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Abstract
A multi-tasking virtual machine(MVM) executesmultiple pro-
gramsin isolation,within a singleoperatingsystemprocess.The
goalof aMVM is to improvestartuptime,overall systemthrough-
put,andperformance,by effective reuseandsharingof systemre-
sourcesacrossprograms(tasks).However, multitaskingalsoman-
datesa memorymanagementsystemcapableof offering a guaran-
teeof isolationwith respectto garbagecollectioncosts,accounting
of memoryusage,andtimely reclamationof heapresourcesupon
tasktermination.

To this end,we investigateandevaluate,novel task-aware ex-
tensionsto a state-of-the-artMVM garbagecollector (GC). Our
task-awareGCexploitsthegenerationalgarbagecollectionhypoth-
esis,in the context of multiple tasks,to provide performanceiso-
lation by maintainingtask-privateyounggenerations.Taskaware
GC facilitatesconcurrentper-task allocationand promotion,and
minimizessynchronizationandscanningoverhead.In addition,we
ef�ciently track per-task heapusageto enableGC-freereclama-
tion upontasktermination.Moreover, we couplethesetechniques
with a light-weight synchronizationmechanismthat enablesper-
taskminorcollection,concurrentlywith allocationby othertasks.

Weempiricallyevaluatetheef�ciency, scalability, andthrough-
put thatour task-awareGCsystemenables.

Categoriesand SubjectDescriptors D.3.4 [ProgrammingLan-
guages]: Processors—Memorymanagement(garbagecollection)

General Terms Design, Performance,Experimentation,Algo-
rithms

Keywords Task-awaregarbagecollection,multi-tasking,resource
reclamation,virtual machine,Java

1. Intr oduction
Managedruntimeenvironments(MREs)for modernobject-orient-
edprogramminglanguages,enableportabilityandmobility through
the use of an architecture-independentprogramtransferformat.
MREs, suchasthe JavaT M Virtual Machine(JVM), andthe Mi-
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crosoft .NET framework, typically load, compile, and optimize
programsincrementallyanddynamicallyfor ef�cient executionon
theunderlyinghardwareplatform.MREscommonlyexecuteasin-
gleprogramwith asingleMRE instance,andrely ontheunderlying
operatingsystemto isolateprogramsfrom eachotherfor security,
aswell asfor resourcemanagementandaccounting.

Unfortunatelyprogramisolationat thegranularityof thevirtual
machinecan signi�cantly restrict the performanceof MREs that
executemultiple, independent,programsconcurrently. This exe-
cution modelduplicateseffort acrossVM instances,sinceit pro-
hibits sharingof MRE servicesandinternalrepresentations,mem-
ory, code,etc.,acrossprograms.Suchredundancy increasesstartup
timeandmemoryconsumptionanddegradesoverallsystemperfor-
manceandscalability.

A multitaskingimplementationof a MRE, suchas the multi-
taskingvirtual machine(MVM) canaddresstheseproblemswhile
maintainingportability, mobility, andtype-safety. MVM executes
multiple programswithin a single operatingsystemprocessus-
ing isolating units called tasks[8]. Co-locatingprogramsin the
sameaddressspacesimpli�es thevirtual machineimplementation
throughsharingof theruntimerepresentationof programsanddy-
namicallycompiledcode.Suchsharingalsoavoids duplicatedef-
fort acrossprograms(e.g.loading,veri�cation) andamortizesrun-
time costs,suchas dynamiccompilation,over multiple program
instances.Prior work on theMVM [7], shows how a multitasking
designreducesstartuptime andmemoryfootprint, and improves
performanceoverasingle-programMRE approach.

Thefocusof ourwork is onmemorymanagementfor multitask-
ing MRE, andMVM in particular. An MVM GC implementation
mustaddressuniquechallengesnot facedby GC systemswithin
single-taskingMREsto achievescalableperformance.

First, eachprogram(task)thatexecutesmustnot interferewith
otherprograms,eitherfunctionally, or in termsof performance.In
particular, aGCthatonetasktriggersshouldnot impacttheperfor-
manceof othertasks.Moreover, GC overheadfor a taskshouldbe
independentof thenumberof tasksexecuting.In addition,thetask
shouldhavecontroloverheapandGCsystemparameters,suchsiz-
ing or generationaltenuringparameters.Finally, upontasktermina-
tion,heapresourcesthatthetaskhasallocatedmustbeimmediately
reclaimableandavailablefor useby othertasks.In addition,such
reclamationshouldnotadverselyaffectothertasks.

The current MVM system[1] implementsa simple memory
managementsystemin whichasingleheapandmanagementpolicy
is sharedacrossall tasks.Suchsharingallowstasksto interferewith
oneanother(in termsof performance),andrestrictsthescalability
of the system.Moreover, there is no per-task control over GC
parametersor reclamationof heapresourcesupontasktermination



without requiringanexpensive, full heapGC.Extantmulti-tasking
approaches(e.g. [6]), that do not employ MRE supportimpose
similar restrictions.An alternative approachis to assigna separate
heapspace(andpossiblydifferentGCpolicies)to eachtask.Using
suchan approachcomplicatesthe memorymanagementsystem,
restrictsthetheopportunisticuseof reservedidle memoryby other
tasks,andcanlimit thenumberof concurrenttasksthatthesystem
cansupport.

In thispaper, wepresentadesignthataddressesthesechallenges
for theSunMicrosystemsMVM [1] for theJavaT M programming
language.Key to our designis anorganizationof theheapthaten-
ables(i) per-taskperformanceisolation for the memorymanage-
mentsystem,(ii) independentallocationandcollectionof young
objects,and(iii) GC-freememoryreclamationupontasktermina-
tion.

Thedesignfollowsahybrid approachthatdividestheheapinto
task-privateandsharedsections,so that we con�ne a majority of
GC activity to task-private sections.This hybrid organizationof
theheapworksparticularlywell with generationalGC algorithms
that divide the heapinto multiple generations.GenerationalGCs
segregateobjectsby ageandconcentratetheir GC efforts on the
youngestgenerations(i.e., the generationsholding the youngest
objects)byexploiting theweakgenerationalhypothesis[29], which
statesthatmostobjectsdieyoung.

In our implementation,the heapconsistsof multiple indepen-
dent younggenerations (one per running task),and a single old
generationthat all tasksshare.Whena taskentersthe system,it
is given a privateyounggenerationthat the systemsizesaccord-
ing to parametersspeci�ed by the task.A taskallocatesprimarily
from its younggeneration.Whenthis areais full, the systemper-
forms a minor collectionfor that task. During a minor collection,
theGC systemmoves(promotes)maturelive objectsto theshared
old generation.

The sharedold generationef�ciently tracks the regions that
eachtaskconsumesusingpromotionallocationbuffers (PABs). A
PAB is a region of old generationspacethat the systemassigns
to a particular task for allocation.A task usesits PAB for both
object promotion during minor collections and for direct (pre-
tenuring)allocationof objects.PABs providenumerousadvantages
– they clusterobjectsof the sametasktogetherin the sharedold
generation,they easeaccountingof spaceconsumedby tasksin
the sharedgeneration,they enableimmediatereclamationof old
generationspacewithoutgarbagecollectionupontasktermination,
and they help limit the amountof old generationspacethat the
systemmust scan to identify roots during minor collection. In
addition,by combiningper-taskyounggenerationswith PABs, we
eliminateinterferencebetweenmutatorsandcollectorsof different
tasks.As aresult,oursystemis ableto performminorcollectionfor
a task,concurrentlywith theexecutionof mutatorsof othertasks.

In summary, wecontributethefollowing,

² A multitasking-aware garbagecollectedheapdesignthat im-
provesprior work by supportinginstantaneous,collection-less
reclamationof all heapspaceof terminatedtasks,minor col-
lection of onetaskconcurrentlywith mutationby othertasks,
anda methodfor identifying rootsof minor collection that is
independentof thenumberof tasks,

² An empiricalevaluationof theimpactonperformanceandscal-
ability of task-awareGCtechniques(independentyounggener-
ation,promotionallocationbuffers,concurrentminorcollection
andmutation),usingmultitaskingworkloadsderivedfrom ava-
riety of programs.

Therestof thispaperis organizedasfollows.Section2 provides
backgroundontheMVM, aSunLaboratories'implementationof a
multitaskingvirtual machinebasedon theJavaHotSpotT M virtual

machineversion 1.5 [27]. The current prototypeof MVM [1],
which we employ andextendthis MVM in this paper, implements
a nä�ve approachtowardsheapmanagement,sinceall tasksshare
thesamegenerationalheap.Section3 detailsour hybrid approach
for task-awaregarbagecollection.Section4 reportsthe resultsof
the experimentswe have conductedto evaluatethe impactof the
mechanismsaddedto MVM – per-taskyounggeneration,PABs,
andconcurrentminor collectionandmutation.Section5 discusses
relatedwork, andSection6 summarizesour �ndings.

2. Multi-T askingVirtual Machine (MVM)
MVM [7] is an implementationof the JVM that co-locatesexe-
cution of multiple programsin a singleoperatingsystemprocess.
Eachprogramexecutionis carriedout as a task. Tasksare used
to implementisolates,which areexecutioncontainersfor arbitrary
programsformally de�ned by theApplication IsolationAPI (Java
Speci�cationRequest121)[19].

Isolatesprovide a programwith the illusion of a stand-alone
JVM. Programshave thesamebehavior asif they wererunningon
aprivateJVM. Eachisolatehasits own primordialloaderandhier-
archy of classloaders.No sharingof objectscantakeplacebetween
isolates,andtheJVM safeguardsagainstinter-isolateinterference.

Eachtaskin MVM is associatedwith a uniquetaskidenti�er.
A taskidenti�er is an index into tablesusedin MVM to mediate
accessto datastructuresthat needto be replicatedon a per-task
basis,suchas,the taskspeci�c part of the runtimerepresentation
of a class.All threadsrunning in the context of a given task,are
associatedwith the identi�er of that taskaswell asotherrelevant
task-speci�cinformation.Wenext describetheMVM featuresthat
arepertinentto memorymanagement.

2.1 ClassSharing

MVM substantiallyreducesthe footprint of programsby imple-
mentinga form of sharingof theruntimerepresentationof classes
calledtaskre-entrance[10]. Taskre-entranceis supportedonly for
classesde�ned by classloaders,whosebehavior is fully controlled
by the MVM. This includesthe primordial andsystemloaderof
eachisolate.

The primordial loaderis a specialclassloaderthat bootstraps
classloading.It is usedto loadthebaseclassesthatareintimately
associatedwith an implementationof the JVM and are essential
to its functioning(suchasclassesof the java.* packages).The
systemloaderis theloaderthatde�nesthemainclassof aprogram.
It typically obtainsclass�les from the local �le systemat a �x ed
locationspeci�edatprogramstart-up.

The systemloaderservesclassloading requestsby �rst dele-
gating themto theprimordial loader, andonly de�nes classesthat
theprimordial loaderdoesnot de�ne. This behavior is predictable
sincefor a given classpath,a classloadedby a primordial or a
systemloaderof any taskis alwaysbuilt from thesameclass�le.
Further, symbolicreferencesfrom classesde�ned by a primordial
or asystemloaderalwaysresolve identicallyacrosstasks.

This allows for a simpli�ed form of sharingwhereonly the
task-dependentpartsof theruntimerepresentationof a class,such
asstaticvariables,classinitialization state,protectiondomain,in-
stanceof java.lang.Class etc., need to be replicatedper
loader. All otherclassinformation,in particularthosederivedfrom
resolvedsymboliclinks, suchas�eld offsets,virtual tableindexes,
staticmethodaddresses,etc.,canbesharedacrossloaders,further
increasingtheamountof sharing.Accessto thetask-privatepartof
the representationof a classsharedacrossmultiple tasksis medi-
atedvia a tableindexedby a taskidenti�er (taskid). Sharingis not
supportedfor classesde�ned by program-de�nedloaders.Instead
of a tableof task-privateclassrepresentations,the classrepresen-
tation includesa singletask-privaterepresentation.Both the inter-



preterandcodeproducedby the dynamiccompilerare aware of
this organizationandaccessthe task-dependentclassinformation
usingthetaskidenti�er of thecurrentthread.

An extensive descriptionof how MVM implementssharingof
theruntimerepresentationof classes,includingbytecodeandcode
producedby thedynamiccompiler, is describedin [7].

2.2 GarbageCollection

TheMVM derivesfrom theHotSpotT M Javavirtual machine[23].
The currentprototypeof the MVM [1] retainsthe heaplayout of
the original Java HotSpotvirtual machineand introducesminor
changes.Heapmanagementfollows a generationalstrategy based
on threegenerations– permanent,tenured,andyoung.Theperma-
nentgenerationis a specialgenerationusedfor allocatingobjects
that constitutethe runtimerepresentationof classesandstring lit-
erals.In the MVM, the permanentgenerationalso includestask
tablesassociatedwith the runtimerepresentationof task-reentrant
classes.Note,however, thatwedonotallocatethetask-privaterep-
resentationof a taskre-entrantclass,which holdsstaticvariables
etc., in the permanentgenerationbut, rather, in the tenuredgen-
eration.The rationalefor this is that in the MVM, the lifetime of
the sharablepart of the runtimerepresentationof a classis much
longer. Thesharablepart's lifetime mayrangefrom thelifetimesof
a few tasksto the lifetime of thevirtual machineitself, unlike the
task-privatepart,whichlastsnolongerthanthedurationof thetask.
Thetask-privatepartof theruntimerepresentationof classesis al-
locateddirectlyin thetenuredgeneration.Thisavoidsclutteringthe
younggenerationwith objectsknown to belong lived.

Programthreadsallocatefrom theyounggeneration.As in the
original Java HotSpot virtual machine,the young generationis
divided into an allocationspace(the eden), anda maturespace1,
whichconsistsof apairof equallysizedsemi-spaces(afromandto
space).Garbagecollectionof theyounggenerationusesa copying
scavengerthatevacuatesliveobjectsfrom theedenandfromspaces
to theto spaceaccordingto adesignsimilar to thatin [28]. Mature
objectsthathave survivedseveralscavengecyclesarepromotedto
the old generation.Objectsfrom the young generationare never
promotedto thepermanentgeneration.

Theedenspaceis usedfor thevastmajority of allocations.Ob-
jectsthatdonot �t in theyounggenerationareallocateddirectly in
thetenuredgeneration.To increaseper-threadlocality andto avoid
thecostof atomicinstructionsin allocationcode,thesystemallo-
catesa threadlocal allocationbuffer (TLAB) from theedenspace
for threadsof tasks.Write barriersfor tracking cross-generation
pointersfollow acard-markingscheme.

The Java HotSpotvirtual machinesupportsseveral algorithms
for thetenuredgeneration,but MVM currentlyonly supportsmark
andcompact.Bothminorandmajorcollectionsrequirebringingall
threadsto a safepointin orderto proceed.In thecaseof MVM, all
threadsof all tasksmustbeatasafepoint.

Thechangesintroducedby MVM to garbagecollectionarere-
lated to reclaimingspaceusedby terminatedtasks.MVM main-
tainsa list of terminatedtaskswhich is purgedonagarbagecollec-
tion. During collection,the list of terminatedtasksis usedto scan
tasktablesof theruntimerepresentationof classes,andothertask
tablesreferringto heapobjects,to zero-outtheentriescorrespond-
ing to terminatedtasks,sothatnoobjectsof theterminatedtaskare
reachablefrom any liveroot.Thiscleanup is performedatgarbage
collection time ratherthanat task termination,since(i) the heap
spaceusedby terminatedtask cannotbe reclaimedwithout per-
forming a full GC, and(ii) postponingcleanup until GC enables
the systemto factorout the costof clearingdeadreferencesfrom
entriesof tasktablescorrespondingto terminatedtasks.

1 Shouldnotbeconfusedwith theold generation

3. Task-AwareGarbageCollection
Althoughsimple,theapproachof sharinga generationalheapbe-
tweenadynamicallyvaryingnumberof independenttaskspresents
severalproblems.First is theabsenceof performanceisolationwith
respectto garbagecollection. That is, garbagecollection affects
all tasksat once,and hasa cost proportionalto the live objects
of all tasks.A secondproblemis the inability to immediatelyre-
claimtheheapspaceconsumedby atask,uponits termination.Re-
sourcereclamationrequiresafull garbagecollection,whichaffects
all tasks.Both problemsadverselyimpactscalabilityandresponse
time.

The following sectionpresentsa generationalgarbagecollec-
tion systemthat attemptsto better addressthe requirementsof
MVM with a combinationof three features– per-task indepen-
dentyounggenerations,promotionallocationbuffers,andandtask-
concurrentscavenging.

3.1 Hybrid generationalheap

The �rst elementof the designbuilds on [7], by providing each
task with a private young generation,while sharinga single old
generationbetweenall tasks.Thishybrid approachattemptsacom-
promisebetweensharingthe heapbetweenall tasksand giving
eachtaskan independentheap.Thereareseveralsreasonsfor this
choice.

First, the younggenerationis typically muchsmallerthanthe
old generation.Thus,having one per task young generationand
sharingthe tenuredspacemakesbetteruseof heapresources,by
avoiding committingtoo muchmemoryper task,andunnecessar-
ily limiting thedegreeof multitasking.Old generationspaceis allo-
catedto a taskon demand,eitherduringminor collection,or when
pre-tenuringobjects.

Second,thevastmajority of allocationsandmostgarbagecol-
lectionsoccur over the young generation.Thus, an independent
young generationshieldsa task from most heap-relatedinterfer-
ence,especiallyvaryingallocationrate,tenuringdecisions,andin-
terleaving of objectsfrom different tasks.Also, minor collection
pausesareproportionalto thelive setof objectsof a giventask,as
opposedto all tasks.

Third, key parametersfor generationalgarbagecollection,such
as young generationsize,age-basedtenuringpolicy, etc., can be
controlled on a per-task basis.This enablesusersto specify an
appropriateapplication-speci�csetof tuning parametersfor each
task.

Figure1 depictsourlayoutfor per-taskyounggenerations.A ta-
ble,calledtheyounggenerationvirtualizer, mapsthetaskidenti�er
to thecorrespondingyounggeneration.Eachyounggenerationhas
thesamelayoutasin theoriginalJavaHotSpotvirtual machine(see
section2), with thenotableexceptionthata younggenerationmay
consistof several discontinuousregionsof memory. Speci�cally,
spacefor younggenerationsis allocatedfrom a poolof �x ed-sized
chunks,thesizeof which is parameterizableandsetat2MB by de-
fault. On startup,a taskis allocatedan integral numberof chunks
correspondingto thesizeof theyounggenerationrequested(or the
default if noneis speci�ed).The chunkmanagerattemptsto allo-
catecontiguouschunkswhenpossible,otherwise,it assignsaddi-
tional edensto theyounggeneration,oneperregion of contiguous
chunksallocatedfrom the pool (similarly to the surplusmemory
in [7]). Thepoolmanagermayre-arrangethechunksallocatedto a
younggenerationto reducethefragmentationof its eden.Suchre-
arrangementtakesplaceasnecessaryfollowing minor collection,
whenall the live objectsof the edenspacehave beenevacuated.
This organizationalsoallows usto dynamicallychangethesizeof
ayounggenerationat runtime.
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Figure 1. Taskindependent�e xible younggenerations.A genera-
tion virtualizer mapstasksto younggenerations.Eachgeneration
comprisesoneor moreedenspaces,eachof which consistsof an
integral numberof contiguouschunksallocatedfrom a pool.Eden
spacesof a taskare linked together. Chunkscanbe addedor re-
moveddynamically.

Theto andfrom spacesaretypically muchsmallerthantheeden
space.For simplicity, thecurrentprototypelimits their sizeto that
of asinglechunk.

As in the original Java HotSpotvirtual machine,threadsare
assignedoneor more threadlocal allocationbuffers (TLABs) so
that they canallocateobjectswithout synchronizationwith other
threads.The TLAB of a threadis allocatedfrom the edenof the
younggenerationof thethread's task.

Pertaskyounggenerationsprovidesomedegreeof performance
isolation – the copying cost of scavengingis proportionalto the
numberof live objectsof the task that triggeredthe scavenge;
further, only matureobjectsof thattaskarepromotedto theshared
old generation.

However, per taskyounggenerationsaloneareinsuf�cient for
completeperformanceisolation.All tasksmuststill bestoppedat
a safepointin orderfor thescavengerto have a consistentview of
theold generation.In particular, consistency of therememberedset
of referencesto younggenerationsmustbeguaranteed,in orderto
preciselylocatereferencesfrom the old generation,to the young
generationbeingscavenged.Note,however, that tasksarestopped
at the safepointonly for the durationof the scavengeof the live
objectsof asingletask,which improvesoveradesignthatsharesa
singleyounggenerationbetweentasks.

Anotherconcernis that per taskyounggenerationsdo not en-
ableimmediatereclamationof all heapspaceconsumedby atermi-
natedtask.Theyounggenerationcanonly bereclaimedwhenthere
arenomorenoreferencesto it from theold generation.Otherwise,
it mayleadtosituationswhereanobsoletepointerfromtheoldgen-
erationmaybemistakenfor a valid pointerif thereclaimedspace
hasbeenre-allocatedfor theyounggenerationof anothertask.For
this reason,younggenerationspacecanonly befreedonceall such
referenceshave beencleared.This canbe doneopportunistically
at any scavenge,while scanningthe rememberedset.In addition,
spaceconsumedby aterminatedtaskin theold generationcanonly
bereclaimedupona full collectionof theold generation.

To addresstheproblemslistedabove, we complementper task
younggenerationswith promotionallocationbuffers(PABs).PABs
allow instantaneous,collection-less,reclamationof all heapspace
(i.e., both youngandold) consumedby a terminatedtask.PABs
alsohelp to simplify synchronizationissuestowardsef�cient sup-
port for task-concurrentscavenging.

3.2 Promotion Allocation Buffers

Immediate,collection-lessreclaimingof theheapspaceusedby a
terminatedtaskcanbe obtainedby preciselytrackingold genera-

tion regions in which objectsallocatedby eachtaskreside.With
this knowledge,younggenerationcollectioncanignoreall regions
of the old generationthat do not containobjectsof the task be-
ing scavenged,sincethesearenot requiredto determinerootsfor
collection.Sinceno regionsof old generationthatmaycontainob-
soletereferencesto younggenerationsof terminatedtaskswill be
scanned,younggenerationsof terminatedtaskscanbere-usedim-
mediately, withoutGC.

The old generationspaceusedby a terminatedtaskcanbe re-
usedimmediatelywithout any collectionaswell. The only refer-
encesto regionsusedby aterminatedtaskoriginatefrom thetables
usedtomediateaccessfromthesharedpartof theruntimerepresen-
tationof classesstoredin the permanentgeneration,to their task-
privatepartslocatedin the old generation.Thus,the regionscor-
respondingto a terminatedtaskcanbeimmediatelyre-used,if the
GC ignoresentriesof thetablescorrespondingto terminatedtasks.
This,however, preventsre-useof theidenti�ers of terminatedtasks.
Theseidenti�ers will eventuallyneedto bereclaimedby cleaning
correspondingentriesin theglobaltasktable.Thecleaningof these
entriescanbedoneopportunisticallyon thenext GC that requires
scanningthe tasktable,or by a separatebackgroundthread.Note
thatcleaningitself doesnotrequireany synchronizationwith tasks.

Preciselyidentifyingwhichregionsof thesharedold generation
holdobjectsof a terminatedtaskis key to thecollection-lessrecla-
mationof theheapspaceusedby theterminatedtaskasdescribed
above.Trackingindividualobjectswouldlikelybeprohibitivelyex-
pensive. Instead,weproposepromotionallocationbuffers(PABs).

A PAB is a contiguousregion of the old generationassigned
to a task.PABs areprimarily usedduringscavengingof theyoung
generationof taskwhenpromotingyoungobjectsto the old gen-
eration.They arealsousedfor the occasionaldirect allocationof
objectsin theold generation,eitherbecausetheobjectdoesnot �t
in the younggeneration,or asa resultof a pre-tenuringdecision.
For example,asdescribedpreviously, the task-privaterepresenta-
tion of aclassis alwayspre-tenured.Thesizeof aPAB canbetask-
speci�c andadjusteddynamically. It is generallychosento satisfy
severalscavenges.Allocationin aPAB involvesincreasingacursor
to the�rst freebytein thePAB (bump-pointer).Whenallocationin
a PAB is performedby mutatorthreads,synchronizationbetween
threadsis required,sincethe PAB of a taskis sharedbetweenall
threadsof thetask.

Figure2 illustratesPAB management.Eachtask is associated
with a current PAB and a list of full PABs. An initial PAB is
allocatedto ataskatstartup,prior to the�rst allocationby thetask.
When a PAB is full (typically during a scavenge),its addressis
recordedin the task's list of full PABs, anda new oneis provided
to thetask.

If an object doesnot �t in a PAB, spaceis allocateddirectly
from the old generation,either from a previously freed PAB, or
from the free spaceat the endof the old generation(beyond the
lastPAB). In bothcases,theobjectis recordedasa full PABs in a
list correspondingto thetaskperformingallocation.Thelist of full
PABs, thus,preciselytracksregionsof theold generationusedby
a task.

Whena taskcompletes,its task identi�er is addedto a list of
taskswhosetasktableentriescanbefreedandre-used.Thetask's
currentPAB andfull PABs areaddedto a global list of freePABs,
andbecomeimmediatelyavailablefor re-useby othertasks.Young
generationchunksof the taskarereturnedto the global pool, and
are immediatelyavailable for re-useby the younggenerationsof
othertasks(seeSection3.1).

AdjacentfreePABs arecoalescedin a singlePAB. FreePABs
at the end of the old generationare removed from the list and
the pointer to top of the old generationis updatedaccordingly,
asillustratedin Figure3. Apart from limiting the spaceoverhead
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tion at taskterminationwithouta full GC.(A) Initial con�guration.
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tive full PAB list arenow non-empty. (C) Task1 terminatesandits
setof full PABs is addedto the global free list. (D) Task3 enters
thesystemandtask2 & 3 startusingspaceallocatedfrom thePAB
freelist.
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Figure 3. Exampleillustrating shrinking of old generationfoot-
print upontasktermination.

of trackingPABs, coalescingcan increasethe sizeof contiguous
free PAB areas,consequentlylimiting fragmentationand further
reducingthefrequency of full GC.

PABs have several interestingproperties.First, they improve
isolation betweentasks,since most allocation in the sharedold
generationis performedfrom a PAB that is private to one task,
eliminatingapointof interferencebetweentasks.Second,they ef�-
cientlykeeptrackof theold generationspaceusedby tasks.Track-
ing is relatively inexpensive and only involves addinga PAB to
a list of full PABs whena PAB is full, or whenan object larger
than the currentPAB capacityis allocated.This precisetracking
enablescollection-lessreclamationof bothyoungandold genera-
tionsspaceusedby terminatedtasks.Further, it optimizestheiden-
ti�cation of referencesfromtheoldgenerationtoaparticularyoung
generation(aswill bedescribedlater).Last, it enablespreciseac-
countingof spaceconsumedby tasks.

Maintaining PABs AcrossMajor GCs

Reclamationandreuseof PABs mitigatesfull heapGC, but is not
a replacementfor it. The old generationmay �ll up eventually,
requiringcollection.A sliding mark-compactcollectoris usedfor
theold generation.Thecollectormayreclaimgarbagein PABs and
compactlive objectsinsidePABs, thus invalidating their original
boundaries.Consequently, old generationcollectionsmay require
adjustmentto PABs boundaries.The following describeshow this
adjustmentis performed(Figure4).

The old generationmark-compactGC is a standard4 phase
compactingcollector[22] involving thefollowing phases.

² Mark liveobjects.

² Computenew addressesfor liveobjects.

² Scanobjectsandadjustreferencesto point to thenew locations.

² Relocate(copy) objectsto their new locations.

Adjustmentof PAB boundariescanbe performedbetweenthe
secondandthird phases.During thesecondphase(computingnew
addresses),theGCstoresthenew addressfor a liveobjectthatwill
berelocated,in theobjectheader. To computenew boundariesfor
aparticularPAB, welocatetheaddressof the�rst liveobjectin the
PAB. If no live objectis found,this PAB canbedroppedfrom the
correspondingtask's list. If a live objectis found,we readits new
addressfrom theheader, which now becomesthenew startof the
PAB. To adjusttheendof a PAB, we notethat the �rst live object
beyondtheendof thePAB wouldbemovedto alocationright after
thenew endof thePAB. Thenew endof thePAB is thereforethe
new locationof the�rst liveobjectpastthecurrentend.

Note that locating the �rst live object from either the start
or end of a PAB can be expensive. However, we make use of
an optimization that the existing garbagecollector itself usesto
quickly skip over deadobjects.During thesecondphaseof mark-
compaction,theGCrecordstheaddressof thenext liveobjectin the
headerof the�rst deadobjectin agroupof contiguousdeadobjects.
In thebestcase,thecurrentboundaryof apromotionareais the�rst
deadwordin agroupof deadobjects.However, thismaynotalways
be the case,hence,we may needto iterateover successive dead
objectsuntil we �nd the next live (GC marked) object.To avoid
excessivescanning,it maybenecessaryto limit thenumberof dead
objectsscanned,anddiscardthePAB entirelyif thisnumberis over
a threshold.In practice,we �nd thatthisoverheadis notexcessive.
NotethatdiscardingPABs doesnotaffect correctness.

Optimizing Scavenging

Scavengingusesacardtable[5, 17, 15] to identify referencesfrom
thesharedold generationto per-taskyounggenerations,in orderto
identify reachableyoungobjects.In thepresenceof a largenumber
of dirty cardsbelongingto differenttasks,scanningthe entireset
of dirty cardsateachscavengemightproveexpensive.Theexisting
cardtableimplementationdoesnot associatecardswith tasksand
hence,every scavengerequiresscanningall dirty cards.Having
mutatorsrecordtaskinformationin cardswould addanadditional
cost to the write barrier, thusnegating an importantadvantageof
usingacardtable.In addition,extraspacepercardwouldbeneeded
to recorda taskidenti�er, or a list of taskidenti�ers.

Ourschemeof trackingper-taskold generationusagevia PABs
canbe readily usedto scandirty cardsof only the task initiating
thescavenge.Thissubstantiallyreducesthenumberof cardsbeing
scannedduring a scavenge.During card tablescanning,we only
iterateover the dirty cardsthat correspondto the list of PABs for
thetaskthatinitiatesGC.



adj ust _pr omot i on_ar ea( Pr omot i onAr ea pa) {
pa. st ar t = adj ust ( pa. st ar t ) ;
pa. end = adj ust ( pa. end) ;
i f ( pa. st ar t == pa. end)  pa = NULL;

}
Wor d*  adj ust ( Wor d*  q) {

i f ( q < f i r s t _dead)  / / GC mai nt ai ns addr ess of
r et ur n;      / / f i r s t  dead obj ect  f ound i n

/ / phase 2 of  mar k- compact
new_q = NULL;
whi l e( q < end)  {  / / end her e i s  t he end of  ol d gen bef or e GC

new_q = f or war i ng_wor d( q) ;
i f ( i s_gc_mar ked( q) )  {

r et ur n new_q;  / / f or war di ng wor d i s  new l ocat i on
}  el se {

i f ( new_q ! = NULL)  {
/ / f ast  case i n det er mi ni ng next  l i ve obj ect
/ / q happens t o be t he f i r s t  dead obj ect  of  a 
/ / c l ump of  dead obj ect s:  next  l i ve obj ect  i s  new_q
q = new_q;
}  el se {
/ / q happens t o be i n t he mi ddl e of  a c l ump of  dead
/ / obj ect s.  I t er at e t i l l  we f i nd t he next  l i ve obj ect .
q = q + s i ze( q) ;
}

}
}
/ / we r eached t he end wi t hout  f i ndi ng t he new l ocat i on f or  q
i f ( q > new_t op)       / / new_t op i s t he end of  t he l ast  l i ve

r et ur n new_t op;  / / obj ect  af t er  GC
r et ur n NULL;

}

Figure4. PAB adjustmentat full GC.pais thePAB to beadjusted.

3.3 Task-Concurrent Scavenging

By combiningindependentyounggenerationsandpromotionarea
buffers,we implementa mechanismthat enablesmutatoractivity
and minor collectionsto be performedconcurrently. We refer to
thismechanismasmutator-concurrentscavenging.

Mutator-concurrentscavenging requires maintaining consis-
tency while scanningof the old generationduring promotion.In
orderto maintaina consistentview of theold generation,changes
to the old generationduring direct allocationmustnot affect old
generationobjectsaccessedduring scavenging.This requiresthat
bothobjectallocationandinitializationof theobjectbedoneatom-
ically in order for the collector to only traceobjectswith valid
classinformation.Guaranteeingthe atomicbehavior of thesetwo
operationscannotbe doneef�ciently with non-blockingsynchro-
nization(in contrastto allocationalonewhichcanbeimplemented
with a singlecompare-and-swap operation,i.e. cas ). Othersyn-
chronizationmechanismswould imposea prohibitive overheadon
allocation.

PABs provide a synchronization-freesolution since we need
only to scantask-privatePABs duringscavenging.Othertasksmay
directlyallocatein their own privatePABs withoutaffectingminor
collection.

Key to mutator-concurrentscavengingis a modi�ed synchro-
nization mechanismthat only pausesthreadsthat belong to the
taskthat triggerscollection(the trigger henceforth),during scav-
enging.This process�rst obtainsa globalThreadslock sothatno
new threadscanbestarted,or existing threadsterminatedwhile the
runtime is negotiating a safepoint.We then count the numberof
threadsbelongingto the trigger that arerunning,anditerateuntil
thisnumberreacheszero.

In the MVM, threadsperiodicallypoll (access)a constantre-
served addressthat doesnot belongto the applicationheap.This
addresslies on a protectedpageand accessingthis pageresults
in an exception.The exceptionhandleris responsiblefor block-
ing threadsfor a safepointoperation.We make polling task-aware
by makingthreadsaccessa task-privatepolling page.Whenanon-
globalsafepointis initiated,wesetonly thepolling pagefor threads
belongingto the trigger to an addressthat correspondsto a pro-

begi n_per _t ask_saf epoi nt {

Thr eads_l ock- >l ock( ) ;  / / no t hr eads shoul d t er mi nat e or  st ar t

Saf epoi nt _l ock- >l ock( ) ;  / / onl y 1 saf epoi nt at  a t i me

" t  Î Thr eads

i f  want s_saf epoi nt ( t )  {  / / t  bel ongs t o i ni t i at or

++r unni ng;

pr ot ect ( t . pol l i ng_page) ;

}

whi l e( r unni ng > 0)  {
" t  Î Thr eads

i f  want s_saf epoi nt ( t )  {
/ / wai t  unt i l  t  i s  wai t i ng on 
/ / Scavenge_l ock
i f ( ! i s_r unni ng( t ) )  

- - r unni ng;  

}

/ / saf epoi nt r eached

Saf epoi nt _l ock- >unl ock( ) ;

Thr eads_l ock- >unl ock( ) ;

}

end_per _t ask_saf epoi nt {

Thr eads_l ock- >l ock( ) ;  / / no t hr eads shoul d t er mi nat e or  st ar t

Saf epoi nt _l ock- >l ock( ) ;  / / onl y 1 saf epoi nt at  a t i me

" t  Î Thr eads

i f  want s_saf epoi nt ( t )  {  / / t  bel ongs t o i ni t i at or

unpr ot ect ( t . pol l i ng_page) ;

t - >r est ar t ( ) ;

}

Scavenge_l ock- >not i f y_al l ( ) ;  / / wake up al l  t hr eads wai t i ng

/ /  on t he Scavenge_l ock

Saf epoi nt _l ock- >unl ock( ) ;

Thr eads_l ock- >unl ock( ) ;

}

Figure5. Per-tasksafepointing.begin per tasksafepointinitiates
asafepointfor asingletaskandendper tasksafepointendsit and
resumesmutatorsfor thattask.

tectedpage.An exceptionwill betriggeredfor thesethreadswhen
they poll for asafepoint.

The exception handler causesthreads to wait on a Scav-
enge lock, which will only be releasedwhenscavengingis com-
plete.Note that only threadsbelongingto the trigger will wait on
the Scavenge lock. Whenall suchthreadsarepaused,the number
of threadsrunningdropsto zero,andGC commences.Threadsbe-
longingto othertasksmaycontinueto allocate,however, they may
not performa GC while the currentGC is in progress.Releasing
a safepointis the reverseof this process.Theprivatepolling page
for blockedthreadsis setto anaddressbelongingto anunprotected
page,andtheScavenge lock is released.This processis illustrated
in Figure5.

4. Evaluation
To evaluateourextensionsto MVM memorymanagement,weper-
formedanumberof empiricalexperiments.Wegatheredourresults
usingadedicatedmachineequippedwith two UltraSPARCT M pro-
cessorsclockedat 1.5GHz,andrunningtheSolarisT M 10 Operat-
ing System(OS).The MVM implementationthat we extendedin
this work is basedon theJava HotSpotclient virtual machinever-
sion1.5.We presentresultsfor a numberof SpecJVM98[25] and
Dacapo[9] benchmarks.

To evaluatethe performanceof our system,we �rst present
throughputandresponsetimefor shortrunningtasks,whenexecut-
ing concurrentlywith a GC-intensive program.We thenconsider
throughputaswell as the overall performanceof concurrent,ho-
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Figure 6. Throughput improvement enabled by independent
younggenerations& PABs for shortrunningapplications(javac
andjavap ) executingconcurrentlywith 3 GC-intensive applica-
tions: jess , jack andps . The top graphis for javac andthe
bottomfor javap . The�rst bar in eachsetof barsshows a single
instanceof theshortrunningprogramwith theGC intensive, long
runningprogram,andthe seconddenotes2 instancesof the short
program.

mogeneoustasks.Finally, weanalyzetheimpactof our techniques
on thenumberof GCsthatthesystemperformsaswell asthetime
spentin GC.

In the�rst setof results(Figures6 and7),weshow thethrough-
putandresponsetime improvementenabledby independentyoung
generationsandPABs over a systemwith a sharedyounggenera-
tion. In thissetof experimentsweexecutemultipleserialinstances
of a shortrunningapplication,concurrentlywith a singleinstance
of a GC-intensive applicationin a �x ed time interval. The goal is
to measurethenumberof serialinstancesof theshortrunningap-
plication that can be executedwith the sharedyoung generation
system,versusthe numberof instancesof the sameapplication
executedwith animplementationthat includesindependentyoung
generationsandPABs. We alsoreportresponsetime (averageap-
plicationtime) for theshortrunningapplication.Thegoalof these
experimentsis to show the throughputincrease(measuredas the
extra numberof serial instancesof the small applicationwe can
execute),andtheresponsetime improvement,of oursystemversus
thesharedyounggenerationsystem.Theshortapplicationswecon-
siderarejavac & javap with smallcommand-lineinputs(which
we canprovide on request),andtheGC-intensive applicationsare
jess , jack andps .

The results show that in all cases,we enablea signi�cant
throughputincreaseandaresponsetimeimprovementoverashared
younggenerationsystem.For javap , on average,throughputim-
provementseemsto increasewith two concurrentshort applica-
tions,over a singleinstanceof thatapplication.This is dueto the
fact that javap is very short runninganddoesnot exerciseGC,
and,two instancescanbeoptimally scheduledon our two proces-
sorsystem.For javac , throughputgainsremainalmostthesame
with two concurrentinstancessinceit doesperformstop-the-world
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Figure 7. Responsetime improvementenabledby independent
younggenerations& PABs for shortrunningapplications(javac
andjavap ) executingconcurrentlywith 3 GC-intensive applica-
tions– jess , jack andps . Thetop graphis for javac andthe
bottomfor javap . The�rst bar in eachsetof barsshows a single
instanceof theshortrunningprogramwith theGC intensive, long
runningprogram,andthe seconddenotes2 instancesof the short
program.

Bmark
Minor Major ET GCT ET GCT ET GCT ET GCT ET GCT

(s) (ms) (s) (ms) (s) (ms) (s) (ms) (s) (ms)
jess 146 2 4.59 302 6.17 608 9.58 1001 12.65 1346 16.60 1893
raytrace 76 2 2.82 257 3.76 533 5.74 765 7.25 900 8.98 1157
db 38 2 18.53 255 21.85 638 33.25 1000 43.89 1809 57.16 4164
mpeg 1 1 8.73 50 8.89 95 13.44 149 18.17 190 22.46 272
jack 99 8 4.16 649 5.39 939 7.64 1690 9.38 1706 14.17 2322
ps 217 0 26.67 118 43.96 477 57.67 817 74.59 1272 90.84 1878
jython 142 0 14.32 222 24.75 1408 32.73 2246 42.31 2785 51.22 3446

# GCs
Number of tasks

1 2 3 4 5

Figure8. Datafor theBaseMVM system(sharednew generation).
Columns2 & 3 show thenumberof minor (scavenges)andmajor
collectionsrespectively for a single instanceof the benchmarkin
Column1. The restof the columnsshow executiontime (ET) in
seconds& GC time (GCT) in millisecondsfor 1, 2, 3, 4 and 5
concurrentinstances,respectively, of theprogramslisted.Figures9
and11show improvementrelative to thisdata.

GC.Figure7 showssimilar trendsfor theresponsetime.Response
time for javac is improvedby over 15%,while, javap shows a
8%to 12%improvement.

In summary, theimpactontheexecutionof ashortrunningpro-
gramthat concurrentlyexecuteswith anotherprogramthat shows
signi�cantly heapusage,is visibly reduced.This is aneffectof per-
formanceisolationprovidedby per-taskyounggenerationsandfast
tenuredgenerationreclamationprovidedby PABs.

We next evaluate the overall performanceof our mutator-
concurrentscavengingsystemfor a concurrentworkload.Figure8
shows data for the original MVM, which is con�gured with a
sharednew generation(we henceforthrefer to this con�guration
as the base). This includesthe numberof minor andmajor GCs,
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Figure 9. Total end-to-endperformanceimprovementenabledby
mutator-concurrentscavengingover the baseMVM for homoge-
neousbenchmarkinstances.Bars indicate increasingnumberof
tasks(from 1 to 5).

Bmark
Minor Major Minor Major Minor Major Minor Major Minor Major

jess 9 -2 18 -3 26 -4 34 -4 42 -4
raytrace 5 -1 9 -2 76 -1 95 -2 155 -1
db 2 -1 25 0 57 -1 105 -1 136 -4
mpeg 0 0 0 0 0 0 0 0 0 0
jack 6 -9 11 -9 16 -15 80 -11 26 -11
ps 14 0 25 -1 36 -1 48 -1 58 -2
jython 8 -1 16 -11 23 -15 31 -15 38 -16

Change in # GCs
1 2 3 4 5

Figure 10. Changein thenumberof GCs(minor andmajor)with
mutator-concurrentscavengingover the baseMVM for 1 thru 5
instancesof thesamebenchmark.

total executiontime andGC time for up to 5 concurrenthomoge-
neousinstancesof thebenchmarks.

Figure9 shows thepercentimprovementin theend-to-endper-
formanceenabledby mutator-concurrentscavengingover thebase
MVM. Themutator-concurrentscavengingcon�guration includes
thepromotionareabuffers(PAB) implementation.Thebarsrepre-
senthomogeneousconcurrenttasks,with oneto � ve tasks(left to
right bars).

Mutator-concurrentscavengingenablesa 10-12%performance
improvementfor thiscon�guration,acrossbenchmarksonaverage.
jess andjack show themostimprovement(over 20%in many
cases),sincethey involvesigni�cantly moreGCactivity compared
to otherbenchmarks.raytrace alsoshowssimilarbehavior. This
is apparentfrom thedatain Figure8.

In the basesystemall tasksmustpausefor a minor collection
triggeredby any task,henceapplicationsthatcausemoreGCactiv-
ity scalepoorly. Althoughps causesa largenumberof scavenges,
theimprovementis lesspronouncedasapercentageof thetotalex-
ecutiontime dueto thefact that theprogramis long running(over
a minute).We believe thatmpeg doesnot make signi�cant useof
theheapandthus,doesnotreapthebene�tsfrom younggeneration
isolationor concurrentallocationtechniques.In fact,performance
is slightly degradedfor this benchmarkdueto an increasein GC
time (explainedbelow).

We next investigatethe impactof our techniqueson GC activ-
ity. Figure10 shows the changein the numberof scavengesand
full GCsover thebaseMVM, for oneto � ve concurrenthomoge-
neoustasks,for eachbenchmark.We observe that with mutator-
concurrentscavenging,thenumberof scavengesslightly increases
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Figure 11. Total GC time improvement(minor + major) enabled
by mutator-concurrentscavengingover thebaseMVM. Barsindi-
cateincreasingnumberof homogeneoustasks(from 1 to 5).

in amajorityof theprograms.Thereasonfor this is thatin thebase
system,a scavengecopieslive objectsfrom theentireyounggen-
eration.Consequently, at theendof thescavenge,theyounggener-
ationis empty. However, with mutator-concurrentscavenging,pro-
motion is isolatedandonly thetrigger's objectswill bepromoted.
At theendof thescavenge,only oneof theyounggenerationswill
beempty, while the restmayyet triggera GC sincethey areallo-
catingindependently. However, we performlesswork during any
singlescavenge.Note that mpeg shows no changein the number
of GCs.

Figure11 shows the percentagechange(improvement)in GC
time for our implementationversusthe baseMVM. These�g-
uresshow a reductionin full GCs with independentscavenging,
anda consequentreductionin total GC time, rangingfrom 9% to
19%.Since,themutator-concurrentscavengingcon�guration also
includesPABs, as tasksterminate,other tasksstartusing the ter-
minatedtasks'freedPABs, thusleadingto full GC avoidance.Full
GCsaremuchmoreexpensive thanscavenges,hence,reductionin
full GCsresultsin a sizeablereductionin overall GC time. Cases
in whichweareunableto avoid full GCs,donotshow animprove-
mentin GC time. In fact, time spentpergarbagecollectionin our
systemis higher than the baseMVM, leadingto a performance
degradationin casein which we don't reduceGCs.This is dueto
theextra timespentin iteratingoveradiscontinuoussetof PABs in
old generation.This is especiallyvisible in thecaseof mpeg, db,
andps .

Note, however, that GC time is not an indication of overall
concurrentsystemperformance.

To summarize,in the basesystem,every concurrentapplica-
tion will pauseon every GC, and thereforeexperiencedegraded
performancewhich independentscavengingsigni�cantly improves
upon.Yetmutator-concurrentscavengingdoesnot impacttotalGC
time adverselyalthoughmorescavengesareperformedthanwith
a sharednew generation.Coupledwith reclamationof promotion
areas,mutator-concurrentscavengingreducesthe numberof full
GCs,whicharegenerallymoreexpensivethanscavenges,resulting
in animprovementin totalGC time in mostcases.

5. RelatedWork
Thetechniquesthatwepresenthereinbuild uponabodyof related
work in garbagecollection. Other GC systemsemploy similar



collection strategies and old generalreclamationmechanismsto
thosethatwedescribeherein,however, in adifferentcontext.

A prior MVM implementation[7] includesper-taskyounggen-
erationsandimplementsreclamationof younggenerations.It also
describestemporarydynamicextensionof the young generation
space.It doesnot, however, provide reclamationof per-task old
generationareaswithout triggering a full GC. This is especially
importantfor non-trivial tasksthatutilize theold generation.More
importantly, weprovide theability to collectper-taskyounggener-
ationswithoutpausingall tasks,whichleadsto betterscalability. In
addition,theprior work requiresscanningof dirty cardsbelonging
to all tasksduringscavenging.This makesscavengedependenton
thenumberof tasks,whichinhibitsscalability. Ourpromotionallo-
cationbuffersprovide precisetrackingof regionsof theold gener-
ationon a per-taskbasis,andthenumberof concurrenttasks.This
allowsusto only scancardsbelongingto theGCtriggertask.

Detlefset al's garbage-�rstGC [12] splitstheheapinto regions
which canbe independentlycollectedto satisfya soft pause-time
limit. Theauthorsemploy bidirectionalrememberedsetsbetween
regionsto allow any setof regionsto becollectedindependentlyof
theothers.They useGCLABs,which arethreadprivateallocation
buffers that they useduringGC time. Sincetheir collectionpolicy
is concurrent,threadscompeteto perform an object copy. Since
we assignPABs on a per-taskbasis,in the commoncase,thereis
only oneper-taskthreadperformingpromotion,without the need
for synchronization.

A constraintimposedby ourcurrentimplementationis theneed
to pauseall tasksin orderto performanold generationcollection.
Our experiencewith MVM hasbeenthatstop-the-world full heap
collectionsarerelatively infrequentin amulti-taskingenvironment
runningshorttasks,andof lesserimportancefor asystemequipped
with instantaneousandtransparentheapreclamationupontaskter-
mination.Even thoughfull GCsarelesslikely to be a signi�cant
performancebottleneckin oursystem,shortrunningtasksmaystill
beunnecessarilypenalizedif a longerrunningtasktriggersmulti-
ple full GCs.We arepursuingwaysin which only regionsof the
old generationbelongingto a particulartaskmaybecollected,in-
dependentlyandperhapsincrementally[18, 24], in orderto further
reducethepausesexperiencedby tasks.

In additionto astop-the-world majorcollection,wealsoonly al-
low allocationandminor collectionto occurconcurrently. Our ex-
periencehasbeenthatthemajorsourceof performancebottleneck
in a multi-taskingenvironmentis thecontentionbetweenmutators
andGC,andlesssobetweenminorcollections.However, introduc-
ing theability to concurrently[4] collectyounggenerationsmight
enablefurtherperformancegains.We planto considersuchanim-
plementationaspartof futurework.

Prior work on thread-speci�cheaps[14, 26] focuseson im-
proving performancefor an applicationby enablinggarbagecol-
lectiononaper-threadbasis,to minimizesynchronizationbetween
applicationthreads.Although,this helpsachieve performanceiso-
lation, our work is different in that thereis no sharingof objects
betweentasksin MVM. Consequently, wecanachievebetterisola-
tion sincewedonotneedto trackreferencesbetweenyounggener-
ations.Thread-speci�cheaptechniquescanbecombinedwith our
schemeto provide furtherperformanceisolation.However, perfor-
manceisolationconstitutesonly a part of our work. A signi�cant
goal is alsoto accuratelyidentify heapusage,andreadily reclaim
heapspaceupontasktermination,withoutrequiringcollection,mi-
noror major.

Other researchershave presentedcomplementaryschemesfor
reducingold to younggenerationscanningtime duringminor col-
lection,which maybecombinedwith our per-taskcardtablescan-
ning mechanism.Azagury et al presenta schemefor combining
card marking with rememberedsets[2, 16] in the train collec-

tor [18]. They maintaina per-cardrememberedsetthat is updated
duringcardscanning,sothat thecarddoesnot have to bescanned
repeatedlyunlessit is modi�ed. Anothercomplementaryapproach
for reducingscanningtime, is to use a 2-level card table, with
coarseand �ne grain cards[11]. This is especiallylucrative for
large heaps,sinceregions of the heapthat do not include old to
young generationpointerscan be loggedas a few coarserlevel
cardsandquickly skipped.

Dimpsey et al [13] discusscompactionavoidancewhich lever-
ages two key concepts[20] – addressorderedallocation, and
wildernesspreservation. Thesetechniquesminimize heap frag-
mentation,andconsequently, the frequency of compaction.Since
our allocationschemeis a bumppointer, we automaticallyensure
addressorderedallocation.Our schemedoesnot requirefree lists
to bemaintainedandrebuilt by a markphase.In addition,thepart
of the old generationbeyond the end of the last PAB actsas a
wildernessregion. We perform large objectallocationsfrom this
regiondirectly (insteadof PABs), therebyreducingfragmentation.

The KaffeOS[3] providesisolationandresourcemanagement
for untrustedJava applications.Theprimaryaim is to provide pro-
tectionandisolateapplicationsfrom eachother, andto control re-
sourcesonaper-applicationbasis.TheMVM conceptof anisolate
is amuchlighter-weightabstractionthanaKaffeOSprocess,hence
moreef�cient, albeitwith fewer features.Thegarbagecollectorin
the KaffeOSis non-generationalandconservative. Consequently,
thereis no provision to handlecorrectnessandef�ciency on a per-
processbasisin the presenceof modernGC techniques,suchas
pre-tenuring,or thread-localallocationareas.Our work employs
a state-of-the-artgenerationalcollector with eachtask using its
own separateyounggeneration,but with theold generationshared
acrosstasksto enablebetterscalability. In addition,we enableop-
timizations,suchasfastreclamationof old generationareasupon
tasktermination,PABs andef�cient cardtablescanning,in orderto
optimizethroughputfor modernmulti-applicationenvironments.

Lastly, our old generationreclamationschemedoesnot require
markingandtracing[21,30] to identify per-taskmatureobjects.By
trackingpromotionareas,we canreadilyreclaimall per-taskdead
matureobjectsupontasktermination.

6. Conclusions
We presenta seriesof generationalmemory managementtech-
niquesto improve theef�ciency andscalabilityof a multi-tasking
virtual machine(MVM) for the Java programminglanguage.Our
techniques(i) partition theyounggenerationinto per-taskregions
that are isolatedfrom other tasks,(ii) track old generationheap
consumptionon a per-taskbasis,and(iii) facilitateconcurrentmu-
tation activity with minor collection.TheseMVM extensionsen-
able �ne-grain control of task-speci�cheapparameterizationand
accounting,immediatereclamationof heapareasupontasktermi-
nation,concurrentallocationin the younggeneration,promotion
of objectsduringminor andmajorcollectionfor only thetaskthat
triggersGC,andreducedscanningoverheadduringGC.Ourresults
indicatethat thesebene�ts translateinto signi�cant improvements
in ef�cient concurrenttaskexecutionandoverall systemthrough-
putandscalability.
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