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Single GPU part of the class based on

CUDA

BY EXAMPLE




A Graphics Processing Unit is not a CPU!
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What is CUDA?

Compute Unified Device Architecture




CUDA Programming Model

device
device memory
kernels

extremely lightweight

1000s of threads for full efficiency




CUDA C Jargon: The Basics

= Host
» Device

Device




What Programmer Expresses in CUDA

P P Interconnect between devices and memories

__host__global__ _ device _
compute <<<gs, bs>>>(<args>)

__Shared  _ device_ _ constant__

cudaMemcpy

__synchthreads




Code Samples

ssh -o TCPKeepAlive=yes -o ServerAlivelnterval=15 -p 55567
cudaXX@94.82.133.184

XX

tar zxvf ccc.tgz

cd




Hello, World!

nvcc —o hello_world hello_world.cu

./hello_world




Hello, World! with Device Code

nvcc —o simple_kernel simple_kernel.cu

./simple_kernel




Hello, World! with Device Code

°* gcc, 1icc, ..
e Microsoft Visual C




Hello, World! with Device Code

kernel<<< 1, 1 >>>




A kernel to make an addition

nvcc —o addint addint.cu

.[/addint
addint.cu




A More Complex Example




A More Complex Example




Memory Management

Unified Virtual Addressing

— cudaMalloc cudaFree
cudaMemcpy

malloc free memcpy

pointer to pointer




A More Complex Example: main ()




Parallel Programming in CUDA C

massive

add<<< >>>( dev_a, dev b, dev c );

add<<k< >>>( dev_a, dev b, dev c )

add add




Parallel Programming in CUDA C

add

blockIdx.x

blockIdx.x blockIdx.x blockIdx.x

blockIdx.x
blockIdx.x




Parallel Programming in CUDA C

= We write this code:
__global add ( *a, *b, *c ) {
c[blockIdx.x] = a[blockIdx.x]+b[blockIdx.x];
}

= This is what runs in parallel on the device:

Block O Block 1

c[0]=a[0]+b[O0] ; c[l]=a[l]+b[1];

Block 2 Block 3

c[2]=a[2]+b[2]; c[3]=a[3]+b[3];




Parallel Addition: main ()

a
b
c

(int*)malloc( size ),

(int*)malloc( size );
(int*)malloc( size );

random ints( a, N );
random ints( b, N );




Parallel Addition: main () (cont)

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




Review




Review (cont)

— cudaMalloc
— cudaMemcpy

— cudaFree

blockIdx.x

add_simple_blocks.cu




Threads

threadfidx xx threadfidx xx thteadldx.x

threadIdx.x blockIdx.x




Parallel Addition (Threads): main ()




Parallel Addition (Threads): main ()

add_simple_threads.cu




Using Threads And Blocks




Indexing Arrays With Threads & Blocks

* No longer as simple as just using as indices

* Toindex array with 1 thread per entry (using 8 threads/block)

threadIdx.x threadIdx.x threadIdx.x threadIdx.x

1/2/3/4/5/6/7|0{1/2/3/4|5/6

A
|| || || |
blockIdx.x = 0 blockIdx.x = 1 blockIdx.x = 2 blockIdx.x = 3

* If we have M threads/block, a unique array index for each entry is given by
int index = threadIldx.x + blockIdx.x * M;

int index = X + )\ * width;




Indexing Arrays: Example

01 2 3 45 6 7

M = 8 threads/block
A ,ge@'5
[ | x>

|
blockIdx.x = 2




__global__ void kernel( int *a )
{

int idx = blockIdx.x*blockDim.x + threadIdx.x;
al[idx] = 7;
Output:

__global__ void kernel( int *a )
{

int idx = blockIdx.x*blockDim.x + threadIdx.x;

a[idx] = blockIdx.x;

__global__ void kernel( int *a )
{
int idx = blockIdx.x*blockDim.x + threadIdx.x;

a[idx] = threadIdx.x;
Qutput: 91 2301230123012 3




Addition with Threads and Blocks

" blockDim.x
index= threadIdx.x + blockIdx.x * blockDim.x;

= gridDim.x

index = threadlIdx.x + blockIdx.x * blockDim.x;

index index index




Parallel Addition (Blocks/Threads)

(2048*2048)




Parallel Addition (Blocks/Threads)

N/THREAD S _PER BLOCK, THREADS PER BLOCK

add_simple.cu




Exercise: array reversal

arrayReversal.cu
d out
d in

—blockDim.x
—gridDim.x




Array Reversal: Solution




Why Bother With Threads?




Dot Product




Dot Product

__global dot ( *a, *b, *c )

temp = a[threadIdx.x] (¥)b[threadIdx.x];




Dot Product

3
b,
b,

dot ( *a, {

a[threadIdx.x] * b[threadIdx.x];




Sharing Data Between Threads

shared memory

shared

Threads Threads Threads

Shared Memory Shared Memory Shared Memory




Parallel Dot Product: dot ()

= We perform parallel multiplication, serial addition:

N 512
__global dot ( *a, *b, *c ) {

__shared  int temp[N];
temp [ threadIdx.x] = a[threadIdx.x] * b[threadIdx.x]:;

( 0 == threadIdx.x ) {
sum = 0;
( i=N-1; 1i>= 0; i-- ){
sum += temp[i];

sum,




Parallel Dot Product Recap

dot_simple_threads.cu




Faulty Dot Product Exposed!

= Step 1: In parallel, each thread writes a pairwise product

shared int temp

= Step 2: Thread 0 reads and sums the products

shared int temp

= But there’s an assumption hidden in Step 1...




Read-Before-Write Hazard

= Suppose thread 0 finishes its write in step 1

= Then thread 0 reads index 12 in step 2

This read
returns garbage!

= Before thread 12 writes to index 12 in step 1




Synchronization

= We need threads to wait between the sections of dot () :

__global  wvoid dot( int *a, int *b, int *c ) {
__shared  int temp[N];
temp [threadIdx.x] = a[threadIdx.x] * b[threadIdx.x];

// * NEED THREADS TO SYNCHRONIZE HERE *
// No thread can advance until all threads
// have reached this point in the code

if( 0 == threadIdx.x ) {
int sum = 0;
for( int i = N-1; i >= 0; i1-- ){
sum += temp[i];

}

*c = sum;




~_syncthreads ()

= We can synchronize threads with the function syncthreads ()

= Threads in the block wait until all threads have hit the syncthreads ()

Thread 0 __syncthreads ()
Thread 1 __syncthreads ()

Thread 2 __syncthreads()
Thread 3 __syncthreads()

__syncthreads ()

Thread 4

= Threads are only synchronized within a block!




Parallel Dot Product: dot ()

__global  void dot( int *a, int *b, int *c ) {
__shared  int temp[N];
temp [threadIdx.x] = a[threadIdx.x] * b[threadIdx.x];

syncthreads () ;

if( 0 == threadIdx.x ) {
int sum = 0;
for( int i = N-1; i >= 0; i1-- ){
sum += temp[i];

}

*c = sum;

= With a properly synchronized dot () routine, let’s look at main ()




Parallel Dot Product: main ()

#define
int
int
int
int sizeof int

sizeof ( int )

sizeof( int )




Parallel Dot Product: main ()

1, N

// copy device result back to host copy of c
sizeof( int )

return

__syncthreads




Review

add<<< 1, N >>>();
threadIdx.x

(threadIdx.x + blockIdx.x * blockDim.x)
— N/THREAD S_PER_BLOCK THREAD S_PER_BLOCK




Review (cont)

shared

__syncthreads ()

___syncthreads ()
___syncthreads ()




Multiblock Dot Product

dot<<< 1, N >>>( dev_a, dev b, dev c );




Multiblock Dot Product: Algorithm




= And then contributes its sum to the final result:




Multiblock Dot Product: dot ()

#define THREADS PER BLOCK 512
$define N (1024*THREADS PER BLOCK)
__global dot ( *a, *b, *c ) {
__shared temp [THREADS PER BLOCK] ;
int index = threadIdx.x + blockIdx.x * blockDim.x;
temp[threadIdx.x] = a[index] * b[index];

__syncthreads() ;

( 0 == threadIdx.x ) {
sum = 0;
( i = 0; i < THREADS PER BLOCK; i++ ) {
sum += temp[i];
}
adomicdaid( ¢ , sum );

dot_simple_multiblock.cu

atomicAdd
nvcc —o dot_simple_multiblock dot_simple_multiblock.cu —arch=sm_35




Race Conditions

= Terminology: A race condition occurs when program behavior depends upon
relative timing of two (or more) event sequences

= What actually takes place to execute the line in question: *c += sum;

— Read at address ¢
— Add sum to - Terminology: Read-Modify-Write

— Write result to address ¢

= What if two threads are trying to do this at the same time?

= Thread 0, Block 0
— Read value at address ¢
— Add sum to value
— Write result to address ¢




Global Memory Contention

Reads 0 Computes 0+3 Writes 3
0 0+3 = 3 3

|

o




Global Memory Contention

Reads 0 Computes 0+3 Writes 3
0 0+3 = 3 3

| |

0 3




Atomic Operations

= Terminology: Read-modify-write uninterruptible when atomic

= Many atomic operations on memory available with CUDA C

" atomicAdd() " atomicInc ()
" atomicSub () " atomicDec ()
" atomicMin () = atomicExch ()

" atomicMax () = atomicCAS () old == compare ? val : old

= Predictable result when simultaneous access to memory required




Multiblock Dot Product: dot ()

__global dot ( *a, *b, *c ) {
shared temp [THREADS PER BLOCK] ;

index = threadldx.x + blockIdx.x * blockDim.x;
temp[threadIdx.x] = a[index] * b[index];

__syncthreads() ;

( 0 == threadIdx.x ) {
sum = 0;
( i = 0; i < THREADS PER BLOCK; i++ ){
sum += temp[i];
}

atomicAdd( ¢ , sum );

= Now let’s fix up () to handle a multiblock dot product




Parallel Dot Product: main ()

THREADS PER BLOCK 512
(1024 *THREADS PER BLOCK)




Parallel Dot Product: main ()

dot<<<N/THREADS PER BLOCK THREADS PER BLOCK>>>(dev _a, dev b, dev c);

( )




Review




CUDA Thread organization: Grids and Blocks

1D 2D Device
3D grid of thread blocks. Grid 1

thread block 1D,2D 3D G0 GO &0

Kernel
2

shared memory

Threads blocks

in any order!




Built-in Variables to manage grids and blocks

gridDim

blockDim

blockIdx

threadIdx




int main() {
int dimx = 16;

Bi-dimensional threads ot dirmy = 16
. . int num_bytes = dimx*dimy*sizeof(int);
configuration by example:
set the elements of |
h_a = (int*)malloc(num_bytes);
a Sq U a re m atrIX cudaMalloc( (void**)&d_a, num_bytes );

(assume the matrix is a plockd;

block.y = 4;

single block of memory!)  eriex = dimx/biockx

grid.y =dimy / block.y;

int *d_a=0, *h_a=0; // device and host pointers

kernel<<<grid, block>>>( d_a, dimx, dimy );

cudaMemcpy(h_a,d_a,num_bytes,
cudaMemcpyDeviceToHost);

__global__ void kernel( int *a, int dimx, int dimy ) {
intix = blockldx.x*blockDim.x + threadldx.x; for(int row=0; row<dimy; row++) {
intiy = blockldx.y*blockDim.y + threadldx.y; for(int col=0; col<dimx; col++)
int idx = iy*dimx + ix; printf("%d ", h_a[row*dimx+col] );
printf("\n");
alidx] = idx+1; }

free(h_a);
cudaFree(d_a);

setmatrix.cu TR (0




Matrix multiply with one thread block




Exercise: matrix-matrix multiply
MMGlob.cu

MatrixMulOnDevice

: : MatrixMulKernel

threadldx.x
threadldx.y

nvcc —o MMGIlob MMglob.cu

./MMGlob N




CUDA Compiler: nvcc basic options

arch=sm_13 sm_20, sm_35
€

ptxas-options=-v
maxrregcount

use_fast_math

03

MMGIlob.cu

nvcc —o MMGlob MMGlob.cu --ptxas-options=-v
MMGlob.cu




CUDA Error Reporting to CPU

e All CUDA calls return an error code:

e cudaError_t cudaGetlLastError(void)
cudaSuccess

e char* cudaGetErrorString(cudaError_t code)

printf(“%s\n”,cudaGetErrorString(cudaGetLastError() ) );




CUDA Event API

* Events are inserted (recorded) into CUDA call streams

e Usage scenarios:

cudaEvent _t

cudaEventCreate
cudaEventCreate

cudaEventRecord

cudaEventRecord
cudaEventSynchronize
cudaEventElapsedTime
cudaEventDestroy

cudaEventDestroy
printf

Read the function MatrixMulOnDevice of the MMGIobWT.cu program. Compile and run




Execution Model

R




Transparent Scalability




Warps and Half Warps

32Threads
2222 2

32 Threads




Executing Thread Blocks

tOtl t2 ... tm toOt1t2 ... tm

\\\\\\\\\\ 3 > \\\\\\\\\\

Multiprocessors (SM)

16 SM
8 SM

Streaming




Block Granularity Considerations




Programmer View of Register File

32768

65536




Registers “occupancy” example




Optimizing threads per block

Choose threads per block as a multiple of warp size (32)

Minimum: 64 threads
192 256

experiment, experiment, experiment




Review on Memory Hierarchy

Thread
slow

Local Memory

Global Sequential
Memory Grids
in Time




Optimizing Global Memory Access

150

hundreds of cycles

Structure of arrays (thread locality!)

Array of structures (data locality!)

TN ® QO 3y o ]

Thread locality is better than data locality on GPU!




Shared Memory

* On-chip memory

48 KByte
Allocated per thread-block
Accessible by any thread in the thread-block

Several uses:

— User-managed cache




Shared Memory Example

 Compute adjacent_difference

— Given an array d_in produce a d_out array containing the
difference:
d_out[0]=d in[0];
d_out[i]=d_in[i]-d_in[i-1]; /* i>0 */

9 [15] 7 [24]19]25 |17 ]34

%
olo]8[17]s|6 8[17

Complete the shared_variables.cu code




Constant Memory

Multithreaded
Instruction Buffer

cudaMemcpyToSymbol(ds, &hs, sizeof(int), 0,cudaMemcpyHostToDevice);




Control Flow Instructions

Different execution paths are serialized

if (threadIdx.x > 7) { }

if (threadIdx.x / WARP SIZE > 2) { }




Host-Device Data Transfers

Device-to-host memory bandwidth much lower than device-to-device
bandwidth

38 ~ 150

Minimize transfers

Group transfers




Synchronizing GPU and CPU

All kernel launches are asynchronous!

Memcopies are synchronous

cudaThreadSynchronize()

Asynchronous CUDA




Page-Locked Data Transfers

cudaMallocHost ()

cudaMalloc ()

Enables highest cudaMemcpy performance

Use with caution!!!

bandwidth.cu




Overlapping
Data Transfers and Computation

Async and Stream API allow overlap of H2D or D2H data
transfers with computation

Stream = sequence of operations that execute in order on
GPU




Asynchronous Data Transfers

Asynchronous host-device memory copy returns control
immediately to CPU

cudaMemcpyAsync

cudaMallocHost

Overlap CPU computation with data transfer
0

cudaMemcpyAsync




Overlapping kernel and data transfer

. C

S S
ET
CR
O E
N A
DM

Example:

cudaStream t streaml stream2
cudaStreamCreate streaml cudaStreamCreate stream2
cudaMemcpyAsync streaml

stream?

simpleStreams.cu




Device Management

e CPU can query and select GPU devices
— cudaGetDeviceCount
cudaSetDevice
cudaGetDevice
cudaGetDeviceProperties
cudaChooseDevice
* Multi-GPU setup




Device Management (sample code)

cudadevice
prop
cudaGetDevice cudadevice
cudaGetDeviceProperties prop cudadevice
prop
prop
prop

enum_gpu.cu




CUDA libraries

http://docs.nvidia.com/cuda/thrust




CUDA libraries

sin exp  pow

—use_fast;math
func




C U RAN D Ll b ra ry Monte Carlo Integration
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CURAND Features




CURAND use

curandCreateGenerator()
curandSetPseudoRandomGeneratorSeed()
curandGenerateUniform()/(curandGenerateUniformDouble()
curandGenerateNormal()/cuRandGenerateNormalDouble()

curandGenerateLogNormal/curandGenerateLogNormalDouble()

curandDestroyGenerator()




Example CURAND Program:
Computing T with MonteCarlo method




Example CURAND Program:
Computing T with MonteCarlo method

cd Pi
gcc —o picpu —03 picpu.c -Im
nvcc —o pigpu —03 pigpu.cu —arch=sm_35 -Im




Multi-GPU Memory

GPUs do not share global memory

Inter-GPU communication




Multi-GPU Environment

CudaSetDevice

cudaSetDevice




Multi-GPU Environment: a simple approach

cudaGetNumDevices

cudaSetDevice

dot_simple_multiblock.cu dot_multigpu.cu
—arch=sm_35 nvcc —o dot_multigpu dot_multigpu.cu —arch=sm_35




General Multi-GPU Programming Pattern




Example: Two Subdomains




Example: Two Subdomains




CUDA Features Useful for Multi-GPU




Peer-to-Peer GPU Communication

stream on gpu 0
0
1,0
d_0, num_bytes
1
d_1, num_bytes
d 0,0,d 1,1, num_bytes, stream_on_gpu O
copyd 1from GPU1tod 0on GPU O: pull copy

p2pcopy.cu nvcec —o p2pcopy p2pcopy.cu —arch=sm_35




What does the code look like?

cudaMemcpyPeerAsync

cudaMemcpyPeerAsync

cudaMemcpyPeerAsync()




Code Pattern for Multi-GPU




Code For Looping through Time

cudaSetDevice

cudaStreamQuery

cudaMemcpyPeerAsync
cudaStreamSynchronize

cudaMemcpyPeerAsync

cudaSetDevice
cudaDeviceSynchronize

Compute halos

Compute internal subdomain

Exchange halos

Synchronize before next step




Code For Looping through Time

cudaSetDevice

cudaStreamQuery

cudaMemcpyPeerAsync
cudaStreamSynchronize

cudaMemcpyPeerAsync

cudaSetDevice
cudaDeviceSynchronize




GPUs in Different Cluster Nodes




Inter-GPU Communication with MPI

simpleMPl.c

simpleMPl.c /tmp/simpleMPl.c

Snvcc -¢ simpleCUDAMPI.cu

Smpic++ -0 simpleMPI simpleMPI.c simpleCUDAMPI.o
-L/usr/local/cuda/lib64/ -Icudart |

Smpirun —np 2 simpleMPI

On a single line!




GPU-aware MPI

automatically




Naive code with “old style” MPI

cudaMemcpy

MPI_Send

MPI_Recv
cudaMemcpy




Optimized code with “old style” MPI




Code with GPU-aware MPI

MPI_Send

MPI_Recv




Major GPU Performance Detractors




Major GPU Performance Detractors

Max number of blocks per SM: 16 (Kepler)
Max number of threads per SM: 2048 (Kepler)
Max number of threads per block: 1024 (Fermi & Kepler)
Total number of registers per SM: 65536 (Kepler)
* Size of shared memory per SM: 48 Kbyte (Fermi & Kepler)




A useful tool: the CUDA Profiler

export CUDA_PROFILE=1 setenv CUDA PROFILE 1
export CUDA_PROFILE_LOG=XXXXXX setenv CUDA_ PROFILE_LOG XXXXX
XXXXX

MMGlob




Final CUDA Highlights

CUDA extension of the ANSI C
programming language

exposed




What is missing?

*Texture

*Voting functions (__all(), any())

*ECC effect

*Shared memory bank conflicts

Single virtual address space and other variants of

memory copy operations
*Many GPU libraries

Thanks!




