A User’s Guide to MPI

P eter S. P ac heco

Departmen t of Mathematics

Univ ersit y of San F rancisco

San F rancisco, CA 94117

p eter@usfca.edu

Marc h 26, 1995

Con ten ts

1 In tro duction 3

2 Greetings! 4

2.1 General MPI Programs : : : : : : : : : : : : : : : : : : : : : : 6

2.2 Finding Out Ab out the Rest of the W orld : : : : : : : : : : : 7

2.3 Message: Data + Envelop e : : : : : : : : : : : : : : : : : : : : 7

2.4 MPI Send and MPI Receive : : : : : : : : : : : : : : : : : : : 8

3 An Application 11

3.1 Serial program : : : : : : : : : : : : : : : : : : : : : : : : : : : 11

3.2 Parallelizing the T rap ezoid Rule : : : : : : : : : : : : : : : : : 12

3.3 I/O on Parallel Pro cessors : : : : : : : : : : : : : : : : : : : : 16

4 Collectiv e Comm unication 20

4.1 T ree-Structured Communication : : : : : : : : : : : : : : : : : 20

4.2 Broadcast : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22

4.3 Reduce : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 23

4.4 Other Collective Communication F unctions : : : : : : : : : : : 25

5 Grouping Data for Comm unication 27

5.1 The Count Parameter : : : : : : : : : : : : : : : : : : : : : : 27

5.2 Derived Typ es and MPI Typ e struct : : : : : : : : : : : : : : 28

5.3 Other Derived Datatyp e Constructors : : : : : : : : : : : : : : 32

5.4 Pack/Unpack : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

5.5 Deciding Which Metho d to Use : : : : : : : : : : : : : : : : : 35

6 Comm unicators and T op ologies 38

6.1 F ox’s Algorithm : : : : : : : : : : : : : : : : : : : : : : : : : : 38

6.2 Communicators : : : : : : : : : : : : : : : : : : : : : : : : : : 39

6.3 W orking with Groups, Contexts, and Communicators : : : : : 41

6.4 MPI Comm split : : : : : : : : : : : : : : : : : : : : : : : : : 44

6.5 T op olog ies : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45

6.6 MPI Cart sub : : : : : : : : : : : : : : : : : : : : : : : : : : : 48

6.7 Implemen tation of F ox’s Algorithm : : : : : : : : : : : : : : : 49

7 Where T o Go F rom Here 53

7.1 What W e Haven’t Discussed : : : : : : : : : : : : : : : : : : : 53

7.2 Implemen tations of MPI : : : : : : : : : : : : : : : : : : : : : 54

7.3 More Information on MPI : : : : : : : : : : : : : : : : : : : : 54

7.4 The F uture of MPI : : : : : : : : : : : : : : : : : : : : : : : : 55

A Compiling and Running MPI Programs 56

A.1 MPICH : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 56

A.2 CHIMP : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 56

A.3 LAM : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 58

1 In tro duction

The Message-Passing Interface or MPI is a library of functions and macros

that can b e used in C, FOR

TRAN, and C++ programs. As its name implies,

MPI is intended for use in programs that exploit the existence of multiple

pro cessors by message-passing.

MPI was develop ed in 1993{ 199 4 by a group of researchers from industry ,

government, and academia. As such, it is one of the �rst standards for

programming parallel pro cessors, and it is the �rst that is based on message-

passing.

This User’s Guide is a brief tutorial intro duction to some of the more

imp ortant features of MPI for C programmers. It is intended for use by

programmers who have some exp erience using C but little exp erience with

message-passing. It is based on parts of the b o ok [6], which is to b e published

by Morgan Kaufmann. F or comprehensive guides to MPI see [4], [5] and [2].

F or an extended, elemen tary intro duction, see [6].

Ac kno wledgmen ts. My thanks to nCUBE and the USF faculty devel-

opment fund for their supp ort of the work that went into the preparation

of this Guide. W ork on MPI was supp orted in part by the Adv anced Re-

search Pro jects Agency under contract numb er NSF-ASC-931033 0, adminis-

tered by the National Science F oundation’s Division of Adv anced Scienti�c

Computing. The author gratefully acknowledges use of the Argonne High-

Performance Computing Research F acilit y . The HPCRF is funded principally

by the U.S. Department of Energy O�ce of Scienti�c Computing.

Cop ying. This Guide may b e freely copied and redistributed provided

such copying and redistribution is not done for pro�t.

2 Greetings!

The �rst C program that most of us saw was the \Hello, world!" program in

Kernighan and Ritchie’s classic text, The C Pr o gr amming L anguage [3]. It

simply prints the message \Hello, world!" A v ariant that makes some use of

multiple pro cesses is to have each pro cess send a greeting to another pro cess.

In MPI, the pro cesses involved in the execution of a parallel program are

identi�ed by a sequence of non-negative integers. If there are p pro cesses

executing a program, they will have ranks 0, 1, : : : , p � 1. The following

program has each pro cess other than 0 send a message to pro cess 0, and

pro cess 0 prints out the messages it receiv ed.

#include <stdio.h>

#include "mpi.h"

main(int argc, char** argv) {

int my_rank; /* Rank of process */

int p; /* Number of processes */

int source; /* Rank of sender */

int dest; /* Rank of receiver */

int tag = 50; /* Tag for messages */

char message[100]; /* Storage for the message */

MPI_Status status; /* Return status for receive */

MPI_Init(&argc, &argv);

MPI_Comm_rank(MPI_COMM_WORLD, &my_rank);

MPI_Comm_size(MPI_COMM_WORLD, &p);

if (my_rank != 0) {

sprintf(message, "Greetings from process %d!",

my_rank);

dest = 0;

/* Use strlen(message)+1 to include ’\0’ */

MPI_Send(message, strlen(message)+1, MPI_CHAR, dest,

tag, MPI_COMM_WORLD);

} else { /* my_rank == 0 */

for (source = 1; source < p; source++) {

MPI_Recv(message, 100, MPI_CHAR, source, tag,

MPI_COMM_WORLD, &status);

printf("%s\n", message);

}

}

MPI_Finalize();

} /* main */

The details of compiling and executing this program dep end on the sys-

tem you’re using. So ask your lo cal guide how to compile and run a parallel

program that uses MPI. W e discuss the freely av ailable systems in an ap-

p endix.

When the program is compiled and run with two pro cesses, the output

should b e

Greetings from process 1!

If it’s run with four pro cesses, the output should b e

Greetings from process 1!

Greetings from process 2!

Greetings from process 3!

Although the details of what happ ens when the program is executed v ary

from machine to machine, the essentials are the same on all machines, pro-

vided we run one pro cess on each pro cessor.

1. The user issues a directiv e to the op erating system which has the e�ect

of placing a copy of the executable program on each pro cessor.

2. Each pro cessor b egins execution of its copy of the executable.

3. Di�erent pro cesses can execute di�erent statements by branching within

the program. Typically the branching will b e based on pro cess ranks.

So the Greetings program uses the Single Pr o gr am Multiple Data or SPMD

paradigm. That is, we obtain the e�e ct of di�erent programs running on

di�erent pro cessors by taking branches within a single program on the basis

of pro cess rank: the statements executed by pro cess 0 are di�erent from those executed by the other pro cesses, even though all pro cesses are running the

same program. This is the most commonly used metho d for writing MIMD

programs, and we’ll use it exclusively in this Guide.

2.1 General MPI Programs

Every MPI program must contain the prepro cessor directiv e

#include "mpi.h"

This �le, mpi.h, contains the de�nitions, macros and function prototyp es

necessary for compiling an MPI program.

Before any other MPI functions can b e called, the function MPI Init must

b e called, and it should only b e called once. Its arguments are p ointers to

the main function’s parameters | argc and argv. It allows systems to do any

sp ecial set-up so that the MPI library can b e used. After a program has

�nished using the MPI library

, it must call MPI Finalize. This cleans up any

\un�nished business" left by MPI | e.g., p ending receives that were never

completed. So a typical MPI program has the following layout.

.

.

.

#include "mpi.h"

.

.

.

main(int argc, char** argv) {

.

.

.

/* No MPI functions called before this */

MPI_Init(&argc, &argv);

.

.

.

MPI_Finalize();

/* No MPI functions called after this */

.

.

.

} /* main */

.

.

.

2.2 Finding Out Ab out the Rest of the W orld

MPI provides the function MPI Comm rank, which returns the rank of a

pro cess in its second argument. Its syntax is

int MPI_Comm_rank(MPI_Comm comm, int rank)

The �rst argument is a c ommunic ator. Essentially a communicator is a collec-

tion of pro cesses that can send messages to each other. F or basic programs,

the only communicator needed is MPI COMM WORLD. It is prede�ned in

MPI and consists of all the pro cesses running when program execution b e-

gins.

Many of the constructs in our programs also dep end on the numb er of pro-

cesses executing the program. So MPI provides the function MPI Comm size

for determining this. Its �rst argument is a communicator. It returns the

numb er of pro cesses in a communicator in its second argument. Its syntax is

int MPI_Comm_size(MPI_Comm comm, int size)

2.3 Message: Data + En v elop e

The actual message-passing in our program is carried out by the MPI func-

tions MPI Send and MPI Recv. The �rst command sends a message to a des-

ignated pro cess. The second receives a message from a pro cess. These are

the most basic message-passing commands in MPI. In order for the message

to b e successfully communicated the system must app end some information

to the data that the application program wishes to transmit. This addi-

tional information forms the envel op e of the message. In MPI it contains the

following information.

1. The rank of the receiver.

2. The rank of the sender.

3. A tag.

4. A communicator.

These items can b e used by the receiver to distinguish among incoming mes-

sages. The sour c e argument can b e used to distinguish messages received from di�erent pro cesses. The tag is a user-sp eci�ed int that can b e used to

distinguish messages receiv ed from a single pro cess. F or example, supp ose

pro cess A is sending two messages to pro cess B ; b oth messages contain a

single oat. One of the oats is to b e used in a calculation, while the other

is to b e printed. In order to determine which is which, A can use di�erent

tags for the two messages. If B uses the same two tags in the corresp ond-

ing receiv es, when it receiv es the messages, it will \know" what to do with

them. MPI guarantees that the integers 0{3276 7 can b e used as tags. Most

implementations allow much larger v alues.

As we noted ab ove, a communicator is basically a collection of pro cesses

that can send messages to each other. When two pro cesses are communi-

cating using MPI Send and MPI Receive, its imp ortance arises when separate

mo dules of a program have b een written indep endently of each other. F or

example, supp ose we wish to solve a system of di�erential equations, and, in

the course of solving the system, we need to solve a system of linear equa-

tions. Rather than writing the linear system solver from scratch, we might

want to use a libr ary of functions for solving linear systems that was written

by someone else and that has b een highly optimized for the system we’re

using. How do we avoid confusing the messages we send from pro cess A to

pro cess B with those sent by the library functions? Before the advent of

communicators, we would probably have to partition the set of v alid tags,

setting aside some of them for exclusiv e use by the library functions. This is

tedious and it will cause problems if we try to run our program on another

system: the other system’s linear solver may not (probably won’t) require

the same set of tags. With the advent of communicators, we simply create

a communicator that can b e used exclusiv ely by the linear solver, and pass

it as an argument in calls to the solver. W e’ll discuss the details of this

later. F or now, we can get away with using the prede�ned communicator

MPI COMM WORLD. It consists of all the pro cesses running the program

when execution b egins.

2.4 MPI Send and MPI Receiv e

T o summarize, let’s detail the syntax of MPI Send and MPI Receive.

int MPI_Send(void* message, int count,

MPI_Datatype datatype, int dest, int tag,

MPI_Comm comm)

int MPI_Recv(void* message, int count,

MPI_Datatype datatype, int source, int tag,

MPI_Comm comm, MPI_Status* status)

Like most functions in the standard C library most MPI functions return an

integer error co de. However, like most C programmers, we will ignore these

return v alues in most cases.

The contents of the message are stored in a blo ck of memory referenced by

the argument message. The next two arguments, count and datatyp e, allow

the system to identify the end of the message: it contains a sequence of count

v alues, each having MPI typ e datatyp e. This typ e is not a C typ e, although

most of the prede�ned typ es corresp ond to C typ es. The prede�ned MPI

typ es and the corresp onding C typ es (if they exist) are listed in the following

table.

MPI datatyp e C datatyp e

MPI CHAR signed char

MPI SHORT signed short int

MPI INT signed int

MPI LONG signed long int

MPI UNSIGNED CHAR unsigned char

MPI UNSIGNED SHORT unsigned short int

MPI UNSIGNED unsigned int

MPI UNSIGNED LONG unsigned long int

MPI FLOA

T oat

MPI DOUBLE double

MPI LONG DOUBLE long double

MPI BYTE

MPI P

ACKED

The last two typ es, MPI BYTE and MPI P

ACKED, don’t corresp ond to stan-

dard C typ es. The MPI BYTE typ e can b e used if you wish to force the

system to p erform no conversion b etween di�erent data representations (e.g.,

on a heterogeneous network of workstations using di�erent representations

of data). W e’ll discuss the typ e MPI P

ACKED later.

Note that the amount of space allo cated for the receiving bu�er do es not

have to match the exact amount of space in the message b eing received. F or example, when our program is run, the size of the message that pro cess 1

sends, strlen(message)+1, is 28 chars, but pro cess 0 receives the message in

a bu�er that has storage for 100 characters. This makes sense. In general,

the receiving pro cess may not know the exact size of the message b eing sent.

So MPI allows a message to b e received as long as there is su�cient storage

allo cated. If there isn’t su�cient storage, an over ow error o ccurs [4].

The arguments dest and source are, resp ectively

, the ranks of the receiving

and the sending pro cesses. MPI allows source to b e a \wildcard." There is

a prede�ned constant MPI ANY SOURCE that can b e used if a pro cess is

ready to receive a message from any sending pro cess rather than a particular

sending pro cess. There is not a wildcard for dest.

As we noted earlier, MPI has two mechanisms sp eci�cally designed for

\partitioning the message space:" tags and communicators. The arguments

tag and comm are, resp ectively

, the tag and communicator. The tag is an

int, and, for now, our only communicator is MPI COMM WORLD, which,

as we noted earlier is prede�ned on all MPI systems and consists of all the

pro cesses running when execution of the program b egins. There is a wildcard,

MPI ANY T

AG, that MPI Recv can use for the tag. There is no wildcard for

the communicator. In other words, in order for pro cess A to send a message

to pro cess B ; the argument comm that A uses in MPI Send must b e identical

to the argument that B uses in MPI Recv.

The last argument of MPI Recv, status, returns information on the data

that was actually received. It references a record with with two �elds | one

for the source and one for the tag. So if, for example, the sour c e of the receive

was MPI ANY SOURCE, then status will contain the rank of the pro cess that

sent the message.

3 An Application

Now that we know how to send messages with MPI, let’s write a program

that uses message-passing to calculate a de�nite integral with the trap ezoid

rule.

3.1 Serial progra m

Recall that the trap ezoid rule estimates

R

b

a f (x)dx by dividing the interv al

[a; b] into n segments of equal and calculating the following sum.

h[f (x

0

)=2 + f (x

n

)=2 + n�1

X

i=1 f (x

i

)]:

Here, h = (b � a)=n; and x

i

= a + ih; i = 0; : : : ; n.

By putting f (x) into a subprogram, we can write a serial program for

calculating an integral using the trap ezoid rule.

/* Calculate a definite integral using the trapezoid rule.

* The function f(x) is hardwired.

* Input: a, b, n.

* Output: estimate of integral from a to b of f(x).

*/

#include <stdio.h>

float f(float x) {

float return_val;

/* Calculate f(x). Store calculation in return_val. */

.

.

.

return return_val;

} /* f */

main() {

float integral; /* Store result in integral */

float a, b; /* Left and right endpoints */ int n; /* Number of trapezoids */

float h; /* Trapezoid base width */

float x;

int i;

printf("Enter a, b, and n\n");

scanf("%f %f %d", &a, &b, &n);

h = (b-a)/n;

integral = (f(a) + f(b))/2.0;

x = a;

for (i = 1; i <= n-1; i++) {

x += h;

integral += f(x);

}

integral *= h;

printf("With n = %d trapezoids, our estimate\n",

n);

printf("of the integral from %f to %f = %f\n",

a, b, integral);

} /* main */

3.2 P arallelizing the T rap ezoid Rule

One approach to parallelizing this program is to simply split the interv al [a; b]

up among the pro cesses, and each pro cess can estimate the integral of f (x)

over its subinterv al. In order to estimate the total integral, the pro cesses’

lo cal calculations are added.

Supp ose there are p pro cesses and n trap ezoids, and, in order to simplify

the discussion, also supp ose that n is evenly divisible by p. Then it is natural

for the �rst pro cess to calculate the area of the �rst n=p trap ezoids, the second

pro cess to calculate the area of the next n=p; etc. So pro cess q will estimate

the integral over the interv al

[a + q nh

p

; a + (q + 1) nh

p

]

Thus each pro cess needs the following information.

� The numb er of pro cesses, p:

� Its rank.

� The entire interv al of integration, [a; b]:

� The numb er of subinterv als, n:

Recall that the �rst two items can b e found by calling the MPI functions

MPI Comm size and MPI Comm rank. The latter two items should probably

b e input by the user. But this can raise some di�cult problems. So for

our �rst attempt at calculating the integral, let’s \hardwire" these v alues by

simply setting their v alues with assignment statements.

A straightforward approach to summing the pro cesses’ individual calcu-

lations is to have each pro cess send its lo c al calculation to pro cess 0 and have

pro cess 0 do the �nal addition.

With these assumptions we can write a parallel trap ezoid rule program.

/* Parallel Trapezoid Rule

*

* Input: None.

* Output: Estimate of the integral from a to b of f(x)

* using the trapezoid rule and n trapezoids.

*

* Algorithm:

* 1. Each process calculates its interval of

* integration.

* 2. Each process estimates the integral of f(x)

* over its interval using the trapezoid rule.

* 3a. Each process != 0 sends its integral to 0.

* 3b. Process 0 sums the calculations received from

* the individual processes and prints the result.

*

* Note: f(x), a, b, and n are all hardwired.

*/

#include <stdio.h>

/* We’ll be using MPI routines, definitions, etc. */

#include "mpi.h"

float f(float x) {

float return_val;

/* Calculate f(x). Store calculation in return_val. */

.

.

.

return return_val;

}

float Trap(float local_a, float local_b, int local_n, float h) {

float integral; /* Store result in integral */

float x;

int i;

integral = (f(local_a) + f(local_b))/2.0;

x = local_a;

for (i = 1; i <= local_n-1; i++) {

x += h;

integral += f(x);

}

integral *= h;

return integral;

} /* Trap */

main(int argc, char** argv) {

int my_rank; /* My process rank */

int p; /* The number of processes */

float a = 0.0; /* Left endpoint */

float b = 1.0; /* Right endpoint */

int n = 1024; /* Number of trapezoids */

float h; /* Trapezoid base length */

float local_a; /* Left endpoint for my process */

float local_b; /* Right endpoint my process */

int local_n; /* Number of trapezoids for my

calculation */

float integral; /* Integral over my interval */ float total; /* Total integral */

int source; /* Process sending integral */

int dest = 0; /* All messages go to 0 */

int tag = 50;

MPI_Status status;

/* Let the system do what it needs to start up MPI */

MPI_Init(&argc, &argv);

/* Get my process rank */

MPI_Comm_rank(MPI_COMM_WORLD, &my_rank);

/* Find out how many processes are being used */

MPI_Comm_size(MPI_COMM_WORLD, &p);

h = (b-a)/n; /* h is the same for all processes */

local_n = n/p; /* So is the number of trapezoids */

/* Length of each process’ interval of

* integration = local_n*h. So my interval

* starts at: */

local_a = a + my_rank*local_n*h;

local_b = local_a + local_n*h;

integral = Trap(local_a, local_b, local_n, h);

/* Add up the integrals calculated by each process */

if (my_rank == 0) {

total = integral;

for (source = 1; source < p; source++) {

MPI_Recv(&integral, 1, MPI_FLOAT, source, tag,

MPI_COMM_WORLD, &status);

total += integral;

}

} else {

MPI_Send(&integral, 1, MPI_FLOAT, dest,

tag, MPI_COMM_WORLD);

}

/* Print the result */

if (my_rank == 0) {

printf("With n = %d trapezoids, our estimate\n",

n);

printf("of the integral from %f to %f = %f\n",

a, b, total);

}

/* Shut down MPI */

MPI_Finalize();

} /* main */

Observe that this program also uses the SPMD paradigm. Even though

pro cess 0 executes an essentially di�erent set of commands from the remain-

ing pro cesses, it still runs the same program. The di�erent commands are

executed by branching based on the pro cess rank.

3.3 I/O on P arallel Pro cessors

One obvious problem with our program is its lack of generality: the data,

a; b; and n; are hardwired. The user should b e able to enter these v alues

during execution. Let’s lo ok more carefully at the problem of I/O on parallel

machines.

In our greetings and trap ezoid programs we assumed that pro cess 0 could

write to standard output (the terminal screen). Most parallel pro cessors

provide this much I/O. In fact, most parallel pro cessors allow all pro cessors

to b oth read from standard input and write to standard output. However

di�culties arise when several pro cesses are simultaneously trying to execute

I/O functions. In order to understand this, let’s lo ok at an example.

Supp ose we mo dify the trap ezoid program so that each pro cess attempts

to read the v alues a; b; and n by adding the statement

scanf("%f %f %d", &a, &b, &n);

Supp ose also that we run the program with two pro cesses and the user typ es

in

0 1 1024

What happ ens? Do b oth pro cesses get the data? Do es only one? Or, even

worse, do es (say) pro cess 0 get the 0 and 1, while pro cess 1 gets the 1024?

If all the pro cesses get the data, what happ ens when we write a program,

where we want pro cess 0 to read the �rst input v alue, pro cess 1 to read the

second, etc? If only one pro cess gets the data, what happ ens to the others?

Is it even reasonable to have multiple pro cesses reading data from a single

terminal?

On the other hand, what happ ens if several pro cesses attempt to simul-

taneously write data to the terminal screen. Do es the data from pro cess 0

get printed �rst, then the data from pro cess 1, etc? Or do es the data app ear

in some random order? Or, even worse, do es the data from the di�erent

pro cesses get all mixed up | say

, half a line from 0, two characters from 1,

3 characters from 0, two lines from 2, etc?

The standard I/O commands av ailable in C (and most other languages)

don’t provide simple solutions to these problems, and I/O continues to b e

the sub ject of considerable research in the parallel pro cessing community

. So

let’s lo ok at some not so simple solutions to these problems.

Thus far, we have assumed that pro cess 0 can at least write to standard

output. W e will also assume that it can read from standard input. In most

cases, we will only assume that pro cess 0 can do I/O. It should b e noted that

this is a very we ak assumption, since, as we noted most parallel machines

allow multiple pro cesses to carry out I/O.

�

Y ou might want to ask your lo cal

exp ert whether there are any restrictions on which pro cesses can do I/O.

If only pro cess 0 can do I/O, then we need for pro cess 0 to send the user

input to the other pro cesses. This is readily accomplished with a short I/O

function that uses MPI Send and MPI Recv.

/* Function Get_data

* Reads in the user input a, b, and N.

* Input parameters:

* 1. int my_rank: rank of current process.

* 2. int p: number of processes.

* Output parameters:

* 1. float* a_ptr: pointer to left endpoint a.

* 2. float* b_ptr: pointer to right endpoint b.

�

The MPI function MPI Attr get can determine the rank of a pro cess that can carry

out the usual I/O functions. See [4].

* 3. int* n_ptr: pointer to number of trapezoids.

* Algorithm:

* 1. Process 0 prompts user for input and

* reads in the values.

* 2. Process 0 sends input values to other

* processes.

*/

void Get_data(int my_rank, int p, float* a_ptr,

float* b_ptr, int* n_ptr) {

int source = 0; /* All local variables used by */

int dest; /* MPI_Send and MPI_Recv */

int tag;

MPI_Status status;

if (my_rank == 0){

printf("Enter a, b, and n\n");

scanf("%f %f %d", a_ptr, b_ptr, n_ptr);

for (dest = 1; dest < p; dest++){

tag = 30;

MPI_Send(a_ptr, 1, MPI_FLOAT, dest, tag,

MPI_COMM_WORLD);

tag = 31;

MPI_Send(b_ptr, 1, MPI_FLOAT, dest, tag,

MPI_COMM_WORLD);

tag = 32;

MPI_Send(n_ptr, 1, MPI_INT, dest, tag,

MPI_COMM_WORLD);

}

} else {

tag = 30;

MPI_Recv(a_ptr, 1, MPI_FLOAT, source, tag,

MPI_COMM_WORLD, &status);

tag = 31;

MPI_Recv(b_ptr, 1, MPI_FLOAT, source, tag,

MPI_COMM_WORLD, &status);

tag = 32;

MPI_Recv(n_ptr, 1, MPI_INT, source, tag,

MPI_COMM_WORLD, &status);

}

} /* Get_data */

4 Collectiv e Comm unication

There are probably a few things in the trap ezoid rule program that we can

improve on. F or example, there is the I/O issue. There are also a couple

of problems we haven’t discussed yet. Let’s lo ok at what happ ens when the

program is run with eight pro cesses.

All the pro cesses b egin executing the program (more or less) simultane-

ously

. However, after carrying out the basic set-up tasks (calls to MPI Init,

MPI Comm size, and MPI Comm rank), pro cesses 1{7 are idle while pro cess

0 collects the input data. W e don’t want to have idle pro cesses, but in view

of our restrictions on which pro cesses can read input, there isn’t much we

can do ab out this. However, after pro cess 0 has collected the input data, the

higher rank pro cesses must continue to wait while 0 sends the input data to

the lower rank pro cesses. This isn’t just an I/O issue. Notice that there is

a similar ine�ciency at the end of the program, when pro cess 0 do es all the

work of collecting and adding the lo cal integrals.

Of course, this is highly undesirable: the main p oint of parallel pro cessing

is to get multiple pro cesses to collab orate on solving a problem. If one of

the pro cesses is doing most of the work, we might as well use a conventional,

single-pro cessor machine.

4.1 T ree-Structured Comm unication

Let’s try to improve our co de. W e’ll b egin by fo cussing on the distribution

of the input data. How can we divide the work more evenly among the

pro cesses? A natural solution is to imagine that we have a tree of pro cesses,

with 0 at the ro ot.

During the �rst stage of the data distribution, 0 sends the data to (say)

4. During the next stage, 0 sends the data to 2, while 4 sends it to 6. During

the last stage, 0 sends to 1, while 2 sends to 3, 4 sends to 5, and 6 sends to

7. (See �gure 4.1.) So we have reduced our input distribution lo op from

7 stages to 3 stages. More generally

, if we have p pro cesses, this pro cedure

allows us to distribute the input data in dlog

2

(p)e y

stages, rather than p � 1

stages, which, if p is large, is a huge savings.

y

The notation dxe denotes the smallest whole numb er greater than or equal to x.