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Abstract. Definingpersistencein termsof reachabilityis fundamentalto achiev-
ing orthogonalityof persistence.It is implicit to theprinciplesof orthogonalper-
sistenceandis a part of the ODMG 3.0 dataobjectsstandard.Although space
reclamationin the context of persistenceby reachabilitycanbe achieved auto-
maticallyusinggarbagecollection,relatively few papersaddresstheproblemof
implementinggarbagecollection in a transactionalstoragesystem.A transac-
tional GC algorithmmustoperatecorrectlyin thefaceof failure,andin particu-
lar mustdealwith the problemof transactionabort,which by undoingchanges
suchasthe deletionof references,subvertsthe GC reachabilityaxiom of ‘once
garbagealwaysgarbage’.
In this paperwe make two key contributions. First, we presenta genericap-
proachto thedesignof transactionalcollectorsthatpromotesclarity, generality,
andunderstandability, andthenusingthis approach,we presenta new transac-
tionalgarbagecollectionalgorithm,TMOS.Ourdesignapproachbringstogether
threeindependentcomponents—amutator, a transactionalstore,anda GC algo-
rithm.TMOSrepresentstheapplicationof theMatureObjectSpacefamily of GC
algorithmsto thetransactionalcontext throughourapproachto transactionalGC
design.

1 Intr oduction

Thepracticalityandvalueof abstractionoverpersistenceis increasinglybeingacknowl-
edgedin the mainstreamof the databasecommunity[Snodgrass1999;Maier 1999].
While differentpersistentsystemsvary in their adherenceto theprinciplesof orthogo-
nalpersistence,most,includingtheJavaDataObjects(JDO)[SunMicrosystems1999]
andODMG-3[Cattelletal. 2000]standards,definepersistencein termsof reachability.
Persistenceby reachability(PBR) is a simplecorollaryof the principle of persistence
identification[AtkinsonandMorrison1995]whichstatesthatpersistentobjectsarenot
identifiedexplicitly, but implicitly throughtransitivereachabilityfrom someknownper-
sistentroot(or roots).With PBR,onceanobjectceasesto bereachableit is by definition
not identifiableandis thusgarbage.This paperaddressestheproblemof automatically
collectingsuchgarbagein a transactionalsetting.



Transactionsareameansof managingconcurrency andrecoveryin apersistentsys-
tem.Centralto transactionsarethenotionsof atomicityandserializability. While trans-
actionsare ubiquitousin databasesystems,the rigidity of conventionalACID trans-
actionalsemantics[HärderandReuter1983]andtheir basisin isolationistratherthan
cooperativeapproachestoconcurrency controlappearsto haveretardedtheirintegration
into programminglanguages[Blackburn andZigman1999].Nonetheless,transactions
representone importantandpracticalsolutionto the problemof concurrency control
in orthogonallypersistentsystems,andfurthermoreareestablishedin persistencestan-
dardssuchas JDO and ODMG-3. Thus the integration of garbagecollection into a
transactionalsettingis important.

Theargumentfor spacereclamationin primary storageis principally basedon the
relatively high costof memory. However, for secondarystorage,the spacecostargu-
mentis lesssignificant,andthe impactof a reclamationmechanismon accesscharac-
teristicsmay becomethe overriding concern.Continuedmanipulationof a persistent
objectgraphwill inevitably result in the storebecomingfragmented,andin the limit,
eachliveobjectwill resideonadistinctstorepage.Garbagecollectionwill improvethe
clusteringof secondarystorage,andthusimprove retrieval performance.Suchcluster-
ing canoccureitherasan explicit functionof thegarbagecollector, or implicitly asa
sideeffectof objectreclamationandsubsequentspacereuseby new objects.

The Problemof TransactionalGarbageCollection A transactionalgarbagecollector
mustaddresstwo fundamentalissues,thatof safelyandefficiently collectinggarbage
andthat of maintainingconsistency in the faceof concurrency andtransactions.The
interdependenciesbetweentheseissuesarecomplex and leadto involved algorithms
thatareoftenhardto describe.Theresultingalgorithmsmakeit hardto distill theissues
andchoicesandseparatethosethatarecentralto correctnessfrom thosearemotivated
by efficiency. Thusit is oftenhardto understandsuchalgorithmsandhaveconfidencein
theircorrectness.This is thehigh-level problemwhich thispaperaddresses.We do this
throughtheuseof anappropriatelyabstractframework for relatinggarbagecollection
andtransactions.

In additionto presentinganabstractframework, we identify andaddressa number
of concreteissuescommonto transactionalgarbagecollectorimplementations.

IdentifyingGarbage in theFaceof Rollback Theaxiomoncegarbagealwaysgarbage
is key to thecorrectnessof garbagecollectionalgorithms.It saysthatoncea collector
hasidentifiedsomeobjectasunreachable,that objectmay be safelycollected—once
theobjectis unreachableit hasnomeansfor becomingreconnectedto theobjectgraph.
However, the introductionof transactionsdemandsa re-examinationof the axiom.1

Throughatomicitytransactionsexhibit all-or-nothingsemantics:eithertheeffectsof a
transactionareseencompletelyor not at all. Isolation is usedto ensureconsistency by

1 For simplicity wespecificallyaddressACID transactions[HärderandReuter1983]throughout
this paper. Generalizationof this approachto includethe many flavors of advancedtransac-
tion modelswill in many casesbe trivial, but a thoroughanalysisof the intermix of garbage
collectionwith suchmodelsis beyondthescopeof this work.



guaranteeingthat other transactionsarenot exposedto partial resultsthat aresubse-
quentlyrolled back.A transactionalgarbagecollectormustthereforeeitheroperatein
strict isolationfrom usertransactions(whichcouldplaceveryexpensiveconstraintson
the orderingof userandGC activities), or be awarethat partial resultsmay be rolled
back,andsotheaxiomof oncegarbagealwaysgarbagemustbecarefullyreinterpreted.
Fortunately, transactionsalsohave the propertyof durability, which meansthat once
a transactionhassuccessfullycommittedit can’t be undone.This, combinedwith the
oncegarbagealwaysgarbageaxiommeansthat it is safeto useany committedimage
of thestorefor theidentificationof garbage,evenstale(superseded)images.

Additionsto theObjectGraph Theallocationof new objectsposesdifferentproblems.
If a transactionrolls back,all traceof that transactionmustbe undone,including the
allocationof any objectswithin thetransaction.A secondproblemrelatingto allocation
is that not all objectscreatedin the courseof a transactionwill be reachablefrom
persistentrootswhenthe transactioncommits.Clearly it would be desirableto avoid
theoverheadof persistentobjectallocationfor suchtransientobjects.

A simpleway of dealingwith thefirst problemis to allocatespacein thestorefor
theobjectduringthetransactionandthenreclaimthatspaceif thetransactionis rolled
back.A betterapproach,which addressesboth problems,is to deferthe allocationof
storespaceuntil the transactioncommit.Any objectcreatedby the transactionthat is
not reachablefrom a storeobjectmodifiedby thetransactioncannotbereachablefrom
thestore’s root,andis thusgarbage.This approachalsohasa disadvantage,asit raises
thequestionof how newly allocatedobjectswill be identified(i.e., what form anOID
or referenceto suchan objectwould take) prior to the allocationof a corresponding
storeobjectat committime.

CollectingBothTransientandPersistentData Whenimplementinggarbagecollection
for a persistentlanguage,the problemsof disk and heapgarbagecollection can be
dealt with either togetheror separately. On one handa single mechanismcollectsa
unifiedpersistentspacewhich includestransientheapdata,while on theotherhandthe
problemscanbeseenasdistinctandaddressedseparately.

We take the approachof distinct heapanddisk collectorson the basisof two sig-
nificantobservations.Thefirst relatesdirectly to thepreviously mentionedproblemof
additionsto theobjectgraph—ifpersistentspaceis only allocatedfor objectsthatare
persistentlyreachableat commit time, thedistinctionbetweenpersistentandtransient
datais strong.Thesecondhingesonthesubstantiallydifferentcostfactorsfor heapand
disk collection.The time andspacetradeoffs to bemadefor eacharevastlydifferent.
Thusa dependenceon randomaccessto objectsmay be quite reasonablefor a heap
collector, but totally unrealisticfor disk-boundobjects.

The remainderof this paperis structuredas follows. In section2 we discussrelated
work. Wethendiscussour framework for designingtransactionalgarbagecollectional-
gorithmsin section3. In section4 weapplyour framework,adaptingtheMOS[Hudson
andMoss1992]garbagecollectionalgorithmto atransactionalcontext. In section5 we
briefly discussopportunitiesfor futurework andthenconcludein section6.



2 RelatedWork

Transactional Garbage Collection The literaturerecordsthreesubstantiallydiffer-
ent approachesto transactionalgarbagecollection.KolodnerandWeihl [1993] adapt
a semi-spacecopying collector to a transactionalpersistentheap.In their systemthe
mutatorandcollectoraretightly coupledandmustsynchronizeto ensurethat themu-
tatorseesa coherentheapimage.By usinga persistentheapthey make no distinction
betweenthecollectionof transientandpersistentdata.

Amsaleg,Franklin,andGruber[1995]tackletheproblemof transactionalGCin the
settingof an orthodoxOODB. They examinethe interactionof the garbagecollector
with thestoreat a detailedlevel, enumeratingcaseswhich causeerroneousbehavior in
the faceof transactionabortandrollback.This leadsto a setof invariantsthatgovern
the markingmechanismandthe objectdeletionphaseof their incrementalmark and
sweepcollector. Although capableof operatingover a distributed partitionedobject
space,their algorithmis unableto detectcyclesof garbagewhich spanpartitions—a
problemwhichwassubsequentlyaddressedby Maheshwari andLiskov [1997].

Skubiszewski andValduriez[1997] definethe conceptof GC-consistentcutsasa
meansof establishinga consistentcontext in which to apply the threecolor marking
concurrentcollectionalgorithm[Dijkstraetal.1978].Theirapproachissafe,concurrent
andcomplete,but it is not incremental(no garbagecanbe reclaimeduntil the mark
phasehascompletedwith respectto theentiredatabase).GC-consistentcutsaresimilar
to theincrementalcoherentsnapshotmechanismwe describein section4.3.

While Amsaleg et al. do highlight key issuesfor transactionalgarbagecollection,
neithertheirsnorany of theotherpapersproposegeneralmethodologiesfor intersecting
garbagecollectionwith transactions.Rather, they eachpresentspecificsolutionsbased
on ad-hocmethodologiesfor dealingwith this complex interaction.

Object Clustering Yong, Naughton,and Yu [1994] examinea variety of different
garbagecollection algorithmsin the context of a client-server system,andconclude
that incrementalpartitionedgarbagecollectionprovidesgreaterscopefor reclustering
andbetterscalabilitythanotheralgorithms.Cook,Wolf, andZorn [1994] extendthis
work by examininga rangeof partitionselectionpoliciesincluding:no collection,ran-
dom,mutated(mostpointerupdates)andbestpossible(oracle).Cook,et al. show that
apracticalandappropriatepolicy canimprovetheoverall I/O performanceof thestore.
This indicatesthat incrementalpartitionedgarbagecollectioncanhave practicalbene-
fits for objectstoreperformance,andsomotivatesfurtherexaminationanddevelopment
of suchsystems.

Lakhamraju,Rastogi,Seshadri,andSudarshan[2000] discussthegeneralproblem
of on-linereorganizationin objectdatabasesandpresentIRA, analgorithmwhich can
beappliedto copying collectors,onlineclusteringalgorithmsandothercontextswhere
it is necessaryto move objectsin the presenceof concurrentaccessto thoseobjects.
IRA is ableto work whenobjectreferencesarephysical(i.e. thereis no indirectionbe-
tweenuser-level andstore-level objectidentification).In TMOS we addressthis prob-
lemthroughtheuseof indirection.



Matur eObject SpaceCollector MOSis acopying collectorthatis incremental,com-
pleteandsafe[HudsonandMoss1992].PMOSextendsMOS to work in the context
of a persistentheap[Moss et al. 1996].2 PMOS is designedto be atomic,but with-
out bindingto any particularrecovery mechanism.PMOSachievesincrementalityand
minimizesI/O overheadsby delayingthe updateof partition meta-dataand changes
to referencesdueto garbagecollectoractivity. It requiresa degreeof synchronization
andco-operationbetweenthe mutatorandthe garbagecollector. Munro et al. [1999]
explorean initial implementationof PMOSwithin a systemwithout write barriers.In
their implementationtheheapis scannedto provide consistentmeta-datafor the local
garbageidentificationprocessto operatecorrectly.

This paperextendsthe literatureby generalizingthe problemof transactionalcol-
lection and developingan abstractframework throughwhich arbitrary collection al-
gorithmscanbe safelyappliedto a transactionalcontext. We achieve this generality
by providing anabstractionof garbagecollectionwhich separateslocal andglobal is-
suesandtheproblemof identifyinggarbagefrom thatof removing/reclaiminggarbage.
Moreover, we apply this framework to the MOS algorithm,yielding TMOS, which is
safe,concurrent,completeandincremental.

3 An Approachto TransactionalGC

In this sectionwe presenta framework and methodologyfor the designof garbage
collectionalgorithmsfor transactionalpersistentstores.We outline significantissues
involved in the designanddescribethe interrelationsbetweenthem.Our framework
is intentionallyabstractandgeneral,andrestsupona simplesystemmodelfor trans-
actionalgarbagecollectionbasedon a collectionalgorithm, a store, anda mutator. By
raisingthelevel of abstractionwereducetheassumptionsmadewith respectto any par-
ticular component,therebyadmittingaswide a rangeof collectionalgorithms,storage
systems,andclassesof mutatoraspossible.Our goal is to facilitaterapidandcorrect
designby identifyingandaddressingtheprimaryissuesassociatedwith theintermixof
garbagecollectionandtransactions.A strongandsafedesignprovidesagoodbasisfor
subsequentoptimization,at which point thedependencieson eachof thesystemcom-
ponentsmaybetightenedasnecessaryto minimizeimpedancebetweenthecomponents
asfaraspossible.

3.1 A SystemModel for Transactional GarbageCollection

Thesystemhasthreedistinctcomponents:a mutator(of which theremaybemultiple
instances),a transactionalstore,andagarbagecollector. Thesystemmodelis basedon
thetransactionalobjectcachearchitecture[Blackburn andStanton1999],which while
providing strongtransactionalsemantics,allowsefficient implementationsby virtue of
themutatorhaving directaccessto thestore’scache.A consequenceof thisarchitecture
is a clearseparationof storeandheapcollectionmechanisms.Indeed,this modeldoes
2 PMOSsacrificestheunidirectionalwrite barrieroptimizationof theoriginal MOS algorithm

in ordergaintheflexibility of beingableto collectcarsin any order.
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Fig.1. Genericsystemmodel for transactionalgarbagecollection,consistingof a mutator(or
mutators),a transactionalstore,anda garbagecollectionalgorithm.

not precludethe existenceof a mutatorwithout a collectionmechanismfor transient
data(aC++ programfor example).

Mutator Eachmutatorhasdirectaccessto storeobjectscachedin mainmemory. Ac-
cessto theobjectsis mediatedthrougha transactionalprotocol[BlackburnandStanton
1999].Beforea mutatortransactionreads(updates)an object for the first time, it in-
forms the storeof its read(write) intentionwith respectto that object.The storewill
guaranteeavailability and transactionalcoherency of the object from the time that it
acknowledgesthemutator’s intentionuntil themutatortransactioncommitsor aborts.3

A mutatormayconcurrentlyexecutemultiple transactions,however the mutatormust
ensuretransactionalisolationis maintained.Theprotocolis sufficiently abstractto al-
low thestoreto employ ‘copy-out’ or ‘in-place’ objectbuffering,andeitheroptimistic
or lock-basedcoherency policies.

TransactionalStore Thestoremustsupportconventionaltransactionalsemanticswith
respectto a graphof uniquelyidentifiableobjectsmadeavailableto themutatorasde-
scribedabove.Ideallythestorewouldsupportmultipleconcurrentmutatortransactions,
andimplementlayeredtransactions,althoughneitherof thesearerequirementsof the
oursystemmodel.

Garbage CollectionAlgorithm Thegarbagecollectionalgorithmremovesobjectsthat
areno longerusableby any mutator. An objectthathasbecomepermanentlyunreach-
able(i.e.,asconsequenceof acommittedtransaction)from thepersistentroot is clearly
unusableby themutatorandis thusconsideredgarbage.To theextentthat thegarbage
collectorperformsany operationsbeyondreclaiminggarbage(suchascompactingfor

3 This doesnot precludetheuseof a storethat implementsa STEAL policy. However, sucha
storemustusea transparentmechanismsuchasmemoryprotectionto ensurethatthepageis
transparentlyfaultedbackinto memoryuponany attemptby themutatorto accessit.



example),thoseoperationsmustalsobecompletelytransparentwith respectto themu-
tator. Garbagecollectionactivity mustthereforebevisible to the mutatorasonly asa
logical ‘no-op’ (it consumesresourcesbut doesnototherwisevisibly affectstate).

Conceptually, a garbagecollection algorithm must undertake two distinct activi-
ties: the identificationof garbage,andthe subsequentcollectionof that garbage.The
algorithmmustsafely(perhapsconservatively) identify unreachableobjectsandcon-
ceptuallymark themasgarbage.Collectionmay includesecondaryactivities suchas
compactionandclustering.In general,activitieswill occurin two domains:locally and
globally. Algorithms typically usepartitions(e.g.,cars in MOS, generations in gen-
erationalcollectors)to increaseincrementality, which is particularlynecessaryin the
context of significanttemporaloverheads(dueto diskor network latency, for example).
Local activities (suchas intra-partitioncollection) dependonly on local information
while global activities (suchasthe reclamationof cross-partitioncycles)utilize local
progressto work towardsglobal propertiesof completeness.The mappingof the two
activities ontothesedomainsis asfollows:

– Local identificationof garbageinvolvesa local (typically intra-partition)reachabil-
ity analysisof objectswith respectto someknown (possiblyempty)setof refer-
encesto objectswithin thelocaldomain.

– Localcollectionof garbagemaysimplyinvolvedeletingthoseobjectsnotidentified
asreachableby thelocal identificationphase.

– Global identificationof garbageinvolvestheidentificationof garbagenot identifi-
ablelocally (suchascross-partitioncycles).

– Globalcollectionof garbagesimply involvesremoving thoseobjects(or partitions)
thatarenot reachable.

3.2 Designinga Transactional GC Algorithm

Thedesignof a transactionalgarbagecollectormustaddressbothcorrectnessandper-
formance. Weapproachcorrectnessbyfirst establishingthecorrectnessof thecollection
algorithmon which thetransactionalcollectorwill bebased,andthenensuringthatthe
correctnessis not compromisedby its introductioninto a transactionalcontext. How-
ever, correctnessaloneis notadequate.Thereclaimationof space(automaticallyor not)
canonly bejustifiedby animprovementin long termperformance—thereis little point
in employing a reclaimationmechanismif the systemwill performbetterwithout it.4

In achieving this, thecollectionmechanismmustimposeminimal interferencein terms
of overall throughputand/orresponsivenessof the storeoperation.We now address
theseparateconcernsof correctnessandperformancein transactionalgarbagecollector
design.

Corr ectnessWeidentify thekey correctnessissueswith respectto: local identification
of garbage,local collection of garbage,global identificationof garbage,and global
collectionof garbage.

4 While the needto reclaimspacein an in-memorycontext is clear, secondarystorageis by
comparisonbothverycheapandveryexpensive to access,makingthebenefitslessclearcut.



Local identification correctnessdependson thecollectorbeingableto seeaconsistent
andvalid view of the objectgraphandthe rootsfor the region beingcollectedin the
faceof mutatorupdatesandrollback.

Local collection correctnessdependson themutatorbeingableto seeaconsistentand
valid view of theobjectgraphin thefaceof thecollectordeleting(andpossiblymoving)
objects.The deletionof objectsidentifiedasgarbageraisesno significantcorrectness
issuesbecauseunreachableobjectscannotbeseenby themutator. However, ancillary
actionsassociatedwith the collectionprocess(suchas the movementof live objects
to reducefragmentation)have the potentialto impactthe mutator. Our systemmodel
includesa guaranteeof consistency with respectto theobjectsseenby themutatorfor
thedurationof a transaction,soany changeto objectaddressesmustnot bevisible to
a mutator. However, becausetransactionalisolationpreventsthemutatorfrom storing
objectreferencesacrosstransactions,thecollectorneedonly beconcernedwith intra-
transactionalconsistency of objectaddressesseenby themutator.

Global identification corrrectnessdependson thecollectorbeingableto seea consis-
tentandvalid view of thereachabilitymetadata(e.g.inter-partitionreachabilityinfor-
mation).Suchmetadatamay be changedasa consequenceof a mutatorupdatingan
objectreference.

Global collection correctnessdependson the mutator beingable to seea consistent
andvalid view of the objectgraphin the faceof the collectordeleting(andpossibly
moving) objects.Correctnessissuesfor globalcollectionthusmirror thoseof localcol-
lection.For somealgorithmsthis phaseis madeevensimplerbecausethecollectionof
an unreachablepartition andits constituentobjectsdoesnot leadto the movementof
any liveobjects.

Eachof thesecorrectnesscriteriacanbe trivially (thoughinefficiently) addressedby
isolating the garbagecollector actionsfrom the mutatorby performingthe collector
actionswithin a user-level transaction.

Performance Recallthatgarbagecollectionshouldbe justified in termsof long-term
performanceimprovement.In thecaseof persistentdata,locality improvementsresult-
ing from the positive clusteringand defragmentationeffects of collection are likely
to be the dominantsourceof performanceimprovement.We now addressissuesof
performanceunder the headingsof two dimensionswhich we seekto maximize—
responsivenessandthroughput—whichcorrespondto thefundamentaltemporaldimen-
sionsof latency andbandwidthrespectively. The relative importanceof eachof these
concernswill dependheavily on thecontext in which thecollectoris to beapplied.A
systemwith a high degreeof userinteractionmayvalueresponsivenessover through-
put.By contrast,anaccountmanagementsystemmayrequirehighthroughput,but have
morerelaxedresponsivenessrequirements.



ResponsivenessThe problemof maximizingresponsivenessis fundamentallyoneof
local optimization(a goalwhich mayrun counterto globaloptimizationefforts).Max-
imizing mutator responsivenesscorrespondsto minimizing collector disruptiveness.
While the problemof minimizing collectordisruptivenessis a goal commonto con-
ventionalheapcollectors,thewidely differingcostfactorsat play andcorrespondingly
differentexpectationswith respectto responsivenesssuggestthat the issueshouldbe
examinedfreshly for the transactionalcontext. We identify threebroadstrategies for
improving responsiveness:minimizingthe grain of collection increments, minimizing
mutator/collectorresource contention, andminimizingcollectionactivity whenmuta-
tor demandis high. Thefirst of thesestrategieswill minimizeany mutatorpausetime,
but may have the deleteriouseffect of reducingcollection efficiency by shifting the
identification/collectioneffortsfrom local to themoreexpensiveglobaldomains.Many
resourcesaresharedby themutatorandcollector, including:CPU,memory, I/O band-
width, andlocks.Thecomputationalefficiency of thecollectionalgorithmwill impact
on CPUcontention.An opportunisticalgorithmmaysignificantlyreducebothmemory
andI/O bandwidthconsumption,andappropriateuseof transactions(mostnotablythe
useof layeredtransactions)candramaticallyreducethe level of lock contention.The
applicability of the third strategy is highly applicationdependent,but in general,re-
sponsivenesswill be improved if collectionsopportunisticallyexploit lulls in mutator
activity.

Throughput The problemof maximizingthroughputis oneof global optimization,a
goalsometimesat oddswith theobjectiveof responsiveness.For example,aclustering
policy mayyield substantialimprovementsin averageperformancebut mightoccasion-
ally impactnegatively on responsiveness.While a greatmany aspectsof transactional
collectorimplementationwill impacton long-termperformance,it seemsthat two re-
lating to I/O arelikely to bedominant:minimizingI/O costby improving datalocality,
and minimizingI/O overheadsthrough opportunisticcollector operation. Becausea
collector’s capacityto improve object locality throughcompactionanddefragmenta-
tion is likely to haveamajorimpacton longtermperformance,acollectorthatactively
compactsor is able to accommodatea clusteringmechanismis likely to yield better
throughputimprovement.Becauseit is essentialthat the collectionprocessdoesnot
generatemore I/O thanit avoids, opportunisticpolicies,both with respectto reading
andwriting, arelikely to behighly advantageous.

Corr ectnessand Performance As indicatedearlier, eachof thefour correctnessissues
canbeaddressedby isolatingcollectoractivity throughuser-level transactions.Thisso-
lution is trivially correctbecausetransactionalsemanticsguaranteethecoherency of the
imageseenby any transaction.Unfortunatelythis approachis heavyweight, requiring
readlocks to beacquiredfor eachof theobjectsin theregion of collection,leadingto
strict serializationwith any transactionupdatingobjectsin that region.Lessdisruptive
approachesexist for eachof thefour phases.

The correctnessof local andglobal identificationwill be assuredif identification
occurswith respectto a snapshotof somepreviously committedstateof theregion of
collection(for local identification,theobjectgraph,andfor globalidentification,inter-
partitionmeta-data).Thisapproachis trivially correctbecausethe‘oncegarbagealways



garbage’axiomensuresthatgarbageidentifiedwith respecttoany coherentimageof the
committedstateof theregionwill alwaysbegarbage.While asnapshotcouldbecreated
by briefly obtaininga read-lockon theregion of collectionandcopying its contents,a
coherent‘logical’ snapshotcanbe establishedcheaplyby viewing eachobject in the
region asit is unlessa write intentionis declaredwith respectto the object,in which
casethe‘before-image’5 of theobjectis used.Thesamebefore-imagemustcontinueto
beusedevenif theupdatingtransactioncommits(in sucha casethebefore-imagewill
have to becopiedby thegarbageidentificationprocessbeforetheimageis removedas
partof thecommitprocess).

The primary correctnessissuefor local and global collection is that of ensuring
that themutatoris not exposedto therelocationof any live objectby thecollector. An
alternative to encapsulatingthesephaseswithin a user-level transactionis to usesome
form of addressindirectionbetweenthemutatorandthecollector, whichwouldinsulate
themutatorfrom suchperturbations.Thiscouldbedonethroughtheexplict indirection
of OIDs,or by usingvirtual memorytechniques.6

Thissectionhasoutlinedtheelementsof atwo-stepmethodologyfor composinggarbage
collectionalgorithmsandtransactionalstoragesystems.First the candidatealgorithm
mustbedecomposedinto localandglobalidentificationandcollectionphases.Thenfor
eachof thefour phases,meansmustbeidentifiedfor ensuringtherespectivecorrectness
criteria outlinedabove. The simplicity andclarity of this approachallows the bulk of
designwork to befocusedon theefficiency of theparticularsolution.

4 The TMOS TransactionalGarbageCollector

Having outlineda genericdesignapproach,we now apply that approachanddevelop
a new transactionalgarbagecollection algorithm,TMOS. After describingpertinent
aspectsof the context in which TMOS is developed,we discussthe designof the al-
gorithm by addressingeachof the correctnessandperformanceissuesoutlinedin the
previoussection.

4.1 Implementation Context

The primary designgoal for TMOS is that it improve the long term performanceof
transactionalstoreoperation.This objective wasa significantfactor in our choiceof
the MatureObjectSpace(MOS) [HudsonandMoss1992] collectoras the basisfor
TMOS (‘TransactionalMOS’). Secondaryissuesincludeour desireto be able to in-
tegrateclusteringalgorithms[He et al. 2000] into the collector. We now describethe
context in moredetail in termsof eachof the threecomponentsof the systemmodel
thatunderpinsourgenericdesignapproach.
5 A ‘before-image’containsthelastcommittedstateof anobject,andis typically createdby the

underlyingtransactionsystemassoonasan intentionto write to thatobjectis declared.The
imageis usedto re-establishthe objectstatein the event that the transactionis rolled back.
This ideais similar to thatof GC-consistentcuts[Skubiszewski andValduriez1997].

6 Althoughit would avoid theoverheadof an indirection,usingvirtual memoryto achieve this
would requireeachconcurrenttransactionto executewithin a separateaddressspace.



Mutator The designof TMOS placesfew preconditionson the mutatorbeyond the
requirementthat it interfaceto the storagelayer througha cacheandtransactionalin-
terfaceaccordingto thetransactionalobjectcachearchitecture.Our implementationof
TMOS targetsPSI [Blackburn andStanton1999],a particularinstantiationof suchan
interface.Beyond complianceto suchan interface,we make no presumptionsabout
themutator. Our specificgoalsincludelanguagerun-timesfor orthogonallypersistent
Java andJava DataObjectsimplementations,aswell asarbitraryapplicationssuchas
benchmarkingtoolswritten in C andC++.

TransactionalStore TheTMOS algorithmin its mostgeneralform placesno require-
mentson thestorebeyondtherequirementthat it supportnormaltransactionalstorage
semantics.However, significantperformanceimprovementsdependon the storesup-
porting (andgiving thecollectoraccessto) two-level transactionsandmakingbefore-
imagesof updatedobjectsavailableto thecollector.

Garbage CollectionAlgorithm The MOS algorithmwaschosenbecauseof its incre-
mentality, completeness,andflexibility . MOS dividesthe objectspaceinto partitions
calledcars, the sizeof which determinesthe granularityof collection.The extension
of MOS to allow carsto be collectedin any order(as long asall carsareeventually
collected),greatlyfacilitatesopportunismin TMOS [Moss et al. 1996].Furthermore,
the flexibility of the MOS objectallocationandpromotion(copying) rulesis substan-
tial, allowing clusteringalgorithmsto beintegratedinto thecollector. Spaceconstraints
precludeacomprehensiveaccountof theMOSalgorithmhere,sowereferthereaderto
otherpublicationsfor detailsof thealgorithm[HudsonandMoss1992].Insteadwewill
briefly describeMOS in termsof thevariousphasesof garbagecollectionidentifiedin
section3.1.

– Local identificationof garbagedependson identifying the reachabilitystatusof
eachobject with respectto external roots and the car’s remembered set (list of
incomingreferencesfrom othercars).

– Local collectionof garbagealwaysresultsin the reclamationof an entirecar. All
externallyreachableobjectswithin thecararemovedto othercarsaccordingto the
MOS promotionrules,anddeadobjectsarereclaimedwith thecar.

– Global identificationof garbagedependson groupingcarsinto trains, migrating
any cycle into a singletrain,andidentifyingany trainsthatarenot reachableusing
referencecounting.

– Global collectionof garbagesimply involvestheremoval of unreachabletrainsin
their entirety, includingtheir constituentcars.

4.2 The Designof TMOS

Following thedesignapproachoutlinedin section3.2,we now addresscorrectnessand
performanceissuesfor theTMOS algorithm.



Corr ectness In the following sectionswe describehow TMOS addressescorrectness
issuesrelatingto eachof the four phasesof collection.Our approachto eachof these
restsdirectly on the templatesfor assuringcorrectnessdescribedin section3.2. We
thereforeonly elaboratein areaswhereTMOSextendsor otherwisedeviatesfrom those
templates.The detailsof mechanismsintegral to the correctnessstrategy for TMOS
(highlightedbelow in bold text) aredescribedin section4.3. The local garbageiden-
tification andcollectionphasesof MOS aretightly coupledandwould mostlikely be
implementedasa singleoperationin a TMOS implementation.However, eachof the
two componentsraisesseparateconcerns,so for clarity we describethemheresepa-
rately.

Correctnessof LocalIdentificationThecritical issuefor thelocalgarbageidentification
phaseis having acoherentimageof thetargetcaravailablefor thedurationof theiden-
tification process,in spiteof any mutatorattemptto updateits contents.In section3.2
we describea coherent snapshotmechanism, a meansof effectively implementing
this approach.

Correctnessof LocalCollection MOSmovesobjectsaspartof its carcollectionphase,
so the biggestissuefor TMOS with respectto the correctnessof this phaseis that of
maintainingcoherency of mutatoraddressingin the faceof objectmovementsby the
collector. We solve this coherency problemby placinga level of indir ection between
mutator and storelevel addressinganddeferring the movementof objectsaccessed
(in eitherreador write mode)by a mutatortransaction.

Correctnessof Global Identification Theuseof a referencecountto detecttrain isola-
tion in MOS is dependenton identificationtakingplacewhile thesystemis in a stable
statewith respectto the count—i.e.,objectsare not being moved into or out of the
train. MOS usesa closedflag to prevent allocationinto a train; however, objectscan
bepromoted(copied)into aclosedtrain from oldertrains.Onceaclosedtrainbecomes
isolated,it will remainisolated,irrespectiveof mutatoractivity. Theisolationof aclosed
train canonly beundoneby thepromotionof anobjectinto the train by thecollector.
Thusin thecaseof TMOS,correctnessof globalgarbageidentificationis independent
of mutatorandtransactionalactivity, but dependssolelyon thecorrectnessconditions
of theMOS algorithm.

Correctnessof Global Collection Oncea train (and its constituentcars)have been
identifiedasgarbagein theMOS algorithm,thecollectionprocesssimply involvesre-
coveringspaceassociatedwith thetrainandits cars.Thishasno impacton themutator
(asthemutatorcanhave no referencesto thecars),andis thereforetrivial from a cor-
rectnessstandpoint.

Performance We now addresshow performanceissuesimpactthedesignof TMOS.

ResponsivenessMany implementationdetails impact on responsiveness,but from a
designstandpointthe dominantconcernis minimizing disruptivenessby addressing



incrementalityandcollectionopportunism.Thefirst of theseindicatesminimizing car
sizes.The MOS algorithm is flexible in this respect,however local identification is
inevitably moreefficientthanglobalidentification,soreducingcarsizesmaynegatively
impactonoverallcollectionefficiency. Thesecondof theseindicatestheimportanceof
opportunismwith respectto I/O by collectingin-memorycarswherepossible.Together
theseobjectivessuggestthat a car shouldbe sizedto fit into a singledisk page (the
store’s unit of transferbetweenmemoryanddisk). If a car is not containedwithin a
singlediskpage,opportunisticcollectionof a carwill beconditionalon all of thecar’s
pagesbeingmemoryresidentsimultaneously. Opportunismwith respectto write I/O
suggeststhatpagesthathavebeenupdatedbepreferentiallytargetedfor collection.

Throughput I/O opportunismwill also impactsignificantlyon throughput.Thus I/O
relatedoperationsthatdo not impacton responsivenessshouldalsooccuropportunisti-
cally. A significantclassof suchoperationsis pointerandrememberedsetmaintenance.
An outgoingpointerreferringto anobjectin anothercarmustbeupdatedif theremote
objectis moved.Similarly arememberedsetentry(recordinganincomingpointerfrom
aremoteobject)mustbe:updatedif thereferringobjectmoves;createdif anew remote
referenceis created;or deletedif thereferringobject’sreferenceis deleted.In theMOS
algorithmsuchmaintenancewould occurat the time of the changeto the remoteob-
ject; however, in thecontext wheremuch(perhapsmost)of theobjectspaceis on disk,
suchanapproachis impractical.To thisend,PMOS[Mossetal. 1996],which facedthe
sameproblem,introducedthe conceptof buffering ∆ref and∆loc entriesin memory.
Theseentriescorrespondrespectively to mutationsof cross-carpointersandmovements
of objectscontainingcross-carpointers.Eachtime a car is broughtinto memory, un-
processed∆ref and∆loc entriesareappliedto the car’s objectsandrememberedset
asnecessary. If the numberof outstandingentriesbecomessignificant(impactingon
memoryconsumption,for example),carscanbepro-actively broughtinto memoryand
updated.

Collectorefficiency canalsobe improvedandI/O costsfurtherminimizedby col-
lectingmultiplecarswherepossible.Multiple carcollectionsimproveclusteringoppor-
tunitieswhenobjectsarepromoted,andby aggregatingmultiple updatesmay reduce
thenumberof I/Os thatoccur. However, multi-carcollectionis moredisruptive to the
mutatorandsois at oddswith thegoalof responsiveness.

4.3 The Implementation of TMOS

We now discusskey implementationdetailsfor TMOS.After briefly outlining thesys-
tem structurewe describethreekey aspectsof the TMOS implementation:the object
addressingscheme,actionsinitiatedby mutatorbehavior, andgarbagecollection.The
threemechanismsidentifiedin section4.2,a coherentsnapshotmechanism, indirection
betweenmutatorandstore leveladdressing, anddeferringthemovementof objects, are
addressedin thefollowing discussion.

SystemStructur e Figure2 indicatesthe basicsystemmodel for the TMOS collec-
tor. Significantcomponentsincludethe cachesharedbetweenthe mutator(s)andthe



transactionalstore,theOID to PID map,andthelog, which is usedby thecollectorto
acquireobjectbefore-imagesand∆refs.

ref∆

OID

PID

mutator(s)

logstore

     

GC

before images

transactional interface

cache

direct memory access

Fig.2. Systemmodel for TMOS, indicating relationshipbetweenthe collector and key sub-
componentsof thetransactionalstore.

Object Addr essingSchemeAs describedin section4.2,decouplingmutatorandstore
level objectaddressingfacilitatestransparency of collector-inducedobjectmovement.
We describesucha schemein termsof mutatoraddresses(OIDs) andstoreaddresses
(PIDs),andmechanismsfor maintainingtheir relationship.

Mutator-Level Object AddressesThe mutator’s notion of an OID is that of a value
(possiblystoredin an object field), which whenpresentedto the transactionalinter-
facewill uniquelyidentify astoreobjectfor retrieval (or update)throughthatinterface.
An OID is only valid within the scopeof a singletransaction.The sizeof an OID is
implementationdependent,but would usuallybe32 or 64 bits.7 Theprocessof object
retrieval within a transactionis bootstrappedby theretrieval of a root object.8 Assum-
ing thestructureof therootobjectis known to themutator, traversalof theobjectgraph
canbegin by accessingany referencefield of the root objectandusingthe OID con-
tainedwithin it to retrieve anotherobject.Our meansof insulatingthe mutatorfrom
the movementof objectsby the collectorrequiressupportfor a many to onerelation-
shipbetweenOIDs andphysicalmemoryaddresses.This canbeachievedwith virtual
memoryto OID mapsbeingmany to one(with indirectionvia per-transactionmaps),

7 Thereis a distinctadvantagein having theOID thesamesizeasthemutator’s referencetype,
asstoreobjectscanbemappedto objectsin themutatorspacewithout resizing.

8 This canbedoneby usinga symbolicOID suchasROOT OID.



or oneto one(avoiding indirection).Thedrawbackof hardwareaddresstranslationis
thatit dependsoneachconcurrenttransactionexecutingwithin aseparateaddressspace
andit constrainsobjectrelocationchoicesto thosethatpreserve theobject’s intra-page
locationbecauseit canonly re-mapthehigh-orderbits of theaddress.

Store-LevelObjectAddressingA PID mustencodethelocationof anobjectwithin the
store.Localandglobalgarbageidentificationin MOSdependsontrackinginter-carand
inter-train references.If the train andcarof thereferencedobjectcouldbeencodedin
the PID, it would make the garbageidentificationprocesssubstantiallymoreefficient
by avoiding mapsto associatePIDs with trainsandcars.We thuscomposea PID as
follows:

PID ��� TID � CID � index �
whereTID identifiesthe train containingthe object,CID identifiesthe car, and index
identifiesa specificobjectwithin thecar.

ThePID andOID utilize thesamespace,soshouldbethesamesize.If only 32bits
areavailable,caremustbe taken in choosingthe width of eachof the componentsof
thePID. BecauseMOS is a copying garbagecollector, addressescanberecycled.

OID, PID Mapping TheOID to PID mapis many-to-oneandit is dynamic.Because
the validity of an OID is limited to the scopeof a single transaction,different trans-
actionsmay have differentOID to PID mappings.This makesit possibleto manage
coherentlytwo imagesof the sameobject,seenby different transactionsin different
partsof memory. Suchafeatureallowsanobjectto be‘moved’ by thecollectorwhile a
transactionretainsa read-lockon thatobject.Thelocking transactionandasubsequent
readerwill seeseparateidentical imagesof the object (this idea is further motivated
below).

Mutator Activity Asidefrom theuseof addressindirection,theexistenceof thecol-
lectorimpingeson therelationshipbetweenthemutatorandthestorein threeprinciple
ways:thefaultingof objectsinto memory, thegenerationof ∆refs by themutatorasa
resultof changesto references,andtheflushingof updatedobjectsbackto disk.

Car Faulting Faultinganobjectinto memoryin responseto a mutatorrequestneces-
sitatesthefaultingof thecarcontainingthatobjectif thecaris not alreadyin memory.
Thisprocessinvolvesthreesteps:

1. Fault theappropriatestorepagefrom disk into memory.
2. Apply any outstanding∆loc entriesto all objectsin thecar.
3. Swizzleall referencesfrom PIDs to OIDs.9

At this stagethemutatormayaccesstherequestedobject.However, beforethecarcan
besubjectto garbageidentification,onemorestepmustbeperformed(thisneednot be
performedif thecaris notcollected):

4. Apply any outstanding∆ref entriesto thecar’s rememberedset.

9 This processcanalternatively beperformedlazily, swizzlingobjectsonly whenthey arefirst
accessedby themutator.



∆ref Generation Any changesmadeby themutatorto objectreferencesmustbeprop-
agatedto thecollectorif thosechangesarecommitted.Thecreation(or deletion)of an
inter-carreferencewill generateaninsertioninto (deletionfrom) thetargetcar’sremem-
beredset.As describedin section4.2,suchchangesareappliedimmediatelyonly if the
target rememberedset is in memory, otherwisea ∆ref entry is placedon a queuefor
processingwhenthetargetrememberedsetis faultedin. Becausesuchmutatorchanges
areonly relevantwhencommitted,they canbe processedaspart of the generationof
thecommit log record(which involvesidentifying mutatorchangesandencapsulating
themin log ∆s).

Car Flushing Updatedcarsultimately must be flushedto disk. Becausereferences
are swizzledas part of the faulting process,the flushing processmust unswizzleall
referencesfrom OIDs to PIDsbeforewriting acarto disk.

Garbage Collection Finally, and most critically, we now describethe garbagecol-
lection process.At both the local (car) andglobal (train) levels of the algorithm we
combinebothidentificationandcollectionphasesin theimplementation.

Car Collection Carcollectioncanbe initiatedwith respectto any car (or cars).How-
ever, beforecollection can proceed,the car must be in memory, be up to datewith
respectto ∆locs, in a consistentstate(transactionally),andclosedto allocationof new
objects.If a car is in a swizzledstateat the time of collection,eachreferencewill be
translatedfrom OID to PID asit is scanned(PIDsareusedto doreachabilityanalysis).
Thusthe costassociatedwith collectionwill dependon thestartingstateof the target
car.

If a mutatortransactionholdsa write lock on any objectin thetargetcarwhencol-
lectioncommences,thenthatobject’sbefore-imageis usedin placeof theobjectduring
thegarbageidentificationphase.For thedurationof thecollection,mutatortransactions
arepreventedfrom upgradingreadlockson any objectsandfrom committingany up-
datesto objectsin thecar(new readlocksarepermitted).

The reachabilitystatusof all objectsin the car is thenestablishedusingthe car’s
remset.Thecaris thenevacuatedby copying reachableobjectsto othercarsaccording
to theMOSpromotionrules(utilizing theflexibility in therulesto maximizeclustering
wherepossible).If nomutatorlocksareheldover thecar, thecaris reclaimed.As long
asmutatorlocksremainon any objectsin thecar, thoseobjectsremainin placein the
evacuatedcarand in thecar to which they werepromoted.In thecaseof a readlock,
new transactionswill be given referencesto the promotedobjects(with two images
of the sameobjectco-existing in a read-onlystate).In the caseof a write lock, new
transactionswill beexcludedfrom accessingtheobjectuntil thelock is released,andif
thetransactioncommitssuccessfully, thenew objectstateis copiedto thecarto which
to objectwaspromoted.Assoonasthelastmutatorlock is released,thecaris reclaimed.

Thepromotionof eachobjectgeneratesa ∆loc for eachcar referringto theobject
anda ∆ref for eachobject it refersto. The deletionof an objectgeneratesa ∆ref for
eachobjectit refersto.



Train Collection Train collection is substantiallysimpler than car collection. Train
isolation is detectedusing train referencecountswhich are trivially maintainedas a
byproductof ∆ref processing(recall that PIDs encodetrain identifiers).Oncea train
is detectedasbeingisolated,it andits constituentcarscanbereclaimed.Isolatedcars
may be on disk, in which casetheir reclamationmay occurlazily. Correctnessof the
algorithmwill dependon either∆ref entriesbeinggeneratedfor all objectsreferredto
by reclaimedcars,or by recordsof carreclamationbeingkeptsothatany remembered
setentriescorrespondingto reclaimedcarsmay be disregarded.The former approach
impliesa needfor all reclaimedcarsto bescanned(faultedin from disk if necessary),
while thelattermayrequirecarreclamationrecordsto bekeptfor verylongperiodsand
mayinvolverelatively expensive lookupswhenscanningrememberedsets.

Recoverability Collectionsimpacton five aspectsof storestate:rememberedsets(via
∆refs), objectpointers(via ∆locs), meta-datadescribingtrain membership,meta-data
describingcarmembership,andlow-level spaceallocationmeta-data.By maintaining
all suchdatastructures(e.g.,tableof outstanding∆refs,low-levelspaceallocationmap,
etc.)aslow-level persistentdatain thetwo-level store,thedatastructuresbecomefully
recoverable.By makingeachcollection invocationa single low-level transaction,the
effectsof eachinvocationtrivially takeon transactionalrecoveryproperties.

5 Future Work

The TMOS garbagecollector is currentlybeingimplementedaspart of Platypus[He
et al. 2000],anobjectstorethathasbeendevelopedat theAustralianNationalUniver-
sity. Oncecompleted,the TMOS garbagecollector implementationwill be evaluated.
The TMOS collectorembodiesa high degreeof policy flexibility for both allocation
andcollection.We seetheexplorationof this policy spaceandtheidentificationof ap-
propriateheuristicsasimportantresearchgoals.Theflexibility of theTMOS collector
alsoprovidesopportunitiesfor exploringclusteringalgorithms.Weseeanimplementa-
tion of TMOSin Platypusasanexcellentvehiclefor furtheringwork on clustering[He
et al. 2000].

6 Conclusions

In addition to minimizing disk usage,garbagecollection is likely to be an important
mechanismfor maximizinglong term I/O performanceof persistentsystems.TMOS
is a garbagecollectorthat appliesthe completenessandincrementalityof the mature
objectspace(MOS) collectorto a transactionalstoragecontext. Thecomplexity of de-
signinga garbagecollectionalgorithmfor a transactionalsettinghasled usto develop
a genericmethodologyfor thedesignof transactionalcollectors.Themethodologybe-
ginswith aninitial garbagecollectionalgorithmthat is known to becorrectanda mu-
tator anda storethat arestronglyseparatedby a transactionalinterface.Correctness
andperformanceissuesareclearlyseparatedallowing thecharacteristicsof thenewly
derived transactionalgarbagecollectionalgorithmto be well understood.This paper
thuscontributesboth a new garbagecollectionalgorithmanda genericmethodology
for designingtransactionalgarbagecollectionalgorithms.
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