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Abstract Grid resourcemanagemernit not just aboutschedulingobs on the fastestma-
chines,but ratheraboutschedulingall computeobjectsandall dataobjectson
machinesvhosecapabilitiesmatchthe requirementswhile preservingsite au-
tonomy recognizingusagepolicies and respectingconditionsfor use. In this
chapter we presenthe Grid resourcemanagementf Legion, an object-based
Grid infrastructuresystem. We arguethat Grid resourcananagementequires
not a one-size- ts-allschedulebut anarchitecturaframewvork thatcanaccom-
modatedifferentschedulergor differentclasse®f problems.
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1. INTRODUCTION

The Legion Project beganin late 1993 with the recognitionof the dra-
matic increasesn wide-areanetwork bandwidth,truly low-cost processors,
and cheapdiskslooming on the horizon. Given the expectedchangesn the
physicalinfrastructurewe asledwhatsortsof applicationsvould peoplewant,
and what systemsoftware infrastructurewould be neededto supportthose
applications. As a resultof this analysis,we designedandimplementedhe
Legion Grid Computingsystemwhich is re ective, object-basedo facilitate
encapsulationextensible,and is in essencen operatingsystemfor Grids.
WhereasGlohus is a collection of tools from a toolkit [FK99], Legion pro-
videsstandardperatingsystemservices- procesgreationandcontrol,inter
processommunicationpersistenstoragesecurityandresourcananagement
—onaGrid. By doing so, Legion abstractghe heterogeneitynherentin dis-
tributedresourcemndmakesthemlook like part of onevirtual machine.We
feel stronglythathaving a commonunderlyingarchitectureandsetof neces-
saryservicesuuilt overit is critical for succes#n Grids,particularlyastheline
betweercomputationaGridsanddataGridsblurs[AVDO1]. In this sensethe
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Legion architectureanticipateshe drive to Web Servicesandthe OpenGrid

SystemsArchitecture(OGSA) [FKNTO02]. Thereare mary papersdescrib-
ing Legion's core architectureand use(e.g.,[GW97, GFKH99, NCWD™* 01,
LFH* 03]); in this chapterwe focuson the Legion resourcenanagemengys-
tem.

2. OBJECT PLACEMENT IN A GRID

The schedulingprocessn Legion broadlytranslatego placingobjectson
processors.Schedulingis invoked not just for running users'jobs but also
to createary objecton a Grid, suchasa Grid le, a Grid directory a Grid
applicationor evena Grid schedulerAfter anobjectis createdbn aprocessqr
it canperformits tasks,for example,respondo read/writecallsif the object
isaGrid le, orrespondo statusrequestsf it is a Grid job. Therefore pbject
placemenis crucial to the designof the Legion run-time systembecauset
canin uence an objects run-time behaior greatly An improperplacement
decisiormayimpedeanobjectfrom performingits tasks for example because
it cannotstarton ary processoof agivenarchitecturer becaus¢he processor
is no longer available. Even if a placementdecisionensureghat an object
startscorrectly it doesnot guaranteg¢hatthe decisionis bene cial to theuser
A goodplacementecisionis certainto vary dependingon the objectbeing
placedandtheusers goalsaswell asresourcausagepolicies.

Determininggood objectplacementsn a large distributed, heterogeneous
ervironment,suchasaGrid, is dif cult becauséheunderlyingsystemis com-
plex, and becausebjectbehaior canbe in uenced by mary differentfac-
tors, suchassystemstatus(numbey type,andload of components)hardware
capabilities(processqrnetwork, I/O, memory etc.),interactionsbetweerob-
jectsand object-speci ccharacteristicgsize, location of persistentstate,es-
timatedperformanceetc.). Factorssuchassecurityconcernsfault-tolerance
objectives and specialresourcerequirementsnay place hard restrictionson
wherean objectcanbe placed. Thesefactorsare usually expressedas con-
straintson the placementecision.In general,nding anoptimalplacements
prohibitively expensve. Severalresearctefforts, suchasUtopia[ZWZD93],
NOW [ACP* 94], Condor[LL90, PL95], Zoom [WASB95], ProphefWei95]
andothers[Cof76, FC90,GY93, WKN™* 92], have focusedon algorithmsand
systemdgor nearoptimalsolutionsor optimalsolutionsto very restrictedorob-
lem sub-typeor usergoals[Kar96].

In Legion, we designeda schedulingrameavork thatcanaccommodatelif-
ferentplacemenstratgiesfor differentclasseof applications.In additionto
the expectedGrid goalsof supportfor heterogeneitandmulti-organizational
control,thegoalsincluded[Kar96]:
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m  Supporfor multipleplacemenalgorithms.Theframevork mustbe e x-
ible enoughto beableto incorporateplacemenalgorithmsdevelopedby
others.

= Supportfor user selectionof placement. Usersmust be permittedto
choosehe placementapproachhatbestmatchegheirgoals.

m Easeof use It shouldbe easyfor developersto addnew placementl-
gorithmsasschedulerin theframavork. Additionally, it shouldbeeasy
for end-userso accessheschedulersor performingtheirtasks.Default
placementnechanismgasehe useof theframevork for inexperienced
users.

= Ability to copewith uncertain, outdatedor partial information. We
expectthatin Grids, information may be missingor inaccurate. The
schedulingframework in generalandthe schedulerghat are part of it
mustcontinueto performacceptablyevenwhenthe availablesystemin-
formationis lessthanperfect.

= Ability to resolvecon icts. In a systemthatsupportssharedbjectsand
resourcesgon icts may ariseover their use. The framevork musthave
awell-de nedresolutionbehaior in the caseof con icts.

= Scalability The framevork shouldnot degradesigni cantly (or atleast
degradegracefully) when the numberof processordecomedarge or
whentherequestgor placemenbecomemorefrequent.

m Low overhead. The framevork shouldnot imposepenaltieson users
whochoosenotto useit. Forusersvhodochooseo useit, theoverheads
involved in invoking the schedulingorocessshouldbe small compared
to the durationof thetaskperformed.

= Integration with otherLegionservices As adirectrelationto theLegion
philosophyof providing anintegratedGrid infrastructurethescheduling
frameavork mustcooperateandcommunicatevith otherframewnorksin
Legion, suchasthosefor securityandfault-tolerance.The framewvork
mustalsotake into accounipersistenstorageassociateavith the shared
objectspacdn Legion.

In the following sub-sectionswe describethe main tasksof the Legion
schedulingframework. The goal of this descriptionis not to adwcateone
placemenpolicy over another Althoughwe did selecta particularplacement
policy in orderto validate (and populate)our framevork, we did not anddo
not claimthatplacemenpolicy to be optimalor best-suitedor all objects.
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2.1 Initiating Placement

Placementiecisionanbeinitiatedin two ways.In the rst caseanobject
canrequestheunderlyinginfrastructuresxplicitly to place(or schedulepther
objectswith which it mustinteract. For example,a user(representeds an
objectin Legion) may requestLegion to run a particularjob on a particular
machine. In this case,the placemeninitiation is explicit in two sensesthe
requesto placeis a directimplication of issuingthe run command andthe
placementocationis provided by the userdirectly. Legion doesnot require
a userto initiate placemenin the latter sense- an undirectedrun command
transfergheburdenof nding aplacementocationfrom theuserto Legion.

In the secondtase placementnitiation maybeimplicit, andthereforemust
be automatic. In otherwords, an object, saya user may accessanotherob-
jectwithout realizingthatthe latteris currentlyinactive. In this case Legion
will re-actvate the secondobjectautomatically which in turn may requireit
to be placedon anavailableprocessorThe processochoserin this casemay
or may not be the sameprocessoon which that objectwasactive previously.
Implicit or automaticplacemeninitiation occursfrequentlyin Legion; in or-
derto consere resourcesl.egion may deactvate infrequently-usedbjects.
When a subsequenaction doesrequiresuchobjectsto be available, Legion
will re-actvatethem. SeeminglymundaneGrid operationsuchasloggingin,
checkingthe contentsof a Grid directoryandissuinga run may causeseveral
objectsto bere-actvated.

2.2 Preparing for Placement

Regardlesof how placements initiated, preparingfor placementnvolves
threetasks.The rst taskis selectinganappropriateschedulefrom theframe-
work. To bemosteffective, theschedulechosemmustfactorin criteriathatare
importantto theuser [BW96, Ber99,LYFAQ02]. Sincethescheduleitself may
requiretime andCPUcyclesto make adecisionjts performanceandcostmust
beweighedagainsits anticipatedbene ts. This selectionmay be madeauto-
matically by Legion, or may be speci ed by sophisticatediserswho choose
to indicatewhich scheduleror even which processqrmustbe used. When
placemenis initiated automatically thereexists a mechanisnfor indicating
which scheduleto use.This mechanisms capturedn attributesof classob-
jects which aremanager®r factoriesfor creatinginstance®f differentkinds
of objects. For example,whenusersdecideto port an applicationto Legion,
they useatool thatessentiallycreatesinapplicationclassobjectin theGrid. A
classobjectmaybeassociateavith ary of theschedulerswvailablein the Grid.
Whena userrequestshatthis applicationbe run, the classobjectconsultsits
attributes, determineghe associatedgchedulerand invokes this schedulerto
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performa placemendecisionfor an instanceof the application,namelythe
rundesiredby theuser

Thesecondaskin preparingor placementis sendingheselectedgcheduler
aplacementequestEachschedulemayimplementa differentalgorithmand
may requiredifferentsysteminformationfor performingplacement.Design-
ing a formatfor the placementequests a non-trivial task; somemay argue
thatif this problemcanbe solvedthe problemof designinga general-purpose
schedulerfor all classesf applicationss mademucheasier Oneapproach
for designinga placementrequestformat is to designa generaldescription
languagehatis e xible andextensibleenoughto expressmostplacemente-
qguests. The challengewith this approachis actually being able to designa
schedulethattakesall possibleprogramsthatcanbewrittenin this language
anddo somethinguseful. Anotherapproachs to develop a standardnterface
for all schedulersUnfortunately a standardnterfaceoftenimpliesbeingable
to expressonly a small subsetf functionality possiblejust so thatthe more
simplisticschedulerganbe accommodatedn Legion, we incorporatedoth
approachesThe schedulingramevork requiredconformingto a standardn-
terface,but we alsoprovided a languagdor queryingthe databasebjectthat
collectedinformationonall processorg a Grid sothatotherschedulersould
bewritten.

Thethird taskis to specifyobject-speci cplacementonstraintso thesched-
uler. In Legion, speci ¢ placementonstraintarespeci edasattributesonthe
associatedlassobjects. Typically, theseconstraintgpermit specifyingeither
processorghat are suited (or unsuited)for this classobjector arbitrary at-
tributesthata processois expectedto possessiswell in orderto qualify asa
match. Whena classobjectrecevesarequesto createaninstancejt passes
theseconstraintdo thescheduleaspartof the placementequestThedefault
schedulemwve provided with the systemtakes theseconstraintsnto account
whenmakinga decision;however, we do notrequireall schedulershatwere
partof theframeavork to take thoseconstraintsnto account.

2.3 Performing Placement

Placements performedby the selectedscheduler The scheduleis clearly
the heartof the placemenprocesshowever, we recognizedhatotherswere
betterat writing schedulershanwe were. We provided a framewvork wherein
expertscouldwrite schedulerandplug theminto ourframeavork. Naturally in
orderto validatetheframevork aswell asprovide default placementywe wrote
our own scheduler The maintasksof this schedulearewhatwe expectedof
ary scheduler:

= Determinethe application requirements. Theseare available as con-
straintspassedn by the classobject.



= Determinetheresoucesavailable Theseareavailablefrom a database
object, calleda collection which canbe accessegrogrammaticallyas
well asby usinga querylanguage.

= Invoke asdchedulingalgorithm. Invokingthealgorithmresultsn asched-
ule. For our default schedulerwe emplo/ed arandomalgorithm. Given
that this schedulewas a default, we did not expectit to be usedfre-
quently Moreover, giventhatwe could not predictwhich objectsin a
Grid would end up using the default scheduleras opposedio a more
appropriateschedulerwe felt that randomwas as good or as bad an
algorithmasary.

» Enforcethesdedule A schedulés of academidnterestunlesst results
in the objectactuallybeingcreatedon somesuitableprocessorAs part
of the placemenprocessthe framevork mustensurethatthe schedule
generatedesultsin objectcreation,or if it doesnot, invoke the schedul-
ing algorithmagain perturbingt sothatit generateadifferentschedule.
Alternatively, the framevork mustcommunicatats failure clearly back
to the classobjector the usersothatotheractionscanbetaken.

2.4 Gathering SystemInformation

A key componenin makingary placementecisionis gatheringthe nec-
essarnyinformation,suchas processotypes,OS typesandversions,attached
devices, available disk space,memoryand swap size, CPU load, run queue
length,securityandreseration policies,network bandwidth network lateng,
pacletdroppercentagestc. Earlier, we alludedto this step,but assumedhat
the information was alreadyavailable when preparingfor placement. How-
ever, whendesigninga schedulingramework, we hadto designmechanisms
to ensurethatthis kind of informationwasavailableto the schedulerWe de-
signeda new object,calleda collection(similar in spirit to MDS [CFFKO01]),
whichfunctionedasa databaséor thisinformation. We felt a collectionobject
was necessargo that a schedulercould nd reasonably-currerinformation
aboutavailable processorsn oneplaceinsteadof contactingevery processor
in a Grid. In turn, eitherthe collectionobjectpolled every processoperiod-
ically for systeminformationor processorshemseles pushedthis datainto
the collection. Collectionsaregenericrepositorie®f objectattributes;collec-
tions that speci cally storeinformationaboutprocessorsre associatedvith
schedulersn orderto aid placement.

2.5 Gathering Application Information

Accurateand detailedinformation aboutthe behaioral characteristicof
differentobjectscanaid scheduling.In Legion, application-speci cinforma-
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tion canbespeci edin aclassobject,aswe discusse@arlier Theclassobject
canbegivenasetof placementonstraintghatessentiallyrestrictsthe proces-
sorson which its instancesanrun. Also arbitraryattributes, typically called
desied hostproperties canbe usedto restrictthe choiceof processorspnly
processorshat possesshosepropertiesmay be selected.Settingthesecon-
straintsandattributescanbe doneat ary time in thelifetime of the Grid. An
additionalmannerin which the choiceof processorganbe constraineds by
controlling the platformson which instance®f the classobjectcanrun. For
example,if a userprovidesonly Solarisand Windows binariesfor a particu-
lar classobject,theninstancesf that classcannever be scheduledn, say a
Linux or SGI machine. Furthermorethe usercaninstructa particularrun —
which createsaninstanceof the classobject—to runonary machineof a par
ticular architecture.Thus, Legion providesuserswith mechanismso control
the schedulingorocesswith application-lgel information.

3. MECHANICS OF RESOURCE MANAGEMENT

Legionis bothaninfrastructurgor Gridsaswell a collectionof integrated
tools constructedon top of this infrastructure. The basicinfrastructureen-
ablessecure data ow-based,fault-tolerantcommunicatiorbetweenobjects.
Communicatingbjectscouldbe diverseresourcessuchasapplicationsjobs,

les, directoriesschedulersnanagersauthenticatiorobjects(representations
of usersin a Grid), databasegools, etc. The Legion schedulingframevork
actsasamediatorto nd amatchbetweerplacementequestandprocessors.
Theschedulingprocessn Legion is oneof negotiation betweerresourcecon-
sumers,i.e., autonomousgentsacting on behalfof applicationsor usersor
objects,andresourceproviders, i.e., autonomousgentsacting on behalf of
processorsr machiner resourcesBy providing mechanism$or specifying
securityandusagepolicies,resourceroviderscancontrolwho runswhatand
whenon their processors Likewise, by specifyingconstraintsand choosing
schedulersyserscancontrolhow their applicationgun.

Theschedulingramewvork thatexistsbetweerthe providersandconsumers
attemptdo satisfytheexpectation®f boththeprovidersandtheconsumersin
the context of Grid resourcenanagementhe maincontrikution of the Legion
projectis notthe algorithmusedby the default schedulerbut the surrounding
infrastructurethat takes security fault-tolerancematching,etc. into account
for every singleobjectcreatedin a Grid. The infrastructureenablescreating
objectsjobsincluded,on arny appropriateprocessom a Grid, whetheracross
aroomor acrosgheglobe. Thelocationtransparencgainedis adeep-rooted
partof theLegion philosophyof providing asinglevirtual machineabstraction
for thedisparateesourcesn a Grid.
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Figure1.1. SchedulingProcessn Legion

The component®f the Legion resourcemanagemerframevork are: class
objects resourcenbjects(hostsandvaulty, informationdatabasebjects(col-
lectiong, schedulerobjects schedulémplementorobjects(enactos) andim-
plementatiorobjects|CKKG99]. Beforewe examineeachcomponenin de-
tail, we will examinetheir interactionsat a higherlevel (Figurel). A typical
chainof eventsin aGrid couldinvolve auserinitiating atool to startaninstance
of anapplicationon a machine.This chainresultsin a tool objectcontacting
anapplicationclassobject(to createaninstanceof this application);whichin
turn contactsa scheduler(to generatescheduledor runningthis application
on a machine)which contactsa collection(to procureinformationaboutma-
chines),an enactor(to resere time on the target machine)and a hostobject

(to startthe job on the machine). After the schedulerselectsa hostobject,
it contactsthe applicationclassobjectwith enoughinformationto starta job
instanceonthemachine.

In therestof this section,we describethe differentobjectsthat participate
in resourcananagementlrheimplementatiorandinteractionof theseobjects
echoesthe philosophywe discussedabore. However, we regard this set of
objectsasonly oneof mary possibleémplementationsf thatphilosophy
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3.1 ClassObjects

In Legion, classobjectsde ne thetype of theirinstancesasin otherobject-
orientedsystemsput in additionare also active entities,actingas managers
for theirinstancesA classis the nal authorityin controllingthe behaior of
its instancesincluding objectplacementWhena Legion Grid is deplg/ed, a
variety of classobjectsare pre-createclready Theseclassobjectscancreate
instance®f commonly-usedrid objectssuchasdirectories, les, schedulers,
collectionsand even other classobjects. Later, other classobjectsmay be
addedto the Grid. For example,a developermay adda new classobjectthat
creategnstancef anentirely new kind of object,suchasa network object.
Alternatively, a developermay re ne anexisting classobject,suchasthe le
classobjectin orderto createa new classobjectthat cancreatespecialized
instancessuchas matrix or two-dimensionalles. Finally, userswho port
their applicationgo a Grid typically create unbeknavnstto them,application
classobjectsthataremanagersor every singlerun of thatapplication.

All classobjectsde ne a createinstancemethod,which is invoked during
placemeninitiation. This methodmay take parametersor an explicit place-
mentor may be calledwith minimum parametergor an implicit placement.
If the placements explicit, Legion bypasseschedulersenactorsandcollec-
tionsandattemptdo startobjectson host-\ault pairsdirectly. If the placement
is implicit, the schedulingramework is invoked with asmuchinformationas
available.

3.2 Schedulerand Enactor Objects

A schedulepbjectsmapsrequestdo resourcesAs partof this processthe
schedulers giveninformationby theclassobjectabouthow mary instanceso
createaswell aswhatconstraintsapply Application-speci cschedulersnay
demandand may be suppliedwith more information aboutthe resourcere-
quirement®f theindividual objectsto becreatedIn addition,aschedulealso
requiresinformationaboutthe platformsor architecture®n which instances
of this classcanrun. All of thisinformationis procuredrom the classobject.

A schedulepbtainsresourcenformationby queryingacollection,andthen
computesa scheduldor placingtherequeste@bjects.This schedulés passed
to anenactorthatbearsthe responsibilityof ensuringthatthe schedulds suc-
cessful. Eachschedulehasat leastone masterversionand a list of variant
versions. Masterand variantversionscontaina list of mappings,with each
mappingindicatingthataninstanceof the classshouldbe startedon the indi-
catedhosthault pair. Themastewersionof ascheduleontaingheschedules
bestattemptto schedulghe requesteabjects. A variantversiondiffersfrom
a masterschedule slightly in termsof the resourceselectedrepresenting
poorerschedulinglecisionto which the enactorcanresortif the masteffails.
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Uponreceving a schedulérom a schedulerthe enactorattemptgo deter
mine whetherthe schedulewill be successful.In orderto do so, it extracts
the mappingsfrom the masterversion,contactseachhosthault pair involved
andinquireswhetherthe sub-requesbnit will besuccessfulA hosthault pair
may chooseto rejectthis sub-requesbasedon its currentsituation— sucha
rejectionis partandparcelof the negotiation philosophy If themastewersion
cannotbe satis ed becausef suchrejectionsthe enactomresortsto the vari-
antversionsto schedulesuccessfully If no versioncanbe madesuccessful,
the enactorreportsan error and cancelshe restof the schedulingorocess.If
a successfuversioncanbe found, the enactomprocuresesenrationsfrom the
hosthault (if the hosthault supportit) andreportsbackto the classobjectwith
thesuccessfuversion.

3.3 Collection Objects

A collectionis anobjectthatactsasarepositoryfor informationdescribing
the stateof theresourcesn a Grid. Eachrecordis storedasa setof Legion
objectattributes.Collectionsprovide methoddo join themandupdaterecords.
Typically, hostandvault objectsjoin collections,althoughotherobjectsmay
alsojoin. Membersof a collectionmay supplytheir attributesin eithera pull
modelor a pushmodel. In a pull model, the collectiontakeson the respon-
sibility of polling its membergeriodicallyfor updates.In a pushmodel,the
membergeriodicallyinitiate updatego the collection (Legion authenticates
thememberto ensuret is allowedto updatethe datain thecollection).A push
modelis moreappropriatén a scenarian which the memberf a collection
may lose andregain connectiity with the restof the Grid. A pull modelis
moreappropriatén ascenaridn whichwe wish to avoid theupdatamplosion
of severalmembersipdatinga singlecollection.

Userspr theiragentsuchasschedulerspbtaininformationaboutresources
by issuingqueriesto a collection. A collectionqueryis a string conforming
to somegrammar Currently a collectionis a passie databasef staticin-
formation,queriedby schedulersCollectionscanbe extendedto supportthe
ability for usersto install codeto computenen descriptioninformation dy-
namicallyandintegrateit with existing descriptioninformationfor aresource.
This capabilityis especiallyimportantto usersof the Network WeatherSer
vice [WSH99], which predictsfuture resourceavailability basedon statistical
analysisof pastbehaior.

Anotheruseof collectionsis to structureresourcesvithin the Legion sys-
tem. Having a few, global collectionscanreducescalability Therefore,col-
lectionsmay receve datafrom, and senddatato, othercollections. Making
collectionsbe membersof othercollectionsgivesusthe e xibility to have a
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collectionfor eachadministratie domainandthusachieve hierarchicalstruc-
turing of Grid resources.

3.4 Host and Vault Objects

Host and vault objectsrepresentwo basicresourcetypesin Legion, pro-
cessoranddisk spacerespectiely. Typically, theseobjectsarestartedon the
samemachine,but they arenot requiredto be co-located.A hostobjecten-
capsulateprocessocapabilitiege.g.,a processoandits associatednemory)
andis responsibldor instantiatingobjectson the processor Thus, the host
objectactsasanarbiterfor the processos capabilities. A hostobjectcanrep-
resentsingle-machinesystemsas well as a queuemanagemensystemsuch
asLoadLeveler[Cor93], NQS [Kin92], PBS[BHL * 99] or LSF [Zh092]. A
vaultobjectencapsulatestoragecapabilitiege.g.,availabledisk spaceandis
responsibldor storingthe persistenstateof objectsrunningon thatmachine.
Every Legion objectmusthave a vault to hold its ObjectPersistentRepesen-
tation (OPR). The OPR holdsthe persistenttateof the object,andis used
for migrationandfor shutdevn/restartpurposes.Whenrequestedy an en-
actor a hostobjectgrantsreserationsfor future service. The exactform of
thereseration may vary by implementatiorof the hostobject,but it mustbe
non-fogeabletokens;the hostobjectmustrecognizethesetokenswhenthey
arepassedn with subsequentquestgrom theclass.

Therearethreebroadgroupsof hosthault functions: reseration manage-
ment, objectmanagementandinformationreporting. Reseration functions
areusedby an enactorto obtain a reseration token for eachsub-requesin
a schedule.Whenasled for a reseration, a hostis responsiblgor ensuring
thatits vaultis accessiblethat sufcient resourcesare available, andthat its
local placemenpolicy permitsinstantiatingthe object. A hosthault pairis re-
sponsibldor managinganobjectduringits lifetime. Objectmanagemernnay
involve de-actvation andre-actvation if requestecgswell asmigration. Mi-
gratinganobjectinvolvescollectingits OPRandtransmittingit to someother
hosthault pair. Hostsandvaultsrepopulateheir meta-dataafter reassessing
their local stateperiodically This reassessmeint doneby invoking local re-
sourcemanagemenols or calls on the underlyingmachineor queuingsys-
tem. The resultantmeta-dataalso called attributes, may be pushedinto or
pulledby acollectionobject.

3.5 Implementation Objects

Implementatiorobjects may be viewed asrepresentationsf the actualbi-
nariesrequiredto run objectson a processor Every object, whetherit be a
users job or a Legion object, requiresa binary of the appropriatearchitec-
ture to run on a processor Rgjisteringthesebinarieswith a classobjectis
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theportingprocessn Legion; the crux of Legion's supportfor runninglegacgy

applicationsaswell asLegion-avare applicationss registeringbinarieswith

classobjects.A classobjecttrackstheimplementatiorobjectsassociateavith

itself wheninitiating placement.Therefore,a classthat hasonly Solarisand
Windows implementationsvill never requesta schedulecontainingLinux or
SGI machines.When a classreceves a viable schedulefrom an enactoy it

communicatesvith the hosthault objectsin orderto startobjects. Hosthault
objectsin turn receve the namesof the implementatiorobjectsfor thatclass,
andcontacttheimplementatiorobjectsto downloadthe associatedbinary for

runningtheinstance.

Sinceimplementationgreobjectsthemseles,they arecreatedn muchthe
sameway asary otherobject. Implementation$or hostsandvaults,however,
aremore basicthanimplementation®f mostotherclassobjects. Therefore,
hosthaultimplementationsre procuredoy lookingin well-known directories
in the Legion installation. Oncethe hosthault pairsare running,implemen-
tationsfor ary otherobjectcanbe procuredfrom arywherein the Grid. A
minor but interestingpoint aboutimplementationss thatit is perfectlypossi-
ble andreasonablehat the Linux implementatiorof a particularapplication
classobjectmay actuallybe startedon a Solarismachine. The distinctionto
remembers thatthe applications Linux binary happengo be storedon a So-
laris machinethereforeheimplementatiorrunson a Solarismachine put the
applicationbinary whendesiredwill runonly onaLinux machine.

3.6 Proxy Objects

Proxy objectsare usedto executelegag/ applicationbinarieson hostand
vault pairsanddo not play arole in scheduling.However, they arearesource
managementomponenbecauséhey enableusersto emplgy Legion toolsto
monitor the progressof a job on a remotemachineeven thoughthe original
job doesnot respondto Legion requests.Instead,the proxy responddo Le-
gion requestsboutthe statusof thejob. Sincethe proxy is notthe 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 presenin thatdirectoryas
well ascontentof those les atary time, etc.

4. LESSONSLEARNED FROM THE LEGION
RESOURCE MAN AGEMENT SYSTEM

Severalof thekey lessonswve learnedaboutGrid resourcenanagemerdre
capturedn thedesigndecisionsve incorporatedn the schedulingramework.
First, in many ways, schedulingshould be treatedno differently than the
other parts of the Grid infrastructur e. Although not shawvn in Figure 1,
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Figure1.2. ProtocolStackin Legion

every object-to-objectommunicationn theschedulingsequenceequiresthe

reliability, ef ciency, andprivagy/integrity of thoseobjectinteractionsnot re-

latedto scheduling.We choseto implementthe schedulingframenork using

the samepoliciesand mechanismswvailableto all objectinteractions- every

communicatiorbetweenary pair of objectsmustgo throughthe Legion pro-

tocol stack (seeFigure2 for an examplestack),which involves constructing
programgraphs,makingmethodinvocations,checkingauthorizationassem-
bling or disassemblingnessagesgencryptingmessagesietransmittingmes-
sagesandso on. Sinceevery communicatiorgoesthroughsucha stack,Le-

gion provides securityandfault-toleranceaswell asschedulingaspartof an

integratedresourcananagemerframeawork.

Second,schedulingin Legion is a processof negotiation. Most sched-
ulersview CPU cyclesaspassie resourcesvaiting to be utilized by the next
available job. However, in a multi-organizationalframewvork, a CPU is not
necessarilyavailable simply becauset is idle. The owner of the CPU — the
organizationthatcontrolsthe machine- mayimposerestrictionson its usage.
Therefore,when matchinga job to an available CPU, Legion initiatesa ne-
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gotiation protocolwhich respectghe requirement®f the job aswell asthe

restrictionsimposedby the CPU owner In otherwords,we considersite au-

tonomy an importantpart of the scheduling,or more correctly the resource
managemerprocess Evenif a scheduleselectsa particularhostfor running

ajob, thehostmayrejectthejob basedon its currentpolicies. Dependingon

the implementationthe schedulemmay investigatevariant scheduleor may

inform the userof thefailureto runthejob.

Third, the schedulercan be replaced. Eachand every componenif a
Legion Grid is replaceable Thusthe scheduleiin the gure canbe replaced
by a new onethatemplgys ary algorithmof choice. Not just the scheduler
but the toolsetthat usesthe schedulelcanbe changedaswell. For example,
we wrote a queueobjectthatusesa similar chainof eventsto mimic theoper
ation of a queuingsystem.Also, we wrote a parametespacetool (similarin
spirit to Nimrod [ASGH95]) that canstartjobs instantaneouslpr sendthem
to our queue. A Legion Grid canhave multiple schedulersor even multiple
instancef a particularscheduler Applicationscan be con gured to usea
speci ¢ scheduler Thus, the Legion Grid resourcemanagementramevork
explicitly allows for differentschedulergor differentclasseof applications.
Of course,userscanbypassthe entire schedulingmechanismby specifying
machinedirectly or usingsomenon-Legion tool for constructinga schedule
for theirapplications Bypassingheschedulingnechanisndoesnot meanby-
passingecurityandfault-tolerancebecaus¢hosefunctionsareatlower levels
in thestack.Naturally if desiredJower levelscanbereplacedr eliminatedas
well with theattendantmplications.

Fourth, the schedulinginfrastructur e can be usedasa meta-scheduling

infrastructur e aswell. The hostobjectshavn in Figurel could be running

on the front-endof a queuingsystemor the masternodeof an MPI cluster
Thus,Legioncouldbeusedto selectsuchahost,but subsequergchedulingon
the queueor the clustercould be deleggatedto the queuingsystemor the MPI
system.

Whendesigninghe Legion Grid resourcananagemeritramenork, we had
a wider de nition of resourcemanagementhan mostother distributed sys-
tems.Wetriedto construct framewvork within which otherpartiescouldwrite
schedulersor differentclasse®f applicationsWe consciouslydid not design
for only the classicapplications— long-running,compute-intense, parallel
applicationsyequiringhigh performance.Naturally we did provide a single
referencémplementatiorof a schedulein orderto performresourcenanage-
menton a Legion Grid immediatelyuponinstallation. However, we intended
this scheduletto be a default — a catch-allschedulefor userswho wishedto
useaLegion Grid as-is.We alwaysintendedpermittingotherschedulerso be
partof ary Legion Grid.
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We did make mistales in the designof our Grid infrastructure;someof
thosemistaleswerein the schedulingramewvork. Someof thesemistalesare
technical,whereasothersare psychological.lf we wereto re-designLegion,
herearesomelessonave would keepin mind:

People are reluctant to write schedulers. We could not rely on Grid
schedulingexpertsto write schedulerdgor Legion. Oncewe learnedthis les-
son, we wrote two new schedulerdo complementhe default scheduletthat
alreadycamewith every Legioninstallation.Onewasaround-robinscheduler
for creatinginstancef les, directoriesandotherobjectson a Grid. The
round-robinschedulermadequick decisionsasednamachinele thatwas
part of its state,thusavoiding expensve schedulingdecisionsfor simple ob-
ject creation. The secondschedulemwas a performance-baseschedulerfor
parametespacestudies. This scheduletook CPU speedsnumberof CPUs
andloadsinto accounfor choosingmachine®onwhichto runparametespace
jobs.

Writing schedulersdeepinto a framework is dif cult. While we did
provide a framework for writing schedulersa mistale we madewasrequiring
schedulemvritersto know too muchaboutLegion internals. Typically, in ad-
dition to the schedulingalgorithmof interest,a schedulemriter would have
to know aboutschedulersenactorshosts,classesandcollections;their inter
nal datastructuresthe datathey paclked on the wire for several methodcalls;
andLegion programgraphs. The effort requiredto write sucha deepsded-
uler wastoo much. In essencewe had violated one of our own principles:
easeof use. Our mistale lay in makingLegion easy-to-usdor end-usershut
not necessarilyso for developers. Oncewe recognizedour error, we wrote
a shallow scheduler i.e., a schedulerthat was aboutas complex asthe de-
fault scheduletbut did not requireknowing too muchaboutLegion internals.
The performance-basesthedulefor parametespacestudiesmentionedear
lier is an exampleof a shallav scheduler This schedulelis a self-contained
Perlscriptthatrequiresknowing aboutthe collectionobject (a databasef at-
tributes)andtheonecommando acces$t. Not having to know Legion details
wasa signi cant advantagan the designof this scheduler

Thelessorwe learnedrom thisexperiencevasthatahigh costof construct-
ing new schedulerss a deterrento development.Anotherlessonwe learned
wasthata high costof runninga schedulecanhurta Grid aswell. Putdiffer-
ently, we learnedthata quick andacceptableschedulelis muchbetterthana
slow but thoroughscheduler

High schedulercostscanundermine thebene ts.  In Legion,ascheduler
is invoked every time an objectmustbe placedon somemachineon a Grid.
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Giventhe Legion view of schedulingasa taskfor placingary objectnot just
a computeobject, creating les and directories,implementationsaand queue
servicesconsolesandclassesall requireanintermediateschedulingstep.For
long, the schedulerthat would be invoked for ary creationwas the default
scheduler While we fully understoodhe needfor different schedulerdor
differentkindsof objects anartifactof ourimplementatiorwasthatwe created
only oneschedulerthedefault one.

Thedefaultschedules algorithmwascomple in two respectsOne,theac-
tual processingime took long, especiallyasthe numberof machinesn a Grid
grew. Moreover, the schedulerconstructedrariantversionsfor every request
just in casethe masterversiondid not meetwith success.Two, the process
invoked methodson too mary remoteobjects. Eachmethodcall (or outcall)
wasarelatively expensve operation.Thereforegvenasimpleschedulevould
take too long to generate Accordingly we built fasterschedulersvhich per
hapsdid not nd nearoptimalandvariantscheduleshut werefar quicker than
the default. The round-robinscheduler madefewer outcallsandhada sim-
ple algorithmfor choosinghosts,but was adequatdor schedulingles and
directories.Likewise, the shallav schedulemwe wrote for performance-based
schedulingschedulegharametespacgobsquickly [NHGO2]. It initially spent
afew secondduilding aschedulebut re-usedhescheduldor thedurationof
theapplication.

Over-complexschedulersare unnecessary  In Legion, we createda so-
phisticatedschedulingframevork, but we alsoimplementedhis framewvork
in a complicatedmanner In particular splitting the schedulingorocessrom
the reseration procesgqthe schedulerand enactorobjectsrespectiely), was
overkill. Theaddede xibility thissplitgave uswasneverused.andwe believe
thatit will not be usedfor a while becausecomplex schedulingtechniques,
suchasco-schedulingthatrequirereserationsareusefulfor asmallsubsenf
applicationsonly [SF02]. Too mary objectswereinvolved in the scheduling
processmakingit feellike theproces$iadtoo mary moving parts.Thefailure
of any oneobjectcouldderailthe schedulingorocessmakingit hardto create
new objects- les, directoriesjmplementationgobs,etc.—onaGrid.

5. SUMMARY

In this chapterwe discussedhe philosophyandmechanismsf the Legion
resourcananagemerftamework. In Legion, resourcenanagemeris invoked
not just for running jobs but alsoto placeother Grid componentssuchas
les, directories,databasesetc. The key elementin resourcemanagement
is placementj.e., determiningon which machineto startrunningan object.
In Legion, placements a negotiation processhetweenthe requirementof
usersandthe policiesof resourcemanagers.This ngyotiationprocesss car
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ried out by a schedulewhich alsoemplg/s analgorithmto determinewhich
resourcef the available onesis most suitedfor startingthe requestedb-
ject. Every schedulein Legionimplementghe negotiationprocessalthough
differentschedulersnay emplo differentalgorithms.

As Grids mature,diverseresourcewill beincludedin GridsandGrid re-
sourcemanagemenwill be centralto theworking of a Grid. We hopethatour
experiencewill sene to guidethe designof resourcenanagersin particular
we believe that the pressingchallengeghat facethe Grid communityarethe
designof rich and e xible resourcespeci cationlanguagesn orderto match
resourcesvith requestsandthe designof a framewnork that canincorporate
differentsolutionsfor differentaspect®f Grid resourcenanagement.
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