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GPU - Graphics Processing Unit

Graphics Processing Unit (GPU) — rpadunyecknin npoueccop, cneumnanmsmpoBaHHbIN
MHOTOMPOLECCOPHbIN YCKOPUTENb C 0OLLLEN NAMATBLIO

Bonbllas YyacTb naowagmn Ymna 3aHaTa anemeHTapHoimm ALU/FPU/Load/Store
MOAYNAMMU

Yctponcto ynpasaeHua (control unit) otHocutenbHo npoctoe no cpaBHeHuto ¢ CPU

GPU ynpasnaetca c CPU: KonnpoBaHMe AaHHbIX MeXay onepaTMBHOW NAMATbIO Y313
n GPU, 3anycKk nporpamm u ap.

ALU  ALUL
Control

NVIDIA GeForce GTX 780 AMD Radeon HD 8970
CPU GPU (Kepler, 2304 cores, GDDR5 3 GB) (2048 cores, GDDR5 3 GB)



M6puaHble BblUMCAUTENbHbDIE Y3/bl
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74 cucrembl u3 Top500 (Nov. 2014)
ocHaweHbl yckoputenamu (NVIDIA, ATI, Intel Xeon Phi, PEZY SC)



NVIDIA CUDA

NVIDIA CUDA — nporpammHo-annapaTtHaa naatpopma AnAa opraHnU3aumm
napannenbHbIX BbIMMCNEHMM HA rPpadUUYECKUX NpoLeccopax

NVIDIA CUDA SDK:

O apXUTEeKTypa BUPTYyanbHOM malimHbl CUDA
o Komnunatop C/C++

o apaneep GPU

OC: GNU/Linux, Apple Mac OS X, Microsoft Windows
2006 — CUDA 1.0
2015 - CUDA 7.5 (Unified memory, Multi-GPU)

MukpoapxutekTtypbl: Tesla (GeForce 8), Fermi (GeForce 400, 500),
Kepler (GeForce 600, 700), Maxwell (GeForce 700, 800, 900)

http://developer.nvidia.com/cuda

<ANVIDIA.
CUDA.



http://developer.nvidia.com/cuda

OcHoBHble noHATUA NVIDIA CUDA

Server/workstation

Xoct (host) — y3en ¢ CPU 1 ero namaTb Host
- : y RAM

YcTpoucrteo (device) — rpadpuryueckunin npoueccop

M ero NnamaATb CPU

N _--1----l9

O ittt =

Appo (kernel) —sto pparmeHT Nnporpammeil,
npeaHa3Ha4YeHHbIN AN15 BbINOAHEHUA
Ha GPU

e e = = -

CUDA-nporpamma v ee BXxogHble AaHHble HAXOA4ATCA B MaMATU XOCTa
[lporpamma KOMNUANPYETCA U 3anNyCKaeTcAa Ha XocTe
B CUDA-nporpamme BbINOAHAKOTCA cneaylouime waru:

1. KonupoBaHMe AaHHbIX U3 NAaMATU XOCTa B NAaMATb YCTPOMCTBA
2. 3anyck agpa (kernel) Ha ycTponcTBe

3. KOI'IMpOBaHME AAdHHbIX U3 NaMATU YCTpOIZCTBa B NaMATb XOCTa

Device

________



CUDA Hello World

/*
* hello.cu:
k

*/ Cneumduratop __global__ coobuwiaer
KOMMUAATOPY, YTOo GYHKUMA NpeaHa3HaYeHa

#include <stdio.h> ANA BbINOAHEHUA Ha GPU

__global  void mykernel()
{

¥

int main()

{
/* 3anyck agpa Ha GPU - oauH noTtok */
mykernel<<<1,1>>>();
printf("Hello, CUDA World!\n");
return 0;

“<<< >>>" —3anycK 3a4aHHOro Yncna
noTtokoB Ha GPU



NVIDIA GeForce 680 (GK104, Kepler microarch.)

PCI Express 3.0 Host Interface

4 Graphics Processing Clusters (GPC)

2 Streaming Multiprocessor (SMX)

- -

SMX SMX

Streaming Multiprocessor (SMX)
192 cores, 32 special function units,
32 LD/ST units, 4 warp schedulers

Memory Controller
Jajjonuog Mowapy

CUDA Core
Dispatch Port

l 1

FP Unit INT Unit

Memory Controller
Jajjonuon Aoway

4 l

" Result Queue

http://www.nvidia.com/content/PDF/product-specifications/GeForce GTX 680 Whitepaper FINAL.pdf



http://www.nvidia.com/content/PDF/product-specifications/GeForce_GTX_680_Whitepaper_FINAL.pdf

UHdopmauuna ob yctpoucrtee

./deviceQuery Starting...
CUDA Device Query (Runtime API) version (CUDART static linking)
Detected 1 CUDA Capable device(s)

Device O: "GeForce GTX 680"
CUDA Driver Version / Runtime Version 7.5/ 7.5
CUDA Capability Major/Minor version number: 3.0
Total amount of global memory: 2048 MBytes (2147287040 bytes)
( 8) Multiprocessors, (192) CUDA Cores/MP: 1536 CUDA Cores
GPU Max Clock rate: 1058 MHz (1.06 GHz)
Memory Clock rate: 3004 Mhz
Memory Bus Width: 256-bit
L2 Cache Size: 524288 bytes
Warp size: 32
Maximum number of threads per multiprocessor: 2048
Maximum number of threads per block: 1024
Max dimension size of a thread block (x,y,z): (1024, 1024, 64)
Max dimension size of a grid size (x,y,z): (2147483647, 65535, 65535)

/opt/NVIDIA_CUDA-7.5_Samples



BoiuncautenoHblie notokm CUDA

Homep notoka (thread index) — 3To TpeXKOMNOHEHTHbIN
BeKTOp (KoopAMHaTbl NOTOKA)

[TOTOKM NOTUYECKM CrPYNMNMPOBaHbI B OAHOMEPHDbIN,
NBYXMEPHbIN UNn TPEXMepPHbIN 610K (thread block)

KonnyectBo NOTOKOB B 6/10Ke orpaHuyeHo (B Kepler 1024)

bnoKku pacnpenenaroTca N0 NOTOKOBbIM
MmynbTnnpoueccopam SMX

MpeponpeaeneHHble NepemMeHHble
o threadIdx.{x, Yy, z} —Homep NnoToKa
o blockDim.{x, y, z} —pa3mepHocTb 6/110Ka

o blockIdx.{x, y, z} —Homep 610Ka
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BoiuncautenoHblie notokm CUDA

gridDim.y <

Grid of thread blocks

Thread Block

Thread Thread Thread

Thread Thread Thread

Thread Block

Thread Thread Thread

Thread Thread Thread

Thread Block

Thread Block

Thread Thread Thread

Thread Thread Thread

Thread Block
Thread Thread Thread

Thread Thread Thread

Thread Block

Thread Thread Thread Thread Thread Thread
Thread Thread Thread Thread Thread Thread
J
Y
blockDim.Xx
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gridDim.x

> blockDim.y

blockDim.z



BbinonHeHne CUDA-nporpammbl

CUDA Program
Block O Block 1 Block 2
Block 3 Block 4 Block 5
4
GPU 1 GPU 2
SMX 1 SMX 2 SMX 1 SMX 2 SMX 3
Block O Block 1 Block O Block 1 Block 2
Block 2 Block 3 Block 3 Block 4 Block 5
Block 4 Block 5 '




CnoxeHue seKtopos (CPU version)

/>I<

* Host code (CPU version)

*/
void vadd(float *a, float *b, float *c, int n)
{

for (int 1 = @0; 1 < n; i++)
c[i] = a[i] + b[1];



CnoxeHue seKtopos (GPU version)

#include <cuda runtime.h>
enum { NELEMS = 1024 * 1024 };

int main()
{
/* Allocate vectors on host */
size t size = sizeof(float) * NELEMS;
float *h_A = malloc(size);
float *h_ B = malloc(size);
float *h_C = malloc(size);
if (h_A == NULL || h_.B == NULL || h_C == NULL) {
fprintf(stderr, "Allocation error.\n");
exit (EXIT_FAILURE);

¥

for (int 1
h A[i]
h B[i]

@; i < NELEMS; ++i) {
rand() / (float)RAND_MAX;
rand() / (float)RAND_MAX;



CnoxeHue seKtopos (GPU version)

/* Allocate vectors on device */

float *d A = NULL, *d B = NULL, *d C = NULL;

if (cudaMalloc((void **)&d A, size) != cudaSuccess) {
fprintf(stderr, "Allocation error\n");
exit (EXIT_FAILURE);

}

if (cudaMalloc((void **)&d B, size) != cudaSuccess) {
fprintf(stderr, "Allocation error\n");
exit (EXIT_FAILURE);

}

if (cudaMalloc((void **)&d C, size) != cudaSuccess) {
fprintf(stderr, "Allocation error\n");
exit (EXIT_FAILURE);



CnoxeHue seKtopos (GPU version)

/* Copy the host vectors to device */

if (cudaMemcpy(d_A, h_A, size, cudaMemcpyHostToDevice) != cudaSuccess) {
fprintf(stderr, "Host to device copying failed\n");
exit (EXIT_FAILURE);

}

if (cudaMemcpy(d B, h B, size, cudaMemcpyHostToDevice) != cudaSuccess) {
fprintf(stderr, "Host to device copying failed\n");
exit (EXIT_FAILURE);

}

N N + threads — 1
blocks = [ } =

/* Launch the ker\nel */ threads threads

int threadsPerBlock = 1024;
int blocksPerGrid =(NELEMS + threadsPerBlock - 1) / threadsPerBlock;
vadd<<<blocksPerGrid, threadsPerBlock>>>(d_A, d B, d C, NELEMS);
if (cudaGetlLastError() != cudaSuccess) {
fprintf(stderr, "Failed to launch kernel!\n");
exit(EXIT_FAILURE);



CnoxeHue seKtopos (GPU version)

/* Copy the device vectors to host */

if (cudaMemcpy(h_C, d _C, size, cudaMemcpyDeviceToHost) != cudaSuccess) {
fprintf(stderr, "Device to host copying failed\n");
exit (EXIT_FAILURE);

}

for (int i = @; i < NELEMS; ++i) {
if (fabs(h_A[i] + h_B[i] - h_C[i]) > 1e-5) {
fprintf(stderr, "Result verification failed at element %d!\n", 1i);
exit(EXIT_FAILURE);

}

cudaFree(d_A);
cudaFree(d B);
cudaFree(d C);
free(h_A);
free(h_B);

free(h _C);
cudaDeviceReset();
return 0;



CnoxeHue seKtopos (GPU version)

__global _ void vadd(const float *a, const float *b, float *c, int n)
{

int i = blockDim.x * blockIdx.x + threadIdx.Xx;
if (1 < n)
c[i] = a[i] + b[1i];

Grid of blocks:
Thread Block 0 Thread Block 1
Thread 0 Thread 1 Thread ... Thread 0 Thread 1 Thread ...
Thread Block 2 Thread Block 3

Thread 0 Thread1 ... Thread ... Thread 0 Thread1 . Thread ...



NELEMS

2720

10 * 2120

CnoxeHue BekTopoB (scalability)

cngpul
GeForce GTX 680

CPU version (sec.): 0.001658
GPU version (sec.): 0.000161
Memory ops. (sec.): 0.002341
Memory bw. (MiB/sec.): 5125.94
CPU perf (MFLOPS): 603.15

GPU perf (MFLOPS): 6213.78
Speedup: 10.30

Speedup (with mem ops.): 0.66

CPU version (sec.): 0.015133
GPU version (sec.): 0.000892
Memory ops. (sec.): ©.021551
Memory bw. (MiB/sec.): 5568.15
CPU perf (MFLOPS): 660.81

GPU perf (MFLOPS): 11211.72
Speedup: 16.97

Speedup (with mem ops.): 0.67

cngpu2
GeForce GT 630

CPU version (sec.): 0.002311
GPU version (sec.): 0.001054
Memory ops. (sec.): 0.002514
Memory bw. (MiB/sec.): 4773.49
CPU perf (MFLOPS): 432.71

GPU perf (MFLOPS): 948.72
Speedup: 2.19

Speedup (with mem ops.): 0.65

CPU version (sec.): 0.014987
GPU version (sec.): 0.009118
Memory ops. (sec.): 0.021882
Memory bw. (MiB/sec.): 5484.00
CPU perf (MFLOPS): 667.25

GPU perf (MFLOPS): 1096.72
Speedup: 1.64

Speedup (with mem ops.): 0.48

cngpu3
GeForce GTS 250
(threadsPerBlock = 512)

CPU version (sec.): 0.002195
GPU version (sec.): 0.001993
Memory ops. (sec.): 0.009481
Memory bw. (MiB/sec.): 1265.70
CPU perf (MFLOPS): 455.61

GPU perf (MFLOPS): 501.77
Speedup: 1.10

Speedup (with mem ops.): 0.19

CPU version (sec.): 0.017394
GPU version (sec.): 0.006778
Memory ops. (sec.): 0.101824
Memory bw. (MiB/sec.): 1178.51
CPU perf (MFLOPS): 574.91

GPU perf (MFLOPS): 1475.36
Speedup: 2.57

Speedup (with mem ops.): 0.16



ApxuteKktypa SIMT (Single-Instruction, Multiple-Thread)

Streaming Multiprocessor (SM) NVIDIA GeForce 680 (GK104, Kepler)
192 cores, 32 special function units,

32 LD/ST units, 4 warp schedulers

PCI Express 3.0 Host Interface

= B/I0KM NOTOKOB pacnpeaenatTca no SM

= Ecam yncno 6N10KoB MeHblue Konmnyectsa SM,
TO YacTb npoueccopos GPU npocTtansaer

iajjonuon fowapy

" MopAaaoK BbiNnoAHeHNA BN1OKOB 3apaHee HEN3BECTEH —
anroputmbl ana GPU He AonXHbl 6bITb YyBCTBUTEbHbI
K NOpAAKY BbINO/sHEHNA BNOKOB

CUDA Program
‘ Block O H Block 1 H Block 2 ‘

Block 3 Block 4 Block 5

Jejjonuog Aowsaly

GPU 1 GPU 2
[ smx1 |[ smx2 | [ smx1 |[ smx2 |[ smx3 |
‘ Block 0 H Block 1 ‘ ‘ Block 0 H Block 1 H Block 2 ‘
Block 2 Block 3 ‘ Block 3 H Block 4 ‘ ‘ Block 5 ‘
[ Blocka |[ Blocks | http://www.nvidia.com/content/PDF/product-

specifications/GeForce GTX 680 Whitepaper FINAL.pdf



http://www.nvidia.com/content/PDF/product-specifications/GeForce_GTX_680_Whitepaper_FINAL.pdf

ApxuteKktypa SIMT (Single-Instruction, Multiple-Thread)

Streaming MultlproceSSQr (SM.) NVIDIA GeForce 680 (GK104, Kepler)
192 cores, 32 special function units, e
Xpress J. Ost Interrace

32 LD/ST units, 4 warp schedulers o comwesseee ]

" B/JI0KM Ha3Ha4yeHHble Ha SM nornyeckn palbusatoTca
Ha rpynnbl (warps) no 32 noToka

iajjonuon fowapy

= [lOoTOKM BCeraa ogMHaKoBO pacnpeaenatoTca
no warp-am (aetepmnmHMpoBaHoO, Ha 6base Homepa
NOTOKa)

= Ecnm pa3mep 6/10Ka He KpaTeH pa3mepy rpynnbi,
TO nocneaHAA rpynna (warp) notokoB 610KMpyeTcA

Warp Scheduler Warp Scheduler Warp Scheduler Warp Scheduler
nstruction Instruction Instruction Instruction nstruction
ispatcl ispatcl Dispatch Dispatch [MEGELGH] ispatcl

http://www.nvidia.com/content/PDF/product-
http://mc.stanford.edu/cgi-bin/images/3/34/Darve_cme343 cuda_3.pdf specifications/GeForce GTX 680 Whitepaper FINAL.pdf



http://www.nvidia.com/content/PDF/product-specifications/GeForce_GTX_680_Whitepaper_FINAL.pdf
http://mc.stanford.edu/cgi-bin/images/3/34/Darve_cme343_cuda_3.pdf

ApxuteKktypa SIMT (Single-Instruction, Multiple-Thread)

Streaming Multiprocessor (SM)
192 cores, 32 special function units,
32 LD/ST units, 4 warp schedulers

NVIDIA GeForce 680 (GK104, Kepler)

PCI Express 3.0 Host Interface

= [MnaHupoBwumK (warp scheduler) 3anyckaer
Ha BbINOJIHEHME rPYNMNy NOTOKOB, Y KOTOPbIX K FOTOBbI»
BXOAHbIE AAHHbIE

iajjonuon fowapy

Memory Controller

" Bce aKTMBHbIE NOTOKM FPYMnbl B KaxKAblA MOMEHT
BPEMEHM BbIMNO/IHAIOT OAHY U TY e UHCTPYKL MO

" [1NaHUPOBLLUK BbINOAHAET NEPEKAOUYEHNE KOHTEKCTA
MeXKAY rpynnamm noToKos

Jejjonuog Aowsaly

&
g
iz
o
o
. §
) Executing 5

Waiting for data

Ready to execute

http://www.nvidia.com/content/PDF/product-
specifications/GeForce GTX 680 Whitepaper FINAL.pdf

http://mc.stanford.edu/cgi-bin/images/3/34/Darve_cme343_cuda_3.pdf



http://www.nvidia.com/content/PDF/product-specifications/GeForce_GTX_680_Whitepaper_FINAL.pdf
http://mc.stanford.edu/cgi-bin/images/3/34/Darve_cme343_cuda_3.pdf

ApxuteKktypa SIMT (Single-Instruction, Multiple-Thread)

Streaming Multiprocessor (SM) NVIDIA GeForce 680 (GK104, Kepler)
192 cores, 32 special function units,

32 LD/ST units, 4 warp schedulers

PCI Express 3.0 Host Interface

Control Flow Divergence

" Bce NOTOKM rpynnbl B KaXKAblh MOMEHT BpEMEHM
BbIMO/THAIOT OAHY U TY }Ke UHCTPYKLUIO

Memory Controller
iajjonuon fowapy

" Y10 ec/im NOTOKU ynpaB/ieHUA pacxoasaTca?

__global _ void kernel()

{ : NMoToKu rpynnbl
if (val < 50) { p\é
// branch 1 BbINONHAIOT 06e BeTBU §
5 2
} else { [MOTOKM, KOTOPbIE HE AONXHbI 2 g
// branch 2 § :
) BbIMONHATb BETBb, 610KNpPYLOTCA :

http://www.nvidia.com/content/PDF/product-
specifications/GeForce GTX 680 Whitepaper FINAL.pdf



http://www.nvidia.com/content/PDF/product-specifications/GeForce_GTX_680_Whitepaper_FINAL.pdf

ApxuteKktypa SIMT (Single-Instruction, Multiple-Thread)

Streaming Multiprocessor (SM)
192 cores, 32 special function units,
32 LD/ST units, 4 warp schedulers

NVIDIA GeForce 680 (GK104, Kepler)

PCI Express 3.0 Host Interface

Control Flow Divergence

iajjonuon fowapy

__global__ void kernel()
{

if (val < 50)
// branch
// branch
// branch
} else {
// branch
// branch

PR R A

N DN

s9jjonuos fioway

http://www.nvidia.com/content/PDF/product-
specifications/GeForce GTX 680 Whitepaper FINAL.pdf
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UHPopmauma 06 yctpouctse (cngpul)

./deviceQuery Starting...
CUDA Device Query (Runtime API) version (CUDART static linking)
Detected 1 CUDA Capable device(s)

Device 0: "GeForce GTX 680"
CUDA Driver Version / Runtime Version 7.5/ 7.5
CUDA Capability Major/Minor version number: 3.0
Total amount of global memory: 2048 MBytes (2147287040 bytes)
( 8) Multiprocessors, (192) CUDA Cores/MP: 1536 CUDA Cores
GPU Max Clock rate: 1058 MHz (1.06 GHz)
Memory Clock rate: 3004 Mhz
Memory Bus Width: 256-bit
L2 Cache Size: 524288 bytes
Warp size:
Maximum number of threads per multiprocessor:
Maximum number of threads per block:
Max dimension size of a thread block (x,y,z): (1024, 1024, 64)
Max dimension size of a grid size (x,y,z): (2147483647, 65535, 65535)

/opt/NVIDIA_CUDA-7.5_Samples



Uepapxma NOTOKOB

Grid = CetKa notokos (1D, 2D, 3D) — coBOKynHOCTb 6/10KOB
Block (O 0) | Blodc(1,0) Block (2 0) NMOTOKOB

, = CeTKa notoKos, CUDA-nporpamma, BbinonHaetca GPU
Block (0 1" Blode (1, 1) "Nglock (2, 1)

Bock(L1) " = baok notokos (1D, 2D, 3D) — cOBOKYNHOCTb NOTOKOB

" BNOKKM pacnpeaenarTca No NOTOKOBbIM
MYNbTUNPOLLeCCoOpam

Device ©: "GeForce GTX 680"




Uepapxma NOTOKOB

* MpeponpeaeneHHble NnepemMeHHble

o threadIdx.{x, y, z} -
HOMepP NOTOKa B 610Ke

o blockDim.{x, y, z} -
pa3mepHOCTb 610Ka

o blockIdx.{x, y, z} —
Homep 6/10Ka B ceTKe

= 3aaHUe CTPYKTYPbl CETKU

mykernel<<<B,T>>>(argl,

o B —cTpyKkTYypa ceTku
o T —cTpyKTypa 6210Ka

gridDim.y <

Grid of thread blocks

Thread Block

Thread Thread Thread

Thread Thread Thread

Thread Block

Thread Thread Thread

Thread Thread Thread

Thread Block

Thread Thread Thread

Thread Thread Thread

Thread Block

Thread Thread Thread

Thread Thread Thread

Thread Block

Thread Thread Thread

Thread Thread Thread

Thread Block

Thread Thread Thread

Thread Thread Thread

>
blockDim. x

J

e

gridDim.x

blockDim.y

blockDim. z



CnoxxeHue matpuu: CPU

I
+

void matadd host(float *a, float *b, float *c, int m, int n)
{
for (int 1 = 0; 1 < m; i++) {
for (int j = 0; j < n; j++) {
int idx = 1 * n + j;
c[idx] = a[idx] + b[idx];



" O,EI,HOMeprIe ceTKka 6/10K0B MOTOKOB U OAHOMEpPHbIE

1D-ceTKa u3
3-x 1D-6/10K0B NOTOKOB

__global  void matadd(const float *a, const float *b, float *c, int m, int n)

{

CnoxXeHue matpuuy: CUDA 1D

Ka*Kablh NOTOK Bbl4UCAAET OAUH dN1eMEHT
c[i * n +j] maTpuupl

6/10KM MOTOKOB

A B
= +
ThreadglobalID | O |12 |3|4|5]|6 10(111(12113|14(15(16|17|18|19(20(21|22 |23
1
threadldx.x |0 | 1|2 |3|4]|5]|6 2|13|4|5|6|7|0|1|2|3|4|5]|6]|7
blockldx.x =0 blockldx.x =1 blockldx.x = 2

int idx = blockIdx.x * blockDim.x + threadIdx.x;
if (idx < m * n)
c[idx] = a[idx] + b[idx];

int threadsPerBlock = 1024;

int blocksPerGrid =(ROWS * COLS + threadsPerBlock - 1) / threadsPerBlock;
matadd<<<blocksPerGrid, threadsPerBlock>>>(d_A, d_B, d_C, ROWS, COLS);




__global _ void matadd(const float *a, const float *b, float *c,

{

CnoxeHue matpuuy: CUDA 2D

Ka)kaplh MOTOK BblUMCAAET OAMH
anemeHT cfi * n + j] maTpuupl

2D-ceTKa 6/10KOB NOTOKOB
n 2D-610KM NOTOKOB

int x
int y
int idx =y * n + Xx;

if (idx < m * n) c[idx] = a[idx] + b[idx];

int threadsPerBlockDim = 32;

blockldx.x =0  blockldx.x=1  blockldx.x = 2 blockldx.x = 3
0,0) | (1,0) | 20) | 0,0 | (1,0) | 20 | (0,0 | (1,0) | 2,0) | (0,0) | (1,0) | (2,0)
01 | (L) | 21Oy | @y | )]0y @) | @101 @) @1
02 | 12| 22102 | 12| 2202 | @2 | @202 12| @22
0,0) | (1,0) | 20) | ©0,0) | (1,0) | 20) | (0,0 | (1,0) | 2,0) | (0,0) | (1,0) | (2,0)
01 | L) | 2oy | @y | )o@y ]| @) @) @1
02 | @2 | 22102 | 12| 2202 | a2 | @202 12| @22

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

dim3 blockDim(threadsPerBlockDim, threadsPerBlockDim, 1);
int blocksPerGridDimX = ceilf(COLS / (float)threadsPerBlockDim);
int blocksPerGridDimY = ceilf(ROWS / (float)threadsPerBlockDim);

dim3 gridDim(blocksPerGridDimX, blocksPerGridDimY, 1);

matadd<<<gridDim, blockDim>>>(d_A, d_B, d_C, ROWS, COLS);

int m, int n)

// Grid: X x Y x Z=1

// Blocks: X x Y x Z=1

threadldx.x
threadldx.y

blockldx.y =0

blockldx.y = 1



YMHoOXeHue martpuy (CPU)

void sgemm_host(float *a, float *b, float *c, int n)
{
for (int 1 = 0; 1 < n; i++) {
for (int j = 0; j < n; j++) {
float s = 0.0;
for (int k = 0; k < n; k++)
s += a[i * n + k] * b[k * n + j];
c[i *n+ j] = s;




YMHo}KeHune matpuu, (CUDA)

= KaxKabl¥ NOTOK BbIYUCAAET OAUH 3/IEMEHT pe3yabTupytowwen matpuubl C
= O6uwee yncno notokos N * N

__global  void sgemm(const float *a, const float *b, float *c, int n)

{

int row
int col

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

if (row < n & col < n) {
float s = 0.0;
for (int k = 0; k < n; k++)
s += a[row * n + k] * b[k * n + col];
c[row * n + col] = s;

int threadsPerBlockDim = 32;

dim3 blockDim(threadsPerBlockDim, threadsPerBlockDim, 1);

int blocksPerGridDimX = ceilf(N / (float)threadsPerBlockDim);
int blocksPerGridDimY = ceilf(N / (float)threadsPerBlockDim);
dim3 gridDim(blocksPerGridDimX, blocksPerGridDimY, 1);
sgemm<<<gridDim, blockDim>>>(d_A, d B, d C, N);

C

http://users.wfu.edu/choss/CUDA/docs/Lecture%205.pdf
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Uepapxma namartm (comp. capability >= 3.0)

obanbHaa namatb (global memory)

GPU Grid
o OTHOCUTENBHO MeaNeHHaA
o Kewwunpyetca Block (0, 0) Block (1, 0)
o CoaeprKMMoe CoXpaHaeTca meXay 3anyckamu aaep
MamATb KOHCTAHT (constant memory)
o Coaep*UT KOHCTaHTbl U aprymeHTbl A4ep
o Kewwupyetcs Thread (0,0) Thread (1,0)  Thread (0,0) Thread (1, 0)
o 64 KiB / GPU (8 KiB const. cache per SM)
Paspgenaemasn namartb (shared memory) i i

o bbicTpan
o HekKkewwunpyetca

CPU

JlokanbHaa namarb (local memory)
o YacTtb rmobanbHOM NamaATH
o Kewwunpyetca

Peructpsi (32 bit, 65536 / block)



Uepapxma namartm (comp. capability >= 3.0)

O6baBneHue

int localArray[10];

__device  int globalvar;

MamaTtb

local

global

O6nactb
BUAUMOCTHU

thread

grid

Bpemsa
KU3HU

thread

program

GPU Grid

CPU

Block (0, 0)

|

Block (1, 0)

|

Thread (0, 0)

Thread (1, 0)

Thread (0, 0) Thread (1, 0)




Uepapxma namartm (comp. capability >= 3.0)

HaknagHble GPU Grid
pacxoapl

O6baBneHue MamAaTb

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

|

Thread (0, 0) Thread (1, 0)

int localArray[10]; local 100x

__device_  int globalVar; global 100x ! !

Thread (0, 0) Thread (1, 0)

CPU




Uepapxma namatu

FERMI | FERMI | KEPLER | KEPLER | KEPLER
GF100 | GFl04 | GK104 | GKi10 | GK210
Compute Capability 2.0 2.1 3.0 3.5 3.7
Threads / Warp 32
Max Threads / Thread Block 1024
Max Warps / Multiprocessor 64
Max Threads / Multiprocessor 1536 2048
Max Thread Blocks / Multiprocessor 16
32-bit Registers / Multiprocessor 32768 65536 131072
Max Registers / Thread Block 32768 65536 65536
Max Registers / Thread 63 255
Max Shared Memory / Multiprocessor 48K 112K
Max Shared Memory / Thread Block 48K
Max X Grid Dimension 2716-1 2n32-1
Hyper-Q No Yes
Dynamic Parallelism No Yes




Ucnonb3oBaHue nepapxum namaru (thread local)

// 3arpyxaem AaHHble U3 rnobanbHoOM NaMATU B peruncTp
float localA = dA[blockIdx.x * blockDim.x + threadIdx.x];

// BblMMCNEeHMA Hah AaHHLIMU B perucrpax
float res = f(localA);

// 3anucbiBaeM pe3ynbTaT B rnob6anbHyw NamMATb
dA[blockIdx.x * blockDim.x + threadIdx.x] = res;



Ucnonb3oBaHue nepapxum namatm (block local)

// 3arpyxaem AaHHble U3 rnobanbHoOU NamMATU B pasfensaemyn
__shared  float sharedA[BLOCK SIZE];

int idx = blockIdx.x * blockDim.x + threadIdx.x;
sharedA[threadIdx.x] = dA[idXx];

__syncthreads(); // 6apbepHas CUHXpPOHU3aUUA NOTOKOB 6noKa

// BblMMCNEeHUs HaA OaHHbBIMM B pa3aesiaeMoin MamMATU
float res = f(shared[threadIdx.x]);

// 3anucbiBaeM pe3ynbTaT B rnob6anbHyw namaTb
dA[idx] = res;



YMHoOXeHue martpuy (CPU)

void sgemm_host(float *a, float *b, float *c, int n)
{
for (int 1 = 0; 1 < n; i++) {
for (int j = 0; j < n; j++) {
float s = 0.0;
for (int k = 0; k < n; k++)
s += a[i * n + k] * b[k * n + j];
c[i *n+ j] = s;




YMHoKeHune matpuu, (CUDA naive)

= KaxKabl¥ NOTOK BbIYUCAAET OAUH 3/IEMEHT pe3yabTupytowwen matpuubl C
= O6uwee yncno notokos N * N

__global  void sgemm(const float *a, const float *b, float *c, int n)

{

blockldx.x =0  blockldx.x =1  blockldx.x =2

blockldx.x =3

(20

(0,0)

(1,0)

(20

(0,0)

(1,0)

(2,0)

(0,0)

(1,0)

4
(2,0

threadldx.x
threadldx.y
— |

(21)

(0,2)

(1,1)

(21)

(0,1)

(1,1)

(2,3)

(0,1)

(1,1)

(21)

blockldx.y =0

(22)

0,2)

(1,2)

(22)

0,2)

(1,2)

(2,2)

(0,2)

(1,2)

(22)

(2,0)

(0,0)

(1,0)

(2,0)

(0,0)

(1,0)

(2,0)

(0,0)

(1,0)

(2,0)

(21)

(0,1)

(1,1)

(21)

(0,1)

(1,1)

(2,1)

(0,1)

(11)

(21)

blockldx.y =1

int row = blockIdx.y * blockDim.y + threadIdx.y;
(0,0) | (1,0
int col = blockIdx.x * blockDim.x + threadIdx.x; o
if (row < n & col < n) { )| 9
float s = 0.0; o

(22)

0,2)

(1,2)

(22)

02)

(1,2)

(2,2)

0,2)

(12)

(22)

for (int k = 0; k < n; k++)
s += a[row * n + k]_* b[k * n + col];
c[row * n + col] = s;
} Kaxabii noToK obpallaercs K
rnobanbHON NamaTH
(n loads + 1 store)
int threadsPerBlockDim = 32;
dim3 blockDim(threadsPerBlockDim, threadsPerBlockDim, 1);
int blocksPerGridDimX = ceilf(N / (float)threadsPerBlockDim);
int blocksPerGridDimY = ceilf(N / (float)threadsPerBlockDim);
dim3 gridDim(blocksPerGridDimX, blocksPerGridDimY, 1);
sgemm<<<gridDim, blockDim>>>(d_A, d B, d C, N);

C

http://users.wfu.edu/choss/CUDA/docs/Lecture%205.pdf
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YMHOXXeHune matpuy, ¢ pasgenaemon namartbio (tiled)

Kaxabin anemeHT matpuubl C BbIMNCAAETCA OAHUM NOTOKOM

BbluncneHns pa3buTbl Ha HECKO/IbKO CTagMin — Mo Yncny

noamaTpuL,

cli,jl = a[i,01*b[0,j] + a[i,1]1*b[1,j] + a[i,2]*b[2,j] + a[i,3]*b[3,j] +

ali,4]*b[4,j] + a[i,5]*b[5,j] + ali,6]*b[6,j] + a[i,7]*b[7,j] +

a[i,8]*b[8,j] + a[i,9]1*b[9,j] + a[i,10]*b[10,j] + a[i,11]*b[11,j] +

Ha Kaxkaou ctagmu 3arpykaem

noamatpuubl B pasgeidemyro nNaMAaTb

U BblHNCNIAEM HaCTb PE3Y/1bTATOB

BCEMM NOTOKamMmM H610Ka

Astart = blockldx.y * blockDim.y * N

Astep = blockDim.x

Bstart = blockldx.x * blockDim.x

Bstep = N * blockDim.x




YMHOXXeHune matpuy, ¢ pasgenaemon namartbio (tiled)

__global  void sgemm_tailed(const float *a, const float *b, float *c, int n)

{

int tail size = blockDim.x;

int tx = threadIdx.x;

int ty = threadIdx.y;
int bx = blockIdx.x;
int by = blockIdx.y;

// Result for c[i, j]

float sum = 0.0;

// Index of first tail (sub-matrix) in A

int Astart = by * n * tail size;

int Aend = Astart + n - 1;

int Astep = tail size;

// Index of first tail (sub-matrix) in B

int Bstart = bx * tail size;

int Bstep = n * tail size;




YMHOXXeHune matpuy, ¢ pasgenaemon namartbio (tiled)

__shared _ float as[BLOCK SIZE][BLOCK SIZE];
__shared  float bs[BLOCK SIZE][BLOCK SIZE];

int ai Astart;

int bi Bstart;

while (ai <= Aend) {
// Load tail to shared memory - each thread load one item
as[ty][tx] = a[ai + ty * n + tx];
bs[ty][tx] = b[bi + ty * n + tx];

// Wait all threads
__syncthreads();

// Compute partial result
for (int k = 0; k < tail size; k++)
sum += as[ty][k] * bs[k][tx];

// Wait for all threads before overwriting of as and bs
__syncthreads();

ai += Astep;
bi += Bstep;
}

int Cstart = by * n * tail_size + bx * tail_size;
c[Cstart + ty * n + tx] = sum;



YMHOXeHue matpuy,

GeForce GTX 680

Tailed version
CUDA kernel launch with 1024 (32 32)
blocks of 1024 (32 32) threads
CPU version (sec.): 3.517567
GPU version (sec.): 0.009149
Memory ops. (sec.): ©.002338
Memory bw. (MiB/sec.): 5133.26
CPU GFLOPS: 0.61
GPU GFLOPS: 234.72
Speedup: 384.47
Speedup (with mem ops.): 306.23

Naive version
CUDA kernel launch with 1024 (32 32)
blocks of 1024 (32 32) threads
CPU version (sec.): 2.824214
GPU version (sec.): 0.023105
Memory ops. (sec.): 0.002345
Memory bw. (MiB/sec.): 5117.08
CPU GFLOPS: 0.76
GPU GFLOPS: 92.94
Speedup: 122.23
Speedup (with mem ops.): 110.97

x2.5

GeForce GT 630

Tailed version
CUDA kernel launch with 1024 (32 32)
blocks of 1024 (32 32) threads
CPU version (sec.): 3.009662
GPU version (sec.): 0.089633
Memory ops. (sec.): 0.002516
Memory bw. (MiB/sec.): 4769.42
CPU GFLOPS: 0.71
GPU GFLOPS: 23.96
Speedup: 33.58
Speedup (with mem ops.): 32.66

Naive version
CUDA kernel launch with 1024 (32 32)
blocks of 1024 (32 32) threads
CPU version (sec.): 3.101753
GPU version (sec.): 0.254254
Memory ops. (sec.): 0.002534
Memory bw. (MiB/sec.): 4735.76
CPU GFLOPS: 0.69
GPU GFLOPS: 8.45
Speedup: 12.20
Speedup (with mem ops.): 12.08

x2.8



