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ABSTRACT
Thispaperdescribesthecomponentsof aruntimesystemfor launch-
ing parallelapplicationsandpresentsperformanceresultsfor start-
ing a job on morethana thousandnodesof a workstationcluster.
This runtimesystemwasdevelopedat SandiaNationalLaborato-
riesaspartof theComputationalPlant(CplantTM) project,which is
deploying large-scaleparallelcomputingclustersusingcommodity
hardwareandthe Linux operatingsystem.We have designedand
implementeda flexible runtime systemthat allows for launching
parallel jobs on thousandsof nodesin a matterof seconds.The
interactionsof the componentsare described,and the key issues
thataddressthescalabilityandperformanceof theruntimesystem
arediscussed.We alsopresentperformanceresultsof launching
executablesof varyingsizeson morethana thousandnodes.
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1. INTRODUCTION
Oneof thechallengesin any massively parallelprocessingsystem
is providing a runtimeenvironmentthat allows for faststartupof
parallel jobs. Sincethe primary goal of parallel computingis to
reducetheamountof time requiredto achieve a solution,it is crit-
ical for a large-scaleparallel machineto start jobs as efficiently
aspossible.While mostsuppliersof large-scaleparallelcomput-
ing platformsemphasizedeliveringperformanceto anapplication
onceit is running,few addressthetimespentgettingtheapplication
started.Onmany systems,this timecanbesignificant.

This limitation alsoexists in thearenaof commodityclusters.The
typicalmethodof usinga shellscriptthatloopsover UNIX remote
shellor secureshellcommandsto startprocesseson remotenodes
in a clusterhassevereinherentperformanceandscalabilitylimita-
tions. However, for many reasons,theproblemis not asapparent.
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Most clustersarenot concernedwith runninga singleparalleljob
acrossseveral hundredor a thousandnodes. Becausethe typical
clusterhasa smallsetof usersrunningon only tensor a few hun-
dredsof nodes,thesescalabilityproblemsarenotasevident.

Large-scalecommodityclustersrunninga singleapplicationover
several hundredor thousandsof nodesare becomingprevalent.
Thesemachinesare intendedto be low-costalternatives to tradi-
tional vendor-suppliedsupercomputers,and they are requiredto
run hundredsof differentapplicationsfrom possiblyhundredsof
differentusers.Theusagerequirementsfor thesemachinesandthe
amountof resourcesspenton themaresignificantenoughto make
fastjob launchinga key componentto their success.

TheComputationalPlant(CplantTM)[4] projectat SandiaNational
Laboratoriesincludesseveral suchlarge-scalemachines.Our two
largestproductionclusters,a 592-nodeclusterand a 1024-node
cluster, will soonbe combinedinto a single large machinewith
a theoreticalpeakcomputeperformanceof greaterthan1.7trillion
floating-pointoperationsper second(TFLOPS).The systemsoft-
wareon thesemachinesis modeledafter the softwarethatSandia
designedanddevelopedfor thePuma[12]operatingsystem,which
is thebasisfor the lightweightcomputenodekernelin useon the
9000processorASCI/RedIntel TeraFLOPS[11]machine.

In thenext section,we presentthecomponentsof theruntimesys-
temthatallow largeparalleljobsto starton a CplantTM clusterin a
matterof several seconds.Section3 describessomesupporttools
for theruntimesystem.Wecontinuewith Section4,whichoutlines
thechoicesthataffectedthedesignandinteractionof thesecompo-
nentsanddescribessomeof the considerationsinherentin these
choices.Performanceresultsfor launchingvariousexecutableson
several hundrednodesarepresentedin Section5. We provide an
overview of relatedwork in Section6 andconcludewith a discus-
sionof futurework in Section7. Section8 providesa summaryof
thecontributionsof thispaper.

2. CplantTM

TheComputationalPlantis a large-scale,massively parallelcom-
putingresourcecomposedof commoditycomputingandnetwork-
ing components.The main goal of the project is to constructa
commodityclustercapableof scalingto theorderof ten thousand
nodesto provide the computecyclesrequiredby Sandia’s critical
applications.Becauseof this scalabilityrequirement,CplantTM has
beendesignedto addressscalabilityin everyaspectof thehardware
andsoftwarearchitectures.



TheCplantTM machinesemploy thepartitionmodelof resourcepro-
vision[8]� thatwasinitially developedby Intel ontheirearlyparallel
platforms. This modeldivides the machineinto several different
partitionsthat provide specializedfunctionality. The main parti-
tionsareservice,compute,andI/O.

The servicepartition provides a full-featuredUNIX environment
whereuserscan log in andperform the usualUNIX commands,
suchascompilingcodes,editing files, or sendingemail. Theser-
vice partition is alsowherethe userslaunchparallelapplications
into the computepartition, view statusof running jobs, or debug
computenodeapplications. The servicepartition is what many
workstationclusterscall the “front end.” The servicepartition is
usuallycomposedof severaldifferentmachines,andfor thecurrent
CplantTM clusters,weemploy aloadbalancingnameserverto place
new loginson theleastloadedmachine.

Thelargestportionof themachineis thecomputepartition,which
is dedicatedto deliveringprocessorcyclesandinterprocessorcom-
municationsfor parallelapplications.Nodesin the computepar-
tition arespace-sharedsuchthat a groupof nodesis dedicatedto
runningonly a singleapplication. Computenodestypically pro-
vide only a small subsetof UNIX functionality in order to max-
imize the resourcesgiven to parallel applicationprocesses.User
loginsdirectly to computenodesareprohibited.

TheCplantTM runtimesystemis alsomodeledaftertheruntimesys-
tem of ASCI/Red. This runtimesystemis dependentuponanun-
derlyinghigh-performancesystemareanetwork, not only for sup-
porting applicationmessagepassingvia a user-level library, such
asMPI[10], but alsofor supportingcomputenodeallocation,ap-
plicationlaunch,parallelI/O, anddebuggingtools. CplantTM clus-
ters usethe Myrinet [3] gigabit network with a Sandia-designed
messagepassinginterfacecalled Portals[5]. All communication
betweentheruntimesystemcomponentsis implementedover Por-
tals.

This runtimeenvironmentis composedof four functionalcompo-
nentsthat work togetherto start and manageparallel jobs. The
process manager controlsthe resourceson an individual compute
node. It is responsiblefor startinganapplicationprocessandpro-
viding it with the basicinformationneededfor the processto be
partof a paralleljob. Theallocator chooseswhich computenodes
to assignto a specificjob. The launcher is the componentwith
which usersinvoke a paralleljob. Finally, the job scheduler is re-
sponsiblefor applyingapolicy for queueingandrunningbatchjobs
onthesystem.Thefollowingdescribesthesecomponentsin greater
detail.

2.1 ProcessManager
The processmanagercomponentof the runtimesystemis called
theProcessControlThread1, or PCT. A PCTrunsoneachcompute
nodein the clusterandis responsiblefor managingthe processor
andmemoryresourceson thenodeit controls. ThePCT’s imple-
menta space-sharedsystem,whereeachcomputenodeprocessor
runsa singleparallelapplicationprocess.

ThePCTprovidestheapplicationprocessonanodewith theuser’s

1The term “thread” is a misnomerfor the currentCplantTM envi-
ronment.In thePumaoperatingsystem,thePCTwasa user-level
threadthat wasable to performsomeprivilegedoperations.The
currentLinux implementationof thePCTis aheavyweightdaemon
process.

environmentaswell astheenvironmentneededto participatein a
parallel application. It is responsiblefor startingthe application
process,redirectingUNIX signalsto the applicationprocess,at-
tachinga debuggerto theapplicationprocess,terminatingtheap-
plication process,and recovering resourcesafter the application
processterminates.

A computenodeis addedto the machinewhen the PCT on the
nodecontactstheallocatorto let it know that the computenode’s
resourcesareavailablefor hostinganapplication.During applica-
tion launch,theallocatorcontactseachof thePCT’s in theparallel
job to let it know that it hasbeenallocatedandthat it will becon-
tactedby theapplicationlauncher.

ThePCT’sparticipatingin theparalleljob launchform a spanning
treethatallows for efficient groupcommunications,suchasbroad-
castsand reductions. Efficient communicationallows the PCT’s
in a largejob to quickly relayglobal informationto computenode
processes.

Oncea PCThasbeencommunicatedall of the informationneces-
sary to start the parallelapplicationprocess,it startsthe process,
andthenwaitsfor requestsfrom eitherthejob launcheror from the
applicationprocess.ThePCTtriesto yield asmuchof thecompute
cyclesaspossibleto the applicationprocess,while still trying to
servicerequestsin a timely fashion.

Whena PCT is not hostinga parallelapplicationprocess,it per-
formssomeminimalhealthchecksonthecomputenode.In partic-
ular, it checkstheavailablememoryon thenodeandthesizeof the
RAM disk. Shouldeitherof thesefall below athresholdfor hosting
anapplicationprocess,thePCTlogstheproblem,sendsamessage
to theallocatorto let it know it is unableto hostanapplication,and
exits.

2.2 Bebopd
Theallocatorcomponentof theruntimesystemis thebebopd2. Be-
bopdrunson a nodein theservicepartitionandis responsiblefor
allocatingcomputenodesto parallel jobs asrequestedby the job
launcher. Bebopdis alsoresponsiblefor providing statusinforma-
tion aboutthecomputepartition,suchasthenumberof freecom-
putenodesandwhichnodeshave beenallocatedto jobs.

EachPCT contactsbebopduponstartupto make it aware of the
availableresources.The launcheralsocontactsbebopdto reserve
nodesfor theparalleljob. BebopdthencontactsthePCT’sto insure
that eachnodeis readyto participatein the parallel job. Bebopd
thenpassesthe launchera list of the availablecomputenodeson
which theparalleljob will run. OncethePCT’shavefinishedhost-
ing theparalleljob, they contactbebopdto updatetheiravailability
status.

Currently the algorithmusedto allocatecomputenodesis naive.
Eachcomputenodeis assigneda physicalnodeidentifier, which is
an integer from 0 to n � 1. The allocatorstartswith the smallest
availablenodeid andsearchesthelist of nodeid’s in ascendingor-
der to find free nodes. This allocationschemedoesnot take into
accountthenetwork topologyof thecluster. Ideally, theallocator
would find nodesthat areclosetogether3 to reducenetwork con-

2BetterEngineeredBagOf Pc’s Daemon
3Theexactdefinitionof closeis a combinationof thephysicalnet-
work topologyanda combinationof otherfactors,suchastheex-



tention. The allocatoron ASCI/Reddoesthis quite easily, since
theroutes� andtopologyof themachinearefixed.Thetaskis more
challengingfor CplantTM machines,sinceeachmachinemayhave
adifferenttopologyor evenhavevaryingtopologies,suchasin the
caseof a machinethat is grown andprunedperiodically. We have
insertedhooksinto our allocatorto allow for more intelligent al-
locationschemes,andwe areinvestigatingdifferentalgorithmsfor
optimaljob placement.

Bebopdis alsoa singlepoint of failure in the cluster. Shouldthe
bebopddie or becomeuncommunicative, theability to launchjobs
or get computepartition statusis lost. Initially we imaginedthe
needdistributedallocatorthatwould beresponsiblefor subsetsof
themachine.Thesedistributedbebopd’s would communicatewith
eachother to satisfya requestfor nodes,andthe lossof a single
bebopdwould result in the lossof only a subsetof the nodesin
the machine. We have not implementedthis distributedallocator
becausefailuresof the currentbebopdimplementationhave been
infrequent,even during timesof heavy usage. We have also im-
plementedthe bebopdso that it checkpointsits stateandcan be
restartedaftera failurewith little lossof informationaboutthecur-
rentstateof themachine.

2.3 Yod
Theparalleljob launchercomponentof theruntimesystemis yod4.
Yod contactsbebopdto allocatea setof nodes,andthencommu-
nicateswith theprimaryPCTto move theuser’s environmentand
executableout to thecomputenodes.

Oncea job hasstarted,yod servesasan I/O proxy for all UNIX
standardI/O functions,including file I/O. Parallelapplicationson
CplantTM arelinkedwith a library thatredefinesall of thestandard
I/O library routines. This library implementsa remoteprocedure
call interfaceto yod to performI/O operations.If a computenode
processcallsopen(), thelibrary makesaremoterequestto yodvia
messagepassing.Yod thenhandlesthefile openoperationlocally
andsendstheresultto thecomputenodeprocess.This methodof
handlingterminalandfile I/O is sufficient for standardI/O func-
tions and small input or output files. However, becausethereis
only a singleyod processservicingrequestsfrom all of the com-
pute nodeprocessesin a parallel job, yod becomesa bottleneck
whentrying to handlemany simultaneousI/O requestsor largedata
transfers.A separateparallelI/O capabilityis providedfor suchop-
erations.

YodalsodisseminatessomeUNIX signalsthatit receivesoutto the
processesrunningin theparalleljob. Whenyod receivesa signal,
it sendsamessageto theprimaryPCT, which fansthemessageout
to theotherPCT’s in the job anddeliversthedesiredsignalto the
applicationprocess.This featurecanbevery usefulfor operations
suchasuser-level checkpointingandkilling jobs.

Yodhasmany command-lineoptions,mostof whichhavebeenthe
samethroughoutsuccessive implementationson the nCUBE, In-
tel Paragon,the Intel TeraFLOPS,andnow the CplantTM clusters.
Becauseyodis themaininterfacefor applicationdevelopers,it was
importanttokeepthefunctionalityof yodassimilartopreviousma-
chinesaspossibleso thatCplantTM would be familiar to our users

act routesfrom onenodeto another. While two nodesmay beon
the sameswitch, the routebetweenthe nodesmay traverseother
switches.
4Thenameyod is derivedfrom thelauncheron thenCUBE,which
wasxnc. Eachsubsequentletterof xnc resultsin yod.

andallow applicationsto beportedmoreeasily. Thefollowing de-
scribessomeof theseoptions.

-size[n] This optionindicatesthenumberof processesin thepar-
allel job. If non is specified,it is assumedto be1.

-l [node list] This optioncanbeusedto specifytheexactnodesto
usein a job. A comma-separatedlist of physicalnodeid’s
(-l 1,2,3,4,10) or a rangeof nodeid’s (-l 1..4,10).

-attach This option displaysa list of allocatednodesand asks
for userconfirmationbeforeletting theapplicationprocesses
proceedto theirmainfunction.Thisoptioncanbeusedto at-
tacha debuggerto theindividual processesduringtheload.

-batch, -interactive Theseoptionsindicatewhetheror not theap-
plication hasbeenrun interactively or underthe control of
thebatchscheduler. Certainruntimesemanticschangewhen
runningin batchmode. For example,in batchmode,if one
of theprocessesin thejob dies,theentirejob is terminated.

-file [name] Redirectyod statusmessagesto thespecifiedfile.

-D Thisoptionturnson loaddebugginginformation.Yodwill dis-
play thesequenceof loadinformation.

-d [stage] This option turnson specificdebugginginformationin
yod. For example,-d io displaysthedetailsof application
I/O requeststo yod.

The first argumentthat yod doesnot recognizeis assumedto be
eithertheexecutableto belaunchedor a loadfilecontainingalist of
severalexecutableto belaunched.A loadfilecancontaindifferent
executableseachwith its own sizeandcommandline arguments.
For example,a loadfilecontainingthefollowing

# comment
-sz 10 exec1 arg1 arg2
-sz 50 exec2 arg3 arg4
-sz 100 exec3 arg5 arg6

would launcha singleparalleljob composedof thethreedifferent
executables,eachwith its own command-linearguments.Yod can
supportlaunchingup to five differentexecutablesin asingleparal-
lel job. It is alsopossibleto list thesameexecutablewith different
commandline argumentsin a loadfile.

2.4 Batch Scheduler
We have madeseveralenhancements[1]to theopenversionof the
PortableBatchSystem(PBS)[2] thatallow it to reliably andscal-
ably schedulejobs on thousandsof nodes. We also madesev-
eralchangesto our runtimecomponentsin orderto integratePBS
scheduling.

In contrastto a typical clusterenvironmentwherea PBScompo-
nentrunson every computenode,we restrictPBScomponentsto
runonly onnodesin theservicepartition.This restrictionprovides
severalbenefits:it reducesthe likelihoodof runninginto scalabil-
ity limitationsasthenumberof computenodesincreases,keepsthe
computenodecyclesunderour control, andremovesthe require-
mentof supportingUNIX socketson thecomputenodes.



Thecomputenodesareanabstractresourcemanagedby PBSwith
helpfrom� theruntimesystem.Wehaveaddedasize resourcethatis
analogousto the“-size” command-lineargumentto yod. Thisvalue
representsthenumberof computenodesrequestedby a batchjob.
The bebopdregularly updatesthe PBSserver with the numberof
computenodesavailablefor PBSjobs. Soif a computenodegoes
out of service,thePBSsizeresourcewill beupdatedaccordingly.
ThePBSMOM componentputsthesizein thebatchjob’senviron-
mentso that yod canpassit alongto the computenodeallocator.
The nodes resourcein PBSrepresentstheservicenodeson which
thejob scriptsareexecuted.

A problemon many clusterschoosingto schedulejobs with PBS
hasbeentheorderlyterminationof parallelapplicationsstartedby
PBS.This problemis exacerbatedwhenthePBSMOM is manag-
ing the job script andnot the parallelapplicationsspawnedby it.
ThePBSMOM on CplantTM wasenhancedto kill parallelapplica-
tionswhenthe time allocatedto the job scripthasexpired. It also
kills parallel applicationsinadvertently left running by PBS jobs
thathave terminated.

Wehavemadechangesto PBSqstat commandsothatthesizeand
walltimerequestsof ajobaredisplayedaswell asthetotalcompute
nodesin useby differentjobs. We alsodisplaytheamountof time
a job hasbeenqueued.

In orderto increasethereliability of thePBScomponents,wehave
addedthe ability to usenon-blockingsockets for communication
sothatthePBSschedulercomponentwill continueto run properly
in spite of losing touch with a PBS MOM running on a service
node. The patchimplementingnon-blockingsockets is available
for downloadat [1] andhasbeenincorporatedinto PBSat other
sites. This additionhasgreatly increasedthe robustnessof batch
schedulingon theCplantTM machines.

3. SUPPORT TOOLS
In additionto theruntimecomponentsthatareinvolvedin launch-
inganapplicationandservicingrunningapplications,atool isneeded
to look at what jobsarerunningon themachineanddiscover how
many computenodesareavailable.Most of theavailabletools for
this areGUI-based.This createsproblemswhentrying to scaleup
to severalthousandnodes.

3.1 Compute Node Status and Job Manage-
ment

Thepingd utility is usedto discover thestatusof thecomputepar-
tition. With noarguments,it printsa singleline of outputfor every
computenodein thecluster. Eachline containsthephysicalnode
number, its location in the machine(rack andnodenumber),the
job id, the processid andrank, the owner of the job, the elapsed
time, andthe PBSjob number(if startedby PBS).It displaysthe
total numberof nodesin thecluster, thetotalnumberthatarebusy,
thetotalnumberthatarefree,andhow many arenot responding.It
alsoliststhenumberof nodesundercontrolof PBSandthenumber
thatareavailableinteractively.

Becausepingd displaysa single line of output for every compute
node,pingd doesnot scalepasta few tensof nodes. We have a
utility, calledshowmesh, which is a Perl script that condensesthe
output of pingd so that it fits more information into fewer lines
of a terminal. Showmeshrepresentseachcomputenodewith an
ASCII character, using different charactersto indicate if a node

is beingused,is free, or is unavailable. The CplantTM versionof
showmeshis nearlyidenticalto a tool by thesamenameavailable
onASCI/Red.

In additionto computenodestatus,pingd canalsobeusedto kill
paralleljobs. It is possibleto startayod processin thebackground
andlog out of a servicenode. However, whenlogging backinto
the cluster, the useris unlikely to be placedon the sameservice
nodewherethatbackgroundyodprocessis running.Userscanuse
pingdto resetthecomputenodeswherea particularjob is running,
whichessentiallykills theparallelapplicationprocessesandtheas-
sociatedyod processandmakesthosecomputenodesavailableto
hostanotherjob. Pingdcanalsobeusedby privilegedadministra-
tors to kill thePCTon a particularcomputenode,which logically
removesit from thecluster.

3.2 Debugging
TheCplantTM runtimeenvironmentsupportstheTotalView source-
level parallel debugger from Etnus, Inc. We have implemented
a startuputility that canbe usedin conjunctionwith TotalView’s
bulk server launchcapabilityto launchtheremoteTotalView debug
serversusingthePCT’sspanningtree.Eachdebugserver thencon-
nectsbackup to TotalView usingTCP/IP. We arein theprocessof
portingTotalView’s low-level channel-basedcommunicationlayer
to Portalsto getrid of thedependency onTCP/IP.

For initial debugging support,we provided a crude level of de-
buggingusingtools basedon the GNU debugger, gdb. The PCT
supportslaunchingthe applicationprocessundercontrol of gdb.
Userscanthendebug individual computenodeprocesseson a ser-
vice nodeusinga tool calledcgdb. cgdbcommunicatesdebugger
input to thePCT, which relaystheinput to thegdbprocess,andre-
laystheoutputbackto cgdb. Sincethereis no filesystemavailable
onthecomputenodeto thegdbprocess,nosource-level debugging
is availablewith this mechanism.Userscanalsogatherbacktrace
informationfrom gdb to help determinewherea faulting applica-
tion processwashalted.

4. DESIGN CHOICES
TheCplantTM runtimesystemdiffersfrom mosttraditionalruntime
systemsin a numberof ways. The following discussessomeof
thesedifferencesandrelatedissues.

Ourruntimesystemisdesignedtoefficientlymovetheexecutable(s)
from theservicepartitioninto thecomputepartition.Many runtime
environmentsusea globally mountedfilesystem,suchasNFS, to
move executable(s).This many-to-onedesign,wherethousandsof
clients are accessinga single file on a single server at the exact
sametime, is inherentlynon-scalable.NFS wasnot designedto
handlethis situationandwill usuallyfail in someway or become
unbearablyslow underthesecircumstances.

Theuseof NFSacrossthecomputepartitionalsoimplies that the
InternetProtocol(IP) stackis available. While our currentcom-
putenodeoperatingsystem(Linux) supportsthe IP stack,we as-
sumethat Portalsis the only communicationprotocol supported
on computenodes. In orderto get maximumperformanceout of
thehigh-performancecommunicationfabric,we only implementa
singlewire protocol.Portalshasbeendesignedto provide flexible
building blocksfor higherlevel protocols,suchasthoseneededto
performfile operations.

Following the model of ASCI/Red,CplantTM computenodesare



disklessanddo not supportvirtual memorypaging.Eachcompute
nodehasa16MB RAM diskfor storingtheexecutablefrom which
anapplicationprocessis created,andall executablesthatrun in the
computepartitionarestaticallylinked.

In contrastto mostotherLinux-basedclusters,wewantedtobeable
to exploretheuseof a lightweightkernelin thecomputepartition.
Our initial planswereto researchhow someimportantcharacter-
isticsof ourpreviouslightweightkernelsmight beimplementedin
Linux. We alsowantedto leave openthepossibilityof portingour
lightweightkernelto CplantTM computenodesaswell. This desire
to explore a “lightweight” Linux or other lightweight kernelcon-
tributedto many of thedesigndecisionsfor CplantTM. For example,
we assumethat thecomputenodeoperatingsystemdoesnot sup-
port a local filesystem.All file operationsarefulfilled via message
passingto theserviceor I/O partitionwherefilesystemrequestscan
besatisfied.

Ourruntimesystemmustbeflexible enoughto supportawidevari-
ety of programmingmodelsandhigh-level communicationlayers.
Many of the runtimesystemsavailablefor clustersaretailoredto
specificprogrammingmodelsor messagepassingsystems.For ex-
ample,thempirun scriptsandMPD[6] environmentprovidedwith
MPICH[9] arespecificto MPI. While themajority of our applica-
tionsarewritten in MPI, wesupportotherprogrammingmodelsas
well. For example,we supportmore fault tolerantprogramming
modelswherethe lossof a processdoesnot terminatethe entire
application.

We decidedearly on that the runtime systemwas key in detect-
ing andreportingnodefailuresin a large clusterof 1000or more
nodes.Althoughwehave anon-goingeffort to implementscalable
non-intrusive monitoringtools,failuresoftenfirst becomeapparent
to theruntimesystemvia applicationloadfailures.Thegroupfor-
mationandcommunicationfunctionsusedby PCT’swhenloading
a parallelapplicationaredesignedto timeoutwhenanotherPCTis
not responsive or malfunctioning.Theproblemnodesaredetected
by theruntimesystemandreportedto yod,which displaysthis in-
formationto theuser. Theusercanthennotify thesystemadminis-
tratorsandattemptto loadtheir applicationagain.In fact,yod will
automaticallytry againsothatapplicationloadfrom a batchscript
will succeed.The surviving PCT’s in a failed job launchare re-
turnedto thepool of freenodes.In somecasesthemalfunctioning
computenodeis automaticallyremovedfrom thepool of available
nodesby the bebopd. This fault detection/recovery all occursin
about20seconds,which is thetimerequiredfor thePCT’s to time-
outwhile engagingin a collective messagepassingoperation.

5. PERFORMANCE
Oneof thefeaturesavailablein yod is theability to displaytiming
informationfor variouspartsof theapplicationloadprotocol.Yod
can be invoked so that it calculatesand prints times for various
phasesasit startsa parallelapplication.Includedin this outputis
thetotal time requiredto startthejob. Thefollowing phasesof the
loadprotocolaretimed:

Allocate nodes: Thetime for yod to requestandbegivena list of
computenodeson which to run.

Initial message:Yod contactsall of thePCT’s in the job with an
initial messageto let themknow whichnodesareinvolvedin
thejob.

Form group: Basedontheinitial loadmessagefrom yod,thePCT’s
form a spanningtreefor broadcastingloaddata.Yod is con-
tactedwhenall of thePCT’shave built this tree.

Pull arguments: The root PCTcontactsyod to get thecommand
line argumentsfor the applicationand then broadcaststhis
datato therestof thePCT’s.

Pull envir onment: All of theenvironmentvariablesassociatedwith
theshell in which yod runsaregivento theroot PCTwhich
thenbroadcastsit to theotherPCT’s.

Readfile: Timeneededfor yod to readtheexecutableimagefrom
thelocal filesystemon theservicenode.

Fanout: Time neededfor theroot PCTto readtheexecutableout
of yod’s memoryandbroadcastit to theotherPCT’s.

Pull map: Yod sendsa messageto the root PCT telling it to pull
the portal processID mapof the applicationandbroadcast
it. This is thetime it takesfor theroot PCTto fetchthemap
from yod.

Log time: Thetime requiredto compileandcommunicatelog en-
try datato the bebopdso that it canwrite an entry in a log
file for thejob.

Total time Thetotal time theloadhastaken,from startof theyod
commanduntil all theapplicationprocessesarereadyto call
main().

5.1 TestEnvir onment
In orderto measurethe performanceof the runtimeenvironment,
we built a minimal executablethat simply returns0 in the main
function. Whencompiledandstatically linked, this executableis
about800KB in size. We paddedthis file with zerosto build ex-
ecutablesrangingfrom 2 MB to 14 MB in incrementsof 2 MB.
Eachexecutablewaslaunchedseveraltimesonvaryingnumbersof
nodesfrom oneup to 1010nodes.Thetimingsfor eachexecutable
oneachnodecountwerecollectedandaveraged.

TheCplantTM machineusedfor testingis a1024-nodeclustername
Ross/Antarctica.Eachcomputenodeis a CompaqDS10L,which
is composedof 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 cluster are
connectedusing64-portMyrinet Mesh64switchesconnectedin a
three-dimensionalmeshtopologythat is torusin the X andY di-
mensionsbut not in theZ direction. ThePortalsmessagepassing
layer achievesjust over 100 MB/s peakasymptoticpoint-to-point
bandwidthonthismachine.At thetimeourdatawasgathered,only
1010computenodeswereoperationalin themachine.

5.2 Results
Figure1 shows the job launchtimesfor 4 MB, 8 MB, and12 MB
executablesoutto 1010nodes.As onewouldexpect,thejob launch
timesincreaseasthenumberof nodesincreases,andthelargerexe-
cutablesgenerallytakemoretime. Thereareafew casesonsmaller
numbersof nodeswherethesizeof theexecutableis not thedeter-
mining factorin thelaunchtime,but beyond64nodes,thisappears
to bethecase.Moreimportantly, thegraphshowsthata1010-node
job canbelaunchedin lessthan17 secondsfor a 8 MB executable
ona dedicatedsystem.

In orderto determinetheeffectof systemloadonthelaunchperfor-
mance,we repeatedthesemeasurementsduring theday, whenthe



2

4

6

8

10

12

14

16

18

20

22

1 4 16 64 256 1024

T
o

ta
l 
L

a
u

n
c
h

 T
im

e
 (

s
e

c
o

n
d

s
)

�

Nodes

12 MB
8 MB
4 MB

Figure 1: Parallel job launch times for the 4 MB, 8 MB and 12
MB executableson a dedicatedmachine.

machineis mostheavily utilized. Theschedulingpolicy onthema-
chineduringthistimelimits thenumberof interactivenodesto only
100. Figure2 shows thelaunchperformanceout to 64 nodes.The
impactof a loadedsystemappearsto beminimal on job launching
for suchsmall numbersof nodes. Comparedto the performance
on a dedicatedmachine,theresultsfor a loadedsystemaresome-
timesbetterthanonadedicatedmachineandarenoworsethantwo
seconds.

Sincea majority of jobs run on the systemarerun undercontrol
of the batchscheduler, we alsomeasuredlaunchperformanceon
a loadedsystemusing PBS. Sincethe schedulingpolicy for the
machinedictatesthatjobsusinghalf of theavailablenodesarerun
duringdedicatedtime, we limited thesejobs to 256nodes.Figure
3 shows the launchperformanceof jobsstartedunderPBS.These
numbersarevery erratic,especiallyfor jobsrun on lessthaneight
nodes. As with interactive jobs, launchtimes for batchjobs run
duringtimesof high usagearenot significantlyworsethanlaunch
timesona dedicatedmachine.

Table1 shows thebreakdown of thelaunchtimesfor the4 MB and
12 MB executables.Thephasesof the loadprotocolthat increase
significantly in time as the numberof nodesincreasesare high-
lighted. Thesephasesare: thetime for thePCT’s to form a group;
the time to fan out the executableto the computenodes;and the
time to log thestartof the job with theallocator. Theotherphases
remainfairly constantasthenumberof nodesincreases.

In forming thegroupfor broadcastingdata,eachPCTsendsa sta-
tusmessageto yod indicatingthatthePCTis readyandwilling to
participatein job launch. This many-to-oneimplementationis in-
herentlynon-scalable,but waschosenbecauseof its simplicity. It
is easyfor yod to recognizea non-responsive PCTor a PCTthatis
unableto participatein the job. A morecomplicatedschememay
offer higherperformance,but maysacrificereliability andrecogni-
tion of loadproblems.

Theincreasedtime to fanout theexecutableis expected.Theper-
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Figure 2: Parallel job launch times for the 4 MB, 8 MB and 12
MB executableson a loadedsystem.

formanceof thebroadcastis directly relatedto theperformanceof
the network, andwe would expect that future CplantTM machines
with higherperformancenetworking hardwarewould performbet-
ter on this stageof applicationlaunch.

Loggingthestartof thejobwith theallocatorhappensin two stages.
First, yod compilesrelevant informationaboutthe job, including
thenameof theuserwho launchedthejob, thestarttime, thecom-
mandline, thenumberof processors,anda list of thenodesused.
This informationis thensentto theallocator, which in turn writes
it to a log file. Furtherinstrumentationis neededto accuratelyde-
terminewhich operationtakesmoretime asthe numberof nodes
increases,but it is likely thatthemessageto bebopdis not thecul-
prit. Yodcontainscodethatcondensesthenodelist to find contigu-
ousrangesof nodesin orderto minimizethestringrepresentingthe
nodelist. It is likely thatthis compressionconsumesmoretime as
thenumberof nodesis increased.More investigationis neededto
measuretheperformanceof this stepof theloadprotocolto deter-
minealternatemethodsof loggingthestartof a job.

6. RELATED WORK
Therearemany different runtimesystemsfor parallelcomputing
environments. While many of thesesystemsencompassthe dif-
ferentcomponentsdescribedabove, few aredescribedin thedetail
necessaryto analyzethescalabilityandperformancelimitationsof
launchinga parallelapplication.Evenfewer provide performance
datafor directcomparison.Two suchprojectsthatdoprovidesome
of this dataarediscussedbelow.

The Berkeley NOW project implementeda software layer called
GLUNIX (Global Layer UNIX)[7] on top of the Solarisoperat-
ing systemthat implementedparallelapplicationlaunchaswell as
several otherclustermanagementandruntimefeatures.GLUNIX
was able to start a 100-nodeparallel job in 1.3 seconds.In [7],
a detailedbreakdown of the time neededfor varioustasksin job
startupis given aswell asa graphof startuptimesfrom 1 to 100
nodes. The sizeof the executableusedto gatherthis datais not



64 nodes 128nodes 256nodes 512nodes 1010nodesPhase
4 MB 12 MB 4 MB 12MB 4 MB 12 MB 4 MB 12 MB 4 MB 12 MB

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 arguments 0.00085 0.00069 0.00089 0.00093 0.00075 0.00079 0.00077 0.00080 0.04060 0.05088
Pull environment 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
Pull map 0.12685 0.06555 0.06449 0.03264 0.10784 0.02024 0.07240 0.03997 0.08824 0.04030
Log time 4.54698 4.18872 5.06261 5.00124 5.58053 6.53498 6.51932 6.92485 6.47246 7.73651

Table1: Breakdown of parallel job launch times (in seconds)for the 4 MB and 12MB executableson a dedicatedmachine.
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Figure 3: Parallel job launch times for the 4 MB, 8 MB and 12
MB executableson a loadedsystem.

given. GLUNIX waslimited in scalabilityby themaximumnum-
berof file descriptorsallocatedto a singleprocess,andcouldonly
supportparallelprogramswith 341or fewer processes.

TheMulti-PurposeDaemon(MPD)[6] environmentfor managing
parallel programswasdesignedand implementedrecentlyat Ar-
gonneNationalLaboratoryto solve the problemof unreasonably
long MPI job startuptimeson their largeLinux cluster. MPD uses
two levels of TCP-connecteddaemonsto startparalleljobs. Each
level of daemonsis connectedin a ring andcontrol messagesare
passedfrom daemonto daemonaroundthis ring. Thechoiceof a
ring topologyis justifiedbyexperimentsthathaveshown thedesign
to be feasiblefor a thousanddaemons.For example,experiments
have shown thata message(of unspecifiedsize)couldmake 1024
hopsaroundthe ring in lessthan0.4 seconds.Performancetests
on their largeLinux clusterusinganexecutableof unspecifiedsize
demonstratedthata 211-nodejob startedandranto completionin
about2 secondsfor a singleprocesspernodeandin about3.5sec-
ondsfor two processespernode.Theseresultsdo not includethe
time requiredto distributetheexecutableto thecomputenodes.

Wehadhopedto performadirectcomparisonbetweentheCplantTM

applicationlaunchandthatof atypicalclusterenvironment.Unfor-
tunately, several factorshampereda directcomparison.For exam-
ple, the default MPICH environmentassumesthat the executable
to be launchedis availableon a global filesystemsuchasNFS. It

is non-trivial to measurethe amountof time that it takes for the
executableto “move” out to eachcomputenode. Likewise, the
mpirun utility of MPICH doesnot performdynamicallocationof
nodes.Rather, it takesasinput a file containinga list of hostson
which to startjobs. In thiscase,thestaticallocationmodelleadsto
greaterperformance,but alsoleadsto a lessrobust system.Com-
paring individual partsof the load protocol is difficult, sincefew
runtimesystemsareimplementedsimilarly. Likewise,it is difficult
to comparetotal launchtimesgiventhedisparatefunctionalitythat
differentruntimesystemsprovide.

7. FUTURE WORK
Therearecurrentlymany ongoingandplannedprojectsto enhance
the capabilityof the CplantTM runtimesystemandaddnew func-
tionality. We areworking on enhancingtheability to theallocator
to placejobs on the machinein a way that reducesnetwork con-
tention. We arealsoworking on supportfor the MPI-2 dynamic
processcreationfunctions,which will allow a computenodeap-
plication to spawn andcommunicatewith anothercomputenode
application. We are currently working on extendingthe runtime
environmentto supportrunningmultiple applicationprocesseson
a computenodeto betterutilize multiprocessornodes.Our current
environmentis implementedfor singleprocessornodesandonly
supportsrunningasingleapplicationprocesspernode.Wearealso
planningto supporton a library interfaceto theruntimesystemso
thatthird partyapplicationscanbewritten thatlaunchjobsandin-
teractwith theruntimesystemcomponents.We hopeto beableto
measuretheimpactthattheseprojectshaveontheperformanceand
scalabilityof theCplantTM runtimesystem.

8. SUMMARY
Theability to launchlarge-scaleparalleljobsquickly is critical to
theusabilityof any massively parallelcomputingplatform.As part
of theCplantTM project,we have designedandimplementeda flex-
ible runtimesystemthatallows for startinga paralleljob on more
than a thousandnodesin a matterof several seconds.Our run-
time environment also provides many desirablefeaturesbeyond
that of traditional job startingsoftwareprovided in typical Linux
clusteringenvironments. The performanceanalysisthat we have
conductedwill helpusto judgetheimpactof futureenhancements
to theruntimesystem,andhashelpedto validatetheability of our
designandimplementationto scaleto severalthousandnodes.
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