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ABSTRACT

Thispaperdescribeshecomponentsf aruntimesystenfor launch-
ing parallelapplicationsandpresentperformanceesultsfor start-
ing ajob on morethana thousanchodesof a workstationcluster
This runtime systemwas developedat SandiaNational Laborato-
riesaspartof the ComputationaPlant(Cplant™) project,whichis
deplgying large-scalgarallelcomputingclustersusingcommaodity
hardware andthe Linux operatingsystem.We have designedand
implementeda flexible runtime systemthat allows for launching
paralleljobs on thousandf nodesin a matterof seconds.The
interactionsof the componentsre describedandthe key issues
thataddresghe scalabilityandperformanceof the runtimesystem
are discussed.We also presentperformanceaesultsof launching
executable®f varyingsizeson morethanathousanchodes.
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1. INTRODUCTION

Oneof the challengesn ary massiely parallelprocessingystem
is providing a runtime ervironmentthat allows for faststartupof
paralleljobs. Sincethe primary goal of parallelcomputingis to
reducethe amountof time requiredto achiere a solution, it is crit-
ical for a large-scaleparallel machineto start jobs as efficiently
aspossible. While mostsuppliersof large-scaleparallel comput-
ing platformsemphasizelelivering performancdo anapplication
onceit is running,few addresshetime spentgettingtheapplication
started.On mary systemsthis time canbe significant.

This limitation alsoexistsin thearenaof commodityclusters.The
typical methodof usinga shellscriptthatloopsover UNIX remote
shellor secureshellcommandgo startprocessesn remotenodes
in a clusterhassevereinherentperformancendscalabilitylimita-

tions. However, for mary reasonsthe problemis not asapparent.
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Most clustersarenot concernedwith runninga single paralleljob
acrossseveral hundredor a thousandnodes. Becausehe typical
clusterhasa small setof usersrunningon only tensor a few hun-
dredsof nodesthesescalabilityproblemsarenot asevident.

Large-scalecommodityclustersrunninga single applicationover
several hundredor thousandsof nodesare becomingprevalent.
Thesemachinesareintendedto be low-costalternatvesto tradi-
tional vendorsuppliedsupercomputersand they are requiredto
run hundredsof differentapplicationsfrom possiblyhundredsof
differentusers.Theusagerequirements$or thesemachinesandthe
amountof resourcespenton themaresignificantenoughto make
fastjob launchinga key componento their success.

The ComputationaPlant(Cplanf™)[4] projectat SandiaNational
Laboratoriesncludesseveral suchlarge-scalemachines.Our two
largest productionclusters,a 592-nodeclusterand a 1024-node
cluster will soonbe combinedinto a single large machinewith
atheoreticapeakcomputeperformancef greaterthanl.7trillion
floating-pointoperationgper second(TFLOPS).The systemsoft-
ware on thesemachiness modeledafter the software that Sandia
designedchnddevelopedfor the Puma[12]operatingsystemwhich
is the basisfor the lightweight computenodekernelin useon the
9000processoASCI/RedIntel TeraFLOPS[11nachine.

In the next section we presenthe component®f theruntimesys-
temthatallow large paralleljobsto starton a Cplant™ clusterin a
matterof several seconds.Section3 describessomesupporttools
for theruntimesystem We continuewith Sectiord, whichoutlines
thechoiceghataffectedthedesignandinteractionof thesecompo-
nentsand describessomeof the considerationsnherentin these
choices.Performanceesultsfor launchingvariousexecutablen

several hundrednodesare presentedn Section5. We provide an
overview of relatedwork in Section6 andconcludewith a discus-
sionof futurework in Section7. Section8 providesa summaryof

the contritutionsof this paper

2. Cplant™

The ComputationaPlantis a large-scalemassiely parallelcom-

puting resourcecomposedf commoditycomputingand network-

ing components. The main goal of the projectis to constructa

commodityclustercapableof scalingto the orderof tenthousand
nodesto provide the computecyclesrequiredby Sandias critical

applications Becausef this scalabilityrequirementCplant™ has
beendesignedo addresscalabilityin every aspecof thehardware

andsoftwarearchitectures.



TheCplant™ machineemploy thepartitionmodelof resourceoro-
vision[8] thatwasinitially developedby Intel ontheirearlyparallel
platforms. This model divides the machineinto several different
partitionsthat provide specializedfunctionality The main parti-
tionsareservice compute andl/O.

The servicepartition provides a full-featured UNIX ervironment
whereuserscanlog in and performthe usualUNIX commands,
suchascompiling codes editing files, or sendingemail. The ser
vice partition is alsowherethe userslaunchparallelapplications
into the computepartition, view statusof runningjobs, or delug
computenode applications. The servicepartition is what mary
workstationclusterscall the “front end” The servicepartition is
usuallycomposeaf severaldifferentmachinesandfor thecurrent
Cplant™ clusterswe employ aloadbalancingnamesenerto place
new loginsontheleastloadedmachine.

Thelargestportion of the machineis the computepartition,which
is dedicatedo deliveringprocessocyclesandinterprocessocom-
municationsfor parallelapplications. Nodesin the computepar
tition arespace-shareduchthat a group of nodesis dedicatedo
running only a single application. Computenodestypically pro-
vide only a small subsetof UNIX functionality in orderto max-
imize the resourcegyiven to parallel applicationprocesses.User
loginsdirectly to computenodesareprohibited.

TheCplant™ runtimesystems alsomodeledaftertheruntimesys-
tem of ASCI/Red. This runtime systemis dependentiponan un-
derlying high-performanceystemareanetwork, not only for sup-
porting applicationmessagéassingvia a usetlevel library, such
asMPI[10], but alsofor supportingcomputenodeallocation,ap-
plicationlaunch,parallell/O, anddetuggingtools. Cplant" clus-
ters usethe Myrinet [3] gigabit network with a Sandia-designed
messagegassinginterface called Portals[5]. All communication
betweertheruntimesystemcomponentss implementecbver Por
tals.

This runtimeenvironmentis composedf four functionalcompo-
nentsthat work togetherto startand manageparalleljobs. The
process manager controlsthe resource®n anindividual compute
node. It is responsibldor startingan applicationprocessandpro-
viding it with the basicinformation neededor the processo be
partof aparalleljob. Theallocator choosesvhich computenodes
to assignto a specificjob. The launcher is the componentwith

which usersinvoke a paralleljob. Finally, thejob scheduler is re-

sponsibldor applyingapolicy for queueingandrunningbatchjobs
onthesystem.Thefollowing describeshesecomponentin greater
detail.

2.1 ProcessMlanager

The processmanagercomponenif the runtime systemis called
theProces<ontrolThread, or PCT. A PCTrunson eachcompute
nodein the clusterandis responsibldor managingthe processor
andmemoryresource®n the nodeit controls. The PCT’s imple-
menta space-sharegystem whereeachcomputenodeprocessor
runsasingleparallelapplicationprocess.

ThePCT providestheapplicationprocesonanodewith theusers

1The term “thread” is a misnomerfor the currentCplant™ ervi-
ronment. In the Pumaoperatingsystemthe PCT wasa userlevel
threadthat was ableto perform someprivileged operations. The
currentLinux implementatiorof thePCTis ahearyweightdaemon
process.

ervironmentaswell asthe environmentneededo participatein a
parallel application. It is responsiblefor startingthe application
process redirectingUNIX signalsto the applicationprocess at-
tachinga dehuggerto the applicationprocessterminatingthe ap-
plication process,and recovering resourcesafter the application
procesgerminates.

A computenodeis addedto the machinewhenthe PCT on the
nodecontactsthe allocatorto let it know thatthe computenodes
resourcesreavailablefor hostinganapplication.During applica-
tion launch,theallocatorcontactseachof the PCT'sin the parallel
job to letit know thatit hasbeenallocatedandthatit will be con-
tactedby the applicationlauncher

The PCT’s participatingin the paralleljob launchform a spanning
treethatallows for efficient groupcommunicationssuchasbroad-
castsand reductions. Efficient communicationallows the PCT’s
in alargejob to quickly relay globalinformationto computenode
processes.

Oncea PCT hasbeencommunicatedll of the informationneces-
saryto startthe parallelapplicationprocessijt startsthe process,
andthenwaitsfor requestgrom eitherthejob launcheror from the
applicationprocessThe PCTtriesto yield asmuchof thecompute
cyclesaspossibleto the applicationprocesswhile still trying to
servicerequestsn atimely fashion.

Whena PCT is not hostinga parallel applicationprocessit per
formssomeminimal healthchecksonthe computenode.In partic-
ular, it checksthe availablememoryonthenodeandthesizeof the
RAM disk. Shouldeitherof thesefall belov athresholdor hosting
anapplicationprocessthe PCTlogsthe problem,sendsamessage
totheallocatorto let it know it is unableto hostanapplication,and
exits.

2.2 Bebopd

Theallocatorcomponenbf theruntimesysterris thebebopd. Be-
bopdrunson a nodein the servicepartition andis responsibleor
allocatingcomputenodesto paralleljobs asrequestedy the job
launcher Bebopdis alsoresponsibldor providing statusinforma-
tion aboutthe computepartition, suchasthe numberof free com-
putenodesandwhich nodeshave beenallocatedo jobs.

EachPCT contactsbebopdupon startupto malke it aware of the
availableresources.The launcheralsocontactshebopdto resene
nodedor theparalleljob. Bebopdthencontactgshe PCT'sto insure
that eachnodeis readyto participatein the paralleljob. Bebopd
thenpasseshe launchera list of the available computenodeson
whichtheparalleljob will run. Oncethe PCT's have finishedhost-
ing theparalleljob, they contactbebopdo updatetheir availability
status.

Currently the algorithm usedto allocatecomputenodesis naive.
Eachcomputenodeis assigned physicalnodeidentifier, whichis
anintegerfrom 0 to n— 1. The allocatorstartswith the smallest
availablenodeid andsearchesghelist of nodeid’sin ascendingr-
derto find free nodes. This allocationschemedoesnot take into
accountthe network topologyof the cluster Ideally, the allocator
would find nodesthat are closetogethet to reducenetwork con-

2BetterEngineeredag Of Pc’s Daemon

3Theexactdefinition of closeis a combinationof the physicalnet-
work topologyanda combinationof otherfactors,suchasthe ex-



tention. The allocatoron ASCI/Reddoesthis quite easily since
theroutesandtopologyof themachinearefixed. Thetaskis more
challengingfor Cplant™ machinessinceeachmachinemay have
adifferenttopologyor evenhave varyingtopologies suchasin the
caseof a machinethatis grovn andprunedperiodically We have
insertedhooksinto our allocatorto allow for moreintelligent al-
locationschemesandwe areinvestigatingdifferentalgorithmsfor
optimaljob placement.

Bebopdis alsoa single point of failurein the cluster Shouldthe
bebopddie or becomauncommunicatie, the ability to launchjobs
or get computepartition statusis lost. Initially we imaginedthe
needdistributedallocatorthatwould be responsiblgor subsetof

themachine.Thesedistributedbebopds would communicatevith

eachotherto satisfya requestfor nodes,andthe lossof a single
bebopdwould resultin the loss of only a subsetof the nodesin

the machine. We have not implementedhis distributed allocator
becausdailuresof the currentbebopdimplementatiorhave been
infrequent,even during times of heary usage. We have alsoim-

plementedthe bebopdso that it checkpointsits stateand can be
restartedafterafailurewith little lossof informationaboutthe cur-

rentstateof themachine.

2.3 Yod

Theparalleljob launchercomponenbf theruntimesysterris yod?*.

Yod contactsbebopdto allocatea setof nodes,andthencommu-
nicateswith the primary PCT to move the users ernvironmentand
executableoutto thecomputenodes.

Oncea job hasstarted,yod senesasan I/0O proxy for all UNIX
standard/O functions,including file 1/0O. Parallel applicationson
Cplant™ arelinked with alibrary thatredefinesall of the standard
1/0 library routines. This library implementsa remoteprocedure
call interfaceto yod to perform|/O operationsIf acomputenode
processallsopen(), thelibrary makesaremoterequesto yodvia
messag@assing.Yod thenhandleshe file openoperationlocally
andsendshe resultto the computenodeprocess.This methodof
handlingterminalandfile 1/O is suficient for standard/O func-
tions and small input or outputfiles. However, becausehereis
only a singleyod processservicingrequestsrom all of the com-
pute node processedn a parallel job, yod becomesa bottleneck
whentrying to handlemary simultaneou#/O request®r largedata
transfers A separat@arallell/O capabilityis providedfor suchop-
erations.

YodalsodisseminatesomeUNIX signalsthatit recevesoutto the

processesunningin the paralleljob. Whenyod recevesa signal,

it sendsamessageo the primary PCT, which fansthemessageut

to the otherPCT’s in the job anddeliversthe desiredsignalto the

applicationprocess.This featurecanbe very usefulfor operations
suchasuserlevel checkpointingandkilling jobs.

Yod hasmary command-lineoptions,mostof which have beenthe
samethroughoutsuccessie implementationson the nCUBE, In-

tel Paragon the Intel TeraFLOPSandnow the Cplant™ clusters.
Because/odis themaininterfacefor applicationdevelopersijt was
importantto keepthefunctionalityof yod assimilarto previousma-
chinesaspossiblesothat Cplant™ would be familiar to our users

actroutesfrom onenodeto another While two nodesmay be on
the sameswitch, the route betweenthe nodesmay traverseother
switches.

4Thenameyodis derivedfrom thelauncheron thenCUBE,which
wasxnc. Eachsubsequenetterof xncresultsin yod.

andallow applicationgto be portedmoreeasily Thefollowing de-
scribessomeof theseoptions.

-size[n] Thisoptionindicatesthe numberof processem the par
allel job. If non is specifiedjt is assumedo be 1.

-l [nodelist] This optioncanbeusedto specifytheexactnodesto
usein ajob. A comma-separatelist of physicalnodeid’'s
(-1 1,2,3,4,10)orarangeof nodeid’'s(-1 1..4,10).

-attach This option displaysa list of allocatednodesand asks
for userconfirmationbeforeletting theapplicationprocesses
proceedo theirmainfunction. This optioncanbeusedto at-
tachadeluggerto theindividual processesduringtheload.

-batch, -interactive Theseoptionsindicatewhetheror nottheap-
plication hasbeenrun interactvely or underthe control of
thebatchschedulerCertainruntimesemanticchangevhen
runningin batchmode. For example,in batchmode,if one
of theprocesses thejob dies,theentirejob is terminated.

-file [name] Redirectyod statusmessageto the specifiedfile.

-D Thisoptionturnsonloaddehugginginformation. Yod will dis-
play the sequencef loadinformation.

-d [stage] This optionturnson specificdetugginginformationin
yod. For example,- d i o displaysthe detailsof application
I/O requestgo yod.

The first agumentthat yod doesnot recognizeis assumedo be
eithertheexecutableo belaunchedr aloadfilecontainingalist of

several executableto belaunched A loadfile cancontaindifferent
executablesachwith its own sizeandcommandine arguments.
For example,aloadfile containingthe following

# comment

-sz 10 execl argl arg2
-sz 50 exec2 arg3 arg4
-sz 100 exec3 arg5 arg6

would launcha singleparalleljob composedf the threedifferent
executablesgachwith its own command-linearguments.Yod can
supportiaunchingup to five differentexecutablesn asingleparal-
lel job. It is alsopossibleto list the sameexecutablewith different
commandine argumentdn aloadfile.

2.4 Batch Scheduler

We have madeseveral enhancements[1p the openversionof the
PortableBatch System(PBS)[2] thatallow it to reliably andscal-
ably schedulejobs on thousandsf nodes. We also madesev-
eralchangego our runtime componentsn orderto integratePBS
scheduling.

In contrastto a typical clusterervironmentwherea PBS compo-
nentrunson every computenode,we restrictPBS component$o
runonly onnodesn the servicepartition. This restrictionprovides
several benefits:it reduceghelikelihoodof runninginto scalabil-
ity limitationsasthenumberof computenodesncreaseskeepshe
computenodecyclesunderour control, andremovesthe require-
mentof supportingUNIX socletsonthecomputenodes.



The computenodesareanabstractesourcenanagedy PBSwith

helpfrom theruntimesystem We have addeda size resourcehatis

analogouso the“-size” command-lineargumento yod. Thisvalue
representshe numberof computenodesrequestedy a batchjob.

The bebopdregularly updateshe PBS sener with the numberof

computenodesavailablefor PBSjobs. Soif acomputenodegoes
out of service,the PBSsizeresourcewill be updatedaccordingly
ThePBSMOM componenputsthesizein thebatchjob’s environ-

mentso thatyod canpassit alongto the computenodeallocator

The nodes resourceén PBSrepresentshe servicenodeson which

thejob scriptsareexecuted.

A problemon mary clusterschoosingto schedulgobs with PBS
hasbeenthe orderlyterminationof parallelapplicationsstartedby
PBS.This problemis exacerbatedvhenthe PBSMOM is manag-
ing the job scriptand not the parallelapplicationsspavned by it.

The PBSMOM on Cplant™ wasenhancedo kill parallelapplica-
tionswhenthetime allocatedto the job scripthasexpired. It also
kills parallelapplicationsinadwertently left running by PBS jobs
thathave terminated.

We have madechangeso PBSqst at commandsothatthesizeand

walltimerequest®f ajob aredisplayedcaswell asthetotal compute
nodesin useby differentjobs. We alsodisplaythe amountof time

ajob hasbeenqueued.

In orderto increasehereliability of the PBScomponentsye have

addedthe ability to usenon-blockingsocletsfor communication
sothatthe PBSschedulecomponentvill continueto run properly
in spite of losing touchwith a PBS MOM running on a service
node. The patchimplementingnon-blockingsocletsis available

for download at [1] and hasbeenincorporatednto PBS at other
sites. This addition hasgreatlyincreasedhe robustnessof batch
schedulingonthe Cplant™ machines.

3. SUPPORT TOOLS

In additionto the runtimecomponentshatareinvolvedin launch-

ing anapplicationandservicingrunningapplicationsatool is needed

to look at whatjobs arerunningon the machineanddiscover how
mary computenodesareavailable. Most of the availabletoolsfor
this areGUI-based.This createproblemswhentrying to scaleup
to severalthousanchodes.

3.1 Compute Node Status and Job Manage-

ment

The pingd utility is usedto discover the statusof the computepar
tition. With no argumentsit printsasingleline of outputfor every
computenodein the cluster Eachline containsthe physicalnode
number its locationin the machine(rack and node number),the
job id, the procesdd andrank, the owner of the job, the elapsed
time, andthe PBSjob number(if startedby PBS).It displaysthe
total numberof nodesn thecluster thetotal numberthatarebusy,
thetotal numberthatarefree,andhow mary arenotrespondinglt
alsoliststhenumberof nodesundercontrolof PBSandthenumber
thatareavailableinteractvely.

Becausepingd displaysa singleline of outputfor every compute
node, pingd doesnot scalepasta few tensof nodes. We have a
utility, calledshowmesh, which is a Perlscriptthat condenseshe
output of pingd so thatit fits more informationinto fewer lines
of aterminal. Shavmeshrepresentgachcomputenodewith an
ASCII characterusing different characterdo indicateif a node

is beingused,is free, or is unavailable. The Cplant™ versionof
shavmeshis nearlyidenticalto atool by the samenameavailable
onASCI/Red.

In additionto computenodestatus pingd canalsobe usedto kill
paralleljobs. It is possibleto startayod processn thebackground
andlog out of a servicenode. However, whenlogging backinto
the cluster the useris unlikely to be placedon the sameservice
nodewherethatbackground/od processs running.Userscanuse
pingdto resetthe computenodeswherea particularjob is running,
which essentiallyills theparallelapplicationprocesseandtheas-
sociatedyod processandmalkesthosecomputenodesavailableto
hostanotherjob. Pingdcanalsobe usedby privilegedadministra-
torsto kill the PCT on a particularcomputenode,which logically
removesit from the cluster

3.2 Dehugging

TheCplant™ runtimeernvironmentsupportshe TotalView source-
level parallel detuggerfrom Etnus, Inc. We have implemented
a startuputility thatcanbe usedin conjunctionwith TotalView’s

bulk senerlaunchcapabilityto launchtheremoteTotalView delug

senersusingthePCT’'sspanningree.Eachdehug senerthencon-

nectsbackup to TotalView using TCP/IR We arein the procesf

porting TotalView's low-level channel-basedommunicatiorayer
to Portalsto getrid of thedependencon TCP/IP

For initial dehugging support,we provided a crudelevel of de-
bugging usingtools basedon the GNU dehugger gdbh The PCT
supportslaunchingthe applicationprocessunder control of gdh
Userscanthendetug individual computenodeprocessesn a ser
vice nodeusingatool calledcgdb. cgdbcommunicateslehugger
inputto the PCT, which relaystheinputto the gdbprocessandre-
laysthe outputbackto cgdb Sincethereis no filesystemavailable
onthecomputenodeto thegdbprocessno source-lgel dehugging
is availablewith this mechanism.Userscanalsogatherbacktrace
informationfrom gdbto help determinewherea faulting applica-
tion processvashalted.

4. DESIGN CHOICES

TheCplant™ runtimesystemdiffersfrom mosttraditionalruntime
systemsin a numberof ways. The following discussesomeof
thesedifferencesandrelatedissues.

Ourruntimesystenis designedo efficiently move theexecutable(s)
from theservicepartitioninto thecomputepartition. Many runtime
ervironmentsusea globally mountedfilesystem,suchasNFS, to
move executable(s) This mary-to-onedesign,wherethousandsf
clients are accessing single file on a single sener at the exact
sametime, is inherentlynon-scalable.NFS was not designedo
handlethis situationandwill usuallyfail in someway or become
unbearablyslow underthesecircumstances.

The useof NFS acrosshe computepartition alsoimplies thatthe

InternetProtocol (IP) stackis available. While our currentcom-

pute nodeoperatingsystem(Linux) supportsthe IP stack,we as-
sumethat Portalsis the only communicationprotocol supported
on computenodes. In orderto get maximumperformanceout of

the high-performanceommunicatiorfabric, we only implementa

singlewire protocol. Portalshasbeendesignedo provide flexible

building blocksfor higherlevel protocols,suchasthoseneededo

performfile operations.

Following the model of ASCI/Red, Cplant” computenodesare



disklessanddo not supportvirtual memorypaging.Eachcompute
nodehasa 16 MB RAM diskfor storingtheexecutable€from which
anapplicationprocesss createdandall executableshatrunin the
computepartitionarestaticallylinked.

In contrasto mostotherLinux-basedtlusterswe wantedto beable
to explorethe useof alightweightkernelin the computepartition.
Our initial planswereto researcthonv someimportantcharacter
isticsof our previouslightweightkernelsmight beimplementedn
Linux. We alsowantedto leave openthe possibility of portingour
lightweightkernelto Cplant™ computenodesaswell. This desire
to explore a “lightweight” Linux or otherlightweight kernel con-
tributedto mary of thedesigndecisiongor Cplant™. For example,
we assumehat the computenodeoperatingsystemdoesnot sup-
portalocal filesystem.All file operationsarefulfilled via message
passingo theserviceor I/O partitionwherefilesystenrequestgan
be satisfied.

Ourruntimesystenmmustbeflexible enoughto supportawide vari-
ety of programmingmodelsandhigh-level communicatiorlayers.
Mary of the runtime systemsavailablefor clustersaretailoredto
specificprogrammingnodelsor messag@assingsystemsFor ex-
ample,the mpirun scriptsandMPD[6] ervironmentprovided with
MPICHI[9] arespecificto MPI. While the majority of our applica-
tionsarewrittenin MPI, we supportotherprogrammingmodelsas
well. For example,we supportmore fault tolerantprogramming
modelswherethe loss of a processdoesnot terminatethe entire
application.

We decidedearly on that the runtime systemwas key in detect-
ing andreportingnodefailuresin a large clusterof 10000r more
nodes.Althoughwe have anon-goingeffort to implementscalable
non-intrusve monitoringtools, failuresoftenfirst becomeapparent
to theruntimesystemvia applicationloadfailures. The groupfor-
mationandcommunicatiorfunctionsusedby PCT'swhenloading
aparallelapplicationaredesignedo timeoutwhenanothePCTis
notresponsie or malfunctioning.The problemnodesaredetected
by the runtimesystemandreportedto yod, which displaysthis in-
formationto theuser Theusercanthennotify the systemadminis-
tratorsandattemptto load their applicationagain.In fact,yod will
automaticallytry againsothatapplicationloadfrom a batchscript
will succeed.The surviving PCT’s in a failed job launcharere-
turnedto the pool of free nodes.In somecaseshe malfunctioning
computenodeis automaticallyremoved from the pool of available
nodesby the bebopd. This fault detection/receery all occursin
about20 secondswhichis thetime requiredfor the PCT's to time-
outwhile engagingn a collective messag@assingoperation.

5. PERFORMANCE

Oneof thefeaturesavailablein yod is the ability to displaytiming
informationfor variouspartsof the applicationload protocol. Yod
can be invoked so that it calculatesand prints times for various
phasessit startsa parallelapplication. Includedin this outputis
thetotal time requiredto startthe job. Thefollowing phase®of the
load protocolaretimed:

Allocate nodes: Thetime for yod to requestandbe givenalist of
computenodeson whichto run.

Initial message:Yod contactsall of the PCT’sin the job with an
initial messagéo letthemknow which nodesareinvolvedin
thejob.

Form group: Basedntheinitial loadmessagéomyod,thePCT’s
form aspanningreefor broadcastingoad data.Yod is con-
tactedwhenall of the PCT’'s have built thistree.

Pull arguments: Theroot PCT contactsyod to getthe command
line agumentsfor the applicationand then broadcastghis
datato therestof the PCT's.

Pull ervironment: All of theervironmentvariablesassociatedith
theshellin which yod runsaregivento theroot PCT which
thenbroadcast# to theotherPCT's.

Readfile: Time neededor yodto readtheexecutablemagefrom
thelocalfilesystemon the servicenode.

Fanout: Time neededor theroot PCTto readthe executableout
of yod’s memoryandbroadcastt to theotherPCT'’s.

Pull map: Yod sendsa messagéo the root PCT telling it to pull
the portal procesdD map of the applicationand broadcast
it. Thisis thetimeit takesfor theroot PCTto fetchthemap
from yod.

Log time: Thetime requiredto compileandcommunicatéog en-
try datato the bebopdso thatit canwrite anentryin alog
file for thejob.

Total time Thetotal time theloadhastaken,from startof theyod
commanduntil all theapplicationprocessearereadyto call
mai n() .

5.1 TestEnvironment

In orderto measurehe performanceof the runtime environment,
we built a minimal executablethat simply returnsO in the nai n

function. Whencompiledand staticallylinked, this executableis

about800KB in size. We paddedthis file with zerosto build ex-

ecutablegangingfrom 2 MB to 14 MB in incrementsof 2 MB.

Eachexecutablevaslaunchedseveraltimeson varyingnumbersof

nodesfrom oneupto 1010nodes.Thetimingsfor eachexecutable
on eachnodecountwerecollectedandaveraged.

TheCplant™ machineusedfor testingis a 1024-nodeclustername
Ross/AntarcticaEachcomputenodeis a CompagDS10L, which

is composedf a 466 MHz Alpha 21264 (EV6) with 256 MB of

main memory Eachcomputenodehasa 64-bit 33 MHz Myrinet

LANai-7 network interface card. The nodesin this clusterare
connectedising 64-portMyrinet Mesh64switchesconnectedn a
three-dimensionaieshtopologythatis torusin the X andY di-

mensionshut not in the Z direction. The Portalsmessagassing
layer achievesjust over 100 MB/s peakasymptoticpoint-to-point
bandwidthonthismachine At thetime our datawasgatheredonly

1010computenodeswereoperationain the machine.

5.2 Results

Figure 1 shavs the job launchtimesfor 4 MB, 8 MB, and12 MB
executablesutto 1010nodes As onewould expect,thejob launch
timesincreaseasthenumberof nodesncreasesandthelargerexe-
cutablegenerallytake moretime. Thereareafew case®nsmaller
numbersof nodeswherethesizeof the executablds not the deter
mining factorin thelaunchtime, but beyond 64 nodesthis appears
to bethecase Moreimportantly thegraphshavsthata1010-node
job canbelaunchedn lessthan17 secondgor a8 MB executable
onadedicatedsystem.

In orderto determingheeffect of systemloadonthelaunchperfor
mance we repeatedhesemeasurementduring the day whenthe
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Figure 1: Parallel job launch timesfor the 4 MB, 8 MB and 12
MB executableson a dedicatedmachine.

machinds mostheavily utilized. Theschedulingoolicy onthema-
chineduringthistimelimits thenumberof interactve nodeso only
100. Figure 2 shaws the launchperformanceout to 64 nodes.The
impactof aloadedsystemappeardo be minimal on job launching
for suchsmall numbersof nodes. Comparedo the performance
on a dedicatednachine the resultsfor a loadedsystemare some-
timesbetterthanon adedicatednachineandarenoworsethantwo
seconds.

Sincea majority of jobs run on the systemare run undercontrol
of the batchschedulerwe also measuredaunchperformanceon
a loadedsystemusing PBS. Since the schedulingpolicy for the
machinedictateshatjobs usinghalf of the availablenodesarerun
during dedicatedime, we limited thesejobsto 256 nodes.Figure
3 shaws the launchperformanceof jobs startedunderPBS.These
numbersarevery erratic,especiallyfor jobsrun on lessthaneight
nodes. As with interactve jobs, launchtimesfor batchjobs run
duringtimesof high usagearenot significantlyworsethanlaunch
timeson adedicatednachine.

Tablel shavs thebreakdevn of thelaunchtimesfor the4 MB and
12 MB executables.The phaseof the load protocolthatincrease
significantly in time asthe numberof nodesincreasesre high-
lighted. Thesephasesre: thetime for the PCT’s to form a group;
the time to fan out the executableto the computenodes;andthe
time to log the startof the job with the allocator The otherphases
remainfairly constantasthe numberof nodesincreases.

In forming the groupfor broadcastinglata,eachPCT sendsa sta-
tusmessagéo yod indicatingthatthe PCT is readyandwilling to
participatein job launch. This mary-to-oneimplementationis in-
herentlynon-scalablebut waschoserbecausef its simplicity. It
is easyfor yodto recognizeanon-response PCTor a PCTthatis
unableto participatein thejob. A morecomplicatedschememay
offer higherperformancebut may sacrificereliability andrecogni-
tion of load problems.

Theincreasedime to fan out the executablds expected.The per
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Figure 2: Parallel job launch timesfor the 4 MB, 8 MB and 12
MB executablesn a loadedsystem.

formanceof the broadcasts directly relatedto the performancef
the network, andwe would expectthat future Cplanf™ machines
with higherperformancenetworking hardwarewould performbet-
ter onthis stageof applicationlaunch.

Loggingthestartof thejob with theallocatorhappensn two stages.
First, yod compilesrelevant information aboutthe job, including
thenameof theuserwho launchedhejob, the starttime, thecom-
mandline, the numberof processorsanda list of the nodesused.
This informationis thensentto the allocator which in turn writes
it to alog file. Furtherinstrumentations neededo accuratelyde-
terminewhich operationtakes moretime asthe numberof nodes
increaseshut it is likely thatthe messagéo bebopds notthecul-
prit. Yod containscodethatcondensethenodelist to find contigu-
ousrange®f nodedn orderto minimizethestringrepresentinghe
nodelist. It is likely thatthis compressiortonsumesnoretime as
the numberof nodesis increasedMore investigationis neededo
measureghe performancef this stepof theload protocolto deter
mine alternatemethod=of loggingthe startof a job.

6. RELATED WORK

Therearemary differentruntime systemdor parallelcomputing
ervironments. While mary of thesesystemsencompasshe dif-
ferentcomponentslescribedabore, few aredescribedn the detail
necessaryo analyzethe scalabilityandperformancéimitations of
launchinga parallelapplication. Evenfewer provide performance
datafor directcomparisonTwo suchprojectsthatdo provide some
of this dataarediscussedelow.

The Berkeley NOW projectimplementeda software layer called
GLUNIX (Global Layer UNIX)[7] on top of the Solaris operat-
ing systemthatimplementecparallelapplicationlaunchaswell as
several otherclustermanagemerdind runtimefeatures. GLUNIX

was ableto starta 100-nodeparalleljob in 1.3 seconds.In [7],

a detailedbreakdavn of the time neededor varioustasksin job
startupis given aswell asa graphof startuptimesfrom 1 to 100
nodes. The size of the executableusedto gatherthis datais not
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64nodes

128nodes

256no0des

512nodes

1010nodes

4MB

12MB

4MB

12MB

4MB

12MB

4 MB

12MB

4 MB

12MB

Allocatenodes

1.80640

1.45061

1.73317

2.16547

1.52729

1.84222

1.37249

1.52991

2.42833

1.95759

Initial message

0.20285

0.18077

0.20817

0.22959

0.22507

0.24333

0.26238

0.25770

0.48100

0.44273

Form group

0.08424

0.25412

0.09686

0.33935

0.10729

0.29819

0.10255

0.32139

0.14809

0.35136

Pull aguments

0.00085

0.00069

0.00089

0.00093

0.00075

0.00079

0.00077

0.00080

0.04060

0.05088

Pull ervironment

0.00724

0.00872

0.01399

0.01726

0.02234

0.02239

0.03708

0.05960

0.08491

0.03483

Readfile

0.02431

0.07423

0.03432

0.39283

0.03317

0.07491

0.03292

0.07483

0.07035

0.02570

Fanout

2.33431

5.78789

2.62261

7.72959

2.98661

8.40935

3.29289

9.33005

3.53032

9.61980

Pullmap

0.12685

0.06555

0.06449

0.03264

0.10784

0.02024

0.07240

0.03997

0.08824

0.04030

4.54698

4.18872

5.06261

5.00124

5.58053

6.53498

6.51932

6.92485

6.47246

7.73651

Log time

Table 1: Breakdown of parallel job launch times (in seconds¥or the 4 MB and 12 MB executableson a dedicatedmachine.
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Figure 3: Parallel job launch timesfor the 4 MB, 8 MB and 12
MB executableson a loadedsystem.

given. GLUNIX waslimited in scalabilityby the maximumnum-
ber of file descriptorsallocatedto a singleprocessandcouldonly
supportparallelprogramswith 341 or fewer processes.

The Multi-PurposeDaemon(MPD)[6] ernvironmentfor managing
parallel programswas designedand implementedrecentlyat Ar-
gonneNational Laboratoryto solve the problemof unreasonably
long MPI job startuptimeson their large Linux cluster MPD uses
two levels of TCP-connectedlaemongo startparalleljobs. Each
level of daemonsds connectedn aring and control messagesre
passedrom daemornto daemonaroundthis ring. The choiceof a
ring topologyis justifiedby experimentshathave shavn thedesign
to be feasiblefor a thousanddaemons.For example,experiments
have shavn thata messagéof unspecifiedsize) could make 1024
hopsaroundthering in lessthan 0.4 seconds.Performanceests
ontheirlargeLinux clusterusinganexecutableof unspecifiedsize
demonstratethata 211-nodegob startedandranto completionin
about2 seconddor a singleprocespernodeandin about3.5sec-
ondsfor two processepernode. Theseresultsdo not includethe
time requiredto distributethe executableto thecomputenodes.

We hadhopedto performadirectcomparisorbetweertheCplant™
applicationlaunchandthatof atypical clusterervironment.Unfor-
tunately severalfactorshamperedh directcomparison For exam-
ple, the default MPICH ervironmentassumeghat the executable
to be launcheds available on a global filesystemsuchasNFS. It

is non-trivial to measurehe amountof time thatit takesfor the
executableto “move” out to eachcomputenode. Likewise, the
mpirun utility of MPICH doesnot performdynamicallocationof
nodes.Rather it takesasinput a file containinga list of hostson
whichto startjobs. In this case the staticallocationmodelleadsto
greatemperformancebut alsoleadsto a lessrobust system.Com-
paringindividual partsof the load protocolis difficult, sincefew
runtimesystemsareimplementedsimilarly. Likewise, it is difficult
to compareotal launchtimesgiventhedisparatdunctionality that
differentruntimesystemsprovide.

7. FUTURE WORK

Therearecurrentlymary ongoingandplannedprojectsto enhance
the capability of the Cplant™ runtime systemandadd new func-
tionality. We areworking on enhancinghe ability to the allocator
to placejobs on the machinein a way that reducesnetwork con-
tention. We are alsoworking on supportfor the MPI-2 dynamic
processcreationfunctions, which will allow a computenodeap-
plication to spavn and communicatewith anothercomputenode
application. We are currently working on extendingthe runtime
ervironmentto supportrunning multiple applicationprocessesn
acomputenodeto betterutilize multiprocessonodes.Our current
ervironmentis implementedfor single processonodesand only
supportgunningasingleapplicationprocesgpernode.We arealso
planningto supporton alibrary interfaceto the runtimesystemso
thatthird party applicationscanbe written thatlaunchjobsandin-
teractwith the runtimesystemcomponentsWe hopeto be ableto
measureheimpactthattheseprojectshave ontheperformancend
scalabilityof the Cplant™ runtimesystem.

8. SUMMARY

The ability to launchlarge-scalgparalleljobs quickly is critical to
theusabilityof any massiely parallelcomputingplatform. As part
of theCplant™ project,we have designedandimplementedh flex-
ible runtime systemthat allows for startinga paralleljob on more
than a thousandnodesin a matterof several seconds. Our run-
time ervironmentalso provides mary desirablefeaturesheyond
that of traditionaljob startingsoftware provided in typical Linux
clusteringenvironments. The performanceanalysisthat we have
conductedvill helpusto judgetheimpactof futureenhancements
to the runtimesystem,andhashelpedto validatethe ability of our
designandimplementatiorto scaleto severalthousanchodes.
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