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Abstract— Beowulf workstationshave becomea popular
choicefor high-endcomputingin anumberof applicationdo-

mains.Oneof thekey building blocksof parallelapplications
on Beowulf workstationds a messag@assindibrary. While

thereare messag@assindibrary implementationsvailable
for useon Beowulf workstations,as of yet nonehave been
specificallytailored to this new, uniquearchitecture. Thus
it is importantto evaluatethe existing packagesn orderto

determinehow theseperformin this ervironment. This pa-
perexaminesasetof four messag@assindibrariesavailable
for Beawulf workstations focusingon their featuresjmple-

mentationyeliability, andperformanceFromthis evaluation
we identify thestrength@andweaknessesf the packagesind
point out haw implementationsnight be optimizedto better
suitthe Beowulf ervironment.
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1 INTRODUCTION

As parallel processinghas matured, two programming
paradigmshave beendeveloped,sharedmemory and mes-
sagepassing.Particularly for distributedmemorymachines,
messagepassinghas becomethe most popular technique
for implementingparallel applications. As this popularity
increased,messagepassinginterfacesand libraries devel-

oped and maturedto match demand. Now it is common
for commerciamachinego includea machine-specificnes-
sagepassingmplementationrsuchasthe NX library for the

Paragonandthe MPL andMPI librariesfor theIBM SP-2.

As clustersof workstationsvererecognizedasa viable plat-
form, messag@assingdibrariesgrew to supportthis new ar
chitectureaswell. This led to libraries suchas PVM [4],
which was specificallydesignedfor usein situationswhere
the"virtual machine”oftenvariedeachtime the softwarewas

started. As the numberof messageassinglibraries grew,
standardAPI’'s for messag@assingsuchasMPI [13], were
introducedto provide a commoninterfacefor programmers
developingfor multiple architecturesyhile allowing the ar-
chitecturevendorsthe flexibility to implementthe interface
efficiently. Thishashelpedto eliminatesituationswvherepro-
grammersareforcedto recodeapplicationgo move themto
anew platform.

A new classof parallelmachinestermedBeowulf worksta-
tions, hasbecomea popularapproachto providing high end
computingresourcesThesemachinegonsisiof aPile of PCs
(PoPCsuilt from off-the-shelfhardwarecomponentsa pri-
vate high speednetwork suchas switchedfastethernetand
freely available software tools and operatingsystem. While
messag@assindibrariesexist thatwill operateon this plat-
form, thecharacteristicef thesemachinedgliffer significantly
from previousclustersof workstationsproviding thusfarun-
explored opportunitiesfor software optimizationspecificto
this ervironment.

While evaluationsof messagepassinglibraries and perfor
mancehave alreadybeenperformedon a variety of message
passingimplementationsmost of them concentrateon how
theselibraries performon MPP’s suchasthe Intel Paragon,
thelBM SP-2,andthe Thinking MachinesCM-5[1, 8, 3]. In
orderto betterunderstandhow messagpassingsoftwareper
forms on the Beowulf architecturethe mary differentinter-
facesandimplementationshouldbe qualitatvely andquan-
titatively compared.In this paperwe examinea numberof
messagepassingpackageswhich can operateon Beowulf
workstations,focusingon the features,implementation re-
liability, and performanceof thesepackages. Specifically
we evaluatetwo versionsof the MessagePassinginterface
(MPI), LAM/MPI and MPICH [6], andthe Parallel Virtual
Machine(PVM). In addition,we will compareheseto anew
messageassingimplementationwhich we will introduce,
called Beowulf Network Messaging(BNM). By looking at
the characteristicef thesepackagesve hopeto discover ar
easwhereimprovementcould me madewith respecto oper
ationin the Beowulf ervironment.

In thefollowing introductionsectionswe will provide back-



ground on the Beawulf workstationconceptand how soft-
wareavailablefor this ervironmentis maturingin additionto
introducingthe messageassingpackages.n Section2 we
gualitatively examinethe software packagesdiscussingis-
suessuchasfeatureaandimplementatiordetails.In Section3
we examinethe performancef the package$othfor spavn-
ing tasksandfor somesamplecommunicatiorpatternsCon-
clusionsaredrawn in Section4, recommendationaremade
on potentialareasof improvement,andfuture areasof study
arediscussed.

1.1 Beowulf

The Beowulf-classparallelmachinehasevolved from early
work in low costcomputing. Thefirst work in this areacen-
teredaroundclustersof workstationg2]. Theseclustersare
oftenbuilt usingexisting workstationswhich areusedasin-
teractve systemsduring the day, can be heterogeneou
composition,andrely on extra softwareto balancethe load
acrossthe machinesn the presencef interactive jobs. As
it becameobvious that workstationscould be usedfor par
allel processinggroupsbeganto build dedicatedmachines
from inexpensve, non-proprietanhardware. These'Pile-of-
PCs” consistof a clusterof machinesdedicatedas nodesin
a parallel processarbuilt entirely from commodity off the
shelfparts,andemploying a privatesystemareanetwork for
communication11]. The useof off-the-shelfpartsresults
in systemsthat are tailored to meetthe needsof the users,
built usingthe mostup-to-dateechnologyatthetime of pur-
chase and costsubstantiallylessthan previous parallelpro-
cessingsystemsThe Beowulf workstationconceptouilds on
the Pile-of-PCsconceptby utilizing a freely available base
of software. The free availability of most systemsoftware
sourceencouragesustomizatiorand performancémprove-
ments.Experimentdhave shovn Beowulf workstationscapa-
ble of providing high performancdor applicationsn anum-
berof problemdomains.

Oneof the greatesstrengthof commercialsystemsn gen-
eral hasalwaysbeenthe support,bothin softwareandtrou-

bleshooting,that is madeavailable to owners. Along this

samevein the Beowulf community has bandedtogetherto

build a softwareinfrastructureandto assistoneanothemwith

problems. Most of this software alreadyexisted, including
theoperatingsystemgompiler, network file systemandmost
commonutilities. However, it hasbecomepparenthatwhile

this softwareis robustandfulfills users’needsthereis room
for improvement.Parallelfile systemsuchasPVFS[9] pro-

vide betterl/O performanceandconsisteng for parallelap-
plicationsusingdistributeddatasets processosspecificcom-
piler enhancementndlibrariescanboostapplicationperfor

manceandkernelmodificationscanprovide servicesuchas
globalprocesdD’s, globalsignalling,andDistributedShared
Memory (DSM) which help build a more completeerviron-

ment.

Along thesesamelines, the existing messagepassingli-
brarieswere built beforethe Beowulf ervironmenthad ma-
tured. Thusthis softwaretoo could potentially be alteredor
rewritten to moreeffectively operaten the Beowulf erviron-
ment. In the pastthe messaggassindibrariesavailablefor
Beowulf have beenusedprimarily by individualson clusters
of workstations.Theseindividualswould mostoften config-
ure andinstall the software personally then startthe neces-
sarydaemon®n theappropriatanachinesvhenthey wished
to executea parallelprogram.Thesetof machinesisedoften
variedbetweenrexecutionshasedon availability andload. In
the Beawulf ervironment,on the otherhand,messag@ass-
ing supportshouldbe consideredsystemsoftware. Ideally
this softwarewould beinstalledandconfiguredby theadmin-
istrator and ary necessarylaemonswould be startedalong
with otherservicesvhenthemachinds booted.Additionally
mary of thesepackagesrewritten to supportheterogeneous
collectionsof machines.This againis not anissuein most
Beowulf machinesLuckily mostof thesepackage$ave op-
tions to disableencodingthat would take placeif heteroge-
neouscollectionswereused.

1.2 Messae PassingPadkages

In this evaluationwe will focusonimplementation®f three

differentinterfaces,the Parallel Virtual Machine, Message
Passinglnterface,and Beavulf Network Messaging. Here

we give anoverview of thesepackagesgetailsof the specific

implementationsvill bediscussedn section2.

1.2.1 PVM— The Parallel Virtual Machine (PVM) [4]
wasoriginally developedat Oak Ridge National Laboratory
(ORNL) specificallyto handlemessag@assingon heteroge-
neousdistributedcomputersin additionto providing a mes-
sagepassinginterface, PVM implementsresourcemanage-
ment, signal handling,andfault tolerancefeaturesthat help
build a userervironmentfor parallelprocessing As a result
of theseadditionalgenericcapabilitiesneededto passdata
reliably in a heterogeneousrvironment,PVM is generallya
lessefficientmessag@assingnterfaceon Massvely Parallel
ProcessoréMPP’s) [5]. While PVM is the defactostandard
for clustersof workstationstheneedto implementadditional
featuresdbeyondthemessagpassingnterfacehindersit from
becomingubiquitouson MPP’s.

PVM’s implementationand interface development occur

mainlyatORNL. Thereare,however, commerciaimplemen-
tationsof PVM availablethataredesignedor efficient mes-
sagepassingon MPP architectures.One exampleis PVMe

for the IBM SP-2MPP[12]. TheseMPP implementations,
alongwith competingimplementationgor PVM on clusters
of workstationsarenotcommon.

1.2.2 MPI— The MessagédPassinginterface(MPI) Forum
hasbeenmeetingsincel992andis comprisedf high perfor
mancecomputingprofessionaldrom over 40 organizations



[13]. Their goalis to develop a messagepassinginterface
thatmeetshe needsof the majority of usersn orderto foster
theuseof acommoninterfaceontheever-growing numberof
parallelmachines.By separatinghe interfacefrom the im-
plementationMPI providesa framework for MPPvendorgo
utilize in designingefficientcommerciaimplementations.

A numberof vendorshave jumpedon the MPI bandwagon,
andvendorsuppliedmplementationgrenow availablefrom

IBM, Cray ResearchSGI, Hewlett Packard,and others. In

addition,a numberof competingimplementationfave been
createdor clustersof workstations.Two popularchoiceson

clusters,MPICH and LAM/MPI, will be evaluatedin this
study Thesetwo implementation$ave beenthe subjectof

a previous study conductedon a clusterof DEC 3000/300
machinesonnectedvith FDDI [10].

The MPI Chameleor{MPICH) effort beganin 1993asanat-
temptto provide animmediateimplementationof MPI that
would track the standardasit matured6]. It wasdeveloped
at ArgonneNationalLaboratoryasa researctprojectto pro-
vide featuresthat make implementingMPI simple on mary

typesof hardware. To do this, MPICH implementaViPI over
anarchitecturendependenfbstractDevice Interface(ADI).

The ADI hasa smallerinterfacethan MPI, makingit easier
for vendorsto implement,resultingin quicker development
time without lossin efficiency. MPICH takesthis one step
further by implementingthe ADI on top of whatthey call a
“channelinterface”, providing an even smallerinterfacefor

a vendorto implement. While the “channelinterface” im-

plementationsvill be extremelyinefficient, it providesfor a
quick anddirty implementatiorthat canbe streamlinedater
by implementinghe ADI piecemeal.

Local AreaMulticomputer(LAM) originatedatthe Ohio Su-
per computingFacility andis now maintainedby the Lab-
oratory of Scientific Computingat Notre Dame. LAM is a
packagethat providestask scheduling signal handling,and
messageleliveryin a distributedervironment,andis layered
to allow implementatiorwith ary messag@assingnterface.
For example,PVM hasbeenimplementedover LAM, how-
everonly LAM’ s MPI versionwill beevaluatedn this study

1.2.3 BNM—Beowulf Network MessagingBNM) is cur
rently under developmentat the Parallel Architecture Re-
searchLaboratoryat ClemsonUniversity asa low level so-
lution for taskspavning andcommunicatiorin the Beawulf
ervironment. BNM provides only a minimal set of facili-
ties, including remotetask spavning, taskID management,
andbyte orientedmessag@assing.Thegoal of the projectis
to provide a simpleandefficient communicationgibrary for
Beaowulf thatcouldbeusedasa building block for implemen-
tationsof higherlevel interfacessuchasMPI. At themoment
BNM is in its infangy stageandthe resultsof this studywill
have a directimpacton its development.

2 |IMPLEMENTATION OF PACKAGES

While all of thesepackagegrovideacommoncorefunction-
ality, therearesignificantdifferencesn theimplementations
thathave animpacton both the easeof useandparticularly
the performanceof applicationsusingthem. Threeareasof
particularinterestare the software architectureand related
tools, the approactusedfor spavning tasks,andthe method
of communicatiorbetweerntasks. Eachof thesewill be dis-
cussedn turn here.

Theversionsof the packagesve areusingareasfollows:

PVM version3.3.11

LAM version6.1
¢ MPICH versionl.1.1(ch_p4 interface)
¢ BNM version1.0

2.1 Architectue

There are significant differencesbetweenthe packagesn
termsof the architectureof the software and the tools pro-
vided. All packagesrovide a library of messagegassing
primitivesto which applicationdlink. PVM and LAM/MPI
provide an additionaldaemonthat is startedby the userbe-
fore parallelapplicationsare executed.BNM usesa similar
daemonjut a singledaemoron eachnodehandlesrequests
for all usersandis startedwhenthe machineboots. MPICH,
by default, attemptgo usea systemevel daemonhput canbe
configuredfor eitheruserlevel daemonr canoptionfor the
standardemoteshellservice.

In terms of dehugging and monitoring tools, PVM and
LAM/MPI arestrongest.PVM includesa consoleallowing
theuserto checkthe statusof PVM tasksandsendsignalsto
them.LAM providesa setof executabletoolswhich provide
similarfunctionality. MPICH providesvery few runtimeutil-
ities, but it does,alongwith PVM andLAM, provide for log
file generatiorandtraceutilities. BNM, on the other hand,
provideslittle or no supportfor monitoringor detugging.

Therearetwo commontechniquedor startingparalleltasks
usingtheseimplementationsthe useof a commandine ex-
ecutablethat startsthe parallel tasksand the use of library
calls to spavn taskson remotenodes. PVM, LAM/MPI,
and BNM provide both mechanisms;PVM allows execu-
tion to be startedfrom the consoleandallows paralleltasks
to be startedfrom within anapplicationusing pvm.spavn();
LAM/MPI providesmpirunto starttasksandadditionallyim-
plementsthe MPI 2.0 MPI_Spawn() call which allows tasks
to be startedfrom within the application;BNM implements
bothbnmrunexecutableanda bnm.spavn() library call; and
MPICH providesanmpirunexecutabléor startingthe paral-
lel tasks,but doesnot supportthe MP1_Spawn() call.



Tablel: MessagdPassingSummary

Option LAM MPICH PVM BNM
Spavn method Userdaemon System, user or rsh | Userdaemon Systemdaemon
daemon

Startupcommand mpirun mpirun pvm bnmrun

Spavn command MPI_Spawvn() N/A pvm_spavn() bnm.spavn()

UDP communication | default No default No

UDP pacletsize 8K N/A 4K (settablew/ N/A
pvm_setopt)

UDP Retransmission 500- 1200ms N/A 10ms N/A

Timeout(obsened)

TCPcommunication | -c2c(mpirunoption) | default PvmbDirectRoute default
(pvm_setopt)

TCPpacletsize maximum maximum 4K (settablew/ maximum
pvm_setopt)

Homogeneoumode | -O (mpirunoption) automatic PvmDataR& default
(pvmLinitsend)

2.2 TaskSpawning

Therearethreemajor factorsthat determinethe time neces-
saryfor spavning tasks:the methodusedto startthe process,
thelocationof the executableandlibraries,andthefunctions
performedon startup. In all of our testsexecutablesvere

storedonanNFSmountedile systemsothisfactorwasheld

constant.

Startingtasksis accomplishedia oneof threetechniquesn
thesepackages:

e directuseof remoteshellto starteachtask

¢ useof remoteshellto startadaemorwhichsubsequently
startstasks

¢ useof afull-time daemorfor startingtasks

Before a user begins running parallel applicationsunder
PVM, he or shefirst startsup PVM and definesthe virtual

machine. This processstartsa userlevel PVM daemonon
eachof the nodesin the machineby usingthe remoteshell
facility. Thesedaemonsgrovide the userruntime spavning
servicedor PVM tasks.Oneuniquefeatureof the PVM dae-
monis its ability to startmultiple tasksonthesamenodewith

only onecommunicatiorfrom the parent;aswe will seethis
leadsto betterperformancérom PVM whenstartingmultiple
tasksonthesamenode.

LAM/MPI usesa techniquesimilar to PVM for spavning
tasks. The userfirst startsup userlevel daemonson each
nodein the Local AreaMulticomputer Thesedaemonghen
spavn MPI tasksfor theuseratruntime.BNM, like PVM and
LAM, usesadaemorto startprocessedjowever, thisdaemon
providesa systemservice,soit is startedwhenthe machine
boots,andonly onesuchdaemonis neededo sene multiple

users BNM, LAM, andMPICH, unlike PVM, requiremulti-
ple communicationgor multiple tasksspavnedon the same
node.

MPICH attemptsto startremoteprocessedy connectingo
adefaultsystemlevel daemonandif thatdaemoris unavail-
able,usesthe remoteshell facility. This default daemoncan
also be configuredat the userlevel, but we were unableto
getthis daemonto startupremoteprocessegroperlyduring
the testing. Therefore the remoteshell was used,which is
extremely slow, particularly when the inetd sener is used.
Hence MPICH is at a severedisadwantagenhenit comesto
the speedof startingnew tasks. However, we will seethat
otherfactorsleadsto comparableesultswith LAM/MPI.

The last factor in startup time is the amount of addi-

tional initialization and setup performed. For PVM (in-

cluding PvmbDirectRouteversion) and BNM, this is mini-

mal; network connectionsare set up but not established.
LAM and MPICH require additional synchronizationof

the MPI_.COMM_WORLD communicatorfrom eachtask.

MPICH, in orderto synchronize,establishesTCP connec-
tions to the appropriateasksand subsequentlglosesthose
connectionseforethe initialization is complete. Addition-

ally, LAM with the “-c2¢” option selectedspecifyingdirect

taskto taskconnectvity using TCP, requiresall taskto task
connectiondeestablishedeforethe spavn completesThis

significantlyeffectsthe spavn time, aswe will seein Section
3.

Otherspavn ervironmentoptions,nottestedareavailableon
boththe MPI andPVM versions.MPI allows the executable
to be passedo thetargetnode,not requiringthe programto
exist on thatnode. MPI andPVM have optionsto provide a
currentworking directoryanda searchpathto find the exe-
cutable.They do soby settingthe pathsup in a scriptfile be-
fore hand,duringinitialization of thevirtual machineor local



areamulticomputerdaemons BNM providesthis capability
by passinghe ernvironmentevery time a nev messageass-
ing programexecutesDuringtesting we usedull pathnames
for the executableshenceenvironmentsverenotused.sowe
couldeliminatethis variablefrom ourtesting.

2.3 Message Passing

All of thesepackagesisestandardP protocolsfor message
passingoetweemodes.PVM by default passesnessagem
threesteps.First the messagés passedrom the application
to thelocal PVYM daemorvia a TCP streamsoclet (someim-
plementationsiseUNIX streamsoclets). The daemorthen
dividesthe messageip into “packets” of approximately4K
bytes,whichit passeso the PVM daemoron theremotema-
chineusingUDP. Each“packet” is acknavledgedby there-
ceiver individually, andlost packetsareresent. The timeout
and retransmissiorfor lost pacletsis, from obsenation of
network traffic, generallyaround10 millisecondson our net-
work. PVM usesa simpleroundtrip time estimatorf4], does
not seemto useKarn’s algorithm[14], and implementsno
delayedacknavledgmenttratayy.

Using the PvmDirectRouteoption for PVM, TCP is used
to communicatedirectly betweenapplicationtasks. These
connectionsare establishedvhenthey are neededandthey

areleft open,onceconnecteduntil applicationcompletion.
WhenusingTCR PVM still breakshe messagesto default

pacletsof approximatelyK, but acknavledgementsrenot

used(becausethey are not neededwith a reliable protocol
suchasTCP).As we will seethisunnecessargacletization
resultsin inefficient use of TCP’s maximum segymentsize.
This paclet sizeis modifiablewith PVM daemoncommand
line parameterandthroughthe pvm_setopt()function.

LAM/MPI alsousesUDP by default. Applicationspassmes-
sagesthrough UNIX streamsoclets to the LAM daemon,
which usesUDP to passthe messagdo the LAM daemon
on the remotemachine,which then passeghe messagdo

the applicationthrougha UNIX streamsoclet. LAM breaks
messagemto pacletsof approximately8K whentransferring
acrosghenetwork, andeachpacletis acknaviedgedndivid-

ually. Fromobservingnetwork traffic, it seemd. AM usesa
slow start stratgyy, eventually (sends> 16K) allowing two

outstandingunacknavledgedpacletswhich consistentlyre-

sultedin lost IP fragments. The retransmissionimeoutwas
obsenedbetweerb00to 1200millisecondsandwhencom-
binedwith the large UDP paclet size,canleadto poor per

formanceover our Beowulf network.

Whenthe “-c2c” option is selected LAM/MPI switchesto
TCP connectiondor datatransfer As mentionedearlier, all
theseTCP connectionsare establishedvhen the tasksare
spavned. Theseconnectionsare madedirectly betweenthe
tasks,andmessagearesentasawholewithoutbeingbroken
up into pacletsby theapplication.LAM’ s TCP versionuses

aneagersendstratgy with messagsizeslessthan16K and
a rendezwus stratgly when messagesizesare greaterthan
16K insteadof relying on TCP to handlebuffering andflow
control.

Both BNM and MPICH use TCP exclusively, directly con-
nectbetweenapplicationtasks,and sendmessagesvithout
breakingup the pacletsat the applicationlayer They open
connectionsvhenthey areneededandhold themopenuntil
taskcompletion.

In the next sectionwe will seehow theseémplementatiorde-
tails affect the overall performanceof the messageassing
librariesbothin spavningtasksandin passingnessages.

3 PERFORMANCE

Our evaluationof the performancef thesepackagegocuses
on two key areas,start-uptime for parallel tasksand mes-
sagepassingtime for somecommonpatterns. Spavn time
for taskson a Beowulf machinemayor maynotbeimportant
to the user dependingon the averagerun-time of the appli-
cationsin use. For usersrunning mary iterationsof short
run-timeapplicationghistime canbecritical. In any caseas
moreandmorecorefunctionsaredistributedacrosgheparal-
lel machinethetime to startaremotetaskwill becomemore
important.

Thetimeto pasanessagebetweertasksobviously hasdirect
impacton the performanceof applications.especiallywhen
theapplicationsaaremorefine-grain.In ourtestswve attempto
cover somecommonlogical configurationsof processethat
might be seenin applicationseither becausef well-known
algorithmsor dueto portingfrom otherarchitectures.

We testoneinstanceof MPI's complex datatype constructor
utilities and comparethoseutilities with codethat provides
this servicemanuallywith usercode.Finally, we will discuss
reliability issuesve raninto duringthesetests.

3.1 TestSetup

The Beowulf systemusedin thesetestsconsistsof the fol-
lowing:

17 single-processat50 MHz Intel Pentiumnodes

64 MB RAM pernode

2 SMC Tulip-basecethernetardspernodeusingtulip.c
v0.88

2 fast ethernetnetworks, one bus and one full-duplex
switch

Linux 2.0.34



Oneof the 17 nodesis usedfor interactionwith the system,
while theothersareusedsolelyfor computation.Theinterac-
tive,or “head”, nodecommunicatesvith the othernodesover

thebusnetwork. All computenodescommunicatevith each
other over the full-duplex switch. On all tests,the “head”

nodeis usedto spavn off one processon eachof the com-

putationnodesandto time all testsusingthe gettimeofday/()
call.

All  software was setup for a homogeneous clus-
ter of workstations. PVM provides this with the
pvm.initsend(PvmDataRa&) function, while LAM uses
the “-O” option on the mpirun commandline. MPICH
detects this automatically and BNM provides no other
functionality.

We alsomodifiedthe 2.0.34LINUX kernelto prevent TCP
from resettinghe slow startcongestiorwindow afternotdo-
ing arnything for a “long time” [7]. Without doing this, the
testswe performedslov down considerablyand prevent us
from seeingl CPin action.Basically the TCPversionsever
get out of slow startwhenthe messagesize is biggerthan
themaximumsegmentsize. For example whenpassingnes-
sagesaroundin a ring, the combinationof the delayedac-
knowledgementndslow startpreventsa nodefrom retrans-
mitting againfor a “long time”. Sincewe wantto seeTCP
implementedn full capacitywe removedthisfeature.

3.2 StartingRemotelasks

In this testwe usedthe headnodeto spawn off the processes
ontothecomputatiomodeswith no computationperformed.
We startedtiming beforespavning beganandendedit after
the spavning operationscompleted. For PVM, LAM, and
BNM, we had the spavning task usethe respectie spavn
library callsto performthis function andtime the operation.
With MPICH thereis no spawn library call, sowe timedthe
mpiruncommand.

As canbeseenfrom Figurel, MPICH takesthelongesttime
to performthe initial onetime startupof the messaggass-
ing tasks.This makessenseconsideringlPICH usesthere-
mote shell service(seeSection2.2). Also, LAM ,with the
“-c2c¢” option set, startsto catchup asthe numberof pro-
cessespavnedincreasesWe would expectto seethis large
increaseas a resultof the numberof TCP connectionghat
needto be establishedor a large numberof spavnedtasks.
The othersoftwareversionsperformedwell, with PVM pro-
viding the besttaskstartupservicesaswe expectedrom our
discussiorin Section2.2.

3.3 Messae PassingPerformance

The messag@assingestsconsistof onemastemprogramex-
ecutingon the headspavning off oneprocesson eachof the

computationahodes.The masters job consistsof spavning
off theprocessegjoingthetiming, andwaitingfor aonebyte
messagérom eachof the processinghodego signalcomple-
tion of thetest. We designedhetestssuchthatthefirst com-
putationalnodein the Beawulf systemalwaysgetsassigned
task1, theseconchodegetstask2, andsoon.

In performingthesetests we usednonblockingsendsandre-
ceiveson all occasionslUnlessotherwisespecified(SeeSec-
tion 3.3.3),messagsizesarein bytesandwe usesimpledata
typesin all communications.For instance the MPI_BYTE

datatypefor MPI andthe pvm_pkbyte() commandfor PVM

areusedfor simplebytesends BNM providesonly byte ori-

entedserviceand hasno functionality to constructcomplex

datatypes.

3.3.1 RingandTorus Tests—n all thering andtorustests,
we performeds0loopsandvariedthe messagsize. Thering
loop startedwith a sendfrom task1 to task2 andsoon. The
ring loop endswith a sendfrom task16 to task 1 (seeFigure
2). Thetorusloop testhasa very similar setupasthe ring
loop, but datawaspassednly within a columnor row of the
torusmatrix (4x4 torus- seeFigure3 and4). For example,in
thecolumntest,dataloopsstartecattheheadof eachcolumn,
moveddown to the endof the columnandthenfinishedback
atthe head. The row testsactthe sameway, exceptthe data
startsin therow heads.

As we canseefrom Figuresb, 6, and7, thering patterntake
four timeslongerthanthe torus patternswhich is expected.
We areusinga 16 nodering, andthetorusis 4x4 with each
columnor row of thetoruspassingn aring formation. The
only realpoint of this, again,is to createdifferenttraffic pat-
ternsanddeterminewhy differentalgorithmsperformbetter
under differentloads. As is obvious from the the figures,
PVM performsthe best,while the othersfall behindsignif-

icantly. We needto discusswhy thatis the case,andthen
move on to discussinghe smalldifferencesetweerthe ver-

sionsof MPI andBNM.

PVM implementsits own reliable protocol layer over UDP
(SeeSection2.3), asdoesLAM, with PVM performingsig-
nificantly better This canbeattributedto the smallerretrans-
missiontimeoutvaluesandthe smallerpaclet size. The IP
fragmentatiorthatoccurss notasbadwith PVM's4K paclet
sizethenit is with LAM at8K. Thesmallerpacletshave less
chanceof losing a fragmenton the network. In our tests,the
8K paclet sizecaused_ AM to performerratically at larger
messagesizesand preventedus from getting consistentre-
sults over 20K whereLAM will startto generat¢wo com-
pleteoutstandingpaclkets(seeSection2.3).

The other versionsusing TCP have problemscomparedto
PVM becausef theretransmissiostratgy of the TCP pro-
tocol. Thisincludestheretransmissiotimeouts,delayedac-
knowledgmentsslow start,congestioravoidanceNagle,and
fastretransmitandrecovery algorithms.All of theseTCPal-
gorithmsare basedupontestingin generalnetworking traf-
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fic environments,which will differ from traffic in a private
network generatingonly messag@assingraffic. PVM's di-
rectroute TCPimplementatiorperformsworsethantheother
TCPimplementationbecausef the applicationlayer pack-
etizationwe describedn Section2.3.

3.3.2 ProcessBottlene& Tests—In this test,a centralbot-
tlenecktask,task 1, sendsdatato tasks2 through16. After
receving the data,tasks2 through16 senddatabackto task
1 (seeFigure8). We performedthis testfor five iterationsof
thesendsandreceveswhile we variedthe messagsize.

FromFigure9, we seethatthe TCP versionsof the message
passingsoftware packagesgenerally perform consistently
while the UDP versionsbehave erraticallyandpoorly asthe
messagsizeincreasesThiswouldleadusto concludeTCP’s
retransmissiorstrat@y behaes better with heary conges-
tion, thanwhat PVM andLAM implementover UDP. How-
ever, we seeonestriking exampleof unstableperformancen
LAM/MPI’ sTCPversion.

Theonly differencebetweenLAM’ s TCPversion,compared
to BNM, PVM, andMPICH, relatego thesetupof communi-
cations.As we statedin section2.3,LAM fully connectsll
tasksduringtaskstartup while the othersonly connectwhen
a communicationis requiredbetweentwo tasks. What this
createsguringthesebottleneckests,s anartificial roundtrip
time (RTT) andretransmissionimeout(RTO) calculatedby
TCPR Basically whenwe start communicationsvith LAM,
datais sentimmediatelyto all tasksand thenpromptly re-
turnedby all tasks. This obviously createsseriousconges-
tion on our switchednetwork, asit is intendedo, andusually

leadsto lost TCP paclets.

TCP startswith an RTO of three secondswhich on some
occasiongllows a taskto receve data,sendthe correspond-
ing acknavledgmentpacket with or without data, have that
paclet lost andretransmittecbeforethe RTO of the original
sendingprocessexpires. This leadsto artificial RTT values
and RTO calculationswhich, if conditionsare appropriate,
hit a “harmonic” leadingto the RTO eventually clampingat
its maximumvalue of two minutes. This problemis exacer
batedby the backoff strateyy [7] usedthatdoublesthe RTO
after every lost paclet and doesnot resetitself until an ac-
knowledgmentis receved from a non-retransmittegbaclet.
For example,a pacletbeingsentto the sameprocessocould
getlosteverytime we sendthefirsttime only, andbecausé¢he
backoff countnever getsreset,we will reachthe maximum
valueof the RTO very quickly.

TheseRTT and RTO problemsrarely occur with the other
implementationsaising TCP. The otherversionsdo not con-
nectbeforecommunicationsiesultingin thefirst sendof data
from the bottlenecled procesgo be lesscongested.During
thesefirst setof sendseachtaskconnectionmustbe setup
before sendingdata. Connectingtasksusing TCP requires
theprocesgo blockuntil theconnectiorhasbeenestablished,
thereforetheonly competingraffic in thenetwork will bethe
connectiorhandshag&to thenext processarBecausgaclets
in this un-congeste@nvironmentare not lost, we achieve a
goodinitial RTT estimationand RTO calculation. To prove
this point, we modified the bottleneckprogramfor LAM,
so that, on the first datasend,the centraltask performsa
send/receie combinationto eachtask separately After this
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initial sendwe startedheidenticalbottlenecledalgorithmas
befare.Theresultsareshovnin Figure9 in theLAM _C2C.1
graph. Theresultingperformanceneasurementor LAM’ s
modifiedTCPtestswereasstableasthe otherTCPpackages.

We noticedone otherinterestingobsenation aboutmessage
sizesoutsideof the rangeof Figure 9. WhenLAM (-c2c)
changesits messagingstratgy to rendezwus at 16K (see
Section2.3), it performspoorly relative to the other algo-
rithms. Theneedfor the bottlenecledprocessoto poll every
timethroughtheloopresultsin thenetwork beingusedineffi-
ciently, eventhoughtheresultingtraffic will beun-congested.

3.3.3 Matrix Transposélests—Here,we have eachcompu-
tationalnodepassdataaroundin thering patterndiscussedh

Section3.3.1,transposing squarematrix oncebeforesend-
ing to the next node. We are trying to determinewhat, if

ary, pitfalls exist in using MPI's derived datatypes. We

utilize the MPI_Datatypeconstructand the MPI_vectorand
MPI_hvectorinterfaceso performa matrix transpositiorand
thenimplementeda “raw” versionof this matrix transposi-
tion manuallyfor eachversionof software we are testing.
Any versionsin Figure 10 or 11 with an“R” in the name
for LAM or MPICH aretheraw versionsthatdo not usethe
MPI specialdataconstructsNeitherPVM or BNM have this
functionalityfor transposingnatrices.PVM providesgeneric
datatypesandstridedpatterncapabilityfor sendshputit is not
asversatileasMPI.

Fromtheresultsin thefigures,we canseethatit doesnt make

much differenceif we usethe raw versionsor the versions
usingthe specialdatatypes. The figuresmatchup with the

ring patterntestof the samemessagesize patterns. Square
the matrix sizeand multiply timesfour (integer matrices)}to

getthecorrespondingnessagsize.

3.4 Reliability

LAM provedto havethemostproblemdockingupor slowing

down unpredictablyduring testing. One problemwe could
predict, was that LAM left the UNIX acceptsoclets open
to the daemonafter the LAM taskscompleted. This, obvi-

ously, will eventuallycausea programcrashwhenwe reach
the LINUX file descriptodimit. It seemsasif this problem
only occurswhenspavningwith the MP1_Spavn() command
andnotwhenusingthe mpiruncommand.

Onafew occasionPVM with PvmDirectRouteptiondead-
locked for unknown reasons.It was very difficult to repro-
duce. During the courseof testing,we tried mary different
teststo seewhat impactthey would have. One of the tests
we did not discusswvasdoingring testson a large numberof
nodes.For example,we would startup 255 taskson our 16
nodessystemandthentry to performcommunicationsWhile
the UDP versionshandledhisfine (for smallmessagsizes),
the TCP versionsall crashedconsistentlyas a result of the
255file descriptorimit of LINUX. This shouldrarely be a

problemon our system,but may be on larger nodesystems
thatwantto communicatdo a centralprocess.

4 CONCLUSIONS

We canseefrom this studyof messaggassingmplementa-
tionsonthe Beowulf clusterthatthe generahetworking traf-

fic algorithmsof TCP do not alwaysprovide the bestperfor

mance.The simpleUDP implementatiorthat P\VM provides
offers superiorperformancen somecases,while the TCP
implementatiorof PVM shavs uswhatnotto do; application
level pacletizationover TCP. We also obsened that TCP’s

RTT andRTO calculationsanleadto artificial estimatesnd
poor performanceon a network whoseRTT shouldbe ex-

tremelysmallwith little deviation.

We determinedthat the complex datatypes usedby MPI
do not causea degradationin performance.ln addition,we
found that spavning taskson the Beowulf clustershouldbe
donewith aspecializedlaemornwith anoptionto spavn mul-
tiple taskson the samenodewith onerequest.

Fromthis paperwe discoveredthatmodificationsof the ker-
nel TCPimplementatiorcanimprove communicatiorperfor
manceon our network. This hasdevelopeda focusfor future
work relating to modifying TCP’s transmissionalgorithms
to boostperformanceon the Beowulf. We want to design
a kernel patchthat allows TCP parameterso be modifiable
from the /procfile systemandtestperformancewhile vary-
ing thesealgorithms. Thesetests,after obtainingan optimal
TCP parameterconfiguration shouldleaddirectly to an effi-
cientversionof MPICH over our systemsoftwareandBNM.
Additional focuseswe have along theselines geartowards
designingour own reliableprotocolover ethernethbypassing
IP completely
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