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C HCIO0JIb30BAHUEM HICHIEPHbIX A3BIKOB

J.K. boronenos, B.E. Typnanos

CoBpeMeHHbIe TpahUIecKue YCKOPUTEIH SBISIOTCS. BEICOKOIPOU3BOAUTEIIEHBIMU MACCHUB-
HO-TIAPAJUICIIEHBIMU TIPOLIECCOPAMH U THOKO MPOTPAMMHPYIOTCS C IMOMOIIBIO MICHICPHBIX
U CIIEIHATN3UPOBAHHBIX SI3BIKOB. JTO TO3BOJISIET UCIOIB30BATh TpayiIecKuil YCKOPUTENb
JUTS pEIICHUs Pa3IHMIHBIX BBIYHCIUTENHEHO TPYIOEMKHX 3a1ad. PaccMOTpeHBI OCHOBHBIE
TMPUHIUIE (YHKIMOHUPOBAHUS TpaHUUecKoro mMmporeccopa M CYIISCTBYIOIINE CPEICTBa
nporpaMMupoBaHus. [lokazaHO, YTO MCIONB30BaHUE TPAIUIIMOHHBIX IIEHIEPHBIX S3BIKOB
MOJKET UMETh ONpeAeTICHHbIE IPEeUMyIIecTBa nepen TakuMu TexHoJormiMu kak CUDA u
Stream Computing, a cBs3aHHas ¢ HUMH “IpUBsI3Ka K rpaduke” He Tak CIOXHA U, Ooiee
TOT0, MPAKTUYCCKHA OJMHAKOBA IS Pa3IM4YHBIX 33]a4. B kadecTBe mpuMepa pacCMOTpeHa
3a/1a4a MOJICIIMPOBAHMSI TUHAMUKU cUCTeMBbI N (N = 214) TOYEUHBIX Macc.

1. BBenenune

Ha npoTsbkeHnuu mocieqHero NecATHIICTUS Tpa@uuecKue YCKOPUTEIN CTPEMUTEIBHO HapaliuBa-
JM TIPOU3BOAUTEIHHOCTD, YTOOBI YAOBIETBOPUTH HETIPEPHIBHO PACTYIIMM 3allpocaM pa3paOOTUHKOB
rpadUYecKUX MPUIIOKESHUN U KOMIIBIOTEPHBIX Urp. KpoMe Toro, 3a mocieaHue HECKOJIbKO JIET U3Me-
HWINCh HEKOTOPhIC (yHIAMEHTAIbHBIC MPUHIIUITEI Pa3padoTKu TpadUuecKoil annapaTypsl, B pe3yib-
TaTe 4ero oHa crana 0ojiee MporpaMMHPYEMOil, YeM Korna-nmioo panee. CeronHs rpadguyeckuil ycko-
PUTENb — 3TO THOKO TIPOrpaMMUPYEMbIil MACCHBHO-IIAPALIEBHbIH MPOLEccop’ s 00paGoTKH uncen
B (hopMare C IUIaBaroIlel TOYKON, BO3MOKHOCTH KOTOPOTO MOTYT OBITh BOCTPEOOBAHBI JUIS PEUICHUS
[EJIOTO Psifia BBHIYUCIUTENBHO TPYJOEMKHX 3anad. K Takum 3amayaM OTHOCSITCS Pa3lIMYHbBIE 3aJlaqd
MaT(OU3NKA U HHKCHEPHOTO aHaJIN3a, BEHICOKOKAUYECTBEHHAS BU3YaIH3aIis, 00padoTka N300pakeHUH,
MaIIuHHOE 3peHue, 3aa4un (PUHAHCOBON MaTEeMaTHKH U T.1. [1].

1.1 Bo3mo:kHbIe MPeUMYIIECTBA BHIYUCIEHUI HA rpauyecKoM npoieccope

BrionmHe oueBHIHO, YTO TPOrpaMMHPOBaHKE Ha Tpa@ruecKoM Mpoleccope 3aTpyaHEHO 0 CpaB-
HCHHUIO C TPAAUIIMOHHBIM IMTPOrpaMMUPOBAHUCM. HOBTOMy BIIOJIHE 3aKOHOMCPHBIM ABJIACTCA BOIIPOC O
1eNIeco00pa3sHOCTH MaHHOTO moaxoaa. CaMblii KOPOTKHN OTBET 3BYYHT TaK: CEromHs rpaduveckue
MPOIIECCOPBI 00ECIeUNBAIOT MAKCUMAILHOE COOTHOIICHHUE MPOHM3BOMTEIFHOCTH K IICHE M0 CpaBHe-
HUIO C APYTUMH PEIICHUAMH .

3.0 GHz Intel Core 2 Quad (QX6850): NVIDIA GeForce 8800 (9800) GTX:

¢ MMpounssoanTenbHocTb: 96 GFLOPS * [TpowussogutenbHocTb : 330 GFLOPS

¢ MMponyckHas cnocobHocTb namatu: 21 M6/c * [ponyckHas cnocobHocTb namaAT: 55.2 M6/c
¢ Llena: ~ 30 000 py6. (4un) * LeHa: ~ 7000 py6. (nnama)

Puc. 1. CpaBHeHHE XapaKTEPUCTHK LEHTPAIBHBIX U Ipa)MIeCKUX IPOLIECCOPOB

'r paduueckuii mporeccop AMD Radeon HD 4800 Gasupyercs Ha CynepCKasIpHON apXUTEKTYPE M COJACPIKHUT
160 BBIUMCIUTENBHBIX MOIYJIEH, KaX bl U3 KOTOPBIX cOCTOUT U3 msaTH AJIY (uTo mo3Bosiser roBoputs o 800
HCTIOJIHATENILHBIX YCTPOUCTBAX, XOTs 3TO HE BIOJHE KOppekTHO). ['paduueckuii mporeccop NVIDIA GeForce
GTX 280 comepxkut 240 ckansapubix AJIY, KaxIblii U3 KOTOPBIX CIIOCOOCH BHIMOJIHATH JIBE OMEPAIlUH 33 TaKT
(MAD u MUL).

? I'padudeckre MpoIeccopsl JTHAUPYIOT | MO APYTHM MOKA3aTEN M, TAKAM KaK IIPOCTPAHCTBEHHO-BECOBAS IKO-
HOMUS M SHepreTudeckas 3QpPeKTHBHOCTE.



Kpome Toro, rpadudeckue mporeccopbl HApalluBalOT MPOU3BOIUTEIBHOCTh CYIECTBEHHO ObICTpee
HEHTPANbHBIX MPOLIECCOPOB, O YeM CBHIETENbCTBYIOT AaHHBIE pecypca [2]. i meHTpaibHBIX Mpo-
I[ECCOPOB €XKETOIHBIN MPUPOCT MPOU3BOJUTEILHOCTH COCTABISET B cpenHeM 1.4 pasa, ans rpaduue-
CKUX TMPOIECCOPOB JaHHAasl BeNWYMHA cocTaBnseT 1.7 u 2.3 pasa i GparMeHTHBIX U BEPIIHHHBIX
0JI0KOB COOTBETCTBEHHO.
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Puc. 2. CpaBHeHHE XapaKTEPUCTHK LEHTPAIBHBIX U IPpa)UueCcKUX MPOLECCOPOB

I'oBops 0 mpuuMHAX, ONPEAETSIOMUX CTOIb OBICTPOE Pa3BUTHE TpapUIECKUX MPOLIECCOPOB, Clie-
OyeT oOpaTuTh BHUMAaHHE Ha Ba O0OCTOSTENbCTBA. Bo-mepBbIX, cleqyeT OTMETUTH CIeU(pUUIECKYIO
apXUTEKTYpy Ipadudeckux MporeccopoB. LleHTpanbHble mpoieccopbl Bceraa ObUTH OPUEHTHPOBAHBI
Ha MakCHUMalbHO 3P (EeKTHBHOE HCIOTHEHUE TOCIEAOBATEIBHOTO KOIa, AJsl 4ero ObLIM pa3paboTaHb
TaKue TEXHOJIOTHH, KaK MpPEICKa3aHWe BETBJICHUH M HCIOJHEHHE C U3MEHEHHEM I10CIIeI0BATEIBHO-
ctu. Kak ciiezicTBue, B IEHTPANIbHBIX MPOIECCOpax 3HAYUTEIHHOE YHCIIO TPAH3UCTOPOB 3aTpadynBaeT-
Csl Ha peanu3alyio NOJOOHBIX TEXHOJIIOTHH 1 OoJbiue 00BeMbl BCTPOCHHON KAII-mamsaTh. [ paduye-
CKHE TPOLECCOPHI, HAPOTHB, W3HAYAIBHO OBUIM OPHEHTHUPOBAHBI HA MapajlleibHyI0 00paboTKy 4u-
cen B (¢opMare ¢ MJIABAOLIEH TOUYKON HA MHOXECTBE OTHOCUTENIBHO NMPOCTHIX MCIOIHUTEIBHBIX 0JI0-
KOB, Ojarosmapsi 4emMy JOIMOJHUTEIbHBIE TPAH3UCTOPHI TOPa3A0 MPOINE MCIONb30BATh I YCKOPEHUS
BBIUKCIICHUH. BO-BTOpEIX, 3a pa3BuTHEM Trpaduieckoil annapaTypbl CTOUT MHOTOMUJITHOHHBIN PBIHOK
KOMITBIOTEPHBIX UTP U Pa3BICUEHHUH, KOTOPBIH SBISETCS NPEKPACHBIM CTHUMYJIOM JUISI COBEPLICHCTBO-
BaHUS CYIIECTBYIOIIMX TEXHOJIOTHM 1 MOABICHHS HOBBIX HHHOBAI[MOHHBIX pa3paboToK.

1.2 CpeacTrBa nporpaMMupoBaHus Ui rpagu4ecKoro npoueccopa

1.2.1 Humepdpeiicol npocpammuposarnus epapuxu u uwieiidepHole s3b1KuU

K nanHO# kaTeropuu OTHOCSTCS MPOBEPEHHBIE BpeMeHeM HHTep(deiichl TporpaMMHpPOBaHUs Tpa-
(bUKH U CBsI3aHHBIC C HUMU NICHICPHBIC S3bIKU. [[pPUMEHUTENHLHO K BEIYUCICHUSM OOIIETr0 Ha3HAYCHHUS
gare Bcero ucmoib3yercs cBsa3ka u3 OpenGL u s3pika GLSL (OpenGL Shading Language) [5]. JlaH-
HbBIC CpCACTBAa M3HAYAJIBHO MPUMCHSINCH IJId PCIICHUA 3aa4 BU3yalIU3alluv, IMMO3TOMY IPpHU HUX HC-
MOJIb30BAHUHM JIJISl PEUICHHS 3a/1a4 OOIIero Ha3HAYCHUs MOSABISCTCS “TIpUBs3Ka K rpaduke”. Tem He
MeHee, TaHHBIH TIOJIX0] HM B KOeM Cllydae Hellb3s Ha3BaTh HU3KOYpOBHEBhIM. Cama 1o cebe “rpuBsi3-
Ka K rpaduke” BOBCE HE TakK CIOKHA U, O0JIee TOTO, MPAaKTHICCKH OJMHAKOBA IS Pa3TUIHBIX 3a1ad.

SA3pik meiigepoB OpenGL — 3To BEICOKOYPOBHEBBIH MPOLEAYPHBIH A3BIK IPOTPaMMHUPOBaHUS, KO-
TOpBIN OCHOBaH Ha cuHTakcuce U ynpaeineHud C u C++. SI3bIk ompenenseT 6oratelii HAOOP BCTPOCH-
HBIX THUIIOB, BKJIFOYasi BEKTOP U MATPHILy, KOTOPbIE TIO3BOJISIOT JIAKOHWYHO 3alAChIBATh MHOTHE aJiro-
putMBbL. [IpUCYTCTBYET psii MEXaHH3MOB, 3aMMCTBOBAaHHBIX U3 si3bika C++: meperpys3ka QyHKIHNA 1O
TUILy apryMEHTa, 00bsBICHUE IEPEMEHHBIX HEMTOCPEACTBEHHO MEPE] X UCIOIb30BaHUEM, KOHCTPYK-
TOPHI JUTSL CTIOKHBIX THITOB JaHHBIX. SI3bIK TOJIep>KUBaeT IIUKIIBI, THHAMUYECKAE BETBJICHUS U TOJI-
nporpaMmbl U obecrieurnBaeT Ooratelii HAOOp BCTPOEHHBIX (yHKUWI. HakoHel, naHHBIA sS3bIK HE Ha-
KJIQ/IBIBACT OTPAHMYCHUI HA JUTUHY HICHCPHBIX MPOTPAMM.

K mocromHcTBaM 10/1X01a, OCHOBAaHHOTO Ha HMCITOJIL30BAHUH MIEHIEPOB, MOKHO OTHECTH OTCYT-
cTBHE criennraeckux TpeOOBaHUN K ITPOrPaMMHOMY OKPYKEHHIO | IpaiiBepam. Bece Heobxoammoe —
SI3BIK MICHIEPOB, KOMITWIIATOP ¥ KOMITOHOBIIUK, — OTIpeesieHO Kak JacTh crangapra OpenGL. Kpome
TOT0, TaHHBIN MOAX0]] 00eCTIeYnBaET MOIEPIKKY rpapUUeCKUX YCKOPUTENEH Pa3imyHbIX POU3BOIU-



Teneit (TpebyeTcs UL TTOIepKKa A3bika meiinepos OpenGL)'. Hakower, rpaduuecknii nuTepdeiic
OpenGL 1 ero s3bIK MEHACPOB SIBIAIOTCS MEKIUIAT(GOPMEHHBIM CTaHIAPTOM, UYTO ITO3BOJISIET UCIIONb-
30BaTh €AMHBIA POTPAMMHBIA KO AT MOJAEPKKU CaMBIX Pa3lIWYHbIX IaTdopm.

1.2.2 Cneyuarusuposannvie cpedcmea om npou3gooumenei

Hekortopoe Bpemst Hazang o0a BemyImIWX MPOW3BOIUTENS NPEAOCTABHIIIN CIEIHAIN3UPOBAHHBIE
cpencTra paspaboTku ais rpaduueckoro mnpormeccopa — CUDA (Compute Unified Driver Architec-
ture) ot komnanuu NVIDIA [3] u Stream Computing ot komnanuu AMD [4]. CnienyeT OTMETHTB, YTO
JTaHHBIE OMOIMOTEKH UMEIOT MHOTO 00mIero. Bxozsmue B X coCTaB KOMIOHEHTHI MOKHO Pa3feiiuTh
Ha JIBa YPOBHS: 8EPXHUL VI HUNCHUU.

| bubauomeku | | Cpedcmea mpemebux pupm |
Komnunamopel Mpogunuposujuku
| Brook+ | | GPU Shader Analyzer |

Brook+ Runtime

Compute Abstraction Layer

HermpasneHold -i./i./ pagpuyeckue
npoyeccop
E E E npoyeccopsl

Puc. 3. Kommoneatst AMD Stream Computing

HwxHuil ypoBeHb HallelleH, MPEX/Ie BCETo, Ha pa3pab0oTYMKOB KOMIHIISTOPOB M CPENICTB MPOTPaMMHU-
pOBaHUs, MO3BOJISSI B3aMMOACHCTBOBATh € IpadMuECKUM MPOLECCOPOM Ha HH3KOM ypOBHE AJIS 10C-
TIOKEHHUSI MaKCUMaJIbHOM HPOM3BOAUTENBFHOCTH. [laHHBIA ypOBeHb BKJIIOYAeT B ceOs accemOiuep ams
rpaduuecKoro mnpoueccopa, MEHeKEp MaMATH U CPEICTBa B3aMMOAEHCTBHS ¢ rpaduyeckoil anmapa-
Typoil. Ha BepxHeM ypoBHE pa3pabOTUMKy MpenocTaBiseTcs] BapuaHT sA3bika C ¢ MOTOKOBBIMH pac-
MIMPEHUSIMH, YUYUTHIBAIOLIMMU OCOOCHHOCTH KOHKPETHOTO Ipa)uiecKoro mpoueccopa.

Crnenuanu3upoBaHHbIE CPEACTBA OT IPOM3BOAMTENICH IO3BOJMIM 3allMChIBATh NPOrpaMMy Ha
nuanekte si3bika C ¥ 0TKa3aThes OT CIeNU(pHUECKON TEPMHUHOJIIOTHH KOMITBIOTEpHOH Tpaduku. OqHa-
KO CYLIECTBEHHOTO TPOPBIBA 3[€Ch HE MPOU3O0LUIO: MPOrPaMMHUPOBAHUE BBITTISAUT MPAKTUUESCKH TaK-
e, KaK M IIPH UCIO0NIb30BaHUH LICHIEPOB, a pa3padoTka 3 PEeKTUBHBIX NPOrPaMM MO-TIPEKHEMY Tpe-
OyeT 3HaHMsS APXUTEKTYPHBIX OCOGEHHOCTEH ammaparypbl’. MAaKTHYECKH IPOM3OMNLIA JIMIIb 3aMeHa
TEPMHUHOB KOMITBIOTEPHOH TpaduKH Ha TEPMUHBI HOMOK08020 npocpammuposanus [6]. Kpome toro,
00e OMONIMOTEKH HE SIBIISIOTCS YHHUBEPCAJIBHBIMU: OHM pa3paboTaHbl AJIS MOALCPKKH 000pyIOBaHUS
COOTBETCTBYIOIIEr0 MPOU3BOANTENS, U IIEPEHOC IPOIPaMMBI C OJHOI apXUTEKTYPhl Ha IPYTYIO MOKET
MOBJICYb 3HAYUTEIbHBIC H3MEHEHHSI KOJIA.

1.2.3 Cmoponnue cneyuanuzupogarnuvie cpedcmed

K maHHOI KaTeropuu OTHOCSTCS BCE OCTaJbHbIE CPEACTBA Pa3paboTKu i rpadMuecKUX IpoLec-
copoB. Kax mpaBuio, JaHHBIE HHCTPYMEHTBI HCIIOIB3YIOT MOIXO Memanpocpammuposanus:. ACXoI-
Hasl mporpamma paspabaTheiBacTcss Ha AuanekTe si3bika C ¢ MOTOKOBBIMH PAaCUIMPEHUSMH, a 3aTeM
TpaHCIUpyeTCsl B LICHIEphl, UCHONHsAEMBIE Ha TpaduyeckoM mnpoueccope. Hambonee u3BecTHBIMHU
npuMepamu cirykat cucteMbl BrookGPU [8] u Sh [9]. ITockoapKy mpuHIHI X padOTHl BEChMa CXOXK,
paccMoTpuM ero Ha npumMepe cructeMbl BrookGPU.

Cuctrema BrookGPU cocrout u3 dgyx komnoHeHT. Ha BepxHeM ypoBHE (yHKUHOHUPYET MeTa-
KOMITHJISITOP, KOTOPBIH TpaHCIHPYeT mporpaMMy Ha si3bike BrookGPU B crammaptHbiii 361k C++. Ha
HIDKHEM YPOBHE (PYHKIIMOHHPYET OMOIMOTEKa BPEMEHHU BBIMOIHEHNUS, KOTOPAsi UTPAET POJIb apXHUTEK-

! aunyro moanepskky umerot rpaduaeckue yekopurenn NVIDIA cepuii GeForce 200, GeForce 9000, GeForce
8000 u GeForce 7000, rpaduaeckue yckoputenun ATI/AMD cepuit Radeon HD4000, Radeon HD3000, Radeon
HD2000 1 Radeon X1000.

* CormacHo pecypey [7], cTanaapTHbIi npumep ymuoxkerns Matpun u3 CUDA SDK nemMoHCTpupyeT suemeepo
MEHBIITYO TPOU3BOIUTENHFHOCTH IT0 CPABHEHUIO ¢ aHAOrn4HOM (hyHkmit onommoreku CUBLAS.



TYpPHO-HE3aBUCHMOTO CJIOS, PEaH3YIOLIero NOANep Ky KoHcTpykuui BrookGPU mns koHKpeTHOI
anmapaTypbl.

| lMpoepamma Ha A3bike BrookGPU |
v
| Komnunamop BrookGPU |

¥

| Mpoepamma Ha A3bike C++ |

Brook Runtime Library

| OpenGL 2.0 | | DirectX 9 | | C++ Reference |
pagpuyeckue é.......é LleHmpanbHeili
npouyeccopsl 3 F npoueccop

Puc. 4. Apxurekrypa cucremsl BrookGPU

TexHuyecku AaHHas OMOMMOTEKa MPEAOCTaBIsIET HA0Op aOCTPAKTHBIX KIIACCOB JUIS KOMITMIIATOpA
BrookGPU u ux peanuzanuu mjist pa3indHOi MOAAEpKUBaeMOH anmaparypsl (LIeHTpalbHbIe U rpadu-
yeckue npoueccopsl). KonkpeTHas peannzanust BIOUpaeTcst BO BpEMs UCIIOJHEHUS B 3aBUCMOCTH OT
JIOCTYITHOM anmnapaTypbl U IPEANIOUTEHUI TI0JIb30BATENs.

C omHOM CTOPOHBI, TOAOOHBIE CUCTEMBI YIIPOILAIOT MPOLECC IPOrPaMMHUPOBAHUS [0 CPAaBHEHUIO
C HICHAEPHBIMHU SI3bIKAMHU U 00€CIIEUMBAIOT HE3aBUCUMOCTh OT 000PYIOBaHUSA KOHKPETHOI'O MPOU3BO-
nqutens. C qpyroit CTOpOHBI, JaHHBIE CHCTEMBI SBIISIOTCS YCTapeBIIMMHU U 00JIee He MOIepKUBAeMbI-
MU IPOEKTaMH, UMEIOT MHOTO OTPaHWYEHUH, HE BBINOJIHAIOT ONTHUMH3ALUN MO KOHKPETHYIO apXu-
TEKTYpY U He 00eCIIeYrBaOT JOJKHOTO YPOBHA 3PPEKTUBHOCTH.

2. OcHoBBI (hpopMUPOBAHUSA U300pPaKeHNIT HA BHIeoadanTepe
2.1 IIpeoOpa3oBaHusi KOOPAMHAT

3anava rpadudeckoro nporeccopa (GPU) cocTouT B npeoOpa3oBaHuU NepeaHHBIX TPUIOKCHU-
€M JIaHHBIX O TPEXMEPHOM ClleHe B M300pakeHUE Ha dKpaHe MOHUTOPA. JIaHHBIN Mpoliece HAa3bIBAIOT
rpaduYecKUM KOHBEHEpOM (a TakkKe usyaiusayuell Wi penoepunzom). Jins odecnieuenus rpaduue-
CKOTO KOHBeEiepa B KOMIBIOTEPHOUN Tpaduke BBOAUTCS HECKOJIHKO KOOPJAMHATHBIX MPOCTPAHCTB H
NpaBWII Tiepexoia Mex 1y HuMu. Kaxmoe mpocTpaHCTBO MMEET CBOM MPEUMYIIECTBA, BOCTPeOOBaHHbBIE
B TIpoIleCCe MOJICTUPOBAHUS H BU3yaIH3aluU TPEXMEPHOH CIICHBI.

Screen

World

Puc. 5. [IpeoOpazoBaHus KOOPAUHAT B MPOIIECCE PEHISPUHTA

ATpuOyTHI TpeXMEPHBIX 0OBEKTOB, TAKHE KaK KOOPIMHATHI BEPIINH W HOPMAJU K MOBEPXHOCTH,
3aaI0TCS B IOKAIbHOM WA MOOEIbHOM TIPOCTPAHCTBE.

Yt00bl CKOMIIOHOBATE CIICHY U3 HECKOJIBKUX 0OBEKTOB, KAXKIBIH U3 KOTOPBIX 337aH B CBOEM JIO-
KaJILHOM ITPOCTPAHCTBE, HEOOXOIMMO MIEPEHECTH MX B CHCTEMY KOOPIAMHAT MOOeaU CUCHBI (MUposyIo).
B cucreme MOZCINU ONPCACIIAIOTCA OTHOLICHUA MEKIY OGLGKTaMI/I, HNCTOYHUKU CBECTA U YCTaHaBJIMBa-
eTCsl supmyaibHulll Habrodamens (Tl1a3 WM kamepa). [IpeoOpa3oBaHue KOOpAMHAT OOBEKTa W3 JIO-
KaJILHOTO MIPOCTPAHCTBA B MUPOBOE OCYIIECTBIISIETCS C IIOMOIIBIO MATPHUIIBI MOOEU.



3a/1aB MOJOKEHUE W OPHEHTALMIO BUPTYAIBHOIO HAOMOAATENS, MBI OMPEICNIAEM €Ille OJHY CHC-
TEMYy KOOPJHHAT — MPOCTPAHCTBO 6uda (0630pa). Hayano koopauHAT 3TOW CHUCTEMBI HaXOIUTCS B
TOYKe 0030pa. /laHHOE MPOCTPAHCTBO MOJIE3HO TEM, YTO MO3BOJSAET JETKO BRIYMCIUTH PACCTOSIHUE OT
TOYKH 0030pa 10 Pa3IUUHBIX 00BEKTOB CIeHbL. JIJ1s1 y00CTBa MOCIEAHUE IBa IPEOoOPa30BAHUS MOTYT
OBITH O0OBEIMHEHEI B OJHY MAaTPHUITY MOOeau-8udd, TOCPEICTBOM KOTOPOH KOOPIAMHATE 00EKTa MOXK-
HO Tpeo0pa3oBaTh HAMPSIMYIO U3 JOKAIBHOTO MPOCTPAHCTBA B TIPOCTPAHCTBO 0030pa.

[locnennee mpeoOpa3oBaHUe COCTOUT B POCHUPOBAHUU OOBEKTOB HA IKPAHHYIO NAOCKOCHb (TIPH
3TOM ¢ TOYHOCTHIO JI0 MacmiTaba MBI MOJydaeM OKOHHBIE KOOpPAWHATHI). JlaHHOe mpeoOpa3zoBaHue
BBITOJIHSETCS C TIOMOIIBI0 MATPUIIbI npoekyuu (MOXKET UCIIONb30BaThCS MapauiebHask WK HepPCIeK-
TUBHAs TPOCKIMs). B mpocTpaHCTBE OKOHHBIX KOOPAMHAT OCU X U ) MapajliebHbI CTOPOHAM 3KpaH-
HOU TUTOCKOCTH, & OCh Z OPTOTOHAJIbHA K Hell. B TaHHOM MpOCTpaHCTBE BBIMOIHACTCS OnceueHue Tpa-
(huvecKuX MPUMUTHBOB, KOTOPBIC HAXOSTCS BHE MPHIIETAIONICH K OCH z YCEUYCHHOW MUPAMUJIBI BU-
quMmoctd. Bce Tpu mpeoOpa3oBaHuss MOTYT OBITh OOBEIUHEHBI B OJHY MATPUIY MOOeau-8udd-
npoexyuu, ¢ MOMOIIBI0 KOTOPOH 0OBEKTHI MOXKHO CIPOCKTHPOBATh U3 JIOKAIBHOI'O MPOCTPAHCTBA HA
9KPaHHYIO TUIOCKOCTD.

2.2 I'padpuyeckuii kKoHBeiiep onepamuii
B npornecce penpepunra rpaduyueckuii mporeccop 3amoiHsAeT 00JacTh MaMsITH, Ha3bIBAEMYIO 0)-

¢hepom kadpos (B OKOHHOH CHCTEME TepMHHY “Oydep KaapoB” COOTBETCTBYET TEPMHUH “OKHO’). Pac-
CMOTPHUM YIPOILICHHYO cXeMy (hOpMHUPOBaHUs N300paKeHUsI Ha COBPEMEHHBIX BUIC0a Al Tepax.

| pachuyeckoe npunoxeHue I

| BepwuHHbll welidep ;

Cbopka npumumueos
Pacmepu3sayusa

®pazmeHmHbIl welidep

l

GpazmeHmHble onepayuu
Bygep kadpos 1

r
o

U

Puc. 6. YnporueHHas cxema COBpEMEHHOT0 rpadu4eckoro Kouseiiepa

[Tpunoxenue, paboTaroiee Ha LEHTPATBHOM IPOLECCOPE, HHUIMUPYET BBIBOA HEKOTOPBIX ceomem-
puteckux npumumugog (Touek, JINHUHA, TPEYTONbHUKOB, MHOTOYTOIbHUKOB). [IpH 3TOM pa3zpaboTunk B
CBOEH Iporpamme 3amaeT Habop ampubymos BepIInH (II0JI0KEHNE, IIBET, HOPMAJb U TEKCTYPHBIE KO-
OpAVHATHI) ¥ WHPOPMAIHIO O C62354X MEXIY HUMHU. JlaHHOMY 3Tamy BU3yalHM3alldll COOTBETCTBYET
onok “I'paduyeckoe mpuaoxeHue”.

Pucyem yemoipexy201bHUKU

Lisem u KoopduHame!
nepeoli epwuHb!

glIBegin(GL_QUADS) ;
{

glColor3f(1.0f, 0.0f, 0.0F);
glVertex2f(-1.0f, -1.0f);

glColor3f(0.0f, 1.0f, 0.0F);

glVertex2f(-1.0f, 1.0F); |:>

glColor3f(0.0f, 0.0f, 1.0F);
glVertex2f(1.0f, 1.0F);

glColor3f(1.0f, 1.0f, 0.0F);

glVertex2f(1.0f, -1.0F):
glEnd() ; Lieem u koopduHamel

yemeepmoli 8epwuHbl

Puc. 7. BoizoB komann untepderica OpenGL aiisi pucoBaHus 4e€ThIPEXyrojbHUKA

3amadeil ceayIoNIero 3Tamna sSBISIeTCS pacueT oceeweHHOCY N mpancghopmayus BepivH (B MA-
POBYIO CHUCTEMY KOOpIWHAT, B CUCTEMY KaMepbl, MPOCIIMPOBAHNE BEPIIUH HA 3KPAaHHYIO MJIOCKOCTH).



Ha manHOM 3Tamne kakaasi BepIIMHA PacCMaTPUBAETCS 0MOeIbHO, TIO3TOMY HX 00paboTKa MOXKET BHI-
NOJHATHCS apajuiebHO. [IprioxkeHrne MOXKeT nepearh UCIOMHEHHE JTala CTaHIapTHOMY rpaduye-
CKOMY KOHBEHepy WIIM HCIOJb30BaTh CIEHHUAIbHBIN 6epuiunHblil welioep. BeplIMHHBIM IIeiHaepoM
Ha3bIBACTCS MPOTPaMMa, KOTOpas WCHOIHSETCS HEMOCPEACTBEHHO Ha TpauuecKoM Mpoleccope H
OTIpEe/IeTISIET aNrOpUTM O00pabOTKHA BEPIIMHHBIX aTpuOyToB. Hampumep, ¢ MOMOIIBIO BEPIIMHHOTO
nreiiepa MOKHO BBITIONIHUTH HECTAHIAPTHBIN pacyeT OCBeUIeHUs (PUMEHUB MOZEh ocBemeHus Ky-
ka-ToppeHca) u TpanchopManrio BepLIMH (JUId FeHepaluy JaHamadTa U3 IIOCKOH MOBEPXHOCTU HITH
anuManuu 00sekToB). Ha cxeMe maHHBIN 3Tanm 0003HadYeH Kak “BeprmuHHabI meiiaep”.

Ha cnenyromem stane npeoOpa3oBaHHBIC BEPIIUHBI 00BEIMHSIOTCS B TEOMETPUYCCKUE TIPUMHTH-
BBl (HampuMep, OTPE30K CTPOHUTCS M3 IBYX BEPIIMH, TPEYTrOJbHHUK M3 TpeX, a YETHIPEXyTOJbHUK H3
yeThIpex). JJaHHBIN 3Tan Ha3BIBAETCS COOPKOU NpUMUMUE08; B TIPOIIECCE €TO BHIMIOJHEHUS HCIONB3Y-
IOTCSl HE TOJIFKO JJaHHBIE 00 OTIENbHBIX BEPIINHAX, HO TAK)Ke MHPOPMAIIHS O CBSI3SX MEXIY HAMHU.

CdhopmupoBaHHBIE TPUMUTHBEI Pa30MBAIOTCA Ha MEHBLIME YAaCTH B COOTBETCTBHH C PACIIONIONKE-
HUEM TuKcenei B Oydepe kanpos. JlaHHBIN TIporiece Ha3bIBaeTcsa pacmepusayueti. Kaxnas u3 moy-
YEHHBIX YacTel NMPUMHUTHBA Ha3bIBaeTca ¢paemenmonm. Hampumep, ecnu m300pakaeMblii OTPE30K B
uTore OyJeT 3aHUMaTh Ha dKpaHe IATh MUKCEINel, TO B Mpolecce pacTepu3alui JaHHbIH TPUMHUTHUB,
3aJaHHBIA ABYMS KOHLEBBIMH BEpPIIUHAMU, OyleT pa3ouT Ha niaTh pparmentos. [locnennue aBa sTamna
o0OBeTMHEHBI Ha cXeMe B OMH 010K “COOpKa MPUMHUTHBOB U pacTepu3aius .

[Mocne pacrepuzanyu Hag GparMeHTaMH BBIIOIHSETCS €lle sl oTepannii, KOTOpbIe B IIETIOM Ha-
3BIBAIOTCS 0Opabomkou (hpaecmenmos. Hanbomnee BaXKHOM U3 HUX SBISCTCS ONEPAIUS MEKCHYPUPO8a-
Hus. IlogoOHO BepIMHAM, OTAeTbHBIE PparMeHThl 00padaThIBAIOTCS He3a8UCUMO APYT OT OpyTra, Mo-
3TOMY WX 00pabOTKa MOKET IPOM3BOIUTHCS MapayieibHO. Ha maHHOM 3Tame pa3paboTYMK MOKET
UCIOJIb30BaTh COOCTBEHHBIN (hpaemenmublil wieliidep — MPOrpaMMy Juis TpadUuecKkoro mnporeccopa,
OTIPEIETISIONIYI0 aNropuT™M 00paboTku (parmMenToB. C MOMOIIBIO JAHHOTO IIeHepa MOKHO 331aTh
HECTaHJApTHBIE alITOPUTMBI pacdyeTa 1BeTa (pparMeHTa W HaJIOKEHHUS TeKCTyp (HampuMep, IpoIeryp-
HOE TEKCTYpUpPOBaHHE, O-PparMEHTHOE OCBEIlIEHHE U HaHeceHHe MUKpopenbeda). JlaHHbIH 3Tan co-
OTBETCTBYET OJIOKY cxeMbl “DparMeHTHBIN mmeiaep”.

Hakonen, Ha mociemHaem 3tarne ¢pparMeHTHl POXOIAT HEKOTOPHIE TOTIONHUTENbHbBIE CTAANH 00-
paboTKH, KOTOpBIE B 1I€JIOM HA3BIBAIOTCS (hpacmenmuvimu onepayuamu. K HIM OTHOCUTCS, HallpuMeD,
TECT Ha BUIUMOCTb, OTCEUECHHE MO mabIoHy, MpoBepka rIyOuHbI, alpha-cMemnBaHue U 3aTyMaHHBa-
Hue. Bee 9TH cTagum He 3aBHCAT OT APYTUX M MOTYT OBITH OBICTPO M 3PPEKTUBHO BBIIIOIHEHBI C HC-
MOJIE30BaHUEM TpadUIecKor ammaparypsl. JJaHHBEIH dTam COOTBETCTBYET OJIOKY cXeMbI “@DparMeHT-
HBIC ornieparuu u 0ydep Kaapos”.

BrimonHeHne BceX OMMCAHHBIX ATANOB MPUBOJHUT K TOMY, UYTO JAaHHBIE O TPEXMEPHOH CIEHE, Ie-
penaHHbIe MPIIIOKEHNEM, OKa3bIBAIOTCS IPeoOpa30BaHHBIMY B TTUKCENN B Oydepe KaapoB s moce-
IYIOLIETO 0TOOpakKeHUs Ha dKpaHe.

3. Ucnosab30BaHue BH€0ANANITEPA /sl BBIYMCJICHUI 001ero Ha3HAYeHU s

I'paduueckne yckopUTEIH XOpPOLIO MPHUCIOCOONEHB! UIA PElICHUs 3afadll BU3yalH3alud KOM-
IBIOTEPHOI CLIEHBI HA OCHOBE ITOpUTMa pactepusanuu. IIpu 3ToOM JaHHBIA aNrOpuUTM MOXKET OBITH
IPOU3BOJIBHO PACLIMPEH 3a CUET HCIIOJIb30BAHUS NPOIPAaMMHPYEMBIX BEPLIMHHBIX U (DparMEHTHBIX
npoteccopoB. TakuM oOpazom, AJsl pelieHns Kakoi-1u00 3aauu o01ero Ha3HaueHHs Ha BUIC0aall-
Tepe ee HeoOXoaUMO nepedopMyIMPOBaTh BUAE 3aaull PacTepU3aLIH.

OOpatuMcsi, HaTIpUMeEp, K 3amade CIOKCHHs TBYX MAaTPHUI] OONBIIONH pa3MEpHOCTH. A WMEHHO,
nycTtb A u B — MaTpuisl pa3mepa n X m u Tpedyetcs Beruucaute Matpuny C = 4 + B. Bnonae oue-
BUJHO, YTO MaTpullsl 4 u B Jerko ImpeacTaBUTh B BHUJE NPSAMOYTOJBHBIX TEKCTYp pa3Mepa n X m B
(hopmare ¢ ruraBaromeit Touxoi [11].

Jnis *HULMUPOBAaHUS BeIYMCIeHU MaTpulbl C ClIeayeT HapuCcOBaTh NPSIMOYTOJIBHHUK B OKHE pas-
Mmepa n X m. [Ipu 3TOM, KOHEYHO, JAJIsl TIOJIb30BaTeNsl JaHHOE N300paKeHHEe He UMEET CMBICTa, MO03TO-
MY BBIBOJ CIIEIYeT OCYILECTBISATh HE Ha DKpaH, a B TEKCTYpy B ¢dopmare ¢ ruiaBaromeii Toukoil. Ha
JTarne pacTepu3aluu JAaHHOTO NPSIMOYTOJIbHUKA Oy/leT CreHEpHUPOBAHO POBHO /1 X m (PparMeHToB, Ka-
KBl U3 KOTOPBIX OyZeT o0paboTaH pparMeHTHBIM IIEiepoM. 3aMETHM, YTO OTAEIbHbIC (parMEeHTHI
OyayT oOpabaThIBaThCsi HE3aBUCUMO Ha MHOXECTBE ILEHIEPHBIX MPOLECCOPOB (COTHH HE3aBUCHMBIX
“MOTOKOB”).



| C=A+B | Pucyem npAamoy20/6HUK

|

| BepuwuHHbIl wetlidep |

l

CbopKa npumumueos
Pacmepusayusa

“Momoku” 3anyckaromca npu pacmepusayuu

PpazmeHmHbIl welidep 1T 1T

3aepyska mekcmypbl u3
sudeonamamu

||
1T

Puc. 8. IIpornecc perieHns 3aaa4du CI0KEHUS IBYX MaTPHIL

Bce BhIYMCIICHUS BBIMONHAIOTCS BO ()parMeHTHOM Ineiiziepe. Ha BXo qaHHBIN IIeHaep moyrydaeTt
KOOpJMHATEI 00pabaThiBaeMOro (pparMeHTa, KOTOPbIE MOTYT OBITh MCIIOJNIB30BAHBI B KaYeCTBE MeK-
CMYPHBIX KOOpOUHAm ISl AOCTYTIa K COOTBETCTBYIONINM 3iieMeHTaM Matpull 4 u B. Takum o0pazowm,
B Ka4eCTBE I[BeTa (YCTHIPEXKOMIIOHEHTHEIN BEKTOP) IICHIep MOKET BEPHYTh CYMMY BBIOOPOK M3 TEK-
CTyp ¢ MarpuiiaMu A u B. BaxkHO OTMETHTB, 4TO €CIIH PEHACPUHT IPOU3BOIUTCS B TEKCTYPY B (hopMa-
T€ C TUIABAaIOIIEH TOYKOM, TO KOMIIOHEHTHI [IBETa IMHUKCENs, PACCUUTaHHbIE (hparMEeHTHBIM IHIEHIEepOM,
He ycexaromcs 1o otpe3ky [0, 1] (maHHOe ToBeAcHHE BBeIeHO pacmuperueM [12]). MapIMu crioBamu,
B Ka4eCTBE IBETa MOXKHO BO3BPAIATh MPOU3BOIBHBIA YETHIPEXKOMITIOHCHTHBIN BEIICCTBCHHBINA BEK-
TOp (B paccMaTpuBacMOM IPUMEPE HAC HHTEPECYET JIHIIb TIepBasi €ro KOMIIOHCHTA).

| Ipacgpuyeckoe npunoxerue |

Varying- u Uniform-
nepemeHHeole

| BepwuHHbIU wetidep |

Tekcmyps!
Peaucmpol

Cbopka npumumueos
Pacmepu3sayusa

®PpazmeHmHelll welidep |

|

®pazmeHmHble onepayuu
Bygep kadpos

bBygep usema

Puc. 9. Bee nosie3Hbie BRIYMCIICHHUS BBITIOIHSIOTCSA BO (PparMEHTHOM Ieiaepe

3aKTIOYNTENBHBIN dTall PEIICHUS 3aJa9l COCTOUT B 3arpy3Ke PE3yIBTHPYIOIICH TEKCTYPhl B Mac-
CUB 4rcen B (hopMaTe C TIIABAIONICH TOUKOW (B HEM U OYAyT XpaHUTHCS 3HAUCHUS BBIYUCIICHHOW MaT-
punpsl C). [lpu 3TOM naHHBIE W3 BHAEOMAMATH 3arpy’KaloOTCs B MaMATh IEHTPAIBFHOTO TpoIleccopa.
JanHas omepaiusi MOXKET CHJIBHO HArpy’kKaTh CHCTEMHYIO ITUHY W HETaTUBHO BIIMSITH HA TIPOU3BOJIU-
TEIBHOCTb, IO3TOMY €€ CIEAYET UCIOJIb30BaTh OCTOPOKHO.

3.3 Orpannyenus meHIepHBIX NPOrpamMMm

CymecTByer psii 0COOCHHOCTEH M OTpaHWYCHUI MpH pa3zpabdoTKe MporpamMm Uit rpadruuecKoro
mpolieccopa 1Mo CPaBHEHUIO C MPUIOKEHUSIMA AJIS1 TPAAULMOHHBIX apXHTEKTyp. Bo-mepBhIx, 3TO Cy-
HIECTBEHHAs “TIPUBSI3Ka K rpaduke”’, KOTOpas 0YeHb YaCTO MPEMOJHOCUTCS B BUJIC CEPHE3HOTO HE0C-
TaTKa, XOTS JOJDKHA OBITh OTHECEHA K OCOOCHHOCTSIM. BO-BTOpBIX, OT/AENBHBIE (pparMeHThl TeHEepH-
pyemoro uzo0paxeHus uzoaupogansl. [losToMy Ui peanusaniy aJropuTMoB, TpeOyomux nHpopma-
U0 O 3HAYCHHUAX COCCTHHUX (PParMEeHTOB, HEOOXOAMMO MPHUOETATh K TEXHUKE MHO2ONPOXOOHO20 PEH-
Oepunea. B-TpeThuXx, U3 (hparMEHTHOTO IIeHIepa HEBO3MOXKHA IIPOM3BOJIbHAS 3alHCh B Oydep Kampa
(KakIplid (pparMeHT CBsI3aH C ONPEACICHHBIM MUKCEIEM Pe3yJIbTUPYIOLIero n3o0pakenus). Hakonerr,
CYIIECTBYIOT ONpPEICICHHBIC OTPAHUYCHUSI CAMUX HICHACPHBIX A3BIKOB, CPEIU KOTOPBIX CIEIyeT OT-
METHTh 3aIpeT PEKYPCUH U OTCYTCTBHE BOZMOKHOCTH PabOTATh C YKA3aTEIISIMH.



4. MOI[eJII/IpOBaHI/Ie JUHAMHUKHU CUCTEMBI N TOYECYHBIX MacCC

4.1 IlocTaHoBKa 3a1a4N

B kauectBe nmpumepa HCIONB30BaHUs TPAPHUIECKOTO YCKOPUTENSI pACCMOTPHM 33]aqy MOJIEIUPO-
BaHMS TUHAMUKU CUCTEMBI N TOUEUHBIX Macc, B3aUMOACUCTBYIOIMINX 110 3aKOHY TsAroteHust HpioToHa.
Panee nanHas 3amaua yxe pemianach Ha rpaMuecKoM MPOIECCOpe C HUCIIOIB30BaHHEM OMOINOTEKH
CUDA [13] u s3p1ka oToKOBOTO niporpammuposanusi BrookGPU [14]. B nanHnoii paborte paccMmaTtpu-
BAaeTCs pelICHUE YKa3aHHOM 3aJjauyl ¢ UCIIOIB30BaHNEM LICHICPHBIX S3BIKOB.

Kaxk n3BecTHO, YBOMIOLHS CUCTEMBI N TPaBUTUPYIOLIMX TEJ OMHCHIBACTCS CIIETYIOMIEH CHCTEMON
mudepeHInaIbHBIX YpaBHCHUN:

dr;

Zioy,

dt n
dv r=r

— :GE m,——,

dt o =T

T7e #;, m; ¥ V; — Macca, paguyc-BeKTOp M CKOPOCTh i-TO Tela COOTBETCTBEHHO (i m3MeHsieTcs oT 1 1o
N), G — TpaBUTALIMOHHAS MTOCTOSHHAS.

Puc. 10. [Tpumepsl MoeTMpOBaHMsI B pEATHHOM BpeMEeHH CUCTEMBI M3 N = 16384 gacTuIil mpu pa3HbIX
Ha4aJIbHbIX YCJIOBUAX

Maccel TCJI, a TAKXKE ITOJIOKCHUA U CKOPOCTHU B HaYyaJbHBIH MOMCHT BPEMCHU CUUTAIOTCA U3BCCTHBIMU.
HGOGXOZ[I/IMO HaWTH MOJIOKCHUS U CKOpPOCTH BCEX YaCTHULl B HpOI/IBBOHLHbIP'I MOMCHT BpEMCHHU.

4.2 Meron peuieHust

Jis MonenupoBaHus JaHHOW CUCTEMbI MPUMEHHUM CaMBbI MPOCTON MOJXOJ, PACCUUTHIBAS B3aH-
MOJICHCTBUS MEXIy 6cemu TIApaMy TPABUTHUPYIOIIUX Tell. B 4UCTOM BHJE TaKOM MOIXO MPAKTHUECKU
HETPHMEHUM TSl HCCIICIOBAHMS JUHAMHKH GOJIBIINX CHCTEM (€ro TPYIZOEMKOCTh pacteT kak O(n°)).
TeMm He MeHee, OH TPEACTABISET ONPEACICHHBIN HHTEPEC, MOCKOIBKY HCIIONB3YeTCs IS pacueTa
B3aMMO/ICHCTBUS JIOCTATOYHO OJIM3KUX TEJ B COCTaBE 0OJIEE CIIOKHBIX METOIOB.

Ipexne Bcero, BBEIEM B PACCMOTPEHHE COCTOSTHUE Y; i-OM YaCTHIIBI CUCTEMBI:

v= " )

TAe 7; 4 V; — PaalyCc-BeKTOP U CKOPOCTH i-TO Tella COOTBETCTBEHHO (i m3Mmensiercs oT 1 go N). Torna
ucxoaHas cucrema (1) mepenuimeTcst caeayommM 00pa3oMm:

V.

dy. ! Vv,

gl o)y pea e =[ ’ J=F(Yi).
/m a,(r;)

J#

3)

Takoif BUA CUCTEMBI TTO3BOJISIET YAOOHO 3alKcaTh pa3inyHbIe YNCICHHBIe MeTobl. [l pemnenus 3a-
Jla9¥ IPUMEHUM HanOoJiee pacIpoCTPaHEHHBIE METOIBI #PAMO20 WHTET PUPOBAHMS:



Tadauua 1. PacnpocTpaneHHbIE METOABI OPSIMOrO HHTETPUPOBAHUS

" OwubKa Ha Kaxoom CymmapHas
HazeaHue memoda 3Ha4yeHue 8 cnedyroweli moyke waze owubKa
Jiinepa Y, =F) h o) oh)
PyHze-Kymmel 2-020 _ . . 3 2
oo Yoo =Y, +h-F(Y, +h-F(Y)/2) o) )
Yo=Y +h-(ky+2-k,+2 ks +k,)/6,
ky = F(Y)),
PyHee-Kymmel 4-020 4
nopadKa ky=F(, +h-k /2), o) o)
ky=F(Y,+h-ky/2),
ky=F(Y, +h k).

Crenyer 3aMeTHTh, YTO AAaHHBIE YHMCICHHBIE METOIbI IIPAKTUYECKU HEBO3MOXKHO HCIIOJIb30BATh
IPY TECHBIX CONMYKEHUSIX TeJ, MOCKOJIBKY ATO BBI3BIBAET OBICTPHII POCT YUCICHHBIX OIUOOK. YTOOBI
YACTUYHO CTJIAJUThH CUTYAIHIO, T00aBUM K 3HAMEHATEIIO MAIYIO MOJIOKHUTEIbHYIO BEJUUuHy & >0,
KOTOpAasi II03BOJIUT UCKITIOYNTh OECKOHEUHBIH POCT CHITBI TIPUTSKCHHUS:

I"/.—V.

oo @

IIpu 5TOM PaBEHCTBO MOJYUYAETCS yKEe HE TOYHBIM, a CYMMHPOBAHHE MOKHO MPOU3BOIUTH MO BCEM
uHAeKkcaM i oT 1 10 N (IIOCKOJBKY COOTBETCTBYIOIIEE caraeMoe o0pamiaeTcs B HOJIb).

a,(r) =Gy m,
J

4.3 Pemienue 3a1a4mn Ha rpagu4ecKoM mpoueccope

s pereHus 3a1a4u Ha TpagUyecKoM Hpoueccope HeoOX0IUMO UCTIONB30BaTh JBE PacpoCcTpa-
HEHHBIE TEXHHUKH: peHoepurne ¢ mexcmypy [15] u pendepune 6 neckonvko o6ygepos ysema oqHOBpE-
MeHHO [16]. B COBOKYITHOCTH JaHHBIC TEXHUKH MO3BOJIIIOT (pparMEeHTHOMY IIEHACpY 3alHChIBATh pe-
3yJIbTaT OJHOBPEMEHHO B HECKOJBKO JIBYMEPHBIX TEKCTYp 3aiaHHoro (opmara. B paccmatpuBaeMom
npuMepe HeoOXO0ANMO UCTIONIB30BaTh Yemblpe TEKCTYPhI B (hopMarte C MiiaBarouieid TOUKON AT 3aicu
HOAOJMCEHUll N CKOpocmell MaTepUANBbHBIX TOYEK: TEpBBIE JBE TEKCTYpHI (CurrentPositionTexture W
CurrentVelocityTexture) ONHMCHIBaIOT COCTOSHHE YaCTHIl B TEKYyIIMH MOMEHT BPEMEHH, & BTOpbIC IBE
TeKcTyphl (NextPositionTexture 1 NextVelocityTexture) — B CIIEAYIOLTNI MOMEHT BPEMEHU.

e e
: CurrentPositionTexture CurrentVelocityTexture ! : NextPositionTexture NextVelocityTexture !
[ P |
! 1 ! 1
! 1 ! 1
! 1 ! 1
1NN 5B VN G ! LN GE VN RGB !
! 1 ! 1
1 1

[ P |
| — — ! | M — !
! 1 ! 1
| VN JN - JN JN !

Pucyem GLSL Pucyem GLSL
MPAMOY2071bHUK wetioep MPAMOY20/1bHUK wetioep
8 OKHe [N x N :> pacsema :> 8 OKHe N x /N :> KonuposaHus :> Busyanusayus
(cpu) (GPU) (cpu) (GPU)
- J - J
Y Y
Mepseili npoxod Bmopoli npoxod

Puc. 11. CxeMma BBINOTHEHUS OJTHOTO I1ara HHTETPUPOBAHUS



Kpome Toro, s Kaxmoi 4acTUIBl HEOOXOAUMO COXPAaHUTh Maccy. DTO MOXKHO CAENAThH C MMOMOIIBIO
OTJIENBHOM TEKCTYpHI, OJTHAKO O0Jiee parliOHAIBHO 3alMCcaTh MacChl B TEKCTYPY MOJOXKEHHH, HCIIOIb-
3ysi cBOOOJHBIE YeTBEPThbIe KOMIOHEHTH. COBpeMeHHBIC IpaduiyecKue YCKOPHTENN MOANCPKUBAIOT
paboTy ¢ IPSAMOYTOJABHBIMH TEKCTypaMHM, IO3TOMY pa3Mep YKa3aHHBIX BBILIE TEKCTYP MOKHO BBIOH-
paTh JIIOOBIM yIOOHBIM crtocoboMm. Tpebyercs iauIIb 00eCIeYnTh, YTOOBI O0IIee YHCIIO IJIEMEHTOB
COBITIA/IAJIO C YUCIIOM yacTull N (B 1aHHOH padoTe HCIOIb30BAINCH TEKCTYPHI pazmepa \/ﬁ X \/ﬁ ).

Jnsi BBINOJHEHUS] OAHOTO LIara WHTETPUPOBAHMSA HEOOXOOMMO BBIIOJHUTH I1Ba npoxooda. llpu
MIEPBOM IIPOXOJE BBIMOIHAETCS PacdeT HOBBIX IMOJOXKEHHH M CKOPOCTEM YacTHII, IIPH 3TOM Ha BXOJ
(hparMeHTHOMY MIeiAepy TMOMAIOTCS TEKCTYPBI CurrentPositionTexture W CurrentVelocityTexture, a pe-
3yJIbTaT BBIBOJUTCA B TEKCTYPHI NextPositionTexture u NextVelocityTexture. BTopoii mpoxoj nmpeaHa3Ha-
4eH 11 OOHOBJICHHUS TEKYIIUX MOJ0KEHUH M CKOPOCTEH 4acTHII, a8 COOTBETCTBYIOIMK (hparMeHTHBIH
LIeiep BBIIOJHSET MO3JIEMEHTHOE KONIUPOBAHKUE TEKCTYp NextPositionTexture u NextVelocityTexture B
TEKCTYPBHI CurrentPositionTexture U CurrentVelocityTexture COOTBETCTBEHHO.

B ocHOBe BBIUMCIUTENBHOTO 1IeHaepa NeKUT QyHKIHS vec3 Acceleration( vec3 current ), KOTOpast
BBINOJTHSIET PacdeT YCKOpeHHs: 00padaThiBaeMOi 4aCTHLBI [10J] BO3EHCTBUEM OCTAIbHBIX YaCTHUI] CHC-
TEMBI.

vecl3 Acceleration( vec3 current )

{

vec3 acceleration = vec3( 0.0 );

for ( float x = 0.0; x < 1.0; x += TextureStep )

{
for ( float y = 0.0; y < 1.0; y += TextureStep )

{
// CumMTBHIBAEM I[IOJIOXEHME M MACCy OUEepPEeIHOM uaCTULE
vecd position = texture2D( CurrentPositionTexture, vec2( x, y ) );

// Haxomum HamnpabJIeHMEe Ha OaHHyon JacTtuiy [3 FLOP]
vec3 direction = vec3( position ) - current;

// HaxomyM KBaIpaT PAaCCTOSHMUS Mexny udacTuuamu [6 FLOP]
float squaredist = dot( direction, direction ) + Epsilon;

// Haxonmuwm MEeCTY0 CTelleHb PACCTOSAHMA Mexny udacTtuuamm [2 FLOP]
float sixthdist = squaredist * squaredist * squaredist;

// BBIUMCIISEM YCKOPEHMEe IJig OaHHOM uyacTuusl [8 FLOP]
acceleration += position.w * direction * inversesqrt( sixthdist );

}

HanHas QyHKIHS COACPKUT LUK MO 6cem YACTHLAM CHUCTEMBI, BBITIONHSS ¢ omepaiuii ¢ miaBaro-
el TOUKOM 3a OAMH BBI30B. Jloyd onepariuii, CBI3aHHBIX C CAMMM YMCJIEHHBIM METOJIOM, MCUE3alOIIe
MaJia [0 CpaBHEHHIO C JaHHOW BeMWIHHOMN. TakuM 00pa3oMm, I OIIEHKH TPYIOEMKOCTH KOHKPETHOTO
YHCIICHHOTO METOAA CJIeyeT MOACYUTATh YUCIo oOpanieHnil K GyHKIUU pacdera yckopenus. Hampu-
Mep, B MeTojie Dilsiepa YCKOPEHHUE BBIYMCIAETCS OAWH pa3, O3TOMY JAaHHBIA METO BBINOJHSET ¢ N
onepauuid Ha oaHy yactuly. Meroasl Pynre-KyTTol 2-oro u 4-oro nopsiaika BBIUHCISAIOT YCKOpPEHHE
JIBa U YEThIpe pa3a COOTBETCTBEHHO, TO3TOMY JIaHHbIE METOJIbI BBIMOJNHAIOT 2:c'N u 4-cN onepanuit
Ha OAHY dvacTully. J[ns mojcdera yucia omepauuid Ha OJUH IIar WHTETPUPOBAHMS MPEIBITYLIYIO
OIIEHKY HEOOXOAUMO YMHOXHUTH Ha YHCIO N YacTHI] B CUCTEME.

Hakonen, oneHrM camy KOHCTaHTY c. sl 3TOTO MoOJCYHMTaEM YHCIIO 3JI€MEHTapHBIX ONeparnit
(cmoxeHue M YMHOXKEHHE) B ICXOMHOM KoJie hyHKINHU vec3 Acceleration( vec3 current ). B kommeHTapu-
X HyXJaeTcsl JUIIb MMOCIeAHAsS CTpoKa (107 HoMepoM 22), B KOTOPOH YUHTHIBAETCS odepenHas J0-
0aBka K yckopeHuto. B cootBercTBuu ¢ [17], hyHKUuMs inversesqrt( float value ) BBIIOJTHSETCS TI0 MCHB-
e Mmepe 4 takta. Kpome Toro, coBpeMeHHbIe TpaduuecKre mpoIiecCOphl CIIOCOOHBI BRITIOTHATH OTe-
paruu CIIOKEHHUS M YMHOXKCHHS 3a OOuH TakT (MHCTpyKus MAD). Takum oOpa3om, uMeeM 4 TakTa



Ha BBIYHCJICHHE OOpaTHOTO 3HAYEHUS KBAJPATHOTO KOPHs, | TaKT Ha YMHOXKEHHE JBYX CKAISIPHBIX
BEJINYHMH U 3 TaKTa Ha ITOKOMIIOHEHTHOE YMHOXCHHUE U CIIOKCHUEC BEKTOPOB, YTO B CYMME COCTaBJIACT
8 TakToB. B utore nmus paccmampusaemoti apxumexmypul noiayduM ¢ = 19. YkazaHHOE 3HAUCHHE
KOHCTAHTHI ¢ OyJeT HCIIONB30BaThCS ISl OLIEHKH MPOU3BOIUTEIFHOCTH Ha OCHOBE IMOJCYETa YHCIa
WTepaluii B CEKYHIY.

4.4 OueHka TeopeTHYECKON MPOU3BOAUTEIbHOCTH

Ipexne yeM U3MEpATh Gakmuyeckyro POU3BOAUTEIILHOCTD, CIENIAEM HEKOTOPBIE OIICHKH OTHO-
CHUTENBHO meopemuyecky BO3SMOXKHOU MPOU3BOIUTENHLHOCTH B Oankou 3aiade. [lomoOHbIe paccyxie-
HUS MO3BOJISIT 00JI€€ KOHKPETHO TOBOPHUTH O MOJNYUEHHBIX Pe3ysibTaTax M YKaXyT HA “y3Kue mecra”,
TpeOyIolKe MOBBIIICHHOTO BHUMAaHHS. B mepByIo odepesb, ClieayeT 03HAKOMHUTLCS ¢ TEXHUISCKUMU
XapaKTepUCTUKAMH HUCIIOJIb3yeMOTO TparuecKoro ycKopurtens. B naHHO#W paboTe HMCHONb30Banach
Buneokapta kommaauu NVIDIA GeForce 9800 GT co crenyonmmu XapakTepUCTHKAMU:

Taoauna 2. TexHuueckue XxapakTepucTuku rpagpudeckoro yckoputens GeForce 9800 GT

Yucso0 nomokosbix Yucsno mekcmypHoix | LupuHa wuHsl Yacmoma adpa / no- Yacmoma namamu pe-
npoyeccopos moodyneli namamu MOKO08bIX Npoyeccopos | anbHasA / adpgpekmusHas
112 56 256 6um 600/ 1500 Mly 900/ 1800 Mly

J1sl OLICHKH UTOTOBOW TEOPETHUYECKON NMPOU3BOAUTEIHLHOCTH HEOOXOIMMO OLICHUTH MPOU3BOIUTENb-
HOCTb HOMOKOBbIX NPOYECccopos, OIOKO8 8bIOOPKU U3 meKcmyp U noocucmemsl namamu. Paccyxne-
HUS MPOBeNieM M ciydas cucteMsl u3 N = 16384 ten u metoga Ditnepa.

YucToe BpeMs BBIYMCICHUH MOXKHO BBIYMCIUTH KaK OTHOIIEHHE YHCJIa ONepauuil Ha OAWH IIar
MHTETPUPOBAHUS K 4YUCIy ONEPalif, KOTOPOe CHOCOOEH BBIIOJIHWUTH I'paUuecKuil Mpoleccop 3a
€JMHHUILy BpEMEHH:

ALU = [Yucno gppaemenmos]x[Hucno uncmpyxkyuii na ppaemenm] [16384]x[19-16384]

~ 30,4 mc.
[Hucno unmpyxyuii 3a maxkm]x[Yacmoma npoyeccopa [112]%[1500 MTy]

B yxazanHo# BhImIe (hopMysie B KadecTBe YHCIa WHCTPYKIUH 3a TakT, KOTOPOE MOXKET BBITOJHUTH
rpadMuecKiii yCKOPUTENb, OBLIO MCIOIB30BaHO O0IIee YUCIO CKATAPHBIX MOTOKOBBIX MPOIECCOPOB.
B03MO0XHOCTH TIOTOKOBBIX MPOILIECCOPOB HCTIONHSATE 33 TAKT d8¢ OTNEPalliy — CIIOKEHHE | YMHOKEHUE
— ObUTa yYTeHa B OIIEHKE TPYIOEMKOCTH IS (DyHKITHH pacueTa YCKOpEHHsI.

[IpoBoast aHAJIOTUYHBIE PacCy X AEHUS, BHIYUCINM BpeMsl BHIOOPKH W3 TEKCTYp KaK OTHOIIEHHE
4rcia BEIOOPOK Ha OAMH LIar MHTEIPHUPOBAHUS K OOLIEMY YMCIy BBIOOPOK, KOTOpOE CIOCOOCH BBI-
MOJTHUTH TpadUIECKH MPOIeCCop 3a SAUHHITY BPEMEHH:

TEXY — [Hucno hpazmenmos] x[Hucno evibopok na ppazmenm]  [16384]x[1-16384] R vic
[Hucno evibopok 3a maxm]x[Hacmoma mexcmypHuix 610K08] [56]x[600 MTIy)]

Crenyer 3aMeTUTb, YTO TEKCTYPHBIC MOIYJIH BXOJAT B COCTaB IpaUyecKOro mpoueccopa , cieaoBa-
TENBHO, (YHKIIMOHUPYIOT HA €ro YacToTe.

Hakomnern, moacuntaeM TeopeTHYECKOe BpeMs OOpalieHns K MaMATH IpaduaecKkoro mpoueccopa.
st 3TOr0 HE0OXOAUMO OIIEHUTH 00IIee YUCIO Oum, KOTOPHIE TOJDKHBI OBITH MPOYUTAHBI U 3aITHCAHBI
B TIpoLiecce 00padOTKH OAHOTO (parMeHTa:

MEM — [Hucno hpacmenmog) x[Hucno oum na gppaemenm]  [16384]x[16384-4-8+2-4-8] 187 nic
[LLupuna wiuner namamu] x[Hacmoma namamu) [256]%[900-2 MTy] ’ ’

B rpaduyeckoM mporieccope ACHCTBYET MHOTOYPOBHEBas CTPYKTypa KAIICH, MO3TOMY IOJIydeHHAas
OIICHKA SIBIISICTCSI IUKOBOM, KOT 1A IaHHBIC JACHCTBUTEIBHO Oy Iy T 3arpyKaThbCs U3 BUACONAMSITH.

Bce 6moku rpaduyeckoro mporeccopa QyHKIMOHHPYIOT napaiienvro. ClieoBaTeNbHO, B Kade-
CTBE TEOPETUUYECKOM BPEMEHHOMN OIIEHKH OJTHOTO ATalla MHTETPUPOBAHUA CIEIyET B3SATh HAUXYIIYIO
U3 TPEX MOJYUYEHHBIX OLIEHOK.

TIME = max(ALU, TEX, MEM) = ALU =~ 30,4 mc wnu 33 umepayuu/ c.

B Z[eI\/'ICTBI/ITeJILHOCTI/I, JaHHBIC BCIIMYMWHBI HC BCCraa ABJIAIOTCA HC3aBUCUMBIMMU. OTHOCHUTEIIBHO HallIeH
3aga4dyud MOXXHO CKa3aTb, YTO BCC BBIYMCIICHHUSA BO (l)paFMeHTHOM Luel‘/'u:[epe HAa4YMHAKTCA C OoIepannuun
6bl60pl<u H3 TCKCTYPBHI. 2T0 03HavYacT, YTO MOTOKOBBIC ITPOLCCCOPHI 6y,Z[YT IMOJKIOYAThCA ITOCTCIICHHO



[0 MEepe 3aBepIleHHs onepannii BHIOOPKU U3 TEKCTyp. Takum o0pa3oM, UMeeM HEKOTOPYIO IPUOaBKY
K TEOPETHYECKOMY BPEMEHH BBIITOJHEHHS OJHON HUTEpaIHH.

4.5 dakTnueckas NMPOU3BOAUTEJIBHOCTD 1 OCHOBHBIC METO/IbI €€ OIITUMHU3AIIUHN

W3 noiaydyeHHBIX BBIIIE TEOPETUYECKUX OLIEHOK CIEAYET, UTO Y3KUM MECTOM JUIsl paccMaTpHUBae-
MO 3a7auu SIBISIETCS MPOU3BOIUTENBHOCTD TOTOKOBBIX IMpoIieccopoB. Hucmo apudmeTndeckux ore-
paumii, KOTOpblE BBIIOJHAIOTCS BO (parMEHTHOM IIeiepe, He MOXeT ObITh yMmeHbIneHo. OIHako
MOJKHO TIOTIBITATHCS TIOBBICUTH 3(PPEKTHBHOCTH UX HCIIONHEHHS Ha TpadudeckoM mporeccope. Cpean
Pa3IMYHBIX TOIX0J0B OTMETHM IPOCTOH 1 3(h(PEeKTHBHEII METOJ pa3eopauu8aHus YUKIo08: TeIo K-
Jla TOBTOPSIETCSl HECKOJIBKO pa3, IPU 3TOM €r0 JUIMHA COOTBETCTBYIOLIMM O0pa30M yMEHBILAETCS.

Ta6auna 3. M3smeHeHne Mpon3BOAUTEEHOCTH B 3aBICHMOCTH OT pa3Mepa pa3BopadnBaeMoro OJIoka
(N = 16384, meton Diinepa, 6e3 3arpy3Ku JaHHBIX )

Pasmep lpouzsodumesibHOCMb Pasmep MpouzsodumenbHOCMb
passopavusaemozo b610Ka umepauyuii 8 cek / GFLOPS paszsopayusaemozo b610Ka umepayuti e cex / GFLOPS
1x1 23.6/123.9 4 x4 28.3/144.3
2 x2 27.3/139.2 8 x8 27.0/137.7

W3 nony4yeHHBIX 3KCIIEPUMEHTAIBHBIX JIAHHBIX BHITEKACT, YTO HanOobinas 3(h(GEeKTUBHOCTh JOCTHTa-
eTCsl TIPU pa3BoOpaunBaHuM OJIOKOB pasmepa 4 x 4. brmoku manHoro pazMepa OyIyT HCIOIB30BAaTHCS
JUTS TIOCTIEAYIOIIMX 3aMEPOB MPOU3BOAUTEIBHOCTH.

[lepBoHavanpHas ONTUMHU3AINS TEKCTYPHBIX BBIOOPOK yKe ObLIa MpOBEeHa: ISl XPAaHSHHS Macc
MaTCpUaJIbHbIX TOUYCK BMECTO OTI[GHBHOﬁ TCKCTYPhI UCIIOJB30BaIaCh TECKCTypa HOHO)i(eHI/Iﬁ, qTO II0-
3BOJIMIIO 6080¢ COKPATUTh BPEMs BHIOOPKHU. 3aMETUM, YTO JTAHHBIN IMOKA3aTeIb MOXKET OBITh CYIIECT-
BEHHO yiyulieH. Iy 3Toro Kakaplii (pparMeHTHBIN mieinep JomKeH oO0padaThIBaTh HECKOIbKO TO-
YEYHBIX MacC BMECTO ofHOM. [TockombKy (parMeHTHBIN mICHIep MOXET BHIBOJUTH PE3YIHTAT OITHO-
BPEMEHHO B 60CeMb IIBETOBBIX 0y(depoB, TO ¢ KaxIbIM ()parMEeHTOM MOXHO CBSI3aTh yemblpe 4acTH-
1pl. B mporecce BRIYMCIEHUI MPOYHTAaHHBIE U3 TEKCTYP JaHHBIE OYAYyT HMCIOIB30BaThCS Cpasy Ui
YeTHIPEX YacTHII, TOITOMY 00bEM TEKCTYPHBIX BBIOOPOK COKpATHTCA gyemegepo. B paccMarpuBaeMom
MpUuMEpPE IaHHasA ONTHUMHU3ALUA HE IMPOBOANIIACH, IMOCKOJIBKY IMPOU3BOJUTCIILHOCTL HE OrpaHUYHBa-
Jach TEKCTYPHBIMU MOJYJISIMH. 3aMETHM, YTO JAHHBIA ()aKT MOXHO MPOBEPUTH, BAPBUPYS HYaCTOTY
rpadudeckoro sapa (Ha KOTOpOW (YHKIIMOHUPYIOT TEKCTypHBIE OJIOKH), HO OCTaBIlsisi HEM3MEHHOM
YacTOTY MOTOKOBBIX ITPOLIECCOPOB:

Tadaunna 4. VI3MeHeHne IPOU3BOANTEIHHOCTH B 3aBUCHMOCTH OT YacTOTHI TEKCTYPHBIX OJIOKOB
(N =16384, meron Diinepa, 6e3 3arpy3KH JaHHBIX )

Yacmoma adpa / lpouzsodumesibHOCMb Yacmoma adpa / MpouzsodumenbHOCMb
1OMOKO08bIX Poueccopos umepayuli e cek / GFLOPS MOMOKO8bIX NPoyeccopos umepauyuli 8 cexk / GFLOPS
400/ 1500 18.3/93.3 600/ 1500 28.3/144.3
450/ 1500 20.6/105.1 650/ 1500 28.3/144.3
500/ 1500 22.6/115.3 700 / 1500 28.6/145.9
550/ 1500 25.0/127.5 750/ 1500 28.6/145.9

Kak BUAHO M3 IOJyYEHHBIX HKCIEPUMEHTAIBHBIX JAHHBIX, NPOU3BOAUTEIBHOCTh NPAKTHUUECKH HE
yBeIUYMBAETCA IpU YBEIMUEHHH YacTOTHI Aapa Beille ctanaapTHbIX 600 MI'. Tem Hee meHee, omnu-
CaHHAas ONTHUMM3ALUA MOXKET ChII'PaTh PEIIAIOLIYH0 POJIb BO MHOTHX APYTHX 3aJa4ax.

OO6cynuB BO3MOXKHBIE ONITUMM3ALIUH, OLICHUM IPOU3BOAUTENLHOCTD NIPH UCIIOIb30BAHUH Pa3iiny-
HBIX YHCJICHHBIX MeTOJI0B. [I0CKOJIbKY B HEKOTOPBIX ClIydasix JAaHHbIe TpeOyeTcs 3arpyxarb B IaMsITh
LEHTPAIILHOTO IIPOLECCOPa, IPUBEAEM IIPOU3BOAUTEIBHOCTD U JIJIS 3TOTrO CIIyYast:

Tabauua 5. @akTudecku MOTydeHHAS IPOU3BOAUTEIBHOCTD IS cucTeMbl u3 N = 16384 ten

MpoussodumesnsHOCM®b € 3a2py3Kol OaHHbIX
(umepauuli e cex / GFLOPS)

lpouzsodumensHocms 6e3 3a2py3KuU OaH-

H
asearue memoda Hbix (umepauyuli e cex / GFLOPS)




iinepa 28.3/144.3 21.3/108.6 (-24%)

PyHae-Kymmeoi 2-020

2139
nopadKa 13.3/135.6 11.6 /118.3 (-13%)

PyHze-Kymmei 4-020

_G0,
nopadka 6.6/134.6 6.3/128.5 (-5%)

TeopeTruecky BO3MOKHAsI TIPOU3BOAUTENHFHOCTh PH MHTETPUPOBAaHUH cUCTeMbl U3 N = 16384 Ten
MeToaoM Ditepa coctaiseT 33 ureparnuu/c. Ha mpakTtrke paccmaTpuBaeMasi peamsaliis ooecredn-
na 28 urepamuii/c, 4To MOKHO CYHTATh XOPOIIUM ITOKa3aTeIeM.

3akiroueHue

B pabote nemaercst monbITKa NpUBJIeYb BHUMAaHUE COOOIIECTBA, 3aHUMAIOIIETOCsI BBICOKOIPOU3BOAM-
TEJIbHBIMU BBIYUCIICHUSIMU, K BO3MOKHOCTSIM BBICOKOIIPOM3BOIUTEIBHBIX BBIYMCICHUH 0OIIero Ha-
3HaueHHs Ha rpadudeckux npormeccopax (GPGPU) ¢ ucrmonp3oBanueM meHIepHBIX S3BIKOB. UTO 1MO-
3BoisieT, B omiinune ot texHosorun CUDA, He orpaHn4nBaThcs rpaduaecKuME IPOLEccCoOpaMH TOJb-
KO OIHOW (upMBI. PaccMOTpeHBI BO3MOXKHBIE BBITOABI HCIOIB30BaHMs IpadUuECKUX MPOLIECCOPOB B
BBEIYHCIICHUSAX OOIIETr0 Ha3HaueHUs. M370KeHbI CBeeHNS AO/DKHBIC CHATH “TIOTEHITHANBHBIA Oaphep”
KOMITBIOTEPHOU TpadUKH: OCHOBBI (popMUpOBaHUS N300paKeHUI Ha BHIEOaanTepe, MOHATHs rpadu-
4eCKOro KOHBeHepa M IIeHAepHOW MpOorpaMMbl, HCIONb30BaHWE BUAEOANANTEpa ISl BBIYMCICHUI
o0Iero HasHa4YeHUs1 HA MpUMeEpE CIOKEHHUS MaTpul. 3aTeM MOAPOOHO PacCMOTPEH METOJ BBICOKO-
IPOU3BOAUTENBHOIO PEIIEHHUs 3a4a4d MOAEIMPOBAHUS AMHAMHUKH CHCTEMBI # TOYEUHBIX Macc (A
N=16384). [lana TeopeTnyeckas OIl€HKa MPOU3BOAUTEIBHOCTH pelleHus naHHOM 3amaun Ha GPU.
UccnenoBana ¢axkTudeckas IpOU3BOAUTEILHOCTh M OCHOBHBIE METOABI €€ ONTUMH3ALNH, B TOM YHC-
Jie, IpOBeNeHO uccienoBanue 3(h(HEeKTUBHOCTH Pa3BEpPTHIBAHUS LUKIOB M BbIOpaHa KOHKpPETHAs CTe-
MEHb Pa3BepThIBaHUA. V3II0KEHHBI METOJ TMO3BOJMI JOCTHYb IPOU3BOIUTENBHOCTH OKosio 144
GFLOPS nHa rpadguueckoil KapTe MaccoBOrO MPOU3BOJCTBA C MUKOBOH MPOM3BOIUTEIHHOCTHIO TO-
psaaka 330 GFLOPS. Ilony4yenHas mpon3BOIUTENEHOCTD OJM3Ka K Pe3yJIbTaTaM, MOJyYeHHBIM B [13]
Ha OCHOBE BBICOKOONITUMH3UPOBAHHBIX BhIYMCIeHM ¢ momolisio CUDA, paboratolieii TONbKo ¢ Kap-
tamu NVIDIA.
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