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Abstract

A multi-tasking virtual machine(MVM) executesmultiple pro-
gramsin isolation,within a single operatingsystemprocessThe
goalof aMVM is to improve startuptime, overall systenmthrough-
put, andperformanceby effective reuseandsharingof systemre-
sourcesacrosprograms(tasks).However, multitaskingalsoman-
datesa memorymanagemergystemcapableof offering a guaran-
teeof isolationwith respecto garbagecollectioncosts,accounting
of memoryusageandtimely reclamationof heapresourcesipon
tasktermination.

To this end,we investicate and evaluate,novel task-awae ex-
tensionsto a state-of-the-arMVM garbagecollector (GC). Our
task-avareGC exploitsthegenerationafjarbagecollectionhypoth-
esis,in the context of multiple tasks,to provide performancaso-
lation by maintainingtask-prizate young generationsTask aware
GC facilitatesconcurrentpertask allocationand promotion,and
minimizessynchronizatiorandscanningoverheadln addition,we
efciently track pertask heapusageto enableGC-freereclama-
tion upontasktermination.Moreover, we couplethesetechniques
with a light-weight synchronizatiormechanisnthat enablesper
taskminor collection,concurrentlywith allocationby othertasks.

We empirically evaluatethe ef ciency, scalability andthrough-
putthatourtask-avareGC systemenables.

Categoriesand SubjectDescriptors D.3.4 [ProgrammingLan-
guageq: Processors—Memonyianagemen(garbagecollection)

General Terms Design, Performance Experimentation,Algo-
rithms

Keywords Task-avaregarbagecollection,multi-tasking resource
reclamationyirtual machine Java

1. Intr oduction

Manageduntimeervironments(MRESs)for modernobject-orient-
edprogrammindanguagesgnableportabilityandmobility through
the use of an architecture-independeiprogramtransferformat.
MREs, suchasthe Java™™ Virtual Machine(JVM), andthe Mi-
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crosoft NET framework, typically load, compile, and optimize
programdncrementallyanddynamicallyfor ef cient executionon
theunderlyinghardwareplatform. MREscommonlyexecuteasin-
gle programwith asingleMRE instanceandrely ontheunderlying
operatingsystemto isolateprogramsrom eachotherfor security
aswell asfor resourcenanagemerdandaccounting.

Unfortunatelyprogramisolationat the granularityof the virtual
machinecan signi cantly restrictthe performanceof MREs that
executemultiple, independentprogramsconcurrently This exe-
cution model duplicateseffort acrossVM instancessinceit pro-
hibits sharingof MRE servicesandinternalrepresentationsnem-
ory, code etc.,acrosgprogramsSuchredundang increasestartup
timeandmemoryconsumptioranddegradesoverall systenperfor
manceandscalability

A multitaskingimplementationof a MRE, suchasthe multi-
taskingvirtual machine(MVM) canaddresgheseproblemswhile
maintainingportability, mobility, andtype-safetyMVM executes
multiple programswithin a single operatingsystemprocessus-
ing isolating units called tasks[8]. Co-locatingprogramsin the
sameaddresspacesimpli es thevirtual machineimplementation
throughsharingof the runtimerepresentationf programsanddy-
namically compiledcode.Suchsharingalsoavoids duplicatedef-
fort acrosgpprogramge.g.loading,veri cation) andamortizegun-
time costs,suchas dynamic compilation,over multiple program
instancesPrior work on the MVM [7], shavs how a multitasking
designreducesstartuptime and memoryfootprint, andimproves
performancever a single-progranMRE approach.

Thefocusof ourwork is onmemorymanagemerfor multitask-
ing MRE, andMVM in particular An MVM GC implementation
mustaddresauniquechallengesot facedby GC systemswithin
single-taskingREsto achieve scalablgperformance.

First, eachprogram(task)thatexecutesmustnot interferewith
otherprogramsegitherfunctionally, or in termsof performanceln
particular a GCthatonetasktriggersshouldnotimpactthe perfor
manceof othertasks.Moreover, GC overheador ataskshouldbe
independentf the numberof tasksexecuting.In addition,thetask
shouldhave controlover heapandGC systenmparameterssuchsiz-
ing or generationalenuringparameterdgr-inally, upontasktermina-
tion, heapresourceghatthetaskhasallocatedmustbeimmediately
reclaimableandavailablefor useby othertasks.In addition,such
reclamatiorshouldnot ad\erselyaffect othertasks.

The currentMVM system[1] implementsa simple memory
managemergystemn whichasingleheapandmanagemeniolicy
is sharedacrossll tasks Suchsharingallowstasksto interferewith
oneanother(in termsof performance)andrestrictsthe scalability
of the system.Moreover, thereis no pertask control over GC
parametersr reclamatiorof heapresourcesipontasktermination



withoutrequiringanexpensve, full heapGC. Extantmulti-tasking
approachege.qg. [6]), that do not employ MRE supportimpose
similar restrictions An alternatve approacthis to assigna separate
heapspacgandpossiblydifferentGC policies)to eachtask.Using
suchan approachcomplicatesthe memory managemensystem,
restrictsthetheopportunisticuseof reseredidle memoryby other
tasks,andcanlimit the numberof concurrentasksthatthe system
cansupport.

In thispaperwepresentidesigrnthataddressethesechallenges
for the SunMicrosystemavVM [1] for theJava' ¥ programming
languageKey to our designis an organizationof the heapthaten-
ables(i) pertask performancesolationfor the memorymanage-
mentsystem,(ii) independengllocationand collection of young
objects,and(iii) GC-freememoryreclamatiorupontasktermina-
tion.

Thedesignfollows a hybrid approachhatdividesthe heapinto
task-private and sharedsections so that we con ne a majority of
GC actity to task-priate sections.This hybrid organizationof
the heapworks particularlywell with generationalzC algorithms
that divide the heapinto multiple generationsGenerationalGCs
segregate objectsby ageand concentrateheir GC efforts on the
youngestgenerationgi.e., the generationsholding the youngest
objects)y exploiting theweakgenerationahypothesig29], which
stateghatmostobjectsdie young.

In our implementationthe heapconsistsof multiple indepen-
dentyounggeneations (one per running task), and a single old
generationthat all tasksshare.When a task entersthe system,it
is given a private young generatiorthat the systemsizesaccord-
ing to parameterspeci ed by the task.A taskallocatesprimarily
from its younggenerationWhenthis areais full, the systemper
forms a minor collectionfor that task During a minor collection,
the GC systemmoves(promotes)naturelive objectsto the shared
old generation.

The sharedold generationef ciently tracks the regions that
eachtaskconsumesisingpromotionallocation buffers (PABs). A
PAB is a region of old generationspacethat the systemassigns
to a particulartask for allocation. A task usesits PAB for both
object promotion during minor collections and for direct (pre-
tenuring)allocationof objects PABs provide numerousdwantages
— they clusterobjectsof the sametasktogetherin the sharedold
generationthey easeaccountingof spaceconsumecby tasksin
the sharedgenerationthey enableimmediatereclamationof old
generatiorspacavithoutgarbagecollectionupontasktermination,
andthey help limit the amountof old generationspacethat the
systemmust scanto identify roots during minor collection. In
addition,by combiningpertaskyounggenerationsvith PABs, we
eliminateinterferencebetweemmutatorsandcollectorsof different
tasks As aresult,our systems ableto performminor collectionfor
atask,concurrentlywith the executionof mutatorsof othertasks.

In summarywe contritutethefollowing,

N

A multitasking-avare garbagecollectedheapdesignthat im-
provesprior work by supportinginstantaneous;ollection-less
reclamationof all heapspaceof terminatedtasks,minor col-
lection of onetask concurrentlywith mutationby othertasks,
and a methodfor identifying roots of minor collectionthatis
independentf the numberof tasks,

[N

An empiricalevaluationof theimpacton performancendscal-
ability of task-avareGC techniquegindependenyounggener
ation,promotionallocationbuffers,concurrentinorcollection
andmutation),usingmultitaskingworkloadsderivedfrom ava-
riety of programs.

Therestof this paperis organizedasfollows. Section2 provides
backgroundntheMVM, aSunlLaboratoriesimplementatiorof a
multitaskingvirtual machinebasedn the Java HotSpof ™ virtual

machineversion 1.5 [27]. The current prototype of MVM [1],
which we employ andextendthis MVM in this paperimplements
a nave approachtowardsheapmanagemensinceall tasksshare
the samegenerationaheap.Section3 detailsour hybrid approach
for task-avare garbagecollection. Section4 reportsthe resultsof
the experimentswe have conductedo evaluatethe impactof the
mechanismaddedto MVM — pertask young generationPABs,
andconcurreniminor collectionandmutation.Section5 discusses
relatedwork, andSection6 summarizesur ndings.

2. Multi-T asking Virtual Machine (MVM)

MVM [7] is animplementationof the JVM that co-locatesexe-

cution of multiple programsin a single operatingsystemprocess.
Eachprogramexecutionis carriedout as a task Tasksare used
to implementisolates, which areexecutioncontainerdor arbitrary
programsformally de ned by the ApplicationIsolationAPI (Java

Speci cationRequesti21)[19].

Isolatesprovide a programwith the illusion of a stand-alone
JVM. Programsave the samebehaior asif they wererunningon
aprivateJVM. Eachisolatehasits own primordialloaderandhier
archy of clasdoadersNo sharingof objectscantake placebetween
isolatesandthe JVM safguardsagainstinterisolateinterference.

Eachtaskin MVM is associatedvith a uniquetaskidenti er.
A taskidenti er is anindex into tablesusedin MVM to mediate
accesdo datastructuresthat needto be replicatedon a pertask
basis,suchas,the taskspeci ¢ partof the runtimerepresentation
of aclass.All threadsrunningin the contet of a giventask,are
associatedvith the identi er of thattaskaswell asotherrelevant
task-speci cinformation.We next describehe MVM featureghat
arepertinentto memorymanagement.

2.1 ClassSharing

MVM substantiallyreducesthe footprint of programsby imple-
mentinga form of sharingof the runtimerepresentationf classes
calledtaskre-entance[10]. Taskre-entrancés supportecbnly for
classegle ned by classloaderswhosebehaior is fully controlled
by the MVM. This includesthe primordial and systemloaderof
eachisolate.

The primordial loaderis a specialclassloaderthat bootstraps
classloading.lt is usedto loadthe baseclasseghatareintimately
associatedvith an implementationof the JVM and are essential
to its functioning(suchasclasseof thejava.* packages)The
systemoaderis theloaderthatde nesthemainclassof aprogram.
It typically obtainsclass les from thelocal le systemata x ed
locationspeci ed at programstart-up.

The systemloadersenes classloading requestshy rst dele-
gatingthemto the primordial loader andonly de nes classeghat
the primordial loaderdoesnot de ne. This behaior is predictable
sincefor a given classpath, a classloadedby a primordial or a
systemloaderof ary taskis alwayshbuilt from the sameclass le.
Further symbolicreferencesrom classesie ned by a primordial
or asystemoaderalwaysresole identicallyacrossasks.

This allows for a simpli ed form of sharingwhereonly the
task-dependergartsof the runtimerepresentationf a class,such
asstaticvariables classinitialization state,protectiondomain,in-
stanceof java.lang.Class etc., needto be replicatedper
loader All otherclassinformation,in particularthosederivedfrom
resohedsymboliclinks, suchas eld offsets,virtual tableindexes,
staticmethodaddressestc.,canbe sharedacrosdoaders further
increasingheamountof sharing Accesso thetask-privatepartof
the representationf a classsharedacrossmultiple tasksis medi-
atedvia atableindexed by ataskidenti er (taskid). Sharingis not
supportedor classesle ned by program-de nedoaders.Instead
of atableof task-private classrepresentationghe classrepresen-
tationincludesa singletask-prizaterepresentatiorBoth the inter-



preterand code producedby the dynamiccompiler are aware of
this organizationand accesghe task-dependertlassinformation
usingthetaskidenti er of thecurrentthread.

An extensve descriptionof hov MVM implementssharingof
theruntimerepresentatioof classesincludingbytecodeandcode
produceddy thedynamiccompiler is describedn [7].

2.2 GarbageCollection

TheMVM derivesfrom theHotSpol M Javavirtual maching23].
The currentprototypeof the MVM [1] retainsthe heaplayout of
the original Java HotSpotvirtual machineand introducesminor
changesHeapmanagemenfollows a generationaktratgy based
onthreegenerations- permanentienured andyoung.The perma-
nentgeneratioris a specialgeneratiorusedfor allocatingobjects
that constitutethe runtimerepresentationf classesandstring lit-
erals.In the MVM, the permanengenerationalso includestask
tablesassociatedavith the runtimerepresentationf task-reentrant
classesNote,however, thatwe do notallocatethetask-prvaterep-
resentatiorof a taskre-entrantclass,which holds static variables
etc.,in the permanengenerationbut, rather in the tenuredgen-
eration.The rationalefor this is thatin the MVM, the lifetime of
the sharablepart of the runtimerepresentationf a classis much
longer Thesharablepart's lifetime mayrangefrom thelifetimesof
a few tasksto the lifetime of the virtual machineitself, unlike the
task-privatepart,whichlastsnolongerthanthedurationof thetask.
Thetask-prizate partof the runtimerepresentationf classess al-
locateddirectlyin thetenuredgenerationThis avoidsclutteringthe
younggeneratiorwith objectsknown to belonglived.

Programthreadsallocatefrom the younggenerationAs in the
original Javza HotSpot virtual machine,the young generationis
divided into an allocationspace(the eden), anda maturespace?,
which consistof apair of equallysizedsemi-space& fromandto
space)Garbagecollectionof theyounggeneratiorusesa copying
scarengerthatevacuatedive objectsfrom theedenandfromspaces
to theto spaceaccordingto a designsimilarto thatin [28]. Mature
objectsthathave survived several scarengecyclesarepromotedto
the old generation Objectsfrom the young generationare never
promotedo the permanengeneration.

Theedenspacds usedfor thevastmajority of allocations Ob-
jectsthatdonot t in theyounggeneratiorareallocateddirectlyin
thetenuredgenerationTo increasgerthreadocality andto avoid
the costof atomicinstructionsin allocationcode,the systemallo-
catesa threadlocal allocationbuffer (TLAB) from the edenspace
for threadsof tasks.Write barriersfor tracking cross-generation
pointersfollow a card-markingscheme.

The Java HotSpotvirtual machinesupportsseveral algorithms
for thetenuredgenerationbut MVM currentlyonly supportamark
andcompactBoth minorandmajorcollectionsrequirebringingall
threadso a safepointn orderto proceedIn the caseof MVM, all
threadsf all tasksmustbe at a safepoint.

The changesntroducedby MVM to garbagecollectionarere-
lated to reclaimingspaceusedby terminatedtasks.MVM main-
tainsalist of terminatedaskswhichis purgedon a garbagecollec-
tion. During collection,thelist of terminatedtasksis usedto scan
tasktablesof the runtimerepresentationf classesandothertask
tablesreferringto heapobjectsto zero-outthe entriescorrespond-
ing to terminatedasks sothatno objectsof theterminatedaskare
reachabldrom ary liveroot. This cleanupis performedat garbage
collectiontime ratherthan at 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 clearingdeadreferencegrom
entriesof tasktablescorrespondingo terminatedasks.

1 Shouldnot be confusedwith the old generation

3. Task-Aware Garbage Collection

Although simple,the approactof sharinga generationaheapbe-
tweenadynamicallyvaryingnumberof independentaskspresents
severalproblemsFirstis theabsencef performancésolationwith
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-
claimtheheapspaceconsumedy atask,uponits termination Re-
sourcereclamatiorrequiresafull garbagecollection,which affects
all tasks.Both problemsadwerselyimpactscalabilityandresponse
time.

The following sectionpresentsa generationabarbagecollec-
tion systemthat attemptsto better addressthe requirementsof
MVM with a combinationof three features— pertask indepen-
dentyounggenerationgpromotionallocationbuffers,andandtask-
concurrenscaenging.

3.1 Hybrid generationalheap

The rst elementof the designbuilds on [7], by providing each
taskwith a private young generationwhile sharinga single old
generatiorbetweerall tasks Thishybrid approactattemptsaacom-
promisebetweensharingthe heapbetweenall tasksand giving
eachtaskanindependenheap.Thereare severalsreasondor this
choice.

First, the younggenerationis typically much smallerthanthe
old generation.Thus, having one per task young generationand
sharingthe tenuredspacemalkes betteruseof heapresourcesby
avoiding committingtoo muchmemaorypertask,andunnecessar
ily limiting thedegreeof multitasking.Old generatiorspaces allo-
catedto ataskon demandegitherduring minor collection,or when
pre-tenuringpbjects.

Secondthe vastmajority of allocationsand mostgarbagecol-
lections occur over the young generation.Thus, an independent
young generationshieldsa task from most heap-relatednterfer
ence especiallyvaryingallocationrate,tenuringdecisionsandin-
terleaving of objectsfrom differenttasks.Also, minor collection
pausesreproportionalto the live setof objectsof a giventask,as
opposedo all tasks.

Third, key parameteror generationagjarbagecollection,such
asyoung generatiorsize, age-basedenuringpolicy, etc.,canbe
controlled on a pertask basis. This enablesusersto specify an
appropriateapplication-speci cset of tuning parametergor each
task.

Figurel depictsourlayoutfor pertaskyounggenerationsA ta-
ble, calledtheyounggeneratiorvirtualizer, mapsthetaskidenti er
to the correspondingounggenerationEachyounggeneratiorhas
thesamdayoutasin theoriginal Javza HotSpotvirtual machingsee
section2), with the notableexceptionthata younggeneratiormay
consistof several discontinuougegions of memory Speci cally,
spacedor younggenerationss allocatedrom a pool of x ed-sized
chunks thesizeof whichis parameterizablandsetat 2MB by de-
fault. On startup,a taskis allocatedan integral numberof chunks
correspondingo the sizeof theyounggeneratiorrequestedor the
defaultif noneis speci ed). The chunkmanageattemptsto allo-
catecontiguouschunkswhenpossible ptherwise,it assignsaddi-
tional edengo theyounggenerationpneperregion of contiguous
chunksallocatedfrom the pool (similarly to the surplusmemory
in [7]). Thepoolmanagemayre-arrangehe chunksallocatedo a
younggeneratiorto reducethe fragmentatiorof its eden.Suchre-
arrangementakes placeas necessaryollowing minor collection,
whenall the live objectsof the edenspacehave beenevacuated.
This organizationalsoallows usto dynamicallychangethe size of
ayounggeneratiorat runtime.
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Figure 1. Taskindependente xible younggenerationsA genera-
tion virtualizer mapstasksto younggenerationsEachgeneration
compriseoneor more edenspaceseachof which consistsof an

integral numberof contiguouschunksallocatedfrom a pool. Eden

spacef ataskarelinked together Chunkscan be addedor re-

moveddynamically

Theto andfrom spacesretypically muchsmallerthantheeden
spaceFor simplicity, the currentprototypelimits their sizeto that
of asinglechunk.

As in the original Java HotSpotvirtual machine,threadsare
assignedne or morethreadlocal allocationbuffers (TLABS) so
that they canallocateobjectswithout synchronizatiorwith other
threads.The TLAB of a threadis allocatedfrom the edenof the
younggeneratiorof thethreads task.

Pertaskyounggenerationprovide somedegreeof performance
isolation— the copying costof scarengingis proportionalto the
numberof live objectsof the task that triggeredthe scavenge;
further, only matureobjectsof thattaskarepromotedo the shared
old generation.

However, pertaskyounggenerationgloneareinsufcient for
completeperformancesolation.All tasksmuststill be stoppedat
a safepointin orderfor the scarengerto have a consistenwiew of
theold generationln particular consisteng of therememberedet
of referenceso younggenerationsnustbe guaranteedn orderto
preciselylocatereferencegrom the old generationto the young
generatiorbeingscarenged Note, however, thattasksarestopped
at the safepointonly for the durationof the scavrengeof the live
objectsof asingletask,whichimprovesover adesignthatsharesa
singleyounggeneratiorbetweertasks.

Anotherconcernis that pertaskyounggenerationglo not en-
ableimmediatereclamatiorof all heapspaceconsumedby atermi-
natedtask.Theyounggeneratiorcanonly bereclaimedvhenthere
arenomoreno referenceso it from theold generationOtherwise,
it mayleadto situationsvhereanobsoletgointerfrom theold gen-
erationmay be mistalen for a valid pointerif the reclaimedspace
hasbeenre-allocatedor theyounggeneratiorof anothertask.For
thisreasonyounggeneratiorspacecanonly befreedonceall such
referencedhave beencleared.This can be doneopportunistically
at any scavenge,while scanningthe rememberedet.In addition,
spaceconsumedby aterminatedaskin theold generatiorcanonly
bereclaimedupona full collectionof theold generation.

To addresghe problemslisted abore, we complemenpertask
younggenerationsvith promotionallocationbuffers(PABs). PABs
allow instantaneougollection-lessreclamatiorof all heapspace
(i.e., both youngand old) consumedby a terminatedtask. PABs
alsohelpto simplify synchronizatiorissuesowardsef cient sup-
portfor task-concurrenscazenging.

3.2 Promotion Allocation Buffers

Immediate collection-lesseclaimingof the heapspaceusedby a
terminatectask canbe obtainedby preciselytrackingold genera-

tion regionsin which objectsallocatedby eachtaskreside.With
this knowledge,younggeneratiorcollectioncanignoreall regions
of the old generationthat do not containobjectsof the task be-
ing scarenged sincetheseare not requiredto determinerootsfor
collection.Sinceno regionsof old generatiorthatmay containob-
soletereferencedo younggeneration®f terminatedtaskswill be
scannedyounggenerationsf terminatedaskscanbere-usedm-
mediatelywithout GC.

The old generatiorspaceusedby a terminatedtaskcanbe re-
usedimmediatelywithout ary collectionaswell. The only refer
encedo regionsusedby aterminatedaskoriginatefrom thetables
usedo mediateacces$rom thesharedgartof theruntimerepresen-
tation of classesstoredin the permanengenerationto their task-
private partslocatedin the old generationThus,the regions cor
respondingo a terminatedaskcanbeimmediatelyre-usedijf the
GCignoresentriesof thetablescorrespondingo terminatedasks.
This, however, preventsre-useof theidenti ers of terminatedasks.
Theseidenti ers will eventuallyneedto be reclaimedby cleaning
correspondingntriesin theglobaltasktable.Thecleaningof these
entriescanbe doneopportunisticallyon the next GC thatrequires
scanningthe tasktable,or by a separatdackgroundhread.Note
thatcleaningitself doesnotrequireary synchronizationvith tasks.

Preciselyidentifyingwhichregionsof thesharedld generation
hold objectsof aterminatedaskis key to the collection-lesgecla-
mationof the heapspaceusedby the terminatedaskasdescribed
above. Trackingindividual objectswouldlik ely beprohibitively ex-
pensve. Insteadwe proposegpromotionallocationbuffers (PABS).

A PAB is a contiguousregion of the old generationassigned
to atask.PABs areprimarily usedduring scavrengingof theyoung
generatiorof taskwhen promotingyoungobjectsto the old gen-
eration.They arealsousedfor the occasionabirect allocationof
objectsin the old generationgeitherbecause¢he objectdoesnot t
in the younggenerationpr asa resultof a pre-tenuringdecision.
For example,asdescribedpreviously, the task-priate representa-
tion of aclassis alwayspre-tenuredThesizeof aPAB canbetask-
speci ¢ andadjusteddynamically It is generallychoserto satisfy
severalscarengesAllocationin a PAB involvesincreasingacursor
tothe rst freebytein the PAB (bump-pointer) Whenallocationin
a PAB is performedby mutatorthreads synchronizatiorbetween
threadsis required,sincethe PAB of ataskis sharedbetweenall
threadf thetask.

Figure 2 illustratesPAB managementEachtaskis associated
with a currentPAB and a list of full PABs. An initial PAB is
allocatedo ataskat startup prior to the rst allocationby thetask.
Whena PAB is full (typically during a scarenge),its addresss
recordedn thetasks list of full PABs, anda new oneis provided
to thetask.

If anobjectdoesnot t in a PAB, spaceis allocateddirectly
from the old generationgither from a previously freed PAB, or
from the free spaceat the end of the old generation(beyond the
lastPAB). In both casesthe objectis recordedasafull PABs in a
list correspondingo thetaskperformingallocation.Thelist of full
PABs, thus, preciselytracksregionsof the old generatiorusedby
atask.

When a task completesijts taskidenti er is addedto a list of
taskswhosetasktableentriescanbe freedandre-used The task's
currentPAB andfull PABs areaddedto a globallist of free PABs,
andbecomdammediatelyavailablefor re-useby othertasks.Young
generatiorchunksof the taskarereturnedto the global pool, and
areimmediatelyavailable for re-useby the young generationof
othertasks(seeSection3.1).

Adjacentfree PABs arecoalescedn a single PAB. FreePABs
at the end of the old generationare removed from the list and
the pointer to top of the old generationis updatedaccordingly
asillustratedin Figure 3. Apart from limiting the spaceoverhead
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Figure2. Exampleof PAB management tenuredspaceaeclama-
tion attaskterminationwithoutafull GC. (A) Initial con guration.
(B) Bothtasksl & 2 have performedpromotionsandtheir respec-
tive full PAB list arenow non-empty(C) Task1 terminatesandits

setof full PABs is addedto the globalfreelist. (D) Task3 enters
thesystemandtask2 & 3 startusingspaceallocatedrom the PAB

freelist.

task 1 task 2
free PABs
A
old generation
task 1 allocation top
free PABs
B

old generation

allocation top

Figure 3. Exampleillustrating shrinking of old generationfoot-
print upontasktermination.

of tracking PABs, coalescingcanincreasethe size of contiguous
free PAB areas,consequentlyimiting fragmentationand further
reducingthefrequeng of full GC.

PABs have several interestingproperties.First, they improve
isolation betweentasks,since most allocationin the sharedold
generationis performedfrom a PAB that is private to one task,
eliminatinga pointof interferencébetweertasks Secondthey ef -
ciently keeptrackof theold generatiorspacausedby tasks.Track-
ing is relatively inexpensve and only involves addinga PAB to
a list of full PABs whena PAB is full, or whenan objectlarger
thanthe currentPAB capacityis allocated.This precisetracking
enablexollection-lesgeclamationof bothyoungandold genera-
tionsspaceusedby terminatedasks Further it optimizestheiden-
ti cation of referencefrom theold generatiorto aparticularyoung
generationaswill be describedater).Last,it enablegreciseac-
countingof spaceconsumedy tasks.

Maintaining PABs AcrossMajor GCs

Reclamatiorandreuseof PABs mitigatesfull heapGC, but is not
a replacemenfor it. The old generationmay Il up eventually
requiringcollection.A sliding mark-compactollectoris usedfor
theold generationThecollectormayreclaimgarbagen PABs and
compactlive objectsinside PABs, thusinvalidating their original
boundariesConsequentlyold generatiorcollectionsmay require
adjustmento PABs boundariesThe following describesow this
adjustments performedFigure4).

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

2 Mark live objects.

2 Computenew addressefor live objects.

2 Scanobjectsandadjustreferenceso pointto thenew locations.
2 Relocatgcopy) objectsto their new locations.

Adjustmentof PAB boundariesanbe performedbetweerthe
secondandthird phasesDuring the secondohasgcomputingnew
addressesjhe GC storeghenew addresgor alive objectthatwill
berelocatedjn the objectheaderTo computenen boundariesor
aparticularPAB, welocatetheaddresf the rst live objectin the
PAB. If nolive objectis found,this PAB canbe droppedfrom the
correspondingasks list. If alive objectis found, we readits new
addresdrom the headerwhich now becomeghe new startof the
PAB. To adjustthe endof a PAB, we notethatthe rst live object
beyondtheendof the PAB would be movedto alocationright after
the new endof the PAB. The new endof the PAB is thereforethe
new locationof the rst live objectpastthecurrentend.

Note that locating the rst live object from either the start
or end of a PAB can be expensve. However, we make use of
an optimizationthat the existing garbagecollector itself usesto
quickly skip over deadobjects.During the secondphaseof mark-
compactiontheGCrecordgheaddres®f thenext live objectin the
headenofthe rst deadobjectin agroupof contiguousieadobjects.
In thebestcasethecurrentboundaryof apromotionareais the rst
deadwordin agroupof deadobjects However, thismaynotalways
be the case,hence,we may needto iterate over successie dead
objectsuntil we nd the next live (GC marked) object. To avoid
excessve scanningit maybenecessaro limit thenumberof dead
objectsscannedanddiscardthe PAB entirelyif thisnumberis over
athresholdIn practicewe nd thatthis overheads notexcessie.
NotethatdiscardingPABs doesnot affect correctness.

Optimizing Scavenging

Scavengingusesacardtable[5, 17, 15] to identify reference$rom
thesharedld generatiorio pertaskyounggenerationsn orderto
identify reachablg/oungobjects.n the presencef alargenumber
of dirty cardsbelongingto differenttasks,scanningthe entire set
of dirty cardsateachscarengemightprove expensve. Theexisting
cardtableimplementatiordoesnot associateardswith tasksand
hence,every scavengerequiresscanningall dirty cards.Having
mutatorsrecordtaskinformationin cardswould addanadditional
costto the write barrier thus negating an importantadwantageof
usingacardtable.ln addition,extraspacepercardwouldbeneeded
to recordataskidenti er, or alist of taskidenti ers.

Ourschemeof trackingpertaskold generatiorusagevia PABs
canbe readily usedto scandirty cardsof only the taskinitiating
thescavenge.This substantiallyreduceghe numberof cardsbeing
scannedduring a scarenge.During card table scanning,we only
iterateover the dirty cardsthatcorrespondo the list of PABs for
thetaskthatinitiatesGC.



adj ust _pronotion_area(PronotionArea pa) {
pa.start = adjust(pa.start);

pa.end = adj ust(pa.end);

if(pa.start == pa.end) pa = NULL;

}
Word* adj ust (Wrd* q) {
if(q < first_dead) //GC maintains address of
return; I1first dead object found in
/I phase 2 of mark-conpact
new q = NULL;
while(q < end) { //end here is the end of old gen before GC
new_q = forwaring_word(q);
if(is_gc_marked(q)) {
return new g; //forwarding word is new | ocation
} else {
if(new g !'= NULL) {
//fast case in deternining next |ive object
/1q happens to be the first dead object of a
//clump of dead objects: next live object is new g
q = new_g;
} else {
/1q happens to be in the mddle of a clunp of dead

/lobjects. Iterate till we find the next Iive object.

q=q + size(q);
}
}
}
/Iwe reached the end without finding the new |ocation for q
if(q > new_top) Ilnew top is the end of the last live
return new_top; //object after GC
return NULL;
1

Figure4. PAB adjustmenatfull GC.paisthePAB to beadjusted.

3.3 Task-Concurrent Scavenging

By combiningindependenyounggenerationandpromotionarea
buffers, we implementa mechanisnthat enableamutatoractivity
and minor collectionsto be performedconcurrently We refer to
this mechanisnasmutatorconcurentscavenging

Mutatorconcurrentscavenging requires maintaining consis-
tengy while scanningof the old generationduring promotion.in
orderto maintaina consistentview of the old generationchanges
to the old generationduring direct allocationmustnot affect old
generatiorobjectsaccesseduring scavenging. This requiresthat
bothobjectallocationandinitialization of the objectbedoneatom-
ically in order for the collectorto only trace objectswith valid
classinformation. Guaranteeinghe atomicbehaior of thesetwo
operationscannotbe doneef ciently with non-blockingsynchro-
nization(in contrasto allocationalonewhich canbeimplemented
with a single compare-and-sap operation,i.e. cas ). Othersyn-
chronizationmechanismsvould imposea prohibitive overheadon
allocation.

PABs provide a synchronization-freesolution since we need
only to scantask-privatePABs duringscarenging.Othertasksmay
directly allocatein their own private PABs without affectingminor
collection.

Key to mutatorconcurrentscarengingis a modi ed synchro-
nization mechanisnthat only pausesthreadsthat belongto the
taskthattriggerscollection (the trigger henceforth) during scav-
enging.This processrst obtainsa global Threadslock sothatno
new threadscanbe started pr existing threadgerminatedvhile the
runtime is negotiating a safepoint.We then countthe numberof
threadsbelongingto the trigger that are running,anditerateuntil
this numberreachegero.

In the MVM, threadsperiodically poll (accessky constantre-
sened addresghat doesnot belongto the applicationheap.This
addresdies on a protectedpageand accessinghis pageresults
in an exception. The exceptionhandleris responsiblefor block-
ing threaddfor a safepointoperation We make polling task-avare
by makingthreadsaccess task-prvatepolling page Whenanon-
globalsafepoinisinitiated,we setonly thepolling pagefor threads
belongingto the trigger to an addresghat correspondgo a pro-

begi n_per _t ask_saf epoi nt {
Threads_| ock->l ock(); //no threads should terninate or start
Saf epoi nt _I ock->l ock(); //only 1 safepoint at a tine
"t 1 Threads
if wants_safepoint(t) { //t belongs to initiator
++r unni ng;
protect(t.polling_page);
}
whi l e(running > 0) {

t 1 Threads
if wants_safepoint(t) {
//wait until t is waiting on
/| Scavenge_| ock
if(lis_running(t))
--running;

}

/'l saf epoi nt reached

Saf epoi nt _I| ock->unl ock();
Thr eads_| ock->unl ock();

}

end_per _t ask_saf epoi nt {
Threads_| ock->l ock(); //no threads should ternm nate or start
Saf epoi nt _I ock->l ock(); //only 1 safepoint at a tine
"t 1T Threads
if wants_safepoint(t) { //t belongs to initiator
unprotect(t.polling_page);
t->restart();
}
Scavenge_| ock->notify_all(); //wake up all threads waiting
/1 on the Scavenge_l| ock
Saf epoi nt _I ock->unl ock();
Thr eads_| ock->unl ock();
}
Figure5. Pertasksafepointing.begin_per_task safepoininitiates
asafepoinfor asingletaskandend per_task safepointendsit and
resumesnutatorsfor thattask.

tectedpage An exceptionwill betriggeredfor thesethreadsvhen
they poll for asafepoint.

The exception handler causesthreadsto wait on a Scav-
enge_lock, which will only be releasedvhenscarengingis com-
plete.Note that only threadsbelongingto the trigger will wait on
the Scaveng lock. Whenall suchthreadsare pausedthe number
of threadsunningdropsto zero,andGC commencesThreadse-
longingto othertasksmay continueto allocate however, they may
not performa GC while the currentGC is in progressReleasing
a safepointis the reverseof this processThe privatepolling page
for blockedthreadds setto anaddres$elongingto anunprotected
page,andthe Scaveng lock is releasedThis processs illustrated
in Figureb.

4. Evaluation

To evaluateour extensiongo MVM memorymanagementye per

formedanumberof empiricalexperimentsWe gatheredur results
usingadedicatednachineequippedwith two UltraSRARC™™ pro-
cessorglockedat 1.5GHz,andrunningthe Solaris M 10 Operat-
ing System(OS). The MVM implementatiorthat we extendedin

this work is basedon the Java HotSpotclient virtual machinever-

sion 1.5. We presentesultsfor a numberof SpecJVM9§25] and
Dacapd9] benchmarks.

To evaluatethe performanceof our system,we rst present
throughputndresponséime for shortrunningtaskswhenexecut-
ing concurrentlywith a GC-intensie program.We then consider
throughputaswell asthe overall performanceof concurrentho-
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Figure 6. Throughput improvement enabled by independent
younggenerationg PABs for shortrunningapplicationgjavac
andjavap ) executingconcurrentlywith 3 GC-intensve applica-
tions:jess , jack andps. Thetop graphis for javac andthe
bottomfor javap . The rst barin eachsetof barsshawvs a single
instanceof the shortrunningprogramwith the GC intensve, long
running program,andthe seconddenotes? instancef the short
program.

mogeneousasks Finally, we analyzetheimpactof our techniques
onthenumberof GCsthatthe systemperformsaswell asthetime
spentin GC.

In the rst setof results(Figures6 and7), we shaowv thethrough-
putandresponséime improvementenabledoy independenyoung
generationsnd PABs over a systemwith a sharedyounggenera-
tion. In this setof experimentsave executemultiple serialinstances
of a shortrunningapplication,concurrentlywith a singleinstance
of a GC-intensie applicationin a x edtime interval. The goalis
to measurehe numberof serialinstancef the shortrunningap-
plication that can be executedwith the sharedyoung generation
system,versusthe numberof instancesof the sameapplication
executedwith animplementatiorthatincludesindependenyoung
generationgand PABs. We alsoreportresponsdime (averageap-
plicationtime) for the shortrunningapplication.The goal of these
experimentsis to shawv the throughputincreasg(measureds the
extra numberof serialinstancef the small applicationwe can
execute) andtheresponséime improvement,of our systermversus
theshared/ounggeneratiorsystemTheshortapplicationsve con-
siderarejavac & javap with smallcommand-linénputs(which
we canprovide on request)andthe GC-intensie applicationsare
jess ,jack andps.

The results shav that in all cases,we enablea signi cant
throughpuincreasendaresponséimeimprovementoverashared
younggeneratiorsystemFor javap , on averagethroughputm-
provementseemsto increasewith two concurrentshort applica-
tions, over a singleinstanceof thatapplication.This is dueto the
factthatjavap is very shortrunninganddoesnot exerciseGC,
and,two instancesanbe optimally scheduledn our two proces-
sorsystemFor javac , throughputgainsremainalmostthe same
with two concurrentnstancesinceit doesperformstop-the-verld

Figure 7. Responsdime improvementenabledby independent
younggenerationg PABs for shortrunningapplicationgjavac
andjavap ) executingconcurrentlywith 3 GC-intensve applica-
tions—jess ,jack andps. Thetop graphis for javac andthe
bottomfor javap . The rst barin eachsetof barsshavs a single
instanceof the shortrunningprogramwith the GC intensve, long
running program,andthe seconddenotes? instancef the short
program.

Number of tasks
Bmark #GCs 1 2 3 4 5

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
jiython 142|  0]14.32| 222|24.75|1408| 32.73|2246|42.31|2785|51.22(3446

Figure8. Datafor theBaseMVM systen(sharechew generation).
Columns2 & 3 shawv the numberof minor (scavenges)andmajor
collectionsrespectiely for a singleinstanceof the benchmarkin
Column1. The restof the columnsshav executiontime (ET) in
seconds& GC time (GCT) in millisecondsfor 1, 2, 3, 4 and5
concurrentnstancestespectrely, of the programdisted.Figures9
and11shov improvementrelative to this data.

GC.Figure7 shavs similar trendsfor therespons¢ime. Response
time for javac is improvedby over 15%, while, javap shavsa
8%t0 12%improvement.

In summarytheimpactontheexecutionof ashortrunningpro-
gramthat concurrentlyexecuteswith anotherprogramthat shavs
signi cantly heapusageis visibly reducedThisis aneffectof per
formancdsolationprovidedby pertaskyounggenerationandfast
tenuredgeneratiorreclamatiorprovided by PABs.

We next evaluate the overall performanceof our mutator
concurrenscarengingsystemfor a concurrentvorkload.Figure8
shavs datafor the original MVM, which is con gured with a
sharednew generation(we henceforthrefer to this con guration
asthe basg. This includesthe numberof minor and major GCs,
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Figure 9. Total end-to-endpberformancemprovementenabledby

mutatorconcurrentscavengingover the baseMVM for homoge-
neousbenchmarkinstancesBars indicate increasingnumber of

tasks(from 1 to 5).

Change in # GCs

Bmark 1 2 3 4 5

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 -1f 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

Figure 10. Changen the numberof GCs(minor andmajor) with
mutatorconcurrentscavenging over the baseMVM for 1 thru 5
instance®f the samebenchmark.

total executiontime and GC time for up to 5 concurrenthomoge-
neousinstance®f thebenchmarks.

Figure9 shaws the percentimpravementin the end-to-endher
formanceenabledy mutatorconcurrenscavengingover thebase
MVM. The mutatorconcurrentscazengingcon gurationincludes
the promotionareabuffers (PAB) implementationThe barsrepre-
senthomogeneousoncurrentasks,with oneto ve tasks(left to
right bars).

Mutatorconcurrenscarengingenablesa 10-12%performance
improvementfor this con guration,acrosdenchmarkenaverage.
jess andjack shav the mostimprovement(over 20%in mary
cases)sincethey involve signi cantly moreGC actiity compared
to otherbenchmarksiaytrace  alsoshawssimilarbehaior. This
is apparenfrom thedatain Figure8.

In the basesystemall tasksmustpausefor a minor collection
triggeredby ary task,henceapplicationghatcausemoreGC activ-
ity scalepoorly. Althoughps causes large numberof scasenges,
theimprovementis lesspronouncedsa percentagef thetotal ex-
ecutiontime dueto thefactthatthe programis long running(over
aminute).We believe thatmpeg doesnot make signi cant useof
theheapandthus,doesnotreapthebene tsfrom younggeneration
isolationor concurrentllocationtechniqueslin fact, performance
is slightly degradedfor this benchmarkdueto anincreasein GC
time (explainedbelow).

We next investicatethe impactof our techniqguen GC activ-
ity. Figure 10 shaws the changein the numberof scavengesand
full GCsover the baseMVM, for oneto ve concurrenhomoge-
neoustasks,for eachbenchmarkWe obsenre that with mutator
concurrenscarenging,the numberof scarengesslightly increases

Figure 11. Total GC time improvement(minor + major) enabled
by mutatorconcurrentscarengingover the baseMVM. Barsindi-
cateincreasinghumberof homogeneoutasks(from 1 to 5).

in amajority of theprogramsThereasorfor thisis thatin thebase
system a scarengecopieslive objectsfrom the entireyounggen-
eration.Consequentlyatthe endof the scavenge theyounggener
ationis empty However, with mutatorconcurrenscarenging,pro-
motionis isolatedandonly thetrigger's objectswill be promoted.
At theendof the scarenge only oneof the younggenerationsvill
be empty while the restmay yet trigger a GC sincethey areallo-
catingindependentlyHowever, we performlesswork during ary
single scavenge.Note that mpeg shavs no changein the number
of GCs.

Figure 11 shaws the percentagehange(improvement)in GC
time for our implementationversusthe baseMVM. These g-
uresshav a reductionin full GCswith independenscarenging,
anda consequenteductionin total GC time, rangingfrom 9% to
19%. Since,the mutatorconcurrentscarzengingcon guration also
includesPABs, astasksterminate,othertasksstartusingthe ter
minatedtasks'freedPABs, thusleadingto full GC avoidance Full
GCsaremuchmoreexpensve thanscarengeshencereductionin
full GCsresultsin a sizeablereductionin overall GC time. Cases
in whichwe areunableto avoid full GCs,do notshav animprove-
mentin GCtime. In fact,time spentper garbagecollectionin our
systemis higher than the baseMVM, leadingto a performance
degradationin casein which we don't reduceGCs.Thisis dueto
theextratime spentin iteratingover adiscontinuousetof PABs in
old generationThis is especiallyvisible in the caseof mpeg, db,
andps.

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

To summarizejn the basesystem,every concurrentapplica-
tion will pauseon every GC, and thereforeexperiencedegraded
performanceavhich independenscasengingsigni cantly improves
upon.Yet mutatorconcurrenscarengingdoesnotimpacttotal GC
time adwerselyalthoughmore scavengesare performedthanwith
a sharednew generationCoupledwith reclamationof promotion
areas,mutatorconcurrentscarenging reducesthe numberof full
GCs,whicharegenerallymoreexpensve thanscasengesresulting
in animprovementin total GCtime in mostcases.

5. RelatedWork

Thetechniqueshatwe presenhereinbuild uponabody of related
work in garbagecollection. Other GC systemsemplgy similar



collection stratgies and old generalreclamationmechanismgo
thosethatwe describeherein,however, in adifferentcontext.

A prior MVM implementatiori7] includespertaskyounggen-
erationsandimplementsreclamatiorof younggenerationslt also
describegemporarydynamic extensionof the young generation
space.lt doesnot, however, provide reclamationof pertaskold
generationareaswithout triggering a full GC. This is especially
importantfor non-trivial tasksthatutilize the old generationMore
importantly we provide the ability to collectpertaskyounggener
ationswithout pausingall taskswhichleadsto betterscalability In
addition,the prior work requiresscanningof dirty cardsbelonging
to all tasksduring scarenging.This makesscarengedependenbn
thenumberof taskswhichinhibits scalability Our promotionallo-
cationbuffers provide precisetrackingof regionsof the old gener
ationon a pertaskbasis,andthe numberof concurrentasks.This
allows usto only scancardsbelongingto the GC triggertask.

Detlefsetal's garbage- rstGC [12] splitsthe heapinto regions
which canbe independentlycollectedto satisfya soft pause-time
limit. The authorsemplg bidirectionalrememberedetsbetween
regionsto allow ary setof regionsto be collectedindependentlyf
the others.They useGCLABs, which arethreadprivateallocation
buffersthatthey useduring GC time. Sincetheir collectionpolicy
is concurrentthreadscompeteto perform an object copy. Since
we assignPABs on a pertaskbasis,in the commoncase thereis
only one pertaskthreadperformingpromotion,without the need
for synchronization.

A constrainimposedby our currentimplementatioris theneed
to pauseall tasksin orderto performan old generatiorcollection.
Our experiencewith MVM hasbeenthat stop-the-verld full heap
collectionsarerelatively infrequentin a multi-taskingervironment
runningshorttasks andof lesselimportanceor asystemequipped
with instantaneouandtransparenheapreclamatiorupontaskter
mination.Eventhoughfull GCsarelesslikely to be a signi cant
performancéottleneckn our systemshortrunningtasksmaystill
be unnecessarilpenalizedf alongerrunningtasktriggersmulti-
ple full GCs.We are pursuingwaysin which only regionsof the
old generatiorbelongingto a particulartaskmay be collected,in-
dependenthandperhapsncrementally{18, 24], in orderto further
reducethe pauseexperiencedy tasks.

In additionto astop-the-varld majorcollection,wealsoonly al-
low allocationandminor collectionto occurconcurrently Our ex-
periencehasbeenthatthe major sourceof performancéoottleneck
in amulti-taskingenvironmentis the contentionbetweenmutators
andGC, andlesssobetweerminor collections However, introduc-
ing the ability to concurrently{4] collectyounggenerationsnight
enablefurtherperformancegains.We planto considersuchanim-
plementatioraspartof futurework.

Prior work on thread-speci cheaps[14, 26] focuseson im-
proving performanceor an applicationby enablinggarbagecol-
lectionon aperthreadbasis to minimize synchronizatiorbetween
applicationthreads Although, this helpsachieve performanceaso-
lation, our work is differentin thatthereis no sharingof objects
betweertasksin MVM. Consequentlywe canachieve betterisola-
tion sincewe donotneedto trackreferencedetweeryounggener
ations.Thread-speci cheaptechniquesanbe combinedwith our
schemeo provide further performancésolation.However, perfor
manceisolation constitutesonly a partof our work. A signi cant
goalis alsoto accuratelyidentify heapusageandreadily reclaim
heapspaceupontaskterminationwithoutrequiringcollection,mi-
nor or major.

Otherresearcherbave presenteccomplementaryschemedor
reducingold to younggeneratiorscanningime during minor col-
lection,which maybe combinedwith our pertaskcardtablescan-
ning mechanismAzagury et al presenta schemefor combining
card marking with rememberedsets[2, 16] in the train collec-

tor [18]. They maintaina percardrememberedetthatis updated
during cardscanningsothatthe carddoesnot have to be scanned
repeatediyunlessit is modi ed. Anothercomplementarapproach
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 logged as a few coarserlevel
cardsandquickly skipped.

Dimpse etal [13] discusscompactiorevoidancewhich lever-
agestwo key concepts[20] — addressordered allocation, and
wildernesspreseration. Thesetechniquesminimize heap frag-
mentation,and consequentlythe frequeng of compaction.Since
our allocationschemds a bump pointer we automaticallyensure
addresrderedallocation.Our schemedoesnot requirefree lists
to be maintainedandrehuilt by a mark phaseln addition,the part
of the old generationbeyond the end of the last PAB actsas a
wildernessregion. We perform large objectallocationsfrom this
region directly (insteadof PABs), therebyreducingfragmentation.

The KaffeOS[3] providesisolationandresourcemanagement
for untrustedlava applicationsThe primaryaim s to provide pro-
tectionandisolateapplicationsrom eachother andto controlre-
sourcen aperapplicationbasis.TheMVM concepbf anisolate
is amuchlighterweightabstractiorthana KaffeOSprocesshence
moreefcient, albeitwith fewer featuresThe garbagecollectorin
the KaffeOSis non-generationadnd conserative. Consequently
thereis no provision to handlecorrectnesandef ciency onaper
processhasisin the presenceof modernGC techniquessuchas
pre-tenuring,or thread-localallocationareas.Our work emplo/s
a state-of-the-argenerationalcollector with eachtask using its
own separatgounggenerationbut with theold generatiorshared
acrosdasksto enablebetterscalability In addition,we enableop-
timizations,suchasfastreclamationof old generatiorareasupon
tasktermination PABs andef cient cardtablescanningin orderto
optimizethroughputfor modernmulti-applicationervironments.

Lastly, our old generatiorreclamatiorschemedoesnot require
markingandtracing[21, 30] to identify pertaskmatureobjects By
trackingpromotionareaswe canreadilyreclaimall pertaskdead
matureobjectsupontasktermination.

6. Conclusions

We presenta seriesof generationaimemory managementech-
niguesto improve the ef ciency andscalabilityof a multi-tasking
virtual machine(MVM) for the Jasa programminganguageOur
techniquegi) partitionthe younggeneratiorinto pertaskregions
that are isolatedfrom other tasks,(ii) track old generationheap
consumptioron a pertaskbasis,and(iii) facilitateconcurrenimu-
tation actiity with minor collection. TheseMVM extensionsen-
able ne-grain control of task-speci cheapparameterizatiomnd
accountingjmmediatereclamatiorof heapareasupontasktermi-
nation, concurrentallocationin the young generationpromotion
of objectsduring minor andmajor collectionfor only thetaskthat
triggersGC,andreducedscanningverheadluringGC.Ourresults
indicatethatthesebene ts translateinto signi cant improvements
in efcient concurrentask executionandoverall systemthrough-
putandscalability
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