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Abstract

Clustersof workstationshave emergedasanimportantplatformfor building cost-effective,scalableandhighly-available
computers.Althoughmany hardwaresolutionsareavailabletoday, thelargestchallengein makinglarge-scaleclustersusable
lies in thesystemsoftware.

In this paperwe presentSTORM, a resourcemanagementtool designedto provide scalability, low overheadand the
flexibility necessaryto efficiently supportandanalyzea wide rangeof job schedulingalgorithms. STORM achievesthese
featsby closelyintegratingthe managementdaemonswith the low-level featuresthatarecommonin state-of-the-arthigh-
performancesystemareanetworks.Thearchitectureof STORM is basedonthreemaintechnicalinnovations.First,asizable
partof theschedulerrunsin thethreadprocessorlocatedon thenetwork interface.Second,we usehardwarecollectivesthat
arehighly scalableboth for implementingcontrol heartbeatsandto distribute the binary of a parallel job in near-constant
time, irrespective of job andmachinesizes.Third, we useanI/O bypassprotocolthatallows fastdatamovementsfrom the
file systemto thecommunicationbuffersin thenetwork interfaceandviceversa.

Theexperimentalresultsshow thatSTORM canlauncha job with a binaryof 12MB on a 64 processor/32nodecluster
in lessthan0.25secon anemptynetwork, in lessthan0.45secwhenall theprocessorsarebusycomputingotherjobs,and
in lessthan0.65secwhenthenetwork is floodedwith a backgroundtraffic. This paperprovidesexperimentalandanalytical
evidencethat theseresultsscaleto a muchlargernumberof nodes.To thebestof our knowledge,STORM is at leasttwo
ordersof magnitudefasterthanexistingproductionschedulersin launchingjobs,performingresourcemanagementtasksand
gangscheduling.

Keywords: Resourcemanagement,JobScheduling,GangScheduling,PerformanceEvaluation,ParallelArchitectures,
Quadricsinterconnect,User-level Communication,I/O bypass,ClusterComputing

1 Introduction

Recentimprovementsin commodityprocessorsandnetworks,combinedwith their attractive price/performanceratio, have
madeclustersof workstationsa popularform of high performancecomputing.

For example,RLX1, Compaq2 andHP3 haverecentlyintroducedhigh-densitybladeserverswhichincorporatelow-power
processors.Severalhundredsof theseprocessorscanbeintegratedin asinglerackandit is foreseeablethatin thenearfuture
clusterswith thousandsof processorswill quickly move out of the boundariesof researchlabsandacademicresearchand
will becomewidespreadin thecommercialworld.�

Thework wassupportedby theU.S.Departmentof Energy throughLosAlamosNationalLaboratorycontractW-7405-ENG-36
1http://www.rlxtechnologies.com
2http://www.compaq.com/products/servers/proliant-bl/e-class/index.html
3http://www.hp.com/products1/servers/blades



Onthenetworkingside,Infiniband[7] is anemergingstandardthatcanprovideconnectivity to apotentiallylargenumber
of processingnodeswhich is likely to becomethedefault interconnectionnetwork of futurecommodityclusters.Important
aspectsof Infinibandarehigh-performance,fault-tolerance,hardwaresupportfor large-scalesystemmanagementandclose
integrationwith theprocessingnodes.

Althoughpowerful hardwaresolutionsarealreadyavailable,thelargestchallengeto maketheseclustersusablelies in the
systemsoftware. The scalabilityof resourcemanagement,job schedulingandjob launchingareimportantaspectsthat are
oftenoverlooked.

Many run-timeenvironmentsusea globally mountedfile-system,suchasNFS,whenthey have to moveexecutables,for
examplewhenthey spawn theprocessesof a job.4 This design,wherepotentiallymany clientsareaccessinga singlefile on
a singleserver at thesametime is inherentlynon-scalable.In suchenvironments,thetypical methodof launchinga job is a
shellscriptthatloopsoverremoteshellcommands,whichuseTCP/IP, to startprocessesonremotenodes.Thoughthatis not
a problemon small-scaleclusters,this approachcanhave severeperformanceandscalabilitylimitations on largersystems
with severalhundreds(or, maybe,thousands)of nodes.

TheParPar[17] clusterenvironmentaddressestheproblemof distributionsof controlmessages,from amanagementnode
to a setof clients,by implementinga special-purposemulticastprotocol.This protocol,calledReliableDataGramMulticast
(RDGM), broadcastsUDPdatagramsonthenetwork andaddsselectivemulticastandreliability. Eachdatagramis prepended
by a bit string that identifiesthe setof destinations,andeachnodein the destinationsetsendsandacknowledgmentto the
managementnodeafter thesuccessfuldelivery of thebroadcastdatagram.By usingRDGM, a job canbelaunchedin a few
tensof secondson aclusterwith 16 nodes,with relatively goodscalability.

GLUnix [16] is an operatingsystemmiddle-warefor clustersof workstations,designedto provide transparentremote
execution,load balancing,coschedulingof parallel jobs and fault-detection.In [16] the authorsof GLUnix note that the
overheadin the masternode,whenforking a parallel job, increasesby a small amount(an averageof 220 � secper node).
Also, one-to-many communicationpatternsscalerelatively well, at only 230 � secpernode.WhenGLUnix launchesa job,
remoteexecutionmessagesaresentfrom themanagementnodeto all thedaemonsthatwill runthejob. Eachof thesedaemons
generatea reply message,indicatingsuccessor failure. Whenperformingremoteexecutionto many nodes(morethan32,
in theexperimentalresultsshown in [16]) the repliesfrom earlierdaemonsin thecommunicationschedulecollide with the
remoteexecutionrequestssentto later daemonson the switchedEthernet,causinga substantialperformancedegradation.
Thus,many-to-onecommunicationpatternsusingTCP/IPoverEthernetmayexhibit poorscalability.

Scalabilityproblemsarealreadyevident in ASCI-scalemachines,with thousandsof nodes. The ComputationalPlant
(Cplant)at SandiaNationalLaboratoriesincludesseverallarge-scaleparallelcomputerscomposedof commoditycomputing
andnetworkingcomponents.In orderto enhancescalability, Cplantusesahigh-performanceinterconnect,Myrinet [5], anda
customlightweightcommunicationprotocolbasedonPortals[6]. Whentherun-timeenvironmentof Cplantlaunchesajob, it
first identifiesagroupof activeworkernodes,organizesthemin a logical treestructureandthenfansout theexecutable.The
experimentalresultsin [6] show thataparalleljob canbelaunchedona1010-nodeclusterin about15seconds,dependingon
thebinarysize.

Many recentresearchresultsshow that job schedulingalgorithmscansubstantiallyimprove scalability, responsiveness,
resourceutilization and usability of a large-scaleparallel machine[2] [13]. Unfortunately, the body of work developed
in thelastfew yearshasnot yet led to any practicalapplications/implementationsof suchgangschedulingandcoscheduling
algorithmsin parallelclusters.Wearguethatoneof themainproblemsis thelackof flexibleandefficientrun-timesystemsthat
cansupporttheimplementationandevaluationof new schedulingalgorithms,whichareexpectedto replacetheconventional,
space-shared,schedulers.

In this paperwe presentSTORM (ScalableTOol for ResourceManagement).STORM providesa numberof technical
breakthroughsthatcanpave theway to researchadvancesin theareaof resourcemanagementandjob scheduling.STORM
achievesthesefeatsby closely integratinga collectionof managementdaemonswith a state-of-the-art,high-performance
interconnectionnetwork, theQuadricsnetwork (QsNET)[21]. Large-scaleclustersbasedon theQsNETarealreadyinstalled
at CEA (France),LLNL, ORNL, Pittsburgh SupercomputerCenter(largestunclassifiedcomputerin the world), and Los
AlamosNationalLaboratory(expectedto be largestcomputerin the world at the endof the year2002). STORM is also
designedto provide largeflexibility , in orderto quickly prototypeandtestnew schedulingalgorithms.

4http://www.openpbs.org



At the core of STORM thereare threemain technicalinnovations. First, the managementdaemonsof STORM can
exchangecontrolmessagesusingthelowestlevel interfaceof theQsNETandthecommunicationoverheadis alsorelievedby
user-level threadsthatrun in thethreadprocessorof thenetwork interface.Thesethreadscanprocessincomingmessagesand
performprotocolprocessingwithout interruptingthecomputingnode.Second,STORM fully exploits thehardwaresupport
providedby theQsNETto broadcastcontrolmessagesof arbitrarysize,andthepossibilityof combiningtheacknowledgments
in thenetwork switches,thusdramaticallyreducingtheoverheadof managinga largenumberof nodes.Third, thethreadsin
thenetwork interfacecanuseanextremelylightweightI/O by-passprotocol,thatallows interactionswith thefilesystemwith
almostno measurableoverheadin theprocessingnodes.

Therestof this paperis organizedasfollows. Section2 describesthearchitectureof STORM, themaindesigngoals,the
characteristicsof QsNETthatarerelevantto theSTORM implementationandits processstructure.In Section3 we evaluate
theperformanceof STORM with a setof micro-benchmarks.We focusour attentionon two mainaspects:thecapabilityof
launchingjobsandsupportinggangscheduling.Finally, someconcludingremarksandfuturedirectionsaregivenin Section
4.

2 STORM Architecture

Thissectiondescribesthearchitectureof STORM. Themostimportantdesigngoalsfor STORM were:

1. To provideresourcemanagementmechanismsthatarescalable,high-performanceandlightweight.

2. To supporttheimplementationof mostcurrentandfuturejob schedulingalgorithms.

To fulfill thefirst goal,we usea setloosely-coupleddaemonsthatcommunicatewith extremelyfastmessages.Coordination
of thedaemonsis donethroughscalablestrobes(heartbeatmessages)thatareimplementedby anefficienthardwaremulticast.
For thesecondgoal, thedaemonsweredesignedso thatmodulesfor differentschedulingalgorithmscanbe“plugged” into
them.In thispaper, we focusononeof themostpopularof thesealgorithms,gang-scheduling(GS)[8, 20]. GSemploysboth
spacesharingandtime sharingto allocateresourcesto jobs. All the processesof a given job run in the sameallottedtime
slot, for thedurationof thetimeslicequantum,andarethencontext-switchedto a differentjob in a cyclic manner, at theend
of eachtimeslot.

2.1 Overview of STORM

Severalissueswereconsideredcrucialfor STORM, andwereincorporatedin its designandimplementation:

1. Flexibility: probablythemostimportantfeatureof STORMis theability to supportmany modernandfuturescheduling
algorithmsin orderto provideavaluableresearchtool. STORM currentlysupportslocal scheduling,First-Come-First-
Served(FCFS,batch),FCFSwith backfilling,GS,andSpin-Block(implicit coscheduling).Moreover, otherscheduling
methodscanbe readily addedto the system.In fact, our researchdirectionsincludethe implementationof buffered
coscheduling(BCS)[9, 10] andotherschedulingalgorithms,for in-depthstudyof their properties.

2. Scalability: Oneof themostimportantmetricsfor resource-managersin the adventof largehigh-performancecom-
puting(HPC)machinesis thescalabilitywith thenumberof nodes.STORM is designedsothatmany of thescheduler
operationsaredecentralizedandasynchronous,andtheonly two globaloperations,namelyjob launchingandstrobes,
areimplementedby fastandlightweighthardwaremulticast.

3. Performance: To make the experimentalresultsboth valid andcomparableto currentstate-of-the-artsystems,the
designshouldstrive for bestschedulerand applicationperformance.This requirementtranslatesto a lightweight,
efficientscheduler, with fastuser-level internalcommunicationanda relatively low-overheadimplementation.

4. Simplicity: Theschedulershouldnot beover-complicated,so thatmaintenanceandaugmentationof new scheduling
algorithmswill incur little overhead.This impliesthatparallelapplicationsshouldnot bechangedto accommodatethe
system,andonly needto bere-linkedwith amodifiedversionof MPI.



5. Portability: The schedulershouldbe designedso that porting it to otherhardwareplatforms,interconnectsor even
operatingsystemswill be relatively simple,to allow for extendedtestingandenhancing.To this end,STORM runs
entirely in userlevel with no operatingsystemmodifications.Furthermore,thesinglehardware-dependentmoduleof
STORM, the underlyingcommunicationlayer, is encapsulatedin a small, isolatedmodule(the final versionactually
includedtwo different implementationsof this layer, one for the Quadricsnetwork anda genericone for any MPI
platform.)

Someotherimportantissueswerenot implementedin thecurrentcurrentversionof STORM, but arehigh on our agendafor
futureversions:

1. Security: Thesystemtakesnospecialprecautionsto avoid roguerequestsanddoesnotcheckfor accesscontrolrights.
However, sinceit is run by theuserin user-mode,usingherown user-id andgroup-id,thescopeof potentialsecurity
violationsis limited to thatof any applicationtheusermight run.

2. Reliability: STORM containsthe infrastructureanddesignfor advancedfault-tolerancemechanisms.This issuewill
beaddressedin thenext versionof STORM.

3. Ease-of-Use: Theresourcemanagementsystemhasarelatively simplecommand-line,scripts,andfiles interfaces,and
offersno graphicuserinterface(GUI).

2.2 The Quadrics Network

The QsNETis basedon two building blocks,a programmablenetwork interfacecalledElan [26] anda low-latency high-
bandwidthcommunicationswitchcalledElite [27]. Elitescanbeinterconnectedin a fat-treetopology[18].

TheElannetwork interfacelinks thehigh-performance,multi-stageQuadricsnetwork to aprocessingnodecontainingone
or moreCPUs. In additionto generatingandacceptingpacketsto andfrom thenetwork, theElan is equippedwith a 32-bit
threadprocessor, which is usedto aid the implementationof higher-level messaginglibrarieswithout explicit intervention
from themainCPU.In orderto bettersupportthis implementation,thethreadprocessor’s instructionsetis augmentedwith
extra instructionsthatconstructnetwork packets,manipulateevents,efficiently schedulethreads,andblock save andrestore
a thread’sstatewhenscheduling.

Theotherbuilding block of theQsNETis theElite switch. TheElite providesthefollowing features:(1) 8 bidirectional
links supportingtwo virtual channelsin eachdirection,(2) anfull crossbarswitch,(3) a transmissionbandwidthof 320MB/s
per link anda flow throughlatency of ��� ns,and(4) hardwaresupportfor collective communication.TheElite switchesare
interconnectedin aquaternaryfat-treetopology, whichbelongsto themoregeneralclassof the � -ary � -trees[23] Quaternary
fat treesof dimension1, 2 and3 areshown in Figure1.

2.2.1 Collective Communication

Packetscanbesentto multiple destinationsusingthehardware multicastcapabilityof thenetwork. A multicastpacket can
only take a pre-determinedpath,in orderto avoid deadlocks.In Figure2 a) it is shown thatthetop leftmostswitchis chosen
asthe logical root for the collective communication,andevery request,in the ascendingphase,mustpassthroughoneof
thedottedpathsuntil it getsto theroot switch. In Figure2 b) we canseehow a multicastpacket reachestheroot node;the
multiple branchesarethenpropagatedin parallel.All nodesconnectedto thenetwork arecapableof receiving themulticast
packet,aslong asthemulticastsetis physicallycontiguous.

For a multicastpacket to besuccessfullydelivered,a positive acknowledgmentmustbe receivedfrom all the recipients
of themulticastgroup.TheElite switchescombinetheacknowledgments,aspioneeredby theNYU Ultracomputer[4] [24],
returninga singleoneto the source.Acknowledgmentsarecombinedin a way that the “worst” ack wins (a network error
wins over anunsuccessfultransaction,which on its turn wins over a successfulone),returninga positive ackonly whenall
thepartnersin thecollectivecommunicationcompletethedistributedtransactionwith success.

Themaincommunicationprimitiveof theQsNETis theremoteDMA. A DMA operationtransfersdatabetweenlocaland
remoteaddressspaces(includingElanmemory).In additionto providing point-to-pointcommunication,DMAs canalsobe
usedto performgroup-wideoperationssuchasbroadcast.A groupof destinationprocessesis definedby specifyingavirtual
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groupidentifier. Theeffect of a write broadcastDMA is to copy thedatafrom thesourceto thedestinationbuffersof all the
processesin thegroup. The implementationof thebroadcastDMAs relieson all receiving processeshaving thedestination
buffer at thesamevirtual address,to obtaingoodperformance.

Figure3 describeshow thestrobingalgorithm,thecommunicationcoreof STORM, is implementedon topof theQsNET
multicastcapability. The managementnodecansenda multicastmessageto all the nodesin the cluster, which opensa
tree-shapedcircuit betweenthesourcenodeandall theclientnodes.

While thecircuit is open,themanagementnodecanperforma setof atomictransactionson theclient nodes.A typical
transactionis to performan atomicfetch-and-addor compare-and-swapon a memorylocationon all clients,combinethe
resultsthroughthe network, and basedon the global result, it can perform anothertransaction(up to 16 in the current
implementation)andclosethe treeof circuitsor abortthecurrenttransaction.In orderto fork a job, themanagementnode
can ask whetherall the nodesare readyto acceptit, and if successful,it can fan out the binary to all the clients with a
singlemessage.An in-depthexperimentalevaluationof thenetwork [22] shows that thebroadcastbandwidthscalesalmost
linearly with numberof nodes,reachingan aggregatebandwidththat is linear with the numberof destinationnodes. The
sameinfrastructurecanalsobeusedto notify theendof a time-slicein a gangschedulingor coschedulingalgorithm.

2.3 Process Structure

STORM consistsof threetypesof daemonsthathandlejob launching,scheduling,andmonitoring: theMachineManageror
MM (a singledaemonon a managementnode),theNodeManageror NM (onedaemonpercomputenode)andtheProgram
Launcheror PL (severaldaemonspercomputenode).

TheMM is in chargeof resourceallocationfor jobs(bothin spaceandtime). Wheneveranew job arrives,theMM queues
it andtriesto allocatePEsto it (usingabuddytreealgorithm[11, 12]). If theschedulingpolicy allowsfor multiprogramming
(e.g. GS),thePEsareallocatedin any time slot thathasenoughavailableresources.After a successfulallocation,theMM
broadcastsa job-launchmessageto all theNMs, andthoseNMs on nodesthatareallocatedto thejob will launchit whenits
timeslotarrives(thehandlingis doneasynchronously).Oneoptimizationthatis readilyimplementedallows theMM to send
thebinary imageof theprogramto theNMs prior to runningit (thefile is beingsentonly if it hadnot beenpreviously sent,
to avoid unnecessarycommunication).This optimizationexploits the efficient hardwarebroadcastmechanism,which can
disseminatea file of severalmegabytesin a fractionof a secondto all thenodes,insteadof thenon-scalableuseof NFSfor
distributing binaries.Whena processof the job terminates,theMM receivesaneventfrom theappropriateNM, andmarks
thetime/spaceresourceoccupiedby thatprocessasavailablefor allocation.NotethateventhoughtheMM is centralized,in
reality it doesnot createa bottleneck:sinceall theglobaloperationsit performsaredonewith scalablehardwarebroadcasts
andotheroperationsuchasreadinga new job, allocatingresourcesto it, andreceiving process-terminationnotificationsare
rareandlightweight. In fact,theMM sleepsbetweentimesliceintervals,to maximizeCPUavailability, andonly performsits
operationswhena new timeslot is due.

NMs areresponsiblefor managingresourceson a singlenode(which couldbeanSMP).NMs work asynchronously, by
respondingto thefollowing typesof events:


 Joblaunch:If thejob pertainsto theNM’snode,theNM findssomeavailablePLsandsendsthemthejob information.


 Jobcaching:Thebinaryimageis readfrom thecommunicationlayerandstoredin afile, preferablyin aRAM-disk file
to avoid unnecessaryI/O.


 Heartbeat/strobe:TheNM checksin its local datastructures,for every PE,whetheranotherprocessoccupiesthenext
timeslot. If so,it deschedulesthecurrentprocess(usingUNIX’ sSIGSTOP)andresumesthenext one.


 Processtermination:uponreceiptof suchamessagefrom thePL, theNM passesit on to theMM.

At all othertimes,theNMs block, leaving thePEto theapplicationprocesses.Notethatsomeschedulingalgorithmsrequire
that the NM makesits own local schedulingdecisions.For example,in local scheduling,the NM ignorescontext-switch
messages,as the UNIX schedulerhandlesall schedulingdecisions. In Algorithms suchas BCS or ICS, the NM might
deschedulea processthat is blockedfor communicationbeforetheexpirationof thetime slot, andscheduleanotherprocess
instead.
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ThePLshavetherelatively simpletaskof handlingindividualapplicationprocessesfor theNM. Onecopy of thePL runs
for eachPEandtimeslotin a node,andsleepsuntil it receivesa programexecutionevent from theNM. It thenproceedsto
fork a new process,setup Quadricscommunicationcapabilitiesfor the applicationprocess(AP), redirectstandardoutput
anderror to the consolethat launchedSTORM, andexecutethe AP. It thenblockswith the wait() systemcall until the AP
terminates,andnotifiestheNM whenthishappens.

2.4 Running a Job

Figure4 illustratestheprocessof runninga job with STORM. In this example,we have a managementnodeandfour SMP
nodeswith two processingelements(PEs)each. The arrows show the information flow (dashedlines representnetwork
messages),andthenumberson thearrows indicatetheorderof theevents,accordingto thefollowing key:

1. First, the MM readsthe job informationfrom the workloadfile, andqueuesit accordingto its givenarrival time and
resourceavailability.

2. When the job’s time to run hascome,and resourceshave beenallocated,the MM broadcaststhe job information
(possiblywith the binary image)to all theNMs. A futureoptimizationmight usethe hardwaremulticastto sendthe
informationonly to a subsetof NMs. It is worth noting that this multicastis performedby a threadin the network
interfacecard,without interruptingthe main CPU andusingan I/O by-passmechanism,asdescribedin Section2.5
below.

3. If theNM needsto fork someprocesses,it locatestheappropriatePLs(accordingto thejob’s PE/timeslotallocation).
They thencommunicatethejob informationto thePL throughsharedmemory.

4. ThePLsexecutetheapplicationprocesses(APs)asdescribedin Section2.3.

5. WhenanAP terminates,thePL receivesa notificationfrom theoperatingsystem.

6. ThePLsthenproceedto notify theNM of theterminationof theAP.

7. Finally, the NMs sendan asynchronouspoint-to-pointmessageto the MM, which inspectsthesemessagesbefore
issuingthenext strobe,anddeallocatesresources.
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2.5 I/O bypass mechanism

We implementeda mechanismfor alleviating oneof the major bottlenecksin programlaunching,the interactionwith the
I/O subsystem.Thethreadsin theElannetwork interfacecandirectly issuesystemcalls thatoperateon thefile system,for
exampleopening,reading,writing, andclosingfiles. Therelevantphasesof theI/O by-passprotocolduringthelaunchof a
job arelistedbelow (seeFigure5).

1. TheMM sendsa DMA messageto a threadin the local ElanNIC with thesourcefile nameanda remotedestination
path.

2. Thesenderthreaduseskerneltrapsto openandreadthesourcefile. Thesetrapsgothroughthekernel,but requirevery
little CPUintervention,sothattheprocessesrunningon theprocessingnodearenot unaffected.

3. Thefile is readin chunksdirectly into acommunicationbuffer thatcanbeefficiently accessedby theElanDMA engine,
andthensentto apeerthreadon all thecomputenodes,usingthehardwaremulticast.

4. Thesenderthreadusestwo chunkbuffersto pipelinethereadingandmulticastoperations,so thatwhile onebuffer is
beingread,theotheris beingsentin parallel,asshown in Figure6.

5. Thedestinationthreadson thecomputenodesqueuetheincomingchunksandwrite themto thedestinationpath,using
aflow controlprotocolto avoid buffer overflows.File systemwritesandincomingmulticastscanproceedin parallel.

6. Whenall thechunkshave beensentandwritten to their respective local files, or conversely, if anerror occurred,the
MM is notified.

7. WhentheMM decidesto launchthe job (after successfullysendingthebinary andallocatingresourcesto it), it uses
thenew remotepathnamein thejob-launchmessage.

3 Experimental Results

In thissection,weanalyzetheperformanceof STORM. In particular, we: (1) measurethecostsof launchingjobsin STORM,
and(2) testvariousaspectsof the gang-scheduler(effect of the timeslicequantum,nodescalabilityandmultiprogramming
level).
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Table1: Readbandwidthin MB/s for a
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binaryimageon NFS,local-disk,andRAM-disk .

3.1 Experimental Framework

Thehardwareusedfor theexperimentalevaluationwasthe ’crescendo’clusterat LANL/CCS-3. This clusterconsistsof � �
computenodes(Dell 1550),onemanagementnode(Dell 2550)andtheQuadricsnetwork equippedwith a 128-portswitch
[29] (usingonly 32 of the 128 ports). Eachcomputenodehastwo

��
�� � GHz Pentium-III with
�

GB of ECC RAM, two
independent��� MHz/ � � -bit PCI buses,a QuadricsQM-400 Elan3NIC [25, 26, 29] for datanetwork andan Ethernet-100
network adapterfor managementnetwork. All the nodesrun underRedHat Linux 7.1 with Quadricskernelmodifications
anduser-level libraries.

For the experimentsin Sections3.3.1-3.3.3,we useda small syntheticapplicationthat performsintensive CPU-bound
computationsfor approximately��� secondswithoutperformingcommunicationor I/O. Thismicro-benchmarkwaschosento
exposetheperformanceof thescheduleronly, without analyzingapplicationscalabilityandotherperformanceissues.In the
teststhatinvolveamultiprogramminglevel (MPL) of morethanone,we launchall thejobsat thesamemoment(eventhough
this maynot bea realisticscenario),to furtherstressthescheduler.

3.2 Job Launching Time

In this setof experiments,we studythe overheadassociatedwith launchingjobs with STORM, andanalyzeits scalability
with the sizeof the binary sizeandnumberof PEs. We usethe approachtaken by Brightwell et al. in their studyof job
launchingonCplant[6]: measurethetime it takesto runa programthatterminatesimmediately, usingdifferentbinarysizes:�����

, � ���
, and

�������
.

3.2.1 Anatomy of a job-launch

Thetime takenfor executionof a paralleljob canbebrokendown into thefollowing four components:


 ReadTime: the time takenby the managementnodeto readthebinary from thefile system.This imagecanberead
via a distributedfilesystemlikeNFS,from a localdisk,or it canbecachedin RAM disk5.Table1 shows thereadtimes
of a 12 MB binaryon a computenode.We distinguishthetwo caseswhena processor anElanthreadtry to readthe
file, in orderto exposetheperformanceof theI/O by-passprotocol.Thereis little differencebetweenmainandthread
processorsin theslow cases,namelyNFSandlocal disk. But processescantake advantageof theRAM disks,getting
morethan500MB/sec,while thethreadprocessorcanonly get120MB/sec. We still have not fully investigatedthis
asymmetry, which is influencedby thefactthatthethreadprocessorresideson theslower, PCI bus.


 BroadcastTime: the time to broadcastthebinary imageto all thecomputenodes.This collective communicationcan
take placein severalways,thusaffectinghow the time is measured.For example,if the file is readvia a distributed
filesystemlike NFS, the distribution time andfile readtime are intermixed. However, if a dedicatedmechanismis
usedto disseminatethefile, likeParPar’s [17] or our own, this componentcanbemeasuredseparatelyfrom theothers.
QsNETcanbroadcastmessagesin a scalableway and thereis no significantperformancepenaltywhen increasing
thenumberof nodes.Thetypical performancefor a main-memory-to-main-memory broadcastis around200MB/sec
pernode[22]. Figure7 shows the scalabilityof the hardwaremulticast(Section2.2.1),on the TerascaleComputing
SystemInstalledat PittsburghSupercomputingCenter, a clusterwith 758nodes.We canseethatthelatency growsby
anegligible amount,about2 � sec.This is a reliableindicatorthatthebroadcast,implementedwith thesamehardware
mechanism,will scaleefficiently.

5TheRAM disk is asegmentof RAM thathasbeenconfiguredto simulateaLinux ext2 filesystem.RAM disk is expectedto befasterthananactualdisk
drive.
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supercomputingcenter.

� WriteTime : write time is lesscritical thanreadtime becausethefile copy on theclient nodesis followedby anexec()
of thebinary. Dependingonhow thekernelis implemented,partof thebinarycanresideonthebuffer cachein memory
at thetime of theexecution,andit doesn’t needto flushedto disk.

� Executionoverhead: someof thetimefor launchinga job in STORM is spentin allocatingresources,waiting for anew
timeslot to launchit, andpossiblyfor anothertime slot to run it. Eventssuchasprocessterminationarealsocollected
by theMM at timesliceintervalsonly, soa delayof up to 2 time-quantais spentin STORM in MM overhead.

Our implementationtries to pipelinethethreedelays:readtime, broadcastandwrite time, by dividing thefile transmission
in chunksof 128 KB. Table1 shows that the bottleneckis the readtime from disk in the managementnode,which is 118
MB/secvs 200MB/secfor thebroadcast.Basedon thescalabilityanalysisreportedin [22] andin Figure7, we believe that
this will bethebottleneckin large-scale(severalhundredsof nodes)configurationstoo.

3.2.2 Launch times in STORM

As describedin Section2, STORM dividesthejob-launchingtaskinto two separateoperations:Thesending(broadcasting)
of thebinaryimage,whichcanbedonebeforethedesignatedtimeof running,andtheactualexecute,which includessending
thejob-launchcommand,forking thejob, waiting for its terminationandreportingbackto theMM. We measurethetimesof
both this taskson theMM, aswell astheir sum,which representsthetotal time it takesto launcha job. Figure8 shows the
time it takesto sendeachof thebinaries,aswell asthetimeto executethemandthetotal timeto launchthejob. Observethat
thesendtimesareroughlyproportionalto thebinarysize,but do not grow significantlywith thenumberof nodes.This can
beexplainedby thehighly scalablehardwarebroadcastthat is usedfor thesendoperation.On theotherhand,theexecution
timesarequite independentof thebinarysize,but grow slowly with thenumberof nodes.Thereasonfor this growth is the
cumulativetime it takesfor theMM to receivepoint-to-pointnotificationsof theprocessterminationfrom all theNMs. Since
theincreasein launchtime is relatively small6, wedid not addressthis issuefor thisversionof STORM, but intendto replace
this mechanismwith a morescalableone,usingQuadrics’hardwaresupportfor collectivecommunication.

6At thisgrowth rate,it would still take to lessthan � � !#"%$'&'( to launcha )+*-,/. binaryon )+0-1 nodes.
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3.2.3 Launching on a loaded system

To testhow a heavily-loadedsystemaffectsthelaunchtimesof jobs,we addedtwo differentprogramsthatrun in theback-
groundonall thecluster’snodeswhile measuringjob-launchtimes.Thefirst programperformsaCPU-intensivecomputation.

Figure9 shows the resultsof launchingthe samethreebinarieswhile the CPU-consumingprogramis running in the
background.We canseethat while the executiontimesremainnearlyunaffectedby the system’s load, the sendtimesare
approximatelydoubled.This largeincreaseis mostlydueto theinterferenceof thecomputationwith theI/O activities (reads
andwrites).However, thetotal launchtime for all programsis still quitesmall,andit is lessthantwice thelaunchtimeon an
unloadedsystem.

Thesecondprogramis designedto stresstheentirenetwork, by pairingall theprocessesandcontinuouslysendinglong
messagesbackandforth. This testis particularlyinteresting,sinceapreviousstudy[22] showsthataheavily-loadednetwork
hasanadverseeffect on collective communicationsin theQuadricsinterconnect.In Figure10 we canseehow runningthis
programin thebackgroundaffectsthelaunchtimeof thetestbinaries.Indeed,thereis asmall,but noticeable,increasein the
executiontimes,duemostlyto theincreaseddelayin thedeliveryof terminationmessagesfrom theNMs. However, thesend
operationis considerablyslower thanon anunloadedsystem.This agreeswith thepreviousstudy, sincethecommunication
partin thesendoperationis implementedby aQuadricscollective.

Figure11summarizesthedifferencebetweenthe launchtimeson loadedandunloadedsystems.In this figure, the total
launchtime is shown for the

���
MB file only, underthe threeloadingscenarios.Note thateven in theworstscenario,with

a network-loadedsystem,it still takesonly 23� 
 � secondsto launcha
���

MB file on 64 nodes,andthegrowth rateof about
� 
 ��4 on every doublingof the nodes,suggestit would take lessthana secondto launchthis programon a

� �657��� � -node
machine(assumingthesamegrowth rate).

3.3 Gang Scheduling Performance

3.3.1 Effect of Timeslice

As a first experiment,we analysetherangeof usabletimeslicevalues,to betterunderstandthelimits of thegang-scheduler.
Figure12showstheaverageruntimeof thejobsfor varioustimeslicevalues,upto

��
 � seconds,runningon � � PEs.Thesmall-
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esttimeslicevaluethat theschedulercanhandlegracefullyis 2 � ��8/9;:�< , below which theNM cannotprocesstheincoming
strobemessageat theratethey arrive. Note that this valueis in thesameorderof magnitudeof the local Linux scheduler’s
quantum,andapproximatelytwo to threeordersof magnitudebetterthanthesmallesttimeslicequantumconventionalgang-
schedulerscanhandlewith no performancepenalties[15]. This allows for goodsystemresponsiveness,andusageof the
parallelsystemfor interactive jobs. Furthermore,a shortquantumallows the implementationof advancedschedulingalgo-
rithmsthatcanbenefitgreatlyfrom shorttimeslicequanta,suchasbufferedcoscheduling(BCS)[9, 10], implicit coscheduling
(ICS) [1, 3], andperiodicboost(PB) [19].

Another interestingfeatureis that the averageruntimeof the jobs is practicallyunchangedby the choiceof timeslice
quantum.Thereis a slight increaseof lessthanonesecondtowardthehighervalues,which is causedby thefact thatevents,
suchasprocesslaunchandterminationreporting,only happenat timesliceintervals. Sincethe schedulercanhandlesmall
valuesof timeslicequantawith no performancepenalty, we chosethe valueof ����8=9�:�< for the next setsof experiments,
providing a fairly responsivesystem.

3.3.2 Node Scalability

An importantmetricof a resourcemanageris thescalabilitywith thenumberof nodesandPEsit manages.To testthis, we
measuredtheeffect on theruntimeof theprogramwhenrunningon anincreasingnumberof nodes.This testonly measures
theeffectontheruntimeof theprogram,sinceit is relatively small.Theeffecton thelaunch-timeof theprogramis measured
in Section3.2.

Figure13 shows theresultsfor runningthe programon varyingnumberof PEsin the range
�
- � � , for MPL valuesof 1

and4 (resultsfor MPL 4 arenormalizedby dividing the total runtimeof all jobsby 4). We canobserve that the resultsare
centeredaroundtwo nearly-horizontallineswith relatively little variance.Thereis no increasein runtimeor overheadwith
the increasein thenumberof nodesbeyondthatcausedby thejob-launch.This is explainedby thefact that theonly global
operationsin thesystembesidesjob-launchingarestrobes.Theseareimplementedwith ashorthardwarebroadcast,thatdoes
not interruptthe mainCPU.SincetheQuadricscollective operationstake a few microsecondsto run evenon thousandsof
nodes[21], we mayexpectthegang-schedulerto scalewell to a largenumberof nodes.

Theresultsfor MPL 4 seemsomewhatbetterthanthoseof for MPL 1. This is asideeffectof dividing theruntimeby four,
whichalsodividestheconstantoverheadassociatedwith job-launching.Also notethattheresultsfor 1 and2 PEsareslightly
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betterwith MPL 1. This stemsfrom the fact thanwhenonly usingonenode,communicationoperationsarereplacedwith
inter-nodeshared-memoryoperations.Also notethatall of theprocessesin theMPL 4 testsstartandfinish approximatelyat
thesametime,with a varianceof lessthan � 
>� 4 , implying a fair allocationof PEsto multiprogrammedprocesses.

3.3.3 Effect of MPL

Another importantpropertyof a gang-scheduleris the overheadincurredby the context switch operation. This context
switch cancausepenaltiesto the applicationdueto lossof cachestates,synchronizationdifficulties acrossnodes,andthe
needto changethecommunicationcontext gracefully, including in-transitmessages(in previouswork, we have shown that
applicationscanactuallybenefitfrom context switcheson the Quadricsnetwork, dueto the overlappingof communication
andcomputationfrom differentjobs [14, 15]). Thecontext switchoperationin STORM is rudimentary, requiringvery little
computationto determinethenext processto run,suspendingthecurrentprocessandresumingthenext one.This is actually
lesswork thantheUNIX schedulertypically takesfor a context switch[28] sowe mayexpectit incursa smalloverhead.To
measureonly theeffectof theoverheadincurredby thescheduler, weconsidera testapplicationthatusesvery little memory,
I/O or bandwidth.In Figure14 we canseethetotal runtimeof runninga varyingnumberof jobs together, from

�
to ? . All

jobswerelaunchedconcurrentlyandrun on � � PEs.It canbeclearlyseenthatthecurve is almostentirelystraight,implying
very little overheadresultingfrom runningat highermultiprogramminglevels.

4 Conclusions

In this paperwe presentedSTORM, a lightweight,flexible andscalableenvironmentto performresourcemanagementin a
large-scalecluster. With STORM we tried to prove theconceptthat it is possibleto performultra-fastresourcemanagement
with latencieswell underasecondevenin thepresenceof highCPUutilizationor network congestion.Thepaperprovideda
numberof technicalguidelineson how to achievethesegoals.

This paperalsoexploredin detail theperformanceof thegang-schedulingalgorithmimplementedaspartof thesystem.
Weshowedthatby usingasetof loosely-coupleddaemonscombinedwith fasthardwarecommunicationmechanisms,wecan
implementanextremelyefficientscheduler. Thisschedulercanhandletimeslicequantaof approximately

� �@8=9�:�< , providing



responsivenesssimilar to thatof thelocalUNIX scheduler. Theexcellentscalabilityof thescheduler, bothin termsof number
of nodesandmultiprogramminglevel, suggeststhatvery little overheadis associatedwith resourcemanagement.

We demonstratedthat STORM encompassesmajoradvancesin resourcemanagementby usingthreenovel techniques:
(1) employing NIC threadsto relievetheresource-managerfrom mostcommunicationtasks,(2) relyingonefficienthardware
collectivesto performglobal operationsin a scalableway, and(3) usingan I/O bypassmechanismthat minimize system
overhead.The combinationof thesemethodsdecreasesthe job-launchtime by two ordersof magnitude,thusmakingthe
systemmuchmoreresponsiveandusable.

It is our hopethattheflexibility inherentin thedesignof STORM will preparethegroundfor new researchresultsin the
areaof resourcemanagementandschedulingfor large-scaleparallelcomputers.

Future work

Our main venuesof researchincludethe implementationandtestingof new schedulingalgorithms,suchasBCS, in order
to addresscritical resourcemanagementissuessuchas reliability, load balancingand systemutilization. One important
point in thisdirectionis theimplementationof user-transparentfault-tolerance,thatseamlesslyallowsapplicationsto resume
executioneven when nodesfail. Another direction is the implementationof a flexible coschedulingalgorithmsthat can
increasesystemutilization in thepresenceof load-imbalance.We alsoplan to validatethe scalabilityof STORM on larger
clusters.
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