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3AMOHABHIA FPA®HK IPOLECCORTAY APXUTEKTYPACH BA
TEXHOJOIMSLIAPH
(O630p)

Xyocanpos H.ILL.

Makonajia 3aMoHaBuii rpadk rpotieccopiap apanerYpacn TaXJIHY py
ynapia RacTyp GasapHIMIIHHAHT §3ura XycyCHATIAPH, rpagui NPOUECcopapry
KYJTAHAIAAMTAN  JAcTypialy [naTqopMaTapuHIHT  TaxIHIH, RSP Yomum
ONTHMH3ALUAIALI YCYIITAPH KeJTHPHIALN. d

Tasinu nGopanap: rpaduic npolleccop, TACBUpIapHU KaHTa HILLIALL, Bapn,
CUDA, OpenCL, DirectX, xoTupa HepapXifCH,MapaiiciisM, — CHruay,
ontumusauusnam, PCI-Express.

B naHHOM CTaThe AHATM3HPYETCH ApXUTEKTYPA COBPEMEHHBIX rpadmyecki
MPOLIECCOPOR B OCHOBHBIE OCOBEHHOCTH BHIIONHEHHS NporpaMM B GPU, ananms
nnaropM MPOrpaMMHPOBAHUA HCTIONL3YEMBIX B FPa@HyeCcKHX Tpoueccopax,
TaKxKe MeTOIbBl ONITHMH3AIIMH MpOTrpaMMHOTO Koma.

Kmouesbie ciopa: rpaduueckuii npomeccop, obpaGorka u3obpaketie,
papr, CUDA, OpenCL, DirectX, nepapxus namsbTd, Tapajuienu3M, CHIHal,
ontumuzaumsa, PCI-Express.

* The widespread need to implement high-quality, interactive 3D graphics has
led in recent years to the significant technological development of graphics
processors (GPU)s, which are an integral part of any personal computer. Graphic
the processor has acquired the quality of a high-performance device based on the
use of parallel technologies. At the same time, the graphical processor provides (he
ability to program the processing of initial data at the level of direct commands of
the graphic processor. High-quality 3D graphics, which requires parallel processing
of resource-intensive data from the GPU, led to the creation of a special, in 2
certain sense, unique GPU architecture. The modern graphics brocessor is designed
so that the majority of its transistors in the processor chip are used for dat
processing, to the detriment of caching and control of the progress of the progran

This article analyzes the architecture of modern graphics processors (Gp]_T,H
and the main particular qualities of executing programs in the GPU. The possibimf"
of using the GPU for solving resource-intensive numeripal prublc;.ms such as the
basic algorithms of digital signal processing and iy R — The
problems and limitations that arise when Computing from the central pmcgssin!}
unit to the grapl*fic processor are lransferred, the analysis of the program ing
platforms used in the GPU is analyzed, and variants of optipmizations of
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applications using the graphics processor are also offered.
Key words: graphics processor, image processing, warp, CUDA, OpenCL,
DirectX, memory hicrarchy, parallelism, signal, optimization, PCI-Express. ‘

I. KHPHIN

AKpH Bakmiaprada  yMmymuit makcaara iyHanTHpWIraH MacananapHH
jacTypnaill  yuyH (akar Mapkasuit npoueccopmap OMNAH  OKHXO3NAHTAH
KOMIBIOTEPNapAan  doiiganaHu®  kenuuay. Xosupru KkyHra Kenub HOKOpH
YRYMIOPIHKra 3ra KOMIbIOTEpapaa Mapkainii mpoueccoplaH Tawkapu 6oilka
xucobmam 3MeMEHTIZPHHH Kymunranunu kypuin mymxas, lynapman anr kyn
TapKalrani rpadgux npo ieccopnap(GPU) xucobnanamu. OXupru Hyiapaa roKopH
cuhatra ara HHTEPAKTHB Y4 Yayosns rpathuKasapHy TACBHpNall Ba yjap yCTHja
GawapunaiMraH  amaanapra  wucGaran  TanaGHMHr  OPTHLUM  [IAXCHI
KOMIBIOTEPINAPHMHD'  a)kpanMmac kuemura aiimanran GPU  naprRMHT MaBxya
TeXHOJIOTHAIApHHA pHBOXAaUTHpUIITa onnd kenau. ['paduk npolieccop mapajiel
TEXHONOTHANIAPHH KYIaiira acociamrad JOKOpH YHYMIOPIHKHH TabMHHIJIOBYH
Kypunmanup. ly Sunan Gupra, 3amonasuii GPU kupysus MabayMOTIapHH KaiTa
punam gactyphapuad GPU nunr Gesocuta Gyiipywiap Japaxacnpa amanra
olMpHII AMKOHHHK Oepamn. GPU napuunr 6esocyra Mapkasuil mponeccop(CPU)
Griian GUprajMKaa WALy reTepored XucoOiaml MOAEIMHM TaKauM 3rand. By
reTeporeH Xucobmaul MOJENH AacTypHHHI KeTMma-keT GaxcapunamuraH KUCMHHH
CPU na napannen 6axxapunaaurad kucmunu aca GPU na amanra onmpanu. UyHku
rpaduk nponeccop CPU ra mncbaran karra xucobnainapan Teszkop Gamapuiu
MMKOHMATHHH TaKAKUM DTYBYH K¥I COHZArH# 3JIeKTpOH KOMITOHEHTaNapAaH TallKu
tonras[1,2].

Kyn xucobnaur pecypennu tanab kunaguran 1okopu cudarra sra yu
Ymaosnu rpaguxkanap GPU nan  mapajnen xucofnamHy aMajra OLIHPHII
ranabuuy owmpau Ba Oy sca GPU HuHT mMaxcyc apxXMTeKTypacHIM ApaTHINra
Typrka 6ynau. 3amonapuit GPU napHHHr apXuTekTypacMmard TIpoueccop
YHITHHHHT AcOCHI KHCMHHH MabAyMOTIapHM Tapamien Kaiita ummam yuyH
Mmypkannagrag  aaponapiaad  Tawkua  tonrad., LyHuHr yuyw xam  GPU
MasaymoTnap OViimua napamrennsm(data parallel) wm xynna® wkyssamnaiinn.
Masaymoriap 6Vituda napamiennsm OMp KaHua Makiaymotnap ycruaa Ourra
6yiipykun Gaxapuinau amanra ounpaii. GPU naphu TeXHONOrHK MogepHu3alus
KWTHLI HaTwkackaa yrapHRAT xucobnaw kyepsatin CPU ra uncGaran ceswnapnu
napaxaja ownb werniuura cabad Oynan. Mucon yuyH XO3Mpru KyHAa MaBxkyil
ypra muéna Kepler apxutexktypacura terumum NVIDIA GeForce GTX 680
BHaeokapranapu Ypra xucobna | Tflops nan 1okopn maxcuMan yHYMIOpJIHKHH
TabMHHIIOBYM CeKyHWTa TpHIHOMNA0 KY3ramyBuum Bepry/ulH COHNAp YCTHUAA
amarniap bakapa onagurad 2880 Ta xucobnaw sapocura sra. Xo3supri KyHaard
3amonasuii CPU napuudr s6r oxupri 7 asnoan cananran Intel Core i7-975 XE
3,33 I'Tu mukponpoueccopiapHuir MakcHman ynymaonurs sca 53.28 Gflops ra
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TAMOHABHE FPABHK TTPOLECCOPIIAP, .

AR nk CPU g
eraun. Byupan k¥punng rypuGunkn, GPU TR 3 |anmmjrmilgn::]tﬂr“:m e
miedaran 20 Gapavap okopiuip]12]. GPU J!.u. I!rl.-?”?l{:;,,;”; ml(l}]mmp“” ahis
OLHPHIL. IMKOUHSTHINE 1aiino .i'i:'ahlll.m" }’“”. -‘]"_”‘“‘” JI':; y CHINMHI XHCOBAaNE
AL aMac, Gasian ke mikéeaari Goika Macasasay ety il

B : : oo By aca GPGPU(General Purpose computations
(hofiaumunnn us Ko bepih, by : ura keni6  GPGPU
on Graphics Processing Unit) nosiin o, ?{n.u-qprll KyHrE g
axGopor  TexnoNOrIapI  coxaCHIII Kyfiars F'Y"“J_”'”__';‘ Tf)"zo 5
RYAHanG kemmmora: mieo MABIYMOTIHAPII KaifTa I-ILU-"-“-NI.-: by 2],
CHrHamnmapra. pakasan wugion Gepiiu[6,7,18], (puank sa xnumuk _;lmpﬂu-glaprm
MATEMATHR - moaenawupiinf4], rnG6uttaarn  susyamisauma(S] sa Gomkg
CONMIPHI XaM Kemmpiim smymkin. Bynpan rawgaps rpadiig npor.;eccor:nzﬁarm
MYPAKKAG HOTIPON TapMOKIAPIIT Kypuinaa 1aubmK KimMoka (8] anabuéra
Rertapiaran nmna GPU nan dofinananran xonua HEHpOH TapMOoIHH yl-‘;irn-mn-a
KETran BaKT 150 maprara Kuckapraswmrn kypearn® yruman, Sua oup GPU nay
dolimananmunmir  nevnkGon iyuanunmaputan  Gupn 6}{ MabIAyMOTIApI
Gasacuun Gowapig THsNapuanp[9,10, 11]. Bynnaii xonna (.EI’U Ma'mlymn'nl:un
Gasacura suru Evau R¥Hm, sanaymotaapun capanan, cypoBiiapiu Kaiita
HOIAW,  ManIyMomapin  cukinng g aytarim kabu Epuamu mMacananapiy
Daxcapamn.

Llynnaii akan GPUJ APXHTERTYPACHINHT UMKOHHATAAPHIH Ypranum KaTra
Xucobnaw pecypenapumn Tanag KHIJUIran - MyasTUMeana  wiosanapu  Kaiita
HULTAL YHYMAOPAUTHHN Owmpay. Mynsriumenna IHIOBANapH ofaTtia pean BakT
TH3NMAapiia kafita munanann pa YIOpHMHT  acocnii  Tamkun ITYBUMNIAPH

CHPaTHAA  WyTK, ayano-minco CHFHanap, aHuMauusnap sa
Kapanazt.

Yuby makonana rpahui nponeccopap APXHTEKTYPACH Tax)IMIK Ba ynapaa
acTyp GaxapuanmnnuHr fanra Xyeyensmnapu, jacrypnam raThopManapusmnr
TANTHUIH, AACTY]P KOAMHN ONTHMH3AIS a1 YCyInapi KenTHpuia.

TacBUpnap

[I.  ACOCHI Kncm

Currannapra na TACBHPJIApPra pakamJi

TEXMonornAnapy, TeNCKOMMYHMKaIMA  pa PaKkamin  anoia TH3KMAapu, [P-
Teneouun  pa Bracokou(peperiuis, pakamnn TENEBUACHHS)
Macajlanapiyu  equuiia  gonsapG Xicobnanagn,
MACATANAPHHI aKCAPUATH pean Bakr

Xonaa ywby tsummapua MabIymMOTNa

HuoB Sepuin 3amonasui; axBopor

Coxanapugaru
IOkopuna KENTupunran coxa
PEXHNIDA Muwmamunu nxoGarrg oJran

PHE KafiTa nwnamw pa Y3aTHI Tesnurura
10KOpH  Tamabnaapuu  kyiivoiga, Byunaii THIHMIAPHUAT annapar Kypunmanapy

RKM KHXATHAAH KatTa GYnMacmury NO3UM, aKkeHiua sueprug camapanopny

¥
IXHaM, Te3Kop XaTro MoGuy Humon Gepuw BOCHTanapunan rauncy TOTIFaH
O nuun wepag, By naii Tanabnapuu yGy THINMItapua camapanu Gaxcapum YUyH
MALIYMOTIAPHK Kafita mmnapy Ba ymapuu yaarum ANnrOPUTMITApHHY Te3Kop
24 '
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aManra . OLMPYBYH.  Kynaapomu IpoLeccopiapHy ranﬁux KILTMLI MAKCAAra
MyBOQHKIHP. - : , , A b

Curnannapra sa TaCBHpII&pI‘a paKamI HILIOB ﬁepnm Macananapu acocan
BAKT COXacHAa Ba CHEKTpajl coxajza amanra OLIMpHIIaiH, Xap HKKana HLIoB
GepHII COXACHNHHHT AJTOPATMIAPH Ba ycyinapu mamikyn 6Ymm6, ynap pean sakr
TH3HNMHAA CHIHAJUIAD Ba TACBMpNAp ycTHAa TYPAH XWIarH (uasTpram , cHrHan
cH(ATHHHU AXLUKJIALL, KOPPENALMOH HUIIoB Gepiil, CHIHANIAPHHAT HEPrHACH Ba
KYBBaTHHH XHCOOMAI, aMrHTynaiy Ba }ha30qH XapaxTepHCTHKANapH aHHKaLL,
CHKULL, KYYNM  MOBKHH TaLCHPUAAH IYKOTHIraH CHIHAT KHCMJIApHUM KaiiTta
THKNALL, CHIHAN MapaMeTprapHn Gaxonal, TAHHUL Ba LIyHra yxianr amamiapim
baxxapaln. : v

CnexTpan ycyinap acocmna .cHrHanmapra pakamii: HILIOB Gepuul sxanan
PaBHILNA PHBOXIAHIHM, aiiHMKca @ypre taxnui. Curaaniapuu criexTpra éitniu
3Ba3sUra IPHLIHIANNIEH camapanopnukaan Tamkapu (Dypse 6a3uc Ba yHIaH Xoen
6ynran  Oasucnap (Anamap, Xaapa, cl3HT-aIMALITHPHILL, BeiiBAET anMalITHPHLL)
DasuCNapHMHT  aNrOPUTMJIapU  aBBanjaH  BekTopnap — Ba  MaTpHUanapHH
KYMaiTHPHIL NpoLeypacHuy K¥anaran. Lllysusr yuyH Xam Oy anropHTmiapHy
napanjies Kaita yiunam myBsaddakustiy amanra olpuIans.

Cnekrpan umos Gepuiu coxack curamiap ycriia Oaxapiiajuran
Mypakkal anropuTMmiap cuH(MHM KeHralfiTHpand Ba ynapaa KyJUlaHuIaluras
colutH yeynnap, 6up BaktHUHT Vinta Gup veyra amannapHi(uasrpnan, CHKHII
Ba X.K) Ga}xapﬁm HMKOHUATHHH TakiWM 2Talii. CHFIIHIU'IEI]JHH CHNexKrpan coxana
KaiiTa MOUIAW KaTTa XaKMAard Xucobpaltugu Tanab KHiIaad, YYHKH KHPYBUH
MabayMOTIAp XaKMHHUHI OpTHIUH OHad XHCOBMaWAapHHHT BaKapvml BaKTH
xaMm unsukcus yeub Gopamu. CnekTpan KaiiTa MuIamw anropuTMIAPHHA XHCoOau
YHYMOOP/IHTHHU OLITHPHIL alva BakTIapiaH OyEH coOHMM ycynaapHUHT Xicobnatu
OMepauMsNapHHUAT YMYMHH COHMHH KamaiTHpHW XHcobura amanra omwmpunnd
kenuurad. Mucon cudarnaa kyn connard Tesxop ®ypbe-tasucnap. sapHaHTIapu
Ba HEﬁBJIéT-aJIMEU.HTI-TPHILH{H- MUCOJ KeITHPHLT MYMKHH. AMMO K?H anponu
npotieccopiap AnrOPHTMAAPHH ONTHMMIALMANALL JKapaHHra SHTH yenybnapuu
KMPUTHIUHM Tanab oTan. Yynku Kyn AApOonH Mpolieccopiapia MabiyMoTaap
oKHMMAN Gorkapuul MMkonuaTH Oopanrn cababni Xucobnain loknamManapHin
6up HeuTa xucobnall KypHIManapira TeHr aXpaTHIl Ba OKHMIIM XHcoGmaluapH
Gancapum mymiuna[1,2].

IMapainen XucOOJAlIHMHI AACTYPHil Ba anmapat xuxarnapd Gup-Gupiu
6unan wambapyac Oornuk, Onatia napamnen xucobnaw ¥supa 2 TypHart
X,HCDSJ]&L[I TEKHUHDFI[HHE‘.[J coOxacHHH }'? HUHIa oJanu:;

o KommpioTep apXHTEKTypacu(aniapar acnextiaph).
e [lapanien gactypaall(AacTyprail acliextiaph).

KommbioTep apXHTEKTYpPacH Napaiend3Muy  apXurekrypa GocKiMHIa
Kynna6-kyssatiawra surnGopunn Kaparrad, Ilapansen nactypnair aca KOMIIbIO-
TEp apXW1eKTypacH HMKOHMATHAAH TYIIK doiinananum ssasznra macananu 6up
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BAKTHHHI ¥3uma Xucobnawra Mymkannanrad. Jlactyp koaunu napamien Gaxapy-
JMIUMHHE TABMHHNANI YHYH alnapaT TabMHHOT OMp HeuTa oKuMIap €xH 6HMp Heura
JKapa€HnapHd Oup BakTaa Gaxapumunmuu Kyanab-kKyssaTnoBuu nnatdopMmany
TapMHHNAW Kepak OYmagu. LlysuwMr yuyH xam mnapamnen JacTyplapHu
TY3YBHHIAD TYPIH THNAAru napasunesn npoueccopnap
ApXHTEKTYpaNapUHHHM{YMyMHE  XOTHpanH, TaKCHMJIAHraH XOTHpalmH  Ba
TETEPOTeH) HMMKOHMATIAPHHM, XaMAa Xap OWp apXuTeKTypara MOC KelyBum
MapaJICNAITHPUINHUAT 3aMOHABMH TEXHONOTMANIAPH Ba JACTYpwil BOCHTANapH
caHanraH (MaxcycnalITWPHIraH mapannes nacTypnail THANGpH Ba HacTypnami
TH/UTAPHHUET KEHraHTMAllapH, MaxCycnallTMpHAraH mnapamien KyTybxouanap,
aBTOMAaTHK NapauenamTHPHII BOCHTAJIAPH, napauen AacTypjapHH
JIOMUXANAMTHPHII BA APATHIN BOCHTANAPHHM) MyKaMMan GHIMIUHK Tanab ITaim.
B3 ym6y umpaa rereporen xucofmam apxuTexTypacHHHHT acocH XMcoGnaHran
GPU apxuTeKTypacHHu UMKOHMATIAPHEY Taxaun Kunamus[13],
1. Tpadux nmpoueccopnap apxurexrypacu. [paduk mnpoueccop
ApXHTEKTypaJlap¥  OKMMIM  MyJabTHOpoueccopnap  Maccusd  (Streaming
~ Multiprocessor, SM) acocuna kypunras. GPU saposiapy Hiura Tymupuiranga SM
JIap/ia MaBxyX Typaapaaru 6nokmap uira rymmpunam. Kyn okamna gactyp Grp-
OMpHAaH MyCTakul paBHIU[A WILIOBYM GNOKNATH OKHMIAPTa aKPATHIAMIM.
Ilyemsar yuys GPU kyn conparu sponap xHcoGura XmcoGnamapHH KHHMK
BaKTaa Oaxapanu [13].
‘GPU CUDA na apxurextypa MMKOHHAT/IApUHM Genrmnamaa GHMp Xydr
connapaan ubopar Compute capability (CC) tymyngacunn umnartama. CC parn
‘OMpHHYH coH TODa) AapXMTEKTYpa BEpCHUACHHHM, HMKKAHYM COH aca
- apXHTeKTypajaru Katra 6yiamaran ysrapuwnapay aurnataan. GPU ga  onmaman
JACTyPHHU €3ULI y4yH KyPHIMA BPXHTEKTYPaCHHHHE XYCYCHATNAPHHY Ba YIAPHUHT
pactypnam Mofenapuay yprauui sapyp. GPU naprunr Tesla, Fermi, Kepler,
Maxwell sa Pascal apxuTeKTypanapHHH TaxJun Kunamus. Xo3uprd kyuna GPU
apxurexkTypanapy ynapHuar CC nan kenub unkraH xonma 'S Ta owmnara
axxpamamu(1->xaasan). _
1-xanBan. GPU apxurexrypa ounacu.

cC ApXUTEKTYpa ApxutekTypara kupysun GPU
1.0 - | Tesla C870, Tesla D870
13 Tasle Tesla C1060
2.0 _ Tesla C2075, Tesla C2050
: Fermi

2.1 . GeForce GT 720M
3.0 Tesla K10

i3S - Kepler Tesla K40, Tesla K20x/K20

13,7 _ . | Tesla K80
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- _
5.0 M GeForce GTX 850M
axwel
5.2 _ Tesla M40, Tesla M60
6.0 -. L Tesla P100
Pascal
6.1 Vs 4 GeForce GTX 1080, NVIDIA Titan X

GPU rnoban apxutexrypa BepcuscusnHuar ommd Gopuiy Gunas yHHHT
yHyMROpIATH  ¥cnb Gopamu. GPU wumnr CC um  TaBcuduioBYM  acocwii
KypcaTKMWiapra  apXifTekTypamars supofiap COHH, XOTHPA X&KMH B2
YTKASYBUAHIHK KOOHIATH Kupaay.

GPU kyn conparn SIMD(Single Instruction Multiple Data) saponapnan
TAlIKMN Tomran G¥nud, Gy AAponap TYpAM TUIAArH MabjiyMmoTnap ycrHga Ourra
MHKPORACTyYpHH amaira owwupand. Bywnaii muxponactyp GPU  pmactypnam
TEPMHHONOrWACHAA Anpo Qynkuuscu (kernel function) ne6 momnamamw. SIMD
anpo 1-pacmua P; ne6 Genrunam wupurunran.

[ CPU xorupace J

@ 8I'h/e

GPU raoBan
ACTHPACH

ﬁ 200 I'le
{ L2 k3 ]

# t =150 I'k/e #

(] N (=) [ A
O | @ || |E EE
v H B B

rovoo v

Py £ P: P 5 P P‘- A P. P i

-

\ Mynerunapo 2 \ MyasTisapo n

MynsTuaapo 1
|5 r

I-pacm. ['paduk nmponeccop apxuTexTypach.

GPU  masnymornapuu Gup-6upn Gunan ysapo rakcumnosun Gup kamua
SIMD saponapusm 6uTTa HILIMH rypyxra(workgroups) Gupnamtupagu. Muran
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TYPYXnap perucipaap, K3ur Ba yMyMmiii xoTupanap €paaMuia MIIHHu rypyx wumgs
KyImmM4Ya MaLaymMoTiap GHian aiMamMaHiIg MyMKHH Ba anoxuaa SIMD SOponap
YPTacHia CHHXPOHM3AUMAHW amanra omwmpanu. Bysnaii aktna GPU anoxmm
HIIMH TYPYXNAPHUHT §33p0 MUIAIIMHN CHUXPOHU3ALMANALI TAKIMM 3TMaiiny,
Hluraw rypyxnap 1- pacmaa “Mynstisaapo n” ne6 Senrunanran[12, 14].

Xap 6up ounara rernmuu GPU apxurexrypanapi TaCHU(H Ba ynapuy
TALIKHI 3TYBYH MEKTPOH KOMIOHEHTANAPHHUHT XYCYCHSTIAPUHN TAXIIN KL
HaTHKACH1a @ﬁunam TAXNMIHH 2-)KafiBalHl XOCHIT KHIUIHK. by wansanna
AJCTYP YHYMIOPNHTHHU OLIMPHINTA TALCHP KYPCATYBYH SHT MYXHM KyHunoaru

KYpCaTku4nap KenTupuiray;

- GPU na mMaBxyn okumim MYJIBTHIIPOLIECCOPNAP COHH;
- CPU Ba GPU ¥pracuuarn anokanu rapMuHNab bepysun PCI-Express mmHa

TypH(PCl-e Vrrasysuanmuk koGumsT
NVLink - 80 GB/s):

: v2 - 8 GB/s, v3 - 15.75 GB/s,

- GPU na mamxyn XOTupnap xaxmu (I'noban, kauutap, perucrpnap);
- Xap 6up okumIn MYALTHIPOLECCOPAArH AAPOIAP COHM;

IOKMam Ba cakfaml cyposjap amanra OLIHPYBYH
Load/Store ionntnap coun;

- OKHMIIH  MYNBTHIPOLECCOPNATH OKUMAAp TYPYXH CAHANTaH BaprnapHy
PeXanamTupraynap(nanupoBILUKNap) Conu;
- OHTTa OKMMIHN MY/IBTHIIPOLIECCOPIATH AKTHE Broknap corm;

- ANMApATIN TALIKUI KMIWHMAH Maxcyc MaTeMaTHK (QYHKUMATAPHH Oaa-
pysuu SFU(Special Function Unit) niap conm;

-rnoban xotupanan

- XOTHPAHWHT YTKA3yBYAHIHUK KOGWIATH:

- TPAH3HCTOPNap COHM.

2-wansan. Mpadmk npoueccopnapumur KypcaTriunapy

. | Kepler | Maxwell | Maxwell

Femi | K110 | GMI100 | GMaoo | Pascal P100

E SM nap conu 16 15 16 24 56
PCl-e pepcuacn v2 v3 v3 v3 v3, NVLink
I'moban xotHpa ~6I6| ~12T6 810 1216 1616

L2 kom, K6 768 1536 2048 3072 4096

CUDA snponap (per SM) | 32 192 128 128 64

LD/ST Unit nap (per SM) | 16 32 32 32 16

SFU nap (per SM) 4 32 32 32 16

Warp Schedulernap

(per SM) 2 4 4 el 2

Shared xotapa (per SM), | \6rag | 16328 | 6 96 64
Peructpnap (per SM) | 32K | 65K 65K 65K 65K
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[ Axrus 6noknap(per SM) | 8 16 2. | 32
TPaUSHOTOPIRR COR | 1.5 | 5 g uson 7 wapn 15.3 MipA
MIIPI
XoTHpa yTKa3yB4aHJIHK
o6 GBls 144 | 250 336 288 720

2. Xorupa wuepapxusncu. GPU pa camapand gacTypiapHi spaTHIII
AacTypHH TOMOHHIAH OIMul 3apyp Oyaran sma Gup anmapar Kuemd Oy
xorupanip. GPU ruHr Xortupanapu uepapxuk cTpykTypara ara (1-pacm). GPU pa
6up Heva KYpHHULINATH XOTUpanap TYpH Mamiysa 69nn6, ynapauur Oup HE4TacH
MyZIbTHIIpOLECCOpiapaa Kosrannapu sca GPU DRAM xormpacn/ia JKOANAIIraH.
GPU xotnpa vepapxuiacuaa rnodaj xoTHpa, oK XOTHpa, TEKCTYpailH X0THpa,
L2 xour, L1 xam, Texerypanu xaw, ymymnii xotupa(shared memory) Ba perucrp
(haitiap MaBxy .

Pernerp xorupa., Xucobnamr kypHIMacHra Pperscrp XoTHpa 2HI SKHH
kolimamran 6¥nud, y xkyna teskop canananu(SMua YTkasysyaluK Te3NUIN 0.3-2
Th/c erapm). Peructpnap auya cofanalutupuiirad XoTHpa THIH caHallaiH Ba
K¥iiunary Xxycycuariapra ara :

-perHcTpnap KOMOWIsums skapaéHmiga OOk OKMMIIapH — YpTachia

TAKCHMJITAHA/IN;
- Xap GHp OKHMHHHI HINYW MABIYMOTIAPHEN Caknainu;
-BGollka XoTHpanapnas (apkid paBuuia MXTHEPHI azpecnaniHu Kyiiad
KyBBaTIaMaunu;

-xap Gup okuM sapo OaxapunuiuuHunr OGapua BakTMna OMp Kanua

perscTpjapaa yiKuil Ba E3uill YHyH MaHanoJl paBuliia dolinanananmy;

- okuM Bomka GMp OKMMHMHT perucTpiaphaan QoHmanana onmMaitnu,

-perMcTpiap  MyNBTHIIpOLECCOpIApaa  ofjamrad  Ba  MHHEMAal

JATEHTIMKIa 3T4a;
- SM za yrxasysyaunuk tesnura 0.5-2 Th/c eranu.

3-sxanBat. PerscTp XOTHPAHUHT TYPITH apXUTEKTYpasapaari CoHu

Ba Xap OMP OKHM YHYH TAKCHMIAHHILIN
. : Fermi
GPU Fermi GF100 GF104 Kepler Kepler
apXHTEKTYpacH GK104 GK110
C“‘“P“tFtyC“P“""“ 2.0 2.1 3.0 3.5
1 -
32-bit Registr/SM 32768 32768 65536 65536
Max Registr/Thread 63 63 63 255
TATUning ilmiv-texnika va axborot-tahlilly jurnali 29 -
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XOTHpa caHananM Ba Kyiumaru racnngra ora:
- ymymuii xotupa SM na sxolinawran sa 6nok BockuyKMaa axparunany;
H‘ - Xap 6up 6ok yuyH 6up Xun cOHAArH YMYMUIl XOTHPA aXXpaTHNanu;
"-'l | - xoTupa Xaxmi 48 KGaiit(Fermi apxutextypacuna 64 K6aiit );
i = KYHH NaTCHTAUKEA 2Ta;
| . -6urra SM 6nok oxumaapu doitnanaHnn MyMKHH;
I -rnofan  XoTMpara MypOXaaTHH KaMaWTUPHIL  MaKcafHua  yMyMui
il xoTHpanan 6ydep cudatnna doiinanaHui MyMKHH;
, - YMyMME X0THpa xaxmu SM na wiira Tyiumapuiras 6apya 6nok OKHUMapy
| } ypracuma Tenr TakCHMNaHanu,;
I -yMyMmuli xotupa ymuamu CUDA saapo tomonunad _ shared  atpuyry
|
|

‘ | Ymymuii xorupa(shared memory). Yuymuii xotupa GPU narn sur myyy,,
|

; OPKalmm  MacCHBNApHH aHMKnam EkM  SAPOHM  HIITa  TYLIHPHIY

fTapamMeTpiapy acocHaa GepHImuILyE MyMKHH;

[ - YMyMuH Xotupa 6up Heura oxumnap Grokuia doiinananrasnurn cabatam
race condition na caiasuIn yayH oKHMIH Gapbepny CHHXPOHTALITHPHIL
__syncthreads() pan doiinananunau;

-Cﬂﬁxpol-mammpumrmrrr TUIHK QNTOPpUTMH KyWHIAard JTannapja aManra

1l OmHpHAanu(3-pacm):

| 1. rnoban xoTupanan MatiymotiapHy shared XoTHpara loknam

2. __ syncthreads() cuaxponnamrupunr;

3. FOKJIaHraH MabJlyMOTNAp YCTHAA XMCOGIalEy 0ub GOopHIL;

4. Harwxanapin shared Xorupanan rnobam xoTupara é3uu,

abesxomes 5T 5 [ 7 5 14 [ 5] Somad
i b = 1] = T it - —il
Yarvamil xotnpa -"1"'" I' 'L**-'_—l——r'“ i J """ 3
‘_ 0 [ ! i 2\:/3 E 4 1:/5 i smethreads(
NI

Y1) E 1 | EE ) s[1]+

sy s+ sPls sl Xucodaamicompure!

8@ s sl SIS
ir{ﬂ*ﬁlu[ra}

10621 xoTipa ¥ , 1'_[ } _ ! T708a7 xotupara
| 3 ! B | E! ¥ 12 .. <
g (S A B3 e (mrite out;

3-pacm. Shared xorupa doitlananuLia CHHXPOHIAILITAPHIN

.-
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_Koncranranu Ba texerypann xorupanap. KoHcTanTanmi Ba TekcTypaiy
xorupanap GPU DRAM pa skofinauiras sa kyiiuaars XycyCHsSTiapra ra;
- KOLIAaH MYCTaKu/T paBUILAA J10KOPH Te3MHKAArH MypodKaaT XyKyKura ara;
- TYpAaru 6ap4a okumIap yuyH gakar yxum xykykusu Gepanu;
- KOHCTAHT XOTHPaHHHT yMymMuil Xaxmy 64 kOaiiTHH TAIIKHI 3TAMH;
- Texetypann xorupa dusuk skuxarman rmofam xoTHpanuHr GHp KHeMH
CaHallalii, MYpoKaaT XyKyKid Maxcyc KoL opkany OGakaphiaiu.

Komwnap. Fermi apxutexrypacugan 6Gomna6 L1 sa L2 Gockmumars
KonUapaas GoAnananan sa Kyitngara xycycHsTIapra ara.

-L1 xam xap 6up SM aa massicys;

-L1 kom Ba ymywmuit xotupa 6utTa dusni TauysuuAa KoiAnauras. YHIHT
Xamu 64 KEaiit;

- KOLI TMHUANAp y3yunuru 1286aiir;

-arap xap 6up oxkuM yuyH cy3 Yiruamu 4 GaiiTHu Tamikan aTca, yHAa bapua
32 Ta BapIl OXUMIIAPHHUHT XOTHpara cypoBH 6uTTara GUpralITHPUIIAIN,

-L1 Ba L2 gowmnapuunr SM ma yrkasysuannnk kobunsata 256-512I6/c
eTany;

-L2 kownunr ymymui xammu 256 KB mam 4096 Kb (kypuiama

aApXUTEKTYpacHura DOFIHK) eTKazuiTaH.

Jlokan xornpa. XoTHpa HepapXMACUMHHHI KelMHTM OockMumMaa yMymui
XoTHpa xo#nawrad. Ymymuii xorapa OpenCL tepMunnapiia l1okal X0THpa Xam
neiwnand. Jlokan xorupa SM  okumnapura perucTinap —eTHlIMaraHia
bolnananunany Ba KyHuaary XyCcycuatiapra sra:

-nokan xotapa GPU DRAM pna xoitnamranndry cababnu yspa oKopH
narentnuk naitao 6Vnaan(400-800 Taxr);

- I0KaN XOoTHpara ofaraa union (OuprnamManap), KOMIMAAUHS KapagHuma
ynuamu aHnK 6YIMaran KatTa CTpyKTypaiap Ba MaccHBIap xoHatuam;

-arapia faapo Gapua perHcTpraphi xucobnain xapaéruia sramaca 6apua

Y3rapyBUMIap XaMm JIOKal XOTHpara JXoHIamTapuiani;

-GPU nmunar CC cu 2.0 Ba yHnas katra Kypuimanapnan Gowmna6 noxan

xorapa xap Oup SM yays L1 iour Tomonyaan ymymuii Kypunma yayn 1.2

K311 TOMOHHAAH K3LLalIaHaIH.

InoGan xorupa. [noban xotupa GPU auur DRAM xotupacu canananu
Kyiugary xycycusriapra ara:
- ¥rrazypuannuk Kobunata 140-260 I'b/c. I0kopu narentnnkra sra 400-800
TaKT arpoduia;
- CUDA API épnamunna malloc dynkumscu acocuia XoTHpa axpaTuiaiu;
- Fermi apxurexrypacian Gounab kaumanan;
- Typaars Gapua oxuMaap y4yH MapKy,

TATUning ilmiy-texnika va axborot-tahliliy jurnali 3
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-rofan XoTHpara MypoXaaT KHJMUIHKH MHHHMH3AUMANAND  camapay,,
AACTYp APATUILIHIHT acocuii ycysin XxucobiaHau;
-I'noban xotupara kyitmmarn dyukunsnap €paamMuia aXpaTuiang g,
O¥watunamm: ‘
» cudaError_t cudaMalloc(void **devPtr, size_t size);
» cudaError_t cudaFree(void *devPu);
- MaccHBnapra Mypoxaar KHAHLIAA MabIymMOTiap THIIHHY
GapasapnamTHpuiL Xxucobura Te3NATHPHLI MYyMKHH;
-bapaBapnamtupunran  XorHpa XakMHHM  @KpaTHI  YuyYH  QyHKINA
CHIDKHLIHK pitch napameTpu opkany kaiirapa/n:
> cudaError_t cudaMallocPitch(void *dst, const void *src, size_t size,
enum cudaMemepyKind kind);
» cudaError_t cudaFree(void *devPtr),
- Hycxanaw fiyuanumm kind napaverpu OpKaJIH aHHKJIaHa/IH:
» Host->device- cudaMemepyHostToDevice;
> Device->host- cudaMemecpyDevice ToHost:

HOxopuna kenrupunran XOTHpanapHu TAXJIMIN WyHK K¥peaTajauku. rnoban
XOTHPA NACT NATEeHT UK 3ra. Xucobiaw KapaéHiiii ONTHMH3ALHANAL Y4YH
yWBY XOTHpAra MypoXaaTHi MEHHMAIIAUITAPHI kepak Gy nam[21].

3. Masaymornapnu camapaan yaatww. Busra MabIYMKH, reTeporex
xucobnam tusumnapn CPU Ba GPU pecypenapnuu Gupranuxna doinananann.
Hyuxku Oynmaii xucobnamr Thsumuma MAaCTYPHHHL napannen Oaxapunaguran
kucmd GPU moban xotmpacura mycxananam, xucobnauuiap Gaxcapunanu sa
onuHran Hatixanap CPU xotupackra kaita ioknanaan. Bywpail woinam xapaéun
PCI-Express mmnacuna amanra ommpnnann. [lynnaii sxay PCI-Express munacn
CPU Ba GPU nu Gornmosun Hosuk KucM(y3xuii 4acTs) caHanauu. Lyuunr yuayn
XaMm WHHAHKWHT Xoccanapuuu Sunmmmmus 3apyp. Kyiinga xentupunran 4- pacm/a
Kypuimanap YpTaciiart ¥3apo MabayMOT Y3aTHI TE3NNKIAPH KEATHPHIITAH.

IOxopunaru 4-pacmuas xypunutd TypHOaMKH, MabJIYMOTIAPHH KyuHpHd
YTKA3HII JaCTYPHUHT YMYMHI YHYMIOIMIHTA KaTTa TaLCHP KYpeatanm. Aifnuica
PCI-Express IMHACHHUHT Te3nury rpadux npoueccopna XHcoOnauutapay amanra
OILMPHIUHAHE KAMYUIHKNapruaad dupummp.

CPU sa GPU ypracuma MabiymMoTnapuu Kyuupu® YTkasmm xyitnparn
Xoiapia aMaira oupHiIany:

*  KupyBuH/MMKYBYM MacCHBNAPHH Y3aTHILja,
* Jlnponnur GuHap kojnapun loknawaa(apaiisep Gomkapysy ocriza).

Anpo apryMeHTIapHii I0KNAAA(SIPOHA HIUTa TYIHPHIIAAH OINH
GPU xoncTaHTamu XoTHpara xyHartamm).

Onuaran varwkanapuu host ra iokiam xapaénusa.

32 TATU ilmiy-texnika va axborot-tahliliy jurna'i?
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32TB (DDR3) 126 (DDRS)
42 GB/sec 288 GB/sec
CPU GPU
= 200 GFLOPS ~ 4 TFLOPS
PCl-Express (8 GB/sec) (NVIDIA Tesla
K40)

4-pacm. Kypunmanap ypracuparn MasmyMoT y3aTil cXeMac

Xosupru kynna PCI-Express munanapn x2, x4, x8, x16, X32 nHHHsIapAaH
ubopar. burra (x1) nuuus SO0OM6/cek YTiasysaanauk xobunsartura sra, PCI-
Express IWIMHATAPWHHHT pPHBOMIAHMID ABIOAIApM Kyiumarn 4-xaasania
KEJ]THPHHFH.H.

4-ansan. PCI-Express muHanapuHuHr pUBOICIAHUIL ABJIOITAPH.

PCI Express | Bup tomounama yTrasypuauing
BEpCHACH Teanurn(Per Lane x16 Bandwidth
Bandwidth)
1.0 (2003) 250 MB/s 4 GB/s
2.0 (2007) 500 MB/s 8 GB/s
3.0(2010) _ 984 MB/s ‘ 15 GB/s
4.0 (2017) 1969 MB/s 31 GB/s
5.0(?) 3125-4000 MB/s 50-64 GB/s

Wapgsanpan «ypurn® Typuboukn, PCl-Express wmuHanapuausr ssru
BEpCHACH aBBaJirM  BepcsicMra  HucOaram  7Tesnurn 2 mapra  omub
GopaérramnuruHn  KYPHUIMMH3 ~ MYMKHH. Ywby IIMHanapupan — yHymum
boiinanauum yayH GPU xorupackra ysarviaguran MabiyMoTIap MUKAOPH Ka1Ta
Oymumm wepax. Kuunk Muxiopaa mawiymornapun GPU xorupacura yaaruin
mHHA JHHEUAnapiaan TYiuK (oiilananiil MMKOHHATHEN Oepmaiiau|14).

4. GPU pa pacrypnam naatdopmanapu. Xozupru kysma GPU na
XucoGaliapHy aManra OWMPHIL YMYH OHp HeyTta gactyprnaiml riatdopmanap
mapkyld. By mnardopmanaphu jactypiamja Kyaiaw typanya ERnaurysHy tanab
sraji. Bynna macrypnam nnatpopmanapura Microsoft DirectX, OpenCL, CUDA
KHpazIy.

Microsoft DirectX - Microsoft nnatdopmanapiaa mynstiMeanara ajgokaiop
MacaaapHy, aiHHKca BHAeO Ba YHHHIApHH JacTypiall yuyH MyInKaiaHrad
amanuin pactypnam uurepieiicnapu(APIs) tynnamunup|16]. Microsoft DirectX
AT OPMACKHHHT I0TYK BA KAMYHIAIK TOMOHJIAPUHN Kapab YMKaMus,

TATUning ilmiy-texnika va axborot-tahliliv jurnali 33
Haysyo-rexnuueckuid  widopmannonio-aiannuseckni swypuan TVUT

Scientific - technical and information-analytical journal TUIT

2018, Jel (45)

Scanned by CamScanner



3AMOHABHH IPAQUK MPOLIECCOP 4 P,
———

Microsoft DirectX nnardopmacuunnr ad3annuknapu:

1. API- uHTepeiicnapun Y3nalurupuiL AACTYpUMIAD  yuyy
OCOHJAWITHPHITAH.

2. I'padpux pecype komnoHenranapu Gunan camapanm HLIIail onajiy.

3.DirectX npunumnnapunan  Qoiigananysus  yHMHMAp Y4y sxmy

[ KynnaHHIa/nH.

| 4. TexerypanawTipyim dyHKUMATAPHTA MyPOKAAT KU XYKYKMra 374,
3. DX10 Ba DX11 rpagmk npoueccopiapiaa K§npoK HILNATHIATHK.
| Kamunmiknapn:
| I. Daxar Windows 7 sa Vista onepauwos tusinmnapy K¥nnab-Kyspariaiiu.
2. DirectX 6¥iinva anabuétnap, Muconnap pa KyTyOXOHaNapHUHT KaAMJTHTH.
3. CPU Tomounnan otkarka KHITHHMAH I,

OpenCL(Open Computing Language)- CPU Ba GPU napaaH Tawkun Tonras

ICICPOTEH  miatGopmanapma  gactyp  &3um yuyH  Mymkannanran

| bpeivsopkanp(12].  Vinby nacrypuii MiarpOPMAHMHT  I0TYK Ba  KaMYMITHK
|' TOMOHAPHHH Kapab unkamus.
|

OpenCL mnardopmacununr atzanuuknapn:
1. Kenr CHEKTpNaru Typiu anmapaT BOCHTajlapja Ba OHp HeuTa

i MIaThopManapaa numarki Mymkus. AMD, Nvidia Ba Intel GPU napuny

l OHp-xnmna  kymnma6 Kyppatnaiind. Xosupna ymby mnardopmany
|

3aMOHaBHii MoOun tenetornapaa sa Gouika JIEKTPOH KYPHIMANApHa Xam
Il doiimananmokna.

2. Arapna GPU annapar TasMuHOTH Oynmaranna, y w¥pcarunrad wmimmn
i baxcapuw yayn CPU ra Mypowaat KWaHII WMKOHHATH MaBxya.

3.bup weura kypuamanap ypracuma CHHXPOHU3ALMAHY aMANra OLpHUL
HMKOHUATHHMHT MABACY JUTUIH.

, 4. TexHonoruaHu Te3 yanawtHpum mymxus. Mimnaé HHUKapyB4Y¥ TOMOHMIAH

; AMKOHHATH YeKJIaHMarai 04YHK CTaHAapTHH TAKIAM 3TAIH.

5. Yanamrrapunt yayu etapnnua pecpypenap MaBxyn.

Kamuunnuknapn:

1. Xucobnau anuknurura Gormug qeknosnap masiyn. OpenCL taxar 32-
Ourank xakukui connap(single-precision floating point) Gunan wumait

, onaau.

2. Atomap onepaumsnap 6unan Gormuk Heknosnap. Atomap omepauns Gy
OyTyn Tumra sra YarapyBum KuAMATHHM OLIMPHIN €K KamaliTHpui
Kapaenu TywyHunaas. Iynuar yuyu xam Gywsnaii CUETYHKIIADHN 10Kasn
rypyxJap HYMIa HILTaTHLL CHHXPOHMALUTHPHLI
npamuTHBRapAaH(Gaprepiap) dofinanasummEy Tanad kunamm.,

3. Xotupara mypoxaar ku/uim XYKYKHIAry 4eknosnap. XoTupara KeTMa-ker
OynMaran myposxaar Kuamin YHYMIOPIMKHE HYKOTHUIra onud kenauil.
I'padux npoueccopnapna Camapaid napannen xucoGnauuiapHu amanra
OLIMPHIU Y9yH XOTHPAra Maxcyc Tap3na MypoKaaT KHHiL Kepax.

TATU ilmiy-texnika va axborot-tahliliy jurnal
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4. OpenCL na nactyp koauuu npoguanamTipHil HHCTYpMeHTAapH Golilia
naardopmanapra HuchaTan KaMIHIM.

CUDA (Compute Unified Device Architecture) — 6y nactypuii-annapar
apxXuTeKTypa Xucobnannb, NVIDIA omnasuscHaMBr rpadyk MpoLeccopnapiaH
(ojfinananrad Xonga BHAaeokaprafa xucobnaunuiaphy GaxapAITHIIATE HUMKOHHAT
Apatanural TexHonoruanappan Gupwanp[13]. Yuby mactypuil naarGopMaHuHr
FOTYK Ba KaMIHIIHK TOMOHNIApHHM Kapa® unkamus.

CUDA MacTypui-anmapar apxMTeKTYPacHHUHT af3aliHKIapH:

I. CUDA sapo dynkumscnsn Cu' jiactypnam Tumiga ésundun  cababu
AacTypuunap y4ys KMHHHYHIAK TYFIapMaiin.

2. Ywmby Texuomorus 6ump meyra jacrypram  THIApH ounax
HHTEerpauMsanasaonanm.

3. 5lapo koam kypcatkuunap Gunan MmAHE TYIHK kymiab KyBBaTIAHIH.
By 3ca xotupa capduny kamaiinimra cabab 6yiaanoy.

4, C ++ xoHCTpYKUHANAPUHHE Kyanal KyBBaTnali .

5. GPU ma Te3kopnukHK OLIMPYBHH Tailép KyTyOXOHAIapHUHT MaBKY JUTHIH.

6. CUDA nvce xommumstopn Gowka komnuistopnapra(Microsoft Visual
Studio) HucHaran AXinH ONTHMHA3AIMLNAHTAH,

7. Typny nnatdopManap yuyn J0KyMeHTaLHANAp KYpHHUIIIATKH afabueéTnap
BA HACTYp Kounapu erapnuya bepunras.

8. CUDA na pacTypumnapra erapaida YHYMIONMKHH Taxnuil KHITYBHYH
mucTypMentan Bocutnap(Visual profiler, NVIDIA® Nsight™, TAU
Performance System®) sMapxcy.

0. Xucobnamw pecypcnapu(Gnokmap Ba OKMMIAp) HMKOHMATHIAH TYITHK
hoiianada onMIl Ba XOTHPAa MOIY/IHHH Gomkapum umMkoHmsTH(shared
memory).

Kamuunukmnapu:

1. @akat Nvidia GPU napsia nunaiju.

2. GPU pecypcu eTHiImaca xucobnamnap Gaxapunmaiinm.

3. CUDA pactypnallHu GolIoBYHIAp YUYH JAacTyp COXacHHH co3nallgaru
KHHHHYHAHKIAPHUHT MaBXy IUITHTH.

4. CUDA pna camapaiy AacTypjapHd fApaTHll y4yH #acTyplROBYHMIApAaH
KypHAJIMa 8pXWUTEKTYPACHHH #XIIIH OuMIuHY Tanab aTajiH.,

5. OnruMusannsaianm yeynaapu. GPU na xucobuatnapuu
onTUMMzAnMANAll  KYilMAa  KeNTHpHAran —[pHHLOUIVIAD - acocHpa amanra
OLIMpHIIANH:

1. JacTyp KOAHHH OAPAIEHAWITHPHIL YCYAAaPHHA TaHAALL GPU na
SHI SIXIUH YHYMIOPIMKIa SPHUIMIL YHMYH MacanaHi WyHJal KWCM Macajianapra
QKPATHIN KepakKKi, MablymoTnap Oyiinya mapannenusMian TYITHK hoiinanana
onMmEME3 Kepak. Byupjali BasuATAA Napaiciu3M Kounamapu(Mmcon yuyH
OKMMIap MablyMOT/apHH ¥3apo Oynnd oMUl yYyH CHHXPOHJAWITHPHI
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6up Baktia Gaxapunanu sa Oup
- HasbarT Kyt 6Ynmaiiy, Typnarn(grid)

3apypuath Tydaiinu) 6ysunumm MyMmkus. LUyHHAT yayH Ky#ugara XapaKaTaapyy
KYJLTam MaKcaara MyBOGUKIUP : :

a) Arap okumnap 6utra 6nokra Ternunu 6ynca, Ma'bnyMGTﬂapHchaMapaﬂH
anMMalIuil  yayn  ymymuii  xorupanas(shared memory) dodinanany,
Makcanara wmysBodmnK cadanamd. ByHuHr yuyH Ou3 __syncthreads()
dyuxurscusn 6urta sapo wumMpard OKMMJIAPHH CHHXPOHNALITHPULIT yuyy
HIIaTaM#3,

b) Arap oxumnap Typnu Gnoknapra teruuuu 6¥aca, yiga rio6an xortupana
OPAIHK €3yBnapu Masxyn Gyiran 2 Ta Typnu saponapiaH (oinataHm
camapamm xucobnanany,

Bynnau ramxapu GPU ja AACTYp KOAHMHM napaiealiTHPHIl Y4YH
M¥IoKanasray CHTHaNIapra Ba TACBMpAapra HUUIOB Oepuin  yyyw
Kynasunauray KyHa xarra Tymnampard MuHDA6 NMPUMHTHBIAPAAH TalUKKI
Tonrad NVIDIA Performance Primitives(NPP), Tezkop QOypbe anMamTHPHLIEA
amanra OUIHPYBYH cudaFFT, IOKOPH Japaxanaru MariuHATH
YKUTHUTHA(MalMHHO O 0Dyuenus) ueiipon Ta]brviolﬂrap;i OulaH uHTeTpaumsanals
YYYH Mymkannaaras NVIDIA cuDNN, marpiuanap yeruma amannap Saxapuui,

mKamnarad  Kyrybxoramap,

TH3MKIM anrebpa macananapuuu TE3KOP equIura My
asToMaTnamTHpysdd  OpenACC, OpenMP 4.0

Hapanienam rupuiIHyg
AMPEKTHBANAP Ba MacTypram naathopmanapu (CUDA, OpenCL, DirectX) masiyn
[17].

2. Xucobaam gypusmacn HMKOHHATAAPHAAH MAKCHMAJ [apaman
dofinanannm yayn sigpo Koupurypauuncuun(dnoknap sa ORUMJAP COoHN)
TYFpu coznamw. GPU na xucobnau brioknapu Ba oxkuMIapHEN! Bup Ymuosmu(1D),
nKKH Yn9oBau(2D), ya Yruorma(3D) xocwn Kamum mymxud. GPU xuco6naw
MMKOHHATHAAH TYIHK (oimananuin yuyyn Kyituiran macazanu Typura Qornug
XO/la OKUM Ba ONOKNAPHM XOCHI KHAHLINMUI JIO3HM. Ulynn swstubopnan
Kouupmaciuk kepakki, GPU apxurexrypacu rpadwxara OWp MacananapHu equn
YHYH KYUpoK Myipkanmawrad. Busra maniymkw Taceup 2D xapakrepra sra,
WIyHIal 3KaH TacBHphap ycruga Saxapunaaurau AMAIIapHi  camapali
OaxkapHUMu3 yuyn 2D Viuamnu Onoknap sa 2D OKHMIIAp XOCHN KMIIHIHMI
kepak. by sca GPU wmunr marxcmman HMKOHUATIApUAaH  dolnananummn
TABMUHIAHIH. HAM wy Ypunma 2D 6ok sa 2D OKHMIap ynuamu kaupaii Oynca
YMYMIOPIHK 1OKOPH Oynamu pneran caBon maiino O¥namm. Burra Gmoxmari
OKMMIIAp COHHHHM apPXHTEKTYPa HMKOHMSATHAAH Keub HMKKaH X0NAa TaHJaLIHMIT
kepak. Mucon yuyn Nvidia GeForce GT 630 BHACOKapTa apxurekrypacu CUDA
YUYH 3HI' kynu Gunan durra Groxsa Oup BakTna Gaxcapunamuran 512 ta OKHA

XocHn KHMG Gepnmra kozup. Bus Gurta Giokaa NxN (N*<=512 ) Vmuamm

OKHM XOCHII KHIICAK, JHT camapaty Oynann. SsEn Gurra Gnoxnaru Bapua oxumnap

BaKTHA sKynNnavany. Book uympa okumnapaa
Gnoknap ymuamm Macamamu Tymmk

XHcobian yuyH kepa Oynanwran oxumnapun xocun k6 Bepuur yuyn erapm
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GymauH kepak. Mucon yuyi 2048 ta okuM XoCHT KMIMIIHMU3 yayH 6usra Typra
ook xudog canananm,

3. I'nodan XOTHpara Gynaguran cypoBJiapin
gupaawTnpunn(coalescing) Tanmupaam,  noban xorupaHH agpecialnja
napannen Qoiifanannm Xykyku &xu c¥pornapun  GupnawTupum(coalescing)
KOMAACHTra pHos KMl kepak. Yyakm tmoban XoTHpanard MablyMmoTiaap
gauiaan. Kow nuuuanap 6up mypoxaarna 128 Gaiir(kypunmasuur Compute
capabilite  >=3.0) xammmarn mofan xoTHpaza KeTMa-keT —anpeciaHrad
MABIYMOTAAPHH KdUnanad. Arap miofan xorupaga MabiyMOTIap KeTMa-KeT
anpeciaHMaca xotdpara mypoxkaariap conu own6 keramu. I mobanm xoTHpanas
o IananuIza AXITH YHYMIOPIHKTa SPHLIKLT YHyH Bapiaard okmmiap 4, 8 €xu
16 6aiTIM MABAYMOTIAP THIHHK KeTMA-KeT ajpeciall OpPKaIH JKOHMAIITHPHIL
no3uM Xampa Gapua mawsnymornap Gnokuun 32, 128 &ku 256 GaiiT uwerapajia
bapaBapialiTHPHIL  Kepak. [noban xorupara GynanuraH CypoBjapHi
OHpMAITHPHLII  3BasHra JaTeRTIWrn jokopw OYnran xorupara OpTHKHYA
MYpOXaaTIapHH KaMaATHPULI MyMKRH G¥nanu.

4. Xocr Ba Kypuama  ypracmaarn  MaBJYMOT  y3aTHIUINH
onTHMH3auHaam. XoCT Ba KypunMa ypracuaard Mabjymornap anMalliHYB
acocad PCI-E mmnacupa amanra owmpunand. YyHKH 3HT Te3KOp BapHaHTOArH
MaBIYMOTIAPHM HycxXanalHu amanra owmnpanurad munanuar(PCI-E 3.0%16)
yrkasyguaHmuk kobunatn 16 I'b/c ra tenur Kypunma uyMAard JAHHaAMHK
XOTHPAaHWHT YTKasyBuaHIMK KoOuaath xosupru Bakraa 192 T'h/c ra eramu(
GeForce GTX 550 Ti rpaguk npoueccopu yuyn). XocT Ba KypHiAMa ypracuuard
Mabnymotiap anmamiaysn GPU na napanmen XMcOOJALIHMHD 3HT HOZWK JKOHH
caHanmamH. by »xapaéHHu saxwMnall yuyd Kyiinaara ycynnap €paam bepaan:

a) PCI-E mmHacH OpPKadl MabjyMOTIApHH TPaH3aKIMsuIall y3aTiiaanran
MABIYMOT/IApHIHT eTapnnua Karra xammna(>=10M6) 6ynca camapami
amasira ommpHIany. KHunk Xaxwra sra Masnymoriapes xynatam PCL-E
[IMHACHHUHT JTHANAAapHAan TYNMK doiiganada onmacaurd cabab oynanu.
By aca  MabayMOTTApHH TPaH3aKUHANAW Te3mMra mnacaitmwmnra onub
kenanu[14].

b) Opatia CUDA na MABIyMOTJapHH KypHiMa XOTHpacHra Hycxamauiia
cudaMemepy() QYHKUHACH  HLLIATHIAIH. By dyskuusama cunxpos
Hycxajail MeXaHH3MH MaBxXya 6Ynub, aapo OomIKapyBMHW HycXanaiu
TyrajaHrasnaH cyHr Kaiitapann. by Baktaa anpo Oomika nuwapuu Haxapa
ommaitnu. CUDA ga siHa OMTTa MabIyMOTIapHH Hycxanamt ¢yrKimsci
mapxyn, 6y dynkuns cudaMemcpyAsyne() ned nomnanani. by dynkuusna
ACHHXPOH HyCXajaul MEXaHH3MH MaBKyl. MabaymMoTnapun acHHXpoH
uyexanam pinned-xoTnpa Gunan Gupramxia Hinains. Pinned xortnpa 6y
xocrunr pusnk xordpacunas CUDA npaiisep ToMOHHAGH @XpaTHAAAHTaH
BHPTYal XOTHpa Cananajd., ACHHXPOH HyCXajaulla OMNepauloH TH3HM
tomoHnman Manaymomiapin CPU oneparne xorupacujan smac Danxu
pinned xoTupanan roKJIaiINn,
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5. TIpodaiinep aacTypiapniaH + Macry ‘

upyB4H OMMAIAPHH torim yuyd CUDA tooikit :Qﬂ“ﬂam
pacTypuif BOCHTACH  Mamiyn. Tpo fbaﬁnepkhﬁiiqa
acTypHHHI €Xe aitnm HOANAWITraH iy Ypeanr. Mt
yerquKnap(counters) TaHIaHAmH. Xap 6 Hitay,, .
pactyp OGaxapuyHmHaard xonucanapHu K}?pcafa,[[pi, Hpmbaﬁneig 4 t:&mﬂu
TyraTraHmal cyHr ONTHMH3ALMANAIL MyMKHH OYIrad cueryuy Kiling. H;““HH
uypkapann., Kyiuna entApynrat 5- un{anaanna ONTHMHU3AUHs Nay,,, Py,
Gynamuras SHT MyXMM CueTUM KMHMATIADH KEITHpUTran, By cq:EDa“
KHfiMaTIapH aCOCH/A AACTyp YHYMAOPIHIHHH OIIMPUIL MyMKHH[13,17), Tl
S-ycamaBar. JHT MYXHM CUeTyyy Kt

YHYMIOPTHKHH nacaiT
maxcyc * .visual profiler
TYLMPHIIHIN XKapaéHHa It
KysaTHIl kepak Oynafura €

= Wiap;
CyaeT4yuK KHHMaTIApH Ma3zmyHH 3
Coalescing Kounacu 6ysuiray re——
g s ] - 108
gld_incoherent /gst__incoherent XOTHPALIAH VKU1 an |
Coalescing KOWMAACTa aMan K,
: . ray
gld incoherent /gst__coherent XOJifia FIOGAT XOTHPAIAH YK
2 - i ‘_\_‘_‘_‘_-'-'-\—-
g{j—z 42 ; 32 GaifTau, 64 Gaitim Ba 128 Gafy
zl d 128b xoTupara cyposiap(yKuui)
gst_32b ) } sy |
Sst_ﬁ 4b 32 Baiitnu, 64 GaitTnu Ba 128 Gaiinm
gst_] 28 b xotupara cyposnap(€3um)
local load / local store Jlokan xoTupara ¥Kum/Esuu
fbeticiions Vmymuit Gaxcapuiarad WHCTPYKIHAND
COHH -
VMmymuit xotdpara €ku KOHCTAHTAI!
warp_serialize XOTHpara Mypo»<aaT KHIIMLIA

OKHMIIADHH cepuannsauuﬂnam
Llaprnu onepatopnap cababin Lo
HHIIIAp COHHU

branch / divergent_branch

III. XVYJIOCA

. ol

Ymby Maxonaja 3HC AXWH JacTyprall BocHTajapura Ba KY"'Yﬁw W-:
tynnamura sra NVIDIA Kypunmacusunr rpagix mpoueccopiap apxuTekD 1;['[-!”:'
Ba YJIAPHMHT §3Wra XOC XyCyCHATIapH, JacTyp KOXMHH OMTY
ycynnapH ypranwjiaid Ba TaXJHl KWIMHOW. Taxjuil HaTHKanap!

KyHHAara xyjocanap oiuHiu: ¥
4pBAN

1. CurHaisIapHi Ba TACBMP/IApHH KadTa muam airopuwTMIAPY iﬁmrﬂ“'

“'' ! pekropiiap Ba MaTpHUaiapHu Kkynaittupum mpouemypachit - i
. IllysuHr y4yH xam Gy anroputmnapan GPU pna napéﬂﬂeﬂ KalT

" myBad(QakHATIN amanra OWMpHIay, 7
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2. 3amonasuit GPU apxutextypacs 10KOpH YHYMIOPTH CaMapaiH napaiel
JaCTyplapHi ApaTHIl HMKOHMATH Takaum sraan. GPU na roxopn yHymiH
AGCTyplapHH E3HIl y4yyH KypHiMa apXHTEKTYpacH HMKOHHATIapHHH,
XOTHpajapad TYrpu ¢oiijlanasmin Ba ONTUMH3ALUMANAL YCYIapHHH
OMIHINY 1IapT.

3. Xucobnammapuy CPU man GPU YTKAIUITHIIHA Kkarra xwucobnaur
peCypCnapvHi Tanad Kunagurad wMacajganapHd — TE3THIMHM  OIIHpalu.
Jlexun GPU npa amanra ommpunran xamma anroputmiaap xam CPU na
aManra OLUMPHLI TE3MHUrd OMITaH COMMIUTHpPTraH/a OKOpH caMapaaopiIHKHH
Gepmaiimt. Bywunr yuyn GPU pa eunmnmaaurad macanajap CHHOHHH
AHMKNAIITHPHIT Kepak, '

4. GPU pma napanmen xmcobrnamy 2 Ta acocuii caba®  Tydalmu CcexkuH
OakapunuimM MymkaH Gynapra: xucobnam KyBsaTHHArH HeKIOBIap Ba
KaliTa HINaHAAUIaH MabITyMOTIAp XaKMHTa GOFIHK HEKITIOBIap.

5. GPU na mnapamwien xmcobnam skapaéHHHM ONTHMH3AUMAmAl raodal
XO0THpara Mypoiaatiap COHHHHM KHCKapTHPHII xucobura IpHIIHLT MYMKHH.

6. Jlactyp  KomMHE  onTuMmuzanMsiamipa  npodaitnep  pactypnapaad
thofinanasul nacTyp YHYMIOPIRTHIE omuprira Epaam bepain.
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