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Tim Mattson
EAFRE R AT

BRABEFH R M. BREBEREEXAY, REFHFH OpenCL. ik KM
B— T AT AZXAEE,

T EHLR RN AR TE T 2209 10 FE B R A TIRZ B4 AR A LLET L SR AZ b
HBEEH THENFNZZAESE L, REEEETT RN “Atz” A, 4T
TRMFEMNLET CPU Ml GPU H°FER). WRRELE SR TIXAY, 1 H%EREE
‘e, XRATREHRIER R ORIEMEXNFEL. REERBCEEIRBN TR L
R E, BOHFHENE.

X R T EREBIH T . B 1985 FELUKBL— BT HHESR T4E, JL S
—RIATHENEF . REASHHITRERSE KM LR E LK. FHit,
FRANTE XA R I RRARI o BRIRAVXFE FIFEF A DR IRE A R i e AR . A AR
T, FEROMBERUT, BUEFEEH. TE LS ANBENERS, H2XM2EME,

SR EM TS, R HEENREREFRA MR X2 T 815,
MR, XR—HAEF I EE. R, B4 BA T iEREEENNFre, &
S — B R AR AR “H B AR R AR EMINK TS L. XPEER
AT EMEHFRRERT. ERMEFAEATRT, BEadma i XSHtmEs
RMERRM. TR, QUEF R K& F & SUS A KA TR THE.

EIHATHEILE—AIE R, BEERAT LR EREIREL, —3 2 AFFLhBE
AAERMLIEXFE S . BLIEXHEREE AR S KRB S0% S .
SRR PR AR R R & TR & LR KRR T . R IXFER
FUFERRBZE, RIS XHERZG—BHE, MEIENS. VIBERA BT
TSI R G R X =AM R AEAE 1994 4, {8 F MPI. L5247 1 H B LATUE [ It 36
RMIEX =AM RAETE 1997 4, {#H OpenMP. B, TS L iX =&
Pl M, {28 T OpenCL )74
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AT — AN AL X =AKEOP ST REESRESE. WREMNAIMEZINML,
1% 5 K — R F B R E R FERE AL, AR A AT TF R H 1E R K — LR 4k 245 LU
AT — R Z Ryl i) TAE .

B, FRFEMRMFER . OpenCL MM HIRFE RN AIFRSAE I FAF & A
EAAREE RN ! REB Ry s — mmAEREETA ! JFtrE it AT —4
ANFAT AR o IR — AN AR, & — k. MRRER AT, X2&—
AR A NS g

SR1M, OpenCL Z— M HEHE BAMIFITREMAE. CUMAER R, WBIM, %
AN AR R TR R R T T Z MRS LT RER R GPU. CPU.
FPGA Flk AsUR S . OpenCL ¥4 TiXE RS . OpenCL €45 AH H#Ax, /2 OpenCL
ZHTUERAERZ —. 7E32H OpenCL MM, FA1wRE LR — 5B tE 1Lk
AP, OpenCL ik LAMEREA T 10 T & AT LAV Rl REE R — N 41T . RATHIH
B RE N R, &ENSHEHREE I T OpenCL KA. #Mid HiXLHE 2 KHmE
BALGE —NE R ERESRE, BRATBEAR — AN aF5sms, NiERF Rk
Kk, OpenCL H-ARIRHLEF R — %R, UMFRERRAES . R TIED
SR ERRF AR TE K

OpenCL 7Ei T #kik, Xt RIXABHIAEE. Ryl F&RFMEES
OpenCL %wfE. {HRXFETRES LR, Hirr R H — s A\ GEw 1 SR KB
WY —iE OpenCL Frfrf i) E B4Rt . T2 R — OB B FR#AT>, Pk, X
APSHRAE T M (e B B Z AR (BB — RV o XA B IR ERIX AL
ANAT IR gAY, 45 AR gnFE 38 2 R S ) 2k At

FHAEX AP ! FFiE%9 S OpenCL fRFSIE ! B OpenCL &y ! ik3Ai]—io s
SRR TS, BRATHER!
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KEBEHENTEL L EAREE. 2009 4, Ki]—S(TH-DHF KM, #ERE
A ke 1 2t S B AN RS A ST B T O A RSB T AL E K. 2010 4 9
HRATHE =KW —5 A T HAGIRE R FEHLE K F 56k i CPU+GPGPU 1) 7 MR &
IR R 444, LA 2.56Pflops ] Linpack P GEZFH 2010 4F 11 HEFr HPC TOP500 HHAT
B —4, ST EESEL I ENL R ERFAH R EERNES. [, REZ
BB FEALE BRI H AR, HER A, SURTEE. BT,
&1 [H HPC TOP100 HET 85 -hHLA$ 44 Linpack EAEA 120Tflops, & 2010 4E 63Tflops
) 1.9 £, iEpx EESTERERGL 120Tflops MIRFTE A 2011 45 6 H(117.76Tflops), &
[ 5t St e 2= PR N FORORFE TR A — 2200, POli4afi A FaEm 2! Xhx
HEREBIHH RGN BYUESK 2N ERRSET, BE SO0 AR L
A5 7 R 8% . 2011 SEJE M E Fr HPC TOPS00 HEATHSH, Ai+4 % —. IUFI
BHAEKH T GPGPU R INE AR M —S500 5 R R A 39 § R4 KH T GPGPU
FERIE, A, FAEEAE R — R R S R SR Rk iR

T— B LT ENAE RS, W EE TR RO RS AE 5 1tk
h T @A o A AL EEE R T AR E TR, TR EREARZ S
KIFATES RS RERE L, 258 E T Bl 28 Z 82K TR F R
5% MPI H1 OpenMP TV FHRHE X P M RAEFAT AR P W v IR S AITE 5 IO H e % 22,
WRHARTE T KRBT R R R, BT FREA, HRTREERRE
FHLEEZ A Bt m e . BEAE 247 B br L 3 AR R B E 8 n) AR A AT I
AR, WA X — B A R AR B SR BT 2 ) T AR S AT AR T R R
AES, BOY—/MEY)FHEMIE ) 8.

OpenCL IER7EX—H & F i Khronos EPRHALIRM, HGRIRZMEM4M&KL) 7
FISCRE, Bk Tk Rt v B RFRHETE S - AR B AT HRRRAT I A S 1938 5 2 CUDA
BE, B2, RIOEE, MEENAKER, FEaXERNaRiTm PYM 6 REwIt
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ATIABEEHR 7 S 5 5 T AEAL T Tk bR E MPT —#, OpenCL 7Efl& T CUDA &
EARZMAKEM L, THREFRAFBHUHTN T URFHREES,
MPI+OpenMP+OpenCL IXHE I AT AR FF 56 I8 B B AR R I FIMIFAT WAEAR AL Z —

AP EBIPEAR A, 2 HATE A — A2 /44 OpenCL (&, A x
OpenCL AR RS HIANA, A 45 & BARSLEIRURE & SEF A REM AR N B )
UHiE, SEERIT T OpenCL H—LE4 FEINfE, 2 —AHEIFHIATH 44 OpenCL HIHAIS.
HE AR R LK AT KRR R IFE R I AN S %, s Rt
SRR 8 KR B EZEH
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Wen-mei W. Hwu
AR 2 )T B - 2 0 L
BT 518N TR & AMD-Sanders 2825887, AT HHEITEERIFE R

We are at the dawn of the heterogeneous computing era. With all applications being
power limited, from mobile to supercomputing, all future computing platforms must embrace
heterogeneity. With its adoption across major platforms of the computing industry today,
OpenCL is emerging as a leading Application Programming Interface (API) for heterogeneous
parallel computing. It allows software developers to optimally use the diverse processors in a
heterogeneous system to achieve performance goals while reducing power consumption. It
supports all major trends in heterogeneous computing platforms — the CPUs’ evolution to
multicores, the GPUs’ rise in high-throughput computing, and the Accelerated Processing
Units’ (APUs) fast adoption in mobile devices.

FATE R FA T G N Sh BB R AU, 4 FTA 15 #052 BR T Re ke,
RKFTA BT E G H LA B IR BEESKEZEITEFEMEERM,
OpenCL HIARRETT AR, 1EZHT A 78 HAT v 5 A0l L S5 26 2 P . FH A e P
F(APD). &SRB IT R E LRI T X R R MR G b 2SRRI EERS, LIZE
SEOLMERE B AR RN SCRERRRRERE. ESCREFTA EMMAMIHE P& AR BHL—
CPU [ Z ALK, GPU THEMERELE M At v SR, L& APUAMD Jii
Kb ER 45 )FE R Bl I X R K

In 2011, OpenCL, Heterogeneous Computing with OpenCL was published as the first
major textbook on OpnCL. I am glad to see that only half of a year later, the Chinese version
is being published by the Tsinghua University Press. In China, experts and pioneers of the
technology have already begun to popularize OpenCL to a broader community of software
developers, from students to grass-root developers to IT professional. Many well-known
manufacturers have committed to support OpenCL and work with early adopters from
academia and industry to improve the OpenCL development environment with support
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ranging from hardware and platform development, software and SDK release, higher-level
programming models, to the initiatives regarding developer community and university
curriculum. This textbook is timely in helping accelerate this movement.

fE2011 4, (OpenCL S8t 5 ) FSCRAEAN % — 4 OpenCL HFH5 iR, FAFH
FREHEFINAEFFEZ ST, X SO g R E At IE N . fEPE, &
TR LT FKRSEATH LI OpenCL HE 2B W@ VB F R & HLIX, K52 5E
ZIFE BEARTFREMIT A NGl PR M o4&kl CFF OpenCL, 52K
FLRP= Y F4855F 2503 OpenCL HITF ARG, MBEAEF G IF A, #A4HF SDK Kk An, 3 L
R gm R HET T, B4, 1R Z T HHRIEEORSCRF, IF BRI R B H X R m iR
FE L — R A 2858 DAHESh RO R 193 A o XA HRHS B o SCEA I IR TESE B IEH &
iR

The translation team consists of faculty and PhD students from State Laboratory
Computer Architecture, [CT of the Chinese Academy of Sciences. With their many years of
rich experience in parallel computing, they have become a major group of early adopters and
evangelists of OpenCL in China. They are working hard to fulfill the mission of growing the
Chinese heterogeneous computing community to embrace the new programming framework
for heterogeneous computing.

(OpenCL FHTHE) 3CFARBIEFER K B ERHE BT S R G
X E RS E AR A ZFEEIATHEIER RNEE MR FEER, b
1224 OpenCL £+ H R IR A MM R &. MA1HRBLisk, BthEiTE
AR B A - R v A R A, PRILIXAN T T R SRR A v S

This book’s publication marks a milestone of OpenCL’s early journey in China. With
this book, I expect to see many more people embrace OpenCL in China as well as to see
China’s contributions accelerating the worldwide progress of heterogeneous computing. Iam
honored to write this foreword and be part of this great movement. More importantly, I salute
all those who labored to make this advancement possible.

(OpenCL A7) BIHAZE OpenCL 5 HA7E+ E&HFLARM — D B2, @it
AP R, BABEINEL P ETFAHEBEENNA OpenCL, HALBRFHHH
BIR M STk . BRAFFE RN ILBIETF, FHXMERITZ). EERENE, RE
FEBL IR 2 2 SE B H A & v [ [ B
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Avi Mendelson 1# 1
AR (LA F)IF 2 L
L fe 51 B T2 B 3 HR B3

T BELK, K& « BE/R(Gordon Moore)$ H [ BEIR & R — H S EERSNE 1
PUTILR R R, Bl A RS %R 18 N A B —&, B n] LAFIEE € N AERIEZ A
TR — AL FEZS EHRAG IMEReA 2 b — AL FEMEREM IS . B — Qb B ES LA “HE R
T (golden factor)4i/NTA dbiA® R~F, 0.3(FARGEMEL ), HAHMNREDIhEE, HliE T
AL BEARE AR IR AL RS IX — R BRI EED ). Ktk EfrH—AABEES
b ERAE I, ARG S0%HE IR (BE), FHORREDIFERN DI FE R FEAH
[F]. M ZHELFRIMERERT, THEHLEEH T 3= B8 P S ) i A SR AR T A 2 i
IGET R BRARE R, NI TH IR I A AR Y. FE A 1

7 21 a3, i i RSF R wtkz /s, LA T “physics of small devices” FF
HXECEREANS AR, B, ERA SERMIFEMFEEFENBRT, Tk
S A A ) B o R RE G . Bl [ B 2 3 4 R £ 18 B (International  Technology
Roadmap for Semiconductors, ITRS)H— 4R & P L FFIX—F L, HfgsHX—@RAAE
TR AR KD GRLEAFTE, A TR AR KB ENRER KRR EERE.

A IE B 1 e AR — BN () (NP2 P 4E ) B — A5 O, b RAE T I EZER AR .
B, IR L, WA SR LB A RSE . XFE R Rt
NS . BEARAReTe B0 A% € NP ok B B TERE, BRNMTFEAMMAZ
SR IR AFE R LA — N . 58—, BEARIDIRE A AR RS B v i B R ) .
XMEBBI 2RI KRR EERTE: REHARNTFRGAR, KBNS TFRES
KIRIMAR A, LIHEA R TAERR. Pl, 2 R%H “fE4%” ) CPU 4
FURF 2K F3& ) FPGA BRI AL B2 3% (GPU)AL Rk . IXFPEE R AT LAZE AN A 2 Uk 528l filtn,
ERER . FREUKBIELE)CPU Btk .

FERM AT MM ARG LI RN R —DRERES, BB M2 H7E
KUK RFRWMEES . FFRTE. HBEMRR TAS. JFFRIFHEH R RENSMG
HXTEH, FTUAKRBRIF ERAEEER. RAREIESRNKEBIE, T2 EENREM



Vil

OpenCL BT+ E (5 2 hR)

) 7 TR a0 B SR RS Sk SR AT AMD S0 I 36 (B Wi H 4 K 2% FF & /) Brook
SRRV, 5 RN T U7 I AR AE A FUE R TN SW BREEREITY &, 4 Close to
Metal(CTM)#! Compute Abstraction Layer(CAL)YEL&F7EN, HEEA T A5 FHH &R
HATHHRI LS. NVIDIA KE T 20 4%, 35U GPU BBk FAHRN ) CUDA %
FEIREERHT GPU LT . Intel JEILY & 2 M 4n 2 IO FH 7 iR 1E
Larrabee 288 FHEATERFE. 1BM 42t 48 F 5 11 B A5 38 1 SR A LUE A FH S R A R HE— 2
1) Cell 42§ K 3T FPGA [Ifi R 1 K34 VHDL F1 C/C++E 5 4w 5 M, LA/ FIH
IXPFREREE . X Legm FE IR A U AR IR A T N RIVE R, HAEREMERE L, #AWL
A KA IB AT LA RV R A 2 b 1 75 K (A Java AQ RS AT LUZATE 2 57 BRI ISA 4244 1)
OpenCL 2R X—EEZT R iti. ©HIEEF AL Khronos & XHEH, %
BEERIFRIEE “A5H” T 2965 I AR SRR € AR F A5, 40 CUDA, CAL
M CTM, I eENmAE7E—R, QIE T — ML TSR RIS . B3R Z
WHIFEATHE, FERER M 2 CPU, GPU, FPGA FIL Ay 7 it A SR 8 4% 20 A i) B —
RE RN FMBEFMWERG . N T SCFERKM %, OpenCL & X T —ENH], W
RZHLE], W& LA AN OpenCL #3%. OpenCL 5 X HIZAT i AT LAEAT B YR
B, EAFASITHEE TS AN F KRB, A B AR R AR S 5 X s
APEHE . DIFERHAR TR, WMNFZE K.

APR—AHRA, BEBFENFESFEHE THEITHRE. ABHEF—ANERE
ERPHE Mg S HAT RE), & X T FEERMRE T IFhFE 2 Al i 2 2R AR 118
&o [N, A fE KRB B IFAT A X R AP EHPAFRBER . 258 1 R+,
5 2~4 EAEFHTHEH R AN T OpenCL [FEALERI(EH 2 3), B EHMR LW
(363 &), F4ERBEANFELHXEMSMEE . 5 TME 6 EXATJLE
Fi A BESATY e, #BEE M — P OpenCL F I K MMSFIZITHRBATCEE 5
), HIHr CPU 5 GPU(SE 6 ). OpenCL MREEHZ 5, APH 4| 7 E2~% 10 &)
WABH FEEZMSLH], XA AN 4R OpenCL I Z N AL EXEER, X
BB FH R T AT AR T B A B . AR B EOR T R — R A EARRE & LiEqT,
41 NVIDIA 8 AMD. AP&E=8FHhTFmAEFE.

Ik, XR—AFFEEWS, ETFFEMNPTTA R E S R
i, JUH R OpenCL UM T R XABERBYE, EEAFALKAKFERFE,
ATLAHSRAE R OpenCL SRAZHIZRIAS, Fehifsr AR LMER KA REMT B, fi,
AR EIEEEEIITRERE, WA L FaEhRBREN—H.
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HIEK AR, M- EREE TR D), DHMGREEN RSB RNER L. &R
SNA, WERER 21 R FEEIR ARSI —, BSR4 s R AN AT B
B

EE N, BE R —5 A FIEEE 2% E =T J7141K CPU+GPGPU A5
MRS E2k, FF4rAIZFEL TOPS00 tH 528 — It F 58 — fO4F sk, Er=aB vt 88 H %
PRI AR R EAR T 58 VIR R, ABL T vHE & B RT R B Xt M A
M shAE - B AT, B = RS0 R A FH (1 AL FE 88 % O B B2 R 10 J7 bR 8%,
H MR 10 T3, H R RH 2 808 TR R S 5 1 [ e 5 B mT 4 2550 F 1
SEFR AR DA R 40 JT bR A%, H I T A D S v AR LS SR AR A B {2
=, NEENERES, BIHAAIE, BRADH RS T T2 UGBE NI 45 Ak
HARH GPGPU #1573 #4 FEAT v S ERAR S I F ol SR #  F A PP tH B, CPU+GPGPU
F AT A B T R T, AR SRR SR . AT E AN W S A B A A% 00 3
AP RAERIRTR T, RRAIH 2P CPU+GPGPU 44 FEAT A5 52 Br 1 SR AR08 F
BCR,  ZHT E bRt SR A AT I ) — S A

ARFTRAG, FR—ARBEFFFATNARYE, HAEEESENFTEFRIHESM
W5, ZXRARFBEFAEHE., BITHERMTBENSEE . ERRHFITARRE
FI L BT, b S5 A A AT RE P B R S R 0 A SN AE 68 1T 1O MPIT A SZ 55
HELEIFATH OpenMP. BE% GPGPU 7EABZIHEIREEF () HWiY &, M2 eaEsT
I F U BT R B L AL 5 B P RE THRE LU RO PR LU AR %, BRI Z T R A BT IR %
GPGPU W AT T vt 1), 18 V)45 28 Tk ORI E — NG — ) oK) R %
WHZ I GPGPU HATHRFETE 5 oIAEE, LARRRH S T R BRA M S A, HiRfEs
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TEARE FARABEH A I F A 18 O AT BB A % . OpenCLUFHUH EIE H) R HIES
REX—EH2Z T, fEWI T CAL. CTM, Brook++H! CUDA %5 5 FIJF R EAE 41
JEft 1. 1 OpenGL AR 1) $2 Hi 7 Khronos Group [ Frbr#EALA 2R 1 .

E OpenCL HIELZ T, TMLF &4 E A2 NVIDIA 258 3 24 GPGPU &
B E M) CUDA 75 . BT NVIDIA 2 "N KEK A LAY HE &3 GPGPU K
% CUDA #ATH:Il, HAEl CUDA #EFCALH T KENT XHEFHTLURA. mHT
OpenCL 1 Rk 52N A M v R P v HiE S AnHERIHE R A A, B H AT RS0
RIB R R, ERWR SCEED T . AT RO — TR T A v B IR T4
FEES BT KRN RRIEA, fEBEE R HMAEA AMD AR BSCRFT, A
HLARHE T AT, DMELE A E e 28— A B4R E by Lok T Rt BT R Wk i i
WH AR M Mg FEbrdE, RS BRI IR BENE, 3Rt EAeS
Il 1) 2 v S B A ik — 0 8 AR

A /E# Benedict Gaster 18 11 Lee Howes i L#BFHHL T AMD /A &) i) A4 v 5.4
PRSI &), R TAEES —4 OpenCL 155 ZEHIIAIFT &K% . Benedict
Gaster {34 /2& AMD 2 &) /£ OpenCL & 5 b € (1) [H bR bR 41 21 Khronos Group ]
RFE. KB5S =171F# David R. Kaeli ##%. Perhaad Mistry A Dana Schaa #[ [ 3¢
[E R Jb K 2% . Perhaad Mistry 1 Dana Schaa #& David R. Kaeli #3#% {18 -9 54 . David R.
Kaeli #F M\ F &SR EN REFRF IR R DA ZER S, EEENE
BIEEEN . JEimdn k45 A GPGPU 4 T HIWF L T1E, 18 T GPU &M h K £
MHFIE . EmMEERERIEKFEZE, ME7E BM TE 12 4, HiEE IBM 1
T.J. Watson B 5T TAE 7 4E, SERRT 200 ZRFEARBI. fhid %484 EEE 15
VARG BARZ RS TR, %%k IEEE &+,

EPHK IR KA. TR, FRMBUAR AT — FRAMEIT .

HEREERE, BFnEEFeelAEBTEARESZ —MiFE, TURNE&iEE
HIENRT BN TAERRES, X —SoRERA TR SC 2 MRBaE, LLH B K Sk st
W, RiEEE. WRERAAMFS AN REAZZL, BE KiEHEARAFIKIE, BR
i4E: zyq@ict.ac.cn.
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E55, BE LR AR5 RO N REAF A . FEMR OB & AR RESS RO T
SRR, A R GAEIX A 75 ) RS RIS U B Bol, THENLRVHAEX
TR R RS . W IR SR R AT RS, EATHR AR
IR (HIX— I RE R R RESZRR, SR Z — M ARvEAL O SRR R SR G 1 P HE 2
N2 ZHLEH R BT

A X OpenCL

OpenCL H1K & B 1EIARFE T b M R G4 5 N2 7 1) 145 . OpenCL @A T 24
A 45 7 B84 38 in 4 3 28 A% BUX — R R #a % . OpenCL HEZE RE 51217 7£ £ #% CPU.DSP.
FPGA. GPU VAR FHNMEAbER G b MR ML T 2 M5 ik M N 7 R G R R
LW HIIFATHEMZZE .  OpenCL HEZEH) ZFEME A vt A R AREE T #f vk 1a) Y 7 ——
WK OpenCL MUVEREAT Wt 1Mf PR J7 S0 SE BT (E Re 8 5 B 2L p A 2 K
JEARFFIRI . OpenCL bRt #h S ANEE O RVFIETF R AE N FREF L IZiTE— B E
AN EHE MR E L.
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HEFTEA R IR R G . Bk, BAIZREATH. A TEABIR, RIOIAERE —
AIEFETFM—E KB W TIE, FBF RN P HITEH . Fofi) OpenCL TEIEHIR .
AR B 1) T B A R T A A OpenCL HEZERAG A B BA N . &
T B AR S o I Y S 051 oK R R i dm R A LA B RR )
AT B BRI BT WA LS, IR A RMARR A ROTE L4
FATRIDR AR et B, R B A A R H B IR T — A RN R .
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