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MPI – Message Passing Interface

qOpen standard interface to write parallel programs

qDistributed memory paradigm

qSupport distributed memory parallel machine, 
homogenous or heterogenous cluster, …

qPrimarily addresses the message-passing programming 
model
Øportability 

Øflexibility
Øefficiency
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Introduction - Parallel computing

qParallel computing
ØSolve larger problem in less time in using concurrent 

processes/threads
qParallelism

ØParallelism refers to the simultaneous occurrence of events on a 
computer 

ØLevels of parallelism: bit-level, instruction-level, task-level, job-level 

qSources of parallelism
ØWork in pipeline

ØRepeat one action on multiple data

ØDo simultaneously several works
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Introduction - Parallel architectures

qClassification of Flynn

ØSISD: 1 instruction works on 1 data; serial computer

ØSIMD: 1 instruction works on multiple data; vector processor, 
processor array, GPU

ØMISD: multiple instructions work in pipeline

ØMIMD: multiple instructions work asynchronously on multiple data
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Introduction - Parallel architectures

qMIMD - Multiple Instructions Multiple Data
ØShared Memory MIMD
ØDistributed Memory MIMD
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Introduction - Parallel architectures
qExamples - Sequoia (IBM) (N°1 – June 2012)
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IBM BlueGene/Q

Source: IDRIS, France

Source: LLNL, USA

Introduction - Parallel architectures

qCluster
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NOW-Cluster  ( Source : Google )
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MPI - MPI Programming Model

qGroup of processes to solve together a problem

qNew issues
ØParallel tasks identification; problem decomposition
ØTasks synchronization, communication, optimization
ØNew bug types (deadlock, interference), starvation…
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MPI - MPI Programming Model
qDistributed memory API
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MPI - MPI Programming Model

qCommunication model
ØMessage passing (two sides operation)
ØRemote memory access (one side operation)
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MPI - MPI Programming Model

qSPMD or MPMD
ØSingle / Multiple Program Multiple Data
Ø Data distributed over processes
Ø Communication between processes via network
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MPI – Message passing library
qInclude:

Ø Environment management routines
Ø Point to point communication
Ø Datatypes management
Ø Collective communications
Ø Groups of process and communicators
Ø Process topologies
Ø Parallel I/O, RMA, dynamic process (MPI-2)
Ø Non-blocking collective communication, RMA improvement,  

parallel programming environment (MPI-3)
Ø Version of MPI with OpenMPI: $ ompi_info
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to use with C, C++, Fortran

MPI API: 3.0.0 sur frontalhpc
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MPI - Environment Management Routines

qhello_mpi.c

15

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

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

int myrank, nbprocs;

MPI_Init( &argc, &argv );
MPI_Comm_rank( MPI_COMM_WORLD, &myrank );
MPI_Comm_size( MPI_COMM_WORLD, &nbprocs);

printf( " Hello from proc. %d/%d\n ", 
myrank, nbprocs);

MPI_Finalize();
return 0;

}

! one copy per process

MPI - Environment Management Routines

qGet the processor name and its length

qGet the ellapsed wall clock time in seconds

qTerminates all process of communicator if exception: ex. after 
malloc()

16

int MPI_Abort(MPI_Comm comm, int errorcode);

int MPI_Get_processor_name(char *name, int resultlength);

double MPI_Wtime(void);
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MPI – Environment Management Routines

17

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

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

int myrank=-1, nbprocs=0, nameLength=0;
int cpuId=-1; /* Number of core used */
char proc_name[MPI_MAX_PROCESSOR_NAME]; /* name of node used */

MPI_Init( &argc, &argv );
MPI_Comm_rank( MPI_COMM_WORLD, &myrank );
MPI_Comm_size( MPI_COMM_WORLD, &nbprocs );

MPI_Get_processor_name( proc_name, &nameLength) ;
cpuID = sched_getcpu();
printf( " Hello from proc. %d/%d on CPU %d of %s\n ",

myrang, nbprocs, cpuID, proc_name);

MPI_Finalize(); return 0;
}

qhello_mpi.c with processor’s information lab work 1

MPI – Compiling and running MPI applications

qCompiling
ØCompiling command 
$ mpicc hello_mpi.c –o hello_mpi # ( +compiling options )

ØBefore, add following lines in your .bashrc

18

lab work 1

if ! (which mpicc>/dev/null 2>&1) && [ -d /usr/lib64/openmpi ]
then

export PATH=/usr/lib64/openmpi/bin:$PATH
export LD_LIBRARY_PATH=$LD_LIBRARY_PATH:/usr/lib64/openmpi/lib

fi
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MPI – Compiling and running MPI applications

qRunning
$ sbatch submit_hello_mpi.sh

19

#!/bin/bash
# submit_hello_mpi.sh execution script

#SBATCH --partition=court    # execution partition ‘court’
#SBATCH --ntasks=8           # 8 tasks
#SBATCH –cpus-per-task=1     # de 1 thread
#SBATCH --ntasks-per-core=1  # 1 task par core
#SBATCH --job-name=hello_mpi

#execution
mpiexec ./hello_mpi

lab work 1

MPI – Point-to-point communication

20

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

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

int myRank, nbProcs, cpuId=-1, src, tag=50, nameLength;
char       message[100], procName[MPI_MAX_PROCESSOR_NAME];
MPI_Status status;

MPI_Init( &argc, &argv );
MPI_Comm_rank( MPI_COMM_WORLD, &myRank );
MPI_Comm_size( MPI_COMM_WORLD, &nbProcs);

MPI_Get_processor_name(procName, &nameLength);
cpuId = sched_getcpu();

q Communication between process 0 and others: p02all.c
lab work 2
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MPI – Point-to-point communication

21

if ( myRank != 0 ) {
sprintf( message, "Hello from %d on node %s-cpu%d!",

myRank, procName, cpuId );
MPI_Send( message, strlen(message)+1, MPI_CHAR, 

0, tag, MPI_COMM_WORLD ); ｝
else

for ( src=1; src<nbProcs; src++ ) {
MPI_Recv( message, 100, MPI_CHAR, src,

tag, MPI_COMM_WORLD, &status );
printf( "%s\n", message );

}

MPI_Finalize();
return 0;

}

0

1

2

nbprocs-1

…

send

receive

! Fixed recv order
from proc 1 to 
nbprocs-1

q Communication between process 0 and others: p02all.c
lab work 2

MPI – Point-to-point communication

qRunning of p02all.c with 8 processes

myrank:    0        1        2       3      4       5       6       7

22

communication: ! Sequential communication !

process of myrank=0 receives the     
messages of others processes in a 
determined order.

Loss of time if the messages 
were not sent/arrived in that 
order
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if ( myrank != 0 ) {
sprintf( message, "Hello from %d on %s-cpu%d!",

myrank, procName, cpuid );
MPI_Send( message, strlen(message)+1, MPI_CHAR, 

0, tag, MPI_COMM_WORLD ); ｝
else

for ( src=1; src<nbprocs; src++ ) {
MPI_Recv( message, 100, MPI_CHAR, MPI_ANY_SOURCE,

tag, MPI_COMM_WORLD, &status );
printf( "%s\n", message );

}

MPI_Finalize();
return 0;

}

0

1

2

nbprocs-1

…

send

receive
! random oder

MPI – Point-to-point communication

q Modify the reception order of messages lab work 2

MPI – Point-to-point communication

qRun the program with 8 processes

myrank:    0        1        2        3        4        5        6       7

24

communication:

! Sequential communication !

process of myrank=0 receives the     
messages of others processes in a 
undetermined order.
first arrived, first received
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MPI – Point-to-point communication

qTwo side operation
ØA Send must be matched by a Recv

• Safe program in blocking communication

25

MPI_Comm_rank (MPI_COMM_WORLD, myrank);
if (myrank == 0) {

MPI_Send( sendbuf, count, MPI_INT, 1, tag1, MPI_COMM_WORLD );
MPI_Recv( recvbuf, count, MPI_INT, 1, 

tag2, MPI_COMM_WORLD,  &status );
}
else if (myrank == 1) {

MPI_Recv( recvbuf, count, MPI_INT, 0, 
tag1, MPI_COMM_WORLD, &status );

MPI_Send( sendbuf, count, MPI_INT, 0, tag2, MPI_COMM_WORLD );
}

possible dead lock if we exchange the order of Recv and Send !  (depending on the implementation of MPI )

MPI – Blocking communication

qFeatures 
ØCompletion of MPI_Send means send variable can be reused
ØCompletion of MPI_Recv mean receive variable can be read
Ø Cause synchronization -> Increase communication time
Ø Affect the performance of parallel program

qSolution
ØNon-blocking communication

26
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MPI – Non-blocking communication

qOperation in 2 steps 
ØRequest: MPI_Isend, MPI_Irecv

MPI_Isend(buf, count, datatype, dest,

tag, comm, &request);
MPI_Irecv(buf, count, datatype, src, 

tag, comm, &request);

ØCompletion: MPI_Wait(&request, &status);
ØTest of completion: 

MPI_Test(&request, &flag, &status);

ØAvoid dead lock
ØAllow communication / computation overlapping
ØPersistent request can be used if many communication

27

MPI – Non-blocking communication

qExample 

28

MPI_Comm_rank (MPI_COMM_WORLD, myrank);
if (myrank == 0) {

MPI_Isend( sendbuf, count, MPI_INT, 1, 
tag, MPI_COMM_WORLD, &request0 );

MPI_Recv( recvbuf, count, MPI_INT, 1, 
tag, MPI_COMM_WORLD,  &status );

/* or MPI_Irecv + MPI_Wait */
}
else if (myrank == 1) {

MPI_Isend( sendbuf, count, MPI_INT, 0, 
tag, MPI_COMM_WORLD, &request1 );

MPI_Recv( recvbuf, count, MPI_INT, 0, 
tag, MPI_COMM_WORLD, &status );

/* or MPI_Irecv + MPI_Wait */
}



24/03/2021

15

29

MPI – Point-to-Point Communication

30
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qExercise: Computing of PI – Numerical integration principle  
ØMathematical formula

ØRectangle rule
☆Let n be the number of rectangles
☆Let h be the width of rectangles
☆We have:

ØAn approximation of 𝝅:
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MPI – Point-to-Point Communication

31

#include <stdio.h>

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

int i, nb_rectangles=1000000; // read from keyboard in program
double x, h, sum=0.0, pi=0.0;

printf(“Please input the number of rectangles of [0-1]: “);
scanf(“%d”, &nb_rectangles);

h = 1.0 / nb_rectangles ;

for (i=0; i<nb_rectangles; i++) {
x = (i+0.5)*h; sum += 4.0 / (1.0 + x*x);

}

pi = h * sum ;
printf("Pi is approximatly: %.16f\n", pi) ;
return 0;

}

qExercise: Sequential computing of PI

MPI – Point-to-Point Communication

32

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

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

int i, nb_rectangles= 1000000, rects_per_proc=0;
int my_deb=0, my_end=0;
double x, h, my_sum=0.0, pi=0.0;

int myRank, nbProcs, tag=50;
MPI_Status status;

MPI_Init( &argc, &argv );
MPI_Comm_rank( MPI_COMM_WORLD, &myRank );
MPI_Comm_size( MPI_COMM_WORLD, &nbProcs);

qExercise: Parallel computing of PI – Send/Recv
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MPI – Point-to-Point Communication

33

if (myRank==0) { // process of rank 0 does inputs 
printf("Please input the number of rectangles for [0, 1]: ");
scanf("%d%*c", &nb_rectangles);

rects_per_proc = nb_rectangles / nbProcs;

// rank 0 sends rects_per_proc to the other
for (i=1; i<nbProcs; i++) 

MPI_Send(&rects_per_proc,1,MPI_INT,i,tag,MPI_COMM_WORLD);
}
else // process of rank≠0 receives rects_per_proc from rank 0

MPI_Recv(&rects_per_proc, 1, MPI_INT, 0, tag, 
MPI_COMM_WORLD, &status);

h = 1.0 / (rects_per_proc*nbProcs);

qExercise: Parallel computing of PI – Send/Recv

MPI – Point-to-Point Communication

34

my_deb=myRank*rects_per_proc;  my_end=my_deb+rects_per_proc;

for (i=my_deb; i<my_end; i++) {
x = (i+0.5)*h; my_sum += 4.0 / (1.0 + x*x);

}

if (myRank != 0)
MPI_Send(&my_sum, 1, MPI_DOUBLE, 0, tag, MPI_COMM_WORLD);

else {  // rank 0
for (i=1; i<nbprocs; i++) { 

MPI_Recv(&pi, 1, MPI_DOUBLE, MPI_ANY_SOURCE,
tag, MPI_COMM_WORLD, &status);

my_sum = my_sum + pi;
}
pi = my_sum * h; printf("Pi is approximatly %0.16f\n", pi);

}
MPI_Finalize(); return 0;

}

qExercise: Parallel computing of PI – Send/Recv
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Exercise: Calculation of PI – Parallel – V1

qResume
ØThe computation of the sum is well distributed.
ØSequential communication involves all processes at the end of 

program.

➞May be improved by using collective communication

qTo show more collective communication functions, we 
assume that only process of rank 0 has the value of 
nb_rectangles at the beginning of the program

35

36
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MPI – Collective communication

qWhat is it?
ØCommunication involving all processes of a group

qObjective
ØIncrease the performance of parallel program

qHow?
ØBy reduce of idle processes, decrease the global communication 

time

qUse cases
ØWhen I/O
Ø Parallel algorithms need collective communication

37

MPI – Collective communication

qBroadcast
ØA process (root) has a message to send to others

38

int MPI_Bcast(void *msg, int count,
MPI_Datatype datatype, int root, MIP_Comm comm);

Proc. 0 Proc. 1 Proc. 2 Proc. 3

root

recv_buf

send_buf
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MPI – Collective communication

qBroadcast: Possible implementation

39

0

0

0

40

4

4 6

2
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1 3 5 7

root=0
8 processes mypartner=myrank^(1<<2); myrank=0/4

mypartner = myrank ^(1<<1); myrank =0/2, 4/6

mypartner = myrank ^(1<<0); 

Bitwise operation:
- bit shift: <<, >>
- XOR: ^
- …

iteration number

MPI – Collective communication

qBroadcast - Broadcast of the dimension of a image

40

int myRank, nbProcs, dims[2], i, tag=30;

MPI_Comm_rank( MPI_COMM_WORLD, &myRank );
MPI_Comm_size( MPI_COMM_WORLD, &nbProcs );

if (myRank == 0){
/* Fill dims */
for ( i=1; i<nbProcs; i++)

MPI_Send( dims, 2, MPI_INT, i, tag, MPI_COMM_WORLD);
}
else

MPI_Recv(dims, 2, MPI_INT, 0, tag, MPI_COMM_WORLD);

Point to point communication:
Number of steps - O(nbProcs)

All processes call   MPI_Bcast(dims, 2, MPI_INT, 0, MPI_COMM_WORLD);

Collective communication:
Number of steps – O(log2(nbProcs)
with binary tree
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MPI – Collective communication

qScatter – Data distribution

41

rank 0 rank 1 rank 2 rank 3

root:

all: recv_buf

send_buf

int MPI_Scatter( void *sendbuf, int sendcnt, MPI_Datatype sendtype,        
void *recvbuf, int recvcnt, MPI_Datatype recvtype,
int root, MPI_Comm comm );

4 processes

MPI – Collective communication

qGather – Data fusion 

42

int MPI_Gather( void *sendbuf, int sendcnt, MPI_Datatype sendtype,
void *recvbuf, int recvcnt, MPI_Datatype recvtype,
int root, MPI_Comm comm );

rank 0 rank 1 rank 2 rank 3

root: recv_buf

all: send_buf
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MPI – Collective communication

qReduce – Gather + operation on data

43

rank 0 rank 1 rank 2 rank 3

root: result

all: operand

Operation: MPI_SUM, MPI_PROD, MPI_MAX …

int MPI_Reduce( void *operand, void *result, 
int count, MPI_Datatype datatype, MIP_Op op,
int root, MPI_Comm comm );

MPI – Collective communication

44

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

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

int i, nb_rectangles=1000000, rects_per_proc=0;
int my_deb=0, my_end=0;
double x, h, my_sum=0.0, pi=0.0;

int myRank, nbProcs;

MPI_Init( &argc, &argv );
MPI_Comm_rank( MPI_COMM_WORLD, &myRank );
MPI_Comm_size( MPI_COMM_WORLD, &nbProcs);

qExercise: Parallel computing of PI – Collective comm.  
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MPI – Collective communication

45

if (myRank==0) { // process of rank 0 does inputs 
printf("Please input the number of rectangles for [0, 1]: ");
scanf("%d%*c", &nb_rectangles);

rects_per_proc = nb_rectangles / nbProcs;
}

MPI_Bcast(&rects_per_proc, 1, MPI_INT, 0, MPI_COMM_WORLD);

h = 1.0 / (rects_per_proc*nbProcs);

qExercise: Parallel computing of PI – Collective comm. 

MPI – Collective communication

46

my_deb = myRank * rects_per_proc;  
my_end = my_deb + rects_per_proc;

for (i=my_deb; i<my_end; i++) {
x = (i+0.5) * h;
my_sum += 4.0 / (1.0 + x*x);

}
my_sum = h * my_sum ;

MPI_Reduce(&my_sum,&pi,1,MPI_DOUBLE,MPI_SUM,0,MPI_COMM_WORLD);

if (myRank==0)
printf("Pi is approximatly %0.16f\n", pi);

MPI_Finalize();
return 0;

}

qExercise: Parallel computing of PI – Collective comm. 
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MPI – Collective communication

qBarrier synchronization
ØMake a appointment for all processes

qUse case: time measurement
ØTime measurement for each process

ØExecution time of program: the one of the slowest process

47

double start, exectime;
MPI_Barrier(MPI_COMM_WORLD);
start = MPI_Wtime();
……
exectime= MPI_Wtime()- start;

In main function

MPI – Time measurement

qMPI program

ØExecution time

☆Time for computation

☆Time for communication

☆Time for processes synchronization & management

ØExecution time  measurement: Wall clock time

☆Time elapsed between the end and the beginning of a program

48
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MPI – Time measurement

49

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

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

int i, nb_rectangles=1000000, rects_per_proc=0;
int my_deb=0, my_end=0;
double x, h, my_sum=0.0, pi=0.0;
int myRank, nbProcs;

double start, execTime;

MPI_Init( &argc, &argv );
MPI_Comm_rank( MPI_COMM_WORLD, &myRank );
MPI_Comm_size( MPI_COMM_WORLD, &nbProcs);

qExercise: Parallel computing of PI

MPI – Time measurement

50

if (myRank==0) { // process of rank 0 does inputs 
printf("Please input the number of rectangles for [0, 1]: ");
scanf("%d%*c", &nb_rectangles);

rects_per_proc = nb_rectangles / nbProcs;
}

MPI_Barrier(MPI_COMM_WORLD);
start = MPI_Wtime(); 

MPI_Bcast(&rects_per_proc, 1, MPI_INT, 0, MPI_COMM_WORLD);
…
MPI_Reduce(&my_sum,&pi,1,MPI_DOUBLE,MPI_SUM,0,MPI_COMM_WORLD);

execTime= MPI_Wtime()- start;

qExercise: Parallel computing of PI

and take the largest one
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51

MPI – RMA (Remote Memory Access)
qDirect access by one process to parts of the memory of another 

process
qSoftware implementation

ØProcess 0 put data into process 1’s data window
ØProcess 1 get data from process 0’s data window

52

MPI_Put
MPI_Get

windows

Address space of process 0 Address space of process 1
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MPI – RMA (Remote Memory Access)
qProcedure

ØRMA window creation: example with MPI_Win_Create
ØProcess synchronization: example MPI_Fence
ØRMA operations: MPI_Get, MPI_Put, MPI_Accumulate
ØRMA window free: MPI_Win_free

qCharacteristics
ØPublic memory creation
ØCollective operation
ØOne process create the window,  accessible by all processes

53

MPI – RMA

54

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

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

long    i, n=0, rects_par_proc=0, my_deb=0, my_end=0;
double  x, h, sum=0.0, pi=0.0;
int myrank, nbprocs;
MPI_Win win_pi, win_n;

MPI_Init( &argc, &argv );
MPI_Comm_rank( MPI_COMM_WORLD, &myrank );
MPI_Comm_size( MPI_COMM_WORLD, &nbprocs);

/* Lecture of n from keyboard */

qExercise – Calculation of PI 
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MPI – RMA

55

if (myrank==0) { 
MPI_Win_create(&n, sizeof(long), sizeof(long),

MPI_INFO_NULL, MPI_COMM_WORLD, &win_n);
MPI_Win_create(&pi, sizeof(double), sizeof(double),

MPI_INFO_NULL, MPI_COMM_WORLD, &win_pi);
}
else {

MPI_Win_create(MPI_BOTTOM, 0, sizeof(long),
MPI_INFO_NULL, MPI_COMM_WORLD, &win_n);

MPI_Win_create(MPI_BOTTOM, 0, sizeof(double),
MPI_INFO_NULL, MPI_COMM_WORLD, &win_pi);

}

MPI_Win_fence(0, win_n);
if (myrank != 0) 

MPI_Get(&n, 1, MPI_LONG, 0, 0, 1, MPI_LONG, win_n);
MPI_Win_fence(0, win_n);

qExercise – Calculation of PI 

MPI – RMA

56

h = 1.0 / n;   rects_par_proc = n / nbprocs;

my_deb = myrank*rects_par_proc;    my_end = deb+rects_par_proc;

for (i=my_deb; i<my_end; i++) {
x = (i+0.5)*h; sum += 4.0 / (1.0 + x*x);

}
pi = h * sum ;

MPI_Win_fence(0, win_pi);
if (myrank)

MPI_Accumulate(&pi, 1, MPI_DOUBLE, 0, 0, 1, 
MPI_DOUBLE, MPI_SUM, win_pi);

MPI_Win_fence(0, win_pi);

if (myrank==0) printf("Piis approximatly %0.16f\n", pi);

MPI_Finalize();  return 0;
}

qExercise – Calculation of PI 


