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MporpaMmmMHbIN MHCTPYMEHTAPUMN

MpuknagHblie 6ubanorTekn A3bIKK 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++14 Threads = Haskell Threads
= Qthread, MassiveThreads = C11 Threads

CucrtemHble 6ubnunoteku (System libraries)

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

YpoBeHb
nonb3oBartens
(User space)

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

YPOBEHb AAPA [ T T e e e !

(I T L)
Kernel Kernel Kernel Kernel Kernel Kernel Kernel Kernel
thread thread thread thread thread thread thread thread

Process/thread scheduler

OnepauunoHHasa cuctema (Operating System)
GNU/Linux, Microsoft Windows, Apple OS X, IBM AIX, Oracle Solaris, ...

Hardware (Multi-core processors, SMP/NUMA)




Cranpapt OpenMP

= OpenMP (Open Multi-Processing) — ctaHgapT, onpegenatowmin Habop
ANPEKTUB KOMNMNATopa, bubamnoTteuHbix npoueayp N NnepemeHHbIX
cpeabl OKPYKEHUA ANA CO34aHMA MHOMOMOTOUYHbIX MPOrpamm

= Pa3pabaTbiBaeTtca B pamkax OpenMP Architecture Review Board
c 1997 rona

L http://www.openmp.org

d OpenMP 2.5 (2005), OpenMP 3.0 (2008), OpenMP 3.1 (2011),
OpenMP 4.0 (2013)

" TpebyeTca noaaeprKKa CoO CTOPOHbI KOMMUAATOPA

OpenVIP



http://www.openmp.org/

OpenMP

Compiler

Information

GNU GCC

Option: —fopenmp

gcc 4.2 — OpenMP 2.5,
gcc 4.4 — OpenMP 3.0,
gcc 4.7 —-0OpenMP 3.1
gcc 4.9 - OpenMP 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, ...

http://openmp.org/wp/openmp-compilers/



http://openmp.org/wp/openmp-compilers/

Mopaenb BbinonHeHnAa OpenMP-nporpammbi

= InHamuyeckoe ynpasaeHue noTokamm
B mogenu Fork-Join:

v Fork — nopoaeHne HOBOro NOTOKa
v' Join — oknpaHue 3aBepLueHna NOToKa Parallel
(0bbegnHeHMe NOTOKOB yNpaBAEeHUA) region

= OpenMP-nporpamma — COBOKYMNMHOCTb
nocnegoBaTte/ibHbIX YH4aCTKOB KOAa
(serial code) n napannenbHbIX permnoHos
(parallel region)

Barrier

=  KaXabl NOTOK UMEET JIOTUYECKNIN HOMEP:
0,1,2,..

Parallel

= [naBHbIKM NOTOK (Master) nmeet Homep O region

= [lapannenbHble PErMoHbl MOTYT ObITb BJIOXKEHHbIMMU
(nested) Barrier



NMpumep OpenMP-nporpammbl

##tinclude <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 0O;



Komnunauua v 3anyck OpenMP-nporpammoi

$ 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 YMOJTHaHUNIO KOZTIUYECTBO NMNOTOKOB B MNMapaaae/sibHOM
permoHe paBHO YNCAY JIOTNUYHECKUX NMpouecCopoB B CNCTEME

- |_|OpFI,£I,OK BbINO/IHEHUA NMOTOKOB 3apaHeEE HEU3BECTEH —
onpegendaetca ni1aHNPOBLLMNKOM Ol'lepaLI,MOHHOﬁ CNCTEMDI



YKa3aHue ymcnaa noToKkos

$ export OMP_NUM_THREADS=8

$ ./hello

Hello,
Hello,
Hello,
Hello,
Hello,
Hello,
Hello,
Hello,

multithreaded
multithreaded
multithreaded
multithreaded
multithreaded
multithreaded
multithreaded
multithreaded

world:
world:
world:
world:
world:
world:
world:
world:

1
2
3
0
4
5
6
7/

CO OO OO OO OO OO OO OO




3aAaHMe Yncna NnoToKoB

#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 0O;



YKa3aHue ymcnaa noToKkos

$ 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

» [lnpektnea num_threads numeet npmopuTeT Hag 3Ha4YEHUEM
nepemeHHoun cpeabl okpyxeHmna OMP_NUM _ THREADS
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CnuncoK NoToKoB npouecca

#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 0;
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Cnu1coK NOToKOoB npouecca

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

6157 6157 ./hello
6157 6158 ./hello
6157 6159 ./hello

= Homep npouecca (PID)
6157 6160 . /hello = Homep notokKa (TID)
6157 6161 . / hello = Jlornyeckuit npoueccop (PSR)

= HassaHue ucnonHaemoro daiina
6157 6162 ./hello

6165 6165 grep hello

* MHPopmaumMa 0 NorMuecKux npoLeccopax CUCTembl:

d /proc/cpuinfo
d /sys/devices/system/cpu
12



YCcNnoBHaA KOMNMUAAUUA

#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 0O;
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CuHTtaKkcuc gupektus OpenMP

= A3biku C/C++

#pragma omp directive-name [clause[ [,] clause]...] new-1line
#pragma omp parallel

= Fortran
sentinel directive-name [clause[[,] clause]...]

I$omp parallel

= (Co3aaHune NoTokoB
" Pacnpep,eneHMe BbIYMC/IEHUN mexay notokamm
. yl'lpanIEHMe NMPOCTPaHCTBOM BUOAUMOCTU NepeMeEHHDbIX

- CMHXpOHl/l3a LA MOTOKOB
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Co3paHue notoKoB (parallel)

#pragma omp parallel

{
/* 3TOT KOA BbiNONHAETCA BCemMu noTtokamm */
}
#pragma omp parallel if (expr)
{
/* Kog BbinosHAeTCA nNoTokamu ecam expr = true */
}
#pragma omp parallel num_threads(n / 2)
{
/* Koa BbinonHaeTca n / 2 notokamum */
}

Ha Bbixoae 13 napansienbHOro permoHa ocyllecTsnseTca bapbepHasn
CUHXPOHM3aLMA — BCE NOTOKU XKAYT NocneaHero
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Co3paHue NOToKOB (sections)

#pragma omp parallel sections

{
#pragma omp section
{
/* Koo notoka @ */
}
#pragma omp section
{
/* Koo notoka 1 */
}
}

Mpwn NtobbIX ycnoBUAX BbINONHAETCA GUKCUPOBAHHOE
KO/INYeCTBO NOTOKOB (MO KONM4YecTBY CeKLuUit)
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dyHKUMM runtime-6mnbanoTeku

* int omp_get thread _num()

— BO3BpaLLAET HOMEpP TEKYLLEro NoToKa

* int omp_get num_threads()

— BO3BpaWwaeT Ko/Inm4ecCTtBO NOTOKOB B Nnapaane/ibHOM permoHe

* void omp_set num_threads(int n)

* double omp_get wtime()
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AupeKkTtunsa master

#pragma omp parallel

{

/* 3TOoT KopA BbiNno/HAETCA BCeMU noTokamu */

#pragma omp master

{
¥

/* Koa BbiNONHAETCA TOJIbKO MOTOKOM © */

/* 3TOT KOA BbINONHAETCA BCeMuM MnoToKamm */

18



AupekTusa single

#pragma omp parallel

{

/* 3TOoT KopA BbiNno/HAETCA BCeMU noTokamu */

#pragma omp single

{
¥

/* Koa BbIMONHAETCA TOJIbKO OAHUM MNOTOKOM */

/* 3TOT KOA BbINONHAETCA BCeMuM MnoToKamm */

19



Oupektusa for (data parallelism)

#tdefine N 13

#pragma omp parallel
{

#pragma omp for
for (1 = 0; 1 < N; i++) {
printf("Thread %d i = %d\n",
omp_get thread num(), 1i);

NTepaumun UMKAa pacnpeaenatoTcs Mexay NoToOKamm

i:l o | 1| 2| 3| 4|5 |6 | 7| 8| 9 |10]|11] 12

N\ J\\ J\_ J\_ J
Y Y Y Y

Thread © Thread 1 Thread 2 Thread 3

20



OunpeKtusa for

$ OMP_NUM_THREADS=4 ./prog
Thread 2 1 = 7

Thread =

Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread

1
2 i
2 i
01
01
01
31
31
31
01
11
11
11




ANropuTMmbl pacnpeaenieHna utepaLum

#tdefine N 13

#pragma omp parallel

{
#pragma omp for schedule(static, 2)
for (1 = 0; 1 < N; i++) {
printf("Thread %d i = %d\n",
omp_get thread num(), 1i);
}
}

NTepaumun upkna pacnpeaenarTtca unknmdecku (round-robin)
6aoKamu no 2 utepaymm

i:l o | 1| 2| 3| 4|5 |6 | 7| 8| 9 |10]|11] 12

(& J\\ VAN VAN J\\ A
Y Y Y Y Y Y

TO T1 T2 T3 TO T1 T2
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ANropuTMmbl pacnpeaenieHna utepaLum

$ OMP_NUM_THREADS=4 ./prog
Thread 0 1 =

Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread

1
01
01
01
11i
11
11
11
31
31
2 i
2 i
2 i




ANropuTMmbl pacnpeaenieHna utepaLum

Anroputm OnucaHue
LiInkn aenutca Ha 610KKM No m Utepaumi
static, m (0o BbINONHEHMSA), KOTOPbIE pacnpeaenatoTcs
MO NOTOKaM
Llnkn aenntca Ha 610KM No m utepauun.
dynamic, m | Mpu BbinonHeHWn 610Ka M3 M UTepaLMil NOTOK BbiGUpaeT
cneaytowmm 610K U3 obwero nyna
. Bnoku BbigenAroTca AMHaAMMYecKu. MNpu Kaxaom 3anpoce
guided, m
pa3mep 6/10Ka yMeHbLUAeTCA 3KCNOHEeHUMaAbHO A0 M
. ANropmnTm 3a4aeTca Nosib30BaTeNEM Yepe3 NePEMEHHYIO
runtime P - P P Y

cpegbl OMP_SCHEDULE
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Ounpektusa for (ordered)

#tdefine N 7

#pragma omp parallel

{
#pragma omp for ordered
for (i = ©0; i < N; i++) {
#pragma omp ordered
printf("Thread %d i = %d\n",
omp_get thread num(), i);
}
}

[OunpekTnea ordered opraHmnsyeT nocsieaoBaTeNbHOE
BbinonHeHue utepauun (i=0, 1, ...) — CHHXPOHU3aLUA

" [lotokci=k oxupaetrnokanotokmci=k—-1,k-2, ...

He BbIMNOJIHAT CBOU UTEPaALlUN

25



Ounpektusa for (ordered)

$ OMP_NUM_THREADS=4 ./prog
Thread 0 1 = 0

Thread
Thread

Thread
Thread
Thread
Thread

e e e e e e
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Oupektusa for (nowait)

#define N 7

#pragma omp parallel

{
#pragma omp for nowait
for (1 = 0; i < N; i++) {
printf("Thread %d i = %d\n",
omp_get thread num(), 1i);
}
}

" [lo OKOHYAHMUIO UMKNA NOTOKU HE BbINO/HAIOT
6apbepHY0 CUHXPOHM3ALUIO

=  KOHCTpyKumMA nowait npumeHUMa U K AnpeKTuBe sections

27



Oupektunsa for (collapse)

#define N 3
#define M 4

#pragma omp parallel

{
#pragma omp for collapse(2)
for (1 = 0; 1 < N; i++) {
for (j = 0; j < M; j++)
printf("Thread %d i = %d\n",
omp_get thread num(), i);
}
}

= collapse(n) o6beanHaAeT NnpocTpaHCTBO UTEPALIUMA N LLMKAOB B O4HO

i:{o0o]|1]2 + j:jo|1|2]|3

b

001020310 (11 12|13 ]| 20| 21| 22| 23

\u I\ X A J
Y Y Y Y

TO T1 T2 T3




Oupektunsa for (collapse)

$ OMP_NUM_THREADS=4 ./prog
Thread 2 1 = 1

Thread =
Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread
Thread

1
2 i
2 i
01
01
01
31
31
31
11
11
11
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OLWKn6KM B MHOronOTOUYHbIX NPOrpammax

#tinclude <iostream>
#tinclude <vector>

int main()

{

std: :vector<int> vec(1000);

std::fill(vec.begin(), vec.end(), 1);
int counter = 0;

#pragma omp parallel for
for (std::vector<int>::size type i = 0;
i < vec.size(); i++)
{

if (vec[i] > @) {
counter++;

¥
}

std::cout << "Counter = " << counter <<
return 9;

std

::endl;

3(




OLWKn6KM B MHOronOTOUYHbIX NPOrpammax

$ g++ -fopenmp -o ompprog ./ompprog.cpp

$ ./omprog
Counter = 381

$ ./omprog
Counter = 909

$ ./omprog
Counter = 398

Ha Kaxxaom 3anycke ntorosoe 3HaueHue Counter pasHoe!

[MpaBunbHbIN pe3ynbtat Counter = 1000
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OLWKn6KM B MHOronOTOUYHbIX NPOrpammax

#tinclude <iostream>
#tinclude <vector>

int main()

{

std: :vectors

<td: :ﬁll(vef MoTOKM OCyL,EeCTBAAIOT KOHKYPEHTHbIN
int counter AOCTYN K NnepeMeHHoM counter —

. OAHOBPEMEHHO YMTAIOT €€ U 3anNnUCbiBaloT
#pragma omp pars:
for (std::ve

i< vec.size()/

g

if (vec[i] > e {
counter++;
}
}
std::cout << "Counter = " << counter << std::endl;
return 9;

32




CoctoaHue roHku (Race condition, data race)

#pragma omp parallel
{

C++ Mmovl [counter], %eax
— incl Z%eax

y SOLRMER =2 movl %eax, [counter]
NpeanbHasa nocneaoBaTesibHOCTb BbINOJIHEHUA MHCTPYKLMNA 2-X NOTOKOB
Thread 0 Thread 1 (I\cnoeuTmi?;:l)
0
movl [counter], %eax 0
incl %eax 0
movl %eax, [counter] 1
movl [counter], %eax 1
incl %eax 1
movl %eax, [counter] 2
33

counter = 2



CoctoaHue roHku (Race condition, data race)

#pragma omp parallel C++ Mmovl [counter], %eax
{ —> incl %eax
y SOLRMER =2 movl %eax, [counter]
Bo3moOXXHasa nocnenosaTe/IbHOCTb BbINOJIHEHMUA UHCTPYKLUMU 2-X NOTOKOB
Thread 0 Thread 1 Memory
(counter)
0
movl [counter], %eax < 0
incl %eax movl [counter], %eax < 0
movl %eax, [counter] incl %eax -> 1
movl %eax, [counter] > 1
1
Error: Data race
34

counter = 1




CoctoaHue roHku (Race condition, data race)

= CocroAHue roHKu (Race condition, data race) —
3TO COCTOAHME NMPOrpaMmmbl, B KOTOPOMN HECKO/IbKO MOTOKOB
O HOBPEMEHHO KOHKYPUPYIOT 3a A0CTYN K 06LWen CTpYKType
NaHHbIX (oN8 yTeHus/3anuncn)

" [lopsAoK BbIMOJIHEHUA NOTOKOB 3apaHee He U3BeCTeH —
HOCUT CNYy4YanHbIN XapaKTep

" [1NaHMPOBLLUK AMHAMUUYECKM pacnpesenneT NnpoUeccopHoe Bpems
YUMTbIBAA TEKYLLYIO 3arpyXeHHOCTb NPOLECCOPHbIX AAep,
a Harpysky (NOToKu, npouecchl) co3aatoT N0Nb30BATENMN,
noBeAeHNe KOTOPbIX HOCUT CAYYaMHbIX XapaKTep

= CocTosiHMe ToHKM AaHHbIX (Race condition, data race) TpyaHo
obHapyXunBaeTca B NporpamMmmax M BOCNPOU3BOAMUTCA B TECTAX

= CocToAaHMe roHKn gaHHbiX (Race condition, data race) —
3TO TMNUYHbIN Npumep NenseHbara (Heisenbug) 35



O6bHapy:xeHue coctoAaHnA roHku (Data race)

AnHamuyeckue aHannU3aTopbl

= Valgrind Helgrind, DRD

Intel Thread Checker

Oracle Studio Thread Analyzer
* Java ThreadSanitizer

= Java Chord

Cratnyeckue aHan N3aTopbl KOAA

= PVS-Studio (vivab4)

36



Valgrind Helgrind

$ g++ -fopenmp -o ompprog ./ompprog.cpp
$ valgrind --tool=helgrind ./ompprog

==8238== Helgrind, a thread error detector

==8238== Copyright (C) 2007-2012, and GNU GPL'd, by OpenWorks LLP et al.
==8238== Using Valgrind-3.8.1 and LibVEX; rerun with -h for copyright info
==8238== Command: ./ompprog report

==8266==

==8266==

==8266== Locks held: none

==8266==

==8266== by 0x3F84A08389: ??? (in /usr/lib64/libgomp.so0.1.0.0)

==8266== by 0x4A0A245: ??? (in /usr/lib64/valgrind/vgpreload_helgrind-amd64-1linux.so)
==8266== by 0x34CFAQ7C52: start_thread (in /usr/1lib64/libpthread-2.17.s0)
==8266== by ©x34CF2F5E1C: clone (in /usr/1ib64/libc-2.17.s0)

==8266==

==8266== This conflicts with a previous write of size 4 by thread #1
==8266== Locks held: none

==8266==

==8266== by 0x400CE8: main (ompprog.cpp:11)...




AUpeKTUBbl CUHXPOHU3ALUU

"  [IMpEeKTUBbI CUHXPOHMU3ALMM NO3BONAIOT YNPaABAATb
NopAAKOM BbINONHEHUA 3a4aHHbIX Y4ACTKOB KOAa NOTOKaMM

= #pragma omp critical

= H#pragma omp atomic

" H#pragma omp ordered

= ftpragma omp barrier



Kputnyeckue cekumm

#pragma omp parallel for private(v)
for (1 = 9; 1 < n; i++) {

v = fun(af[i]);

#pragma omp critical

{

sum += Vv;

39



Kputnyeckue cekumm

#pragma omp parallel for private(v)
for (1 = 9; 1 < n; i++) {

v = fun(a[i]);

#pragma omp critical

{

sum += Vv;

= Kputnueckasa cekuusa (Critical section) — yuactok Koaa
B MHOFOMOTOYHOM NPOrpamme, BbINOJIHAEMbIN BCEMMU
NOTOKaMM NocnefoBaTeNbHO

. KpMTI/NeCKI/le CEKUNUN CHNKAIOT CTENEHDb Napanieainima

40



yn paB/ieHne suanmMmocCTtbio NnepemMmeHHbLIX

= private(list) — Bo Bcex noToKax co34atoTcs IOKaNbHbIE KOMUMK
nepemeHHbIX (Ha4anbHOe 3HaYeHune)

= firstprivate(list) — Bo Bcex noToKax co3aatoTcA I0KabHble
KOMUW NepeMeHHbIX, KOTOpble NHULMANNZUPYIOTCA UX
3HaYeHMAMM A0 BXOAA B NapanienbHbl PpermoH

= |astprivate(list) — Bo Bcex noToKax co34atoTcA NOKa/IbHbIe
KONMnn nepemeHHbIX. [10 OKOHYaHUIO PaboTbl BCEX MOTOKOB
JIOKaNbHAA NepemMeHHan BHEe napasienbHOro permoHa
obHoOBANAETCA 3HAYEHNEM 3TOMN NepemMeHHOW OAHOro 13
NOTOKOB

= shared(list) — nepemeHHble ABAAIOTCA 0OW MMM ANA BCEX
NOTOKOB

* threadprivate (list) 41



ATOMapHbIe onepauuun

#pragma omp parallel for private(v)
for (i = 0; 1 < n; i++) {

v = fun(a[i]);

#pragma omp atomic

sum += V;

42



ATOMapHbIe onepauuun

#pragma omp parallel for private(v)
for (i = 0; 1 < n; i++) {

v = fun(a[i]);

#pragma omp atomic

sum += V;

= ATOMapHble onepaumm “nerye” KPUTUYECKUX CEKLUMN
(He ncnonb3ytoT 610KMPOBKK)

= Lock-free algorithms & data structures

43



NapannenbHaa pegykuua

#pragma omp parallel for reduction(+:sum)
for (i = 0; 1 < n; i++) {
sum = sum + fun(a[i]);

}

" Onepauuun gupektusbl reduction:

+/ *I ~ 7 &r Ir A/ &&/ ||r max, min

= OpenMP 4.0 nogaepxnuBaeT Nosb3oBaTeIbCKUE
bYHKUMM peayKunm

44



AUpeKTUBbl CUHXPOHU3ALUU

#pragma omp parallel

{
/* Code */
#pragma omp barrier
/* Code */

}

= Jlnpektmnsa barrier ocywectBasier oXXngaHue AoCTUXKEHUA
NAHHOM TOYKM NPOrpammbl BCEMU MOTOKAMM



#pragma omp flush

#pragma omp parallel

{
/* Code */
#pragma omp flush(a, b)
/* Code */

}

" [lpuHyanTeNbHO 0O6HOBAAET B NaMATU 3HAYEHUA
nepemeHHbIx (Memory barrier)

" Hanpumep, B 0O4HOM MOTOKe BbicTaBassem dnar
(curHan K pencrTsunio) ana Apyroro

46



YMHO}eHue matpuy v1.0

#pragma omp parallel
{
#pragma omp for
for (i = ©0; i < N; i++) {
for (j = 0; j < N; j++) {
for (k = 0; k < N; k++) {
c[i][3] = c[1][]] +
a[i][k] * b[k][]];
}
}
}
}

47



YMHOXeHue matpuy v1.0

#pragma omp parallel
{
#pragma omp for
for (i = ©0; i < N; i++) {
for (j = 0; j < N; j++) {
for (k = 0; k < N; k++) {
c[i][3] = c[1][]] +
a[i][k] * b[k][]];
}
}
}
}

OwunbKa!
MepemeHHble j, k — obwme ana Bcex noToKkos! 48



YMHOXeHue matpuy, v2.0

#pragma omp parallel
{
#pragma omp for shared(a, b, c) private(j, k)
for (i = ©0; i < N; i++) {
for (j = 0; j < N; j++) {
for (k = 0; k < N; k++) {
c[i][Jj] = c[1][3] +
a[i][k] * b[k][]];

49



Mpumep Primes (sequential code)

start = atoi(argv[1]);
end = atoi(argv[2]);

if ((start % 2) == 0 )
start = start + 1;

nprimes = 0;
if (start <= 2)
nprimes++;

for (i1 = start; i <= end; 1 += 2) {
if (is_prime_number(i))
nprimes++;

¥

" [lporpamma NoACYMTbIBAET KONMYECTBO MNPOCTbIX YNCEN
B MHTepBane [start, end]
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Mpumep Primes (serial code)

int is_prime_number(int num)

{

int limit, factor = 3;

limit = (int)(sqrtf((double)num) + 0.5f);

while ((factor <= limit) && (num % factor))
factor++;

return (factor > limit);
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Mpumep Primes (parallel code)

start = atoi(argv[1]);
end = atoi(argv[2]);

if ((start % 2) == 0 )
start = start + 1;

nprimes = 0;
if (start <= 2)
nprimes++;

#pragma omp parallel for
for (i = start; i <= end; 1 += 2) {
if (is_prime_number(i))
nprimes++;
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Mpumep Primes (parallel code)

start = atoi(argv[1]);
end = atoi(argv[2]);

if ((start % 2) == 0 )
start = start + 1;

nprimes = 0;
if (start <= 2)
nprimes++;

#pragma omp parallel for
for (i = start; 1 <=end; i += 2) {
if (is_prime number(i))
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Mpumep Primes (parallel code)

start = atoi(argv[1]);
end = atoi(argv[2]);

if ((start % 2) == 0 )
start = start + 1;

nprimes = 0;
if (start <= 2)
nprimes++;

#pragma omp parallel for
for (i = start; i <= end; 1 += 2) {
if (is_prime_number(i))
#pragma omp critical
nprimes++;
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Mpumep Primes (parallel code)

start = atoi(argv[1]);
end = atoi(argv[2]);

if ((start % 2) == 0 )
start = start + 1;

nprimes = 0;
if (start <= 2)
nprimes++;

#pragma omp parallel for
for (i = start; i <= end; 1 += 2) {

if (is_prime_number(i))
#pragma omp critical

nprimes++;
} (Lock-free algorithm)

YBennyeHume cyeTYnKa MOXKHO
peanusoBaTb 6e3 610KNpPoOBKHU
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Mpumep Primes (parallel code)

start = atoi(argv[1]);
end = atoi(argv[2]);

if ((start % 2) == 0 )
start = start + 1;

nprimes = 0;
if (start <= 2)
nprimes++;

#pragma omp parallel for reduction(+:nprimes)
for (i = start; i <= end; 1 += 2) {
if (is_prime number(i))
nprimes++;




Mpumep Primes (parallel code)

start = atoi(argv[1]);
end = atoi(argv[2]);

if ((start % 2) == 0 )
start = start + 1;

nprimes = 0;
if (start <= 2)
nprimes++;

#pragma omp parallel for reduction(+:nprimes)
for (i = start; i <= end; 1 += 2) {

if (is_prime_number(i)) Bpems BbINo/NHEHUA
nprimes++; is_prime_number(i)
’ 3aBMCUT OT 3HAYEHUA |
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Mpumep Primes (parallel code)

#pragma omp parallel for reduction(+:nprimes)
for (i = start; i <= end; i += 2) {
if (is_prime_number(i))

nprimes++;
}
MoTok 0 - Bpems BbINOAHEHUA
NOTOKOB Pa3aINYHO!
MoTok 2
oo 2 | Load Imbalance
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Mpumep Primes (parallel code)

start = atoi(argv[1]);
end = atoi(argv[2]);

if ((start % 2) == 0 )
start = start + 1;

nprimes = 0;
if (start <= 2)
nprimes++;

#pragma omp parallel for schedule(static, 1)
reduction(+:nprimes)
for (i = start; i <= end; 1 += 2) {
if (is_prime number(i))
nprimes++;
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// TocnepoBaTenbHaa BepcuA
int main() {

/] ...

nsteps = 1000000;

step = 1.0 / nsteps;

sum = 0.0;

for (1 = 1; i <= nsteps; i++) {
x = (i - 0.5) * step;
sum = sum + 4.0 / (1.0 + X * X);
}
pi = step * sum;
printf("Pi = %.16f\n", pi);
return 0O;

}

T o T A Uy TU A AN A Uy I U, U Ty 7T

61



Bbluncnenume uncna it (OpenMP)

int main(int argc, char **argv) {
/] ...
int nthreads = omp_get max_threads();
double sumloc[nthreads];
double sum = 0.9;
#pragma omp parallel

{
int tid = omp_get thread num();
sumloc[tid] = 0.0;
#pragma omp for nowait
for (int 1 = 1; i <= nsteps; i++) {
double x = (i - 0.5) * step;
sumloc[tid] += 4.0 / (1.0 + x * X);
}
#pragma omp critical
sum += sumloc[tid];
¥

double pi = step * sum;

printf("PI is approximately %.16f, Error is %.16f\n",
pi, fabs(pi - PI25DT));
/] ...

1~



Bbluncnenume uncna it (OpenMP)

(noxkHoe paspeneHue) <

double sumloc[nthreads];
double sum =
#pragma omp parallel

{
int tid = omp_get thred
sumloc[tid] = 0.0;
#pragma omp for nowait
for (int i = 1; 1 <= n3
double x = (i - 0.1
sumloc[tid] += 4.0
}
#pragma omp critical
sum += sumloc[tid];
}
double pi = step * sum;

printf("PI is approximately

/] ...

False sharing

0.09;

pi, fabs(pi - PI25D]

Shared memory (RAM)

//, )
/
P N\
Core 0 (Thread 0) Core 1 (Thread 1)
Cache Cache

Cacheline

|Cacheﬁne |

k\ ;_L/

—y -
~~———_——

MESI (Intel MESIF)
cache coherency protocol

sumloc[0], sumloc[1], ...
MOTYT NOMNacTb B OAHY CTPOKY Kell-NamsTu

cacheline o6HoBAETCA HECKO/IBKMMM NOTOKAMM —
KewwnpoBaHue “oTkntovaetca”




BbluncneHue uncna i (OpenMP) v2

struct threadparams {
double sum;
double padding[7]; // Padding for cacheline size (64 bytes)

s

int main(int argc, char **argv) {

/] ...

threadparams sumloc[nthreads] __ attribute__ ((aligned(64)));

// double sumloc[nthreads * 8];

double sum = 0.0;

#pragma omp parallel num_threads(nthreads) {
int tid = omp_get thread num();
sumloc[tid].sum = 0.0;

#pragma omp for nowait
for (int i = 1; i <= nsteps; i++) {
double x = (i - ©.5) * step;
sumloc[tid].sum += 4.0 / (1.0 + X * X);
}
#pragma omp critical
sum += sumloc[tid].sum;

U Avoiding and Identifying False Sharing Among Threads //
} http://software.intel.com/en-us/articles/avoiding-and-identifying-false-sharing-among-threads
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BbluncneHume uncna it (OpenMP) v2.1

/] ...
double sum = 0.0;

#pragma omp parallel num_threads(nthreads)
{
double sumloc = 0.0; // W36aBunmcb OT MaccCcuBa
#pragma omp for nowait
for (int 1 = 1; i <= nsteps; i++) {
double x = (i - 0.5) * step;
sumloc += 4.0 / (1.0 + x * Xx);
}
#pragma omp critical
sum += sumloc;
}
double pi = step * sum;

/] ...
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Ounpektusa task (OpenMP 3.0)

int fib(int n)
{
if (n < 2)
return n;
return fib(n - 1) + fib(n - 2);

=  Junpektmnsa task co3gaet 3agauy (nerkoBecHbIM NOTOK)
= 3343a4u 13 nyaa AMHAMUYECKU BbIMONHAKOTCA rPyNnon NOTOKOB

= [InHammyecKoe pacnpegeseHme 3a4a4va No NoToKam OCyLLECTBAAETCA
anroputTMamm nnaHmMposaHua Tmna work stealing

. 3a4a4 MoXKeT 6bITb HAMHOrO 60/1blLIE KOZIMYECTBA NOTOKOB
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Ounpektusa task (OpenMP 3.0)

int fib(int n)

{ Kaxkabli
int x, y; PEKYPCUBHbIN
, BbI30OB — 3TO 3a4a4a
if (n < 2) A

return n;
#pragma omp task shared(x, n)
x = fib(n - 1);
#pragma omp task shared(y, n)
y = fib(n - 2);
#pragma omp taskwait < °
return x + y; OXunpaem

} 3aBeplueHmne
[loYepHUX 3a4ay

#pragma omp parallel
#pragma omp single
val = fib(n);
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Aupektusa task (OpenMP 3.0)

e—> Spawn
—> Sync

JlerKoBecHble
3a4a4um
(tasks)

Ouepepu (pekun) 3agau . - .

+ —

My/ NOTOKOB
onepaLMOoHHOM CUCTEMDI 0 1 2 3

Need
tasks




BnoOXeHHble NnapannejibHbieé PpermoHbl

void level2() {
#pragma omp parallel sections

{
#pragma omp section
{ printf("L2 1 Thread PID %u\n", (unsigned int)pthread_self());
#pragma omp section
{ printf("L2 2 Thread PID %u\n", (unsigned int)pthread_self());
}

}

void levell() {
#pragma omp parallel sections num_threads(2)

{

#pragma omp section

{ printf("L1 1 Thread PID %u\n", (unsigned int)pthread_self());
level2(); }

#pragma omp section

{ printf("L1 2 Thread PID %u\n", (unsigned int)pthread _self());
level2(); }

}

int main() { omp_set dynamic(@); omp_set nested(1l); levell(); }

}
}
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BnoOXeHHble NnapannejibHbieé PpermoHbl

void level2() {
#pragma omp parallel sections main() | PID =100

{

#pragma omp section
{ printf("L2 1 Thread PID %u\n", (uns:

#pragma omp section sections | pID =210
{ printf("L2 2 Thread PID %u\n", (uns: num_threads(2) | PID =100
}
}
void levell() { !
#pragma omp parallel sections num_threads(: Section 1
{ Section 2
#pragma omp section Section 1 Section 2
{ printf("L1 1 Thread PID %u\n", (un:
level2(); }
#pragma omp section Konunuecrso notokos 8
{ printf("L1 2 Thread PID %u\n", (uns: (1+1+3+3)
level2(); }
} MoTOK, CO3AaBLUINIM NAapasiNenbHbIn
} PervMoH, BXOAUT B COCTaB HOBOW

rpynnbl (co3gaetca n — 1 NOTOKOB)
int main() { omp_set dynamic(@); omp_set neste



PekypcusHbi napannenusm (QuickSort)

void partition(int *v, int& i, int& j, int low, int high) {

i = low;

J = high;

int pivot = v[(low + high) / 2];
do {

while (v[i] < pivot) i++;
while (v[j] > pivot) j--;
if (i <= j) {

std::swap(v[i], Vv[j]); 3124
i++; a
J--5 |
} 1 2 4
} while (1 <= J); rf__:;-...\
} I
void quicksort(int *v, int low, int high) { K“\
int i, j; Y1
partition(v, i, j, low, high); 1234

if (low < j)

quicksort(v, low, j);
if (i < high)

quicksort(v, i, high);

— —_—
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QuickSort v1 (nested sections)

omp_set _nested(1); // Enable nested parallel regions
void quicksort_nested(int *v, int low, int high) {
int i, j;

partition(v, i, j, low, high);

#pragma omp parallel sections num_threads(2)

{
#pragma omp section
{
if (low < j) quicksort nested(v, low, j);
}
#pragma omp section
{
if (i < high) quicksort nested(v, i, high);
}
} MuHycbl

L HEOI'paHM‘-IeHHaFI I'ﬂy6MHa B/Z1OXKEHHbIX
napananesibHbliX PErTMOHOB

=  OTaenbHble NOTOKKU CO34a0TCA AadXKe
ANA COPTUPOBKU KOPOTKUX OTPE3KOB
[low, high]



QuickSort v2 (max_active_levels)

omp_set_nested(1);

// Maximum allowed number of nested, active parallel regions
omp_set_max_active_levels(4);

void quicksort_nested(int *v, int low, int high) {
int i, j;
partition(v, i, j, low, high);

#pragma omp parallel sections num_threads(2)

{

#pragma omp section

{
if (low < j) quicksort nested(v, low, j);
}
#pragma omp section
{
if (i < high) quicksort _nested(v, i, high);
}
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QuickSort v3 (noporosoe 3HaueHue)

omp_set_nested(1l); // Enable nested parallel regions
mp_set_max_active_levels(4); // Max. number of nested parallel regions

void quicksort_nested(int *v, int low, int high) {
int i, j;
partition(v, i, j, low, high);

if (high - low < threshold || (j - low < threshold ||
high - i < threshold))

{ = KOpOTKME UHTepBabl
if (low < j) // Sequential execution COpTMpYem nocneaoBaTeNbHbIM
quicksort_nested(v, low, Jj); anropuTMom

if (i < high)
quicksort_nested(v, i, high);
} else {

= CoKpalleHne HakNaaHbIX
pPacxo40B Ha Co3JaHMe NOTOKOB

#pragma omp parallel sections num_threads(2)

{

#pragma omp section
{ quicksort nested(v, low, j); }

#pragma omp section
{ quicksort nested(v, i, high); }



QuickSort v4 (task)

#pragma omp parallel
{

#pragma omp single
quicksort_tasks(array, 0, size - 1);

}

void quicksort_tasks(int *v, int low, int high) {
int i, j;
partition(v, i, j, low, high);

if (high - low < threshold || (j - low < threshold ||
high - i < threshold)) {
if (low < j)
quicksort_tasks(v, low, j);
if(i < high)
quicksort_tasks(v, i, high);
} else {
#pragma omp task
{ quicksort_tasks(v, low, j); }
quicksort tasks(v, i, high);
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QuickSort v4 (task + untied)

#pragma omp parallel
{
#pragma omp single
quicksort tasks(array, 0, size - 1);

}

void quicksort_tasks(int *v, int low, int high) {
int i, j;
partition(v, i, j, low, high);

if (high - low < threshold || (j - low < threshold ||
high - i < threshold)) {
if (low < j)
quicksort_tasks(v, low, j);
if(i < high)
quicksort tasks(v, i, high);
} else {
// OTKpenuTb 3aAayy OT noToka (3agavy MOXET BbIMNOJHATb
// nwboin noToK)
#pragma omp task untied
{ quicksort_tasks(v, low, j); }
quicksort tasks(v, i, high);
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Baokuposku (locks)

" BnoKkuposKa, mbiloTeKc (lock, mutex) — 370 06BEKT CUHXPOHU3ALUN,
KOTOPbI NO3BONAET OrPaHUYNTb OAHOBPEMEHHbIN A0CTYMN NOTOKOB
K pasgenaemblim pecypcam (peanmsyet B3aMMHOE UCKIoYeHUe)

= OpenMP:omp lock set/omp_lock unset

= POSIX Pthreads: pthread_mutex_ lock/pthread mutex unlock
= C++11:std::mutex::lock/std: :mutex: :unlock

= Cl1:mtx_lock/mtx_unlock

= bBnokupoBKa (lock) morkeT 6bITb peEKYPCMBHOM (BIOXKEHHOW) —
OAWH NOTOK MOXET 3axBaTbiBaTb 6H/I0KMPOBKY HECKOJ/IbKO pa3
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Baokuposku (locks)

#include <omp.h>

int main()

{

std::vector<int> vec(1000);

std::fill(vec.begin(), vec.end(), 1);
int counter = 0;

omp_lock t lock;
omp_init_lock(&lock);

#pragma omp parallel for
for (std::vector<int>::size type i = 0; i < vec.size(); i++) {
if (vec[i] > @) {
omp_set_lock(&lock);
counter++;
omp_unset_lock(&lock);

}
}
omp_destroy_lock(&lock);
std::cout << "Counter = " << counter << std::endl;
return O;




B3aumHaa 6noKkuposKa (Deadlock)

= B3ammHana 6nokuposka (deadlock, Tynuk) —
CUTyaums Koraa ABa u bosee NOToKa HaxoAATCA B COCTOSAHUM
6eCKOHEeYHOro OXKMAaHNA PEeCcypCcoB, 3aXBa4YE€HHbIX STUMMU
NOTOKaMM

= Camobnokuposka (self deadlock) — cutyauma korga noTok
NbITAETCA NOBTOPHO 3aXBaTUTb BIOKMPOBKY, KOTOPYIO YIKeE
3axBatun (deadlock Bo3HMKaeT ecnm 610KMpOBKa He
ABNAETCA PEKYPCMBHOMN)
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B3aumHaa 6noKkuposKa (Deadlock)

void deadlock example()

{
#pragma omp sections
{
#pragma omp section
{
omp lock t lockl, lock2;
omp_set lock(&lockl);
omp_set lock(&lock2);
// Code
omp_unset lock(&lock2);
omp_unset lock(&lockl);
}
#pragma omp section
{
omp lock t lockl, lock2;
omp_set lock(&lock2);
omp_set lock(&lockl);
// Code
omp_unset lock(&lockl);
omp_unset lock(&lock2);
}
}
}

1.

TO0
3axsaTbiBaeT
Lockl

. TO oxxupaer

Lock2

1. T1
3axsaTbiBaeT
Lock2

2. Tl oxxupaer
Lockl

8




OpenMP 4.0: NoapepxKa yckoputeneun (GPU)

sum = 0;
#pragma omp target device(acc®) in(B,C)
#pragma omp parallel for reduction(+:sum)
for (i = ©; 1 < N; i++)

sum += B[i] * C[1i]

= omp_set _default _device()
= omp_get default device()

= omp_get num_devices()
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OpenMP 4.0: SIMD-KOHCTPYKLUMU

= SIMD-KOHCTPYKUUM ANA BEKTOPU3ALUN LMKNOB
(SSE, AVX2, AVX-512, AltiVec, ...)

void minex(float *a, float *b, float *c, float *d)
{
#pragma omp parallel for simd
for (1 = 0; 1 < N; i++)
d[i] = min(distsq(a[i], b[i]), c[i]);
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OpenMP 4.0: Thread Affinity

* Thread affinity — npnBA3Ka NOTOKOB K NPOLECCOPHbIM AApam

#pragma omp parallel proc_bind(master | close | spread)
omp_proc_bind t omp get proc_bind(void)

Env. variable OMP_PLACES

export OMP_NUM THREADS=16
export OMP_PLACES=0,8,1,9,2,10,3,11,4,12,5,13,6,14,7,15
export OMP_PROC BIND=spread,close
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OpenMP 4.0: user defined reductions

#pragma omp declare reduction (reduction-identifier :

typename-1list : combiner) [identity(identity-expr)]

#pragma omp declare reduction (merge : std::vector<int> :
omp_out.insert(omp out.end(),
omp_in.begin(), omp_in.end()

))

void schedule(std::vector<int> &v, std::vector<int> &filtered)

{

#pragma omp parallel for reduction (merge : filtered)
for (std:vector<int>::iterator it = v.begin();
it < v.end(); it++)
{
if (filter(*it))
filtered.push back(*it);
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