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: | I ebucation center
www._kisti.re.kr

OpenMP Training Course

Part1introduction

http://www.ksc.re.kr
http://edu.ksc.re.kr




z <o Resolrces

> http://edu.ksc.re.kr

> http://lwww.openmp.org

» http://www.compunity.org

> https://computing.linl.gov/tutorials/openMP/

> http://www.citutor.orqg

> http://docs.oracle.com/cd/E19422-01/819-3694/
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3. Auenda (Basic Course)

MEM%
e

» 09:30-10:00 Motivation & Introduction to EduaatiSystem
10:00 —12:00 OpenMP Basics |

12:00 - 13:30 Lunch

13:30 — 14:50 OpenMP Basics Il

14:50 — 15:00 Break

15:00 — 16:30 OpenMP Basics Il & Hands-on

v VvV YV VYV V V

16:30—-17:00 Summary

SUPERCOMPUTING EDUCATION CENTER K
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Y. Rgenda (Basic Course} &

1967

» Motivation
—  Why OpenMP?
— Evolution of Processor
» Introduction to Education System
— Check Environment
» OpenMP Basics |
— Introduction to OpenMP
— Creating Threads [2.4, 3.2]
— Data Scope Attributes [2.4]
» OpenMP Basics Il
— Parallel Loops [2.5.1, 2.6.1]
— Synchronization [2.8.2, 2.8.5, 2.8.3]
» OpenMP Basics lll & Hands-on
— Reduction[2.4, 2.5, 2.6.1]

— Pi: formula (1), Numerical Integration (II), Montearlo (lII)

» Summary (Review)

SUPERCOMPUTING EDUCATION CENTER 4
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i‘ Agenda (Advanced Course) @

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

12:00 - 13:30 Lunch

13:30 — 14:50 Task & Schedule

14:50 — 15:00 Break

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

v VvV YV VYV V V

16:30—-17:00 Summary

SUPERCOMPUTING EDUCATION CENTER 5



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

SUPERCOMPUTING EDUCATION CENTER 6



Motivation

1. Why Paraliel Computing ?
2. Why OpenMP2




3 Why Parallel Computing

Insy
@
3

N P

» Limits of serial computing
» Solve larger problems

» Provide concurrency

» Save time and Money

> Use of non-local resources

SUPERCOMPUTING EDUCATION CENTER 8



3 Why Parallel Computing

» Shared Memory
— Single address space for all processors

Processor Processor Procassor Procassor
PR P T PR Processor Pracessor Pracessor Processor
| | | | Cacha Cache Cacha Cacha
" I | | |
Mamory Meamory Mamory Meamory
Memary || Memory || Memory || Memory ] l I I
<UMA> <NUMA>

» Distributed Memory

L
AT

iyl [ i [ el o

Processor Processor Procassor Processor
+ tathe + ¢ache + cache + tache
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3 Why Parallel Computing

» Shared Memory
— share a global memory space
— multiple cores
— cores can efficiently exchange, share data

» Distributed Memory
— each node uses its own local memory
— collection of nodes which have multiple cores

— communicate between nodes and cores via mest ﬁ
| Mechanism

SUPERCOMPUTING EDUCATION CENTER 10
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o=
. Why Parallel Computing 2 <2

» Directives-based parallel programming language(OpenMP)

— Directives tell processor how to distribute datd amrk across the
processors

— Directives appear as comments in the serial code
— Implemented on shared memory architectures

» Distributed Memory(MPI)
— Pass messages to send/receive data between psocesse
— Each process has its own local variables
— Can be used on either shared or distributed mearahjitectures

SUPERCOMPUTING EDUCATION CENTER
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ABCPL
ACE
ACT++
Active messages
Adl
Adsmith
ADDAP
AFAPI
ALWAN
AN
ANDC
AppLeS
Amoeba
ARTS
Athapascan-Ob
Aurora
Automap
bb_threads
Blaze
BSP
BlockComm
£
"C*in C
C-i =
CarlOS
Cashmere
C4
CC++
Chu
Charlotte
Charm
Charm++
Cid
Cilk
CM-Fortran
Converse
Code
COOL

SUPERCOMPUTING EDUCATION CENTER

COEEELATE
CPS
CEL
CSP
Cthreads
CUMULYVS
DAGGER
DAPPLE
Data Parallel C
DC++
DCE+
DDD
DICE.
DIPC
DOLIB
DOME
DOSMOS.
DEL
DSM-Threads
Ease
ECO
Eiffel
Eilean
Emerald
EPL
ERLANG
Express
Falcon
Filaments
M
FLASH
The FORCE
Fork
Fortran-N
FX
GA
GAMDMIA
Glenda

GLU
GUARD
HAsL
Haskell
HPC++
JAVAR.
HORUS
HPF
IMPACT
I5IS.
JAVAR
JADE
Java RMI
javaPG
JavaSpace
JIDL
Jovee
Khoros
Karma
KOAN/Fortran-S
LAAMN
Lilac
Linda
JADA
WiWWinda
ISETL-Linda
ParLin
Eilean
P4-Linda
POSYEL
Objective-Linda
LiPS
Locust
Lparx
Lucid
Alaisie
Manifold

Mentat
Legion
Meta Chaos
Midway
Millipede
CparPar
Alirage
AMpC
MOSIX
Modula-P
Modula-2*
Multipol
MPI
MPC++

Munin
Nano-Threads
NESL
NetClasses++
Nexus
Nimrod
NOW
Objective Linda
Occam
Omega
Openh P
Orca
COOF90
P++
P3iL
Pablo
PADE
PADRE
Panda
Papers
AFAPL
Para++

Paradigm

Parafrasel
Paralation
Parallel-C++
Parallaxis
ParC
ParLib-++
ParLin
Parmacs
Parti
pC
PCN
PCP:
PH
PEACE
PCU
PET
PENNY
Phosphorus
POET.
Polaris
POOMNA
POOL-T
PRESTO
P-RIO
Prospero
Proteus
pthreads
PVM
PSI
PSDM
Quake
Quark
Quick Threads
QPC++
Sage++
SCANDAL
SAM

SIMPLE
Sina
SISAL.
distributed smalltalk
SMIL
SONIC
Split-C.
SR
Sthreads
Strand.
SUIF.
Synergy
Telegrphos
SuperPascal
TCGMSG.
Threads.h++.
TreadMarks
TRAPPER
uC+
UNITY
UC
v
HC*
Visifold V-NUS
VPE
Win32 threads
WinPar
XENOOPS
XPC
Zounds
ZPL




3. Why Openmp?

» De-facto and mature standard
» An OpenMP program is portable
» (Good performance aratalability

» Requiredittle programming effort

SUPERCOMPUTING EDUCATION CENTER
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« o Evolution of Intel Processor

Pentium |

CLOCK DRIVER]

INSTRUCTION
FETCH

.
Chip area
TEB DECODE

COMPLEX
BUS INTERFAC E_ INSTRUCTION
LoGIC SUPPORT

SUPERSCALAR
INTEGER
EXECUTION

UNITS Core
PIPELINED

FLOATING
POINT.

BRANCH
PREDICTION
LoaIc

MP LOGIC

Cache

Pentium llI

SUPERCOMPUTING EDUCATION CENTER
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3 Evolution of Multi-core CPU

Penryn Bloomfield

MUltI-COre FEXL) Memory COhtroHer

Core0 | Corel

Shared L3 Cache- -
Cache :

Beckton

[ ) T2

#“Core:|"Core

,.j_ P e

SUPERCOMPUTING EDUCATION CENTER 15



3 Design for Performance

Additional Caching

New SSE4.2 Improved Lock
Instructions Support Hierarchy

f

L1 Data Cache

Execution
Units
Memeory Ordering
& Execution

Instruction
Decode &
Microcode

Out-of-Crder
Scheduling &
Retirement

Multi-Threading

L2 Cache
& Interrupt
Servieing

Faging
limproved
Branch Prediction # Loop
Streaming

Instruction Feteh
& L1 Cache

Simultaneous Better Branch

Prediction

>>| [ =

.- e Y
L iy -
&
[25:21) Read
{ =8 —eg |
Instruction [20:16] Read data 1 -
Inssruction | register 2 Zero
131:0] Read AW Ay
Instruction data2 | | mlal
memory ol
Registers
Instrucsion [15:0] _18 .'Q 2
L
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Instruction [5: 0]

Jump
\6 /Shm ;\B address
Neft2f N
|||||||||||
[31:26]
b>(0 0
° i Read M
"o Ada [25: 21]] register 1 u
x —
i Read d A x
1 Memory [20: 16]] 1 i data 1 I "
: egister 2 9
MemD: . (o) wrirRegisters ALure/;bllt‘ Ao
M o] Wit €20 fen )
) 135: 0T pnstruction| u register  gata '—' 0
o Wite Instruction [ECEEEVIN Wit 1=s|1
ata register \L/ dat; [ 2%
Instruction {0 :
70 M 1
Memory L
data ALU
register pe==t>| control Ja
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). Tick-Tock Development Model

» Moore’s Law
— The number of transistors on a chip will double about every two years

65nm 45nm 32nm 22nm 15nm 11nm 8nm

2005 2007 2009 2011° 2013 2015° 2017° 2019+
MANUFACTURING DEVELOPMENT- RESEARCH

UHI'I

anotube FET

Tick Tock Tick Tock | Tick Tock Tick Tock

| | | | |

65nm 45nm 32nm Z2Z2nm

Soa E Pen | Nehalem We l Sandy Bridge Ivy Bridge

New instructions:
SSE4 1 SSE4 2 AES Future - FMA

SUPERCOMPUTING EDUCATION CENTER
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3 Intel MIC (Many Integrated Core)

» Knights Ferry
— Software development platform
— 32 cores, 1.2 GHz
— 128 threads at 4 threads/core
— 8MB shared coherent cache

— 1-2GB GDDR5

» Knights Corner B E;
— 1stIntel MIC product i i
— 22 nm process Pl Bt

— 57~61 intel architecture cores

— 4 threads/core
— 512bit vector unit/core
— 6-8 GB GDDR5
— Scalar unit(x86) & vector unit ?
» Future Knights Products 'g:
et R

SUPERCOMPUTING EDUCATION CENTER 18



E‘ Many-core System

6000 Series Platform eTans pin B bn- = g i 6000 Series Platform

AMD. | ] ] - AMD. | ] ]

{8\ 12 {8\ 12
] ]

64 e| |Core 64 ofe| Core
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Introduction to Education Syste

1. Education System

2. Check Environment

SUPERCOMPUTING EDUCATION CENTER 21



¥ Putty &4

=l | PuTTY Al 2|2 S |
-Ed FH == H A A
e Host Mame (or IP address) Part
e | |
R ST
__-il' S e ey
T od OMAHR OTenet ORlogin @ssH O Al2lZ
ﬁg MEE Hedol 2ol MEL A2
X HAtE M ) |
D DEEHT | |
-CIolE NEEHFHY =
==k
I=RET] HQ{E}
—
- rlogin A=
m SSH =0
Al E
Saa =S B (N
Zhat (O 2rEls @a =0 0= 15!
| == |[ =sm | BRI
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¥ Putty &4

» ssh => X11 [Enable X11 forwarding]| 3
» X display location : localhost : 0.0

> save

SUPERCOMPUTING EDUCATION CENTER

=1 Teminal
- Keyboard
- Bell

- Features
=~ Window

- Appearance
- Behaviour
- Translation
- Selection
- Colours
=~ Connection
- Data

m

Options: cortroling S5H X171 forwarding |

%11 forwarding
Enable %11 forwardin
I locathost:0.0 I

* display location

Remote X171 authentication protocol
@ MIT-MagicCookie-1 71 ¥DMW-Athorization-1

[ Open || Camcel |

2 =R0M

Xming 4!

23



i‘ Putty 278
> PUTTY Security Alert il (y)] 41 Ef

#:suncodell @master0]l:~
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 &
| |

SUPERCOMPUTING EDUCATION CENTER 24



¥ Putty &4

login as :|

> edun##@XX.XXX.XXX.XXX’S password :

#pdunZ20@masterD] i~

orln 200

login gz
edunz08 |

Last login: Wed Sep ol |

pasawmrﬁ
(08:31 20011 from 150,183,108,120

998% [edun20@masterDl WJ# il

SUPERCOMPUTING EDUCATION CENTER
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Y Xming

> Freeware
> CI2EE |MO|E

— http://www.google.com | A Xminge 2 A
— http://sourceforge.net/projects/xming/

A SAEYE
M e Che e
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AH
a0

, WVIDIA Corporation

. Samsung CLX-3170 Series

. Samsung S50 Magician

, SecureCRT 5.5

. TechPowerlp GPU-Z

J Ultralso

. UTCk3.1

. WCF RIA Services V1.0 SP1

, Windows 7 USE DVD Download Tool

|, Xming |

X Uninstall Xming
X xLaunch
| | Xming on the Web

X ¥ming

THx) % Z2E

i ?ig

STV (www.gomtbv.com) |
 HIOIEZ2

1L

= T = =

 AJEZETS
¢ A BT




Y, Checking Environment

e

» Move to debugging and computing node

— Usessh
— Usage : ssh s000#
— ex) ssh s0001

» Compiler Environment
— Usemodule 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 ~]fhodule add compiler/gcc-4.4.6
[edun20@s0001 ~]fodule list
Currently Loaded Modulefiles:
1) compiler/gcc-4.4.6

27



Y Checking Environment

MEh%g
o v’}

1967

Fortran

PROGRAM hello_world
I$SOMP PARALLEL

PRINT *, ‘Hello World’
I$SOMP 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 —ohello.x hello.c
GCC : gcc—ohello.x hello.c

PGI : pgcc—ohello.x hello.c for OpenMP

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

Intel : icc—openmp—o hello_omp.x hello.c
GCC : gccfopenmp—o hello_omp.x hello.c
PGl : pgcc-mp —o hello_omp.x hello.c

SUPERCOMPUTING EDUCATION CENTER
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OpenMP Basics |

1. Introduction to OpenMP
2. Create Threads

SUPERCOMPUTING EDUCATION CENTER 29



3. Wnatis OpenMp 3

» OpenMP is
— De-facto standard API(Application Programming Interface) for
multi-thread based shared memory parallel programming
— Not a new programming language
— Notation that can be added to a sequential program
in C, C++ and Fortran

MEh%g
N v’}

» Consists of [ OpenMP ]

— Compiler Directives
— Runtime Library (Functions) ‘ ‘
— Environment Variables

Compiler Runtime Environment
Directives Library Variables

SUPERCOMPUTING EDUCATION CENTER 30
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Y. _ Components of OpenMP (1/2) &

» Compiler Directives

— communicate with the compiler on parallelism
ex) !$OMP PARALLEL DO

» Runtime Library (Functions)

— enables the setting and querying of parallel parameters such as number
of participating threads and the thread number

ex) CALL omp_set_num_threads(128)

> Environmental Variables

— define runtime system parallel parameters such as the number of threads
ex) export OMP_NUM_THREADS=8

SUPERCOMPUTING EDUCATION CENTER 31



i‘ Components of OpenMP (2/2]

e

‘»“’“"E"'%g
e

1967

Fortran

PROGRAM omp_component

INTEGER omp_get _thread nu— . . )
Compiler Directive

o

P

L o

ISOMP PARALLEL
PRINT *, ‘Hello World’, omp_get_thread_num()
ISOMP END PARALLEL
™~ Runtime Library

END

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

int main()

{

#pragma omp parallel

{
printf (“Hello World %d\n”,omp_get_thread_nun)()
} .

return O;

Compiler Directive

Runtime Library

}

$ gfortran-fopenmp—o0 omp_component.x omp_component.fo0
$ export OMP_NUM_THREADS=4

$ ./Jomp_component.x \ . .
Environment Variable

$ gcc—fopenmp-0 omp_component.x omp_component.c
$ export OMP_NUM_THREADS=4

$ ./Jomp_component.x \ . .
Environment Variable -

» OpenMP Syntax

Fortran C

Compiler Directive

I$OMP <directive>

#pragma omp <directive>

Runtime Library omp_

omp_

Environmental Variable OMP_

OMP_

SUPERCOMPUTING EDUCATION CENTER
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Y Creating Threads (1/4)

Fortran

PROGRAM create_thread
IMPLICIT NONE
INTEGEROmMp_get_thread _num

ISOMP PARALLEL

PRINT *, ‘Hello World’, omp_get_thread _num()
ISOMP END PARALLEL

print *, ©

CALL omp_set_num_threads(4)
ISOMP PARALLEL

PRINT *, ‘Hello World’, omp_get_thread _num()
ISOMP END PARALLEL

print*, ©
ISOMP PARALLEL num_threads(2)

PRINT *, ‘Hello World’, omp_get_thread _num()
ISOMP END PARALLEL

END

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

int main()

{

#pragma omp parallel

{
}

printf (“Hello World %d\n”, omp_get_thread_nun)()

printf(*\n”);
omp_set_num_threads(4);
#pragma omp parallel

{

printf (“Hello World %d\n”, omp_get_thread_nun)()
}

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

printf (“Hello World %d\n”, omp_get_thread_nun)()
}

return O;
}

$ export OMP_NUM_THREADS=8
$ ./create_thread.x

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

$ gcc—fopenmp-o create_thread.x create_thread.c
$ export OMP_NUM_THREADS=8
$ ./create_thread.x

SUPERCOMPUTING EDUCATION CENTER
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Y. Creating Threads (2/4) <

» Parallel Region

Fortran C

#pragma omp parallel

{
}

I$SOMP PARALLEL
I$SOMP END PARALLEL

» Set number of thread
— Environment Variable : export OMP_NUM_THREADS = xxx
— Runtime Library : omp_set _num_threads(xxx)
— Directive : #pragma omp parallel num_threads(xxx)

» Runtime libraries related to thread
— omp_set_num_threads(integer) : Affects the number of threads
— omp_get _num_threads() : Returns the number of threads in the current team
— omp_get_thread _num() : Returns the ID of the encountering thread
— omp_get _max_threads()
— omp_get num_procs()
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), Creating Threads (3/4)

#pragma omp parallel ISOMP PARALLEL export OMP_NUM_THREADS = 8
/ { /
| | | | | | |
printf(......); printf(......); printf(......); printf(......); printf(......); printf(......); printf(......); printf(......);
| | | | | | |
\ } I$OMP END PARALLEL
omp_set_num_threads(4)
#pragma omp parallel I$SOMP PARALLEL
{
/ | | |
printf(......); printf(......); printf(......); printf(......);
| | |
\ } I$OMP END PARALLEL
#pragma omp parallel num_threads(2) ISOMP PARALLEL num_threads(2)
{
/ : /
printf(......); printf(......);

| : } ISOMP END PARALLEL
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3. Creating Threads (4/4)

» OpenMP Programming Model
— Thread-Based
— Fork-Join Model

» Fork-Join Model
— The master thread spawns a team of threads
that joins at the end of the parallel region
— Threads in the same team can collaborate
to do work

SUPERCOMPUTING EDUCATION CENTER
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) Create Threads (Exercise)

Fortran

PROGRAM create_thread?2
INTEGER ??

Il print number of threads
PRINT *, “threads =", ???

Il create 3 threads

Il print thread id and number of threads
PRINT *, “tid =¥, ???‘threads =*,2?7?

Il end multi threads

II' print number of threads
PRINT *, “threads ="??7?

Il create 5 threads usirignvironment Variable
Il print thread id and number of threads

PRINT *, “tid”, ??7 “threads =",7??
I'end multi threads

II' print number of threads
PRINT *, “threads =",777?

END

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

int main()

/I print number of threads
printf(“threads = %d\n"???);
Il create 3 threads

/[ print thread id and number of threads
printf(“tid = %d threads = %d\n"??7 ??7;

/I print number of threads
printf(“threads = %d\n”;??7);

Il create 5 threads usimgivironment Variable

{

/ print thread id and number of threads
printf(“tid = %d threads = %d\n"??7 ??7;

/I print number of threads
printf(“threads = %d\n"???);

return O;

SUPERCOMPUTING EDUCATION CENTER
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) Create Threads (solution)

Fortran C
PROGRAM create_thread2 #include <stdio.h>
IMPLICIT NONE #include <omp.h>
INTEGEROmMp_get_num_threads, omp_get_thread _num | int main()
{
PRINT *, “threads =*,omp_get_num_threads() printf(“threads = %d\n"omp_get_num_threads))
ISOMP PARALLEL num_threads(3) #pragma omp parallel num_threads(3)
PRINT *, “tid =%, omp_get_thread _num(), & {
“threads =*,omp_get_num_threads() printf(“tid = %d threads = %d\n”,
I$OMP END PARALLEL omp_get_thread_num@mp_get_num_threadsy)
}

PRINT *, “threads =",omp_get _num_threads()

printf(“threads = %d\n"pomp_get_num_threads))
ISOMP PARALLEL

PRINT *, “tid”, omp_get_thread_num(), & #pragma omp parallel
“threads =",omp_get _num_threads() {
I$OMP END PARALLEL printf(“tid = %d threads = %d\n”,
omp_get_thread_num@mp_get_num_threads))
PRINT *, “threads =",omp_get _num_threads() }
printf(“threads = %d\n"omp_get_num_threads))
END
return O;
}
$ exportOMP_NUM_THREADS5 $ exportOMP_NUM_THREADS5
$ gfortran -fopenmp -o create_thread2.x create_thread2.f90 $ gcce -fopenmp -o create_thread2.x create_thread2.c
$ ./create_thread2.x $ ./create_thread2.x
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3 Data Scope Attribute (1/7)

Fortran

PROGRAM hello_wrong
INTEGER tid, omp_get_thread_num
CALL omp_set_num_threads(4)

ISOMP 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 *, “ lam’,omp_get_thread num()tid =", tid { . _
ISOMP END PARALLEL th = omp_get_th_read_num(b/;sleep(l), _
printf (“I am %d tid = %d\n”,omp_get_thread _num(®id);

}

END return O;
}

int tid;
I
(Thread 0) (Thread 1) (Thread 2) (Thread 3)

tid = omp_get_thread_num();

printf(...); printf(...);

~ \

tid = omp_get_thread_num();

tid = omp_get_thread_num(); tid = omp_get_thread_num();
printf(...); printf(...);

| —1
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3 Data Scope Attribute (1/7)

omp_set_num_threads(4)
I

int tid; #pragma omp parallel I$OMP PARALLEL
7’
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid
printf("l am %d tid=%d¥n",0,tid); printf("l am %d tid=%d¥n",1,tid); printf("l am %d tid=%d%#n",2,tid); printf("I am %d tid=%d¥n",3,tid);
| | | |
\\(Thread 0) (Thread 1) (Thread 2) (Thread 3)
\
} I$OMP END PARALLEL
Memory store tid 0 (Thread 0)
L S store tid 1 (Thread 1)
Vs \\
/ \ )
I/ \ store tid 2 (Thread 2)
\
II k
| load tid
l ,' printf("I am %d tid=%d#n",0,tid); (Thread 0)
\
\ 1
\ / load tid
\\ ,/ printf("I am %d tid=%dWn", 1 tid); (Thread 1)
\ /7
N 4 o
Mo - _ 7 .
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3 Data Scope Attribute (1/7)

omp_set_num_threads(4)

|
int tid; #pragma omp parallel I$OMP PARALLEL
.-~
7’
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid
printf("l am %d tid=%d¥n",0,tid); printf("l am %d tid=%d¥n",1,tid); printf("l am %d tid=%d%#n",2,tid); printf("I am %d tid=%d¥n",3,tid);
| | | |
\\(Thread 0) (Thread 1) (Thread 2) (Thread 3)
\
} I$OMP END PARALLEL
Scenario Memory store tid 0 (Thread 0)
$ Ja.out L store tid 1 (Thread 1)
1 1 Ve
| | /
e : I’ store tid 2 (Thread 2)
1
1 load tid
I tid 0 printf("I am %d tid=%d#n",0,tid); (Thread 0)
\
' load tid
\ oad ti
\\ printf("I am %d tid=%dWn", 1 tid); (Thread 1)
\
N
~
~ ~
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3 Data Scope Attribute (1/7)

omp_set_num_threads(4)

|
int tid; #pragma omp parallel I$OMP PARALLEL
.-~
7’
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid
printf("l am %d tid=%d¥n",0,tid); printf("l am %d tid=%d¥n",1,tid); printf("l am %d tid=%d%#n",2,tid); printf("I am %d tid=%d¥n",3,tid);
| | | |
\\(Thread 0) (Thread 1) (Thread 2) (Thread 3)
\
} I$OMP END PARALLEL
Scenario Memory store tid 0 (Thread 0)
$ Ja.out L store tid 1 (Thread 1)
1 1 Ve
| | /
e : I’ store tid 2 (Thread 2)
1
1 ) load tid
| tid 1 printf('l am %d tid=%dwn"0tid);; ~ (Thread 0)
\
' load tid
\ oad ti
\\ printf("I am %d tid=%dWn", 1 tid); (Thread 1)
\
N
~
~ ~
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3 Data Scope Attribute (1/7)

omp_set_num_threads(4)

|
int tid; #pragma omp parallel I$OMP PARALLEL
e
7
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid
printf("l am %d tid=%d¥n",0,tid); printf("l am %d tid=%d¥n",1,tid); printf("l am %d tid=%d%#n",2,tid); printf("I am %d tid=%d¥n",3,tid);
| | | |
\\(Thread 0) (Thread 1) (Thread 2) (Thread 3)
\
} I$OMP END PARALLEL
Scenario Memory store tid 0 (Thread 0)
| $ .Ja.out i R - s S store tid 1 (Thread 1)
i | 4 \
1 ! / \ .
S : I’ \ store tid 2 (Thread 2)
! \
I 1 load tid
| tid 2 ! printf('l am %d tid=%dwn"0tid);; ~ (Thread 0)
\
\ 1
\ / load tid
\\ ,/ printf("I am %d tid=%dWn", 1 tid); (Thread 1)
\ /
N ’
\\ ’,/
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3 Data Scope Attribute (1/7)

omp_set_num_threads(4)

|
int tid; #pragma omp parallel I$OMP PARALLEL
|-~
7’
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid
printf("l am %d tid=%d¥n",0,tid); printf("l am %d tid=%d¥n",1,tid); printf("l am %d tid=%d%#n",2,tid); printf("I am %d tid=%d¥n",3,tid);
| | | |
\\(Thread 0) (Thread 1) (Thread 2) (Thread 3)
\
} I$OMP END PARALLEL
Scenario Memory store tid 0 (Thread 0)
' $ .Ja.out R ] TS N store tid 1 Th
! ) . read 1
rlamQOtid=2 | e AN | )
| : / \
i : I/ \ store tid 2 (Thread 2)
L e e e ! \\
I 1 load tid
| tid 2 ,- > orintf('I am %d tid=%dwn"0tid);  (Thread 0)
\
\ 1
\ / load tid
\\ ,/ printf("I am %d tid=%dWn", 1 tid); (Thread 1)
\ /
N ’
\\ ’,/
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3 Data Scope Attribute (1/7)

omp_set_num_threads(4)

|
int tid; #pragma omp parallel I$OMP PARALLEL
|-~
7’
store tid 0 store tid 1 store tid 2 store tid 3
load tid load tid load tid load tid
printf("l am %d tid=%d¥n",0,tid); printf("l am %d tid=%d¥n",1,tid); printf("l am %d tid=%d%#n",2,tid); printf("I am %d tid=%d¥n",3,tid);
| | | |
\\(Thread 0) (Thread 1) (Thread 2) (Thread 3)
\
} I$OMP END PARALLEL
Scenario Memory store tid 0 (Thread 0)
' $ .Ja.out R ] store tid 1 Th
. _ ! read 1
lamOtid=2 | e ( )
| HP - : /
i lam 1tid=2 | I/ store tid 2 (Thread 2)
Lo o) i
1 load tid

printf("I am %d tid=%d#n",0,tid); (Thread 0)

load tid
printf('l am %d tid=%d¥n",1,tid); (Thread 1)

-
—
o
N
!
\ /
\ /
\ ’
N\ /
N 4
N '
~ ”
~ ‘__’/
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3 Data Scope Attribute (2/7)

Fortran

PROGRAM hello_wrong
INTEGEROmMp_get_thread _num
callomp_set_num_threads(4)

I$SOMP PARALLEL
INTEGER tid P Not allowed
tid = OMP_GET_THREAD_NUM()

PRINT *, ‘l am’, &
OMP_GET_THREAD_NUM()&

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

int main()

{
omp_set_num_threads(4);
#pragma omp parallel

inttid =omp_get_thread _num();
printf (“I am %d tid = %d\n",omp_get_thread num(id);

“TID =" tid }
ISOMP END PARALLEL
END return O;
}
I
(Threlad 0) (Thread 1) (Thread 2) (Thread 3)

| |
int tid = omp_get_thread_num(); int tid = omp_get_thread_num();
printf("l am %d tid=%d¥n",0,tid); printf("I am %d tid=%d%#n",1,tid);

L~ AN

int tid = omp_get_thread_num(); int tid = omp_get_thread_num();
printf("I am %d tid=%d%n",2,tid); printf("I am %d tid=%d%#n",3,tid);

/| e
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3 Data Scope Attribute (3/7)

Fortran C
PROGRAM hello_right #?nclude <stdio.h>
INTEGER tid,omp_get_thread_num #include <omp.h>
int main()
CALL omp_set_num_threads(4) {
ISOMP PARALLEL PRIVATE(tid) int tid:
tid = OMP_GET_THREAD_NUM() omp_set_num_threads(4);
PRINT *, ‘l am ', OMP_GET_THREAD_NUM()* tid =", tid | #pragma omp parallel private(tid)
ISOMP END PARALLEL { )
tid =omp_get_thread _num()
printf (“I am %d tid = %d\n”,omp_get_thread _num(id);
END }
return O;
}
int tid;
RN
#pragma omp parallel private(tid)
|
(Threiad 0) \ (Thread 1) (Thread 2) (Thread 3)
I \ | I |
int tid = omp_ get_thread_num() int tid = omp_ get_thread_num() int tid = e get_thread_num() int tid = et get_thread_num();
printf(...) prlntf prlntf printf(...)
- - -~ Memory

—
-———_————_
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3 Data Scope Attribute (4/7)

Fortran C

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

INTEGER ::i=10, tidomp_get_thread _num

int main()
call omp_set_num_threads(4) {
ISOMP PARALLEL PRIVATE(tid) FIRSTPRIVATE(i) inti =10, tid,
tid=OMP_GET_THREAD_NUM()
PRINT *, ‘tid =, tid, i =", i omp_set_num_threads(4);
i = 20 #pragma omp parallel private(tid) firstprivate(i)
ISOMP END PARALLEL {

tid = omp_get_thread_num()

RS Sva
print*, ‘tid =", tid, 1=, 1 printf (“tid = %d i = %d\n”, tid, i);

I = 20;
END }
printf(“tid = %d i=%d\n”, tid, i);
return O;
}
$ gfortran -fopenmp -o firstprivate.x firstprivate.f90 $ gcce -fopenmp -o firstprivate.x firstprivate.c
$ [irstprivate.x $ [firstprivate.x
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10N

Y. Data Scope Attribute (5/7) &

1967

omp_set_num_threads(4)
I

int =10, tid

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

! | |
) mt tidthreadO ) int. tidthreadl int tidthreadz int tidthread3
_____ Int lthreado =10 Int Ithreadlzlo int ithreadzzlO int i’chread3:10

/’/ ] \\\ tidthreadO:O tid’chreadlzl tidthreadZ:Z tidthread3=3
K tid \ | | I I
|' ‘| ithread0:20 ithreadllzzo ithread|2:20 ithreadi%:20

I

Y i 10 ) (Thrdad 0) (Thread 1) (Thread 2) (Thread 3)

N !

\\ //
|;/| “““ printf(tid=%d i=%d%n", tid, i);
emory
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Y. Data Scope Attribute (5/7) &

10N

1967

omp_set_num_threads(4)
I

int i=10, tid
#pragma omp parallel private(tid) firstprivate(i)
I | I
) Iﬂ'lE tldthreadO ) Int. tldthreadl int tidthreadz int tidthread3
——————— / INt Ihreado =10 INt lihreaq1 =10 int lthread2=10 INt ipreaqs =10
e RN | I | |
/’/ tid \\\ tidthreaciIO:O tidthrealdlzl tidthread2:2 tidthread3:3
’ \ I [
/ : : : :
|' ‘| |thread0:20 |thread1:20 Ithread2:20 Ithread3:20
I | | |
Voo 10 10 K (Thrdad 0) _ (Thread 1) (Thread 2) (Thread 3)
‘. 10 10 )/
\\\ 10 ///

e ———

SUPERCOMPUTING EDUCATION CENTER

printf(tid=%d i=%d¥%n", tid, i);
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Y. Data Scope Attribute (5/7) &

10N

1967

omp_set_num_threads(4)
I

int i=10, tid
#pragma omp parallel private(tid) firstprivate(i)
I | I
) Iﬂ'lE tldthreadO ) Int. tldthreadl int tidthreadz int tidthread3
_______ Int lthreado =10 Int Ithreadlzlo int ithreadzzlO int i’chread3:10
e RN | I | |
,’/ tid 0 \’ tidthreacilozo tidthrealdlzl tidyeada=2 tid i eaq3=3
’ | I
3
/ 1 : : : :
|' 2 ‘| |thread0:20 |thread1:20 Ithread2:20 Ithread3:20
I | | |
Voo 10 10 K (Thrdad 0) _ (Thread 1) (Thread 2) (Thread 3)
AN 10 10 )/
\\\ 10 ///
"""" printf(tid=%d i=%d#n", tid, i);
Memory

SUPERCOMPUTING EDUCATION CENTER
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Y. Data Scope Attribute (5/7) &

10N

1967

omp_set_num_threads(4)
I

int i=10, tid
#pragma omp parallel private(tid) firstprivate(i)
! | I
) Iﬂ'lE tldthreadO ) Int. tldthreadl int tidthreadz int tidthread3
_______ Int lthreado =10 Int Ithreadlzlo int ithreadzzlO int i’chread3:10
e RN | I | |
/’/ tid 0 \\\ tidthreaciIO:O tidthrealdlzl tidthread2:2 tidthread3:3
’ | I
3
/ 1 : : : :
|' 2 \‘ |thread0:20 |thread1:20 Ithread2:20 Ithread3:20
I | | |
Voo 10 20 K (Thrdad 0) _ (Thread 1) (Thread 2) (Thread 3)
\\ 20 20 //
\\\ 20 ///
"""" printf(tid=%d i=%d#n", tid, i);
Memory

SUPERCOMPUTING EDUCATION CENTER
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Y. Data Scope Attribute (5/7) &

SUPERCOMPUTING EDUCATION CENTER

10N

1967

omp_set_num_threads(4)
I

int =10, tid

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

| | |
) mt tidthreadO ) int. tidthreadl int tidthreadz int tidthread3
INt Ihreado =10 INt lhrean =10 int lthread2=10 INt ipreaqs =10

. tidthreacilozo tidthrealdfl tidthre‘adZ:Z tidreads=3
\ |
‘| ithread0:20 ithreadllzzo ithread|2:20 ithreadi%:20
I
) (Thrdad 0) (Thread 1) (Thread 2) (Thread 3)

printf(tid=%d i=%d¥%n", tid, i);
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3. Data Scope Attribute (6/T)

Fortran C
PROGRAM shared #include <stdio.h>
INTEGER a(0:9), tid, ipmp_get_thread_num #include <omp.h>
int main()
CALL omp_set_num_threads(4) int a[10], tid, i:
ISOMP PARALLEL SHARED(a)PRIVATE(tid) omp_set_num ireads(4); 1);
tid = OMP_GET THREAD ] NUM() #pragma omp paral shared(a) (a) private(tid)
a(tid) =tid + 1 _ )
ISOMP END PARALLEL tid = omp_get_thread_num()
aftid] = tid + 1,
_ }
DO =0, 3‘ o for(i=0; i<4; i++)
print*, ‘a(’, i, ) =", a(i) printf(“a[%d] = %d\n”, i, a[i]);
END DO
return O,
END }
int a[10], tid; s BREN
, 7 g S N
(Threlad 0) (Thread 1) (Thread 2) (Thread 3) 7> a N
I 1 ¥ ¥ \
tid = 0 tid = 1 tid = 2 tid = 3 J 1|2(3|4 Y
aftid] = tid + 1; aftid] = tid + 1; aftid] = tid + 1; aftid] = tid + 1; l I
- * ‘>/‘/ !
/
\\ /
\ /
AN /’
N ~ _ -,
Memory
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3. Data Scope Attribute (6/T)

Fortran C
PROGRAM data_scope_private_array #include <stdio.h>
INTEGER a(0:9), tid, ipmp_get_thread_num #include <omp.h>
int main()
{
CALL omp_set_num_threads(4) int a[10], tid, i;
omp_set_num ireads(4); });
I$OMP PARALLEL PRIVATE(a)PRIVATE(tid) #pragma omp paral private(a)(a) private(tid)
tid = OMP_GET_THREAD_NUM() .
a(tid)y=tid+ 1 tld.= omp_get_thread_num()
I$SOMP END PARALLEL } aftid] = tid + 1;
DO i=0, 3 e for(i=0; i<4; i++)
PRINT*. ‘(. 1,9 =, a() printf(“ald%d] = %d\n", i, afi);
END DO
return O,
END }

int a[10], tid;
(Threlad 0) (Thread 1) (Thread 2) (Thread 3)
tid=10 tid=1 tid = 2 tid = 3
aftid] = tid + 1; aftid] = tid + 1; aftid] = tid + 1; aftid] = tid + 1;
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z « o Thread and Process

void foo()

{
inta, b, c, d;
a=10;

5;
2,
4

o O T
I

#pragma omp parallel \
private(c,d) \
num_threads(2)

{
c=a+10;
d=b+5;
a=-a+l,

}

}

$ gcc -fopenmp -0 foo.x foo.a
$ ./foo.x

SUPERCOMPUTING EDUCATION CENTER

Process 1 Process 2
Thread 1 Thread 1
PC
PC
Stack
Stack
a b a b
c d c d
inta, b, ¢, d; inta, b, c, d;
a=10, b=5, c=2, d=4; a=10, b=5, c=2, d=4;
#pragma omp ... #pragma omp ...
{ {
c=a+ 10; c=a+ 10;
d=b+5; d=b+5;
a=a+1; a=a+1;
} }
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x « o Thread and Process

void foo()

{

inta, b, c, d

#pragma omp parallel \
private(c,d) \
num_threads(2)

{
c=a+10;
d=b+5;
a=-a+l,

}

}

$ gcc -fopenmp -0 foo.x foo.a
$ ./foo.x

SUPERCOMPUTING EDUCATION CENTER

Process 1

Thread 1

PC

Stack

inta, b, c, d;

Pa=10, b=5, c=2, d=4;
#pragma omp ...

{
c=a+10;
d=b+5;
a=a+1;

}
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x « o Thread and Process

void foo()

{
inta, b, c, d;
a=10;

5;
2,
4

o O T
I

#pragma omp parallel \
private(c,d)\
num_threads(2)

{
c=a+10;
d=Db+5;
a=-a+l,

}

}

$ gcc -fopenmp -0 foo.x foo.a
$ ./foo.x

SUPERCOMPUTING EDUCATION CENTER

private(c

_~ private(c,d)

Process 1
Thread 1 Thread 2
PC PC
Stack Stack
a b
10 5
(] d
2 4
d)~y] © d c d
inta, b, c, d
a=10, b=5, c=2, d=4;
#pragma omp ...
{ <
c=a+ 10;
d=b+5;
a=a+1;
}
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x « o Thread and Process

void foo()

{
inta, b, c, d
a=10;

5;
2,
4

o O T
I

#pragma omp parallel \
private(c,d) \
num_threads(2)

{
c=a+10;
d=b+5;
a=-a+l,

}

}

$ gcc -fopenmp -0 foo.x foo.a
$ ./foo.x

SUPERCOMPUTING EDUCATION CENTER

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

#pragma omp ...

{

» c=a + 10;

Process 1
Thread 1 Thread 2

PC PC
Stack Stack
a b

10 5
c d

2 4

c d c d
12 12
inta, b, c, d;

-

d=b+5;
a=a+1;

}

MEM%
e

1967
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x « o Thread and Process

void foo()

{
inta, b, c, d;
a=10;

5;
2,
4

o O T
I

#pragma omp parallel \
private(c,d) \
num_threads(2)

{
c=a+10;
d=b+5;
a=-a+l,

}

}

$ gcc -fopenmp -0 foo.x foo.a
$ ./foo.x

SUPERCOMPUTING EDUCATION CENTER

Process 1

Thread 1 Thread 2

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

{

c=a+10;

PC PC
Stack Stack
a b

10 5
c d

2 4
c d c

12 9 12
inta, b, c, d;

» d=Db+5; <
a=-a-+1;

}

MEM%
e

1967
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i‘ Thread and Process

Process 1
_Thread 1 Thread 2
void foo() Thread 1  Thread 2 | MEMORY: | | MEMORY: |
{  a=10 i1 a=10 :
inta, b, ¢, d; | CPU { | CPU: i
a=10: i a=10+1 i a=10+1
b=5: PC PC va=11 1. a=11
. ' MEMORY: ! ! MEMORY : !
c=2 a=11 | ia=11 !
d=4; Stack Stack AT D - |
a b

#pragma omp parallel \ 10 5
private(c,d) \ _Thread 1 Thread 2 _
num_threads(2) e d MEMORY: E
( 2 4 L a=10 o |
c=a+10; c d c d 1 CPU : Lo
d=b+5; 12 9 12 9 Azt o
a=a+1,; a= Do :
| . MEMORY: | : :
\ nta b0 LAz b -
a=10, b=5, c=2, d=4 , MEMORY. |
$ gcc -fopenmp -0 foo.x foo.c #pragma omp ... p a=11 |
$ ./foo.x { + CPU: :
c=a+10; v a=11+1
d=b+5; L a=12 i
»a=a+l < \ MEMORY: !
} i a=12 ;
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x « o Thread and Process

void foo()

{
inta, b, c, d
a=10;

5;
2,
4

o O T
I

#pragma omp parallel \
private(c,d) \
num_threads(2)

{
c=a+10;
d=b+5;
a=-a+l,

}

}

$ gcc -fopenmp -0 foo.x foo.a
$ ./foo.x

SUPERCOMPUTING EDUCATION CENTER

Process 1
Thread 1
PC
Stack
a b
?2? 5
c d
2 4
inta, b, c, d;

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

{

c=a+10;
d=b+5;
a=a+1;

)

"
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). Data Scope Attribute (Exercise)

1967

MEh%g
o v’}

Fortran

PROGRAM data_scope_exercise
INTEGER ::i=10, a(0:11), tid, ...
Il create 4 threads

Il'assign a rray index + | to each element of array
lex) a(0) =10, a(1) =11, a(2) =12, ... ,a(11) =21

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

int main()

{
int =10, a[12], tid;

Il create 4 threads
/[ assign array index + i to each element of array

DO =0, 11 ~ B B _
PRINT *, ‘a(", i, 9) =, a) /Il ex) a[0] = 10, a[1] = 11, a[2] = 12, ..., a[11] = 21
END DO for(i=0; i<12; i++)
END printf(“a[%d]=%d\n", i, a[i]);
return O;
}
a(0) a(1) a(2) a(3) a(11) a[0] al1] a[2] a[3] a[11]
10| 11| 12]13] ... | 21 | 10| 12| 12| 13| | 21 |
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) Data Scone Attribute (Solution)

Fortran C
PROGRAM data_scope_sol #include <stdio.h>
INTEGER :: i=10, a(0:11), tid, omp_get_thread_num #include <omp.h>
int main()

CALL omp_set_num_threads(4)
inti=10, a[12], tid,
ISOMP PARALLEL shared(a) private(tid) firstprivate(i)

tid = omp_get_thread_num() omp_set_num_threads(4),

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

i=1+td
a(tid+0) = i+0; a(tid+4) =i+4; a(tid+8) =i+8 tid = omp_get_thread_num();
ISOMP END PARALLEL I=1+td; . . : :
I or a[tid+0] = i+0; a[tid+4] = i+4; a[tid+8] = i+8;
ISOMP PARALLEL shared(a) private(tid) firstprivate(i) J /l or
tid = omp_get_thread_num() * 3 #pragma omp parallel shared(a) private(tid) firstprivate(i)
I =1+tid _
a(tid+0) = i+0; a(tid+1) = i+1; a(tid+2) = i+2 I“g i:+°{i'(‘j|?—get—thread—””m() "3
ISOMP END PARALLEL altid+0] = i+0; a[tid+1] = i+1; altid+2] = i+2;
}
DO i=0, 11 for(i=0: i<12: i+4)
PRINT *, ‘a(, i, 9) =, ai) or(i=0; i<12, i+4) o
END DO printf(“a[%d]=%d\n", i, a[i]);
return O;
END }

$ gfortran -fopenmp -0 data_scope_sol.x data_scope_sol.fo0 | $ gcc -fopenmp -0 data_scope_sol.x data_scope_sol.c
$ ./data_scope_solution.x $ ./data_scope_solution.x
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) Data Scone Attribute (Solution)

Fortran C
[method 1] [method 1]
tid = omp_get_thread_num() tid = omp_get_thread_num();
=i+ td I =i+ tid;

a(tid+0) = i+0; a(tid+4) = i+4; a(tid+8) =i+8

[method 2]
tid = omp_get _thread _num() * 3
i =i +tid
a(tid+0) = i+0; a(tid+1) = i+1; a(tid+2) =i+2

a[tid+0] = i+0; a[tid+4] = i+4; a[tid+8] = i+8;

[method 2]
tid = omp_get_thread_num() * 3;
i =i+ tid;
atid+0] = i+0; aftid+1] = i+1; aftid+2] = i+2;

[method 1]
tid 1
id0
Vv v v Vi
L T T T T T T T T T

[method 2]
tid 1
EEEER "o
aL L T T T T T T T T ]
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OpenMP Basics Il

1. Paraliel Loops

2. Synchronization
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3. Parallel Loops

N
cJ

1967

Fortran

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>
#define N 20

int main()
{
int tid = 0;
inti;
int istart=0, iend=N;

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

return O;

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

$ gcc -fopenmp -o serial_loop.x serial_loop.c
$ ./serial_loop.x
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3. Parallel Loops

MEh%g
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Fortran

PROGRAM parallel_loop
INTEGER, PARAMETER :: N=20

call omp_set_num_threads(4)

ISOMP PARALLEL private(tid, istart, iend)
tid = omp_get_thread_num()
istart=??7?; iend=??? !l hint: tid, N, 4
DO i=istart, iend

PRINT *, ‘Hello World’, tid, i
END DO
I$SOMP END PARALLEL

INTEGER :: tid, i, istart, iend, omp_get_thread _num

#include <stdio.h>
#include <omp.h>
#define 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="?7 iend=?7 // hint : tid, N, 4
for(i=istart; i<iend; i++)
printf(“Hello World %d %d\n”, tid, i);

END } return O;

}
Hello World 0 0 Hello World 1 5 Hello World 2 10  Hello World 3 15
Hello World 0 1 Hello World 1 6 Hello World 2 11 Hello World 3 16
Hello World 0 2 Hello World 1 7 Hello World 2 12 Hello World 3 17
Hello World 0 3 Hello World 1 8 Hello World 2 13 Hello World 3 18
Hello World 0 4 Hello World 1 9 Hello World 2 14  Hello World 3 19
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Y Parallel Loops &

omp_set_num_threads(4)

#pragma omp parallel ISOMP PARALLEL
- ,{
| =3 Z ”
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)
‘
~
~
s ~
} I$OMP END PARALLEL
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3. Parallel Loops

N
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1967

Fortran

PROGRAM parallel_loopl
INTEGER, PARAMETER :: N=20

INTEGER::tid, i, istart, iendpmp_get thread num
CALL omp_set_num_threads(4)

ISOMP PARALLEL private(i, 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, i
END DO
ISOMP END PARALLEL

END

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

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

return O;

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

$ gcc -fopenmp -o parallel_loopl.x parallel_loopl.c
$ ./parallel_loopl.x
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3. Parallel Loops
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e

1967

Fortran

PROGRAM parallel_loop2
INTEGER, PARAMETER :: N=20

INTEGER ::tid, i, istart, iend, nthreads, &
omp_get_thread_num, omp_get_num_threads

CALL omp_set_num_threads(4)
ISOMP PARALLEL private(i, 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
I$SOMP END PARALLEL

END

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

int main()
{
int i, tid, istart, iend, nthreads;
omp_set_num_threads(4);
#pragma omp parallel private(i,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);
}

}

return O;

$ gfortran -fopenmp -o parallel_loop2.x parallel_loop2.f90
$ ./parallel_loop2.x

$ gcc -fopenmp -o parallel_loop2.x parallel_loop2.f90

$ ./parallel_loop2.x
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3. Parallel Loops

Fortran

PROGRAM parallel_loop
INTEGER, PARAMETER :: N=20

INTEGER :: tid, i,

callomp_set_num_threads(4)
ISOMP PARALLEL private(i,tid,
tid = omp_get_thread_num()

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

END

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

int main()

{
inti, tid (

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

tid = omp_get_thread_num();

for(i=0 - I<N ;i+)
printf(“Hello World %d %d\n”, tid, i);
}
return O;
}
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3. Parallel Loops
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1967

Fortran

PROGRAM parallel_for
INTEGER, PARAMETER :: N=20
INTEGER :: tid, i,omp_get_thread_num

CALL omp_set_num_threads(4)
ISOMP PARALLEL private(tid) i : shared??
tid = omp_get_thread_num()

I$SOMP DO
DO i=0, N-1
PRINT *, ‘Hello World’, tid, i
END DO
ISOMP END DO !!l[optional]
ISOMP END PARALLEL

END

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

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, i);

return O;

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

$ gcc -fopenmp -o parallel_for.x parallel_for.c
$ ./parallel_for.x
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3. Parallel Loops

1967

» Without #pragma omp for

omp_set_num_threads(4)

tid =0 tid =0 tid =0 tid =0
for(i:Q; 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")
| ] | J
[(Thread 0) (Thread 1) (Thread 2) (Thread 3)

» With #pragma omp for

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

omp_set_num_threads(4) orNtf("00c")

#pragma omp for

inti, tid =0 inti, tid =1 int i, tid = 2 int i, 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")
|(Thread 0) (Thread 1) (Thread 2) (Thread 3)
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3. Parallel Loops

MEM%
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1967

Fortran

C

ISOMP PARALLEL private(tid)
tid = omp_get_thread_num()
DO i=0, N-1
print *, “Hello World”, tid, i
END DO
ISOMP 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);

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

#pragma omp parallel private(tid)
{

tid = omp_get_thread_num();
#pragma omp for

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

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

» Work Sharing
— Distribution of work across threads

— Dol/for, Sections/section, Single, Task construct, etc.
— ¢f) SPMD (Single Program Multiple Data), WORKSHARE clause in Fortran
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3. Parallel Loops

N
cJ

1967

Fortran

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

#pragma omp parallel

{

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

printf(“Hello World %d \n”, i);

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

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

printf(“Hello World %d %d\n”, i);

» OpenMP shortcut

— Combined parallel/worksharing construct
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3 Parallel Loops - Inner(dot) Product (Serial)
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Fortran

PROGRAM inner_product

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

DO i=0, N-1
A() = i+1
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>
#include <omp.h>
#define N 20

int main()

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

for (i=0; i<N; i++) {
afi] = i+1;
b[i] = i+2;

}

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

printf(“sum = %d\n”, sum);

return O;

}

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

$ gcc -fopenmp -0 inner_product.x inner_product.f90
$ inner_product.x
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x « o Paraliel Loops - Inner(dot) Product (Parallel)

Fortran

PROGRAM inner_product

INTEGER, PARAMETER :: N=20
INTEGER :: i, tid, sum=0

INTEGER, DIMENSION(O:N-1) :: A, B
INTEGER, DIMENSION(0:3) :: C

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

Il set # of threads = 4
Il create threads
tid =!! get thread index
C(tid)=0
I worksharing
DO i=0, N-1
C(tid) = C(tid) + A(i) * B(i)
END DO
II'join threads
DO =0, 3
sum = sum+C(i)
END DO
PRINT *, “sum =", sum

END

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

int main()

{
inti, tid, sum=0;
int a[N], b[N], c[4];

for(i=0; i<N: i++) {
afi] = i+1; b[i] = i+2;
}

/] set # of threads = 4
/] create threads
{
tid =// get thread index
c[tid] = 0O;
Il 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);
}
return O;
}
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3. Parallel Loops

omp_set_num_threads(4)

MEM%
e

#pragma omp parallel ISOMP PARALLEL
{
(Thread 0) / (Thread 1) (Thread 2) (Thread 3)
tid =0 tid =1 tid = 2 tid = 3

for(i=0; i<5; i++) for(i=5; i<10; i++)
c[0] += a[i] * bl[i]; c[1] += a[i] * bl[i];

for(i=10; i<15; i++) for(i=15; i<20; i++)

c[2] += ali] * b[i];

c[3] += ali] * b[i];

.

}

for(i=0; i<4; i++)
sum += c[i];
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3. Parallel Loops - BLAS1 Innerdot) Product

Fortran

PROGRAM inner_product_omp
INTEGER, PARAMETER :: N=20

INTEGER :: i, tid, sum=0,0mp_get_thread _num
INTEGER, DIMENSION(O:N-1) :: A, B
INTEGER, DIMENSION(0:3) :: C

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

CALL omp_set_num_threads(4)
ISOMP PARALLEL private(tid)

tid = omp_get_thread_num()

C(tid)=0

I$OMP DO

DO i=0, N-1

C(tid) = C(tid) + A(i) * B(i)

END DO

ISOMP END PARALLEL

DO i=0, 3

sum = sum+C(i)
END DO
PRINT *, “sum =", sum

END

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

int main()

inti, tid, sum=0;
int a[N], b[N],c[4];

for(i=0; i<N; i++) {
afi] = i+1; b[i] = i+2;

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

tid = omp_get_thread_num();
c[tid] = 0;
#pragma omp for
for(i=0; i<N; i++)
c[tid] += a[i] * bi];

}
for(i=0; i<4; i++)
sum += c[i];
printf(“sum = %d\n”, sum);
return O;
}

$ gcc -fopenmp -0 inner_product.x inner_product.fo0
$ ./inner_product_omp.x

$ gcc -fopenmp -0 inner_product_omp.x inner_product_omp.c
$ ./inner_product_omp.x
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x « o Synchronization - BLAS1 Inner(dot] Product

Fortran

PROGRAM inner_product_omp?2
INTEGER, PARAMETER :: N=20

INTEGER ::i,tid, sum,
INTEGER, DIMENSION(O:N-1) :: A, B
INTEGER, DIMENSION(0:3) :: C

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

CALL omp_set_num_threads(4)
ISOMP PARALLEL private(tid)
tid = omp_get_thread_num()
C(tid) =0
I$SOMP DO
DO i=0, N-1
sum = sum + A(i) * B(i)
END DO
ISOMP END PARALLEL

DO i=0, 3

sum = sum+C(i)
END DO
PRINT *, “sum =", sum

END

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

int main()

{
inti, tid, sum=0;
int a[N], b[N].c[4];

for(i=0; i<N: i++) {
afi] = i+1; b[i] = i+2;
}

omp_set_num_threads(4);
#pragma omp parallelrivate(tid)

tid = omp_get_thread_num();

c[tid] = O;
#pragma omp for
for(i=0; i<N; i++)
cltid] sum += a[i] * byi];

}
for(i=0; i<4; i++)
sum += cfi];
printf(“sum = %d\n”, sum);
return O;
}
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i‘ synchronization - BLAS1 Inner(dot) Product

Fortran

PROGRAM wrong_inner_prod
INTEGER, PARAMETER :: N=20

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

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

CALL omp_set_num_threads(4)
ISOMP PARALLEL
I$OMP DO

DO i=0, N-1

sum = sum + A(i) * B(i)

END DO
ISOMP END PARALLEL

PRINT *, “sum =", sum

END

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

int main()
{
int 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++)
sum += a[i] * bli];

printf(“sum = %d\n”, sum);

return O;

}

$ gfortran -fopenmp -0 wrong_inner_prod.x wrong_inner_prod.
$ ./ wrong_inner_prod.x
( Different results value when repeated run.)

99 gcc -fopenmp -0 wrong_inner_prod.x wrong_inner_prod.c

$ ./wrong_inner_prod.x

( Different results value when repeated run.)
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Y Synchronization

int sum
omp_set_num_threads(4)

) #pragma omp parallel ISOMP PARALLEL
s |
/

(Thread 0) z/ (Thread 1) (Thread 2) (Thread 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++)

sum += a[i]*b[i]}a[i]*b[i]: sum += a[i]*bl[il; sum += al[i]*blil;
sum %
\
\
\
\
\
A 1$OMP END PARALLEL
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x « o Synchronization - BLAS1 Inner(dot] Product

Fortran

PROGRAM inner_prod_critical
IMPLICIT NONE
INTEGER, PARAMETER :: N=20
INTEGER :: i, sum=0
INTEGER, DIMENSION(O:N-1) :: A, B

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

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

PRINT *, “sum =¥, sum

END

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

int main()

{
inti, 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 criticalnamel)
sum += a[i] * bli];
}
printf(*sum = %d\n”, sum);

return O;

$ .Jinner_prod_critical.x

$ gfortran-fopenmp -o inner_prod_critical.x inner_prod_ critical.f9G gcc -fopenmp -o inner_prod_critical.x inner_prod_critical.c

$ ./inner_prod_critical.x
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x « o Synchronization - BLAS1 Inner(dot] Product

Fortran

PROGRAM inner_prod_atomic
IMPLICIT NONE
INTEGER, PARAMETER :: N=20
INTEGER :: i, sum=0
INTEGER, DIMENSION(O:N-1) :: A, B

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

CALL omp_set_num_threads(4)
ISOMP PARALLEL
I$OMP DO
DO i=0, N-1
ISOMP ATOMIC
sum = sum + A(i) * B(i)
END DO
ISOMP END PARALLEL

print *, “sum =", sum

END

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

int main()

{
inti, 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] * byil;
printf(“sum = %d\n”, sum);

return O;

$ .Jinner_prod_atomic.x

$ gfortran-fopenmp -0 inner_prod_atomic.x inner_prod_atomic.§9@ gcc -fopenmp -o inner_prod_atomic.x inner_prod_atomic.c

$ ./inner_prod_atomic.x
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Y Synchronization
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Fortran

C

ISOMP PARALLEL
DO i=0, 99
ISOMP CRITICAL("1)
CALL sub(a,b)
ISOMP END CRITICAL
END DO
I$SOMP END PARALLEL

I$SOMP PARALLEL
DO i=0, 99
ISOMP ATOMIC
a=a+b
END DO
ISOMP END PARALLEL

#pragma omp parallel
{
for (i=0; i<100; i++) {
#pragma omp criticai(l)
funcl(a,b);
}
}

#pragma omp parallel
{
for (i=0; i<100; i++) {
#pragma omp atomic
a+=b;
}
}

» Synchronization

— Imposing order constraints and protecting access to shared data
» High level synchronization

— critical, atomic, barrier, ordered
» Low level synchronization

— flush, locks

» critical vs atomic
— critical : Only one thread at a time can enter a critical region, distinguished by name

— atomic : Only applies to the update of a memory location
Like mini-critical section
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Y BARRIER
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Fortran

PROGRAM barrier
INTEGERomp_ get_thread num

CALL omp_set_num_threads(4)

ISOMP PARALLEL
PRINT *’Atid =*, omp_get_thread_num()

ISOMP BARRIER
PRINT */B tid =*, omp_get_thread_num()
ISOMP END PARALLEL

END

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

int main()

omp_set_num_threads(4);
#pragma omp parallel

printf (“A tid = %d \n”, omp_get_thread_num());

#pragma omp barrier
printf (“B tid = %d \n”, omp_get_thread _num());
}

return O;

» BARRIER

— The BARRIER directive synchronizes all threads in the team

— When a BARRIER directive is reached, a thread will wait at that point until all other
threads have reached that barrier. All threads then resume executing in parallel the

code that follows the barrier

— must be reached by all threads in team before any thread can proceed
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Y Synchronization (Exercise)
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Fortran

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

sum = sum + local_sum
END DO
Il'join threads
print *, ‘sum =‘, sum

END

#include <stdio.h>
#define N 100

int main()

{

inti, sum = 0, local_sum;

/I set number of threads
/] create threads

{
local_sum = 0;
for(i=1; i<=N; i++)
local_sum = local_sum + i;
sum = sum + local_sum;
}
printf(“sum = %d\n”, sum);
return O;
}
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3 Synchronization (Solution)

Fortran

PROGRAM sync_solution
IMPLICIT NONE
INTEGER, parameter :: N=100
INTEGER:: i, sum=0, local_sum

CALL omp_set_num_threads(4)
ISOMP PARALLEL private(local_sum)
local sum=0

I$SOMP DO
DO =1, N

local_sum = local_sum + i
END DO

ISOMP ATOMIC
sum = sum + local_sum
I$SOMP END PARALLEL

print *, ‘'sum =, sum

END

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

int main()

{

inti, sum = 0, 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
/I sum = sum + local_sum; // compile error
sum += local_sum;

printf(“sum = %d\n”, sum);

return O;

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

$ gcc -fopenmp -0 sync_solution.x sync_solution.c
$ ./sync_solution.x
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i « o Synchronization (Solution) - Using Environmental Variable

Fortran

C

PROGRAM sync_solution
IMPLICIT NONE
INTEGER, parameter :: N=100
INTEGER:: i, sum=0, local_sum

ISOMP PARALLEL private(local_sum)
local sum=0

I$OMP DO
DOi=1, N

local_sum = local_sum + i
END DO

ISOMP ATOMIC
sum = sum + local_sum
ISOMP END PARALLEL

PRINT *, ‘'sum =, sum

END

#include <stdio.h>
#define N 100

int main()

{

inti, sum = 0, local_sum,;

#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 += local_sum;

printf(“sum = %d\n”, sum);

return O;

$ gfortran -fopenmp -0 sync_solution2.x sync_solution2.f90
$ export OMP_NUM_THREADS#
$ ./ sync_solution2.x

$ gcc -fopenmp -0 sync_solution2.x sync_solution2.c
$ export OMP_NUM_THREADS#
$ ./ sync_solution2.x
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OpenMP Basics Il

1. Reduction
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i < o Reduction - BLAS1Inner(dot) Product

Fortran

PROGRAM sync_atomic
IMPLICIT NONE
INTEGER, PARAMETER :: N200000
INTEGER :: 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)
ISOMP PARALLEL
I$OMP DO
DO i=0, N-1
ISOMP ATOMIC
sum = sum + A(i) * B(i)
ENDDO
ISOMP END PARALLEL

PRINT *, “sum =¥, sum

END

#include <stdio.h>
#include <omp.h>
#define N200000

int main()
{
int 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] * bli];

printf(“sum = %d\n”, sum);

return O;

}

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

$ gcc -fopenmp -0 sync_atomic.x sync_atomic.c
$ ./sync_atomic.x
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i < o Reduction - BLAS1Inner(dot) Product

Fortran

PROGRAM reduction
IMPLICIT NONE
INTEGER, PARAMETER :: N200000
INTEGER :: i, sum=0
INTEGER, DIMENSION(O:N-1) :: A, B

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

CALL omp_set_num_threads(4)
ISOMP PARALLEL
ISOMP DO reduction(+: sum)
DO i=0, N-1
sum = sum + A(i) * B(i)
END DO
ISOMP END PARALLEL

PRINT *, “sum =¥, sum

END

#include <stdio.h>
#include <omp.h>
#define N200000

int main()

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

for(i=0; i<N; i++) {
ali] = i+1; 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] * bli];
}
printf(*sum = %d\n”, sum);
return O;
}

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

$ gcc -fopenmp -o reduction.x reduction.c
$ ./reduction.x
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i < o Reduction - BLAS1Inner(dot) Product

Fortran

PROGRAM reduction_shortcut
IMPLICIT NONE
INTEGER, PARAMETER :: N200000
INTEGER :: i, sum=0
INTEGER, DIMENSION(O:N-1) :: A, B

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

CALL omp_set_num_threads(4)
ISOMP PARALLEL DO reduction (+ : sum)
DO i=0, N-1
sum = sum + A(i) * B(i)
END DO
I$SOMP END PARALLEL DO

PRINT *, “sum =¥, sum

END

#include <stdio.h>
#include <omp.h>
#define N200000

int main()

{
inti, 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 for reduction (+:sum)
for(i=0; i<N; i++)
sum += a[i] * bl[i];

printf(*sum = %d\n”, sum);

return O;

}

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

$ gcc -fopenmp -o reduction_short.x reduction_short.c
$ ./reduction_short.x
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Y Reduction

int sum
omp_set_num_threads(4)

MEM%
e

(Thrqad 0) (Thread 1) (Thread 2) (Thread 3)
| | | |
sum sum sum sum
for(i=0; i<5; i++) for(i=5; i<10; i++) for(i=10; i<15; i++) for(i=15; i<20; i++)
sum += ali]*bli]; sum += ali]*bl[i]; sum += ali]*bli]; sum += ali]*b[i];
sum
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Y,

<. Reduction

» Reduction Operators : Fortran

G
&
)

Operator Data Types Initial Value
+ integer, floating point (complex or real) 0
* integer, floating point (complex or real) 1
- integer, floating point (complex or real) 0
AND. logical TRUE
.OR. logical FALSE
EQV. logical TRUE
NEQV. logical FALSE.
MAX integer, floating point (real only) st |24
MIN integer, floating point (real only) I35t X|CHEr
IAND integer all bits on
IOR Integer 0
IEOR Integer 0
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Y Reduction

» Reduction Operators : C

%
R 1

10N

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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x « o Reduction (Exercise1) - Factorial

MEM%
e

1967

Fortran

PROGRAM reduction_exercise
INTEGER, PARAMETER :: N=10

INTEGER :: i, fac=1
DO i=1, N

fac=fac*i
END DO

PRINT *, “factorial =, fac

END

#include <stdio.h>
#define N 10

int main()

{

inti, fac = 1;

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

printf(“factorial = %d\n”, fac);

return O;

$ gfortran -o factorial.x factorial.f90
$ ./factorial.x

$ gcc -o factorial.x factorial.c
$ ./factorial.x
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3 Reduction (Solution)

MEM%
e

1967

Fortran

PROGRAM reduction_solution
IMPLICIT NONE
INTEGER, PARAMETER :: N=10
INTEGER :: i, fac=1

CALL omp_set_num_threads(4)
ISOMP PARALLEL DO reduction(*:fac)
DO =1, N
fac =fac* i
END DO
ISOMP END PARALLEL DO

PRINT *, “factorial =", fac

END

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

#define N 10

int main()

{
inti, fac = 1;
omp_set_num_threads(4);

#pragma omp parallel for reduction (*:fac)
for(i=1; i<=N; i++)

fac *=1;

printf(“factorial = %d\n”, fac);

return O;

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

$ gcc -fopenmp -o factorial_sol.x factorial_sol.c
$ ./factorial_sol.x
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3. Reduction (Exercise2)

» 1. Modify inner(dot) product using reduction

» 2. Compare time among atomic, local _sum and reductio
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Summary

1. Review

2. common problems
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3. Review

» OpenMP Compile Option
— GCC: -fopenmp, Intel : -openmp, PGI : -mp

» 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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3. Parallel Block (1/2)

Fortran

PROGRAM wrong_parallel_block
IMPLICIT NONE
INTEGEROomp_get_thread_num

call omp_set_num_threads(4)

goto 100

ISOMP PARALLEL

100 IF (omp_get thread numg=1) &
goto 200

ISOMP END PARALLEL

200 continue

ISOMP PARALLEL
IF (omp_get_thread_num&= 1) THEN
ISOMP BARRIER
END IF
ISOMP END PARALLEL

END

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

int main()

{
omp_set_num_threads(4);
goto L1;

#pragma omp parallel

{
L1:
if( omp_get_thread_numg=1)
goto L2;
}
L2:
#pragma omp parallel
{
if( omp_get_thread_num&=1) {
#pragma omp barrier
}
}
return O;
}
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on

3 Parallel Block (2/2) <>

master thread l master thread

FOR FORK
Not allowed

team team
Deadlock

JOIN JOIN

4/ Not allowed l

Only exit() is possible inside parallel region
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3 Fork-loin Model W

» Fork-Join Model
— Master thread forks new threads at the beginning parallel regions

=

master thread

At this point,
How many threads exist?
team 4? 57
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3 Fork-loin Model

Fortran C
master thread PROGRAM fork_join_test #include <stdio.h>
INTEGER :: a(0:3),tid #include <omp.h>
fork 3 threads INTEGERomp_get_thread num
a=0 int main()
{
CALL omp_set_num_threads(4) inta[4] = {0}, tid;
ISOMP PARALLEL private(a, tid)
tid = omp_get_thread _num() omp_set_num_threads(4);
a(tid) = tid #pragma omp parallel private(a,tid)
PRINT *, ‘a(’, tid, ") =, a(tid), ‘& {
in’, tid, ’-th thread’ tid =omp_get_thread _num()
a(0) =100 aftid] = tid;
ISOMP END PARALLEL printf(“a[%d] = %d in %d-th thread\n’
tid, aftid], tid);
PRINT *, “a(0) =*, a(0) a[0] = 100;
}
END printf(*a[0] = %d\n”, a[0]);
return O;
}
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3 Fork-loin Model

tid| [ ] private(a,tid)

#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[16] = 100;
}
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3. Parallel Loops [1/3)

N
cJ

1967

Fortran

PROGRAM wrong_parallel_loop
IMPLICIT NONE
INTEGER, PARAMETER :: N=20

INTEGER :: tid, i,omp_get thread _num

CALL omp_set_num_threads(4)
ISOMP PARALLEL private(tid)
tid = omp_get_thread_num()

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

END

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

int main()
{
int tid, i;
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);
}
return O;
}
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10N

Y. Parallel Loops (2/3) &

omp_set_num_threads(4)
1

int i, tid
#pragma omp parallel ISOMP PARALLEL
i & ? z
Store | Store | Store | Store |
Load i Load i Load i Load i
Increse | Increse | Increse | Increse |
Store | Store | Store | Store |
tid =0 tid = 1 tid = 2 tid = 3
for(i=0; i<20; i++) for(i=0; i1<20; i++) for(i=0; i<20; i++) for(i=0; i1<20; i++)
printf(“xxx") printf(“xxx") printf("xxx") printf(“xxx")
(Thread 0) (Thread 1) (Thread 2) (Thread 3)
IS
N
N
N
} I$OMP END PARALLEL
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3. Parallel Loops (3/3)

N
cJ

1967

Fortran

PROGRAM nested_parallel_do
IMPLICIT NONE
INTEGER, PARAMETER :: N=20

INTEGER :: tid, i,omp_get thread _num

CALL omp_set_num_threads(4)
ISOMP PARALLEL private(tid)
tid = omp_get_thread_num()
ISOMP PARALLEL DO !l ???
Il netsted parallel (tomorrow)
DO i=0, N-1
PRINT *, ‘Hello World’, tid, i
END DO
ISOMP END PARALLEL

END

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

int main()

{
int tid, i;

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

{

tid = omp_get_thread_num();

#pragma omp parallel for // ??7?

Il nested parallel (tomorrow)

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

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

}

return O;
}
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x « o Synchronization : critical optioniname) (1/2]

Fortran

PROGRAM sync_test
IMPLICIT NONE
CALL omp_set_num_threads(4)
ISOMP PARALLEL
I$OMP CRITICAL (n1)
CALL sleep(1)
I$OMP END CRITICAL (n1)
I$SOMP CRITICAL (n2)
CALL sleep(1)
I$OMP END CRITICAL (n2)
ISOMP END PARALLEL

END

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

int main()

{

omp_set_num_threads(4);

#pragma omp parallel

| YN8
#pragma omp critical (n1)

I A
#pragma omp critical (n2)
s 8088

return O; 1s 2s 3s 4s b5s

$ gfortran -fopenmp -0 sync_test.x sync_test.fo0
$ time ./ sync_test.x
real 0m5.014s

$ gcc -fopenmp -0 sync_test.x sync_test.c
$ time ./ sync_test.x
real 0m5.024s
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x « o Synchronization : critical option(name] (2/2)

Fortran

PROGRAM sync_test
IMPLICIT NONE
CALL omp_set_num_threads(4)
ISOMP PARALLEL
I$OMP CRITICAL (n1)
CALL sleep(1)
I$OMP END CRITICAL (n1)
I$OMP CRITICAL (n1)
CALL sleep(1)
I$OMP END CRITICAL (n1)
ISOMP END PARALLEL

END

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

int main()

{

omp_set_num_threads(4);

#pragma omp parallel
{ S8

#pragma omp critical (N1) =2 — = = = = = — — — —-

{ sleep(1); }
#pragma omp critical (n1)
{ sleep(1); }

}

return O; 2s 4s 6s 8s

$ gfortran -fopenmp -0 sync_test.x sync_test.fo0
$ time ./ sync_test.x
real Om8.015s

$ gcc -fopenmp -0 sync_test.x sync_test.c
$ time ./ sync_test.x
real 0m8.013s
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x ‘g ICV (Internal Gontrol Variahile)

» The number of threads : nthreads-var

» The dynamic adjustment of threads : dyn-var

» Runtime schedule type and chunk size : run-sched-va
» To enable or to disable nested parallelism : negaed

[ Constructs ]

Environment
[ OpenMP Exec J [ OpenMP AP ] [ Variables ]

T ——

Insy
@
3

N P

ol

Ref. : Parallel Programming with OpenMP, BSC (Barcelona Supercomputing Center), Spain
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Hands-on

1. Pi:fomula

2. Pi:Numerical Integration
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3 ext. Formula Pi

» Pi calculation for Formulas
1. There are many formulas ofof many series.
2. Gregory and Leibniz found

T oo (1)K 1 1
— = = 1 — —+ — — LN ]
4 Z 2k — 1 375

k=1

o (_1}k+1

4
2k—1

k=1

HHHHHHHHHHHHHHHHHHHHH
5.1 ‘HHHHHUUUUUUUUUUUuuum

90 20 30 40 o "
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3 ext. Formula P

Fortran

C

Il KISTI educational Pl calculation
I Copyright (c) 2012 KISTI Supercomputing Center

PROGRAM Pi_cal3
IMPLICIT NONE
I Number of count
INTEGER(KIND=8), PARAMETER :: num_cnt=100000000
INTEGER(KIND=8) ::1i
DOUBLE PRECISION :: pi

WRITE(*,200)
pi = 0.0d0

DO i=0, num_cnt-1
pi = pi + 4.0d0 * (dble(-1)**i/ dble(2*i+1))
ENDDO

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

100 FORMAT(“PI =, F17.15, “(Error =*, E11.5,")")
200 FORMAT(* "
STOP

END PROGRAM

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

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

int main() {
const long num_cnt=100000000;
long i;
double pi;

printf(* \n”);
pi = 0.0;

for (i=0; i<num_cnt; i++)
pi += 4.0 * (double)pow(-1,i) / (double)(2*i+1);

printf(“Pl = %17.15If (Error = %e)\n”, pi, fabs(acos(-1.0)-pi));
printf(* \n”);

return O;

$ gfortran —o formular_pi.x formula_pi.fo0
$ ./formular_pi.x

$ gcc —o formular_pi.x formula_pi-m
$ ./formular_pi.x
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Y. ex2. Numerical Integration Pi &

» Pi calculation for Numerical integration

J-l 4 X = tané
> dx
01+ X dx=sec¢ 8 do

:>j4 —seC 6 db
0 1+tar

=>j 4xcos 8———db
cos’ 9

3_[54d9=n

X, = (2—0.5)><% X, :(n—0.5)><%
x1:(1—0.5)><%
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i‘ ex2. Numerical Integration Pi

Fortran

C

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

PROGRAM Pi_cal
IMPLICIT NONE
II' Number of steps
INTEGER(KIND=8), PARAMETER :: num_step=100000000
INTEGER :: i
DOUBLE PRECISION :: sum, step, pi, X
step = (1.0d0/dble(num_step))
sum = 0.0d0
WRITE(*,200)

DO i=0, num_step-1

x = (dble(i)-0.5d0)*step

sum = sum + 4.0d0/(1.0d0+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(* "
STOP

END PROGRAM

/I KISTI educational PI calculation
/I 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 = (1.0/(double)num_step);
sum=0.0;
printf(* \n");
for (i=0; i<num_step; i++) {
X = ((double)i - 0.5) * step;
sum += 4.0/(1.0+x*x);

}
pi = step * sum;

printf(“P1 = %5If (Error = %e)\n”, pi, fabs(acos(-1.0)-pi));
printf(* \n");

return O;

}

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

$ gcce -fopenmp -0 pi_cal.x pi_cal.c -Im
$ ./pi_cal.x
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3 ex3. Monte carlo Pi
® Monte carlo Method for Pi

1. A circle with radius r=1 inscribed within a square.
2. The area of the circle is mr? = m1? = n

3. And the area of the square is (2r)2 = 22 = 4

4 number of points of in the Circle
e TT =~ 4- X .
total number of points
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3 ex3. Monte carlo Pi

Fortran

C

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

PROGRAM Pi_cal3
IMPLICIT NONE
INTEGER(KIND=8), PARAMETER :: num_cnt=100000000
INTEGER(KIND=8) :: i, cnt
DOUBLE PRECISION :: pi, X, y, r

WRITE(*,200)
pi=0.0d0: c¢nt=0; r=0.0dO;
DO i=0, num_cnt-1
CALL random_number(x)
CALL random_number(y)
r = sqrt(x*x + y*y)
IF (r<=1) THEN
cnt=cnt+1
ENDIF
ENDDO
pi = 4.0d0 * dble(cnt) / dble(num_cnt)
WRITE(*, 100) pi, dabs(dacos(-1.0d0)-pi)
WRITE(*, 200)
100 FORMAT(“PI =", F17.15, “(Error =%, E11.5,")")
200 FORMAT(" ")
STOP

END PROGRAM

// KISTI educational Pl calculation
/I Copyright(c) 2012 KISTI Supercomputing Center

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

int main() {

}

const long num_step=100000000;
long i, cnt;
double pi, X, Y, r;

printf(*

pi = 0.0;

cnt=0;

r=0.0;

for (i=0; i<num_step; i++) {
x =rand() / (RAND_MAX+1.0);
y =rand() / (RAND_MAX+1.0);
r = sqgrt(x*x + y*y);

if (r<=1) cnt +=1;

pi = 4.0 * (double)(cnt) / (double)(num_step);
printf(“Pl = %17.15If (Error = %e)\n”, pi, fabs(acos(-1.0)-pi)
printf(“

return O;

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

$ gcce -fopenmp -0 pi_monte.x pi_monte.c -Im
$ ./pi_monte.x
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