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°O+  Resources

()

& http://www.openmp.org

(® http://openmpcon.org

3 https://hpc-tutorials.linl.gov/openmp/

e https://events.prace-
ri.eu/event/176/contributions/64/attachments/128/209/0OpenMP.pdf

o https://github.com/vishalk2/Computational-Fluid—-Dynamics—
CED/tree/main/FDM/Elliptic/Stream_Function_Examples/Example_1



http://www.openmp.org/
https://hpc-tutorials.llnl.gov/openmp/
https://events.prace-ri.eu/event/176/contributions/64/attachments/128/209/OpenMP.pdf
https://github.com/vishalk2/Computational-Fluid-Dynamics-CFD/tree/main/FDM/Elliptic/Stream_Function_Examples/Example_1
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© https://putty.org
© Google = putty 2

Package files

You probably want one of these. They include versions of all the PuTTY utilities.
(Not sure whether you want the 32-bit or the 64-bit version? Read the FAQ entry.)

MSI (Windows Installer”)

32-bit: putty-0.73-instal ler msi (or by FTP) (signature)

64-bit; putty-64bit-0.73-installer.msi  (or by FTP) (signature)

Unix source archive

tar.gz: putty-0.73.tar. gz {or by FTF) (signature)
. vy
'd N

Alternative binary files

The installer packages above will provide versions of all of these (except PuTTYtel), but you can download standalone binaries
one by one if you prefer.

(Not sure whether you want the 32-bit or the 64-bit version? Read the FAQ entry.)

putty.exe (the SSH and Telnet client itself)

32-bit; putty exe {or by FTP) (signature)
64-bit: putty. exe (or by FTP) (signature)
pscp.exe (an SCP client, i.e. command-line secure file copy)

32-bit: pscp . exe (or by FTP) (signature)
64-bit: PSR, exe (or by FTP) (signature)

of Scence and Technology Information
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@ Window: SSH Client(Putty)S 0|28t T

Category:

% PUTTY Configuration

= SQSSiDn

- Teminal

- Keyboard
- Bell

- Features
= Window

- Appearance
- Behaviour
- Translation
- Selection
- Colours

[=- Connection

- Data

- Promy

- Telnet

- Rlogin
[+-55H

- Serial

m

About

>
Basic options for your PuTTY session
Specify the destination you want to connect to
Host Mame (or IP address) Port
nurion ksc e kr | |22 |
DNNECHon type .
{JRaw () Telnet () Rlogin (® 55H () Serial
Load, save or delete a stored session
Saved Sessions
|nuﬁun |
Default Settings Load
neuron (1
neuron 02
nurion
Delete
Close window on exit:
() Mways () Never (®) Only on clean exit
Open Cancel

e o e

Korea Insttute of Science and Technology nformation

PUTTY Security Alert *

The server's host key is not cached in the registry. You
| have no guarantee that the server is the computer you
4 think it is.

The server's rsa2 key fingerprint is:

ssh-rsa 2048 4a:44eath985caled0faa5a343924bolc

If you trust this host, hit Yes to add the key to

PUTTY's cache and carry on connecting.

If you want to carry on connecting just once, without

adding the key to the cache, hit No.

If you do not trust this host, hit Cancel to abandon the

connection.

vy OHUE{N) i

@ nurion.ksc.re.kr - PUTTY = - m} X




: Environment Module

@ ALEX7t A &tZ(shell environment)2 2|6l S EolFE £

@ ‘module’ HH
» 283 (subcommand)
© avail(av)
» A 7 REOIUE(modulefiles)S E0 =
© add(load)
» A sFoz REMUSS HHE(load)
© rm(unload)
» A 2F0M M REIUSS MAS
© lilist)

» HiE EEmdsS LIEY

© purge
» HIjE D= RENUSS M3




°O. OpenMP T2 Hut

G X o2 AN

Intel
C/C++ GNU
Cray
Intel
F77/F90 GNU
Cray

icc / icpc
gee / g++
cc/CC
ifort
gfortran
ftn

.C, .cc, .cpp, .Cxx, .ct+

1, .for, .ftn, .f90, .fpp,
F, FOR, .FTN, .FPP,
.FO0

intel/17.0.5 | intel/18.0.1 | intel/18.0.3
gcc/6.1.0 | gee/7.2.0
PrgEnv-cray/1.0.2 & cce/8.6.3
intel/17.0.5 | intel/18.0.1 | intel/18.0.3
gcc/6.1.0 | gee/7.2.0
PrgEnv-cray/1.0.2 & cce/8.6.3

$ {gcc|gfortran} [-03] [-march=knl] test.{c|f90} -0 test.exe
$ {icc|ifort} [-03] [-XMIC-AVX512] test.{c|9@} -0 test.exe
$ {cc|ftn} -o test.exe [-hcpu=mic-knl] test.{c|f90}

@ ‘OpenMP T2 Hm!

$ {gcc|gfortran} -o test.exe -fopenmp [-03] [-march=knl] test.{c]|f90}
$ {icc|ifort} -o test.exe -qopenmp [-03] [-XxMIC-AVX512] test.{c|90}
$ {cc|ftn} -o test.exe [-h omp] [-hcpu=mic-knl] test.{c|f90}

PO S YR A



*O- VI Editor

€ vim(vi)

» 7t 7|2X8Q HIAE 0|0, OSOf| 7|=2X8C = HetE
= Vlsual display editorE 2|0
© oY JH
» $ vifile(WE ZE)
» $ view file(37]| 2E)
® modes
=
© YUREZ M3t:j(l, a, A, o, O, R)
L=

251 DS 240 T 0] Y2

JH 1

1 DA HEY Lhs MH(HE 3 ZEZ HA A]) : “ESC” key




1 O- . Job Scheduler

@ PBS, Slurm, OGE, LSF, LoadLeveler, -

Node
01 P
Node
02 P
Login Node N ode
(PBS Client) o
Serial Job Job
cral Jo Scheduler Ngze
P
Parallel Job (PBS)
Node
05
Node
06 | |

Computing Nodes




°O> Scheduler(PBS)

1. EY AJYE XA

2. XA H=: gsub

[seduSB@login®l MPI Basicls qsub job.sh
4957834 . pbs

Z=) SCRATCH DIRO|A| XM= SHOf &H(/scratch/user_id)

3. = MEf X3|: gstat [-u User_ID]

[sedus0@logindl MPI Basicl$ gstat -u seduse
pbs:

Req'd Req'd Elap
Job ID Username Queue Jobname SessID NDS TSK Memory Time S Time
4997797 .pbs sedus®  debug STDIN 53617 2 20 25gb ©2:00 R 00:11
4957834 . pbs sedus® normal  MPI_job 54380 1 68 -- 02:02 R 0O:00

4. = FA: gdel (JOBID)

_—
HRLE T e el |



°O> Scheduler(PBS)

© i AIZE I of
» Serial Program

#!/bin/bash

#PBS -V

#PBS -N Serial_job

#PBS -q normal

#PBS -1 walltime=00:05:00
#PBS -1 select=1:ncpus=1
#PBS -A etc

cd $PBS_O_WORKDIR

./a.out

» OpenMP Program

#!/bin/bash

#PBS -V

#PBS -N OMP_job

#PBS -q normal

#PBS -1 walltime=00:20:00

#PBS -1 select=1:ncpus=64:ompthreads=64
#PBS -A etc

cd $PBS_O_WORKDIR

./a.out




PBS Interactive £ X|=

© 1] 5 M52 debug 7 0|8
» debug Ol ZI®] HI& E= QIEIHEIE X 0|8

@ QIE{E|H L XH: gsub | (in the “scratch” directory)

$ cd /scratch/sedu#t# or ( $ cds )

$ gqsub -I -V -A etc -1 select=1:ncpus=16:ompthreads=16 -1 walltime=04:00:00 -q
debug

gsub: waiting for job 4997862.pbs to start

gsub: job 4997862.pbs ready

[ sedu50@node8281 C]$ export OMP_NUM THREADS=4
[ sedu50@node8281 C]$ ./hello.x

Hello World

Hello World

Hello World

Hello World

[sedu@l@node8281 C]$ exit

_—
LT el s L |




© puttyS 0|2510] 2|2 A|AHIN X
» MK AH, OTP passwd, passwd
@ AlA _9_|-7:|° klI-I

o Jp

JIL<!

NS B HABO| Vi BT| 1BE

» 92 BE, PY B

@ PBS job scheduler At2'H

» I ATYE KA

» Interactive modeZ2 & X|SH




@ vi HEI| AIEH

@ PBS job scheduler A2




02 OpenMP Basic | |

1. OpenMP A7

2. OpenMPe| 11, 215 AOA

3. AfE 4




OpenMP Basic |

EE::

» OpenMP2| 7HE O|3{StCY.

» OpenMP 78 Q4 OJof{otLt,




*O» , OpenMPEI?

¢ Open specifications for Multi Processing

O (SsHZ2 2F0AM) O AYE HHE o= 8 X4 S Qs
sS4 =1 OIE|H0|A(API)
» Language(Fortran, C/C++) Extensions
» 37 HE2 272 DHO| (AMMY) BE

OpenMP Basic |

O 74
OpenMP

» MU X|A|0{(omp parallel)

» HEIY 20| 2|(&<r)

(omp_set_num_threads(n)) ‘

» B HA

(OMP_NUM_THREADS=n)

Compiler Runtime
Directives Library

Environment
Variables




/O OpenMPEI?

& www.openmp.org

OpenMP

The OpenMP AP specification for parallel programming

Specifications Community v Resources v News & Events v About v

ee 2t Chattanoogs

Latest News v f in N &

Tweets by OpenMP_ARB
BLOG

OpenMP Offload
in Applications

ECP SOLWE 2022 ECP
bi-weekly sessions COMMUNITY
BOF DAYS




°O"  OpenMPEf?

@ History
» 1997.10: OpenMP for Fortran 1.0
= 1998.10: OpenMP for C/C++ 1.0
= 2000.11: OpenMP for Fortran 2.0
= 2002.3: OpenMP for C/C++ 2.0
» 2005.5: OpenMP 2.5 (combined C/C++ & Fortran)
» 2008.5: OpenMP 3.0 (Task)
» 2011.7: OpenMP 3.1
» 2013.7: OpenMP 4.0 (Accelerator)
» 2015.11: OpenMP 4.5
» 2018.11: OpenMP 5.0
» 2020.11: OpenMP 5.1
» 2021.11: OpenMP 5.2




"O" OpenMP| &

g o

« MPIO| H|oll ZH, C|HZA H|uwX 0|
paiel
« MPIELC} DATA 28to| 2Eto| ML} Ofl M2F A Vs

« 2} LoopS SLI HZ51510] MRIXQI ¥ |« Of7[HIM(E=MA o= H22[)2] oA Z 2ot
25171 It = ds= g7 &St

* 5lLtO| codeE HH codelt #Xt codeZ2 | * OpenMPZ X|&Eol= compilerZ| BIEA|
compile 7ts e

« MI|MOZ codell I 7|7} ALt




*O-  OpenMP2| T4(1/2)

© ZoA X|A|0f

A AO|9| HRiRE, A1, 57|

_I|=||_I:I, Ly

&= 2|0|2] OpenMP
ex) I$SOMP PARALLEL DO

}

fol
1
of

1l

RSN ETEREE]

HE IHH (R0 AHES| 4, AYHE ID)S| A- 1} =3
ex) CALL omp_set_num_threads(n) : MME AYC Ji4 XX
CALL omp_get_num_threads() :MME AL JH 2|EH
CALL omp_get_thread_num() : A= ID 2&
CALL omp_get_max_threads() : AtE 7}56t = A E JH~ 2|EH

@ 24 H4(Environmental Variables)
A8 AABIO] B OTEA(ARE T4 5) Mo
ex) export OMP_NUM_THREADS=8
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Compiling & Execution Check

OpenMP Basic |

Fortran

PROGRAM hello world

1$OMP PARALLEL
PRINT *,
I$OMP END PARALLEL

‘Hello World’

#include <stdio.h>

int main()

{

#pragma omp parallel

{

printf (“Hello World\n”);

$ ./hello omp.x

END ) }
/ for output filename } / for output filename
" 4 r o
Intel : ifort -o hello.x hello.f90 Intel : icc -o hello.x hello.c
GCC : gfortran -o hello.x hello.f90 GCC : gcc -0 hello.x hello.c
Cray : ftn -o hello'xw for OpenMP Cray @ cc -0 hellw for OpenMP
<« <«
Intel : ifort -qopenmp -o hello omp.x hello.f Intel : icc -qopenmp -0 hello_omp.x hello.c
GCC : gfortran -fopenmp -o hello omp.x hello.f GCC : gcc -fopenmp -0 hello omp.x hello.c
Cray : ftn -o hello_omp.x hello.f Cray : cc -mp -o hello_omp.x hello.c
$ gfortran -o hello.x hello.f90 $ gcc -0 hello.x hello.c
$ gfortran -fopenmp -o hello_omp.x hello.f90 $ gcc -fopenmp -o hello_omp.x hello.c
$ ./hello.x $ ./hello.x

$ ./hello _omp.x
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OpenMP2| 3£4(2/2)

OpenMP Basic |

Fortran

PROGRAM hello_world

INTEGER omp_get_thread num. Compiler Directive
1$OMP PARALLEL ~

PRINT *, ‘Hello World’, omp get thread_num()
1$OMP END PARALLEL ‘E\\\

Runtime Library

END

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

int main()

Compiler Directive
{ /

#pragma omp parallel
{
printf (“Hello World %d\n”,
omp_get_thread_num());
\ Runtime Library

$ gfortran -fopenmp -o omp_comp.x omp_comp.f90
$ export OMP_NUM_THREADS = 4

$ ./omp_component.x Environment Variable

export OMP_NUM_THREADS = 4

}

}

$ gcc -fopenmp -0 omp_comp.x omp_comp.c
$

$ ./omp_component.x

Environment Variable

Fortran

C

Compiler Directive

ISOMP {directive)

#pragma omp {directive)

Runtime Library omp_

omp_

Environmental Variable OMP_

OMP_




OpenMP Basic |

Fortran

program main
use omp lib
#ifdef OPENMP

print*, ' OPENMP : ', _OPENMP
1$0OMP PARALLEL

print*, 'Hello World', omp_get_ thread_num()
1$OMP END PARALLEL
#else

print*, 'Hello World', ©
#endif
end program main

#include <stdio.h>
#include <omp.h>
int main(void)
{
#ifdef _OPENMP
#pragma omp parallel

{

printf("Hello
World %d\n",omp get thread _num());

}
#telse

printf("Hello World ©\n");
#endif

}

$ gfortran -cpp conditional.f90

$ gfortran -cpp -fopenmp conditional.f90
$ export OMP_NUM_THREADS = 4

$ ./a.out

$ gcc conditional.c

$ gcc -fopenmp conditional.c
$ export OMP_NUM_THREADS = 4
$ ./a.out




Do AHIE MA(1/4)

OpenMP Basic |

Fortran

PROGRAM hello_world

INTEGER omp_get thread _num or
(Include “omp_lib.h”) or
(Use omp 1ib)

1$0MP PARALLEL

PRINT *, ‘Hello World’, omp_get thread_num()
1$0MP END PARALLEL

print *, ¢’

call omp_set num_threads(4)
1$0MP PARALLEL

PRINT *, ‘Hello World’, omp_get thread_num()
1$0MP END PARALLEL

print*, ¢’
1$OMP PARALLEL num_threads(2)

PRINT *, ‘Hello World’, omp get thread_num()
1$0MP END PARALLEL

END

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

int main()
{
#pragma omp parallel

{
printf (“Hello World %d\n”,
omp_get_thread_num());

}
printf(“\n”);
omp_set_num_threads(4);
#pragma omp parallel
{

printf (“Hello World %d\n”,
omp_get _thread_num());

}

printf(“\n”);
#pragma omp parallel num_threads(2)
{

printf (“Hello World %d\n”,
omp_get thread _num());

}
}

$ gfortran -fopenmp -o create_thread.x
create_thread.f90

$ export OMP_NUM_THREADS = 8
$ ./create_thread.x

$ gcc -fopenmp -0 create_thread.x
create_thread.c

$ export OMP_NUM_THREADS = 8
$ ./create_thread.x




1O.  ABE HH8(2/4)

CEERERG:

Fortran C
1$OMP PARALLEL #pragma omp parallel

{
I$OMP END PARALLEL }

© AYC g MY
» 24 Ha o export OMP_NUM_THREADS = xxx
» ASHAIZE 210|E 2] : omp_set_num_threads(xxx)
» XA : #pragma omp parallel num_threads(xxx)

© Ay =et BHE Runtime libraries
= omp_set_num_threads(integer): A= 744 AH
» omp_get_num_threads(): S A2{|= EOM A= T Hi2t
» omp_get_thread_num(): A&|= D it




1O-  ABE HH8(3/4)

#pragma omp parallel I$OMP PARALLEL
{ / export OMP_NUM_THREADS = 8
| | | | | | |
printf(......); printf(......); printf(......); printf(......); printf(......); printf(......); printf(......); printf(......);

|\ ] ] ] ] ] ] ]
} I$OMP END PARALLEL

omp_set_num_threads(4)

#pragma omp parallel

{ I$OMP PARALLEL
printf(......); printf(......); printf(......); printf(......);
|'\ ] ] |
} I$OMP END PARALLEL
#pragma omp parallel num_threads(2) ISOMP PARALLEL num_threads(2)
{ /
i
printf(......); printf(......);

|
r\ } ISOMP END PARALLEL




(O» ZHIE 338(4/4)

' ter thread
@ OpenMP Programming Model master threa
Thread-Based
Fork-Join Model

& Fork-Join Model

Master thread= HE HO| 20| A

o
S B0l ot A4 ES0| 53 AY

< ALY} XA
OpenMPE X|

= ol LE A& ZE 4d

of= ALY EL

o @




OpenMP Basic |

@ OpenMP A7

» S5 HEZ2|2EHNM AB7HS

» OpenMP &/SH AT
© OpenMP 74 24

» AU XA, SHEMY 2f0|E2 2] e, 2td Hy
O =S HmA

» OPENMP lAEE A2

O A3 MY
» AYE MM AE M4 XM, AYE HE X3

» Fork—join model
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*O: ,Outro

@® OpenMP A4

@© OpenMP 74 24

© T8 HmY

0 A¥C MY




()3 OpenMP Basic I

1. HO|E S5 HY
2. I MH(H|O|E S5 HY)

3. AHE2} D= MA
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» AYEQ TZMAO X0|Z O|5BHC}

Ol




[O- Ho|H R34

& private(var1,var2,--..)
» X[HE HEE AYET)|E SF7 WX
= PrivateB= 23 U2 H2
» HAFH QoM =72t 7t
» HHAHFAO| ELIH private HE-E AFE

¢ private £%
» ol A EZ K2 SHO| 2FE= A0|7| HEN =t SR L2(X|2
H7t 7HK|= Hl0lH 2 HMEEX| E=H
» AZE HH0M dAE g2 He SHo| U= He2 MFEX| F=H

» AHE AR S privateHaeE AE

@ private M A| 2iALE

» A LA 22 BT We e

=0 C




[O- Ho|H R34

& firstprivate(var1,var2,---..)
» privateHLME 2F A E0| JHENOZ Ha MY
» 2t AYEOC =X H0M T2 e 2 =7|8}
» AYEJ AHE 1 2ZHHSO| 20| MOl YHOZ ML X| 211 A=t BHA

» AP2HEN SA2 privatelt =€

¢ shared(var1,var2,---.)




*O-  HIO|E S542I(1/8)

OpenMP Basic Il

Fortran

PROGRAM hello_wrong

INTEGER a, tid, omp_get thread_num
call omp_set_num_threads(4)
1$OMP PARALLEL

tid = omp_get thread_num()

#include <stdio.h>
#include <omp.h>
int main()
{
int tid;
omp_set_num_threads(4);
#pragma omp parallel

PRINT *, ¢ I am ’, omp_get thread num(), {
©tid = 7, tid tid = omp_get_thread_num();
'$OMP END PARALLEL printf (“I am %d tid = %d\n”,
omp_get_thread _num(), tid);
END }
) }
int tid;
I I |
tid = omp_get_thread_num(); tid = omp_get_thread_num(); tid = omp_get_thread_num();

printf("l ampAed tid=%d%Wn", .....); od tid=%d¥n", ......);

|
(Thread 3)

printf(“l am %c\cidz%de", )]

Thread 1)

———



"O- _HI0IE S5H21(2/8)

omp_set_num_threads(4)

int tid; #pragma omp parallel ISOMP PARALLEL
{
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid
printf("l am %d tid=%d%n",0,tid); printf("l am %d tid=%dWn",1,tid); printf("l am %d tid=%dWn",2,tid); printf("l am %d tid=%dWn",3,tid);
(Thread 0) (Thread 1) (Thread 2) (Thread 3)
} I$OMP END PARALLEL
e scenario
- ~~. store tid 0 (Thread 0)
e A \\
// \\ store tid 1 (Thread 1)
) tid \
| \‘ store tid 2 (Thread 2)
[ I
\ 1 load tid
\\ II printf("Hello World %d#n", tid); (Thread 0)
\ /
\ 4 load tid
\\ // printf("Hello World %d¥#n”, tid); (Thread 1)




‘O-  HIO|E S5421(2/8)

omp_set_num_threads(4)

OpenMP Basic Il

int tid; #pragma omp parallel ISOMP PARALLEL
{
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid

printf("l am %d tid=%d%n",0,tid);

printf(“l am %d tid=%dWn",1,tid);

printf("l am %d tid=%dWn",2,tid);

printf("l am %d tid=%dWn",3,tid);

(Thread 0)

(Thread 1)

-

(Thread 2)

ISOMP END PARALLEL

scenario
store tid 0

i store tid 1
store tid 2

load tid

printf("Hello World %d¥#n", tid);

load tid
printf("Hello World %d¥#n”, tid);

(Thread 3)

(Thread 0)

(Thread 1)

(Thread 2)

(Thread 0)

(Thread 1)




‘O-  HIO|E S5421(2/8)

omp_set_num_threads(4)

OpenMP Basic Il

int tid; #pragma omp parallel ISOMP PARALLEL
{
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid

printf("l am %d tid=%d%n",0,tid); printf("l am %d tid=%dWn",1,tid); printf("l am %d tid=%dWn",2,tid);

printf("l am %d tid=%dWn",3,tid);

(Thread 0) (Thread 1) (Thread 2) (Thread 3)
} I$OMP END PARALLEL
scenario
_-T T TS store tid 0 (Thread 0)
//’ \\\ . $ /a.out
,/ 1 ¢ % ; ; store tid 1 (Thread 1)
/ tid \ T EEE ;
| \‘ store tid 2 (Thread 2)
[ I
\ I load tid
\\ II printf("Hello (\)A;;orlé %d¥#n”, tid); (Thread 0)
\ ,/
\ load tid
\\ // printf("Hello c\)lsorlcli %dWn", tid); (Thread 1)




‘O-  HIO|E S5421(2/8)

omp_set_num_threads(4)

OpenMP Basic Il

int tid; #pragma omp parallel ISOMP PARALLEL
{
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid

printf("l am %d tid=%d%n",0,tid);

printf(“l am %d tid=%dWn",1,tid);

printf("l am %d tid=%dWn",2,tid);

printf("l am %d tid=%dWn",3,tid);

(Thread 0)

(Thread 1)

(Thread 2)

ISOMP END PARALLEL

scenario

____________________

store tid 0

store tid 1

— store tid 2

load tid

printf("Hello World %d¥#n", tid);

load tid
printf("Hello World %d¥#n”, tid);

(Thread 3)

(Thread 0)

(Thread 1)

(Thread 2)

(Thread 0)

(Thread 1)
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omp_set_num_threads(4)

OpenMP Basic Il

int tid; #pragma omp parallel ISOMP PARALLEL
{
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid

printf("l am %d tid=%d%n",0,tid);

printf(“l am %d tid=%dWn",1,tid);

printf("l am %d tid=%dWn",2,tid);

printf("l am %d tid=%dWn",3,tid);

(Thread 0) (Thread 1) (Thread 2)
} I$OMP END PARALLEL
e scenario
/’f S~ S RRREEETTEREEEEH store tid 0
7 AN $ ./a.out !
// 2 \\ i lam 0 tid =2 | store tid 1
) tid
1 store tid 2
[
\ load tid € 2
\\ printf("l am %d tid=%dWn",0,tid);
\
\\ load tid
N printf("Hello World %d¥#n”, tid);

(Thread 3)

(Thread 0)

(Thread 1)

(Thread 2)

(Thread 0)

(Thread 1)
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omp_set_num_threads(4)

int tid; #pragma omp parallel ISOMP PARALLEL
{
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid
printf("l am %d tid=%d%n",0,tid); printf("l am %d tid=%dWn",1,tid); printf("l am %d tid=%dWn",2,tid); printf("l am %d tid=%dWn",3,tid);
(Thread 0) (Thread 1) (Thread 2) (Thread 3)
} I$OMP END PARALLEL
e scenario
- store tid 0 (Thread O)
store tid 1 (Thread 1)
store tid 2 (Thread 2)
load tid € 2
printf(“"Hello World %d¥#n", tid); (Thread O)

printf("Hello World %d¥#n”, tid);
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Fortran C
#include <stdio.h>
PROGRAM hello_wrong #include <omp.h>
INTEGER omp_get thread_num
call omp_set_num_threads(4) int main()
I$OMP PARALLEL ’ Not allowed |,
INTEGER tid omp_set_num_threads(4);
tid = OMP_GET_THREAD_NUM() #pragma omp parallel
PRINT *, ‘I am’, & {
OMP_GET_THREAD_NUM(), & int tid = omp_get thread_num();
‘TID =’ tid printf (“I am %d tid = %d\n”,
I$OMP END PARALLEL omp_get_thread_num(), tid);
END }
}
I | |
int tid = o _get thread_num(); int tid = omp_get_thread_num(); int tid = omp_get_thread_num(); int tid = omp_get_thread_num();
printf(“l am % =%dWn",0,tid); printf(“l am %d\tid=%dWn",0,tid); printf(“l am %A tid=%dWn",0,tid); printf(“l apered tid=%dWn",0,tid);
N /\ |
_ (Thread 2) (Thread 3)
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OpenMP Basic Il

Fortran

PROGRAM hello_right

INTEGER tid, omp_get thread_num
call omp_set num_threads(4)
1$OMP PARALLEL PRIVATE(tid)
tid = OMP_GET_THREAD_NUM()
PRINT *, ‘I am ’, OMP_GET_THREAD NUM(), ¢ tid
=’ tid
1$OMP END PARALLEL

END

#include <stdio.h>
#include <omp.h>
int main()
{
int tid;
omp_set_num_threads(4);
#pragma omp parallel private(tid)
{
tid = omp_get_thread_num();

printf (“I am %d tid = %d\n”,
omp_get thread_num(), tid);

#pragma omp parallel private(tid)

tid = omp_get_thread_num();

printf(“hello wdgd %dWn", tid);

tid = omp_get_thread_num(); tid = omp_get_thread_num();
printf("hellyxorld %d¥#n”, tid); printf(“hell orld %d¥Wn”, tid);

1) __

(Thread 3)

|
____% (Thread 2)
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OpenMP Basic Il

Fortran

PROGRAM data_scope_ firstprivate
INTEGER :: i=10, tid, omp get thread num

call omp_set _num_threads(4)
I$OMP PARALLEL PRIVATE(tid) FIRSTPRIVATE(i)

tid = OMP_GET_THREAD NUM()
PRINT *, ‘tid =¢ , tid, ‘i =9, 1
i= 20
I$OMP END PARALLEL
print *, ‘tid =¢, tid, ‘i =¢, 1

END

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

int main()
{
int i = 10, tid;
omp_set _num_threads(4);
#pragma omp parallel private(tid)

firstprivate(i)
{
tid = omp_get thread num();
printf (“tid = %d i = %d\n”, tid, i);
i = 20;

printf(“tid = %d i=%d\n”, tid, i);
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omp_set_num_threads(4)
I

int =10, tid

| |
! ] int. tid’chread3
Int lthread3 = 10

int tidireado int tidy

Int lthread0 =10 Int lthread1=
| |

tidthreadO:O tid’chread1 =1

ithreadO=20 ithread1 =20 Memory
(Thread 0) (Thread 1) (Thread 2) - T T T T~ -~
\\
\
\
\
\
|
printf(tid=%d i=%dWn", tid, i); voon 10 !
\ | ,
\ /
\\ //

N ———

T Pe T
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omp_set_num_threads(4)
I

int =10, tid

#pragma omp parallel private(tid) firstprivate(i)

| | |
) mt tidthreadO ) int. tidthread1 int tidthreadz int tidthreadB
INt Iireado =10 Nt lhreaq1 =10 int ithread2=10 INt ipreaqs=10

tidthrea(ilozo tidthrealon =1 tidthread2: 2 tidipreaqs =3
I [
ithreadO=20 ithread1 =20 ithread2:20 ithread3=20 Memory
(Thread 0) (Thread 1) (Thread 2) (Thread 3) - T T TS ~.
/, \\
/ \\
/ \
: \
I’tld \
|
printf(tid=%d i=%dWn", tid, i); l\ 10 10 !
v 10 !
\\ 10 //
S 10 /,’

N ———

ol EEeael
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omp_set_num_threads(4)
I

int =10, tid

#pragma omp parallel private(tid) firstprivate(i)

| | |
) mt tidthreadO int tidthread1 int tidthreadz int tidthreadB
INt Iireado =10 Nt lhreaq1 =10 int ithread2=10 INt ipreaqs=10

tidthrea(ilozo tidthrealon =1 tidipead2 =2 tidihreads=3
I [
ithreadO=20 ithread1 =20 ithread2:20 ithread3=20 Memory
(Thread 0) (Thread 1) (Thread 2) (Thread 3) - T T TS ~.

/, 2 \\\
Sl A R
I'tid 3 ‘\
|
printf(tid=%d i=%dWn", tid, i); l\ 10 10 !
v 10 !
\\ 10 //

S 10 /,’

N ———

_—y
{ p=mepegNee
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omp_set_num_threads(4)

int i=10, tid
#pragma omp parallel private(tid) firstprivate(i)
! | |
) Int_ tldthreadO Int tldthread1 int tidthreadz int tidthreadB
INt Iireado =10 Nt lhreaq1 =10 int ithread2=10 INt ipreaqs=10
| I I
tidthreadozO tidthree d1= 1 tidthread2:2 tidthread3:3
| I I
ithreadO=20 ithread1 =20 ithread2:20 ithread3=20 Memory
(Thread 0) (Thread 1) (Thread 2) (Thread 3) _e-T T T T TS -~
/, 2 \\
1 7 N\
// \\
., 0 1
I’tld 3 “
I
printf(tid=%d i=%dWn", tid, i); l\ 10 20 !
v 20 /
\\ 20 //
S 20 /,’

N ———

_—
HRLE T e el |
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omp_set_num_threads(4)
I

int =10, tid

#pragma omp parallel private(tid) firstprivate(i)

| | |
) mt tidthreadO ) int. tidthread1 int tidthreadz int tidthreadB
INt Iireado =10 Nt lhreaq1 =10 int ithread2=10 INt ipreaqs=10

tidthrea(ilozo tidthrealon =1 tidthread2: 2 tidipreaqs =3
I [
ithreadO=20 ithread1 =20 ithread2:20 ithread3=20 Memory
(Thread 0) (Thread 1) (Thread 2) (Thread 3) - T T TS ~.
\\
\
\
\
\
|
printf(tid=%d i=%d¥#n”", tid, i)- l\ = 10 !
\\ i ,
\\ //
IN ,’

N ———

e P T
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OpenMP Basic Il

Fortran

PROGRAM data_scope_shared
INTEGER a(©:9), tid, i, omp_get thread_num

call omp_set num_threads(4)

I$OMP PARALLEL shared(a) PRIVATE(tid)
tid = OMP_GET_THREAD_NUM()
a(tid) = tid + 1

1$OMP END PARALLEL

#include <stdio.h>
#include <omp.h>
int main()
{
int a[1@], tid, i;
omp_set _num_threads(4);
#pragma omp parallel shared(a) private(tid)
{
tid = omp_get thread num();
a[tid] = tid + 1;

do i=0, 3 }
print *, ‘a(¢, i, €) =, a(i) for(i=0; i<4; i++)
end do printf(“a[%d] = %d\n”, i, a[i]);
END
¥
1
int a[10], tid;

tid =1
a[tid] =Itid +1;

Thread 1)

(Thread 3)

Memory
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Fortran

PROGRAM data_scope_private_array
INTEGER a(©:9), tid, i, omp_get thread_num

call omp_set num_threads(4)

I$OMP PARALLEL private(a) PRIVATE(tid)
tid = OMP_GET_THREAD_NUM()
a(tid) = tid + 1

1$OMP END PARALLEL

#include <stdio.h>
#include <omp.h>
int main()
{
int a[1@], tid, i;
omp_set_num_threads(4);
#pragma omp parallel private(a) private(tid)
{
tid = omp_get_thread _num();

do i=0, 3 a[tid] = tid + 1;
print =, fa(f, 1, ) =%, a() / for(i=0; i<4; i++)
end do printf(“a[%d] = %d\n”, i, a[i]);
END )
1
int a[10], tid;
| . ' J
tid = 0 tid = 1 tid = 2 tid = 3
altid] 4 tid + 1; a)(d] - tid + 1 a[tid),= tid + 1; algif] = tid + 1
(Thread 0) _(Thread JL - - __ _ (Thread 2) (Thread 3)
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void foo()
{
int a, b, ¢, d;
a = 10;
b =25;
c = 2;
d = 4;

#pragma omp parallel

\
private(c,d) \
num_threads(2)

{

a + 10;

b + 5;

a+ 1;

aQ N
n

}

Process 0

Thread 0

$ gcc foo.c
$ ./a.out

inta, b, ¢, d;
a=10, b=5, c=2, d=4;
#pragma omp ...

{

a+ 10;
b + 5
a+ 1

[V eNNe}
In g
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OpenMP Basic Il

void foo()
{
int a, b, ¢, d;
a = 10;
b =25;
c = 2;
d = 4;

#pragma omp parallel

\
private(c,d) \
num_threads(2)

{

a + 10;

b + 5;

a+ 1;

aQ N
n

}

Process 0

Thread 0

PC

Stack

$ gcc foo.c
$ ./a.out

inta, b, ¢, d;
a=10, b=5, c=2, d=4;
#pragma omp ...

{

a+ 10;
b + 5
a+ 1

[V eNNe}
In g
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void foo()
{
int a, b, ¢, d;
a = 10;
b =25;
c = 2;
d = 4;

#pragma omp parallel
\
private(c,d) \
num_threads(2)
{
a + 10;
b + 5; pr
a+ 1;

aQ N
n

}

$ gcc foo.c
$ ./a.out

—_—

vate(c|

/

a=10, b=5, c=2, d=4;

#pragma omp ...

Process 0

Thread 0 Thread 1
PC PC
Stack Stack
a b

10 5
c d

2 4

i c d c d

int a, b, ¢, d;

_~ private(c,d)

a+ 10;
b + 5;
a+1;

v O N4
In g
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void

{

Q N O W

#p
\

{

}

foo()

int a, b, ¢, d;

10;

oo
A N WU
- e - e - e

ragma omp parallel

private(c,d) \
num_threads(2)

a + 10;
b + 5;
a+ 1;

aQ N
n

$ gcc
$ ./a

foo.c
.out

Process 0
Thread 0 Thread 1
PC PC
Stack Stack
a b

10 5
c d
2 4
c d c d
20 20
int a, b, ¢, d;

a=10, b=5, c=2, d=4;

#pragma omp ...

{
10; <

a+
b + 5;
a+1;

[V eNNe)
n oy

OpenMP Basic Il
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void foo()
{
int a, b, ¢, d;
a = 10;
b = 5;
c = 2;
d = 4;

#pragma omp parallel

\
private(c,d) \
num_threads(2)

{

a + 10;

b + 5;

a+ 1;

aQ N
Il

}

Process 0

Thread 0 Thread 1

PC PC
Stack Stack
a b
10 5
c d
2 4
c d c d
20 10 20 10

$ gcc foo.c
$ ./a.out

inta, b, ¢, d;
a=10, b=5, c=2, d=4;
#pragma omp ...

{

10;

-
<

>

v O 0

a+
b + 5;
a+1;

}
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void foo() Process 0 _Thread0 Thread 1__
{ | MEMORY : | | MEMORY : 5
int a, b, c, d; Thread 0 Thread 1 , a =160 11 a =160 !
a = 10; » CPU : 1 CPU i
b = 5; i a=10+1 ! ! a=10+1 '
¢ = 2; I a =11 P 1oa =11 !
d < 4: PC PC | MEMORY : \ | MEMORY : i
’ i a =11 i 1oa =11 !
#pragma omp parallel Stack Stack
\ a b
private(c,d) \ 10 5 Thread 0 Thread 1
num_threads(2) c g i"lv',é;,[d{&': """"" """"""""""
¢ 2 4 ca=10 e
c=a+10; | CPU : o :
d =b + 5; c d c d §a=19+1§§
=a+ 1 20 10 20 10 p a=11 Lo |
} ' MEMORY: Lo !
} a=11 L i
inta,bcd | | T ' 1 MEMORY: i
$ gcc foo.c a=10, b=5, c=2, d=4; i a =11 ;
$ ./a.out #pragma omp ... + CPU : :
{ ' a=11 + 1
€= il L a =12 |
d=b +5; \ MEMORY : i
>} a=a+1 < ' a =12 i
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void foo() Process 0
{
int a, b, ¢, d; Thread 0
a = 10;
b = 5;
c = 2;
G PC
#pragma omp parallel Stack
\ a b
private(c,d) \ ?? 5
num_threads(2)
( c d
cC =a + 190; 2 4
d=b+ 5;
=a+ 1;
¥
¥
p inta, b, ¢ d;
$ gcc foo.c a=10, b=5, c=2, d=4;
$ ./a.out #pragma omp ...
{
c=a+ 10;
d=b +5
a=a-+ 1,
ot
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Fortran

C

PROGRAM serial loop
INTEGER, PARAMETER :: N=20

INTEGER :: tid=0, i, istart=0,
iend=N-1
DO i=istart, iend

PRINT *, ‘Hello World’, tid, i
END DO

END

#include <stdio.h>

#tdefine N 20

int main()

{
int tid = ©;
int i;

int istart=0, iend=N;
for(i=istart; i<iend; i++)
printf(“Hello World %d %d\n”
i);

}

, tid,
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Fortran

PROGRAM parallel loop
INTEGER, PARAMETER :: N=20

INTEGER :: tid, i, istart, iend,
omp_get thread num
call omp_set num_threads(4)
I$OMP PARALLEL private(tid, istart, iend)
tid = omp_get_thread_num()

istart=???; iend=??? I'l hint : tid, N,
4
DO i=istart, iend
PRINT *, ‘Hello World’, tid, 1
END DO
1$OMP END PARALLEL
END

#tinclude <stdio.h>
#include <omp.h>
#tdefine N 20

int main()
{
int tid, i, istart, iend
omp_set_num_threads(4);
#pragma omp parallel private(i, tid,
istart, iend)
{
tid = omp_get_thread_num();
istart=???, iend=???; // hint
4
for(i=istart; i<iend; i++)
printf(“Hello World %d %d\n”, tid, i);

: tid, N,

Hello World © ©
Hello World 0 1
Hello World © 2
Hello World © 3
Hello World © 4

Hello World 1 5
Hello World 1 6
Hello World 1 7
Hello World 1 8
Hello World 1 9

}

¥
Hello World 2 10 Hello World 3 15
Hello World 2 11 Hello World 3 16
Hello World 2 12 Hello World 3 17
Hello World 2 13 Hello World 3 18
Hello World 2 14 Hello World 3 19
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omp_set_num_threads(4)

#pragma omp parallel I$OMP PARALLEL

1

tid = 0 tid = 1 tid = 2 tid = 3
istart = 0, iend = 5 istart = 5, iend = 10 istart = 10, iend = 15 istart = 15, iend = 20
for(i=0; i<5; i++) for(i=5; i<10; i++) for(i=10; i<15; i++) for(i=15; i<20; i++)
printf(“xxx") printf(“xxx") printf(“xxx") printf(“xxx")
(Thread 0) (Thread 1) (Thread 2) (Thread 3)

N

} ISOMP END PARALLEL
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Fortran C
PROGRAM parallel loop #include <stdio.h>
INTEGER, PARAMETER :: N=20 #include <omp.h>

INTEGER: :tid, i, istart, iend,
omp_get thread_num

call omp_set num_threads(4)
I$OMP PARALLEL private(tid, istart, iend)
tid = omp_get thread num()

istart = tid * N / 4
iend = (tid+1) * N / 4 - 1

DO i=istart, iend
PRINT *, ‘Hello World’, tid, 1
END DO
1$OMP END PARALLEL
END

#tdefine N 20

int main()

{

int i, tid, istart, iend;
omp_set _num_threads(4);

#pragma omp parallel private(tid, istart,
iend)

{
tid = omp_get thread_num();
istart= tid * N / 4;
iend= (tid+1) * N / 4;
for(i=istart; i<iend; i++)
printf(“Hello World %d %d\n”, tid,
1);
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Fortran C
PROGRAM parallel loop #include <stdio.h>
INTEGER, PARAMETER :: N=20 #include <omp.h>
#define N 20
INTEGER :: tid, i, istart, iend,

nthreads &

omp_get thread num,
omp_get num_threads

call omp_set num_threads(4)

I$OMP PARALLEL private(tid, istart,
iend)
tid = omp _get thread num()
nthreads = omp_get num_threads()

istart = tid * N / nthreads
iend = (tid+1) * N / nthreads - 1

DO i=istart, iend
PRINT *, ‘Hello World’, tid, i
END DO
I1$OMP END PARALLEL
END

int main()

{
int i, tid, istart, iend, nthreads;
omp_set_num_threads(4);

#pragma omp parallel private(tid,
istart, iend)
{
tid = omp_get _thread_num();
nthreads = omp_get _num_threads();
istart= tid * N / nthreads;
iend= (tid+1) * N / nthreads;
for(i=istart; i<iend; i++)
printf(“Hello World %d %d\n”,
tid, i);
}
}
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Fortran C
PROGRAM parallel loop #include <stdio.h>
INTEGER, PARAMETER :: N=20 #include <omp.h>
#define N 20
INTEGER :: tid, i,

call omp_set num_threads(4)
I$OMP PARALLEL private(tid,

tid = omp _get thread num()

DO i=0 , N-1
PRINT *, ‘Hello World’, tid, i
END DO
I1$OMP END PARALLEL
END

int main()
{
int i, tid
omp_set_num_threads(4);
#pragma omp pa;allel private(tid

{
tid = omp_get thread num();

for(i=0 ; i<N 3 i++)
printf(“Hello World %d %d\n”,
tid, i);
}
}
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€ for X|A|0f
#pragma omp for X|A[0] 30| LE for FEZ

for 2O 20| B X[QIS XSO HIESH: 7|5 X2

7|12 schedule static
. M2 2T A% A & HAS AHE AR LiY AHSHE S by

% For 29| QIHA H= AYEQ] private H= MA(7|22)

#pragma omp for [ER Z|A|| [,ER RAH ..]]
for (27|3%; 2U4; L)

{
1=K // 3E 4

}
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Fortran C
PROGRAM parallel for #include <stdio.h>
INTEGER, PARAMETER :: N=20 #include <omp.h>
#define N 20
INTEGER :: tid, i,
omp_get thread_num int main()
call omp_set_num_threads(4) {
I$OMP PARALLEL private(tid) int tid, i;
tid = omp_get_thread_num() omp_set_num_threads(4);
#pragma omp parallel private(tid)
1$OMP DO {
DO i=0, N-1 tid = omp_get thread num();
PRINT *, ‘Hello Nor‘ld’, tid, i #pr\agma omp for
END DO for(i=0; i<N; i++)
'$OMP END DO I11]optional] printf(“Hello World %d %d\n”,
I$OMP END PARALLEL tid, 1i);

}
END }
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Fortran C
PROGRAM parallel for #include <stdio.h>
INTEGER, PARAMETER :: N=20 #include <omp.h>
#define N 20
INTEGER :: tid, i,

omp_get thread num
call omp_set _num_threads(4)

I$OMP PARALLEL private(tid) !!! i :

shared??
tid = omp_get thread num()

1$0MP DO
DO i=@, N-1
PRINT *, ‘Hello World’, tid, i
END DO
1$OMP END DO
I$OMP END PARALLEL

I1'1Toptional]

END

int main()

{
int tid, i;
omp_set_num_threads(4);

#pragma omp parallel private(tid) //
i : shared?
{

tid = omp_get thread_num();
#pragma omp for

for(i=0; i<N; i++)
. printf(“Hello World %d %d\n”, tid,
1);
}
}
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@ Without #pragma omp for

omp_set_num_threads(4)

|
I T 1 |
tid =0 tid = 1 tid = 2 tid = 3
for(i=0; i<20; i++) for(i=0; i<20; i++) for(i=0; i<20; i++) for(i=0; 1<20; i++)
printf(“xxx") printf(“xxx") printf(“xxx") printf(“xxx")
| ] | ]
I(Thread 0) (Thread 1) (Thread 2) (Thread 3)

@ With #pragma omp for

for(i=0; i<20; i++)

omp_set_num_threads(4) OHNF("00¢")

#pragma omp for

inti, tid =0 int i, tid = 1 int i, tid = 2 inti, tid =3
for(i=0; i<5; i++) for(i=5; i<10; i++) for(i=10; i<15; i++) for(i=15; i<20; i++)
printf(“xxx") printf(“xxx") printf(“xxx") printf(“xxx")
L 1 1 |

(Thread 0) (Thread 1) (Thread 2) (Thread 3)
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» Af|ES AO|2] AR =Hl

= Do/for, Sections/section, Single, Task construct, etc.

» cf) WORKSHARE clause in Fortran

Fortran

C

1$OMP PARALLEL private(tid)
tid = omp_get thread_num()
DO i=0, N-1
print *, “Hello World”, tid, i
END DO
1$OMP END PARALLEL

#pragma omp parallel private(tid)

{

tid = omp_get_thread_num();

for(i=0; i<N; i++)
printf(“Hello World %d %d\n”, tid, i);

I$OMP PARALLEL private(tid)
tid = omp_get_thread_num()
1$0MP DO
DO i=0, N-1
print *, “Hello World”, tid, i
END DO
1$OMP END DO [optional]
I$OMP END PARALLEL

#pragma omp parallel private(tid)

{

#pragma omp for

tid = omp_get_thread_num();

for(i=0; i<N; i++)
printf(“Hello World %d %d\n”, tid, i);




@ OpenMP shortcut

» 2 82 AY =2 XA

OpenMP Basic |l

I$OMP END PARALLEL

Fortran C
1$OMP PARALLEL
##tpragma om arallel
I$0MP DO {p gfia omp b
DO 1=6, N-1 #pragma omp for
print *, “Hello World”, i prag . P . .
for(i=0; i<N; i++)
END DO

printf(“Hello World %d \n”, i);

1$0MP PARALLEL DO

DO i=0, N-1
print *, “Hello World”, i
END DO

I$OMP END PARALLEL DO

#pragma omp parallel for
for(i=0; i<N; i++)
printf(“Hello World %d %d\n”, i);
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@ Implement Inner(dot) Product (Serial)

Fortran

C

PROGRAM inner_ product

INTEGER, PARAMETER :: N=20
INTEGER :: i, sum=0©
INTEGER, DIMENSION(©:N-1)

DO i=0, N-1
A(i) = i+l
B(i) = i+2

ENDDO

DO i=0, N-1
sum = sum + A(i) * B(i)
END DO

print *, “sum =, sum
END

#include <stdio.h>
#tdefine N 20

int main()
{
int i, sum=0;
int a[N], b[N];
for(i=0; i<N; i++) {
al[i] = i+1;
b[i] = i+2;

for(i=0; i<N; i++)
sum += a[i] * b[i];

printf(“sum = %d\n”, sum);
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@ Implement Inner(dot) Product (Parallel)

Fortran

PROGRAM inner_product

INTEGER, PARAMETER :: N=20
INTEGER :: i, tid, sum=0
INTEGER, DIMENSION(®:N-1) :: A, B

INTEGER, DIMENSION(©:3) :: C
DO i=0, N-1

A(i) = i+1; b(i)= i+2
ENDDO

Il set # of threads = 4
Il create threads
tid = !l get thread index
C(tid) = o
Il worksharing
DO i=0, N-1
C(tid) = C(tid) + A(i) * B(i)
END DO
Il join threads
DO i=e@, 3
sum = sum+C(1i)
END DO
print *, “sum =, sum
END

#include <stdio.h>
#include <omp.h>
#tdefine N 20
int main(){
int i, tid, sum=0;
int a[N], b[N], c[4];
for(i=0; i<N; i++) {
a[i] = i+1; b[i] = i+2;
}
// set # of threads = 4
// create threads

tid = // get thread index
c[tid] = o;
// worksharing
for(i=0; i<N; i++)
c[tid] += a[i] * b[i];

for(i=0; i<4; i++)
sum += c[i];

printf(“sum = %d\n”, sum);
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omp_set_num_threads(4)

#pragma omp parallel ISOMP PARALLEL
{
for(i=0; i<5; i++) for(i=5; i<10; i++) for(i=10; i<15; i++) for(i=15; i1<20; i++)
c[0] += a[i] * bli]; c[1] += a[i] * b[i]; c[2] += a[i] * bli]; c[3] += a[i] * blil;
(Thread 0) (Thread 1) ‘(Thread 2) ‘(Thread 3)
} I$SOMP END PARALLEL

for(i=0; i<4; i++)
sum += cli];
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@ Implement BLAS1 Inner(dot) Product

Fortran

PROGRAM inner_product
INTEGER, PARAMETER :: N=20

INTEGER :: i, tid, sum=0, omp_get_thread_num

INTEGER, DIMENSION(®:N-1) :: A, B
INTEGER, DIMENSION(®:3) :: C

DO i=0, N-1
A(i) = i+1; b(i)= i+2
END DO

call omp_set_num_threads(4)
1$0MP PARALLEL private(tid)
tid = omp_get_thread_num()
C(tid) = o
1$0MP DO
DO i=@, N-1
C(tid) = C(tid) + A(i) * B(i)
END DO
1$OMP END PARALLEL

DO i=0, 3
sum = sum+C(1i)
END DO

print *, “sum =, sum
END

#include <stdio.h>
#include <omp.h>
#tdefine N 20

int main(){
int i, tid, sum=0;
int a[N], b[N],c[4];
for(i=0; i<N; i++) {
a[i] = i+1; b[i] = i+2;
}
omp_set_num_threads(4);
#pragma omp parallel private(tid)
{
tid = omp_get_thread_num();
c[tid] = o;
#pragma omp for
for(i=0; i<N; i++)
c[tid] += a[i] * b[i];

for(i=0; i<4; i++)
sum += c[i];

printf(“sum = %d\n”, sum);




OpenMP Basic |l

= #pragma omp for

Inner product A4t
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@ Implement BLAS1 Inner(dot) Product

Fortran

PROGRAM inner product
INTEGER, PARAMETER :: N=20

INTEGER :: i, tid, sum,
INTEGER, DIMENSION(@:N-1) :: A, B

INTEGER, DIMENSION(@:3) :: C
DO i=0, N-1

A(i) = i+1; b(i)= i+2
END DO

call omp_set_num_threads(4)
1$OMP PARALLEL private(tid)
tid = omp_get thread num()
C[tid] = o
1$0MP DO
DO i=@, N-1
Cltid] = C[tid] sum = sum + A(i) * B(i)
END DO
1$OMP END PARALLEL

DO i=0, 3
sum = sum+C(1)
END DO
print *, “sum =“, sum
END

#include <stdio.h>
#include <omp.h>
#define N 20

int main()
{

int i, tid, sum=0;

int a[N], b[N],c[4];

for(i=0; i<N; i++) {

a[i] = i+1; b[i] = i+2;

}
omp_set_num_threads(4);
#pragma omp parallel private(tid)
{

tid = omp_get thread _num();

c[tid] = o;
#pragma omp for

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

c[tid] sum += a[i] * b[i];

for(i=0; i<4; i++)
sum += c[i];

printf(“sum = %d\n”, sum);
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@ Implement BLAS1 Inner(dot) Product

Fortran

PROGRAM wrong_inner_product
INTEGER, PARAMETER :: N=20

INTEGER :: i, tid, sum=0
INTEGER, DIMENSION(®@:N-1) ::
DO i=@, N-1

A(i) = i+1; B(i)= i+2
END DO

call omp_set_num_threads(4)
1$OMP PARALLEL

1$0MP DO
DO i=@, N-1
sum = sum + A(i) * B(i)
END DO

1$OMP END PARALLEL
print *, “sum =, sum
END

#include <stdio.h>
#include <omp.h>
#tdefine N 20

int main()
{
int i, sum=0;
int a[N], b[N];
for(i=0; i<N; i++) {
al[i] = i+1; b[i] = i+2;
}
omp_set_num_threads(4);
#pragma omp parallel
{
#pragma omp for
for(i=0; i<N; i++)
sum += a[i] * b[i];

printf(“sum = %d\n”, sum);
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O-  E713

int sum
omp_set_num_threads(4)
#pragma omp parallel ISOMP PARALLEL
sum {
for(i=0; i%\for(hs; i<10; for(i=10; i<T5 for(i=15; i<20; i++)
sum += a[i]*b[il; sum += a[i]*b[il; sum += al[i]*b[il; sum += a[i]*bl[i];
(Thread 0) (Thread 1) (Thread 2) (Thread 3)

\}

I$OMP END PARALLEL
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@ Implement BLAS1 Inner(dot) Product

Fortran

PROGRAM sync_critical
INTEGER, PARAMETER :: N=20

INTEGER :: i, tid, sum=0
INTEGER, DIMENSION(@:N-1)
DO i=0, N-1

A(i) = i+1l; b(i)= i+2
END DO

call omp_set_num_threads(4)
1$OMP PARALLEL
1$OMP DO
DO i=0, N-1
1$OMP CRITICAL (namel)
sum = sum + A(i) * B(i)
1$OMP END CRITICAL
END DO
1$OMP END PARALLEL

print *, “sum =, sum

END

#tinclude <stdio.h>
#include <omp.h>
#tdefine N 20

int main()
{
int i, sum=0;
int a[N], b[N];
for(i=0; i<N; i++) {
a[i] = i+1; b[i] = i+2;
}
omp_set_num_threads(4);
#pragma omp parallel
{
#pragma omp for
for(i=0; i<N; i++)
#pragma omp critical (namel)
sum += a[i] * b[i];

printf(“sum = %d\n”, sum);
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@ Implement BLAS1 Inner(dot) Product

Fortran

PROGRAM sync_atomic
INTEGER, PARAMETER :: N=20

INTEGER :: i, tid, sum=0
INTEGER, DIMENSION(@:N-1)
DO i=0, N-1

A(i) = i+1; b(i)= i+2
END DO

call omp_set_num_threads(4)
1$OMP PARALLEL
1$0MP DO
DO i=@, N-1
1$OMP ATOMIC
sum = sum + A(i) * B(i)
END DO
1$OMP END PARALLEL
print *, “sum =, sum
END

#tinclude <stdio.h>
#include <omp.h>
f#tdefine N 20

int main()
{
int i, sum=0;
int a[N], b[N];
for(i=0; i<N; i++) {
al[i] = i+1; b[i] = i+2;
¥
omp_set_num_threads(4);
#pragma omp parallel
{
#pragma omp for
for(i=0; i<N; i++)
#pragma omp atomic
sum += a[i] * b[i];

printf(“sum = %d\n”, sum);




OpenMP Basic IV

¢ Synchronization

» Al EE A 2 =M HetE = 5 US
= S5 HIOo|H0| CHet Bd= MK

O 13+E S5
» critical, atomic, barrier, ordered

Q© X =& 373

™= o
= flush, locks

€ critical vs atomic

™ critical : SHHOY| StLIQ| A EDH0| 0|20 2 FEE|= critical 0| XL
= atomic : ¢F HI22| ?|X[0ZF HEE, mini-critical section H&
Fortran C
1$0MP PARALLEL 1$0MP PARALLEL #pragma omp parallel #pragma omp parallel
DO i=0, 99 DO i=0, 99 { {
1$0MP CRITICAL(n1) 1$0MP ATOMIC for(i=0; i<100; i++) for(i=0; i<100; i++)
call sub(a,b) a=a+b { {
1$OMP END CRITICAL(n1) END DO #tpragma omp critical(nl)| #pragma omp atomic
END DO I$OMP END PARALLEL funcl(a,b); a += b;
1$OMP END PARALLEL } }
} }
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[O-  S7e
@ critical X|A|0f
#pragma omp critical [(Z2|E|Z x| 0|15)] HAOCE XY AtE
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atomic X[A|02 X"

Al critical @992 X|H 7t

€ atomic X|A|0f
#pragma omp atomic EAIOZ XM At
Oy JHe| AH =T} oLte] SR HirE SAI0 HEY O Hdol= ZHLE X
H7|/MI17F SHHO|| O|RO{X|= ALK M TE AL

oIr

SQu0] tfstol, 2
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SEIIE M

atomic +=20|A=




'O-  BARRIER

@ BARRIER

» BE AYEEO| barrier0f| =St DH7EX] CH7 |
» AYEES BE A E F7|5t

» ZfOISSE 18 oA ALRE & QS (f2, whileR, forZ2, switch2)

Fortran C

PROGRAM barrier #tinclude <stdio.h>
INTEGER :: x=1 #include <omp.h>

call omp_set_num_threads(4) int main()

1$0MP PARALLEL shared(x) { int x=1;
T;;;i BARRIER omp_set _num_threads(4);
print *, ‘x =¢, x #pragma omp parallel shared(x)
1$OMP END PARALLEL {
X++;
END #pragma omp barrier
printf (“x = %d\n”, x);
}




) O- =7|3} (Exercise)

@ Exercise

OpenMP Basic IV

PROGRAM sync_exercise
implicit none
integer, parameter :: N=100
integer :: i, sum=0, local_sum

Il set number of threads
Il create threads
local_sum = 0
DO i=1, N
local_sum = local_sum + i
END DO
sum = sum + local_sum

Il join threads
print *, ‘sum =€, sum

END

#include <stdio.h>
#tdefine N 100

int main()

{

int i, sum = @, local_sum;

// set number of threads
// create threads

{
local_sum = 0;
for(i=1; i<=N; i++)
local_sum = local_sum + ij;
sum = sum + local_sum;
}

printf(“sum = %d\n”, sum);




| O- S712} (Solution)

OpenMP Basic IV

¢ Solution

PROGRAM sync_solution
implicit none
integer, parameter :: N=100

integer :: i, sum=0, local_sum

call omp_set_num_threads(4)
1$OMP PARALLEL private(local_sum)
local_sum = ©

1$0MP DO
DO i=1, N

local_sum = local_sum + i
END DO

1$0MP ATOMIC
sum = sum + local_sum
1$OMP END PARALLEL

print *, ‘sum =€, sum
END

#include <stdio.h>
#include <omp.h>
t#tdefine N 100

int main()
{

int i, sum = @, local_sum;

omp_set_num_threads(4);

#pragma omp parallel private(local_sum)

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

local_sum = local_sum + i;

#pragma omp atomic
sum = sum + local_sum;

printf(“sum = %d\n”, sum);
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@ Critical, atomic, barrier

» Critical2} atomicS FEoliA Ar2E 4= Q0{0F
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@ Inner product A4t
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¢ Critical, atomic, barrier

@ Inner product A4t
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1 O- Reduction

OpenMP Basic V

@ Implement BLAS1 Inner(dot) Product

Fortran

C

PROGRAM sync_atomic
INTEGER, PARAMETER :: N=200000
INTEGER :: i, tid, sum=0
INTEGER, DIMENSION(@:N-1) :: A, B

DO i=@, N-1
A(i) = i+1; b(i)= i+2
END DO
call omp_set _num_threads(4)
1$OMP PARALLEL
1$0MP DO
DO i=0, N-1
1$0MP ATOMIC
sum = sum + A(i) * B(1i)
END DO
1$OMP END PARALLEL
print *, “sum =“, sum
END

#include <stdio.h>
#include <omp.h>
#define N 200000
int main(){
int i, sum=0;
int a[N], b[N];
for(i=0; i<N; i++) {
a[i] = i+1; b[i] = i+2;
}
omp_set_num_threads(4);
#pragma omp parallel
{
#pragma omp for
for(i=0; i<N; i++)
#pragma omp atomic
sum += a[i] * b[i];

printf(“sum = %d\n”, sum);




(@ Reduction
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OpenMP Basic V

@ Implement BLAS1 Inner(dot) Product

Fortran

C

PROGRAM reduction
INTEGER, PARAMETER ::
INTEGER :: 1, sum=0
INTEGER, DIMENSION(©®:N-1) :: A, B

N=200000

DO i=0, N-1
A(i) = i+1; b(i)= i+2
END DO

call omp_set num_threads(4)
I$OMP PARALLEL
I1$OMP DO reduction(+: sum)

DO i=0, N-1
sum = sum + A(i) * B(i)
END DO

I$OMP END PARALLEL

print *, “sum =“, sum
END

#include <stdio.h>
#include <omp.h>
tdefine N 200000

int main(){
int i, sum=0;
int a[N], b[N];
for(i=0; i<N; i++) {
a[i] = i+41; b[i] = i+2;
}
omp_set _num_threads(4);
#pragma omp parallel
{
#pragma omp for reduction (+:sum)
for(i=0; i<N; i++)
sum += a[i] * b[i];

printf(“sum = %d\n”, sum);




()

(@ Reduction

OpenMP Basic V

@ Implement BLAS1 Inner(dot) Product

C

call omp_set num_threads(4)

I1$OMP PARALLEL DO reduction (+ :
DO i=0, N-1
sum = sum + A(i) * B(1i)
END DO

I$OMP END PARALLEL DO

({3

print *, “sum =“, sum

END

Fortran
PROGRAM reduction_shortcut
INTEGER, PARAMETER :: N=200000
INTEGER :: i, sum=0
INTEGER, DIMENSION(@:N-1) :: A
DO i=0, N-1
A(i) = i+1; b(i)= i+2
END DO

, B

sum)

#include <stdio.h>
#include <omp.h>
#define N 200000

int main()
{
int i, sum=0;
int a[N], b[N];
for(i=0; i<N; i++) {
a[i] = i+41; b[i] = i+2;
}
omp_set_num_threads(4);

#pragma omp parallel for reduction
(+:sum)
for(i=0; i<N; i++)
sum += a[i] * b[i];

printf(“sum = %d\n”, sum);




(@ Reduction

()

int sum

_threads(4)

OpenMP Basic V

um
; i<5; i++4)
+= alil*bl[i];

/'(fread Q)

for(i=5; i<10; i++)
sum += ali]*b[i];

sum sum

for(i=10; i<15; i++)
sum += a[il*bli];

(Thread 1)

|\ ead 2)

sum
for(i=15; i<20; i++)
sum += a[il*bli];
‘(Thread 3)




(@ Reduction
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¢ Reduction Operators : Fortran

Operator

Data Types

integer, floating point (complex or real)
integer, floating point (complex or real)
integer, floating point (complex or real)
logical
logical
logical
logical
integer, floating point (real only)
integer, floating point (real only)
Integer
Integer

Integer

OpenMP Basic V

Initial Value

0

1

0
.TRUE.
.FALSE.
.TRUE.
.FALSE.
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'O- Reduction

@ Reduction Operators : C

Operator Data Types Initial Value
+ integer, floating point 0
* integer, floating point 1
- integer, floating point 0
& integer all bits on
| integer 0
A integer 0
&& integer 1
|| integer 0
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€ omp_get_wtime

» EXN XH™ENM A= wall clock timeS = tH|2 Hist
= C/C++
double omp_get_wtime()
= Fortran

double precision function omp_get_wtime()

#include <omp.h>
double stime, etime;

stime=omp_get wtime();

// Computing...

etime=omp get wtime()-stime;

printf("Elapsed Time : %1f sec. \n ",etime);




€ CASE 1 : &X} 3 E(serial_dot_product.c)

#define N 100000000

stime=omp_get wtime();
for(i=0; i<N; i++)

sum += a[i] * b[i];
etime=omp get wtime()-stime;

@ CASE 2 : critical(synch_critical.c)

stime=omp _get wtime();
#pragma omp parallel
{
#pragma omp for
for(i=0; i<N; i++)
#pragma omp critical
sum += a[i] * b[i];
}

etime=omp get wtime()-stime;

OpenMP Basic V
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¢ CASE 3 : atomic(EZ i) (synch_atomic.c)

@ CASE 4 : atomic(BX 2|%) (synch_solution.c)

stime=omp_get wtime();
#pragma omp parallel
{
#pragma omp for
for(i=0; i<N; i++)
#pragma omp atomic
sum += a[i] * b[i];

}

etime=omp get wtime()-stime;

stime=omp_get wtime();
#pragma omp parallel
private(local sum)
{

local sum=0;

#pragma omp for

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

local sum += a[i] * b[i];

#pragma omp atomic
sum += local sum;

etime=omp get wtime()-stime;




@ CASE 5 : reduction(dot_product_reduction.c)

stime=omp_get wtime();

#pragma omp parallel for reduction(+:sum)

for(i=0; i<N; i++)
local sum += a[i] * b[i];

etime=omp get wtime()-stime;

OpenMP Basic V

_ Elapsed time(sec.) Speed-Up

CASE 1 : Serial
CASE 2
CASE 3
CASE 4
CASE 5

1.48
190.0
8.0
0.058
0.058

1x
0.0078x
0.168x
25.5x
25.5x

1x
21.7x
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"O-  Reduction (Exercise1)

@ Factorial

Fortran C

PROGRAM reduction_exercise #include <stdio.h>
INTEGER, PARAMETER :: N=10

INTEGER :: i, fac=1 #define N 10

int main()

{
DO i=1, N int i, fac = 1;
fac = fac * 1
END DO
for(i=1; i<=N; i++)
print *, “factorial =, fac fac *= i;

END
printf(“factorial = %d\n”, fac);
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©- | Reduction (Solution)

Fortran C
PROGRAM reduction_solution #include <stdio.h>
INTEGER, PARAMETER :: N=10 #include <omp.h>
INTEGER :: i, fac=1 #define N 10
call omp_set_num_threads(4) int main()
1$OMP PARALLEL DO reduction(*:fac) {
DO i=1, N int i, fac = 1;
fac = fac * i
END DO omp_set_num_threads(4);
1$OMP END PARALLEL DO #pragma omp parallel for reduction
(*:fac)
print *, “factorial =, fac for(i=1; i<=N; i++)
END fac *= i;
printf(“factorial = %d\n”, fac);
}
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& #pragma omp reduction(op: var)
» reduction@42 HE AHLH0|A EO| A== ALt S ofLt
» reductiong AFEoX| ZXCH FE 0| 0| Hegt
o

» reduction=2 AtZolH TE HAZ z|Asfeh 4= Q)

=

@ inner product A5 H|x
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Parallel Loops

Nested parallel

Fortran

C

PROGRAM nested parallel do
implicit none
INTEGER, PARAMETER :: N=20

INTEGER :: tid, i,
omp_get thread num

call omp_set num_threads(4)
I$OMP PARALLEL private(tid)

tid = omp_get thread num()

1$OMP PARALLEL DO !! ???

Il netsted parallel (tomorrow)

DO i=0, N-1

PRINT *,

END DO

I$OMP END PARALLEL

‘Hello World’, tid, 1

END

#include <stdio.h>
#include <omp.h>
#tdefine N 20

int main()
{
int tid, 1i;
omp_set_num_threads(4);
#pragma omp parallel private(tid)
{
tid = omp_get thread num();
#pragma omp parallel for // ???
for(i=0; i<N; i++)
printf(“Hello World %d %d\n”,
tid, i);
}
}
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¢ Nested Parallel
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Fortran

program nested_parallel
integer tid, omp_get thread_num

call omp_set_nested(1)
call omp_set_num_threads(2)
I$omp parallel private(tid)
tid = omp_get_thread_num()
print 10, 'thread id =', tid
if( tid == 1 ) then
I$omp parallel private(tid)
tid = omp_get_thread_num()
print 20, 'thread id =', tid
I$omp end parallel
end if
I$omp end parallel

10 format(A,I4)
20 format(T8,A,I4)
end

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

int main()

{
int tid;

omp_set_nested(1);
omp_set _num_threads(2);
#pragma omp parallel private(tid)
{
tid = omp_get_thread_num();
printf(“thread id=%d\n”, tid);
if( tid == 1) {
#pragma omp parallel private(tid)
{
tid = omp_get_thread_num();
printf(“\t thread id=%d\n”, tid);

Nested parallel
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"O.  AZE MM : Nested Parallel (2/3)

master thread

level O |
omp_set_num_threads(2)
FORK |
(Thread 0) (Thread 1)
team level 1 ‘ ‘
tid=0 tid = 1
FORK if( tid == 1) if( tid == 1)

true

false ‘
team
level 2 (Thread 0) | I (Thread 1)
tid=0 tid = 1
| |

printf(...) printf(...)
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master thread level 0

level 1

level 2

: Nested Parallel (2/3)

Nested parallel

Fortran

C

omp_set_nested(nested)
enables or disables nested parallelism

omp_get_nested()
the value of the nes-var ICV

omp_get_level()
the number of nested parallel regions

omp_get_ancestor_thread_num(level)

the thread number of the ancestor of
the current thread

omp_get_team_size(level)
the size of the thread team

omp_set_nested(nested)
enables or disables nested parallelism

omp_get_nested()
the value of the nes-var ICV

omp_get_level()
the number of nested parallel regions

omp_get_ancestor_thread_num(level)

the thread number of the ancestor of the
current thread

omp_get_team_size(level)
the size of the thread team
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Fortran

program more_nested_parallel
integer x, tid, level
integer omp_get thread_num
integer omp_get level

integer omp_get_ancestor_thread_num

call omp_set_nested(.true.)
call omp_set_num_threads(4)
I$omp parallel private(tid, level)

tid = omp_get_thread_num()
level = omp_get level()
print 10, 'thread id =', tid
if( tid == 1 ) then

I$omp parallel private(tid)

num_threads (tid+2)
tid = omp_get_thread_num()

print 20, 'thread id =', tid,

"ancestor_thread num(',
level, ')=°¢

omp_get_ancestor_thread_nhm(level)

I$omp end parallel
end if
I$omp end parallel

10 format(A,I4)
20 format(T8,A,I4,A,I4,A,I4)
END

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

int main()

{

int tid, level;

omp_set _nested(1);
omp_set_num_threads(4);
#pragma omp parallel private(tid, level)
{
tid = omp_get thread num();
level = omp get level();
printf(“tid=%d level=%d\n”, tid, level);
if( tid ==1 ) {
#pragma omp parallel private(tid)
num_threads (tid+2)

{
tid = omp_get_thread_num();
printf(“\t tid=%d
ancestor_thread _num(%d)=%d\n”,
tid, level,
omp_get ancestor_thread num(level));
}
}

Nested parallel
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Fortran C
program nested_parallel_data_scope int main()
INTEGER x, y, z {
int x, y, z;
call omp_set nested(1) omp_set nested(1);
call set _num_threads(4) omp_set _num_threads(4);
#pragma omp parallel private(y)
I$OMP PARALLEL private(y) {
X, Y, z private? Shared? X,Y,z private? shared?
1$OMP PARALLEL num_threads(2) private(x) #pragma omp parallel num_threads(2)
X, Yy, z private? shared? private(x)
1$0MP END PARALLEL {
I$OMP END PARALLEL X,y,z private? shared?
}
end program ¥




(@) Nested Parallel : HI0|E 5 2{(2/3)

Fortran

program nested_parallel data_scope
INTEGER x, vy, z

call omp_set _nested(1)
call set_num_threads(4)

I$OMP PARALLEL private(y)
x : shared y : private z :
I$OMP PARALLEL num_threads(2) private(x)

shared

int main(){
int x, y, z;
omp_set nested(1);
omp_set _num_threads(4);
#pragma omp parallel private(y)
{
x : shared y : private z : shared

#pragma omp parallel num_threads(2)
private(x)

Nested parallel

A {
x i private y : shared z : shared X : private y : shared z : shared
I$OMP END PARALLEL }
1$OMP END PARALLEL }
end program }
1
| |
X, Y Z
T T 1
y y y y
| | |
X X X X X X X
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Fortran C
program nested_parallel data_scope #include <stdio.h>
integer :: x=1, y=10, z=20, tid #include <omp.h>
integer omp_get thread _num
int main()
call omp_set nested(.true.) {
call omp_set_num_threads(4) int x=1, y=10, z=20, tid,;
omp_set nested(1);
I$omp parallel private(y, tid) omp_set _num_threads(4);
tid = omp_get thread_num() #pragma omp parallel private(y, tid)
X = X + 1; y = 12; z = 22 {
I$omp parallel num_threads(2) tid = omp_get thread _num();
private(x,tid)
tid = omp_get thread_num() X++ y = 12; z = 22;
x = 10; y=y+1; z=2z+1 #pragma omp parallel num_threads(2)
print 30, 'tid =', tid, ' x =', x, ' private(x, tid)
y=': Y, z=', z {
'$omp end parallel tid = omp_get_thread_num();
print 20, 'tid ="', tid, ' x =', x, ''y=', vy, x = 10;
2=, z y++;
I$omp end parallel S
print 18, * x =", x, " y=',y, ' z=', 2z printf(“\t tid=%d x=%d y=%d z=%d\n”, tid,
X, Y5 Z);
10 format(A,I4,A,I4,A,I4) }
20 format(A,I4,A,I4,A,I4,A,I4) printf(“tid=%d x=%d y=%d z=%d\n”, tid, x, y,
30 format(T8,A,I4,A,I14,A,1I4,A,I4) z);
}
End printf(“\n”); printf(“x=%d y=%d z=%d\n”, X,
Y, 2);
}
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Fortran

program sections
integer i, a(0:9), b(0:19)

call omp_set num_threads(2)
I$omp parallel

I$omp sections
I$omp section

do i=0, 9

a(i) =1 * 10 + 5
end do
I$omp section
do i=e, 19

b(i) =i * 5 + 10
end do

I$omp end sections
I$omp end parallel

write(*,10) a
write(*,20) b

10 format(10i4)
20 format(20i4)
end

#include <stdio.h>
#include <omp.h>
int main(){
int i, a[1@0], b[20];
omp_set _num_threads(2);
#pragma omp parallel private(i)

{
#pragma omp sections
{
#pragma omp section
for(i=0; i<10; i++)
a[i] =1 * 10 + 5;
#pragma omp section
for(i=0; i<20; i++)
b[i] =1 * 5 + 10;
}
}

for(i=0; i<10; i++)
printf(“%d “, a[i]);
printf(“\n”);
for(i=0; i<20; i++)
printf(“%d “, b[i]);
printf(“\n”);




A=t X|A|O] © Sections

omp_set_num_threads(2)

#pragma omp parallel

{

for(i=0; i<10; i++) for(i=0; i<20; i++)
ali] = i*10+5; b[i] = i*5+10;
(Thread) ‘ (Thread)

N

}




Fortran

PROGRAM single

call omp_set num_threads(4)
I$OMP PARALLEL
1$0MP SINGLE
PRINT *, ‘Hello World’
1$OMP END SINGLE
I$OMP END PARALLEL

END

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

int main()
{

omp_set _num_threads(4);
#pragma omp parallel

{ #pragma omp single
{
printf(“hello world\n”);
}
}




omp_set_num_threads(4)

#pragma omp parallel ISOMP PARALLEL

/{

#pragma omp single >

printf(“hello world#n")

(Thread) (Thread) (Thread) (Thread)

~

} I$OMP END PARALLEL




- master

Fortran

program master
integer omp get thread num

call omp_set num_threads(4)
I$omp parallel

I$omp master

call sleep(1)

print *, 'Hello World'

I$omp end master

print *, 'tid=',omp_get thread num()
I$omp end parallel
end

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

int main()
{

omp_set_num_threads(4);
#pragma omp parallel

{
#pragma omp master
{
sleep(1l);
printf(“hello world\n”);
}

printf(“tid = %d\n”,
omp_get thread_num() );
}
}

@® MASTER

» ‘master’ section= OfAE A E0f| AT AHAIZ
A |0 FAIHE EH2 SIS

» ChE AYES2 ‘master sectiong 71
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Fortran C

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

INTEGER :: x=1
int main()
call omp_set num_threads(16) {
I$OMP PARALLEL
1$OMP SINGLE

int x = 1;
omp_set_num_threads(16);
#pragma omp parallel

X = X+1 {
(¢ - €
PRINT *, “x =%, X #pragma omp single
1$OMP END SINGLE {
X++;
1$0OMP SINGLE printf(“x=%d\n”, x);
X = X+1 } §$ ./a.out i
PRINT *, ‘x =, x RRRREEEEELEEEEE #pragma omp single ' x=2 :
' $ ./a.out | | =3 !
I$OMP END SINGLE ! e : { e :
I$OMP END PARALLEL | x=3 | X++
Fommmmmemmoenees ' printf(“x=%d\n”, x);
END }
}
return 0;
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Fortran

PROGRAM nowait
INTEGER :: x=1

call omp_set num_threads(16)
I$OMP PARALLEL

1$OMP SINGLE

X=X+1

print*, ‘x =, x

I1$OMP END SINGLE nowait

'$OMP SINGLE
X=X+1 |

. ''$ ./a.out
print*, ‘x =9, x ' x=2
I$OMP END SINGLE | x=3

I$OMP END PARALLEL ; i=§/a'OUt
| x=2

END ' $ ./a.out
| x=3
| x=3

What happen?

_________________

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

int main()
{
int x = 1;
omp_set _num_threads(16);
#pragma omp parallel
{
#pragma omp single nowait
{
X++;
printf(“x=%d\n”, x);
}
#pragma omp single
{
X++;
printf(“x=%d\n”, x);

__________________
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Fortran

program nowait_for
integer, parameter :: N = 9999
integer i, j, a(@:N, @:N)

call omp_set num_threads(4)
I$omp parallel private(i,j)
I$omp do
do j=0, N
do i=0, j
a(i,j) = i+j
end do
end do
I$omp do
do j=0, N
do i=j+1, N
a(i,j) = i-J
end do
end do
I$omp end parallel
End

#include <stdio.h>
#include <omp.h>
#define N 10000
int main(){
int i, j, a[N][N];
omp_set _num_threads(4);
#pragma omp parallel private(i, j)
{
#pragma omp for
for(i=0; i<N; i++)
for(j=1i; j<N; j++)
a[i][3] = i+3;

#pragma omp for
for(i=0; i<N; i++)
for(j=0; j<i; j++)
a[i][]J] = 1-3J;

$ gfortran -fopenmp -o for_nowaitl.x
nowait.f90

$ ulimit -s 512000
$ time ./for_nowaitl.x

$ gcc -fopenmp -o for_nowaitl.x nowait.c
$ ulimit -s 512000
$ time ./for_nowaitl.x
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omp_set_num_threads(4)

Master #pragma omp parallel ~ 1$OMP PARALLEL
thread ¢ #pragma omp for
(Thread 0) | (Thread 1) (Thread 2) (Thread 3)
I for(i=0; i<2500; i++) for(i=2500; i<5000; i++) for(i=5000;i<7500; i++) for(i=7500;i< 10000;i+ +)
for(j=i; j<10000; j++) for(j=i; j<10000; j++) for(j=i; j<10000; j++) for(j=i; j<10000; j++)
alillj] = i+j; afil[j] = i+j; afilfj] = i+j; afilfjl = i+j;
Implicit )
barrier
#pragma omp for
(Thread 0) (Thread 1) (Thread 2) (Thread 3)
for(i=0; i<2500; i++) for(i=2500; i<5000; i++) for(i=5000;i<7500; i++) for(i=7500;i<10000;i+ +)
for(j=0; j<i; j++) for(j=0; j<i; j++) for(j=0; j<i; j++) for(j=0; j<i; j++)
alilfj] = i-j; afilfjl = ij; alil[jl = i-j; alilljl = i-j;

N

} I$OMP END PARALLEL
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Fortran

program nowait_ for
integer, parameter :: N = 9999
integer i, j, a(@:N, @:N)
call omp_set num_threads(4)
I$omp parallel private(i,j)
I$omp do
do j=0, N
do i=0, j
a(i,j) = i+]
end do
end do
I$omp end do nowait
I$omp do
do j=0, N
do i=j+1, N
a(i,j) = i-j
end do
end do
I$omp end parallel
End

#include <stdio.h>
#include <omp.h>
##tdefine N 10000

int main(){

int i, j, a[N][N];

omp_set _num_threads(4);
#pragma omp parallel private(i, j)
{

#pragma omp for nowait

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

for(j=1i; Jj<N; j++)
a[i][3] = i+3;

#pragma omp for
for(i=0; i<N; i++)
for(j=0; j<i; j++)
a[i][]j] = 1-3J;
}
}

$ gfortran -fopenmp -o for_nowait2.x
nowait.f90

$ ulimit -s 512000
$ time ./for_nowait2.x

$ gcc -fopenmp -o for_nowait2.x nowait.c
$ ulimit -s 512000
$ time ./for_nowait2.x
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omp_set_num_threads(4)

Master #pragma omp parallel 1SOMP PARALLEL
thread { #
pragma omp for
(Thread 0) | (Thread 1) | (Thread 2) (Thread 3)
for(i=0; i<2500; i++) for(i=2500; i<5000; i++)  for(i=5000; i<7500;i++)  for(i=7500;i<10000;i++)
for(j=i; j<100; j++) for(j=i; j<100; j++) for(j=i; j<100; j++) for(j=i; j<100; j++)
afillj] = i+j; afillj] = i+j; aliljl = i+j; alillj] = i+j;
1
| | #pragma omp for
1
for(i=0; i<2500; i++) for(i=2500; i<5000; i++) for(i=5000; i<7500;i++) for(i=7500;i< 10000;i+ +)
fOF(J 0; j<ii j++) for(j=0; j<i; j++) for(j=0; j<i; j++) for(j=0; j<i; j++)
aliljl = i-j; alilfj] = i-j; aliljl = ij; alilj] = i-j
l ] l ]
} ISOMP END PARALLEL

)
e o e
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Fortran

PROGRAM ordered
INTEGER i, a(@:9)

call omp_set_num_threads(4)

I$OMP PARALLEL private(i)
I$OMP DO ordered
DO i=0, 9
a(i) =i * 2
1$OMP ORDERED
print *, ‘a(¢, i, €) =9, a(i)
1$OMP END ORDERED
END DO
1$OMP END PARALLEL

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

int main()
{
int i, a[10];
omp_set_num_threads(4);
#pragma omp parallel private(i)
{
#pragma omp for ordered
for(i=0; i<10; i++) {
al[i] = 1 * 2;
#pragma omp ordered
printf(“a[%d] = %d\n”, i, a[i]);

}
END }
}
@ ORDERED
» ‘ordered’ section LS| 2O AMHZ +XIHOZ TISH
™ ofLto| HHZIOf| ofLtPt o1&
» HE2O XA = ‘ordered’ clauseE 7+A0f gt
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O schedule / task

1. OpenMP Scheduling

2. I MH(schedule AIR)

3. Task, taskwait




schedule / task
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schedule / task

°(O« SCHEDULE

® Scheduling clauses

=IO Mol FHf HAS XY
MR ol #S 2Hi

2|5l schedule clauseE AR

schedule ™HxH: A

7|2x0]
ZA9| scheduleS X|'st7| #lofl ¢
Static [, chunk_size]
Ul As0| 2t Ao FUsHH B
‘chunk_size' 7t A% AL, & 818 4al 5|+Z chunk_sizeZ LI50{ chunk
MM S chunkES AYE0 2tRE-ZHI gHAloZ M sief
OIOB, MalS HA B AYET} £7} A

LS— Ly

< QMISIRTL AYE £2 LIS BOX[X|
Dynamic [, chunk_size]
£ chunk_sizeE L+ chunk 244

= Hi=EAI 5|4
‘chunk S A EH =™ i
2 chunk &t

A0 HA EL= AHEO Tt
chunk_size’ 7t §19™ C|ZE chunk_size=1
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¢ Scheduling clauses

» Guided [, chunk_size]

© Dynamic scheduling
© Ht=3 XAlGHHAM, chunk 37|17t #Hg (default chunk size = 1)

= Runtime
© mz 7 Ml =0f| #tAH4 OMP_SCHEDULE Zts &=Z
© T ALY Q0] CIASH AHEE HA A THs
© Ex) $ export OMP_SCHEDULE="static,1000”
© Ex) $ export OMP_SCHEDULE="“dynamic”

= Auto
© OpenMP 3.0 0|4 X|¥

© Zma, AAIZHAARIO| 7HY Melsirtr HHGk= AHEE 43
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Fortran C

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

program schedule
implicit none

integer :: a(0@:499) int main()
I$OMP PARALLEL DO schedule(static) num_threads(4) { i )
DO i=0. 499 int i, a[500];
a(i; i #pragma omp parallel for schedule(static)
B num_threads(4)
END DO for(i=0; i<500; i++)
al[i] = i;
end } [i] ;
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*O- SCHEDULE

¢ Mandelbrot

Mandelbrot is an image computing and display computation
Pixels of an image are stored in a 2D array

Each pixel is computed by iterating the complex function
Zyer= 2" +C,  Zx=ap+tbi, C=Crea + Cimagl

Zk+1 = (ak + bki)z + (Creal + Cimagi)
= (akz - bkz + Creal ) + (Zakbk + Ci‘mag)i

The magnitude of z is given by Zjengen= Va® + b?




*O-  SCHEDULE (Exercise)

C (Serial)
#include <stdio.h> for(i=0; i < X_RESN; i++) {
for(j=0; j < Y_RESN; j++) {
#define X_RESN 4000 /* x resolution */ z.real = z.imag = 0.0;
#tdefine Y RESN 4000 /* y resolution */ c.real = X MIN + j * (X_MAX - X_MIN)/X_RESN;
#tdefine X MIN -2.0 c.imag = Y_MAX - i * (Y_MAX - Y_MIN)/Y_RESN;
#define X_MAX 2.0 k = 0;
#define Y_MIN -2.0
#tdefine Y_MAX 2.0 do {
temp = z.real*z.real - z.imag*z.imag + c.real;

typedef struct complextype { z.imag = 2.0*z.real*z.imag + c.imag;

float real, imag; z.real = temp;
} Compl; lengthsq = z.real*z.real+z.imag*z.imag;

k++;

int main ( int argc, char* argv[]) } while (lengthsq < 4.0 && k < maxIterations);
{

int i, j, k, maxIterations = 1000; if (k >= maxIterations) res[i][j] = ©;

Compl z, c; else res[i][]j] = 1;

float lengthsq, temp; }

int res[X_RESN][Y_RESN]; }

}
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SCHEDULE (Exercise)

schedule / task

Fortran (Serial)

program ex

integer, parameter ::

real, parameter
2.0, Y_MAX=2.0

X_RESN=4000, Y_RESN=4000

complex :: z, C

integer :: i, j, k, maxIterations=1000
real :: lengthsq, temp

integer, dimension(@:X_RESN-1, ©:Y_RESN-1)

DO j=0, Y_RESN-1
DO i=0, X _RESN-1
z = (0.0, 0.0)
¢ = cmplx( X_MIN+real(j)*(X_MAX-
X_MIN)/real(X_RESN), Y_MAX - real(i) * (Y_MAX -
Y_MIN)/real(Y_RESN) )
k=0

1 X_MIN=-2.0, X _MAX=2.08, Y_MIN=-

.. res

loop: DO

REAL(c)

temp = REAL(z)*REAL(Zz)-AIMAG(z)*AIMAG(z) +

z=cmplx( temp,

2.0*REAL(z)*AIMAG(z)+AIMAG(c) )

lengthsq = REAL(z)*REAL(z)+AIMAG(z)*AIMAG(z)
k=k+1
if (lengthsq >= 4.0 .or. k >= maxIterations)
exit loop
END DO loop
if ( k >= maxIterations ) then
res(i, j) = o
else
res(i, j) =1
end if
END DO
ENDDO

end




"=  SCHEDULE (Solution)

C (parallel)
#include <stdio.h> #pragma omp parallel for shared(res, maxIterations)
#include <omp.h> private(j,z,c,k,temp,lengthsq)
for(i=0; i < X _RESN; i++) {

#define X_RESN 4000 /* x resolution */ for(j=0; j < Y_RESN; j++) {
#define Y_RESN 4000 /* y resolution */ z.real = z.imag = 0.0;
#define X MIN 2.9 c.real = X MIN + j * (X_MAX - X_MIN)/X_RESN;
#define X MAX 2.0 c.imag = Y_MAX - i * (Y_MAX - Y_MIN)/Y_RESN;
#define Y MIN -2.0 k =0;
#define Y_MAX 2.0

do {
typedef struct complextype { temp = z.real*z.real - z.imag*z.imag +

float real, imag; c.real;
} Compl; z.imag = 2.0*z.real*z.imag + c.imag;
3

z.real = temp;
int main ( int argc, char* argv[]) lengthsq = z.real*z.real+z.imag*z.imag;
{ k++;

int i, j, k, maxIterations = 1000; } while (lengthsq < 4.0 && k < maxIterations);

Compl zZ, C;
float lengthsq, temp; nan
int res[X_RESN][Y_RESN]; else res[i][]] = 1;

if (k >= maxIterations) res[i][j] = ©;




"=  SCHEDULE (Solution)

Fortran (Parallel)
program solution loop: DO
temp = REAL(z)*REAL(z)-AIMAG(z)*AIMAG(z) +
integer, parameter :: X_RESN=4000, Y RESN=4000 REAL(c)
real, parameter :: X MIN=-2.0, X MAX=2.0, Y _MIN=- z=cmplx( temp,
2.0, Y _MAX=2.0 2.0*REAL(z)*AIMAG(z)+AIMAG(c) )
lengthsq = REAL(z)*REAL(z)+AIMAG(z)*AIMAG(z)
complex :: z, k=k+1
integer :: i, j, k, maxIterations=1000 if (lengthsq >= 4.0 .or. k >= maxIterations)
real :: lengthsq, temp exit loop
integer, demension(@:X _RESN-1, @:Y_RESN-1) :: res END DO loop
1$0MP PARALLEL DO shared(res, maxIterations) private(z, if ( k >= maxIterations ) then
c, k, temp, lengthsq) res(i, j) =@
DO j=0, Y_RESN-1 else
DO i=8, X _RESN-1 res(i, j) =1

z = (0.0, 0.90) end if

c = cmplx( X_MIN+real(j)*(X_MAX-
Y_MIN)/real(X_RESN), Y _MAX - real(i) * (Y_MAX - END DO
Y_MIN)/real(Y_RESN) ) ENDDO

k=0

end




°O- _SCHEDULE (Solution Cont.)

C (parallel with dynamic schedule)

#include <stdio.h> #tpragma omp parallel for shared(res, maxIterations)
#include <omp.h> private(j,z,c,k,temp,lengthsq) schedule(dynamic, 5)
for(i=0; i < X _RESN; i++) {
#define X_RESN 4000 /* x resolution */ for(j=0; j < Y_RESN; j++) {
#define Y_RESN 4000 /* y resolution */ z.real = z.imag = 0.0;
#define X MIN -2.9 c.real = X_MIN + j * (X_MAX - X_MIN)/X_RESN;
#define X_MAX 2.9 c.imag = Y_MAX - i * (Y_MAX - Y_MIN)/Y_RESN;
#define Y MIN -2.0 k =0;
#define Y_MAX 2.0
do {
typedef struct complextype { temp = z.real*z.real - z.imag*z.imag +
float real, imag; c.real;
} Compl; z.imag = 2.0*z.real*z.imag + c.imag;

z.real = temp;

- * i * 3 .
int main ( int argc, char* argv[]) lengthsq = z.real*z.real+z.imag*z.imag;
( k++;

int i, j, k, maxIterations = 1000; } while (lengthsq < 4.0 && k < maxIterations);

Compl z, c;
float 1lengthsq, temp; naxs
int res[X_RESN][Y_RESN]; else res[i][]] = 1;

if (k >= maxIterations) res[i][j] = ©;




"O-  OpenMP Task

© HH AA: (YA|H) tasks (AHEH 5L} B2 MM
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» AYHE El Hi { \
_ E #pragma omp for distribute work
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i (-} o bamer

» DE task T2 E MY77}X| OAE AYE C{7|
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-©»  Task Concepts
@ task scheduling = 238 HSHE A|AH
@ thread = 238 ¢

© task = 20N X2|E U

Encountering
thread adds

task to pool

Threads execute
tasks in the pool




-O-  Task Construct

» Taski £33t FES 3e] 70 2= SX2 §
= Ze] 70l Ui HASS 28 THs 3 AHCO oo 2MM2 A

o7& FYEI19)




Task (1/3)
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schedule / task

Fortran

Program taskl

I$OMP PARALLEL num_threads(32)

write(*, '(A)', advance="no")
write(*, '(A)', advance="no")
write(*, '(A)', advance="no")
write(*, '(A)', advance="no")

write(*, *) ' ¢
I$OMP END PARALLEL

END

O N W >

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

int main()
{
#pragma omp parallel num_threads(32)
{
printf(“A “);
printf(“B “);
printf(“C “);
printf(“D “);
printf(“\n”);




*O-  Task (2/3)

schedule / task

Fortran

Program task2
integer omp _get thread num

1$OMP PARALLEL num_threads(32)
1$OMP SINGLE
print *, ‘A tid =¢, omp_get thread _num()
print *, ‘B tid =¢, omp get thread num()
print *, ‘C tid =, omp_get thread _num()
print *, ‘D tid =¢, omp _get thread num()
I$OMP END SINGLE

1$OMP END PARALLEL

END

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

int main()

{
#pragma omp parallel num_threads(32)

{
#pragma omp single
{
printf(“A tid=%d\n“,
omp_get _thread num() );
printf(“B tid=%d\n“,
omp_get _thread num());
printf(“C tid=%d\n*,
omp_get _thread num());
printf(“D tid=%d\n*,
omp_get _thread num());

}

o7& FYEI19)
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schedule / task

Fortran

1 $OMP
print
1 $OMP
print
1 $0OMP
1 $0OMP
print
1 $OMP
print
1 $OMP

END

Program task3
integer omp_get thread _num

SINGLE

* A tid
TASK

*, ‘B tid
END TASK
TASK

* 0 ‘C tid
END TASK
*, ‘D tid
END SINGLE

I$OMP END PARALLEL

1$OMP PARALLEL num_threads(32)

=, omp_get_ thread_num()

€, omp_get thread_num()

¢, omp_get thread _num()

=, omp_get thread_num()

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

int main()

#pragma omp parallel num_threads(32)

#pragma omp single

{
{
{
}
}

printf(“A tid=%d\n“, omp_get_thread_num() );
#pragma omp task
{

printf(“B tid=%d\n“, omp_get_ thread_num()
}
#pragma omp task
{

printf(“C tid=%d\n“, omp_get_ thread_num()

}
printf(“D tid=%d\n“, omp_get thread_num() );

)s

)s




i O- Task : taskwait

schedule / task

Fortran C

Program task4 #include <stdio.h>

integer omp_get thread _num #include <omp.h>
I$OMP PARALLEL num_threads(32) int main()
I$0OMP SINGLE {

print *, ‘A tid =, omp_get_thread_num() #pragma omp parallel num_threads(32)
I$OMP TASK {

print *, ‘B tid =€, omp_get_thread_num() #pragma omp single
I$OMP END TASK {
I$0MP TASK printf(“A tid=%d\n“, omp_get_thread_num() );

print *, ‘C tid =€, omp_get_thread_num() #pragma omp task
I$OMP END TASK {
1$OMP TASKWAIT printf(“B tid=%d\n“, omp_get_thread_num() );

print *, ‘D tid =€, omp_get_thread_num() }
I$OMP END SINGLE #pragma omp task
I$OMP END PARALLEL {

printf(“C tid=%d\n“, omp_get_ thread_num() );
END }
#pragma omp taskwait
printf(“D tid=%d\n“, omp_get_ thread_num() );
}
}
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schedule / task

Fortran C
Program task_data_scope int foo()
integer :: a, b, ¢, d, e {

I$OMP PARALLEL private(b,d,e)
1$OMP TASK private(e)
a, b, ¢, d, e : private? shared?
1$OMP END TASK
1$OMP END PARALLEL

int a, b, c,d,e;
#pragma omp parallel private(b,d,e)
{
#pragma omp task private(e)
{ a, b, ¢, d, e : private?
shared? }

END }

}
Program task int foo()
USE OMP_LIB or include “omp_lib.h” {

integer :: a, b, ¢, d, e
I$OMP PARALLEL private(b,d,e)
|$OMP TASK private(e)
a : shared
b : firstprivate
¢ : shared
d : firstprivate
e : private
1$0MP END TASK
1$OMP END PARALLEL

END

int a, b, c,d,e;
#pragma omp parallel private(b,d,e)
{

#pragma omp task private(e)

{

a : shared

b : firstprivate
¢ : shared

d : firstprivate
e : private




schedule / task

¢ OpenMP Scheduling

= static, dynamic, guided, runtime, auto

€ task
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schedule / task

¢ OpenMP Scheduling
€ task




10 OpenMP Performance Issue

1. Nested parallel(collapse)

2. Flush, false sharing

3. O|O|E 2jEd
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.O-  COLLAPSE
¢ Collapse

= #pragma omp for collapse(loop 742)2 HO| & Al
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Collapse (1/4)

OpenMP Performance Issue

Fortran

C

program collapse
USE OMP_LIB or include “omp_lib.h”

interger, parameter :: M=100, N=100
integer :: a(@:M-1, O:N-1), i, j

call omp_set nested(1)
1$0OMP PARALLEL DO
DO j=0, N-1
I$OMP PARALLEL DO
DO i=0, M-1
a(i, j) =
END DO
I$OMP END PARALLEL DO
END DO
1$0OMP END PARALLEL DO
End

a(i, j) * 2

#include <stdio.h>
#include <omp.h>
#define M 100
#define N 100

int main()

{
int a[M][N], i, 3;

omp_set nested(1);
#pragma omp parallel for

for(i=0; i<M; i++) { Better performance?
#pragma omp paralfel for

for(j=0; j<N; j++)
ali][j] = a[i]l[3] * 2;
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OpenMP Performance Issue

Fortran

C

program collapse
USE OMP_LIB or include “omp lib.h”

interger, parameter :: N=10000
integer :: a(@:N-1, ©:N-1), i, j

call omp_set nested(1)
call omp_set num_threads(4)
I$OMP PARALLEL private(i, j)
1$OMP DO
DO i=0, N-1
1$OMP DO
DO j=0, N-1
a(i, j) = a(i, j) * 2
END DO
END DO

end

#tinclude <stdio.h>
#include <omp.h>
#tdefine N 10000

int main()

{
int a[N][N], i, J;

omp_set nested(1);
omp_set_num_threads(4);
#pragma omp parallel private(i,j)
{
#pragma omp for
for(i=0; i<N; i++) {
#pragma onp fg;”'— Possible 227
for(j=0; j<N; j++)
a[1][J] = a[i][J] * 2;

o7& FYEI19)



Qs Collapse (3/4)

Fortran C
program collapse #include <stdio.h>
USE OMP_LIB or include “omp_lib.h” #include <omp.h>
#define N 10000
interger, parameter :: N=10000
integer :: a(@:N-1, O:N-1), i, j int main()
{
call omp_set num_threads(4) int a[N][N], i, j;
1$0OMP PARALLEL DO
DO i=0, N*N-1 omp_set_num_threads(4);
a(i/N, MOD(i, N)) = a(i/N, MOD(i, | #pragma omp parallel for
N)) * 2 for(i=0; i<N*N; i++)
END DO a[i/N][i%N] = a[i/N][3%N] * 2;
}

end
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OpenMP Performance Issue

call omp_set num_threads(4)

I$omp parallel do private(i, j)
collapse(2)

DO j=0, N
DO i=0, N
a(i, j) = a(i, j) * 2
END DO
END DO
I$omp end parallel do

End

Fortran C
program collapse #include <stdio.h>
interger, parameter :: N=9999 #include <omp.h>
integer :: a(@:N, O:N), i, j #define N 10000

int main()

{
int a[N]J[N], 1, 3J;

omp_set_num_threads(4);

#pragma omp parallel for private(i,j)
collapse(2)

for(i=0; i<N; i++)
for(j=0; j<N; j++)
ali][j] = al[i][3d] * 2;

o7& FYEI19)
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OpenMP Performance Issue

Fortran

program flushl
integer :: x=0, tid, omp_get thread num
call omp_set_num_threads(4)
I$OMP PARALLEL private(tid)
tid = omp_get_thread_num()
if ( tid == @ ) then
call sleep(3)
x =1
call sleep(3)
end if
do while ( x ==
end do
print *, “x =“, x, “in”, tid, “-th thread”
1$OMP END PARALLEL

o)

End

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

{

#pragma omp parallel private(tid)

{

int x=0, tid;
omp_set_num_threads(4);

tid = omp_get_thread_num();
if( tid == 0 ) {
sleep(3);
X = 1;
sleep(3);
}
while( x ==

}
printf(“x=%d in %d-th thread\n”, x, tid);

0 ) {

$ gfortran -fopenmp -o ok.x flush.90

$ ./ok.x

$ gfortran -03 -fopenmp -o no.x flush.90
$ ./no.x

T A B A |

gcc —-fopenmp -o ok.x flush.c
./ok.x

gcc -03 -fopenmp -0 no.x flush.c
./no.x
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¢ FLUSH Directive

= 22| HAO Aots oA

» Ao = read/write =AM E reorderingstX| 43

while( x == 0) {
}

X=x+1;

Pseudo code

Without optimization option With optimization option (-03)
L1: mov eax, 0x7¢c385400
mov eax, 0x7¢c385400 L1:
cmp eax, 0 cmp eax, 0
je L1 je L1
mov eax, 0x7c385400 inc eax
inc eax mov 0x7c¢385400, eax

mov 0x7¢c385400, eax
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OpenMP Performance Issue

Fortran C
program flush2 #include <stdio.h>
#include <omp.h>
integer :: x=0, tid #include <unistd.h>

call omp_set_num_threads(4)
I$OMP PARALLEL private(tid)
tid = omp_get_thread_num()
if ( tid == @ ) then
call sleep(3)
X =1
call sleep(3)
end if
do while ( x == 0 )
1$OMP FLUSH(x)
end do
print *, “x =“, x, “in”, tid, “-th thread”
I$OMP END PARALLEL

End

int main()
{
int x=0, tid;
omp_set_num_threads(4);
#pragma omp parallel private(tid)

{
tid = omp_get_thread_num();
if( tid == 0 ) {
sleep(3);
X = 1;
sleep(3);
}
while( x == 0 ) {
#pragma omp flush(x)
}
printf(“x=%d in %d-th thread\n”, x, tid);
}
}

$ gfortran -03 -fopenmp -o flush.x flush.90
$ ./flush.x

$ gcc -03 -fopenmp -o flush.x flush.c
$ ./flush.x
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False Sharing (1/5)

OpenMP Performance Issue

Fortran

C

program false_sharing
integer, parameter :: N=1000000000
integer(8) :: total sum=0, a(0:3)
integer i, tid, omp get thread num

a=0
call omp_set num_threads(4)
I$OMP PARALLEL private(tid)

tid = omp_get thread num()
1$0MP DO
DO i=1, N
a(tid) = a(tid) + i
END DO
1$0MP ATOMIC
total sum = total sum + a(tid)

1$OMP END PARALLEL
print *, “sum =, total_sum

end

#include <stdio.h>
#include <omp.h>
#define N 1000000000

int main()

{
long sum=0, a[4] = { @ }, i, tid;

omp_set_num_threads(4);
#pragma omp parallel private(tid)
{

tid = omp_get _thread _num();

#pragma omp for

for(i=1; i<=N; i++)

a[tid] += i;
#pragma omp atomic
sum += a[tid];

printf(“sum = %1d\n”, sum);
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True sharing False sharing
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OpenMP Performance Issue

Fortran

C

program false sharing solved
integer, parameter :: N=1000000000
integer(8) :: total_sum=0, a(0:3*8)
integer i, tid, omp_get thread num

a=0
call omp_set num_threads(4)
I$OMP PARALLEL private(tid)

tid = omp_get _thread_num()
I$OMP DO
DO i=1, N
a(tid*8) = a(tid*8) + i
END DO
I$OMP ATOMIC
total sum = total sum + a(tid*8)

1$OMP END PARALLEL
print *, “sum =“, total sum

end

#include <stdio.h>
#include <omp.h>
#define N 1000000000

int main()

{
long sum=0, a[4*8] = { 0@ }, i,
tid;

omp_set _num_threads(4);
#pragma omp parallel private(tid)
{

tid = omp_get_thread_num();

#pragma omp for

for(i=1; i<=N; i++)

al[tid*8] += 1i;
#pragma omp atomic
sum += a[tid*8];

printf(“sum = %1d\n”, sum);
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OpenMP Performance Issue

Fortran

C

program use_local sum
integer, parameter
integer(8) ::
local_sum
integer i, tid, omp get thread num

:: N=1000000000
total sum=0,

call omp_set num_threads(4)
I$OMP PARALLEL private(tid, local_sum)
local _sum = ©
tid = omp_get thread num()
1$0MP DO
DO i=1, N
local_sum =
END DO
1$0MP ATOMIC
total _sum = total sum + local_sum
I$OMP END PARALLEL
print *, “sum =, total sum

local_sum + 1

End

#include <stdio.h>
#include <omp.h>
#define N 1000000000

int main()

{

#pragma omp parallel private(tid,
local _sum)

{

long sum=0, local_sum, i, tid;

omp_set_num_threads(4);

local_sum = ©;

tid = omp_get _thread _num();

#pragma omp for

for(i=1; i<=N; i++)
local_sum += i;

#pragma omp atomic

sum = sum + local_sum;

printf(“sum = %1d\n”, sum);
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HI0IE 2j=d (1/2)

N L WIN|E|=

a(i) =1

DOi=25

a(i) = a(i)*a(i-1)

ENDDO

0%
e
[
02

OpenMP Performance Issue

Thread 0

Thread 1

a(2)=a(2)*a(1)=2*1=2

a(4)=a(4)*a(3)=4*3=12

a(3)=a(3)*a(2)=3*2=6

a(5)=a(5)*a(4)=5*12=60

time
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@ GIoIg o=4
» N2 OE 20| st M2 X0 EZ(racing)S I Y
» Loop-carried H|0|E| o|&A

@ shared H{0|A{TH LAY

@ 20| read?t &

Hells 2EE =X

rir
&0
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© SO HES0f| At
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O HIO[E Q=H0| £5(1/2)

® Loop-carried 2|=M

» flow 2|&M(true dependence or RAW)
@ _i‘xl' )\IoHO-”A-I S'] 9 SZO' AA—IE AIoHEI [[H
» S1:a(2) =a(1) + b(2) (write)
» S2 :a@) = a(2) + b(3) (read)

DOi=2,N
a(i) = a(i-1) + b(i)
ENDDO

© S10| write, S27f read (RAW)
» anti 2/=A : S10| read, S27} write (WAR)
» output 2|&EM : S1, S2 B5 write (WAW)




/0> HOIE] ojZ Yo

DO =2, N-1
10 x=d(i)+1
20 a(i) = a(i+1) + x
30  b(i) = b(i) + b(i-1) + d(i-1)
40  ¢(2) = 2*i

ENDDO
Memory XS &EH Lt= &FEH Loop- | Dataflow

location ool b =2 3ol b =2 carried? e
X 10 i M| 20 i 101 No Flow

X 10 i M| 10 i+1 M| Yes Output
X 20 i 10| 10 i+1 M| Yes Anti
a(i+1) 20 i 10| 20 i+1 M| Yes Anti
b(i) 30 i M| 30 i+1 2101 Yes Flow

c(2) 40 i M| 40 i+1 M| Yes Output
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0 =N ®H
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™ anti, output 2|&%

» flow 2|&d HAH
© 715 or B7ts

© DEEHOI UTYS HH0| 27 4E Y
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® flow /=M H|A : Loop skewing
» Loop—carried flow 2/&43= non-loop—carried= Het

DO i=2, N i =i:b(@) = b() + a(i-1)
b(@i) = b(i) + a(i-1) a(i) = a(i) + c(i) I Write
a(i) = a(i) + c(i) i=i+1:b(i+1) = b(i+1) + a(i) ! Read RAW(flow dependency)
END DO a(i+1) = a(i+1) + c(i+1)
o|=4 w7
b(2) = b(2) + a(1) b(2) = b(2) + a(1)
DO i=2,N-1 I$OMP PARALLEL DO SHARED(a,b,c)
a(i) = a(i) + c(i) DO i=2,N-1
b(i+1) = b(i+1) + a()) 218 a(i) = a(i) + c(i)
END DO M b(i+1) = b(i+1) + a(i)
a(N) = a(N) + c(N) END DO
a(N) = a(N) + c(N)




ENEERSER Y]

@ flow 2|=M M7 : Loop skewing
» flow.f90

PROGRAM FLOW
IMPLICIT NONE
INTEGER (KIND=8) ,PARAMETER: : N=1000000000
REAL: :A(N),B(N),C(N),X,X_TMP(N)
INTEGER(KIND=8): : STIME, ETIME,C_RATE
INTEGER: : I
CALL RANDOM_NUMBER(A)
CALL RANDOM_NUMBER(B)
CALL RANDOM_NUMBER(C)
CALL SYSTEM_CLOCK(STIME,C_RATE)
DO I=2,N
B(I)=B(I)+A(I-1)
A(I)=A(I)+C(I)
END DO
CALL SYSTEM_CLOCK(ETIME)
PRINT*, 'Elasped Time : (flow)', (ETIME-STIME)/DBLE(C_RATE)

_—
HRLE T e el |
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@ flow 2|=M M7 : Loop skewing

CALL SYSTEM_CLOCK(STIME)
B(2)=B(2)+A(1)
DO I=2,N-1
A(I)=A(I)+C(I)
B(I+1)=B(I+1)+A(I)
END DO
A(N)=A(N)+C(N)
CALL SYSTEM_CLOCK(ETIME)
PRINT*, 'Elasped Time : (Loop skewing)', (ETIME-STIME)/DBLE(C_RATE)

CALL SYSTEM_CLOCK(STIME)

B(2)=B(2)+A(1)

1$OMP PARALLEL DO

DO I=2,N-1
A(I)=A(I)+C(I)
B(I+1)=B(I+1)+A(I)

END DO

A(N)=A(N)+C(N)

CALL SYSTEM_CLOCK(ETIME)

PRINT*, 'Elasped Time : (OpenMP)', (ETIME-STIME)/DBLE(C_RATE)

END PROGRAM FLOW

_——y
% OI|Or | S oIS




@ collapse EX X|A|0f
» Os FO0 HEE Plolf A

@ False sharing

» 2| 30 CPUOIA THA| LT THE0| 2oy

» False sharing0| &Mot=

—
S
» False sharing0| HMolX| X5 IFE

© Hlolg o=Y
= Bl0JE| 21Z 40| Yot

» OjOJE S|Ed= HHet
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OpenMP Performance Issue
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@ collapse EX X|A|0f

@ False sharing
@ Co|F o=4
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ex1 : Numerical Integration Pi Hands—On|

@ Pi calculation for Numerical integration

4.5

1 4 X = tan 0
[ o @
01+ X dx=sec” @ d@

:>jZ 4 sec’ 9 do

0 1+tan® @
— ’Z4XC0329L2C|9

J0 cos“ @
= '014 d6=r

%, =(2-05)x~ X =(n-05)x~
n n

X, = (1-05)x =
n




, Numerical Integration Pi (C)

ex1

// KISTI educational PI calculation
// Copyright(c) 2012 KISTI Supercomputing Center

##include <stdio.h>
#include <math.h>

int main() {
const long num_step=100000000;
long i;
double sum, step, pi, x;

step = (1.9/(double)num_step);
sum=0.0;

for(i=0; i<num_step; i++) {
x = ((double)i - 0.5) * step;
sum += 4.0/(1.0+x*Xx);
pi = step * sum;
printf(“PI = %17.151f (Error = %e)\n”, pi, fabs(acos(-1.0)-pi));

return 9;




ex1 : Numeracal Integration Pi (Fortran)

Il KISTI educational PI calculation
Il Copyright (c) 2012 KISTI Supercomputing Center

program Pi_cal

implicit none
integer(kind=8), parameter :: num_step=100000000 Il Number of steps
integer :: i
double precision :: sum, step, pi, x

step = (1.0do/dble(num_step))
sum = 0.0d0o
write(*,200)
do i=0, num_step-1
x = (dble(i)-0.5d0)*step
sum = sum + 4.0d0/(1.0dO+x*x)
enddo
pi = step * sum

write(*, 100) pi, dabs(dacos(-1.0d0@)-pi)
write(*, 200)

100 format("PI =", F17.15, "(Error =", E11.5,")")

200 format("---------------- oo ")
stop
end program




ex 2 : Read Mesh File Hands-On

@ Gmsh (https://gmsh.info/ )

Gmsh

A three-dimensional finite element mesh generator with built-in pre- and post-
processing facilities A

Christophe Geuzaine and Jean-Frangois Remacle
Download | Documentation | Licensing | Screenshots | Links | References | '

Gmsh is an open source 3D finite element mesh generator with a built-in CAD engine and post-processor. Its design goal is to provide a fast, light and user-friendly meshing
tool with parametric input and advanced visualization capabilities. Gmsh is built around four modules: geometry, mesh, solver and post-processing. The specification of any
input to these modules is done either interactively using the graphical user interface, in ASCII text files using Gmsh's own scripting language ( .geo files), or using the C++, C,
Python or Julia Application Programming Interface (API)

See this general presentation for a high-level overview of Gmsh and recent developments, the screencasts for a quick tour of Gmsh's graphical user interface, and the
reference manual for a more thorough overview of Gmsh's capabilities, some frequently asked questions and the documentaticn of the C++, C, Python and Julia AP1

The source code repository contains many examples written using both the built-in script language and the API (see e.g. the tutorials and the and demos).

Download

Gmsh is distributed under the terms of the GNU General Public License (GPL):

+ Current stable release (version 4.8.4, 28 April 2021):
o Download Gmsh for Windows, Linux or macOS$
o Download the source code
o Download the Software Development Kit (SDK) for Windows, Linux or macQS
o Download both Gmsh and the SDK with pip: 'nip install —upgrade ansh’

Make sure to read the tutorials before sending questions or bug reports.

ONELAB

Open Numerical Engineering LABoratory i

e P T

Korea Insttute of Science and Technology nformation

Wewkisireke



https://gmsh.info/

ex 2 : Read Mesh File(C)

/* Read Partitioned Mesh 1.c */
#include <stdio.h>
#include <string.h>
void ReadMesh(char *Input, char* Output);
int main(void)
{
int i;
char Inputfile[20], Outputfile[20];
#pragma omp parallel sections private(Inputfile,

{

#pragma omp section

{
sprintf(Inputfile,"tl 1.msh");
sprintf(Outputfile,"t10ut _1.msh");
ReadMesh(Inputfile, Outputfile);

}

#pragma omp section

{
sprintf(Inputfile,"tl 2.msh");
sprintf(Outputfile,"t10ut_2.msh");
ReadMesh(Inputfile, Outputfile);

}

Outputfile) num_threads(4)




*O-  ex 2 : Read Mesh File(C)

/* Read Partitioned Mesh 1.c */
#include <stdio.h>
#include <string.h>
void ReadMesh(char *Input, char* Output);
int main(void)
{
int i;
char Inputfile[20], Outputfile[20];
#pragma omp parallel sections private(Inputfile, Outputfile) num_threads(4)

{
#pragma omp section
{
sprintf(Inputfile,"tl 3.msh");
sprintf(Outputfile,"t10ut _3.msh");
ReadMesh(Inputfile, Outputfile);
}
#pragma omp section
{
sprintf(Inputfile,"tl 4.msh");
sprintf(Outputfile,"t10ut_4.msh");
ReadMesh(Inputfile, Outputfile);
}
}
return 0;




"O- _ex 2 : Read Mesh File(Fortran)

I Read_Partitioned_Mesh.f90
program main
implicit none
integer:: 1
character(len=20)::Inputfile, Outputfile
character(len=1)::num
I$omp parallel do private(num, Inputfile, Outputfile), num_threads(4)
do i=1,4
write(num, '(il)') i
Inputfile="t1 '//num//'.msh'
Outputfile="ti10ut_'//num//'.msh'
call ReadMesh(trim(Inputfile), trim(Outputfile),10+i)
end do
I$omp end parallel do
end program main

subroutine ReadMesh(Input, Output,Fid)

implicit none

character(len=*),intent(in)::Input,Output

integer,intent(in)::Fid

integer::i,k,tmpl,tmp2,tmp3,tmps

integer: :numnode, numele,eletype,num_1 ele type, num_tri ele type,outFid
real(kind=8),allocatable::coord(:,:)

integer,allocatable: :connect(:,:)

ST i=moiaymoray)



"O- _ex 2 : Read Mesh File(Fortran)

I Read Partitioned Mesh 1.f90

program main

implicit none

integer:: 1
character(len=20)::Inputfile, Outputfile
character(len=1)::num

Inputfile="t1 1.msh'
Outputfile="t10ut 1.msh'
call ReadMesh(trim(Inputfile), trim(Outputfile),10)

Inputfile="tl 2.msh’
Outputfile="t10ut 2.msh'
call ReadMesh(trim(Inputfile), trim(Outputfile),10)

Inputfile="t1 3.msh'
Outputfile="t10ut 3.msh'
call ReadMesh(trim(Inputfile), trim(Outputfile),10)

Inputfile="t1 4.msh'
Outputfile="t10ut 4.msh'
call ReadMesh(trim(Inputfile), trim(Outputfile),10)

end program main

o7& FYEI19)



ex 2 : Read Mesh File(Fortran)

I Read_Partitioned_Mesh_1_ openmp.f90
program main

implicit none

integer:: 1
character(len=20)::Inputfile, Outputfile
character(len=1)::num

I$omp parallel sections private(Inputfile, Outputfile) num_threads(4)
I$omp section

Inputfile="t1_1.msh’

Outputfile='t10ut_1.msh’

call ReadMesh(trim(Inputfile), trim(Outputfile),10)

I$omp section

Inputfile="t1l _2.msh'

Outputfile="t10ut_2.msh'

call ReadMesh(trim(Inputfile), trim(Outputfile),11)

I$omp section

Inputfile="t1l _3.msh'

Outputfile='t10ut_3.msh’

call ReadMesh(trim(Inputfile), trim(Outputfile),12)

I$omp section

Inputfile="tl1l 4.msh'

Outputfile="t10ut_4.msh'

call ReadMesh(trim(Inputfile), trim(Outputfile),13)
I$omp end parallel sections

end program main




ZOZ ex 2 : Read Mesh File(Fortran)

#include <stdio.h>
#include <string.h>
void ReadMesh(char *Input, char* Output);
int main(void)
{
int i;
char Inputfile[20], Outputfile[20];
#pragma omp parallel for private(i,Inputfile,Outputfile) num_threads(4)
for(i=1;i<=4;i++)
{
sprintf(Inputfile,"tl %1d.msh",i);
sprintf(Outputfile,"t1l0ut %1d.msh",i);
ReadMesh(Inputfile, Outputfile);
}

return 0;

}




*Os ex3:2D FDM

@ Laplace’s equation
0°u N 0°u 0
dx2  dy?

= Finite Difference Formulations

ui+1,j — Zui,j + ui_llj ui'j+1 — Zui,j + ui'j_l — 0
(Ax)? (Ay)?
* B =Ax/Ay

Uiprj + Uimgj + B2uiji1 + B2usjog — 2(1 4+ BPuy; = 0
= Jacobi lteration Method

k+1 _ 1

[u£€+1,j + u%"'_l’j + ﬁz(ufjﬂ + ugc,j—l)]

“ T2+ 6




°Os ex3:2D FDM

Hands-On

@ Stream_Function_Example-1 &x

™ https://qgithub.com/vishalk?2/Computational-Fluid-Dynamics-
CED/tree/main/FDM/Elliptic/Stream_Function_Examples/Example 1
» Matlab file = C, Fortran2 & Hat

. —> =0
rb l
A
v outlet
]
E> Ly
inlet J
< »le H—»
Lx/2 Lx/2 u
¥ =100 b S0

File Edit Tools
* @ ®\ e\ w‘ A D m

‘Stream Function(PSi) Contour Plot

= M : # of nodes in i-direction
» N : # of nodes in j-direction

o 2= (matlab file) A& ZAqt



https://github.com/vishalk2/Computational-Fluid-Dynamics-CFD/tree/main/FDM/Elliptic/Stream_Function_Examples/Example_1

*O- ex3:2D FDM(C)

/* stream.c */

#include <stdio.h>

#include <math.h>

#include <omp.h>

const double LX=6.0, LY=4.0; // length of domain along x-, y-direction
const double EPSILON=1e-8; // tolerance

const long int MAX_ITER=1000000000;

void Jacobi iter(int N, int M, double psi new[N][M],double beta,double beta 1);
void pre post(int N, int M, double psi new[N][M], double dx, double dy);

int main(void)
{
const int M=90*3+1, N=60*3+1; // # of grid points starting from @ in x-, y-
direction
// const int M=271, N=181; // # of grid points starting from @ in x-, y-direction

double dx, dy, beta, beta_1;
int i, j, divide;

double psi _new[N][M];

double STime, ETime;

dx=LX/(M-1), dy=LY/(N-1);
beta=(dx/dy);
beta_1=1.0/(2.0*(1.0+beta*beta));




(e}

"O- ex3:2D FDM(C)

(o]

#pragma omp parallel
{
#pragma omp for private(i,j)
for(i=0;i<N;++1i)
for(j=0;j<M;++j)
{
psi_new[i][]j]=0.0;
}

// boundary conditions
divide = (int)(M-1)*0.5;
#pragma omp for private(i)
for(i=0;i<divide;++1)

psi new[N-1][i]=0.0; // bottom(left)
#pragma omp for private(i)
for(i=divide;i<M;++1i)

psi_new[N-1][i]=100.0; // bottom(right)
#pragma omp for private(i)
for(i=0;i<N;++1i)

psi new[i][@0]=0.0; // left wall
#pragma omp for private(i)
for(i=0;i<M;++1)

psi new[@][i]=0.0; // upper wall

o7& FYEI19)



ex 3 : 2D FDM(C)

// Jacobi ieration
Jacobi iter(N,M,psi new,beta,beta 1);

// write mesh & post-processihng file
pre_post(N, M, psi new, dx, dy);
return 0;

}




*O- ex3:2D FDM(C)

void Jacobi_iter(int N, int M,double psi new[N][M],double beta,double beta 1)
{

long int iter;

double error=1.0;

int i, j;

double psi old[N][M];

for(iter=1;iter<MAX_ITER;++iter)

{
error=0.0;

#pragma omp parallel

{
#pragma omp for private(i,j)
for(i=0;i<M;++i)

for(j=0;j<N;++j)
psi_old[j][i]=psi_new[]j][i];

#pragma omp for private(i,j)
for(i=1;i<M-1;++1i)
for(j=1;j<N-1;++7j)
psi new[j][i]=beta_1*(psi_old[j][i+1]+psi old[j][i-1]+
beta*beta*(psi_old[j+1][i]+psi_old[j-1][i]));

o7& FYEI19)
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"O- ex3:2D FDM(C)

()

// Right Neumann Boundary Condition
#pragma omp for private(j)
for(j=0;j<N;++j)

psi new[]j][M-1]=psi_new[j][M-2];

#pragma omp for private(i,j) reduction(+:error)
for(i=0;i<M;++i)
for(j=0;j<N;++j)
error += (psi_new[j][i]-psi_old[j][i])*(psi_new[j][i]-psi_old[j][i]);

error = sqrt(error/(M*N));
if(iter%1000==0) printf("Iteration = %1d, Error= %lg\n",iter,error);

if(error<=EPSILON) break;
}

printf("Iteration = %1d, Error= %lg\n",iter,error);

}

o7& FYEI19)




*O-  ex 3 : 2D FDM(Fortran)

I stream.f90

MODULE GLOBAL

IMPLICIT NONE

REAL (KIND=8) ,PARAMETER: :LX=6.0D0, LY=4.0D0 !length of domain along x-,y-direction
INTEGER,PARAMETER: :M=90*3+1, N=60*3+1 I #of grid points starting from 1 in
X-,y-direction

REAL (KIND=8) ,PARAMETER: : EPSILON=1E-8 ! TOLERANCE

INTEGER(KIND=8),PARAMETER: :MAX_ITER=1000000000

REAL (KIND=8)::PSI_NEW(N,M),PSI_OLD(N,M)

END MODULE GLOBAL

PROGRAM MAIN

USE GLOBAL

IMPLICIT NONE

REAL (KIND=8) : :DX,DY

REAL (KIND=8): :BETA, BETA 1
INTEGER::I,]
INTEGER: : DIVIDE

DX=LX/(M-1); DY=LY/(N-1)
BETA=(DX/DY)
BETA 1=1.0/(2*(1+BETA*BETA))




*O-  ex 3 : 2D FDM(Fortran)

I$OMP PARALLEL DO
DO I=1,M
DO J=1,N
PSI_NEW(J,I)=0.0D0
PSI_OLD(J,I)=0.0D0
END DO
END DO
I$OMP END PARALLEL DO

| BOUNDARY CONDITIONS 1
DIVIDE=(M-1)*(5.0/10.0)
PSI_NEW(N,1:DIVIDE)=0.6D@ ! BOTTOM BOUNDARY

PSI_NEW(N,DIVIDE+1:M)=100.0D0 | BOTTOM BOUNDARY
PSI_NEW(:,1)=0.0D0 | LEFT BOUNDARY
PSI_NEW(1,:)=0.0D0 | TOP BOUNDARY

I Jacobi_iteration
CALL JACOBI_ITER(DX,DY,BETA,BETA 1)

I write mesh & post-processing file
CALL PRE_POST(DX,DY)

END PROGRAM MAIN




*O- _ex 3 : 2D FDM(Fortran)

SUBROUTINE JACOBI_ITER(DX,DY,BETA,BETA 1)
USE GLOBAL

INTEGER: : ITER=1

REAL (KIND=8) : : ERROR=1.0D@

INTEGER::I,]

REAL (KIND=8) : :DX,DY

REAL (KIND=8) : :BETA, BETA 1

DO WHILE((ERROR>EPSILON) .AND. (ITER<=MAX_ITER))
ERROR=0.0D0
I $OMP PARALLEL
I$OMP DO
DO I=1,M
DO J=1,N
PSI_OLD(J,I)=PSI _NEW(J,I)
END DO
END DO
I$OMP END DO
I$OMP DO
DO I=2,M-1
DO J=2,N-1
PSI_NEW(J,I)=BETA 1*(PSI_OLD(J,I+1)+PSI_OLD(J,I-1) +
BETA*BETA*(PSI_OLD(J+1,I)+PSI_OLD(J-1,I)))
END DO

END DO
I$OMP END DO




(e}

°Os-  ex 3:2D FDM(Fortran)

I Right Neumann Boundary Condition

1$OMP DO

DO J=1,N
PSI_NEW(J,M)=PSI_NEW(J,M-1)

END DO

IOMP END DO

I$OMP DO REDUCTION(+:ERROR)
DO I=1,M
DO J=1,N
ERROR=ERROR+(PSI_NEW(J,I)-PSI _OLD(J,I))*(PSI_NEW(J,I)-PSI OLD(J3,I))
END DO
END DO
I$OMP END DO
I$OMP END PARALLEL
ERROR=SQRT (ERROR/ (M*N))
ITER=ITER+1 !ITERATOR
IF (MOD(ITER,1000)==0) PRINT*,'ITERATION = ',ITER, 'ERROR=',ERROR
END DO
PRINT*, 'ITERATION = ',ITER, 'ERROR=',ERROR

END SUBROUTINE JACOBI_ITER




*O- ex4:2D FDM(C)

© M=271, N=181

1 (serial)

@ Compile 2
gfortran stream.f90 4
gfortran stream.f90 —fopenmp 8

Z| Mot M AL Ot & 16
32

777
424
217
113
71
48

1x
1.8x
3.6x
6.9x
10.9x
16.2x
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© reduction0|&
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‘ 12 Summary \

1. Parallel block, fork—join model

2. Parallel loop

3. review
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Parallel Block (1/2)

Fortran

C

PROGRAM wrong_parallel block
implicit none
INTEGER omp get thread num

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

int main()

call omp_set num_threads(4) {
omp_set _num_threads(4);
goto 100 goto L1;
I$OMP PARALLEL #pragma omp parallel
100 if ( omp_get thread num() {
goto 200 L1:
I$OMP END PARALLEL if( omp_get thread_num()
goto L2;
200 continue }
L2:
I$OMP PARALLEL #pragma omp parallel
if ( omp_get thread num() == 1) {
then if( omp_get thread num() == 1 ) {
'$OMP BARRIER #pragma omp barrier
end if }
I$OMP END PARALLEL }
}

END
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Parallel Block (2/2)

master thread master thread

" Not allowed

team
Deadlock

team

JOIN JOIN

Only exit() is possible inside parallel region




| O  Fork=Join Model

& Fork-Join Model
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master thread

At this point,
How many threads exist?

2 57
team 4? 57

JOIN
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i Fork—-Join Model

master thread

fork 3 threads

Fortran

C

PROGRAM fork_join_test

INTEGER ::
a(9:3),tid,omp_get thread_num

a=0
call omp_set_num_threads(4)
I$OMP PARALLEL private(a, tid)
tid = omp_get thread num()
a(tid) = tid
print *, ‘a(‘, tid, ’) =€, a(tid),
‘in’, tid, ’-th thread’
a(e) = 100
1$OMP END PARALLEL

print *, ‘a(@) = °, a(9)
END

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

int main()
{
int a[4] = { @ }, tid;
omp_set _num_threads(4);
#pragma omp parallel private(a,tid)
{
tid = omp_get thread num();
a[tid] = tid;
printf(“a[%d] = %d in %d-th
thread\n”,
tid, a[tid], tid);
a[e] = 100;

printf(“a[@] = %d\n”, a[@0]);
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Parallel Loops (1/3)

Fortran

C

PROGRAM wrong_parallel loop
implicit none
INTEGER, PARAMETER :: N=20

INTEGER :: tid, i,
omp_get thread_num

call omp_set num_threads(4)
I$OMP PARALLEL private(tid)
tid = omp_get thread num()

DO i=0, N-1
PRINT *, ‘Hello World’, tid, i
END DO

I$OMP END PARALLEL

END

#include <stdio.h>
#include <omp.h>
#tdefine N 20

int main()
{
int tid, 1i;
omp_set_num_threads(4);
#pragma omp parallel private(tid)

{
tid = omp_get_thread num();

for(i=0; i<N; i++)
printf(“Hello World %d %d\n”
tid, i);
}
}
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Parallel Loops (2/3)

omp_set_num_threads(4)

I
int i, tid
#pragma omp parallel I$SOMP PARALLEL

R e

‘\‘M Store | —  Store | —  Store |

Load i Load i Load i Load i
Increse i Increse i Increse | Increse |
Store | Store i Store | Store i
tid =0 tid = 1 tid = 2 tid = 3
for(i=0; i<20; i++) for(i=0; i<20; i++) for(i=0; i<20; i++) for(i=0; i<20; i++)
printf(“xxx") printf(“xxx") printf(“xxx") printf(“xxx")
(Thread 0) (Thread 1) (Thread 2) (Thread 3)

N

} ISOMP END PARALLEL
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Parallel Loops (3/3)

Fortran

C

PROGRAM nested parallel do
implicit none
INTEGER, PARAMETER :: N=20

INTEGER :: tid, i,
omp_get thread_num

call omp_set num_threads(4)
I$OMP PARALLEL private(tid)

tid = omp_get thread num()

1$OMP PARALLEL DO !! ???

Il netsted parallel (tomorrow)

DO i=0, N-1

PRINT *,

END DO

I1$OMP END PARALLEL

‘Hello World’, tid, 1

END

#include <stdio.h>
#include <omp.h>
#tdefine N 20

int main()
{
int tid, 1i;
omp_set_num_threads(4);
#pragma omp parallel private(tid)
{

tid = omp_get_thread_num();
#pragma omp parallel for // ???
// nested parallel

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

printf(“Hello World %d %d\n”
tid, i);

}
}




°O» Review
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& OpenMP Compile Option
» GCC : —fopenmp, Intel : —qopenmp, Cray : =h omp
¢ OpenMP Components and Syntax

= Compiler Directives, Runtime Library (functions), Environment Variables
© Create Threads

» Parallel region
» Set/Get # of thread, Get thread ID
» Fork/Join model
@ Data Scope
» shared, private, firstprivate
@ Parallel Loop
» do/for
= Work Sharing

@ Synchronization
» critical, atomic, barrier

¢ Reduction
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¢ Create Threads ( Nested Parallelism )

¢ Synchronization

» nowait, ordered

& Schedule
€ Task

» task, taskwait

¢ OpenMP Performance
» Nested Parallel (Collapse)
» Flush

» False Sharing

m Data Dependency

¢ Hands-on










