+ [ | Hf . T~ O 4ab

VIRFE—1FIE: BE/R. KR, HIT;

VEFRRESR:
VGPURRAEX : BETAFEGPURERM

( Programming Massively Parallel Processors: A
Hands-on Approach, 2017) 4 ¥ o) & %7 ;

vEfLE: BMNERE RS
VIR : BMHLABEE AT



- = — BL . T~ 0o ab

VIEFE—MIINEFRFIEAREE: Llama. Qwen,
DeepSeek. 3F;

VIEFE—MAREBREESR:
v EE/R3EIE: Llama Factory. 3F;
vVikEEZEiE: Unsloth, 3F;
vH1{T3EIE: Unsloth, 3F;



= — HL . b T O &b

vIRA{KFREN (Low-Rank Adaptation,

LoRA) , BEXEBENBIER, ETHRESH
GPUSRIZRIERXS, MRIEFFREXEEEITHIA,
RBROARRAER N H (Hugging Face
Transformers FRERI) ;



‘EH 03 — 232, &b

ViIEEE—MHEEEZL: vilm, SGLang., %, ibR
MGPUZE > & e TE#RS KM ;

vVERME: JELIAHEIRESLR;
VIR : KA—MEEREZ.



BIEAEN o : GPUE ] E 8E{k (agent)
VI BEHNTREEZZIEHFERENFZX, 81F(E

ART:
vERRMHRAG, SFT. PPOFERZE, REAXFREMANRE, &S
R
VRARERRELFINCPURIENIES, € : CUDA,

PTX, Triton. TileLang., 3, MR}

1&?

T

BERNET, RSE

VAL —PUIRTE, RN GPUEIEEEERERSIA;
VAT LERBIGPUE I R — 1M TR B F.



VKIELZRRZ AN : FRBM—aHEiXiE,
HERXRIEIEgitee, LIEITES



o . KN &b

VERZIEER: IRE (tokens/s) . HEfEZE;
(

ViEE (tokens/s) : BN FERIRSH/NXNE
x;
VTR

vERR: SEMMRE (NREH & E 2 B ER
) ;

vimgE: HEENFT S



i L
THIND BOaTiON

Programming Massively ’_ Programming Massively LProgramming Massively

Parallal Procesas s **m*ﬁ {Tiiiig Parallel Processors Parallel Processors

S NI, -
1 A e MK 2

2012 2017 5022

2010

v'Z#4: Third Edition:
https://www.sciencedirect.com/book/9780128119860/progra

mming-massively-parallel-processors

David B. Kirk, Wen-mei W. Hwu, Programming Massively Parallel Processors: A Hands-on Approach;



Contents
Preface. it e e XV
RTINS CTIBITER vvsmvmsmmrmmsrmmmsmes s s LR o 9 A ST R VAR S G e xxi
CHAPTER 1T INtroduction...... ..o snnsenens 1
1.1 Heterogeneous Parallel Computing . 2
1.2 Architecture of a Modern GPU..... .6
1:% Why Meie Speed-of Pargllelistn Vo oummeamme v an o, 8
14 Speeding Up Real AppHeationsi. . « . wwsss omsss s oo 10
1.5 Challenges in Parallel Programming ....cooocoovvvrenerimiineminsis 12
1.6 Parallel Programming Languages and Models .......cocoovvvviiencnne 12
157 Overarehing GodlSsawmnmmmmmrmanmnrssrr sy 14
1.8 Organization of the BOOK........covvvrvviniiivriivi s 15
REBIETE e s e 18
CHAPTER 2 Data Parallel Computing...........cccooooovvoomevvemevreceeereceremenene. 19
2.1 Data ParalleliSm......ooorrmiivnoimimmmrrsi i 20
2:2: CLIDAL Rrogram SHHCIIIS v samvsmmmsmmns s asion 22
2.3 A Vector Addition Kernel ...oovovvveiiviiiiiicvnieccnnns 25
2.4 Device Global Memory and Data Transfer........cooocvvvvmiviienens 2.7
2.5 Kernel Functions and Threading......oovvvrv oo 32
2.6 Kernel Launch.......ccoevrvrminnnns 37
2.7 Summary.............. 38
Function Declarations. 38
Kernel Launch.......ocoeeveeennene 38
Built-in (Predefined) Variables . 39
Run-time APL.......c..cvmvnvvnnnns 39
2.8 Exercises. 39
RETEIEIICES <. 41
CHAPTER 3 Scalable Parallel Execution................cccooomvvrvccrnvinnnn 43
3.1 CUDA Thread Orgamzation ........ccccovvierieevcrneieimeneeieeeceenes 43
3.2 Mapping Threads to Multidimensional Data..........c.cooovvnence. 47
3.3 Image Blur: A More Complex Kernel .......oooovvvveeivniiiminnnenncne 54
3.4 Synchronization and Transparent Scalability ....coocoovviivivienene 58
3.5 ReSource ASSIZNIMENT. . .ooieivermvmrreeeniereie e 60
316 DT ITE Device PIopEitiei v so s 61
3.7 Thread Scheduling and Latency Tolerance.........cccccoeiicecnnnnnn. 64
3B ST AR cenmmmrmnnmmnnrrnsns s 67
B0 TS 8 sens s s s 03550008453 S AR SRS SRS 67

David B. Kirk, Wen-mei W. Hwu, Programmin% Mas;

vii

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
i
|

viii

\/

\/
\/

Cantents
CHAPTER 4 Memory and Data Locality ... ... 71
4.1 Importance of Memory Access BEfficiency......covvvvecnviciiennens 72
4.2 Matrie Multiplicationi . susisasissmsinaissmimmmisassmnssis 43
4.3 CUDA Memory TYPES ...cvivverereererrerievereremeercsireseeesrens e areenees 77
4.4 Tiling for Reduced Memory Traffic.......ccccovverinimnnorinrniinenns 84
4.5 A Tiled Matrix Multiplication Kernel..........ccococoooviivnninnnnne. 90
46 Boundary Checks.wamemmsmssmmosnmonismmmsisisioss s 94
4.7 Memory as a Limiting Factor to ParallelisSm ......cocvevveereemrccinininns 97
8 STUIIITRATY osvosiosivne s s s ssos e o s i oo T e F R S G539 99
4.9 EXETCISES wneeveieeeceeceeeee e e e et ee e 100
CHAPTER 3 Performance Considerations...........conncrinn. 103
5.1 Global Memory Bandwidth... .104
5.2 More on Memory Parallelism el
5.3 Warps and SIMD Hardware.......... 117
5.4 Dynamic Partitioning of Resources .......ocoovveiviivnnoncicvnns 125
5.5 Thread Gramularify....ccoeereeereereeneeererreeere e ceresessesreseenesnees 127
56 SUTTIATY csinermesrinsses s R B R S R e 128
5.7 BXEICISES vrrvvrrrrrrrarararararimismimemrmresmrmssssrasanansnenessssssimsasmsmsmrasnsssssanes 128
Referenees wrmnmmmunnesnmim e s s R R s 130
CHAPTER 6 Numerical Considerations ..., 131
6.1 Floating-Point Data Representation...........cccorvimviivnrovnreinns 132
Normalized Representation of M.........ccocovovvviiciiimocecnicninnes 132
Exeess BRecdnin 8 Bevmreenemnemmmeresmesesmemor 133
6.2 Representable NUIMDETS .....ocovvvvereeiiii e 134
6.3 Special Bit Patterns and Precision in IEEE Format.................... 138
6.4 Arithmetic Accuracy and Rounding ......cccovvvvrnvrmrimins 139
6.5 Algorithm ConsiderationsS. ... ..o veeimrerrnrerinerieeerssioonies 140
6.6 Linear Solvers and Numerical Stability.. 142
6.7 SUMMALY creeveieeceerereee e 146
6.8 Exercises. .147
RELETENTES .o vvovvrvirirniresesrsemesrinnsrsers s s s erss s e s erss s ssrnes 147
CHAPJER 7 Parallel Patterns: Convolution ..., 149
7.1 Background.....cocceeeeereecieice e e e 150
7.2 1D Parallel Convolution—A Basic Algorithm ........cccccoeeecnnnen. 153
7.3 Constant Memory and Caching .........cocvmervvrvrermvseremmrnarironns 156
7.4 Tiled 1D Convolution with Halo Cells ..o 160
7.5 A Simpler Tiled 1D Convolution—General Caching................. 165
7.6 Tiled 2D Convolution with Halo Cells .cooueeveeivniieecneceniens 166

ively Parallel Processors: A Hands-on Approach;



Contents

L 111 11 | T 1
7.8 Exercises.
CHAPTER 8 Parallel Patterns: PrefiXx Sum.........inn, 175
8.1 Background.........coovioieriiiii e 176
82 A Simiple Parallel Seafl s s 177
8.3 .5 peed.and Work EIRCIGney s vsssmsraoisssiesasvins s 181
8.4 A More Work-Efficient Parallel Scan .........cooevriivivnninrmvsnns 183
8.5 An Even More Work-Efficient Parallel Scan.........ccovivcnnee. 187
8.6 Hierarchical Parallel Scan for Arbitrary-Length Inputs............. 189
8.7 Single-Pass Scan for Memory Access BIficiency .....ccocvvevvenenn. 192
8.8 SUIMIMATY eovrerriviminisiseeresti st ssre e s e ensanneenes 195
IS5 (el RSP S AP - 195
REFEIEIICES .o eeereeecee e 196
CHAPTER 9 Parallel Patterns—Parallel Histogram Computation.. 199
9.1 Background.............c.... .200
9:2 TUsesfAtomic GPErations cwennrmmmrmmsmvismssssse 202
9.3 Block versus Interleaved Partitioning...........c.cocooooooiiiceinns 206
9.4 Latency versus Throughput of Atomic Operations.......c.ceeveeee 207
9.5 Atomic Operation in Cache Memory .........cooevevivimveininennnncns 210
96 Privaization s s sy 210
[N - 33721 o) o 211
1 11 2 213
0.9 BXEICISES tereererrernicreimsreeenmreveesisreineses s eresnssssresnesessssnesnssssnsensssnsns 213
RETCTEIIEE e s T e s e 214
CHAPTER 10 Parallel Patterns: Sparse Matrix Computation ........... 215
1031  Backptolitidsssenmsnammnnrnniniennmnaannnmnase 216
10.2  Parallel SpMV Using CSR..covvvvivveiiiiiseren s 219
19:3 Paddifigrand Transposititnizamasmmannnmassranssms 221,
10.4 Using a Hybrid Approach to Regulate Padding . 224
10.5 Sorting and Partitioning for Regularization.... 207
10.6 Summary.. 229
10.7 Exercises .. 229
B IO v s s st S8R S AP SRS 230
CHAPTER 11 Parallel Patterns: Merge Sort.............oooiiiin 231
11l Backgrottidmsmmmimsmmmrmirmmmm i i 231
11.2 A Sequential Merge AlgOrithiml.....ooeveviiniciieeececrce e 233
113 AParallelizationAPPIOaehsm s vames s 234
11.4 Co-Rank Function Implementation............cccoceoecvmececreenennnns 236

David B. Kirk, Wen-mei W. Hwu, Programming

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
i

X

Contents
11,5 A Bagic Parallel Mergs Ketfiel oo msmnmnmensmssmsigg 241
11.6 A Tiled Merge Kernel .......... 242
11.7 A Circular-Buffer Merge Kernel. .249
11.8 Summary.. 256
11.9 Exercises .. 256
REFEIEIICE .ot 256
CHAPTER 12 Parallel Patterns: Graph Search..............ccooovvvvvevnnn. 257
12,1 Backgroufith s i sermas 258
12.2  Breadth-First Search ... 260
12.3 -ASequential BES Bunction .uesmissssmmnsismmssisassssmess 262
12.4 A Parallel BES FUnCHON cvvevvvvecee vt seen e 265
128 ~Optmlzaflons s s senmis 270
Memory Bandwidth. ..o 270
5 BTS20 ML) Dt it NP 271
Kernel Launch Overhead.....ooveevirerevmeeereneecie e 272
Load-Belaticetmmnsmmemsmmmmmenmmsrs s s e 273
12,6 SUINIMATY cnoerii e e er e e e s ren e e renene 273
B 273
REFEIENCES .o 274
CHAPTER 13 CUDA Dynamic ParalleliSm..........cccccoevvoremeererenerrrneren. 275
13,1 Background ......ocovrrimiirrrnrerne i snsesn e 276
13,2 Dymiariie ParalleliSm-Overview wu e s s 278
13.3 A Simple BXample omveiviireeciceene e 279
134 Memiory Data ViSIBINEY coseissimmsermisosenmsmsinig 281
GLODAl MEMOIY <vvvoremrerimrarernvirmenmsosinmenesrasmesnsesinsanesnsesnsnnserines 281
e O MBI s S 282
Constant MemOry ..o cemeee e 282
lgEa] Mefioit e ey ssmrms s 282
Shared METOTY «..voeveeriieereceeercrcn e 283
TeRtUrE MENOTY wesmmmmrs s s s ey 283
13.5 Configurations and Memory Management .........ocovvreerivrees 283
Launch Environment Configuration ........coccocoovvooorinciinns 283
Memory Allocation and Lifetime ..o 283
Nestifig Depthsssansmmammmmnrnnnransmmmrnaang 284
Pending Launch Pool Configuration ........cccevevvvevevvvincnninne 284
Ertors and Launeh Falltteswmvammanmmmimamesosimmmim 284
13.6 Synchronization, Streams, and Events.......c.cccovvmmrrmrvrsrinnnes 285
SYNCRTOMIZAION ...t 285
SyrehtoniZatiatDIEP e mss ssssammnsssvssssrsmsssnsssmmstsssssmme 285
STTEAIMNS crvvivevererreveereenscreseseersses e e sn e e erean s eensaesneerenesnnsene 286
BRI csesanscsmsmasominnisnms s ormine 5 oo s RS A TR SRS T8 287

aspively Parallel Processors: A Hands-on Approach;

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
$
|



Cantents
137 A Mote Complex BXAMPIE cvvspmummmssmnsmmising 287
Linear Bezier Curves......
Quadratic Bezier Curves
Bezier Curve Calculation (Without Dynamic Parallelism) ..... 288
Bezier Curve Calculation (With Dynamic Parallelism) .......... 290
Launch Pool Size.. A2
SRS e 292
13.8 A Recursive Example... 293
1830  SUMIMET s R S 297
13.10 EXEICISES «reuuemiriemeeeeemierecie et eresee e snee e eneanns 299
RETETEEE S s e e 301
A13.1 Code APPENiX ...coveereeeeinicmee e e 301
CHAPTER 14 Application Case Study—non-Cartesian Magnetic
Resonance Imaging.................. ... 305
141 Background.....coooveeeeeeneiiinee e e 306
142 lterativel ResomSIueHe s mmmmmsmmmsmamsmamms sl 308
143 Computing FED ...oovoeeceee s 310
Step 1: Determine the Kernel Parallelism Structure ............... 312
Step 2: Getting Around the Memory Bandwidth Limitation...317
Step 3: Using Hardware Trigonometry Functions ........ccce..e... 323
Step 4: Experimental Performance Tuning.........ooeecvvevevevnnene 326
14,4 Final Evaluation ......ccocvevevninnmisrsensersinnss 327
14.5 Exercises ........... 328
References....... 2329
CHAPTER 15 Application Case Study—Molecular Visualization
and ANalYSis ..o 331
15.1 Backgroumnd......cooooiiiiirieececiecce e e 332
15.2 A Simple Kernel Implementation ............cooovivviiivininnns 333
15.3 Thread Granularity AQJUSINENT «.vevrereveieerermeeececrnee e 337
154 Meiiory Codleseing i s m s aiiss 338
155 SULLIIATY 1.vvuveeiiis e ensssss s seonse e vasnssssnsssnesnnes 3472
156 BEREiGiNe snmemammsnse s s memsmoad 343
R E TS oo G S RS G ST 344
CHAPTER 16 Application Case Study—Machine Learning .............. 345
161 Backerouitt.masasmansasmmsaaos 346
16.2 Convolutional Neural Networks 347
ConvNets: Basic Layers...... ..348
ConvNets: Backpropagation ......cceevvvirieivececnnee v 351
16.3 Convolutional Layer: A Basic CUDA Implementation of
Forward Propagation...........ccoveveiimeenenin s 355

Xi

David B. Kirk, Wen-mei W. Hwu, Programmin%

xii Contents

Massilfely Parallel Processors: A Hands-on Approach;
|

16.4 Reduction of Convolutional Layer to Matrix

MULEPIICALION. vt ereereverenireineeereenesee e er e ene e en e e neas 359
16.5 cuDNN Library ..364
16.6 Exercises ... «: 300
RELETBNEES e st v s e 367

CHAPTER 17 Parallel Programming and Computational
THINKING ..o ses s ssssessnssensss s serees 369
17.]. GoalsiofParallel Computing oommmmmrumsmusmsassmsnsms 370
17.2 Problem Decomposition........ooeoviiicecreceene e 371
123 Algerthm.Selection.mmssssmmummssemismsnissasssmie 374
174 Computational ThinKing .......ecevveervivimeesneensvenisnereseereee e 379

17.5 Single Program, Multiple Data, Shared Memory
ANd LOCAIEY e 380
17.6  Strategies for Computational Thinking...........cooevvvininns 382
17.7 A Hypothetical Example: Sodium Map of the Brain.............. 383
VL BUMTHE Y rissisrmomvsvsesvesem o mms e v v s s s s s 386
17.9  BXEICISES corevivereeenrreenieriniecneneerceeenstsseen e ens e s s ensansneerssnnes 386
T 386

CHAPTER 18 Programming a Heterogeneous Computing

1 T 387

18.1 BackgroUmd.....ccvriroimimrrmreimenreniseen e s nsesn e 388
18,2 A Rutitlitip' BRafipleimm o s s s s 388
18.3 Message Passing Interface Basics .covvveveevnvenicvnencececeinne 391
18.4 Message Passing Interface Point-to-Point Communication.....393
18.5 Overlapping Computation and Communication ..........oo..c.... 400
18.6 Message Passing Interface Collective Communication ........... 408
18.7 CUDA-Aware Message Passing Interface ... 409
188 ST e 410
DB RO ORI om0 508 0 5 S 5 755 410
RN e e e vy 411
CHAPTER 19 Parallel Programming with OpenACG.. ... 413
19.1 The OpenACC Execution Model.............. ...414
19.2  OpenACC Directive Format. ...416
19.3 OpenACC by Example............. ... 418
The OpenACC Kernels Directive ... ...419

The OpenACC Parallel Directive ................ ...422
Comparison of Kermnels and Parallel Directives.. ....424
OpenACC Data DITECtiVeS..c.e e resecseseseesesesnrenes 425
OpenACC Lioop Optimizations! . us s 430
OpenACC Routine DIrective ......o.vvovvevvrevnivrceiimenverecnrveinrees 432
Asynchronous Computation and Data............... 434



Contents

194 CofigatitgOpenACEand- CUDA o vmmmmmmmmsmsig 435
Portability coeeeevreeeererereceeeeeeeees ... 435
Performance. ... 436

0810 HLCT1 1 RS, . 436

19.5 Interoperability with CUDA and Libraries ............. 437
Calling CUDA or Libraries with OpenACC Arrays..

Using CUDA Pointers in OpenACC ......coovevevennen. ...438
Calling CUDA Device Kernels from OpenACC ... 439
19:6- The Blttite of OPSNCE wmmmsra i nnnnims sy 440
197 EXEICISES worerieiiiiiieieiecreee oo enne 441
CHAPTER 20 More on CUDA and Graphics Processing Unit
COMPUEING ... 443
20.1 Model of Host/Device INteraction..........ocoevevvenrveoeveecccnenenees 444
20:2. Kernel Bxecution: Conttol . osmmssmsssmmasissmsasmsssmsnd 449
20.3 Memory Bandwidth and Compute Throughput........cccceevenee. 451
204 Programming Bnvironment. ... 453
20.5  Future OULLOoK ..o.veeeemeeeerereeicreee e 455
L T gL N P 456
CHAPTER 21 Conclusion and QUtIOoK................ocomcinncrcinnencns 457
213 Goals REVISIIE D rssrmmssrimsssnmisssss s s s e sas s ess 457
212 Future Outlook ..o 458
Appendix A: An Introduction to OpenCL.........ccoooviiiiiiiininns 461

Appendix B: THRUST: a Productivity-oriented Library for CUDA
Appendix C: CUDA Fortran .......c.cooveeeene
Appendix D: An introduction 0 C4+ AMP....vrinincninnneisninese e 515

xiii

David B. Kirk, Wen-mei W. Hwu, Programming Massively Parallel Processors: A Hands-on Approach;



R IEE




