMbIM MHCTPYMEHTOM aBTOMATHU3AaIlMU CO3/IaHUS Ta-
paJUIEIBHBIX MPI-tiporpamm ABJIACTCS cucrema HOPMA
(http://www.keldysh.ru/pages/norma), mo3Bosisitoiias (Ha OCHOBE CIICIIMAIM3UPOBAH-
HOTO JIEKJIApaTUBHOTO SI3bIKA) CUHTE3UpOBaTh McXOoAHbIA Fortran/C - TekcT ¢ BbI-
3oBamu MPI [9]. Hemnponenypuoiii s3pik  HOPMA sBnsiercs mnpoOiieMHO-
OpPUEHTUPOBAHHBIM U MpPEIHA3HAYEH ISl A8MOMAMUAYUU PEUleHUsl CemOYHbIX
3a0ay4 Ha BBIUYMCIUTENBHBIX CUCTEMAX C MapalIeTbHON apXUTEKTYypOr. DTOT S3BIK
MO3BOJISIET UCKIIIOUUTH (ha3zy MapajieIbHOTO MPOrpaMMHUPOBaHUs, KOTOpast HE0O-
XO0JIMMa TpH MEePeXoJie OT PACUETHBIX POPMYII, 3aJaHHBIX MPUKIAIHBIM CHEIHAIIN-
CTOM, K IIPOTPaMMEe.

Konnenmus venponenypHoro s3sika HOPMA (Henpoyedyproe Onucanue Pa3z-
HocmHulx Mooeneti Aneopummos unu HOPMAnvubiil yposensb obweHuss npukiao-
HO20 Mamemamuka ¢ komnvromepom, http://www.keldysh.ru/pages/norma) npesJo-
kenHas eme B 60-x r.r. B UTIM um.M.B.Kenaeima PAH.

Azpik HOPMA Ha3bIBalOT dexrapamugHuiM BCIEACTBUE YNOpa WMEHHO Ha
ONMCAHUE MPaBUJI BBIYMCIICHHUS 3HAYEHUM, a HE HA HMCYEPIBIBAIOLIE MOAPOOHYIO
KOHKPETU3ALMI0 aIroputMa. Pa3paboTuuk NMpUKIAAHBIX NPOrpaMM a0CTparupy-
eTcsi OT OCOOEHHOCTEH KOHKPETHbIX DBM M MBICIUT B MHPUBBIYHBIX TEPMHUHAX
CBOCH TIpeIMeTHON 00JacTH (CETOYHBIC METOABl MaTEMAaTUIECKON (U3HKH, B OC-
HOBHOM MeToJ1 KoHeuUHbIX pazHocteil - MKP). Cucrema HOPMA Bkitouaer cunre-
3aTOp, Ha3HA4Y€HHEM KoToporo sisiercss npeoodpasoBanne HOPMA-tTekcra B
(OMH U3 TNPUBBIYHBIX) SI3BIKOBBIX CTAHAAPTOB MapajUIEIbHOrO WM MOCIIEI0BA-
TEJIBHOIO MPOrpaMMHUPOBaHUs (B HACTOALLEE BPEMs CYIIECTBYET BO3MOXKHOCTH
nonyuenust Fortran’MPI, Fortran’PVM, Fortran’77 wim coorBercTByromux C-
TEeKCTOB). IMEHHO CHUHTE3aTOp YUUTBIBAET ApXUTEKTYpy KOHKpeTHOoH DOBM, B ca-
MoM s3p1ke HOPMA He npenyCMOTPEHO HUKAKMX YKa3aHWUW Ha MMapajulesIu3M Hin
ONMCaHUs CTPYKTYpPBI LEIEBOro KoMibtoTepa (cM. [lpunoxenue 4).

OddexTuBHBIN aBTOMAaTUYECKAN CUHTE3 MapajuieTbHOTO Koja Ha ocHOBe HOP-
MA-nporpamMmsl JOCTUTaeTCsl ONPEIEICHHBIMA OTPAaHUYEHUSAMMU S3bIKa, BAXKHOE U3
KOTOPBIX — OTCYTCTBHE MHOTOKPATHOTO MPUCBAaWBAHUS (IIPU 3TOM HECYLIECTBEHHA
NIOCJIEJOBATENIBHOCTh ONEPAaTOPOB, OTCYTCTBYIOT TIJ00ajbHbIE IMEPEMEHHBIE, 3a-
npemieHa peKypcus, HeT MOOOYHBIX 3(P(PEKTOB MPU BBHIYUCICHHUIX U Ap., [9]). Uc-
xonHbeld TekcT Ha HOPMA B BreIcHIel cTeneHH OJIM30K K 3alMCH YHUCIEHHOI'O Me-
TOJA PELICHUs KOHKpPETHOM 3amaun. B 3ammcu Ha si3pike HOPMA otcytcTByIOT
M30bITOYHbIE NH(POPMALMOHHBIE CBA3M (IIOJHBIA aHAIN3 KOTOPBIX KaK pa3 W sBJIA-
eTCsl ‘axWJIECOBOM MATOW CHUCTEM BBISIBICHMS CKPBITOTO Mapajuiesin3ma), 4YTo U
MO3BOJISIET peann3oBarh 3(p(HEKTUBHOE aBTOMATHYECKOE pacmapajuieuBaHue. 3a-
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METUM SIBHOE CXOJcTBO mnapaaurmel cucreMbl HOPMA ¢ (ucnonb3oBaHHON npu
pazpabotke T-cuctembl) uaeeit GyHKIIMOHAIBHOTO TPOrPaMMHUPOBAHUSI.

[Iporpamma Ha HOPMA conepxut He MeHee OIHOTO pazoena. Bo3MoxHbI pa3-
Jenbl TpexX BUOB: 2nagHbitl (kitodeBbie ciioBa MAIN PART), npocmou (PART) u
pasoen-pyuxkyus (FUNCTION), pa3zaensl MOTYT BbI3BIBATh APYT APYyTa MO UMEHU
(pekypcus 3ampeleHa) 1 OOMEHUBATbCS JAHHBIMU C MOMOIIBIO MeXxaHu3Ma Qop-
MaJbHBIX U (PAKTUYECKUX MapaMEeTPOB WM IyTEM MCIOJb30BaHUS BHEIIHUX (haii-
joB (onucanusa INPUT u OUTPUT). Bce onucannbie B ciucke (opMalbHbIX MHa-
pameTpoB a0 cioBa RESULT sBisitoTCS BXOAHBIMU JJAHHBIMU, JAJIE€ — BBIXOHBIC
(mns pazpena FUNCTION cnoBo RESULT He ucnosnb3yercs, T.K. pe3yJbTaT Bbl-
yucieHUs] (PYHKLIMM CBA3BIBAETCS C UMEHEM M TUIIOM moclienHen). OnucaHHble B
pazjiesie MepeMEHHbIE SIBIISIOTCS JIOKAJIbHBIMH, IJ100aJbHBIX MMEPEMEHHBIX HE CY-
LIECTBYET.

B Tene pasnena MoryT ObITh 3a7aHbl (B MPOU3BOJBLHOM MOPSIAKE) OnuUCAHUsL,
onepamopwvi 1 umepayuu. Baxusim noustuem HOPMA siBnsieTcst onHOMepHas 00-
Jacmu, MyTEM onepayuu npouszsedeHus odiacmeti CTpPOUTCS MHOTOMEpHasi 00J1acTh
(c KaXJ0il pa3MEPHOCTBIO CBSI3bIBACTCS UM unoexca). Boamoxxkna onepayus mo-
ouguxayuu obnacmeu (no0apneHue/yaajieHue ToUeK, U3MEHEHUE Juarnas3ona). ¥c-
JI08Has 001acmb TIPENICTaBIsAET cO00i MoA00NaCTh, ONPEAEISIEMYIO BBIIIOIHEHUEM
HEKOTOPOTO YCJIOBHUS HaJl 3HAaUYECHUSIMU TOYeK oOiacTu. MomHocTs si3pika HOPMA
BBIPAKEHA KOJLIEKMUBHbIMU Onepayuamu Haj y3iaamMu obnacteil (moanepKuBaeTcs
JIMHEHAs TOMOJIOTUA U JIByMEPHAs! PELIETKA).

B HOPMA onpenenenst umeromue npuBbluHble TUnbl REAL, INTEGER,
DOUBLE u unentuduuupyemMble UMEHAMU CKAIAPHbIE GEIUYUHbI U 6€TUYUHbL HA
o6aacmu (TOCJEIHNUE CBSI3aHbI C KOHKPETHON 00JIACThIO U MHJEKCUPOBAHBI).

CkansipHvle onepamopsvl BBIYUCISIOT apu(METUYECKUE 3HAYEHUS CKaJSIPOB,
oneparop ASSUME BeruucisieT apupmMeTuuecKkue 3HaueHUs BEJIMUYMUH HAa 001acTsIX
(BBIYMCISIOTCA BCE 3HAUEHUS 10 MHAEKcaM o0sactu). s BIONHEHUS nTepanui
nMmeercs cneruanbHasg KoOHCTpykius ITERATION. B HOPMA onpenenens! cras-
napTHele apudMeTnueckue (DYHKUUU, QYHKYuu pedyKyuu W 6HeuwlHue QyHKyuu
noavzoeamens (MOTyT ObITh BbI3oBaMH (yHKUMI Ha Fortran'e). 3akimtoueHHble B
OTpaHUYMTEINH # ... # onepaTophl BHIIOJIHSAIOTCS CTPOrO B MOPSJIKE UX CIIETOBAaHUSA
B nporpamme. bonee mnoapoOHO omucaHue s3blka cM. B [9] W Ha caiite
http://www.keldysh.ru/norma.

Opnako s coznanus HOPMA-nporpammel Bee ke TpeOyeTcsi mMporpaMMUCT,
3HAKOMBIW C MpaBUJIaMHU s3bIKa U (popMabHO ‘HaOMBaroLuMii® (mocie Tana o0dy-
MBIBaHUs1) UCXOAHBIN TeKCcT nporpammbl. Ocobennoctu HOPMA no3BossitoT cre-
JaTh CJIEAYIOIUHI ar B CTOPOHY, IPOTUBOMOJIOKHYIO ONEpaluy pa3pabOTKU Mpo-
rpaMMbl B BHJI€ TOCIEIOBATEILHON 3allMCU ONEPaTOpPOB, T.€. BOOOIE HE IMpHUMe-
HATH TEKCTOBOE IpeJCTaBlieHue mnporpamMmbl. JIOTMYHO CHAOOUTH CHHTE3ATOP
HOPMA wunTepakTUBHOHN IpadruecKkoil MOJCUCTEMOM, TO3BOJISIIOIIEH MaHUITYJIN-
pOBaTh C MPOrpPaMMOM KakK ¢ OTOOpak€eHUEeM B BUJI€ I'padUKU U TUIIEPTEKCTA COBO-



-110 -

KYITHOCTH OOBEKTOB (BKJIOYasi (OpPMyJibl, BBOAMMBIE IMOJIb30BATENEM B OTAEIIb-
HBIE T0JISI TUIIEPTEKCTOBBIX opMm) [5].

BubnuoTekn
cTaHAapTHBIX
Moaynen
A
L:;);osﬂr::b;:?:;? CTaHaapTHLIM Penaktop MenonHAe MbIi
KOMMUNATOPR CBAZEN KoA
KOro ypOoBHA
a)
, PaHee pazpabo- BubnuoTekun
MHTHeg:E:?HaH TaHHble MOAYIH CTaHAAPTHbIX
{C vnu Fortran) Moaynen
¥ 1 1
HMexoaHelA CuHTe3aTOpR . ~
TekcT Ha | nporpamm Ha .- i‘roﬁﬁ:ﬁ;::m - Penam’Pp - HCI'IOJ;I(:HeMbIH
HOPMA C vnu Fortran P cBAseA 0

PucyHok 26.— OT1anbl co3gaHust UCNOJTHAEMbIX MporpaMm: a) - Krnaccudeckuin nogxod, 6) -
ncnons3oBaHne HOPMA-nporpammmnpoBaHusi COBMECTHO ¢ 060ono4kon ‘UHTepakTume-
Haa HOPMA'’

C oot nenbto Ha kadenpe UT-4 MI'AIIN pazpabarsiBaetcst cuctema ‘MHTepak-
tuBHass HOPMA’ (http://norma.deniz.ru), mo3BoJisomias co3JaBarh MapajicibHbIC
IPOrpaMMbl MPAKTUYECKU O€3 HANMCAHUS MCXOJHBIX TEKCTOB Ha SA3BIKE MPOTrpaM-
MupoBanus (puc.260).

4.4. CtangapTHble IPeAMETHO-OPHEHTUPOBAHHbIE
OMO0JIMOTEeKH MapaJJIeIbHbIX BHIYUCICHUN

[Ipu Bceil mmpoTe CpeAcTB pa3pabOTKH MapajljiebHBIX MPOrpaMM CO3/1aBaTh
Takhe mporpaMmsl (M 0co0eHHO (P deKkTUBHbIE!) BCe K€ 0YEHb U OYEHb HEMPOCTO.
Opnum U3 nyTeil pa3padoTku 3(HPEKTUBHBIX MapaJIeNbHBIX MPOTPaMM SIBISETCS
UCIIOJIb30BaHUE NPEOMEMHO-0OPUCHMUPOBAHHBIX OUOIUOMEK.

B »TOoM cityyae onTumuzanus BooOILE CKPhITa OT IPOOIEMHOTO MPOrpaMMUCTA.
Uem Oosbiiuii 00beM pabOThl BHYTPU MPOTrpaMMbl OTBOAMTCS MOANPOrpaMMaM
Tako OMOIMOTEKH, TEM OOJILIIUM OYJET UTOTOBBIM BBIMTPHIII B CKOPOCTH €€ pa-
00Tbl. COOCTBEHHO € MporpaMMa MUIIETCS HA OOBIYHOM SI3bIKE MPOrPaMMUPOBA-
HUsl 0e30 BCskuX ynoMuHanuii o MPI u ctpouTtcst cTaHAapTHBIM KOMIUISITOPOM;
OT IpOrpaMMHUCTa TpedyeTcs JIMILb YKa3aTh MPU KOMIIOHOBKE UMSI COOTBETCTBYIO-
niero 6ubnuoreyHoro (¢aiisia U 3amycKaTth MOJTYYECHHBIM B UTOTE HUCIOIHSEMbIN
¢aiin kak MPI-nporpammy. T.o. ueM OO0JbIIIYIO YaCTh BBIYUCICHHUH yIacTcs mepe-
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JIOKUTh Ha OMONMOTEYHBIE MOANPOrpPaMMbI (2 OHM OCOOEHHO TIIATEIBHO MPOTEC-
TUPOBaHbI, OTJIAKEHBI U ONTUMU3UPOBAHKI), TeM Oosiee I3 (PEKTUBHOMN MOTYUUTCS
pe3yabTUpYOLLIAs IporpamMmma.

HaubGosnee u3BecTHb OMOIMOTEKM MporpamMm JUisl pelieHus 3ajad MaT(QU3uKu
(MaTpU4HBIC ONIEpallUM, YUCIECHHOE PEIICHUE CUCTEeM TU(ypaBHEHUN U T.I1.).

Hamnp., paspabGoranubii B  Sandia  Laboratories maker AZTEC
(http://www.cs.sandia.gov/CRF/aztec1.html)  creuuanu3upoBaH Ha PEIICHHUE C HC-
M10JIb30BAaHUEM MHOTOIPOLIECCOPHBIX CUCTEM JIMHEWHBIX alreOpandyecKux ypaBHE-
Hue (CJIAY) c pazpexennbiMu MaTputiamu. AZTEC Bkitovaer B ce0s nporeaypsl,
peanu3yroume uTepauontbie Meto sl Kpbliosa:

¢ MeTOJ compsikeHHbIX rpaaueHToB (CQG),

e 00001IeHHBII MeTOa MUHUMATbHBIX HEBA30K (GMRES),

e  KBaJpaTMYHBIA MeTOJ conpsbkeHHbIX rpagueHToB (CGS),

e  METOJ KBa3UMHHUMaTIbHBIX HEBA30K (TFQMR),

o Metoa OuconpsbkenHoro rpaguenta (BICGSTAB) co crabuim3anuei.

[Ipu pemennn CJIAY wucnonb3yrores kak npsmod meron LU, Tak ¥ HemomHoe
LU-paznoxenue B moao0iacTsax. Marpuiia CUCTEMbI MOXKET OBITh KaK 0OIIETro BU-
J1a, TaK U CHELUAJIbHOI0, BO3HUKAIOLIErO MPU KOHEYHO-PAa3HOCTHOM anIpoOKCHMa-
uuu auddepeHraibHbIX ypaBHEHUN B 4acTHbIX npou3BogHbiXx (PDE - Partial
Differential Equations). PykoBojcTtBo mo ucnoiyib3oBannio AZTEC MoxeT ObITh
II0JIyY€HO C ajpeca http://rsusul.rnd.runnet.ru/ncube/aztec/index.html.

bubnmmoreka  ScaLAPACK  (Scalable = LAPACK, http://www.netlib.org/
scalapack/index.html) opueHTHpOBaHa Ha peEllIEHUE 3aJay JUMHEHHON anredpsl ¢
matputiamu oOmiero Buna. SCaLAPAC saBnsieTcss pacuimpeHueM H3BECTHOM Ouo-
muoteku LAPACK (kak cuurtaercsi, HauboJsiee MOJTHO OTBEUANOIICH apXUTEKType
COBPEMEHHBIX MPOLECCOPOB — HAMp., OMOIMOTEUHbIE MOAIPOrpaAMMbl ONTUMHU3U-
poBaHbl A1 3PPEKTUBHOTO UCIOJIB30BAHUS KALI-NAMSATH U T.I1.) HA MHOT'OIIPOIIeC-
COPHYIO apXHUTEKTYPY.

[Taker ScaLAPACK ¢aktuuecku sIBIsIeTCsl CTaHAAPTOM B MPOrpaMMHOM obec-
IIEYEHNH MHOTOITPOLIECCOPHBIX CUCTEM. B HEM MOYTH MOITHOCTBIO COXPAHEHBI CO-
ctaB u cTpykrypa naketa LAPACK u npaktuuecku He U3MEHWIUCH OOpalleHus K
NOANpOrpaMMaM BEPXHETO YPOBHA. B OCHOBe ycnexa peanusaiuu 3TOTO MPOEKTa
JeXKaNU ABa IPUHIMIHAIBHO BaXKHBIX PEIICHMUS:

o B makere LAPACK Bce 3neMeHTapHbIE BEKTOPHBIE U MATPUYHbBIE ONEpaluu
BBITIOJTHSIFOTCSL C TOMOIIBIO BBICOKOONTUMHU3UPOBAHHBIX MOANPOrpamMM Ouo-
muoteku BLAS (Basic Linear Algebra Subprograms). Ilo anamoruu ¢ 3TUM
npu peanmzanuu ScaLAPACK Obuta paspaborana napasuielibHasi Bepcus 3TOH
oubmmorexku (HazBaHHas PBLAS), yto u36aBuiio oT HEOOXOAWMOCTHU paju-
KaJIbHBIM 00pa3oM IMepenuchiBaTh MOANPOrpaMMbI BEPXHET0 YPOBHS.
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« Bce xOoMMyHUKallMOHHBIE OMEpPAllMU BBITIONHSIOTCS C HMCIOJB30BAHUEM IOJI-
IpOrpaMM U3 crenuanbHo pazpadoranHon oubnuorexku BLACS (Basic Linear
Algebra Communication Subprograms), IO3TOMYy TIEpEHOC MaKeTa Ha pa3iny-
HbIE MHOTOTPOIIECCOPHBIE TIAT(HOPMBI TpeOyeT HACTPOUKH TOJIBKO ITOM OMO-
JTHOTEKH.

O6o03HaueHHbIE KaK ‘TJI00agbHbIe’ KOMIIOHEHTHI MaKeTa BBITIOIHSIOTCS Tapa-
JIEIFHO Ha 3aJJaHHOM Ha0Ope MPOIIECCOPOB M B KAUECTBE apryMEHTOB MCIOJIb3YIOT
BEKTOPBI U MATPHUIIbI, PACTIPEICIICHHBIE 110 ITUM MPOLECCOPaM, MOAINPOrpPaMMBbl U3

O3HAYECHHBIX KaK ‘JIOKaJbHBIC
KOMIIOHEHTOB IIAKE€Ta BBI3bI-

ScaLAPACK BAIOTCA Ha OJHOM MPOLECCOPE
u paboTalT ¢ JIOKAIbHBIMU
/ \\ nanHeiMu - (puc.27). HMeercs

BTOOLS PBLAS BO3MOXHOCTb pabOThI ¢ Belle-

CTBCHHBIMHM N KOMIIJICKCHBIMHU

rnobaneHble
/ JaHHBIMU  OJVWHAPHOW  WJIU
/ | JIBOMHOM TOYHOCTH, MaTpHUIA-
nokankeHble
LAPACK BLACS MU pPa3JIMdYHOI0 BHAA, BBIIIOJI-
HEHUE (aKTOpU3alluU, BBIYHUC-
? Q JIeHHEe COOCTBEHHBIX 3HAUCHHUU
BLAS MpUMUTHBEI Nepepaqy U COOCTBEHHBIX BEKTOPOB, OII-
coobweHnid (MPI, PYM etc)
peAcieHue CHUHTYJISIPHBIX 3Ha-
YEHUHX U Jp.; PYKOBOACTBO
PucyHok 27.— CtpykTypa naketa ScaLAPACK MoNb30BaTENs  JOCTYIHO Ha
azpece

http://rsusu1.rnd.runnet.ru/ncube/scalapack/scalapack_home.html.

N3 unblx OMONMOTEYHBIX TAKEeTOB cieayeT ykaszath Block Solve (pemenwue
CJIAY c penko3amnoiiHeHHOW Matpulieli cuctembl, Argonne National Laboratory,
http://www.mcs.anl.gov, http://www- unix.mcs.anl.gov/sumaa3d/BlockSolver), pa3pabo-
TaHHYIO B MaTEMaTUYECKOM OTJeleHnn yHuBepcuteTa bata (Anrnus) OubmuoTte-
ky DOUG (Domain On Unstructured Grids), NO3UIIMOHUPYEMYIO KaK ‘TIapajijielib-
HbII peliaresb JUisi CUCTEM, BO3HHMKAIOMIMX IMPU PEHIEHUHM METOAOM KOHEYHBIX
aneMeHToB’ (http://www.math.bath.ac.uk/~mjh/doug) u HEKOTOpKIE ApYyTHE.

[IpakTryecku Bce MpeAMETHO-OPUEHTHPOBAHHbBIE OMOIMOTEKH JJI PEIICHUs 3a-
a4 MaT@u3nuKu OeCIIaTHBI U JJOCTYITHBI B UICXOHBIX KOJaX.

4.5. Ilapaien3M B cucTeMax yNnpaBJeHUus 0a3aMu JaHHBIX

VYrpasienue 0oapIMMU 0a3aMH JAHHBIX — €CTECTBEHHOE MPUMEHEHHE MHOTO-
MPOLIECCOPHBIX BBIYUCIUTENbHBIX cucteM. B cmnucke Top500 25-i1 penakuuu
(utonp 2005) npuBenensl ganubie 16 uHcTausmuii MBC nns npumeHeHuid B 00-
nactu ¢unancoB, makcumanbHOM LINPACK-npousBogutensHocteio B 4713
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GFlops o6namaet Haxopasmiasica Ha 62 mecte cuctema eServer BlueGene Solution
(2048 mpoueccopoB dupmbl IBM, nocraBnenna mans NIWS Co. Ltd, Snonus B
2005 r.). B Coepbanke P® c 2003 r. sxcrutyatupyercst 256-npoueccopras SMP-
cucrema HP SuperDome ¢ npoueccopamu PA-RISK 750 MHz nipousBoautenbHO-
cteio 440 Gflops.

Ilapannenvnas cucmema 6a3 OaHHblX - 3TO CUCTEMa yNpaBjieHUs OazamMu
nanubix (CYBJI), peanu3oBaHHasi HA MHOTOMPOIIECCOPHOM CUCTEME C BBICOKOM
CTENEHBIO CBA3HOCTU. 110/1 MHOIOIIPOLIECCOPHOU CUCTEMOM C BBICOKOM CTEIEHBIO
CBSI3HOCTH TIOHMMAETCSl CHCTEMa, BKJIIOUYAIOIIYIO B c€0s1 MHOTO TPOIIECCOPOB U
MHOTO JIUCKOB, B KOTOPOH TMPOIIECCOPBI 0OBEIUHEHBI MEXKIY COOOM C TMOMOIIBIO
HEKOTOPOH COENMHHUTEIIBHOW CETH, TIPUYEM 8pemsi 0OMeHAd OaHHbIMU NO cemu
CPABHUMO CO 8pemenem oOMeHa OanHbiMu ¢ ouckom. llpuBeneHHOE orpeie-
JIGHWE UCKII0YaeT U3 paccMoTpenust pacnpenenenasie CYB/l, peanuzyembie Ha
HECKOJIbKMX HE3aBHUCHUMBIX KOMIIbIOTEPAX, OOBEAUHEHHBIX JOKAILHOW W/WIU

rI100aJIbHOM CETSIMH ().
OcHoOBHasi Harpy3ka B TMapaJuIeIbHON cucTeme 0a3 JaHHBIX MPUXOJUTCS Ha
BBINOJTHEHHE 3anpocoB K bJI. OObIYHO paccMaTpUBaOT HECKOJIBKO MyTEM pac-

NapaJJICIMBAHUS 3AIIPOCOB: (+*)

e | OpU3OHTANIBHBIM NapajuIeJIM3M BO3HUKAET IIPU PACIPENCICHUN XPAHSAIICH-
cs B BJl nadopmannu mo HeCKONbKUM (U3UYECKUM yCTPOMCTBAM (KECTKUM
nuckam). Ilpu 3ToM nH(pOpManus U3 OJHOrO COOTHOLIEHUS pa30UBaeTcs Ha
YacCTH 110 TOPU3OHTAIIU (JJOCTUTAETCS ceemenmayus OaHHbIX), pacnapaieau-
BaHWE 3aKJIFOYAETCS B BBIINOJHEHUU OOUHAKOBbLIX ONepayuii Hao pasHvlMu
Quzuuecku XpaHumviMy OaHHbIMY. DTU ONEPALINN HE3aBUCUMBI U MOTYT BbI-
MOJIHATBHCS PA3JIMYHBIMU MMPOLIECCOPAMH, KOHEUHBIN PE3YJIbTAT CKIAbIBAETCS
W3 Pe3yJIbTATOB BBIIIOJIHEHUSI OTAEIBHBIX onepauuil (puc.28a).

e BepTukanbHBIA MapaJUIeNIN3M pPEeaTU3yeTCss KOHBEHEPHBIM CIIOCOOOM BBI-
IIOJIHEHUSI COCTABJISIIOIIMX 3alpoC IoJb3oBarens onepauui. IIpu stom sapo
CYB/J nomkHO MpPOU3BECTH JIEKOMIIO3UIIMIO 3aIllpoca C LEJbIO BBISABICHUS
rapauieIbHO BBIMOIHSIONIMXCS 1aroB 3ampoca (puc.280).

e 'MOpuAHBIN NapaJUIeIU3M TPEINoJiaraéT COBMECTHOE MCHOJIb30BAaHUE JBYX
TEePBBIX MOX010B (prc.28B).

*
JL.b.Cokonuuckuii.  O030p  apxXWTEKTyp  MapajUIeNbHBIX  CHCTeM  0a3  JaHHBIX.
/ TIPOTPAMMMPOBAHUE, 2004, Ne 6, c. 49 +63.
kk
T.C.KprokoBa. ba3wl nanubix: Mozenu, pazpadbortka, peanusanus. —CII0.: ITutep, 2001. —304

C.
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PucyHok 28.— YKpynHeHHas cxema BbINOSIHEHWE 3anpoca Mpu a) — ropusoHTanbHoM, 6) -

BEPTMKANbHOM U1 B) - TMOpMAHOM napannenname.

Knaccuduxanus apXuTekTyp napaiebHbIX MalldH 0a3 JaHHbIX pa3pado-
TaHa B ocHOBHOM CtoyHOpeiikepoM (M. Stonebraker, 1986). [lanee knaccuduka-
s Obia pacmmpena Epxapnom Pamowm (E. Rahm, 1992) B cTopoHy eubpudHwvix
apxumexmyp u Konenaugom (Copeland, 1989) u Kennepom (Keller) B nanpasiie-

HUE UepapXuidecKux apxumexkmyp.
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ABTOp pabothl (x) pazBuBaer noaxon Komenanna u Kemnepa, BBoasi U wuc-
MI0JIb3Yysl MAJIOM3YUYEHHYIO 10 CUX IOP aJIbTEPHATUBHYIO TPEXYPOBHEBYIO HEpap-
XUYECKYI0 apXHUTEKTYpy, B OCHO-
BE KOTOPOW JIEKUT TOHSTHE
Owmeca-knacmepa. JTa apXUTEK-
L —PM PMI—L  Tvp2 (puc.29, cp. c puc.8B)
MpEeAnojgaraeT HajJudue He-
OOJBIIIOTO KOJIMYECTBA TMPOIIEC-
copHbIXx Moxayieii PM u oOcy-

I I
: nsMlE = SCSI KUBAIOLIEr0 MX MOJYJIS JHCKO-
| |

BoM mojcucteMbl DSM (mocnen-
HSIST BKJIIOYACT COMPSDKEHHBIN C
SCSI-mmHOM  KOMMYHHUKAIIMOH-
L —|PM PM|——L  meii npomeccop, uro maer Bos3-
MOXXHOCTh TOJKIIOUEHUs 10 7
JMCKOBBIX HAKOIIUTEIIEH) U SIBIISI-
PucyHok 29.— Cxema Owmera-knacTepa. eTCsl OTpEJIENeHHBIM TIPOIOTIKE-

HUEM W Pa3BUTHEM HJCH MPOCKTa

SDC (Super Database Computer, CynepKOMITBIOTEp 0a3 JaHHBIX) TOKHUCKOTO

YHUBEPCUTETA ().

Heckonpko OMera-kinacTepoB MOTYT OOBEUHATHCA B CUCTEMY BEPXHETO YpOB-
Hsl Yepe3 cBOOOAHbIE JIMHKHU L mpoueccopHbIX MOIYJIEH, TOMOIOTUS MEXKIIacTep-
HBIX COEIMHEHUI MOXKET BapbUPOBATHCS OT MPOCTOM JIMHEHHOW 10 TUIIepKyoa.

Hepapxuyeckas apxuTekrypa cucreMbl OMera npejnosiaraeT 18a ypoBHs (par-
MeHTauuu. Kaxxnoe OTHOIIEHHE MOXET pa3fesiaThes Ha (PparMeHThl, pa3Mellae-
Mble B paznuuHbix OMmera-kiacrepax (meoxckiacmepHnas gppaemenmayus). B cBoto
ouepellb, KaXIblii Tako (parMeHT paszjessieTcss Ha OoJjiee MeyKue (QpparMeHThI,
pacnpenensieMble MO pa3iauuHbIM y31aM Owmera-kiactepa (8HympuxiacmepHas
¢pacmenmayus). ITOT TOAXOJ JenaeT Mpolecc OalaHCUPOBKHU 3arpy3ku Ooliee
TMOKUM, TIOCKOJIbKY OH MOXET BBIMIOJIHATHCS Ha JBYX YPOBHSX - JIOKAJIbHOM, Cpe-
JIU TIPOIIECCOPHBIX Moaysel BHyTpu Omera-kiactepa, u rinodanbHoM, cpeau Ome-
ra-knacrepoB. OnucanHasi apXuUTeKTypa Obula peanu3oBaHa B MPOTOTHIE Mapai-
nenbHoi CYBJI Omera na 6aze MBC-100 B 8-mipoiieccopHOil KOHPUTYpaluu.

k&
JI.b.CokonuHckuil. [IpoexkTrpoBaHrue U aHaaM3 apXUTEKTyp NapajielbHbIX MalldH 0a3 JaH-

HBIX C BBICOKOW OTKa30yCTOHYMBOCTHIO. / UemsIONHCKHIA TOCYAapCTBEHHBIN YHUBEPCUTET.
*%*

Hirano M.S. et al. Architecture of SDC, the super database computer. // In Proceedings of
JSPP'90. 1990.
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[Ipennoxxennas B pabore | ®opmbl napannenuama |

(*) xmaccudukamms Gopm

IapaJuICim3ma 06pa60TKI/I |Mempaﬂsaxuu0|—||—|b|ﬁ| |BHyTpHTpaH3aKuu0HHb|ﬁ|
3allpOCOB B IIapaJUICIIbHBIX

bJl npuBenena nHa puc.30,

HECKOJNIBKO TOJpOOHEE O | MexsanpocHbii | | BuyTpusanpocHbii |
BO3MOXXHBIX peain3anugax
mpan3akyuu B pacupene- | MesxonepaumoHHbid | [BHyTpHonepaunoHHbII|

neHHbIX bJ[ pensuumoHHOrO
THna cM. B pabore [7]. / \

MopHUsoHTaNEHBIW BepTUKanbHbIX
{kycTOBOW) (KOHBEWepHbI)

OparmeHTapHbIA

PucyHok 30.— Knaccudpumkauua dopm napannenmsama npu
06paboTke TpaH3akuuin B napannenbHbix 6a3ax gaHHbIX.

KoHTpoJsibHBbIE BONIPOCHI

. B ueM 3axnrovaercs npobsieMa epeHOCMMOCTH MapajuIebHbIX Iporpamm?
. B yem cyTh (yHKIMOHAJIBHOIO MPOrPAMMHUPOBAHMS U OTIMYHME €ro OT Olepa-
TOpHOr0? B UeM 3aKIII04aroTCsa HETOCTATKH IEPBOTO U BTOPOTO?

3. Uto Takoe ‘npoyecc, ynpasnsemviii OanHvimu’? B ueM oTIIMUME €ro OT Tpaju-
LHMOHHOI0 MOJXO0Ja K YIPABJIEHUIO BbIYUCICHUSAMU? ECTh 1M HEIOCTaTKU y
IIpolecca ynpaBieHUs JaHHBIMA?

4. B yem BeIpakaeTcs mpeuMyIiecTBo noaxona ‘data flow’ n kakumu cpeacTBaMu
OHO MOXET OBITh JOCTUTHYTO?

5. KakoBbl OCHOBHbBIE MPUHLHUIIBI IOCTPOEHHUS SI3BIKOB (CHCTEM) MPOrPaMMHUPOBA-
HUSI IapaJUIEbHBIX BBIYACICHUN?

6. Kakue npHHIMIBI CUHXPOHU3AIMK HE3aBUCHMO BBINOJHSIOMIUXCS IPOLECCOB
u3BecTHBI? [yt uero BooO1Ie HeoOXoauMa CHHXPOHU3AINS?

7. Kakum oOpa3om napasuienbHasi 00paboTKa TaHHBIX MPUMEHSIETCS B TEXHOJIOTUU

0a3 nanHbix? Kakue ¢popMbl napaienusma npu o0padoTKe TpaH3aKIUil U3BECT-

HBI?

N —

Cokonunckwuii JI.b. MeTonbl opranu3ainuy napauieIbHbIX CUCTEM 0a3 JaHHBIX Ha BBIUMCIH-
TENbHBIX CUCTEMAax C MacCOBBIM Mapajienu3MoM. /luccepranus Ha COMCKaHUE YUEHOU cTe-
MeHU JO0KTopa ¢uznko-maTemMaTuyeckux Hayk: 05.13.18 // UensOuHCKHI TrocyaapCTBEHHBIN
yHuBepcurer, -Uensounck: 2003, -247 c.
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3aKiIroueHue

[TapannenbHble BBIYUCICHUS MPEICTABISIOT COOOW IEJbId KYCT CMEXHBIX BO-
IIPOCOB, BKJIFOYAIOMIHMX aIapaTHYIO MOAEPIKKY, aHAITU3 CTPYKTYPhI ITOPUTMOB C
11eJ1h BBISIBJICHUS MMapajieIu3Ma U aJTOPUTMHUYECKHUE S3BIKU ISl IPOTrPaMMHUPOBa-
HUS TapaJUIeNIbHBIX 3a/1ad. TeXHOJOTUM NapaylIeIbHBIX BHIYUCIICHUI B HACTOSIIEE
BpeMsi OYpHO Pa3BUBAIOTCS B CBSI3M C TPEOOBAHHMSIMU MUPOBOW HAYKU M TEXHOJO-
TUH.

CeronHsmiHsas mpoOiieMa — SIBHBIM HEJOCTATOK allapaTHBIX CPEACTB JJIA Mmapa-
JICIbHBIX BBIYMCICHUN B YYEOHBIX W HAYYHBIX YUPEXKICHUSIX, YTO HE JIa€T BO3-
MO>KHOCTH BCECTOPOHHETO OCBOCHHSI COOTBETCTBYIOIIMX TEXHOJIOTHI; 4acTO MpaK-
TUKyEeMO€ YHCTO TEOPETHUYECKOE HM3yYCHHE MpeaMeTa MPUBOJHUT CKOpee K Hera-
TUBHBIM (OTUYXJACHHE OT MPEeIMeTa U3-3a CXOJIACTUYHOCTH T0JIX0/1a), YeM K MO3H-
TUBHBIM CJIEACTBUSM. TONBKO celvac MOSIBISIIOTCS TEXHOJOTHH, IO3BOJISIONINE
BBECTH MPAKTUKY MapaUICIbHBIX BHIYUCICHUN B OOJIBIIMHCTBO YUCOHBIX U MPOU3-
BOJICTBEHHBIX J1a00OpaTopuil.

Coznanve >(PeKTUBHBIX TapajUIeNbHBIX TpOrpaMM TpeOyeT HamHoro Oosee
CEPHE3HOTO W YIIyOJIEHHOTO aHajdn3a CTPYKTYpPhl aJTOPUTMOB, HEXKEIH TP Tpa-
JTUITMOHHO-TIOCJIEI0BATEILHOM MTPOTPAaMMUPOBAHIH, TPUYEM HEKOTOPHIE MOAXOIbI
HEBO3MOXKHO peain30BaTh 0€3 CEPhE3HOTO W3MEHEHHS MBIIUICHHS MPOTPAMMU-
ctoB. Hapsiny ¢ TeopeTnyeckuM aHaau30M IS TOJYYSHHS MPAKTHUYECKH 3HAYU-
MBIX Pe3yJIbTATOB HEOOXOAMMa MOCTOSIHHAS MPAKTUKA B CO3/JIaHHUH MapajlieTbHbIX
IPOrpaMM.
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[Tpunoxenue 1.
[Tpumepsl mocnenoBaTeNIFHON M apauIeIbHBIX PeaTH3alii alNropuTMa
SIkoOu pereHus CeTOYHBIX ypaBHEHHH (110 MaTepuaniaM padoTsl [6])

a) rocyeaoBaTeNnbHas IporpaMmma Ha si3pike Fortran®77

PROGRAM JAC_F77
PARAMETER (L=8, ITMAX=20)
REAL A(L,L), B(L,L)
PRINT *’ Thkkkkkkkkk TEST_JACOBI *kkkkkkkkk!
DO IT = 1, ITMAX
DO J =2, L-1
DO I =2, L-1
A(l, J) = B(l, J)
ENDDO
ENDDO
DO J = 2, L-1
DO | =2, L-1
B(l, J) = 0, 25x (A(I-1, J) + A(l, J-1) + A(I+1, J) + A(l, J+1))
ENDDO
ENDDO
ENDDO
END

0) mapasutenbHas nporpamMma Ha si3eike HPF,
I[BETOM (HACBIIICHHOCTHIO) BhIIeneHbl HPF-nipennucanus

PROGRAM JAC_HPF
PARAMETER (L=8, ITMAX=20)
REAL A(L,L), B(L,L)

IHPF$ PROCESSORS P(3,3)

IHPF$ DISTRIBUTE ( BLOCK, BLOCK) :: A

IHPF$ ALIGN B(l,J) WITH A(1,J)

C arrays A and B with block distribution
PRINT *’ Vhkkkkkkkkk TEST_JACOBI *kkkkkkkkkl
DO IT =1, ITMAX

IHPF$ INDEPENDENT
DOJ=2, L1

IHPF$ INDEPENDENT
DOI1=2, L1

A(l, J) =B(l, J)
ENDDO
ENDDO

IHPF$ INDEPENDENT
DOJ=2, L1

IHPF$ INDEPENDENT
DOI1=2,L1

B(l, J) = (A(I-1, J) + A(l, J-1) + A(I+1, J) + A(l, J+1)) / 4
ENDDO
ENDDO
ENDDO
END

B) MapajuieibHas mporpamma Ha sa3sike Fortran’ DVM,
LIBETOM (HACBILLIEHHOCTHIO) BblAeTIeHbl DVM-upeKTuBbI

PROGRAM JAC_DVM
PARAMETER (L=8, ITMAX=20)
REAL A(L,L), B(L,L)
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CDVMS$ DISTRIBUTE ( BLOCK, BLOCK) :: A
CDVMS$ ALIGN B(l,J) WITH A(l,J)
C arrays A and B with block distribution
PRINT *, Thkkkkkkkkkk TEST_JACOBI *kkkkkkkkk
DO IT =1, ITMAX
CDVM$ PARALLEL (J, ) ON A(l, J)
DOJ=2, L1
DOI=2,L1
A(l, J) =B(l, J)
ENDDO
ENDDO
CDVM$ PARALLEL (J, I) ON B(l, J), SHADOW_RENEW (A)
C copying shadow elements of A-array from
C neighboring processors before loop execution
DOJ=2, L1
DOI=2, L1
B(l, J)=(A(I-1,J)+A(LL J-1)+A(I+1,J )+ A(l,J+1)) /4
ENDDO
ENDDO
ENDDO
END

T') mapajuiesibHas mporpaMma Ha si3bike Fortran ¢ ucronszoBanunem MPI,
[[BETOM (HACBILIEHHOCTHIO) BbIIeTeHBI oTHOCmUecs K MPI ctpykTypbl

PROGRAM JAC_MPI
include 'mpif.h'
integer me, nprocs
PARAMETER (L=8, ITMAX=20, LC=2, LR=2)
REAL A(O:L/LR+1, O:L/LC+1), B(L/LR,L/LC)
C arrays A and B with block distribution
integer dim(2), coords(2)
logical isper(2)
integer status(MPI_STATUS_SIZE, 4), req(8),newcomm
integer srow,lrow,nrow,scol,lcol,ncol
integer pup,pdown,pleft,pright
dim(1) =LR
dim(2) =LC
isper(1) = .false.
isper(2) = .false.
reor = .true.
call MPI_Init(ierr)
call MPI_Comm_rank(mpi_comm_world, me, ierr)
call MPI_Comm_size(mpi_comm_world, nprocs, ierr)
call MPI_Cart_create(mpi_comm_world,2,dim,isper, .true., newcomm, ierr)
call MPI_Cart_shift(newcomm,0,1,pup,pdown, ierr)
call MPI_Cart_shift(newcomm,1,1,pleft,pright, ierr)
call MPI_Comm_rank (newcomm, me, ierr)
call MPI_Cart_coords(newcomm,me,2,coords, ierr)
C rows of matrix | have to process
srow = (coords(1) * L)/ dim(1)
Irow = (((coords(1) + 1) * L) / dim(1))-1
nrow = Irow - srow + 1
C colomns of matrix | have to process
scol = (coords(2) * L) / dim(2)
Icol = (((coords(2) + 1) * L) / dim(2))-1
ncol = Icol - scol + 1
call MPI_Type_vector(ncol,1,nrow+2,MPI_DOUBLE_PRECISION, vectype, ierr)
call MPI_Type_commit(vectype, ierr)
IF (me. eq. 0) PRINT *, "**** TEST_JACOB| *******'
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DO IT =1, ITMAX
DO J =1, ncol
DO I =1, nrow
A(l, J)=B(l, J)
ENDDO
ENDDO
C Copying shadow elements of array A from
C neighboring processors before loop execution
call MPI_Irecv(A(1,0),nrow,MPI_DOUBLE_PRECISION,pleft,1235,MPI_COMM_WORLD,req(1),ierr)
call MPI1_lIsend(A(1,ncol),nrow,MPI_DOUBLE_PRECISION,pright,1235,MPI_COMM_WORLD,
+ req(2),ierr)
call MPI1_Irecv(A(1,ncol+1),nrow,MPI_DOUBLE_PRECISION,pright,1236,MPI_COMM_WORLD,
+ req(3),ierr)
call MPI_lIsend(A(1,1),nrow,MPI_DOUBLE_PRECISION,pleft,1236,MPI_COMM_WORLD,req(4),ierr)
call MPI1_lIrecv(A(0,1),1,vectype,pup,1237,MPI_COMM_WORLD,req(5),ierr)
call MPI1_lIsend(A(nrow,1),1,vectype,pdown,1237,MP|_COMM_WORLD,req(6),ierr)
call MPI_Irecv(A(nrow+1,1),1,vectype,pdown,1238, MPI_COMM_WORLD,req(7),ierr)
call MPI_lIsend(A(1,1),1,vectype,pup,1238,MPI_COMM_WORLD,req(8),ierr)
call MP1_Waitall(8,req,status,ierr)
DO J =2, ncol-1
DO I =2, nrow-1
B(I,J)=(A(I-1,J)+A(,J-1)+A(I+1, )+ A(l,J+1)) /4
ENDDO
ENDDO
ENDDO
call MPI_Finalize(ierr)
END

[Tpunoxenue 2.

[MapannensHas Fortran-mporpamma ¢ CTIOJNIB30BaHUEM
OpenMP (Beraucnenne yncna U, mo marepuaiam [9])

IIBeToM (HaCBILLIEHHOCTBIO) BbIETIEHBI OTHOCAIMECA K OpenMP cTpyKkTypsl

PROGRAM COMPUTE_PI
parameter (n = 1000)
integer i
double precision w,x,sum,pi,f,a
f(a) = 4.D0/(1.D0+a*a)
w = 1.0D0/n
sum = 0.0D0;
I$OMP PARALLEL DO PRIVATE(x), SHARED(w)
I$OMP& REDUCTION(+:sum)
doi=1,n
x =w*(i - 0.5D0)
sum = sum + f(x)
enddo
pi =w * sum
print *, 'pi =',pi
stop
end

[Ipunoxxenue 3.

[Tporpamma peKypcHBHOTO 00X0/1a IepeBa
(s13p1k T++, OCHOBHAsI 4aCTh KOJa).

// CneumnanbHbIN 3aronoBOYHbIM dhann txx nepeonpegenseT (C NOMOLLBIO MakpoonpeaeneHunin)
// BCe kntoyeBble crnoBa, fobaBneHHble B A3blk C++ Ans obecneyeHns yHKUMOHaNbHOCTN T++
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#include <txx>

#include <stdio.h>

#include <stdlib.h>

struct tree {

struct tree tptr left;

struct tree tptr right;

int value;

|3

struct tree tptr create_tree(int deep) {
struct tree tptr res = new tval tree;
res->value = 1;

if (deep <= 1) {

res->left = NULL;

res->right = NULL;

}else {

res->left = create_tree(deep-1);
res->right = create_tree(deep-1);
}

return res;

}

tfun int tsum(struct tree tptr tree) {
tval int leftSum, rightSum;

if (tree->left 1= NULL) {

leftSum = tsum(tree->left);
}else {

leftSum = tree->value;

}

if (tree->right 1= NULL) {
rightSum = tsum(tree->right);
}else {

rightSum = tree->value;

}

return leftSum + rightSum;

}

tfun int main (int argc, char* argvl])

{

struct tree tptr tree = create_tree(12);
printf("sum = %d\n", (int) tsum(tree));
return O;

}

[Tpunoxenue 4.

HOPMA- nporpamma ymHO)eHUsI MaTpull [C]=[a] x [b]
pasmeproctsio a[iMAX][KMAX], b[kMAX][jMAX], c[iMAX][jMAX]

MAIN PART MMmatrix.
! NlporpaMmma yMHOXeHWst MaTpuL, (OCHOBHOW pasgen)
BEGIN
Oi: (i=1..IMAX). ! onpegeneHne ogHOMepHbIX obracTtewn
Oj: (j=1..;MAX).

Ha JIMHEHKEe MPOLEeCCOPOB pa3MepHOCTH 12
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Ok: (k=1..kMAX).

OA: (Oi; OK). ! onpegenenvne aBymMepHbix obracTtewn

OB: (Ok; Oj).

OC: (Oi; Oj).

VARIABLE a DEFINED ON OA DOUBLE. ! onpegeneHne nepemeHHbIX Ha obnacTtax

VARIABLE b DEFINED ON OB DOUBLE.

VARIABLE ¢ DEFINED ON OC DOUBLE.

OUTPUT c(FILE="MMmatrix.out') ON OC. ! onepauus BbiBoga pesynbtupytowien matpuubl [C]

DOMAIN PARAMETERS iMAX=500. ! onpeaeneHne KOHCTaHT

DOMAIN PARAMETERS jMAX=1000.

DOMAIN PARAMETERS kMAX=1000.

FOR OA ASSUME a=(i-1)+(k-1). ! konnektuBHasa onepaumsa ang sagaHvs

FOR OB ASSUME b=(k-1) % (j-1). ! Ha4anbHbIx 3Ha4eHu anemeHTam afil[k] v b[K][j] maTpuL

COMPUTE Pmatrix(a ON OA, b ON OB RESULT ¢ ON OC). ! 3aronosok npoueaypbl Pmatrix
END PART. ! koHeL ocHOBHOro pasgena

PART Pmatrix. ! Hayano pasgena Pmatrix
a,b RESULT c! a,b - BxogHble napameTpbl, C - BbIXOAHON
! Teno npouenypsbl Pmatrix
BEGIN
DOMAIN PARAMETERS iMAX=500.
DOMAIN PARAMETERS jMAX=1000.
DOMAIN PARAMETERS kMAX=1000.
Oi: (i=1..IMAX).
Oj: (j=1..MAX).
Ok: (k=1..kMAX).
OA: (Oi; OKk).
OB: (Ok; Oj).
OC: (Oi; Oj).
VARIABLE a DEFINED ON OA DOUBLE.
VARIABLE b DEFINED ON OB DOUBLE.
VARIABLE ¢ DEFINED ON OC DOUBLE.
DISTRIBUTION INDEX i=1..12, k=1. ! onucaHne Tonosormm MHOronpoLLeCCopHOn CUCTEMBI
k=kMAX
FOR OC ASSUME c=SUM((OK)a[i,k] x b[k,j]). ! konnektuBHas onepauusi C,-j = Za,-k X bkj
k=1

END PART. ! koHel pa3gena Pmatpix
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