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Videa na Youtube:

Prvni cast

Druha cast


https://www.youtube.com/watch?v=7BNNMhiLEJQ
https://www.youtube.com/watch?v=MzydP2hZF7M

Video na Youtube



Multiprocesorové architektury 1.

Multiprocesor se sklada z

» nékolika plnohodnotnych procesoru
» sdileného adresového prostoru
» stejné adresy u dvou riiznych CPU ukazuji na stejné misto v adr. prostoru



Multiprocesorové systémy se sdilenou paméti .
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Multiprocesorové systémy se sdilenou paméti .

Mainframe IBM S360 Model 65 — 1965

» zfejmé prvni dvouprocesorovy systém



Multiprocesorové systémy se sdilenou paméti Il.

> tyto systémy jsou odvozeny z jednoprocesorového systému pouhym pridanim
dalSich CPU propojenych sbérnici (BUS)
» vSechny procesory jsou rovnocenné
> odtud nazev - symmetric multiprocessor - SMP
» pristup do globalni pameéti je vzdy stejné rychly
» odtud nazev - uniform memory acces multiprocessor - UMA
Prikladem SMP jsou dnes bézné vicejadrové PC.



SMP architektury

» ukazeme si nekteré soucasné mikroarchitektury zaloZzené na architekture se
sdilenou paméti
> Intel Alder Lake
» AMD Zen
> Apple M1/M2
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Procesory Intel
Intel Alder Lake Die
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Die shot interpretation by Loc October 20!




Procesory Intel

Procesory architektury Alder Lake:
» az 8 vykonnych jader (16 vldken)
> frekvence 1-5.5 GHz
» L1 cache 32kB instrukéni a 48 kB datova
» L2 cache 1.25 MB
» a az 8 efektivnich jader (8 viaken)

» frekvence 0.7-4 GHz
» L1 cache 64kB instrukéni a 32 kB datova
» L2 cache 2 MB

» L3 cache 30 MB



Procesory AMD
AMD Epyc 9004 Genoa Zen 4

Zdroj: WCCFTECH


https://wccftech.com/amd-4th-gen-epyc-genoa-zen-4-cpus-official-launch-96-cores-192-threads-worlds-fastest-server-chips/

Procesory AMD

AMD Epyc 9004 Genoa Zen 4

AMD EPYC™ 9004: 12 CCD Configuration
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Procesory AMD

» procesor je slozeny z tzv. Cipletl tj. nékolika Cipu
> obsahuje
» 96 jader pro 192 vlaken az na 3.55 GHz
96 x 32kB L1 cache
96 x 1 MB L2 cache
384 (=4x96) MB L3 cache

>
>
>
» 12 kanald pro DDR5 paméti, 460 GB/s



Zdroj: Anandtech

Procesory Apple Silicon
Apple M1



https://www.anandtech.com/show/17019/apple-announced-m1-pro-m1-max-giant-new-socs-with-allout-performance

Procesory Apple Silicon

> jde o procesory postavené na architekture ARM
> je to tzv. System-on-chip, tj. obsahuje CPU, GPU i systemovou pamét

» tim odpadaji dlouhé sbérnice mezi CPU a paméti, coz napomaha vétsi
efektivité
> pamét pak ale nejde rozSifovat
» M1 Ultra obsahuje
» 20 CPU jader, 16 vykonnych na 3.2 GHz a 4 efektivni na 2.0 GHz
16x(192kB + 128kB) L1 cache a 4x(128kB + 64kB) cache
8 vykonnych jader se déli do dvou klastrd, kazdy ma 12 MB L2 cache

>
>
» 2 efektivni jadra maji 4MB L2 cache
»> 96 MB L3 cache



Procesory Apple Silicon

Paméti na Cipech M1 Max a M1 Ultra
» az 2x64GB low-power LPDDR5
» maximalni datova propustnost az 2x400 GB/s



Cache coherence problem

» jiz vime, Ze pamétové moduly jsou az 200x pomalejsi nez processor
> ijedno jadro tak dokaze plné vytizit pamétovy subsystém

» pro efektivni vyuZiti vice jader je (az na vyjimky) nezbytné optimalizovat
pristupy do paméti

» vSe se nyni vyrazné komplikuje tzv. cache coherence problémem



Cache coherence problem
Cache coherence problem
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Cache coherence problem

CPU A nacita proménnou X

CPU A

CPU B




Cache coherence problem

CPU B nacita proménnou X

CPU A

CPU B




Cache coherence problem
CPU B zapisuje 2 do X, coz se neprojevuje v cache procesoru A
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Cache coherence problem

Cache coherence problem je feSen hardwaroveé. Existuji dva zpisoby feseni:
> update protocol
> invalidate protocol



Cache coherence problem
Update protocol - X je sdilena proménna
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Cache coherence problem
Procesor B zapisuje 2 do X ve své cache, ...
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Cache coherence problem

... sou¢asné méni hodnotu X i v RAM ...

CPU A

CPU B




Cache coherence problem

... a v cache procesoru A.

CPU A

CPU B




Cache coherence problem

Nevyhody update protokolu:

» pokud procesor A nacte proménnou X jen jednou na zacatku, a potom s ni
pracuje pouze procesor B, zbyteCné pokazdé posila novou hodnotu



Cache coherence problem

Nevyhody update protokolu:

» pokud procesor A nacte proménnou X jen jednou na zacatku, a potom s ni
pracuje pouze procesor B, zbyteCné pokazdé posila novou hodnotu

V soucasnosti se Castéji pouziva invalidate protokol. Nazyva se také MESI
protocol podle stavu cache lines:

1. Modified

2. Exclusive — proménna neni sdilena vice procesory
3. Shared

4. Invalid



Cache coherence problem
Invalidate protocol - X je sdilena proménna, tj. ozna¢end jako SHARED
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Cache coherence problem
Procesor B zapisuje 2 do X ve své cache a oznacCuje X jako MODIFIED, ...
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Cache coherence problem
... soucasné oznacuje hodnotu X v RAM za neplatnou - INVALID ...

RAM
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Cache coherence problem
... a stejné tak oznaci i hodnotu X v cache procesoru B.
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X
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Cache coherence problem
Nakonec je X MODIFIED v cache CPU B a INVALID v RAM a cache CPU A.
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Cache coherence problem
CPU A nacitd X ze své cache a vidi ji oznacenou jako INVALID.
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Cache coherence problem
CPU A se tedy dotazuje CPU B, které ma X oznacenou jako MODIFIED.

RAM
X
L%

I
I I

7

|

CPU A CPU B




Cache coherence problem
CPU B kopiruje hodnotu X do RAM ...
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Cache coherence problem

...ado cache CPU A

CPU A

CPU B




Cache coherence problem
Proménna X je nakonec vSude oznacena jako sdilena - SHARED.
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Cache coherence problem

Nevyhody invalidate protokolu - tzv. false sharing:
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protokoly update/invalidate se ve skute¢nosti vzdy vztahuji na celou cache
line

dva procesory mohou meénit dvé rizné proménné uloZzené ve stejné cache
line (pfitom kazdy jednu a tu samou),

> napf. dvé vldkna ukladaji mezivysledky do sdileného pole
systém to nepozna a stejné se pokazdé provadi update
reZie spojena s invalidate protokolem je tu zbyte¢na
update protokol je v takové situaci lepsi



Cache coherence problem

Snoopy cache system
» kazdy procesor odposlouchavé vsechnu komunikaci tj. i ostatnich CPU

» podle toho pak nastavuje stavy SHARE, INVALID a MODIFIED u sdilenych
proménnych



Pristupy do paméti

Priklad:

» provedeme stejny test, ktery jsme délali pro sekvenéni architektury
> nyni ale vyuzijeme vice vlaken

Pro pfipomenuti:

template< int Size >
class ArrayElement
{
ArrayElement* next;
long int datal[ Size ];

I T

» vSechny prvky seznamu se alokuji jako velké pole
» nasledné se propoji bud’ sekvenéné nebo nahodné

Random

(A I I 7

Sequential




Pristupy do paméti

Test budeme provadét na nasledujicich systémech:
> Intel Xeon 6134 (2017)

> 8 jader » Apple M1 Pro (2022)
> L1 cache - 32 kB > 8 vykonnych jader
> L2 cache - 1024 kB > L1 cache - 192 kB instrukéni a
> L3 cache - 24.75 MB 128 kB datova
> paméti DDR4 > L2 cache - 12 MB sdilena
» AMD Epyc 7281 (2017) > 2 efektivni jadra
> 16 jader » L1 cache - 128 kB instrukéni a 64
> L1 cache - 32 kB kB datova
» L2 cache - 512 kB > L2 cache - 4 MB sdilena
> L3 cache-4 MB » paméti Low Power DDR5
» paméti DDR4 - 170 GB/s na socket



Nahodné pristupy do paméti

velikost Size nastavime na 1

nejprve budeme testovat nahodny pristup do paméti

pii N vlaknech vytvofime N disjunktnich stejné dlouhych spojovych seznami
i-ty seznam zacina na i-tém prvku pole a je zakoncen nulovym ukazatelem

vVvYyyVvyy

seznamy prochazime opakované



Nahodné pristupy do paméti
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tj. az 32 vlaken.



Nahodné pristupy do paméti
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Nahodné pristupy do paméti
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Nahodné pristupy do paméti
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Obréazek: Vicevlaknové nahodné ¢teni (nahore) a zapisovani (dole) na Intel i7 3770K s
Ctyfmi jadry a hyperthreadingem - az 8 vlaken.



Nahodné pristupy do paméti
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Obréazek: Vicevlaknové nahodné ¢teni (nahote) a zapisovani (dole) na 2x AMD Opteron
6172 s dvanacti jadry - az 24 vldken.
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Sekvenéni pfistupy do paméti

» dale provedeme test sekvenéniho pristupu
» porovname dva zpusoby:
» vlakna prochazi pole na pfeskacku
> pfi N viaknech bude i-té vldkno prochazet prvky i + jN,proj=1,2,...
> kazdé vlakno prochazi svuj blok
> pfi N vlidknech rozdélime celé pole na N disjunktnich stejné velkych souvislych
blok( a kazdé viakno prochazi jeden blok

» pole prochazime opakované
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Sekvenéni pfistupy do paméti
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Obréazek: Vicevlaknové sekvenéni ¢teni po blocich (nahofe) a na preskacku (dole) na
2xAMD Epyc 7281, tj. az 32 viaken.



Sekvenéni pfistupy do paméti
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Obrazek: Vicevlaknové sekvenéni Eteni blokové (nahofe) a na preskacku (dole) na 2x Intel
Xeon Gold 6134, tj. az 16 vlaken.
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Sekvenéni pfistupy do paméti
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Xeon Gold 6134, tj. aZz 16 vlaken na Apple M1 Pro s 10 jadry.



Sekvenéni pfistupy do paméti
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Obrazek: Vicevlaknové sekvenéni éteni na AMD Phenom 2 X6 1075T - az 6 vidken.
Nahofre je prochazeni vidkny na preskacku dole prochazi kazdé viakno svdj blok.



Sekvenéni pfistupy do paméti
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Obréazek: Vicevlaknové sekventni zapisovani na AMD Phenom 2 X6 1075T - az 6 vlaken.
Nahofre je prochazeni vidkny na preskacku dole prochazi kazdé viakno svdj blok.



Sekvenéni pfistupy do paméti
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Sekvenéni pfistupy do paméti
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Sekvenéni pfistupy do paméti
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Sekvenéni pfistupy do paméti
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SMP architektury — sekvencni pristup do paméti
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SMP architektury — sekvencni pristup do paméti
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SMP architektury — sekvencni pristup do pameét
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Programovani systému se sdilenou paméti

> opét vidime, Ze sekvencni pristup je mnohem efektivnéjSi nez nahodny

» je vyhodnéjsi, kdyz ma kazdé vliakno svij vliastni blok paméti, odpada tak
naroCné feSeni cache coherence problému

» zapisovani do paméti mize byt vyrazné pomalejSi nez Cteni, obzvlast, kdyz
vlakna pristupuiji do stejné oblasti v paméti



Programovani systému se sdilenou paméti

Programy pro architektury se sdilenou paméti spoustéji nékolik soubéznych
vlaken.
Standardy:

» POSIX - standard pro manipulaci s vlakny

» OpenMP - standard pro podporu viaken na urovni prekladace

> u gcc prekladace je pro zapnuti podpory OpenMP potfeba pouzit prepinac
—fopenmp

» linkeru je potfeba predat —1gomp



OpenMP
OpenMP vyuZivé direktivy preprocesoru.

1 #pragma omp directive [ clause list]

Direktiva parallel zpusobi, ze nasledujici blok instrukci bude zpracovan vice
vlakny.

#pragma omp parallel [ clause list]
{

}
Funkce pro identifikaci viaken:
1 omp_get_num_threads () // vraci pocet vldken

3 omp_get_thread_num()} // vraci celociselny identifikator vlakna



OpenMP - Hello 1

#include

int main( int argc,

{

le <stdlib.h>
<iostream>

#pragma omp parallel

{

}

StEdir

cout <<
<<

"Hello from thread number
omp_get_thread_num() <<

char++ argv )

"oof m

omp_get_num_threads() << " threads."
std::endl;

return EXIT_SUCCESS;

Vystup:

Hello
Hello
Hello
Hello
Hello
10 of
Hello
Hello

12 threads.

Hello
Hello
Hello

from
from
from
from
from

thread
thread
thread
thread
thread

12 threads.

from
from

from
from
from

thread
thread

thread
thread
thread

number
number
number
number
number

number
number

number
number
number

Hello from thread number 04 of 12 threads.Hello from thread number
3 of 12 threads.
5 of 12 threads.
11 of 12 threads.
1 of 12

2
6

of
of

of
of
of

12
12

12
12
12

threads.

threads.
threads.

threads.
threads.
threads.

of



Kritické bloky

» vystupy na konzoli mohou byt chaotické
> je potieba zafidit, aby sou¢asné neprovadélo vypis vice viaken
» to Ize pomoci kritické sekce



Kritické bloky

Kritické bloky obsahuji kdd, ktery mize soucasné provadét jen jedno viakno.

#fpragma omp critical [ (name) ]



Bloky pro jedno vilakno

#pragma omp single { ... }

Tento blok bude zpracovan jen jednim (prvnim) vidknem. Pokud neni uvedeno
nowait, ostatni vlakna ¢ekaji na konci bloku.

#pragma omp master { ... }

Tento blok bude zpracovan jen viaknem s ID = 0, ostatni vlakna necekaji.



OpenMP - Hello s kritickou sekci

© % 9w AW o —

std::cout << std::endl <<

{
#pragm
std

Vystup:

Now with critical
thread number
thread number

Hello
Hello
Hello
Hello
Hello
Hello
Hello
Hello
Hello
Hello
Hello
Hello

<< std::endl;
#pragma omp parallel

a
:icout <<
<<
<<
<<

from
from

omp critical

"Now with critical section:

"Hello from thread number "
omp_get_thread num() << " of "
omp_get_num_threads () << " threads."
std::endl;

from thread number
from thread number
from thread number
from thread number
from thread number
from thread number
from thread number
from thread number
from thread number
from thread number

section:

0

5

8
2
1
3
4
7
6
1

of 12 threads.
9 of 12 threads.
10 of 12 threads.

of
of
of
of
of
of
of
of

12
12
12
12
12
12
12
12

threads.
threads.
threads.
threads.
threads.
threads.
threads.
threads.

1 of 12 threads.



OpenMP - Hello se single sekci

std::cout << std::endl << "Now with single section:"

1
2 << std::endl;

3 #pragma omp parallel

4 A

5 #pragma omp single

6 std::cout << "Hello from thread number "

7 << omp_get_thread_num() << " of "

8 << omp_get_num_threads () << " threads."
9

<< std::endl;

S
-

Vystup:

1 Now with single section:
2 Hello from thread number 10 of 12 threads.



OpenMP - Hello se master sekci

std::cout << std::endl << "Now with master section:"

1
2 << std::endl;

3 #pragma omp parallel

4 {

5 #pragma omp master

6 std::cout << "Hello from thread number "

7 << omp_get_thread_num() << " of "

8 << omp_get_num_threads () << " threads."
9

<< std::endl;

S
-

Vystup:

1 Now with master section:
2 Hello from thread number 0 of 12 threads.



OpenMP - 2x Hello s kritickou sekci

std::cout << std::endl << "Now two greetings:"

1
2

3

4

s ora 1( print )
6 ::cout << "Hello number ONE from thread number "
7 << omp_get_thread_num() << " of "

8 << omp_get_num_threads() << " threads."
9 << std::endl;

1 #pragma omp itical ( print )

12 std out << "Hello number TWO from thread number "
13 << omp_get_thread_num() << " of "
14 << omp_get_num_threads() << " threads."
15 << std::endl;
16
v}

Vystup:

Now two greetings:
Hello number ONE from thread number 0 of 12 threads.
Hello number TWO from thread number 0 of 12 threads.
Hello number ONE from thread number 3 of 12 threads.
3
9

oo

Hello number TWO from thread number of 12 threads.
6 Hello number ONE from thread number of 12 threads.
7 Hello number ONE from thread number 11 of 12 threads.
8 Hello number TWO from thread number 11 of 12 threads.
9 Hello number TWO from thread number 9 of 12 threads.
10 Hello number ONE from thread number 4 of 12 threads.
11 Hello number TWO from thread number 4 of 12 threads.
12 Hello number ONE from thread number 7 of 12 threads.
13 Hello number TWO from thread number 7 of 12 threads.
14 Hello number ONE from thread number 5 of 12 threads.
15 cao



OpenMP - 2x Hello s kritickou sekci a bariérou

std::cout << std::endl << "Now two greetings:"
<< std::endl;

#pragma omp parallel

{

1
3
4
s #pragma omp 1( print )
3
7
s

std::cout << "Hello number ONE from thread number "
<< omp_get_thread_num() << " of "

<< omp_get_num_threads() << " threads."
9 << std::endl;

0 #pragma omp barr

tical ( print )

<< "Hello number TWO from thread number "

13 << omp_get_thread_num() << " of "
14 << omp_get_num_threads() << " threads."
15 << std::endl;

Vystup:

1 and now two greetings with barrier:
2 Hello number ONE from thread number 11 of 12 threads.
3 Hello number ONE from thread number 3 of 12 threads.
4 Hello number ONE from thread number 8 of 12 threads.
s Hello number ONE from thread number 6 of 12 threads.
6 Hello number ONE from thread number 4 of 12 threads.
7 Hello number ONE from thread number 7 of 12 threads.
s Hello number ONE from thread number 0 of 12 threads.
5 Hello number ONE from thread number 5 of 12 threads.
10 Hello number ONE from thread number 9 of 12 threads.
1 Hello number ONE from thread number 10 of 12 threads.
12 Hello number ONE from thread number 1 of 12 threads.
13 Hello number ONE from thread number 2 of 12 threads.
4 Hello number TWO from thread number 8 of 12 threads.
15 Hello number TWO from thread number 3 of 12 threads.
16 Hello number TWO from thread number 9 of 12 threads.
17 Hello number TWO from thread number 0 of 12 threads.

VLo uwe o ®

8
3
9
0



OpenMP - bariéra

» do koédu je potreba vlozit bariéru
> to je bod v programu, kde na sebe v§echna vlanka pockaji
> az kdyz kazdé z vlaken dosahne bariery, mohou vlakna pokracovat dale



OpenMP - proménné

Ptistup vice CPU do paméti
» rozliSujeme dva typy proménnych
» soukromé (private) - jsou pristupné jen jednomu procesoru
» sdilené (shared) - mize k nim pristupovat vice procesoru
Osetteni sdilenych proménnych
» multiprocesor se sdilenou paméti neumoznuje, aby soucasneé pristupovalo
vice procesorl na stejné misto v pameti

» pokud se tak stane vysledek je nepfedvidatelny
> vétSinou je nutné se této situaci vyhnout dobfe napsanym kédem



OpenMP - proménné

Pomoci [clause list] lze udat:
» podminku (pouze jednu) paralelizace: if ( ... )

» pocet vlaken: num_threads ( integer expression )
» zachazeni s daty

» private ( variable list )
Urcuje lokalni proménné = kazdé vlakno ma svou vlastni kopii.

> firstprivate ( variable list )
Stejné jako private, ale u vSech kopii se nastavi hodnota, kterou méla
proménna pred rozvétvenim béhu programu na vlakna.

» shared ( variable list )
Tyto proménné budou sdilené mezi viakny.

» reduction ( operator: variable list )
Dané proménné budou mit lokalni kopie a nakonec se provede redukce pomoci
asociativni operace: +,*,&, |,&&, ||.



Piklady

#pragma omp parallel if( is_parallel == true )
num_threads (8) private (a)
firstprivate (b)

1
2
3
4
5
6
7
8

#pragma omp parallel if( size > 1000 )
num_threads ( MIN( size/1000+1,8) )
reduction (+:sum)



OpenMP - proménné

[ I S

int main( int argc, charsx argv )
{

int shared_int( 1 ), private_int( 1 ), firstprivate_int( 1 );
#pragma omp parallel shared( shared int ), private( private_int )

firstprivate( firstprivate_int )

{

#pragma omp critical
std::cout << "Variables of thread "
<< omp_get_thread_num() << " are"

<< " shared_int = " << shared_int
<< " private_int = " << private_int
<< " firstprivate_int = " << firstprivate_int

<< std::endl;
#pragma omp barrier
shared_int ++;
private_int ++;
firstprivate_int ++;
#pragma omp barrier
#pragma omp single

std::cout << " " << std:

#pragma omp critical
std::cout << "Variables of thread "
<< omp_get_thread_num() << " are"

<< " shared_int = << shared_int
<< " private_int = " << private_int
<< " firstprivate_int = " << firstprivate_int

<< std::endl;

}
return EXIT_SUCCESS;

rendl;



OpenMP - proménné
Vystup:

Variables of thread
Variables of thread

0 are shared_int =
4 are shared_int =
6 are shared_int =
Variables of thread 2 are shared_int =
7
3
8

1 private_int =
2

3

4

5 Variables of thread are shared_int =

6

7

8

9

private_int
private_int
private_int
private_int

firstprivate_int =
firstprivate_int =
firstprivate_int =
firstprivate_int =
firstprivate_int =
Variables of thread are shared_int = private_int = firstprivate_int =
Variables of thread are shared_int = private_int firstprivate_int =
Variables of thread 10 are shared_int = 1 private_int = 0 firstprivate_int
Variables of thread 9 are shared_int = 1 private_int 0 firstprivate_int =
10 Variables of thread 1 are shared_int = 1 private_int = 0 firstprivate_int =
11 Variables of thread 11 are shared_int = 1 private_int = 0 firstprivate_int =
12 Variables of thread 5 are shared_int = 1 private_int = 0 firstprivate_int =

[

14 Variables of thread 0 are shared_int = 6 private_int = 1 firstprivate_int =
15 Variables of thread 8 are shared_int = 6 private_int = 1 firstprivate_int =
16 Variables of thread 9 are shared_int = 6 private_int = 1 firstprivate_int =
17 Variables of thread 2 are shared_int = 6 private_int = 1 firstprivate_int =
18 Variables of thread 1 are shared_int = 6 private_int = 1 firstprivate_int =
19 Variables of thread 10 are shared_int = 6 private_int = 1 firstprivate_int =
20 Variables of thread 11 are shared_int = 6 private_int = 1 firstprivate_int

21 Variables of thread 3 are shared_int = 6 private_int = 1 firstprivate_int =
22 Variables of thread 5 are shared_int = 6 private_int = 1 firstprivate_int =
23 Variables of thread 7 are shared_int = 6 private_int = 1 firstprivate_int =
24 Variables of thread 4 are shared_int = 6 private_int 1 firstprivate_int =
25 Variables of thread 6 are shared_int = 6 private_int = 1 firstprivate_int =

Kde je chyba?
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OpenMP - proménné

int main( int argc, charx* argv )

1
2 {

3 int shared_int( 1 ), private_int( 1 ), firstprivate_int( 1 );
4 #pragma omp parallel shared( shared_int ), private( private_int ),
5 firstprivate( firstprivate_int )

6 {

7 #pragma omp critical

8 std::cout << "Variables of thread "

9 << omp_get_thread_num() << " are"

10 << " shared_int = " << shared_int

1 << " private_int = " << private_int

12 << " firstprivate_int = " << firstprivate_int

13 << std::endl;

14 #pragma omp barrier
15 #pragma omp critical

16 shared_int ++;
17 private_int ++;
18 firstprivate_int ++;

19 #pragma omp barrier
20 #pragma omp single

21 std::cout << " " << std::endl;
22 #pragma omp critical

23 std::cout << "Variables of thread "

24 << omp_get_thread_num() << " are"

25 << " shared_int = " << shared_int

26 << " private_int = " << private_int

27 << " firstprivate_int = " << firstprivate_int

28 << std::endl;

29 }

30 return EXIT_SUCCESS;



OpenMP - proménné

int main( int argc, charx* argv )

1
2 {

3 int shared_int( 1 ), private_int( 1 ), firstprivate_int( 1 );
4 #pragma omp parallel shared( shared_int ), private( private_int ),
5 firstprivate( firstprivate_int )

6 {

7 #pragma omp critical

8 std::cout << "Variables of thread "

9 << omp_get_thread_num() << " are"

10 << " shared_int = " << shared_int

1 << " private_int = " << private_int

12 << " firstprivate_int = " << firstprivate_int

13 << std::endl;

14 #pragma omp barrier
15 #pragma omp atomic

16 shared_int ++;
17 private_int ++;
18 firstprivate_int ++;

19 #pragma omp barrier
20 #pragma omp single

21 std::cout << " " << std::endl;
22 #pragma omp critical

23 std::cout << "Variables of thread "

24 << omp_get_thread_num() << " are"

25 << " shared_int = " << shared_int

26 << " private_int = " << private_int

27 << " firstprivate_int = " << firstprivate_int

28 << std::endl;

29 }

30 return EXIT_SUCCESS;



Atomické instrukce

Atomické instrukce
» pouzivaji se pro fizeni pfistupu ke sdilenym proménnym
> atomicka instrukce je provedena vzdy kompletné a bez preruseni

» mezi zakladni atomické instrukce patii

» compare-and-swap - CAS
> test-and-set- TS
» read-modify-write



Atomické instrukce - CAS

D T Y N S

Instrukce CAS by mohla byt implementovana takto:

bool CAS( intx pointer, int old, int new )

{

if ( *pointer != old )
return false;
*pointer = new;

return true;

}

Jeji zpracovani ale nikdo nemuze prerusit.



Zamek pomoci CAS

Ptiklad implementace zamku pomoci CAS:

bool locked( false )
while( ! CAS( &locked, false, true ) )
{

// Kod prouze pro jedno vlakno

locked = false;

N o v R W -

}
Pfiklad implementace atomického pfic¢itani pomoci CAS:

void atomicAdd( ints& value, int a )
{
bool done( false );
while( ! done )
{
int aux = value;
done = CAS( value, aux, aux + a );

© ® N o L R W N =



OpenMP a atomické operace

1 #p.

d

» update je defaultni hodnota

re/cap

direktiva | vyraz blok
update X++;
X==;
++x;
——x;
x binop = expr;
x = x binop expr;
X = expr binop x;
read v = X;
write X = expr;
capture | v = x++; {v = x; x binop expr;}
v = X —=; {v = x; x OP;}
v o= ++x; {v = x; OP x;}
vV = —-X; {x binop = expr; v = x;}
v = x binop = expr; {x0P; v = x;}
v = x = x binop expr; | {OPx; v = x;}
v = x = expr binop x; | {v = x; x= x binop expr;}
{x = x binop expr; v = x;}
{v = x;x = expr binop v;}
{x = expr binop x; v = x;}
{v = x; x = expr;}

Kde x, v jsou Ivalue skalarni hodnoty, expr je skalarni vyraz nezavisejici na x,
binopije+,*,-,/,&,«,», ", | a0OP je ++, ——




OpenMP - ur€eni soubéznych uloh

Po spusténi vice vlaken je nutné Fici, co maji jednotliva vlakna provadét.

» vSechna vlakna provadeéji stejnou ulohu = déli se o0 for cyklus

» kazdé vlakno provadi jinou Ulohu = zpracovavaji sekce (sections) rizného
kédu



OpenMP - paralelizace for cyklu

1 #pragma omp for[clause list]

Klauzule pro oSetfeni proménnych:
> private
» firstprivate
» reduction

» lastprivate = hodnota proménné je nastavena v poslednim pribéhu for
cyklu



OpenMP - paralelizace for cyklu

Klausule pro rozdéleni iteraci mezi vliakny - schedule
schedule ( schedulling class[,parameter])

Tridy:
> static
» dynamic
» guided

» runtime



OpenMP - statické pridelovani iteraci

schedule ( static[, chunk-size] )

Kazdé vlakno postupné dostava stejny pocet iteraci dany pomoci chunk-size.

Neni-li chunk-size uvedeno, jsou vSechny iterace rozdéleny na n stejnych Casti,
kde n je pocCet viaken.

Priklad: 128 iteraci, 4 vlakna
schedule ( static ) =4 x 32 iteraci
schedule ( static, 16 ) =8 x 16 iteraci



OpenMP - dynamické pridélovani iteraci

schedule ( dynamic[, chunk-size] )

Funguje podobné jako dynamické pridélovani iteraci. Nové iterace jsou ale pridany
vlaknu, které skonci svou praci jako prvni. Néktera vlakna tak mohou provést vice
iteraci, nez ostatni.



OpenMP - fizené pridélovani iteraci

schedule ( guided[, chunk-size] )
Priklad: 100 iteraci rozdélenych po 5 = 20 kousku pro 16 viaken.

guided s kazdym pfidélenim novych iteraci exponencialné zmensuje chunk size.
chunk-size udava dolni mez pro pocet pridélenych iteraci.



OpenMP - pfidélovani iteraci ur¢ené za chodu programu

schedule (runtime)

Podle systémové proménné OMP_SCHEDULE se urc¢i, zda se ma pouzit static,
dynamic nebo guided.

Vhodné pfi vyvoji programu pro zjisténi nejvhodnéjsi volby.



OpenMP - synchronizace mezi jednotlivymi for cykly

Standardné se nezacina novy cyklus, dokud vSechna viakna neskondcila praci na
predchozim cyklu - bariéra mezi cykly. Pokud to neni nutné, Ize pouzit klauzuli
nowait.

#pragma omp parallel
{

#pragma omp for nowait
for( i = 0; i < nmax; i ++ ) { ... }

#pragma omp for
for( i = 0; i < mmax; i ++ ) { ... }
}
Lze také psat:

1 #pragma omp parallel for shared(n)



OpenMP - zpracovani riznych uloh kazdym viaknem

Provadi se pomoci direktivy omp sections:

#pragma omp parallel

1
2 {

3 #pragma omp sections

4 {

5 #pragma omp section
6 { TaskA(); }

7

8 #pragma omp section
9 { TaskB(); }

11 }
Lze také psat:

1 #pragma omp parallel sections



OpenMP - vliozeni direktivy parallel

Musi byt nastavena systémova proménna
OMP_NESTED = TRUE.

#pragma omp parallel for ...
for( i = 0; 1 < N; i ++ )
#pragma omp parallel for ...
for( j =0; jJ < N; j ++ )
#pargma omp parallel for ...
for( k = 0; k < N; k ++ )

® N o R W =

#pragma omp parallel for ...



OpenMP - kritické bloky

Ptiklad: Caste&né Ulohy pro jednotliva vlakna Ize distribuovat pomoci centralni
struktury (fronty). Pristup k ni pak mize mit v dany okamzik jen jedno vlakno.



OpenMP - kritické bloky - priklad

1 #pragma omp parallel sections

2 {

3 #pragma omp section

4 { /* producer thread x/

5 task = producer_task();

6 #pragma omp critical (task_queu)
7 { insert_into_queu( task ); }

8

9

}

10 #pragma omp parallel section
11 { /+* consumer thread =/
12 #pragma omp critical (task_queu)

13 { task = extract_from _queu(); }



Funkce knihovny OpenMP

Je nutné pouzit hlavickovy soubor
1 #include <omp.h>
2
3 void omp_set_num_threads( int num_threads);
4
5 int omp_get_num_ threads();
6
7 int omp_get_thread_num();
8
9 int omp_get_num_ procs();

11 int omp_in_paralle();



Systémové proménné

» OMP_NUM_THREADS
» setenv OMP_NUM_THREADS=8

» OMP_DYNAMIC
» umoznuje pouziti funkci omp_set_num_threads nebo klauzuli num_threads
» setenv OMP_DYNAMIC="TRUE”

» OMP_NESTED

» OMP_SCHEDULE

» setenv OMP_SCHEDULE="static, 4”
» setenv OMP_SCHEDULE="dynamic”
» setenv OMP_SCHEDULE="guided”



OSetreni dat v OpenMP

» vSechny proménné, které pouziva jen jedno vliakno, by mély byt oznacené
jako private

> pri Castém Cteni proménné nastavené jiz dfive v programu je vhodné oznadit ji
jako firstprivate

» piistup vSech vlaken ke stejnym datlim je vhodné provadét pomoci lokalnich
proménnych (vzhledem k vlaknu) a nakonec pouzit redukci

» pristupuji-li viakna k riiznym ¢astem velkého bloku dat, je dobré je pfedem
explicitné rozdélit

» zbyvajici typ proménnych jiz musi byt zfejmé sdilen



OpenMP - skalarni soucin

Ukazka paralelizace skalarniho sou¢inu:

double scalarProductSequential ( const doublex vl,
const doublex v2,

1
2

3 const int size )
4

5 double res( 0.0 );

6 for( int 1 = 0; i < size; i++ )

7 res += v1[ 1 ] * v2[ 1 1;

8 return res;

9 '}

11 double scalarProductParallel ( const doublex vl,

12 const doublex v2,
13 const int size )
14 {

15 double res( 0.0 );

16 #pragma omp parallel for reduction (+:res),
17 schedule( static ),

18 firstprivate( vl, v2 )
19 for( int 1 = 0; 1 < size; i++ )

20 res += vl[ i ] = v2[ 1 ];

21 return res;



OpenMP - skalarni soucin
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Obrazek: Paralelni urychleni ziskané pfi vypoctu skalarniho soucinu na Intel i7 5820K
(2x6 vlaken) a 2x Intel Xeon E5 2630 (2x2x8 vlaken).



OpenMP - max

Ukazeme si nékolik zplsobd, jak vypocitat maximum s pomoci OpenMP

1. Sekvencné

int maxSequential (const int xv, const int size)

{
int res(std::numeric_limits<int>::lowest());
for (int i = 0; 1 < size; i++)
res = std::max(res, vI[il]);

return res;
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}

Link pro kompilaci.


https://godbolt.org/z/n9zx46n3G

OpenMP - max

2. OpenMP se Spatnym pfistupem do sdilené proménné

int maxOmpWrong (const int %v, const int size)

}

return res;

1

2 {

3 int res(std::numeric_limits<int>::lowest ());

4 #pragma omp parallel for shared(res), schedule(static), firstprivate (v)
5 for (int i = 0; i < size; i++)

6 {

7 res = std::max(res, vI[il]);

8

9

10 }

Link pro kompilaci.

Pristup do proménné res by mél byt oSetfen atomicky.


https://godbolt.org/z/Wr7o8M7r7

OpenMP - max

3. OpenMP s atomickym pfistupem do sdilené proménné

int maxOmpAtomic (const int xv, const int size)

1

2 {

3 int res(std::numeric_limits<int>::lowest());

4 #pragma omp parallel for shared(res), schedule (static), firstprivate (v)
5 for (int i = 0; i < size; i++)

6 {

7 const int aux = v[i];

8 #pragma omp atomic compare

9 if (res < aux) { res = aux; }

10 }
11 return res;
12 }

Link pro kompilaci.


https://godbolt.org/z/cvb4PMPoh

OpenMP - max

4. OpenMP s optimalizovanym atomickym pristupem do sdilené proménné

int maxOmpAtomicOpt (const int *v, const int size)
{
int res(std::numeric_limits<int>::lowest());
#pragma omp parallel for shared(res), schedule(static), firstprivate (v)

{
const int aux = v[i];
if (res < aux)
{
10 #pragma omp atomic compare
11 if (res < aux)
12 {
13 res = aux;

1
2
3
4
5 for (int i = 0; 1 < size; i++)
6
7
8
9

16 }
17 return res;


https://godbolt.org/z/5c7zqznco

OpenMP - max

5. OpenMP s false sharing

int maxOmpFalseSharing(const int *v, const int size)

{

int res(std::numeric_limits<int>::lowest ());
const int threads_count = omp_get_max_threads();
int r*aux = new int[threads_count];
for (int i = 0; 1 < threads_count; i++)

aux[i] = res;

#pragma omp parallel shared(res), firstprivate (v)
{
const int thread_id = omp_get_thread_num();
#pragma omp for schedule (static)

for (int i = 0; 1 < size; i++)
aux [thread_id] = std::max(aux[thread_id],
}
for (int i = 0; i < threads_count; i++)
res = std::max(res, auxl[i]);

return res;

Link pro kompilaci.

v[il);


https://godbolt.org/z/e5xs5n5hc

OpenMP - max
6. OpenMP bez false sharing

int maxOmpNoFalseSharing(const int *v, const int size)

1
2 {

3 int res(std::numeric_limits<int>::lowest());

4 const int cache_line = 64 / sizeof (int);

5 const int threads_count = omp_get_max_threads();

6 int xaux = new int[threads_count % cache_line];

7 for (int i = 0; i < threads_count; i++)

8 aux[i * cache_line] = res;

9 #pragma omp parallel shared(res), firstprivate (v)

10 {

1 const int idx = omp_get_thread num() = cache_line;
12 #pragma omp for schedule(static)

13 for (int i = 0; 1 < size; 1i++)

14 aux[idx] = std::max (aux[idx], vI[i]);

15 }

16 for (int i = 0; i < threads_count; i++)

17 res = std::max(res, aux[i * cache_line]);

18 return res;

Link pro kompilaci.


https://godbolt.org/z/bvePnja7z

OpenMP - max
7. OpenMP redukce

int maxOmpReduction (const int xv, const int size)

{

#pragma omp declare reduction (maxVal:int : \
omp_out = omp_in < omp_out ? omp_out : omp_in), \
initializer (omp_priv = std::numeric_limits<int>::Ilowest ())

int res;

#pragma omp parallel for reduction(maxVal : res), schedule (static), \

firstprivate (v)
for (int i = 0; 1 < size; i++)

10 {

11 res = std::max(res, v[i]);

12 }

13 return res;
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Link pro kompilaci.


https://godbolt.org/z/axYcx3dar

OpenMP - vysledky

Vysledky benchmarku (pocet takt na element pole) na
AMD Ryzen 9 5950X 16 jader

N Seq. Wrong Atomic Atomic Opt. False Sharing No False Sharing Reduction
2 vlakna
128 0.81 27.58 43.33 37.56 30.68 32.23 30.85
256 0.81 13.94 33.52 20.80 15.69 16.52 15.40
512 0.80 7.31 27.48 13.02 7.74 8.38 7.74
262144 0.73 0.50 23.89 5.00 0.48 0.38 0.38
4 vlakna
128 0.89 32.62 68.61 33.14 36.64 38.94 40.86
256 0.81 16.82 75.19 17.56 19.23 19.96 21.33
512 0.78 8.80 81.45 10.21 10.08 9.93 10.60
262144 0.73 0.32 78.33 3.44 0.29 0.20 0.20
16 vlaken
128 0.89 66.46 144.84 69.29 61.98 73.96 160.07
256 0.86 29.20 109.96 33.87 30.94 36.58 80.21
512 0.79 14.80 95.70 17.57 15.70 18.20 39.53
262144 0.78 0.15 83.06 0.96 0.12 0.11 0.13




OpenMP - vysledky

Vysledky benchmarku (pocet takt na element pole) na
Intel Core i7-10700 8 jader

N Seq. Wrong Atomic Atomic Opt. False Sharing No False Sharing Reduction
2 vlakna
128 0.65 9.69 96.38 25.48 9.92 10.58 10.68
256 0.67 5.25 92.47 19.18 5.20 5.48 5.57
512 0.64 2.87 90.21 16.61 2.80 2.94 3.04
262144 0.65 0.41 88.02 14.81 0.41 0.41 0.31
4 vlakna
128 0.66 18.87 108.02 29.16 15.10 16.32 20.12
256 0.67 7.42 99.38 18.74 7.59 8.20 10.04
512 0.66 3.82 95.80 14.96 3.93 419 5.08
262144 0.64 0.21 90.99 11.94 0.21 0.21 0.16
8 vlaken
128 0.73 23.08 117.20 32.71 21.45 2411 37.46
256 0.61 10.54 107.44 18.32 10.57 11.72 18.63
512 0.62 522 102.47 10.99 5.19 5.84 9.27
262144 0.69 0.12 99.73 3.43 0.11 0.11 0.10




OpenMP - vysledky

Pozor!!! OpenMP zpomaluje i pfi béhu pouze s jednim vldknem:

N Seq. Wrong Atomic Atomic Opt. False Sharing No False Sharing Reduction

1 vlakno - AMD Ryzen 9 5950X

128 0.50 6.74 13.34 13.88 8.45 8.72 6.07
256 0.64 3.51 10.23 10.72 4.44 4.73 3.75
512 0.68 2.12 8.71 9.34 2.60 2.72 2.25
262144 0.73 0.74 7.58 8.02 0.74 0.75 0.74

N Seq. Wrong Atomic Atomic Opt. False Sharing No False Sharing Reduction

1 vlakno - Intel Core i7-10700

128 0.73 23.08 117.20 32.71 21.45 2411 37.46
128 0.54 4.63 23.46 23.50 5.86 6.10 4.83
256 0.60 2.83 21.94 21.77 3.23 3.45 2.69

512 0.62 1.79 20.82 20.82 2.06 2.13 1.66

262144 0.64 0.82 19.99 19.84 0.81 0.80 0.63




OpenMP - shrnuti

> Zda se, ze false sharing jiz neni tak vyrazny problém.
» Meéreni naopak ukazuje, ze je potreba byt opatrny s atomickymi instrukcemi.
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