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Goal

* Parallel computing

* MPI based parallel computing

* Practical applications
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Contents

Brief introduction to MPI
MPI basics

MPI practice

It’s neither complicated nor bloated.
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how to use mpi_bcast in fortran

Google

how to mpi program in fortran
how to use mpi_bcast in fortran
how to see private instagram
how to train your dragon

how to

how to train your dragon 3

how to write an essay

how to draw

how to make slime

how to say hello in korean

B2 37, 2= B0 BE2 QE 0| S7hE 0] QUL
SRX|2H, RO S7H & SiESS 20| At7| HOE RIS 7| QIefAlL 7]

how to check the number of cpus in linux X i | !, Q
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Z1 2f 110,000,0007H (0.63%)

A 74

You can use one of the following command to find the number of physical CPU
cores including all cores on Linux:

1. Iscpu command

2. cat /proc/cpuinfo

3. top or htop command

4. nproc command

5. hwinfo command

6. dmidecode -t processor command

7. getconf _NPROCESSORS_ONLN command

2020. 1. 11

www.cyberciti.biz > faq > check-how-many-cpus-are-ther.
Check how many CPUs are there in Linux system - nixCraft
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=" stackoverflow

24 million questions/35 million answers in 2023

github.com
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FileZilla - The free FTP solution



https://filezilla-project.org/

Mobaxterm

HEROA T AR 7SS
ssh/sftp

C & mobaxterm.mobatek.net e % 0O

wMobaXterm ) Demo Features Download Plugins Help Contact f i Buy
¥

MobaXterm

Enhanced terminal for Windows with X11 server, tabbed SSH client, network tools and much more

emacs
xclock - Dn File Edit Options Buffers Tools Help

:L:’R@H v DR S %R

glxgears - o IEl
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Embedded Xserver: display remote applications on your Windows computer




ls _ltra Editors
Vi

A SR F LT A emacs
pico
mkdlr abc :set showmatch
:set paste
Cd abC :syntax off
Is Dos2Unix / Unix2Dos - Text file format converters

mv aa aal

Convert text files with DOS or Mac line breaks to Unix line breaks and vice versa.

cp aa bb

https://www.cyberciti.biz/fag/howto-unix-linux-convert-dos-newlines-cr-If-unix-text-format/

o= BALE ) A Z EAE who] HER sS4 .



Supercomputer?
Why Parallel Computing?

 Large-scale calculations

* Fast calculations (optimization?)

* www.top500.0org

 Save time - wall clock time (1 day vs 1 week)
* speed of light (30 cm/nanosecond)

* Performance/price

(3 x 108 m/s)(Zx= 2F 30Tt km)

git clone https://github.com/inholeegithub/summer2022.git

11



von Neumann computer

S Iscpu
Architecture: x86_64

Execute
(manipulate data
Fetch as programed)

.

CPU op-mode(s): 32-bit, 64-bit

Byte Order: Little Endian
O Memory CPU(s): 40

On-line CPU(s) list: 0-39

sysctl -a | grep machdep.cpu

CPU gets instructions and/or data from memory,
decodes the instructions and then sequentially performs them.

Serial € - Parallel

12



associative property of addition

. -38 39
associative property of multiplication SP: 10 10

. NS 7 decimal precision
commutative distributive DP : 10308 10308

15 decimal precision
(1+2)+3 =1+(2+3)

Truncation Error :
Increasi ng accuracy

.
O
.
o
(a) (b)

(1+2)+3 1+(2+3) €
[ N et .F}
¥ 4 2

3 +3 1+ 5 s
l 2

6 = 6 E

(c) (d)

Atske A7 OHE S
A x| o] A AFSH= CPUZF A 2 v 2t}

* Accuracy: how closely a computed or measured value agrees with the true values.
* Precision: how closely individual computed or measured values agree with each other.

13



CPU & Memory

Shared Memory?f Distributed Memory

IBM SP (pre-Power3 nodes,
IBM SP Power3 Nodes, Regatta (Power4) servers, Clusters of uniprocessor nodes
SGI Power Challenge Series, Sun Enterprise Series

Hybrid Distributed-Shared Memoryz

Clusters of SMPs,
IBM SP Series,
SGI Origin Series

14



Levels of parallelism

Data parallel (fine-grained parallel)
OpenMP and HPF Directive-based data-parallel _
Parallel execution of DO loops in FORTRAN

Task parallel (coarse-grained parallel)

MPI, PVM (message passing) Inter-process communication Python 2>
multiprocessing

Very general model

Hardware platforms

Great control over data location and flow in a program
Higher performance level (scalability)

Programmer has to work hard to implement!

brew install open-mpi 15



Some General Parallel Terminology

* Observed Speedup (wc-serial/wc-parallel) Scalability
» Granularity (coarse, fine)

Computation / Communication Ratio
* Synchronization

e Communications

The purpose of parallelization is to reduce the time spent for computation. Ideally, the parallel program is p
times faster than the sequential program, where p is the number of processes involved in the parallel execution,
but this 1s not always achievable.

16



speedup s, =21

1p

p is the number of processors.
Ty is the execution time of the algorithm with p processors.

Not CPU time, but wall-clock time reference

10 20 30 40 50 60
Number of processors

http://en.wikipedia.org/wiki/Speedup



Embarrassingly parallel

* |ittle or no communication of results between tasks

* Rendering of computer graphics
* Genetic algorithms, Particle swarm optimization

o2 7Hoe| ZEOE =0 M X 2|5} gheH Embarrassingly Parallel Examples
Master-slave mode £ X 2|5}= g2

l ‘l’ ‘l’ Embarrassingly Parallel Application
Jobs O oo O cee O

Results

Send Data

Receive Data
Nearly Embarrassingly Parallel Application

18



Embarrassingly parallel

Fol2| TP = Al Lhsior o B2, StLte| Ho{2| A Lto] ot AR A0l 2oy B
XA ES OISO HIXIE AES K2[BiC,
=0 E% S S

ﬁﬁ = =1 (o] ASHS
ALOC EEE THE 0| SEE QI Y X 2| Aot}
Open MPI
Language Command
C $ mpicc <src_file> —o <name_of_executable>
C++ $ mpicxx <src_file> —o <name_of_executable>
Fortran $ mpifort <src_file> —o <name_of_executable>
Intel MPI
Compiler Driver C C++ Fortran
GCC $ mpicc <src_file> -o <name> $ mpicpc <src_file> -o <name> $ mpifort <src_file> —o <name>
Intel $ mpiicc <src_file> -o <name> $ mpiicpc <src_file> -o <name> $ mpiifort <src_file> -o <name>

IEEEUIEERES R 1s /usr/bin/mp*
usr/bin/mpic++ /usr/bin/mpic++.openmpi /usr/bin/mpif77 /usr/bin/mpifort.openmpi

/usr/bin/mpicc /usr/bin/mpicxx /usr/bin/mpif77.openmpi /usr/bin/mpirun

/usr/bin/mpiCC /usr/bin/mpicxx.openmpi /usr/bin/mpifQO /usr/bin/mpirun.openmpi
/usr/bin/mpicc.openmpi /usr/bin/mpiexec /usr/bin/mpif90.openmpi
/usr/bin/mpiCC.openmpi /usr/bin/mpiexec.openmpi /usr/bin/mpifort




Amdahl's law

The speedup is limited by the serial part of the program. For example, if 95% of the program can
be parallelized, the theoretical maximum speedup using parallel computing would be 20 times.

Amdahl's Law

20 e ——
1-

18 ///
- —= . Parallel por.tion
s ] T a4, . 7TTTT7 — .
=] = L =0 = 14| /- —— 9%
HEstE A7 =W ES 19T ) / —— o
E’_ 10 // P
T // _/‘/‘/
D
Amdahl's law can be formulated the following way: 1 ////_/‘
4 1 -
1
Slatency (3) = PPN 2
(1 — p) + 5 0
Where Number of processors

* Satency IS the theoretical speedup of the execution of the whole task;
e s is the speedup of the part of the task that benefits from improved system resources;
e pis the proportion of execution time that the part benefiting from improved resources originally occupied.

20
https://en.wikipedia.org/wiki/Amdahl%27s_law



Y. Aoyama and J. Nakano

SMP (Symmetric Multi-Processor)

* Sun E10000
* SMP Intel-based computers (Dell, Unisys)

Process

I
|
I
I
Single thread | Multi-thread
B |
.g : é "Thread
l I 1 fork /

| r'd

P1 |
: Pir | P2 |P3 [ [ P4
I
| |

P2 ! Join ‘ ‘ Python =
| Shared address space multiprocessing

P3 :
I
|

P4 |
I
: Process
|
! * Cray YMP C/J 90
[ * SGI Origin 200/2000
I
|
I
I
I
|
I
I

21



-+~ titne

Cray T3E
Unix (Linux) clusters

Y. Aoyama and J. Nakano

Serial

P1

P2

P3

P4

I

Process

~— fime

Message-Passing

Message-

o)

passing

Z—= P4

Process 0

Node 1

Process 1

Node 2

Process 2

Node 3

Data transmis

ion over the ints

i

2rco

Process 3

Node 4

)nnect

22



Y. Aoyama and J. Nakano

Message-passing

-« time

\_

P1 P2

Jjoin
Shared
address

Process 0

Th

Node 1 /

N

P4

Jjoin
Shared
address

Process 1

Node 2 /

ead

23



Y. Aoyama and J. Nakano

Multiple Single-Thread Processes Per Node

-+ fine

/

prm—

| Message-

passing

| |

Process 0 Process 1

Node 1

~

o

Process 2 Frocess 3

Node 2

/

24



MPI (message passing interface)

« MPI XM= B EH 20| E 22| =0 Lot EEFO|CH (12570 ME Z2 =2 F14d
E M

=|Of RULT)

MPI= OF 407 7| 2H0| ZHOIBLE MPI forumOfj A 22| =1 YO, 19924

MPI 1.0 & AI"*OE A X MPI5.077FX| HAN K O[O| E =l A EJO|LCF,
* Various architectures
* Free implementations: MPICH, LAM, CHIMP, openmpi

MPI 5.0 (]| 4!

HZ): 20254 60|

FLUENT (Fluid Dynamics and Heat transfer)

GASP (Gas Dynamics)

AMBER (Molecular dynamics)

NAMD (Molecular dynamics)

GROMACS (Molecular dynamics) mpiexec --version
VASP (Electronic structure)

25



Latency and Bandwidth

Download
Time
A

Time

NC

Download
JPG

A
Latency
A

Latency

* latency is the time it takes to send a minimal (0 byte)

message from point A to point B. ~120, ~120, ~7, ~0.5
microsecond B

ssssssssssssssssss

* bandwidth is the amount of data that can be

communicated per unit time. ~100 Mbps, ~1 Gbps, ~1.98
Gbps, ~1 Gb/sec o

pp—

Client

=

Client

&

of CPU time Fast ethernet, Gigbit ethernet, Myrinet, Quadrics 2, InfiniBand

26




Computation vs communication

QAL A AN EH oz A AT (S, &
A)

Communication time € latency, throughput

Aol @ F &34 doly Aol = Azt G A AYH

Latency = =°|7] ¥l3l|A & gt Hol Addo T4 o= gAlsh= Aol £

tlol g E4lel Zdel+= At vs CPUE o] &g AlLE Al ZF
>>
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NDR
Bandwidth EDR 160/200Gb;
FDR&FDR 10 '°°¢"
QDR 56Gbls _
SDR ODR 40Gbls =5
20Gbis
10Gb/s

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Same Software Interface

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Susec

2.5usec
1.3usec

0.7usec

0.5usec

Latency

<0.5usec

Communication time

-

/

Latency

Message size

Figure 32. The Communication Time

InfiniBand is a computer-networking communications standard used in high-performance computing that
features very high throughput and very low latency.

Fast Ethemet

Gigabit
Ethernet

Myrinet

Quadrics 2

120

BIESY | ierosecond

microsecond

120

E
microsecond

)15
microsecond

bandwidthﬁ 100 Mbps

1 Gbps

1.98 Gbps

1
Gbyte/second

¢ SDR+ DDR ¢ QDR+ FORM0 | FDR ¢ EDR¢ HDR¢| NDR ¢ XDR®

Signaling rate (Gbit/s) 25 5 10 10.3125 | 14.0625° | 25 50 100 250

Theoretical effective throughput, Gbs, per 1" 2 4 8 10 1364 24.24

Speeds for 4x links (Gbit/s) 8 16 32 40 54.54 96.97

Speeds for 8x links (Gbit/s) 16 32 64 80 109.08 | 193.94

Speeds for 12x links (Gbit/s) 24 48 9% 120 16364 | 290.91

Encoding (bits) 810 810 |8M10  64/66 | 64/66 64/66 | 64/66
Adapter latency (microseconds)®! 5 25 13 07 0.7 0.5
Year”) ggg;' 2005 | 2007 | 2011 2011 20147 | 2017 | after 2020 | future

InfiniBand
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https://en.wikipedia.org/wiki/Throughput
https://en.wikipedia.org/wiki/Latency_(engineering)

SPMD

Start parallel job on N processors

g++ parallel_hello_world.cpp -o parallel_hello_world.exe <fopenmp
icc parallel_hello_world.cpp -o parallel_hello_world.exe -qopenmp

Message passing between processors

Fach processor does some calculations (processor dependent codes are

#°1 1”\
P =y yy

Message passing between processorf T (W

HHF © =2

oT = %2‘5 <X

End parallel job
/usr/local/mpich/

/usr/local/mpich/bin/mpif90 a.f90 bin/ otc/ elude/  many are!

mpirun —np § a.out doc/  examples/ lib/  sbiy  www/

mpif90 hello_world_mpi.f90 -o hello_world_mpi.exe

.. . . mpirun -np 4 ./hello_world_mpi.exe
mpiifort hello_world_mpi.f90 -o hello_world_mpi.exe PR b P 29



The 6 basic MPI routines

« MPL_INIT(ierr)
« MPI_COMM_RANK( MPI_COMM_WORLD, myid, ierr )
* MPI_COMM _SIZE( MPI_COMM_WORLD, numprocs, ierr )

* MPI_Send(buffer, count, MP|_INTEGER, , tag, MPI_COMM_WORLD, ierr)
* MPI_Recv(buffer, count, MPI_INTEGER, , tag, MPI_COMM_WORLD, status, ierr)
* call MPI_FINALIZE(ierr)

IEEEIEE SRR 1s /usx/bin/mp*
usr/bin/mpic++ /usr/bin/mpic++.openmpi /usr/bin/mpif77 /usr/bin/mpifort.openmpi
/usr/bin/mpicc /usr/bin/mpicxx /usr/bin/mpif77.openmpi /usr/bin/mpirun

/usr/bin/mpiCC /usr/bin/mpicxx.opcnmpi /usr/bin/mpif90 /usr/bin/mpirun.openmpi
/usr/bin/mpicc.openmpi /usr/bin/mpiexec /usr/bin/mpifQO.openmpi
/usr/bin/mpiCC.openmpi /usr/bin/mpiexec.openmpi /usr/bin/mpifort

use mpi_f08 mpiifort, mpiicc, mpiicpc



Format:

rc = MPTI Xxxxx(parameter, ... )

Example:

rc = MPTI Bsend(&buf,count, type,dest, tag, comm)

Error code:

Format:

Returned as "r¢". MPI_SUCCESS if successful

CALL MPI XXX (parameter,..., ierr)
call mpi xxxxx(parameter,..., ierr)

Example:

CALL MPI_ BSEND (buf,count, type,dest, tag,comm, ierr)

Error code:

Returned as "lerr" parameter. MPI_SUCCESS if successful

Time

Process A Process B
Work of A { l Request to send
> Work of B
Waiting for B‘[ . _ Request to receive
Safe to Mosesec Message

overwrite received

v

31



Communicators

Communicators
* A parameter for most MPI calls

A collection of processors working on some part of a parallel job

MPI COMM WORLD is defined in the MPI include file as all of the processors in your job
Can create subsets of \VIPI COMM WORLD

Processors within a communicator are assigned numbers 0 to n-1

Process A Process B
MPL_COMM_WORLD CLUSTER
nodeOl

Work of A { . Request to send
Process 1D (rank): > Work of B

Waiting for B‘[ . Request to receive

rime N I HEE) B
Safe to Message Message

overwrite l l received
4

32



Communicators

Communicator is a group of processors that can communicate with each other.
There can be many communicators.
MPI_ COMM_ WORLD is a pre-defined communicator encompassing all of the processes.

MPI_INIT: MPI 87 27|38}8}7] : 7%/ 5~0) 4] v}& S o] AR -
MPI_COMM._SIZE: A& %9l processor <A 8+8} : §-A] =3 A v}E Ao] AMAA QL.
MPI_COMM_RANK: & CPUY W3E (rankZ% & processor 22547} nproc¥ W, 7}53F rank #4<0,1,2,3...nproc—190]|t}) : 4% 555947

# 50] A S

F 70€] processor Xt EAl: rank#tE& AHEsE A @A processor HEE &elstal FH]E Ho|EE Y3k processor® AE gt} mpxk 7HA]
2 dAA 9] processorHETE &R1elal #EE o] & HolHE Wt &5, -2l ¥ processor® F-H H|o|E 7} @ =X Z18]ar ojH
processor”} ©] HJo]E & wrolof sl=%] t} & )

MPI_SEND: 943} processor®l Al dlo| & HAFA] ALE C R A TFAIFR B o] ALE (A3 HolH 3§, Alo]=,..)

MPI_RECV: 938} processorZ5-F] Hlo|&] AFES v AFE : 49 FAZQ] 53 o] 383 (Ysl= vlol” F, Alo]Z,...)

MPI_FINALIZE: MPI 87 F838}7|: 75 59~ vl& Ho] A& A5

33



The MPI include file
* C:mpi.h

Include files

* Fortran: mpif.h (a f90 module is a good place for this) use mpi_f08

Defines many constants used within MPI programs

In C, defines the interfaces for the functions

Compilers know where to find the include files

#include “mpi.h”

#include <stdio.h>

#include <math.h>

/ust/local/mpich/include

basex11.h
f90base/
f90choice/
mpe.h
mpe_graphics.h
mpe_log.h

program main
implicit none
include ‘mpif.h’

mpeexten.h mpi_fortdefs.h

mpef.h mpidefs.h
mpetools.h mpif.h
mpi.h mpio.h
mpi2ct+/ mpiof.h

mpi_errmno.h  protofix.h
34



include "mpif.h* ! Constants used by MPI, e.g. constant integer value MPI_COMNM_WORLD

integer istatus(MPI_STATUS_SIZE) I MPIL STATUS SIZEE 9o A A3t include 0.2 B 591 |80 A] ojn] Aolx FEo|t}.

integer nproc, me, ierr, idestination, isource, n_array_length, itag

call MPIL Init(ierr)
call MPI_Comm_size(MPI_COMM_WORLD, nproc, ierr)
call MPIL_Comm_rank(MPIL_COMM_WORLD, me, ierr)

itag=19

idestination=1

call MPL Send(real_array_user,n_array_length,MPI_REALR,idestination,itag, MPI_COMM_WORLD,ierr)

reals FENe] ol El 7k rhoket 3t x| ga|Folof shrh, B, o] HelEle] 27w MUk el AT A gl oF dhe. 5
el 9 e 54 mEoA By of gt

itag=19

isource=0

call MPL_Recv(real_array_user,n_array_length, MPI_ REALR,isource,itag, MPL_COMM_WORLD,istatus,ierr)
tlo]El & Wk ol A= 1 FEjef 7|5 &AL Qlojof sl ool A Y SR P=X]& Lolof g}

user-defined tags provided in MPI for user convenience in organizing application

EEA HHE Bu7]

35



Standard, Blocking Send

MPI_Send: Sends data to another processor
Use MPI_Receive to "get" the data

C
* MPI_Send(&buffer, count, datatype, destination, tag, communicator);

Fortran
* Call MPI_Send(buffer, count, datatype, destination, tag, communicator, ierr)

Call blocks until message on the way

36



Basic C Datatypes in MPI

MPI CHAR signed char

MPI SHORT signed short int
MPI INT signed int

MPI LONG signed long int

MPI UNSIGNED CHAR

unsigned char

MPI UNSIGNED SHORT

unsigned short int

MPI UNSIGNED INT

unsigned int

MPI UNSIGNED LONG

unsigned long int

MPI FLOAT float

MPI DOUBLE double

MPI LONG DOUBLE long double
MPI BYTE

MPI PACKED

MPI_COMPLEX
MPI_DOUBLE_COMPLEX

37



ifort -c -CB -check all -warn unused

ifort -CB -check all -warn interface -assume realloc_lhs

-fast

Language|Script Name |Underlying Compiler i:ort -fast
ifort -CB
mplcc 8CC ifort -check all
mpigcc gce ifort -check all -warn interface
C - ifort -c -check all -warn interface
mpiicc 1cC
mpipgcc pgcc
mpiCC g+ +
ig++ + +
C++ mpig g
mpiicpc iCpC
mpipgCC pgCC
mpif77 g77
mpigfortran |gfortran
Fortran |mpiifort ifort
mpipgf77 pet?7
mpipgf90 pefal
Compiler Option Example
Intel -V ifort -V
PGI -V pgfS0 -V
GNU -v g++ --version
--version

ifort

-CB
-check all

38



C/MPI version of “Hello, World”

#include <stdio.h>
#include <mpi.h>
int main(argc, argv)
int argc;

char *argv[ ];

{

int myid, numprocs;

MPI_Init (&argc, &argv) ;
MPI_Comm_size(MPI_COMM_WORLD, &numprocs) ;
MPI_Comm_rank(MPI_COMM_WORLD, &myid) ;
printf(“Hello from %d\n”, myid) ;

printf(“Numprocs is %d\n”, numprocs) ;

MPI_finalize():

39



Fortran/MPI version of “Hello, World”

program hello
include ‘mpif.h’
integer myid, ierr, numprocs

call MPI_INIT( ierr)
call MPI_COMM_RANK( MPI_COMM_WORLD, myid, ierr)
call MPI_COMM _SIZE(MPI_COMM_WORLD, numprocs, ierr)

write (*,*) “Hello from “, myid

write (*,*) “Numprocs is”, numprocs
call MPI_FINALIZE(ierr)

stop

end

40



Minimal MPI program

#include <mpi.h> /* the mpi include file
*/
/* Initialize MPI

*/
ierr=MPI Init(&argc, &argv);

/* How many total PEs are there
*/
ierr=MPI Finalize();
ierr=MPI Comm size (MPI_COMM WORLD, &nPEs) ;

/* What node am I (what is my rank?) */

ierr=MPI Comm rank (MPI_COMM WORLD, &iam) ;

In C, MPI routines are functions and return an error value.

41



Minimal MPI program

® Every MPI program needs these...

e Fortran version

include 'mpif.h' ! MPI include file
c Initialize MPI
call MPI Init(ierr)
c Find total number of PEs
call MPI Comm size (MPI_COMM WORLD, nPEs, ierr)
c Find the rank of this node

call MPI Comm rank (MPI_COMM WORLD, iam, ierr)

call MPI Finalize (ierr)

In Fortran, MPI routines are subroutines, and last parameter is an error-handling value.
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MPI “Hello, World”

* A parallel hello world program

* |nitialize MPI

* Have each node print out its node number

* Quit MPI

myid=0 : special
1 node calculation
2 node calculation

3 node calculation,.....,.

At least one node is involved.

oo o

MPI environment

0 0 ()

0100

rank
[ Process A -mb 0
1 Program - ProcessB o
, 1,2
| Process C ol 0

0

1
I
1
1
1
I
1
i
I
MPI_Finalize a
1
1
1
1
1
1
1
1

MPI_Finalize

End of

Time

execution
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Advantages of Message Passing

* Performance:

* This is the most compelling reason why MP will remain a permanent part of parallel computing
environment

* As modern CPUs become faster, management of their caches and the memory hierarchy is the key to
getting most out of them

* MP allows a way for the programmer to explicitly associate specific data with processes and allows the
compiler and cache management hardware to function fully

* Memory bound applications can exhibit superlinear speedup when run on multiple PEs compare to single
PE of MP machines
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Background on MPI

MPI - Message Passing Interface
* Library standard defined by committee of vendors, implementers, and parallel programmer
* Used to create parallel SPMD programs based on message passing

Available on almost all parallel machines in C and Fortran

About 125 routines including advanced routines

6 basic routines

Communicator
Point-to-point basics
Collective basics
Derived data types
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Key concepts of MPI

* Used to create parallel programs based on message passing
* Normally the same program is running on several different nodes
* Nodes communicate using message passing
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Data types

* Data types
 When sending a message, it is given a data type
* Predefined types correspond to "normal" types
* MPI_REAL, MPI FLOAT -- Fortran and C real
« MPI DOUBLE PRECISION, (mpi_real8), MP| DOUBLE -- Fortran and C double
* MPI INTEGER and MPI|_INT -- Fortran and C integer
* Can create user-defined types
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Basic communications in MPI

* Data values are transferred from one processor to another
* One process sends the data
* Another receives the data
 Standard, Blocking
* Call does not return until the message buffer is free to be reused

* Standard, Nonblocking
* Call indicates a start of send or received, and another call is made to determine if finished
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Basic MPI send and receive

* A parallel program to send & receive data

* Initialize MPI

* Have processor 0 send an integer to processor 1

* Have processor 1 receive an integer from processor 0
Both processors print the data
Quit MPI

Process 0 Process 1

send receive

mdata




Simple send & receive Program

program send_recv
include "mpif.h”

I This is MPI send - recv program

integer myid, ierr, numprocs

integer itag, isource, idestination, kount
integer buffer

integer istatus(MPI_STATUS_SIZE)

call MPL_INIT(ierr

call MPI_COMM_RANK( MPI_COMM_WORLD, myid, ierr )

call MPI_COMM_SIZE( MPI_COMM_WORLD, numprocs, lerr )

itag=1234

isource=0

idestination=1

‘kount=1

if(myid .eq. isource)then
buffer=5678
call MPI_Send(buffer, kount, MPI_INTEGER, idestination, itag, MPI_COMM_WORLD, ierr)
Vér}te(*,*)"processor " myid," sent " buffer

endi

if(myid .eq. idestination)then
call MPI_Recv(buffer, kount, MPI_INTEGER, isource, itag, MPI_COMM_WORLD, istatus, ierr)
Vér}te(*,*)"processor " myid," got ",buffer

endi

call MPI_FINALIZE(ierr)
end

MPI_ANY TAG
MPI_ANY SOURCE
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Simple send & receive Program

PROGRAM simple send and receive
INCLUDE 'mpif.h'
INTEGER myrank, ierr, istatus (MPI STATUS SIZE)
REAL a(100)
C Initialize MPI:
call MPI INIT (ierr)
C Get my rank:
call MPI COMM RANK(MPI COMM WORLD, myrank, ierr)
C Process 0 sends, process 1 receives:
if( myrank .eg. 0 )then
call MPI SEND( a, 100, MPI REAL, 1, 17, MPI COMM WORLD, ierr)
else if ( myrank .eqg. 1 )then
call MPI_RECV( a, 100, MPI REAL, o0, 17, MPI COMM WORLD, istatus, ierr)
endif
C Terminate MPI:
call MPI FINALIZE (ierr)
END

istatus(MPI_SOURCE), istatus(MPI_TAG), and istatus(MPI_ERROR) contain, respectively, the source, tag and error code of the received message.

call mpi_probe (0,mytag,MPI COM WORLD,istatus,ierr)

call mpi_get_count (istatus,MPI REAL,icount,ierr)

write(*,*)"getting ", icount," values"

call mpi_recv(iray,icount,MPI REAL,0,mytag,MPI COMM WORLD,istatus,ierr)

MPI_ANY TAG
MPI_ANY SOURCE ot



Simple send & receive Program

/* simple send and receive */
#include <stdio.h>
#include <mpi.h>

void main (int argc, char **argv) {
int myrank;

MPI_Status status;

double a[100];

MPI_Init(&argc, &argv); /* Initialize MPI */
MPI_Comm_rank(MPI_COMM_WORLD, &myrank); /* Get rank */

if( myrank == 0) /* Send a message */
MPI_Send( a, 100, MPI_DOUBLE, 1, 17, MPI_COMM_WORLD );

else if( myrank == 1) /* Receive a message */
MPI_Recv( a, 100, MPI_DOUBLE, 0, 17, MPI_COMM_WORLD, &status );
MPI_Finalize(); /* Terminate MPI */
}

Messages can be screened at the receiving end by specifying a specific tag, or not screened by specifying MPI ANY TAG as the tag in a
receive.
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A set of computing nodes connected via networks
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MPI Send

call MPI_Send(buffer, icount, datatype, destination, itag, communicator, ierr)

buffer: The data
icount : Length of source array (in elements, 1 for scalars)
datatype : Type of data, for example :
MPI_DOUBLE_PRECISION, MPI_INT, etc
destination : Processor number of destination processor in communicator
itag : Message type (arbitrary integer)
communicator : Your set of processors

ierr : Error return (Fortran only)
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Standard, Blocking Receive

Call blocks until message is in buffer

C
* MPI_Recv(&buffer,count, datatype, source, tag, communicator, &istatus);

Fortran
* call MPI_ RECV(buffer, count, datatype, source, tag, communicator, istatus, ierr)

Status - contains information about incoming message
e C
* MPI_Status istatus;
* Fortran
* Integer istatus(MIPl_STATUS SIZE)
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MPI Recv

call MPI_Recv(buffer, icount, datatype, isource, itag, communicator, istatus, ierr)
* buffer: The data
* icount : Max. number of elements that can be received
» datatype : Type of data, for example :
MPI_DOUBLE_PRECISION, MPI_INT, etc
* isource : Processor number of source processor in communicator
* itag : Message type (arbitrary integer)
* communicator : Your set of processors
 jstatus: Information about message

* ierr: Error return (Fortran only)

call MPI_RECV(ind,nid, MPI INTEGER,MPI_ANY SOURCE,itag, MPI COMM_ WORLD, istatus, ierr)
man=istatus(MPI_SOURCE)
istatus(MP1_SOURCE), istatus(MP1_TAG), and istatus(MPI_ERROR) contain, respectively, the source, tag, and error code of the received message.
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program hello
implicit none
include "mpif.h"
character(LEN=12) :: inmsg, message
integer i, ietr, me, nproc, itag,kount
integer istatus(MPI_STATUS SIZE)

call MPI_Init(ierr)

call MPI_ Comm_size(MPI_COMM_WORLD,nproc,ierr)
call MPI Comm_rank(MPI_ COMM_WORLD,me,ierr)
itag = 100 ; kount=12

if (me = 0) then

message = "Hello, world"

do i = 1,nproc-1

call MPI_Send(message,kount, MPI CHARACTER i itag, MPI COMM_WORLD,ierr)

end do

write(*,*) "process", me,
else

call MPI Recv(inmsg,kount, MPI CHARACTER,0,itag, MPI COMM_WORLD,istatus,ierr)

n.n

write(*,*) "process", me, ":", inmsg

n.n

., message

end if
call MPI Finalize(ierr)
end program hello
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Simple send & receive Program

#include <stdio.h>
#include "mpi.h"
int main(argc,argv)
nt argc;
char *argv[]; status. MPI_SOURCE, status.MPI_TAG, and status. MPI_ERROR contain the
{ source, tag, and error code respectively of the received message
it myid;
int tag,source,destination,count;
int buffer;
MPI_Status status;
MPI Init(&argc,&argv);
MPI Comm_rank(MPI_ COMM_WORLD, &myid);
tag=1234;
source=0;
destination=1;
count=1;
if(myid == source){
buffer=5678;
MPI_Send(&buffer,count, MPI INT,destination,tag, MPI COMM_ WORLD);
printf("processor %d sent %d\n",v/d,buffer);

if(myid == destination){
MPI Recv(&buffer,count, MPI INT,source,tag, MPI COMM_ WORLD, &status);
printf("processor %d got %d\n", 71y, buffer);

MPI Finalize();
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subroutine Get_data(a, b, n, myid, nproc)
IMPLICIT NONE

real*8 a, b

integer n, myid, nproc

INCLUDE 'mpit.h'
integer source, dest, tag, istatus(MPI STATUS_SIZE), ierr
data source /0/

e e b istatus(MPI_SOURCE), istatus(MPI_TAG), istatus(MPI_ERROR) contain

read *, a, b, n respectively the source, the tag, and the error code of the received message.

do dest =1, nproc-1
tag=0
call MPI_SEND(a, 1, MPI REALS, dest, tac, MPI COMM_WORLD, ierr )
tag=1
call MPI_SEND(b, 1, MPI REALS, dest, tag, MPI COMM_WORLD, ierr )
tag =2
call MPI_SEND(n, 1, MPI INTEGER, dest, tag, MPI COMM_WORLD, ierr)
end do
else
tag=0
call MPI_RECV(a, 1, MPI REALS, source, taz, MPI COMM_WORLD, istatus, ierr )
tag=1
call MPI_RECV(b, 1, MPI REALS, source, tag, MPI COMM_WORLD, istatus, ierr )
tag =2
call MPI_RECV(n, 1, MPI INTEGER, source, tag, MPI_ COMM_WORLD, istatus, ierr )
end if
return
end .
int recvd_tag, recvd_from, recvd_count;

MPI_Status status; MPI Recv(..., MPI ANY SOURCE, MPI ANY TAG, ..., &status)
recvd tag= status.MPI TAG; recvd_from= status. MPI SOURCE;
MPI_Get_count( &status, datatype, &recvd count);

MPI User Guide in Fortran, P. S. Pacheco et al.



PROGRAM simple_send_and_receive
INCLUDE 'mpif.h'
INTEGER myid, ierr, istatus(MPI_STATUS_SIZE)
REAL a(100)
C Initialize MPI:
call MPL_INIT(ierr)
C Get my rank:
call MPI_COMM_RANK(MPI_COMM_WORLD, myid, ierr)
C Process 0 sends, process 1 receives:
if( myid .eq. 0 )then
call MPI_SEND( a, 100, MPI_REAL, 1, 17, MP|_COMM_WORLD, ierr)
else if ( myid .eq. 1 )then
call MPI_RECV( a, 100, MPI_REAL, 0, 17, MPI_COMM_WAORLD, istatus, ierr)
endif
C Terminate MPI:
call MPI_FINALIZE(ierr)
END

Process 0 sends a message to process 1, and process 1 receives it.

istatus(MPI_SOURCE), istatus(MPI_TAG), and istatus(MPI_ERROR) contain, respectively, the source, tag, and error
code of the received message.

NCSA Access ©2001 Board of Trustees of the University of Illinois.
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include ‘mpif.h’

integer myid, numprocs, ierr, ntemp

integer istatus (MPI_STATUS_SIZE)

real*8 sum

call MPI_INIT(ierr)

call MPI_ COMM_RANK(MPI_COMM_WORLD, myid, ierr)

call MPI_ COMM_SIZE(MPI_ COMM_WORLD, numprocs, ierr)

sum=myid

if(myid == 0)then

do i=1,numprocs-1

call MPI RECV(ntemp,1,MPI INTEGER, 7,i, MPI COMM WORLD, istatus, ierr)
sum=sum-+ntemp

enddo

average=sum/numprocs ; write(6,*) ‘the average is ‘, average

else

call MPI_SEND(mvid,1,MPI_INTEGER,0,yid,MPI_COMM_WORLD, ierr)
endif

call MPI_FINALIZE(ierr)

end

istatus - contains information about incoming message
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subroutine get input(aa,bb,nn)
include “mpif.h”

real*8 aa,bb

integer nn,myid

integer ierr

call MPL COMM_RANK(MPI_ COMM_WORLD,nyid,ierr)

if(myid == 0)then

print *, ‘Enter aa, bb, nn’
read *, aa,bb,nn

endif

call MPI BCAST(aa,1, MPI REALS, 0, MPI COMM_WORLD, ierr)
call MPI_BCAST(bb,1, MPI REALS, 0, MPI COMM_WORLD, ierr)
call MPI_BCAST(nn,1, MPI INTEGER, 0, MPI COMM_WORLD, ierr)

end subroutine get input
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implicit none
integer n, np, i, j, ierr, master,num
real*8 h, result, a, b, integral, pi, my a, my range, MPI WTime,start time,end time, my result
include "mpif.h"
integer lam, source, dest, tag, istatus(MPI STATUS SIZE)
data master/0/
call MPI Init(ierr) ; call MPI Comm rank(MPL COMM WORLD, lam, ierr)
call MPI Comm size(MPI_COMM_WORLD, np, ierr)
pi=acos(-1.0d0) ; a=0.0d0 ; b=pi*1.d0/2.d0 ; dest=0 ; tag=123
if(lam = master) then
print *,'The requested number of processors =,p ; print *,'Enter total number of increments across all processors'
read(*,*) n
start_time = MPI_Wtime()
endif
call MPI Becast(n, 1, MPI INTEGER, 0, MPI COMM_WORLD, ierr)
h=(b-a)/n ; num=n/np; my range = (b-a)/np ; my a=at lam*my range
my_result = integral(my_a, num, h)
write(*,"("Process ',i2,' has the pa{tial result of ,f10.6)") lam,my res*llt
call MPI Reduce(my result,fresult, 1, MPI REALS, MPI SUM, dest, MPI COMM_WORLD, ierr)
if(lam = master) then s s
print *,'The result =, result
end time = MPI Wtime() ; print *, 'elapsed time is ',end _time-start time,' seconds'
endif
call MPI Finalize(ierr) ; stop ; end
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Status

* InC

 status is a structure of type MPI_Status which contains three fields MPI_SOURCE, MPI_TAG, and
MPI_ERROR

e status.MPI_SOURCE, status.MPI_TAG, and status.MPI_ERROR contain the source, tag, and error code
respectively of the received message

* |In Fortran

 status is an array of INTEGERS of length MPI_STATUS_SIZE, and the 3 constants MPI_SOURCE, MPI_TAG,
MPI_ERROR are the indices of the entries that store the source, tag, & error

e status(MPl_SOURCE), status(MPI_TAG), and status(MPI_ERROR) contain respectively the source, the tag,
and the error code of the received message.

status. MPI _SOURCE, status.MPI TAG, and status.MPI ERROR contain the source, tag, and error code respectively of the received
message
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! Program hello.ex1.f

! Parallel version using MPI calls

! Modified from basic version so that workers send back

! a message to the master, who prints out a message for each worker
program hello

implicit none

integer, parameter:: DOUBLE=kind(1.0d0), SINGLE=kind(1.0)

include "mpif.h"

character(LEN=12) :: inmsg,message

integer :: i,ierr,me,nproc,itag,iwrank

integer, dimension(MPI_STATUS_SIZE) :: istatus

1

call MPI_Init(ierr)

call MPI_Comm_size(MPI_COMM_WORLD,nproc,ierr)

call MPI Comm_rank(MPI_COMM_WORLD,me,ierr)

itag = 100

1

if (me == 0) then

message = "Hello, world"

do i = 1,nproc-1

call MPI_Send(message,12,MPI CHARACTER,i,itag, MPI COMM_WORLD,ierr)
end do
write(*,*) "process", me,
do i=1,nproc-1
call MPI_Recv(iwrank,1, MPI INTEGER,MPI ANY SOURCE,itag, MPI COMM_WORLD, istatus, ierr)
write(*,*) "process", iwrank, ":Hello, back"

end do

else

call MPI_Recv(inmsg,12,MPI CHARACTER,0,itag, MPI COMM_WORLD,istatus,ierr)

call MPI_Send(me,1,MPI INTEGER,0,itag, MPI COMM_WORLD,ierr)

end if

call MPI_Finalize(ierr)

end program hello

i, message

http://www.dartmouth.edu/~rc/classes/
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Program Examplel

implicit none

integer n, p, i, j,num

real h, result, a, b, integral, pi
real my a,my range

pi=acos(-1.0) 1=3.141592...
a=0.0 ! lower limit of integration
b =pi*1./2. ! upper limit of integration

p =4 !! number of processes (partitions)
n = 100000 !! total number of increments

h=(b-a)n ! length of increment

num= n/p ! number of calculations done by each process
result = 0.0 ! stores answer to the integral

do i=0,p-1 ! sum of integrals over all processes

my range = (b-a)/p

my a=a-+i*my range

result = result + integral(my_a,num,h)
enddo

print *,'The result =',result

stop

end

real function integral(a,n,h)

implicit none

integer n, i, j

real h, h2, aij, a

real fct, x

fet(x) = cos(x) ! kernel of the integral
integral = 0.0 ! initialize integral

h2 =h/2.

do j=0,n-1 ! sum over all "j" integrals
aij = atj*h ! lower limit of "j" integral
integral = integral + fct(aij+h2)*h

enddo

return
end
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Bufter and Deadlock

endif

if (rank = 0 )then

call mpi_send(sbuff,kount, MPI REALS, 1, itag, MPI COMM_WORLD, ierr)

call mpi_recv(rbuff.kount, MPI REALS, |, itag, MPI COMM_WORLD, istatus,ierr)
safe else if (rank =1 )then

call mp1 recv(rbuff,kount, MPI REALS, 0, itag, MPI COMM_WORLD, istatus,ierr)
call mpi_send(sbuff, kount, MPI REALS, 0, itag, MPI COMM_WORLD, ierr)

Deadlock; =3, L&+

Buffering dependent

if (rank = 0 )then

call mpi_recv(rbuff,kount, MPI REALS, 1, itag, MPI COMM_WORLD, istatus,ierr)
call mpi_send(sbuff,kount, MPI REALS, 1, itag, MPI COMM_WORLD, ierr)

else if (rank =1 )then

call rnpl recv(rbuff,kount, MPI REALS, 0, itag, MPI COMM_WORLD, istatus, ierr)
call mpi_send(sbuff, kount, MPI REALS, 0, itag, MPI COMM_WORLD, ierr)
endif

if (rank = 0 )then

call mpi_send(sbuff,kount, MPI REALS, 1, itag, MPI COMM_WORLD, ierr)

call mpi_recv(rbuff,kount, MPI REALS, 1, itag, MPI COMM_WORLD, istatus,ierr)
else if (rank =1 )then

call mpi_send(sbuff, kount, MPI REALS, 0, itag, MPI COMM_WORLD, ierr)

call mpi_recv(rbuff,kount, MPI REALS, 0, itag, MPI COMM_WORLD, istatus, ierr)
endif

kount is large=> deadlock occurs Non-blocking communications
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The programmer should be able to explain why the program does not (or does) deadlock.

Note that increasing array dimensions and message sizes have no effect on the safety of the protocol.

NCSA Access ©2001 Board of Trustees of the University of Illinois.

process A process B

application SEND application RECV

-

Path of a message buffered at the receiving process System buffer size

https://computing.lInl.gov/tutorials/mpi/
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Deadlock (C)

/* simple deadlock */
#tinclude <stdio.h>
#include <mpi.h>
void main (int argc, char **argv) {
int myrank;
MPI_Status status;
double a[100], b[100];
MPI_Init(&argc, &argv); /* Initialize MPI */
MPI_Comm_rank(MPI_COMM_WORLD, &myrank); /* Get rank */
if( myrank==0) {
/* Receive, then send a message */

MPI_Recv( b, 100, MPI_DOUBLE, 1,19, MPI_COMM_WORLD, &status );
MPI_Send( a, 100, MP|_DOUBLE, 1,17, MPI_COMM_WORLD );
}
else if( myrank == 1) {

/* Receive, then send a message */
MPI_Recv( b, 100, MPI_DOUBLE, 0, 17, MPI_COMM_WORLD, &status );
MPI_Send( a, 100, MP|_DOUBLE, 0,19, MPI_COMM_WORLD );
}
MPI_Finalize(); /* Terminate MPI */

}
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Deadlock (FORTRAN)

PROGRAM simple deadlock
INCLUDE 'mpif.h'

INTEGER myrank, ierr, istatus (MPI STATUS SIZE)

REAL a(100), b(100)
C Initialize MPI:

call MPI INIT (ierr)
C Get my rank:

call MPI COMM RANK (MPI COMM WORLD, myrank, ierr)
C Process 0 receives and sends; same for process 1

if( myrank .eqg. 0 )then
call MPI_RECV( b, 100, MPI REAL,
call MPI SEND( a, 100, MPI REAL,
else if ( m§rank .eq. 1 )then_
call MPI_RECV( b, 100, MPI REAL,
call MPI SEND( a, 100, MPI REAL,
endif N N
C Terminate MPI:
call MPI FINALIZE (ierr)
END

19,
17,

17,
19,

MPI_COMM WORLD,
MPI COMM WORLD,

MPI_COMM WORLD,
MPI_COMM WORLD,

istatus,
ierr)

istatus,
ierr)

ierr

ierr

)

)
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PROGRAM safe exchange
INCLUDE "mpif.h'
INTEGER myrank, ierr, istatus(MPI_STATUS_SIZE)
REAL a(100), b(100)
C Initialize MPI:
call MPI_INIT(ierr)
C Get my rank:
call MPI COMM_RANK(MPI_ COMM_WORLD, myrank, ierr)
C Process 0 receives and sends; process 1 sends and receives
if( myrank .eq. O )then
call MPI RECV(b, 100, MPI REAL, 1, 19, MPI COMM_WORLD, istatus, ierr )
call MPI_SEND( a, 100, MPI REAL, 1, 17, MPI COMM_WORLD, ierr)
else if (myrank .eq. 1 )then
call MPI_SEND( a, 100, MPI REAL, 0, 19, MPI COMM_WORLD, ierr )
call MPI RECV( b, 100, MPI REAL, 0, 17, MPI COMM_WORLD, istatus, ierr)
endif
C Terminate MPI:
call MPI_FINALIZE(err)
END

NCSA Access ©2001 Board of Trustees of the University of Illinois.
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/* safe exchange */
#include <stdio.h>
#include <mpi.h>
void main (int argc, char **argv) {
int myrank;
MPI Status status;
double a[l00], b[100];

MPI Init (&argc, &argv); /* Initialize MPI */
MPI Comm rank (MPI COMM WORLD, &myrank); /* Get rank */
if ( myrank == ) {

/* Receive a message, then send one */
MPI Recv( b, 100, MPI DOUBLE, 1, 19, MPI COMM WORLD, &status );
MPI_Send( a, 100, MPTI DOUBLE, 1, 17, MPI COMM WORLD ) s
}
else if( myrank == 1 ) {

/* Send a message, then receive one */

MPI Send( a, 100, MPI DOUBLE, 0, 19, MPI COMM WORLD ) s
MPI_ReCV( b, 100, MPTI DOUBLE, o, 17, MPI COMM WORLD, &status )

}
MPI_Finalize(); /* Terminate MPI */

status. MPI _SOURCE, status.MPI TAG, and status. MPI ERROR contain the source, tag, and error code respectively of the received

message

status. MPI SOURCE ~ A5Z5 Bl l==9] ofo]t] & o} ¥l = it}
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PROGRAM depends on buffering
INCLUDE "mpif.h’

INTEGER myrank, ierr, (MPI_STATUS SIZE)

REAL*8 a(100), b(100) .
C Initialize MPI: REAL*8 > DOUBLE PRECISION

call MPI_INIT(ierr) MPI REALS - MPI DOUBLE PRECISION
C Get my rank:

call MPI COMM_RANK(MPI COMM_WORLD, myrank, ierr)
C Process 0 sends and receives; same for process 1
if( myrank .eq. 0 )then
call MPI_SEND( a, 100, MPI REALS, 1, 17, MPI COMM_WORLD, ierr)
call MPI_RECV(b, 100, MPI REALS, 1, 19, MPI COMM_WORLD, , jerr )
else if ( myrank .eq. | )then
call MPI_SEND( a, 100, MPI REALS, 0, 19, MPI COMM_ WORLD, ierr )
call MPI_RECV(b, 100, MPI REALS, 0, 17, MPI COMM_WORLD, , jerr)
endif
C Terminate MPI:
call MPI_FINALIZE(ierr)
END

Again, process 0 attempts to exchange messages with process 1. This time, both processes send first,
then receive. Success depends on the availability of buffering in MPI.

If the message sizes are increased, sooner or later the program will deadlock.

73
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PROGRAM probable deadlock
INCLUDE 'mpif.h’
INTEGER myrank, ierr, istatus(MPI_STATUS_SIZE)
INTEGER n
PARAMETER (n=100000000)
REAL a(n), b(n)
C Initialize MPI:
call MPL_INIT(ierr)
C Get my rank:
call MPI_COMM_RANK(MPI_COMM_WORLD, myrank, ierr)
C Process 0 sends, then receives; same for process 1
if( myrank.eq.0 )then
call MPI_SEND( a, n, MP|_REAL, 1,17, MP|_COMM_WORLD, ierr)
call MPI_RECV( b, n, MP|_REAL, 1, 19, MP|_COMM_WORLD, istatus, ierr )
else if ( myrank.eq.1 )then
call MPI_SEND( a, n, MIP|_REAL, 0,19, MPI_COMM_WORLD, ierr )
call MPI_RECV( b, n, MP|_REAL, 0,17, MP|_COMM_WORLD, istatus, ierr)
endif
C Terminate MPI:
call MPI_FINALIZE(ierr)
END

This program will deadlock under the default configuration of nearly all available MPI implementations.

NCSA Access ©2001 Board of Trustees of the University of Illinois.
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Asynchronous communication

PROGRAM simple_deadlock avoided

INCLUDE 'mpif.h'

INTEGER myrank, ierr, istatus(MPI_STATUS_SIZE)

INTEGER irequest " " o

REAL a(lOOS b(100) 2t= Cj 7| H|O[E& HHSIHA| AL SH7| 2I8H ALE
C Initialize MPI:

call MPL_INIT(ierr)
C Get my rank:

call MPI_COMM_RANK(MPI_COMM_WORLD, myrank, ierr)
C Process 0 posts a receive, then sends; same for process 1

if( myrank .eq. 0 )then

call MPI_IRECV( b, 100, MPI_REAL, 1, 19, MP|_COMM_WORLD, irequest, ierr )

call MPI_SEND( a, 100, MPI_REAL, 1, 17, MPI_COMM_WORLD, ierr)

call MPI_WAIT( irequest, istatus, ierr)

else if ( myrank .eq. 1 )then

call MPI_IRECV( b, 100, MPI_REAL, 0, 17, MP|_COMM_WORLD, irequest, ierr )

call MPI_SEND( a, 100, MPI_REAL, 0, 19, MPI_COMM_WORLD, ierr)

call MPI_WAIT( irequest, istatus, ierr)

MPI_ Wait used to complete communication

endif This is a race condition, which can be very difficult to debug.

C Terminate MPI:

call MP|_F|NAL|ZE(I€FI’) int i=123; MPI_Request myRequest; MPI Isend(&i, 1, MPI INT, 1,
END MY _LITTLE TAG,MPI COMM_WORLD, &myRequest);
i=234;

int i=123; MPI_Request myRequest;
MPI Isend(&i, 1, MPI INT, I, MY LITTLE TAG, MPI COMM_WORLD, &myRequest);
// do some calculations here // Before we re-use variable i, we need to wait until the asynchronous function call is complete
MPI_Status myStatus; MPI Wait(&myRequest, &myStatus);
i=234;
NCSA Access ©2001 Board of Trustees of the University of Illinois.
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MPI_Wait blocks until the message specified by “request” completes.

/* deadlock avoided */

#include
#include
void main (int argc, char **argv) {
int myrank;
MPI Request request;
MPI_Status status;
double a[100], b[100];
MPI_Init(&arge, &argv); /* Initialize MPL */
MPI_Comm_rank(MPI COMM_WORLD, &myrank); /* Getrank */
if( myrank =0) {

/* Post a receive, send a message, then wait */
MPI Irecv( b, 100, MPI DOUBLE, 1, 19, MPI COMM_WORLD, &request );
MPI Send( a, 100, MPI DOUBLE, 1, 17, MPI COMM_WORLD );
MPI Wait( &request, &status );
}
else if( myrank =1 {

/* Post a receive, send a message, then wait */
MPI Irecv( b, 100, MPI DOUBLE, 0, 17, MPI COMM_WORLD, &request );
MPI_Send( a, 100, MPI DOUBLE, 0, 19, MPI COMM_WORLD );
MPI Wait( &request, &status );

}
MPI_Finalize(); /* Terminate MPI */
}

NCSA Access ©2001 Board of Trustees of the University of Illinois.
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It is always safe to order the calls of MPI_(I)SEND and MPI_(I)RECV so that a
send subroutine call at one process and a corresponding receive subroutine
call at the other process appear in matching order.

IF (myrank==0) THEN
CALL MPI_SEND(sendbuf, ...)
CALL MPI_RECV(recvbuf, ...)
ELSEIF (myrank==1) THEN
CALL MPI_RECV(recvbuf, ...)

CALL MPI_SEND(sendbuf, ...)
ENDIF

In this case, you can use either blocking or non-blocking subroutines.
Considering the previous options, performance, and the avoidance of deadlocks,
it is recommended to use the following code.

IF (myrank==0) THEN

CALL MPI_ISEND(sendbuf, ..., ireql, ...)

CALL MPI_IRECV(recvbuf, ..., ireqg2, ...)
ELSEIF (myrank==1) THEN

CALL MPI_ISEND(sendbuf, ..., ireql, ...)

CALL MPI_IRECV(recvbuf, ..., ireq2, ...)
ENDIF

CALL MPI_WAIT(ireqgl, ...)
CALL MPI_WAIT(ireg2, ...)

p.28 7



Master-slave mode

E master-slave mode, king-soldier mode
["WORK] -

ti

me

if(nobroc > 1)then

if(myid == 0)then ! ----- [ processid=0
call feedinl(nconf iter)

else ! ----- process id /=0
call predictl(nconf)

endif ! ----- ] processid /=0

do ip=1,ncrystals
call grbfnn predict(ip,tmp)
enddo

endif

never ending at the same time
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Master-slave mode
subroutine feedin1(nconf0,iter0) never endlng at the same time
USE crystal_set, ONLY : maxnatoms,penergy_set,pstress_set,pfxyz_set
implicit none
include 'mpif.h’
integer nconf0,iter0
integer, parameter :: maxnid=2
integer ind(maxnid),nid,id,mm,man,kid,itag,koumpi,istatus(MPI_STATUS_SIZE)

mm=0
DO id=1,min(nproc-1,nconf0)
mm=mm-+1
I Generation [ ]
itag=1 ; call MPI_SEND(mm,1,MPI_INTEGER, mm, itag, MPI_COMM_WORLD,ierr)
enddo
do id=1,nconf0
itag=3; nid=2

call MPI_RECV(ind,nid,MPI_INTEGER,MPI_ANY_SOURCE,itag, MPI_COMM_WORLD,istatus,ierr)

kid=ind(1) ; man=istatus(MPI_SOURCE) ; itag=>5

koumpi=1

call MPI_RECV(penergy_set(kid),koumpi,MPI_DOUBLE_PRECISION,man,itag, MPI_COMM_WORLD,istatus,ierr)
koumpi=6

call MPI_RECV(pstress_set(1,kid),koumpi,MPI_DOUBLE_PRECISION,man,itag, MPI_COMM_WORLD,istatus,ierr)
koumpi=3*maxnatoms

call MPI_RECV(pfxyz_set(1,1,kid),koumpi,MPI_DOUBLE_PRECISION,man,itag,MPI_COMM_WORLD,istatus,ierr)

I Analysis [ ]
if (mm < nconfO)then
mm=mm-+1
I Generation [ ]
itag=1; call MPI_SEND(mm,1,MPI_INTEGER, man, itag, MPI_COMM_WORLD,ierr)
else
itag=1; call MPI_SEND(0,1,MPI_INTEGER, man, itag,MPI_COMM_WORLD,ierr)
endif
ENDDO ; end subroutine feedin1
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Master-slave mode _ .
never ending at the same time

subroutine predict1(nconf0)

USE crystal_set, ONLY : maxnatoms,penergy_set,pstress_set,pfxyz_set
implicit none

include 'mpif.h'

integer nconf0

integer, parameter :: maxnid=2

integer ind(maxnid),nid,id,itag,koumpi,istatus(MPI_STATUS_SIZE)
real*8 eslave

if (myid > nconf0) return
DO
itag=1
call MPI_RECV(id,1,MPI_INTEGER, 0, itag,MPI_COMM_WORLD,istatus,ierr)
if (id == 0) return
I local [
call grbfnn_predict(id,eslave)
I local ]
itag=3 ; nid=2 ; ind(2)=id ; ind(1)=id
call MPI_SEND(ind,nid, MPI_INTEGER, 0, itag, MPI_COMM_WORLD,ierr)
itag=5 ; koumpi=1
call MPI_SEND(penergy_set(id),koumpi,MPI_DOUBLE_PRECISION, 0, itag, MPI_COMM_WORLD,ierr)
koumpi=6
call MFI;I_SEND(pstress_setU,id),koumpi,MPI_DOUBLE_PRECISION, 0, itag, MPI_COMM_WORLD,ierr)
koumpi=3*maxnatoms
call MPI_SEND(pfxyz_set(1,1,id),koumpi,MPI_DOUBLE_PRECISION, 0, itag, MPI_COMM_WORLD,ierr)
ENDO
end subroutine predict1
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Finite-difference method
2-D Laplace equation
o? 0’
a?u(x, y)+ yu(x,y) =0

Central discretization leads to

Uiy =2 5+ Mg~ 2u;
i K B
[ [ ] ° [ ] [ ] [ ]
ij+1
e e ) o °
1) ij i+l

https://www.sharcnet.ca/help/images/4/4f/Parallel_Numerical_Solution_of PDEs_with_Message Passing.pdf
http://www2.cs.uh.edu/~gabriel/courses/cosc6374 f07/ParCo_05 laplace.pdf
https://people.sc.fsu.edu/~jburkardt/f src/heat_mpi/heat_mpi.fo0

https://dournac.org/info/parallel_heat2d
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Communications?

Jat time t
(‘

Armplitude

Position index (i)
Message-passing tools for Structured Grid communications (MSG)
MSG-2.0

https://www.mcs.anl.gov/research/projects/mpi/libraries.html 2



te-difference method

ini

F

Data exchange at process boundaries required

Halo

AT

AT

000000 0000000 OOGPOGONOSS
00000 0 000000 0 OOGPOGONOSPS
00009 O 00000 OGPO OOGROGFOGNODS
000000 00000 OGOO OOOGONOSPS
00000 O 0000000 OOGOGOGNOS
00000 O 00000 OGOO OOGROGNONOSS
000000 000000 0 OOGPOGNOGNOSPS
00000 O 0000000 OOGOGPONOS
00000 0O 00000 OGPO OOGROGNONOSDS
00000 0 000000 0 OOOONOSPS
00000 00000 00000
00000 00000 00000
00000 0 000000 0 OOOGONPOSPS
00000 O 0000000 0OOOGOGNOS
00000 0O 00000 OGOO OOGNOGNONOSS
000000 000000 0 OOOGOGNOS
000090 0O 00000090 0 0OOOGOOPS
90000 O 00000 OGPO OOGFOGNOGNOSS
00000 0 000000 0 OOOGONOS
000090 0O 00000090 0 0OOOGOOPS
00009090 0O 0000 OSGPO OOGNOGNOSNPOSS
000000 000000 O 0000
00000 00000 00000
00000 00000 00000
000000 0000000 0OOOCFONOSDS
000909 0O 0000O0OSPO OOGNOGONPOSDS
000000 0C0O0OOODO OOFOGFONODS
000000 000000 0 0OO0OCOOCPS
00009900 0000 O0OG O OOGNOGNONPOSS
000000 000000 0O OOGFOGONOPS
000000 000000 0 0OOOCOOS
900099 0O 000009 O OOGNOGNONOSS
000000 0000000 OOGPOGONOPS
...Oﬁl‘\....o cCeooee
5
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Point-to-point communications
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Collective communications
No tags

u=[ o] 1] 2] 3] 4] 5] 6] 7] 8] o[ 10[ 11] 12 13] 14] 15]

I
00 0000 I
v=[ o[ 1] 2[ 5] 0

reduction

—v=[1[ i3] af1s] 3

I MPI_Scatter(u, 4, MPI_INT, v, 4, MPI_INT, O, MPI_COMM_WORLD);
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Filled No tags

buffer
e

ProcessA [ [ [ I [ [ 1] EEE  EEEE
MPI_Bcast ProcessB [ [ [ [ T [ ][] MPIBcast | [T | N [ 1]
@ = Processc [[[[TTTITT] NN NEEN
e e
Empty Information
buffer present on

O= O O O

o™
O O O O

@Q= Q= = ()=
()

every process
Memory

MPI Bcast() — Broadcast (one to all)
MPI Reduce() —  Reduction (all to one)
MPI_Allreduce() — Reduction (all to all)
MPI_Scatter() —  Distribute data (one to all)
MPI_Gather() -  Collect data (all to one)
MPI_Alltoall() — Distribute data (all to all)
MPI_Allgather() — Collect data (all to all)

MPI_Allgather

©= O O-
CRR RO
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= - = =
9.‘[1‘9] 7]"6‘}\6101 'Q‘ﬂ_Xﬂ 0] Zjlq NO tagS
: : . olul H A3lE EA] BHFHo
Collective communications W] 4 sk SAl B el
data ——»
§ PO |A A PO i A'B*C*D
‘E’ P1 broadcast A P1lB reduce
a P — >
P2 A Pz (C|
l P3 A P3|D |
*: some operator
Po|AIB|C|D| eatter |A Pofal el lABCD
scatterv P1 — |B P1|B | '€ |aB*CD
P2 - | C Pz |C A'B*C*D
gather 1
gatherv P3 D P3 |D | A'B*C’D
*: some operator
Po|A alslc|p PO |A | A
P1lB allgather alslclp P1 i scan A'B
Pz |C A|B|(C|D Pz |C| A'B*C
P3|D AlB|c]|D P3 | D | A'B’C’D
* some operator
Po |A0 |AT[AZ A3 A0 |Bo|co|Do P0 |A0 [A1[A2|A3| reduce |A0*BO*CO*DO
P1(Bo[B1|B2|B3| AMtoall [a1|B1]|c1|D1 P1 [Bo[B1]B2[B3| €7t [A1B1*C1*DA1
Pz |Co|C1|C2[C3 Az |Bz|Cz|D2 Pz [Co|C1|C2|C3 Az'Bz2*C2'D2
P3 |D0|D1|D2|D3 A3|B3|C3|D3 P3 [D0|D1|D2|D3 A3'B3*C3'D3

* some operator

Y. Aoyama and J. Nakano



Collective communications No tags

bcast.f

1 PROGRAM bcast

2 INCLUDE 'mpif.h’

3 INTEGER imsg(4)

= CALL MPI_INIT(ierr)

5 CALL MPI_COMM SIZE(MPI_COMM WORLD, nprocs, ierr)

6 CALL MPI_COMM_RANK(MPI_COMM WORLD, myrank, ierr)

7 IF (myrank==0) THEN

8 DO i=1,4

9 imsg(i) =i MPI_COMM_WORLD

10 ENDDO
1 1 ELSE R rank=0=root mnk: ; runk: . i
12 DO i=1,4 x4 [ nn m méi ‘
13 imsg(i) = 0 - - " i
14 ENDDO
15 ENDIF
16 PRINT *,'Before:’,imsg

17 CALL MP_FLUSH(1)

18 CALL MPI_BCAST(imSg, 4, MPI_INTEGER,

19 & 0, MPI COMM WORLD, ierr)

20 PRINT *,'After :’,imsg

21 CALL MPI_FINALIZE (ierrx)

22 END No tags

88
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Collective communications

No tags

gather.f
1 PROGRAM gather
2 INCLUDE ‘mpif.h’
3 INTEGER irecv(3)
4 CALL MPI_INIT(ierr)
5 CALL MPI_COMM SIZE(MPI_COMM WORLD, nprocs, ierr)
6 CALL MPI_COMM_RANK(MPI_COMM_WORLD, myrank, ierr)
7 isend = myrank + 1
8 CALL MPI_GATHER(isend, 1, MPI_INTEGER,
9 & irecv, 1, MPI_INTEGER,
10 & 0, MPI COMM WORLD, ierr)
11 IF (myrank==0) THEN
12 PRINT *,’irecv =',irecv
13 ENDIF
14 CALL MPI_FINALIZE(ierr)
15 END
MPI_COMM_WORLD
rank=0=root rank=1 rank=2
MPI_I:I':EGERJ ) | : l SR l 7
isend l isend

MPI_INTEGER
x1

]
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Collective communications

No tags

1 PROGRAM reduce

2 INCLUDE ‘mpif.h’

3 REAL a(9)

4 CALL MPI_INIT (ierr)

5 CALL MPI_COMM__SIZE(MPI_COMM_WORLD, nprocs, ierr)

6 CALL MPI_COMM_RANK (MPI_COMM_WORLD, myrank, ierr)

7 ista = myrank * 3 + 1

8 iend = ista + 2

9 DO i=ista,iend

10 a(i) =1

11 ENDDO

12 sum = 0.0

13 DO i=ista,iend

14 sum = sum + afi)

= mom No tags

16 CALL MPI_REDUCE(sum, tmp, 1, MPI_REAL, MPI_SUM, 0,

17 & MPI_COMM WORLD, ierr)

18 sum = tmp MPI_COMM_WORLD

19 IF (myrank==0) THEN = -

20 PRINT *,’sum =',sum rank=0=root rank=1 rank=2

21 ENDIF re a3 456788 e 345 s 789 Tée 3 45 6788

e eriLizE(iees) GRE 1) (CLEEe ] (I L7s9
— array a array a array a

23 END

nﬁ‘sum
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Collective communications

PROGRAM maxloc_p
INCLUDE ‘mpif.h’
INTEGER n(9)
INTEGER isend(2), irecv(2)
DATA n /12, 15, 2, 20, 8, 3, 7, 24, 52/
CALL MPI_INIT(ierr)
CALL MPI_COMM_SIZE(MPI_COMM WORLD, nprocs, ierr)
CALL MPI_COMM_RANK(MPI_COMM_WORLD, myrank, ierr)
ista = myrank * 3 + 1 MPI_COMM_WORLD

No tags

iend = ista + 2 rank=0=root rank=1
1234567868 23456788

rank=2
1253455783

HERRRREZE

imax = -999 !
) ] . pelelol TTTT T (T Rolels[ [ 1]
DO i = ista, iend array n amay n

IF (n(i) > imax) THEN
imax = n (1) E isend E isend
iloc i

array n

@ isend

ENDIF
ENDDO E irecy

isend (1) imax

isend(2) iloc
CALL MPI_REDUCE(isend, irecv, 1, MPI_2INTEGER,
& MPI_MAXLOC, 0, MPI_COMM_WORLD, ierr)
IF (myrank == 0) THEN
PRINT *, 'Max =’, irecv(l), ’'Location =', irecv(2)
ENDIF
CALL MPI_FINALIZE(ierr)
END

No tags

do not use a call suchas MPI_Reduce (&X 5 &x S 1 c MPI_DOUBLE > 0 5

comm) ;

Y. Aoyama and J. Nakano
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Reduce operators

HPI_MAX maximum integer, float integer, real, complex

MPI_MIN minimum integer, float integer, real, complex
HP1_SUH sum integer, float integer, real, complex
WPI_PROD | product integer, float integer, real, complex
WPI_LAND | logical AND integer logical

HPI_BAND | bit-wise AND integer, MPI. BYTE integer, MPI BYTE

HPI_LOR logical OR integer logical

HP1_BOR bit-wise OR integer, MPI_ BYTE integer, MPI BYTE

HPI_LXOR | logical ZOR integer logical

HPI_BXOR bit-wise XOR integer, MPI_BYTE integer, MPI_BYTE
MP1_MAXLOC | max value and location |float, double and long double |real, complex,double precision
MPI_MINLOC | min value and location |float, double and long double | real, complex, double precision
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Load balancing

Equally partition the worka

Use dynamic work assignment
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Granularity

Fine-grain Parallelisma Coarse-grain Parallelism
s  Azednas s
A4 Y
' communication | communication
I computation J computation

Relatively large amounts of computational work are done

between communication/synchronization events
94



Problem decomposition

* Domain decompostion

* Functional decomposition

2 ) o) A2kl Hlo] B 7} A = T

Nz ke wro olErl 988w v

o o|lfuloz Ztctst &~ 9l = A
oI

A 9] dlol el o A gate] Aol FaAH = B

Infiniband7} 2 25t A2
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Parallel programming 1ssues

% load balancing
% minimizing communication
% overlapping communication and computation

A FAlS Agstodof sttt T4 2 o QoW A} 81A] gFofof $Hrt. (minimizing communication)

Afshd &AL vl- =2 7] Uﬂ%o

E

wESo] A9 5 AR A 588 o5 Z). (load balancing)
ol Ate T3] L3 T TR Tl FAIS sl WA o] Tk

|| A AAEE A EA R E AL BB A
o1 }g,e_ A 43 fﬂ Ure 4971 S 5 A
o] W}, MPI ANY SOURCEZE ¢| &34 At 5 & Hho} S92t} o] = Arb ol A & AXA 3 2F 7 Q1A & 4= 9t} .ol A Alxkels AE0] B
A3 %%Ei AZHS Q78R Sk A 9o B} A3s Wl o)t} o & S, A4 A0 B 0 2 438} 5l 7S F1= A9, Alakeit) H &
T ALA IS A= Al fte] FYUSHA] &S 4=l

It 1s very difficult in practice to interleave communication with computation.
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o

Faslol g AL U AREL

allocate(exqq(natom_ac,3,0:np_ac), exforce(natom_ac,3,0:np_ac), exvofqj(0:np_ac))
if(myid = O)then ! ----- { PROCESS ID =0
exqq=qq
endif ! ----- } PROCESS ID =0
iroot=0 ; kount=3*natom_ac*(np_ac+1)
call MPI_BCAST(exqq, kount, MPI_REALS, iroot, MPI_COMM_WORLD,ierr)
nl=0; n2=np ac
call equal load(nl,n2,nproc,myid,jstart,jfinish)

exforce=0.0d0 ; exvofqj=0.0d0

do j=jstart,jfinish

call xtinker(exqq(1,1,j),exforce(1,1,j),exvofqj(j),natom_ac,isequence,isymbol,iattyp,iil2)
enddo

iroot=0 ; kount=3*natom_ac*(np_ac+1)

1;1:10]_9__‘5 HF A

call MPI_REDUCE(exforce,force_ac,kount, MPI_ DOUBLE_PRECISION,MPI_SUM,iroot, MPI_COMM_WORLD,ierr)

iroot=0 ; kount=(np_ac+1)

call MPI REDUCE(exvofgj,vofgj,kount, MPI DOUBLE_PRECISION,MPI_SUM,iroot, MPI COMM _WORLD,jerr)

SLAVE

>

/
(
()

deallocate(exforce, exvofqj, exqq) MASTER
MPIL_INIT
real*§ aa(n,n), bb(n,n)
doj-Ln loop Form tasks for the slaves
doi=1,n
aa(i,j)=0.d0 Send the tasks to the slaves
bb(ij)=0.0d0
enddo :
enddo Receive the results
doj=Ln MPIL_FINALIZE
do i=1+myid,n, nproc
aa(ij)=...
enddo
enddo

PN

loo

MPI_INIT
Receive atask from the master
Compute the task

Send a result to the master

MPI_FINALIZE

call MPI_REDUCE(aa,bb,n*n, MPI_DOUBLE_PRECISION, MPI_SUM, 0, MPI_COMM_WORLD, ierr)
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PROGRAM main
PARAMETER (n = 1000)
DIMENSION a (n)
DO i =1, n

a(i) = 1
ENDDO
sum = 0.0
DO 1 =1, n

sum = sum + a(i) projd ga 5 gk
ENDDO
PRINT *,’sum =', sum
END
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SUBROUTINE para range(nl, n2, nprocs, 1irank, 1ista, 1iend)
iworkl (n2 - nl1 + 1) / nprocs

iwork2 = MOD(n2 - nl + 1, nprocs)

ista = irank * iworkl + nl + MIN(irank, iwork2)

iend = ista + iworkl - 1

IF (iwork2 > 1irank) 1iend = iend + 1
END
lteration 1 z =5 4 s & 7 & & 10 11 2 13 14
park [0 [0 [0 o[ [1]1[1]2]2]2[s]s]3]
< >

SUBROUTINE para range(nl, n2, nprocs, 1rank, ista, 1iend)
iwork = (n2 - nl) / nprocs + 1

ista = MIN(irank * iwork + nl, n2 + 1)

iend = MIN(ista + iwork - 1, n2)

END

lteration 1+ 2z 3 4 5 &5 7 & 8 10 11 12 13 14
Rank |0 (0|0 |O |1 T |1 (1|2 |22 |2|3]|3
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subroutine equal load(nl,n2,nproc,myid,istart,ifinish)
implicit none

integer nproc,myid,istart,ifinish,n1,n2

integer iwl,iw2

iwl=(n2-n1+1)/nproc ; iw2=mod(n2-n1+1,nproc)
istart=myid*iw1+n1+min(myid,iw2)
ifinish=istart+iwl1-1 ; if(iw2 > myid) ifinish=ifinish+1
print*, nl,n2,myid,nproc,istart,ifinish

if(n2 < istart) ifinish=istart-1

return

end
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PROGRAM main

INCLUDE 'mpif.h’

PARAMETER (n = 1000)

DIMENSION a (n)

CALL MPI_INIT(ierr)

CALL MPI COMM SIZE(MPI_ COMM WORLD, nprocs, ierr)
CALL MPI COMM RANK (MPI_ COMM WORLD, myrank, ierr)

CALL para range(l, n, nprocs, myrank, ista, iend)

DO i = ista, iend

opt) TR ARk mmE R e AR, FR A el 2
sum = 0.0
DO i = ista, iend
sum = sum + a(i)
ENDDO

CALL MPI_REDUCE(sum, ssum, 1, MPI REAL,
MPI_SUM, 0, MPI_COMM WORLD, ierr)
sum = ssum

IF (myrank == 0) PRINT *,’sum =',sum
CALL MPI_FINALIZE(ierr)
END
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=z

e R

=z
o

Array a()

8 10 11 12 13 14

8

o

Process 0

Process 1

Process 2

Process 3
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71E B0l AME k= do loop HEZI2| BHAIZ OF2{of EA|RHLCE.
do loop BEZ} (37FA| &4])

1/3. block distribution

do i=n1,n2

------------- > o} 2| ¢} 7o) serialoll 4] parallel = ¥} Ut}
do i=ista,iend

end do

o} 7] o) A ista, iend+ == (irank) 2 TRE g0 S TH

subroutine para_range(nl,n2,nprocs,irank,ista,iend)
implicit none

integer nl,n2,nprocs,irank,ista,iend
integer iwork1,iwork2
iwork1=(n2-n1+1)/nprocs
iwork2=mod(n2-n1+1,nprocs)
ista=irank*iwork 1+n1+min(irank,iwork2)
iend=ista-+iwork1-1
if(iwork2> irank) iend=iend+1
end

lteration 1 2 3 4 &5 ® 7 8 9 10 11 12 13 14
Rank |0 /0|00 [1]|1|1|1|2]|]2]|2|3|3]|3

Figure 49. Block Distribution
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2/3. cyclic distribution

round-robin fashion

do i=n1,n2

> o}gf| 9} 7o serialoll A parallel = H}g L T}

do i=nl+irank, n2, nprocs

lteration 1

2

3

o

11

12

13

14

Rank | 0

2

Figure 51. Cyclic Distribution
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3/3. block-cyclic distribution

do i=n1,n2

————————————— > o}gf| &} 7o) seriall| 4] parallel 2 B4 U T},
do ii=nl-+irank*iblock, n2, nprocs*iblock
do i=ii,min(ii+iblock-1,n2)

lteration 1 2 3 4 5 ©& 7 3 9 10 11 12 13 14
rark [0]0 1122 [s]3[o o 1]1]2[7]

iblock

Figure 52. Block-Cyclic Distribution
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PROGRAM main
implicit none

real suml,ssum
integer i,ista,iend

https:// ““;;{Q:;ﬁ)om/lnholeeglthub/sum

mer2022: e
L MPI_COMM_SIZE(MPI_COMM_WORLD, nprocs, ierr)

CALL MPI COMM_RANK(MPI COMM_WORLD, myrank, ierr)
CALL para_range(nl, n2, nprocs, myrank, ista, iend)

ALLOCATE (a(ista:iend))

DO 1 =ista, iend

a(i) =i

ENDDO

suml =0.0

DO 1 =ista, iend

suml =suml + a(i)

shrink

ENDDO
suml=sum(a) MPI_REALS
DEALLOCATE (a) MPI_DOUBLE_PRECISION

CALL MPI REDUCE(suml, ssum, 1, MPI REAL,MPI SUM, 0, MPI COMM_WORLD, ierr)
suml = ssum

PRINT *suml =,suml, myrank

CALL MPI_FINALIZE(ierr)

END



PROGRAM main

INCLUDE ‘mpif.h’
PARAMETER (nl = 1, n2 =
REAL, ALLOCATABLE :: a(:
CALL MPI_ INIT (ierr)

CALL MPI_ COMM SIZE (MPI_COMM WORLD, nprocs, ierr)
CALL MPI_COMM RANK (MPI COMM WORLD, myrank, ierr)
CALL para_range(nl, n2, nprocs, myrank, ista, iend)
ALLOCATE (a(ista:iend))

1000) real*8sum,ssum
)

real*8, allocatable ::

DO i = ista, iend
a(i) = 1
ENDDO
sum = 0.0
DO i = ista, iend
sum = sum + a(i)
ENDDO MPI_DOUBLE_PRECISION
DEALLOCATE (a) MPI REALS
CALL MPI_ REDUCE (sum, ssum, 1, MPI:REAL,
& MPI_SUM, 0, MPI_COMM WORLD, ierr)
sum = ssum
PRINT *,’sum =',sum
CALL MPI_FINALIZE (ierr)
END
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One-sided communication®] ¢} collective communication ©| -5~ -5--& 3} c}.
oE 50, mEHE EojA A= AHRES THEAY
E4 HolHE == 2 Y12} o collective communication W ©] 83}

Processors Memory e
MPI_Reduce

CPU OE 0" &F

AN
MPI_SUM

@ 18
tOp MPI_Allreduce

OEEOEEEEL

MPI_SUM

O EH ()i () (i

=
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Collective communications

gather.f

1 PROGRAM gather

2 INCLUDE ‘mpif.h’

3 INTEGER irecv(3)

4 CALL MPI_INIT(ierr)

5 CALL MPI_COMM SIZE(MPI_COMM WORLD, nprocs, ierr)
6 CALL MPI_COMM RANK(MPI_COMM WORLD, myrank, ierr)
7 isend = myrank + 1
8 CALL MPI_GATHER(isend, 1, MPI_INTEGER,

9 & irecv, 1, MPI_INTEGER,
10 & 0, MPI_COMM WORLD, ierr)
11 IF (myrank==0) THEN
12 PRINT *,’irecv =',irecv
13 ENDIF
14 CALL MPI_FINALIZE (ierr)

15 END

MPI_COMM_WORLD

rank=0=root rank=1 i rank=2
MPI_INTEGER e | B
e [ | ] |
isend l isend isend
MPI_INTEGER 1
x1
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gatherv

before
[a] (k] [d] el
[TTTT]
after 0
[d]

o dgE 54 AV ARES 5 ==
1T
-

= S(nproc)dll ¥l dl sk vl (M < nproc)o] &

rr 2N

irregular message sizes allowed
gaps allowed between messages in source data

data can be distributed to processes in any order

http://incredible.egloos.com/4086075

http://www.cac.cornell.edu/Ranger/MPIcc/scatterv.aspx
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gatherv

1234567890

implicit none

include 'mpif.h’

integer, allocatable :: isend(:), irecv(:)
integer, allocatable :: ircnt(:), idisp(:)
integer ierr,nproc,myid

integer 1i,iscnt, ndsize

call MPI_INIT(ierr)

call MPI COMM_SIZE(MPI COMM_WORLD, nproc, ierr)
call MPI COMM_RANK(MPI COMM_WORLD, myid, ierr)
ndsize=10

allocate(isend(ndsize),irecv(nproc*ndsize))
allocate(ircnt(0:nproc-1),idisp(0:nproc-1))

ircnt=ndsize

idisp(0)=0

do i=1,nproc-1

idisp(i)=idisp(i- 1 )+ircnt(i)

enddo

before

] [d le]

do 1=1,ndsize ! node specific data with a data-size ndsize
isend(i)=myid+1
enddo

iscnt=ndsize
call MPI GATHERV(isend, iscnt, MPI INTEGER, irecv, ircnt, idisp, MPI INTEGER,0, MPI COMM_WORLD, ierr)
if(myid = O)then
print*, 'irecv="irecv
endif
deallocate(ircnt,idisp) ; deallocate(isend,irecv)

call MPI_FINALIZE(err) ; stop ; end 111



scatterv

real*8 a(25), rbuf(MAX); integer displs(NX), rcounts(NX), nsize

do i= 1, nsize

displs(i) = (i-1)*stride

rcounts(i) = 25

enddo

call mpi_gatherv(a, 25, MPI REAL, rbuf, rcounts, displs, MPI REALS, root, MPI COMM_WORLD, ierr)

before
] ] L [ Ll
after
alb cld e
bl [c] [d]

real*8 a(25), sbuf(MAX); integer displs(NX), scounts(NX), nsize

do i= 1, nsize

displs(i) = (i-1)*stride

scounts(i) = 25

enddo

call mpi_scatterv(sbuf, scounts, displs, MPI REALS, a, 25, MPI REAL, root, MPI COMM_WOLRD, ierr)
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http://www.cac.cornell.edu/Ranger/MPIcc/gathervscatterv.aspx



Parallel ADMD
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Distributed computing

Observed speedup

25 .7
22 | 7
i 7
20 + 19 | //
o 7
Ve
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L Vd N
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K 3 z/ 0 8+8
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program main
include 'mpif.h'
integer ierr
call MPI INIT(ierr)
print*, 'hello world'
call MPI FINALIZE(err)
end
mpif77 hello world parallel 1.f
mpiexec —n 2 ./a.out
mpiexec —np 2 ./a.out
mpirun —np 2 ./a.out
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PROGRAM env

INCLUDE "mpif.h’

CALL MPI_INIT(err)

CALL MPI_COMM SIZE(MPI COMM_WORLD, nprocs, ierr)
CALL MPI_ COMM_RANK(MPI COMM WORLD, myrank, ierr)
PRINT *,’nprocs =’,nprocs, myrank =", myrank

CALL MPI_FINALIZE(ierr)

END
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integer isize
character*9 string,fname

isize=4

call xnumeral( myid, string, isize)
fhame='confl'//trim(string) ' confil0000, confil0001, confil0002
open(29,file=fhame,form="formatted')
write(29,*) nparticle,mm

write(29,*) tau,beta,ss lowest

do ia=I,nparticle

do j=0,mm

write(29,*) (qqq(jcomp,j,ia),jcomp=1,idims)
enddo

enddo

do ia=I,nparticle

write(29,*) iiq(ia)

enddo

close(29)
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ASCII vs. binary

> 10 speedup

write

Format || C FORTRAN
ASCII fprintf () | open(6,file="test’,form="formatted’)
write(6,*)
Binary || furite() | open(6,file="test’,form="unformatted’)
(6

)
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X E T direct access 71 ©] MPI 74 3l A &3k 1 &3 WA 02 AL8 5 = 3 o & AUl
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0,40 Hy
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open(1,file="fort.1',form="formatted',access="sequential’)

open(2,file="fort.2',access="direct', recl=8*nnn)
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1234567890 EE T2 13 A8 F(on the fly) 574 L A7)
program d_access ol o} Zo] A5t Hrt.

implicit none

include 'mpif.h' OPEN(11,FILE=del")

integer myid, nproc, ierr, iroot, kount CLOSE(11,STATUS=DELETE) ! 3}& X|-¢-7|& 2 8§ 3},
real*8 time_start,time end

integer nsites MPI ¢ 7430 tH ==l A ut X gJokdlt) BE =7}
real*8, allocatable :: spin_lattice(:),tspin_lattice(:) | U} #]-= 5= glth

real*8 before,after
integer kdum,kk

call MPI INIT( ierr )
call MPI COMM_RANK( MPI_ COMM_WORLD, myid, ierr )
call MPI COMM_SIZE( MPI_ COMM_WORLD, nproc, ierr )
if(myid = 0 .and. nproc > 1) print *, nproc," processes are alive"
if(myid = 0 .and. nproc =1) print *, nproc," process is alive"
time_start=MPI_ WTIME()

nsites=100

allocate(spin_lattice(nsites))

allocate(tspin_lattice(nsites))

spin_lattice=0.d0

tspin_lattice=0.d0

before=float(myid)

print*, before, myid,' node,in the memory'
open(97,file="fort.97',access='direct',recl=8*(nsites+1))
write(97,rec=myid+1) before,(spin_lattice(kdum),kdum=1,nsites)
close(97)
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call MPI BARRIER( MPI_COMM_WORLD, ierr )
if(myid = O)then ! ----- [ process id =0
open(97,file="fort.97',access='direct',recl=8*(nsites+1))
before=2.d222

do kk=1,nproc

read(97,rec=kk) after,(tspin_lattice(kdum),kdum=1,nsites)
print*, after, kk-1,' node,in the file'

! if(before > after)then

! before=after

! spin_lattice=tspin_lattice

! endif

enddo

close(97)

! print*, before,' before'

endif o =— } process id =0

deallocate(spin_lattice)

deallocate(tspin_lattice)

time_end=MPI WTIME()

if(myid = 0) then ! ------- = { process id =0

write(6,'(4(f14.5,1x,a))") (time_end-time_start),'s', (time_end-time_start)/60.d0,'m’, (time _end-time_start)/3600.d0,'h’,
(time_end-time_start)/3600.d0/24.d0,'d'

endif e = } process id =0

call MPI FINALIZE(ierr)

stop

end program d_access
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I/O = Parallel I/O

m Non-parallel 1/0

m |/O to separate files

m Parallel 1/0
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Non-parallel I/O from an MPI program

#include "mpi.h"

#include <stdio.h>

#define BUFSIZE 100

int main(int argc, char *argv[])

i{nt 1, myrank, numprocs, buff BUFSIZE];

MPI_Status status;

FILE *myfile;

MPI_Init(&arge, &argv);

MPI_Comm_rank(MPI COMM_WORLD, &myrank);

MPI Comm_size(MPI COMM_WORLD, &numprocs);

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

bufli] = myrank * BUFSIZE + i;

if (myrank !=0)

MPI_Send(buf, BUFSIZE, MPI_INT, 0, 123, MPI COMM_WORLD);
else {

myfile = fopen("testfile", "w");

fwrite(buf, sizeof(int), BUFSIZE, myfile);

for (i=1; i<numprocs; i++) {

MPI Recv(buf, BUFSIZE, MPI INT, i, 123, MPI COMM_WORLD, &status);
fwrite(buf, sizeof(int), BUFSIZE, myfile);

fclose(myfile);
}

MPI Finalize();
return O;

}
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Non-MPI I/O to separate files

#include "mpi.h"

#include <stdio.h>

#define BUFSIZE 100

int main(int argc, char *argv([])

{

int 1, myrank, buf[BUFSIZE];

char filename[128];

FILE *myfile;

MPI_Init(&argc, &argv);

MPI Comm_rank(MPI COMM WORLD, &myrank);
for (1=0; i<BUFSIZE; i++)

buf[i] = myrank * BUFSIZE + i;
sprintf(filename, "testfile.%d", myrank);
myfile = fopen(filename, "w");
fwrite(buf, sizeof(int), BUFSIZE, myfile);
fclose(myfile);

MPI Finalize();

return 0;

}
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MPI I/O to separate files

#include "mpi.h"

#include <stdio.h>

#define BUFSIZE 100

int main(int argc, char *argv[])

{

int i, myrank, buf[BUFSIZE];

char filename[128];

MPI_File myfile;

MPI_Init(&argc, &argv);

MPI_Comm_rank(MPI_COMM_WORLD, &myrank);

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

buf[i] = myrank * BUFSIZE + i;

sprintf(filename, "testfile.%d", myrank);
MPI_File_open(MPI_COMM_SELF, filename, MP|_MODE_WRONLY | MP|_MODE_CREATE, MPI_INFO_NULL, &myfile);
MPI_File_write(myfile, buf, BUFSIZE, MPI_INT, MPI_STATUS_IGNORE);
MPI_File_close(&myfile);

MPI_Finalize();

return 0;

}
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Parallel MPI I/O to a single file

#include "mpi.h"

#include <stdio.h>

#define BUFSIZE 100

int main(int argc, char *argv[])

{

int i, myrank, buf[BUFSIZE];

MPI_File thefile; Declaring a File Pointer

MPI_Init(&argc, &argv); ‘ . C
MPI_Comm_rank(MPI_COMM_WORLD, &myrank); :

for (i=0; i<BUFSIZE; i++) .

buf[i] = myrank * BUFSIZE + i; T : Fortran
MPI_File_open(MPI_COMM_WORLD, "testfile", MPI_MODE_CREATE | MPI_MODE_WRONLY, MPI_INFO_NULL, &thefile);
MPI_File_set_view(thefile, myrank*BUFSIZE*sizeof(int), MPI_INT, MPI_INT, "native", MPI_INFO_NULL);
MPI_File_write(thefile, buf, BUFSIZE, MPI_INT, MPI_STATUS_IGNORE);

MPI_File_close(&thefile);

MPI_Finalize();

return 0;
} [ TTLE I
PO
Pl
P2
. P# 1s a single processor with rank #.
P(n-1) (GO
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Reading a file (1/3)

#include "mpi.h"

#include <stdio.h>

int main(int argc, char *argv[])

{

int myrank, numprocs, bufsize, *buf, count;

MPI_File thefile; Declaring a File Pointer
MPI_Status status;

MPI_Offset filesize;

MPI_Init(&argc, &argv);

MPI_Comm_rank(MPI_COMM_WORLD, &myrank);

MPI_Comm_size(MPI_COMM_WORLD, &numprocs);

MPI_File_open(MP]_COMM_WORLD, "testfile", MPI_MODE_RDONLY, MPI_INFO_NULL, &thefile);

MPI_File_get_size(thefile, &filesize); /¥ in bytes */
filesize = filesize / sizeof(int); /* in number of ints */
bufsize = filesize / numprocs + 1; /* local number to read */

buf = (int *) malloc (bufsize*sizeof(int));

MPI_File_set_view(thefile, myrank*bufsize*sizeof(int), MPI_INT, MPI_INT, "native", MPI_INFO_NULL);
MPI_File_read(thefile, buf, bufsize, MPI_INT, &status);

MPI_Get_count(&status, MPI_INT, &count);

printf("process %d read %d ints\n", myrank, count);

MPI_File_close(&thefile);

MPI_Finalize();

return O;

}
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#include<stdio.h>

#include "mpi.h"

#define FILESIZE 80

int main(int argc, char **argv) {
int rank, size, bufsize, nints;
MPI_File fh;

MPI Status status;
MPI:Init(&argc, &argv) ;

MPI Comm rank (MPI COMM WORLD, &rank);
MPI Comm size (MPI COMM WORLD, &size);

bufsize = FILESIZE/size;
nints = bufsize/sizeof (int);
int buf[nints];

MPI_File open (MPI COMM WORLD, "dfile",MPI MODE RDONLY,MPI INFO NULL, &fh) ;

Reading a file (2/3)

Declaring a File Pointer

Calculating Buffer Size

MPI File seek(fh, rank * bufsize, MPI_SEEK SET);
MPI File read(fh, buf, nints, MPI_INT, &status);

printf ("\nrank: %d, buf[%d]: %d", rank,

MPI File close (&fh);
MPI Finalize();
return 0;

}

After opening the file, read data from files by using either MPI File seek & MPI File read or MPI File read at

rank*bufsize, buf[0]);
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Reading a file (3/3)

#include<stdio.h>

#include "mpi.h"

#define FILESIZE 80

int main(int argc, char **argv) {

int rank, size, bufsize, nints;

MPI File fh; Declaring a File Pointer

MPI Status status;

MPI:Init(&argc, &argv) ;

MPI Comm rank (MPI COMM WORLD, é&rank);

MPI Comm size (MPI COMM WORLD, é&size);

bufsize = FILESIZE/size;

nints = bufsize/sizeof (int);

int buf[nints];
MPI_File_ppen(MPI_COMM_WORLD,"dfile",MPI_MODE_RDONLY,MPI_INFO_NULL,&fh);
MPI File read at(fh, rank*bufsize, buf, nints, MPI INT, é&status);
printf ("\nrank: %d, buf[%d]: %d", rank, rank*bufsize, buf[0]);
MPI File close (&fh);

MPI:FinaIize();

return 0;

}

After opening the file, read data from files by using either MPI File seek & MPI File read or MPI File read at
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Writing a file (1/2)

#include<stdio.h>

#include "mpi.h"

int main(int argc, char **argv){

int i, rank, size, offset, nints, N=16 ;

MPI_File thw;

MPI_Status status;

MPI_Init(&arge, &argv);
MPI_Comm_rank(MPI_COMM_WORLD, &rank);
MPI_Comm_size(MPI_COMM_WORLD, &size);
int buf[N];

for (1=0;1<N;i++){

bufli] =1;

}

offset = rank*(N/size)*sizeof(int);
MPI_File_open(MPI_COMM_WORLD, "datafile", MPI MODE CREATEMPI MODE WRONLY, MPI_INFO NULL, &fhw);
printf("\nRank: %d, Offset: %d\n", rank, offset);

MPI_File_write_at(thw, offset, buf, (N/size), MPI_INT, &status);

MPI_File_close(&thw);

MPI_Finalize();

return 0;

}

Declaring a File Pointer

For writing, use either MPI_File_set view & MPI_File write or MPI File write at
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Writing a file (2/2)

finclude<stdio.h>
#include "mpi.h"
int main(int argc, char **argv) {
int i, rank, size, offset, nints, N=16;
MPI_File fhw; Declaring a File Pointer
MPI Status status;
MPI Init (&argc, &argv);
MPI Comm rank (MPI COMM WORLD, é&rank);
MPI Comm size (MPI_COMM WORLD, &size);
int buf[N];
for ( i=0;i<N;i++) {
buf[i] = i ;
}
offset = rank* (N/size) *sizeof (int) ;
MPI_File open(MPI_COMM_ WORLD, "datafile3", MPI MODE CREATEMPI MODE_WRONLY, MPI INFO NULL, &thw);
printf("\nRank: %d, Offset: %d\n", rank, offset);
MPI_File_set_view(fhw, offset, MPI INT, MPI_INT, "native", MPI INFO NULL);
MPI_File_write(thw, buf, (N/size), MPI_INT, &status);
MPI_File_close(&fhw);
MPI_Finalize();
return 0;

}

For writing, use either MPI_File_set view & MPI_File write or MPI File write at
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Reading a file (FORTRAN)

integer istatus (MPI_STATUS SIZE)

integer (kind=MPI OFFSET KIND) ioffset

call MPI_FILE OPEN (MPI COMM WORLD, '/pfs/datafile', MPI MODE RDONLY, MPI INFO NULL, fh, ierr)
nints = FILESIZE / (nprocs*INTSIZE)

ioffset =rank*nints*INTSIZE

call MPI FILE READ AT(fh, ioffset, buf, nints, MPI INTEGER, istatus, ierr)

call MPI GET COUNT (istatus, MPI INTEGER, count, ierr)

print *,_'prgbess ', rank, 'read ', count, 'integers'

call MPI_FILE CLOSE (fh, ierr)

MPI_File_open flags:

- MPI_MODE_ RDONLY (read only)

- MPI_MODE WRONLY (write only)

- MPI_MODE RDWR (read and write)

- MPI_MODE_CREATE (create file if it doesn’t exist)

— Use bitwise-or ‘| in C, or addition ‘+” in Fortran, to combine multiple flags
To write into a file, use MPI_File_write or MPI_File_write_at, or...
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Writing to a file (FORTRAN)

PROGRAM main

use mpi

integer ierr, i, myrank, BUFSIZE, thefile
parameter (BUFSIZE=100)

integer buf (RUFSIZE)

integer (kind=MPI OFFSET KIND) disp

call MPI INIT (ierr)

call MPI:COMM_RANK(MPI_COMM_WORLD, myrank, ierr)
do i = 0, BUFSIZE

buf (i) = myrank * BUFSIZE + 1

enddo

call MPI FILE OPEN(MPI_COMM_WORLD, 'testfile', MPI MODE WRONLY + MPI MODE CREATE, MPI INFO_NULL, thefile, ierr)
call MPI_TYPE SIZE(MPI INTEGER, intsize, ierr)

disp = myrank * BUFSIZE * intsize

call MPI FILE SET VIEW(thefile, disp, MPI INTEGER, MPI INTEGER, 'native', MPI INFO_NULL, ierr)

call MPI_FILE WRITE(thefile, buf, BUFSIZE, MPI INTEGER,MPI STATUS IGNORE, ierr)

call MPI_FILE CLOSE(thefile, ierr)

call MPI_FINALIZE(ierr)

END PROGRAM main
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* What is Parallel I/O?

Multiple processes of a parallel program accessing data
(reading or writing) from a common file.

FILE

| |
D W k )

1]

PO P1 P2 P(n-1)

C: int MPI_File_open (MPI_Comm comm, char *filename, int amode, MPI_Info info, MPI_File *fh)
Fortran: MPI_FILE_OPEN(COMM, FILENAME, AMODE, INFO, FH, IERROR) CHARACTER*(*) FILENAME INTEGER COMM, AMODE, INFO, FH, IERROR
Python: Open(type cls, Intracomm comm, filename, int amode=MODE_RDONLY, Info info=INFO_NULL)

C: MPI_File file;
Fortran: Type(MPI_File) file
Python: MPI.File

https://pages.tacc.utexas.edu/~eijkhout/pcse/html/mpi-io.html e



Parallel 1/O (1/3)

Sequential I/0 from an parallel program

|| | | | | | memory
w Processors
| file

Send : write
Recv :read
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Parallel 1/O (2/3)

Parallel I/O to multiple files

| | | | | | | memory

<> ~ processors




Parallel 1/O (3/3)

Parallel I/O to a single file

| | | | memory

processors
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parallel MPI write into multiple files

| | example of parallel MPI write into multiple files
PROGRAM main
| Fortran 90 users can (and should) use
! use mpi
! instead of include 'mpif.h' if their MPI implementation provides a
! mpi module.
include 'mpif.h'

integer ierr, i, myrank, BUFSIZE, thefile
parameter (BUFSIZE=100)

integer buf(BUFSIZE)

character*12 ofname

call MPI_INIT(ierr)
call MPI_COMM_RANK(MPI_COMM_WORLD, myrank, ierr)

doi=1, BUFSIZE

buf(i) = myrank * BUFSIZE + i
enddo
write(ofname,'(a8,i4.4)") 'testfile',myrank
open(unit=11,file=ofname,form="'unformatted")
write(11) buf

call MPI_FINALIZE(ierr)
END PROGRAM main
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Specified by a triplet (displacement, etype, and filetype) passed to
MPI _File set view

. etype = MPI INT

- tiletype = two MPI INTs followed by
a gap of four MPI INTs
head of file
FILE
displacement filetype tiletype
Repetition pattern

_—I |

rrrrrr
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! example of parallel MPI write into a single file, in Fortran MPI_MODE_RDWR
PROGRAM mai
! Fortran 90 fsl::l;g can (and should) use MPI_MODE_RD ONLY
| .
! ins];l:,:dnzlinclude 'mpif.h' if their MPI implementation provides a MPI_MODE_WRONLY

! mpi module.

include 'mpit MPI MODE CREATE

integer ierr, i, myrank, BUFSIZE, thefile
parameter (BUFSIZE=100)

integer buf(BUFSIZE)
integer(kind=MPI_OFFSET KIND) disp

call MPI_INIT(ierr)

call MPI_ COMM_RANK(MPI_COMM_WORLD, myrank, ierr) | . C
do i=0, BUFSIZE .

buf(i) = myrank * BUFSIZE +1i + . FOI'tI'aIl
enddo

call MPI_FILE OPEN(MPI_COMM_WORLD, 'testfile’, MPI MODE WRONLY + MPI MODE CREATE, MPI INFO_NULL, thefile, ierr)
! assume 4-byte integers

disp = myrank * BUFSIZE * 4

call MPI FILE SET VIEW(thefile, disp, MPI INTEGER, MPI INTEGER, 'native', MPI INFO_NULL, ierr)

call MPI FILE WRITE(thefile, buf, BUFSIZE, MPI INTEGER, MPI STATUS_IGNORE, ierr)

call MPI_FILE CLOSE(thefile, ierr)

call MPI_FINALIZE(ierr)

END PROGRAM main

For writing, use either MPI_File_set view & MPI_File write or MPI File write at

MPI_MODE_CREATE | MPI MODE_WRONLY
MPI_MODE_WRONLY + MPI_MODE_CREATE
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program write_individual pointer
use mpi

implicit none

integer ier,nproc,myid,ifile,intsize
integer mode,info,ietype,ifiletype
integer istatus(MPI_STATUS_SIZE)
integer (kind=MPI_OFFSET_KIND) :: idisp
integer, parameter :: kount=100
integer ibuf(kount)

integer i

real*8 aal,aa2

call MPI_INIT (ier)

call MPI_ COMM_RANK(MPI_COMM_WORLD, myid, ier)

call MPI_COMM_SIZE(MPI_ COMM_WORLD, nproc, ier)
mode=ior(MPI_MODE CREATE,MPI MODE WRONLY)

info=0

call MPI_TYPE EXTENT(MPI_INTEGER,intsize,ier)
aal=MPI_WTIME()

do i=1,kount

ibuf(i)=myid*kount+i

enddo

CALL MPI_FILE OPEN(MPI_COMM_WORLD, 'test',mode, info, ifile, ier)
idisp=myid* kount* intsize

ietype=MPI_INTEGER

ifiletype=MPI_INTEGER

CALL MPI _FILE SET VIEW(ifile,idisp,ietype,ifiletype, native',info, ier)
CALL MPI_FILE WRITE(ifile,myid,1,MPI INTEGER,istatus, ier)

write(6,*) 'hello form myid',myid,'i wrote:', myid,".'
CALL MPI_FILE CLOSE(ifile,ier)
aa2=MPI_WTIME()

call MPI_FINALIZE(ier)

end program write_individual pointer
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program write_individual pointer
use mpi

implicit none

integer ier,nproc,myid,ifile,intsize
integer mode,info,ietype,ifiletype
integer istatus(MPI_STATUS_SIZE)
integer (kind=MPI OFFSET KIND) :: idisp
integer, parameter :: kount=100
integer ibuf(kount)

integer i,itest

real*8 aal,aa2

call MPI_INIT(ier)

call MPI COMM_RANK(MPI_COMM_WORLD, myid, ier)

call MPI_ COMM_SIZE(MPI_COMM_WORLD, nproc, ier)
mode=MPI_MODE_RDONLY

info=0

call MPI TYPE EXTENT(MPI _INTEGER,intsize,ier)
aal=MPI_WTIME()

do i=1,kount

ibuf(i)=myid*kount+i

enddo

CALL MPI _FILE OPEN(MPI_COMM_WORLD, 'test',mode, info, ifile, ier)
idisp=myid* kount* intsize

ietype=MPI_INTEGER

ifiletype=MPI_INTEGER

CALL MPI FILE SET VIEW(ifile,idisp,ietype,ifiletype,'native',info, ier)
CALL MPI FILE READ(ifile,itest,1, MPI INTEGER,istatus, ier)
write(6,*) 'hello form myid',myid,'"i read:', itest,".'

CALL MPI FILE CLOSE(ifile,ier)

aa2=MPI_WTIME()

call MPI_FINALIZE(ier)
end program write_individual pointer
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#include<stdio.h>
#include "mpi.h"
#define FILESIZE 80
int main(int argc, char **argv) {
int rank, size, bufsize, nints;
MPI_File fh; ¢eesssossssssssssssssssssssenssns Declaring a File Pointer
MPI Status status;
MPI Init(&argc, &argv);
MPI Comm rank (MPI COMM WORLD, &rank);
MPI Comm size (MPI_COMM WORLD, &size);

bufsize = FILESIZE/size; ¥€==weeesssesssssssssssssssssns CaICUIating Buffer Size
nints = bufsize/sizeof (int); : ’
S . Opening a File

int buf[nints]; :
MPI_File open (MPI_(OMM WORLD, "dfile",MPI MODE RDONLY,MPI INFO NULL, &fh),
MPI_File_seek(fh, rank * bufsize, MPI_SEEK_SET); €¢--------- File seek &
MPI_File read(fh, buf, nints, MPI_INT, &status); <~~~ Read

printf ("\nrank: %d, buf[%d]: %d", rank, rank*bufsize, buf[0]);

MPI File close (&fh); geerrerrerssssrsvssssssessesssses Closing a File

MPI Finalize();

return O;

https://www.tacc.utexas.edu/documents/13601/900558/MPI-10-Final.pdf/eea9d7d3-4b81-471c-b244-41498070e35d
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#include<stdio.h>
#include "mpi.h"
$define FILESIZE 80
int main(int argc, char **argv) {

int rank, size, bufsize, nints;

MPI_File fh;

MPI Status status;

MPI Init (&argc, &argv);

MPI Comm rank (MPI COMM WORLD, &rank);

MPI Comm size (MPI_ COMM WORLD, &size);

bufsize = FILESIZE/size;

nints = bufsize/sizeof (int);

int buf[nints];

MPI_File open (MPI COMM WORLD,"dfile",MPI MODE RDONLY,MPI INFO NULL, &fh);

MPI File read at (fh, rank*bufsize, buf, nints, MPI_INT, &status);

printf ("\nrank: %d, buf([%d]: %d", rank, rank*bufsize, buf[0]);

MPI File close(&fh);

MPI Finalize();

return 0;

Combining File Seek & Read in
One Step for Thread Safety in
MPI File read at
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#include <stdio.h>

#include "mpi.h"

int main(int argc, char **argv){

int i, rank, nproc, offset, nints, N=16;

MPI_File fhw;

MPI_Status status;

MPI_Init(&argc, &argv);

MPI_Comm_rank(MPI_COMM_WORLD, &rank);
MPI_Comm_size(MPl_COMM_WORLD, &nproc);

int buf[N];

for (i=0; i < N; i++) { buf[i] =i; }

offset=rank*(N/nproc)*sizeof(int);

MPI_File_open(MPI_COMM_WORLD, "datafile3", MPI_MODE_CREATE|MPI_MODE_WRONLY,MPI_INFO_NULL, &fhw);
printf("\nRank: %d, Offset: %d\n", rank,offset);

MPI_File_set_view(fhw ,buf, offset, MPI_INT, MPI_INT, "native", MPI_INFO_NULL);
MPI_File_write(fhw, buf, (N/nproc), MPI_INT,&status);

MPI_Finalize(); return 0; }
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PROGRAM bcast
INCLUDE "mpif.h’
INTEGER imsg(4)
CALL MPI_INIT(ierr)
CALL MPI_COMM _SIZE(MPI COMM_WORLD, nprocs, ierr)
CALL MPI COMM_RANK(MPI_COMM_WORLD, myrank, ierr)
IF (myrank==0) THEN
DO i=1,4
imsg(i) =1
ENDDO

ELSE
DO i=1,4
imsg(i) =0
ENDDO

ENDIF
PRINT *,’Before:’,imsg
CALL MP_FLUSH(1)
CALL MPI BCAST(imsg, 4, MPI INTEGER, 0, MPI COMM_WORLD, ierr)
PRINT *,’After :’,imsg
CALL MPI_FINALIZE(ierr)
END

$ a.out -procs 3

0: Before: 1234

1: Before: 0000

2: Before: 0000

0: After: 1234

1: After: 1234

2: After: 1234 146



PROGRAM gather
INCLUDE "mpif.h’
INTEGER irecv(3)
CALL MPI_INIT(ierr)

CALL MPI_COMM_SIZE(MPI_ COMM_WORLD, nprocs, ierr)
CALL MPI_COMM_RANK(MPI_ COMM_WORLD, myrank, ierr)

isend = myrank + 1 -

CALL MPI_GATHER(isend, 1, MPI_INTEGER, irecv, 1, MPI INTEGER, 0, MPI COMM_WORLD, ierr)

IF (myrank=—0) THEN
PRINT *,’irecv =’ ,irecv

ENDIF
CALL MPI_FINALIZE(ierr)
END

$ a.out -procs 3
O0:irecv=123

mpirun —np 3 ./a.out
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/*gather*/

#include <mpi.h>
#include <stdio.h>

void main (int argc, char *argv[]){

int 1, nprocs, myrank ;
int isend, irecv[3];

MPI_Init(&arge, &argv);
MPI Comm_size(MPI COMM_WORLD, &nprocs);
MPI_Comm_rank(MPI_ COMM_WORLD, &myrank);

isend = myrank + 1;
MPI_Gather(&isend,1,MPI_INT,irecv,1,MPI INT,0, MPI COMM_WORLD);
if(myrank = 0) {
printf(“ irecv =");
for(i=0; i<3; i++)
printf(*“ %d”, irecv[i]); printf(‘\n”);

MPI _Finalize();
}
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PROGRAM reduce
INCLUDE 'mpif.h’
REAL a(9)

CALL MPL_INIT(ierr)
CALL MPI_COMM_SIZE(MPI_COMM_WORLD, nprocs, ierr)
CALL MPI_COMM_RANK(MPI_COMM_WORLD, myrank, ierr)
ista=myrank *3 +1
iend =ista + 2

DO i=ista,iend MPI_Reduce
OH O OF OF
ENDDO = 4]
sum =0.0 MPI_SUM
DO i=ista,iend
sum =sum + a(i) N
18

ENDDO .
CALL MPI_REDUCE(sum, tmp, 1, MPI_REAL, MPI_SUM, 0,MPI_COMM_WORLD, ierr)
sum =tmp
IF (myrank==0) THEN
PRINT *,/sum =’,sum

ENDIF
CALL MPI_FINALIZE(ierr)
END $ a.out -procs 3

0: sum = 45.00000000
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PROGRAM maxloc p
INCLUDE "mpif.h’
INTEGER n(9)
INTEGER isend(2), irecv(2)
DATAn/12,15,2, 20,8, 3, 7,24, 52/
CALL MPI_INIT(ierr)
CALL MPI_COMM_SIZE(MPI_ COMM_WORLD, nprocs, ierr)
CALL MPI_ COMM_RANK(MPI_ COMM_WORLD, myrank, ierr)
ista=myrank * 3 + 1
iend =ista + 2
imax =-999
DO 1 =ista, iend
IF (n(i) > imax) THEN
imax =n(i)
iloc=1
ENDIF
ENDDO
isend(1) = imax
isend(2) =1iloc
CALL MPI_REDUCE(send, irecv, 1, MPI 2INTEGER, MPI MAXLOC, 0, MPI COMM_WORLD, ierr)
IF (myrank = 0) THEN
PRINT *, ’Max =’, irecv(1), *Location =, irecv(2)
ENDIF
CALL MPI_FINALIZE(ierr)
END

$ a.out -procs 3
0: Max = 52 Location =9
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SUBROUTINE para_range(nl, n2, nprocs, irank, ista, iend)
iwork = (n2 - nl) / nprocs + 1

ista = MIN(irank * iwork + nl, n2 + 1)

iend = MIN(ista + iwork - 1, n2)

END

PROGRAM main
PARAMETER (n = 1000)
DIMENSION a(n)
DOi=1,n

a(i) =1

ENDDO

sum = 0.0

DOi=1,n

sum = sum + a(i)
ENDDO

PRINT *,’sum =’,sum
END



PROGRAM main

INCLUDE ’"mpif.h’

PARAMETER (n = 1000)

DIMENSION a(n)

CALL MPI_INIT(err)

CALL MPI_COMM _SIZE(MPI COMM_WORLD, nprocs, ierr)
CALL MPI_ COMM_RANK(MPI COMM_WORLD, myrank, ierr)
CALL para_range(1, n, nprocs, myrank, ista, iend)

DO i=ista, iend

a(i)=1

ENDDO

sum = 0.0

DO i=ista, iend

sum = sum + a(i)

ENDDO

CALL MPI_REDUCE(sum, ssum, 1, MPI REAL, MPI SUM, 0, MPI COMM_WORLD, ierr)
sum = ssum

IF (myrank == 0) PRINT *,’sum =’,sum

CALL MPI_FINALIZE(ierr)

END
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DOi=nl,n2
computation
ENDDO

DO i=nl + myrank, n2, nprocs
computation
ENDDO

PROGRAM main
INCLUDE "mpif.h’
PARAMETER (n = 1000)
DIMENSION a(n)
CALL MPI_INIT(err)
CALL MPI_COMM_SIZE(MPI COMM_WORLD, nprocs, ierr)
CALL MPI_COMM_RANK(MPI_ COMM_WORLD, myrank, ierr)
DO i =1+ myrank, n, nprocs
a(i)=i
ENDDO
sum = 0.0
DO i =1+ myrank, n, nprocs
sum = sum + a(i)
ENDDO
CALL MPI_REDUCE(sum, ssum, 1, MPI REAL, MPI SUM, 0, MPI COMM_WORLD, ierr)
sum = ssum
PRINT *,’sum =’,sum
CALL MPI_FINALIZE(ierr)
END
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DO1=nl, n2
computation
ENDDO

DO 11 =nl + myrank * iblock, n2, nprocs * iblock
DO 1 =11, MIN(ii + iblock - 1, n2)

computation

ENDDO

ENDDO



PROGRAM main
INCLUDE "mpif.h’

PARAMETER (nl = 1, n2 = 1000) h . k
REAL, ALLOCATABLE :: a(:) S rln
CALL MPI_INIT(ierr)

CALL MPI_ COMM SIZE(MPI_ COMM_WORLD, nprocs, ierr) FORTRAN 90

CALL MPI_ COMM_RANK(MPI_ COMM_WORLD, myrank, ierr)
CALL para_range(nl, n2, nprocs, myrank, ista, iend)

ALLOCATE (a(ista:iend))

DO 1 =ista, iend

a(i)=1i

ENDDO

sum = 0.0

DO 1 =ista, iend

sum = sum + a(i)

ENDDO

DEALLOCATE (a)

CALL MPI_REDUCE(sum, ssum, 1, MPI REAL,MPI _SUM, 0, MPI COMM_WORLD, ierr)
sum = ssum
PRINT *,’sum =",sum

CALL MPI_FINALIZE(err)
END
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PROGRAM main .

implicit none h k
real suml,ssum S rln
integer i,ista,iend

integer ierr,n1,n2,nprocs,myrank FORTRAN 90
INCLUDE '"mpif.h'

PARAMETER (nl = 1, n2 = 1000)

REAL, ALLOCATABLE :: a(:)

CALL MPI_INIT(ierr)

CALL MPI_COMM_SIZE(MPI_COMM_WORLD, nprocs, ierr)
CALL MPI_COMM_RANK(MPI_COMM_WORLD, myrank, ierr)
CALL para_range(nl, n2, nprocs, myrank, ista, iend)

ALLOCATE (a(ista:iend))

DO i=ista, iend

a(i)=1i

ENDDO

suml = 0.0

DO i=ista, iend

suml = suml + a(i)

ENDDO

suml=sum(a)

DEALLOCATE (a)

CALL MPI_REDUCE(suml, ssum, 1, MPI REAL,MPI_SUM, 0, MPI COMM_WORLD, ierr)
suml = ssum

PRINT *,'sum1 =',sum1, myrank

CALL MPI_FINALIZE(ierr)

END
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subroutine equal load(nl1,n2,nproc,myid,istart,ifinish)
Written by In-Ho Lee, KRISS, September (2006)
implicit none

integer nproc,myid,istart,ifinish,n1,n2

integer iwl,iw2

iwl=(n2-n1+1)/nproc ; iw2=mod(n2-n1+1,nproc)
istart=myid*iw1+n1+min(myid,iw2)
ifinish=istart+iwl1-1 ; if(iw2 > myid) ifinish=ifinish+1
print*, n1,n2,myid,nproc,istart,ifinish

if(n2 < istart) ifinish=istart-1

return

end
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1234567890

implicit none

include 'mpif.h'

integer, allocatable :: isend(:), irecv(:)
integer, allocatable :: ircnt(:), idisp(:)
integer ierr,nproc,myid

integer i,iscnt

integer ndsize

call MPI_INIT(ierr)

call MPI_ COMM_SIZE(MPI COMM._WORLD,nproc,ierr)
call MPI COMM_RANK(MPI COMM_WORLD,myid,ierr)
ndsize=10

allocate(isend(ndsize),irecv(nproc*ndsize))
allocate(irent(0:nproc-1),idisp(0:nproc-1))

ircnt=ndsize

idisp(0)=0

do i=1,nproc-1

idisp(i)=idisp(i-1)+ircnt(i)

enddo

do i=1,ndsize ! node specific data with a data-size ndsize
isend(i)=myid+1

enddo

iscnt=ndsize

call MPI. GATHERV(isend, iscnt, MPI INTEGER, irecv, ircnt, idisp, MPI_INTEGER,0, MPI COMM_WORLD, ierr)

if(myid = O)then

print*, 'irecv=",irecv
endif
deallocate(irent,idisp)
deallocate(isend,irecv)
call MPI_FINALIZE(ierr)
stop

end

irecv=11111
111112
222222
222333
333333
344444
44444

158



1234567890
program integration
implicit none
include 'mpif.h'
integer i,n
integer myid,nproc,ierr,kount,iroot
real*8 ff,xx,xsum,pi,hh,xpi
character*8 fnnd ; character*10 font
integer itemp,itemgq,irate
ff(xx)= 4.0d0/(1.0d0+xx*xx)
call MPI_init(ierr)
call MPI_comm size(MPI_ COMM_WORLD,nproc,ierr)
call MPI comm rank(MPI COMM_WORLD,myid,ierr)
if(myid = 0 .and. nproc > 1) print *, nproc," processes are alive"
if(myid = 0 .and. nproc =1) print *, nproc," process is alive"
if(myid = O)then ! ----- [ processid=0
call date and time(date=fnnd,time=fnnt)
write(6,'(al0,2x,a8,2x,a10)") 'date,time ', fand,fnt
endif ! ----- ] processid=0
if( myid = 0) then
write(6,*) 'number of intervals?'
read(5,%) n
write(6,*) 'number of intervals:',;n
end if
iroot=0
call MPI bcast(n,1,MPI INTEGER, iroot, MPI COMM_WORLD, ierr)
hh=1.d0/float(n)
xsum=0.0d0
do i=myid +1, n, nproc
xx=(float(i)-0.5d0)*hh
xsum=xsum-+ff{(xx)
end do
xpi=hh*xsum
call MPI reduce(xpi,pi, 1, MPI DOUBLE PRECISION, MPI SUM, 0, MPI COMM_WORLD,ierr)
if( myid = 0 )then
write(6,'(a,f18.8)") 'estimated pi value', pi
end if
call MPI_finalize(ierr)
end program integration
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0

(=1

program main
include "mpif.h"
double precision PI25DT
parameter (PI25DT = 3.141592653589793238462643d0)
double precision mypi, pi, h, sum, x, f, a
double precision starttime, endtime
integer n, myid, numprocs, i, ietrr
function to integrate
f(a) =4.d0 / (1.d0 + a*a)

call MPI_INIT(ierr)
call MPL COMM_RANK(MPI_COMM_WORLD, myid, ierr)
call MPI_ COMM_SIZE(MPI_COMM_WORLD, numprocs, ierr)

if (myid .eq. 0 ) then
print *, 'Enter the number of intervals: (0 quits) '
read(*,*) n
endif
broadcast n
starttime = MPI_ WTIME()
call MPI._ BCAST(n,1,MPI_INTEGER,0,MPI_COMM_WORLD,ierr)
check for quit signal
if (n.le. 0) goto 30
calculate the interval size
h=1.0d0/n
sum = 0.0d0
do 20 i = myid+1, n, numprocs
x =h * (dble(i) - 0.5d0)
sum = sum + f(x)
continue
mypi =h * sum
collect all the partial sums
call MPI._ REDUCE(mypi,pi,1, MPI_DOUBLE_PRECISION,MPI_SUM,0,
& MPI_COMM_WORLD,ierr)
node O prints the answer.
endtime = MPI_ WTIME()
if (myid .eq. 0) then
print *, 'pi is ', pi, ' Error is', abs(pi - PI25DT)
print *, 'time is ', endtime-starttime, ' seconds'
endif
goto 10
call MPI_FINALIZE(ierr)
stop
end

1

1

9
N

dr =
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SUBROUTINE PAR BLAS2(m, n, a, b, ¢, comm)
REAL a(m), b(m,n) ! local slice of array

REAL c(n) !result

REAL sum(n)

INTEGER n, comm, i, j, ierr

! local sum

DOj=1,n

sum(j) = 0.0

DOi=1m

sum(j) = sum(j) + a(i)*b(i,j)
END DO

END DO

! global sum
CALL MPI_ALLREDUCE(sum, ¢, n, MPI REAL, MPI SUM, comm, ierr)

! return result at all nodes

RETURN
END
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dot product: compute a scalar product

subroutine dot product(global,x,y,n)
implicit none
include "mpif.h"
integer n,i,ierr
double precision global,x(n),y(n)
double precision tmp,local
local = 0.0d0
global =0.0d0
doi=1,n
local = local + x(1)*y(i)
enddo
call MPI._ ALLREDUCE(local,tmp,1,MPI_ DOUBLE PRECISION,
MPI_SUM, MPI COMM_WORLD, ierr)
global = tmp
return
end
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SUBROUTINE PAR BLAS2(m, n, a, b, ¢, comm)

REAL a(m), b(m,n) ! local slice of array
REAL c(n) ! result

REAL sum(n)

INTEGER n, comm, i, j, ierr

! local sum

DOj=1,n

sum(j) = 0.0

DOi=1m

sum(j) = sum(j) + a(i)*b(i,j)
END DO

END DO

! global sum

CALL MPI REDUCE(sum, ¢, n, MPI REAL, MPI SUM,0, comm, ierr)

! return result at node zero (and garbage at the other nodes)

RETURN
END
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program equal_load sum
implicit none
include 'mpif.h'
integer nn
real*8, allocatable :: aa(:)
integer nproc,myid,ierr,istart,ifinish
integer i
real*8 xsum,xxsum

nn=10000

call MPI_INIT(ierr)
call MPI COMM_SIZE(MPI COMM._WORLD, nproc, ietr)
call MPI COMM _RANK(MPI COMM._WORLD, myid, ierr)

call equal_load(1,nn,nproc,myid,istart,ifinish)
allocate(aa(istart:ifinish)) | A& Q16 29] 3 Eutolyz} Hzgl o] E&o] o]FojX 1 gt x=E=2

do i=istart,ifinish
aa(i)=float(i)
enddo

xsum=0.0d0

do i=istart,ifinish
xsum=xsum-+aa(i)
enddo

call MPI_REDUCE(xsum,xxsum,|,MPI_DOUBLE_PRECISION,MPI_SUM,0,MPI COMM_WORLD;jierr)
XSum=xxsum

if(myid = O)then
write(6,*) xsum,' xsum'
endif

deallocate(aa)

call MPI_FINALIZE(ierr)

end program equal load_sum
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MPI-IO: The “Big Six”

While there are a large number of MPI-10 calls, most basic I/O can be handled with just six routines:

* MPI File open() — associate a file with a file handle.

* MPI File seek() — move the current file position to a given location in the file.

* MPI File read() —read some fixed amount of data out of the file beginning at the current file position.
* MPI File write() — write some fixed amount of data into the file beginning at the current file position.
* MPI File sync() — flush any caches associated with the file handle.

* MPI File close() — close the file handle.

Most of the other MPI-1O routines are variations or optimizations on these basic calls.

https://github.com/wkliao/mpi-io-examples
https://github.com/ljdursi/parallel-lO-tutorial/blob/master/presentation/presentation.md



MPI File _open()

* C syntax:

int MPI File open(MPI_Comm comm, char *filename, int amode, MPI Info info, MPI File *th);

* Fortran syntax:

subroutine MPI File open(icomm, filename, iamode, info, ifh, ierr)

character®(*) filename

integer icomm, iamode, info, ifh, ierr

« ifh is the file handle, which will be used by all other MPI-IO routines to refer to the file. In C, this must be passed as an address (i.e.
&fh).

» filename is the name of the file to open. It may use a relative or absolute path. It may also contain a file system identifier prefix, e.g.:
— ufs: -- normal UNIX-style file system

—nfs: -- NFS file system

— pvfs: -- PVFS file system
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MPI File open() (con’t)

« amode 1s the access mode to open the file with. It should be a bitwise ORing (C) or sum (Fortran) of the
following:

— MPI_MODE RDONLY (read-only)

— MPI_MODE RDWR (read/write)

— MPI_MODE WRONLY (write-only)

— MPI_MODE_CREATE (create file if it doesn’t exist)
—MPI_MODE_EXCL (error if file does already exist)

—MPI_ MODE DELETE ON_CLOSE (delete file when closed)

— MPI_MODE_UNIQUE OPEN (file cannot be opened by other processes)
— MPI_MODE SEQUENTTIAL (file can only be accessed sequentially)

— MPI_MODE_APPEND (set initial file position to the end of the file)

* info 1is a set of file hints, the creation of which will be discussed later.
When in doubt, use MPI INFO NULL.

MPI_File_open mode Description

MPI_MODE_RDONLY read only

MPI_MODE_WRONLY write only

MPI_MODE_RDWR read and write

MPI_MODE_CREATE create file if it doesn’t exist
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MPI _File seek()

* C syntax:

int MPI File seek(MPI File th, MPI Offset offset, int whence);

* Fortran syntax:

subroutine MPI File seek(ith, ioffset, iwhence, 1err)

integer ifh, 10ffset, iwhence, ierr

» offset determines how far from the current file position to move the current file position; this can be negative,
although seeking beyond the beginning of the file (or the current view if one is in use) 1s an error.

» whence determines to where the seek offset is relative:

—MPI_SEEK SET (relative to the beginning of the file)

— MPI_SEEK CUR (relative to the current file position)

— MPI_SEEK END (relative to the end of the file)

* Seeks are done in terms of the current record type (MPI_BYTE by default, although this can be changed by
setting a file view).
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MPI File read()

* C syntax:

int MPI File read(MPI_File th, void *buf, int count, MPI Datatype type, MPI Status *status);

* Fortran syntax:

subroutine MPI File read(ith, buf, icount, itype,istatus, ierr)

<type> BUF(*)

integer ifh, icount, itype, istatus(MPI_STATUS SIZE),ierr

« This reads count values of datatype type from the file into buf. buf must be at least as big as count*sizeof{type).
« istatus can be used to query for information such as how many bytes were actually read.
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MPI File write()

* C syntax:

int MPI File write(MPI_File th, void *buf, int count, MPI_Datatype type, MPI_Status *status);

* Fortran syntax:

subroutine MPI_File write(ith, buf, icount, itype,istatus, ierr)

<type> BUF(*)

integer ifh, icount, itype, istatus(MPI_STATUS SIZE), ierr

» This reads count values of datatype type from buf into the file. buf must be at least as big as count*sizeof{type).
« istatus can be used to query for information such as how many bytes were actually written.
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MPI File sync()

* C syntax:

int MPI File sync(MPI_File th);

 Fortran syntax:

subroutine MPI File sync(ifh, ierr)

integer 1fh, ierr

* Forces any caches associated with a file handle to be flushed to disk; maybe be very
expensive for large files on slow file systems.

 Provides a way to force written data to be committed to disk.

* Collective; must be called by all processes.
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MPI File close()

* C syntax:

int MPI File close(MPI File *fh);

 Fortran syntax:

subroutine MPI File close(ith, ierr)

integer 1fh, 1err

» This closes access to the file associated with the file handle ifh.
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MPI1/O example

! Basic MPI-1/O

call MPI BARRIER(MPI COMM_ WORLD,ierr)

tstart=MPI_WTIME()

call MPI FILE OPEN(MPI COMM _ WORLD,'u.dat',MPI MODE WRONLY, MPI INFO NULL,outfile,ierr)

if (jstart.eq.2) jstart=1

if (jend.eq.(jmax-1)) jend=jmax

call MPI FILE SEEK(outfile,(jstart-1)*imax*8,MPI_SEEK SET,ierr)

do j=jstart,jend

call MPI FILE WRITE(outfile,u(1,j),imax,MPI REALS,istatus, ierr)

enddo

call MPI FILE SYNC(outfile,ierr)

call MPI FILE CLOSE(outfile,ierr)

call MPI BARRIER(MPI COMM_WORLD,ierr)

tend=MPI_WTIME()

if (rank.eq.0) then

write(*,*) 'Using basic MPI-1/O*

write(*,*) 'Wrote ',.8*imax*jmax,' bytes in ',tend-tstart, ' seconds.'

write(*,*) 'Transfer rate ="', (§*imax*jmax)/(tend-tstart)/(1024.**2), ' MB/s'
endif
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write into a single file, in Fortran

! example of parallel MPI write into a single file, in Fortran
PROGRAM main
include 'mpif.h'

integer ierr, i, myrank, BUFSIZE, thefile
parameter (BUFSIZE=100)

integer buf(BUFSIZE)
integer(kind=MPI_OFFSET KIND) disp

call MPI_INIT(ierr)
call MPI COMM_RANK(MPI_COMM_WORLD, myrank, ierr)

doi=0, BUFSIZE
buf(i) = myrank * BUFSIZE + i
enddo
call MPI FILE OPEN(MPI_COMM_WORLD, 'testfile’, MPI MODE _WRONLY + MPI MODE_CREATE, MPI_INFO_NULL, thefile, ierr)
! assume 4-byte integers
disp = myrank * BUFSIZE * 4
call MPI FILE SET VIEW(thefile, disp, MPI INTEGER, MPI_INTEGER, 'native', MPI_INFO_NULL, ierr)
call MPI_FILE WRITE(thefile, buf, BUFSIZE, MPI_ INTEGER, MPI STATUS_IGNORE, ierr)
call MPI_FILE CLOSE(thefile, ierr)
call MPI_FINALIZE(ierr)

END PROGRAM main
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Split a large communicator
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Split a large communicator

// Get the rank and size in the original communicator

int world_rank, world_size;
MPI Comm_rank(MPI COMM_WORLD, &world rank);
MPI Comm_size(MPI COMM_WORLD, &world_size);

int color = world_rank / 4; // Determine color based on row
// Split the communicator based on the color and use the
// original rank for ordering
MPI_Comm row_comm;
MPI _Comm_split(MPI COMM_WORLD, color, world rank, &row comm);
int row_rank, row_size;
MPI_Comm_rank(row_comm, &row_rank);
MPI Comm_size(row comm, &row_size);

printf("WORLD RANK/SIZE: %d/%d \t ROW RANK/SIZE: %d/%d\n",world rank, world size, row_rank, row_size);

MPI Comm_free(&row comm);
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Split a large communicator

// Get the rank and size in the original communicator
int world_rank, world_size;
MPI_Comm_rank(MPI_COMM_WORLD, &world_rank);
MPI_Comm_size(MPI_COMM_WORLD, &world_size);

/I Get the group of processes in MPI_COMM_WORLD
MPI_Group world _group;
MPI_Comm_group(MPI_COMM_WORLD, &world_group);

intn=7;
const int ranks[7] = {1, 2, 3, 5,7, 11, 13};
// Construct a group containing all of the prime ranks in world_group
MPI_Group prime_group;
MPI_Group_incl(world_group, 7, ranks, &prime_group);
// Create a new communicator based on the group
MPI_Comm prime_comm;
MPI_Comm_create_group(MPI_COMM_WORLD, prime_group, 0, &prime comm);
int prime_rank = -1, prime_size =-1;
// If this rank isn't in the new communicator, it will be
//MPI_COMM_NULL. Using MPI_ COMM_NULL for MPI Comm_rank or
// MPI_Comm_size is erroneous
if MPI_COMM_NULL != prime_comm) {
MPI_Comm_rank(prime_comm, &prime_rank);
MPI_Comm_size(prime_comm, &prime_size);
}
printf("WORLD RANK/SIZE: %d/%d \t PRIME RANK/SIZE: %d/%d\n",world_rank, world_size, prime_rank, prime_size);
MPI_Group_free(&world_group);
MPI_Group_free(&prime_group);
MPI_Comm_free(&prime_comm);
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Multiprocessing Pool (1/2)

5 R from multiprocessing import Pool
4
3
i def f(n):
Core 1 Core 2 Core 3 Core 4 .
def f£(n): return n*n
return n*n
o if _name__ == "_main_ ":
9 array = [1,2,3,4,5]
4
1 output P = Pool ()
result = p.map(fjarray)
5 [RR prlnt(result)l
: CPU
3
2
1
5 « ~
uk 8 2 3 . 4
Core 1 Core 2 Core 3 Core 4
def f(n): def f(n): def f(n): def f(n):

return n*n

return n*n

return n*n

return n*n




Multiprocessing Pool (2/2)

from multiprocessing import Pool
import time

def f(n):
sum = 0
for x in range(1000):
sum += X*x
return sum
if _name__ == "__main_ ":
tl=time.time ()
p = Pool()
result = p.map(f, range (100000))
p.close()
p.join()

print ("Pool took:",time.time()-tl)

t2 = time.time() 1
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mpidpy

MPIl4Py provides an interface very similar
to the MPI-2 standard C+ + Interface

Focus is in translating MPI syntax and
semantics: If you know MPI, MPI4Py is
“obvious”

You can communicate Python objects!!

What you lose in performance, you gain in
shorter development time



mpidpy

There are hundreds of functions in the MPI
standard, not all of them are necessarily available
In MPI4Py, most commonly used are

No need to call MPI _Init) or MPI_Finalize()

—MPI_Init() is called when you import the module

—MPI_Finalize() is called before the Python
process ends

e petscdpy

e mpidpy
e NumPy
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Python with MPI

All processors execute the same program
Every process has a unique rank

Branch on the rank

Point-to-point, collective communications
Blocking, nonblocking communications
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mpidpy-1.3.1

3.0

[ihlee@tucana-master mpidpy_tuto]$ Is /usr/local/mpidpy-1.3.1

total 80

4 build/ 4 demo/ 8 HISTORY.txt 8 mpi.cfg 4 README.txt 20 setup.py 4 test/

4 conf/ 4 docs/ 4 LICENSE.txt 4 PKG-INFO 4 setup.cfg 4 src/ 4 THANKS.txt
[ihlee@tucana-master mpidpy_tuto]$ Is /usr/local/mpidpy-1.3.1/demo/

total 116

4 compute-pi/ 4 helloworld.f90 4 mpe-logging/ 4 osu_bw.py 4 sequential/ 4 wrap-c/

4 cython/ 4 helloworld.py 4 mpi-ref-vl/ 4 osu_latency.py 4 spawning/ 4 wrap-cython/
4 embedding/ 4 init-fini/ 4 nxtval/ 4 osu_multi_lat.py 4 threads/ 4 wrap-f2py/

4 helloworld.c 4 makefile 4 osu_alltoall.py 4 README.txt 4 vampirtrace/ 4 wrap -swig/
4 helloworld.cxx 4 mandelbrot/ 4 osu_bibw.py 4 reductions/ 4 wrap-boost/
[ihlee@tucana-master mpi4py_tuto]$
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Hello World

[ihlee@tucana-master mpidpy_tuto]$ cat /usr/local/mpidpy-1.3.1/demo/helloworld.py
#!/usr/bin/env python

Parallel Hello World

from mpidpy import MPI
import sys

size = MPL.COMM_WORLD.Get_size()
rank = MPL.COMM_WORLD.Get_rank()
name = MPIl.Get_processor_name()

sys.stdout.write(
"Hello, World! I am process %d of %d on %s.#n"
% (rank, size, name))

[ihlee@tucana-master mpidpy_tuto]$
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test

[ihlee@tucana-master mpidpy_tuto]$ cp /usr/local/mpidpy-1.3.1/demo/helloworld.py .

[ihlee@tucana-master mpidpy_tuto]$ mpirun -np 5 python helloworld.py
Hello, World! | am process 2 of 5 on master.hpc.

Hello, World! | am process 3 of 5 on master.hpc.

Hello, World! | am process 4 of 5 on master.hpc.

Hello, World! | am process 0 of 5 on master.hpc.

Hello, World! | am process 1 of 5 on masterhpc.

[ihlee@tucana-master mpidpy_tuto]$

Issuing at the command line:

$ mpiexec -n 5 python demo/helloworld.py

or (in the case of older MPI-1 implementations):
$ mpirun -np 5 python demo/helloworld.py

mpiexec vs mpirun

185



» Communication of Python objects.

» high level and very convenient, based in pickle serialization
» can be slow for large data (CPU and memory consuming)

<object> — pickle.dump() — send()

l

<object> «— pickle.load() «— recv()

» Communication of array data (e.g. NumPy arrays).

» lower level, slightly more verbose
» very fast, almost C speed (for messages above 5-10 KB)

message = [<object>, (count, displ), datatypel
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* Broadcasting a Python dictionary:

from mpidpy import MPI

comm = MPI.COMM_ WORLD

rank = comm.Get rank()
if rank ==
data = {"keyl’ : [7, 2.72, 2+37],
"key2' : ( "abc', "xyz’)}
else:

data = None
data = comm.bcast (data, root=0)
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* Scattering Python objects:

from mpidpy import MPT

comm = MPI.COMM_WORLD
size = comm.Get size ()
rank = comm.Get rank /()

i1f rank ==
data = [(1+1)+*+2 for 1 in range(size)]
else:
data = None
data = comm.scatter (data, root=0)
assert data == (rank+1l) =+Z2

188



* Gathering Python objects:

from mpidpy import MPT

comm = MPI.COMM_WORLD

size = comm.Get size ()
rank = comm.Get rank/()
data = (rank+1l) ==2
data = comm.gather (data, root=0)
if rank ==

for 1 in range(size):

assert datal[i] == (i+1) *=2

else:

assert data i1s None
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Importing library:

from mpidpy import MPI

Gettlng important information:

comm MPI.COMM WORLD

rank = MPI.COMM WORLD.Get rank()
size = MPI.COMM WORLD.Get size()
name MPI.Get processor name()

Executing in parallel:
mpirun -np <P> python <code>.py
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lmport time

L = time.timel()
Cime.sleep (10)
tZ = time.time ()

spendtime = £ - t

print ("BEefore timestemp: ", t)

print ("After cimesctemp: ", t2)

print ("Wait {0} seconds".format (spendtime) )

b e 2
(' Before timestemp: ', 1321780317.218)
('After timestcemp: ', 1321780327 .218)
Wait 10.0 seconds
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[ihlee@tucana-master ~]$ python

Python 2.6.6 (r266:84292, Jul 10 2013, 22:48:45)

[GCC 4.4.7 20120313 (Red Hat 4.4.7-3)] on linux2

Type "help", "copyright", "credits" or "license" for more imformation.
>>> import time

>>>t]=time.time()

>>> t2=time.time()

>>>print t2-tl

7.2504940033
>>>
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/5_9.py

Scatter/Gather

After Scatter:

[0][0. 1.

2. 3]

After Allgather:
[0][0. 2. 4. 6]

[ihlee@tucana-master mpidpy_tuto]$ vi s_g.py

Ranks

Data

X\ Y| Z

Scatter

Gather

< N
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#!/usr/bin/env python

# Loaded Modules
S

import numpy as np

from mpédpy import MPI
S

# Communicator

B

comm = MPL.COMM_WORLD

my N =4
N=my N * commsize

if commrank ==0:
A = np.arange(N, dtype=np.float64)
else:
#Note that if I am not the root processor A is an empty array
A =np.empty(N, dtype=np.float64)
my A =np.empty(my N, dtype=np.float64)
R

# Scatter data into my A arrays

comm.Scatter( [A, MPLDOUBLE], [my A, MPL.DOUBLE] )

if commrank ==0:
print "After Scatter:"

for r in xrange(comm.size):
if commrank ==r:
print "[%d] %s" % (comm.rank, my A)
comm.Barrier()
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i
# Everybody is multiplying by 2
it
my A*=2

=
# Allgather data nto A again
i
comm.Allgather( [my A, MPL.DOUBLE], [A, MPL.DOUBLE] )

if comm.rank == 0:
print "After Allgather:"

for r in Xrange(comm.size):
if comm.rank ==r:
print "[%d] %s" % (comm.rank, A)
comm.Barrier()
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from mpidpy import MPI
import numpy as np

COMM = MPI.COMM_WORLD
RANK = COMM.Get_rank/()
SIZE = COMM.Get_size ()
N = 10

if (RANK == 0):
DATA = np.arange (NxSIZE, dtype="1")
for 1 in range(l, SIZE):
SLICE = DATA[ixN: (i+1) *N]
COMM. Send ([SLICE, MPI.INT], dest=1i)
MYDATA = DATA[O:N]
else:
MYDATA = np.empty (N, dtype="i’")
COMM.Recv ([MYDATA, MPI.INT], source=0)
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S = sum(MYDATA)
print RANK, ’"has data’, MYDATA, ’'sum =", S

SUMS = np.zeros (SIZE, dtype="1i")
if (RANK > 0):
COMM.send (S, dest=0)
else:
SUMS[0] = S
for 1 in range(l, SIZE):
SUMS[1] = COMM.recv (source=1)
print ‘total sum =’, sum(SUMS)
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from mpidpy import MPI
comm = MPI.COMM_WORLD

1f comm.rank ==
sendmsg = (7, "abc", [1.0,2+3j], {3:4})
else:

sendmsg = None

recvmsg = comm.bcast(sendmsg, root=0)
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from mpidpy import MPI
comm = MPI.COMM_WORLD

if comm.rank ==
sendmsg = [i**2 for i in range(comm.size)]
else:

sendmsg = None

recvmsg = comm.scatter(sendmsg, root=0)
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from mpidpy import MPI
comm = MPI.COMM_WORLD

sendmsg = comm.rank**2
recvmsgl = comm.gather (sendmsg, root=0)

recvmsg? = comm.allgather (sendmsg)
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from mpidpy import MPI
comm = MPI.COMM_WORLD

sendmsg = comm.rank

recvmsgl

recvmsg?2

comm.reduce (sendmsg, op=MPI.SUM, root=0)

comm.allreduce (sendmsg)
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MPI

e Many examples
e High-level usage of MPI
e Practice



Serial version

import math

def compute_pi(n):
h=10/n
s = 0.0
for i in range(n):
x =hx* (i + 0.5)
s += 4.0 / (1.0 + x**2)
return s * h

n = 10
pi = compute_pi(n)

error = abs(pi - math.pi)

print ("pi is approximately %.16f, "
"error is 7.16f" 7 (pi, error))
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Parallel version

from mpidpy import MPI
import math

def compute_pi(n, start=0, step=1):

h=1.0/n
s =0.0

for i in range(start, n, step):

x =h * (1 + 0.5)
s += 4.0 / (1.0 + x*x*x2)
return s * h

comm = MPI.COMM_WORLD
nprocs = comm.Get_size()
myrank = comm.Get_rank()

if myrank ==
n =10
else:
n = None

n = comm.bcast(n, root=0)
mypi = compute_pi(n, myrank, nprocs)
pi = comm.reduce(mypi, op=MPI.SUM, root=0)
if myrank ==
error = abs(pi - math.pi)

print ("pi is approximately 7.16f,
"error is %.16f" 7 (pi, error))
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def mandelbrot(x, y, maxit):

c
z
it

while abs(z) < 2 and it < maxit:
z = z¥*2 + c

x + y*1j

0 + 0j
0

it +=

return it

x1, x2

yl, y2
W, h
maxit

-2.0,
-1.0,
150,
127

1

1.0
1.0
100

Serial version

import numpy
C = numpy.zeros([h, w], dtype=’1i’)
dx = (x2 - x1) / w
dy = (y2 - y1) / h
for i in range(h):
y =yl +1ix*dy
for j in range(w):
x =x1 + j * dx
C[i, j] = mandelbrot(x, y, maxit)

from matplotlib import pyplot
pyplot.imshow(C, aspect=’equal’)
pyplot.spectral()

nvnlot  show()
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Parallel version (1/3)

def mandelbrot(x, y, maxit):

c =x + y*1j
z=0+0j
it = 0

while abs(z) < 2 and it < maxit:

Z = zZ*x*¥2 + C
it += 1
return it

x1l, x2 =-2.0, 1.0
yl, y2 =-1.0, 1.0
w, h = 150, 100
maxit = 127
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Parallel version (2/3)

def mandelbrot(x, y, maxit): from mpidpy import MPI
c =x + y*lj import numpy
z =0 + 0]
it = 0 ~
while abs(z) < 2 and it < maxit: comm = MPI.COMM_WORLD
Z = Z¥%D + C size = comm.Get_size()
it += 1 rank = comm.Get_rank()

return it

# number of rows to compute here

x1, x2 = -2.0, 1.0 / .
y1l, y2 = -1.0, 1.0 N=h// size + (h 7 size > rank)
w, h = 150, 100

maxit = 127

# first row to compute here
start = comm.scan(N)-N

# array to store local result
Cl = numpy.zeros([N, w], dtype=’1i’)
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Parallel version (3/3)

dx = (x2 - x1) / w
dy = (y2 - y1) / h
for i in range(N):
y =yl + (i + start) * dy
for j in range(w):
x =x1 + j * dx
Cl[i, j] = mandelbrot(x, y, maxit)

counts = comm.gather (N, root=0) if comm.rank ==
C = None from matplotlib import pyplot
if rank ==

pyplot.imshow(C, aspect=’equal’)
pyplot.spectral ()

rowtype = MPI.INT.Create_contiguous(w) pyplot.show()
rowtype.Commit ()

C = numpy.zeros([h, w], dtype=’1i’)

comm.Gatherv(sendbuf=[Cl, MPI.INT],
recvbuf=[C, (counts, None), rowtype],
root=0)

rowtype.Free()
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Parallel

Most MPI programs can be run with the command mpiexec.

$ mpiexec -n 4 python script.py

#!/usr/bin/env python

mon

Parallel Hello World

from mpidpy import MPI

import sys

size = MPI.COMM_WORLD.Get_size()

rank = MPI.COMM_WORLD.Get_rank()

name = MPI.Get_processor_name()

sys.stdout.write(
"Hello, World! I am process %d of %d on %s.\n"
% (rank, size, name))
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Parallel

from mpid4py import MPI

comm = MPI.COMM_WORLD

rank = comm.Get_rank()

if rank == O:
fd = open("dna_file.txt", "r")
dna = fd.read()

else:
dna = None

dna = comm.bcast(dna, root=0)
print rank, dna

from mpidpy import MPI
comm = MPI.COMM_WORLD
rank = comm.Get_rank()

max = comm.reduce(rank, op=MPI.MAX, root =0)

if rank ==
print "The reduction is %s" % max
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Parallelizing Loops

Block Distribution

Iteration 1 2z 3 4 s 5 7 8 9 10 11 12 13 14
Rank [0 ]0]ofol1][1]1]1]2]2]2]3]3]3]

Cyclic Distribution

Iteraton 1 2z 3 4 s 5 7 8 9 10 11 12 13 14
wank [0 1[2[ s [o[1[2[2[o[1]2]s[o]1]

Block-Cyclic Distribution

Iteration 1+ z 3 4 s & 7 8 @9 10 11 1z 13 14
Rank |00 |1]1]2]2]s[s[0fo]1]1]2z]2]

iblock

Y. Aoyama and J. Nakano, RS/6000 SP: Practical MPI Programming
http://incredible.egloos.com/3755171

211



Parameter range

SUBROUTINE para range (nl, n2, nprocs, irank, ista, iend)
iworkl = (n2 - nl + 1) / nprocs

iwork2 = MOD(n2 - nl + 1, nprocs)

ista = irank * iworkl + nl + MIN(irank, iwork2)

iend = ista + iworkl - 1

IF (iwork2 > irank) i1end = iend + 1

END

SUBROUTINE para range (nl, n2, nprocs, irank, ista, iend)
iwork = (n2 - nl) / nprocs + 1

ista = MIN(irank * iwork + nl, n2 + 1)

iend = MIN(ista + iwork - 1, n2)

END

Y. Aoyama and J. Nakano, RS/6000 SP: Practical MPI Programming
http://incredible.egloos.com/3755171
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MPI Implementations

* Most parallel machine vendors have optimized versions
* Others:

http://www.mpi.nd.edu/MPI/Mpich
http://www-unix.mcs.anl.gov/mpi/mpich/
indexold.html

GLOBUS:

http://www.globus.org/mpi/
http://exodus.physics.ucla.edu/appleseed/
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-

27k #3124

“parallel computing” on the search engine

https://computing.llnl.gov/tutorials/mpi/ http://condor.cc.ku.edu/~grobe/docs/intro-MPI.shtml
http://www-unix.mcs.anl.gov/mpi/
http://www.lInl.gov/computing/tutorials/workshops/workshop/parallel _comp/MAIN.html#Whatis
http://www.nas.nasa.gov/Groups/SciCon/Tutorials/MPlintro/toc.html
http://www-unix.mcs.anl.gov/mpi/tutorial/mpibasics/
http://www-unix.mcs.anl.gov/mpi/usingmpi/examples/main.htm

http://people.sc.fsu.edu/~jburkardt/f src/f src.html http://condor.cc.ku.edu/~grobe/docs/intro-MPI-C.shtml
http://people.sc.fsu.edu/~jburkardt/index.html

http://www.mcs.anl.gov/research/projects/mpi/tutorial/

http://www.bu.edu/tech/support/research/training-consulting/online-tutorials/mpi/
http://condor.cc.ku.edu/~grobe/docs/intro-MPI.shtml
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Summary

-MEZFZ IS CHY (B BA LM, E5/7H4)
« =519 =8 4 (latency + bandwidth)
«MPI Z=1ZHO[ 7| = O3} (SPMD)
-SME=M ME2A ER

« H K H Eof X 2 (serial > parallel)
MELHE LA O Z O] HH ol I
AN A7t - ZOHE AT of{of &
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