GPU programming and CUDA



What is a GPU?

-~ Specialized for compute-intensive, highly-parallel computation,
i.e. graphic output

Evolution pushed by gaming industry
o CPU: large die area for control and caches
GPU: large die area for data processing
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GPGPUs

Graphics Processing Unit (GPU): Hardware designed for
output to display

General Purpose computing on GPUs (GPGPU) used for
non-graphics tasks

physics simulation
signal processing
computational geometry
computer vision
computational biology

computational finance
meteorology



Why GPUs?

GPU evolved into a very flexible and powerful processor
It's programmable using high-level languages
It offers more GFLOP/s and more GB/s than CPUs
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Low Latency or High Throughput?

DRAM

CPU

Optimized for low-latency access to
cached data sets

Control logic for out-of-order and
speculative execution

GPU

Optimized for data-parallel,
throughput computation

Tolerant of memory latency

DRAM




Low Latency or High Throughput?

CPU minimized latency within each thread
GPU hides latency with computation from other thread warps

CPU core — Low Latency Processor
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Kepler GK110 Block Diagram

7.1B Transistors
>1TFLOP FP64

1.5 MB L2 Cache

15 SMX units

contains 15 streaming multiprocessors (SMX units)




GK110 Streaming Multiprocessor (SMX)

ontains many specialized cores
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GPU Parallelism

Software Hardware
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Simple Processing Flow

PCI Bus

1. Copy input data from CPU
memory/NIC to GPU memory




Simple Processing Flow

1. Copy input data from CPU
memory/NIC to GPU memory
2. Load GPU program and execute




Simple Processing Flow

1. Copy input data from CPU
memory/NIC to GPU memory
Load GPU program and execute

SEN

Copy results from GPU memory
to CPU memory/NIC



3 Ways to Accelerate Applications

Applications
: : OpenACC Programmin
Libraries .p : J J
Directives Languages
“Drop-in” Easily Accelerate Maximum
Acceleration Applications Flexibility

Similar to OpenMP



GPU accelerated libraries

NVIDIA cuBLAS

NVIDIA cuRAND

GPU USIPL

IMSL Library
Vector Slgnal

Image Processing

o

LA tools

GPU Accelerated
Linear Algebra

Matrix Algebra on
GPU and Multicore

&
ROGUE WAVE

SOFTWARE

Sparse Linear
Algebra

libjacket

Building-block
Algorithms for CUDA

C++ STL Features
for CUDA




CUDA Math Libraries

cUFFT — Fast Fourier Transforms Library

CuBLAS — Complete BLAS Library

CUSPARSE — Sparse Matrix Library

cuRAND — Random Number Generation (RNG) Library

NPP — Performance Primitives for Image & Video Processing
Thrust —Templated C++ Parallel Algorithms & Data Structures
math.h - Cgg floating-point Library

Included in the free CUDA Toolkit



Programming for GPUs

Early days:
OpenGL (graphics API)

Now
CUDA: Nvidia proprietary API, works only on Nvidia GPUs
OpenCL: open standard for heterogeneous computing
OpenACC: open standard based on compiler directives



CUDA Example: Code

main.cu

#include <iostream>
#include <cassert>

#define N 32768

__global__ void scaleVector(float scale, float * input, float * output)
{

int

int tid = threadIdx.x + blockIdx.x * blockDim.x;
if (tid < N)

output[tid] = input[tid] * scale;

main()
float * a = new float[N];
float * b = new float[N];

float * dev_a;
float * dev_b;

const float scale = 2.;

for (int i=0; i<N; i++)
ali]l = (float)i/2.;

std::cout << "Initializing data on GPU\n";

cudaMalloc( (void#x)&dev_a, Nxsizeof(float) );
cudaMalloc( (voidxx)&dev_b, Nxsizeof(float) );

cudaMemcpy( dev_a, a, Nxsizeof(float), cudaMemcpyHostToDevice);

std::cout << "Launching kernels on GPU\n";
const int nblocks = 128;
const int nthreads = 256;
scaleVector<<< nblocks, nthreads >>>(scale, dev_a, dev_b);
std::cout << "Downloading data\n";
cudaMemcpy( b, dev_b, Nxsizeof(float), cudaMemcpyDeviceToHost);
std::cout << "Verifying results\n";
for (int i=0; i<N; i++)
std::cout << b[i] << std::endl;

assert((double)i == b[il]);

std::cout << "Done!\n";

delete [] a;
delete [] b;

device code (runs on CPU)

_global__ void scaleVector(float scale, float * input, float * output)
int tid = threadIdx.x + blockIdx.x x blockDim.x;

if (tid < N)
{

output[tid] = input[tid] * scale;

host code (runs on CPU)

std::cout << "Initializing data on GPU\n";

cudaMalloc( (voidxx)&dev_a, Nxsizeof(float) );
cudaMalloc( (voidxx)&dev_b, Nxsizeof(float) );

cudaMemcpy( dev_a, a, Nxsizeof(float), cudaMemcpyHostToDevice);
std::cout << "Launching kernels on GPU\n";

const int nblocks = 128;

const int nthreads = 256;

scaleVector<<< nblocks, nthreads >>>(scale, dev_a, dev_b);

std::cout << "Downloading data\n";

cudaMemcpy( b, dev_b, Nxsizeof(float), cudaMemcpyDeviceToHost);




Nvidia CUDA

C extension to write GPU code
Only supported by Nvidia GPUs
Code compilation (nvcc) and linking:

device.cu

__global__ void kernel()

{

device.cu device.o // do something
}

program

host.cpp

Nt main()

gcc i







Hello World!

main ( Yook
printf ("Hello World'\n");
0;

Standard C that runs on the host

NVIDIA compiler (nvcc) can be used to compile programs with no
device code



Hello World! with Device Code

__global void mykernel (void) { }

int main(void) {
mykernel<<<1,1>>>() ;
printf ("Hello World!'\n");
return 0;

Two new syntactic elements...



Hello World! with Device Code

mykernel<<<gridDim, blockDim>>>(..);

Triple angle brackets mark a call from host code to device code,
also called a “kernel launch”

gridDim is the number of instances of the kernel
blockDim is the number of threads within each instance

gridDim and blockDim may be 2D or 3D vectors (type vec3) to
simplify application programs



Hello World! with Device Code

__global  void mykernel (void) { }

CUDA C/C++ keyword  global  indicates a function that

Runs on the device
Is called from host code

nvec separates source code into host and device components

Device functions (e.g.mykernel () ) processed by NVIDIA compiler
Host functions (e.g. main () ) processed by standard host compiler



GPU Kernel qualifiers

Function qualifiers:
__global :called from CPU, runs on GPU
__device :called from GPU, runs on GPU
__host__:called from CPU, runs on CPU
__host__and __device_ can be combined



Parallel Programming in CUDA C/C++

We need a more interesting example...
GPU computing is about massive parallelism!
We'll start by adding two integers and build up to vector addition




Addition on the Device

A simple kernel to add two integers

add ( *a, *b, *c)

XE = kAt ook

As before is a CUDA C/C++ keyword meaning
add () will execute on the device
add () will be called from the host



Addition on the Device

Note that we use pointers for the variables

__global  void add(int , int VAt oY o j D §
— + .
}

add () runson the device,so a,b and c must point to device
memory

We need to allocate memory on the GPU



Memory Management

Host and device memory are separate entities

Device pointers point to GPU memory
May be passed to/from host code
May not be dereferenced in host code

Host pointers point to CPU memory
May be passed to/from device code
May not be dereferenced in device code

Simple CUDA API for handling device memory
cudaMalloc (),cudaFree (), cudaMemcpy ()
Similar to the C equivalentsmalloc (), free (), memcpy ()



Data Transfer

cudaMemcpy(void*x dst, voidx src, size_t num_bytes,
enum cudaMemcpyKind direction)
direction can be either of
cudaMemcpyHostToDevice
cudaMemcpyDeviceToHost

cudaMemcpyDeviceToDevice



Addition on the Device: main ()

int main(void) { // Copy inputs to device
// host copies of a, b, c cudaMemcpy (d_a, &a, size,
int:a;  bsc; cudaMemcpyHostToDevice) ;

cudaMemcpy (d b, &b, size,
// device copies of a, b, c cudaMemcpyHostToDevice) ;
int *d a, *d b, *d c¢;

// Launch add() kernel on GPU

e BlEe r ShApor L) add<<<1,1>>>(d a, d b, d c);

// Allocate space for device copies

cudaMalloc ((void **)&d a, size); // Copy result back to host
cudaMalloc ((void **)&d b, size); cudaMemcpy (&c, d ¢, size,
cudaMalloc ((void **)&d c, size); cudaMemcpyDeviceToHost) ;
// Setup input values // Cleanup

a=2; cudaFree (d_a) ;

b=7; cudaFree (d b) ;

cudaFree (d c);

return 0;






Moving to Parallel

GPU computing is about massive parallelism
How do we run code in parallel on the device?

add<<< 1, 1 >>>();

|

add<<< N, 1 >>>();

Instead of executing add () once, execute N times in parallel



Vector Addition on the Device

With add () running in parallel we can do vector addition

Each parallel invocation of add () is referred to as a block

The set of blocks is referred to as a grid
Each invocation can refer to its block index using blockIdx. x

add ( *a, *b, *c) |
c[blockIdx.x] = a[blockIdx.x] + b[blockIdx.x];
}

By using blockIdx.x toindex into the array, each block handles
a different element of the array



Vector Addition on the Device

__global void add(int *a, int *b, int *c) {
c[ ] = al ] + b[ iz
}

On the device, each block can execute in parallel:

Block O Block 1
c[0] = al[0] + b[0]; el 1]~ = @il = B{ills
Block 2 Block 3

el[2] = al2] + B[2];

e[3] = al3] + B(3]s




Block Scheduling

Multithreaded CUDA Program

!

GPU with 2 SMs

-
e
-

SMO

GPU with 4 SMs

SMO0

SM1

SM 2

SM3




Special variables

*Some variables are predefined
°*gridDim size (or dimensions) of grid of blocks
*blockIdx index (or 2D/3D indices) of block
*blockDim size (or dimensions) of each block
*threadIdx index (or 2D/3D indices) of thread



Vector Addition on the Device: main ()

sdefime N5 12
int main (void) {

%2k ot eAas ol o T e L5 BOStECOPIE S Ol idy: Ay e
s dr e kil A d i e Ll device  Ccoples: 0f B By e
intirgsize = N * . sizeofint):;

// Alloc space for device copies of a, b, c
cudeMaliloct (oid -#2isedfal edve):
cadaMallocd (vorc: @ =) edile, s a zei);
clidelalleocreidos -ad e ratye)y =

// Alloc space for host copies of a, b, c and setup input values
g LN erama o erfsire ¥ Mrdndon e rolay ks
W= coder prte 2 Ao piad L O e Vsazels. e andom  rab s e
c = (int *)malloc(size)



Vector Addition on the Device: main ()

// Copy inputs to device
cudaMemcpytd-ay g, -size; -cudaMemncpyHosktTobevice )y
cudalemepy (O b 240~ ssae prvcudaNencpyloseiFoBey ree)s

/s Ligunch-add () -kerneilion GPUF -withs N-bilocks
asdds<<N7d>2> (d a2 dilo = d7e)y;

// Copy result back to host
cudaMemepyleadiicZoaire - clidalNemepyDavee ce o ot

// Cleanup

free(a); free(b); free(c);

cudakrecdiays: cefidai recd by selidairec Ll /c.)
return-s0:



CUDA Threads

Terminology: a block can be split into parallel threads

Let’s change add () to use parallel threads instead of parallel
blocks

add ( *a, *b, *c) {
c[threadIdx.x] = a[threadIdx.x] + b[threadIlIdx.x];
}

We use threadIdx.x instead of blockIdx.x

Need to make one change in main () ...



One change in main

O ORI b e e S e
cudaMemcpy.(day; ia, -Bize,; cudaMemepyHaosEToDevaicel)s
cudalMemepy (O by b= sisze v iondaMencpyloseTobevice)s

// Launch add() kernel on GPU with N blocks
asdds<<N7d>2> (d a2 dilo = d7e)y;

IS COpY T esT b hack Lo oSk
cudaMemepyilel=diic sire 7o cuidaMenepyDeva e Tolos )y

// Cleanup

Ereca. s rec b frec:cls

cudakrecdiays: cefidai recd by selidairec Ll /c.)
return-0;



One change in main

O ORI b e e S e
cudaMemcpy.(day; ia, -Bize,; cudaMemepyHaosEToDevaicel)s
cudalMemepy (O by b= sisze v iondaMencpyloseTobevice)s

// Launch add() kernel on GPU with N threads
asdds<<il INS2 (da 2od o= .d7e)

IS COpY T esT b hack Lo oSk
cudaMemepyilel=diic sire 7o cuidaMenepyDeva e Tolos )y

// Cleanup

Ereca. s rec b frec:cls

cudakrecdiays: cefidai recd by selidairec Ll /c.)
return-0;



Vector addition

add <<< B,T>>> ()

add <<<N,1>>> ()

B=N=16
4=

B: Number of Blocks

T: Number of threads/ Block
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Combining Blocks and Threads

We've seen parallel vector addition using:
Several blocks with one thread each
One block with several threads

Let’s adapt vector addition to use both blocks and threads
Why? We'll come to that...

First let’s discuss data indexing...



Indexing with Blocks and Threads

No longer as simple as usingblockIdx.x and threadIdx.x
Consider indexing an array with one element per thread (8 threads/block)

With M threads per block, a unique index for each thread is given by:

iniEaindesce =l ockldt iz N thireadildsxss:

threadIdx.x

01234567

\
blockIdx.x = 2




Using Blocks and Threads

Use the built-in variable viocknim.x for threads per block
e reacdice e,

iTndex = bilockEFdx -7

Combined version of add () to use parallel threads and parallel

blocks

add ( *a, *b, *oy |
blockIdx.x * blockDim.x + threadIdx.x

int index

c[index] = a[index] + b[index];

What changes need to be made in main () ?



Addition with Blocks and Threads: «:2in ()

#define N (2048*2048)
#define THREADS PER BLOCK 512
Pt merlindsroud e

AR PR e PO o b A B ST NOS T AP 8 2@ F s A i
Lt s d- e o Fdebrikdie) // device copies of a, b, cC
int size = N * sizeof (int);

£ EE Y Yoer Space~ for device eopiestiol @ e
cudaMalloc({ (void **)&d a, sizel);
cudaMatloc( (Vvoid *x)ed by ssizey;
crdeMac o otd e A eiarisd Ze

// Alloc space for host copies of a, b, ¢ and setup input values
Bres i ni e lend o s sy e S cran domPaite S el 22 b

bir=abynE S dimal ocisize ) 5 irandom iRt sy ZhE

c = (int *)malloc(size);



Addition with Blocks and Threads: «:2in ()

// Copy inputs to device
cudaMemcpy (d a, a, size, cudaMemcpyHostToDevice) ;
cudaMemepy-(d "1, b, size, cudaMemcpyHostToRevice):;

/ /- Launch -add() kernel on GPU
add<<<N/THREADS_PER_BLOCK, THREADS_PER_BLOCK>>> (d_a, d_b, d_C) 7

S ACODY Arestil b iback  te-Host
cudaMemepy (¢, d: ¢y -size; cudaMemcpybDeviceloHost):;

// Cleanup

free(a); free(b); free(c);
evdabreetdrayze-cudabreeifdi bl e cudabree (dre)s;
return 0;



Handling Arbitrary Vector Sizes

Typical problems are not even multiples of blockDim. x

Avoid accessing beyond the end of the arrays:

add ( *a, *b, *c, int n)
{
int index = blockIdx.x * blockDim.x + threadIdx.x
if (index < n)
c[index] = a[index] + b[index];



Why Bother with Threads?

Threads seem unnecessary
They add a level of complexity
What do we gain?

Unlike parallel blocks, threads have mechanisms to efficiently:
Communicate
Synchronize

To look closer, we need a new example...






1D Stencil

Consider applying a 1D stencil to a 1D array of elements
Each output element is the sum of input elements within a radius

If radius is 3, then each output element is the sum of 7 input elements:

in

out .



Shared memory within a block

Each thread processes one output element
blockDim.x elements per block

\ J \ J
X7 Y

Input elements are read several times radius radius
With radius 3, each input element is read seven times

Within a block, threads can share data via shared memory
Extremely fast on-chip memory, but very small
Like a user-managed cache
Declare using shared ,allocated per block

Data is not visible to threads in other blocks



Implementing With Shared Memory

Cache data in shared memory
Read (blockDim.x + 2 * radius) inputelementsfrom global memory
to shared memory
Compute blockDim. x output elements

Write blockDim. x output elements to global memory

Each block needs a halo of radius elements at each boundary

i 'E'!QD'DDD.QD'DJDEEQ

halo on r|ght

halo on left

o5t '-DJDJ'JDJ"J'JD

blockDim.x output elements




Stencil Kernel (1 of 2)

srsepbaberle A aralas sttenedn il (a2 r,

o etared ST rnt-renp BLOCKaSL Al b2 eat ZRE AN 3472

Vi g G D)

{

Insgindex s threddidxix, t-blockIdX, x-S BlockBDinm.ss;
int lindex = threadIdx.x + RADIUS;

// Read input elements into shared memory

temp[lindex] =
W Ehnead s #x
temp[lindex
in[gindex
temp[lindex
in[gindex

<

_|_
_I_

in[gindex];

RADIUS) {
RADIUS] =
RADIUS] ;
BLOCK SIZE]

BLOCK SIZE];

// Apply the stencil

int result = 0;
{0 Gl U b g Mo @ MM A = G B

—RADIUS ; offset <=

result += temp[lindex + offset];

A SO L e e Be STt
out [gindex] = result;

RADIUS

VNN
[ | S .

Race condition!

; offset++)



__syncthreads()

Nl e e e e e

Synchronizes all threads within a block

All threads must reach the barrier

In conditional code (if statements),
the condition must be uniform across the block



Stencil Kernel

Suigliobal f A verd rtstenc i LA Qi XL Ny anteoar ey i of
Freerrea L NS e MR QST e S AR I IE St

int gindex = threadldx.x + blockIdx.x * blockDim.x;
int lindex = threadIdx.x + RADIUS;

// Read input elements into shared memory
temp[lindex] = in[gindex];
if--(threadldxix < RADIUS): 7|
temp[lindex - RADIUS] =
in[gindex - RADIUS];
tempklindexs t-BLOCK STZRE "=
in[gindex + BLOCK SIZE];

W Race condition!
int result = 0;
for (int offset = -RADIUS ; offset <= RADIUS ; offset++)

result += temp[lindex + offset];

WSt oret ¥Rer restlt
out [gindex] = result;



Stencil Kernel

Suigliobal f A verd rtstenc i LA Qi XL Ny anteoar ey i of
Freerrea L NS e MR QST e S AR I IE St

int gindex = threadldx.x + blockIdx.x * blockDim.x;
int lindex = threadIdx.x + RADIUS;

// Read input elements into shared memory
temp[lindex] = in[gindex];
if (threadIdx.x < RADIUS) {
temp[lindex - RADIUS] =
in[gindex - RADIUS];
temp[lindex + BlLOCIs s AR =
in[gindex + BLOCK SIZE];

// Synchronize (ensure all the data is available)
__syncthreads() ;

// Apply the stencil

int result = 0;

for (int offset = -RADIUS ; offset <= RADIUS ; offset++)
result += temp[lindex + offset];

T L SEOTe St herresudt
out [gindex] = result;



Review

Launching parallel threads
Launch N blocks with M threads per block with kernel <<<N, M>>> (...) ;
Use blockIdx.x to access block index within grid
Use threadIdx.x to access thread index within block

Assign elements to threads:
index = blockTIdx.x *blockDim.x ¥ threadTdx st

Use shared  todeclare avariable/array in shared memory

Data is shared between threads in a block
Not visible to threads in other blocks

Use syncthreads () asa barrier to avoid race conditions






Coordinating Host & Device

Kernel launches are asynchronous
CPU needs to synchronize before consuming the results

cudaMemcpy () Blocks the CPU until the copy is complete. copy
begins when all preceding CUDA calls have
completed

cudaMemcpyAsync () Asynchronous, does not block the CPU

cudabDeviceSynchronize () Blocks the CPU until all preceding CUDA calls have

completed



Reporting Errors

All CUDA API calls return an error code (cudaError t)

Get the error code for the last error:

cudaError t cudaGetLastError ()

Get a string to describe the error:

char *cudaGetErrorString(cudaError t)
if (cudaGetlLastError () != cudaSuccess)
std: :cerr << cudaGetErrorString(cudaGetlLastError()):;



Device Management

Application can query and select GPUs

CIErPE e otinit)
(int device)
(int *device)
(cudaDeviceProp *prop, 1int device)

Multiple host threads can share a device

A single host thread can manage multiple devices
(1) toselect current device
(..) Tor peer-to-peer copies






GPU GEMM

Matrix-Matrix Multiplication
VR Ix B l: C l

for (int i=0; i<N; i++) Parallelize
for (int j=0; j<N; j++)
Tor (int k=0; k<N; k++)
c[i*"N+j] += a[i*N+k] * b[k*N+j]; Kernel




A matrix multiplication kernel

Let us use a 2D grid of blocks and threads

Srglobaloc v ordamabrasetdionity gy R lonti b brratOaiee 5 Copsciri 21
{
int ix
int 1y

threadIdx.x + blockIdx.x*blockDim.x;
threadIdx.y + blockIdx.y*blockDim.y;

T XN S

{
Gl XN A e = O

PO (lnt k=02 s N e+
ClraseEN 2yt = e e AN e kels i As o JA e N

can you optimize it using shared memory?



A matrix multiplication kernel

And call it by creating a 2D grid
dim3 blocks (N/4,N/4) ;

dim3 threads(4,4);
ez eilxss< b ook aith teads s >olldevdar sdevab i adeys e N

what number of threads is ideal on your GPU?



