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Prehl'ad tém

Grafické procesory
Realizacia vseobecnych vypocltov na GPU
Sucasné architektury grafickych procesorov



Graticke procesory

Neustaly a silny dopyt trhu po 3D grafike
V realnom Case a vysokom rozliseni

Programovatelné grafické procesorové
jednotky

Vyso
viacv

Vyso
Vyso

Koparalelné, mnohojadrove,
aknove

Ky vypoctovy vykon

Ka pamatova priepustnost’



‘ Grafické procesory
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‘ Grafické procesory
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Graticke procesory

Vysoky vypoctovy vykon GPU

GPU specializované na vypoctovo narocneé a
vysokoparalelné vypocty — rendering v poc.
grafike

Viac polovodiCovych prvkov (tranzistorov) na

spracovanie dat, nez na cachovanie dat Ci
riadenie toku



 Grafické procesory
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Graticke procesory

GPU su velmi vhodné na datovo paral. prob.

o Rovnaky program na réznych datovych prvkoch

o Vysoka aritmeticka intenzita — viac vypoctov nez
presunov (pomer aritmetickych operacii k
pamatovym)

Rovnaky program pre kazdy datovy prvok

o Mensie naroky na riadenie toku

Vela dat a vela vypoctov

o Cas pristupu do pamaéte je ,schovany® za vypoéty

0 Nie rieSenie cez velké cache pamate



Graticke procesory

Datovy paralelizmus - mapovanie datovych prvkov
na subezne vykonavane vlakna

Vhodné pre mnohé aplikacie — problémy vyzadujuce
spracovanie rozsiahlych udajov

3D renderovanie — mapovanie velkych mnozin
pixelov a vrcholov na paralelné viakna

Spracovanie obrazu, zvuku, kddovanie a
dekodovanie videa, rozpoznavanie vzorov — tiez
mapovanie obrazu a pixelov na paralelné viakna

Nielen vytvaranie a spracovanie obrazu: vSeobecné
spracovanie signalov, fyzikalne simulacie, vypoctova
ekonomika, vypoctova bioldgia



CUDA

CUDA — Compute Unified Device
Architecture

Posledné dve generacie GPU od Nvidia
0 G80 a Fermi

Programatorsky model CUDA — moznost
vyuzit vlastnosti GPU

o CUDAC

o CUDA Driver API

o CUDA Fortran




CUDA

GPU Computing Applications

OpenCL" CUDA Fortran

NVIDIA GPU
with the CUDA Parallel Computing Architecture




CUDA

Viacjadrové CPU a mnohojadrové GPU

o Paralelné procesory, ktorych vykon zodpoveda
Moorovmu zakonu

Vyzva — transparentna skalovatelnost’

o Vytvorit SW, ktory vyuZzije rastuci pocet
vypoctovych jadier, podobne ako 3D graficke
aplikacie

Riesenie - programatorsky model CUDA



CUDA

Programatorsky model CUDA
Dobre zvladnutelny pre C programatorov

Tri abstrakcie — minimalna mnozina rozsireni
jazyka

o Hierarchia vlakien

0 Zdiefané pamate

o Barierova synchronizacia



CUDA

Jemnozrnny datovy paralelizmus +
paradigma viacvlaknového paralelného
programovania vnorené do hrubozrnneho
paralelizmu a paralelnych uloh

Rozdelenie problému na ,hrubsie” subezne
riesitelne nezavislé podproblémy riesitelné
blokmi vlakien a rozdelenie kazdeho
podproblému na ,jemnejsie” Casti rieSitelné
prostrednictvom vzajomnej kooperacie
subezne jednotlivymi vlaknami bloku



CUDA

Takato dekompozicia problemu:
Vysoka expresivita jazyka
o Moznost vyjadrit' a zrealizovat paralelné riesenie

prostrednictvom kooperujucich subezne
vykonavanych vilakien

Skalovatelnost paralelnho rieenia

o Moznost naplanovat vykonanie bloku vliakien na
flubovolnom volnom procesore v fubovofnom
poradi, sekvencne alebo paralelne s inymi blokmi

o Moznost riesit problem na réznych GPU
(profesionalne riesenia aj jednoduchsie produkty)



CUDA

Multithreaded CUDA Program
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GPU with 2 Cores
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Programatorsky model

Kernel - rozsirenie j. C, specificka funkcia

Vykonana N krat subezne pomocou N CUDA
vlakien (nie 1x ako klasicka C funkcia)

Deklaracia pomocou ___global

Zavolanie pomocou novej syntakticke]
konstrukcii definujucej vykonanie <<<...>>>



‘ Programatorsky model

// Kernel definition

__global__ void VecAdd(float* A, float* B, float* C)
{

int 1 = threadldx.x;
Cli] = A[i] + B[i];

int main ()

{

// Kernel invocation with N threads
VecAdd<<<l, N>>> (A, B, C);




Programatorsky model

Hierarchia vlakien — vlakna organizované do
blokov v zvolenegj strukture

threadldx premenna — vektor s 3 zlozkami —
index vlakna v ramci bloku vlakien

Moznost organizovat vlakna do 1,2 alebo 3
rozmernej struktury

Jedno, dvoj alebo troj rozmerny blok viakien
(vektor, matica, 3D matica)



‘ Programatorsky model

__global__ void matAdd(float A[N] [N], float B[N] [N],
float CI[N] [N])
{

int 1 = threadldx.x;

int j = threadldx.y;
C[11[3] = Al1][J] + BIl1][3];

int main ()
{
// Kernel invocation
dim3 dimBlock (N, N);
matAdd<<<l, dimBlock>>> (A, B, C);




Programatorsky model

Vztah indexu (threadldx) viakna a ID vlakna
Jednorozmerny blok o velkosti (Dx)

0 Index (x): ID = x

Dvojrozmerny blok o velkosti (Dx, Dy)

0 Index (x,y): ID = x + y Dx

Trojrozmerny blok o velkosti (Dx, Dy, Dz)
0 Index (x,y,z): ID = x + y Dx + z Dx Dy



Programatorsky model

Kooperacia viakien v bloku

o Komunikacia prostrednictvom zdielanej pamatsi

o Koordinacia prostrednictvom synchronizacie -
__syncthreads() — barierova synchronizacia

Zdielana pamat — rychla (mala latencia),

podobne ako L1 cache

syncthreads() - odlah¢ena operacia,

vsetky vlakna bloku bezia na jednom jadre,

pocet vlakien v bloku je obmedzeny

pamatovymi zdrojmi jadra (multiprocesora)




Programatorsky model

Blok vlakien — max. 512 (1024) vlakien

Kernel mbze byt vykonany nad viacerymi
blokmi — celkovy pocCet pocCet vlakien je dany
poctom blokov x poCtom vilakien v bloku
Viaceré bloky organizované do 1 alebo 2
rozmernej struktury — gridu (mriezky)
Velkost gridu dana prvym parametrom v

< K L...>>>

Kazdy blok identifikovany pomocou blockldx

Velkost bloku je spristupnena cez blockDim



Grid

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

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




‘ Programatorsky model

// Kernel definition
__global__ void MatAdd(float A[N] [N],float BI[N] [N],float C[N] [N])
{
int 1 = blockIdx.x * blockDim.x + threadIdx.x;
int j = blockIdx.y * blockDim.y + threadlIdx.y;
if (1 < N && J < N) C[1i][j] = A[1][J] + BI[1][JI];
}
int main ()

{

// Kernel invocation

dim3 threadsPerBlock (16, 16);

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




Programatorsky model

Pamatova hierarchia spristupnena vlaknam

Sukromna lokalna pamat vlakna (thread
private local memory)

Zdiefana pamat bloku vlakien (shared
memory) - rovnaka zivotnost ako ma blok

Hlavna pamat (global memory) — pristupna
vsetkym viaknam vsetkych blokov

Pamate iba na Citanie tiez pristupné vsetkym
vlaknam: konstantna pamat a pamat textur
(constant a texture memory)
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Programatorsky model

Heterogénny systém
C program vykonavany na CPU (host) vola

kernel funkcie vykonavané na GPU zariadeni
(device) ako na koprocesore

Hostitel aj zariadenie si udrzuju vlastny
pamatovy priestor: host a device memory

Program riadi hlavnu, konstantnu a texturovu
pamat’ (pristupné pre vsetky vlakna kernelu)
prostrednictvom volani knizni¢nych funkcii



C Program
Sequential
Execution

Serial code

Parallel kernel

Kernel0<<<>>> ()

Serial code

Parallel kernel

Kernell<<<>>> ()




Programatorsky model

Vlastnosti zariadenia (compute capability) su
dané havnym a vedlajsim Cislom revizie
(major revision number a minor revision
number) — Tesla C2050 - 2.0

G80 — 1.x
Fermi — 2.x



Programatorky model CUDA C

Pamat zariadenia (Device Memory)

Kernel vie pristupovat iba do pamatove]
hierarchie zariadenia

Alokovatelna ako linearna pamat alebo
CUDA arrays

Linearna pamat:
o cudaMalloc()

o cudaFree
o cudaMemcpy



// Device code
__global__ wvoid VecAdd(float* A, float* B, float* C, int N)

int 1 = blockDim.x * blockIdx.x + threadIdx.x;
if (i < N)
Cli] = A[i] + BI[1];

// Host code
int main ()

{
int N = ...;

size_t size = N * sizeof (float);
// 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




// Allocate vectors in device memory
float* d_A; cudaMalloc (&d_A, size);
float* d_B; cudaMalloc(&d_B, size);
float* d_C; cudaMalloc(&d_C, size);

// Copy vectors from host memory to device memory
cudaMemcpy (d_A, h_A, size, cudaMemcpyHostToDevice);

cudaMemcpy (d_B, h_B, size, cudaMemcpyHostToDevice);

// Invoke kernel

int threadsPerBlock = 256;

int blocksPerGrid = (N + threadsPerBlock - 1)/threadsPerBlock;
VecAdd<<<blocksPerGrid, threadsPerBlock>>>(d_A, d_B, d_C, N);

// Copy result from device memory to host memory

cudaMemcpy (h_C, d_C, size, cudaMemcpyDeviceToHost);

// Free device memory
cudafFree (d_A),; cudaFree(d_B); cudaFree(d_C);



Programatorky model CUDA C

Zdielana pamat (Shared Memory)
Vyznamne rychlejsia ako globalna pamat

Alokovana pomocou klfuCového slova
shared

Nasobenie matice bez a so zdielanou
pamatou



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

int width;

int height;

float* elements;

} Matrix;

// Thread block size
#define BLOCK_SIZE 16
// Forward declaration of the matrix multiplication kernel

__global__ void MatMulKernel (const Matrix, const Matrix, Matrix);

// Matrix multiplication - Host code
// Matrix dimensions are assumed to be multiples of BLOCK_SIZE
// void MatMul (const Matrix A, const Matrix B, Matrix C)



void MatMul (const Matrix A, const Matrix B, Matrix C)
{
// Load A and B to device memory
Matrix d_A;
d_A.width = A.width; d_A.height = A.height;
size_t size = A.width * A.height * sizeof (float);
cudaMalloc (&d_A.elements, size);

cudaMemcpy (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);

// 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);



// Invoke kernel

dim3 dimBlock (BLOCK_SIZE, BLOCK_SIZE);

dim3 dimGrid(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) ;

// Free device memory
cudafFree (d_A.elements);
cudaFree (d_B.elements) ;

cudaFree(d_C.elements) ;




// Matrix multiplication kernel called by MatMul ()
__global___ void MatMulKernel (Matrix A, Matrix B, Matrix C)
{

// Each thread computes one element of C

// by accumulating results into Cvalue

float Cvalue = 0;

int row = blockIdx.y * blockDim.y + threadIldx.y;

int col = blockIdx.x * blockDim.x + threadIldx.x;

for (int e = 0; e < A.width; ++e)

Cvalue += A.elements[row * A.width + e]
* B.elements[e * B.width + col];

C.elements[row * C.width + col] = Cvalue;




B.width-1

row

A.he?ght-l




// Get a matrix element
__device__ float GetElement (const Matrix A, int row, 1int col) {

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

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

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

// Get the BLOCK_SIZExBLOCK_SIZE sub-matrix Asub of A that is
// located col sub-matrices to the right and row sub-matrices down
// from the upper-left corner of A
__device_ Matrix GetSubMatrix (Matrix A, int row, int col)
{
Matrix Asub;
Asub.width = BLOCK_SIZE;
Asub.height = BLOCK_SIZE;
Asub.stride = A.stride;

Asub.elements = &A.elements[A.stride * BLOCK _SIZE * row +
BLOCK_SIZE * col];

return Asub;

{



// Matrix multiplication kernel called by MatMul ()

{

global_ void MatMulKernel (Matrix A, Matrix B, Matrix C)

// Block row and column
int blockRow = blockIdx.y;
int blockCol = blockIdx.x;

// Each thread block computes one sub-matrix Csub of C
Matrix Csub = GetSubMatrix(C, blockRow, blockCol);

// Each thread computes one element of Csub
// by accumulating results into Cvalue
float Cvalue = 0;

// Thread row and column within Csub
int row = threadIldx.y;

int col = threadIdx.x;



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

// Multiply each pair of sub-matrices together

// and accumulate the results

for (int m = 0; m < (A.width / BLOCK_SIZE); ++m) {

// Get sub-matrix Asub of A
Matrix Asub = GetSubMatrix (A, blockRow, m);

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

// Shared memory used to store Asub and Bsub respectively
_ _shared_ float As[BLOCK_SIZE] [BLOCK_SIZE];
_ _shared_ float Bs[BLOCK_SIZE] [BLOCK_SIZE];

// Load Asub and Bsub from device memory to shared memory
// Each thread loads one element of each sub-matrix
As|[row] [col] = GetElement (Asub, row, col);

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



// Synchronize to make sure the sub-matrices are
// before starting the computation

__syncthreads() ;

// Multiply Asub and Bsub together
for (int e = 0; e < BLOCK_SIZE; ++e)

Cvalue += As[row] [e] * Bs[e][col];

// Synchronize to make sure that the preceding
// computation is done before loading two new
// sub-matrices of A and B in the next iteration

__syncthreads() ;

// Write Csub to device memory
// Each thread writes one element

SetElement (Csub, row, col, Cvalue);

loaded



blockRow

blockCol




CUDA - HW Implementacia

Pradové multiprocesory (Streaming
Multiprocessors)

Blok vlakien je vykonavany na jednom SM
Ked je vypocet bloku ukonceny, novy blok je
naplanovany na vykonanie na SM

SM — subezné vykonavanie stoviek vlakien
SIMT arch. Single Instruction Multiple Thread

HW vlakna, paralelizmus n Urovni instrukcii,
ale nie spekulativne vykonavanie ani
predikcia skokov



CUDA - HW Implementacia

Vlakna su planované na vykonavanie b
skupinach — warp (32 vilakien)

Kazdeé vlakno vlastna sada registrov —
nezavislé vykonavanie

Warp — jedna instrukcia v ¢ase, efektivne, ak
vsetky vlakna rovnaka instrukcia

SIMT — jedna instrukcia riadi viaceré jadra
multiprocesora



‘ /. droje

= Nvidia CUDA Programming Guide htip://developer.nvidia.com

= Obrazky prevzaté z:
o Nvidia CUDA Programming Guide htip://developer.nvidia.com




