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- Note: rartially based on: W. Gropp, E. Lusk, An « Extended point-to-point operations
Introduction to MPI,Argonne National Laboratory _ non—blocking communication
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Outline (cont.) What is MPI1?

* A message-passing library specification
— extended message-passing model

= Advanced MPI topics - not a language or compiler specification
— Collective operations — not a specific implementation or product
— More on MPI datatypes * For parallel computers, clusters, and
- Application topologies heterogeneous networks

e Full-featured

« Designed to provide access to advanced parallel
hardware for

- end users
— library writers
— tool developers

— The profiling interface
e Toward a portable MPI environment
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MP1 Sources Companion Material

e The Standard itself:
— at http://www.mpi-forum.org

— All MPI official releases, in both postscript and « Online examples and exercises for our Labs,
HTML available at
* Books: http://www-unix.mcs.anl.gov/mpi/tutorials/perf/
— Using MPI: Portable Parallel Programming with
the Me_ssage—Passing Interface, by Gropp, Lusk, e ftp://ftp.mcs.anl.gov/pub/mpi/mpiexmpl.tar.gz
and Skjellum, MIT Press, 1994. contains source code and run scripts that allows
— MPI: The Complete Reference Vol 1 and 2,MIT you to evaluate your own MP1 implementation

Press, 1998(Fall).
e Other information on Web:
— at http://www-unix.mcs.anl.gov/mpi/
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The Message-Passing Model

« In the message- passing programming paradigm, we
think of a computation as consisting of one or
more processes.

e Each process has access to some memory (private)
and they communicate with each other by sending
messages through a network. Communication is
handled by calls to special MPI subroutines.

« At a given time different processes can be
executing either the same or different parts of
the program.

University of Salzburg, Department of Scientific Computing, HPSC SS 2003 7

Polling Mode MPI

Message passing is a cooperative method - if the
partner doesnt react quickly, a delay results

MPI_Send ——mmm™™8@™@™ >

User

Transfer

System

Acknowledgment

Y N W W |

There is a performance tradeoff caused by reacting
quickly - it requires devoting resources to checking

for things to do.
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Types of Parallel Computing Models

« Data Parallel - the same instructions are carried
out simultaneously on multiple data items (SIMD)

e Task Parallel - different instructions on different
data (MIMD)

e SPMD (Single Program Multiple Data) is equivalent
to MIMD since each MIMD program can be made
SPMD for example by a big case statement.

* Message passing (and MPI) is for MIMD/SPMD
parallelism (equal programs for all processes).

* HPF is an example of an SIMD interface.
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The Message-Passing Model (cont.)

* A process is (traditionally) a program counter and
address space.

« Processes may have multiple threads (program
counters and associated stacks) sharing a single
address space. MPI is for communication among
processes, which have separate address spaces.

= Interprocess communication consists of
— Synchronization
— Movement of data from one process’ address
space to anothers.
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Interrupt Mode MPI

MPI_Send
User
System
Acknowledgment
System
User

« Cost of interrupt higher than polling (usually)
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MPI1 Programming Model

* Most parallel algorithms can be implemented using

MPI.

« Algorithms that create just one task per

processor can be implemented directly, with point-
to-point or collective communication routines.

= Algorithms that create tasks in a dynamic fashion

or that need concurrent execution of several
tasks on a single processor must be further
refined to permit the MPI1 implementation.
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Cooperative Operations for
Communication

The message-passing approach makes the exchange
of data cooperative.

Data is explicitly sent by one process and received
by another.
An advantage is that any change in the receiving
processs memory is made with the receivers
explicit participation.
Communication and synchronization are combined.

Process 0 Process 1

Send( dat a)

Recei ve(dat a)
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Is MPI1 Large or Small?

MPI is large (129 functions)
— MPI's extensive functionality requires many functions

— Number of functions not necessarily a measure of
complexity

MP1 is small (6 functions)

— Many parallel programs can be written with just 6 basic
functions.

MPI is just right (24 functions)
— One can access flexibility when it is required.

— One need not master all parts of MPI to use it.

University of Salzburg, Department of Scientific Computing, HPSC SS 2003 15

A Minimal MPI Program (Fortran)

program nai n
use MPI
integer ierr

call MPI_INIT( ierr )
print *, "Hello, world!"
cal | MPI_FINALI ZE( ierr )
end
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One-Sided Operations for
Communication

* One-sided operations between processes include
remote memory reads and writes

« Only one process needs to explicitly participate.

« An advantage is that communication and
synchronization are decoupled

* One-sided operations are part of MP1-2.

Process 0 Process 1
Put ( dat a)
(menory)
(menory)
Cet (dat a)
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A Minimal MPI1 Program (C)
#i ncl ude "npi.h"
#incl ude <stdio. h>
int main( int argc, char *argv[] )

MPl _Init( &argc, &argv );
printf( "Hello, world\n" );
MPI _Finalize();

return O;

« #nclude "npi.h" provides basic MPI definitions and
types, stdio. h is needed because of printf.

« MPl_Init starts MPI, MPI_Finalize exits MPI

* Note that all non-MP1 routines are local, thus the
printf run on each process.
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Language Bindings

= In concrete program examples some syntax differences

can be noticed.

« Different language bindings have slightly different

syntax. Sources of syntactic difference between C and
Fortran include:

« function names and mechanism used for return codes,
* representation of handlers used to access specialised

MPI data structures such as COWWUN CATCRS,

« and the implementation of the STATUS datatype

returned by MPI _RECV. The use of handlers hides the
internal representation of MPI data structures.

« C** bindings, and Fortran-90 issues, are part of MPI-2.
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Notes on C Programming Language

Function names are as in the MPI definition but with only
the MPI prefix and the first letter of the function name in
upper case: MPI _Finalize();

Status values are returned as integer return codes. The
return code may represent an error code or MPI _SUCCESS
for successful competition.

Compile-time constants are all in upper case and are defined
in the file npi . h, which must be included in any program
that makes MPI calls by #i ncl ude " npi . h”

Function parameters with type IN are passed by value, while
parameters with type OUT and INOUT are passed by
reference (as pointers): MPl _Comm si ze( comm  &si ze );
A status variable has type MPI _St at us and is a structure
with fields st at us. MPI _SOURCE and st at us. VPl _TAG

containing source and tag information.
University of Salzburg, Department of Scientific Computing, HPSC SS 2003 19

Data Types - C, Fortran

 MPI datatypes are defined for every C datatype:
MPI _CHAR, MPI _INT, MNPI_FLOAT,
MPI _UNSI GNED_CHAR, MPI _UNSI G\ED,
MPI _UNSI GNED_LONG MPI_LONG
MPI _DOUBLE, MPI _LONG DOUBLE, etc.

* MPI datatypes are defined also for every Fortran
datatype:

MPI _CHARACTER, MPI _I NTEGER, MPI _REAL,
WPl _DOUBLE_PRECI SI ON, MPI _COWPLEX|

MPI_LOG CAL, etc.
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MPICH a Portable MP1 Environment

MPICH is a high-performance portable implementation
of MPI. (Other implementations exists: LAM, ...)
It runs on MPP's, clusters, and heterogeneous
networks of workstations.
In a wide variety of environments, one can do:

configure

make

npi cc -npitrace nyprog.c

npirun -np 10 nyprog

upshot nyprog. | og
to build, compile, run, and analyze performance of
your program.
To all above MPI commands " . npi ch" should be
added, because LAM is default MPI.
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Notes on Fortran

In Fortran, function names are in upper case
call MPI_INIT( ierr)
Function return codes are represented by an
additional integer argumentierr.
Status values, return code for successful
completion, set of error codes, and compile-time
constants are all in upper case and are defined in the
file npi . h, which must be included in any program
that makes MPI calls by use MPI.
A status variable is an array of integers of size
MPI _STATUS_SI ZE, with the constants MPI _SCURCE and
MPI _TAG indexing the source and tag fields,
respectively.
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Error Handling

* MPI does not provide mechanisms for dealing with
failures in the physical communication system and

and for handling processor failures.

* MPI programs may exhibit program errors when
an MPI call is called with an incorrect argument, or
resource errors when a program exceeds the
amount of available system resources.

= By default, an error causes all processes to abort.

e The user may specify that no error is fatal, and
handle error codes returned by MPI calls by
custom error handlers.
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Running MPI Programs

The MPI-1 Standard does not specify how to run an
MPI program.

In general, starting an MPI program is dependent on
the implementation of MPI, and might require various
scripts, arguments, and/or environment variables.

The MPI-2 recommends npi exec <args>, but it is not
a requirement.

An example for MPICH implementation of MPI:
npirun. npich -np 1 a.out -npiversion returns MPI
version

npirun. npich -np 2 first runprogramfirst ontwo
processors

npi run. npi ch -t shows the commands that npi r un would
execute

npi run. npi ch -hel p shows all options to npi r un
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Using a Single Computer

« If you are testing your program on a single
computer you may define several processes
and run and test your code.

* The configuration file
/ et ¢/ npi ch/ machi nes. | ocal

should have the following structure:
localhost

localhost

localhost
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Using a Computer Network

« If you are testing your program on the computer
network in computer room you may select several
computers to perform defined processes and run and
test your code.

The configuration file
/ et c/ npi ch/ machi nes. LI NUX

should contain names of computers to be used (i.e.:
agutis, alpaka, etc., each in a separate line, and with the
first name belonging to the name of the local host).
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Using MPP Processor

* You can run your program on the MPP, composed of 9
processors connected in a tours topology and accessible
for HPSC course on: nreza. i js. si you should use the
following procedure:

e Logging on: User nane: Passwor d:
e FTP your program to shome directory:

scp first.c usernane@meza.ijs. si:shone
« Edit, compile and link in the same way as before:

npicc -o first first.c /*first- executable and
first.o - object file*/

e Run: npirun -np 9 first /*nine times “Hello, world” is
printed, from nine processors, if first is hello.c */
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Using a Single Computer

« If you are testing your program on a single computer

you may define several processes and run and test
your code.

- Editing

vi first.c

« Compiling and Linking

npicc -o first first.c /*first - executable and
first.o - object file*/

* Running

npirun -np 2 first /*Hello, world!” is printed two
times from a single computer if first is hello.c */
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Using a Computer Network

Now, you can test your program on listed computers in
the network that will run defined processes.

Editing
vi first.c

Compiling and Linking

npicc -o first first.c /*first- executable and
first.o - object file*/
Running

npirun -np 3 first /*three times “Hello, world” is
printed, from three different computers, if first is hello.c */
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Some Basic Concepts

* Processes can be collected into groups.

« Each message is sent in a context, and must be
received in the same context.

* Agroup and context together form a
communicator.

« A process is identified by its rank in the group
associated with a communicator.

e There is a default communicator VPl _COVW WORLD
whose group contains all initial processes, and
whose context is default.
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Finding Out About the Environment

« Any program should have some functions to control
starting and terminating procedures on all
processors,

* Two additional questions arise early in a parallel
program:

— How many processes are participating in this
computation?
— Which one am 1?
« MPI provides functions to answer these questions.
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Basic MPI Functions

e MPI _COW S| ZE( comm si ze )
Determine the number of processes in a
computation. commcommunicator(handle); si ze
number of processes in the group (if conmis
MPI _COW WORLD then number of all processes).

* MPI _COW RANK( conm pid )
Determine the identifier of the current process.
conmmcommunicator(handle); pi d process ID in the
group of conm(it could be 0 to si ze-1).
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Better Hello (Fortran)

program nai n
use MPI
integer ierr, rank, size

call MPI_INIT( ierr )
call Ml _COW RANK( MPI _COMWM WORLD, rank, ierr )
call MPI_COW SI ZE( MPI _COMWM WORLD, size, ierr )

print *, 'l am', rank, ' of ', size
call MPI_FINALIZE( ierr )
end
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Basic MPI Functions

e« MPI_INIT(int *argc, char ***argv)

Initiates a computation. ar gc and ar gv are required

only in C language binding, where they are the main
programs arguments.

MPI _FI NALI ZE()

Shuts down a computation. No MPI routines can be
called before MPI _| NI T or after MPI _FI NALI ZE. The
one exception is MPI _I NI TI ALI ZEIX f | ag) which
queries if MPl _I NI T has been called.

Parameters used by function but not modified (IN-not
underlined), not used but may be updated (OUT-
underline), or both used and possibly updated by a
function (INOUT-underline and italic).
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Better Hello (C)

#i nclude "npi.h"
#i ncl ude <stdio. h>

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

{

}

int rank, size;

MPl _Init( &rgc, &argv );

MPI _Conm rank( MPI _COW WORLD, &rank );
MPl _Conm si ze( MPI _COW WORLD, &size );
printf( "I am%l of %l\n", rank, size);
MPI _Finalize();

return O;

« Ifall processes can do output we can expect si ze

lines.
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MP1 Basic Send/Receive

* We need to go a bit more in detail of process-

process communication.

Process 0 Process 1

Send( dat a)
Recei ve(dat a)

* Things that need specifying:

— How will “data” be described?
— How will processes be identified?
— How will the receiver recognize/screen messages?

— What will it mean for these operations to
complete?
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What is message passing?

« Data transfer plus synchronization

Process 0 - May | Send?

Process 1 Yes, go!

Time

* Requires cooperation of sender and receiver
« Cooperation not always apparent in code
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MP1 Basic (Blocking) Receive

MPI _RECV( buf , count, dat at ype, sour ce, t ag, conm
status)

Waits until a matching message (on sour ce, tag and

conm) is received from the system, and the buffer buf

can be used.

sour ce equals to the rank in communicator specified by

conmm or it could be MPI _ANY_SOURCE.

Receiving fewer than count >=0 occurrences of

dat at ype is OK, but receiving more is an error.

st at us contains further information.
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Retrieving Further Information

- status is a data structure allocated in the users
program.

e InC:

int recvd_tag, recvd_from recvd_count;

WPl _Status status; /*allocate space for current status of receive */

MPl _Recv(..., MPI_ANY_SOURCE, MPI_ANY TAG ..., &status)

recvd_tag = status. Ml _TAG

recvd_from = status. MPl _SOURCE;

/*primarily of use when MPI _ANY_TAG and/or MPI _ANY_SCURCE in receive*/

MPI _Get _count ( &status, datatype, & ecvd_count);

/* to determine how much data of a particular type was received*/
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MPI1 Basic (Blocking) Send

MPI _SEND (buf, count, datatype, dest, tag, comm)

e The message buffer is described by (buf, count,
dat at ype).

e The target process is specified by dest, which is the
rank of the target process in the communicator
specified by conmand by message t ag (envelope).

= This is a blocking call which won*t complete until there
is a matching receive that will empty the buffer.

* When this function returns, the data has been
delivered to the system and the buffer can be reused.
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MP1 Send-receive

« Ml _SENDRECV( sendbuf, sendcount, sendtype, dest,
sendtag, recvbuf, recvcount, recvtype, source,

recvtag, comm status)

This function combine in one call the sending of a
message to one destination dest and the receiving of
another message, from another process sour ce.

« A send-receive operation is very useful for executing a
shift operation across a chain of processes. 1T blocking
sends and receives are used, then one needs to order
them correctly (for example, even processes send, then
receive, odd processes receive first, then send) so as to
prevent cyclic dependencies that may lead to deadlock.

e By MPI_SENDRECV the communication subsystem takes
care of these issues (variant: MPI _SENDRECV_REPLACE).
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MPI1 Datatypes

* As MPI does not require communicating processes to
use the same representation of a datatype, it needs
to keep track of possible datatypes.

e There are MPI functions to construct custom
datatypes, such as array of (int, float) pairs, or a row
of a matrix stored columnwise.

« As long as you are sure of the size and
representation of your data, you can transmit raw
data using the datatype VPl _BYTE.
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MP1 or Custom Datatypes?

« Since all data is labeled by MP1 types,

— An MPI program can support communication between
processes on machines with very different memory
representations and lengths of elementary datatypes
(heterogeneous communication),

— further, porting of parallel programs between machines
using different representations of basic datatypes is
possible.

« On the other hand, specifying application-oriented
datatypes

— reduces memory-to-memory copies in the implementation

— allows the use of special hardware (scatter/gather) when
available
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MPI Tags (cont.)

* When a message posted by a send has been
collected by a receive, the message is said to be
completed.

* The entire envelope (dest/source, datatype, tag
and communicator) must match between the send
and receive for the message to complete.

« If a message from any source is acceptable to a
receiver, the wildcard MPI _ANY_SOURCE can be used
in a call to vl _ReCv. Similarly, the receive can
specify the wildcard MPI _ANY_TAG to match any tag.
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Six basic MPI functions

* Many parallel programs can be written using just
these six functions, only two of which are non-
trivial:

- MPI_INT
— MPI_FI NALI ZE
- MPl _COW S| ZE
— MPl _COWM RANK
— MPI _SEND
- MPI _RECV
= Point-to-point (send/recv) isnt the only way...
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MPI1 Tags

* Message tags provide a further mechanism (beside

source) for distinguishing between different
messages.

e Tag is an integer in the range [0, UB] where UB

can be found by querying the predefined constant
MPI _TAG UB.

* Messages are sent with an accompanying user-

defined tag, to assist the receiving process in
identifying the message.

* Messages can be screened at the receiving end by

specifying a specific tag, or not screened by
specifying MPI _ANY_TAG as the tag in a receive.
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Determinism

* Message-passing programming models are by

default nondeterministic: the arrival order of
messages sent from two processes, A and B, to a
third process, C, is not defined.

However, MPI does guarantee that two messages
sent from one process, A, to another process, B, will
arrive in the order sent.

It is the programmer"s responsibility to ensure that
a computation is deterministic when (as is usually the
case) this is required.
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MPI1 Timer

e The elapsed (wall-clock) time between two points in
an MPI program can be measure using MPI _WI'T VE()

double t1, t2;
tl = MPI_Wine();

t2 = MPI_Wine();
printf( "Elapsed tine is %\n", t2 - t1);
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Measuring Bandwidth - O

=
—
—
e
1,2, ... C doubl es
time nl oop times
ty
ts
' length
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Measuring Bandwidth - 2

MPI _Conm si ze( MPl _COVM WORLD, &nunpr ocs) ;

if (nunprocs !=2) {
printf("The nunber of processes has to be two! \n");
return(0);

MPI _Conm rank( MPI_COW WORLD, &rank );
if (rank == 0)
printf( "Kind\t\tn\ttime (sec)\tRate (M/sec)\n");
for (n=1; n<110000; n*=2) { /* Message |engths doubl es
each tinme */
if (n==0) nloop = 100;
el se nloop = 100/n;
if (nloop < 1) nloop = 1;
buf = (double *) malloc( n * sizeof (double) );
if (Ibuf) {
fprintf( stderr,
"Coul d not allocate send/ recv buffer of size
%\n", n);
MPI_Abort( MPI_COWM WORLD, 1 );
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Measuring Bandwidth - 4

MPI _Sendrecv( MPI_BOTTOM 0, MPI_INT, 0, 14,
MPI_BOTTOM 0, MPI _INT, 0,14, MPI_COMM WORLD, &st at us) ;
for (j=0; j<nloop; j++) {
MPI _Recv(buf , n, MPl _DOUBLE, 0, k, MPI_COMM WORLD, &status );
MPI_Send( buf, n, MPI_DOUBLE, 0, k, MPI_COWM WORLD );
11l
/* Convert to half the round-trip time */
tmn =tmn/ 2.0
if (rank == 0) { double rate;
if(tmn>0) rate=n*sizeof (double)*1.0e-6*8/tnin;/*in M/sec*/
else rate = 0.0;
printf( "Send/ Recv\t%l\t%\t%\n", n, tnmin, rate );
}
free( buf );}
MPI _Finalize( );
return 0;}
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Measuring Bandwidth - 1

#i ncl ude <stdio. h>
#include <stdlib.h>
#include "npi.h"

#define NUMBER OF_TESTS 5 /* Nunber of tests for nore
reliable average. */

int main( argc, argv )

int argc;

char **argv;

{
doubl e *buf ;
int rank, nunprocs;
int n;
doubl e tl, t2, tmn;
int j, k, nloop;

MPI _Status  status;

MPI _Init( &argc, &argv );
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Measuring Bandwidth - 3

tmn = 1000;
for (k=0; k<NUVBER OF_TESTS; k++) {
if (rank == 0) {
/* Make sure both processes are ready */
WPl _Sendrecv( MPI_BOTTOM 0O, MPI_INT, 1, 14,
MPI_BOTTOM 0, MPI _I NT, 1, 14, MPl _COMM WORLD, &st at us) ;
tl1 = MPl_Wine();
for (j=0; j<nloop; j++) {/*Send message nloop tines.*/
MPl _Send( buf, n, MPI_DOUBLE, 1, k, MPI_COW WCRLD );
MPl _Recv( buf, n, MPI_DOUBLE, 1, k, MPI_COVM WORLD,
&status );

}
t2 = (MPI_Wine() - t1) / nloop;
if (t2 <tnin) tnin=12;

else if (rank == 1) {
/* Make sure both processes are ready */

University of Salzburg, Department of Scientific Computing, HPSC SS 2003 52

Basic Collective Operations in MPI -
MPI1_ BARRIER

« Collective operations have to be called by all
processes in a communicator.
« MPI _BARRI ER ( comm)

— This function is used to synchronize execution of a
group of processes in conm No process returns from
this function until all processes have called it.

— It is the programmer’s responsibility to make sure that
all processes make a call to VPl _BARRI ER .

— A barrier is a simple way of separating two phases of
a computation to ensure that messages generated in
the two phases do not interfere.

— an explicit barrier can be avoided by the appropriate
use of tags, source specifiers, and/or contexts.
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Basic Collective Operations in MPI -
MP1_BCAST

MPI _BCAST( i nbuf, incnt, intype, root, conmm
Implements a one-to-all broadcast operation whereby a single
named process (root) sends the same data to all other
processes.

Each process receives this data from the root process. At the
time of call, the data are located in i nbuf in process root and
consists of i ncnt data items of a specified i nt ype.

After the call, the data are replicated in i nbuf in all processes.
As i nbuf is used for input at the root and for output in other
processes, it has type INOUT.

data —»
i Ag Ag
one-to-all broadcast Ag
AD
MPI_BCAST
Ag
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Basic Collective Operations in MPI -
MP1_REDUCE

MPI _REDUCE( i nbuf , out buf , count, type, op, root, conm

combines data from all processes in communicator by operation
op and returns the result to one process r oot .

MPI _ALLREDUCE( i nbuf , outbuf, count, type, op)

all processes do VPl _REDUCE in parallel.

Valid operations include maximum and minimum (MPI _VAX

and MPI _M N); sum and product (MPI _SUMand

VPl _PRQOD); logical and, or, and exclusive or ( MPl _LAND,

MPI _LOR, and MPI _LXOR); and bitwise and, or, and

exclusive or (MPI _BAND, MPl _BOR, and MPI _BXCR).

In many numerical algorithms, SEND/ RECV can be

replaced by BCAST/ REDUCE, improving both

simplicity and efficiency.
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Example: Calculating PI1 -0

61 4/(1+x3)=p

5 LN e e L e b

0, LTI N
If nisthe number of i P (S
intervals, and p the

number of processors, uf

each processor caculates i}

itsown sum |

(U(n/p))* [4(1+x3) ] L

The global sumisthen
approximately equal to

Pl. M TE R R e EE e e
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Basic Collective Operations in MPI -

MPI1_GATHER, MPI_SCATTER

MPI _GATHER( i nbuf, incnt, intype, outbuf,
outtype, root, comm

gathers data from all processes to one process
MPI _SCATTER( i nbuf, incnt, intype, outbuf,
outtype, root, comm

A AglA[A;]A
g all-to-one gather L i ke ik
Ay >
A
2 MPT_GATHER
Ay
[Ag[A[A,]A A,
N2 one-to-all scatter o
Ay
MPI_SCATTER Ay
A

MPI _REDUCE, MPI _ALLREDUCE

Processes . . .

0 1
Tnitial
Data:

MPI_REDUCE with MPI_MIN, root=0:

MPI_ALLREDUCE with MPI_MIN:

MPI REDUCE with MPL SUM, root=1:

® a
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Example: Calculating PI -1

#incl ude "npi.h"
#incl ude <math. h>
int main(int argc, char *argv[])

int done =0, n, nyid, nunprocs, i, rc;
doubl e Pl 25DT = 3. 141592653589793238462643;
doubl e nypi, pi, h, sum x, &
MPI _Init (&argc, &rgv);
MPI _Conm si ze( MPI _COWM WCRLD, &unpr ocs) ;
MPI _Conm r ank( MPI _OOMM WORLD, &nyi d) ;
while (!done) {
if (nyid ==0) {
printf("Enter the nunber of intervals: (0 quits) ");

scanf (" %", &) ;

MPI _Bcast (&, 1, MPI_INT, 0, MPI_COVM WORLD)

(n == 0) break;
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outcnt,

outcnt,

scatters data from one process to all processes.

10



Example: Calculating PI -2

h =1.0/ (double) n;

sum = 0.0;
for (i =nyid + 1; i <=n; i += nunprocs) {
x = h * ((double)i - 0.5);

sum+= 4.0/ (1.0 + x*x);
}
nypi = h * sum
MPl _Reduce(&nypi, &pi, 1, MPI_DOUBLE, MPI_SUM O,
MPI_COMM VWORLD) ;
if (nyid == 0)

printf("pi is approximately % 16f, Error is % 16f \n",

pi, fabs(pi - PI25DT));

}
MPI _Finalize();
return O;
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Communication Semantics

= Non- blocking: may return before the operation
completes, and before the user is allowed to re-
use resources (such as buffers) specified in the
call.

= Blocking: return from call indicates that resources
can safely be re- used.

= Local: completion depends only on local process.

= Non-local: may require execution of an MPI
procedure on another process, or communication
with another process.

« Collective: all processes in a group need to invoke
the procedure.
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Sources of Deadlocks

« If two VPl _SEND are issued in the same time on two
different processes, they will not finish if
VPl _SENDs are implemented without buffers.

e If VWPl _SENDs are implemented with buffering they
will finish only if there is enough space for the
messages in buffers.

Process 0 Process 1
Send( 1) Send( 0)
Recv(1) Recv(0)

« This is called “unsafe” because it depends on
the MPI_SEND implementation and the availability
of system buffers.
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Order the operations more
carefully: Send(1) Recv(0)

MPI _I SEND, MPI _I RECV
with later testing.
Use explicit MPl _BSEND Vaitall Vaitall
(more buffers!)

Current 16 Functions of Simplified MPI

Basic functions:

— MPI_INIT, MPI_FI NALI ZE,

— MPI_COW SI ZE, MPI _COWM RANK,

— MPI _SEND, MPI _RECV,

Collective communication:

— MPI_BARRI ER,

— MPI_BCAST, MPI_GATHER, MPI _SCATTER
— MPI_REDUCE, MPI _ALLREDUCE

Control functions:

— MPI_WII ME, MPI _STATUS, MPI_I NI Tl ALI ZED
— MPI _GET_COUNT

* What else is needed (and why)?
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Sources of Deadlocks

When a process makes a call to Ml _RECV, it will
wait patiently until a matching send is posted.

IT the matching send is never posted, the receive
will wait forever.

In practice, until the system crashes or some time-
limit on the job is exceeded.

I two VPl _RECV are issued in the same time on two
different processes, they can never finish.

Process 0 Process 1
Recv (1) Recv(0)
Send( 1) Send( 0)
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Some Solutions to the “unsafe”
Problem

Process0 Process 1

Recv(1) Send(0)

Supply receive buffer at
same time as send, with

Process 0 Process 1

Pl _ SENDRECV Sendrecv(1) Sendrecv(0)

Use non-blocking operations  Process0 Process 1

I send(1) | send( 0)
Irecv(1) Irecv(0)
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Communication Modes

Synchronous mode MPI _SSEND does not complete until a
matching receive has begun. (“Unsafe” programs
become incorrect and usually deadlock within an

MPI _SSEND .)

Buffered mode MPI _BSEND supplies enough memory to
make “unsafe” program safe.

Ready mode MPI _RSEND user guarantees that matching
receive has been posted.

Non-blocking versions: MPI _I SEND, MPI _| BSEND,
MPI _| RSEND

Note that an MPI _RECV may receive messages sent with
any send mode.
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MPI1*s Non-Blocking Communication
(cont.)

* Wait on multiple requests (master/slave program, where

the master waits for more slaves’messages
MPI _WAI TALL( count, array_of _requests,
array_of _statuses)
MPI _WAI TSOVE( count, requests, ndone, indices,

st at uses)

Unless using buffered send, computation must wait until
communication completed — could result in much wasted
time.

If processor can perform useful work while some long
communication is in progress, overall time may be

reduced - Hiding latency.
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MP1 Communicators

MP1 supports modular programming via its
communicator mechanism, which provides the
information hiding and local name space, needed when
building modular programs
Communicators can be used to implement various
forms of sequential and parallel composition.
An MP1 communication operation always specifies a
communicator which identifies the process group that
is engaged in the communication operation and the
context in which the communication occurs.
Communicator = process group + context

Different communicators can have same group but not
the same context (tag space).
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MPI1*s Non-Blocking Communication

= Non-blocking communication return immediately
“request handles” that can be waited on and queried:

MPI _| SEND( start, count, datatype, dest, tag, comm
request)
MPI _I RECV(start, count, datatype, dest, tag, conm
request)
« Can wait or test for completion with the request handle
returned from the non-blocking call.
MPI _WAI T(request, status)
MPI _TEST( request, flag, status)
« A non- blocking send MPI_I SEND immediately followed by
wait MPI_WAI T is functionally equivalent to a blocking
send VPl _SEND.
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Fairness in Message-Passing

The MPI communication is:

* Non-overtaking:
IT a sender posts two messages to the same
receiver, and a receive operation matches both
messages, the message first posted will be chosen.

e Unfair:
No matter how long a send has been pending, it can
always be overtaken by a message sent from another
process.
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Groups and Context

* Process groups allow a subset of processes to
communicate among themselves using local names and
to perform collective communication operations
without involving other processes.

e The context forms part of the envelope associated
with a message (tag space). A receive operation can
receive a message only if the message was sent in the
same context. Hence, if two routines use different
contexts for their internal communication, there is no
danger of their communications being confused.

< Till now, all communication operations have used the
default communicator MPI _COVM WORLD, which
incorporates all processes involved and defines a
default context.
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MPI Context - Figure

« Figure on the left shows a sequential composition of
parallel program with an error because two components use
the same message tags. Each of the four vertical lines
represents a single thread of control (process) in an SPMD
program (boxes). All call (arrows) an SPMD library (second
box).

* One process finishes sooner than the others, and a
message that this process generates during subsequent
computation (the dashed arrow) is intercepted by the
library. Figure right shows how this problem is avoided by
using contexts. The library communicates using a distinct

tag space, which cannot be penetrated by other messages.
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Example-MP1_COMM_SPLIT

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

MPI _Comm rank( MPI_COW WORLD, &rank );
MPI_Comm split( MPI_COMM WORLD, rank%, 0, &new_conmm);

MPI _Comm rank( new_comm &new rank );
printf(“Proc %l in MPI_COMM WORLD has rank %\

in new.comm\n”, rank, new.rank );

* output */

Proc 0 in MPI_COW WORLD has rank 0 in new_comm
Proc 1 in MPI_COMW WORLD has rank 0 in new_comm
Proc 2 in MPI_COW WORLD has rank 1 in new_comm
Proc 3 in MPI_COW WORLD has rank 1 in new_comm
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Summary

e The parallel computing community has cooperated
on the development of a standard for message-
passing library - MPI.

* There are many implementations of MPI, on nearly
all platforms.

* MPI subsets are easy to learn and use.
e Lots of MPI material is available:

Exercises:
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Functions Supporting Modularity
MPI _COW DUP ( comm newcomm)
creates a new communicator comprising the same
process group but a new context. Communications
performed for different purposes are not confused
(see previous slide). This mechanism supports
sequential composition.
MPI _COW SPLIT (comm col or, key, newconm)
creates new communicators comprising subsets of
processes of the same col or . New ranks are assigned
according to key. This mechanism supports parallel
composition. Processes a, b, ¢, d, oldrank: 012 3,
color=oldrank%2: 0101, ifkey: 0 0 O O, newgroups
sorted by newranks: {a, c}, {b, d}, ifkey: 7 1 0 3,

newgroups sorted by newranks : {c, a}, {b, d}
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Example - Splitting Processes

MPI _COWM SPLI T is a collective communication operation,

meaning that it must be executed by each process in

the process group associated with comm. The following

code creates two new communicators:

MPI _Comm comm newcommi int nyid, color;

MPI _Comm rank( comm &nyid);

color = nyido2;

MPI _Comm split(conm color, nyid, &newconm);
Lolnfz]afals]e]]

Initial communicator of 8 processes is partitioned in
two communicators newconmwith processes 0, 1, 2, 3.
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Labs Exercises

« Study, download, compile and run exercises 1.-4.:

1. Getting started with "Hello World”.

2. Sending in a ring (broadcast by ring).

3. Finding P1 using MPI collective operations.
4. A simple Jacobi iteration.
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