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BBEJAEHUE

Hauunas ¢ 2003 rona, akTUBHBIE MCCIIEAOBaHUS BEAYTCS B 00JIACTH HCIIOJIB30BAHUSI COBPEMEHHBIX IpauuyecKux
nporeccopHbix yerpoicts (I'TIY) amst peleHus BEIYACTUTENbHBIX 3a1a4 [1]. B 3apyOexHo# muteparype 3T0 HampaBieHHE
nosyunito HazBaunue GPGPU (cokpamenue ot General Purpose Graphics Processor Unit, rpaduueckoe mporieccopaoe yct-
pPOMCTBO O0OIIEro Ha3HAYEHMs), B HACTOSIIEH cTaTbe B Ka4eCTBE €ro MEpPEeBO/A Ha PYCCKHIl SI3BIK OYAET MCIIOIb30BATHCS
OBITIY (oOmue BBYUCIEHUS Ha TpapHuUecKuX IMPOIECCOPHBIX ycTpoiicTBax). B Hacrosmee Bpems ['TIY mcmoms3yrores
JUISL pELICHUS PAJa BBIYUCIUTENBHBIX 3a/1a4, U1 KOTOPBIX TPaJUIMOHHO HCIIOJIB30BAINCH CYNEPKOMITBIOTEPHBIC apXUTEK-
TYpBI, HAIIPUMED, 1UIsL BHIMOJIHCHHS MATPUYHBIX OIepanuii [2], peurenus ypaBHeHHI B 9aCTHBIX MPOU3BOJHBIX IIPU TOMOLIH
cetouHbIX MeTo0B [3], [4], pemenus 3amay MammMHHOTO 3peHust [5], BBHITOTHEHHS OTeparnnii 00paboTKH M300paKeHUH 1
3ByKa, B T.4. npeoOpa3oBanus Dypwe [6], TpaccupoBku nydeit [7] u T.4. Ilpu rpaMoTHOM HcHonb30Banuu pecypcos ['TIY
ynaercst 1oouthbest npupocta B 10 pa3 mo CpaBHEHHUIO C HCIOJIB30BAHUEM PECYPCOB TOJBKO LIEHTPAIBHOTO IMpOIeccopa
(peub uzmeT O cpaBHEHHWM HamOoliee TEepeOBBIX 00pa3loB rpagUYecKuX M LEHTPAIBHBIX IPOLECCOPOB B ONMpPEACICHHbIH
nepros BpeMeHu). Ha HEKOTOpBIX 3aayax JOCTUTAETCs peanbHas MpousBoauTeabHocTs B 250 — 300 I'dromnc, kotopast 10
HEAAaBHETO BPEMECHU ObLIa JOCTYIIHA JIMIIb Ha KOMIIBIOTCPHBIX KJIACTEPAX U CYIEPKOMIIBIOTEpaAx.

B nacrosiee Bpemst HaOII0AaeTCs CyILECTBEHHBIN qucOananc Mexay Bo3MoxkHocTsiMu I'TIY u ux peaibHbIM Hc-
MIOJTb30BaHNEM, BBI3BAHHBIH MIPEXK/E BCETO OTCYTCTBHEM aI€KBATHBIX CPEICTB MPOTPAMMHPOBAHNS AT JAHHON apXHUTEKTY-
pBl. B TO Bpemst Kak Uil KIIacTEpPOB U CYNEPKOMITBIOTEPOB CYIIECTBYET OTPOMHOE KOJIMYECTBO SA3bIKOB IPOrPAMMHUPOBAHHS
(mpexne Bcero ®OPTPAH [8]) u 6ubnuorek, 10 HeIaBHEro BpeMeHH mporpammbl Ha [TIY mucaluch UCKITIOYUTEIHHO C
HCIOIhb30BaHHEM HHTEP(EHCOB it pabOThl ¢ TPEXMEPHOH MONUrOHANBHOM rpadukoit — Takux kak OpenGL [9]. TTockonb-
Ky 3TH MHTep(ENCH NMpeJHa3HaueHbl npexae Bcero 11 3¢dextuBHON paboThl ¢ rpaduKoi, MHcaTh C X HOMOIIBIO MPO-
rpaMMBI U TpaduYecKuX IPOIECCOPOB HEymoOHO. B momoiHeHWe K 3TOMY NpOTrpaMMBbl MOIYYAIOTCS TPOMO3AKHUMH,
CJIOKHBIMH B OTJI3JIKE, M HEMIEPECHOCUMBIMU Ha apXUTEKTYPhI, OTJIIMYHBIE OT rpauecKHX MPOIeccopoB. B Takux ycioBusx
nporpammupoBanue ['TIY TpeOyeT He TOIbKO MOHUMAaHUS MOJENIN MPOTPaMMHUPOBAHUs, HO M 3HAHUS BCEX TOHKOCTEH WH-
Tepdeiica s pabOThI ¢ TpeXMEepHOU rpaduKoil W M3ydeHus s3bika mreiinepos, Hanpumep GLSL [10], uto mpensitcTByeT
pacnpoctpanernto OBI'TIY cpeau cennanncToB B 00J1aCTH MapajIeNbHOTO MIPOTPaMMHUPOBAHHS.

B 10100HBIX yCIIOBUSX BaXXHOM CTAHOBHUTCS 3a7ada pa3paOOTKM MHCTPYMEHTApHs AJsl HAITMCAHMs IIPOrpaMM JUIs
I'TIY. B mepByio ouepeap 3TO MMEHHO CPECTBA MPOrPaMMHUPOBAHMS, 3aTEM — CPEJICTBA OTIAAKH, NPO(QMINPOBKH H T.XI.
ITpu 3TOM co3/1aBaeMoe CpeICTBO OJDKHO OBITH CPAaBHUTENILHO IPOCTHIM B OCBOCHUH JUISl CHIELUATIMCTOB B 00JIaCTH TapaJl-
JIETBHOTO TPOTPaMMHUPOBAHUSI U MO3BOJIATH CO3/1aBaTh 3((EKTUBHBIE U IEPEHOCHMBIE POrpaMMBbl. BIcokast mpou3Boam-
TEJIFHOCTB 110 OTHOCHUTENBEHO HEOOJBIION IIeHe, KOTOpast MOJKET OBITh IOCTHI'HYTa 3a cueT ucroib3oBanus ['TIY s pemre-
HUSI peaJIbHBIX 3a/1a4, JIeJlaeT 3a/1a9y CO3/aHusl TOJOOHBIX CPEACTB pa3paboTKU aKTyalbHOH.

JlaHHasi cTaThsl OPraHU30BaHa cieayromuM oopasom. B pasznene «OcoOEHHOCTH apXUTEKTYphl TpaUUeCcKUX mMpo-
IIECCOPOB» aaeTcst 0030p apxutekTypsl [ TIY ¥ UX OCHOBHBIX BO3MOXKHOCTEH. B paszene «CymiecTBYIOIUE MOAX0 bl IPO-
IPaMMHPOBAHUI) PACCMATPUBAIOTCS YK€ CYLIECTBYIOIINE MOAX0s! IporpaMmupoBanus ['T1Y, naetcs ux ananus. B pasne-
ne «Cucrema C$: mjen u apXuTeKTypa» pacCMaTPUBAIOTCS WJIEH, MOJI0KEHHbIE B OCHOBY cucTeMbl C$ M ux BiusHHE Ha
apXUTEKTYPy co371aBaeMoil cucteMbl. B pasnene «Tpancisinust onepanuit Hax MaccuBamu B cucteme C$» pacckassiBaercs,
Kak MO JepeBy BBIUMCIECHUI crpoutcs mporpamma it ['TIY, yunTbIBaromias 0COOEHHOCTH apXHTEKTYPhl KOHKPETHOTO
I'TIY. B paznene «Pe3ynbTaThl 0 HanpaBiIeHUs JalbHEHIIEH paboThDy Jal0TCs pe3ynbTaThl paboThl M HANPaBJIeHUs, B KOTO-
POM B JajbHEHIIeM OyIeT pa3BUBATHCS CUCTEMA.

OCOBEHHOCTHU APXUTEKTYPBI TPAOUYECKUX ITPOLTECCOPOB

Apxurektypa coBpeMeHHbIX ['TIY 00ycioBieHa WX OCHOBHOW 3afaueil — BO3MOXHOCTBIO CO3/1aBaTh PEaMCTHY-
HBIE N300pakeHMs B peabHOM MacmTabe BpeMeHH. OO0 apXUTEKType MOXKHO 0ojiee MoApoOHO MPOYHTaTh, HAIIPUMED, B
[15]. 3mech xe otMeTmM, uTo TporpammupoBanre I'TIY BO3MOKHO MPH MOMOIIH MICHIEPOB - MPOrpaMM 00paboTKH diie-
MEHTOB TPEXMEPHBIX JAHHBIX. BepmmHb HCXOIHON reoMeTpuH 00pabaTHIBAalOTCS BEPIIMHHBIMY IIeHAepaMu, a pparMeHTHI
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(TPOEKIIMU MCXOMHOTO TPEYrOJIbHUKA Ha 3JIEMEHTHI SKpPaHHOH pemeTkn) — GparMeHTHBIMHU (TTUKCEIbHBIMHU) LIeHaepaMHu.
Mo psiny nmpuunH, HanOosnblee 3HaueHne ¢ Touku 3penust OBI'TIY umeror ¢pparMeHTHbIE 1Ieineps:

1. ®parmeHTHBIC 1IEiIEPH O3BOJSIOT OCYLIECTBISATH MPOU3BOJIBHBINA JOCTYI K ONPEAETICHHBIM 00JaCTSIM MaMsTH
Ha YTeHHeE (IIPU IIOMOILH TEKCTYP).

2. Pesynprar paboThl (hparMeHTHBIX MICHIEPOB JOCTYIEH HEMOCPEICTBEHHO.

3. Paborta mMeHHO (parMEeHTHHIX IICHAEPOB MaKCHMalIbHO ONTHMH3NPOBaHA HA COBPEMEHHBIX apxurekrypax [TV,
TaK YTO MX UCIIOJIB30BAHHE TIO3BOJIIET MOIYIHTH OOJIEe BEICOKYIO IIPOU3BOJUTEILHOCTS.

Jins apdexTrBHON pabOTH (HparMeHTHBIX MIEHIEPOB COBpEMEHHBIE Trpad)udecKre MpOIecCOPEl UMEIOT OOIBIIOe
KONM4ecTBO ImeiinepHpx @V — ux gnuciao MoxeT goxonuTs a0 64. Kaxnoe meiinepaoe @Y paboraeT ¢ 4eTBepKaMu Belie-
CTBEHHBIX 4yHces U umeeT 10 128 cobcrBeHHbIX 128-0uTHBIX peructpoB. Kaxaoe @Y cnocoOHO BEIMOMHATE N0 2 apudme-
THYecKHX orepaiuy 3a 1 Takt. [ToMmruMo apudmMeTHyeckrx, B CUCTEMY KOMaH] BXOJST KOMaH/bI JOCTYINa K MaMATH U KO-
MaH[bl yIpaBjieHus (BETBICHUS U HUKIBI). [loToK ynpaBneHus oauH Ha Bce meinepHsie ®Y; Takum obpasom, I'TTY seins-
I0TCs MapasuiesibHoi apxutektypoi Tuma OKM/JI. Pasmep onHoro mieitnepa Ha OonbimHCTBE coBpeMeHHbIX ['TIY orpanu-
4yeH yucioM oT 512 o 1024 xomana.

Bce @Y BBINONHAIOT OAKMH U TOT K€ IIEiep Ul BeeX IETOYNCICHHBIX TTap KOOPAWHAT 3alaHHOTO MPSIMOYTOJIb-
HHUKa Ha TJIOCKOCTH CO CTOPOHAMM, MApAJUICIBHBIMHA OCSM KOOPAWHAT, M PE3yIbTaT MCHOJIHEHMS AJISI KaXKIOTo 3JIEMEHTa
3anmceiBaeTes B Oydep B Buneonamsatu. CospemeHHble [ TIY MO3BOISIOT 3alMCHIBATh 3TH AaHHBIE B IPOMEXYTOUHBIH Oy-
¢ep 6e3 BpIBOAA Ha 3KpaH, PAaBHO KaK M MMOJAEPKHUBATH BBIBOJ B OT 4 110 8 Oydepos ogaoBpemenHo. Illelinep MoxxeT OBITH
CMEHEH TOJIBKO TOCJIe TOTO, KaK TeKYIIUH Ieiaep mpopaboTaeT It BCEX IEMEHTOB NMPSIMOYTOJIbHNKA; COOTBETCTBEHHO,
CMEHa MIeiiiepa CUMTAETCsl AOPOTroi omeparmeil. s Kak1Ioro MCHONHEHMS HIeliaepa KOOPAMHATHI €ro BBIXOAA JKECTKO
3aaHbl U HE MOTYT OBITh M3MEHEHBI, YTO MO3BOJISAET ONTUMHU3UPOBATH 3aMUCh PE3YJIHTATOB B BUAEONAMSATh, U UCIOIHATH
HIelepsl A pa3IuyHbIX ap KOOPIMHAT HE3aBHCHUMO.

Kaxnoe @Y MoxKeT BBIIONHATH MPOM3BOJIBHBIC YTEHUS U3 NAMSTH IIPH ITOMOIIH OJTHOTO U3 16 CErMEHTHBIX PErH-
CTPOB (C TOYKH 3peHHsi rpaduyeckoro MHTepdeica TOCTYNHBIX KaK TEKCTYpHbIE yCTpoWcTBa). Kaxkmplii peructp Moker
azpecoBaTh 00acTh mamsT pazmepom 10 4096*4096 371eMeHTOB; B KAUECTBE HIEMEHTOB OOBIYHO MOT'YT BBICTYIIATh IICJIbIC
(8 mm 16 6ut) mwim BemecTBeHHBIE (32 OWT) YnCIa, a TAKXKE Maphl U YETBEPKU TaKuX ducenl. Jlormaecku 3Ta 06IacTs mpea-
CTaBIISIETCS KaK JBYMEPHBI MAacCHB, M IIOTOMY BCET/a afpecyeTcs B ABYMEPHBIX KOOpIuHaTaX. IHOTHa HaKJIaIbIBaeTCs
JIOTIONTHUTEBHOE OTPaHWICHUE — Takas 00JacTh (B IBYMEPHOM IIPEICTaBICHUN) TOJDKHA OBITh KBaJpaTHOH M UMETh pa3-
Mep, PaBHBIH CTEMEHU IBOUKH (3TO YIpOIMIaeT TPaHCISIUI0 anpecoB). CerMeHTH MaMATH (C TOYKH 3peHHs mHTepdeiica
rpaUIecKoro MporpaMMHUPOBAHUS — TEKCTYPHI) MOTYT IEPEKPHIBATHCS. 3arpy3Ka aapecoB CETMEHTOB (PaBHO Kak U ajpeca
BBIXOJHOTO Oyepa) B CErMEHTHBIE PErMCTpPhI BBHINOJIHACTCA [0 MCIIONHEHHS Ieijiepa; BHYTpH IIeiaepa 3TH aapeca He
MOTYT OBITh U3MEHEHBI.

OOnacT mamMsTH, aJpecyeMble CErMEHTHBIMH PETHUCTPaMH, MOTYT paclojaraTbCsi Kak B COOCTBEHHOM NHaMsTH
rpadudeckoro npoueccopa (BuneoO3VY), tak u O3Y. BuneoO3Y cospemennsix ['TIY umeer pasmep ot 128 no 512 Mb.
Hoctyn x BuneoO3Y ocymectBisiercss Ha ckopocTH oT 25 1o 50 I'b/cex; goctyn k O3Y HITY Ha nopsaok meaneHHee. Boi-
rpy3ka gaHHbeIX oOpatHO m3 BuaeoO3Y B O3V LIIV eme MeaneHHee U ocymecTBisieTcs Ha ckopocta 1o 100 Mb/cek, uro
npersaTcTByeT 00padotke Ha ['TIY MaccHBOB JaHHEIX, KOTOpBIE He ToMematores B ['TIY.

Kaxnoe u3 melgepusix @Y MoxxeT BbIIaTh KOMaHAy JOCTyNA K MaMsTH 4epe3 3aJaHHbI CETMEHTHBIH PETUCTp U
JIByMEpHBIH aapec; npu 3ToM PY He OJ0KUpyeTcs, eciy y cleayIoleil KOMaH/ bl He YCTaHOBJICH (Jiar OXXUJaHus JTaHHBIX,
YTO ITO3BOJIIET COBMENIATh apr(pMeTHIecKHe onepanuy 1 0OMeH ¢ maMAThio 110 BpeMeHu. Komanaa nocryna k nmamsitu me-
penaetcs Ha OJTHO M3 YCTPOWCTB JOCTYIMAa K MaMATH, T1ie U oOpabaTeiBaeTcs. MIMeeTcst KA1l JaHHBIX MEPBOTO YPOBHS, €ro
pa3mep o6braHO 16 — 32 Kb. Ilpu nporpammuposannu I'TIY omeparun 1octyna K maMsATH CYUTAIOTCS MEIJICHHBIMU OTIepa-
LUSAMI; JUIA UX YCKOPEHHS UCIIOIB3YeTCs ammnapaTHast MHOTonmoTo9HocTh. [lotoku I'TIY HaMHOTO MeHee THOKH, 4eM Tpaiu-
IIHOHHBIE TOTOKH; KaKIBIH M3 HHUX COCTOWT W3 OIPENEJICHHOTO YHCIIa OJHOBPEMEHHO 00pabaThiBaeMBIX (hparMeHTOB
(00BIYHO €ero pa3Mep CoBMamaeT ¢ YyucioM ImeiinepHsx V), u xpaHuT Bech KOHTEKCT BHyTpH ['T1Y, ¥To mo3Boisier mepe-
KITF0YaTh MOTOKH 0e3 moTepu BpeMeHH (peabHo — 3a 1 TakT). Kak ciencreue, KOTHYECTBO MOTOKOB OTPAaHUYICHO Pa3MepOM
maccuBa POH BHyTpu I'TIY 1 06paTHO NpONOPIMOHANEHO YHCITYy MCIONB3YEMBIX B LW epe pEerucTpOB; €Ile OIHUM CIIe]l-
CTBHEM SBISIETCS OTCYTCTBHE MPOrPaMMHOIO KOHTPOJIS MEPEKIIOUEHHs MOTOKOB. [lepexitoueHue MOTOKOB MPOHUCXOAUT
JIMIIb B TOM CJIy4ae, €CJIM OIMH U3 HUX 3a0JIOKNPOBAJICS HA ONEPAIMH C TTaMSTHIO.

YerpoiicrBo ynpasnenus (YVY I'TIY) ynpasnser niaHUpoBaHHEM ITOTOKOB M Ha3HaueHHEM (parMeHTOB Ha IIEH-
nepubie @Y. OHO sIBIISIETCS TPOTPAMMUPYEMBIM B IMEET CBOM HEOOIBINOW Ha0Op KOMaH, KOTOPBIN MO3BOJISIET 3arpyKaTh
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CerMEHTHBIC PErUCTPBI, YCTAHABINBAThH TEKYIIHUIA IIeHaep, 3ayCKaTh U 0XKUIATh 3aBEPLICHHS ero paboThl, a TAKXKE yIpaB-
JSITh pa3MeleHHeM KOHCTAHTHBIX U paboToii kamia. JlaHHOe OMmMcaHue apXUTEKTYphI MPUBEICHO Ha OCHOBAHHH YCTPOHWCTBA
ATI DPVM [(13)] - npoune coBpemennbic ['TIY UMEIOT CXOAHYIO apXUTEKTYPY, XOTS KOJIHYECTBEHHBIC XapaKTEPUCTUKU
MoryT paznuuarbesi. Cambie HoBble ['TTY sBiIsIOTCS CKaJIApHBIMU (T.€. ODHUEHTHPOBAHBI HAa PaOOThI HE C YETBEPKAMH YHUCEI,
a C OTJIENbHBIMU BEIIECTBEHHBIMH YMCIIaMHU) — OJHAKO Kakaoe einepHoe @Y nmeer 4 HesaBucuMbix @Y st paboTsl ¢
BEIIECTBEHHBIMU YHCIIaMH, M JUIS MX 3arpy3KH BCE PaBHO HPHUIETCS MO0 MCHONIB30BaTh KOMAH/ABI JJIsl pa0OTKU C YeTBEp-
KaMH 9Hcell, JTH0O0 MPOrpaMMHYIO KOHBelepu3aliio oopadoTku [16].

CYIHIECTBVYIOIIME ITOAXO/bI ITIPOI'PAMMMPOBAHU A

Ipu paccmotpennn OBITIY mieinep MOKHO paccMaTpHBaTh Kak 3JIEMEHT MPOTPaMMBI TpadUIecKoro MpoIecco-
pa, a 6ydepa, c KOTOPBIMU OH PabOTaeT — KaK JBYMEPHBIE MacCUBBI JaHHbBIX. Takum 00pa3oMm, HIeiep MOKHO paccMaTpH-
BaTh Kak (B 000X ciydasx QYHKIHS HE UMeeT MoO0o4Horo 3¢ dexra):

1. Kax ¢yHkuuro («s1apo»), KoTopas nepepadaTbiBacT IMOPIHIO 3JIEMEHTOB BXOJHOIO MacchBa, a Ha BBIXOJE JaeT
3JIEMEHT APYroro Maccuaa.
2. Kaxk ¢pyHKnmio, KoTopasi MpUMEHsIeTCs K BXOJHBIM MacCHBaM U B pe3yJIbTaTe 1aeT BBIXOIHON MacCuB.

TpanuuonHo it padotsl ¢ ['TIY mpuMeHsics MepBbIi MOOXOA — «IIOTOKOBOE IPOTrpaMMHUpOBaHue» (Streaming
programming) [17]. B sTom moaxoxe mporpamMma pa30uBaeTcs Ha siipa — HeOObIINE MPOrPAMMHBIC JIEMEHTBI CO CTPOTO
OTIpEJICTICHHBIMH BXOAaMH M BBIXOAaMu. Sapa oOpabaThIBalOT MOTOKH BXOJHBIX JIEMEHTOB. Ha KakIplif BXOZHOW JIEMEHT
SAPO TEHEPUPYET OANH WK Oosee (MOXKET ¥ HU OZHOTO) BBIXOJHOH ameMeHT. [Ipn oToOpaskeHnu Ha rpadudeckuii mpouec-
COp TOTOKH OTOOPaXatoTCsl Ha TEKCTYPHI, a A1pa — Ha mmeinepsl. [ siaep ¢ ycIoBHOM TeHepanueid BEIXOAHBIX 3JIEMEHTOB
UCTIONIB3YIOTCS BO3MOXKHOCTH MackupoBanus ['TTY 3a cuet Oydepa riryounsl. JlocTyn K HECKOJIBKMM 3J€MEHTaM OJHOTO U
TOTO e MOTOKa OCYIIECTBIIETCS PHU TIOMOIIHN oneparuii Tumna scatter u gather; npu stom omeparus scatter oroGpaxkaercs
B YTEHHE COCE/IHUX DJIEMEHTOB TEKCTYpBbI, a orepawus Scatter — B TOMOJIHUTENBHBIN POX0/, B KOTOPOM PE3YJIbTaThl pado-
ThI (PPArMEHTHOTO LICHAEpa MOAAI0TCS Ha BXOJ] BEPIIMHHOMY (KOTOPBIH MOXKET U3MEHSTH MO3UIHIO 3aIIHCH).

DTOT NMOAX0J XOPOIIOo padoTai, Korjaa pasMepsl LieiiepoB ObuIM orpaHuyeHsl (He Oosee 20 KOMaHA), U Hallara-
JIMCh OTPAHUYCHUS Ha YTCHUE U3 TEKCTypbl. OH XOpOoIIo paboTai ISl MPOCTHIX aJrOPUTMOB; JUIs OO0JIee CIIOKHBIX AITOPHT-
MOB U 171 Oojiee CIOXHBIX IIeiinepoB (HampuMmep, ¢ LUKIaMK), OH He padoTaet. Hanpumep, aiis Toro, yToObl chopMynu-
poBaTh B HEM aNTOPHUTM TPACCHPOBKH JIydei, ero NMPUXOJUTCS pa30OuBaTh Ha 3j1eMeHTapHble onepanun [18]. HemonsTHO
TaKKe, KaK B TEPMHHAX TAKUX OIEpaLMil BEIPa3UTh, HAIIPUMED, ONICPALMI0 YMHOKESHUS MATPHLI.

[TosTOoMy co BpeMeHeM OoJiee MOMYJISIpeH CTall BTOPO#H MOJAX0 — IeHIep ecTh QYHKIMsS, KOTOpas MIPUMEHSETCs K
Ha0OpY BXOJHBIX MaCCHBOB U BBIJAET BBIXOJHON MAacCHUB; IPH 3TOM 3Ta (QYHKIHUS He MMeeT 000YHOro 3h(dexTa 1 MOKeT
OBITh BBIUMCIICHA HE3aBUCUMO (KaK CIEACTBHE, MapaUIeTbHO) IS PA3JIMYHBIX JIEMEHTOB BBIXOAHOTO MACCHBA.

Ho xak ompenenuts Takyro ¢yHkuuio? CaMblif MPOCTON CIOcoO — eCTh JIEeMEHTapHbIe ONepalyd ¢ MacCHBAMHU
(HampuMmep, ClOKeHHe, YMHOXXEHHE U T.J.), OHM KOMOMHHUPYIOTCS, U MOJyYeHHOE apu(MeTHUECKOe BhIpakKeHHE paccMat-
puBaetcs kak Qynknus. [Tockonbky cMeHa meiiiepa BieueT 3a co00i HakiaIHbIE PACXOJIbl, MOSBISIETCS CTPEMIIEHHE TO-
MECTHUTBh KaKk MOXHO OoJIbliIe oneparuii 00paboTkn B oauH meiaep. TakuM o0pa3oM, BEIYUCICHUS! MACCHBHBIX OTIEpaIii B
TaKOM CITydae OCYLIECTBIISICTCS JIEHUBBIM 00pa3oM — MOKa pe3ybTaT sIBHO HE TpeOyeTcsl, ISl HEero CTPOMTCS IEPeBo, a KO-
IZla pe3yabTaT peaibHO TpeOyercs (HanpuMep, OH IMPUBOAUTCS K THITY SI3BIKOBOTO MAcCHBa M3 CHENMAIBLHOTO Kjlacca, pea-
m3ytomero Maccussl Ha ['TIY), mo nepeBy crpoutcs melaep, OH KOMIMINPYETCs, UCTIONHSETCS, @ Pe3yIbTaT 3arpyKaeTcs
oOpatHo.

ITo takomy mpuHIHUIy ycTpoeHsl 6ubmmnorekn Accelerator [19], Peak Stream [20] u Rapid Mind [21]. ITo cytw,
OHH TIPEJIAraloT HEKOTOPYIO GHOIMOTEKY MAaCCHBHBIX OMEpAIlfii HA/l BEIECCTBEHHBIMH YHCIAMHE, KOTOPas UCIIONB3YET Jie-

HUBBIC BBIYHCICHUS U JMHAMHUYECKYIO KOMIHIIAIHIO. KpoMe TOro, 1omo0Hbe OHOIHOTEKH MOXKHO JIeNaTh MePEHOCHM bIMU
MEXIy pa3TMIHBIME cucTeMamu — Hanpumep, Rapid Mind pa6Goraet Takxe Ha CELL [22] n Ha MHOTOSIIEpHBIX CHCTEMAX.

CUCTEMA C$: UIEN I APXUTEKTYPA

Cucrema C$ [23] 3auMcTBYeT MIen JICHUBOTO UCIIOIHEHUS M HHAMUYECKON TPAHCILIIUK Y YKE CYIIECTBYIOIUX
cucteM. C Ipyroil CTOpOHBI, OHA MpeJIaraeT psiJi HOBOBBEACHUIA.
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Bo-nepBbIX, ¥ 3TO BasKHBIH MOMEHT, Juisi nporpammuposanust ['TIY npennaraercst ucnonb3oBath He OUOIMOTEKY, a
SI3BIK MporpammupoBanusi. [Ipy 3TOM, XOTsS Ha apXUTEKTYpy S3bIKa M OKa3aja BIMSHHUE apXUTEKTypa coBpeMmeHHbIX 11V,
caM SI3bIK SIBJISICTCS] MalIMHHO-HE3aBUCHMBIM U B IIPHHIIMIIE MOXKET OBITh IIEpEHECEH Ha APYTHe apXUTEKTYphl, B TOM YHCIIE
CELL u muorosepusie cucteMbl. CHHTAKCHC HOBOTO s3bIKa M OOJMBUIMHCTBO KOHCTPYKIMI 3aMMCTBOBaHbI U3 si3bika C# (u
Java), 4yTO MOIDKHO OOJIErduTh OCBOCHHE. A pa3paboTKa sA3bIKa C MCHONBb30BaHUEM cpenbl ucnoiHenus .NET obGieruaer
MHTETPALIUIO €T0 B yXK€ CYIIECTBYIONIME CUCTEMBI; crienuduieckue 0ObeKTHI sA3bIKa (Takhe Kak ()YHKIMU WM MacCHUBBI) B
npyrux .NET-s3p1kax, Takux kak C#, OyayT BUAHBI POCTO KaK KJIACCHI, a CTICIIU(PIYECKUE S3BIKOBbIE KOHCTPYKIIUH — KaK
BBI30BBI METO/IOB.

[Ipomecc BeumMCIeHNs Ha rpaduyeckoM mporeccope (Mo KpaitHed Mepe, MpUMEHEHHEe OTHOTO MIelzepa) MOKHO
MIPEICTaBUTh KaK napaiieibHoe He3asucumoe euluucierue QyHkyuu 6e3 nobouHvix s¢h@exmos na ee obracmu onpeoeneHust
(KOTOPOH B HaHHOM CIIy4ae CIY>KHT SKPaHHbBIA MpAMOYronbHUK). COOTBETCTBEHHO, si3bik C$ BBOAMT mOHsTHE DYHKIMU U
¢dyHKIMOHANBEHOTO THMNA Oe3 mobo4yHoro ddekra. PYHKIMOHANBHBINA THUI SBJSIETCS a0CTPAKTHBIM KJIaCCOM — 3HaYCHHUEM
NepeMEeHHOH (hyHKIIMOHAJIBHOTO THIIA MOXKET OBITh MacCUB (KOTOPBIN €CTh YaCTHBIH Cllydail ()yHKIMHU B sI3bIKE), QyHKIUS —
YJIeH KJlacca, 3JIeMEeHTapHasl OTepalys WK y>Ke CKOHCTPYHPOBAaHHOE, HO ellie He BBIYKMCIEHHOE BhIpakeHue. [Iporpamma Ha
SI3bIKE (MM €€ ATaI) BHINOJIHIET MOCTPOSHHUE TaKoW (YHKIMH, a MapauleIbHOE BEIYUCIICHHE OCYIIECTBISACTCS 3a CUET BhI-
yucieHus GYHKIMY Ha Bcel ee 00J1acTH ONpeesIeHus], HalpuMep, MyTeM NpUBeeHUs QyHKIUN K MacCHBY.

OCHOBHOI1 orepanueii, KCIoIb3yeMOo sl KOHCTPYHPOBaHUsI HOBOM GyHKimu B C$, siBisieTcs onepanust cynepno-
suyuu. B C$ cynepno3unus OCyIeCTBISIETCS 38 CUET KOHCTPYKUHMH YHKYUOHANLHO2O NPOOGUIICEHUsI — KOTOPAs! TO3BOIISIET
MPUMEHATH (QYHKIMIO K APYTUM (DYHKIUSIM, THITBI BO3BPALIAEMBIX 3HAUEHHH KOTOPHIX COOTBETCTBYIOT THIIAM IIapaMeTpOB
¢ynky. C TOYKHM 3pEHHS TPAHCIATOpPA 3TO paboTaeT NMpH paspelleHHH NEPEerpy3KH — €CIH €€ HEe YIaloCh Pa3pernuTh
CTaHAAPTHBIX CPEICTB, KOMIMIISATOP BBINOJIHACT (GYHKIIMOHAIBHOE MpoaBIbKeHne. Cynepro3unus MOKPhIBAET, KaK CIEICT-
BHE, U ONEpallly HaJ MacCUBAMHU JIaHHBIX, a JICHUBAsl CEMAHTHKA BBIUMCIICHHUS OCTaBJIsIET HEOOXOIUMBIN MPOCTOpP IS OI-
TUMH3AIHH.

B s13b1ke BO3MOKHBI, HAIPUMED, CIEAYIOIIUE KOHCTPYKLIHUH:

float sin(float x) { ... } // byukuus cunyc

float[]g=..., | =...; // nenouncieHusIii Maccus

float(float) m= ...; // byHkuusi-orobpaxeHue

var h = g + sin; // aBroBeiBo THTIOB + (hyHKIIMOHATBHOE TpoaBixkenue; Tum float(int, float)
var t=1%*g; // tun float (int)

var w = m + sin; // tun float (float)

Jluctunr 1. Tlpumep dyHKIHOHANBEHOTO TpoaABHKeHHUs B C$.

OObekTHast OpPUEHTHUPOBAHHOCTh M (DYHKIIMOHAIbHASI ODUEHTHPOBAHHOCTD B sI3bIKe HHTErpUpytoTcs. C 0JiHOIt cTO-
POHBI, oreparus . (Touka) 0OpaIleHns K WICHY MOXKET yIaCTBOBATH B CYMEPIIO3UIINH, HATPUMED:

final class float3 {float x, y, z; } // knacc TpexmepHoro BekTOpa

float3 [] vs; // maccus Bepiiu

var tt = vs.x; // pyHKIHs, KOTOpas IPUHUMAET Ha BXO/I [IEJI0€ YHCIIO, & BO3BPAIIAET 3JIEMEHTHI X BEKTOPOB
var Il = tt * vs.y + g; // cm. Beime; tun float (int)

Jluctunr 2. [pumep HYHKIMOHATEHOTO IPOABIIKEHHS C UCIIOJIb30BaHUEM JOCTYyIA K dwieHy B C3.

SI3BIK Tak)ke BBOJUT MOHSTHE MPOCTOTO HEU3MEHSEMOTO Kilacca — 3TO (PMHANBHBIN KIIACC, KOTOPBIA HE MOXKET CO-
JIepKaTh CCBUIOK Ha CaMoro ceOs (T.e. MMeeT MO INOO0 MPOCTHIX THIIOB, MO0 TaKWX ke (PMHATBHBIX KIIACCOB, MpHUYeM 0e3
BO3MOXHOCTH PEKYPCHH) — U He uMeeT Momupukaropa mutable (o6bexTs kmaccos 6e3 moaudukaropos mutable e moryr
nMeTh MoO0uHBIX 3¢ dexToB). Takue KIaccsl MOTYT MCIOIB30BATHCSI COBMECTHO ¢ (pyHKIMSAMH 0e3 moOOYHBIX 3¢ (peKToB
(HampuMep, Ki1acc BEKTOPA BBIIIE).

C npyroli CcTOpOHBI, SI3BIK MOKET BBOAMTH KJIACCHI, KOTOPBIE HAcIEAYIOT OT (PyHKIMOHAIBHBIX TUHIOB. [TyTeM me-
peonpeesieHns] MeTo/la BHIUUCICHNST (DYHKIIMM MOXHO, HallpHMep, CBs3aTh Takoi kiacc ¢ (aitioM — Torga coOCTBEHHO
yTeHHue U3 (aiiiaa He TPON30UIET 0 TOr0 MOMEHTA, KaK 3Ta QyHKIHMS OyIeT JOCTHIHYTa MU JICHUBOM BbIUKciIeHuH. Ecim
onepanusl YTeHUs, HapuMep, 10 UAYIEMY MOAPSA MacCUBY 3HAUEHUI, IepeonpeesieHa, TO 9TO MO3BOJIUT BBINOJIHATh €€
6onee 3¢ppeKTHBHO M MPOUYUTATE TOJIBKO Ty YacTh (aiisia, KoTopas IeHCTBUTENFHO HEOOX0IMuMa.
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JpyrumMy IpUMEHEHUSIMU CYTIEPIIO3ULINHU SBJISAETCS KapPUHT, IMyCThle apaMeTpsl (BMECTO MapaMeTpa mneperaeTcs
IIyCTOE MECTO; B 3TOM CJIydae CYMTAETCS, YTO N0 ITOMY M3MEPECHHUIO MOXKET OBITh MPOU3BEICHO (hYHKIMOHAIBEHOE NPO/IBHU-
JKEHUE), IPOJIBIKCHNE TIPUBEACHUH TUIIOB M apU(METHYECKHUX OTepaIui.

Omeparust peyKIUH pealn30BaHa Kak MpUMeHeHUe IByMeCTHON (yHkimu ¢ nporoturnom Buga T (T, T) k GpyHK-
UM, KOTOpas Bo3Bpamaet Tl 1. Eciu Takas QyHKIWS moMeyeHa Kak KOMMYTaTHBHAS WIH aCCOIMATHBHAS, TO TIPH PEAYK-
UM MOKET U3MEHATHCA MOPSIOK BhruCIeHU. C TOUKH 3peHHs KOMITWIATOPA PEAYKIHS, KaK U CYNEePIO3UIINS, SIBICTCS
€IIle OJTHUM CPEACTBOM pa3pelIeHHs Meperpy3ku, KOTopoe uMeeT OoJiee BRICOKHMHA MPHOPUTET, YeM KappHHT, HO OoJiee HI3-
KW, YeM TOJIbh30BaTEIbCKUE OlNEepali. B nanpHeimeM BO3MOXKHO BBEICHUE B SA3BIK OIEpaiy 0000IEHHON peIyKIuu —
o060 omepariy, KoTopasi 0epeT Ha BXOJl MAacCHB M BO3BpAIaeT CKaJsp, IIPH STOM MOJKET OBITh BEIUMCIIEHA B LIUKJIE 3a
Bpemst O(n) (n — pasmep maccuBa) ¢ O(1) mamsru.

B si3bike C$ 110601 HYHKIMOHAIBHBIA OOBEKT UMEET Psijl aTpUOYTOB — OJHUM M3 HUX SBISIETCS JIOMEH, MU 00-
JIacTh ONpesiesieHus. B kauecTBe JOMEHa MOXKET BBICTYINATh JIt00ast GyHKIMS (XOTs Yalle BCEro 3TO AEKapTOBO IPOU3BEE-
HHE LIEJIOYUCICHHBIX MPOMEXYTKOB). Orepanus peayKIuu MOKET ObITh BHINIOJIHEHA Haj (YHKIMEH TOJBKO B TOM Clydae,
€CII OHa TPOW3BOJUTCS MO KOHEYHOMY JOMEHY — B IPOTHBHOM Cily4yae reHepupyercsi ommoOka. [IpoBepka KOHEUHOCTH
MIPOM3BOUTCS HA 3Talle BHIIIOTHCHHUS.

Jaist TOro, 4TOOBI MOKA3aTh, YTO MPU BBIYHUCICHUN 2 U3MEPEHHUS MACCHBA JIOJDKHBI IPOOEraThCs MapauieibHo, a He
HE3aBHCUMO, UCIIONIb3YETCs KOHCTPYKIUS, Ha3bIBaeMasl C8s13aHHol nepemennoli. CBA3aHHAs TIEPEMEHHAs] — 3TO CIICIHANb-
Has TIEPEMEHHasl, KOTOpasi UMEET TUI, HO HEe MMEET OMpECICHHOr0 3HAYCHHUS; OHA CBSI3BIBACT M3MepeHus (mapameTpbl)
pa3nuuHbIX (YHKIKH, ¥ aHAIOTHYHA TapaMeTpy LHUKIIA, TOJIBLKO 0e3 3aroioBKa — 00JacTh, MpoderaeMast IIEpeMEHHOM, BbI-
YHUCISIETCS UCXO/SI U3 JOMEHOB (DYHKIMH, B KOTOPBIX OHA MPHUMEHSETCS, M SBHBIX OpaHHuYCHHUi Ha Hee (Buaa i:f, rme i —
cBs3aHHAs nepeMenHas, a f — ¢pyukums). Cesi3aHHbIE TIEpEMEHHBIE HE 0053aTebHO OOBSBISATH SIBHO — €CJIM OHU HE O00BAB-
JICHBI, TO UX THUII BBIBOAUTCA U3 UX IMCPBOro NMpUMEHCHUA. Ecau cBsizanHas NEpEMEHHad NPUCYTCTBYET TOJILKO BHYTPU pPEC-
JYKLIMOHHOM KOHCTPYKLIMH, TO IO HEH ocyniecTBisieTcs peaykuus. Hanpumep, onepanus yMHOXEHHS ABYX MaTpuL] 3aIlu-
CBHIBAETCSI CIAEAYIOUIUM 00pa3oM:

type matrix = float(int, int); // nceBnonuM Tuma
matrix mul(matrix a, matrix b) {

var c(j, k) =+ (a(, I) * b(l, k));

return c;

}

Jluctunr 3. [Ipumep yMHOXKeHHs MaTpHIL B si3bike CS.

B naHHOM ciiyyae yHapHBIN + BBIMOJIHSACT PEAYKIIHIO MO CBSI3aHHOW MepeMeHHoi |, a mepemenusie j u K ocrarorcs,
T.K. OHM OOBSIBIICHBI BHE OllepaTopa peaykuuu. s BBeIeHHs KaKoi-Tnbo mepeMeHHOH B BeIpakeHHE ((PYHKITHIO) MOXKET
HCIOJIB30BaThest KOHCTpyKuus tuma let. s ynoGerea BBeaeHs! onepariu SUM() BMecTo peaykunonHoro + u prod() eme-
CTO penykuuoHHOro *. Kpome Toro, B si3blke B Ka4ecTBE Ollepalidi MpeICcTaBIeHsl MiN U MaX, KOTOPBIE TAKXE HCIOJb3Y-
I0TCS KaK PeyKIINOHHBIE.

Hcnone30BaHue CBSI3aHHBIX MEPEMEHHBIX MO3BOJISAET NPOrpaMMHUPOBATh 33/1a4¥ OOJIBIICH BHIYMCINTEILHON MOII-
HOCTH, a 3Ha4YMT, 00JIee MOJHO HCIOJIB30BaTh BO3MOKHOCTH TpadHyecKoro npoueccopa. Hanpumep, onepanus CloKeHUs
JIBYX OOJIBIINX MAaCCHBOB, CKOpPEE BCETO, HE MTO3BOJINTH JOCTUTHYTH Ooee 2% mukoBoi npounsBoauresnsHocTH ['TIY, T.K.0Ha
HMMEET Malyl0 BBIYHCIHUTENbHYI0 MOUIHOCTh. C JpYroil CTOpOHBI, Onepalys YMHOKEHHS MaTpHIl TO3BOJISIET BBITOIHHUTD
O(n®) BerancHTENBHBIX Omepamuii Ha O(N?) BXOAHBIX JAHHBIX, YTO MO3BOJIHT JOCTHIATh (33 CUET HCIIOIb30BAHMS Pa3IId-
HBIX ONTUMU3AIMH) 10 25 — 60% nukoBoii mpousBoauTensHOCTH [TIY.

OOm1ast apxXUTEKTypa CHCTEMBI H300pakeHa Ha PUCYHKeE 1.
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Ucxoaubie ¢aiinbt :f‘> Kommunsarop [—N *.exe daitn MSIL, arpuGyrtst CS$,
C$ (*.cb) s3pika C$ V| ob6patuenus k cpege ucrnonHenus C$

Il

Lenesoit ucnonaurens C$ (GPU, SMP u Coznanme JIATa pynkmmii CS$,
T.11.), MAIMHHO-HE3aBUCHMAst OTITUMM3AIIHS, | ManHHO-HEe3aBUCUMAas ONITUMU3a-
reHepanys Kojia, yrpaBlieHUe MaMATHIO nus

Puc. 1. OGuast apxutekrypa cucrembl C$

KoMmmisaTop s3bika mpeoOpasyeT A3BIKOBBIE KOHCTPYKIUM B BBI30BBI K cpene ucrnonnenus C$. Ilpu sToM ucxoa-
HBIH KOJI AEJUTCS Ha OOBIYHBIN U «IapajuiesbHblii». Kox cuntaeTcst «mapaiebHbIMY, €CITH OH COJEPIKUT HCIIOIb30BaHUE
(YHKIIMOHATBHOTO MPOJIBIKEHHS, PEAYKIIMU WUITH CBSI3aHHBIX MIEPEMEHHBIX. TaKuM 00pa3oM, peniaeTcs 3a1a4ua BblIeIeHHs
napauieNbHBIX 3JIEMEHTOB MPOTPAMMBI, KOTOPBIE MOKHO 0TOOpakath B ko st [ TIY. Onepanust BeraucaeHus QyHKIUH Ha
BCEM JIOMEHE BBIpaKaeTcsl Kak MpUBeIcHNHE (DYHKIUM K MaCCHBHOMY THMY (T.€. THUIY C KBaJpaTHbIMU CKOOKamu). OObIU-
HBIH KOJI TPAHCIMPYETCS B HEKOTOPOE MPOMEKYTOUHOE TPEICTABICHUE — B HACTOSIIEE BPEMSI 3TO ITPOCTO MPOMEKYTOYHBIMH
KOJI, OJTHAKO TUIAHUPYETCs IS TO# 1enu ucrnonbs3oBats Microsoft Intermediate Language (MSIL) — npencrasienue npo-
MexxyTounoro koma B .NET.

OGparmenns K cpeie BbimoiaHeHnss C$ co3maroT HampaBieHHBIN anukindeckuit rpad (JAT) GyHKIHOHATBHBIX
onepanyid. B HacTosmiee BpeMs 3TOT rpad UMeeT 3 THIA JIMCTOBBIX BEPIUHH: CKaJAPbl, QYHKIINH, CBSI3aHHbIC IEPEMCHHbIC
(B T.4. M MyCThIe), U 3 THNA BHYTPEHHUX BepLIMH: npuMeHeHus ¢ynkumu (apply), peayxuun (reduce) u BBeneHUs HOBBIH
CBsI3aHHBIX MepeMeHHbIX (let).

[Mocne ManIMHHO-HE3aBUCUMBIX ONTHMHU3UpYOLHMX npeoOpazoBanuii JJAI' mepenaercst 1eneBoMy HCIOJIHUTEINIO,
KOTOpBIH MpeobpasyeT ero B MariHHbIH ko (ko I'TTY), ucrnonHser 1 Bo3Bpalaet pe3yJibTar.

CJ'ICZ[yGT 3aMCTHUTh, YTO BBIACICHHUCM (1)I/I3I/I‘ICCKOI71 MaMsITH 3aHUMAaETCS LIeJICBOM HUCIIOJITHUTCIIb, OH XC 3aHUMACTCA
0TO6pa)KeHI/I€M JJOTHYECCKOTO MaCCHBa Ha (1)I/I3I/I“I€CKI/IG aZpeca naMiaTnu rpa(bnqecxoro mponeccopa. O,I[HaKO ueneBoﬁ uc-
IIOJTHUTCJIb OOJIXKCH o0ecreurBaTh CTaH,HapTHBII;‘I HHTCp(beﬁC pa6OTBI ¢ 00J1aCThI0 IAMATH — TaK Ha3bIBACMBIM npeacrasiic-
HHUEM — KOTOpBIﬁ MO3BOJIACT 3arpy’karb B 3TO NPCACTABJICHUC U CYUTBIBATH U3 HETO O6paTHO JaHHBIC, obecrneunBas apu
9TOM HE3aBHUCHUMOCTb pa6OTLI C MIaMATBIO OT ueneBoﬁ APXUTCKTYPHI.

TPAHCJISILINS OTIEPALIMN HAJT MACCUBAMU B CUCTEME C$

TpaHcnAusa MacCUBHBIN OTepalyii OCYIIECTBIAETCA B 2 dTana: CpeJod BPEMEHHU BBITIOJIHEHHS U LIEJIEBBIM HCIIOJ-
HuteneM. IIpu 3ToM cpella BpeMEHU BBIIIOJIHEHUS OCYLIECTBIIIET MAIMHHO-HE3aBUCUMYIO ONTUMM3ALUIO — TAKYIO KaK yJa-
JIEHUE MOBTOPSIOLINXCS BBIPAXKEHUM U CBEPTKY KOHCTAHT. Takxke CUCTeMa BPEMEHU UCIIOIHEHUS OINPEAECISAET CIIUCKU CBO-
OOMHBIX U3MEPEHUI U CBA3aHHBIX NepeMeHHbIX. CaMblii BaKHBII MOMEHT — Ha 3TOM 3Tale /s KaXJ0H BEepLIMHBI rpada
BBIYHCIIAETCS €€ JJOMEH (T.e. OMeH (DYHKIMH, KOTOPOl COOTBETCTBYET 3Ta BEPIIMHA) — OH HCIIOJB3YeTCs B JaJbHEHIIEM
Ui

Pa3zmeuennslit Takum 00pazoM rpad mogaeTcs Ha LEeJICBOH MCHOIHUTENb s TpadMuecKoro mpoueccopa, KOTOPBIH
BBITIOJTHSACT IeHepanuio kojga. OHa COCTOMT W3 HECKOIBKHUX JTAIOB!

1. Ha mepBom stame mcxoxusiii JJAI' pa3bmBaeTcss Ha y4acTKH, COOTBETCTBYIOIINE OTACIBHBIM Ineiiaepam. B Ha-
crosmiee BpeMs pa3OneHHne HIET MO BEePIINHAM, KOTOPBIE COOTBETCTBYIOT ONEPALMsAM PEIyKIHH, B pe3yibTaTe
KOTOPBIX IIOJYYarOTCsl CKAJISIPHbIE 3HAUYEHUS.

2. Jlns kaxmoro yuactka crpoutcs JTAD meiaepHpIX omnepanuii.

3. Tlo JAT meiinepHbIX Omepamuii OCYIIECTRIIETCS TeHepalus Koaa meiaepa. [Ipu reHeparyu yauThIBAIOTCS apa-
METpBI, 3aJjaHHbIe B (aiine kondurypaunu. Hanpumep, MO>KHO 3a/1aTh T€éHepauuio onepayii 11 4eTBEpOK Bellle-
CTBEHHBIX YHCEJL, IOBBIILIASA TEM CAMBIM IIPOU3BOAUTEIbHOCTD, WIX 33a1aTh [IapaMETPhl pa3BEPThIBAHMS LIUKIIA.

[Ipu 3TOM MaccHuBHBIE OIEpaLiM OTOOpPaXKAIOTCSl HA apu(METHUECKUE ONepalluy B IICHAEpe, a onepanuy peayK-

LMK — JTMOO0 Ha PEIYKIUIO BJIOJIb U3MEPEHUH Oydepa maMsTH, €ciu ee Pe3yIbTaToM SBISIETCS CKaJIsip, TM0O0 Ha IIUKJI BHYTPH
Ieiiepa, eciii pe3yJIbTaToOM ee SABISEeTCS Ipyrast QyHKIUSL.
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[Ipu TOM Ccpasy e reHepupyeTcst KO Ha LelepHoM accemOuepe, BBINOJIHSETCS BbleNeHHe peructpos. Ilocie
3TOro co3ziaercsi Oydep KoMaHI Uil UCTIONHEHH el epa, Mocie Yero KOMaHIHbIi Oydep mojaercss Ha UCHOJIHEHHE Tpa-
¢dunueckomy nporeccopy. [locie ncrnonHenns: koMmanaHoro Oydepa gaHHbIE, OIyYSHHBIE B pe3yibTaTe, OyIyT JOCTYIHBI B
SI3BIKE KaK (DYHKIHS.

Ha puc. 2 nmpuBeseHo aepeBo, KOTOPOE CTPOUTCS IO KOy YMHOXKEHUS] MaTpPULl, IPUBEICHHOMY B JucTHHTE 3. TH-
el Bepume — @ (apply), R (reduce; B ckoOkax ykasaHbI CBA3aHHBIE TIEPEMEHHBIC, T0 KOTOPBIM TIPOU3BOIUTCS PEAYKIIUS).
CBs3aHHbBIC IEpPEMEHHbBIC U MAaCCUBBI TOMedeHbl OykBamu. Ha puc. 3 npuBeneH koJ, MOMy4YeHHBIH U3 9TOro rpada BeIpaxe-
HUH Ui yMHOXeHHs MaTpull pazmepoMm 1024 ma 1024. ObpaTtute BHUMaHHE, YTO KO OBIJI CT€HEPUPOBAH C YIETOM TOTO,
gro ['TIY paGoraer ¢ deTBepkamu BeUIeCTBEHHBIX umcen. Omepanns peayKIuu OblIa aBTOMAaTHYECKH IpeoOpa3oBaHa B
JIBOMHOM ITUKII, T.K. MAaKCUMAaJIbHOE 9uCIo uTepanui mukuia Ha ['TIY — 255 — MeHsbIIe, ueM mooBrHA pa3zMepa MaTpPHUIIHL.

ps 3 0

Ra) dcl vPos.xy

dcl 2d s0

dcl 2d sl

+ @ mov rl.x, vPos.x
mov rl.y, cl.x
mov r2.x, cl.x

mov r2.y, VvPos.y
* @
mov r0, cO0.zzzz
rep i1l
rep 10
texld r3, rl, sO
b I k texld r4, r2, sl
add rl.y, rl.y, cO.y
Puc. 2. JAT onepanuii, HOCTPOSHHBIN 110 KOAY add r2.x, r2.x, cO.y
MEPEMHOKEHHS MaTPULL U3 JIUCTUHIa 3 mul r5, r3.xxzz, rd.xyxy

mad r6, r3.yyww, réd.zwzw, rb5
add r0, r0, ro6

endrep

endrep

mov oC0, r0

Puc. 3. llleiinepHslii ko, creHeprpoBanubii mox JJAT™ Ha puc. 2.
PE3VJIbTATHI Y HATIPABJIEHUS JIAJIBHEMIIEN PABOTHI
Yacrte cucremsr C$ Gruta peanusoBana Ha si3sike C# 2.0 must paGotsl B cpene Buimonuenus .NET 2.0. Toctym k

rpaduyeckoMy mpoueccopy ocymiectisuics cpeactBamu ATl DPVM [13]. Tekymiast peanusaius CHCTEMbl UMEET Clie-
JIYIOIINE OTPaHUYEHUS 110 CPABHEHHUIO C OIMCAHHBIMU BBIIIE UACSMHU:

IMoaepKUBarOTCS TOJIBKO MPOCThIe (BYHKINH (T.€. omepaliiu ¢ pocteivu Tuiamu — float, int) u maccusbr

IMoep>KUBAIOTCS. TONBKO JOMEHBI, IPEICTAaBIIONINE COO0M IEKapTOBO MPOU3BEACHHE LETOYNCICHHBIX IPOMe-

KYTKOB, THOO MOJHBIC IOMEHBI

e TpaHchsiuus OCyIIECTBIIETCS B CeU(pUIeckoe IPOMEKYTOYHOE MIpeAcTaBleHue, a ue B ko MSIL. Oto, onHako,
[UIAHUPYETCSI UCIIPABHT.

e He moazepXuBalTCs BEpLIMHBI BBEICHHUS AOMOJHUTENbHBIX nepeMeHHbIX (let-Beprunner). OnHako moaaepKuBa-

I0TCSl pEAYKLMOHHBIE BEPLIMHBI U BEPILINHBI CYTEPIO3UIINH.

B ocranpHOM ke ()YHKIMOHANBHOCTH TEKYIIEH CHCTEMBI pean30BaHa B COOTBETCTBUH C BHICKa3aHHBIMHU BEIIIE
HAEIMHU.

Cucrema ObliTa IPOTECTHPOBAHA HA KOJIE YMHOKCHHSI MATPHIIL, TIPUBEICHHOM B JucTUHTE 3. TecTupoBaHue mpoBo-
JUJIOCh HAa MATPHUIIAX Pa3IMYHBIX Pa3MEpOB M C Pa3IMIHBIMH HACTPONKAMH ONTHME3ald. B Tabmuie 1 mpuBeneHs pe-
3ynbTaThl (IPOM3BOIUTEIHHOCTD B ['(urorc) g HaCTpOeK ONTHMHU3AINH, OTJIMYAIONINXCS 10 2-M HapaMeTpaM: HCIOJIb30-
BaHMIO BO3MOXKHOCTEM MO paboTe ¢ YeTBEPKAMM BENIECTBEHHBIX umcesl — oHM ucrnons3yrores (floatd) mmm mer (float), a
TaKKe 10 KOHBEHepH3aluy LIMKIIA — MK KoHBeitepusupyercs (pipeline) win ner (simple). 3amepbl mpoBOIMIKNCH Ha rpa-
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¢dugeckom nporeccope ATl Radeon X1800 XL ¢ 16 weiiaepusivu OV, paborarommmu Ha yacrore 550 MI'u, u 256 Mb
MaMsITH.

128 x 128 256 x 256 512 x 512 1024 x 1024
float, simple 3.94 5.00 5.16 4.61
float, pipeline 3.76 4.72 4.79 4.66
float4, simple 8.10 14.20 15.66 15.81
float4, pipeline 7.53 13.78 14.79 15.22

Ta6n. 1. IIpoussogurensHocTs (I'diornc) nporpaMMbl YMHOKEHHSI MaTPUI] HA MaTpHLaX Pa3IMYHBIX Pa3MEpOB MPU
Pa3IMYHBIX HACTPOHKAX ONTHMH3ALIUH.

Ha ocHOBaHNM pe3ynbTaTOB, IPUBEACHHBIX B TAOIHIE 1, MOKHO CIETATh P/ BBIBOJOB. BO-NIEPBBIX, C yBEIHICHHU-
€M pa3Mepa MaTpHUIb! (32 HCKIFOUCHNEM MEPBBIX ABYX CTPOK MOCIEIHETO CTOIONA) MIPOU3BOANTEIBHOCTD BEIUMCICHUI pac-
TeT. BBICTPBIi pocT IpH mepexoe ¢ ManblX pa3MepoB Ha OOJBIINE MOXKET OBITh OOBSCHEH TEM, YTO Ha 3aITyCK IIPOrPaMMBI
Ha TpadUIecKoM Iporeccope TpeOyrTcs HEKOTOPhIe HaKIa HbIe PacXoAbl (CM. BEIIIE) — HO C YBEIMYCHHEM pa3Mepa MaT-
PHIIBI UX BKIaJ OBICTPO 3aTyXaeT, T.K. BpeMs COOCTBEHHO 00pab0OTKM MaTpPHITHl pacTeT IMPUMEPHO Kak KyO ee pazmepa Imo
OZHOMY U3 U3MEPEHUH.

Bo-BTOpBIX, IpOrpaMMHasi KOHBeilepHu3alys 1IMKJIa TOYTH BCET/a JaeT HeOOJbIIOe CHIKEHNE MPOU3BOIUTEIBHO-
CTH (3a HCKJIIOUEHUEM IIepPBOIl IIOJIOBUHBI MOCe Hero croabua). Ckopee BCero, 3TO CBA3aHO ¢ MHOTOIOTOYHBIM MEXaHU3-
MoM coBpeMeHHbIX [ TIY (cM. BbllIe) — KOHBeiiepHu3alys HUKIIa TpeOyeT JOMOIHUTENBHBIX PErHCTPOB, COOTBETCTBEHHO, 3TO
CHIDKAEeT KOJMYECTBO IIOTOKOB U BO3MOKHOCTBE I'TIY CKpBIBaTh 3a CUET MHOTONIOTOYHOI paboTHI 3a7iep KKK ITPH 0OpalieHu-
sx k mamaTH. Kak crneactsue — HeOouIbIIoe NaJieHue NPON3BOAUTEIEHOCTH.

B-TpeTpux, 3aMETHO, YTO MCHOIB30BaHHE OOPAOOTKH YETBEPOK BEUIECTBEHHBIX YHCEN JAeT MPUMEPHO TPEXKpaT-
HBII IPUPOCT IPOU3BOJUTEIHFHOCTH, YTO BBI3BAHO HE CTOJBKO TEM, YTO apH(METHUECKHE KOMAH/BI BBIIOIHAIOTCS OBICT-
pee, CKOJIBKO TEM, YTO MOBBIIIACTCS BHIYMCIUTENbHAS MOIIHOCTD BBITIOIHAEMOH IPOrpaMMBI — yIBOGHHE JIMHEHHOTO pas-
Mepa YMHOKaeMBIX MmoaMartpul] (T.e. mepexoxa oT 1x1 k 2x2) moBbImaeT KOJIWYIECTBO OOpamieHuii Kk mamstu B 4 pasa (Ha
UTEPALHIO), @ KOJMYECTBO apU(YPMETHIECKUX ONEepauii — B 8 pas, YTO NPUBOAUT K POCTY BBIYHCIUTEIHHONW MOITHOCTH B 2
pasa.

Pe3ynbrathl, npuBeeHHBIE B TabmuIe 1, yke camu 1o cebe HeIIOXH — JOCTUTHYTA MPHUMEPHO YeTBEPTh IMMKOBOM
MIPOU3BOIUTEIHHOCTH B HawilydmeM ciydae. C Ipyroil CTOPOHBI, OCTaeTCs elie MPOCTOp IS ONTHUMHU3AINH — IPOU3BOIH-
TEJILHOCTD MOJHOCTHIO ONTUMHU3MPOBAHHOTO KOJIA JIs IEPEMHOKEHHsI MaTpHLl, ToctaBisiemoro Bmecre ¢ DPVM, B 2 — 2.5
pasa 6oubine. JlanpHeiimas padota OyaeT UATH IO HECKOJIBKUM HaIpaBlICHUSIM.

Bo-niepBbiX, B X0j/i¢ pabOThl BBISICHUIOCH, YTO METOJ(bl ONTHMHU3AIMHU JJs TPadHUECKOTO MPOIECCopa 3aBUCAT B
OCHOBHOM OT MapaMeTpoB camoro rpaduueckoro mpoieccopa (uucna meiinepapix @Y, Hanu4us Uik OTCYTCTBUS B HEM
reOMETPUYECKHX IeiIepoB, yncia 0y(hepoB, B KOTOPbIE OJHOBPEMEHHO BO3MOXKHA 3alUCh W T.J.), YeM OT HHTepdelica
JocTyna Kk Hemy. Kak cieactBue, HMeeT CMbICI BBECTH JIOTIONHUTEIbHBIN YPOBEHb aOCTPAKIIMU MEXKTy LEJIEBBIM HCIIOJIH -
TEJIEM W anmnapaTypoil — oH OyeT 3aBopaunBarh HHTEpQeiic gocTymna K skenesy (DirectX, OpenGL u 1.1.) U pe1oCcTaBasTh
€ro LeJIEBOMY HCIOJHUTENIO B €IHHOOOPa3HOM BHJIE.

Bo-Bropsix, Ha I'TIY MOXXHO BBIAETHTH HECKOJIBKO PA3HOPOJHBIX U3MEPEHUH KaK NMPH XpaHEHUH JaHHbIX (deTBep-
KU BEIIECTBEHHBIX 4Mcell, u3MepeHus Oydepa, Heckoibko OydepoB), Tak M NMPH HCHOJIHEHHH (YETBEPKH BELIECTBEHHBIX
YHCeN, UKL, Pa3BePTKH U KOHBEHEpHU3alluy IUKJIOB, H3MEPEHHS BBIXOJHOTO Oydepa, MHOKECTBEHHOCTh BBIXOJIHBIX OY-
¢epoB u T.1.). HekoTopele 13 HUX COOTBETCTBYIOT peanbHOMY napautenusmy I'TIY (Hampumep, omepanun ¢ yeTBepKaMu
YHCelT), HEKOTOPble — HET, HO MOTYT YBEJINYUTH NMPOU3BOAUTEILHOCTh 32 CUET MOBBIIICHUS BBIYUCINUTEIBHOW MOIIHOCTH
(HampuMep, MCIIOIb30BaHNE MHOKECTBA BBHIXOHBIX OydepoB). B mobom ciaydae pasmepsl 3THX (U3NIECKUX U3MEPEHUI Ha
pasnuuHbix I'TIY pasnnusel, HekoTopsle ecTh He Ha Beex ['T1Y (manpumep, GeForce 8800 paGoTaer He ¢ yeTBepKaMu Belie-
CTBEHHBIX YHCEN, a CO CKaJsIpaMM), Tak 4To s pasHelx ['T1Y 3amauy oToOpaXkeHus! JOTHYECKUX M3MEPEHHH XpaHEeHUs U
BBITIOJTHEHHS JAaHHBIX HEOOXO0MMO penlath o-pasHomy. [IpuBeaenue 3Toil 3a1auu K eIMHOMY BHy U BO3MOXKHOCTB Iapa-
METPU3HUPOBATh TEHEPAIMIO KOHEYHOTO KO0JIa IMIeiaepa pa3aIinyHbIM 0TOOpaKEHHEM Ha M3MEPEHHsI C ONTHMHU3AIUeH 1Mo pas-
JUYHBIM METPHKaM (HampuMep, IO BBIYUCIUTEFHON MOIIHOCTH) MOTJIO OBl MTO3BOJIUTH CTaBUTH MPOOJIEMY ONTHMHU3ALNU
JUTS TAKOTO Poja 0TOOpaKeHNUS U TeHEPUPOBATh OoIree BRICOKOA(DGEKTUBHBIN KOI.

B'TpeTBI/IX, CICAYCT pacCMaTpuBaTh HE TOJBKO HEJIOYUCICHHBIC JOMEHBI, HO U AOMECHbLI APYIrUX THIIOB, 4 TAKXKE
HEJIOYUCICHHBIC TOMECHBI, KOTOPBIC HE MPEACTABJIAIOTCA B BUAC ACKAPTOBA HIPOU3BCACHMS. Oco0blit HHTEPEC MPEACTABIIAIOT
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a(l)(l)I/IHHI)IC HWHACKCHBIC BBIPAKCHUS, TAK KaK B 3TOT KJIaCC MOMaAacT A0 99% HHACKCHBIX BLIpa)KeHI/Iﬁ B pCajibHBIX IIPO-
rpaMmmax. B stom CJIydac MHTCPECHO pacCMAaTPUBATL NTOMCHBI KaK Ha60pLI JIMHEHHBIX OrpaHI/I‘ICHI/Iﬁ, JUIs1 KOTOPBIX oIpeac-
JICHBI Oomi€paluu nepececucHs, NPpOBCPKNU Ha HCIIYCTOTY, IMPOCKIIUN Ha Ha60p H3Mep€HHI71, a TaKKE Orcpaunursd BbIACICHUA
HanOOJIBIIIETO MMOAMHOXKECTBA, IPEACTABUMOI0 B BUJAC ACKAPTOBA MPOU3BECACHUA LEITOYNUCICHHBIX TPOMEKYTKOB — 3TO IIO-
3BOJIMIIO OBI paclivpuTh KJIacC 3aja4, NoAACPKUBACMbIX Halllel CUCTEeMOM.
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