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LAM is a parallel processing environment and development system for a
network of independent computers. It features theMessage-Passing
Interface (MPI) programmingstandard,supportedby extensivemonitoring
and debugging tools.

LAM / MPI Key Features:

• full implementation of the MPI standard

• extensive monitoring and debugging tools,
runtime and post-mortem

• heterogeneous computer networks

• add and delete nodes

• node fault detection and recovery

• MPI extensions and LAM programming supplements

• direct communication between application processes

• robust MPI resource management

• MPI-2 dynamic processes

• multi-protocol communication (shared memory and network)
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This document is organized into four major chapters. It begins with a tuto-
rial covering the simpler techniques of programming and operation. New
users should start with the tutorial. The second chapter is an MPI program-
ming primer emphasizing the commonly used routines. Non-standard
extensionsto MPI andadditionalprogrammingcapabilitiesuniqueto LAM
are separated into a third chapter. The last chapter is an operational refer-
ence.It describeshow toconfigureandstartaLAM multicomputer, andhow
to monitor processes and messages.

This document is user oriented. It does not give much insight into how the
system is implemented. It does not detail every option and capability of
everycommandandroutine.An extensivesetof manualpagescoverall the
commandsandinternalroutinesin greatdetailandaremeantto supplement
this document.

The reader will note a heavy bias towards the C programming language,
especiallyin thecodesamples.ThereisnoFortranversionof thisdocument.
Thetext attemptsto belanguageinsensitiveandtheappendicescontainFor-
tran code samples and routine prototypes.

We have kept the font and syntax conventions to a minimum.

code This font is used for things you type on the keyboard or
seeprintedon thescreen.Weuseit in codesectionsand
tables but not in the main text.

<symbol> This is a symbol used to abstract something you would
type. We use this convention in commands.

Section Italics are used to cross reference another section in the
document or another document. Italics are also used to
distinguish LAM commands.

How to Use
This

Document
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LAM runs on each computer as a single daemon (server) uniquely struc-
turedasanano-kernelandhand-threadedvirtualprocesses.Thenano-kernel
componentprovidesasimplemessage-passing,rendez-vousserviceto local
processes. Some of the in-daemon processes form a network communica-
tion subsystem,whichtransfersmessagesto andfrom otherLAM daemons
onothermachines.Thenetwork subsystemaddsfeaturessuchaspacketiza-
tion and buffering to the base synchronization. Other in-daemon processes
are servers for remote capabilities, such as program execution and parallel
file access.Thelayeringis quitedistinct:thenano-kernelhasnoconnection
with the network subsystem, which has no connection with the servers.
Users can configure in or out services as necessary.

Theuniquesoftwareengineeringof LAM is transparentto usersandsystem
administrators, who only see a conventional daemon. System developers
can de-cluster the daemon into a daemon containing only the nano-kernel
and several full client processes. This developers’ mode is still transparent
to usersbut exposesLAM’ shighly modularcomponentsto simplifiedindi-
vidualdebugging.It alsorevealsLAM’ sevolutionfrom Trollius,whichran
natively on scalable multicomputers and joined them to a host network
through a uniform programming interface.

Thenetwork layerin LAM is adocumented,primitiveandabstractlayeron
which to implement a more powerful communication standard like MPI
(PVM has also been implemented).

A mostimportantfeatureof LAM ishands-oncontrolof themulticomputer.
There is very little that cannot be seen or changed at runtime. Programs
residinganywherecanbeexecutedanywhere,stopped,resumed,killed, and
watched the whole time. Messages can be viewed anywhere on the multi-
computer and buffer constraints tuned as experience with the application

LAM
Ar chitecture

local msgs, client mgmt

network msgs

MPI, client / server

cmds, apps, GUIs

Figure 1: LAM’s Layered Design

Debugging
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dictates.If thesynchronizationof aprocessandamessagecanbeeasilydis-
played, mismatches resulting in bugs can easily be found. These and other
servicesareavailablebothasaprogramminglibrary andasutility programs
run from any shell.

MPI synchronizationboilsdown to fourvariables:context, tag,sourcerank,
anddestinationrank.Thesearemappedto LAM’ sabstractsynchronization
at the network layer. MPI debugging tools interpret the LAM information
with the knowledge of the LAM / MPI mapping and present detailed infor-
mation to MPI programmers.

A significant portion of the MPI specification can be and is implemented
within the runtime system and independent of the underlying environment.

As with all MPI implementations, LAM must synchronize the launch of
MPI applicationssothatall processeslocateeachotherbeforeusercodeis
entered. Thempirun command achieves this after finding and loading the
program(s) which constitute the application. A simple SPMD application
canbespecifiedonthempiruncommandline while amorecomplex config-
uration is described in a separate file, called an application schema.

MPI programs developed on LAM can be moved without source code
changes to any other platform that supports MPI.

LAM installs anywhere and uses the shell’s search path at all times to find
LAM andapplicationexecutables.A multicomputeris specifiedasasimple
list of machine names in a file, which LAM uses to verify access, start the
environment, and remove it.

LAM is freely available under a GNU license via anonymous ftp from
ftp.osc.edu.

MPI
Implementation

How to Get LAM
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LAM / MPI Tutorial Introduction

Theexampleprogramsin thissectionillustratecommonoperationsin MPI.
You will also see how to run and debug a program with LAM.

For basic applications, MPI is as easy to use as any other message-passing
library. Thefirstprogramisdesignedto runwith exactlytwoprocesses.One
processsendsamessageto theotherandthenbothterminate.Enterthefol-
lowing codein trivial.c or obtainthesourcefrom theLAM sourcedistribu-
tion (examples/trivial/trivial.c).

/*
 * Transmit a message in a two process system.
 */
#include <mpi.h>
#define BUFSIZE 64
int buf[64];
int
main(argc, argv)
int argc;
char *argv[];
{

int size, rank;
MPI_Status status;

/*
 * Initialize MPI.
 */

MPI_Init(&argc, &argv);
/*
 * Error check the number of processes.
 * Determine my rank in the world group.

Programming
Tutorial
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 * The sender will be rank 0 and the receiver, rank 1.
 */

MPI_Comm_size(MPI_COMM_WORLD, &size);
if (2 != size) {

MPI_Finalize();
return(1);

}
MPI_Comm_rank(MPI_COMM_WORLD, &rank);

/*
 * As rank 0, send a message to rank 1.
 */

if (0 == rank) {
MPI_Send(buf, sizeof(buf), MPI_INT, 1, 11,

MPI_COMM_WORLD);
}

/*
 * As rank 1, receive a message from rank 0.
 */

else {
MPI_Recv(buf, sizeof(buf), MPI_INT, 0, 11,

MPI_COMM_WORLD, &status);
}
MPI_Finalize();
return(0);

}

Note that the program uses standard C program structure, statements, vari-
able declarations and types, and functions.

Processes are represented by a unique “rank” (integer) and ranks are num-
bered 0, 1, 2, ..., N-1. MPI_COMM_WORLD means “all the processes in
the MPI application.” It is called a communicator and it provides all infor-
mation necessary to do message-passing. Portable libraries do more with
communicators to provide synchronization protection that most other mes-
sage-passing systems cannot handle.

As with other systems, two routines are provided to initialize and cleanup
an MPI process:

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

MPI_Finalize(void);

Typically, a process in a parallel application needs to know who it is (its
rank)andhow many otherprocessesexist. A processfindsout its own rank
by calling MPI_Comm_rank().

The World of
MPI

Enter and Exit
MPI

Who Am I; Who
Ar e They?
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MPI_Comm_rank(MPI_Comm comm, int *rank);

The total number of processes is returned by MPI_Comm_size().

MPI_Comm_size(MPI_Comm comm, int *size);

A messageis anarrayof elementsof agivendatatype.MPI supportsall the
basic datatypes and allows a more elaborate application to construct new
datatypes at runtime.

A messageis sentto aspecificprocessandis markedby atag(integer)spec-
ified by the user. Tags are used to distinguish between different message
typesaprocessmightsend/receive.In theexampleprogramabove,theaddi-
tionalsynchronizationofferedby thetagis unnecessary. Therefore,any ran-
dom value is used that matches on both sides.

MPI_Send(void *buf, int count, MPI_Datatype
dtype, int dest, int tag, MPI_Comm comm);

A receiving process specifies the tag and the rank of the sending process.
MPI_ANY_TAG and MPI_ANY_SOURCE may be used to receive a mes-
sage of any tag and from any sending process.

MPI_Recv(void *buf, int count, MPI_Datatype
dtype, int source, int tag, MPI_Comm comm,
MPI_Status *status);

Information about the received message is returned in a status variable. If
wildcards are used, the received message tag is status.MPI_TAG and the
rank of the sending process is status.MPI_SOURCE.

Another routine, not used in the example program, returns the number of
datatypeelementsreceived.It isusedwhenthenumberof elementsreceived
mightbesmallerthannumberspecifiedtoMPI_Recv().It isanerrortosend
more elements than the receiving process will accept.

MPI_Get_count(MPI_Status, &status,
MPI_Datatype dtype, int *nelements);

Sending
Messages

Receiving
Messages
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Thefollowing exampleprogramis acommunicationskeletonfor adynam-
ically load balanced master/slave application. The source can be obtained
from theLAM sourcedistribution(examples/trivial/ezstart.c).Theprogram
is designedto work with aminimumof two processes:onemasterandone
slave.

#include <mpi.h>
#define WORKTAG 1
#define DIETAG 2
#define NUM_WORK_REQS 200
static void master();
static void slave();
/*
 * main
 * This program is really MIMD, but is written SPMD for
 * simplicity in launching the application.
 */
int
main(argc, argv)
int argc;
char *argv[];
{

int myrank;
MPI_Init(&argc, &argv);
MPI_Comm_rank(MPI_COMM_WORLD,/* group of everybody */

&myrank); /* 0 thru N-1 */
if (myrank == 0) {

master();
} else {

slave();
}
MPI_Finalize();
return(0);

}
/*
 * master
 * The master process sends work requests to the slaves
 * and collects results.
 */
static void
master()
{

int ntasks, rank, work;
double result;
MPI_Status status;
MPI_Comm_size(MPI_COMM_WORLD,

&ntasks); /* #processes in app */

Master / Slave
Example
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/*
 * Seed the slaves.
 */

work = NUM_WORK_REQS; /* simulated work */
for (rank = 1; rank < ntasks; ++rank) {

MPI_Send(&work, /* message buffer */
1, /* one data item */
MPI_INT, /* of this type */
rank, /* to this rank */
WORKTAG, /* a work message */
MPI_COMM_WORLD); /* always use this */

work--;
}

/*
 * Receive a result from any slave and dispatch a new work
 * request until work requests have been exhausted.
 */

while (work > 0) {
MPI_Recv(&result, /* message buffer */

1, /* one data item */
MPI_DOUBLE, /* of this type */
MPI_ANY_SOURCE, /* from anybody */
MPI_ANY_TAG, /* any message */
MPI_COMM_WORLD, /* communicator */
&status); /* recv’d msg info */

MPI_Send(&work, 1, MPI_INT, status.MPI_SOURCE,
WORKTAG, MPI_COMM_WORLD);

work--; /* simulated work */
}

/*
 * Receive results for outstanding work requests.
 */

for (rank = 1; rank < ntasks; ++rank) {
MPI_Recv(&result, 1, MPI_DOUBLE, MPI_ANY_SOURCE,

MPI_ANY_TAG, MPI_COMM_WORLD, &status);
}

/*
 * Tell all the slaves to exit.
 */

for (rank = 1; rank < ntasks; ++rank) {
MPI_Send(0, 0, MPI_INT, rank, DIETAG,

MPI_COMM_WORLD);
}

}
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/*
 * slave
 * Each slave process accepts work requests and returns
 * results until a special termination request is received.
 */
static void
slave()
{

double result;
int work;
MPI_Status status;
for (;;) {

MPI_Recv(&work, 1, MPI_INT, 0, MPI_ANY_TAG,
MPI_COMM_WORLD, &status);

/*
 * Check the tag of the received message.
 */

if (status.MPI_TAG == DIETAG) {
return;

}
sleep(2);
result = 6.0; /* simulated result */
MPI_Send(&result, 1, MPI_DOUBLE, 0, 0,

MPI_COMM_WORLD);
}

}

Theworkingsof ranks,tagsandmessagelengthsshouldbemasteredbefore
constructing serious MPI applications.
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BeforerunningLAM youmustestablishcertainenvironmentvariablesand
search paths for your shell. Add the following commands or equivalent to
yourshellstart-upfile (.cshrc,assumingC shell).Do notaddtheseto your
.login as they would not be effective on remote machines whenrsh is used
to start LAM.

setenv LAMHOME <LAM installation directory>

set path = ($path $LAMHOME/bin)

Thelocalsystemadministrator, or thepersonwhoinstalledLAM, will know
the location of the LAM installation directory. After editing the shell start-
upfile, invoke it to establishthenew values.This is notnecessaryonsubse-
quent logins to the UNIX system.

% source .cshrc

Many LAM commandsrequireoneor morenodeids.Nodeidsarespecified
on the command line as n<list>, where <list> is a list of comma separated
nodeids or nodeid ranges.

n1

n1,3,5-10

Themnemonic‘h’ refersto thelocalnodewherethecommandis typed(as
in ‘here’).

Any nativeCcompilerisusedto translateLAM programsfor execution.All
LAM runtime routines are found in a few libraries. LAM provides a wrap-
ping command calledhcc which invokes cc with the proper header and
library directories, and is used exactly like the native cc.

% hcc -o trivial trivial.c -lmpi

Themajor, internalLAM librariesareautomaticallylinked.TheMPI library
is explicitly linked.SinceLAM supportsheterogeneouscomputing,it is up
to theuserto compilethesourcecodefor eachof thevariousCPUsontheir
respective machines. After correcting any errors reported by the compiler,
proceed to starting the LAM session.

BeforestartingLAM, theuserspecifiesthemachinesthatwill form themul-
ticomputer. Create a host file listing the machine names, one on each line.
An example file is given below for the machines “ohio” and “osc”. Lines
starting with the # character are treated as comment lines.

Operation
Tutorial

Compilation

Starting LAM
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# a 2-node LAM
ohio
osc

The first machine in the host file will be assigned nodeid 0, the second
nodeid1, etc.Now verify thatthemulticomputeris readyto runLAM. The
recon tool checks if the user has access privileges on each machine in the
multicomputer and if LAM is installed and accessible.

% recon -v <host file>

If recon does not report a problem, proceed to start the LAM session with
thelamboot tool.

% lamboot -v <host file>

The-v (verbose)optioncauseslambootto reporton thestart-upprocessas
it progresses. You should return to the your own shell’s prompt. LAM pre-
sents no special shell or interface environment.

Evenif all seemswell afterstart-up,verify communicationwith eachnode.
tping is a simple confidence building command for this purpose.

% tping n0

Repeat this command for all nodes or ping all the nodes at once with the
broadcastmnemonic,N. tping respondsby sendingamessagebetweenthe
localnode(wheretheuserinvokedtping)andthespecifiednode.Successful
execution of tping proves that the target node, nodes along the route from
thelocalnodeto thetargetnode,andthecommunicationlinksbetweenthem
are working properly. If tping fails, press Control-Z, terminate the session
with thewipe tool andthenrestartthesystem.SeeTerminating the Session.

To executeaprogram,usethempirun command.Thefirst exampleprogram
is designedto runwith two processes.The-c <#>optionrunscopiesof the
given program on nodes selected in a round-robin manner.

% mpirun -v -c 2 trivial

Theexampleinvocationaboveassumesthattheprogramis locatableonthe
machine on which it will run. mpirun can also transfer the program to the
targetnodebeforerunningit. Assumingyourmulticomputerfor thistutorial
is homogeneous, you can use the -s h option to run both processes.

% mpirun -v -c 2 -s h trivial

Executing
Programs
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If theprocessesexecutedcorrectly, they will terminateandleaveno traces.
If youwantmorefeedback,try usingtprintf() functionswithin theprogram.

Thefirst exampleprogramrunstooquickly to bemonitored.Try changing
the tag in the call to MPI_Recv() to 12 (from 11). Recompile the program
and rerun it as before. Now the receiving process cannot synchronize with
themessagefromthesendprocessbecausethetagsareunequal.Lookatthe
status of all MPI processes with thempitask command.

Youwill noticethatthereceivingprocessisblockedin acall toMPI_Recv()
- a synchronizing message has not been received. From the code we know
this is processrank1 in theMPI application,which is confirmedin thefirst
column,theMPI taskidentification.Thefirst numberis therankwithin the
worldgroup.Thesecondnumberis therankwithin thecommunicatorbeing
used by MPI_Recv(), in this case (and in many applications with simple
communicationstructure)alsotheworld group.Thespecifiedsourceof the
messageis likewiseidentified.Thesynchronizationtagis 12andthelength
of the receive buffer is 64 elements of type MPI_INT.

Themessagewastransferredfrom thesendingprocessto asystembuffer en
routeto processrank1. MPI_Send()wasableto returnandtheprocesshas
calledMPI_Finalize().Systembuffers,whichcanbethoughtof asmessage
queuesfor eachMPI process,canbeexaminedwith thempimsg command.

The message shows that it originated from process rank 0 using
MPI_COMM_WORLD and that it is waiting in the message queue of pro-
cess rank 1, the destination. The tag is 11 and the message contains 64 ele-
ments of type MPI_INT. This information corresponds to the arguments
given to MPI_Send(). Since the application is faulty and will never com-
plete, we will kill it with thelamclean command.

% lamclean -v

Monitoring

% mpitask
TASK (G/L) FUNCTION PEER|ROOT TAG COMM COUNTDATATYPE
0/0 trivial Finalize
1/1 trivial Recv 0/0 12 WORLD64 INT

% mpimsg
SRC (G/L) DEST (G/L) TAG COMM COUNT DATATYPE MSG
0/0 1/1 11 WORLD64 INT n1,#0



18

 MPI Primer / Developing with LAM

TheLAM sessionshouldbein thesamestateasafterinvokinglamboot.You
canalsoterminatethesessionandrestartit with lamboot,but this is amuch
slower operation. You can now correct the program, recompile and rerun.

To terminate LAM, use thewipe tool. The host file argument must be the
same as the one given to lamboot.

% wipe -v <host file>

Terminating the
Session
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MPI Programming Primer

ThroughMessagePassingInterface(MPI) anapplicationviews its parallel
environmentasastaticgroupof processes.An MPI processis borninto the
world with zero or more siblings. This initial collection of processes is
calledtheworld group.A uniquenumber, calledarank,is assignedto each
memberprocessfrom thesequence0 throughN-1,whereN is thetotalnum-
berof processesin theworld group.A membercanqueryits own rankand
thesizeof theworld group.Processesmayall berunningthesameprogram
(SPMD) or different programs (MIMD). The world group processes may
subdivide,creatingadditionalsubgroupswith apotentiallydifferentrankin
each group.

A processsendsamessageto adestinationrankin thedesiredgroup.A pro-
cessmayor maynotspecifyasourcerankwhenreceiving amessage.Mes-
sages are further filtered by an arbitrary, user specified, synchronization
integer called a tag, which the receiver may also ignore.

An importantfeatureof MPI is theability toguaranteeindependentsoftware
developers that their choice of tag in a particular library will not conflict
with the choice of tag by some other independent developer or by the end
userof thelibrary. A furthersynchronizationintegercalledacontext is allo-
catedbyMPI andisautomaticallyattachedtoeverymessage.Thus,thefour
mainsynchronizationvariablesin MPI arethesourceanddestinationranks,
the tag and the context.

A communicatoris anopaqueMPI datastructurethatcontainsinformation
ononegroupandthatcontainsonecontext. A communicatorisanargument

BasicConcepts
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toall MPI communicationroutines.After aprocessiscreatedandinitializes
MPI, three predefined communicators are available.

MPI_COMM_WORLD the world group
MPI_COMM_SELF group with one member, myself
MPI_COMM_PARENT an intercommunicator between two groups:

my world group and my parent group (See
Dynamic Processes.)

Many applications require no other communicators beyond the world com-
municator. If new subgroupsornew contextsareneeded,additionalcommu-
nicators must be created.

MPI constants, templates and prototypes are in the MPI header file, mpi.h.

#include <mpi.h>
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MPI_Init Initialize MPI state.
MPI_Finalize Clean up MPI state.
MPI_Abort Abnormally terminate.
MPI_Comm_size Get group process count.
MPI_Comm_rank Get my rank within process group.

MPI_Initialized Has MPI been initialized?

The first MPI routine called by a program must be MPI_Init(). The com-
mand line arguments are passed to MPI_Init().

MPI_Init(int *argc, char **argv[]);

A process ceases MPI operations with MPI_Finalize().

MPI_Finalize(void);

In responseto anerrorcondition,aprocesscanterminateitself andall mem-
bersof acommunicatorwith MPI_Abort().Theimplementationmayreport
theerrorcodeargumentto theuserin amannerconsistentwith theunderly-
ing operation system.

MPI_Abort (MPI_Comm comm, int errcode);

Two numbersthatareveryusefulto mostparallelapplicationsarethetotal
number of parallel processes and self process identification. This informa-
tion is learned from the MPI_COMM_WORLD communicator using the
routines MPI_Comm_size() and MPI_Comm_rank().

MPI_Comm_size (MPI_Comm comm, int *size);

MPI_Comm_rank (MPI_Comm comm, int *rank);

Of course, any communicator may be used, but the world information is
usually key to decomposing data across the entire parallel application.

Initialization

Basic Parallel
Inf ormation
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MPI_Send Send a message in standard mode.
MPI_Recv Receive a message.
MPI_Get_count Count the elements received.
MPI_Probe Wait for message arrival.

MPI_Bsend Send a message in buffered mode.
MPI_Ssend Send a message in synchronous mode.
MPI_Rsend Send a message in ready mode.
MPI_Buffer_attach Attach a buffer for buffered sends.
MPI_Buffer_detach Detach the current buffer.
MPI_Sendrecv Send in standard mode, then receive.
MPI_Sendrecv_replace Send and receive from/to one area.
MPI_Get_elements Count the basic elements received.

Thissectionfocusesonblocking,point-to-point,message-passingroutines.
Theterm“blocking” in MPI meansthattheroutinedoesnotreturnuntil the
associated data buffer may be reused. A point-to-point message is sent by
one process and received by one process.

Theissuesof flow controlandbufferingpresentdifferentchoicesin design-
ing message-passing primitives. MPI does not impose a single choice but
insteadoffersfour transmissionmodesthatcover thesynchronization,data
transferandperformanceneedsof mostapplications.Themodeis selected
by the sender through four different send routines, all with identical argu-
ment lists. There is only one receive routine. The four send modes are:

standard Thesendcompleteswhenthesystemcanbuffer themes-
sage(it is notobligatedto doso)or whenthemessageis
received.

buffered The send completes when the message is buffered in
application supplied space, or when the message is
received.

synchronous The send completes when the message is received.
ready The send must not be started unless a matching receive

has been started. The send completes immediately.

Standardmodeservestheneedsof mostapplications.A standardmodemes-
sage is sent with MPI_Send().

MPI_Send (void *buf, int count, MPI_Datatype
dtype, int dest, int tag, MPI_Comm comm);

 Blocking
Point-to-Point

Send Modes

Standard Send
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An MPI message is not merely a raw byte array. It is a count of typed ele-
ments.Theelementtypemaybeasimpleraw byteor acomplex datastruc-
ture. SeeMessage Datatypes.

The four MPI synchronization variables are indicated by the MPI_Send()
parameters. The source rank is the caller’s. The destination rank and mes-
sagetagareexplicitly given.Thecontext is apropertyof thecommunicator.

As a blocking routine, the buffer can be overwritten when MPI_Send()
returns.Althoughmostsystemswill buffer somenumberof messages,espe-
cially shortmessages,withoutany receiver, aprogrammercannotrely upon
MPI_Send() to buffer even one message. Expect that the routine will not
return until there is a matching receiver.

A message in any mode is received with MPI_Recv().

MPI_Recv (void *buf, int count, MPI_Datatype
dtype, int source, int tag, MPI_Comm comm,
MPI_Status *status);

Againthefour synchronizationvariablesareindicated,with sourceanddes-
tination swapping places. The source rank and the tag can be ignored with
thespecialvaluesMPI_ANY_SOURCEandMPI_ANY_TAG.If boththese
wildcards are used, the next message for the given communicator is
received.

An argumentnotpresentin MPI_Send()is thestatusobjectpointer. Thesta-
tusobjectis filled with usefulinformationwhenMPI_Recv()returns.If the
sourceand/ortagwildcardswereused,theactualreceivedsourcerankand/
or message tag are accessible directly from the status object.

status.MPI_SOURCE the sender’s rank
status.MPI_TAG the tag given by the sender

It is erroneous for an MPI program to receive a message longer than the
specified receive buffer. The message might be truncated or an error condi-
tionmightberaisedorboth.It iscompletelyacceptableto receiveamessage
shorter than the specified receive buffer. If a short message may arrive, the
application can query the actual length of the message with
MPI_Get_count().

MPI_Get_count (MPI_Status *status,
MPI_Datatype dtype, int *count);

Receive

Status Object

Message Lengths
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ThestatusobjectandMPI datatypearethoseprovidedto MPI_Recv().The
countreturnedis thenumberof elementsreceivedof thegivendatatype.See
Message Datatypes.

Sometimes it is impractical to pre-allocate a receive buffer. MPI_Probe()
synchronizes a message and returns information about it without actually
receiving it. Only synchronization variables and the status object are pro-
vided as arguments. MPI_Probe() does not return until a message is syn-
chronized.

MPI_Probe (in source, int tag, MPI_Comm comm,
MPI_Status *status);

After a suitable message buffer has been prepared, the same message
reported by MPI_Probe() can be received with MPI_Recv().

Probe
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MPI_Isend Begin to send a standard message.
MPI_Irecv Begin to receive a message.
MPI_Wait Complete a pending request.
MPI_Test Check or complete a pending request.
MPI_Iprobe Check message arrival.

MPI_Ibsend Begin to send a buffered message.
MPI_Issend Begin to send a synchronous message.
MPI_Irsend Begin to send a ready message.
MPI_Request_free Free a pending request.
MPI_Waitany Complete any one request.
MPI_Testany Check or complete any one request.
MPI_Waitall Complete all requests.
MPI_Testall Check or complete all requests.
MPI_Waitsome Complete one or more requests.
MPI_Testsome Check or complete one or more requests.
MPI_Cancel Cancel a pending request.
MPI_Test_cancelled Check if a pending request was cancelled.

Theterm“nonblocking”in MPI meansthattheroutinereturnsimmediately
and may only have started the message transfer operation, not necessarily
completedit. Theapplicationmaynotsafelyreusethemessagebuffer after
a nonblocking routine returns. The four blocking send routines and one
blocking receive routine all have nonblocking counterparts. The nonblock-
ing routineshaveanextraoutputargument- arequestobject.Therequestis
laterpassedto oneof asuiteof completionroutines.Onceanoperationhas
completed, its message buffer can be reused.

Theintentof nonblockingmessage-passingis to startamessagetransferat
theearliestpossiblemoment,continueimmediatelywith importantcompu-
tation,andtheninsistuponcompletionatthelatestpossiblemoment.When
the earliest and latest moment are the same, nonblocking routines are not
useful. Otherwise, a non-blocking operation on certain hardware could
overlap communication and computation, thus improving performance.

MPI_Isend() begins a standard nonblocking message send.

MPI_Isend (void *buf, int count, MPI_Datatype
dtype, int dest, int tag, MPI_Comm comm,
MPI_Request *req);

Nonblocking
Point-to-Point
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Likewise, MPI_Irecv() begins a nonblocking message receive.

MPI_Irecv (void *buf, int count, MPI_Datatype
dtype, int source, int tag, MPI_Comm comm,
MPI_Request *req);

Both routines accept arguments with the same meaning as their blocking
counterparts.Whentheapplicationwishesto completeanonblockingsend
or receive, a completion routine is called with the corresponding request.
TheTest()routineis nonblockingandtheWait() routineis blocking.Other
completion routines operate on multiple requests.

MPI_Test (MPI_Request *req, int *flag,
MPI_Status *status);

MPI_Wait (MPI_Request *req, MPI_Status *status);

MPI_Test()returnsaflagin anoutputargumentthatindicatesif therequest
completed. If true, the status object argument is filled with information. If
the request was a receive operation, the status object is filled as in
MPI_Recv(). Since MPI_Wait() blocks until completion, the status object
argument is always filled.

MPI_Iprobe() is the nonblocking counterpart of MPI_Probe(), but it does
not returnarequestobjectsinceit doesnotbegin any messagetransferthat
would need to complete. It sets the flag argument which indicates the pres-
ence of a matching message (for a subsequent receive).

MPI_Iprobe (int source, int tag, MPI_Comm comm,
int *flag, MPI_Status *status);

Programmers should not consider the nonblocking routines as simply fast
versionsof theblockingcallsandthereforethepreferredchoicein all appli-
cations.Someimplementationscannottakeadvantageof theopportunityto
optimize performance offered by the nonblocking routines. In order to pre-
serve the semantics of the message-passing interface, some implementa-
tionsmayevenbeslowerwith nonblockingtransfers.Programmersshould
have a clear and substantial computation overlap before considering non-
blocking routines.

Request
Completion

Probe
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MPI_Type_vector Create a strided homogeneous vector.
MPI_Type_struct Create a heterogeneous structure.
MPI_Address Get absolute address of memory location.
MPI_Type_commit Use datatype in message transfers.
MPI_Pack Pack element into contiguous buffer.
MPI_Unpack Unpack element from contiguous buffer.
MPI_Pack_size Get packing buffer size requirement.

MPI_Type_continuous Create contiguous homogeneous array.
MPI_Type_hvector Create vector with byte displacement.
MPI_Type_indexed Create a homogeneous structure.
MPI_Type_hindexed Create an index with byte displacements.
MPI_Type_extent Get range of space occupied by a datatype.
MPI_Type_size Get amount of space occupied by a datatype.
MPI_Type_lb Get displacement of datatype’s lower bound.
MPI_Type_ub Get displacement of datatype’s upper bound.
MPI_Type_free Free a datatype.

Heterogeneouscomputingrequiresthatmessagedatabetypedor described
somehow so that its machine representation can be converted as necessary
between computer architectures. MPI can thoroughly describe message
datatypes, from the simple primitive machine types to complex structures,
arrays and indices.

The message-passing routines all accept a datatype argument, whose C
typedefis MPI_Datatype.For example,recallMPI_Send().Messagedatais
specified as a number of elements of a given type.

Several MPI_Datatype values, covering the basic data units on most com-
puter architectures, are predefined:

MPI_CHAR signed char
MPI_SHORT signed short
MPI_INT signed int
MPI_LONG signed long
MPI_UNSIGNED_CHAR unsigned char
MPI_UNSIGNED_SHORT unsigned short
MPI_UNSIGNED unsigned int
MPI_UNSIGNED_LONG unsigned long
MPI_FLOAT float

Message
Datatypes
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MPI_DOUBLE double
MPI_LONG_DOUBLE long double
MPI_BYTE a raw byte

The number of bytes occupied by these basic datatypes follows the corre-
sponding C definition. Thus, MPI_INT could occupy four bytes on one
machine and eight bytes on another machine. A message count of one
MPI_INT specified by both sender and receiver would, in one direction,
require padding and always be correct. In the reverse direction, the integer
maynotberepresentablein thelessernumberof bytesandthecommunica-
tion will fail.

Derived datatypes are built by combining basic datatypes, or previously
built derived datatypes. A derived datatype describes a memory layout
whichconsistsof multiplearraysof elements.A generalizationof thiscapa-
bility is thatthefour varietiesof constructorroutinesoffer moreor lesscon-
trol over array length, array element datatype and array displacement.

contiguous one array length, no displacement, one datatype
vector one array length, one displacement, one datatype
indexed multiple array lengths, multiple displacements, one

datatype
structure multiple everything

Consider a two dimensional matrix with R rows and C columns stored in
row majororder. Theapplicationwishestocommunicateoneentirecolumn.
A vector derived datatype fits the requirement.

MPI_Type_Vector (int count, int blocklength,
int stride, MPI_Datatype oldtype,
MPI_Datatype *newtype);

Assumingthematrixelementsareof MPI_INT, theargumentsfor thestated
requirement would be:

int R, C;
MPI_Datatype newtype;
MPI_Type_vector(R, 1, C, MPI_INT, &newtype);
MPI_Type_commit(&newtype);

The count of blocks (arrays) is the number of elements in a column (R).
Each block contains just one element and the elements are strided (dis-
placed) from each other by the number of elements in a row (C).1

Derived
Datatypes

Strided Vector
Datatype
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An arbitrary record whose template is a C structure is a common message
form. The most flexible MPI derived datatype, the structure, is required to
describe the memory layout.

MPI_Type_struct (int count, int blocklengths[],
MPI_Aint displacements[], MPI_Datatype
dtypes[], MPI_Datatype *newtype);

In thefollowing codefragment,aC structof diversefieldsis describedwith
MPI_Type_struct() in the safest, most portable manner.

/*
 * non-trivial structure
 */
struct cell {

double energy;
char flags;
float coord[3];

};
/*
 * We want to be able to send arrays of this datatype.
 */
struct cell cloud[2];
/*
 * new datatype for cell struct
 */
MPI_Datatype celltype;

1. Notethatthisdatatypeis not sufficient to sendmultiplecolumns
from the matrix, since it does not presume the final displacement
betweenthelastelementof thefirst columnandthefirst elementof
the second column. One solution is to use MPI_Type_struct() and
MPI_UB. SeeStructure Datatype.

blklen (#elements)

displacement (#elements)

Figure 2: Strided Vector Datatype

Structur e
Datatype
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int blocklengths[4] = {1, 1, 3, 1};
MPI_Aint base;
MPI_Aint displacements[4];
MPI_Datatype types[4] = {MPI_DOUBLE, MPI_CHAR,

MPI_FLOAT, MPI_UB};
MPI_Address(&cloud[0].energy, &displacement[0]);
MPI_Address(&cloud[0].flags, &displacement[1]);
MPI_Address(&cloud[0].coord, &displacement[2]);
MPI_Address(&cloud[1].energy, &displacement[3]);
base = displacement[0];
for (i = 0; i < 4; ++i) displacement[i] -= base;
MPI_Type_struct(4, blocklengths, displacements, types,

&celltype);
MPI_Type_commit(&celltype);

Thedisplacementsin astructuredatatypearebyteoffsetsfrom thefirst stor-
age location of the C structure. Without guessing the compiler’s policy for
packing and alignment in a C structure, the MPI_Address() routine and
some pointer arithmetic are the best way to get the precise values.
MPI_Address()simplyreturnstheabsoluteaddressof alocationin memory.
The displacement of the first element within the structure is zero.

Whentransferringarraysof agivendatatype(by specifyingacountgreater
than 1 in MPI_Send(), for example), MPI assumes that the array elements
arestoredcontiguously. If necessary, agapcanbespecifiedattheendof the
derived datatype memory layout by adding an artificial element of type
MPI_UB, to the datatype description and giving it a displacement that
extends to the first byte of the second element in an array.

MPI_Type_Commit() separates the datatypes that will be used to transfer
messagesfrom theintermediateonesthatarescaffoldedonthewayto some
very complicated datatype. A derived datatype must be committed before
being used in communication.

blklen (#elements)

displacement (#bytes)

Figure 3: Struct Datatype
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Thedescriptionof aderiveddatatypeisfixedaftercreationatruntime.If any
slightdetailchanges,suchastheblocklengthof aparticularfield in astruc-
ture,anew datatypeis required.In additionto thetediumof creatingmany
derived datatypes, a receiver may not know in advance which of a nearly
identical suite of datatypes will arrive in the next message. MPI’s solution
is packing and unpacking routines that incrementally assemble and disas-
semble a contiguous message buffer. The packed message has the special
MPI datatype, MPI_PACKED, and is transferred with a count equal to its
length in bytes.

MPI_Pack_size (int incount, MPI_Datatype dtype,
MPI_Comm comm, int *size);

MPI_Pack_size()returnsthepackedmessagebuffer sizerequirementfor a
given datatype. This may be greater than one would expect from the type
description due to hidden, implementation dependent packing overhead.

MPI_Pack (void *inbuf, int incount, MPI_Datatype
dtype, void *outbuf, int outsize,
int *position, MPI_Comm comm);

Contiguousblocksof homogeneouselementsarepackedoneatatimewith
MPI_Pack(). After each call, the current location in the packed message
buffer is updated.The“in” dataaretheelementsto bepackedandthe“out”
datais thepackedmessagebuffer. Theoutsizeis alwaysthemaximumsize
of the packed message buffer, to guard against overflow.

Packed Datatype

Figure 4: Packed Datatype

? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?

outcount (#bytes)

incount (#elements)
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MPI_Unpack (void *inbuf, int insize,
int *position, void *outbuf, int outcount,
MPI_Datatype datatype, MPI_Comm comm);

MPI_Unpack() is the natural reverse of MPI_Pack() where the “in” data is
the packed message buffer and the “out” data are the elements to be
unpacked.

Consideranetworkingapplicationthatis transferringavariablelengthmes-
sage consisting of a count, several (count) Internet addresses as four byte
character arrays and an equal number of port numbers as shorts.

#define MAXN 100
unsigned char addrs[MAXN][4];
short ports[MAXN];

In the following code fragment, a message is packed and sent based on a
given count.

unsigned int membersize, maxsize;
int position;
int nhosts;
int dest, tag;
char *buffer;
/*
 * Do this once.
 */
MPI_Pack_size(1, MPI_INT, MPI_COMM_WORLD, &membersize);
maxsize = membersize;
MPI_Pack_size(MAXN * 4, MPI_UNSIGNED_CHAR, MPI_COMM_WORLD,

&membersize);
maxsize += membersize;
MPI_Pack_size(MAXN, MPI_SHORT, MPI_COMM_WORLD, &membersize);
maxsize += membersize;
buffer = malloc(maxsize);
/*
 * Do this for every new message.
 */
nhosts = /* some number less than MAXN */ 50;
position = 0;
MPI_Pack(nhosts, 1, MPI_INT, buffer, maxsize, &position,

MPI_COMM_WORLD);
MPI_Pack(addrs, nhosts * 4, MPI_UNSIGNED_CHAR, buffer,

maxsize, &position, MPI_COMM_WORLD);
MPI_Pack(ports, nhosts, MPI_SHORT, buffer, maxsize,

&position, MPI_COMM_WORLD);
MPI_Send(buffer, position, MPI_PACKED, dest, tag,

MPI_COMM_WORLD);
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A buffer is allocated once to contain the maximum size of a packed mes-
sage.In thefollowing codefragment,amessageis receivedandunpacked,
based on a count packed into the beginning of the message.

int src;
int msgsize;
MPI_Status status;
MPI_Recv(buffer, maxsize, MPI_PACKED, src, tag,

MPI_COMM_WORLD, &status);
position = 0;
MPI_Get_count(&status, MPI_PACKED, &msgsize);
MPI_Unpack(buffer, msgsize, &position, &nhosts, 1, MPI_INT,

MPI_COMM_WORLD);
MPI_Unpack(buffer, msgsize, &position, addrs, nhosts * 4,

MPI_UNSIGNED_CHAR, MPI_COMM_WORLD);
MPI_Unpack(buffer, msgsize, &position, ports, nhosts,

MPI_SHORT, MPI_COMM_WORLD);
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MPI_Bcast Send one message to all group members.
MPI_Gather Receive and concatenate from all members.
MPI_Scatter Separate and distribute data to all members.
MPI_Reduce Combine messages from all members.

MPI_Barrier Wait until all group members reach this point.
MPI_Gatherv Vary counts and buffer displacements.
MPI_Scatterv Vary counts and buffer displacements.
MPI_Allgather Gather and then broadcast.
MPI_Allgatherv Variably gather and then broadcast.
MPI_Alltoall Gather and then scatter.
MPI_Alltoallv Variably gather and then scatter.
MPI_Op_create Create reduction operation.
MPI_Allreduce Reduce and then broadcast.
MPI_Reduce_scatter Reduce and then scatter.
MPI_Scan Perform a prefix reduction.

Collective operations consist of many point-to-point messages which hap-
penmoreor lessconcurrently(dependingon theoperationandtheinternal
algorithm) and involve all processes in a given communicator. Every pro-
cessmustcall thesameMPI collective routine.Mostof thecollectiveoper-
ations are variations and/or combinations of four primitives: broadcast,
gather, scatter and reduce.

MPI_Bcast (void *buf, int count, MPI_Datatype
dtype, int root, MPI_Comm comm);

In the broadcast operation, all processes specify the same root process,
whose buffer contents will be sent. Processes other than the root specify
receivebuffers.After theoperation,all bufferscontainthemessagefromthe
root process.

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

MPI_Scatter() is also a one-to-many collective operation. All processes
specify the same receive count. The send arguments are only significant to
therootprocess,whosebuffer actuallycontainssendcount* N elementsof
thegivendatatype,whereN is thenumberof processesin thegivencommu-
nicator. The send buffer will be divided equally and dispersed to all pro-

Collective
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cesses (including itself). After the operation, the root has sent sendcount
elementsto eachprocessin increasingrankorder. Rank0 receivesthefirst
sendcount elements from the send buffer. Rank 1 receives the second send-
count elements from the send buffer, and so on.

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

MPI_Gather() is a many-to-one collective operation and is a complete
reverse of the description of MPI_Scatter().

MPI_Reduce (void *sendbuf, void *recvbuf,
int count, MPI_Datatype dtype, MPI_Op op,
int root, MPI_Comm comm);

MPI_Reduce() is also a many-to-one collective operation. All processes
specifythesamecountandreductionoperation.After thereduction,all pro-
cesses have sent count elements from their send buffer to the root process.

Figure 5: Primitive Collective Operations
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Elementsfrom correspondingsendbuffer locationsarecombinedpair-wise
to yield asinglecorrespondingelementin therootprocess’s receivebuffer.
The full reduction expression over all processes is always associative and
mayor maynotbecommutative.Applicationspecificreductionoperations
canbedefinedat runtime.MPI providesseveralpre-definedoperations,all
of which are commutative. They can be used only with sensible MPI pre-
defined datatypes.

MPI_MAX maximum
MPI_MIN minimum
MPI_SUM sum
MPI_PROD product
MPI_LAND logical and
MPI_BAND bitwise and
MPI_LOR logical or
MPI_BOR bitwise or
MPI_LXOR logical exclusive or
MPI_BXOR bitwise exclusive or

The following code fragment illustrates the primitive collective operations
together in the context of a statically partitioned regular data domain (e.g.,
1-D array).Theglobaldomaininformationis initially obtainedby theroot
process (e.g., rank 0) and is broadcast to all other processes. The initial
datasetisalsoobtainedby therootandisscatteredtoall processes.After the
computation phase, a global maximum is returned to the root process fol-
lowed by the new dataset itself.

/*
 * parallel programming with a single control process
 */

int root;
int rank, size;
int i;
int full_domain_length;
int sub_domain_length;
double *full_domain, *sub_domain;
double local_max, global_max;
root = 0;
MPI_Comm_size(MPI_COMM_WORLD, &size);
MPI_Comm_rank(MPI_COMM_WORLD, &rank);



37

 MPI Primer / Developing with LAM

/*
 * Root obtains full domain and broadcasts its length.
 */

if (rank == root) {
get_full_domain(&full_domain,

&full_domain_length);
}
MPI_Bcast(&full_domain_length, 1 MPI_INT, root,

MPI_COMM_WORLD);
/*
 * Distribute the initial dataset.
 */

sub_domain_length = full_domain_length / size;
sub_domain = (double *) malloc(sub_domain_length *

sizeof(double));
MPI_Scatter(full_domain, sub_domain_length,

MPI_DOUBLE, sub_domain, sub_domain_length,
MPI_DOUBLE, root, MPI_COMM_WORLD);

/*
 * Compute the new dataset.
 */

compute(sub_domain, sub_domain_length, &local_max);
/*
 * Reduce the local maxima to one global maximum
 * at the root.
 */

MPI_Reduce(&local_max, &global_max, 1, MPI_DOUBLE,
MPI_MAX, root, MPI_COMM_WORLD);

/*
 * Collect the new dataset.
 */

MPI_Gather(sub_domain, sub_domain_length, MPI_DOUBLE,
full_domain, sub_domain_length, MPI_DOUBLE,
root, MPI_COMM_WORLD);



38

 MPI Primer / Developing with LAM

MPI_Comm_dup Duplicate communicator with new context.
MPI_Comm_split Split into categorized sub-groups.
MPI_Comm_free Release a communicator.
MPI_Comm_remote_size

Count intercomm. remote group members.
MPI_Intercomm_merge Create an intracomm. from an intercomm.

MPI_Comm_compare Compare two communicators.
MPI_Comm_create Create a communicator with a given group.
MPI_Comm_test_inter Test for intracommunicator or intercommunicator.
MPI_Intercomm_create Create an intercommunicator.

MPI_Group_size Get number of processes in group.
MPI_Group_rank Get rank of calling process.
MPI_Group_translate_ranks

Processes in group A have what ranks in B?
MPI_Group_compare Compare membership of two groups.
MPI_Comm_group Get group from communicator.
MPI_Group_union Create group with all members of 2 others.
MPI_Group_intersection Create with common members of 2 others.
MPI_Group_difference Create with the complement of intersection.
MPI_Group_incl Create with specific members of old group.
MPI_Group_excl Create with the complement of incl.
MPI_Group_range_incl Create with ranges of old group members.
MPI_Group_range_excl Create with the complement of range_incl.
MPI_Group_free Release a group object.

A communicatorcouldbedescribedsimplyasaprocessgroup.Its creation
is synchronizedandits membershipis static.Thereis noperiodin usercode
whereacommunicatoris createdbut notall its membershavejoined.These
qualities make communicators a solid parallel programming foundation.
Three communicators are prefabricated before the user code is first called:
MPI_COMM_WORLD, MPI_COMM_SELF and
MPI_COMM_PARENT. SeeBasic Concepts.

Communicatorscarryahiddensynchronizationvariablecalledthecontext.
If twoprocessesagreeonsourcerank,destinationrankandmessagetag,but
usedifferentcommunicators,they will notsynchronize.Theextrasynchro-
nization means that the global software industry does not have to divide,
allocate or reserve tag values. When writing a library or a module of an
application,it is agoodideato createnew communicators,andhenceapri-

Creating
Communicators
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vate synchronization space. The simplest MPI routine for this purpose is
MPI_Comm_dup(),whichduplicateseverythingin acommunicator, partic-
ularly the group membership, and allocates a new context.

MPI_Comm_dup (MPI_comm comm, MPI_comm *newcomm);

Applications may wish to split into many subgroups, sometimes for data
parallel convenience (i.e. a row of a matrix), sometimes for functional
grouping (i.e. multiple distinct programs in a dataflow architecture). The
group membership can be extracted from the communicator and manipu-
latedby anentiresuiteof MPI routines.Thenew groupcanthenbeusedto
create a new communicator. MPI also provides a powerful routine,
MPI_Comm_split(), that starts with a communicator and results in one or
more new communicators. It combines group splitting with communicator
creation and is sufficient for many common application requirements.

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

The color and key arguments guide the group splitting. There will be one
new communicator for each value of color. Processes providing the same
value for color will be grouped in the same communicator. Their ranks in
the new communicator are determined by sorting the key arguments. The
lowest value of key will become rank 0. Ties are broken by rank in the old
communicator. To preserve relative order from the old communicator, sim-
ply use the same key everywhere.

A communicator is released by MPI_Comm_free(). Underlying system
resources may be conserved by releasing unwanted communicators.

MPI_Comm_free (MPI_Comm *comm);

Figure 6: Communicator Split
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An intercommunicatorcontainstwogroups:alocalgroupin whichtheown-
ing process is a member and a remote group of separate processes. The
remoteprocessgrouphasthemirror imageintercommunicator- thegroups
are flipped. Spawning new processes creates an intercommunicator. See
Dynamic Processes. MPI_Intercomm_merge() creates an intracommunica-
tor (thecommonformwith asinglegroup)fromanintercommunicator. This
is often done to permit collective operations, which can only be done on
intracommunicators.

MPI_Intercomm_merge (MPI_Comm intercomm,
int high, MPI_Comm *newintracomm);

Thenew intracommunicatorgroupcontainstheunionof thetwo groupsof
the intercommunicator. The operation is collective over both groups. Rank
ordering within the two founding groups is maintained. Ordering between
the two founding groups is controlled by the high parameter, a boolean
value. The intercommunicator group that sets this parameter true will
occupy the higher ranks in the intracommunicator.

The number of members in the remote group of an intercommunicator is
obtained by MPI_Comm_remote_size().

MPI_Comm_remote_size (MPI_Comm comm, int *size);

Some MPI implementations may invalidate a communicator if a member
process dies. The MPI library may raise an error condition on any attempt
to useadeadcommunicator, includingrequestsin progresswhosecommu-
nicatorsuddenlybecomesinvalid. Thesefaultswould thenbedetectableat
the application level by setting a communicator’s error handler to
MPI_ERRORS_RETURN (SeeMiscellaneous MPI Features).

A crude but portable fault tolerant master/slave application can be con-
structed by using the following strategy:

• Spawn processes in groups of one.

• Set the error handler for the parent / child intercommunicators to
MPI_ERRORS_RETURN.

• If a communication with a child returns an error, assume it is dead
and free the intercommunicator.

• Spawn another process, if desired, to replace the dead process. See
Dynamic Processes.

Inter -
communicators

Fault Tolerance
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MPI_Cart_create Create cartesian topology communicator.
MPI_Dims_create Suggest balanced dimension ranges.
MPI_Cart_rank Get rank from cartesian coordinates.
MPI_Cart_coords Get cartesian coordinates from rank.
MPI_Cart_shift Determine ranks for cartesian shift.

MPI_Cart_sub Split into lower dimensional sub-grids.
MPI_Graph_create Create arbitrary topology communicator.
MPI_Topo_test Get type of communicator topology.
MPI_Graphdims_get Get number of edges and nodes.
MPI_Graph_get Get edges and nodes.
MPI_Cartdim_get Get number of dimensions.
MPI_Cart_get Get dimensions, periodicity and local coordinates.
MPI_Graph_neighbors_count

Get number of neighbors in a graph topology.
MPI_Graph_neighbors Get neighbor ranks in a graph topology.
MPI_Cart_map Suggest new ranks in an optimal cartesian mapping.
MPI_Graph_map Suggest new ranks in an optimal graph mapping.

MPI is aprocessorientedprogrammingmodelthatis independentof under-
lying nodes in a parallel computer. Nevertheless, to enhance performance,
the data movement patterns in a parallel application should match, as
closelyaspossible,thecommunicationtopologyof thehardware.Sinceit is
difficult for compilers and message-passing systems to guess at an applica-
tion’sdatamovement,MPI allowstheapplicationto supplyatopologyto a
communicator, in thehopethattheMPI implementationwill usethatinfor-
mation to identify processes in an optimal manner.

For example, if the application is dominated by Cartesian communication
and the parallel computer has a cartesian topology, it is preferable to align
the distribution of data with the machine, and not blindly place any data
coordinate at any node coordinate.

MPI providestwo typesof topologies,theubiquitouscartesiangrid, andan
arbitrarygraph.Topologyinformationis attachedtoacommunicatorbycre-
ating a new communicator. MPI_Cart_create() does this for the cartesian
topology.

MPI_Cart_create (MPI_Comm oldcomm, int ndims,
int *dims, int *periods, int reorder,
MPI_Comm *newcomm);

Process
Topologies
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The essential information for a cartesian topology is the number of dimen-
sions, the length of each dimension and a periodicity flag (does the dimen-
sionwraparound?)for eachdimension.Thereorderargumentis aflagthat
indicatesif theapplicationwill allow adifferentrankingin thenew topology
communicator. Reordering may make coordinate calculation easier for the
MPI implementation.

With a topology enhanced communicator, the application will use coordi-
nates to decide source and destination ranks. Since MPI communication
routines still use ranks, the coordinates must be translated into a rank and
vice versa. MPI eases this translation with MPI_Cart_rank() and
MPI_Cart_coords().

MPI_Cart_rank (MPI_comm comm, int *coords,
int *rank);

MPI_Cart_coords (MPI_Comm comm, int rank,
int maxdims, int *coords);

To further assist process identification in cartesian topology applications,
MPI_Cart_shift() returns the ranks corresponding to common neighbourly
shift communication. The direction (dimension) and relative distance are
inputargumentsandtworanksareoutputarguments,oneoneachsideof the
calling process along the given direction. Depending on the periodicity of
thecartesiantopologyassociatedwith thegivencommunicator, oneor both
ranksmaybereturnedasMPI_PROC_NULL, indicatingashift off theedge
of the grid.

MPI_Cart_shift (MPI_Comm comm, int direction,
int distance, int *rank_source,
*int rank_dest);

Considera two dimensionalcartesiandataset.Thefollowing codeskeleton
establishesacorrespondingprocesstopologyfor any numberof processes,
and then creates a new communicator for collective operations on the first
column of processes. Finally, it obtains the ranks which hold the previous
and next rows, which would lead to data exchange.

int mycoords[2];
int dims[2];
int periods[2] = {1, 0};
int rank_prev, rank_next;
int size;
MPI_Comm comm_cart;
MPI_Comm comm_col1;
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/*
 * Create communicator with 2D grid topology.
 */

MPI_Comm_size(MPI_COMM_WORLD, &size);
MPI_Dims_create(size, 2, dims);
MPI_Cart_create(MPI_COMM_WORLD, 2, dims, periods, 1,

&comm_cart);
/*
 * Get local coordinates.
 */

MPI_Comm_rank(comm_cart, &rank);
MPI_Cart_coords(comm_cart, rank, 2, mycoords);

/*
 * Build new communicator on first column.
 */

if (mycoords[1] == 0) {
MPI_Comm_split(comm_cart, 0, mycoords[0],

&comm_col1);
} else {

MPI_Comm_split(comm_cart, MPI_UNDEFINED, 0,
&comm_col1);

}
/*
 * Get the ranks of the next and previous rows, same column.
 */

MPI_Cart_shift(comm_cart, 0, 1, &rank_prev,
&rank_next);

MPI_Dims_create() suggests the most balanced (“square”) dimension
ranges for a given number of nodes and dimensions.

A goodreasonfor building acommunicatoroverasubsetof thegrid, in this
casethefirst columnin amesh,is to enabletheuseof collectiveoperations.
SeeCollective Message-Passing.

Figure 7: 2D Cartesian Topology

0,10,0 0,2 0,3

1,11,0 1,2 1,3

2,12,1 2,2 2,3

3,13,0 3,2 3,3
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MPI_Spawn Start copies of one program.

MPI_Spawn_multiple Start multiple programs.
MPI_Port_open Obtain a connection point for a server.
MPI_Port_close Release a connection point.
MPI_Accept Accept a connection from a client.
MPI_Connect Make a connection to a server.
MPI_Name_publish Publish a connection point under a service name.
MPI_Name_unpublish Stop publishing a connection point.
MPI_Name_get Get connection point from service name.

MPI_Info_create Create a new info object.
MPI_Info_set Store a key/value pair to an info object.
MPI_Info_get Read the value associated with a stored key.
MPI_Info_get_valuelen Get the length of a key value.
MPI_Info_get_nkeys Get number of keys stored with an info object.
MPI_Info_get_nthkey Get the key name in a sequence position.
MPI_Info_dup Duplicate an info object.
MPI_Info_free Destroy an info object.
MPI_Info_delete Remove a key/value pair from an info object.

Dueto thestaticnatureof processgroupsin MPI (avirtue),processcreation
must be done carefully. Process creation is a collective operation over a
given communicator. A group of processes are created by one call to
MPI_Spawn(). The child processes start up, initialize and communicate in
thetraditionalMPI way. They mustbegin by callingMPI_Init(). Thechild
grouphasits own MPI_COMM_WORLD which is distinctfrom theworld
communicator of the parent group.

MPI_Spawn (char program[], char *argv[], int
maxprocs, MPI_Info info, int root, MPI_Comm,
parents, MPI_Comm *children, int errs[]);

How do the parents communicate with their children? The natural mecha-
nismfor communicationbetweentwo groupsis theintercommunicator. An
intercommunicatorwhoseremotegroupcontainsthechildrenis returnedto
the parents in the second communicator argument of MPI_Spawn(). The
childrengetthemirror communicator, whoseremotegroupcontainsthepar-
ents, as the pre-defined communicator MPI_COMM_PARENT. In the
application’soriginalprocessworld thathasnoparent,theremotegroupof
MPI_COMM_PARENT is of size 0. SeeCreating Communicators.

Process
Creation
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Themaxprocsparameteris thenumberof copiesof thesingleprogramthat
will be created. Each process will be passed command line arguments con-
sistingof theprogramnamefollowedby theargumentsspecifiedin theargv
parameter. (Theargv parametershouldnotcontaintheprogramname.)The
programname,maxprocsandargv areonly significantin theparentprocess
whoserankis givenby therootparameter. Theresultof eachindividualpro-
cess spawn is returned through the errs parameter, an array of MPI error
codes.

New processesrequireresources,beginningwith aprocessor. Thespecifica-
tion of resources is a natural area where the MPI abstraction succumbs to
the underlying operating system and all its domestic customs and conven-
tions. It is thus difficult if not impossible for an MPI application to make a
detailed resource specification and remain portable. The info parameter to
MPI_Spawn is an opportunity for the programmer to choose control over
portability. MPI implementationsarenotrequiredto interpretthisargument.
Thus the only portable value for the info parameter is MPI_INFO_NULL.

Consult each MPI implementation’s documentation for (non-portable) fea-
tures within the info parameter and for the default behaviour with
MPI_INFO_NULL.

A common and fairly abstract resource requirement is simply to fill the
available processors with processes. MPI makes an attempt, with no guar-
antees of accuracy, to supply that information through a pre-defined
attribute called MPI_UNIVERSE_SIZE, which is cached on
MPI_COMM_WORLD.In typicalusage,theapplicationwouldsubtractthe
value associated with MPI_UNIVERSE_SIZE from the current number of
processes, often the size of MPI_COMM_WORLD. The difference is the
recommended value for the maxprocs parameter of MPI_Spawn(). See
Miscellaneous MPI Features on how to retrieve the value for
MPI_UNIVERSE_SIZE.

Portable
Resource

Specification



46

 MPI Primer / Developing with LAM

MPI_Errhandler_create Create custom error handler.
MPI_Errhandler_set Set error handler for communicator.
MPI_Error_string Get description of error code.
MPI_Error_class Get class of error code.
MPI_Abort Abnormally terminate application.
MPI_Attr_get Get cached attribute value.
MPI_Wtime Get wall clock time.

MPI_Errhandler_get Get error handler from communicator.
MPI_Errhandler_free Release custom error handler.
MPI_Get_processor_name Get the caller’s processor name.
MPI_Wtick Get wall clock timer resolution.
MPI_Get_version Get the MPI version numbers.

MPI_Keyval_create Create a new attribute key.
MPI_Keyval_free Release an attribute key.
MPI_Attr_put Cache an attribute in a communicator.
MPI_Attr_delete Remove cached attribute.

An error handler is a software routine which is called when a error occurs
duringsomeMPI operation.Onehandleris associatedwith eachcommuni-
catorandis inheritedbycreatedcommunicatorswhichderivefrom it. When
anerroroccursin anMPI routinethatusesacommunicator, thatcommuni-
cator’s error handler is called. An application’s initial communicator,
MPI_COMM_WORLD, gets a default built-in handler,
MPI_ERRORS_ARE_FATAL, which aborts all tasks in the communicator.

An application may supply an error handler by first creating an MPI error
handler object from a user routine.

MPI_Errhandler_create (void (*function)(),
MPI_Errhandler *errhandler);

Errorhandlerroutineshave two pre-definedparametersfollowedby imple-
mentationdependentparametersusingtheANSI C<stdargs.h>mechanism.
Thefirstparameteris thehandler’scommunicatorandthesecondis theerror
code describing the problem.

void function (MPI_Comm *comm, int *code, ...);

The error handler object is then associated with a communicator by
MPI_Errhandler_set().

Miscellaneous
MPI Features

Err or Handling
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MPI_Errhandler_set (MPI_Comm comm,
MPI_Errhandler errhandler);

A second built-in error handler is MPI_ERRORS_RETURN, which does
nothing and allows the error code to be returned by the offending MPI rou-
tinewhereit canbetestedandactedupon.In C theerrorcodeis thereturn
value of the MPI function. In Fortran the error code is returned through an
error parameter to the MPI subroutine.

MPI_Error_string (int code, char *errstring,
int *resultlen);

Error codes are converted into descriptive strings by MPI_Error_string().
The user provides space for the string that is a minimum of
MPI_MAX_ERROR_STRING characters in length. The actual length of
the returned string is returned through the resultlen argument.

MPI definesalist of standarderrorcodes(alsocallederrorclasses)thatcan
be examined and acted upon by portable applications. All additional error
codes,specificto theimplementation,canbemappedto oneof thestandard
error codes. The idea is that additional error codes are variations on one of
thestandardcodes,or membersof thesameerrorclass.Two standarderror
codes catch any additional error code that does not fit this intent:
MPI_ERR_OTHER (doesn’t fit but convert to string and learn something)
andMPI_ERR_UNKNOWN (noclue).Again,thegoalof thisdesignis por-
table, intelligent applications.

The mapping of error code to standard error code (class) is done by
MPI_Error_class().

MPI_Error_class (int code, int class);

MPI providesamechanismfor storingarbitraryinformationwith acommu-
nicator. A registeredkey is associatedwith eachpieceof informationandis
used,likeadatabaserecord,for storageandretrieval.Severalkeysandasso-
ciatedvaluesarepre-definedby MPI andstoredin MPI_COMM_WORLD.

MPI_TAG_UB maximum message tag value
MPI_HOST process rank on user’s local processor
MPI_IO process rank that can fully accomplish I/O
MPI_WTIME_IS_GLOBAL Are clocks synchronized?
MPI_UNIVERSE_SIZE #processes to fill machine

Attrib ute
Caching
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All cached information is retrieved by calling MPI_Attr_get() and specify-
ing the desired key.

MPI_Attr_get (MPI_Comm comm, int keyval,
void *attr_val, int *flag);

Theflagparameterissetto truebyMPI_Attr_get()if avaluehasbeenstored
the specified key, as will be the case for all the pre-defined keys.

Performance measurement is assisted by MPI_Wtime() which returns an
elapsed wall clock time from some fixed point in the past.

double MPI_Wtime (void);

Timing
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LAM / MPI Extensions

LAM includesseveralfunctionsbeyondtheMPI standardthatprogrammers
may find useful during the development phase of a software application.
They canbeusedin thefinalproduct,thoughportabilitywouldobviouslybe
compromised.Oneof theextensionsisactuallyanMPI portablelibrary (see
Collective I/O) which can operate with other MPI implementations. This
library is adistinctproductfrom LAM andmustbeobtainedandcompiled
separately. The other extensions are all intrinsic to LAM.

Someof theextendedroutinesthatintegratenaturallywith MPI havenames
thatbegin with MPIL_. Similarfunctionalitywill, in certaincases,befound
in laterversionsof theMPI standard.Otherroutines,whicharedistinctfrom
MPI concepts and objects, begin with lam_.
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lam_rfopen Open a file.
lam_rfclose Close a file.
lam_rfread Read from a file.
lam_rfwrite Write to a file.
lam_rflseek Change position in a file.
lam_rfaccess Check permissions of a file.
lam_rfmkdir Create directory.
lam_rfchdir Change working directory.
lam_rffstat Get status on file descriptor.
lam_rfstat Get status on named file.
lam_rfdup Duplicate file descriptor.
lam_rfdup2 Duplicate & place file descriptor.
lam_rfsystem Issue a shell command.
lam_rfrmdir Remove a directory.
lam_rfunlink Remove a file.
lam_rfgetwd Get working directory.
lam_rfftruncate Set length of file descriptor.
lam_rftruncate Set length of named file.

A node’s file system can be accessed via remote file functions having a
POSIX-like interface. LAM does not provide a file system, only remote
access to a file system from any node.

File pathnames refer to files on the origin node by default. However, a spe-
cific nodeid can be attached to a pathname with the following syntax:

nodeid:path

Each LAM process may have a limited number of simultaneously open
LAM file descriptors. All LAM file functions involve message-passing
using the same links, buffers and other resources as an application.

LAM prohibits opening of slow devices (such as terminals) for input.

Some LAM specific features of remote file access are controlled by addi-
tionalflagsin theflagsargumentof thelam_rfopen()routine.Theseflagsare
listed below.

LAM_O_LOCK Lock thefile descriptorinto theremotefile server’sopen
descriptor cache. See the manual page lam_rfposix().

Remote File
Access
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LAM_O_REUSEReuse existing open file descriptor for matching path-
name and open flags - if found. This is useful for asyn-
chronous access to one open file with one file pointer.

LAM_O_1WAY Write to thefile withoutwaitingfor completionor return
code. This greatly increases write performance but
should only be used on a debugged application.

LAM does not conflict with the native operating system’s file interface.
Thus,open()is adirectUNIX routine(LAM is uninvolved)andoperateson
the file system of the node on which it is invoked. On remote nodes, a pro-
cess’spre-openedUNIX standardoutput(UNIX file handle1 or stdout)and
UNIX standarderror(UNIX file handle2 or stderr)areredirectedto LAM
as there is no remote terminal. LAM uses the remote file access facility to
movedatafrom thesetwo sourcesto thenodeandterminalfrom which the
application was launched - the user’s local node. It is not possible to read
from UNIX standard input (UNIX file handle 0, or stdin) on remote nodes.

Processes on the local node also have access to UNIX standard output and
error. Unlike remote processes, local processes can read from UNIX stan-
dard input.

TheUNIX standardI/O terminationsmayberedirectedbyusingthenormal
shell redirections withmpirun. SeeExecuting MPI Programs.

% mpirun my_app > log

Portability and
Standard I/O
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CBX_Open Open a file for MPI Cubix access.
CBX_Close Close an MPI Cubix file.
CBX_Read Read in either single or multiple mode.
CBX_Write Write in either single or multiple mode.
CBX_Lseek Seek in either single or multiple mode.
CBX_Order Change the order of multiple access.
CBX_Singl Switch file access to single mode.
CBX_Multi Switch file access to multiple mode.
CBX_Is_singl Is the file in single mode?
CBX_Is_multi Is the file in multiple mode?

MPI Cubixalooselysynchronous,collectiveI/O librarybasedonaresearch
development of the same name at the California Institute of Technology.
This Cubix is integrated with the concepts of MPI communicators and
datatypes.Themembersof acommunicatorgroupparticipatecollectively in
the I/O operation. Data is transferred as a count of elements of a given
datatype, just as in MPI message-passing.

All file accessroutineseventuallytranslateto POSIXoperationsonasingle
file. Only oneprocessin thecommunicatorgroupinvokestheactualPOSIX
operation.ThePOSIXfile operationbindingsarealsoreflectedin thebind-
ings of the MPI Cubix routines, tempered with MPI objects.

Therearetwo differentMPI Cubixaccessmethodsthatsolve two common
file read/write problems in data parallel programming.

single All processesexecutethesamefile routinewith thesame
amount of identical data. The data from only one (arbi-
trary) process is transferred. This is useful when all pro-
cesseswantto readaglobalvaluefrom afile, or write a
global value to a file. It is especially convenient during
outputtoaterminal.All nodesprintanerrormessageand
it appears once on the terminal.

multiple All processesexecutethesamefile routinewith different
amounts of different data. All the data from all the pro-
cesses is transferred, but the order of transfer is strictly
controlled. By default, process rank 0 will transfer first
and the sequence continues until the highest rank trans-
fers last. This is useful in decomposing a data structure
duringreadsothattheright nodesgettheright subsetof

Collective I/O
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dataandin recomposingadatastructureduringwrite so
that the data structure is not jumbled.

WithoutCubixfile access,anapplicationoftenneedsacontrollingprogram
tomanagetheparallelprocessesandfilter I/O. Cubixcaneliminatetheneed
for a control program. Without synchronization, a message written by N
nodesappearsN timesontheterminal.A decomposeddatastructurewritten
to a file appears in a random order.

MPI Cubix file descriptors are distinct from LAM remote file descriptors
and the file descriptors of the native operating system. An MPI Cubix file
descriptor is returned from CBX_Open(). The access method is chosen by
oneof thespecialflags,CBX_O_SINGLorCBX_O_MULTI. Theownerof
thefile, theoneprocessthatwill operateonit at thePOSIXlevel, is chosen
in another argument to CBX_Open().

#include <fcntl.h>
#include <cbx.h>

int CBX_Open (const char *name, int flags,
int mode, int owner, MPI_Comm comm);

int CBX_Close (int fd);

TheaccessmethodbeingusedonanopenMPI Cubixfile canbequeriedand
changed at any time. The change routines are collective. The inquiry rou-
tines are not.

int CBX_Multi (int fd);
int CBX_Singl (int fd);
int CBX_Is_multi (int fd);
int CBX_Is_singl (int fd);

CBX_Read() and CBX_Write() transfer data from and to an open MPI
Cubixfile. An MPI datatypeis amongthearguments.Thelengthof thedata
buffer is acountof elementsof thegivendatatype.Only contiguousdatais
transferred. If the MPI datatype contains holes, they are also transferred.

int CBX_Read (int fd, void *buffer, int count,
MPI_Datatype dtype);

int CBX_Write (int fd, void *buffer, int count,
MPI_Datatype dtype);
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TheCBX_Order()routinechangesthedefaultorderof processdatatransfer
in the MPI Cubix multiple method. Each process specifies a unique
sequence number from 0 to N-1, where N is the size of the communicator.

int CBX_Order (int fd, int newrank);

/*
 * Read and decompose a 1-D array of reals
 * across a 1-D array of processes.
 * First read array size in singl then array in multi.
 * Assume the array length decomposes evenly.
 */
static float *data;
main(argc, argv)
int argc;
char *argv[];
{

int fd;
int glob_len, local_len;
int nread;
int size;
MPI_Init(&argc, &argv);

/*
 * Open the file first with Cubix single method.
 * The file will be owned by process rank 0.
 * This is not an error handling tutorial.
 */

fd = CBX_Open(“data”, O_RDONLY | CBX_O_SINGL, 0, 0,
MPI_COMM_WORLD);

/*
 * Read the global (total) length of the array.
 */

CBX_Read(fd, &glob_len, 1, MPI_INT);
/*
 * Switch to Cubix multiple method.
 */

CBX_Multi(fd);
/*
 * Calculate the local length, allocate enough
 * space and read the local subset of the data.
 */

MPI_Comm_size(MPI_COMM_WORLD, &size);
local_len = glob_len / size;
data = (float *) malloc(local_len * sizeof(float));
CBX_Read(fd, data, local_len, MPI_FLOAT);
CBX_Close(fd);
MPI_Finalize();

}

Cubix Example
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lam_ksignal Install a signal handler.
lam_ksigblock Block selected signals.
lam_ksigsetmask Set entire blocking mask.
lam_ksigretry Retry request after selected signals.
lam_ksigsetretry Set entire retry mask.
lam_ksigmask Create signal mask.

MPIL_Signal Deliver a signal to a process.

LAM provides a UNIX-like signal package. The signals are different and
their usage does not conflict with the underlying operating system.

Some signals are used internally by the system. Some have useful default
optionsandothersarecompletelyleft to theuser. Themostusefulsignalis
the one that obliges a process to terminate itself. Signals are defined in
<lam_ksignal.h>.

LAM_SIGTRACE unload trace data
LAM_SIGUDIE terminate
LAM_SIGARREST suspend execution
LAM_SIGRELEASE resume execution
LAM_SIGA user defined (default ignored)
LAM_SIGB user defined (default ignored)
LAM_SIGFUSE node about to die
LAM_SIGSHRINK another node has died

Thelam_ksignal(),lam_ksigblock()andlam_ksigsetmask()functionsoper-
ate identically to their UNIX counterparts. A LAM or MPI routine inter-
rupted by a signal before completion is automatically retried. With the
lam_ksigretry() and lam_ksigsetretry() functions, which operate similarly
to lam_ksigblock()andlam_ksigsetmask()respectively, theusercandisable
automatic system call retry and receive an error code instead.

MPIL_Signal()deliversasignalto aprocessidentifiedby acommunicator
andarank.Thesignalnumberargumentis takenfrom thelist definedabove.

MPIL_Signal (MPI_Comm comm, int rank, int signo);

Signal
Handling

Signal Delivery
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MPIL_Comm_id Get communicator identifier.
MPIL_Comm_gps Get LAM coordinates for an MPI process.
MPIL_Type_id Get datatype identifier.

MPIL_Trace_on Enable trace collection.
MPIL_Trace_off Disable trace collection.

LAM places great emphasis on debugging through extensive monitoring
capabilities.Opaqueobjectsin MPI makeit difficult for theusertocrossref-
erencetheinformationpresentedby LAM debuggingtoolswith thevalues
within arunningprocess.If mpitask (SeeProcess Monitoring and Control)
showsaprocessblockedonacommunicator, it printsanidentifyingnumber
for thatcommunicator. Thenumberis notdefinedby theMPI standard.It is
implementation dependent information internal to the opaque communica-
tor which the program cannot access using the standard API.

MPIL_Comm_id() and MPIL_Type_id() return the internal identifiers for
communicators and datatypes, respectively.

MPIL_Comm_id (MPI_Comm comm, int *id);
MPIL_Type_id (MPI_Comm comm, int *id);

LAM / MPI extensions beginning with the lam_ prefix are LAM-centric.
They operateonLAM nodeandprocessidentifiers,notMPI communicators
and ranks. MPIL_Comm_gps() obtains the LAM coordinates from MPI
information.

MPIL_Comm_gps (MPI_Comm comm, int rank, int *nid,
int *pid);

Execution trace collection for performance visualization and debugging
purposes is enabled bympirun. SeeExecuting MPI Programs. To avoid
information overload and huge trace files, a trace enabled application can
toggleonandoff actualtracecollectionsothatonly interestingphasesof the
computation are monitored.

MPIL_Trace_On (void);
MPIL_Trace_Off (void);

Debuggingand
Tracing
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LAM Command Reference

BeforerunningLAM youmustestablishcertainenvironmentvariablesand
searchpathsfor yourshelloneachmachinein themulticomputer. Add the
following commandsor equivalentto yourshellstart-upfile (.cshrc,assum-
ing C shell).Do notaddtheseto your .login asthey wouldnotbeeffective
on remote machines whenrsh is used to start LAM.

setenv LAMHOME <LAM installation directory>

set path = ($path $LAMHOME/bin)

Thelocalsystemadministrator, or thepersonwhoinstalledLAM, will know
the location of the LAM installation directory. After editing the shell start-
upfile, invoke it to establishthenew values.This is notnecessaryonsubse-
quent logins to the UNIX system.

% source .cshrc

Each remote machine in the multicomputer must be reachable with the
UNIX rsh command. rsh does not prompt for passwords and relies on spe-
cial files on the remote machine (/etc/hosts.equiv and ~/.rhosts) to gain
access. One of these files must be prepared to admit the selected user
accountfor theremotemachine.SeetheUNIX manualpagefor rshonhow
to prepare these files.

Many LAM commandsrequireoneor morenodeids.Nodeidsarespecified
on the command line as n<list>, where <list> is a list of comma separated
nodeids or nodeid ranges.

Getting
Started

Setting Up the
UNIX

Envir onment

Node Mnemonics
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n1
n1,3,5-10

In additionto explicit nodeidentification,LAM hasspecialmnemonicsthat
refer to special nodes or a group of nodes.

h the local node where the command is typed (as in ‘here’)
o theorigin nodewhereLAM wasstartedwith thelamboot command
N all nodes
C all nodes intended for application computing

Nodeids are established in the LAM multicomputer plan, called a boot
schema (seeWriting a LAM Boot Schema). LAM nodeids are always num-
beredconsecutively beginningat0 whenthesystemis first startedwith lam-
boot.Thusthenumberof nodesin thebootschemadefinestheinitial setof
nodeids. If nodes are added or subtracted, the contiguous property of
nodeids can end. SeeAdding and Deleting LAM Nodes.

LAM processescanbespecifiedin twoways:byprocessidentifier(fromthe
underlyingoperatingsystem)or by LAM processindex. PIDsarespecified
on the command line as p<list>, where <list> is a list of comma separated
PIDs or PID ranges.

p5158
p5158,5160,5200-5210

Process indices are specified on the command line as i<list>, where <list>
is a list of comma separated indices or index ranges.

i8
i8-12,14

MPI processes are normally labelled by the LAM / MPI status reporting
commands,mpitask andmpimsg, with their global rank in the
MPI_COMM_WORLD communicator. With the possibility of multiple
concurrentapplications,spawnedprocesses,andtheneedto useLAM node
/ processidentificationwith LAM processcontrolcommands,asupplemen-
tary labelling scheme is available. It is known as the GPS, for Global Posi-
tioningSystem,becauseit absolutelydistinguishesaprocessfromall others
in a LAM system. The GPS contains the process index and nodeid.

To print abrief summaryof thesyntaxandoptionsof any LAM command,
execute the command with the -h option.

Process
Identification

On-line Help
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% recon -h

Detailedinformationoneachcommand(andmostprogrammingfunctions)
is available from on-line manual pages. They are an important supplemen-
tary reference to this document.

% man recon
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hcc wrapper for local C compiler
hcp wrapper for local C++ compiler
hf77 wrapper for local Fortran compiler

Objectsandbinariesarebuilt with thenativecompilerandlinkeravailable,
hopefully, onall of theLAM nodes,oratleastononemachineof eacharchi-
tectureandoperatingsystemtype.Thehcc tool isawrapperthatinvokesthe
nativeC compilerdriver(e.g.cc)andprovidesthepathsto theLAM header
filesandlibrariesandimplicitly links all LAM libraries.TheMPI library is
linked explicitly. All options presented to hcc are passed through to the
native compiler driver.

% hcc -o appl appl.c -lmpi
% hcp -o appl appl.c -lmpi

By default, hcc uses the compiler driver that was used to build LAM and
specifiedin theLAM configurationfile. A differentC compilercanbespec-
ified in the LAMHCC environment variable.

In casetheCandC++compilersaredifferent,aseparatehcp wrapperispro-
vided for C++.

Unlike theC andC++ wrappers,theFortranwrapper, hf77, doesnot insert
anoptionto searchLAM’ sheaderfile directory. This is becausenotall For-
trancompilerdriverssupportthatoptionandtheFortranincludestatement
may be required instead to bring in the MPI header file, mpif.h. Note that
mpif.h is a Fortran source file, but all other LAM header files intended for
Fortran use contain C preprocessor code. The C preprocessor may need to
be run explicitly if the Fortran driver does not do so automatically.

Care should be taken not to confuse object files and binaries produced on
heterogeneous nodes in the multicomputer. In such situations, it can be a
goodideato appendthemachineor CPUnameto theobjectandexecutable
file names in order to distinguish between them.

{sparc}% hcc -o appl.sparc appl.c

{sgi}% hcc -o appl.sgi appl.c

Compiling
MPI Pr ograms



61

 MPI Primer / Developing with LAM

recon Verify multicomputer is ready to run LAM.
lamboot Start a LAM multicomputer session.
tping Check communication to given node.
wipe Terminate a LAM session.

The topology of a multicomputer running LAM is a totally connected
graph. Thus it is only necessary for the user to specify the machines to be
included in the multicomputer in order to start LAM. The boot schema
(ASCII file) serves this purpose. SeeWriting a LAM Boot Schema.

Therecon tool verifiesthatLAM canbestartedoneachintendednode.Sev-
eral conditions must exist before a machine can remotely run the software.

• The machine address must be reachable via the network.

• Theusermustbeableto remotelyexecuteonthemachinewith rsh.
Remotehostpermissionmustbeprovidedin either/etc/hosts.equiv
or the remote user’s .rhosts file.

• Theremoteuser’sshellmusthaveasearchpaththatwill locateLAM
executables.

• The remote shell’s start-up file must not print anything to standard
error when invoked non-interactively.

Thelamboot tool startsaLAM sessionfor theindividualuser. The-v option
printsamessagebeforeeachstart-upstepisattempted.Thebootschemafile
is the primary argument to lamboot.

% lamboot -v <boot schema>

-x Enable fault detection and recovery. Exchange periodic
“heartbeat” messages between all nodes.

LAM considers a node to be dead after repeated retransmissions of a mes-
sagepacketgounacknowledged.By default,noactionis takenandretrans-
missionscontinueindefinitely. With the-x optionto lamboot,LAM initiates
a procedure to remove the dead node from the multicomputer. The dead
nodeid becomes invalid. All other nodeids remain unchanged - holes may
developin thenodeidlist. Finally, asignalis setto all applicationprocesses
onall nodes,notifying themof thefailure.Theruntimesystemof eachpro-
cessmust,ataminimum,flushacachedtableof nodeids,sothatit canread
updated information from the LAM daemon. Users can trap this signal

Starting LAM

recon

lamboot

Fault Tolerance
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(LAM_SIGSHRINK) and take further action particular to the application.
SeeSignal Handling.

Hands-on control and monitoring are a hallmark of LAM. The simplest
command,tping, isaconfidencebuildingvalidity checkthatbeginstodispel
the black box nature of parallel environments. tping echoes a message to a
destination node, or a multicast destination. It is time to restart the session
if this command hangs.

% tping n0
% tping N

To terminateaLAM session,usethewipe tool. To restartLAM afterasys-
tem failure, execute wipe followed by lamboot.

% wipe -v <boot schema>

tping

wipe
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mpirun Run an MPI application.
lamclean Terminate and clean up all LAM processes.

An MPI applicationisstartedwith oneinvocationof mpirun. Theprograms,
number of processes and computing resources are specified in an applica-
tion schema,aseparatefile whosenameis givento mpirun.SimpleSPMD
applications can be started from the mpirun command line. MPI processes
locate each other through the abstract concepts of communicator and pro-
cess rank. It is mpirun that provides the hard information on nodeids and
processIDs to build thepre-definedMPI_COMM_WORLD communicator.

% mpirun -v my_app_schema

An application schema contains one line for every different program that
constitutestheapplication.Foreachprogram,threeimportantdirectionsare
given, using options that duplicate the syntax of the mpirun command line:

-s <nodeid> thenodein whosefile spacetheexecutableprogramfile
can be found - Without this option, LAM is directed to
look for programsonthesamenodewherethey will run.

<nodeids> the nodes on which the program will run - Without this
option, LAM will use all the nodes.

-c <#> thenumberof processesto createacrossthegivennodes
- Without this option, LAM will create one process on
each of the given nodes.

Thesesameoptionsareusedonthempiruncommandline if theapplication
consistsof only oneprogram.Thepresenceof oneor moreof theseoptions
tells mpirun that the filename is an executable program. Otherwise the file-
name is assumed to be an application schema and is parsed accordingly.

#
# sample application schema
#
master h
slave N -s h

The above example runs the ‘master’ on the local node (the same node
where mpirun is invoked) and ‘slave’ on all the nodes, after taking the
‘slave’ executablefile from thelocalnodeandshippingit to all nodes.The

ExecutingMPI
Programs

mpirun

Application
Schema
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shipped program is stored in the /tmp directory and deleted when the pro-
cess dies.

LAM searches for executables files on the source node, as modified by the
-soption,by usingthelist of directoriesdefinedby thePATH environment
variable. The treatment of a ‘.’ path is special. On the local node invoking
mpirun, ‘.’ is the working directory of mpirun. On remote nodes, it is the
user’s home directory.

Other mpirun options enable powerful functionality within LAM’s MPI
library.

-c2c Bypass the LAM daemon for MPI communication. Use
an optimal protocol to directly connect MPI processes.

The“client to client” featureof theMPI library derivesthemostspeed1 out
of the underlying hardware at the expense of monitoring and control. Mes-
sages that have been delivered but not received are buffered with the
receiver. It is intended that applications would be debugged first with the
daemon and then run in production using direct communication2.

-nger Disable GER protocol that protects message envelope
queues. Do not detect and report resource overflow
errors.

The “Guaranteed Envelope Resources” protocol provides the most robust
MPI messagedeliverysystem.It protectscommunicationbetweenany pro-
cess pair from interference from a third process. It prevents the posting of
sendoperationsthatmaynotbedeliveredto thereceiverdueto lackof sys-
tem resources (envelope resources) and thus fully respects the spirit of
MPI’s guarantee of message progress, which in turn reduces confusion in
debugging ill-behaved applications.

In addition to protecting process-pair envelope queues, GER publishes the
sizeof thequeuesothatprogrammerscanknow how farthey canstressthis
resource before deadlocking or failing. GER fills a serious portability hole
in MPI - knowing theresourcelimitationsdirectlyassociatedwith message-
passing. The minimum GER figure for LAM is configured when LAM is

1. The speed is constrained by the quality of the c2c module within the MPI
library. Every machine can benefit from a customized solution.
2. Limits onunderlyingsystemresources(likefile descriptorsfor asocket imple-
mentation) may constrain the scalability of applications using -c2c.

Locating
Executable Files

Dir ect
Communication

Guaranteed
Envelope

Resources
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installed. See the manual page on MPI as well as the paper, Robust MPI
Message Delivery Through Guaranteed Resources for a more detailed dis-
cussion.

-ton, -toff Enabletracecollection.Tracecollectionbeginsimmedi-
ately after MPI_Init() with -ton, but is deferred until
MPIL_Trace_on() with -toff.

The MPI library can generate execution traces detailing message-passing
activity. The data can be used for performance tuning or advanced debug-
ging. Actual trace generation is controlled by two switches, both of which
mustbein theonpositionto enabletracegeneration.Boththe-tonand-toff
options turn the first switch on for the entire run of the application. With
-ton, the second switch begins in the on position after the application calls
MPI_Init(). With -toff, the second switch begins in the off position and no
traces are generated.

The second switch is toggled with runtime functions. SeeDebugging and
Tracing. The purpose of beginning with the second switch off is to limit
tracing to interesting phases of the computation. The purpose of the first
switch is to allow an application to be traced without recompilation and to
allow anapplicationlitteredwith tracetogglingfunctionsto disabletracing
altogether and incur minimal overhead.

SeeCollecting Trace Data for how to assemble a single trace file after run-
ning a trace enabled application.

An application that goes awry may leave many processes running or
blocked, many messages unconsumed, and many resources allocated
throughoutthemulticomputer. Althoughthereareuserinterfacecommands
to remove a user presence from every individual subsystem, taking care to
invoke them all can become tedious. Thelamclean command can be used
when no user presence (processes, message, allocations, registrations) is
desiredon themulticomputer. Theuseressentiallywantsto startoverwith-
out the longer delay of restarting the LAM session.

% lamclean

lamclean cannot be used when some or all nodes are not reachable due to
catastrophic failure or complete buffer overflow that causes link jamming.
If lamcleanfails to return,it is timeto usethewipe tool. SeeStarting LAM.
It maybereassuringtousethempitask andmpimsg commandstoverify that
lamclean did the job.

Trace Collection

lamclean
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mpitask Print status of MPI processes.
doom Send a signal to a process.

Monitoring a process’s execution state is a major aid in debugging multi-
computer applications. This feature helps debug process synchronization
and data transfer, the added dimension of parallel programming. Thempi-
task commandprintsinformationonMPI processes.With noarguments,all
MPI processes on all nodes are reported. The report can be constrained by
specifying nodes and LAM processes.

Considerthefollowingexamplecode,whoseonlypurposeis todemonstrate
LAM’ s monitoring capabilities:

/*
 * Create an interesting report for mpitask and mpimsg.
 */
#include <mpi.h>
#define ROWS 10
#define COLS 20
struct cell {

int code;
double coords[3];

};
static struct cell mat[ROWS][COLS];
static int blocklengths[3] = {1, 3, 1};
static MPI_Datatype types[3] =

{MPI_INT, MPI_DOUBLE, MPI_UB};
main(argc, argv)
int argc;
char *argv[];
{

int rank, size;
MPI_Comm newcomm;
MPI_Datatype dt_cell, dt_mat;
MPI_Status status;
MPI_Aint base;
MPI_Aint displacements[3];
int i, j;

/*
 * Initialize the matrix.
 */

for (i = 0; i < ROWS; ++i) {
for (j = 0; j < COLS; ++j) {

mat[i][j].code = i;
mat[i][j].coords[0] = (double) i;

Process
Monitoring

and Control

mpitask
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mat[i][j].coords[1] = (double) j;
mat[i][j].coords[2] = (double) i * j

}
}
MPI_Init(&argc, &argv);

/*
 * Create communicators for sub-groups.
 */

MPI_Comm_rank(MPI_COMM_WORLD, &rank);
MPI_Comm_split(MPI_COMM_WORLD, rank % 3, 0, &newcomm);

/*
 * Build derived datatype for 2 columns of matrix.
 */

MPI_Address(&mat[0][0].code, &displacements[0]);
MPI_Address(mat[0][0].coords, &displacements[1]);
MPI_Address(&mat[0][1].code, &displacements[2]);
base = displacements[0];
for (i = 0; i < 3; ++i) displacements[i] -= base;
MPI_Type_struct(3, blocklengths, displacements,

types, &dt_cell);
MPI_Type_vector(ROWS, 2, COLS, dt_cell, &dt_mat);
MPI_Type_commit(&dt_mat);

/*
 * Perform a send and a receive that won’t be satisfied.
 */

MPI_Comm_size(newcomm, &size);
MPI_Comm_rank(newcomm, &rank);
MPI_Send(&mat[0][0], 1, dt_mat, (rank + 1) % size,

0, newcomm);
MPI_Recv(&mat[0][0], 1, dt_mat, (rank + 1) % size,

MPI_ANY_TAG, newcomm, &status);
MPI_Finalize();
return(0);

}

Let theprogramberunwith asufficientnumberof processes.Thenexamine
the state of the application processes with mpitask.

% mpirun -v -c 10 demo

In its defaultdisplaymode,mpitaskprintsinformationunderthefollowing
headings.

TASK (G/L) an identification of the process - An MPI process is nor-
mally identified by its rank in MPI_COMM_WORLD,
alsoreferredto asthe“global” (G) rank.If theprocessis
blocked on a communicator, a ‘/’ followed by its rank
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within that communicator is appended. This is also
referred to as the “local” (L) rank. The name of the pro-
gram is also printed.

FUNCTION the MPI routine currently being executed
PEER|ROOT the source or destination process of a communication

operation, if one is specified under FUNCTION, or the
root process of certain collective operations

TAG the message tag of a point-to-point communication
COMM the communicator ID being used - SeeDebugging and

Tracing for how to cross-referencethisnumberwith the
program’s data.

COUNT the number of elements being transferred
DATATYPE the datatype ID of each element being transferred

Dependingon theMPI routine,somefieldsmaynotbeapplicableandwill
beleft blank.If aprocessis notcurrentlyexecutinganMPI routine,oneof
the following execution states may be reported:

<running> free to run on the underlying OS
<paused> blocked on lam_kpause()
<stopped> stopped by the LAM signal, LAM_SIGARREST
<blocked> blocked in a LAM routine - In general this should be a

transitory state.

With spawned processes and even multiple MPI applications running con-
currentlyunderthesameLAM session,MPI_COMM_WORLD rankis not
alwaysanunambiguousidentificationof anMPI process.LAM hasanalter-
native to the global rank, called the GPS (for Global Positioning System).

% mpitask
TASK (G/L) FUNCTION PEER|ROOT TAG COMM COUNTDATATYPE
0/0 demo Recv 3/1 ANY <2> 1 <30>
2/0 demo Recv 5/1 ANY <2> 1 <30>
4/1 demo Recv 7/2 ANY <2> 1 <30>
6/2 demo Recv 9/3 ANY <2> 1 <30>
8/2 demo Recv 2/0 ANY <2> 1 <30>
1/0 demo Recv 4/1 ANY <2> 1 <30>
3/1 demo Recv 6/2 ANY <2> 1 <30>
5/1 demo Recv 8/2 ANY <2> 1 <30>
7/2 demo Recv 1/0 ANY <2> 1 <30>
9/3 demo Recv 0/0 ANY <2> 1 <30>

GPS
Identification
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-gps Identify MPI processes with the GPS instead of the glo-
bal rank, the rank within MPI_COMM_WORLD.

The GPS is comprised of the nodeid on which the process is running, and
the LAM process index within that node.1

TheMPI communicatoranddatatypearetwoopaqueobjectsthatareshown
asunfamiliar identifiersin theformat,<#>.Extendedlibrary functionscan
reportthesamevaluesfrom within therunningapplication.SeeDebugging
and Tracing. Informationfrom within communicatorsanddatatypescanbe
reported by mpitask.

-c Instead of the default report, print communicator infor-
mation on all selected processes.

Thecommunicatorreportcontainsanidentificationof theprocess,asunder
theTASK headingin thedefault report.It alsocontainsthesizeof thecom-
municator and the global ranks (or GPS, with the -gps option) of all pro-
cessesin thecommunicator’sprocessgroup.If it is aninter-communicator,
members of both groups are reported.

-d Instead of the default report, print datatype information
on all selected processes.

The datatype report contains an identification of the process, as under the
TASK heading in the default report. It also contains a rendering of the
datatype’stypemap,whichisnoteasytodepictwith onlyASCII characters.
Theformatis hierarchical,with indentationrepresentingalevel of datatype
derivation. Basic datatypes are written as they are coded. For derived

1. Application process indices do not start at 0 or 1 because LAM system pro-
cesses occupy the first several positions.

% mpitask -gps n0 i8
TASK (GPS/L) FUNCTION PEER|ROOT TAG COMM COUNTDATATYPE
n0,i8/0 demo Recv n1,i9/1 ANY <2> 1 <30>

Communicator
Monitoring

% mpitask -c n0 i8
TASK (G/L): 0/0 demo
INTRACOMM: <2>
SIZE: 4
GROUP: 0 3 6 9

Datatype
Monitoring
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datatypes,theconstructortypeisshownalongwith informationondisplace-
ments, blocklengths and block counts. Compare the sample code with the
output of mpitask -d.

The number of MPI processes reported by mpitask can be constrained by
specifying nodeids and/or process indices on the mpitask command line.
Choosing the right nodeids and process indices is obviously facilitated by
theGPSreporting.Selectingasingleprocessis particularlyusefulfor com-
municatoranddatatypereporting,whenmany or all of theprocessesmight
have the same communicator or datatype to report.

Doom is the command level interface to signal delivery. Node(s) must be
specifiedonthecommandline. If noprocessesarespecified,all application
processesontheselectednodesaresignalled.With nootheroptions,doom
sendsaLAM_SIGUDIE signal.Unfortunately, theusercannotspecifysig-
nal mnemonics and must give the actual signal number instead. These are
listed below.

-1 (LAM_SIGTRACE) unload trace data
-4 (LAM_SIGUDIE) terminate
-5 (LAM_SIGARREST) suspend execution
-6 (LAM_SIGRELEASE) resume execution
-7 (LAM_SIGA) reserved for user
-8 (LAM_SIGB) reserved for user
-9 (LAM_SIGFUSE) node about to die
-10 (LAM_SIGSHRINK) another node has died

For example,to suspendprocessindex 8 onnode1, usethefollowing form:

% doom n1 i8 -5

Resume the execution of the same process:

% doom n1 i8 -6

% mpitask -d n0 i8
TASK (G/L): 0/0 demo
DATATYPE: <30>

MPI_VECTOR (10 x 2, 20)
MPI_STRUCT (3)

(1, 0) MPI_INT
(3, 8) MPI_DOUBLE
(1, 32) MPI_UB

doom
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mpimsg Monitor message buffers.
bfctl Control message buffers.

A receiving process is usually debugged with thempitask command, but a
sendingprocesstransfersamessageandreturnsto areadystatequickly due
to the presence of buffers. Thempimsg command is provided to examine
buffered messages. With no arguments, all MPI messages on all nodes are
reported. The report can be constrained by specifying nodes and processes.

SeeProcess Monitoring and Control for anexampleprogramthatcansend
messages that will not be received. These messages can be examined with
mpimsg.

In its defaultdisplaymode,mpimsgprintsinformationunderthefollowing
headings.

SRC (G/L) anidentificationof thesendingprocessfollowedby a‘/’
and the process’s communicator rank (the “local” rank)

DEST (G/L) an identification of the receiving process followed by a
‘/’ and the process’s communicator rank

TAG the message tag
COMM the communicator ID
COUNT the number of elements in the message
DATATYPE the datatype ID of each element
MSG the message ID to use in a contents query

The same communicator and datatype information that is obtainable from
processeswith mpitaskis alsoobtainablefrom messages.Thedifferenceis
thatmoreprecisionis neededto specifyamessage,becauseoneprocesscan

Message
Monitoring

and Control

mpimsg

% mpimsg
SRC (G/L) DEST (G/L) TAG COMM COUNT DATATYPE MSG
9/3 0/0 0 <2> 1 <30> n0,#0
8/2 2/0 0 <2> 1 <30> n0,#1
1/0 4/1 0 <2> 1 <30> n0,#2
3/1 6/2 0 <2> 1 <30> n0,#3
5/1 8/2 0 <2> 1 <30> n0,#4
7/2 1/0 0 <2> 1 <30> n1,#0
0/0 3/1 0 <2> 1 <30> n1,#1
2/0 5/1 0 <2> 1 <30> n1,#2
4/1 7/2 0 <2> 1 <30> n1,#3
6/2 9/3 0 <2> 1 <30> n1,#4
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generate several messages. Instead of process indices, mpimsg requires a
message number as a parameter to -c (communicator) or -d (datatype). In
fact the information needed by mpimsg is that exactly printed under the
MSG heading in the default report: nodeid and message number.

-m <#> Displaythecontentsof thespecifiedmessagenumberon
the specified node.

An additionalcapabilityuniqueto messagereportingis thedisplayof mes-
sagecontents.Thedatatype’stypemapis usedto formatthedata.Offsetsat
thebeginningof eachline arefrom thebeginningof theunpackedmessage.
Contiguousblocksof onebasicdatatypeareprintedcontiguously, with new-
lines forced between blocks.

The LAM daemon does not continue to allocate buffer space up until the
operatingsystemisoutof memory. Thereisalimit afterwhichnoadditional
messageswill beaccepteduntil someareconsumed.Processeswill blockin
sendoperationsif therequiredbuffer spaceis notavailable.Whenusingthe
defaultGERprotocol(SeeExecuting MPI Programs), mpirun will takecare
of adjustingthebuffer limit accordingto theguaranteedenveloperesources.
If this protocol is disabled, the user may need to tune the buffer limit man-
ually. TheusercancontrolthemaximumsizeaLAM daemon’sbuffer pool
with thebfctl command.

-s Adjust the upper limit on buffered messages for the
selected nodes.

% bfctl N -s 0x100000

Message
Contents

% mpimsg -gps n0 -m 4
MESSAGE: n0,i12/2 #4
00000000: 0
00000008: 0 0 0
00000020: 0
00000028: 0 1 0
00000280: 1
00000288: 1 0 0
000002a0: 1
000002a8: 1 1 1
00000500: 2
...

bfctl
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lamtrace Collect trace data and store in a file.

After a traced application has completed execution, trace data recording
communicationactivity is storedwithin theLAM daemonacrossall nodes
on which the application ran. There is a limit on how much trace data one
LAM daemonwill hold.Whenthatlimit is reached,theoldesttracesaredis-
carded in favour of the newest traces. SeeDebugging and Tracing for runt-
ime routines that can limit the volume of trace data.

Thelamtrace commandgatherstracedataandstoresit into afile, whichby
convention has the suffix .lamtr.

% lamtrace -v -mpi

-mpi Search for an MPI world trace created by the specified
processes.

For the most part, lamtrace and the LAM daemon are ignorant of specific
traceformats.In orderto extractMPI tracedatafor aparticularworld com-
municator group in the presence of several such groups (due to spawned
processes or multiple applications), lamtrace understands the format of an
administrative tracerecordproducedby LAM’ sMPI library. In simplesitu-
ations with one application and no spawned processes, no node or process
focusis required.lamtracesearchesall nodesandeventuallylocatesthesol-
itary MPI world trace, which is produced by process rank 0 in
MPI_COMM_WORLD. However, if trace data from multiple worlds are
present,nodeandpossiblyprocessspecificationmustbegivenon thecom-
mandline to getthedatafor thedesiredworld.Therightnodeidandprocess
index canbelearnedfrom mpitask or inferredfrom theapplicationschema.
For example:

% lamtrace -v -mpi n0 i8

It is entirely possible to unload trace data before the application has com-
pleted, with the obvious caveat that incomplete communication at the
moment of the unload will be reflected in the trace data.

Tracedataremainsin theLAM daemonandawaitsanunloadafteranappli-
cationterminates.If notunloaded,it shouldberemovedbeforerunningthe
next application. This is one of the actions taken bylamclean.

Collecting
Trace Data

lamtrace
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lamgrow Add a node to the current LAM session.
lamshrink Remove a node.

LAM can be operated in an environment where resource availability is
dynamic,perhapsunderthecontrolof anexternalresourcemanager. LAM
is started and an initial set of nodes are established withlamboot. If in the
future a resource manager (software or human) decides to modify the cur-
rent set of nodes belonging to a LAM session, the changes are made with
two commands,lamgrow andlamshrink. Bothcommandsmustbeexecuted
from an existing LAM node.

A new machineis labelledwith anodeidandaddedto theLAM sessionwith
lamgrow. Usage is more restrictive than typical LAM commands.

• The nodeid must not duplicate an existing node.

• Only one node can be added per invocation of lamgrow.

• The machine name must be supplied. LAM will not choose one.

• Only one copy of lamgrow must be running throughout the LAM
multicomputer.

% lamgrow -v n8 buckeye.osc.edu

If anodeidis not specified,thenext highestLAM nodeidis used.With the
power to specifyanodeid,lamgrow canremovetheinitial propertyguaran-
teed by lamboot - that nodeids are consecutive starting from zero.

-x Enable fault tolerant detection and recovery. The deci-
sion to use this option generally follows the lamboot
invocation.

-c <bhost> Update a boot schema by appending the new machine
nameto thehostlist. Thisisasimpleconveniencefeature
that updates a boot schema for use bywipe.

A single node is removed per invocation of lamshrink. The nodeid and the
machine name must be supplied.

% lamshrink -v n8 buckeye.osc.edu

-w <#secs> Signal all application processes on the doomed node
(LAM_SIGFUSE) and pause before continuing. See
Signal Handling.

Adding and
Deleting LAM

Nodes

lamgrow

lamshrink
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fstate Get remote filesystem status.
fctl Control remote filesystem.

Therearecommandsto monitorandcontrolremotefile access(SeeRemote
File Access). fstate prints one line of status information for each open file
descriptor.

FD/COUNT global file descriptor handle (not the client handle) and
reference count

FLAGS open flags and status flags (see below)
FLOW total amount of I/O in bytes since opening
CLIENT nodeid and process ID of last client process
NAME filename

The open/status flags are single character mnemonics.

R open for read
W open for write
L locked active
A active, currently open in the underlying filesystem
I inactive, currently closed in the underlying filesystem

Thefctl command has two features. The -s option cleans up and closes a
specific file descriptor while the -S option does the same thing for all file
descriptors.With nooptions,fctl printsthecurrentworkingdirectoryof the
remote filesystem. The working directory is changed by giving a new
pathnameto fctl. In thecurrentrelease,workingdirectoriesarekeptonaper
node basis, not a per process basis.

% fctl -s 4

File
Monitoring

and Control

fstate

% fstate N
NODE FD/COUNT FLAGS FLOW CLIENT NAME
n0 (o) 0/0 R|L 0 none /dev/null
n0 (o) 1/0 W|L 0 n0/p25825 /dev/ttya
n0 (o) 2/0 R|W|L 0 none /dev/ttya

fctl
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bhost.my3suns example host file

Thetopologyof amulticomputerisestablishedin thebootschema.Theboot
schema specifies the identifiers and types of nodes, and the physical
machines to be used. It may also contain the user account name on a
machinein caseit is differentfrom thelocalusername.Thebootschemais
used bylamboot when starting the LAM session and bywipe when termi-
nating the LAM session. SeeStarting LAM.

A variety of boot schemata describing different multicomputers may
alreadybeavailablefor agiveninstallation.Thesefilesaregenerallyfound
in thedirectory$LAMHOME/boot.LAM usersmayneedtowrite theirown
boot schema since the network often affords many choices. This section
describes how to write a boot schema for LAM using the host file syntax.
The example multicomputer has three nodes, one of which has a different
user account name.

Thehostfile syntaxis anextremelysimplewayof representingtheinforma-
tion required in a LAM boot schema. The machines are listed one on each
line with an optional user account name (username) following it. The user-
nameis requiredin casetheaccountnameonthatmachineis differentfrom
the one on the local machine where lamboot will be invoked. If the user-
name is not given, the local one will be used. The nodeids are determined
by the order in which the machines appear in the file, starting with node 0
and proceeding with consecutive node numbers. A line segment following
a # character denotes a comment and is thus skipped.

In the three node example, it is assumed that the machines are named
“ohio”, “osc” and“faraway.far.edu”andnumbered0,1,and2 respectively.
It is alsoassumedthattheuseris loggedonto node0,andhasthesameuser-
nameonnode1, butadifferentone(guest)onnode2. Sincenode1 hasthe
sameusernameasthelocalnode,thereis noneedto specifyit. Theexample
boot schema using the host file syntax is shown below.

# a 3 node example
ohio
osc
faraway.far.edu guest

Writing a
LAM Boot

Schema

Host File Syntax
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hboot Start LAM on one node.

Thelamboot commandrunsalowerlevel programthatstartsLAM onaspe-
cific node.Normally, theuserwill onlyneedtouselamboot.In somespecial
circumstances, when variations in the normal start-up procedure not con-
trollable with lamboot options are desired, the user may wish to manually
start the system. By running the low level hboot tool, the user can select
options that tailor the start-up to his/her needs and/or bypass some of the
complexities of lamboot.

Thehboottool readsaper-nodeconfigurationfile calledaprocessschema.
Theprocessschemacontainsalist of programsandruntimeargumentsthat
will constitute LAM on a node. The default process schema filename for
hboot isconf.otb. Lamboot invokes hboot using theconf.lam process
schema.Justastheusercancreatecustombootschemata,he/shecancreate
custom process schemata. They make it easy to reconfigure LAM at the
process level. For a complete description of the process schema grammar,
see theprocschema manual page.

To manually start a LAM session, first consult the boot schema. This file
specifies the node identifiers as well as a binding between node identifiers
andactualmachines.Theexamplebootschemashownbelow iswrittenwith
the host file syntax and describes a 3 node multicomputer.

# a 3 node example
ohio
osc
faraway.far.edu guest

Eachnodewill bestartedusingthehboottool,givingeachnodeinformation
about the other nodes in the multicomputer in order to form the fully con-
nected LAM topology. Assuming the user is logged on to machine “ohio”,
first start LAM locally.

{ohio}% hboot -vc conf.lam -I “-n0 -o0
 osc 1 faraway.far.edu 2”

Then login to machine “osc” and start LAM on it.

{osc}% hboot -vc conf.lam -I “-n1 -o0
 ohio 0 faraway.far.edu 2”

Low Level
LAM Start-up

Process Schema

hboot
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Then login to machine “faraway.far.edu” on the account “guest” and start
LAM on it.

{faraway}% hboot -vc conf.lam -I “-n2 -o0
 ohio.here.edu 0 osc.here.edu 1”

Noticethatin this lastcasethefull machinenamesof “ohio” and“osc” are
providedsincethey arein adifferentdomainthan“f araway”. The-I option’s
parameter becomes the value of the $inet_topo variable in the process
schema. This variable is used by LAM to ascertain network information.

-o the nodeid of the origin node - The origin node is
assumed to be the position from where the user would
have invoked lamboot. Many LAM features use the ori-
gin node as a default nodeid.

-n the local nodeid

Otherthanestablishinglocalandremotenodeids,thenetwork information
contains machine name / link number pairs for all other nodes. The link
number is equivalent to the LAM nodeid.

The same procedure may be done using the rsh UNIX tool instead of log-
ging in to each machine. In this case, use the -s option of hboot in order to
allow rsh to return when hboot is done.
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This appendix contains Fortran bindings for the library routines described
in this document. All bindings are subroutines unless otherwise noted.

from Initialization:

MPI_INIT (ierror)
integer ierror

MPI_FINALIZE (ierror)

MPI_ABORT (comm, errcode, ierror)
integer comm, errcode

MPI_COMM_SIZE (comm, size, ierror)
integer comm, size

MPI_COMM_RANK (comm, rank, ierror)
integer comm, rank

from Blocking Point-to-Point:

MPI_SEND (buf, count, dtype, dest, tag, comm,
ierror)

<type> buf(*)
integer count, dtype, dest, tag, comm

MPI_RECV (buf, count, dtype, source, tag, comm,
status, ierror)

<type> buf(*)
integer count, dtype, source, tag, comm
integer status(MPI_STATUS_SIZE)

MPI_GET_COUNT (status, dtype, count, ierror)
integer status(MPI_STATUS_SIZE), dtype, count

MPI_PROBE (source, tag, comm, status, ierror)
integer source, tag, comm
integer status(MPI_STATUS_SIZE)

from Nonblocking Point-to-Point:

MPI_ISEND (buf, count, dtype, dest, tag, comm,
request, ierror)

<type> buf(*)
integer count, dtype, dest, tag
integer comm, request

Appendix A:
Fortran

Bindings
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MPI_IRECV (buf, count, dtype, source, tag, comm,
request, ierror)

<type> buf(*)
integer count, dtype, source, tag
integer comm, request

MPI_TEST (request, flag, status, ierror)
logical flag
integer request, status(MPI_STATUS_SIZE)

MPI_WAIT (request, status, ierror)
integer request, status(MPI_STATUS_SIZE)

MPI_IPROBE (source, tag, comm, flag, status,
ierror)

logical flag
integer source, tag, comm
integer status(MPI_STATUS_SIZE)

from Message Datatypes:

MPI_TYPE_VECTOR (count, blocklength, stride,
oldtype, newtype, ierror)

integer count, blocklength, stride
integer oldtype, newtype

MPI_TYPE_STRUCT (count, blocklengths,
displacements, dtypes, newtype, ierror)

integer count, blocklengths(*)
integer displacements(*), dtypes(*), newtype

MPI_ADDRESS (location, address, ierror)
<type> location(*)
integer address

MPI_TYPE_COMMIT (dtype, ierror)
integer dtype

MPI_PACK_SIZE (incount, dtype, comm size, ierror)
integer incount, dtype, comm, size

MPI_PACK (inbuf, incount, dtype, outbuf, outsize,
position, comm, ierror)

<type> inbuf(*), outbuf(*)
integer incount, dtype, outsize
integer position, comm
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MPI_UNPACK (inbuf, insize, position, outbuf,
outcount, dtype, comm, ierror)

<type> inbuf(*), outbuf(*)
integer insize, position, outcount
integer dtype, comm

from Collective Message-Passing:

MPI_BCAST (buf, count, dtype, root, comm, ierror)
<type> buf(*)
integer count, dtype, root, comm

MPI_SCATTER (sendbuf, sendcount, sendtype,
recvbuf, recvcount, recvtype, root,
comm, ierror)

<type> sendbuf(*), recvbuf(*)
integer sendcount, sendtype, recvcount
integer recvtype, root, comm

MPI_GATHER (sendbuf, sendcount, sendtype,
recvbuf, recvcount, recvtype, root
comm, ierror)

integer sendcount, sendtype, recvcount
integer recvtype, root, comm

MPI_REDUCE (sendbuf, recvbuf, count, dtype, op,
root, comm, ierror)

<type> sendbuf(*), recvbuf(*)
integer count, dtype, op, root, comm

from Creating Communicators:

MPI_COMM_DUP (comm, newcomm, ierror)
integer comm, newcomm

MPI_COMM_SPLIT (comm, color, key, newcomm, ierror)
integer comm, color, key, newcomm

MPI_COMM_FREE (comm, ierror)
integer comm

MPI_COMM_REMOTE_SIZE (comm, size, ierror)
integer comm, size

MPI_INTERCOMM_MERGE (intercomm, high, intracomm,
ierror)
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integer intercomm, intracomm
logical high

from Process Topologies:

MPI_CART_CREATE (oldcomm, ndims, dims, periods,
reorder, newcomm, ierror)

integer oldcomm, ndims, dims(*), newcomm
logical periods(*), reorder

MPI_CART_RANK (comm, coords, rank, ierror)
integer comm, coords(*), rank

MPI_CART_COORDS (comm, rank, maxdims, coords,
ierror)

integer comm, rank, maxdims, coords(*)

MPI_CART_SHIFT (comm, direction, distance,
rank_source, rank_dest, ierror)

integer comm, direction, distance
integer rank_source, rank_dest

from Dynamic Processes:

MPI_SPAWN (program, argv, maxprocs, info, root,
comm, intercomm, ierrors, ierror)

character*(*) program, argv(*)
integer info, maxprocs, root, comm
integer intercomm, ierrors(*)

from Miscellaneous MPI Features:

MPI_ERRHANDLER_CREATE (errfunc, handler, ierror)
external errfunc
integer handler

MPI_ERRHANDLER_SET (comm, handler, ierror)
integer comm, handler

MPI_ERROR_STRING (code, errstring, resultlen,
ierror)

integer code, resultlen
character*(*) errstring

MPI_ERROR_CLASS (code, class, ierror)
integer code, class
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MPI_ATTR_GET (comm, keyval, attrval, flag, ierror)
integer comm, keyval, attrval
logical flag

double precision MPI_WTIME()

from Remote File Access:

lamf_rfopen (lamfd, file, flags, modes, ierror)
integer lamfd, flags, modes
character*(*) file

lamf_rfclose (lamfd, ierror)
integer lamfd

lamf_rfread (lamfd, buf, length, nread, ierror)
integer lamfd, length, nread
<type> buf(*)

lamf_rfwrite (lamfd, buf, length, nwritten,
ierror)

integer lamfd, length, nwritten
<type> buf(*)

from Collective I/O:

CBX_OPEN (file, flags, mode, owner, comm, cbxfd,
ierror)

character*(*) file
integer flags, mode, owner, comm, cbxfd

CBX_CLOSE (cbxfd, ierror)
integer cbxfd

CBX_READ (cbxfd, buf, count, dtype, nread, ierror)
integer cbxfd, count, dtype, nread
<type> buf(*)

CBX_WRITE (cbxfd, buf, count, dtype, nwritten,
ierror)

integer cbxfd, count, dtype, nwritten
<type> buf(*)

CBX_LSEEK (cbxfd, offset, whence, ierror)
integer cbxfd, offset, whence

CBX_MULTI (cbxfd, ierror)
integer cbxfd
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CBX_SINGL (cbxfd, ierror)
integer cbxfd

CBX_IS_MULTI (cbxfd, result, ierror)
integer cbxfd
logical result

CBX_IS_SINGL (cbxfd, result, ierror)
integer cbxfd
logical result

CBX_ORDER (cbxfd, newrank, ierror)
integer cbxfd, newrank

from Signal Handling:

MPIL_SIGNAL (comm, rank, signo, ierror)
integer comm, rank, signo

from Debugging and Tracing:

MPIL_COMM_ID (comm, id, ierror)
integer comm, id

MPIL_COMM_GPS (comm, rank, nodeid, pid, ierror)
integer comm, rank, nodeid, pid

MPIL_TYPE_ID (dtype, id, ierror)
integer dtype, id

MPIL_TRACE_ON (ierror)

MPIL_TRACE_OFF (ierror)
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The trivial example program fromProgramming Tutorial is shown here in
Fortran.

c
c Transmit a message in a two process system.
c

program trivial
#include <mpif.h>

integer*4 BUFSIZE
parameter (BUFSIZE = 64)
integer*4 buffer(BUFSIZE)
integer rank, size
integer status(MPI_STATUS_SIZE)

c
c Initialize MPI.
c

call MPI_INIT(ierror)
c
c Error check the number of processes.
c Determine my rank in the world group.
c The sender will be rank 0 and the receiver, rank 1.
c

call MPI_COMM_SIZE(MPI_COMM_WORLD, size, ierror)
if (size .ne. 2) then

call MPI_FINALIZE(ierror)
stop

endif
call MPI_COMM_RANK(MPI_COMM_WORLD, rank, ierror)

c
c As rank 0, send a message to rank 1.
c

if (rank .eq. 0) then
call MPI_SEND(buffer(1), BUFSIZE, MPI_INTEGER,

     + 1, 11, MPI_COMM_WORLD, ierror)
c
c As rank 1, receive a message from rank 0.
c

else
call MPI_RECV(buffer(1), BUFSIZE, MPI_INTEGER,

     + 0, 11, MPI_COMM_WORLD, status,
     + ierror)

endif
call MPI_FINALIZE(ierror)
stop
end

Appendix B:
Fortran

Example
Program
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