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* Ta oUyxpova cuoTHUaTa givat TTAEOV ETEPOYEVN.

* [1.x. TtavtoU UTtApPXEL KAl Evag ouV-eTIECEPYATTNS (CO-processor) N €vag
eTITaxuvtng (accelerator) f pia kapta ypagikwv (GPU)

* E1dikd ot GPU eivai tAéov GPGPU (General-purpose GPU)
* MTopoUV va EKTEAETOUV YEVIKOTEPOU OKOTIOU TIpOypAUaTd, TiEpa amod autd
NG YpAWIKNG eTteepyaaiag
+ «KateBaloupe» kwodika otnv GPU
* Tov ekteAei n GPU (bev {wypa@ilel kati otnv 086vn Ttpopavwg)
* Maipvoupe Ta amoteAéopata

Etepoyeveix

* Y€ apKeTOoUg TUTIouG UTtoAoytopwv ot GPUs kat yevikotepa ol
ETTITAXUVTEG VAl TAXUTEPOI ATIO TOUC KEVTPIKOUG ETTEEEPYATTEC

PARALLEL
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GIPUs: opyavwon
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* Mpokelpévou va avatapaxBei pia 3A oknvi otnv 08dvn, uTtdpxet pia
OElpd eTIESEPYATLWV TIOU ATTAlTOUVTAL, TTOU OVOUA{ovTal GUVOALIKA

graphics pipeline.
* Kdamoleg attd (oxedov OAEG) TIG eTteSEpYATiEC AUTEG TIG UAOTIOLOUV OTO

hardware ot kapteg ypagikwyv (GPUs)
* XovOpIKO, atthoTtotnévo dlaypappa:

GPPU history:
Graphics pipeline C o (]
&
e
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TEXTURE
MEMORY
VERTEX
BUFFER

FRAME
- —eae-

* H oknvn Tteplypa@etal amo Kopueg (vertices) atov 3A xwpo

: : * To TtpWTO 0TASLO TIAlPVEL KOPUWPEG, TIG
GPU hIStOI'y. eneEepyaZ&tat/ueraoxr] uattZsl/(pooTlZEl/&va ucpsg KCllT[ClpClyEl
AEIToupyic GUVOAO TPpLywvwv. ETtiong kavet tpoBoAr tn oknvrig arto tov 3A Xwpo

0€ aTelkovion otov 2A Xwpo [ vertex shaders]

* To deUtepo 0TAdI0 XPNOLUOTIOLEL pla «KAVVAB0» WOTE 0 GUVEXAG XWPOS
va YPneplomoinBei oe tetpaywvidia (fragments) — kabe fragment teAikd
Oa amotuttwBei oe 1 pixel atnv 006V

* To tpito otddio emeSepyaletal/petaoynuatilel/pwtilel/divel
upég/uttohoyilel opatotnteg ota fragments kat tapdyel tnv €000 wg 1
pixel / fragment pe ouykekplpévo TeAko xpwpa. [ fragment shaders]

PARALLEL
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TEXTURE
MEMORY

VERTEX
BUFFER
> > S FRAME

* ApxIKd: fixed-function pipeline
* Ot Aettoupyieg kal To UALKO o€ kdBe atddio ntav pokaboplopéva (Tr.x. yia
GPU hiStOl'y: PWTIOUO TNG oKNVAG) — ot shaders Ntav kukAwpata e1d1kou okoTou.
, * To TTOAU-TTOAU va uTtripxe pikpn ettihoyn amo fixed Asitoupyieg
/\eItoupyic X

* Metémetta: programmable pipeline

* Oushaders €ywvav pivi eme€epyaotég Kal ptopoloayv va EKTEAETOUV
ottotadnmote akoAouBia evioAwv emtdvw o€ pia kopupn (vertex shader) i oe
éva fragment (fragment/pixel shader).

* O TtpoypappatioTng ypagel kwdika (t.x. o€ HLSL, GLSL, Cg), Tov «katefalew»
o€ évav shader kal otn ouvéxela o kwolkag ekteAsital yia kabe dedopévo Ttou
TIEPVAEL ATIO AUTOV.
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* MeyEbn dedopévwy
* Kopupég: ekatoppupla, floating point
* Pixels: dioekatoppupia, fixed point

* Motpaia, ot shaders éyivav moAAoi o€ kA otadio:
* TIOAAATIAEG pikpEG Kat amtAég CPU (ALU Baaoikd) Ttou pttopoucav va Kavouv

: TIPASELS
GPu hIStOI'y: * ekTeAOUV ToV (810 «katefaopévo» Kwoilka Tautdxpova oe SlapopeTikd
/\El'[OU pvio( vertices/pixels (SIMD!!)

* TtapdAAnAa =>tayutepa

* Kat, TeAikd, @taoape otnv evomoinon (unified shaders) 6ttou £xoupe
£va guvolo atto idteg pikpeg CPU ttou pttopouv va xpnotpototnfouv
o€ ottolodnTote atddio tou pipeline (dnA. eite wg vertex ite wg
fragment shaders)

* Yuv karotog scheduler rou eTtiAéyel tota Ba xpnoipotoinBei ou kat tote

PARALLEL
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GPPU history:
H ook 1I0eX YIX

vevikn xpnon (GP)
dioag GPPU
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* GPGPUs:
* Katéfaopa kwdika (Ln-ypa@ikng) epappoyns otoug shaders
* Tpo@odoaia pe dedopéva (WG «kkopUPES» /KAl UPEQ)
* AmtoteAéopata otov frame buffer

* Me avtiypa@r Twv amoTeEAEOUATWY OTN LVAN UPWV, UTIOPEL va
avatpogodotnBoulv ta amoteAéopata otoug shaders yia tepattépw

emeCepyaoia K.o K.
TEXTURE
MEMORY
VERTEX
BUFFER
S S S FRAME
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* Oa xpnotlpotolnooupe tnv apyltektovikn twv CUDA GPU tng NVIDIA,
aA\d €tol Ttepitou ivat OAeg ot auyypoveg GPU.

* CUDA =Compute Unified Device Architecture (Baoikd evottoinpévot shaders tou
UTIOPOUV VA EKTEAETOUV YEVIKOU GKOTIOU KWOLKA)

* “multiprocessor” i “streaming multiprocessor” (MP r SM):

* TIoAAd pikpd cores (=shaders, TtaAiotepa ovopadovtav Kal “processors” i
“streaming processors”) TTou eKTEAOUV ouyxpoviapéva tny idla evioAn: kabapy
opydvwan SIMD.

*+ KdBe core €xel 01K TOU HIKPN OLWTIKA HvALN (KATaxwpnTEg)

* Ymapyel emiong pikpn (KBs) kowvoxpnotn pvipn avapeoa ota core tou SM
* UTIAPXOUV Kal AAAEG 2 Kolvoxpnoteg cache e181kou akottou (read-only)

A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)



CUDA
architecture: Aopun

evog SIMD
“multiprocessor”
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* To Instruction Unit €xel Tnv eVIOAR TIOoU eKTEAOUV OAoL, Kabévag pe
O1kd Tou dedopéva

* Processor = TtoAU aTtAO core
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CUDA

architecture: Mio
TtAnpng GPU
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GPU =TmoAa multiprocessors +
HVAUN

* Kabe SM eivai ave§aptnro amo 1o
aAAo Kkat puTtopei va ekteAei 61ko Tou
KwOLKA.

* Apa SIMD opydvwan Kal ektéAean povo
EOWTEPIKA 0€ evav SM.,

* H Device Memory givat ouviBwg
peydAn (Gbytes) katxpnotpotoleitat
oX€O0V yla Ta Ttavta

* OtuttoAottteg caches givat yia
ETUTAXUVON TNG TIPOOTIEAATNG OTNV
Device Memory (elval HKPEG OLWG)

* Ta GPUs Oev emevououv og pvipn/caches
aAAd o€ Trdpa moAAd cores - yevika ot
LVALEG TOUG TIPETTEL va BewpouvTal
CPYES.

A8 — LYLTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software) ]



[TapaOEIyHQ:

NVIDIA P40
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GPU 1 NVIDIA Pascal GPU

CUDA Cores 3,840 >
Memory Size 24 GB GDDR5S

H.264 1080p30 streams 24

Max vGPU instances

24 (1 GB Profile)

vGPU Profiles

1GB, 2GB, 3GB, 4GB,
6 GB, 8GB, 12GB, 24 GB

Form Factor

PCle 3.0 Dual Slot
(rack servers)

Power

250 W

Thermal

Passive

30 SMs
128 cores/SM
24 GB device memory

Yto ouotnua parallax

A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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OpenCL platform:

[TapopoIx AoVIKN,
UE XAAN opoAoyic
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host

Yuokeugg = ouvnBwg GPUs,
compute device

aAAd kat n CPU Bswpeitat
/ O'UO'KEUl"l
compute unit

-
- - - Ol ouoKeUEG amoTeAouvTal

amo compute units (=
|t 1: .
Sk St avtioTolyo Tou streaming

<«
- - - multiprocessor tng CUDA)

.L_
.L_

Ta compute units amoteAouval
ouvnBwg amo ouyxpoviopéva
(SIMD) processing elements

(= avtioToto tou core/processor
g CUDA)

A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)



Compute Device

Compute unit 7 Compute unit N
Private Private Private Private
memory 1 memory memory 7 memory M

y i F Local: avtiotoixn tng

7 4 shared memory otnv

OpenCL memory: memeay 1 memeny ¥ | CUDA
I_I O(po ” O I a )\OVI I(nl Global/Constant Memory Data Cache

€ &XAAN opoAovic i I
” n p V Global: avtiotoixn
Global Memory < Tng(kﬂﬁcerneqnory
4 otnv CUDA
Constant Memory
Compute Device Memory
PARALLEL
PROCESSING A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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GIPUs: TtpoypOHUOTIONOGC

Lower-level: OpenCL, CUDA

PARALLEL
PROCESSING A8 — LYLTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software) 15
GROUP




[lopaOEIyHO —

OpenCL Ko
CUDA
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* Hmapakdtw ouvdaptnon (“kernel”) BéAw va ekteheotei otn GPU:
void saxpy(int n, float a, float *b, float *c)
{

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

* saxpy = Single-precision A times X Plus Y

A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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[1wg yivetal otnv

TIPAEN N EKTEAEDN
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[MoAUTtAokn Kat XpovoBopa dtadikaaoia
1. Mpemnetva petagpepbouv otnv GPU ta 6edopéva (n, a, b kat c)

*  Aevapkeivaiepdoouie deikteg! Mpémel va petapepBouv Ta TTEPLEXOUEVA TWV
Stavuopdatwv (* ektog av uttootnpiletal evortoinpévn pvapn petau host kat device...)

2. 'Emelta mpETel va ekteAeoTel 0 kwoikag tng ouvaptnong (kernel) otnv GPU -
“offloading”
* Aevéyouv (dla yhwooa pnxavng n CPU katn GPU...

Mpémelva petagpaotei Sexwplotd o kernel eite tpokatafoAikd eite Tnv wpa Tng
ektéleong (JIT)...

Mpémelva petagepbei o kwdikag tou atnv GPU

3. Avapovn HEXpLVa EKTEAEOTEL 0 KWOLKAG KAl TN CUVEXELA LETAPOPA TWV
ATIOTEAECUATWV aTto T pvAipn tng GPU

A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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#include <stdio.h>
#include <stdlib.h>
#include <CL/cl.h>
#define VECTOR_SIZE 1024

// OpenCL kernel which is run for every work item created.
const char *saxpy =

"__kernel \n"
"void saxpy(float a, \n"
" __global float *b, \n"
" __global float *c \n"
"{ \n"
" //Get the index of the work-item \n"
" int i = get_global _id(®); \n"
" c[i] = a * b[i] + c[i]; \n"
"} \n";

int main(void) {
int i;
// Allocate space for vectors b and c in the host
float a = 2.0f;
float *b = (float*)malloc(sizeof(float)*VECTOR_SIZE);
float *c = (float*)malloc(sizeof(float)*VECTOR_SIZE);
for(i = ©; i < VECTOR_SIZE; i++) {
b[i] = i;
c[i] = VECTOR_SIZE - i;
¥

// Get platform and device information

cl_platform_id * platforms = NULL;

cl_uint num_platforms;

//Set up the Platform

cl_int clStatus = clGetPlatformIDs(®, NULL, &num_platforms);

platforms = (cl_platform_id *) malloc(sizeof(cl_platform_id)*num_platforms);
clStatus = clGetPlatformIDs(num_platforms, platforms, NULL);

Find the
device

//Get the devices list and choose the device you want to run on
cl_device_id *device_list = NULL;
cl_uint num_devices;

Create context

clStatus = clGetDeviceIDs( platforms[©], CL_DEVICE_TYPE_GPU, ©,NULL, &num_devices); ar1d.QIielle

device_list = (cl_device_id *) malloc(sizeof(cl_device_id)*num_devices);
clStatus = clGetDeviceIDs( platforms[@©],CL_DEVICE_TYPE_GPU, num_devices, device_list, NULL);

// Create one OpenCL context for each device in the platform
cl_context context;

context = clCreateContext( NULL, num_devices, device_list, NULL, NULL, &clStatus);
Allocate memory

@ device for b, c

// Create a command queue
cl_command_queue command_queue = clCreateCommandQueue(context, device_list[@], 0, &clStatus);

// Create memory buffers on the device for each vector
cl_mem b_clmem = clCreateBuffer(context, CL_MEM_READ_ONLY, VECTOR_SIZE * sizeof(float), NULL, &clStatus);
cl_mem c_clmem = clCreateBuffer(context, CL_MEM_READ_WRITE,VECTOR_SIZE * sizeof(float), NULL, &clStatus);

[ Copy b, c to device memory

// Copy the Buffer b and c to the device

clStatus = clEnqueueWriteBuffer(command_queue, b_clmem, CL_TRUE, ©, VECTOR_SIZE * sizeof(float), a, 0,
NULL, NULL);

clStatus = clEnqueueWriteBuffer(command_queue, c_clmem, CL_TRUE, ©, VECTOR_SIZE * sizeof(float), b, 0,
NULL, NULL);

// Create a program from the kernel source
cl_program program = clCreateProgramWithSource(context, 1, &saxpy_kernel, NULL, &clStatus);

// Build the program

r kernel
clStatus = clBuildProgram(program, 1, device_list, NULL, NULL, NULL); C eate kerne

inar mpil
// Create the OpenCL kernel b ary (CO p e) )

cl_kernel kernel = clCreateKernel(program, "saxpy_kernel", &clStatus);

// Set the arguments of the kernel Set kernel
clstatus = clSetKernelArg(kernel, @, sizeof(float), (void *)&a); arguments
clStatus = clSetKernelArg(kernel, 1, sizeof(cl_mem), (void *)&b_clmem); J
clStatus = clSetKernelArg(kernel, 2, sizeof(cl_mem), (void *)&c_clmem); N
// Execute the OpenCL kernel on the list Execute kernel

J

iy

size_t global_size = VECTOR_SIZE; // Process the entire lists

size_t local_size = 64; // Process one item at a time

clStatus = clEnqueueNDRangeKernel(command_queue, kernel, 1, NULL, &global_size, &local_size, 9o,
NULL, NULL);

// Read the cl memory c_clmem on device to the host variable ¢
clStatus = clEnqueueReadBuffer(command_queue, c_clmem, CL_TRUE, ©, VECTOR_SIZE*sizeof(float), c, O,
NULL, NULL);

// Clean up and wait for all the commands to complete.
clStatus = clFlush(command_queue);
clStatus = clFinish(command_queue);

Copy result ()
from device

// Display the result to the screen
for(i = @; i < VECTOR_SIZE; i++)
printf("%f * %f + %f = %f\n", a, b[i], VECTOR_SIZE - i, c[i]);

// Finally release all OpenCL allocated objects and host buffers.
clReleaseKernel(kernel);
clReleaseProgram(program);
clReleaseMemObject(b_clmem);
clReleaseMemObject(c_clmem);
clReleaseCommandQueue (command_queue);
clReleaseContext(context);

free(b);

free(c);

free(platforms);

free(device_list);

return 0;

L A

Cleanup ]

A8 — ZYITHMATA KAI AOTZMIKO YWHAQN ETMIAOZEQN (High Performance Systems and Software) 18
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Create and
execute kernel

#include <stdio.h> m
__global__

void saxpy(int n, float a, float *b, float *c)

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

}

int main(void)
{
int N = 1024;
float a = 2.0f;
float *b, *c, *d_b, *d_c;
b = (float*)malloc(N*sizeof(float));
¢ = (float*)malloc(N*sizeof(float));

Allocate memory
@ device forb, c

cudaMalloc(&d_b, N*sizeof(float));
cudaMalloc(&d_c, N*sizeof(float));

for (int i = @; 1 < N; i++) {

bli] = i; :
c[i] = N-i; [ Copy b, cto devw&]
}

cudaMemcpy(d_b, b, N*sizeof(float), cudaMemcpyHostToDevice);
cudaMemcpy(d_c, c, N*sizeof(float), cudaMemcpyHostToDevice);

// Perform SAXPY on 1M elements
saxpy<<<1024, 256>>>(N, a, d_b, d_c);

cudaMemcpy(c, d_c, N*sizeof(float), cudaMemcpyDeviceToHost);

float maxError = 0.0f; Copy result (c)
for (int i = @; 1 < N; i++) .
maxError = max(maxError, abs(c[i]-(a*i+N-i))); from device

|

printf("Max error: %f\n", maxError);

cudaFree(d_b);
cudaFree(d_c); Cl
free(b); eanup

free(c);

Eivai ehappd tpottotoinpévn C

obal kattov Kwolka Ttou Ba

‘Exel féoa toug kernels (cuvaptnoelg
__B.C
eKTEAETELO host.

Aécpsuolifd)pou OTNOUOKEUN
(cudaMalloc), petagpopd dedopévwy

4

0Tn ouokeun (cudaMemcpy)
Offloading (saxpy<<< .. >>>)

MeTapopa amoTeAETUATWY ato T
OUOKEUN

Mikpotepog kwoikag atod tnv OpenCL (n
ottola TtpooTtaBei va givat eVIEAWG YeVIKN)
Kalva SoUAeUel Oyt povo yia GPUs)

*av opwg uttapyouv >1GPUs, xpeladetat
KwdLkag va eTiAexBel n cuokeun aia-
OpenCL

Compile pe nvee (NVidia compiler)

* TtapdyeTal éva KOPUATI TIOU EKTEAEL O
host kat ot kernels Ttou ekteAei n GPU.

A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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* O kernel ekteAeitat amo (TtoAAd) CUDA threads
* ‘OAa ta vijpata ekteAouv tov id1o kernel

* Ta vApata opadototovvtat o Aoyika blocks
* Ta blocks opadottolotvtal o€ €va Aoyiko grid
* Emopévwg, évag kernel teAikad exteAeital amd éva grid amd blocks amd

threads.
CUDA -
TIPOYPAHUHATIOTIKO * TomtAnBog twv block tou Ba €xet 1o grid (1024), kat to TARB0G Twv
pov'[é)\o threads Ttou Oa éxe1 kabe block (256) divovtal we tapapetpot oTo
offloading:

saxpy<<<1024, 256>>>(N, a, d b, d c);
* TomtAnBog Twv vnudtwv avad block tpémel va eivat < 1024.

* Me Bdon tnv apxitektovikn twv GPU tng NVidia kat yia Adyoug
eTIO00EWV, KAAO givat o mAnboc twv vyudtwv o< kdbe block va sivai
moAAatTAdoio Tou 32.

PARALLEL
PROCESSING A8 — LYLTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software) 20
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CUDA -

TIPOYPOHHOTIOTIKO
HOVTEAO
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* TotAnBog twv block Ttou Ba €xel to grid (1024), kat to Tt}\neog TV
threads tou Ba €xe1 kaBe block (256) divovtal wg TtapdpeTpol oTo
offloading:

saxpy<<<1024, 256>>>(N, a, d b, d c);

* Tevikd, eTTpETETAL N 0pyAvwon Twv threads kat twv block g 1D-3D

oxnuata, d6nAadn, T.x. ta 256 vripata tou block 8a pmopouoav va sivat
£va 3-01aoTato oUvoAo ato 8x8x4 vipata kat ta blocks va sivat
oUvoAo atto 16x8x8 blocks wg e€nc:

dim3 nblk(16,8,8), nthr(8,8,4);
saxpy<<<nblk, nthr>>>(N, a, d_b, d_c);

* Mapott—TdAt—1024 blocks twv 256 threads 1o kaBéva, taipvw TTAEoV

1a id Toug péoa aTo pia TpITAETa, Tr.X. To vAuad 11 eivat to (0,2,3).

* To av eivat opyavwpuéva oe 1D [ 2D /3D eivar yévo Bépa mpoypauypatiotikou

«BoAepatoc» kai Timote dAAo (TT.X. av EXoupe Ttivakeg foAevel n 2D
opydvwaon/apiBunon). Aev emnpedlel Tic emMOO0EIC.

A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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* Méoa oe évav kernel uttdpxet tpooBaon otig e€ng petaPAnTég, ol
oTtoleg eivatl 0Aeg 3D:
+ gridDim —mtoéoa blocks uttapyxouv otnv kabe didotaon (x/y/z) tou grid
* blockDim —mtéoa threads uttdpyouv otnv kabe didotaon (x/y/z) Tou block
* blockldx —index tou block péoa oto grid
* threadldx —index tou thread peoa oto block

__global  void saxpy(int n, float a, float *b, float *c)
{
int i = blockIdx.x*blockDim.x + threadIdx.x; /* 1D */

if (1 < n) c[i] = a*b[i] + c[i];

}

* ‘B0, TL.Y. 0Tn yevikn TtepiTtwon av OéAape va Bpoupe to (global)

thread ID evdg viuatog otav o kernel kAnOnke pe 3D oxnua, 6a eixape:

int globalThreadID = (threadIdx.z*blockDim.y + threadIdx.y)*blockDim.x
+ threadIdx.x;

A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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CUDA - povtého

EKTEAEONG
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* 'Eva CUDA thread ekteAeital ato €va core
* 'Eva mpoypappatiotiko block avatifetal og éva SM yia ektéAean.
* Ta SMs ekteloUv ta vrpata tou block avd 32a6eg (“warps”).

* Méoa og €va warp ta vipata ekteAouvtal cuyxpoviopéva (SIMD
EKTEAEDN)
* Mpoooxr ota branches!! (emdopevy diagdveia)

A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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CUDA - povtého

EKTEAEONG
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* Agpou 0Aa ta cores ekteAouv TNV idla evtoAn (SIMD), Ttwg ekteAeital o
Ttapakdatw kwowkag otnv GPU;

ce /* Kwdikag peoca otov kernel */
if (<condition>)

<A>
else

<B>

* Attavtnon:
* AUOTUXWG OELPLOTIOLOUVTAL Ol TIEPLOXEG <A> Kat <B>
* ‘Ooa cores oto <condition> Bydlouv FALSE attevepyoTtotouvtal— kat OAa ta dAAa
ekTEAOUV TO <A>

* YTV oUuvEXELA aTtEVEpyoTIotouvTal 0oa cores £xouv <condition> TRUE —kat 6Aa ta
AaA\a ektelouyv 1o <B>

* Apa peiwon Ttwv emodoEwY — TIPETIEL VA ATIOPEUYOVTAL TA TTOAAd branches kat 6tav
oupBaivouvva gival €101 SlApopPWUEVA WOTE va pnv oupfaivouv ouyvd péoa oto
i0lo warp (attopuyn “warp divergence”).
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MovTtEAOo UVAHNG

VIO TouG Rernels

PARALLEL
PROCESSING
GROUP

Mapéxetal amno tnv shared memory
tou SM. MN.x. dnAwaon:

__shared___ int x;

Mapéxetat amo tnv device memory
NG Kaptag. Ekel pmaivouv m.y. 1a
opiopata tou kernel. MN.x. dnAwaon:

__device  int x;

Mapéxetatl amo tnv device memory
NG KApTag emiong (=>apyn!!).

Exkel umtaivouv autopata ToTILKES
HETABANTEG EVOG VA HATOG TTOU Oev
XWpPoUV 0ToUG registers.

Mapéxetal amo tnv device memory

ToU SM (6pwg cached). M.x. dnAwon:

__constant__ int x = 1;
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[lapEvOeonN:

opoAoyia OpenCL

PARALLEL
PROCESSING
GROUP

CUDA

Thread

Block

Grid

Thread index
Thread ID
Warp (32)

OpenCL

Work item
Work group
NDRange
Local ID
Global ID

Wavefront (32/64 yia AMD,

8/16/32 yia Intel)
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GIPUs: TtpoypOHUOTIONOGC

Higher-level: OpenMP
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Me OpenMP

PARALLEL
PROCESSING
GROUP

+ Aiyotio armha ©

void saxpy(int n, float a, float *b, float *c)
{
#pragma omp target map(to: a,b[@:n]) map(tofrom: c[0:n])
for (int i = 0; 1 < n; ++i)
c[i] = a*b[i] + c[i];

* Kal utopw va xpnoLloTolow Kat ta TtoAAd cores twv GPU:

void saxpy(int n, float a, float *b, float *c)
{
#pragma omp target map(to: a,b[@:n]) map(tofrom: c[0@:n])
#pragma omp parallel for
for (int 1 = 0; 1 < n; ++1i)
c[i] = a*b[i] + c[i];
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*map(to:x,y) -->
- map(from:x,y) -->
* map(tofrom:x,y) -->
* map(alloc:x,y) -->

LETAPOPES OEOOUEVWV

PARALLEL

* [a avtiotoixlon/petapopd twv dedopévwy petalu host kat device

0 host 4ovo oTEAVEI OTH OUOKEUN TA X,y

0 host povo AapBdver atrd T CUGKEUN Ta X,y
Kal Ta 0Uo

Td X,y 0gv aTéAvovtal kal Ogv AauPdvovtal

* Ta dedopéva petapépovtal Tpv «kateBe» o kwoikag (“offloading” otn
OUOKEUN) aAAd Kal HETA TO TTEPAG TNG EKTEAEDNG

* Av n ouokeun kat o host €xouv kowvr pvAun, Bavwg dev amattovvtal

PROCESSING A8 — ZYZTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software)
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ATTIOPUYN

TTOAAOTTAWYV
HETOPOPWV

PARALLEL
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* Av €xoupe TtoAAattAoug kernels kat kaTola dedopEva Trou yeipidovtat eivat

KOLVd, UTTOPOULLE VA ATIOPUYOULLE TIG TIOAAATIAEG LETAPOPES E TNV 0dnyia
target data

#pragma omp target data map(to: a,b[0:n])
{
printf("lauching 1st kernel\n"); /* Host code */
#pragma omp target map(tofrom: c[@:n])
for (int i = @; i < n; ++1)
c[i] = a*b[i] + c[i];

printf("lauching 2nd kernel\n"); /* Host code */
/* a and b are already there! */
#pragma omp target map(tofrom: d[@:n])
for (int i = @0; i < n; ++1)
d[i] = a*b[i] + d[i];
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- Odnyia declare target

* Opilel global petafAntég Kal ouVApPTOELG TIOU TIPETIEL VA UTIAPYOUV KAl OTH
OUOKEUN

- Odnyia target update

* O host putopei va evnpepwVeL pntd KATIOLEG LETAPANTEG ATIO/TTPOG TN
OUOKEUN, EKTOG TteploXwv target.

AAAEG AeITOUpPYiEG * Odnyia teams
* Xwpidel ta cores NG CUOKEUNG 0€ OUAdEG Kal BETeL 1 o€ KABe opdda wg apxnyo
* Oényia distribute
* Moipddel tig eTtavaAnyelg evog for atoug apyxnyous Twv opdadwv
* Av peta akoAouBei kat odnyia parallel for, ol emtavaAnyeig ou TtEpToUV o€
KaBe opdada, extedolvtal TapdAAnAa amo oAa Ta vipata tTng opadag

© KATT
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PROCESSING A8 — LYLTHMATA KAI AOTZMIKO YWHAQN EMIAOZEQN (High Performance Systems and Software) 31
GROUP




Updates
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* Av exoupe toMarAoug kernels kat kattola dedopéva Trou xelpidovtat eivat ko,
UTIOPOUE Va aTto@UYOUUE TIG TIOAAATIAEG LETAPOPES He TV odnyia target data

#pragma omp target data map(to: a,b[0:n])

{
#pragma omp target map(tofrom: c[0@:n])
for (int 1 = 0; 1 < n; ++1i)
c[i] = a*b[i] + c[i];
a *= 2; /* larger a */
#pragma omp target update to(a) /* send new value to device */
/* a and b are already there! */
#pragma omp target map(tofrom: d[@:n])
for (int i = 0; i < n; ++1i)
d[i] = a*b[i] + d[i];
}
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* ‘Otav otoxevoupe oe ouokeugg GPU, yia tn dtapoipaon emavaAfewy
ouvnBidetal nxpron tng odnyiag target teams distribute
parallel for

* Huto-o6nyia target teams distribute apyikaBa
target teams dnuioupynoet Evav aptbuo amo opddss kat 8a diapolpAcel Tig

distribute parallel £TIAVAAAWELC GTOUC apXNyoUC
for * Otopadeg iooduvapouyv pe ta “CUDA blocks”

* Huto-odnyia parallel for Badnuioupynoet éva Anbogvnudtwy
ava opdda kat ta vrijpata Oa ekteAéoouv TtapdAAnAa tig eTavainyelg

TWV ApPXNYWV TOUG
* TavApata twv opdadwy tooduvapouy pe ta vipata twv CUDA blocks

PARALLEL
PROCESSING 33
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MEUOVWEVEG,

EHPWAEUIEVEG
oONYIEg
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#pragma omp target map(to: a,b[@:n]) map(tofrom: c[0:n])
{

#pragma omp teams

{

#pragma omp distribute

{
#pragma omp parallel for

for (int i = 0; i < n; ++i)
c[i] = a*b[i] + c[i];
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[ Anpioupyei éva TARBog CUDA blocks Anpioupyei éva TABog CUDA threads ]

ZUV6%JO(O'|JEVF| #pragma omp|target teams [distribute|parallel| for \
05r]VIO( map(to: a,b[@:n]) map(tofrom: c[0:n])

o) Op&OEG - for (int i = @; i < n; ++i)
Vr’“JO(TO( c[i] = a*b[i] + c[i];
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[ 1°¢ diapoipaoudc: Apxnyoi Twv blocks [ 2°5 diapoipacudc: Njuata Tou KéBe block

Zuvauo(o'uévn #pragma omp target teams [distribute]parallel [for| \
- map(to: a,b[@:n]) map(tofrom: c[@:n])
05”\/'0( for (int 1 = 0; i < n; ++1)

3) ETtavaAnyeig c[i] = a*b[i] + c[i];
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Compilers ko

high-level
offloading

PARALLEL
PROCESSING
GROUP

* Ymtootnpién amnod GCC, Clang/LLVM

* Npémetva éxelyivel build o compiler pe e1dika flags (o1 ouvnBeig eykataotaoelg
Toug dev tapeyouv offloading)

* Amtartouvtat e1dika flags katd tn peTdgppacn Tou Tipoypd L LaTog TOU XpHRaoTh

* GCC: -fopenmp -foffload=<target> -foffload-options-=..
(target=nNvptx-none ) amdgcn-amdhsa)
- Clang:: -fopenmp -fopenmp-targets=<target> ..
(target=nNvptx64-nvidia-cuda f amdgcn-amd-amdhsa)
* Ta NVIDIA GPUs kat o mpoogata yia AMD GPUs

* O OMPi tapéyxel evowpatwpévn uttootnptén NVIDIA GPUs (AMD ocovouTiw)

* Mpoopata o véog petagppaatng nve (0xt o nvee) Tng NVIDIA uttootnpidel
OpenMP offloading oe vedtepeg GPUs tng

* Ymootrpt&n OpenACC — ki auto pe 0dnyieg #pragma TiapOUOLEG LE TO
OpenMP Opwg 01 TO00 YeVIKO 600 10 OpenMP, pe TtANpn «e§eldikeuan» o€
GPUs kat 0x1 tooo yia tnv CPU.

* Tlo attAég 0dnyieg yia offloading
* Npoo@Epel eUKOAIEG TIANPWG AUTOUATNG TtapaAAnAoTtoinong kamolwv loops
* Ymootnpidetal Baoikd amod kamoleg etalpeieg (kupiwg NVIDIA)
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