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MHoronpoueccopHble CMCTEMbI C 06LLLEN NaMATbLIO

SMP-cucrembl

Shared memory (RAM)
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Mpoueccopbl SMP-cuctemMbl MetOT OAMHAKOBOE BPeMA A0CTYNa K pa3aenaemMmon NamaTu:
CMMMETPUYHbIN, 0AHOPOAHbIM AoCcTyN K NnamaTn — Uniform Memory Access (UMA)

CuctemHasn WuHa (system bus, crossbar) — y3koe mecTo, orpaHnyMBatoLLee NPOM3BOANTENBHOCTb
BbIYMCAMUTENBHOTO Y313 (MPOLECCOPbI KOHKYPUPYIOT 3@ AOCTYN K HEN)

Mpobnembl: HM3Kaa macwTabnpyemocTb, obecneyeHmne KOrepPeHTHOCTH (COrnacoBaHHOCTM)
Kel-namAaTn NPOoLEeCCOPOB M pa3aenaeMomn NamaTu



MHoronpoueccopHble CMCTEMbI C 06LLLEN NaMATbLIO

NUMA-cucrembl

Remote access (slow)

7 Local access (fast)
Controller

NUMA (Non-Uniform Memory Architecture) — mHOronpoueccopHas Bbl4MCAUTENbHAA CUCTEMA
C HEO4HOPOAHbIM AOCTYMNOM K Pa3aenaemon NaMmsaTm

Mpoueccopbl crpynnuposaHbl B NUMA-y3bl co cBoel nokanbHoM namaTtbio (NUMA nodes)
Pa3Hoe Bpema aoctyna K nokanbHoM namati NUMA-y3na (NUMA-node) n namaTtn apyroro y3na
Bonbwas macwtabrpyemocTb No cpaBHeHUO ¢ SMP-cuctemamm

Mpobnembl: obecneveHne KOrepeHTHOCTM Kell-namAaTn NPOLECCOPOB



[lpouecchbl U NOTOKK

Crek noToka 0 // Uninitialized data (BSS)

int sum[1@0]; // BSS

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

Kyua (heap) int main()
(AMHaMMyecku Bblaenaemas namaTtb: malloc/free) {
// Local variable (stack)

O6.1aCcTb HEMHULMANN3UPOBAHHbIX AaHHbIX (BSS) double s = 0.0;
(rnobanbHble HEMHULMANN3MPOBAHHbIE NEPEMEHHbIE)

O6.nacTb MHNUMANNU3MPOBAHHbBIX AaHHbIX (Data) // Allocate from the heap

(rnobanbHble MHULMANN3MPOBAHHbIE MEPEMEHHbIE) float *x = malloc(1000);
/] ...
MoTok © free(x);
int fun() }

{
}

/] ..



[lpouecchbl U NOTOKK

Crek notoka 0

Crek noToKa 1

CreknotokaN-1

Kyua (heap)
(AMHaMMyecku Bblaenaemas namaTtb: malloc/free)

O6.1aCcTb HEMHULMANN3UPOBAHHbIX AaHHbIX (BSS)
(rnobanbHble HEMHULMANN3MPOBAHHbIE NEPEMEHHbIE)

O6.nacTb MHNUMANNU3MPOBAHHbBIX 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
nonb3osaTtens
(User space)

YpoBeHb aapa
(Kernel space)

MpuknagHblie 6ubanoTekn A3bIKKM NporpammupoBaHUA
= |ntel 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 «eo | 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, onpeaenatolwmim Habop ANPEKTUB
KOMMNUAATOPA, OUDINOTEYHbBIX MPOLLeAYP Y NMEPEMEHHbIX CPebl OKPYXKEHMA A1
CO3/1aHMA MHOTOMOTOYHbIX 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 KOMMUMAATOPA

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 —-0penMP 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 sBbinonHeHUA OpenMP-nporpammel

InHamun4yeckoe ynpasaeHme notTokamm B moaenu Fork-Join:

v' Fork — nopoaeHune HOBOro NMoToKa

v' Join — osknaaHue 3aBepLueHma noToka barallel
(0bbegmHeHne NOTOKOB yNpaBaeHun) region

OpenMP-nporpamma — COBOKYMHOCTb
nocaefoBaTe/IbHbIX y4aCcTKOB Koaa (serial code) Barrier
M NapannenbHbix pernoHos (parallel region)

KaXabl NOTOK UMeeT nornvecknm Homep: 0, 1, 2, ...

Parallel
[naBHbIN NOTOK (Master) nmeet Homep O region

[MapannenbHblie PErmoHbl MOTYT ObITb BAOKEHHbBIMU 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;



Komnunayma n 3anyck OpenMP-nporpammeil

$ gcc —-fopenmp -o hello ./hello.c

$ ./hello

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

" 1o yMONYaHUIO KONNYECTBO NOTOKOB B NapannelbHOM PErMOHE PaBHO YNUCY
JIOTMYECKUX NPOLLECCOPOB B CUCTEME

" [lopAAoK BbINONHEHUA MOTOKOB 3apaHee HeM3BeCcTeH — onpeaensaeTcs
NAaHUPOBLLMKOM ONepaLMoOHHOW CUCTEMDI



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:

1 3
p 3
3 3
0 3
4 3
5 3
6 3
7 3




3aJaHue Yncaa NOTOKOB B NapaianesibHOM 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

=" [Nlnpektnsa num_threads nmeet npnoputeT Hag 3HaYEHNEM NEPEMEHHOMN Cpeabl
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
6157
6157
6157
6157
6165

6157
6158
6159
6160
6161
6162
6165

0

./hello
./hello
./hello
./hello
./hello

g

/hello
rep hello

Homep npouecca (PID)

Homep notoka (TID)
JNornyeckmin npoueccop (PSR)
HasBaHue ncnonHsemoro ¢anna

= HdopmaLma O NOrMUYECKUX NPOLLECCOpax CUCTEMbI:

d /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)

Cm><1 — Amxn  Bnxi

€1 ai1 Q12 A1n b,

by) az1 4y Aon b
C = A= B = 2

Cm aml am2 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:z::;iztlii. kv, l 1,2,...,THL

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);

c o
Il

for (int 1 = 0; i < m; i++) {
for (int j = 0; j < n; Jj++)
a[i *n+ j]l =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++) { TpeboBaHuWA K NapannienbHOMy anroputTmy

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

=  MakcumanbHad 3dlrpy3Ka noToKoB BbIHNCAEHNAMN

" MI/IHI/IN\yN\ COBMECTHO NCNOJIb3yeEMDbBIX A4eEeK NMaMATN —
He3aBMCMMble 0061acTH AAHHDbIX



DGEMV: napannenbHas BepcuA

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

= KaxXaom MOTOKRY BblAENAETCA HYaCTb

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

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



DGEMV: napannenbHaa sepcua

/* 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: napannenbHaa sepcua

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: napannenbHaa sepcua

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-sepcumn

= Begem 0603HayeHus:

0 T(n) — Bpemsa BbINOAHEHWA NOCNEA0BATE/IbHOM NPOrpammebl (serial program) npu 3agaHHOM
pasmepe n BXOAHbIX JaHHbIX

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

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

Bo ckonbKo pa3 napansienbHan

S (n) — T(n) Nporpamma BbIMONHAETCA Ha p
p
Tp(n) npoLeccopax 6bicTpee

nocnefosaTe/IbHOM NPOrpammbl

n 0bpaboTKe OQHUX U TEX XKE
= Kak npasuno MPPHEIoanias Ll B T
[aHHbIX pasmepa n
S,(n) <p

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



AHanus apPpektnsHoctn OpenMP-sepcumn

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 | 229 | 095 | 3.11 | 091 | 3.21 | 0.87 | 3.38
49 000
(~ 18 GiB) 1.23 | 3.69

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

= Kntoum komnuaaumm: -std=c99 -Wall -0O2 -fopenmp

O P N W & U1 O N 00 O

- Linear

/'0
o M = 40 000
a" S
t/ —_—Q
M =20 000
2 4 6 8

Hu3zkaa macwmabupyemocms!

lMpuyuHer ?



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 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; 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
} = KOHKypeHUMA 33 A0CTYyN K KOHTPO/s1epy NamaATun

} = ALU agep 3arpyXeHbl HE3HAUYNTENbHO



KoHdurypauua yana knacrtepa Oak

BbiumncantenbHbin 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 3 57
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

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

= [poueccopbl cBsA3aHbl WnHon QPI Link: 5.86 GT/s
= 24 GiBRAM -6 x 4GB DDR3 1067 MHz

" X EmrrT—
: Xeon —_—

o

$ 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

0

0

node 1 cpus: 1 3 5 7 W pa3melleHa matpuua A n Bektopsl B, C?

node 1 size: 12288 MB -

node 1 free: 11837 MB

node distances:

node 5] 1
9: 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 noTtoka, KOTopbii NepBblii K Helt obpaTuaca
(first-touch policy)

= JlaHHble }enateqbHO UHNLUMNAU3IUPOBATbL TEMU NMOTOKAMMU, KOTOpPble 6y,£|,yT C HUMU pa6OTaTb

void run_parallel()

{

double *a, *b, *c;

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

a =
b =
C =

for

for

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

(int

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

i

Q; i < m; i++) {

al[i *n+ Jj] =1+ 3;

s

9; j < n; Jj++)

NUMA-node 0

RAM (12 GiB)

a[lll

b

C

Cl1| C2

C3

C4

|

Thread O

» [loTok O 3anpalunBaeT BblAeNeHNe NaMATU NOJ,

MaCCuBbl

= [loKa xBaTaeT NamMATH, AA4PO BblAeENAET CTPaHULbI

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 noTtoka, KOTopbii NepBblii K Helt obpaTuaca
(first-touch policy)

= JlaHHble }enateqbHO UHNLUMNAU3IUPOBATbL TEMU NMOTOKAMMU, KOTOpPble 6y,£|,yT C HUMU pa6OTaTb

void run_parallel()

{

double *a, *b, *c;

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

a =
b =
C =

for

for

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

(int

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

i

Q; i < m; i++) {

al[i *n+ Jj] =1+ 3;

s

9; j < n; Jj++)

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

ObpalleHne K MaccMBam M3 NOTOKOB
NUMA-y3na 1 byaet natm yepes
MEXMNPOLEeCCOPHYIO WNHY B NamATb y31a 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);
c = 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+ 3;
c[i] = 0.0;

9; J < n; j++)

for (int j

/* o000 */



AHanu3 appektTmsHoct OpenMP-sepcun (2)

KonunyectBo NOTOKOB

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
40 00(.) 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 v

CynepauHeliHoe 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 AOCTYMN K KELL-NAaMATU

BekTopu3sauns kKoga (SSE/AVX)



3afaHue

" Peann30BaTb MHOMOMOTOYHYO BEPCUIO MPOrPaMmbl YMHOXKEHUA MaTPULLbl Ha BEKTOP
C NapanienbHOM MHULUMANN3ALNEN MACCMBOB

d LLabnoH nporpammbl A5 BbINOAHEHWA 3a4aHMA HAaXOAMTCS B KaTanore task

1 Ha knacTtepe oak npumepsl HaxoaaTcs B nanke /home/pub/parprog2015-lecl-src

" [IpoBecTn aHaAM3 MaclTabrpyemocTh nporpammsl (3anoaHMTbL Tabanuy)

KoanyecTtBo NOTOKOB
M=N 2 4 6 8
Tl T2 52 T4 S4 7-6 S6 T8 58
20000
(~ 3 GiB)
40 000
(~ 12 GiB)




[MoakntoyeHUe K Knactepy oak.cpct.sibsutis.ru

$ ssh mkurnosov@oak.cpct.sibsutis.ru
Passwonrd:
[mkurnosov@oak ~]$% mc

File Command Options

1>

Name | Size - Name Size [Medify time

/.. UP--DIR|Feb 27 12:07

.cache 4096 | drwx /parprog2015-lecl-src 4096 |Feb 27 12:00
.dbus 4096
.gconf 4096
.gconfd 4096
. gnome?2 4096
.gnome2Z_private 4096
.mc 4096
.mozilla 4096
.ssh 4096
4096
15

Hint: Leap to frequently used directories in a single bound with C-\.
[mkurnosov@oak ~1% [ ]




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 3afaHuMe 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 COCTOAHUE odepenun 3apad ./matvec

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

# OTKpbiBaeM ¢ann C pe3ynbTaToOM S
$ cat ./slurm-3609.out P




Cnacubo 3a BHUMaHuel



YcnoBHaa KOMNMUNALMA

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

int main(int argc, char **argv)

{

#ifdef _OPENMP
#pragma omp parallel num_threads(6)

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

printf("OpenMP version %d\n", _OPENMP);
if (_OPENMP >= 201107)

printf(" OpenMP 3.1 is supported\n");
#endif

return 0;



YCcnoBHaA KOMNUNALMA

$ gcc —-fopenmp -o hello ./hello.c

$ ./hello
Hello, multithreaded world: thread 2
Hello, multithreaded world: thread 1
Hello, multithreaded world: thread ©
Hello, multithreaded world: thread 3
OpenMP version 201107

OpenMP 3.1 is supported




YCcnoBHaA KOMNUNALMA

$ gcc -0 hello ./hello.c

$ ./hello



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 = @; 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 - 1lb + 1, 1lb, ub, t);



MHoronpoueccopHblie y3nbl Top500 (2014)

* CpeaHee KONMYECTBO AAEp Ha COKET (npoLleccop): Cores per Sacket System Share
9.2 (4,6, 8, 10, 12, 14, 16) o
e
= [Ipoueccopsil: :lﬁ
Intel (> 80%), IBM Power, AMD Opteron, W

SPARC64, ShenWei, NEC

" yCKOpMTEﬂM (12% CVlCTeIV\): www.top500.0rg
Intel Xeon Phi, NVIDIA GPU, ATI/AMD GPU

=" OnepaunoOHHaAA cncrtema:
GNU/Linux (96%), IBM AIX (11 wT.), Microsoft (2 wrT.)


http://www.top500.org/

MynbTUapPXUTEKTYpa coBpemeHHbIX BC

" YpoBeHb 04HOrO y3/1a (06wWwan namaATb)
v MHoronoTto4yHoe nporpammupoBaHue (intra-node): OpenMP, Intel TBB/Cilk Plus, C11/C++11 Threads
v" MNporpammuposaHue yckoputeneii ( 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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