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APXLTEKTOVLKN KOWNC LVANG

OL eMEe€EPYAOTEC £XOUV KOLVI UVIN

H npooBaon oe 0Aa ta Sedopéva yivovtal e eVIOAEC avayvwonc Kat eyypadrc otn pviun (load /
store)

Tumka Ta cUCTHHOTO SLABETOUV ATOWULKEC EVTOAEG TTOU SLEUKOAUVOUV TO cuyxpoviopo (TAS, CAS)
KaBe enefepyaotric SLaBETEL TOTILKNA LEpapXia KPUDWV UVNUWV

Artatteitat vAomoinon mMpwtokoAAou cuvadeLlag Lvnpng ywa va dtatnpnBei n ouvadela twv
dedopéEvwy otnv Kpudn HvAUN.

JuvnBwc n dtaclvdeon yivetal péow dtadpopou pvipng (memory bus)

ANAQ kot Tio e€eAlypéva diktua Staocuvdeong
® Opowopopdn 1 un-opolopopdn MPooTEANCN OTN
uvAun (Uniform Memory Access — UMA, Non-
uniform Memory Access — NUMA)

® H kown pvApn dteukoAUvel tov apdaAAnAo
TIPOYPOAUHOTIONO (aAAG prtopel va Snuloupynoet
oofapad npoBAnpata Adyw race conditions!)

Ai1adpouocg MvAuNnG (memory bus)

® AUOKOAQ KALLOKWOLLLN OPXLTEKTOVLKA — TUTTLKAL
HEXPL ALYEC OEKAOEC KOUPBOUG (OEV KALUAKWVEL TO & e ccccccccccccccoccccccecccccccccaoaaad
diktuo dlacuvdeong)
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APXLTEKTOVLKA KOTAVEUNUEVNG LVANG

KaBe emefepyaotnic €XeL TN SLKK) TOU TOTILKI VAN KOL LEPOPXLOL TOTILKWY UVAHWV
ALo.oUVEEETAL UE TOUC UTTOAOLTTOUC MEEEPYAOTEC LECW SLKTUOU Slaouvdeong

H npooBaon os dedopéva mou Bplokovtol o€ AMOPAKPUOUEVOUC KOUBOUC YiveTal pNTA HEOW
KANOEWV ETLKOVWVIAC, avTtaAlaync pnvupatwy (send / receive) | LEow cuvevvonong kot Twv dvo
TIAEUPWV YLO TTPOCB OO OTNV ATIOUAKPUOHEVN HvNN (mapepBaivel to AY)

H katoavepnuévn pvnpun SUoKOAEVUEL TOV TIPOYPOAUATIOMO YLOTL O TIPOYPAUMATLOTIC aralteital va
oxedLAoeL Kol va UAOTIOLNOEL TNV TtpooBacn o€ SLaKPLTEC UVNHEG (kaTtakepuaTiopévoc — fragmented
TPOYPAUHUOTIONOG)

H apXLteKTOVLIKN KALLAKWVEL 0€ XIALAOEC UTTOAOYLOTIKOUC KOUPBOUC

Aiktuo Alaouvdeong (11.X. Ethernet, Myrinet, SCI)

c©
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BAGLKEC EVVOLEC

Alepyaoia (process): Movada ektedeonc ou dlaxelpiletal to
A\ELTOUPYLKO ZUoTNUA

O Mia mopaAAnAn ebappoyn €xel TOAAEC SLlepyaoiec

NAiua (thread): Moapopolo pe tn dtepyaocia aAAd 1o «eAadpu».
Mia tapdAAnAn edboppoyn €xeL TOAAQ vApOTO TTOU polpalovtol
nopouc (bedbopeval)

Kevtplkn povada enetepyacia (CPU)

YrtoAoyloTiko upnvaoc (processing core): Mio CPU €xel TTOAAEG
cores

Mia Siepyaoia (Eva vijpa) ekteAeital o€ eva core

Juotnuarta NapdAnAng Emefepyaociag EURO



MpoypoHATIONOC OE potpa{OMEVN

HVAKN

void threadl (int *shared var)
{

int i;

for (i=0; 1i<LOOPS; 1i++)

*shared_var += 7;

void thread2 (int *shared var)
{

int i;

for (i=0; i<LOOPS; 1i++)

*shared_var -= 7;

int main ()

{

int shared var = 13;

CREATE THREAD (threadl, shared var)
CREATE THREAD (thread2, shared var)
WAIT THREADS (threadl, thread?)

printf ("shared var=%d\n",

return 0O;

shared var) ;
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MpoypoHATIONOC OE potpa{OMEVN

HVAKN

void threadl (int *shared var)
{

int i;

for (i=0; 1i<LOOPS; 1i++)

*shared_var += 7;

void thread2 (int *shared var)

{

int i;
for (i=0; i<LOOPS; i++)
*shared var -= 7;

kkourt@twin3:~/src/tests$ for i in $(seq 10); do ./test1 ; done

shared var=353891
shared var=360660
shared var=362683
shared var=360688
shared var=356124
shared_var=321159
shared _var=357552
shared_var=-458739
shared var=355585
shared var=361871
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MpoypoHATIONOC OE potpa{OMEVN
mvAun: Posix Threads

XapnAou eriuedou Slemadn yLa 10 XELPLOUO VNUATWY
Noapadeilypota ZUVOPTACEWV:

O pthread create ()

O pthread mutex flock,unlockg()

O pthread cond fwait, signalg()

O pthread barrier wait ()
Aev pmopet eUKoAa va xpnotpornolnBet yia tnv mapaAAnAomnolnon oepLaKwY
epappoywv
Aev glvol apKeTA ATtAn yla va xpnoLpomnoln el amno enmlotripoveg, mou BeAlouy
va tapaAAnAomolioouV TG EhapPUOYEC TOUC

2 € TIOAAEC TIEPUTTWOELG ATTOLTE(TOL KATL TTLO ATTAO KOl EUXPNOTO, OLKOMAL KOLL OV
XPELAleToL va BUCLOOTEL EVOL ONUAVTLKO TR TOU EAEYXOU TTAVW OTNV
EKTEAEON
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OpenMP

[MPOTUTIO YL TPOYPAUUATIOMO OE potpalOpeEVN LVALN
Oplilel ouykekplpuevn dtemadn (API) ko 6xL uAoTtoinon
O oénylec oe petaylwttiotn (compiler directives)
O BBALONKN Xpovou ekteAeonc (run-time library)
O petapAntéc cuotpatog (environment variables)
O napaAAnAlopoc dSnAwvetal pnta (explicitly) amno tov npoypappatioti
Awooec: C/C++, Fortran
MP = MultiProcessor
Ta npoypappota tov OpenMP:
O Mmnopouv va peTadpaoToUV oo LETOYAWTTLOTH TIoU S€V To uTtooTnPLIEL.
O MmnopoUV va eKTEAECTOUV OELPLAKAL.

Epappoletal kupiwg og epaPUOYEC LE LEYAAOUG TIVOKEC
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‘Eva mpwto mapadsypa

// RABpoLopa dLAVUCHATWV

for (1 = 0; 1 < n; i++) // Avefdptntec enavaliyeLg¢ oto Bpdxo

cl[i] = ali] + bl[i];

#pragma omp parallel for shared(n, a, b, c) private (i)
for (i = 0; 1 < n; 1i++)
cl[i] = al[i] + b[i];

o°

gcc -fopenmp source.c
setenv OMP_NUM THREADS 4
./a.out

o° o

c©
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MovtéAo ektéEAeoNC

H ektéAeon Eekwva armo 1 initial thread
Otav to initial thread cuvavtoel pia mapaAAnAn meptoxn

O Anuwoupyeital pia opada vnuatwy (team of threads) mou nepthappavet to
initial thread (twpa Aéyetal master thread) kat 0 ; meploocotepa AANQ
threads

O Kabe vApa avalapBavel Tnv EKTEAECH TOU UITAOK EVTOAWYV TTOU
nepltAapBavel n mapaAAnAn nieploxn (vmapyxouv KatdAAnAeg odnyieg mou
Stadopornololv TNV EKTEAECN TWV VNHUATWY, PA. CUVEXELQ)

2TO TEAOC TNC A PAAANANCG TIEPLOXNAC TA VAATA cuy)povidovtal
OL mapAAANAEG TEPLOXEC UmopeL va eival dwAlaopeveg (nested)

O Av n vlomoinon to urtootnpilet N dWALACUEVN OpAdA VUATWY UITOPEL va
TIEPLEXEL TIEPLOOOTEPA TOU €VOC thread

©
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MovtéAo ektéEAeoNC

#include <omp.h>

main () {

#pragma omp parallel num threads (4)
{

omp set num threads(3);
#pragma omp parallel
{

c©
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MovtéAo ektéEAeoNC

initial thread

parallel region

master thread team of threads

parallel region

master thread team of threads

- -

synchronization

synchronization

N8
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MovtEAo ekTEAEONC: PWALOOUEVEC

A PAAANAEC TTEPLOXEC
#include <omp.h>

main () {

#pragma omp parallel num threads (4)

{

if (omp get thread num()== 3) {
omp set num threads(3);
#pragma omp parallel
{
}
}
}
&
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MovtEAo ekTEAEONC: PWALOOUEVEC
A PAAANAEC TTEPLOXEC

initial thread

parallel region

master thread team of threads

parallel region

team of threads

¢ synchronization

synchronization

c©

EURO

Greece



OpenMP components

Directives Environment variables Runtime environment
Parallel regions ® Number of threads ® Number of threads
Work sharing ® Scheduling type ® Thread ID
Synchronization ® Dynamic thread ® Dynamic thread
Tasks adjustment adjustment
Data-sharing ® Nested parallelism ® Nested parallelism
attributes ® Timers
O private ® API for locking

O firstprivate
O lastprivate
O shared

O reduction

c©
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Baowkeg Evvolec tou OpenMP

® MMapaAAnAn Meploxn (Parallel Region)
O Kwdkac rou ekteAeital ano noAAAAA vripoTa
® Katavoun Epyaociac (Work Sharing)

O H dadikaoio KaTa TNV omola KOTAVEUETOL N EPYOOLO OTO VILLOTA ULOL
o pAAANANG TLEPLOXNAC

® Od6nyia MetayAwttiotn (Compiler Directive)
O H élenadn yia tnv xprnion tov OpenMP o€ mpoypappata.
O lNna tnv C:

O #pragma omp <directive> <clauses>
® Construct:

#pragma omp

<C statement>

c©
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#pragma omp parallel

MapaAAnAec EPLOXEC

structured-block

® where clause is one of the following:

O

O OO O0OO0O0

O

® O aplOpog twv vnuatwyv kabopiletal:

O

if (scalar-expression)
num_threads (integer-expression)
default (shared | none)

private (list)

firstprivate (list)

shared (list)

copyin (list)

reduction (operator: list)

Amo to num_threads clause

[clause|

[, ]clause] ...] new-line

O Me tn xpron tng omp set_num_threads()
O Me tn petapAnt neptBariovtoc OMP_NUM_THREADS (Xpovoc Ektéleong)
® Ymovoeital barrier 0to TEAOC TNE EPLOXNG

® To barrier urtovoel flush

c©
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Hello world

#include <omp.h>
#include <stdio.h>
int main ()

{

#pragma omp parallel

printf ("Hello world! (thread id: %d)\n", omp get thread num());
return 0;

c©
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Katavoun epyaociog

® directives:
O #pragma omp for
O #pragma omp sections
O #pragma omp single
® Ta directives yLa TNV KATAVOUN €pyaciag, TEPLEXOVTAL OE pia
napaAAnAn meploxn.
® Asv SnuloupyouvToL VEQ ViipaTo

® Aev umnovoeital barrier otnv elcodo

c©
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#pragma omp for

#pragma omp for [schedule(..)] [nowait]
for-loop

® Katavépel emavaAnelg evtoAng for os opada vnuatwy
® EvtoAn for og kavovikn popdn (canonical form)
® schedule: kaBopilel Tpomo KOTAVOUAC EMAVOANPEWV

O static[,chunk]: round-robin otatikr} katavour

O dynamic[,chunk]: SuvapLLKr ] KATAVOU CE AVEVEPYQ VHHOTA

O guided[,chunk]: Suvapkr kotavoun Pe eKOETIKN pelwon

O runtime: katavour kabBopilletal o XpOVO EKTEAEONC

® nowait: ATOTPETEL CUYXPOVIOUO KATA TNV £€000

©
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Napadeypa

for (i=1;i<n;i++)
bli]l=(a[i]+a[i-1]1)/2.0;

#pragma omp parallel
{
#pragma omp for
for (i=1;i<n;i++)
blil=(a[i]l+a[i-1])/2.0;

c©
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#pragma omp sections

fpragma omp sections [nowait]
{
#pragma omp section
structured-block
fpragma omp section

structured-block

® Opilel pio N TIEPLOOOTEPEC AVEEAPTNTEC TTEPLOXEC Section Ttou
KOTOVEOVTOL LETAEY TWV VNUATWV

® Kdbe meploxn section avatibetal os StapopeTiko vipa

® nowait: ATOTPETEL CUYXPOVIOUO KATA TNV £€000

c©
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#pragma omp single

fpragma omp single [nowait]

sStructured-block

® Opilel THAPO KWOLKO TTIOU eKTEAELTAL ATIO HOVO EVal VAMA TNG
opadag

® nowait: amoTpEMeL CUYXPOVLIOUO KATA TNV €060




Mopadeypa — progress report

#pragma omp parallel
{
#pragma omp single
printf (“Beginning workl.\n”);
workl () ;
#pragma omp single
printf (“Finished workl.\n”);
#pragma omp single nowait
printf (“Finished workl, beginning work2.\n”);
work?2 () ;

c©
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2UVTOUEVOELC

#pragma omp parallel
#fpragma omp for
for (...)

#pragma omp parallel

#pragma omp sections

#pragma omp parallel for
for (...)

#fpragma omp parallel sections

c©
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Constructs cuyxpoviopou

® i#pragma omp barrier:

2UYXPOVIOUOG VNULATWV
® #pragma omp master:

KwdLkog mou ekteAeitat povo amo 1o KUPLo Vi
® #pragma omp critical:

Kwoikag tou dev ekteleital mapaAAnAa
® #pragma omp atomic:

Atoukn Aettoupyia og B€on pvAung (++,—,+=,...)
® #pragma omp flush:

EntiBoAn ouvemnoug ELKOVAC TwV LOLPA{OEVWV OLVTLKELLEVWV
® #pragma omp ordered:

ErtiBoAn oelplaknc ektedeonc structured block

c©
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#pragma omp barrier / master

#fpragma omp parallel
{
#fpragma omp barrier
#fpragma omp master
gettimeofday (start, (struct timezone*)NULL) ;
work () ;
#fpragma omp barrier
#pragma omp master
{
gettimeofday (finish, (struct timezone*)NULL) ;
print stats(start, finish);

c©
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#pragma omp critical

#pragma omp critical [(name)] new-line

structured-block

fpragma omp parallel shared(x, y) private(x next, y next)
{
fpragma omp critical (xaxis)
X next=dequeue (X) ;
work (x next);
fpragma omp critical (yaxis)
y next=dequeue (y) ;

work (y next);

c©
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#pragma omp atomic

#pragma omp atomic new-line

expression-stmt

#fpragma omp parallel for shared(x, y, index, n)
{
for (1=0;i<n;i++)
fpragma omp atomic
X[index[1]] += workl (1) ;

y[1i]+=work2 (1) ;

c©
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#pragma omp ordered

#pragma omp ordered new-line

Structured-block

#pragma omp parallel
{
#pragma omp for ordered
for (1=0;i<N;i++) {
al[i]=compute (1) ;
#pragma omp ordered
printf ("a[%d]=%d\n",i,a[i]);
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Movtélo debopEVWV

® e pla tapAdAAnAn meploxn, umtapyxouv SUo NéN pLetaPAntwy,
shared kat private (eldkn evéladepouvoa nepimtwon: reduction)
® OLaA\ayEC oTa QVTLIKELPEVA TTOU BploKkovTal oTNV KOw KV

(shared) dev yivovtal amapaitnto avtlAnmTteC 0To CUVOAO TWV
VNUATWV

® KdbOe vipa £XEL piot TOTILKN ELKOVA TwV SeSOUEVWV

® H Asttoupyia flush emiBalel cuveEMELO AVAUECA OTLC TOTILKEC
ELKOVEC KOl OTNV KEVTPLKNA MVNUN




Movtélo debopEVWV

threadprivate priyagle
memory variapble
@ A @ @
thread

shared
variable

memory @
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NepLBaAAov dedopevwv

® private (variable-list)
O Avabeon VEOU QVTIKELMEVOU yla KABE vripa

O To MPOTUTIO AVTIKELMEVO EXEL ATIPOOSLOPLOTN TLUH KOTA TNV £lcodo
kol £€060 oto construct

® firstprivate (variable-list)

O Zav private, KAOe VEO QVTIKELLEVO OLPXLKOTIOLELTOL (ELOEPXETOL OTNV
napAaAANAn eploxn) KLE TNV TR TOU TIPOTUTIOU AKPLPWC TIpLV TNV
gvapén tn¢ mapAAANANG meEPLOXNC

® |astprivate (variable-list)

O Zav private, TO TPOTUTIO AVTIKELUEVO €EEPXETAL OO TNV TMAPAAANAN
TLEPLOXN HLE TNV TLULA TTOU KATEXEL TO thread mou ektéEAeoe TNV
teAevtaia emavaAnyn (oe parallel loop) ) to teAevtaio section (o€
parallel sections)

©
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NepLBaAAov dedopevwv

® shared (variable list)
O Motpalopevn petaBANTN yot OAd Ta VALOATO TNG OMASAC
® reduction (op: variable-list)

O AvadEpPeTaLl o€ EVTOAEC TIC LOPDNC X = X Op expr, OTIou op £vac oo
TOUG *; =) &; Al |I &&I | |

O KaBe petapfAntni to moAU oe pia reduction clause
O lNa kaBe petaBAntr Snuovpyeiltal avtiotolyn Tomkn LetaBANT os
KAOE vripa Kol apyLKoTtoLlELTal avaAoya e TEAECTNA Op

® default (shared | none)

O shared: loodUvopo pe Tov opLopo KABe petaBANTrC mou SV UTIAPXEL
o€ kawvevayv nieptBaAiov (shared, private, reduction, kAmt) , oav shared

O none: av pia petapAntn dev £xel evtayBel oe kamolo repBaiiov
TO0TE 0 compiler «ytumas» Adboc
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Napadeypa

fpragma omp parallel for reduction (+:sum)
for (i=1;i<n;i++)

sum = sum + a (i) ;

c©
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BLBALOONKN XpOVOU EKTEAEONC

® MepPaArlov exkTtEAEONG
O omp_set_num_threads
O omp_get_thread _num
O omp_set_dynamic
® UYXPOVLOUOG HLE KAELb WAt
O omp_init_lock
O omp_set_lock / omp_test lock
O omp_unset_lock
O nested
® Xpovouetpnon
O omp_get_wtime
O omp_get_wtick




MetaBANTEC CUOTAMATOC

® ApopoAoynon
O export OMP_SCHEDULE="static”
O export OMP_SCHEDULE=“static,100”
O setenv OMP_SCHEDULE “dynamic,20”
O setenv OMP_SCHEDULE “guided,50”

® AuvVOLKN TIOAUVNUOTIKA EKTEAEDN
O export OMP_DYNAMIC=TRUE
O setenv OMP_DYNAMIC FALSE

® [1AN6o¢ vnuatwv
O export OMP_NUM_THREADS=2
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OpenMP tasks

H mapaAAnAomnoinon pe xprion tasks éekivnoe va umootnpiletal amno to
OpenMP oto teAeutaio npotumo (OpenMP 3.0) — May 2008

NopExel tn Suvatotnta napaAAnAomoinong yia epapLoyEC IOV TIOLPAYOUV
SoUAeLd Suvapka

MopExel Eva EVEALKTO LOVTEAO yLOL N KOWVOVLKO (irregular) mopaAAnALopo
Eukaupiec ya mapaAAnAlopo oe:

O While loops

O Recursive structures

c©
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H Aoy} tTwv OpenMP tasks




#pragma omp task

#pragma omp task [clause [[,]clause] ...]
structured-block
omnou clause:
if (scalar-expression)
untied
default (shared | none)
private (list)
firstprivate(list)
shared(list)

® To thread mou cuvavtad éva #pragma omp task directive dnulovpyel
gva task pe tov kwdika Tov TePLEXELTo structured-block kal to Balel
o€ €va task pool

® To thread pmopel va exkteAéoeL 1] OxL Eva task mou cuvavia
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Napadeypa

void process list items (node * head)
{
#pragma omp parallel
{
fpragma omp single
{
node *p = head;
while (p) {
fpragma omp task
process (p) ;

P = p->next;
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2ZUYXPOVLOMOC tasks

#pragma omp taskwait

1o TpEYOV task oTapatd TNV EKTEAECH TOU HEXPL OAa T tasks mou
£XOUV dnuLovpyNnBEel HEXPL OTLYUAC OO To TpEYOV (TtatdLa) va
OAOKANPWOOUV TNV EKTEAECT TOUC

loxUeL povo yla ta apeoca atdla (.. OxL ylo ta eyyovia)

(Znueiwon: BPAEme taskgroups oto OpenMP 4.0 yia tnv
avapovn Kot AAAwvV amoyovwy)




MovtéAo ektéEAeoNC

[Mpoooxn oTlc €vvolec dnuiovpyia / ektéleon task!

KaBe task pmopet va exteAeotel amo eva amno ta threads tnc
opadac tou 1o dnuovpynoe

KaBe thread tng opadac dnuiovpyel Eva apytko (implicit) task
Apa kaBe Aettoupyia oxetikn pe tasks €xel vonua povo oe
NOPAAANAEC TIEPLOXEC

Otav Eekwvnoel n ektéAeon evoc task by default eival

npoodepevo (tied) pe eva thread
O AuTO pmopel va aAlAagel (BA. untied)

Eva task avaoteAAeL Tn Asttoupyia Tou OTav UTIOXPEWBEL var

ekteAEoEL €va aAAo task (BA. If (0)) A av ocuvavtnoel Eva
taskwait




Napadeypa
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void foo ()
{
int a, b, ¢, x, y;
#pragma omp parallel
{
#pragma omp single //serial creation of tasks
{
#fpragma omp task shared (a)
a=~Aa();
#pragma omp task shared if (0) (b, c, x)
{
#pragma omp task shared (b)
b = B();
c =C0;
#pragma omp taskwait
}
x = fl1 (b, c);
#pragma omp taskwait
y = £2 (a, x);

Napadelypa
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OpenMP 4.0

® July 2013

® Yrnootnplen yLa vectorization
O #pragma omp simd
® YTooTtnpLEN yLa EMLTAXUVTEC
O #pragma omp declare target
O #pragma omp target data
® |oxupotepn urtootnpLén ya task graphs
O taskgroups
O task dependencies
® Emtpemnel tov oplopo reduction function oo 1o xpnotn
o ..

http://www.openmp.org

http://www.openmp.org/wp-content/uploads/OpenMP4.0.0.pdf Q@i
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OpenMP 4.5

® November 2015
® Yrnootnpen napailinAomnoinonc loop e tasks
O #pragma omp taskloop

® YrnootnpEn “DOACROSS” mapaAAnAlopol (umdpyouv
etoptnoelc avapeoa ota iterations evoc loop)

O M.y. #pragma omp ordered depend (sink: i - 1, j) depend (sink: i, j - 1)

http://www.openmp.org



http://www.openmp.org/wp-content/uploads/openmp-4.5.pdf
http://www.openmp.org/wp-content/uploads/openmp-4.5.pdf
http://www.openmp.org/wp-content/uploads/openmp-4.5.pdf
http://www.openmp.org/wp-content/uploads/openmp-4.5.pdf
http://www.openmp.org/wp-content/uploads/openmp-4.5.pdf

OpenMP versions

® OpenMP 5.0 — November 2018
® OpenMP 5.2 — November 2021
® OpenMP 6.0 — November 2024




OpenMP versions: timeline

1997 2000 2005 2008

2013

2018

2024

OpemMP 1.0 OpemMP 2.0 OpemMP 2.5 OpemMP 3.0

parallel for tasks
sections

Fortran support

nested parallelism

OpenMIP

https://www.openmp.org/

accelerators
vectorization
more tasking

OpemMP 5.0

simplification

OpemMP 6.0

more tasking

advanced
data
management
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