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What is OpenMP ?

OpenMP :=""Open specifications for Multi-Processing

OpenMP egivat

‘Eva Application Program Interface (API) to omoio xpnowuomnoleital yia TapaAANALGUO
TIPOYPAUUAT®V UE TN xprjoT threads kot povieAov shared memory

AmnoteAeitan ano 3 kopra API components:

Compiler Directives
Environment Variables
Runtime Library Routines

Portable:

To API npoobiopileton yia C/C++ ko Fortran
exel vAomonBet yiax Linux kot Windows NT platforms
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Components of OpenMP 2.5

Directives Runtime Environment
environment variables
¢ Parallel region ¢ Number of threads | | ¢ Number of threads
¢ Worksharing ¢ Thread ID ¢ Scheduling type
¢ Synchronization ¢ Dynamic thread ¢ Dynamic thread
adjustment adjustment

¢ Data-sharing
attributes

 private
o firstprivate
lastprivate
o shared

~ reduction

¢ Orphaning

¢ Nested parallelism

¢ Wallclock timer

¢ Locking

¢ Nested parallelism




Advantages of OpenMP

d KaAn anodoon (performance) KOl EMEKTACTUOTITA (scalability)
® AV TO KAVEIC OWOTA....

d “Qpuo” mpotomo

d éva OpenMP nipoypoaupa givon portable
® Yrootnpilletal amo eva peyaAo aplBuo ano compilers

d Xperadetar Alyn poypauHATIOTIKI TpocTtadeia

A Emitpénet o mpoypaupua va tapaAinAonownfel otadraka

* To OpenMP eivat 16avikn Avon yia multicore architectures
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OpenMP Programming Model

Shared Memory, Thread Based Parallelism:
To OpenMP eivon faoiouevo otny vmapéel moAAamAwv threads 0mov emKovwvoLV pe TO
UEVTEAO KOLVI|G UVIUNG.

Pnjtog mapaAAnAiouoc:

To OpenMP eivat éva pntd (0)1 ADTOUATO) TIPOYPAUUNTIOTIKO UEVTEAOD, OTIOL TIPOCOEPEL
OTOV TIPOYPAUUATIOTI] TOV TIATPT EAEYXO0 TOL TAPAAANALOUOV.

—E

{ parallel region } { parallel region }

Fork - Join Model:

master
thread

Compiler Directive Based
Nested Parallelism Support

Dynamic Threads Open M P




How do threads interact

A To OpenMP etvar éva multi-threading, shared address model
- Ta Threads emkowvwvouy ue sharing variables.

 Avtouata 1o sharing of data mpokaAet race conditions:
- race condition:
1.> ./a.out
Output=5
2.> .Ja.out
Output=100
d I'a va eAe&ovpe ta race conditions:
- Xprnowuomnolovue synchronization yia va TpoOOTATEPYOULUE TA “KOWVA™
dedouEVAQ.

[ Ouwg 10 synchronization ewvat “akpi3o’:
- [TpoontaBovue va aAAa&ovue g o dedouEVa
TIPOOTIEANDVOVTAL WOTE VO UELWOOLUE T XPT|OTN TOL

Synchronization. { A[i]=A[i-1] vs A[i]=3*A[i]} C_)penMP




OpenMP Memory Model

v All threads have access to the
same, globally shared, memory

v Data can be shared or private

v Shared data is accessible by all
threads

v Private data can only be
accessed by the thread that
owns it

v Data transfer is transparent to
the programmer

v Synchronization takes place,
but it is mostly implicit
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Data-Sharing Attributes

d Apyika vrapyouv 2 Baoikol Tomot:
e Shared
¢/ LITAPYEL UOVO EVO OTLYULOTUTIO TOU OESOUEVOL
v/ 0Aa ta threads pumopovv va Stafacouvy Katl va
YPAWYOLV 0TO O€O0UEVO TALTOXPOVA (race condition),

EKTOG OV TO TIPOOTATEYOLE
v/ OAeg 01 aAAYEC lval opaTeG oo OAa Ta threads

€@ AUT0 OUKG UTIOPEL VA UV GOUPBATVEL ATTAPALTITA AUECDG,
EKTOG OV TO OVAYKOGOVUE (flush) ......
e Private

v’ KaBOe thread €yel eva avtiypa@o Tov 6e60UEVOL
v’ Kaveva ailo thread dev umopel va €xel mpooPacel oe auTO TO dedOUEVO
v/ o1 aAAayEg eivatl opatég Lovo oTo thread 6To omolo aviKel T0 6eS0UEVO
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The OpenMP Execution Model

Fork and Join Model

Master
Thread
) Worker
Parallel region Threads

Synchronization

Worker

Parallel region Threads

Synchronization
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OpenMP core syntax

d Ta nmeprootepa constructs tov OpenMP ewvan compiler directives.
#pragma omp construct [clause [clause]...]
® TIOPUOEIYUX
#pragma omp parallel num_threads(4)

A Ta function prototypes Kot types plokovtat:
#include <omp.h>

A Ta neprocotepa OpenMP constructs epapuolovtal ¢'éva “structured block™.
e Structured block: eva block amo eva 1) mepioooTepa statements,
UE VA ONUEI0 10000V OTNV apXT) Kol eva onueio e€060v oTo TEAOC.

e Emtpenetan va vapyel exit() ueca oto structured block.
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Thread Creation: Parallel Regions

A Xto OpenMP onuiovpyovue threads pe to parallel construct.

A INa mapadetyua, BeAovue va dnuiovpyrjcovpe 4 threads:

Each thread
executes a
copy of the
code within
the
structured
block

A KaBe thread kaAel tTnv pooh(ID,A) ywx ID = 0 pexpt 3

double A[1000]; Runtime function to
omp_set_num_threads(4); Fequgst afcti rtalr;
#pragma omp parallel number of threads

{

int ID = omp_get_thread_num();

pooh(ID,A); BN Runtime function

returning a thread ID
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Parallel Regions-Example

double A[1000];
omp_set_num_threads(4);

#pragma omp parallel
{

| int ID = omp_get_thread_num();
double A[1000]; pooh(ID, A):

| }
omp_set_num_threads(4) printf(“all done\n”);
|

Each thread executes the
same code redundantly.

A single | | | |

copy of A

CRTETCVI - pooh(0,A)  pooh(1,A) pooh(2,A) pooh(3,A)
between all | | | |
threads. |

printf(“all done\n”); Threads wait here for all threads to
finish before proceeding (i.e. a barrier)




SPMD vs. worksharing

A 'Eva parallel construct amo uovo tov énuiovpyel eva SPMD 1y
“Single Program Multiple Data” mpoypaupua. ..
dnAadn, kabe thread exteAel 1oV 1010 KOOIKA.

A ITwg pmopovue va X@PLOOVUE TO KOOIKO
ueTaéL Twv threads?
® £ quTO ovoualeton worksharing
v’loop construct

¢/section construct
¢/single construct
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Work-sharing Constructs

#pragma omp for | #pragma omp sections | #pragma omp single

{ { {

: : ,

2= H 0LAELO KATAVEUETAL (distributed) UETAED TV threads

= [Ipemel va elvan evOuAakwueva peoa o'eva parallel region

= AeV LTIAPYEL “UTTOVOOVUEVO” barrier 0TV €10000; GAAG LTIGPXEL
“UHOVOOI')MSVO” barrier otnv éEO(SO (€KTOG Qv XpTOUOTIOCOLUE Eva nowait clause)
= 'Eva work-sharing construct éev énuiovpyet kovoupla threads
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The omp for directive

A O emevaAnyerg tou loop kataveuovtal ota threads

#pragma omp for [clause[[,] clause] ...]
<original for-loop>

Clauses mov vmootnpidet:
v/private v/ firstprivate
Vlastprivate ¢/reduction
vordered v/schedule

v/ nowait
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The shedule clause

[ To schedule clause emnpeadel 1o mwg Ta loops avtiotoryiovial ota threads

v/schedule(static [,chunk])
-O1 emavaAnyelg porpadovtal €€ apxng o€ TUNUATA peyeBoug
N/chunk 1} N/#threads av 6ev oprotel to chunk
v'schedule(dynamic[,chunk])
- Ta tunuoata avatiBeviol OLVOUIKG KATG TNV EKTEAEOT].AV OEV OPLOTEL TO
chunk,to default ewvan 1
v'schedule(guided|,chunk])
-Auvouikn avaBeon TUNUATOVY eKBETIKG pelovuevou peyeBovg.MeyeBog
npwtov N/#threads.Default chunk=1
v/schedule(runtime)
-H emAoyn ¢ MOATIKTG YIVETOL KATK TO XpOVO EKTEAEOT|G
Baoel ¢ Tiung e petaBAntg nepiBairoviog OMP_SCHEDULE
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Example - the shedule clause

500 iterations on 4 threads
quided, s

Thread ID
SO H M W o R WD = R W

o
z
24
;

— dynamic, 5

static

T T T T T T 1
Jan 250 L] 150 400 A% 500

Iteration Number
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The loop worksharing Construct

A To loop worksharing construct poipadel Tig enavaAnyelg ota threads

#pragma omp parallel

{

#pragma omp for
for (I=0:1<N:1++)}

NEAT_STUFF(l);

N

The variable | is made “private” to each
thread by default. You could do this
explicitly with a “private(l)” clause

}




HEEEE
iEF

- A motivating example

LAE
e

Sequential code for(i=0;I<N;i++) { a[i] = a[i] + bfi];}

#pragma omp parallel

{
int id, i, Nthrds, istart, iend;
OpenMP parallel id = omp_get_thread_num();
region Nthrds = omp_get_num_threads();
istart = id * N / Nthrds;
iend = (id+1) * N / Nthrds;
if (id == Nthrds-1)iend = N;
for(i=istart;l<iend;i++) { a[i] = a[i] + b[i];}

}

OpenMP parallel
region and a
worksharing for
construct

#pragma omp parallel
#pragma omp for
for(i=0;1<N;i++) { a[i] = a[i] + b[i];}




Combined parallel/for Construct

A OpenMP shortcut: falovtag to “parallel” kot to “for” directive
oTnVv b1 ypauun

double resflMAX]; inti; double resf]MAX]; int i;

#pragma omp parallel #pragma omp parallel for
{ for (i=0;i< MAX; i++) {
#pragma omp for res[i] = huge();
for (i=0;i< MAX; i++) { }
res[i] = huge();

}
} \
These are equivalent




Example - Matrix times vector

#pragma omp parallel for private(1i,j,sum)

for (1=0; i<m; i++)
{
sum = 0.0;
for (3=0; j<n; j++)
sum += b[i][j]*c[]];
af[i] = sum;

}

for (i=0,1,2,3,4) for (1=5,6,7,8,9)

i=o i=-5
sum = b[i=0][j]*c[j] sum = X b[i=5][j]1*c[]j]

a[0] = sum a[5] = sum

‘SJ-T?E‘ b[i=1][j]*c[]] S‘UIT]I-—==§_ b[1=6][]]*c[]]

af[1] = sum a[6] = sum




Single worksharing Construct

d To single construct vmodnAwvel 0Tt eva block Kwdika Ba ekteAeoTel UOVO QMO
eva thread (oy1 anmapaitnta to master thread).

A Eva barrier “vnovoeital” oto t€Aog tou single block
(umopet va agopebet pe éva nowait clause).

#pragma omp single [private][firstprivate] \
[nowalit]
{

}

<code-block>

OpenMP




Single Construct - Example

#pragma omp parallel

{
do_many_things();

#pragma omp single
{ exchange_boundaries(); }
do_many_other_things();

single processor
region

time

Threads wait
in the barrier




Sections worksharing Constructs

A Otav BeAdovue pepovoueva blocks KmdKa va KataveuovTal eva yia Kade
thread

#pragma omp sections [clause(s)]
{
#pragma omp section
<code blocki>
#pragma omp section
<code block2>
#pragma omp section

}

Clauses mov vmootnpidet:

v/private v/ firstprivate
Vlastprivate ¢/reduction
v nowait

OpenMP




- Sections Construct - Example

#pragma omp parallel

{

#pragma omp sections

{

#pragma omp section
X_calculation();

#pragma omp section
y_calculation();

#pragma omp section
z_calculation();

}

By default, there is a barrier at the end of the “omp
sections”. Use the “nowait” clause to turn off the barrier.




Synchronization

[ To synchronization xpnolUOTOLELTAL Y10 VO EMBAAEL TTEPLOPLOUOVE KOl
va ipootatePel TNV mpooPaon ota shared data

eHigh level synchronization
v/critical
v atomic

v’barrier
vordered

eLow level synchronization
v/ flush

OpenMP




Critical and Atomic constructs

A Critical: OAa ta threads ekteAoVv oV KOOKAQ,
aAAG HOVo eva KaBe popa (01 TRLTOXPOV):

#pragma omp critical [(name)]
{<code-block>}

There is no implied
barrier on entry or
exit!

A Atomic: A&lomolel unyaviououg auolaiov amoKAEIGUOD IOV
Bpilokovtal SiBeaiuot o€ eminedo LAIKOD ....

#pragma omp atomic
<statement>

This is a lightweight, special

form of a critical section QP enM P




Barrier Construct

 KaBe thread mepluével womov oAa ta threads @Bacovuv.

#pragma omp barrier

Barrier Region

time

OpenMP




About OpenMP clauses

1 Onwg etdaue moAreg OpenMP directives vootiptlovv clauses

A Ta clauses xpnoUOTOIOLVTOL YIX VA TIPOCGO10PLIOOLY EMITIPOCOETEG
TTAT|POQOPILEC

A I'a mapaderyua,to private(a) eivan eva clause ywa tnyv for directive:
e #pragma omp for private(a)

A I'a kaBe directive ¥pno1UOTIOI00VTOL CLYKEKPLUEVA clauses

OpenMP




The if/{first,last}private clauses

4 if (scalar expression)
v ExteAeiton mapaAAnAa uovo
av expression == true
V' GAMWG, EKTEAEITOL OEIPLOKK

A firstprivate (list)
v/ OAegg 01 PETAPANTEG 0T ALOTA GPYIKOTIOLOLVTAL
LE TN TIUN TIOL €lyav TPV umovv oto parallel construct

 lastprivate (list)
v/ avaBeon NG TEAIKIG TIUNG OTIWG QLTI TIPOBAETETAN
amo TNV akoAovBlaKT EKTEAEON

OpenMP




Example private variables

#pragma omp parallel

{
#pragma omp for private (i) firstprivate(A) lastprivate(B)...

for (i=0; i<n; i++)

{
é.;’A + i /*-- A undefined, unless declared
firstprivate --*/
}
c =B /*-- B undefined, unless declared

lastprivate --%*/

} /*-- End of OpenMP parallel region --*/

}

OpenMP




The reduction clause

reduction ( operator : list)

A Xpnowomnotiettal ueca oeva parallel 1 work-sharing construct:
- ATNUIOVLPYELTAL EVA TOTIIKO avTiypa@o yia KaBe thread ko apyikomnoieital
avaAoya ue tov operator ( 0 yia “+7).
- O teAeoT|G EQUPUOLETOL OTO TOTIKO QVTILYPOPO
- Ta Tomka avtiypa@a cuvoilovtal oTnv Kowvr eTafAntn.

A O petapAntég peoa otn “list” mpemnel va eivon shared

OpenMP




Example reduction clause

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

int main(int argc, char** argv)

{
int N = atoi(argv[1]);
int sum = 0;
int * A = malloc(N * sizeof(int));
my_init(A);
#pragma omp parallel for reduction(+ : sum) schedule(static)
for (i=0; i < N; i++){
sum += A[i];
}
printf(“Total sum = %d\n", sum);
}

OpenMP




Compiling

A Xe mepifarrov omov napexetar o GNU C compiler
(m.x. GNU C compiler > 4.2 version) cuvnBwg amoattovvrat :

v'va ovunepiAneBet to header file <omp.h>
v/'va coumnepiAngBetl otov compiler n onuavon -fopenmp

4 gcc —fopenmp —o executable source.c

OpenMP




References & Links

http://openmp.org/mp-documents/ntu-vanderpas.pdf
http://openmp.org/mp-documents/omp-hands-on-SCO8.pdf
http://parallel.hpclab.ceid.upatras.gr/front-6.pdf

http://www.openmp.org/mp-documents/spec30.pdf
http://www.ceid.upatras.gr/
http://patras-lug.gr/

http://www.p-space.gr/

http://openmp.org/
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