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Abstract Grid resourcemanagementis not just aboutschedulingjobson the fastestma-
chines,but ratheraboutschedulingall computeobjectsandall dataobjectson
machineswhosecapabilitiesmatchthe requirements,while preservingsite au-
tonomy, recognizingusagepoliciesandrespectingconditionsfor use. In this
chapter, we presentthe Grid resourcemanagementof Legion, an object-based
Grid infrastructuresystem.We arguethat Grid resourcemanagementrequires
not a one-size-�ts-allschedulerbut anarchitecturalframework thatcanaccom-
modatedifferentschedulersfor differentclassesof problems.
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1. INTR ODUCTION

The Legion Project began in late 1993 with the recognitionof the dra-
matic increasesin wide-areanetwork bandwidth,truly low-cost processors,
andcheapdiskslooming on the horizon. Given the expectedchangesin the
physicalinfrastructure,weaskedwhatsortsof applicationswouldpeoplewant,
and what systemsoftware infrastructurewould be neededto supportthose
applications.As a resultof this analysis,we designedandimplementedthe
Legion Grid Computingsystem,which is re�ective, object-basedto facilitate
encapsulation,extensible,and is in essencean operatingsystemfor Grids.
WhereasGlobus is a collectionof tools from a toolkit [FK99], Legion pro-
videsstandardoperatingsystemservices– processcreationandcontrol,inter-
processcommunication,persistentstorage,securityandresourcemanagement
– on a Grid. By doingso,Legion abstractstheheterogeneityinherentin dis-
tributedresourcesandmakesthemlook like partof onevirtual machine.We
feel stronglythathaving a commonunderlyingarchitectureandsetof neces-
saryservicesbuilt over it is critical for successin Grids,particularlyastheline
betweencomputationalGridsanddataGridsblurs[AVD01]. In thissense,the
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Legion architectureanticipatesthe drive to Web Servicesandthe OpenGrid
SystemsArchitecture(OGSA) [FKNT02]. Thereare many papersdescrib-
ing Legion's corearchitectureanduse(e.g.,[GW97, GFKH99,NCWD+ 01,
LFH+ 03]); in this chapter, we focuson theLegion resourcemanagementsys-
tem.

2. OBJECT PLACEMENT IN A GRID

The schedulingprocessin Legion broadlytranslatesto placingobjectson
processors.Schedulingis invoked not just for running users' jobs but also
to createany objecton a Grid, suchasa Grid �le, a Grid directory, a Grid
applicationor evenaGrid scheduler. After anobjectis createdonaprocessor,
it canperformits tasks,for example,respondto read/writecalls if theobject
is a Grid �le, or respondto statusrequestsif it is a Grid job. Therefore,object
placementis crucial to the designof the Legion run-timesystembecauseit
can in�uence an object's run-timebehavior greatly. An improperplacement
decisionmayimpedeanobjectfrom performingits tasks,for example,because
it cannotstartonany processorof agivenarchitectureor becausetheprocessor
is no longer available. Even if a placementdecisionensuresthat an object
startscorrectly, it doesnot guaranteethatthedecisionis bene�cial to theuser.
A goodplacementdecisionis certainto vary dependingon the objectbeing
placedandtheuser's goalsaswell asresourceusagepolicies.

Determininggoodobjectplacementsin a large distributed,heterogeneous
environment,suchasaGrid, is dif�cult becausetheunderlyingsystemis com-
plex, and becauseobject behavior can be in�uenced by many different fac-
tors,suchassystemstatus(number, type,andloadof components),hardware
capabilities(processor, network, I/O, memory, etc.),interactionsbetweenob-
jectsandobject-speci�ccharacteristics(size, locationof persistentstate,es-
timatedperformance,etc.). Factorssuchassecurityconcerns,fault-tolerance
objectives and specialresourcerequirementsmay placehard restrictionson
wherean objectcanbe placed. Thesefactorsareusuallyexpressedascon-
straintson theplacementdecision.In general,�nding anoptimalplacementis
prohibitively expensive. Several researchefforts, suchasUtopia [ZWZD93],
NOW [ACP+ 94], Condor[LL90, PL95], Zoom[WASB95], Prophet[Wei95]
andothers[Cof76,FC90,GY93,WKN+ 92], have focusedon algorithmsand
systemsfor near-optimalsolutionsor optimalsolutionsto veryrestrictedprob-
lemsub-typesor usergoals[Kar96].

In Legion,wedesignedaschedulingframework thatcanaccommodatedif-
ferentplacementstrategiesfor differentclassesof applications.In additionto
theexpectedGrid goalsof supportfor heterogeneityandmulti-organizational
control,thegoalsincluded[Kar96]:
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Supportfor multipleplacementalgorithms.Theframeworkmustbe�e x-
ible enoughto beableto incorporateplacementalgorithmsdevelopedby
others.

Supportfor user selectionof placement. Usersmust be permittedto
choosetheplacementapproachthatbestmatchestheirgoals.

Easeof use. It shouldbeeasyfor developersto addnew placemental-
gorithmsasschedulersin theframework. Additionally, it shouldbeeasy
for end-usersto accesstheschedulersfor performingtheir tasks.Default
placementmechanismseasetheuseof theframework for inexperienced
users.

Ability to copewith uncertain, outdatedor partial information. We
expect that in Grids, information may be missingor inaccurate. The
schedulingframework in generalandthe schedulersthat arepart of it
mustcontinueto performacceptablyevenwhentheavailablesystemin-
formationis lessthanperfect.

Ability to resolvecon�icts. In a systemthatsupportssharedobjectsand
resources,con�icts mayariseover their use.Theframework musthave
awell-de�ned resolutionbehavior in thecaseof con�icts.

Scalability. Theframework shouldnot degradesigni�cantly (or at least
degradegracefully) when the numberof processorsbecomeslarge or
whentherequestsfor placementbecomemorefrequent.

Low overhead. The framework shouldnot imposepenaltieson users
whochoosenottouseit. Foruserswhodochoosetouseit, theoverheads
involved in invoking theschedulingprocessshouldbe small compared
to thedurationof thetaskperformed.

Integrationwith otherLegionservices.As adirectrelationto theLegion
philosophyof providing anintegratedGrid infrastructure,thescheduling
framework mustcooperateandcommunicatewith otherframeworks in
Legion, suchasthosefor securityandfault-tolerance.The framework
mustalsotake into accountpersistentstorageassociatedwith theshared
objectspacein Legion.

In the following sub-sections,we describethe main tasksof the Legion
schedulingframework. The goal of this descriptionis not to advocateone
placementpolicy over another. Althoughwe did selecta particularplacement
policy in orderto validate(andpopulate)our framework, we did not anddo
notclaimthatplacementpolicy to beoptimalor best-suitedfor all objects.
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2.1 Initiating Placement

Placementdecisionscanbeinitiatedin two ways.In the�rst case,anobject
canrequesttheunderlyinginfrastructureexplicitly to place(or schedule)other
objectswith which it must interact. For example,a user(representedasan
object in Legion) may requestLegion to run a particularjob on a particular
machine. In this case,the placementinitiation is explicit in two senses:the
requestto placeis a direct implication of issuingthe run command,andthe
placementlocationis provided by the userdirectly. Legion doesnot require
a userto initiate placementin the latter sense– an undirectedrun command
transferstheburdenof �nding aplacementlocationfrom theuserto Legion.

In thesecondcase,placementinitiation maybeimplicit, andthereforemust
be automatic. In otherwords,an object,saya user, may accessanotherob-
ject without realizingthat the latter is currentlyinactive. In this case,Legion
will re-activate the secondobjectautomatically, which in turn may requireit
to beplacedon anavailableprocessor. Theprocessorchosenin this casemay
or maynot bethesameprocessoron which thatobjectwasactive previously.
Implicit or automaticplacementinitiation occursfrequentlyin Legion; in or-
der to conserve resources,Legion may deactivate infrequently-usedobjects.
Whena subsequentactiondoesrequiresuchobjectsto be available,Legion
will re-activatethem.SeeminglymundaneGrid operationssuchasloggingin,
checkingthecontentsof a Grid directoryandissuinga run maycauseseveral
objectsto bere-activated.

2.2 Preparing for Placement

Regardlessof how placementis initiated,preparingfor placementinvolves
threetasks.The�rst taskis selectinganappropriateschedulerfrom theframe-
work. To bemosteffective, theschedulerchosenmustfactorin criteriathatare
importantto theuser [BW96,Ber99,LYFA02]. Sincethescheduleritself may
requiretimeandCPUcyclesto makeadecision,its performanceandcostmust
beweighedagainstits anticipatedbene�ts. This selectionmaybemadeauto-
matically by Legion, or may be speci�ed by sophisticateduserswho choose
to indicatewhich scheduler, or even which processor, mustbe used. When
placementis initiated automatically, thereexists a mechanismfor indicating
which schedulerto use.This mechanismis capturedin attributesof classob-
jects, which aremanagersor factoriesfor creatinginstancesof differentkinds
of objects.For example,whenusersdecideto port anapplicationto Legion,
they useatool thatessentiallycreatesanapplicationclassobjectin theGrid. A
classobjectmaybeassociatedwith any of theschedulersavailablein theGrid.
Whena userrequeststhat this applicationberun, theclassobjectconsultsits
attributes,determinesthe associatedschedulerand invokes this schedulerto



Grid ResourceManagementin Legion 5

performa placementdecisionfor an instanceof the application,namelythe
rundesiredby theuser.

Thesecondtaskin preparingfor placementis sendingtheselectedscheduler
aplacementrequest.Eachschedulermayimplementadifferentalgorithmand
mayrequiredifferentsysteminformationfor performingplacement.Design-
ing a format for the placementrequestis a non-trivial task; somemay argue
that if this problemcanbesolvedtheproblemof designinga general-purpose
schedulerfor all classesof applicationsis mademucheasier. Oneapproach
for designinga placementrequestformat is to designa generaldescription
languagethat is �e xible andextensibleenoughto expressmostplacementre-
quests. The challengewith this approachis actuallybeingable to designa
schedulerthattakesall possibleprogramsthatcanbewritten in this language
anddo somethinguseful.Anotherapproachis to developa standardinterface
for all schedulers.Unfortunately, astandardinterfaceoftenimpliesbeingable
to expressonly a small subsetof functionality possiblejust so that the more
simplisticschedulerscanbeaccommodated.In Legion,we incorporatedboth
approaches.Theschedulingframework requiredconformingto a standardin-
terface,but we alsoprovideda languagefor queryingthedatabaseobjectthat
collectedinformationonall processorsin aGrid sothatotherschedulerscould
bewritten.

Thethird taskis tospecifyobject-speci�cplacementconstraintsto thesched-
uler. In Legion,speci�c placementconstraintsarespeci�edasattributesonthe
associatedclassobjects.Typically, theseconstraintspermit specifyingeither
processorsthat are suited(or unsuited)for this classobject or arbitrary at-
tributesthata processoris expectedto possessaswell in orderto qualify asa
match.Whena classobjectreceivesa requestto createan instance,it passes
theseconstraintsto thescheduleraspartof theplacementrequest.Thedefault
schedulerwe provided with the systemtakes theseconstraintsinto account
whenmakinga decision;however, we do not requireall schedulersthatwere
partof theframework to take thoseconstraintsinto account.

2.3 Performing Placement

Placementis performedby theselectedscheduler. Thescheduleris clearly
the heartof the placementprocess;however, we recognizedthat otherswere
betterat writing schedulersthanwe were.We provideda framework wherein
expertscouldwrite schedulersandplugtheminto ourframework. Naturally, in
orderto validatetheframework aswell asprovidedefaultplacement,wewrote
our own scheduler. Themain tasksof this schedulerarewhatwe expectedof
any scheduler:

Determinethe application requirements. Theseare available as con-
straintspassedin by theclassobject.
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Determinetheresourcesavailable. Theseareavailablefrom a database
object,calleda collection, which canbe accessedprogrammaticallyas
well asby usingaquerylanguage.

Invokeaschedulingalgorithm.Invokingthealgorithmresultsin asched-
ule. For ourdefault scheduler, weemployeda randomalgorithm.Given
that this schedulerwasa default, we did not expect it to be usedfre-
quently. Moreover, given that we could not predictwhich objectsin a
Grid would end up using the default scheduleras opposedto a more
appropriatescheduler, we felt that randomwas as good or as bad an
algorithmasany.

Enforcetheschedule. A scheduleis of academicinterestunlessit results
in theobjectactuallybeingcreatedon somesuitableprocessor. As part
of theplacementprocess,the framework mustensurethat theschedule
generatedresultsin objectcreation,or if it doesnot, invoke theschedul-
ingalgorithmagain,perturbingit sothatit generatesadifferentschedule.
Alternatively, theframework mustcommunicateits failureclearlyback
to theclassobjector theusersothatotheractionscanbetaken.

2.4 Gathering SystemInformation

A key componentin makingany placementdecisionis gatheringthe nec-
essaryinformation,suchasprocessortypes,OS typesandversions,attached
devices,availabledisk space,memoryandswap size,CPU load, run queue
length,securityandreservationpolicies,network bandwidth,network latency,
packet droppercentages,etc.Earlier, wealludedto this step,but assumedthat
the informationwasalreadyavailablewhenpreparingfor placement.How-
ever, whendesigninga schedulingframework, we hadto designmechanisms
to ensurethat this kind of informationwasavailableto thescheduler. We de-
signeda new object,calleda collection(similar in spirit to MDS [CFFK01]),
whichfunctionedasadatabasefor this information.Wefelt acollectionobject
wasnecessaryso that a schedulercould �nd reasonably-currentinformation
aboutavailableprocessorsin oneplaceinsteadof contactingevery processor
in a Grid. In turn, eitherthecollectionobjectpolledevery processorperiod-
ically for systeminformationor processorsthemselvespushedthis datainto
thecollection.Collectionsaregenericrepositoriesof objectattributes;collec-
tions that speci�cally storeinformationaboutprocessorsareassociatedwith
schedulersin orderto aidplacement.

2.5 Gathering Application Information

Accurateand detailedinformationaboutthe behavioral characteristicsof
differentobjectscanaid scheduling.In Legion, application-speci�cinforma-
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tion canbespeci�edin aclassobject,aswediscussedearlier. Theclassobject
canbegivenasetof placementconstraintsthatessentiallyrestrictstheproces-
sorson which its instancescanrun. Also arbitraryattributes,typically called
desired hostproperties, canbeusedto restrictthechoiceof processors;only
processorsthat possessthosepropertiesmay be selected.Settingthesecon-
straintsandattributescanbedoneat any time in the lifetime of theGrid. An
additionalmannerin which thechoiceof processorscanbeconstrainedis by
controlling theplatformson which instancesof theclassobjectcanrun. For
example,if a userprovidesonly SolarisandWindows binariesfor a particu-
lar classobject,theninstancesof thatclasscannever bescheduledon, say, a
Linux or SGI machine.Furthermore,the usercaninstructa particularrun –
whichcreatesaninstanceof theclassobject– to runon any machineof a par-
ticular architecture.Thus,Legion providesuserswith mechanismsto control
theschedulingprocesswith application-level information.

3. MECHANICS OF RESOURCEMAN AGEMENT

Legion is bothan infrastructurefor Gridsaswell a collectionof integrated
tools constructedon top of this infrastructure. The basic infrastructureen-
ablessecure,data�ow-based,fault-tolerantcommunicationbetweenobjects.
Communicatingobjectscouldbediverseresources,suchasapplications,jobs,
�les, directories,schedulers,managers,authenticationobjects(representations
of usersin a Grid), databases,tools, etc. The Legion schedulingframework
actsasamediatorto �nd a matchbetweenplacementrequestsandprocessors.
Theschedulingprocessin Legion is oneof negotiation betweenresourcecon-
sumers,i.e., autonomousagentsactingon behalfof applicationsor usersor
objects,andresourceproviders, i.e., autonomousagentsactingon behalfof
processorsor machinesor resources.By providing mechanismsfor specifying
securityandusagepolicies,resourceproviderscancontrolwho runswhatand
whenon their processors.Likewise, by specifyingconstraintsandchoosing
schedulers,userscancontrolhow theirapplicationsrun.

Theschedulingframework thatexistsbetweentheprovidersandconsumers
attemptsto satisfytheexpectationsof boththeprovidersandtheconsumers.In
thecontext of Grid resourcemanagement,themaincontribution of theLegion
projectis not thealgorithmusedby thedefault scheduler, but thesurrounding
infrastructurethat takessecurity, fault-tolerance,matching,etc. into account
for every singleobjectcreatedin a Grid. The infrastructureenablescreating
objects,jobsincluded,on any appropriateprocessorin a Grid, whetheracross
a roomor acrosstheglobe.Thelocationtransparency gainedis a deep-rooted
partof theLegionphilosophyof providing asinglevirtual machineabstraction
for thedisparateresourcesin aGrid.
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Figure 1.1. SchedulingProcessin Legion

Thecomponentsof theLegion resourcemanagementframework are:class
objects, resourceobjects(hostsandvaults), informationdatabaseobjects(col-
lections), schedulerobjects, scheduleimplementorobjects(enactors) andim-
plementationobjects[CKKG99]. Beforewe examineeachcomponentin de-
tail, we will examinetheir interactionsat a higherlevel (Figure1). A typical
chainof eventsin aGridcouldinvolveauserinitiatingatool tostartaninstance
of anapplicationon a machine.This chainresultsin a tool objectcontacting
anapplicationclassobject(to createaninstanceof this application);which in
turn contactsa scheduler(to generateschedulesfor running this application
on a machine);which contactsa collection(to procureinformationaboutma-
chines),an enactor(to reserve time on the target machine)anda hostobject
(to start the job on the machine). After the schedulerselectsa hostobject,

it contactstheapplicationclassobjectwith enoughinformationto starta job
instanceon themachine.

In the restof this section,we describethedifferentobjectsthatparticipate
in resourcemanagement.Theimplementationandinteractionof theseobjects
echoesthe philosophywe discussedabove. However, we regard this set of
objectsasonly oneof many possibleimplementationsof thatphilosophy.
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3.1 ClassObjects

In Legion,classobjectsde�ne thetypeof their instances,asin otherobject-
orientedsystems,but in additionarealsoactive entities,actingasmanagers
for their instances.A classis the�nal authorityin controllingthebehavior of
its instances,includingobjectplacement.Whena Legion Grid is deployed,a
varietyof classobjectsarepre-createdalready. Theseclassobjectscancreate
instancesof commonly-usedGrid objectssuchasdirectories,�les, schedulers,
collectionsand even other classobjects. Later, other classobjectsmay be
addedto theGrid. For example,a developermayadda new classobjectthat
createsinstancesof anentirelynew kind of object,suchasa network object.
Alternatively, a developermayre�ne anexisting classobject,suchasthe �le
classobject in order to createa new classobject that cancreatespecialized
instances,suchas matrix or two-dimensional�les. Finally, userswho port
their applicationsto a Grid typically create,unbeknownst to them,application
classobjectsthataremanagersfor everysinglerunof thatapplication.

All classobjectsde�ne a createinstancemethod,which is invoked during
placementinitiation. This methodmay take parametersfor anexplicit place-
mentor may be calledwith minimum parametersfor an implicit placement.
If theplacementis explicit, Legion bypassesschedulers,enactorsandcollec-
tionsandattemptsto startobjectsonhost-vault pairsdirectly. If theplacement
is implicit, theschedulingframework is invoked with asmuchinformationas
available.

3.2 Schedulerand Enactor Objects

A schedulerobjectsmapsrequeststo resources.As partof thisprocess,the
scheduleris giveninformationby theclassobjectabouthow many instancesto
create,aswell aswhatconstraintsapply. Application-speci�cschedulersmay
demandand may be suppliedwith more informationaboutthe resourcere-
quirementsof theindividualobjectsto becreated.In addition,ascheduleralso
requiresinformationaboutthe platformsor architectureson which instances
of thisclasscanrun. All of this informationis procuredfrom theclassobject.

A schedulerobtainsresourceinformationby queryingacollection,andthen
computesaschedulefor placingtherequestedobjects.Thisscheduleis passed
to anenactorthatbearstheresponsibilityof ensuringthatthescheduleis suc-
cessful. Eachschedulehasat leastone masterversionand a list of variant
versions. Masterandvariantversionscontaina list of mappings,with each
mappingindicatingthataninstanceof theclassshouldbestartedon theindi-
catedhost/vaultpair. Themasterversionof aschedulecontainsthescheduler's
bestattemptto scheduletherequestedobjects.A variantversiondiffers from
a masterscheduleslightly in termsof the resourcesselected,representinga
poorerschedulingdecisionto which theenactorcanresortif themasterfails.
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Uponreceiving a schedulefrom a scheduler, theenactorattemptsto deter-
mine whetherthe schedulewill be successful.In order to do so, it extracts
themappingsfrom themasterversion,contactseachhost/vault pair involved
andinquireswhetherthesub-requeston it will besuccessful.A host/vault pair
may chooseto reject this sub-requestbasedon its currentsituation– sucha
rejectionis partandparcelof thenegotiation philosophy. If themasterversion
cannotbe satis�ed becauseof suchrejections,theenactorresortsto thevari-
ant versionsto schedulesuccessfully. If no versioncanbe madesuccessful,
theenactorreportsanerrorandcancelstherestof theschedulingprocess.If
a successfulversioncanbefound, theenactorprocuresreservationsfrom the
host/vault (if thehost/vault supportit) andreportsbackto theclassobjectwith
thesuccessfulversion.

3.3 Collection Objects

A collectionis anobjectthatactsasa repositoryfor informationdescribing
the stateof the resourcesin a Grid. Eachrecordis storedasa setof Legion
objectattributes.Collectionsprovidemethodsto join themandupdaterecords.
Typically, hostandvault objectsjoin collections,althoughotherobjectsmay
alsojoin. Membersof a collectionmaysupplytheir attributesin eithera pull
modelor a pushmodel. In a pull model, the collectiontakeson the respon-
sibility of polling its membersperiodicallyfor updates.In a pushmodel,the
membersperiodically initiate updatesto the collection(Legion authenticates
thememberto ensureit is allowedto updatethedatain thecollection).A push
modelis moreappropriatein a scenarioin which themembersof a collection
may loseandregain connectivity with the restof the Grid. A pull model is
moreappropriatein ascenarioin whichwewish to avoid theupdateimplosion
of severalmembersupdatingasinglecollection.

Users,or theiragentssuchasschedulers,obtaininformationaboutresources
by issuingqueriesto a collection. A collectionqueryis a string conforming
to somegrammar. Currently, a collection is a passive databaseof static in-
formation,queriedby schedulers.Collectionscanbeextendedto supportthe
ability for usersto install codeto computenew descriptioninformationdy-
namicallyandintegrateit with existingdescriptioninformationfor a resource.
This capabilityis especiallyimportantto usersof the Network WeatherSer-
vice [WSH99],which predictsfutureresourceavailability basedon statistical
analysisof pastbehavior.

Anotheruseof collectionsis to structureresourceswithin theLegion sys-
tem. Having a few, global collectionscanreducescalability. Therefore,col-
lectionsmay receive datafrom, andsenddatato, othercollections. Making
collectionsbe membersof othercollectionsgivesus the �e xibility to have a
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collectionfor eachadministrative domainandthusachieve hierarchicalstruc-
turingof Grid resources.

3.4 Host and Vault Objects

Host andvault objectsrepresenttwo basicresourcetypesin Legion, pro-
cessorsanddisk spacerespectively. Typically, theseobjectsarestartedon the
samemachine,but they arenot requiredto be co-located.A hostobjecten-
capsulatesprocessorcapabilities(e.g.,aprocessorandits associatedmemory)
and is responsiblefor instantiatingobjectson the processor. Thus, the host
objectactsasanarbiterfor theprocessor's capabilities.A hostobjectcanrep-
resentsingle-machinesystemsas well as a queuemanagementsystemsuch
asLoadLeveler [Cor93], NQS [Kin92], PBS[BHL + 99] or LSF [Zho92]. A
vaultobjectencapsulatesstoragecapabilities(e.g.,availablediskspace)andis
responsiblefor storingthepersistentstateof objectsrunningon thatmachine.
Every Legion objectmusthave a vault to hold its ObjectPersistentRepresen-
tation (OPR). The OPRholdsthe persistentstateof the object,andis used
for migrationandfor shutdown/restartpurposes.Whenrequestedby an en-
actor, a hostobjectgrantsreservationsfor future service. The exact form of
thereservationmayvary by implementationof thehostobject,but it mustbe
non-forgeabletokens;thehostobjectmustrecognizethesetokenswhenthey
arepassedin with subsequentrequestsfrom theclass.

Therearethreebroadgroupsof host/vault functions: reservation manage-
ment,objectmanagement,andinformationreporting. Reservation functions
areusedby an enactorto obtaina reservation token for eachsub-requestin
a schedule.Whenasked for a reservation, a host is responsiblefor ensuring
that its vault is accessible,that suf�cient resourcesareavailable,andthat its
local placementpolicy permitsinstantiatingtheobject.A host/vault pair is re-
sponsiblefor managinganobjectduringits lifetime. Objectmanagementmay
involve de-activation andre-activation if requestedaswell asmigration. Mi-
gratinganobjectinvolvescollectingits OPRandtransmittingit to someother
host/vault pair. Hostsandvaultsrepopulatetheir meta-dataafter reassessing
their local stateperiodically. This reassessmentis doneby invoking local re-
sourcemanagementtoolsor callson theunderlyingmachineor queuingsys-
tem. The resultantmeta-data,also called attributes,may be pushedinto or
pulledby acollectionobject.

3.5 Implementation Objects

Implementationobjects maybeviewedasrepresentationsof theactualbi-
nariesrequiredto run objectson a processor. Every object,whetherit be a
user's job or a Legion object, requiresa binary of the appropriatearchitec-
ture to run on a processor. Registeringthesebinarieswith a classobject is
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theportingprocessin Legion; thecrux of Legion's supportfor runninglegacy
applicationsaswell asLegion-awareapplicationsis registeringbinarieswith
classobjects.A classobjecttrackstheimplementationobjectsassociatedwith
itself wheninitiating placement.Therefore,a classthat hasonly Solarisand
Windows implementationswill never requesta schedulecontainingLinux or
SGI machines.Whena classreceives a viable schedulefrom an enactor, it
communicateswith thehost/vault objectsin orderto startobjects.Host/vault
objectsin turn receive thenamesof theimplementationobjectsfor thatclass,
andcontactthe implementationobjectsto downloadtheassociatedbinaryfor
runningtheinstance.

Sinceimplementationsareobjectsthemselves,they arecreatedin muchthe
sameway asany otherobject.Implementationsfor hostsandvaults,however,
aremorebasicthanimplementationsof mostotherclassobjects. Therefore,
host/vault implementationsareprocuredby looking in well-known directories
in the Legion installation. Oncethe host/vault pairsarerunning, implemen-
tationsfor any otherobjectcanbe procuredfrom anywherein the Grid. A
minor but interestingpoint aboutimplementationsis that it is perfectlypossi-
ble andreasonablethat the Linux implementationof a particularapplication
classobjectmay actuallybe startedon a Solarismachine.Thedistinctionto
rememberis thattheapplication's Linux binaryhappensto bestoredon a So-
larismachine;thereforetheimplementationrunsonaSolarismachine,but the
applicationbinary, whendesired,will runonly onaLinux machine.

3.6 Proxy Objects

Proxy objectsareusedto executelegacy applicationbinarieson hostand
vault pairsanddo not play a role in scheduling.However, they area resource
managementcomponentbecausethey enableusersto employ Legion tools to
monitor the progressof a job on a remotemachineeven thoughthe original
job doesnot respondto Legion requests.Instead,the proxy respondsto Le-
gion requestsaboutthestatusof the job. Sincetheproxy is not the job itself,
it cannotgive application-speci�cstatusof the job. However, the proxy can
provide informationsuchasthe nameof the machineon which the job runs,
the currentworking directoryof the job, the �les presentin that directoryas
well ascontentsof those�les atany time,etc.

4. LESSONSLEARNED FROM THE LEGION
RESOURCEMAN AGEMENT SYSTEM

Severalof thekey lessonswe learnedaboutGrid resourcemanagementare
capturedin thedesigndecisionsweincorporatedin theschedulingframework.
First, in many ways,schedulingshould be treatedno differently than the
other parts of the Grid infrastructur e. Although not shown in Figure 1,
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Figure 1.2. ProtocolStackin Legion

everyobject-to-objectcommunicationin theschedulingsequencerequiresthe
reliability, ef�ciency, andprivacy/integrity of thoseobjectinteractionsnot re-
latedto scheduling.We choseto implementtheschedulingframework using
thesamepoliciesandmechanismsavailableto all objectinteractions– every
communicationbetweenany pair of objectsmustgo throughtheLegion pro-
tocol stack (seeFigure2 for anexamplestack),which involvesconstructing
programgraphs,makingmethodinvocations,checkingauthorization,assem-
bling or disassemblingmessages,encryptingmessages,retransmittingmes-
sages,andsoon. Sinceevery communicationgoesthroughsucha stack,Le-
gion providessecurityandfault-toleranceaswell asschedulingaspartof an
integratedresourcemanagementframework.

Second,schedulingin Legion is a processof negotiation. Most sched-
ulersview CPUcyclesaspassive resourceswaiting to beutilized by thenext
available job. However, in a multi-organizationalframework, a CPU is not
necessarilyavailablesimply becauseit is idle. The owner of the CPU – the
organizationthatcontrolsthemachine– mayimposerestrictionson its usage.
Therefore,whenmatchinga job to an availableCPU, Legion initiatesa ne-
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gotiation protocolwhich respectsthe requirementsof the job aswell asthe
restrictionsimposedby theCPUowner. In otherwords,we considersiteau-
tonomyan importantpart of the scheduling,or morecorrectly, the resource
managementprocess.Evenif a schedulerselectsa particularhostfor running
a job, thehostmayrejectthe job basedon its currentpolicies. Dependingon
the implementation,the schedulermay investigatevariantschedulesor may
inform theuserof thefailureto run thejob.

Third, the schedulercan be replaced. Eachandevery componentof a
Legion Grid is replaceable.Thusthe schedulerin the �gure canbe replaced
by a new onethat employs any algorithmof choice. Not just the scheduler,
but the toolsetthat usesthe schedulercanbe changedaswell. For example,
we wrotea queueobjectthatusesa similar chainof eventsto mimic theoper-
ationof a queuingsystem.Also, we wrotea parameter-spacetool (similar in
spirit to Nimrod [ASGH95]) that canstartjobs instantaneouslyor sendthem
to our queue. A Legion Grid canhave multiple schedulersor even multiple
instancesof a particularscheduler. Applicationscanbe con�gured to usea
speci�c scheduler. Thus, the Legion Grid resourcemanagementframework
explicitly allows for differentschedulersfor differentclassesof applications.
Of course,userscanbypassthe entireschedulingmechanism,by specifying
machinesdirectly or usingsomenon-Legion tool for constructinga schedule
for theirapplications.Bypassingtheschedulingmechanismdoesnotmeanby-
passingsecurityandfault-tolerance,becausethosefunctionsareatlower levels
in thestack.Naturally, if desired,lower levelscanbereplacedor eliminatedas
well with theattendantimplications.

Fourth, the schedulinginfrastructur e canbeusedasa meta-scheduling
infrastructur e aswell. Thehostobjectshown in Figure1 couldberunning

on the front-endof a queuingsystemor the masternodeof an MPI cluster.
Thus,Legioncouldbeusedto selectsuchahost,but subsequentschedulingon
thequeueor theclustercouldbedelegatedto thequeuingsystemor theMPI
system.

WhendesigningtheLegionGrid resourcemanagementframework, wehad
a wider de�nition of resourcemanagementthan most other distributed sys-
tems.Wetriedto constructaframework within whichotherpartiescouldwrite
schedulersfor differentclassesof applications.Weconsciouslydid notdesign
for only the classicapplications– long-running,compute-intensive, parallel
applications,requiringhigh performance.Naturally, we did provide a single
referenceimplementationof aschedulerin orderto performresourcemanage-
menton a Legion Grid immediatelyuponinstallation.However, we intended
this schedulerto be a default – a catch-allschedulerfor userswho wishedto
useaLegionGrid as-is.Wealwaysintendedpermittingotherschedulersto be
partof any LegionGrid.
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We did make mistakes in the designof our Grid infrastructure;someof
thosemistakeswerein theschedulingframework. Someof thesemistakesare
technical,whereasothersarepsychological.If we wereto re-designLegion,
herearesomelessonswewouldkeepin mind:

People are reluctant to write schedulers. We could not rely on Grid
schedulingexpertsto write schedulersfor Legion. Oncewe learnedthis les-
son,we wrote two new schedulersto complementthe default schedulerthat
alreadycamewith everyLegion installation.Onewasaround-robinscheduler
for creatinginstancesof �les, directoriesandotherobjectson a Grid. The

round-robinschedulermadequickdecisionsbasedon a machine�le thatwas
part of its state,thusavoiding expensive schedulingdecisionsfor simpleob-
ject creation. The secondschedulerwasa performance-basedschedulerfor
parameter-spacestudies.This schedulertook CPU speeds,numberof CPUs

andloadsinto accountfor choosingmachinesonwhichto runparameter-space
jobs.

Writing schedulersdeepinto a framework is dif�cult. While we did
provide a framework for writing schedulers,a mistake wemadewasrequiring
schedulerwriters to know too muchaboutLegion internals.Typically, in ad-
dition to the schedulingalgorithmof interest,a schedulerwriter would have
to know aboutschedulers,enactors,hosts,classesandcollections;their inter-
nal datastructures;thedatathey packedon thewire for severalmethodcalls;
andLegion programgraphs.The effort requiredto write sucha deepsched-
uler wastoo much. In essence,we hadviolatedoneof our own principles:
easeof use.Our mistake lay in makingLegion easy-to-usefor end-users,but
not necessarilyso for developers. Oncewe recognizedour error, we wrote
a shallow scheduler, i.e., a schedulerthat was aboutas complex as the de-
fault schedulerbut did not requireknowing too muchaboutLegion internals.
Theperformance-basedschedulerfor parameter-spacestudiesmentionedear-
lier is an exampleof a shallow scheduler. This scheduleris a self-contained
Perlscriptthatrequiresknowing aboutthecollectionobject (a databaseof at-
tributes)andtheonecommandto accessit. Not having to know Legiondetails
wasasigni�cant advantagein thedesignof thisscheduler.

Thelessonwelearnedfrom thisexperiencewasthatahighcostof construct-
ing new schedulersis a deterrentto development.Anotherlessonwe learned
wasthatahigh costof runninga schedulercanhurt a Grid aswell. Putdiffer-
ently, we learnedthata quick andacceptablescheduleris muchbetterthana
slow but thoroughscheduler.

High schedulercostscanundermine the bene�ts. In Legion,ascheduler
is invoked every time an objectmustbe placedon somemachineon a Grid.
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GiventheLegion view of schedulingasa taskfor placingany objectnot just
a computeobject, creating�les anddirectories,implementationsandqueue
services,consolesandclasses,all requireanintermediateschedulingstep.For
long, the schedulerthat would be invoked for any creationwas the default
scheduler. While we fully understoodthe needfor different schedulersfor
differentkindsof objects,anartifactof ourimplementationwasthatwecreated
only onescheduler– thedefault one.

Thedefaultscheduler'salgorithmwascomplex in two respects.One,theac-
tualprocessingtime took long,especiallyasthenumberof machinesin aGrid
grew. Moreover, theschedulerconstructedvariantversionsfor every request
just in casethe masterversiondid not meetwith success.Two, the process
invoked methodson too many remoteobjects. Eachmethodcall (or outcall)
wasarelatively expensiveoperation.Therefore,evenasimpleschedulewould
take too long to generate.Accordingly, we built fasterschedulerswhich per-
hapsdid not �nd near-optimalandvariantschedules,but werefarquicker than
the default. The round-robinscheduler madefewer outcallsandhada sim-
ple algorithmfor choosinghosts,but was adequatefor scheduling�les and
directories.Likewise, theshallow schedulerwe wrotefor performance-based
schedulingscheduledparameter-spacejobsquickly [NHG02]. It initially spent
a few secondsbuilding aschedule,but re-usedtheschedulefor thedurationof
theapplication.

Over-complexschedulersare unnecessary. In Legion, we createda so-
phisticatedschedulingframework, but we also implementedthis framework
in a complicatedmanner. In particular, splitting theschedulingprocessfrom
the reservation process(the schedulerandenactorobjectsrespectively), was
overkill. Theadded�e xibility thissplit gaveuswasneverused,andwebelieve
that it will not be usedfor a while becausecomplex schedulingtechniques,
suchasco-scheduling,thatrequirereservationsareusefulfor asmallsubsetof
applicationsonly [SF02]. Too many objectswereinvolved in thescheduling
process,makingit feel like theprocesshadtoomany moving parts.Thefailure
of any oneobjectcouldderailtheschedulingprocess,makingit hardto create
new objects– �les, directories,implementations,jobs,etc.– on aGrid.

5. SUMMARY

In this chapter, we discussedthephilosophyandmechanismsof theLegion
resourcemanagementframework. In Legion,resourcemanagementis invoked
not just for running jobs but also to placeother Grid components,suchas
�les, directories,databases,etc. The key elementin resourcemanagement
is placement,i.e., determiningon which machineto start runningan object.
In Legion, placementis a negotiation processbetweenthe requirementsof
usersandthe policiesof resourcemanagers.This negotiationprocessis car-
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ried out by a schedulerwhich alsoemploys analgorithmto determinewhich
resourcesof the available onesis most suitedfor startingthe requestedob-
ject. Every schedulerin Legion implementsthenegotiationprocess,although
differentschedulersmayemploy differentalgorithms.

As Grids mature,diverseresourceswill be includedin Grids andGrid re-
sourcemanagementwill becentralto theworkingof aGrid. Wehopethatour
experiencewill serve to guidethedesignof resourcemanagers.In particular,
we believe that thepressingchallengesthat facetheGrid communityarethe
designof rich and�e xible resourcespeci�cationlanguagesin orderto match
resourceswith requests,and the designof a framework that canincorporate
differentsolutionsfor differentaspectsof Grid resourcemanagement.
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