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INPEANCJIOBHUE

Hacrosiast kuura HanucaHa Ha OCHOBE JICKIIU, KOTOPbIE B TEUEHUE JIUTEIBHOTO
BPEMEHHM UYUTAJIUCh CTYJIEHTaM benopycckoro rocy/iapcTBEHHOTO yHuBepcutera (T.
Musck). 3a mpolieane ToJbl MPOW30ILIN 3HAUYUTEIIbHBIE W3MEHEHUs] B 00J1acTu
peanu3alu CUCTEM JJIs MapajuieNIbHbIX BbIYUCICHUN. CTaiu MUPOKO MPUMEHSITHCS
BBIYMCIIUTENBHBIC KJIACTEPhl, MOSBUINCH MHOTOSIJIEPHBIE MUKPOIPOLIECCOPBI, TPUJ U
KBaHTOBBIE KOMITBIOTEPHI. DTH BOIPOCHI U pacCMaTPUBAIOCSA B KHUTE, Ojarojaps de-
My KHUTA UMEET HEKOTOPYIO 3aBEPIICHHOCTb.

[To Temaruke mapayiebHBIX BBIYUCICHUN W CeTell M3JaHbl (PyHIaMEHTaJIbHBIC
paboThITHI, B yacTHOCTH, kHUTA B.B.BoeBonuna u Bin.B. BoeBoauna «Ilapamienbabie
Beruncienus» [1], kaura B.I'. Onmudep nu H.A. Onudep «Kombrorepusie cetn» [2 ],
kaura [x. Opreru «BBeneHue B napajuieIbHbIE U BEKTOPHBIE METO/IbI PEIICHUS JIU-
HeWHbIX cuctem» [3], kuura M. Hunbcena u M. Yanra «KBaHTOBBIC BBHIYUCICHUS U
kBaHTOBas mHpopMatuka» [4]. Kpome Toro cymecTByeT psn caidtoB [5 — 7 ] mo pas-
JUYHBIM TIpobJieMaM MapajijieibHbIX BhIYMCIeHUN. HacTosas ke KHura npeiHa3Ha-
YEHBI JJI MEPBUYHOTO O3HAKOMJICHHUSI CO YPOBHSIMU U MEXaHU3MaMU MapaijieabHON
00paboTKH.

Kuura nmeer ABa pasacia: «ApXI/ITeKTypa» 141 «Peanmaunﬂ».

B pa3znene «ApxuTekTypa» ONUCHIBAIOTCS CIIOCOOBI MOBBIIMICHUS OBICTPOACHCTBUSA
OBM. Ux HemHoro:
1. TloBbllIeHUE TAKTOBOM YACTOTHI PJIEMEHTHOM 0a3bl U U CIIOCOOBI €ro peann3a-
LIMH, HAIIpUMeED, YJIMHEHNE KOHBEHEepa.
2. IlapamienbHOE WM COBMEIIEHHOE BBINOJHEHHE KOMAaHJ WM NpOorpamm. OTU
CroCcO0Bbl MOTYT OBITh pEaJTu30BaHbl PAa3HBIMU MYTSAMHU, HO CYTh UX MPHU ITOM
HE MEHsIECS. DTY HEM3MEHHOCTh MOKHO HA3BATh apXUTEKTYPOU.

YToObl MOSICHUTH apXUTEKTYypPHbIE MPUHLHUIIBI, TPUBEICHBI MPUMEPHl UX KIIACCH-
YECKOW peanu3aluu Uil MEJIKO3EPHUCTOIO M KPYIHO3EPHHUCTOIO Mapajljieiau3Ma:
KOHBelepHble cucteMsbl, TexHosoruu MMX u VLIW, cuctemsl ¢ o0uieit 1 MHIUBU-
NyaJIbHOM NaMATHIO, & TaK K€ CUCTEMBbI NPOIPAMMUPOBAHHUS JJISI HUX, B YACTHOCTH,
MPI u OpenMP, nans! onienku 3(h(PeKTUBHOCTH BBIUUCICHUN I TUX apXUTEKTYP.

B paznene «Peanuzanus» omnvcaHbl YETHIPE TUIA MapaUIEIbHBIX CHUCTEM, C I0-
MOIIBI0 KOTOPBIX MOYKHO YBEJIUYUTH KOJIUYECTBO MPOLIECCOPOB, TAK KaK 3TO BEAECT K
YBEIIMYEHUIO OBICTPOJACHCTBHS:

1. BpraucnurenbHbIC KJIACTEPHI MOJYYHIIA ITUPOKOE PACIPOCTpaHeHUE Oraroja-
psA MPOCTOTE pean3allvi, a IPU MCIOJIb30BAHUU MHOTOSJIEPHBIX MHKPOIPO-
IIECCOPOB - U 0O0JIBIIIOE OBICTPOICHCTBYE.

2. MHOrosiiecHple MHUKPOIPOLECCOPbl HAXOAATCS B CTAIUU CBOErO Pa3BUTHS, U
MOTYT HCHOJIb30BaThCsl KAK aBTOHOMHO B IepcoHANIBIX OBM, Tak u B kauecTBe
37eMeHTHOU 0a3bl JJisl KiactepoB. [Iprumepsl NpUBOASITCS B OCHOBHOM IO MPH-



6opam kommanuu Intel, KoTopble JAIOT AOCTATOYHO MH(POPMAIUH ISl UITFOCT-
pamyy OCHOBHBIX TeM KHUTH, TO3TOMY MaTE€pHAIbI 10 IPYTHM KPYITHBIM KOM-
nanusim IBM, AMD, NVIDIA npakTuyecku HEe UCIIOIb3YOTCS.

3. I'pua Taxke SIBISIETCS Pa3BUBAIOIICHCS CTPYKTYpOH, OIHAKO, YXKe CyIIecT-
BYIOIIME peaTn3alliil TO3BOJISAIOT TMOIYYUTh NMPAKTHUYECKH HEOTPAHUYCHHOE
OBICTpOACHCTBHE.

4. Ha cerojHsi CyIecTBYIOT TOJIBKO IE€PBbIE MOIBITKU (PU3MUECKON peanu3alnuu
KBAHTOBBIX KOMIIBIOTEPOB, HO B Cllydae yclexa CKOPOCTb BBIYUCIEHUN OyJeT
JEMCTBUTEILHO HEOIPAaHUYEHHOM, HO JJIs ONPENEICHHOIO U Ba)XKHOI'O Kilacca
3ajad.

B mpunokeHnn KOpOTKO MpejacTaBiieHa cynepkoMmbioTepHas miatdgopma CKUO
(Cynep Kommnbrotepnass MuunuaruBa ®denukc), paspabaTeiBaemasi B paMKax Ipo-
rpamm Cotro3Horo rocyaapcta bemapycu u Poccuun. Yike cerogns miardgopma mo-
3BOJIMJIAT CO3/1aTh BBICOKOITPOU3BOIUTENIbHBIE KOMIIBIOTEPHI MUPOBOT'O YPOBHSI.

Knura npegnaznadena Juisi CTyJEHTOB CTAPIIUX KypCOB, CIEUUAIU3UPYIOLINXCS B
obnactu OwicTpoaeicTByrommx IBM u napanienbHbIX aaropuTMOB, aCIIUPAHTOB U
IMIMPOKOTO Kpyra Hay4HbIX paOOTHHUKOB M HHKEHEPOB, CBA3aHHBIX C PEIICHUEM 33724
¢ 60IBIIM 00HEMOM BBIYUCIICHUH.



PA3JTEJ 1. APXUTEKTYPA

I'nasa 1. IPUHIMAIIBI ITAPAJIVIEJIBHBIX BBIUUCJEHUN
1.1 boabiue 3aga4u.

Bce 3aaun npuHUMIMAIBEHO MOXKHO pa3AenuTh Ha aBe rpynnsl: P (Polinomial) u
NP (Non Polinomial) 3agauu [3]. P 3agaun xapakTepu3yoTcs 00beMOM BBIYUCICHUN
a®, rne a — 00beM BXOIHBIX JaHHBIX, P — MIOJHHOM HEBBICOKOH crenenn. Takue 3asa-
YK TOJ, CUJIy COBPEMEHHBIM MHOrompoueccopubiM IBM u HaszwpiBatoTcs «OO0JIbIIH-
mu». NP 33129y XapaKTepH3YIOTCS BEIPAKEHHEM a' M COBPEMEHHBIM MAIINHAM «HE
o 3yb0amy». [ pemreHHMs TakuxX 3aJad MOTYT HMCIOJB30BaThCs KBaHTOBBIE DBM,
CKOPOCTb BBIYMCIICHHI KOTOPBIX MPOIMOPIIHOHATEHA 00bEMY JTaHHBIX.

Hanomuaum HCKOTOPLIC 0603Ha‘-IeHI/I$I, HCIIOJIb3YCMBbIC IJIA OOJBIINX MAaIIIMH.

Oo6o3nauenne | Beimmunna | JlocTurHyThiii ypoBeHb Eaxnauusl usmMepeHust
Kuio 10° I'epusl,

Mera 10°

I'ura 10° I[19BM 1o 5 I'pnoric OalThI,

Tepa 10" CynepOBM —tepau

Ieta 10" neTaduIonchl FLOP/S

Ok3a 10"

Ota cuctema 0003HAYEHUN OTHOCHUTCS K M3MEPEHHIO YacTOTHI (Tepibl), 00beMy ma-
MmaTH (0aifThl), K KOJUYECTBY IUIaBaromux omnepanuii B cekynay (flops — float point
operations per second).

Bpems pemienust «0osbIIMX» 3a/1ayd ONPEAENSIeTCs] KOJIUYECTBOM BBIYUCIUTENb-
HBIX OIepaluii B 3aJ1a4€ U ObICTPOJACHCTBUEM BBIYMCIUTENBHBIX MallluH. EcTecTBeH-
HO, C POCTOM OBICTPOAEWUCTBUS BBIUMCIMTEIBHBIX MALIMH PacTeT U pa3Mep pellae-
MbIX 3aja4. [{ns ceronHamnux cynep2BM n0cTynHBIMU SBISIOTCS 3a/1a4K C YUCIOM
10'2-10" onepauwuii ¢ maBaomeil TOYKOIA.

Ha npumepe MoaenupoBaHus KIMMaTa MOKaXeM, Kak BO3HUKaIOT OoJblIue 3a/1a-
yu. KnumaTtudeckast cucrema BKItOYaeT arMmocdepy, OKeaH, Cylly, Kpuochepy H
6uoty. B ocHOBe KIMMAaTHYEeCKOW MOJENU JIeXKAT YpaBHEHUS JUHAMHUKHU CIUIOUTHON
Cpellbl U U YpaBHEHHUs PAaBHOBECHOM TEPMOJIMHAMUKHU.B MOJENIN TaK)Ke ONUCHIBAIOTCA
BCE PHEPro3HauMMble (PU3MUECKUE MPOIIECCHl: MEPEHOC U3yUeHus: B atMocdepe, da-
30BbI€ MEPEXO0/Ibl BOJIbI, 00JIaKa U KOHBEKIUS, IEPEHOC MAJIbIX Ia30BbIX MPUMECEN U
ux TpaHchopmanusi, MeakomacutTabHas AupQy3us Temia U JUCCUNalus KUHETHYe-
CKOM DHEPIUU U MHOTO€ Apyroe. PaccMoTpuM TOJIBKO 4acTh KIMMAaTUYECKOU MOJEIN
— MOJEJb aTMOC(hEpHI.

[Ipennonoxxum, uto MoaenupoBanue oodecrneunBaet repuos 100 mer [1]. ITpu mo-
CTPOEHHM AJTOPUTMOB HCIOJIB3YETCSl IPUHLIMI JUCKpeTU3aluu. ATMocdepa pazou-



BAETCsl CETKOM € maroM | rpaayc mo mMpOTE U JOATOTE HA BCEW MOBEPXHOCTH 3EM-
Horo miapa u 40 cirosiMu o BbicoTe. JTO aaeT okono 2.6x10° anementos. Kaxmpiit
3JeMeHT omnuckiBaeTcss npumepHo 10 kommoneHntamu. ClenoBatesbHO, B JH000H
(UKCUPOBAHHBII MOMEHT BPEMEHU COCTOSHHE aTMOC(Ephbl XapaKTEpHU3yeTCs aH-
cambiieM u3 2.7x107 uncen. YcioBHs MOAENMPOBAHMS TPEOYIOT HAXOXKICHHS BCEX
ancamOneri uepe3 kaxjaple 10 MuHyT, TO ecTh 3a 100 JIeT Hy»KHO ONPEeTUTh OKOJIO
5.3x10* ancam6ueil. Utoro, 3a 00ux 4UCICHHBIH AKIIEPUMEHT TMPUXOJUTCS BBIYKC-
naTh 1.4x10' 3HAUMMBIX Pe3ysIbTATOB MPOMEKYTOUHBIX BBIYHMCICHHI. Ecmu cuu-
TaTh, YTO JJIS MOTYYEHHS KaXKIO0T0 IPOMEKYTOUHOr0 pe3yiabraTa tpebyercs 10° - 10°
apu(meTnyecKux onpepanuii, To MPOBEIEHUE OJHOI0 IKCIIEPUMEHTA C MOJECIBIO aT-
Mochepbl TpeOyeTcs BBITIOJIHUTh 10'°— 10" OIepalrii C TJIABAKOIIEH 3aIATOM.

CrnenoBarenbHO, pacueT arMoc(epsl Ha nepcoHaibHON DBM 3aiiMeT MHOTHE ThI-
CSYM 4acoB. A JUIsl ITOJIHOM MOJENH 3€MJIA U1 MHO>KECTBA BAPUAHTOB MOJEIHPOBAHUS
BpEMS BO3PACTET HA NOPAJKHU. 3HAYUT, IPOBOAUTH MojeiarupoBanue Ha [I19BM - yto-
s, HO Ha cynepOBM — MoxkHO.

Kaxk moBener cebs 3emutst uepe3 100 sieT — 3TO AJIs1 CETOAHSIIHUX JIFOJEH BOIPOC
oonee dunocodckuit. Ho ecth u Oojiee CyliecTBEHHbIC, CETOJHSIIHUE 3a]a4yu, Ha-
npumep, npobdiema pa3paboTku siaepHoro opyxus. [locne noanucanus B 1963 rogy
JIOTOBOpPA O 3aNPEIICHUH UCIIBITAHUS SIIEPHOTO OPY KUl OCTAJICS €AUHCTBEHHBIN MyTh
COBEPUICHCTBOBAHUSL ATOTO OPYXHUSI — YUCIEHHOE MOJCIMPOBAHUE SKCIIEPUMEHTOB.
[To xonu4yecTBy ornepauuii Takoe MOJEIUPOBAHUE COU3MEPUMO C MOJEIUPOBAHUEM
knmuMarta. Ho ato kacaercs Gonbimux crpan — CIHIA, Poccus, EBpocorosa. A 3aduem
cynepOBM, nanpumep, s benapycu.

bonbiioe KoIMYECTBO BBIUYMCIUTENBHBIX MOJIENEH CTPOUTCS Ha 0asze perieHHs
CJIAY, npu 3TOM pa3Mepbl PelIeTKH (YUCIO YPaBHEHUI) MOXKET JIOCTUTaTh MHOTUX
TeICSIY. Hampumep, mpu MOAETUPOBAHUHU TOTYHPOBOJHUKOBEIX MPUOOPOB HHCIIO
ypaBHEHHIT MokeT ObITh paBHO N=10". 3BeCTHO, 4TO pelieHie TAKOH CHCTEMBI Tpe-
OyeT mopsiika N’ Berarcnenuii mo 10” miaBarommx omnepauni Jyisl KaKJ10ro BbIYHCIIE-
Hus. Torna obluiee Bpemsi pacyeTa OJIHOrO BapHaHTa MOJEIUPOBaHUs OyleT nmopsaka
10" oneparuii.

Huxe npuBeneHbl BpeMeHa BBINOJHEHUS HEKOTOPBIX OOJIBIIMX 3a/lay Ha COBpe-
MEHHOW OJHOIPOLIECCOPHON CUCTEME

[Ipobnema Uwucno onepanuii Bpewmst cuera
((1)Jl'1601'IC) T7

Mogenb atmochepbt 107 -10 TOJIbI

Mojenp 1epHOTro B3pbIBA 10" - 10" TOAbI

Mozens o0TeKaHud caMoJieTa 10 -10% MECSIIEI, HeIETH

Kpau - rectsl 10 - 10" MECSIIBI, HeIeIn

[IpoMbITIEHHBIE KOHCTPYKITUU 10" - 10" )3 (S (S0

1.2. MeToabl NoBbIlIeHUsI ObICTPOAEICTBHS

EctecTBeHHO, /U1 perieHus OONbIINX 3a7a4 HY>XKHbI Bce 0osiee ObICTpble KOMITb-
10Tepbl. ECTh Bcero Ba OCHOBHBIX crioco0a MmoBbliieHus ObicTpoaeiicTBus DBM:



1. 3a cuer NoBbIIICHUS OBICTPOJAEHCTBUSL JIEMEHTHOM 0a3bl (TAKTOBOM YacTOTHI).
beicTpoaeiicTBre mponeccopa pacTeT NPONOPUHOHAIBHO POCTY TAKTOBOM 4ac-
TOTBI, NIPU ITOM HE TPeOyeTcs M3MEHEHHUs CHCTEMbl MPOTPAMMUPOBAHUS U
NI0JIb30BATENILCKUX ITPOTPAMM.

2. 3a cyeT yBEJIMYCHMS YHCIA OJHOBPEMEHHO paboTaloluX B OJHOM 3a1aye
9BM, npoueccopo, AJIY, yMHOKUTENEH U TaKk Jajiee, TO €CTh 3a CUET mapaji-
JeJiu3Ma BBINIOJIHEHUSI orepanuid. 910 TpeOyeT MCIOJIb30BaHUS CIOKHBIX CHUC-
TEM MAPAIIIETBHOTO IPOTPAMMHUPOBAHUA. DTO KPYIHbIA HETOCTATOK METO/A.

[TapaiutennbHBIE CUCTEMBI IO APXUTEKTYPE Pa3ICIAIOTCS Ha JIBa KJlacca:
e KoHBeliepHbIE CUCTEMBI, KOT/1a HECKOJIbKO CIEeIHMAIM3UPOBAHHBIX OJIOKOB OJTHO-
BPEMEHHO pabOoTaIOT Ha/l YaCTSIMHU OJTHOTO MTOTOKA KOMAaH/I.
e [TapaienbHBIE CUCTEMBI, KOT/Ia MHOKECTBO KOMaH]i OJIHOM MPOTpamMMBbl OJTHO-
BPEMEHHO BBIMOJIHAIOTCS MHOKeCTBOM AJIY Wi mpo1ieccopos.

PaccmoTpum npumepsl 3THX METOIOB.

TakroBasi yacrora (puc.l.l). TakroBas 4yacToTa 3aBUCUT OT Pa3MEPOB KOHCT-
PYKTHBA, KpUCTAJIJIa, HA KOTOPOM PAaCIHOJIOKEHbI apu(PMETHUKO-IOTMUYECKUE dIeMEH-
Thl. Hue Ha pUCyHKe mpejcTaBieHa cXxeMa COBMaJACHMs, KOTOpasi cpadbaTbiBaeT MpH
OJIHOBPEMEHHOM IOSIBIICHUU JIByX CUTHAJIOB.

IImata 1M x 1M

1 +—— 60uc ——»
10 10
C
. 10 .10 10 30 t

v

£=10" 5c/60 ue =15 Mrn
ITnara IT9BM 11x30

l T Ine f=10" nc/6 ue = 150 Mrug

Kpucramn 15x15 mm

0.15 He £=10° 5c/0.3 He =3 T
—

—
0.15 He

Puc.1.1. PocT 4acTOTBI CHHXPOHHU3ALUU C YMEUIEHHUEM Pa33MEpPOB CXEMBI



OIMH CHTHAJI MOCTYIIAET HENMOCPEACTBEHHO OT T€HEpaTopa, IPyrom — ¢ 3aaepxk-
KOW, ONpENeIsseMON pa3MepPOM IUIAThI, HA KOTOPOM pa3MeENI€Ha CXeMa. Y4uThblas
CKOpPOCTh CBETa, HETPYJHO BBIUUCIINTH 3aJEPKKY CUTHaNIa Ha Bxojae cxeMbl U. Kpome
TOTO, CUTHAJI JIOJDKEH HEKOTOpPOE BpeMsl JepKaThCs Ha BbIX0JI€ cXeMbl. Takum oOpa-
30M, JJIs OOJIBIIION IJIATHI MEPUOJ] TeHepaTopa cocTaBUT 60 HC, a TAKTOBAsl YacTOTa —
15 Mru, coorBercTBeHHHO s TuiaThl [I9BM u kpucramna CBUC uacrora Oyner
150 Mru u 31'ru. IloBblllIeHHME TAKTOBOM YaCTOTHI SIBJISETCS BaXKHBIM CPEJICTBOM I10-
BBIIIICHUS OBICTPOJCHCTBHS KOMITBIOTEPOB, HO OIPaHUYCHO (DyHIaMEHTAIBHBIMU (PU-
3MYECKUMHU 3aKOHaMU. ECTECTBEHHO, IPU MEPEXO0/I€ HA PACCTOAHUSI BHYTPU KpUCTAI-
Jla, COOTBETCTBEHHO BBIPACTAET U YaCTOTA.

B peanpHOM KOMOMHAIIMOHHON CXeMe KOMIIBIOTEpa 32 BpPEeMs TaKTa CHHXPOHHU3A-
IIUH CUTHAJI 10C1e008amelbHO TTPOXOIUT Yepe3 MHOTO JIOTHYECKUX CXeM. ITO BpeMs
MPOXOXKICHUS ONPEAEIACT JIUTEIBHOCTh TAKTA U YaCTOTY CHHXPOHU3AIMU, KOTOpas
OyIeT HUKe MPUBEICHHON HA PUCYHKE.

KounseiiepHble cucrembl. /[ mpuMepa paccMOTpUM KOHBEMEP KOMAaHJ U3BECT-
HOTO MUKporoiieccopa Pentium (puc.1.2).

Kosm komang

\4

* PF
DI
w | D2 |
EXE| b
Volwr | T

Kboimr qagHabIx

ty <ti

Puc.1.2. Cxema koHBeliepa KOMaH/.

OH coIepKUT CIIEYIOUINE CTYIECHHU:

o crynenb npeaBeibopku PF (Prefetch), xoTopas ocymiecTBiseTr ympexmaaronryro
BBIOOPKY TPYIIIBI KOMaH]I B COOTBETCTBYIOLIUH Oydep;

e CTymneHb AexoaupoBanus nojieit komanasl D1 (Decoder 1);

o crynenb nekogupoBanus D2 (Decoder 2), Ha KOTOpOH MPOU3BOAUTCS BbIYHCIIEC-
Hue abCOIOTHOTO ajpeca Onepan/ia, eciu ONepaH/] pacloiloKeH B aMATH;

« Ha crynenu ucnonnennss EXE (Execution) mpousBoauTcs BIOOpKa ONepaHIoB U3
POH wiu naMsiTu ¥ BeINOJIHEHUE ornepaiiuu B AJIY;

e HaAKOHEI, HA CTyMHeHH 3anucu pesynbrara WR (Write Back) mpousBoaurtcs nepe-
Jlava MoTy4eHHOTo pe3yibrara B 6ok POH.

10



B TakoM KOHBeWepe Ha pa3HbIX CTYNEHSAX BBIIOJHEHHS HAXOAMTCS 5 KOMaHZ.
[Tocne odyepeHOTO TakTa Ha BBIXOJIE KOHBEMepa Moy4aeTcsl HOBBIM pe3ysbTaT (Ka-
XKIBIM TAKT), a HA BXOJ BhIOMpaeTcs HOBasi KoMaHaa. B uaeanbHOM cityyae OBICTPO-
NENCTBUE MUKPOIIPOLIECCOPA BO3PACTAET B 5 pas.

KoHBeiiepHble CUCTEMBI TEPSIOT CMBICI, KOTAa BpeMs nepeiadyid HHPOPMALIMK CO
CTYIIEHU Ha CTYIIEHb CTAHOBUTCS COU3MEPUMBIM CO BPEMEHEM BBIYMCIIEHUI HA KaX-
JIOW CTYTICHH.

IHapanueneabnsie cucrembl. [lapannenbHas MalMHA COJIEPKUT MHOMKECTBO
npoueccopoB I, 0ObenMHEHHBIX ceTbi0 OOMeHa naHHbIMH (puc.l.3). Amnmapatypa
OJIHOBPEMEHHO BBITIOTHEHSIET Oosiee OAHON apru(PMETHUKO-TOTHYECKON WU CITykKeO-
HOU ONepanui.

I11 112 IIn

CeTb OOMEHA TaHHBIMU

! I

Bxon Brixon

Puc.1.3. Cxema mapamiensuoit 9BM

B napamnensasix 9BM mexnpoueccpHblii 0OMEH JaHHBIMH SIBJISIETCS TPHH-
IUTTHATFHON HEOOXOIUMOCTBIO, U TIPU MEUICHHOM OOMEHE OJIHONPOIIECCOPHBINA Ba-
PUAHT MOJKET 0Ka3aTbCsl OBICTPEE MHOIONPOLECCOPHOI0, IO3TOMY KOJIWYECTBO MPO-
1IECCOpOB B napasuiesbHo DBM onpenensercs: CKOPOCThIO ceTeil oOMeHa.

1. 3. ®opmbl napajieau3smMa

IMapanjean3m — 3TO0 BO3MOXXHOCTh OJHOBPEMEHHOT'O BBITIOJHEHMs Oojiee of-
HOUW apu(pMETUKO-JIOTHIECKON OMepaluu WK MPOrpaMMHON BeTBU. B03MOXHOCTH
NapaJijIeIbHOTO BBIMOJIHEHUS 3TUX ONEpaLMil onpexaensercs npasuwiom Paccena, ko-
TOPOE COCTOUT B CIICIYIOIIEM.

[Iporpammubie 00beKTHl A U B (KomMaHabl, onepaTopbl, IPOrPaMMbl) SIBISIIOTCS
HE3aBUCUMBIMHU U MOTYT BBIIIOJIHATHCS APAJIJIEIBHO, €CIU BBIIOJIHAETCS CIEAYIOIIEe
YCIJIOBHE:

(InB A OutA) v (InA A OutB) A (OutA A OutB) = &, (1.1)

rae In(A) — nabop BxomHbIX, a Out(A) — HaOOp BBIXOTHBIX MEPEMEHHBIX 00BEKTa
A. Eciu ycnosue (1.1) He BrimonHsAeTcs, TO Mexay A u B cyliecTByeT 3aBUCUMOCTh
Y OHHM HE MOT'YT BBIIIOJIHATHCS MMAPAJUIEIIBHO.

Ecnu ycnosue (1.1) HapymaeTcss B IepBOM TEPME, TO TaKas 3aBUCUMOCTb Ha3bl-
Baercs npsamoi. [lpusenem npumep:

A:R=R1+R2

B:Z=R+C
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3nech onepaTopbl A U B HE MOTYT BBIITOIIHATECS OJJHOBPEMEHHO, TaK KaK pe3yJib-
TaT A sBiseTcs onepanaoM B. Ecnu ycnoBue HapylieHo BO BTOPOM Te€pME, TO Takast
3aBHCHUMOCTb Ha3bIBAETCS OOpATHOM:

A:R=R1+R2
B:R1=C1+C2

3neck onepaTopsl A U1 B HE MOT'YT BBIIIOJIHATECA OJJHOBPEMEHHO, TaK KaK BBIITOJI-
HeHHe B BBI3BIBAECT U3MEHEHUE onepania B A.

Haxonen, eciau yciioBU€ HE BBIIOIHACTCA B TPETbEM TEPME, TO Takas 3aBUCH-
MOCTb Ha3bIBa€TCAd KOHKYPEHLIMOHHOM:

A:R=RI1+R2
B:R=CIl+C2

3/1€Ch OJTHOBPEMEHHOE BBIIIOJITHEHHUE OTIEPATOPOB JAET HEONPEACIEHHBINA PE3yIbTAaT.

Yeenuuenue napannenuzma 11060t npocpammuvl 3aKi04Aemcs 8 Noucke u ycmpa-
HeHUU YKA3AHHBIX 3A8UCUMOCEU.

Haubonee o6mieit dhopmoit mpejacTaBieHHUs] dTUX 3aBUCUMOCTEH SIBIISICTCS UH-
Gopmayuonnviii epag 3anaun (UI). Ilpumep U, onuceiBaroniero Joruky KOHKpET-
HOU 3a/1a4u, TOYHEE NOPSAOK BBIIIOJIHEHUS ONlepalluii B 3a/1aue, IpUBEIECH Ha puc.l.4.
B cBoeii nepBonavanbHoi ¢opme UI', TeM He MeHee, He UCIOJb3yeTCs HU MaTeMa-
TUKOM, HU IIpOrpaMMHUCTOM, HU DBM.

a o6

a,= (a,+aj)a;ta,a;

a. a Puc.1.4. Nndopmanumonnsiii Tpad maTemMatude-
1 2
—L =222 croro BBIPKEHUS (@) U TIOPSIOK BBIOJIHEHUS

a 5
—n =24 2 opepanuiil B BRIpaKEHHH (6)
Gy, G5, 4 2

AW N =
+ % % +

—;y |_|,a6,2

bonee ompenenennoit GpopmMoil mpeacTaBiICHUS Mapauieiu3Ma SBISIETCS SPYCHO-
napannenvras gopma (SI1D): anropuT™M BBIYUCICHUIN MPEICTABISACTCS B BUIE SIPY-
COB, IPUYEM B HYJIEBOU SIPyC BXOJISAT omepaTopbl (BETBH), HE 3aBUCAIIUE JIPYr OT
Ipyra, B MEPBbIN SpyC — OINEpaTOPhl, 3aBUCSIIUE TOJIBKO OT HYJIEBOrO sipyca, BO
BTOPOU — OT MEPBOTO sipyca u T. 1.

Jns S11® xapakTepHbl napaMeTpsl, B TOW UM UHOM MEpE OTPa)KarolUe CTEIECHb
napajuiesiu3Ma MeToJla BBIYUCIECHUN: b; — MIMpUHA i-T0 sipyca; B — mupuHa rpada
AI® (makcumanbHas MIUPUHA sipyca, T. €. MaKCUMYM U3 b;, i = 1, 2, ...); |; — nnuHa
sapyca (Bpems omnepanuii) u L niuuHa rpada; € — K0d(PGUIIMEHT 3all0JHEHHS] IPYCOB;
0 — ko3P dunueHt pazdpoca yKazaHHbIX TaPAMETPOB U T. [I.

['maBHOM 3amayel HACTOSIIETO U3JAHUS SIBJISIETCS U3YUYECHUE CBSI3M MEX]Y Kilac-
caMmu 3a/1a4 U Kiaccamu napaenbHsix 9BM. @opma napannenuszma oObI4HO OCTa-
TOYHO MPOCTO XAPAKTEPU3YET HEKOTOPBIM KIJIACC MPUKIAAHBIX 3a7a4 U MPEIbSIBISET
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ompeseneHHbIe TPeOOBaHUS K CTPYKType, HEOOXOAMMOM TSl pEIIeHUs] 3TOr0 Kiracca
3a7a4 napamiensHon OBM.
N3ydenue psga anropuTMOB U MPOrpaMM MOKA3aJio, YTO MOKHO BBIJEIUTH Clle-
JYIOIIME OCHOBHBIE (POPMBI TapaAIIeIU3Ma:
o  Menko3epHUCTBIN MapaieaTu3M (OH XK€ napauieiusm CMEeHCHbIX onepayuil i
CKANISIPHBII NAPATLLETUIM).
e KpynHO3EpHUCTHIN napajuienns3M, KOTOPBIM BKIIIOYAET: GEeKMOPHbIU napaiie-
JIU3M WA NApaINeIu3mM He3a6UCUMbIX 6ENGEU. .

Meaxo3epuuctolii mapanenusm (Fine Grain)

[Ipu McnonHEeHUH TPOrpaMMBbl PETYJISIPHO BCTPEUAIOTCSl CUTYallUM, KOT/Ia UCXO/I-
HbIC JJAHHBIC JJIs [-i Oomnepaluu BbIpadaThIBAIOTCS 3apaHee, HanpUMeEp, IPU BBINOJ-
HeHuu (i - 2)-i unu (7 - 3)-i onepanuu. Toraa mpu COOTBETCTBYIOIIEM MOCTPOCHUU
BBIYUCIIUTEIBLHON CUCTEMBI MOKHO COBMECTUTh BO BPEMEHU BBITIOJIHEHUE I-i omepa-
MU ¢ BbIoyiHeHUEM (i - 1)-i, (i - 2)-i, ... onepauuii. B TakoM MOHUMaHUU CKaJsIp-
HBII Mapajuiesiu3M MOX0X Ha Mapasjiein3M HE3aBUCHUMbBIX BETBEH, OJJHAKO OHH OYCHb
OTJIMYAIOTCS JJIMHOW BETBEM W TPEOYIOT pa3HBbIX BBIYUCIUTEIBHBIX CUCTEM. ITO
npencTaBiieHo Ha puc.1.5.

S 13
,/ ///— 1_2

\ —

‘\ N 1‘1

Puc.1.5. I[IpeaBaputenpHas HOATOTOBKA ONIEPAHIOB JJIsI KOMAH/IHI 1.

Paccmorpum npumep. Ilycte umeercss mporpamma Juisi pacuera IUPUHBI 3ampe-
IIEHHOW 30HBI TPAH3UCTOpPA, U B 3TOW NPOrpaMMe €CTh YYacCTOK — OIpeAesICHHUE
SHEPrUM NpUMeceit 1o popmyJie

mq’ n’
8ere’h’
Torna nocnenoparenbHas nIporpaMMa Ajis BeIYMCICHUs £ OyeT Takoil:
F1 =M % Q #% 4 % P #x 2

F2=8*EQ**2 *xE *% 2 % H **x 2
E=F1/F2

3nech UMeeTcsl mapajuiesiu3M, HO mpu 3anucu Ha PoprpaHe (MOKa3aHO BHIIIE)
win Accembiiepe y HaC HET BO3MOXKHOCTHU SIBHO OTPa3uTh €ro. SIBHOE mpeicTaBlieHue
napajienusma s Berarcienust £ 3amaercs AID (puc. 1.6.).

[upuna napannenuszma neporo sipyca 3toi AIIPD (mepBhiil TaKT) CUIIBHO 3aBU-
CHUT OT YHucJa onepanui, Bkirodaembix B coctaB All®. Tak, B mpumepe ais [, = 4 na-
pajuiesinu3M MepBOro TakTa paBeH ABYM, 1Jis /; = 12 nmapaienusMm paBeH IsTH.

[TockonbKy 3TO MapajieaIu3M OYeHb KOPOTKUX BETBEH U € MMOMOILBIO OIEPAaTOPOB
FORK wu JOIN omnucaH ObITh HE MOXKET (BCS ITporpamma OyAeT COCTOSATh B OCHOB-
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HOM M3 3THUX OIIEpaTOpPOB), IaHHBIN BUJ MMapajuieIu3Ma JOJKEH aBTOMAaTUYECKU BbI-
ABJIATHCA annaparypor 9BM B nponecce BBIIOJIHEHUS MAIIMHHOW IPOTPaMMBI.

Puc.1.6. JI1® BpluncieHus BEIUUYUHEI £

JUis cKansipHOro mnapajiean3Ma 4acTO HCIONb3YIOT TEPMHUH MEIKO3EPHUCTHIN
napayienu3Mm (M3I1), B otinuune ot kpynHo3epHuctoro napamienusma (K3I1), k xo-
TOPOMY OTHOCSIT BEKTOPHBIN MapajieIu3M U MapajieIn3M He3aBUCUMBIX BETBEH.

KpynHo3epHuCTBI napaJsieaunsM (coarse grain)

BekTopubiii napaanean3m. Hanbonee pacnpocTpaneHHON B 00pabOTKE CTPYK-
TYp JAAQHHBIX SBJIIETCS BEKTOPHAas omnepaius (€CTECTBEHHBIN Hapaienusm). Bekmop
— OJHOMEpHBI MacCuB, KOTOpPBI 00pa3yeTcss U3 MHOIOMEPHOIO0 MacCHBa, €CIH
OJIMH M3 MHJEKCOB HE (PMKCUPOBAH U MPOOEraeT BCe 3HAUEHUS B JMAIA30HE €ro W3-
MeHeHUs. B mapanienbHbIX A3bIKaX 3TOT MHAEKC OOBIYHO 0003HAYAETCs 3HAKOM *.
[TycTs, Hanpumep, A, B, C — nBymepHbie MaccuBbl. PaccMOTpHUM CIIeyOIINI KT

DO1I=1N

1 C@J)=A(J)+B(J)

Hertpynno Bunets, yto npu GUKCUPOBAHHOM J orepanuu CIoKeHus A BceX | Moxk-
HO BBINOJIHATH NapayjiesibHO, MockoibKy SAIID storo mukna umeer oaun sipyc. Ilo
CYILLIECTBY 3TOT ILIUKJ COOTBETCTBYET CJIOKEHUIO cTtosibna J marpui A u B ¢ 3anuceio
pe3ynbrata B crosber J marpuipl C. DTOT UK Ha MapaieIbHOM SI3bIKE 3alHChIBa-
€TCs B BUJE TAKOU BEKTOPHOM OIEpalvu:

CED=A()+TBH]).

Bo3MoxxHBI onepany U OOJbIIeH pa3MEepHOCTH, YeM BEKTOPHBIC: HaJ MaTpULIAMU H
MHOTIOMEPHBIMM MaccuBaMH. OgHako B mapajuienbHble SIBY BKIIOYarOTCS TOJIBKO
BEKTOpPHBIE Omepaluu (CI0XKEeHHe, YMHOKEHHUE, CPAaBHEHUE U T. [.), IOTOMY YTO OHHU
HOCAT YHUBEPCAJIBHBIM XapakTep, TOTIa KaK omnepanuu 0ojiee BHICOKOTO YPOBHS CIie-
U (QUYHBL.

OO6usacty mpyUMEHEHUsI BEKTOPHBIX OIEpaluii HaJl MacCUBaMU OOLIMPHBL: 1Udpo-
Basi 00paboTka curHaioB (1udpoBsie GUIBTPHI), MEXaHUKA, MOACITHUPOBAHUE CILIOII-
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HBIX Cp€ll, METCOPOJIOrus, ONTUMU3ALMA, 3a4a4d JIBVDIKECHUS, PACUYeThl DJIEKTpUYE-
ckux xapakrepuctuk bUC u . 1.
PaccmoTtpum perieHne JIMHEHHOW CUCTEMbl YPaBHEHUI:

a X, +a X+ 4a,x, =b,
Ay X, + apX,+...+ay,x, =b,

X, +a,pX,+...+a

X n = Oy

Jlns pelienns Takux CUCTEM YPaBHEHUH IPH MOJOKUTEIBHO ONPENCICHHON MaT-
puiie K03(pHUIMESHTOB UCIIOIB3YETCS METO IIPOCTON UTEPAIIUH:

xfk“) = c“xl(k) + clzxék)+...+clnx,(f) +d,

xék”) = CZle(k) + czzxgk)+...+02nxf1k) +d,
(k+1) _ (k) (k) (k)

x, V=cyx," +e,x,  +4c,x, +d,.

ITycte C(N,N) — Matpuna Ko3QQHUIHEHTOB C;j CUCTEMBI ypaBHeHui; D (N) —
BekTop d;, d,, ..., dy; XK(N) — Bektop x,x{,..,x" (B HCXOMHBIE MOMEHT XpaHHUT

HavabHOe Tpubmxkenue); XKI1(N) — Bexktop x ™, x{0 .  x*

A n 2

€ — 3aaHHaid II0-

IPEMIHOCTh BhIYMCIeHUU. Toraa nporpamMma s napaiienbHon 9BM MoxeT BbIris-
JETh CIAEIYIOUIUM 00pa3oM:

DIMENSION C(N,N), D(N), XK1(N), XK(N)
XK(*) = HauanbHbIE 3HAYCHUS
XK1(*) = D(*)
4 DO1I=1N
I XKI(*) = XK1(*) + C(*,])*XK(I)
IF (ABS(XK1(*)-XK(*))-¢) 2,2,3
3 XK(*) = XKI1(*)
GO TO 4

2 Bemox XKI1(*)
STOP

B sT0i#1 nmporpaMme MHOTOKpPAaTHO HCIIOJIb30BaHa MapasieibHas oOpaboTka 3ie-
MEHTOB BEKTOPOB (MMPAKTUYECKH BO BCEX CTPOKax mporpammsl). Lluki mo / cooTBeT-
CTBYeT Tepebopy cTono1oB MaTpullbl C, KOTOPBIE BBICTYMAIOT B KAYECTBE BEKTOPOB.

Mapaanenusm He3aBUCMMBbIX BeTBell. CyTh mapajiein3mMa HE3aBUCUMBIX BET-
BEU COCTOMUT B TOM, YTO B IPOTpaMMe pelieHus OOJIBIIION 3a/1aud MOTYT OBITH BBIJIC-
JICHBI IPOTPAMMHBIC YaCTH, HE3aBHUCHUMBIE 10 IAHHBIM.

B mapaiienbHBIX A3bIKaX 3allyCK NApalelbHblX 6emaeli OCYIIECTBIISIETCA € T0-
moribio onepatopa FORK M1, M2 , ..., ML, rne M1, M2, ..., ML — umeHa He3aBu-
cuMbix BeTBel. Kaxknas BeTBb 3akanunBaetcs oneparopom JOIN (R,K), BeinmonHenue
KOTOPOT'O BBI3BIBAET BBIUUTAHWE €IMHULBI U3 suerku nmamsath R. Tak kak B R npen-
BapUTEIILHO 3aMMCAHO YKCIIO, PABHOE KOJIMYECTBY BETBEH, TO MPHU MOCIEIHEM cpabda-
TeiBanuu orneparopa JOIN (Bce BeTBU BBINOJHEHBI) B R OKa3bIBaeTCs HYJIb U yIIpPaB-
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nenne nepenaercsa Ha omneparop K. Muorma B JOIN omumceiBaeTcst moJIMHOXKECTBO
BETBEH, MPU BBINOJIHEHUH KOTOPOTO cpadaThIBaeT 3TOT oneparop. PaccMoTpum npu-
Mep 3aJauu C MapaieIn3MOM BETBEH.

[TycTh 3a1aHa cucTeMa ypaBHEHHUI:

fi(xl’x27K 7xn):O’
Fr(x,%,,...,x,)=0,

fa(x,Xx5,...,x,)=0.
DTy CUCTEMY MOKHO BBIYUCIISATH METOJAOM UTEpALUM MO CIeAYIOMUM GopMyiaM
(n=3):
k+1 k k k
W = B, )
k+1 k k k
N RN
k+1 k k k
YR Y
Oynkuuu F;...F; u3-3a UX pa3snuyHOM NPOrpaMMHOM peajav3aluy JOJIKHBI BbI-
YUCIATBCA OTACJIIBHBIMA NPOTPAMMHBIMU CETMEHTAMH, KOTOPBIE MOKHO HCIIOJIb30-

BaTbh KaK BCTBH Hapanﬂem)Hoﬁ IIporpaMMBlI. COOTBGTCTBYIOHIaH InapajuiCjibHas 1Ipo-
rpaMmMa UMCCT BUA:

L  FORK MI, M2, M3
Ml  Z1=FI (X1, X2, X3)

JOIN (R, K)

M2 Z2=F2 (X1, X2, X3)
JOIN (R,K)

M3  Z3=F3(Xl, X2, X3)
JOIN (R, K)

K IF (ABS(Z1-X1)<¢)AND(ABS(Z2-X2)<¢)AND(ABS(Z3-X3)<¢)
THEN BeIiBOA pe3ynbratoB; STOP
ELSE X1=Z71; X2=72; X3=73; GOTO L

Ecnu nipu Beimosinenuu oneparopa JOIN okazanock, uto R # 0, TO BbIUKCIICHUS B
JAHHOM BETBU OCTaHABJIMBAIOTCS, HO MOTYT OBITh 3alyIlEHbl TOBTOPHO, €CIU yC-
noBue B orieparope K He BbIonHAETCA. DTOT NpoLEecC NPEICTaBIeH Ha puc.l.7.

For
L

_> Y a

M M

Joi

o [Joi 7T

~ .’/’

‘1' R

K

Puc.1.7. biiok-cxema BBITIOJTHEHUS TapaIeIbHOW MPOrpaMMBl.

JlJ1s IpUBEIEHHOT O TPUMEPA XapaKTEPHbI 1BE OCOOEHHOCTH:
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o IlpucyrcTByeT cunxponuzayus npoyeccog, i KOTOPOH HCHOIB3YIOTCS
oneparop JOIN wu siueiika R. Cocrosinne R = 0 cBUzieTenbCcTBYeT 00 OKOH-
YaHWU MTPOLIECCOB PA3HOM IITUTETHLHOCTH.

o IlpousBonutcst oomen Oanuwvimu (oOpamieHue 3a Xi U3 pa3HbIX BETBEH).

IMapasuiean3mM BapHaHTOB. JTO YacTHBIA, HO HIMPOKO PACHPOCTPAHEHHBIM Ha
IIPAKTUKE CIy4yad Mapajuiein3Ma HE3aBUCUMBIX BETBEH, KOIJ1a NPOU3BOJUTCS pellle-
HUE OJHOW U TOW € 3aJayM IIPU Pa3HbIX BXOJHBIX MApaMeTpax, NPpUYEM, BCE BapHU-
aHTBI JOJKHBI OBITH TIOJYYEHBI 32 OTpaHUYECHHOE BpeMs. Hampumep, BapuaHThI MO-
JEIUPOBAHUS UCTIONB3YIOTCA MPU aHAIM3€ aTMOC(EPHON MOJIeNU KiiuMara.

[Tapamienn3m BapuaHTOB OTIMYAECTCA OT WACOJIOTUH KPYHHO3EPHUCTOIrO Mapa-
nenu3Ma. OTIMYME COCTOUT B TOM, YTO B CJIy4ae KPYIHO3EPHUCTOTO MAPAILICIA3MA
BBIYMCJICHUS TIPOBOJATCS BHYTPU OJHOU 3aja4yu U TpeOOBaHUS K CKOPOCTH oOMeHa
MEXK]ly 4acTAMH 33JIa4M JIOCTATOYHO BBICOKME. B mapamnenusme BapuaHTOB pacria-
pajUIeIMBAIOTCS 1EJIbIe 3a7ja4i, OOMEH MEXJy KOTOPBIMU B MPUHIUIIE OTCYTCTBYET.
Cucrembl pacpeiesICHHbIX BBIYMCICHUN UICATIbHBI JJIS1 PEIICHUS TAKUX 3a7a4.

1.4. OpdexkTHBHOCTH NApPaIeNbHBIX BBIYHCICHUN (3AKOH AM/1aJ12)

3akon Amaana. OgHON U3 IIAaBHBIX XapaKTEPUCTHK IMAPAJUIEIbHBIX CUCTEM SIB-
JSE€TCA YCKOPEHHUE R MMapaiienbHOM CUCTEMBI, KOTOPOE ONPENEIAETCS BBIPAKEHUEM:

R:]]/Tna

rae 77 — BpeMs pelIeHus 3a1a4u Ha OJHOIPOLIECCOPHOU cucteme, a 1, — Bpems pe-
LIEHUS TOM e 3a71a4M Ha 11 — IPOLIECCOPHOMN CHUCTEME.

ITycte W = W + Wy, Tie W — oOmiee 4mMcno omepauui B 3amade, W, — 4ucio
omepalui, KOTOpPblE MOYKHO BBINOJHATh Napajuie]bHO, a W — YHCIO CKaJsp-
HBIX (HepacmapayIeIuBaeMbIX ) ONEpaLUil.

O0603HauMM TakKe uepe3 ¢ BpeMsl BBINOJHEHUSI OJHOM omeparuu. Toraa nomydaem
W3BECTHBIN 3axon Amoana [8]:

Wt 1 1
(WCK+ np)'t n

3neck a = W /W — yienbHBIN BeC CKaJIIPHBIX OIepaIlHil.
3akoH AMana onpeaessieT NPUHIIMIUATBLHO BaXKHBIE JUIS MapalyIeIbHBIX BHIYUC-
JICHUH MOJIOKEHUS:
e YCKOpEHHUE 3aBUCUT OT MOTEHIIMAIBHOTO Mapajuiein3Ma 3ajauu (BeJIMUuHa a) U
napaMeTpoB almnaparypsl (4uciia mporeccoposB 7).
o IlpenenbHOE yCKOpeHUE oOMpeaeseTcs cBoiicTBamu 3afaun. [lycts, Hampumep,
a = 0,2 (4To SBISETCA peabHBIM 3HAUEHUEM ), TOTJIa YCKOPEHHE HE MOJXKET IIpe-
BOCXOJIMTH 5 MPHU JIIOOOM YHUCIIE MPOIECCOPOB, TO €CTh MAaKCUMaJIbHOE yCKOpe-
HUE ONPEACIISICTCS TOTEHIIMAIBHBIM MapaljIeTu3MOM 3aJ1a4uHu.
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Ecnu cucreMa uMeeT HECKOJIBKO apXUTEKTYPHBIX YPOBHEHN € pa3HbIMU (popMaMH
napajuieIu3Ma, TO KauecmeenHo 00111ee YCKOPEHUE B CUCTEME OyeT:

R = 11 Xryxr3,

r7€ I; - YCKOPEHUE HEKOTOPOro YpOBHSI.
1.5. 3axkon Mypa u ero nepcneKTuBbI.

KosnndecTBO TpaH3UCTOPOB HA OJHOM KPHUCTAIJIE JOCTUTACT MHJUIMAPAOB IITYK.
EcrectBeHHbIN CcrIOCOO MX UCIONB30BaTh — CTPOUTH MHOTOIPOIECCOPHBIE CUCTEMBI.
Jlns takux xkoMraHui kak Intel Bompoc co3maHuMs MHOTOIPOIECCOPHBIX CHCTEM —
3TO BOIIPOC CYILLIECTBOBAHUS.

JIyist nenbHEeNIero pacCMOTPEHHS MPUBEIEM TaOJIHITy pa3MepOB BEHTHIICH, TpaH-
3UCTOPOB U T.[I., UCTIOJIb3YEMBIX B MUKPOIJICKTPOHHUKE:

HaumeHoBaHue Beaunuuna,
MeETpPbI
MuniumeTp, MM 10~
MuxkpomeTp, MKM 10°
Hanomerp, HM 10”
ATOM BoOpoza 0.25.107
Amnrcrpem, A 107"
[TukomeTp, M 1077

I'. Myp (G. Moor — co3narens Intel) Ha ocHOBe pa3BUTHSI TEXHOJIOTHH B KOMIIa-
Huu Intel B 1965 roay BBIABUHYI CieAyIOIIee MOJIOKEHHE, KOTOPOe ceiiyac Ha3bIBa-
10T 3akOHOM Mypa [9]:

Kaxabie 2 roaa KoJiu4ecTBO TPAH3UCTOPOB HA KPUCTAJ/LIEe yIBAMBAETCHA

OTOT 3aKOH U C HEKOTOPHIMU KOJICOAHUSIMU COXPAHSAETCS IJIUTEIHHOE BpEMS.
Uucno TpaH3UCUCTOPOB HA KPUCTAIJIE YBEIUYUTCS B TAKOW CTEMEHU,YTO 3TO MO3BO-
JsIeT co3aaBaTth MHOrosiiepHbie mporeccopbl (MAII), B KOTOPBIX Ha OTHOM KpUCTAJI-
Jie pa3MEIEHbl COTHU U THICSIUM SIIEP, KAXKII0€ U3 KOTOPBIX SIBISETCS MOTHOIEHHBIM
IIPOLIECCOPOM.

VYcnexu MUKPOAJIEKTPOHUKH TMO3BOJISIIOT ceivac paboTaTh ¢ pa3MepamMu TpaH3H-
CTOpPOB, YKa3aHHbIMU B Ta0iuie. CuMTaeTcsi, YTO HAHOTEXHOJOTHMH HAYMHAIOTS CO
100 um. Takum oOpa3oM, MOXKHO CKa3aTh, YUTO COBPEMEHHBIE MHUKPOIPOIIECCOPHI —
3TO 00J1aCTh HAHOTEXHOJIOTUH.

Jlo MUHUMAanIbHOrO pasmepa nopsaka 10 HM TpaH3UCTOP COXpaHSET CBOW Iepe-
KJIFOUATENIbHBIE U YCUIIUTEIBHBIE CBOMCTBA, YTO MOJTHOCTBIO ONPENEISAET MyTh Pa3Bu-
THS KPpeMHHMeBOM HAaHOAIEKTPOHUKH BIIOThH 10 2020 r. Huxe 10 HM KpeMHMiT Tepsi-
€T MPOBOAMMOCTh. B amamna3zone pasmepoB 5-0.5 HM HacTymaeT 3pa Me30CKONMU4Ye-
CKHMX CTPYKTYP U npuOopoB. Me30CKONMMUYECKHE CTPYKTYPhl — DJIEKTPOHHBIE TIPH-
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O0pBI, pa3Mepbl aKTUBHOM 00JaCTH KOTOPBIX COMOCTaBUMBI C MTapaMeTpaMH AJIEKTPO-
Ha. [Ipu pazmepax 0.5 HM 1 MeHee — 3pa KBAHTOBbIX KPHCTAJLJIOB.

10 am 0.5 am
|

Konew 3psI Me3zockonnueckue Opa KBaHTOBBIX
KNEMHUS — CTPYKTYpBbI: rpadeH, KpPHCTAJUIOB
rpaduToBBIC TPYOKH

v

['padper — 3T0 OMMHOYHBINA TUIOCKUMN JIUCT, COCTOSAIIMN U3 aTOMOB yriepozaa, oopa-
3YIOLIUX PEIIETKY U3 IMIECTUYTONBHBIX sueek. HaHOTpyOKH COCTOAT M3 TeX XKe IIec-
TUYTOJIBHBIX SYEEK, UMEIOT CPEIHUN JUAMETP OKOJO 1 HM M JUIMHY O HECKOJIBKUX
caHTuMeTpoB. Ho oTaebHBIN TPaH3UCTOP — 3TO He mpoueccop. IloaTomy kBaHTO-
BbIE KOMITBIOTEPHl MOTYT OKa3aTbCd OJIMKE MO BPEMEHHM, Y€M ME30CKOIMUYECKUE

CTPYKTYPBL.

1.6 OcHoOBHBIE ITaNbI PA3BUTHS NAPAIEJIbHON 00PadOTKH

Wnes napamienbHoi 00pabOTKH BO3HUKJIIA OJHOBPEMEHHO C MOSIBIEHUEM IEPBbIX
BBIUMCIUTEIbHBIX MaliMH. B Hauanme 50-x rr. amepukaHckuid MareMatuk Jx. QoH
HeliMan npemioxun apXuTekTypy nocienoBatenbHoi DBM, kortopas npuoOpena
KJaccuyeckue (popmMbl M NMPUMEHSETCS MPAKTHUYECKHM BO BCEX COBpeMEHHbIX DBM.
Opnnako ¢on Heiiman pazpaboTtan Takyke MPUHIIUI MOCTPOCHUS MPOLECCOPHON MaT-
pUIIBI, B KOTOPOM KaXKJIbIi TIpo1ieccop ObLT COEAMHEH C YETHIPbMSI COCETHUMMU.

D825. OnHo#t U3 NepBbIX MOJTHOMACIITAOHBIX MHOTOIPOILIECCOPHBIX CHCTEM SIBU-
nack cuctema D825 ¢upmbr “BURROUGHS”. Hauunas ¢ 1962 r. ObUIO BBIMYIIEHO
OOJIBIIIOE YHCIIO IK3EMIUIIPOB U Moaupukanuit D825. BrImyck mepBbIX MHOTOIPO-
LIECCOPHBIX CUCTEM, B yacTHOCTH D825, nukroBasics HEOOXOAUMOCTBHIO MOJTYyYEHUs
HE BBICOKOT'O OBICTPOJEHCTBHS, a BRICOKOI kuByuecTr DBM, BcTpanBaeMbIX B BOCH-
HbI€ KOMaHJHbIE CUCTEMBI U CUCTEMBI yIpaBieHUs. C 3TON TOUKHU 3pEHUsI Mapajlieib-
Hbele DBM cuntanmuce Hanbonee nepcnektuBHbIMUA. Cructema D825 conmepikana 1o ye-
TBIPEX MPOLECCOPOB U 16 MOAyNEN NaMATH, COEANHEHHBIX MAaTPUYHBIM KOMMYTATO-
POM, KOTOPBIN JOMyCKaJl OJTHOBPEMEHHOE COeTMHEHHE JIF000T0 Ipolieccopa ¢ J00bIM
0JIOKOM NaMSTH.

[IpakTrueckas peanu3aiys OCHOBHBIX MW MapajuiebHON 00pabOoTKM Havaliach
TONBKO B 60-X rT. 20 - ro cTONeTHsA. ITO CBA3AHO C MOSBICHUEM TPAaH3UCTOpPA, KOTO-
PBIi TO3BOJIII CTPOUTH MAIIUHBI, COCTOSIINAE U3 OOIBIIOT0 KOJIMYECTBA JTOTHYECKUX
AJIEMEHTOB, YTO MPUHIUIHAILHO HEOOXOIUMO JUIs peain3aliuu Jito0oil Gpopmel ma-
pajienusma.

CRAY. OcHoBomnoyIararoiiuM MOMEHTOM JJIsl Pa3BUTHUsI KOHBeepHbIX DBM sBH-
aock obocHoBanue akagemukom C.A. JlebeneBeiM B 1956 . MeTona, Ha3BaHHOTO
“NpUHIUIIOM BOAONPOBOJA” (M03KE OH CTajl Ha3bIBaThCs KoHgeuepom). [Ipexne Bce-
ro ObUI peann30BaH KOHBEHEp KOMaH/, HA OCHOBAaHUHM KOTOPOTO MPAKTHYECKH OJIHO-
BpEMEHHO OblIM mocTpoeHsbl coBerckas OBM BOCM-6 (1957-1966 rr., pazpaboTka
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HNHctruTyTa TOUHOM MexaHUKH U BbrunciauteabHoil Texuuku AH CCCP), u anrnumi-
ckas mammHa ATLAS (1957-1963 rr.). Kousetiep xomano mpeamnosiaral HaJlu4due
MHOT'OOJIOYHOM MaMsITH U CEKIIMOHUPOBAHHOIO MPOIECCOpa, B KOTOPOM Ha Pa3HbIX
sTanax 00pabOTKM HAXOJIUIOCh HECKOJIBKO KOMAH/I.

CrnenyroomuM 3aMETHBIM 1IArOM B Pa3BUTUU KOHBEHEPHOUW 0O0pabOTKHU, peanunso-
BanHOM B OBM CDC-6600 (1964 r.), Obut0 BBeJeHHWE B COCTaB Ipolleccopa He-
CKOJIBKUX (PYHKIIMOHAJIBHBIX YCTPOUCTB, MO3BOJSIONIUX OJHOBPEMEHHO BBINOJHATH
HECKOJIBKO apu(METHKO-JIOTUYECKUX OTEpaluid: CIOXKEHHE, YMHOKEHHUE, JTOTMYECKUE
oTepaluu.

B xon1e 60-x rr. ObUT BBEJICH B UCTIOIB30BAHUE apugmemuyeckuli KOHgeliep, KO-
TOPBIM Hamiea Haubojee moisHoe Boriomenne B DBM CRAY-1 (1972-1976 rr.).
ApubdmMernuecknii KOHBeMep mpeoiaraeT pa3oreHue 1UKIIa BBITIOJHEHUS apudme-
TUKO-JIOTMYECKON ONepanuy Ha psAJl ATANoB, IJs KaXIOr0 U3 KOTOPHIX OTBOAUTCS
coOcTBeHHOE oOopyaoBaHue. Takum 00pa3oM, Ha pa3HBIX dTanax oOpabOTKH Haxo-
JUTCST HECKOJBKO YHWCEN, YTO MO3BOJIAET MPOU3BOIUTH 3(PPEKTUBHYIO 0OpabOTKY
BEKTOpA YHCET.

Coueranre MHOTO(DYHKIIMOHAIBHOCTU, apu(PMETUUECKOro KOHBeHepa s Kax-
10T0 (DYHKIIMOHATBLHOTO OJIOKa M MajoW JIJIUTETbHOCTH TaKTa CUHXPOHMU3ALUU I10-
3BOJISIET MOJYYUTh OBICTPOACUCTBUE B IECATKM U COTHUM MUJIJIMOHOB ONEpalnii B ce-
kyHay. Takue 9BM Ha3zbiBatoTcs cynep IBM.

ILLIAC-IV. Wnes nojiydeHus CBEPXBBICOKOTO OBICTPOJEHCTBUS B MIEPBYIO OYe-
penn cBs3bIBaNach ¢ npoyeccopuvimu mampuyamu (IIM). Ilpenmonaranoch, 4To,
YBEJIMYUBAs B HY’KHOM CTEIEHH YKCIIO MTPOIECCOPHBIX AJIEMEHTOB B MAaTPUILIE, MOKHO
MOJIYYHTh JII000€ 3apaHee 3aJaHHOe OBICTPOICHCTBYE

[TockonbKy B 60-¢ TT. JIOTHUECKHE CXEMbI C OOJBIIMM YPOBHEM MHTETpAIlUU OT-
CYTCTBOBAJIA, TO HANPSIMYIO PEaM30BaTh NMPHUHIMIBI (DYHKITMOHHUPOBAHUS TPOIIEC-
COPHOM MaTpHIlbl, COJIEPAKAIIECH MHOXKECTBO JIEMEHTApPHBIX MPOLECCOPOB, HE MPE-
CTaBJISIOCh BO3MOKHBIM. [103TOMY J1s1 MPOBEPKU OCHOBHBIX UJIEH CTPOWIIMCH OJTHO-
POJHBIE CUCTEMBbI U3 HECKOJbKUX O0ibIUX MamuH. Tak, B 1966 r. Obl1a mocTpoeHa
cuctemMa MuHck-222, pazpadoranHas MHctutytom MareMatuku CUOMPCKOro OTAe-
neansi AH CCCP u munckum 3aBogoM 9BM um. I''K.Opmxonukuaze. Cucrema co-
nepxkana 10 16 coenuHeHHBIX B KoJibllo OBM Munck-2. /{5 Hee Ob110 pa3paboTaHo
cCrenualbHOE MaTeMaTHueCKoe 0OecreueHue.

Jpyroe HampaBiieHHE B Pa3BUTUU OJHOPOJHBIX Cpell, OCHOBAaHHOE Ha MOCTpOe-
HUW TPOLIECCOPHBIX MATPHI], COCTOSIIUX M3 KPYHHBIX MPOIECCOPHBIX JIEMEHTOB C
JIOCTAaTOYHO OOJIBIION JIOKAJIBLHOM MaMaThI0, BO3HUKIO B CIIIA m cBsi3aHO ¢ UMEHAMU
VYHrepa, Xomnauna, Cnorauka. beuta cozgana 9BM ILLIAC-IV (1966-1975 rr.), KO-
TOpasi HAaJOJIFO ONMpPEACNINIIa MYyTH PAa3BUTHS MPOIECCOPHBIX MaTpull. B mamnHe uc-
M0JI30BAIUCh MATPHULIBI 8X8 MPOLIECCOPOB, KAXAbIA C OBICTPOIEUCTBHEM OKOJIO 4
MJTH orr/c u maMsIThio 16 k6aiT. s ILLIAC-IV 6sutn pazpabotansl kKpome Accemo-
Jepa ele HEeCKOIbKO MapalljIeNIbHBIX S3bIKOB BBICOKOTO YPOBHsS. OCOOEHHO IIEHHBIM
SIBJIIETCS OMBIT Pa3pabOTKHU MapajuIesIbHbIX aJITOPUTMOB BBIUMCICHUM, OMpEEIUB-
muit 06act 3PPEKTUBHOTO UCTIOIB30BAHMSI TIOJOOHBIX MAIIIKH.

Tpancnbrorep. CoBepIIeHCTBOBAHWE MHKPOIJIEKTPOHHOM 3JIEMEHTHOW 0as3bl,
nosieiienne B 80-x ronax BC u CBUC no3Bonauiau pa3MecTUTh B OJTHOM MUKPOCXEME
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npoiieccop ¢ 4-Msi BHEITHUMHU CBSI3IMH, KOTOPBIN MOJTYYWI Ha3BAHUE MPAHCHbIOMED.
Ternepb CTano BO3MOKHBIM CTPOUTH CUCTEMBI C COTHSMU MPOLIECCOPOB.

BoeruncaurenbHble KiaacTepbl. [lanee pasBuTtue u ONpoU3BOACTBO cynep-OBM
MONUIO MHUPOKKUM NOTOKOM. CHaudajia CTpPOWJINCh MOHOJIUTHBIE MHOTOIIPOIIECCOPHBIE
CUCTEMBI, JIJII KOTOPBIX BCE pa3padaThIBAIOCh CHEIUAILHO JJIsi KOHKPETHOM CHCTe-
MBI: 3JIEMEHTHasi 0a3a, KOHCTPYKTHUBBI, SI3bIKA MPOTPaMMUPOBAHUS, ONEpalMOHHbIC
CUCTEMBI. 3aTEM OKa3aJIOCh MHOTO JCIIEBJIE CTPOUTH BBIYUCIUTENBHBIE KIACTEPHI HA
OCHOBE TPOMBIIUIEHHBIE CPEACTBA, MOSIBUJIMCH MHOTOSIEHBIE Ipoleccopa, ['puf,
KBaHTOBBIE KOMITbIOTEPHI.

HexoTopsle 3Tanbl pa3BuTus napamuielbHbix IBM kauecTBEHHO MOYKHO IpeacTa-
BUTH CJICAYIONICH TaOIHIIeH:

Ne | Hazpanue OBM | T'oasl | HoBu3Ha IIporpammsl
1 | D825 — onna u3 niep- 1962 Hoxazana Bo3moxxkHoCTh | [lepBasg OC st MHOTO-
BbIX  MHOTOIpOILEC- IIOCTPOEHUSI MHOTOINPO- | IPOLIECCOPHBIX CHUCTEM
COPHBIX CHCTEM 1IECCOPHBIX CUCTEM - ASOR
2 | Marpuunsiii nporiec- | 1972 | PeanuzoBana OKM/I | [MapaynenbHbIi S3bIK
cop ILLIAC IV MalllHa Glupnir
3 | BekropHo- xkouBeil- | 1976 | Ilpennoxenst kouBell- | [Ipennoxen SIBY Bek-
epas OBM CRAY €pHbIE BBIYUCIICHUS TOPHOT'O THUIA
4 | Tpaucnetorep T414 1985 | Pazpaboran mnpoueccop | SA3bIk onucaHus mapai-
Ha Kpucramie co cBass- | nenmusma OCCAM
MU JIJIs1 MYJBTUCUCTEM
5 | Knacrep Beowulf 1994 | Coopka Ha cepuiiHoM | Micnonb3oBaHbl  0ObIU-
000pyI0BaHUH Hble ceTeBbie OC
6 |I'pun 1998 | Heorpanuuennast Bo3- | GlobusToolkit, gLite
MOYKHOCTb PacIIUPEHUs]
7 | Muorosnepusie npo- | 2001 | Pazpa6oranst M mpo- | OpenMP u MPIL. Hyx-
11eCCOPBI IIECCOPBI C OOIIEeH M MH- | HbI HOBBIE pa3paboTKH
JMBHIy aJIbHON TaMSTBIO
8 | KBanToBniii komneto- | 2007 | KyOut, »cnoHEHIMAb- | AJITOPUTMBI [opa,
tep Orion KOMIaHUU Hasi CKOpocThb 3a cuer | ['poBepa. 3bIku Mone-
D-Wave CYTEPIIO3UIIHU JIMPOBAHUS
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I1asa 2. MEJKO3EPHUCTBIN NAPAJUIEJIA3M

Menko3epHUCTBIN Mapamieau3M 00eCIeYrBaAETCs 32 CUET Napajuiesiu3mMa BHYTPH
6a30BbIX 0110k0B (BbB), KOTOpbIE SBIAIOTCS YACTSIMU IPOrpaMM, HE COJAEPKAIUMHU
YCIIOBHBIX U 0€3YCJIOBHBIX MEPEX0JI0B. DTOT BU Napalljien3Ma peaausyercs: 0jJoka-
MU OJIHOTO TIpolieccopa: paznuyHbiMu AJIY, yMHOXUTENIMU, O10KaMu 0OpaIieHus K
naMsITH, XpaHEHUs aJipeca, epexo/IoB U Tak JaJiee.

2.1. llpyHIMNBI pacnapajie TMBaHus U IVIAHUPOBAHUA 0a30BBIX 0JIOKOB.

Pasmep Bb u ero yBeanuenue. bazoBwie 010ku HeBenMKHU Mo pazmepy (5 — 20
KOMaHJ) M JIaXXe TPH ONTUMAIHHOM IUIAHUPOBAHUHU TAPAIICIN3M HE MOXET OBIThH
OoonpimiuM. Ha puc.2.1. ToukamMu mpeacTaBieHa SKCIEPUMEHTANIbHAS 3aBUCHUMOCTD
YCKOpEHHUs OT pa3Mmepa 0a3oBoro Oioka. [lose mogydeHHBIX B 3KCIIEPUMEHTaX pe-
3yJIbTaTOB OIPAaHUYEHO KOHTYpPOM (TOYKAMM MPEJICTABJICHBI 3HAYEHUS I HEKOTO-
peix bb;). Ha ocHoBe puc.2.1. ¢ yueToM BEpOSITHOCTHBIX XapaKTEPUCTUK KOHTYypa pe-
3yJIbTATOB MOKHO MOJYYUTh CIAEAYIONIYIO0 KAUECTBEHHYIO 3aBUCUMOCTb:

h=a+bw,

rae a u b — xoucrantsl (a = 1, b = 0,15), h - cpeansis mmpuHa napamuienusma (Juc-
JO TapaJiebHBIX BETBEH), W — 4YHCIO KomaHa B mporpamme. CrenoBareibHO,
MOKHO CKa3aTh, YTO

t t

t :t /h= noci — noci
at+b-w 1+0.15-w

311ech: Lhap U lyoc; — BPEMEHA MAPAJICIIBHOTO Y MOCTIEA0BATEIIBHOTO UCIIOJTHEHUS O~
HOI'0O U TOT'0 XK€ OTpEe3Ka IpOTrpaMMBl.

Puc.2.1. PocT yckopeHHs B 3aBUCUMOCTH OT pa3Mmepa 6a30Boro 0y1o0ka
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Takum 00pa3oM, OCHOBHOM NyTh YBEJIWYEHUS CKAISIPHOTO Mapajliein3Ma IMpo-

rpaMMbl — 3To0 yuinHenue bb, a pa3BepTka — Hanbosee mpocToi crocod AJis 3TOTO.
[uko:

DO 11=1,N
C(D) = A() + B()
1 CONTINUE

uMeeT HeOOobIIyI0 1uHy bb, HO ee MOYKHO YBEIMUYUTh ITyTeM pa3BEPTKU MPUBEICH-
HOTO LIMKJIa Ha JIBE, YETHIPE U TaK JaJIe€ UTEPALNI, KaK TOKa3aHO HUKE

DO 1 I=1,N,2
C(I) = A(l) + B(D)
C(I+1) = A(I+1) + B(I+1)
1 CONTINUE

DO 1 I=1,N,4
C(1)=A() +B()
C(I+1) = A(I+1) + B(I+1)
C(I+2) = A(I+2) + B(I+2)
C(I+3) = A(I+3) + B(I+3)
1 CONTINUE

K coxanenuro, pa3BepTka BO3MOXKHA TOJIBKO, €CIIH:
¢ BCE UTEpALMU MO>KHO BBIIIOJIHATH [1APAJUIEIBHO;
¢ B TEJIE IIUKJIA HET YCIOBHBIX IEPEXOOB.

Meton ®umepa. CyiiecTByeT OOJBIIOE KOJIMYECTBO METOAOB YBEIWYECHHS Ma-
pautenu3ma rpu o0padbotke 6a30Bbix 06510k0B [10 ]. Ho B OosbIIMHCTBE ClTydaeB TEJO
IIUKJIA COJIEPKUT OTEePaTophl MepexoaoB. JJoCTaTOUHO yHHBEpCAIbHBIM METO Iijia-
HUPOBAHUS Tpacc ¢ y4eToM repexonoB npeaioxmi B 80-e roasl J.Fisher [11]. Pac-
CMOTPHUM 3TOT METOJ Ha mpumepe puc.2.2. Ha cxeme B KpyKKax MpeACTaBICHBI HO-
Mepa BEpIIHH, a PSJIOM — BEC BEPIIHHBI (BpeMs €€ UCIIOJNHEHHS); Ha BBIXOAaX Omnepa-
TOPOB MEPEXOJI0B MPOCTABIEHBI BEPOSATHOCTH 3TUX NIEPEXOOB.
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Puc.2.2. IIpumep BeIOOpa Tpacc
Bo3MoHBI TpU BapuaHTa MyTe UCTIOTHEHUS Tea UKIIA:
e myTh 1-2-4 oOmamaer oObeMOM BbIYHCIHCHUU (5+5+5) M BEpPOATHOCTHIO
0.8*0.8=0.64;
o MyTh 1-2 umeeT oObeM BbrumciieHui 5+5 u Beposaraocts 0.8%0.2=0.16;
o MyTh 1-3 umeeT oObeM BbrumciieHuit 5S+1 u BeposaTHocTs 0.2.

[Ipumem nyTh 1-2-4 B kauecTBe riaaBHOM Tpacchl. OcTanbHble MyTH OyAE€M CUHUTATh
IpOCTBIMU Tpaccamu. OrpaHu4uMcs pacCMOTPEHMEM METOJA IUIAHUPOBAHMS TPACC
TOJIBKO 10 OTHOLIEHUIO K IJIaBHOM Tpacce.

Ecnu mMeTon miaHUpOBaHMs TPacC HE NPUMEHSETCS, TO IJIaBHAS TPAacca COCTOUT
U3 TpeX He3aBUCUMBIX 010KOB. CyMMapHOE BpeMs BBIIOJIHEHMs 3TUX OJIOKOB OyAeT
B COOTBETCTBHUHM C BBIICTIPUBEACHHBIMU (POPMYJIaMU PABHBIM:

7, =0.64- > + > + 2 =
1+0.15-5 1+0.15-5 1+0.15-5

B Mertoe miianupoBanus Tpacc NpeaIaracTcsl CUMTaTh IIIaBHYIO Tpaccy eauHbIM bb,
KOTOPBIN BBIMOJHAETCS ¢ BepossTHOCTHIO 0,64. Eciin nepexooB U3 TaHHOW TPacChl B
JPyTHE TPACChl HET, TO 00beAMHEHHBIN bbb BhITIONHAETCS 32 Bpems

3-5

T,=064—> =
1+015-3-5

Takum 00pa3oM, BHIUTPHIIT BO BPEMEHH BBITIOTHEHUS TJIABHOW TPACChl COCTABUII
T1/T2 = 1.8 pa3. B obmiem ciyuae mpu o0bearHEHNH k OJIOKOB ¢ paBHBIM BpeMEHEM
UCTIOJTHCHUS W TIOTy4YaeM:

T, k-w k-w a+b-kw
—=( )/ ( )= el
T, ‘a+bw ‘a+bk-w a+bw

[Tpu noctpoenun ATID oobenuHenHoro bb u nanpHeieM mIaHUPOBaHUM KOMAaH IbI
MOTYT MepeMelaThCs U3 OJHOr0 UcXoaHOro bb B apyroii, okas3blBascCh BBILIE HIH
HUKE ollepaTopa Mepexo/ia, YTO MOXKET MPUBECTU K HAPYIIECHUIO JIOTUKHU BBIIOIHE-
HUS POTPAMMBI.

UYToOBl MCKIIOYUTH BO3MOXXHOCTH HEMPABWIHHBIX BBIYHCIICHUM, BBOASTCS KOM-
neHcalnoHHble KoAbl. Paccmorpum mpumepsl (puc.2.3). Ilycte Tekymias Tpacca
(puc.2.3,a) cocrout u3 onepauuii 1, 2, 3. IIpeanonoxum, 4yto onepauus 1 He gABISET-
Csl CPOYHOM M IepeMeNIaeTcsl MO3TOMY HUXKE yCIOBHOro nepexona 2. Ho roraa omne-
pauusi 4 yuTaeT HEBEpHOE 3HaueHHE a. UTOOBI ATOr0 HE MPOU3OILIO0, KOMIWIATOP
BBOJIUT KOMITIEHCUPYIOIIIYIO oneparuio 1 (puc.2.3,0).

ITycts Teneps onepanus 3 nepememaercs Boiie oneparopa IF. Torna onepanus
5 cuuTaeT HeBepHOE 3HaueHue d. Eciu Obl 3HaueHue d He UCIOJIb30BAJIOCH HA PacIo-
JIO’)KEHHOM BHE Tpacchl Kpae nepexoja, TO NepeMelleHre onepaiuu 3 Bbllle orepa-
Topa IF Ob110 OBI JOITYCTUMBIM.
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f.a:=b+c

2.IFx>10

|

1"a:=b+c

2.IFx>10 4.f:=a* 3 1.a:=b+c 4.f:=a* 3
I I I I
3.d:=a-3 5.g:=d+2 3.d:=a-3 5.g:=d+2
I I I I

0
I I I I
1.a:=b+c 4. a:=exf 1 a:=b+c [ 4. a:=e*xf
I I I
2.x:=x+1 3.d:=a-3 3.d:=a-3
| I
3.d:=a-3 2.x:=x+1
|
I
8 2

Puc. 2.3. Crioco0ObI BBEEHUS KOMIICHCAIMOHHBIX KOIOB

Paccmorpum nepexons! B Tpaccy u3BHe. IlycTh Tekymas Tpacca COAEPKUT Olie-
pauuu 1, 2, 3 (puc.2.3,B). [Ipeanosioxum, 4To KOMIUIISATOP MEPEMEIIAET ONEPALUIO 3
B MOJIOKeHue Mexay oneparusimu 1 u 2. Toraa B oneparuu 3 OyaeT UCHOIB30BAaHO
HEBepHOe 3HaUeHue a. Bo n3bexanue 31oro, HE0OOX0IMMO BBECTH KOMIIEHCUPYIOIIHMA
kon 3 (puc.2.3,r).

[TopsnoK MIIaHUPOBAHMS TPACC IS MMOJTYYEHUS] KOHEYHOIO pe3yJIbTaTa TAKOB:

1. Beibop odepenHOl Tpaccsl U €€ IUIaHUpOBaHME (pacnapajieIMBaHue U pa3Melie-
HUE I10 TIpOLIECCopam).

2. Koppekuus MeXTpacCOBBIX CBA3€H MO pe3ylbTaTaM YIAKOBKHU IO MPOLECCOpaM
ouepenHON Tpaccel. KOMIIEHCAIMOHHBIE KOZbI YBEIMYMBAIOT pa3Mep MalIMHHOU
IIPOrpaMMBbl, HO HE YBEIWYMBAKOT YMCJIA BBINNOJIHAEMBIX B IIPOLIECCE BBIYMCICHUMN
orepanum.

3. Ecin Bce Tpacchl MCUEPIIaHbl WM OCTABILHMECS TPACCHl UMEIOT OYEHb HU3KYIO Be-
POSTHOCTH HCIOJHEHMS, TO KOMIIWIALMSA IPOTPAMMBbI CUHATAETCS 3aKOHYEHHOM, B
IPOTHUBHOM CJIy4Yae OCYLIECTBISETCS NEPEXO Ha IMyHKT 1.

OCHOBHBIM 00BEKTOM pacHapajieIiBaHus B 00JaCTH CKASIPHOIO Hapaliesn3-
Ma siBJsitoTCs OazaBble Onoku. Ecnu Bb npencraBineH Ha sS3bIK BBICOKOT'O YPOBHSI, TO-
I71a pacnapajijieIMBaHUIO MOABEPraoTcs apupmernueckue Boipakenus. Eciau bb
IPEICTaBIICH Ha acceMOJiep MiIM B MAIIMHHBIX KOAAaX, TO pacnapalieIuBaeTCcss OTpe-
30K [IPOrpaMMbl. DTH onepaluu oTianyarorces. Jlanee OyayT paccMoTpeHsl 00a o
X0/1a, KOTOPBIE UCIIOJIB3YIOTCS B KOMIIUIIATOPAX Il aBTOMATUYECKOIO pacrapaiie-
JIUBAHMUSL.
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AJITOPUTM aBTOMATHYECKOI0 pacnapauieMBaHusi apupMeTHYeCKNUX BbIpa-
skeHud (mo A.B.BanbkoBckoMy). B 3TOM pasnmene ommcaH MeTOJ, MCHOJb3YOIIMMA
OTHOUIEHUE CTAPUIMHCTBA MEXAY omnepauusmu. Mies Meroaa B TOM, UTO B BbIpaxe-
HUU BBIJEISIIOTCS MOJBBIPAKEHUS, COJEPKAIUE CAMble BBICOKOIIPUOPUTETHBIE OIle-
pauuu. BeljeneHHble MOABbIPAKEHUS OJJUHAKOBOM ITyOMHBI «CKJIEHBAIOTCS» B OoJjee
KPYIHOE IOJBBIPAKEHUE, TAKUM O0Pa30M «BBIPACTAET» BBIPAXKCHHUE, BCE IMOJABBIpaA-
KEHMsI KOTOPOTO UMEIOT PABHOMEPHYIO TITyOUHY.

OOBIYHO B KaYeCTBE 3HAKOB apu(PMETUUECKUX ONEpaluil UCIOIB3YIOT: +, -, *, /, |,
w. /IBe mocnenHue onepanuu — BO3BEACHHUE B CTENEHb U YHapHbIH MUHYC. [Ipu He-
(opManbHOM M3JI0KEHUH 3HAK YMHOXKEHUS * MHOI/A olyckaeTcs. BBogutcs crap-
IIMHCTBO, WU IPUOPUTET, ONIEPALIHIA:

Pr(p) =4; Pr(!)=3; Pr(*)=Pr(/)=2; Pr(+)=Pr(-)=1.

OnuieM OJUH BapUAHT aJIrOpUTMa 0oJiee MOAPOOHO, UCTIONB3YS JJIsl HATJISAHO-
CTH TOJIBKO JIMIIIb BBIPAXKEHUS C orepanusMu +, *.

Jnst xpaHneHus: Tekyuied MHGOpMalM HaM MOTpeOyeTcs cleAyromias MaMsTh:
AYEUKU X — JUIsl CKAHUPYEMBIX ONEPaHIOB, Y — JJISI CKAHUPYEMBIX onepanui, L —
JUIS OIIEpalviM, CTOSIIEN CJIeBa OT TEKYLIEro onepaHaa, R — sl aHaJIOTUYHOM orle-
pauun cupasa, Out — IJIsI BBIXOJIHOTO BbIpaKeHUS, T; — STYEHKH AJIs 3alKiCH TPOo-
MEXKYTOUHBIX pe3yJbTaToB. KpoMe Toro, BoCmoiab3yemcsi BEKTOp-cTeKoM: St = (St,
St,) — xommoHeHTa St; s onepaHaoB; St, — I omepanuii; Sc — mnpoueaypa
CKaHMPOBAHUS CJIEIYIOLIEr0 CUMBOJIA BXOJHON CTPOKH; CUMBOJ —> 00O3HAYaeT 3a-
cpuIKy. CUuTaeTcs, YTO BXOJIHOE BBIpaKEHUE CJIEBa U CIIpaBa OrpaHUYEHO mpoodena-
MU, Pr (==) = 0. IlepBonauansHo B R u Out cogepxutcs mpooe.

Hlar 1. Sc — x, Se—> y, R—> L, y — > R. CkaHupyeTcs O4epeaHOM ore-
paH ¥ 3HaK ornepanuu nocie Hero. Onepanus (mpobent) cieBa OT onepaHa X 3achl-
JIaeTCA B AYEUKY L, cripaBa OT X — B STYEUKY R.

Ilar 2. Ecmu  (St=0 OR Pr (L)< Pr (R) OR Pr (St;)<Pr (L)) AND Pr (R)#
@, To Ha mar 3, uHa4de Ha mar 4.

Hlar 3. x —> St; , y —> St,, nepexoa Ha marl. 3amoMuHaeM onepaH] U onepa-
LU0 U IEPEXOIUM K CKAHUPOBAHUIO CIIEYIOIEH mapbl (onepaH, ornepanus).

Ilar 4. Eciu Pr (L) = Pr (St,), To Ha miar 5, nHave Ha mar 6.

Hlar 5. Out Ty y —> Out. Eciou Pr (y) = 0, To koHen pa3bopa, nHaue na mar 1.
3nech mpoMexxyTouHas sueiika 7y = (St; St, x). Takum oOpazoM, KOTJja HAMICHEI JIBE
omepaluy OJHOT0 CTApPIIUHCTBA, EPBas U3 HUX C COCEHUMHU OIEpaH/aMU TPyMHIu-
pyeTcsi B MPOMEKYTOUHBIA pe3ynbTar Ty, BCIE 32 HUM BBIMUCHIBAECTCS BTOpAsl OIie-
pamys, U BCE 3TO IPUMMCHIBAETCA K BBIXOAHOW cTpoke. [lanee Ty BocnmpuHMMaeTcs
QJITOPUTMOM KaK aTOMHBIN ONEpaHI.

Hlar. 6. Out x y —> Out, ecniu y = " ", To KoHel pa3dopa, nHave Ha mar. 1. B
ClIy4yae €CIM HE€ HaxOJWUTCS NIBYX OIEpalMil OJHOTO CTapIIMHCTBA M MPUOPUTETHI
MO Ha yObIBaHWE, OMEpaH] U ONepalus MPOCTO MPUIHUCHIBAIOTCA K BBIXOAHOMU
CTPOKE.
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[IpuBenEHHBIN AITOPUTM ONMUCHIBAET OJWH W3 IPOXOIO0B, MOCIE KOTOPOIO HEKO-
TOPBIE U3 MOABBIPAKEHUMN «CBEPTHIBAIOTCS» B IMIPOMEXYTOUHbIE pe3ynbTaTsl 1 ;. [1o-
CJIE ATOTO AJTOPUTM MOBTOPSETCS IO TEX MOP, MOKA BCE BBIPAKEHUE HE CBEHETCS K
€IUHCTBEHHOMY T.

Hwuxe nokazaHo BelpaxeHue e =a + b + ¢ * d* I* f+ g nocne cepun nocieno-
BaTEJIbHBIX IIPOXOJIOB.

1. BXoniHast CTpoKa: ==qa+ b +c*d*[*f+ gumm
2. Pesynbrar 1-ro ipoxoja; == T + T, * T; + ge=, T11C
T, (a +b), T, =(c*d), T5= (1 *f).
3. Pe3ynbTaT 2-10 npoxoja; === T, + Ts== rae
T4 = (T2 * T3 ), T5 = (T1 + g)
4. PezynbTar 3-10 poX0Ja; ===Tg==; Ts= (T4 + Ts).
5. BeixonHas ctpoka: == (((c *d) *(1*f))+((a+b)+g)) =

Huxe MMpcaAcTaBjiCHa Ta6n1/1ua, HO,Z[pO6HO OIIMChIBArOIIasA BEChb IPOLCCC npeo6pa-
30BaHHA YKA3aHHOI'O BBIPAKCHHA.

IIpoxon | Takrt | x y L |R Out T; St; | St
1 1 a |+ |[= |+ a +
2 b + + + —T + T1=a+b
3 |c |* |+ |* -+ C *
4 d * * * T +T,* To=c*d
s (1 [* [* |* —T,+T,* i
6 f * * * T +T,*T5+ Ts=1*f
7 g _— — T +T* T3+ g
2 8 T, |+ — —T T +
9 T, | * + * T +T,* T +
T, *
10 T; | + * + T+ Tyt T=T*T; | T +
11 g —_— — —Ty+Ts Ts=T+g
3 12 T4 | + —_— — Tyt Ty +
13 [ Ts | == |+ | == — T

JlepeBo BBIXOJIHOTO BBIpAKEHUS M300pakeHO HUKE Ha puc. 2.4.

T6/#

Apyc 3

Spyc 2
LT /\
&
L N SApyc 1
£
Puc.2.4. SII®, nomydeHHas Ha OCHOBE

c d e f 3 b  cpaBHeHus cTapIIMHCTBA ONEpaLUii
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JlokazaHo, 9TO ONMMCAHHBINA ANTOPUTM JAET B pe3yJbTaTe BHIPAKEHUE C MUHU-
MaJbHBIM BpEMEHEM BBITIOJIHEHHS. OTHAKO OH UMEET PSJl CYIIECTBEHHBIX HEIOCTAT-
KOB, TJIABHBIA M3 KOTOPBIX—MHOTOIIPOXOAHOCTh: OH TPEOYET CTOIBKO MPOXO0JI0B, Ka-
KOBO BpEMs BBITIOJIHCHHUSI CTEHEPUPOBAHHOTO BBIpaXeHHUS. UTOOBI M30aBHTHCS OT
MHOT'OIPOXOTHOCTH, HY>KHO B TIpoliecce pazdopa «HECTU» MOMyTHO MHGOpMaIHio 00
ypoBHE (OPMUPYEMBIX KOHCTPYKITUH. FIMeeTcst 0THOTPOXOAHASI BEPCHUS METOIa.

AJITOPUTM pacnapauleJJMBaHusl MporpaMmbl 0a3oBoro OJsoka. Iloctpoenue
STI® nnsa oTpe3ka mporpaMMbl TPOU3BOAUTCS MMYTEM OINpPeeNeHUs 3aBUCUMOCTH Tap
CMEXHBIX KOMaHJ| MpU aHaJIU3€ MPOrpaMMbl CBEPXY BHHU3 COTJIACHO aJTOPUTMY Ha
puc.2.5.

A e

Br16op ouepen- | — mpomesicymounas nepe-
HOW KOMaHOEL K MeHHAA

i — HOMep KOMaHOwl 8 npo-
cnamme

1=

A\ 4
Onpenenenue CBs3u
Ki ¢ xoMangaMu

Komagpr SIpy-

mmornam-
EcThb cBs3B

/ 1+1

IEEI | 3anucw K6 |
| 3anucs K; 6 I—>

He

Puc.2.5. AnroputrMm pacnapajienuBaHus apu(METHYECKUX BBIPAXKEHUH Ha OCHOBE CTApIIMHCTBA
onepauun
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InanupoBanue AIID 6a30BbIxX 0s10K0B. CIrITaHUPOBATH — O3HAYAET yKa3aTh, HA
KaKoM IpOLIECCOpPEe M B KAKOM TakTe OyJeT 3amylleH Ha MCIOJHEHHE HEKOTOPBIH
0510k BeiuucieHuii. Ha puc.2.6 npeacraBieH npuMep IIAaHUPOBAHUS OJHOTO sipyca
AI®, conepxkaiero 4 6y0ka pa3HON JIUTEIBHOCTH BBIUYMCICHUM HA 2 mpolieccopa.
B BapuanTe mnanupoBanus 0) sipyc AIID Beimonnsercs 3a 10 TakToB, B BapUaHTE B)
— 3a 6 TakTOB. KOHEYHO, 3TOT MpUMep OYEHBb MPOCTOM, HO OH MOKa3bIBAET, YTO ILIA-
HUPOBAHUE MOXKET J1aBaTh 3HAYUTEIBHO OTINYAIOIINECS 10 3(PPEKTUBHOCTU pe3yib-
TaThl.

[Ipoueccpsr
1 2 1 2
-O-O0-0-C
a) Spyc Al
6) B)

Puc.2.6. [Ipumep ninanupoBanust HekoTopoit AI1D

AJTOpUTMBI TUTAHUPOBAHUS CBSI3aHBI C MPHUPOAOH epaga ynpasieHus: COCTOUT
JM OH U3 OJHOrO WJIM HECKOJBbKUX 0a30BBIX OJIOKOB, SIBISETCA JU rpad ynpaBlieHUS
IUKIIMYECKUM UJTU al[UKIMYECKUM IrpaoM B Cllydae HECKOJIbKUX 0a30BbIX OJIOKOB.

ANTOPUTMBI IS OJIMHOYHBIX Oa30BBIX OJIOKOB HA3BIBAIOTCS JOKAIbHbIMU, OC-
TaJbHbIE — 2100ANbHLIMU. AJTOPUTMBI AIMKIMYECKOTO IJIAHUPOBAHUS CBSI3aHBI C
rpadamu ympaBlieHUsS , KOTOPBIE HE COJEPKAT IMKJIOB, MWW, YTO 00JIEe TUITHMYHO, C
MUKJIAYECKUMH Tpadamu, JUisi KOTOPHIX CYIIECTBYET CaMOCTOSTEIHLHOE yIPABJICHHE
Ha KaJI0M 00paTHOM yre rpada ynpapiieHus.

Metoa cnucouHbIX pacnucanuid. [LtanupoBanue mis enuHuyHoro bb 3akiroua-
€TCs B MMOCTPOCHUM KaK MOXHO 0oJiee KOpoTkoro miaHa. [lockonbKy 3Ta npobiiema
UMeeT MepeOOpHBIM XapaKTep, BHUMaHHE OBLIIO COCPEOTOUYCHO Ha ABPUCTUUYECKUX
anroput™Max IuiaHupoBaHusa. Cpeau TakuX aJlropuTMOB HamOoJiee TMOAXOSIIUMHU
OKa3aJIUCh CHUCOYHbIE pacnucanusl. AJTOPUTMBI TUIAHUPOBAHUSA IO CIUCKY MPH JIU-
HEMHOM POCTE BPEMEHHM TUIAHUPOBAHUS MPU YBEIWYEHUU YHCIIA TIAHUPYEMBIX 00b-
€KTOB, JIalI0T PE3yJIbTaThl, OTIUYAIOIINECS OT ONTUMAaIbHBIX Bcero Ha 10-15%.

B Takux pacnucaHMsX ONepaTopoM NPHCBAUBAIOTCS NPHOPUTETHI 110 TEM WU
UHBIM JBPUCTUYECKMM IPaBHIIaM, IOCJIE YEro OIEepaToOpbl YHOPSAIOYHUBAKOTCA IIO
yOBIBAHHMIO WJIM BO3PACTAHMIO MPUOPHUTETA B BUJE JMHEHHOTO cnucka. B mporecce
IUTAaHUPOBAHHUS 3aTEM OCYILIECTBIISIETCS Ha3HAYEHHUE OIEPATOPOB MPOLIECCOPAM B IIO-
PAIKE UX U3BJICYEHUS U3 CIIHCKA.

Ha pwuc.2.7,a npeacraBnena ucxonnas AIID. Homepa BepumnH JaHbl BHYTPH
KPY>KKOB, & BpEMsI UCIIOJIHEHUSI — OKoJI0 BepiinH. Ha puc.2.7,0 npuBeeHbl ypoBHU
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BepmvH. [log ypoBHEM BEpIIMHBI MOHUMAETCS JJIMHA HAHOONBIIEr0 IMyTHU U3 3TOU
BEpLIMHBI B KOHE4YHY!0. llocTponm 1 mpumepa nBa pacnucaHus W3 MHOYKECTBA
BO3MOKHBIX. JlJISI KaKI0T0 M3 HUX HAWAEM XapaKTEPUCTHUKU BCEX BEPIIHMH MO COOT-
BETCTBYIIIMM QJITOPUTMaM M NPUMEM 3HAYEHUS dTUX XapPaKTEPUCTHK B KAYECTBE Be-
JIMYUH IPUOPUTETOB 3TUX BEPILIHH.

B nepBoM pacnucaHuM BENIMYHMHA NMPUOPUTETA BEPIIMHBI €CTh €€ YPOBEHb. JTO
pacnucanue YP. Bo BTOpOM pacnucaHuy BEJIMYMHA NPUOPUTETA BEPILIMHBI €CTh €€
YpOBEHb 0€3 yueTa BpeMEeHHU HUCIIOJIHEHUS, TO €CTh 3/IeCh BECa BCEX BEPILMH IoJiara-
I0TCS OAMHAKOBBIMU (€IMHUYHBIMHU).

yP

bes
yp yuema

seca
I |B |Il |B

0) Ilpuopurersl u

4415 11 Cl)'II/ICKIi/I ngH_II/IH
1313 |4 |4
9 |4 14 |2 (I=— mnpuopuTeTsl,
6 |7 |4 |3 B — Homepa Bep-
5 12 |3 |5 1HH)
4 |6 |3 |7 | ) YpoBHH BepmHH
4 15 |3 |6
4 (112 |10
319 |2 |9
3 18 |2 |8
2 [10]2 |11
1 |12(1 |12

1 |2 |3 [4 |5 |6 |7 |8 |9 [10|1]]12|HoMmepa eepuiunbl
1415 1319 |4 |4 |6 [3 |3 |2 |4 |l |yposuu

2) Peasmmzanus pacnucanuii (P1, P2 — nporeccopsl, X — mpocToit mporieccopa)

VP (110 ypoBHI0 BepIinH)
P11 |3 |3 (3 [3 (3 [3]3 12
P2I1X |4 |4 |4 |2 |11|11|11]6 |5 |8 |8 |10|X

N
N
N
o
o

Pl |4 |4 |4 [T X|X]|5]6 [8 ]899 |12
P2lX 12 (313 (313 3 (3 |3 (7|7 |7 ]10|X |X |X

Puc.2.7. [Ipumepbl ABYXITPOIIECCOPHBIX CIIMCOYHBIX PACITUCAHUI

OO0 oNTHUMaNPHOCTH PACIMCAHUS MOYKHO CYIUTH MO KOJUYECTBY MPOCTOEB IMPO-
neccopos. [lepBoe pacnucanue naer 2, BTopoe — 5.
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2.2. Knaccupukanus Ouinepa s MeJIKO3ePHUCTOr0 Mapajie/iu3mMa

MenkosepHucmulii napanieausm — 3TO MapajuieNu3M B 00pabOTKe CMEXKHBIX KO-
MaHJl, OIlepaToOpOB, HEOOIBIINX BEKTOPOB JaHHBIX.

Yro0Obl peanin3oBaTh TOT BUJ Mapajuiesiu3mMa, KOMIWISTOP U anmaparypa J0JIxK-
HbI BBIMIOJIHUTH CJICAYIOIINE JEUCTBUS: ONPEACIUTh 3aBUCUMOCTH MEXK/y OIepalus-
MU; ONPEAENIUTh ONEpalri, KOTOPbIE HE 3aBUCAT HU OT KAKUX €IIE HE 3aBEPIICHHBIX
ornepanuii; CINIAaHUPOBATH BPEMS U MECTO BBIMIOJIHEHUS OTIEpAIUH.

B cootBerctBuuC 3TUM apxutekTypsl ¢ M3II MoxHO KiaccupuiupoBarh cle-
nytomumM oopaszoM (Tab.2.1):

1. Ilocnedosamenvrocmuvle apxumexmypwvl: apXUTEKTYPbl, B KOTOPBIX KOMITAJISATOP
HE MMOMEIIAeT B MPOrpaMMy B SBHOM BHUJIE KaKyO-THO0 MHGOPMAIIHIO O Mapaie-
mu3Mme. KoMnuisiTop TOabKO nepecTpanBaeT Ko JUIsl yIPOILEeHHs JeHCTBUH arna-
paTypsl Mo IulaHUpoOBaHUIO. [IpeacTaBUTENsIMU 3TOr0 Kilacca SIBISIOTCA CyTMep-
CKaJISIpHBIE MPOLIECCOPHI.

2. Apxumekmypsl ¢ yKazaHuem 3a8ucumocmeil: B IporpaMMe KOMITHISITOPOM SIBHO
NPEACTABIEHBI 3aBUCUMOCTH, KOTOPBIE CYIIECTBYIOT MEXIY ONEpalusMH, HE3a-
BUCHMOCTh MEXK]ly ONEpauysMHU ONpPEAeIIAeT anmaparypa. ITOT KJIacC IpeACTaB-
JISIFOT MPOLIECCOPHI NOTOKA JAaHHBIX.

3. Hezagucumocmuule apxumeKkmypbol: apXUTEKTYPbl, B KOTOPBIX KOMIIUJIATOP MOMeE-
IaeT B IPOrpaMMy BCIO MH(OPMAITUIO O HE3aBUCUMOCTH OTEPAIMK JPYT OT JIPY-
ra. 9ro VLIW-apXutexTypsbi.

Tab. 2.1. Knaccel mukponporeccopos mno duiepy

Tun apxurek-|Kto onpene-|Kro omnpene-|Kro mnanupyer|IIpencraBure
TYpbI JSeT 3aBHUCH- |[JII€T HE3aBHU-|BpPeMsl U MECTO |Jin

MOCTb I10 JaH-|CUMOCTb  TIO | BBIIIOJHEHUS

HBIM JTAHHBIM
[locnenosarens |Annapatrypa |Amnmaparypa |Amnmaparypa Crnepckansipx
HOCTHBIE bIif Pentium
3aBUCUMOCTHBIE | KOMIWISITOp | Amnmaparypa | Anmaparypa [TorokoBsIit

Pentium Pro

He3aBuCMMOCTH | KOMOWISATOP  |KOMOWISATOP | KOMIITUJISTOP VLIW  npo-
ble L[ECCOPBI

HekoTtopsle U3 3TUX NpoueccopoB pacCMOTPEHbI B KHUTE [11].

Cynepckansipable npoueccopbl. B Takux apxXuTekTypax KOMIOWISTOP HE POU3-
BOJUT BBISIBJIEHUE MAapAJIIEIN3Ma, TO3TOMY IPOrpaMMBbI JJIsl MOCIEA0BATEIbHOCTHBIX
aApXUTEKTYp HE CO/epXkaT SIBHO BbIpAXXKEHHOW MH(pOpMaluu 00 UMeroIeMcs naparie-
JU3MeE, U 3aBUCUMOCTH MEXI1y KOMaHJIaMU JTOJKHBI ObITh ONPE/IeICHbBI armnapaTypou.
B HekoTOphIX cllydasX KOMOWISTOP MOXKET i oOjierdyeHusi paboThl ammapaTypsl
POU3BOJIUTH YIOPSIOUMBAHUE KOMaH/l. Eclii KOMaH/1a He 3aBUCUT OT BCEX APYTUX
KOMaHJI, OHa MO>KET OBITh 3amyIieHa. Bo3aMOXHBI Ba BapuaHTa MOCIEI0BATEIbHON
ApXUTEKTYphl: CYNIEPKOHBEWEp U CylepcKaysipHas opraHu3auus. B mepBoM ciydae
napajjieii3M Ha YPOBHE KOMaHJ HY>XEH I TOro, YTOOBI MCKIIFOUHUTH OCTAHOBKH
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KOHBelepa. 3/1ech annapaTypa JI0JKHA ONPEIeTUTh 3aBUCUMOCTH MEXy KOMaHIaMU
U [IPUHATH PENIEHUE, KOrJa 3amycKaTh ouepeIHyo KoManay. Eciau konBeliep croco-
OcH BBIpa0aThIBATh OJUMH PE3yJIbTAaT B KaKJIOM TaKTe, TAKOWM KOHBeWep Ha3bIBACTCS
cynepkoHeetiepom. 3a CUeT YMEHbBIIIEHUS 00beMa paboThl B OJTHOM TAaKTE BO3HUKAET
BO3MOKHOCTh TTOBBICUThH YACTOTY TaKTUPOBAHUS Tporieccopa. [Ipu aTom, uem anunee
KOHBeliep, TeM Bbllle yacTota. CoBpeMeHHbIe KOHBeepbl umMeroT JiuHy 10 30 3Ta-
TOB.

JanbHeiimas 1enb — HIoOCTPOeHHUE Mpolieccopa ¢ HECKOIBKUMU KOHBEHepaMu, 4To
MO3BOJISIET 3aIyCKAaTh HECKOJIBKO KOMaH[ KaKIblil TakT. Takol mpolieccop Ha3biBa-
eTcs cynepckaispHvim.B KauecTBe mpuMepa MPUBEAEM CXEMY MHUKpPOIpoleccopa
Pentium (puc.2.8).

Ko komann

U POH v
PF PF | Prefetch — Beibopxka xo-
D1 D1 | Decode — nemmudparus moneit
D2 D2 | Decode — Beruncnenue aupeca
EXE [«—» «—»|EXE| Execution — ucrojgHenue
WB WB | Write Back — 3anmce B peructp

v
Ko manabx

Puc.2.8. Cxema MuKpormpoiieccopa Pentium

31ech uMeeTcs ABa LeNo4YUCIeHHbIX koHBeliepa U u V, KoTopble 00pa3yroT cymnep-
CKAIPHYIO apXUTEKTYypy. PaccMOTpUM BO3MOXKOCTH CYyNEPCKAISIPHOIO MHUKPOIPO-
ueccopa. llycts umeercss orpe3ok mporpammsl Ha ABY u COOTBETCTBYrOIIMN €My
acceMOJiepHBIi BapuaHT Ha si3bike accemOnepa MIT i80x86:

DO11=1,10 M: mov edx, [eax + a]
AD=AD+1 mov ecx, [eax + b]
1 B(O=B{I+1 inc edx
Inc ecx

mov [eax + a], edx
mov [eax + b], ecx
add eax

jnz M
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B 3T0M nporpamMme KOMaHAbl pacloa0KEeHbI IOCIEA0BATEIBHO, HUKAKUX OTMETOK
0 TnapajuleaM3Me KOMaHJ HET, HO Ha JTane KOMIWISALMM KOMAaHJIBI IEPECTABICHBI
TaK, 4TO NapaJlIeJIbHbIE KOMAH/bl B IPOTPaMME SIBJISIFOTCS CMEKHBIMH.

B pe3ynbTare moTakTHOTO pacnapaienuBanus B KoHseilepsl U u V Oyner 3a-
Ipy’K€Ha U MCIIOJIHEHA CJIEyIOIas IIporpaMma:

Komnsetiep U Kowusetiep V

M: mov edx, [eax + a] mov ecx, [eax + b]
inc edx inc ecx
mov [eax + a], edx mov [eax + b], ecx
add eax, 4 jnzM

KOTOpasi TpeOyeT A7l CBOETO UCIIONIHEHUS 4 TakTa BMECTO 7 B HCXOJIHOM TEKCTE.

IIpoueccopbl moToka nanHbIX. CyIIECTBYET /iBa TUIA YIPABICHUS BBIOJTHEHH-
€M MporpaMMmebl: ynpasnerue om nomoka komaro (IF — Instruction Flow) u ynpasne-
Hue om nomoka danuwix (DF — Data Flow). Ecnu B 9BM nepBoro tuna ucnonib3yer-
Csl TPAAUIIMOHHOE BBITIOJIHEHHE KOMaH/ MO X0y X PACIIONIOXKEHUsI B IPOrpaMMe, TO
npumeHeHue 9BM BTOporo Tumna npeamnojaraeT akTMBALMIO ONEPATOPOB MO MEPE UX
TEKyLIEd TOTOBHOCTH.

B ciyuae DF Bce y3nb1 nndopmarimonHoro rpada 3anauu npeacTaBisIOTCS B BH-
Jie OT/AEIBHBIX ONEPaTOPOB:

KOIT O1, 02, A3, BC

rae Ol, O2 — nons amg npueMa mepBoro U BTOPOro ONepaHioB OT APYTUX ONEPaTo-
poB; A3 — aapec (M) oneparopa, Kyaa noceuiaercs pesyibrat; bC — 010K coObI-
tuii. B BC 3anuceiBaeTcsi 4ynciio, paBHOE KOJWYECTBY OMNEPaHJIOB, KOTOPOE HY>KHO
NPUHSATH, YTOOBI HAYATh BBITIOJIHEHHE TaHHOTO orepaTopa. [locie npuema ovepeaHo-
ro onepanga u3 bC Beruntaercs egununa, korga B bC oka3piBaeTcst Hylb, OniepaTop
HAa4YWHAET BBITOIHATHCA. [Iporpamma nmomHocteio noBTopsieT MI', HO ee omepaTopsl
MOTYT PacrojiaraThCs B MaMSITH B MPOU3BOJILHOM MOPSIKE. BEIMOMHATHECS OHHM OyIyT
HE3aBUCHUMO OT HAYaJIbHOTO PACTIOJIOKEHUS CTPOTO B COOTBETCTBUU C 3aBUCUMOCTBIO
10 JJAaHHBIM. JTO U €CTh YIpPaBJICHUE MOTOKOM JaHHbIX. CunMTaercs, uTo Takas Gop-
Ma nipeactapiienus U™ obecnieunBaeT HanOOIBIINI MOTEHIIMATBHBIN MapalIeINu3M.

B ciyyae 3aBUCMMOCTHON apXUTEKTYPhl KOMIIUJISATOP WJIM MPOTPAMMHUCT BbISB-
JSAIOT NapaJuIeIu3M B IPOrPaMME U MPEICTABIISIIOT €70 allaparype MyTeM ONMHUCAHUS
3aBUCHMOCTEN MEXIy OIepalrsMy B MAIIMHHOW Nporpamme. ATmaparypa BCe ke
enle JTOoJKHA ONMPEAENIUTh Ha dTalle UCIIOIHEHU, KOrAa KaX/aas ornepannsi CTAHOBUT-
Cs1 HE3aBHCUMOM OT BCEX JIPYTUX OINEpalUii, U TOT/a BBIIOJHUTH TUIAHUPOBAHUE.

Ho mpexae paccMOTpuM BONPOC O BIUSHUU KOJIMYECTBA PETHUCTPOB OOIIEro Ha-
3HaueHusi POH Ha Bennunny napauienusma. CyliecTByeT HECKOJIbKO BHJIOB MaMSTH
C pa3HBIM BPEMEHEM JIOCTYyTa U 00bEMOM XPaHUMOUN HH(POPMAIIUHN:
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Tun namsitu Bpewmst noctymna, Taktel | O0bem

POH 1 00BIYHO /10 16 GaiT
Ko 1-2 COTHU KUJIO0AUT
OneparuBHas NaMATh 20 - 50 rurabanThl

Peructpsl — camas ObicTpas mamsaTb. OObIMHO MX HeMHoro. Paccmorpum cre-

4
JIYIOILyI0 CUTyaruio. ITycTs TpebyeTcs COKUTh YeThIpe ducna - Y a, . Paccmorpum
i=1

ATy OIEpaluio JJisl IBYX CiydaeB: B MUKporponeccope umeercsa 2 win 4 POH. B
nporpamme s AByx POH m3-3a HegocTaTka perucTpoB NPUXOAUTCS MPOMEKYTOU-
HbIE PE3yJbTAaThl 3AMKMCHIBATH B MAMSTh, [I03TOMY MPOTPaMMBbl YIJIMHAETCS U B HEUT
HET mapajienn3ma. Eciu npeamnonoxuTh, 4To 0JHO OOpalleHHe K MaMATh 3aHUMAaeT
3 Takra, a cilokKeHue — | TakT, TO MpUBEAEHHAsA IporpaMmMa BoinonHsaeTcs 3a 30 Tak-
TOB.

[IporpamMma npencraBiaeHa HAXKE.

mov rl, [a;]
mov 12, [a;]
rl=rl+r2

mov [by], rl

mov rl, [a;]
mov 12, [as]
rl=rl+r2

mov [by], rl

mov rl, [by]
mov 12, [bs]
rl=rl+r2
mov [c], rl

YBenuueHue 4uciia perucTpoB 10 4 —eX YCTpaHseT UCIOJIb30BAaHUE MPOMEKY-
TOYHBIX IIEPEMEHHBIX U MO3BOJISIET TapaJIJIEIbHOE BBIITOJIHEHUE ONEpaLii:

mov rl, [a;]

mov 12, [a;]

mov 13, [a3]

mov r4, [a4]
rl=rl+r2, r3=r3+r4
rl=rl+r2

mov [c], rl

Uroro, 17 TakToB, 4TO 3HAYMUTEIILHO MEHBIIIE, YEM B MpeablayiemM ciydae. [Ipu yBe-
TMYeHnH o0bema MaHHbIX U yncia POH Beurpeim Oyaer HaMHOTO OOJTBIIIe.
Muxkpomnponeccop Pentium Pro komnanuu Intel (puc.2.9) moctpoeH mo npuHIUITy
ympaBieHuss oT notoka maHHbeiX (DF), oTcioma u monydwsi Ha3BaHHWE MOTOKOBOTO.
['maBHOE B MOTOKOBOM IPOLIECCOPE — BBIIOJIHUTH KOMAaHAY Cpa3y, KaK TOJBKO CTAaHYT
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JOCTYTHBI BXOJIHBIE ONEPAH]Ibl U OCBOOOSATCA HEOOXOAUMBIE (DYHKIIMOHATIBHBIE YCT-
pOMCTBa.

BJI I1B YK
A\ 4 Y
— K
Kon V1 v2 | v3 BC
Kon V1 Vi | V2 BC

Puc. 2.9. Ctpykrypa MII Pentium Pro ¢ mpousBosibbiM

MMOPSAAKOM BBIIIOJIHCHUS KOMaH{

brnok BJl (BbiOOpKa M JEKOAMPOBAHME KOMAaH) IO CYILIECTBY SIBJISETCS MHUKPO-
IPOrpaMMHON YacThio KoMnuiigTopa. OH oOecrieunBaeT:

o UYrenue komang u3z KOII u ux npeodbpazoBanue u3z gpopmara i86 B popmar DF
(ympaBJIeHHE OT IMOTOKA JTaHHBIX )

o 3amuck komaHna B 0ydep komann B 6ydep komann BK. B BK xomanasr npen-
CTaBJIeHBI B TpexaapecHoM (dopmate. [lockonbky B cucreme KomaH i86 Maio
POH (Bcero 8), To anst ycTpaHeHHUs JOKHBIX 3aBUCUMOCTEN o gaHHbIM B MII
Pentium Pro BBeneno 40 AOMOMHUTENBHBIX PETHCTPOB, KOTOPHIE HEAOCTYITHBI
nporpaMMucTy. OHHU UCHONB3YIOTCSl anmnapaTypou JJisi BPEMEHHOTO XpaHEHUs
pe3ynbTaToB. O003HAYMM 3TH PETUCTPBI BpeMEHHOTro XpaHeHus yepe3 V. Toraa
Ha pucyHke V1, V2 u VP 0603Ha4atoT COOTBETCTBEHHO HOMEpa PETUCTPOB IS
XpaHEeHHMsI IEPBOro, BTOPOTO ONEPaHAOB U pe3yibTaTa.

bnok I1B (mmanupoBaHue W BBITIOJIHEHUE) SBISETCS IeHTpaibHbIM Oj0koM MII Pen-
tium Pro. IMeHHO OH BBINIOJTHSAET KOMaH/IbI B TTOPSAKE UX ToToBHOCTH. [1B comepxut
HeckoJibko AJIY u ycTpoiicTB oOparieHus K nmaMmsaTu. 3a oauH TakT 1B BemonHseT
CIECIYIOIIHNE JECUCTBUA:

o Brigenser B BK komaHabl, TOTOBBIE K MCIIOJTHEHUIO.

o [lmanupyer u Ha3HA4YaAET HA UCIIOJHEHUE JI0 MSATU KOMaH/I, MOCKOJIbKY B [1B
MMEETCH ISITh UCTIOJIHUTEIIbHBIX YCTPOUCTB.

o BBhINoONHAECT 5TH KOMaH/BbI.

o Ilepenaer pesynbrarsl B 610k BK, BerunTaer equnuiry u3 bC u B ciaydae Bo3
MOKHOCTH YCTAaHABIIMBAECT B KOMAH/1aX MIPU3HAK TOTOBHOCTH.

Yr1oOn! 0ok 1B MOr BBIMOMHATE 3a OAUH TAKT 40 3...5 KOMaHI, HEOOXOIUMO,
yTo0bl B BK Haxomunock mo 20...30 komann. [lo cratuctuke cpeam Takoro oobema
KOMaHJ| B CpeIHEM UMeeTcsl uMmeercs 4...5 KOMaH]l yCIOBHBIX nepexoaoB. Ciaenoa-
TenbHO, B bK Haxonurcs HekoTopas Tpacca BBINOJHEHHS KoMaHia. BbeIOOp Takux
HauOoJee BEpOSATHBIX Tpacc siBigeTcs HoBoM ¢pyHkuuerd MII ¢ HenocnenoBaTebHbIM
BBITIOJIHEHWEM KOMaHJI. JTa (QyHKIMs BbinoiHseTcsa B 010ke B/l Ha ocHOBe pacmiu-
peHHoro 10 512 Bxos10B 0y(depa ucropun nepexo10B.
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[TockonbKy peasibHO BeUMCIICHHBINM B [IB agpec mepexona He Bcerga COBIANAET C
npenckazanHbM B 010ke B/, To Beruncnenue B [1B BeIMOMHSETCS YCIOBHO, T. €. pe-
3yJIbTAT 3alUCHIBACTCS B PETUCTP BPEMEHHOI0 XpaHeHHus. TOJIbKO MOCJe TOro, Kak
YCTAHOBJIEHO, YTO MEPEXO0J] BHIMIOIHEH MPaBWIbHO, OJ0K yaaneHus koman] YK BbI-
Bo/uT U3 BK Bce BBINOTHEHHBIE KOMAH/IbI, PACTIOJIOAKEHHBIE 32 KOMaHA0U YCIIOBHOTO
nepexoja, npeodpasyer ux B opmar cuctembl (86 U MPOU3BOJIUT 3aMUCh PE3yibTa-
TOB IO aJpecaM, YKa3aHHbIM B HCXOJHOM IporpaMMe.

He3zaBucumocTHbIE apxXuTeKTypbl. K TaKUM apXUTEKTypaM OTHOCSITCS MPOLEC-
copsl co cBepxuHHONW kKoMaHoi (CJIK), onHako /uist HUX 4alie UCTOIb3yeTcsl Ha-
3Banue — mporeccopsl VLIW (Very Long Instruction Word). UToObl BBITTOTHUTH
orepalyy MapamieJbHO, CUCTEMA JIOJDKHA ONPENENUTh, SBISIOTCS JIM ONepaluy He-
3aBUCUMBIMH OT Apyrux. CynepcKalspHbIA U MOTOKOBBIM MPOLIECCOPHI MIPEACTaBIs-
10T JIBa crioco0a U3BJIEUYECHMS 3TOM MH(POPMALIMU Ha 3Tane UCNoJHeHus. B ciayyae no-
TOKOBOTO MpOIECCOopa 3Ta siBHAasE MH(OpMAaIUs HCHOJb3YeTCs, YTOObl ONPEIeIUTh
MOMEHT 3artycka KoMaHabl. CynepcKaasipHbIi MPOLECCOP AENIAET TO )KE caMoe, OJHa-
KO, U3-32 OTCYTCTBUS SIBHOM MH(GOpPMAILIMKM OH BBIHYXICH CHayaia ONpelessTh 3aBU-
CUMOCTHU MEXAy KoMaHJaMu. HarpoTus, /111 HE3aBUCUMOCTHBIX apXUTEKTYP KOMITH-
JSATOP ONpENesaeT napaiesiu3M B IPOrpaMME U MPUBSA3BIBAET €T0 K anmnaparype Iy-
TEM YKa3aHWs, KaKkhe OMepalud HE3aBUCHUMBI OT JAPYrux. JTa MHGOpMAaIHs €cCTh
npsIMOE yKa3aHWE JJId anmnapaTypbl, KAKHe ONepallid MOXHO MPOBOAUTH B TOM K€
caMoM mwHKiIe. BMecTo omucaHus BceX HE3aBHUCHMBIX KOMAaHJ OOBIYHO OIKCHIBAIOT
TOJIbKO YaCTh 3TUX HE3aBUCHUMBIX KOMaH/I, KOTOPBIE MPEIO0IAraeTcsl BHIMOIHUTD OJI-
HOBPEMEHHO.

Ecnu apxutexTypa JOMOJHUTENBHO TpeOyeT, 4TOOBI MporpaMma ONKChIBaia, Ie
(B KakOM (DyHKIIMOHAJILHOM YCTPOMCTBE) M KOI/1a (B KAKOM TaKT€) OIepals BbIIOJ-
HSJIaCh, TOTJIa 000PYI0BaHHIO BOOOIIE HE HAJIO TPATUTh BPEMEHU HA MPUHATHE ITUX
pElIEHNA, U BBIXOAHAS 3alKCh MOCIEI0BATEIbHOCTH MCIOJIHEHHBIX ONEpaluid MmoJ-
HOCTBIO COBIIAJAET C BXOAHOMU Iporpammon. [loctpoennsie k aTomy Bpemenu VLIW
npoyeccopvl 00JaAaI0T UMEHHO Takol apxutektypoil. [Iporpamma qis VLIW mpo-
IIECCOpa TOYHO OMKCHIBAET, HA KAKOM (PYHKIITMOHAIBHOM YCTPOUCTBE U B KAKOM TaKTe
orepanus JI0JKHA ObITh 3aIyIeHa, Tak 4ToObl OHa ObUTa HE3aBHCHMa OT BCEX 3aIyC-
KA€MbIX B IAHHOM TaKT€ ONEpaluil U OT APYTUX €lI€ HE3aKOHYEHHBIX OIMEpaIiuii.

Hns VLIW mponeccopa BaXXHO BBECTH Pa3IMUUE MEKIAY KOMAHIOW U ONEpaLUEn.
Omneparusi €CTh €IUHUIA BBIYUCICHUN (CIOXKEHWE, BHIOOPKA W3 MaMSTH, TIEPEXO.)
U1l mocnenoBarenbHol Mamuubl. VLIW koMaHna (CBepXAJIMHHAsi KOMaHJia) €CTh
psiI omepanuii, KOTOpble MPEANoaraeTcsa 3amyCTUTh OJHOBPEMEHHO. 3ajaueid KOM-
NUJISTOPA SBJISIETCS OMPEEIICHUE TOTO, KaKue ONepalvy JOJDKHBI BXOJAUTh B KOMaH-
y. DTOT HPOLIECC HA3bIBAECTCS NIaHUposaHuem. Bce TOmyCTUMBIE ONEPAIUU yIIAKO-
BBIBAIOTCA B €AUHYI0 KomaHay. [lopsimok omepanuii BHYTpU KOMaHAbI 33Ja€T yCT-
pPOMCTBA, HA KOTOPBIX Ka)XJasl Onepanus 10KHA BBITOJIHATHCS.

[IepBbIM MPUMEPOM TAKOW APXUTEKTYPHI ABISIETCS APXUTEKTYypa MHUKPOIPOIIEC-
copa komnanuu Intel mox HasBanuem ltanium (panee Merced), pazpaboTaHHas B Co-
oTBeTCTBUU ¢ KoHueniuen [4-64 (Intel Architecture ans 64 pa3psaoB) U CTpyKTypa
CIK mukpomnpoueccopa C6 komnanuu Texas Instruments.
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2.3. VLIW,

Apxutektypa npoueccopa C6 (Texas Instruments). OcoOGeHHOCTBIO TIpoIIEC-
copa SIBJISIETCS HaJluuue ABYX NPAKTHUYECKU MACHTUYHBIX BBIYUCIUTEIbHBIX OJIOKOB,
KOTOpbIE MOTYT paboTaTh IMapauieIbHO U 0OMEHUBAThCSA JaHHBIMU. Kakmplid OG0k
COJICPKUT YeTbIpe (PYHLHUOHAIBHBIX YCTPONCTBA, KOTOpbIE TaKKe€ MOIYT padoTaTh
napaiyIeNbHO.

Ha puc.2.10 npencrasieHa cTpykTypa npoueccopa. biioku BeIOOpKH Iporpamm,
TUCHETYMPOBAHUA W JIEKOJWPOBAHUS KOMAHJ MOTYT KaXKIbIi TaKT JOCTABISATH
(GYHKIIMOHATBHBIM OJIOKaM 10 BOCbMHU 32-pa3psaaHbix komann. OOpaboTka KOMaHI
IPOU3BOAUTCS B B MyTAX A U B, Kaxablii U3 KOTOPBIX COAEPKUT 4 (DYyHKIIMOHATIbHBIX
ycrporictBa (L, S, M, u D) u 16 32-pa3psinHbix peructpa oduiero HazHaueHus. Kax-
noe @Y 0gHOro myTH MOYTHU UIAEHTUYHO cOOTBETCTBYIOIEMY DY npyroro mytu.

IIporpaMMHBIN K311

bnox BeIOOpKH, TUCTIETYUPOBAHUS

Iyt A IIyts B
Perucrpossrii ¢aitn A Peructpossiii ¢aiin B
| | | e[ [ [ |
L1 S1 M1 D1 D2 M2 S2 L2

Ko manHbIx

Puc.2.10. Crpykrypa mukponpoueccopa C6

Kaxmoe @Y npsimo obparaercst K perucTpoBomy (haitiry BHyTpH CBOETO ITyTH, OJTHA-
KO CYIIIECTBYIOT JOTIOJHUTEIBHBIC CBSI3U, TT03BOJIsIoNME DY OTHOTO My TH MOTY4YaTh
JOCTYTI K JAHHBIM IPYTOTO MyTH. OYHKIIMOHATBHBIE YCTPOUCTBA OMMCAHbI B TA0JIN-

nc:

OyHKIHUOHAIb- Onepanyu ¢ GUKCUPOBAHHOM TOYKOM
HO€ YCTPOMCTBO
L 32/40-pa3psimabie  apuMeTHYeCKUe, JIOTHYECKHE W OIepalliu
CpaBHEHUS
S 32-pa3psaHbie  apuPMETHIECKHEe, JIOTUUECKHE OTIepalliH, CIBHUTH,
BETBJICHUS
M 16-pa3psiiHOE YMHOXKEHUE
D 32-pa3psiIHOE CIOKEHUE, BBIYMTAHME, BBHIYMCIICHHE a/IpECcOB, OIle-
paru oOopalieHusl K maMsiTi
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3a OIMH TaKT U3 IaMATH Bceraa u3BiekaeTcsd 8 komaHa. OHU COCTABIISIOT ITAKET
BBIOOPKH TMHOIO 256 pa3psanoB. B Hem conepxkutcs 8 32-pa3psiiHbIX KOMaHI.

Brinmonnenue oTaenbHOM KOMaHAbl YaCTUYHO YIPABISIETCS p-pa3pslioM, paciio-
JIO)KEHHBIM B 3TOM KOMaHJE. p— pa3psijibl CKaHUPYIOCS clieBa HarpaBo (kK Oosee
CTapllIMM aJpecaM KOMaH] B nakere). Ecnu B komaHe i p-pa3psna pasBeH 1, To i+1
KOMaHJIa MOKET BBINOJHATHCS MapajuiesibHO € i-0il. B MpOTHBHOM cilydyae KOMaH[a
i+1 momKHA BBIMOIHATHCSA B CIEAYIONMIEM IMKIIE, TO €CTh MOCJE LMKJIA, B KOTOPOM
BBITMIOJTHSIACh KOMaH/a i. Bce koMaHabl, KOTOpbIE OyIyT BBIMOIHUTHCS B OJJHOM IIHK-
1€, 00pa3yroT UCTIOJHUTEIBHBIN MaKeT. [lakem 6bl00pKU W UCNOJIHUMENbHBIU NAKem
3TO Pa3IUIHBIC OOBEKTHI.

M cnoTHUTENbHBIN MAKET MOXKET CoJiepKaTh A0 8 koman . Kaxaas komaHaa 3To-
ro MmakeTa JOJKHA UCI0JIb30BaTh OT/EIbHOE (DYHKIIMOHATBLHOE YCTporcTBO. Mcmol-
HUTEJbHBIN MaKeT HEe MOXKET NepecekaTh Ipanully 8 ciaoB. CienoBaTebHO, TOCIE-
HUUW p-pa3psj B MaKeTe Beerja ycTaHaBIuBaeTcs B 0 U KaX bl mMakeT BHIOOPKHU 3a-
MyCKaeT HOBBIM UCIIOJIHUTENIBHBIN MakeT. IMeeTcst Tpu TUIa MakeToOB BIOOPKU: MOJI-
HOCTBIO OCJIeI0BATEIbHbIC, IOJHOCTHIO MapajuiesibHbIe, U CMEIIaHHbIe. B nmomHo-
CTBIO TOCIIEIOBATEIbHBIX MTAKETAX p-pa3psabl BCEX KOMaH]l yCTaHOBJEHHI B 0, clieso-
BaTEJIbHO, BCE KOMAaH/Ibl BBITIOJIHAIOTCS CTPOTO MOCIeI0BaTeIbHO. B moiaHOCThIO Ta-
paJlIEIbHBIX MAKETaX p-pa3psbl BCEX KOMaH]l YCTAaHOBJICHBI B 1 ¥ Bce KOMaH bl BbI-
MOJTHSIOTCS TapayuiebHo. [IpuMep cMeaHHoro nakera BBIOOPKH M3 BOCBMH 32-
pa3psaHBIX KOMaH] IpuBeAeH Ha puc.2.11.

A B C D E F G H

Puc.2.11. YacTH4YHO ITOCIIEI0BATEIBHBINA ITAKET

CocTaB NCIIOJTHUTEIILHBIX ITAKETOB JJIA ATOM KOMaHAbI IMPCACTABIICH HUKC:!

HcnonaurensHbIS Koman-
MAKETHI (TaKThI) JIBI
1 A
2 B
3 C |D |E
4 F |G |[H

2.4. Texnoaornga MMX

B 1997 rony xomnanus Intel BeimycTuna mepBBIM MpoLECCOP C apXUTEKTYpOM
SIMD c¢ na3Banuem Pentium MMX (MultiMedia eXtension), KOTOpbIN peaausyer
YacTHBIA ciydaid BeKTOpHOU abpabotku. Ilpu pazpaborke MMX cnenumanucramu
Intel kak B 00J1aCTH apXUTEKTYPbI, TAaK U B 00JIACTU MPOrPAMMHOI0 0OecrieueHust ObLI
oOcnenoBaH O0JbIION 00BEM MPUIOKEHUN PA3NMUYHOIO Ha3HauYeHUs: rpaduka, moi-
HOZKPAHHOE BUICO, CUHTE3 MY3bIKH, KOMIIPECCHUS U pacliO3HABaHUE peur, 00paboTka
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00pa3oB, CUTHAJIOB, UTPHI, YUCOHBIC MPWIOKEHUS. AHAIM3 YY4aCTKOB C OOJBIIAM
00BEMOM BBIYMCIICHUH TMOKa3aJ, YTO BCE MPIJIOKEHUS MUMEIOT CIICIYIONIUE 00IIne
CBOMCTBA, ONPE/ICTUBIINE BEIOOP CUCTEMBI KOMAaH/ U CTPYKTYPHI TaHHBIX:
e HEOOIbIIAST PA3PSIAHOCTD 1IEJIOUYMCICHHBIX JAaHHBIX (Hampumep, 8-pas3psiHble
MUKCeNbl 17151 rpaduky win 16-pa3psiiHoe IpeICTaBICHUE PEUEBBIX CUTHAJIOB);
e HEOOIbIIIAS ITTUHA ITUKIIOB, HO OOJIBIIIOE YKCIIO UX TTOBTOPEHUN;
® 00JIBIION 00BEM BBIYMCICHUNA W 3HAYUTEIBHBIN YIENbHBIA BEC ONEpalil yMHO-
YKEHUS 1 HAKOILJICHUS,
® CYIIIECTBEHHBIN MapajuIeNIn3M ONepaluid B IporpaMmax.
DTO U ONPEAEIHUIIO HOBYIO CTPYKTYPY JaHHBIX U PACIIMPEHNE CUCTEMbI KOMaH/I.
Texnonoruss MMX BeinonHsIET 00paOOTKy MapayiedbHBIX JAHHBIX 1O METOIY
SIMD. [Ins 3TOro UCHOJIb3YIOTCA YETHIPE HOBBIX THUIIA JAHHBIX, 57 HOBBIX KOMaH] U
BoceMb 64-pa3psaaabix MMX-peructpos.
Meron SIMD nmo3BosseT 1mo oiHOM KoMaH e 00pabdaThIBaTh HECKOIBKO Iap OIle-
paua0B (BeKTOpHas 00padoTKka). OCHOBOM HOBBIX TUIIOB JAHHBIX sIBIIsETCA 64-
pa3psaaHbIA popMaT, B KOTOPOM Pa3MENIAlOTCs CASAYIOIINE YEThIPE THUTIA OTIEPAHIOB:

e ymakoBaHHbIM O0aiiT (Packed Byte) — Bocemb 0aiiTOB, pa3MeIlIEHHBIX B OTHOM 64-
paspsiiHOM (popMarte;

e yriakoBaHHoe cioBo (Packed Word) — dertbipe 16-paspsinnbix ciioBa B 64-
paspsigHOM (popMmarte;

e ynmakoBaHHoe JBoitHoe ciioBo (Packed Doubleword) — naBa 32-pa3psiaHbix 1BOM-
HBIX cJI0Ba B 64-pa3psiniHoM opmare;

e yueTBepeHHOe cioBo (Quadword) — 64-pa3psnas equHuIA JaHHBIX.

| | | | B (Byte) - 8

W (Word) - 16

DW (Double Word)
Q (Quad Word) - 64

CoBMectumocts MMX ¢ onepalluOHHBIMHU CUCTEMaMH U TPUIIOKEHUSIMU 00ec-
neYnBaeTcs 6Jiaroapsi TOMy, 4To B KauecTBe peructpoB MMX ucrnonb3ytores 8 pe-
TUCTPOB OJIOKa MJIaBaroLIeil TOUKH apXUTEeKTyphl Intel. 310 03Hayaer, yTo onepau-
OHHAas CHCTEMA UCIOJIb3YET CTAHIAPTHBIE MEXaHU3MBI IUIABAIOIIEH TOUKHU TAKKE U
JUIsl COXpaHeHMs U BoccTtaHoBiieHnss MMX kona. [locTyn k perucrpam oCyIecTBiIs-
ercs no umenam MMO-MM?7.

MMX koMaH[1bl 00€CIEYMBAIOT BBIITOJIHEHHUE JIBYX HOBBIX IMPUHIIMIIOB: ONEpaluu
HaJ YIIaKOBaHHBIMU JTAHHBIMHU U apU(PMETUKY HACBILLICHUS.

Apugmemuxy HacviuyeHus Nerde BCero OnpeieanTb, CPAaBHUBAS C PEKUMOM IUK-
JMYECKOr0 BO3BpaTa. B peknMMe HUKIMYECKOr0 BO3BpaTa pe3yJibTaT B CiIydae Iepe-
MOJIHEHUS WK MOTEPU 3HAYMMOCTH oOpe3aeTcs. Takum o0pa3zoM NepeHOC UTHOPUPY-
ercs. B pexuMe HachIlIEHUs, PE3YIbTAT MPU NEPENOJHEHUN WU MOTEPU 3HAYUMO-
CTH, OTpaHMYMBAETCA. Pe3ynbTar, KOTOpBIA MPEBBIIAET MAaKCHUMaJIbHOE 3HAYCHUE
TUTIA JTAHHBIX, 00pe3aeTcsl 0 MaKCUMAaJIbHOTO 3HA4YeHHs Tuma. B ciyuae ke, ecnu
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pe3yNbTaT MEHbIIIE MUHUMAJIbHOTO 3HaYEHHs, TO OH 00pe3aeTcsi 10 MUHUMYyMa. JTO
SBIIIETCS TIOJIE3HBIM TPH MPOBEACHUM MHOTHX OMNEpaluid, HAmpUMep, Omeparuil ¢
nBetoM. Kora pe3ynbrar nmpeBbIlaeT Ipeaes s 3HAKOBBIX YHCEN, OH OKPYTJIAETCS
no 0x7F (0xFF nns Ge33HakoBbiX). Ecnu 3HaueHHE MEHbBIIE HUXKHETO Ipejelia, OHO
okpyrisiercst 10 0x80 mya 3HakoBbIxX yncen(0x00 nis 6e33HakoBbIX). Jis mpumepa ¢
[[BETOJICJICHUEM 3TO O3HAYAET, YTO LIBET OCTAHETCSI YUCTO YEPHBIM MM YHUCTO OEIBIM
U yJaeTcst u30exaTh HeraTUBHOM HHBEPCUU

Huxe npuBomurcs Tabnuiia KOMaHM, paclpenelieHHbIX Mo KareropusM. Ecmim
KOMaHJia ONepUpyeT HECKOJbKUMHU THMaMH JaHHbIX — Oaiitamu (B), cmoBamu (W),
nBoMHbIMU ciioBamu (DW) win yuetrBepeHHbiMU ciioBamu (QW), TO KOHKPETHBIN THUIT
JaHHBIX yKa3aH B ckoOkax. Hampumep, 6azoBas MHemoHuka PADD (ymakoBaHHOE
cnoxenue) umeer ciuenytomme Bapuanuu: PADDB, PADDW u PADDD. Bce xo-
MaHasl MMX onepupyroT Haja ABYMsI OIIEpaHIAMU: OIEPaHI-UCTOYHUK U OIIEpaH]I-
npueMHUK. B 0003HaueHMX KOMaH/Ibl MIPaBblil ONepaH i ABJISETCS UCTOYHUKOM, a Je-
BbIll — npreMHUKOM. OnepaH/I-uCTOUYHUK JJisi Bcex komaHa MMX (kpome komaHA
NEPECHUIOK) MOXKET pacrojararbest Jnbo B mamsitu jubo B peructpe MMX. Ome-
paHa-nipueMHUK OyAeT pacmonaraThesi B peructpe MMX. Jlns koMaHI TEPEChUIOK
olepaHJaMy MOTYT TaKXe BbICTynaTh LenounciaeHHple POH mnm syeiikn mamsT.
Bcee 57 MM X-koman pa3jielieHHbl Ha CIEMYIONUE KJIacchl: apudmeTrnieckue, cpas-
HEHUsI, TPeoOpa3oBaHus, JIOTUYECKUE, CIBUTA, IEPECHUIKH U CMEHbI COCTOSIHUMA. Oc-
HOBHBIE (pOpMaThl PECTABICHBI B Tabnuie 1 (He mpeacTaBiIeHbl KOMaH bl CpaBHe-
HUS, JIOTUYECKUE, CABUTA U CMEHBI COCTOSIHUN):

[IpuBenemM HECKOJIBKO MPUMEPOB, MILTIOCTPUPYIOIIUX BBINIOJHEHUE KOMAaHT
MMX. B aTux npumepax UCHOJIb3YIOTCs 16-pa3psiHbIe JaHHBIE, XOTA €CTh U MOJIH-
bukauyu 15 8- nian 32-pa3psAHbIX ONEpaHaoB.

IIpumep 1. [Ipumep npencraBisgeT ynakOBaHHOE CI0KEHUE CIOB 0€3 nmepeHoca.
ITo »T0i1 KOMaH/1€ BBINOJHAETCS OJTHOBPEMEHHOE U HE3aBUCUMOE CIIOKEHUE YEThIPEX
nap 16-pa3psansbix onepannoB. Ha pucyHke caMblii IPaBblid pe3yJIbTaT MPEBBIIIAET
3Ha4YeHHUE, KOTOPOE MOXKHO TpeACTaBUTh B 16-pazpsiaHom ¢opmate. FFFFh + 8000h
nanu 0wl 17-pa3psanHelil pe3yabTaT, HO 17-b1it pa3psin TepseTcs, 0ITOMY pe3yIbTaT
oyner 7FFFh.

| a3 | a2 | al | FFFFh |
+ + + Paddw (Packed
| b3 | b2 | bl | 8000h | Add Word)
a3; b3 | a2 +_ b2 | al ; bl 7FF_Fh

[Ipumep 2. DToTIpUMEp WILTFOCTPUPYET CIOKEHUE CIOB € 0€33HAKOBBIM HACHIIIIE-
HueM. Camas mpaBasi omepaius AaeT pe3yJbTaT, KOTOPbIM HE yKjaabiBaeTcs B 16
pa3ps0B, MOTOMY MMEET MECTO HAChIEHHWE. JTO O3HAYaeT, YTO €CJIHU CIIOKEHUE
JaeT B pe3yJibTaTe MEPernoJHEHUE WIM BBIYUTAHUE BBIPAXKAETCS B HCUE3HOBEHHUU
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JTAHHBIX, TO B Ka4eCTBE pe3yJjbTaTa HCIIONB3YETCS HAWOOJbINCE WM HAMMEHBIIICE
3Ha4YeHHe, Jomyckaemoe 16-paspsanbiM popmatom. J1jia 6€33HAKOBOTO IMpeacTaBe-
HUS HauOoJiblllee U HauMeHbllee 3HaueHue cooTBercTBeHHO OyayT FFFFh u 0x0000,
a nna 3HakoBoro npencraieHuss — 7FFFh u 0x8000. Dto BaxkHO ayis 00paboTKu
MUKCEJIOB, T/I€ MOTepsl NepeHoca 3acTaBisiia Obl YEpHBIN MUKCENl BHE3aIHO MpeBpa-
maTbesl B OeNbli, HapuUMep, MPU BBHIMOIHEHUHM LMKJIA 3aJUBKU 10 MeToxy ['ypo B
3D-rpaduke. Ocoboii 3aech sBusiercss komanna PADDUS [W] — ynakoBaHHOe clio-
KeHue clioB O0e33HakoBoe ¢ HackimenneMm. Yucio FFFFh, oO6pabaTtsiBaemoe kak 6e3-
3HaKoBoE (AecsiTuuHoe 3HaueHue 65535), nodasnserca k 0x0000 Ge33HakoBOMY (J1€-
catuyHoe 32768) u pesynbrar HackieHus 10 FFFFh — naubonsmero npeacraBumo-
ro B 16-pa3psiHOI CEeTKe Yyuca.

| a3 | a2 | a1 | FFFRn | Paddus [W] (Add
+ + + Unsigne Saturation)
| b3 | b2 | bl | 8000h |
G | @ | arol FFFF

IIpumep 3. DTOT npuMep MPENICTABISIET KIIOYEBYI0O KOMAHly YMHOXKEHHUS C Ha-
KOIUICHUEM, KOTOpasi SBJSIETCS] 0a30BOM MJIT MHOTHX alTOPUTMOB IHU(PPOBOH oOpa-
OOTKM CHTHAJIOB: CYMMHUPOBAHHUS MapPHBIX MPOU3BEACHUN, YMHOXEHHUS MaTpHIl, ObI-
ctporo npeobpazopanus dypre 1 T.7. ITa KOMaHJa — YIAKOBAaHHOE YMHOXXEHHUE CO
citoskeanemM PMADD.

[ a3 [ a2 ] all | Pmadd (Packed Multiply
* * * Add)

| b3 | - b2 | Hl — | iai~b,-+ia,-'b,-

| a3* b3 +a2"b2] arbl | 3

Komanna PMADD ucnonp3yer B KauecTBe oNepaHaoB 16-pa3psIHbIe Ynciaa U BbI-
pabatbiBaeT 32-pa3psAaHblil pe3yasTaT. [[pon3BoanuTcs yMHOKEHHE YEThIPEX Hap Yu-
CeJl U MOJIy4aroTcs YeThlpe 32-pa3psaHbIX pe3yJibTaTa, KOTOpPbIE 3aTEM MOMapHO
CKJIJbIBAIOTCS, BbIpaOaThiBas ABa 32-pa3psAHbIX YKClia. DTUM U OKAaHYMBAETCS BbI-
nonHenue PMADD.

UTOoObI 3aBEPIINTH OMEPAIINI0 YMHOXKEHHUS C HAKOILJIEHUEeM, pe3ysibTatel PMADD
cienyeT NpuOaBUTh K JAHHBIM B PETHCTPE, KOTOPBIN UCIOIB3YETCs B KAUECTBE aK-
KymyJssitopa. /s 9Tol KOMaH bl HE UCTIOJIb3YETCsl HUKAKUX HOBBIX ()J1aroB ycio-
BUI, KpPOME TOr'0, OHA HE BO3ACHCTBYET HU HA Kakue (hjiarv, UMEIOIINecs B apXUTEK-
Type mpoiieccopos Intel.
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Ipumep 4. Creayronmii npuMep WUIIOCTPUPYET ONMEPALUIO NapAIIIETLHOIO CpaBHE-
Husl. CpaBHMBAIOTCA YEThIPE Maphl 16-pa3psIHbIX CIOB, U A KaXI0M Mapsl BeIpada-
ThiBaeTcs npusHak “ucrtuna’ (FFFFh) unu “noxs” (0000h).

| 23 | 45 | 16 | 34 |
Greate Then
gt? gt? gt? gt?
| 31 | 7 | 16 | 67 |

| 0000h | FFFFh | 0000h | 0000h |

PesynbraT cpaBHEHUS MOKET OBITh UCTIOJIB30BaH KaK MacKa, 4TOOBI BEIOPATH dJIe-
MEHTHI U3 BXOJTHOTO HAOOpa JAHHBIX TPH MOMOIIH JJOTUYECKUX OTePAIIid, YTO UC-
KJII04aeT HE0OXOAMMOCTh MCIIOIB30BaHUs BETBICHUS WIIH PsiJila KOMaH BETBJICHMUS.
CnocoOHOCTh COBEpIIaTh YCIOBHBIE IEPECHUIKHM BMECTO MUCTIOJIb30BAHUS KOMaH/
BETBJICHHUS SIBJISIETCS] BAKHBIM YCOBEPIICHCTBOBAHMUEM B MEPCIEKTUBHBIX MPOIIECCO-
pax, KOTOpbIE UMEIOT JUIMHHBIE KOHBEWEPHI U UCTIOIB3YIOT TPOTHO3UPOBAHUE BETB-
neHuil. BeTBnenue, OCHOBaHHOE Ha pe3yJibTaTe CPAaBHEHHUS BXOAHBIX JAHHBIX, OOBIY-
HO TPYJHO NIPEACKa3aTh, TAaK KaK BXOJHbIEC JAHHBIE BO MHOTUX CIIy4asX U3MEHSIIOTCS
ciy4yaitHeiM 00pa3om. [losTomMy HcKITIOUeHHE OTiepaluii BETBIEHN COBMECTHO C Ta-
pamutennaMoM MM X-koMaH]T SIBIISIETCS CYIIECTBEHHON OCOOCHHOCTHIO TEXHOJIOTHUU
MMX.

IIpumep 5. [Ipumep wmrocTpupyeT paboTy Komanowvl ynakoskuy. OHa MpUHUMA-
€T YeTbIpe 32-pa3psaHbIX 3HAUCHMS U YIAKOBBIBAET UX B YeTbIpe 16-pa3psaHbIX 3Ha-
YEeHMSI, BBITIONHSS OTMEPAIUIO HACBIIIEHUS, €Cli Kakoe-mu00 32-pa3psaHoe BXOTHOE
3HaYCHHE HE YKIaJbIBaeTCa B 16-pa3psaHblil popmat pe3ynbrara.

HmeroTcst Takke KOMaH b, KOTOPBIE BBITIOTHSIOT IPOTHUBOIMIOIOXKHOE ACHCTBHE
— PacmaKkoBKy, HAIIPUMEP, TO €CTh MPEOOPa3yI0T yIaKOBaHHbIC OANTHI B yITaKOBaH-
HBIE CIIOBA.

32 32
bl b0 1 -
al a0
| b1’ | bg’ | a1’| a0’ |

16 16 16 16

OTu KOMaH/Ibl 0COOEHHO BaXKHBI, KOT'/1a AJITOPUTMY HY>KHa 0oJiee BbICOKasi TOY-
HOCTb IPOMEXKYTOUHBIX BBIUHUCICHUM, KaK, HAIPUMEp, B IUPPOBBIX GUIbTPAX MpU
pacno3HaBaHUH 00pPa30B.

Taxoii punbTp 00bIYHO TPEOYET pAa YMHOKEHUN KOA(P(HUIIUEHTOB HA COOTBET-
CTBYIOILIME 3HAYECHHSI MUKCEIIOB C MOCIEAYIOMIEeH aKKyMYJISIIIUEH MOTyYeHHbIX 3HaYe-
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HUH. DTU oNepalry HYXIat0TCs B OOJIBIIEN TOYHOCTH, YEM Ta, KOTOPYIO MOKET
obecnieunTh 8-pa3psiAHbIA popmat A NUKcenoB. PemienremM npoOaeMbl TOUHOCTH
SIBJISIETCS] PACIIAKOBKA 8-pa3psiAHBIX MTUKCENOB B 16-pa3psiaHbIe CJIOBA, BBIITOJIHEHUE
pacdeToB B 16-pa3psiHOM CETKE U 3aTeM 0OpaTHas yrnakoBKa B 8-pa3psaHbIi (poopMar
JUTS TIMKCEJIOB Mepe] 3alUChi0 B TAMATh WU JAJIbHEUIIMMHU BHIYUCICHUSIMHU.

PaccmoTpum HEKOTOpBIE MPUMEPHI UCTIOIB30BaHus TexHoJIoruu MMX st koau-
poBaHus 6a30BbIX MPUKIIATHBIX OTEPALIUN.

IIpumep 6. Toueunoe npousBeneHue BekTopos (Vector Dot Product) siBnsiercs
0a30BbIM AJITOPUTMOM B 00paboTKEe 00pa3oB, peuu, BUACO UM aKyCTUYECKUX CUTHA-
JIOB.

[IpuBOIMMBIN HUKE MPUMEP MOKa3bIBaeT, kak komanga PMADD nomoraer cue-
nath anroputMm Oonee ObicTpbiM. Komanma PMADD mno3BosisieT BBIIOJHHUTH Cpaszy
YEThIPE YMHOXKEHHS U JIBa CJIOXKEHUs mis 16-pa3psaHbix onepanaoB.Jlis 3aBepuie-
HUSI YMHOXKEHHUS C HaKOTIeHueM Tpedyercs emie komanaa PADD.

mm] a0 | al | a2 | a3 at a5 a6 | al mm2 Pmadd — 2
* * * * * * * * Pmaddwd Padd -2
Cnaur — 2
mm3 | ¢0 | cl| c2| ¢3 c4 | o5| c6 mm4 A
Move — 2
IIpoune — 5
* £ * * * * * *
mml a0*cO+al*cl |a2*c2+a3*c3 ad*c4+aS*c5 | ab*c6+a7*c7 mm?2
Hroro — 13
— e — e
Cnasur BIIPABO, €CJIA HYKHO Cnur BIIPAaBO, €CJIN HYKHO AKKyMyH;ITOp BMECTO 40
mml1 mm?2
+ + Paddd
mm>5 mm6

Ecnu npennonoxute, 4yto 16-pa3psaHOe MpEeACTaBICHUE BXOIHBIX JAHHBIX
ABJISIETCSA yAOBJIETBOPUTEIBHBIM 110 TOYHOCTH, TO JUIS MOJYYEHUS TOUEHYHOTO IPOU3-
BEJICHUSI BEKTOPA M3 BOCBMH 3JIEMEHTOB TpeOyercsa BoceMb MMX-KOMaH[: BE KO-
mansibl PMADD, nse komanast PADD, nBa cnBura (eciaum HE0OX0aAuMO) U JiBa o0Opa-
[ICHUS B aMsITh, YTOOBI 3arpy3UTh OJIMH U3 BEKTOPOB (IPYroil 3arpy>keH KOMaHI0u
PMADD, nockosibKy OHa BBINOJHSETCS ¢ oOpalieHreM B namsath). C yuyeToM BCIIo-
MOTaTeNIbHbIX KOMaHJ| Ha 3TOT mpuMep ais TexHonorun MMX tpeOyercs 13 ko-
MmaHa, a 0e3 Hee — 40 xomanz. Cienyer Takke y4yecTb, 4TO OOibIIMHCTBO MMX-
KOMaH/1 BBIIIOJIHAETCS 332 OJIMH TaKT, IIO3TOMY BBIMIPBILI OyzAeT emie OoJiee CylecT-
BEHHBIM.

Ipumep 7. llpumep Ha ymHoxkenue matpuil (Matrix Multiply) cBsizan ¢ 3D-
UI'PaMH, KOJIMYECTBO KOTOPBIX YBEIMYMBACTCS KaXABIA J€Hb. THUIIMYHAS ONEpaLIUs
Haja 3D-00beKkTaMu 3aKIIF0YaeTCsl B MHOTOKPATHOM YMHOKEHHH MaTpPHULIbI pa3MepoM
4x4 Ha YeThIpexd>IeMeHTHBIN BeKkTOp. Bektop umeer 3Hauenus X, Y, Z u uapopma-
LMIO0 O KOPPEKLHH MEPCIEKTUBBI AT KaXA0ro nukcena. Martpuua 4x4 ucnosbs3yercs
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JUTSI BBITIOJTHEHUS OTiepaIiuii BpareHus (rotate), macmradbupoBanus (scale), mepenoca
(translate) 1 koppekuu MHPOPMAIMK O MEPCIEKTUBE ISl KaXJIOTro MHUKCena. JTa
Matpua 4x4 UCOIb3yeTCs ISl MHOTHX BEKTOPOB.

Rotate & Scale  Translate

T

X’ a0 al a2 a3 X

Y’ b0 bl b2 ib3 Y

7z c0 cl c2 ic3 Z

w’ o dl A2 a3 w
Perspective

X’ =a0*x +al*y +a2*z

[IpunoxeHnus, KOTopbie paboTatoT ¢ 16-pa3psiAHBIM MPEACTABICHUEM UCXOAHBIX
JAHHBIX, MOTYT IIMPOKO MCIOJIb30BaTh KoMaHny PMADD. Jlsist o1HOM CTPOKK Mat-
pullbl Hy’kHa oJHa komaHjaa PMADD, s yeTblpex CTpOK — YEThIpe KOMaHbl. bo-
Jiee MOAPOOHBIN MOJCYET MOKA3bIBAET, UTO YMHOXKEHUE MaTpHIl 4x4 Tpedyer 28 Ko-
MaHa 11t TexHosiorud MMX, a 6e3 Hee — 72 KOMaH/IbI.

IIpumep 8. HabGop xomann MMX mnpenocraBisier rpadpuuecKuM MpUI0KEHUIM
0JIaroNpUATHYIO BO3MOXKHOCTh MEpeUTH OT 8 uiu 16-pa3psHOro Mpe/cTaBlIeHUs
1BeTa K 24-pa3psAHOMY, WIH “UCTUHHOMY  IIBETY, OCOOCHHOCTBIO KOTOPOTO SIBIISET-
cst 00ONBIION peanu3M rpapuku, HampuMmep Uit urp. Bo MHOTHX cllydasiX 3TO MOXKET
OBITH CZENIaHO 3a TO K€ BpeMs, 4TO U I 8-paspsaHoro npeactaBieHus. [Ipu 24- u
32-pa3psiIHOM TPEJCTABICHUU KPACHBIN, 3€JICHBI U TOy0Oi I[BeTa MpeCTaBICHbBI
COOTBETCTBEHHO §-pa3psiIHBIMU 3HAYCHUSAMH.

Haunbonee ycnemno onepauuu ¢ 24-pa3psIHbIM NPEICTAaBIECHUEM [IBETA UCIIONb-
3yIOTCSl B KOMIIO3UIIMHM 00pa3oB U anbda-cMemuBanuu (alpha blending).

Hcxonnwie nanHble Pesynbrar

OKpaH
ITamate ITamsaTe ITamaTte

a - npeoOpa3oBaHue paBHO

[Ipenmnonoxum, 9T0 HEOOXOAMMO TUIABHO MPE0OPa30BaTh U300PAKEHHUE 3€JIEHOTO
KBaJpaTa B KPAaCHbIN KpyT, KOTOPbIE MPEICTaBIEHbI B 24-pa3psiHoM 1Bere. [Ipuuem,
JUTSI IPEJICTaBICHUS KaXKJI0r0 U3 TPEX LIBETOB OTBOAMUTCS OAWH Oaiit. Jlane paccmMoT-
PUM TOJIBKO MpeoOpazoBaHUe JJIsl OJTHOTO I[BETA.

OcHoOBO npeoOpa3zoBaHus ABJISIETCS MTPOcTast GYHKIMS, B KOTOPOU aibgha onpe-
JeNsieT THTCHCUBHOCTh M300pakeHus 1iBeTKa. [Ipu morHO HHTEeHCHBHOCTH H300pa-

44



KEHUS I[BETKA 3HAYCHUE a/bgha TIpH ero 8-paspsaHoM npeacTaBieHun oyaet FFh
i 255. Ecnu BctaButh 255 B ypaBHEHHE TPE0Opa30BaHMsl, TO MHTEHCUBHOCTD KaK-
noro nukcena kpazapara oyner 100%, a kpyra — 0%. Beenem o6o3nauenus: 11,., —
IUKCEIl Pe3yNbTaTa, [/ g4, — TMKCEN KBaApaTa u I1,,,. — nukcen kpyra. Torga ypas-
HEHHUE JIJIs1 BBIYUCIICHUS Pe3yJIbTHPYIONIETO 3HAYCHUS TTHKCeIa OyIeT TaKuM:

[Mpe; = Iy *(ambpdas255) + Iiganp* (1-(anmbda/255)) anmpda = 1...255

Huxe npeacrasiena nporpamMma anbda-npeodpazoBanus.B atom npumepe mnpu-
HSTO, YTO 24-pa3psiiHble JaHHbIE OPTaHU30BaHBI TAK, YTO NapaJJICIbHO 00padaThI-
BAIOTCS YEThIPE MUKCENa OJTHOTO IIBETOBOIO IUIaHA, TO €CTh 00pa3 pa3fesieH Ha UH-
TUBHIyaJbHBIC IIBETOBBIC IUIAHBI: KPACHBIN, 3€eHBIM U romyooi. CHadama obpaba-
TBHIBAIOTCSI IIEPBbIE YEThIPE 3HAUECHUS KPACHOI'O LIBETA, a IMOciie HUX o0paboTKa BbI-
HOJTHSETCS JUIsl 3eJIEHOTO U TrOJIyOoro MIaHOB. 3a CUET 3TOTO M JOCTUTAETCS yCKOpe-
HUE MPU UCIIOJIb30BAHUU TeXHOJI0TMn MMX.

KoMaHga pacnakoBKM NpUHHUMAET MepBble 4 OaiiTa Iyisl KpacCHOro LBETa, Ipeood-
pasyer ux B 16-pa3psIHbIE AIEMEHTHI U 3anUChIBacT B 64-pa3psanusii MMX perucrp.
3HaueHue anb(a, KOTOPOE BBIYHUCISAECTCA BCErO OJUH pa3 JJIsl BCErO SKpaHa, SBIAETCA
npyruMm onepanaoMm. Komanaa yMHOXaeT 1Ba BEKTOpa mapauienbHo. Takum xe 00-
pa3oM CO3/AE€TCA MPOMEXKYTOUHBIM pe3ysbTaT JJIsl Kpyra. 3aTe€M JIBa IPOMEKYTOYU-
HBIX pe3yJIbTaTa CKIAAbIBAIOTCS U KOHEUHBIN PE3YJIbTAT 3alIUCHIBACTCS B MTAMSITh.

Ecnu ucnonws3oBath AJ1s peicTaBiIeHUs 00pa30oB dKpaH ¢ paspemieHueM 640x480
U Bce 255 cryneHeii 3HaueHus anbda, To Ipeodpa3zoBaHue KBaapaTa B KpyT nMoTpedy-
eT 1 TexHojgoruu MMX 525 MmitH. onieparuid, a 6e3 Hee - 1.4 MIIpJ. oneparuii.

Anbda-cMennBaHue N03BOJISET pa3padoTUMKaM UTP PEaTUCTUYHO MPEICTaBUTh
JBUKEHHE TOHOYHOTO aBTOMOOMJISL B TYMaHe, pbIO B BOJIe U Jpyroe. B aTux ciyuasx
3HaueHHe anb(ha He 00s3aTeNbHO OYeT OAMHAKOBBIM JJISl BCErO IKpPaHa, HO OT 3TOTO
npuHLUI o0paboTku He MeHseTcs. Hanbonee ycnemHo onepanuu ¢ 24-pa3psaHbiM
IPEICTaBICHUEM I[BETA HCIIONB3YIOTCS B KOMIIO3ULIUK 00pa30B U aib(a- MeInBa-
Huu. TexHuka oO0paboTKH U300pakeHUl C MOMOIIBIO allb(a-CMEIIMBAHUS TO3BOISIET
CO3/1aBaTh pa3IuyHble KOMOWHAIIMY 1JIs IBYX 00beKTOB A 1 b (Tab.2).

Tabnuna 2. CoctaB onepauuii Ans anb(a-cMeIMBaHus A7 IByX 0ObEKTOB

Kom6unanus | I1naBaoe npeodpazoBanue A B B
A*alpha (A)+B*(1-alpha(A))

A over B [Ipo3paunslii 00pa3, HaKIaAbIBaeMbIi Ha (HOH
A+(B*(a-alpha(A))

AinB O06pa3 A ectb Tam, rae B Henpo3pauen
A*alpha(B)

AoutB O6pa3 A ectb Tam, rae B npo3pauen
A*(1-alpha(B))

Atop B (A in B) over B
(A*alpha(B) + (B*(1-alpha(A)))

A xorb (B*(1-alpha(A))) + (A*(1-alpha(B)))
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Texnonorus MMX 3Ha4NTENBHO yBEINYMBAET BO3MOKHOCTHA MYJIBTUMEINMHBIX
NpUIOKEHUH, oOecreunBas napauieaIbHy0 00paboTKy 1Ji1 HOBBIX THIIOB JAHHBIX.

2.4 Paciuupenne SSE

Texnonorus MMX umeert psij pacimpenuit, HazpiBaeMbIX SSE (Streaming SIMD
Extensions). SSE - 3T0 pacmmpenre HHCTPYKIIUHA Mpolieccopa JJisi TOTOKOBOM o0pa-
6otku B pexxume SIMD (Single Instruction Multiple Data), T.e. korna TpedyeTcs
IPUMEHSTh OHOTUITHBIE ONEPALMK K TOTOKY AaHHBIX. TexHonorusa SSE nmo3Bonnia
npeo1oiieTh mpodiaembl MMX - mipu ucnonb3oBanu MM X HEBO3MOKHO OBLIO O/1-
HOBPEMEHHO HCMOJIb30BaTh HHCTPYKIIMU COMPOLIECCOPA, TAK KaK €ro perucTphl 3a-
neiictBoBauCh 1t MMX 1 paboThI ¢ BEIIECTBEHHBIMU YUCIIAMH.

B oOmem cnyuae, Kk apXUTEKType Mpoleccopa A00aBiIAeTCs Pl MHCTPYKIUN H
HECKOJIBKO 128-OMTHBIX PErHCTpOB C Pa3IMYHON HHTepneperauuei. M3HavanbHO
KQKJIBI PETUCTP TPAKTYETCs KaK JBa 3HAYEHUs C IUIABAIOIIEH TOYKOW JBOMHOM TOY-
HOoCcTH (2%64-0utr). OgHaKo, onepaluuyd MOTYT MPUMEHATHCS MPAKTUUYECKH KO BCEM
TunaM, "momeniaromumcs” B 16 OailT. ITO 03HAYAET, HANIPUMEP, UTO MOSBIISIETCS
BO3MOXHOCTh OJJHOBPEMEHHO CJIOKUTh WJIM YMHOXHUTH C IOMOIIBIO BCETO OJHOUN MH-
CTPYKLHH [IBa ONEpPaH]a W3 YETHIPEX YHCEJ C IUIABAIOUIEH TOYHOCTHIO OJMHAPHOM
TOYHOCTH, IBYX - C IBOMHOM, IBYX 64-OUTHBIX 1IETOUYUCICHHBIX, 16 8-OUTHBIX IEIBIX
U T.II.

CymectBytoT cienytomue pacmupenus: SSE, SSE2, SSE3 u SSE4, o xoTtopbix
uMeeTcst o0mupHas nHGOpMaIlis B UHTEPEHETE.
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I'1asa 3. KPYITHO3EPHUCTBIN IMAPAJLJIEJIN3M

KpynHo3epHUCTBIN napaienn3M o0ecreunBaeTcs 3a CUeT napauien3Ma He3aBH-
CUMBIX IPOrPAMMHBIX BETBEW, MOJMPOrpamM, MOTOKOB (HUTEW) BHYTPHU MPOrpaMM,
CIIyE€OHBIX IPOrpaMM M peaTu3yeTcss MpOoUEecCOpaMH WU SAPAMH MHOTOSAEPHBIX
IIPOLIECCOPOB.

3.1. Knaccupukanus Oannna

CymiecTByeT MHOTO Kiaccuukaiuii st KpynHohopMaTHoro napamienusma [1].
Opna w3 Hux — knaccuukauua dnunHa, mpemioxeHHas B 1970 rogy, momyuuna
Oonbiioe pacnpoctpaHeHre. OIUHH BBEJ JBa pabouyuX MOHATHS: MOTOK KOMaHI U
NOTOK AaHHBIX. [lo1 MTOTOKOM KOMaH[ YNPOIIEHHO MOHUMAIOT MOCJIE0BATEIFHOCTD
BBITMOJTHIEMBIX KOMAaHJl OJHOM mporpamMmbl. [10TOK JaHHBIX — 3TO MOCIEAOBATEb-
HOCTh JTAaHHBIX, 00pa0aThIBEMBIX OJHUM MOTOKOM Komana. Ha sToit ocHoBe ®nuHH
MOCTPOUJI CBOIO Kiaccuukamuio napamieabHsix OBM ¢ KpymHO3epHUCTHIM Tapal-
JETU3MOM:

1) OKO/I (oaHOYHBIN MTOTOK KOMaHJ — OJAMHOYHBIN MOTOK JaHHBIX) win SISD
(Single Instruction — Single Data). 1o oObryHbIe MOCHeq0BaTEILHBIE DBM, B KOTO-
PBIX BBITIONHSAETCS OFHA MporpaMMma. 37ech MOXKET HCIIONIbh30BaThCsl KOHBEHEpHas
KOHBeliepHasi 00paboTKa B €JMHCTBEHHOM MOTOKE KOMaH/I.

2) OKM]I (00unoumsiii nomox KOMAaHO— MHONCECMBEHHbIUL NOMOK OAHHbIX) VN
SIMD (Single Instruction — Multiple Data). B Takux 9BM BbInOTHSAETCS €AMHCTBEH-
Has mporpamMma, HO Kaxkjas ee KomaHjaa oOpabaThIBae€T MHOTO YHCEN. DTO COOTBET-
CTBYET BEKTOPHOU (popme mapasienusma, peaanzoBanHoq B mamnHax CRAY.

3) MKO/I (mHooicecmeenubiii nOMoK KOMAHO— OOUHOYHBII NOMOK OAHHbIX) WU
MISD (Multiple Instruction — Single Data). 3aech HECKOTBKO KOMaH/] OJTHOBPEMEHHO
paboTaeT ¢ OJJHUM PIIEMEHTOM JaHHBIX. DTOT KJacc He Halled MPUMEHEHUs Ha Mpak-
THKE.

4) MKM/I u (mMHOMCECMBEHHBIIL NOMOK KOMAHO — MHONCECMBEHHbIL NOMOK OaH-
Hoix) win MIMD (Multiple Instruction — Multiple Data). B takux 9BM oanoBpe-
MEHHO Y HE3aBHCHUMO JPYT OT JpyTa BBHIOIHAETCS HECKOJIBKO MPOTPAMMHBIX BETBEH,
B OIpe/IeTICHHbIE POMEKYTKH BPEeMEHU 0OMEHHUBAIOIUXCs JaHHBIMU. Takue cucte-
Mbl OOBIYHO Ha3bIBAIOT MHOTOIPOIIECCOPHBIMHU. DTOT KJIAcc pa3jeisieTcss Ha JBa
OOJBIINX MOAKIIAcca:

1. C o6mielt a1 Bcex IMPOIECCOPOB MaMsThI0. DTO YIpoIaeT 000pyI0BaHUE, HO
KOJIMYECTBO MPOIIECCOPOB OTPAHIYCHO MPOITYCKHON CITOCOOHOCTHIO TTAMSTH.

2. C uHauBHIyaJIbHOM MaMATHIO ISl KaXA0ro mpoueccopa. Yucno mpoueccopon
HE OIPAaHUYMBACTCS, HO MEKITPOIIECCOPHBI OOMEH JaHHBIMA CHUXKACT MOTEH-
IIHaIbHOE YCKOPEHUE.

[Tpumepom MIMD sBnsieTcs paccMoTpeHHas B pazneiie 2 texHosnoruss MMX s
MEJIKO3EpPHUCTOTO mnapaiuienu3ma. C TeueHHe BPEMEHM MOSBWIACH PA3HOBUIHOCTH
3TOM TexHojoruu, HazeiBaemass SPMD (Single Program — Multiple Data), kotopas
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WCIIOJIb3YETCSI B MHOTOIIPOIIECCOPHBIX CUCTeMax ¢ oomei mamathio SMP (Symmetric
Multiprocessing).

Takum oOpazoM, manee OyAyT pacCMOTPEHBI TOJIBKO JBa Kjacca MapajuielbHbIX
OBM: SIMD (SPMD) u MIMD. SIMD —-3BM B cBoto odepenb AeNATCs Ha JBa
MOJKJIACCa: BEKTOPHO-KOHBeepHble DBM 1 npolieccopHbIle MATPHULIBI.

3.2. ApudpmeTHdecKue KOHBelepbl

Bektopno-konseiiepaass 9BM CRAY [12] orHocutcs k knaccy OKMJ] 9BM.
Ho ee otnuuuem ot npyrux 9BM »Toro kiacca sIBISIETCS HAJIUYHUE Pa3BUTOW CUCTE-
MbI apU(PMETHUECKIX KOHBEHEPOB, KOTOPhIE U 00ECIIEYMBAIOT €€ OBICTPOICHCTBHE.

Ha puc.3.1 npencraBieH NpUHIMI TOCTOPOCHUS CHUCTEMBI C apU(PMETHUECKUM
KoHBeliepoM. OOBIYHO B KOHBEWepe KOMaHJ| CaMbIM MEIJIEHHBIM 3BEHOM («Y3KHUM)
MECTOM TpyOOmNpoBO/a) SBISETCS 3Tal HCIOJHEHUS apu(PMETHUYECKUX OIepainui
EXE. Hanpumep, Bpems BBIIIOIHEHUS HEKOTOPBIX onepauuil B AJIY B TakTax Tako-
BO:

+R1,R2 1
+R1,[M] 2
+[M],R1 3

*R1,R2 11 takToB

CymiecTByIOT criocoObl pa30oUTh 3TOT ATAall Ha HECKOJIBKO Oosiee MeNKux apudmeru-
YECKUX ATANoB, CHAOJIMB KaXJbld U3 HUX ammaparypoi. 1o u Oyner apupmernye-
CKUII KOHBEMEP B COCTAaBE KOHBEKEpa KOMaHH. Temnepp CKOPOCTh BCETO KOHBEMEpa
OnpeesieTcsl TAKTOM apu(PMETHIECKOTr0 KOHBeHepa Ay.

Huxe npuBeaeHbl HEKOTOPHIE CIIOCOOBI MOCTPOCHUS apu(PMETHUECKIX KOHBEHe-
poB. Ha puc.3.2 npexncraBieHa cxema KOHBeWepa JJid CIOKEHHS MOTOKA YUCEN C
IJiaBaroiel 3amsaTo, a Ha puc.3.3 — s yMHOXKeHUs yucen. Takue KOHBeHepbl
MOYHO MMOCTPOUTHh NPAKTUYECKU JJIS1 BCEX KOMAH/.

l tkx — HOJTHOE BPEMs BBIIIOJTHEHUSI KOMaH bl
Axx — BpeMs TaKTa KOHBEHepa KOMaH/
PE Ak - BpeMs TakTa apu(pMeTHIecKoro KoHBeiepa
D1
EX1
D2 Aal( < AKK < tKK
o § EX2
" ! Vae= 1/ Au
A EX3
KK AaK
T WB
EX4 Puc.3.1 Apudmernyeckuii
l KOHBeMHep
Konseiiep Apudmernueckuit
KOMaH/I KOHBeHep
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d; —p{Briuuranue BripaBauBanue | CnoxeHue Hopmanuzanus
>
b; —P| IOPSIIKOB MAaHTHCC MaHTHCC pe3yJibTara :
<_ Aa]( _’

Puc.3.2. Apudmerndecknii KOHBeHep IS CI0KEHHUS YICEI C
IJ1aBaroleH 3anaTon

Brnepsoie apudmMeruueckre KOHBeHephbl ObUIM HCHOJIB30BAaHbI IS Iiesei oOpa-
00TKH yncinoBbix BekTopoB B IBM STAR-100, 3anymiennoit 8 CIIIA B 1973 r., a 3a-
TE€M Ha 3TOM MpuHIUIE Obuia noctpoeHa 3Hamenutas 9BM CRAY-1, koropas crana
POJOHAYAIBHUKOM MHOKECTBA BEKTOPHO-KOHBEHEPHBIX OBM pa3inuHbIX KOMIAHUN
U pa3Horo OwicTponericTBust. OMHAKO, MPUHIIUIT PAOOTHI BCEX 3TUX MAIIUH BKJIAJIbI-

BaeTcs B opranu3zanuio CRAY-1, kak “ckpumnka B QyTisip”.

ai

Mmuox
MoOe

bi

TETTR

Mmuoxu-

A 4

-

} |
M§l>

Hemmdparop

YAaCTHEBIX
MpOU3BELE-
HUI

P
BN
)
o Y /
Oran Oran
1 2 3

Oran

Puc. 3.3. Kongeiiep ymHO-
HKEHUS




OKM/I] DBM CRAY [1,12] obmagaeT psimoM 0COOEHHOCTEH:

Kiacc — OKM/I, cucrema ¢ oGrieit namsiteio. Bce AJIY — koHBeiepHbIE.
Bonbmiol 00beM BEKTOPHBIX PETUCTPOB (COTHU B HOBBIX MAIlIMHAX) CHUKAET
Harpy3Ky Ha OOIIYIO MaMsITh.

BrinonHeHne KoMaH]1 B CKaJIsipHOM ITPOLIECCOPE YIIPABIIAECTCS TOTOKOM JaH-
HBIX.

Co BpeMeHeM 3Ta apXUTEKTypa Obljla pean3oBaHa B BUJIE OJHOTO MUKPOMPO-
1eccopa B coctse MHorormporieccopHoit 9BM.Takue 9BM 3anumarot no OblI-
cTpoaeicTBuIo niepBbie MecTa B criucke TOP 500.

OBM CRAY coCTOWT U3 CKaJIsIPHOTO U BEKTOPHOTO mpoiieccopoB (puc.3.4). Cka-
JISIPHBIN TIPOLIECCOP BHIOUPAET M3 MAMATU U BBITIOJHSIET CKAISIPHBIE U BEKTOPHBIE KO-
MaH/Ibl, HO CKaJISIPHBIE — IIEJTUKOM, a apU(PMETUIECKYIO YACTh BEKTOPHBIX KOMaH]T
nepeaaeT B BEKTOPHBIN mpoLeccop.

Ckasip- MsHuoro-
HBIN TIPO- |« Os104yHas
eccop OTIepaTHB-
Has aMATh

v
Bexkrop-
HBIN IIPO- (¢ g Puc.3.4. Ctpkrypa BeKTOp-
neccop HO-KOHBe#epHoit OBM

Cxewma BektopHoro nponeccopa 9BM CRAY npencraBieHa HUXKE.

LM
CkarisipHble
(0] peaucmpbi
1 KoHseliepHbie
ATTY
2
6
3
K K" 7
4
14
5 ——
6 t
7 I
Pezaucmp OruHbI
sekmopa
BekmopHbie
peaucmpsbi

3.5. Ctpyxrypa DBM CRAY
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JU1s mepeMHOKEeHHsI MaTpUll Ha MociieoBaTenbHbIX OBM HensmeHHO mpume-
HSIETCSI THE3J0 U3 TPEX LIUKJIOB:

DOI1I=1,L
DO1J=1,L
DOIK=1,L

1 C, D =cd,))+AdK) * BK,J)

BHyTpeHHMI UK MOXKET OBITH 3alucaH B BUJE OTpe3Ka MporpaMmbl Ha hopTpa-
HOMOJOOHOM NapaJlJIEIbHOM S3bIKE:

RE)=A(, *)*B(*7)
(I, J) = SUM R (%)

3nech R(*), A(I, *), D(*, J) — BekTopbI pasmepHocTy L; nepBblil onepatop npea-
CTaBisieT OMHApPHYIO ONEpalri0 HaJl BEKTOPAMH, & BTOPOM — YHapHYIO OIEpaIuio
SUM cyMMHpOBaHUs 3JIEMEHTOB BEKTOPA.

I'maBHas 0COOEHHOCTh BEKTOPHOI'O MTPOLIECCOPA — HAIMUUE PSIIa BEKMOPHBIX pe-
eucmpos V, KaxIpli U3 KOTOPBIX MO3BOJISIET XPAHUTh BEKTOP JJIUHONO 110 64 CIloB.
3Oto cBoero poga POH, 3HaunTenbHO ycKopsitoye paboTy BEKTOPHOTO MTPOLEccopa.

PaccmoTpum, Kak OyJeT BBIIOIHATHCS IporpaMMa (1) B BEKTOPHOM IPOLIECCOPE.
Ha yciioBHOM si3bIKe acceMOJIepHOrO YPOBHS IpOrpaMMa MOKET ObITh IIPEJICTaBIeHA
CICAYIOIIUM 00pa3oMm:

1 LDL, Vi, A

2 LDL,Vj,B

3 MP VK, Vi, Vj
SUM Sn, Vk

Omnepatopsl 1 1 2 COOTBETCTBYIOT 3arpy3Ke CJI0B U3 ITAMITH C HAYAJIbHBIMU aJpe-
camu A u B B peructpsl Vi, Vj; onepatop 3 03HavaeT MORJIEMEHTHOE YMHO)KEHUE
BEKTOPOB C Pa3MEIlIEHUEM pe3yJiibTaTa B perucrtpe VK; oneparop 4 — cyMMHUpOBaHHE
BekTopa u3 VK ¢ pa3MenieHreM pe3yiprara B Sn.

COOTBETCTBEHHO 3TOH NMpPOrpaMMe BEKTOPHBIE PETHCTPBI CHAa4YaJla MOTAKTHO 3a-
nonHstores u3 LIMII, a 3atem ciioBa U3 BEKTOPHBIX PETHCTPOB MOTAKTHO (OJIHA TMapa
CJIOB 3a TaKT) mepenarorcs B KoHBelepHble AJIY, rae 3a KaXablid TakT MOJy4aeTcs
OJIMH pEe3yJIbTAT.

PaccmoTpum XapakTepuCTUKH OBICTPOJICHCTBUS BEKTOPHOIO Ipolieccopa Ha
npumepe BbinosiHeHus koMaHael MP Vi, V), Vk. Yucno TakToB, HEOOXOAUMOE IS
BBITIOJTHEHUS] KOMAH/Ibl, PaBHO: 7' = m, + L, T11€ M. — JJIMHA KOHBEWEpa YMHOKEHUS.

[TockonbKy Ha YMHOKEHHE Maphl ONepaHAoB 3aTpaunBaercs k = (m,. + L)/L Tak-
TOB, TO OBICTPOICHCTBUE TAKOTO MpoOIEccopa

L

V =1/(KAt) =———,
(m, +L)At

rae At — BpeMs OJJHOTO TakTa pabOThI KOHBEWepa.
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beicTponelicTBHe KOHBEEpa 3aBUCUT OT BenuuuHbl L (puc. 3.6, kpusas 1). Ilpu
L>m, Benuuuna K = 1 u V' = 1/A¢. OObI4HO 1151 BEKTOPHBIX MPOLIECCOPOB CTAPAOTCS

CACIaTb

At MmanbiM, B ipefienax 1...2 HC, TOITOMY OBICTPOJEHCTBUE MTPU BHITIOIHEHUN

BEKTOPHBIX onepaiuii MmoxeT nocturatsh 500...100 mH on/c.

v
3

Puc.3.6. 3aBucuMOCTh OBICTPOJCHCTBUS BEK-
1 TOPHOTO MPOIIECCOPa OT UIMHBI BEKTOpA!
mymn = 4; m«=T; my =6

1 2 4 8 16 32 64 128 L

BaxHOI 0COOEHHOCTBIO BEKTOPHBIX KOHBEHEPHBIX MPOLECCOPOB, UCIIOIb3yEMOM
JUTSl YCKOPEHUSI BBIYMCIICHUM, SIBIISIETCSI MEXaHU3M 3alleIUIeHUs. 3ayenieHue — TaKou
Croco0 BBIYMCIICHUMN, KOTJa OJTHOBPEMEHHO HaJl BEKTOPAMHU BBIMOJIHAETCS HECKOJIBKO
onepauuid. B yactHoctu, B mporpamMme (2) MOKHO OJIHOBPEMEHHO MPOU3BOJUTH BbI-
6opky BekTopa u3 LIMII, ymMHOXKeHHE BEKTOPOB, CYMMHUPOBAHHUE AJIEMEHTOB BEKTOPA.
[ToaToMy mporpaMMy MOYHO MEpenucaTh CIeIyIIUM 00pazoM:

LDL, Vi, A
311 Sn, Vi, B

3neck komanAa 3aneruieHus (31]) 3amaeT oTHOBPEMEHHOE BHITIOJTHEHUE OlEepalinii
B COOTBETCTBHUU CO CXeMou coenuHeHuut (puc.3.7).

umri

Puc.3.7. BrinonHeHue onepanuu 3aleryieHus: B KOHBEHEPHOM Ipolieccope

Hnst komanasl 310 nonyyaem:

r=myygptmotm +L,
K =(myyp+m,+m, +L)/L,
V =n/(KAt),

TJIE 1 — YHMCJI0 OJTHOBPEMEHHO BBINONMHAEMBIX onepanuid. B cnydae komanast 31 n = 3
(puc.6, kpuBas 2). [Ipu L>>m, u At = 1...2 HC B 3auemieHuH OBICTPOJICHCTBUE PAaBHO
1500...3000 muH or/c.
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Takoe ObicTpoEiiCTBHE TOCTUraeTCsl HE Ha BCEX BEKTOPHBIX oreparusix. /s Bek-
TopHbIX DBM cy1iecTByIoT “HeyA00HBIE” Omnepalru, B KOTOPbIX X0 AajdbHEHIINX BbI-
YUCJIEHUIN ONpENeNsAeTCs B 3aBUCUMOCTH OT pe3ysbTaTa KaXKIOW OYepelHOW 3IIEMEH-
TapHOW oIepalyy HaJl OJHUM WJIM Napoil onepanaoB. B mogo0HbIx ciyyasx L npubiu-
xaercs K enuHuie. K Takum onepanusiMm OTHOCSATCS ONepalii pacChUlKU U cOopa, KO-
TOPBIE MOKHO OIPENENUTD CIIEAYIOIINUMH OTpe3KaMH (POPTPaH-POrpaMM:

1) pacceuika
DO1I=1,L
1 X(NDEX (I)=Y ()

Ha pucynke nokazano, uto usmenenue unjaekca I ¢ mocrosauesim marom 1 ansa Y (1)
npuBoaut npu obpamennu k X(INDEX (I)) k HepaBHOMEpHOMY paccessHUIO aJpecoB
aMsITH, MOATOMY KOHBEHEp maMsTH He MOXeT paboTaTh 3QPEKTUBHO. DTO K€ OTHO-
CUTCS U K CleiyIollel onepainuu coopa.

1— 1 2 3

4
QO Y ()

2 |6 Index (I)

N

@) O X(Index(I))

2) cbop
DO1I=1,L
1 Y (I)=X (INDEX (1))
HaspanHble onepanuy UMEIOTCS B 3a/1a4aX COPTUPOBKH, OBICTPOTO MPeoOpa3oBaHUs

®dypbe, pu 00paboTke rpadoB, MPEACTABICHHBIX B (OpME CIUCKA, U BO MHOTHX
OpYTUX 33/1ayax.

CkansipHblii mpoueccop. Y CKOpPEHHE BEKTOPHBIX BBIYHMCICHUN COTJIACHO 3aKOHY
AMpana O4eHb YYCTBUTEIBHO K BPEMEHH BBIIOJHEHUS CKAJSIPHBIX ONEpanui. ITO
BpEMsI MOKHO YMEHBIIUTH ABOSKO:

o  YMEHBIINUTH KOJUYECTBO CKAISPHBIX ONEpPALMid, YTO HE BCErAa BO3MOXKHO
o YBeJUUYUTh OBICTPOAEHCTBUE CKAJISPHOIo Iporeccopa. IUMEHHO 3TO U CAENaHo B
CRAY. 3nech

e CKaJIIPHBIN MPOIIECCOP BBHIMOJHEH MO MPUHIMMIY MOTOKa HaHHbIX (DF).
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LmMri

0 POH
5O T T ATTY
1 RO
6
2 R1
K’ ’(” 7
3 R2
14
4 BEAO R3 -
5
4 5
6 3
2 ;
7 | BK
1 | I I
[RO|R1|R2| R3] 1 LD RO, B
B5C POH 2 LD R7,C
VK 3 MP RO, R1
CuK | 7 (D R2 A
51D R3 E
yy 6 SUB R2, R3
7 LD R3, D
8 SUBADDR3,R2| | | |
9 ADD R3, Ro| L
70 ST Z R3 [

Puc. 3.8 Opranuzanus CKaJipHOT0 KOHBEMEPHOIo mpolieccopa:

Paccmotpum cTpykTypy M (QYHKIMOHUPOBAHUE CKAIAPHOSO KOHBEUEPHO20 Npo-
yeccopa B 11enoM (puc.8). Ha pucynke 0603Ha4eHO:

o [IMII — nenTpanpHass MHOTOOJI0OYHAS TTAMSITh;

« BAO — Oydep aapecoB onepaHios;

o AJIY — kongeiiepuzoBannbie AJIY s onepanuii ¢ miaBaroieil TOUKOu;
o K’, K”’— xommyrtaropsl namsatu 1 AJIY COOTBETCTBEHHO;

« BC POH — 6ok cocrossaus POH;

o VYIIK — yka3zarenb HOMEpa MPOINYIICHHON KOMaH/IbI;

e (CuK — cyeTunk KOMaH;

o |— mmHa agpeca KOMaH;

e 2— ImMHA yIpaBJICHUS BBIMTOJHEHUEM KOMaH I 0OpaIlleHUs K MMaMsTH,
o 3 — mmHa 3anonHenus bK;

e 4 — mmHa cMeHbl coctossHu POH;

e 5 — IIKMHA YNPABJICHUS BBIIOIHEHUEM PETUCTPOBBIX KOMaH/T

[Iponieccop coaepKUT HECKOJNbKO KOHBeHepHbIXx AJIY. [Insg pas3HbIX onepauuit
AJIY uMeroT paznuuHylo JJIMHY KOHBeiepa (Ha puc.8 oHa paBHa 6, 7 1 14 mo3unu-
sM). B mpolieccope MCoab3yl0TCsl KOMaHAbl ABYX KJIACCOB: KOMAaHJIbl OOpalleHus B
naMsTh U PErucTpoBbie KoMaH bl s pabotsl ¢ POH. bydep komana umeer MHOrO-
CTPaHUYHYIO CTPYKTYPY, UTO IMO3BOJISIET BO BpeMsi paboThl YY € OJHOM CTpaHMIICH
OPOU3BOJUTH 3apaHee CMEHY JIpYrux crpanuil. i u3ydeHust paboThl mpoleccopa
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(puc.3.8) UCHoab30BaH OTPE30K MPOTrpaMMBbl, COOTBETCTBYIOIIUN BBIYMCICHUIO BbI-
pakeHus

Z=A-(B*C+D)-E.

B nporpamme: LD — koMaHJa 3arpy3ky OIl€paH]ia W3 NaMsATh B peructp; MP,
SUB, ADD — xoMaHJbl YMHOKE€HUS, BEIYMTAHUS U CJIOKEHHUSI COOTBETCTBEHHO; ST
— KOMAaH/1a 3allMCy OINEepaH/ia U3 PETUCTPa B MAMSTh.

CocTostHue TIpH BBIMOJTHEHUHW MPOrpaMMbl TToKa3aHo B Taba.1. B mocienneit xo-
JIOHKE TaOJMIBI TIPUBEACH TOPSAIOK 3alycka KOMaH] Ha WCIONMHeHWe. HexoTopsie
KOMAaH/Ibl MOTYT OIIEPEkKATh IO 3aIyCKy KOMAaH/bl, HAXOASIIMECS B IPOTPAMME BBIIIIE
3anmywmeHHoi. Hanpumep, komanabl 4 U 5 BBINOIHAIOTCA paHee KOMaHAbl 3. DTO BO3-
MOKHO OJarofapsi HaIM4YMIO B MPOrpaMMe JIOKAJIbHOTO Mapajulein3Ma U HECKOJIbKUX
AJIY B ctpykType npoueccopa. OHaKo Mo00HbIe “OO0TOHBI” HE HOJKHBI HApYIIaTh
JIOTUKY WCTIOJHEHUs TTporpaMMel, 3agaBaeMont ee U (puc.3.9). Jlrobas oneparus co-
IJIACHO PUCYHKY MOKET OBITh 3aIlyllIeHa TOJIBKO IMOCJE TOTO, KaK MOJArOTOBJIEHBI CO-
OTBETCTBYIOLIUE ONEPAH]Ibl. DTO JOCTUTAETCS MYTEM 3alpeTa I0CTyIa B ONpPEEIIECH-
Hele POH 1o okoHuanus onepanuu, B KoTropoit yyactByroT nanueie POH. Cocrosnus
POH otpaxensl B cnenmansaoM bC POH.

R3,~
g
v/ N\
*. Rz/
RO R1 R2 R
R/ LA

Puc.3. 9. Undopmanronnstii rpad mporpammsl: Ri — peructp o61ero Ha3HauYeHHUS

B Tab6n.1 nmpuBeneHo onvcaHue HECKOIBKUX TAKTOB paboOThHI mporeccopa. [Ipuns-
TO, 4YTO BhIOOpKa omnepanaa u3 [IMII 3anumaeT detbipe TakTa, CIOKEHHE — 6, a yM-
HOXXKEHUE — 7 TakToB. CUMTAETCs, 4TO 32 OJUH TaKT MPOIEccopa YCTPOIMCTBO yNpaB-
JIEHUS 3aIlyCKAaeT Ha MCMIOJHEHUE OJHY KOMAaHJy WU MPOCMATPUBAET B MPOrpaMme
10 4yeTblpex KkoMaHl. CrienaeM NOsICHEHUS K TaOJIHIIE.

Takt 1. Ananuz BC POH noka3ssiBaet, utro Bce POH cB0oOOHBI, TO3TOMY KO-
Manja 1 3anmyckaercs nis ucnonHenus B [IMIIL. B cron6eny RO 3anuckiBaeTcs 4, 4To
o3HauaeT: RO Oyner 3aHsT 4eThlpe TakTa. [locie ucrnoaHeHus KakI0ro TakTa 3Ta Be-
JUYMHA YMEHBIIAETCS Ha eAUHULy. B cTpykType mpoueccopa 3aHsaTocTh RO onuce-
BaeTcs yctaHoBkou paspsga RO BC POH B 1, a 3atem copoc RO B 0 1o curnamy c
IIMHBI 4, KOTOPBIN NOSIBISETCA B TAKTE 4 MOCIE MOJIYYEHU ONEPaH/Ia U3 MaMSATH.

Takt 2. 3amyckaercst komaHaa 2 u Onokupyercst peructp R1.

TaxT 3. [IpocmarpuBaercs komMaHaa 3, OHa HE MOKET OBITh BBIMIOJHEHA, TaK
kak nocie ananu3a bC POH nyxuble nis ee ucnonnenus peructpsl RO u R1 3a6mo-
kupoBanbl. Komanga 3 npormyckaercs, a ee Homep 3anucbiBaetcs B YIIK. IIpousso-
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IUTCSl aHAJIM3 YCIIOBUU 3amycka cienytouiedl (mo cocrossautro CuK) xomanasl. Ko-
MaH/a 4 MOXKeT OBITh 3aIyIIeHa U 3aITyCKaeTCsl.

Tabnuua 3.1.ITopsgok UCTIONHEHUS IPOrPaMMBbI B CKAIIPHOM KOHBeHepe

NN Cocrossane POH Howmep
takta | RO R1 R2 R3 KOMAaHIbl
1 4 - - - 1

2 3 4 - - 2

3 2 3 4 4

4 1 2 3 4 5

5 X 1 2 3 -

6 7 - 1 2 3

7 6 X 1 -

8 5 - 6 X 6

9 4 - 5 4 7

10 3 - 4 3 -

TaxkT 4. I[Ipocmorp BK HaumHaercsi ¢ HomMepa KoMmaHbl, 3anucaHHo B YIIK.
Komanna 3 He MoxeT ObITh 3aImyIieHa, Mo3TOMY 3aIlyCcKaeTcsi KoMaHaa S.

TaxkT 5. Komanga 3 He MOKeT OBITH 3ammylieHa, Tak Kak 3aHaT peructp R1, ox-
Hako peructp R0 ocBoOoauiics u OyJeT UCIOJIb30BATHCS KOMaH/I0M 3, OH CHOBa 0J10-
kupyercs (cumBoI x). [IpocMOTp deThIpex ClAeAyIONIMX KOMaH/T MOKa3bIBAET, YTO OHU
HE MOTYT OBITh 3aITyIIEHBI, TOATOMY B TaKT€ 5 JJIS UCIIOTHEHUSI BHIOMpPACTCS HOBAS
KOMaHJA.

TakTt 6. 3amyckaercsa komaHa 3.

B nansHelimeM npouecc NTpoUCXOaUT aHAIOTMYHO. M0KHO 3aMeTUTh, yTo 3a 10 Tak-
TOB, ONMKMCAHHBIX B TaOJ. 2.1, B mpoleccope 3anmyIieHo ceMb KOMaH, YTO COOTBETCT-
ByeT 10/7 = 1,5 Takra Ha KOoMaHay. [Ipeanonoxkum, 4To TakT mporeccopa paseH 10
HC. Torna Ha BBITIOJIHEHUE OJTHOM KOMaHbl TPATUTCSA 15 HC, UTO COOTBETCTBYET ObI-
cTpozeiicTeuto V' =70 muH om/c.

3.4. MHoronpouneccopHbie CHCTEMBI € 00111eli MAMATHIO WIH
Symmetric Multiprocessing (SMP)

MuoronpoueccopubiM OBM mnocBsiiena Oosblias nureparypa. Ity uHbpopma-

LU0 MOYKHO IMIOCMOTPETH Ha caite [6].
Cxema MHOTOIPOIIECCOPHOM CUCTEMBI C OOIIEH MaMAThIO IIPEACTaBICHA HUKE:
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Odman (pazgensaemMas)
ONEepPaTHRHAN
NaMATh

O6uras mMHuHA

CACHE-namaTh CACHE-namMaTh CACHE-namaTb

IIpoueccop IIpoueccop IIpoueccop

Puc. 3.10. Cxema MHOTONPOLIECCOPHON CUCTEMBI C 00IIIeH MTaMAThIO

Hannuue o0mielt mamMsTH BBI3BIBACT KaK IMOJIOKHUTEIbHBIC, TAK M OTPULIATEITHHBIE
TIOCTIC/ICTBHS:
o Hanmuue paznmensiemoii mamsaTi He TpeOyeT PU3NIECKOTO MEPEMEIICHUS TaHHBIX
MEX]Ty B3aMMOJCHCTBYIONTUMH MTPOrpaMMaMH, KOTOPBIE MAPAJUIEITBHO BBITIOTHSIIOTCS
B pa3HBIX Mpolleccopax. ITO yNpoIaeT MPOrpaMMHUPOBAHUE U HCKIIIOYAET 3aTpaThl
BPEMEHU Ha MEXKIPOIECCOPHBIN OOMEH.
o IlockonpKy Mpu BBIMOTHEHUH KOMaH][ KaXIbIM MPOIECCOPOM HEOOXOAMMO 00-
pamarbCcs B pa3feisIeMyl0 MaMsiTh, TO TpeOOBaHUS K MPOMYCKHOW CIOCOOHOCTH
KOMMYTAaTOpa 3TOW MaMATH YPE3BBIYAHO BBHICOKH, YTO M OTPAHUYMUBACT YMCJIO TPO-
LIECCOPOB B cHcTeMax ¢ obmeit namateio BenuuuHou 10...20. [{ns ycrpaneHus 3Toro
CYIIECTBEHHOTO HEIOCTAaTKa WCIOJB3YIOTCS Pa3BUTHIE CHUCTEMBI KAIIMPOBAHUSA, TO
€CTh BHYTPHIIPOIICCCOPHOIN OBICTPOJACHCTBYIONIEH NaMATH TSI BPEMEHHOTO XpaHe-
HUS TIPOMEKYTOUHBIX PE3yIbTaTOB.
o Heckonbko mporeccopoB MOTYT OJHOBPEMEHHO O0OpamaThecsi K OOIUM JaHHBIM
M 9TO MOXXET MPHUBECTH K TMOJIyYCHHUIO HEBEPHBIX PE3yNbTaToB. UTOOBI MCKIIOYHTH
TaKWe CUTyallid, HEOOXOJAMMO BBECTH CUCTEMY YMPABJICHHs JOCTYIIOM B OIEPATHB-
HYIO MaMsTh, pa3penaronyo oOpaleHne K MaMaTi TOJIBKO OJHOMY IMPOIECCy. ITO
SBJISIETCS] OTJIMYUTEIILHON OCOOEHHOCTHIO CUCTEM C OOIIEH MaMsThIO.

Ynpasienue gocrynom K mamsatu. [lycts nBa npouecca (mpoueccopa) L1 u L2
BBITIOJIHAIOT Orepanuio npubasieHus 1 B syeiiky X, mpuueM, BO BpEMEHU 3TH OIle-
panuu BBIIOJHSAIOTCS HE3aBUCUMO:

Taxue BbIYMCIIEHUS MOTYT COOTBETCTBOBATh, HaIpUMeEp, paboTe ceTu Mo Mpoja-
e OWUJIETOB, KOTJa JIBa TEPMUHAJA COOOIIAIOT B MIEHTPAIBHBIA MPOIIECCOP O TPOJa-
’Ke OJHOro Owmiera Kaxabld. Ha meHTpadbHOM mporeccope BBIMTOJHEHUE KaKIOM
OINEepalliy 3aKIF0YAETCS B CIEAYIOIIEM: UYTEHHE COXKEpKUMOro X B peructp R1, npu-
OaBiieHMe eAUHMIIBL, 3anuch coaepxkumoro R1 B sueliky X. Ilyctb Bo BpeMeHHU Ha
LHEHTPAILHOM MPOLECCOPE ONEpalMU MO TaKTaM PACHOJIOKUIUCH CIEIYIOUUM 00pa-
30M M HadasibHOE 3HayeHne X = 0.
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Ll...: RI=X :{RI=RI+1: X=R1

L2... R2=X R2=R2+1 | X=R2

L2* R2=X : R2=R2+1: X=R2
1 2 3 4 5 6 7

= TakTel

B pesynbrare HEyJjayHOrO pa3MeleHus: B TakTe 2 U3 SYeilku X YUTaeTcsl 3HaYeHUe
0 nmo Toro, kak npouecc L1 3anmmcan Tyna eguHuny. 3TO NPUBOJUT K TOMY, YTO B
TakTe 4 B siueiiky X OyAeT BMECTO JIBYX 3alucaHa eauHuia. YtoObl n30exaTh TaKux
CUTYaIIMH, HYy>KHO 3arpeniaTh BCEM MpOIEccaM UCIO0JIb30BaTh OOIINI pecypc (sueil-
Ka X), MOKa TEKyUIUH MPOIECC HE 3aKOHYUT €ro MCIOJb30BaHUE. DTO Ha3bIBAaeTCA
cuHXpoHu3anuen. Takas cuTyauus rnokasasa B ctpoke L2*.

Cemadopbl. UTOOBI HCKIIOYUTH YIIOMSHYTYIO BBIIIE CHTYaIldiO0, HEOOXOAMMO
BBECTH CHCTEMY CHHXPOHHU3AINH MapaJUIeITbHBIX TIPOIECCOB.

Breixon 3akmiouaeTcsi B paspelieHHd BXOAWTh B KpuTuueckyro cekimio (KC)
TOJILKO OJTHOMY M3 HECKOJIBKUX aCHHXPOHHBIX MpoiieccoB. [1o1 KpUTHIecKoi CeKIu-
el MoOHMMaeTcsl y4acTOK Ipoliecca, B KOTOPOM IMpoliecc HyXkaaercs B pecypce. Pe-
IeHHue PoOJIeMbl KPUTHUECKON CEKIIMHU OBLIO MpeiokeHo B Buae ceMadopos. Ce-
MadOopOM Ha3bIBaCTCS IMEPEMEHHAS S, CBSI3aHHAS, HAIPAIMEpP, C HEKOTOPBIM PECYPCOM
U MpUHUMaoIIas 18a cocrosiHus: 0 (3ampemieHo odpamienue) u 1 (paspemieno oopa-
nienue). Hag S onpenenensl ase onepauuu: ¥ u P. Onepauus V' nu3MeHsieT 3HaUCHHUE
S cemadopa Ha 3Hauenue S + 1. JleiicTBue onepamnuu P TakoBo:

e Eciu S # 0, To P yMeHbIIIaeT 3HAUCHUE HA €AUHUILY;
e Ecou § =0, To P HE U3MEHSAET 3HAUEHUS S U HE 3aBEPIIACTCS 0 TEX MOp, MOKa
HEKOTOPBIN APYrou Mpouecc He U3MEHHUT 3HaY€HUE S ¢ MOMOIIBIO onepanuu V;

e Onepauuu V u P cuntaroTcss HeACIUMBIMU, T. €. HE MOTYT HUCIOJHATHCS OJIHO-
BPEMEHHO.

[IpuBenemM npuMep CUHXPOHHU3AIMH ABYX MPOIECCOB, B KOTOPOM process 1 u process
2 MOTYT BBINIOJIHATHCS MapasuienbHo. [Iporecc MokeT 3aXBaTUTh PECYpPC TOJIBKO TO-
raa, koraa S:=1. [Tocie 3axBaTta nporuecc 3akpbiBaeT cemadop onepanuu P(S) u ot-
KPBIBAET €r0 BHOBb MOCIIE MPOXOKIACHUS KpUTUUECKOU cekunu V(S).
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begin
semaphore S;
S:=1;
process 1:
begin
L1:P(S);
Kpurnueckuii yuactox 1;
(S);
Ocratok nukia, go to L1
end
process 2:
begin
L2:P(S);
Kputnueckuii yuactox 2;

(S);

OcraTok nukia, go to L2
end
end

Taxum o6pazom, cemadop S obecrieunBaeT HEACIUMOCTh MPOIIECCOB Li U, 3HAYUT, UX
MIOCTIEIOBATEIHPHOE BBIMTOJIHEHUE. DTO U €CTh PEIIeHUE 3a/1a4l B3aUMHOTO MCKITIOYe-
HUSL 11 IPOIIECCOB Li.

Onpenenenne TpedyemMoro ObICTPOAEHCTBUSI NMAMSATH MO0 YaCTOTE MPOLECCO-
pa. s cobmroneHust OanaHca BBIYMCICHUN B OJHOM SIpe HEOOXOIUMO, YTOOBI B
ATOM IIMKJIE BpPEMs BBIUHUCIECHUN B IMPOIECCOPE PABHSIIOCH BPEMEHHM OOpaIlleHUs K
naMATH. DTO MUHUMAIILHOE YCIIOBHE 0003HAYAET CIIEMYIONIee:

N*Typ = M*Thy,

rae N — uucio onepanuii mporeccopa (paBHO 6 AJig IpUMEPa,IPUBEICHHOTO BBIIIE),
M — uncno oOpamenuii k namaru (paBHo 2), Ty, u Ty, COOTBETCTBEHHO - BpeMs pa-
60ThI miporieccopa u namsatu. CrienoBarenabHO, IS HAIIEro mpuMepa Tpedyemast yac-
TOTA MaMSITH JIOJDKHA PABHATHCS:

FI’ZM :%Xan

ITycts s npumepa Fy, =1 I'Tn, M = 2, N = 6 (kak B mporpamMMe BBIIIE), U U3 T1a-
MSITH BBIOMpAIOTCS 64-pa3psiAHble YUCIa, TOT1a

Fo = 0.33*1I'Tn = 330 MI',

a Tpedyemasi IpOITyCKHast CIIOCOOHOCTD MaMATH ¢ PaBHSIETCS

q = 8*F,,, = 8*330 = 2.84 I'Gaiit/c
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B Nehalem ucnone3yetcst 8 mporeccopoB, MO3TOMY NMPUBEACHHOE BBIIIE BBIPAXKE-
HUEMEHSETCA TaK:

F =8-M><F

nm np

Kpome Toro, yacrora Nehalem cocrasnsier He 1, a 3 I'T'y , mosTomy TpeGoBaHUs K
MPOITYCKHOM CIIOCOOHOCTH MaMsTH Bo3pacTaroT. [lonoxkeHue crnacaer pa3BuTasi Cuc-
TeMa K31eH, 4To U oprainu3oBaHo B npoueccope Nehalem.

Crnenyer NpoBOJUTH PA3IUUUE MEXKITY:

Cucremoirt OKM/I.
Cucremoii ¢ o01Iel MaMAThIO.
Cucremoii SMP.

Jlsisi mporpaMMUpOBaHUsl CUCTEM COOLIEH MaMsThIO KCIOJb3YETCSl BHICOKOYPOB-

HeBbI 361Kk OpenMP, KOTOpBI MO3BOJISIET B SIBHOM BHUJE YKa3bIBACTh HAJIUYKE B
IporpaMMa MecCT, KOTOpbIE MOYKHO pacnapauienuBaTh. Camo ke pacrnapaiieIuBaHnue
IIPOU3BOJUTCS B IIPOLIECCE TPAHCIIALMY HA OCHOBE COJAHMS ITIOTOKOB, PEAU3yOLIUX
caMo paclapajIeIMBaHuUs.

IIpumep cummerpuyHoi MmyabTunpoueccopuoit IBM HP 9000 (B3sTo u3 [6]).

ApxutekTypa. CucTeMa COCTOWT M3 HECKOJIBKHUX OJHOPOIHBIX IMPOIECCOPOB H
MaccuBa 001Iei maMsaTH (0OBIYHO M3 HECKOJIbKHUX HE3aBUCHMBIX OJIOKOB). Bce
IPOLIECCOPBI UMEIOT JOCTYI K JIFOOOW TOYKE MaMsTH C OJIMHAKOBOM CKOPOCTHIO.
[Ipotieccopsl MOAKITIOYEHBI K TAMSTH JIMO0 ¢ TOMOIIBIO 001Iel muHbI (0a30BbIe
2-4 npoueccopusie SMP-cepBepa), 1100 ¢ MOMONIBIO Crossbar-kOMMyTaTopa
(HP 9000). AnnapaTHO nOAIEpKUBAETCS KOTEPEHTHOCTh KAIIIEH.

IIpumepsni. HP 9000 V-class, N-class; SMP-cepBepa u pabouue cTaHIMu Ha
6a3e nporeccopos Intel (IBM, HP, Compaq, Dell, ALR, Unisys, DG, Fujitsu u
Ap.).

Macmirabupyemocts  Hanmnuue o0mieil mamMsiTé CHIIBHO YOPOUIAET B3aUMO-
JEHUCTBUE MPOLIECCOPOB MEKIY COOOM, OJTHAKO HAKJIAJbIBAET CUIIbHBIC OTPaHHU-
YeHUs Ha WX 4YMCIIO - He Ooznee 32 B pealbHBIX cucrteMax. Jlig mocTpoeHus
MacmTabupyembix cucreM Ha 0aze SMP wucnonb3yroTcs KiacTepHbE WU
NUMA -apXuTeKTypHbI.

Onepaunonnasi cucrema. Bes cucrema paGoTaeT moj yrnpaBieHUEM €IMHOU
OC (o6bryno UNIX-momo6HOM, HO mis Intel-rutatrdopm mopaepkuBaeTcs
Windows NT). OC aBromaruuecku (B mporiecce paboThl) pacnpeenser mpo-
IIECCHI/HUTH 10 Tipotieccopam (scheduling), HO MHOT1a BO3MOKHA U SIBHASI TIPH-
BS3KA.

Mogaeabs nporpamMupoBanus. [[porpammupoBanue B MOJenu 001eil mams-
. (POSIX threads, OpenMP). [Ins SMP-cucteM cyIiecTByrOT CpaBHUTEIBHO
3¢ (peKTUBHBIE CPEICTBA ABTOMATUYECKOTO pacrapalieTHBaHU.
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3.5. MHoronpoueccopHbie CHCTEMBbI ¢ HHAUBHAYAJIbHON NAMATHIO WIH
MaccuBHO-napajiesibHbie cucrembl (MPP)

[IpobGnema mMacmITabupyeMOCTH pElIaeTcsl B CUCTEMAaX C paclpeeieHHOW (MHIu-
BUyaJIbHON) mamsAThi0 (puc.3.11), B KOTOPBIX YHCIO MPOLECCOPOB MPAKTUUECKH HE
OTPaHUYEHO.

Puc. 13 Cmpywmppa Mowks ¢ pocapedesessndd
QLT TR

Puc.3.11. Cxema DBM ¢ MHIUBUAYAIBHOW MAMSTHIO.

CeteBoii 3axkoH Amaana. [naBHbIM (pakTOpOM, CHIDKAIOIINM 3P HEKTUBHOCTD
TaKWX MAIllUH, SBISETCSA MOTEPU BPEMEHHU Ha mepeaady COOOIICHHI.

OpaHOM W3 rIaBHBIX XapaKTEPUCTUK NapaJlIEIbHbIX CUCTEM SIBISETCS YCKOPEHHE
R mapannenpHON cUCTEMBI, KOTOPOE ONPEAETAETCS BEIPAKEHUEM:

R=T,/T,

rae T1 — Bpems pemieHus 3aaa4u Ha OJTHOIIPOLIECCOPHOM cucTeMe, a Tn — BpeMs pe-
HICHUS TOW e 3aJ]a4 Ha N — IPOLIECCOPHON CUCTEME.

[Tycts W = Wck + Wrip, rie W — oOmiee uucno omeparuii B 3amgade, Wip —
YUCJIO OIepaluii, KOTOPbIE MOKHO BBINOJHATH MapauieibHO, a  WCK — YUCIo
CKAJISIPHBIX (HEepacnapaieuBaeMbIX ) onepanuii. O003HaYUM Takke uepe3 t BpeMs
BBITIOJIHEHUS OAHOW onepanuu. Torna mojiyyaemM U3BECTHbIN 3akoH Amjana [8]:

R Wt _ 1 R
B wooo  l-a %7,
(WCK+ np)'t n

3nech a = W /W — ynenbHbIN BeC CKAISIPHBIX OTIEPAITHiA.

OcCHOBHO# BapHuaHT 3aKoHA AM/Iana He OTpa)kaeT MOTEPh BPEMEHH Ha MEX-
npoLeccopHblii 00MeH coobenusamu. [lepenumiem 3akon Amana:

R = Wt _ 1 _ 1
¢ w, -~ l-a W.-t. l-a
W, + ;p)'HWc'fc a+ + VIC/-tC a+7+c

3nech W, — KOIM4YECTBO MepeIayd JaHHbIX, {. — BpEMs OJHOM Nepeaadyn TaHHbIX.

61



OTO BhIpaKE€HUE

Re = l1-a

n

a+

+cC

H ABIIACTCA CCTCBBIM 3aKOHOM AMI[aHa. OTOT 3aKOH OIpCACIIACT CIICAYIOIINC IBC
OCOOCHHOCTH MHOT'OITPOICCCOPHBIX BBIYHCJICHUM

KoaddunmenT cereBol nerpagauy BEIYUCICHUN C:

W.-t
_"Tecte _ .
c= W C,  Cr,

-t
onpeenseT 00beM BBIYUCICHUH, MPUXOIALIMNCA HAa OJHY Mepefady AaHHBIX (I10
3arpaTtaM BpeMeHu). llpu aTomM ¢4 ompenensieT alropuTMHYECKYI0 COCTABIISIOIIYIO
K03 pumeHTa aerpajganuu, oOyclIOBICHHYIO CBOWCTBAMU AJITOPUTMA, & ¢y — TEXHU-

YECKYIO0 COCTABJISIIONLYI0, KOTOpasi 3aBUCUT OT COOTHOIIEHHUSI TEXHHUYECKOTO OBICTPO-
NEHUCTBUS MPOLIECCOPA U aNnapaTypbl CETH.

B HEKOTOpPBIX CiTydasiX MCIONb3yeTCs €llle OAUH mapaMeTp uid u3MepeHus 3pdex-
TUBHOCTHU BBIYUCICHUMN — KO3PPHUIMESHT yTUITU3ALUH Z.

R. 1
LR _

n l+c-n c—0

/1

[Tpumep Z nns 9BM CKU® u nepBoro kinactepa Beowulf nan Ha puc.3.12.

Mpacdmk KMNAO

1,2
o 141 = 0
S 08 —a— CKUD
2 —m— CKU®D
: 0,6
g_) \ —a—Beo
g 0.4 7 —=— Beo
™ 0,2 i

0 T T

1 4 16 64 256 1024
Yucno npoueccopoB

Puc. 3.12. I'padux xospunuenta nonesnoro aevicreusa anas CKU® u Beowulf. KBagpatamu otme-

YeHBI KpPHUBBIC 0€3 ydeTa JIATEHTHOCTH KOMMYTATOpa, TPEYTOJbHUKAMU — C YYETOM HAJUYHs Jia-
TeHTHOCTH (2 Mkc — st CKU®D, 80 mxc — st Beo).

IIpurpamupoBaHue AJsl cCMCTEM ¢ nepeaaveii coodmenuii. Hanbonee pacnpo-

CTpaHEHHON OMOIMOTEKOH MapauIeIbHOrO IPOrpaMMUPOBAHKS B MOJIEIH TIEpeaaun
coobmenuit sBasiercss MPI (Message Passing Interface). MPI [8] sBisiercs Ou0-
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JTHOTEKOHN (PYHKIHIA MEXIIPOIIECCOPHOTO 0OMEHA COOOIIEHUSMHU U COJACPIKUT OKOJIO
300 pyHKIHI.

O} hHEeKTUBHOCTH CUCTEM C 0OMEHOM COOOIIICHUSIMU OMPEACIISIETCS KAYeCTBOM T1a-
pautenbHoOro anroputMa. Eciau B Hem HeT napaiuienusma, To 9BM ¢ MHOXKECTBOM
nporeccopoB OyaepadboTaTh J1ake MeIJICHHEE OTHOIIpoIieccoporoir DBM.

IIpumep nmapamiensubix IBM ¢ 00MeHOM cooOmeHnsiMu (B34T U3 [6]).

ApqueKTypa. CucreMa COCTOUT U3 OOHOPOAHBIX 6blYUCIUMENbHBIX )3/106, BKIIO-
HJaronmux:

e OJIMH WJIM HECKOJIBKO LIEHTPaTBbHBIX TporieccopoB (00brg4HO RISC),

o JIOKQJIbHYIO NMaMsTh (IPSAMOM JOCTYI K NAMSATH APYTUX Y3JI0B HEBO3MOKEH),
e KOMMYHHUKAIIMOHHBIN MIPOLIECCOP WIIM CETEBOU aJarrep,

e WHOT/A - XKecTKue aucku (kak B SP) n/unmu apyrue ycrpoiictBa B/B.

K cucreme moryT ObITH 0OABJIEHBI CIIEIIMATBHBIE Y3JIbl BBOJIa-BHIBOJIA U YIIPABIISIIO-
IIMe Y3Jbl. ¥Y3JIbl CBA3aHbl Yepe3 HEKOTOPYID KOMMYHHUKAIMOHHYIO cpeay (BBICOKO-
CKOPOCTHAs C€Tb, KOMMYTATOp U T.II.)

Ipumepsi. IBM RS/6000 SP2, Intel PARAGON/ASCI Red, CRAY T3E, Hitachi
SR8000, TpancnproTepHbIe cucTeMBI Parsytec.

Macmradupyemocts. O0I1I€€ YUCIIO TPOIECCOPOB B PEATBHBIX CUCTEMaX JOCTUTACT
Heckosibkux Thicsid (ASCI Red, Blue Mountain).

Onepannonnas cucrema. CyliecTBYIOT JIBa OCHOBHBIX BapHaHTa!

1. Tlonmnouennass OC paboTaeT TOAbKO Ha yrpasistonied mamuHe (front-end), Ha
KaKJIOM y3ie paldoTaeT CHIbHO ype3aHHbli BapuaHT OC, oOecreunBaromue
TOJIbKO pa0OTy pacroiOXKEHHON B HEM BETBH MapajljICNIbHOTO MPHIIOKECHHUS.
ITpumep: Cray T3E.

2. Ha xaxnom yszne paboraer mnonHouieHHas UNIX-momo6nas OC (BapuaHr,
Onu3Kui K kaactepHoMy noaxony). [pumep: IBM RS/6000 SP + OC AlIX, yc-
TaHaBJIMBAEMasl OT/ICIIbHO HA KaXJAO0M Y3JI€.

Mogeabr nmporpamMMmupoBanus. [IporpaMmupoBaHue B paMKax MOJCIH TNepeaaqyu
cooomenmuii ( MPI, PVM, BSPIib)
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I'maa 4. CPEJACTBA ITAPAJIJIEJIBHOT'O IPOT'PAMMMPOBAHUA

4.1. IIapajuiesibHbIE ATOPUTMBI

BoluncnurenbHble alropuTMbl 00JIaal0T Pa3IMYHBIM YPOBHEM Mapajlieu3Ma.
JIns HEKOTOPBIX KIIACCOB 3a/1a4 UMEETCSl KaUueCTBEHHAsl OLICHKA BEJIMYMHBI Iapasuie-
nu3Ma. HekoTopbie pe3ynbTaThl TAKOW OIIEHKHU MPEACTABIICHBI B CICAYIONICH TaOIuIle

[13].
XapaKTEpUCTUKNA HEKOTOPBIX MAPAIUICIIBHBIX AJITOPUTMOB
N HaumenoBanue Bpewms Yucno
11 aJIrOpuTa BBIYMCIICHHUIA MIPOLIECCOPOB
AJiredpa
1 |Pemenue TpeyroapHOM CUCTEMBI YpaBHEHUM, 00- 0(10g2 n)
paleHne TPEyrojibHONH MaTPHIIBI
2 | Bprancnenue kKodQpPUIUEHTOB XapaKTepUCTUUe- 0(log>n) 0(n*/log”n)
CKOT'O ypaBHEHHS MaTPHUIIbI
3 |Pemenue cuctembl TMHEHHBIX ypaBHEHUH, 00pa- 0 (log’n) 0(n*/log”n)
IICHUE MaTPHIIBI
4 |Meron uckmouenus [aycca 0 (log®n) 0(n°")
5 |BpruucineHue paHra MaTpuLbl 0 (log’n) [IOJIMHOMHUAIIBHOE
6 |Ilomobue nByX MaTpuIl 0 (log’n)
7 |Haxoxnenne LU-pa3noxeHuss CHMMETPUYHOMN 0 (10g3 n) 0( n* /10g2 n)
MaTPHIIBI
Kom0uHaTopuka
l | —onTUManbHBIN PIOK3aK, 1 — PAa3MEPHOCTH 3a- 0(log n log (n/¢)) 0(n’/€”)
JaqH
2 |3amaya o MOKPBHITHH C TapaHTUPOBAHHON OLIEHKOU 0(log” nlogm) 0(n)
OTKJIOHEeHHsI He Ooee, yeM B (1+€)log d pas
3 |HaxoxaeHue &€ — XOpOIIeH pacKpacKu B 3aa4e O 0(log’ n) MOJMHOMHATIBLHOE
0aaHCHPOBKE MHOXKECTB
Teopus rpagos
1 |PamxupoBaHue crimcka O(logn) O(n/log n)
2 |DiinepoB myTh B IepeBe O(log n) O(n/log n)
OTbICKaHKe JepeBa MUHUMAIILHOTO Beca 0 (log*n)
TpaH3UTHBHOE 3aMbIKAaHUE 0 (10g2 n)
Packpacka BepimHbI B A + | 1 A 11BeTOB 0(log® nloglogn) 0(ntm)
6 |JepeBo moucka B riryOouHy 1is rpada 0(log’ n) 0(n)
CopTHPOBKA M MOUCK
CoptupoBka 0 (log n) 0(n)
2 |CiusHue A1 ABYX MacCHBOB pa3Mepa 1 u mi, N P=0(N/logN)
N = m+m 0(?+10gN)
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CkpbiThiii napaniean3m. Heobxoanmoe ycinoBre napajyieabHOTO BBHIIOTHEHUS 1-U
U J-1 UTepaluil HUKJa 3aliCbIBAETCS KaK U B cllydyae apu(PMETHUECKUX BBIPAKEHUE B
Bujie npaBwia Paccena [10]ams nukiios:

(OUT(i) AND IN(j)) OR (IN(i) AND OUT(j)) OR (OUT(i) AND OUT())=0

[IpuBenemM nmpumepsl 3aBUCUMOCTEN MEXIy UTepaluusiMH — mnpsmMas (a), oOpaTHas
(0) 1 KOHKypEHITMOHHAs (B):

a) Urepanus 1 a(@)=a(i-1) wrepanusas a(5)=a(4)

A
Urepamust i+1  a(i+1)=a (i) wurepauus 6 a(6)=a(5)

0) Ureparnus 1 a(l —l/)v: a(i1) wrepanuasS a(4)=a(s)

Urepamussi+1 a(i)=a(i=1) wurepamus 6 a(5)=a(6)

B) Ureparus 1 s=

Urepamuai+ 1 s=

3HaHMWE OLIEHOK U3 TaOJULbI HE 1aeT elle BO3MOKHOCTH ITOCTPOUTD MPAKTUYECKHMA
NapajuIeNIbHBIA aNrOpuTM. BO MHOIHX Cily4asix OH HE OYEBHJECH U €T0 €IIe HYXHO
pa3INYHBIMH MIPUEMaMU TPOSBUTH B (popMe, JOCTYMHOM ISl POrpaMMUpPOBaHUs Ha
HEKOTOPOM NapaJuleIbHOM sA3bIKe. [IprMep Takoro mposiBIEeHNsI NPUBOAUTCS HUXKE.

Paccmotpum mMeron runepruiockocTel, npeaioxkensusid L.Lamport B 1974 rony na
IIpUMEpE PELICHHs] YPABHEHHWM B YACTHBIX NMPOU3BOAHBIX. METOI HOCUT Ha3BaHHE
“¢pponra BomHEI”. IlycTe maHa mporpaMma JAjs BBIYMCICHUS B LUKJIE 3HAYCHUS X
KaK CpEJTHEro IBYX CMEKHBIX TOYEK (ClIeBa U CBEPXY):

DO1 I=1\N
DO1 J= LN
1 XELIH=XTLIH+Y@LI-1)+C
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PaCCMOTpI/IM JABC JI00BIE CMEKHBIE 10 3HAYECHUSIM HHJICKCOB UTCPAllH, HAIIPUMCP:

X(2,2) = X(1,2) + X(2,1)
X(2,3) = X(1,3) + X(2,2)

PucyHok mokaspIBaeT, 4To MEXIy HUTEPAUMSIMHU CYIIECTBYET MpsiMas 3aBUCUMOCTb.
Hcnonb30BaTh 17151 CIIOKEHHSI CMEKHBIE CTPOKH HEIIb3sl, TAK KaK HYKHSSI CTPOKa 3a-
BUCUT OT BepxHel. Henb3s CKilaibIBaTh U CMEXKHBIE CTOJIOLBI, TAK KaK MPaBbli CTOJ-
Oell 3aBUCUT OT JIeBOro. TeM He MeHee Mapajuieliu3M B 3aJa4e €CTh, HAlpUMeEp, BCE
onepaunu B quaroHaim 41, 42, 43, 44 MOXHO BBITIOJHSTH MAPAJT JIETBHO.

Ecnu noepuyTh ocu I, J Ha 45 rpanycoB n nepeMMeHOBaTh ONEPAIMU BHYTPH KaxK-
N0 TMaroHaau,KaK Ha CIEIYIOIIEM PUCYHKE, TO MOXHO MCIOJIb30BaTh 3TOT Mapal-
nenu3M. COOTBETCTBYIOIIAsl IporpaMMa Jijisi BEpXHUX AWAroHajied (BKJIro4as IiiaB-
HYI0) U HYKHUX JUAroHaJlIel NpuBeIeHA HUXKE:

DO1I=1N ITycts [ =3, Torma x(3,1)=x(2,1)+x(3,0)
DOPARJ=1,1 x(3,2)=x(2,2)+x(2,1)
X (1)) =Xd-1,J) + Xd-1, J-1) x(3,3)=x(2,3)+x(2,2)

1 CONTINUE OTu uTepanuu AeUCTBUTEIBHO HE3aBUCHUMBI
K+2

DO21=N+1,2N-1

DO PARJ+K,N

R=K+1

X(1, J) = x(I-1, J) + X(I-1, J-1) + C
2 CONTINUE

3nechk K = 1,2 0003HauaeT A€BbIN - BEPXHUI WIM NPABBIA - HWKHHUIA TPEYTOJIbHUK
IIPOCTPAHCTBA UTEPALUN

AJTOPUTM METO/A TUIIEPIIOCKOCTEN COCTOUT B CIIEIYIOLIEM:
1. IIpousBoguTCA aHANU3 UHAEKCOB M TOCTPOCHHE 3aBUCUMOCTEN B IMIPOCTPAHCTBE
UTepaLun
2. OmpegnensieTcs yroJjl HAKJIOHA OCEW U MEPEUMEHOBAHHUE IEPEMEHHBIX
3. Crpowutcs napasieiibHasi IporpaMmm
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Henocrarok MeToa runepuioCKOCTEN COCTOUT B TOM, YTO IIMPUHA ITapaJlIeIIn3-
Ma B KaXJOW UTEpally NapajuIeIbHONM POrpaMMbl HEOJIMHAKOBA. JTO UCKIOYEHO B
METOJE MapAJIIEIENUIIECIOB U PSIAEC IPYTUX METOAOB. JJ0CTaTOYHO MOJIHOE ONMHUCAHUE
METOJIOB MPaKTUYECKOM pa3pabOTKH MapaieNbHbIX aJrOPUTMOB [Jis HAYaJIbHOTO
W3Yy4eHUs MPEICTaBICHO B U3BeCTHOM kHUre Opreru [3 |.

JIns mapaJyienpHOro NMPOrpaMMUPOBAHUS CYLIECTBYET Pl A3bIKOB. OCHOBHBIE U3
HUX:

e OpenMP — 151 MHOTOTIPOIIECCOPHBIX CUCTEM C 00IIEH TaMAThIO
e MPI - 111 MHOTOIIPOLIECCOPHBIX CUCTEM C UHAUBUAYAIBHOM ITaMATHIO

CymiecTByeT 4yacTo HekoTtopas nyTtanuna Mexay OpenMP u MPI. Ora nyranuia
BIIOJIHE TIOHATHO, ITOCKOJIbKY ecTh elie Bepcusi MPI naspiBaercs "Open MPI". C Tou-
KU 3peHus nporpammucta, MPI sBisieTcss OMOIMOTEKOM, KOTOpast COAEPKUT MPOIIe-
Iyphl niepeaaun coobmenunit. OpenMP, ¢ npyro#t cTopoHsl, peACTaBIsIeT cO00i Ha-
00p AUPEKTUB KOMIWIATOPA, KoTopbie coobmator OpenMP, eciu BKITFOUEH KOMITH-
JSTOP, KaKWe YacTU MPOrpaMMbl MOXKET OBITh 3aIylIeHbl Kak HUTU. TakuMm o00pazom,
Pa3HHIIA KHUTW» MPOTUB «COOOIIeHMI». J[aBaiiTe B3rIsTHEM HA 000MX METOOB.

4.2. Crangapt MPI

Haubonee pacnipoctpaneHHON OMOIMOTEKON MapalIeIbHOTO TPOrpaMMHUPOBAHMS
B Mojienu nepenaun cooduienuit sisnsgercs MPI (Message Passing Interface). Pexo-
MeHayeMmon OecriatHou peanusayuer MPI sBnsiercsa maker MPICH, pa3paboTanusiii
B AProHHCKOM HaIlMOHAIBHOM JIabopaTOpHH.

MPI [8] sBasiercs OubmnoTekor PyHKIHMA MEKIIPOIIECCOPHOTO 0OMEHa coo0IIIe-
HUSMH U cofiepkuT okosio 300 ¢pyHKIui, KOTOphIE ACNATCS Ha CIEIYIOIINE KIACcChL:
omepaluy TOYKa-TOUKa, ONepaluy KOJJIEKTUBHOIO OOMEHA, TOMOJIOTMYEeCKUE onepa-
UM, CUCTEMHbIE U BcroMmorarenbHble onepanuu. [lockoneky MPI siBisiercs cran-
JapTU30BaHHOW OMOIMOTEKON (yHKUMHA, TO HamucaHHas ¢ npuMenenuem MPI mpo-
rpamMma 0e3 IepeiesIOK BBIMOIHAETCS Ha pa3iIudHbIX napamuieabHbix OBM. [puninu-
MUaJbHO JJIS HalKMCaHUs MOAABJSIONIETO OOJBIIMHCTBA MPOrpaMM JOCTaTOYHO He-
CKOJIbKUX (DYHKIIMI, KOTOPbIE TPUBEICHBI HIKE.

Oyukiusga MPI_Send siBnsieTcst onepanuyei To4ka-Touka U UCHOJIb3YyeTCs IS T10-
CBUIKM JaHHBIX B KOHKPETHBIN MpoLecc.

Oyukuusa MPI_Recv Takxke ABIAETCS TOUCUHOM ONEPALIMEN U UCTIOJIB3YETCS IS
IpueMa JaHHBIX OT KOHKPETHOTo mpouecca. JlJisi pacChUIKM OJIMHAKOBBIX JAHHBIX
BCEM JIPYT'UM IIPOLIECCAM HCIIOb3YETCsl KOJUIEKTUBHAS ONEpalus

MPI_BCAST, KoTOpy10 BBINOJHSIOT BCE MPOLECCHI, KAK MOCBUIAIOIIUN, TaK U
npuauMarone. OyHKINS KOJUIEKTUBHOTO 0OMEHa

MPI_REDUCE o00benuHseT 3JIeMEHTBI BXOJHOTO Oydepa KakI0To mporecca B
TpYIINe, UCTIONb3Ys ONEPAIUI0 0P, U BO3BpalllaeT 00bEAMHEHHOE 3HAUYCHHUE B BBIXO/I-
HOM Oydep nporuecca ¢ HOMEpOM root.
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MPI_Send(address, count, datatype, destination, tag, comm),
address — agpec mocbUTaeMbIX JaHHBIX B Oydepe OTIpaBUTENs
count — JUTMHA COOOIIEHUSA

datatype — TUII IOCBIIAEMBIX JaHHBIX

destination — ums nporuecca-noayqyaTesns

tag — 111 BCrioMoTraTesibHOW nHGOpMaILuu

comm — uMsi KOMMYyHHUKaTopa

MPI_Recv(address, count, datatype, source, tag, comm, status)
address — agpec noyyaeMbIX JaHHBIX B Oydepe momyyaTess
count— JyIHa COOOILEHUS

datatype— TuII MOTy4aeMbIX JaHHBIX

source — MMsl MOCBUJIAOIIETO ITpoIiecca IIpolecca

tag - 111 BCrioMoraTeabHOM HHpopManuu

comm-— UM KOMMYHHKaTopa

status - 111 BcnoMorareiabHOW nH(popManun

MPI_BCAST (address, count, datatype, root, comm)
root — HOMep pacchUIANOIIEr0 (KOPHEBOIO)Ipolecca

MPI_REDUCE(sendbuf, recvbuf, count, datatype, op, root, comm)
sendbuf - anpec noceutaromero oOydepa
recvbuf - agpec npuaumaromiero oydepa
count - KOJJMYECTBO JIEMEHTOB B MOChLIaIoEM Oydepe
datatype — T 1aHHBIX
op - orepauus peayKIuu
root - HoMep IJIaBHOI'O Ipollecca
Kpowme 3T0r0, NCIonb3yeTcss HECKOJIBKO OPTaHU3YIONINX (PYHKITHH.

MPI_INIT ()

MPI_COMM _SIZE (MPI COMM_WORLD, numprocs)
MPI_COMM _RANK (MPI COMM _ WORLD, myid)
MPI_FINALIZE ()

Oo6pamenue k MPI _INIT npucyrctByetr B kaxaoir MPI nporpamme u 10KHO
ObITh IepBbIM MPI — oOpamenueM. [Ipu 3ToM B Ka)I0M BBIOTHEHUH MPOTPAMMBI
MOKET BBIIIOJIHATHCA TOJIBKO OJUH BbI3OB llocCiie BBINOIHEHUS 3TOrO Omeparopa Bce
IIPOLECCHl MAPAJUICIBHON MPOrpaMMbl  BBITONHAOTC mnapaiensbHo. MPI INIT.
MPI_ COMM_WORLD sBnsercs Ha4yaabHbIM (M B OOJBIIMHCTBE CIy4aeB €IUHCT-
BEHHBIM) KOMMYHUKATOPOM U OIpPEAEIsieT KOMMYHUKAIIMOHHBIA KOHTEKCT U CBSI3aH-
Hy1o rpynmny nponeccoB. Obpamenne MPI COMM SIZE Bo3Bpaiaer 4ucio mpo-
LIECCOB NUMProCS, 3aIlyILIeHHbIX B 3TOW IPOrpaMMme IOJIb30BaTeNIeM. BbI3bIBast
MPI COMM_ RANK, kaxap1ii nporecc OnpeaesisieT CBOil HOMep B TPyIIIE Mpoliec-
coB ¢ HekoTopbiM uMeHeM. Ctpoka MPI_FINALIZE () no/kHO OBITH BBITIOJIHEHA
KaXIbIM MpPOLECcCOM Mporpammsbl. Bemencteue srtoro Hukakue MPI — omepartopsl
Oosbiie BBIMOJHATHCS He OyayT. Ilepemcennas COM_WORLD onpenensier nepe-
YEHb IIPOLIECCOB, HA3HAYEHHBIX JJIS1 BBIIOJIHEHHUS [IPOTPAMMBI.
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MPI nporpamMmMma it BBIYMCJIEHUs 4YHc/Ia T Ha si3bike C.

Jlst mepBoii mapaienbHON IporpaMMbl yA00HA porpaMma BbIYUCIECHUS Yucia
T, IOCKOJIbKY B HEW HET 3arpy3KH AaHHBIX W JIETKO MNPOBEPUTH OTBET. BhluncieHus
CBOJSITCS K BRIYMCIICHUIO MHTETpaa 1Mo cieayromei Gopmyre:

1
4 1< 4
Pi= dx ~ —
-(|).l+x2 nzll 1+x}

rae x; = (i-1/2) / n. Ilporpamma npejctasieHa puc.4.1.

#include "mpi.h"
#include <math.h>
int main ( int argc, char *argv[] )
{
int n, myid, numprocs, i, /* 9UCIIO OpJIMHAT, UMS U YHCJIO TTPOLIECCOB™/
double PI25DT = 3.141592653589793238462643; /* nucnonb3yercs A OLCHKH
TOYHOCTH BBIYUCIICHUH */
double mypi, pi, h, sum, X; /* mypi — yacTHOE 3HaYEHHE T OTJACIBHOTO MpoIlecca, pi —
MOJTHOE 3HAYCHUE T */
MPI_Init(&arge, &argv); /* 3a7ar0TCs CUCTEMOIT*/
MPI_Comm_size(MPI COMM_ WORLD, &numprocs);
MPI _Comm_rank(MPI_COMM_WORLD,&myid);
while (1)
{
if (myid == 0) {
printf ("Enter the number of intervals: (0 quits) ");  /*BBox uucna opauHat*/
scanf ("%d", &n);

}

MPI_Bcast(&n, 1, MPI _INT, 0, MPI_ COMM_WORLD);

if (n ==0) /* 3aaHMe yCIIOBUS BBIXOJ/A U3 MIPOTPAMMEI */
break;

else {

h = 1.0/ (double) n; /* BeruMCIECHUE YACTHOTO 3HAYSHHS T HEKOTOPOTO Tpoiiecca */
sum = 0.0;

for (1 = myid +1; 1 <= n; i+= numprocs) {
x =h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
mypi=h * sum;  /* BeIUMCIIEHHE YACTHOTO 3HAYCHUSI T HEKOTOPOTO Tpoliecca */
MPI_Reduce(&mypi, &pi, 1, MPI DOUBLE, MPI_SUM, 0,
MPI_COMM_WORLD); /* c6opka monHOTo 3HaYeHHUS TT */
if (myid == 0) /* o1leHKa MOrPEeUIHOCTH BBIUMCIIEHUH */
printf ("pi is approximately %.16f. Error is
%.16f\n", pi, fabs(pi - PI25DT));

}

}
MPI Finalize(); /* Bexox uz MPI */

return 0;

}

Puc. 4.1 IIporpamma BeluMCIIEHUS YKcia Tt Ha A3bIke C
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IIporpaMmma yMHOKeHUSI MATPHUILI HA BEKTOP

Pe3ynbTraToM yMHOKEHHUSI MATPUIIBI HA BEKTOP SIBJISIETCS BEKTOP pe3ynbTara. Jljis
pEIIeHHs 3a7]a4i UCTIONb3YETCSl AITOPUTM, B KOTOPOM OJIMH Tpoliecc (TJIaBHBIN) KO-
OpIUHUPYET paboTy APYruxX MpoleccoB (MOAYUHEHHBIX). [l HarIsIAHOCTU erHas
nporpaMmma MaTpUYHO-BEKTOPHOT'O YMHOXEHHS pa30UTa Ha TPU YacTU: OOILYIO YacTb
(puc.4.2), xoxn rnaBHOro mporecca (puc.4.3) W KoA NOAYMHEHHOTO Ipolecca
(puc.4.4).

B o01ieit vactu mporpaMMbl OUCBHIBAIOTCSI OCHOBHBIE OOBEKTHI 33/1a4: MaTpuLa
A, BEKTOp b, pe3yJbTUPYIOIIHI BEKTOP ¢, ONPEAEIAETCS YUCIO MPOLECCOB (HE MEHb-
e JByX). 3ajaya pa3OUBaeTCsA Ha JBE YACTHU: IJIaBHBIA Tpoliecc (master) v moayu-
HEHHbIE MPOLECChl. B 3amaye yMHOKEHHS MaTpHULIbl HA BEKTOp €IMHULA PadbOThI, KO-
TOPYIO HYXHO pa3faTh IPOLECCaM, COCTOUT M3 CKAISIPHOTO MPOU3BEIECHUS CTPOKH
MaTpuilbl 4 Ha BEKTOp b. 3HaKOM | OTMEUYEeHbl KOMMEHTapHUH.

program main
use mpi
integer MAX_ROWS, MAX COLS, rows, cols
parameter (MAX ROWS = 1000, MAX COLS = 1000)
! marpuma A, BEKTOp b, pe3yJIbTUPYIOIIHIA BEKTOP C
double precision a(MAX ROWS,MAX COLS), b(MAX COLS), c((MAX ROWS)
double precision buffer MAX COLS), ans /* ans — umst pe3ysbrata*/
integer myid, master, numprocs, ierr, status (MPI_STATUS SIZE)
integer 1, j, numsent, sender, anstype, row /* numsent — YUCIJIO TOCTAHHBIX CTPOK,
sender — UM TIpoIIeCCa-OTIPABUTEINS, anstype — HOMep TTOCIIaHHON CTPOKH*/
call MPI INIT( ierr )
call MPI COMM_RANK( MPI_COMM_WORLD, myid, ierr )
call MPI COMM _ SIZE( MPI_ COMM_WORLD, numprocs, ierr )
! rmaBHBIN mpolecc — master
master = 0
! KOJMYECTBO CTPOK U CTOJIOIIOB MAaTPHUIIBI A
rows =100
cols =100
if ( myid .eq. master ) then
! KOj TJIaBHOTO Mpolecca
else
! KOJ MOJAYMHEHHOTO Mpolecca
endif
call MPI_FINALIZE(ierr)
stop
end

Puc.4. 2. TIporpaMma yMHOXEHHSI MAaTPHIIBI HA BEKTOP: 0OIIast 4aCTh
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Kox riiaBHoro mpouecca mnpejacrasieH Ha puc. 4.3. Enununeid paboThl noa4u-

HEHHOT'0 IpoIecca SIBIIETCSI YMHOXKEHUE CTPOKH MaTPHUIILI HA BEKTOP.
! upHHMmuammsammsa A ub
do20j=1,cols
b(j) =]
do10i=1, rows
a(i,j) =1
10 continue
20 continue
numsent = 0
! mochUIKa b KaXI0MYy OTYHHEHHOMY IPOIIECCY
call MPI_BCAST(b, cols, MPI DOUBLE PRECISION, master,
MPI_COMM_WORLD, ierr)
! MOCBUIKA CTPOKH KaXIOMY MMOJTYMHEHHOMY mporieccy; B TAG HoMep cTpoku = i
do 40 i = 1,min(numprocs-1, rows)
do30j=1, cols
buffer(j) = a(i,j)
30  continue
call MPI_SEND(buffer, cols, MPI DOUBLE PRECISION, i, i,
MPI_COMM_WORLD, ierr)
numsent = numsent + |
40 continue
! mpuem pe3yibTaTa OT MOAYMHEHHOTO MpoIiecca
do701=1, rows
! MPI_ANY_ TAG — yka3bIBaer, 4To IpUHUMAETCS JIF00ast CTpOKa
call MPI_RECV(ans, 1, MPI DOUBLE_ PRECISION, MPI_ANY_ SOURCE,
MPI_ANY_ TAG, MPI_ COMM_WORLD, status, ierr)
sender = status (MPI_SOURCE)
anstype = status (MPI TAGQG)
! OIIpEAEIIIEM HOMEP CTPOKHU
c(anstype) = ans
if (numsent .1t. rows) then
! MOCBUIKA CIIEAYIOLIEH CTPOKU
do 50j =1, cols
buffer(j) = a(numsent+1, j)
50 continue
call MPI_SEND (buffer, cols, MPI DOUBLE PRECISION, sender,
numsent+l, MPI COMM_ WORLD, ierr)
numsent = numsent+]
else
! MOCHUTKA TIPU3HAKA KOHIIA PabOTHI
call MPI_SEND(MPI_BOTTQM, 0, MPI DOUBLE PRECISION,sender,
0, MPI COMM_WORLD, ierr)
endif
70 continue

Puc.4.3. [Iporpamma /st yMHOKEHUSI MaTPUIbl HA BEKTOP: KOJ TJIaBHOTO Ipoliecca

CHavana IIaBHBIA Ipolecc nepenaeT BEKTOp b B KaKJblil MOAYUHEHHBIA MpO-
LIECC, 3aTEM IIEPECHUIAET OJIHY CTPOKY MATPHULbI A B KaKJIbIM ITOJYMHEHHBIN ITPOLIECC.
I'maBHBIN nIponece, Mmoaydast pe3yiapTaT OT OYEPEAHOTO IMOJYMHEHHOIO IIpoLecca, Ie-
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penaetr eMy HOBYIO paboTy. LIk 3akaHuMBaeTCs, KOT/Ia BCE CTPOKU OYAyT pO3/IaHbI
Y TIOJTYUYEHBI PE3YJIbTaThI.

[Ipu mepenaye AaHHBIX W3 TJIIABHOIO MpOIECCa B MapaMmeTpe tag yKas3bIBaeTCs
HOMEp MEPEAABAEMON CTPOKU. ITOT HOMEP IMOCJE BBIYUCICHUS MPOU3BEICHUS BME-
CTE€ C pe3yjabTaTOM OYyJIEeT OTIIPaBJICH B IJIaBHBINA MPOIECC, YTOOBI TJIABHBIN MPOIIECC
3HaJI, T pa3MellaTh pe3yJibTar.

[TogurHEHHBIE MPOUECCHl MOCHUIAIOT PE3yJIbTaThl B IJIABHBIM MPOLECC W Tapa-
Merp MPI_ANY TAG B onepauuu mpuemMa TriaBHOTO Mpoliecca YKa3bIBAE€T, UTO
TJIaBHBIA TpoOIlecC MPUHHMMAET CTPOKU B Jt0OOM mocienoBaTenbHocTU. [lapamerp
status oOecrieunBaeT MHPOPMAIIKIO, OTHOCSIIYIOCS K MOJYy4YeHHOMY cooOIeHno. B
sa3pike Fortran 3To — maccuB nensix yucen pasmepa MPI_STATUS SIZE. Apry-
MeHT SOURCE cojiepkuT HOMep IpoIiecca, KOTOPBIH Mocjan COOOIIEHHE, 10 3TOMY
azpecy TIaBHBIA mpouecc Oyner nepeceuiaTh HOBYIO padoty. Apryment TAG xpa-
HUT HOMEP 00pabOTaHHOW CTPOKH, YTO OOECIIEYMBACT Pa3MEIEHNE MTOTYYEHHOTO pe-
3yJsbTaTta. [locne Toro kak riamaBHOM MPOLIECC pa3ocial BCE CTPOKH MaTpuuUbl A, HA
3ampochl MOAYMHEHHBIX MPOIECCOB OH OTBEUYAET COOOIIEHUEM ¢ OTMETKOM 0.

Koa nogunHeHHOT 0 TIponiecca nmpeacTasieH Ha puc.4.4.

! mpuem BeKTopa b BCeMH MOAYNHEHHBIMHU MTPOIIECCAaMU
call MPI_ BCAST(b, cols, MPI DOUBLE PRECISION, master,
MPI_COMM_WORLD, ierr)
! BBIXOJI, €CITH MPOIIECCOB OOJIBIIE KOJTHYECTBA CTPOK MATPHIIBI
if (numprocs .gt. rows) goto 200
! mpuem CTPOKH MATPHIIbI
90 call MPI_RECV(bufter, cols, MPI DOUBLE PRECISION, master,
MPI_ANY TAG, MPI_ COMM_ WORLD, status, ierr)
if (status (MPI_TAG) .eq. 0) then go to 200
! koHer paboOThI
else
row = status (MPI_TAG)
! HOMEp IOJyUYEHHOU CTPOKH
ans = 0.0
do 100i=1, cols
! CKaJISIPHOE MPOM3BECHHE BEKTOPOB
ans = ans+buffer(i)*b(i)
100 continue
! nepenavya pe3ysibrata TOJIOBHOMY MPOIECCY
call MPI_SEND(ans,1,MPI DOUBLE PRECISION,master,row,
MPI_ COMM_WORLD, ierr)
go to 90
! UK I71s1 TIpUeMa CJICTYIOIIeH CTPOKHA MaTPHIIBI
endif
200 continue

Puc.4.4. [lporpamma a1 MaTpUYHO-BEKTOPHOI'O YMHOXKEHHUSI: OAUYUHEHHBIN MTpOLIecC
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Kaxxaplii mogunHeHHBIN MpoLece MoIyvyaeT BeKTop b. 3aTeM opraHusyeTcs UK,
COCTOSIIIIMM B TOM, YTO TIOJYMHEHHBIM IIPOLIECC MTOIYUYaET OUEPEIHYIO CTPOKY MaTpH-
bl A, GOpMHUPYET CKAIAPHOE MPOU3BEECHUE CTPOKU U BEKTOPA b, MOCHIIAET PE3YIib-
TaT TJIABHOMY IIPOLIECCY, ITOJTYyYaeT HOBYIO CTPOKY M TaK Jajee.

IIpumeps! 3amau Ha MPI npencrasnenst B [6,8,11]. Tam xe npuBOAUTCS MOITHOE
onucanue 6ubmuoreku MPI, meTonuku ncnonb3oBanust MPI B cpene s3pikoB C, C++
u Fortran. Onrcanel METOABI TOCTPOEHUS Ki1acTepoB Ha [IDBM.

4.3. OpenMP

Nurepdeiic OpenMP [14] 3agyman kak cTaHIapT JJIsI IPOrpaMMUPOBaHMS Ha
macmtabupyembeix SMP-cucremax (Monens obmieit namsitu). B ctangapt OpenMP
BXOJIAT crienudukanyuy Habopa JUPEKTUB KOMITUIISATOPA, IPOLIETYpP U TEPEMEHHBIX
cpensbl. Jlo nossiennss OpenMP He Ob110 MOaXOAs1IIETO CTaHAapTa TSt 9P PEKTUBHO-
ro nporpammupoBanust Ha SMP-cucremax.

Haubomee rubkum, nepeHOCUMBIM U OOLIEIPUHATHIM UHTEpQEiicoM mapaiesns-
HOTO TporpamMmupoBanus sBisiercst MPI (uatepdetic mepenaun coobmenuit). Onna-
KO MOJIEJIb TIepegavyu COOOIICHUIA:

e HemoctaTouHo 3¢ ¢dekTuBHa HAa SMP-cucremax;

® OTHOCHUTEJBHO CII0)KHA B OCBOEHUH, TaK KaK TPeOyeT MBINIJICHUS B "HEBBIUUCIIH-
TenbHBIX" TepMuHax. POSIX-unrtepdeiic mist opranuzanuu Huted (Pthreads)
NoJAAepKUBaETCs WUPOKO (TmpakTuuecku Ha Bcex UNIX-cucremax), oIHAKO 1O
MHOTUM NpPUYUHAM HE MOJIXOJUT JJIsl MPAKTUYECKOr0 MapasuieIbHOrO Mporpam-
MUpPOBAHHUS: CIIUIIKOM HHM3KUH YpPOBEHb, HET MOJJEPKKH Mapauieiu3Ma Io
JAHHBIM.

OpenMP MOXHO paccMarpuBaTh Kak BBICOKOYPOBHEBYIO HAICTPOWKY Haj
Pthreads (wnu ananornynbiMu OMOIMOTEKaMH HUTEHN). 3a cUeT Uien "MHKPEMEHTalb-
Horo pacnapamnenuBanud”’ OpenMP naeanbHO MOAXOAUT A pa3pabOTUMKOB, XKe-
JarIIKX OBICTPO pacnapajuIeIUuTb CBOU BBIUMCIMTEIbHBIE IPOIPAMMBI C OOJIBIIMMHU
napajuleIbHbIMU IUKIaMHU. Pa3paboTumk He cO3/1aeT HOBYIO MapajuleNbHYHO MpO-
rpaMMy, a MpOCTO IOCIEA0BAaTENbHO T00ABIsSET B TEKCT IMOCIEAOBATEIBHOW MpO-
rpammbl OpenMP-aupextuBsl. [Ipu atom, OpenMP - noctaTouHO THOKMI MEXaHU3M,
IpeIOCTaBIAIOMUN pa3paboTUnKy OOJIbIINE BO3MOKHOCTH KOHTPOJISI Ha/l IOBECHU-
eM napaienbHoro npuioxenud. [Ipeanonaraercs, uro OpenMP-niporpamMmma Ha of-
HOTIPOLIECCOPHOI MIaTgopmMe MOKET ObITh HCIOJB30BaHA B KAaueCTBE IOCIEIOBa-
TEJIBHOMN MPOrPaMMBI, T.€. HET HEOOXOIMMOCTH MOACPKUBATH MOCIEAOBATEIbHYIO U
napayenbHyo Bepcud. {upexktuBbl OpenMP npocto urHopupyroTcs nociaeaosa-
TEJIbHBIM KOMIIUISATOPOM.

Cnemuduxanuss OpenMP mns C/C++, comepkuT cieayrlyr ¢(yHKIMOHAIb-
HOCTB:

o JupextuBsl OpenMP HauumHawTCs ¢ KOMOMHAIMM CUMBOJOB '"#pragma
omp"'. /IMpeKTUBBI MOKHO PA3[EIUTh Ha 3 KATErOPHH: OINpPEAECICHUE mapal-
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JeIbHOM CEKLUH, pasfeieHue padoThl, CHHXpoHu3auus. Kaxnas nupektrBa
MOJKET UMETh HECKOJILKO JTOTIOTHUTETHHBIX.

o Kommumarop ¢ nognepxkkoit OpenMP onpenenser makpoc " _OPENMP", xo-
TOPBIA MOKET MCHOJB30BATHCS ISl YCIOBHOM KOMITWJISILMU OTHAEIBHBIX OJI0-
KOB, XapaKTePHbIX JJIsl TapaJlJIeIbHOM BEPCUU TPOTPAMMBI.

o PacnapannenuBanue npumensiercs K for-uukiam, as 3TOro UCIOIb3YETCS JIU-
pektuBa "#pragma omp for". B napamienbHbIX HUKIAX 3aPENIaeTCs UCTIOJIb-
30BaTh omnepaTop break.

o Cratnueckue (static) mepeMeHHbIE, ONPECICHHbIE B MapajlyIeJbHOW 00JacTH
IPOrpPaMMBbI, SIBIISIOTCS oOumu (shared).

o IlamsaTs, BeIENeHHas ¢ nmoMolisio malloc(), siBisieTcss obmiel (oaHAKO ykaza-
TEJIh HA HEE MOXET OBITh KaK OOIIUM, TaK U IPUBATHBIM).

o Tunst u pyaxun OpenMP onpenenens! Bo BkiouaeMoM Qaitie <omp.h>.

o Kpome 0ObIYHBIX, BOZMOXKHBI Takke "BiokeHHbIE" (nested) MBIOTEKCHI - BMe-
CTO JIOTMYECKUX MEPEMEHHBIX MCIOJIb3YIOTCS IIEJIbI€ YKCIa, U HUTh, YXKE 3a-
XBaTUBILAs MBIOTEKC, IPU IIOBTOPHOM 3aXBaTe€ MOYKET YBEJIMUYUThH 3TO YUCIO.

[Tporpammuas moaens OpenMP npencrasisier coboii fork-join mapamienusm, B
KOTOPOM TJIAaBHBIN MTOTOK 10 HEOOXOAMMOCTH MTOPOKAAET TPYIIIHI TOTOKOB, IIPU
BXOJK/JICHUHU TTPOTPAMMBI B IMapajuiebHbIE 00JIaCTH MPUITOKECHHUS.
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B ciyyae cummerpuuHoro myietunpoueccuara SMP Ha Bcex mponeccopax mnpo-
LECCOPHON CUCTEMBI MCIIOIHAETCS OJIUH 3K3EMIUISP ONEPALMOHHON CUCTEMBI, KOTO-
past OTBEYaET 3a PACIPENEIICHUE MPUKIAIHBIX MPOLECCOB (3a4a4, MOTOKOB) MEXIY
OTJIEJIbHBIMU POLECCOPAMHU.

HNurepdeiic OpenMP siBnsiercs ctangapToMm Il MPOTpaMMUPOBAHUSI HA Mac-
mradbupyembix SMP-cucteMax ¢ pazaensiemor namsateio. B ctangapt OpenMP Bxo-
IST ONKCaHUs Habopa JUPEKTHB KOMIWISATOPA, IEPEMEHHBIX CPEAbl U MpoLeayp. 3a
CYeT UJeu "MHKpEMEHTaIbHOro pacrnapamienuBanus” OpenMP uaeanbHO MOAXOAUT
IUIsL pa3pabOTUMKOB, KENAIOMIMX OBICTPO pacHnapayIeIUTh CBOU BBIYMCIUTEIbHBIE
OporpaMmbl ¢ OONBIIMMH MapaiedbHBIMU HHUKIaMHU. PazpaboTunk HE co3maer Ho-
BYIO IMapajliebHYI0 MpOrpammy, a MpocTO A00aBISET B TEKCT MOCIEI0BATEIbHOU
nporpamMmmsl OpenMP-nupeKkTUBEIL.

[Ipeanonaraercs, uro OpenMP-niporpamMma Ha OJHOIPOLIECCOPHOM TIaThopMe
MOKET OBITh UCIOJIb30BaHa B KAUe€CTBE IMOCJIEI0OBATEIBLHON MPOrpaMMBbl, T.€. HET He-
00XO0IMMOCTH TOJJIEP)KUBATh MOCIEOBATENbHYIO U MapalieNbHyI0 Bepcuu. Jupek-
TuBbl OpenMP NpocTO MrHOPHUPYIOTCA MOCIEAOBATENBHBIM KOMIIWISTOPOM, a IS
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BbI30Ba mporeayp OpenMP moryT ObITh MOJCTaBIEHBI 3arIyIIKHA, TEKCT KOTOPBIX
npuBelieH B crienudukanusax. B OpenMP mro0oii nponecc coCTOUT M3 HECKOJIbKUX
Humell ynpaeienusi, KOTOpble UMEIOT 00I1Iee apecHOE MPOCTPAHCTBO, HO pa3HbIE TO-
TOKM KOMaHJ U pa3lielibHbIe CTEKU. B mpocreniiem ciayyae, IMpoLecc COCTOUT U3 OJI-
HOW HUTH.

OOBIYHO NIl AEMOHCTPAIMU MapaJIeIbHBIX BBIYMCICHUN HUCTIONB3YIOT MPOCTYIO
IIPOTpaMMy BBIYMCIICHHS 4Mcia mt. PaccMOTpuM, Kak MOXKHO HAamucarh TaKyr MpO-
rpammy B OpenMP. Hucno ©1 MOXXHO ONpeIeauTh CIEeTyOUUM 00pa3oM:

1
de = arctg(1)-arctg(0)= n/4.
014 x?

Brruncnenue HWHTCTpaia 3aTCM 3aMCHAIOT BBIYMCIICHUCM CYMMEI ©

1 4 1 n 4 1 ( 1)
dx == , Thme: xj= —+|i——
(J)1+x2 ni;ll—mci2 n 2

B mocnenoBatenbHy0 mporpaMMy BCTaBJICHBI JBE CTPOKHU (IMPEKTHBHI), U OHA CTa-
HOBUTCS NapayenbHol (puc.4.5)..

#include <stdio.h>
double f(double y) {return(4.0/(1.0+y*y));}

int main()

{

double w, x, sum, pi;
int 1;

int n = 1000000;

w = 1.0/n;

sum = 0.0;

#pragma omp parallel for private(x) shared(w)\
reduction(+:sum)
for(i=0; 1 <n; i++)

{

x =w*(1-0.5);

sum = sum + f(x);

}

p1 = w*sum,;

printf("pi = %f\n", pi);
}

Puc.4.5. Beruucnenune yucna [1u Ha s3eixke Cu.
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[IporpaMma HaYMHAETCA KaK €IMHCTBEHHBIN MPOLECC HA TOJOBHOM MPOLIECCOPE.
OH ucnonHseT Bce onepaTopsl BIUIOTh 10 NEPBOM KOHCTPYKLMM THIA #pragma omp.
B paccmarpuBaemom npumepe 3to oneparop parallel for, mpu ucnosnennu KkoToporo
NOPOKIAAETCA MHOXKECTBO IIPOLIECCOB C COOTBETCTBYIOLIUM KaKIOMY IPOLECCY OK-
py>XKEHUEM.

B ciyyae cummerpuuHoro myietunpoueccuara SMP Ha Bcex mponeccopax mnpo-
LECCOPHOUM CUCTEMBI UCIIOIHAETCS OJIUH 3K3EMIUISIP ONEPALMOHHON CUCTEMBI, KOTO-
pasi OTBEUaeT 3a paclpejiesieHre MPUKIAIHBIX MPOLECCOB (3a/1ay, MOTOKOB) MEXIY
OTIIEJILHBIMU TIpolieccopaMu. PacnapasnienuBanue npuMeHsercs K for-uykiam, as
ATOTO UCIOIb3yeTcs aupekTuBa "#pragma omp for", mo xoropoit OC pazgaer npo-
eccopam (s1paM) JUYHBIN SK3eMILISIp nporpammel, kak B SPMD, nonpocty nepena-
€T OJMH U TOTKE OTPE30K MPOrpaMMbl Ha 3aJaHHOE YUCIIO Ipoueccopos. Pacmapan-
JeNvBaHue NpuMeHseTcss K for-mukimam, Jjsi 3TOTO HCMOJB3YeTCs AUPEKTHUBA
"#pragma omp for", no xorooit OC pa3zmaer nmpoueccopam (sapam) JUYHBIA K-
3eMILIAp IporpaMmmsl, kak B SPMD.

B paccmarpuBaeMom npumepe okpyxenue coctouT u3 JokainbHou (PRIVATE) ne-
peMenHoit x, nepemeHHoi sum peaykiuu (REDUCTION) u onHoii pazaensieMoin
(SHARED) nepemennoii w. IlepemeHHbIe X U sum JIOKaJbHbI B Ka)OM IPOIECCEe
0e3 paszieneHusl MeX]ly HEeCKOJIbKUMHU Tpolieccamu. [lepemenHass w pacrnojaraercs B
rosioBHoM Tiporiecce. Oneparop REDUCTION umeet B kadecTBe arpulyTa orepa-
10, KOTOpasi MPUMEHSETCS K JIOKAJIbHBIM KOIHUSIM apajuIeNIbHBIX MPOLIECCOB B KOH-
1€ KaXJI0ro IpoLecca Il BRIYMCICHUS 3HAYEHUs IEPEMEHHOM B FOJIOBHOM IIPOIIEC-
ce. [lepeMenHas 1ukia 1 SBISIETCS JTOKAJIBLHOM B KaXKJIOM IMPOIIECCE, TaK KaK UMEHHO
C YHUKAJIbHBIM 3HAUYCHUEM 3TOW MEPEMEHHOW MOPOXKIAeTCs Kaxabli mpouecc. [la-
pajuienbHble Mpouecchl 3aBepiiatrorcs omnepatopoM END DO, BeicTynmaronmm Kak
CUHXPOHU3HPYIOIMI Oapbep A1 MOPOXKIEHHBIX mIpoueccoB. [locne 3aBepiieHus
BCEX MPOLECCOB MPOJOJIKAETCS TOJIBKO T'OJIOBHOM IIPOLIECC.

HupextuBbl OpenMP ¢ Touku 3peHus C sSBASIOTCI KOMMEHTapUsIMU M HayWHa-
I0TCA ¢ KOMOMHAIIMM CUMBOJIOB #pragma, Mo3TOMY NPUBEIECHHAs BBILIE MPOrpaMMa
MOKET 0€3 M3MEHEHUM BBIMOJHATHCS Ha TocieaoBaTeibHOl OBM B 00BIUHOM pe-
KUME.

PacnapamenuBanue B OpenMP BBINONHSETCA SIBHO NPU HOMOIIM BCTaBKU B
TEKCT NPOrpaMMBbl CHEHHAIbHBIX IUPEKTHB, a TAK)KE BBI30BA BCIOMOTATEJIBHBIX
byukauit. [Ipu ucnonszoBanuu OpenMP npennonaraercs SPMD-mozaens (Single
Program Multiple Data) nmapamiensHOTO porpaMMUpOBaHUs, B paMKaxX KOTOPOM JJist
BCEX IMapajuIeNIbHbIX HUTEW UCIOJIb3YETCS OAUH U TOT K€ KOJI.

[Iporpamma HauMHaeTCs C MOCIENOBATENBLHON 00JIacTH — CHavasia paboTaeT OJUH
nporecc (HUTh), IPU BXOJIE B MapauiebHYI0 00JIaCTh MOPOXKIAAETCS (KOMITUJISTO-
pOM) elIé HEKOTOPOE YMCIIO MPOIECCOB, MEXIY KOTOPHIMHU B JalbHEHIIEM pacmpe-
NeJSIoTes yacTu koaa. Ilo 3aBepiieHnn napayienbHOW 00JAaCTH BCE HUTH, KPOME
OJTHOM (HUTH MacTepa), 3aBEpIIAIOTCS, U HAUMHAETCS MOCieoBaTeNbHas 006aacTs. B
IpPOrpaMMe MOKET OBbITh JIF00O€ KOJIMYECTBO MAPAUIEIbHBIX M IMOCIEI0BATEIbHBIX
oOnacTteil.

Kpome TOro, mapamnenbHble 00JaCTH MOTYT OBITh TAaKXKE BIOXKEHHBIMH JAPYT B
npyra. B otnuuue oT mOJIHOLEHHBIX MPOLECCOB, MTOPOKICHUE HUTEW SIBJISIETCS OTHO-
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CUTEJIBHO OBICTPOM ONEpaLMEl, TO3TOMY YacThl€ MOPOKACHUS U 3aBEPIICHUS HUTEH
HE TAK CWJIbHO BJIMAKOT HA BPEMSI BBITIOJHECHUS POTrPAMMBI.

[Tocne nonyyenus ucnosHsgemMoro (aiiia HeoOX0IUMO 3aIyCTUTh €ro Ha Tpedye-
MOM KOJIMYECTBE IMporeccopoB. jiss 3TOro 0OBIYHO HYKHO 3a/1aTh KOJIMYECTBO HH-
Tel, BBIMOJHSIOMINX MapalieSibHble O00JIACTH MPOTPaMMbI, OIpPEACINB 3HAYCHUE
nepemenHoi cpeasl MP. NUM THREADS. Tlocne 3amycka HaunHaeT paboTath Of1-
Ha HUTb, a BHYTPU MapajuieNbHbIX 00JacTeil o/lHa U Ta e mporpamma OyJIeT BBINOJ-
HATBCS BceM HaOopom Hutell. [Ipu Beixozae U3 napamwienbHOM 001acTH MPOU3BOIUTCA
HEsBHAs CHHXPOHU3AalMs U YHHUTOXAIOTCS BCE HUTHU, KpoMe mopoauBLiei. Bee mo-
POXKIAEHHBIE HUTHU UCIIOJHAKOT OJIMH U TOT K€ KOJI, COOTBETCTBYIOLINN MTapaljIeIbHOU
obnactu. IIpennonaraercsi, utro B SMP-cucteme HutH OyayT pacnpeeneHsl Mo pas-
JIMYHBIM ITPOLECCOPAM, OJHAKO 3TO, KAK NMPABWJIO, HAXOAUTCS B BEACHUU OIlCpalu-
OHHOU CHCTEMBI.

Ilepen 3amyckoM MmporpamMMbl KOJIMYECTBO HUTEH, BBITOITHSAIOIINX MapayIEIbHYIO
001acTh, MOXKHO 3aJaTh, ¢ oMol nepemeHHon cpeasl MP. NUM THREADS.
Hanpumep, B Linux 3T0 MOXXHO cenaTh NpU MOMOIIM CIAEAYIONEeH KOMaH Ibl: export
OMP_NUM THREADS=n. ®yukuus omp_get num_procs () BO3BpalIaeT KOJUYe-
CTBO MPOLECCOPOB, IOCTYIHBIX JUISl MCIIOJIB30BaHUs IIPOrpaMMeE IOJIb30BATENs Ha
MOMEHT BbI30Ba. JlMpekTuBbl master (master ... end master) BBIACIAIOT Y4aCTOK KO-
71a, KOTOPbIA OyZEeT BBIIIOJIHEH TOJIbKO HUThIO-MAacTepoM. OcTajabHble HUTH MPOCTO
IPOITYCKAIOT JAHHBIN y4acTOK U MPOJOJIKAIOT pabOTy C orepaTopa, paciooKEeHHO-
ro cieaom 3a HuM. HessBHOM CHHXpOHM3ALMKY JaHHAsl JUPEKTHUBA HE MPEANOJIaracT.

Monens manasix B OpenMP nipeamnonaraer Hamuuue Kak oOIIel Juisl BceX HUTEH
00J1acTH MaMsATH, TaK U JIOKAIHBHOW 00JacTH maMsATH Uil Kaxaoi Hutu. B OpenMP
NepeMEHHBIC B MApAIIEIBHBIX 00JIACTSAX MPOTrPaMMBbI Pa3ACIIAIOTCS Ha JIBA OCHOBHBIX
KJ1acca:

o shared (o0mue; Bce HUTH BUAAT OJHY U TY K€ IIEPEMEHHYIO);
o private (JOKambHBIC, KaXAasg HUTb BUAUT CBOM SK3EMIUISP NEPEMEHHOM).

OO6mias mepeMeHHas Bceraa CyIIeCTBYET JUIIb B OJTHOM dK3EMILISApE JIs BCeil 00-
nactu aevctBus. OObsABICHHUE JIOKAJIIBHOW MEPEMEHHOMN BBI3BIBAET MOPOXKIACHUE CBO-
€ro 3K3eMIuIsIipa JaHHON MEepeMEHHON (TOro K€ TUMa U pa3Mepa) sl KaXJA0W HUTH.
N3MeHeHne HUTHIO 3HAYEHUS CBOCH JIOKAJIbHOW MEPEMEHHOM HUKAK HE BIIMSIET HA
VU3MEHEHNE 3HAYECHUS DTOU XK€ JIOKAIBHOW NMEPEMEHHOM B ApYyrux HUTAX. Ecinu He-
CKOJIBKO TIEPEMEHHBIX OJIHOBPEMEHHO 3alMCHIBAIOT 3HAYEHHE OOIIeH MepeMEeHHOM
0€3 BBITIOJIHEHUSI CUHXPOHU3AIMY UM €CJIM KaK MUHUMYM OJIHa HUTh YUTAET 3Haye-
HUE OOIel MepeMeHHOM W Kak MUHUMYM OJIHA HUTbH 3aIllUCHIBACT 3HAUYCHHUE ATOM
nepeMeHHON 0€3 BBITIOJHEHUS CUHXPOHU3AIIUU, TO BO3HUKACT CUTYyallus TaK Ha3bl-
BaGMOM «TOHKU JAHHBIX». [l CHHXpOHM3AlUK MCIIOJIb3yETCsl onepaTop barrier:

#pragma omp barrier

Hutu, BEIMOMHSAOMNE TEKYITYIO TapaJLIETbHYI0 0071aCTh, TOUAS 10 ITOU JTUPEK-
THUBBI, KTy T, IOKA BCE HUTH HE JONAYT A0 STOW TOYKH MPTPaMMBI, IIOCJIE YET0 pa3-
OJIOKUPYIOTCS U MIPOAOJIKAIOT padOTaTh JajbIIle.
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Hupextusbl OpenMP npocTo UrHOPUPYIOTCS MOCIIET0BATENBHBIM KOMIUISITOPOM,
a ana BbBoBa QyHKIM OpenMP MoryT ObITH MOJCTaBIIEHBI CHEIMANBHBIC «3a-
[IIyIIKW» (Stub), TEKCT KOTOPBIX MPUBEIECH B ONMUCaHUM cTaHaapta. OHU rapaHTHpYy-
I0T KOPPEKTHYIO paboTy MporpaMmbl B TOCIEAOBATEIIbHOM Clly4ae — HYKHO
TOJIBKO NMEPEKOMITUIIMPOBATh MPOrPaMMy U MOJAKIIOUYHUTH IPYTyI0 OUOIUOTEKY.

OpenMP MOXKeT UCIonIb30BaThCd COBMECTHO C APYTMMH TEXHOJIOTHSIMU Tapa-
JIENBHOTO TIporpaMMHpoBaHus, Hanpumep, ¢ MPI. O6bsuHO B 3TOM cityuae MPI uc-
NOJIb3YyeTCs I pacupeneraeHus: padoThl MEXKAY HECKOJIbKUMH BBIYMCIUTEIbHBIMU
y3namu, a OpenMP 3arem ncnosib3yeTcs 1uisl pacnapajuieIMBaHusl HA OJHOM Y3JI€.

IIpocrenmas mporpaMma, pealn3yrOLIAsi0 IEPEMHOKEHUE IBYX KBAJPATHBIX
MaTpull, NpeacTaBieHa Ha puc.4.6. B nporpamme 3amepsercs BpeMsi HA OCHOBHOM
BBIYUCIUTEIBHBIM OJIOK, HE BKJIIOYAIONIMN HAadaJdbHYI HHHUIManU3anuoo. B oc-
HOBHOM BBIUHCIIMTEILHOM OJIOKE pOrpaMMbl Ha sizbike DOpTpaH U3MEHEH MOPSI0K
[UKJIOB C MapamMeTpaMu 1 U j JJIs Jy4IIero COOTBETCTBHUS IMpaBHJIaM pa3MEIICHUS
AJIEMEHTOB MACCUBOB.

#include <stdio.h>
#include <omp.h>
#define N 4096
double a[N][N], b[N][N], c[N][N];
int main()
{
int1i,j, k;
double t1, t2;
// AHUTIMATTA3AIIAS MATPHIT
for (1=0; i<N; i++)
for (j=0; j<N; j++)
ali 1[I =i%;
tl=omp get wtime();
// OCHOBHOM BBEIYHCIIMTEIIBHEIN OJIOK
#pragma omp parallel for shared(a, b, c¢) private(i, j, k)
for(i=0; 1<N; i++){
for(j=0; j<N; j++){
c[i][j]1=0.0;
for(k=0; k<N; k++) c[i][j]+=a[i][k]*b[K][j];
}
}
t2=omp_get wtime();
printf("Time=%lf\n", t2-t1);
h

Puc.4.6. IlepemHoxenue Marpuil Ha si3b1ke CH.
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PA3JEJ 2. PEAJIM3ALIUA

B 3TOM paszeie paccMOTpEHBI peann3anuu, KOTOPbIE MTO3BOJIIOT YBEINYUTD KO-
JUYECTBO OAHOBpeMeHHO paboTaromux AJIY, mporieccopoB, 4YTO yBEeTUUHBAET OBICT-
poaeiictBue DBM.

I'masa 5. BBIYUCJIMTEJIBHBIE KJIACTEPBI.
5.1. BelunciaureiabHble KJIACTEPhI.

Kaacrep. MaructpanbHbIM HanmpaBlI€HUEM pa3BUTHS MapauieabHbix OBM mis
KpymHO(OPMATHOTO MapajuieNiu3Ma SBIACTCS TOCTPOCHUE TaKMX CHUCTEM Ha 0ase
CPEIICTB MacCOBOI'0 BBIITYCKa: MUKPONPOLECCOPOB, KaHAIOB OOMEHAa JTaHHBIMH, CHUC-
TEMHOT'0 POrpaMMHOI0 00ECIeUeHHUs], I3bIKOB TPOTPaMMUPOBAHUS, KOHCTPYKTHBOB.

CucTtemMbl ¢ UHAUBUIYAIHHON MaMSITBIO UACATBHO MOAXOAT MOIXOMST ISl pealu-
3allMM Ha OCHOBE JIEKTPOHHOW M MPOrpaMMHON MPOAYKIIMH MAaCCOBOTO MPOU3BOICT-
Ba. [Ipu 3TOM He TpeOyercs pa3pabOTKKM HUKAKOW anmmaparypbl. Takve CHCTEMbI IO-
JYYUIN Ha3BaHUE KIacmepsbl padbouux cmaHyuil Win MpocTo «KiacTepbl». Kiactepbl
TaK>Ke UCIOJIb3YIOTCS U B CUCTEMAaxX JJIsl paclpeeICHHbBIX BRIUUCICHU [ pu/I.

B o0miem ciyuae, BBIYUCIUTENBHBIN KJIACTEpP - 9TO HA0OP KOMITHIOTEPOB (BBIYKC-
JUTENBbHBIX Y3JI0B), O0BEAMHEHHBIX HEKOTOPOH KOMMYHUKAIIMOHHON CeThI0. KaxkbIit
BBIYHUCIUTEIBHBIN y3€JI UMEET CBOIO OMEPATUBHYIO MaMsTh U pabOTaeT Mo yIpaBJe-
HUEM CBOEH omepanuoHHON cucteMbl. Hanbonee pacnpocTpaHEHHBIM SIBISIETCS HMC-
MOJIb30BAHUE OJHOPOJIHBIX KJIACTEPOB, TO €CTh TAKUX, T/I€ BCE y3JIbI a0COIIOTHO OJTH-
HAaKOBBI MO CBOEH apXUTEKType U MPOU3BOAUTEIHLHOCTH.

[lepBriM B Mupe KiactepomsBisercs kinactep Beowulf, co3gannbiii B HayyHO-
kocmuueckoM 1eHTpe NASA — Goddard Space Flight Center netom 1994 roga. Ha-
3BaHHBIN B YECTh T'€pOsi CKAHJAMHABCKOM caru, KjiacTep cOCTOsUT U3 16 KOMIbIOTEPOB.
OCcoOEHHOCTBIO TAaKOro KJlacTepa SIBJIAETCA MaclITaOMpPyeMOCTb, TO €CTh BO3MOX-
HOCTb YBEJIMUEHHUS KOJIMYECTBA y3JI0B CUCTEMBI C MPOMOPIUOHAIBHBIM YBEINYEHUEM
POU3BOJAUTENBLHOCTH. Y3JIaMH B KJacTepe MOTYT CIIYXHUTh JIFOObIE CEPUITHO BBIITyC-
KaeMbl€ aBTOHOMHBIE KOMITBIOTEPHI, KOJIMYECTBO KOTOPBIX MOXKET OBITh OT 2 10 1024
u Ooutee.

B CHI" pa3BuTue Kj1acTepoB MOIYUYUIIO Pa3BUTHE B paMKax nporpamMbl CoOro3HO-
ro rocynapctBa Poccun u benapycu «CKU®», nauatoit B 2000 rongy. B HacTosimee
BpEMs TIOCTPOCHBI KJIACTEPHI C OBICTPOJECHCTBUEM B IECATKH Tepadiionc.

[Tocnenyrouiye To/Ibl BMECTUIIM B C€0sl THTAHTCKUN CKAYOK B Pa3BUTHUU aIlliapar-
HOM 0a3bl, HAKOIUICHUE UJEH U METOJIOB MapaJJICIbHOTO MPOrPAMMUPOBAHUS, YTO
CeNajo MOSBICHUE KJIACTEpOB ObUIO HEM30EKHBIM. B HacTosiee BpeMs B CIHUCKE
Top 500 caMbIX BBICOKOTIPOU3BOAUTEIBHBIX CUCTEM UMEHHO KJIACTEphl COCTABISIOT
OOJIBIIIYIO YaCTh CIUCKA.

B cBO10 04epenp KitacTepbl MOKHO Pa3AeNUTh HA JBE 3aMETHO OTIMYAIOIINECS IO
IPOU3BOJIUTEIHOCTH BETBU:
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e Knactepnl Tuna Beowulf, koTopbie cTpositcs Ha 0a3e OOBIYHON JIOKAJIBHOU CEeTH
[I9BM. Ucnons3yrorcs B By3ax AJjid yueOHOM paOOThl M HEOOJIBIINX OpraHU3ally-
X JJI1 BBIITOJIHEHUSIX TPOEKTOB.
e MOHOJUTHBIE KJIAacTephl, BCE 00OPYJOBAaHHE KOTOPBIX KOMIIAKTHO Pa3MEIIEHO B
CHELMATM3UPOBAHHBIX CTOMKAaX MacCOBOIO IMPOU3BOJCTBA. JTO OYEHb OBICTpHIC
MAalIUHbI, YUCJIO MPOLECCOPOB B KOTOPBIX MOKET IOCTUIaTh COTEH U ThIcsY. [Ipo-
LIECCOPbl B MOHOJIUTHBIX KJIACTEPAaX HE MOTYT HCIIOJIb30BATHCS B MEPCOHAIBHOM
pexuMme.
Opnnako, B 000uX cllydasiX, KJIACTEpP CTPOUTCS HAa NPOLYKLHUHA MAacCOBOIO MPOHU3BOJ-
CTBa, B YACTHOCTH, HA JIOKAJIbHBIX ceTAX. OCHOBHOE OTIMYHE KIACTEPOB OT JIOKAJb-
HBIX CEeTeW 3aKiouaercs B cucTeMHOM mporpammHoM oOecniedyenuun (CIIO). Takum
AKETOM B YAaCTHOCTH SIBJISIETCS IIMPOKO pACIpOCTpaHEHHas OMOnnoTexe (yHKIIMA
obmena mist kinactepoB MPI (Message Passsing Interfase), onucannyto Bolie.

Jns peanuzanuu 3Tux GyHKIUE paspadorunku MPI Ha ocHOBEe BO3MOKHOCTEH
OC Linux co3nanu cnenuainbHblii maker MPICH, pemaromuii 5Ty 1 MHOTHE ApyTrUe
3agaun. Takoi e naker caeiad u 111 OC Windows NT.

Opranuzanus kjaacrepa. [IpuMep cTpyKTypsl Kilactepa Ha 0a3e JIOKalbHOM CeTH
npeacTasieH Ha puc. 5.1. KilacrepHas cuctema cocTouT us:

® CTaHJAPTHBIX BHIYUCIUTEIBHBIX Y3JIOB (MPOLECCOPHI);

® BBICOKOCKOPOCTHOM ceTH nepenaun naHHbix SCI;

o ynpasisttonieit cetu Fast Ethernet/Gigabyte Ethernet;

e yopasisttoneit [I9BM.

e cereBor onepanmonHoi cucteMsl LINUX wiim WINDOWS;
[ ]

CTCIIMATM3UPOBAHHBI3 MTPOTPAMMHBIX CPENICB JUISl TMOANCPKKH OOMEHOB JIaH-
ueiMu (MPICH).

VYpasustoas Hoctym uepe3
«—>
[15BM HNutepner

A4

Certb vipasieHus nooueccovamu Ethernet

BY BY| == e e e e e == =« |BY Beruncnre-

| [ | JIbIE V3IIBI

Cetp MexmmoliecconHoro oomena SCI

Cxeme BBIUMCIUTENBHOTO KiIacTepa

Puc.5.1. C3eMa BBIUMCIUTENBLHOTO KJIaCcTEPA.
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Yupasaswmas [I9BM knacrepa sBisieTcs aAMAHUCTPATOPOM KJIacTepa, TO €CTh
omnpeensieT KOH(QUTYpaIUIo KJacTepa, ero CeKIMOHUPOBAHUE, TOIKIIOYCHHE U OT-
KJIFOUEHHUE Y3JI0B, KOHTPOJIb PabOTOCIOCOOHOCTH, 00ecTieurBaeT MpUeM 3aJlaHuil Ha
BBITIOJTHEHUE BBIYMCIUTENIBHBIX pabOT M KOHTPOJb MPOIECcca UX BBIMOJHEHUS, Tja-
HUPYET BBINOJIHEHUE 3aJaHUi Ha Kiactepe. B kauecTBe MIaHUPOBIIMKOB OOBIYHO
UCIIOJIB3YIOTCSl IHMPOKO pacnpactpaHeHHbie nmakeTsl PBS, Condor, Maui u ap.

JIns opraHu3anuy B3aMMOJEHCTBUS BBIYMCIUTEIBHBIX Y3JIOB CYIIEPKOMIIBIOTEPA B
€ro COCTaBe HCIOJIb3YIOTCS PA3JIMYHbIE CETEBbIC (ammapaTHbie W MPOTrpaMMHBIE)
CPEJIICTBA, B COBOKYITHOCTH O00Opa3yIoLIUe JBE CUCTEMbI MTepeaun JaHHBIX:

CeTb MeKNPOLECCOPHOTO 00MEeHA O0BEANHSIET Y3/l KIIACTEPHOTO YPOBHSI B KJa-
cTep. DTa ceTh MOAJIEPKUBAET MACIITAOUPYEMOCTh KJIIACTEPHOTO YPOBHS CYyHEPKOM-
NBIOTEPA, @ TAKXKE MEPECHUIKY U KOT€PEHTHOCTh JAHHBIX BO BCEX BBIYMCIUTEIBHBIX
y3Jax KJIACTEPHOI'O YPOBHS CYNEPKOMIIBIOTEPA B COOTBETCTBUHU C IPOrpamMMoOil Ha
sa3bike MPI.

CeTb ynpasjeHus peHa3HauYCHA ISl yIPaBICHUS CUCTEMOM, MOJIKIIOYEHUS pa-
00YMxX MeCT NOJIb30BaTeNield, MHTErpaluu CYNEPKOMIIBIOTEPA B JIOKAJIbHYIO CETh
NPEANpUATUS W/ WU B TJI00AJIbHBIE CETH.

B xauecTBe BBIUMCIUTENBHBIX Y3JI0B OOBIYHO UCHOJIB3YIOTCS OAHOIMPOIIECCOPHBIE
KOMIIBIOTEPHI, IBYX- WM YEThIpeXxmnpoleccopubie SMP-cepBepbl WM UX MHOTOsIAEP-
HbIE peAIN3aLIHH.

Kaxapiil y3en paboTaeT moj; ynpaBJIeHHEM CBOEH KOMHMH ONMEpPallMOHHOMN cucTe-
MbI, B KaU€CTBE KOTOPOM Yallle BCEro HCIOJb3YIOTCA CTaHIAPTHHIE ONEPAI[MOHHBIE
cucrembl: Linux, Windows u sip. CocTaB 1 MOIIIHOCTh Y3JIOB MOXKET MEHSATHCS JaKe
B paMKax OJIHOTO KJIacTepa, /1aBasi BO3MOKHOCTh CO3/1aBaTh HEOJHOPOAHBIE CUCTEMBI.

Haubonee pacripoctpaneHHO OMOIMOTEKOHN MapaJieIbHOTO TPOrPAMMHUPOBAHHUS
B Mojienu nepenadyn coobmenuit sisnsercs MPI. Pexomenayemoii GecriiatHon pea-
nuzayuet MPI sBnsercs maker MPICH, pa3pa®oTanHblii B AproHHCKOW HalMOHAJIb-
HOM 1abopaTopuu.

MPI [8] siBasiercst OubOMMoTeKOM PYHKIMIM MEKIPOIIECCOPHOTO 0OOMEHa coo0IIIe-
HUSMU U coJepkuT okoso 300 GpyHKIMI, KOTOpbIEe ACNATCS Ha CIEAYIOLUE KIACCHhI:
orepalyy TOYKA-TOYKa, ONepaluy KOJJIEKTUBHOTO 0OMEHa, TONOJIOTMYECKHE onepa-
LMW, CUCTEMHbIE M BcrnoMmorarenbHblie onepauuu. [lockonbky MPI sBnsierca cran-
JTapTU30BaHHON OMONIMOTEeKON (DYHKIMN, TO HamucaHHas ¢ nmpumeHenrnemM MPI npo-
rpamma 0e3 mepeesioK BBIMOJNHICTCS Ha pa3IMUHbIX napawieabHeix OBM. MPI co-
JIEP>)KUT MHOTO (PYHKITUH, OJHAKO C MPUHITUIUAIHHOM TOUKH 3PEHUS JUIsl HAIUCAHMS
MOJIaBIIIONIETO OOJIBIIMHCTBA MPOTPaMM JIOCTATOYHO HECKOJIBKUX (DYHKIIMM, KOTO-
pble IPUBEIEHBI HUXKE.

5.2. KOMMYHI/IKaHl/IOHH])Ie CHUCTEMBI BBIYUCIUTE/IbHBIX KJIIACTEPOB

Kommynukanuonnsbie cetu [12]. CoeaquHuTtenbHas CeTh, pean3yronas 0aHo-
BPEMEHHO (32 OJIMH TaKT) BCE BUJIbI MAPHBIX U KOJUICKTUBHBIX COSTMHEHUH, N300pa-
KaeTcs B BUJIE ABYN0IbHOTO rpada (puc. 5.2,a). OHa npeacTaBisieT co00il pemeTKy,
Ha TIEPECEUCHUAX KOTOPOH OCYIIECTBISAIOTCS HEOOXOMMBbIE 3aMbIKaHus (puc. 5.2,0).
Takas pelieTka Ha3bIBA€TCA KOOPJMHATHBIM MEPEKII0YATENIEM U UMEET CYIIIECTBEH-
HBII HEJ0CTaTOK: 00beM 000pyI0BaHUs B HEMl ponopioHaneH NxM, mosTomy Ko-
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OpJAMHATHBIE NepeKroyaTeny ucnoas3yrores ais 11 pazmepom He Oonee 16...32
nporeccopa.

a 0
0 0
1 1
Bxo0bi Bbixo0bi Bxo0dbi
2 2
3 3

0 1 2 3
Bbixo0bi

Puc. 5.2. JIBa npencraBiieHust KOOPAMHATHOTO MEPEKITIOYATENs pasMepoM 4 x 4:
a — B BHJIE ABYJIOJILHOTO rpada; 6 — B BUC PEIICTKH CBsI3EH

KomMyTatopoM, mpOTHBOMNOJIOKHBIM 10 CBOUM CBOMCTBaM MOJHOMY KOOPJAWHAT-
HOMY coeauHuTeNto, spiserca obmas muaa UNIBUS, B koTOpoi OCyIIeCTBISATCS
TOJIbKO OJIMH OOMEH B €IMHUILY BpeMEHH. Mexay dTUMU KpailHUMU CIIly4asiMu HMe-
€TCsl MHOKECTBO CETEH, OTIUYAIONINXCSI HAa3HaYeHUEM, OBICTPOICUCTBIEM U CTOMMO-
CThI0. PaccMOTpUM HEKOTOpBIE peabHbIe CUCTEMBI OOMEHa.

IIunnbie Texnosoruu — Ethernet. Camas npocras dopma Tononoruu (bus) du-
3UYECKON IITUHBI TPEACTaBIsAEeT COOOM OJWH OCHOBHOW KaOellb, OKOHIIOBAaHHBIN C
00enX CTOPOH CHEUUATbHBIMU TUIIAMU Pa3beMOB — TepMuHaropamu. [Ipu cozmanum
TaKOW CEeTH OCHOBHOM KabOellb MPOKIaAbIBAIOT MOCJIEI0BATENHLHO OT OJHOTO CETEBOTO
ycTpoiicTBa K pyromy. CaMu yCTpOMCTBA MOJKIIOYAIOTCS K OCHOBHOMY KaOento ¢
UCIIOJIb30BaHUEM MOJABOAAIIMX Kabeneil u T-oOpa3Hbix paszbemoB. [Ipumep Takoii
TOIOJIOTUU MIPUBEAEH HA puc.S.3.

/ Cetb

[Iponeccopsr

\

Puc. 5.3. KommyTaTop ¢ o0riei muHOM.

Haubonee pacnpocTpaHeHHOW KOMMYHUKAIIMOHHON TE€XHOJOTHEH ISl JTOKAJTbHBIX
cetel aBisieTcs TexHonorus Ethernet, koTopast UMeeT HECKOIBKO TEXHUUECKUX pea
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mu3anuid. Texnonorus Ethernet, Fast Ethernet, Gigabit Ethernet o6ecneunBatoT cko-
pocTh mepenayn qaHHbIX cootBeTcTBEeHHO 10, 100 1 1000 M6uT/c. Bee atu TexHoo-
MU UCHOJIB3YIOT oauH Meto goctyna — CSMA/CD (carrier-sense-multiply-access
with collision detection), oguHakoBbie ¢hopMaThl KaJpoB, pabOTAIOT B MOJY- U MOJI-
HOAYIUIEKCHOM peXumax. MeToa mnpeaHa3sHadyeH i Cpelbl, pa3AeiisieMoll BCeMH
a0OHEHTaMHU CeTU

Ha puc.5.4 npeacrasnen metron goctynma CSMA/CD. UToObl 1MOIyYUTh BO3MOXK-
HOCTb TIepe/laBaTh Kajp, aDOHEHT AOJKEH yOeIUuThCs, YTO cpefia CBOOOIHA. DTO J10C-
TUTAETCs] MPOCTYIIMBAHUEM HeCyIlleld 4yacToThl curHana. OTCyTcTBHE Hecyllel yac-
TOTBI SIBJIICTCSA MPU3HAKOM CBOOOTHOCTH CPEIbI.

Ha puc.5.4 y3en 1 oOHapyxui, 4To cpefia CeTH CBOOOJ/IHA, U Hayaj Nepe1aBaTh
cBoii kazp. B knaccuueckoii cetu Ethernet Ha koakcuaapHOM Kabelle CUTHANIBI TIepe-
IaTdarKa y3ia | pacmpocTpaHsroTcss B 00€ CTOPOHBI, TaK YTO BCE Y3IIbI CETH WX TOJTY-
yaroT. Bce cTaHiuuy, MOAKIIOYEHHBIE K KAOEI0, MOTYT pacro3HaTh (akT mepeaadu
KaJipa, U Ta CTaHIUs, KOTOpasi y3HAeT CBOM aJpec B 3aroj0OBKE MepeaaBaeMoro Kajpa,
3alUCBhIBAET €ro COJEPKUMOE B CBOM BHyTpeHHUM Oydep, oOpabaThiBaeT Moy4YeH-
HbIE JIaHHbIC, TIEPEIACT UX BBEPX MO CBOEMY CTEKY, a 3aT€M IOCHUIAET MO Kalesto
KaJIp-0TBET. AJIpeC CTAHIMHU-UCTOUYHHUKA COJCPKHUTCS B MCXOJHOM Kaape, MO3TOMY
CTaHIUSA-TI0JIy4aTeNb 3HAET, KOMY IIOCJIATh OTBET.

Texnonornueckas
mnaysa
9,6 MKC
OOmas 1 2 ¢
IIHMHA
Vien 1 Ilepenaua | t
IIpocnymmBanue

Oxupanue |Ilepenaua

V3en 2 | D | t

Puc.5.4. Meron cinyuaitnoro nocryna CSMA/CD

VY3en 2 BO BpeMs nepeayu Kaapa y3jaoM | TakKe MbITancs HadaTh nepegady CBO-
€ro KaJipa, 0JJHaKO OOHapy>XWJI, UTO CpeJlla 3aHsATa — Ha HEel MPUCYTCTBYET Hecyllas
4acToTa, - MO3TOMY y3€Jl 2 BBIHYKJIEH KIaTh, IOKA y3eJl | He MpeKkpaTuT nepeaady
Kajpa.

[Tocne mepenaun kaapa Bce y3Jbl 00s13aHBI BBIJIEPKATh TEXHOJOTHMUYECKYIO May3y B
9,6 MKC. DTOT MEXKAIPOBbIA MHTEPBAJ HYKEH JUIsl IPUBEACHUS CETEBBIX aJalTEPOB
B UCXOJHOE COCTOSIHME, a TAKXKeE I NPEIOTBPALEHNs MOHOIIOJIBHOIO 3axBaTa cpe-
IIbl OJTHOW cTaHiuen. [Tocie OKOHYaHHST TEXHOJIOTHYECKOW May3bl Y3JIbl UMEIOT MPABO
HayaTh Mepeaady CBOEro Kajapa, Tak Kak cpena cBoOonHa. B mpuBeaeHHOM npumepe
y3en 2 1oxAacs nepegadn Kajapa y3ioM 1, caenan naysy B 9,6 MKC 1 Hayai nepeja-
gy cBoero kajapa. B Ethernet npexycmoTpen crienuanbHBI MEXaHU3M JJIs pa3perie-
HUS KOJUTU3HUH.
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OcHoBHO#M HemocTaTok ceTeit Ethernet Ha KOHILIEHTpaTope COCTOUT B TOM, YTO B
HUX B €MHHUILY BPEMEHU MOXET MepelIaBaThCs TOJIBKO OJUH MakeT JaHHbIX. OOcTa-
HOBKa yCyryOJseTcsl 3aepKKaMH JOCTyIa W3-3a KOJUTM3WH. [[s MckimrodeHus 3a-
JepKEK TaKOro poJa HCIOIB3YIOTCS MPOMEXKYTOUHBIE KOMMYTATOPhl — CBUYH
(switch), To ecTb ONKCaHHbIE BbIIIE KOOPAUHATHBIE IEPEKITIOYATEIH.

KoabueBbie koMmmyTaTopbl. J[71s KitacTepoB 00ObIIOro pa3mepa (HECKOIbKO Je-
CSITKOB UJIM cOTeH y310B) Ethernet oka3biBaeTcs MeJIEHHBIM, IOATOMY UCIOJIb3YIOT
0osee ObICTpBIE TEXHOJIOTUH, HAITPUMED, KoJiblieBble. Hanbosnee n3BecTHIM MpeacTa-
BUTEJIEM KOJIBIIEBBIX CTPYKTYp sBisieTcs ceTh SCI (Scalable Coherent Interface).
CrpykTypa ceTu npeacraBlieHa Ha puc.S.5.

v
A\ 4
\ 4
\4

Puc.5.5. Konbuesas crpykrypa SCI

Kaxnpiii y3en uMeer BXOJIHOW M BBIXOJHOW KaHaJbl. Y3Jbl CBSI3aHbI OJHOHA-
NMPaBJEHHBIMM KaHaJIAMH «TOYKa — TOYKa». [Ipu oObequHeHnn y3J10B JOJKHA 00s-
3aTeIbHO (POPMHUPOBATHCS HUKJIAMYECKAS MATruCTPaJb (KOJbLO) U3 COSIUHIEMBIX
y370B. OJUMH y3€ll B KOJIbIIE, Ha3bIBaeMbI «scrubber» (OYHUCTUTENb), BBITIOTHSIET
(GYHKIIMU YHUYTOXKECHHS TAaKETOB, HE HAIICAIIMX aapecaTa. DTOT y3ell MOoMedaeT
MPOXOJAIINE YEPE3 HETO MAKETHl M YHUUTOXKAET Y>KE IIOMECUECHHBIE TTaKEThl. B KOJIbIIE
MOJKET OBITH TOJILKO OJIMH scrubber.

WuTtepdodeiic ¢ mpoueccopom
l U IPYTUMU KOJIBLIAMHU T
Brixonnasa Bxonnas
FIFO ouepenp FIFO ouepenp
[epekmoya- |« Mpoxouas | Aeumpatop |_
TEIb < FIFO ouepenn azpeca
Brixoguoi kanan BxoaHoii kanan

Puc.5.6. Crpykrypa y3na SCI

V3ne1 SCI (puc.5.6) nomkHbl OTChUIATh C(HOPMUPOBAHHBIE B HHUX IAKEThI, BO3-
MOHO C O[JHOBPEMEHHBIM IIPUEMOM JIPYTHUX MAKETOB, APECOBAHHBIX Y3Iy, U IMPO-
IIyCKOM Y€pe3 y3€J TPAH3UTHBIX MaKETOB.

JI71st TpaH3UTHBIX MAKETOB, MPUOBIBAIOIIMX BO BpEMs Mepeauu y3JI0M COOCTBEH-
HOT'O MakeTa, npeaycMmorpena npoxoanas FIFO ouepenps. Pazmep npoxogHoi ouepe-
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T JTOJKEH OBITh I0CTATOYEH JUIsl TpUeMa MmakeToB 0e3 nepenoiaHeHus. B y3ne takxe
BBOJIATCS BXxoaHas U BeixogHass FIFO ouepenu aiig makeTroB, IPUHUMAEMBIX U TEpe-
JABAEMBIX Y3JIOM COOTBETCTBEHHO.

V3en SCI npuHHMaET MOTOK AAaHHBIX U MEPENaeT APYrou MOTOK JAHHBIX.OTH I10-
Toku coctosaT u3 SCI makeTroB u cBoOOaHBIX (mmycThiX — iddle) cumBonoB. Uepes ka-
HaJIbl HETIPEPBIBHO MEPEAaroTCs TMO0 CUMBOJIBI TAKETOB, TMOO CBOOOAHBIE CUMBOJIBI,
KOTOPBIE 3AIIOJIHAIOT HHTEPBAJIbI MEXKAY MMAKETAMH.

V3en MOXKeT nepenaBarh MakeThbl, eciu ero npoxoaHas FIFO ouepens nycra. Ile-
penaya naketa MHULUHUPYETCs €ro nepeMenieHreM B Beixoauyto FIFO ouepens. Ecnu
B TEUCHME 3a/IaHHOTO BPEMEHH HE MOCTYNAET OTBETHBIM MAKET, TO BBINOJHIETCS MO-
BTOp IE€PEIAYM MAKETA.

VY3en MOXKeT MociaTh MHOTO MAaKETOB (BIUIOTH A0 64) mpexie, ueM OyneTr moiy-
YEH OTBETHBIM HXO-MAaKET. DXO-MAKEThl MOTYT NPUXOJUTh HE B TOM MOPSAKE, B KOTO-
poM ObUTH TIOCJTaHBI WHUIIMAPOBABIINE MX MAKEThl, TO3TOMY HEOOXOIUMBI HOMEpa
MMAKETOB JIJISI YCTAHOBIIEHUSI COOTBETCTBUS MEXKY NTAKETAMH U 3XO-TTAKETAMH.

Jlnst mpeioTBpalleHust OJJOKUPOBOK BCEM Y3JIaM MPEIOCTABISIETCS MPaBo JA0CTyNa
k SCI. 910 03Ha4aeT, 4TO BCe BO3MOKHbIe 64K yCTPOHCTB MOI'YyT HA4YaTh Mepe-
Aa4y OJJHOBPEMEHHO. JTO U eCTh MAaCIITA0MPYEeMOCTb.

['maBubIit HegocTaTok cetr SCI - puznveckue orpaHuYeHs Ha OOIIYIO MPOTS-
#eHHOCTh ceTh. [ToaTromy SCI npumeHseTcs TOJIBKO I KIaCTEPOB, NOCKOJIBKY OHU
pacroioxeHsl Ha orpanndeHHol Tepputopun. SCI He moaxoaut s ['pu.

Bpewms nepenaun cooOrieHus oT y3na 4 K y3iay B B KJlacTepHOU cUCTeMe ompe/ie-
asiercs BeipaxkenueMm I = S+L/R, tnae S - JaTeHTHOCTb, L — JyIMHA cooOIIeHus, a R -
IPOITYCKHAsI CITIOCOOHOCTh KaHaja CBs3U. JlaTeHTHOCTH (3a/iepiKKa) — 3TO TPOMEKY-
TOK BPEMEHHU MEXK/y 3allyCKOM Orepaiuu 0OMEeHa B IPOrpaMMe IMOJIb30BaTEeNs U Ha-
4aJOM peajbHOM NEpPEeAaun JaHHBIX B KOMMYHHUKAIlMOHHOM ceTu. J[pyrumu cioBamu
— 3TO BpeMs epeAaydd MakeTa C HyJeBbIM 00BEMOM JaHHBIX. B Tabnuue npeacras-
JIEHBI XapaKTEPUCTUKU HEKOTOPBIX TEXHOJIOTUH I OOMEHA JaHHBIMHU.

HasBanue IlukoBass mpomy- | ApXUTEKTypa JlatentHOCTH Ha | CTOMMOCTD
TEXHOJIOTUM | CKHas CIIOCOHOCTh | peaau3auu ypoBHe MPI

Ethernet 12 MB/ sec CmeraHHast 50 MKc Huskas
SCI 10 GB/ sec Konsno, Top 4 MKC Bricokas
InfiniBand | 120 GB/ sec JIrob6as 5 MKC Cpennsis
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5.3. Meroa I'aycca pemrenuss CJIAY nHa kiacrepe.

Metoa pemrenusi CJIAY ¢ nocro10noBbIM BbIOOPOM TIJIABHOI'O JIEMEHTA.
OTOT MaTepual OCHOBaH Ha craThe [15]. PaccmarpuBatorces cuctemsl Buja:

a,x, + a,x, +..+a, x, =b,

In

Ay X, +ayx, +..+a,x, =b,,

(5.1)

WJIY MHA4€, CUCTEMbI BEKTOPHO-MAaTPUYHBIX YPABHEHUM
Ax=b.

HaubGoee M3BECTHBIM METOJIOM pelleHus cucteM Buja (5.1) ssnsercs meton Ia-
ycCcCa, COCTOHHII/Iﬁ B ITOCJICAOBATCIIBHOM HUCKIIFOUYCHUUN HCU3BCCTHBIX. BYI[eM I1IO3TAITHO
NpUBOAUTE cucTeMy (5.1) K TpeyroasHOMy BUJY, UCKIIOYas MOCIEN0BATEILHO CHA-
Yaja x| U3 BTOPOrO, TPETHETO, ..., 1-T0 YPABHEHHMI, 3aTEM X, U3 TPETHETO, YETBEPTO-
r0,..., n-r0 ypaBHEHHUs NMpPeoOpa3oBaHHON CHCTEMBI M Tak janee. Ha mepBoM aTame
3aMCHUM BTOPOC, TPCTHC,..., 77-0C YPABHCHUA HA YPABHCHHUC, IIOJIYHIAOIICCCA CIIOKC-
HHUEM ITUX ypaBHeHHI?'I C IICPBbIM, YMHOKCHHBIM COOTBCTCTBCHHO Ha
— ai, — &, ..... , = ﬁ . PCBYHBTaTOM 9TOro JTalia Hp606paSOBaHI/IH 6y,[[eT OKBUBAJICHT-

a ay, a

Hasd (5.1) cucrema:

a,x, +a,x, +a,x; +..+a

aglz)x2 +a§13)x3 +...+agl)x :bgl)

1) (1) Q) — 1M
Ay X, + a3 X, +...+a;, x, =by’  (5.2)

xln = bl

alx, +a)x, +..+aVx =p"

KoaddunmenTs! B cucteMe (¢ BEpXHUM UHIAEKCOM ) IMOJCYUTHIBAIOTCS 110 hopMyJIaMm:

a, a.
M _ i m _ i o
a; =a;, ———a,;, b’ =b, ——=b,, 20e i,j=23,..,n.
ay ay

Ha BTOPOM 3TaIIC IPOACIbIBACM TAKHUC KC OIICpAllMH, KaK U Ha IICPBOM, C IIOI-

CUCTEMOM cucTemsl (5.2), nmomayyaromencs UCKIOYEHUEM MIEPBOT0 YpaBHEHUsS. DKBH-
BaJICHTHBIN (5.2) pe3yJbTaT BTOPOro 3Tana 0y1eT UMETh BU/I;
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a,x, +a,x,+a;x;+..+a,x, =b
)] )] (1) _ 7
n _b2

Ay Xy + 0y Xy + .o+ a5, X
(2) (2) _ 12
ayyx; +..+as x, =b; (5.2 a)

(2) (2) 2)
a;x;+..+a,’'x, =b,

Trac

@ _ 0 a(z) ) @ _ 12 ajy )
1 1 . .
a;”’ =a; — 0 —y 2y, b7 =b7 ——by,  20e i, j=3,..n
22

ITponomxast 3TOT mporecc, Ha (n -1)—oM 3Tare Tak Ha3bIBAEMOI0 MPSMOT0 X0/a Me-
tona ['aycca nannyto cucremy (5.1) mpuBeneM K TpEyroJibHOMY BUIY:

a,x, +a,x, +a;x;+...+a,x, =b

aélz)x2 + a%)x3 +...+ aé‘n) . —b(l)

(5.3)

a(ﬂ 1) b(Vl D

KoaddurmenTs! 3T0# cuCTEMBI MOTYT OBITH MOMY4YEHBI U3 KOI(PPUIIMEHTOB JaHHOM
CUCTEMBI MOCJIE0BATEIBLHBIM TIEpecueToM 10 popMyiam

a(k—l) a(k 1)
(ky _ (k=1 _ ik (k-1) (k) _ (k) _ (k-1)
au ijy a(k—l) akj > bz‘ _bi (k D b ) (5-4)

kk kk

r7ie BEpXHHUM UHIEKC k (HoMep aTama) u3Mensercst ot 1 1o (n -1), HIKHHUE UHACKCHI
i u j (B moboil ouyepeaHocTH) — OT k+1 [0 n; MO ONpeNeNeHHIO TMoJiaraeMm
1(10) =a, b\ :=b,.
TpeyronLHa;[ CTpyKTypa cuctembl (5.3) MO3BOJISIET IMOCIENOBATEIBLHO OJHO 32
JPYTUM BBIUUCTSATH 3HAUCHUS HEU3BECTHBIX, HAUYMHAS C TIOCIIETHETO:

(n-1)
x bn
n (n-1)?
nn
1 1 (1)
x—b — Ay Xy == Ay, X,
2 QY] ?
ay
X b, —ax, a,Xx,
=
a

DTOT MPOIECC MOCIEI0BATEIHLHOTO BEIYMCICHUSI HEU3BECTHBIX HA3BIBAIOT OOPaTHBIM
xonoM Metojia ['aycca. On onpenenseTcs: oaHOU Gpopmyoit

(k-1) _ (k=1) 5
Xy = (k 1) (b za

A J=k+l
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rjae k moyiararoT paBHbIM 7, n-1, ...,2,1 ¥ cymMa 1o ONpeneNeHnuI0 CYUTAETCS PABHOM
HYJIIO, €CJIM HWKHHMM TNpEn=naesl CyMMHPOBAaHMS Yy 3HAKA CyMMBbI MMEET 3HAYCHHE
0O0JIbIIIE BEPXHETO.

Takum 00pa3zom, anroputm l'aycca BBITISIUT TaK:

1. Jnak=12,.,n-12

2. Havimu m 2 k, qmo‘amk = maxﬂaik H,o6meﬂﬂmb cmpoxum u k

3. nai=k+1,..,n:

4, ty =ay/ay,

5. b, =b, —t,b, ;

6. Mnaj=k+1,..,n: (5.4)
7. a; =a; —t,a,.

8. x,=b,/a,;

O. Inak=n-1,..,2,1:

10.  x,=|b, - Zaijj] a,

Jj=k+1

[TogaB Ha ero BXoJ KBaJpaTHYIO MaTpHIly KO3(G(UIIMEHTOB MpPHU HEU3BECTHBIX CHUC-
TeMbI (5.1) 1 BEeKTOp CBOOOHBIX YWICHOB, Y BBHIMOJHUB TPH BJIIOYKEHHBIX IHUKJIA TPS-
MOTO X0J1a M OJIMH IMKJI BEIYUCIICHUI OOPAaTHOTO X042, Ha BBIXOJIC IMOJTYYUM BEKTOP
—peIleHue.

YToOBbl YMCHBIINUTH BIHMSHUE OIMMOOK OKPYTJICHUS Ha KaXKIOM 3Tare MpsMOTo
X0JIa YPaBHEHHUS CHUCTEMbI OOBIYHO IMEPECTABIISIIOT TaK, YTOOBI JICJICHUE ITPOU3BOIU-
JIOCh Ha HAWOOJNBIIUHI IO MOIYJIIO B JaHHOM cToJIOIEe (0OpabaTsiBaeMOM ITOCTOJIO-
11e) sneMHT.Uucna, Ha KOTOpbIe POM3BOJUTCS JeieHue BMmeTojne ['aycca, Ha3bIBa-
FOTCSl BEIYIIIMMH WJIU TIaBHbIMU 31eMeHTaMu. OTcrofa Ha3BaHue — memoo [ aycca c
nOCMOAOYOBbIM 8bIOOPOM 2N1ABHO20 dNlemeHma (VI ¢ YACMUYHBIM YNOPAOOYUBAHUEM
no cmonoyam).

YacTruuHoe ymopsIOYMBaHUE MO CTOJIOIMAaM TpeOyeT BHECEHHUS B aJTOPUTM Clie-
TYIOIINX U3MEHEHUH : MEXTy CTpoKaMu 1 1 2 Hy»KHO clieJlaTh BCTAaBKY:

e Haiit Takoe m>k, 4to | Ak | = max { | ik | }  mpu i>k,
e 1Haue IOMEHATh MecTaMu by ub,,, ayn a, Ipu Bcex j=k,...,n.

CpaBHeHHe MeTO/1a €IMHCTBEHHOI0 MCKJIIOYECHUS ¢ KOMIIAKTHOM cxemou ['a-
ycca. KpoMe u3inoxkeHHOro Bbillie MeTojaa ['aycca €IMHCTBEHHOTO MCKIIOUEHUS CY-
IECTBYIOT U Apyrue Metojnl pemeHuss CJIAY, nanpumep, meton LU- daktopusa-
MM MATPUL, Ha3bIBAEMbIA KOMIAKTHOU cxeMmou ['aycca. [Iokaxem, B 4eM CXOJICTBO
3TUX METOJIOB. B cilydae KOMIAKTHOM CXEMbI MaTpHUIlA MPEICTABIISIETCS B BUJIE MPO-

HU3BCACHUS
A=LU,

rae L — HuxkHss TpeyrosibHas matpuna, U — BepXHsst TpEyTroJibHas MaTpULA.
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[Tocne HaxoxaeHust matpuil cucreMa Ax=b 3amensiercst cucremoit LUx=b u permie-
Hue CJIAY BbimosHseTCA B J1Ba 3Tana:

Ly=b
Ux=y

Takum 00pa3oM, pelieHre JaHHON CUCTEMbI ¢ KBaJApaTHON MaTpuiei kodpdu-
[IMEHTOB CBEJOCh K MOCIEAOBATEIbHOMY PELIEHUIO JIBYX CHCTEM C TPEYTOJIbHBIMU
MaTpulaMu K03 (HUIIMEHTOB.

[Tomyunm cHauana GopMyJibl AJisi BEIYMCICHUS 3JIEMEHTOB J; BCIOMOTaTEIbHOTO
BekTopa y. [l aToro 3anumieM ypasHeHue Ly=b B pa3zBepHyTOM BHIE:!

lnlyl + Zn2y2 +""+Zn,n—1yn—1 + yn = bn

OueBHIHO, YTO BCE y; MOTYT OBITh MOCJEN0BATENbHO HaMAECHBI TIpHU i=1, 2, ...., n 1O
dbopmyie

i-1
Y, =b, _Zlikyk (5.5
k=1

Pa3BepHeM Teneps BEKTOPHO-MATPUUHOE YpaBHEHHUE Ux = y :

Up X, +UpX, +o. +u,x, =y
FUpXy + o + Uy, X, =Y, 5.6)
unn‘xn = yl’l

Otcrosia 3Ha4YCHUS] HEM3BECTHBIX X; HAXOJATCS B OOpaTHOM MOPSIKE, TO €CTh IPH
i=n, n-1, ...2, 1, no dopmyie

X :_(yi - iuikxkj (5.7)
u

k=i+1

CxonctBo Merona ['aycca (MI') ¢ kommakTHoi#t cxemoit ["aycca (KCI') coctout B
oM, yTo AneMeHTsl MaTpuil L u U B KCI' cooTBeTCTBYIOT MO BenuunHe Kodpuiu-
€HTaM, MoJlydyaeMbIM Ipu paznoxxkenuu B MI'. Hanpumep, matpuna U B KCI' cTporo
COOTBETCTBYET Kod(duumenTam npu HeusBecTHbIX B cucteme (5.3) ans MI'. Ilepe-
xox1 oT MI" k KCI' paccmorpuMm Ha npumepe paszinoxkenus B MI' (5.2): nocne uckiro-
YEHUS X;, HAUMHASI CO BTOPOM CTPOKH M HIKE IMOJIy4aeTcsl MOAMATpPULIa C BEPXHHUM
JIEBBIM DJIEMEHTOM «!, Bce a/meMeHTHI IeBOro croidma 3ToH MOaMaTPHUIIBI COCTaB-

as10T ouepenHoit cronder] matpuilbl L B KCI', a BepXHsist cTpoka — CTpOKY B MaTpHIIE
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U (3a uckmoueHueM a') B Merozae Kpayra). [Ipu HCKITFOUEHHH CIIETYIOMIETO YJICMEH-
ta B MI" (puc.5.2 a) cutyanus noBTopseTcs.

CxoactBo metona IMaycca (MI') ¢ komnakTHoM cxemoii ["aycca (KCT') coctout B
ToM, yTo AneMeHTsl MaTpull L u U B KCI' cooTBeTCTBYIOT MO BenuurHe Kodppuiu-
€HTaM, MoJiydyaeMbIM Tipu paznoxenuu B MI'. Hanpumep, matpuna U B KCI' cTtporo
COOTBETCTBYET Ko3(pduimeHtaM npu HeusBecTHBIX B cucteme (5.3) mansa MI'. Tlepe-
xon1 oT MI' k KCI' paccmotpum Ha mipumepe paszioxkenus B MI (5.2): mocne uckiro-
YEHUs X|, HAUMHAsl CO BTOPOW CTPOKH U HIKE MOIY4YaeTCs MOAMATPHUIA C BEPXHUM
JICBBIM 3JIEMEHTOM a!) Bce 3/eMeHTHI JIeBOro cToJomna 3ToW MOIMaTPHIIBI COCTAB-

ast0T ouepenHoit cronden matpuiibl L B KCI', a BepXHsisi cTpoka — CTpOKY B MaTpHIIE
U (3a uckimouenueM a!) B Merone Kpayra). [Tpr HCKITFOUEHUU CIIETYIOIIETO 3JIEMCH-
ta B MI" (5.2 a) cuTyanus nmoBTopsercs.

MeTtoabl 0J104HOTO0 pa3MelieHUsI JaHHBIX B KjaacTepe. Tenepb OyJeT paccMOT-
PEHO pa3MeIeHUe MATPHUIIBI IO CIOSIM B MAIIMHAX C PACTIPECIICHHON MaMAThIO C I1e-
710 Hanbosee 7 (HEKTUBHOTO BHITIOJIHEHHSI TayCCOBOTO HCKItoueHus [3]. byaer 06-
CY’KJIEH TIOPSIJIOK CJIOEB TAHHBIX, HAYWHAS C CAMOTO TIPOCTOTO, HO HE A3(h(PEKTUBHOTO
BapuaHTa, u Oosiee dpdexTuBHBIC BapuaHThl. CucTeMa 0003HaUEHUH TTOKa3aHa Ha
CIeayIouemM puc.S.7.

Ganssian Elimination using BLAS 3

é—_

ib end

Completad part of U

/ A(ib:end, ih:end)

b . Afib:end, end+1:nj

and >

Completad part of LL

Ajend+l:n,
ib:end)

Puc. 5.7. Metonbl 6109HOTO pa3MeIlIeHUs JaHHBIX B KJIacTepe

JIByMsI TJIaBHBIMU 3aTPYJHEHHUSIMH B BBIOOpE pa3MeIleHus JaHHbIX IS rayccoBa
VCKIIFOUEHUS SBIISIOTCS:

e bananc Harpy3kKu, TO €CTb oOecricueHue 3arpy3KHu BCCX IMMPOLCCOPOB HA IIPOT:I-
JKCHHUU BCCT'O BPpCMCHHU BBIYHCJICHUH

90



e BosmoxHocTs ucnonb3oBanus BLAS3 Ha ogHOM mporieccope, 4ToObI MOACUHU-

TaTh HEPAPXUIO MAMATH HA KaXIOM IPOLIECCOpe

IIpumeuanne. YpoBeHeHb BLAS1 6ubnuorexkn BLAS wucnonbs3zyercss s Bbl-
IIOJIHEHHs Ollepaluii BEKTOP-BEKTOp, ypoBeHeHb BLAS2 — s BBINOJHEHHs Mat-
PUYHO-BEKTOPHBIX onepanuii, ypoBeHeHb BLAS3 — mid BbIIONHEHUS MaTpUYHO-
MaTPUYHBIX OIlepanuil.

L) Cohunr: Blocked Layout 21 Colernn Cyelic Layout
bl

bowl [G]1 1671 |61 [G-

2132|2232 |3

S L 8L

2132|2232 |3

£3 CEPNCERYCE YRR

2132|2232 |3

SB[ [E]1 8]

212|232 |3|2 |3

32) Column Block Cwclic Larout 4y Rovwr and Coharn Blozk Cyclic Larout

&) Block Sxewed Larout

Puc.5.8. BapuaHThl CEKIIMOHUPOBAHUS MaTPULL

[ToHsATH 3TH TpOOJIEMBI OMOTaeT MOHATH 3TO puc.S5.8. s yao0cTBa Mbl OyneM
HyMepoBaTh npoueccopsl ot 0 10 p-1, u MaTpuyHbie CTOIOIB! (MM CTpokH) oT 0 10
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n-1. Bo Bcex ciyuasix kaxaas noaMatpuiia 0003HadaeTcsi HOMEpPOM Ipoleccopa (OT
0 no 3), koropslit coaepxkut ee. [Iponeccop 0 mpeacTaBieH 3aTEHEHHBIMH MOAMAT-
pUIaMHu.

PaccmoTpum mepelit BapuaHT — pasMmenenre nmo crosiduam marpuibl A (Column
Blocked Layout). [Ipu 3Tom pazbuenun ctoibdern i XpaHUTCA B MOCIEAHEM HE3aroJ-
HEHHOM IIpoIlecCCope, €CIM cuTaTh, 4To c=ceiling(n/p) ecTh MaKCHUMaJIbHOE YHCIIO
CTOJIOIOB, MPUXOJSIIEECs Ha OJIMH MPOILECCOpP U BECTH CYET CTOJIOIOB ClieBa Hampa-
Bo. Ha pucynke n = =16, p = 4. 310 pazOueHue He MO3BOJISET ClIeNIaTh XOPOIIyO Oa-
JAHCUPOBKY HArpy3KH, IOCKOJIbKY KaK TOJIbKO MEpPBbIE ¢ CTOJIOIIOB 3aBEePIIEHBI, TPO-
necop 0 cTaHOBTCS CBOOOJHBIM /10 KOHIIA BBIYHCIICHUN. Pa3merenue mo crpokam
(Row Blocked Layout) co3maert Takyto xe npobiemy.

Hpyroii Bapuant — mukiudeckoe pasmenieHue mo cronoduam (Column Cyclic
Layout) ucnosb3yer sl pelieHds NpoOJieMbl NPOCTOEB Ha3HA4YE€HHE CTOJIOmA i
nporeccopy ¢ Homepom i mod p. OmHako, TOT (PaKT, 4TO XPaAHATCS OJAMHOYHBIC
CTOJIOIBI, a He MX OJIOKHM, O3HA4YaeT, YTO MBI HE MOKeM HCIoJb30BaTh BLAS2 mis
dakTopuzanuu A(ib:n,ib:end) 1 BO3MOXXHO He cMoOkeM Hcroyib30BaTh BLAS3 nis
obnoyenust A(end+1:n,end+1:n). [uknuaeckoe pasmenienue no crpokaM (Row Cy-
clic Layout) co3naeT Takyto ke npoosemy.

Tpetbe pasmerieHue - CTOJIONOBBIA OJ0YHO- HUKIMYecKui BapuaHT (Column
Block Cyclic Layout) ecTb KOMIIPOMUCC MEXKTy IBYMS MPEIbIAYIIUMHU. MBI BbIOHpa-
eM pa3Mmep Onoka b, menuMm cToiOLBl Ha TPYNIBl pazMepa b, U pacmpenesnseM 3TH
TPYIIBl MAKIAYECKUM 00pa3oM. JTO 03HA4YaeT, CTOJIOCIl 1 XPaHHUTCS B MPOIIECCOpe
(mocnemnwuii (/b)) mod p. B nefcTBUTENBHOCTH 3TO paclpesesieHne BKII0YaeT mep-
BbIE JIBa KaK YacTHBIN ciydail b=c=ceiling(n/p) u b=1, coorBercTBeHH0. Ha pucynke
n=16, p=4 and b=2. [{nsa b > 1 310 uMeer cierka xynmui 6ananc, ueM Column Cy-
clic Layout, Ho moxHO ucnons3oBath BLAS2 u BLAS3. Jlns b < ¢, nonyvaercs
ayuuias 6anmancupoBka Harpy3ku Columns Blocked Layout, HO MOXHO MCIIOJIb30BaTh
BLAS Tonbko Ha MeHbIIUX noanpooOiemMmax. OHAKO, 3TO pa3MEIIEHUE UMEET He-
JOCTaTOK B TOM, 4To (pakrtopuzamus A(ib:n,ib:end) Oyner uMeTh MECTO BO3MOKHO
TOJIBKO Ha IPOLIECCOpPE, T/I€ CTOJOLOBBIE OJOKH B CIOSIX COOTBETCTBYIOT CTOJIOLIO-
BbIM OJIOKaM B rayCCOBOM HCKIIFOUEHHH. DTO OyzIeT nmocienoBaTenbHbli bottleneck.

[TocnenoBatenbHbIl bottleneck oGneryaercss yeTBepTHIM pa3MelIEHUEM — JBY-
MepHoe OouHo-1uKIndeckoe pasmenienue (2D Block Cyclic Layout). 3aech MblI 110-
JaraeM, 4TO Hallld p MPOLECCOPOB apaHKUPOBaHBI B prow X pcol mpsMOyroabHBIM
MacCHUB TIOIIECCOPOB, MHAEKcUpyembiii 2D obpazom (pi,pj), 0 <= pi < prow u 0 <= pj
< pcol. Bee mporeccopsl (i,j) ¢ GUKCHPOBAaHHBIM ] 0OpAIIAIOTCA K IPOIIECCOPHOMY
crosiony j. Bee mporteccopsr (1,)) ¢ GUKCHPOBAHHBIM 1 0OpaIaroTCs K MPOIeCCOPHOI
cTpoke i. Bxoa matpuiisl (1,j) MapKupyeTcs K mporieccopy (pi,pj) myTeM Ha3HAUYCHHUS 1
70 pl ¥ j 10 pj HE3aBUCHMO, UCTOIB3Ys (HOpMyIy OIOUYHO-IUKINIECKOTO pa3Mele-
HUS:

pi = mocnenuuii (i/brow) mod prow, rae
brow = pa3mep 0;10Ka B HalPABJICHUH CTPOK
pj = nocnenuuii (j/bcol) mod pcol, rie
bcol = pa3mep Os0ka B HaIIpaBIEHUU CTOJIOIOB
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[ToaTOoMy, 3TO pa3MenieHre BKIIOYAET BCE MPEABIAYIINE U UX TPAHCTIO3UIIUU KaK
cnenuanbHbie caydan. Ha puc.5.8 n=16, p=4, prow=pcol=2, and brow=bcol=2. 3t0
pasmenienue mno3poJisger pcol-fold mapamnenusm B ar000M CTONIONE W UCHONIB3YET
BLAS2 u BLAS3 na matpuie pasmepa brow x bcol. 1o pasmenienue Mol Oyaem
MCTIOJIb30BaTh JIJIsl TayCCOBA MCKITIOYCHMS.

Ectb emie ogHO pazMenieHue — 0J09HOE cMeleHHoe pa3Mmeltenne (Block Skewed
Layout. B HeM nMeeTcsi 0COOCHHOCTh, UTO KakJlas CTPOKAa U KaKIbIA CTONIOEI pac-
pEeACISIIOTCS CPeAr BeeX p mpolieccopoB. Tak HazbiBaeMblii BUHTOBOM (p-fold) ma-
paJIIeNIN3M MPUTOACH TSI TIOOBIX CTPOYHBIX U CTOJIOIIOBBIX OIIEPAIIHIA.

Bapuantst LU Decomposition. Bo3M0XHbI TpH €CTECTBEHHBIX BapuaHTta misa LU
decomposition: 1€BOCTOPOHHUI TTOUCK, MPABOCTOPOHHUI MOUCK 1 MeToa KpayTa.

e left-looking BapuaHT BbIUMCISACT OJOYHBIN CTONOEI 3apa3, UCIOIB3YSl paHee
BBIYUCJICHHBIE CTOJIOIIBI.

e right-looking BapuaHT BBIYHCISET Ha KaXKJIOM IlIare CTPOYHO-CTOJOIOBBIN
o510k (block row column) u Kcmoyb3yeT UX 3aTeM JJIsi OOHOBJICHUSI 3aKIIOUH-
TENHHON MOAMATPHUIBL. ITOT METOJ] Ha3bIBACTCS TAK)KE PEKYPCUBHBIM aJro-
put™moM. Tepmunsl right and left oTHOCsATCS K 0651acTH TOCTYIIA K IAHHBIM.

¢ Crout BanipuaHT npezacrasisieT rudpun left- and right Bepcuii.

['padrueckoe mpeacTaBIeHNE ATOPUTMOB JAHO MOCIIEIOBATEIHLHO HIDKE.

Figure 3.0 Left-Looking LU Algorithm

Figure 3.7 Right-Looking LY Algorithm

Figure 3.8 Crout LU Algorithm
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Bbaounbie metoasl (BLAS-3) npeacraBnensl Ha puc. 5.10.

Distributed Gaussian Elimination with a 2D Block Cyclic Layout

forib=1ton-1steph
end = ming b+h-1,n}

fori=ih to end

(L) | {1) find pivot row k, cohmnn broadcast
™,
{2) {2)  swap rows k and 1 in block column, broadcast row kK
(2) | (3) Al kLln,i)y=A(i+ln,i)/fAli, i)
T ™,
{4) i) Albln, lend) —=A{HLn, i) ¥ Al +Lend)
end for
I
- +
(3) =— (%) broadcast al swap informnadon right and 1eft
" o \\
(é): (a8)  apply al rows swaps to other colonns

oy
0 i i7Y  Broaccast LL right
(8 I8 A(ibend, end+lni=LL% Afibend, exd+lind
() V* 1%y Broaccast A(ibiead, end+1n) dovm
(10) | 110y Broaccast A end+ 1, ibend) right
__;
(11) | 111} FEliminate A¢ end+Lin, end+1n)

Puc.5.10. Anroputm BLAS3 Ha 0J10YHO-IMKINYECKOM pa3MEIICHUH MaTPHULIBI.
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BelmenpuBeAeHHbIA PUCYHOK (M IporpaMma) MoKa3bIBaeT, Kak anroputm BLAS3
BBITOJHSIETCS Ha JBYMEPHOM OJOYHO-IMKINYECKOM pa3MENIeHUH UCXOTHOM MaTpH-
bl (2D block cyclic layout). biok pasmepa b u Giaounble pazmepsl brow u bcol B
pa3MenieHuu yJI0BIETBOPSIOT b=brow=bcol. 3aTreHeHHbIEe 00JIaCTH OTMEYAIOT 3aHS-
ThIE TPOIIECCOPHI WU BHITIOJHEHHBIE KOMMYHUKanuu. [Iporpamma prucyHKa moBTO-
psieTCsl HUXKE, OHa BO MHOTOM COOTBETCTBYET aNropuTtmy (5.4).

forib=1ton-1step b
end = min(ib+b-1, n)
for i =ib to end
(1) find pivot row k, column broadcast
(2) swap rows k and i in block column, broadcast row k
(3) A(i+l:n,i)=A@l+1m,i) /A, 1)

(4) A(i+L:n,itl:end) - = A(i+1:n, 1) * A(I,i+1:end) (5.8)
end for

(5) broadcast all swap information right and left

(6) apply all rows swaps to other columns

(7 broadcast LL right

(8) broadcast A(ib:end, end+1:n) = LL\ A(ib:end +1:n)
9) A(ib:end, end +1:n) down

(10) broadcast A(end+1:n, ib:end) right

(11) Eliminate A(end+1:n, end+1:n)

PaccmoTpum st mpumepa BBINOJIHEHUE alnropuTMa 1o maram. IIporpamma co-
JEPKUAT JBOMHON LIMKJI. BHEMIHMI LMK COOTBETCTBYET NEpedopy AUaroHaabHbIX
0JI0KOB, a BHYTPEHHUH o0ecrieurnBaeT nepedop mo OTAeIbHBIM CTOJIOIaM BHYTPU
0JI0Ka 7Tl BRITIOJTHEHUS BCEX OTEpaIiid JUTsi BRBIOpAaHHOTO CTOJI0MA. O10Ka.

Ilar (1) TpeOyeT oneparuu peAyKIuu (peayKIus - KOJJIEKTUBHASI OTepaIius
MPI noucka MakCUMaJIbHOTO 3JIEMEHTA B MACCUBE MPOIECCOPOB ) CPEId Prow mpo-
[IECCOPOB, BIAACIONINX TEKYIIIUM CTOJIOIOM, YTOOBI HAWTH HAUTH HAaMOOJIBIIHI a0-
COJIFOTHBIN BX0J1 (pivot) ¥ MIUPOKOBEIIATh €r0 MHACKC. BBINOMHAETCS BO BHEIIHEM
LUKIIE.

Ilar (2) TpeOyeT oOMeHa cpenu MPOIecCCOPOB CTPOK k U i B CTOJIOIE U IMIHUPOKO-
BEIIAET BEAYIIYIO0 CTPOKY K BCEM MPOIECCOpaM B CTOJOIIE.

Ilaru (3) and (4) BemoHSIOT JoKaabHbIe BerunciaeHus BLAS1 and BLAS?2.

(3) — aT0 BIUKCHEHUE cTON01A Ly, cooTBeTcTBYET LIUKIY 3 B (10).

(4) — o310 BhIUMCHEHUS CTpoKH Uy M KOPPEKLMs MacCHBa OCTAJbHBIX YCEYEHHBIX
CTPOK. ITO TPETHA BIOKEHHBIN UK, 3alTMCAaHHBIA Ha s3bIke Matlab 1 cooTBeTCTBY-
et nukiy 6 B (10) unm (2.4).

[Iaru (1) - (4) 3akaHuKBatOT 0OPAOOTKY OJHOTO CTOJOIA B BHIOPAHHOM BO BHEIIIHEM
uKJie 0JIOKe, 8 BHYTPEHHUI LUK o0ecneurBaeT o0paboTKy BCeX CTOJIOLOB OJIOKA.

Ilaru S) and (6) uCIIONB3YIOT KOMMYHMKAIIMH, IIUPOKOBEIIAS BETYLIYIO NH-
dbopmainio 1 0OMEHUBAsI CTPOKU CPEM BCEX APYTUX P-Prow processors. ITH MIaru
BBIITOJIHSFOTCS 7K€ BO BHEITHEM LIMKJIE.

[ar (5) Hy>keH /i iepeau B 00€ CTOPOHBI MHJEKCOB CTPOK k U 7, ISl KOTOPBIX
BBITIOJTHEH OOMEH.
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[ar (6) ucnoap3yercs Juisl NEPEMELIEHUs CTPOK k U i CJIEBa U CIIpaBa MO BEPTUKAJIH.
Ilar (7) BemomnHseT MHOTO 0OMeHa , mockinast LL Bcem pcol processors B ero
cTpoke. Ota udopmaiusa HeoOxoauma AJisi GOpMUPOBAHUS BCEX CTOPOK, COOTBETCT-

BYIOIIIUX JUArOHAJILHOMY OJIOKY.

Ilar (8) ecTb JIOKaNbHbIE BEIYUCIEHUS BCEX CTPOK, COOTBETCTBYIOLIUX JAHAT0-
HaJbLHOMY OJIOKY.
Ilaru (9) and (10) oGecrieunBarOT KOMMYHHUKAITUIO: CTOJIOCI U CTPOKA MAaTPUUHBIX
0JIOKOB, COOTBETCTBYIOIIMX JaHHOMY JUAroHaJIbHOMY MaTpUYHOMY OJIOKY, ITOCHLIa-
I0TCSI BIIPABO Y BHU3 VISl BBITTOJTHEHUSI MATPUYHBIX YMHOKECHUI.
Ilar (11). Beraucienus, aHanoruyuele maraMm 3 u 4, KOTOpbIe OOHOBJISIOT OCTATOY-
HYIO FOTO-BOCTOYHYIO OCTaTOYHYIO IIJIOIIA/Ib MATPHIIBI.

Het HEoOXoauMoCcTH UMETh Oapbep MEXAy KaKIbIM IaroMm anroputma. [[pyru-
MU CIIOBaMH, MOXKET OBITh IMapajuielIu3M MEXIy Pa3udHBIMH IIaraMH ajiropuTMa,
dbopmupys kouseitep. Hanmpumep, paccmotpum maru steps 9, 10 and 11, roe umeer
MecTO OoJjbInas 4acTh KOMMYHHKAIui U cuera. Kak TonbKO mpoiieccop MOTydu
tpeOyembrii emy (blue) cy066mok A(end+1:n,ib:end) cimeBa u (pink) cy0O06m0K
A(ib:end:end+1:n) cBepxy, OH MOXET €ro JOKaJIbHOEC YMHOXXCHHUE JJIs JOHOBJICHUS
ero yactu (green) moaMatpuiiel A(end+1:n,end+1:n). Kak Toiapko cambiii neBbie b
cronboB A(end+1:n,end+1:n) o6HOBNEeHBI, nX LU factorization Mo)keT HauYWHATHCH,
B TO BpPEeMs KaK OCTAIOIIMMHECS CTOJIOLBI 3€JICHON MOAMATPHIIBI Oy IyT OOHOBISATHCS
JIPYTUMU TIPOIIECCOPAMH.

P PeKTUBHOCTH BHIYHUCICHUMN. /11 TATbHENIIETO pacyeTa MPEANIOIONKUM, YTO:

e Opna ruiaBarouiasi onepauus TpedyeT OJHY eIUHUILY BpeMeHH (1151 abCOMIoT-

HBIX pacueToB (=1/v cek, Tie v — OBICTPOJACHCTBHUE IIPOIIECCOPA).

e [locwika coOOIIEHUS U3 1 CIIOB OT 0OHO20 TIpoliecopa apyromy TpeOyeT alpha
+ beta*n eaguHUI BpeMmenu, T1e alpha — HawanmbHas 3amepikKa nepeaadn cooo-
meHus, beta — BpeMsl mepeaay OJHOTO CIIOB JaHHBIX, N — KOJIWYECTBO TIEpe-
JTAHHBIX CJIOB.
KosiekTuBHBIX onepariuii HeT.
HNmeetcs p nmpolieccopoB, 00beTMHEHHBIX B prowX-pcol pereTky.
b ectp pa3zmep 610ka B 2D block cyclic pa3memenun.
1 €CTh pa3Mep UCXOAHOW MaTPULIBL.

[TycTh Bpems ucnonHeHus anroputma Time o meroay ["aycca paBHO cymme:
Time = msgs * alpha + words * beta + flops, eIMHULl BpEMEHH

r7ie MSgS €CTh YUCIO MOCIAaHHBIX cO00IIeHui (0e3 yuera napauiesibHO MOCIaHHbIX),
words ecTb ynciio cioB (0e3 ydera mapamienusma) u flops ectb 4nCIO BBIMOIHEH-
HBIX TUJIaBalONIMX omnepauui (0e3 ydera mapaiuienusma). YToObl yNpoCTUTH Mpea-
CTaBJICHHE, MbI 0yJIeM YYUThIBATH B AeTAJAX TOJAbKO marn 9, 10 u 11. 310 npak-
TUYECKU BEPHO JIJIs1 OOJIBIITUX MATPHIL.

Ilar (9). bosiee TouHo, B 1mare 9 mMbl OyJieM UCIOIL30BaTh IPEBOBUIHOE LIUPO-
KOBEILIAaHUE B KaXKJJOM MPOLIECCOPHOM CTOJOIE C MEPBBIM MPOLECCOPOM, MOCHLIA0-
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MM JBYM JIPYTUM, U TaK Jajiee, Tak 4yTo oOmiee yucio log 2 prow cooOreHuit Tpe-
OyeTcst /Ui TIOCBUIKH BCEX COOOIIEHUI B cTonOIE (BCE MPOLECCOPhI MO BEPTUKAIIN
paboTaroT napasmienbHo). [Tockonbky pasmep cooOuieHust ectb b*(n-end)/pcol (cym-
MapHOe coOOLIEeHUE AJI1 BCEX MPOLIECOPOB), IS mara 9 Tpedyercsi €UHUL BpEMEHU:

Time step 9 = (log_2 prow ) * (‘alpha + (b*(n-end)/pcol)*beta ), equnuil BpemeHu.

3neck b*(n-end)/pcol pacnagaeTcs Ha YacTH:

¢ b*(n-end) — nmuHa MOJIOCKHI IUPUHOM b OT end 10 caMOro HKU3a MaTPHUIIHI (7).

® pcol — KOMMYECTBO MPOLIECCOPOB B MATPHUIIE MPOIIECCOB.

¢ b*(n-end)/pcol — pazmep Oi0Ka.

e 31ech HAO ACTUTH Ha pcol, MOCKOIBKY YMCIIO TpolieccopoB (pcol) octaercs mo-
CTOSIHHBIM, pa3Mep OCTaTOYHOW MAaTpHIIbl YMEHBIIACTCS C KaXKIOW UTepaluei u,
CJIeIOBATENLHO, pa3Mep Mepe1aBaeMoOro COOOIIEHUST YMEHBIIIACTCS.

Iar (10). MsI OyaemM HCHOIB30BATh NIMPOKOBEIIAHNE HA OCHOBE KOJIBLIA, KOT'/1a
Kbl MpOIlecCCOp MOCBLIACT COCEAy CIpaBa, MO3TOMY TpeOyercs pcol MOCHLIOK.
[Tockonbky pa3zmep cooOiienus ectb b*(n-end)/prow, motpedyercs:

( pcol ) * (alpha + (b*(n-end)/prow)*beta ), eauHuUIl BpeMeHU

OmHako, TOCKOJIBKY TOJBKO CAMblil Jlegblll TIPOIECCOPHBIN CTOJIOCI] B 3€JICHON TMOJ-
MaTpUle HYXIaeTcsl MOIYYUTh €ro cooOIIeHe, pass it on, © OOHOBUTH €ro MoaMaT-
puny nepen LU ¢akropuzanueil cienyromero 0J04HOro croidia, Mbl TOJIBKO pac-
XOJlyeM:

Bpewms mara 10 = 2 * (‘alpha + (b*(n-end)/prow)*beta ), enuHuI] BpeMeHH

OOGHOBNIEHHE OCTALHON YaCTH 3€JICHOM MOJIMATPHUIIBI MOXKHO JEJIaTh BO BpeMs Ilia-
roB (1) — (10) BHeLIHETo IIUKJIa OCHOBHOT'O JITOPUTMA ISl CJIEAYIOIIETO JUaroHallb-
HOTO OJI0Ka.

Ilar (11). Kaxnaslii mponeccop AeraeT yMHOKEHHE MaTPULL

{” —end b} X {b X end} , koTopoe Tpebyer: Bpems mara 11 =2*b*(n-end)"2/p,

pcol prow

€JIMHUIL] BPEMEHU.

CymMmapHblii pe3yabTaT. YToOBI OIIEHUTH 001IIME 3aTPAThI 7S pacipeIeIeHHO-
ro MI', Ham HaJ10 NPOCYMMUPOBATH MPUBEICHHBIE BBIIIE TPU COCTABIIAIONIME /1715 end
=b, 2*b, 3*b, ..., n-b U NOIYIUTE:

Bpewms nist maro 9, 10 11 =
((n*(log 2prow)+2)/b) *alpha
+(n"2 * ((log_2 prow)/(2*pcol) + 1/prow ) ) * beta
+ ((2/3)*n"3/p)

[IpuHuMas BO BHUMaHKE Opy2ue wazu areopumma B NOJCUYeTe MOBbIIEHUN K03 hu-
ueHToB alpha u beta, koHeuHbIE 3aTpaThl OYAYT TAKOBBI:
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ITonnoe Bpems s meroza I'aycca =
(n* (6+log 2 prow) ) * alpha (5.9)
+ ("2 * ( 2*(prow-1)/p + (pcol-1)/p + (log_2 prow)/(2*pcol))) * beta
+((2/3)*n"3/p)

Boraucium 3ppekTUBHOCTD IMyTEM JEICHUEM MOCIIEI0BATEILHOTO BpEMEHU
(2/3)*n”3 Ha p pa3 BpeMeHU, MPE/ICTABICHHOTO BHIIIIE, U MOJIyYaeM:

Efficiency=1/( 1
+ (1.5*p*(6 + log_2 prow)/n”"2) * alpha
+ ( 1.5*( 2*prow + pcol (5.10)
+ (prow * log 2 prow)/2 -3 )/n )* beta )(ib:end, end+1:n)

Uccnenyem dopmyiy, yTOOBl BBISICHUTbD,, KOTJa MBI MOXKEM OKHJATh XOPOIIEH
s dextuBHOCTH. [lepBoe, ms GUKCUPOBAHHBIX p, prow, pcol, alpha and beta -
(EeKTUBHOCTh PACTET MPONOPUUOHAIBHO #. DTO MOTOMY, 4TO MbI Aenaem O(n”3)
IUTABAIOIIUX ONEpalnii, HO KOMMYHHUKalUui ToJapko s O(n”2) cioB, Tak 4To Iuia-
BaloIasi TOYKa, KOTopasi 6amaHCHUPYeT Harpy3Ky, MPEBOCXOAUT KOMMYHHUKAIIHIO, TO-
sTomMy 3h(PEeKTUBHOCTEL Xopoias. Ih(HEeKTUBHOCTh TaKXe pacTeT eciu alpha v beta
YMEHBIIAIOTCS, TO €CTh KOMMYHUKAIIUU CTAHOBSITCS JCIIEBIIE.

Tenepb MbI paccMOTpUM BBIOOP prow U pcol. Beipaxenue

2*prow + pcol + (prow * log 2 prow)/2 =
2*prow +1/prow + (prow * log 2 prow)

MUHUMH3UPYETCS, KOTJa prow Clierka MeHbIIe, 4eM sqrt(p), 03Hadas, 9To HaM XOTe-
J10Ch OBl UMETH MPOIIECCOPHYIO PEHIETKY Prow X pcol, KoTopas clierka JInHee, YeM
BBIIIIC.

O0606mMM, onarasi prow ~ pcol ~ sqrt(p) u urHopupys log terms. Torna 3¢ dek-
TUBHOCTb €CTh:

Efficiency =1/ ( 1 + O( p/n*2 * alpha ) + O( sqrt(p)/n * beta ) ) = E(n"2/p)

TO €cTh 3(PEKTUBHOCTH PACTET ¢ yBenuueHume Qpynkuuu n”2/p. Oxgnako, n2/p ectb
CyMMa JaHHBIX, XpPaHUMBIX Ha OJJTHOM IPOLIECOpe, MOCKOIbKY NXN MaTpuila TpedyeT
n”2 cnoB. JlpyrumMu ciioBaMu, €CJIM Mbl TO3BOJIsIEM 00IEMY pa3mepy mpoOiaemsl n2
pacTy NPONMOPIMOHAIBHO YHCITY TIPOILIECCOPOB, 3PPEKTUBHOCTH OyAET MOCTOSIHHOIA.

DKCNepUMEHTAIBHO MTOKA3aHO, YTO MPEACKA3aHHbIE OLIEHKM BPEMEHU BBITIOJIHE-
Hus anroputMa pemieHust CJIAY u peanbHO U3MEpPEHHBIE B SKCIIEPUMEHTE 10CTATOU-
HO OJIM3KH, OIMOKA COCTABIISIET HECKOJIBKO MPOIEHTOB. DTO € OTHOCUTCSA U K pac-
4yeTy 3P HEeKTUBHOCTH.
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I'nasa 6. IAPAJIVIEJIBHBIE BBIYNCJIEHUA B I'PU /L

6.1. Hexoropsbie 3Tanbl pazsutud I'T TexHoaorumii

HexoTopsle 3Tanbl pa3BUTHA NapajieJbHbIX TexHoJoruii. udopmaruzanus
CEroJiHsl BCTYIUJIA B YETBEPTHIN ATal cBoero pa3Butus. [lepBriii ObUT CBA3aH C MOSB-
JeHUEM OOJBIINX KOMIBIOTEPOB (MEMHGPEMOB), BTOPOl — C CO3/IaHHEM Mepco-
HaJIbHBIX KOMIIBIOTEPOB, TPETUN — C nosiBieHueM MHTepHeTa. UeTBepThii dTaIl UH-
dbopmaTuzauu BKIIOYAET Psil HOBBIX TEXHOJIOTHI Ha 0a3e HHTepHeTa:

e MHTepHeT 3TO rinobanpHas CUCTEMa CETEM, COeINHAIOMIAs] MHOKECTBO KOMIIBIO-
TEPOB U JIOKAJIBbHBIX (CPAaBHUTEIIBHO HEOOJBIINX) CETEH U MO3BOJSIONIAS UM
B3aMMO/IEHCTBOBATh JAPYT C APYTOM.

Be6 (maytuna) 310 cioco0 noctyna k uHbOpMaId Haxojsiiencs Ha yaalieH-
HOM, HO BKJIFOUEeHHOM B VIHTEpHET KOMIIbIOTEpE.

Web cnyx0n1 (Web Services) — 3To yaaJIeHHbIE CEpBHCHBIC OOBEKTHI, peallv-
3YIOIIIKE TI0 3aMPOCy MOJIb30BaTElNsI HEKOTOPYIO (PYyHKIIMOHAIBHOCTb.

e ['pun — cnocod COBMECTHOIO HCIOJB30BAHUSA PECYPCOB, PACIPEACICHHBIX IO
pa3HbIM, Teorpaduuecku yJajJeHHBIM JIPyT OT JApyra, TOYKaM IUIaHEThl. JTa
TEXHOJIOTHS TI03BOJISICT OOBIUHUTH JJISI PEIICHUS OJHOM 3a7a4ll MHOXECTBO
KJIACTEPOB U OTIAEJIBHBIX IIPOLECCOPOB. [ pya B TOM WM MHOU MEPE UCIIOJIb3YET
JOCTHXKEHHUS YIOMSIHYTBIX BBIIIE TEXHOJOTHM, B ocoOeHHOCTH Web ciyKObl,
MHOTHE 3JIEMEHTBI KOTOPHIX BOLLIN B ['pu.

OO6sauHble TEXHOJIOTHH. DTO CUCTEMa JIOCTYIa K pecypcaM, B paMKax KOTOPOU
uH(pOpMaIUs TOCTOSHHO XPAaHUTCS HA CEPBEPAX B MHTEPHETE M BPEMEHHO K3-
IUPYETCsl HAa KIMEHTCKOW CTOPOHE, HAIlpuMep, Ha MEePCOHATbHBIX KOMITbIOTE-
pax, UTPOBBIX MPUCTABKaX, HOyTOyKax, cMapTPOHAX U T. II..

HNuTepHer

WuTepHeT ecTh eauHOe WH(OPMALMOHHOE MPOCTPAHCTBO, B KOTOPOM MOKHO
CTPOWTH PA3IIMYHBIE COOPYKEHHUSI - CalThl, XOCTHI, cepBepsl U T. 1. Mcropus HuTep-
HeT Hayanack ¢ 1958 roma, xorma CIIIA co3ganu opraHu3aiuio MoJi Ha3BaHUEM
DARPA. B 1969-m rony 6puta moctpoena mnepBasi CeTb, OCHOBaHHAsI Ha COBPEMEH-
HbIX npuHuunax Muarepuer. K 1978-my rony O0b11u BeipaOoTaHbl Bce Oa30BbI€ MPOTO-
KOJIbI, KOTOPBIE U ceiluac ucnonb3ytorcs B UHTepHET, B YCTHOCTH:

e Anpecusiii mpotokon IP (Internet Protocol address)

e IIpotoxon HTTP (Hyper Text Transfer Protocol), B KOTOpoM €CTh CCBUIKH Ha

IPYTUe TUIIEPTEKCTHI

WWw
WWW, World Wide Web, Bcemupnas mayruna, Web, Beb, - 3To Bce Ha3BaHus
OJIHOTO M TOTO JK€ CEpBUCA, KOTOPBIN nosiBuIIcS B 1991 rony u ucnons3yer npoTOKOI
HTTP nns mepenaun TUNEPTEKCTOBBIX JOKYMEHTOB U JIpyrux (aitnoB ot Bebd cepae-
pa K kiueHTraMm. Bee nepeMenienus no ceT OT OAHOTO JOKYMEHTa K APYroMy IPOUC-
XOJIAT IO CChUTKaM. DTH TIOKyMeHThI Hanrcanbl Ha si3bike HTML (HyperText Markup
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Language). DTOT s3bIK MO3BOJIAET pabOTaTh MPAKTHUYECKU CO BCEMH JAOCTYIHBIMH
ceiluac Ha KOMITBIOTEPE BHJIAMHU JOKYMEHTOB: 3TO MOTYT OBITH TEKCTOBBIE (Dailiibl,
WJUTIOCTPALMU, 3BYKOBBIE U BHUJEO POJUKH, U T.X. IIporpamma mpocmorpa HTML
TEKCTOB Ha3bIBaeTcs browser (Opaysep).

Takum o6pazom, WWW - cuctema B 11€JI0M COCTOUT U3 CIAEAYIOMIMX KOMIIOHEHT:
e SI3pIk runeprexcroBou pasmerku HTML
e [Iporokoi nepenaun runeprekcra HTTP
e Crieniudukanuii Ha Tunbl 1aHHBIX B Internet (Internet Media Types)
e Cucrembt WWW-anpecaruu (URL, URN, URI etc.)

Azpik HTML coGoit pa3meTky, cienaHHyl0 OOBIYHBIMU AHTJIMMCKUMHU CIIOBaMHU
BHYTpH AokymeHTta. HTML Ob11 pazpaboTan 1j1si TOTO, YTOOBI BBIICIUTH B JJOKYMEH-
Tax JIOTUYECKYIO CTPYKTYpPY.

A66pesuatypa URL pacmmdposbiBaetcs kak Uniform Resource Locator, uto
MOKHO TIEpPEeBECTH, KakK "elMHbIA yKazarelb Ha pecypc'. Ilpakruuecku, 3T0 aapec
JOKyMEHTa.

Web services (Web ciyx0bI)

Web — cepBuc 3TO cepBepHBI OOBEKT, PEANH3YIONIUN HEKOTOPBIM 3JIEMEHT
(YHKIIMOHAIBHOCTH, C KOTOPBIM MOT'YT B3aUMOJICHCTBOBATh y/JaJ€HHbIE MPOTPAMMBbI
no npotokoiry HTTP mocpeactBom coobiienuii Ha si3bike XML.

TpaguumonHo, ucnonb3ys Internet, KTUEHUTY MPHUAETCS MOCETUTH CEPBEP aBHa-
KOMIIaHUH, CEpPBEpP TOCTUHUII, CEPBEP KOMIIAHUU MO apeHJe aBTOMOOUJICH U Tak Ja-
nee. bonee yno6HO ObUIO OBI 3aMTyCTUTH MPUIOKEHHE, KOTOPOE ObI MPUHSIO OT KJIH-
€HTa He0OX0IMMYI0 MH(GOPMAIUIO U BBHIMOJIHUIIO BCE 3TH PyTHHHBIE AeWcTBUsA YTo-
OBI 3TO CTaJI0 BO3MOXHBIM, CIIEIyeT UCTIOIB30BaTh Web-CepBHUCHI.

Apxutektypa cetu Web Services U B3auMOJEHCTBHE MEXAY KIUEHTAMU U CITYXK-
Oamu npeacTaBiaeHbl Ha puc.6.1.

Cepsep A

A 4

Cnyx6a
7| Lmomcka

Cepsep B

Knuent |3 N
WSDL 4| Web
ciry>k0a

5 SOAP -

SOAP 6

Puc. 6.1. — Cxema B3auMOJICHCTBUS KIIUEHTOB U CIIY>KO
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Apxurektypa Web-ciry:x0 mpeamnonaraer cia0yio CBSI3HOCTb MEXAY KOMIIOHEH-
TaMH CETH, KOTOpasi O3HA4YaeT, YTO KOMIIOHEHTaM CHCTEMBI HE 0053aTelbHO 3HATh,
KaK yCTPOCHBI B3aMMOJCUCTBYIOIINE C HUMH IOJCUCTEMBI, a JJIsl B3aUMOJCHCTBUS
HET HeOOXOIMMOCTH B CO3JJaHHUH CIIEIIUATBHOTO TPOTPAMMHOTO 00eCTICUeHUSI.

Web Services 6a3zupyercss Ha IPUMEHEHUHU OTKPBITBIX CTAHJIAPTOB U MPOTOKO-
JIOB, KJIFOUEBBIMU U3 KOTOPBIX SBISIIOTCA CIEIYIOIIHE:

1. SOAP (Simple Object Access Protocol) — nmpoTokon gocTtyna Kk mpocThiM 00BEK-
TaM, T.e. MEXaHU3M JJIsl TIepe/ladyl UHPOPMaLUU MEXAY YJIeJICHHBIMU 00bEKTaMuU
Ha 6a3e npotokona HTTP u HekoTopsix Apyrux MHTEpHET-TIPOTOKOJIOB;

2. WSDL (Web Services Description Language) — 5131k oncanus Web-cepBUCOB;

3. UDDI (Universal Description, Discovery and Integration) — yHuUBepcaibHOE
onucanue, OOHapyKEHHE U UHTETPaIlsl — YIPOIIEHHO TOBOPS, MPOTOKOJ IMOMCKA
pecypcoB B MHTepHETE.

PaccmoTpum, kak BeImosiHsIeTCs: oOpatieHue k Web-ciryxk0e. DTanbl TaKOBBI:

e Cnavana Ha si3pike UDDI mpousBoauTcsi oOpaleHHe K CETEBOM CHpPaBOYHOM
cucreme. B oTBeT npenocrasisercs HaOOp UHTEPHET aAPECOB, COACPHKAIIUX TPE-
Oyemyto ciyx0y (cTpenku 1, 2).

e 3aTeM NPOU3BOAMUTCS OOpallleHHE K CIIy>)KO€ M0 OJTHOMY M3 aJpecoB, MPEACTAB-
nennbix UDDI. Cnyx6a orBewaer Ha sizbike WSDL, xoTophlii mpenocTaBiser
noJApoOHOE ONHMCAHME BO3MOXKHOCTEH CIIy>)KObI M MpaBUil OOpallleHHs K Heu
(ctpenku 3, 4).

e 3Has 5TW TpaBuia, MMoyib3oBarenb Ha s3bike SOAP mepenaer ciyx0e cBoe 3aja-
HUE U MOJy4YaeT OTBET (CTpenku 4, 5).

UDDI, WSDL, SOAP — 510 ocHOBHBIE TPOTOKOIBI Web-cyk0, U peann30oBaHbl OHH
Ha cucteme aapecanuu HTTP (TCP/IP) u s3pike XML (EXtensible Markup Lan-
guage). XML - 310 B nepeBojie "pacmpsieMblil A3bIK pa3MeTKU", TpeIHa3HAYCHHBIN
JUIS OTIMCaHUs JaHHBIX U UX TUNOB. Jlns ampecannn B Web-cioy6ax UCIOIB3yeTCs
npoctoit URI (Uniform Resource Identifiers), mogoOusrit URL (Uniform Resource
Location).

KnuenTtckoe npuiokenue oopamaercs k Web-ciay:k6aM Ha 0OBIYHOM TSI KITUEH-
TOB si3bIKe. [[s1 TOro, yToObI mepeitu oT 3Toro s3pika Kk WSDL, HeoOxoaum stub —
crenuanbHbIA nepexoHuk (puc. 6.2). PaccMoTpum TUNIMYHBIN BEI30B W S.

Cepsep Kimment
Web 3 2 <\ Mox m
Stub[*—, po-
ciyx0a " Stub 5 U <> |rpaviva

Puc. 6.2. — OOMeH yepe3 nepexoHUK
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1. Ilpu Bcsikom oOparmienun k Web-cimysx06e BeI3bIBaeTCs stub, KOTOPBIN Mpeodpa3yeT
KJIMEHTCKOE oOpalieHne B paBWIbHbBIN 3anpoc Ha si3bike SOAP.

2. SOAP 3ampoc nepecsuiaercs uepe3 ceTb ¢ nomouibio npotokona HTTP. Cepsep
npuaumaeT SOAP 3ampoc u nepegaeT ero cepBepHoOMy stub, KOTOPBIN mpeodpa-
3yeT ero u3 SOAP B MOHSTHOE CEpBEPY.

3. CepBepHblii stub BbI3bIBacT HYKHYI0 Web-cnyk0y, KOTOpasi BBIIIOJIHAET padoTy.
4. 3arem pesynbTaT oOpadaTsiBaeTcs cepBepHbiM stub B SOAP oTser.
5. OtBeT nepechuiaeTcs yepes ceTb Ha ocHOBe npoTokona HTTP, knuentckuit stub

nonmydaeT SOAP otBet u npeobpazyeT ero B popmy, HOHATHYIO KIHEHTY.

31k XML

OcHOBOI1 17151 peaiu3aiuy BceX 3TUX MPOTOKOIOB sBisieTcs si3bik XML (EXtensible
Markup Language - pactupsiemsiii s36ik pazmetkn). HTML u XML co3naBanuce ¢
Pa3IMYHBIMHU LIEIISIMU:

o« HTML co3gaBancs misi IEMOHCTpAlMKM JaHHBIX W (DOKYCHPYETCS Ha TOM, Kak
JAHHBIE BBITJISIIST.

o XML co3paBaics A ONMCAHMS JAHHBIX U (POKYCUPYETCS Ha TOM, YEM SIBIISIIOTCS
nanuble. XML-teru uaeHTUGUIMPYIOT JAaHHBIE (YKa3bIBa€T THUII JIaHHBIX), a HE
cnocob ux orobpaxkenus. Ecnu HTML-ter ykasbiBaer, Hanpumep, "0TOOpa3UTh
9TH JAaHHBIE XUPHBIM mpudrTom" (<b>. . .</b>), XML-ter neicTByeT Kak UMs
moJis B Baiei nporpammMe. OH CTaBUT METKY Ha 4acTh JAHHBIX, KOTOPBIC UICHTHU-
dunupyer (HarpuMmep: <message>. ..</message>). Paccmorpum,Hanpumep
npuMep:

<h1>Yto XML rpsayuuii Ham rotroBut</h1>
<h2>]Imutpuii [TerpoB</h2>

<p>Crpana: benapycp</p>

<p>Opranuzamus: Design Studio DS</p>
<p>WWW: http://metpos.virtualave.net/ds/</p>
<p>E-Mail: bef@mail.ru</p>

<p>UIN: 35325827</p>

Jt1o0 pa3metka B s3pike HTML. Hukakoit nHbopMamum o CTpyKType, TOIbKO TETH
BU3YaJIIbHOTO OTOOPa)KEHUSl, MUHUMYM JIOTHYecKoi pa3meTku. [lpu ncnosb3oBaHuu
CSS MOXHO HECKOJIBKO YIYUYIIUTh KAPTUHY. Teru 3aroioBKOB NpeaBapUTEIbHO OMU-
CBIBAIOTCS, MOXKHO onucarbh U (popmatupoBanue ad3aues. Ho uro emie myuie, pas-
JUYHBIM 3aIlMCSAM MOXHO 337aTh YHUKAJIbHBIE CTHJIEBbIC UACHTU(PUKATOPHI, KOTOPHI-
MU B JAJbHEHIIEM MOXHO MaHUIyJnpoBaTh. Hanpumep n3meHenue atpuOyTOB BbI-
BOJIa KOHKPETHOTO CTWJIA MPUBEAET COOTBETCTBYIOIIUM H3MEHEHHUSM BO BCEX JOKY-
MEHTAaxX Caura.

ITocmoTpuM Hackoabko aanblie nomen XML — npeacraBuM BeILIEIPUBEAECHHY IO
uHpopmanmio Ha XML.
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<?xml version ="1.0" 7>
<editor contacts>
<author>
<first name>/Imutpuii</first name>
<last name>Ilerpo</last name>
<article title>Yro XML rpsaymuii Ham rotoBut</article title>
<adress>
<coutry>benapycp</country>
<work>Design Studio DS</work>
<url>http://merpos.virtualave.net/ds/</url>
<email>bcf@mail.ru</email>
<uin>35325827</uin>
</address>
</author>
</editor_contacts>

DTO HAMIOMUHAET CTPYKTYpPY 0a3bl JaHHBIX, U HE TOJIHKO BHEIIHUM BHaOM. XML
IIO3BOJISIET TAKME MAHUITYJISLIUU C TIOJIYYCHHBIMU 3aIIUCSIMU, KaK COPTUPOBKA, IMOUCK
10 3aJaHHBIM KpuTepusiM. Kpome TOro, kak Bbl HaBEpHSAKA 3aMETUIIN, B ONHUCAHUSIX
XML mnoomuipsieTcss BIOXKEHHOCTh 33aBa€MbIX TErOB, KaK CIOCO0 3aJaHus UepapXuu
naHHbIX. [lonp30BaTeIbCKUE TETH 33AI0TCS BaMH B MOIKITIOYAEMON TaOIHIIe CTHIICH
XSL.

[IpencraBum, 4TO MBI CO3JaJM CICAYIOUIEE MPUIIOKEHUE, KOTOPOE U3BIICKAET
areMeHTHI <autor>, <last name>, <adress>, <email> nu3 XML-g0kymeHTa 1 BbIJ1aeT
CIIEIYIOLIUM PE3ybTarT:

MESSAGE
Author/Last name: [Terpos

Adress/email: [IerpoB@bsu.by

DTO TO3BOJISIET, HAPUMEP, ABTOMATHYECKH CO3/1aBaTh MO(PaMUIBHBINA CITUCOK ape-
COB DJIKTPOHHOM IMOYTHI BCEX aBTOPOB. DTOTO HEJB3sI ClIeNaTh, €ClI WH(popMaIus
npenacrasieHa Ha sa3pike HTML.

I'pug

ITon anrnuiickum TepmMuHoM GRID noHMMaeTcsi COBOKYMHOCTh MPOCTPAHCTBEHHO
pacnpeeNeHHbIX BBIYMCIUTEIbHBIX y3J10B, CBSI3aHHBIX HEKOTOPOW CEThIO JUIsl oOMe-
Ha nanHbeIMU. B nansaetimem BMecto GRID Oyaer ucnonszoBaTthes ciioBo ['pua. Do
CJIOBO He abOpeBuaTypa, U B MPSMOM MEPEeBOJI€ 0003HAYAECT «PEIIeTKa», HO Tpa-
BUJIbHEE €r0 YHOTPEOJISITh B CMBICIIEC «BBIUUCIUTEIbHAS CEThY» MO aHAJOTUU C dHEP-
rOCEThI0, U3 KOTOPOM MOXKHO MOTPEOSATh SHEPIHI0, HE 3a00TACh O TOM, KEM U TJIe
OHa MPOMU3BEICHA.

Pazmmune mexay Web Service u I'puji COCTOUT B Clle Ty OIEM:
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e Web Service mo3BosisieT KJIMEHTY BBIINOJIHUTHL HA 00OPYIOBaHUU Biajeiblla pe-
cypca HEKOTOpYIO (PYHKIIMIO U3 CIIUCKA, COCTABJICHHOTO BIIAJENbIIEM 3TOTO 000-
PYJIOBaHMUS.

o ['pus - METOJ UCTIONB30BAHUS TT100ATBFHO MPOILIECCOPHBIX MOIIHOCTEH U CHUCTEM
XpaHeHust uHpopManuu (IUCKOBBIE CUCTEMbI OOJIBINON EMKOCTH) Ha OCHOBE TI0-
BPEMEHHOM apeH/ bl 0e3 MX (QU3UYECKOTO MEepeMeIIeHUs] B MPOCTPAHCTBE. DIie-
MeHTaMu ['pusi B OCHOBHOM SIBJISIFOTCSI KJIACTEPHI, @ HE OTJEIHHBIE KOMITHIOTEPHI.

EcrectBenno, ['pun BkimouaeT Bce, HapabotanHoe B WebServices. bonee Toro,
npotokonsl WebServices (WSDL, SOAP, UDDI), cpeacta anpecanuu B pacuiu-
PEHHOM BapHWAHTE SBISIIOTCS OCHOBHBIMH MPOTOKoJaMu. OcHOBHAs WH(OpMAIUS 110
Globus GRID npeacrasnena B [16].

OpHoii U3 NpUYKH co3aaHus eBpomniickoro ['pus siBUnack HEOOXOAMMOCTh 00pa-
00TKM rpoMaiHOro 00beMa HH(OpMalMK, KOTopas noctynaer ¢ bonpioro agpoHHo-
ro koymarnepa (bAK), coznannoro IIEPHE uccrnenoBanuii. JIjist Hero ncnosas30BaH
2'7-KUJIOMETPOBBIN MTOI3EMHBIN TOHHEb, MPOJIOKEHHBIN Ha r1yOuHe okosio 100 met-
poB Ha rpanune lBeiapun u @panuu. BAK npennaznauen jyist pasroHa npoTo-
HOB ¥ TSDKEIBIX HOHOB, KOTOPBIE NMPU CTOJKHOBEHUH HAa BCTPEUHBIX MyYKaX MOPOK-
JIAI0T HOBBIE YACTHUIIbI, U3yUYEHUE ITUX YACTHUIl OYJIeT CTOCOOCTBOBATh M3YUYEHHUIO OC-
HoB muposnanus. C BAK 3a rog 6yner nocrynats 10 [letabaiiT nannbix. s o6pa-
OOTKH 3TOT0 TUTAHTCKOTO 00heMa JaHHBIX OYET UCTIOIB3YETCS TEXHOJIOTHS pacipe-
JIEJICHHBIX BhIUMCIEHUN ['pu.

O6mias cTpykrypa ['pua He mpuMepe 0JHOTO y3ja IpecTaBieHa Ha puc.6.4.

O6mas napopma- Knuent
MDS Kavaa Knuen- RSL Knuen-
(1)aI/IJ'IOB —-— s - = =
STU
HTTP. XMI.. WSDI.. HNuTteprer
Vzen GRID

V3161 STUB V3ib1

- - . . CepBI/I— - - . .

CHI
|

Pecypcsr:
KOMIIBIOTEPEI

Puc.6.4 Opraauzauus ' PUJ]
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Knuent oOpamaercs B peectp pecypcoB MDS (Monitoring and Discovery
Service), 9TOOBI TIOMYYUTh CBEACHUS O HAIMYMUA W MECTE PACIOJIOKECHUS HYKHOTO
pecypca. 3aTeM KIMEHT oOpalaercs K pecypcy, 4ToObl MOIyYuTh HHTEp(dec pecyp-
ca, B KOTOPOM YKa3bIBaeTCsl Crocod 3aaHusi pecypcy Tpedyemoit padbotel. Hakoner,
KJIMEHT Tmepeaaer pecypcy 3aganue Ha s3bike RSL  (Resource Specification
Language) u nmosy4aeT pe3yJbTar.

B rio6anbHON ceTH HAXOAMCS NECATKH ThICSY (M Oosee) y3J0B, KaKIbId U3 HHUX
MO3KET OBITh KaK PEeCypcoM, Tak U KIMEeHTOM. Kpome KIIMEHTOB U pecypcoB UMEIOTCA
oOuue ciyx0bl, HarpuMep, ClpaBOYHasi CHUCTEMa W KapTa pacroyioxkeHus: ¢aiiaos.
['maBHOE COCTOMT B TOM, YTO Ha KaHallax OOMEHa MCIOJb3yeTcs ctaHaapt Web-
cyx6: XML, WSDL, SOAP u np.

B cpene I'pua sBHBIM 00pa3oM MPUCYTCTBYIOT CIAEAYIOLIUE JIEMEHTHI:

e IIporpammsl noyib30BaTENA

e Pecypcsl (anmmaparypa, OC, knacteproe 110 u T.11.)

o [IpomexytouHoe nporpammuoe odecrieuenue (Middleware) , BricTynaroiee B

POJI TIOCPETHUKA MEXIY MOJIb30BaTeIbCKUMU MpOorpaMMaMu U pecypcamu. Mid-

dleware BxitouaeT 60bIION 00BbEM MPOTaMHOTO OOECTIeueHUs, pa3padbaThiBaeTCs

OONBIIMMU OpPraHU3aLUSIMU U CTPOTO CTaHAAPTH3YETCs, YTOOBI OOECIeUnTh B3a-

MMHO TEPEKPECTHOE HCIONIb30BaHue dacteir 3Toro Middleware pa3subimu paspa-

OOTYMKAMH.

B uucino nanbosnee n3BecTHbIx nakeroB middleware BxoasT:

e (T4 - pazpaboran B CIIA 1o npoekty Globus. On O0yeT paccMOTpeH Jasee.

e g¢LITE. Ero ycioBHO MOKHO Ha3BaTh €BPOIEMCKUM IIPOEKTOM, IIOCKOJIBKY €ro

paspabotka kypupyetcs [IEPH.

O0Jy1ayHbI€ BLIYMCIEHUS

[TossBnenue ['pupa sBISETCS CIACACTBHEM HEMPEPHIBHOTO PA3BUTHUS PA3THUHBIX
peanuzaiuii Ha 6aze ['pun. HerpynHo moHsaTs, uto ['pusi HE MOXKET OBITh KOHEUHOMU
TOYKOW Pa3BUTHS MHTEPHET.

Tepmun «O0mako» UCTIONB3yeTCsa Kak MeTadopa, OCHOBaHHAs Ha N300paKeHUN
WNHuTtepHeTa Ha nuarpaMme KOMIBIOTEPHOM CETH, UM Kak 00pa3 CI0XKHOM uH(ppa-
CTPYKTYpBI, 32 KOTOPOI CKPBIBAIOTCS BCE TeXHUUECKHe neranu [17].

Cornacuo nokymenty IEEE (2008 ron) «O6iaunast o0paboTKa JaHHBIX — ATO
napaaurma, B paMkax KoTopoi HHGopMaIys MOCTOSHHO XPAHUTCS HA CEPBEPAX B
WHTEPHETE U BPEMEHHO KAIIUPYETCs Ha KIIMEHTCKOW CTOpPOHE, HAIIpUMeEp, Ha TIEPCO-
HAJIBHBIX KOMIIBIOTEPAX, HTPOBBIX MPUCTABKAX, HOYTOYKaX, cMapThOHAX U T. J1.».

O6naunas 06pabOTKa TaHHBIX KaK KOHIICTIIHS BKIIFOYAET B CE€OS MOHSATHUS:

e Bcé kak ycnyra .

e ludpactpykTypa Kak yciyra.

e [Imaropma kak ycmyra.

e [IporpammHOe o0ecrieueHne Kak yciyra.

e JlaHHBIE KaK ycCIIyra.

e Pabouee MecTO Kak yciyra.
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Ob6nako 1t TOIB30BATENSI — 3TO HEKOTOPbI Habop ycnyr (soft u hard), koTopsie
HNOTPEOISIOTCS U OTUIAYUBAIOTCS, TOPO 0e3 Mameiiero npeacTaBIeHus, 4To K€ TaM
UCIIOJIb3YETCS BHYTPH.

BapuaHTbl ipetocTaBieHs] peCcypcoB CHIIbHO oTinyatoTcs. Bee, uTo kacaetcs
Cloud Computing, 06bIYHO IPUHATO HA3bIBaTh CIOBOM aaS (aaS — pacuindpoBbiBa-
etcs kak "as a Service"). CyIiecTByIOT MHOTO BUJIOB aaS, HalpuMep:

e SaaS (Software-aaS), unu npunoxeHus B BUJIE CEPBUCOB - BAPUAHT, MPU KOTOPOM
Tebe mpeasararoT UCHOIb30BaTh Kakoe-To koHkpeTHoe [10, Hanmpumep, kopnopa-
THUBHBIC CUCTEMBI, B BUJIC CEPBUCA IO TIOJIITHACKE

e PaaS (Platform-aaS) - B oTiimume ot SaaS, npeaHazHauyeHHOTO OOJIbIIe JJIs KOHEY-
HOT'O TI0JIb30BaTeisl, BAPUAHT AJIA pa3paboTuukoB. B obnake pyHKIMOHUPYET He-
KOTOpBbI Ha0Op MPOrpaMMm, OCHOBHBIX CEPBHUCOB U OMOIMOTEK, HA OCHOBE KOTO-
PBIX TIpeaiaraeTcs pa3padaThIiBaTh CBOU MIPHUIIOKECHHUS.

e HaaS (Hardware-aaS) - oquH W3 mepBBIX TEPMUHOB, O3HAYAIOIIUX TMPEIOCTaBIIC-
HUE HEKOTOPBIX 0a30BBIX "Kene3HbIX" QyHKINNA U PECYPCOB B BUJIE CEPBUCOB.

e CaaS (Communication-aaS) - moApa3yMeBaeTcsi, YTO B KaueCTBE CEPBUCOB Mpe-
JIOCTABJISIIOTCSL YCIYTH CBSI3U; OObIYHO 3T0 [P-Tenedonus, moura u MrHOBEHHBIC
KOMMYHHKaIHH (4atel, IM).

OO6avHbIe TEXHOJIOTUH OOECIIEUHBAIOT 00JIee COBEPIICHHBIM JOCTYII K pecypcaM.
Jlyist pemienus pereHust OONbIINX 3371a4 HY)KHO JPYTO€ - YBEIMYEHUE YUCIIa MPOIIEC-
copoB. [1o3ToMy 00sIauHBIE TEXHOJIOTUH 1AaJIee pacCMaTpUBaThCs HE OyAyT.

Urto nanu 1yist ObICTPOACHCTBUS:

HNuTepHeT IP (Internet Protocol address)

HTTP (Hyper Text Transfer Protocol)

WWW S3b1k TunieprexcroBou pazmerku HTML

Cuctemnl aapecaruu (URL, URN, URI etc.)

WebServise | SOAP (Simple Object Access Protocol)

WSDL (Web Services Description Language)

UDDI (Universal Description, Discovery and Integration)

31k XML
['pun [Takete1 GT4, G2
OO6nauynas
TEXHOJIOTHS

6.2. ITaker Globus ToolKkit.

CocraB makera GT4. B rnoGanpubix ['pua-cucremax B KadecTBE CpeCTBa
middleware ucnonb3yroT uHcTpymentapuii Globus Toolkit, paspaboTanubiii amepu-
KaHCKUMHU YYEHBIMHU, KOTOPHbIi ctan de facto MupoBbiM ctanaapToM. OH BKIIIOYAET B
cebs ciry>kObl, KOTOpbIE MO3BOJIIIOT MOCTPOUTH MONMHOMYHKIIMOHANBHYIO ['pup cuc-
temy. [laker G T4 comepxurt ciienyromue pa3aeibl:
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Security - Obecnieuenre 6€30MaCHOCTH

Data Management - YrpaBiieHre TaHHBIMU

Execution Management - YnpaBieHre UCTIOJTHEHUEM 3aJIaHUM

Information Service — udopmarmonnslii cepBuc

Common Runtime —®yHaamMeHTaIbHBIX OUOIUOTEKH U CPEACTB, UCTIOJIBb3YIOT-
cs juist coznanust Web-cimyx6 u nHe-Web-cimyx0.

SNk W=

Jlanee OyyT pacCMOTpPEHBI TOJBKO JBa MYHKTa U3 MPUBEJACHHOIO MEpedHs: obecre-
yeHue 0€30MacHOCTH U yNPABIICHUE UCIIOTHEHUEM 3aJaHU M.

6.2.1. Security - O0ecnneyenue 6€30MACHOCTH

Kpunrtorpagusi ¢ oTkpbIThIM KJII0O40M. OGecnieuenue 6ezonacHoctu B ['PUJ]
ABIIIETCS. OJTHOM M3 TJIABHBIX 3a00T pa3paboTunkoB. Bo BeskoM ciayyae B JOKYMEH-
taruu o GRID Bonpocam 6e3omacuoctu otBoautcs ot 20 10 30 %.

Kpunrorpaduueckue cucTeMbl ¢ OTKPBITBIM KIIFOUOM KUCIONB3YIOT [ 18] Tak Ha3bI-
BaeMbI€ OJIHOHANIPABJICHHbIE (DYHKIIMH, KOTOPBIE 00JIaJal0T CIAEAYIOIIUM CBOMCTBOM:

e Eciu x u3BecTHO, TO y = f (X) BBIYUCIUTH OTHOCUTEIBHO MPOCTO.

e Ecnu u3BecTHO Yy, TO 11 f (Y) HET MPOCTOr0 MyTH BBIYUCICHUS X.

ITon omHOHANPABIECHHOCTHIO ITIOHUMAETCSI HE TEOPETUYECKAsT OJHOHANPABIEHOCTD, a
IpaKTHYeCKass HEBO3MOXXHOCTh BBIUMCIUTH OOpaTHOE 3HAUEHUE, MCIIONb3YsI COBpE-
MEHHBIC BBIYUCIUTEIBHBIC CPEICTBA, 3a 0003pUMBIM MHTEpPBajl BpEeMEHHU. TakuMu
(GYHKIUSAMHE SBJSIOTCS, HANpUMeEp, IUCKPETHOE Jorapu(MHUpPOBAHHUE, Pa3I0KEHUE
OOJIBIIOTO YKCIIa Ha MPOCThIE MHOXKHUTENH U JIP.

Cucremsl ¢ onHMM KIr04oM Henomyctumbl B I'PU/I, mockonbeky, ecau A xoder
nepenaTte B niam KoMy-To elle 3aK0JUpPOBAaHHBIE JAaHHBIE, TO OH JOJDKEH NepeaaTh U
KJIFOY, KOTOPBIM TE€M CAMBIM CTAHOBHUTCA IOCTYIHBIM 3JIOYMbINUIEHHUKY. B I'P /]
UCIOJIB3YIOTCSl cUcTeMa U(GPOBAHUS C OTKPBITHIM KJIIOYOM, B KOTOPOil He TpeOyeT-
Cs IIepeaBaTh KII04 [0 KaHaIy.

Cucrtema mudpoBaHHsi Ha OCHOBE OTKPBITOIO KJIF0Ya CTPOUTCA CIEAYIOUIUM 00-
pazom. Beibupaercst 6ombIoe mpocroe uncio p (He meHee 512 O6uT) U ero nepBooo-
pa3HbIi KopeHb a<p. Kaxmplii monbp3oBaTeh BHIOMpAET CIIy4YailHBIA CEKPETHBIN
KJTFOY X ¥ BBIPA0AThIBACT OTKPBITHIN KIIIOY Y TIO (pOpMYyJIE:

y=a" (mod p). (6.1)
JIsst 1F000T0 3HAYCHUS X JIETKO BBIYKMCIIUTD V, OJHAKO, BBIYUCIUTEILHO HEOCYIIIE-
CTBHUMO BBITIOJIHEHHE AUCKPETHOTO JOrapu(MHUPOBAHUS, & CIEIOBATEIBLHO U ONpeIe-

JIEHWE YHUCTIA X, U1l KOTOPOTo 3HaYeHHe ¢ mod p paBHO 33AaHHOMY 3HAYCHHIO ).

OTKpBITBIE KIIIOUU XPAHATCS B 3JEKTPOHHBIX LeHTpax cepTudukanuu (LIC). LIC
XPaHUT MHOKECTBO 3aIIUCEN THUIIA:
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Ta6.6.1 — OTKpBITHIE KITFOUN

Nwms OTKpBITBIN KJIIOY
A Ya
B YB
C Yc

[Tonb3oBaTens A, noceuias cooOmenue B, hopmupyer 3akpbIThIi KIH0OY BUAA

Zy=p)"=(@”)" =a"" 6.2)

3nech yp — oTkpbIThid K04 B u3 [IC. B cBoro ouepens, B, nmomyuuB cooOrieHue ot
A, Taxxe GopMHUpPYET CEKPETHBIN KITH0Y

Z,=()” =)’ =a"™ (6.3)

ITockonbky Z,, = Z,, , To 00a abOHEHTa UMEIOT OOIINI 3aKPBITHIA KITH0Y, TOJTyYE€HHBIN

0e3 ero nepenayn Mo OTKPhITOM ceTu. TakuM oOpaszom, BeipakeHus (6.1), (6.2), (6.3)
OTPEICIIAIOT aJITOPUTM KPUNTOTpa(Uu C OTKPBHITHIM KITHOUOM.

AJITOPUTM C OTKPBITBIM KJIFOUOM SBJISIETCA ACCUMETPUYHBIM U, BCIEICTBUE ATOTO,
UCIIOJIb3YET JIBA PA3JIMYHBIX KIFOYa BMECTO OJHOrO. B anroputM ¢ OTKPBITBIM KIIIO-
YOM 3aKpBITHIM KIIFOY W3BECTEH TOJBKO €ro BIAJAEIBIY, & OTKPBITHIA KIIFOY U3BECTEH
BCEM, MOCKOJBKY OH MyOJUKyeTCs B OOIIETOCTYITHOM ClpaBOYHUKE. B kpunrorpa-
¢bugeckoit cucteme RSA kaxaplii KIII04 COCTOUT W3 MAPHI IEJIBIX YUCE.

B cnydae Ge3zomacHoro oOMeHa € OTKPBITHIM KIFOUOM OTMPABHUTENb MIUGPYET
COOOIIICHNE, UCTIONB3YS OTKPBITHINA KITFOU MOJTydaTens. 3amudpoBaHHOE COOOIICHHE
MOCHITACTCS  TIOJTy4aTelto, KOTOPhIi OyaeT aemmudpoBaTh COOOIICHUE C TTOMOIIBIO
CBOETO 3aKphITOro kiatoya. TOMbKO MosyyaTenb MOXET pacuudpoBath COOOIICHUE,
MOCKOJIBKY HU y KOT'O HET €r0 3aKPBITOr0 KJIto4a. 3aMETUM, UTO alilfOpUTM JAetudpa-
[IUU OIMHAKOB Ha 000OUX KOHIIAX.

KomnonenTta GSI (Globus Security Infrastructure) obecnieunBaer 3anuTy, BKIIIO-
Yaloulyo MHUQPPOBAHUE NAHHBIX, & TaKXKE ayTEHTHU(PUKALMIO (MpOBEpKa MOAJIUHHO-
CTH, TP KOTOPOM YCTAHABJIMBAETCS, UYTO IMOJIb30BATEND WIH PECYPC AEHCTBUTEIBHO
ABJISIETCS] TEM, 32 KOTO ce0sl BBIJAET) U aBTOPHU3ALMIO (MpoLeAypa MPOBEPKH, IPHU KO-
TOpPOM YCTaHABIMBAETCSA, YTO AYTEHTU(UIIMPOBAHHBIN MOJIH30BATENb WU PECYPC
JIEUCTBUTEIHLHO MMEET 3aTpeOOBaHHBIC MpaBa JIOCTYyMa) C MCIOJIb30BaHUEM LU(PO-
BbIX ceprudukaroB X.509. Ilpu BHenpeHun u pasBeptbiBanuu ['puj cucreM uHbppa-
CTPYKTypa 0€30MacHOCTH ABJIIETCS Hanbosee BayKHBIM 3BEHOM T.K. OT HEE HaIPSMYIO
3aBUCUT 0€30MaCHOCTh BCEU CHUCTEMBI.

CBoiicTBa cucTeMbl 0e30MacHOCTH. VMU SBISIOTCS: KOHPUACHITNATBHOCTb,
IIEJIOCTHOCTh M ayTeHTu(ukanus. B uneane, 3anumnieHapii 0OMEH BKITIOYAET BCE TPH
COCTABIISIIOIINE, HO 3TO HY>KHO HE Bceraa (MHOT/IA JaXKe HEeKENaTeNbHO).
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Konguoenyuanonocmo. be3onacHslil [uanor IOKEH ObITh KOH(UACHIIMAJICH.
JlpyruMu cioBamH, TOJIBKO OTIPABUTENb U IMOJyYaTeldb JOJDKHBI MOHUMATh COJEp-
xaHue oomeHa. Eciu KTo-To BefeT mpocnyliMBaHUE 0OMEHa, OH HEe JTOJKEH OOHa-
PYKUTh B Uanore Kakou-iubo cmeici. B oOmieM ciyyae 3T0 IOCTUTaeTcsl ajlropuT-
MOM MK (PpoBaHUS-IeITUPOBAHUS.

Llenocmuocms. be3onacHble KOMMYHHMKAIIUU JOJDKHBI TapaHTUPOBATh 1EIOCT-
HOCTb Tepe/laBaMbIX COOOIIEHUH. DTO 03HAYAET, UTO HA MPUEMHOM KOHIIE JOJIKHBI
OBITH YBEPEHBI, YTO MPUHITOE COOOIIEHUE €CTh B JIEUCTBUTEILHOCTH TOYHO TO, KO-
Topoe ObUIOo Mmociano. Hago mpuHUMTE BO BHUMAaHUE, YTO 3JI0YMBIIUIEHHUKH MOTYT
IepexBaThIBATh COOOIIEHUE C 1IETbI0 MOAU(PUKALIUN €T0 COJIEPIKaHus, a HE TOJBKO C
LIEJIBIO €r0 MPOCITYLIMBaHUs. 3J0YMBIIUIEHHUK MOXET U3MEHUTh COOOIICHUE, Jaxe
HE TIOHMMasi €r0 CMBICIIA.

Aymenmugurayus. bezomacHas KOMMYyHHKaIUsi JOJDKHA TapaHTHPOBAaTh, YTO
CTOpPOHBI, Y4acTBYIOIIME B OOMEHE, ECTh T€, 32 KOTOPbIE OHU C€0s BBLAAKOT. DTO OT-
HOCHUTEJIBHO JIETKO CJIeNaTh C IOMOIIbI0 HEKOTOPBIX CETEBBIX CBOMCTB.

Asmopuzayus. JIpyrol BaXHOM KOHIIENIIMEH B KOMIBIOTEPHOM OE€30MacHOCTH,
XO0Ts OOBIYHO HE paccCMaTpUBAaEMOM KakK OJ{HA U3 OCHOB O€30MAaCHBIX KOMMYHUKAIIH,
aBisieTcst apropu3anusd. [Ipoiie ropops, aBTopu3anusi OTHOCUTCS K MEXaHU3MaM, KO-
TOpBIE PEIIAIOT, PA3PEIICHO JIU IMOJIb30BATENI0 BBINOIHATh HEKOTOPYIO 3aj1ady. AB-
TOpU3aIUsl CBsA3aHa C ayTeHTU(UKAIMEH, TOTOMY YTO B OOILEM CIy4yae Mbl JTOJKHBI
yOeuTCs, 4TO TMOJIb30BaTeNlb €CTh TOT, 3@ KOTO OH ce0sl BBbIJAET, MPEXKIE YeM pe-
I1aTh, JIOIYCKaTh €r0 K HEKOTOPOI paboTe WK HET.

WNuorpa x ayTeHTU(UKALUY PEIBABISIOTCA CTPOrue TpeOboBaHUsA. JTO JTOCTHUra-
ercs Ha ocHoBe MHUGpPoBbIX ceprudukaron. [udposoit ceprudukar (puc.6.5) ectb
1IM(PpoBON JTOKYMEHT, KOTOPBIM CBUIETEIBCTBYET, YTO OIPEIACICHHBIN OTKPBITHIHI
KJIFOY MPUHAJIEKHUT BIAAEINbIY 3aKPBITOrO KIt04a. OJTOT JOKYMEHT MOANKMCHIBAECTCS
TpeTbel CTOPOHOM, Ha3bIBaeMoii certificate authority (CA).

A, uzoamens cepmugpuxama XYZ, HaCTOAIIUM YIOCTOBEPSIO,

4yTO Kauenm A sBusercs TEM, 3a KOI'O OH celst BbIAACT U €T0

OTKPBITHIN KiTto4 ecTh 49 E51A3’EFIC
E U3zoamenv cepmughuxama XYZ

[udposas noanuck

Puc.6.5. ®opmar nudposoro ceprudukara.

[Tonmuce m3gaTens ecTh B ACHCTBUTEIBHOCTH LU(GPOBAs MOAMHUCH, CTEHEPUPO-
BaHHAs C MTOMOIIBIO 3aKpBITOro Kiroya CA, Mo3TOMy MbI MOKEM MPOBEPUTH LIETOCT-
HOCTh CepTU(UKATA, UCHONb3Ys OTKPHIThIN Kiou CA. Eciii Bbl MOANKUCHIBAETE CO-
oOLIeHNE BaIllMM 3aKPBITHIM KIFOUOM M MOCHUIAETE MOJy4YaTeIt0 KoUK cepTUdUKa-
Ta, OH MOXET OBITh YBEPEH, YTO COOOIIEHUE ObLIO IMOCIAHO BaMH.
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X.509 ¢opmart. Ceptudukar ectb TEKCTOBBIN (haiia, KOTOPHIN BKIIOYAET MHOTO
uHpopMaIuy, MpeAcTaBlIeHHON B crnennduueckom cuHtakcuce. X.509 umeer cie-
AYIOIIMeE YeThIpe Hanboiee BayKHbIC BEIITH:

e Subject: 310 «uMs» nonb3oBarens. OHO KOAUPYETCA KaK YHUKAIBHOE UM
o Subject’s public key: IT0 BKJIIIOYAE€T HE TOJIHKO CaM KJIFOY, HO U HEKOTOPYIO WH-
dopmanuio, HanpuMep, KaKoi alropT™M KCIOJIb30BaH JUIsl TeHEpaIMi OTKPHITOrO

KJII0Ya.

o Issuer’s Subject: ynukanbpHoe umsi CA.

e Digital Signature: CeptudukaT BKIIOYaeT ITU(POBYIO MOJANUCH Bcelt nH(DOpMa-
nuu B ceptudukate. Ludposas noanuce reHepupyercs ¢ MCIOIb30BAHHUEMOT-
KpbiToro kimoya CA.

CA muepapxusi. Uepapxus BkiatouaeT crnucok Bcex CA, KOTOPbIM MOKHO JIOBe-
pATh, BKItouas u Baml CA. Bbl MOXeTe 10 CTyneHsIM uepapxuu npoBepuTh Bce CA,
KpOME MOCTEAHET0, KOTOPOMY BaM MPUXOJUTCA JOBEPSITH aOCOTIOTHO.

Ceptudukar - OTKPBHITHIA JOKYMEHT, KOTOPBIA TOCTYIIEH IPYTUM IOJIH30BATEISIM
JUTsl TPOBEPKHU Ballleil MACHTUYHOCTH.

6.2.2. Execution Management - YnpasJjieHHe HCIIOJTHEHHEM 3 IaHUH

Cucrema yrpaBjieHUs HCIIOJHEHUEM 3aJaHUM MMEET MHOTOYPOBHEBYIO CTPYKTY-
py. 3amanue npesacraBisieTcss Ha s3bike RSL, KOTOphI IpeaHa3HavYeH i oOMeHa
uH(pOopMaIeit 0 pecypcax MEXIy BCeMH KOMIIOHEHTAMH METaKOMITHIOTEPHOU CPEIIbI
Globus. RSL taxxe omnuchBaeT pa3MeIieHne IporpaMMbl MOJIb30BATENS U TaHHBIX,
TpeOyeMble CUCTEMHbIC MPOIPAMMHBIE U anfnapaTHbIe CPEICTBA, CPEACTBA CUHXPOHU-
3auuu npoueccoB. [IpuBeneM OCHOBHBIE CTaHIAPTHBIE TAPAMETPHI:

(executable = value) — onpeenseT BoINOJHICMBIN (haiis 3a1aHus;
(directory = value) — 3agaeT pabouyto TUPEKTOPHUIO JJIs 3aaHNUS;
(arguments = value ...) — 3a1aeT mapaMmeTpbl KOMaHIHON CTPOKH ;
(environment = (var value)...) — 3aaeT cpejly BBHIIIOTHEHUS 3aJaHuUs;
(count = value) — 3agaeT YUCIIO MPOIECCOB (IK3EMIUISIPOB BBIMOJTHCHHS
executable);

Cnenyromuii npuMep wiroctpupyer RSL cTpoku, WIFOCTPUPYIOIIME UCTIOIb30BAHUE
U CEMAaHTHKY NIEPEMEHHBIX:

& (rsl_substitution = (TOPDIR "/home/nobody")
(DATADIR "/home/nobody/data")
(EXECDIR "/home/nobody/bin") )

(executable = "/home/nobody/bin/a.out" )
(directory = "/home/nobody" )
(arguments = "/home/nobody/data/file1"
"/home/nobody/data/file2"
"$(FOO)")
(environment = (DATADIR "/home/nobody/data"))
(count=1)
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3nech (count = 1)omnpenaesnser anmnapaTHble CPEACTBA, YKa3bIBas, YTO B 3a/1a4€ UC-
NoJIb3yeTCs OJUH Tpoiiecc (mpoieccop). Onucanust TpedyemMoro 000pya0BaHUs MO-
T'YT BKIIOYAaTh JIOTHYECKUE CBSI3KH, 3a1afolue 0oyiee CI0KHYI0 CTPYKTYpY anmnapar-
HBIX cpeacs. Hampumep, TEKCT:

& (count>=5) (count<10)
(max_time=240) (memory>=64)
(executable=myprog)

O3HAYaeT, yTo OyET UCIOIb30BaThC 5-10 poIeccopoB ¢ MaMAThiO HE MeHee 64
MB nis1 BBIIOJIHEHUS TpOrpaMMbl MYProg B TeueHue 4 4acos.
Cucrema yrnpaBiieHHE UCIIOJIHCHUEM 3aJJaHU UMEET MHOTOYPOBHEBYIO CTPYKTYPY

(puc.6.6).
IIpunoxenue '

Resource Broker » Information Service

Ground RSL

co-allocator

I[MoagmuoOxkectBO RSL

JlokanbHOE
yIIpaBJICHUE
PBS LSF NQE pecypcamu

Puc.6.6 Ctpykrypa GRMA

Cucrema nndgopmainuonHoro ceppuca Information Service. OCHOBHBIM DJIEMEH-
TOM cucteMsl saBisercs (puc.6.7) noacuctema MDS B KOTOpOl 3aperucTpupoBaHbI
Bce pecypcesl ['pun. Madopmarmst o pecypcax MOXKET CofepKaTh KakK JTaHHBIE O KOH-
Gurypanuu wim COCTOSTHUM KaK BCEH CHCTEMBI, TaK U OTICIBHBIX €€ PecypcoB (THII
pecypca, T0CTyHOE AUCKOBOE MPOCTPAHCTBO, KOJIMYECTBO MPOLECCOPOB, 00BEM Ta-
MSITH, TIPOU3BOAUTEIBHOCTh U mpouee). MDS cocTouT M3 ABYX OCHOBHBIX KOMIIO-
HEHT:

1. IP (Information Provider) — siByisieTCsi ICTOYHUKOM WH(OPMAIIMK O KOHKPETHOM

pecypce.

2. GRIS (Grid Resource Information Service) — npegocTaBiser uHGpOpMaIUO 00

y37ne ['pua-cuctembl, KOTOPBI MOXKET OBITh KaK BBIYUCIHTEIBHBIM y3JI0M, TaK
U KaKUM-JIM0O0 IPYTUM PECYPCOM.
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GRIS
BEPXHETQ YDOBHS

GRIS GRIS
ODOMEXKVTOYHOTO YDPOBHS IDOMEKVTOYHOTO VDOBHS
I |
GRIS GRIS GRIS
IP || IP (| IP IP || IP IP IP || IP
Pecypc 1 Pecypc 2 Pecypc 3

Puc. 6.7. Iloncucrema 0OHOBIIEHUS U OTBICKAHUSI CEPBUCOB.

Resource Broker - BEICOKOYpPOBHEBBI MEHEKEP PECYypCcOB Ha OCHOBE HH(DOP-
Manuu u3 Information Service Jo/DKEH NMPOM3BECTH KOJIJISKTHBHOE BBIJICIICHUE Pe-
CypCOB, TO €CTh ONPEAEIIUTh, KAKUE y3JIbl JOCTYMHBI B TEKYIIUHA MOMEHT, UX 3arpys3-
Ky, IPOU3BOJIUTEIIBHOCTh U JPYTUE MapaMeTphl, yKkazaHHble B RSL-3ampoce, BEIOpAThH
HanboJsiee ONTUMANIbHBIN BapHaHT, creHepupoBaTh HOBBIM RSL-3anpoc (ground RSL)
C OMMHMCAHMUEM MPEIIOKEHHBIX PECYPCOB U TIEPEIaTh €ro MIaHUPOBIIUKY co-allocator.
DTOT 3ampoc OyAeT coaepKaTh yke 0oJjiee KOHKPETHBIC JaHHBbIC, TaKhe, KaKk UMEHa
KOHKPETHBIX y3JI0B, TPEOyeMO€e KOJTMYECTBO MaMSITH U JIp.

Co-allocator - mpou3BOIUT AETALHOE pacipe/ieieHue padoT Mo MOJAMHOXKECTBAM
MIPOIIECCOPOB U MOHMKAET OMHCaHUE padOT 0 YpOBHS 3aJaHUM, MOHSITHBIX MEHE-
xepy GRAM (Globus Resource Allocation Manager).

GRAM (puc.6.8) — apnsiercs uHTEpHErcoM MEXITY BEICOKOYPOBHEBBIM MEHEKE-
POM pecypcoB U JOKaIbHOW CUCTEMOM YNpaBIIEHUS PECypCcaMu y3ia.

T4 Java Container Compute element

Local job
p, Local
GRAM T scheduler
adapter

GRAM control
y

1 s servioes S~ ]

cil DOgy,
- =l
jfl// Transfer M

Delegate Delegation request

T
RFT File _——————" GndF1P
Transfer TP —

L
Opns

T

Client

- control
FTF data
Remote
GridFTR storage
element(s)

Puc.6.8. Cxema GRAM
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OToT HHTEpPeiic MOKET B3aMMOJICICTBOBATh C PAa3IMYHBIMU JIOKAJTbHBIMU CHUCTEMa-
mu ynpasienus knacrepamu: PBS, LSF, NQE u ap. GRAM BeImosnHseT cneayomume
byHKIIIU

e Delegation - npon3BOUT B3aUMHYIO ayTEHTU(PUKALIMIO C KIMEHTOM.

e GRAM services - 3amycKaeT MpOIECC BHIYUCICHUN HA KJIacTepe, NepelaeT ero
IUTAHUPOBILMKY CIHCOK TpeOyeMbIX ammapaTHbIX M MPOrPaMMHBIX PECYpPCOB,
obecrieynBaeT MOHUTOPUHT STAIOB BBIMOJIHEHUSI pabOThI, COO0IIAsE KIMEHTY 00
OIIMOKAaX U APYTUX COOBITUSAX.

e RFT (Reliable File Transfer) - ynpasnser nepegadeil JaHHbIX MEKIY JaHHBIM
y3JI0M U JIPYTUMH, a TaKke 00ecreynBaeT TPaH3UTHYIO Mepeaayy.

[Taker GT4 umeer MOnyNbHYIO CTPYKTYPY M YCTAHABIMBAETCS M HACTPAUBAETCS B
KaXJ0M y3Jie MHauBUayanbHO. Resource Broker m co-allocator paGorator Ha y3ie
nosib3oBarensa, a ceppuc GRAM pabGoraer Ha BerumciauTenbHOM pecypce. GRAM
IIPUHUMAET Ha BXOJ ONKMCAHUE 3aJa4M O0JIb30BATENsA, CBA3BIBAETCS C JIOKAJIIBHOW CHC-
TEMOW YINPABJICHUS U NEpeaeT el MHCTPYKIUU JUIs 3aIycKa 3a1add. [JononHurensb-
HO TOJIEpKUBAETCS IPOBEPKA COCTOSIHUS BBIMOJIHEHUS 3a/]aui, €€ yJaJleHue u coop
uHbopmaIru o coctostHUM Berunciennii B enioM. Cepsep RFT peanusyer nepenauy
¢aitnoB mexnay paznuunbiMu y3iaamu ['pun. Knuent RFT dopmupyer 3asBky Ha 1mie-
penauy (aiina, koTopast cocTouT u3 B ykazanuu 18yx URL Ha (aiinel: oTKyAa u Kyaa
KOIIUPOBATh.

[Tporpammbl KOMaHTHOW CTPOKH ToJib3oBaTens (Tabd. 6.2) MO3BOJIAIOT BHI3BATH
KOMITOHEHThI HETIOCPEACTBEHHO U3 MPOrPaMMBbI NIOJIb30BATEIS.

Tab. 6.2 - Kaxpmas cTpoka npeAcTaBisieT psJl IporpaMmm

Komanabl Onucanue

cas-* OO6mas ciyx6a aBTopU3aIuu

globus-credential-* WHcTanisamus 1 BOCCTaHOBIICHUE TIPaB B CIIy»KOe mepe-
JIa4qu TpaB

myproxy-* Cayx6a MyProxy

grid-ca-sign IIpocroit u3narens st reneparuu X.509 npas

gsi* OpenSSH c ssh, scp, stpf kimenTamu

grid-* VYnpasnenneX.509 nmpokcu maHgaTamMu U danaamMu pasz-
MEIIECHUS

globus-url-copy GridFTP knueHt

rft* Knuent Hanexnoit nepenauu daiinon

globus-rls-* Knuent RLS, agmunucTpanus, cepsep

globusrun-ws Kimmentr GRAM

mds-servicegroup-add Job6asnenue Bxoaa B MDS rpynmy ciyx6

globus-*-container 3amyck u octaHoBKa KoHTeitHepa Globus

wsrf-* B3aumopeiicteue ¢ WSRF cBoiicTBaMu pecypcoB

Jns 3aganus paboTel B GRAM uciuib3dyercss koManaa globusrun-ws. B kaudectse
npuMepa Mbl MPeCTaBUM KOMaHAYy JI MCIOJHEHUsl mporpammel ““/bin/touth” ¢ ap-
rymeHToM “touched it”, koTopas BBITISIUT CIAEAYIOIIUM 00pa3oM:

% globusrun-ws -submit -job-command /bin/touch touched it
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KoMIoHeHThI 3TOH KOMaH[bI 337al0T Ha3BaHWE KOMaHIGI, duiar 3aaHusl, YKa3bl-
BAaIOIINIA, YTO ATO 3a/1aHue; (pyar paboThl, YKa3bIBAIOIINMA, YTO OCTATOK CTOPOKH KO-
MaH/JIbl 3aJa€T UM MPOTrpaMMbl U aprymeHT. Ecnu HeT ommbok, To 3ajaHue OyaeT
NPUHATO U MporpamMma 3amylieHa. 3aTeM 3aJaHue 3aKaHYMBAETCS M BBIBOJUTCS WH-
dbopmarus o craryce:

Job ID: uuid:c51fe35a-4fa3-11d9-9¢fc-000874404099
Termination time: 12/17/2004 20:47 GMT

Current job state: Active

Current job state: CleanUp

Current job state: Done

Destroying job...Done.

[Tocne Toro, kak paboTa 3amyiieHa, MOIb30BATENIb OCTAETCS TOCTOSHHO TOIKIIIO-
YeHHBIM K HEH. DTO HEOOXOAMMO, HAMpUMep, Kak NS MOJyYeHUs CTATyCHOUW WH-
dbopManmm, Tak U IS TOTO, YTOOBI MPEKPATUTH UCIIOTHCHHE 3aaHusI.

VHTEepaKkTUBHBIA PEKUM IOJIE3€H BO MHOTHX OOCTOSITENHCTBAX, HAIIPUMED, B TIa-
KETHOM PEXHUME TMOJIb30BaTeNNbh M0 CBOEMY YCMOTPEHHIO B JTI000I MOMEHT MOKET 3a-
IPOCUTH CTATyCHYIO HH(POPMAILIHIO.

Jlo cux mop mpeanonaragoch, 4To UCIOIHsEMas MporpaMMa pacrioioskeHa Ha
UCIIOJIHUTEIILHOM KOTIBIOTEPE, BXOIHBIE JIaHHbIE TIEPEIal0TCs KaK apryMEHT U pe-
3yJIbTaThl COXpaHEHHI B (haiijlax Ha UCHOJHUTEILHOM KomnbtoTepe. OqHako, ObIBAIOT
CUTYAIIMH, KOTJ[a UCTIOTHAEMYIO MporpamMMy WK Apyrue ¢haiiabl Hy>KHO TepeaaTh B
IEJIEBOM KOMIIBIOTEP WM MOJYYUTh OT HEro pe3yibTaT. [ 3Toro B onucanuu 3aua-
HUS UCTIOJIB3YIOTCSl CHEIUATbHBIC TUPEKTUBHI (haliIOBBIX TIEpeiayd, KOTOPhIE OCHO-
Banbl Ha RFT cunTakcuce, B HUX yKa3bIBalOTCS aJipeca Mepenaroneil 1 npuHuMaro-
men ctopon URL.

CymectByeT MHOTO (JOPMATOB, CO3AHHBIX PA3TMYHBIMU Pa3paboTIMKaMU, TO-
3TOMY 3a CTpyKTypoil RSL Hano oOpaiarbes K JOKyMEHTAIlMU KOHKPETHOTO pa3pa-
0oTuuKa.

IInanupoBanue MPI Borunciennii B cucreme Condor. Condor — o1Ha U3 MHO-
IUX CIeNUaTU3UPOBAHHAS [TaKETHAsl CUCTEMA JJIsl YIIPABJICHUS! BBIMIOJTHEHUEM UHTEH-
CUBHBIX KOMIIOTEPHBIX pabOT, KOTOpasi MOKeT ucnonb3oBatbes nojg GRAM. Kak u
JIpyrue cucTeMbl mogooHoro poaa, Condor obecrneunBaeT MEXaHU3M OYEPETHOCTH,
MOJIUTUKY TJIAHUPOBAHMS, CXEMY MPUOPUTETOB U Kitaccudukaiuio pecypcon. [1omb-
30BarTelb 3a/1aeT KOMIbIOTEpHYI0 padoty aisa Condor yepe3 RSL, Condor craBut pa-
00Ty B ouepe/ib, 3alyCKaeT ee 1 3aTeM HHGOPMHUPYET MOJIB30BaTENs O pe3yIbTaTax.

6.3. Ilapanuensbubie Bbruncienu B 'PU/L. Ilaker G2.

JIJ1sl BBITTOTHEHUST TTapaJIIETbHBIX BBEIYMCICHUN Ha KJIacTepax HMCIOJb3yeTcs Ono-
muoteka MPI. ITaker MPICH-G2 [19] ects ['pua oprieHTUpOBaHHAs MOJHAS peayu-
3arust ctangapta MPI-1, koropas ucnonb3yet ciyx0b1 Globus Toolkit mys mpo3pau-
HOM paboThl B cpene ['pusi, B TOM yncie U reTeporeHHoM.
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MPICH-G2:

® [103BOJIIET MPOrPAMMHUCTY COEIUHATH KOMITBIOTEPOB PA3IMYHON apXUTEKTYPHI;

® [JIAHUPYET paclpeiesieHue pecypCcoB;

® ABTOMAaTHYECKH NMPEoOpa30BBIBAET JaHHBIE B COOOIIECHUAX MEX]Yy KOMIIbIOTEpa-
MU Pa3IU4YHON apXUTEKTYPHI;

® 0OCBOOOKIAET MOJIb30BATENSI OT PabOThl MO M3YUYEHUIO CHEU(UKN KOHKPETHBIX
MalIuH U MO3BOJIAET IMOJIb30BATENI0 3aIyCKaTh MHOTOMPOLECCOPHOE MPHIIOXKE-
HUE OJHOIM KOMaHJI0M mpirun.

Cxema BbInosiHeHUs Bbhlunciennit Ha MPI cootBetrcTByeT puc.6.6, HO B KauecTBe

uiaHupoBiuKa co-allocator ucnons3yercs nporpamma DUROC kotopast:

e 13 Bcex BO3MOKHBIX PECypCOB BBIOMPAET TOJIBKO TaKuUe, KOTOpbIE MOTYT pabo-
tats ¢ MPI.

e BriOpaHHbIE pecypchl pa3HECEHBI B TPOCTPAHCTBE, PA3IMYAIOTCS 110 XapaKTepu-
cTukaM (OBICTPOJCICTBHE MPOLIECCOPOB, 0OBbEM MaMSTH, CKOPOCTh Iepenayu
JAHHBIX TIO KaHaJIaM CBSI3U W Jp.), IOATOMY BpPEMEHA BBIMOJHEHUS JTOKAJTbHBIX
BBIYMCIIEHUN MOTYT OKa3aTbcs pa3sHbIMHU. CieaoBaTesibHO, HEOXOAUMO YCTaHO-
BUTHh (JaKT OKOHYAHMSI BCEX JIOKAJIBHBIX pabOT U OOMEHOB JaHHBIMH, MPEXK]E
YEM 3aIllyCKaTh CIEAYIOMIMNE OTPE3KH JIOKAIbHBIX BBIUACICHUN. JTO JOCTUTAETCS
C IOMOUIBIO ONIEPATOPOB CUHXpOHU3aLuu, Haripumep, MPI_ Barrier.

e OnTuMu3upyeT BLIOOpP MmyTel 0OMeHa JaHHBIMHM C YY€TOM UX MPOMYCKHOU CIIOo-
COOHOCTH M TMOCJEIOBATEILHOCTH OOMEHOB, YTOOBI COKpPAaTUTh OOIIEE BpeMs
nepenayu JAaHHbIX. KaHabl OTIMYar0OTCs MO MPOIMYCKHOW CIOCOOHOCTH: intra-
machine messaging, short (LAN) and long (WAN). [lo stoii crparteruu
MPICH-G2 ynopsiounBaetr pa3inuyHble KOMMYHHKAIIHOHHbIE METOJbI Ha Cle-
TYIOIUX JOMYIICHUSIX:

WAN-TCP < LAN-TCP < intra-machine TCP < vendor-supplied MPI.

[Topsinok 3amycka IpoJ0KEHUS TaKOB:

e Yroos! 3anyctutb MPICH-G2 npuiokeHue, Mmoib30BaTEN0 HYXHO MOJIYYHUTh
OTKPBITBIN KIFOUY, KOTOPBIA MCIOIB3YETCS ISl ayTeHTU(MUKALIMKI TOJIb30BaTEIs
Ha KaXJIOM YJAJI€HHOM CalTe.

e Korjga uaeHtudukaius mpousBeieHa, MoJIb30BaTeIb UCIOJIb3YET CTaHAAPTHYIO
mpirun KomMaHay, 4To0bl 3anpocuth co3ganue MPI Beruucnenuii. Peanuzanus
mpirun ucnoiab3yer ckpunTel RSL, KoTOphle NMUIIYT Moib30BaTend. B Hux
UACHTUDUITUPYIOTCS PECYPCHI (TO €CTh KOMITHIOTEPHI), OMMCHIBAIOT TPEOOBAHUS
(xommuectBo CPU, mamstu, TpedyemMoro BpeMeHH U T. 1I.) U TTapaMmeTphl (pas-
MELIEHUE MPOrpaMM, apryMEHThl KOMaHJHON CTPOKH, MEPEMEHHBIE CPEIbl H
T.J.) ISl K&XJI0ro pecypca.

e Ha ocHose 3toii uadopmaiiuu MPICH-G2 BezeiBaeTr DUROC, 4to0bI criianu-
pOBaTh M 3allyCTUTh NMPUIIOKEHUE Ha pa3nnyHbiX koMmmbioTepax. DUROC pea-
JU3yeT ONEpalMio pa3MelleHus] depe3 MHOxecTBeHHble RM (pecypcHbie Mme-
Hepkephl) B pamkax Globus.
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e Jlna kaxnoro noaseruucienuss DUROC renepupyer GRAM 3amnpoc k ynaneH-
Homy GRAM cepBepy, KOTOpBIN pacrno3HaeT MOJIb30BATEIIsl, BBIMOJIHSIET JIO-
KAJIbHYI0 aBTOPHU3AIMIO U 3aT€M B3aUMOJCHCTBYET C JIOKAJIbHBIM TUIAaHUPOBIIIH-
KoM, 4T00bl uHunMupoBaTh BeiunciaeHus. DUROC u cBszannbie ¢ MPICH-G2
OMOJIMOTEKHU CBSA3BIBAIOT Pa3IMYHBIC MOJABBIUUCICHUS B equHoe MPI Bberumcie-
HHE.

e DUROC n GRAM Taxxe B3aMMOAECHCTBYIOT IIPH MOHUTOPUHTE U BBIITOJTHEHUH
npunoxenus. Kaxaeiit GRAM cepBep ciieut 3a )KM3HEHHBIM LIMKJIOM €T0 BbI-
YUCJICHUW HA BCEX CTAAUSX: 3aJI€PHKKa, BHIMOJHEHUE, OKOHYAHUE.

6.4. Ilaker gLite

glLite - eBponeiickuil maker middleware mns I'pua. OcHOBHOE OTIMYME NAKETa
glite or GT4 cocrouT B TOM, YTO MOMUMO MHCTPYMEHTAJIbHBIX CPEACTB, B HETO
BXOJUT OoJiee MUPOKUN HAOOp ciyx0. glite cyliecTBeHHO onupaeTcsi Ha ONBIT psijia
KPYIHBIX €BPOMEHCKUX MTPOEKTOB M CO3/AA€TCs KOJUIEKTUBHO — B €r0 pa3paboTke yya-
CTBYIOT MHOTO HCCJIeIOBaTeIbCKUX IeHTpoB EBpomnbl. Bece 310 mpoekTsl, BKItOUas
glite, UMEIOT MHOTO OOIIEro, MOCKOJIBKY B TOM MJIM WHOM CTENEHW OCHOBAHBI HA OJI-
Hoit 6a3ze — cucreme Globus Toolkit. gLite sBusiercst ocaoBoi npoekta EGEE (Ena-
bling Grids for E-SciencE — "Pa3BéprriBanue rpumoB s e-HayKu'").
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I'masa 7. MHOT' OAJEPHBIE TIPOLECCOPHI.
7.1. MHorosizepHbie MUKponpoueccopbl. 3akon Mypa aJis siaep.

Pa3BuTHe MUKPOIPOLIECCOPHON TEXHUKH B O0JIACTU YHUBEPCAIBHBIX MHUKpPOIPO-
IIECCOPOB HJIET IO MyTH MOCTOSHHOTO MOBBIIMICHUS X MPOU3BOIUTENBHOCTH. Tpaau-
[IUOHHBIMH HAIIPaBICHUAMU TAaKOTO PA3BUTHS SIBISIFOTCS:

1. IloBsbimenue TakToBOU YyacToThl padoTsl MII, KOTOpOE B OCHOBHOM OOecmeyu-

BAEeTCs MyTeM yBEJIWYCHHS KOJMYECTBA CTYIIEHEH B KOHBEHepe, 4TO MPUBOIUT
K OOJIBIIMM TOTEPSIM BPEMEHH MPU HEOOXOAUMOCTH Mepe3arpy3ku KOHBelepa
BCJIC/ICTBME 3aBUCHUMOCTH KOMaH/I 10 JAHHBIM U KOH(IMKTOB MO yIPaBICHUIO.
Kpome Toro, mpu ATMHHBIX KOHBEHepax BpeMs Mepeaadyd JAaHHBIX ¢ dTama Ha
ATal CTAaHOBUTCS COU3MEPUMBIM CO BPEMEHEM BBITIOJIHEHHUS dTalla.

2. YBenuueHUE KOJUYECTBA OJTHOBPEMEHHO BBIMOJHSIEMBIX KOMaH/ 3a CUET yBe-
JUYEeHHs] yucia KoHBeliepoB B MII. DTo CAMIIKOM YCIIOXKHSET yIpaBieHHE
MII, na u 4yuci0O KOMaHJ B MpOrpamMme, KOTOPhIE MOKHO BBIIIOJIHUTH OJTHO-
BPEMEHHO, HEBEIIUKO.

B cBs3M ¢ ycexamu TEXHOJOTHMU B 00JaCTH MUKPORJIEKTPOHUKH MOSIBUJICS Tpe-
TAWA IyTh. Ha cerogHs coxXpaHsAeTCsl SKCIOHEHUHUAIBHBIA POCT YHCIIA TPAH3UCTOPOB
(pUCYHOK HUXKE), KOTOPBIM OMKUCHIBAETCS SKCIEPUMEHTAIbHBIM 3aKOHOM Mypa [9]
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OTO KOJMYECTBO TPAaH3UCTOPOB HA KPUCTAILIE MO3BOJISAET CTPOUTh HA OJTHOM KpH-
cTajijie 0OJIbIIOE KOJIMYECTBO 3aKOHYEHHBIX MPOLIECCOPOB, KOTOPHIE HA3bIBAIOT MHO-
TOSIIEPHBIMH.

Muorosinepusiii npoueccop (MAII) — 310 HeHTpanbHBIN IpoLEeccop, coaepxa-
Ui 1Ba U OoJiee BRIYMCIUTEIBHBIX SApa HA OJTHOM MPOIIeCCOPHOM KpucTaie. Kax-
J0€ AP0 MO (PYHKIIMOHAIBHBIM M TEXHUYECKUM BO3MOMXHOCTSIM BO3MOKHOCTSAM MO-
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KET COOTBETCTBOBAThH LICHTPAILHOMY WJIM CIICMAIM3UPOBAHHOMII Ipolieccopy. Ampa
OJTHOTO MHOTOSIJICPHOTO TIPOIIECCOPA MOTYT OBITh OJTMHAKOBBIMU HMJTH PA3IUIATHCS TI0
CBOMM BO3MOXHOCTSIM. OcHOBHBIE cBeqieHus 1o MAII pacnonoxensl o aapecy [20].

3akoH Mypa, onpenensitouuii pocT Yuciia TPaH3UCTOPOB HAa KpHUCTalIe, PopMy-
JUPYETCs CIEAYIOIMNM 00pa3oMm:

KoauvecTBO TPAH3MCTOPOB HA KPUCTAJLJIE YIBAUBAETCs KaX/Able 1Ba roaa

Myp ykazan Takxke, 4TO pe3yJbTaToOM POCTa YUCia dJIEMEHTOB Ha KpUCTAJLIE CTa-
HET CHIKEHHE CTOMMOCTH Ha 3JIeMeHT. [Ipu 3TOM, TeMIIbl YBEJIMUCHHS YHCIIA dJie-
MEHTOB (M (yHKIIMI, COOTBETCTBEHHO) — BBIIIE, YEM TEMITbl POCTAa CTOMMOCTH IPO-
M3BOJICTBA KpUCTaJIa. DTO U SIBIACTCS JBUXKYIIEH CUIION pa3BTUsI MHOTOSIICPHOCTH.

JIpsikoHOB [21] 3anmucait 3akoH Mypa B MaTreMaTH4ecKou popme:

=ty Y
K=K2? =K,2?

rae K, Ko, t,t) — KOTU4eCcTBO TPAH3UCTOPOB HaualibHOE U uepe3 BpeM At. Ecnu B34Th

mprMep MUKporponeccopa i486 ¢ mapamerpamu £y — 1990, Ky = 10°, To x 2010 momy-

qaem

20

K=10°22 =10°,

YTO MPUMEPHO COOTBETCTBYET TAOJIHIIE.

ECIM pe/IoNokHuTh, 4TO Ha OJHO Sapo Tpatutes 107 TpaH3UCTOPOB, TO HONyYa-
eM 100 simep, 4yTo cooTBEeTCTBYET neiictBuTenbHOCTU (48, 80 simep ot Intel). Takum
00pa3oM, MOKHO CUMTATh, YTO 3aKOH Mypa pacnpocTpaHsieTcs U Ha MHOTOSJIEpHbIC
IIPOLIECCOPBI:

KoauuecTBo SIIEP HA KPUCTAJIIC YAIBAHBACTCH KAXKAbIC [IBA 1oJa

ITo aTOoMy 3akoHny cinenyet oxuaath k 2020 koay 1000 sxep Ha 0OJHOM KpHUCTaILIE.
Crnenyer yTOUYHUTD MOHATHUE SAPA:

e VYnomuHaBmwuiica B miaBe 1 cynepkommbiorep CKU®D-ABpopa umeer 2048
A11ep, HO 3TO HE SAApa OJHOTO KpHUCTAUIA, a CyMMapHOE 4YUCio sAep Bcex 4-
AJIEPHBIX MTpoLeccopoB Intel, MCTIONB30BaHHBIX B 3TOM CYIEPKOMIIBIOTEPE.

e CpnenuanucTtsl U3 TOKMHCKOrO yHUBEPCUTETA CO3JalM IMPOLECCOP, KOTOPHBIM
cocTouT U3 512 sep, pacnoiaoKeHHbIX Ha oAHOM Kpuctauie Kaxmnoe uz 512
AJlep OTBEYAET 3a OTACJIbHYI) MAaTEMaTUYECKYIO ONEpalui0. JTOT KPUCTAILI C
gactoroil 500 merarepu coenunen ¢ kaptoid PCI-X u ocyiiecTBisieT noaaepx-
Ky LEHTpaJibHOTrO mpoueccopa. [lo cymiecTBy 3To0 He siapa, a CHelUaIu3upo-
Ba"Hble AJIY. SInpom ke cieyeT cuuTaTh MOJTHOLIEHHBIN IPOLIECCOP.
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MHorosiepHbI€ MTPOLIECCOPBI MOTYT UCIIOJIB30BATHCS JBOSIKO:
1. Kak aBToHOoMHBIe ycTpoiicTBa: [I9BM, pabouune cranuuu, cepsepsl u Jp. B
ATOM clly4ae KpUTEpUEM UCTIOIb30BaHus MSI siBisieTcs yBeInyeHue HOMUHAIBHO-
ro OwicTponericTBust M kpucTaiia npu pe3KOM CHUKEHUU CTOUMOCTH OJIHOTO
anpa.
2. Kak 3j1eMeHTHast 6a3a BBIYMCIUTEIBHBIX KIAaCTEPOB. 31€Ch KPUTEPUU IPYTOM
- MaKCUMaJIbHOE OBICTPOICHCTBUE KPUCTAJIA MPU KECTKOM OTPAaHUYECHUH Ha I0-
TpeOJIsieMyI0 MOIITHOCTh U HarpeB (3TO pa3Hble Belir). B aToM cityyae konnuecTBo
sJiep He OrPAHUYMBAETCS — YeM OO0JIbIIIe, TEM JTyYllle.
OpnHako Ha ATOM IMYTH BO3HHUKAET CIEAYIOIIEE NMPENATCTBUE — HArPEeB KPUCTAILIA, YTO
noTpeOyeTOCOObIX METO0B OXJIAXKICHUS KPUCTAJIA, @ B CIIy4yae MHOTOKPHUCTAIHBIX
cUCTEM B OOJIIIMX KJIacTepax MPUBEAET K MEraBaTTHOMY MOTPEOIEHHUIO SHEPTUH.
Ha puc.7.1 cneBa npeacTaBieH 0ObIYHBIN KPEMHUEBBIN TPAH3UCTOP.

Ouznestpur Si0 High-K-granekrpme

Mtk

OHokeng kpanumr Si0,

KpamHwi KpemH i 1'

Puc.7.1. OObruHBIN TpaH3UCTOD (CIIEBA) U TPAH3UCTOP C M30JSAMEH MPOTUB yTEUEK (CIpaBa)
[Ipy ymeHbIIeHUH pa3MEPOB TAKOTO TPAH3UCTOpPa B O0JACTH HAHOPA3MEpPOB (HUKE

100 HM) B m pa3 mapaMeTpbl TPAaH3UCTOPA U KPUCTAII, HA KOTOPOM OH PaCHOJIOXKEH,
U3MEHSIOTCS, KaK yKa3aHo B Ta0miuie [22]:

XapakTepucTuka Kosgduurent
JlnnHa 3aTBOpa 1/m
Hampsoxenne 1/m
[InoTHOCTH pasmereHus m’

CkopocTb m
PaccenBaemas MOIIHOCTB 1/m’

B m’ pa3 BoO3pacTaeT KOJWYECTBO TPAH3MCTOPOB HAa KPHUCTAILIC, YTO B HICANC
yYBEIMYHUBACT B M 2 pa3 OsicTpoaeiicTBue Ml 3a cueT yBenMUeHH YUCa sSIep.

® KpOME TOTO, B 71 pa3 YMEHBIIACTCS PCCTOSHUE MEXKIYy UCTOKOM M CTOKOM, IO-
3TOMY B /1 pa3 pacTeT CKOPOCTh MEPEKIIOUYCHUS TPAH3UCTOP, TO €CTh YacTOTa.
CrnemoBaTeNbHO, TIPH YBEITWYECHUHU M POCT OBICTPOJCUCTBUS KpUCTAIIJIAa UMEET
HOPANOK Vi = m>* m=m’.

W3 Tabnuiiel caeayeT, 4To paccenBaeMas KpUCTalIoM paBHa!
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I10THOCTH pasMemennsi * MoOIHOCTL TpaH3ucTOpPa = m” *1/m” = const

DTO 03HAYaEeT, YTO MPHU POCTE TPAH3UCTOPOB (SAEp) HA KPUCTAIIE HArpeB Kpu-
ctayia He MeHsiercs . [Ipu 3Tom kpucramn pacceuaeT okoso 100 BT, 11t yero Tpe-
OyeTcsi CTaHJapTHBIN paAuaToOp U BEHTUWIATOP. DTO UI€aIbHASI CUTyalUsl.

Bonee Toro, ecnu ydects, uro yactora f = k1xm, a KOJIMYECTBO MPOLIECCOPOB
p = k2x mxm, To ObICTpOIECTBUE BBIUNCIUTEIbHBIX YCTPONUCTB PacTET TaK:

V=fxp=klxmxk2xmxm=kxm(t),

TO €CTh IO TOJlaM CKOPOCTh BBIUMCICHHH pacTeT KyOMYEeCKH, MpUyYeM, B OOJbIIeH
CTENEHU 3a CYET Yucia siep, a He UX YaCTOTHI.

K coxxanenuro, yMeHbIIEHUE JMHEHHBIX pa3mMepoB Tpanzuctopa 10 30 — 10 am
IPUBOJUT K BOSHUKHOBEHUIO TOKOB YTEUKHU BCJEACTBUE TyHHEIbHOTO 3ddekra. To-
KM YT€UKH BO3HHKAIOT (puc.6.1 ciesa):

® Ycpe3 clioit AUDJICKTPHKA, OTACIIATIOIICTO 001aCTh 3aTBOpa OT MOAJIOXKKH,
¢ MCKAY UCTOKOM U CTOKOM IIPpU «BBIKIIFOUYCHHOM)> COCTOSHHH TPAH3HUCTOPA.

OTH TOKH COM3MEPUMBI C padOYMMU TOKaAMHU TPAH3UCTOPA, U TIPU YBEIIMUCHUH YUCIA
TPAH3UCTOPOB HA KPUCTAJIC, OH OEACT CUIBHO MeperpeBaThcs. Eciu HE mpUHUMATH
Mep, 3TO OyAET CYIIECTBEHHO OTPAaHUYUBATh POCT YKCIIa TPAH3UCTOPOB U SIAEP.

Hcnonb30BaHre HOBBIX M30JIUPYIONIUX MaTepuayioB (puc.6.1 crpasa), kak cuuTa-
I0T CIIEHMAIMCTBI, IPOJJIEBAET JAelCTBUE 3akoHa Mypa no 20 — ro rozga, coxpaHss
pacenuBaeMyro KpUCTAIOM MOIITHOCTH 10 100 BT.

OpnHako, 3TUX MEp B JaJbHEHIIEM MOXKET OKa3ajbCs HEIOCTAaTO4YHO. Toraa mpu-
MEHSIOT JOMOJIHUTENIbHBIE MEPBI, HAIPUMEP: MEKCIOMHOE BOISHOE OXJIAXKICHUE B
KpUCTaJlJIa TUIA «COHABUY», M30UpATEIbHOE OTKIIOUEHHE HE3arpy>KeHHbIX sifep U
y3JI0B, CHUKEHHE TAKTOBOW YaCTOTHI.

[lepenomMHBIM MpH TEPEX0JI€ OT MUKPOIPOLECCOPOB K MHOTOSIIEPHBIM KPHUCTaI-
nam suiicst 2007 rox [23], HO TPOUCXOINUIIO ATO HE MTHOBEHHO, a OBIJIO PACTIHYTOTO
BO BPEMEHH.

2007

i Multicore Era
Microprocessor Era

egaFLOP igaFLOP eraFLOP >etaFLOP >ExaFLOP >
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7.2. JIBe apXUTEKTYPbl MHOTOSI/IEPHBIX NPOLECCOPOB.

B obnactu MAIII cnenyer paznuuath noHsatus: apxurekrypa MAIL u mukpoapxu-
TekTypa siapa. [lon MUKpoapXUTEKTypoll spa MOHUMAIOT COCTaB apu(pMeTuKo — Jio-
ru4eckux 0J10koB (MOTYT ObITH comporieccopbl VLIW, MMX), 6510k0B 0OpatiieHus: K
naMsTH W pealn3alliu YCIIOBHBIX MEPEXO0JI0B. APXUTEKTypa Ke OIpeAeseT CBI3U
anep Mexay coboil (001as Wid UHIMBHAyalIbHAs MaMATh), C MaMSThIO, TUIIBI KOM-
MYTaTOPOB, CBSI3b C BHEIIHUM MHPOM.

Janee OyayT pacCMOTpPEHBI 1Ba THUIAa MHOTOSIJIEPHBIX MTPOLIECCOPOB:

e Nehalem - 8 — sepHbIi mIporieccop ¢ 00IIeH TaMsThIO JIJIst BCEX sIEP.
e Polaris - 80 — saepHbIii SKCIEPUMEHTAIBHBIN MPOLIECCOP ¢ UHAUBHUAYAIBHOMN
NaMATBIO JIJIS1 KAXKJIOTO sIpa.

B nureparypy 3Tu 1Ba TUIIa MHOTONPOLIECPHBIX CUCTEM MMEIOT HazBaHus Multicore
u Manycore. Paznuuue Mexly 3TUMHU IBYMsI ApXUTEKTYPaMH JOBOJIBHO OYEBHIHOE.

APpPXHUTEKTYypa ¢ 0011eld NAMATHIO:
e (OOieryaeT mporpaMMHUpPOBaHUE, TTOCKOJIBKY HE HaJ0 OMHUCHIBATH MEPEMEIIICHHE
JTAHHBIX MEXIY SIpaMH, TaHHBIC HAXOATCS B OOIIEH SIS BCEX sjiep MaMsITH.
e lcnonb30BaHKE CYIIECTBYIOIIETO MPOrPAMMHOI0 00ECIIEUEHHS.
e Bricokasi HAIEKHOCTh CUCTEMBbI, IOCKOIBKY YHCIIO SIAEP HEBEIIMKO.
e [maBHBIN HETOCTATOK —UHCIIO SJICP HEBEIMKO M3-3a OrpaHUYCHUN OOIIeH mams-
Th. CUcTeMa KAIIMPOBAHUS CIIAKUBACT 3TOT (HAKTOP.

APpXHMTEKTYpa ¢ HHAUBUAYAJIbHON MAMATHIO ISl Ka’KI0I0 SIAPAa MCIOJIB3YET Ma-
Jble sipa ¢ KOPOTKMMHU KOHBeHepamMu U HeOosiblumMu yactotamu. Ho, mainble sapa
UMEIOT MEHbIIIEE SHEPronoTpedIeHue, Ha KPUCTalie UX MOXKET ObITh CYIIECTBEHHO
Oonbllle, OHM OOECHEUYMBAIOT HAWIYYIIYIO BBIYUCIUTENBHYI 3(QQEKTUBHOCTh Ha
BaTT.

7.3. IlIpoueccop Nehalem

Nehalem - onHOKpUCTAIBHBIN MPOLECCOP C APXUTEKTYpOH oOIiIel (pa3aenseMoii)
naMsTH. OH UMEET CIIeIYIONINE TEXHUUECKUE XapaKTePUCTUKU:

e ['ox Beimycka 2008 — 2009

e [Ipoueccopsl comepxkar 1o 8 suep.

e 45-HM TEXHOJOTHYECKHUI MTPOLECC.

e TaktoBag uwactora 3 I'T1I.

e 2.3 MIpA TPaH3UCTOPOB.

e TermioBslaenenue 95 — 130 BT.

e S 1po OTHOBPEMEHHO MOKET 00padaThIBaTHCA 2 MOTOKA.

e B Nehalem kaxzpiii nporieccop umeer codcteHHyro OC. DTO OTJIMYAET €ro OT

oOuienpuHsaTOro monnManust SMP cuctem.
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Muxkpoapxutektypa sigpa. Snpo Nehalem BbemonHseT cTaHIApTHYIO JUTSI MUK-
POIPOLIECCOPOB MOCIEAOBATEIBLHOCTD IIAr0B, TOKAa3aHHYIO HA PUCYHKE.

o Llkomann 32 Kb |4

v

Bri6opka xomaH

A 4

Bri6opka onepanioB v
xou L2 anpa |
v 256 Kb
Ouepenp onepanuii 4
Ha oOmumii k31
¢ L3 nns 8 simep
HcnonaurensHble 8 Mb
yCcTpoiicTBa
our L1 gagaeix 32 Kb |

B snpe ucnonb3yroTcst 3 ypoBHS K31 — HaMSITH:
e 32KB L1 - xom gt mporpamm 1 32 KB L1 k311 1t AaHHBIX HA OJTHO SIAPO
e 256 KB L2 - k3u1 Ha sipo
e 110 24 MB L3 - k311 a7s1 Bcex siiep

CocTaB MCHOJHUTENbHBIX YCTPOCTB 0AHOr0 sifpa. CyllecTBEHHO 1mopaboTaB
HaJ TpeJBapUTEIbHBIMU CTaausiMu KoHBeliepa Nehalem, unxeneps! Intel ocraBuiu
UCIIOJIHUTETbHbIE YCTPOUCTBA HOBOIO Mpoiieccopa 0€3 3aMETHBIX U3MEHEHUH.

b1ioK MCHOTHUTENBHBIX YCTPOUCTB cojepkuT 6 noptoB. Iloptel 0,1 ympaBmusitoT
paboToii 8 apumMeTUyeCKUX yCTPOMCTB JUIsl BBIIOTHEHHS! LIEJIOYUCIEHHBIX U Omepa-
Ui ¢ naBaroriei Toukoi. [lopTel 2-4 obecnieunBaroT pabOTy MaMsTH, a IOPT S5 BbI-
HOJTHSIET HEKOTOphIe apru(PMETHUECKUE ONEpallK U YIIPABIIAET ONEpalsIMH Mepexo-
noB. CnenoBarenbHo, B Nehalem MoxeT 0qHOBpEMEHHO BBITIOTHATHCS 6 omepariuii.

Kpome ckanspHbIx onepanuii sapo MoKeT BbINOJHATE KoMaHAabl SSE (unu MMX)
u notoku s Hyper-Threading. Texnonorus SSE no3Bosisiyia mpeo1oieTb 2 0CHOB-
Hble TpobsieMbl MMX — mnpu ucnonszoBannd MMX HEBO3MOXHO OBLJIO OJTHOBpE-
MEHHO HMCHOJIb30BaTh HHCTPYKIIMHU COMPOLIECCOPA, TaK KAK €ro PErucTpbl UCIOJIB30-
Bayuch st MMX u paboThl ¢ BelecTBEHHbIMU ynciaMu. SSE BKilto4aeT B apXUTeK-
Typy Ipoleccopa BoceMb 128-OUTHBIX PETHCTPOB, KAXKABIA U3 KOTOPBIX TPAKTYETCS
KaK 4 MOCJIeIOBATENIbHBIX 3HAYEHHUs C IUIABAIOIIEH TOYKON OJWHAPHON TOYHOCTH.
SSE Bkitouaer B ceOsi HAOOP MHCTPYKIIMM, KOTOPBIA MPOU3BOAUT ONEPALIMH CO CKa-
JSIPHBIMU Y YIIAKOBAHHBIMU TUIIAMH TAHHBIX.
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ApxurtekTtypa kpucramia. [Ipoueccop Nehalem umeer mo ueTsipe mupoKoIo-
nocHeix muHbI QuickPath. Pemenue, BeiOpannoe Intel mox nazsanuem QuickPath
Interconnect (QPI), He sBysIETCS YeM-TO HOBBIM; OHO MPEJICTABISIET COOO0M BCTPOCH-
HBIM KOHTPOJJIEP MAMSTH U OYEHB OBICTPYIO MOCIEA0BATENbHYIO INHY "TOYKa-
TOYKa'.

C rexnuueckoit Touku 3penust unrepdeiic QPI sBisieTcst AByHanpaBIeHHBIM C IBYMSI
20-0MTHBIMHU IIMHAMM, TI0 OJTHOM Ha KaXKJI0€ HaIlpaBJICHHE, U3 KOTOPBIX 16 3ape3ep-
BHUPOBAHO T10]] IAHHBIE, @ OCTABIIIKNECS YETHIPE - MO (PYHKIIMH UCTIPABIEHUS OIIHOOK
WIH CITy>KeOHYI0 MH(OpMAIUIO TPOTOKOIA.
OTO NO3BOJISIET:
* C0O3/1aBaTh MOJHOCBS3HBIE YETHIPEXIPOLECCOPHBIE CUCTEMBI, KOTAa KaX bl MTPO-
IIECCOP MOKET MOJIydaTh JOCTYII K 0001 obmactu mamsit uepe3 oaud xon QPI,
MOCKOJIbKY Ka)/IbIi ITPOLIECCOP HAMPSAMYIO MOJKIIOUEH K TPEM
* MI03BOJIAET CTPOUTH CUCTEMBI C HECKOJBbKHUMH IPOLIECCOPHBIMU COKETAMHM, CIIO-
coOHBIMU O00OpabaThiBaTh OJHOBpeMEHHO 10 128 (8*8*2) mpoiieccoB 6e3 UCTIOIb-
30BaHUs JOMOJIHUTENBHBIX YCTPOMCTB.
IOH — xa0 — 17151 CBSI3U ¢ BHEIIHUM MUPOM: HEHTPAIbHBIM MPOIIECCOPOM WU APYTH-
MU kpuctaimiamu Nehalem

IIporpammupoBanue. Cucrema nporpaMmmupoBanus Posex 1uisi MOTOKOB SIBJISIET-
Csl HU3KOYPOBHEBBIM HMHCTPYMEHTOM NPOrPaMMHPOBAHHUS, MOSTOMY TpeOyeT O0ib-
mux 3HaHuM U ycunuil. Uutepdeiic OpenMP sBrsieTcst ctanaapToM JUisi Tporpam-
MUpPOBaHUs Ha MaciTabupyembix SMP-cuctemax ¢ pazaensieMoil maMsaTblo, B 4acT-
HOCTH, JUIsl MHOTOSIIEPHBIX MPOLECCOPOB ¢ pazaensemMoil mamsaTeio. OpenMP une-
QIbHO MOAXOJMT Ul pacHapajuieIMBaHUsl NPOrpaMM OOJBIIMMHU HapalIeIbHBIMUA
nukiaMu. PazpaboTuuk He CO3AaeT HOBYIO MapaJlIEIbHYIO IPOrpaMmy, a MpocTo J0-
OaBJIsIET B TEKCT NOCIIeI0BaTENbHOM nporpamMmmMbl OpenMP-nupekTuBEbI.

[Ipeanonaraercs, uro OpenMP-nporpamMMa Ha OJHOIPOLECCOPHOU MIaThopme
MOKET OBITh UCIOJIb30BaHA B KAUYECTBE IMOCJIEI0BATEIBHON MPOrpaMMBl, T.€. HET He-
00XO0IMMOCTH TOJJIEP)KUBATh MOCIEOBATENbHYIO U MapalieNbHyI0 Bepcuu. Jupek-
BBl OpenMP npocTo UTHOPUPYIOTCS TOCIIEI0BATEIBHBIM KOMITHIIATOPOM.

Yro :xe kacaerca Hyper-Threading (HT), To TyT nemo oGCTOUT clieayrommm
oOpazom. OauH npolecc N3HAYaJIbHO PACCUMUTaH Ha HUCIIOJHEHUE TOJIBKO OJHOIO IO
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Toka KomaH[ (oauH C4AK). ¥ Hero ectb TONBKO OJUH PErUCTpP-yKa3aTellb BBIOOPKH
KOMaHJ M OJWH Ha0Op peructpoB odiero HazHaueHus. [Ipoueccop He moxer husu-
YECKH BBITIOJHATH HECKOJIBKO MOTOKOB OJTHOBPEMEHHO.

[Ipornecc (process) — 3TO HEKOTOpas YyacTh (€AUHUIIA) PadOTHI, CO3/aBaeMast ore-
parnroHHO cuctemoi. [IporpamMma MOXET COCTOSITh M3 HECKOJIBKHX IPOIIECCOB.
[Ipouecc 3amaercs agpecHbIM MIPOCTPAHCTBOM M MAECHTU(PHUKATOPOM. AJpecHOe Mpo-
CTPAaHCTBO MpoIecca JENUTCS Ha TPH JIOTHYECKUX pasjiesia: TEeKCTOBBIA (KO IMpo-
rpamMmbl), ”HGOPMAIIMOHHBIN (JaHHBIC) U CTEKOBBIN (JIs1 CTEKOB MPOTPAMMBI).

[Ipoiiecc MOXKeT conepkaTh HECKOJBKO MOTOKOB. Pasznnuue Mexay MOTOKaMu U
IpOLECCAMH COCTOUT B TOM, YTO Ka)JbIi IPOLECC UMEET COOCTBEHHOE aJpPECHOE
IPOCTPAHCTBO, a MOTOKHM — HET. Pecypchbl, OTKPBITbIE POAUTEIBCKUM IPOLIECCOM,
HEMEIJICHHO CTAHOBSITCS JOCTYIHBIMU BCEM MOTOKAM.

Hcnonp30BaHre MOTOKOB UMEET Psifl MPEUMYIIECTB:

o Jlns mepexIrovYeHns KOHTEKCTa TPeOyeTcs MEHbIIIE CUCTEMHBIX PECYPCOB.

e Jlocturaercs Oosiee BbICOKAsi MPOU3BOIUTEIBLHOCTD MPUIIOKEHHUS.

o Jlns obecrieueHus: B3aMMOIEHCTBUS MEX/Ty 3a7jauaMu He TpeOyeTcsl HUKAKOTO
CHEIHaAIbHOTO MEXaHU3MA.

e [Iporpamma nmeet 6osee MPOCTYIO CTPYKTYPY.

e [lepexnoyenue nporeccopa Ha MOTOK MUHUMHU3UPOBAHO BIUIOTH JI0 ONlepalui
COXPaHEHUs/BOCCTAHOBJICHUS ITUX yKa3aTelleH.

K coxanenuto, MHOrornoTo4Hoe napasuieabHOe IPOrpaMMUpPOBaHUE TPEOYeT Mo-
BBIIICHHBIX YCUJIMI OT MPOTrpaMMHUCTa, Kacaloluxcs 00ecredeHus] KOpPEeKTHOCTH
napajyIeIbHOU MPOrpamMMsbl (OAHO3HAYHOCTHU PE3yJIbTaTa €€ BBIIIOJHEHHS HE3aBUCH-
MO OT BPEMEHHBIX XapaKTEPUCTUK MHIYLIMPYEMBIX TIOTOKOB M UCHOJIB30BaHUS 00-
KX MIEPEMEHHBIX), €€ 3P PeKTUBHOCTH (YacToe "CTOJKHOBEHHE" MOTOKOB MpH 00-
pamieHuy K oOLUMM IPOrpaMMHBIM U alllapaTHBIM PECYypCaMm).

IToToKM )KMBYT TOJBKO U3-3a MPOCTOEB MaMsATH , 6;10koB AJIY u np. Pccmorpum
npumep. Eciu 06a motoka copeprkaT Majio BHIYUCICHUM U aKTUBHO 00paIiarTcs K
naMsITH, U3-3a €IMHOTO HHTepdeiica K MaMsITH BHIIOTHEHUE TOTOKOB MPEBPAIaeTCs
MIPAKTUYECKHU B MOCJIEI0BATEIbHOE (HEBO3MOXKHO YCKOPUTD oneparuio memcpy(),
pa3zienuB €€ Ha TOTOKH).

Cdepa npuMeHEeHUS1 MHOTOSI/IEPHBIX MIPOLIECCOPOB € 001IeH NAMSATHIO:

Kak anemeHnTHast 0a3a BCEX COBPEMEHHBIX KJIACTEPOB.

e Kak aBTOHOMHOE cpeicTBO B kauecTBe [IDBM, cepBepoB, pabounx CTaHIIUM.
B nocnennem ciydae cepa ux npuiiokeHus pasHooOpas3Ha:

e 2D/3D CAIIP.

e CucreMbl MOJIETUPOBAHMS, CPEACTBA PAOOTHI C AaHUMALIUEH;

e CpencrBa 00pabOTKU HUPPOBBIX U300PAKESHUI.

® DJIEKTPOHHBIC U3AATEIBCKUE CUCTEMBI.

e CpezncTBa BUICOMOHTAXa/PEHICPUHTA.

e KoMIbIOTepHBIE UTPHI (HAa KIMEHTCKUX KOMIBIOTEPAX U CEPBEPaAX).

e OUHAHCOBOE MOJICIIMPOBAHUE.

e HayuHble 1 TEXHUUECKUE PACYETHI.
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7.4. IIpoueccopsbl ¢ MTHAUBUAYAJIbHON MAMATHIO.

Jlnist penieHus mpoGiieMbl HU3KOW MPOIMTYCKHON CIIOCOOHOCTH MaMsITH UIYT MO My-
TH TIOCTPOCHUS HA KPHUCTAJJIE MHOTOIPOLIECCOPHOW CHUCTEMbI C HMHJMBHUAYaTbHOU
NaMSTBIO JUISL KAKJIOTO siipa. Takas cucTeMa MIMPOKO MPUMEHSETCS B BBIUUCITUTEb-
HBIX KJacTepax. DTO JA€T CIEIYIOIINE MPEUMYIIECTBA:

[Ipu npoeKTHPOBaHNH UCITOJIB30BATUCH CIETYIOUIUE NPOrPECCUBHBIE TEXHOJIOTHHU:

1.

2.

Hcnonp3oBanuce Mansle sapa. Takue siapa WCIOIB3YIOT, €CIIA XM YUCIO Ipe-
BbimaeT 100. [IpeumyniecTBa ManbIx SAEp ONKMCAHBI BBIIIIE.

[IpuMeneHue 00BEMHOTO (TPEXCIONHOTO) KpHUCTaJia. Y MEHBILICHUE Pa3MEpPOB
KpHUCTaJJIa yBEIUYMUBAET BBIXO/ FOJIHBIX IJIACTUH.

JUia MexsiiepHbIX OOMEHOB HMCIIOJIb30BaHA MAaTpUUYHAsl CXeMa COCAMHEHUH, UC-
IIOJIB3YIOIIAsl KPEMHMEBBIE JIa3epbl M ONTHUYECKWE JIMHUM IEpeladd JaHHBIX,
00ecreurBaoIIKe CyIIECTBEHHO OOJIBIIYI0 CKOPOCTh MPU MEHBIIMX HHEProsa-
TpaTax, 4eM 3JIeKTpUYECKUe MPOBOAHUKHU. J[1s oOMeHa MCIOoJb3yIoTCs MPOTO-
KOJIbI UHTEPHET.

OpuuM 13 HanboJiee CyIIECTBEHHBIX MPEUMYLIECTB IIATGOPMBI SBIISETCS €€
"coopuas koHcTpykuwms'". [To cytu Intel ynamock co3mate mporieccop, 1t KOTO-
pOro He Ba’KHO KAaKO# BBIYHUCJIUTEIbHBIN IBHAKOK 3aKJII0YEH B KAXKAOM U3
siiep. OTO MO3BOJMUT B OyIyIlIEM, HCIONb3YS €AUHYIO JIOTHYECKYIO CUCTEMY,
CO37aBaTh CJIOKHEHIINE BBIYMCIUTEIbHBIE CUCTEMBI, KOTOpbIE OyayT coOu-
paThCs Kak "KOHCTPYKTOP", AJIA pEeLIEeHUsl CaMbIX Pa3jIMYHbIX 33a]a4 Ha 0aze of-
HOU M1aT(HOPMBI.

TpexciaoiHbIN KPUCTAT MOKET BBITJISIIETh CISAYIOIIMM 00pa3oM (PUCYHOK B3SIT U3
(www.research.ibm.com/photonics):

y == |
Memory layer -
Processor layer

CtpykTypa KpHUCTajUla MPENCTaBIsieT co0oil cBoeoOpasHbiit "couasuu". I[laMsTh
pa3MellleHa B HIJKHEW 4acTH YMIa U BEPTHKAIbHO CBA3aHHA C HAXOAUIUMCS CBEPXY
sapoM. Kaxxnomy siapy nosaraercs no 64 Moait O3Y. B nporortumne obmuii 00beM
namsTu coctaBui 5 I'0aiT, HO Intel Obuta orpaHryeHa TEXHUYECKUMHU TPEOOBaHUSMU
U OIpe/IeTICHHBIM KOJUYECTBOM TPAH3UCTOPOB. YaCTUUHO 3Ta CTPYyKTypa peann3oBa-
Ha B niporeccope Polaris.
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7.5. IIpoueccop Polaris na 80 sizep.

DKcnepuMeHTalIbHBIA MUuKponpoueccop Polaris sBisiercst pe3yabTaToM BBITIOJIHE-
Hust komnanuel Intel nporpammer Tera-Scale, B KOTOpOil CTaBUIIUCH CIIEAYIONINE 3a-
Jlauu:

e TERA Operation Per Secord (10'? onepauuii B cexynuy).
e Terabit Data Transfer (O6MeH TaHHBIMU MPU TEPAOUTOBBIX CKOPOCTSIX).
e TERA I/O (TepabutoBasi CKOPOCTb OTEpaIlHii BBO/Ia/BBIBO/IA).

Polaris siBisieTcst maroM B HalpaBJICHUH CO3JIAHHS MUKPOIIPOIIECCOPOB JIJIsl PEaIH-
3aIiH «0OJTAYHBIX) BBIYUCICHUH.

OO0mue xapakrepuctuxku Polaris:

80 0THOTIOTOYHBIX SAEP, JTFOO0E SAIPO MOKHO OTKITFOUATH MPHU Pa3Tpy3Ke.
TexHonoruu ¢ TUNopazMepom 65 HM.

[TpousBoautenpHOCTh — 1.01 Tflops.

100 muH. Tpan3uctopoB (Nehalem — 2.3 mipn).

PaccenBaemast MoutHocTh 62 BT.

Marpuna npoueccopoB 8 Ha 10 — 275, miiomans sapa - 3 KB.MM

Yactora — 3.16 I'T11

Hanpsoxenun sinep 0.95 B

Martpuiia 00MEHOB JaHHBIMH MCTIOJB3YET CETEBBIC TIPOTOKOJIBI, TOITOMY OTKa-
3bl OTJEJIBHBIX Y3JIOB HE BBIKIIOUAIOT BECh KPUCTAILII.

MuxkpoapxuTekTypa sapa. Sapo COACPKHUT BBIYUCIUTEIBHBIA OJOK U U 5-
NOPTOBBI KOMMYTATOP, CBA3BIBAIOIIANA €70 C YETBIPbMSI COCEISIMU.

v A
— | Kommy | O3V nmanbeix 2x0aiiT
— | Tarop | ®
Y @aiin 32 perucrpos
A A
Al vY l
X X
JBa nporpamMmmu-
pyembix FPMAC R’ / " /
+ +
| |
Cxema OHOTO + X
snpa Polaris 03Y VLIW komanz 3 K6aiT
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SAnpo conepKUT OTHOTAKTHBIE TaMATh HaHHBIX (2 KOaiit) u komann (3 KoOaiit), daiin
PETUCTPOB €MKOCTHIO 32 CTPOKH (JIeCSITh MOPTOB UTEHUSI TUIFOC YEThIpE MOpTa 3aru-
cu) u aBa 32-pazpsaaaeix FPMAC-ycTpoliicTBa ¢ miaBaroniei 3anstoil. 9-craauiiHeie
KOHBEUEPHI MOTYT BBITIOJHATh KOMAHJIbl «YMHOXKHUTb-U-CIIOKUTHY, 3TO JAET YETHIPE
pe3yJibTaTa C IUIABAOIICH 3alsATON 3a TAKT HA MPOLECCOPHBIN AIEMEHT, KaXAbld U3
KOTOpBIX Hcnoyib3yeT VLIW nmnunoi 96 6ut, uto obOecrneunBaeT BO3MOXKHOCTH BHI-
MIOJIHEHUS 1O BOCBMH OIEpalldii 3a TaKT.

B nensx MakCMManbHOIO YIPOUIEHUS SIAEp OHHU MOCTPOEHBI Ha OCHOBE 96-
paspsaHoit apxutektypbl VLIW (Very Long Instruction Word - "odenb IiIMHHOTO
koMaugHoro ciosa "). [Ipu stom B omgHoi komanae VLIW MoxkeT comepkatrbcs 10
BOCBMH ITPOCTBIX ONEPALUH.

APXHUTEKTYpa KPUCTAJLIA.

Mamsare. Kaxnoe sapo uMeeT oTAenbHYIO nmaMaTh. Js kaxmoro ysna (4 sapa)
MMEETCA OTAEeIbHAs namATh. HakoHel, He MEHee 3HaYMMOW MHHOBALIUEW SIBIISIETCSA
MukpocxeMa ctatuueckoi nmamsatu L3 (SRAM) o6semom 20 MOaiit, makeTupoBaH-
Has C MPOIECCOPOM U pa3MEIlCHHAs] HA OJTHOM KPUCTAJIE C HUM.

VY3en 0 Vaen 0
A0 |31 |12 |13 510 [s11 [s12[513 |
I LTIl
| L2 | | L2 |

| L3 |

L1 — OtnenbHblit 118 sapa 16K — 64K

L2 — Pa3zpensemsblii ssmpamu y3ia 256K - 1M

L3 - Paznensemslii Bcemu y3namu  8M - 32M

Yposuu KOIII

[TakeTpoBaHHE B NIPOLIECCOPE MO3BOJSAET CO3ATh THICSIYM MEKKOMIIOHEHTHBIX
COEIMHEHUI M 00€CTIeUYnBAET MOJIOCY MPONMYCKAHUs KaHajla MEXAy MaMsIThIO U sapa-
MU mupuHou 6osee 1 ToakT/c.

B npoueccopax Ha mnatdopme Tera-scale mpeaycMOTpeHO MCIIONB30BAHUE TPEX-
ypoBHEBO# cucteMbl KammupoBanus. Komm L1 u L2 OyayT HemocpencTBEHHO CBs3a-
HBbI C KaXIbIM MOTOKOM M 00beM L1 cocraBuT ot 16 mo 64 Koéaiit. Kam BTOpOro
ypoBHs Oyzaetr pasmepom 256 - 1024 Ko6aitr. OOmuit Ay BCETo y3ia CTaHET KA
TPEThero ypoBHs 00beMoM 8§ - 32 MOaiit. Moaynu Kam-naMatu OyAyT pa3MemaThbCest
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Ha TOW K€ MOJJIOKKE, YTO M BBIYUCIUTENBHBIE s/Ipa, MApIIPYyTH3aTOPbl U MPOYHE
AJIEMEHTBHI.

Taxxe nnxenepsl Intel nponemMoHcTpupoBanu Mojenb padoTel HOBOro L4-k3ma
BbICOKOH €MKOCTH, JOCTYNHOIrO /Jisi BCeX Y3JI0B Mpoleccopa, KOTOphIi Oyner
pasmeniaThCa MEXIy MpoIeccopoM M mamsaThio (cxema "OyrepOpon"). Ecth Takke
BapUaHT pa3MEIleHMs Kd3Illa YEeTBEPTOro YPOBHS HANpPOTUB Ipoleccopa. Y obeux
CXEM €CTh CBOM MPEUMYIIECTBA U CBOM HENOCTATKU. B HacTosIee BpeMs 3KCIEPThI
KOMITaHUU TECTUPYIOT 00a BapHaHTa.

KommyTtanmsa. OcHoBHol nenbpio npoekta Intel Terascale Obu1o uccienoBanue
BO3MOKHOCTH CO3J/IaHUSI HAKPUCTAJIbHBIX CETEH U yNpaBiIeHHE SHEPrONoTPeOICHUEM.
Kpucramn cogepxut pemerky 8x10 mponeccopHsix snep. Kanansl Mexay siapamu
YCTOWYUBHI K (Da30BBIM CJIBUTAM WX TAKTOBBIX CUTHAJIOB.

Kanan Mexny nByms sijpaMu MOAJAEPKUBAET (PYHKIIMOHUPOBAHUE JIBYX JIOTHYE-
ckux kaHanoB (kanan 0 u xanan 1). Kanan 0 o0bIyHO HMcmonb3yeTcs Uil Tepeaadu
KOPOTKHMX COOOILEHUM, COACPKAIIMX KOMaHAbl, a KaHaJl 1 — I nepegadu JJIMHHBIX
COOOIIEHUI C JaHHBIMU. DTO MPEJOTBPAIIAET BO3MOXKHOCTH 33JICPKKHU Iepeadyu
KOMaHJI.

BcerpoeHHblid B KaxJ10€ U3 SiAep MATUIIOPTOBBIA MapIIPyTH3ATOP MCIOJIb3YETCs
JUIst oOMEHa JaHHBIMH MEXAY siApaMU, KOTOPBIE, TEM CaMbIM, OOBEIUHSIOTCS B CETh.
[Ipu 3TOM 511060€ SAPO MOKET UCIOJIB30BATHCS UCKIIOUUTENBHO JUIsl Tepeadyn JaH-
HBIX, YTO MO3BOJSECT JUHAMUYECKHA OTKIIFOYaTh NMUTAHUE BBIYMCIHMTEIBHBIX MOYJIEH
TaKuX SIAEp U SKOHOMUTH 3JIEKTposHepruto. Kak BugHO Ha crnaiifie, 4eTblpe U3 MATU
MOPTOB UCHOJIB3YIOTCS Ui CBSI3U C APYTUMU AJIpAMHU, a MATBIA - ISl TOAKIIOUCHHS
KO BCTPOEHHOU B "CIOEHBIN" unn mamsaTu. B nensx onTuMu3aunm OXJIaKICHUS Mpo-
IIeccopa caM MHOTOSJIEPHBIN 4uIl OYJIET HaXOIUThCA CBepXy "OyTepOposaa', a ciou ¢
NaMSITBIO - TTOJ] HUM.

IIporpammupoBaHnmue.

Intel® u gpyrue mpou3BOIUTENH MPOLECCOPOB B TEUECHUE HECKOJIBKUX JIET HEYC-
TAHHO NPOINAraHAUPYIOT PACIpPOCTPAHEHUE MapajuIeIbHBIX BbIYMCIEHUI.COTIacHO
3akoHy Mypa, uepe3 10 et OyayT mpou3BOAUTHCS Tpoiieccopsl ¢ 128 sanpamu, yepes
12 net — ¢ 256 anpamu, yepe3 14 ner - ¢ 512 sapamu, a k 2023 rogy yucio saep B
npoueccopax MoxeT npeBbicuTh 1000.

K cuacTelo, 111 cO31aHNsI KAY€CTBEHHO HOBBIX MPHIIOKEHHUM JIJI1 MHOTOSIAEPHBIX
CUCTEM BIIOJIHE CrOJATCS MPOBEPEHHBIE BPEMEHEM U XOPOIIIO 3HAKOMBIE IIPOIPAMMH-
cTaMm cpenactBa pa3paboTku MHorormpoueccopHoro I10: OpenMP, MPI u Pthreads.
Pa3pabotunku Intel Taxke TpyasTcs Haa MOATOTOBKOM HOBBIX MOJENEH MporpaMmu-
poBanus. IlogpoOHyto MHpoOpMaLHIO MO pa3pabOTKe MPUIIOKEHUN JJIsi MHOTOSIEp-
HBIX CUCTEM MO>XHO HalTH Ha web-caiite cetu Intel® Software Network.

PazpaboTtka [10 mist TepadaonHbIX IPOLECCOPOB CONPsHKEHA U ¢ APYTUMHU TPYA-
HOCTsIMU. [IpHpoCT MpOM3BOAUTENHEHOCTH NPUIIOKEHHUS B cucTeMe Ha 0asze Tepad-
JIOTIHOTO TIpolieccopa OyeT OonpenessIThes 0JIeH MocieI0BaTeIbHOr0 MpOorpaMMHO-
ro koga (3akoH Ampaana). Ecinu nporpamMmMubiid koa Ha 25% COCTOUT U3 MOCIEN0Ba-
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TEJIbHBIX CETMEHTOB, TO, TEOPETUUECKHU, HA HEOTPAHUUYECHHOM YUCJIE AJIep TAKOE MpH-
JokeHre Oyet paboTaTh B 4ETHIpE pasza ObICcTpee.

3akoH paboTaeT U B 0OpaTHYIO CTOPOHY: ISl JOCTHKEHUS MAaKCUMaJIbHOW MPOU3-
BOJUTEILHOCTH B YETBIPEXBAIECPHON CHUCTEME JOCTATOUYHO pachapaUieIuTh KOJ Ha
75%. YT0OBI JOCTHYDh MAaKCUMAJIBHOTO MPUPOCTA MPOU3BOJUTEIBHOCTH B CUCTEME C
64 u Goiiee sigpamMu, HEOOXOAMMO pacrapauieuTh koa Ha 99% u BhIllIe, UTO BEChbMa
3aTPpYJHUTENBHO. Takoro mapamienu3Ma Heab3sl JOCTHYb, pacnapajuiesiuB MOCIeN0-
BaTEJIbHBIN QJITOPUTM OBTOMATUYECKA C MOMOUIBIO JIOTHUECKUX CTpyKTyp Pthreads
unn OpenMP. 3nech BaXKHO NEPEOCMBICIUTH IMTOCTABICHHYIO 3a7ady M TBOPYECKH
MOJIBECTH €€ perIeHue Mo/l HOBBIN, 3O PEKTUBHBIN MapaJIeIbHBIA alTOPUTM.

7.6. IIpoueccop SCC Ha 48 sinep.

[lepen skcmepumeHTaTBHBIM TiporieccopoM Polaris craBuiack 3amaya mpoOBEPUTH
BO3MOXHOCTh ITOCTPOEHUS MpoIieccopa ¢ 0anbIMM KoandecTBOM saep. Aapa Polaris
OBLIIM MTPOCTO-HAIPOCTO BBIYUCIUTENN TUTABAIOIIEH TOUKH, HE MOICPKUBAIOIINE HA-
060p uHCTpYKIUU A M, COOTBETCTBEHHO, HE MOTYyIIHE pabOTaTh Kak MOJHOICHHBIH
HEHTPAJIbHBIN TTPOLIECCOP.

Intel npencraBuiia cBOIO 3KCHEPUMEHTANIBHYIO pa3paboTKy — 48—sepHbIi «OJ-
HOYHMIIOBBIN 00nauyHbIil kommbioTep» (Single-chip Cloud Computer, SCC) ¢ apxuTek-
Typoii [A-32. Ecnu ero BMecTe co crnenuain3upoBaHHON MAaTepUHCKOM IIATON ycTa-
HOBHUTH B KOMIIbIOTEp M MOCTaBUTh Ha Hero Windows, To cuctema 3apabotaer. B
3TOM U COCTOMT €ro OTIu4He OT npoueccop Polaris.

Mukpouun SCC, HU3rOoTOBICHHBIA 1O 45—HM-TEXHOJIOTHYECKOMY IIpoIiecCy, CO-
nepxkut 1,3 Mapa TpaH3ucTopoB, dactota npenenax 1,6-1,8 I'T'n, a ero sHepromo-
TpeOJieHHEe TpPU MaKCUMaJIbHOW Harpyske coctaBisieT Bcero 125 BT — cTosibko
e MOTPeOIISIOT 1Be OOBIKHOBEHHBIX JIAMITBI HAKAJTUBAHUSI.

SCC sBnsieTcss HacneAHUKOM Ipoieccopa Polaris, pazpaboTaHHOTO B paMKax Hc-
cienoBareiabckoi nmporpammel Intel Tera-Scale, u npenmectBennukom 100 - simepHo-
ro KOMMEpYECKOoro mpoieccopa. B ornuumne ot cBoero npapoaurens SCC mnoxpnaep-
KUBAET CTaHJAPTHOE MpOrpaMMHOE OOecleyeHue, CO3JaHHOE JIsi APXUTEKTYpHI
x86 — Tak, Ha IEMOHCTpPAIMH «00JaYHOT0» KOMITbIOTEPA OBLIN YCHEIIHO 3aImyIeHbI
omeparmoHHbie cuctembl cemericTB Windows u Linux. Ilpu aToM kaxmoe u3 48 saep
ABJIIETCS. HE3aBUCUMO IIPOrpaMMUPYEMBIM, a KaKJ0€ AP0 MOXKET padoTaTh Ha CBO-
€M HaIpsHKeHUH U Ha CBOEH YacTOTE WM OBITh MOJHOCTHIO BBIKIIIOUEHHBIM MPH OT-
CYTCTBUU Harpy3KHu.

«O0ma4yHOCTh» npoyeccopa COCTOUT B TOM, YTO Bce 48 siep COOOIIAIOTCS MEXIY
co00if Kak CeTeBbIE y3Jbl, TO3TOMY OTKa3 HEKOTOPHIX SiZEp HE BBI3BIBAET OTKAa3a BCE-
ro Kpucrajia.

Tenepb AEMOHCTPUPYETCS YK€ HE MPOTOTUN 48-11€pPHOTO MPOLIECCOpPa, a PEATTBHO
paboTaronuii KOMIIBIOTEpP Ha €ro OCHOBE. BrpoueM, sKcriepuMeHTaIbHBIM KOMIThIO-
TEpPOM JIeJI0 IBHO He orpanuuuTcs. B Intel roBopsT, 4To MHOTOsIIEpHBIE KOHIICTIINH,
KOTOpBIE 3aJI0KEHbl B 48-s7EpHOM MpPOIECCOpE, MO3BOJSIOT HCMOIb30BATh MPOU3-
BOJHBIE TEXHOJIOTUU B YCTPOMUCTBAX OT CEPBEPOB A0 MOOMIIbHBIX TelIe(OHOB.
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I'masa 8. KBAHTOBBIE KOMIIBIOTEPBI.

8.1. Knaccnyeckue 1 KBAHTOBbIE KOMIIBIOTEPHI.

Kaxk nmokazano B riaBe 7 ( JbsikoHOB), unciio R apuMETUKO-JIOTHIECKUX OTepa-
L1, BBITIOJHSAEMBIX 3a OJMH TAKT, B Kilaccuueckux DBM umeet nopsaok

R=00"?),

r7ie t — OTPE30K BpEMEHU (B rogax) OT HEKOTOPOro 0a30BOr0 /10 HACTOSIIIETO BpeMe-
Hu. JlJis cpaBHeHUs, Kak OyAeT mokaszaHo janee, B kBantoBoM kommbroTepe (KK) 3a
OJIH TaKT BBINOJIHAETCS (MPEINOI0KUTEIHHO):

Rw= 0 (2 ") oneparnmii,

I7Ie 7 — Pa3psIHOCTh KBAHTOBOIO peructpa. BozsMeM oTpe3ok BpeMenu ¢ = 60 Jer.
[Ipenmonoxum, uto 3a 310 BpeMsa Oyner co3nan KK na 1000 paspsmos, mpu 3ToMm,
nycth JmTenbHocTh TakTa KK coctapnser 1000 TakTOB KJIaCCHYECKOTO MpoLieccopa,
TOra MoJy4YaeMm:

Ry (1)=2" =10"
R (1) = 1000 _ 1300

[Toacuurtano, uro s B3IoMa Kitoda B cucteme mudpoBanus RCA pa3mepHOCTHIO
320 6ur Hago BHIMOMHATE 3.107 onepaumii. CnepgoBarenbHo, 4To AocTynHO KK, TO
HEJOCTYITHO KIAaCCUYECKOMY KOMIBIOTEDY.

B rnaBe 1 ckazaHo, 4TO 10 MMHUMAaJILHOTO pa3mepa nopsaaka 10 HM TpaH3uUCTOp
COXpAaHSET CBOU MEPEKIIOYATENbHbIE U YCUINTENIbHBIE CBOMCTBA. B nuana3zone pas-
MepoB 5-0.5 HM HaAcTymaeT 30Ha Me30CKOMUYECKUX CTPYKTYpP U npudbopon. B aToit
oOnacTu pa3zpaboran Marepuain rpadeH - MIOCKUH JUCT U3 aTOMOB YIJIepoAa TOJIIIH-
Hoil B 1 atom. U3 »TOoro marepuana naxe co3gan Tpansuctop. ['paden oTkpBbiBaeT
OOJBIIINE BO3MOXKHOCTH JUISI MUKPOAJIEKTPOHUKH, KaK C TOYKU 3pEHUSI OBICTPOACHCT-
BUSL, TaK K HarpeBa. Ho oTAeabHBIN TPAaH3UCTOP — 3TO HE MPOLECCOP.

[Ipu pazmepax Huxke 0.5 HM HAUMHAETCA 30HA KBAHTOBBIX 4YMNOB. Bo3MOXHO, B
3TOM 00JacTu ycmex OyAeT JOCTUTHYT ObICTpee, YeM B ME30CKOITMYECKON 30HE.

Wnest KBaHTOBOTO KOMITbIOTEpa ObL1a mpennoxkeHa B 1980 rogy coBeTckuMm yue-
HbIM HO.M.ManusbiM 1 B 1982 rony - aMepukaHckuM ydeHbIM PeiiHMaHOM. 3aKOHBI
KBAaHTOBOM MEXAHUWKH, OMPEJEIAIONINEe MOBEJCHNE TaKUX KBAHTOBBIX OMTOB (quan-
tum bit) — kyOUTOB, 00ECIIEUNBAIOT OTPOMHBIE MPEUMYIIECTBA KBAHTOBOTO KOMITbIO-
Tepa (CKOPOCTh M Mapajuieii3M BBIUMCIECHUN) MO CPAaBHEHUIO C KIIACCHYECKUM KOM-
IBIOTEPOM.

Ilepexox oT Teopuu K npakTukK Havaiucs ¢ 1994 rona, korna aMepuKaHCKUN MaTe-
matuk [L.Ilop mpennoxkuil 3HaMEHUTBHIM KBAHTOBBIM aJITOPUTM, KOTOPBIM TaK W Ha-
3pIBaeTca — «anroputM lopa». D10 anroputm gakropuzanuy U AUCKPETHOTO Jora-
pudMupoBanusi. ITH 3aaaun OTHocsTCs K kiaccy NP u anropurm Illopa mo3Bossiet
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BBITMOJHATh MX 32 MOJMHOMHUATBHOE BpEMSs, TO €CTh MOSBUIACh BO3MOKHOCTH B3Ja-
MBIBAaTh KIJIIOUM PACTIPOCTPAaHEHHON cUCTeMbl mu@poBanusi RSA, uyTo u mocmyxuso
CHJIBHBIM TOJTYKOM JJIsI Pa3BUTHUS pabOT MO KBAHTOBBIM KOMIIBIOTEPAM.

PaboTta KkBaHTOBOTO KOMIIBIOTEpPA OCHOBAaHA Ha KPAeyroJlbHOM MPHUHIIUIE KBAHTO-
BOM MeXaHMKH — npuHuuie cynepnozunuu penunrepa (1926 rox):

Ecnu xBaHTOBasg cuUCTEMa MOKET HaXOJAUTHLCS B COCTOSIHUSIX ‘W1>, %>» s l//n> )

TO OHa MOXCT HAXOOUTHCA U B CYIICPIIO3UIIUU 3TUX COCTOSIHUH.

KBanToBpIM KOMIIBIOTEpaM TIOCBsIIIeHAa MOHOTpadust Hunbcena u Yanra [4].

8.2. KBaHTOBBIC OUTHI.

Ha xBaHTOBOM ypOBHE CYIIECTBYET MHOTO OOBEKTOB, CHIOCOOHBIX MTPUHUMATH CO-
crostHust 0 U 1, KOTOpbIE UCIOJB3YIOTCS B BBIUUCIUTEIBHOW TEXHUKE JIS TIOCTPOE-
HUSl JJOTUYECKUX CXeM M OJIOKOB KOMMbIOTepoB. Hampumep, 31eKTpOH MOXKET Bpa-
IaThCsl B OJIHY WJIM APYTYIO CTOPOHY M €ro CluH OyJeT HarpasieH Bepx (1) wiun
BHM3 (0). Ha camom niene mosioxkeHue CIUHA 3JEKTPOHA 3aBUCUT OT €r0 MarHUTHOTO
MOMEHTAa, HO MPUBEICHHBIN MTPUMEP ABOUYHOTO 3JI€MEHTa OOBIYHO UCTIONB3YETCS U3-
3a CBOEW HArIsAHOCTU. JIByM 3HadeHHUSIM KyOuTa MOTYT COOTBETCTBOBATbH, HAIPH-
MEp, OCHOBHOE€ M BO30Y)XJIEHHOE COCTOSHUS AaTroMa, HalpaBlieHHE TOKa B
CBEpPXIIPOBOJSIIEM  KOJbIIE, JBa BO3MOXHBIX MOJIOXKEHUS  DJIEKTPOHA B
MOJIYIIPOBOJHUKE U T.II.

IIpuMeHNTENBHO CUCTEMaM C JIByMsI 0a3HCHBIMH COCTOSIHMAMHE |0) 1 |1) (0603Ha-

ueHus Jlupaka) 9T0 03HAYAET, YTO MPOM3BOIBHOE KBAHTOBOE COCTOSIHHE |y/) €CTh KO-

TepeHTHas JIMHEHHas Cynepno3uius 0a3uCHbBIX COCTOSIHUIA:

)=al0) o]
r7ie KOMIUIEKCHBIE YUCAa a U b YIOBIETBOPSIOT YCIOBUIO HOPMHUPOBKH |a|2 +|b|2 =1.

[Ipu >TOM cHCTEMa B TAKOM CYIEPIIO3HIIHOHHOM COCTOSHMH HE HAXOIUTCS HU B CO-
CTOSHHH |0), HM B COCTOSHUH |1), @ HAXOAUTCSA 0OHOBPEMEHHO B 3THX 08YX COCTOS-

HUSAX C BEPOATHOCTSMU COTJIACHO YCJIOBUIO HOPMUPOBKH, YTO U ITOKA3aHO HA PUCYH-
K€ HIXKE:
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KBaHTOBBII 37IEMEHT C IBYMSI COCTOSIHUSIMU HA3bIBAETCSl KYOMT (KBAaHTOBBIM OUT),
HO B OTJIMYHME OT KJIACCHYECKOr0 OHMTa COCTOSHHME KyOHTa eCTh HEIpephIBHAS BEIH-
YKHa, OIpeaesseMas IByMs YMCIaMH M, B IPHHIIKIIE, CIIOCOOHAS XPaHUTh OECKOHEY-
HOE KOJIMYECTBO UH(POPMAIMH, KaK MIOKa3aHO Ha PUCYHKE HIKE.

delinMaH MO 3TOMY MOBOLY KyOHMTa TOBOPHI «HYmo 6 delicmeumenbHoCmuy 03HdA-
uaem a|0)+b|1)? Omo Taiina. Mol ne nonumaem smozo. Ho mvi modcem ckazameo

6am, Kax amo pabomaemy.
CocTosiHue KyOMTa MOXHO Y3HAaTh CIIOMOILIBIO ONEpAlMU HU3MEPEHHS, HO IMpHU
STOM BBITNOJHAETCSS CIEAYIOIAsi OCOOCHHOCTD.

[Ipu u3mepenun (knaccuyeckasi onepamnus) KyouT NepexoIUuT B OJHO U3 KJIacCH-
yeckux coctosiHui 0 uiau 1 B 3aBUCUMOCTH OT 3HAYEHUM a U b, peapIayIee co-
crostHue Tepsercs. [loaTomy cocTostHEe KyOuTa HETb3si CKOTTMPOBATH.

OOBIYHO B BEKTOPHO-MATPUYHON (popme cocTosiHuEe KyOuTa ‘t//) = a‘O} + |1y mpen-

CTaBJISAIOT TaK:

of1)+ 5l0) - @ o[0)+ A1) — G’j

8.3. KBanToOBBIi1 peructp.

KBanToBbiMm peructpom (KP) Ha3zBaeTcsi cxema U3 KyOMTOB, KOTOPhIE MOTYT Ha-
XOJUTCSl B TEH30PHOM (Pa30MKHYTOM) WJIM 3alyTaHHOM (3alEIJIECHHOM) COCTOSIHUM.
PaccMoTpuM KBaHTOBBIN BBIPHAHT YMHOXEHUSI BEKTOPOB Ha MPUMEPE JBYX KyOUTOB.
Ecnu 1Ba KyOHuTa HaXOAATCSA B COCTOSIHMSAX |y/,) U |y,), TO COCTOSIHME JABYXPa3psaHO-

ro peructpa OyJeT uX NPON3BEICHUEM:

1 arby a1y arby

1y ~|a2by axby agby
agb— iy [bl b 63] B azby azby asby

LMJ lm‘ by asby fhﬁ-aJ )

B ¢opme kBaHTOBBIX 0003HAUCHHI 3TO OYACT BHITJISACTh CICAYIOIMIMM 00pa3oMm:
) =lw) ®wy)
(a,]0)+5,[1) ®(a,|0)+b, |1)) = a,a,|00) + a,b,|01) + ba, [10) + bb, | 11) ,
KOTOPOE MOKHO 0003HAYUTh CISTYIOMIUM 00pa3oM:
lwi,) = 400y + BJo1) + C[10) + D[11).

3HauuT, MpU IBYX KyOuTax cucrema umeeT 4 cocrosHus. CiemnoBarenbHO, CUCTEMA
N .
u3 N KkyoutoB OyAeT UMeTh 2 COCTOSIHUM, Hanpumep, npu 100 kyOuTax 4mucio co-
’ 100 30
CTOSIHMU paBHO 2 = 10 7.
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VY ci10BUEM BBITIOJTHEHUS |1//12> sBisiercst paBeHCTBO AD — BC = (. Korna 3t1o pa-

BEHCTBO BBINIOJIHSIETCS, CUCTEMA HAXOJIUTCSI B TEH30PHOM COCTOSIHUM, B IPOTUHOM
ciyvae ipu AD — BC # 0 - KyOUTBI perucTpa HaXoATCS B 3aIIyTAHHOM COCTOSIHHH.
Ten3zopHoe cocTosiHUE O3HAYAET, YTO KyOUTHI PETUCTpA HE CBS3aHBI: MPU U3MeE-
HEHUU COCTOSIHUS OJTHOTO KyOHUTa OCTaJIbHBIC HE U3MEHSIIOTCS
B 3anmyTaHHOM COCTOSHUY U3MEHEHHE COCTOSIHHUS KaKOro-Tuda KyOuTa perucrpa

H3MEHSET COCTOSHHUE BCEX OCTAIBHBIX KYOUTOB, HO MPH 3TOM JOJKHO BBITIOIHATHCS
N-1

ycnosue » a’ =1.
i=0

3anmyTaHOCTh MEXAY KyOUTaMH — 3TO HEOOXOJMMOE YCIOBHE ISl pabOThI KBaH-
TOBOTO KOMITBIOTEPA, ITO KIFOUEBOM (DakTOp, OTBEUAIONINI 32 KBAHTOBBIN Mapalijie-
JU3M U OTNPEACISIONINA MPEUMYIIECTBO KBAaHTOBOTO KOMIThIOTEPA HAJl OOBIYHBIM.
CocTosiHHS perucTpa HUKaK HE CBSI3aHO C COCTOSIHUEM OTJEIbHBIX KyOuToB. BeposT-
HOCTHU @; BO3HUKAIOT U U3MEHSIOTCS B MPOIECCE BBHIMOJHEHUS KBAHTOBBIX aJIrOPUT-
MOB. TakuMm 06pa3oM, B 3allyTAHHOM COCTOSHHH XPAaHHT 2" 1 — PaspsAHBIX CIIOB.
M3MeHeHHe COCTOSHUS OHOTO KyOHTa MEHSET COCTOSHHE BCeX 2 x /1 OUTOB. DTO 1

€CThb KB8AHMOGbI Napaiieiu3m N TPsIMO COOTBETCTBYET BEKTOPHOW aApXUTEKTYpe
OKMJI.

CocCTOsIHMM perucTpa MOXHO U3MEPUTH. MI3MepeHue - BEpOsITHOCTHBIN Ipoliecc,
KOTOPBIHN BBITIOTHSAETCS CISAYIOIIUM 00pa3oM:

1. Ilycts |w) =(z,,2,,...,2,,1) - KBAHTOBOE COCTOSHUE U B ={|0> 2" —1>} - cTa-

JapTHBINA 0a3UC CUCTEMBI U3 7 KyOUTOB YCTOMYHMBBIX COCTOSTHUA.
2. Tlpu u3MepeHnu ¢ BEpOSATHOCTHbIO HAUOOJIBIIETO |z,.‘2 COCTOSIHME PErucTpa CcTa-

HOBUTCA ‘z/} = | iy . [lociie n3MepeHns aMIUTATY 1Bl BCEX OCTaIbHBIX COCTOSHUMN

CTAHOBATCA paBHBIMU HYJIIO.

Takum 00pazom, MPSIMOM CBSI3M COCTOSTHUSI PETUCTPA C COCTOSHUSMU BXOSIINX B
Hee KyOuToB HeT. Borpoc 0 ToM, KTO U Kak MEHSIET COCTOSIHHE aMILTUTY]l PETUCTpa,

2
YTOOBI YBCIIMYNUTL 3HAYCHHUC |Zi| AJIA HCKOTOPBIX M3 HUX, ABJEICTCA CCPAICM JF000T0
KBAHTOBOT'O aJIr'OpUTMaA. Ha CCroaHA U3BCCTHLI CJIICAYIOIINUC AJITOPUTMBIL:

e Aaropurme I'poBepa — COCTOUT B YCWIIEHUH HY>KHOT'O BBIXOJITHOTO 3HAYEHUS
nyTeM npuMeHeHus 1u@Qy3un 1 npeoOpa3zoBaHus HHBEPCUU OTHOCUTEIBHO
CPEIHETO.

e Auaroputm llopa — cocTouT B HaX0XKACHUN OOIIMX CBOMCTB BCEX 3HAUCHUM
f(x) Takux, HaTIpUMeEp, KaK NEPUOAUIHOCTh (PYyHKIIHH.

JUist Takux cucteM (UIyKTyallud OTAEIbHBIX YacTel B3aMMOCBSA3aHbI, HO HE TO-
CPEICTBOM OOBIYHBIX KJIACCUYECKUX B3aMMOCHCTBUIN, OTpaHUYEHHBIX, HAIpUMED,
CKOPOCTBIO CBETA, a MOCPEICTBOM HEJIOKAIBHBIX KBAHTOBBIX KOPPEJALIMHI, KOT1a U3-
MEHEHHME OJIHOW YaCTU CHCTEMBI B TOT JKE€ CAMBIM MOMEHT BPEMEHH CKA3bIBAacTCs Ha
OCTQJIBHBIX €€ YaCTsX, JaXe Pa3feICHHBIX B IIPOCTPAHCTBE, YTO MOATBEPKICHO DKC-
IIEPUMEHTAMM.
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Opranusanus KBaHTOBOIr0 perucrpa. KBaHTOBBIN PErucTp — 3TO YHOPSIOYEH-
HOE€ MHO>KECTBO KOHEYHOro uuciia Kyoutos (puc.8.1). Ha kBaHTOBOM perucrpe u
POU3BOJSTCS BBIUMCIEHUSI B KBAHTOBOM KOMIIbIOTEpEe. IMEHHO KBAaHTOBBIN PErucTp,
HAXOJSUIUICS B 3allyTaHHOM COCTOSIHUM, U CO3/1a€T 3KCIMOHEHIMAIbHOE YCKOPEHUE
BBIYMCIICHUM.

Onno-
NOT OUTOBBIE \NOT
BEHTHJIN
- QéoQQOé
JIByX-
CNOT 6I/IT(2]BI)I€ CNOT
BEHTHUJIH

Puc. 8.1. KBantoBsiii peructp. OQHO- WK IBYXKYOUTOBBIC TE€HUTHI OCYIIIECTBISIOT
JIOTUYECKUE OTIepalNK HaJl KyOUTaMu WIH MapaMu KyOUTOB.

dusnueckan peanusanusa Kane kBantoBoro perucrpa. B 1998 r. aBcrpanmii-
ckuMm ¢usukom b.Kelinom [24] ObUTO TIPEIOKEHO MCIOJB30BAaTh B KAaUECTBE KyOH-
TOB oOJafarouIue SAepHbIM CIMHOM 1/2 noHopHBIE aToMbl ¢ u3otonamu 3 1P, korto-
pble UMIUTAHTUPYIOTCSI B KPEMHUEBYIO CTPYKTYpY (puc.8.2). DTo mpemsioxKeHue, Ko-
TOPOE MOKa OCTAETCSI HEPEATN30BAHHBIM, OTKPBIBAET MOTEHIIUAIBHYIO BO3MOKHOCTh
CO3/IaHUSI KBAHTOBBIX BBIYUCIHUTENBHBIX YCTPOIMCTB C MPAKTUYECKN HEOTPAHUYECHHBIM
YHCIIOM KyOHUTOB.

A a] A a]

i 4

N R AN

4
d
t

PV VA S P A S A S N N N
IomgioxEka _[_

Puc.8.2. Cxema nByx siueek peructpa Keiina.
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B paccmarpuBaeMOM BapuaHTE MPEINOIaracTcsi UCIOIb30BaTh TEMIIEPATYPbI
A0CTATOYHO HU3KHE JUISI TOr0, YTOOBI AJIEKTPOHBI JOHOPHBIX AaTOMOB 3aHUMAJU
TOJIKO HUYKHEE CIIMHOBOE COCTOSIHME B MarHUTHOM ToJie. Kaxkaplii TOHOPHBINA aToM
C SJICPHBIM CIIUHOM - KyOUT B TOJIYIIPOBOJHUKOBOM CTPYKTYpE MpeIoiaraeTcs pac-
MOJIOKUTh PETYJISIPHBIM 00pa3oM C JOCTATOUYHOW TOYHOCTBHIO ToA "cBoWM' ympaB-
JSIOMUM  METaJUIMYECKUM 3aTBOPOM (3aTBOp A), OTIEIEHHBIM OT TOBEPXHOCTH
KPEMHHUS TOHKUM JUAJIEKTPUKOM (HAIPUMEP, OKUCHIO KPEMHHUS TOJIIMHON MOpsIKa
HECKOJIBKUX HAaHOMETPOB). DTH 3aTBOPHI 00pa3yloT JUHEHHYIO MEPUOAHYECKYIO pe-
HIETKY MPOU3BOJIBHOM IJTUHBI.

Ha cxeme Keitna: [,=10 am, / =20 aM, ¢ = 20 M. [lox HanosmekTpogamMu A B 6e3-
CIIMHOBOM KPEMHUHU HaxXOJSTCS OJJMHOYHbIE HEMOHU30BaHHbIE aTOMBbI 31P. SnepHbie
CIIUHBI @, b BHICTYMAIOT B KauecTBe KyOuTOoB. Hampshkenus Ha 3ieKkTponax A ymnpas-
JISIFOT YaCTOTOM MarHUTHOTO PE30HAHCA SIEPHBIX CIIMHOB; C MOMOIIBIO HAMPSKEHUS
Ha 3ekTpojie J "BKioyaeTcs" B3aMMOJICUCTBUE CIIMHOB, HEOOXOIMMOE ISl BBIMOJI-
HeHus oneparuu CNOT.

C moMOUIbI0 3JIEKTPUYECKOTO MOJIsl, CO3/]aBa€MOT0 IMOTEHIIUAIOM 3aTBOPOB A,
MOKHO OCYIIECTBJISITh MHIWBUAYAJIbHOE YIIPABICHHE KBAaHTOBBIMHU OIEpaIldsIMU ITy-
TEM CEJEKTUBHOTO BO3JACHCTBUS PE30HAHCHBIX PaTUOYACTOTHBIX HMITYJIHCOB Ha
SJIEpHbIE CHHUHBI OINPEICICHHBIX JOHOPOB. BennumHOW B3aMMOIEWUCTBHS MEXKIY
AJIEPHBIMA CIIMHAMHM COCEJIHUX JOHOPOB JIJISi BBHINOJIHEHHE JTBYXKYOMTOBBIX OIllepa-
UH, IpejaraeTcs ynpasisiTh C TOMOIIBIO 3aTBOPOB J.

8.4. KBaHTOBbBIC e THI.

KBaHTOBBII T€UT ¢ 7 BXOJaMU U 1 BBIXOJIaMH — 3TO MPeoOpa3zoBaHue, 3aJJaHHOE Ha
n KyOutax u ompenensemoe marputieid U pazMepHOCTH 2" x2", peaqu3yeMoe BHEI-
HUMH KJIaCCUYECKUMU cpeAcTBaMu. 1Ipu momade paamo4acTOTHOrO MMILyJibca OIpe-
JICJICHHOW BEJTMYMHBI M HAIIPaBJICHUS MOKHO MOBEPHYTh CIIMH KyOUTa Ha 3aJaHHYIO
BEJIMYMHY, TO €CTh H3MEHHUTb COOTHOIICHHE KO3()(PUIMEHTOB B BBIPAXKEHUU
|w)=a|0)+b|1). OHOKYONUTOBBIE TEHTHI BO MHOTOM ITOBTOPSIIOT KJIACCHYECKYIO CHCTe-

My jgoruueckux snemeHToB: AND, OR, XOR, NOT wu ap., HO ecTh u cneniupuieckue
KBAHTOBBIC JIOTHYCCKUE DJICMEHTEI.

[ [0) — |0) ([

) — 1) 0 1

X: [0) — [1) 0 1
1) — |0 (.

Y:o |0) — |1 0 —1
1) — —[0} | 0

Zoo |0y — |0} |0
) — =1 0 —1
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Cnucox Haubosee pacCIpOCTPAHEHHBIX 3JIEMEHTOB MPEJICTABIICH BBIIIE B MATPUUHOMN
dbopme. OHM HA3BIBAIOTCS:
[ — ToxaeCcTBEHHOE MpeoOpa3oBaHUE.
X —onepamusu NOT.
Y — Y=ZX — xoMOUHaIus MOCIETHUX IBYX.
Z — onepatius caBura o ¢ase.
Torna, nanpumep, onepanus NOT nHag 0 — biM cocTostHUEM KyOuTa OyAET BBINOIHE-

Ha TaK:
01

X
10

[IpeoOpazoBane, koTopoe mpuMeHsIeT H K perucTpy u3 n KyOuT, Ha3bIBAeTCs MPeo0-
pa3oBanue Youma — Agamapa. OHO MOKET ObITh OMPEIETICHO PEKYPCUBHO CIEIyTO-
UM 00pa3oMm.

1 0
(0) :(1 j TO €CTh PE3YyJIbTAT IIOJIY4YCH.

W,=HW,, =H®W,

Jis co3nanust yHKIIMOHAIBHO MOJHONW CUCTEMBI JIOTHYECKUX 3JIEMEHTOB HE00XO0-
JTUMBI TEUTHI C YCIOBHBIM BBIIIOJIHEHHEM. TaKiM reiTOM SIBISETCS JBYXKYOUTOBBIN
reir Controlled NOT (CNOT unu XOR), KOTOpBIii IEHCTBYET Ha ABYX KyOHUTax
cienyomumM oopazoM. OH H3MEHseT 3HaueHHe BTOPOro KyOuTa, eciiu 3HaUYeHHue nep-
BOT'0 KyOuTa paBHO 1, U OCTaBJsieT BTOPOM KyOUT HEM3MEHHBIM B IPOTUBHOM CITydae.
I'padpuueckoe nzodOpaxenune keantoporo reiita CNOT npuBenHo Ha puc.8.3.

|00) —[00) 1000
|01) —|01) 0100
|10) —|11) 0001
|11) —|10) 0010
A A”
B B

Puc.8.3. I'paduueckoe nzobpaxenue reiita CNOT

KBantoBble cxembl. /13 MHOTOUNCIIEHHBIX CBSI30K T€HTOB MOTYT OBITH 00pa3oBa-
HBI IIPOM3BOJIbHBIC KBAHTOBBIE LIENIM, HAIIPUMED, ITPEICTABICHHAS HUXKE:

‘a> NOT L

| > —|NoT NOT |— |a)
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OcoOEHHOCTH KBAHTOBOM CXEMBIL:
e CxeMy clieflyeT YuTaTh CJIeBa HAIPaBo
¢ [ OpH30HTAIIbHBIC JIMHUH MPEACTABISAIOT KYOUTHI (COCTOSTHHS )
¢ BepTukaiabHbIC JIMHUK 0003HAYAIOT CYIIEPIIO3UITHIO
¢ B cxeme HeT 00paTHBIX CBsI3ei

Ucnonb3ys BenTwim Toddoan MOKHO MOCTPOUTSH JIFOOYIO KIACCUUECKYIO JIOTH-
yeckylo cxemy. Hanpumep, kBaHTOBas cxeMa, OKa3aHHAs HUKE, TO3BOJISET IPOU3-
BOJIUTH OJHOPA3PSAAHOE CIIOXKEHUE, UCTIoNb3ysl reThl Todhdonu u CNOT.

|.-_f:} o o & |c}

|} —¢ t T I %)

19) — ' l I |y)
|0) . |s)
|[]) " " " |('_"'}

Ha pucynke x 1 y 0603Ha4ar0T OUTHI JaHHBIX, S - ©X CYMMY 110 MOAYJIO 2, € - BXO/I-
HOM pa3psiz epeHoca, a ¢’ - BBIXOJAHOH pa3psij mepeHoca.

8.5. KBaHTOBBIN KOMIIBIOTEP.

[IpunuunuansHas cxema paboThl d06oro kBanToBoro kommbioTepa (KK) mpen-
CTaBJIeHa HHXe [25].

Bron KEBaHTOBBIEC BBIULC-
MeHHA (VHUTApHOE
rp eo bpazoparnie U()|

|U.> — y |AmaHHBIX| __ [HaA KybuTanmm)

! 1 T

K nacermae ¢kl yIipagnaro HIHET KOMITB IO TEP,
Tereparop Bo3AeiC TEVIO LIHMX HA KYOHUTBI HMITYILCOE

—» | Hsmepenne
—» | COTOAHIA
------ KyDHUTOB

OCHOBHOI1 €ro 4acThlO SBIJISIETCSI KBAHTOBBIA PETUCTP - COBOKYIHOCTH HEKOTOPOIO
yrcna L xyouros. Dtansl padotsl KK cienyromiue:

e Unnnmanusanms. Bece kyOUTHl peructpa AOMKHBI ObITh TPUBEACHBI B OA3UCHBIE
COCTOSIHHS.
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e BBoa panubIx. Kaxaplii KyOUT moaBepraeTcsi CEICKTUBHOMY BO3JICHCTBHIO, Ha-
MPUMEP, C TTOMOIIBIO UMITYJIBCOB BHEITHETO 3JIEKTPOMArHUTHOTO TIOJISA, YIIpaB-
JSIEMBIX KJIACCUYCCKUM KOMITBIOTEPOM, KOTOPOE TEepeBeIeT OCHOBHBIEC Oa3MCHBIC
COCTOSIHUS OTPEJEICHHBIX KyOMTOB B HE OCHOBHBIE cocTosiHuA. [Ipu 3tom co-
CTOSIHME BCEr0 PErucTpa MepeisieT B CyNepro3ulvio 0a3uCHBIX COCTOSHUN BUAA
In) =|nl,n2,n3,..nL), rae ni=0,1.

e DBouonus. B Takom Buse nHdopManus gajee noJaBepraeTcs BO3ICUCTBUIO KBAH-
TOBOTO TIPOIECCOPA, BBIMOJTHSIONMIETO IMOCICIOBATEIPHOCTh KBAHTOBBIX JIOTHYC-
CKHX OIlepaliii, BKII0Yas U3MEHEHUE COCTOSHUS 3aITyTaHHOCTH, ONPEACIIIECMYIO
YHUTAPHBIM MTpeoOpa3oBaHUEM, JEHCTBYIONIUM Ha COCTOSTHIE BCETO PETUCTpA.

e U3mepenne. K MoMeHTy BpemMeHM t B pe3yibTaTe MpeoOpa3zoBaHUN HCXOIHOE
KBaHTOBOE COCTOSIHME CTAHOBHUTCSI HOBOM CYMEPIIO3UIIMEH, KOTOpasi U ONpPeeisieT
pe3ynbTar npeoOpa3zoBaHus WH(MOPMAIIMU HA BBIXOJE KoMMmbioTepa. UToOBI Tpo-
W3BECTH HU3MEPEHHE, BbIYMCIEHHE T0JKHO NMPUBOAUTH K pe3yJbTaTty, (pakrTo-
PU30BAHHOMY MO OT/AEJAbHBIM KyOUTaM. TOJIBKO B 3TOM CIIy4ae MOXKHO IPOBO-
TUTh W3MEpPEHUs (TMOCe BBIYUCIICHUS) MOCICIOBATEILHO HAJl KaXKIBIM KyOUTOM
B OT/ICJILHOCTH, HE MOPTS KBAHTOBBIC COCTOSHUS OCTajdbHBIX. [Ipuuem B mueane
KKIBIM KyOUT JTOJDKEH HAXOJIUTHCS B OJTHOM U3 JIBYX 3apaHee 3aJaHHBIX COCTOS-
HUN (TO €CTh (DAKTUYECKU K KOHITY BBIYHCICHUS JOHKHO TIOSBUTHCS BIIOJIHE OII-
pENCIICHHOE YHCIIO B IBOMYHOM 3allMCH HAa KyOWTax, M HUKAKMX KBAHTOBBIX CY-
neprno3uniuit!). ViIMeHHo 3To TpeboBaHWE 3alaeT KOJOCCATbHOE OTpaHUYCHHE
Ha TEOPETUUYECKU BO3MOXHBIE KBAHTOBBIE aJITOPUTMBI. PaccMOTpuM MOpSIOK BbI-
yucieHui (puc.8.4).

(ONONORORONONRER,

c) L S Sy

d)(DCDCD(DG)(D

Puc. 8.4. [lopsinok BeIYHCIICHU

[lepBoHauanbHO BCE YaCTUIBl UMEIOT CIHUHBI BHU3. 3aTE€M BBITIOTHSIOTCS Clle-
JYIOIIHE JTaIlbI.

1. Knaccuueckas mamuna (KM) BeiOupaeT oT/iebHbIE CIIMHBI WM MApbl CIMHOB.

2. Han BeiOpanubiMu ciiHaMu KM npou3BOAUT HYKHYIO OJTHO WM ABYXOUTHYIO
OIIEpaLUIO.
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3. CkpelleHHbIe YacTHUIbI BO3BpAIAlOTCS HA CBOM MEPBOHAYAIbHbIE MeCTa. JTU
TPHU ATana NOBTOPSIIOTCS MHOTOKPATHO B COOTBETCTBUM ¢ KoMmaHaamu KM no
3aBEPIICHUS ATOT ITUKIL.

4. IIpou3BoauUTCS U3MEPEHUHN COCTOSIHUSA YaCTHULl, IOMECTHUB UX MPEABAPUTEIBHO
B HEKOTOPYIO IBOMYHYIO CTPOKY. DTa CTPOKA U €CTh PE3YyJIbTAT BEIYUCICHUM.

OnHOM U3 caMbIX CIIOKHBIX MPOOJEM MOCTPOEHUSI KBAHTOBBIX KOMIIBIOTEPOB SIB-
asieTcst mpoOsiemMa NoTepu KOrepEeHTHOCTH (IEKOTrepHU3aliks) BO BpEMsl BHIYMCICHHM
U3-3U BIIMSIHUS BHEIIHETO OKpyXeHus. Pa3pabaThiBatoTcs CIEUUaIbHbIE METObI
YBEJIMYEHHU ITepruoaa KOrepeHTHOCTH. CIienuanucThl CYUTAIOT, YTO perucTtp KeitHa
MOXKET PELIUT Kak MpoOjieMy KOIe€pEeHTHOCTH, TaK M MpoOieMy HEOrpaHMYEHHOIO
KOJINYECTBA KyOUTOB.

OO6mue TpeboBaHMs K KBAaHTOBOMY KOMIBIOTEPY 3ajatotcs “kputepusimu JnBun-
YEeHII0

1. Bo3MoXHOCTb peanu3anus KyOUTOB U HApAIIMBAHUS X YUCIa. DPHEKTUBHO
paboTaromuii KBaHTOBBIN KOMITBIOTEP JAOJKEH COJIEpKaTh, MO KpaiiHell mepe,
1000 xy6uTOB.

2. B0O3MOXHOCTh IPUTOTOBJIEHHSI HAYAIIBHOT'O COCTOSTHUSI CUCTEMBI KyOUTOB.

Huzkas nekorepeHTHOCTh CUCTEMBbI KyOUTOB B 11es1oM. [1o olieHkaMm, 3a Bpemst

JICKOPEHTH3ALMN KOMITBIOTEp IOJKEH MPOM3BecTH He MeHee 10° BbIumciiy-

TEJIbHBIX OIEPALUH.

4. CyuiecTBOBaHME KBAHTOBBIX I'€UTOB, CEJIEKTUBHO BO3JCHCTBYIOIIMX HA KyOu-
ThI, TO3BOJISIFOIINX, B TOM YUCJE, KOHTPOJIUPOBATH CBA3b (3aIlyTAHHOCTh) ME-
KAy KyOuTamu.

5. B03MOXXHOCTh TPOU3BOANTH KBAHTOBBIE U3MEPEHUSI COCTOSHUI KyOUTOB U 1O-
Jy4aTh Pe3yJIbTaThl BEIUUCICHUMN.

(%)

COBOKYITHOCTh BCEX BO3MOXHBIX OIllEpallii Ha BXOJAE JAHHOIO KOMIBIOTEpA,
(GOpMUPYIOUIUX HUCXOJHBIE COCTOSHUS, & TaKXK€ OCYLIECTBISIOLIMX YHHUTApPHBIE JIO-
KaJlbHbIe MPeoOpa3OBaHMsI, COOTBETCTBYIOIIME aJTOPUTMY BBIYHMCIICHHUS, CIOCOOBI
MOJIaBJICHUS MTOTEPHU KOTEPEHTHOCTU KBAHTOBBIX COCTOSIHMI M MCIIpaBJICHUS ClIydaii-
HBIX OLIMOOK, UTPArOT 37€Ch Ty K€ poJib, 4TO U " software ” B KjacCMUECKOM KOM-
IIBIOTEpE.

8.6. Anropurm I'poBepa.

Beuny 3anpera KONMpOBaHUS U 110 APYTUM MPUYUHAM CTPOUTH KBAaHTOBBIE AJITO-
PUTMBI CJIOKHO, HAaJIO MPOSBIATH HECTAHAAPTHBIC MTPUEMBI. ECIM pOCTO MOBTOPATH
jgoruueckue cxembl knaccudeckou soruku (M, MW, HET, cymmaropsl u nip.) Ha
KBaHTOBOM YpoBHeE, T0 ObicTponeiicTBue KK Oyaer nuiib con3smMepuMbIM ¢ Kitaccude-
CKUM WU Xyke. KBaHTOBBIE aNrOpUTMBI TOJKHBI OBITH XUTPOYMHBIMH. WX emie ma-
70. IIpu 3TOM, OBLIIO TOKA3aHO, YTO HE AJI BCAKOTO aJITOPUTMA BO3MOKHO «KBAHTO-
BOE€ YCKOPEHHUE.

Aunroput™m ['poBepa [26], npegHa3HAYECHHBIN JJIsI TOMCKA B HECTPYKTYUPOBAHHOM
0a3e JaHHBIX, JAET TOJILKO KBaJ[paTUYHOE (ITOJIMHOMUAIBLHOE) YCKOPEHUE BBIYUCIIE-
HUH, a HE PKCIIOHEHIIMaIbHOoe, Kak anroput™ lllopa. Anroputm I'poBepa BeiOpan st
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JEMOHCTPAllUd KBAHTOBBIX BBIYMCICHUN H3-3a €r0 OTHOCHUTEIIBHOW MPOCTOTHI IO
cpaBHenuto ¢ anroputmom Illopa. Jla 1 mouck B 6a3a TaHHBIX ABJISETCS MPAKTUYECKU
YpEe3BbIYAIHO BaKHON MPOOIEMON.

[IpencraBum kapTy ¢ OOJIBIIUM KOJIUYECTBOM ropoaoB. HeoOxoaumo HailTh Kpat-
yailluuii myTh 4epe3 Bce ATH ropoja (3aaada komMmMmuBospkepa). [lpocreitmumii anro-
PUTM 3aKitouaercs B mepedope Bcex BapuaHTOB. JTo notpedyer O (N) omnepaiuil.
KBaHTOBBI anroput™ I'poBepa BHIMONHSAET 3Ty paboTy 3a O (VN ) onepanwuii.

Jpyroii mpumep — Tak Ha3bpIBacMasi «yHUBepcaibHas 3agada nepedopay». [Ipeamno-
JI0’KMM, HEOOXOAMMO OTHICKAaTh HOMEp TesieoHa, 3aMCaHHbIM MPOU3BOJIBLHBIM 00pa-
3oM Ha oaHoM u3 10 000 nexamux B aKKypaTHOM CTONKE JIMCTOB. UTOOBI HAWTH
HY>KHBIH, BO3MOXKHO, TIOTPEOYeTCs MOCIEI0BATEIHLHO MEPECMOTPETh BCIO CTOIIKY, TO
ectb npousBectu 10 000 onepanmii. OAMH U3 NPOCTEUIINX KBAHTOBBIX aJTOPUTMOB
— aJITOPUTM aMepHuKaHckoro marematuka JI.I'poBepa, npemsioxeHusid B 1997 rony,
MO3BOJISIET CHPABUTHCS C 3TUM BOIPOCOM C ropa3/io MEHBIIMMHU 3aTpaTaMu: HYKHOE
KOJIMYECTBO OIEpalfii OKa3bIBa€TCsl MPOMOPIHMOHAIIBHO BCETO JUIIL KBAJIPATHOMY
KOPHIO M3 YHCIia BO3MOXHBIX BapuaHToB. Eciim BapuantoB 10 000, To motpedyercs
100 momsITOK.

o _An
Ksanrosslit peructp (KP) u3 n ky6utos mMoxer xpanuth NV =2" uncen. Do He

3aBUCHUT OT TOTO, HAXOAMTCS JIM PETUCTP B TEH30PHOM WJIM 3aIyTaHHOM COCTOSIHUU.
Kaxxnoe unciio npu 4reHuH (M3MEPEHUH) MOKET ObITh IPOUYUTAHO C BEPOSITHOCTHIO

N
(ammumutynoi) 4;. Ilpu 3TOM coOmrogaeTcs Zai =1, B o6mem ciydae npu 00Jb-
i=1

IIIoOM 7 BCJIMYHHA al' O4Y€Hb MaJjia, U OTIIMYUTH ai oT aj HC NIPCACTABJIACTCA BO3-

MOHBIM. UTOOBI YBEPEHHO MPOYECTh HEKOTOPOE YHCIIO, €r0 aMILTUTY1a I0JKHA Ha-
XOJIUTheA B mpenenax ot 1/2 go 1. Sapo anroputrma I'poBepa UMEHHO U COCTABIISIET
METO/I MOIIArOBOTO YBEIMUYEHHUS aMILTUTYIbl OTMEUYEHHOI'0 YHCIIA.

B nanpuelimem nzydennn anroputMa ['poBepa He OyAayT paccMaTpUBAThCS:
e Kak ycTpoeHa KBaHTOBas MaMsTh.
e Kak oTMeqaroTcs HyKHbIE YUCIIA.

e Eciu paccMaTpuBaThb IIOMCYCHHOC YHUCJIO KaK aJApCC, TO I'’IC HAXOAUTCA U
KaK N3BJICKACTCIA CBA3aHHas1 C HUM I/IH(bOpMaHI/Iﬂ.

o Kak peanm3yrorcs GU3NIECKU TEHTHI, UCIIOJIb3yEMbIC B aJITOPUTME.
Otu cBeeHus umerores y Hunbcena u Yanra [4].
OcHoBHas onepanus AJisl KBAaHTOBBIX BRIYMCIECHUM — reUT Anamapa M:

¥= il

2

KOTOPBIA TpeBpamiaeT cocTossHuu Outa 0 B CyNEepHmo3UIMIO JBYX COCTOSHUMN
(1/72,1/4/2), a cocrosaue 1 Tpanchopmupyercs B (1/+/2, —1/+/2), To ecTs npn paBHOif
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amIuintyae ¢asza nepeBepHyTa. B cucreme u3 n KyOuToB mpeodpazoBanue M MOXKHO
OCYIIECTBUTH MOKYOUTHO, OCIEA0BATEIHHO U3MEHSS COCTOSIHUE CHCTEMBI.

Auaroputm I'posepa. Ilycts cuctema umeer N=2" COCTOSHUIA, KOTOpPbIE 0003HA-

[IycTh cyliecTBYeT COCTOSAHUE S,, KOTOPOE YAOBIETBOPSET yciaoBuw C(S,)=1, TO-
rJa, KaK JJIsl BCeX APYrux coctosiHuii C(S) =0. 3agaya COCTOUT B pacro3HaBaHuU S,
Oto nouck B 0a3e AaHHBIX, rae ¢yHKuus C(S)ompeaeseHa CoAepX)aHueM sUYeHKd
MaMsTH, COOTBETCTBYIOIIEH COCTOSAHHIOS . AJbTEpHATUBHO, 3HaUeHUE C(S) MOXKET

ONPENENATHCS KOMIBbIOTEPOM. B Takoil (oopMe MOKHO MPEACTABUThH Pa3IUYHbIE BaX-
HBIE 3aa4U. AJITOPUTM COCTOUT U3 CIEAYIOIIUX IIAr0B:

A. Ha nyneBoe cocTosiHuE JIeMCTBYEM omnepaTopoM Y osina-Ajiamapa:

B peructpe u3 n xyoutoB mnpeoOpazoBaHue W MOMXHO OCYIIECTBUTH, MOKYOUTHO
npuMeHsisl TpeoOpa3oBaHue Aamapa.

B. OtotT myHKT OyA€T HUKIUYECKH MOBTOPATHCS OMPEEIEHHOE KOJIMYECTBO Pa3:

a) Koarponupyemoe m3menenue (aswl ¢ konTposieM B Bujae C (umuTtarus). B
pe3yJbTare BCE COCTOSIHUS, KpOME S,, OCTaHyTCsl Oe3 U3MEeHEeHUH, a y S, (a3a
WU3MEHUTCS Ha T, TO €CTh IOMEHSETCS 3HAK.

b) IlpuMeHNM K IOJyYEHHOMY COCTOSIHUIO MpeoOpazoBanue auddysuu D.

C. IlpousBecT H3MEPEHUE MOJTYUYEHHOTIO COCTOSHMS, KOTOPOE YAOBIETBOPSIET YCIIO-
BHUIO C(S,)=1 C BEpOATHOCTHIO, IO KpalHEN Mepe, He MeHbIIEH , uem 0.5.

[uxn mara B — cyth anropurma. Matpuna npeobdpaszoanue nuddyzuu D onpe-
JENISIETCsl CIIEYIOIIUM 00pa3oM:

D, =2/N,ecnui# juD,;=-1+2/N

[IpeoOpazoBanue D MoxHO TipecTaBUTh B hopme D=—1+2P, rae I — TOXKIAECTBEH-
Has MaTpuua (Toiapko 1 mo aquaroHanu), a P — NpoeKIMOHHas Matpuua ¢ P=1/N s
BCEX [, J.

Matpuna P, neiicTBys Ha JIt0OOH BEKTOp V , 1aeT BEKTOP, KaxKaasi COCTaBJISIOIAs
KOTOPOTO paBHA CPEeIHEMY IO BCEM COCTABIISIIOIIMM. UTOOBI mokaszarh, yTo D — 3TO
VHBEPCUS OTHOCUTEIIBHO CPEIHEro, MOCMOTPUM, UTO CIIyYUTCs, Korga D nencTByer
Ha MPOU3BOJIBHBIN BEKTOD V .
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j)

IIpencraBusas D=-1+2P monaydaeM, uto DVv=(—1+2P)v=—v +2Pv  Kak ycra-
HOBJIEHO BBIIIIE, KaX/1asi COCTaBIsIONas BekTopa PV ecTh A, rje A ecTh cpejHee 1o

BCEM COCTaBIAIOIIMM BekTopa v. CIIem0BaTeNbHO, i-as COCTABJISAIONIAs BEKTOPa
Dv paBHa (—v +24), YTO MOKHO 3anucaTh Kak (4 +(4—v)), 4To B TOYHOCTU €CTh MH-

BCPCHUA OTHOCUTCIIBHO CPCAHCTO.

Ilycths ecThb HEKOTOPOE COCTOSTHUE

z= Zax|x>>. OrmepaTtop P MpeBpaTHT €ro B BEK-
%)

TOp ¢ KOMIIOHCHTaAMH, PaBHbIMHU CPCIHEMY 3HAUCHHNIO

1
A=—) a,
%

Kaxapiid Kyour. Onepatop auddy3un mpou3BOAUCS HAJ BCEMH KyOHUTaMH OJHOBpE-
MEHHO Y KaXXJI0M KyouTe BeinosiHsiercs nuddyszus D=-1+2P= P+(P-I).

Ha pucynkax HWXe, B3AThIX U3 [27], TpeacTaBieH mpumep mnpeobOpazoBaHus D.
AMILTUTY 1B COTOSTHUM (BEPOATHOCTH) MPECTaBICHBI BCETO ISl IBYX KyOUTOB, TIpH

x>> ( Mo oHOMY Ha

. 2
3TOM YHCIO cOCTOosHUM paBHO 4 (N=27). Ha ocsX KOOpIMHAT Jis HArIsSIHOCTH

BMECTO JPOOHBIX MCIIOJIb30BAaHBI 1IEJIbIE YKCIIA, XOTS CyMMa KBaJpaTOB COCTOSHHI
paBHB 1.

MoxonHoe
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KoHe4qHoe

Kaxnprit mar (B) — 310 (da3oBoe BpameHue. B ero peanuzaiuio 10KHA OBITH
BKJIFOUEHA TMPOIIeaypa paclio3HaBaHUsI COCTOSHUSA U MOCIEIYIONIEro ONpeeeHus -
OCYIIECTBJISITh WM HET MOBOPOT (ha3pl. DTO JIeNaeTcs 3a OJMH IIar U HE BKIIOYAET
KJIACCUYECKOTO U3MEPEHHUS.

Kaxxnmast nteparust 3Toro mukia yBeIUIMBACT aMIUIUTY Ty 3TOTO COCTOSIHUS Ha
0(1/4/N) . B pesynbrare 3a O(,/N) TOBTOpeHHIi IMKJIa AMILTATY/1a, &, CJIEI0BATEb-

HO, ¥ BEPOSITHOCTh OKA3aThCS B KEJTAEMOM COCTOSTHUU b TOCTUTHET BeUYUHBI O(1).

3aMeTuM, YTO €CJIM MPOBECTU OOJIbIlIee YMCIIO OINEepaluii, To BEpOATHOCTH Ipa-
BUJILHOTO OTBETa CHayaia OyJeT yMEHBIIAThCs, TOTOM YBEIIMYUBATHCS U Jajiee Ta-
KHM k€ 00pa3oM KosiebaThCsl. DTO 0O3HAYAET, UTO B AITOPUTME HAJ0 MPAaBUIBHO BbI-
OpaTb MOMEHT OCTaHOBKHM. Anroput™m ['poBepa Aa€T BBIUIPHIII B YHCIE ONEPALMMA
npu GOJIBIIMX 3HAYEHUSAX 71, MO0 OH TpebyeT TOJIbKO O(y/N) 1Iaros, B TO BpeMs, KaK

Kiaccuueckuid anroputm tpedyer O(N/2). [IpaBna ects u npobiembl. B kBaHTOBOM
QITOPUTME BCETJla €CThb HEHYJIeBash BEPOSITHOCTh MOJYYUTh HEBEPHBIN pe3yJsbTar.
Bnpouewm, ero jierko npoBepuTh U, €ClId TpeOyeTcs, 3aMyCTUTh aJTOPUTM eIl pas.

KBaHTOBBII anropuT™ noucka TpeOyeT TOJIbKO peodpa3zoBanue Youia-Agamapa
U ofiepalys yCJIOBHOIO ¢/iBUTa (ha3bl, TOITOMY €ro OyJeT MpoIle peaanu30BaTh 1Mo
CPaBHEHUIO C JIPYTUMHU KBAaHTOBBIMU aJTOPUTMaMU, TAKUMU, KaK «O0JbIIIOe IPeod-
pasoBanue Oypper.

8.7. Aaropurm Ilopa.
8.7.1 AursiopuTm CO31aHNsI OTKPBITOI0 U CEKPeTHBIX KiIUeil B RSA
B kpunrorpaduueckoii cucteMe ¢ OTKPBITHIM KIIFOUOM Ka)Ibld yYaCTHUK PacIo-
JaraeT Kak OTKPBITBIM KIIOUOM (aHTI. public key), Tak U CEKPETHBIM KJIIOUOM (QHTIL.

secret key). Kaxnplil kitou — vacte uHbopManuu. B kpunrorpapudeckoii cucreme
RSA kaxnpiil K04 COCTOMT M3 MHapbl LENbIX yucen. Kakaplid yd4acTHUK CO3HaET
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CBOM OTKPBITBIA M CEKPETHBIN KJIF0Y CaMOCTOSTENbHO. CEeKPETHBIN KIIF0Y KaXKIbld U3
HUX JEPKUT B CEKPETE, @ OTKPBITHIE KIIFOUH MOKHO COOOIATh KOMY YrOAHO WIH Aa-
e MyOJIMKOBaTh UX.

B ocHOBY kpunTorpapuyeckoil CUCTEMBbI C OTKPBITBHIM KIItouoM RSA nosnoxena
3a/1a4a YMHOKEHHS ¥ PA3JI0KEHUS ITPOCTBIX YUCET HA MHOXKHUTEIHU, KOTOPAs BIIAETCS
BbIYHMCJIUTEIBLHO OJHOHANIPABJICHHOM 3a1ayeH.

B kauecTBe nmpumepa pacCMOTPUM AITOPUTM CO3JaHUS OTKPBITOrO U 3aKPBITOIO
kimoueit (aBTop LanG, habrahabr.ru/blogs/infosecurity/49634).

RSA — xi1t0un TeHEpUPYIOTCS CIEAYIONUM 00pa3oM:
1. BoiOuparoTcsi cinydaiiHble MPOCThIE YUCHa p U ¢, Hampumep, pazmepom 1024
ouTa Kaxioe.
2. BpramcisieTcss uX IpOU3BENCHUE 1 = pg, KOTOPOE HA3bIBAETCS MOAYJIEM.
. Boruncnsercs snauenve Gpynkuuu Diinepa ot uncia n: ¢ (n) =(p—1)(g-1)

W

4. BeiOupaercs menoe yucio e (1< e <¢(n)), B3aUMHO MPOCTOE CO 3HAYCHUEM
dyHKuuu ¢ (n). B kauecTBe e OepyT NpoOCThIe YKCIia, COAEpKAIINEe HEOOIBIIOE
KOJIMYECTBO €AMHUYHBIX OMTOB B JJBOMYHOM 3aIllMCH, HAIIpUMEp, IPOCThIE YHUC-
na @epma 17, 257, nnm 85537.

e YHCIIo e Ha3bIBAETCA OTKPBITOM IKCIIOHECHTOM
e Bpewms, HeoOxoaumoe sl mUGPOBaHUS C UCIOJIB30BAaHUEM OBICTPOIO
BO3BEJICHUSI B CTETICHbB, IPONOPLIUOHATBHO YUCITY €IUHUYHBIX OUTOB B €
e CIMIIKOM MaJible 3HAUY€HUs e MOTYT OCclabuTh Oe3onmacHocTh RSA
5. Brruucasercs 4ucio d, ya0BIETBOPSIOLIEE YCIOBHUIO:
de =1 (mod ¢ (n)), wm de = 1 + k¢ (n), TIe kK — HEKOTOPOE YUCIIO.
e Yucino d Ha3bIBaeTCs CeKPETHOM IKCIIOHEHTOI.
e OOBIYHO, OHO BBIYMCISAETCA MPU TMOMOIIM PACIIMPEHHOTO AIrOpPUTMa
DBKJIAAA.
6. Ilapa P=( e, n ) myOIuKyeTcs B Ka4ecTBe OTKPBITOro Kiaw4a RSA.
7. Tlapa P=(d , n ) my0nuKyeTcsl B KauecTBe CeKPeTHOro Kiaw4a RSA.
[Tepenaua mudpoBanHOTO Co0OIIEHHS OT A K B mpousBoauTcs Tak.

B BbINONIHSAET:
e  B3sTb OTKpBITHIN KITIOY (€,71) CTOPOHBI A
e  B3daTb OTKpBITHIN TeKCT M
e [lepenars mudpoBanHoOE cooOIIEHUE P, (M ):M “modn
A BBINIOJTHSET:
o [Ipunsate 3amudpoBannoe coodmenue C
o [IpumeHUTH CBOW CEKpETHBIM KIIOU (d,n) Mg pacmudpoBKA COOOIICHUS:
S,(C)=C* modn

IIpumep.
Paccmotpum npumep Llndposanne u JemudppoBanre ¢ mOMOIIbIO OTKPBITOTO U 3a-
KpbITOro Kitouel Ha npumepe cioBa bJIOI'M. Co3gaaum napy Kiitouei.
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1.p=3 g=11
2. N=33
3. F(p,q)=20
4.¢=3
5.7*3 mod 20 =1, d=7

Mudposanmne. [lomygaem nudpooit skBuBaieHT cioBa bJIOI'U ¢ momoribio BbI-
YHUCJICHUSI UX TTOPSIIKOBBIX HOMEpOB B andapute Ludpooii sxksuBaieHT = 2(b)
13(JI) 16(0) 4(T") 10(M1). LlIudposanue npousBogutcs mo Gopmye y;=x; mod
N, rae x; nunudpoBoit SKBUBAJIIEHT OYKBE, OCTAILHBIC 3HAYCHUS TTOJTYICHBI BHITIIC.

y1=27 mod 33=128 mod 33=29

y2=137 mod 33=62748517 mod 33="7
y3=167 mod 33=268435456 mod 33= 25
y4=47 mod 33=16384 mod 33= 16
y5=107 mod 33=10000000 mod 33= 10

JMemmdpaums. Paciurdpposanue npouszBoautcs mo popmyine x;=y; d mod N. [Tocne
HEeOOJIBIINX PACUETOB MOTYYaeM:

x1=293 mod 33=24389 mod 33=2
x2=73 mod 33=343 mod 33=13
x3=253 mod 33=15625 mod 33=16
x4=163 mod 33=4096 mod 33=4
x5=103 mod 33=1000 mod 33=10

Ecnu cpaBHUTH X; C HOPSAIKOBBIMU HOMEpaMH OyKB Mbl ITosryduMm ciioBo bJIOT'U.
Taxum 06pa3om, YTOOBI BEIUMCIUTH CEKPETHBIN KITIOY, HYKHO:

¢ Brruucnuth de (IyHKT 5), U3 KOTOPOTO JIETKO OMpeaesieTcs d.

e Ho st 3T0T0 HYXHO 3HATH ¢ (1) = (p—1)(¢ —1), TO €CTH 3HATH p U q.

e TakuM oOpa3om, HauaJdbHOW OMepaluell ONMpPEeNeNCHUs] CeKPemHo20 Koyad SB-
JsieTcsl onepauus onepamus (pakTopu3alud, TO €CTh Pa3j0KEHHUs] HEKOTOPOro
OoJbIIOra YKcia Ha MPOCThie MHOXKUTENU 1 = pg. CaM MOAYJIb 7 HaXOJIUTCS B
OTKPBITOM KJIFOUE€ YYACTHUKOB MIU(ponepenayu.

8.7.2. AuroputMm pakropuzauuu llopa

AnroputMm axrtopusaiu [llopa cocTOUT B onpeeieHnu TPOCTHIX MHOXKUTENEH p
U ¢ JUIA 3aaHHOI0 4nucia M= pe g € UCHOJIb30BAaHUEM KBAHTOBOM CXEMBI IS OII-
pezesieHus nepruoja ¥ HEeKOTOPO (PyHKIIMU BUJA:

v, (x)=a*mod M

e x =0, 1,2, ..., N =2 a — mobGoe 4ucio, He UMerOIIee OOLMX JETUTENEH C
M.Paccmotpum 3T0 Ha npumepe, B3aroM u3 [28]. [lycte M = 15. Bribepem a = 2. B
ATOM CiIy4ae IMOCJIEI0BATEIbHOCTh YHCENl a0 MOIyNI0 15 mpencraBisiercs B cre-
IYIOILEM BUIE
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Takum 006pa3oM MOCIIENOBATEIHLHOCTh YUCET a* =210 MOAYI0 15 mpeacTaBisercs
B cienytomem Buzae: 1,2, 4,8, 1, 2,4, 8,..., TO €CTb UMEET NMEPUOJI 110 X PaBHBIA 7 =

4 u ynosnersopsier coctosaue 2° =1 mod 15. B o6mem ciayuae a’" =1mod M ,

napamMeTp # Ha3bIBae€TCs MOPSAKOM (PYHKIIUH a® mod M , korna a < M v He umeer
001X MHOXKUTENEH ¢ M.

Ecnau u3BecTeH mepuon », MHOXKHUTENIM 4yuciia M Onpenensitorcsi ¢ MOMOUIBIO
KJIAaCCHYECKOTO anroputMa EBKimma kak HauOOJBITHE OOIINE NETUTEIH TENbIX YH-

cen 2r/2 tluM g paccMaTpuBaeMOM IMpUMEpe 22 +1 = (5,3), TO ecTh 15 =
53.

Takum oOpa3om, rnaBHoe B anroputme [llopa - onpeneneHue neprona, 3areM ¢ax-
TOPHU3ALUS TPOU3BOIUTCS JIETKO.

OCHOBHOI Omepaiyei Mo BPEMEHH CueTa MPU ONPEACICHHH CEKPETHOTO KIlto4a
SBIISIETCS (DAKTOPU3AIMIO OONBIINX YHUCEN. 3a JOCTATOYHO KOPOTKOE BpPEMS 3TO MOXK-
HO CJlIelaTh C TIOMOIIbIO KBAHTOBOTO KOMITbIOTEpPA_HAa OCHOBE KBAHTOBOT'O aJiITOPUTMA
[Hopa. Pa3noxuB MOITyJIb 7 Ha TIPOCTHIE MHOKUTEIH, MOXHO OyAET BBIYUCIUTH CEK-
PETHBIN MOKa3aTeNb d.

8.7.3. Auropurma Illlopa Ha KBAHTOBOM KOMIIbIOTEPE

Paznoxenus yncina N Ha MHOKHUTENM € MIOMOIIBIO KIACCUYECKUX OINEPAIUU B
TpocTeifeM cilydae MOXKHO cenaTh myTeM jaeienus NHa 2,3, 4 uT. 1. 10 VN .
Yuciio 3JIEeMEHTAapHBIX ONEPALMIA B 3TOM City4ae OyaeT L*?, 10 ecTh SKCIIOHEHIANBHO
3aBUCHUT OT ymcia KyouTtoB B peructpe L. s L= 1000 notpedyercst MHOTO JIET pa-
00TbI cynepcoBpeMeHHO DBM.

B paccmarpuBaemom nanee anroputme lllopa, onucanue KOToporo B3sTo U3 [28],
UCIIOJIb3YIOIIEr0 KBAaHTOBOE TUCKpPETHOE NpeolOpazoBanre Pypbe, YUCIO ONEpaALHi
3aBHCUT OT L MOMMHOMHUAIBHO (~ L), To €CcTh MMeeT MeCTo SKCIIOHCHIHATBHBIN BbI-
UTPBILI IO CPABHEHHUIO C KJIIACCHYECKUMH METOIAMM.

Ha ceronnsiiinuii 1eHb OCHOBOM BBITIOJIHEHHS (DaKTOPU3ALMK OOJIBIINX YKCEN SB-
JSIeTCs QJITOPUTM ONpEIeNIeHUs IeproJia HEKOTOPO QyHKIUU. AJITOPUTM COCTOUT B
OIPENEIICHUH TPOCTBIX MHOXKHUTENEH p U ¢ JUIs 3aJlaHHOro 1enoro uucna M = p - q
IIyTEM HCIOJB30BAHUS KBAHTOBOW CXEMBI I ONPENEICHUs IIepruoaa ¥ HEKOTOpPOHr

L
nepuogudeckoit Gpyukuuu Buga y: M (x)= ax mod M, rae x ==0,1,... N-1, N = 2 ,
a — m000€e YUCII0, He UMEIOIee OOIUX JIeUTeNel ¢ pacCMaTpUBaeMbIM YUCIOM M.
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KBanrtoBsiii anroputm Illopa mcnone3yer nBa KBaHTOBBIX perucrpa X u Y, mep-
BOHAYaJIbHO HAXOJAIIMXCSA B HyJIEBOM cOCTOosHMM |0). B pernctpe X pasmennarorcs

apryMeHThl QyHKIHHA y, (x), TO ecTh N COCTOSHUI
|x> = |xL_l, xL_Z,...x0> = |xL_1> ®|xL_2>®...®|x0>.

BcnomorarenbsHbid peructp Y ucnonws3yercs Ui pa3MENICHUsS 3HAYEHWM CamMou
byHKIINA Y, (x) C MOJUJICKAILINM OIPEICIICHUIO IEPUOJIOM # . UUCTIO COCTOSAHUN pEeru-

L 2y 2
cTpa N=2 >M 2>r .

[TepBbIii 3Tall pacMaTpUBaEMOTO alrOPUTMA COCTOMT B MEPEBOJE HAYAIHLHOTO
3Ha4YeHMs |0) perucTpa X B B PaBHOBEPOSATHYIO CYNCPIIO3HIHMIO BCEX COCTOSHHIA
N=2L|x>=‘xL_l,xL_Z,...,x0>, myTeM TPHMEHEHUs omepanuu Youma Amamapa. Pe-

rucTp Y He MeHseTcs. B pesynbrare 11 CUCTEMBI IBYX PErucTpOB X U Y mosyyaercs
COCTOSIHHE

T N-1 R

1 {
B(x,0)) = \,-"'TZ ) |0) = \.-"'TZ 0, 0)

=0 S @l

Ecnu, nannpumep M = 15, naHHOE COCTOSIHUE €CTh

N—1 1 N—1

- 1 , - . }
ol ym(2)]) = TZ ) % |ym(x)) = -TZ ) % [2%med15) =

! 21
1

Wl pen ¥
:__—T( O) oo |1) 4 1) o0 |2) + |2) =0 [4) + [3) = |8) 4+ |4) =2 |1} + |5) = |2) +

%

+|6) @ |4+ T 8+ N -1 |2.w-| mod15))

TO €CTh MOCJIEA0BATENLHOCTL PYHKIMH y,(x)uMeeT nepuog r = 4.

Kaxnomy QukcupoBaHHOMY COCTOSIHUIO BTOporo peructpa (Y) coorBercTByeT
MOCJIEIOBATENIbHOCTh aMIUIMTYJ, OCTaBIIUXCs B mepBoM (X) peructpe. Hampumep,
eciu 3aUKCUPOBAHO COCTOSTHUE BTOPOTO peructpa(Y), To B mepBOM PETUCTPE COOT-
BETCTBYIOLIME YUCIIA OTJIMYAIOTCS Ha repuoy » = 4.

1 . . . . 1
W4 W

rae 0<I/<r<M; A = nenas 4acTb [%—1} . B paccmarpuBemom ciydae / = 2 - Ha-

YJaJlbHOE 3HaYeHue (ornpeaenseMoe BHIOOPOM (PUKCUPOBAHHOTO 3HAYEHUSI COCTOSHUS
BTOpOro perucrpa). Takum oOpa3oM, BTOPOM PETUCTP CIYXKUT AJisi MPUTOTOBIICHUS
NEPUOJUYECKOTO COCTOSHHSI B TIEPBOM PETUCTPE.

Ha BTOpOM 3Tarie BblIENECHHS NIEPUOJA # HAJl COCTOSHHE MEPBOr0 PErucTpa Mmpo-
U3BOJIUTCS onepalus npeodpazoBanust Oypwe. st npocToThl mycTh N TOUHO JEIUT-
cs Ha r, Tak 4yTo0 A=N/2 -1. B 3TOM citydae npeodpazoBanue Oypre ecTs:
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N—1

Ty \ TZ rj+t) = Z Je(h) k)

=0 b0l
rmue
A
o 2miljr + 1)
(k) = (vr/N) exp | —— &
=70 S (L)
BepoATHOCT MOMyYNTh COCTOSIHME |k) ONpENENIeTCs BRIPAKEHUEM:

2

&

plk) = | fo (k)] = (_{—12)

A
Z exp(2migrk /N
Il 1)

KOTOpPOE Kak BUJIHO HE 3aBUCHUT OT /. Tak kak OCHOBHOM BKJIaJ B p (k) maroT ciarae-
MBbI€, Y KOTOPBIX 7k/N OJIU3KO K 1IEJIOMY YHUCITy, TOUHEE

r _
3 <rk mod N <v/2

B ciyyae Manbix 3HaueHH 7/N 71 KOKIIOTO 7, MOYKHO TTOJTYYUTh OIEHKY ISl BEPO-
ATHOCTHU B BUJIC
plk) = 4/( )

OTcroma ciieyer, 4To 1Mo KpalHel Mepe ¢ BEpPOATHOCTBIO 4/7° ~0,405 M3MEpPEHHOE
3HAYECHUE IPUHUMAET JUCKPETHBIC 3HAUCHUS

I = ?H. rev =0.1,...r—1

To ecTh B pe3ynbTaTe KBAaHTOBOTO MpeoOpa3zoBanus Pypbe UCXOHAS CYNIEPIO3ULIUS
st M = 15 npeoOpa3yeTcsi B paBHOBEPOATHYIO CYNEPIO3UIUIO € TIEPHOI0M N/7.

* X
- 9|
N1 r r r

> pmdjH

&
4| L
=l N N NFr

» =y

N
N3mepenne BEPOSITHOCTH IO PUCYHKY IO3BOJISET ONPENCIUTh 3HAYEHUE k =v—,
r

uMesi KOTOpBIC MPU M3BECTHOM k/N, MOXXKHO HaWTH oTHoIeHue v/r. Ecmu v u r He
UMEIOT OOIIMX MHOXHUTEJIEH, MOXKHO OMPEICIUTh MEPUO]] ¥ MyTEM MpPeoOpa3OBaHUS
OTHOIIIEHUS V/7 K BUIly, KOT/Ia YACIUTEIbU 3HAMEHATENh HE UMEIOT OOIMUX HanOOb-
mux aenuteneit. [locie 3Toro ¢ momonisio anroputMa IBKIUAA JIETKO HAUTH U MHO-
JKuTesu yncna M.
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1.8. HekoTopbie pe3yabTaThbl 10 KBAHTOBBIM KOMIILIOTEpPaM

OO0t ypoBeHb MPAKTUUECKUX JOCTHXKEHUM MPEJICTABIICH HIKE B Tabsumile [29]:

Tun o6opynoBaHus Yucio CocTosiHHME Ha CETOIHS
KyOuTOB

KBanToBeili s3nemenT M-HE 2 IIpogeMoHCTpUPOBaH
KoMmruieke J0ruuecKkux 3JIeMEHTOB 2 IIpoaeMoHCTpUPOBaH
Aunroputm Jloitua 2 [IponeMoHCTpUpOBaH
KBaHTOBOE MOJEIMpPOBaHUE Heckonbko | IIpocThie 3KCIEPUMEHTHI
Anroput™ ['poBepa 3+ IIponemoncTpupoBan ¢ APM
JIuHus Tenenopranuu 3 IIponemoHCTpUpOBaHa
Augroputm llopa 16+ bynymee
KBanoBas mammmHa dakTopu3anuu COTHHU bynymee
KBaHTOBBIN KOMITBIOTED Tricsun+ bynymee

Ha ceronst B MHTEPHET MMEIOTCS CBEIEHHUS O pa3paboTaHHOM KommaHueid D-
Wave Systems kBanToBoM kommbrorepe Orion Ha 16 KyOMTOB 1 pabOTHI MO Ha-
palIMBaHUIO YUCIa KYOUTOB MpoAoKatoTcs. OIHAaKO, MOJHBIX CBEICHUN

10 3TOMY HAITPABJICHUIO HET.
B Pecny6nuke benapych nHTEHCHBHBIE PaOOTHI MO MO0 KBAHTOBBIM BBIYHCIICHUSM
npoBoasTcs B AH Pb u nHekotopsix By3ax [30].

8.9. CiioBaTh TEPMHHOB K IJ1aBe 8

BekTop cocTOsIHUSI — TTOJTHOE OMUCAHNE 3aMKHYTOM CUCTEMBI B BEHIOpaHHOM 0a-
3uce. 3aJaeTcs JIy4oM riibOepTOBa MPOCTPAHCTRA.

BoanoBasi pyHkuusi (BOJJHOBOW BEKTOP) — YACTHBIN Cllyyail BEKTOpa COCTOS-
HUSI, OHO U3 KOOPJMHATHBIX €ro MPeCTaBICHNN, KOT1a B KauecTBe 0a3uca BbIOU-
ParOTCs NIPOCTPAHCTBEHHO-BPEMEHHBIE KOOPINHATBHI.

I'mnb0epToBO NPOCTPAHCTBO (ITPOCTPAHCTBO COCTOSIHUN ) — COBOKYITHOCTh BCEX
NOTEHIUAIIBHO BO3MOKHBIX COCTOSIHUM CUCTEMBI.

JlexorepeHunss — (pu3nyecKuii mpoiecc, Npu KOTOPOM HapylIaeTcsl HeJIOKaJlb-
HOCTb M YMEHBIIIAETCSI KBAHTOBAsA 3aIyTAHHOCTh MEK/y COCTABHBIMM YACTSIMU CHC-
TEMBI B PE3YJIbTATE €€ B3AUMOJICICTBUS C OKpYKeHHEM. [Ipu 3TOM noacucTemsl
CTIPOSABIISIOTCS U3 HETTOKAJIBHOTO COCTOSIHUS B BUJIE OTJEIBHBIX CAMOCTOSITEIbHBIX
3JIEMEHTOB peaJIbHOCTH, OHU 000CabIMBAIOTCS, OTIEISIOTCS IPYT OT Jpyra, Ipuoo-
peTasi BUIUMBIE JIOKAJIbHbBIE (POPMBI.

3anmyTaHHOCTh — CM. HecenapaOelbHOCTb.

KBanToBasi cucTteMa — 3TO CIIOBOCOYETAHUE YKA3BIBAET HE HA pa3Mep CUCTEMBI
(MHKpPOYpOBEHb), @ Ha CIIOCOO OIMUCAHUS: Ha TO, YTO CUCTEMA OIUCHIBAETCS METO1a-
MU KBaHTOBOW TEOPUU B TEPMHHAX COCTOSTHUM.

KBanToBasi Teopusi — 3T0 onucanue 000l CUCTEMBI B TEPMUHAX COCTOSHUM,
HE3aBHUCHUMO OT TOTO, BEJIMKA CUCTEMA WJIM MaJla. Takoe ONKcaHue SBIISIETCS HA JaH-
HBI MOMEHT HanboJiee MOJIHBIM U3 BCEX APYTUX U3BECTHBIX ONUCAHUMN (PU3UUECKOM
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pPEaANThbHOCTH, TIO3TOMY BBIBOJIBI, IIOJYyUYCHHBIE KBAHTOBOW TeOoprel, uMeroT PpyHa-
MEHTAIbHOE 3HAUYCHHE U (POPMUPYIOT COBPEMEHHYIO KOHIICTIIINIO €CTECTBO3HAHUS B
LEJIOM.

Korepentnsblie cocTosiHusi (KOT€pEeHTHAs CYyTIEPIIO3UIINS ) — CYTEPIIO3UIUS YKC-
ThIX COCTOSIHUM, TO €CTh «HAJIOKEHUE APYT Ha JPYTra» OTACIbHBIX COCTOSIHUM, B KO-
TOPBIX MOXET HAXOAUTHCS 3aMKHYTasi cuctemMa. KorepeHTHOCTh 03HavaeT coriaco-
BAaHHOCTh MTOBEACHUS OTJIEIbHBIX COCTABHBIX YaCTE CHCTEMBI ITOCPEICTBOM HEJO-
KaJIbHBIX KOPPEJISALNI MEXTy HUMHU.

Kyo6ur (kBaHTOBBIN OMT) — eAuHUIIA KBaHTOBOM nHGopMaluu. B otnuuue ot 6u-
Ta (€IUHUIIBI KJIACCUYECKON MHGOPMAIINH ), KOTOPBIA TPUHUMAET TOJIBKO JBa BO3-
MOKHBIX 3HadeHUs (0 1 1), KBAHTOBBINM OUT MOKET HaXOJIUTHCS B CYNIEPIO3UIIAN
3THUX COCTOSTHUMU.

Martpuna njioTHOCTH — MaTpuIia (TabyrIa JIEMEHTOB), PU TTOMOIIA KOTOPOH
MOKHO OIKCHIBATh KaK YUCTHIE COCTOSIHUS (3aMKHYTBIE CUCTEMBI), TAK U CMEIIaH-
HBIE, TO €CTh OTKPBITHIE CUCTEMbI, B3aUMO/JICUCTBYIOIIME CO CBOUM OKPY>KEHHEM.

IpyHUMI Cynepno3uMU COCTOSTHUI — €CJTU CUCTeMa MOXKET HaXOIUThCS B
Pa3JIMUHBIX COCTOSIHUSX, TO OHA MOYKET HaXOAUTHCSA B COCTOSIHUSX, KOTOPbIE TOJTY-
YalO0TCsl OJTHOBPEMEHHBIM «HAJIO0KEHUEM» JIBYX WK 00JIe€ COCTOSIHUM U3 ATOr0 Ha-
oopa.

CMemianHoe cocTosiHue (OTKPBITas CUCTEMAa) — TaKOe COCTOSIHHE CUCTEMBbI, KO-
TOpOE HE MOKET OBITh OMTUCAHO OJTHUM BEKTOPOM COCTOSIHUS, @ MOKET OBITH (popma-
JIM30BaHO TOJBKO MATPUIIEH TIIOTHOCTH.

CocTosiHMe cuCTeMbl — peanu3alus py JaHHBIX YCIOBUIX OTJAEIbHBIX MOTEH-
[IUATBHBIX BOBMOXKXHOCTEH CUCTEMbI. XapaKTEepPU3yeTcss HAOOPOM BEJIMUKH, KOTOPHIE
MOTYT OBITh U3MEPEHBI Ha0Jt01aTeIeM, B TOM YUCIE B pe3yJibTaTe CaMOHA0III0ICHUS
(camoBO3/IEUCTBUS ). 3a1a€TCSI BEKTOPOM COCTOSIHUS WJIM MaTPULEH IJIOTHOCTH.

CnuH — BHYTPEHHSISI XapaKTePUCTUKA YaCTHUIIbI, HE CBSI3aHHAS C €€ JBUKECHHUEM B
POCTPAHCTBE U HE UMEIOIIAs KIacCUYeCKoro anaitora. UHoraa, s HariasiiHOCTH,
CIIUH IPEJICTABISIOT B BUJE «OBICTPO BPAIIAIOIIETOCS BOIUKA», YTO HE COBCEM KOP-
pekTHO. [l yacTuil co cnuHOM 1/2 MpOCTPaHCTBO COCTOSIHUM ABIISIETCS IBYMEPHBIM,
U B Ka4eCTBE 0a3UCHBIX COCTOSIHUM MPUHSATO BEIOMPATH CIUH-BBEPX U CIIMH-BHU3.

Yucroe cocTosiHMe (3aMKHYTasi CUCTEMAa) — TAKO€ COCTOSIHUE CUCTEMbI, KOTOPOE
MOKET OBITh OMUCAHO OJTHUM BEKTOPOM COCTOSIHUS.
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Hpunoxkenue 1. CynepIdBM cemeiictBa «<CKU®D» Psina 4.

Hacrosmuit maTepuan siBiseTcsi Kpatkoil BeIOOpkoit u3 padotel: C.M. AGpamoB,
B.®. 3aguenposckuid, A.b. [lImenes, A.A. MockoBckuil. CynepOBM Psna 4 cemeii-
ctBa CKU®. www.ict.edu.ru/vconf/files/11858.pdf

OmnsiTHBEIE 00pa3ubl Psna 4 cynep2BM cemeiictBa « CK®» 3amnannpoBaHbl K
pa3pabotke B 20082012 rr. [lannasie cynepOBM 0yayT uMeTs IpOU3BOAUTEILHOCTD
500-5 000 Tflops (0.5-5 Pflops) u BeIitie. OCHOBBIBasICh Ha MPOTHO3aX U IJIaHAX Be-
OYIIAX KOMIIAHUHM, MBI IPEYCMATPUBAEM BBIITYCK YETHIPEX MOCIEA0BATEIbHOCTEN

mozenen B pamkax Psana 4: CKU® 4.N, CKUD 4.W, CKUD 4.S, CKUD4.D.

[locnenosa- ) Cucrema CHcrema Cuerema
[Haccu HTkady
TEILHOCTH MO- MHHHMATBHAS cpess MAKCHMAILHAS
TereH CvIep-
i - [pou3BOAHTEILHOCTE, JICK- [THKOBAA TPOU3BOIHTEIBHOCTE,
BM cpok Bui- | —— T _ _
MyeKa rponoTpedaenye (IMKOBLIE) pasMep CHCTEMBI
CKH® 4.N 3 Tflops. 24 Tflops 48 Ttlops, 0.5 Pflops, 0.77 Pflops
3 kB, 2009 10.6 KW 85 KW 2 mrada 21 mxadp 32 mxada
CKH® 4.W | 4.5 THlops, 36 Ttlops, 72 THlops, 1.0 Pflops I.1 Pflops
3 kB, 2010 10.6 KW 85 KW 2 mrada 28 mkajon 32 mxadha
CKHD 4.8 9 Ttlops. 72 Tlops, 144 Ttlops, 2.0 Pflops 2.3 Plops
1 kB. 2012 0.6 KW 85 KW 2 mrada 28 mradgor 32 mkadha
CRH® 4.D 15 Tflops, 120 Tflops, 240 Ttlops, 7.7 Pflops 10 Pflops
2 k. 2012 6.2 KW 130 KW 2 mrada 64 mkada 84 mkadpa

Kaxxnas nmocnenoBaTeabHOCTh MOJIENEH OXBAaThIBAET IIMPOKUNA CIIEKTP MPOU3BO-
mutenbHocTU OT Heckoybkux Tflops o 1000 (Heckonbko Thicsv) Tflops u npemy-
CMaTPUBAET AOCTYIHOCTb JIJIsl HOTPEOUTEINS TPEX BUAOB U3EIIHIA:

o [lepconanbnas cynepdBM. Breruucnurens npeacrasisier co0oit 0HO waccu,
KOTOPOE MOKHO PacIoyIOKUTh Ha paboueM MecTe COTPYAHUKA, TeM Ooiee YTo
3TO W3JeNue OECIIyMHOE U UMEET BIOJIHE TTpremiieMoe (111 paboyero mecra)
anekTponoTpednenue. [lnkoBas mpon3BOAUTEILHOCTD TAKOTO BBIUYUCIUTEIS
MokeT ObITh OT Tpex 110 15 Tflops. 3ameTnM, 4TO BCSI KOMMYTAIUSI BBIYUCIIH-
TEJIbHBIX y3J0B CHCTEMHOW U BCIIOMOT'aTEJIbHOM CETH YK€ BBIIIOJIHEHA B paMKax
maccu. laccu siBasieTcss nepBbIM YPOBHEM 3aKOHUYEHHOT'O U3JIEIUS U CTPOU-
TEJNBHBIM OJIOKOM TSI 00Jiee KPYIHBIX CUCTeM (IKad, CHCTeMa U3 HECKOIbKUX
mkagdoB).

e CynepdBM nas gadopatopuii (KOHCTPYKTOPCKUX OTAEINIOB U T. I1.) IPEICTaB-
JsieT co00# OJIMH wiKkag, couepxaluii OT ABYX 0 BOCBMH IIACCH U BCIO HEOO-
XOJIUMYIO COEIMHUTENIbHYI0 HHPPACTPYKTYPY AJIA HUX: COCTUHEHUS] CUCTEMHOMU
CETH, BCIOMOTaTENIbHON CETH, CEPBUCHOM CETH, IMTOACUCTEM JIEKTPOIUTAHUS U
oxnaxaeHus. [InkoBasi MpOU3BOIUTENBHOCTh TAKOTO BHIYMCIUTEINS MOXKET OBITh
ot mectu A0 120 Tflops. [llkad sBasercs GeciryMHBIM 3aKOHYCHHBIM H3/1€ITH-
€M, a TaKXKe CTPOUTEIHHBIM OJIOKOM JUJIsl CHCTEM U3 HECKOJIBKUX HIKa(OB.
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o CynepkoMnbIOTEPHAasl CUCTEMA 011 KPYNHBIX CYNEPKOMNbIOMEPHBIX YEHMPO8
npeAcTaBisieT co00il Heckoabko (2—32 u Gosiee) mkahoB, 00bEAMHEHHBIX 00-
et uHPpPacTpyKTYpoOi: COeMHEHUSI CACTEMHOM CETH, BCIOMOTATEJIbHOU CETH,
CEpPBUCHOM CETH, TOACUCTEM AJIEKTPONUTAHUS U OXJIaxAeHus. [TukoBast mpous-
BOJUTEILHOCTh TAKOTO BhIYUCTUTENS MOXKeET ObITh OT 48 Tflops 1o 10 Pflops.

Takum o6pazom, cynepkommbioTepsl sipaa 4 cemeiictBa « CKU®D» oxBaTbiBalOT

OombI10€ pazHooOpasue 00acTel MPUMEHEHUS U ITUPOKUH TUAa30H MPOU3BO-
JTUTEIbHOCTHU.
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IHpuioxkenue 2

IHnaxoscknn I'..

I'pajdpuueckue npoueccopnbi:

1.I'pa¢uyeckue BoIYUCICHUSA
2. Herpaguueckue Boruucienusi. CUDA
HUcrounnku nuHGopMannm K MNPUI0KEHUIO 2

Munck
CenTsa0ps 2011 roga
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I'padpuueckne BLIYUCICHUAA.

1.1. Beenenue

1.2. Co3nganue rpadguyeckoro o0beKTa
1.3. I'papuueckoro xoHBeiiep

1.4. I'padmueckuii nmpoieccop.

1.1. BBeaenue.

Buneoxkapta, rpaduyeckuii npoueccop (auri. graphics processing unit, GPU) -
OTJZIEJIbHOE YCTPOMCTBO MEPCOHAIBHOIO KOMIBIOTEPA WJIM UTPOBOM NPUCTABKH, BBI-
HOJHsIoLIee rpaguuecKuil peHIepuHT (TIpoliecc co3aHus U300paKEeHuUs ).

B 1961 roay nmporpammuct C. Paccen Bo3riaBuil IPOEKT MO CO3JAaHUIO MEPBOM
KOMIbIOTEpHON UTphl ¢ Tpadukoit «Kocmuueckue BoitHb. B 1968 romy rpymnmoi
nox pykoBosctBoM H. H. KoHcranTrHOBa OblIa cO3/MaHa KOMITBIOTEPHAS] MATEMAaTH-
YyecKas MOJIEJNb IBUKEHUS KOIKHU — MyJIbTQuibM «Komreukay.

Pa3paboTku B 00s1acTH KOMIBIOTEPHON Ipa@uKy CHayajga JBUTajluCh JUIIb aKa-
JEMUYECKUM MHTEPECOM U IIJTM B HAYYHBIX yupexkaeHusx. [locrenenHo kommnbroTep-
Hasi Tpaduka MPOYHO BOLUIA B TOBCEIHEBHYIO >KHU3Hb, CTAl0 BO3MOXXHBIM BECTU
KOMMEpPYECKH yCIEeNIHble MpoeKThl B 3Toi obmactu [1]. K ocHOBHBIM cdepam mpu-
MEHEHUSI TEXHOJOTUI KOMITbIOTEPHOU rpa@uKU OTHOCSTCS:

e ['padmueckuii nuHTEpENC NOJIB30BATEINS.

o [{u¢poBas kunemaTorpadus, TeIeBUICHUE.

e [{udposas dotorpadus u >KMBOMHKCH.

e KOMIIBIOTEPHBIE UTPBI.

e Tpenaxépsl (ynpapiieHus caMONIETOM, TAHKOM).

e CucTeMbl aBTOMaTU3UPOBAHHOT'O MPOEKTUPOBAHUS.
e KomnptotepHasi Tomorpadus.

JIns penreHus 3TUX 3a1a4 BUICOKPUCTAIIT UCIIOJIB3YET MHOXKECTBO ITPOCTHIX BbI-
YUCIUTENbHBIX YCTOUCTB — AJIY, KOTOpBIE paboTalOT MmapamienbHo. SICHO, YTO BO3-
HUKAET >KEJIaHWE MCIOJIb30BaTh 3TOT MapajieNu3M i HerpaduyecKux BBIYUCIIE-
Huil. Tem Oosnee, 4TO 3a7a4 ¢ OOJBUIMMHM MacCHUBaMH, 3JIEMEHTBbI KOTOPBIX MOYKHO
BBIIIOJIHATh NTApAJIENIbHO, OKA3aJIOCh MHOXKECTBO KpOME BbIIICYKa3aHHbIX. I rias-
Hoe, 3T GPU ecth 31€ch U ceituac. Tenepp BaxHO pa3paboTaTh yIOOHYIO CUCTEMY
IIPOrPAMMHUPOBAHHSI.

1.2. Co3nanue rpapm4eckoro 00beKTa

GPU umeroT HETpaAUIIMOHHYIO apXUTEKTYPY, ICTOPHUUECKH ONIPEACIISIEMYIO Me-
ToaMu 00paboTKU rpaduueckoit nHPpopManuu. st moaydeHus TpEXMEPHOTO U30-
OpakeHusl Ha TJIOCKOCTH HYKHBI cieayromue mard [ 1]:

e Mo1eJInpOBaHNEe — CO3/IaHUE TPEXMEPHON MAaTEMaTUYECKON MOJIEJIN CIIEHBI U

00bexToB B Hel. Beimonnser CPU.

154



e PeHjiepuHr (BU3yalu3alys) — MOCTPOSHUE MPOEKIIUU B COOTBETCTBUU C BbI-
OpanHoU puznueckoi Mojenbio. Beimonuser GPU.

¢ BbIBO/I MTOJTy4EHHOTO M300pa)KEeHUs Ha YCTPOMUCTBO BBIBOJA - AUCIUICH WU
PUHTED.

Pennepunr cocrout B mpeodpazoBanuu 3D oO6bekTa B 2D kamp, mpu 3TOM YacThb
uHpOpMAIUU TepseTCs, MPEXKIE BCEro, 0 TyOnHe oobekTa. UToOb! cuenath 00BEKT
PEATMCTUYHBIM HCIIONB3YeTCs Pl MpueMoB. [[ist 3Toro OOBEKTHl MPOXOAST He-
CKOJIbKO cTaauii 00paboTku. CaMble BakHBIE CTaAuu ATO co3naanue Gopmsl (shape),
OOTSTHBaHUE TEKCTYpPaMH, OCBEIICHHE, CO3JaHNe TEPCIEKTUBHI, TTyOUHBI PEe3KOCTH
(depth of field) u crnaxxuanus (anti-aliasing). BpinonHeHne 3THX 11aros 6e3 pasje-
nenus pynkuuit mexxay CPU u GPU npuBoauTcst HUxXe.

Co3nanne Gpopmbl.

J171st TOro 4yToOBbI COCTAaBUTH IOCTOBEPHYIO KAPTUHKY C KPUBBIMU JIMHUSIMHU KakK B
OKpPY>KaloIlleM MUpE, MPUXOJAUTCS KOMIIOHOBATH (POPMY M3 MHOXKECTBA MEJIKUX Pop-
Mouek (moauroHoB). Hanpumep, uenoBeueckoe T€I0 MOKET HOTPEOOBATh THICSAUYH
7TuX (popmouek. Bmecre oHn OynyT 00pa30BbIBaTh CTPYKTYpPY, Ha3bIBAEMYIO KapKa-
COM.

%, " R -

Ha nwmmroctpanuu nokasan Kapkac pyKd, COCTaBJICHHbBIN U3 862 MOJIUTOHOB

KauecTBo BbIIIE, HO 3TO TpeOyeT yxe 3444 monurona
Co3paHne MOBEPXHOCTH KapKaca
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HNudopmanusi 0 MOBEpXHOCTH CKIIAJIBIBAETCS U3 TPEX COCTABIISAIOIINX:

e [[BeT: Kakoro moBepxHOCTH 1BeTa? OAHOPOHO JIM OHA OKpaIllleHa?
e TekcTypa: poBHas JI IOBEPXHOCTh, €CTh BMIATHHBI, OYT'PbI, pPUXTOBKA?
e OTpaXkarolas CmocOOHOCTh: OTpaXkaeT Jik cBeT? YUEeTKOCTh OTpaKeHUs ?

[Ipunanue "peanbHOCTU" OOBEKTY COCTOUT B 1I0100pe KOMOUHAIIMU STUX TPEX CO-
CTaBJISIONINX B PA3JIMYHBIX YACTAX U300paKEHUSI.

S T

JloGaBneHre MOBEPXHOCTHU K KapKacy yJIydIlIaeT u300paxeHue

OcBemnienue.

OcaellieHre Urpaer KIYEBYI0 poiib B ABYX 3¢ dekTax, MPUAAOIINX Oy IEHUE
Beca U 1ebHOCTH 00bekTaM: 3arenenus (shading) u Tenu (shadow). IlepBoiit addext
3aTEHEHMS 3aKIJII0YaeTCAd B M3MEHEHUH NHTEHCUBHOCTU OCBEIICHUSI 00BEKTa OT O]1-
HOM €r0 CTOPOHBI K Ipyrou. biarogaps 3aTeHEHUIO 1ap BBIVISLAUT KPYTJIbIM, BBICO-
KHE CKYJIbI BRIMUPAIOT HA JIUIIE, & OJESII0 KAKETCSI O0BEMHBIM M MSITKUM. ITH Pa3iiu-
YKl B MHTEHCUBHOCTH CBETAa COBMECTHO C (POPMOI yCUIIUBAIOT WILTIO3HIO, YTO OOBEKT
KpOME BBICOTHI M IIUPUHBI UMEET e1ie U T1youny. Mmmo3us Beca co3maeTcss BTOPbIM
3¢ pexToM - TeHBIO.

[ToacseTka n00aBgAET MIyOUHY OOBEKTY Uepe3 3aTEHEHUE, HO U "TPUBSI3bIBAET" 00b-
eKT K 3eMJIe TIOCPEJICTBOM TEHHU.

IlepcnexkTHuBa.
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Ecnu BcTtath Ha 000YMHY AJTMHHON NPSIMOW JOPOTH U MOCMOTPETH Bliajib, TO BaM
MOKAYKETCS 4TO MPaBasi v JIEBas M0J0ca JOPOTH CXOAATCA B TOUKY Ha TOPU30HTE.
Ecnu Bce 00BbeKTHI Ha 3KpaHe OyAyT CXOIUTHCSA B OAHY TOUKY, TO 3TO U OyJEeT Ha3bl-
BaThCS IEPCIIEKTUBOM.

Touka
HEYE3HOBEHHA

i~
* -
§ X

Ha mpuBeaeHHOM WITIOCTpAIIUU PYKH BBITJISIST pa3AelieHHBIMHU, HO Ha OOJIBITTHH-
CTBE CII€H OJTHM OOBEKThI HAXOAATCS BIEPEAN U YACTUYHO 3aKPHIBAIOT BUJ] HA IPyTHE
00BEKTHI. JIJIs1 TaKUX CIIeH HEOOXOJUMO YUUTHIBATh HH(DOPMAIIHIO, KAaKUE OOHEKTHI
3aKpBIBAIOT APYTHE U HACKOJIBKO CHIIbHO. Hanbomee 9acTo JyIst 5TOro MCIONIb3yeTcs
Z-6ydep (Z-Buffer). Z-6ydep npucBanBaeT KaxioMy MOJUTOHY HOMEDP B 3aBUCHMO-
CTH OT TOTO, HACKOJIBKO OJIM3KO K MepeIHEMY Kpalo CIIEHBI pacIoiaraercs 00bexT,
coJiep KaIuii 3ToT MoauroH. OOBIYHO MEHBIIINE HOMEpa MPUCBAUBAIOTCS OJMKAIIUM
K 9Kpany nojuronam. OOBEKT ¢ CaMbIM MAJICHBKUM Z-3HaueHHuEeM OyIeT MOJTHOCTHIO
IPOPUCOBBIBATHCS, APYTHE KE OOBEKTHI C OOTBITMMH 3HAYCHUSIMU Oy YT TIPOPHUCO-
BaHBI JIUIITh YACTHYHO.

I'nyOuna peskocTu

[To mepe ynanenust o0beKTa oT HaOIIOAaTENsI OYACT MOTEPs pe3KOCTU. ITO TOXKE Ha-
710 peasnu30BaTh.

Touka
HCUEZHOBEHHA

§ o

DTO TOJNBKO HEOOJNBIIOE KOJIMYECTBO MPHUEMOB, MPUMEHSIEMBIX ISl MOBBIILICHUS
PEATMCTUYHOCTH PATU3yeMbIX KOMIBIOTEPOM H300paxkeHUi. Bce mpuBeneHHbie mo-
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CJIEIOBATENIFHO peau3yeMble JCUCTBUA HaJ M300paKeHHM COCTaBISIOT Tpadude-
CKHMM KOHBEMEDP, KOTOPBIM PEANM3yEeTCs POrPAMMHO-ANIIAPATHBIMUA CPEACTBAMM.

1.3. I'padpuyecknii kKoHBeiep

['padmyeckuii kKoHBelep MpeACTaBIsIeT COOOW ammapaTHO-IPOTPAMMHOE YCTPOM-
CTBO, KOTOPOE€ MEPEBOAUT OOBEKTHI, OMMCAHHBIE B TPEXMEPHOM IpocTpaHcTBe XY Z,
C YYETOM MOJI0KEHHSI HAOII0JaTeNsl, BO MHOXKECTBO MUKCEIEH Ha SKpaHe MOHUTOPA.

O6paboTka 00bekTOB B GPU npon3BoauTCs ¢ MOMOIIbIO CIIEHUATIBHBIX POrpaMM
- mekaepos, BeimodHseMbIX BHYTpu GPU. Jlo0Oas BuaeokapTta moaaep>KMBAET He-
CKOJIbKO THIIOB LIEHIECPOB:

e BepiMHHBINA [IEHAEp ONEpPUPYET PACIOJOKEHHEM Y3JI0B IPOCTPAHCTBEHHOU
ceTKu, kotopas hopmupyet kapkac 3D-monenu. Kak Mbl 3Haem, Touka B 3D rpa-
duke 3agaeTcs, Kak MpaBuiio, HAOOpoM u3 4-x 3HadeHui (X,y,z,w). KoMmmnonent w
SBJISIETCS. MacIITaboM

e [[yTem nmporpaMmMupOBaHHs BEPIIMHHBIX LMIEUIEPOB MOKHO M3MEHATH PacIoJIO-
KEHHE 00bEKTa B IPOCTPAHCTBE U PACCUUTHIBATH A((HEKTHI €ro OCBELICHHUS.

e [IukcenpHbIe MIEHIEPHI TO3BOJSAIOT U3MEHUTH TEKCTYPY BUPTYaJIbHOW KOXKHU 00B-
€KTa, IPUAaBasi € COOTBETCTBYIOIIYIO (DAKTYypy U IIBET.

I'eomeTpryeckue menepbl akTUBUPYIOTCS IPU OBICTPOM IMPUOIMKEHNN O0BEKTA K
3pUTEINIO. 100aBIAs N300paXKEHNIO HEOOX0IMMBbIE TOAPOOHOCTH ISl peannu3ma.

['paduueckuii kKoHBEHep UMEET CIIETYIOIINE ITATIbI:

Jran 1. Buauane Buaeonponeccop noaydaet or CPU undopmanmio 06 o0bek-
Tax, KOTOpbIe HEOOXO0IUMO 00padbOTaTh U CIICHE:

e Onucanue 0OBEKTOB ISl BU3YyaIU3alliy, TPEICTABICHHBIX B BUJIE CIHCKA BEp-
IIMH 7151 K&KI0ro oObekTa . i Kak10M BEpIIMHbI 33JJaHbl KOOPAUHTHI, HOpMa-
M, 1IBET, TEKCTypa u Jp.

e OnicaHue CIIeHbI, KOTOPOE B IPOCTEUIIIEM CITydae BIIOYACT pa3MeEPhI CIICHBI,
pacmoioKeHre KaMephl (HAOII0AaTeNs1) U ICTOYHUKOB CBETA.

e Pacmionio’keHME | 1032 00OHEKTOB.

npogiyAA Ha MOAeNs CUEHD
Jpan B NAMATA KO LDTEDS

Cxema MMpoCHUPOBaHMA CLICHBI HA OKPaH KOMIIBIOTCPA

Jrtam 2. 3aTeM BCTYMAeT BEPIIMHHBIN Mpoueccop sAapa (s1ep MOKeT ObITb MHO-
ro). OH Ha OCHOBaHWU MOJYYCHHBIX JAHHBIX CTPOUT KOHKPETHBIN OOBEKT B MPO-

158



CTPAHCTBE CLIEHBI ¢ (PUKCUPOBAHHBIMU KOOPIWHATAMH, HAa3bIBAEMbII BEPLIINHOM
(vertice). Ha aTom miare rpaduueckoro KoHBeiiepa Bce BEpIIMHBI 00bEKTOB MOIBEP-
ratorcst ahpUHHBIM MPEe0OPA30BAHMSM - BPALLEHUIO, MACIITAOMPOBAHUIO U IIEpEME-
LIEHUIO. 3a ATOT IIar OTBEYAETAK K€ BEPIIMHHBIN Wenaep. Becemu BU3yanmbHbIMU
npeoOpazoBanusaMu B 3D-rpaduke ynpapisitoT Matpuilbl (CM. Takxke: ahPuHHOE
npeoOpazoBaHue B JIMHEHHON anredpe). B komnbroTepHOH rpaduke UCIOIb3YETCs
TPH BUJA MaTPHIL:

® MaTpuULa IOBOPOTA

® MaTpHUILa CABUTra

® MaTpulla MacIITaOMPOBAHHUS
311ech K€ MPOUCXOUT PACUET OCBEIIEHHOCTH B BEPIIMHAX B 3aBUCUMOCTH OT KOJIU-
4YEeCTBA, MECTA MOJIOKEHHSI M TUIIA HCTOYHUKOB CBETA. BepIIMHHBIN e aep nomsyya-
€T Ha BXOJ[ OJIHY BEPIIHHY, COAEPKALLYI0 KOOPIAUHATHI B JIOKAIBHON CUCTEME KOOP-
JMHAT, ¥ BBIJAET €€ KEe, HO YXKe TPaHCPOPMUPOBAHHYIO B KOOPAMHATAX CUCTEMBI Ha-
omomarens (Kamepsl).

31ech BepIIMHBI 00padaThIBAIOTCS B BEPIIMHHBIX MpoIieccopax B pexkume MIMD
(MHOKECTBO KOMaHJ — MHOXECTBO JIaHHBIX ). J[pyrumu cilioBaMH, HECKOJIBKO BEp-
IIMHHBIX IIEHIEPOB OJJHOBPEMEHHO pa0OTAIOT HA/l pa3HBIMU OOBEKTaAMHU.

Jran 3. Cnenyroias 3Tan KoHBeepa — coopka. Ha aToMm sTamne BepiivHbl COOU-
paroTCsl B MPUMHUTHUBBI — TPEYTOJIbHUKHU (TTOJUTOHBI), IMHUU WU TOUKU. [lo0uepkném,
YMo HU O KAKOM BUOUMOM 00beKme NoKa peydsb He UOEém, Imo aOCmpakmuas ungop-
Mayusi 0 Mom, 4mo 8epultHbl 00beOUHEHbl 8 KAKOU-MO 2e0MempUulecKuil 00bexkm.

Irtan 4. Dta nuHGOpPMAIUS TEPEXOTUT AAIBINE IO KOHBEHEPY — B TUKCEIBHBIN
IPOIIECCOP, KOTOPBIHM Onpe/ensieT KOHEYHbIE TUKCEIH, KOTOphIe OYIyT BHIBEJCHBI B
KaJpoBbIil Oydep, M MPOBOIUT HAJl HUMH PA3IUYHbBIC ONEPAINN: 3aTeHEHNE WA OC-
BELIEHUE, TEKCTYpUPOBAHUE, MPUCBOCHHE LIBETA, JAHHBIX O Mpo3payHocTy U T.1. Han
MUKCEJISIMU MPOBOANUTCS Z-TECTUPOBAHUE (BBIACHSETCS IITyOUHA KaXK10M TOYKH, TaK
KaK Mbl TOBOPUM O TPEXMEPHOM M300PaKEHHH ), U TUHUU CTIIAKUBAIOTCS
(antialiasing). Bcst aTa madopmanms nepeaaéTcst Ha CAeayONTyIo CTaauio (Z-1aHHbIe
— B Z-0ydep).

Z-0ydep npencrapiseT co00i TByMEPHBI MaCCUB, KXK/IbIH DJIEMEHT KOTOPOTO
COOTBETCTBYET IUKCeIy Ha 3kpaHe. Korjga BujeokapTa OTpUCOBBIBAET IMUKCEI, €r0
yAaNEHHOCTh MPOCYUTHIBACTCS M 3aNTUChIBACTCS B ssueiky Z-0ydepa. Ecnu nukcenbl
JIBYX PUCYEMbIX OOBEKTOB MIEPEKPHIBAIOTCA, TO X 3HAUYEHUS INTyOUHBI CPaBHUBAIOT-
Csl, U PUCYETCs TOT, KOTOPBIN OJIMKE, a €ro 3HaueHHe yIJIEHHOCTH COXPaHsIeTCs B
oydep. [Tomygaemoe npu 3TOM rpadudeckoe n300paxeHnue HoOCUT Ha3BaHue z-depth
KapTa, MpeICTaBiIsgIonas coO0i MOIyTOHOBOE TpadudecKkoe N300paKeHNe, KaXKIbIi
IIMKCEJ KOTOPOI0 MOKET NMPUHUMATh 10 256 3HaueHni ceporo. [1o HuM onpenenser-
Csl yIan€HHOCTh OT 3pUTENS TOTO WIIM MHOTO 00BbeKTa TpexmepHou cueHbl. Kapra
MIMPOKO IPUMEHSETCS B TOCTOOPaOOTKE sl NpUJIaHU 00bEMHOCTU U PEATUCTUYHO-
CTH U cO31a€T Takue 3PPeKThl, Kak r1yOrnHa pe3KocTu, aTMOchepHas AbIMKa U T.I.
Taxxe kapTa ucrnonb3yerca B 3D-nakerax sl TEKCTYpUPOBaHHUS, JI€1ast MOBEPX-
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HOCTB penbedHoi. Z-0ydep oueHb 3 (HEeKTUBEH U MPAKTUIECKH HE UMEET HEI0CTAaT-
KOB, €CJIM PeaIn3yeTcsl anmapaTHo.

Jrtan 5. 13 Z-6ydepa BEIUNTHIBAIOTCS JAHHBIE O PACIIOJI0KEHUN KOHKPETHBIX
HUKCENeN, 4TOObl OTOPOCUTH T€, KOTOPBIE OYIYT CKPBITHI IPYTUMH OOBEKTAMH U HE
BUIHBI TI0JIb30BaTEN0. dparMeHThl CHOBA COOMPAIOTCS B MOJIUTOHBI, COCTOSLINE U3
OTJIEJIbHBIX MUKCENEH, U BECh MACCUB YK€ OTpaObOTaHHON KapTHHKH MepeaaéTcs B
KaJIpOBBIN Oydep M1 oCIeyIOIIero BEIBOIAa Ha DKpaH. ITa TEKCTypa 00padaThiBa-
€TCsl B MUKCEJIbHBIX MPOLeccCopax KOTOPHIE MO KiIacCu(UKaMi MHOTOIPLIECCOPHBIX
CHCTEM MOTYT ObITh KiaccupuurpoBansl kak SIMD.

Bort Takon npouecc 1 Ha3bIBAETCSI KOHBEUEPOM.

1.4. I'padpuyeckuii nmpoueccop.

Buneoxapra npenHazHadeHa uisi mpeoOpa3oBanus rpaduaeckoro odpasa, xpa-
HSIIETOCS B MaMSTH KOMIIbIOTEpa, B GOpMy, IPEeIHA3HAYCHHYIO JIJISl JAIbHEUIIIEro
BBIBOJIa HA SKpaH MOHUTOpA. BuaeokapTa COCTOUT U3 CIEAYIOIINX OCHOBHBIX YacTe:

e rpaduueckuii nporeccop (Graphics processing unit — rpadudeckoe mporeccop-
HOE€ YCTPOMCTBO) - 3aHUMAETCS PacYETaMH BHIBOJAMMOTO N300paKCHHS,

® BUJICOMAMSITD - BBIIIOJIHSIET POJIb KaApoBOro Oydepa, B KOTOPOM XPaHUTCS U30-
OpakeHHe, TeHEPUPYEMOE U TIOCTOSIHHO U3MEHAEMOE rpapuuecKUM MPoLEecco-
POM U BBIBOJUMOE Ha 3KpaH MoHUTOpa. ['paduueckue nporeccopsl Takxke Uc-
MOJIB3YIOT B CBOEH paboTe 4yacTh OOIIel CUCTEMHON MaMsITH KOMIIBIOTEPA;

® I (PpO-aHATOrOBBIN MPeoOpa30BaATEND - CIYKUT JIJIs IpeoOpa3zoBaHus n3o00pa-
KEHHs B YPOBHHM WHTEHCHUBHOCTH I[BETA, I10/1aBa€MbI€ Ha aHAJOTOBBIH MOHHUTOD.

OCHOBHBIM 3JIEMEHTOM KapThl SBJSETCS TrpaguuecKkuil mporeccop, KOTOphId He-
MIOCPEJICTBEHHO U 3aHUMaeTCs OPMUPOBAHUEM caMOTO Tpaduueckoro oopasa.

VY rpaguueckoro mnpoueccopa BUACOKApThl paboTa MpocTas U pacnapajiesieHHas
U3Ha4YaJIbHO. B COOTBETCTBUH C OMMCAHHBIM BBIIIE I'papueCKUM KOHBEWEPOM BU-
JICOYUI PUHUMAET Ha BXO/JIE TPYIIIY MOJUTOHOB, TPOBOAMUT BCE HEOOXOUMBIE OTIe-
pauuu, U Ha BBIXO/I€ BBIIAET nuKceau. OO0padoTKa NOJIMTOHOB U MMUKCENIEH HE3aBU-
CUMa, X MOHO 00pabaTBaTh MapamieabHo, OTACIBHO APYT OT Apyra. [loaTomy, u3-
3a U3HAYAJIbHO NapajiyienbHON opranu3anuu padotsl B GPU ncnonsidyercs 6osbiinoe
KOJIMYECTBO MPOCTHIX UCTIOJTHUTENbHBIX OJIOKOB.

Crnenaem KayeCTBEHHYIO OLIEHKY KOJIMYecTBa 3TUX 0JI0KOB. [IycTh ciieHa umeet
pazmep 2.103x%2.103 nukceneit. Toraa nomxydaem:

e Ynicito nukcenos ciensl —4.10 °

e [[prumMepHOE YKcIIo MIIaBAIOIIMX ONepaluii Ha 00padoTKy ojHOro nukcena — 500

e Unciio TaktoB cuuxponusarnuu Ha 1 Flop =5

e OGIIee YHCII0 OJJHOTAKTHBIX oreparuii -5 x 4.10°x500 = 10" . TpeGyemoe GbI-
crpogectBre 11s 50 kampos B cex - 10'° x50 =15.10"" om/cex

e Tpe6yemoe uncio AJIY (SP) - 5''/5.10° = 100
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BriBoa oueBuieH — U1 0OecriedeHrsI KOMITbIOTEPHOU rpad UKy HyKHBI TTapauiesb-
HBIE€ BBIYHUCIICHUS C C OOJIBIIUM YHCIOM BBIYMCIUTENbHBIX 3JIEMEHTOB.

OCHOBHO BBIUNCTUTENBHBINA 371EMEHT rpauyecKoro mporeccopa - MOTOKOBBIMI
npoiieccop (Streaming Processor — SP). SP npomie CPU yHuBepcaabHbIX MPOLECcCo-
POB 1O CIAEAYIOIIHUM MPUYUHAM:

e O0paboTKa MOJUTOHOB U MUKCEJICH He3aBUCHMa, UX MOXKHO 00pabaThIBaTh ma-
paJIeNbHO, UX JIETKO 3arpy3UTh, B OTJIMYHE OT paclapauieIMBaHMs OCIEA0Ba-
TenbHOro notoka koMau st CPU. [ToaToMy He Hy>KHBI OOJIBIIINE KOJIMYECTBA
TPAH3UCTOPOB U IUIOIAAL Ha Oydephl KOMaH/I, annapaTHOE MpeACKa3aHue BETB-
JICHUS U OTPOMHBIE 00BEMBI HAUMTIOBOM KAIII-ITAMSITH.

e Buieounribl mpeiHa3Hau€Hbl AJIs apaieIbHbIX BHIYUCICHHUHN ¢ OOJIBIIUM KOJIH-
4yecTBOM apudmeTnueckux omnepaiuii. M 3HaunTebHO OOJIbIIEE YUCIO TPAH3H-
ctopoB GPU paboTtaeT o npsiMoMy Ha3HA4YCHHIO - 00pab0OTKEe MAaCCUBOB JIAHHBIX.

Taxum 06pa3omM, TOTOKOBBIE MPOLIECCOPHI 0 cymiecTBy sABisitoTcss AJIY, a He kiac-
CHUUYECKUMHU MPOLIECCOPAMH.

Cnenaem KadecTBEHHYIO OLIEHKY TpeOyemoro o0beMa o0opyAoBaHUs rpaduye-
CKOTO Iporeccopa. B Tabnuiie HIKE MOKa3aHO KOJIUYECTBO TPAH3UCTOPOB, HEOOXO-
JTUMOE JIJ1a TOCTPOCHUS Pa3IMUHBIX Y3J10B 00bI4HOro Kommnbtorepa (CPU). .

N | CtpykTypa Uucino TpaH3uCTOpOB
1 Cymmarop (32) 30000
2 16 POH 16000
3 [Tpouieccop (32) 300000

N3 Tabauiel BUAHO, YTO YHCIIO TPAH3UCTOPOB B Iipotieccope u AJIY otnuyaercs
Ha nopsiAoK. Ha pucyHke nmokaszaHo, 4To MpH TEX e pa3Mepax KpUCTallia, Ha HEM
MOHO TIOMECTUTh 3HaYUTEIHO OosbIe SP, uem nporecopos CPU. B CPU 310 Me-
cTo Ha kpuctasuie Tpatutcs Ha namsaTh (Cache DRAM) u ynpasnenune, a B GPU —
npeumyiectBeHHo Ha AJIY. Cuuraercs, yto konudecTBO SP Ha Kpuctamie rpadu-
YECKOIr0 MpoLeccopa MOKET COCTBIISATh COTHH U THICSYH.

Control ALU ALU

CALU ALU

CPU GPU

Jliis mpuMepa HUKe MpejcTaBieHa CTpyKTypHas cxema koHkpetHoro GPU cpen-
Hero kiacca NVIDIA GeForce 8800. Beero B Helt 128 AJIY, koTopble KOHCTPYKTHB-
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HO O0OBEAMHEHBI B B § MYJIBTUIIPOIIECCOPOB (SAEP), KAXKIABIA U3 KOTOPHIX OCHAIICH
YETBIPEMS TEKCTYPHBIMHU MOYJIIMH B 001mM L 1-kammem.

Kaxpoe snpo npeacrasisier coOoil aBa MmeiAepHbIX Mporeccopa (COCTOSAUX U3
BOCBMH MTOTOKOBBIX MPOLIECCOPOB KaX/IbIH ), P ’TOM BCE BOCEMb OJIOKOB UMEIOT
JOCTYI K JTt000oMy U3 mectu L2-k3mieid u K 1000My U3 IIECTH MACCUBOB PETUCTPOB
00111eT0 Ha3HAYEHHUS.

Ha kaxxzipie ueTbIpe MOTOKOBBIX Mpolieccopa MPUXOAUTCS OAUH TEKCTYPHbBIN
0JI0K, BKJIFOUArOIIUi oiuH 610K agpecaruu Tekctyp (Texture Address Unit, TA) u
nBa 6soka guibtpanuu Tekeryp (Texture Filtering Unit, TF).

Host

} |

Input Assembier Setup | Rstr | 2Cull

CrpykrypHas cxeMa rpadudaeckoro nporeccopa NVIDIA GeForce 8800
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2. Herpaguueckue spruucienus. CUDA .

OruasJjienune

2.1. Beeneuue

2.2. Moaenb nporpaMMUApPOBaHUs

2.3. Opra"u3zanys naMsTi

2.4. Pacuiupenue s3bika Cu

2.5. [IporpamMma yMHOKEHUSI MATPUIL B pa3aeiIsieMON MaMsITH
2.6. Ycranoka CUDA

2.1. BBegenue

Cuuraercs, uto k 2015 roay rpadudeckuii mporeccop - GPU (graphics processing
unit ) OyAeT cojaepxaTh HECKOJIKO ThICAY siiep, a OwbicpopeiicTBue aocturHer 20
Tdnomnc [2] . T0 nenaet BO3MOKHBIM UCIIOJIB30BaTh BUJCOUHUIIBI ISl HErpauuCcKuX
BbIUMCIIEHUN. W Takue BBIUMCICHUS YK€ peanu3yrorca [3]. YcTaHOBIEHO, 4TO B
cpeaHeM, npu nepeHoce BoruuciaeHnid Ha GPU, Bo MHOTUX 3aja4ax JOCTUTAETCs ycC-
kopenue B 5-30 pa3, o CpaBHEHHIO C OBICTPHIMU YHUBEPCATHHBIMH MPOIIECCOPAMHU.

Jlnis Herpaduveckux BblunciaeHuid Ha GPU wucnonb3yercs TexHosgoruss GPGPU
(General-purpose graphics processing units) —HuCHoJIb30BaHUS rPpa)uuecKoro mpo-
eccopa BHIEOKAPTHI JJIsl BHINOJHEHHUST 00beMHbIX pacuéToB. Kommanuss NVIDIA
pazpaboTana peanuzanuio 3Tod TexHojoruu noj HazBanuem CUDA (Compute
Unified Device Architecture).

CUDA 310 C-no1oOHBIN S3bIK MPOTPAMMUPOBAHUS CO CBOMM KOMIWISTOPOM U
oubnuorexamu 11 Beruncnenuit Ha GPU. CUDA crpoutcs Ha koHuenuuu, uro GPU
BbICTymaeT B posnu comporeccopa k CPU. IIporpamma nHa CUDA 3aaeicTByeT Kak
CPU, Tak u GPU. Ilpu 3TomM 00BIUHBIN (ITOCIIEAOBATENBHBIN, TO €CTh HEMapasjieib-
HbI) Ko7 BhIMonHseTcss Ha CPU, a 11 MacCUBHONApaIJICIbHBIX BBIYUCICHUI COOT-
BeTCTBYIOIUHI KoJ BhiToyiHgeTcst HAa GPU kak Habop OJHOBPEMEHHO BBITTOTHSIONTUX-
cst HUTeH (MoToKOB, threads).

CUDA paGotaer Ha rpadudeckux mporeccopax Buaeoyckoputeneit GeForce
BocbMoro nokosienus u crapuie (cepuu GeForce 8, GeForce 9, GeForce 200).

Cpena pazpadotku CUDA (CUDA Toolkit) Bkitouaert:

® KOMIIWJIATOP NVCC;

® MpOo(UITUPOBIIHK;

e otnamuuk gdb nns GPU;

e CUDA runtime apaiiBep B KOMIUIEKTE CTaHAAPTHBIX ApaiiBepoB NVIDIA

® PYKOBOJICTBO 10 IPOrPAMMHUPOBAHHUIO;

e CUDA Developer SDK (ucxoaHblii KOJ, yTUIUTHI U JOKYMEHTAIIHS).

Nmeercs nBe OMOIMOTEKHA:
e CUBLAS — CUDA Bapuantr BLAS (Basic Linear Algebra Subprograms),
NpeaHA3HAYCHHBIN ISl BBIYMCICHUM 3a/lad JIMHEWMHOW anreOpbl U MCIOJIb3YIO-
Ui npsiMoi JoctyI K pecypcam GPU;
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e CUFFT — CUDA Bapuant Oubnuoreku Fast Fourier Transform mns pacuéra
ObicTporo mnpeodpazoBanusi Dypbe, MUPOKO HCIOIB3YEMOro NpH 00padoTKe
curHaioB. l[logaepkuBaroTcst cieayronye THUIBI mpeoOpa3oBaHMil: complex-
complex (C2C), real-complex (R2C) u complex-real (C2R).

2.2. Moaeab nporpaMMHpOBaHUS

s pemenns 3agad CUDA ucnonb3yeT o4eHb 00IbIIoe KOTMYECTBO Mapajuiesb-
HO BBITIOJTHAEMBIX HUTEH, MPU 3TOM OOBIYHO Ka)KJIOH HUTH COOTBETCTBYET OJIUH dJie-
MEHT BBIUUCIIIEMBIX JIaHHBIX. BCe 3amyliieHHbIe Ha BBITTOJIHEHUE HUTH OPTaHW30BaHbI
B CJIEYIOILYIO HEPAPXUIO.

Bepxnuii ypoBenb uepapxuu cerka (grid) COOTBETCTBYET BCEM HUTSM, BBINOJ-
HSIOIIMX JaHHOE sapo. BepxHuil ypoBeHb MpeCTaBiIsSIET U3 ce0sl OJHOMEPHBIN WU
IBYXMepHBIN MaccuB 010K0B (block). Kaxpiit 070K 3TO 0JJHOMEPHBIH, IBYXMEHBIH,
TpexmepHbIi MaccuB HUTeH (thread). [1pu aToM Bce 610KH, 00pa3yrolyue CETKy, UMe-
10T OJMHAKOBYIO Pa3MEPHOCTH U pa3Mep.

Kaxxplii OJIOK B CETKE MMEET CBOM aJpec, COCTOSIINI U3 OJTHOrO WX JBYX HEOT-
PUIIATENBHBIX TENBIX uYnceN (MHAEKC OJIoKa B CeTKE). AHAJOrMYHO Kaxaas HUThH
BHYTpH OJIOKa Tak)Ke€ MMEET CBOM ajjpec OIHO, BA WJIM TPU HEOTPHUIIATEIbHBIX IIe-
JBIX YUCIIA, 3aJAI0NINX WHACKC HUTH BHYTpHU OJIOKA.

B110k1 MOTOKOB BBIMOJTHSAIOTCS B BUJI€ HEOOIBIIUX TPYIII, Ha3bIBAEMBIX wWarp, pas-
Mep KOTOPBIX - 32 MOTOKa. DTO MUHUMAJbHBIM 00bEM JaHHBIX, KOTOPHIE MOTYT 00-
pabaThIBaThCsl B MyJibTUIIpolieccopax. M tak kak 3To He Bcerna ynoono, CUDA mno-
3BOJISIET pabOTaTh U ¢ OJI0KaMHU, CoJiepKauMu oT 64 10 512 MOTOKOB.

['pynnupoBka 0JI0KOB B CETKH MO3BOJIIET YUTH OT OTpAaHUYEHUN U TPUMEHUTD S~
PO K OOJIbILIEMY YHCITY MOTOKOB 32 OJIMH BBI30B. JTO MOMOTAET U MPU MacIITabupo-
Banuu. Ecnu y GPU HenocTatoyHo pecypcoB, OH OyJET BBITIOJIHITH OJIOKH TOCIIE0-
BaTeIbHO. B 0OpaTHOM citydae, OJJOKM MOTYT BBITIOJIHITHCS ApAILIEIbHO, YTO BaXKHO
JUTSl ONITUMAJIBHOTO pacmipeiesieHus: paboThl Ha BUICOUYMIIAX PA3HOTO YPOBHS, HA4Yu-
Hasi OT MOOWJIbHBIX M HHTETPUPOBAHHBIX.

Crnenyer yTOUHUTh HEKOTOpbIE MOHATHS B TpuMeHeHuu Kk GPU:

e [loTok (stream) mpeacTaBisieT cOOO0M MOTOK JIEMEHTOB OJHOTO THMA. B Kiaccu-

YECKOM MPOrpaMMHUPOBAHUH €CTh TAKOW aHAJIOT, KaK MacCHB.

o fdnpo (kernel) - dyHkIus, KoTOpast OyJAET MPUMEHSATHCS HE3aBUCUMO K KKIOMY
AIIEMEHTY IMOTOKA. B KilaccnueckoM MpOorpaMMUPOBAaHWK MOYKHO NPUBECTH aHA-
JIOTHUIO IIUKJIA - OH MIPUMEHsIeTCs K Oobiomy unciy anemeHToB. Sapo B CUDA
He CBSI3aHO C MOHATHEM f/IPpa B MHOTOS1/IEPHBIX MpoLeccopax.

SAapo MoXkeT MOyYUTh pa3Mephbl CETKH U OJI0Ka 4epe3 BCTPOSHHBIC MEPEMECHHBIC
gridDim u blockDim.

[TockombKy ONHO W TO € SAPO BBITIOJHIECTCS OJHOBPEMEHHO OUYCHB OOJIBIIAM
YUCIIOM HHUTEH, TO JUIS TOr0, YTOOBI SAPO MOIJIO OJHO3HAYHO OMPEICITUTh HOMEDP HU-
TH (2 3HAYUT, U DJIEMEHT JaHHBIX, KOTOPBIM HY>XKHO 00paldaThIiBaTh), UCIIOIB3YIOTCS
BcTpoeHHbIe nnepemenHble threadldx u blockldx. Kaxkmas u3 3Trx nepemMeHHBIX SBIIS-
€TCsl TPEXMEPHBIM IIEJIOYUCIICHHBIM BeKTOpoM. OOpaTtuTe BHUMaHUE, YTO OHU JIOC-
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TYNHBI TOJNBKO 1751 (pyHKUMH, BbIMonHsAeMbIXx Ha GPU, nans QyHKUMiA, BBINONHSAIO-
muxcst Ha CPU, oHH He UMEIOT CMBICIIA.

Grid
block(o,1)

block(0,0) block(0,n-1)

block(m-1,0) | block(m-1,1) | ~>

~_ | blockm-1,n-1)

\\ thread(0,0) thread(0,/-1)
\

\| thread(k-1,0)

thread(k-1,/-1)

[TogoGHoe pazneneHne Bcex HUTEH SBISETCS elle OJHUM OOIIMM MPUEMOM HC-
nonb3oBanust CUDA: ucxoaHas 3aaua pazduBaercs Ha HAOOP OTIETBHBIX 1MOJ3a-
Jlay, pelaeMbIX HE3aBUCUMO APYr OT Apyra. Kaxaon takou noazauade COOTBETCT-

ByeT cBOM Onok HuTe. [Ipu 3TOM Kaxmast moja3azgada COBMECTHO PEIIAETCs BCEMU
HUTSMH CBOEro OJIOKa.

Pa3Ouenue HuTelt Ha warp'sl MPOUCXOAUT OTACNBHO I Kaxaoro Oioka. Ta-
KUM 00pa3oM, BCE HUTHU OJITHOTO warp'a Bceraa MpHHAIexkaT ogqHomy Omoky. [lpu
ATOM HHUTH MOTYT B3aMMOJICCTBOBAaTh MEXK]Y COOOM TOJIbKO B Mpejenax OJoka.
Hutu pa3sHbIx 0JIOKOB B3aMMOAECTBOBATH MEXK/AY COO0H HEe MOTYT.

2.3. Opranuszanusi namMsTH

Onnum u3 cepbe3nbix oTimunid Mmexay GPU u CPU sBusitoTcst opraHu3anus na-
MATH U paboTa ¢ Heil. O6bruHO Gombiryto yacth CPU 3aHMMAalOT Ky pa3IudHbIX
ypoBHel. OcHoBHas ke yactb GPU oTBenena Ha Beruncienus. Kak cieacrtsue, B OT-
anune ot CPU, rie ecTb BCEro OAMH TUI NaMATH ¢ HECKOJIBKHUMH YPOBHSMHU KEIIUPO-
Banusa B camoM CPU, GPU ob6nagaet 6osee ClI0XHOU CTPYKTYpOi mamsITH.

Yucro pusnyecku namsate GPU moxno pazgenuts Ha DRAM (Ha miate BHeo-
KapThl) U HA NaMsATh, pa3MelleHHy10 HenocpencTBeHHo Ha GPU (Tounee, B mOTOKO-

BbIX MyJbTUIpoleccopax). Oanako kinaccudukanus namsta B CUDA orpannuuBa-
€TCsI €€ YUCTO (PU3NYECKUM PACIIOJIOKEHHUEM.
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Device

Multiprocessor N

| Multiprocessor 2
Multiprocessor 1

Prwmurl menri LA AL P'm':ﬂhurll
. ___mn____ | ]

Iﬂh'u:liﬂrl

B tabmnuie npuBoaarcs goctynubie Buabl namsatd B CUDA u ux OCHOBHBIE Xapak-
TEPUCTHKHU.

Tun namatu PacnonoxeHue Kewm- [Joctyn YporeHb aoctyna Bpems

pyeTtcs XU3HU
Perncrpol MynbTnnpoueccop Hert R/w Per-thread Huntb
JNlokanbHan DRAM Het R/w Per-thread Hutb
Paspenseman MynbTunpoueccop Het R/w Bce Hutn 6noka Bnok
mobanbHasn DRAM Het R/w Bce vt n CPU Buipensercs
CPU
KoHcTaHTHas DRAM Oda R/o Bce Hntu n CPU Bbigensercsa
CPU
TekcTypHasn DRAM Ada R/0 Bce Hutn n CPU Bolnensietca
CPU

I'mobanbHas maMATHL — CcaMblil OOJBITION 00BEM MAMSITH, TOCTYIHBIA TSI BCEX
MYJIBTHIIPOIIECCOPOB HA BHUJICOYHIIE, pa3MeEpP COCTABISIET OT 256 MmerabaiiT no 1.5 ru-
rabaiT Ha Tekymux pemeHusx (u 1o 4 ['6aiit Ha Tesla). O6Gnanaer BbICOKOM TpoOITy-
CKHOM crnocoOHocTho, Oosiee 100 rurabaiit/c ang TonoBbix pemenuit NVIDIA, Ho
OYCHb OOJIBIITMMU 3aJCPKKAMH B HECKOJIBKO COT TakTOB. He kammpyercs, moaaexKxu-
BaeT 0000mEHHBICe MHCTPYKIUU load u store, 1 OOBIYHBIC YKA3aTeJIM HAa MaMSTh.

PerucrpoBasi namsiTh - HanboJsee MPOCTHIM BUJIOM MaMsATH. Kaxabiii TOTOKOBBIH
MyJbTUIIpoIieccop coaepkut 8192 unu 16 384 32-6utoBhIX peructpoB (i1 00603Ha-
YeHUS BCEX PErHCTPOB IMOTOKOBOIO MYJBTUIIPOIIECCOPA HCIOIB3YETCS TEPMHH
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register file). meromuecs: peructpsl pacnpeaenstoTcs MeXIy HUTSIMH OJloKa Ha 3Ta-
e KOMOWISIUU (M, COOTBETCTBEHHO, BJIMSIOT Ha KOJIMYECTBO OJIOKOB, KOTOPHIE MO-
KET BBITIOITHATH OJUH MYJIBTUIIPOIIECCOD ).

Kaxxnass HUTh MOJIy4aeT B CBOE MOHOIIOJIBHOE MOJb30BAHNE HEKOTOPOE KOJIUYECT-
BO PErUCTPOB, KOTOPBIE JOCTYITHBI KaK Ha YTEHUE, TaK U Ha 3anuck (readjwrite). Hutp
HE UMEET JOCTYIA K PErucTpaM JIPyrux HUTEH, HO CBOU PErUCTPbI JOCTYIIHBI € Ha
NPOTSHKEHUM BBIMIOJHEHHS JAHHOTO sipa. [I0CKOIBKY perucTphbl pacroioKeHbl HEMo-
CPEIICTBEHHO B IMOTOKOBOM MYJIBTUIIPOIIECCOPE, TO OHH OO0JaJar0T MaKCUMalIbHOU
CKOPOCTBIO IOCTYIIA.

Ecnu nmeromuxcst perucTpoB HE XBaTaeT, TO JJIS Pa3MEIICHUs JIOKAIbHBIX JaH-
HbIX (IEPEMEHHBIX) HUTH HCIOJIb3yETCSl TaK Ha3bIBaeMasl JIOKAJIbHAsI IaMATh, pa3Me-
mieHHass B DRAM. TloatoMy mocTyn K JIOKQJIBHOW MaMsITH XapaKTEPHU3yEeTCS OUYCHb
BBICOKOM JIaTEHTHOCTHIO - 0T 400 10 600 TakTOB.

JlokanbHass mamMsiTb — 3TO HEOONBIIOW O0BEM MaMSITH, K KOTOPOMY HMEET
JOCTYN TOJBKO OJMH MOTOKOBBIN Mporieccop. OHa OTHOCHUTENIBHO MEIJICHHAs] — Ta-
Kas ke, Kak M TJIo0anbHasl.

Pa3znensiemasi naMATh — 3TO 16-KHJIO0AUTHBIN OJIOK MaMSTH C OOIIUM JIOCTY-
IIOM JIJIs1 BCEX MOTOKOBBIX MPOIECCOPOB B MYJIBTUIIPOIIECCOPE. DTa MaMsITh ObICTpas,
Kak peructpsl. OHa oOecrieunBaeT B3aMMOJICHCTBHE MOTOKOB, YIPABISIETCS pa3pa-
06oTunkoM Hamnpsimyto. [IpenmyiecTBa pasensieMoil maMaTh: UCIIOJIb30BaHUE B BUJIE
KdIIIa MEPBOr0 YPOBHsI, CHUYKEHUE 3aJIeP>KEeK MPU JOCTYIE UCIOJHUTEIbHBIX OJIOKOB
(ALU) k naHHBIM, COKpAIllEHHE KOJTUYeCTBA OOpAIIeHUH K TI00aTbHON TTaMSITH.

B rpaduuecknx APl mosHOCTBIO OTCYTCTBYEeT BO3MOKHOCTH KAKOro - JIN0O
B3aMMO/JICIICTBUA MEXKAY NMapauiejibHO 00padaTbiBaeMbIMH NMOTOKOBBIMHU IPO-
eccopamMm, 4To B rpauike NEWCTBUTEIBHO HE HY)KHO, HO JIJISl BBIYUCIIUTENBHBIX 3a-
Jad OKa3bIBACTCSl JOBOJILHO JKeNaTeNbHbIM. Takoil OOMEH OCYIIECTBISAETCS 4Yepe3
NaMsTh, Yallle BCEro — 4Yepe3 JIOKAIbHYIO.

IIaMAThL KOHCTAaHT — 00JacTh maMATH 00beMoM 64 kunoOairta (To XK€ — JUIs
HeiHenHUX GPU), noctymnHasi TOJBKO AJIs1 YT€HUSI BCEMU MyJibTunpoleccopamu. OHa
K3LIMpyeTcs Mo 8 KUiaoOalT Ha KaxAbld MyJbTUIIponieccop. JlOBOIBHO MejIeHHas -
3a/Iep>KKa B HECKOJIBKO COT TaKTOB MPU OTCYTCTBUM HY>KHBIX JAaHHBIX B KJIIIE.

TexcTypHasi naMATL — OJIOK MaMSTH, AOCTYIHBIA AJI1 YTEHUSI BCEMHU MYJIbTH-
nporeccopamu. BeiOOpka TaHHBIX OCYHIECTBISETCS MPHU MOMOIIU TEKCTYpPHBIX OJ0-
KOB BUJICOYMIIA, TO3TOMY IPEIOCTABIISIOTCA BO3MOXKHOCTH JIUHEWHOW HHTEPIIOJISALINU
JTaHHBIX 0€3 MOMOJHUTEIbHBIX 3aTpar. Kommpyercs mo 8 KuioO0alT Ha KaXKIblid
MyJIbTUTIpOIIECCOp. MeuieHHas!, Kak Ti100anbHas — COTHH TaKTOB 3aJIEPKKHU MPHU OT-
CYTCTBUHU JIaHHBIX B K3IIIE.

EctecTBenHO, uTO riobanbHas, TOKajdbHas, TEKCTypHAs U NMaMATh KOHCTAHT - ATO
dbu3rUecKn ofHa U Ta e MaMsITh, U3BECTHAS KaK JIOKaJIbHAsl BUIACOMAMSThH BUIACKAP-
Thl. IX OTIIMYMA B pa3IuYHBIX aIrOpUTMax KAIIMPOBAHUSA U MOJENAX aoctyna. [leH-
TPaAJIbHBIN TPOIECCOP MOXKET OOHOBIISATH U 3aIPAIIUBATh TOJIHKO BHEIIHIOIO MAMSTh:
rJ100aJIbHY10, KOHCTAHTHYIO U TEKCTYPHYIO.
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2.4. Paciunpenue sa3pika Cu

[Tporpammel 111 CUDA (cooTBeTcTByIOIIME (Pailiibl UMEIOT PAaCIIUPEHUE .CH)
NUITYTCA Ha «pacmimpeHHoM» C M KOMOWIMPYIOTCS MPU MOMOLIY KOMaH/Ibl nvCC.
Beoaumeie B CUDA pacmupenus si3p1ka C COCTOST U3:

¢ crieruUKATOPOB (PYHKIIHH, MOKA3BIBAOIIUX, I7Ie OYJIeT BBITOIHATHCS (PYHKIIHS
1 OTKYJla OHa MOKET OBITh BHI3BaHA,

L4 CHGHI/I(I)I/IKEITOPOB MCPEMCHHBIX, 3aAat0OIIUX THUII IIaMATH, HCHOHBByeMBIﬁ JJIA
JaHHBIX IICPECMCHHBIX

e JIMPEKTUBHI JJIS 3aIlyCKa sSApa, 3aJa0lIeH Kak TaHHbIE, TAK U UEPAPXUIO HUTEH;
® BCTPOEHHBIX IIEPEMEHHBIX, COAEPKAIIUX UHPOPMALUIO O TEKYIIEH HUTH;
e rumtiTe, BKJIIOYAIOIIEH B ce0s JONOJHUTENIbHbIE TUIIbI JAHHBIX.

Cnenundukaropbl pyHKIUI :

Cneundukarop PyHkuua BbinonHAEeTCA HA PyHKLUUA MOXET Bbi3bIBAaTLCA N3

__device__ device (GPU) device (GPU)
__global__ device (GPU) host (CPU)
__host___ host (CPU) host (CPU)

Cnenuduxaropsl host u device MOTYT OBITh UCIOJIB30BaHbl BMECTE (3TO 3HAYMT,
YTO COOTBETCTBYIOIIAas (YHKLMSI MOXKET BbINoJMHAThCS Kak Ha GPU, tak m va CPU
Ko4 A obeux miaropm OyaeT aBTOMAaTHYECKH CreHEe PUPOBAH KOMIUISTOPOM).
Cnenudukaropsl global n host He MOTYT OBITH UCIIOIB30BaHBI BMECTE.

Cnemudpukarop global o6o3HavaeT s1po, U COOTBETCTBYIOIIAsA (PYyHKIHMS TOJDKHA
BO3BpalllaTh 3HaYeHue Tuna void.

Ha ¢ynkiuu, eimonasemsie Ha GPU (device u global), nakmaneiBatorcs cie-
AYIOIMe OrpaHUYEHUS:

e Henb3s OpaTh uX aapec (3a uckioueHueM global Gpynkunii);

® HE MOJICP)KUBACTCS PEKYPCHUS;

® He MOJJIEP)KUBAIOTCS staticriepeMeHHbIe BHYTPU (DYHKIINH;

® HE MOJIEPKUBACTCS IEPEMEHHOE YHCIIO BXOIHBIX apryMEHTOB.

Jns 3apanus pasmenieHus B naMatu GPU nepeMeHHBIX UCMOJB3YIOTCS CIEAYI0-
mue cneurdukaropsl device, constant u shared. Ha ux ucnonb3oBanu e Takxe Ha-
KJIa/IBIBAETCS PAJT OrpaHHYCHU:

® 5TU crielM(UKATOPHI HE MOTYT OBITh MPUMEHEHBI K MOJISIM CTPYKTYPHI (struct

WM union);

® COOTBETCTBYIOIIIKE MEPEMEHHBIE MOTYT UCIOIb30BATHCS TOIBKO B Mpeaeaax 0/-

HOTO (haiia, MX HEIb3S OOBSIBIATH Kak extern;

® 3aMuCh B TIEpEMEHHBIC THMA constant MOXKET oCymecTBIIThCs Tobko CPU mpu

MTOMOIIY CTIIEITUATBHBIX (YYHKIIHIA;,
e shared mepemeHble HE MOTYT HHUIIMAIU3UPOBATHCS MPU OOBSIBICHUH.
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JloOGaBiieHHbIE IEpeMEHHbIE:

B s13p1k 100aBIIEHBI CICAYIONINE CTICTIHATBHBIC TIEPEMEHHBIC:
e oridDim pasmep cetku (umeet Tun dims);
e blockDim pa3mep 6moka (umeet Tun dim3);
¢ blockldx mHmekc Texymero 610Ka B ceTke (MMeeT THUII uint3);
o threadldx unaexc Tekyiie HUTH B Osi0ke (MMeeT Tul uint3);
e warpSize pa3zMep warp'a (MMeeT THM int).

JIupexTUBa BbHI30BA AApa
Jns 3amycka sigpa Ha GPU ucnonb3yeTcs crneayromas KOHCTPYKIUSA:

kernelName <(<<Dg,Db,Ns,S>>> ( args );

3necw kernelName 310 ums (agpec) coorBeTcTByMONIeH global ¢ynkiuu. Yepes
Dg o6o3nauena nepeMenHas (WM 3HaueHue) tTuna dim 3, 3aaromias pa3aMepHOCTh
pasmep cetku (B Osiokax). [lepemennas (vwim 3HadeHue) Db Tuma dim3, 3amaer pas-
MEPHOCTh U pa3Mep OJioKa (B HUTSX).

HeoOs3arenpHas nmepemenHast (Wi 3HaueHue) Ns Tumna size t 3amaeT JOIOJHH-
TEJIBHBIH 00BhEM paszeliIeMo maMATH B OalTax, KoTopas JIOJ/DKHA OBbITh JUHAMUYE-
CKHU BBIJIETICHA KXJIOMY OJIOKY (K YK€ CTaTHUYECKH BBIJICIICHHON pa3/iensieMoi mamsi-
TH), €CJIM HE 3aJI1aHO, TO UCIIOJIb3yeTcs 3HaueHue 0.

[Tepemennas (wnm 3Hauenue) S tumna cudaStream t 3amaet motok (CUDA stream),
B KOTOPOM JOJIKEH TIPOU30UTH BBI30B, TI0 YMOIUYAHUIO UCTIOIB3YyeTCs MOTOK 0.

UYepes args 0003HaYCHBI apryMeHTHI BbI30Ba (yHKmu kerelNare (1x MOXeT ObITh
HECKOJBKO ).

Crnenyromuii mpumep 3amyckaet siapo ¢ umeHeM myKernel mapamiensHo Ha n HU-
TSAX, UCIOJIb3YsI OTHOMEPHBIA MAacCUB U3 ABYMEpHBIX (16x16) O10K0B HUTEH, U TIEepe-
JIaeT Ha BXOJ SApy ABa napameTrpa a u n. [Ipu 3ToM Kaxk1oMy OJIOKY TOMOJHUTEIHHO
BbIIENsIeT ¢ 512 OalT pasnensieMoil maMsTH U 3alycK, MPOU3BOJUTCA HA MOTOKE
myStream.

myKernel<<<dim3(n/256),dim3(16,16),512,myStream>>> ( a, n );

JlobaByieHHbIe GyHKINH
CUDA nonnepuBaeT Bce MaTeMaTH4ecKhe (PyHKIHUU U3 CTAaHAAPTHONW OMOIHOTEKU
a3pika C. OqHAKO MPU 3TOM CIEAYET UMETh B BUAY, UTO OOJIBIIMHCTBO CTaHJAPTHBIX
MaTeMaTUYECKUX (PYHKIUH MCHOIB3YIOT YHCa ¢ JBOMHON TouHOCThIO (double). On-
HaKo, OCKOJIBKY i coBpeMeHHbIXx GPU omnepainuu ¢ double unciamu BBIMOTHSIOT-
csl MeUIeHHee, yeM omnepauuu ¢ float yuciamu, TO NpeanoYTUTEIbHEE TaM, I11e ITO
BO3MOJKHO, UCTIONB30BaTh float ananoru crangaptaeix Qynkuuid. Tak, float — anano-
roM (YHKITUY S 1 n sBysieTcss GyHKIua sin f.

Kpome toro, CUDA npenocraBisieT Takke ClielHMaIbHbIM HA00p (QYyHKIIUN TOHU-
KEHHOM TOYHOCTH, HO oOOecreurBaronux emie Oosbllee ObicTponelcTBre. Takum
aHayorom st GYHKIIMH BBIYKCIICHUS] CUHYca siBisieTcst GyHKuus s in f.
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2.5. IIporpaMMa nepeMHOKeHUSI MATPUIL B pa3jaesisieMOil MaMATH

PaccMoTpuM ucnosib3oBaHuE pa3essieMoi MaMsITH Ha TPUMEPE YMHOKEHUS IBYX
KBaJIpaTHBIX MaTpull. byneM ucnonbs3oBaTh IByXMepHbIe OJ0KH pazMepa 16 x 16 u
OyneM cuutarb, yTo pasmep matpuil N kpared 16. Kaxnapiit 6110k OyJeT BEIYUCIATD
onny 16x16 noamatpuiry C' ©ICKOMOro MpOU3BEACHUS.

Kak BumHO Mo puUCYHKY, 11 BeiuMciaeHus: nmoamarpuilsl C' npousBenenus A x B
HaM TPUXOJUTCS MOCTOSTHHO oOpamiarhCcs K JIBYX mojocaMm (ToaMaTpuiiaM) HCXOJ-
HeIX MaTpuil A’ u B’ . OGe >t monocel uMeroT pasmep Nx16, U ux 31eMEeHTHl MHO-
TOKPaTHO UCIOJIb3YIOTCS B pacyeTax.

B'

A’ C

N neanbHbIM BapuaHTOM OBLIO Pa3MECTUTh KOIMMU 3THUX IOJIOC B pa3jelisieMoi ma-
MSITH, OJHAKO JJIsl PEeajbHBIX 3aJad 3TO HENpUEMIIEMO H3-3a HEOOJBIIOro oObema
umMmerolencs pasaensemoi namaru (tak, ecia N paBao 1024, To onHa monoca Oyaer
3aHuMaTh B mamsatu 1024 x 16 x 4 == 64 K06). OgHako, eciiu KKy U3 dTUX T0JI0C
pa30uTh Ha KBajpaTHbe moaMaTpulbl 16x16, To CTAHOBHUTCS BUIHO, YTO PE3YJIbTHU-
pyromas Mmatpuna C nmpocTo SIBISIETCSI CyMMOM MOMAPHBIX MPOU3BENECHUN MOIMATPHI
U3 3TUX JIBYX I0JIOC:

C=A1"xBl’+A2’x B2’ +... + AN’/16 x BN’/16.

3a c4eT ATOro MOKHO BBIMOJHUTH BhIYMcIeHue noamarpuiel C’ Beero 3a N/16
maroB. Ha kaxqoM TakoMm mare B pa3AeisieMyr0 NaMsTh 3arpyskatorcs oaHa 16 x 16
noamarpuna A u ogHa noamarpuna B (mpu 3Trom Ham notpeOyercs 16 x 16 x 4 x 2 =
2 KoOaiita pazaenseMoil maMsTH Ha OJIOK), PU STOM KakjJash HUTh OJIOKa 3arpyxaer
POBHO MO OAHOMY 3JIEMEHTY M3 KaXKIOW M3 ATUX MOAMATPHI], TO €CTh KaXK/1as HUTb
JIeJIaeT BCero JBa oOpauieHus K rio0aibHOM naMatu Ha oauH ar. [locie storo cuu-
TAeTCsl MPOU3BEICHUE TIOIMATPULL, 3arpy>KEHHbIX B pa3AesiseMy NamsiTh, U CYMMHpPY-
€TCsl HYXKHBIM AJIEMEHT ITPOU3BEIACHUS, U UIET NEPEX0] K CISAYIOIIEH ape noamar-
puLL.

IIporpamMMma npeacraBieHa Huxe (B3sTa U3 [S5]).
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#define BLOCK SIZE 16 // Pazmep 6AOKa.

global _ void matMult ( float * a, float * b, int n, float * c )

int bx = blockIdx.x;
int by = blocklIdx.y;
int tx = threadIdx.x;
int ty = threadIdx.y;

// MHOexc Hauaaa nepsol nodmampuus A, oOpabameBaemol HAOKOM.
n * BLOCK_SIZE * by;
aBegin + n - 1;

int aBegin
int aEnd

// Wlaz nepebopa nodmampuy A.
int aStep = BLOCK_SIZE;

// UHOexc nepeol nodmampuubl B ob6pabambeBaemol GAOKOM.
int bBegin = BLOCK SIZE * bx;

// Waz nepebopa nodmampuuy B.
int bStep = BLOCK_SIZE * nj;

float sum = 0.0f; // BhuucAgembl SAemeHm C’.

// Tuka no 16*16 nodmampuuas
for ( int ia = aBegin, ib = bBegin; ia &lt;= aEnd; ia += aStep, ib += bStep )

{
// Ouepeoras nodomampuua A B pasdeAsemol namsamu.
__shared_ float as [BLOCK_SIZE] [BLOCK SIZE];

// Ouepednas nodmampuua B B pazdeagemol namsmu.
__shared__ float bs [BLOCK SIZE] [BLOCK SIZE];

// 3ag2pys3umb no OOHOMY DAEMEHmMY U3 A U B B pa30ecAsemyin Namamb.

as [tylltx] = a [ia + n * ty + tx];
bs [ty]l{tx]) = Db [ib + n * ty + tx];

// hoxoamnca, koada obe nodmampuubl 6yOym NOAHOCMbLIO 3a2PYyXEeHH.
__syncthreads();

// Bruucasiem HYXHBU 3ASMEHM NPOU3BEdeHUA 3a2pYXeHHHX Nodmampuu.
for ( int k = 0; k &l¢t; BLOCK_SIZE; k++ )
sum += as [ty][k] * bs [k]ltx];

// hoxdambcA, NoOKa BCe OCMaAbHHE HUMU OAOKAa 3aKOHUAm BEMUCASMB
// cBOU 3AEMEHMH.
__syncthreads();

}

// 3anucame peayabmam.
int ic = n * BLOCK_SIZE * by + BLOCK_SIZE * bx;

¢ [ic + n * ty + tx] = sum;

}

OOparute BHUMaHHUE, YTO MOCKOJBKY KaK/lasi HUTh 3arpy’kaeT TOJIHKO MO0 OJHOMY
AJEMEHTY W3 KaXKJ0M W3 MOJMATPHUI], a UCIOJIb3YyEM BCE 3TH JJIEMEHTHI, TO IMOCIE
3arpy3Kyd HEOOXOIUMO MOCTaBUTh CUHXPOHU3ALMIO, YTOOBI yOEAUTHCS, YTO 00€ MOoJ-
MaTpHIIbI 3arpy>KEHbI MOJHOCTHIO (2 HE TOJBKO 32 3JI€MEHTA, 3arpyKEHHBIX IaHHBIM
warp'om). TouHO Tak ke CHHXpOHHU3AI[MI0 HEOOXOAUMO MOCTABUTD U MOCTIE BHIYUCIIE-
HUS POU3BEJICHHUS 3arPY>KEHHBIX MTOAMATPHIL J0 3arpy3KH ClIeIyIOIeH mapbl (4TOObI
yOeAUTHCS, YTO TEKYIIUE TOAMATPUIILI YK€ HE HY>KHbI HUKAaKOW HUTH).

Kpome Toro, B JaHHOM BapuaHTe y HAaC Bce 0OpallleHus K r1o0anbHON namsTu 0y-
IyT cpaiieHHbIMU (coalesced).

171



Takum oOpa3oM, IIPU BBIYMCICHUH NPOU3BEACHUS MAaTpPULl HaM Ha Ka)KIbIi 3Jie-
MeHT mpousBeaeHus C HY>KHO BBHIIOTHUTH Bcero 2xXN/16 urenuii u3 rmobaipHON mMa-
MSTH, B OTJIMYME OT BapuaHTa 0€3 UCIOJIb30BaHUS 7100aIbHOM MaMsTH, 1€ HaM Tpe-
OoBaioch Ha KaxbIi sneMeHT 2xN yteHuil. KonudecTBo apudmernyeckux omnepa-
U HE U3MEHWIOCh U OoCcTaIoch paBHBIM 2XN - 1. B Tabnuiie npuBeIeHO CpaBHEHUE

OBICTPOJIEUCTBHSI ATOIM BEpCUU U MEPEMHOKEHHS B JI00 P MOMOIIU OOIIeH maMsTH
DRAM.

Cnoco6 nepeMHOXeHUsa maTpuy 3artpadYeHHoe Bpems
B MUNNIMCEKYHAax

«B no6» 6e3 ncnonb3oBaHUA pasgenseMon NnaMmaTu 2484.06

C vicnonb3oBaHeM pasnensemMon namaTin 133.47

Kak BuaHO M3 mpuBeIeHHOM TaOIUIIBI, OBICTPOACHCTBHE BBIPOCTIO OOJIBIIE, YeM Ha
nopsAnok. B mepBoM ciiyyae OCHOBHOE BpeMsi ObLIO 3aTpadye€HO Ha YTEHHE U3 TJIO-
OaJIbHOM MaMsITH, MPUYEM MOYTH BCe OHO ObUTO uricoalesced, a Ha BEIYMCIICHUS OBLIO
3aTpayeHO MEHEE OJHOW JECATOM OT BPEMEHM UTEHHs U3 riao0anbHOMl mamsaTu. Bo
BTOpOM cityuyae cBbilie 80% BpeMeHM ObLIO 3aTpayeHO Ha BBIYMCIICHUS, JOCTYN K
rnobanpHON maMsTh 3aHsu1 MmeHee 13%, u Beck qoctym ObiT coalesced.

OcHoBHoit niporiecc npunoxkeHuss CUDA pabGoTaeT Ha yHUBEpCaTIbHOM ITPOIIECCO-
pe (host), oH 3amyckaeT HeCKOJIbKO Komui mporieccoB kernel Ha Buneokapte. Ko mist
CPU pnenaer cnenyroiee:

e yHumanusupyetr GPU,

® pacrpeieNiaeT MaMsITh Ha BUACOKAPTE U CUCTEME,

® KOTMPYET KOHCTAHTHI B MTaMSITh BUACOKAPTHI,

® 3aITyCKaeT HECKOJIbKO Konui mpoueccoB kernel Ha Bugeokapre,

® KOMMMPYET TMOJYUYECHHBIN pe3yJbTaT U3 BHJICONAMATH, OCBOOOXKIAET MaMsTh, 3a-

BepIaeTr padory.

N3 HanucanHoro Beime noHATHO, uTo CUDA mnpenmnonaraer crnenuanbHbIN MOA-
XO0Jl K pa3paboOTKe, HE COBCEM Tako#, kak mpuHAT B nporpammax aisg CPU. Hyxno
NOMHHUTB O Pa3HbIX THUMNAaX MaMsTH, O TOM, YTO JIOKaJbHAasA U rio0anbHas NaMsATh HE
KJLIMPYETCA U 3aJEPKKU IIPU AOCTYIE K HEN ropasio BbILIE, YEM y PErUCTPOBOM Ia-
MSITH, TaK KaK OHa (PU3NYECKU HAXOJUTCS B OTIEIbHBIX MUKpPOCXEMaX, TO €CTh BaX-
HO HAaWTU ONTUMAIBHOE MECTO Ul XPAaHEHHs JAaHHBIX, MUHMMU3UPOBATH II€peravy
nanubix mexay CPU u GPU, ucnonbs3oBath Oydepusaruto.

2.6. Ycranoska CUDA

CUDA — »T10 poctynHas kKaxjaoMmy pazpadotuuky [IO Texnosorus, €€ MOXeT
UCII0JIb30BaTh JIFOOOW MpOrpaMMucT, 3HaroMmMi 361k C. IIpuaércs ToJIbKO MPUBBIK-
HYTb K MHOM IMapagurMe NporpaMMHPOBAHUS, MPUCYILIEH NMapajuIeIbHbIM BbIYUCIIE-
HuAM. Ho, eciii airOpuT™M B IPUHIUIIE XOPOILIO pacnapajuIeIuBaeTCs, TO U3YUYECHUE U
3aTpaTel BpeMeHu Ha nporpaMmMmupoBanne Ha CUDA BepHyTCs B MHOTOKpaTHOM pas-
Mmepe.
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BrionHe BEpOSITHO, UTO B CHITYy IIMPOKOTO PACIPOCTPAHEHUS BUICOKAPT B MUDPE,
pa3BUTHE MapaienabHbIX BeiunucieHnii Ha GPU cuiibHO MOBIMSIET HA UHYCTPUIO BbI-
COKOITPOU3BOIUTEIIbHBIX BHIYUCICHUN. DTH BO3ZMOXKHOCTHU YK€ BbI3BAIN OOJBIION
MHTEPEC B HAYUHBIX KPYrax, J1a U HE TOJILKO B HUX. [10 CyTH, MyCTh 3TO U 3By4YHUT
JIUIITKOM IPOMKO, BCE HYXKIAIOMIUECS B OBICTPHIX BEIYUCIUTENSAX TEEPh MOTYT IO-
JYYUTh HEIOPOTOil IEPCOHANIBHBIN YIIEPKOMIIBIOTEP Ha CBOEM CTOJIE, HHOT/IA TaXKe
HE BKJIJIbIBasi JOMOJIHUTEIILHBIX CPEACTB, TAK KaK BUICOKAPTHI ITUPOKO pacripcTpa-
HEHBI.

Ho, koneuno, GPU ne 3amensatr CPU. Celiuac siCHO, 4YTO BHUICOUYHUIIBI IBUKYTCA
nocteneHHo B cropony CPU, craHoBsch BcE Oosiee yHUBECAIbHBIMU (PAcu€ThI C I1a-
BAaIOIEW TOUKON OJMHAPHON M ABOMHOM TOUHOCTH, IIETOYMCICHHBIC BEIYUCICHHUS),
tak 1 CPU cTanoBsaTcs Bcé 6oiee «mapaieIbHBIMIY, 003aBOASCH OOIBITUM KOJIHU-
YECTBOM SIJIEpP, TEXHOJIOTUSIMU MHOTOIIOTOYHOCTH, HE TOBOPS PO MOSIBJICHUE OJIOKOB
SIMD u npoekToB reTeporeHHbIx nporeccopoB. Ckopee Bcero, GPU u CPU B Oymy-
IIEM IPOCTO CONBIOTCS. MI3BECTHO, YTO MHOTHE KOMIIAaHUH, B ToM uucie Intel u AMD
paboTaroT HaJl MoA0OHBIMH poekTaMu. U HeBaxkHO, OyayT 11 GPU nornomieHsl
CPU, unu Hao00pOT.

Bo3MoxkHO, B onipe/ieIeHUH TTOMOKET TPEThsS CTOPOHA, BBIITYCTUB HEKOE 00111ee
pemenue. K npumepy, B cienyromem oonoBiennu DirectX mon Bepcueit 11, kommna-
Huel Microsoft oGeranbl BEIYUCIUTENbHBIC MIEHAEPhl, KOTOPBIE U MOTYT CTaTh He-
KM YCPEIHEHHBIM PELICHUEM, YCTPAUBAIOIIUM BCEX, WJIM MMOYTH BCEX.

YcranoBka CUDA Ha koMnbIOTEp
s yecranoBku CUDA Ha KOMIBIOTEP HEOOXOAUMO O UHTEPHET - aJIpecy

http://www.nvidia.com/ object/ cuda get.htrnl

CKayaTb M YCTaHOBUTh Ha CBOM KommbioTep ciaenytomme Qaitne: CUDA driver,
CUDA Toolkit u CUDA SDK.

[Tepeiinute B cBOeM BeOOpay3epe Ha 3Ty CTpaHHILY, BEIOEpUTE B KOMOOOOKCE THIT
U pa3psIIHOCTh CBOEH ONMEPallMOHHON CUCTEMBI, IOCIIE YEero BbI MOJYUYUTE CCHUIKH IS
CKauMBaHUA HECKOJIbKUX nociiennux Bepcuit CUDA.

Bepcusa CUDA st mnatdopmsl Linux Takke conepxut CUDAotnaguuk (cuda
gdb), ycTaHaBIMBaeMbIi Kak OTJeIbHAsI KOMIIOHEHTA.

[Tocne ycTaHOBKM BCEX ATUX KOMIIOHEHT MOXHO Oy/I€T MOCMOTPETh FTOTOBBIE MPHU
MEpbl, U3YUUTh MpUIaraeMyro JOKYMEHTAIMIO U HayaTh MUCATh CBOM MPOIrpPaMMBbl C
ucnonbszoBanueM CUDA.

OOpartute BHUMaHUE, 4TO 17151 KoMruisiiuu rporpamm Ha CUDA takxe notpedy-
eTcs yctaHoBJIeHHbIH koMnuisitop ¢ C/C++. B kauecTBe Takoro KOMIUIATOPA MOKET
BBICTYIIaTh KOMIUJISTOpP, BXoAsImMi B coctaB Microsoft Visual Studio, a Takke kom-
OWIATOPHI rNiNgw M cygwin. DTO CBA3aHO C TE€M, YTO HCIOJIb3YEMBbIH I KOMITUIIS-
nuu nporpamMm Ha CUDA KoMOWITOp nvce UCHONb3YET BHEIIHUM KOMITHIIATOP IS
KOMIIWJISAIIMY YacTel Koja, BemoaHseMbrx Ha CPU.
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