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Chapter 1.
Introduction

1.1 From GraphicsProcessingto
GeneralPurpose Parallel @mputing

Driven by the insatiable market demand for realtimedéiigiition 3D graphics,
the programmabler@phicProcessolnit or GPUhas evolved into a highly
parallel, multithreaded, manycore processor withricous compational
horsepoweandvery high memory bandwidth, as illusdrayg-igurel-1.

B
CUWDA Programming Guide Version 3.0



Chapter 1. Introduction

GT200
1000
NVIDIA GPU
====|ntel CPU G80 G92
730 Ultra
< G80
a.
o]
re 500
[C)
~ G71
(1]
o
G70
250 NV40 3.2GHz
NV35 : 3.0 GHz Harpertown
e el
o @ ®-
Jan Jun Apr Jun Mar Nov May Jun
2003 2004 2005 2006 2007 2008
GT200 = GeForceGTX 280 G71= GeForce7900 GTX NV35= GeForceFX5950 Ultra
G92 = GeForce 9800 GTX G70= GeForce7800 GTX NV30= GeForceFX5800
G80= GeForce8800 GTX NV40= GeForce6800 Ultra
120
G80
Ultra
100 A — A
G80 .~
80
/
Bandwidth va;
GBfs 60 G714
:“'b
40 N V4-0—_; v ~
o Harpertown
Woodcrest
Prescott EE
¥ Northwood _ - ettt
0 T T T T T T ]
2003 2004 2005 2006 2007

Figure 1-1. Floating-Point Operations per Secondand
Memory Bandwidth for the CPU and GPU

The reason behind the discrepancy in flepting capability between the CPU and
the GPUisthat the GPU ispecialized faxomputeintensie, highly parallel
computatiord exactly Wwat graphics rendeg is aboud and therefordesigned

such thamoretransistoraredevoted to data processing rather than data caching
and flow contrglas schematically illustratedrigyirel-2.
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Figure 1-2. The GPU Devotes More Transistors to Data
Processing

More specifically, the GPU is especiallyswitid tcaddress problems that can be
expressed as dgarallel computatiofsthe sameprogramis executed on many

data elements in paradietlith high arithmetic intensidythe ratio of arithmetic

operations to memory operations. Becausathepsogramis executed for each

data element, there ikwer requirement for sophisticated flow coydirad

because it is executed on many data elements and has high arithmetic intensity, the
memory access latency can be hidden with calculations instead ofdupeatata c

Dataparallel processing maps data elements to parallel processing threads. Many
applications that process large data sets can uspaalbprogramming model

to speed up the computatiolns3D renderinglarge sets of pixels and vertices are
mapped to parallel threads. Similarly, image and media processing applications such
as posprocessing of rendered images, video encoding and decoding, image scaling,
stereo vision, and pattern recognition can map image blocks and pixels to parallel
processing threads. In fact, many algorithms outside the field of image rendering

and processing are accelerated ypdedlel processing, from general signal
processing or physics simulation to computational finance or computational biology.

1.2 CUDA: : a General-Purpose Parallel
Computing Architecture

In November 2006, NVIDIA introduce®UDAE , a general purpose parallel
compuing architecturd with a new parallel programming modeliastduction
set achitectured that leverages the parallel compute enghtiélDIA GPUsto

solve many complex computational problemsniara efficient way than on a
CPU

CUDA comes with a software environment that allows developers to use C as a
highlevel programming language. As illustrat€tgyel-3, ather laaguages or
application programming interfaces are supported, such as CUDA FORTRAN,
OpenCL, and DirectCompute.

CUWDA Programming Guide Version 3.0 3
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GPU Computing Applications

CUDAC OpenCL” DirectCompute CUDA Fortran

NVIDIA GPU
with the CUDA Parallel Computing Architecture

Figure 1-3. CUDA isDesigned to Support Various Languages
or Application Programming Interfaces

1.3 A Scalable Programming Model

The advent of multicore CPUs and manycore Gidasis that mainstream

processor chips are now paralystemd-urthermore, their parallelism continues
toscalevi t h Mooreds | aw. The challenge is
transparently scales its paralldisi®verage the increasing number of processor
coresmuch as 3D graphics applications transparentlytegalgarallelism to
manycor&PUs with widely varyimymbers of cores.

The CUDA parallel programming model is designed to overcome this challenge
while maintaining a low learning curve for programmers familiar with standard
programming languages such as C.

At its re are three kepstraction® a hierarchgf thread groups, shared
memories, and barrier synchronizaditimat are simply exposed to the programmer
as a minimal set of language extensions.

These abstractions providesfgrained data parallelism and thread parallelism,
nested within coarggrained data parallelism gask parallelism. Thguide the
programmeto partition the problem into coarse-gubblems thatan be solved
independently in parallst blocks of threadandeach suiprobleminto finer

pieces that can be solved cooperatively in phyadiéthreads within the block
Thisdecomposition preserves language expressivity by allowing threads to
cooperate when solving each-gudblem, and at the same time enahlesmatic
scalabilit. Indeed, &chblock of threadsan be scheduled on any of the available
processor corei any order, concurrently or sequentgiyhatacompiled

CUDA program can execute on any number of processoasdliastrated by
Figurel-4, and only the runtime system needs to know the physical processor
count.

4 CUDA Programming Guide Versior8.0
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This scalable programming model allows the CUDA architectpeita wide

market range by simply scallmynumber of processors and memory partitions:

from the highperformance enthusiast GeForce GRhll professional Quadro and
Tesla computing products to a variety of inexpensive, mainstream GeForce GPUs
(seeAppendix Afor a list of all CUDAenabledsPUSs).

Multithreaded CUDA Program

v v
GPU with 2 Cores GPU with 4 Cores

Core 0 Core 1 Core 0 Core 1 Core 2 Core 3

v

A multithreaded program is partitioned into blocks of threads that execute independently from each
other, so that a GPUwith more cores will automatically execute the program in less time than a GPU
with fewer cores.

Figure 1-4. Automatic Scalability

1.4 Document 6s Structure

This document is organized into the following chapters:

Chapter isa general introduction to CUDA.

Chapter dutlineshe CUDA programming model.

Chapter 3lescribes the programming interface.

Chapter 4lescribethe hardwarémplementation.

Chapter gives some guidance on how to achieve maximum performance.
Appendix Alists all CUDAenabled devices.

O 0 0 0O 00
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Appendix Bsa detailed description of all extensions to the C language.
Appendix dists the mathematidahctions supported in CUDA.
Appendix Dlists the C++ constructs supported in device code.
Appendix Hists the specific keywords and directives supporteddy
Appendix Fgives more details on tigse fetching.

Appendix Ggiveshe technical specifications of various deasasell as
more architectural details

6 CUDA Programming Guide Versior3.0



Chapter 2.
Programming Model

This chapteintroduceshe main conceptehindthe CUDA programming model
by outlining how they are exposed i@ extensive description GUDA Cis
givenm Sectior8.2

Full code for the vector addition example used in this chapter and the next can be
found in thevectorAd®DK code sample.

2.1 Kernels

CUDA C extends C by allowing the programmer to define C functions, called
kernelshat, when called, are executed N times in parallel by N d@ldEzAt
threadss opposed to only once like regular C functions.

A kernel is defied usinghte__global__ declaration specifiand the number of
CUDA threadghat execute that kernel for a given kernascgecified using a
new<<<é>>> execution configusgtivaqsee Appendi®.13. Eachthread that
execute thekernel is given a unigtneead IEhat is accessible within the kernel
through the buiin threadldx  variable.

As an illustration, the following sample @mtis two vectos andB of sizeN
and stores the result into vedTor

/I Kernel definition

__global__  void VecAdd(float *A, float *B, float *C)
{
int i= threadldx .x;
Cl[i] = A[i] + B[i[;
}
int  main()
{
/I Kernel invocation with N threads

VecAdd<<<1, N >>>(A, B, C);
}
Here, ach of theN threads that execufecAdd() performs one paivise
addition

CUWDA Programming Guide Version 3.0 7
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2.2

Thread Hierarchy

For conveniencéyreadldx is a 3component vector, so threads can be
identified using onedimensionatwo-dimensionabr threedimensionahread
indexforming a onelimensionatwo-dimensional, or thre#imensionathread
blockThis provides a natural way to invoke computation across the elements in a
domain such as a vector, xarvolume

The index of a thread and its thread ID relate to each other in a straightforward
way: For a ondimensional block, they are the same; for-ditmensional block

of size(Dy, D), the thread ID of a thread of indexy)is (x + yDy); for a three
dimensional block of sig, Dy, D;), the thread ID of a thread of indexy, z)s

(x +y D + z D« Dy).

As an example, the following code adds two mairiaadB of sizeNxN and
stores the result into mat@x

/I Kernel definition

__global__ void MatAdd/( float A[N][N] , float B[N][N]
float  C[N][N])
{
int i= threadldx .x;
int j= threadldx .y;

CLI0T = ALIDT + BLIOT:
int  main()

/I Kernel invocation with one block of N * N * 1 threads

int numBlocks = 1;

dim3 threadsPer Block(N, N);

MatAdd <<<numBlocks , threadsPer Block >>>(A, B, C);
}
There is a limit to the number of threads per block,alinbecads of a block are
expected to reside dmetsame processor core and must share the limited memory
resources of that core. On current GPUs, a thread block may contain up to 512
threads.

However, a kernel can be executed by multiple eshaggd thread blocks, so that
the total number of threadsequal to the number of threads per block times the
number of blocks.

Blocks are organized into a-gliensional amwo-dimensionagjridof thread

blocks as illustrated Bigure2-1. The number of thread blocks in a grid is usually
dictated by the size of the data being processed or the number of processors in the
system, which it can greatly exceed.
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Grid

Block (0, 0) Block (1, 0) Block (2, 0)
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R

/ Block (1, 1) \

Figure 2-1. Grid of Thread Blocks

The number of threads per block and the number of blocks per grid specified in the
<<<é>>> syntax can be of type ordim3. Two-dimensional blocks or grids can
be specified as in the example above.

Each block within the grid canibentifiedby a onedimensional awo-
dimensionahdexaccessible within the kernel through the-inuslbck I1dx

variable. The dimension of thegad block is accessible within the kernel through
the builtin blockDim variable.

Extending the previowgatAdd () example to handle multiple blocks, the code
becomes as follows.

/I Kernel definition
__global__ void MatAdd (float  A[N][N], float  B[N][N],
float  C[N][N])

{
int i= blockldx .x* blockDim .x+ threadldx .x;
int j= blockldx .y* blockDim .y+ threadldx .y;
if (<N&&j<N)

CLil0T = ALI0T + BLIOT:

e
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int  main()

/I Kernel invocation

dim3 threadsPerBlock (16, 16);

dim3 numBlocks(N / threadsPerBlock .x, N/ threadsPerBlock .y);
MatAdd <<<numBlocks , threadsPerBlock >>>(A, B, C);

}

A thread block size of 16x16 (256 threads), although arbitrary in this case, is a
common choice. The giiglcreated with enough blocks to have one thread per
matrix element as before. For simplicity, this example assumes that the number of
threads per grid in each dimension is evenly divisible by the number of threads per
block in that dimension, althoughttheed not be the case.

Thread blocks are required to execute independently: It must be possible to execute
them in any order, in parallel or in series. This independence requirement allows
thread blocks to be scheduled in any order across any nunobes atsdllustrated

by Figurel-4, enabling programmers to write code that scales with the number of
cores.

Threads within a block can cooperate by sharing datehteomeshared memory
andby synchronizing their execution to coordinate memory actésses.
precisely, one can specify synchronization points in the kernel by calling the
__syncthreads() intrinsic function;__syncthreads() acts as a barrier at
which althreads in the block must wait beforeisaijjowed to proceed.
SectiorB.2.2gives an example of using shared memory.

For efficient cooperatiothe shared memoig expected to be a ldatency
memory near each passor corer{uch like an L1 cadhend__syncthreads()
is expected to be lightweight

Memory Hierarchy

CUDA threads may access data from multiple memory spaces during their
executioras illustrated Wyigure2-2. Each thread hasivate locanemory. Each
thread block haghared memory visible to all threads of the hlodkviththe

same lifetime as the bloél.threads have access to the same global memory.

There are also two additional reaty memory spaces accessible by all thteads
constant and texture memory spathe global, constant, and texture memory
spaces are optimized for different memoryesgage Sectiobs3.2.15.3.24, and
5.3.2.% Texture memory also offers different addressing modes, as well as data
filtering, for some specific data formats (see S8c2idgn

The global, constant, and texture memory spaces are persistent across kernel
launches by the same application.
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