A crash course on
C-CUDA programming for GPU

Massimo Bernaschi

http://www.iac.cnr.it/~massimo
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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
threads in parallel

kernels

extremely lightweight

1000s of threads for full efficiency




CUDA C: The Basics

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 =X s_hpc_XX@Iouis.caspur.it

ssh =X ella00Y Y Ito -
s_hpc_01, ..., s_hpc_06 -> ella001
s_hpc_07, ..., s_hpc_12 -> ella002
s_hpc_13,...,s_hpc_18 -> ella003
s_hpc_19, ..., s_hpc_24 -> ella004
s_hpc_25, ..., s_hpc_30 -> ella005

wget http://twin.iac.rm.cnr.it/ccc.tgz

cp /work/corsihpc/shared/ccc.tgz  ccc.tgz
tar zxvf ccc.tgz

cd

wget

cp /work/corsihpc/shared/CUDA_C_QuickRef.pdf CUDA_C_QuickRef.pdf




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
* Microsoft Visual C




Hello, World! with Device Code

kernel<<< 1, 1 >>>




A kernel to make an addition

addint.cu

nvcc —o addint addint.cu

.Jaddint




A More Complex Example




A More Complex Example




Memory Management

— cudaMalloc cudaFree cudaMemcpy

malloc free memcpy




A More Complex Example: main ()

// host copies of a, b, c
// device copies of a, b, c
// we need space for an integer
// allocate device copies of a, b, c

// copy inputs to device

// launch add() kernel on GPU, passing parameters

// copy device result back to host copy of c




Parallel Programming in CUDA C

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

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

add add




Parallel Programming in CUDA C

add

add

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[0]; 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 ()

// host copies of a, b, c
// device copies of a, b, c

// we need space for 512
// integers

// allocate device copies of a, b, c

(int*)malloc (
(int*)malloc(
(int*)malloc(

random ints( a, N
random ints( b, N




Parallel Addition: main () (cont)

// copy lnputs to device

// launch add() kernel with N parallel blocks
N

// copy device result back to host copy of c

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




Review




Review (cont)

— cudaMalloc

— cudaMemcpy
— cudaFree

blockIdx.x

add_simple_blocks.cu




Threads

threads

thpead bdx xx thteadldx.x




Parallel Addition (Threads): main ()

//host copies of a, b, c
//device copies of a, b, c

//we need space for 512 integers

// allocate device copies of a, b, c




Parallel Addition (Threads): main ()

// copy inputs to device

// launch add() kernel with N bhbpeids
N, H

// copy device result back to host copy of c

add_simple threads.cu




Using Threads And Blocks




Indexing Arrays With Threads & Blocks

* No longer as simple as just using as indices

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

threadIdx.x threadIdx.x threadIdx.x threadIdx.x
O0/112[3[4[5]6|7] 0|1 2| 3| 4] 5] 6 112[3[4]5]6

A 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 = p 4 + Y * width;




Indexing Arrays: Example

01 2 3 45 6 7(8/9|1011/1213|14/15

M = 8 threads/block

A
[ |

blockIdx.x = 2




Addition with Threads and Blocks

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

= gridDim.x

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

index index index




Parallel Addition (Blocks/Threads)

(2048%2048)
THREADS PER BLOCK 512

// host copies of a, b, c
//device copies of a, b, c

// we need space for N
// integers

// allocate device copies of a, b, c




Parallel Addition (Blocks/ Threads)

// copy inputs to device

// launch add() kernel with blocks and threads
N/THREADS PER BLOCK, THREADS PER BLOCK

// copy device result back to host copy of c

add_simple.cu




Exercise: array reversal

arrayReversal.cu
d ou
d _in

— blockDim.x

— gridDim.x




Array Reversal: Solution

blockDim.x * blockldx.x

blockDim.x * (gridDim.x - 1 - blockldx.x)

threadldx.x

(blockDim.x - 1 - threadldx. x)




Why Bother With Threads?




Dot Product




Dot Product

__global dot ( *a, *b, *c )
// Each thread computes a pairwise product
temp = a[threadIdx.x] @b[threadIdx.x] ;




Dot Product

(o)
_/

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

// Each thread computes a pairwise product

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

// Can’t compute the final sum
// Each thread’s copy of ‘'temp’ is private




Sharing Data Between Threads

shared memory

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];

E;hp[threadldx.x] = a[threadIdx.x] * b[threadIdx.x];

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




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 17




Synchronization

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

__global  void 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

// Thread 0 sums the pairwise products
if( 0 == threadIdx.x ) {
int sum = 0;
for( int 1 = N-1; i >= 0; i-- ){
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 ()

Thread 4 __syncthreads ()

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

*c = sum;

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




Parallel Dot Product: main ()

#define
int
int // copies of a, b, c
int // device copies of a, b, c
int sizeof int // we need space for N integers

// allocate device copies of a, b, c

void
void
void sizeof ( int )

sizeof( int )




Parallel Dot Product: main ()

// copy inputs to device

// launch dot() kernel with 1 block and N threads
dot 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/THREADS_PER_BLOCK THREADS_PER_BLOCK




Review (cont)

shared

__syncthreads ()

___syncthreads ()
~_syncthreads ()




Multiblock Dot Product

// launch dot () kernel with 1 block and N threads
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];
}
atomicdaid( ¢ , sum );

dot_simple_multiblock.cu

atomicAdd
nvcc —o dot_simple_multiblock dot_simple_multiblock.cu —arch=sm_20




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

— Write result to address ¢

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

= Thread 0, Block O = Thread 0, Block 1
— Read value at address ¢ — Read value at address c
— Add sum to value — Add sum to value
— Write result to address c — Write result to address c




Global Memory Contention

Block 0 Reads 0 Computes 0+3 Writes 3
sum = 3 0 0+3 = 3 3

|

|O 3 7

f ]

Block 1 3 344 =
sum = 4 Reads 3 Computes 3+4 Writes 7




Global Memory Contention

Block 0 Reads 0

Computes 0+3 Writes 3
sum = 3 0 0+43 = 3 3

| |

0 3

Block 1 l

0 0+4 = 4 4
Reads 0 Computes 0+4 Writes 4

sum = 4




Atomic Operations

»= Terminology: Read-modify-write uninterruptible when atomic

= Many atomic operations on memory available with CUDA C

" atomicAdd ()
"= atomicSub ()
" atomicMin ()

" atomicMax ()

atomicInc ()
atomicDec ()
atomicExch ()

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)

// host copies of a, b, c
// device copies of a, b, c
// we need space for N ints

// allocate device copies of a, b, c




Parallel Dot Product: main ()

// copy inputs to device

// launch dot () kernel
dot<<<N/THREADS PER BLOCK THREADS PER BLOCK>>>(dev a, dev b, dev c);

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




Review




CUDA Thread organization: Grids and Blocks

1D
2D grid of thread blocks Grid 1

thread block  1D,2D 3D 00 (1,0 (20

Kernel
2

shared memory

e Threads blocks

in any order




Built-in Variables to manage grids and blocks

gridDim

gridDim. z
blockDim

blockIdx

threadIdx




int main() {
int dimx = 16;

Bi-dimensional threads iy 16
. . int num_bytes = dimx*dimy*sizeof(int);
configuration by example: """ e
set the elements of |
h_a = (int*)malloc(num_bytes);
a Square matrIX cudaMalloc( (void**)&d_a, num_bytes );

(assume the matrixisa  bows-s

block.y = 4;

single block of memory!)  eridx=dimx/blockx

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 } TEIT




Matrix multiply with one thread block




Exercise: matrix-matrix
multiply

[ threadldx.y*Width+k ];
[ threadldx.x+Width*k ];

[threadldx.y*Width+threadldx.x ]

MMGlob.cu
MatrixMulOnDevice

MatrixMulKernel

threadldx.x
threadldx.y

nvcc —o MMGIlob MMglob.cu

./MMGlob




CUDA Compiler: nvcc basic options

arch=sm_13

€

ptxas-options=-v

maxrregcount

use_fast_math

03

MMGlob.cu

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




CUDA Error Reporting to CPU

e All CUDA calls return an error code:

e cudaError_t cudaGetLastError(void)
cudaSuccess

e char* cudaGetErrorString(cudaError_t code)

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




Execution Model




Fermi 2050 vs. Tesla 1060 & G80

Transistors

CUDA Cores

Double Precision Floating Point
Single Precision Floating Point
Special Function Units / SM
Warp schedulers (per SM)

Shared Memory (per SM)

L1 Cache (per SM)

L2 Cache
ECC Memory Support
Concurrent Kernels

Load/Store Address Width

681 million
128
None
128 MAD ops/clock

2

1.4 billion
240
30 FMA ops / clock
240 MAD ops / clock

2

3.0 billion
512
256 FMA ops /clock
512 FMA ops /clock

4

Configurable 48 KB
or 16 KB

Configurable 16 KB
or 48 KB

768 KB
Yes
Up to 16

64-bit




Warps and Half Warps

32 Threads




Transparent Scalability

Each block can execute in any order relative to other blocks!




Executing Thread Blocks

t0t1 t2 ... tm tOt1t2 ... tm
NNNNNNNNNN = . NNNNNANNN

Streaming
Multiprocessors




Block Granularity Considerations




Programmer View of Register File




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




Parallel Memory Sharing

Thread

Local Memory

Shared
Memory

Sequential
Grids
in Time




Optimizing Global Memory Access

12 16 20 24 28 32 0 4 8 12 16 20 24 28 32

3 2 3 0 _______Baon
Pt 1 Pt

tid 0 tid 1 tid 2 tid 3 tidOtid1tid2 tid3

Thread locality is better than data locality on GPU!




Constant Memory

Multithreaded
Instruction Buffer

\/

R o1} Shared
F L1 Mem

cudaMemcpyToSymbol("d_side", &h_side, sizeof(int), 0, cudaMemcpyHostToDevice);




Control Flow Instructions

* if (threadIdx.x > 2) { }

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




Synchronizing GPU and CPU

All kernel launches are asynchronous

Memcopies are synchronous

cudaThreadSynchronize()

Asynchronous CUDA




Device Management

 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




Host-Device Data Transfers

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

Minimize transfers

Group transfers




CUDA libraries (1)

sin exp  pow

-use fast math

funct funct




CUDA libraries (2)

http://www.gpgpu.org/developer/cudpp







Supported Features

CUFFT_FORWARD CUFFT_INVERSE

cufftComplex




Code sample: 2D complex to complex transform

/* Create a 1D FFT plan. */
/* Use the CUFFT plan to transform the signal out of place. */
/* Inverse transform the signal in place. */

/* Different pointers to input and output arrays implies out of place transformation */
/* Destroy the CUFFT plan. */

cufftsample.cu

nvcc -o cufftsample cufftsample.cu




Multi-GPU Memory

GPUs do not share global memory

Inter-GPU communication




Multi-GPU Environment

CudaSetDevice

cudaSetDevice




General inter-GPU Communication

asynchronous memcopies

cudaStreamCreate

cudaStreamCreate streaml
cudaStreamCreate stream?
cudaMemcpyAsync streaml

stream?

paddejieno




Major GPU Performance Detractors




Major GPU Performance Detractors




A useful tool: the CUDA Profiler

setenv CUDA_PROFILE 1

setenv CUDA_PROFILE_LOG XXXXX
XXXXX

MMGlob




Final CUDA Highlights

CUDA extension of the ANSI
C programming language

exposed




Homework




How to compute the sum required by the
dot product with multiple threads




What is missing?

*Texture

*\Voting functions (__all(), __any())
*Cuda Events

*Memory Coalescing

*Shared memory bank conflicts
*\/ariants of cudaMemcpy()

Thanks!



