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Principles of Message-P assing Programming

� The logical view of a machine suppor ting the message-passing
par adigm consists of p processes, each with its own exclusiv e
addr ess space.

� Each data element must belong to one of the par titions of the
space; hence, data must be explicitly par titioned and placed.

� All interactions (read-only or read/wr ite) requir e cooper ation of
two processes – the process that has the data and the process
that wants to access the data.

� These two constr aints , while oner ous, make under lying costs
very explicit to the progr ammer .
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Principles of Message-P assing Programming

� Message-passing progr ams are often written using the
asynchr onous or loosely synchronous par adigms .

� In the asynchr onous par adigm, all concurr ent tasks execute
asynchr onously.

� In the loosely synchronous model, tasks or subsets of
tasks synchronize to perf orm interactions . Betw een these
interactions , tasks execute completely asynchr onously.

� Most message-passing progr ams are written using the single
progr am multiple data (SPMD) model.
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The Building Bloc ks: Send and Receiv e Opera tions

� The prototypes of these oper ations are as follows:

send(void *sendbuf, int nelems, int dest)
receive(void *recvbuf, int nelems, int source)

� Consider the following code segments:

P0 P1

a = 100; receive(&a, 1, 0)
send(&a, 1, 1); printf("%d\n", a);
a = 0;

� The semantics of the send oper ation requir e that the value
receiv ed by process P1 must be 100 as opposed to 0.

� Thismotiv ates the design of the send and receiv e protocols .
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Non-Buf fered Bloc king Message Passing Opera tions

� A simple method for forcing send/r eceiv e semantics is for the
send oper ation to retur n only when it is safe to do so.

� In the non-buf fered bloc king send, the oper ation does not
retur n until the matching receiv e has been encounter ed at the
receiving process .

� Idling and deadloc ks are major issues with non-buf fered
bloc king sends.

� In buf fered bloc king sends, the sender simply copies the data
into the designated buf fer and retur ns after the cop y oper ation
has been completed. The data is copied at a buf fer at the
receiving end as well.

� Buffering alle viates idling at the expense of cop ying overheads .
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Non-Buf fered Bloc king Message Passing Opera tions
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Handshak e for a bloc king non-buf fered send/r eceiv e oper ation.
It is easy to see that in cases where sender and receiv er do not

reach comm unication point at similar times , ther e can be
consider a ble idling overheads .

– Typeset by FoilTEX – 6



Buffered Bloc king Message Passing Opera tions

� A simple solution to the idling and deadloc king problem
outlined a bo ve isto rely on buf fersat the sending and receiving
ends .

� The sender simply copies the data into the designated buf fer
and retur ns after the cop y oper ation has been completed.

� The data must be buf fered at the receiving end as well.

� Buffering trades off idling overhead for buf fer cop ying
overhead.
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Buffered Bloc king Message Passing Opera tions
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and (b) in the a bsence of comm unication har dw are, sender
interrupts receiv er and deposits data in buf fer at receiv er end.
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Buffered Bloc king Message Passing Opera tions

Bounded buf fer sizescan hav e signi�cant impact on
perf ormance.

P0 P1

for (i = 0; i < 1000; i++) { for (i = 0; i < 1000; i++) {
produce_data(&a); receive(&a, 1, 0);
send(&a, 1, 1); consume_data(&a);

} }

What if consumer was much slower than producer?
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Buffered Bloc king Message Passing Opera tions

Deadloc ks are still possible with buf fering since receiv e
oper ations bloc k.

P0 P1

receive(&a, 1, 1); receive(&a, 1, 0);
send(&b, 1, 1); send(&b, 1, 0);
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Non-Bloc king Message Passing Opera tions

� The progr ammer must ensure semantics of the send and
receiv e.

� This class of non-bloc king protocols retur ns from the send or
receiv e oper ation bef ore it is semantically safe to do so.

� Non-bloc king oper ations are gener ally accompanied by a
check-status oper ation.

� When used corr ectly , these pr imitives are ca pa ble of
overlapping comm unication overheads with useful computations .

� Message passing librar ies typically provide both bloc king and
non-bloc king pr imitives.
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Non-Bloc king Message Passing Opera tions
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Send and Receiv e Protocols

Non-Buffered
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Space of possible protocols for send and receiv e oper ations .
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MPI: the Message Passing Interface

� MPI de�nes a standar d librar y for message-passing that can
be used to de velop por ta ble message-passing progr ams using
either C or Fortran.

� The MPI standar d de�nes both the syntax as well as the
semantics of a cor e set of librar y routines .

� Vendor implementations of MPI are av aila ble on almost all
commer cial par allel computer s.

� It ispossible to write fully-functional message-passing progr ams
by using only the six routines .
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MPI: the Message Passing Interface

The minim al set of MPI routines .

MPI_Init Initializes MPI.
MPI_Finalize Terminates MPI.
MPI_Comm_size Deter mines the number of processes .
MPI_Comm_rank Deter mines the label of the calling process .
MPI_Send Sends a message.
MPI_Recv Receiv es a message.
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Starting and Termina ting the MPI Library

� MPI_Init is called pr ior to an y calls to other MPI routines . Its
pur pose is to initialize the MPI environment.

� MPI_Finalize is called at the end of the computation,
and it perf orms var ious clean-up tasks to ter minate the MPI
environment.

� The prototypes of these two functions are:

int MPI_Init(int *argc, char ***argv)
int MPI_Finalize()

� MPI_Init also strips off an y MPI related comm and-line
arguments .

� All MPI routines , data-types , and constants are pre�xed
by “ MPI_”. The retur n code for successful completion is
MPI_SUCCESS.
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Comm unica tors

� A comm unicator de�nes a comm unication dom ain – a set of
processes that are allo wed to comm unicate with each other .

� Information a bout comm unication dom ains is stored in
var iables of type MPI_Comm.

� Comm unicator s are used as arguments to all message transfer
MPI routines .

� A process can belong to man y different (possibly overlapping)
comm unication dom ains.

� MPI de�nes a def ault comm unicator called MPI_COMM_WORLD
which includes all the processes.
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Quer ying Informa tion

� The MPI_Comm_size and MPI_Comm_rank functions are used to
deter mine the number of processes and the label of the calling
process , respectiv ely.

� The calling sequences of these routines are as follows:

int MPI_Comm_size(MPI_Comm comm, int *size)
int MPI_Comm_rank(MPI_Comm comm, int *rank)

� The rank of a process is an integer that ranges from zero up to
the size of the comm unicator minus one.
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Our First MPI Program

#include <mpi.h>

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

int npes, myrank;

MPI_Init(&argc, &argv);
MPI_Comm_size(MPI_COMM_WORLD,&npes);
MPI_Comm_rank(MPI_COMM_WORLD,&myrank);
printf("From process %d out of %d, Hello World!\n",

myrank, npes);
MPI_Finalize();

}
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Sending and Receiving Messages

� The basic functions for sending and receiving messages in MPI
are the MPI_Send and MPI_Recv , respectiv ely.

� The calling sequences of these routines are as follows:

int MPI_Send(void *buf, int count, MPI_Datatype datatype,
int dest, int tag, MPI_Commcomm)

int MPI_Recv(void *buf, int count, MPI_Datatype datatype,
int source, int tag, MPI_Commcomm, MPI_Status *status)

� MPI provides equiv alent datatypes for all C datatypes . This is
done for por ta bility reasons .

� The datatype MPI_BYTE corr esponds to a byte (8 bits) and
MPI_PACKEDcorr esponds to a collection of data items that has
been created by pac king non-contiguous data.

� The message- tag can tak e values ranging from zero up to the
MPI de�ned constant MPI_TAG_UB.
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MPI Data types

MPI Datatype C Datatype
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_FLOAT float
MPI_DOUBLE double
MPI_LONG_DOUBLE long double
MPI_BYTE
MPI_PACKED
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Sending and Receiving Messages

� MPI allo ws speci�cation of wildcar d arguments for both source
and tag .

� If source is set to MPI_ANY_SOURCE, then an y process of the
comm unication dom ain can be the source of the message.

� If tag is set to MPI_ANY_TAG, then messages with an y tag are
accepted.

� On the receiv e side, the message must be of length equal to
or less than the length �eld speci�ed.
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Sending and Receiving Messages

� On the receiving end, the status var iable can be used to get
information a bout the MPI_Recv oper ation.

� The corr esponding data structur e contains:

typedef struct MPI_Status {
int MPI_SOURCE;
int MPI_TAG;
int MPI_ERROR;

};

� The MPI_Get_count function retur ns the precise count of data
items receiv ed.

int MPI_Get_count(MPI_Status *status, MPI_Datatype datatype,
int *count)
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Avoiding Deadloc ks

Consider:

int a[10], b[10], myrank;
MPI_Status status;
...
MPI_Comm_rank(MPI_COMM_WORLD,&myrank);
if (myrank == 0) {

MPI_Send(a, 10, MPI_INT, 1, 1, MPI_COMM_WORLD);
MPI_Send(b, 10, MPI_INT, 1, 2, MPI_COMM_WORLD);

}
else if (myrank == 1) {

MPI_Recv(b, 10, MPI_INT, 0, 2, MPI_COMM_WORLD);
MPI_Recv(a, 10, MPI_INT, 0, 1, MPI_COMM_WORLD);

}
...

If MPI_Send is bloc king, ther e is a deadloc k.
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Avoiding Deadloc ks

Consider the following piece of code, in which process i sends a
message to process i + 1 (modulo the number of processes) and

receiv es a message from process i � 1 (module the number of
processes).

int a[10], b[10], npes, myrank;
MPI_Status status;
...
MPI_Comm_size(MPI_COMM_WORLD,&npes);
MPI_Comm_rank(MPI_COMM_WORLD,&myrank);
MPI_Send(a, 10, MPI_INT, (myrank+1)%npes, 1, MPI_COMM_WORLD);
MPI_Recv(b, 10, MPI_INT, (myrank-1+npes)%npes, 1, MPI_COMM_WORLD);
...

Once ag ain, we hav e a deadloc k if MPI_Send is bloc king.
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Avoiding Deadloc ks

We can break the circular wait to av oid deadloc ks as follows:

int a[10], b[10], npes, myrank;
MPI_Status status;
...
MPI_Comm_size(MPI_COMM_WORLD,&npes);
MPI_Comm_rank(MPI_COMM_WORLD,&myrank);
if (myrank%2 == 1) {

MPI_Send(a, 10, MPI_INT, (myrank+1)%npes, 1, MPI_COMM_WORLD);
MPI_Recv(b, 10, MPI_INT, (myrank-1+npes)%npes, 1, MPI_COMM_WORLD);

}
else {

MPI_Recv(b, 10, MPI_INT, (myrank-1+npes)%npes, 1, MPI_COMM_WORLD);
MPI_Send(a, 10, MPI_INT, (myrank+1)%npes, 1, MPI_COMM_WORLD);

}
...
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Sending and Receiving Messages Simultaneously

To exchange messages , MPI provides the following function:

int MPI_Sendrecv(void *sendbuf, int sendcount,
MPI_Datatype senddatatype, int dest, int sendtag,
void *recvbuf, int recvcount, MPI_Datatype recvdatatype,
int source, int recvtag, MPI_Commcomm,
MPI_Status *status)

The arguments include arguments to the send and receiv e
functions . If we wish to use the same buf fer for both send and

receiv e, we can use:

int MPI_Sendrecv_replace(void *buf, int count,
MPI_Datatype datatype, int dest, int sendtag,
int source, int recvtag, MPI_Commcomm,
MPI_Status *status)
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Topolog ies and Embeddings

� MPI allo ws a progr ammer to organize processor s into logical k-
d meshes .

� The processor ids in MPI_COMM_WORLDcan be ma pped to other
comm unicator s (corr esponding to higher -dimensional meshes)
in man y ways.

� The goodness of an y such ma pping is deter mined by the
interaction patter n of the under lying progr am and the
topology of the machine.

� MPI does not provide the progr ammer an y contr ol over these
ma ppings .

– Typeset by FoilTEX – 28



Topolog ies and Embeddings
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Crea ting and Using Car tesian Topolog ies

� We can create car tesian topologies using the function:

int MPI_Cart_create(MPI_Comm comm_old, int ndims, int *dims,
int *periods, int reorder, MPI_Comm*comm_cart)

Thisfunction tak es the processes in the old comm unicator and
creates a new comm unicator with dims dimensions .

� Each processor can now be identi�ed in this new car tesian
topology by a vector of dimension dims .
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Crea ting and Using Car tesian Topolog ies

� Since sending and receiving messages still requir e (one-
dimensional) ranks, MPI provides routines to con vert ranks to
car tesian coor dinates and vice-v ersa.

int MPI_Cart_coord(MPI_Comm comm_cart, int rank, int maxdims,
int *coords)

int MPI_Cart_rank(MPI_Comm comm_cart, int *coords, int *rank)

� The most common oper ation on car tesian topologies is a shift.
To deter mine the rank of source and destination of such shifts,
MPI provides the following function:

int MPI_Cart_shift(MPI_Comm comm_cart, int dir, int s_step,
int *rank_source, int *rank_dest)
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Overla pping Comm unica tion with Computa tion

� In order to overlap comm unication with computation, MPI
provides a pair of functions for perf orming non-bloc king send
and receiv e oper ations .

int MPI_Isend(void *buf, int count, MPI_Datatype datatype,
int dest, int tag, MPI_Commcomm, MPI_Request *request)

int MPI_Irecv(void *buf, int count, MPI_Datatype datatype,
int source, int tag, MPI_Commcomm, MPI_Request *request)

� These oper ations retur n bef ore the oper ations hav e been
completed. Function MPI_Test tests whether or not the non-
bloc king send or receiv e oper ation identi�ed by its request
has �nished.

int MPI_Test(MPI_Request *request, int *flag, MPI_Status *status)

� MPI_Wait waits for the oper ation to complete.

int MPI_Wait(MPI_Request *request, MPI_Status *status)
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Avoiding Deadloc ks

Using non-bloc king oper ations remo ve most deadloc ks.
Consider:

int a[10], b[10], myrank;
MPI_Status status;
...
MPI_Comm_rank(MPI_COMM_WORLD,&myrank);
if (myrank == 0) {

MPI_Send(a, 10, MPI_INT, 1, 1, MPI_COMM_WORLD);
MPI_Send(b, 10, MPI_INT, 1, 2, MPI_COMM_WORLD);

}
else if (myrank == 1) {

MPI_Recv(b, 10, MPI_INT, 0, 2, &status, MPI_COMM_WORLD);
MPI_Recv(a, 10, MPI_INT, 0, 1, &status, MPI_COMM_WORLD);

}
...

Replacing either the send or the receiv e oper ations with
non-bloc king counter par ts �xes this deadloc k.
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Collectiv e Comm unica tion and Computa tion
Opera tions

� MPI provides an extensiv e set of functions for perf orming
common collectiv e comm unication oper ations .

� Each of these oper ations isde�ned over a group corr esponding
to the comm unicator .

� All processor s in a comm unicator must call these oper ations .
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Collectiv e Comm unica tion Opera tions

� The barr ier synchronization oper ation isperf ormed in MPI using:

int MPI_Barrier(MPI_Comm comm)

The one-to-all broadcast oper ation is:

int MPI_Bcast(void *buf, int count, MPI_Datatype datatype,
int source, MPI_Commcomm)

� The all-to-one reduction oper ation is:

int MPI_Reduce(void *sendbuf, void *recvbuf, int count,
MPI_Datatype datatype, MPI_Op op, int target,
MPI_Commcomm)
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Prede�ned Reduction Opera tions

Oper ation Meaning Datatypes
MPI_MAX Maxim um C integer s and �oating point
MPI_MIN Minim um C integer s and �oating point
MPI_SUM Sum C integer s and �oating point
MPI_PROD Product C integer s and �oating point
MPI_LAND Logical AND C integer s
MPI_BAND Bit-wise AND C integer s and byte
MPI_LOR Logical OR C integer s
MPI_BOR Bit-wise OR C integer s and byte
MPI_LXOR Logical XOR C integer s
MPI_BXOR Bit-wise XOR C integer s and byte
MPI_MAXLOC max-min value-location Data-pair s
MPI_MINLOC min-min value-location Data-pair s
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Collectiv e Comm unica tion Opera tions

� The oper ation MPI_MAXLOCcombines pair s of values (vi ; l i ) and
retur ns the pair (v; l) such that v is the maxim um among all vi ' s
and l is the corr esponding l i (if ther e are mor e than one, it is
the smallest among all these l i ' s).

� MPI_MINLOCdoes the same, except for minim um value of vi .

Value

Process 0 1 2 3 4 5

111712111715

MinLoc(Value, Process) = (11, 2)

MaxLoc(Value, Process) = (17, 1)

An example use of the MPI MINLOCand MPI MAXLOCoper ator s.
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Collectiv e Comm unica tion Opera tions

MPI datatypes for data-pair s used with the MPI MAXLOCand MPI MINLOC
reduction oper ations .

MPI Datatype C Datatype
MPI_2INT pair of int s
MPI_SHORT_INT short and int
MPI_LONG_INT long and int
MPI_LONG_DOUBLE_INT long double and int
MPI_FLOAT_INT float and int
MPI_DOUBLE_INT double and int
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Collectiv e Comm unica tion Opera tions

� If the result of the reduction oper ation is needed by all
processes, MPI provides:

int MPI_Allreduce(void *sendbuf, void *recvbuf, int count,
MPI_Datatype datatype, MPI_Op op, MPI_Commcomm)

� To compute pre�x-sums , MPI provides:

int MPI_Scan(void *sendbuf, void *recvbuf, int count,
MPI_Datatype datatype, MPI_Op op, MPI_Commcomm)
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Collectiv e Comm unica tion Opera tions

� The gather oper ation is perf ormed in MPI using:

int MPI_Gather(void *sendbuf, int sendcount,
MPI_Datatype senddatatype, void *recvbuf, int recvcount,
MPI_Datatype recvdatatype, int target, MPI_Commcomm)

� MPI also provides the MPI_Allgather function in which the
data are gather ed at all the processes.

int MPI_Allgather(void *sendbuf, int sendcount,
MPI_Datatype senddatatype, void *recvbuf, int recvcount,
MPI_Datatype recvdatatype, MPI_Commcomm)

� The corr esponding scatter oper ation is:

int MPI_Scatter(void *sendbuf, int sendcount,
MPI_Datatype senddatatype, void *recvbuf, int recvcount,
MPI_Datatype recvdatatype, int source, MPI_Commcomm)
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Collectiv e Comm unica tion Opera tions

� The all-to-all per sonalized comm unication oper ation is perf ormed by:

int MPI_Alltoall(void *sendbuf, int sendcount,
MPI_Datatype senddatatype, void *recvbuf, int recvcount,
MPI_Datatype recvdatatype, MPI_Commcomm)

� Using this cor e set of collectiv e oper ations , a number of
progr ams can be greatly simpli�ed.
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Groups and Comm unica tors

� In man y par allel algor ithms, comm unication oper ations need
to be restricted to cer tain subsets of processes.

� MPI provides mechanisms for par titioning the group of
processes that belong to a comm unicator into subgroups each
corr esponding to a different comm unicator .

� The simplest such mechanism is:

int MPI_Comm_split(MPI_Comm comm, int color, int key,
MPI_Comm*newcomm)

This oper ation groups processor s by color and sorts resulting
groups on the key.
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Groups and Comm unica tors

MPI_Comm_split

0 1 2 3 4 5 6 7

0 1 2 0 1 2

0 00 1 1 1 1 2

1 1 1 1 1 1 1 1

color
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0 1 2 3 4 5 6 7process

4 0

original rank

new rank

Using MPI Commsplit to split a group of processes in a
comm unicator into subgroups .
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Groups and Comm unica tors

� In man y par allel algor ithms, processes are arranged in a virtual
gr id, and in different steps of the algor ithm, comm unication
needs to be restricted to a different subset of the gr id.

� MPI provides a con venient way to par tition a Car tesian
topology to form lower-dimensional gr ids:

int MPI_Cart_sub(MPI_Comm comm_cart, int *keep_dims,
MPI_Comm*comm_subcart)

� If keep_dims[i] is true (non-zer o value in C) then the i th
dimension is retained in the new sub-topology .

� The coor dinate of a process in a sub-topology created
by MPI_Cart_sub can be obtained from its coor dinate in
the original topology by disreg arding the coor dinates that
corr espond to the dimensions that were not retained.
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Groups and Comm unica tors
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7

keep_dims[] = {false, false, true}

(b)

7
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keep_dims[] = {true, false, true}

(a)

Splitting a Car tesian topology of size 2 � 4 � 7 into (a) four
subgroups of size 2 � 1 � 7, and (b) eight subgroups of size

1 � 1 � 7.
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