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i‘ Agenda (Advanced Course) @

» 09:30 - 10:00 Brief Review & Introduction to Education System
10:00 — 12:00 Work Sharing & Synchronization

12:00 — 13:30 Lunch

13:30 — 14:50 Schedule & Task

14:50 — 15:00 Break

15:00 — 16:30 OpenMP Performance & Hands-on

v VvV YV VYV V V

16:30—-17:00 Summary
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3. Ayenda (Advanced Course)

>  Brief Review

— OpenMP Basics (Create Threads, Data Scope, Loop, Synchronization, Beducti
»  Introduction to Education System

—  Check Environment
»  Create Threads [2.4, 3.2] ( Nested Parallelism )
»  Work Sharing

— sections [2.5.2, 2.6.2], single [2.5.3], master [2.8.1]
»  Synchronization

— nowait, ordered [2.8.7], lock [3.3]
»  Task

— task[2.7.1], taskwait [2.8.4]
»  Schedule [3.2]
»  OpenMP Performance

— Nested Parallel (Collapse)

—  Flush [2.8.6]

— False Sharing

— Data DepENDency
» Hands-on

—  Triangular Matrix Multiplication

— LU Decomposition (Optional)

—  Fibonacci (Optional)
»  Summary
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Introduction to Education Syste

1. Education System

2. Check Environment
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¥ Putty &4
» ssh => X11 [Enable X11 forwarding] X2
» X display location : localhost : 0.0

> save
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i‘ Putty 278
> PUTTY Security Alert [0 (y)] A EH

#; suncodell @master0l:~
login as: ||

PUTTY Security Alert

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

The server's rsaZ kev fingerprint is:

ssh-rsa 1024 78:36:74:34:34:F3:58:99:a8:(9:F0:c1:0=:03:32:07
If you trust this host, hit Yes to add the key to

PuTTY's cache and carry on connecking,

If wou want to carry on connecting just once, without
adding the key to the cache, hit No,

If wou do not trust this host, hit Cancel to abandon the
conrection.

I |
Bil(v) | Ol 2(w) 3 &
| |
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¥ Putty &4

login as :|
> edun##@XXX.XXX.XXX.XXX'S password :

#pdunZ20@masterD] i~

orln 200

login ag=

EdUHED@l pasawmrﬁ
Last login: Wed sep 21 11:08:31 2011 from 150,183,108, 120

998% [edun20@masterDl WJ# il
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Y Xming

> Freeware
> CI2EE IMNOIE

— http://www.google.com Of|A{ XmingS & Z Al

— http://sourceforge.net/projects/xming/
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) 7 < o Edlucation System

> In Linux

— Open terminal (to compile and run PROGRAM)

— Use familiar editor : vi, emacs, gedit, etc.

> In Windows

— Use SSH client : SecureShellClient, PuTTY, etc.

= Ml | PUTTY Ml 2|2 &8
21
Wiy Z=iaas
- =
I le= HostMName (or IP address) Bort
=1}
dis —
o EF
B AT (R () Telnet Rlogin (@) SSH Malz
F = R=1
e & RS
e | & RIS
e
[T
= —
Aol ==L
ZERA]
=
el
® SSH ==
Alzlg
()
Is @dl=sorE g =t
[ == il ==y | [ 23100 |[ #H=zw©

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
think it is.

The server's rsa2 key fingerprink is:

ssh-rsa 1024 78:36:74:34:a4:F3:58:99:a8:9:f0:c1:08:03:8e:07
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 wou da nat trust this host, hit Cancel to abandon the
connection.

[ oo | fowem | [ @z ]
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Y, Checking Environment

e

» Move to debugging and computing node

— Use ssh
— Usage : ssh s000#
— eX) ssh s0001

» Compiler Environment
— Use module command

‘»“’“"E""‘“«-g
Ot

[edun20@master01 ~}sh s0001

Last login: Thu Aug 30 13:33:46 2012 from master(

[edun20@s0001 ~]$ hostname
s0001
[edun20@s0001 ~]$

1

— Usage : module add compiler/gcc-4.4.6

SUPERCOMPUTING EDUCATION CENTER

[edun20@s0001 ~]Module avilable
----- /applic/Modules/modulefiles -----
(module list) ...
[edun20@s0001 ~]éhodule add compiler/gcc-4.4.6
[edun20@s0001 ~]fodule list
Currently Loaded Modulefiles:
1) compiler/gcc-4.4.6
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Y Checking Environment

MEh%g
o v’}

1967

Fortran

PROGRAM hello_world
ISomp parallel
PRINT *, ‘Hello World’

ISomp end parallel

END

C
#include <stdio.h>
int main() {
#pragma omp parallel
{
printf (“Hello World\n”);

}

return O;
}

$ gfortran —o hello.x hello.f90

$ gfortran—fopenmp-o hello_omp.x hello.f90
$ ./hello.x

$ ./hello_omp.x

for output filename

$ gcc —o hello.x hello.c

$ gcc—fopenmp-o hello_omp.x hello.c
$ ./hello.x

$ ./hello_omp.x

for output filename

Intel : ifort —o hello.x hello.f90
GCC : gfortran —o hello.x hello.f90
PGI : pgf90 -o hello.x hello.f90- for OpenMP

Intel : icc —o hello.x hello.c
GCC : gcc —o hello.x hello.c

PGI : pgcc -o hello.x hello.c for OpenMP

Intel : ifort -openmp —o hello_omp.x hello.f90
GCC : gfortran -fopenmp —o hello_omp.x hello.f90
PGI : pgf90 -mp —o hello_omp.x hello.f90

Intel : icc —openmp —o hello_omp.x hello.c
GCC : gcc —-fopenmp —o hello_omp.x hello.c
PGI : pgcc -mp —o hello_omp.x hello.c

SUPERCOMPUTING EDUCATION CENTER
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Brief Review

1. OpenMP Basics Review
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Ins;

d»*"“’%‘t
l‘ What is OpenMP ? @

» OpenMP is

— De-facto standard API (Application PROGRAMmMIng Interface) for multi-
thread based shared memory parallel PROGRAMming

— Not a new PROGRAMmMIng language
— Notation that can be added to a sequential PROGRAM in C, C++ and

Fortran
» Consists of
[ OpenMP ]
— Compiler Directives
— Runtime Library
— Environment Variables ‘ ‘
Compiler Runtime Environment

Directives Library Variables
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) Creating Threads

N
cJ

1967

Fortran

PROGRAM HELLOW
IMPLICIT NONE

INTEGERomp_ get_thread num
CALL omp_set_num_threads(4)

ISomp parallel
PRINT *, ‘Hello World’, omp_get_thread_num()

I$Somp end parallel

END

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

int main()
{

omp_set_num_threads(4);

#pragma omp paralleum_threads(4)

{

printf (“Hello World %d\n”,omp_get thread num(]
}

return O;
}

$ export OMP_NUM_THREADS=4 (ksh/bash)
$ setenv OMP_NUM_THREADS 4(csh)

Intel : ifort -openmp—-o hello.x hello.f90
GCC : gfortranfopenmp—o hello.x hello.f90
PGl : pgf90-mp —o hello.x hello.f90

$ export OMP_NUM_THREADS=4 (ksh/bash)
$ setenv OMP_NUM_THREADS 4(csh)

Intel : icc—openmp—o hello.x hello.c
GCC : gcc—fopenmp—o hello.x hello.c
PGl : pgcc—mp —o hello.x hello.c

SUPERCOMPUTING EDUCATION CENTER
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3/ Data Scope Attribute

MEM%
e

1967

Fortran

PROGRAM PRIVATE_KEYWORD
IMPLICIT NONE

INTEGER tid,omp_get_thread num
INTEGER ::i=10

CALL omp_set_num_threads(4)
ISomp paralleprivate(tid) firstprivate(i)

tid = omp_get_thread_num()

PRINT *, ‘Hello World ’, ‘tid=', tid, * i=’, i

I$omp end parallel

END

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

int main()

{
int tid, i=10;
omp_set_num_threads(4);

#pragma omp parall@rivate(tid) firstprivate(i)

{
tid = omp_get_thread _num()

printf (“Hello World tid = %d i= %d\n”, tid, i);

return O;

$ ./private_keyword.x

$ gfortran -fopenmp -0 private_keyword.x private_keyword.f40$ gcc -fopenmp -0 private_keyword.x private_keyword.c

$ ./private_keyword.x

SUPERCOMPUTING EDUCATION CENTER
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Y Synchronization

Fortran

PROGRAM SYNC_REVIEW
IMPLICIT NONE

INTEGER, PARAMETER :: N=2000000
INTEGER(8) :: i, sum=0
INTEGER, DIMENSION(O:N-1) :: A, B

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

ENDDO

CALL omp_set_num_threads(4)

I$Somp parallel
ISOMP DO
DO i=0, N-1
ISOMP ATOMIC
sum = sum + A(i) * B(i)
END DO
I$omp end parallel

PRINT *, “sum =¥, sum

END

#include <stdio.h>
#include <omp.h>
#define N 2000000

int main()

{
long i, sum=0;
int a[N], b[N];

for (i=0; i<N; i++) {
afi] = 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] * bl[i];

printf(*sum = %ld\n”, sum);

return O;

}

$ gfortran —fopenmp —o0 sync_review.x sync_review.f90
$ ulimit —s 512000
$ ./sync_review.x

$ gcc —fopenmp —0 sync_review.x sync_review.c
$ ulimit —s 512000
$ ./sync_review.x

SUPERCOMPUTING EDUCATION CENTER
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Y Reduction

Fortran C

PROGRAM REDUCTION_REVIEW #include <stdio.h>
IMPLICIT NONE #include <omp.h>
#define N 2000000

INTEGER, PARAMETER :: N=2000000

INTEGER(8) :: i, sum=0 int main()
INTEGER, DIMENSION(O:N-1) :: A, B {
long i, sum=0;
DO i=0, N-1 int a[N], b[NJ;
A() =i+l
B(i) = i+2 for(i=0; i<N; i++) {
ENDDO afi] = i+1;
b[i] = i+2;
CALL omp_set_num_threads(4) }
I$Somp parallel DO reduction(+:sum) omp_set_num_threads(4);
DO i=0, N-1 #pragma omp parallel for reduction (+:sum)
sum = sum + A(i) * B(i) for(i=0; i<N; i++)
END DO sum += a[i] * bli];

I$omp end parallel DO
printf(“sum = %ld\n”, sum);
PRINT *, “sum =*, sum

return O;
END }
$ gfortran —fopenmp —o reduce_review.x reduce_review.f90 | $ gcc —fopenmp —o reduce_review.x reduce_review.c
$ulimit —s 512000 $ulimit —s 512000
$ ./reduce_review.x $ ./reduce_review.x
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Create Threads

1. Nested Paraliel
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Y, Create Threads : Nested Parallel (1/3)

Fortran

PROGRAM nested_parallel
INTEGER tid,omp_get_thread_num

CALL omp_set_nested(1)
CALL omp_set_num_threads(2)

I$Somp parallel private(tid)
tid = omp_get_thread_num()
PRINT 10, 'thread id =', tid
IF( tid == 1) THEN
I$omp parallel private(tid)
tid = omp_get_thread_num()
print 20, 'thread id =', tid
ISomp end parallel
END IF
ISomp end parallel

10 FORMAT(A,14)
20 FORMAT(TS,A,14)

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);

}

return O;

}
}

$ ./ nested_parallel.x

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

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

$ ./ nested_parallel.x

SUPERCOMPUTING EDUCATION CENTER
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E=y
) Create Threads : Nested Parallel (2/3) <2

master thread |
level 0 omp_set_num_threads(2)
F O RK (Thread O)l I(Thread 1)
team level 1 e =0 tid = 1
if( tid == 1) if( tid == 1)
false true
(Thread 0)] ] (Thread 1)
level 2 tid=0 tid=1
| |
printf(...) printf(...)

feam

JOIN

master thread
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). Create Threads : Nested Parallel (2/3)

lnmﬂwuwwi wd

FORK

team level
1
F O RK
level
2
J OIN
team

JOIN

l master thread
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Fortran

omp_set_nested(nested)
enables or disables nested parallelism

omp_get_nested()
the value of the nes-var IVC

omp_get_level()
the number of nested parallel regions

omp_get_active_level()

the number of nested, active parallel
regions

omp_get_ancestor_thread_num(level)

the thread number of the ancestor or the
current thread

omp_get_team_size(level)
the size of the thread team

omp_set_nested(int 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_active_level()

the number of nested, active parallel
regions

omp_get_ancestor_thread_num(int level)

the thread number of the ancestor or
the current thread

omp_get_team_size(int level)
the size of the thread team

23



x ‘g Create Threads : Nested Parallel (3/3)

Fortran

PROGRAM more_nested_para
INTEGER tid, level
INTEGEROmMp_ get thread num
INTEGEROmMp_ get_level
INTEGEROomp_get _ancestor_thread _num

CALL omp_set_nested(.true.)
CALL omp_set_num_threads(4)
I$Somp parallel private(tid, level)
tid = omp_get_thread_num()
level =omp_get_level()
PRINT 10, 'thread id =', tid
IF (tid==1) THEN
I$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_num(level)
ISomp end parallel
END IF
I$omp end parallel

10 FORMAT(A,14)
20 FORMAT(TS,A 14,A,14,A,14)

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){
4 #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(leyel)
}
}
}
return O;
}

$ gfortran -fopenmp -0 more_nested_para.x more_nested_par
$ ./more_nested_para.x

A $3gcc -fopenmp -0 more_nested_para.x more_nested_para.c
$ ./more_nested_para.x

SUPERCOMPUTING EDUCATION CENTER
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3. Nested Parallel : Data Scope [1/3)

N
cJ

1967

Fortran

PROGRAM nested_parallel_data_scope
INTEGER X, Yy, z

CALL omp_set_nested(1)
CALL set_num_threads(4)

ISomp parallel private(y)
X, Y, Z private? Shared?
I$Somp parallel num_threads(2) private(x)
X, Y, Z private? shared?
ISomp end parallel
I$omp end parallel

END PROGRAM

int main()

{

#pragma omp parallel private(y)

{

intx,y, z;

omp_set_nested(1);
omp_set_num_threads(4);

X,y,Z private? shared?

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

{

X,y,Z private? shared?
}
return O;

SUPERCOMPUTING EDUCATION CENTER
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3. Nested Parallel : Data Scope [2/3)

Fortran

PROGRAM nested_parallel_data_scope
INTEGER X, Y, z

CALL omp_set_nested(1)
CALL set_num_threads(4)

I$omp parallel private(y)

int main()

{

intx,y, z;

omp_set_nested(1);
omp_set_num_threads(4);
#pragma omp parallel private(y)

. {
x : sharedy : private z : shared _ x : sharedy : private z : shared
I$omp parallel num_threads(2) private(x) #pragma omp parallel num_threads(2) private(x)
X : private y : sharedz : shared {
I$Somp end parallel X : private y : sharedz : shared
I$omp end parallel }
}
END PROGRAM } return O;
XY Z
: 1 1 1
y y y y
| . ! ! . | .
X X X X X X X
| l l | l |
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3. Nested Parallel : Data Scope (3/3)

Fortran C
PROGRAM nested_parallel_data_scope #include <stdio.h>
INTEGER :: x=1, y=10, z=20, tid #include <omp.h>

INTEGEROmMp_ get thread num _ _
int main()
CALL omp_set_nested(.true.)

CALL omp_set_num_threads(4) g]%);:ie)t/:r}gstgz%f) tid;

ISomp 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 brag PP P . tid)

I$omp parallel num_threads(2) private(x,tid) tid = omp_get_thread_num();
tid = omp_get_thread _num() X++; y=12; z=22;
x=10; y=y+1, z=z+1 #pragma omp parallel num_threads(2) private(x, tid)
PRINT 30, 'tid =, tid, "x =", x, 'y=",y,'z=', z
I$omp end parallel tid = omp_get_thread_num();
PRINT 20, 'tid =, tid, 'x =", x, 'y=",y, 'z=', z x = 10;
I$Somp end parallel y++,
PRINT 10,'x =", X, 'y=, V, ' z=', Z ZH,

printf(“\ttid=%d x=%d y=%d z=%d\n", tid, X, y, 2);

}
10 FORMAT(A,14,A,14,A,14) prntf(tid=9%d x=%d y=%d z=%d\n", tid, X, y, 2);

20 FORMAT(A,14,A,14,A14,A,14) }
END return O;
}
$ gfortran -fopenmp -0 nested_parallel_ds.x nested_parallel_d$.®Qcc -fopenmp -0 nested_parallel_ds.x nested_parallel_ds.c
$ ./nested_parallel_ds.x $ ./nested_parallel_ds.x
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Work Sharing

1. Sections
2. Single
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==
3 Work-Share Constructs j

WE"'%Q,
e

» Types of Work-Sharing Constructs

e do/for
sections

single

workshare

— Work-Sharing construct divides the execution of the enclosed code region
among members of the team encounter it

— Work-Sharing constructs do not launch new threads

— There is no implied barrier upon entry to a work-sharing construct, however
there is an implied barrier at the END of a work sharing construct.

— workshare construct is only The Fortran
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x ‘g Work-Share Gonstructs : Sections

Fortran

PROGRAM SECTIONS
IMPLICIT NONE

INTEGER i, a(0:9), b(0:19)
CALL omp_set_num_threads(2)

ISomp parallel
I$omp sections
I$omp section
do i=0, 9
a()=i*10+5
END DO
I$Somp section
do i=0, 19
b@i)=i*5+ 10
END DO
I$omp end sections
ISomp end parallel

WRITE(*,10) a

WRITE(*,20) b
10 FORMAT(10i4)
20 FORMAT(20i4)

END

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

int main()
inti, a[10], b[20];

omp_set_num_threads(2);
#pragma omp parallel private(i)

#pragma omp sections

#pragma omp section
for (i=0; i<10; i++)

afij=i*10 + 5;
#pragma omp section
for (i=0; i<20; i++)

bli]=i*5+ 10;
} o
for(i=0; i<10; i++)
printf(“%d “, a[i]);
printf(*\n");
for (i=0; i<20; i++)
printf(“%d “, b[i]);
printf(*\n");
return O;
}

$ gfortran -fopenmp -0 sections.x sections.f90
$ ./sections.x

$ gcc -fopenmp -0 sections.x sections.c
$ ./sections.x
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10N

x ‘g Work-Share Gonstructs : Sections {@

omp_set_num_threads(2)

#pragma omp parallel

{

for(i=0; i<10; i++) for(i=0; i<20; i++)
a[i] = i*10+5; b[i] = i*5+10;
(Thread 0) ‘ (Thread 1)
}
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x ‘g Work-Share Constructs : Single

MEM%
e

1967

Fortran

PROGRAM SINGLE
IMPLICIT NONE

CALL omp_set_num_threads(4)

I$Somp parallel
ISomp single
PRINT *, ‘Hello World’
ISomp end single
I$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”);
}

}
return O;

}

$ gfortran -fopenmp -0 single.x single.f90
$ ./single.x

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

$ ./single.x
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32



x ‘g Work-Share Constructs : Single

MEh%g
N v’}

omp_set_num_threads(4)

#pragma omp parallel I$omp parallel

/{

v

#pragma omp single

printf(“hello world#n")

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

~

} ISomp end parallel
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i ‘g Work-Share Constructs : master

Fortran

PROGRAM MASTER
IMPLICIT NONE

INTEGEROmMp_ get thread num
CALL omp_set_num_threads(4)

ISomp parallel

I$Somp master

CALL sleep(1)

PRINT *, 'Hello World'

ISomp end master

PRINT *, 'tid=",omp_get_thread_num()
ISomp end parallel

END

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

int main()
{

omp_set_num_threads(4);
#pragma omp parallel

{
#pragma omp master
{
sleep(1);
printf(“hello world\n™);
}
printf(“tid = %d\n”, omp_get_thread_num))
}
return O,
}

$ gfortran -fopenmp -0 master.x master.f90
$ ./master.x

$ gcc -fopenmp -0 master.x master.c
$ ./master.x

» MASTER

— The MASTER directive specifies a region that is to be executed only by the master thread of the

threads

— All other threads on the threads skip this section of code

— SINGLE on master thread

— There is no implied barrier associated with this directive
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==
3 Work-Share Constructs

master master master master
l thread

fonal Insgis
@

thread thread thread

= O RK
I I I I team team team team
J O IN
master master master master
thread thread thread thread
parallel do/for ___sections single
: i{#pragma omp parallel :
i_#pragma omp parallel | i_#pragma omp parallel | : #pragma sections : |r #pragma omp parallel _i
{ ' { Lo ion | I{
: : : #pragma omp for : : pragma omp section | : #pragma omp single :
I I I I
: : : I : : #pragma omp section : : :
: : : } : : #pragma omp section : i :
| o
I I I I
R J e ) | | | |
I |
I |
L
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Synchronization

1. nowait

2. ordered/lock/flush
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3 Synchronization : nowait

Fortran C
PROGRAM NOWAIT #include <stdio.h>
IMPLICIT NONE #include <omp.h>
INTEGER :: x=1 int main()
{
intx =1;

CALL omp_set_num_threads(16) omp_set_num_threads(16);

'$Somp parallel #pragma omp parallel
ISOMP SINGLE {
X =x+1 #pragma omp single
PRINT *, ‘x =, X {
I$omp end SINGLE X++;
printf(“x=%d\n”, x);
I$omp SINGLE }
X = x+1 #pragma omp single
PRINT *, ‘X =, X S . { - R .
| » $ /a.out | : i $ /a.out :
5 '$°m3 e INGLE X2 ; orNCX=%c\", X); =2 ;
I$omp end paralle =3 } =3
I e e e e e e e e e - - 1 } I e e e e e e e e e e - 1
END return O;
}
$ gfortran -fopenmp -0 nowait.x nowait.f90 $ gcc -fopenmp -0 nowait.x nowait.c
$ ./nowait.x $ ./nowait.x
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3 Synchronization : nowait

Fortran

PROGRAM NOWAIT1
IMPLICIT NONE

INTEGER :: x=1

CALL omp_set_num_threads(16)

ISomp parallel
ISOMP SINGLE What happen?
X=x+1
print*, ‘X =, X
I$omp end SINGLEhowait
1 $ /a.out
ISOMP SINGLE L =D
X=x+1 L x=3
print*, ‘’x =, x $ ./a.out
ISomp end SINGLE P x=3
I$omp end parallel ézfa out
| x=3
END E x=3

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

int main()
{
intx =1;
omp_set_num_threads(16)
#pragma omp parallel What happen?
{
#pragma omp singleowait
{
X++;
printf(“x=%d\n”, x); $/a out
; . 1 X=2
#pragma omp single D =3
{ 1 ¢ /a.out
X++; ! x=3
printf(“x=%d\n”, x); D =2
} i § /a.out
} ' x=3
return O; ' x=3
} U

$ gfortran -fopenmp -0 nowait1.x nowait1.f90
$ ./nowaitl.x

$ gcc -fopenmp -0 nowaitl.x nowaitl.c
$ ./nowaitl.x
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3 Synchronization : nowait

Fortran

PROGRAM NOWAIT_FOR
IMPLICIT NONE

INTEGER, PARAMETER :: N = 9999
INTEGER i, j, a(0:N, O:N)
CALL omp_set_num_threads(4)
I$Somp parallel private(i,j)

I$Somp do
DO j=0, N

DO i=0, j

a(i,j) = i+

END DO

END DO

I$Somp do
DO j=0, N
DO i=j+1, N
a(ij) =i
END DO
END DO
ISomp end parallel

END

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

int main()
{
inti, 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(=i; Jj<N; j++)
a[i]i] = i+j;
#pragma omp for
for(i=0; i<N; i++)
for(j=0; j<i; j++)
a[il] = i-j;

return O;

$ gfortran —fopenmp —o for_nowait_for.x nowait_for.f90
$ulimit —s 512000
$ time ./nowait_for.x

$ gcc —fopenmp —o0 nowait_for.x nowait_for.c
$ulimit —s 512000
$ time ./nowait_for.x
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3 Synchronization : nowait

ol

1967

omp_set_num_threads(4)

#pragma omp parallel 1I$omp parallel
Master {p 2 21 $omp p
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++)
alilfil = i+j; alilfil = i+j; alilljl = i+j; alillil = 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++)
alil[j] = i+j; afilljl = i+j; alill = i+j; alilljl = i+j;

N

} I$omp end parallel
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3 Synchronization : nowait

Fortran

PROGRAM nowait_for
INTEGER, PARAMETER :: N = 9999
INTEGER i, j, a(O:N, 0:N)
CALL omp_set_num_threads(4)

I$Somp parallel private(i,j)
I$Somp do
DO j=0, N
DO i=0, |
a(i,j) = i+
END DO
END DO
I$Somp end Dhowait
I$Somp do
DO j=0, N
DO i=j+1, N
ai,j) = i-]
END DO
END DO
ISomp end parallel

END

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

int main()

{
inti, j, a[N]J[N];
omp_set_num_threads(4);

#pragma omp parallel private(i, j)
{
#pragma omp fonowait
for(i=0; i<N; i++)
for(j=i; j<N; j++)
afi]li] = i+j;

#pragma omp for
for(i=0; i<N; i++)
for(j=0; j<i; j++)
alillil = i-j;
}

}

return O;

$ gfortran —fopenmp —o for_nowait2.x nowait.f90
$ ulimit —s 512000
$ time ./for_nowait2.x

$ gcc —fopenmp —o nowait_for2.x nowait_for2.c
$ ulimit —s 512000
$ time ./nowait_for2.x
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3 _ Synchronization : nowait <’

1967

omp_set_num_threads(4)

#pragma omp parallel I$omp parallel
Master {p g PP $omp p

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= ,J<100 j++) for(j=i; j<100; j++) for(j=i; j<100; j++) for(j=i; j<100; j++)
afilj] = i+j; alilljl = i+j; afilj] = i+j; a[ilfjl = i+j;
‘ 1

#pragma omp for

1
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+ +)

v for(j=0; j<i; j++) for(j=0; j<i; j++) for(j=0; j<i; j++) for(j=0; j<i; j++)
alillil = i+j; alill = i+j; alillil = i+j; alil[j] = i+j;
| l 1

1 AN

} I$omp end parallel
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Y Synchronization : Simple Test (1/5)

Fortran

PROGRAM simple_testl
IMPLICIT NONE

INTEGER, PARAMETER :: N = 20
INTEGER :: i, tid, a(N)omp_get_thread _num

CALL omp_set_num_threads(4)
I$omp parallel private(tid)
tid = omp_get_thread_num()

IF (tid /= 2) THEN
CALL sleep(2)
END IF

ISOMP DO
DO i=0, N-1
a(i) =i
PRINT *, ‘a('i,) =',a(i),tid =',tid
END DO
I$omp end DO
PRINT *, ‘END’, tid, ‘ thread’
I$omp end parallel

END

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

int main()

inti, tid, a[N];
omp_set_num_threads(4);
#pragma omp parallel private(tid)

tid = omp_get_thread_num();

if (tid!=2)
sleep(2);

#pragma omp for
for (iI=0; i<N; i++) {
afil =1i;
printf(“a[%d]=%d tid=%d\n", i, a[i], tid );

}

printf(*END %d thread\n”, tid );
}

return O;
}

$ gfortran -fopenmp -o simple_testl.x simple_test1.f90
$ ./simple_testl.x

$ gcc -fopenmp -0 simple_testl.x simple_testl.c
$ ./simple_testl.x
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3 Synchronization : Simple Test (2/5)

Fortran

PROGRAM simple_test2
IMPLICIT NONE

INTEGER, PARAMETER :: N = 20
INTEGER :: i, tid, a(N)omp_get_thread _num

CALL omp_set_num_threads(4)
I$omp parallel private(tid)
tid = omp_get_thread_num()

IF (tid /= 2) THEN
CALL sleep(2)
END IF

ISOMP DO
DO i=0, N-1
a(i) =i
PRINT *, ‘a('i,) =',a(i),tid =',tid
END DO
I$omp end Dhowait
PRINT *, ‘END’, tid, ‘ thread’
I$omp end parallel

END

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

int main()

int i, tid, a[N];
omp_set_num_threads(4);

#pragma omp parallel private(tid)
tid =omp_get_thread_num();

if (tid!=2)
sleep(2);

#pragma omp fonowait
for (iI=0; i<N; i++) {

ali] =1,

printf(“a[%d]=%d tid=%d\n", i, a[i], tid );
printf(*END %d thread\n”, tid );

return O;

$ gfortran -fopenmp -o simple_test2.x simple_test2.f90
$ ./simple_test2.x

$ gcc -fopenmp -0 simple_test2.x simple_test2.c
$ ./simple_test2.x
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3 Synchronization : Simple Test (3/5)

Fortran

PROGRAM simple_test3
IMPLICIT NONE

INTEGER, PARAMETER :: N =4
INTEGER :: i, tid,omp_get_thread num

CALL omp_set_num_threads(4)
I$omp parallel private(i,tid)
tid = omp_get_thread_num()

IF (tid/=2) THEN
CALL sleep(2)
END IF

I$SOMP SECTIONS
I$OMP SECTION
DO i=0, N-1

PRINT *, ‘L1 tid =/, tid
END DO

I$SOMP SECTION
DO i=0, N-1
PRINT *, ‘L2 tid =, tid
END DO
ISomp end SECTIONS
I$omp end parallel

END

#include <stdio.h>
#incldue <unistd.h>
#include <omp.h>
#define N 4

int main()

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

tid = omp_get_thread_num();

if(tid!'=2)
sleep(2);
#pragma omp sections

#pragma omp section
for (i=0; i<N; i++)
printf(“L1 tid=%d\n", tid );
#pragma omp section
for (i=0; i<N; i++)
printf(“L2 tid=%d\n”, tid );

}
}

return O;

$ gfortran -fopenmp -o simple_test3.x simple_test3.f90
$ ./simple_test3.x

$ gcc -fopenmp -0 simple_test3.x simple_test3.c
$ ./simple_test3.x
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3 Synchronization : Simple Test (4/5)

Fortran

PROGRAM simple_test4
IMPLICIT NONE

INTEGER, PARAMETER :: N =4
INTEGER :: i, tid,omp_get_thread _num

CALL omp_set_num_threads(4)
I$omp parallel private(i,tid)
tid = omp_get_thread_num()

ISOMP SECTIONS
ISOMP SECTION
DO i=0, N-1
PRINT *, ‘L1 tid =, tid
END DO
ISOMP SECTION
DO i=0, N-1
PRINT *, ‘L2 tid =, tid
END DO
CALL sleep(2)
I$omp end SECTIONS
PRINT *’tid=", tid
ISomp end parallel

END

#include <stdio.h>
#incldue <unistd.h>
#include <omp.h>
#define N 4

int main()

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

tid = omp_get_thread_num();
#pragma omp sections

#pragma omp section
for(i=0; i<N; i++)

printf(“L1 tid=%d\n", tid );
#pragma omp section

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

printf(“L2 tid=%d\n”, tid );
sleep(2);

}
printf(“tid = %d\n”, tid );
}

}

return O;

$ gfortran -fopenmp -o simple_test4.x simple_test4.f90
$ ./simple_test4.x

$ gcc -fopenmp -0 simple_test4.x simple_test4.c
$ ./simple_test4.x
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3 Synchronization : Simple Test (5/5)

Fortran

PROGRAM simple_test4
IMPLICIT NONE

INTEGER, PARAMETER :: N =4
INTEGER :: i, tid,omp_get_thread _num

CALL omp_set_num_threads(4)
I$omp parallel private(i,tid)
tid = omp_get_thread_num()

ISOMP SECTIONS
ISOMP SECTION
DO i=0, N-1
PRINT *, ‘L1 tid =, tid
END DO
ISOMP SECTION
DO i=0, N-1
PRINT *, ‘L2 tid =, tid
END DO
CALL sleep(2)
I$omp end SECTIONSowait
PRINT *’tid=", tid
ISomp end parallel

END

#include <stdio.h>
#incldue <unistd.h>
#include <omp.h>
#define N 4

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

tid = omp_get_thread_num();
#pragma omp sectionsowait

#pragma omp section
for(i=0; i<N; i++)

printf(“L1 tid=%d\n", tid );
#pragma omp section

for(i=0; i<N; i++)
printf(“L2 tid=%d\n”, tid );

sleep(2);
}
}
printf(“tid = %d\n”, tid );
} return O,
}

$ gfortran -fopenmp -o simple_test5.x simple_test5.f90
$ ./simple_test5.x

$ gcc -fopenmp -0 simple_test5.x simple_test5.c
$ ./simple_test5.x
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Y Synchronization : ordered

Fortran

PROGRAM ordered
IMPLICIT NONE

INTEGER i, a(0:9)

CALL omp_set_num_threads(4)
I$Somp parallel private(i)
ISOMP DOordered
DO =0, 9
a(iy=i*2
I$SOMP ORDERED
PRINT *, ‘a(, i, ") =, ai)
ISomp end ORDERED
END DO
I$Somp end parallel

END

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

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

return O;

}
}

$ ./ordered.x

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

$ gcce -fopenmp -o ordered.x ordered.c
$ ./ordered.x

» ORDERED

— For pipelining loop iterations

— Can exist only in the dynamic extent of a DO or PARALLEL DO directive
— The DO directive to which it binds must have the ORDERED clause specified

— Only one thread can enter at a time
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3 Synchronization : lock

Fortran

PROGRAM lock
IMPLICIT NONE

INTEGER, PARAMETER :: OMP_LOCK_KIND=8
INTEGER :: x=1
INTEGER(kind=OMP_LOCK_KIND) LCK

CALL OMP_INIT_LOCK (LCK)

CALL omp_set_num_threads(4)

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

int main()

{
intx =1;
omp_lock tlock;
omp_init_lock(&lock);
omp_set_num_threads(4);

I$omp parallel #pragma omp parallel
CALL omp_set_lock(LCK) {
X =x+1 ) ) omp_set_lock(&lock);
PRINT *, X =, X mutually exclusive region AR mutually exclusive region
CALL omp_unset_lock(LCK) printf(“*x=%d\n”, x);
I$Somp end parallel omp_unset_lock(&lock);
CALL omp_destroy_lock(LCK) }
omp_destroy_lock(&lock);
END
return O;
}
$ gfortran -fopenmp -o lock.x lock.f90 $ gcc -fopenmp -o lock.x lock.c
$ ./lock.x $ ./lock.x
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Task

1. task

2. taskwait
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3. Task(1/2)

Fortran

PROGRAM task1l
IMPLICIT NONE

I$omp parallel num_threads(32)
WRITE(*, '(A), advance="no") ‘A"
WRITE(*, '(A), advance="no") ‘B
WRITEC(*, '(A)', advance="no") 'C"
WRITE(*, '(A)', advance="no") 'D
WRITE(*, *) '

ISomp end parallel

END

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

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

return O;

$ gfortran -fopenmp -o taskl.x task1.f90
$ ./taskl.x

$ gcc -fopenmp -o taskl.x taskl.c
$ ./taskl.x
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3. Task(1/2)

Fortran

PROGRAM task?2
IMPLICIT NONE

INTEGEROmMp_get_thread _num

I$Somp parallel num_threads(32)
ISOMP SINGLE
PRINT *, ‘Atid =, omp_get_thread _num()
PRINT *, ‘B tid =, omp_get_thread _num()
PRINT *, ‘C tid =, omp_get_thread _num()
PRINT *, ‘D tid =, omp_get_thread num()
I$omp end SINGLE

ISomp 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_nun)()
printf(“B tid=%d\n“, omp_get_thread_nun)()
printf(*C tid=%d\n“, omp_get_thread_nunj()
printf(*D tid=%d\n“, omp_get_thread_nun)()
}
}
return O;
}

$ gfortran -fopenmp -o task2.x task2.f90
$ ./task2.x

$ gcc -fopenmp -0 task2.x task2.c
$ ./task2.x
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3. Task(1/2)

Fortran C
PROGRAM task3 #include <stdio.h>
IMPLICIT NONE #include <omp.h>
INTEGEROmMp_get_thread _num int main()
{
I$Somp parallel num_threads(32) #pragma omp parallel num_threads(32)
I$SOMP SINGLE {

PRINT *, ‘A tid =, omp_get_thread_num()

#pragma omp single

{
ISOMP TASK printf(“A tid=%d\n“, omp_get_thread_numj)
PRINT *, ‘B tid =, omp_get_thread_num() #pragma omp task
ISomp end TASK {
printf(“B tid=%d\n“, omp_get_thread_numyj)
I$SOMP TASK }
PRINT *, ‘C tid =', omp_get_thread_num() #pragma omp task
ISomp end TASK {
printf(*C tid=%d\n“, omp_get_thread_numyj)
PRINT *, ‘D tid =, omp_get_thread_num() }
I$omp end SINGLE printf(“D tid=%d\n“, omp_get_thread num))
ISomp end parallel }
}
END return O;
}
$ gfortran -fopenmp -o task3.x task3.f90 $ gcce -fopenmp -o task3.x task3.c
$ ./task3.x $ ./task3.x
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¥ Task(1/2)

Fortran C
PROGRAM task3 #include <stdio.h>
IMPLICIT NONE #include <omp.h>
#define N 20
INTEGER, PARAMETER :: N = 20 int main()
INTEGER :: i, omp_get_thread_num {
#pragma omp parallel num_threads(8)
I$omp parallel num_threads(8) {
ISOMP SINGLE firstprivate(i) #pragma omp single
do while (i < N) {
ISOMP TASK inti=0;
PRINT *, ‘index :*, i, ‘tid : , omp_get_thread_num() while (i++ < N)
I$Somp end TASK #pragma omp task
end do {
I$omp end SINGLE printf(“index : %d, tid : %d \n“, i, omp_get_thread_num());
I$Somp end parallel }
}
END }
return O;
}
$ gfortran -fopenmp -o task4.x task4.f90 $ gcc -fopenmp -o task4.x task4.c
$ ./task3.x $ .Jtask3.x
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3 Task(2/2)

» TASK Construct
— New construct with OpenMP 3.0

— The TASK construct defines an explicit task, which may be executed by the
encountering thread or deferred for execution by any other thread

The data environment of the task is determined by the data sharing attribute clauses

!wﬂ( pOOI
FORK N,

Team

A '
JOIN
_______ -

‘ Task pool
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Y, Task: taskwait

ISOMP SINGLE
PRINT *, ‘A tid =, omp_get_thread_num()

ISOMP TASK
PRINT *, ‘B tid =, omp_get_thread_num()
ISomp end TASK

ISOMP TASK
PRINT *, ‘C tid =, omp_get_thread _num()
ISomp end TASK
ISOMP TASKWAIT
PRINT *, ‘D tid =, omp_get_thread num()
I$omp end SINGLE
ISomp end parallel

END

Fortran C
PROGRAM taskwait #include <stdio.h>
IMPLICIT NONE #include <omp.h>
INTEGERomp_get_thread_num i{nt main()
I$omp parallel num_threads(32) ?pragma omp parallel num_threads(32)

#pragma omp single

{
printf(“*A tid=%d\n", omp_get_thread numyj)

#pragma omp task

{

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

printf(*C tid=%d\n“, omp_get_thread_numyj)
}

#pragma omp taskwait
printf(“*D tid=%d\n“, omp_get_thread numj)

}

return O;

}
}

$ gfortran -fopenmp -o taskwait.x taskwait.fo0
$ ./taskwait.x

$ gcc -fopenmp -o taskwait.x taskwait.c
$ ./taskwait.x
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3, Task:Data Scoping (1/2)

I$omp parallel private(b,d,e)
ISOMP TASK private(e)
a, b, ¢, d, e : private? shared?
I$omp end TASK

I$omp end parallel

Fortran C
PROGRAM task_data_scope int foo()
IMPLICIT NONE {
INTEGER ::a, b, c,d, e inta, b, c,d,e;

#pragma omp parallel private(b,d,e)

{
#pragma omp task private(e)
{ a,Db,c,d,e:private? shared?

END

}
END }
PROGRAM task int foo()
USE OMP_LIB or include “omp_lib.h” {
IMPLICIT NONE inta, b, c,d,e;
#pragma omp parallel private(b,d,e)
INTEGER ::a, b, c,d, e {
I$omp parallel private(b,d,e) #pragma omp task
ISOMP TASK private(e) {
a : shared a : shared
b : firstprivate b : firstprivate
c : shared c : shared
d : firstprivate d : firstprivate
e : private e : private
I$omp end TASK }
I$omp end parallel }
}
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Y, Task:Data Scoping (2/2)

Fortran

PROGRAM task_data_scope
IMPLICIT NONE

INTEGER :: a=1, b=2, c=3, d=4, e=5
INTEGER tid,omp_get thread num
CALL omp_set_num_threads(4)

ISomp parallel private(b,d,e,tid)
tid = omp_get_thread_num()
PRINT 10, 'tid="jtid, 'a=',a, ' b=",b, ' c=',c, 'd=",d, 'e="\e
ISomp single
a=2; b=3; c=4; d=5;e=6
I$Somp end single
I$omp task private(e)
PRINT 10, 'task tid=",omp_get_thread_num(), &
&'a="a, 'b="b,'c='c,'d="d, " e="e
I$Somp end task
ISomp end parallel

10 FORMAT(A,14,A14,A14,A14,A14,A,14)

END

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

int main()

{
inta=1, b=2, c=3, d=4, e=5, tid;

omp_set_num_threads(4);
#pragma omp parallel private(b,d,e, tid)
{
tid =omp_get_thread_num();
printf("tid=%d a=%d b=%d c=%d d=%d e=%d\n",
tid, a, b, c, d, e);
#pragma omp single
{ a=2, b=3, c=4, d=5, e=6;
#pragma omp task private(e)
{
printf("task tid=%d a=%d b=%d c=%d d=%d e=%d\n"
omp_get_thread_num(@, b, ¢, d, e);
}
}

}

return O;

$ ./task_data_scope.x

$ gfortran -fopenmp -o task_data_scope.x task_data_scope.fo@ $ gcc -fopenmp -o task_data_scope.x

task_data_scope.c$ ./task_data_scope.x
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1. Schedule
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Y. _ SCHEDULE

» Scheduling clauses
— Specifies how iterations of the for loop are divided among the threads of the team.

— Useful if the work sharing construct is a do-loop of for-loop. The iteration in the work
sharing construct are assigned to threads according to the scheduling method
defined by this clause.

— Static [, chunk]

- Each thread is assigned a fixed number of chunks to work on
- Chunks are assigned to the threads in Round-Robin fashion

— Dynamic [, chunk]
- The assignment of iterations to threads is determined at runtime

— Guided [, chunk]

- avariant of dynamic scheduling.

- the first chunk of iterations is of some implementation-depENDent size, and the size of each successive
chunk is a fixed fraction of the preceding chunk until a minimum size of chunk_size is reached.

— runtime
- allows the scheduling to be determined at runtime. The chunk_size PARAMETER must not appear.
- The type is chosen at runtime based on the value of the environment variable OMP_SCHEDULE.
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Y. _ SCHEDULE

Fortran C
PROGRAM static #include <stdio.h>
IMPLICIT NONE #include <omp.h>
INTEGER :: a(0:499), | Int main()
inti, a[500];
I$Somp parallel DO schedule(static) num_threads(4)
DO i=0, 499 #pragma omp parallel for schedule(static) num_threads(4)
a(i) =i for(i=0; i<500; i++)
END DO afi] =1;
return O;
END }
$ gfortran -fopenmp -o static.x static.f90 $ gcce -fopenmp -0 static.x static.c
$ time ./static.x $ time ./static.x
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» 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=Zi*+C,  Zy=ap+bgi, C=Creq + Cimagl
Zis1 = (a + bki)z + (Crear + Cimagi)
= (akz — bkz + Creal ) + (Zakbk + Cimag)i

— The magnitude of z is given by Zjepg4en= Va? + b?
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3. SCHEDULE (Exercise)

C (Serial)

#include <stdio.h>

#define X_RESN 4000 [* X resolution */
#define Y_RESN 4000 [* y resolution */
#define X_MIN -2.0
#define X_MAX 2.0
#define Y_MIN -2.0
#define Y_MAX 2.0

typedef struct COMPLEXtype {
float REAL, imag;
} Compl;

int main ( int argc, char* argv(])
{
inti, j, k, maxiterations = 1000;
Compl z,c;
float lengthsq, temp;
int res[X_RESN][Y_RESN];

}

for (i=0; i < X_RESN; i++) {
for j)=0; j < Y_RESN; j++) {
z.REAL = z.imag = 0.0;
C.REAL = X_MIN + j* (X_MAX - X_MIN) / X_RESN;
c.imag = Y_MAX -i* (Y_MAX -Y_MIN) / Y_RESN,;
k=0;

do {
temp = z.REAL*z.REAL - z.imag*z.imag + c.REAL;
z.imag = 2.0*z.REAL*z.imag + c.imag;

z.REAL = temp;
lengthsq = z.REAL*z.REAL+z.imag*z.imag;
k++;

} while (lengthsqg < 4.0 && k < maxlIterations);

if (k >= maxlterations) resli][j] = O;
else resli][j] = 1;
}
}

return O;

$ gcce -fopenmp -0 schedule.x schedule.c
$ ulimit -s 512000
$ time ./schedule.x
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Y,

, . SCHEDULE (Exercise)

Fortran (Serial)

PROGRAM mandel_serial
IMPLICIT NONE

INTEGER, PARAMETER :: X_RESN=4000, Y_RESN=4000
REAL, PARAMETER :: X_MIN=-2.0, X_MAX=2.0, &
Y_MIN=-2.0, Y_MAX=2.0

COMPLEX ::z,c

INTEGER ::1i, j, k, maxiterations=1000

REAL :: lengthsq, temp

INTEGER, dimension(0:X_RESN-1, 0:Y_RESN-1) :: res

DO j=0, Y_RESN-1
DO i=0, X_RESN-1

z = (0.0, 0.0)

¢ = cmplx( X_MIN+REAL() * (X_MAX-X_MIN) &
/| REAL(X_RESN), &

Y_MAX - REAL(i) * (Y_MAX - Y_MIN) &

/| REAL(Y_RESN))

k=0

END DO

END

loop: DO
temp = REAL(z) * REAL(z) - AIMAG(z) * AIMAG(z) &
+ REAL(c)
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 >= maxlterations) exit loop
END DO loop

IF ( k >= maxliterations ) THEN
res@, j)) =0

ELSE
res(i,j) =1

END IF

END DO

$ gfortran -fopenmp -0 schedule.x schedule.f90
$ ulimit -s 512000
$ time ./schedule.x

SUPERCOMPUTING EDUCATION CENTER

66



Y SCHEDULE (Solution)

C (Parallel)

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

#define X_RESN 4000 [* X resolution */
#define Y_RESN 4000 [* y resolution */
#define X_MIN -2.0
#define X_MAX 2.0
#define Y_MIN -2.0
#define Y_MAX 2.0

typedef struct COMPLEXtype {
float REAL, imag;
} Compl;

int main ( int argc, char* argv(])
{
inti, j, k, maxiterations = 1000;
Compl z,¢c;
float lengthsq, temp;
int res[X_RESN][Y_RESN];

#pragma omp parallel for shared(res, maxlterations)
private(j,z,c,k,temp,lengthsq)

for (i=0; i < X_RESN; i++) {
for j=0; j < Y_RESN; j++) {
z.REAL = z.imag = 0.0;
C.REAL = X_MIN + j * (X_MAX - X_MIN)/X_RESN;
c.imag = Y_MAX -i* (Y_MAX - Y_MIN)/Y_RESN;
k=0;

do {
temp = z.REAL*z.REAL - z.imag*z.imag + c.REAL;
z.imag = 2.0*z.REAL*z.imag + c.imag;

z.REAL = temp;
lengthsq = z.REAL*z.REAL+z.imag*z.imag;
k++;

} while (lengthsqg < 4.0 && k < maxlIterations);

if (k >= maxlterations) res]i][j] = O;
else resli][j] = 1;

$ gcce -fopenmp -0 schedule.x schedule.c
$ export OMP_NUM_THREADS=8
$ time ./schedule.x
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Y. SCHEDULE (Solution)

INTEGER, PARAMETER :: X_RESN=4000, Y_RESN=4000
REAL, PARAMETER :: X_MIN=-2.0, X_MAX=2.0,
Y_MIN=-2.0, Y_MAX=2.0

COMPLEX 1z, c

INTEGER ::1i, j, k, maxiterations=1000

REAL :: lengthsq, temp

INTEGER, demension(0:X_RESN-1, 0:Y_RESN-1) ::res

lengthsq)
DO j=0, Y_RESN-1
DO i=0, X_RESN-1
z=(0.0,0.0)
¢ = cmplx( X_MIN + REAL(j) * (X_MAX - Y_MIN)
| REAL(X_RESN),
Y_MAX - REAL(I) * (Y_MAX -Y_MIN)
/| REAL(Y_RESN))

k=0

I$Somp parallel DO shared(res, maxliterations) private(z, c, k, te

= 4
Fortran (Parallel)
PROGRAM solution loop: DO
IMPLICIT NONE temp = REAL(z) * REAL(z) - AIMAG(z) * AIMAG(z)

mp,

END

ENDDO

+ REAL(c)
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 >= maxlterations) exit loop
END DO loop

IF ( k >= maxliterations ) THEN
res@, j)) =0

ELSE
res(i,j) =1

END IF

END DO

$ gfortran -fopenmp -0 schedule.x schedule.f90
$ export OMP_NUM_THREADS=8
$ time ./schedule.x
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3. SCHEDULE (Solution Cont)

C (parallel with dynamic schedule)

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

#define X_RESN 4000 [* X resolution */
#define Y_RESN 4000 [* y resolution */
#define X_MIN -2.0
#define X_MAX 2.0
#define Y_MIN -2.0
#define Y_MAX 2.0

typedef struct COMPLEXtype {
float REAL, imag;
} Compl;

int main ( int argc, char* argv(])
{
inti, j, k, maxiterations = 1000;
Compl z,¢c;
float lengthsq, temp;
int res[X_RESN][Y_RESN];

#pragma omp parallel for shared(res, maxlterations)
private(j,z,c,k,temp,lengthsgrhedule(dynamic, 5)

for(i=0; i < X_RESN; i++) {
for(=0; j < Y_RESN; j++) {
z.REAL = z.imag = 0.0;
C.REAL = X_MIN + j * (X_MAX - X_MIN)/X_RESN;
c.imag = Y_MAX -i* (Y_MAX - Y_MIN)/Y_RESN;
k=0;

do{
temp = z.REAL * z.REAL - z.imag * z.imag + c.REAL;
z.imag = 2.0 * z.REAL * z.imag + c.imag;

z.REAL = temp;
lengthsq = z.REAL * z.REAL + z.imag * z.imag;
k++;

} while (lengthsqg < 4.0 && k < maxlIterations);

IF (k >= maxliterations) resJi][j] = O;
ELSE res[i][j] = 1;

$ gcc -fopenmp -0 schedule.x schedule.c
$ export OMP_NUM_THREADS=8
$ time ./schedule.x
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3. SCHEDULE (Exercise)

Fortran (Parallel)
PROGRAM ex k=0
USE OMP_LIB or include “omp_lib.h" loop : DO
IMPLICIT NONE temp = REAL(z)*REAL(z)-AIMAG(z)*AIMAG(z) +
REAL(c)
INTEGER, PARAMETER :: X_RESN=4000, Y_RESN=4000 z=cmplx( temp, 2.0*REAL(z)*AIMAG(z)+AIMAG(c) )
REAL, PARAMETER :: X_MIN=-2.0, X_MAX=2.0, Y_MIN=- lengthsq = REAL(z)*REAL(z)+AIMAG(z)*AIMAG(2)
2.0, Y_MAX=2.0 k=k+1
if (lengthsqg >= 4.0 && k >= maxlterations) THEN
COMPLEX :: z, ¢ exit loop
INTEGER ::1, j, k, maxiterations=1000 END DO loop
REAL :: lengthsq, temp
INTEGER, demension(0:X_RESN-1, 0:Y_RESN-1) ::res if ( k >= maxlterations ) THEN
res@, j)) =0
I$Somp parallel DO shared(res, maxliterations) private(z, c, k, tegmp, else
lengthsq)schedule(dynamic, 5) res(i, ) = 1
DO j=0, Y_RESN-1 END IF
DO i=0, X_RESN-1
z=(0.0,0.0) END DO
¢ = cmplx( X_MIN+REAL(j)*(X_MAX-X_MIN) / ENDDO
REAL(X_RESN), Y_MAX-REAL(i) * (Y_MAX-Y_MIN) /
REAL(Y_RESN))
END
$ gfortran -fopenmp -0 schedule.x schedule.f90
$ export OMP_NUM_THREADS=8
$ time ./schedule.x
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OpenMP Performance Issue

1. Nested Parallel (Collapse)
2. Flush
3. False Sharing

4. DepENDency
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3. Collapse (1/2)

N
cJ

1967

Fortran

PROGRAM collapse
USE OMP_LIB or include “omp_lib.h"
IMPLICIT NONE

INTEGER, PARAMETER :: N=10000
INTEGER :: a(0:N-1, 0:N-1), i, |

CALL omp_set _nested(1)
CALL omp_set_num_threads(4)
ISomp parallel do private(i, j)

DO i=0, N-1
ISomp parallel do

DO j=0, N-1

a(i,j)=a(,j)* 2

END DO

END DO

END

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

int main()

{

int a[N][N], 1, j;

omp_set_nested(1);
omp_set_num_threads(4);
#pragma omp parallel for private(i,))

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

<« Better performance?
#pragma omp parallel for

for(j=0; j<N; j++)
a[i][il = afilfi] * 2;

return O;
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3. Collapse (2/4)

N
cJ

1967

Fortran

PROGRAM collapse2
USE OMP_LIB or include “omp_lib.h"
IMPLICIT NONE

INTEGER, PARAMETER :: N=10000
INTEGER :: a(0:N-1, 0:N-1), i, |

CALL omp_set _nested(1)
CALL omp_set_num_threads(4)
I$omp parallel private(i, j)

ISOMP DO
DO i=0, N-1
ISOMP DO
DO j=0, N-1
a(i,J) =a(,j)* 2
END DO
END DO

END

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

int main()

{

{

int a[N][N], 1, 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 omp for

for(j=0; j<N; j++) / Possible ???
a[ifi] = alil[i] * 2;

return O;
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3. Collapse (3/1)

MEM%
e

1967

Fortran

PROGRAM collapse3
IMPLICIT NONE

INTEGER, PARAMETER :: N=10000
INTEGER :: a(0:N-1, O:N-1), i

CALL omp_set_num_threads(4)
I$Somp parallel DO
DO i=0, N*N-1
a(i/N, MOD(i, N)) = a(i/N, MOD(i, N)) * 2
END DO

END

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

int main()
{
static int a[N][N], i, j;
omp_set_num_threads(4);
#pragma omp parallel for
for(i=0; i<N*N; i++)
a[i/N][i%N] = a[i/N][j%N] * 2;

return O;

$ gfortran -fopenmp -o collapse.x collapse.fo90
$ ulimit -s 512000
$ time ./collapse.x

$ gcc -fopenmp -o collapse.x collapse.c
$ time ./collapse.x
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3. Collapse (4/4)

MEM%
e

1967

Fortran

PROGRAM collapse4
IMPLICIT NONE

INTEGER, PARAMETER :: N=9999
INTEGER :: a(0:N, O:N), i, ]

CALL omp_set_num_threads(4)

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

END

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

int main()

{
int a[N][N], 1, j;

omp_set_num_threads(4);

#pragma omp parallel for private(igbllapse(2)
for(i=0; i<N; i++)
for(j=0; j<N; j++)
a[i]lil = afi(] * 2;

return O;

}

$ gfortran -fopenmp -o collapse4.x collapse4.f90
$ ulimit -s 512000
$ time ./collapse4.x

$ gcc -fopenmp -o collapse4.x collapse4.c
$ time ./collapse4.x
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3 Flush (1/3)

Fortran

PROGRAM flushl
IMPLICIT NONE

INTEGER :: x=0, tidomp_get_thread_num
CALL omp_set_num_threads(4)

I$omp parallel private(tid)
tid = omp_get_thread_num()

IF (tid==0) THEN
CALL sleep(3)
x=1
CALL sleep(3)

END IF

DO WHILE (x==0)
END DO

PRINT *, “x =, x, “in”, tid, “-th thread”
ISomp end parallel

END

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

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) {}

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

}

return O;

$ gfortran —fopenmp —o ok.x flush.f90

$ .Jok.x

$ gfortran—O3 —fopenmp —o no.x flush.f90
$ ./no.x

$ gcc —fopenmp —o ok.x flush.c

$ ./ok.x

$ gcc-O3—fopenmp —o no.x flush.c
$ ./no.x
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3. Flush (2/3)

» FLUSH Directive
— Acts as a memory barrier/fence
— The compiler and hardware do not reorder your reads and WRITEs
— cf. volatile, WRITE-through, WRITE-back
while( x == 0) {
}

X=x+1;

MEh%g
N v’}

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 Ll

mov eax, 0x7c385400 inc eax

inc eax mov 0x7c385400, eax

mov 0x7c385400, eax
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3 Flush (3/3)

Fortran

PROGRAM flush2
IMPLICIT NONE

INTEGER :: x=0, tid
CALL omp_set num_threads(4)
I$omp parallel private(tid)
tid = omp_get_thread_num()
IF (tid==0) THEN
CALL sleep(3)
x=1
CALL sleep(3)
END IF

DO WHILE (x==0)
ISOMP FLUSH(x)
END DO
PRINT *, “x =, x, “in”, tid, “-th thread”
ISomp end parallel

END

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

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);
Xx=1;
sleep(3);
}
while (x==0) {
#pragma omp flush(x)
i)rintf(“x:%d in %d-th thread\n”, x, tid);
}
return O;
}

$ gfortran -O3 —fopenmp —o flush.x flush.c
$ ./flush.x

$ gcc ~03 —fopenmp —o flush.x flush.c
$ ./flush.x
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Y. False Sharing (1/4)

Fortran

PROGRAM false_sharing
IMPLICIT NONE

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$Somp parallel private(tid)

tid = omp_get_thread_num()

I$OMP DO

DOi=1, N

a(tid) = a(tid) + i

END DO

ISOMP ATOMIC

total_sum = total_sum + a(tid)
ISomp end parallel

PRINT *, “sum =", total_sum

END

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

int main()

{
long sum=0, a[4] ={ 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++)

aftid] +=i;
#pragma omp atomic
sum += atid];

printf(“sum = %ld\n”, sum);
return O;

}

$ gfortran -fopenmp -o false_sharing.x false_sharing.f90
$ time ./false_sharing.x

$ gcc -fopenmp -o false_sharing.x false_sharing.c
$ time ./false_sharing.x
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Y. False Sharing (2/1)

True sharing

Core 1 Cache

———
- ‘\
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Y. False Sharing (3/0)

Fortran

PROGRAM false_sharing_solved
IMPLICIT NONE

INTEGER, PARAMETER :: N=1000000000
INTEGER(8) :: total_sum=0, a(03)
INTEGER i, tid,omp_get_thread _num

a=0

CALL omp_set_num_threads(4)

I$Somp parallel private(tid)

tid = omp_get_thread_num()
I$OMP DO
DOi=1, N

a(tid*8) = a(tid8) + i
END DO
ISOMP ATOMIC

total_sum = total_sum + a(tiél)
ISomp end parallel
PRINT *, “sum =", total_sum

END

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

int main()

{
long sum=0, a[#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++)

aftid*8] +=1;
#pragma omp atomic
sum += a[tid8J;

printf(“sum = %ld\n”, sum);
return O;

}

$ gfortran -fopenmp -o false_sharing_sol.x false_sharing_sol.f¢
$ time ./false_sharing_sol.x

0% gcc -fopenmp -o false_sharing_sol.x false_sharing_sol.c
$ time ./false_sharing_sol.x
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False Sharing (4/4)
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Y. False Sharing (4/0)

Fortran C

PROGRAM use_local_sum #include <stdio.h>

IMPLICIT NONE #include <omp.h>
#define N 1000000000

INTEGER, PARAMETER :: N=1000000000
INTEGER(8) :: total_sum=Qpcal_sum
INTEGER i, tid,omp_get_thread _num

int main()
{
long sum=0Jocal_sum i, tid;

omp_set_num_threads(4);
CALL omp_set_num_threads(4)

I$omp parallel private(tidpcal_sum #pragma omp parallel private(tihcal sum
local_sum=0 {
tid = omp_get_thread_num() local_sum=0;
ISOMP DO tid = omp_get_thread_num();
DO i=1, N
local_sum=local_sum+ i #pragma omp for
END DO for(i=1; i<=N; |++).
ISOMP ATOMIC local_sum+=1;

#pragma omp atomic

total_sum = total_sum tocal_sum sum +=local sum
I$Somp end parallel } B
PRINT *, “sum =, total_sum printf(“sum = %Ild\n”, sum);
return O;
END }

$ gfortran -fopenmp -0 use_local_sum.x use_local_sum.fo0 $ gcc -fopenmp -0 use_local_sum.x use_local_sum.c
$ time ./use_local_sum.x $ time ./use_local_sum.x
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3/ Data Dependency (1/2)

MEM%
e

1967

Fortran C
DO time=0, max_time-1 for (time=0; time < max_time; time++) {
DO j=1, n-2 for (I=1; i<n-1; i++)
DO i=1, n-2 for (j=1; j<n-1; j++)
h(i, j) = 0.25 * ( h(i-1, j) + h(i+1, j) + h(i, j-1) + h(, j+1) h[i][j] = 0.25 * (h[i-1][j] + h[i+1][j] +
END DO h[i][j-1] + h[i][j+1]);
END DO }
END DO
DO time=0, max_time-1 for(time=0; time < max_time; time++) {
I$omp parallel DO #pragma omp parallel for private(j)
DO =1, n-2 for(i=1; i<n-1; i++)
boELn2 for(=1; j<n-1; j++)
newh(i, j) =0.25*( h(i-1, j) + h(i+1, j) + h(i, j-1) + h(i, j+1) newhl[il[i] = 0.25 * (h{i-1][j] + h{i+1][] +
END DO - -
END DO h[l]h'll + h[l][]"‘l]),
I$Somp parallel DO #pragma omp parallel for private(j)
DO j=1, n-2 for(i=1; i<n-1; i++)
DO i=1, n-2 for(j=1; j<n-1; j++)
h(i, j) = newh(i, j) h[i]{i] = newh(i](;
END DO }
END DO
END DO

> Heat Distribution Problem

o hisgythgj+hijoa Ry

hl,]
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) Data Dependency (2/2)

Fortran

PROGRAM fibonacci
IMPLICIT NONE

INTEGER, PARAMETER :: N=10
INTEGER ::i
DO i=0, N

PRINT *, “fibonacci F(*, i, *) =, fibon(i)
END DO

CONTAINS
recursive INTEGER function fibon(n) RESULT(fib)
INTEGER ::n
IF (n<2) THEN
fib=n
ELSE
fib = fibon(n-1) + fibon(n-2)
END IF
END function
END PROGRAM

#include <stdio.h>
#define N 10

int fibon(int n)
{
if(n<2) return n;
return ( fibon(n-1) + fibon(n-2) );

}
int main()
{
inti;
for (i=0; i<=N; i++)
printf(“fibonacci F(%d) = %d\n”, i, fibon(i));
return O;
}

$ gfortran -fopenmp -o fibonacci.x fibonacci.f90
$ ./ffibonacci.x

$ gcc -fopenmp -o fibonacci.x fibonacci.c
$ ./fibonacci.x

> Fibonacci

— F(n) =F(n-1) + F(n-2), F(0)=0,F(1)=1,n=2,3,4,...
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) Data Dependency (2/2)

MEM%
e

1967

Fortran

PROGRAM fibonacci
IMPLICIT NONE

INTEGER, PARAMETER :: N=10
INTEGER ::i
INTEGER, dimension(0:N) :: fibon

fibon(0) =0
fibon(1) =1
DO =2, N
fibon(i) = fibon(i-1) + fibon(i-2)
END DO

DO i=0, N
PRINT *, “fibonacci F(*, i, *) =, fibon(i)
END DO

END

#include <stdio.h>
#define N 10

int main()

{
int i, fibon[N+1];
fibon[0] = O;
fibon[1] = 1;

for(i=2; i<=N; i++) {
fibon[i] = fibon[i-1] + fibon([i-2];
}

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

printf(“fibonacci F(%d) = %d\n”, i, fibonl[i]);

return O;

$ gfortran -fopenmp -o fibonacci2.x fibonacci2.f90
$ ./ffibonacci2.x

$ gcc -fopenmp -o fibonacci2.x fibonacci.c
$ ./fibonacci2.x

» Fibonacci

— F(n) = F(n-1) + F(n-2), F(0) =0, F(1)=1,n=2,34,...
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Y/ Data Dependency [2/2)
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Fortran

PROGRAM fibonacci
IMPLICIT NONE

INTEGER, PARAMETER :: N=10
INTEGER i, fibon(0:N)
DOUBLE PRECISION :: alpha, beta, ¢

alpha=0.5*(1.0+sqrt(REAL(5)))
beta=0.5*(1.0-sqrt(REAL(5)))
c=1/sqrt(REAL(5))

I$Somp parallel DO num_threads(2)
DO =0, N
fibon(i) = c * (alpha**i-beta**i)
END DO

DO i=0, N
PRINT *, “fibonacci F(*, i, *) =, fibon(i)
END DO

END

#include <stdio.h>
#include <math.h>
#include <omp.h>
#define N 10

int main()

{
inti, fibon[N+1];
double alpha = 0.5 * (1.0+sqrt(5));
double beta = 0.5 * (1.0-sqgrt(5));
double c = 1/ sqrt(5);

#pragma omp parallel for num_threads(2)
for(i=0; i<=10; i++)
fibon[i] = ¢ * (pow(alpha,i)-pow(beta,i));

for(i=0; i<=N; i++)
printf(“fibonacci F(%d) = %d\n”, i, fibonl[i]);

return O;

}

$ gfortran -fopenmp -o fibonacci3.x fibonacci3.f90
$ ./fibonacci3.x

$ gcc -fopenmp -o fibonacci3.x fibonacci3.c -Im

> Fibonacci

— F(n) =F(n-1) + F(n-2), F(0) =0, F(1)=1,n=2,3,...

SUPERCOMPUTING EDUCATION CENTER

$ ./fibonacci3.x
1 ((1+3\" (1—vE\"
Fo = (57 - (59 1

87



Hands-on

1. Matrix Multiplication
2. LUDecomposition (Optional)
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Ex1. Matrix Multiplication

/I KISTI educational Matrix
/I Multiplication problem

/Il Copyright (c) 2012 KISTI
I/ Supercomputing Center

#include <stdio.h>
#define N 10

int main()
{
inti,j,k;
int a[N]J[N], b[N][N], c[N][N];

for(i=0; i<N; i++) {
for(j=0; j<i; j++){
a[i][i] = bli][] = c[i]li] = 0;
}
for(j=i; j<N; j++) {
a[il[j] = i+j+1;
b[i][i] = i+j+2;
c[il{il = 0;
}
}
for(i=0; i<N; i++)
for(j=0; j<N; j++)
for(k=0; k<N; k++)
c[i](i] += afi][k] * bK]j;

printf("matrix a\n™");
for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf("%4d “, a[i][j]);
printf("\n");
}
printf("matrix b\n”);
for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf("%4d “, b[i][j]);
printf(*\n”);
}
printf("matrix c\n");
for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf("%4d “, c[i][i]);
printf(*\n”);
}
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7 8 9 10
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12 13 14 15
13 14 15 16
0 15 16 17

CoOO0CO0OW®NO WU
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0O 0 0 19
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9 10 11 12 13
10 11 12 13 14
12 13 14 15
12 13 14 15 16
0 14 15 16 17
0 0 16 17 18
0 0 0 18 19
0 0 0 0 20
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130 217 336 492 690 935
158 260 397 574 796 1068
164 278 430 625 868 1164
143 266 430 640 901 1218
90 219 392 614 890 1225
0 132 311 542 8301180
0 182 419 716 1078
0 0 240 543 914
0 0 O 306 683
0

0
0
0
0 0 0O 0 380
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3 Ex1. Matrix Multiplication

/Il KISTI educational Matrix PRINT *, "matrix a” a
// Multiplication problem DO i=0, N (1) g i g g 573 ; g 13 llf
I/ Copyright (c) 2012 KISTI WRITE(*, 100) (a(i, j), j=0, N) 0 0 5 6 7 8 9 10 11 12
I/ Supercomputing Center END DO 0O 0 0 7 8 9 10 11 12 13
0 0 0 0 9 10 11 12 13 14
. i b 0 0 0 0 0 11 12 13 14 15
PROGRAM ex1 PRINT , "matrix b 00 0 0 0 0 13 12 15 1¢
IMPLICIT NONE DO i=0, N 0 000 0 0 O 1516 17
INTEGER, PARAMETER :: N=9 WRITE(*, 100) (b(i, j), j=0, N) 0 0 000 O 0O 0 17 18
INTEGER :: i, j, k, a(0:N,0:N), b(0:N,0:N)|| END DO 600000 00 019
c(0:N,0:N) b
a=0 PRINT *, "matrix c” 2 3 4 5 6 7 8 9 10 11
b=0 DO i=0, N 6 0 6 7 8 510 1 1 13
c=0 WRITE(*, 100) (c(i, j), j=0, N) 0 0 0 8 9 10 11 12 13 14
DO j=0,N END DO 0 0 0 0 10 11 12 13 14 15
DO i=0, ] 0 0 0 0 0 12 13 14 15 16
D . 0 0 0 0 0 0 14 15 16 17
zji+j+1
a(!,J_)_! J 100 FORMAT(10(i4)) 0 0 0 0 0 0 0 16 17 18
b(i,j)=i+j+2 0 0 0 0 0O 0O 0 0 18 19
END DO END 0 00 00O O 0O 0 0 20
END DO c
2 11 32 70 130 217 336 492 690 935
DO j=0, N 0 12 39 86 158 260 397 574 796 1068
DO i=0, N 0 0 30 83 164 278 430 625 868 1164
- 0 0 0 56 143 266 430 640 901 1218
DO k=0, N 0 0 0 0 90 219 392 614 890 1225
c(i, ) = c(i, j) + adi, k) * b(k, j) 0 0 0 0 O 132 311 542 8301180
END DO 0 0000 0 0 54055 0
END DO 00 000 O 0 0 3060683
END DO 0 0 0 0 0 O 0 0 0 380
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3 Ex1. Matrix Multiplication

/I KISTI educational Matrix a b
/I'Multiplication problem 1 2 3 4 56 7 8 9 10 2 3 4 5[6|7 8 9 10 11
/I Copyright (c) 2012 KISTI 0 3 4 5 6 7 8 9 10 11 0 4 5 6 (78 9 10 11 12
// Supercomputing Center O 0 5 6 7 8 9 10 11 12 O 0 6 7 (8|9 10 11 12 13
0 0 0 7 8 9 10 11 12 13 0 0 0 8 [9/10 11 12 13 14
_ _ [0 0 0 o]lf9]10 11 12 13 14] 0 0 0 0 (10/11 12 13 14 15
#include <stdio.h> 0 0 0 0 0 11 12 13 14 15 0 0 0 00|12 13 14 15 16
#define N 10 0 0 00O 0O 0 13 14 15 16 0O 0 0 0/0|0 14 15 16 17
0O 0 00 0 0 0 1516 17 0O 0 0 0/0|/0 O 16 17 18
_ _ O 0 00 0O 0 O 0 17 18 0O 0 0 0/0|0 O O 18 19
int main() 00 0 0 O0O0 0 0 0 19 0 0 0 0[0/0O 0 0 0 20
{
inti,j,k;
int a[N][N], b[N][N], c[N][N];
for(i=0; i<N; i++) {
for(j=0; j<i; j++) {
a[i][i] = bilfi] = c[illil = 0;
}
for(j=i; j<N; j++) { i=4, j=4 c
afifi] = i+j+1; for(k=4; k<5; k++)
bi][] = i+j+2; c[4][4] = a[4]lk] * b[k][4]; 2 11 32 70 130 217 336 492 690 935
[illi] = 0 0 12 39 86 158 260 397 574 796 1068
0 0 30 83 164 278 430 625 868 1164
} 0 0 0 56 143 266 430 640 901 1218
} 0 0 0 0 219 392 614 890 1225
for(i=0; i<N; i++) 0 0 0 0O 0 132 311 542 8301180
for(i=i: i<N: j+4) 0 0 0 0 0 O 182 419 7161078
—hIs) 0 0 0 0 0 0O 0 240 543 914
for(k=i; k<j+1; k++) 0O 0 0 0 0 O 0 0 306 683
c[illi] += alil[k] * b[KI[il: 00 00 OO 0 0 0 38
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3 Ex1. Matrix Multiplication

/I KISTI educational Matrix a b
/I'Multiplication problem 1 2 3 4 56 7 8 9 10 2 3 4 5[6|7 8 9 10 11
I Copyright (c) 2012 KISTI 0 3 4 5 6 7 8 9 10 11 0 4 5 6 |7/8 9 10 11 12
/I Supercomputing Center 0O 0 5 6 7 8 9 10 11 12 0O 0 6 7 (8|9 10 11 12 13
0O 0 0 7 8 9 10 11 12 13 0 0 0 8 [9/10 11 12 13 14
[0 0 0 o]lf9]10 11 12 13 14] 0 0 0 0 (10/11 12 13 14 15
PROGRAM ex1 0 0 0 0 0 11 12 13 14 15 0 0 0 00|12 13 14 15 16
IMPLICIT NONE 0 0 0 0 0 0 13 14 15 16 0 0 0 0/0|0 14 15 16 17
N 0 0 00 0O 0O 0 1516 17 0 0 0 0/0/0 O 16 17 18
INTEGER, PARAMETER"N‘Q 0O 0 00 0O O O 17 18 0 0 0 0/0/0 O 0 18 19
INTEGER :: i, j, k, a(0:N,0:N), b(0:N,0:N) 0 0 0 0 0 O 0 0 0 19 0 0 0 0/l0l0 O O 0 20
c(0:N,0:N) 0
a=0
b=0
c=0
DO j=0, N
DO i=0, ]
a@i,j)=i+j+1
b(i,j))=i+j+2
END DO =4, j=4 c
END DO for(k=4; k<5; k++)
c[4][4] = a[4][k] * b[K][4]; 2 11 32 70 130 217 336 492 690 935
DO j=0, N 0 12 39 86 158 260 397 574 796 1068
DO i=0, | 0 O 30 83 164 278 430 625 868 1164
T 0 O 0 56 143 266 430 640 901 1218
DO k=i, | 0 0 0 0 219 392 614 890 1225
c(i, j) = c(, j) + a(i, k) * b(k, j) 0 0 0 0 0 132 311 542 8301180
END DO 0 0000 0 0 54055 0
END DO 0O 0 000 O 0 0 306683
END DO 0 0 0 0 0 O 0 0 0 380
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3 Ex1. Matrix Multiplication

/I KISTI educational Matrix a b
Multiplication problem —
/I Multiplication proble 1 2 3 4 5 6 7 8 9 10 2 3 4 5 6[7]8 9 10 11
/I Copyright (c) 2012 KIST! 0 3 45 6 7 8 9 10 11 0 4 5 6 7 /8|9 10 11 12
/I Supercomputing Center 0 0 56 7 8 9 10 11 12 0 0 6 7 89|10 11 12 13
0 0 0 7 8 9 10 11 12 13 0 0 0 8 9l10/11 12 13 14
. . |0 0 0 0|9 10[/11 12 13 14| 0 0 0 0 10(11] 12 13 14 15
#include <stdio.h> 0 0 0 0 0 11 12 13 14 15 0 0 0 0 011213 14 15 16
#define N 10 0 0 0 0 0 0 13 14 15 16 0 0 0 0 00|14 15 16 17
0O 0 000 0 0 1516 17 0 0 0 0 0|0|0 16 17 18
. . 00 0 0 0 O0 0 0 17 18 0 0 0 0 0|0|0 0 18 19
int main() 000 00O OO0 0 19 0 0 0 0 0/0[0 0 0 20
{
intijk:
int aNJIN], bINJIN], cINJIN];
for(i=0; i<N; i++) {
for(j=0; j<i; j++) {
a[i](i] = bli][i] = c[i]i] = 0;
}
for(j=i; j<N; j++){ i=4, j=5 c
afil(j] = i+j+1; for(k=4; k<6; k++)
b[i][j] = i+j+2; c[4][5] = a[4][k] * b[k][5]; 2 11 32 70 130 217 336 492 690 935
o[il] = O; 0 12 39 86 158 260 397 574 796 1068
) 0 0 30 83 164 278 430 625 868 1164
0 0 0 56 143 266 430 640 901 1218
} 0 0 0 0 90 392 614 890 1225
for(i=0; i<N; i++) 0 0 0 0 0 132 311 542 8301180
L 0 0 0 0 0 0 18 419 7161078
=i: j<N; j++
for(=i; J<N; j++) 0 0 0 0 0 0 O 240 543 914
for(k=i; k<j+1; k++) 0 000 OO 0 O 306683
c[illi] += alil[k] * b[KI[il: 0O 00 00O O 0 0 38
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3 Ex1. Matrix Multiplication

/I KISTI educational Matrix a b
/I'Multiplication problem 1 2 3 4 5 6 7 8 9 10 2 3 4 5 6[7]8 9 10 11
/I Copyright (c) 2012 KISTI 0 3 4 5 6 7 8 9 10 11 0 4 5 6 7 /8|9 10 11 12
/I Supercomputing Center 0O 0 5 6 7 8 9 10 11 12 0O 0 6 7 8 (9|10 11 12 13
00 0 7 8 9 10 11 12 13 0 0 0 8 9[10/11 12 13 14
/0 0 0 O0/[9 10//11 12 13 14| 0 0 0 0 10(11] 12 13 14 15
PROGRAM ex1 0 0 0 0 0 11 12 13 14 15 0 0 0 0 0 [12]13 14 15 16
IMPLICIT NONE 0 0 00O 0O 0 13 14 15 16 0 0 0 0 0[0]|14 15 16 17
N 0O 000 0O O 0 1516 17 0O 0 00 0|0|/0 16 17 18
INTEGER, P_ARAMETER"N‘Q 0O 000 0OO 0 0 17 18 0 0 00O 0/0/0 0 18 19
INTEGER :: i, j, k, a(0:N,0:N), b(0:N,0:N) 0 0 0 0 0 O 0 0 0 19 0 0 0 0 ololo o o0 20
¢(0:N,0:N) -
a=0
b=0
c=0
DO j=0, N
DO i=0, j
a(i,j)=i+j+1
b(i,j)=i+j+2
END DO i=4, j=5 c
END DO for(k=4; k<6; k++)
c[4][5] = a[4][k] * b[Kk][5]; 2 11 32 70 130 217 336 492 690 935
DO j=0, N 0 12 39 86 158 260 397 574 796 1068
DO i=0,] 0 0 30 83 164 278 430 625 868 1164
T 0 0 0 56 143 266 430 640 901 1218
DO k=i, ] 0 0 0 0 9 392 614 890 1225
c(i, j) =c(i, j) +a(i, k) * b(k, j) 0 0 0 0 0 132 311 542 8301180
END DO 0 0 00 0 0 O 2005 514
END DO 0 00 00 0O 0 0 3060683
END DO 00 00 0 O 0 0 0 380

SUPERCOMPUTING EDUCATION CENTER 94



Y,

= 4

Ex1. Matrix Multiplication
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}

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

#include <stdio.h>
#define N2000

int main()

int i,j,k;
int a[N][N], b[N][N], c[N][N];

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

a[i](i] = b[i]i] = ci]d] = 0;

for(j=i; J<N; j++) {

afi]i] = i+j+1;
b[i]i] = i+j+2;
cfilil=0;

for(i=0; i<N; i++)
for(j=0; j<N; j++)
for(k=0; k<N; k++)
c[i]{i] += alil[k] * bIK][l;

$ gcc —o mmO.x mat_mul.c

$ time ./mm0.x

Segmentation fault (core dumped)
$ ulimit —s 512000

$ time ./mm0.x
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3 Ex1. Matrix Multiplication

/I KISTI educational Matrix Multiplication problem $ gfortran —o mmO0.x mat_mul.f90
/I Copyright (c) 2012 KISTI Supercomputing Center $ time ./mmoO.x

Segmentation fault (core dumped)
PROGRAM ex1 limit s 512000
IMPLICIT NONE $ ulimit —s

INTEGER, PARAMETER :: N4999 $ time ./mm0.x
INTEGER ::1i, ], k, a(0:N,0:N), b(0:N,0:N), c(0:N,0:N)
a=0
b=0
c=0
DO j=0, N
DO i=0, j
ali,j)=i+j+1
b(, ) =i+]+2
END DO
END DO

DO j=0, N
DO i=0, N
DO k=0, N
c(i, j) = c(i, ) + a(i, k) * b(k, j)
END DO
END DO
END DO
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3 Ex1. Matrix Multiplication
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/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

#include <stdio.h>
#define N2000

int main()
{
int i,j,k;
int a[N][N], b[N][N], c[N][N];

for(i=0; i<N; i++) {
for(j=0; j<i; j++) {
ali][il = b[i][il = c[i]fil = 0;
}
for(j=i; j<N; j++) {
alillj] = i+j+1;
b[i][]] = i+j+2;
c[illil = 0;
}
}

for(i=0; i<N; i++)
for(j=i; j<N; j++)
for(k=i; k<j+1; k++)
c[i]{i] += alil[k] * bIK][l;

$ gcc —o mml.x mat_mul.c

$ time ./mm1.x

Segmentation fault (core dumped)
$ ulimit —s 512000

$ time ./mm1.x
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3 Ex1. Matrix Multiplication

I KISTI educational Matrix Multiplication problem $ gcc —o mml.x mat_mul.c
/I Copyright (c) 2012 KISTI Supercomputing Center $ time ./mm1.x

Segmentation fault (core dumped)
PROGRAM exl $ ulimit -s 512000

IMPLICIT NONE S
INTEGER, PARAMETER :: N4999 $ time ./mm1.x

INTEGER ::1i, ], k, a(0:N,0:N), b(0:N,0:N), c(0:N,0:N)
a=0
b=0
c=0
DO j=0, N
DO =0, j
a(i,j)=i+j+1
b(i,j))=i+j+2
END DO
END DO

DO j=0, N
DO i=0, |
DO k=i, |
c(i, j) = c(i, j) +ai, k) * b(k, j)
END DO
END DO
END DO
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Ex1. Matrix Multiplication (Apply OpenMP)

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center
#include <stdio.h>
#define N2000
int main()
{
inti,},k;
int a[N]J[N], b[N][N], c[N][N];

#pragma omp parallel for ???
for(i=0; i<N; i++) {
#pragma omp sections ???
for(j=0; j<i; j++) {
a[i][i] = bfil{il = c[i]lil = 0;
}
for(j=i; j<N; j++) {
alillj] = i+j+1;
b[i][]] = i+j+2;
c[i]fi] = 0;
}
}

#pragma omp parallel for ???
for(i=0; i<N; i++)
for(j=i; j<N; j++)
for(k=i; k<j+1; k++)
c[i]{i] += ali][k] * bIK][T;

$ export OMP_NUM_THREADS=4
$ gcc —o mm2.x mat_mul.c

$ time ./mm2.x

Segmentation fault (core dumped)
$ ulimit —s 512000

$ time ./mm2.x
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3 Ex1. Matrix Multiplication (Apnly OpenmP)

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

PROGRAM ex1
IMPLICIT NONE
INTEGER, PARAMETER :: N4999
INTEGER ::1i, ], k, a(0:N,0:N), b(0:N,0:N), ¢(0:N,0:N)
a=0
b=0
c=0

I$omp parallel do???
DOj=0,N
DO =0, j
a(i,j)=i+j+1
b(i,)=i+j+2
END DO
END DO

I$omp parallel do???
DO j=0, N
DO i=0,]
DO k=i,
c(i, J) = c(i, J) + a(i, k) * b(k, j)
END DO
END DO
END DO

$ export OMP_NUM_THREADS=4
$ gcc —o mm2.x mat_mul.c

$ time ./mm2.x

Segmentation fault (core dumped)
$ ulimit —s 512000

$ time ./mm2.x
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3 Ex1. Matrix Multiplication (Apnly OpenmP)

1967

/I KISTI educational Matrix Multiplication problem #pragma omp parallel for private(j,k)
/I Copyright (c) 2012 KISTI Supercomputing Center for(i=0; i<N; i++)
#include <stdio.h> for(=i; J<N; j++)
#define N2000 for(k=i; k<j+1; k++)
int main() c[illj] += a[i][K] * bIK][];
{ }
inti,},k;
int a[N]J[N], b[N][N], c[N][N];

#pragma omp parallel for private())
for(i=0; i<N; i++) {
for(j=0;j j<i; j++) {
a[i][j] = b[i[] = cfilli] = 0;

ior(j=i; J<N; j++) {
alillj] = i+j+1;
b[i][]] = i+j+2;
clilfi] = 0; $ export OMP_NUM_THREADS=4
} } $ gcc —o mm3.x mat_mul.c

$ time ./mm3.x

Segmentation fault (core dumped)
$ ulimit —s 512000

$ time ./mm3.x
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3 Ex1. Matrix Multiplication (Apnly OpenmP)

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

PROGRAM ex1
IMPLICIT NONE
INTEGER, PARAMETER :: N4999
INTEGER ::1i, ], k, a(0:N,0:N), b(0:N,0:N), ¢(0:N,0:N)
a=0
b=0
c=0
I$Somp parallel do private(i)
DO =0, N
DO =0, j
a(i,j)=i+j+1
b(i,)=i+j+2
END DO
END DO

I$Somp parallel do private(i,k)
DO j=0, N
DO i=0,j
DO k=i,
c(i, j) = c(i, j) + a(i, k) * b(k, j)
END DO
END DO
END DO

$ export OMP_NUM_THREADS=4
$ gcc —o mm3.x mat_mul.c

$ time ./mm3.x

Segmentation fault (core dumped)
$ ulimit —s 512000

$ time ./mm3.x

SUPERCOMPUTING EDUCATION CENTER

102



- - = = dwm‘%’*
Y Ex1. Matrix Multilication (Apply OpenMP) <

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center
#include <stdio.h>
#define N2000
int main()
{
inti,},k;
int a[N]J[N], b[N][N], c[N][N];

#pragma omp parallel for private())
for(i=0; i<N; i++) {
for(j=0;j j<i; j++) {
a[i][i] = bfil{il = c[illil = 0;
}
for(j=i; j<N; j++) {
alillj] = i+j+1;
b[i][]] = i+j+2;
c[i]fi] = 0;
}
}

#pragma omp parallel for private(j,k) schedule(dynamic,5|)
for(i=0; i<N; i++)
for(j=i; j<N; j++)
for(k=i; k<j+1; k++)
c[i]{i] += alil[k] * bIK][l;

$ export OMP_NUM_THREADS=4
$ gcc —o mm4.x mat_mul.c

$ time ./mm4.x

Segmentation fault (core dumped)
$ ulimit —s 512000

$ time ./mm4.x
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3 Ex1. Matrix Multiplication (Apnly OpenmP)

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

PROGRAM ex1
IMPLICIT NONE
INTEGER, PARAMETER :: N4999
INTEGER ::1i, ], k, a(0:N,0:N), b(0:N,0:N), ¢(0:N,0:N)
a=0
b=0
c=0
I$Somp parallel do private(i)
DO =0, N
DO =0, j
a(i,j)=i+j+1
b(i,)=i+j+2
END DO
END DO

I$omp parallel do private(i,k) schedule(dynamic,5)
DO j=0, N
DO i=0,]
DO k=i, |
c(i, j) = c(i, j) + a(i, k) * b(k, j)
END DO
END DO
END DO

$ export OMP_NUM_THREADS=4
$ gcc —o mm4.x mat_mul.c

$ time ./mm4.x

Segmentation fault (core dumped)
$ ulimit —s 512000

$ time ./mm4.x
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3 Ex2.1U Decomposition - C (SeriaD

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

#include <stdio.h>
#define N5

void LU_decomp(double A[N][N])
{
inti, j, k;
double ajj;
for(j = 0; j < N-1; j++) {
ajj = ALl0l;
if(ajj!=0.0){
for(i=j+1; i<N; i++) {
Alil[i] /= aij;
for(k=j+1; k<N; k++)
ALIIK] -= (A1 * ALIKD;

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

int main()

{
double A[N][N];
inti;

for(i=0; i<N; i++)
AJi][j] = rand() % 100 + 5.0;

for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf(“%lf “, A[i][iD);
printf(*\n”);
}
printf(*\n”);
LU_decomp(A);
for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf(“%lf “, A[i][iD);
printf(*\n”);
}
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3 Ex2. LU Decomposition - Fortran(Serial

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

PROGRAM LU
IMPLICIT NONE

INTEGER,PARAMETER :: N=5
INTEGER :: 1, ]
DOUBLE PRECISION :: A(O:N-1, 0:N-1)

DO =0, N-1
CALL random_number( A(, j) )
A(, J) = nint(A(, j) * 100) + 5.0
END DO
CALL LU_decomp(A, N);
DO =0, N-1
WRITE(*, 100) (c(i, j), j=0, N-1)
END DO

100 FORMAT(10(F8.3))
END

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

SUBROUTINE LU_decomp(A, N)
INTEGER ::1i, ], k, N;
DOUBLE PRECISION :: aji, A(0:N-1, 0:N-1)
DO j=0, N-2
ajj =Aq, i);
if(ajj!'=0.0) THEN
DO i=j+1, N-1
A, J) = A, ) 7 ajj;
DO k=j+1, N-1
Al K) = A, k) - (A, ) *AG, K) )
END DO
END DO
END IF
END DO
END SUBROUTINE
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3 Ex2. LU Decomposition - C[Paralle Step1

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

#include <stdio.h>
#define N5

void LU_decomp(double A[N][N])
{

inti, j, k; No problem ???
double aj; —
#pragma omp parallel for private(i,j,k,ajj)
for(j=0;j < N-1; j++){
ajj = AlI0T;
if(ajj!1=0.0){
for(i=j+1; i<N; i++) {
A0 /= ajj;
for(k=j+1; k<N; k++)
AlIK] -= (AL]L] * ALIKD);

}
Y ___
=0 1 =2
P |
| i=1;i<N 1 i=3;i<N
| k=1: k<N : | k=3: k<N
_ A = (ATIOPALIKD _y _ AR = (ATI2IAZII

1
I
I
I
I
I
_

T

/Il KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

int main()

{
double A[N][NJ;
inti;

for(i=0; i<N; i++)
A[i][j] = rand() % 100 + 5.0;

for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf(“%lf *, A[i][i]);
printf(“\n”);
}
printf(“\n”);
LU_decomp(A);
for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf(“%lf *, A[i][i]);
printf(“\n”);
}
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3 Ex2.1U Decomposition - Fortran(Paralle) Stept

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

PROGRAM LU
IMPLICIT NONE

INTEGER,PARAMETER :: N=5
INTEGER :: i,
DOUBLE PRECISION :: A(O:N-1, 0:N-1)

DO i=0, N-1
CALL random_number( A(i, j) )
A(i, j) = nint(A(, j) * 100) + 5.0
END DO
CALL LU_decomp(A, N);
DO i=0, N-1
WRITE(*, 100) (c(i, j), j=0, N-1)
END DO

100 FORMAT(10(F8.3))
END

| =0
|J

| doi=1, N-1
| dok=1, N-1
L AGiK) = AGLK) — (AG,0)*A(0,K) )

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

SUBROUTINE LU_decomp(A, N)
INTEGER ::1i, ], k, N;
DOUBLE PRECISION :: ajj, A(0:N-1, 0:N-1)
I$Somp parallel for private(i,j,k,ajj)
DO j=0, N-2
ajj = AQ, );
if(ajj!'=0.0) THEN
DO i=j+1, N-1
A, ) = A, J) / ajj;
DO k=j+1, N-1
Al k) = Adi, K) - (A, ) *AG k) );
END DO
END DO
END IF
END DO
I$Somp end parallel for
END SUBROUTINE

| doi=3, N-1
I do k=3, N-1

L AGLK) = AGLK) - (AG,2)*A2,K) ) |

\ No problem ?77?
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3 Ex2.1U Decomposition - CtParallel) Sten2

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

#include <stdio.h>
#define N5

void LU_decomp(double A[N][N])
{
inti, j, k;
double ajj;
#pragma omp parallel for private(i,j,k,ajj)
for(j = 0; j < N-1;j++) {
ajj = ALl0l;
if(ajj!1=0.0){
for(i=j+1; i<N; i++) {
AT /= aij;
for(k=j+1; k<N; k++)
#pragma omp atomic

AlIIK] -= (ALIID] * ALILKD);

No problem ???

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

int main()

{
double A[N][N];
inti;

for(i=0; i<N; i++)
AJi][j] = rand() % 100 + 5.0;

for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf(“%lf “, A[i][iD);
printf(*\n”);
}
printf(*\n”);
LU_decomp(A);
for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf(“%lf “, A[i][iD);
printf(*\n”);
}
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3 Ex2.1U Decomposition - Fortran(Parallel) Step?

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

PROGRAM LU
IMPLICIT NONE

INTEGER,PARAMETER :: N=5
INTEGER ::i,
DOUBLE PRECISION :: A(O:N-1, 0:N-1)

DO i=0, N-1
CALL random_number( A(i, ) )
A(i, j) = nint(A(i, j) * 100) + 5.0
END DO
CALL LU_decomp(A, N);
DO i=0, N-1
WRITE(*, 100) (c(i, j), j=0, N-1)
END DO

100 FORMAT(10(F8.3))
END

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

SUBROUTINE LU_decomp(A, N)
INTEGER ::1i, ], k, N;
DOUBLE PRECISION :: ajj, A(0:N-1, 0:N-1)
I$Somp parallel for private(i,j,k,ajj)
DO j=0, N-2
ajj = AQ, );
if(ajj!'=0.0) THEN
DO i=j+1, N-1
A, ) = A, J) / ajj;
DO k=j+1, N-1
I$Somp atomic
Al k) = Adi, K) - (A, ) *AG k) );
END DO
END DO
END IF
END DO
I$Somp end parallel for
END SUBROUTINE

No problem ?7??
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3 Ex2.1U Decomposition - CtParallel) Solution

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

#include <stdio.h>
#define N5

void LU_decomp(double A[N][N])
{
inti, j, k;
double ajj;
for(j = 0; j < N-1; j++) {
ajj = ALl0;
if(ajj'=0.0){
#pragma omp parallel for private(i,k)
for(i=j+1; i<N; i++) {
All[] /= aij;
for(k=j+1; k<N; k++)
AlIK] -= (ALI0] * ALIIKD;

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

int main()

{
double A[N][N];
inti;

for(i=0; i<N; i++)
Alillj] = rand() % 100 + 5.0;

for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf(“%lf *, ALi[]);
printf(“\n");
}
printf(“\n");
LU_decomp(A);
for(i=0; i<N; i++) {
for(j=0; j<N; j++)
printf(“%lf *, A[i[]);
printf(“\n");
}
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z <o EX2.1U Decomposition - Fortran(Parallel) Solution

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

PROGRAM LU
IMPLICIT NONE

INTEGER,PARAMETER :: N=5
INTEGER :: i,
DOUBLE PRECISION :: A(O:N-1, 0:N-1)

DO i=0, N-1
CALL random_number( A(i, j) )
A(i, j) = nint(A(, j) * 100) + 5.0
END DO
CALL LU_decomp(A, N);
DO i=0, N-1
WRITE(*, 100) (c(i, j), j=0, N-1)
END DO

100 FORMAT(10(F8.3))
END

/I KISTI educational Matrix Multiplication problem
/I Copyright (c) 2012 KISTI Supercomputing Center

SUBROUTINE LU_decomp(A, N)
INTEGER ::1i, ], k, N;
DOUBLE PRECISION :: ajj, A(O:N-1, 0:N-1)
DO j=0, N-2
ajj = AQ, );
if(ajj !'=0.0) THEN
I$Somp parallel for private(i,k)
DO i=j+1, N-1
A, ) = A, J) / ajj;
DO k=j+1, N-1
Al k) = Adi, K) - (A, ) *AG k) );
END DO
END DO
I$omp end parallel for
END IF
END DO
END SUBROUTINE
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3. Ex3. Fibonacci

Fortran C
PROGRAM fibonacci #include <stdio.h>
IMPLICIT NONE
INTEGER :: result int fibon(int n) // f(n) = f(n-1) + f(n-2)
result = fibon(MAX) {
PRINT *, “Fibonacci (¥, MAX, ") =*, result intx,y;
if(n<2) return n;
contains x=fibon(n-1);
recursive INTEGER function fibon(n) RESULT (fib) y=fibon(n-2);
IMPLICIT NONE return (x+y);
INTEGER 1 n, X,y }
if(n<2) THEN
fib=n int main()
else {
x=fibon(n-1); int result = fibon(MAX);
y=fibon(n-2); printf(*Fibonacci (%d) = %d\n”, MAX, result);
fib=x+y return O;
END function }
END
$ gfortran -DMAX=40 —o fibon.x fibonacci.f90 $ gcc —-DMAX=40 —o fibon.x fibonacci.c
$ ./fibon.x $ .ffibon.x
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i « o EX3. Fihonacci (Solution with Task]

Fortran

PROGRAM fibonacci
USE OMP_LIB or include “omp_lib.h"
INTEGER :: result
I$omp parallel
ISOMP SINGLE
result = fibon(MAX)
I$omp end SINGLE
I$omp end parallel
PRINT *, “Fibonacci (*, MAX, “) =", result
END

recursive INTEGER function fibon(n) RESULT (fib)
INTEGER ::n, X,y
if(n<2) THEN
fib=n
else
ISOMP TASK shared(x)
x=fibon(n-1)
I$omp end TASK
ISOMP TASK shared(y)
y=fibon(n-2)
I$omp end TASK
ISOMP TASKWAIT
fib=x+y
END IF
END function

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

int fibon(int n) // f(n) = f(n-1) + f(n-2)

intx,y;

if(n<2) return n;

#pragma omp task shared(x)
{ x=fibon(n-1);}

#pragma omp task shared(y)
{ y=fibon(n-2);}

#pragma omp taskwait
return (x+y);

}

int main()
{
int result;
#pragma omp parallel
{
#pragma omp single
result = fibon(MAX);
}
printf(“Fibonacci (%d) = %d\n”, MAX, result);
return O;

}

$ gfortran -DMAX=40 —o fibon2.x fibonacci2.f90
$ ./fibon2.x

$ gcc —-DMAX=40 —o fibon2.x fibonacci2.c
$ ./ffibon2.x
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3 Ex3. Fibonacci (Optimized Solution with Task)

Fortran

PROGRAM fibonacci

USE OMP_LIB or include “omp_lib.h"
INTEGER :: result, fibon

I$omp parallel

ISOMP SINGLE
result = fibon(MAX)

I$omp end SINGLE

I$omp end parallel
PRINT *, “Fibonacci (*, MAX, “) =", result

contains
recursive INTEGER function fibon(n) RESULT (fib)
INTEGER n, x , y
if(n<2) THEN
fib=n
elseif(n>30) THEN
fib = fibon(n-1) + fibon(n-2)
else
ISOMP TASK shared(x)
x=fibon(n-1)
I$omp end TASK
ISOMP TASK shared(y)
y=fibon(n-2)
I$omp end TASK
ISOMP TASKWAIT
fib=x+y
END function
END

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

int fibon(int n) // f(n) = f(n-1) + f(n-2)
{

intx,y;

if(n<2) return n;

if(n<30) return fibon(n-1)+fibon(n-2);

#pragma omp task shared(x)

{ x=fibon(n-1);}

#pragma omp task shared(y)

{ y=fibon(n-2);}

#pragma omp taskwait

return (x+y);

}

int main()
{
int result;
#pragma omp parallel
{
#pragma omp single
result = fibon(MAX);
}

printf(“Fibonacci (%d) = %d\n”, MAX, result);

return O;

}
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