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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)



GPU-noacucrema Knacrepa oak.cpct.sibsutis.ru

oak.cpct.sibsutis.ru
(NUMA: 2 x Intel Quad Xeon E5620,
RAM 24 GiB, CentOS 6.5 x86_64)

(NUMA: 2 x Intel Quad Xeon E5620,
RAM 24 GiB, CentOS 6.5 x86_64)

Gigabit Ethernet cnl Infiniband QDR
(D-Link DGS-1224T) (NUMA: 2 x Intel Quad Xeon E5620, = (Mellanox InfiniScale
RAM 24 GiB, CentOS 6.5 x86_64) IV 1S5030 QDR)
cn6

cngpul

System board: ASUS 7Z97-A

CPU: Intel Core i5-4690

(Haswell, Quad core, PCI Express 3.0)

RAM: 8 GiB DDR3 1333 MHz (2 x 4 GiB)
GPU: GeForce GTX 680

(Kepler, RAM 2 GiB GDDR 5, 1536 cores)
OS: Fedora 22 x86_64 (gcc 5.1.1), CUDA 7.5

cngpu2

System board: ASUS Z97-A

CPU: Intel Core i5-4690

(Haswell, Quad core, PCI Express 3.0)

RAM: 8 GiB DDR3 1333 MHz (2 x 4 GiB)
GPU: GeForce GT 630

(Kepler, RAM 2 GiB DDR 3, 192 cores)

OS: Fedora 22 x86_64 (gcc 5.1.1), CUDA 7.5

cngpu3

= System board: ASUS 797-A
= CPU: Intel Core i5-4690
(Haswell, Quad core, PCI Express 3.0)
= RAM: 8 GiB DDR3 1333 MHz (2 x 4 GiB)
= GPU: GeForce GTS 250
(Tesla, RAM 1 GiB, 128 cores)
= OS: Fedora 22 x86_64 (gcc 5.1.1), CUDA 6.5



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



GPU-noacucrema Knacrepa oak.cpct.sibsutis.ru

oak.cpct.sibsutis.ru Gigabit Ethernet cnl Infiniband QDR
(NUMA: 2 x Intel Quad Xeon E5620, ™" (p_|ink DGS-1224T) (NUMA: 2 x Intel Quad Xeon E5620, — (MellanoxInfiniScale
RAM 24 GiB, CentOS 6.5 x86_64) RAM 24 GiB, CentOS 6.5 x86_64) IV'1S5030 QDR)
N —— I
, cnb6
1. 3aXO,£I,MM no SSH Ha K1acCTep Oak —— (NUMA: 2 x Intel Quad Xeon E5620,

I
: RAM 24 GiB, CentOS 6.5 x86_64)
|

S ssh user@oak.cpct.sibsutis.ru

2. 3axoanm no SSH Ha oanH n3 GPU-y3n08B:
S ssh user@cngpul

cngpul cngpu2 cngpu3
= System board: ASUS Z97-A = System board: ASUS Z97-A = System board: ASUS 797-A
= CPU: Intel Core i5-4690 = CPU: Intel Core i5-4690 = CPU: Intel Core i5-4690
(Haswell, Quad core, PCI Express 3.0) (Haswell, Quad core, PCI Express 3.0) (Haswell, Quad core, PCI Express 3.0)
= RAM: 8 GiB DDR3 1333 MHz (2 x 4 GiB) = RAM: 8 GiB DDR3 1333 MHz (2 x 4 GiB) = RAM: 8 GiB DDR3 1333 MHz (2 x 4 GiB)
= GPU: GeForce GTX 680 = GPU: GeForce GT 630 = GPU: GeForce GTS 250
(Kepler, RAM 2 GiB GDDR 5, 1536 cores) (Kepler, RAM 2 GiB DDR 3, 192 cores) (Tesla, RAM 1 GiB, 128 cores)

= OS: Fedora 22 x86_64 (gcc 5.1.1), CUDA 7.5 = OS: Fedora 22 x86_64 (gcc 5.1.1), CUDA 7.5 = OS: Fedora 22 x86_64 (gcc 5.1.1), CUDA 6.5



CUDA Hello World

MogknwyaemcA no SSH k y3ny ¢ GPU: cngpul, cngpu2 umam cngpu3
ssh userl@cngpul

# Komnunauma CUDA-nporpammbl
$ nvcc -o hello ./hello.cu

# lMoaroToBKa mnacnopTa 3ajdayn anAa cucrtemol odvyepegpen SLURM
$ cat ./task.job
#!/bin/bash

#SBATCH --job-name=MyCUDAJob

./hello

# 3anycKk 3ajayn 4epe3s cuctemy odepeneun SLURM
$ sbatch ./task.job

Submitted batch job 75

$ cat ./slurm-75.out
Hello, CUDA World!




NVIDIA GeForce 680 (GK104, Kepler microarch.)

PCI Express 3.0 Host Interface

4 Graphics Processing Clusters (GPC)

2 Streaming MUltipI"OCQSSOF (SMX)

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

Memory Controller
Jajjonuog Mowapy

P T

Bl
—_—
C

FP Unit INT Unit

Memory Controller
Jajjonuon Aoway

ShiX
i

SMx S

T4
Raster Engine

GPC

S

SMX )
8-
i r
PC

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

UHPopmauma 06 yctpouctse (cngpul)

./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
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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



3aAaHuA

MoakntounTbea K Knactepy oak.cpct.sibsutis.ru n 3amtm Ha ntobon ns GPU-y3nos

CKoMNMAnMpoBaTb U 3anNyCTUTb Yepe3 cuctemy odyepeaen npumep addvec prof
(/home/pub/)

Moaundpunumposatb npumep addvec_prof gna paboTbl c maccmBamum Trna double.
OueHUTb NPOU3BOAUTENBHOCTb MPOrPaMMbl.

Peannsosatb CUDA-Bepcuto dpyHKumm SAXPY (y; = a - x; + y;)

__global  void saxpy(float *x, float *y, float a, int n)



