Parallel Port Example
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Introduction

The objective of this lecture is to go over a simple problem that illustrates the use of the MPI
library to parallelize a partial differential equation (PDE).

The Laplace problem is a simple PDE and is found at the core of many applications. More
elaborate problems often have the same communication structure that we will discuss in

this class. Thus, we will use this example to provide the fundamentals on how
communication patterns appear on more complex PDE problems.

This lecture will demonstrate message passing techniques, among them, how to:
* Distribute Work
* Distribute Data

e Communication:

Since each processor has its own memory, the data is not shared, and communication
becomes important.

 Synchronization
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Laplace Equation

The Laplace equation is:

VeT=0. + =1

We want to know t(x,y) subject to the following initial boundary conditions:

intial values in the interior
T=0 { at the top boundary
at the left boundary

T varies linearly { along the right boundary
from O to 100 along the bottom boundary
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Laplace Equation

To find an approximate solution to the equation, define a square mesh or grid
consisting of points X, Yj'

|-
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The Point Jacobi Iteration

The method known as “point Jacobi iteration” calculates the value if T91,)) as

an average of the old values of T at the neighboring points:

T(I.J)=0.25*(Told(I-1,J)
+Told(I+1.J)
+Told(I.J-1)
+Told(I.J+1))

i, j+L)

mi-1.3 — meivl,
T(1.112

T(i.j-13
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The Point Jacobi Iteration

The 1teration 1s repeated until the solution 1s reached.

|

If we want to solve T for [1000, 1000] points, the grid itself needs to be of

dimension 1002 x 1002; since the algorithm to calculate T91,j) requires
values of T at I-1, I+1, j-1, and j+1.
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Serial Code Implementation

In the following NR=numbers of rows, NC= number of columns. (excluding the boundary columns

and rows)
The serial implementation of the Jacobi iteration is:

Fortran:

DO J = 1,NC
DO I = 1.NR
T(I.J) = 0.25*(Told(I-1.,J)
+Told(I+1,J)
+Told(I.J-1)
+Told(I,J+1))
ENDDO
ENDDO

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

for (j=1: j <= NC: j++)

T[1i]1[J] = 0.25*(Told[i+1][]]
+Told[i-1][]]
+Told[1][]+1]
+Told[i][]j-11):
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erial Version — C

e
= Laplace Egn
= T i= initially 0.0
= Boundaries are as follows
=
= T =10 Y
= | | 0 | 1
= | | | [
= T | | | I
= = | | T | [
= 0 | | | [ X
= | | | |
= | | | |
= | | | |
= | | 100 | |
= a 100
=
%= Use Central Differencing Hethod
= Each process only has subgrid.
= Each Processor works on a sub grid and then sends its
= Boundaries to neighbours
L
#define HPROC 1
#define HR 1000
#define HC 1000
#define HRL (HR-HPROC)
#define HITER 1000

void initialize{ float t[HRL+2][HC+2] ):
void set_bcs { float t[HRL+2][HC+2] ):
void print_trace({ float t[HRL+2][HC+2]. int mype. int npes. int iter }:

#include
main{int argc, char ==arqgv) {

float t[HRL+2]1[HC+2]. told[HRL+2]1[HC+2]:
int i. j. iter. niter:

initialize{ t }:
set_be=({ t )
for{ 1=0; 1<=HRL+1; i++ )}
for{ j3=0: j<=HC+l: j++ )}
told[1]1[3]1 = t[11[31]:
fprintf(stderr. "How many iteration=s [100-1000]17% "):

scanf { "¥d", &niter):
if{ niter*NITER ) niter = HITER:
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Serial Version — C

S Do Computation on Sub—grid for NHiter iterations =/
for({ iter=1: iter<=niter: iter++ ) {

e _
for{ j=1; j<=HC; j++ )}

t[i1[3] = 0.25 = { told[i+1][J] + told[i-1]1[37] +
told[1][3+1] + told[il[j-1]

1
¥:
S Copy for neat iteration =~
for{ 1=1: i<=HRL: i++ )}
for{ j=1. j<=HC. Jj++ )
told[i][3j] = t[i][3]1:
S Print some test Values =/

if{ {iterx100) == 0 )
print_trace{ t. 0. 1. iter ):

} = End of iteration =~
3 %= End of Program =~

s

= Initialize all the values to 0. as a starting wvalue =
= =

void initialize( float t[HRL+2][HC+2] ){
int i, j. iter;
for{ i=0: i<=HRL+1l: i++ ) %= Initialize =~

for { 3=0: j<=HC+1: j++ )}
t[i1[3]1 = 0.0;

=
Set the walue=z at the boundary. Values at the boundary do not =

Change through out the ezecution of the program =
=

LN ]

void set_bcs{ float t[HRL+2][HC+2] ) {
int i, j:
for({ i=0: i<=HRL+1: i++ ) { = Set Left and Right bndry =~
- 0.0:

t[i][0] =0.0;
t[i]1[RC+1] = (100.0-HRL) = i:

b for{ j=0: j<=HC+1: j++ ){ /%= Set top and Bottom bndry =~
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Serial Version — C

void set_bcs({ float t[HRL+2][HC+2] ){

int i, 3:

for{ i=0: 1<=HRL+1: i++ ) { = Set Left and Right bndry =-
t[i][0] = 0.0:;
t[i][HC+1] = {100 _0-HRL) = i:
for{ j3=0: j<=HC+1l: j++ ){ = Sgt top and Bottom bndry =-
t[01[3] oo _
t[HRL+1]1[3] = {100.0-HC) = 5;
}
Vs
E 3 =
= Print the trace only in the last PE where most action is =
x =

ra
void print_trace( float t[HRL+2][HC+2]. int mype. int npes. int iter ){

int joff. 1i:

if( mype==npes-1 }{
printf(*"~n———"Hm————— Iteration number: ¥d —Mm———— ~n", iter):

joff = mype=HRL:
for{i=NRL-10: i<=HRL: i++){
printf{"%15 8f", t[i][joff+i]):

barriex(};
return;
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Serial Version - Fortran

EEEEEFEEFEFEEEFEEFEEEEEEEEFE EEEEEE EEF EEEEEE EEFEEEEEEFEEEEEEEEEEEEEEE

= Laplace Eqgn

= T is imitially 0.0

= Boundaries are as indicated below

E 3

= T=0.

= [ P Y
= | [0 I — T 1 T T |
= | | I I R R R
= T=0. | T=0.0 | T | 1 | 2 | 3 | 4 | |
= | I I | I I | I
= I | 100 I | I I I I X
= 0 100 | | | | |
= I I I

= [I=e Central Differencing Hethod

= Each process only has subgrid.

# Each Processor works on a sub grid and then send=s 1t=

# Boundaries to neighbours

EEEEEEFEEEEEFEEEEEE EEFEEEEEEF EFEEEEEEFE EEEEEEEFE EEEEEEEEEEEEEEEEE

program =erial
implicit nomne

integer HFROC . HE. HC. HCL. HEXITER
parameter (HPROC=1, HR=1000, HC=1000, HCL=HC-HPROC,K HIXIITER=1000)
real=8 t{0:HR+1 . 0:HCL+1), told(0:HR+1.0:HCL+1)

integer i, j. iter. niter
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Serial Version - Fortran

real=8 t{0:HR+1 . 0:HCL+1), told{(0:HR+1 0:HCL+1)
integer i. j. iter. niter

call initialize{ t )
call set_bc=s({ t )

do i=0., HR+1
do j=0, HCL+1
told{i.j) = t{i.3)
enddo
enddo

print=, 'How many iteration=s [100-1000]7%"°
reads=, niter

1f{ niter gt HEITER ) niter = HIXIITER

=
= Do Computation on Sub—grid for Hiter iterations
=
Do 100 i1ter=1.niter
Do j=1_HCL
Do i=1_HR
T{i.3) = 0.25 = { Told(i+1l.3)+Told{i-1.3)+
5 Told{i,j+1)+Told{i,.j-1) )}
Enddo
Enddo
=
= Copy
=
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Serial Version - Fortran

Do j=1_HCL
Do i1i=1_HRE
Told{i.3) = T{1.3)
Enddo
Enddo

Print =some Values

If{ mod{iter.100) eqgq.0 ) then
call print_trace(t., 0. 1, 1iter)
endif

=
= Go to Hext time step
=

100

= End

COHNTIHUE
of Program!

END

April 24, 2002

subroutine initialize{ t )
implicit none

integer HFROC HE. HC. HCL. HIZITER
parameter {(HPROC=1., HRE=1000, HC=1000, HCL=HC-HPROC., HEITEER=1000}
real=8 t{0:HR+1 . 0:HCL+1}). told{(D:HE+1_0:HCL+1)}

integer i, J

do i=0, HE+1
do j=0, HCL+1
t{i.3) = 0
enddo
enddo

return
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Serial Version - Fortran

= =
implicit nomne
integer HEROC, HE. HC. HCL. HIITER
paramceter (HPROC=1., HR=1000., HC=1000., HCL=HC-HPROC, HIITEER=1000}
real=8 t{0:HR+1 0:HCL+1}), told{0:HR+1 0:HCL+1}
integer i. 3

=#left and Right Boundaries

do i=0.HR+1

T{i.0 Yy = 0.0
T{i.HCL+1) = {(100.0-HR) = i
enddo

=#=Top and Bottom Boundaries
=

do j=0.HCL+1

T{0D .1 = 0.0
T(HR+1.3) = (100_0-HCL) = ;3
enddo
return
end
E 3 E 3

subroutine print_trace(t, maype. npes. iter)
implicit none

integer HPROC, HR. HC, HCL. HITTER
parameter (HPROC=1., NHR=1000. NHC=1000, NHCL=HC-HPROC., MIXIITER=1000)

real=8 t{0:HR+1. 0:HCL+1)}
integer ioff. j. k. proc. mype. npes, iter
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Serial Version - Fortran

if({ mype . eq. npes-1 ) then
write(6b.l)iter
10ff = mype=HCL
vrite(6.3)(t{ioff+k k)., k=HCIL-10 _HCL)
endif
call barrier

1 format{'-———— Iteration number: ', 110, ' 3
3 format(5f15.93)
return
end
April 24, 2002 o .
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Parallel Version: Example Using
4 Processors

Recall that in the serial case the grid boundaries were:

serial: T[1002] [1002]

0
1 1
1000 1000
1001
Local Global
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Simplest Decomposition for
Fortran Code

0 251 501 751 1001
0 Global
1 2501 250(1 25011 250
1001 Local
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Simplest Decomposition for
Fortran Code

A better distribution from the point of view of communication
optimization is the following:

0 1001
0 Global

250 500 750 1000

1 250 1 250 1 250 1 250
1001 Local

The program has a “local” view of data.

The programmer has to have a “global” view of data.
April 24, 2002
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Simplest Decomposition for C
Code

0 0
1 1
250 550
1 251
250 500
1 501
iy 750
1 751
1
250 1000 100
April 24, 2002 Local Globa
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Simplest Decomposition for C
Code

In the parallel case, we will break this up into 4 processors:
There is only one set of boundary values. But when we distribute the data, each
processor needs to have an extra row for data distribution:

0 1001
o I 1
PE O
oeq| 1250 250)
0
1 PE 1 &
55| (250 500
0
1 PE 2 507
) Pl 750
0
1 PE 3 751
250 1000
April 24, 2002 251
Local Global

The program has a “local” view of data.
The programmer has to have a “global”
view of data.
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Include Files

Fortran:

* (always declare all variables)
impTlicit none
INCLUDE 'mpif.h

* Initialization and clean up (always check error codes):
call MPI_Init(ierr)
call MPI_Finalize(ierr)

C:
#include "mpi.h"
/* Initialization and clean up (always check error codes): */

stat
stat

MPI_Init(&argc, &argv);
MPI_Finalize();

Note: Check for MPI_SUCCESS

if (ierr. ne. MPI_SUCCESS) then
do error processing
endif
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Initialization

Serial version:

In Fortran: In C:
do I = 0, HE + 1
do J = 0, HC + 1 for (1=0; 1 <= HRE + 1; i++)
T({I,ITy = 0.0 for (j=0: j <= HC +1; j++]
ehnddo T[1][j] = 0.0;
enddo

Parallel version:

Just for simplicity, we will distribute rows in C and columns in Fortran; this is easier because data
is stored in rows C and in columns Fortran.
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Parallel Version: Boundary
Conditions

Fortran Version

=0
T=0 =0
subroutine ==t_bc=( t. mypE, npeEs )
integer i1, 1. WMYpE. hpeEs
i *
= *L=ft and Right Boundaries
k3
T=100 T=100 1f{ mype.eq.0 ) then
T=) do 1=0,HE+1
::: . T¢i. 0 1= 0.0
T=100 =10 enddo
endif

We need to know MYPE number and how many PEs we are using. _
Each processor will work on different data depending on MYPE. if({ mype.eq. npes-1 ) then

Here are the boundary conditions in the serial code, where do %EE ‘ ng}-l b= 33rrraian
NRL-local number of rows, NRL=NPROC enddo ’
endif
*
#*Top and Bottom Boundaries
*
tmin = nype # 100 . 0snpes
tmax = (mnype+l) * 100, 0-npes
do =0 HCI+1
T{0O .33 = 0.0
TIHE+1,.3) = =33 »rr3rrr2
enddo
return
end
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Parallel C Version: Boundary
Conditions

=) T=0
1=l =l
T T
- =
1=100 T=100
T=0 q‘“‘“ﬁmnmh“h_Hh = q‘“‘h“n,huuumnu
T=100y T=100

We need to know MYPE number and how many PEs we are using. Each processor will work on
different data depending on MYPE.

Here are the boundary conditions in the serial code, where
NRL=local number of rows, NRL=NR/NPROC

void =et_bco=({ float t[HRL+2]1[HC+2] 3{

int i. j:
for{ i=0; i<=HEL+1; i++ ) { <% St Left and Right bndrv -
t[1][0] = 0.0;
t[1][HC+1] = B EEEIRR
forf( j=D; 7<=HC+1; 3++ 1{ <% S=t top and Bottom bndry -
t[0][3] = 0.0;
t[HRL+1]1[3] = prEEIREE]
April 24, 2002 . _
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Processor Information

Fortran:

Number of processors:

call MPI_Comm_size (MPI_ COMM_WORLD, npes ierr)
Processor Number:

call MPI Comm_rank(MPI _COMM_ WORLD, mype, ierr)
C:
Number of processors:

stat = MPI_Comm_size(MPI_COMM_WORLD, &npes);
Processor Number:

stat = MPI_Comm_rank(MPI COMM_ WORLD, &mype);
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Maximum Number of Iterations

Only 1 PE has to do I/O (usually PEO).

Then PEO (or root PE) will broadcast n7ter to all others. Use the
collective operation MPI Bcast.

Fortran:
MPI_Bcast(niter, 1, MPI_INTEGER,., PEO, comm, ierr)

-~

number type root
of of PE
elements data

Here number of elements 1s how many values we are passing, in this case
only one: niter.
C:

stat = MPI_Bcast(&niter, 1, MPI_INT, PE0O, comm):
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Main Loop

for (iter=1l; iter <= NITER; iter++) {

Do averaging (each PE averages from 1 to 250)
Copy T into Told

Send Values down

Send values up
This is where we use MPI communication calls: need to exchange data between processors

Receive values from above

Receive values from below

(find the max change)

Synchronize

b
April 24, 2002
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Parallel Template: Send data up

Once the new T values have been calculated:

SEND
All processors except processor 0 send their “first” row (in C) to their neighbor above
(mype — 1).
0
0
1| |
251 ;
|
2
. 3
April 24, 2002
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Parallel Template: Send data
down

SEND
All processors except the last one, send their “last” row to their neighbor below (mype + 1).

0
| —-NR
—NRL+1
.1

N |t

ONE o
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Parallel Template: Receive from

Receive

All processors except PEQ, receive from their neighbor above and unpack in row O.

April 24, 2002

above

PE O

+

PE 1

+

PE 2

¢

PE 3
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Parallel Template: Receive from
below

Receive

All processors except processor (NPES-1), receive from the neighbor below and unpack in
the last row.

PE 0

| f |
PE 1

| 1‘ |
PE 2

——

PE 3

Example: PE1 receives 2 messages — there is no guarantee of the order in which they will be
received.

April 24, 2002

PITTSBURGH
SUPERCOMPUTING
CENTE R



April 24, 2002

Parallel Template

=
= Laplace Eqn

= T i=s dimitially 0.0

%= Boundarie=z are as follows

=

= T =10 ¥

= | 0 | |
= ] | | [
= T | | | [
= = | T I
= 0 | | | [
= ] | | |

= ] | | |

= ] | | |
=] [ 100 | |

= 0 100

E 3

= [Ose Central Differencing Hethod

= Each process only has subgrid.

= Each Processor works on a =ub grid and then sends its

= Boundaries to neighbours

#define HFES 4

#define HC 1000 7%= Humber of Cols =/
#define HER 1000 7%= Humber of Rows =/
Fdefine HRL {HR-HPES) /% Humber of Rows per PE =~
#define HITER 1000 = Hazx num of Iterations =~
Idefine DOWH 100 /% Tag for messagesz dowvn =~
Fdefine UP 101 % Tag for messages up =
#define ROOT 1] = The root PE =

fdefine HAZ(=.v) { ((x) > (¥)) ? = : ¥ )

#include <s=tdio. h>
#include <math_h>

L4 {<{¢{ Include file

volid imnitialize{ float t[HRL+2]1[HC+2] ):

void =et_bcs { float t[HRL+2][HC+2]. int mype., int npes ):
int mype. int npes., int iter ):

void print_trace( float t[HRL+2][HC+2].

=/
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Parallel Template (C)

int main{ int argc., char ==argv }{

int npes; ~% Humber of PEs =~
int BAYpE; %= Hy PE number =~
int stat: % Error Status =~
int niter: = jter counter =~

LLL{{LLL<{€<<<<< Declaration for =status of HPI Recvy

float t[HRL+2]1[HC+2]. told[HRL+2][HC+2]:

float dt; = Delta t =/
float dtg: % Delta t global=r
int i, j. 1iter:

L€ <¢{<< Initialize HPI

LLLLLLLLLEL€€<<<¢< Find npes=s
(<< {<<¢ Find mvype

1if { npes I= HPES ){ /% Currently hardcoded =~
HPI Finalize():
1f{ mype == 0
fprintf{=stderr, "The emxample 1= only for ¥d PEs»n", HPES):
exit(l):
}
initialize(t): % Give initial guess of 0. =7
set_bes(t., mype. npes): = Set the Boundary wvalues =/
for{ i=0: i<=HRL+1; i++ } = Copy the walue=s into told =-

for{ j=0;: j<=HC+1: j++ )
told[i]1[3]1 = t[1i1[31:
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Parallel Template (C)

| Do Computation on Sub—grid for Hiter iterations |

{LLL4{4££4££<4£¢<<<¢{ Get the Haximum number of interation=s from user
CLLLLLLLLLLLL L << Broadcast the value of niter to all PEs
for{ iter=1; iter<=niter;: itexr++ ) {

for{ i=1: i1<=HRL: i++ )

for{ j3=1; j3<=HC. j++ )
t[1]1[37] = 0.25 = ( told[i+1][3] + told[i-1][3] +
told[1][3+1] + told[i]l[3i-1] }:
dt = 0_;

for{ i=1: 1<=HRL: i++ ) = Copy for nerxt iteration =~
for{ j=1: j<=HC: j++ ){
dt = MAX{ fabs(t[i][j]-told[i][3]). dt}:
t[11[3]:

told[i][1]

(LLLLLLLLLL L <<<¢ Exchange values

CLLLLLLLLLLLEEC¢<<< Find max dt over the whole domain

S Print =zome test Values =/
if{ {(iterx100) == 0 ) {
print_trace( t. mype. npes. iter ):
H

(L{L{LLLLLLLLL{C<<¢ Synchronize
¥} = End of iteration =~
CLLLLLLLLLLLEECL{<< Clean up!

} = End of Program =/
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Parallel Template

April 24, 2002

i

%= Initialize all the values to 0. as a starting wvalue
=

LI

void initialize{ float t[HRL+2][HC+2] }{
int i, j. iter:
for{ 1=0; 1<=HRL+1: 1++ ) /=% Initialize =~

for { jfﬂ; J<=HC+1;: J++ )
t[i]1[3i] = 0.0:

AR EEEEEEEE EE EE R E E R EE EE R E I EF R E I EE R R EE I E I E I R EEEEEEEEEEEEEEEEEEEEEE

= =
= S5et the values at the boundary. Value=s at the boundary do not =
= Change through out the execution of the program =
= =

EEEEEEEFEEEEEEEEEEEEEEEEEEEFEEEEEEFEEEEEEFEEEEEEEEEEEFEEEEEEEEEEEE N EEEE S
void =s=et_bcs( float t[HRL+2][HC+2]. int mype. int npes ){
int 1, 3:

{{{€{€{€{<<<¢< Set the Boundar wvalues in all the PE=s

¥
SEEEEEEEEEIEEEEEEEEEEEEEEEEEEEEEEEEEFEEEEEEFEEEEE EEEEEEEEEEEE I EEEEEEEEE
=* E 3
= Print the trace only i1in the last PE where most action is =
= E 3

EEEEEEEEEEEEEEEEEEEEEEE EEEEEEEEEE EEEEEEEEEE EEE EEEEEEEEEEEEEEEEEEEREEE S

void print_trace( float t[HRL+Z2][HC+2]. int mype. int npes. int iter ){

int joff, 1i;

PITTSBURGH
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Parallel Template (C)

if{ mype==npes—1 }{
printf{*~xn—mm—m———— Iteration number: d —MmmMm———— ~n", 1ter):

joff = mype=HRL:
for{(i=NRL-10: i<=HRL: i++}{
printf("%15 . 8£f". t[i][joff+1]):

barrier():
return:
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Parallel Template (Fortran)

= Laplace Egn
= T is imnitially 0.0
*= Boundaries are as i1ndicated below
x
= T=0.
= | | | ¥
= | | 0 | | | | | |
= | | | | | | | |
= T=0 | T=0.0 | T | 1 | 2 |1 3 1 4 | |
= | | | | | | | |
= I | 100 | | | | | | ¢
= 0 100 | | | | |
= | | |
= Use Central Differencing Hethod
= Each process only has subgrid.
= Each Processor works on a sub grid and then =sends its
= Boundaries to neighbours
programn =erial
implicit none
integer HPROC HE. HC. HCL. HIITER

parameter (HPROC=4, HE=1000., HC=1000, HCL=HC-HPROC, HXITER=1000}

integer LEFT. RIGHT. ROOT
parameter (LEFT=100, RIGHT=101. ROOT=0)

LLLCLELLLLL<¢<<¢ include file

real=8 t{(0:HR+1.0:HCL+1). told(0:HR+1_ 0:HCL+1}). dt. dtg
integer 1, j. iter. niter, mype. npes. 1err

{LLLLL{LL4L4<<¢<< Declaration for status for HPI_Recv
CLLLLLLLLLLLL<L<<< Initialize HFI

LKL 4K{£<€<<< Find npes
<<€ {<<<< Find mype number
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Parallel Template (Fortran)

call initializef{ t )
call set_bc=s{ t. mype. npes )

do i1=0. HR+1
do j=0, HCL+1
told{i1.3) = t{1.3)
enddo
enddo
CLLLLLLLL{{LL<<¢<<¢ Get the Hax number of iterations from user
C{{{{{{L{{{{£<<{<{< Broadcast it to all the PEs
=

# Do Computation on Sub—grid for Hiter iterations
=

Do 100 iter=1.niter

Do j=1.HCL
Do 1=1_HR
T(1.3) = 0.25 = { Told{i+1l.3)+Told{i-1.3)}+
-1}

5 Told({i,j+1)+Told{(i.j )

L

Copy

max( abs(t{i.j) — told(i.j}). dt )}
T{i.3)

Told{1.3)
Enddo
Enddo

LLL{LL{LL{{L<<<¢<<¢{ Erchange boundary walues
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Parallel Template (Fortran)

CLLLLLELLLL<<{€€{<<< Find max of dt in all the processors
=

= Print some Values
=

If{ mod{(iter.100).eq.0 ) then
call print trace{t., mype, npes, 1ter)
endif

call HPI Barrier{ HPI COHH VORLD, ierr )

*= Go to Hext time step
=

100 CONTIHUE
CLLLLLLLLLLLLLCLCCL<¢ Clean up!
=

=®= End of Program!
=

ERD

E 3

subroutine initialize{ t )
implicit none

integer HPROC, HE, HC, HCL, HEIITER
parameter (HPROC=4, HR=1000, HC=1000, HCL=HC-HPROC, HEXITER=1000)
real=8 t(0:HR+1 . 0:HCL+1), told(D:HR+1,0:HCL+1)

integer i, 3

do i=0, HR+1
do j=0, HCL+1
t{i.3) =0
enddo
enddo
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Parallel Template (Fortran)

return

end

subroutine =et_bcs( t. mype. npes )
implicit none

integer HPROC, HR. HC. HCL, HXTTER
parameter (HPROC=4, HR=1000. HC=1000., HCL=HC-HPROC, HMIITER=1000}
real=8 t{0:NR+1 0:HCL+1}), told{0:HR+1, 0:HCL+1}

integer 1., J. mype. npes

:Left and KRight Boundaries

:<<<<<<<<<<<<<<<< Set the left and right boundary values

:Tnp and Bottom Boundaries

:(<<<<<<<<<((((( S5et the top and bottom boundary walues
return

end

subroutine print_trace(t. mype. npes. iter)
implicit none

integer HPROC . HER. HC. HCI.. HEXITER
parameter (HPROC=4, HR=1000, HC=1000, HCL=HC-HPROC, MIITER=1000)
real=8 t{0:HR+1, 0:HCL+1}

integer 1i0ff. 3. k. proc. mype. npes. i1ter
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Parallel Template (Fortran)

#left and Right Boundaries
=

CLLLLLL{LLLL¢¢<<¢ Set the left and right boundary wvalues
=

#Top and Bottom Boundaries
=

{LLLLLL{LLL<{{¢<¢{ Set the top and bottom boundary wvalues
return

end

subroutine print_trace(t. mype. npes. iter)
implicit none

integer HPROC . HR. HC. HCL. HXITER
parameter (HPROC=4, HR=1000. HC=1000., HCL=HC-HPROC. METTER=1000}
real=8§ t{0:HR+1_ 0:HCL+1}

integer 1o0off. j. k. proc. mype. npes. 1iter

1f{ mype. eq.npes—1 ) then
write{(6.1l)iter
io0off = mypexHCL
vrite(6.3)(t(ioff+k.k). k=HCIL-10  HCL)
endif
call barrier

1 format{"——m—— Iteration number: °, il0, ° ")
3 format({(5f15_8)

return

end
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Variations

if ( mype !'= 0 ){
up = mype - 1
MPI_Send( t, NC, MPI_FLOAT, up, UP_TAG, comm, ierr
); }

Alternatively

up = mype - 1

if ( mype == 0 ) up = MPI_PROC_NULL;

MPI_Send( t, NC, MPI_FLOAT, up, UP_TAG, comm,ierr );

April 24, 2002
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Variations

PE | |PE| |PE

if( mype.ne.0 ) then

PE

lTeft = mype - 1
call MPI_Send( t, NC, MPI_REAL, left, L_TAG, comm, ierr)
endif

Alternatively

Teft = mype - 1

if( mype.eq.0 ) left = MPI_PROC_NULL

call MPI_Send( t, NC, MPI_REAL, left, L_TAG, comm, ierr)
endif

Note: You may also MPI_Recv from MPI_PROC_NULL
April 24, 2002
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Variations

Send and receive at the same time:

MPI_Sendrecv( .. )

April 24, 2002
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Finding Maximum Change

d¢ PEO dtg
g¢ PET1 dtg
d PEZ2 dig
at PE3  dtg

April 24, 2002

Each PE can find 1t’s own maximum change dt

To find the global change dfg in C::

MPI_Reduce(&dt, & dtg, 1, MPI_FLOAT,
MPI_MAX, PEQ, comm);

To find the global change dtg in Fortran:

call

MPI_Reduce(dt,dtg,1,MPI_REAL,MPI_MAX, PEO,
comm, 1ierr)
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Domain Decomposition

PE1 PE 3

PED PEA1 PEZ PE 3

FE O

FE 1

FE 2

April 24, 2002 PE S
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Data Distribution I
Domain Decomposition |

To00A00) (o T{A00,100)
TW(1E0,1:50) | — [TW(1:30,51100)

[T 3K 11

T00,100)  [«—— |  T{100,100)
TW(S1 100, 1:50)| — [T(51 100,51 :100)

« All processors have entire T array.
« Each processor works on TW part of T.

» After every iteration, all processors broadcast their TW to all other
processors.

* Increased memory.

* Increased operations.
April 24, 2002
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Data Distribution I
Domain D_ecqm osition I

« Each processor has sub-grid.
« Communicate boundary values only.
* Reduce memory.

e Reduce communications.

« Have to keep track of neighbors in two directions.
April 24, 2002
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Exercise

1. Copy the following parallel templates into your /tmp directory in jaromir:

/tmp/training/laplace/laplace.t3e.c
/tmp/training/laplace/laplace.t3e.f

2. These are template files; your job is to go into the sections marked "<<<<<<" in the source code
and add the necessary statements so that the code will run on 4 PEs.

Useful Web reference for this exercise:
To view a list of all MPI calls, with syntax and descriptions, access the Message Passing
Interface Standard at:

3. To compile the program, after you have modified it, rename the new programs laplace mpi c.c
and laplace mpi_f.f and execute:

cc -Impi Taplace_mpi_c
90 -Tmpi lapTlace_mpi_f

April 24, 2002
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Exercise

4. To run:

echo 200 | mpprun -n4 ./laplace_mpi_c
echo 200 | mpprun -n 4 ./laplace_mpi_f

5. You can check your program against the solutions

and

April 24, 2002
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Source Codes

The following are the C and Fortran templates that you need to parallelize for the Exercise.
laplace.t3e.c

April 24, 2002

Sx
63636 363636 336 -3 3363 33636 33636 N 3636 I3 I I I3 -6 I I I3 I3 I3 I3 I NI N I N I MWW KN
# Laplace Egn
# T 1= 1nitially 0.0
* Boundaries are a= follows

*

* T=10 K

* 1] |

* I

* T |

* = T |

* [ | Z
¥

¥

*

* 100

* 1] 100

*

#* Tze Central Differencing Method

#* Each process only has subgrid.

#* Esch Processzor works on a sub grid and then =ends its

* Houndaries to neighbours

36 3 3636 3 3EIE 3 36 IE I IEIE I IEIE I IEIE I IEIE I IEIE I IEIE I I I I I IEIE I I IEIE I IEIE I IEIE I IEIE I IEIE I IEIE I IEIE I 3*
#define HFES 4
fdefine HC 1000 <% Humber of Cols *
#define HE 1000 <% Humber of Rows *
fdefine HREL {HRE~HFES) <% Number of Rows per PE #*-
#define HITEERE 1000 <% Max num of Iterations *-
#define DOWH 100 <% Tag for messages down *-
fdefine UF 101 <% Tag for messagesz up *
fdefine ROOT 0 <% The root PE *.

fdefine MAE(=.v) ( ({x) > (vi) ? = : v )
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April 24, 2002

Source Codes

#include <=tdio. h:
#include <math . h>

({44444 ¢{ Tnclude file

woid initializel float t[HEL+2][HC+2] ):

volid =et_bos ( float L[HRL+2][HC+2]. int mype, int npes )
vold print trace( float t[HREL+2][HC+Z2]. int mype. int npes,

int maini int argc. char **argv ){

int npes | <% Humber of FE=z %~
int nYype <% My PE number =~
int =tat ; <% Error Statusz %
int niter: <% 1ter counter %

{44444 <<<<< Declaration for status of MPI_Recw

float t[HEL+2][HC+2]. told[HRL+Z2][HC+2]:

float dt: <% D=lta t *®.
float dtg; <% Delta t global#=s
int i, j. iter;

L4 <<dd Initialize HPI

{44444 4¢<<<<<<<< Find npe=
L4444 €<<<¢ Find nype

int iter );

1f { npe=s |= HPES ){ <% Currently hardcoded =~

MPI Finalize():
ifi{ mype ==

fprintf {s=tderr. "The example i= only for %d PEs~n". HPES):

exiti{l):
I
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Source Codes

initialize(t); % Giwe initial guess of 0. %7
=et_boc=(t, nvpe. npes); <% Sgt the Boundarv wvalues *.
for{ i=0: i<=HREL+1: i++ ) <% Copy the walues into told =

for({ j=0: j<=HC+1: j++ 3
told[i][3] = t[i]1[3]:
S *

| Do Computation on Sub—grid for Niter iterations |
* *

L d<dd Gaet the Haxinun number of interations from user
444444444 << << Broadcast the wvalus of niter to all PEs
for{ iter=1: iter<=niter: iter++ ) {
for{ i=1; 1<=HEL. i++ }
for{ j=1: j<=HC. j++ )

t[1][J] = 0.25 = { told[i+1][3J] + told[i-1][5] +
told[1][j41] + told[i][3-1] }:

dt = 0.:
for({ i=1; i<=HEL; i++ )} <% Copy for next iteration =7
fori j=1; j<=HC: j++ }{
dt = MAX({ fab=(t[1][7]-told[1][3]). dt}:

, teldlalls) = t[4i][31;

L < << Exchange value=
L4044 4¢4¢<<<¢ Find nax dt over the whole domain

SE Print =ome test Values *.

April 24, 2002
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Source Codes

1f( (itexrx100)

=0 I

nype, npes, iter )

o

print_trace(

1
{44444 4444¢¢<¢<<<< Synchronize
} % End of iteration =~
{44444 {{<{g Clean up!
T <% End of Program *

7363636 36 36 36 36 36 3636 363636 36 36 36 36 36 36 3636 36 36 3636 3636 36 36 IE I IE IE IEIEIEIEIEIEIEIEIEIEIEIE-IE IEIEIEIEIE 3363636363636 36363636 636K

* *E
#® Tnitialize all the waluses to 0. as a starting valus *
* *E

336 36 336 3636 36 36 3 36 36 3636 36 I IE I I3 36 I IE I I3 I 3336 I3 363336 I3 3636336 I 3636 336 I3 36 36 336 3636 I I 336 I I I I I EHE
wold initialize( float t[HNEL+2][HC+2] J{

int i, j. iter:

for({ i=0; 1<=HRL+1: i++ 3 <% Initialize *-

for { j=0: j<=HC+1l: j++ )
t[1][J] = 0.0;

7363636 36 36 36 36 36 3636 363636 36 36 36 36 36 36 3636 36 36 3636 3636 36 36 IE I IE IE IEIEIEIEIEIEIEIEIEIEIEIE-IE IEIEIEIEIE 3363636363636 36363636 636K

* k.
#®# Sgt the walues at the boundary. Values at the boundarvy do not *
#® Change through out the execution of the program *
* *E

3636 36 36 36 36 36 36 36 36 36 3636 36 36 36 36 36 3 36 36 36 36 3636 36 36 36 36 IE I IE IE IE 336363636 3036366363636 IEIEIE I I 3363636363636 363636 36 36 36 36
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Source Codes

wold =et_beos( float t[HEL+2][HC+2]. int mype. int npes 1 {

int 1, 7;

£4{{4{4€¢¢{{<{<<¢ St the Boundar wvalus= in all the PE=

#3636 36 36 36 36 36 3 36 36 36 36 36 I 36 36 I 36 36 3 36 I I 3 36 I 3 I 36 3 I 36 I I I I I I I I I I 36 I I 36 I I 36 I I 36 I 3 36 I I 3 IE I I I I IEEEE
*x *x
# Print the trace only in the la=t FPE where most action 1= *
* *

36 36 36 36 36 36 36 36 36 36 3 36 36 36 IE 36 IE I 3 IE I I IE I IEIE I IE I I IE I IEIE I IE I I IE I IEIE I IE I I IE I IEIE I IE I I IE I IEIE I IE I I IE I I EE S

wvold print_trace{ float t[HEL+Z2][HC+Z]. int mype. int npes. int iter }{
int joff. 1i;

if{ mype==npes-1 1{
printf{"~n-——m————— Iteration number: ¥d —————————— ~n", iter):

joff = mype*HEL:
for(i=HRL-10: 1<¢=HRL: i++){
printf("%¥15 . 8f". t[i][joff+i]):

barrier():
return;

April 24, 2002
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Source Codes

laplace.t3e.f

36336 36 36 3636 36 36 36 36 3636 36 36 3 36 3 36 36 3636 3 36 3 36 36 3636 3636 36 36 363636 36 33 3636 36 36 I 36 I 36 I IEIE I I I EFHE
* Laplace Egn

# T 1= initially 0.0

#* Boundaries are as indicated below

*
* T=0.
* | | | ¥
* I | 0 I | I I | I
* I I I | I I | I
* T=0 | T=0.0 | T [ 1 |2 | 3 | 4 | |
* I I I | I I | I
* || 1oo I | I I | I X
* a 100 I | I I |
* | I I
# T=z= Central Differencing Method
* Each process onlvy has subgrid.
* FEach Proces=szor works on a =ub grid and then =end= it=
#* Boundaries to neighbours
363636 36 36 3636 36 36 36 36 3636 36 36 3 36 3 36 36 3636 3 36 3 36 36 3636 3636 36 3 3 3636 36 I3 IE I I 36 I 6 I 3636363 IE I MK
programn serial
implicit none
integer HPROC. HE. HC. HCL. MXITEE

paramneter (NPROC=4, NRE=1000. WC=1000, HCL=HC-NFROC, MEITER=1000}

integer LEFT. RIGHT. ROOT
paramneter (LEFT=100. RIGHT=101. ROOT=0)

L4 <<<s 1nolude file

real*d {0 :HE+1, 0 :HCL+1), told{0:NE+1.0:HCL+1). dt, dtg
integer 1, j. iter. niter. mype, npes, 1lerr

L4 <<<? Declaration for status for MHPI_FRecw

April 24, 2002
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Source Codes

{44994 <<<<< Init1ialize HPI

{{{{€€€CCCC{{<{<<¢ Find npe=
{44440 {{<<<<<<< Find mype number

call initialize! t )
call set_bo=( t. mype. npes )

do i=0, HE+1
do j=0, HCL+1
toldii.jy = t{i.3)
enddo
enddo
L4444 CC<<<<<¢ Gaet the Max number of iterations from user
{44444 44¢<4{¢¢<{¢<<{ Broadoca=st it to all the PE=

*
* Do Computation on Sub—grid for Hiter iterations
*
Do 100 iter=1.niter
Do §=1_ HCL
Do i=1.HE
Ti{i.3) = 0.25 = { Toldi{i+l,j)+Toldii-1.3)+
g Told({i,j+13+Told{i.j-13 2
Enddo
Enddo
*
* Copy
*
dt = 0
Do j=1,HCL
Do i=1.HE
dt = max{ ab=(t{i.3) — told{(i.ji). dt )
Told{i.j) = T(1.3}
Enddo
Enddo
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Source Codes

L1044 4{{{<<{£<<¢ Exchange boundarv wvalues

${€44€444444¢¢¢<<<¢ Find max of dt in all the processors
*

*# Print szome Values
*
If{ mod(iter,.100) . eqg.0 ) then
call print_trace(t, mnype. npes, iter)
endif

call MPI_Bsrrier( MPI_COMM WORLD, i=rr )

*

*

Go to Hext time =tep
*

100 CONTINHUE

£ {C{<C€<<¢ Clean up!

*

* End of Program!

*
EHD

¥* ¥
subroutine initialize( t )
inplicit none

integer HEROC, HE. HC. HCL, MEXITER
paranster (HPROC=4, HR=1000, NC=1000, WCL=NC-NPROCZ, MEITER=1000)
real=*5 t(0:HRE+1.0:HCL+1). told{0:HE+1.0:HCL+1)

integer i, 1]

do i=0, HR+1
do j=0, HCL+1
t{i.j) = 0
enddo
enddo

return
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*

Source Codes

end

subroutine set_bos{ t, mype. npes )
inplicit none

integer HEROC, HE. HiZ. HCL.
paraneter (NPROC=4. NR=1000. NC=1000, WCL=HC-HPFROC.
real#*d t(0:HE+1, 0:HCL+1), told(0:HE+1.0:HCL+1)
integer i, j. mype,. npes

*#Left and KEight Boundaries

*

{00 {{L<{{{L<<<¢ St the left and right boundarvy walues

*®

#*Top and Bottom Boundaries

*

{44444 <{{{<<<< S2t the top and bottom boundary walues

return

end

MEITER
MXITER=1000)

subroutine print_trace({t. mype., npes. iter)
implicit none

integer HEEOQC, HE. HiZ. HCL.
parancster (HPROC=4, HRE=1000, NC=1000, HCL=HC-HFROC,
real*d t{0:NE+1.0:HCL+1)

integer ioff, j. k. proc. mypE, npes,. iter

if{ mype.eq.npes=—1 )} then
writel(b,liiter
1ioff = mype*HCL
write(b,3)(t{1off+k k). k=NCL-10 _HCL)
endif
call barrier

MXITER
MEITER=1000)
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Source Codes

format({' —————— Iteration number: ‘. 110, ' "1
format(5£15.8)

return

end
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