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How to Use
This
Document

This document is ganized into four major chapters. ltgses with a tuto-

rial covering the simpler techniques of programming and operation. Ne
users should start with the tutorial. The second chapter is an MPI program-
ming primer emphasizing the commonly used routines. Non-standard
extensiongo MPI andadditionalprogrammingcapabilitiesuniqueto LAM

are separated into a third chapiéne last chapter is an operational refer-
encelt describesiow to configureandstartaLAM multicomputerandhow

to monitor processes and messages.

This document is user oriented. It does neégnuch insight into he the
system is implemented. It does not detedrg option and capability of
every commanaandroutine.An extensve setof manualpagescoverall the
commandsindinternalroutinesin greatdetailandaremeanto supplement
this document.

The reader will note a heabias tavards the C programming language,
especiallyin thecodesamplesThereis noFortranversionof thisdocument.
Thetext attemptgo belanguagensensitve andtheappendicesontainFor-

tran code samples and routine prototypes.

We hare kept the font and syntax ceentions to a minimum.

code This font is used for things you type on tregltkoard or
seeprintedonthescreenWe useit in codesectionsand
tables lot not in the main te.

<symbol> This is a symbol used to abstract something youlav
type. V\& use this carention 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.

MPI Primer / Developing with LAM



Table of
Contents

How to Use This Document 2
LAM Architecture 7

Debugging 7
MPI Implementation 8
How to Get LAM 8

LAM / MPI Tutorial Introduction

Programming Tutorial 9

The World of MPI 10

Enter and Exit MPI 10

Who Am |; Who Are They? 10
Sending Messages 11
Receiving Messages 11
Master / Slave Example 12

Operation Tutorial 15

Compilation 15

Starting LAM 15

Executing Programs 16
Monitoring 17

Terminating the Session 18

MPI Programming Primer

Basic Concepts 19
Initialization 21

Basic Parallel Information 21
Blocking Point-to-Point 22

Send Modes 22
Standard Send 22
Receive 23

Status Object 23
Message Lengths 23
Probe 24

Nonblocking Point-to-Point 25

Request Completion 26
Probe 26

MPI Primer / Developing with LAM



Message Datatypes 27

Derived Datatypes 28
Strided Vector Datatype 28
Structure Datatype 29
Packed Datatype 31

Collective Message-Passing 34

Broadcast 34
Scatter 34
Gather 35
Reduce 35

Creating Communicators 38

Inter-communicators 40
Fault Tolerance 40

Process Topologies 41
Process Creation 44

Portable Resource Specification 45
Miscellaneous MPI Features 46

Error Handling 46
Attribute Caching 47
Timing 48

LAM / MPI Extensions

Remote File Access 50
Portability and Standard 1/0 51
Collective 1/0 52
Cubix Example 54
Signal Handling 55
Signal Delivery 55
Debugging and Tracing 56

LAM Command Reference

Getting Started 57
Setting Up the UNIX Environment 57

MPI Primer / Developing with LAM



Node Mnemonics 57
Process Identification 58
On-line Help 58

Compiling MPI Programs 60
Starting LAM 61

recon 61
lamboot 61
Fault Tolerance 61
tping 62
wipe 62
Executing MPI Programs 63

mpirun 63

Application Schema 63

Locating Executable Files 64

Direct Communication 64
Guaranteed Envelope Resources 64
Trace Collection 65

lamclean 65

Process Monitoring and Control 66

mpitask 66

GPS Identification 68
Communicator Monitoring 69
Datatype Monitoring 69
doom 70

Message Monitoring and Control 71

mpimsg 71
Message Contents 72
bfctl 72

Collecting Trace Data 73
lamtrace 73
Adding and Deleting LAM Nodes 74

lamgrow 74
lamshrink 74

File Monitoring and Control 75

fstate 75
fctl 75

MPI Primer / Developing with LAM



Writing a LAM Boot Schema 76
Host File Syntax 76
Low Level LAM Start-up 77

Process Schema 77
hboot 77

Appendix A: Fortran Bindings 79
Appendix B: Fortran Example Program 85

MPI Primer / Developing with LAM



LAM
Ar chitecture

Debugging

LAM runs on each computer as a single daemon ésemniquely struc-
turedasanano-lernelandhand-threadedrtual processes henano-lernel
componenprovidesasimplemessage-passingndez-wusserviceto local
processes. Some of the in-daemon processes form arkef@mmunica-
tion subsystemwhichtransfersnessaget andfrom otherLAM daemons
onothermachinesThenetwork subsystenaddsfeaturesuchaspacletiza-
tion and lnuffering to the base synchronization. Other in-daemon processes
are serers for remote capabilities, such as prograectetion and parallel
file accessThelayeringis quitedistinct:thenano-kernelhasno connection
with the netverk subsystem, which has no connection with theessrv
Users can configure in or out services as necessary

Theuniquesoftwareengineeringf LAM is transparentipd usersandsystem
administrators, who only see a gentional daemon. Systemwidopers
can de-cluster the daemon into a daemon containing only the eamal-k
and seeral full client processes. Thiswa#opers’ mode is still transparent
to usersbut exposed AM’ s highly modularcomponentso simplifiedindi-
vidual delugging.It alsorevealsLAM’ sevolutionfrom Trollius, whichran
natively on scalable multicomputers and joined them to a hosonetw
through a uniform programming intade.

cmds, apps, GUIs

MPI, client / server
network msgs

local msgs, client mgmt

Figure 1: LAM’s Layered Design

Thenetwork layerin LAM is adocumentedprimitive andabstractayeron
which to implement a more p@rful communication standard &kVIPI
(PVM has also been implemented).

A mostimportantfeatureof LAM is hands-orcontrolof themulticomputer
There is ery little that cannot be seen or changed at runtime. Programs
residingarywherecanbeexecutecanywhere stoppedresumedkilled, and
watched the whole time. Messages can beetearywhere on the multi-
computer anddiffer constraints tuned agperience with the application
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MPI
Implementation

How to Get LAM

dictateslIf thesynchronizatiorf aprocesandamessageanbeeasilydis-
played, mismatches resulting inds can easily be found. These and other
servicesareavailablebothasaprogrammindibrary andasutility programs
run from ary shell.

MPI synchronizatioboilsdown to four variablescontext, tag,sourceank,
anddestinatiorrank. Thesearemappedo LAM’ sabstracsynchronization

at the netwrk layer MPI delugging tools interpret the LAM information
with the knavledge 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 underlyivigogrment.

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

MPI programs deesloped on LAM can be nved without source code
changes to gnother platform that supports MPI.

LAM installs arywhere and uses the shelfearch path at all times to find
LAM andapplicationexecutablesA multicomputelis specifiedasasimple
list of machine names in a file, which LAM uses &ify access, start the
ervironment, and reme it.

LAM is freely available under a GNU license via aamous ftp from
ftp.osc.edu.
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LAM / MPI Tutorial Introduction

Theexampleprogramsn this sectionillustratecommonoperationsn MPI.
You will also see he to run and delg a program with LAM.

Programming For basic applications, MPI is as easy to use gtrer message-passing
Tutorial library. Thefirstprogramis designedo runwith exactlytwo processeOne
processendsamessagéo theotherandthenbothterminate Enterthefol-
lowing codein trivial.c or obtainthe sourcefrom the LAM sourcedistribu-
tion (examples/tvial/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;

/*
* |nitialize MPI.
*
MPI_Init(&argc, &argv);
/*
* Error check the number of processes.
* Determine my rank in the world group.
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* The sender will be rank 0 and the receiver, rank 1.
*/
MPI_Comm_size(MPI_COMM_WORLD, &size);
if (2 1=size) {
MPI_Finalize();
return(l);

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 O.
*/
else {
MPI1_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, stateragnts, v
able declarations and types, and functions.

The World of  Processes are represented by a unique “rankgént@and ranks are num-
MPI  bered 0, 1, 2, ..., N-1. MPI_COMM_®RLD means “all the processes in
the MPI applicatiori.lt is called a communicator and it pides all infor-
mation necessary to do message-passing. Portable libraries do more with
communicators to pxade synchronization protection that most other mes-
sage-passing systems cannot handle.

Enter and Exit ~ As with other systems, twoutines are praded to initialize and cleanup
MPI  an MPI process:

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

Who Am |; Who  Typically, a process in a parallel application needs tavkwbo it is (its
Are They? rank)andhow mary otherprocessesxist. A procesgindsoutits own rank
by calling MPI_Comm_rank().

MPI Primer / Developing with LAM



Sending
Messages

Receving
Messages
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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 messagés anarrayof element®of agivendatatypeMPI supportsall the
basic datatypes and alle a more elaborate application to construet ne
datatypes at runtime.

A messagés sentto aspecificprocesandis markedby atag(integer)spec-
ified by the userTags are used to distinguish betweefedgnt message
typesaprocessnightsend/recede. In theexampleprogramabove, theaddi-
tional synchronizatiorfferedby thetagis unnecessaryrhereforeary ran-
dom \alue is used that matches on both sides.

MPI1_Send(void *buf, int count, MPI_Datatype
dtype, int dest, int tag, MPI_Comm comm);

A receving process specifies the tag and the rank of the sending process.
MPI_ANY_TAG and MPI_ANY_SOURCE may be used to reea mes-
sage of aptag and from ansending process.

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

Information about the recstd message is returned in a statusable. If
wildcards are used, the reeed message tag is status.MPAG and the
rank of the sending process is status.MPl_SOURCE.

Another routine, not used in theanple program, returns the number of
datatypeslementseceved.It isusedvhenthenumberof elementseceved
mightbesmallerthannumberspecifiedo MPI_Recv() It isanerrorto send
more elements than the redag process will accept.

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

MPI Primer / Developing with LAM
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Master / Slave  Thefollowing exampleprogramis a communicatiorskeletonfor adynam-
Example ically load balanced master/gtaapplication. The source can be obtained

fromtheLAM sourcedistribution (examples/tivial/ezstart.c)Theprogram

is designedo work with a minimumof two processesonemasterandone

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 */
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/*
* Seed the slaves.

*/
work = NUM_WORK_REQS; [* simulated work */
for (rank = 1; rank < ntasks; ++rank) {
MPI1_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);
I* }
* Tell all the slaves to exit.
*
for (rank = 1; rank < ntasks; ++rank) {
MPI_Send(0, 0, MPI_INT, rank, DIETAG,
MPI_COMM_WORLD);
}
}

MPI Primer / Developing with LAM
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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.MP1_TAG == DIETAG) {
return;
}

sleep(2);

result = 6.0; /* simulated result */

MPI1_Send(&result, 1, MPI_DOUBLE, 0, 0,
MPI_COMM_WORLD);

}

Theworkingsof ranks tagsandmessagéngthsshouldbemasteredefore
constructing serious MPI applications.

MPI Primer / Developing with LAM
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Tutorial

Compilation

Starting LAM
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BeforerunningLAM you mustestablisicertainervironmentvariablesand
search paths for your shell. Add the fallog commands or eqalent to

your shellstart-upfile (.cshrc,assumingC shell).Do notaddtheseto your
Jogin as thg would not be déctive on remote machines whesh is used
to start LAM.

setenv LAMHOME <LAM installation directory>
set path = ($path $LAMHOME/bin)

Thelocalsystemadministratoror thepersorwhoinstalledLAM, will know
the location of the LAM installation directorfter editing the shell start-
upfile, invokeit to establisithenew values.Thisis notnecessargn subse-
guent logins to the UNIX system.

% source .cshrc

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

nl
nl,3,5-10

Themnemonich’ refersto thelocal nodewherethecommands typed(as
in ‘here”).

Any native C compileris usedo translatd AM programdor execution All
LAM runtime routines are found in avidibraries. LAM pro/ides a wrap-
ping command calledcc which invokes cc with the proper header and
library directories, and is usedagtly like the natie cc.

% hcc -o trivial trivial.c -lmpi

Themajor, internalLAM librariesareautomaticallyinked. TheMPI library
is explicitly linked.SinceLAM supportsheterogeneousomputing;t is up
to theuserto compilethe sourcecodefor eachof thevariousCPUsontheir
respectre machines. After correctingyaerrors reported by the compiler
proceed to starting the LAM session.

BeforestartingLAM, theuserspecifieshemachineshatwill formthemul-
ticomputer Create a host file listing the machine names, one on each line.
An example file is gren belov for the machines “ohio” and “osc”. Lines
starting with the # character are treated as comment lines.
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Executing
Programs
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# a 2-node LAM
ohio
0Ssc

The first machine in the host file will be assigned nodeid 0, the second
nodeidl, etc.Now verify thatthemulticomputeris readyto runLAM. The
recon tool checks if the user has accessif@ges 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)pptioncausesambootto reporton the start-upprocessas
it progresses. AU should return to the youwa shells prompt. LAM pre-
sents no special shell or intack emironment.

Evenif all seemswvell afterstart-up verify communicatiorwith eachnode.
tping is a simple confidenceaulbding command for this purpose.

% tping nO

Repeat this command for all nodes or ping all the nodes at once with the
broadcastnnemonicN. tping respondsy sendinga messagbetweerthe
localnode(wheretheuserinvokedtping) andthespecifiechode Successful
execution of tping prees that the taget node, nodes along the route from
thelocalnodeto thetargetnode andthecommunicatioinks betweerthem

are working properly If tping fails, press Control-Z, terminate the session
with thewipe tool andthenrestartthe system SeeTerminating the Session.

To executeaprogramusethempirun commandThefirst exampleprogram
is designedo runwith two processeslhe-c <#> optionrunscopiesof the
given program on nodes selected in a round-robin manner

% mpirun -v -c 2 trivial

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

% mpirun -v -c 2 -s h trivial

MPI Primer / Developing with LAM
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If the processesxecutedcorrectly they will terminateandleave notraces.
If youwantmorefeedbackiry usingtprintf() functionswithin theprogram.

Thefirst exampleprogramrunstoo quickly to be monitored.Try changing

the tag in the call to MPI_Recv() to 12 (from 11). Recompile the program
and rerun it as before. Mothe recering process cannot synchronize with
themessagérom thesendprocesdecause¢hetagsareunequalLook atthe
status of all MPI processes with thpitask command.

% mpitask
TASK (G/L) FUNCTION PEER|IROOT TAG COMM COUNTDATATYPE

0/0 trivial Finalize
1/1 trivial Recv 0/0 12 WORLD64 INT

Youwill noticethatthereceving processs blockedin acallto MP1_Recv()
- a synchronizing message has not beenvedeFrom the code we kwo
thisis procesgankl in the MPI applicationwhichis confirmedin thefirst
column,the MPI taskidentification.Thefirst numbers therankwithin the
world group.Thesecondhumbetis therankwithin thecommunicatobeing
used by MPI_Recv(), in this case (and in snapplications with simple
communicatiorstructure)alsotheworld group.Thespecifiedsourceof the
messages likewiseidentified. Thesynchronizationagis 12 andthelength
of the receie tuffer is 64 elements of type MPI_INT

Themessag®astransferredrom thesendingorocesdo asystenbuffer en
routeto procesgank1. MPIl_Send(wasableto returnandthe processas
calledMPI_Finalize().Systembuffers,which canbethoughtof asmessage
gueuedor eachMPI processcanbe examinedwith the mpimsg command.

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

The message shws that it originated from process rank 0 using
MPI_COMM_WORLD and that it is @iting 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_INTThis information corresponds to thgaments

given to MPI_Send(). Since the applicationaslfy and will n@er com-

plete, we will kill it with thelamclean command.

% lamclean -v
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TheLAM sessiorshouldbein thesamestateasafterinvokinglamboot.You
canalsoterminatethesessiorandrestartt with lamboot,but thisis amuch
slower operation. ¥u can nw correct the program, recompile and rerun.

Terminating the  To terminate LAM, use th&ipe tool. The host file g@ument must be the
Session same as the onevgin to lamboot.

% wipe -v <host file>

MPI Primer / Developing with LAM
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MPI Programming Primer

ThroughMessagdPassinginterface(MPI) anapplicationviews its parallel
ervironmentasa staticgroupof processesAn MPI processs borninto the
world with zero or more siblings. This initial collection of processes is
calledtheworld group.A uniquenumbey calledarank,is assignedo each
membemprocesgrom thesequenc® throughN-1, whereN is thetotalnum-
berof processes theworld group.A membercanqueryits own rankand
thesizeof theworld group.Processemayall berunningthesameprogram
(SPMD) or diferent programs (MIMD). The arld group processes may
subdvide, creatingadditionalsubgroupsvith apotentiallydifferentrankin
each group.

A processendsamessagéo adestinatiorrankin thedesiredgroup.A pro-
cessmayor may not specifyasourcerankwhenreceving amessageMes-
sages are further filtered by an arbitrarser specified, synchronization
integer called a tag, which the reeei may also ignore.

Animportantfeatureof MPI is theability to guaranteendependergoftware
developers that their choice of tag in a particular library will not conflict
with the choice of tag by some other independemtldeer or by the end
userof thelibrary. A furthersynchronizationntegercalleda contet is allo-
catedby MPI andis automaticallyattachedo everymessagerlhus,thefour
mainsynchronizatiovariablesn MPI arethesourceanddestinatiorranks,
the tag and the conte

A communicators anopaqueMPI datastructurethatcontainsnformation
ononegroupandthatcontainsonecontet. A communicators anargument

MPI Primer / Developing with LAM
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to all MPI communicatiomoutines After aprocesss createdandinitializes
MPI, three predefined communicators arailable.

MPI_COMM_WORLD the world group
MPI_COMM_SELF group with one membgemyself
MPI_COMM_RARENT an intercommunicator betweendwroups:

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

Many applications require no other communicatorgooel the vaorld com-
municatorIf new subgroup®r new contextsareneededadditionalcommu-
nicators must be created.

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

#include <mpi.h>

MPI Primer / Developing with LAM
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Basic Farallel
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MPI_Init Initialize MPI state.

MPI_Finalize Clean up MPI state.

MPI1_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 aguments are passed to MPI1_Init().

MPI_Init(int *argc, char **argv([]);
A process ceases MPI operations with MPI_Finalize().
MPI_Finalize(void);

In responséo anerrorcondition,aprocessanterminatdtself andall mem-
bersof acommunicatowith MPI_Abort(). Theimplementatiormayreport
theerrorcodeargumentto theuserin amannerconsistentvith theunderly-
ing operation system.

MPI1_Abort (MPl_Comm comm, int errcode);

Two numberghatarevery usefulto mostparallelapplicationsarethetotal
number of parallel processes and self process identification. This informa-
tion is learned from the MPI_COMM_®RLD communicator using the
routines MP1_Comm_size() and MPI_Comm_rank().

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

Of course, apcommunicator may be usedjtlihe world information is
usually ley to decomposing data across the entire parallel application.

MPI Primer / Developing with LAM
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MPI_Send Send a message in standard mode.
MPI_Recv Receve a message.
MPI_Get_count Count the elements rewged.
MPI1_Probe Wait for message awual.

MPI_Bsend Send a message inffered mode.
MPI_Ssend Send a message in synchronous mode.
MPI_Rsend Send a message in ready mode.
MPI_Buffer_attach Attach a liffer for tuffered sends.
MPI_Buffer_detach Detach the currentuffer.

MPI_Sendrecv Send in standard mode, then reeei
MPI_Sendrecv_replace Send and receg from/to one area.
MPI_Get_elements Count the basic elements re.

Thissectionfocuseson blocking, point-to-pointmessage-passimgutines.
Theterm“blocking” in MPI meanghattheroutinedoesnotreturnuntil the
associated dataufer may be reused. A point-to-point message is sent by
one process and reeed by one process.

Theissuesof flow controlandbuffering presendifferentchoicesn design-
ing message-passing primeés. MPI does not impose a single choiae b
insteadoffersfour transmissionomodesthatcover the synchronizationgdata
transferandperformanceneedof mostapplicationsThe modeis selected
by the sender through four flifent send routines, all with identicagar
ment lists. There is only one reeeiroutine. The four send modes are:

standard Thesendcompletesvhenthesystencanbuffer themes-
sage(it is notobligatedto do so)or whenthemessagés
receved.

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

synchronous The send completes when the message isvextei

ready The send must not be started unless a matchingeecei

has been started. The send completes immediately

Standaranodesenestheneedf mostapplicationsA standaranodemes-
sage is sent with MP1_Send().

MPI1_Send (void *buf, int count, MPI_Datatype
dtype, int dest, int tag, MPI_Comm comm);
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Status Object

Message Lengths

23

An MPI message is not merely awayte arraylt is a count of typed ele-
ments.Theelementypemaybeasimpleraw byte or acomplex datastruc-
ture. SeaMessage Datatypes.

The four MPI synchronizationaviables are indicated by the MPI_Send()
parameters. The source rank is the callérhe destination rank and mes-
sagetagareexplicitly given.Thecontext is apropertyof thecommunicatar

As a blocking routine, theuffer can be werwritten when MP1_Send()
returns Althoughmostsystemswill buffer somenumberof messagegspe-
cially shortmessagesyithoutary recever, aprogrammecannotrely upon
MPI1_Send() to bffer esen one message. Expect that the routine will not
return until there is a matching reesi

A message in 3hmode is rece&ed with MPI_Recv().

MPI1_Recv (void *buf, int count, MPI_Datatype
dtype, int source, int tag, MPI_Comm comm,
MPI_Status *status);

Againthefour synchronizatiowariablesareindicated with sourceanddes-
tination swapping places. The source rank and the tag can be ignored with
thespeciavaluesMPl_ANY_SOURCEandMPI_ANY_TAG.If boththese
wildcards are used, thextanessage for thexggn communicator is

receved.

An agumentotpresentn MP1_Send()s thestatusobjectpointer Thesta-
tusobjectis filled with usefulinformationwhenMPI_Recv()returnslf the
sourceand/ortagwildcardswereused theactualrecevedsourcerankand/
or message tag are accessible directly from the status object.

status.MPI_SOURCE the sendes rank
status.MPI_TAG the tag gien by the sender

It is erroneous for an MPI program to reeea message longer than the
specified recee kuffer. The message might be truncated or an error condi-
tion mightberaisedor both.It iscompletelyacceptabléo receveamessage
shorter than the specified reeeiuffer. If a short message may agj the
application can query the actual length of the message with
MPI1_Get_count().

MPI1_Get_count (MPI_Status *status,
MPI1_Datatype dtype, int *count);
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ThestatusobjectandMPI datatypearethoseprovidedto MP1_Recv().The
countreturneds thenumberof elementsecevedof thegivendatatypeSee
Message Datatypes.

Sometimes it is impractical to pre-allocate a reeduffer. MPI_Probe()
synchronizes a message and returns information about it without actually
receving it. Only synchronizationariables and the status object are pro-
vided as aguments. 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 messageffer has been prepared, the same message
reported by MPI_Probe() can be reesl with MP1_Recv().
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MPI_Isend Begin to send a standard message.
MPI_lIrecv Begin to recere a message.
MPI_Wait Complete a pending request.
MPI_Test Check or complete a pending request.
MPI_lprobe Check message aral.

MPI_Ibsend Begin to send aldfered message.
MPI_Issend Begin to send a synchronous message.
MPI_Irsend Begin to send a ready message.
MPI_Request_free Free a pending request.

MPI1_Waitany Complete ap one request.

MPI_Testany Check or complete grone request.
MPI_Waitall Complete all requests.

MPI_Testall Check or complete all requests.
MPI1_Waitsome Complete one or more requests.
MPI1_Testsome Check or complete one or more requests.
MPI_Cancel Cancel a pending request.
MPI_Test_cancelled Check if a pending requestw cancelled.

Theterm“nonblocking”in MPI meandhattheroutinereturnsmmediately

and may only hee started the message transfer operation, not necessarily
completedt. Theapplicationmaynot safelyreusethe messagéuffer after

a nonblocking routine returns. The four blocking send routines and one
blocking receie routine all hae nonblocking counterparts. The nonblock-
ing routineshave anextraoutputargument arequesbbject.Therequests
laterpassedo oneof a suiteof completionroutines. Onceanoperatiorhas
completed, its messagafter can be reused.

Theintentof nonblockingmessage-passingto starta messagéransferat
theearliestpossiblemoment,continueimmediatelywith importantcompu-
tation,andtheninsistuponcompletionatthelatestpossiblenomentWhen

the earliest and latest moment are the same, nonblocking routines are not
useful. Otherwise, a non-blocking operation on certain haresould

overlap communication and computation, thus imprg performance.

MPI_Isend() bgins a standard nonblocking message send.

MPI_lIsend (void *buf, int count, MPI_Datatype
dtype, int dest, int tag, MPI_Comm comm,
MPI_Request *req);
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Likewise, MPI_lIrecv() bgins a nonblocking message reeei

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

Both routines acceptguments with the same meaning as their blocking
counterpartsWhentheapplicationwishesto completea nonblockingsend

or receve, a completion routine is called with the corresponding request.
The Test()routineis nonblockingandthe Wait() routineis blocking.Other
completion routines operate on multiple requests.

MPI1_Test (MPI_Request *req, int *flag,
MPI_Status *status);

MPI_Wait (MPIl_Request *req, MPI_Status *status);

MPI1_Test()returnsaflagin anoutputargumentthatindicatesf therequest
completed. If true, the status objeaj@ament is filled with information. If
the request as a recee operation, the status object is filled as in
MPI_Recv(). Since MPI_\alt() blocks until completion, the status object
argument is akays filled.

MPI_lprobe() is the nonblocking counterpart of MPI_Probe(),itodoes
notreturnarequesbbjectsinceit doesnotbegin any messagéransferthat
would need to complete. It sets the flaguement which indicates the pres-
ence of a matching message (for a subsequenvegcei

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

Programmers should not consider the nonblocking routines as simsply f
versionsof theblockingcallsandthereforehe preferredchoicein all appli-
cations Someimplementationsannotake advantageof theopportunityto
optimize performance fdred by the nonblocking routines. In order to pre-
sene the semantics of the message-passing atersome implementa-
tionsmayevenbeslowerwith nonblockingtransfersProgrammershould
have a clear and substantial computatieertap before considering non-
blocking routines.

MPI Primer / Developing with LAM



27

MPI_Type_vector
MPI_Type_struct
MPI1_Address
MPI_Type_commit
MPI1_Pack
MPI1_Unpack
MPI_Pack_size

MPI_Type_continuous
MPI_Type_hvector
MPI_Type_indexed
MPI_Type_hindexed
MPI_Type_extent
MPI_Type_size
MPI_Type_Ib
MPI_Type_ub
MPI_Type_free

Create a strided homogeneoestor

Create a heterogeneous structure.

Get absolute address of memory location.
Use datatype in message transfers.

Pack element into contiguousiffer.

Unpack element from contiguousfter.

Get packing bffer size requirement.

Create contiguous homogeneous array
Create ector with byte displacement.

Create a homogeneous structure.

Create an indewith byte displacements.

Get range of space occupied by a datatype.
Get amount of space occupied by a datatype.
Get displacement of datatypdbwer bound.
Get displacement of datatypaipper bound.
Free a datatype.

Message Heterogeneousomputingrequireshatmessageéatabetypedordescribed
Datatypes Someha so that its machine representation can beeed as necessary
between computer architectures. MPI can thoroughly describe message
datatypes, from the simple prinwé machine types to complstructures,
arrays and indices.

The message-passing routines all accept a datatypment, whose C
typedefis MPI_DatatypeFor example recallMPIl_Send() Message&latais
specified as a number of elements of\@gitype.

Several MPI_Datatypealues, cwering the basic data units on most com-
puter architectures, are predefined:

MPI_CHAR signed char
MPI_SHORT signed short
MPIL_INT signed int

MPI1_LONG signed long

MPI_UNSIGNED CHAR
MPI_UNSIGNED_SHORT
MPI_UNSIGNED unsigned int
MPI_UNSIGNED_LONG unsigned long
MPI_FLOAT float

unsigned char
unsigned short
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MPI_DOUBLE double
MPI_LONG_DOUBLE long double
MPI_BYTE a rav byte

The number of bytes occupied by these basic datatypewsai® corre-
sponding C definition. Thus, MPI_INT could ocgupur bytes on one
machine and eight bytes on another machine. A message count of one
MPI_INT specified by both sender and reeeiwould, in one direction,
require padding andwahys be correct. In theverse direction, the inger
maynotberepresentabla thelessemumberof bytesandthe communica-
tion will fail.

Derived datatypes araullt by combining basic datatypes, or yaisly
built derived datatypes. A deed datatype describes a memory layout
which consistof multiple arraysof elementsA generalizatiorf this capa-
bility is thatthefour varietiesof constructoroutinesoffer 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 tw dimensional matrix with R ves and C columns stored in
row majororder Theapplicatiorwisheso communicat®neentirecolumn.
A vector denved datatype fits the requirement.

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

Assuminghematrixelementsareof MPI_INT, theargumentdor thestated
requirement wuld be:

int R, C;
MPI_Datatype newtype;
MPI_Type_vector(R, 1, C, MPI_INT, &newtype);
MPI1_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 iw 4@
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blklen (#elements)

NI EER B

I 4

displacement (#elements)
Figure 2: Strided Vector Datatype

An arbitrary record whose template is a C structure is a common message
form. The most fleible MPI derved datatype, the structure, is required to
describe the memory layout.

MPI1_Type_struct (int count, int blocklengths]],
MPI_Aint displacements[], MPI_Datatype
dtypes[], MP|_Datatype *newtype);

In thefollowing codefragmentaC structof diversefieldsis describedvith
MPI_Type_struct() in the safest, most portable manner

/*

* non-trivial structure

*/

struct cell {
double energy;
char flags;
float coord[3];

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

1. Notethatthis datatypes not sufficientto sendmultiple columns
from the matrix, since it does not presume the final displacement
betweerthelastelementf thefirst columnandthefirst elemenof

the second column. One solution is to use MippeT struct() and
MPI_UB. SeeSructure 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};

MPI1_Address(&cloud[0].energy, &displacement[0]);
MPI1_Address(&cloud[0].flags, &displacement[1]);
MPI1_Address(&cloud[0].coord, &displacement[2]);
MPI1_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);
MPI1_Type_commit(&celltype);

Thedisplacement astructuredatatypearebyteoffsetsfrom thefirst stor-
age location of the C structure.ithdbut guessing the compilerpolicy for
packing and alignment in a C structure, the MPI_Address() routine and
some pointer arithmetic are the besiywto get the precisealues.
MPI_Address(simplyreturngheabsoluteaddres®f alocationin memory
The displacement of the first element within the structure is zero.

blklen (#elements)

I v v

NN

4 4
displacement (#bytes)

Figure 3: Struct Datatype

> e ¢

Whentransferringarraysof a givendatatypgby specifyinga countgreater
than 1 in MPI_Send(), foxample), MPI assumes that the array elements
arestoredcontiguouslylf necessaragapcanbespecifiedattheendof the
derived datatype memory layout by adding an artificial element of type
MPI1_UB, to the datatype description ansgligg it a displacement that
extends to the first byte of the second element in an.array

MPI1_Type_Commit() separates the datatypes that will be used to transfer
messagegom theintermediat@nesthatarescafoldedonthewayto some

very complicated datatype. A desd datatype must be committed before
being used in communication.

MPI Primer / Developing with LAM



Packed Datatype

31

Thedescriptiorof aderiveddatatypes fixedaftercreationatruntime.If any
slightdetailchangessuchastheblocklengthof a particularfield in a struc-
ture,anew datatypeas required.In additionto thetediumof creatingmary
derived datatypes, a reger may not kne in advance which of a nearly
identical suite of datatypes will ard in the ngt message. MP$’solution

is packing and unpacking routines that incrementally assemble and disas-
semble a contiguous messagéfdr. The packd message has the special
MPI datatype, MPI_RCKED, and is transferred with a count equal to its
length in bytes.

MPI1_Pack_size (int incount, MPI_Datatype dtype,
MPI1_Comm comm, int *size);

MPI1_Pack_size(yeturnsthe pacled messagéuffer sizerequirementor a
given datatype. This may be greater than ooelevexpect from the type
description due to hidden, implementation dependent packerhead.

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

incount (#elements)

| v
* position

20?20?2222 ?2|?2]?2|?(?2]?|?(?]?|7

outcount (#bytes)
Figure 4: Packed Datatype

Contiguousdlocksof homogeneouslementsarepaclkedoneatatime with
MPI1_Pack(). After each call, the current location in the gackessage

bufferis updatedThe“in” dataaretheelementgo bepaclkedandthe“out”

datais the paclked messagéuffer. The outsizels alwaysthe maximumsize
of the packd messageuffer, to guard aginst werflow.
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MPI_Unpack (void *inbuf, int insize,
int *position, void *outbuf, int outcount,
MPI1_Datatype datatype, MPI_Comm comm);

MPI1_Unpack() is the naturalverse of MPI_Rck() where the “in” data is
the packd messageuffer and the “out” data are the elements to be
unpacled.

Consideranetworking applicationthatis transferringavariablelengthmes-
sage consisting of a countyeeal (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 gacnd sent based on a
given count.

unsigned int membersize, maxsize;
int position;

int nhosts;

int dest, tag;

char *puffer;

/*

* 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;

MPI1_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 aquhoies-
sageln thefollowing codefragment,a messagés recevedandunpacled,

based on a count paadk into the bginning of the message.

int SIC;
int msgsize;
MPI_Status status;

MPI1_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
MPI1_Gather
MPI_Scatter
MPI_Reduce

MPI_Barrier
MPI_Gatherv
MPI_Scatterv
MPI_Allgather
MPI_Allgatherv
MPI_Alltoall
MPI_Alltoallv
MPI_Op_create
MPI_Allreduce

MPI_Reduce_scatter

MPI_Scan

Send one message to all group members.
Receve and concatenate from all members.
Separate and distrike data to all members.
Combine messages from all members.

Wait until all group members reach this point.
Vary counts anduffer displacements.
Vary counts anduffer displacements.
Gather and then broadcast.
Variably gather and then broadcast.
Gather and then scatter

Variably gather and then scatter
Create reduction operation.

Reduce and then broadcast.
Reduce and then scatter

Perform a prefix reduction.

Collective operations consist of mapoint-to-point messages which hap-
penmoreor lessconcurrently(dependingn the operationandtheinternal
algorithm) and iwolve all processes in avgin communicatolEvery pro-
cessnustcall thesameMPI collective routine.Most of the collective oper-
ations are a&riations and/or combinations of four primés: 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 liffer contents will be sent. Processes other than the root specify
receve buffers.After theoperationall bufferscontainthemessagé&omthe

root process.

MPI_Scatter (void *sendbuf, int sendcount,
MPI1_Datatype sendtype, void *recvbuf,
int recvcount, MPI_Datatype recvtype,
int root, MPI_Comm comm);

MPI_Scatter() is also a one-to-nyacollective operation. All processes
specify the same reag count. The sendguments are only significant to
theroot processywhosebuffer actuallycontainssendcount N elementf
thegivendatatypewhereN is thenumberof processem thegivencommu-
nicator The send wffer will be dvided equally and dispersed to all pro-
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Figure 5: Primitive Collective Operations

cesses (including itself). After the operation, the root has sent sendcount
elementdo eachprocessn increasingankorder RankO recevesthefirst
sendcount elements from the sendfdr. Rank 1 recekes the second send-
count elements from the sendffier, and so on.

MPI1_Gather (void *sendbuf, int sendcount,
MPI_Datatype sendtype, void *recvbuf,
int recvcount, MP1_Datatype recvtype,
int root, MPI_Comm comm);

MPI_Gather() is a manto-one collectre 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);

MPI1_Reduce() is also a mgho-one collecite operation. All processes
specifythesamecountandreductionoperation After thereductionall pro-
cesses hae sent count elements from their senéfdr to the root process.
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Elementdrom correspondingendbuffer locationsarecombinedpair-wise
to yield asinglecorrespondinglemenin theroot processs receve buffer.
The full reduction gpression ger all processes isvahys associate and
may or may notbe commutatve. Applicationspecificreductionoperations
canbedefinedat runtime.MPI providesseveral pre-definedperationsall
of which are commutate. 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
MPI1_BAND bitwise and

MPI_LOR logical or
MPI_BOR bitwise or
MPI_LXOR logical exclusive or

MPI_BXOR bitwise eclusive or

The following code fragment illustrates the priméicollectve operations
together in the conk¢ of a statically partitioned gellar data domain (e.g.,
1-D array).Theglobaldomaininformationis initially obtainedoy theroot
process (e.g., rank 0) and is broadcast to all other processes. The initial
dataseis alsoobtainedyy therootandis scatteredo all processefter the
computation phase, a global maximum is returned to the root process fol-
lowed by the n& 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);
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/*
* 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.

*/
MPI1_Reduce(&local_max, &global_max, 1, MPI_DOUBLE,
MPI1_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);
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MPI1_Comm_dup
MPI_Comm_split
MPI1_Comm_free

MPI_Comm_remote_size

MPI_Intercomm_merge

MPI_Comm_compare
MPI_Comm_create
MPI_Comm_test_inter
MPI_Intercomm_create

MPI_Group_size
MPI_Group_rank
MPI_Group_translate _ranks

MPI_Group_compare
MPI_Comm_group
MPI1_Group_union
MPI1_Group_intersection
MPI1_Group_difference
MPI1_Group_incl
MPI1_Group_excl
MPI1_Group_range_incl
MPI_Group_range_excl
MPI_Group_free

Duplicate communicator with mecontext.
Split into catgorized sub-groups.
Release a communicator

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

Compare tw communicators.

Create a communicator with avgn group.

Test for intracommunicator or intercommunicator
Create an intercommunicator

Get number of processes in group.
Get rank of calling process.

Processes in group AVvewhat ranks in B?
Compare membership of bngroups.

Get group from communicator

Create group with all members of 2 others.
Create with common members of 2 others.
Create with the complement of intersection.
Create with specific members of old group.
Create with the complement of incl.

Create with ranges of old group members.
Create with the complement of range_incl.
Release a group object.

A communicatocouldbedescribedsimply asaprocesgroup.lts creation
is synchronizedndits memberships static.Thereis noperiodin usercode
whereacommunicators createcdut notall its memberdiave joined.These

qualities mak communicators a solid parallel programming foundation.
Three communicators are pabficated before the user code is first called:
MPI_COMM_WORLD, MPI_COMM_SELF and

MPI1_COMM_FARENT. SeeBasic Concepts.

Communicatorgarryahiddensynchronizatiorvariablecalledthe context.
If two processeagreeonsourcaank,destinatiorrankandmessagéag,but
usedifferentcommunicatorsthey will notsynchronizeThe extra synchro-
nization means that the global sodive industry does not Y to dvide,
allocate or reseevtag \alues. When writing a library or a module of an
application,it is agoodideato createnev communicatorsandhencea pri-
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vate synchronization space. The simplest MPI routine for this purpose is
MPI1_Comm_dup()whichduplicatesverythingin acommunicatarpartic-
ularly the group membership, and allocatesva centext.

MPI_Comm_dup (MPI_comm comm, MPIl_comm *newcomm);

Applications may wish to split into mgrsubgroups, sometimes for data
parallel conenience (i.e. a w of a matrix), sometimes for functional
grouping (i.e. multiple distinct programs in a dataflrchitecture). The
group membership can betected from the communicator and manipu-
latedby anentiresuiteof MPI routines.Thenew groupcanthenbeusedto
create a n@ communicatarMPI also preides a pwerful routine,
MPI_Comm_split(), that starts with a communicator and results in one or
more ngv communicators. It combines group splitting with communicator
creation and is sfi€ient for maly common application requirements.

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

The color and & amguments guide the group splitting. There will be one
nenv communicator for eachalue of color Processes pvaling the same
value for color will be grouped in the same communicadtbeir ranks in
the nev communicator are determined by sorting thg &guments. The
lowest \alue of key will become rank 0. i€s are bro&n by rank in the old
communicatarTo presere relatve order from the old communicateim-
ply use the samesi everywhere.

IR
\
R B8 N

Figure 6: Communicator Split

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

MPI1_Comm_free (MPl_Comm *comm);
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An intercommunicatocontaingwo groups:alocalgroupin whichtheown-

ing process is a member and a remote group of separate processes. The
remoteprocesgrouphasthe mirrorimageintercommunicatof thegroups

are flipped. Spaning nav processes creates an intercommunic&ee
Dynamic Processes. MPI_Intercomm_meye() creates an intracommunica-
tor (thecommorform with asinglegroup)from anintercommunicatoiT his

is often done to permit collegg operations, which can only be done on
intracommunicators.

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

Thenew intracommunicatogroupcontainghe unionof thetwo groupsof

the intercommunicatoil he operation is collee® over both groups. Rank
ordering within the tw founding groups is maintained. Ordering between
the two founding groups is controlled by the high parametdéroolean
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 mayvalidate a communicator if a member
process dies. The MPI library may raise an error condition pa@empt
to useadeadcommunicatagrincludingrequestsn progressvhosecommu-
nicatorsuddenlybecomesnvalid. Thesefaultswould thenbe detectablet
the application beel by setting a communicatsrérror handler to
MPI_ERRORS_RETURN (SeMliscellaneous MPI Features).

A crude lut portable &ult tolerant master/sla application can be con-
structed by using the follang stratgy:

* Spavn 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 errssume it is dead
and free the intercommunicator

» Spawn another process, if desired, to replace the dead process. See
Dynamic Processes.
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MPI_Cart_create
MPI_Dims_create
MPI1_Cart_rank
MPI_Cart_coords
MPI1_Cart_shift

MPI_Cart_sub
MPI_Graph_create
MPI_Topo_test
MPI_Graphdims_get
MPI_Graph_get
MPI_Cartdim_get
MPI_Cart_get

MPI_Graph_neighbors_count

MPI_Graph_neighbors
MPI_Cart_map
MPI_Graph_map

Create cartesian topology communicator
Suggest balanced dimension ranges.
Get rank from cartesian coordinates.
Get cartesian coordinates from rank.
Determine ranks for cartesian shift.

Split into lover dimensional sub-grids.

Create arbitrary topology communicator

Get type of communicator topology

Get number of edges and nodes.

Get edges and nodes.

Get number of dimensions.

Get dimensions, periodicity and local coordinates.

Get number of neighbors in a graph topology

Get neighbor ranks in a graph topology

Suggest n@ ranks in an optimal cartesian mapping.
Suggest n@ ranks in an optimal graph mapping.

MPI is aproces®orientedprogrammingnodelthatis independenof under-

lying nodes in a parallel computétevertheless, to enhance performance,

the data meement patterns in a parallel application should match, as
closelyaspossiblethecommunicatiortopologyof thehardware.Sinceit is

difficult for compilers and message-passing systems to guess at an applica-
tion’'sdatamovement MPI allows theapplicationto supplyatopologyto a
communicatarin thehopethatthe MP1 implementatiorwill 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 topplbgpypreferable to align
the distrilution of data with the machine, and not blindly place data
coordinate at gnnode coordinate.

MPI providestwo typesof topologiesthe ubiquitouscartesiargrid, andan
arbitrarygraph.Topologyinformationis attachedo acommunicatoby cre-
ating a n&v communicatarMPI_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);
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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?¥or eachdimension.Thereorderarguments aflag that
indicatesf theapplicationwill allow adifferentrankingin thenew topology
communicatarReordering may makcoordinate calculation easier for the
MPI implementation.

With a topology enhanced communicatiwe 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 ersa. MPI eases this translation with MPI_Cart_rank() and
MPI_Cart_coords().

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

MPI1_Cart_coords (MPI_Comm comm, int rank,
int maxdims, int *coords);

To further assist process identification in cartesian topology applications,
MPI1_Cart_shift() returns the ranks corresponding to common neighbourly
shift communication. The direction (dimension) and redatlistance are
inputargumentsandtwo ranksareoutputargumentspneoneachsideof the
calling process along thevgin direction. Depending on the periodicity of
thecartesiariopologyassociatewvith thegivencommunicataroneor both
ranksmaybereturnedasMPI_PROC_NULL, indicatingashift off theedge

of the grid.

MPI1_Cart_shift (MPI_Comm comm, int direction,
int distance, int *rank_source,
*int rank_dest);

Consideratwo dimensionatartesiardatasetThefollowing codeskeleton
establishea correspondingrocesgopologyfor any numberof processes,
and then creates ame&ommunicator for collecte operations on the first
column of processes. Finaliy obtains the ranks which hold the yiceis
and net rows, which would lead to dataxehange.

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_coll;
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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_coll);
} else {
MPI_Comm_split(comm_cart, MPI_UNDEFINED, 0,
&comm_coll);
}
/*
* 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 gen number of nodes and dimensions.

A goodreasorfor building acommunicatooverasubsebdf thegrid, in this
casehefirst columnin ameshjs to enabletheuseof collective operations.
SeeCaollective Message-Passing.
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Figure 7: 2D Cartesian Topology

MPI Primer / Developing with LAM



Process
Creation

44

MPI1_Spawn Start copies of one program.
MPI_Spawn_multiple Start multiple programs.

MPI_Port_open Obtain a connection point for a serv
MPI_Port_close Release a connection point.

MPI_Accept Accept a connection from a client.
MPI_Connect Make a connection to a sev
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 n& info object.

MPI_Info_set Store a ky/value pair to an info object.
MPI_Info_get Read the &lue associated with a storegyk
MPI_Info_get valuelen Get the length of ady value.
MPI_Info_get_nkeys Get number of &s stored with an info object.
MPI_Info_get nthkey Get the ey name in a sequence position.
MPI_Info_dup Duplicate an info object.

MPI_Info_free Destrgy an info object.

MPI_Info_delete Remae a ley/value pair from an info object.

Dueto thestaticnatureof procesgroupsin MPI (avirtue),processreation
must be done carefullfProcess creation is a collegtioperation wer a

given communicatorA group of processes are created by one call to
MPI1_Spavn(). The child processes start up, initialize and communicate in
thetraditionalMPI way. They mustbegin by calling MP1_Init(). Thechild
grouphasits own MPI_COMM_WORLD whichis distinctfrom theworld
communicator of the parent group.

MPI1_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 communicatiorbetweertwo groupsis theintercommunicatorAn
intercommunicatowhoseremotegroupcontainghechildrenis returnedo

the parents in the second communicatguarent of MPI_Span(). The
childrengetthemirror communicatarwhoseremotegroupcontainghepar-
ents, as the pre-defined communicator MPI_COMMRENT. In the
applications original processvorld thathasno parenttheremotegroupof
MPI_COMM_RARENT is of size 0. Se€reating Communicators.
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Themaxprocgparameteis thenumberof copiesof thesingleprogramthat
will be created. Each process will be passed command fjenants con-
sistingof theprogramnamefollowedby theagumentspecifiedn theargv
parameter(Theargv parameteshouldnotcontaintheprogramname.)The
programname maxprocsandargv areonly significantin theparentprocess
whoserankis givenby theroot parameterTheresultof eachindividual pro-
cess span is returned through the errs paramederarray of MPI error
codes.

New processerequireresourcesheginningwith aprocessaofThespecifica-

tion of resources is a natural area where the MPI abstraction succumbs to
the underlying operating system and all its domestic customs anencon
tions. It is thus dffcult if not impossible for an MPI application to ne&
detailed resource specification and remain portable. The info parameter to
MPI1_Spavn is an opportunity for the programmer to choose contr@l o
portability, MPl implementationgrenotrequiredo interpretthisargument.

Thus the only portablealue for the info parameter is MPI_INFO_NULL.

Consult each MPI implementati@ndocumentation for (non-portable) fea-
tures within the info parameter and for theaddtf beh&iour with
MPI_INFO_NULL.

A common anddirly abstract resource requirement is simply to fill the
available processors with processes. MPI esa&n attempt, with no guar-
antees of accurgcto supply that information through a pre-defined
attribute called MP1_UNIVERSE_SIZE, which is cached on
MPI_COMM_WORLD.Intypicalusagetheapplicatiorwouldsubtracthe
value associated with MPI_UNIVERSE_SIZE from the current number of
processes, often the size of MPI_COMMOWRLD. The diference is the
recommendedalue for the maxprocs parameter of MPI \Bpg. See
Miscellaneous MPI Features on hav to retrieve the \alue for
MPI_UNIVERSE_SIZE.
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MPI_Errhandler_create
MPI1_Errhandler_set
MPI1_Error_string
MPI_Error_class
MPI1_Abort
MPI_Attr_get
MPI_Wtime

MPI_Errhandler_get
MPI_Errhandler_free
MPI_Get_processor_name
MPI_Wtick
MPI_Get_version

MPI_Keyval_create
MPI_Keyval_free
MPI_Attr_put
MPI_Attr_delete

Create custom error handler

Set error handler for communicator
Get description of error code.

Get class of error code.
Abnormally terminate application.
Get cached attrilie \alue.

Get wall clock time.

Get error handler from communicator
Release custom error handler

Get the calleB processor name.

Get wall clock timer resolution.

Get the MPI ersion numbers.

Create a na& attribute ley.

Release an attritbe key.

Cache an attrilte in a communicator
Remoaore cached attrilite.

An error handler is a sofewe routine which is called when a error occurs
duringsomeMPI operation Onehandleris associateavith eachcommuni-
catorandis inheritedby createccommunicatorsvhichdervefromit. When
anerroroccursin anMPI routinethatusesa communicatarthatcommuni-
cators error handler is called. An applicatismitial communicatqr
MPI_COMM_WORLD, gets a deiult kuilt-in handler

MPI_ERRORS_ ARE_RTAL, 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)(),
MPI1_Errhandler *errhandler);

Error handlerroutineshave two pre-definegarametersollowed by imple-
mentatiordependenparameterssingtheANSI C <stdags.h>mechanism.
Thefirst parameteis thehandlerscommunicatoandtheseconds theerror

code describing the problem.

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

The error handler object is then associated with a communicator by

MPI1_Errhandler_set().
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MPI1_Errhandler_set (MPI_Comm comm,
MPI1_Errhandler errhandler);

A second hilt-in error handler is MPI_ERBRS_RETURN, which does
nothing and allars the error code to be returned by therding MPI rou-
tine whereit canbetestedandactedupon.In C theerrorcodeis thereturn
value of the MPI function. Indttran 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 coarted into descripie strings by MPI_Error_string().
The user praides 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 resultlgaraent.

MPI definesalist of standarderrorcodegqalsocallederrorclasses)hatcan

be examined and acted upon by portable applications. All additional error
codesspecificto theimplementationcanbe mappedo oneof thestandard
error codes. The idea is that additional error codesaarations on one of
thestandarccodespor memberf the sameerrorclass.Two standarderror
codes catch gmadditional error code that does not fit this intent:
MPI_ERR_QOHER (doesrt'fit but corvert to string and learn something)
andMPI_ERR_UNKNQONN (noclue).Again,thegoalof thisdesignis por-
table, intelligent applications.

The mapping of error code to standard error code (class) is done by
MPI1_Error_class().

MPI1_Error_class (int code, int class);

MPI providesamechanisnior storingarbitraryinformationwith acommu-
nicator A registeredkey is associatedvith eachpieceof informationandis
used]ikeadatabaseecord for storageandretrieval. Severalkeys andasso-
ciatedvaluesarepre-definedy MPI andstoredin MPI_COMM_WORLD.

MPI_TAG_UB maximum message taglue
MPI_HOST process rank on ussrfocal processor
MPI_I1O process rank that can fully accomplish 1/0

MPI_WTIME_IS_GLOBAL Are clocks synchronized?
MPI_UNIVERSE_SIZE  #processes to fill machine
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All cached information is retried by calling MPI_Attr_get() and specify-
ing the desireddy.

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

Theflagparameteis settotrueby MP1_Attr_get()if avaluehasbeenstored
the specified &, as will be the case for all the pre-defineglsk

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

double MPI_Wtime (void);
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LAM / MPI Extensions

LAM includessereralfunctionsbeyondtheMPI standardhatprogrammers
may find useful during the delopment phase of a sofiwe application.
They canbeusedn thefinal productthoughportabilitywould obviouslybe
compromisedOneof theextensionss actuallyanMPI portableibrary (see
Collective 1/0) which can operate with other MPI implementations. This
library is adistinctproductfrom LAM andmustbe obtainedandcompiled
separatelyThe other etensions are all intrinsic to LAM.

Someof theextendedoutinesthatintegratenaturallywith MPI have names
thatbegin with MPIL_. Similarfunctionalitywill, in certaincasesbefound

in laterversionof theMPI standardOtherroutineswhicharedistinctfrom

MPI concepts and objects,de with lam_.
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lam_rfopen
lam_rfclose
lam_rfread
lam_rfwrite
lam_rflseek
lam_rfaccess
lam_rfmkdir
lam_rfchdir
lam_rffstat
lam_rfstat
lam_rfdup
lam_rfdup2
lam_rfsystem
lam_rfrmdir
lam_rfunlink
lam_rfgetwd

lam_rfftruncate

lam_rftruncate

Open afile.

Close a file.

Read from afile.

Write to a file.

Change position in a file.
Check permissions of a file.
Create directory

Change wrking directory
Get status on file descriptor
Get status on named file.
Duplicate file descriptor
Duplicate & place file descriptor
Issue a shell command.
Remare a directory

Remore a file.

Get working directory

Set length of file descriptor
Set length of named file.

A nodes file system can be accessed via remote file functiomsgha
POSIX-like interbce. LAM does not prade a file system, only remote
access to a file system fromyamode.

File pathnames refer to files on the origin node bpulefHovever, a spe-
cific nodeid can be attached to a pathname with theafimltpsyntax:

nodeid:path

Each LAM process may kia a limited number of simultaneously open
LAM file descriptors. All LAM file functions i@olve message-passing
using the same linksulfers and other resources as an application.

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

Some LAM specific features of remote file access are controlled by addi-
tionalflagsin theflagsargumenif thelam_rfopen(youtine.Thesedlagsare

listed belov.

LAM_O_LOCK Lockthefile descriptoiinto theremotefile sener'sopen

descriptor cache. See the manual page lam_rfposix().
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LAM_O_REUSE Reuse risting 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 tothefile withoutwaitingfor completionor return
code. This greatly increases write performandge b
should only be used on a digjged application.

LAM does not conflict with the nat operating systemfile interhce.
Thus,open()is adirectUNIX routine(LAM is uninvolved)andoperate®n

the file system of the node on which it isoked. On remote nodes, a pro-
cessspre-openedNIX standarabutput(UNIX file handlel or stdout)and
UNIX standarcerror (UNIX file handle2 or stderr)areredirectedo LAM

as there is no remote terminal. LAM uses the remote file acahtyfto
move datafrom thesetwo sourcego thenodeandterminalfrom whichthe
application vas launched - the usgiocal 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 alseehaccess to UNIX standard output and
error. Unlike remote processes, local processes can read from UNIX stan-
dard input.

TheUNIX standard/O terminationgnayberedirectedy usingthenormal
shell redirections witimpirun. SeeExecuting MPI Programs.

% mpirun my_app > log
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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?

Collective I/O MPI Cubixalooselysynchronous;ollectivel/O library basednaresearch
development of the same name at the California Instituteeoffiology
This Cubix is intgrated with the concepts of MPI communicators and
datatypesThemembersf acommunicatogroupparticipatecollectively in
the 1/0 operation. Data is transferred as a count of elementsara gi
datatype, just as in MPI message-passing.

All file accessoutineseventuallytranslatdao POSIXoperation®nasingle
file. Only oneprocessn thecommunicatogroupinvokestheactualPOSIX
operationThe POSIXfile operatiorbindingsarealsoreflectedn thebind-
ings of the MPI Cubix routines, tempered with MPI objects.

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

single All processesxecutethesamefile routinewith thesame
amount of identical data. The data from only one (arbi-
trary) process is transferred. This is useful when all pro-
cessesvantto reada globalvaluefrom afile, or write a
global alue to a file. It is especially cegnient during
outputto aterminal All nodegrintanerrormessagand
it appears once on the terminal.

multiple All processesxecutethesamdfile routinewith different
amounts of dierent data. All the data from all the pro-
cesses is transferredjtlithe order of transfer is strictly
controlled. By dedult, 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 nodeggettheright subsebf

MPI Primer / Developing with LAM



53

dataandin recomposing datastructureduringwrite so
that the data structure is not jumbled.

Without Cubixfile accessanapplicationoftenneedsa controllingprogram
to manageheparallelprocesseandfilter I/O. Cubix caneliminatetheneed
for a control program. Whout synchronization, a message written by N
nodesappeard timesontheterminal. A decomposedatastructuranritten
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 natioperating system. An MPI Cubix file
descriptor is returned from CBX_Open(). The access method is chosen by
oneof thespeciaflags,CBX_O_SINGLorCBX_O_MULTI. Theownerof
thefile, theoneprocesghatwill operateonit atthe POSIXlevel, is chosen

in another agument 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);

TheaccessnethodbeingusedonanopenMPI Cubixfile canbequeriedand
changed at antime. The change routines are collegetiThe inquiry rou-
tines are not.

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

CBX_Read() and CBX_Write() transfer data from and to an open MPI
Cubixfile. An MPI datatypdas amongtheargumentsThelengthof thedata
buffer is a countof elementof thegivendatatypeOnly contiguoudatais
transferred. If the MPI datatype contains holesy tire also transferred.

int CBX_Read (int fd, void *buffer, int count,
MPI1_Datatype dtype);

int CBX_Write (int fd, void *buffer, int count,
MPI_Datatype dtype);
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TheCBX_Order()routinechangeshedefaultorderof processlatatransfer
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);

Cubix Example  /*
* 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 O.
* 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();
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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.

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

Some signals are used internally by the system. Soweeusaful dedult
optionsandothersarecompletelyieft to theuser The mostusefulsignalis
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 suspendecution
LAM_SIGRELEASE resume gecution

LAM_SIGA user defined (datilt ignored)
LAM_SIGB user defined (defilt ignored)
LAM_SIGFUSE node about to die

LAM_SIGSHRINK another node has died

Thelam_ksignal()lam_ksigblock(andlam_ksigsetmaskunctionsoper-
ate identically to their UNIX counterparts. A LAM or MPI routine inter-
rupted by a signal before completion is automatically retrigth e
lam_ksigretry() and lam_ksigsetretry() functions, which operate similarly
tolam_ksigblock(andlam_ksigsetmask(espectiely, theusercandisable
automatic system call retry and re@ean error code instead.

Signal Delvery  MPIL_Signal()deliversa signalto a processdentifiedby a communicator
andarank.Thesignalnumberaguments takenfrom thelist definedabove.

MPIL_Signal (MPI_Comm comm, int rank, int signo);
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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 dgiging through x@ensve monitoring
capabilitiesOpaqueobjectsn MPI makeit difficult for theuserto crossref-
erenceheinformationpresentedy LAM dehuggingtoolswith thevalues
within arunningprocesslf mpitask (SeeProcess Monitoring and Control)
shavsaprocesdlockedonacommunicatarit printsanidentifyingnumber

for thatcommunicatarThenumberis notdefinedby the MPI standardlt is
implementation dependent information internal to the opaque communica-
tor which the program cannot access using the standard API.

MPIL_Comm_id() and MPIL_¥pe_id() return the internal identifiers for
communicators and datatypes, respetyi

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

LAM / MPI extensions bginning with the lam_ prefix are LAM-centric.
They operatonLAM nodeandprocessdentifiers notMPI communicators
and ranks. MPIL_Comm_gps() obtains the LAM coordinates from MPI
information.

MPIL_Comm_gps (MP1_Comm comm, int rank, int *nid,

int *pid);
Execution trace collection for performance visualization andigiging
purposes is enabled loyirun. SeeExecuting MPI Programs. To avoid
information aerload and huge trace files, a trace enabled application can

toggleonandoff actualtracecollectionsothatonly interestingphase®sf the
computation are monitored.

MPIL_Trace_On (void);
MPIL_Trace_Off (void);
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LAM Command Reference

Getting BeforerunningLAM youmustestablistcertainervironmentvariablesand

Started searclpathsfor your shellon eachmachinein themulticomputer Add the
following command®r equialentto your shellstart-upfile (.cshrc,assum-

Setting Up the  ing C shell). Do notaddtheseto your .login asthey would not be effective

UNIX  on remote machines whesh is used to start LAM.

Environment ) _ )
setenv LAMHOME <LAM installation directory>

set path = ($path SLAMHOME/bin)

Thelocalsystemadministratoror thepersorwhoinstalledLAM, will know
the location of the LAM installation directorgfter editing the shell start-
upfile, invokeit to establisithenew values.Thisis notnecessargnsubse-
guent 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 passls and relies on spe-
cial files on the remote machine (/etc/hostsxeguad ~/.rhosts) toain
access. One of these files must be prepared to admit the selected user
accounfor theremotemachine Seethe UNIX manualpagefor rshonhow

to prepare these files.

Node Mnemonics Many LAM commandsequireoneor morenodeidsNodeidsarespecified
on the command line as n<list>, where <list> is a list of comma separated
nodeids or nodeid ranges.
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nl
nl1,3,5-10

In additionto explicit nodeidentification,LAM hasspeciamnemonicshat
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 (se@riting a LAM Boot Schema). LAM nodeids are alays num-
beredconsecutiely beginningat0 whenthesystems first startedwith lam-
boot. Thusthenumberof nodesn thebootschemalefinegheinitial setof
nodeids. If nodes are added or subtracted, the contiguous property of
nodeids can end. Séglding and Deleting LAM Nodes.

LAM processesanbespecifiedn two ways:by processdentifier(fromthe
underlyingoperatingsystem)r by LAM processndex. PIDsarespecified

on the command line as p<list>, where <list> is a list of comma separated
PI1Ds 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 ndEnges.

i8

i8-12,14

MPI processes are normally labelled by the LAM / MPI status reporting
commandsmpitask andmpimsg, with their global rank in the
MPI_COMM_WORLD communicatorWith the possibility of multiple
concurrenapplicationsspavnedprocessegndtheneedo useLAM node

/ processdentificationwith LAM processontrolcommandsasupplemen-

tary labelling scheme isvailable. It is knavn as the GPS, for Global Posi-

tioning Systempecausdé absolutelydistinguishesprocesgrom all others
in a LAM system. The GPS contains the processxiaae nodeid.

To print abrief summaryof the syntaxandoptionsof any LAM command,
execute the command with the -h option.
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% recon -h

Detailedinformationoneachcommandandmostprogrammingunctions)
is available from on-line manual pages. Vtee 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 Brtran compiler

Compiling  Objectsandbinariesarebuilt with the native compilerandlinker available,
MPI Programs hopefully onall of theLAM nodesor atleastononemachineof eacharchi-
tectureandoperatingsystentype.Thehcc tool is awrappeithatinvokesthe
native C compilerdriver (e.g.cc) andprovidesthepathsto theLAM header
filesandlibrariesandimplicitly links all LAM libraries. TheMPI library is
linked eplicitly. All options presented to hcc are passed through to the
native compiler dnrer.

% hcc -0 appl appl.c -Impi
% hcp -o appl appl.c -Impi

By default, hcc uses the compiler i that vas used todild LAM and
specifiedn theLAM configuratiorfile. A differentC compilercanbespec-
ified in the LAMHCC emironment \ariable.

In case¢heC andC++compilersaredifferent,aseparatécp wrapperis pro-
vided for C++.

Unlike the C andC++ wrappersthe Fortranwrapper hf77, doesnotinsert
anoptionto search_LAM’ sheadeffile directory Thisis becaus@otall For-
trancompilerdriverssupportthatoptionandthe Fortranincludestatement

may be required instead to bring in the MPI header file, mpif.h. Note that
mpif.h is a Brtran source file, i all other LAM header files intended for
Fortran use contain C preprocessor code. The C preprocessor may need to
be run eplicitly if the Fortran drver does not do so automatically

Care should be tak not to confuse object files and binaries produced on
heterogeneous nodes in the multicomputesuch situations, it can be a
goodideato appendhemachineor CPUnameto theobjectandexecutable
file names in order to distinguish between them.

{sparc}% hcc -o appl.sparc appl.c
{sgi}% hcc -0 appl.sgi appl.c
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recon Verify multicomputer is ready to run LAM.
lamboot Start a LAM multicomputer session.
tping Check communication togn 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) senes this purpose. S&&iting a LAM Boot Schema.

Therecon tool verifiesthatLAM canbestartedon eachintendechode.Sev-
eral conditions mustxest before a machine can remotely run the saféwy

 The machine address must be reachable via theretw

» Theusermustbeableto remotelyexecuteonthe machinewith rsh.
Remotehostpermissiommustbeprovidedin either/etc/hosts.equi
or the remote usex’.rhosts file.

* Theremoteusersshellmusthaveasearchpaththatwill locateLAM
executables.

* The remote shel’ start-up file must not print giming to standard
error when imoked non-interactiely.

Thelamboot tool startsaLAM sessiorfor theindividualuser The-v option
printsamessagéeforeeachstart-upstepis attemptedT hebootschemdile
is the primary agument to lamboot.

% lamboot -v <boot schema>

-X Enable &ult detection and regery. Exchange periodic
“heartbeat” messages between all nodes.

LAM considers a node to be dead after repeated retransmissions of a mes-
sagepaclket go unacknevliedged By default, no actionis takenandretrans-
missionscontinuendefinitely With the-x optiontolambootLAM initiates

a procedure to rerme the dead node from the multicompuiére dead

nodeid becomesvalid. All other nodeids remain unchanged - holes may
developin thenodeidlist. Finally, asignalis setto all applicationprocesses

onall nodesnotifying themof thefailure. Theruntimesystemof eachpro-
cesgnust,ataminimum,flushacachedableof nodeidssothatit canread
updated information from the LAM daemon. Users can trap this signal
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(LAM_SIGSHRINK) and tak further action particular to the application.
SeeSgnal Handling.

Hands-on control and monitoring are a hallmark of LAM. The simplest
commandtping, is aconfidencéuilding validity checkthatbeginsto dispel

the black box nature of paralleh@ronments. tping echoes a message to a
destination node, or a multicast destination. It is time to restart the session
if this command hangs.

% tping nO
% tping N

To terminatea LAM sessionusethewipe tool. To restartLAM afterasys-
tem failure, execute wipe follaved by lamboot.

% wipe -v  <boot schema>
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mpirun Run an MPI application.
lamclean Terminate and clean up all LAM processes.

An MPI applicationis startedwvith oneinvocationof mpirun. Theprograms,
number of processes and computing resources are specified in an applica-
tion schemaa separatdile 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 pides the hard information on nodeids and
processDs to build thepre-definedMPI_COMM_WORLD communicatar

% mpirun -v my_app_schema

An application schema contains one line feerg different program that
constitutesheapplication For eachprogramthreeimportantdirectionsare
given, using options that duplicate the syntax of the mpirun command line:

-s <nodeid> thenodein whosefile spaceheexecutableprogramfile
can be found - \thout this option, LAM is directed to
look for programsonthesamenodewherethey will run.

<nodeids> the nodes on which the program will run #N@ut this
option, LAM will use all the nodes.
-C <#> thenumberof processeto createacrosshegivennodes

- Without this option, LAM will create one process on
each of the gien nodes.

Thesesameoptionsareusedonthempiruncommandine if theapplication
consistof only oneprogram.Thepresencef oneor moreof theseoptions

tells mpirun that the filename is axeeutable 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 abeoe example runs the ‘master’ on the local node (the same node
where mpirun is imoked) and ‘slae’ on all the nodes, after taking the
‘slave’ executabldile from thelocal nodeandshippingit to all nodesThe

MPI Primer / Developing with LAM



Locating
Executable Files

Dir ect
Communication

Guaranteed
Envelope
Resources

64

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

LAM searches forxecutables files on the source node, as modified by the
-s option, by usingthelist of directoriesdefinedby the PATH ervironment
variable. The treatment of apath is special. On the local nodeaking
mpirun, ‘! is the working directory of mpirun. On remote nodes, it is the
users home directory

Other mpirun options enablewerful 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 the MPI library derivesthemostspeed out

of the underlying hardare at the xpense of monitoring and control. Mes-
sages that va@ been deliered lut not receied are hffered with the
recever. It is intended that applicationsowid be debgged first with the
daemon and then run in production using direct communication

-nger Disable GER protocol that protects messagelepe
gueues. Do not detect and report resouvesflow
errors.

The “Guaranteed Erelope Resources” protocol pides the most ralst

MPI messagelelivery systemlt protectscommunicatiorbetweerary pro-

cess pair from interference from a third process. Ments the posting of
sendoperationghatmay not be deliveredto therecever dueto lack of sys-

tem resources (galope resources) and thus fully respects the spirit of
MPI’s guarantee of message progress, which in turn reduces confusion in
dehugging ill-behaed applications.

In addition to protecting process-painvelope queues, GER publishes the
sizeof thequeuesothatprogrammersanknow how farthey canstresshis
resource before deadlocking arling. GER fills a serious portability hole
in MPI - knowing theresourcdimitationsdirectly associatedvith 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 onunderlyingsystenresourceglik e file descriptordor asocletimple-
mentation) may constrain the scalability of applications using -c2c.
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installed. See the manual page on MPI as well as the, frghest MPI
Message Delivery Through Guaranteed Resources for a more detailed dis-
cussion.

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

The MPI library can generateexution traces detailing message-passing
actvity. The data can be used for performance tuning carashd debg-
ging. Actual trace generation is controlled bytswitches, both of which
mustbein theon positionto enableracegenerationBoth the-ton and-toff
options turn the first switch on for the entire run of the applicatioth W
-ton, the second switch gi@s in the on position after the application calls
MPI1_Init(). With -toff, the second switch es in the dfposition and no
traces are generated.

The second switch is toggled with runtime functions. Be®igging and
Tracing. The purpose of lggnning with the second switchfa$ to limit
tracing to interesting phases of the computation. The purpose of the first
switch is to allev an application to be traced without recompilation and to
allow anapplicationlitteredwith tracetogglingfunctionsto disabletracing
altogether and incur minimaverhead.

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

An application that goesnaty may leae maly processes running or
blocked, may messages unconsumed, and ynasources allocated
throughouthemulticomputerAlthoughthereareuserinterfacecommands
to remwe a user presence fromeey indvidual subsystem, taking care to
invoke them all can become tedious. Taeclean command can be used
when no user presence (processes, message, allocatystsatiens) is
desiredon the multicomputer The useressentiallywantsto startover with-
out the longer delay of restarting the LAM session.

% lamclean

lamclean cannot be used when some or all nodes are not reachable due to
catastrophicdilure or completediffer overflow that causes link jamming.

If lamclearfailsto return,it is timeto usethewipetool. SeeSarting LAM.

It maybereassuringo usethempitask andmpimsg commandso verify that
lamclean did the jab
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mpitask Print status of MPI processes.
doom Send a signal to a process.

Monitoring a process’execution state is a major aid in dejging multi-
computer applications. This feature helpsutgprocess synchronization

and data transfethe added dimension of parallel programming. impe

task commandrintsinformationon MPI processed/ith noargumentsall

MPI processes on all nodes are reported. The report can be constrained by
specifying nodes and LAM processes.

Considethefollowing examplecode whoseonly purposéas to demonstrate
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];
I3
static struct cell mat[ROWS][COLS];
static int blocklengths[3] = {1, 3, 1};
static MP|_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;
/*
* |nitialize 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;
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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, &hewcomm);
/7\-

* Build derived datatype for 2 columns of matrix.
*
MPI_Address(&mat[0][0].code, &displacements[0]);
MPI1_Address(mat[0][0].coords, &displacements[1]);
MPI1_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);
MPI1_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);
MPI1_Send(&mat[0][0], 1, dt_mat, (rank + 1) % size,
0, newcomm);
MPI1_Recv(&mat[0][0], 1, dt_mat, (rank + 1) % size,
MPI_ANY_TAG, newcomm, &status);
MPI_Finalize();
return(0);

}

Lettheprogramberunwith asufficientnumberof processeshenexamine
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 theprocesss
blocked on a communicatoa ‘/’ followed by its rank
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% mpitask

TASK (G/L) FUNCTION PEER|IROOT 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 712 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>

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 beingcecuted

PEER|ROOT the source or destination process of a communication
operation, if one is specified under FUNCTION, or the
root process of certain colleati operations

TAG the message tag of a point-to-point communication

COMM the communicator ID being used - S&ebugging and
Tracing for how to cross-referencthis numberwith the
programs data.

COUNT the number of elements being transferred

DATATYPE the datatype ID of each element being transferred

Dependingonthe MPI routine,somefields maynot be applicableandwill
beleft blank.If aprocesss 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.

GPS  With spavned processes andes multiple MPI applications running con-

Identification

currentlyunderthesame_AM sessionMPl_COMM_WORLD rankis not
alwaysanunambiguougdentificationof anMPI processLAM hasanalter-
native to the global rank, called the GPS (for Global Positioning System).
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-gps Identify MPI processes with the GPS instead of the glo-
bal rank, the rank within MPI_COMM_W@RLD.

The GPS is comprised of the nodeid on which the process is running, and
the LAM process indewithin that nodé:

% mpitask -gps n0 i8
TASK (GPS/L) FUNCTION PEER|IROOT TAG COMM COUNTDATATYPE
no,i8/0 demo Recv nl,i9/1 ANY <2> 1 <30>

TheMPI communicatoanddatatypearetwo opaqueobjectshatareshavn
asunfamiliaridentifiersin theformat,<#>. Extendedibrary functionscan
reportthesamevaluesfrom within therunningapplication.SeeDebugging
and Tracing. Informationfrom within communicatoranddatatypeganbe
reported by mpitask.

-C Instead of the delilt report, print communicator infor-
mation on all selected processes.

Thecommunicatoreportcontainsanidentificationof the processasunder
the TASK headingn thedefaultreport.lt alsocontainghesizeof thecom-
municator and the global ranks (or GPS, with the -gps option) of all pro-
cessed thecommunicatos procesgroup.If it is aninte-communicataqr
members of both groups are reported.

% mpitask -c n0 i8

TASK (GIL): 0/0 demo
INTRACOMM: <2>
SIZE: 4
GROUP: 0369
Datatype -d Instead of the dalilt report, print datatype information

Monitoring

on all selected processes.

The datatype report contains an identification of the process, as under the
TASK heading in the dalilt report. It also contains a rendering of the
datatypestypemap,whichis noteasyto depictwith only ASCII characters.
Theformatis hierarchicalwith indentatiorrepresenting level of datatype
derivation. Basic datatypes are written ag/thee coded. & derved

1. Application process indices do not start at O or 1 because LAM system pro-
cesses occypthe first seeral positions.
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datatypestheconstructotypeis shavn alongwith informationondisplace-
ments, blocklengths and block counts. Compare the sample code with the
output of mpitask -d.

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

MPI_VECTOR (10 x 2, 20)
MPI_STRUCT (3)
(1, 0) MPL_INT
(3, 8) MPI_DOUBLE
(1, 32) MPI_UB

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 indicesv®uobly facilitated by

the GPSreporting.Selectinga singleprocesss particularlyusefulfor com-
municatoranddatatypeaeporting,whenmary or all of theprocessemight

have the same communicator or datatype to report.

doom Doom is the command\el interface to signal dalery. Node(s) must be
specifiedonthecommandine. If noprocessearespecifiedall application
processesntheselectechodesaresignalled With no otheroptions,doom
sendsa LAM_SIGUDIE signal.Unfortunately the usercannotspecifysig-
nal mnemonics and mustvgithe actual signal number instead. These are

listed belav.

-1 (LAM_SIGTRACE) unload trace data

-4 (LAM_SIGUDIE) terminate

-5 (LAM_SIGARREST) suspendxecution

-6 (LAM_SIGRELEASE) resumexacution

-7 (LAM_SIGA) resened for user

-8 (LAM_SIGB) resenred for user

-9 (LAM_SIGFUSE) node about to die

-10 (LAM_SIGSHRINK) another node has died

For example to suspengrocessndex 8 onnodel, usethefollowing form:
% doom nli8 -5

Resume thexecution of the same process:

% doom n1i8 -6
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mpimsg Monitor messageuifers.
bfctl Control messageuffers.

Message A receving process is usually degged with thenpitask command, bt a
Monitoring  sendingorocessransfersamessagandreturnsto areadystatequickly due
and Control t© the presence oliffers. Thempimsg command is pnaded to éamine
buffered messages.iWW no aguments, all MPI messages on all nodes are
mpimsg  reported. The report can be constrained by specifying nodes and processes.
SeeProcess Monitoring and Control for anexampleprogramthatcansend
messages that will not be regsil. These messages can kaengined with
mpimsg.
% mpimsg
SRC (GIL) 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> no,#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> no0,#4
712 1/0 0 <2> 1 <30> ni,#0
0/0 3/1 0 <2> 1 <30> nl,#1
2/0 5/1 0 <2> 1 <30> ni,#2
4/1 712 0 <2> 1 <30> nl,#3
6/2 9/3 0 <2> 1 <30> ni,#4

In its defaultdisplaymode mpimsgprintsinformationunderthefollowing
headings.

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

DEST (G/L) an identification of the recgng process follved by a
‘I and the process’communicator rank

TAG the message tag

COMM the communicator 1D

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
processewith mpitaskis alsoobtainabldrom messaged hedifferences
thatmoreprecisions neededo specifyamessagdyecauseneprocesan

MPI Primer / Developing with LAM



72

generate seeral 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 thatotly printed under the

MSG heading in the dadilt report: nodeid and message number

Message -m <#> Displaythecontentof thespecifiednessagaumberon
Contents the specified node.

bfctl

An additionalcapabilityuniqueto messageeportingis thedisplayof mes-
sagecontentsThedatatypestypemapis usedto formatthedata.Offsetsat
thebeginningof eachline arefrom thebeginningof theunpaclkedmessage.
Contiguoushlocksof onebasicdatatypeareprintedcontiguouslywith new-
lines forced between blocks.

% mpimsg -gps N0 -m 4

MESSAGE: no,il2/2 #4
00000000:
00000008:
00000020:
00000028:
00000280:
00000288:
000002a0:
000002a8:
00000500:

0 0

NFPFFRPRPRPPLPOOOO

The LAM daemon does not continue to allocaiéfdy space up until the
operatingsystenis outof memory Thereis alimit afterwhichnoadditional
messagewill beacceptedintil someareconsumedProcessewill blockin
sendoperationsf therequiredbuffer spaces notavailable.Whenusingthe
default GERprotocol(SeeExecuting MPI Programs), mpirun will take care
of adjustingthebuffer limit accordingo theguaranteeérveloperesources.
If this protocol is disabled, the user may need to tuneufierdimit man-
ually. TheusercancontrolthemaximumsizeaLAM daemors buffer pool
with thebfctl command.

-S Adjust the upper limit onudfered messages for the
selected nodes.

% bfctl N -s 0x100000
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lamtrace Collect trace data and store in a file.

After a traced application has completed@ution, trace data recording
communicatioractwity is storedwithin theLAM daemoracrossll nodes
on which the application ran. There is a limit onvhauch trace data one
LAM daemorwill hold. Whenthatlimit is reachedtheoldestiracesaredis-
carded in &our of the nevest traces. Sd@ebugging and Tracing for runt-
ime routines that can limit thelume of trace data.

Thelamtrace commandyathergracedataandstorest into afile, which by
convention has the sfik .lamtr.

% lamtrace -v -mpi

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

For the most part, lamtrace and the LAM daemon are ignorant of specific
traceformats.In orderto extractMPI tracedatafor a particularworld com-
municator group in the presence ofes@l such groups (due to spzed
processes or multiple applications), lamtrace understands the format of an
administratve tracerecordproducedy LAM’ s MPI library. In simplesitu-
ations with one application and no gjeed processes, no node or process
focusis requiredlamtracesearchesll nodesandeventuallylocateshesol-
itary MPI world trace, which is produced by process rank 0 in
MPI_COMM_WORLD. Haowever, if trace data from multiple erlds are
presentnodeandpossiblyprocesspecificatiormustbe givenon the com-
mandline to getthedatafor thedesiredvorld. Theright nodeidandprocess
index canbelearnedrom 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 oldous caeat that incomplete communication at the
moment of the unload will be reflected in the trace data.

Tracedataremainsn theLAM daemorandawaitsanunloadafteranappli-
cationterminateslf notunloadedit shouldberemoredbeforerunningthe
next application. This is one of the actionsdaakbylamclean.
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lamgrow Add a node to the current LAM session.
lamshrink Remae a node.

Adding and LAM can be operated in an\aronment where resourcealability is
Deleting LAM  dynamic,perhapsinderthe controlof anexternalresourcenanagerLAM
Nodes IS started and an initial set of nodes are establishedamitioot. If in the
future a resource manager (sadt@ or human) decides to modify the cur-
rent set of nodes belonging to a LAM session, the changes are made with
two commandslamgrow andlamshrink. Bothcommandsnustbeexecuted
from an &isting LAM node.

lamgrow A new machineslabelledwith anodeidandaddedotheLAM sessiowith
lamgrav. Usage is more restrigg than typical LAM commands.

* The nodeid must not duplicate axisting node.
* Only one node can be added peoitation of lamgre.
* The machine name must be supplied. LAM will not choose one.

* Only one cop of lamgrav must be running throughout the LAM
multicomputer

% lamgrow -v n8 buckeye.osc.edu

If anodeidis notspecifiedthe next highestLAM nodeidis used.With the
powerto specifyanodeid,lamgrav canremove theinitial propertyguaran-
teed by lamboot - that nodeids are consgegtarting from zero.

-X Enable &ault tolerant detection and re@vy. The deci-
sion to use this option generally folls the lamboot
invocation.

-c <bhost> Update a boot schema by appending tive machine

nameto thehostlist. Thisisasimplecorveniencdeature
that updates a boot schema for usevipe.

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

% lamshrink -v n8 bickeye.osc.edu

-w <#secs> Signal all application processes on the doomed node
(LAM_SIGFUSE) and pause before continuing. See
Sgnal Handling.
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fstate Get remote filesystem status.
fctl Control remote filesystem.

Therearecommandso monitorandcontrolremotefile accesgSeeRemote

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 Wwglo

FLOW total amount of 1/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 actve

A active, currently open in the underlying filesystem

I

inactive, currently closed in the underlying filesystem

% fstate N

NODE FD/COUNT FLAGS FLOW CLIENT NAME

no (0) 0/0 R|L 0 none /dev/null
no (o) 1/0 WI|L 0 n0/p25825 /devittya
no (0) 2/0 R|WIL 0 none /devittya

fctl

Thefctl command has twfeatures. The -s option cleans up and closes a
specific file descriptor while the -S option does the same thing for all file
descriptorsWith nooptionsfctl printsthe currentworking directoryof the
remote filesystem. Thearking directory is changed bywving a nev
pathnameo fctl. In thecurrentreleaseworkingdirectoriesarekeptonaper
node basis, not a per process basis.

% fctl -s 4
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bhost.my3suns example host file

Thetopologyof amulticomputets establisheth thebootschemaTheboot
schema specifies the identifiers and types of nodes, andytsiegih
machines to be used. It may also contain the user account name on a
machinen caset is differentfrom thelocal usernameThebootschemas
used bylamboot when starting the LAM session andWwipe when termi-
nating the LAM session. S&arting LAM.

A variety of boot schemata describingfeiient multicomputers may
alreadybeavailablefor agiveninstallation.Thesefiles aregenerallyfound

in thedirectory$LAMHOME/boot.LAM useramayneedo write theirown
boot schema since the netlk often afords mawy choices. This section
describes hw to write a boot schema for LAM using the host file syntax.
The example multicomputer has three nodes, one of which hageaetif
user account name.

Thehostfile syntaxis anextremelysimpleway of representingheinforma-

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 case¢heaccounnameonthatmachinds 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.eduandnumbered, 1, and2 respectively.

It is alsoassumedhattheuseris loggedonto node0, andhasthesameuser-
nameon nodel, butadifferentone(guestlonnode2. Sincenodel hasthe
sameusernamasthelocalnode thereis noneedo specifyit. Theexample

boot schema using the host file syntax is shown below.

# a 3 node example
ohio

osc

faraway.far.edu guest
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hboot Start LAM on one node.

Thelamboot commandunsalowerlevel progranthatstartsLAM onaspe-

cific node Normally, theuserwill only needto uselamboot.In somespecial
circumstances, wheraxiations 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 theMdevel hboot tool, the user can select
options that tailor the start-up to his/her needs and/or bypass some of the
compleities of lamboot.

Thehboottool readsa pernodeconfiguratiorfile calleda processchema.
Theprocesschemaontainsalist of programsandruntimeargumentghat

will constitute LAM on a node. The dailt process schema filename for
hboot isconf.otb. Lamboot inokes hboot using theonf.lam process
schemaJustastheusercancreatecustombootschematahe/shecancreate
custom process schemata. yineake it easy to reconfigure LAM at the
process leel. 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
andactualmachinesTheexamplebootschemahaowvn below is writtenwith

the host file syntax and describes a 3 node multicomputer

# a 3 node example
ohio

0sc

faraway.far.edu guest

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

{ohio}% hboot -vc conf.lam -I “-n0 -00
osc 1 faraway.far.edu 2”

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

{osc}% hboot -vc conf.lam -1 “-n1 -00
ohio 0 faraway.far.edu 2”
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Then login to machine &ravay.far.edu” on the account “guest” and start
LAM on it.

{faraway}% hboot -vc conf.lam -I “-n2 -00
ohio.here.edu 0 osc.here.edu 1”

Noticethatin thislastcasethefull machinenamesof “ohio” and“osc” are
providedsincethey arein adifferentdomainthan®“f aravay”. The-I option’s
parameter becomes thalwe of the $inet_topaaviable in the process
schema. Thisariable is used by LAM to ascertain netk information.

-0 the nodeid of the origin node - The origin node is
assumed to be the position from where the userav
have invoked lamboot. May LAM features use the ori-
gin node as a datilt nodeid.

-n the local nodeid

Otherthanestablishingocal andremotenodeidsthe network information
contains machine name / link number pairs for all other nodes. The link
number is equalent 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 containsoiran 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

MPI1_COMM_RANK (comm, rank, ierror)
integer comm, rank

from Blocking Point-to-Point:

MPI1_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(MPl_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
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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

MPI Primer / Developing with LAM



81

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:

MPI1_COMM_DUP (comm, newcomm, ierror)
integer comm, newcomm

MPI1_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 1/0:

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 Sgnal 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 frorProgramming Tutorial is shavn here in
Fortran.

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
¢ Initialize MPI.
c
call MPL_INIT (ierror)
c

¢ Error check the number of processes.
¢ Determine my rank in the world group.
¢ 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 MP1_FINALIZE(ierror)
stop
endif
call MPI_COMM_RANK(MPI_COMM_WORLD, rank, ierror)
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 MP1_FINALIZE(ierror)
stop
end
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Contact  Ohio Supercomputer Center
1224 Kinnear Road
Columbus, OH 43212
lam@tbag.osc.edu

More  http://www.osc.edu/lam.html
Information  ftp://ftp.osc.edu/pub/lam
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