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Changes from Version 3.1.1

Simplified all the code samples thatuBeramSetv() to set a kernel
parameter of typ@Udeviceptr  sinceCUdeviceptr  is how of same size and
alignment agoid* , so there is nlmnger any need to go through an
interneditat@oid* variable.

Added Sectio.2.4.1.4n 16bit floatingpoint textures.

Added Sectio.2.4.4n read/writecoherencyor texture and surface memory
Added more details about surface memory access to S2cfiénh

Added nore detadsto Sectior8.2.6.5

Mentioned new stream synchronization funetiggstream Synchronize ()

in Sectior8.2.6.5.2

Mentioned in Sectio®s2.7.23.3.10.2and4.3the new API calls to deal with
devices using NVIDIA SLI in AFR mode.

Added Section3.2.9and3.3.12about the call stack.

Changed the type of thitch variable in the second code sample of
Sectiorn3.3.4from unsigned int tosize_t following the function
signature change @fMemAllocPitch () .

Changed the type of thgtes variable in the last code sample of SeBtia
from unsigned int tosize_t following thefunction signature change of
cuModuleGetGlobal()

RemoveduParamSetTexRef()  from Sectior8.3.7as it is ndonger
necessary.

Updated Sectiob.2.3Table5-1, and Sectio.4.1for devices of compute
capability 2.1.

AddedGeForce GTX 480M, GeForce GTX 470M, GeForce GTX 460M,
GeForce GTX 445M, GeFor¢gTX 435M, GeForce GTX 425M,
GeForceGTX 420M, GeForce GTX 415M@eForce G X 460,
GeForceGTS450,GeForce GTX 468uadro 2000Quadro 600,
Quadro4000, Quadr6000Quadro5000M and Quadro 6000 TableA-1.
Fixed sample code in SectibA.3array[] was declared as an arraghaf
causing a doaignd | me menry oacd@edsses not
castingarray to a pointer of higher alignment requirement; declaring
array[] as an array dibat fixes it.

Mentioned in Sectidd.11thatany atomioperatiorcan be implenméed based
on atomic Compare And Swap.

Added SectioB.150n the newnalloc() andfree() devi@ functions.
Moved the type casting functions to a separate ¥2@idn

Fixed the maximutmeightof a2D texture referender devices of compute
capability 2.¢65535nstead 065536 in Sectiors. 1

Fixed the maximum dimensions for surfaference in Sectios.1
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Mentioned the new
cuda Thread SetCacheConfig() /cuCtx SetCacheConfig()  API calls in

SectionG.4.1

Mentioned in Sectid@.4.2that global memory accesses that are cached in L2
only are serviced with-Bgte memory transactions.
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Chapter 1.
Introduction

1.1 From GraphicsProcessingto
GeneralPurpose Parallel @mputing

Driven by the insatiable market demand for realtimegdiigiition 3D graphics,
the programmabler@phicProcessotnit or GPUhas evolved into a highly
parallel, multithreaded, myaore processor with tremendous coatjartal
horsepoweandvery high memory bandwidth, as illusirbyg=igurel-1.

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

The reason behind the discrepancy in floptitg capability between the CPU and
the GPUisthat the GPU ispecialized fawomputeintensie, highly parallel
computatiord exactly Wwat graphics rendeg is aboud and tlereforedesigned

such thamore transistoraredevoted to data processing rather than data caching
and flow contrglas schematically illustratedFigyirel-2.

A
[T T ITTTITTTIT]
AR EEEEEEEEEEEEEEE
[T T ITTTITTTIT]
[T T ITTTITTTIT]
[T T ITTTITTTIT]
[T I T TITTTITTTTIT]
CPU GPU

Figure 1-2. The GPU Devotes More Transistors to Data
Processing

More specifically, the GPU is especiallyswigéid to address problems that can be
expressed as dguarallel computatiosthe sameprogramis executed on many

data elements paralleb with high arithmetic intensibythe ratio of arithmetic
operations to memory operations. Becausamnmsograms executed for each

data element, there i@er requirement for sophisticated flow coydrad

because it is executed on ndatg elements and has high arithmetic intensity, the
memory access latency can be hidden with calculations instead of big data caches

Dataparallel processing maps data elements to parallel processing threads. Many
applications that process large dasaca@a use a dgparallel programming model

to speed up the computatiols3D renderinglarge sets of pixels and vertices are
mapped to parallel threads. Similarly, image and media processing applications such
as posprocessing of rendered image®o/iehcoding 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 bypded#iel ppcessing, 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 introduceé@UDAE , a general purpose parallel
compuing archtectured with a new parallel programming modeliastduction
set achitectured that leverages the parallel compute engine in NVEPI4sto
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solve many complex computational problemsinra efficient way than on a
CPU.

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

GPU Computing Applications

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 Gidass that mainstream

processor chipsre now parallsiystemd-urthermore, their parallelism continues
toscalevi t h Mooreds | aw. The challenge is
transparently scales its paralldiistaverage the increasing number of processor
coresmuch as 3D grapts applications transparently sitedie parallelism to

manycore GPUs with widely varyignbers of cores.

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

At its cre are three key abstractidmashierarchgf thread groups, shared
memories, and barrier synchronizaditimt are simply exposed to the programmer
as a minimal set of language extensions.

These abstractis provide fiegrained data parallelism and thread parallelism,
nested within coarggained data parallelism ek parallelism. Thguide the
programmeto partition the problem into coarsegubblems thatan be solved
independently in paralsiblocks of threadsndeach suiprobleminto finer
pieces that can be solved cooperatively in payadiéthreads within the block
Thisdecomposition preserves language expressivity by allowing threads to
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cooperate when solving eachprudblem, andt the same time enaldegsomatic
scalability. Indeedaehblock of threadsan be scheduled on any of the available
processor cores any order, concurrently or sequentsallyhata compiled

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

This scalable programming model allows the CUDA architecdpesnta wide

market range by simply scaling the number of porsesd memory partitions:

from the highperformance enthusiast GeForce G&tH professional Quadro and
Tesla computing products to a variety of inexpensive, mainstream GeForce GPUs
(seeAppendix Afor a list of all CUDAenatled GPUS).

Multithreaded CUDA Program

\ 4 \ 4
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

e
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1.4 Document 6s Structure

This document is organized into the following chapters:

Chapter Isa general introduction to CUDA.

Chapter dutlinesthe CUDA programming model.

Chapter lescribes the programming interface.

Chapter 4lescribethe hardwarémplementation.

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

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 texture fetching.

Appendix Ggiveghe technical specifications of various de\asesell as
more architectural details
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Chapter 2.
Programming Model

This chapteintroducesghe main conceptsehindthe CUDA programming model
by outlining how they are exposed i@ extensive description 6fJDA Cis
givenm Sectior8.2

Full code for the vector addition example used in this chapter apgtto@n be
found in thevectorAd®DK code sample.

2.1 Kernels

CUDA Cextends C by allowing the programmer to define C functions, called
kernelshat, when called, are executed N times in parallel by N d@lgipit
threadas opposed to only once likgutar C functions.

A kernel is defined usirfiet _global__  declaration specifiand the number of
CUDA threadshat execute that kernel for a given kernescgiecified using a
new<<<é>>> execution configusgtiva(see Appendi®.16. Eachthread that
execute thekernel is given a unigtineead IEhat is accessible within the kernel
through the builin threadldx  variable.

As an illustration, the following sample code adds two veaadB of sizeN
and storeshe result into vectd:

/I Kernel definition

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

VecAdd<<<1, N >>>(A, B, C);
}
Here, ad of theN threads that executecAdd() performs one paivise
addition
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2.2

Thread Hierarchy

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

The index of a thread and its thread ID relate to eadhirothstraightforward
way: For a onrdimensional block, they are the same; for-dimensional block
of size(Dx, Dy), the thread ID of a thread of indexy)is (x + yDy); for a three
dimensional block of si@e, Dy, D,), the thread ID of a thread index(x, y, z)s
(x +y D+ z D« Dy).

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

/I Kernel definition

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

CLI0T = ALI0T + BLIOT:
int  main()

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

int numBlocks = 1;

dim3 threadsPer Block(N, N);

MatAdd <<<numBlock s, threadsPer Block >>>(A, B, C);
}
There is a limit to the number of threads per block,allnbeeads of a block are
expected to reside on the same processor core and must share the limited memory
resources of that core. On current GPUs, a threadrbfgckontain up tb024
threads.

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

Blocks are organized into a-agiimensioal ortwo-dimensionadjridof 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 canegitly exceed.
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Grid

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

I T

Block (0,1)-"| Block (1,1) Block (2,1)

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 canidentifiedby a onedimensional awo-
dimensionahdexaccessible within the kernel through the-inblbck Idx

variable. The dimension of theegdd 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= Dblockldx .x* blockDim .x+ threadldx .x;
int j= blockldx .y* blockDim .y+ threadldx .y;
if (i<N&&j<N)

C[il0l = AlI0 + B

e
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int  main()

/I Kernel invocation

dim 3 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 gridciseated 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, although thetd 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 number af dhustrated

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

Threads within a block can cooperate by sharing data througthamdememory
andby synchronizing their execution to caoate memory accesddsre
precisely, one can specify synchronization points in the kernel by calling the
__syncthreads() intrinsic function; _syncthreads() acts as a barrier at
which all threads in the block must wait beforésatipwed to proceed.
Section3.2.2gives an example of using shared memory.

For efficient cooperatiotheshared memory is expected to be ddtemcy
memory near each peassor coraxuch like an L1 cadhend__syncthreads()
is expected to behtweight

Memory Hierarchy

CUDA threads may access data from multiple memory spaces during their
executioras illustrated yigure2-2. Each thread hasivate locainemory. Each
thread block hashared memory visible to alketias of the blocknd withthe

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

There are also two additional reaty memory spaces accessible by all thtkads
constant and texture memory spatks global, constant, aedture memory
spaces are optimized for different memory usages (see S&fdis3.2.4and
5.3.2.5 Texture memory also offers different addressing moded, &s data
filtering, for some specific data formats (see S8ctign

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

P _ Per-thread local
N " memory

Thread Block

i

Per-block shared
memory

AAAA
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Grid 0

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

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

Grid 1
Global memory
Block (0, 0) Block (1, 0)
Block (0, 1) Block (1, 1)
Block (0, 2) Block (1, 2)

)

Figure 2-2. Memory Hierarchy

2.4 Heterogeneous Programming

As illustrated blfigure2-3, the CUDA programming modaksumes that the
CUDA threads execute on a physically sepkatiat operads as a coprocessor
to thehostunning the C progranhis is the case, for example, wherkernels
execute on a GPU atiterest of theC program executes on a CPU.
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The CUDA programming modelso assumes thaith the host and the device
maintain theiownseparate memory spaceBRAM, referred to alsost memanyl
device memespectivelfi.herefore, a program manages the global, constant, and
texture memory spaces visible to kernels through calls to the CUDA runtime
(describechiChapter B This includedevice memory allocation and deallocason
well aglata transfer between host and device memory.
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C Program
Sequential
Execution
Serial  code Host g
Parallel kernel Device
Kernel0<<<>>>() Grid 0
Block (0, 0) Block (1, 0) Block (2, 0)
Block (O, 1) Block (1, 1) Block (2, 1)
Serial code Host
Device
Parallel kernel
Kernell<<<>>>() =il
Block (0, 0) Block (1, 0)
Block (0, 1) Block (1, 1)
Block (0, 2) Block (1, 2)

\/

Serial code executes on the host while parallel code executeson the device.

Figure 2-3. Heterogeneous Programming
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Compute Capability
Thecompute capabfligydevice is defined by a major revision number and a minor
revision number.

Devices with the same major revision number are of the@ma@naechitecturdhe
major revision number of devices based on the Fermi architectBrersd2vices
are all of compute capability 1.x (Their major revision number is 1).

The minor revision number corresponds to an incremental improvement te the co
architecture, possibly including new features.

Appendix Alists of all CUDAenabled devices along with their compute capability.
Appendix Ggives lhe technical specificationseath compute cdphty.
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Chapter 3.
Programming Interface

Two interfaces are currently supported to write CUDA prodgtash C and the
CUDA driver ARIAN application typically uses either one or the other, but it can
use bothasdescribed in Secti@¥

CUDA C exposes the CUDA programming model as a minimalesgé¢ngions to

the C languageéAny source file that contains some of these extensions must be
compiled witmvcc as outlined in Secti@il These extensionsaail

programmers to define a kernel as a C function and use some new syntax to specify
the grid and block dimension each time the function is called

The CUDA driver APl is a lowdsvel C APthat provides functions to load
kernels as modules of CUDA binanassemblgode to inspect their parameters,
andto launch themBinaryandassembly codare usually obtained by compiling
kernels written in C.

CUDA C comes with auntime ARInd loth the runtime AP&and the driver API
provide functions to allocaaad deallocate device memory, transfer data between
host memory and device memory, manage sysitbmnsultipledevics, etc.

The runtime APIs built on top of the CUDA driver ARhitialization, context,
and module management are all implicitesuling code is more concise

In contrast, the CUDA driver API requires more code, is harder to program and
debug, but offers a better level of control and is lariguiggendent since it
handlsbinary or assembly code

SectiorB.2cortinues the description GUDA C started irChapter 2It also

introduces conceptisat are common to botBUDA C and the driver APlinear
memory, CUDA arrays, shared memory, texture memorogagthost

memory, dege enumeration, asynchronous execution, interoperability with
graphics APIsSSectior8.3assumes knowledge of these concepts and describes how
they are exposed by the driver API.

Compilation with NVCC

Kernels can be writtening the CUDAiInstruction set architecture, cafd,
which isdescribed ithe PTX reference manudt is however usually more
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effective to use a higgvel programming language such as C. In both cases, kernels
must be compiled into binary cdigevce to execute on the device.

nvcc is a compiler driveéhat simplifies the process of compilingrPTX code: It
provides simple and familiar command line options and executes them by invoking
the collection of tools thahplement the differewbompilatiorstagesThis section

gives an overview ofcc workflow and command optians complete

description can be found in tivec user manual.

3.1.1 Compilation Workflow

Source filesompiled witmvcc can include a mix of host code (i.e. code that
executes on theokt) and device code (i.e. code that executes on the odde)s
basic workflow consists in separating device code from hoahdodmpiling the
device code intcaassembly fornPT X code)and/or binary form(cubimbject).

The generated host cddeutput either as C code that is left to be compiled using
another tool or as object code directlietiingnvee invokethe host compiler

during the last compilation stage.

Applications cathen

Eitherload and execute tR@ X code orcubimbject orthe device using the
CUDA driver API (see SectiBr and ignor¢he generated host cdifeany);

Or link to the generated host cptie generated host cddeludes th@€TX

code and/orcubimbject as a global initializedalarray and a translation of the
<<<é>>> syntaxntroduced in Sectidhl(anddescribed imore details in
SectiorB.1§ into the necessary CUD&runtimefunction callso load and
launch eachomnpiled kernel.

Any PTX code loaded by an application at runtime is compiled further to binary
code by the device driver. This is calightime compilatibhrstin-time
compilationincreaseapplication load time, but allow applications to bereefit f
latest compiler improvements. It is also the only way for applicatiomsto
devices that did not exist at the time the application was coagpilethiled in
Section3.1.4

3.1.2 Binary Compatibility

Binary code is architerespecific. Acubimbject is generated using the compiler
optioni code that specifies the targeted architecture: For example, compiling with
T code=sm_13 produces binary code for devices of compute capability 1.3. Binary
compatibility is guaranteedrfr@ne minor revision to the next one, butfrmn

one minor revision to the previous on@a@oss major revisions. In other words, a
cubimbject generated for compute capabiligys onlyguaranteed to execute on
devices of compute capabiity whee z Oy .

3.1.3 PTX Compatibility

SomePTX instructions are only supported on devices of higher compute
capabilities. For example, atomic instructions on global memory are only supported
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on devices of compute capability 1.1 and above;@oebision instructiorere

only supported on devices of compute capability 1.3 and abovarchhe

compiler option specifies the compute capability that is assumed when compiling C

to PTX code. So, code that contains depbéeision arithmetic, for example, must

be compiled wt -tarcho=sm 136 ( or hi gher compute capabil
doubleprecisiorarithmetionill getdemoted tsingleprecisiorarithmetic.

PTX codeproduced for some specific compute capatalityalways lmmpilel to
binary code of greater or equal comgapability

3.1.4 Application Compatibility

To executeode on devices of specific compute diyabn application must load
binaryor PTX code that is compatible with this compute capability as described in
Section8.1.2and3.1.3In particular, tde able t@xecute code on future
architecturewith higher compute capabititjor which no binary code can be
generategletd, an application must loR@ X codethat will be compiled just-

timefor these devices

WhichPTX and binargode gets embedded in a CUDA C application is controlled
by thei arch andi code compiler options or thiegencode compiler option as
detailed in thavcc user manual. For example,

nvce X.cu
T gencode arch=compute_1  0,code=sm_10
T gencode arch=compute_  11,code= \6 c o mp uli,em 11\ 6

embeds binary code compatible with compute capabi(fiysti@encode
option)andPTX and binary code compatible with compute capalilligetond
- gencode option).

Host code igenerated to automatically selectintime the nxi apprgriate code
to load and execute, which, in the above example, will be:

1.0 binary code for devices with compute capability 1.0,

1.1 binary code for devices with compute capability 1.1, 1.2, 1.3,

binary code obtained by compiling”TX code for devices with contp
capabilitie®.0andhigher

x.cu can have an optimized code path that uses atomic operations, for example,
which are only supported in devices of compute capability 1.1 and hagher.
__CUDA_ARCH_macro can be used to differentiate various code paths based on
compute capabilitit.is onlydefinedfor device cod&Vhen compiling with
Oarch=compute_ 116 for example _CUDA_ARCH_is equal td10.

Applications using the driver APl musipde code to separate files and explicitly
loadand executtihe most appropriatédd at runtime

Thenvee user manual lists various shorthands faratu |, 7 code , and

-gencode compi | er opti @aehssm 1Fdri £ xa mpher,t ®and f
O-arch=compu te_13 -code=compute_13 ,sm_13 O (which is the same as
0- gencode arch=compute_  13,code= \6 c o mp ul8,em_13\00.)
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3.1.5 C/C++ Compatibility

The front end of the compiler processes CUDA source files according to C++
syntax rules-ull C++ is supported for the host cotmwever, onlasubsebf

C++ isfully supportedor the device codes described in detailAppendix D As

a consequence thfe use of C++ syntax rulesjd pointers (e.greturned by
malloc() ) cannot be assigned to Aaiid pointers without a typecast.

nvcc also supporspecific keywords and directives detailagpendix E

3.1.6 64-Bit Compatibility

The 64bit version ohvcc compiles device code inlitmode (i.e. pointers are
64-bit). Devicecode compiled in &4it mode is only supported with host code
compiled in 64it mode.

Similarly, the 3Bit version ofivec compiles device code inf@2mode and
device code compiled in-B2 mode is only supported with host code compiled in
32bit mocke.

The 32bit version ohvcec can compile device code inkBdmodealsousing the
- 64 compiler option.

The 64bit version ohvcc can compile device code inB2modealsousing the
- 82 compiler option.

3.2 CUDAC

CUDA C provides asimple path for usefamiliar with the C programming
language to easily write programs for execution by the device.

It consists of a minimal set of extensions to the C languaaeiatiache library

The core language extensions have been introd@texpiler 2This section
continuesvith an introduction to the runtim&.complete descriptiasf all
extensions can be foundAppendix Band a complete description of the runtime
in theCUDA reference manual.

The runtimés implemented in thleaidart  dynamic library and all its entry points
are prefixed witbuda .

There is no explicit initialization function for the runtime; it initializes the first time
a runtime function is call@uore specifically any functiather than functions

from the device and versioranagement sect®of the reference manuddne

needs to keep this in mind when timing runtime function calls and when
interpreting the error code from the first call into the runtime.

Once the runtime has beeitiftized in a host thread, any reso(memory,
stream, evenetc.) allocated via some runtime functiomndélé host threais
only valid within the context of the hosetu Therefore only runtime functi®n
calls made by the host thread (memorg ¢ e s k er ncanlopetaeomn c hes, €
these resourceRhis is becauseClUDA conteXsee Sectid 3.} is created under
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the hood as part of initializatiandmade current to the host thread, iednnot
bemade currdrto any other host thread.

On system with multiple devices, kernels are executed on tguietailas
detailed in Sectid2.3

3.2.1 Device Memory

As mentioned in Secti@¥ the CUDAprogrammingnodel assumes a system
composed of a host and a deweeh with their own separate mentéeynels
can only operate out of device memorhaountimeprovides functions to
allocate, deallocatandcopy device memaqtgs well as transfer dastweerhost
memory and device memory.

Device memory can be allocated eithimesr memoryasCUDA arrays

CUDA araysare opaque memory layouts optimized for texture fetching. They are
described in Secti@?2.4

Linear memorgxists on the device in al82address spafmr devices of compute
capability 1.x and 40t address space afuices of compute capability, 3
separately allocated entities can reference one another viafooietansiple, in a
binary tree.

Linear memory igypicallyallocated usingudaMalloc()  and freed using
cudaFree() and data transfer between host memory and device memory are
typically done usirgidaMemcpy() . In thevectoradditioncode samplef
SectiorR.], thevectorsneed to beopied from host memory to device memory

/I Device code

__global__ void VecAdd(float *A, float *B, float *C, int N)
{
int i= blockDim .x* blockldx .x + threadldx .x;
if (<N)
C[i] = Ali] + B[i[;

}

/I Host code

int  man()
{
int N=..;
size t size=N* sizeof (float );
/I Allocate input vectors h_A and h_B in host memory
float *h_A= (float *) malloc(size );
float *h_B= (float *) malloc(size );

/[ Initialize input vectors

/I Allocate v ectors in device memory
float *d_A;

cudaMalloc(&d_A, size );

float *d_B;

cudaMalloc(&d_B, size );

float *d_C;
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cudaMalloc(&d_C, size );

/I Copy vectors from host memory to device memory
cudaMemcpy(d_A, h_A, size , cudaMemcpyHost ToDevice) ;
cudaMemcpy(d_B, h_B, size , cudaMemcpyHostToDevice) ;

/I Invoke kernel
int threadsPerBlock = 256;
int  blocks PerGrid =
(N + threadsPerBlock i 1)/ threadsPerBlock;
VecAdd<<<blocks PerGrid , threadsPerBlock >>>(d_A, d_B, d _C N);

/I Copy result from device memory to host memory
/I h_C contains the result in host memory
cudaMemcpy(h_C, d_C, size , cudaMemcpyDevice ToHost ) ;

/I Free device memory
cudaFree(d_A);
cudaFree(d_B);
cudaFree(d_C);

/I Free host memory

}

Linear memory can also be allocated througztMalloc Pitch () and

cudaMalloc 3D() . These functions are recommenaedfiocations of 2Br 3D

arraysas itmakes sure that the allocatioapigropriatelpadied tomeet the

aligjoment requirementiescribed in Secti@n3.2.1therefore ensuring best
performance when accessing the row addresses or performing copies between 2D
arrays and other regions of device memory (usiaggtidemcpy2D() and
cudaMemcpy3D() functions). The returned pitch (or stride) must be used to access
array elements. The following code sample allogatigs<aeight 2D array of
floatingpoint values and shows how to loop over the array elements in device code:

/I H ost code
int  width = 64, height = 64;
float * devPtr;
size_t  pitch;
cudaMallocPitch(&devPtr, &pitch,
width *  sizeof (float ), height);
MyKernel <<<100,512 >>>(devPtr, pitch , width, height );

/' D evice code
__global__ void MKernel( float * devPtr,
size t pitch , int width, int height )

{
for (int r=0;r<height; ++r) {
float *row=( float *)(( char *)devPtr + r * pitch);
for (int ¢ =0;c<width; ++c) {
float  element = row]c];
}
}
}

The followng code sample allocate@dihxheightx  depth 3D array of
floatingpoint values and shows how to loop over the array elements in device code:
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/I H ost code

int  width = 64, height = 64, depth = 64;

cudaExtent extent = make_cudaExtent( width * sizeof (float ),
height , depth );

cudaPitchedPtr devPitchedPtr;

cudaMalloc3D(&devPitchedPtr, extent);

MyKernel <<<100, 512 >>>(devPitchedPtr , width, height, depth );

/I D evice code
__global__ void MKernel( cudaPitchedPtr devPitchedPtr,
int width, int height, int depth )
{
char * devPtr = devPitchedPtr  .ptr;
size t pitch = devPitchedPtr  .pitch;
size_t  slicePitch = pitch * height ;
for (int z=0;z< depth ; ++2) {
char * slice = devPtr +  z * slicePit ch;
for (int y=0;y<height; ++y){
float *row=( float *)(slice +y * pitch);
for (int x =0; x <width; ++ x){
float element=row[  X];

}

}
}
The reference manual lists all thiua functions used to copy memory between
linear memory allocated witidaMalloc() , linear memory allocated with
cudaMalloc Pitch () or cudaMalloc3D() , CUDA arrays, and memory
allocated for variables declared in global or constant memory space.

The following code sampliustrates various ways of accessing global variables via
the runtime API

__constant__ float  constData[256];

float  data[256];

cudaMemcpyToSymbol(constData, data, sizeof (data));
cudaMemcpyFrom Symbol(data, constData, sizeof (data));

__devic e__ float devData;
float  value = 3.14f;
cudaMemcpyToSymbol( devData , &value , sizeof (float ));

__device __ float * devPointer ;
float * ptr;
cudaMalloc(&ptr, 256 * sizeof (float )) ;

cudaMemcpyToSymbol( devPointer , &ptr , sizeof (ptr) );

cudaGetSymbolAddress() is usedo retrieve the address pointing to the

memory allocated for a variable declared in global memory space. The size of the
allocated memory is obtained throtgtaGetSymbolSize()

3.2.2 Shared Memory

As detailed in Secti@h2sharednemory is allocated using thehared___
qualifier
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Shared memory is expected to be much faster than global memory as mentioned in
Sectior2.2and detailed in SectibrB.2.3Any opportunity to rdace global

memory accesses by shared memory accessethsheidre bexploited as

illustrated byhte followingmatrix multiplicatioexample

Thefollowingcode sample is a straightforward implementation of matrix
multiplication that does not take adtage of shared memory. Each thread reads
one row ofA and one column @& and computes the corresponding eleme@t of
as illustrated iRigure3-1. A is therefore rea.widttimes from global memory
andBis readA.heightmes.

/I Matrices are stored in row - major order:
Il M(row, col) = *(M.elements + row * M.width + col)
typedef  struct {

int  width;

int  height;

float * elements;
} Matrix;

/I Thread block size
#define  BLOCK_SIZE 16

/I Forward declaration of the mat rix multiplication kernel
__global__ void MatMulKernel( const Matrix, const Matrix, Matrix);
/I Matrix multiplication - Host code

/I Matrix dimensions are assumed to be multiples of BLOCK_SIZE
void MatMul( const Matrix A, const Matrix B, Matrix (@)

{
/I Load A and B to device memory
Matrix  d_A;
d_A.width = Awidth; d_A.height = A.height;
size t size=A .width* A.height * sizeof (float );
cudaMalloc(&d_A.elements, size );

cuda Memcpy(d_A.elements, A.elements, size ,
cudaMemcpyHostToDevice);

Matrix d_B;

d_B.width = B.width; d_B.height = B.height;

size=B .width * B.height * sizeof (float );

cudaMalloc(&d_B.elements, size );

cudaMemcpy( d_B.elements, B.elements, size ,
cudaMemcpyHostToDevice);

/I Allocate C in device memory

Matrix d_C;

d_C.width = C.width; d_C.height = C.height;
size=C .width * C.height * sizeof (float );
cudaMalloc(&d_C.elements, size );

/I Invoke kernel

dim3 dimBlock(BLOCK_SIZE, BLOCK_SIZE);

dim3 dim Grid( B.width / dimBlock.x, A.height / dimBlock.y);
MatMulKernel <<<dimGrid, dimBlock >>>(d_A, d_B, d_C);

/Read C from device memory

cudaMemcpy( C.elements, Cd.elements, size,
cudaMemcpyDeviceToHost);
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/I Free device memory

cudaFree( d_A.elements);
cudaFree( d_B.elements);
cudaFree( d_C.elements);

}

/I Matrix multip lication kernel called by Mat Mul()
__global__ void MatMulKernel(Matrix A, Matrix B, Matrix (@)
{
/I Each thread computes one element of C
/ by accu  mulating results into Cvalue
float  Cvalue = 0O;
int row = blockldx .y* blockDim .y + threadldx .y;
int col = blockldx .x* blockDim .x+ threadldx .x;
for (int e =0;e<A.width; ++e)
Cvalue + = A.elements[row * A.width + €]
* B.elements[e * B.width + col];
C.elements[row * C.width + col] = Cvalue;
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Figure 3-1. Matrix Multiplication with out Shared Memory

The following code sample is an imgletation of matrix multiplication that does
take advantage of shared memory. In this implementatbrihieead block is
responsible for computing one squarensatnixCsy,0f C and @ch thread within

the block is responsible for computing one elem&RtoAs illustrated ifrigure

3-2, Csuis equal to the product of two rectangular matrices: tmeadrib ofA of
dimensior(A.widthblock_sizéathas the same line indice€as and the sub

matrix ofB of dimensiorblck_sizA.widthjhat has the sangelumn indices as

Caww In order to fit into the deviceds
divided into as many square matrices of dimdrisicln sizes necessary a@duis
computed as the sum of thegucts of these square matrices. Each of these
products is performed by first loading the two corresponding square matrices from
global memory to shared memory with one thread loading one element of each
matrix, and then by having each thread computéeoment of the product. Each
thread accumulates the result of each of these products into a register and once
done writes the result to global memory.
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By blocking the computation this way, we take advantage of fast shared memory
and save a lot of global nesnbandwidth sinck is only readB.widtl block_size)
times from global memory aBds readA.heigh’ block_sizénes

TheMatrixtype from the previous code sample is augmentedstrithézld,so

that submatrices can be efficiently repressbmith the same type.device
functions (see SectiBnl.) are used to get and set elements and build any sub
matrix from a matrix.

/I Matrices are stored in row - major order:
Il M(row, col) = *(M.elements + row * M.stride + col)
typedef struct {
int  width;
int  height;
int  stride;
float * elements;
} Matrix;

/I Get a matrix element
_ device__ float GetElement( const Matrix A, int row, int col)

{
}

return  A.elements[row * A.stride + col];

/] Set a matrix element
__device__ void SetElement(Matrix A, int row, int col,
float  value)

{
}

/I Get the BLOCK_SIZEXBLOCK_SIZE sub - matrix Asub of A that is

/I located col sub - matrices to the righ t and row sub - matrices down
// from the upper - left corner of A

_ device__ Matrix GetSubMatrix(Matrix A, int row, int col)

{

A.elements[row * A.stride + col] = value;

Matrix  Asub;
Asub.width = BLOCK_SIZE;
Asub.height = BLOCK_SIZE;
Asub.stride = A.stride;
Asub.elements = &A.eleme nts[A.stride * BLOCK_SIZE * row
+ BLOCK_SIZE * col];
return  Asub;

}

/I Thread block size
#define BLOCK_SIZE 16

/I Forward declaration of the matrix multiplication kernel

__global__ void MatMulKernel( const Matrix, const  Matrix, Matrix);
/I Matrix multiplication - Host code

/I Matrix dimensions are assumed to be multiple s of BLOCK_SIZE
void MatMul( const Matrix A, const Matrix B, Matrix (@)

{

/lLoad A and B to device memory
Matrix  d_A;

CWDA C Programming Guide Version 3.2 25



Chapter 3. Programming Interface

d_A.wid th= d_A.stride =
size t size= Awidth*
cudaMalloc(& d_A.elements, size
cuda Memcpy(d_A.elements,

A.width;
A height *

d_A.height = A.height;
sizeof (float );

A.elements, size ,

cudaMemcpyHostToDevice);

Matrix  d_B;

d_B.widt h= d_B.stride = B.width; d_B.height = B.height;

size = B.width * B.height * sizeof (float );

cudaMalloc(& d_B.elements, size

cudaMemcpy( d_B.elements, B.elements, size ,
cudaMemcpyHostToDevice);

/I Allocate C in device memory

Matrix d_C;

d_C.width = d_C.stride = C.width; d_C.height = C.height;

size = Cwidth * C.height * sizeof (float );

cudaMalloc(& d_C.elements, size

/I Invoke kernel

dim3 dimBlock(BLOCK_SIZE, BLOCK_SIZE);

dim3 dimGrid( B.width / dim Block.x, A.height / dimBlock.y);

MatMulKernel <<<dimGrid, dimBlock

>>>(d_A, d_B, d_C);

/l Read C from device memory
cudaMemcpy( C.elements, d_C.elements, size,
cudaMemcpyDeviceToHost);

/I Free device memory

cudaFree( d_A.el ements);

cudaFree( d_B.elements);

cudaFree( d_C.elements);
}
/I Matrix multip lication kernel called by Mat Mul()
__global__ void MatMulKernel(Matrix A, Matrix B, Matrix (o)
{

/I Block row and column

int  blockRow = blockldx .y;

int blockCol = blockldx .x;

/I Each thread block computes one sub -matrix Csubof C

Matri x C sub = GetSubMatrix( C, blockRow , blockCol );

/I Each thread computes one element of Csub

/I by accumulating results into Cvalue
float  Cvalue = 0;

/[ Threa  d row and column within Csub

int row = threadldx .y;

int col = threadldx .x;

/l Loop over all the sub - matrices of A and B that are
/I required to compute Csub

/I Multiply each pair of sub
/I and accumulate the resul ts
for (int m=0;m<(

26

- matrices together

Awidth / BLOCK_SIZE); ++m) {
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/I Get sub -matrix Asubof A
Matrix ~ Asub = GetSubMatrix( A, blockRow , m);

/I Get sub -matrix Bsubof B
Matrix ~ Bsub = GetSubMatrix( B, m, blockCol );

/'S hared m emory used to store Asub and Bsub respectively
__shared__  float As[BLOCK_SIZE][BLOCK_SIZE];
__shared__ float  Bs[BLOCK_SIZE][BLOCK_SIZE];

/I Load Asub and Bsub from device memory to shared memory
/[l E ach thread loads one ele ment of each sub - matrix
As[ row][ col ]= GetElement( Asub, row, col);

Bs[ row][ col ] = GetElement( Bsub, row, col);

/I Synchronize to make sure the sub - matrices are loaded
/I before starting the computation
__syncthreads( ) ;

/I Multiply Asub and Bsub together
for (int e =0; e <BLOCK_SIZE; ++ e)
Cvalue +=  As[ row][ e]l* Bs[ e][ col ];

/I Synchronize to make sure that the preceding
/I computation is done before loading two new

/l sub - matrices of A and B in the next iteration
__syncthreads() ;

}

/I Write Csub to device memory

/I Each thread writes one element
SetElement( Csub, row, col , Cvalue);
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Figure 3-2. Matrix Multiplication with Shared Memory

Multiple Devices

A host system can have multiple devices. These devices can be enumerated, their
properties can be queried, and one of them can be selected for kernel executions.

Severkhost threads can execute device code on the same device, but by design, a
host thread can execute device code on only one device at any given time. As a
consequence, multiple host threads are required to execute device code on multiple
devices. Also, alBlUDA resources created through the runtime in one host thread
cannot be used by the runtime from another host thread.

The following code sample enumerates all devices in the system and retrieves their
propertieslt also determirsghe number of CUDAenalkeddevices.

int  deviceCount;

cudaGetDeviceCount(&deviceCount);

int device;

for (device = 0; device < deviceCount; ++device) {
cudaDeviceProp deviceProp;
cudaGetDeviceProperties(&deviceProp, device);
if (dev==0)({
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if  (deviceProp.major == 9999 && deviceProp.minor == 9999)
printf("There is no device supporting CUDA. \'n");
else if (deviceCount == 1)
printf("There is 1 device supporting CUDA \ n");
else
printf("There are %d devices supportin g CUDA\ n",
deviceCount);

}
}
By default,ite device associated to the host thread is implicitly satedtadce O
as soon asraondevice manageent runtime function is calléske Sectiod.6for
exc@tiong. Any other device can be selected by calliagetDevice()  first.
After a device has been setbatgher implicitly or gkicitly, any subsequent
explicit call t@udaSetDevice()  will fail up unticudaThreadExit() is called.
cudaThreadExit() cleans up all runtinrrelated resources associated with the
calling host thread. Any subsequent API call reinitializes the runtime.

Texture and Surface Memory

CUDA supports a subset of the texturing hardware that the GPU uses for graphics
to access textuamd surface memorgeading dateom texture or surface memory
instead of global memargn have seve@rformancéenefitsas described in
Sectiorb.3.2.5

Texture Memory

Texture memory is read from kernels using devictofumcalletexture fetches
described in Secti@8 The first parameter of a texture fetch specifies an object
called dextureeference

A texture reference defines which phatéxture memory is fetched. As detailed in
SectiorB8.2.4.1.3t must be bounthrough runtime functions to some region of
memory, calledtaxturebefore it can be used by a ke@eVeral distinct texture
references might be bound to the same texture or to teékairegerlap in

memory.

A texture reference has several attributes. One of them is its dimensionality that
specifies whether the texture is addressed aslen@msional array using one

texture coordiratevedimensional array using two texture coatds, or a three
dimensional array using three texture coordinates. Elements of the array are called
texe]s short for oOtexture el ements. 6

Other attributes define the input and output data types of the texture fetch, as well
as how the input coordinatee mterpreted and what processing should be done.

A texture can be any region of linear memory or a CUDAdesayibed in
Sectior8.2.4.3

Sectior.1lists the maximum texture width, heighd, @epth depending on the
compute capability of the device.
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3.24.1.1 Texture Reference Declaration

Some of the attributes of a texture reference are immutable and must be known at
compile time; they are specified when declaring the texture reference. A texture
refaence is declared at file scope as a variable @ktype

texture <Type, Dim, ReadMode > texRef;
where:

Type specifies the type of data that is returned when fetching the Tgtre;
is restricted tthe basic integer and siAgiecision floatingoint types and any
of the 1, 2, and 4component vector types defined in Se®&iGnt

Dim specifies the dimensionality of the texture reference and is equal to 1, 2, or
3;Dim is an optional argumenhich defaults ta;

ReadMbde is equal taudaReadModeNormalizedFloat or
cudaReadModeElementType ; if it iscudaReadModeNormalizedFloat
andType isa 16bit or 8bit integer typethe value is actually returned as
floatingpoint type andhe full range of the integer type is mapp¢0.0,1.0]
for unsigned integer type ard(, 1.0] for signed integer typegixample, an
unsigned -®it texture elementith the value Oxff reads as 1; if it is
cudaReadModeElementType , no conversion is performékadMode is an
optional argumenthich defaults toudaReadModeElementType

A texture reference can only be declared as a static global variable and cannot be
passed as an argument to a function.

3.24.1.2 Runtime Texture Reference Attributes

The other attributes of a texture reference are mutabtarm behanged at
runtime through the host runtime. They specify whether texture coordinates are
normalized or not, the addressing mode, and texture filtering, as detailed below.

By default, textures are referenced using flgatingcoordinates in ¢hrange

[0,N) where N is the size of the texture in the dimension corresponding to the

coordinate. For example, a texture thati8®bih size will be referenced with

coordinates in the range [0, 63] and [0, 31] for the x and y dimensions, respectively.
Normalized texture coordinates cause the coordinates to be specified in the range

[0.0, 1.0) instead [&f,N), so the same %32 texture would be addressed by

normalized coordinates in the range [0, 1) in both the x and y dimensions.

Normalized texturecor di nat es are a natural fit to s
if it is preferable for the texture coordinates to be independent of the texture size.

The addressing mode defines what happens when texture coordinates are out of

range. When using unnormedizexture coordinates, texture coordinates outside

the rang40,N) are clamped: Values below 0 are set to 0 and values greater or equal

to N are set to NL. Clamping is also the default addressing mode when using

normalized texture coordinates: Valuksb@.0 or above 1.0 are clamped to the
range[0.Q . 0) . For normalized coordinates, the
be specified. Wrap addressing is usually used when the texture contains a periodic

signal. It uses only the fractional part of therexoordinate; for example, 1.25 is

treated the same as 0.25-4r2b is treated the same as 0.75.

Linear éxture filteringnay be done only for textures that are configured to return
floatingpoint data. It performs leprecision interpolation betwesgighboring
texels. When enabled, the texels surrounding a texture fetch location are read and
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the return value of the texture fetch is interpolated based on where the texture
coordinates fell between the texels. Simple linear interpolation is perfoomed fo
dimensional textures and bilinear interpolation is performed fdintewnsional
textures.

Appendix Fgives more details on texture fetching.

Texture Binding

As explained ithe reference manual, the runtime API hasleveC-style
interface and lsigHeveC++-style interface. Thexture type is defined in the
highlevel APl as a structure publicly derived fronein@eReference type
defined in the lovevel API as such:

struct  textureReference {
int normalized;
enum cudaTextureFilterMode filterMode;
enum cudaTextureAddressMode addressMode[ 3];
struct cudaChannelFormatDesc channelDesc;

normalized specifies whether texture coordinates are normalizedibitnot;

is nonzerq all elements in the texture are addressed with texture coordinates in

the ranggo, 1] rather than in the ranf® width -1],[0, height -1],or
[0,depth - 1] wherewidth , height , anddepth are the texture sizes;

fiterMode  specifies the filtering modieat 5 hav the valueeturned when
fetching the texture is computed based on the input texture coordinates;
filterMode  is equal t@udaFilterModePoint or

cudaFilterModeLinear ; if it iscudaFilterModePoint , the returned
valueis the texel whose texture coordinatre the closest to the input texture
coordinates; if it isudaFilterMode  Linear ,the returnedalues the linear
interpolation of the two (for a c@nensional texture), four (for a
two-dimensional texture), or eight (for a tieeensional textur&gxels

whose texture coordinates are the closest to the input texture coordinates;
cudaFilterMode Linear is only valid foreturned values fibatingpoint
type;

addressMode specifies th addressing mode, thatasvtoutof-range texture
coordinates are hdled;addressMode is an array of size three whose first,

second, and third elements specify the addressing mode for the first, second,

and third texture coordinates, respectively; the addressing eqodé tis
eithercudaAddressModeClamp , in which caseut-of-range texture
coordinateareclamped to the valid rangecudaAddressModeWrap , in
which caseut-of-range texture coordinataewrappedo the valid range
cudaAddressModeWrap is only supported for normalized texture
coordinates;

channelDesc describes the format of tvaluethat is returned when fetching
the texture¢hannelDesc s of the following type:

struct  cudaChannelFormatDesc {
int x,Y,2z,w;
enum cudaChannelFormatKind f;
b
wherex,y, z, andware equal to the number of bits aftreeomponent of the
returned valuendf is:
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cudaChannelFormatKindSigned if these components are of signed

integettype

cudaChannelFormatKindUnsigned if they are of unsigned integer

type,

cudaChannelFormatKindFloat if they are of floating point type.
normalized ,addressMode , andfiterMode  may bealirectly modified in host

code

Before a kernel can use a texture reference to read from texture memory, the texture
reference must be bound to a texture usitaBindTexture() or
cudaBindTextureToArray() . cudaUn bindTexture() is used to unbind a

texture reference.

The following code samples bind a texture reference to linear memory pointed to by

devPtr
Using the lowevel API:
texture <float , 2, cudaReadModeElementType> tex Ref;
textureReference * texRefPtr;
cudaGet TextureReference ( &t ex Ref Pt r , itexRef o) ;

cudaChannelFormatDesc channelDesc =
cudaCreateChannelDesc<  float >();
cudaBindTexture 2D(0,t exRefPtr, devPtr, &channelDesc,
width, height , pitch );
Using the higtevel AP{
texture <float , 2, cudaReadModeElementType> tex Ref;
cudaChannelFormatDesc channelDesc =
cudaCreateChannelDesc< float >();
cudaBindTexture  2D( 0, texRef, devPtr , &channelDesc,
width, height , pitch );

The followingcode samples bind a texture reference to a CUDAafresy
Using the lowevel API:

texture <float , 2, cudaReadModeElementType> texRef;

textureReference* texRefPtr;

cudaGet Textur eReference(&texRefPtr, itexRefo);
cudaChannelFormatDesc channelDesc;

cudaGetChannelDesc(&channelDesc, cuArray);

cudaBindTextureToArray(texRef, cuArray, &channelDesc);

Using the higtevel API:
texture <float , 2, cudaReadModeElementType> texRef;
cudaBindTextureToArray(texRef, cuArray);
The format specified when binding a textgtexture reference mastchthe
parameterspecified when declaring the texture reference; othérevissults of
texture fetches are undefined.

The following code sample applies some simple transformation kernel to a

/I 2D float texture
texture <float , 2, cudaReadModeElementType> tex Ref;

/I Simple transformation kernel
__global__ void transformKernel( float * output,
int width, int height, float  theta)

{
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/I Calculate normalized texture coordinates
unsigned int x= blockldx .x * blockDim .x+ threadldx .x;
unsigned int y= blockldx .y * blockDim .y+ threadldx .y;

float u=x/( float ) width;
float v=y/( float ) height;

/I Transform coordinates

u -=0.5f;
v -=0.5f;
float tu=u * cosf(th eta) T v * sinf(theta) + 0.5f;
float tv=v * cosf(theta) +u * sinf(theta) + 0.5f;

/I Read from texture and write to global memory

output [y * width + x] = tex2D(tex Ref, tu, tv);
}
// Host code
int  main()

/I Allocate CUDA array in devic e memory

cuda ChannelFormatDesc channelDesc =
cudaCreateChannelDesc(32, 0, 0, 0,
cudaChannelFormatKindFloat);
cudaArray*  cuArray ;
cudaMallocArray(  &cuArray , &channelDesc, width, height);

/I Copy to device memory some data located at address h_data
/l'in host memory
cudaMemcpyToArray( cuArray , 0, 0, h_data , Size,

cudaMemcpyHostToDevice) ;

/I Set texture parameters

tex Ref.addressMode[0] = cudaAddressModeWr ap;
tex Ref.addressMode[1] = cudaAddressModeWrap;

tex Ref .filterMode = cudaFilterModeLinear;

tex Ref.normalized = true ;

/I Bind the array to the texture reference

cudaBindTextureToAr  ray( tex Ref, cuArray , channelDesc );

/I Alloc ate result of transformation in device memory
float * output;
cudaMalloc(&output, width * height * sizeof (float ));

/I Invoke kernel
dim3 dimBlock(16, 16);

dim3 dimGrid(( width + dimBlock.x T 1)/ dimBlock.x,
(height +d imBlock.y 1 1)/dimBlock.y);
transformKernel <<<dimGrid, dimBlock >>>(output , width, height,
angle);

/I Free device memory
cudaFree Array( cuArray );
cudaFree( output );
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16-Bit Floating-Point Textures

The 16bit floatingpoint orhalfformat supported by CUDA arrays is the same as
thelEEE 7542008binaryZXormat.

CUDA Cdoes not support a matching data,tippéprovides intrinsitunctions to
convert toand from the 3»it floatingpoint formatviathe unsigned short
type:__float2half(float) and__half2float(u nsigned short) .These
functions are only supported in device code. Equivalent functions for the host code
can be found in the OpenEXR library, for example.

16-bit floatingpoint components apgomoted to 32 bit floaturing texture
fetching before any filtering is performed

A channetlescriptio for the 16-bit floatingpoint formatcan be created/ballng
one of the cudaCreateChannelDescHalf*() functions.

Surface Memory

A CUDA array (describen Sectin 3.2.4.3 created with the
cudaArraySurfaceLoadStore flag,can be read and written visuaface reference
using the functions described in Sedi@n

SectiorG.1lists the maximum surface width, height, and depth depending on the
compute capability of the device.

Surface Reference Declaration
A surface reference is declared at file scope as a variablsuofagpe:

surface <void , Dim > surfRef;

whereDim specifies the dimensionality of sheface reference and is equal to 1 or
2, Dim is an optional argumenhich defaults ta.

A surface reference can only be declared as a static global variable and cannot be
passed as an argument to a function.

Surface Binding

Before a kernel can use a surface reference to access a CUDA array, the surface
reference must be bound to the CUDA array using
cudaBindSurfaceToArray 0 .

The following code samples birglgacaeference to a CUDA arrayArray :
Using the lowewl API:

surface <void , 2> surf Ref;

surfaceReference* surf RefPtr;

cudaGet SurfaceReference( &ReffoRef Ptr, HAsurf
cudaChannelFormatDesc channelDesc;

cudaGetChannelDesc(&channelDesc, cuArray);

cudaBind SurfaceToArray(surf Ref, cuArray, &channelDesc);

Using thehighlevel API:
surface <void , 2> surf Ref;
cudaBind Surfac eToArray( surf Ref, cuArray);
A CUDA arraymustbe readand written using surfacdunctions of matching
dimensimalityand typeand viaa surfaceefereceof matching dimensianality;
otherwisethe results ofreading and writing the CUDA areag undefined.
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Unliketexture memoryugface memory uses byte addresshig.means that the
x-coordinate used to access a texture element via texture functions needs to be
multiplied by théyte size of theashento access the same element via a surface
function. For exampléhe element at texture coordinate x of adimensional
floatingpoint CUDA array bound to a texture refereexiRef and a surface
referencaurfRef is read usingxld(texRef, x) viatexRef , but
surflDread(surfRef, 4*x) viasurfRef . Similarly, the element at texture
coordinate »and yof a twedimensional floatingoint CUDA array bound to a
texture referenadexRef and a surface referescefRef is accessed using
tex2d(texRef, x, y) viatexRef , butsurf2 Dread(surfRef, 4*x, y)

viasurfRef (thebyte offsebf the ycoordinatds internally calculated from the
underlyindine pitchof the CUDA array).

The following code sample applies some simple transformation kernel to a

/I 2D surface s
surface <void , 2> inputSurfRef;
surface <void , 2> outputSurfRef;

/I Simple copy kernel
__global__ void copyKernel( int width, int  height )
{
/I Calculate surface  coordinates
unsigned int x= blockldx .x * blockDim .x+ threadldx .x;
unsigned int y = blockldx .y * blockDim .y+ threadldx .y;
if (x<w idth&& y<h eight ){
uchar4 data;
/I Read from input surface
surf2Dread(&data, inputSurfRef , x * 4, vy);
/I Write to output surface
surf2Dwrite(data, outputSurf Ref, x * 4, y);

}

// Host code
int  main()
{
/I Allocate CUDA array s in device memory
cuda ChannelFormatDesc channelDesc =
cudaCreateChannelDesc( 8, 8, 8, 8,
cudaChannelFormatKindUnsigned );
cudaArray* culnput Array ;
cudaMallocArray(  &culnput Array, &channelDesc, width, height ,
cudaArraySurfacelLoadStore );
cudaArray*  cuOutputArray ;
cudaMallocArray(  &cuOutputArray, &channelDesc, width, height,
cudaAr raySurfacelLoadStore );

/I Copy to device memory some data located at address h_data

/[ in host memory

cudaMemcpyToArray( culnputArray , 0, 0, h_data , Size,
cudaMemcpyHostToDevice) ;

// Bind the array s tothe  surface ref erences

cudaBindSurface  ToArray( inputSurfRef , culnputArray );
cudaBindSurface  ToArray( outputSurfRef , cuOutputArray );
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/I Invoke kernel

dim3 dimBlock(16, 16);

dim3 dimGrid(( width + dimBlock.x T 1)/ dimBlock.x,
(height +d imBlockyy 1 1)/dimBlock.y);

copy Kernel <<<dimGrid, dimBlock >>>('width, height);

/I Free device memory
cudaFreeArray(  culnputArray );
cudaFreeArray(cuOutputArray);

}

3.2.4.3 CUDA Arrays

CUDA araysare opaque memory layouts optimized for textuhénfgtd hey are
onedimensional, twdimensional, or thres#mensional ancbmposed of

elements, each of which has 1, 2 or 4 components that may be signgaeat unsi
8-, 16 or 32bit integersl6-bit floats,or 32bit floats. CUDA arrays are only
readabléy kernels through texture fetching and may only be bound to texture
references witthe same number of packed components

3.24.4 Read/Write Coherency

The texture andusface memory is cached (see SeetioR.pand vithin the same
kernel call, the cache is not kept coherent with resjgéaib&b memory writesd
surfacenemory writesso ay texture fetclor surfaceeadto an address that has

been written to viaglobalwrite or asurfacewritein the same kernedllreturns
undefineddataln other words, thread can safely read sdextureor surface

memory location only if this memory location has been updated by a previous
kernel call or memory copy, but not if it has been previously updated by the same
threador anothethread from the same kernel call.

3.2.5 PageLocked Host Memory

The runtime also provides functions to allamadefrepagiockefhlso known as
pinnadhost memory as opposed to regular pageable host memory allocated by
malloc() :cudaHost Alloc () andcudaFr eeHost()

Using pagéocked host memory has several benefits:

Copieshetween pagecked host memory and device memory can be
performed concurrently with kernel execution for some devices as mentioned in
SectiorB8.2.6

On somedevices, pagecked host memory can be mapped into the address
spacef the deviceeliminating the need to copy it to or from device memory
as detailed in Secti8r2.5.3

On systems with a frestde bus, &ndwidth betweerost memory and device
memory is higher if host memory is allocated asqukge and even higher if
in addition it is allocated as wdtanbining as described in SecB@n5.2

Pagdockedhostmemory is a scarce resoln@e@evey so allocatioris page
locked memorwill start failing long before allocationpageable memoty.
addition by reducing the amount of physical memory available to the operating
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system for paging, allocating too nuexpelockedmemory reduceasverall system
performance.

The simple zeroopy SDK sample comes with a detailed document on the page
locked memory APIs.

Portable Memory

A block of pagéocked memory can be used by any host threads, but by default, the
benefits of using paffcked memiy described above are only available for the

thread that allocates it. To make these advantages available to all threads, it needs to
be allocated by passing flagaHostAllocPortable to cudaHost Alloc () .

Write-Combining Memory

By default pagecked hosmemory is allocated as cacheable. It can optionally be
allocated asritecombiningstead by passing flag

cudaHostAllocWriteCombined to cudaHost Alloc () . Writecombining
memoryfrees up L1 and L2 cache resources, making more cache available to the
restof the application. In addition, wrtembining memory is not snooped during
transfers across the PCI Express bus, which can improve transfer performance by
up to 40%.

Reading from writeombining memory from the hdstprohibitively slow, so
writeecombning memory should in general be used for memory that the host only
writes to.

Mapped Memory

On device®f compute capabilireater than 1,.8block of pagéocked host
memorycan also be mapped into the address epaeedevicdy passing flag
cudaHostAlloc Mapped to cudaHost Alloc () . Such a block has therefore two
addresses: one in host memory and one in device memory. The host memory
pointer is returned laydaHost Alloc () and the device memory pointer can be
retrieved usingudaHostGetDevicePointer() andthenused to access the
block from within a kernel.

Accessing host memory directly from within a kernel has several advantages:

There is no need to allocate a block in device memory and copy data between
this block and the block in host memory; datesfers are implicitly performed
as needed by the kernel;

There is no need to use streams (see Se@ibntto overlap data transse
with kernel executiothe kernebriginated data transfers automatically overlap
with kenel execution.

Since mapped palpeked memory is shared betwieest and devideoweverthe
application mustynchronize memory accesses using streams o(saents
SectiorB.2.9 to avoid anpotential readfterwrite, wite-afterread, or writafter
write hazards

A block of pagéocked host memory can&léocated dsoth mapped angortable
(see Sectio®2.5.}, in which caseach host thread that needs to map the block to
its device addss space must caldaHostGetDevicePointer() to retrieve a
device pointeasdevice pointewill generally diffdrom one host thread to the
other.
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To be able to retrieve the device pointer to any mappeldgees memory within
a given host threadagelocked memory mapping must be enatfezhlling
cudaSetDeviceFlags() with thecudaDeviceMapHost  flag before any other
CUDA callsis performed by thiaread Otherwise,

cudaHostGetDevicePointer() will return an error.

cudaHostGetDevicePointer() alsoreturns an error if the devidees not
support mapped patmcked host memary

Applications may query whether a device supports mappéatkadéost
memory or not by callingdaGetDeviceProperties() and checkinthe
canMapHostMemory property.

Note thatatomicfunctiors (SectiorB.1J operating omapped pagecked
memory are not atomic from theint of view of the hogir otherdevices

Asynchronous Concurrent Execution

Concurrent Execution between Host and Device

In orderto facilitate concurrent execution between host and device, some function
calk are asynchrono@ontrol is returned to theost threadbeforethe device has
completed the requested task. These are:

Kernel launches
Device? devicememorycopies;

Host2 device memory copies of a memory block of 64 KB or less;
Memory copieperformed by functions thate suffixed witAsync ;
Memoryset function calls

Programmers can globally disable asynchronous kernel launches for all CUDA
applications running on a systey setting theUDA_LAUNCH_BLOCKING

environment variable to 1. This feature is provided for debugging purposes only and
should never be used as a way to make production software run reliably.

When an application is run &i@UDA debugger or profilécudagdb, CUDA
Visual ProfileRarallel Nsightall launches are synchronous.

Overlap of Data Transfer and Kernel Execution

Some devicad compute capability 1.1 and higtaar perform copies between
pagelocked host memory and device memory concurvétitlikernel execution.
Applications may query this capability by callugsetDeviceProperties()

and checkinthe deviceOverlap  property.This capability is currently supported
only for memory copies that do not involve CUDA arrays or 2D arraysdllocate
throughcudaMalloc Pitch () (see Sectio®.2.).

Concurrent Kernel Execution

Some devicad compute capability Zzanexecutenultiple kernels concurrently.
Applications may query this capability by calloegsetDeviceProp  erties()
and checkinthe concurrentkernels property.

The maximum number of kernel launches that a device can execute concurrently is
sixteen
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A kernel from one CUDA context cannot execute concurrently with a kernel from
another CUDA context.

Kernels thatise many texturesa large amount of local memarg less likely to
execute concurrently with other kernels

3.2.6.4 Concurrent Data Transfers

Some dvices of compute capability @r perform a copy from pageked host
memory to device memory concurrenttih a copy from device memory to page
locked host memory.

3.2.65 Stream

Applications manage concurrency thratiglam4 stream is a sequence of
commandshat execute in order. Different streams, on the other hand, may execute
theircommandsut of order wittrespect to one anathor concurrentlyhis

behavior is not guaranteed and should therefore not be relied upon for correctness
(e.g. intekernel communication is undefined)

3.2.65.1 Creation and Destruction
A stream is defined by creating a stream alnjedecifying it as the stream
parameter to a sequence of kernel launches afid Hesice memory copidhe

following code sample creates two streams and akocateayiost Ptr Of
float in pagdocked memory

cudaStream_t stream[2];

for (int i=0;i<2 ; )
cudaStreamCreate(&streamli]);

float * hostPtr;

cudaMallocHost(&hostPtr, 2 * size);

Each of these streams is defined by the following code sample as a sequence of one
memory copy from host to device, one kernel launch, and one memory copy from
device to host:
for (int i=0;i<2;++) {
cudaMemcpyAsync(inputDevPtr + i * size, hostPtr  +i * size,
size, cudaMemcpyHostToDevice, stream(i]);
MyKernel <<<100, 512, 0, streaml[i] >>>
(outputDev Ptr + i * size, inputDevPtr + i * size, size );
cudaMemcpyAsync( hostPtr  +i * size, outputDevPtr + i * size,
size, cudaMemcpyDeviceToHost, stream(i]);
}
Each stream copies its portion of input arsayPtr to arrayinputDev Ptr in
device memory, processgstDev Ptr on the device by callingkernel () , and
copies the resultitputbev Ptr back to the same portiontafst Ptr .
SectiorB.2.6.5.4lescribebow the streams overlap in #m@mplaelepending on
the capability of thdeviceNote thathost Ptr must point to paglecked host
memory for any overlap to occur

Streams are released by callitigptreamDestroy () .
for (int i=0;i<2;++i)
cudaStream Destroy( stream(i]);

cudaStreamDestroy () waits for all precedimpmmandén the given stream to
complete before destroying the stream and returning control to the host thread.
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3.2.6.5.2 Explicit Synchronization
There are various ways to explicitly synchronize streams with each other.

cudaThreadSynchronize () wais until all precedingpmmandén all streamisave
completed

cuda Stream Synchronize () takes a stream as a parametewarguntil all
precedingommands ithe giverstreamhavecompletedit can be used to
synchronize the host with a specifieastr, allowing other streams totcwe
executing on the device.

cudaStreamWaitEvent() takes a stream and an easnparamete(see
Sectior3.2.6.6or a description of eveht@nd nakes ahe commandsadded to
the giverstreamafter the call toudaStreamwaitEvent() delay their execution
until the givereventhas completedhe stream can be 0, in which case all the
commandsdded tanystreamafter the call toudaStreamwaitEvent() wait on
the event.

cuda StreamQuery () providesapplications with a wayknow ifall preceding
commands in a stredravecompleted.

To avoid unnecessary slowdowns, all thygsehronizatiofunctiors areusually
best used for timing purposes or to isolate a laumebnoeory copthat is failing.

3.2.6.5.3 Implicit Synchronization
Two commands$rom different streams cannot run concurrently if esteof the
following operations issued in-between them by the host thread
a pagdocked host memory allocation,
a device memory allocation,
a device memory set,

a devicé devicanemorycopy,

any CUDAcommando stream @Qinduding kernel launches and Hostlevice
memory copies that do not specify any stream pafameter

aswitch between the L1/shared memory configurations described in
SectionG.4.1

For devices thaupport concurrerternel executiomany operation that requires a
dependency check to see if a streamed kernel launch is complete:
Can start executing only when all thread blocks of all prior kernel launches from
any stream in the CUDA context have started executing;

Blocks all later keehlaunches from any stream in the CUDA context until the
kernellaunch being checked is complete.

Operatioms that requira dependency chdokludeanyothercommandsvithin the
samestreanas the launch being checked and any calldstreamQuery () on
that streamTherefore applications sluld follow these guidelines to improve their
potential forconcurrent kernel execution
All independent operations should besd$efore dependent operations,
Synchronization of any kind shobdddelayed as long as possible.
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3.2.6.54 Overlapping Behavior

Theamountof executioroverlapbetweenwo streamslepends othe order in
whichthecommands are issuedeach streamnd whetheor notthe device
supportoverlap ofdatatransfer an#ternelexecution(Sectior8.2.6.2 concurrent
kernelexecution(SectiorB.2.6.3 and/or mncurrentdatatransfergSectiorB8.2.64).

For exampleon devices that do not suppoohcurrentdatatransfersthe two
stream®f the code sample of Sect®@.6.5.1o not overlap at dlecauséhe
memory copy frorhostto deviceis issued tetream hfter thememory copy from
device to hosts issued tetream 0If the codds rewritten the following wégnd
assuming the device suppoxsrlap ofdatatransfer anéternelexecution
for (int i=0;i<2;++i)
cudaMemcpyAsync(inputDevPtr + i * size, hostPtr  +i * size,
size, cudaMemcpyHostToDevice, stream([i]);
for (int i=0;i<2;++i)
MyKernel <<<100, 512, 0, stream([i] >>>
(outputDev Ptr + i * size, inputDevPtr + i * size, size );
for (int i=0;i<2;++i)
cudaMemcpyAsync( hostPtr  +i * size, outputDevPtr + i * size,
size, cudaMemcpyDeviceToHost, stream[i]);
thenthememory copy frorhostto devicdassued testream Dbverlapwith the
kernel launch issued to stream 0

On deviceshat dosupportconcurrentdatatransfersthe two streamsf the code
sample of Sectidh2.6.5.Ho overlapThememory copy frorhostto device
issued tetream bverlaps with thememory copy from dae to hostssued to
stream @nd even with thieernel launch issued to streafassuminthe device
supportoverlap ofdatatransfer an#ternelexecution. However, the kernel
executionsannot possiblgverlapbecausthe kernel laundk issuedb stream 1
afterthememory copy from d&e to hostsissued tetream Qso it ibloclked
until thekernellaunchissued to stream 0 is comphleer Sectich2.6.5.3f the
code is rewritten as abotres kernekxecutions overldpssuming the device
supportsoncurrenkernelexecution since théernel launcks issuedb stream 1
beforethememory copy from dae to hostsissued testream OIn that case
howeverthememory copy from d@e to hostssued tastream @nlyoverlas
with the last thread blocks of tkernel launcissuedo stream hsper
SectiorB.2.6.5.3whichcan representsanall portion of the total execution time of
the kernel.

3.2.6.6 Event

The runtime also pvides awaytocloseoni t or t he deviceds pr o
perform accurate timing, by letting the application asynchronouslgveostd

any point in the program and gueshen these events are completacevenhas

completedvhen all task& or optionally, atommand a given streath

preceding the event have compldigdnts in stream zero @@mpletedfter all

preceding tasind commandsn all stremmsare complete

The following code sample creates two events:

cudaEven t_t start, stop;
cudaEventCreate(&start);
cudaEventCreate(&stop);
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These events can be used to time the code sample of the previous section the
following way:

cudaEventRecord(start, 0);
for (int i=0;i<2;++) {
cudaMemcpyAsync(inputD ev +i * size , In putHost + i * size
size, cudaMemcpyHostToDevice, stream([i]);
MyKernel<<<100, 512, 0, stream[i]>>>
(outputD ev +i*size ,inputD  ev +i * size , Size );
cudaMencpyAsync(outputHost +i*size , output Dev +i* size
size, cudaMemcpyDeviceToHost, stream(i]);

}
cudaEventRecord(stop, 0);

cudaEventSynchronize(stop);
float  elapsedTime;
cudaEventElapsedTime(&elapsedTime, start, stop);

They are destroyduis way:

cudaEventDestroy(start);
cudaEventDestroy(stop);

Synchronous Calls

When a synchronous function is calledirol isnot returned to thé&ost thread
beforethe device has completed the requested task. Whether the host thread will
thenyield block, or spincan be specified by calliugaSetDeviceFlags() with
some specific flags (see reference manual for details) before any otheallSiIDA
performed by the host thread

Graphics Interoperability

Some resources from OpenGL and Direat#ly be raped into the address
space 0CUDA, either to enable CUDA tcaick data written by OpenGL or
Direct3D, orto enable CUDA to write data for consumptio®pgnGL or
Direct3D.

A resource must be registered to CUDA before it can be mapped using the
functionsmentioned in SectioBs2.7.1and3.2.7.2These functions return a
pointer to a CUDA graphics resource of gtpe&t cudaGraphicsResource
Registering a resource is potentiallydghhead antthereforaypically called only
once per resourc&. CUDA graphics resource is unregistesitg
cudaGraphicsUnregisterResource 0 .

Once a resource is registered to CUDA, it can be mapped and unmapped as many

times as necessary usimtpGraphicsMapResourc  es() and
cudaGraphicsUnmapResources () .

cudaGraphicsResourceSetMapFlags() can becalledo specify usage hints
(writeonly, reaebnly) that the CUDA driver can use to optimize resource
management.

A mapped resource can be read from or written to by kesimgjthe device

memory address returnedcbgiaGraphicsResourceGetMappedPointer 0
for buffers andudaGraphicsSubResourceGetMappedArray() for CUDA
arrays
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Accessing a resource through OpenGL or Direct3D while it is mapped to CUDA

produces undefined result

Section8.2.7.1and3.2.7.3jivespecifics for each graphics API and some code

samples.

3.2.7.1 OpenGL Interoperability

Interoperability with OpenGL requires that the CUDA device be specified by

cudaGLSetGLDevice () before any other runtime cal®ete that

cudaSetDevice () andcudaGLSetGLDevice () are mutually exclusive.

The OpenGL resources tmty be maped into theaddress spaocé CUDA are

OpenGL buffey texture, and renderbuffer objects.

A buffer objet is registered usirgdaGraphicsGLRegisterBuffer O .In

CUDA, it appears as a device pointer and can therefore be read and written by

kernels or viaudaMemcpy() calls.
A texture or renderbuffer object is registered using

cudaGraphicsGLRegisterimage() .In CUDA, it appears as a CUDA array
and can therefore be bound to a texture reference and be read and written by

kernels or viaudaMemcpy2D() callscudaGraphicsGLRegisterimage()

supports all texture formats with2, or 4 components aadinternal typef float
(e.gGL_RGBA_FLOAT32and unnormalized integer (&ig.RGBAS8U). It does
not currently support normalized integer formats@e.(RGBA$. Please note that
sinceGL_RGBAS8UIis an OpenGL 3.0 texture format, it can only be written by

shaders, ndhe fixed function pipeline.

The following code samplses a kernel ttynamically modig2D
width X height grid of vertices stored irvartex buffepbject

GLuint positionsVBO ;
struct  cudaGraphicsResource  * positionsVBO_CUDA ;

int  main( )

{

Il Expl icitly set device
cudaGLSetGLDevice (0);

/I Initialize OpenGL and GLUT

glutDisplayFunc(display);

/I Create buffer object and register it with CUDA
glGenBuffers(1, positionsVBO );
giBindBuffer(GL_ARRAY_BUFFER, &  vbo);

unsi gned int size = width * height * 4 * sizeof (float );

glBufferData(GL_ARRAY_BUF FER, size, 0, GL_DYNAMIC_DRAW);

glBindBuffer(GL_ARRAY_BUFFER, 0);

cudaGraphicsGLRegisterBuffer ( &positionsVBO_CUDA,
positionsVBO
cudaGraphicsMapFlagsWriteDiscard

/[ Launch rendering loop
glutMainLoop();
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void display()

{
/I M ap buffer object for writing from CUDA
float4 * positions ;
cudaGraphicsMapResources (1, &positionsVBO_CUDA , 0);
size_t num_bytes;
cudaGraphicsResourceGetMappedPointer(( void **)&positions,

&num_bytes,
positionsVBO_CUDA));
/Il E xecute kernel
dim3 dimBlock( 16, 16, 1);
dim3 dimGrid(width / dimBlock.x, height / dimBlock .y, 1);
createVertices <<<dimGrid, dimBlock >>>( positions |, time,
width, height );

/I'U nmap buffer object
cudaGraphicsUnmapResources (1, &positionsVBO_CU DA 0);
/I R ender from buffer object
glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
glBindBuffer(GL_ARRAY_BUFFER, positionsVBO );
glVertexPointer (4, GL_FLOAT, 0, 0);
glEnableClientState(GL_VERTEX_ARRAY);
glDrawArrays(GL_POINTS, 0, width * height);
glDisableClientState(GL_VERTEX_ARRAY);
/I Swap buffers
glutSwapBuffers();
glutPostRedisplay();

}

void deleteVBO( )

{
cudaGraphicsUnregisterResource ( positionsVBO_CUDA );
glDeleteBuffers(1, &positionsVBO);

}

__gl obal__ void createVertices( float4 * positions, float  time,

unsigned int width,  unsigned int height )
{

unsigned int x= blockldx .x * blockDim .x+ threadldx .x;
unsigned int y= blockldx .y * blockDim .y+ threadldx .y;

/I C alculate uv coordinates

float u=x/( float ) width;
float v=y/( float ) height;
u=u * 2.0f - 1.0f;

v=v * 20f - 1.0f

/I calculate simple sine wave pattern
float  freq = 4.0f;
float  w = sinf(u * freq + time)
*c osf(v * freq +time) * 0.5f;

/' W rite  positions
positions [y * width + x]=make_float4(u, w, v, 1.0f);
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}

On Windows and for Quadro GPWdadaWGLGetDevice() can be used to

retrieve the CUDA device associated to the handle returned by

wglEnumGpusNV() . Quadro GPUs offer higher performance OpenGL
interoperability than GeForce and Tesla GPUs in a@fllticonfiguration where
OpenGL rendering is performed on the Quadro GPU and CUDA computations are
performed on other GPUs in the system.

3.2.7.2 Direct3D Intero perability

Direct3D interoperability is supported for Direct3D 9, Direct3D 10, and
Direct3D11.

A CUDA context may interoperate with only one Direct3D device atantirttee

CUDA context and Direct3D device must be created on the same GPU. Moreover,
the Direct3D device must be created with the
D3DCREATE_HARDWARE_VERTEXPROCESS8&¢G

Interoperability with Direct3D requires that the Direct3D device be specified by
cudaD3D9SetDirect3DDevice () , cudaD3D10SetDirect3DDevice () and
cudaD3D11SetDirect3DDevice() , before any other runtime calls.
cudaD3D9GetDevice () ,cudaD3D10GetDevice() , and

cudaD3D11GetDevice()  can be used to retrieve the CUDA device associated to
some adapter.

A set of calls is also available to allow the creation of CUDA devices with
interoperality with Direct3D devices that use NVIDIA SLI in AFR (Alternate
Frame Rendering) modeda D30{9]|10|11]GetDevices (O .Acallto
cuD309|10]|11]GetDevices () can be used to obtain a list of CUDA device
handles that can be passed as the (optional) last pai@amete

cuda D309|10|11]SetDirect3DDevice 0 .

The application has the choice to either create multiple CPU threads, each using a
different CUDA context, or a single CPU thread using multiple CUDA context.
Each of these CUDA contexts would be created usiraf tree CUDA device

handles returned lbyda D309|10|11]GetDevices 0).

If using a single CPU thread, the application relies on the interoperability between
CUDA driver and runtime APlIs (Sectihd), which allows it to call

cuCt xPushCurrent() andcuCtxPopCurrent()  to change the CUDA context
active at a given time.

See &ction4.3for general recommendations related to interoperability between
Direct3D devices using SLI and CUDA contexts.

The Direct3Dresources thabay be magped into theaddress spacé CUDA are
Direct3Dbuffers, textures, and surfaces. These resources are registered using
cudaGraphicsD3D9RegisterResource 0,
cudaGraphicsD3D10RegisterResource 0 ,and
cudaGraphicsD3D11RegisterResource()

The following code sample uses a kernel to dynamically modify a 2D
width X height grid of vertices stored a vertex buffer object.

Direct3D 9 Version
IDirect3D9* D3D;

CWDA C Programming Guide Version 3.2 45



Chapter 3. Programming Interface

46

IDirect3DDevice9* device;
struct CUSTOMVERTEX

}s

FLOAT x,y, z ;
DWORD color ;

IDirect3DVertex Buffer9* positionsVB;
struct  cudaGraphicsResource  * positionsVB_CUDA ;

int

{

void

main( )

/I Initialize Direct3D
D3D = Direct3DCreate9(D3D_SDK_VERSION );

/I Geta CUDA -enabled adapter
unsigned int adapter = 0;
for (; adapter < g_pD3D- >GetAdapterCount(); adapter++) {
D3DADAPTER_IDENTIFIER9 adapterld ;
g_pD3D- >GetAdapterldentifier(adapter, 0, &adapterld);
int dev;
if (cudaD3D9GetDevice(&dev, adapterld.DeviceName)
== cudaSuccess )
break ;

}

/I Create device

D3D >CreateDevice( adapter , D3DDEVTYPE_HAL, hWnd,
D3DCREATE_HARDWARE_VERTEXPROCESSING,
&params, & device );

/I Register device with CUDA
cudaD3D9SetDirect3 DDevice(d evice);

/I C reate vertex buffer and register it with CUDA

unsigned int size = width * height * sizeof (CUSTOMVERTEX

device - >CreateVertexBuffer( size , 0, D3DFVF_CUSTOMVERTEX
D3DPOOL_DEFAULT, &positionsVB , 0);

cudaGraphicsD3D9RegisterResource ( &positionsVB_CUDA,

positionsVB,
cudaGraphicsRegisterFlagsNone );
cudaGraphicsResourceSetMapFlags ( positionsVB_CUDA
cudaGraphicsMapFlagsWriteDiscard );

/I Launch rendering loop
while  (...){

Render();

Render ()

/I Map vertex buffer for writing from CUDA

float4 * positions;

cudaGraphicsMapResources( 1, &pos itionsVB _CUDA, 0);
size t num_bytes;
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/I Execute kernel
dim3 dimBlock(16, 16, 1);
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void **)&positions,
&num_bytes,

positionsVB _CUDA));

dim3 dimGrid(width / dimBlock.x, height / dimBlock.y, 1);

createVertices

/I Unmap vertex buffer

<<<dimGrid,

dimBlock >>>( positions, time,
width, height );

cudaGraphicsUnmapResou rces (1, &pos itionsVB _CUDA 0);
/I Draw and present
}
void releaseVB ()
{
cudaGraphicsUnregisterResource (positionsVB _CUDA;
positionsVB - >Release();
}
__global__ void createVertices( float4 * positions, float  time,
unsigned int width,  unsigned int height )
{
unsigned int x= blockldx .x * blockDim .x+ threadldx .x;
unsigned int y= blockldx .y * blockDim .y+ threadldx .y;
/I Calculate uv coordinates
float u=x/( float ) width;
float v=y/( float ) height;
u=u * 2.0f - 1.0f;
v=v * 20f - 1.0f;
/I Calculate simple sine wave pattern
float freq = 4.0f;
float  w =sinf(u * freq + time)
* cosf(v * freq + time) * 0.5f;
/I Write positions
positions [y * width + x] =
make_float4(u, w, v, __int_as_float(0xffOOff00) );
}
Direct3D 10Version
ID3D10Device * device;
struct CUSTOMVERTEX
FLOAT x,y, z ;
DWORD color ;
I
ID3D10Buffer * positionsVB;
struct  cudaGraphicsResource  * positionsVB_CUDA
int  main( )
{
/I Geta CUDA -enabled adapter
I
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void

IDXGIFactory * factory ;

CreateDXGIFactory(__uuidof(IDXGIFactory), ( void **)&factory  );
IDXGIAdapter*  adapter = 0;
for (unsigned int i=0 ;! adapter ;++ i) {
if (FAILED(f actory ->EnumAdapters( i, & adapter))
break;
int dev;
if (cudaD3D10GetDevice(& dev,a dapter) == cudaSuccess )
break;

adapter - >Release();

}

factory - >Release();
/l C reate swap chain and device

D3D10CreateDeviceAndSw apChain(a dapter,
D3D10_DRIVER_TYPE_HARDWARH),
D3D10_CREATE_DEVICE_DEBUG,
D3D10_SDK_VERSION,
&swapChainDesc , &swapChain,
&device);

adapter - >Release();

/I Register device with CUDA
cudaD3D10SetDirect3DDevice (d evice);

/I Create vertex buffer and register it with CUDA

unsigned int size = width * height * sizeof (CUSTOMVERT;
D3D10_BUFFER_DESC bufferDesc;
bufferDesc.Usage = D3D10_USAGE_DEFAULT;

bufferDesc.ByteWidth = size;

bufferDesc.BindFlags = D3D10_BIND_VERTEX_BUFFER;
bufferDesc.CPUAccessFlags = 0;

bufferDesc.MiscFlags =0;

device - >CreateBuffer(  &bufferDesc, 0, &positionsVB);
cudaGraphicsD3D10 RegisterResource  ( &positionsVB_CUDA,

positionsVB,
cudaGraphicsRegisterFlagsNone );
cudaGraphicsResourceSet MapFlags (positionsVB_CUDA,
cudaGraphicsMapFlagsWriteDiscard );

/I Launch rendering loop
while  (...){

Render();

Render ()

/I Map vertex buffer for writing from CUDA
float4 * positions;

cudaGraphicsMapResources(1, &pos itionsVB _CUDA, 0);

size_t num_bytes;

cudaGraphicsResourceGetMappedPointer(( void **)&positions,
&num_bytes,
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positionsVB _CUDA));

/I Execute kernel

dim3 dimBlock(16, 16, 1);

dim3 dimGrid(width / dimBlock.x, height / dimBlock.y, 1);

createVertices <<<dimGrid, dimBlock >>>( positions, time,
width, height );

/' Unmap vertex buffer
cudaGraphicsUnmapResources (1, &positionsVB_CUDA , 0);

/I Draw and present

void releaseVB( )

cudaGraphicsUnregisterResource (positionsVB _CUDA;
positionsVB - >Release();

}

__global__ void createVertices( fl oat4 * positions, float  time,
unsigned int width,  unsigned int height )
{
unsigned int x= blockldx .x * blockDim .x+ threadldx .x;
unsigned int y= blockldx .y * blockDim .y+ threadldx .y;

/I Calculate uv coordinates

float u=x/( float ) width;
float v=y/( float ) height;
u=u * 2.0f - 1.0f;

v=v * 20f - 1.0f

/I Calculate simple sine wave pattern
float  freq = 4.0f;
float  w = sinf(u * freq + time)

* cosf(v * freq + time) * 0.5f;

/I Write positions
positions [y * width + x]=
make_float4(u, w, v, __int_as_float(0xffOOff00) );
}

Direct3D 11Version:

ID3D1 1Device * device;
struct CUSTOMVERTEX
FLOAT x,y, z ;
DWORD color ;
I
ID3D1 1Buffer * positionsVB;
struct  cudaGraphicsResource  * positionsVB_CUDA ;

int  main( )
{
/| Geta CUDA - enabled adapter
IDXGIFactory * factory
CreateDXGIFactory(__uuidof(IDXGIFactory), ( void **)&factory  );
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IDXGIAdapter*  adapter = 0O;

for (unsigned int i=0;! adapter;  ++i) {
if (FAILED(f actory ->EnumAdapters( i, &adapter))
break;
int dev;
if (cudaD3D11GetDevice(& dev,a dapter) == cudaSuccess )
break;

adapter - >Release();

}

factory - >Release();
/I Create swap chain and device

sFnPtr_D3D11CreateDeviceAndSwapChain (a dapter,
D3D11_DRIVER_TYPE_HARDWARE,
0,
D3D11_CREATE_DEVICE_DEBUG,
featureLevels, 3,
D3D11_SDK_VERSION,
&swapChainDesc , &swapChain,
&device,
&featureLevel,
&device Context );

adapter - >Release();

/I Register device with CUDA
cudaD3D11SetDirect3DDevice  (d evice);

/I Create vertex buffer and register it with CUDA

unsigned int size = width * height * sizeof (CUSTOMVERTEX
D3D11_BUFFER_DESC bufferDesc;

bufferDesc.Usage =D3D11_USAGE_DEFAULT;
bufferDesc.ByteWidth = size;

bufferDesc.BindFlags = D3D1 1 BIND_VERTEX_ BUFFER;
bufferDesc.CPUAccessFlags = 0;

bufferDesc.MiscFlags =0;
device - >CreateBuffer( &bufferDesc, 0, &positionsVB);
cudaGraphicsD3D11 RegisterResource  ( &positionsVB_CUDA,

positionsVB,
cudaGraphicsRegisterF lagsNone );
cudaGraphicsResourceSetMapFlags (positionsVB_CUDA,
cudaGraphicsMapFlagsWriteDiscard );

/I Launch rendering loop

while  (..){
i:.zlender();
}
}
}/oid Render ()

/l Ma p vertex buffer for writing from CUDA

float4 * positions;

cudaGraphicsMapResources(1, &pos itionsVB _CUDA, 0);
size_t num_bytes;
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cudaGraphicsResourceGetMappedPointer((void**)&positions,
&num_bytes,
positionsVB _CUDA));

/I Execute kernel

dim3 dimBlock(16, 16, 1);

dim3 dimGrid(width / dimBlock.x, height / dimBlock.y, 1);

createVertices <<<dimGrid, dimBlock >>>( positions, time,
width, height );

/' Unmap vertex buffer
cudaGraphicsUnmapResources (1, &positionsVB_CUDA , 0);

/l Draw and present

}
void releaseVB( )
{
cudaGraphicsUnregisterResource (positionsVB _CUDA;
positionsVB - >Release();
}
__global__ void createVertice s( float4 * positions, float  time,
unsigned int width, unsigned int height )
{
unsigned int x= blockldx .x * blockDim .x+ threadldx .x;
unsigned int y= blockldx .y * blockDim .y+ threadldx .y;
/I Calculate uv coordinates
float u=x/( float ) width;
float v=y/( float ) height;
u=u * 2.0f - 1.0f;
v=v * 20f - 1.0f;
/I Calculate simple sine wave pattern
float freq = 4.0f;
float  w =sinf(u * freq + time)
* cosf(v * freq + time) * 0. 5f;
/I Write positions
positions [y * width + x]=
make_float4(u, w, v, __int_as_float(0xffOOff00) );
}

3.2.8 Error Handling

All runtime functions return an error code, but for an asynchronous function (see
SectiorB.2.9, this error codeamot possiblyreport anyf theasynchronous errors
that could occur on the device since the function returns tefalevice has
completed the task; the error code only reports errors that occur on the host prior
to execting the task, typicallylated to parameter validation; if an asynchronous
error occurs, it will be reported by s@ulesequentnrelated runtime function call
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The only way to check for asynchronous gustsfter some asynchronous
function callstherefore tesynchronize just after the tsllcalling
cudaThreadSynchronize() (or by usingany other synchronization
mechanisms describediectior8.2.§ and chedkgthe error code returned by
cudaThreadSynchronize()

Theruntime maintaingeaerrorvariable for each host thread that is initialized to
cudaSuccess andisoverwritten by the error code every time an error dbeurs
it a parameter validation error or an asynchronous error).
cudaPeekAtLastError () returns this wéable cudaGetlLastError() returns
this variable and resets ittolaSuccess .

Kernel launchedo not return any error code,csolaPeekAtLastError () oOr

cudaGetLastError() must be called just after the kernel launch to retrieve any
prelaunch errorslo ersure that any error returned by
cudaPeekAtLastError () or cudaGetLastError() does not originate from

calls prior to the kernel launchedias to make sure that the runtime error variable
is set tacudaSuccess just before the kernel launch, for examplealing
cudaGetLastError() just before the kernel launklernel launches are
asynchronous, so to check for asynchronous errors, the applioation
synchronize Hbetween the kernel launch and the call to

cudaPeekAtLastError () orcudaGetLastError()

NotethatcudaErrorNotReady  that may be returned bydaStreamQuery()
andcudaEventQuery()  is not considered an error and is thereforeapatrted
by cudaPeekAtLastError () orcudaGetLastError()

Call Stack

On devices of compute cajdy 2.x the size of theall stack can be queried using
cudaThreadGetLimit() and set usingudaThreadSetLimit()

When the call stack overflows, kbenelcall fails witta stack overflow error if the
application is run via a CUDA debugger (gatteParallel Nsightor an
unspeified launch errpotherwise.

Driver API

The driver APIs a handkeased, imperative ARIost objects are referenced by
opaque handles that may be specified tadoadb manipulate the objects.

The objects availabletire driver APresummarized Table3-1.

Table 3-1. Objects Available in the CUDA Driver API

Object Handle Description

Device CUdevice CUDAenabled device

Context CUcontext Roughly equivalent to a CPUprocess
Module CUmodule Roughly equivalent to a dynamic library
Function CUunction Kernel
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Heap memory CUdeviceptr | Pointer to device memory

CUDA aray CUarray Opagque container for one-dimensional or two-dimensional
data on the device, readable via texture or surface
references

Texture reference CUtexref Object that describes how to interpret texture memory data

Surface reference CUsurfef Object that describes how to read or write CUDA arrays

The driver API is implemented in the uda dynamic library and al§ gntry
points are prefixed withu.

The driver API must be initialized waithnit() before any function from the
driver APl is calleds CUDA context must then be created that is attached to a
specific device and made current to the calling host thrdetaided in
Sectior3.3.1

Within a CUDA context,eknels are explicitly loadedP@X or binary objects by
the host codas described in Sect@i3.2 Kernels written in C must therefore be
compled separately inBT X or binary object&ernels are launched using API
entry points adescribed in Secti@i3.3

Any application that wants to run on future device architectures mestXpadt
binarycode This is beause binary codedrchitecturaspecific and therefore
incompatible with future architectures, whdé?&xscode iompiled to binary
code at load time by the driver.

Here isthehost code of the sample from Sec8dmwritten using the driver API:

int  main()
{
int N=..;
size .t size=N* sizeof (float );

/I Allocate input vectors h_A and h_B in host memory
float *h_A=( float *)malloc(size );
float *h_B=( float *)malloc(size );

/I Initialize input vect ors

/I Initialize
culnit(0);

/I Get number of devices supporting CUDA

int  deviceCount = 0;

cuDeviceGetCount(&deviceCount) ;

if (deviceCount == 0) {
printf("There is no device supporting CUDA. \ n");
exit  (0);

}

/I Get handle for device O
CUdevice cuDevice ;
cuDeviceGet(&cuDevice, 0);

/I Create context
CUcontext cuContext;
cuCtxCreate(&cuContext, 0, cuDevice );
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/I Create module from binary file
CUmodule cuModule;
cuModule Load ( &cuModul e ,pxdYec Add.

/I Allocate vectors in device memory
CUdeviceptr d_A;
cuMemAlloc(&d_A, size);
CUdeviceptrd_  B;
cuMemAlloc(&d_B, size);
CUdeviceptrd_ C;
cuMemAlloc(&d_C, size);

/I Copy vectors from host memor y to device memory
cuMemcpyHtoD(d_A, h_A, size);
cuMemcpyHtoD(d_B, h_B, size);

/I Get function handle from module
CUfunction  vecAdd ;
cuModuleGetFunction( &vecAdd , cuModule, " VecAdd");

/I Invoke kernel
#define  ALIGN_UP(offset, a lignment) \

(offset) = ((offset) + (alignment) i 1) & ~((alignment) 1)
int offset=0;
ALIGN_UP(offset, __alignof  (d_A));
cuParamSetv ( vecAdd , offset, &d_A, sizeof (d_A));
offset += sizeof (d_A);
ALIGN_UP(offset, __alignof  (d_B));
cuParamSetv (vecAdd, offset, & d_B, sizeof (d_B));
offset += sizeof (d_B);
ALIGN_UP(offset, __alignof (d_Q));
cuParamSetv (vecAdd, offset, & d_C, sizeof (d_C));
offset += sizeof (d_C);
ALIGN_UP(offset, __alignof  (N));
cuParamSeti( vecAdd, of fset, N );
offset += sizeof (N);

cuParamSetSize( vecAdd, offset );
int threadsPerBlock = 256;
int  blocks PerGrid =

(N + threadsPerBlock i 1)/ threadsPerBlock;
cuFuncSetBlockShape(  vecAdd , threadsPerBlock , 1,1 )
cuLaunchGrid( vecAdd, blocks PerGrid , 1);

}
Full code can be found in thectorAddDBDK code sample.

Context

A CUDA context is analogous to a CPU process. All resources and actions
performed within thdriverAPI are encapsulated inside a CUDA context, and th
system automatically cleans up these resources when the context is destroyed.
Besides objects such as modules and textsmefaceeferences, each context has
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its own distinct 3Bit address space. As a reSlltleviceptr  values from
different contets reference different memory locations.

A hostthread may have only aevicecontext current at a timé&hen a context is
createdvith cuCtxCreate() , it is made current to the callmastthread CUDA
functions that operate in a context (most functhmatsdo not involve device
enumeration or context management) will return
CUDA_ERROR_INVALID_CONTEXfra valid context is not current to the thread.

Each host thread has a stack of current contegtsCreate()  pushes the new
context onto the top of ghstackcuCtxPopCurrent() may be called to detach

the context from the host thread. The context is then "floating" and may be pushed
as the current context for any host threadtxPopCurrent() also restores the
previous current context, if any.

A usageount is also maintained for each contegixCreate()  creates a
context with a usage count ofdCtxAttach() incremerg the usage count and
cuCtxDetach()  decrements it. Aontext is destroyedhen the usage count goes
to 0 when callinguCtxDetach()  or cuCtxDestroy () .

Usage count facilitateseroperability between third party authored code operating
in the same contexor example, if thrdibraries are loaded to use the same

context, each librawouldcallcuCtxAttach() to increment the usageuod and
cuCtxDetach()  to decremerthe usage coumthen the library is done using the
contextFor most libraries, it is expected that the application will have created a
contet before loading or initialigy the library; that way, the application caecre

the context using its own heuristics, and the library simply operates on the context
handed to itLibrarieghatwish to create their ovaontextsd unbeknownst to their

API clients who may or may not have created contexts of théimmwid use
cuCtxPush Current()  andcuCtxPopCurrent() as illustrated iRigure3-3.

Library Initialization Call

Initialize
cuCtxCreate() = oniex —P CuCtxPopCurrent()

Library Call
Use

cuCtxPushCurrent() —> e —p cuCtxPopCurrent()

Figure 3-3. Library Context Management

Module

Modules are dynamically loadable paskafgevicecode and data, akin to DLLs in
Windows that are output byvcec (see SectioB ). The names for aiymbols,
including functions, globariables, and textwesurfaceeferences, are
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maintained at module scquethat modules written by independent third parties
may interoprate in the same CUDA context.

This code sample loads a module and retrieves a handle to some kernel:

CUmodule cuModule;

cuModul eLoad( &cuModulpx,0)iimyModul e
CUfunction myKernel ;

cuModul eGetFunction( &myKernel , cuModul ¢ Kefi Me | 0o

Thiscode sample compiles and loads a new modul@T¥irode angbarses
compilation errors:

#define ERROR_BUFFER_SIZE 100
CUmodule cuModule;

CUijit_option options[3];

void * values[3];

char * PTXCode = fnARTXm® deo;

options[0] = CU_ASM_ERROR_LOG_BUFFER ;

values[0] = (void*)malloc(ERROR_BUFFER_SIZE );

options [1]=CU_ ASM_ERROR_LOG_BUFFER_SIZE_BYTES

values [1] = (void*)ERROR_BUFFER_SIZE ;

options [2] =CU_ASM_TARGET_FROM_CUCONTEXT;

values [2] =0;

cuModuleLoadDat aEx(&cuModule, = PTXCode, 3, options, values );
for (int i=0;i<values [1]; ++i) {

/I Parse error string here

}

3.3.3 Kernel Execution

cuFuncSetBlockShape() sets the number of threads per block for a given
function, and hw their threadlDs are assigned.

cuFu ncSetSharedSize() sets the size of shared memory for the function.

ThecuParam*() family of functions is uséaspecify the parameters that will be
provided to the kernel the next tiomeaunch Grid () or cuLaunch() is
invokedto launch the kernel

Thesecomd argument of each of theParam*()  functions specifies the offedt
theparameter in the parameter statks offset must match the alignment
requrement for the parameter tyipelevice code

Alignment requiremenis device codir the builtin vedor types are listed in
TableB-1. For all othebasidypes, the alignment requirement in device code
matches the alignment requirement in host code and can therefore be obtained
using__alignof() . The only exception vghen thehost compilealigrs double
andlong long  (andlong on a 64bit systempn aoneword boundarynstead of

a twoeword boundaryf¢r exampleysinggcc 6 compilation flagmno- align -

double ) since in device code these types are always aligred-oroal

boundary.

CUdeviceptr is an integer, but represents a pointer, so its alignment requirement
is__alignof(void*)

The following code sample uses a macro to adjust the offset of each parameter to
meet its alignment requirement.
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#define  ALIGN_UP(offset, alignme nt) \
(offset) = ((offset) + (alignment) T 1) & ~((alignment) T 1)
int offset=0;

int i

ALIGN_UP(offset, __alignof  (i));
cuParamSeti( cuFunction, offset, i );
offset += sizeof (i);

float 4 f4;

ALIGN_UP(offset, 16); /'l floatd4ds alignment is 16
cuParamS et v(cuFunction, offset, &f 4, sizeof (f4) );

offset += sizeof (f 4);

char c;

ALIGN_UP(offset, __alignof  (c));
cuParamSeti( cuFunction, offset, ¢ );
offset += sizeof (c);

float f;

ALIGN_UP(offset, __alignof  (f));
cuParamSetf ( cuFunction, offset, f);
offset += sizeof (f);

CUdeviceptr  dptr ;

ALIGN_UP(offset, __alignof  (dptr ));

cuParamSet v(cuFunction, offset, & dptr , sizeof (dptr ));
offset += sizeof (dptr );

float 2 f2;

ALIGN_UP(offset, 8); [/l float2 6s alignme&t i s
cuParamSet v(cuFunction, offset, &f 2, sizeof (f 2));

offset += sizeof (f 2);

cuParamSetSize( cuFunction, offset );

cuFuncSetBlockShape(cuFunction, blockWidth, blockHeight, 1)
cuLaunchGrid(cuFunction , gridwidth , gridHeight );
The alignment requirement of a structure is equal to the maximum of the alignment
requirementsf its fieldsThe alignment requirement afteuctureghat contains

built-in vector typeUdeviceptr , or norralignediouble andlong long

might therefordiffer betweerdevice codandhost codeSuch a structuraight

also begpadded differently. THellowing structure, for example, is not padded at all

in host code, but it is paddeddevice codeith 12 bytes after fiefdsince the

alignment requirement for fiéd is 16.

typedef  struct {

float f;
float4 f4 ;
} myStruct

Any parameter @afpemyStruct must therefore be passed using separate calls to
cuParam*() , such as:

myStruct  s;
int offset=0;

CWDA C Programming Guide Version 3.2 57



Chapter 3. Programming Interface

3.3.4

58

cuParamSetv ( cuFunction, offset, &s.f, sizeof (s.f) );

offset += sizeof (s.f);

ALIGN_UP(offset, 16); I/ float4b6s alignment is 16
cuParamSet v(cuFu nction, offset, &s.f4, sizeof (s.f4) );

offset += sizeof (s.f4);

Device Memory
Linear memory is allocated usialyemAloc()  or cuMemAllocPitch () and
freed usinguMenfree()

Here is the host code of the sample from SeR@oiwritten using the driver API:
// Host code

int  main()
{
/I Initialize
if  (culnit(0) 1= CUDA_SUCCESS)
exit  (0);

/I Get number of devices supporting CUDA
int  deviceCount = 0;
cuDeviceGetCount(&deviceCount) ;

if (deviceCount == 0){
printf("There is no device supporting CUDA. \ n");
exit  (0);

}

/I Get handle for device O
CUdevice cuDevice = 0;
cuDeviceGet(&cuDevice, 0);

/I Create context
CUcontext cuContext;
cuCtxCreate(&cuContext, O, cuDevice );

/I Create module from binary file
CUmodule cuModule;
cuModul eLoad( &cuModuwptke) ; AVecAdd.

/I Get function handle from module
CUfunction  vecAdd;

cuModuleGetFunction( &vecAdd, cuModule, " VecAdd");
/I Allocate vector s in device memory
size 't size=N* sizeof (float );

CUdeviceptr  d_A;
cuMemAlloc (&d_A, size );
CUdeviceptr d_B;
cuMemAlloc (&d_B, size );
CUdeviceptr d C;
cuMemAlloc (&d_C, size );

/I Copy vectors from host memory to device memor y
/' h_A and h_B are input vectors stored in host memory
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cuMemcpyHtoD(d_A, h_A, size );
cuMemcpyHtoD(d_B, h_B, size );

/I Invoke kernel

#define  ALIGN_UP(offset, alignment) \

(offset) = ((offset) + (alignment) T 1) & ~((alignment) T 1)
int offset =0;
ALIGN_UP(offset, __alignof  (d_A));
cuParamSetv (vecAdd, offset, & d_A, sizeof (d_A));
offset += sizeof (d_A);
ALIGN_UP(offset, __alignof (d_B));
cuParamSetv (vecAdd, offset, & d_B, sizeof (d_B));
offset += sizeof (d_B);
ALIGN_UP(offset, __alignof (d_Q));
cuParamSetv (vecAdd, offset, & d_C, sizeof (d_C));
offset += sizeof (d_O);

cuParamSetSize( VecAdd, offset );
int threadsPerBlock = 256;
int blocks PerGrid =

(N + threadsPerBlock i 1)/ thread sPerBlock;
cuFuncSetBlockShape(  vecAdd , threadsPerBlock , 1,1);
cuLaunchGrid( VecAdd, blocks PerGrid , 1);

/I Copy result from device memory to host memory
/I h_C contains the result in host memory
cuMemcpyDtoH(h_C, d_C, size );

/l Fre e device memory

cuMemFree(d_A);

cuMemFree(d_B);

cuMemFree(d_C);
}
Linear memory can also be allocated thraugbmAllocPitch () . This function
isrecommendedf allocations of 2D arrags itmakes sure that the allocation is
appropriatelpadied tomeet the alignment requiremet@scribed in
Sectiorb.3.2.1therefore ensuring best performance when accessing the row
addresses or performing copies bet@Begrrays and other regions of device
memory(using theu Memcpy2D() ). The returned pitch (or stride) must be used to
access array elemefitse following code sample allocate&litaxheight 2D
array of floatingoint values and shows how to loop over the array elements in
device code:

/IH ostcode (assuming cuMod ule has been loaded)
CUdeviceptr devPtr;
size_t  pitch;
cuMemAllocPitch  ( &devPtr, &pitch,

width*  sizeof (float ), height ,4 );
CUfunction myKernel;
cuModuleGetFunction(& myKernel , cu Mo dulyeKerinM | o) ;
cuParamSetv ( myKernel ,0, &devPtr , sizeof (devPtr ));
cuParamSetSize( myKernel , sizeof (devPtr ));
cuFuncSetBlockShape( myKernel , 512, 1, 1);
cuLaunchGrid( myKernel , 100, 1);

/I D evice code
__global _ void MyKernel (float *devPtr )
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{
for (int r=0;r<height; ++r) {
float *row=( float *) (( char*)devPtr + r * pitch)
for (int c¢=0;c<width; ++c) {
float  element = row]c]
}
}
}

The following code sample allocate#ithxheight ~ CUDA array ofone 32bit
floatingpoint component:

CUDA_ARRAY_DESCRIPTOR desc;
desc.F ormat = CU_AD_FORMAT_FLOAT;
desc. NumChannels =1;

desc.Width = width;

desc.Height = height;

CUaray cuArray;

cuArray Create (&cuArray, & desc);

The reference mantisks all the various functions used to copy memory between
linear memory allocated withvemAlloc() |, linear memory allocated with
cuMemAllocPitch () ,andCUDA arrays.

The following code sample copies the 2D array to the CUDA array allocated in the

previous code samples:
CUDA_MEMCPY2D copyParam;

memset(&copyParam, 0, sizeof (copyParam));
copyParam.d stMemoryType = CU_MEMORYTYPE_ARRAY;
copyParam.dstArray = cuA rray;

copyParam.srcM emoryType = CU_MEMORYTYPE_DEVICE
copyParam.srcDevice = devPtr ;

copyParam.srcPitch = pitch ;

copyParam.WidthinBytes = width*  sizeof (float );
copyParam.Height = height;

cu Memcpy2D( &copyParam );

The following code sample illustrates various ways of accessing global variables via

the driver API:

CUdeviceptr devPtr;
size_ t  bytes;

__constant__ float  constData[256];

float  data[256];

cuModul eGet Gl obal (&devPtr, &bytetsado)uModul e,
cuMemcpyHtoD ( devPtr , data, bytes );

cuMemcpyDtoH( data , devPtr , bytes );

__device __ float devData;

float  value = 3.14f;

cuModul eGet Gl obal (&devPtr, &devwDat® &), ; cuModul e,
cuMemcpyHtoD ( devPtr , &value , sizeof (float ));

__device _ float * devPoint er;

CUdeviceptr  ptr;

cuMemAlloc (&ptr, 256 * sizeof (float ));

cuModul eGet Gl obal (&devPtr, &devwPoirges , 0 )c;u Modul e,
cuMemcpyHtoD ( devPtr , &ptr , sizeof (ptr ));
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3.3.5 Shared Memory

The following code sample is the driver version diosteodeof thesampldrom
Sectior8.2.2

In this sample, shared memory is statically allocated within the kernel as opposed to
allocated at runtime througlFuncSetSharedSize()

/I Matrices are stored in row - major order:
/I M(row, col) = *(M.elemen ts + row * M.stride + col)
typedef struct {
int  width;
int  height;
int  stride;
float *elements;
} Matrix;
/I Matrix multiplication - Host code

/I Matrix dimensions are assumed to be multiples of BLOCK_SIZE
void MatMul( const Matrix A, const Matrix B, Matrix (@)
{
CUdeviceptr elements;
// Load A and B to device memory
Matrix  d_A;
d_A.width = d_A.stride = A.width; d_A.height = Aheight;
size t size=A .width* A.height * sizeof (float );
cuMemAloc( &elements, size );
cuMemcpyHtoD(elements, A .elements, size );
d_A.elements = ( float *)elements;

Matrix d_B;

d_B.width = d_B.stride = B.width; d_B.height = B.height;
size=B .width * B.height * sizeof (float );

cuMemAlloc ( elements, size );

cuMemcpyHtoD (eleme nts, B.elements, size );

d_B.elements = ( float *) elements;

/I Allocate C in device memory
Matrix d_C;
d_C.width = d_C.stride = C.width; d_C.height = C.height;

size=C .width* C.height * sizeof (float );
cuMemAlloc ( &elements, size );
d_C.elements = ( float *) elements;

/I Invoke kernel (assuming cuModule has been loaded)

CUfunction matMulKernel

cuModuleGetFunction( &matMulKernel , cuModule, " MatMulKernel ");
int offset=0;

cuParamSetv ( matMulKernel , offset, & d_A, size of (d_A));

offset += sizeof (d_A);

cuParamSetv ( matMulKernel | offset, & d_B, sizeof (d_B));

offset += sizeof (d_B);

cuParamSetv ( matMulKernel | offset, & d_C, sizeof (d_C));

offset += sizeof (d_C);

cuParamSetSize( matMulKernel |, offset );

cuFuncSetBlockShape( matMulKernel , BLOCK_SIZE, BLOCK_SIZE 1 );

cuLaunchGrid( nmatMulKernel
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B.width / dimBlock.x , Aheight / dimBlock.y );

/Read C from device memory
cuMemcpyDtoH ( C.elements, (CUdeviceptr) d_C.elements, size );

/ | Free device memory

cuMemFree( (CUdeviceptr)  d_A.elements);
cuMemFree( (CUdeviceptr)  d_B.elements);
cuMemFree( (CUdeviceptr)  d_C.elements);

3.3.6 Multiple Devices

cuDevice GetCount () andcuDeviceGet () providea way to enumerate the
devices present in tegstem and other functions (described in the reference
manual) to retrieve their properties:
int  deviceCount;
cuDevice Get Count(&deviceCount);
int device;
for (int device = 0; device < deviceCount; ++device) {
CUdevice cuDevice;
cuDeviceGet(&cuDevi  ce, device);
int  major, minor;
cuDeviceComputeCapability(&major, &minor, cuDevice);

3.3.7 Texture and Surface Memory

3.3.7.1 Texture Memory

Texure binding is done usingrexRefSetAddress () for linear memory and
cuTexRefSetArray () for CUDA arrays.

If a modulecuModule contains some texture referees®ef defined as

texture <float , 2, cudaReadModeElementType> tex Ref;
the following code sample retriciee®ef 6 s handl e:

CUtexref cuTexRef;

cuModul eGet TexRef (&cuTexRef, cuModul e, it exRef o) ;
The following code sanggbindgexRef to some linear memory pointed to by

devPtr :

CUDA_ARRAY_DESCRIPTOResc;
cuTexRefSetAddress 2D( cuTexRef, &desc, devPtr, pitch );

The following code samples biexRef to a CUDA arraguArray

cuTexRefSetArray  ( cuTexRef, cuArray, CU_TRSA_OVERME_FORMAT

The reference manual lists various functions used to set address mode, filter mode,
format, and other flags for some texture refer&éheeformat specified when

binding a texture to a texture reference magththe parameterspecified when
declaring the texture reference; otherttiseesults of texture fetches are

undefined.
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The following code sample is the driver version tfosteodeof thesampldrom
Sectior8.2.4.1.3

/l Host code

int  main()

{
/I A llocate CUDA array in device memory
CUarray CcuArray ;
CUDA_ARRAY_DESCRIPTOR desc;

desc.Format = CU_AD_FORMAT_FLOAT;
desc.NumChannels = 1;

desc.Width = width;

desc.Height = height;

cuArrayCreate(  &cuArray, &desc );

/I Copy to device memory some data located at address h_data
/I in host memory
CUDA_MEMCPY2D copyParam;

memset(&copyParam, 0, sizeof (copyParam));
copyParam.dstMemoryType = CU_MEMORYTYPE_ARRAY;
copyParam.dstArray = CUArray ;
copyParam.srcMemoryType = CU_MEMORYTYPE_HOST;
copyParam.srcHost = h_data;

copyParam.srcPitch = width * sizeof (float );
copyParam.WidthinBytes = copyParam.srcPitch;
copyParam.Height = height;

cuMemcpy2D(&copyParam);

/I Set texture parameters

CUtexref texRef ;

cuModuleGetTexRef(& texRef , cuModule, "tex Ref"));
cuTexRefSetAddressMode(  texRef, 0, CU_TR_ADDRESS_MODE_WRAP);
cuTexRefSetAddressMode(  texRef, 1, CU_TR_ADDRESS_MODE_WRAP);
cuTexRefSetFilterMode (texRef , CU_TR_FILTER_MODE_LINEAR) ;
cuTexRefSetFlags( texRef , CU_TRSF_NORMALIZED_COORDINATES
cuTexRefSetFormat( texRef , CU_AD_ FORMAT_FLOAT, 1);

// Bind the array to the texture reference
cuTexRefSetArray(  texRef, cuArray, CU_TRSA_OVERRIDE_F ORMAY;

/I Allocate result of transformation in device memory
CUdeviceptr  output;
cuMemAlloc (&output, width * height * sizeof (float ));

/I Invoke kernel (assuming cuModule has been loaded)
CUfunction transformKernel ;
cuModuleGetFun ction( &transformKernel,

cuModule, " transformKernel ");

#define  ALIGN_UP(offset, alignment) \

(offset) = ((offset) + (alignment) i 1) & ~((alignment) 1)
int offset=0;
ALIGN_UP(offset, __alignof  (output ));
cuPar amSetv(transformKernel, offset, & output , sizeof (output ));
offset += sizeof (output );
ALIGN_UP(offset, __alignof  (width ));
cuParamSeti( transformKernel , offset, width) ;
offset += sizeof (width);
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}

ALIGN_UP(offset, __alignof
cuPar amSeti( transformKernel
offset += sizeof (height);
ALIGN_UP(offset, __alignof
cuParamSetf(  transformKernel
offset += sizeof (angle);

cuParamSetSize( transformKernel
cuFuncSetBlockSha pe( transformKernel

(height ));
, offset, height)

(angle ));
, offset, angle)

cuLaunchGrid( transformKernel ,
(width + dimBlock.x
(height + dimBlock.y

/I Free device memory
cuArrayDestroy  ( cuArray );
cuMenfree(output)

Surface Memory
Surface binding is done usingurfRefSetArray () for CUDA arrays.

, offset));

, 16, 16, 1);

i 1)/ dimBlock.x,
T 1)/ dimBlock.y);

If a modulecuModule contains somsurfacaeferencaurf Ref defined as

surface <void , 2> surf Ref;
the following code sample retriesta$ Ref6 s handl e:

CUsurfref cuSurf Ref;
cuModul eGet Surf Ref (&cuSur f ReRegf ac)uuModul e,

The following code samples bsuwef Ref to a CUDA arraguArray

cuSurf RefSetArray (cuSurf Ref, cuArray,

The following code sample is the driver version of the host cbdesantple from

Sectior3.2.4.1.4
/I Host code

int

{

CU_SRSA_USE_ARRAY_FORMAT

main()

/I Allocate CUDA array s in device memory
CUDA_ARRAY_DESCRIPTOR desc;

desc.Format = CU_AD_FORMAT_UNSIGNED_INT8
desc.NumChannels =  4;

desc.Widt h = width;

desc.Height = height;

CUarray culnputArray ;

cuArrayCreate(  &culnputArray

CUarray cuOutputArray

cuArrayCreate(  &cuOutputArray, &desc

, &desc );

);

/I Copy to device memory some data located at address h_data

/I in host memory

CUDA_MEMCPY2D copyParam;
memset(&copyParam, 0, sizeof (copyParam));
copyParam.dstMemoryType = CU_MEMORYTYPE_ARRAY;
= culnputArray
copyParam.srcMemoryType = CU_MEMORYTYPE_HOST;

copyParam.dstArray

copyParam.srcHo st
copyParam.srcPitch
copyParam.WidthinBytes
copyParam.Height

= h_data;
width *

sizeof (float );

= copyParam.srcPitch;

= height;
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cuMemcpy2D(&copyParam);

/I Bind the array s tothe  surface references

cuSurf RefSetAr ray( inputSurfRef , culnputArray,
CU_SRSA_USE_ARRAY_FORNMAT

cuSurf RefSetArray(  outputSurfRef , cuOutputArray,
CU_SRSA_USE_ARRAY_FORNAT

/I Invoke kernel (assuming cuModule has been loaded)
CUfunction  copyKernel ;
cuModuleGetFunction( &copy Kernel,
cuModule, "  copyKernel ");
#define  ALIGN_UP(offset, alignment) \
(offset) = ((offset) + (alignment) T 1) & ~((alignment) T 1)
int offset =0;
ALIGN_UP(offset, __alignof  (width ));
cuParamSeti( copyKernel , offset, width)
offset += sizeof (width);
ALIGN_UP(offset, __alignof  (‘height ));
cuParamSeti( copyKernel , offset, height) ;
offset += sizeof (height);
cuParamSetSize( copyKernel , offset));
cuFuncSetBlo ckShape( copyKernel , 16, 16, 1);
cuLaunchGrid( copyKernel
(width + dimBlock.x i 1)/dimBlock.x,
(height + dimBlock.y i1 1)/dimBlock.y);

/I Free device memory
cuArrayDestroy  (culnputArray );
cuArrayDestroy  (cu OutputArray);

3.3.8 PageLocked Host Memory

Pagdockedhostmemory can be allocated usimgenHost Alloc () with
optional mutually neaxclusive flags:

CU_MEMHOSTALLOC_PORTARGORIlocate memory that is portable across
CUDA contexts (see Secti®2.5.13.2.5.2

CU_MEMHOSTALLOC_WRITECOMBINERIlocate memory as write
combining (see Sectidr2.5.2,

CU_MEMHOSTALLOC_DEVICEMARallocate mapped pageked memory
(see Seicn 3.2.5.3

Pagdocked host memory is freed usinglemFreeHost()

Pagelocked memory mappimgenabledor a CUDA context by creating the
context with the&€Uu_CTX_MAP_HOSTag and deviceopiters to mapped page
locked memy are retrieved usingMemHostGetDevicePointer()

Applications may query whether a device supports mappéackaddiost
memory or not by checking the
CU_DEVICE_ATTRIBUTE.CAN_MAP_HOST_MEMO®tYibuteusing
cuDeviceGetAttribute()
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3.3.9 Asynchronous Concurrant Execution

Applications may query if a device can perform copies betwektkedj@ost
memory and device memory concurrently with kernel execution by checking the
CU_DEVICE_ATTRIBUTE_GPU_OVERLA#tributeusing

cuDeviceGetAttribute()

Applications maguery if a devicgupports multiple kernels running concurrently
by checking theu_DEVICE_ATTRIBUTE_CONCURRENT_KERNEIt8buteusing
cuDeviceGetAttribute()

3.3.9.1 Stream

Thedriver API provides functions similar to the runtime API to maitiagens.
The folbwing code sample is the driver version afddesample from
Sectior8.2.6.4

CUstream stream[2];

for (int i=0;i<2;++)
cuStreamCreate(&stream(i], 0);

float * hostPtr;

cuMemAllocHost(&hostPtr, 2 * size);

for (int i =0;i<2;++)
cu MemcpyHtoD Async(inputD  evPtr + i * size , hostPtr +i * size ,
size, stream([i]);
for (int i=0;i<2;++) {
#define  ALIGN_UP(offset, alignment) \
(offset) = ((offset) + (alignment) i 1) & ~((alignment ) T 1)
int offset=0;
ALIGN_UP(offset, __alignof (output DevPtr ));
cuParamSetv ( cuFunction, offset,
&output DevPtr , sizeof (output DevPtr ));
offset += sizeof (output DevPtr );
ALIGN_UP(offset, __alignof  (inputD evPtr ));
cuPara mSetv (cuFunction, offset,
&nputD evPtr , sizeof (inputD evPtr ));

offset += sizeof (inputD evPtr );
ALIGN_UP(offset, __alignof  (size));
cuParamSeti( cuFunction, offset, size );
offset += sizeof (int );
cuParamSetSize( cuFunction, off set );
cuFuncSetBlockShape(cuFunction, 512, 1, 1) ;
cuLaunchGridAsync(cuFunction , 100, 1, stream[i] );
}
for (int i=0;i<2;++i)
cuMemcpyDtoHAsync(h ost Ptr + i * size , output DevPtr +i* size ,

size, stream([i]);
cu CtxSynchr onize();

for (int i=0;i<2;++i)
cu Stream Destroy (&stream([i]);
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Event Management

The driver API provides functions similar to the runtime API to manage events.
The following code sample is the driver version of the code sample from
Sectior8.2.6.6

CUevent start , stop;
cu EventCreate(&start);
cu EventCreate(&stop);

cuEventRecord(start, 0);
for (int i=0;i<2;++i)
cuMemcpyHtoD Async(inputD  evPtr + i * size , hostPtr + i * size
size, stream([i]);
for (int i=0;i<2;++) {
#define  ALIGN_UP(offset, alignment) \
(offset) = ((offset) + (alignment) T 1) & ~((alignment) 1)
int offset=0;
ALIGN_UP(offset, __alignof (output DevPtr ));
cuParamSetv ( cuFunction, offset,
&output DevPtr , sizeof (output DevPtr ));
offset += sizeof (output DevPtr );
ALIGN_UP(offset, __alignof  (inputD evPtr ));
cuParamSet v(cuFunction, offset,
&nputD evPtr , sizeof (inputD evPtr ));
offset += sizeof (inputD evPtr );
ALIGN_UP(offset, __alignof  (size));
cuParamSeti( cuFunction, offset, size );
offset += sizeof (size );
cuParamSetSize( cuFunction, offset );
cuFuncSetBlockShape(cuFunction, 512, 1, 1) ;
cuLaunchGridAsync(cuFunction , 100, 1, stream[i] );

for (int i=0 ;i<2;++i)
cuMemcpyDtoHAsync(h ost Ptr + i * size , output DevPtr +i* size ,
size, stream([i]);
cuEventRecord(stop, 0);
cuEventSynchronize(stop);
float elapsedTime ;
cuEventElapsedTime(  &elapsedTime, start, stop );

They are destroyéuis way:
cuEventDestroy(start);
cuEventDestroy(stop);
Synchronous Calls

Whether the host thread will yjddtbck,or spinon a synchronous function ozdin
be specified by callingCtxCreate () with some specific flags asa#ed in the
reference maaill

Graphics Interoperability

The driver API provides functions similar to the runtime API to manage graphics
interoperability.
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A resource must be registered to CUDA before it can be mapped using the
functions mentioned in Sectid8.10.nd3.3.10.2These functions return a
CUDA graphics resource of typggraphicsResource . Registering a resource is
potentially higloverhead and therefore typically called only once per resource. A
CUDA graphicsesource is unregistered using

cuGraphicsUnregisterResource 0 -

Once a resource is registered to CUDA, it can be mapped and unmapped as many
times as necessary usinGraphicsMapResources () and

cu GraphicsUnmapResources () . cuGraphicsResourceSetMapFlags()

can be called to specify usage hints (arikg reaebnly) that the CUDA driver can

use to optimize resource management.

A mapped resource can be read from or written to by kernels using the device
memory address returnedcbysraphicsResourceGetMappedPoin ~ ter () for
buffers andtu GraphicsSubResourceGetMappedArray() for CUDA arrays.

Accessing a resource through OpenGL or Direct3D while it is mapped to CUDA
produces undefined results.

Section8.3.10.55nd3.3.10.3jive specifics for each graphics APl and some code
samples.

OpenGL Interoperability

Interoperabilityvith OpenGLrequires that the CUDA context be specifically
created usinguGLCtxCreate()  instead ofuCtxCreate()

The OpenGL resources thmaay be maped into theaddress spacé CUDA are
OpenGL buffertexture, and renderbuffer objects. A buffer object is registered
usingcu GraphicsGLRegisterBuffer (O . Atexture or renderbuffer object is
registered using GraphicsGLRegisterimage() . The sameeastrictions
described in Secti@2.7.lapply.

The following code sample is the driver version of the code sample from
Sectior8.2.7.1

CUfunction createVertices
GLuint  positionsVBO
struct  cudaGr aphicsResource * positionsVBO_CUDA ;

int  main()

{

/I Initialize driver API

/I Get handle for device O
CUdevice cuDevice = 0;
cuDeviceGet(&cuDevice, 0);

/I Create context
CUcontext cuContext;
cuGLCtxCreate (&cuContext, 0, cuDevice );

/I Create module from binary file

CUmodule cuModule;
cuModul eLoad/( &c ardate\detites , .fitx 0) ;
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/I Get function handle from module
cuModuleGetFunction( &createVertices,

cuModule, " createVertices ");
/I Initialize OpenGL and GLUT

glutDisplayFunc(display);

/I Create buffer object and register it with CUDA
glGenBuffers(1, positionsVBO );
glBindBuffer(GL_ARRAY_BUFFER, &  vbo);

unsigned int size = width * height * 4 * size of (float );

glBufferData(GL_ARRAY_BUF FER, size, 0, GL_DYNAMIC_DRAW);
glBindBuffer(GL_ARRAY_BUFFER, 0);
cu GraphicsGLRegisterBuffer (&positionsVBO_CUDA,

positionsVBO,

cudaGraphicsMapFlag sWriteDiscard ) ;

/I Launch rendering loop
glutMainLoop();

void display()

/l Map OpenGL buffer object for writing from CUDA

CUdeviceptr positions;

cu GraphicsMapResources(1, &positionsVBO_CUDA, 0);

size_t num_bytes;

cuGraphi csResourceGetMappedPointer(( void **)&positions,
&num_bhytes,
positionsVBO_CUDA));

/I Execute kernel

#define  ALIGN_UP(offset, alignment) \
(offset) = ((offset) + (a lignment) T 1) & ~((alignment) T 1)

int offset=0;
ALIGN_UP(offset, __alignof  ( positions ));
cuParamSetv ( createVertices , Offset,

&positions , sizeof (positions ));
offset += sizeof ( positions );
ALIGN_UP(offset, __alignof  (time ));
cuParamSetf ( createVertices , offset, time );
offset += sizeof (time );
ALIGN_UP(offset, __alignof  (width));
cuParamSeti( createVertices , offset, width );
offset += sizeof (‘width );
ALIGN_UP(offset, __alignof  (height));
cuParamSeti( cre ateVertices , offset, height );
offset += sizeof (height);
cuParamSetSize( createVertices , offset );

int threadsPerBlock = 16;
cuFuncSetBlockShape(  createVertices ,

threadsPerBlock , threadsPerBlock, 1 );
cuLaunchGrid( cre ateVertices
width / threadsPerBlock , height/ threadsPerBlock );

/' Unmap buffer object
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cu GraphicsUnmapResources (1, &positionsVBO_CUDA , 0);

/I Render from buffer object

glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
gIBindBuffer(GL_ARRAY_BUFFER, positionsVBO );
glVertexPointer (4, GL_FLOAT, 0, 0);
glEnableClientState(GL_VERTEX_ARRAY);
glDrawArrays(GL_POINTS, 0, width * height);
glDisableClientState(GL_VERTEX_ARRAY);

/I Swap buffers
glutSwapBuf fers();
glutPostRedisplay();

void deleteVBO( )

cu GraphicsUnregisterResource ( positionsVBO_CUDA );

glDeleteBuffers(1, &positionsVBO);
}
On Windows and for Quadro GPWds WGLGetDevice() can be used to retrieve
the CUDA device associated tolihadle returned byglEnumGpusNV() .

Direct3D Interoperability

Interoperability with Direct3D requires that the Direct3D device be specified when
the CUDA contexis created. This is done by creating the CUDA context using
cuD3DXCtxCreate () or cuD3DCtxCre ateOnDevice () (resp.

cuD3D10CtxCreate () or cuD3DLOCtxCreateOnDevice () and

cuD3D11CtxCreate () or cuD3DL1CtxCreateOnDevice () ) instead of

cuCtxCreate () .

Two sets of calls are also available to allow the creation of CUDA devices with
interoperability with Dire8D devices that use NVIDIA SLI in AFR (Alternate
Frame Rendering) mode. These two new sets of calls are
cuD309|10|11]CtxCreateOnDevice (0 and

cuD309|10|11]GetDevices O .Acallto

cuD309|10|11]GetDevices () should be used to obtain a list of CUDA device
hardles that can be passed as the last parameter to
cuD309|10|11]CtxCreateOnDevice 0 .

Applications that intend to support interoperability between Direct3D devices in
SLI configurations and CUDA should be written to only use these calls instead of
thecu D30 9|10|11]CtxCreate () calls. In addition, they can call
cuCtxPushCurrent() andcuCtxPopCurrent()  to change the CUDA context
active at a given time.

See Sectioh 3for general recommendations related to interoperability between
Direct3D devices using SLI and CUDA contexts.

The Direct3D resources thaay be magped into theaddress spacé CUDA are
Direct3Dbuffers, textures, and surfaces. These resources are registered using
cu GraphicsD3D9RegisterResource 0,

cuGraphicsD3D10Regist  erResource () , and

cu GraphicsD3D11RegisterResource()
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The following code sample is the driver version of the host code of the sample from
Sectior8.2.7.2

Direct3D 9 Version:
IDirect3D9* D3D;

IDirect3DDevice9 device;

struct CUSTOMVERTEX
FLOAT x,y, z ;
DWORD color ;

b

IDirect3DVertex Buffer9* positionsVB;
struct  cudaGraphicsResource  * positionsVB_CUDA ;

int  main( )
{
/[ Initialize Direct3D
D3D = Direct3DCreate9(D3D_SDK_VERSION );

/I Geta CUDA -enabled adapter

unsigned int adapter = 0;

for (; adapter < g_pD3D - >GetAdapterCount(); adapter++) {
D3DADAPTER_IDENTIFIER9 adapterld;
g_pD3D- >GetAdapterldentifier(adapter, 0, &adapterld);

int dev;

if (cuD3D9GetDevice(&dev, adapterld.De viceName)
== cudaSuccess )
break ;

}

/I Create device

D3D >CreateDevice( adapter , D3DDEVTYPE_HAL, hWnd,
D3DCREATE_HARDWARE_VERTEXPROCESSING,
&params, & device );

/'l nitialize driver API

/I Create context

CUdevice cuDevice;

CUcontext cuContext;

cuD3D9CtxCreate (&cuContext, & cuDevice, 0, device);

/I Create module from binary file
CUmodule cuModule;
cuModul eLoad( &c ardateNdert | &Ees . fitx 0 ) ;

/I Get function handle from module
cuModuleGetFunction( &createVertices,
cuModule, " createVertices ");

/I Create vertex buffer and register it with CUDA

unsigned int size = width * height * sizeof (CUSTOMERTEX;

device - >CreateVertexBuffer( size , 0, D3DFVF_CUSTOMVERTEX
D3DPOOL_DEFAULT, &ositionsVB , 0);

cu GraphicsD3D9RegisterResource ( &positionsVB_CUDA,
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positionsVB,
cudaGraphicsRegisterFlagsNone );
cu GraphicsResourceSetMapFlags (positionsVB_CUDA,
cudaGraphicsMapFlagsWriteDiscard );
/I Launch rendering loop
while  (..){
Render();
}
}
void Render ()
{
/I Map vertex buffer for writing from CUDA
float4 * positions ;
cuGraphicsMapResources(1, &positionsVB_CUDA, 0);
size_t num_bytes;
cuGraphicsResourceGetMappedPointer(( void **)&positions,
&num_bhytes,
positionsVB_CUDA));
/I Execute kernel
#define  ALIGN_UP(offset, alignment) \
(offset) = ((offset) + (alignment) i 1) & ~((alignment) 1)
int offset=0;
ALIGN_UP(offs et, _ alignof ( positions ));
cuParamSetv ( createVertices , Offset,
&positions , sizeof (positions ));
offset += sizeof (positions );
ALIGN_UP(offset, __alignof  (time));
cuParamSetf ( createVertices , offset, time );
offset += sizeof (t ime);
ALIGN_UP(offset, __alignof  (width));
cuParamSeti( createVertices , offset, width );
offset += sizeof (width);
ALIGN_UP(offset, __alignof  (height));
cuParamSeti( createVertices , offset, height );
offset += sizeof (height);
cuParamSe tSize( createVertices , offset  );
int threadsPerBlock = 16;
cuFuncSetBlockShape(  createVertices ,
threadsPerBlock , threadsPerBlock, 1 );
cuLaunchGrid( createVertices ,
width / threadsPerBlock , height/ threadsPerB lock );
/[l Unmap vertex buffer
cu GraphicsUnmapResources (1, &positionsVB_CUDA , 0);
/I Draw and present
}
void releaseVB( )
{
cu GraphicsUnregisterResource (positionsVB _CUDA;
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positionsVB - >Release();

}
Direct3D 10Version:

ID3D10Device * device;
struct CUSTOMVERTEX
FLOAT x, vy, z ;

DWORD color ;
b
ID3D10Buffer
struct

* positionsVB;
cudaGraphicsResource

int

{

main( )

/I Geta CUDA - enabled
IDXGIFactory * factory ;
CreateDXGIFactory(__uuidof(l
IDXGIAdapter*  adapter = 0;

adapter

DXGIFactory), (

Chapter 3. Programming Interface

* positionsVB_CUDA ;

void **)&factory

cudaSucc ess)

for (unsigned int i=0;! adapter; ++i) {
if (FAILED(f actory ->EnumAdapters( i, &adapter))
break;
int dev;
if (cuD3D10GetDevice(& dev,a dapter)
break;
adapter - >Release();
}
factory - >Release();

/I Create swap chain and device

D3D10CreateDeviceAndSwapChain(a

adapter - >Release();
/I Initialize driver API
/I Create context

CUdevice cuDevice;
CUcontext cuContext;

cuD3D10CtxCr eate(&cuContext, &cuDevice, 0,

/I Create module from binary file
CUmodule cuModule;

cuModul eLoad/( &c ardae\dettites ,

dapter,
D3D10_DRIVER_TYPE_HARDWARH),
D3D10_CREATE_DEVICE_DEBUG,
D3D10_SDK_VERSION,
&swapChainDesc &swapChain,
&device);

device);

.ptx 0 ) ;

/] Get fu nction handle from module
cuModuleGetFunction( &createVertices,
cuModule, " createVertices ");

/I Create vertex buffer and register it with CUDA

unsigned int
D3D10 BUFFER_ESC bufferDesc;
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void

bufferDesc.Usage =D3D10_USAGE_DEFAULT;
bufferDesc.ByteWidth = size;

bufferDesc.BindFlags = D3D10_BIND_VERTEX_BUFFER;
bufferDesc.CPUAccessFlags = 0;

bufferDesc.MiscFlags = 0;

device - >CreateBuf fer( &bufferDesc, 0, &positionsVB);
cuGraphicsD3D10 RegisterResource  ( &positionsVB_CUDA,

positionsVB,
cudaGraphicsRegisterFlagsNone );
cu GraphicsResourceSetMapFlags (positionsVB_CUDA,
cudaGraphicsMapFlagsWriteDiscard );

/I Launch rendering loop
while  (...){

Render();

Render ()

/I Map vertex buffer for writing from CUDA

float4 * positions ;

cuGraphicsMapResources(1, &positionsVB_CUDA, 0);

size_t num_bytes;

cuGraphicsResourceGetMappedPointer(( void **)&positions,
&num_bytes,
positionsVB_CUDA));

/l Exec ute kernel

#define  ALIGN_UP(offset, alignment) \
(offset) = ((offset) + (alignment) T 1) & ~((alignment) T 1)

int offset=0;
ALIGN_UP(offset, __alignof  ( positions ));
cuParamSetv ( createVertices , offset,

&positions , size of ( positions ));
offset += sizeof ( positions );
ALIGN_UP(offset, __alignof  (time));
cuParamSetf ( createVertices , offset, time );
offset += sizeof (time);
ALIGN_UP(offset, __alignof  (width));
cuParamSeti( createVertices , offset, width );
offset += sizeof (width);
ALIGN_UP(offset, __alignof  (height));
cuParamSeti( createVertices , offset, height );
offset += sizeof (height);
cuParamSetSize( createVertices , offset );

int  threadsPerBlock = 16;
cuFuncSetBlockShape(  createVertices ,

threadsPerBlock , threadsPerBlock, 1 );
cuLaunchGrid( createVertices ,
width / threadsPerBlock , height/ threadsPerBlock  );
/' Unmap vertex buffer
cu GraphicsUnmapResources (1, &positionsVB_CUDA , 0);
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/I D raw and present

}

void releaseVB( )

{
cu GraphicsUnregisterResource
positionsVB - >Release();

}

Direct3D 11Version:

ID3D11 Device * device;
struct CUSTOMVERTEX
FLOAT x,y, z ;

DWORD color ;
b
ID3D11 Buffer
struct

* positionsV B;
cudaGraphicsResource

int  main( )

{
/I Get a CUDA
IDXGIFactory

- enabled adapter
* factory ;

CreateDXGIFactory(__uuidof(IDXGIFactory), (

IDXGIAdapter*
for (unsigned int

adapter = 0;
i=0;!

( positionsVB

Chapter 3. Programming Interface

_CUDA;

* positionsVB_CUDA ;

void **)&factory  );

adapt er; ++i) {

if (FAILED(f actory ->EnumAdapters( i, &adapter))

break;
int dev;
if (cuD3D1llGetDevice(& dev,a dapter) == cudaSuccess )
break;
adapter - >Release();
}
factory - >Release();

/I Create sw ap chain and device

sFnPtr_D3D11CreateDeviceAndSwapChain

adapter - >Release();
/I Initialize driver API
/I Create context
CUdevice cuDevice;

CUcontext cuContext;
cuD3D11CtxCreate(&cuContext, &cuDev

CWDA C Programming Guide Version 3.2

(a dapter,
D3D11_DRIVER_TYPE_HARDWARE,
0,
D3D11_CREATE_DEVICE_DEBUG,
featureLevels, 3,
D3D11_SDK_VERSION,
&swapChainDesc, &swapChain,
&device,

&featurelLevel,
&device Context );

ice, 0, device);
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/I Create module from binary file
CUmodule cuModule;
cuModul eLoad|( &c odate\detitces , .fitx 0) ;

/I Get function handle from module
cuModuleGetFunction( &createVertices,
cuModule, " createVert ices ");

/I Create vertex buffer and register it with CUDA

unsigned int size = width * height * sizeof (CUSTOMVERTEX
D3D11 BUFFER_DESC bufferDesc;
bufferDesc.Usage = D3D11 _USAGE_DEFAULT;

bufferDesc.ByteWidth = size;

bufferDesc.BindFlags = D3D10_BIND_VERTEX_ BUFFER;
bufferDesc.CPUAccessFlags = 0;

bufferDesc.MiscFlags = 0;

device - >CreateBuffer(  &bufferDesc, 0, &positionsVB);
cuGraphicsD3D11 RegisterResource  ( &positionsVB_CUDA,

positionsVB,
cudaGraphicsRegisterFlagsNone );
cu GraphicsResourceSetMapFlags (positionsVB_CUDA,
cudaGraphicsMapFlagsWriteDiscard );
/I Launch rendering loop
while (... ){
Render();
}
Render ()

/I Map vertex buffer for writing from CUDA

float4 * positions ;

cuGraphicsMapResources(1, &positionsVB_CUDA, 0);

size_t num_bytes;

cuGraphicsResourceGetMappedPointer( (void **)&positions,
&num_bytes,
positionsVB_CUDA));

/I Execute kernel

#define  ALIGN_UP(offset, alignment) \
(offset) = ((offset) + (alignment) i 1) & ~((alignmen ) T 1)

int offset=0;
ALIGN_UP(offset, __alignof  ( positions ));
cuParamSetv ( createVertices , Offset,

&positions , sizeof (positions ));
offset += sizeof (positions );
ALIGN_UP(offset, __alignof  (time));
cuParamSetf (createVe rtices |, offset, time );
offset += sizeof (time);
ALIGN_UP(offset, __alignof  (width));
cuParamSeti( createVertices , offset, width );
offset += sizeof (width);
ALIGN_UP(offset, __alignof  (height));
cuParamSeti( createVertices , offset, height );
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offset += sizeof (height);

cuParamSetSize( createVertices , offset );
int  threadsPerBlock = 16;
cuFuncSetBlockShape(  createVertices ,

threadsPerBlock , threadsPerBlock, 1 );
cuLaunchGrid(  createVertices ,
width / threadsPerBlock , height/ threadsPerBlock  );

/' Unmap vertex buffer

cu GraphicsUnmapResources (1, &positionsVB_CUDA , 0);

/I Draw and present

void releaseVB( )

cu GraphicsUnregisterResource (positionsVB _CUDA;
positionsV  B- >Release();

3.3.11  Error Handling

All driverfunctions return an error cqdmut foran asynchronous functi(see
SectiorB.2., this error codeannot possibleportanyof theasynchronousrrors
thatcouldoccuron the deviesincethefunction returs beforethe device has
completed the tasthe error codenlyreporserrors that occuwn the hosprior

to executing the tadkpically related fgarameer validationif an asynchronous
error occurs, it will be reporteddnme subsequent unrelated runtime function call

The only way to check for asynchronous errors just after some asynchronous
function call is therefore to synchronize just after the call by calling

cuCtxS ynchronize() (or by usingany other synchronizatiorechanisms
described iSectior8.3.9 and checking the error code returned by

cuCtxS ynchronize()

3.3.12 Call Stack

On devices of compute capability, Zye size of the call stack can be queried using
cuCtxGetLimit() and set usinguCtxSetLimit()

3.4 Interoperability between Runtime and Driver
APlIs

An application can mix runtime API code with driver APIl.code

If a context is created and made current via the driver API, subsequent runtime calls
will pick up this context instead of cregith new one.
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If the runtime is initialized (implicidg mentioned in Sectidg),
cuCtxAttach() can be used t@trieve the context creathating initialization.
This context can be used by subsequent driver API calls.

Device memory can be allocated and freed usingAdfth@Udeviceptr can be
cast to regular pointers and wieesa:

CUdeviceptr devPtr;
float *d_data;

/I Allocation using driver API
cuMemAlloc( &devPtr , size);
d_data=( float *)devPtr;

/I Allocation using runtime API
cudaMalloc(&d_data, size );
devPtr =  (CUdeviceptr) d_data;

In particular, this means that applicatwnitten using the driver API can invoke

|l ibraries written using the runtime API (

All functions fronthe device andeysion nnagement sect®of thereference
manual can be used interchangeably.

3.5 Versioning and Compatibility

There are two version numbers thatelopershould care abouthen developing

a CUDA application: The compute capability that describes tra gener
specifications and features of the compute device (see BZ§diwhthe version

of the CUDA driver API that describes the features supported by the driver API
and runtime.

The version of the driver APIdsfined in thelriver header file as
CUDA_VERSIONIt allows developers to check whether theircapiph requires a
newer drivethan the one currently installddhis is important, because thiger
APl isbackward compatitf#aning that applications, ghsy andibraries
(including the C runtimeompiled agasha particular version of thever API will
contirue to work on subsequent driver releases as illustriaigure3-4. The
driver APl is noforward compatitahéich meandat applications, phigs, and
libraries (icluding the Cuntimé@ compiled aga#h a particular version of théver
API will not work on previougersions of the driver.

It is important to note that mixing and matching versions is not supported;
speciically:

All applications, pldigs, and libraries on a system must use the same version of
the CUDA driver API, since only one version of the CUDA driver can be
installed on a system.

All plugins and libraries used by an application must use the s@neofers

the runtime.
All plugins and libraries used by an application must use the same version of
any | ibraries that wuse the runti me

78 CUDAC Programming Guide Version3.2

(sucl



3.6

3.7

Apps, Apps, Apps,
Libs & Libs & Libs &
Plug-ins Plug-ins Plug-ins

///
1.0 1.1 2.0
Driver Driver Driver
Compatible Incompatible

Chapter 3. Programming Interface

Figure 3-4. The Driver API is Backward, but Not Forward
Compatible

Compute Modes

On Tesla solutions runnihgnux,one can set any device in a system in one of the
three followingno d e s u s i nSysteh WanBdermedtdnterfGoadiasmi)
which is dool distributed @part of the Linux driver:

Defaultompute modeMultiple host threads can use the ddhigealling
cudaSetDevice()  on this device, when using the runtime API, or by making
current a context associated to the device, when using the driegttAdI)

sane time.

Exclusiveompute mode: Only one host thread can use the device at any given
time.

Prohibitesbmpute modeé\lo host thread can use the device.

This means, in particultrat ahost thread usirthe runtime APWithout explicitly
callingcudaSetDe vice() might be associated with a device other than device O if
device 0 turns out to be in prohibited compute mode or in exclusive compute mode
and used by another host threadaSetValidDevices() can be used to set a
devicdrom a prioritized list of @lvices.

Applications may query the compute mode of a device by calling
cudaGetDeviceProperties() and checkinthe computeMode property or
checking theu_DEVICE_COMPUTEMODEHttributeusing
cuDeviceGetAttribute()

Mode Switches

GPUs dedicate sorblRAM memory to the sa@alledorimary surfagkich is used
to refresh the display device whose output is viewkd bydr. When users initiate
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amode switgtthe display by changing the resolution or bit depth of the display
(using NVIDIA control panel or éhDisplay control panel on Windows), the
amount of memory needed for the prinsanjacechanges. For example, if the user
changes the display resolution from 1280x10&#x¢821600x1200x34t, the

system must dedicate MiB to the primargurfaceather than 5.2MB. (Fult
screergraphics applicationsnning with antaliasing enabled may require much
more display memory for the primsuyface.pn Windows, ther events that may
initiate display mode switches include launchinesareh DirectXé@pplication,
hitting Alt+Tab to task switch away from adaleen DirectX application, or

hitting Cti+Alt+Del to lock the computer.

If a mode switch increases the amount of memory needed for the quifaagy
the system may have to cannibalize meatiocations dedicated to CUDA
applicationsTherefore, a mode switch results in any call to the CUDA rtmtime
fail and return an invalid context error
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The CUDA architecture is built around a scalable array of multitfaaaledhg
Multiprocesg&3. When a CUDA program on the host CPU invokes a kernel

grid, the blocks of the grid are enumerated and distributed to multiprocessors with
available execution capacity. The threads of a thread block exegtreEntiyran

one multiprocessor, anduttiple thread blocks can execute concurrently on one
multiprocessoAs thread blocks terminate, new blocks are launched on the vacated
multiprocessors.

A multiprocessor is designed to execute hundreds of threads concliorently.
manag such a large amount of threads, it employs a unique architecture called
SIMT (SingHnstruction, Multipleeddhat isdescribed in Sectidnl To maximize
utilization of its functional units, it leverages tHmaa @rallelism by using

hardware multithreading detailed in Sectidr2 more so than instructidavel
parallelism within a single thread (instructions are pipelined, but unlike CPU cores
they are executed in order and tiewe branch prediction and speculative
execution).

Sectiong.1and4.2describe the architecture features of the streaming
multiprocessor that are common to all devices. SestthaandG.4.1provide the
specifics for devices @dmpute capabilities 1.x and Bespectively.

SIMT Architecture

Themultiprocessor creates, manages, schedules, and executes threads in groups of
32 parallghreads calledarpdndividual threads composing a warp start together

at the same program address, but they have their own instruction address counter
and register state and are therefore free to branch and execute independently. The
termwarmriginats from weaving, the first parallel thread technddugliwarps

either the first or second half of apvérquartewarps either the first, second,

third, or fourth quarter of a warp.

When a multiprocessor is given one or more thread blocksuie eiteartitions
them into warps that get scheduledwgrp schedfdeexecutionThe way a block
is partitionednto warps is always the same; each warp contains threads of
consecutive, increasing thread IDs with the first warp containing thread 0.
Sectior2.2describes how thread |Pdate ¢ thread indices in the block.
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A warp executes one common instruction at a time, so full efficiency is realized
when all 32 threads of a warp agree on their execution pathd¥ dir@avarp

diverge via a datkependent conditional branch, the warp serially executes each
branch path taken, disabling threads that are not on that path, and when all paths
complete, the threads converge back to the same execution path. Branatedivergen
occurs only within a warp; different warps execute independently regardless of
whether they are executing common or disjoint code paths.

The SIMT architecture is akin to SIMD (Single Instruction, Multiple Data) vector
organizations in that a singlerinstion controls multiple processing elements. A

key difference is that SIMD vector organizations expose the SIMD width to the
software, whereas SIMT instructions specify the execution and branching behavior
of a single thread. In contrast with SIMD vectachines, SIMT enables

programmers to write threbevel parallel code for independent, scalar threads, as
well as datparallel code for coordinated threads. For the purposes of correctness,
the programmer can essentially ignore the SIMT behavior; hewestantial
performance improvements can be realized by taking care that the code seldom
requires threads in a warp to diverge. In practice, this is analogous to the role of
cache lines in traditional code: Cache line size can be safely ignoredgwimgn des

for correctness but must be considered in the code structure when designing for
peak performance. Vector architectures, on the other hand, require the software to
coalesce loads into vectors and manage divergence manually.

If a noratomicinstructian executed by a warp writes to the same location in global
or shared memory for more than one of the thredtie @farp, the number of
serialized writes that occur to that location varies depending on the compute
capability of the device (&ertion$.3.2 G.3.3 G.4.2 andG.4.3 andwhich

thread performs the final write is undefined.

If an atomidnstruction(see Sectidd.1]) executed by a wargads, modifies, and
writes tathe same location in globamory for more than one of the threads of
the warpeach read, modify, write to that location occurs and tredlysaméalized,

butthe order in which theyour is undefined

Hardware Multithreading

The execution contexirbgramcountes, registers, etc) for each warp processed by
amultiprocessor is maintainedanp during thentire lifetime of the warp

Switching from one execution context to anotlezefbrehas no costaind at eery
instruction issue timawarp scheduler selects a warphhatthreadseady to
executeats nextinstruction(active thréeatsd issues the instructiorttiose threads

In particular, each multiprocessor has a s@thif Bgisters that are partitioned
among the warps, angaallel data cacldeared mentbat ispartitioned among
the thread blocks.

The number oblocks and warghatcan reside and be processed together on the
multiprocessor for a given kerdepends othe amount of registers and shared
memory used by the kernel #meamountof registers and shared memory

available on the multiprocessdrerearealso a maximum number of resident
blocksand a maximum number of resident warps per multipooCEsese limits

as well the amount of registers and shared memory available on the multiprocessor
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are a function of the compute capability of the device agigearénAppendix G
If there are not enough registers or shauedory available per multiprocessor to
process at least one block, the kernel will fail to launch.

The total number of war{8s0cdn a block iss follows:

LT
Whiock = Ceil(

1)

size
T is the number of threads per block
WsizdS the warp sizevhich isequal to32
ceil(x, y¥ equal tax rounded up to the nearest multipleg. of
The total number of registd®socallocated for a blockas follows:

For devices of compute capability 1.x:

Rblock = Ceil (Ceil (\Nblock' G\N) 3 W:;ize3 Rk ' Gr )

For devices of compute capability: 2.x
Rolock = Ceil (Rk 3 Wsize’ Gl' ) 3 valock

Gw is the warp allocation granularity, equal to 2 (compute capability 1.x only),
R« is the number of registers used by the kernel,

Gr is the thread allocation granularity, equal to 256 for devices of compute
capability 1.0 and 1.1, an@ %dr devices of compute capability 1.2 and 1.3,
and 64 for dvices of compute capability. 2.x

The totalamountof shared memois.cin bytesallocated for a blockas follows:

Shiock = CeIl(S¢, Gs)

S is the amount of shared memory used by thelkerbytes,

Gsis the shared memory allocation granubatiigh is equal to 512 for devices
of compute capability 1.x and 128 fewrices of compute capability. 2.x

4.3 Multiple Devices

In a system with multiple GPUs, all CUB#abled GPUare accessibleavhe
CUDA driver and runtime as separate devibese ardhoweverspecial
considerations as described below when the system is in SLI mode.

First,an allocation in one CUDA device on one GPU will consume memory on
other GPUghat are part of the SLI daguration of the Direct3D devid@ecause
of this, alloddgons may fail earlier thatherwise expesd.

Second, applications have to create multiple CUDA contexts, one for each GPU in
the SLI configuration and deal with the fact that a different GBedi$ax

rendering by the Direct3D device at every frame. The application can use the
cuD309|10|11]GetDevices () set of calls to identify the CUDA device

handle(s) for the GPU(s) that are performing the rendering in the current and next
frame. Given thismfformation the application will typically map Direct3D resources
to the CUDA context corresponding to the CUDA device returned by
cuD309|10]|11]GetDevices (O when thedeviceLgarameter is set to
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CU_D3D10_DEVICE_LIST_CURRENT_FRAMBee Sectior$s2.7.2and3.3.10.2
for details on how to use CUEirect3D interoperability
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Chapter 5.
Performance Guidelines

Overall Performance Optimization Strategies

Performance optimization revolves around three basigissate

¢ Maximize parallel executtorachieve maximum utilization
C Optimize memory usage to achieve maximum mdémounghput
C Optimize instruction usage to achieve maximum instruction throughput.

Which strategies will yield the best performance gaipduicalaportionof an
application depends on the performance limitetedtportion; g@timizing
instruction usage of a kerttedt is mostly limited by memeaigcessesill not yield
any significant performance gain, for example. Optimization ffourtd

therefore be constantly directed by measuring and monitoring the performance
limiters, for example using the CUDA profifddso, omparing the floatingoint
operatiorthroughputor memory throughpd whichever makes more sebeé a
particulakernel to the corresponding peak tetcal throughput of the device
indicates how much room for improvement there ithédkernel.

Maximize Utilization

To maximizautilizationthe application should be structured in a way that it exposes
as much paralism as possible and efficiently maps this parallelism to the various
components of the system to keep them busy most of the time.

Application Level

At a high level, the application should maximize parallel execution between the host,
the devices, anddlbus connecting the host to the devices, by using asynchronous
functions calls and streams as described in Se2tdh should assign to each
processor the type of work it does best: serial workloads to the host; parallel
workloads to the devices.

For the parallel workloads, at points in the algorithm where parallelism is broken
because some threads need to synchronize in order to shaith datd other,
there are two cases: Either these threads belong to the sknie Wwhiich case
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they should use syncthreads() and share data through shared memory within

the same kerniglvocation or they belong to different blocks, in which case they

must share data through global memory using two separate kernel invocations, one
for writing to and one for reading from global menidrg.second cassmuch

less optimal sinceditlds the overhead extrakernel invocations amgtbbal

memory trafficlts occurrence shoulgereforebe minimized by mappittee

algorithm to the CUDArogramming model in such a way tinatomputations

that require intethread communicaticare performed withia single thread block

as much as possible.

Device Level

At a lower level, the application should maximize parallel execution between the
muliprocessors of a device.

For devices of compute capability 1.x, only one kernel can execute on a device at
one time, so the kernel should be launched with at least as many thread blocks as
there are multiprocessors in the device.

For devices of compute ability 2.xmultiple kernels can execute concurrently on
a device, so maximum utilization can also be achieved by using s&ealhs to
enough kernets execute concurrently as described in SEcH®

Multiprocessor Level

At an even lower level, the application should maximize parallel execution between
the various functional units within a multiprocessor.

As described in Sectidr® a GPU multiprocessor relies on thileadl parallelism
to maximize utiiation of its functional unitdtilization is therefore directly linked
to the number of resident warpsevery instruction issue tiragyarp scheduler
selects a warp that is ready to exé@sutextinstruction if anyand issues the
instruction to the active threads of the waine. number of clock cycles it takes for
a warp to be ready to exedtgaextinstruction icalledhelatencgnd il
utilization is achieved whalhwarp schedulsalway$avesome instruction to
issie for some warp at every clock cycle dtimatgatency perigar in other
words, when latenegycompletelyp h i d. dhe nunber oinstructiongequired to
hidea latency dof clock cycledepends otherespectivéhroughpus of these
instructiongse Sectiord.4.1for the throughputs of various arithmetic
instructiony assuming maximum throughput for all instructibiss

L/4 (rounded up to nearest integer) for devices of compute capability 1.x since
a multiprocessassues one instruction per warp over 4 clock cycles, as
mentioned in Sectidh.3.],

L (rounded up to nearest integer) for devices of compute cagdbdityce a

multiprocessor issues one instruction per warp over 2 cleskfoy@ warps
at a time, as mentioned in Secof.],

2L (rounded up to nearest integer) for devices of compute capability 2.1 since a
multiprocessor issuagair ofinstructions per warp over 2 clock cycles for 2
warps ta time, as mentioned in Sect®i.1
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For devices of compute capability 2.0, the two instructions issued every other cycle
are for two different warps. For devices of compute capability 2.1, the four
instructions issued eyather cycle are two pairs for two different warps, each pair
being for the same warp.

The most common reason a warp is not readetwitgts nextinstruction is that
t he i n sirput operandscardyet availahle

If allinput operands aregisterslatency is caused by register dependdreies,
some of the input operanaiewritten by some previous instruc{g)whose
execution has not completed {rethe casef abackto-back register dependency
(i.e. some input operand is writterithgyprevious instructiorthe latency is equal
to the execution time of the previous instruaiwhthe warp schedufaust
schedule instructions fdifferent warps during that tink&ecution timevaries
depending on the instruction, busitypicaly about 22 clock cyclaghich
translates t6 warps for déces of compute capability 1.x 2Bdvarpsfor devices
of compute capability2.

If someinput operandesides iff-chip memory, the latency is much high@o

to 800clock cycles’he numbeof warps required to keep the warp scheshlsy
duringsuch high latency periadispends othe kernel codej general, more warps
are required theratio ofthenumber of instructionsith nooff-chip memory
operandgi.e.arithmetic instructionsost of the timgto thenumber of
instructios with off-chip memory operandslow (this ratio isommonly called

the arithmetic intensity of the progjalfrthis ratiois 15, for example, theio hide
latencies of about 600 clock cyebeut D warpsare requiretbr devices of
compute capability 1.x aaldout 4 for devices of compute capability.2.x

Another reason aasp is not ready to execittenextinstruction ighatit is waiting

at somaenemory fence (Secti@nb or synchronization poingéctiorB.6. A
synchronization poiman force the multiprocessor to idlenase and more warps
waitfor other warps in the same block to complete execution of instructions prior
to the synchronizain point. Having multiple resident blocks per mattassor

can help reduce idlingthis case, as warps from different blocks do not need to
wait for each other at synchronization points.

The number of blocks and warps residing on each multiprocessgivien kernel
call depends on tlexecution configuration tife call (SectioB.16,the memory
resourcesf the multiprocessaandtheresource requiremermtsthe kernets
describedh Sectiort.2 To assist programmers in choosirrgdd block size based
onregisteand shared memanyquiremets, he CUDA Software Develment

Kit provides a spreadsheet, called the CUDA Occupancy Calatlater,
occupancy is defined as the ratio of tmebau of resident warps to the maximum
number of resident warps (give\ppendix Gfor various compute capabilifies

Register, local, shared, and constant memory usages are reported by the compiler
when compiling with the ptxas - options= - v option.

The total amount of shared memory required for a block is equal to the sum of the

amount of statically allocated shared memory, the amount of dynamically allocated

shared memory, and for devices of compute capability 1.x, the@frsbared

memory used to pass thé&lBernel ds argument

The number of registers used by a kernel can have a significant impact on the
number of resident warps. For exaniplejevices of compute capabilit®,if a
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kernel uses 16 registers and each block has 512 threads and requires very little
shared memory, then two blodlkes.82 warpsgan reside on the multiprocessor

since they require 2x512x16 registers, which exactly matches the number of registers
available on the multiprocesddut as soon as the kernel usesrre register,

only one blocki.e.16 warpsgan be resident sinweo blocks would require

2x512x17 rasters, whickremore registers thameavailable on the

multiprocessoiT herefoe, he compiler attempts to minimize register wshige
keepingegister spilling (see SectoB.2.2and the number of instructions to a

minimum Register usagan be controlled usitige - maxrregcount  compiler

option orlaunch bounds as described in SeBtibn

Eachdouble variable (on devices that supports native double precision, i.e. devices
of compute capability 1.2 and higher) andleaglong  variable uses two

registers. However, dess of compute capability 1.2 and higher have at least twice
as many registers per multiprocessor as devices with lower compute capability.

The effect of execution configuration on performance for a given kernel call
generally depends on the kernel dex@erimentation is therefore recommended.
Applicationganalsoparametize execution configuratibased on register file

size and shared memory sidgich depends on the compute capability of the
device, as well as on the number of multiprocessarseamaty bandwidtof the
deviceall of which can be queried using the runtime or driver API (see reference
manual).

The number of threads per block should be chosen as a multiple of the warp size to
avoid wasting computing resources with yooleulated arpsas much as
possible.

Maximize Memory Throughput

The first step in maximizingerallmemorythroughputor the applicatiois to
minimize data transfensth lowbandwidth.

That means minimizing data transfers between the host and the devidedas detai
in Sectiorb.3.1 since these have much lower bandwidth than data transfers
betweerglobal memory and tlevice.

That also means minimigidata transfers betweagabal memorgnd the device
by maximizing use ofi-chip memory shared memomnd cache@.e. L1/L2
cachsavailable onaVices of compute capability, Pexturecacheand constant
cache available on all devices)

Shared memory is equivalent to a-usamaged cach€he application explicitly
allocateand acesses ifAs illustrated in Secti@.2 atypical programming
pattern is to stage data coming from device memory into shared memory; in other
words, to have each thread of a block:

Load data from device memory to shared mgmo

Synchronize with all the other threads of the block so that each thread can
safely read shared memory locations thajpeputatedy different threads,

Process the data in shared memory,

Synchronize again if necessary to make sure that sharedirasrbeen
updated with the results,
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Write the results back to device memory.

For some applications (e.g. for which global memory accessesdaeddtnt), a
traditionahardwarenanagedache is more appropriate to exglata localityAs
mentioned irSectionG.4.], for devices of compute capability, e same eohip
memory is used for both L1 and shared meraodyhow much of it is dedicated to
L1 versus shared memory is configurable for each kernel call.

Thethroughput of memoryaccesses by a kercash vary by an order of magnitude
depending on accesatern for each type of memome next step imaximizing
memorythroughputs therefore to organize memory accesses as optimally as
possible based on the optimahmgy access pattemhsscribed in Sectiofs3.2.1
5.3.2.35.3.2.4and5.3.2.5This optimization is especially important for global
memay accesses as global memory bandwidth, isdewweroptimal global
memory accessieave a higher impact on performance

Data Transfer between Host and Device

Applicationshould strive to minimize data transfer between the host and the
device One wayd accomplish this is to mowmre code from the host to the

device, even if that means running kernels with low parallelism computations.
Intermediate data structures may be created in device memory, operated on by the
device, and destroyed without evergomapped by the host or copied to host
memory.

Also, because of the overhead associated with each transfer, batching many small
transfers into aingle large transfaways performs better than making each
transfer separately.

On systems with a freste bus, higher performance for data transfers between
host and device is achieved by usinglpaked host memory as described in
Sectior8.2.4.1.4

In addition, when using mapped pagi&ed memory (SectiBr2.5.R there is no

need to allocate any device memory and explicitly copy data between device and
host memory. Data transfers are implicitly performed each time the kernel accesses
the mapped memory. For maximum performahnesetmemory accesses must be
coalescedswith accesses to global memory (see S&ciidn). Assuming that

they are and that the mapped memory is read or written only once, using mapped
pagelocked memory instead of explicipies between device and host memory can

be a wirfor performance

On integrated systems where device memory and host memory are physically the
same, any copy between host and device memory is superfluous and mapped page
locked memory should be useddadt Applications may query whether a device is
integrated or not by callingdaGetDeviceProperties() and checkinthe

integrated  property or checking ti&J_DEVICE_ATTRIBUTEINTEGRATED
attributeusingcuDeviceGetAttribute()

Device Memory Accesses

An indruction that accesses addressable meineagiobal, local, shared, constant,
or texture memory) might need to bé&sseied multiple times depending on the
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distribution of the memory addresses across the threads within thowahe
distribution affcts thenstruction throughput this way is specific to each type of
memoryand described in the following sectiéos example, for global memory,
as a general rylihe more scattered the addresses are, theadooedhe
throughputs.

Global Memory

Global memory resides in device memory and device memory is accessed via 32
64, or 128ytememory transactions. These memory transactions nmagtitzdly
alignedOnly the 32 64, or 128byte segments of device memory thailayeed

to theirsize(i.e.whose first address is a multiple of their size) can be read or written
by memory transactions.

When a warp executesiastruction that accesses global merit@yalescdbe

memory accessof thethread within the warp into one or more of taegsemory
transactiondepending on the size of the word accessed by each thread and the
distribution of the memory addresses across the thregeiseral, the more

transactions are necessary, the more unused wardssdegredn addition to the
wordsaccessed by the threads, reducing the instruction throughput accordingly. For
example, if a 32yte memory transaction is generated forteich el-ayted s
accesgshroughput is divided by 8.

How many transactierare necessary and how thrpugfs ultmately affected

varies with the compute capability of the devizedevices of compute capability

1.0 and 1.1, the requirements on the distribution of the addresses across the threads
to get any coalesciagallare very strict. They are much more edlfor devices of

higher compute capabilities. Fevides of compute capability, Zye memory

transactions are cachsa data locality is exploited to reduce impact on throughput.
Sections$s.3.2andG.4.2give more details on h@lobalmemoryaccessese

handledor various compute capabilities.

To maximize global memory throughput, it is therefore important to maximize
coalescingy:

Following the most optiahaccess patterns base&ectionss.3.2andG.4.2

Using data types that meet the size and alignment requirement detailed in
Sectiorb.3.2.1.1

Padding data in some cases, for example, when acdessitighansional
array as described in Sechid?2.2.

Size and Alignment Requirement

Global memory instructiossipport reading or writing words of size equal to 1, 2,
4, 8, or 16 bytesAny access (via a variable or a pojrib data residing in global
memory compiles to a single global memory instruction if and onkizétbéthe
data type is 1, 2,8, or 16bytes and the dataniaturally aligne@e. its address is a
multiple of that size).

If this size and aligment requirement is nftfilled, the access compiles to

multiple instructions with interleaved access patterns that prevent these instructions
from fully coalescing. It is therefore recommended to use typasélihis

requirement for data that reside global memory.
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The alignment requirement is automatically fulfillébddouilt-in types of
SectiorB.3.1likefloat2  or float4

For structures, the size and alignment requirements can be enforced by the compiler
using he alignment specifiersalign__(8)  or_align __ (16) , such as

struct _ align__ (8){
float X;
float vy;

5

or

struct _ align__ (16){
float  x;
float Y;
float  z;

b

Any addressf a variable residing in global memory or returned by tire of
memory allocation routines from the driver or runtime API is always aligned to at
least 256 bytes.

Readinghon-naturally alignegibyteor 16bytewords produces incorrect results

(off by a few words), so special care must be taken to nadigieirenof the

starting address of any value or array of values of thes& typisl case where

this might be easily overlooked is when using some custom global memory

allocation scheme, whereby the allocations of multiple arrays (with multiple calls to
cudaMalloc () or cuMemAlloc () ) is replaced by the allocation of a single large

block of memory partitioned into multiple arrays, in which case the starting address

of each array is offset from the bl ockos

5.3.2.1.2 Two-Dimensional Arrays

A common glodanemory access pattern is when each thread oftiggx
uses the following address to acoesslement of a 2D arrmafywidthwidth
located at addreBaseAddress of typetype* (whereype meets the
requirement described in Secidh2.1.1

BaseAddress + width * ty+ tx

For these accesses tduily coalesced, both the width of the thread block and the
width of the array must be a multiple of the warp size (or only half the warp size for
devices of compute cagdpil.x).

In particular, this means that an array whose width is not a muttipgesiaiwill

be accessed much more efficiently if it is actually allocated with a widthupunde
to the closest multipt this sizeand its rows padded accordinghe

cudaMalloc Pitch () andcuMemAllocPitch () functionsand associated
memory copy functions described in the reference nreaabddrogrammes to

write nonhardwaraependent code to allocate arraytisctivdform to these
constraints.

5.3.2.2 Local Memory

Local merary accesses only occur for some automatic variables as mentioned in
SectiorB.2.4 Automatic variables that the compiler is likely to place in local
memory are
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Arrays for whiclit cannot determindatthey arendexed with @nstant
guantities

Large structurew arrays that would consume too much register, space

Anyvariable if the kernel uses more registers than a\#iiabsalso known
asregister spijling
Inspection of th&TX assembly code (obtained by compilitigtivei ptx or
- keep option) will tell ifa variable has been placed in local memory during the first
compilation phases as it will be declared usirigcle mnemonic and accessed
using théd.local  andstlocal  mnemonicsEven ifit has not, subsequen
compilation phases might still decide otherwise though if they find it consumes too
much register spaf the targeted architecture: Inspection ottinéobject
usingcuobjdump will tell if this is the casilso, the compiler reports total local
memory usage per kernieddm) when compiling with the ptxas - options= -v
option. Note that some mathematical functions have implementation paths that
might access local memory.

The local memory space resides in device memiogalsnemory accestese
samehigh latency and low bandwidihglobal memory accessataresubject to

the same requirements for memory coalessidgscribed in Sect®R.2.1Local
memory is however organized such that consecutiten®zdsare acessed by
consecutive thread IDscéesses atkerefordully coalesced as long as all threads

in a warp access the sanlativeaddress (e.g. same index in an array variable, same
member in a structure variable).

On device of compute capabilityX2local memory accesses are alwalysctac
L1 and L2 in the same wa/global memory accesses (see SBaliGh

Shared Memory

Because it is echip, the shared memory space is much faster than the local and
global memarspaces. In fact, for all threads of a warp, accessing shared memory is
fastas long as there are no bank conflicts between the threads, as detailed below.

To achieve high bandwidth, shared memory is divided into-egedllignemory
modules, called bankghich can & accessed simultaneoushy. liemory read or
write request made waddresses that fallnmlistinct memory banks ctéerefore
be serviced simultaneously, yieldirgvarallbbandwidth that istimes as high as
the bandwidth of a singleodule.

However, if two addresses of a memory request fall in the same memory bank, there
is a bank conflict and the access has to be serialized. The hardware splits a memory
request with bank conflicts into as many separdlieteoee requests as necegs
decreasinthroughputy a factor equal to the number of separate memory requests.

If the number of separate memory requestgtig initial memory request is said to
causerway bank conflicts.

To get maximum performance, it is therefore impddamtderstand how memory
addresses map to memory banks in order to schedule the memory requests so as to
minimize bank conflict$his is described in Secti@éh8.3andG.4.3for devices of
computecapability 1.xral 2.x respectively.

Constant Memory

The constant memory space resides in device memory and is cached in the constant
cachanentioned in Sectio®&3.1andG.4.1
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For devices ofampute capability 1.x, a constant memory request for a fivatp is
split into two requests, one for each-walfp, that are issued independently.

A request is then split into as many separate requests as there are different memory
addresses in the initrequest, decreasing throughput by a factor equal to the
number of separate requests.

The resulting requests are then serviced at the througtipptafstant cache in
case of a cache hit, or at the throughput of device memory otherwise.

Texture and Surface Memory

The textureaand surfacenemory spasgesideén device memory amdecached in

texture cache, so a texture fetichurface reacbsts one memory read from device
memory only on a cache miss, otherwise it just costs one read from texture cach
The texture cache is optimized for 2D spatial locality, so threads of the same warp
that read texturer surfaceddresses that are close togé@th2b will achieve best
performance. Also, it@éesigned for streaming fegstwith a constant latenay;

cache hireduces DRAM bandwidth demdnd not fetch latency.

Reading device memory through texduurfacdetchingpresent some benefits
that can make it an advantageous alternative to reading device memory from global
or constant memory:

If the menory reads do not follow the access patterns that global or constant
memory reads must respect to get good performance (see S8cfidasd
5.3.2.% higher bandwidth can be achieved provillaighere isokality in the
texture fetchegr surface readhis is less likely for devicesompute

capability 2.given that global memory reads are cached on thesg;devices

Addressing calculations are performed outside thelkedwealicated umsit
Packed data may be broadcast to separate variables in a single operation;

8-bit and 16bit integer input data may be optionally convertedhia 32
floatingpoint values in the range [0.0, 1.0]100] 1.0] (see Sect®2.4.1)1

Maximize Instruction Throughput

To maximize instruction throughput the application should

Minimize the use of arithmetic instructions with low througthigiincludes
trading precision for speed when it does not affect the end result,usit) as
intrinsic instead of regular functions (intrinsic functions are listed in
SectionC.2), singleprecision instead of douleecisionorflushing
denormalized numbers to zero

Minimize divergent warps caused by contiwlifistructions as detailed in
Sectiorb.4.2

Reduce the number of instructions, for example, by optimiging
synchronization points whenever possible as described in 5éQ&uwrby
using resicted pointers as described in Se&i@n

In this section, throughputs are given in number of operations per clock cycle per
multiprocessor. For a warp size ofo3@jinstructiornresults irB2 operations.
Therefore, if Td the number of operations per clock cycle, the instruction
throughput is one instruction every 32/T clock cycles.
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All throughputs are for one multiprocessor. They must be multiplied by the number
of multiprocessors in the device to get throughput favhbée device.

Arithmetic Instructions

Table5-1 gives the throughputs thie arithmetidnstructionghat are natively
supported in hardware for devices of various compute capabilities.

Table 5-1. Throughput of Native Arithmetic Instruction s
(Operations per Clock Cycle per Multiprocessor)

Compute Compute Compute
Capability 1.x Capability 2.0 Capability 2.1
32-bit floa.ltlng -p0|r‘\t 8 32 48
add, multiply, multiply -add
64-bit floe.ltlng-p0|r\t 1 16 4
add, multiply, multiply -add
32-hit integer
. . 8 32 48

add, logical operation
32-bit int

' it integer 8 16 16
shift, compare
32-hit integer Multiole
multiply, multiply -add, sum of instrucﬁons 16 16
absolute difference
24-bit integer multiply 8 Multiple Multiple
(__[ulmui24 ) instructions instructions
32-bit floating -point
reciprocal, reciprocal square
root,
base-2 logarithm (__log 2f), 2 4 8
base-2 exponential (exp2 f ),
sine (__sin f), cosine
(__cosf)
Type conversions 8 16 16

Otherinstructions and functisare implementesh top of the nativamstructions
The implementation may be different for devices of compute capability 1.x and
devices of compute capabilityy 2ndthe number ohativeinstructionsafter
compilatiormay fluctuate with every compilersion. For complicated functions,
there can be multiple code paths depending ondnpbitlump can be used to
inspect a particular implementation énlzirmbject.

The implementation of some functions are readily available on the CUDA header
files rath_functions.h ,device _functions.h , ).é

In general, code compiled witte=true  (denormalized numbers are flushed to
zero)tends to have higher performance than code compiledtasithlse

Similarly, code compiled witprec - div=false  (less preciseuiion)tends to
have higher performance code than code compiledpréth- div=true , and
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code compiled withprec - sqrt=false  (less precise square rdet)ds to have
higher performance than code compiled withc - sgrt=true . Thenvcc user
manual describeéhese compilation flags in more details.

Single-Precision Floating-Point Addition and Multiplication Intrinsics

__fadd_r[d,u] , __fmul_r[d,u] , and__fmaf _r[n,z,d,u] (see
SectionC.2.) compile to tens of instructiofs devies of compute capability 1.x,
but map to a singhativeinstruction for évices of compute capability. 2.x

Single-Precision Floating-Point Division

__fdividef  (x, y) (see Sectio@.2.) provides faster singieecision floating
point divisiorthan the division operator

Single-Precision Floating-Point Reciprocal Square Root

To preserve IEEE54 semantics the compiler can optimiXeqrtf() into
rsqrtf() only when both reciprocaldasquare root are approximate, (vith

- pre c- div=false =~ and- prec - sqrt=false ). It is therefore recommended to
invokersqrtf() directly where desired.

Single-Precision Floating-Point Square Root

Singleprecision floatingoint square root is implemented as a reciprocal square
root followed by a redipcal instead of a reciprocal squanefalowed by a
multiplicatiorso that it gives correct results for O and infinity. Therefore, its
throughput is 1 operation per clock cfaialevices of compute capability 1.x and
2 operations per clock cycledewices of compute capability. 2.x

Sine and Cosine

sin f(x) ,cosf(x) ,tan f (x) ,sin cosf (x) ,and corresponding double
precision instructions are much more expensive anchereso if the argument
is large in magnitude

More precisely, the argument reidnctode (se@ath_functions.h for
implementation) comprises two code paths referred to as the fast path and the slow
path, respectively.

The fast path is used for arguments sufficiently small in magnitude and essentially
consists of a few multiphgld opeations. The slow path is useddrguments large

in magnitudend consists of lengthy computations required to achieve correct
results over the entire argument range.

At present, the argument reduction code for the trigonometric functions selects the
fag path for arguments whose magnitude is less than 48039.0f for the single
precision functions, and less than 2147483648.0 for theglegidmn functions.

As the slow path requires more registers than the fast path, an attempt has been
made to reducegister pressure in the slow path by storing some intermediate
variables in local memory, which may affect performance because of local memory
high latency and bandwidth (see Sebt@a.» At present, 28 byef local

memory are used by sirgtecision functions, and 44 bytes are used by double
precision functions. However, the exact amount is subject to change.
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Due to the lengthy computations and use of local memory in the slow path, the
throughput of thesigonometric functions is lower by one order of magnitude
when the slow path reductiomeguiredas opposed to the fast path reduction.

Integer Arithmetic

On devices of compute capability 324it integer multiplication is implemented
using multiplénstructions as it is not natively suppogéddhit integer
multiplication is natively supportemvevewia the__[ulmul24 intrinsic (see
SectiorC.2.3. Using__[ulmul24 instead of the 3Bit multiplication operator
whenevepossiblaisually improvggerformancéor instruction bound kernels.
can have the opposite effect however in cases where the (igenof24

inhibits compiler optimizatian

On devices of compute capability, 3Zbit integer multiplication is nagly
supported, but 28it integer multiplication is not.[ulmul24 is therefore
implemented using multiple instructions and should not be used

Integer division and modulo operationcagly: tens of instructions on devices of
compute capability 1.»elbw 20 instructions oredices of compute capability. 2.x
They can beeplaced with bitwise operatiomsome casel n is a power 02,

(i/n ) is equivalent tpi>>log2(n) ) and(i%n) is equivalent tpi&n -1));

the compiler will perform these convarsiibn is literal.

__brev,__brevll ,__popc,and popcll (see Sectio@.2.3 compile to tens
of instructions for devices of compute capability 1.x, buév and__popc map
to a single instruction for devices of computebddp@x and__brevll and
__popcll  tojust a few.

_clz,_clzZl ,_ffs ,and_ffsll  (see Sectio@.2.3 compile to fewer
instructions for évices of compute capabilitythan for devices of compute
capability 1.x.

Type Corversion

Sometimeghe compiler must insert conversion instructions, introducing additional
execution cycles. This is the case for:

Functions operating armriables of typghar or short whose operands
generally need to be converteihto,

Doubleprecisia floatingpoint constants.é.those constantiefined without
any type suffix) used as input to sipgdeision floatingoint computationéas
mandated by C/C++ standards)

This last case can be avoided by using-pnegision floatingoint constats,
defined with af suffixsuch a8.141592653589793 f,1.0f ,0.5f .

Control Flow Instructions

Any flow control instructiorif (, switch , do, for , while ) can significantly

impact the effective instruction throughput by causing threadsaifribevarp to
divergei(e.to follow different execution pajhl this happens, the different
executions paths have to be serialized, increasing the total number of instructions
executed for this warp. When all the different execution paths have completed, the
threadsconverge back to the same execution path.
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To obtain best performance in cases where the control flow depends on the thread
ID, the controlling condition should be written so as to minimize the number of
divergent warps. This is possible because theudistribf the warps across the

block is deterministic as mentioned in Sedtibr trivial example is when the
controlling condition only depends(ahreadlidx / warpSize ) where

warpSize is the warp size. In this case, no wangrges since the controlling

condition is perfectly aligned with the warps.

Sometimes, the compiler may unroll loops or it may optimite ouswitch

statements by using branch predication instead, as detailed below. In these cases, no
warp can eveliverge. The programmer can also control loop unrolling using the
#pragma unroll directive (see SectibrD).

When using branch predication none of the instructions whose execution depends
on the controlling condition gets geg. Instead, each of them is associated with a
perthread condition code predicaieat is set to true or false based on the
controlling condition and although each of these instructions gets scheduled for
execution, only the instructions with a tmeelipate are actually executed.

Instructions with a false predicate do not write results, and also do not evaluate
addresses or read operands.

The compiler replaces a branch instruction with predicated instructions only if the
number of instructions contled by the branch condition is less or equal to a
certain threshold: If the compiler determines that the condition is likely to produce
many divergent warps, this threshold is 7, otherwise it is 4.

5.4.3 Synchronization Instruction

Throughput for__syncthreads () is 8 operations per clock cycle for devices of
compute capability 1.x and 16 operations per clock cyaeitmsdf compute
capability 2.x

Note that_syncthreads () can impact performancefoycing the
multiprocessor to idks detailed in Sectibr2.3

Because a warp executes one common instruction at a time, threads within a warp
are implicitly synchronized and thisszametimebe used to omit
__syncthreads() for better performance.

In the following code sample, Bstample, both calls tosyncthreads() are
required to get the expected reselirésult [i] = 2 * myArray][i] for

i > 0). Without synchronization, any of the two referenaegAay[tid]

could return either 2 or the value initially storeg/#ray , depending on whether
the memory read occurs before or after the memory write from

myArray|tid + 1] = 2.

/ myArray is an array of integers located in global or shared

/[l memory

__global__ void MKernel( int *res ult ){
int tid= threadldx .x;

int refl = myArray [tid]
__syncthreads();
myArray[tid + 1= 2;
__syncthreads();
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int  ref2 = myArray][tid]
res ultftid] = refl * ref2 ;

}
However, in the following slightly modified code sample, threads are guaranteed to
belong tolhie same warp, so that there is no need for apycthreads()

/I myArray is an array of integers located in global or shared

Il memory
__global__ void MKernel( int *res ult ){
int tid= threadldx  .x;

if (tid <warpSize) {
int refl = myArray [tid]
myArray[tid + 1= 2;
int  ref2 = myArray[tid] ;
res ultftid] = refl * ref2 ;

}
Simply removing the syncthreads() is not enough howeveryArray must
alsobe declared as volatile as described in SB@ién
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Appendix A.
CUDAEnNabled GPUs

TableA-1lists all CUDAenabled devices with their compute capability, number of
multiprocessors, and number of CUDA cores.

These, as well as the clock frequency and thenmtant of device memory, can
be queried using the runtime or driver API (see reference manual).

Table A-1. CUDAEnNabled Devices with Compute Capability,

Number of Multiprocessors, and Number of CUDA

Cores
Compute Number of Number of
Capability Multiprocessors CUDA Cores
GeForceGTX 460 2.1 7 336
GeForce GTX 470M 2.1 6 288
GeForceGTS 450 GTX 460M 2.1 4 192
GeForce GT 445M 2.1 3 144
GeForce GT 435M, GT 425M, 2.1 2 96
GT420M
GeForce GT 415M 2.1 1 48
GeForceGTX 480 2.0 15 480
GeForceGTX 470 2.0 14 448
GeForceGTX 465, GTX 480M 2.0 11 352
GeForceGTX 295 1.3 2x30 2x240
GeForceGTX 285, GTX 280, 1.3 30 240
GTX275
GeForceGTX 260 1.3 24 192
GeForce9800 GX2 1.1 2x16 2x128
GeForce GTS 250, GTH50, 11 16 128
9800 GTX, 9800 GTX+,
8800 GTS512, GTX 285M,
GTX280M
GeForce 8800 Ultra, 8800 GTX 1.0 16 128
GeForce 9800 GT, 8800 GT, 11 14 112
GTX260M, 9800M GTX
GeForce GT240, GTS 360M, 1.2 12 96
B
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Compute Number of Number of
Capability Multiprocessors CUDA Cores
GTS350M
GeForceGT 130, 9600 GSO, 1.1 12 96

8800 GS,8800M GTX GTS 260M,
GTS 250M, 9800M GT

GeForce 8800 GTS 1.0 12 96
GeForceGT 335M 12 9 72
GeForce 9600 GT, 8800M GTS, 11 8 64
9800M GTS

GeForce GT220, GT 330M, 1.2 6 48
GT325M, GT 240M

GeForce 9700M GT, GT1230M 11 6 48
GeForceGT 120, 9500 GT, 11 4 32

8600 GTS, 8600 GT, 9700MGT,
9650M GS, 9600M GT, 9600M GS,
9500M GS, 8700M GT, 8600M GT,

8600M GS
GeForce 210, 310M, 305M 1.2 2 16
GeForceG100, 8500 GT, 8400 GS, 1.1 2 16

8400M GT,9500M G, 9300M G,
8400M G§ 9400 mGPU,

9300 mGPU, 8300mGPU,

8200 mGPU, 8100mGPU, G210M,

G110M

GeForce9300M GS, 9200M GS, 11 1 8
9100M G, 8400M G, G105M

Tesla C2050 2.0 14 448
Tesla S1070 1.3 4x30 4x240
Tesla C1060 1.3 30 240
Tesla S870 1.0 4x16 4x128
Tesla D870 1.0 2x16 2x128
Tesla C870 1.0 16 128
Quadro 2000 2.1 4 192
Quadro 600 2.1 2 96
Quadro 6000 2.0 14 448
Quadro 5000 2.0 11 352
Quadro 5000M 2.0 10 320
Quadro 4000 2.0 8 256
Quadro Plex 2200 D2 1.3 2x30 2x240
Quadro Plex 2100 D4 1.1 4x14 4x112
Quadro Plex 2100 Model S4 1.0 4x16 4x128
Quadro Plex 1000 Model IV 1.0 2x16 2x128
Quadro FX 5800 1.3 30 240
Quadro FX 4800 1.3 24 192
Quadro FX 4700 X2 1.1 2x14 2x112
Quadro FX 3700M, FX 3800M 1.1 16 128
Quadro FX 5600 1.0 16 128
Quadro FX3700 1.1 14 112
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Compute Number of Number of
Capability Multiprocessors CUDA Cores
Quadro FX 2800M 1.1 12 96
Quadro FX 4600 1.0 12 96
Quadro FX 1800M 1.2 9 72
Quadro FX 3600M 1.1 8 64
Quadro FX 880M, NVS 5100M 1.2 6 48
Quadro FX 2700M 1.1 6 48
Quadro FX 1700, FX 570, 1.1 4 32
NVS320M, FX 1700M, FX 1600M,
FX770M, FX 570M
Quadro FX 380 LP, FX 380M, 1.2 2 16
NVS3100M, NVS 2100M
Quadro FX 370, NVS 290, 1.1 2 16
NVS160M, NVS 150M,NVS 140M,
NVS 135M, FX 360M
Quadro FX 370M, NVS 130M 1.1 1 8
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Function Type Qualifiers

Function type qualifiespecify whether a function executes on the hosttbeon
device and whether it is callable from the host or from the.device

__device

The__device__ qualifier declares a function that is:

C Executed on the device
C Callable from the device only.

In device code compiled for devices of compute capabildty 1device

function is always inlined by default. Thainline __ function qualifier

however can be used as a hint for the compiler not to inline the function if possible
(see Sectida.l).

__global___

The__global__ qualifierdeclares a function as being a kernel. Such a function is:

C Executed on the device,
C Callable from the host only.
__global __ functions must hawsid return type.

Any call to a_global__  function must specify its execution configuration as
described in Sten B.16

Acalltoa global__ function is asynchronous, meaning it returns before the
device has completed its execution.

__host__

The__host__ qualifier declares a function that is:
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Executed on the host,
Callable from thkost only.
It is equivalent to declare a function with only thest __  qualfier or to declare

it without any of the host__ , __device__ ,or__global__ qualfier; in either
case the function is compiled for the host only.

The__global__  and__host__ qudifiers cannot be used together.

The__device __ and__host__ qualifiers can be used together however, in
which case the function is compiled for both the host and the device. The
__CUDA_ARCH_macro introduced in SectiBri.4can be used to differentiate
code paths between host and device:

__host __ _ device __ func()
{
#if _ CUDA_ARCH__ ==100
/I Device code path for compute capability 1.0
#elif _ CUDA_ARCH__ == 200

/I Device code path for compute capability 2.0
#elif ! defined (__ CUDA_ARCH_ )

/[ Host code path
#endif

}

B.1.4 Restrictions

B.1.4.1 Functions Parameters

__global__  function parameters are padsdithe device:
via shared memoayd are limitetb 256 bytesn devices of compute
capability 1.x,
via constant memory anm@ éimitedto 4 KB on devices of compute
capability?2.x
B.1.4.2 Variadic Functions
__device_ and__global__  functions cannot have a variable number of
arguments.
B.1.4.3 Static Variables
__device_ and__global__  functionscannot declare static variables inside
their baly.
B.1.4.4 Function Pointers
Function pointers to_global__  functions are supported, but function pointers

to__device __ functions are only supported in device code compileevioed
of compute capability 2.x

It is not allowed to take the addresa ofdevi ce _ function in host code

B.1.4.5 Recursion

__global__  functions do not support recursion.
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__device__ functians only support recursion in device code compile@¥oras
of compute capability 2.x

Variable Type Qualifiers

Variable type qualifiespecifythe menorylocation on the device afvariable

__device

The__device__ qualifier declares a variable that resides on the device.

At most one of the other type qualifiers defined in the next three sections may be
used together with device__  to further spefy which memory space the
variable belongs to. If none of them is present, the variable:

Resides in global memory space,

Has the lifetime of an application,

Is accessible from all the threads within the grid and from the host through the
runtime librarycudaGetSymbolAddress()  / cudaGetSymbolSize()  /
cudaMemcpyToSymbol () / cuda MemcpyFromSymbol () for the runtime

APl andcuModuleGetGlobal() for the driver API)

__constant__

The__constant__  qualifier, optionally used together withevice_
declares a vabie that:

Resides in constant memory space,

Has the lifetime of an application,

Is accessible from all the threads within the grid and from the host through the
runtimelibrary(cudaGetSymbolAddress() / cudaGetSymbolSize() [/
cudaMemcpyToSymbol () / cuda Mem@y FromSymbol () for the runtime

API andcuModuleGetGlobal() for the driver API)

__Shared

The__shared__ qualifier, optionally used together withevice_, declares a
variable that:

Resides in the shared memory space of a thread block,

Has the lifetimef the block,

Is only accessible from all the threads within the block.
When declaring a variable in shared memory as an external array such as
extern _ shared__  float shared [];

the size of the array is determined at launch time (see BdgidXl variables
declared in this fashion, start at the same address in memory, so that the layout of

CWDA C Programming Guide Version 3.2 105



Appendix B. C Language Extensions

the variables in the array must be explicitly managed through offsets. For example, if
one wants the equivalent of

short array0 [ 128];

float arrayl [64];

int array2 [ 256],

in dynamically allocated shared memory, one could declare and initialize the arrays
the following way:

extern _ shared__ float array[];
__device__ void func() /I __device__or __global__ function
{

short * array0 = ( short *)array;

float * arrayl=( float *) &array0 [128] ;

int * array2 = ( int *)& arrayl [64] ;
}
Note that pointers need to be aligned to the type they point to, so the following
code for examplajoesnot worksincearrayl is not aligned to 4 bge

extern _ shared__ float array[];
__device__ void func() /I __device__ or __global__ function

short * array0=( short *)array;
float * arrayl=( float *) &array0 [127] ;
}
Alignment requirements for the binltvector types are listedTiableB-1.

B.2.4 Restrictions

The__device _ ,_ shared__ and_ constant__  qualifiers are not allowed
onstruct andunion members, on formal parametang on local variables
within a function that executes on the host.

B.2.4.1 Storage and Scope
__shared__ and__constant__  variables have implied static storage
__device __, shared__ and__constant__  variables cannot be defined as

external using trextern keyword. The only exception is for dynamically allocated
__shared__ variables as described intise@.2.3

__device __ and__constant__  variablesreonly allowed at file scope.
B.2.4.2 Assignment
__constant__ variables cannot be assigned to from the demlgdrom the

hostthrough host runtime functiorSdction8.2.1and3.3.4.
__shared__ variables cannot have an initialization as part of their declaration.

B.2.4.3 Automatic Variable

An automatic variable declared in device code withouttaey ofievice
__shared__ and__constant__  qualifiergenerally resides in a register.
However in some cases the compiler might choptzcéi in local memory
which can have adverse performance consequences as detailed3mS22tion
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Pointers

For devices of compute capability 1ointers in code that is executed on the

device are supported as long as the compiler is able to resolve whether they point to
eitherthe sharethemory spaaar theglobal memory space, otherwise they are
restricted to dig point to memory allocated or declared in the global memory space
For devices of compute capability, pointers are supportedthout any

restriction.

Dereferencing a pointeitherto globalor sharesgnemoryin code that is executed
on the host or tthost memoryn code that is executed on the device resualts in
undefineehavioy most often in a segmentation fault and application termination.

The address obtained by taking the address dédce _ , shared _ or
__constant__ variablecan only b used in device code. The address of a
__device __ or__constant__ variableobtained through

cudaGetSymbolAddress() as described in Sect®8.4can only be used in
host code.

volatile

Only after the execution of athreadfen ce_block () ,__threadfence () ,

or __syncthreads() (Section8.5andB.6 are priomwritesto global or shared
memoryguaranteed to be visilblg other thread#\s long as this requirement is

met, hecompiler is free to optimize reads and writgitmal or shared memory

For example, in the code sample below, the first referemgsrtay|tid]

compiles into a global or shared memory read instruction, but the second reference
does not as the compifémply reuses the result of the first read.

/l myArray is an array of non - zero integers
/' located in global or shared memory
__global__ void MyKernel( int *res ult ){

int tid = threadldx .x;

int refl = myArray [tid] * 1;

myArray[tid + 1= 2;

int  ref2 =myArray[tid] * 1;

res ultftid] = refl * ref2
}
Thereforeref2 cannot possibly be equabtim threadid as a result of thread
tid - 1 overwritingmyArray][tid] by 2.

This behavior can be changed usingdlagle  keyword: If a variable kted in

global or shared memory is declared as volatile, the compiler assumes that its value
can be changed at any time by another thread and therefore any reference to this
variable compiles to an actual memory read instruction.

Note that even ihyArray is declared as volatile in the code sample above, there is
no guarantee, in general, te&& will be equal to 2 in thread since thread

tid might readnyArray[tid] intoref2 before threadd - 1 overwrites its

value by 2. Synchronization is requiredessioned in Sectidn4.3
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Built-in Vector Types

charl, ucharl, char2, uchar2, char3, uchar3,

char4, uchar4, shortl, ushortl, short2, ushort2,
short3, ushort3, short4, ushort4, intl, uintl, int2,
uint2, int3, uint3, int4, uint4, longl, ulongl,

long2, ulong2, long3, ulong3, long4, ulong4,
longlong1, ulonglongl, longlong2, ulonglong2,
floatl, float2, float3, float4, doublel, double2

These argectortypesderived from the basic integer and flogtimigt types. They
are structugs and thesg 2vd, 3d, and 4 components are accessible through the

fieldsx, y, z, andw, respectively. They all come with a constructor function of the
form make_<type name> ;for example,

int2  make_int2( int x, int ),
which creates a vector of typg2 with valugx, y)

In host code, the alignment requirement of a vector type is equal to the alignment
requirement of its base type. This is not always the case in device code as detailed in
TableB-1.

Table B-1. Alignment Requirements in Device Code

Type Align ment

charl, ucharl 1

char2, uchar2 2

char3, uchar3 1

char4, uchar4 4

shortl, ushortl 2

short2, ushort2 4

short3, ushort3 2

short4, ushort4 8

intl, uintl 4

int2, uint2 8

int3, uint3 4

int4, uint4 16

longl, ulongl 4 if sizeof(long) is equal to sizeof(int),
8, otherwise

long2, ulong2 8 if sizeof(long) is equal to sizeof(int),
16, otherwise

long3, ulong3 4 if sizeof(long) is equal to sizeof(int),
8, otherwise

long4, ulong4 16
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longlong1, ulonglongl 8
longlong2, ulonglong2 16
floatl 4
float2

float3 4
float4 16
doublel 8
double2 16

dim3

This type is an integer vector thpsed onint3 that is used to specify
dimensions. When defining a variable ofdiyp®, any component left unspecified
is initialized to 1.

Built-in Variables

Built-in variablespecify the grid and block dimensions and the block and thread
indices. They are only valid within funatihrat are executed on the device

gridDim

This varible is of typeim3 (see SectioB.3.2 and contains the dimensions of the
grid.

blockldx

This variable is of typint3 (see SectioB.3.) and contains the block index
within the grid.

blockDim

This variable is of typim3 (see Sectidd.3.3 and contains the dimenssari the
block.

threadldx

This variable is of typint3 (see SectioB.3.) and contains the thread index
within the block.
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warpSize

This variable is of typ@ and contains th@arp size in threaflsee Sectioh 1l
for the definition of a warp)

Restrictions

It is not allowed to take the address of any of tharbuidtriables.
It is not allowedo assign values to any of the Builtariables.

Memory Fence Functions

void __threadfence_block 0;

waits until all global and shared memory accesses made by the calling thread prior to
__threadfence_block () are visible to all threads in the threackbloc

void __threadfence ();

waits until all global and shared memory accesses made by the calling thread prior to
__threadfence () are visible to:

All threads in the thread block for shared memory agcesses

All threads in the deviéar global memory accesses
void __threadfence_system  ();

waits until all global and shared memory accesses made by the calling thread prior to
__threadfence_system() are visible to:

All threads in the thread block for shared memory agcesses
All threads in the device for global mgnazcesses,
Host threads for padecked host memory accesses (see S@ibri

__threadfence_system() is only supported byedices of compute
capability?2.x

In general, when a thread issues a series of writes to imesrmaticular order,
other threads may see the effects of these memory writes in a different order
__threadfence _block () ,__ threadfence () , and

__threadfence_system () can be used to enforce some ordering.

One use case is whtinead consumesome data pduced bytherthread as

illustrated byhte followingcode sample ofl@rnetthatcomputsthe sum of an

array of N numbers in one call. Each block first sums a subset of the array and
stores the result in global memd&Vhen all blocks are done,ltseblockdone

reads each of these partial sums from global memory and sums them to obtain the
final resultln order to determine which block is finished last, each block atomically
increments a counter to signal that it is done with computing anditstqantjal

sum gee SectioB.11labout atomic functiohs The last block is the one that

receives the counter value equglittbim.x - 1. If no fence is placed between
storing the partial sum and incrementing the counteguheer might increment
before the partial sum is stored and therafogiht reaclyridDim. x- 1 and let
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the last block start reading partial sums before they have been actually updated in

memory.
__device__ unsigned int count = 0O;
__shared__  bool isLastB lockDone;
__global__ void sum(const float * array, unsigned int N,
float * result)
{
/I Each block sums a subset of the input array

float  partialSum = calculatePartialSum(array, N);

if (threadldx .x==0){
/l Thread 0 of each block stores the partial sum
/I to global memory

resultf  blockldx .x] = partialSum;

/I Thread 0 makes sure its result is visible to
/I all other threads

__threadfence();

I/l Thread 0 of each block si gnals that it is done
unsigned int value = atomiclnc(&count, gridDim .x);
/I Thread 0 of each block determines if its block is
/I the last block to be done

isLastBlockDone = (value == gridDim .x - 1));

}

/I Synchron ize to make sure that each thread reads
/l the correct value of isLastBlockDone
__syncthreads();

if  (isLastBlockDone) {

/I The last block sums the partial sums
/I stored in result[0 .. gridDim.x -1]
float  totalSum = cal culateTotalSum(result);

if (threadldx .x==0){

/I Thread 0 of last block stores total sum

/ to global memory and resets count so that
/I next kernel call works properly

result[0] = totalSum;

count = 0;
}
}
}
B.6 Synchronization Functiors
void __syncthreads();
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waits until all threadstimethreadblockhave reached this poartd all global and
shared memory accesses made by these threads psgndthreads () are
visible taall threads in the block.

__syncthreads() is used to coordinate comnuation between the threads of
thesame block. When some threads within a block access the same addresses in
shared or global memory, there are potentiahfemdrite, writeafterread, or
write-afterwrite hazards for some of these memory accesses. These data hazards
can be avoided by synchronizingdls irbetween these accesses.

__syncthreads() is allowed in conditional code but only if the conditional
evaluates identicadlgros the entire thread block, otherwise the code execution is
likely to hang ormpduce unintended side effects.

Devices of compute capability Qupport hreevariations of _syncthreads()
described below.

int __syncthreads _count (int predicate );

is identickto __syncthreads () with the additional feature that it evaluates
predicate  for al threads of the bloand returnshe number of threads for
whichpredicate  evaluates to nerera

int __syncthreads _and(int predicate );

is identical to_syncthreads () with the additional feature that it evaluates
predicate  for al threads of the bloand returns nomeo if and only if
predicate  evaluates to narerofor allof them.

int __ syncthreads _or (int predicate );
is identical to_syncthreads () with the additiondkature that it evaluates

predicate  for al threads of the bloadnd returns nomeo if and only if
predicate  evaluates to narerofor anyof them.

Mathematical Functions

SectiorC.1contains a comprehensive list of the C/Gtandard library
mathematical functions that are currently suppiorttlice codealong with their
respective error boda When executed in host code, a given function uses the C
runtime implementation if available.

For some of the functions of Sent.], a less accurate, but faster version exists in
the device runtime component; it has the same name prefixed (sitbh as

__sin f(x)) .These intrinsic functions are listed in Se€igralog with their
respective error bounds.

The compiler has an optipruse_fast_ math ) thatforces eactiunctionin Table
B-2to compile to iténtrinsic counterparin addition tareduce accuracy of the
affected functions, may adocause some differences in special case hafdling.
more robust approaéh to selectively replace neatlaticafunction calls by calls to
intrinsic functionsnlywhere it is merited by the performance gains and where
changed properties such as redacedracy and different special case handling can
be tolerated.

Table B-2. Functions Affected by i use_fast_math
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Operator/Function Device Function
xly __fdividef( X,y )
sinf(x) __sinf(x)
cosf(x) __cosf(x)
tanf(x) __tanf(x)
sincos f ( x,sptr,cptr ) __sincos f ( x,sptr,cptr )
logf(x) __logf(x)
log2f(x) __log2f(x)
log10f(x) __log10f(x)
expf( x) __expf( x)
explOf( x) __explof( x)
powf( x,y ) __powf( Xy )
B.8 Texture Functions
For texture functions,ambination of theetx t ur e ref erimnceds | mmut

compiletime) and mutabled.runtime) attributes determine how téndure

coordinates are interpreted, what processing occurs during the texture fetch, and the
return value delivered by the texture féteimutable dtibutes are described in
Sectior8.2.4.1.1Mutable attributes are described in Segtibh. 2. Texture

fetching is described Appendix F

B.8.1 tex1Dfetch()

template <cl ass Type>

Type tex1Dfetch(
texture <Type, 1, cudaReadModeElementType> texRef ,
int  x);

float  tex1Dfetch(
texture <unsigned char , 1, cudaReadModeNormalizedFloat> texRef,
int  x);

float  tex1Dfetch(
texture <signed char , 1, cudaReadModeNormalizedF loat> texRef
int  x);

float  tex1Dfetch(
texture <unsigned short , 1, cudaReadModeNormalizedFloat> texRef ,
int  x);

float  tex1Dfetch(

texture <signed short , 1, cudaReadModeNormalizedFloat> texRef,

int  x);
fetch the region of linear memory botmtkexture referendexRef using integer
texture coordinate. No texture filtering and addressing modes are suppanted.
integer types, these functions may optionally promote the integer-juraaigjzn
floating point.
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Besides the functions shoabove 2, and 4tuples are supported; for example:

float4  tex1Dfetch(

texture <uchar4 ,1, cudaReadModeNormalizedFloat> texRef,

int  x);
fetches the region of linear memory bound to texture refemeRee using
texture coordinate.

tex1D()

template <class Type, enum cudaTextureReadMode readMode>
Type tex1D( texture <Type, 1, readMode> t exRef,
float X);
fetchesthe CUDA array bound to texture referamgBef usingtexture
coordinate.

tex2D()

template <class Type, enum cudaTextureReadMode rea  dMode>
Type tex2D( texture <Type, 2, readMode> texRef,
float x, float vy);
fetches the CUDA array or the region of linear memory bound to texture reference
texRef using texture coordinatesindy .

tex3D()

template <class Type, enum cudaTextureReadM ode readMode>
Type tex 3D(texture <Type, 3, readMode> texRef,
float x, float 'y, float 2z);
fetches the CUDA array bound to texture refeterref using texture
coordinates, y, andz.

Surface Functions

Surface functions are only supported biceewf compute capability 2.0 and
higher.

Surface reference declaration is described in Se2tb@. And surface binding in
Sectior8.2.4.2.2

In the sections belowgundary Mode specifies thboundarymode, that isdw
out-of-range surface coordinates are handleggua to either
cudaBoundaryModeClamp , in which caseut-of-range coordinateseclamped
to the valid ranger cudaBoundaryModeZero , in which caseut-of-rangereads
return 2roand owof-range writes are ignoy@tcudaBoundaryModeTrap , in
which caseut-of-rangeaccessesause the kernel execution to fail
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surflDread()

template <class Type>
Type surflDread (surface <void, 1> surfRef, int  x,
boundary Mode = cud aBoundaryModeTrap );

reads the CUDA array bound to surface refesgrfceRef using coordinate.

surf1Dwrite()

template <class Type>

void surflDwrite  ( Type data, surface <void, 1> surfRef, int X,
boundary Mode = cudaBoundaryModeTrap );

writes \aluedata to the CUDA array bound to surface referende Ref at

coordinatex.

surf2Dread()

template <class Type>
Type surf2Dread (surface <void, 2> surfRef,
int  x, int vy,
boundary Mode = cudaBoundaryModeTrap );
reads the CUDArray bound to surface referenaé Ref using coordinates
andy.

surf2Dwrite()

template <class Type>
void surf2 Dwrite ( Type data, surface <void, 2 > surfRef,
int x, int vy,
boundary Mode = cudaBoundaryModeTrap );
writes valedata to the CUDA array bound to surface referande Ref at
coordinatex andy.

Time Function

clock_t clock();

when executed in device codgjmrs thevalue of a pemultiprocessor counter

that is incremented every clock cycle. Sampling this @uhtebeginning and at
the end of a kernel, taking the difference of the two samples, and recording the

result per thread provides a measure for each thread of the number of clock cycles

taken by the device to completely execute the thread, but natwhtier of
clock cycles the device actually spent executing thread instructions. The former
number is greater that the latter since threads are time sliced.
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Atomic Functions

An atomic function performs a readdify-write atomic operation on onel3Ror
64-bit word residing in global or shared mentayy examplegtomicAdd()

reads a 3Bit word at some address lal@l or shared memory, adds a nurttber
it, and writes the result back to the same addresspdragion igtomic in the
sense that it guaranteed tbe performedvithout interference from other threads
In other words, no other thread can access this address until the operation is
complete.

Atomic functions can only be used in device funaiwhsire only available for
devices of computapability 1.1 and above

Atomic functions operating on shared memory and atomic functions operating on
64-bit words are only available for devices of compute capability 1.2 and above.

Atomic functions operating on-6# words in shared memory are ongilalile for
devices of compute capability @xlhigher

Atomic functions operating omapped pageckedmemory(Sectior8.2.5.3are
not atomic from th@oint of view of the hosir otherdevices

Atomic gerations only wkiwith signed and unsigned irgeggwith the exception
of atomic Add() for devices of compute capability 2.xataohicExch()  for all
devices, thatlso worKor singleprecision floatigrpoint numbersNote however
thatany atomioperatiorcan be implenmgedbased omtomic CAY) (Compare
And Swap)For exampleatomic Add() for doubleprecision floatingoint
numbersan be imgmented as follows:

__device__ double atomicAdd( double * addr ess, double val)

double old = *address, assumed;

do {
assumed = old;
old =
__longlong_as_double(
atomicCAS(( unsigned long long int *)address,
__double_as_longlong(assumed),
__double_as_longlong(va |+ assumed)));
} while (assumed != old);
return  old;
}
Arithmetic Functions
atomicAdd()
int atomicAdd( int *address, int val) ;

unsigned int atomicAdd( unsigned int * address,
unsigned int val) ;

unsigned long long int atomicAdd( unsigned long long in t * address,
unsigned long long int wval) ;
float  atomicAdd( float *address, float val) ;

readghe 32bit or 64bit wordold located at the addresiiress in global or
shared memory, computelsl + val ), and stores the resbhck tomemory at
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the same address. These three operations are performed in one atomic transaction.
The function returnsid .

The floatingpoint version ofatomic Add() is only supported byedices of
compute capability 2.x

B.11.1.2 atomicSub()

int atomicSub( int * address, int val) ;
unsigned int atomicSub( unsigned int * address,
unsigned int val) ;
readghe 32bit wordold located at the addresskiress in global or shared
memory, computésld - val ), and stores the resbéick tomemory at ta
same address. These three operations are performed in one atomic transaction. The
function returnsid .

B.11.1.3 atomicExch()

int atomicExch( int * address, i ntval)
unsigned int atomicExch( unsigned int * address,
unsigned int val) ;

unsigned long long int atomicExch( unsigned long long int * address,
unsigned long long int wval) ;
float  atomicExch( float * address, float  val);

readghe 32bit or 64bit wordold located at the addresgiress in global or
shared mmaoryand storegal back tomemory at the same address. These two
operations are performed in one atomic transaction. The functionaigturns

B.11.1.4 atomicMin()

int atomicMin( int * address, int val) ;
unsigned int atomicMin( unsigned int * address,
unsigned int val) ;
readghe 32bit wordold located at the addreskiress in global or shared
memory, computéle minimum obld andval , and stores the resblick to
memory at the same address. These three operations are performed in one atomic
transaction. The function retuois .

B.11.1.5 atomicMax()

int atomicMax( int * address, int val) ;
unsigned int atomicMax( unsigned int * address,
unsigned int val) ;
readghe 32bit wordold located at the addres&iress in global or shared
memory, computalie maximum ofld andval , and stores the reshbick to
memory at the same address. These three operations are performed in one atomic
transaction. The function retuwsis .

B.11.1.6 atomiclnc()

unsigned int atomiclnc( unsigned int * address,

unsigned int val) ;
readghe 32bit wordold located at the addresiiress in global or shared
memory, computédgold >= val) ? 0 : (old+ 1)) , and stores the result
back tomemory at the same address. These three operations are perion@ed i
atomic transaction. The function retuwiads.
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B.11.1.7 atomicDec()

unsigned int atomic Dec( unsigned int * address,

unsigned int val) ;
readghe 32bit wordold located at the addres&iress in global or shared
memory, computég(old== 0) | (old >val) ?val : (od -1)),
and stores the reshlick tomemory at the same address. These three operations
are performed in one atomic transaction. The function retdirns

B.11.1.8 atomicCAS()

int atomicCAS( int * address, int compare, int val) ;
unsigned int atomicCAS( unsigned int * address,
unsigned int compare,
unsigned int val) ;
unsigned long long int atomicCAS( unsigned long long int * address,
unsigned long long int compare,
unsigned long long int wval) ;
readghe 32bit or 64bit wordold located at the addreskiress in global or
shared memory, computesd == compare ? val : old) , and stores the
resultback tomemory at the same addresssé&lileree operations are performed in
one atomic transaction. The function retatths(Compare And Swap)

B.11.2 Bitwise Functions

B.11.2.1 atomicAnd()

int atomicAnd( int * address, int val) ;
unsigned int atomicAnd( unsigned int * address,
unsigned int val) ;
readghe 32bit wordold located at the addres&iress in global or shared
memory, computdsld & val ), and stores the resbiick tomemory at the
same address. These three operations are performed in one atomic transaction. The
function returnsld .

B.11.2.2 atomicOr()

int atomicOr( int * address, int val) ;
unsigned int atomicOr( unsigned int * address,
unsigned int val) ;
readghe 32bit wordold located at the addres&iress in global or shared
memory, computdsld |val ), and stags the resuliack tomemory at the
same address. These three operations are performed in one atomic transaction. The
function returnsid .

B.11.2.3 atomicXor()

int atomicXor( int * address, int val) ;
unsigned int atomicXor( unsigned int * address,
unsigned int val) ;
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readghe 32bit wordold located at the addresiiress in global or shared

memory, computdsld ~val ), and stores the resbiick tomemory at the

same address. These three operations are performed in one atomic transaction. The
function returnsid .

B.12 Warp Vote Functions

Warp vote functions are only supported by devices of compute capability 1.2 and
higher(see Sectiof 1for the definition of a warp)

int __all (int predicate );

evaluatepredicate ~ for al threads of the waignd returns nomeio if and only if
predicate  evaluates to naererofor allof them.

int __any(int predicate );

evaluatepredicate  for al threads of the waignd returns nomeo if and only if
predicate  evaluates to nexerofor any of them.

unsigned int _ ballot (int predicate );

evaluatepredicate  for al threads of the wagnd returnsin integer whosetN
bit is set iand only ipredicate  evaluates to nererofor the Nh thread of the
warp This function is only supportedd®yvices of compute capability. 2.x

B.13 Profiler Counter Function

Each multiprocessor has a set of sixteen hardware countensaghyalication can
incrementvith a singlénstruction by calling the prof_trigger() function.

void __ prof_trigger (int counter );

increments by orqeer warghe permultiprocessor hardware counter of index
counter . Counters 8 to 15 are reserved and should not be used by applications.

The value of countersD,, éor theTirst multiprocessor can be obtained via the
CUDA prdfilerby listingorof _trig ger _00, prof _trig ger 01, € ,

prof _trig ger _07, etc.in theprofiler.conf file (see the profiler manual for
more detailspll counters areeset before each kernel call (notevithah an
application is run vieaCUDA debugger or pradil (cudagdb, CUDA Visual
Profiler,Parallel Nsightall launches are synchronous

B.14 Formatted Output

Formatted output is only supported byides of compute capability. 2.x

int printf( const char *formatl, arg, ...]);

prints formatted output from a kerrtela hostside output stream

The inkernelprintf() function behaves in a similar way to the standioda€y
printf() function, and the user is referred th e h o0 s mansalpagesedan® s

complete description pfintf() behavio. In essence, thstring passed in as
format is output to a stream on the host, with substitutions made from the

CWDA C Programming Guide Version 3.2 119



Appendix B. C Language Extensions

argument list wherever a format specifier is encountered. Supported format
specifiers are listed below.

Theprintf() command is executed as any other dsideéunction: pethread,

and in the context of the calling thread. From a-thtétaded kernel, this means

that a straightforward callgontf() will be executed by every thread, using that
threadds data as speci fingdiltheMappetriatpl e ver s
the host stream, once for each thread which encountepedttf)e

It is up to the programmer to limit the output to a single thread if ondyfea si
output string is desirecé&SectiorB.14.4for anillustrative example)

Unlike theC-standardgbrintf()  , which returns the number of characters printed
CUDAOJ intf() returns the number of arguments parsed. If no arguments
follow the format string, O is returned. If the format string is NA1Lik retirned.

If an internal error occur£, is returned.

B.14.1 Format Specifiers

As for standardrintf() , format specifiers take the form:
%([flags][width][.precision][size]type

The Pllowing fields are supporteddswidehavailable documentation for a
compete dscription of all behavig):

7 s A

Flags 6#6 6 6 6006-6 6+60 o]
Width 6*6 -9®
Precision 6 09 6
Size 6ho o0l 6 6l 16
Type 6%cdi ouxXpeEf gGaAs§®b
Note thatC U D Apdinsf() will accepanycombination of flag, width, precision,
size and type, whether or noe@ll they form a valid format specifier. In other

wor dehd will be accept ed -reckiorpvariabtetinf wi | | e
the corresponding location in the argument list.

B.14.2 Limitations

Final formatting of thprintf() output takes place on thesh system. This

means that the format string must be understood by the jostt e mds compi | er
C library. Every effort has been made to ensure that the format specifiers supported

by CUDAG6Gs printf function formosa universa
compilers, but exact behawall be hostO/S-dependent

As describeth SectiorB.14.] printf() will accepallcombinations of valid flags
and types. This is because it cannot determine what will and will not bbetivalid o
host system where the final output is formatted. The effect of this is that output
may be undefined if the program emits a format string which contains invalid
combinations.

The output buffer foprintf() is set to a fixed size before kernel lawsesh (
below). This buffer is circular, and is flushed at angidesgynchronisation point
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and atwhen the context is explicitly destrgyfethore output is produced during
kernel execution than can fit in the buffer, older output is overwritten.

Theprin tf) command can accept at m@darguments in addition to the
format string. Additional arguments beyond this will be ignored, and the format
specifier output as.

Owing to thdlifferingsize of théong type on 64bit Windows platformgdqur
bytes on64-bit Windows platforms, eigiiytes on other 64dit platform3, a kernel
which is compiled onrnWindows 64it machine but then run on a win64
machine will see corrupted output for all format strings which ificleded 1bis
recommended that thergpilation platform matches the execution platform to
ensure safety.

The output buffer foprintf() is not flushed automatically to the output stream,
but instead is flushed only wiuere of thesactions is performed
Kernel launch via<<>>> or cuLaunch() |,

Synchronization viaudaThreadSynchronize() ,
cuCtxSynchronize() , cudaStreamSynchronize() ,or
cuStreamSynchronize() ,

Moduleloading/unloadingiacuModuleLoad()  or cuModuleUnload()
Context destructioviacudaThreadExit() or cuCtxDestroy()

Notethat he buffer is not flushed automatically when the program exits. The user
must caltudaThreadExit() or cuCtxDestroy() explicitly, as shown in the
examples below.

B.14.3 Associated HostSide API

The followingAPI functionsget andset the size of the buffer usedremsfer the
printf() arguments and internal metadataediost (default is 1 megahyte)

Driver API:
cuCtxG etLimit(size_t * size , CU_LIMIT_PRINTF_FIFO_SIZE)
cuCtxSetLimit(CU_LIMIT_PRINTF_FIFO_SIZE, size_t size)

Runtime API:
cudaThreadG etLimit(size_t * size , cudaLimitPrintfFifoSize)
cudaThreadSetLimit(cudaLimitPrintfFifoSize, size_t size)

B.14.4  Examples

The following code sample:

__global__  void helloCUDA( float f)
{

}

printf (fAHell o thr &ad,tPeddldx f x &f

void main()

{
helloCUDA <<<1,5 >>>(1.2345f);
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cudaThreadExit();
}
will output:

Hello thread 0, f=1.2345

Hello thread 1, f=1.2345

Hello thread 2, f=1.2345

Hello thread 3, f=1.2345

Hello thread 4, f=1.2345

Notice how each thread encountersptimef() command, so there are as many
linesof output as there were threads launched in the grid. As expected, global values
(i.efloatf ) are common between all threads, and local values (i.e.

threadldx.x ) are distinct pethread.

The following code sample:

__global__ void helloCUDA( float f)

{
if (threadldx .x==0)
printf(fAHell o thrad,tedddx f x #Hf

}

void main()

{
helloCUDA <<<1,5 >>>(1.2345f);

cudaThreadExit();
}
will output:

Hello thread 0, f=1.2345

Selfevidently, th&() statement limits which threads eallprintf  , sothat
only a single line of output is seen.

Dynamic Global Memory Allocation

void * malloc (size_t size );
void free( void * ptr);

dlocate and free memory dynamically from ag$izecheam global memory

The CUDA inrkernelmalloc()  function allocates at leaste bytes from the

device heap and returns a pointer to the allocated mamii.L if insufficient

memory exists to fulfill the request. The returned pointer is guaranteed to be aligned
to a 16byte boundary.

The CUDA inkernelfree () function deallocates the memory pointed fatrby
which must have been returned by a previous oallldo() . If ptr is NULL,
the call tdree() is ignored. Repeated callgde() with the samptr has
undefined behawvio

The memory allocated bgigen CUDA thread viaalloc() remains allocated

for the lifetime of the CUDA context, or until it is explicitly released by a call to
free() . It canbe used bgnyotherCUDA threadsven from subsequent kernel
launchesAny CUDA thread may free memorioebted by another thread, but care
should be taken to ensure that the same pointer is not freed more than once.
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B.15.1 Heap Memory Allocation

The device memory heap has a fixedtsazmust be specified before any program
usingmalloc() orfree() isloaded imtthe contextA default heap of eight
megabytes is allocated if any programmagies()  without explicitly specifying
the heap size.

The followingAPI functionsget andset theneap size

Driver API:
cuCtxG etLimit(size_t * size , CU_LIMIT_MALLOC_HEAP_SIZE)
cuCtxSetLimit( ~ CU_LIMIT_MALLOC_HEAP_SIZE size_t size)

Runtime API:
cudaThreadG etLimit(size_t * size , cudaLimitMallocHeapSize )
cudaThreadSetLimit( cudaLimitMallocHeapSize , Size_t size)

The heap size granted will be at Ezst bytescuCtxG etLimit () and
cudaThreadG etLimit () return the currently requested heap size.

Theactual memorgllocatiorfor the heap occurmshena module is loaded into the
context eitherexplicitly via the CUDA driver ARdee SectioBL3.3, orimplicitly
viathe CUDA runtime AP(see Sectidd.d. If the memory allocation fails, the
module load will generat€@DA_ERROR_SHARED_OBJECT_INIT_FAILED
error.

Heap sizeamot be changed once a module load has ocemdddloes not
resize dynamically according to need.

Memory reserved for the device heap is in addition to memory allocated through
hostside CUDA API calls suchaslaMalloc()

B.15.2 Interoperability with Host Memory API

Memory allocated wigalloc() cannot be freedsing the runtime or driver API
(i.e. by calling any of the free memory functions from Se&fatsnd3.3.4.

Similarly, memory allocated via the runtime or driver API (i.e. by calling any of th
memory allocation functions from Secti®2sland3.3.4 cannot be freed via
free () .

Memory allocated viaalloc() can be copied using the runtime or driver API (i.e.
by calling any of the copyemory functions from Sectidh®.1and3.3.3.

B.15.3 Examples

B.15.3.1 Per Thread Allocation
The following code sample:

__global__ void mallocTest ()

{
char * ptr char *)malloc(123);

=
printf (AThr eapdintbdbp g o\n 0 ,threadldx .x, ptr);
free(ptr);
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}

void main()

{
/I Set a heap size of 128 megabytes. Note that this must
/I be done before any kernel is launched.
cudaThreadSetLimit(cudaLimitMallocHeapSize, 128*1024*1024);
mallocTest <<<1,5 >>>(),
cudaThreadSynchronize();

}

will output:

Thread 0 got pointer: 00057020
Thread 1 got pointer: 0005708c
Thread 2 got pointer: 000570f8
Thread 3 got pointer: 00057164
Thread 4 got pointer: 000571d0

Notice how each thread encountersithiioc () command and so receives its
own allocation. (Exact pointer valuebwaily: these are illustrative.)

B.15.3.2 Per Thread BlockAllocation

__global__ void mallocTest ()
{
__shared__ int * data;
/I The first thread i n the block does the allocation
/I a nd then shares the pointer with  all other threads
/I through shared memory, so that access can easily be
/I coalesced. 64 bytes per thread are allocated
if (threadldx .x==0)
data=( int *)malloc( blockDim .x* 64);
__syncthreads();
/I Check for failure
i f (data == NULL)
return ;
/I Threads index into the memory, ensuring coalescence
int * ptr =data;
for (int i = 0; i < 64; ++i)
ptrf i * blockDim .x+ threadldx .x]= threadldx .x;
/I Ensure all thread s complete before freeing
__syncthreads();
/I Only one thread may free the memory!
i f (threadldx .x==0)
free(data);
}
void main()
{

cudaThreadSetLimit(cudaLimitMallocHeapSize, 128*1024*1024);
mallocTest <<<10, 128 >>>();
cudaThreadSynchronize();
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}

Allocation Persisting Between Kernel Launches
#define NUM_BLOCKS0

__device__int * dataptr[NUM_BLOCKS]; //Per - block pointer
__global__ void allocmem ()
{
/I Only t he first thread i n the block does the allocation
/lsinc ewe want only one allocation per block.
i f (threadldx .x==0)
dataptr[ blockldx .x]=( int *)malloc( blockDim .x*4);
__syncthreads();
/I Check for failure
if (dataptr[ blockldx .x] == NULL)
return ;
/I Zero the data with al | threads in parallel
dataptr[ blockldx .x][ threadldx .x]=0;
}
/I Simple example: store thread ID in to each element
__global__ void usemem()
{
int * ptr = dataptr[ blockldx .x];
if  (ptr!=NULL)
ptr[ threadldx .x]+= threadldx .x;
}
/[ Print  the content of the buffer before freeing it
__global__ void freemem ()
{
int * ptr = dataptr[ blockldx .x];
if  (ptr!= NULL)
printf (ABl ock %d, Thread %dind,i nal
blockldx .x, threadldx .x, ptr[ threadldx .x]);
/I Only free from one thread!
i f (threadldx .x==0)
free(ptr);
}
void main()
{

cudaThreadSetLimit(cudaLimitMallocHeapSize, 128*1024*1024);

/I Allocate memory
allocmem <<< NUM_BLOCKS, 10 >>>();

/I Use memory

usemenk<< NWM_BLOCKS, 10 >>>();
usemenx<< NUM_BLOCKS, 10 >>>();
usemenx<< NUM_BLOCKS, 10 >>>();

/I Free memory
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freemem <<< NUM_BLOCKS, 10 >>>();

cudaThreadSynchronize();

B.16 Execution Configuration

Any call to a_global__  function must specify tlexecution configufatitmat

call. The execution configuration defines the dimension of the grid and blocks that
will be used to execute the function on the device, as well as the associated stream
(see Sectio®3.9.%or a description of streams).

When using the driver API, the execution configuration is specified through a series
of driver function calls as detailed in Se&idr3

When using the runtime API (Sectod, the execution configuration is specified
by inserting an expression of the fekm Dg, Db, Ns , S >>> between the
function name and the parenthesized argument list, where:

Dgis of typadim3 (see Sectidd.3.3 and pecifies the dimension and size of
the grid, such th&itg.x * Dg.y  equals the number of blocks being launched;
Dg. z must be equal to 1;

Dbis of typedim3 (see SectioB.3.3 and specifies the dimension and size of
each blocksuch thabb.x * Db.y * Db.z equals the number of threads
per block;

Ns is of typesize_t ard speciksthe number of bytéa shared memory that
is dynamicallgllocategber blockfor this call in addition to the statically
allocated memorthisdynamiclly allocateanemory is used lany of the
variables declared as an external amagrdi®nedn SectiorB.2.3Ns is an
optional argumenthich defaults to O;

Sis of typecudaStream _t ard specikestheassociated streagis an
optional argumenthich defaults to 0.
As an example, a function declared as

__global__  void Func( float * parameter);
must be called like this:

Func<<< Dg, Db, Ns >>>(parameter);

Thearguments to the execution configuration are evaluatesithefaiual
function arguments and like the function argumentyraeatlypassed via shared
memoryto the device

The function call will fail ifig or Db are greater than the maximum sizes allowed
for the device as specifieddppendix G or if Ns is greater than the maximum
amount of shared memory available on the device, minus the amount of shared
memory required for static allocation, functions argu(f@ntievices of compute
capability 1.x)and execution configuration.
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B.17 Launch Bounds

As discussed in detail in Seclidh3the fewer registers a kernel uses, the more
threads and thread blocke likely toeside on a multiprocessahich can
improve performance.

Therefore, the compiler usesHmsgicsto minimizeregister usagehile keeping
register spilling (see SectoB 2.2 andinstruction counto a minimumAn
application caaptionally aidhese heuristics by providing additional inform&dion
the compilen the form oflaunch boutltlst arespecifiedising the

__launch_bounds __ () qualifierin the definition o&__global __  function:
__global__ void

__launch_bounds__  (maxThreadsPerBlock, minBlocksPerMultiprocessor)

MyKernel (...

{

}
maxThreadsPerBl ock specifies the maximum number of threads per block
with whichthe application widverlaunchMyKernel () ;it compiles to the
.maxntid PTXdirective;

minBlocksPerMultiprocessor is optional andpecifies the desired
minimum number of resident blocks peritiprocessolit compiles to the
.min nctapersm PTXdirective

If launch bounds are specified, the comfiigtiderives from them the upper limit
L on the number of registers the kernel should use to ensure that
minBlocksPerMultiprocessor blocks (or aisgle block if
minBlocksPerMultiprocessor is not specified)f maxThreadsPerBlock
threadsan reside on the multiprocessor (see Sdckifum the relationship
between the number of registers used by a kernel and the nuedistess
allocated per blockjhe compilethenoptimizes register usage in the following
way:

If theinitial register usage is higher thatine compiler reduces it further until
it becomes less or equaltaisually at the expense of more local memo
usage and/or higher number of instructions;

If theinitial register usage is lower than

If maxThreadsPerBlock is specifiednd

minBlocksPerMultiprocessor is not,the compiler uses
maxThreadsPerBlock  to determine the register usage thresholds for the
transitions betweemandn+1resident blocks (i.e. when using one less
register makes room for an additional resident block as in the example of
Sectiorb.2.3 and then appliesmilar heuristics as whamlaunch bounds

are pecified;

If both minBlocksPerMultiprocessor andmaxThreadsPerBlock

are specifiedhe compilemayincreaseegister usage high ak to
reducehenumber of instructiorsndbetter hide single thread instruction
latency

A kernebwill fail tolaunchif it is executedith morethreads per block than its
launch bounehaxThreadsPerBlock
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Optimal launch bounds for a given kernel will usually differ across major
architecture revisionshe sample code below shows how this is typically handled
device codasing the _CUDA_ARCH_ macro introduced in Sectidri.4

#define THREADS_PER_BLOCK 256

#if _ CUDA ARCH__ >=200
#define MY KERNEL MAXTHREADS (2* THREADS_PER_BLOGK
#define MY _KERNEL MIN_BLOCKS 3

#else
#define MY _KERNEL MAX THREADS THREADS_ PER_BLOCK
#define MY _KERNEL MIN_BLOCKS 2

#endif

/" Device code

__global__ void

_ launch_bounds__  (MY_KERNEL MAX THREADS, MY_ KERNEL MIN_BLOCKS
MyKernel (...)

{

}

In the common case whavgKernel isinvokedwith the maximunmumber of
threads per blodspecified athe first parameter of launch_bounds__ () ),it

is tempting to usdY_KERNEL_MAX_THREARS the number of threads per block
in the execution configuration

/[ Host code

MyKernel <<<blocksPerGr id, MY KERNELMAXTHREADS>>>(... );

This will not work however sinceCUDA_ARCH__is undefined in host code as
mentioned irSectiorB8.1.4 soMyKernel  will launch witl256threads per block
even when_CUDA_ARCH__is greater aequal t®20Q Instead the number of
threads per block should be determined

Either at compile time using a macro that does not depend on
__CUDA_ARCH_, for example

/I Host code

MyKernel <<<blocksPerGrid , THREADS_ PER_BLOCK>(... );

Or at runtime based ongltompute capability

/I Host code
cudaGetDeviceProperties(&deviceProp, device);
int t hreadsPerBlock =
(deviceProp .major >=27?
2* THREADS_PER_BLOCK THREADS_PER_BLOQK
MyKernel <<<blocksPerGrid , threadsPerBlock >>>(... );

Regster usagis reported byhe-- ptxas - options= -v compiler option. The
number of resident blocks can be derived from the occupancy reported by the
CUDA profiler(see Sectioh2.3for a definition of occupancy)

Register usagarm also be controlldédr all__global__  functions in a filesing
the- maxrregcount compiler optionThe value of maxrregcount  is ignored
for functions with launch bounds.
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Appendix C.
Mathematical Functions

Functions from Sectidb.1can be usedh both host and devie®dewhereas
functions from Sectio@.2can only be used in devicgle

Note thatfloatingpoint functions are overloaded, so thafeneral, there are three
prototypedor a giverfunction <func - name>:

(1)double <func - name>(double) , e.gdouble log(double)

(2)float <func - name>(float) , e.gfloat log(float)

(3)float <func - name>f(float) , e.gfloat logf(float)

This meansniparticular, that passinfioat argument always resutt&fl oat
result (variants (2) and (3) above)

Standard Functions

This section lists all tneathematical standard library functions suppiorgklice
code It also specifies the error bounds of each function when executed on the
device. These error bound® @pply when the function is executed on the host in
the case where the host does not supply the functioraréhggnerated from
extensive but not exhaustigsts, s they are not guaranteed bounds.

Single-Precision FloatingPoint Functions

Addition andnultiplication are IEEfompliant, so have a maximum error of
0.5ulp. However, on the device, the compiler often combines them into a single
multiply-add instruction (FMAD) and for devices of compute capability 1.x, FMAD
truncates the intermediate resfithe multiplicatioms mentioned in SectiGn2

This combination can be avoided by using theld () and__fmul_rn()

intrinsic functions (see Sect®).

The recommended way to rourglrgleprecisiorfloatingpoint operand to an
integer, with the result beingiagleprecision floatingoint number isintf()
notroundf() .The reason is thadundf() maps to an-$struction sequence on
the device, wheredstf() maps to a single ingttion.truncf()  ,ceilf()
andfloorf() each map to a single instruction as well.
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Table C-1. Mathematical Standard Library Functions with
Maximum ULP Error
The maximum error is stated as the absolute value of the difference
in ulps between a correctly rounded single-precision result and the
result returned by the CUDA library function.
Function Maximum ulp error
X+y 0 (IEEE-754 round-to-nearest-even)
(except for devices of compute capability 1.x when addition is
merged into an FMAD)
x*y 0 (IEEE-754 round-to-nearest-even)
(except for devices of compute capability 1.x when
multiplication is merged into an FMAD)
xly 0 for compute capability O 2 when compiled with
-prec-div=true
2 (full range), otherwise
1/x 0 for compute capability O 2 when compiled with
-prec-div=true
1 (full range) , otherwise
rsqrtf(x) 2 (full range)
1/sqrtf(x) Applies to 1/sqrtf(x) only when it is converted to
rsqrtf(x) by the compiler.
sqrtf(x) 0 for compute capability O 2 when compiled with
-prec-sqrt=true
3 (full range), otherwise
cbrtf(x) 1 (full range)
rcbrtf(x) 2 (full range)
hypotf(x,y) 3 (full range)
expf(x) 2 (full range)
exp2f(x) 2 (full range)
expl0f(x) 2 (full range)
expm1f(x) 1 (full range)
logf(x) 1 (full range)
lo g2f(x) 3 (full range)
log10f(x) 3 (full range)
log1pf(x) 2 (full range)
sinf(x) 2 (full range)
cosf(x) 2 (full range)
tanf(x) 4 (full range)

sincosf(x,sptr,cptr)

2 (full range)

sinpif(x) 2 (full range)
asinf(x) 4 (full range)
acosf(x) 3 (full rang e)
atanf(x) 2 (full range)
atan2f(y,x) 3 (full range)
sinhf(x) 3 (full range)
coshf(x) 2 (full range)
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Function Maximum ulp error
tanhf(x) 2 (full range)
asinhf(x) 3 (full range)
acoshf(x) 4 (full range)
atanhf(x) 3 (full range)
powf(X,y) 8 (full range)
erff(x) 3 (full rang e)
erfcf(x) 6 (full range)
erfinvf  (X) 3 (full range)

erfcinvf  (X)

7 (full range)

Igammaf(x) 6 (outside interval -10.001 ... -2.264; larger inside)
tgammaf(x) 11 (full range)

fmaf(x,y,z) 0 (full range)

frexpf(x,exp) 0 (full range)

Idexpf(x,exp) 0 (full range)

scalbnf(x,n)

0 (full range)

scalbinf(x,l) 0 (full range)
logbf(x) 0 (full range)
ilogbf(x) 0 (full range)
fmodf(x,y) 0 (full range)

remainderf(x,y)

0 (full range)

remquof(x,y,iptr)

0 (full range)

modff(x,iptr)

0 (full range)

fdimf(x,y) 0 (full range)
truncf(x) 0 (full range)
roundf(x) 0 (full range)
rintf(x) 0 (full range)
nearbyintf(x) 0 (full range)
ceilf(x) 0 (full range)
floorf(x) 0 (full range)
Irintf(x) 0 (full range)
Iroundf(x) 0 (full range)
lIrintf(x) 0 (full range)
lIr oundf(x) 0 (full range)
signbit(x) N/A
isinf(x) N/A
isnan(x) N/A
isfinite(x) N/A
copysignf(x,y) N/A
fminf(x,y) N/A
fmaxf(x,y) N/A
fabsf(x) N/A
nanf(cptr) N/A
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Function Maximum ulp error
nextafterf(x,y) N/A

Double-Precision FloatingPoint Functions

The errors listed belowly apply when compiling for devices with native double
precision supportVhen compiling fodevice withoutsuchsupport such as
device®f compute capability 1.2 and lowieedouble type gets demoted to

float by defauland the doubtprecision matfunctions are mapped to their
singleprecision equivalents.

The recommended way to roundbableprecisiorfloatingpoint operand to an
integer, with the result beindaubleprecision floatingoint number igint () ,
notround() . The reason is thadun d() maps to an-ghstruction sequence on
the device, wheredist () maps to a single instructioanc () ,ceil () , and
floor () each map to a single instruction as well.

Table C-2. Mathematical Standard Library Functions with
Maximum ULP Error
The maximum error is stated as the absolute value of the difference

in ulps between a correctly rounded double-precision result and the
result returned by the CUDA library function.

Function Maximum ulp error

X+y 0 (IEEE754 round-to-nearest-even)
x*y 0 (IEEE-754 round-to-nearest-even)
xly 0 (IEEE-754 round-to-nearest-even)
1/x 0 (IEEE-754 round-to-nearest-even)
sqrt(x) 0 (IEEE-754 round-to-nearest-even)
rsqrt(x) 1 (full range)

cbrt(x) 1 (full range)

rcbrt(x) 1 (full range)

hypot(x,y) 2 (full range)

exp(x) 1 (full range)

exp2(x) 1 (full range)

expl0(x) 1 (full range)

expml(x) 1 (full range)

log(x) 1 (full range)

log2(x) 1 (full range)

log10(x) 1 (full range)

log1p(x) 1 (full range)

sin(x) 2 (full range)

cos(x) 2 (full range)

tan(x) 2 (full range)

sincos(x,sptr,cptr)

2 (full range)

sinpi(x)

2 (full range)
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Function Maximum ulp error
asin(x) 2 (full range)
acos(x) 2 (full range)

atan(x) 2 (full range)
atan2(y,x) 2 (full range)

sinh(x) 1 (full range)
cosh(x) 1 (full range)
tanh(x) 1 (full range)
asinh(x) 2 (full range)
acosh(x) 2 (full range)
atanh(x) 2 (full range)
pow(X,y) 2 (full range)

erf(x) 2 (full range)

erfc(x) 5 (full range)

erfinv.  (x) 8 (full range)

erfcinv  (x) 8 (full range)
lgamma(x) 4 (outside interval -11.0001 ... -2.2637; larger inside)
tgamma(x) 8 (full range)
fma(x,y,z) 0 (IEEE-754 round-to-nearest-even)
frexp(x,exp) 0 (full range)
Idexp(x,exp) 0 (full range)
scalbn(x,n) 0 (full range)
scalbin(x,l) 0 (full range)

logb(x) 0 (full range)
ilogb(x) 0 (full range)
fmod(x,y) 0 (full range)

remainder(x,y)

0 (full range)

remquo(X,y,iptr)

0 (full range)

modf(x,iptr)

0 (full range)

fdim(x,y) 0 (full range)
trunc(x) 0 (full range)
round(x) 0 (full range)
rint(x) 0 (full range)

nearbyint(x)

0 (full range)

ceil(x) 0 (full range)
floor(x) 0 (full range)
Irint(x) 0 (full range)
Iround(x) 0 (full range)
lIrint(x) 0 (full range)
lIround(x) 0 (full range)
signbit(x) N/A
isinf(x) N/A
isnan(x) N/A
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Function Maximum ulp error
isfinite(x) N/A
copysign(x,y) N/A
fmin(x,y) N/A
fmax(x,y) N/A
fabs(x) N/A
nan(cptr) N/A
nextafter(x,y) N/A

Integer Functions

Integemin( x,y ) andmax(x,y ) are supported amdap to a single instruction on
the device.

Intrinsic Functions

This section lists the intrinsic functions that are only $agpordevice code.

Among these functions are the less accurate, but faster versions of some of the
functions of Sectio€.], they have the same name prefixed wifsuch as

__sin f(x) ).

Functions suffixed withrn operataising theroundto-nearesevenrounding
mode.

Functions suffixed withrz operataising the rourtbwardszero rounding mode.

Functions suffixed withru operatausing theoundup (to positive infinity)
rounding mode.

Functions suffixed withr d operataushng therounddown (to negative infinity)
rounding mode.

Single-Precision FloatingPoint Functions

_fadd_rn() and__fmul_r() map to addition and multiplication operations
that the compiler never merges into FMADSs. By contrast, additions and
multiplicatios generated from the *' and '+' operators will frequently be combined
into FMADs.

The accuracy of floatipgint division varies depending on the compute capability
of the device and whether the code is compiled pvéth - div= false or

- prec - div=true . Fordevices of compute capability or for eévices of

compute capability 2vhen the code is compiled witlrec - div= false , both

the reqgular divisiol / 6 o @redr fditidefr (x,y) havethesame accuracy,
but for2126< y < 2128 fdividef  (x,y) deliversa result of zero, whereas the

0/ 60 o pdivers thecorrect result to within the accuracy statableC-3.
Also,for 2126< y < 2128 if x is infinity __fdividef(x, y) delivers &laN(as a

result of multiplyingfinity by zerd, whilethed / 6 o petumsinfimityFor
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devices of compute capability\@hen the code is compiled with

- prec - div= true ,
SectionC.1.1

__saturate
otherwise.

__float2ll_[rn,rz,ru,rd]
_ float2

ull_[rn,rz,ru,rd]

t he

0/ 6

operator is |

(x) returns 0 ik is less than 0, Lxfis more than 1, and

(x) (respectively

EEE

(x) ) converts singlerecision floatingoint
parametex to 64bit signed (respectively unsigned) integer with specified IEEE
754rounding modes.

Table C-3. Single-Precision FloatingPoint Intrinsic Functions
Supported by the CUDA Runtime Librarywith
Respective Error Bounds

Function Error bounds

_ fadd_[rn,rz ourd ](xy) IEEEcompliant.

_ fmul_[rn,rz ourd - ](xy) IEEEcompliant.

__fmaf _[myz  rurd XYy ,z) IEEEcompliant.

_frep _[rmyz  rurd  ](X ) IEEEcompliant.

_ fsgrt  _[rnyrz  ru,rd](x ) IEEEcompliant.

_ fdiv _[rnyrz  ru,rd](x,y ) IEEEcompliant.

__fdividef(x,y) Fory in[27%, 2%, the maximum ulp error is
2.

__expf(x) The maximum ulp error is
2 + floor(abs(1.16 * X)) .

__explof(x) The maximum ulp error is
2 + floor(abs(2.95 * X)) .

__logf(x) For X in [0.5, 2], the maximum absolute error
is 27#41 otherwise, the maximum ulp error is
3.

__log2f(x) For X in [0.5, 2], the maximum absolute error
is 2%, otherwise, the maximum ulp error is 2.

__log10f(x) For X in [0.5, 2], the maximum absolute error
is 2%, otherwise, the maximum ulp error is 3.

__sinf(x) For X in [-p, p], the maximum absolute error
is 2%* and larger otherwise.

__cosf(x) For X in [-p, p], the maximum absolute error
is 2% and larger otherwise.

__sincosf(x,sptr,cptr) Same assinf(x)  and cosf(x)

__tanf(x) Derived from its implementation as
_sinf(x ) * (1 / __cosf(x))

___powf(x, y) Derived from its implementation as
exp2fly * __log2f(x))

__saturate(x) N/A
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Double-Precision FloatingPoint Functions

__dadd_rn() and__dmul_rn() map to addition and multiplication operations

that the compiler never mges into FMADSs. By contrast, additions and
multiplications generated from the *' and '+' operators will frequently be combined
into FMADs.

Table C-4. Double-Precision FloatingPoint Intrinsic
Functions Suypported by the CUDA Runtime
Library with Respective Error Bounds

Function Error bounds
__dadd_[rn,rz,ru,rd](x,y) IEEEcompliant.
__dmul_[rn,rz,ru,rd](x,y) IEEEcompliant.
_ fma_[rn,rz,ru,rd](x,y,z) IEEEcompliant.
__ddiv_[rn,rz,ru,rd](x,y)(X,y) IEEEcompliant.

Requires compute capability O 2.
__drep_[rn,rz,ru,rd](x) IEEEcompliant.

Requires compute capability O 2
__dsqrt_[rn,rz,ru,rd](x) IEEE-compliant.

Requires compute capability O 2

Integer Functions

__[ulmul24( x,y ) computes the product tife 24 least significant kofsthe
integemparameters andy and deliverthe 32 least significant bitsloéresult. The
8 most significartits ofx ory areignored.

__[ulmul hi (x,y ) computes the product tife integer parametersindy and
deliverghe 32 most significant bitstb& 64-bit result.

__[ulmul 64hi (x,y ) computes the product tife 64bit integer parameters
andy and deliverthe 64 most significant bitstb& 128bit result.

__[ulsad (x,y,z ) (Sum of Absolute Difference) returns the sum of integer
parameter and the absolute val of the difference between integer paranxeters
andy.

__clz(x) returnsthe number, between 0 and 32 inclusive, of consecutive zero bits
starting at the most significaitt(i.e. bit 31pf integer parameter

_clz I (x) returnsthe number, between Bd64inclusive, of consecutive zero
bitsstarting at the most significaitt(i.e. bit 6Bof 64bit integer parameter

_ ffs(x)  returns the position of the first (least signifidanget in integer
parametex. The least significant bit is positiotf x is 0,__ffs()  returns O.
Note that thiss identical to the Linux functiéia .

__ffs Il (x) returns the position of the first (least signifidanget in 64it
integer parameter The least significant bit is positiotf X.is 0,__ffs Il ()
returns ONote that thigs identical to the Linux functiéfa Il .
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__popc (x) returns the number of bits that are set to 1 in the binary representation
of 32bit integer parameter

__popcli(x) returns the number of bits that are set to 1 in the binary
representation db4-bit integer parameter

__brev(x) reverses the bits 82-bit unsigned imiger parametegri.e. bit N of
theresult corresponds to bit-8lLof x.

__brevli(x) reverses the bits 6#-bit unsignedbong long parameteri.e. bit N
of theresult corresponds to B8N of x.

__byte _perm(x,y,s)  returns, as a 34t integer , four bytedrom eight input
bytes provided in the two input integeesdy. The input bytes are indexed as
follows:

input[0] = x<0:7> input[1] = x<8:15>
inp ut[2] = x<16:23> input[3] = x<24:31>
input[4] = y<0:7> input[5] = y<8:15>
input[6] = y<16:23> input[7] = y<24:31>

The selector indices are storedtiit nibbles (with the upper-b@é of the selector
not being used):

selector[0] = s<0:3 >  selector[1] = s<4:7>

selector[2] = s<8:11> selector[3] = s<12:15>
Thereturned value is computed to be:

resultf n]:=input[selector| n]]

whereresultin ] is thenth byteof r .

Type Casting Functions

There are two categories of type casting fasctioe ype conversion functions
(TableC-5) andthetype reinterpretation functiorisapleC-6).

A type reinterpretation function does not change the binary representation of its
input valueFFor exam@, __int_as_float(0xC0000000) is equal te 2.0f ,
__float _as_int (1.0f ) is equal t@x3f800000 .

A type conversion function may change the binary representation of its input value.
For example, int2 float _rn (0xC0000000) is equal te 1073741824 .0f
__float2in  t_rn (1.0f ) is equal td.

Table C-5. Type Conversion Functions

__float2int_[rn,rz,ru,rd] (x)
__float2uint_[rn,rz,ru,rd] (x)
__int2float_[rn,rz,ru,rd] (x)
__uint2float_[rn,rz,ru,rd] (x)
__float 2l _[rn,rz,ru ,rd] ()

__float 2ull _[rn,rz,ru,rd] (x)

CWDA C Programming Guide Version 3.2 137



Appendix C. Mathematical Functions

138

__li2float _[rn,rz,ru,rd] %)

__ull2float _[rn,rz,ru,rd] (x)

__float2half_rn(x)

__half2float x)

__double2float_[ rn,rz,ru,rd 1(x)

__double2int_[rn,rz,ru,rd](x)

__double2uint_[rn,rz,ru,rd](x)

__double2ll_[rn,rz,ru,rd] (x)

__double2ull  _[rn,rz,ru,rd] (x)

__int2double_rn(x)

__uint2double_rn(x)

__ll2double_[rn,rz,ru,rd](x)

__ull2double  _[rn,rz,ru,rd] x)

__int_as_float(x)

__flo at_as_int(x)

__double_as_longlong(x)

_ _longlong_as_double(x)

__double2hiint(x)

__double2loint(x)

__hiloint2double( hi, lo)

Table C-6. Type Reinterpretation Functions
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Appendix D.
C++ Language Constructs

CUDA supports the following C++ language constructs for device code:

¢ Polymorphism

c Default Parameters

¢ Operator Overloading

¢ Namespaces

¢ Function Templates

¢ Classes foravices of compute capability 2.x

These C++ constructs are implemented as s
Langued reference. It is valid to use any

host, device, and kernel (__global__) functions. Any restrictions detailed in previous
parts of this programming guide, like the lack of support for recursion, still apply.

The following subsections provide examples of the various constructs.

Polymorphism

Generally, polymorphism is the ability to define that functions or operators behave
differently in different contexts. This is also referred to as function (and operator,
see below) overloading.

In practical terms, this means that it is permissiblenie tle6 different functions

within the same scope (namespace) as long as they have a distinguishable function
signature. That means that the two functions either consume a different number of
parameters or parameters of different types. When either oftipkrfunctions

gets invoked the compiler resolves to the
the function signature.

Because of implicit typecasting, a compiler may encounter multiple potential
matches for a function invocation and in that casedtehing rules as described in

the C++ Language Standard apply. In practice this means that the compiler will pick
the closest match in case of multiple potential matches.

Example: The following is valid CUDA code:

__device__ void f( float x)

{
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/[do  something with x

}

__device__ wvoid f( int i)

{
}

/l do something with i

__device__  void f( double x, double )

{
}

/I do something with x and y

Default Parameters

With support for polymorphism as described in the previous subsection and the
function signature matching rules in place it becomes possible to provide support
for default values for function parameters.

Example:

__device__ void f( float x=0.0f)
{

}

Kernel or other device functions can now invoke thimreasf in one of two
ways:

f();

I or
float x= /*some value */ :

f(x);

/I do something with x

Default parameters can only be given for the last n parameters of a function.

Operator Overloading

Operator overloading allows programmers to define operators for ngipeatata
Examples of overloadable operators in C++ are*H, +=, &, [], etc.

Example: The following is valid CUDA code, implementing the + operation
between twachar4 vectors:

__device__ uchar4 operator +( const uchar4 &a, const uchar4 &b)

uchard r;
rx=ax+b.x;

.r.éturn r;
}
This new operator can now be used like this:

uchar4d a, b, c;
a=b= /* some initial value */ ;
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c=a+b;

Namespaces

Namespaces in C++ allow for the creation of a hierarchy of scopes of visibility. All

the symboliside a namespace can be used within this namespaces without
additional syntax.

The use of namespaces can be used to solve the problemcfahase(two
different symbols using identical names), which commonly occurs when using
multiple function librées from different sources.

Example:The foll owing code defines two
namespaces (onvidiadé and oot her o) :

namespace nvidia {

__device__ void f( float x)
{ /* do something with x */ i}
}

namespace other {
__device__ void f(float x)
{ /* do something with x */ i}

}

The functions can now be used anywhere via fully qualified names:
nvidia::f(0.5f);

funct

All the symbols in a namespace can be imported into another namespace (scope)

like this:

using namespace nvidia;
f(0.5f);

Function Templates

Function templates are a form of ragramming that allows writing a generic

function in a dattype independent fashion. CUDA supports function templates to

the full extent of the C++ standard, including the following concepts:
Implicit tenplate parameter dection.
Explicit instantiation.
Template specialization.

Example:

template <T>

__device__ bool f(T x)

{ return /* some clever code that turns x into a bool here */ }

This function will convert x of any d&fpe to a bool as long ag ttode in the
functionds body can be compiled for

f() can be invoked in two ways:

int x=1;
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bool result = f(x);

This first type of i nvo cimplicity deducesthei e s
correct funcoin type for T. In this case the compiler would detit@éeint and
instantiaté< int >(x).

The second type of invoking the template function éxpiiit instantiation like
this:

bool result =f< double >(0.5);

Function templates may $jgecialized

t emplate <T>
__device__ bool f(T x)
{ return false ;}

template <>
__device__  bool
f<int >(T x)

{ return true ;}

In this case the implementation for T representing the int type are specialized to
return true, all other types will be caught by the geoezal template and return
false.

The complete set of matching rules (for implicitly deducing template parameters)
and matching polymorphous functions apply as specified in the C++ standard.

Classes

Code compiled for devices with compute cajyabikard highermay make us#

C++ classes, as long as none of the member functions ardthigwastriction

will be removed in some future release)

There are two common use cases for classes without virtual member functions:

Smalldata aggregations. Elgta types like pixels (r, g, b, a), 2D and 3D points,
vectors, etc.

Functor classes. The use of functors is necessitated by the fact that device
function pointers are not supported and thus it is not possible to pass functions
as template parameters. Akaoound for this restriction is the use of functor
classes (see code sample below).

Example 1 Pixel Data Type

The following is an example of a data type for RGBA pixels with 8 bit per channel
depth:

class PixelRGBA

{
public
__device__
PixelRGBA( ): r_(0), g_(0), b_(0), a_(0)

{:}
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__device__

PixelRGBA( unsigned char r, wunsigned char g, unsigned char b,
unsigned char a=255):r_(r),g_(g), b_(b), a_(a)

{:}

/I other methods and operators left out for sa ke of brevity

private
unsigned char r_,g_,b_,a ;

friend  PixelRGBA operator +(const PixelRGBA &,
const PixelRGBA &);

Ji
__device__
PixelRGBA operator +(const PixelRGBA & p1, const PixelRGBA & p2)
{
return PixelRGBA(pl.r_+p2.r_,
pl.g_+p2.9_,
pl.b_+p2.b_,
pl.a_+p2.a);
}

Other device code can now make use of this new data type as one would expect:
PixelRGBA p1, p2;

I1...] initialization of p1 and p2 here

PixelRGBA p3 = p1 + p2;

D.6.2 Example 2 Functor Class

The following example shows how functors may be used as function template
parameters to implement a set of vector arithmetic operations.

Here are two functors for float adgnlit and subtraction:

class Add
{
public
__device__
float
operator ()( float a, float b)
const

{
}

return  a+b;
h

class Sub

{

public
__device__
float
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operator ()( float a, float b)
const

{
}

ret urn a - b;

Ji
The following templatized kernel makes use of the functors like the ones above in
order to implement operations on vectors of floats:

/I Device code

template <class O>

__global___

void

VectorOperation( const float *A, const float *B,
float *C, unsigned int N, O op)

{
unsigned int iElement = blockDim .x* blockldx .x+ threadldx .x;
if (iElement < N)
C[iElement] = op(A[iElement], B[iElement]);
}
}

TheVectorOperation kernel mg now be launched like this in order to get a
vector addition:

/I Host code
VectorOperation  <<<blocks, threads >>>(vl, v2, v3, N, Add());
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NVCC Specifics

__noinline___and __ forceinline

When compiling code for devices of compute capability 1device

function is always inlined by defawfien compiling code foedices of compute
capability 2a__device__  function is only inlined when deemed appropriate by
the compiler.

The__noinline __ function qualifier can be used as a hint for the comgiley n
inline the function if possiblEhe function body must still be in the same file where
it is called. For devices of compute capability 1.x, the compiler will not honor the
__noinline __ qualifier for functions with pointer parameters and for fusction
with large parameter lists. Fevides of compute capability, 2ve compiler will
always honor the noinline__  qualifier.

The__ forceinline  __ function qualifier can be used to force the compiler to
inline the function.

#pragma unroll

By defaultthecompiler unrolls small loops with a known trip count#plagma
unroll  directive however can be used to control unrolling of any given loop. It
must be placed immediately before the loop and only applies to that loop. It is
optionally followed by a numtibat specifies how many times the loop must be
unrolled.

For example, in this code sample:

#pragma unroll 5

for (int i=0;i<n;++i)

the loop will be unrolled 5 times. The compiler will also insert code to ensure
correctness (in the example abovensure that there will only iéerations ih

is less than 5, for example). It is up to the programmer to make sure that the
specified unroll number gives the best performance.

#pragma unroll 1 will prevent the compiler from ever unrolling a loop.
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If no numberis specified aftéfpragma unroll  , the loop is completely unrolled
if its trip count is constanbtherwise it is not unrolled at all

__restrict___

nvcc supportgestricted pointenda the _restrict  __ keyword.

Restricted pointers were introduite@99 to alleviate the aliasing problem that
exists in @ype languages, and which inhibits all kind of optimization from code re
ordering to common stdxpression elimination.

Here is an example subject to the aliasing issue, where use of resttetedpoi
help the compiler to redutte number of instructions:

void foo (const float * a,
const float * b,
float *c)

c[0] = a[0] * b[q];

c[1] = a[0] * b[q];

c[2] = a[0] * b[0] * a[1];
c[3] = a[0] * a[1];

c[4] = a[0] * b[0];
c[5] = b[0];

}

In C-type languages, the pointers, andc may be aliased, so any write thraugh
could modify elements afor b. This means that to guarantee functional
correctness, the compiler cannot kjapl andb[0] into registes, multiply them,
and store the result to batjd] andc[1] , because the results would differ from
the abstract execution model if, spy, is really the same locatiort[@$ . So

the compiler canndéke advantage of the common-exression. Likeveis
thecompiler cannot just reorder the computatiasi4df into the proximity of the
computation ot[0] andc[l] becausthe preceding write t§3] could change
the inputs to theomputation ot[4]

By making, b, andc restricted pointers, the progmaerasserts to the compiler
that the pointers are in fact miiased, which this case means writes throogh
wouldnever overwrite elementsaobr b. This changes tifienction prototype as
follows:

void foo (const float * _ restrict __a,
const float * _ restrict b,
float * _ restrict _ Q)

Note that all pointer arguments need to be made redwictld compiler
optimizer to derive any benefit. With theestrict keywords addethe
compiler can now oederand docommon sukexpresen eliminatiorat will, while
retaining functionality identiedgth the abstract execution model:

void foo (const float * _ restrict _a,
const float *  restrict b,
float * __ restrict Q)

float  t0 = a[0];
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float  t1 = b[0];
float  t2 =10 *t2;
float  t3 =a[1];
c[0] = t2;

c[1] = t2;

c[4] = t2;

c[2] = t2 * t3;

c[3] = t0 * t3;

c[5] = t1;

}

The effects here are a reduced number of memory accessdacatinumber of
computations. This is batzdby an increase in register pressure due to "cached"
loads andommon sukexpressions.

Since register pressure is a critical issue in many CUDAisedésestricted
pointers can have negative performance impd@UDAcode, due to reduced
occupang
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Appendix F.
Texture Fetching

This appendix gives the formula used to compute the value returned by the texture
functions of SectioB.8depending on the various attributes of the texture reference
(see Sectio®2.4.

The texture bound to the texture reference is represented as Brohikajexels
for a onedimensional texturéy3 M texels for a twadimensional texture, or

N3 M 3 L texels for a thredimensional texture. It is fetched using texture
coordinates, y, andz.

A texture coordinate must fallwitfiid s v al i d addr easbBei ng range
used to addreds. The addressing mode specifies how aof@ahge texture

coordinatex is remapped to the valid rangex I6 nornormalized, only the clamp

addressing mode is suppdrandx is replaced bg if x<0 andN- 1 if N ¢ x. If

x is normalized:

¢ In clamp addressing modeis replaced b§ if x<0 and1- 4 if 1¢ x,

¢ In wrap addressing modejs replaced byrac(x) , where
frac(x) = x- floor(x) and floor(x) is the largésnteger not greater than

In the remaining of the appendix,y, andz are the nomormalized texture

coordinates remappediod s v al i d a d,dyr andzsre degvedrfranm g e .
the normalized texture coordinagest, and £ as suchx = N£, y =M, and
z=LE.
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F.1 NearestPoint Sampling

In this filtering mod, the value returned by the texture fetch is
tex(x) =T[i] for a onedimensional texture,
tex(x, y) =TI[i, j] for a twedimensional texture,
tex(x, ¥, 2) =TI[i, j,k] for a threedimensional texture,

wherei = floor(x), j = floor(y), andk = floor(2).

FigureD-1 illustrates neargsbint sampling for a or@@mensional texture with
N=4.

For integer textures, the value returned by the texture fetch can be optionally
remapped t§0.0,1.0] (see Secti@.4.1.11

tex(x)
y 3
T3] =4-----mmm e o, —
| |
| |
| |
Tiol -+ | : :
L e e I
[ | | |
| | | |
mepe
| | | L5
0 1 2 3 4 Non-Normalized
0 0.25 0.5 0.75 1 Normalized

Figure F-1. NearestPoint Sampling of a One-Dimensional
Texture of Four Texels

F.2 Linear Filtering

In this filtering mode, which is only available for flopbing textures, the value
returned by the texture fetch is

tex(x) = (1- a)T[i]+&Tl[i +1 for a onedimensional texture,
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tex(x, y) =(1- a)@- O)T[i, jl+a@- O)T[i+1 j1+@1- a)bT[i, j+U+a A +1, j+1
for a twoedimensional texture,

tex(x,y,2) =
1- a)1- b)A- 9T, j. Kl +a@- b)1- g)T[i+1, j,k] +
@- a)b(1- 9)T[i, j+L K] +a 41- g)T[i+1, j+1 k] +
(1- a)(1- b)gi, j,k+1]+a@- b)J[i +1, j,k+1 +
@-a)b g, j+Lk+L+a bTgi +1, j +1,Kk+]]
for a threedimensional texture,

where:

i = floor(xg), a = frac(xg), Xg =x- 0.5,
j = floor(yg), b= frac(yg), yg =y- 05,
k = floor(zg), g= frac(zg), zg =z- 05.

a, b, andg are stored in-Bit fixed point format with 8 bits of fractional value
(so 1.0 is exactly represented)

Figure F2 illustrates neargsbint sampling for a ordimensional texture with

N=4.
tex(x)
y 3
T[3] -
T[O] -
T[2] -1
T[1] -1
» X
0 1 2 3 4 Non-Normalized
0 0.25 0.5 0.75 1 Normalized

Figure F-2. Linear Filtering of a One-Dimensional Texture of
Four Texels in Clamp Addressing Mode
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F.3 Table Lookup

A table lookupr'L(x) wherex spans the inteal [0, R] can be implemented as
N-1
R

TL(X) =teX x+0.5) in order to ensure thal(0) =T[0] and TL(R)=T[N-1].

Figure F3 illustrates the use of texture filtering to implement a table lookup with
R=4 or R=1 from a onedimensional texture witk =4 .

TL(X)

A

T3] -

T[] -1
T[2] -

T[] -

o
SN
~
w
o
S~

w
oA
v
X

Figure 3. One-Dimensional Table Lookup Using Linear
Filtering

152 CUDAC Programming Guide Version3.2



Appendix G.
Compute Capabilities

The general specifications and features ofjpute device depend on its compute
capability (see Sectdh).

SectiorG.1giveghefeatures anttchnical specifitansassocigd to each
compute capability.

SectionG.2reviews the compliance with the IEEE floaingnt standard.

SectionG.3and0 give more details on the architecture of devices of compute
capability 1.xral 2.% respectivel
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G.1

154

Features and Technial Specifications

Compute Capability

Feature Support

(Unlisted features are s upported
for all compute capabilities)

1.0 11

1.2

13 2.X

Integer atomic functions operating on
32-bit words in global memory
(Section B.11)

No

yes

Integer atomic functions operating on
64-bit words in global memory
(Section B.11)

Integer atomic functions operating on
32-bit words in shared memory
(Section B.11)

Warp vote functions (Section B.12)

No

Yes

Double-precision floating-point
numbers

No

Yes

Floating-point atomic addition
operating on 32-bit words in global
and shared memory (Section B.11)

__ballot() (Section B.12)

__threadfence_system() (Section B.5)

__syncthreads_count(),
__syncthreads_and(),
__syncthreads_or() (Section B.6)

Surface functions (Section B.9)

No

Yes

Compute Capability

Technical Specifications

1.0 11

1.2

13 2.X

Maximum x- or y-dimension of a grid
of thread blocks

65535

Maximum number of threads per
block

512

1024

Maximum x- or y-dimension of a
block

512

1024

Maximum z-dimension of a block

64

Warp size

32

Maximum number of resident blocks
per multiprocessor

Maximum number of resident warps
per multiprocessor

24

32 48

Maximum number of resident threads
per multiprocessor

768

1024 1536

Number of 32-bit registers per
multiprocessor

8K

16 K 32K

Maximum amount of shared memory

16 KB

48 KB
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Compute Capability

Technical Specifications 1.0 1.1 1.2 1.3 2.X
per multiprocessor

Number of shared memory banks 16 32
Amount of local memory per thread 16 KB 512 KB
Constant memory size 64 KB

Cache working set per multiprocessor

8 KB
for constant memory

Cache working set per multiprocessor

Device dependent, between 6 KBand 8 KB
for texture memory

Maximum width for a 1D texture

reference bound to a CUDA array 8192 32768

Maximum width for a 1D texture

227
reference bound to linear memory

Maximum width and height for a 2D
texture reference bound to linear 65536 x 32768
memory or to a CUDA array

65536 x
65535

Maximum width, height, and dep th
for a 3D texture reference bound to 2048 x 2048 x 2048
linear memory or a CUDA array

Maximum number of textures that

can be bound to a kernel 128

Maximum width for a 1D surface

reference bound to a CUDA array 8192

Maximum width and height for a 2 D
surface reference bound to a CUDA N/A
array

8192 x
8192

Maximum number of surfaces that
can be bound to a kernel

Maximum number of instructions per

2 million
kernel

G.2 Floating-Point Standard

All compute devices follow tHeEE 7542008standard for biry floatingpoint
arithmetic with the following deviations:

Thereisno dynamically configurable rounding mdaeyever, rast of the
operations supponbultiplelEEE rounding modes, exposed via device
intrinsics

There is no mechanism for detecting tlil@aéingpoint exceptiorhas
occurred andll operations behave as if lBEE-754 exceptions are always
masked, and deliver the masked response as defined {#b¥EiEEhere is an
exceptional everfor the same reason, while SNaN encodings are gapport
they arenot signalingand are handled as quiet

Theresultof a singlgrecision floatingoint operation involving one or more
input NaNs is the quiet NaN of bit pattern Ox7fffffff;
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156

Doubleprecision floatingoint d&solute value and negation arecoatpliant
with IEEE-754 withrespect to NaNs; these are pas®ugh unchanged

For single-precisionfloatingpoint numbersn devices afompute
capability 1.x
Denormalized numbers are not supported; flepting aithmetic and
comparison instructisrconvertdenormalized operasitb zergrior to
the floatingpoint operation;

Underflowed results are flushed to zero;
Some instructions are not IEEEEmpliant:

Additionand multiplication are often combined into a single multiply
add instruction (FMADyhich truncate§.e. without roundinghe
intermediatenantissaf the multiplication;

Division is implemented via the reciprocal in astenmdarecompliant
way;

Square root is implemented via the reciprocal square root in a non
standarecompliant way;

For addition and multiplication, only rodneéheareseven and
roundtowardszero are supported via static rounding modes; directed
rounding towards +/infinity is not supported;

To mitigate the impact of these restrictit BEE-compliansoftware (and
therefore slower) implementations are provided through the following
intrinsicyc.f.SectiorC.2.):

__fmaf _r{n,z,u,d}(float, float, float) : singleprecision
fused multiphadd with IEEE rounding modes,
__frep_r[n,z,u,d](float ) : singleprecision reciprocal with
IEEE rounding modes,

__fdiv_r[n,z,u,d](float, float) : singleprecision division
with IEEE rounding modes,

__fsqrt_r[n,z,u,d](float) : singleprecision square root with
IEEE rounding modes,

__fadd_r[u,d](float, float ) : sirgleprecision addition with
IEEE directed rounding,

__fmul_r[u,d](float, float) : singleprecision multiplication

with IEEE directed rounding;

For double-precision floatingpoint numbersn devices afompute
capability 1.x
Roundto-neareseven is the onlsupported IEEEounding mode for
reciprocal, division, and square root.

When compiling fodevices without native doulpliecisiorfloatingpoint support
i.e. devicesf compute capability 1.2 and loweechdouble variable isonverted
to singleprecsionfloaing-pointformat(but retains its size of 64 basddouble
precision floatingoint arithmetic gets demotedsimgleprecisiorfloatingpoint
arithmetic.

For devices of compute capability, 2ode must be compiled wittz=false

- prec - div= true , and- prec - sgrt=true  to ensure IEEE compliandhi§ is

the default settingee thewcc user manual for description of these compilation
flags); code compiled withz= true , - prec - div= false , and
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- prec - sqrt= false comes closest to the code geneffatedevices of compute
capability 1.x.

Addition and multiplication are often combined into a singtelyadd
instruction:

FMAD for single precision on devices of compute capability 1.x,

FFMA for single precision omvces of compute capability. 2.x

As mentioned laove, FMAD truncates the mantipsiar to use it in the addition.
FFMA, on the other hanan IEEE754(2008) compliant fused multidiyl
instruction, so the fallidth product is being used in the addition and a single
rounding occurs dung generation of the final result. While FFMA in general has
superior numerical properties compared to FMAD, the switch from FMAD to
FFMA can cause slight changes in numeric results and can in rare circumstances
lead to slighty larger error in final result

In accordance to tHEEE-754Rstandard, if one of the input parameters to
fmin f () ,fmin () ,fmaxf () , orfmax() is NaN, but not the other, thesult is
the nonNaN parameter.

The conversion of a floatipgint value to an integer value in the case wieere
floatingpoint value falls outside the range of the integer format is left undefined by
IEEE-754. For compute devices, the behavior is to clamp to the end of the
supported range. This is unlike the x86 architdeheasior

G.3 Compute Capability 1x

G.3.1 Architecture

For devices of compute capability 1.x, a multiprocessor consists of:
8 CUDA coredor integer and singfgecision floatingoint arithmetic
operations,

1 doubleprecision floatingoint unit for doublgrecision floatingoint
arithmetic operatns,

2 special function units for singkecision floatingoint transcendental
functions (these units can dismdlesingleprecision floatingoint
multiplications),

1 warp scheduler.
To execute an instruction for all threads of a warp, the warplechedi
therefore issue the instruction over:
4 clock cycles for an integer or sipgéeision floatingoint arithmetic
instruction,
32 clock cycles for a doublecision floatingoint arithmetic instruction,
16 clock cycles for a singhecision flatingpoint transcendental instruction.

A multiprocessor also has a realyconstant cachibatis shaed by all functional
units and speeds up reads fronctrestant memorgpace, which resides in device
memory.
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Multiprocessors are grouped imextur®rocessor CIuSi®G¥. The number of
multiprocessors per TPC is:

2 for devices of compute capabilities 1.0 and 1.1,

3 for devices of compute capabilities 1.2 and 1.3.
Each TPC hasraadonlytexture cach#hatis shaed by all multiprocessors and
speads up reads from the textoremoryspace, which resides in device memory.

Each multiprocessor accesses the texture cachextiaeunithat implements
the various addressing modes and data filtering mentioned in3S2dtion

The local and global memory spaces reside in device memory and are not cached.

G.3.2 Global Memory

A globalmemory request for a warsjditinto two memory requestsne for each
halfwarp that are issued independe@éction$s.3.2.1andG.3.2. 2Aescribe how
the memory accesses of thsagithin a haHwarp areoalesdetd one or more
memory transactionepending on the compute capability of the dévwgeeG-1
shows some examplegytdbalmemory accessasd corresponding memory
transactions based on compute capability

The resulting memory transactions are serviced at the throughput of device
memory.

G.3.2.1 Devices of Compute Capability 1.0 and 1.1

To coalesgghememory request for a halirp must satisfy the following
conditions:

The size of the words accessed by the thmazdde 4, 8, or 16 bytes;
If this size is:
4, dl 16wordsmust lie in the same-bfte segment,
8, all 16 words must lie in the sameli28 segment,
16, the first 8 words must lie in the samebyR8segment and the last 8
words in the following 1A8/te segment;
Threads musiccess the words in sequenbekT thread in the halfarp
must access tlké word.

If the haltwarpmeets thse requirements, alite memory transaction, a-bg&
memory transaction, or two #2@e memaory transactions are issued if the size of
the words accessed by the thr&ads8, or 16, respectivépalescing is achieved
even ifthe warp is divergen.e. there amomeinactivehreadghatdo not actually
access memory.

If thehhaltwarpdoes not medheserequirementd,6 separat82bytememory
transactiosareissued

G.3.2.2 Devices of Compute Capability 1.2 and 1.3

Threads can access any words iotagy, including the same words, asdgle
memory transaction for each segment addrestes lmffwarpis issued. This is
in contrast with devices of compute capabilities 1.0 ambdetelthreadsesd to
access words in sequence and coalesciriapp8ns if thealfwarpaddresses a
single segment.
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More preciselyhe following protocads used taleterminghe memory transactisn
necessany service all threads ihafwarp

Find the memory segment that contains the address requésécldnimst
numbered active thread. The segment size depends on the size of the words
accessed by the threads:

32bytedfor 1-byte words,
64 bytes for-Byte words,
128 bytesor 4-, 8- and16-byte words
Find all other active threads whose requested addiiesthéesame segment.
Reduce the transaction size, if possible:
If the transaction size is 128 bgied only the lower or upper half is used,
reducehetransactiorsize to 64 bytes;
If the transaction size is 64 bytegyinally or after reduction frat28
bytes)and only the lower or upper half is used, ratieteansactiorsize
to 32 bytes.
Carry out the transaction and mark the serviced threads as inactive.
Repeat until all threads in tiedfwarp are serviced.

Shared Memory

Shared memory has I#ksthat areorganized such that successivieiB&ords
are assigned to succesbamks i.e. interleave@ach bank has a bandwidth of 32
bits per two clock cycles.

A shared memory request for a warp is split into two memory requests, one for each
halfwarp, that are issued independefsflya consequentbere can be no bank

conflict between a thread belonging to the first half of a warp and a thread
belongingo the second half of the same warp.

If a noratomicinstruction executed by a warp writdhéosame location in shared
memory for more than one of the threadhefwarp, only one thread per -half
warp performs a write and which thread performs the final write is undefined.

32-Bit Strided Access

A commonaccess patters for each thread to &ss a 3Bit wordfrom an array
indexed by the thread and with some stride

__shared__  float shared[ 32];

float  data = shared[Baselndex + s * tid];

In this case, threads andtid+n access the same bank whensweis a
muliiple of the number diankg(i.e.16) or, equivalently, whenewveis a multiple
of 16/d whered isthe greatest common divisor ofabls. As a consequence,
there will be no bank conflict only if half the warp(s&€l6)s less than or equal
to 16/d ., that is only i is equal to 1.e.s is odd.

FigureG-2 shows some examples of strided accessviced of compute
capability 2.XThe same examples apply for devices of compute capability 1.x, but
with 16 banks instead of 32.

CWDA C Programming Guide Version 3.2 159



Appendix G Compute Capabilities

G.3.3.2 32-Bit Broadcast Access

Shared memory features a broadcast mechanism wherbltyvaBPcan be read

and broadcast to several threads simultaneously when servicing one memory read
request. This reduces the number of bank conflicts when several threads read from
an addrss within the same-8& word. More precisely, a memory read request

made of several addresses is serviced in several steps over time by servicing one