“
AN
X ]
XN

X X
\V4

AN
VAN

XX
(XX
L

X

(X

@
0

<P
i%» 4.4

v‘
JAN
.

Takustralle 7
D-14195 Berlin-Dahlem
Germany

Konrad-Zuse-Zentrum
fur Informationstechnik Berlin

AXEL KELLER AND ALEXANDER REINEFELD

Anatomy of a Resource M anagement System for
HPC Clusters

ZIB-Report 00-38 (November 2000)



Anatomyof a ResourcéManagemengystenmfor
HPCClusters

Axel Keller! andAlexanderReinefeld

1 PaderborrCenterfor Parallel Computing(PC?)
2 Konrad-Zuse-Zentrurfur InformationstechnilBerlin (ZIB)

kel@upbde,ar@zibde

Zusammenfassung

Workstationclustersare often not only usedfor high-throughputomputing
in time-sharingmodebut alsofor runningcomplex paralleljobsin space-sharing
mode.This posesseveraldifficultiesto the resourcemanagemerdgystemwhich
mustbe ableto resene computingresourcegor exclusive useandalsoto deter
mine anoptimal processnappingfor a givensystentopology

Onthe basisof our CCSsoftware,we describehe anatomyof a modernre-
sourcemanagemengystem.Like Codine,Condor andLSF CCSprovidesme-
chanismdor the userfriendly systemaccessand managemenof clusters. But
unlike them, CCSiis targetedat the effective supportof space-sharingarallel
computersandevenmetacomputersAmongotherfeaturesCCSprovidesaver-
satileresourcedescriptionfacility, topology-basegrocessmapping,pluggable
schedulersandhooksto metacomputemanagement.

*To appearin: Annual Review of ScalableComputing,Vol. 3, 2001. Author for correspondence:
AlexanderReinefeld ar@zibde
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1 Introduction

A resourcemanagemergystemis a portalto the underlyingcomputingresourceslt
allows usersandadministratorso accessindmanagev/ariouscomputingresourcesik e
processoranemory network, andpermanenstorage With the currenttrendtowards
heterogeneougrid computing[17], it is importantto separatghe resourcemanage-
mentsoftware from the concreteunderlyinghardware by introducingan abstraction
layer betweenthe hardware andthe systemmanagementThis facilitatesthe mana-
gementof distributed resourcesn grid computingernvironmentsas well asin local
clusterswith heterogeneousomponents.

In Beowulf clusterd34], wheremultiple sequentiajobsareconcurrentlyexecuted
in high-throughpuimode,the resourcemanagementask may be as simple asdistri-
buting the tasksamongthe computenodessuchthatall processorsare aboutequally
loaded. Whenusing clustersasdedicatechigh-performanceomputershowever, the
resourcananagementskis complicatedoy thefactthatparallelapplicationsshould
be mappedandscheduledccordingio their communicatiorcharacteristicsHere,the
efficient resourcemanagemenecomesnoreimportantandalsomorevisible to the
userthanthe underlyingoperatingsystem.

Theresourcananagemergystenis thefirst accespointfor launchinganapplica-
tion. It is responsibldor themanagemerntf all resourcesincludingsetupandcleanup
of processesThe operatingsystemcomesonly at runtimeinto play, whenprocesses
andcommunicatiorfacilities mustbe started.

As a consequenceesourcemanagemensystemshave evolved from the early
gueuingsystemstowards comple distributed ervironmentsfor the managemenof
clustersandhigh-performanceomputersMary of themsupportspace-sharin¢=ex-
clusive accesspndtime-sharingmode,someof themadditionally provide hooksfor
WAN metacomputeaccesstherebyallowing to run distributedapplicationson a grid
computingernvironment.

1.1 CCSOverview

On the basisof our ComputingCenter Softwae CCS[24, 30] we describethe ana-
tomy of a modernresourcemanagemensystem. CCS has beendesignedfor the
userfriendly accessand systemadministrationof parallelhigh-performance&ompu-
tersandclusters.It supportsa large numberof hardware and software platformsand
providesa homogeneous/endorindependentserinterface. For systemadministra-
tors,CCSprovidesmechanism$or specifying,organizingandmanagingsarioushigh-
performancesystemghatareoperatedn a computingservicecenter

CCSoriginatesfrom the transputemworld, wheremassvely parallelsystemswith
upto 1024processorfiadto be managed30] by a singleresourcenanagemergoft-
ware. Later, the designhasbeenchangedo alsosupportclustersandgrid computing.
With thefastinnovationratein hardwaretechnologywe alsosav theneedto encapsu-
latethetechnicalaspect@ndto provide a cohereninterfaceto theuserandthesystem
administratar Rolustnessportability, extensibility, andthe efficient supportof space
sharingsystemshave beenamongthe mostimportantdesigncriteria.

CCSis basednthreeelements:



e ahierarchicalstructureof autonomousdomains”, eachof themmanagedy a
dedicatedCCSinstance,

¢ atool for specifyinghardwareandsoftware componentsn a (grid-) computing
environment,

¢ asitemanagemeriayerwhich coordinateshelocal CCSdomainsandsupports
multi-site applicationsandgrid computing.

Over theyears,CCShasbeenre-implementedeveral timesto improve its struc-
ture andtheimplementation.n its currentversionV4.03 it comprisesabout120.000
lines of code. While this may soundlike a lot of code,it is necessarnpecauseCCS
is in itself a distributed software. Its functionalunits have beenkeptmodularto allow
easyadaptatiorto future ervironments.

1.2 CCSTarget Platforms

CCShasbeendesignedor a variety of hardware platformsrangingfrom massiely
parallelsystemaup to heterogeneouslusters.CCSrunseitheron a frontendnodeor
onthetamgetmachinetself. The softwareis distributedin itself. It runsonavariety of
UNIX platformsincludingAlX, IRIX, Linux, andSolaris.

CCShasbeenin daily useat the Paderborncomputingcentersincealmosta de-
cadeby now. It providesaccesdo threeparallel Parsyteccomputerswhich areall
operatedn space-sharinqnode:a1024processotransputesystemwith a 32x32grid
of T805links, a 64 processoPowverPC604 systemwith afat grid topology anda 48
nodePaverPCsystemwith a meshof Clostopologyof HIC (IEEE Std. 1355-1995)
interconnects.

CCsSis alsousedfor the managementf two PC clusters. Both have a fast SCI
[21] network with a 2D torustopology The larger of the two clustersis a Siemens
hpcLine[22] with 192 Pentiumll processorslt hasall typical featuresof a dedicated
high-performanceomputerandis thereforeoperatedn multi-userspace-sharingio-
de. ThehpcLineis alsoembeddedn the EGrid testbed14] andis accessiblevia the
Glohus softwaretoolkit [16].

For the purposeof this papemwe have taken our SCI clustergust asanexampleto
demonstratsomeadditionalcapabilitiesof CCS.Of course CCScanalsobe usedfor
managingary otherBeowulf clusterwith ary kind of network like FE, GbE, Myrinet,
or Infiniband.

1.3 Scopeand Organisation of this Paper

CCSis usedin this paperasan exampleto describethe conceptsof modernresource
managemensystems.The lengthof the paperreflectsthe compleity of sucha soft-
warepackage:Eachmoduleis describedrom a users andanimplementatos point
of view.

Thecontentof this paperis asfollows: In theremaindeof this section we present
thearchitectureof alocal CCSDomainandfocuson schedulingandpartitioning,ac-
cessandjob control,scalability reliability, andmodularity In Section3, we introduce



the secondkey componenbf CCS,the Resouce and ServiceDescription(RSD)faci-
lity. Section4 presentsite managemenbols of CCS.We concludethe paperwith a
review onrelatedwork anda brief summary

2 CCSArchitecture

A CCSDomain(Fig. 1) hassix componentseachcontainingseseralmodulesor dae-
mons. They may be executedasynchronouslyn differenthoststo improve the CCS
responseime.
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Abbildung1: Interactionbetweerthe CCScomponents.

e TheUserInterface(Ul) providesa singleaccesgointto oneor moresystems
via an X-window or ASCII interface.

e The AccessManager (AM) manageshe userinterfacesandis responsibléeor
authenticationauthorizationandaccounting.

¢ TheQueueManager (QM) scheduleshe userrequest®ntothe machine.

¢ TheMachine Manager (MM) providesaninterfaceto machinespecificfeatures
like systempartitioning,job controlling, etc.

¢ The DomainMangager (DM) providesnameservicesandwatchdogfacilitiesto
keepthedomainin a stablecondition.

¢ TheOpemtor Shell(OS)is the maininterfacefor systemadministratord¢o con-
trol CCS,e.g.by connectingo the systemdaemongFigure?2).

2.1 User Interface

CCShasno separateommandwvindow. Instead the usercommandsreintegratedin
a standardJNIX shelllike tcshor bash. Hence,all commonUNIX mechanismgor
I/0O re-direction piping andshellscriptscanbeused.All job controlsignals(ctl-z, ctl-
c,...) aresupportecandforwardedto theapplication.The CCSuserinterfacesupports
six commands:



& Queue Manager Dialoghox (PSC)

Abbildung2: The CCSoperatorshell (OS).

e ccsallocfor allocatingor reservingresources,

e ccsrunfor startingjobson previously reseredresources,

e ccskillfor killing jobsandfor resettingor releasingesources,

e ccshindfor re-connectingo alostinteractve application,

e ccsinfofor displayinginformationonthejob scheduleusersjob statusetc.

e ccsdiresfor changingresource®f alreadysubmittedrequests.

2.2 User Access Manager

The AccessManager (AM) manageshe userinterfaces,analyzesthe userrequests,
andis responsibldor authenticationauthorizationandaccounting.

2.2.1 Authentication

Whenfirst connectingo CCS,usersmustspecifya projectname.Usersmaywork in
seseralprojectsatthe sametime. In additionto the userinput, the Ul alsodetermines
userspecificinformation(realandeffective usernamelUNIX userID) andsendst to
the AM. The AM checksits databasevhetherthe useris a memberof the specified
project. If not, the connectiorrequests denied. Otherwise the AM checkswhether
therequesmatchegheusers’privileges.

2.2.2 Authorization

Privilegescanbe grantedto eithera completeprojector to specificmembersfor ex-
ample:



e accessights(allocate-/resee/charge resourcaequests),
¢ maximumnumberof concurrentlyusedresources,

¢ allowedtime of usaggday night, weelend,etc.).

Jobsmay be manipulatedby eitherthe owner or projectgroup memberg(if not
prohibitedby apri vacy flag). This allows to establishworking groups.

CCsShasthreetime cateyories: weekdaysweelend,andspecialdays. The latter
canbe definedby a calendaffile. In eachcateyory CCSdistinguisheslay andnight.
Threelimits canbe specified: (1) the numberof allocatablenodesin percentof the
machinesizeduringdayandnighttime, (2) themaximumdurationa partitionmaybe
used,and(3) the maximumtime extensionwhich canbe addedafterjob submission.

Theseparametersareusedio computeanadditional(implicit) limit, the“resource
integral” (similar to anareain Fig. 3). Theresourcentegral is given by maxNodesx
maxDuution * fador, wheremaxNodesis the maximumnumberof nodesover all
projectlimits. Normally, fador is setto 1, but for projectswith mary memberst
shouldbeincreased.

2.2.3 Accounting

The accountingof the machineusageis doneat partition allocationtime, at release
time andduring job runtime. The resultingdatacanbe post-processely statistical
tools. TheoperatorcanassignCPUtime limits to aproject. Whenthetime (wall clock
time x nodeshasbeenoverdravn, CCSlockstheproject.All aboveis specifiedn an
ASCI!I file whichis readat boottime by the AM. The AM periodicallycheckshis file
for changesadditionallythe systemoperatomayforcethe AM via the operatorshell
to readthefile.

We currentlyusean SQL databasevith a Java interfacefor administeringorojects
andfor creatingthe ASCII configuratiorfile.

2.3 Scheduling and Partitioning

In the designof CCS, we have tried to compromisebetweentwo conflicting goals:
First, to createa systemthat optimally utilizes processorandinterconnectsand se-
cond,to keepa high degreeof systemindependencéor improved portability These
two goalscouldonly be achiered by splitting the schedulingorocessnto two instan-
ces,ahardware-dependeranda hardware-independergart.

TheQueueManager (QM) is thehardware-independédmpart. It hasnoinformation
onary mappingconstraintsuchasthe network topologyor the amountor locationof
I/O nodes.

The hardware-dependertasksare performedby the Machine Manager (MM). It
verifieswhethera scheduleeceved from the QM canbe mappedonto the hardware
atthe specifiedtime. TheMM checksthis by mappingthe userspecificatiorwith the
static (e.g., topology) and dynamic(e.g., PE availability) informationon the system
resourcesThiskind of informationis describedy meanof theResourceandService
Descriptionfacility RSD (Sec.3).

In thefollowing sectionswve discusghe schedulingnodelin moredetail.



2.3.1 Scheduling

CCsSrequiregheuserto specifythe expectedinishingtime of his jobsin theresource
requests.This is necessaryo computea fair and deterministicschedule. The CCS
schedulerglistinguishbetweenfixed andtime-variableresourcerequests.A request
thathasbeenreseredfor a giventime intenal is fixed, i.e. it cannotbe shiftedonthe
time axis. Time-variablerequestsjn contrast,canbe scheduledearlier but not later
thanrequestedSuchashift onthetime axismightoccurwhenotheruserseleasdheir
resourcebeforethe specifiedestimatedinishingtime. Figure3 shavs the scheduler
GUI. Notethatboth,batchandinteractve requestsreprocesseth thesamescheduler
queue.

CCS provides several schedulingstratgies: first-come-first-sem, shortest-job-
first, or longest-job-first Theintegrationof new schedulerss easybecauséhe Queue
Managerprovides an API to plug in nev modules. The systemadministratorcan
choosea schedulerat runtime. In addition,the QM may adjustto differentrequest
profilesby dynamicallyswitchingbetweerthe schedulers.

For our requestprofile, we found that an enhancedirst-come-first-semy (FCFS)
scheduleffits best. Waiting times are minimized by first checkingwhethera new
requesfits into a gapof the currentschedulgback-filling).
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Abbildung3: ScheduleGUI shaving allocatedcomputenodesovertime.

Resource Reservation.  With this schedulingnodelit is alsopossibleto resere re-
sourcesfor a given time in the future. This is a corvenientfeaturewhen planning
interactve session®r online-ezents. As anexample,considera userwhowantsto run
anapplicationon 32 nodesfrom 9 to 11 amat 13.02.2001 Theresourceallocationis
donewith thecommandxccsal loc -n 32 -s 9:13.02.01 -t 2h.
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Abbildung4: Exampleillustrating the systempartitioningschemeon a machinewith
differentlink speeds.

Deadline Scheduling. With the deadlineschedulingpolicy, CCSguaranteea batch
job to be completednot later than the specifiedfinishing time. A typical scenario
for deadlineschedulingvould beanovernightrun thatmustbefinishedwhentheuser
comesbackinto his office next morning. DeadlineschedulinggivesCCStheflexibility
to improve the systemutilization by schedulingbatchjobs at the latestpossibletime
by which thedeadlineis still met.

More sophisticatedpolicies, like running a batchjob as soonas possiblebut at
latestto meetthe specifiedfinishingtime, canbeintroducedvia the schedule API.

Balancing I nteractive and Batch Jobs. Systemghatareprimarily usedin interac-
tive modemustnotbeoverloadedwvith batchjobsduringdaytime.Thisis taken careof
by distinguishingsix time slotsin CCS:threecatayoriesof working days(weekdays,
weelenddays,exceptionaldays)andtwo time cateyories(dayandnighttime). These
six slotsaretakeninto accountwhenschedulinga new request.

With the givenprojectlimits (CPUtime andnodesin percentof thetotal machine
size)the scheduleis ableto schedulgherequesto the next suitabletime slot depen-
dingontherequestype (interactive, reseration,deadlinegtc.).If themachinesizeor
thelimits shouldchangdateron, the scheduleis notifiedandit automaticallyadapts
to thenew scenario.

With this mechanisma user may submit an arbitrary numberof jobs without
blocking the machine.In a certainsensethis mechanisngiveseachprojectits own
virtual machineof time-dependablsize(e.g.,40%during daytime and 100%during
nighttime).

2.3.2 Partitioning

The separatiorbetweenthe hardware-independerQM andthe system-specifidViM
allows to encapsulatsystem-specificnappingheuristicsin separatenodules. With
this approachsystem-specificequestgor 1/0O-nodes specificpartitiontopologiesor
memoryconstraintanbetakeninto consideratiorin the verifying process.

9



The MM verifieswhethera schedulereceved from the QM canbe mappedonto
the hardware at the specifiedtime. In this check,the MM takes alsothe concurrent
usageof otherapplicationsinto account. If the schedulecannotbe mappedontothe
machine the MM returnsan alternatve schedulgo the QM. The QM eitheraccepts
thescheduleor it proposes new one.

Figure 4 is one suchexample,where systemspecificcharacteristicsnust be ta-
ken into consideratiorin the partitioning process. Here, the 32 computenodesare
interconnectedby SCI links of differentspeedsithe vertical rings have a bandwidth
of 500 MByte/s whereaghe horizontalrings area little bit slover with 400 MByte/s
dueto their longer physicalcablelengths. The systemspecificMM takes suchsy-
stemcharacteristicsnto account. In this case,it determinesa partition accordingto
the costfunctions“minimum network interferenceby other applications”and “best
network bandwidthfor the given application”. The first function tries to useasfew
rings as possible(therebyminimizing the numberof dimensionchangesrom X- to
Y-ringlets), while the secondtries to map applicationson singlerings to ensurema-
ximum bandwidth. Note that the bestchoiceof policy alsodependson the network
protocol,e.g.,in ourcaseSCI[21].

The API of the MM allows to implementmappingmodulesthatareoptimally tai-
loredto the specifichardwarepropertiesandnetwork topology As a sideeffect of this
model, it is alsopossibleto migrate partitionswhenthey arenot active. This feature
is usedto improve the utilization on partitionablesystems.The userdoesnot notice
the migration (unlesshe runstime-critical benchmarkgor testingthe communication
speedof the interconnects—iit in this casethe automaticmigrationfacility may be
switchedoff).

Anothertaskof theMM is to monitorthe utilization of the partitions.If apartition
is not usedfor acertainamountof time,the MM releaseshe partitionandnotifiesthe
uservia email.

Interface to System Area Networks (SAN). In modernworkstationclusters,the

SAN administrationis often doneby an autonomoudayer The SiemenshpcLine

providesa SAN administrationlayer which monitorsthe SCI network andresponds
to problemsby disablingSCl links or by changingthe routing scheme.ldeally, such

changesshouldbe reportedto the resourcananagemensystem becausehe routing

affectsthe quality of the mapping.However, the hardwarevendorsdo not yet support
theinterface,sowe have not beenableto implementit into CCS.Currently CCSjust

checksheintegrity of the SAN at boottime.

2.4 Accessand Job Control

Whenconfiguringthe computenodesfor the executionof a userapplication the QM
sendsthe resourcerequestto the MM. The MM theninitializes the computenodes,
loadsandstartsthe applicationcodeandreleasesheresourcesfterthelastrun.

Becausghe MM alsoverifiesthe schedulewhich is a polynomialtime problem,
asingleMM daemommight becomea computationabottleneck We thereforesplitted
theMM into two parts(Fig. 5), onefor themadineadministation andonefor thejob
execution Eachpartcontainsseveral modulesanddaemonswhich may be executed
ondifferenthoststo improve theresponséime.

10
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Abbildung5: Detailedview of the machinemanage(MM).

The madine administation part consistsof three separatedaemongMV, SM,
CM) thatexecuteasynchronouslyA smallDispatder coordinategshem.

The Mapping Verifier (MV) checkswhetherthe schedulegiven by the QM canbe
realizedat the specifiectime with the specifiedresourceg¢see2.3.2).

TheConfiguation Manager (CM) providestheinterfaceto theunderlyinghardwa-
re. It is responsibldor booting, partitioning,andshuttingdowvn the operatingsystem
(resp. middleware) at the tamget system. Dependingon the systems capabilities the
CM may gatherconsecutie request@ndre-oiganizeor combinethemfor improving
thethroughput—analogaly to theautonomousptimizationof harddisk controllers.
In addition,the CM providesexternaltoolswith informationon theallocatedpartition,
like hosthamesor the partition size. With this information, externaltools cancreate
hostfiles, for exampleto starta PVM application(see2.7.2).

TheSessioManager (SM)interfaceghejob executionlevel. It setsupthesession,
includingapplication-specifipre-or post-processingndit maintaingnformationon
the statusof the applications.

It alsosynchronizeshe nodeswith the help of the NodeSessiorManager (NSM)
thatrunson eachspecifiechodewith root privileges. TheNSM is responsibldor node
accessandjob controlling. At allocationtime, the NSM startsan ExecutionMana-
ger (EM) which establisheshe userenvironment(UID, shell settings,environment
variablesgtc.)andstartsthe application.

Beforereleasingthe partition, the NSM cleansup the node. All NSMs are syn-
chronizedby the SM. Figure6 illustratesthe controlanddataflow in a CCSdomain.

In clusters,accessontrolis of prime importance becauseachnoderunsa full
fledgedoperatingsystemand thereforecould in principle be usedas a standalone
computerby its owner Whenoperatedn clustermode,usersmustbe prohibitedto
startprocessesn singlenodesnotonly becaus®f unpredictablehangesn the CPU
load, but alsobecausehey might createorphanprocessesvhich aredifficult to clean
up by theresourcananagemenrgystem.

For this reasonthe NSM alsotakes careaboutthe access-andjob control. At
allocationtime, an NSM modifies several systemfiles (dependingon the operating
system)to allow exclusive login for the temporarynodeowner. Beforereleasinghe
partition, the NSM removes pendingprocessesindfiles andlocks the nodeagainto

11
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prohibitdirectaccesdy singleusers.

2.5 Performance | ssues

Onverylargeclustergshe SM maybecomeabottleneckbecausé& hasto communicate
with all NSMs. Configuringa partition with n nodesneeds2n message$o be sent
throughonecommunicatiorink. In our simulations the initialization of a 256 node
partitiontook aboutfive secondsmostof it spentin communication.This is because
we useRPCs(for portability) whichimplicitly serializeshecommunicationThetime
canbereducedoy implementinga hierarchyof SMsthatcommunicateén parallel(i.e.
abroadcastree). In addition,transientproblems(e.g. network congestioror crashed
daemonsyre handledby the nearestSM without interrogatingthe MM. The depth
andwidth of the SM tree canbe specifiedwith the Resourceand ServiceDescription
languaggSec.3).

2.6 Fault Tolerance
2.6.1 Virtual Terminal Concept

With the increasinginteractve usevia WANS, reliable remoteaccessservicesbeco-
me more and more important. Unpredictablenetwork behaior and even temporary
breakdavns shouldideally be hiddenfrom the user

Whenthenetwork breaksdown, openstandarautputstreamgst dout andst derr)
arebufferedby theEM. The EM theneithersendgheoutputvia emailto theuseror it
writesit into afile (seeFig. 6). A usercanre-bindto alostsessionprovidedthatthe
applicationis still running. CCSguaranteethatno datais lostin the meantime.

12



2.6.2 Alive Checks

Todays parallelsystemsften compriseindependenfworkstation-like) nodeswhich
aremorevulnerableto breakdans thantraditional HPC systems.Systemreliability
becomesan even moreimportantissuebecausex nodebreakdevn hasanimmediate
impacton the users work flow. To ensurea high reliability, erroneousiodesmustbe
detectecanddisabled.

Theresourcananagemerdystenmustbeableto detectandpossiblyrepairbreak-
downsatthreedifferentlevels: the computingnodesthe daemonsandthe communi-
cationnetwork. Many failuresbecomeonly apparenivhenthe communicatiorbeha-
vior change®vertime or whena communicatiorpartnerdoesnot answerat all.

To copewith this,theDomainManager (DM) maintainsa databasenthestatusof
all systemcomponentsn the domain. EachCCSdaemomotifiesthe DM whenstar
ting up or closingdown. The DM periodicallypi ngs all connectedlaemongo check
if they arestill alive. In addition,whena CCSdaemordetectsabreakdan while com-
municatingwith anotherdaemon(by receving anerrorfrom the CCScommunication
layer),it closesthe connectiorto this daemorandrequestshe DM to re-establistthe
link.

In bothcasesthe DM first triesto reconnectlf thisis not possiblethe DM hasa
numberof methodgo investigatethe problem. Which of themto usedepend®n the
type of thetargetsystem.If it is a cluster the DM triesto pi ng the faulty node.If the
nodedoesnotanswerit maybein troubleandis markedasfaulty in theMM mapping
module. The MM thenignoresthis nodein future mappings.Therespectie jobsare
stoppedif specified)andaproblemreportis sentto the userandthe operator

The DM is authorizedto stop erroneousdaemonsto restartcrashedones,and
to migratedaemondo otherhostsin caseof systemoverloadsor crashes.For this
purposethe DM maintainsan addresdranslationtablethat matchessymbolichnames
to physicalnetwork addressege.g. hostID andport number). Symbolichamesare
givenby thetriple <site, domain, process>. With this featurea clustermaybe
logically dividedinto several CCSdomainseachof themwith a differentscheduling
or mappingscheme.

For recovery, eachCCS daemonperiodically saves its stateto a disk. At boot
time the daemongeadtheir information and synchronizewith their communication
partners.This allows to shutdavn or kill CCSdaemongor eventhewholedomain)at
ary giventime without therisk to loosescheduledequests.

2.6.3 Node Checking

In spacesharingmodeuserswantto accessclean” nodesto achiere a deterministic
behaior of their applications. Therefore both the nodeandthe network have to be
cleanedup afterterminatingajob. In CCS,thisis donein two steps.
Beforeallocatinganode ,CCSchecksts integrity: (1) IstheSClnetwork interface
okay? (2) Is enoughmemoryavailable?(3) Hasthe nodebe cleanedof unauthorized
processesAf ary of theseconditionsis not true, CCStries to fix the problem. If
this is not possible the allocationfails, the useris informedandthe operatorgetsan
email describingwhat went wrong. Additionally, CCS performsa post-processing
aftereachjob. For exampleafterrunninga ScaMPI[31] applicationonanSCI cluster
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CCSremovesremainingsharedmemorysegments. This ensureghat all memoryis
availablefor thenext run.

2.7 Modularity

Oneof the designgoalsof CCSis extensibility We have designedCCSin amodular
way, to allow easyadaptatiorto new systemarchitectureor differentexecutionmo-
des.In thefollowing, we give someexampleshow this designprincipleis reflectedn

CCs.

2.7.1 Operator Shell

The Opemator Shell(OS)andthe otherkernelmodules(AM, QM, MM) areall inde-
pendenmodules WhentheOScontactsadaemorfor thefirst time,thedaemorsends
its menuitemsto the OS which automaticallygenerateshe correspondingpulldovn
menuesanddialog boxes. This allows to specifyary menueitemsanddialogson the
clientsidewithout changingthe OS sourcecode.

2.7.2 Worker Concept

Clustersystemscomprisenodeswith full operatingsystemcapabilitiesand software
packagesike deluggers performanceanalyzersnumericallibraries,andruntimeen-
vironments.Oftenthesesoftware packagesequirespecificpre- andpost-processing.
CCSsupportsthis with the so-calledworker concept Workersaretoolsto startjobs
underspecificruntimeenvironments.They hide specificprocedurege.g. startingof a
daemoror settingof ervironmentvariablesyandprovide a corvenientway to startand
controlprograms A worker’s behaior is specifiedoy five attributesin a configuration
file (Fig. 7)

e thenameof theworker,
e thecommandor CCSto startthejob,
e theoptionalparsecommandor detectingsyntaxerrors,

¢ the optional pre-processingommand(e.g. initializing a parallelfile system),
and

¢ theoptionalpost-processingommande.g. closinga parallelfile system).

Pre- and post-processingan be startedwith eitherroot or userprivileges, con-
trolled by a keyword. The configurationfile is parsedby the userinterfaceandcan
thereforebe changedat run time. New workers canbe pluggedin without the need
to changethe CCSsourcecode. It is possibleto useseveral configuratiorfiles at the
sametime.

Thepvm-worler in Fig. 7 may sene asanexampleto illustratewhatcanbe done
with aworker: The pvm-worker createsa PVM hostfile (the hostnamesareprovided
by theCM) andstartsthemastetpvmd. Themasterpvmdstarts accordingo thegiven
hostfile, all otherslave-pvmdsvia the normalr sh or ssh mechanisnio establishthe
virtual machingVM) ontherequestegbartition. Thisis possiblesincetheNSMshave
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pvm #name of the worker
UCCS/ bin/start_pvmlob -d -r %eql D -m %omai n, #run conmmand

%CCS/ bi n/ start_pvmlob -q -m %omai n, #parse command
% oot %CCS/ bi n/ est abl i shPVYM %user, #pr e- processi ng
Yuser %CCS/ bin/ cl eanPVM Yuser #post - processi ng

Abbildung 7: Worker definitionfor job startupin a PVM ervironment.

grantednodeaccesst allocationtime. Sincethe userapplicationcannotbe started
until all pvmdsare running, the pvm-worker startsa specialPVM applicationwhen
the mastespvmdis running. This little programperiodicallycheckshow mary nodes
areconnectedo the VM until theentireVM is up. Thereafteithe userapplicationis

started.Whenthe applicationis done,the worker terminateshe masteispvmd which

shutsdown theVM. In thepostprocessinghasehenodesarecleanedip by removing

pendingprocesseandfiles.

2.7.3 Adaptingtothe Local Environment

Since CCSis ableto manageheterogeneousystemsit is possiblethat the process
ervironmentmay not alwaysbe the same.The automountetool which automatically
mountsfile systemge.g. homedirectoriesfrom remotefile senes)may sere asan
exampleto exemplify this problem:

Providedauserhasahomedirectoryonhostx in directory/home/foo a pwdwould
resultin /homes/x/foo However, a pwd submittedon hostx itself resultsin /home/foo.
If auserstartsajob in /home/fooon hostx, the EM is not ableto changeto this di-
rectory Dueto theautomountenamingcorventionsthe pathshouldbe/homes/x/foo.
Thereforeapplicationsusingthis pathwill notwork correctly

CCScopeswith problemslike this by modifying the processernvironmentof an
applicationbeforestartingit. Ervironmentvariableslike PATH will be exploredand
modifiedwith respecto thehostname.

#EM Host SOURCE ~ DESTI NATI ON

£ - - _
H==== -—=—== = = = ==

¥ /honel /honesl/ psc-naster
.SCi-[123]* /home3 /hones3/psc-naster

Abbildung8: CCSconfiguratiorfile with pathmapping.

The operatorcan specifythe mappingin a configurationfile asshowvn in Fig. 8.
Eachline describes mapping.Thefirst column(which maybearegularexpression)
specifieghelocal host. The secondandthird columndescribewhatwill be mapped.
For example,the string “/homel/foo” will be replacedby “homesl/psc-master/fbo
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Theconfigurationwill bereadby the EM atboottime, henceit canbe changediuring
runtime.
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Abbildung9: Monitoring a partitionwith ccsMew.

2.7.4 Monitoring Tools

A resourcemanagemensystemshouldprovide interfacesto arbitrary externaltools
to supportuserswith several layersof information. Commonusersshouldbe given
theoverall statuswithout burdeningthemwith too mary technicaldetails.Application
developersjn contrastheedbettermonitoringtoolsto be ableto seewhathappen®n
thenodesandonthe network.

CCSoffersthreemonitoringtools. Thefirst one,ccs\ew, providesalogical view
of the processonetwork. It shaws the statusof the network topologyandthe nodes
(e.g allocated,available, down, etc.). Allocated partitionsare highlightedand node
specificinformationis displayedby clicking on a nodesymbol. Figure9 depictsthe
ccsMew tool.

The secondmonitor, ccsMon[21] shavn in Fig. 10, givesa physicalview onthe
clusterandthe statusof the nodes.On eachnode,a local monitoragentsamplesdata
and sendsit periodicallyto a centralsener daemon. The sener makes this infor-
mationavailable to the GUI. The CCS ConfigurationManagerprovidesthe ccsMon
sener with additional CCSspecificinformationon the nodestatus.This information
is thenusedby the ccsMonuserinterfaceto highlight the correspondindgrame(s)on
thedisplay Clicking on anodeopensanadditionalwindow which shavs moredetai-
led information.ccsMonis usefulto inspectthe behaior of parallelapplicationge.g.
communicatiorpatternsor hot spots).

The third tool, SPROF [32], canbe usedto locate performancebottlenecksat a
very low level. Thisincludesnot only run time data,but alsocachemissratiosand
otherevents.For this purposewe have integrateda small monitorin the ccsMontool
to shaw CPU load, MFlop/s, memorybandwidth,bandwidthof the CPU cachesand
their missesandthe SCl network bandwidth.
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Abbildung 10: Monitoring a nodewith ccsMon.

3 Resource and Service Description

The Resouce and ServiceDescriptionRSD[11] is a versatiletool for specifyingary
kind of computerresourcegcomputemodesjnterconnectsstoragesoftwareservices,
etc.). It is usedat the administratorevel for describingthe type andtopology of the
availableresourcesandatthe userlevel for specifyingthe requiredsystemconfigura-
tion for agivenapplication.

Figure 11 illustratesthe architectureof RSD. Therearethreebasicinterfaces: a
GUI for specifyingsimpletopologiesandattributes,alanguagénterfacefor specifying
morecomple andrepetitive graphs(mainly intendedfor systemadministrators)and
anAPI for accesgrom within anapplicationprogram.In the following, we describe
thesecomponentsn moredetail.

3.1 Graphical Representation

The RsdEditor[3] providesa setof predefinedbjects(icons)that canbe editedand
linked togetherto build a hierarchicalgraphof the resourcesn the systemerviron-
ment.

Systemadministratorause RsdEditorto describethe computingand networking
componentsn their computercenter Figure12 illustratesa typical administratoises-
sion. The systemcomponentsf the site are specifiedin a top-dovn mannerwith
theinterconnectiortopologyasa startingpoint. With drag-and-dropthe administra-
tor specifieghe available machinestheir links andthe interconnectiorto the outside
world. New resourcesanbe specifiedby usingpredefinedbjectsandattributesvia
pull dovn menusyadiobuttons,andcheckboxes.

In the next step,the structureof the systemsis successiely refined. The GUI
offersa setof generictopologiedikering, grid, or torus. Theadministratodefineghe
sizeandthe generalattributesof the system.Whenthe systemhasbeenspecified,a
window with agraphicakepresentationf thesystemopensjn which singlenodescan
be selected Attributeslik e network interfacecards,main memory disk capacity I/O
throughput,CPU load, network traffic, disk spacepr the automaticstartof daemons,
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Abbildung11: RSDarchitecture.

etc.canbeassigned.
At theuserlevel, RsdEditoris usedfor specifyingresourceequestsSeveral pre-
definedsystemtopologieshelpin specifyingcommonlyusedconfigurations.

3.2 Textual Representation

In somecasesthe RsdEditormay not be powerful enoughto describecomplex com-
puterenvironmentswith alarge numberof servicesandresourcesHence we devised
alanguagenterfacethatis usedto specifyirregularly interconnectedattributedstruc-
tures. Its hierarchicalconceptallows differentdependenc graphsto be groupedfor
building evenmorecomplex nodesj.e., hypernodes.

3.21 Grammar

In RSDresourceandservicesaredescribedy attributednodes(keyword NODE) that
areinterconnectedy edgegkeyword EDGE) via communicatiorendpointgkeyword
PORT).

Nodes. Nodesaredefinedin a hierarchicamannemwith anarbitrarynumberof sub-
nodesatthenext hierarchylevel. Dependingon the context a NODE is eithera “proces-
sor” or a“process”. Passve softwareprocessedike CPU performancalaemonscan
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Abbildung12: The RsdEditor

beassociatedvith nodes.

Ports. The keyword PORT definesa communicationendpointof a node. It actsas
a gatevay betweenthe nodeandremoteconnections Portsmay be soclets, network
interfacecardsor switches.

Edges. An EDGE is usedto specifya connectiorbetweemorts. Edgesmaybedirec-
ted. Their characteristicge.g. bandwidth Jateng) arespecifiedby the corresponding
attributes. Passve software processedijk e network daemonsgcanbe associatedvith
edges.

Virtual edgesareusedto specifylinks betweendifferentlevels of the hierarchyin
the graph. This allows to establisha link from the describednoduleto the “outside
world” by exportinga physicalport to the next higherlevel. Theseedgesaredefined
by: ASSI GN NameOf Vi rt ual Edge {NODE w PORT x <=> PORT a}. Note,that
NODE w andPORT a arethe only entitiesknown to the outsideworld.

In addition, the RSD grammarprovides keywords and statementgor including
files (I NCLUDE) , sequencesyariabledeclarationg VAR), constantg CONST) , macro
definitions( MACRO) , loops( FOR) , andcontrolstructureg | F) .

19



AP Al
scic_ W @7 9T @7
-
0 0
ATM R
S B
e > ‘ A
I T e e
Ethernet _Etheet — 9 @91 @
Cemmmmmmmn » Ethernet ﬁ\; ~~~~~~~~~ > | \ \ \
Switch ‘\\"\\\ AN A AR NS
ATM N v | v
Il et P
<%
- JE JE. AN J1iS)
J U U

Abbildung 13: Configurationof a4 x 8 nodeSCl cluster

3.3 Dynamic Attributes

In additionto the static attributes of hodesand edges,RSD is also able to handle
dynamicattributes. This may beimportantin heterogeneousrnvironmentswherethe
temporarynetwork loadaffectsthechoiceof theprocessnapping.Moreover, dynamic
attributesmay be usedby the applicationto migratea job to lessloadednodesduring
runtime.

Dynamicresourcattributesaredefinedby the keyword DYNAM Cwith thelocation
of atemporaryfile that provides up-to-dateinformationat runtime. The RSD parser
generatetheobjectswith theappropriateaccessnethodf thedynamicaldatamana-
ger Thesemethodsareusedatruntimeto retrieve, e.g.,thenetwork performancelata,
whichwaswritten asynchronouslypy a separatelaemone.gan SNMP agen{33]).

In additionto file accessthe datamanageif the RSD runtime managemendl-
so providesmethoddor retrieving datavia UDP or TCP. More informationon these
servicesanbefoundin [12].

3.3.1 Example

Figurel3shavstheconfigurationof a4 x 8 nodeSCl cluster ThecorrespondindRSD
specificatioris shawvn in Figure14.

Theclusterconsistof two frontendcomputersanEtherneswitchand32 compute
nodes.Thefrontendsystemsave quad-processorsith ATM connectiongor external
communicatiorandGigabit-Ethernetor controllingthe clusterandservingl/O to the
computenodes.

For eachcomputenode,we have specifiedthe following attributes: type of CPU,
amountof memory and the SCI/FE ports. All nodesare interconnectedy uni-
directionalSClringletsin a 2D torustopology The bandwidthof the horizontalrings
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{

h

NCDE PSC /1 This SCI cluster is named PSC

/1 DEFI NI TI ONS:

CONST X = 4, Y = 8; /'l dinensions of the system

CONST N = 2; /'l nunmber of frontends

CONST EXCLUSIVE = TRUE; // resources for exclusive use only

1 DECLARATI ONS:
/1 W have 2 SMP frontends, each with 4 processors, an ATM, and a FastEthernet-port.
FORi=0 TON1 DO
NODE frontend$i {
PORT ATM PORT ETHERNET; CPU=Pentium |; MEMORY=512 MByte; MULTI _PROC=4; };
oD
/1 The others are dual processor nodes each with an SC- and a FastEthernet port.
FOR i=0 TO X-1 DO
FORj=0 TO Y-1 DO
NCDE $i $j
PORT SCI; PORT ETHERNET; CPU=Pentiunl|; MEMORY=256 MByte; MULTI _PROC=2;
IF ((i+1) MDD 2 == 0) && ((j+1) MD 2 == 0)
PFSnode = TRUE; DI SKsize = 50; // This is an |/O node of the parallel file system

FI
+
(0)]
m
/1 Al nodes are connected via a FastEthernet switch
NCDE FEswi tch { /1 The FastEthernet switch
FOR i=0 TO X*Y+N DO
PORT port $1; /] Port 0 and 1 are G gabit uplinks
(0)]

}

/1 CONNECTIONS: build the SCI 2D torus
FOR i=0 TO X-1 DO
FOR j=0 TO Y-1 DO
/'l the horizontal direction
EDGE edge_$i $j -to_$( (i +1) MD X)$j {
NODE $i $j PORT SCI => NODE $((i+1) MOD X)$j PORT SCI;
MAX_BANDW DTH = 400 MByte/s; DYNAM C ACT_BANDW DTH=FI LE: /i nport/SCl Bandwi th.txt; };
/1 the vertical direction
EDCE edge_$i $j _t0_$i $((j +1) MD Y) {
NODE $i $§j PORT SCI => NODE $i $((j+1) MOD Y) PORT SC;
MAX_BANDW DTH = 500 MByte/s; DYNAM C ACT_BANDW DTH=FI LE: /i nport/SCl Bandwi th. txt; };
(03]
o

/1 CONNECTI ONS: buil d the FastEthernet |inks between switch and nodes
port=0;
FORi=0 TON1 DO
EDGE FEswi tch_$port _tofrontend$i) {
NODE FEswitch PORT port $port <=> NODE frontend_$i PORT ETHERNET;
BANDW DTH = 1 Gbps; };
port=$port +1;
oD
FOR i=0 TO X-1 DO
FOR j=0 TO Y-1 DO
EDGE FEswitch_$port _to$i $j) {
NODE FEswi tch PORT port $port <=> NODE $i $j PORT ETHERNET;
MAX_BANDW DTH = 100 Mbops; DYNAM C ACT_BANDW DTH=FI LE: /i npor t/ et her _bandwi th. txt; };
port =$port +1;
oD
oD

Abbildung 14: RSD specificatiorof the SCl clusterin Figure13.
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is 400 MByte/s and 500 MByte/s in vertical direction. Eachnodeis connectecdby
FastEtherneto the Ethernetswitch.

Eight of the 32 computenodesalsosene asl/O nodesof a parallelfile system.
They areaccessiblevia Ethernetaswell asvia SCI. Thereforewe specifiedtwo attri-
butesperedge:the maximumbandwidthandthe actualbandwidth.Thelatteroneis a
dynamicalattribute. By meansof thesetwo attributesit is possibleto determinewvhich
network shouldbe usedfor the parallelfile systeml/O atruntime.

3.4 Internal Data Representation

TheinternaldatarepresentatiofiL2] establishethelink betweerthegraphicalandthe
textual representationf RSD.It is capableof describinghierarchicalgraphstructures
with attributednodesandedges.

SendingRSD objectsbetweerdifferentsitesposesanothermproblem: Which pro-
tocol shouldbe used?Whenwe developedRSD,we did not wantto committo either
of the standard&now atthattime (e.g. CORBA, Java or COM+). Thereforewe have
only definedtheinterfacesof the RSD objectclassbut not their privateimplementati-
on. TodayXML [36] seemdo be a goodchoicefor this purpose However, sincethe
textual representationf RSDis morereadabldfor humansthanXML, we will useit
furtheron. To be compatiblewith otherresourcealescriptiontoolswe implementeca
converterfrom RSDto XML.

The API layer (written in C++) canbe divided into two classesMethodsfor par
sing and creatingresourceobjects,and methodsfor navigating throughthe resource
graph.In thefollowing, we list someof the moreimportantnavigation methods:

e RSDnode *parse(char *fil enane)
parsesan RSDtext file andreturnsa handleto theresultingobjects.

e RSDnode *Cet Nei ghbour s( node)
returnsalist of nodeshatareconnectedo the givennodein the samelevel.

e RSDnode *Get SubNodes(node)
returnsalist of all subnodesof thegivennode.

e RSDattr *CetAttributes(entity)
returnsthe attributesof the given object(nodeor edge).

e char *GetVal ue(attr)
returnsthe valueof the givenattribute object.

3.5 RSD Toolsin CCS

The RSD tools are usedin the CCS domainmanagementor describingsystemre-
sourcesanduserrequestsAt boottime, all CCScomponentseadthe RSD specifica-
tion createdby the administratar Eachmoduleextractsonly its relevantinformation
(by useof the RsdAP1 ), e.g.,the MM readsthe machinetopologyandattributes,and
the QM extractsonly the numberof processorandthe operatingsystemtype.

The UserInterface(Ul) generatesin RSD descriptionfrom the users parameters
(or from a given RSD description)andit sendsit to the AccessManager (AM). The
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AM, checkswhetherthe requesimatcheghe administratomgiven limits andforwards
it to the QM. The QM extractstheinformation,determines scheduleandsendsboth
the scheduleandthe RSD descriptionto the MM. The MM verifiesthis scheduleby
mappingtheuserrequestgainsthestatic(e.g.topology)anddynamic(e.g. processor
availability) informationon the systemresourcesFigure 15 illustratesthe RSD data
flow in CCS.

D
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Abbildung15: RSDdataflow in aCCSdomain.

Even thoughall CCS componentsare basedon RSD, we have hiddenthe RSD
mechanismbehinda simple commandine interface becausen the past,therewas
no needfor aversatileresourcalescriptiorfacility. Most systemaverehomogeneous,
their topologiesweresimpleandregular andnearlyall applicationsran on only one
system.

With the trendtowardsgrid computingenvironments,resourcedescriptionbeco-
mesmoreimportantnow. In somemetacomputeernvironments,the system(instead
of theuser)decidesautonomouslyvhich of the availableresources$o use.Hence the
userqeedacorvenienttool to specifytheirrequestsandtheapplicationsieedan API
to nggotiatetheir requirementsvith theresourceananagemergystem.

4 Site Management

Thelocal CCSdomainsdescribedn Section2 maybecoordinatedy two higherlevel
toolsasshavn in Fig. 16: A passie instancenamedCenterinformationServer(CIS)
that maintainsup-to-dateinformationon the systemstructureandstate, andan active
instancecalledCenterResouce Manager (CRM), thatis responsibldor thelocation
andallocationof resourcesvithin a center The CRM alsocoordinateshe concurrent
useof sereral systemswhich areadministeredy differentCCSdomaininstances.

4.1 Center Resource Manager (CRM)

TheCRM is atool ontop of the CCSdomains.It supportghe setupandexecutionof
multi-site applicationsunningconcurrentlyon several CCSdomains.Here,theterm
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Abbildung16: A CCSsitewith alink for metacomputeaccess.

‘multi-site application’canbe understoodn two ways: It couldbejustoneapplication
thatrunson severalmachinesvithout explicitly beingprogrammedor thatexecution
mode[7], orit couldcomprisedifferentmodulesgachof themexecutingonamachine
thatis bestsuitedfor runningthatspecificpieceof code.In thelattercase¢hemodules
canbeimplementedn differentprogrammindanguagesisingdifferentmessag@as-
singlibraries(e.g.,PVM, MPI, or MPL). Multi-communicationtools like PLUS [10]
arenecessaryo malke this kind of multi-site applicationpossible.
For executingmulti-site applicationghreetasksneedto be done:

¢ |ocatingthe necessaryesources,
¢ allocatingtheresourcesn asynchronizedashion,

e startingandterminatingthemodules.

Forlocatingtheresourceshe CRM mapstheuserreques{givenin RSDnotation)
againsthe staticanddynamicinformationon the availablesystenresources.

The staticinformation (e.g. topology of a single machineor the site) hasbeen
specifiedoy the systemadministratarwhile the dynamicinformation(e.g. stateof an
individual machine network characteristicsjs gatheredat runtime. All this informa-
tion is provided by the CCSdomainsor the CenterinformationSener CIS (seenext
section). Sinceour resourceand servicedescriptionis ableto describedependengc
graphsausermayadditionallyspecifythe requiredcommunicatiorbandwidthfor his
application.

After thetametresourcedhiave beendeterminedthey mustbeallocated.This can
bedonein analogyto thetwo-phase-commiprotocolin distributeddatabasenanage-
mentsystems:The CRM requestghe allocationof all requiredresourcest all invol-
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veddomains.SinceCCSdomainsallow resenationsit is possibleto implementa co-
schedulingmechanisnj19]. If notall resourcesvereavailable,it eitherre-schedules
the job or it deniesthe userrequest.Otherwisethe job cannow be startedin a syn-
chronizedway. Here,machine-specifipre-processingasksor intermachine-specific
initializations(e.g. startingof specialdaemonsjnustbe performed.

Analogouslyto the domainslevel, the CRM is ableto migrateuserresourcedet-
weenmachinedo achiere betterutilization. Accountingandauthorizatiomat the site
level canalsobeimplementedat this layer

The CRM doesnot have to be a singledaemon.lt could alsobe implementedas
distributedinstancedik e the QM-MM complex atthedomainlevel.

4.2 Center Information Server (CIS)

The CIS is the ‘big brother’ of the domainmanagel(DM) at the site level. Like the
well-knovn Network Information ServiceNIS, CIS provides up-to-dateinformation
ontheresourcesn asite. However, comparedo theactive DM in thedomainsCISis
apassve component.

At startuptime, or whenthe configurationhasbeenchangeda domainsignson at
the CIS andinformsit aboutthe topology of its machinesthe available systemsoft-
ware,the featuresf the userinterfacesthe communicatiorinterfacesandsoon. The
CIS maintainsan RSD baseddatabas®n the network protocolsthe systemsoftware
(e.g., programmingmodels,andlibraries) and the time constraintge.g. for specific
connections) This informationis usedby the CRM. The CIS alsoplaystherole of a
dockingstationfor mobileagentor externalusers.

For higherlevel metacomputecomponentsthe CIS datamustbe compatibleor
easily convertible to the formatsusedby other resourcemanagemensystems(e.g.
XML).

5 Related Work

Much work hasbeendonein thefield of resourcemanagemenin orderto optimally
utilize thecostlyhigh-performanceomputeisystemsHowever, in contrastotheCCS
approachdescribedhere, most of todays resourcemanagemensystemsare either
vendorspecificor devotedto the managemenof workstationclustersin throughput
mode.

TheNetworkQueuingSystemNQS|[25], developedby NASA Amesfor the Cray?2
andCray Y-MP, might be regardedasthe ancestoiof mary modernqueuingsystems
like the Portable Batch SystemPBS|[6] or the Cray NetworkQueuingErnvironment
NQE[28].

Following anotherpathin the line of ancestorsthe IBM Load Leveleris a direct
descendantf Condor[26], whereasCodine[13] hasits (far away) rootsin Condor
andDQS They have beendevelopedto supporthigh-throughputomputingon UNIX
clusters. In contrastto high-performanceomputing,the goalis hereto run a large
numberof (mostly sequentialpatchjobs on workstationclusterswithout affectingin-
teractive use.TheLoadSharingFacility LSF[27] is anothepopularsoftwareto utilize

25



LAN-connectedvorkstationdor throughputomputing.More detailednformationon
clustermanagingsoftwarecanbefoundin [2, 23].

Asidefrom local clustermanagemenseveralscheme$fiave beendevisedfor high-
throughputcomputingon a supefnationalscale. They include the lowa StateUni-
versity’s Batrun [35], the Flock of Condorsusedin the Dutch Polder initiative [15],
the Nimrod project[1], andthe object-oriented_egion [20] which proved usefulin a
nation-widecluster While theseschemegmphasizenostlytheapplicationsupporton
homogeneousystemsthe AppLeSproject[8] providesapplication-lgel scheduling
agentn heterogeneousystemstakinginto accountheir actualresourcgperforman-
ce.

Anotherapproachs to includeclustercomputingcapabilitiesnto theoperatingsy-
stemitself. MOSIX (MulticomputerOSfor UNIX) [4] is sucha software package It
enhancethe Linux kernelandallows ary sizeclusterof X86/Pentiumbasedvorksta-
tionsandsenersto work cooperatrely asif partof asinglesystem.lts mainfeatures
are preemptie procesanigrationand supervisingalgorithmsfor load-balancingand
memoryushering.MOSIX operationsaretransparento the applications.Sequential
andparallelapplicationsanbeexecutedustlike onanSMP. MOSIX providesadapti-
ve resourcananagemerdlgorithmsthatmonitorandrespondon-line)to unbalanced
work distribution amongthe nodesin orderto improve the overall performanceof all
the processeslt canbe usedto definedifferent clustertypesand also clusterswith
differentmachinesor LAN speeds.

6 Summary

With the currenttrendtowardsclustercomputingwith heterogeneousometimegven
WAN-connectedromponentshemanagemerdf computingresourcess gettingmore
importantandalsomorecomple. Modernresourceananagemergystemsareregarded
asportalsto theavailablecomputingresourceswith the systenspecificdetailshidden
from theuser

Most often,workstationclustersarenot only usedfor high-throughputomputing
in time-sharingmodebut alsofor runningcomplex paralleljobsin space-sharingio-
de. This posesseveral difficulties to the resourcemanagemensystem. It mustbe
ableto resere computingresourcegor exclusive useandalsoto determineanoptimal
processnappingfor agivensystemopology

On the basisof our CCSenvironment,we have presentedhe anatomyof a mo-
dernresourcemanagemensystem.CCSis built on threearchitecturakelements:ithe
conceptof autonomousiomains the versatileresourcedescriptiontool RSD, andthe
site managementools CIS and CRM. The actualimplementatiorhasthe following
features:

¢ It is modularandautonomou®n eachlayerwith customizedcontrolfacilities.
New machines,networks, protocols, schedulerssystemsoftware, and meta-
layerscanbeaddedatary point—somenf themevenwithouttheneedto re-boot
the system.

e ltisreliable.Recoseryis doneatthemachindayer Faulty componentsrerest-
artedandmalfunctioningmodulesaredisabled . Thecenterinformationmanager
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(CIS)is passie andcanberestartedr mirrored.

e It is scalable Thereexistsno centralinstance Thehierarchicabpproactallows
to connectto other centers’resources.This concepthasbeenfound usefulin
severalindustrialprojects.

Theresourceandservicedescriptiontool RSDis a generictool for specifyingary
kind of computingresourcdike CPUnodes networks, storage software, etc. It hasa
userfriendly graphicalinterfacefor specifyingsimplerequest®r ervironmentsandan
additionaltextual interfacefor definingcomplex systemervironmentsin moredetail.
The hierarchicalgraphstructureof RSD allows to hide complex detailsfrom the user
by definingthemin the next hierarchylevel.

The CCSsoftwarepackages currentlybeingre-engineeredothatit canberelea-
sedunderthe GNU generabpubliclicense.
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