I S EEITT B A M R
OpenMP 51

SKL
ZJUSCT



H %

= OpenMP #ff&

= J

TR A

= FITREGHIE
= EFAEEHE
= B EELE

= HiEHEE
= REFD
= H4
HIEIBIT

l:l

et

PSP

PSS




OpenMP f%id



OpenMP #EiA
" OpenM? OpenMP

= Open Multi-Processing FI48 5

= —MNHERZEO0PD, TRTERAMERSEE. KERFHITHE
= RER. WBEREERE

. HESAFHFIT
s FEEIRIFEFTIF (C/C+ T Fortran)
n ZEFEAP|
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. E(TREERY

- FELE




I HZ X FEEAY (Shared Memory Model)

» HERGFIN: ELEERSHZRFHEE, LTE— U (E
T, ELEA ARG I 5GP EERFUE

= OpenMP2AZAIERNZHLZNFNZTH . KERWALIZLL
ZN7E UMA 5 NUMA,

Non—-Uniform Memory Access

Uniform Memory Access o e
— A E—EANFIIO

» ATEHZEAFRM, EERERN omp MAERTRL



| +t==pg 7488 (Shared Memory Model)

s FEHPCHFF 2N ERNELE (WRILUAKRNE labl FRIEEER
M) , FEINEZEET WPl 5 oMP HEESSS M HRANEHT, X
BEHIRVESHITRIE.

m OpenMP BT B TR LERITEZER TIE,

= MPI BFSEMPSZE/BEMBIELE,

Hybrid OpenMP-MPI Parallelism

" XEFFHATERUESEENENSEER L.



OpenMP iZitI8 & : E=XNFHIT

s RRBRITIER, REFMNFHTHIESIEN
. MEST AR

int main() { int main() {
/** FEATAL T T AR */
/** FEATAL R A4S %/ #pragma omp parallel
printf( "Hello, World'\n" ); {
‘ printf( “Hello, World!\n” );

return 0;

}

} return 0;



I OpenMP 4 %
o iRy DU EE YR 15

g P i

WA parallel, for & Wik, WUAHLETA, LT LA
=
#pragma omp parallel default(shared) private (beta,pi)
a3 1H A4 ERG ERG
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| Fork-doin #i7

FITX
int main() {

omp_set num threads(3) ;

#pragma omp parallel

printf( “Hello, World-1!'\n” );

omp set num threads(4);

#pragma omp parallel

printf( “Hello, World-2'\n” );

return 0;



SR




12



k. r

1TIX Z5 A
s FHITXEMEK: 63— OpenMP &2 U IT— 1 HITX

#pragma omp parallel [FaJ[ [,]Fa] ..] | 0t main() {
SRR omp set num threads(16) ;
Ta: yxx FHETIE */

private (5I3g)
firstprivate (FIF)
shared (F3%) {

copyin (FII5R) printf( “Hello, World!\n” );
reduction ( [VAZMEIMRST, | VFLRER: FIR)

proc bind (master | close | spread) }
allocate ([7ECER: FIFR)

if ([parallel: ] FREFRIAN) ESCUEOU
num thread (B RILN) }

default (shared | none)

#pragma omp parallel

7 ¥4MiHAR K FORTRAN FiEiEE il
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FEFIEITZE parallel B, 6
— A2 FE

PR AL THITEX ARG

HITXERET, FEZIES[ES
(B— 1 a3k barrier)

BRI -

" TR AR —ME IR
= TEEBEE: (goto) HAHITX
» {BHITXARLLERE AR

int main() {

omp set num threads(16);

st HITE */
#pragma omp parallel
{

printf( “Hello, World!\n”

}

return 0;

) ;



1.

HFITX : ZI2HE

BEHFITRARLER=ZEN AR
™Il num threads Ff]
= fjl: #pragma omp parallel num threads(10)
A omp set num threads () ¥
= AFHITXHEIEA
% E OMP NUM THREADS IMELE
= AEFHITXHEIEA
NI if FA
= ZHA false BY, (RAFEHREZERITHIT
= {j: #pragma omp parallel if (para == true)
Rk :

" pragma BEIEE > RYAPIKE > NETSEE



| 17k HEFHTX

» [RIEBRBREATX, ABRFHTEXRA—ITSRERIT

» BRH/ZH -E“RE#??]Z fipragma omp parallel num_ threads (3)

" omp set nested(bool) {

. _ #ipragma omp parallel num threads (3)
= % E OMP NESTED MELE

{

» REREHITXEREHE: :
" omp get nested() }
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= =FEBNESSECEEIE
» JER: ESPESEMGFEEESEFHITEXARR

DO / for: FREIFRIZ sections: ¥1E5X4  single: (MEAHITX
RIEK A BLLE A E % RET section, & HFE—NEERIT
. m—MEIEHIT MEENITEER

section

[ IJEHI | ¢+ 3 1

C/C++ for 1GIF .
FORTRAN DO IR S T'ONSI SINGLE| #7248
1 1 1 1 | 3 3

| | |



| 1549 EEmIE

= BREANZ2REKE D TERHITXEIZE PR S NELIENT

#pragma omp for [FHAI[ [,]Fa] ..]
for &

FAl:
private (53R)
firstprivate (JIFR)
lastprivate ( [lastprivatef&iH&F: 1%I3R)
linear (FIFE[: #KI)
schedule ( [FERIGF [, BEZIHT ]
VEREE [ RAD])

collapse (n)
ordered| (n) ]

allocate ([7HCEE: FIF)

order (concurrent)
reduction ( [JAZEIRFF, | VFLRIERF: 5
=)

nowait

*¥4Mif B R FORTRANFEEIH S 34y

#pragma omp parallel
#pragma omp for
for (1 = 0; i < 25; i++)

printf (“foo") ;



| 15 omeink
s B{ESE: LUITHEMEEZEENE

#pragma omp parallel

{

#pragma omp for
for (i = 0; 1 < 25; i++) {

printf ("Foo") ;

#pragma omp parallel for
for (i = 0; i < 25; i++) {

printf ("Foo") ;



| 1 omeir: EESR
= Iﬁfg.%mﬁ ( schedule %’FTJ) : 'EE%%EEEK

1. static

s BEERARER R, W HSHBRIEE, & R QLmEK
R RE T

FME&IENT— “BRY



| ‘T omsmik. BEAR
static 1@]%_
s EENREKXFNANEIE, ABNKIESEE SN, /NIIE KR —ER
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| 1Ttk BEAR

s AEREE ( schedule FA])
1.

2. dynamic
» FHEMERSTEIA R, B R ARSI —IRIER
BEREENTTE— “R” , SESHEBEER—R
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dynamic &
s WEANKERFNALKEE, BNEEFSEEETNES kL RNEKAIR
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» iR RiE
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| (25 oEsstk: BEAR

s FERE ( schedule 1))

1.
2.
3. guided
* 5 dynamic £\, BRAOXNSNAENEIEEL, EHFE
4.



| 1z otk EEAR

guided f{E

BANSERFINANETR, —FREIMERESE—NES k%R
HIER ;

s EABERRE, ZERBHSREL k/2 MEAHBR;

s BERE, 2HSEES /4 MERRLR, BUbEss
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| 15wk BEAR

" 'I'EJE%H§ ( schedule F1))
1.

|
4, runtime

» TITHIHBIBISIFETTE OMP SCHEDULE % E
5. auto

* HARERIRGEENRE



| EsomEmE: 4
collapse Ff]: FHREMRBIMIHIE

St

B2

IR

REG—E, MARRITHTAE

#pragma omp parallel num_thread(6)
#pragma omp for schedule(dynamic)
for (inti=0;i<3;i++)
for (intj=0;j<3;j++)
printf("i=%d, j=%d, thread = %d\n",
i, j, omp_get_thread_num());

#pragma omp parallel num_thread(6)
#pragma omp for schedule(dynamic)
collapse(2)
for (inti=0;i<3;i++)
for (intj=0;j<3;j++)
printf("i=%d, j=%d, thread = %d\n",
i, j, omp_get_thread_num());

i=1, j=0, thread = 1
i=2, j=0, thread = 2
i=0, j=0, thread =0
i=1, j=1, thread =1
i=2, j=1, thread = 2
i=0, j=1, thread =0
i=1, j=2, thread =1
i=2, j=2, thread = 2
i=0, j=2, thread =0

i=0, j=0, thread =0
i=0, j=2, thread =1
i=1, j=0, thread = 2
i=2, j=0, thread = 4
i=0, j=1, thread =0
i=1, j=2, thread =3
i=2, j=2, thread =5
i=1, j=1, thread = 2

i=2, j=1, thread =4

VMR EIAMHAIT. RB3ITEIE

NEMIMNZRIAG—AER .. 617242



I EFBczafdff: sections

= ESTECAN

» BFARRERKEBLERAE section, BAELAREL%TE
" % section METFEEZHE— sections SH

= §{ section RIE—TEEFEMIT—IX

= ZF2H0 section KX X R ZTFAE HY

#pragma omp sections [FHI[ [,]FF] ..]

{

[#pragma omp section]
RAIR

[#pragma omp section]

AR

FA]:
private (FI3R)
firstprivate (73&)
lastprivate ( [lastprivatef&imfF: 1%1FR)
allocate ([HEEE: %K)
reduction ( [VALMEMERF, 1| VIALYIRIESRF:
HFR)

nowait

1R R FORTRANF SEIHE STy



| E5 5B LIk sections

#fpragma omp parallel num threads (2)
{
#pragma omp sections
{
#pragma omp section // F—1* section
{
for (int 1 = 0; 1 < n; i++)
c[i] = a[1i] + b[1];
}
#pragma omp section // P =1 section
{
for (int 1 = 0; 1 < n; 1i++)

dfi] = a[i] + b[i];



| =55t single

» SR—EBERBIEAITRPHN—TEIERT

= ATRTRITIEZIEZ2/0%4E (170 1/0)

= AHITHBEENEERFFLERBEATER (FRIEA T nowait
Fa])

#pragma omp parallel num threads (10)

{
#pragma omp single
{
scanf ("%d", &input) ;

}
printf ("input is %d", input);
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= EBEFREENERE+TER

= OpenMP BTHZ=AEFHIZERL, REZHTENAZSHZM
» RNLIEEHZETS:

= 2FTE. static TE

» [RTHTREMNBEAR TR, MEFHTXA. ESTEEREINGHREE
= BRINLEALELE:

= FHTRIFATEIR TR

= EFSEEMERNNERETE

= FTXFERNEREPHETEE
= {ERmATAEE Fa) 2

B private, shared, firstprivate, lastprivate

" default, reduction, copyin



I HEE=E

" private(var list)

= BFIRPHTEFPALIENS

= TEAEFEAFTEXEAFASGE, BFAHITXEAIZRE
" shared(var_ list)

= FIRFNEERRAALIZELE
= firstprivate(var list)

* 5 private £, BEEBEFNF TSI HLBFEANFITXHIRY
(=1

" lastprivate(var list)

" 5 private £\, BXEBAEEHAHITXRE, HARREREKNNES
IR



| #ips=
" private Fa)ZEf)

void work (flaot *c, int N) {
float x, y:
#pragma omp parallel for private(x, y)
for (int i = 0; i < N; i++) {
x = al1];
y = b[1];

cl[i] = x + y;



| sEt=

= Rk
= BftaiEix?

float dot prod(float *a, float *b, int N)

float sum = 0.0;

#pragma omp parallel for shared (sum)
for (int i = 0; i < N; i++) {
sum = sum + al[i] * b[1i];
}

return sum;

#HIEE=% Data race



WRLZESZ%ERZD
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| 4i2mE%

s WEEHIESZS (datarace) AT Ei[OEE{RIP
» G EB1INEKEMNEZETSHITIEN

float dot prod(float *a, float *b, int N) {
float sum = 0.0;
#pragma omp parallel for shared (sum)
for (int 1 = 0; 1 < N; i++) {
#pragma omp critical
sum += a[i] * b[i];
}

return sum;



| &izEH

%iERLES1ER):
" #pragma omp critical #pragma omp critical
= AE—MERRTIRRE (/% IGFXRAG*/ )
" #pragma omp barrier #pragma omp barrier

= FRHBLIERIALA RUEIEIT
" }pragma omp single
» EFHEEWEN—F: RA—1MRERITREE
= A[LH #pragma omp master: Elﬁﬁiifﬁ?ﬂﬁ—ﬁﬁﬁﬂ
» HITREERR AR barrier #pragma omp single ’
= Lt single ¥ ESM { /** RB—PEEAITT */ }

. .
kpragma omp atomic #pragma omp atomic

» EFREFIESHOEZETS a[x] += blyl; .



EZEEE

OpenMP HY$0iEK%: omp set lock (1) ;

omp unset lock(l) ;
void omp init lock(omp lock t *lock)
= a1
void omp destroy lock(omp lock t *lock)
= FHER
void omp set lock(omp lock t *lock)
= GREUEN. HHICWHMBEIZRET, WEGHEthiERmm
void omp unset lock(omp lock t *lock)
. R
int omp test lock(omp lock t *lock)
s AR SR EHRE. HEREASHEE



| izEs

= OpenMP XfHZTE4RF “HIRAI—H1E”

= BEEP, XR—HZTENELSEHMN
» SFERN—NMEZTENHEMER, FFAIIRIEZEW flush
= THlap <S4 BENATT flush:

" parallel (i#H) . critical (i#H). ordered (i#H) . for
(H) . sections (1) . single (1)

a %ij] flush:

#pragma omp flush [NFEF] [(XEIIR) ]

MR-

acq_rel, release, acquire

~JE45 A R FORTRAN A1 S M XY



| &i2E%

= EHF OpenMP L3k EFF2 barrier, 0

" parallel, for, single

s HEHMAEZE barrier, A[1E1T nowait FAJEHE barrier

#pragma omp for nowait
for (int 1 = 0; 1 < n; 1i++)
ali] = bigFuncl (i) ;
#pragma omp for nowait
for (int j = 0; jJ < m; J++)
b[j] = bigFunc2(3j)



| 124

OpenMP [E) F74:
= Barrier

= FFEBL%IEENA

» BRHTHEF—NMTESRERUABRT—TR
 [FFRX (KEXASISEI)

» RIPHRZFENEERE

= AILLEITIAES
» BAPiHRIE

s (RIPHZEFIR

s LR FRXRIEEED, LMELREDIEIERIREE
» JRFIR{E Atomic

" (RIPHEFEIR

= BER, EATEMRE: 2MET
» BIRREES A

" (RIPHZFEIR

* T omp parallel iZA)RH (omp for Z4P)
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» R4 BREBESMMIGIE?

float dot prod(float *a, float *b, int N) {
float sum = 0.0;
#pragma omp parallel for shared(sum)
for (int i = 0; 1 < N; i++) {
#pragma omp critical
sum += a[i1] * b[1];
}

return sum;



| 13g
= {ff reduction Ff]

float dot prod(float *a, float *b, int N) {
float sum = 0.0;
#pragma omp parallel for reduction (+:sum)
for (int 1 = 0; 1 < N; i++) {
sum += a[i] * b[i];
}

return sum;

=5 EE MPI_Reduce R %



| 13%

® reduction(op: list)
» list PEEFTARLZETE
= SCIRJREE:
1. B%, SEESREBENRATE LHITHRAEY
2. EFERE, EMERBUBLZIERAAKREEER
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= MEEEXTEE
4
1+ x2

T

Il
O

static long num steps = 100000;

double step = 1.0 / (double)num steps;

double sum = 0.0;

for (int i = 0; i < num steps; i++) ({
double x = (i + 0.5) * step; //HR
sum += 4.0 / (1.0 + x * x); //iHEHE

}

double pi = step * sum; //FLIEE

AT VARG

4.0/(1+x?)

F(x)

4.0 =

»
o
l

0.0

1.0
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m 5ZE1: reduction

static long num steps = 100,000;
double step = 1.0 / (double)num steps;
double sum = 0.0;
#pragma omp parallel for reduction (+:sum)
for (int 1 = 0; i < num steps; i++) ({
double x = (1 + 0.5) * step;
sum += 4.0 / (1.0 + x * x);
}
double pi = step * sum;



WEE

m 5FE2: critical

static long num steps = 100,000;

double step = 1.0 / (double)num steps;

double sum = 0.0;

#pragma omp parallel

for (int i = 0; i < num steps; i++) {
double x = (i + 0.5) * step;

#pragma omp critical
sum += 4.0 / (1.0 + x * x);

}
double pi = step * sum;



WEE
= 5%FE3: atomic

static long num steps = 100,000;
double step = 1.0 / (double)num steps;
double sum = 0.0;
#pragma omp parallel for
for (int i = 0; i < num steps; i++) {
double x = (i + 0.5) * step;
#pragma omp atomic
sum += 4.0 / (1.0 + x * x);
}
double pi = step * sum;



| REV3Z LRI

i} () R

b e b ek
[ I TV R ]

[fe}

- o0

L I S PTI SOV N -]

450000000
400000000
350000000
300000000
250000000
200000000
150000000
100000000

50000000

0

N e

B.530348655

742713053

3.75857577

1.970602518

0998350723

[*E
I3
[T
o
=
[+
1+
-

(3K e

FE1: reduction

I 8]

384665724

310085831

26518051

1960046
]

serial | 2 4

ELF 8

FE2: critical

0 11 12 13 14 15 16 17 18 19 20

63946724
2.80096919

21 22 23 24

2762364

22

Tk e

B i) il

I b

15
14 93027917
- SELS
12
11
10
9
8
7
6
5
4
3
2 1962709397
1 0996827518
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 13 20 21 22 23 24
=
F AL -
[ ]
Sk BHERAN, BERITKERF/M
oJA L] 1T =
N} 6]
60000000
53597587
50000000
40000000 37888949
33621537
30000000
20000000
10053311
10000000
1960046 -
o I
serial 1 2 4 22

L B

7% E3: atomic
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s {£H reduction FAJMRERIL
» (RE/BALERBHITRIL
» 55KEEHM, BRITKEEMBFEISIMEHES
» ¥ critical 3 atomic {EHITMRERMIZTAET
» FRERBHEITEID
s [EFFHEIEK
= GEE: MiEEE






OpenMP ={I{XHS

#include <stdio.h>
#include <stdlib.h>

#include <omp.h> 4mm L3 {4
void Hello (void) ; /** ZEFfEER¥ */

int main (int argc, char* argv([]) {
/4 B SITISEILEH */
int thread count = strtol(argv[1l], NULL, 10);

#ipragma omp parallel num_ threads (thread count) 4mm J}H{TiE51EqQ]
Hello() ;

return 0;

} /**% main */

void Hello (void) ({

int my rank = omp_get_thread num(); <mm FRIIFH-ZFZEID

int thread count = omp_get num threads(); 4mm %ZF23{

printf ("Hello from thread %d of %d\n", my rank, thread count);
} /** Hello */



| %izEeT

gcc —-g -Wall -—-fopenmp -0 malin mailin.c

L F 4 FE AR AR

OMP_NUM THREADS=4 ./main 4m IfETEFE
/ Bl geRYHIH
Hello from thread 0 of 4 Hello from thread 3 of 4
Hello from thread 1 of 4 | Hello from thread 1 of 4
Hello from thread 2 of 4 Hello from thread 2 of 4

Hello from thread 3 of 4

Hello from thread 1 of 4
Hello from thread 2 of 4

Hello from thread 0 of 4
Hello from thread 3 of 4

Hello from thread 0 of 4




| wizEeT

i HERS

Intel icc -gopenmp
GNU gcc -fopenmp
g++
gl7
gfortran

PGI pgcc —mp

pgCC
pgf77

pgf90

Clang clang -fopenmp
clang++



| #mmET%

" void omp set num threads(int num threads)
» B EREHITXHEEY
" int omp get num threads()
= REHRIZENZIZY
" int omp get thread num()
= REVEHEILENRS
= FHIERSAHO
" int omp get thread limit()
» REFEFTRANREREREN

" int omp get num procs()

s REVEFTTRMLIERH=E

" int omp i1n parallel()
= FIETHAIBEESEHITXS
» BEEZERBUFER OpenMP H4



| sRwmETe

" OMP NUM THREADS
= ZEHITXEIEN
= OMP_ PROC BIND
s REZESAERNHPEXR
= A%H true (BE) X false (IEPE)

= 7[1#E]d master, close M spread Jy NUMA Z2491% E & B A4 E
REE GERHE)

= OMP WAIT POLICY
= %4 ACTIVE FR/~FIH B e T&IZEF S
= RIER, FHFHEHFECPURIE
* %A PASSIVE FTnFAIRIERGAE#HITLIZEF
= SR, FHAEFE CPU RYE
» EZIMETEIFER OpenMP 314



~ =
I'EI\ -Q—IZI

= OpenMP
» B—MAEXZAFHENPIIHTHRIERZE, LHERTHITHER
= KA 7T Fork-Join {=2%!
= BETHIFSRHRIZIESR
= {£f OpenMP RIZI=:
s EXHITX (omp parallel)
» WEHITE
» RAAENHITEH (for; sections; single)
= REFERE (schedule)
= HIEEE /TEHNE (private/ shared; flush )
= E5#TH| (criticald®)
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