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Abstract

Clustersof workstationshave emegedasanimportantplatformfor building cost-efective, scalableandhighly-available
computersAlthoughmary hardwaresolutionsareavailabletoday thelargestchallengeén makinglarge-scalelustersusable
liesin the systemsoftware.

In this paperwe presentSTORM, a resourcemanagementool designedo provide scalability low overheadand the
flexibility necessaryo efficiently supportandanalyzea wide rangeof job schedulingalgorithms. STORM achiezesthese
featshy closelyintegratingthe managementdlaemonswith the low-level featuresthat are commonin state-of-the-arhigh-
performancesystemareanetworks. Thearchitectureof STORM is basenthreemaintechnicalinnovations.First, asizable
partof the schedulerunsin thethreadprocessotocatedon the network interface. Secondwe usehardwarecollectivesthat
are highly scalableboth for implementingcontrol heartbeat@ndto distribute the binary of a paralleljob in nearconstant
time, irrespectve of job andmachinesizes. Third, we usean|/O bypassprotocolthatallows fastdatamovementsfrom the
file systemto the communicatiorbuffersin the network interfaceandvice versa.

The experimentalresultsshav that STORM canlauncha job with a binary of 12MB on a 64 processor/32odecluster
in lessthan0.25secon anemptynetwork, in lessthan0.45secwhenall the processorarebusy computingotherjobs,and
in lessthan0.65secwhenthe network is floodedwith abackgroundraffic. This paperprovidesexperimentalandanalytical
evidencethat theseresultsscaleto a muchlarger numberof nodes. To the bestof our knowvledge, STORM is at leasttwo
ordersof magnitudefasterthanexisting productionschedulersn launchingjobs, performingresourcananagemertasksand
gangscheduling.

Keywords: Resourcananagement]Job SchedulingGangScheduling PerformanceEvaluation,Parallel Architectures,
Quadricgnterconnectlserlevel Communication|/O bypassClusterComputing

1 Introduction

Recentimprovementsn commodityprocessorandnetworks, combinedwith their attractive price/performanceatio, have
madeclustersof workstationsa popularform of high performanceomputing.

For example RLX*, Compad andHP? have recentlyintroducecdhigh-densitybladeserves which incorporatdow-power
processorsSeveralhundredof theseprocessorsanbeintegratedin asinglerackandit is foreseeabl¢hatin the nearfuture
clusterswith thousandsf processorsvill quickly move out of the boundariesof researcHabsandacademiaesearchand
will becomewidespreadn thecommercialworld.

*Thework wassupportedy theU.S. Departmenbdf Enegy throughLos AlamosNationalLaboratorycontractW-7405-ENG-36
Ihttp://iwwwrixtechnologies.com

2http:/imwwwcompag.com/products/sers/prolant-bl/e-dass/irdex.html
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Onthenetworking side,Infiniband[7] is anemeging standardhatcanprovide connectvity to a potentiallylargenumber
of processinghodeswhich s likely to becomethe default interconnectiometwork of future commodityclusters.Important
aspectf Infinibandare high-performancefault-tolerancehardware supportfor large-scalesystemmanagemerandclose
integrationwith the processinghodes.

Althoughpowerful hardwaresolutionsarealreadyavailable,thelargestchallengeo make theseclustersusabldiesin the
systemsoftware. The scalability of resourceananagemenipb schedulingandjob launchingareimportantaspectghat are
oftenoverlooked.

Many run-timeernvironmentsusea globally mountedfile-system suchasNFS,whenthey have to move executablesfor
examplewhenthey spavn the processesf ajob.* This designwherepotentiallymary clientsareaccessing singlefile on
asinglesener atthe sametime is inherentlynon-scalableln suchervironments the typical methodof launchingajob is a
shellscriptthatloopsoverremoteshellcommandswhich useTCP/IR to startprocessesnremotenodes.Thoughthatis not
a problemon small-scaleclusters,this approachcan have severe performanceand scalability limitations on larger systems
with severalhundredqor, maybe thousandspf nodes.

TheParRar[17] clusterervironmentaddressetheproblemof distributionsof controlmessagegrom amanagememnode
to a setof clients,by implementinga special-purposeulticastprotocol. This protocol,calledReliableDataGramMulticast
(RDGM), broadcast&)DP datagram®n thenetwork andaddsselectve multicastandreliability. Eachdatagrams prepended
by a bit string thatidentifiesthe setof destinationsandeachnodein the destinationsetsendsandacknavledgmentto the
managememodeafterthe successfutlelivery of the broadcastiatagram By usingRDGM, a job canbe launchedn a few
tensof second®n a clusterwith 16 nodeswith relatively goodscalability

GLUnix [16] is an operatingsystemmiddle-warefor clustersof workstations,designedo provide transparentemote
execution,load balancing,coschedulingof paralleljobs and fault-detection. In [16] the authorsof GLUnix note that the
overheadn the mastemode,whenforking a paralleljob, increasesy a smallamount(an averageof 220 usecper node).
Also, one-to-mag communicatiorpatternsscalerelatively well, at only 230 usecpernode. WhenGLUnix launchesa job,
remoteexecutionmessagearesentfrom themanagementodeto all thedaemonshatwill runthejob. Eachof thesedaemons
generatea reply messageindicating succesr failure. When performingremoteexecutionto mary nodes(morethan32,
in the experimentalresultsshavn in [16]) the repliesfrom earlierdaemonsn the communicatiorschedulecollide with the
remoteexecutionrequestssentto later daemonson the switchedEthernet,causinga substantiaperformancedegradation.
Thus,mary-to-onecommunicatiorpatternsusing TCP/IPover Ethernetmay exhibit poor scalability

Scalability problemsare alreadyevident in ASCI-scalemachineswith thousandsf nodes. The ComputationaPlant
(Cplant)at SandiaNationalLaboratoriesncludesseverallarge-scalearallelcomputerssomposef commoditycomputing
andnetworking componentsln orderto enhancescalability Cplantusesa high-performancénterconnectMyrinet [5], anda
customlightweightcommunicatiorprotocolbasedn Portalg6]. Whentherun-timeenvironmentof Cplantlaunchesjob, it
firstidentifiesa groupof active worker nodes prganizeghemin alogical treestructureandthenfansout theexecutable The
experimentakesultsin [6] shav thata paralleljob canbelaunchedna 1010-nodeclusterin aboutl5 secondsgependingn
thebinarysize.

Many recentresearchresultsshav thatjob schedulingalgorithmscan substantiallimprove scalability responsieness,
resourceutilization and usability of a large-scaleparallel machine[2] [13]. Unfortunately the body of work developed
in the lastfew yearshasnot yetledto any practicalapplications/implementatiorsf suchgangschedulingandcoscheduling
algorithmsn parallelclusters We arguethatoneof themainproblemss thelack of flexible andefficientrun-timesystemshat
cansupportheimplementatiorandevaluationof new schedulingalgorithms which areexpectedo replacethecorventional,
space-sharedchedulers.

In this paperwe presentSTORM (ScalableTOol for ResourceMlanagement) STORM providesa numberof technical
breakthroughshatcanpave theway to researctadvancesn the areaof resourcenanagemeréndjob scheduling.STORM
achivesthesefeatsby closelyintegrating a collection of managementlaemonswith a state-of-the-arthigh-performance
interconnectiometwork, the Quadricanetwork (QsNET)[21]. Large-scaleclustersbasednthe QsNETarealreadyinstalled
at CEA (France),LLNL, ORNL, Pittshurgh Supercompute€enter(largestunclassifiedcomputerin the world), and Los
Alamos National Laboratory(expectedto be largestcomputerin the world at the end of the year2002). STORM is also
designedo provide largeflexibility , in orderto quickly prototypeandtestnew schedulingalgorithms.

“4http://wwwopenpbs.ay



At the core of STORM there are three main technicalinnovations. First, the managementlaemonsf STORM can
exchangecontrolmessagessingthelowestlevel interfaceof the QsNETandthecommunicatioroverheads alsorelievedby
userlevel threadghatrunin thethreadprocessoof the network interface. Thesethreadscanprocessncomingmessageand
performprotocolprocessingvithout interruptingthe computingnode. Second STORM fully exploits the hardwaresupport
providedby theQsNETto broadcastontrolmessagesf arbitrarysize,andthepossibilityof combiningtheacknaviedgments
in the network switchesthusdramaticallyreducingthe overheadf managinga large numberof nodes.Third, thethreadsn
the network interfacecanusean extremelylightweightl/O by-passprotocol,thatallows interactionswith thefilesystenmwith
almostno measurableverheadn the processingnodes.

Therestof this paperis organizedasfollows. Section2 describeghe architectureof STORM, the maindesigngoals,the
characteristicef QsNETthatarerelevantto the STORM implementatiorandits processtructure.ln Section3 we evaluate
the performanceof STORM with a setof micro-benchmarksWe focusour attentionon two main aspectsthe capability of
launchingjobsandsupportinggangscheduling Finally, someconcludingremarksandfuture directionsaregivenin Section
4.

2 STORM Architecture

This sectiondescribeshearchitectureof STORM. The mostimportantdesigngoalsfor STORM were:

1. To provide resourcananagemennechanismshatarescalable high-performancandlightweight.

2. To supporttheimplementatiorof mostcurrentandfuturejob schedulingalgorithms.

To fulfill thefirst goal,we usea setloosely-coupledlaemonghatcommunicatavith extremelyfastmessagesCoordination
of thedaemonss donethroughscalablestrobegheartbeamessageghatareimplementedy anefficienthardwaremulticast.
For the secondgoal, the daemonsvere designedso that modulesfor differentschedulingalgorithmscanbe “plugged” into

them. In this paperwe focuson oneof themostpopularof thesealgorithms,gang-schedulingGS)[8 20]. GSemplgys both
spacesharingandtime sharingto allocateresourcedo jobs. All the processesf a givenjob run in the sameallottedtime

slot, for the durationof thetimeslicequantum andarethencontect-switchedto a differentjob in a cyclic mannerattheend
of eachtime slot.

2.1 Overview of STORM

Severalissuesvereconsideredrucialfor STORM, andwereincorporatedn its designandimplementation:

1. Flexibility: probablythemostimportantfeatureof STORM is theability to supportmary modernandfuturescheduling
algorithmsin orderto provide avaluableresearchiool. STORM currentlysupportdocal schedulingFirst-Come-First-
Sened(FCFS batch),FCFSwith backfilling, GS,andSpin-Block(implicit coscheduling)Moreover, otherscheduling
methodscanbe readily addedto the system. In fact, our researchdirectionsinclude the implementatiorof buffered
coschedulingBCS)[9, 10] andotherschedulingalgorithms for in-depthstudyof their properties.

2. Scalability: Oneof the mostimportantmetricsfor resource-manageis the advent of large high-performanceom-
puting (HPC) machiness the scalabilitywith the numberof nodes.STORM is designedsothatmary of the scheduler
operationsaredecentralizeédndasynchronousandthe only two globaloperationspnamelyjob launchingandstrobes,
areimplementedy fastandlightweighthardwaremulticast.

3. Performance: To make the experimentalresultsboth valid and comparableo currentstate-of-the-arsystemsthe
designshouldstrive for bestschedulerand applicationperformance. This requirementtranslateso a lightweight,
efficient schedulerwith fastuserlevel internalcommunicatioranda relatively low-overheadmplementation.

4. Simplicity: Thescheduleshouldnot be over-complicatedso that maintenancendaugmentatiorof new scheduling
algorithmswill incurlittle overheadThisimpliesthatparallelapplicationsshouldnot be changedo accommodatéhe
systemandonly needto bere-linkedwith a modifiedversionof MPI.



5. Portability: The scheduleishouldbe designedso that porting it to otherhardware platforms,interconnectr even
operatingsystemswill berelatively simple,to allow for extendedtestingand enhancing.To this end, STORM runs
entirelyin userlevel with no operatingsystemmodifications.Furthermorethe singlehardware-dependemhoduleof
STORM, the underlyingcommunicatioriayer, is encapsulateth a small, isolatedmodule(the final versionactually
includedtwo differentimplementationf this layer, one for the Quadricsnetwork and a genericone for ary MPI
platform.)

Someotherimportantissuesverenotimplementedn the currentcurrentversionof STORM, but arehigh on our agenddor
futureversions:

1. Security: Thesystemtakesno specialprecaution$o avoid roguerequest@nddoesnot checkfor accesgontrolrights.
However, sinceit is run by the userin usermode,usingher own userid andgroup-id,the scopeof potentialsecurity
violationsis limited to thatof any applicationthe usermightrun.

2. Réliability: STORM containstheinfrastructureanddesignfor advancedfault-tolerancenechanismsThis issuewill
beaddresseih thenext versionof STORM.

3. Ease-of-Use: Theresourcananagemergystemhasa relatively simplecommand-linescripts,andfiles interfacesand
offersno graphicuserinterface(GUI).

2.2 The Quadrics Network

The QsNET is basedon two building blocks, a programmablenetwork interfacecalled Elan [26] and a low-lateng high-
bandwidthcommunicatiorswitchcalledElite [27]. Elitescanbeinterconnectedh afat-treetopology[18].

TheElannetwork interfacelinks thehigh-performancenulti-stageQuadricsnetwork to a processingiodecontainingone
or moreCPUs. In additionto generatingandacceptingpacketsto andfrom the network, the Elanis equippedwith a 32-bit
threadprocessarwhich is usedto aid the implementatiorof higherlevel messagindibrarieswithout explicit intervention
from the main CPU. In orderto bettersupportthis implementationthe threadprocessos instructionsetis augmentedvith
extrainstructionsthat constructnetwork packets,manipulateevents,efficiently schedule¢hreadsandblock save andrestore
athreads statewhenscheduling.

The otherbuilding block of the QsNET s the Elite switch. The Elite providesthe following features:(1) 8 bidirectional
links supportingwo virtual channelsn eachdirection,(2) anfull crossbaswitch,(3) atransmissiombandwidthof 320MB/s
perlink anda flow throughlateng of 35 ns,and(4) hardwaresupportfor collectve communication.The Elite switchesare
interconnecteéh aquaternaryfat-treetopology which belongso the moregeneraklassof the k-ary n-treeq23] Quaternary
fattreesof dimensionl, 2 and3 areshavn in Figurel.

2.2.1 Collective Communication

Packetscanbe sentto multiple destinationsisingthe hardware multicastcapability of the network. A multicastpaclket can
only take a pre-determinegbath,in orderto avoid deadlocksln Figure2 a)it is shavn thatthetop leftmostswitchis chosen
asthe logical root for the collective communicationand every request,n the ascendingphase must passthroughone of
the dottedpathsuntil it getsto the root switch. In Figure 2 b) we canseehow a multicastpaclet reacheghe root node;the
multiple branchesarethenpropagatedn parallel. All nodesconnectedo the network arecapableof receving the multicast
paclet, aslong asthe multicastsetis physicallycontiguous.

For a multicastpaclet to be successfullydelivered,a positive acknavledgmentmustbe receved from all the recipients
of themulticastgroup. The Elite switchescombinethe acknavledgmentsaspioneeredy the NYU Ultracomputeif4] [24],
returninga single oneto the source. Acknowledgmentsare combinedin a way thatthe “worst” ack wins (a network error
wins over an unsuccessfuiransactionwhich on its turn wins over a successfubne), returninga positive ack only whenall
thepartnersn the collectve communicatiorcompletethe distributedtransactiorwith success.

Themaincommunicatiorprimitive of the QsNETis theremoteDMA. A DMA operationtransfergdatabetweerocaland
remoteaddresspacegincluding Elanmemory). In additionto providing point-to-pointcommunicationDMAs canalsobe
usedto performgroup-wideoperationsuchasbroadcastA groupof destinatiorprocesses definedby specifyingavirtual
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groupidentifier The effect of awrite broadcasDMA is to copy the datafrom the sourceto the destinatiorbuffersof all the
processef the group. The implementatiorof the broadcasDMASs relieson all receving processesaving the destination
buffer at the samevirtual addressto obtaingoodperformance.

Figure3 describehow the strobingalgorithm,thecommunicatiorcoreof STORM, is implementedn top of the QsNET
multicastcapability The managemenhode can senda multicastmessagéo all the nodesin the cluster which opensa
tree-shapedircuit betweerthe sourcenodeandall the client nodes.

While the circuit is open,the managementodecanperforma setof atomictransaction®n the client nodes.A typical
transactions to performan atomicfetch-and-addbr compare-and-sap on a memorylocationon all clients,combinethe
resultsthroughthe network, and basedon the global result, it can perform anothertransaction(up to 16 in the current
implementationjand closethe tree of circuits or abortthe currenttransaction.In orderto fork a job, the managemenode
can askwhetherall the nodesarereadyto acceptit, andif successfuljt canfan out the binary to all the clientswith a
singlemessageAn in-depthexperimentalevaluationof the network [22] shaws thatthe broadcasbandwidthscalesalmost
linearly with numberof nodes,reachingan aggreyatebandwidththatis linear with the numberof destinationnodes. The
sameinfrastructurecanalsobe usedto notify the endof atime-slicein agangschedulingor coschedulingalgorithm.

2.3 Process Structure

STORM consistf threetypesof daemonghathandlejob launching,schedulingandmonitoring: the MachineManageror
MM (asingledaemoron a managememode),the NodeManageror NM (onedaemorpercomputenode)andthe Program
Launcheror PL (severaldaemongercomputenode).

TheMM isin chageof resourcallocationfor jobs(bothin spaceandtime). Wheneeranew job arrives,the MM queues
it andtriesto allocatePEsto it (usingabuddytreealgorithm[11, 12]). If theschedulingpolicy allows for multiprogramming
(e.g. GS),the PEsareallocatedin ary time slot thathasenoughavailableresourcesAfter a successfuallocation,the MM
broadcasts job-launchmessag¢o all the NMs, andthoseNMs on nodesthatareallocatedto thejob will launchit whenits
time slotarrives(the handlingis doneasynchronously)Oneoptimizationthatis readilyimplementedallows the MM to send
the binaryimageof the programto the NMs prior to runningit (thefile is beingsentonly if it hadnot beenpreviously sent,
to avoid unnecessargommunication). This optimizationexploits the efficient hardware broadcasmechanismyhich can
disseminate file of severalmegabytedn a fractionof a secondo all the nodes,nsteadof the non-scalableiseof NFSfor
distributing binaries.Whena procesof the job terminatesthe MM recevesan eventfrom the appropriateNM, andmarks
thetime/spaceesourcenccupiedby thatprocessasavailablefor allocation.Note thateventhoughthe MM is centralizedjn
reality it doesnot createa bottleneck:sinceall the globaloperationst performsaredonewith scalablehardwarebroadcasts
andotheroperationsuchasreadinga new job, allocatingresourcego it, andreceving process-terminationotificationsare
rareandlightweight. In fact,the MM sleepsetweertimesliceintervals,to maximizeCPU availability, andonly performsits
operationsvhenanew time slotis due.

NMs areresponsibldor managingesource®n a singlenode(which could be an SMP). NMs work asynchronouslyby
respondingo thefollowing typesof events:

¢ Joblaunch:If thejob pertaingo theNM’s node,theNM findssomeavailablePLsandsendghemthejob information.

¢ Jobcaching:Thebinaryimageis readfrom thecommunicatioayerandstoredin afile, preferablyin a RAM-disk file
to avoid unnecessary/O.

e Heartbeat/strobeThe NM checksin its local datastructuresfor every PE,whetheranothemprocesoccupieghe next
time slot. If so,it deschedulethe currentprocesgusingUNIX' s SIGSTOP)andresumeshe next one.

e Procesgermination:uponreceiptof suchamessagérom thePL, theNM passedt onto the MM.

At all othertimes,the NMs block, leaving the PEto the applicationprocessesNotethatsomeschedulingalgorithmsrequire

thatthe NM makesits own local schedulingdecisions. For example,in local schedulingthe NM ignorescontext-switch

messagesas the UNIX schedulerhandlesall schedulingdecisions. In Algorithms suchas BCS or ICS, the NM might

deschedul@ procesghatis blockedfor communicatiorbeforethe expiration of the time slot, andscheduleanothemprocess
instead.
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Figure4: Runningajob.

ThePLshavetherelatively simpletaskof handlingindividual applicationprocessefor theNM. Onecopy of thePPL runs
for eachPE andtimeslotin a node,andsleepsuntil it recevesa programexecutioneventfrom the NM. It thenproceedso
fork a new processsetup Quadricscommunicatiorcapabilitiesfor the applicationprocesqAP), redirectstandardoutput
anderrorto the consolethatlaunchedSTORM, andexecutethe AP. It thenblockswith the wait() systemcall until the AP
terminatesandnotifiesthe NM whenthis happens.
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Running a Job

Figure4 illustratesthe processof runningajob with STORM. In this example,we have a managementodeandfour SMP
nodeswith two processingelements(PEs)each. The arrows shav the information flow (dashedines represennetwork
messagespndthe numberson thearrownsindicatethe orderof the events,accordingo thefollowing key:

1.

~N o o1 b~

First, the MM readsthe job informationfrom the workloadfile, andqueuest accordingto its given arrival time and
resourcevailability.

. Whenthe job’s time to run hascome, and resourceshave beenallocated,the MM broadcastghe job information

(possiblywith the binary image)to all the NMs. A future optimizationmight 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-passmechanismasdescribedn Section2.5
below.

. If the NM needsgo fork someprocessest locatesthe appropriatePLs (accordingto the job’s PE/timeslotallocation).

They thencommunicatehe job informationto the PL throughsharedmemory

. ThePLsexecutetheapplicationprocesse§APs)asdescribedn Section2.3.
. Whenan AP terminatesthe PL recevesa notificationfrom the operatingsystem.
. ThePLsthenproceedo notify the NM of theterminationof the AP.

. Finally, the NMs sendan asynchronoupoint-to-pointmessagdo the MM, which inspectsthesemessagebefore

issuingthe next strobe,anddeallocatesesources.
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I/O bypass mechanism

We implementeda mechanisnfor alleviating one of the major bottlenecksn programlaunching,the interactionwith the
I/O subsystemThethreadsn the Elan network interfacecandirectly issuesystemcalls that operateon thefile system for
exampleopening,reading,writing, andclosingfiles. Therelevantphase®f the /O by-passprotocolduringthelaunchof a
job arelistedbelow (seeFigureb).

1.

The MM sendsa DMA messageo athreadin thelocal ElanNIC with the sourcefile nameanda remotedestination
path.

. Thesendethreaduseskerneltrapsto openandreadthe sourcefile. Thesetrapsgothroughthe kernel,but requirevery

little CPUintervention,sothatthe processesunningon the processingiodearenot unafected.

. Thefile is readin chunksdirectlyinto acommunicatiorbuffer thatcanbeefficiently accessetly theElanDMA engine,

andthensentto a peerthreadon all the computenodesusingthe hardwaremulticast.

. Thesendetthreadusestwo chunkbuffersto pipelinethe readingandmulticastoperationsso thatwhile onebuffer is

beingread,theotheris beingsentin parallel,asshovn in Figure6.

. Thedestinatiorthreadson the computenodesgueuetheincomingchunksandwrite themto thedestinatiorpath,using

aflow control protocolto avoid buffer overflows. File systemwritesandincomingmulticastscanproceedn parallel.

. Whenall the chunkshave beensentandwritten to their respectie local files, or corversely if anerroroccurredthe

MM is notified.

. Whenthe MM decidego launchthe job (after successfullysendingthe binary andallocatingresourcedo it), it uses

thenew remotepathnamein thejob-launchmessage.

3 Experimental Results

In this sectionwe analyzethe performancef STORM. In particular we: (1) measurghe costsof launchingjobsin STORM,
and(2) testvariousaspectof the gang-schedulefeffect of the timeslicequantum,nodescalabilityand multiprogramming
level).
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Main Processor ThreadProcessor
NFS | Local | RAM-disk | NFS | Local | RAM-disk

[11.22]3050 | 506.00 | 11.43] 315 | 120 |

Tablel: Readbandwidthin MB/s for a12M B binaryimageon NFS,local-disk,andRAM-disk .

3.1 Experimental Framework

Thehardwareusedfor the experimentalevaluationwasthe 'crescendo’clusterat LANL/CCS-3. This clusterconsistsof 32
computenodes(Dell 1550),onemanagementode(Dell 2550)andthe Quadricsnetwork equippedwith a 128-portswitch
[29] (usingonly 32 of the 128 ports). Eachcomputenodehastwo 1.13 GHz Pentium-lllwith 1 GB of ECC RAM, two
independen66MHz/64-bit PCI buses,a QuadricsQM-400 Elan3NIC [25, 26, 29] for datanetwork and an Ethernet-100
network adapterfor managementetwork. All the nodesrun underRedHat Linux 7.1 with Quadricskernelmodifications
anduserlevel libraries.

For the experimentsin Sections3.3.1-3.3.3 we useda small syntheticapplicationthat performsintensive CPU-bound
computationgor approximately60 secondsvithout performingcommunicatioror I/O. This micro-benchmarkvaschoserto
exposethe performancef the scheduleonly, without analyzingapplicationscalabilityandotherperformancéassues.n the
teststhatinvolve amultiprogrammindevel (MPL) of morethanone,we launchall thejobsatthesamemoment(eventhough
this maynot bearealisticscenario)to furtherstresghe scheduler

3.2 Job Launching Time

In this setof experimentswe studythe overheadassociatedvith launchingjobs with STORM, and analyzeits scalability
with the size of the binary size and numberof PEs. We usethe approachtaken by Brightwell et al. in their study of job
launchingon Cplant[6]: measuraghetime it takesto run a programthatterminatesmmediately usingdifferentbinarysizes:
4MB,8M B, and12M B.

3.21 Anatomy of ajob-launch

Thetime takenfor executionof a paralleljob canbe brokendown into the following four components:

e ReadTime: the time taken by the managementodeto readthe binary from thefile system.This imagecanberead
via adistributedfilesystemlike NFS, from alocal disk, or it canbe cachedn RAM disk®. Table1 shavs thereadtimes
of a12 MB binary on a computenode. We distinguishthe two casesvhena processor anElanthreadtry to readthe
file, in orderto exposethe performancef the l/O by-passprotocol. Thereis little differencebetweermainandthread
processorin the slow casespnamelyNFS andlocal disk. But processesantake advantageof the RAM disks,getting
morethan500 MB/sec,while the threadprocessocanonly get 120 MB/sec. We still have not fully investigatedhis
asymmetrywhichis influencedby thefactthatthethreadprocessoresideson the slower, PCl bus.

e BroadcastTime thetime to broadcasthe binaryimageto all the computenodes.This collective communicatiorcan
take placein severalways,thusaffecting how the time is measured For example,if thefile is readvia a distributed
filesystemlike NFS, the distribution time andfile readtime are intermixed. However, if a dedicatedmechanisnis
usedto disseminatéhefile, like ParPar's[17] or our own, this componentanbe measuredeparatelfrom the others.
QsNET canbroadcasmessagefn a scalableway andthereis no significantperformancepenaltywhenincreasing
the numberof nodes.Thetypical performancdor a main-memory-to-main-meory broadcasts around200 MB/sec
pernode[22]. Figure7 shaws the scalability of the hardware multicast(Section2.2.1),on the TerascaleComputing
Systeminstalledat Pittshurgh Supercomputingenter a clusterwith 758 nodes.We canseethatthelateng grows by
anggligible amount,about? pusec.Thisis areliableindicatorthatthe broadcastimplementedvith the samehardware
mechanismwill scaleefficiently.

5TheRAM diskis asggmentof RAM thathasbeenconfiguredto simulatea Linux ext2 filesystem RAM diskis expectedo befasterthananactualdisk
drive.
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e Write Time: write time is lesscritical thanreadtime becausehefile copy ontheclient nodess followedby anexec()
of thebinary. Dependingon how thekernelis implementedpartof thebinarycanresideon thebuffer cachein memory
atthetime of theexecution,andit doesnt needto flushedto disk.

e Executioroverhead someof thetime for launchingajob in STORM is spentin allocatingresourcesyaiting for anew
time slotto launchit, andpossiblyfor anothettime slotto runit. Eventssuchasprocesgerminationarealsocollected
by the MM attimesliceintervalsonly, soa delayof upto 2 time-quantds spentin STORM in MM overhead.

Ourimplementatiortriesto pipelinethe threedelays:readtime, broadcasandwrite time, by dividing thefile transmission
in chunksof 128 KB. Table 1 shavs that the bottleneckis the readtime from disk in the managementode,which is 118
MB/secvs 200 MB/secfor the broadcastBasedon the scalabilityanalysisreportedin [22] andin Figure7, we believe that
thiswill bethebottleneckin large-scalgsereralhundredf nodes)configurationdoo.

3.2.2 Launchtimesin STORM

As describedn Section2, STORM dividesthe job-launchingtaskinto two separateperations:The sending(broadcasting)
of thebinaryimage which canbe donebeforethe designatedime of running,andtheactualexecute whichincludessending
thejob-launchcommandforking thejob, waiting for its terminationandreportingbackto the MM. We measurehetimesof
boththis taskson the MM, aswell astheir sum,which representshe total time it takesto launchajob. Figure8 shavsthe
time it takesto sendeachof thebinaries,aswell asthetime to executethemandthetotal time to launchthejob. Obsenethat
the sendtimesareroughly proportionalto the binary size,but do not grow significantlywith the numberof nodes.This can
be explainedby the highly scalablehardwarebroadcasthatis usedfor the sendoperation.On the otherhand,the execution
timesarequite independenof the binary size,but grow slowly with the numberof nodes.The reasorfor this growth is the
cumulativetimeit takesfor the MM to receve point-to-pointnotificationsof the procesgerminationfrom all theNMs. Since
theincreaseén launchtime is relatively smalf, we did not addresshis issuefor this versionof STORM, but intendto replace
this mechanisnwith a morescalableone,usingQuadrics’hardwaresupportfor collective communication.

6At this growth rate, it would still take to lessthan350 msec to launcha 12M B binaryon 16 K nodes.
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3.2.3 Launching on aloaded system

To testhow a heavily-loadedsystemaffectsthe launchtimesof jobs, we addedtwo differentprogramshatrunin the back-
groundonall theclusters nodeswhile measuringob-launchtimes. Thefirst programperformsa CPU-intensie computation.

Figure 9 shaws the resultsof launchingthe samethreebinarieswhile the CPU-consumingprogramis runningin the
background.We canseethat while the executiontimes remainnearly unafectedby the systems load, the sendtimesare
approximatelydoubled.This largeincreases mostly dueto theinterferenceof the computatiorwith the I/O activities (reads
andwrites). However, thetotal launchtime for all programsds still quite small,andit is lessthantwice thelaunchtime onan
unloadedsystem.

The secondprogramis designedo stresghe entirenetwork, by pairing all the processeandcontinuouslysendinglong
messagebackandforth. Thistestis particularlyinterestingsincea previousstudy[22] shavsthata heavily-loadednetwork
hasan adwerseeffect on collective communicationsn the Quadricsinterconnect.n Figure 10 we canseehow runningthis
programin the backgroundaffectsthelaunchtime of thetestbinaries.Indeed thereis a small,but noticeablejncreasen the
executiontimes,duemostlyto theincreasedlelayin the delivery of terminationmessageom the NMs. However, thesend
operationis considerablyslower thanon anunloadedsystem.This agreeswith the previous study sincethe communication
partin the sendoperationis implementedy a Quadricscollective.

Figure 11summarizeshe differencebetweenthe launchtimeson loadedandunloadedsystems.In this figure, the total
launchtime is shown for the 12 MB file only, underthe threeloadingscenariosNote thatevenin the worst scenariowith
anetwork-loadedsystemit still takesonly =~ 0.6 seconddo launcha12 MB file on 64 nodesandthe growth rate of about
3.5% on every doubling of the nodes,suggesit would take lessthana secondto launchthis programon a 16, 384-node
maching(assuminghe samegrowth rate).

3.3 Gang Scheduling Performance

3.31 Effect of Timeslice

As afirst experiment,we analysethe rangeof usabletimeslicevalues,to betterunderstandhe limits of the gang-scheduler
Figurel2 shovstheaverageruntimeof thejobsfor varioustimeslicevaluesupto 1.6 secondstunningon 64 PEs.Thesmall-
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esttimeslicevaluethatthe schedulecanhandlegracefullyis &~ 20msec, belov whichtheNM cannotprocesgheincoming

strobemessagat the ratethey arrive. Note thatthis valueis in the sameorderof magnitudeof thelocal Linux schedules

guantumandapproximatelytwo to threeordersof magnitudebetterthanthe smallestimeslicequantumcorventionalgang-
schedulersanhandlewith no performancepenalties[15]. This allows for good systemresponsienessand usageof the

parallelsystemfor interactive jobs. Furthermorea shortquantumallows the implementatiorof advancedschedulingalgo-

rithmsthatcanbenefitgreatlyfrom shorttimeslicequantasuchasbufferedcoschedulingBCS)[9, 10], implicit coscheduling
(ICS)[1, 3], andperiodicboost(PB)[19].

Anotherinterestingfeatureis that the averageruntime of the jobs is practically unchangedy the choiceof timeslice
guantum.Thereis aslightincreaseof lessthanonesecondowardthe highervalues whichis causedy thefactthatevents,
suchasprocesdaunchandterminationreporting,only happenat timesliceintervals. Sincethe schedulercanhandlesmall
valuesof timeslicequantawith no performancepenalty we chosethe value of 50msec for the next setsof experiments,
providing afairly responsie system.

3.3.2 Node Scalability

An importantmetric of a resourcananageis the scalabilitywith the numberof nodesand PEsit managesTo testthis, we
measuredhe effect on the runtimeof the programwhenrunningon anincreasinghumberof nodes.This testonly measures
theeffectontheruntimeof theprogramsinceit is relatively small. Theeffecton thelaunch-timeof the programis measured
in Section3.2.

Figure 13 shaws the resultsfor runningthe programon varying numberof PEsin the rangel-64, for MPL valuesof 1
and4 (resultsfor MPL 4 arenormalizedby dividing the total runtimeof all jobs by 4). We canobsene thatthe resultsare
centeredaroundtwo nearly-horizontalineswith relatively little variance.Thereis noincreasdn runtimeor overheadwith
theincreasdn the numberof nodesbeyondthatcauseddy the job-launch.This is explainedby thefactthatthe only global
operationsn the systembesidegob-launchingarestrobes Theseareimplementedvith ashorthardwarebroadcastthatdoes
not interruptthe main CPU. Sincethe Quadricscollective operationgake a few microsecondso run even on thousand®f
nodeq21], we mayexpectthe gang-scheduldp scalewell to alargenumberof nodes.

Theresultsfor MPL 4 seemsomavhatbetterthanthoseof for MPL 1. Thisis asideeffectof dividing theruntimeby four,
whichalsodividesthe constanbverheadassociateavith job-launching.Also notethattheresultsfor 1 and2 PEsareslightly
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betterwith MPL 1. This stemsfrom the factthanwhenonly usingone node,communicatioroperationsare replacedwith
inter-nodeshared-memorgperations Also notethatall of the processes the MPL 4 testsstartandfinish approximatelyat
the sametime, with a varianceof lessthan0.1%, implying afair allocationof PEsto multiprogrammegrocesses.

3.3.3 Effect of MPL

Anotherimportant property of a gang-scheduleis the overheadincurred by the context switch operation. This context
switch cancausepenaltiesto the applicationdueto lossof cachestatessynchronizatiordifficulties acrossnodes,andthe
needto changethe communicatiorcontet gracefully including in-transitmessagegin previouswork, we have shavn that
applicationscanactually benefitfrom context switcheson the Quadricsnetwork, dueto the overlappingof communication
andcomputatiorfrom differentjobs[14, 15]). The context switchoperationin STORM is rudimentaryrequiringvery little
computatiorto determinethe next procesdo run, suspendinghe currentprocessandresumingthe next one. Thisis actually
lesswork thanthe UNIX scheduletypically takesfor a context switch[28] sowe may expectit incursa smalloverhead.To
measurenly the effect of the overheadncurredby the schedulerwe considera testapplicationthatusesvery little memory
I/0 or bandwidth.In Figure 14 we canseethe total runtimeof runninga varying numberof jobstogetherfrom 1 to 7. All
jobswerelaunchedconcurrentlyandrun on 64 PEs.It canbe clearly seerthatthe curve is almostentirely straight,implying
very little overheadresultingfrom runningat highermultiprogrammindevels.

4 Conclusions

In this paperwe presentedSTORM, a lightweight, flexible andscalableervironmentto performresourcananagemenn a
large-scalecluster With STORM we tried to prove the concepthatit is possibleto performultra-fastresourcenanagement
with latenciesvell underasecondevenin the presencef high CPU utilization or network congestionThe paperprovideda
numberof technicalguidelineson how to achieve thesegoals.

This paperalsoexploredin detailthe performancenf the gang-schedulinglgorithmimplementedaspart of the system.
We shovedthatby usinga setof loosely-couplediaemongombinedwith fasthardwarecommunicatioormechanismsye can
implementanextremelyefficient schedulerThis schedulecanhandletimeslicequantaof approximately20 msec, providing



responsienessimilarto thatof thelocal UNIX schedulerTheexcellentscalabilityof the schedulerbothin termsof number
of nodesandmultiprogrammindevel, suggestshatvery little overheads associatedvith resourcenanagement.

We demonstratethat STORM encompassesajor advancesin resourceananagemenby usingthreenovel techniques:
(1) employing NIC threadgo relieve theresource-managé&om mostcommunicatiortasks(2) relying on efficienthardware
collectivesto perform global operationsn a scalableway, and (3) usingan I/O bypassmechanisirthat minimize system
overhead. The combinationof thesemethodsdecreasethe job-launchtime by two ordersof magnitude thus making the
systemmuchmoreresponsie andusable.

It is our hopethattheflexibility inherentin thedesignof STORM will preparethe groundfor new researchresultsin the
areaof resourcananagemerandschedulingor large-scalgarallelcomputers.

Future work

Our main venuesof researchincludethe implementatiorandtestingof new schedulingalgorithms,suchasBCS, in order
to addresscritical resourcemanagemenissuessuchas reliability, load balancingand systemutilization. Oneimportant
pointin this directionis theimplementatiorof usertransparentault-tolerancethatseamlesslhallows applicationgo resume
executioneven when nodesfail. Another directionis the implementationof a flexible coschedulingalgorithmsthat can
increasesystemutilization in the presencef load-imbalanceWe alsoplanto validatethe scalabilityof STORM on larger
clusters.

Acknowledgments

We thankDavid AddisonandDavid Hewsonfor their timely andinsightful advicein the designof the /O bypassprotocol.
We alsothankDuncanRowethfor the barrierscalabilityanalysison the Terascaleeomputingsysteminstalledat Pittsturgh
supercomputingenter

References

[1] AndreaC. Arpaci-Dusseawavid Culler, andAlan M. Mainwaring. Schedulingvith Implicit Informationin Distributed
Systems. In Proceedingf the 1998 ACM Sigmetricsinternational Confeenceon Measuementand Modeling of
ComputerSystemdMadison,WI, June1998.

[2] AndreaCarolArpaci-Dusseaumplicit CoschedulingCoordinatedschedulingwvith Implicit Informationin Distributed
Systems ACM Transactionn ComputerSystem¢TOCS) 19(3),2001.

[3] RemziArpaci-DusseauAndreaC. Arpaci-DusseauAmin Vahdat,Lok T. Liu, ThomaskE. Anderson,and David A.
Patterson.The Interactionof Paralleland SequentiaWorkloadson a Network of Workstations.In Proceedingof the
1995ACM Sigmetricdnternational Confeenceon Measuementand Modelingof ComputerSystemspages267-278,
Ottawa, CanadaMay 1995.

[4] G.Bell. Ultracomputera Teraflopbeforeits time. Communicationsfthe ACM, 35(8):27-471992.

[5] NanetteJ. Boden,Danry Cohen,RobertE. FeldermanAlan E. Kulawick, CharlesL. Seitz, Jalov N. Seizwic, and
Wen-King Su. Myrinet: A Gigabit-perSecond_ocal AreaNetwork. IEEE Micro, 15(1):29-36,Januaryl995.

[6] RonBrightwell andLee Ann Fisk. ScalableParallel Application Launchon Cplant. In Supecomputing2001, Derver,
CO, November2001.

[7] DanielCassidayInfinibandarchitecturgutorial. Hot Chips12 Tutorial, August2000.

[8] Dror G. FeitelsonandLarry Rudolph.GangSchedulingPerformancdenefitsfor Fine-GrainSynchronizationJournal
of Parallel andDistributed Computing 16(4),1992.



[9] FabrizioPetriniandWu-chunFeng.BufferedCoschedulingA New Methodologyfor MultitaskingParallelJobsonDis-
tributedSystemsin Proceeding®fthelnternationalParallel andDistributedProcessingsymposiur2 000,IPDPS2000
volume16, CancunMX, May 2000.

[10] Fabrizio PetriniandWu-chunFeng. Improved ResourcdJtilization with Buffered Coscheduling.Journal of Parallel
Algorithmsand Applications 2000.

[11] Dror G. Feitelson. Packing Schemedor Gang Scheduling. In Dror G. Feitelsonand Larry Rudolph, editors, Job
Sdeduling Strategiesfor Parallel Processing- Proceedingsof the IPPS’96 Workshop volume 1162, pages89-110.
Springer 1996.

[12] Dror G.FeitelsonAnatBatat,GabrielBenhanokhDavid Er-El, Yoav Etsion,Avi Kavas,TomerKlainer, Uri Lublin, and
Marc Volovic. TheParPar System:a SoftwareMPP. In RajkumaBuyya,editor, High PerformanceClusterComputing
volumel: Architecturesandsystemspages/54—770Prentice-Hall,1999.

[13] Dror G. Feitelsonand Morris A. Jette. Improved Utilization and Responsienesswith GangScheduling. In Dror G.
FeitelsonandLarry Rudolph,editors,Job ShedulingStrategiesfor Parallel Processingvolume1291of Lectue Notes
in ComputerSciencepages238-261 SpringerVerlag,1997.

[14] Eitan Frachtenbeay and Fabrizio Petrini. Overlappingof Computationand Communicationn the QuadricsNetwork.
TechnicalReportLAUR 01-4695 Los AlamosNationalLaboratory August2001.

[15] EitanFrachtenbag, FabrizioPetrini, SalhadorColl, andWu chunFeng.GangSchedulingwith LightweigthUserLevel
Communication.In 2001 International Confeenceon Parallel ProcessingICPP2001),Workshopon Scedulingand
Resouce Managemenfor ClusterComputing Valencia,Spain,Septembe001.

[16] DouglasP. Ghormley, David Petrou,StevenH. RodriguesandAmin M. Vadhar GLUnix: a GLobalLayerUnix for a
Network of Workstations.Softwae - Practiceand Experience28(9),1998.

[17] Avi Kavas, David Er-El, and Dror G. Feitelson. Using Multicast to Pre-LoadJobson the ParPar Cluster. Parallel
Computing27:315-3272001.

[18] CharleskE. Leiserson.Fat-Trees: UniversalNetworks for Hardware Efficient SupercomputinglEEE Transactionson
Computes, C-34(10):892—-901Qctober1985.

[19] ShailabhNagar Ajit BanerjeeAnandSivasubramaniangndChitaR. Das.A CloserLook At Coscheduling\pproaches
for aNetwork of WorkstationsIn EleventhACM Symposiunon Parallel AlgorithmsandArchitectures,SPAA99, Saint-
Malo, France June1999.

[20] J.K. Ousterhout.SchedulingTechniquedor ConcurreniSystems.Proceedingof Third International Confeenceon
DistributedComputingSystemsages22-30,1982.

[21] Fabrizio Petrini, Wu chunFeng,Adolfy Hoisie, SalvadorColl, andEitan Frachtenbeg. The QuadricsNetwork: High
Performance&lusteringTechnology.|EEE Micro, 22(1):46-57 January-Februar002.

[22] Fabriziopetrini, SahadorColl, EitanFrachtenbey, andAdolfy Hoisie. Hardware-Base@ndSoftware-Basedollective
CommunicatiorontheQuadricSNetwork. In Proceeding®f the [EEE InternationalSymposiunon NetworkComputing
and Applications CambridgeMA, October2001.

[23] FabrizioPetriniandMarcoVanneschiPerformancénalysisof WormholeRoutedk-ary n-trees.InternationalJournal
on Foundationof ComputerScience9(2):157-177Junel998.

[24] G. F. PfisterandV. A. Norton. Hot-spotContentionand Combiningin MultistageInterconnectiorNetworks. IEEE
Transactionn Computes, C-34(10):943-948Dctober1985.

[25] QuadricsSupercomputerg/orld Ltd. Elan ProgrammingManual Januaryl999.



[26] QuadricsSupercomputergvorld Ltd. Elan RefeenceManual, Januaryl999.
[27] QuadricsSupercomputergvorld Ltd. Elite RefeenceManual, November1999.

[28] Jefrey H. Straathof AshokK. TharejaandAshokK. Agrawala. UNIX Schedulingor Large SystemsIn Proceedings
of the USENIXWinter Confeence pagesl11-139Derver, CO, 1986.

[29] http://www.quadrics.com.



	Scalable Resource Management in High Performance Computers
	1 Introduction
	2 STORM Architecture
	2.1 Overview of STORM
	2.2 The Quadrics Network
	2.3 Process Structure
	2.4 Running a Job
	2.5 I/O bypass mechanism

	3 Experimental Results
	3.1 Experimental Framework
	3.2 Job Launching Time
	3.3 Gang Scheduling Performance

	4 Conclusions
	Future work
	Acknowledgments
	References

		2004-01-16T15:16:58-0700
	Viola Vigil




