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Zusammenfassung

Workstationclustersareoftennot only usedfor high-throughputcomputing
in time-sharingmodebut alsofor runningcomplex paralleljobsin space-sharing
mode.This posesseveraldifficultiesto theresourcemanagementsystem,which
mustbeableto reserve computingresourcesfor exclusiveuseandalsoto deter-
mineanoptimalprocessmappingfor a givensystemtopology.

On thebasisof our CCSsoftware,we describetheanatomyof a modernre-
sourcemanagementsystem.Like Codine,Condor, andLSF, CCSprovidesme-
chanismsfor the user-friendly systemaccessandmanagementof clusters.But
unlike them,CCS is targetedat the effective supportof space-sharingparallel
computersandevenmetacomputers.Amongotherfeatures,CCSprovidesaver-
satileresourcedescriptionfacility, topology-basedprocessmapping,pluggable
schedulers,andhooksto metacomputermanagement.
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1 Introduction

A resourcemanagementsystemis a portal to theunderlyingcomputingresources.It
allowsusersandadministratorsto accessandmanagevariouscomputingresourceslike
processors,memory, network, andpermanentstorage.With thecurrenttrendtowards
heterogeneousgrid computing[17], it is importantto separatethe resourcemanage-
mentsoftware from the concreteunderlyinghardwareby introducingan abstraction
layer betweenthe hardwareandthe systemmanagement.This facilitatesthe mana-
gementof distributed resourcesin grid computingenvironmentsas well as in local
clusterswith heterogeneouscomponents.

In Beowulf clusters[34], wheremultiplesequentialjobsareconcurrentlyexecuted
in high-throughputmode,the resourcemanagementtaskmay be assimpleasdistri-
buting the tasksamongthecomputenodessuchthatall processorsareaboutequally
loaded.Whenusingclustersasdedicatedhigh-performancecomputers,however, the
resourcemanagementtaskis complicatedby thefact thatparallelapplicationsshould
bemappedandscheduledaccordingto their communicationcharacteristics.Here,the
efficient resourcemanagementbecomesmoreimportantandalsomorevisible to the
userthantheunderlyingoperatingsystem.

Theresourcemanagementsystemis thefirst accesspoint for launchinganapplica-
tion. It is responsiblefor themanagementof all resources,includingsetupandcleanup
of processes.Theoperatingsystemcomesonly at runtimeinto play, whenprocesses
andcommunicationfacilitiesmustbestarted.

As a consequence,resourcemanagementsystemshave evolved from the early
queuingsystemstowardscomplex distributed environmentsfor the managementof
clustersandhigh-performancecomputers.Many of themsupportspace-sharing(=ex-
clusive access)andtime-sharingmode,someof themadditionallyprovide hooksfor
WAN metacomputeraccess,therebyallowing to rundistributedapplicationson a grid
computingenvironment.

1.1 CCS Overview

On the basisof our ComputingCenterSoftware CCS[24, 30] we describethe ana-
tomy of a modernresourcemanagementsystem. CCS hasbeendesignedfor the
user-friendly accessandsystemadministrationof parallelhigh-performancecompu-
tersandclusters.It supportsa large numberof hardwareandsoftwareplatformsand
providesa homogeneous,vendor-independentuserinterface. For systemadministra-
tors,CCSprovidesmechanismsfor specifying,organizingandmanagingvarioushigh-
performancesystemsthatareoperatedin acomputingservicecenter.

CCSoriginatesfrom thetransputerworld, wheremassively parallelsystemswith
up to 1024processorshadto bemanaged[30] by a singleresourcemanagementsoft-
ware.Later, thedesignhasbeenchangedto alsosupportclustersandgrid computing.
With thefastinnovationratein hardwaretechnology, wealsosaw theneedto encapsu-
latethetechnicalaspectsandto provideacoherentinterfaceto theuserandthesystem
administrator. Robustness,portability, extensibility, andtheefficient supportof space
sharingsystems,have beenamongthemostimportantdesigncriteria.

CCSis basedon threeelements:
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� a hierarchicalstructureof autonomous“domains”,eachof themmanagedby a
dedicatedCCSinstance,

� a tool for specifyinghardwareandsoftwarecomponentsin a (grid-) computing
environment,

� asitemanagementlayerwhichcoordinatesthelocalCCSdomainsandsupports
multi-siteapplicationsandgrid computing.

Over theyears,CCShasbeenre-implementedseveral timesto improve its struc-
tureandtheimplementation.In its currentversionV4.03 it comprisesabout120.000
lines of code. While this may soundlike a lot of code,it is necessarybecauseCCS
is in itself a distributedsoftware. Its functionalunitshave beenkeptmodularto allow
easyadaptationto futureenvironments.

1.2 CCS Target Platforms

CCShasbeendesignedfor a variety of hardwareplatformsrangingfrom massively
parallelsystemsup to heterogeneousclusters.CCSrunseitheron a frontendnodeor
onthetargetmachineitself. Thesoftwareis distributedin itself. It runsonavarietyof
UNIX platformsincludingAIX, IRIX, Linux, andSolaris.

CCShasbeenin daily useat thePaderborncomputingcentersincealmosta de-
cadeby now. It providesaccessto threeparallelParsyteccomputers,which areall
operatedin space-sharingmode:a1024processortransputersystemwith a32x32grid
of T805links, a 64 processorPowerPC604systemwith a fat grid topology, anda 48
nodePowerPCsystemwith a meshof Clos topologyof HIC (IEEE Std.1355-1995)
interconnects.

CCSis alsousedfor the managementof two PC clusters.Both have a fastSCI
[21] network with a 2D torustopology. The larger of the two clustersis a Siemens
hpcLine[22] with 192PentiumII processors.It hasall typical featuresof a dedicated
high-performancecomputerandis thereforeoperatedin multi-userspace-sharingmo-
de. ThehpcLineis alsoembeddedin theEGrid testbed[14] andis accessiblevia the
Globussoftwaretoolkit [16].

For thepurposeof thispaperwe have takenourSCIclustersjust asanexampleto
demonstratesomeadditionalcapabilitiesof CCS.Of course,CCScanalsobeusedfor
managingany otherBeowulf clusterwith any kind of network like FE,GbE,Myrinet,
or Infiniband.

1.3 Scope and Organisation of this Paper

CCSis usedin this paperasanexampleto describetheconceptsof modernresource
managementsystems.The lengthof thepaperreflectsthecomplexity of sucha soft-
warepackage:Eachmoduleis describedfrom a user’s andan implementator’s point
of view.

Thecontentof thispaperis asfollows: In theremainderof thissection,wepresent
thearchitectureof a local CCSDomainandfocuson schedulingandpartitioning,ac-
cessandjob control,scalability, reliability, andmodularity. In Section3, we introduce
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thesecondkey componentof CCS,theResourceandServiceDescription(RSD)faci-
lity. Section4 presentssitemanagementtoolsof CCS.We concludethepaperwith a
review onrelatedwork andabrief summary.

2 CCS Architecture

A CCSDomain(Fig. 1) hassix components,eachcontainingseveralmodulesor dae-
mons. They maybeexecutedasynchronouslyon differenthoststo improve theCCS
responsetime.
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Abbildung1: InteractionbetweentheCCScomponents.

� TheUser Interface(UI) providesa singleaccesspoint to oneor moresystems
via anX-window or ASCII interface.

� The AccessManager (AM) managesthe userinterfacesandis responsiblefor
authentication,authorization,andaccounting.

� TheQueueManager (QM) schedulestheuserrequestsontothemachine.

� TheMachineManager (MM) providesaninterfaceto machinespecificfeatures
like systempartitioning,job controlling,etc.

� TheDomainManager (DM) providesnameservicesandwatchdogfacilities to
keepthedomainin a stablecondition.

� TheOperator Shell(OS)is themaininterfacefor systemadministratorsto con-
trol CCS,e.g.by connectingto thesystemdaemons(Figure2).

2.1 User Interface

CCShasno separatecommandwindow. Instead,theusercommandsareintegratedin
a standardUNIX shell like tcshor bash.Hence,all commonUNIX mechanismsfor
I/O re-direction,pipingandshellscriptscanbeused.All job controlsignals(ctl-z, ctl-
c, ...) aresupportedandforwardedto theapplication.TheCCSuserinterfacesupports
six commands:
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Abbildung2: TheCCSoperatorshell(OS).

� ccsallocfor allocatingor reservingresources,

� ccsrunfor startingjobsonpreviously reservedresources,

� ccskill for killing jobsandfor resettingor releasingresources,

� ccsbindfor re-connectingto a lost interactive application,

� ccsinfofor displayinginformationon thejob schedule,users,job statusetc.

� ccschresfor changingresourcesof alreadysubmittedrequests.

2.2 User Access Manager

The AccessManager (AM) managesthe userinterfaces,analyzesthe userrequests,
andis responsiblefor authentication,authorization,andaccounting.

2.2.1 Authentication

Whenfirst connectingto CCS,usersmustspecifya projectname.Usersmaywork in
severalprojectsat thesametime. In additionto theuserinput, theUI alsodetermines
userspecificinformation(realandeffective username,UNIX user-ID) andsendsit to
the AM. The AM checksits databasewhetherthe useris a memberof the specified
project. If not, theconnectionrequestis denied.Otherwise,theAM checkswhether
therequestmatchestheusers’privileges.

2.2.2 Authorization

Privilegescanbegrantedto eithera completeprojector to specificmembers,for ex-
ample:
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� accessrights(allocate-/reserve/change resourcerequests),

� maximumnumberof concurrentlyusedresources,

� allowedtimeof usage(day, night,weekend,etc.).

Jobsmay be manipulatedby either the owner or projectgroupmembers(if not
prohibitedby aprivacy flag). Thisallows to establishworkinggroups.

CCShasthreetime categories: weekdays,weekend,andspecialdays. The latter
canbedefinedby a calendarfile. In eachcategory CCSdistinguishesdayandnight.
Threelimits canbe specified:(1) the numberof allocatablenodesin percentof the
machinesizeduringdayandnight time,(2) themaximumdurationapartitionmaybe
used,and(3) themaximumtimeextensionwhichcanbeaddedafterjob submission.

Theseparametersareusedto computeanadditional(implicit) limit, the“resource
integral” (similar to anareain Fig. 3). Theresourceintegral is givenby maxNodes�
maxDuration � f actor, wheremaxNodes is the maximumnumberof nodesover all
project limits. Normally, f actor is set to 1, but for projectswith many membersit
shouldbeincreased.

2.2.3 Accounting

The accountingof the machineusageis doneat partition allocationtime, at release
time andduring job runtime. The resultingdatacanbe post-processedby statistical
tools.TheoperatorcanassignCPUtimelimits to aproject.Whenthetime(wall clock
time i nodes)hasbeenoverdrawn, CCSlockstheproject.All above is specifiedin an
ASCII file which is readatboottimeby theAM. TheAM periodicallychecksthisfile
for changes,additionallythesystemoperatormayforcetheAM via theoperatorshell
to readthefile.

WecurrentlyuseanSQLdatabasewith aJava interfacefor administeringprojects
andfor creatingtheASCII configurationfile.

2.3 Scheduling and Partitioning

In the designof CCS,we have tried to compromisebetweentwo conflicting goals:
First, to createa systemthat optimally utilizes processorsandinterconnects,andse-
cond,to keepa high degreeof systemindependencefor improved portability. These
two goalscouldonly beachievedby splitting theschedulingprocessinto two instan-
ces,ahardware-dependentandahardware-independentpart.

TheQueueManager (QM) is thehardware-independent part. It hasnoinformation
onany mappingconstraintssuchasthenetwork topologyor theamountor locationof
I/O nodes.

The hardware-dependenttasksareperformedby theMachine Manager (MM). It
verifieswhethera schedulereceived from theQM canbemappedonto thehardware
at thespecifiedtime. TheMM checksthis by mappingtheuserspecificationwith the
static(e.g., topology)anddynamic(e.g.,PE availability) informationon the system
resources.Thiskind of informationis describedby meansof theResourceandService
Descriptionfacility RSD(Sec.3).

In thefollowing sectionswe discusstheschedulingmodelin moredetail.
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2.3.1 Scheduling

CCSrequirestheuserto specifytheexpectedfinishingtimeof his jobsin theresource
requests.This is necessaryto computea fair anddeterministicschedule.The CCS
schedulersdistinguishbetweenfixed andtime-variableresourcerequests.A request
thathasbeenreservedfor a giventime interval is fixed,i.e. it cannotbeshiftedon the
time axis. Time-variablerequests,in contrast,canbe scheduledearlierbut not later
thanrequested.Suchashift onthetimeaxismightoccurwhenotherusersreleasetheir
resourcesbeforethespecifiedestimatedfinishingtime. Figure3 shows thescheduler
GUI. Notethatboth,batchandinteractive requestsareprocessedin thesamescheduler
queue.

CCS provides several schedulingstrategies: first-come-first-serve, shortest-job-
first, or longest-job-first.Theintegrationof new schedulersis easy, becausetheQueue
Managerprovides an API to plug in new modules. The systemadministratorcan
choosea schedulerat runtime. In addition, the QM may adjustto different request
profilesby dynamicallyswitchingbetweentheschedulers.

For our requestprofile, we found that an enhancedfirst-come-first-serve (FCFS)
schedulerfits best. Waiting times are minimized by first checkingwhethera new
requestfits into agapof thecurrentschedule(back-filling).

Abbildung3: SchedulerGUI showing allocatedcomputenodesover time.

Resource Reservation. With this schedulingmodelit is alsopossibleto reserve re-
sourcesfor a given time in the future. This is a convenient featurewhen planning
interactive sessionsor online-events.As anexample,considerauserwhowantsto run
anapplicationon 32 nodesfrom 9 to 11 amat 13.02.2001.Theresourceallocationis
donewith thecommand:ccsalloc -n 32 -s 9:13.02.01 -t 2h.
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Abbildung4: Exampleillustratingthesystempartitioningschemeon a machinewith
differentlink speeds.

Deadline Scheduling. With thedeadlineschedulingpolicy, CCSguaranteesabatch
job to be completednot later than the specifiedfinishing time. A typical scenario
for deadlineschedulingwouldbeanovernightrun thatmustbefinishedwhentheuser
comesbackinto hisofficenext morning.DeadlineschedulinggivesCCStheflexibility
to improve thesystemutilization by schedulingbatchjobsat the latestpossibletime
by which thedeadlineis still met.

More sophisticatedpolicies, like running a batchjob assoonaspossiblebut at
latestto meetthespecifiedfinishingtime,canbeintroducedvia theschedulerAPI.

Balancing Interactive and Batch Jobs. Systemsthatareprimarily usedin interac-
tivemodemustnotbeoverloadedwith batchjobsduringdaytime.Thisis takencareof
by distinguishingsix time slotsin CCS:threecategoriesof working days(weekdays,
weekenddays,exceptionaldays)andtwo time categories(dayandnight time). These
six slotsaretakeninto accountwhenschedulinganew request.

With thegivenprojectlimits (CPUtime andnodesin percentof thetotal machine
size)thescheduleris ableto scheduletherequestto thenext suitabletime slot depen-
dingontherequesttype(interactive, reservation,deadline,etc.).If themachinesizeor
thelimits shouldchangelateron, thescheduleris notifiedandit automaticallyadapts
to thenew scenario.

With this mechanism,a usermay submit an arbitrary numberof jobs without
blocking the machine.In a certainsense,this mechanismgiveseachprojectits own
virtual machineof time-dependablesize(e.g.,40%duringdaytime and100%during
night time).

2.3.2 Partitioning

The separationbetweenthe hardware-independent QM andthe system-specificMM
allows to encapsulatesystem-specificmappingheuristicsin separatemodules.With
this approach,system-specificrequestsfor I/O-nodes,specificpartitiontopologies,or
memoryconstraintscanbetakeninto considerationin theverifying process.
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TheMM verifieswhethera schedulereceived from theQM canbemappedonto
the hardwareat the specifiedtime. In this check,the MM takesalsothe concurrent
usageof otherapplicationsinto account.If theschedulecannotbe mappedonto the
machine,theMM returnsan alternative scheduleto theQM. The QM eitheraccepts
thescheduleor it proposesanew one.

Figure4 is onesuchexample,wheresystemspecificcharacteristicsmustbe ta-
ken into considerationin the partitioningprocess.Here, the 32 computenodesare
interconnectedby SCI links of differentspeeds:the vertical rings have a bandwidth
of 500MByte/swhereasthehorizontalringsarea little bit slower with 400MByte/s
due to their longerphysicalcablelengths. The systemspecificMM takes suchsy-
stemcharacteristicsinto account. In this case,it determinesa partition accordingto
the cost functions“minimum network interferenceby otherapplications”and“best
network bandwidthfor the given application”. The first function tries to useasfew
rings aspossible(therebyminimizing the numberof dimensionchangesfrom X- to
Y-ringlets),while the secondtries to mapapplicationson singlerings to ensurema-
ximum bandwidth. Note that the bestchoiceof policy alsodependson the network
protocol,e.g.,in ourcaseSCI [21].

TheAPI of theMM allows to implementmappingmodulesthatareoptimally tai-
loredto thespecifichardwarepropertiesandnetwork topology. As asideeffectof this
model,it is alsopossibleto migratepartitionswhenthey arenot active. This feature
is usedto improve theutilization on partitionablesystems.The userdoesnot notice
themigration(unlessherunstime-criticalbenchmarksfor testingthecommunication
speedof the interconnects—but in this casethe automaticmigrationfacility may be
switchedoff).

Anothertaskof theMM is to monitortheutilizationof thepartitions.If apartition
is notusedfor acertainamountof time, theMM releasesthepartitionandnotifiesthe
uservia email.

Interface to System Area Networks (SAN). In modernworkstationclusters,the
SAN administrationis often doneby an autonomouslayer. The SiemenshpcLine
providesa SAN administrationlayer which monitorsthe SCI network andresponds
to problemsby disablingSCI links or by changingthe routingscheme.Ideally, such
changesshouldbe reportedto the resourcemanagementsystem,becausethe routing
affectsthequality of themapping.However, thehardwarevendorsdo not yet support
theinterface,sowe have not beenableto implementit into CCS.Currently, CCSjust
checkstheintegrity of theSAN at boottime.

2.4 Access and Job Control

Whenconfiguringthecomputenodesfor theexecutionof a userapplication,theQM
sendsthe resourcerequestto the MM. The MM then initializes the computenodes,
loadsandstartstheapplicationcodeandreleasestheresourcesafterthelastrun.

BecausetheMM alsoverifiestheschedule,which is a polynomialtime problem,
asingleMM daemonmightbecomeacomputationalbottleneck.Wethereforesplitted
theMM into two parts(Fig. 5), onefor themachineadministration andonefor thejob
execution. Eachpartcontainsseveralmodulesanddaemons,which maybeexecuted
on differenthoststo improve theresponsetime.
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Abbildung5: Detailedview of themachinemanager(MM).

The machine administration part consistsof threeseparatedaemons(MV, SM,
CM) thatexecuteasynchronously. A smallDispatcher coordinatesthem.

TheMappingVerifier (MV) checkswhethertheschedulegivenby theQM canbe
realizedat thespecifiedtimewith thespecifiedresources(see2.3.2).

TheConfigurationManager (CM) providestheinterfaceto theunderlyinghardwa-
re. It is responsiblefor booting,partitioning,andshuttingdown theoperatingsystem
(resp. middleware)at the target system.Dependingon thesystem’s capabilities,the
CM maygatherconsecutive requestsandre-organizeor combinethemfor improving
thethroughput—analogously to theautonomousoptimizationof harddiskcontrollers.
In addition,theCM providesexternaltoolswith informationontheallocatedpartition,
like hostnamesor thepartitionsize. With this information,externaltoolscancreate
hostfiles, for exampleto startaPVM application(see2.7.2).

TheSessionManager (SM)interfacesthejob executionlevel. It setsupthesession,
includingapplication-specificpre-or post-processing,andit maintainsinformationon
thestatusof theapplications.

It alsosynchronizesthenodeswith thehelpof theNodeSessionManager (NSM),
thatrunsoneachspecifiednodewith rootprivileges.TheNSM is responsiblefor node
accessandjob controlling. At allocationtime, the NSM startsan ExecutionMana-
ger (EM) which establishesthe userenvironment(UID, shell settings,environment
variables,etc.)andstartstheapplication.

Beforereleasingthe partition, the NSM cleansup the node. All NSMs aresyn-
chronizedby theSM. Figure6 illustratesthecontrolanddataflow in aCCSdomain.

In clusters,accesscontrol is of prime importance,becauseeachnoderunsa full
fledgedoperatingsystemand thereforecould in principle be usedas a standalone
computerby its owner. Whenoperatedin clustermode,usersmustbe prohibitedto
startprocessesonsinglenodes,notonly becauseof unpredictablechangesin theCPU
load,but alsobecausethey might createorphanprocesseswhich aredifficult to clean
up by theresourcemanagementsystem.

For this reason,the NSM also takes careaboutthe access-and job control. At
allocationtime, an NSM modifiesseveral systemfiles (dependingon the operating
system)to allow exclusive login for the temporarynodeowner. Beforereleasingthe
partition, the NSM removespendingprocessesandfiles andlocks the nodeagainto
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Abbildung6: Controlflow anddataflow in aCCSdomain.

prohibit directaccessby singleusers.

2.5 Performance Issues

OnverylargeclusterstheSM maybecomeabottleneck,becauseit hastocommunicate
with all NSMs. Configuringa partition with n nodesneeds2n messagesto be sent
throughonecommunicationlink. In our simulations,the initialization of a 256node
partitiontook aboutfive seconds,mostof it spentin communication.This is because
weuseRPCs(for portability)whichimplicitly serializesthecommunication.Thetime
canbereducedby implementingahierarchyof SMsthatcommunicatein parallel(i.e.
a broadcasttree). In addition,transientproblems(e.g. network congestionor crashed
daemons)arehandledby the nearestSM without interrogatingthe MM. The depth
andwidth of theSM treecanbespecifiedwith theResourceandServiceDescription
language(Sec.3).

2.6 Fault Tolerance

2.6.1 Virtual Terminal Concept

With the increasinginteractive usevia WANs, reliableremoteaccessservicesbeco-
me moreandmoreimportant. Unpredictablenetwork behavior andeven temporary
breakdownsshouldideallybehiddenfrom theuser.

Whenthenetwork breaksdown,openstandardoutputstreams(stdout andstderr)
arebufferedby theEM. TheEM theneithersendstheoutputvia emailto theuseror it
writes it into a file (seeFig. 6). A usercanre-bindto a lost session,providedthat the
applicationis still running.CCSguaranteesthatno datais lost in themeantime.
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2.6.2 Alive Checks

Today’s parallelsystemsoftencompriseindependent(workstation-like) nodes,which
aremorevulnerableto breakdowns thantraditionalHPC systems.Systemreliability
becomesan evenmoreimportantissuebecausea nodebreakdown hasan immediate
impacton theuser’s work flow. To ensurea high reliability, erroneousnodesmustbe
detectedanddisabled.

Theresourcemanagementsystemmustbeableto detectandpossiblyrepairbreak-
downsat threedifferentlevels: thecomputingnodes,thedaemons,andthecommuni-
cationnetwork. Many failuresbecomeonly apparentwhenthecommunicationbeha-
vior changesover time or whenacommunicationpartnerdoesnotansweratall.

To copewith this,theDomainManager (DM) maintainsadatabaseonthestatusof
all systemcomponentsin thedomain.EachCCSdaemonnotifiestheDM whenstar-
ting up or closingdown. TheDM periodicallypings all connecteddaemonsto check
if they arestill alive. In addition,whenaCCSdaemondetectsabreakdown while com-
municatingwith anotherdaemon(by receiving anerrorfrom theCCScommunication
layer),it closestheconnectionto thisdaemonandrequeststheDM to re-establishthe
link.

In bothcases,theDM first triesto reconnect.If this is not possible,theDM hasa
numberof methodsto investigatetheproblem.Which of themto usedependson the
typeof thetargetsystem.If it is a cluster, theDM triesto ping thefaulty node.If the
nodedoesnotanswer, it maybein troubleandis markedasfaulty in theMM mapping
module.TheMM thenignoresthis nodein futuremappings.Therespective jobsare
stopped(if specified)andaproblemreportis sentto theuserandtheoperator.

The DM is authorizedto stop erroneousdaemons,to restartcrashedones,and
to migratedaemonsto otherhostsin caseof systemoverloadsor crashes.For this
purpose,theDM maintainsanaddresstranslationtablethatmatchessymbolicnames
to physicalnetwork addresses(e.g. host ID andport number). Symbolicnamesare
givenby the triple × site, domain, process Ø . With this featurea clustermaybe
logically divided into severalCCSdomains,eachof themwith a differentscheduling
or mappingscheme.

For recovery, eachCCS daemonperiodically saves its stateto a disk. At boot
time the daemonsreadtheir informationandsynchronizewith their communication
partners.Thisallows to shutdown or kill CCSdaemons(or eventhewholedomain)at
any giventimewithout therisk to loosescheduledrequests.

2.6.3 Node Checking

In spacesharingmodeuserswant to access“clean” nodesto achieve a deterministic
behavior of their applications.Therefore,both the nodeandthe network have to be
cleanedup afterterminatinga job. In CCS,this is donein two steps.

Beforeallocatinganode,CCSchecksits integrity: (1) Is theSCInetwork interface
okay?(2) Is enoughmemoryavailable?(3) Hasthenodebecleanedof unauthorized
processes?If any of theseconditionsis not true, CCS tries to fix the problem. If
this is not possible,theallocationfails, theuseris informedandtheoperatorgetsan
email describingwhat went wrong. Additionally, CCS performsa post-processing
aftereachjob. For exampleafterrunningaScaMPI[31] applicationonanSCIcluster,
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CCSremovesremainingsharedmemorysegments.This ensuresthat all memoryis
availablefor thenext run.

2.7 Modularity

Oneof thedesigngoalsof CCSis extensibility. We have designedCCSin a modular
way, to allow easyadaptationto new systemarchitecturesor differentexecutionmo-
des.In thefollowing, we give someexampleshow thisdesignprincipleis reflectedin
CCS.

2.7.1 Operator Shell

TheOperator Shell(OS)andtheotherkernelmodules(AM, QM, MM) areall inde-
pendentmodules.WhentheOScontactsadaemonfor thefirst time,thedaemonsends
its menuitemsto theOS which automaticallygeneratesthecorrespondingpulldown
menuesanddialogboxes. This allows to specifyany menueitemsanddialogson the
client sidewithoutchangingtheOSsourcecode.

2.7.2 Worker Concept

Clustersystemscomprisenodeswith full operatingsystemcapabilitiesandsoftware
packageslike debuggers,performanceanalyzers,numericallibraries,andruntimeen-
vironments.Oftenthesesoftwarepackagesrequirespecificpre-andpost-processing.
CCSsupportsthis with theso-calledworker concept. Workersaretools to startjobs
underspecificruntimeenvironments.They hidespecificprocedures(e.g.startingof a
daemonor settingof environmentvariables)andprovideaconvenientwayto startand
controlprograms.A worker’sbehavior is specifiedby fiveattributesin aconfiguration
file (Fig. 7)

� thenameof theworker,

� thecommandfor CCSto startthejob,

� theoptionalparsecommandfor detectingsyntaxerrors,

� the optionalpre-processingcommand(e.g. initializing a parallelfile system),
and

� theoptionalpost-processingcommand(e.g.closingaparallelfile system).

Pre-andpost-processingcanbe startedwith either root or userprivileges,con-
trolled by a keyword. The configurationfile is parsedby the userinterfaceandcan
thereforebe changedat run time. New workerscanbe pluggedin without the need
to changetheCCSsourcecode. It is possibleto useseveralconfigurationfiles at the
sametime.

Thepvm-worker in Fig. 7 mayserve asanexampleto illustratewhatcanbedone
with a worker: Thepvm-worker createsa PVM hostfile (thehostnamesareprovided
by theCM) andstartsthemaster-pvmd.Themaster-pvmdstarts,accordingto thegiven
hostfile, all otherslave-pvmdsvia thenormalrsh or ssh mechanismto establishthe
virtual machine(VM) ontherequestedpartition.This is possiblesincetheNSMshave
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pvm, #name of the worker
%CCS/bin/start pvmJob -d -r %reqID -m %domain, #run command
%CCS/bin/start pvmJob -q -m %domain, #parse command
%root %CCS/bin/establishPVM %user, #pre-processing
%user %CCS/bin/cleanPVM %user #post-processing

Abbildung7: Worker definitionfor job startupin aPVM environment.

grantednodeaccessat allocationtime. Sincethe userapplicationcannotbe started
until all pvmdsarerunning, the pvm-worker startsa specialPVM applicationwhen
themaster-pvmdis running.This little programperiodicallycheckshow many nodes
areconnectedto theVM until theentireVM is up. Thereaftertheuserapplicationis
started.Whentheapplicationis done,theworker terminatesthemaster-pvmd which
shutsdown theVM. In thepostprocessingphasethenodesarecleanedupby removing
pendingprocessesandfiles.

2.7.3 Adapting to the Local Environment

SinceCCS is able to manageheterogeneoussystemsit is possiblethat the process
environmentmaynot alwaysbethesame.Theautomountertool which automatically
mountsfile systems(e.g. homedirectoriesfrom remotefile serves)may serve asan
exampleto exemplify this problem:

Providedauserhasahomedirectoryonhostx in directory/home/foo,apwdwould
resultin /homes/x/foo.However, apwdsubmittedonhostx itself resultsin /home/foo.
If a userstartsa job in /home/fooon hostx, theEM is not ableto changeto this di-
rectory. Dueto theautomounternamingconventionsthepathshouldbe/homes/x/foo.
Thereforeapplicationsusingthispathwill notwork correctly.

CCScopeswith problemslike this by modifying the processenvironmentof an
applicationbeforestartingit. Environmentvariableslike PATH will be exploredand
modifiedwith respectto thehostname.

#EM-Host SOURCE DESTINATION
#=========================================
.* /home1 /homes1/psc-master
.sci-[123]* /home3 /homes3/psc-master

Abbildung8: CCSconfigurationfile with pathmapping.

The operatorcanspecifythe mappingin a configurationfile asshown in Fig. 8.
Eachline describesa mapping.Thefirst column(which maybea regularexpression)
specifiesthe local host. Thesecondandthird columndescribewhatwill bemapped.
For example,the string “/home1/foo” will be replacedby “homes1/psc-master/foo”.
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Theconfigurationwill bereadby theEM atboottime,henceit canbechangedduring
runtime.

Abbildung9: Monitoringapartitionwith ccsView.

2.7.4 Monitoring Tools

A resourcemanagementsystemshouldprovide interfacesto arbitraryexternal tools
to supportuserswith several layersof information. Commonusersshouldbe given
theoverallstatuswithoutburdeningthemwith toomany technicaldetails.Application
developers,in contrast,needbettermonitoringtoolsto beableto seewhathappenson
thenodesandon thenetwork.

CCSoffersthreemonitoringtools. Thefirst one,ccsView, providesa logical view
of theprocessornetwork. It shows thestatusof thenetwork topologyandthenodes
(e.g allocated,available,down, etc.). Allocatedpartitionsarehighlightedandnode
specificinformationis displayedby clicking on a nodesymbol. Figure9 depictsthe
ccsView tool.

Thesecondmonitor, ccsMon[21] shown in Fig. 10, givesa physicalview on the
clusterandthestatusof thenodes.On eachnode,a local monitoragentsamplesdata
and sendsit periodically to a centralserver daemon. The server makes this infor-
mationavailable to the GUI. The CCSConfigurationManagerprovides the ccsMon
server with additionalCCSspecificinformationon thenodestatus.This information
is thenusedby theccsMonuserinterfaceto highlight thecorrespondingframe(s)on
thedisplay. Clicking on a nodeopensanadditionalwindow which shows moredetai-
led information.ccsMonis usefulto inspectthebehavior of parallelapplications(e.g.
communicationpatternsor hot spots).

The third tool, SPROF [32], canbe usedto locateperformancebottlenecksat a
very low level. This includesnot only run time data,but alsocachemissratiosand
otherevents.For this purpose,we have integrateda smallmonitorin theccsMontool
to show CPU load,MFlop/s,memorybandwidth,bandwidthof theCPU cachesand
theirmisses,andtheSCInetwork bandwidth.
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Abbildung10: Monitoringanodewith ccsMon.

3 Resource and Service Description

TheResourceandServiceDescriptionRSD[11] is a versatiletool for specifyingany
kind of computerresources(computernodes,interconnects,storage,softwareservices,
etc.). It is usedat theadministratorlevel for describingthe typeandtopologyof the
availableresources,andat theuserlevel for specifyingtherequiredsystemconfigura-
tion for agivenapplication.

Figure11 illustratesthe architectureof RSD.Therearethreebasicinterfaces:a
GUI for specifyingsimpletopologiesandattributes,alanguageinterfacefor specifying
morecomplex andrepetitive graphs(mainly intendedfor systemadministrators),and
anAPI for accessfrom within anapplicationprogram.In thefollowing, we describe
thesecomponentsin moredetail.

3.1 Graphical Representation

TheRsdEditor[3] providesa setof predefinedobjects(icons)thatcanbeeditedand
linked togetherto build a hierarchicalgraphof the resourcesin the systemenviron-
ment.

SystemadministratorsuseRsdEditorto describethe computingandnetworking
componentsin their computercenter. Figure12 illustratesa typicaladministratorses-
sion. The systemcomponentsof the site are specifiedin a top-down mannerwith
the interconnectiontopologyasa startingpoint. With drag-and-drop,theadministra-
tor specifiestheavailablemachines,their links andthe interconnectionto theoutside
world. New resourcescanbespecifiedby usingpredefinedobjectsandattributesvia
pull down menus,radiobuttons,andcheckboxes.

In the next step, the structureof the systemsis successively refined. The GUI
offersasetof generictopologieslike ring, grid, or torus.Theadministratordefinesthe
sizeandthegeneralattributesof thesystem.Whenthesystemhasbeenspecified,a
window with agraphicalrepresentationof thesystemopens,in whichsinglenodescan
beselected.Attributeslike network interfacecards,mainmemory, disk capacity, I/O
throughput,CPUload,network traffic, disk space,or theautomaticstartof daemons,
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Abbildung11: RSDarchitecture.

etc.canbeassigned.
At theuserlevel, RsdEditoris usedfor specifyingresourcerequests.Severalpre-

definedsystemtopologieshelpin specifyingcommonlyusedconfigurations.

3.2 Textual Representation

In somecases,theRsdEditormaynot bepowerful enoughto describecomplex com-
puterenvironmentswith a largenumberof servicesandresources.Hence,we devised
a languageinterfacethatis usedto specifyirregularly interconnected,attributedstruc-
tures. Its hierarchicalconceptallows differentdependency graphsto be groupedfor
building evenmorecomplex nodes,i.e.,hypernodes.

3.2.1 Grammar

In RSDresourcesandservicesaredescribedby attributednodes(keyword NODE) that
areinterconnectedby edges(keyword EDGE) via communicationendpoints(keyword
PORT).

Nodes: Nodesaredefinedin ahierarchicalmannerwith anarbitrarynumberof sub-
nodesat thenext hierarchylevel. Dependingon thecontext aNODE is eithera “proces-
sor” or a “process”.Passive softwareprocesses,like CPUperformancedaemons,can
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Abbildung12: TheRsdEditor.

beassociatedwith nodes.

Ports: The keyword PORT definesa communicationendpointof a node. It actsas
a gateway betweenthenodeandremoteconnections.Portsmaybesockets,network
interfacecardsor switches.

Edges: An EDGE is usedto specifyaconnectionbetweenports.Edgesmaybedirec-
ted. Their characteristics(e.g.bandwidth,latency) arespecifiedby thecorresponding
attributes. Passive softwareprocesses,like network daemons,canbeassociatedwith
edges.

Virtual edgesareusedto specifylinks betweendifferentlevelsof thehierarchyin
the graph. This allows to establisha link from the describedmoduleto the “outside
world” by exportinga physicalport to thenext higherlevel. Theseedgesaredefined
by: ASSIGN NameOfVirtualEdge



NODE w PORT x <=> PORT a � . Note, that

NODE w andPORT a aretheonly entitiesknown to theoutsideworld.
In addition, the RSD grammarprovides keywords and statementsfor including

files (INCLUDE), sequences,variabledeclarations(VAR), constants(CONST), macro
definitions(MACRO), loops(FOR), andcontrolstructures(IF).
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Abbildung13: Configurationof a 4 x 8 nodeSCIcluster.

3.3 Dynamic Attributes

In addition to the static attributesof nodesand edges,RSD is also able to handle
dynamicattributes.This maybeimportantin heterogeneousenvironments,wherethe
temporarynetwork loadaffectsthechoiceof theprocessmapping.Moreover, dynamic
attributesmaybeusedby theapplicationto migratea job to lessloadednodesduring
runtime.

Dynamicresourceattributesaredefinedby thekeywordDYNAMIC with thelocation
of a temporaryfile thatprovidesup-to-dateinformationat runtime. TheRSD parser
generatestheobjectswith theappropriateaccessmethodsof thedynamicaldatamana-
ger. Thesemethodsareusedatruntimeto retrieve,e.g.,thenetwork performancedata,
whichwaswrittenasynchronouslyby aseparatedaemon(e.ganSNMPagent[33]).

In additionto file access,the datamanagerof the RSD runtimemanagemental-
soprovidesmethodsfor retrieving datavia UDP or TCP. More informationon these
servicescanbefoundin [12].

3.3.1 Example

Figure13showstheconfigurationof a4 x 8 nodeSCIcluster. ThecorrespondingRSD
specificationis shown in Figure14.

Theclusterconsistsof two frontendcomputers,anEthernetswitchand32compute
nodes.Thefrontendsystemshavequad-processorswith ATM connectionsfor external
communicationandGigabit-Ethernetfor controllingtheclusterandservingI/O to the
computenodes.

For eachcomputenode,we have specifiedthefollowing attributes: typeof CPU,
amountof memory, and the SCI/FE ports. All nodesare interconnectedby uni-
directionalSCI ringletsin a 2D torustopology. Thebandwidthof thehorizontalrings
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NODE PSC // This SCI cluster is named PSC7
// DEFINITIONS:
CONST X = 4, Y = 8; // dimensions of the system
CONST N = 2; // number of frontends
CONST EXCLUSIVE = TRUE; // resources for exclusive use only

// DECLARATIONS:
// We have 2 SMP frontends, each with 4 processors, an ATM-, and a FastEthernet-port.
FOR i=0 TO N-1 DO

NODE frontend $i
7

PORT ATM; PORT ETHERNET; CPU=PentiumII; MEMORY=512 MByte; MULTI PROC=4; 8 ;
OD
// The others are dual processor nodes each with an SCI- and a FastEthernet port.
FOR i=0 TO X-1 DO

FOR j=0 TO Y-1 DO
NODE $i$j

7
PORT SCI; PORT ETHERNET; CPU=PentiumII; MEMORY=256 MByte; MULTI PROC=2;
IF ((i+1) MOD 2 == 0) && ((j+1) MOD 2 == 0)

PFSnode = TRUE; DISKsize = 50; // This is an I/O node of the parallel file system
FI8 ;

OD
OD
// All nodes are connected via a FastEthernet switch
NODE FEswitch

7
// The FastEthernet switch

FOR i=0 TO X*Y+N DO
PORT port$1; // Port 0 and 1 are Gigabit uplinks

OD8 ;
// CONNECTIONS: build the SCI 2D torus
FOR i=0 TO X-1 DO

FOR j=0 TO Y-1 DO
// the horizontal direction
EDGE edge $i$j to $((i+1) MOD X)$j

7
NODE $i$j PORT SCI => NODE $((i+1) MOD X)$j PORT SCI;
MAX BANDWIDTH = 400 MByte/s; DYNAMIC ACT BANDWIDTH=FILE:/import/SCI Bandwith.txt; 8 ;

// the vertical direction
EDGE edge $i$j to $i$((j+1) MOD Y)

7
NODE $i$j PORT SCI => NODE $i$((j+1) MOD Y) PORT SCI;
MAX BANDWIDTH = 500 MByte/s; DYNAMIC ACT BANDWIDTH=FILE:/import/SCI Bandwith.txt; 8 ;

OD
OD

// CONNECTIONS: build the FastEthernet links between switch and nodes
port=0;
FOR i=0 TO N-1 DO

EDGE FEswitch $port to frontend $i)
7

NODE FEswitch PORT port $port <=> NODE frontend $i PORT ETHERNET;
BANDWIDTH = 1 Gbps; 8 ;

port=$port+1;
OD
FOR i=0 TO X-1 DO

FOR j=0 TO Y-1 DO
EDGE FEswitch $port to $i$j)

7
NODE FEswitch PORT port $port <=> NODE $i$j PORT ETHERNET;
MAX BANDWIDTH = 100 Mbps; DYNAMIC ACT BANDWIDTH=FILE:/import/ether bandwith.txt; 8 ;

port=$port+1;
OD

OD8 ;

Abbildung14: RSDspecificationof theSCIclusterin Figure13.
21



is 400 MByte/s and500 MByte/s in vertical direction. Eachnodeis connectedby
FastEthernetto theEthernetswitch.

Eight of the 32 computenodesalsoserve asI/O nodesof a parallelfile system.
They areaccessiblevia Ethernetaswell asvia SCI.Thereforewe specifiedtwo attri-
butesperedge:themaximumbandwidthandtheactualbandwidth.Thelatteroneis a
dynamicalattribute.By meansof thesetwo attributesit is possibleto determinewhich
network shouldbeusedfor theparallelfile systemI/O at runtime.

3.4 Internal Data Representation

Theinternaldatarepresentation[12] establishesthelink betweenthegraphicalandthe
textual representationof RSD.It is capableof describinghierarchicalgraphstructures
with attributednodesandedges.

SendingRSDobjectsbetweendifferentsitesposesanotherproblem:Which pro-
tocol shouldbeused?Whenwe developedRSD,we did not wantto commit to either
of thestandardsknow at thattime (e.g.CORBA, Java, or COM+). Thereforewe have
only definedtheinterfacesof theRSDobjectclassbut not their privateimplementati-
on. TodayXML [36] seemsto bea goodchoicefor this purpose.However, sincethe
textual representationof RSDis morereadable(for humans)thanXML, wewill useit
furtheron. To becompatiblewith otherresourcedescriptiontoolswe implementeda
converterfrom RSDto XML.

TheAPI layer(written in C++) canbedividedinto two classes:Methodsfor par-
sing andcreatingresourceobjects,andmethodsfor navigating throughthe resource
graph.In thefollowing, we list someof themoreimportantnavigationmethods:

9 RSDnode *parse(char *filename)
parsesanRSDtext file andreturnsahandleto theresultingobjects.

9 RSDnode *GetNeighbours(node)
returnsa list of nodesthatareconnectedto thegivennodein thesamelevel.

9 RSDnode *GetSubNodes(node)
returnsa list of all subnodesof thegivennode.

9 RSDattr *GetAttributes(entity)
returnstheattributesof thegivenobject(nodeor edge).

9 char *GetValue(attr)
returnsthevalueof thegivenattributeobject.

3.5 RSD Tools in CCS

The RSD tools areusedin the CCSdomainmanagementfor describingsystemre-
sourcesanduserrequests.At boottime,all CCScomponentsreadtheRSDspecifica-
tion createdby theadministrator. Eachmoduleextractsonly its relevant information
(by useof theRsdAPI ), e.g.,theMM readsthemachinetopologyandattributes,and
theQM extractsonly thenumberof processorsandtheoperatingsystemtype.

TheUserInterface(UI) generatesanRSDdescriptionfrom theuser’s parameters
(or from a given RSD description)andit sendsit to the AccessManager (AM). The
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AM, checkswhethertherequestmatchestheadministratorgiven limits andforwards
it to theQM. TheQM extractstheinformation,determinesa scheduleandsendsboth
thescheduleandtheRSD descriptionto theMM. The MM verifiesthis scheduleby
mappingtheuserrequestagainstthestatic(e.g.topology)anddynamic(e.g.processor
availability) informationon thesystemresources.Figure15 illustratestheRSDdata
flow in CCS.
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Abbildung15: RSDdataflow in aCCSdomain.

Even thoughall CCScomponentsarebasedon RSD, we have hiddenthe RSD
mechanismsbehinda simplecommandline interfacebecausein the past,therewas
noneedfor aversatileresourcedescriptionfacility. Mostsystemswerehomogeneous,
their topologiesweresimpleandregular, andnearlyall applicationsranon only one
system.

With the trendtowardsgrid computingenvironments,resourcedescriptionbeco-
mesmoreimportantnow. In somemetacomputerenvironments,the system(instead
of theuser)decidesautonomouslywhichof theavailableresourcesto use.Hence,the
usersneedaconvenienttool to specifytheir requests,andtheapplicationsneedanAPI
to negotiatetheir requirementswith theresourcemanagementsystem.

4 Site Management

ThelocalCCSdomainsdescribedin Section2 maybecoordinatedby two higherlevel
toolsasshown in Fig. 16: A passive instancenamedCenterInformationServer(CIS)
thatmaintainsup-to-dateinformationon thesystemstructureandstate,andanactive
instance,calledCenterResourceManager (CRM), that is responsiblefor thelocation
andallocationof resourceswithin a center. TheCRM alsocoordinatestheconcurrent
useof severalsystems,whichareadministeredby differentCCSdomaininstances.

4.1 Center Resource Manager (CRM)

TheCRM is a tool on top of theCCSdomains.It supportsthesetupandexecutionof
multi-siteapplicationsrunningconcurrentlyon severalCCSdomains.Here,theterm
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Abbildung16: A CCSsitewith a link for metacomputeraccess.

‘multi-site application’canbeunderstoodin two ways:It couldbejustoneapplication
thatrunson severalmachineswithout explicitly beingprogrammedfor thatexecution
mode[7], or it couldcomprisedifferentmodules,eachof themexecutingonamachine
thatis bestsuitedfor runningthatspecificpieceof code.In thelattercasethemodules
canbeimplementedin differentprogramminglanguagesusingdifferentmessagepas-
sing libraries(e.g.,PVM, MPI, or MPL). Multi-communicationtools like PLUS[10]
arenecessaryto make thiskind of multi-siteapplicationpossible.

For executingmulti-siteapplicationsthreetasksneedto bedone:

9 locatingthenecessaryresources,
9 allocatingtheresourcesin asynchronizedfashion,
9 startingandterminatingthemodules.

For locatingtheresources,theCRM mapstheuserrequest(givenin RSDnotation)
againstthestaticanddynamicinformationon theavailablesystemresources.

The static information (e.g. topologyof a singlemachineor the site) hasbeen
specifiedby thesystemadministrator, while thedynamicinformation(e.g.stateof an
individual machine,network characteristics)is gatheredat runtime. All this informa-
tion is provided by theCCSdomainsor theCenterInformationServer CIS (seenext
section). Sinceour resourceandservicedescriptionis able to describedependency
graphs,ausermayadditionallyspecifytherequiredcommunicationbandwidthfor his
application.

After thetarget resourceshave beendetermined,they mustbeallocated.This can
bedonein analogyto thetwo-phase-commitprotocolin distributeddatabasemanage-
mentsystems:TheCRM requeststheallocationof all requiredresourcesat all invol-

24



veddomains.SinceCCSdomainsallow reservationsit is possibleto implementa co-
schedulingmechanism[19]. If not all resourceswereavailable,it eitherre-schedules
the job or it deniesthe userrequest.Otherwisethe job cannow be startedin a syn-
chronizedway. Here,machine-specificpre-processingtasksor intermachine-specific
initializations(e.g.startingof specialdaemons)mustbeperformed.

Analogouslyto thedomainslevel, theCRM is ableto migrateuserresourcesbet-
weenmachinesto achieve betterutilization. Accountingandauthorizationat thesite
level canalsobeimplementedat this layer.

TheCRM doesnot have to bea singledaemon.It couldalsobe implementedas
distributedinstanceslike theQM-MM complex at thedomainlevel.

4.2 Center Information Server (CIS)

The CIS is the ‘big brother’ of the domainmanager(DM) at thesite level. Like the
well-known Network InformationServiceNIS, CIS providesup-to-dateinformation
on theresourcesin asite.However, comparedto theactiveDM in thedomains,CIS is
apassive component.

At startuptime,or whentheconfigurationhasbeenchanged,adomainsignsonat
theCIS andinforms it aboutthe topologyof its machines,theavailablesystemsoft-
ware,thefeaturesof theuserinterfaces,thecommunicationinterfacesandsoon. The
CIS maintainsanRSDbaseddatabaseon thenetwork protocols,thesystemsoftware
(e.g.,programmingmodels,andlibraries)andthe time constraints(e.g. for specific
connections).This informationis usedby theCRM. TheCIS alsoplaystherole of a
dockingstationfor mobileagentsor externalusers.

For higherlevel metacomputercomponents,the CIS datamustbe compatibleor
easily convertible to the formatsusedby other resourcemanagementsystems(e.g.
XML).

5 Related Work

Much work hasbeendonein thefield of resourcemanagementin orderto optimally
utilize thecostlyhigh-performancecomputersystems.However, in contrastto theCCS
approach,describedhere,most of today’s resourcemanagementsystemsare either
vendor-specificor devoted to the managementof workstationclustersin throughput
mode.

TheNetworkQueuingSystemNQS[25], developedby NASA Amesfor theCray2
andCrayY-MP, might beregardedastheancestorof many modernqueuingsystems
like the Portable Batch SystemPBS[6] or the Cray NetworkQueuingEnvironment
NQE [28].

Following anotherpathin the line of ancestors,the IBM LoadLeveler is a direct
descendantof Condor [26], whereasCodine[13] hasits (far away) roots in Condor
andDQS. They have beendevelopedto supporthigh-throughputcomputingon UNIX
clusters. In contrastto high-performancecomputing,the goal is hereto run a large
numberof (mostlysequential)batchjobsonworkstationclusterswithoutaffectingin-
teractiveuse.TheLoadSharingFacility LSF[27] is anotherpopularsoftwareto utilize
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LAN-connectedworkstationsfor throughputcomputing.Moredetailedinformationon
clustermanagingsoftwarecanbefoundin [2, 23].

Asidefrom localclustermanagement,severalschemeshavebeendevisedfor high-
throughputcomputingon a super-nationalscale. They include the Iowa StateUni-
versity’s Batrun [35], the Flock of Condorsusedin the Dutch Polder initiative [15],
theNimrod project[1], andtheobject-orientedLegion [20] which proved usefulin a
nation-widecluster. While theseschemesemphasizemostlytheapplicationsupporton
homogeneoussystems,the AppLeSproject [8] providesapplication-level scheduling
agentsonheterogeneoussystems,takinginto accounttheiractualresourceperforman-
ce.

Anotherapproachis to includeclustercomputingcapabilitiesinto theoperatingsy-
stemitself. MOSIX (MulticomputerOSfor UNIX) [4] is sucha softwarepackage.It
enhancestheLinux kernelandallows any sizeclusterof X86/Pentiumbasedworksta-
tionsandserversto work cooperatively asif partof a singlesystem.Its mainfeatures
arepreemptive processmigrationandsupervisingalgorithmsfor load-balancingand
memoryushering.MOSIX operationsaretransparentto theapplications.Sequential
andparallelapplicationscanbeexecutedjust likeonanSMP. MOSIX providesadapti-
ve resourcemanagementalgorithmsthatmonitorandrespond(on-line)to unbalanced
work distribution amongthenodesin orderto improve theoverall performanceof all
the processes.It canbe usedto definedifferentclustertypesandalsoclusterswith
differentmachinesor LAN speeds.

6 Summary

With thecurrenttrendtowardsclustercomputingwith heterogeneous(sometimeseven
WAN-connected)componentsthemanagementof computingresourcesis gettingmore
importantandalsomorecomplex. Modernresourcemanagementsystemsareregarded
asportalsto theavailablecomputingresources,with thesystemspecificdetailshidden
from theuser.

Most often,workstationclustersarenot only usedfor high-throughputcomputing
in time-sharingmodebut alsofor runningcomplex paralleljobsin space-sharingmo-
de. This posesseveral difficulties to the resourcemanagementsystem. It must be
ableto reservecomputingresourcesfor exclusiveuseandalsoto determineanoptimal
processmappingfor agivensystemtopology.

On the basisof our CCSenvironment,we have presentedthe anatomyof a mo-
dernresourcemanagementsystem.CCSis built on threearchitecturalelements:the
conceptof autonomousdomains,theversatileresourcedescriptiontool RSD,andthe
site managementtools CIS andCRM. The actualimplementationhasthe following
features:

9 It is modularandautonomouson eachlayerwith customizedcontrol facilities.
New machines,networks, protocols,schedulers,systemsoftware, and meta-
layerscanbeaddedatany point—someof themevenwithouttheneedto re-boot
thesystem.

9 It is reliable.Recovery is doneatthemachinelayer. Faultycomponentsarerest-
artedandmalfunctioningmodulesaredisabled.Thecenterinformationmanager
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(CIS) is passive andcanberestartedor mirrored.

9 It is scalable.Thereexistsnocentralinstance.Thehierarchicalapproachallows
to connectto othercenters’resources.This concepthasbeenfound useful in
several industrialprojects.

Theresourceandservicedescriptiontool RSDis agenerictool for specifyingany
kind of computingresourcelike CPUnodes,networks,storage,software,etc. It hasa
user-friendly graphicalinterfacefor specifyingsimplerequestsor environmentsandan
additionaltextual interfacefor definingcomplex systemenvironmentsin moredetail.
Thehierarchicalgraphstructureof RSDallows to hidecomplex detailsfrom theuser
by definingthemin thenext hierarchylevel.

TheCCSsoftwarepackageis currentlybeingre-engineeredsothatit canberelea-
sedundertheGNU generalpublic license.
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