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MHoronpoueccopHble CMCTEMbI C 06LLLEN NaMATbLIO

SMP-cucrembl

Shared memory (RAM)
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Mpoueccopbl SMP-cucTtemMbl MMEOT OAMHAKOBOE BPeMA A0CTYNa K pa3aeiaemon NamaTu:
CMMMETPUYHbIN, 0AHOPOAHbIM AoCcTyN K NnamaTh — Uniform Memory Access (UMA)

CuctemHasn WuHa (system bus, crossbar) — y3koe mecTto, orpaHmn4mBatoLlee Npomn3BoANTE/IbHOCTb
BbIYMCAUTENBHOTO Y313 (MPOLEeCcCcCopbl KOHKYPUPYIOT 3a A0CTYMN K HEN)

Mpobnembl: HM3Kaa macwTabnpyemocTb, obecneyeHmne KOrepeHTHOCTU (COrn1acoBaHHOCTM)
Kel-namaTn NpoLeccopoB U pa3aendemMor NnamaTu



MHoronpoueccopHble CMCTEMbI C 06LLLEN NaMATbLIO

NUMA-cucrembl

Remote access (slow)

7 Local access (fast)
Controller

NUMA (Non-Uniform Memory Architecture) — mHOronpoueccopHas Bbl4MCAUTEIbHAA CUCTEMA
C HEOA4HOPOAHbIM AOCTYMNOM K Pa3aenaemon NamsaTm

Mpoueccopbl crpynnuposaHbl B NUMA-y3bl co cBoel nokanbHoM namaTtbio (NUMA nodes)
Pa3Hoe Bpema aoctyna K nokanbHon namat NUMA-y3na (NUMA-node) n namaTtn apyroro y3na
Bonbluaa macwtabnpyemocTb No cpaBHeHUO ¢ SMP-cnuctemamm

Mpobnembl: obecneyeHme KOrepeHTHOCTUN Kell-NamaTy NPOLLECCOPOB



[lpouecchbl U NOTOKK

Ctek notoka 0

Kyua (heap)
(AMHamMMyecku Bblaenaemas namaTb: malloc/free)

O61acTb HEMHULMANN3UPOBAHHLIX AaHHbIX (BSS)
(rnobanbHble HEMHULMANN3MPOBAHHbIE NEPEMEHHDbIE)

O61acTb UHNLUMANN3NPOBAHHbIX AaHHBIX (Data)
(rnobanbHble MHMLMANM3NPOBAHHbIE NEePEeMEHHbIEe)

NMoToK O

int fun()
{

}

/] ..

// Uninitialized data (BSS)
int sum[1@0]; // BSS

// Initialized data (Data)
float grid[100][100] = {1.0};

int main()

{
// Local variable (stack)
double s = 0.0;
// Allocate from the heap
float *x = malloc(1000);
/] ...
free(x);

}



[lpouecchbl U NOTOKK

Ctek notoka 0

Crek noToKa 1

CrteknotokaN-1

Kyua (heap)
(AMHamMMyecku Bblaenaemas namaTb: malloc/free)

O61acTb HEMHULMANN3UPOBAHHLIX AaHHbIX (BSS)
(rnobanbHble HEMHULMANN3MPOBAHHbIE NEPEMEHHDbIE)

O61acTb UHNLUMANN3NPOBAHHbIX AaHHBIX (Data)
(rnobanbHble MHMLMANM3NPOBAHHbIE NEePEeMEHHbIEe)

MoTok O MoTok 1 MoTok N-1
int fun() int fun() int fun()
{ { 00 {
/] .. /] .. /] ..

} } }

// Uninitialized data (BSS)
int sum[1@0]; // BSS

// Initialized data (Data)
float grid[100][100] = {1.0};

int main()

{

// Local variable (stack)
double s = 0.0;

// Allocate from the heap
float *x = malloc(1000);

I ooc

free(x);



CpeacTtBa MHOMONOTOYHOrO NPOrpaMMUpPOBaHMUA

YpoBeHb
nonb3oBsaTena
(User space)

YpoBeHb aapa
(Kernel space)

MpuknagHbie 6UbANoTEKM A3bIKKM NporpammupoBaHuA
» Intel Threading Building Blocks (TBB) = OpenMP = C# Threads
= Microsoft Concurrency Runtime (C/C++/Fortran) = Java Threads
= Apple Grand Central Dispatch = Intel Cilk Plus = Erlang Threads
= Boost Threads = C++11 Threads = Haskell Threads
= Qthread, MassiveThreads = C11 Threads

CuctemHblie 6ubnnortekn (System libraries)

POSIX Threads Win32 API/.NET Threads Apple OS X Cocoa, Pthreads

Thread Thread Thread Thread Thread Thread Thread «e« | Thread

Kernel Kernel Kernel Kernel Kernel Kernel Kernel Kernel
thread thread thread thread thread thread thread thread

Process scheduler

Ol'lepaLl,MOHHaFI CUCTEMA
GNU/Linux, Microsoft Windows, Apple OS X, IBM AlX, Oracle Solaris, ...

Hardware (Multi-core processor, SMP/NUMA)

clone()
(Linux syscall)



CraHpapt OpenMP

OpenMP (Open Multi-Processing) — ctaHaapT, onpeaensatowmin Habop AMPEKTUB

KomnunaTopa, bubanoTedHbIX Npoueayp 1 NepemMeHHbIX Cpebl OKPYKeHUsa ANa
CO3aHNA MHOTOMNOTOYHbIX MPOrpamm

= Pa3pabaTbiBaeTcs B pamkax OpenMP Architecture Review Board ¢ 1997 roaa

d OpenMP 2.5 (2005), OpenMP 3.0 (2008), OpenMP 3.1 (2011), OpenMP 4.0 (2013)
O http://www.openmp.org

O http://www.openmp.org/mp-documents/OpenMP4.0.0.pdf

" TpebyeTcs NoAaepHKa CO CTOPOHbI KOMMUAATOPA

OpenVIP


http://www.openmp.org/
http://www.openmp.org/mp-documents/OpenMP4.0.0.pdf

[loaneprKKa KOMNUNATOPaAMU

Compiler Information

Option: —fopenmp

gcc 4.2 —OpenMP 2.5,
GNU GCC gcc 4.4 — OpenMP 3.0,

gcc 4.7 —0penMP 3.1
gcc 4.9 - 0OpenMP 4.0

Clang (LLVM)

OpenMP 3.1

clang + Intel OpenMP RTL
http://clang-omp.github.io/

Intel C/C++, Fortran

OpenMP 4.0
Option: —Qopenmp, —openmp

Oracle Solaris Studio C/C++/Fortran

OpenMP 4.0
Option: —=xopenmp

Microsoft Visual Studio C++

Option: /openmp
OpenMP 2.0 only

Other compilers: IBM XL, PathScale, PGI, Absoft Pro, ...




Mopaenb BbinonHeHUA OpenMP-nporpammel

IuHamun4yeckoe ynpasaeHne notokamu B moaenu Fork-Join:

v' Fork — nopoaeHune HOBOro NoTOKa

v' Join — osknaaHue 3aBepLueHna NoToKa barallel
(0bbegmHeHne NOTOKOB yNpaBaAeHUA) region

OpenMP-nporpamma — COBOKYMHOCTb
nocaefoBaTe/IbHbIX y4acTKOB Koaa (serial code) Barrier
M NapannenbHbix permoHos (parallel region)

KaXabl NOTOK UMeET ormyeckmn Homep: 0, 1, 2, ...

Parallel
[naBHbIN NOTOK (Master) nmeet Homep O region

[MapannenbHble PErmoHbl MOTyT ObiTb BAOKEHHbIMM Barrier



Hello, World

#include <stdio.h>
#include <omp.h>

int main(int argc, char **argv)
{
#pragma omp parallel /* <-- Fork */

{

printf("Hello, multithreaded world: thread %d of %d\n",
omp_get thread num(), omp_get num_threads());

} /* <-- Barrier & join */

return 0;



Komnunayua n 3anyck OpenMP-nporpammeil

$ gcc —-fopenmp -0 hello ./hello.c

$ ./hello

Hello, multithreaded world: thread ©
Hello, multithreaded world: thread 1
Hello, multithreaded world: thread 3
Hello, multithreaded world: thread 2

" [lo yMONYaHUIO KONNYECTBO NOTOKOB B NapaiieNbHOM PErMoHE PaBHO YNUCY
NIOTMYECKUX NPOLLECCOPOB B CUCTEME

" [lopAAoK BbINONHEHUA MOTOKOB 3apaHee HEM3BECTEH — onpeaensaeTcs
NAaHUPOBLLUKOM ONMepaLMoOHHOW CUCTEMBI



YKa3aHue Yyncna NOTOKOB B NapaanesibHbiX PpermoHax

$ export OMP_NUM THREADS=8

$ ./hello

Hello, multithreaded world:
Hello, multithreaded world:
Hello, multithreaded world:
Hello, multithreaded world:
Hello, multithreaded world:
Hello, multithreaded world:
Hello, multithreaded world:
Hello, multithreaded world:

CO OO OO OO OO OO OO OO

1
2
3
0
4
5
6
7/




3aJaHue Yncnaa NOTOKOB B NnapaanesbHOM permoHe

#include <stdio.h>
#include <omp.h>

int main(int argc, char **argv)

{
#pragma omp parallel num_threads(6)
{
printf("Hello, multithreaded world: thread %d of %d\n",
omp _get thread num(), omp _get num threads());
}
return 9;



3aJaHue Yncnaa NOTOKOB B NnapaanesbHOM permoHe

$ export OMP_NUM_THREADS=8

$ ./hello

Hello, multithreaded world: thread
Hello, multithreaded world: thread
Hello, multithreaded world: thread
Hello, multithreaded world: thread
Hello, multithreaded world: thread
Hello, multithreaded world: thread

= [Inpektnea num_threads nmeet npmoputeT Haa 3Ha4YEeHUEM NEePEMEHHOU cpeapbl
oKpy*eHna OMP_NUM _ THREADS



CnNUCOK NOTOKOB NpoLecca

#include <stdio.h>
#include <omp.h>
#include <time.h>

int main(int argc, char **argv)

{
#pragma omp parallel num_threads(6)

{
printf("Hello, multithreaded world: thread %d of %d\n",

omp_get thread num(), omp_get num_threads());

/* Sleep for 30 seconds */
nanosleep(&(struct timespec){.tv _sec = 30}, NULL);

¥

return 9;



CnNUCOK NOTOKOB NpoLecca

$ ./hello &

$ ps -eLo pid,tid,psr,args | grep hello
6157 6157 © ./hello

6157 6158 ./hello Homep npouecca (PID)
6157 6159 ./hello

Homep notoka (TID)
JNornyeckni npoueccop (PSR)

6157 6160 ./hello Ha3BaHwe ucnonHsemoro daiina
6157 6161 ./hello

6157 6162 ./hello

6165 6165 grep hello

= HPopmaLma 0 NOrMUYECKUX NPOLLECCOpPax CUCTEMbI:

O /proc/cpuinfo
d /sys/devices/system/cpu



YMHOXeHue maTpuLpl Ha BekTop (DGEMV)

" TpebyeTca BbIMUCINTL NPOU3BEAEHNE NPAMOYTONbHOM MaTpULbl A paamepa m X n
Ha BeKTop-cTonbeu B pazmepa m X 1 (BLAS Level 2, DGEMV)

mel — Amxn  Bpx1

¢1 ai1 Qq2 A1in b,
C2 az1 4y Aon b
C = A= B = 2
Cm aml amz amn bn



DGEMV: nochenoBaTenbHasa BepcuA

/*
* matrix_vector product: Compute matrix-vector product c[m] = a[m][n] * b[n]
*/
void matrix_vector product(double *a, double *b, double *c, int m, int n)
{
for (int 1 =0; 1 < m; i++) {
c[i] = 90.0;
for (int j = 0; j < n; Jj++)
c[i] += a[i * n + J] * b[]];

Ci:ZZZEEICILi' kv, l 1,2,...,7KL

j=1



DGEMV: nochenoBaTenbHasa BepcuA

void run_serial()

{

double *a, *b, *c;

xmalloc(sizeof(*a) * m * n);
= xmalloc(sizeof(*b) * n);
c = xmalloc(sizeof(*c) * m);

Cc QL
1l

for (int 1 = 0; i < m; i++) {
for (int j = 0; j < n; j++)
al[i *n+ j] =1+ j;

for (int j = 0; j < n; j++)
b[3] = J;

double t = wtime();
matrix_vector product(a, b, c, m, n);
t = wtime() - t;

printf("Elapsed time (serial): %.6f sec.\n", t);
free(a);
free(b);
free(c);



DGEMV: napannenbHas BepcuA

A[m][n] C[m]
B[n]
for (int 1 = 0; i < m; i++) { TpeboBaHuA K NapanienbHOMy anropuTmy

c[i] = 0.0;
for (int j = 0; j < n; Jj++)
c[i] += a[i * n + J] * b[]];

=  MaKkcumanbHad 3dlrpy3Ka noTokoB BbIHNCIEHNAMN

" MI/IHI/IN\yN\ COBMECTHO NCNOJIb3yeEMDbBIX A4eEeK NMaMATN —
He3aBMCMMble 061aCcTH AAHHbIX



DGEMV: napannenbHas BepcuA

Momok 1 Alml[n] C[m]
[Tomok 2
[lomok 3
[lomok 4
B[n]
for (int i = 0; i < m; i++) { PacnapannennsaHue BHeLWHEro LUuKNa
c[i] = 0.0;

= KaxXaom MOTOKRY BblAENAETCA HYaCTb

for (int j = 0; j < n; Jj++) CTPOK MaTpuLbl A

c[i] += a[i * n + J] * b[]J];



DGEMV: napannenbHas BepcuA

/* matrix_vector product omp: Compute matrix-vector product c[m] = a[m][n] * b[n] */
void matrix_vector product omp(double *a, double *b, double *c, int m, int n)

{
#pragma
{
int
int

int
int
int

for

omp parallel

nthreads = omp _get num threads();
threadid = omp_get thread num();
items per_thread = m / nthreads;
1b = threadid * items_per_thread;
ub = (threadid == nthreads - 1) ? (m - 1) : (1b + items per_thread - 1);

(int 1 = 1b; 1 <= ub; i++) {
c[i] = 0.0; Alm][n]

C[m]

for (int j = 0; j < n; Jj++)

c[i] += a[i * n + J] * b[]];

1b

ub




DGEMV: napannenbHas BepcuA

void run_parallel()

{

double *a, *b, *c;

// Allocate memory for 2-d array a[m, n]

a = xmalloc(sizeof(*a) * m * n);
b = xmalloc(sizeof(*b) * n);
c = xmalloc(sizeof(*c) * m);

for (int i =0; i < m; i++) {
for (int j = 0; j < n; j++)
a[i *n+ j] =1+ j;
}
for (int j = 0; j < n; j++)
b[J] = 3;

double t = wtime();
matrix_vector_product_omp(a, b, c, m, n);
t = wtime() - t;

printf("Elapsed time (parallel): %.6f sec.\n", t);
free(a);
free(b);
free(c);



DGEMV: napannenbHas BepcuA

int main(int argc, char **argv)

{
printf("Matrix-vector product (c[m] = a[m, n] * b[n]; m = %d, n = %d)\n", m, n);
printf("Memory used: %" PRIu64 " MiB\n", ((m * n + m + n) * sizeof(double)) >> 20);

run_serial();
run_parallel();

return 9;



AHanus apPpektnsHoctn OpenMP-sBepcum

= Begem 0603HayeHus:

0 T(n) — Bpemsa BbINONHEHMA NOCAEA0BATENbHON Nporpammsil (serial program) npu 3agaHHOM
pa3mepe N BXOAHbIX AaHHbIX

d T,(n, p)—8pema BbiNnonHeHNa NapannensHomn nporpammel (parallel program) Ha p npoueccopax
Npw 3aJaHHOM pa3mepe N BXOAHbIX AaHHbIX

" KoadduumeHT S,(n) yckopeHusa napannensHomn nporpamm (Speedup):

Bo CKO/IbKO pa3 napannenbHasn

S (n) = T(n) Nporpamma BbINOJHAETCA Ha p
p
Tp (n) npoueccopax bbicTpee
noc/nenoBaTe/IbHOM NPOrpaMmmbl
= Kak NpasuIo npu 06paboTKe 0AHUX U TEX XKEe
NaHHbIX pa3mepa n
Sp(n) <p

= |lenb pacnapannenmeaHma —
[OCTNYb TMHEMHOTO YCKOPEHMA Ha HanboNbLLIEM YMC/IE MPOLLECCOPOB: Sp(n) =>Cc-p, Ipup > oouc >0



AHanus apPpektnsHoctn OpenMP-sBepcum

Konnyectso noTokos

M=N 2 4 6
Tl T2 SZ 7—4 S4 T6 56 T8 S8
20 OQO 0.73 | 0.34 | 212 | 0.24 | 3.11 | 0.23 | 3.14 | 0.25 | 2.84
(~ 3 GiB)
40 000
(~12 GiB) 298 | 130 | 2.29 | 095 | 3.11 | 091 | 3.21 | 0.87 | 3.38
49 000
(~ 18 GiB) 1.23 | 3.69

BbiumcnutensHbii yaen knactepa Oak (oak.cpct.sibsutis.ru):
= System board: Intel 5520UR
= 8apep—Aasa Intel Quad Xeon E5620 (2.4 GHz)
= 24 GiBRAM -6 x4GB DDR3 1067 MHz
= CentOS 6.5x86 64, GCC4.4.7

= Katoum komnuaaumm: -std=c99 -Wall -O2 -fopenmp

O P N W & U1 O N 00 O

- Linear

/’0
o M = 40 000
-~ —
/ —
M =20 000
2 4 6 8

Hu3zkaa macwmabupyemocms!

lMpuyuHel ?



DGEMV: KOHKypeHUMA 3a A0CTYN K NaMATH

/* matrix_vector product omp: Compute matrix-vector product c[m] = a[m][n] * b[n] */
void matrix_vector product omp(double *a, double *b, double *c, int m, int n)

{

#pragma

{
int
int
int
int
int

for

omp parallel

nthreads = omp _get num threads();
threadid = omp_get thread num();
items per_thread = m / nthreads;
1b = threadid * items_per_thread;
ub = (threadid == nthreads - 1) ? (m - 1) : (1b + items per_thread - 1);

(int 1 = 1b; 1 <= ub; i++) {
c[i] = 0.0; // Store - 3anucb B NaMATb
for (int j = 0; j < n; Jj++)
// Memory ops: Load c[i], Load a[i][]j], Load b[j], Store c[i]
c[i] += a[i * n + J] * b[]];
= DGEMV —data intensive application
= KOHKYypeHUMA 3a AOCTYMN K KOHTpOo1epy NamaTu

= ALU agep 3arpyXeHbl HE3HAYNTENbHO



KoHdurypauua yana knacrtepa Oak

BbiumncantenoHbli y3en knactepa Oak (oak.cpct.sibsutis.ru):
= System board: Intel 5520UR (NUMA-cuctema)

= [poueccopbl cBsA3aHbl WnHon QPI Link: 5.86 GT/s

= 24 GiBRAM -6 x 4GB DDR3 1067 MHz

$ numactl --hardware

available: 2 nodes (0-1)
node © cpus: 0 2 4 6
node @ size: 12224 MB
node @ free: 11443 MB

size: 12288 MB
node free: 11837 MB
node distances:
node %) 1

0: 10 21

1: 21 10

node

0
0
node 1 cpus: 1 357
1
1
d

NUMA-node 0 NUMA-node 1

Intel* 5520
Senes Chipset

Engines*
Pilot |l
Controlier

http://download.intel.com/support/motherboards/server/s5520ur/sb/e44031012 s5520ur s5520urt tps r1 9.pdf



http://download.intel.com/support/motherboards/server/s5520ur/sb/e44031012_s5520ur_s5520urt_tps_r1_9.pdf

KoHdurypauua yana knacrtepa Oak

BblumcauTenbHbIi y3en knactepa Oak (oak.cpct.sibsutis.ru): NUMA-node 0 _ NUMA-node 1
= System board: Intel 5520UR (NUMA-cuctema)

= [poueccopbl cBsA3aHbl WnHon QPI Link: 5.86 GT/s
= 24 GiBRAM -6 x4GB DDR3 1067 MHz

$ numactl --hardware

RJ-45 Connectors

available: 2 nodes (0-1)
node © cpus: 0 2 4 6

node © size: 12224 MB A Ha Kakom NUMA-y3ne (y3nax)
node free: 11443 MB

%)

%)

node 1 cpus: 1 3 5 7 e Pa3melleHa MmaTpuua Awun BEKTOPbI B, C?

node 1 size: 12288 MB —

node 1 free: 11837 MB

node distances:

node (5] 1
0: 10 21
1: 21 10

http.//download.intel.com/support/motherboards/server/s5520ur/sb/e44031012 s5520ur_s5520urt tps r1 9.pdf



http://download.intel.com/support/motherboards/server/s5520ur/sb/e44031012_s5520ur_s5520urt_tps_r1_9.pdf

BblneneHmne namatn notokam B GNU/Linux

* CtpaHuua namatm Bbigensaetca ¢ NUMA-y3na Toro noToka, KOTOpbIn NepBbli K Helt obpaTuics
(first-touch policy)

= JlaHHble }XenatesibHO MHNUUNATN3NPOBATb TEMU NMOTOKAMU, KOTOPbIE 6y,£|,yT C HUMUA pa6OTaTb

void run_parallel()

{

double *a, *b, *c;

// Allocate memory for 2-d array a[m, n]
xmalloc(sizeof(*a) * m * n);

ada =
b =
C =

for

for

xmalloc(sizeof(*b) * n);
xmalloc(sizeof(*c) * m);

(int

for (int j = 0; j < n; j++)

i

O; i < m; i++) {

al[i *n+ j] =1 + j;

NUMA-node 0

RAM (12 GiB)

a[lll

b

C

Cl1| C2

C3

c4

|

Thread O

* [loTok O 3anpalunBaeT BblAeieHNne NaMATU NOJ,

MacCCuBbI

= [loKa xBaTaeT NamATy, A4PO BblAenAeT CTpaHULbl

Bus

NUMA-node 1

RAM (12 GiB)

Cl | C2|C3|Ch

c NUMA-y3na 0, 3atem c NUMA-y3na 1




BblneneHmne namatn notokam B GNU/Linux

* CtpaHuua namatm Bbigensaetca ¢ NUMA-y3na Toro noToka, KOTOpbIn NepBbli K Helt obpaTuics
(first-touch policy)

= JlaHHble }XenatesibHO MHNUUNATN3NPOBATb TEMU NMOTOKAMU, KOTOPbIE 6y,£|,yT C HUMUA pa6OTaTb

void run_parallel()

{

double *a, *b, *c;

// Allocate memory for 2-d array a[m, n]
xmalloc(sizeof(*a) * m * n);

ada =
b =
C =

for

for

xmalloc(sizeof(*b) * n);
xmalloc(sizeof(*c) * m);

(int

for (int j = 0; j < n; j++)

i

O; i < m; i++) {

al[i *n+ j] =1 + j;

NUMA-node 0 NUMA-node 1
RAM (12 GiB) RAM (12 GiB)
Bus

a[lll || b]|c
T
C( C2 3| C4 Cl|C2|C3|cC4

|

T

Thread 0 Thread 1

T

|

Thread 2 Thread 3

ObpaweHne K maccuBam U3 NOTOKOB
NUMA-y3na 1 byaet uatu yepes
MEKMNPOLECCOPHYIO LUMHY B NaMATb y3aa 0




[MapannenbHas MHULMANU3ALMA MaCCUBOB

void run_parallel()
{
double *a, *b, *c;
// Allocate memory for 2-d array a[m, n]
a = xmalloc(sizeof(*a) * m * n);
b = xmalloc(sizeof(*b) * n);
¢ = xmalloc(sizeof(*c) * m);

#pragma omp parallel
{
int nthreads = omp_get num_threads();
int threadid = omp_get thread num();
int items_per_thread = m / nthreads;
int 1b = threadid * items_per_thread;
int ub (threadid == nthreads - 1) ? (m - 1) : (1b + items_per thread - 1);

for (int i = 1b; i <= ub; i++) {
for (int j = 0; j < n; j++)
ali *n+ j] =1+ j;
c[i] = 0.0;

9; j < n; j++)

for (int j

/* o0 %/



AHanu3 apdpekTnsHoct OpenMP-sepcumn (2)

Konunyectso NOoTOKOB

M=N 2 4
Tl T2 SZ T4 S4 T6 SG T8 58
AL 00.0 0.73 | 034 | 212 | 0.24 | 3.11 | 0.23 | 3.14 | 0.25 | 2.84
(~ 3 GiB)
40 000
(~ 12 GiB) 298 | 130 | 2.29 (| 095 | 3.11 | 091 | 3.21 | 0.87 | 3.38
49 000
(~ 18 GiB) 1.23 | 3.69
Parallel initialization
L 009 298 | 1.22 | 2.43 | 0.67 | 4.41 | 0.65 | 4.65 | 0.54 | 5.48
(~ 12 GiB) . .
49 000 “ ,’
) 0.83 | 5.41
(~ 18 GiB) ‘\ I’
v '

CynepaunHelrHoe yckopeHue (super-linear speedup): S, (n) >p

O R, N W & U1 O N O O

o Linear

Par. init

M =40 000

M =20 000

Ynyywunu macwmabupyemocmeo

[anbHenwmne onTMMM3aLmK:

IPPEKTMBHbBIN AOCTYN K KELL-NAaMATU

BekTtopusaums koaa (SSE/AVX)



3anyck OpenMP-nporpamm Ha oak.cpct.sibsutis.ru

# Komnunupyem nporpammy

$ make

gcc -std=c99 -g -Wall -02 -fopenmp -c matvec.c -o matvec.o
gcc -o matvec matvec.o -fopenmp

# CTaBuMM 3afaHue B odepenb cuctembl SLURM #1/bin/bash
$ sbatch ./task-slurm.job
Submitted batch job 3609 #SBATCH --nodes=1 --ntasks-per-node=8

export OMP_NUM_THREADS=2

# lpoBepAaemM COCTOAHME odepenun 3apad ./matvec

$ squeue
JOBID PARTITION NAME USER ST TIME NODES NODELIST(REASON)
3609 debug task-slu ivanov R 0:01 1 cn2

# OTkpbiBaem ¢ain C pesysbTaToM —
$ cat ./slurm-3609.out P




Cnacubo 3a BHMMaHue!



BpEMFI BblIMO/THEHNA OTAE/IbHbBIX MOTOKOB

void matrix_vector product omp(double *a, double *b, double *c, int m, int n)

{
#pragma omp parallel

{
double t = omp get wtime();
int nthreads = omp_get num_threads();
int threadid = omp_get thread num();
int items_per_thread = m / nthreads;
int 1b = threadid * items _per_ thread;
int ub = (threadid == nthreads - 1) ?» (m - 1) : (lb + items _per thread - 1);

for (int i = 1b; i <= ub; i++) {
c[i] = 0.0;
for (int j = 0; j < n; j++)
c[i] += a[i * n + J] * b[]J];
}
t = omp_get wtime() - t;

printf("Thread %d items %d [%d - %d], time: %.6f\n", threadid, ub - 1b + 1, 1lb, ub, t);



MynbTUapPXUTEKTYpa coBpemeHHbIX BC

" YpoBeHb 04HOrO y3/1a (06wWwan namaATb)
v" MHoronoTto4yHoe nporpammuposaHue (intra-node): OpenMP, Intel TBB/Cilk Plus, C11/C++11 Threads
v" MporpammuposaHue yckoputeneit ( NVIDIA/AMD GPU, Intel Xeon Phi): NVIDA CUDA, OpenCL, OpenACC,

OpenMP 4.0
"  MHOXeCTBO BblYUCAUTENbHbBIX Y3108 (pacnpeaeneHHan NnaMaTh): AMD Opteron
v" MPI, Shmem, PGAS (Cray Chapel, IBM X10), Coarray Fortran, Global Arrays, ... Interlagos (16 cores)

= YpoBeHb AApa npoLeccopa

v’ Vectorization (SIMD: SSE/AVX, AltiVec),
cache optimization,
superscalar optimizations

MPI, Cray Chapel, Shmem,

Coarray Fortran, Unified Parallel C NVIDIA CUDA, OpenMP, Intel TBB, Cilk, SSE/AVX
OpenCL, OpenACC POSIX Threads
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