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Scientific American : The Do-It-Yourself
Supercomputer (August 2001)

Scientists have found a cheaper way to solve
tremendously difficult computational problems:

connect ordinary PCs so that they can work
together.

The First Beowulf cluster

+ Thomas Sterling and Donald
Becker CESDIS, Goddard
— Space Flight Center

+ Summer 1994: built an
experimental cluster

- Called their cluster "Beowulf"
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16 x 486DX4, 100MHz processors

16 MB of RAM each, 256 MB in total

Channel bonded Ethernet (2 x 10Mbps)

Not that different from our cluster system
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Parallel Programming with MPT I

Background and Getting Started (1 hour)
- Parallel Computing System

- Parallel Programming Concept

- What is MPI?

- Hello World |

Parallel Computing Systems
O Multi Processor System (MP)

Processor | P || P |eeae| P || P *Limted Scalability
| | *High Speed communication

O Cluster System connected in Network

o @ @ @ *High performance
T =1 smmew s *Large capacity
*High availability

*Incremental growth

*Network dependent
communication

| opu
Computing




Network Comparison

Fast Gigabit Myrinet Infiniband
Ethernet Ethernet
Latency ~100us ~100 ps ~2 us ~0.5 us
~2 us (mpi)
Bandwidth | ~100Mbps | ~1Gbps ~1.98Gbps | ~10 Gbyte/s
peak peak real real
Price ~50,000 W |~200,000 W | ~800,000 W |~ ?2?
KIAS life, fold, quest
etc

o0 Normal PC Cluster rely on TCP/IP
Real/MPT Latency is worse than the hardware latency
Efficiency for short message is less than 50%
Depends on Driver and NIC interaction

KIAS fold/life cluster system

node nOl node n02 node né4
Memory Memory Memory
P|P[P]|P P|PI||P]|P P|PI[P]|P
P|{PJ||P]|P P|PIJ||P]|P P|P[P]|P

Giga bit network ‘

Memory File System

/net 27T
PIPIPLP /home 8.2T
PIPIPIP /share 57T

Login system life (life.kias.re.kr)

64 Node x 2CPU x 4 Cores
= B12 Cores
64 Node x 16 G Memory
= 1024 G byte Memory

CPVU: intel Xeon E5410 2.33 GHz




Exercise

Login

(13 xetart [E=NEE)

Windows : FTER R

HEE: [ (guesy o azEEIm. |
Xmanager > _

EAEHE  fold kias.re kr -

= , = EEEN

Z2ESP) [E3H B el | ————

o, —— [ 4D
AE ALY guest
HEHEW 0006000008  [1TT(A | BKZ 2910}, |

e IO

Ausrfbindanome-terminal ——display $DISPLAY

Linux or UNIX machines: Terminal Programs

% ssh guest@fold.kias.re. kr
% ssh -X guest@fold.kias.re.kr

Password:
kias!guest

Exercise : Linux Commands

% less /etc/motd
% less /proc/cpuinfo
% pestat

% df -h

% free

% ps ax

% pwd

% cat /etc/passwd
% echo $SHELL

% s -

7 man Is

% Is -al

% less .bashrc

% cd MPTI1

% s -I

% cp -r examples newton
% cd newton




O Languages : Fortran, C, C++, python, Java, etfc

o GNU /Atip.//www.gnu.ora/ O Intel Attp.//developer.intel.com
; gcc % icc
o % ifort
%o t .
f % db
o PGI http.//www.pgroup.com/ B =5 .
% pgcce % cd MPI1/single
; Pg?% % gcc hello.c
o Pg o
% pgf90 7 gfortran hello.f90
% pgdbg

Parallel Computing & programming

- Separate workers or processes
- Interact by exchanging information




What is MPTI ?

O M P I = Message Passing Interface

o Powerful, efficient, and portable way to express
parallel programs

o Standard (specification)
- Many implementations
- Collection of communication library (subroutines)

o0 Two phases and... :
- MPT 1: Traditional message-passing
- MPT 2: Remote memory, parallel I/O, dynamic process
- MPT 3: ?2??

Recommended Reading

o IBM RedBook
http://www.redbooks.ibm.com/abstracts/sg245380.html

o MPIE 0|8st 2€ T2 )Y (KISTI)

oMPIEEZ=Zz )22 (0IZE4 et.al., HE=A)

o LAM MPT Tutorial
http://www.lam-mpi.org/tutorials/nd/

o WWW

http://www.cs.usfca.edu/mpi/
http://www.citutor.org/ Education site (Search MPT)

n w

0 Use Google | with keyword "MPTI programming”, "Parallel
Programming”, ...




Message Passing Libraries
o OpenMPI

m http://www.open-mpi.org/
= Very easy to use !

o MPICHI and 2
m http://www.mcs.anl.gov/research/projects/mp MPICH?2

ich2/ Arg?ﬂ':.'?.ﬁ
= Easy to use
= High portability |
o LAM MPI )J,T-T
= http://www.lam-mpi.org/ e

= High availability

Math library, Parallel Library

o Linpack/Lapack, ScalLapack

O Atlas (Automatic Tuned Linear Algebra software)
O Goto Library

o MKL (intel Math Kernel Library)

o GSL (6NU Scientific Library)

o FFT (Fast Fourier Transform)

o ETC ..




Parallel Programming Concept

O Message Passing Interface

e~ ®

L B B ] P

Processor —| P P

Communications Netwark

(1) All processes execute the same program
but each process is assigned a unique process
id=0,1,2,3,.....,(Nprocs-1)

(2) Each process performs its own tasks assigned
according to its process id

Simple Example #1 (Hello World)

MPI_COMM_WORLD

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

int main (1nt argc, char **argv)

1

int myrank, nprocs;
MPI_Init (&argc, &argw);

MPI Comm rank (MPI COMM WORLD, &myrank);
MPI Comm size (MPI_COMM_WORLD, &nprocs);

printf("Hello world! I am %d of %d\n",myrank, nprocs);

MPI Finalize ();
return @;
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Simple Example #1 (Hello World)
Fortran 77 / 90

program hello

include '‘mpif.h’ use mpi | Fortran 90
integer myrank, nprocs

integer lerr

call MPI_INIT (ierr)

call MPI_COMM RANK (MPI_COMM WORLD, myrank, ierr)
call MPI_COMM SIZE (MPI_COMM WORLD, nprocs, 1err)

print *, "Hello world! I am ",myrank," of ",nprocs
call MPI_FINALIZE (ierr)

end program hello

Running your MPT programs

o Compile :
% cd newton/
% cat hello.c
% mpicc -o hello hello.c
% mpif90 -o hello hello.f90

O Running MPT Programs (OpenMPI):
7% mpiexec -np 8 hello
7 mpiexec -machinefile hosts -np 8 hello

o CPU time and Wall clock Time (Example #3 pi.f90)
% mpif90 -o pi pi.f90
% mpiexec -np 4 pi




Portable Batch System (PBS)

O Process and Resource Management

0 Torque, openpbs

m http://www.clusterresources.com/products/torque-resource-manager.php

o Commands (& &)
% qstat (Status)
% man gstat
% gstat -a
% gstat -u newton
% gstat -an
% gstat -q
% gstat -s
% qSTClT -f
% pestat (Node Status)
% qsub
% qdel

o PBS script (&5 &)

PBS Scripts

#1/bin/sh

#H## Job name

#PBS -N JOB_NAME

### Declare job non-rerunable
#PBS -rn

### Output files

#PBS -j oe

### Mail to user

#PBS -m ae

### Queue name (n2, n4, n16, n32, n64)
#PBS -q n32

### Walltime limit (hh:mm:ss)
#PBS -l walltime=168:00:00

# This job's working directory
echo Working directory is $PBS_O_WORKDIR
cd $PBS_O_WORKDIR

echo Running on host * hostname’

echo Time is " date’

echo Directory is " pwd®

echo This jobs runs on the following processors:
echo *cat $PBS_NODEFILE®

# Define number of processors

NPROCS="wc -l < $PBS_NODEFILE"

## your parallel job

mpiexec -np $NPROCS a.out

* PBS interactive mode
% qsub -I -q n8 -N job_name
% qsub -I -q n16 -N job_name

% echo $PBS_O_WORKDIR
% echo $PBS_NODEFILE
% cat $PBS_NODEFILE

% export | grep PBS

* PBS commands
% cat start.mat
% qsub start.mat
% qdel 57480




Learning MPT

0 MPT is large (about 125 functions)

m MPI's extensive functionality requires many
functions

= Number of functions not necessarily a measure of
complexity
O MPI is small (6 functions + sum of them~)

= Many parallel programs can be written with just 8
basic functions

O MPT is just right
m One can access flexibility when it is required
= One need not master all parts of MPI to use it.

Basic MPI Functions (C)

o Init

MPTI_TInit(&argc, &argv)
MPI_Comm_size(MPI_COMM_WORLD &nprocs)
MPI_Comm_rank(MPI_COMM_WORLD,&rank)

0 Message Passsing

MPI_Send(...) point to point communication
MPI_Recv(...)

MPI_Bcast(...) collective communication
MPI_Reduce(...)

O Finalize

MPI_Finalize()




Basic MPI Functions (Fortran)

o Init

Call MPI_TInit(ierr)

Call MPI_Comm_size(MPI_COMM_WORLD, nprocs, ierr)
Call MPT_Comm_rank(MPI_COMM_WORLD, myrank, ierr)

0 Message Passsing
Call MPT_Send(...) point to point communication
Call MPI_Recv(...)

Call MPI_Bcast(...) collective communication
Call MPI_Reduce(...)

O Finalize
Call MPI_Finalize(ierr)

Types of parallel programming

O Coarse-Grained Parallel Applications:
Monte Carlo Simulations, 3D Graphics rendering,
Database Search Problems (Web Search Engine),
Embarrassingly Parallel Programs.

0 Medium-grained Parallel Applications:
Divide & Conquer style analysis,
Domain decomposition Methods.

O Fine-grained parallel applications:




Parallel Mandelbrot set

O A Mandelbrot set is a set
of points in the complex
plane

o Computed by the
recursive function
Zi= 8+ €

¢ is a complex number which gives
the position of a point in the
complex plane

Z..;is the (k+1)th iteration of the
complex number z = a+bi

the initial value for zis O

2_

Imaginary

-2

T
2 Feal 2

da
% cd Mandel
% ./run.sh 8

Povray on Linux Cluster,

o POVRAY (Persistence Of

Vision RAYtracer) is a high-

quality tool for creating

three-dimensional graphics. & %

O Raytraced images are
ublication-quality and
photo-realistic'.

O but are computationally

expensive so that large

images can take many hours =

to create.

Al A
=a=11

% cd povray/example
% ./povray.single woodbox.pov
% /run.sh

ttp://www.povray.com




Other Applications...

O Visualize / Weather 4

0 Media Encoding (Image
compress, DVD, MP3,
ETC..)

o Internet Server (Web,
Database)

O Science, etc...

Parallel Programming with MPT T

MPTI Basics (1 hour)

- Point to Point Communication
(blocking Send/Recv)

- Some of collective communication

% (O R.V.V.V.V.¥.¥.




Basic MPI Functions (Fortran)

o Init

Call MPI_Init(ierr)

Call MPI_Comm_size(MPI_COMM_WORLD, nprocs, ierr)
Call MPI_Comm_rank(MPI_COMM_WORLD, myrank, ierr)

O Message Passsing
Call MPTI_Send(...) point to point communication
Call MPI_Recv(...)

Call MPI_Bcast(...) collective communication
Call MPI_Reduce(...)

O Finalize
Call MPI_Finalize(ierr)

Point to Point Communication

MPI_COMM WORLD Message
data

envelope

MPI Send / Recv
*Data:

buffer, count, datatype
*Envelope:

process identifier (src/dest)

message tag
communicator




Point to Point Communication (C)

MPI_Send(buf, count, datatype, dest, tag, comm);
- buf : Send buffer

- count : Number of sent elements

- datatype : MPI datatype

- dest : Destination Process ID
- Tag : Message tag
- comm : Communicator

MPI_Recv(buf, count,datatype,source, tag, comm, &status):
- buf : Receive Buffer

- source : Source Process ID

- status : Receive status

Point to Point Communication (Fortran)

Call MPI_SEND(buf, count, datatype, dest, tag, comm, ierr):
- buf : Send buffer

- count : Number of sent elements

- datatype : MPI datatype

- dest : Destination Process ID
- Tag : Message tag
- comm : Communicator

Call MPI_RECV(buf, count,datatype,source, tag, comm,status, ierr);
- buf : Receive Buffer

- source : Source Process ID

- status : Receive status




///'ogram helloz \\\

pi _ Fortran
use mpi

implicit none

integer irank, nprocs, lerr, 1
1nteger ‘tag

integer istatus (MPI_STATUS_SIZE)
character*l0f msg

call MPI_INIT(ierr}
call MPI_COMM_RANK(MPI_COMM_WORLD, irank, ierr)
call MPI_COMM_SIZE(MPI_COMM WORLD, nprocs, ierr)

tag = 10

if (irank == 0} then
write{msg, ' (A,2x,I2])"']) "Hella! node 2'
idest = 1

call MPI_SEND(msg,100, MPI_CHARACTER, idest, tag, MPI_COMM_WORLD, ierr)
else

isrc =@
call MPI_RECVW(msg,l00, MPI CHARACTER, istrc , tag, MPI_COMM WORLD, istatus, ilerr})
write(6, '(A)') trim(msg)
write{6, ' (A})') 'Hi ~'
endif

call MPI FINALIZE(ierr)
end program hello2 * Example (hello2.f90)

% mpicc hello2.f90
% mpiexec -np 2 ./a.out
% mpiexec -np 4 ./a.out (dead lock?)

- /

\

//i#inulude <5tdio, h>

#inctude "mpi,h" C
// hello?
int main (int argc, char **argv)
{
int rank, size;
int tag;
int dest, src;
char msglloo];

MPI_Status status;

MPI Init (&argc, &argw);
MPI_ Comm rank (MPI_COMM _WORLD, &rank);
MPI_Comm_size (MPI_COMM WORLD, &size);

tag = 123;
it {rank == @) {
sprintfimsg,"Hello! node 2"},

dest= 1:
MPI Send(msg,l00,MPI_CHAR, dest, tag, MPI_COMM _WORLD);
}
else {
5roc = &3
MPI Recw(msg,l00,MPI CHAR, src , tag, MPI COMM WORLD,&status);
printf(“ss\n", msg};
printf{*=> Hi ~\n");
g

T * Example (hello2.c)
MPI Finalize ();
} % mpicc hello2.f90
% mpiexec -np 2 ./a.out
\ % mpiexec -np 4 ./a.out (dead lock?) /
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Fortran

program hello3

use mpi

implicit none

integer ierr, i1rank, nprocs
integer tag, num, next, prey
integer istatus{MPI_STATUS SIZE)
integer 1

character+*l®® msg

call MPI_INIT{ierr)
call MPI_COMM_RANK(MPI_COMM WORLD, irank, ierr)
call MPI_COMM_SIZE(MPI_COMM_WORLD, nprocs, ierr)

tag = 18
if {irank == 8] then
do i=1, nprocs-1
write(msg, ' (A, 2x,I2)"') 'Hello! node',1
call MPI_SEND(msg,186, MPI_CHARACTER, i, tag, MPI_COMM WORLD, ierr)

end do

glse
call MPI_RECVimsg,100, MPI_CHARACTER, ©, tag, MPI_COMM_WORLD, istatus, ierr)
write(e, ' (A)') trim(msg}

endif

call MPI_FINALIZE(ierr)

end program hello3

* hello3: for all nodes

//, #1nclude <stdio. h>

#include "mpi.h" C
// hello4
int main (int argec, char **argwv)

1

int rank, size;

int tag:

int dest, src, man;
char msgllo@];

MPI S5tatus status;

MPI _Init (&argc, &argwv);
MPI Comm rank (MPI_COMM WORLD, &rank);
MPI Comm size (MPI_COMM WORLD, &size);

tag = 123,
if (rank == @) {
for {dest=1; dest < size; dest++) {
sprintf(msg, "Hello! node %d",dest);
MPI_Send(msg,100,MPI_CHAR, dest, tag, MPI_COMM_WORLD);

src = 0;

MPI Recw(msqg,100,MPI_CHAR, src , tag, MPI_COMM WORLD, &status);
printf(“ss\n", msg);

man = status.MPI_SOURCE;

printf("=> Hi, master %d ~\n",man};

¥

MPI_Finalize (}; * hello4: with MPT_SQURCE
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MPT

Data Type

Call MPI_Send (buf, count, datatype, dest, tag,
Call MPI_Recv (buf, count, datatype,source, tag,

comm)
comm, status)

C Data Tvpes

Fortran Data Types

MPI_Unpack

HPI_CHAR signed char HPI_CHARACTER character(1)
WP _SHORT signed short int
HWPI_INT signed int HPI_INTEGER integer
WP _LONG signed long int
WPI_UNSIGNED_CHAR | unsigned char
MPI_UNS1GNED_SHORT | unsigned short int
HPI_UNS | GHNED unsigned int
HP1 _UNSIGNED_LONG | unsigned long int
HPI_FLOAT float HPI_REAL real
HP1 _DOUBLE double HPI_DOUBLE_PRECI SI0H | double precision
HPI_LONG_DOUBLE | long double
HP1 _COMPLEX complex
HP 1 _DOUBLE_COHPLEX double complex
HPI_LOGICAL logical
HPI_BYTE 8 binary digits HPI_BYTE 8 binary digits
TS data packed or unpacked with MPI_Pack()/ HP1_PACKED data packed or unpacked with MPI Pack()/

MFPI_Unpack

\Z

_

Retrieving further information

O Status is a data structure allocated in the
user's program.
oincC
MPI_Recv(.., MPI_ANY_SOURCE, MPI_ANY_TAG, .., &status);
tag = status. MPI_TAG

src = status.MPI_SOURCE
MPI_Get_count (&status, datatype, &cnt);

O in Fortran
call MPT_RECV(...MPI_ANY_SOURCE, MPI_ANY_TAG,. status,...)
itag = status (MPI_TAG)

isrc = status (MPI_SOQURCE)

call MPI_GET_COUNT(status,datatype,icnt, ierr)

* retrieve.f90




///f program main ﬁ\\\

use mpi Fortran:

integer irank, nproc, itag, 1, lerr .

integer 1src, 1dst, source r'e’rr'lev.f90
integer my_src, my_tag, my_cnt

integer istatus (MPI_STATUS SIZE)

real*s data({le)

call MPI_INIT (ierr)
call MPI_COMM RANK (MPI_COMM WORLD, irank, ierr)
call MPI_COMM_SIZE (MPI_COMM_WORLD, nproc, ierr)

print *, 'Process ', iranmk, ' of ', nproc, ' is alive’

if {irank == 8) then
dodi =1, 13
data(i) = 1
enddo
idst = 1
call MPI_SEND (data,1®,MPI_REALS, idst, 20811 ,MPI_COMM _WORLD,ierr)
else 1f (irank == 1) then
itaqg = MPI_ANY TAG
source = MPI_ANY_SOURCE
call MPI_RECVW (data,l1®,MPI REALZ, source, itag, MPI_COMM WORLD,istatus,ierr)

istatus (MPI_SOURCE)
istatus (MPI_TAG)

my_src
my_tag

call MPI_GET_COUNT (istatus,MPI_REALE, my_cnt, ierr)

print *, ‘status info: source = ', My _5rC
-l i Sk tag = ', my_tag
primt-¥%; ! count = ', my_cnt
else
continue
endif

call MPI_FINALIZE (ierr)

\\\» end program main ///

program pi calculation

S * PI Calculation
real*B, parameter :: PI25DT = 3,141592653589793238462643d0

real*8 pi_node, pi, h, sum, x, ¥, a N pyTr—"
integer n, irank, nprocs, 1, rc 1 4
integer istat(MPI_STATUS_SIZE) 5.3

real*d time_start, time_end, elapsed time, total time T = —dx
real*8 stime, etime , 0 (1+x2)

! function to integrate

flx) = 4.d0 / (1.d0 + xtx) 2

call MPI_INIT{ ierr )
call MPI_COMW_RANK( MPI_COMM_WORLD, irank, ierr )
call MPI_COMM_SIZE( MPI_COMM_WORLD, nprocs, lerr )

1.5

if { irank == 0 ) then
write(6, *(A,$)') 'Enter the number of intervals = ' .
read N ] 0.2 6.4 0.6 6.8 1 1.2 1.4

do 1=1, nprocs-1
call MPI_SEMD(n,1,MPI_INTEGER,i,123,MPI_COMM WORLD,ierr)
enddo

glse
call MPI_RECV{n,1,MPI_INTEGER,D,123,MPI_COMM WORLD,istat,ierr)
endif

stime= MPI_WTIME ()

call epu_time (time_start)
! calculate the interwval size and pi_node .
h = 1.6d0/n * pi_comm.f90
sum = 0,840
do 1 = irank+l, n, nprocs
x = h * (dbhle(i) - 0.5d0)
SUM = sum + fl:}l'__:l
enddo

pi_node = h * sum

call cpu time(time_end)
\\\‘ elapsed time = time end-time start 4///
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! collect all the partial sums
1f { irank == 0 ) then
pPL = pi_node
do i=1, nprocs-1
call MPI_RECV(pi_node,1,MPI_REALS,i,345,MPI_COMM_WORLD,istat,ierr)
plL = pL + pl_node
call MPI_RECV(elapsed time,1,MPI_REAL,i,&678,MPI_COMM_WORLD,istat,ierr]
total _time = total_time + elapsed_time
enddo
else
call MPI_SEND{pi _node,1,MPI_REALZ,0,345,MPI_COMM_WORLD,ierr)
call MPI_SEND{elapsed time,1,MPI_REAL,0,578,MPI_COMM_WORLD,ierr)
endif

etime= MPI_WTIME ()

write(d, *) 'My elapsed time (',irank,') =',6elapsed_time, ' seconds'
if (irank .egq. @) then

write{f, *)

write(6, 97) pi, abs{pi - PI25DT)

97 format{'PI is approximately: ", F1B.I16," Error is: ", FLB.I8)
write{6, *) 'Wall Clock Time =', etime-stime, ' seconds'
write(6, *) 'Total Cpu Time =', total_time, ' seconds'
write(6, *) 'Speed up =', total time/(etime-stime)
write(6, *) 'The number of Processors =', nprocs

endif

call MPI_FINALIZE(ierr)
end program pili calculation

Some of Collective Communication

O Broadcast data ——
ﬁ PO | A A
8 P1 broadcast | 5
5 >
P2 A
l P3 A

InC:
MPI_Bcast (&buf,count,datatype,root, comm);

In Fortran:
Call MPT_BCAST (buf,count,datatype,root, comm,ierr)




Some of Collective Communication

O Reduce

PO | A A'B*C'D

P1|B reduce

o
P2 |C
P3|D
*. some operator

InC:

MPI_Reduce (&sendbuf &recvbuf,count,datatype operator,root, comm);

In Fortran:
Call MPTI_BCAST (sendbuf recvbuf,count,datatype,operator,root, comm,ierr)

O Barrier : create a barrier synchronization

MPI_Barrier (comm); Call MPI_BARRIER(comm,ierr)
prsggampgl_calculatmn * PI CGICUIO“QH
real*8, parameter :: PI25DT = 3,141592653589793238462643d0 ! ) ——
real*s pi_node, pi, h, sum, x, f, a 1 4_
integer n, irank, nprocs, i, rc 3.5 _ 1
integer istat(MPI_STATUS SIZE) T = 2 X
real*4d time start, time end, elapsed time, total time 2 0 (]}4—)C )

real*8 stime, etime
! function to integrate o
fix) = 4,do 7 (1.d0 + x*x)

call MPI _INIT( ierr )
call MPI_COMM_RANK{ MPI_COMM WORLD, irank, ierr )
call MPI_COMM_SIZE( MPI_COMM_WORLD, nprocs, lerr |

lf t irank = } thE'n 1n 8.2 0.4 0.6 0.8 1 1.2 1.4
writef{e, ' (A, $)') 'Enter the number of intervals = '
read *, n

end1f _ * pi_reduce.f90

call MPI_BCAST(n,1,MPI_INTEGER,®, MPI_COMM_WORLD,1err) —_—

stime= MPI_WTIME ()
call cpu_time (time_start)

if ( irank == @ ) then
writel(6, ' (A, %)) 'Enter the number of intervals =
read *, n

do 1=1, nprocs-1
call MPI_SEND(n,1,MPI_INTEGER,i,123,MPI_COMM_WORLD,ierr)
enddo
else
call MPI_RECY(n,1,MPI_INTEGER,@,123,MPI_COMM WORLD,istat,ierr)
endif
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calculate the interval size and pl_node

I

h = 1.0d@/n

sum = 0.0d0

do 1 = 1rank+l, n, nprocs
¥ = h * {dbhlefi) - @, 5d0)
sum = sum + Tlx)

enddo

pi node = h * sum

call cpu_time(time_end)
elapsed_time = time_end-time_start

I collect all the partial sums
call MPI_REDUCE (pi_node,pi,1,MPI_REAL8,MPI_SUM,0,HMPI_COMM WORLD,ierr)
call MPI REDUCE (elapsed time,total time,1,MPI _REAL4,MPI SUM,0,MPI_COMM WORLD,ierr)

etime= MPI_WTIME ()

write(B, *) 'My elapsed time (',irank,') =',elapsed_time, seconds '
if (irank .eg. 0) then
write(m, *)
writel®, 97) pi, abs(pi - PI25DT)
97 format('PL is approximately! ', F18.16," Efrror i1s: ', FLBE.18]
writef(d, *) 'Wall Clock Time =', etime-stime, ' seconds'
writele, #) 'Total Cpu Time ="', total time, ' seconds’
write(&, *) ‘Speed up =', total_time/(etime-stime)
writeld, *) 'The number of Processors =', nprocs
endif

call MPI_FINALIZE(ierr)
end program pi calculation

\_

=
MPTI Reduce Operators

MPI Reduction Operation C Data Types Fortran Data Type
HPI_MAX maximum integer, float integer, real, complex
HPI_MIN rminimum integer, float integer, real, complex
HPI_SUM sum integer, float integer, real, complex
HPI_PROD | product integer, float integer, real, complex
HPI_LAND logical AND integer logical
HPI_BAND bit—wize AND integer, MPI_BYTE integer, MFI_BYTE
HPI_LOR logical OF integer logical
HP1_BOR bit—wise OR integer, MPI_BYTE integer, MPI_BYTE
HPI_LXOR logical XOR integer logical
HPI_BXOR | bit—wise XOR integer, MPI_BYTE integer, MPI_BYTE
HPI_MAXLOC | 1z value and location | float, double and long double | real, comples, double precision
HPI_MINLOC | min value and location | float, double and long double | real, complex, double precision

%




Basic MPI Functions (Fortran)

e Tnit

Call MPI_TInit(ierr)

Call MPI_Comm_size(MPI_COMM_WORLD, nprocs, ierr)
Call MPI_Comm_rank(MPI_COMM_WORLD, myrank, ierr)
e Message Passsing

Call MPI_Send(...) point to point communication
Call MPI_Recv(...)

Call MPI_Bcast(...) collective communication
Call MPI_Reduce(...)

 Finalize

Call MPI_Finalize(ierr)

\_

program workshare

Use mpi X

integer irank, nprocs, ierr » WOf‘kSth‘e.fgo
integer n, istart, iend .
integer+*g isum, itotal -load balencmg
call MPI_INIT (ierr) -fine grain...

call MPI_COMM_RAMK (MPI_COMM_WORLD, irank, ierr)
call MPI_COMM _SIZE (MPI_COMM WORLD, nprocs, ilerr)
if (irank == B8) then

write(6,'(A,%$)') ' Enter the number of your johs = '
read *, n
endif
call MPI_BCAST(n,1,MPI_INTEGER,®,MPI COMM WORLD,ierr)
call para_rangeil,n, nprocs, lrank, istart, 1end) =
isum = @

do i= istart, iend
isum = i1sum + 1
enddo
write(f,10) 'T am nnde ', irank, ' my range = ', istart,iend, 'my sum =',isum
10 format(A,I3,A,2I12,24,A,I14)

call MPI_REDUCE (isum,i1total,l,MPI_INTEGERE,MPI_SUM,0,MPI_COMM_WORLD, 1err)

if (irank == 8) then
writel(s, ' (A,2x,I14})') "Total sum = ', itotal
endif

call MPI_FIMALIZE(ierr}
end program workshare

subroutine para_rangel(nl, n2, nprocs, irank, ista, iend)
integer nl,n2,nprocs,irank, ista, iend
integer iworkl, iwork2

iworkl = (n2 - nl + 1) / nprocs
iwork2 = MOD{n2 - nl + 1, nproecs)
ista = irank * iworkl + nl + WMIN(irank, iwork2)

iend = i1sta + iworkl - 1
IF (iwork2 = irank) iend = iend + 1

\\\ end




/#mclude =stdio. h>
#1nclude "mpi.h"

#define MIN(a,b) ((a) < (b) 7 (a) ¢ (b))

// workshare * y

vold para_range(int nl,int n2,1nt nprocs,int rank,int *start,int *end); WorkShareC
int main (int argc, char **argv) —l‘OGd bﬂlenCing
{

int rank, nprocs;

int i, n, start, end; —fl‘ﬂe 9F‘Cll‘ﬂ...

unsigned long int sum, total;

MPI_Init (&argc, &argv);
MPI_Comm_rank (MPI_COMM_WORLD, &rank);
MPI_Comm_size (MPI_COMM_WORLD, &nprocs);
if (rank == @) {
printf(" Enter the number of your jobs = \n"};
scanf("%d",&n);

5
MPI_Bcast (&n,1,MPI_INT,D,MPI_COMM_WORLD)
para_rangel(l,n,nprocs, rank, &start, &end); _
sum = @;
for (i=start; i<= end; i++) {

sum += 1;
printi{"I am node %d my range = %d %d my sum = SLdvn™,

rank, start, end, sum);

MPI Reduce(&sum, &total,l,MPI_UNSIGNED LONG,MPI_SUM,O,MPI_COMM_WORLD);
Lt (rank == 8) {
printf("Total sum = %ld\n", total);

MPI_Finalize (});
}

void para_range(int nl,1nt n2,1nt nprocs,int rank,int *start,int *end){
int iworkl, iwork2;
iworkl = (n2 - nl + 1) / nprocs;

iwork2 = (n2 - nl + 1) % nprocs;
*start = rank * iworkl + nl + MIN {(rank, iwork2);
*end = *start + iworkl - 1 ;

K 1f (iwork2 = rank) *end = *end + 1;
s

Parallel Programming with MPT T

Intermediate MPI and ... (2 hour)
- non-Blocking Send/Recv

- Collective Communications

- Applications / Comments




non-Blocking Send/Recv (Ex)

MPI_COMM WORLD

Non-blocking operations allow overlapping
computation and communication.

Blocking/non-Blocking Send/Recv

InC:

MPTI_request request:;

0 Blocking (Send/Recv)

MPI_Send (buf, count, datatype, dest, tag, comm);
MPI_Recv (buf, count,datatype,source, tag, comm, &status);

0 non-Blocking (Isend/Irecv)
MPI_Isend (buf, count, datatype, dest, tag, comm, &request):
MPI_Irecv (buf, count,datatype,source, tag, comm, &request);

MPI_Wait (&request, &status); * hello5, 6, 7




Blocking/non-Blocking Send/Recv

In Fortran :

integer request

o Blocking (Send/Recv)

Call MPI_SEND (buf, count, datatype, dest, tag, comm)
Call MPI_RECV (buf, count,datatype,source, tag, comm, status)

0 non-Blocking (Isend/Irecv)

Call MPI_ISEND (buf, count, datatype, dest, tag, comm, request)
Call MPI_IRECV (buf, count,datatype,source, tag, comm, request)

Call MPI_WAIT (request, status) * hello5. 6. 7
ellod, 6,

Ve

#include =stdio.h=
#include *mpi.h* * hello5.c : MPI_Isend
// hellas -
int maln (int argec, char *%argv)
1

int rank, size;

int tag;

int dest, src, man;

char msglleo];

MPI_S5tatus status;

MPI_Reqguest req;

MPI_Init (&argc, &argv);
MPI_Comm_rank (MPI_COMM WORLD, &rank);
MPI_Comm size (MPI_COMM_WORLD, &size);

tag = 123;
if [rank == 8] {
for (dest=l; dest < size; dest++) {
sprintfimsg, "Hello! node %d",dest);
MPI Isend(msg,100,MPI_CHAR, dest, tag, MPI_COMM WORLD, &req);

s
s
else {
5rE = B3
MPI Recw(msg,108,MPI CHAR, src , tag, MPI COMM WORLD,&status);
printf{"%sin", msg);
man = status.MPI_SOURCE;
printf(“== Hi, master %d ~\n",man};
s

MPI_Finalize [(};

\




//r#include <stdio.h>
#1include “"mpi.h"
// hellob * hello6.c
int main (int argc, char **¥argv)

{

K}

o MPI_Isend, MPI_Irecv
o B MPI_Wait

int dest, src, man;

char msglleoo];
MPI_Status statl, statZ;
MPI Request regl, reqgZ;

MPI_Init (&argc, &argwv);
MPI_Comm_rank (MPI_COMM_WORLD, &rank);
MPI_Comm_size (MPI_COMM_WORLD, &size);
tag = 123;
if {rank == @) {
for (dest=1l; dest = size; dest++) {
sprintfimsg, "Hello! node %d",dest);
MPI Isend(msg,100, MPI_CHAR, dest, tag, MPI_COMW WORLD,&reql);

}
T
else {

src = 4;

MPI Irecw(msg,l@@,MPI CHAR, src , tag, MPI_COMM_WORLD, &req2);
b

MPI_Wailt(&regl, &statl);
MPI_Wailt(&req2, Gstat2);

if f{rank '= 8) {

printf("ssyn", msgl;

man = status.MPI_SO0URCE;

printf("=> Hi, master %d ~\n",man);
T
MPI_Finalize ();

_/

//’ program hello?

use mpi * bi-directional
implicit none . .
integer ierr, irank, nprocs communication
integer tag, num, next, prev *x h€”07 fgo

integer ireql, ireq2

integer istatl (MPI_STATUS_SIZE), istat2(MPI_STATUS_SIZE)
integer man, 1

character*l00 msg, msg2, msgs(500) -1 S
call MPI_INIT(ierr)

call MPI_COMM_RANK(MPI_COMM_WORLD, irank, ierr)

call MPI_COMM_SIZE(MPI_COMM_WORLD, nprocs, ierr) PN T
tag = 123
1t (irank == @) then

do i=1, nprocs-1

writel{msg, '(A,2x,I2)') 'Hello! node',i

call MPI_ISEND(msg,108, MPI_CHARACTER, i, tag, MPI_COMM WORLD,ireql,ierr)
end do
do 1i=1, nprocs-1

call MPI_IRECV(msqgs(i),100, MPI_CHARACTER, i, tag, MPI_COMM WORLD,ireq2,ierr)

enddo

else
call MPI_IRECV(msg,100, MPI_CHARACTER, ©, tag, MPI_COMM_WORLD, ireq2, ierr)
write{msg2, ' (A, 2x,I2)') "Hi, master~ I'm node ", irank

call MPI_ISEND(msg2,100, MPI_CHARACTER, ©, tag, MPI_COMM_WORLD, ireql, ierr)
endif
call MPI_WAIT (iregl, istatl, ierr)
call MPI_WAIT (ireq2, istat2, ierr)
it (irank == @) then

do i=1, nprocs-1

write(s, ' (A}') trim{msgs{i))

enddo
else

writels, ' (A)') trimimsg)
endif
call MPI_FINALIZE (ierr)

\\\‘ end program hello?




Synchronization

MPI_Barrier (comm) in C
Call MPI_Barrier (comm, ierr) in Fortran

0 Blocks until all processes in the group of the
communicator comm call it.
0 Almost never required in a parallel program

m Occasionally useful in measuring performance and
load balancing

Collective Communications

data ———

ﬁ PO |A A PO A AB'C'D -MPI_BCAST
§ [ broadcast | 5 P1(B | reduce -MPI_GATHER
T Pz A Pz |C | -MPI_ALLGATHER
P3 A P3 (D -MPI_REDUCE
 some opefatol  _MPT_ALLREDUCE
PolA(B|C|D|  cater LA Po|Aa| al |ABCD
P1 — B P1[B | reduce |ascp
P2 — ¢ P2 [c " |a*cD
P3 gather Iy P3 E A*BCHD
*. some operator
Po |A ale|c|o PO |A A
P1|B allgatherh aAlelclp P1|B scan‘ AB
Pz [c - |als|c]p Pz [c| - |aee
P3 |D AlB|C|D P3|D A'B*C'D
* some operator
PO |AD [A1[A2 |A3 AQ (B0 |Co|DO PO |AQ|AT|AZ [A3| reduce |AO*BO“CO*DO
P1 |Bo|B1|Bz|B3| Alteal  |a1|B1[ci|Dn P1|Bo|B1|B2|B3| <8¢ |arB1CIDI
Pz |co|c1|cz|cs " |azBz[cz|Dz Pz [co|c1|cz|cs " |azBzrc2D2
P3 [Do|D1|D2[D3 A3|B3|c3|ps P3 [Do|D1|D2|D3 A3'B3'C3'D3

*. some operator




Scatter & Gather

POJA[(B|C|D scatter A
gather
P3 D
InC:

MPI_Scatter (&sendbuf,sendcount,sendtype,
&recvbuf recvcount,recvtype,root, comm);
MPI_Gather (&sendbuf,sendcount,sendtype,

&recvbuf recvcount,recvtype,root,comm);
In Fortran:

Call MPI_SCATTER (sendbuf,sendcount,sendtype,
recvbuf recvcount,recvtype,root, comm,ierr);
Call MPI_GATHER (sendbuf,sendcount,sendtype,

recvbuf recvcount,recvtype,root,comm,ierr);

#include <stdio.h>

*
#include "mpi.h” gG‘l’her‘.C
#include "nrutil.h* o . .
#define MIN(a B) ((a) < (b) 2 (a) : (B)) A)H\FICC -c nrutil.c
[/ gather

Y . .
| . 11.0
yold para_rangel(int nl,int n2,1nt nprocs,int rank,int #*start,int *end); o mpicc gaTher’c nrutil

int main (int argc, char **¥argv)
i

int rank, nprocs;

int 1, n, start, end;
unsigned long *val; PolAIBICID scatter

unsigned long sum, total; P1 —_—
il —

MPI Init (&argc, &argv); P2

MPI_Comm_rank (MPI_COMM_WORLD, &rank); P3 gather

MPI Comm size (MPI_COMM_WORLD, &nprocs);

o0 | |>

if (rank == @) {
val = lvector(@,nprocs-1);
printf(" Enter the number of your jobs = \n"};
scanf("%d", &n);

MPI_Bcast (&n,1,MPI_INT,®,MPI_COMM_WORLD);
para_rangel(l,n,nprocs, rank, &start, &end);

sum = 0;
for (i=start; i<= end; i++) {
sum += 1i;

MPI_ Gather(&sum,1,MPI_UNSIGNED_LONG, *x -
val,1,MPT UNSIGMNED LONG,®,MPI COMM _WORLD); CounT - 1
1t Frank:==8) {
total = 0;
for (1i=0; i<nprocs ; 1i++) {
printf({" node %d sum = %ldyvn",1i,vallil);
total += wvallil;

1
printf("Total sum = %Lld\n", total);

1
MPI_Finalize (};




\_

program gather

e I * gather.f90

integer irank, nprocs, 1err
integer n, 1start, iend

o0 |l |>

integer*s isum _ polalB|C|D ——
eger? 3 catable @3 !
integer*s, allocatable i3 iwvally) P1 >
call MPI_INIT (ierr) P2 M—
call MPI_COMM_RANK (MPI_COMM_WORLD, irank, ierr)  pg gather
call MPI_COMM_SIZE (MPI_COMM_WORLD, nprocs, ierr)
if (irank == @) then
allocate {ival{@:nprocs-1))
write(6,'(A,$)') ' Enter the number of your jobs =
read *, n
endif
call MPI _BCAST(n,1,MPI INTEGER,O,MPI_COMM_WORLD,1err)
call para_range(l,n, nprocs, irank, istart, iend)
isum = @
do 1= istart, iend
isum = isum + 1
enddo
call MPI_GATHER(isum,1,MPI_INTEGERS, W * count = 1
ival,l,MPI_INTEGERS,D,MPI_COMM_WORLD,ierr)
if (irank == @) then
do 1=0, nprocs-1
writel6, '(A,2x,12,2x,A,114)"') 'node ',1,"' sum =',Lval(i)
enddao
write(s,'(A,2x,I14)') 'Total sum = ', sumlival)
endif

call MPI_FINALIZE(ierr)
end program gather

All Gather

PO |A AIB|C|D
P1|B allgatherb AlBlclD
Pz |G AIB|C|D
P3 |D A|BI|C|D

InC:
MPI_Allgather (&sendbuf,sendcount,sendtype,
&recvbuf recvcount,recvtype,comm);
In Fortran:
Call MPI_ALLGATHER (sendbuf,endcount,sendtype,
recvbuf recvcount,recvtype,comm,ierr);




///7 #include =stdio.h=

#include "mpi.h* n allgather‘.c
#include "nrutil.h”
#define MIN{a,b) (fa) < (b)) 2 (a) 3 (B}

/4 allgather
volid para_range(int nl,int n2,1nt nprocs,int rank,int *start,int *end);

int main (int argc, char **argv)
i
int rank, nprocs;
int 1, j, n, start, end;
unsigned Llong *val;
unsigned long sum, total;

MPI_Init (&argc, &argwv);
MPI_Comm_rank (MPI_COMM_WORLD, &rank);
MPI Comm size (MPI_COMM _WORLD, &nprocs);

wval = lvector(@,nprocs-1);
1f f(rank == 0) {
printf(" Enter the number of your jobs = \n"};
scanf ("%sd”, &n);
1
MPI Bcast (&n,1,MPI_INT,®,MPI_COMM WORLD);
para_range{(l,n,nprocs, rank, &start, &end);

sum = 0;
for (i=start; i<= end; i1++) {
sum += 1i;

* count =1

"
MPI_Allgather(&sum,1,MPI_UNSIGNED LONG,

val,l,MPI UNSIGNED LONG,MPI COMM WORLD);
Total = 0, 3 n = = - ho root
for (1=0; il<nprocs ; 1++) total += wvallil;
printf(" node %d sum = %1d ", rank, total);
for 1(j=0; j<nprocs; Jj=++) printf(" %Lld",walljl); printf{"\n"});

MPI_Finalize ();

\\\ }

=

_/

Ve

* o £
program allreduce allreduce.f90

use mpli

implicit nene

integer irank, nprocs, lerr
integer n, Lstart, lend
integer*d isum, itot
integer i,]

call MPI_INIT (ierr)

call MPI_COMM_RANK (MPI_COMM WORLD, irank, ierr)

call MPI_COMM_SIZE (MPI_COMM_WORLD, nprocs, ierr)

if (irank == @) then
write(6, '(A,$1') ' Enter the number of your jobs = '
read #, n

endif

call MPI_BCAST(n,1,MPI_INTEGER, O, MPI_COMM_WORLD,ierr)

call para range(l,n, nprocs, irank, istart, i1end}

isum = @

do 1= istart, iend
isum = 1sum + 1

enddo

call MPI_ALLREDUCE (isum,itot,1,MPI _INTEGERS,MPI_SUM, MPI_COMM_WORLD,ierr)

write(6,18) 'node ',irank,' itet =',itet, ' isum =',1sum
168 format(A,2x,I2,2%,A,116,2%,A,I16)

call MPI_FINALIZE(ierr)

end program allreduce

\_

\




Applications

0 Monte Carlo PI Calculation

0 Molecule energy minimization
= Master / Worker model

Exercise : (Monte Carlo PI calculation)

Yy — PI=3141592
in circle

T=4—-
N tpoints

Follow exercise note !
% qsub -I -q n4 -N [your account]




/

* pi_mc.f90

program pl_mc

Use mpl
implicit none
"eal*B, parameter .: PI25DT=3.141592653589793238462643d0

integer tpoints
integer istart, iend, in_circle, in_tot
integer irank, nprocs, 1, ierr

real*8 :: pi, X,y,F

real*d :: time_before, time after, time_elap,time_tot
real*d i stime, etime, ttime

integer :: lseed = 123

call MPI_INIT( ierr )
call MPI_COMM _RANK( MPI_COMM WORLD, irank, ierr )
call MPI_COMM SIZE( MPI_COMM WORLD, nprocs, 1err |
if [ irank == 8 ) then
write(6, ' (A)') 'Monte Carle PI Calculation.. .’
write(6,'(A,$)') 'Enter the number of tpoints =
read ¥, tpolnts
print *; “Total tpoznits =',tpoints
endif
call MPI_BCAST(tpoints,l,MPI_INTEGER,®,MPI_COMM_WORLD, ierr)
call para_range(l,tpoints, nprocs, irank, istart, iend)

\_

* pi_mc.f90

in _circle = @

lseed iseed + irank
stime = MPI_WTIME ()

call cpu_time (time_before)
do 1 = 1istart, i1end

®x = ran(iseed)-08.5
¥ = ranliseed)-0.5
== ST E'E}(“}( + yr+3,r':|
1T (r<0.5) in.circle = in circle + 1
enddo
call cpu time (time after)
etime = MPI_WTIME ()
ttime = etime - stime

time elap = time after- time before
call MPI_REDUCE(in _circle,in tot,1,MPI_INTEGER,MPI SUM,0,MPI_COMM_WORLD,ierr)
call MPI_REDUCE(time_elap, time_tot,1,MPI_REAL,MPI_SUM,®,MPI_COMM WORLD,ierr)

writel{b, (A, I4,A,T16}"} * 1irank = ',irank, ' in_ circle= ', in circle
if (irank == @) then

pL = 4.8%in_tot/tpoints

print *, 'pi=",pi,' error=',dabs({PI250T-pi)

print *,'Total in _circle=',1in_tot, tiime,' seconds'

print *,'Total cpu time =',time tot, ' seconds'

print *,'speed up =',time_tot/ttime
endif

call MPI_FINALIZE (ierr)
end program pi_mc




Molecule energy minimization
Met-enkephalin (TYR-GLY-GLY-PHE-MET)

E:%Zk,,(b—bo)2+ Dk, (0-6,)"+ Dk, cos(ng—5)

1
bonds 2 bonds dihedral
angles angles

_/

module inimodel ﬂ\\\
save

real*g, allo;atable g MrEla . . .
end module inimodel * project/tinker/source/nmin.f90

program nmin
use mpil
use inimodel
implicit none
include ‘'sizes,i’
include ‘atems.i’
include 'sequen.i’
include 'inform.i’
include 'argue.1'
include 'zcoord,1i'
real*3, allocatable :: enel(:)
real*8, allecatable :: bank(:,:,:)
integer mode
integer ierr, irank, nprocs
integer nconf, 1,7,k

call initial

call getxyz

call mechanic
allocate (xyzi(3,n))

forall (i=1:n) ! copy initial model
xyzil:,1) = {/ =(1), y{1i}, z(i) /)
end forall

call MPI_INIT( ierr }
call MPI_COMM_RANK( MPI_COMM WORLD, irank, ierr }
call MPI_COMM_SIZE( MPI_COMM_WORLD, nprocs, ierr )

if (irank == 8) then
writel(b,' (A, $)') 'Enter the number of conformation to minimize ='
read *, nconf
allocate({ene(nconf), bank(3,n,nconf)}

endif

if (irank == 0) then
call feedin (nconf)

else

call minim (nconf)
endif 4///




cubroutine fTeedin (nconf]
implicit none
include 'sizes.i'
ipclude ‘atoms. 1’
integer nconf
integer istat(MPI_STATUS_SIZE)
integer 1,3,k,1,mm,1d, ierr, man
integer idum
mm =0
do 1d=1, min{nprocs,nconf)
mm = mm + 1
call mpi_send({mm, mpi_inteqgerd,mm, 123, mpi_comm world,ierr)
enddo

do id=1, nconf
call mpi_recv(k,1,mpi_integer4, mpi_any source,123,

mpi_comm world,istat,ierr)

man = istat{mpi_source)

call mpi_recviene(k),1,mpi_real8, man, 234, [§
mpi comm world,istat,ierr)

call mpi_recvibank(:,:,k),3*n, mpi_real®, man,345, §
mpi_comm world,istat,ierr)

subroutine minim {nconf)
implicit none
include 'sizes,1'
include ‘atoms.i'
integer istatimpi_status_size)
integer id,ierr, nconf

if (mm < nconf) then
mm = mm + 1

call mpi_send(mm,1,mpi_integerd,man,123, [§

mpi_comm world,ierr)

integer

i,7, idum

real ranl, ranum

real*8
realtg

e
xyzl3,n)

else

call mpi send(®,1,mpi_integerd,man,123, §

endif
enddo
end subrou

mpl_comm world,ierr)

tine feedin

\_

idum = 123 + irank

1f (irank = nconf) return

do

call mpi_recv(id,1,mpi_integer4,0,123, @
mpl_comm_world,istat,ierr)

1if (id == @) return
ranum = ranl (idum)

call randomize (idum)

call minimize (e)

forall {1=1:n)

xyz(l,1) = x(1); uyz(2,1) = yli); =yz(3,1) = z(1)

end forall

call mpi_send{id,1,mpi_integer4,0,123, mpi_comm world,ierr)
call mpi_send{e,1l,mpl_real8,,234, mpL_comm_world,ierr)
call mpi_send(xyz,3%n,mpi_reald,, 345, mpi_comm world,ierr)

enddo

end subroutine minim

e

* 20 minimized models

‘\\\

Total Energy= -56,020198
Total Energy= -56,183630
Total Energy= -56.270449
Total Energy= -56.318451
Total Energy= -56. 336022
Total Energy= -56.338882
Total Energy= -5b6.338927
Total Energy= -56.341662
Total Energy= -56.342432
Total Energy= -56.342932
Total Energys= -56.343037
Total Energy= -56. 343071
Total Energy= -56. 343181
Total Energys= -56,343955
Total Energy= -56.344669
Total Energy= -56. 345870
b@15.pdb Total Energy= -56.345952
boeg.pdb Total Energy= -56.609061
bB20.pdb Total Energy= -57.016739
boB7. pdb Total Energys= -5?.196@?}///




Advanced Course

0 Derived Type
0 Grouping and Virtual Topology

= MPI provides routines to provide structure to
collections of processes

0 MPI-2
m One-side communication
= Dynamic process
m Parallel I/0

Summary

0 6 Function of MPI library
O Point to Point Communication
O Collective Communication
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' 'Only love has no limits. In contrast, our
predictions can fail, our communication can
fail, and our knowledge can fail. For our
knowledge is patchwork, and our predictive
power is limited. But when perfection comes,
all patchwork will disappear.’’

(1 Cor. 13:8-10)




