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Abstract. Definingpersistencén termsof reachabilityis fundamentato achiev-
ing orthogonalityof persistencedt is implicit to the principlesof orthogonaber
sistenceandis a part of the ODMG 3.0 dataobjectsstandard Although space
reclamationin the context of persistencéy reachabilitycan be achiered auto-
matically usinggarbagecollection,relatively few papersaddresghe problemof
implementinggarbagecollectionin a transactionaktoragesystem.A transac-
tional GC algorithmmustoperatecorrectlyin the faceof failure,andin particu-
lar mustdealwith the problemof transactiorabort,which by undoingchanges
suchasthe deletionof referencessutvertsthe GC reachabilityaxiom of ‘once
garbagealwaysgarbage’.

In this paperwe malke two key contritutions. First, we presenta genericap-
proachto the designof transactionatollectorsthat promotesclarity, generality
and understandabilityand thenusing this approachwe presenta new transac-
tional garbagecollectionalgorithm, TMOS. Our designapproactbringstogether
threeindependentomponents—autator a transactionastore,anda GC algo-
rithm. TMOS representtheapplicationof theMatureObjectSpacdamily of GC
algorithmsto thetransactionatontet throughour approactto transactionaGC
design.

1 Intr oduction

Thepracticalityandvalueof abstractioroverpersistencés increasinglybeingacknavl-
edgedin the mainstreanof the databaseommunity[Snodgrass1999; Maier 1999].
While differentpersistensystemsvaryin their adherencéo the principlesof orthogo-
nal persistencenost,includingthe Java DataObjects(JDO)[SunMicrosystemsl 999]
andODMG-3[Cattell etal. 2000]standardsjefinepersistencén termsof reacability.
Persistencéy reachability(PBR) is a simple corollary of the principle of persistence
identification[Atkinson andMorrison 1995]which stateghatpersistenbbjectsarenot
identifiedexplicitly, butimplicitly throughtransitve reachabilityfrom someknown per
sistentroot (or roots).With PBR,onceanobjectceaseso bereachablét is by definition
notidentifiableandis thusgarbageThis paperaddressethe problemof automatically
collectingsuchgarbagen atransactionasetting.



Transactionsreameanf managingconcurreng andrecoveryin apersistensys-
tem.Centralto transactiongrethe notionsof atomicityandserializability While trans-
actionsare ubiquitousin databasesystemsthe rigidity of corventional ACID trans-
actionalsemantic§Harderand Reuter1983] andtheir basisin isolationistratherthan
cooperatreapproachet concurreng controlappearso haveretardedheirintegration
into programmindanguage$Blackburn andZigman1999]. Nonethelesgransactions
represenbneimportantand practicalsolutionto the problemof concurreng control
in orthogonallypersistensystemsandfurthermoreareestablishedn persistencstan-
dardssuchas JDO and ODMG-3. Thus the integration of garbagecollectioninto a
transactionasettingis important.

Theargumentfor spacereclamationin primary storageis principally basedon the
relatively high costof memory However, for secondarystorage the spacecostargu-
mentis lesssignificant,andthe impactof a reclamatiormechanisnon accessharac-
teristicsmay becomethe overriding concern.Continuedmanipulationof a persistent
objectgraphwill inevitably resultin the storebecomingfragmentedandin thelimit,
eachlive objectwill resideonadistinctstorepage Garbagecollectionwill improvethe
clusteringof secondarystorage andthusimprove retrieval performanceSuchcluster
ing canoccureitherasan explicit function of the garbagecollector, or implicitly asa
sideeffect of objectreclamatiorandsubsequergpacaeuseby new objects.

The Problem of Transactional GarbageCollection A transactionafjarbagecollector
mustaddresswo fundamentalssuesthat of safelyandefficiently collectinggarbage
andthat of maintainingconsisteng in the faceof concurreng andtransactionsThe
interdependencieBetweentheseissuesare complex andleadto involved algorithms
thatareoftenhardto describeTheresultingalgorithmsmakeit hardto distill theissues
andchoicesandseparatéhosethatarecentralto correctnesgrom thoseare motivated
by efficiengy. Thusit is oftenhardto understanguchalgorithmsandhave confidencen
their correctnessThis is the high-level problemwhich this paperaddressedie do this
throughthe useof anappropriatelyabstracframework for relatinggarbagecollection
andtransactions.

In additionto presentingan abstracframework, we identify andaddress number
of concretdssuescommonto transactionafjarbagecollectorimplementations.

IdentifyingGarbage in the Faceof Rollbadk Theaxiomoncegarbage alwaysgarbage
is key to the correctnes®f garbagecollectionalgorithms.It saysthatoncea collector
hasidentified someobjectasunreachablethat objectmay be safelycollected—once
theobjectis unreachabl@& hasno meandor becomingeconnectedb theobjectgraph.
However, the introductionof transactionsdemandsa re-examinationof the axiom?
Throughatomicitytransactiongxhibit all-or-nothingsemanticseitherthe effectsof a
transactiorare seencompletelyor not atall. Isolationis usedto ensureconsistenyg by

1 For simplicity we specificallyaddres#CID transaction§HarderandReuter1983]throughout
this paper Generalizatiorof this approachto include the mary flavors of advancedtransac-
tion modelswill in mary casese trivial, but a thoroughanalysisof the intermix of garbage
collectionwith suchmodelsis beyondthe scopeof this work.



guaranteeinghat other transactionsare not exposedto partial resultsthat are subse-
quentlyrolled back.A transactionafjarbagecollectormustthereforeeitheroperatein
strictisolationfrom usertransactiongwhich could placevery expensve constrainton
the orderingof userand GC actvities), or be awarethat partial resultsmay berolled
back,andsotheaxiomof oncegarbagelwaysgarbagenustbecarefullyreinterpreted.
Fortunately transactionglso have the propertyof durability, which meansthat once
a transactiorhassuccessfullyjcommittedit cant be undone.This, combinedwith the
oncegarbagealwaysgarbageaxiom meanghatit is safeto useany committedimage
of the storefor theidentificationof garbagegvenstale(supersededimages.

Additionsto the ObjectGraph Theallocationof new objectsposedifferentproblems.
If atransactiorrolls back,all traceof that transactiormustbe undone,including the
allocationof arny objectswithin thetransactionA secondoroblemrelatingto allocation
is that not all objectscreatedin the courseof a transactionwill be reachablefrom
persistentootswhenthe transactionrcommits.Clearly it would be desirableto avoid
theoverheacdf persistenbbjectallocationfor suchtransientobjects.

A simpleway of dealingwith thefirst problemis to allocatespacen the storefor
the objectduringthetransactiorandthenreclaimthatspacef thetransactioris rolled
back.A betterapproachwhich addresseboth problems,is to deferthe allocationof
storespaceuntil the transactionrcommit. Any objectcreatedby the transactiorthatis
notreachabldrom a storeobjectmodifiedby thetransactiorcannotbe reachabldrom
thestoresroot, andis thusgarbageThis approactalsohasa disadwantageasit raises
the questionof how newly allocatedobjectswill beidentified(i.e., whatform anOID
or referenceto suchan objectwould take) prior to the allocationof a corresponding
storeobjectat committime.

CollectingBoth Transientand PersistentData Whenimplementinggarbagecollection
for a persistenianguage the problemsof disk and heapgarbagecollection can be
dealtwith eithertogetheror separatelyOn one handa single mechanisncollectsa
unifiedpersistenspacewhich includestransientheapdata,while on the otherhandthe
problemscanbeseenasdistinctandaddressedeparately

We take the approachof distinct heapanddisk collectorson the basisof two sig-
nificantobsenations.Thefirst relatesdirectly to the previously mentionedoroblemof
additionsto the objectgraph—if persistenspaces only allocatedfor objectsthatare
persistentlyreachableat committime, the distinctionbetweenpersistenandtransient
datais strong.Theseconchingesonthesubstantiallydifferentcostfactorsfor heapand
disk collection. The time andspacetradeofs to be madefor eacharevastly different.
Thus a dependencen randomaccesdo objectsmay be quite reasonabldor a heap
collector, but totally unrealisticfor disk-boundobjects.

The remainderof this paperis structuredasfollows. In section2 we discussrelated
work. We thendiscussour framework for designingransactionagjarbagecollectional-
gorithmsin section3. In sectiord we applyour frameawork, adaptinghe MOS [Hudson
andMoss1992]garbagecollectionalgorithmto atransactionatontext. In sections we
briefly discusopportunitiesor futurework andthenconcluden section6.



2 RelatedWork

Transactional Garbage Collection The literaturerecordsthree substantiallydiffer-

entapproacheso transactionafarbagecollection. Kolodnerand Weihl [1993] adapt
a semi-spaceopying collectorto a transactionapersistenteap.In their systemthe
mutatorandcollectoraretightly coupledandmustsynchronizeo ensurethatthe mu-

tator seesa coherentheapimage.By usinga persistentieapthey malke no distinction
betweerthe collectionof transienandpersistentiata.

Amsaley, Franklin,andGruber[1995]tacklethe problemof transactionaGCin the
settingof an orthodoxOODB. They examinethe interactionof the garbagecollector
with the storeat a detailedievel, enumeratingaseavhich causesrroneoudpehaior in
thefaceof transactiorabortandrollback. This leadsto a setof invariantsthatgovern
the marking mechanismandthe objectdeletionphaseof their incrementaimark and
sweepcollector Although capableof operatingover a distributed partitionedobject
space their algorithmis unableto detectcyclesof garbagewhich spanpartitions—a
problemwhich wassubsequentladdressetty Maheshvari andLiskov [1997].

Skubiszevski and Valduriez[1997] definethe conceptof GC-consistentutsasa
meansof establishinga consistentontext in which to apply the three color marking
concurrentollectionalgorithm[Dijkstra etal. 1978]. Theirapproachs safe,concurrent
and complete,but it is not incremental(no garbagecan be reclaimeduntil the mark
phasehascompletedvith respecto theentiredatabase)sC-consistentutsaresimilar
to theincrementaktoherensnapshotmechanisnwe describen section4.3.

While Amsalay et al. do highlight key issuesfor transactionafjarbagecollection,
neithertheirsnorary of theotherpapergroposegeneramethodologiesor intersecting
garbagecollectionwith transactionsRather they eachpresenspecificsolutionsbhased
onad-hocmethodologiegor dealingwith this complex interaction.

Object Clustering Yong, Naughton,and Yu [1994] examine a variety of different
garbagecollection algorithmsin the context of a client-sener system,and conclude
thatincrementabpartitionedgarbagecollectionprovidesgreaterscopefor reclustering
andbetterscalability thanotheralgorithms.Cook, Wolf, and Zorn [1994] extendthis

work by examininga rangeof partitionselectionpoliciesincluding: no collection,ran-

dom, mutated(mostpointerupdatesindbestpossible(oracle).Cook, et al. shav that

apracticalandappropriateolicy canimprovetheoveralll/O performancef thestore.
This indicatesthatincrementapartitionedgarbagecollectioncanhave practicalbene-
fits for objectstoreperformanceandsomotivatesfurtherexaminationanddevelopment
of suchsystems.

LakhamrajuRastogi,SeshadriandSudarshaf2000] discussthe generalproblem
of on-linereomganizationin objectdatabaseandpreseniRA, analgorithmwhich can
be appliedto copying collectors online clusteringalgorithmsandothercontexts where
it is necessaryo move objectsin the presencenf concurrentaccesgo thoseobjects.
IRA is ableto work whenobjectreferencearephysical(i.e. thereis noindirectionbe-
tweenuserlevel andstore-level objectidentification).In TMOS we addresghis prob-
lem throughthe useof indirection.



Matur e Object SpaceCollector MOS s acopying collectorthatis incrementalcom-
pleteand safe[Hudsonand Moss 1992]. PMOS extendsMOS to work in the context
of a persistentheap[Moss et al. 1996]? PMOS s designedto be atomic, but with-
out bindingto ary particularrecovery mechanismPMOSachievesincrementalityand
minimizes1/O overheadsby delayingthe updateof partition meta-dataand changes
to referenceslueto garbagecollectoractuity. It requiresa degreeof synchronization
and co-operatiorbetweenthe mutatorandthe garbagecollector Munro et al. [1999]
explore aninitial implementatiorof PMOSwithin a systemwithout write barriers.In
their implementatiorthe heapis scannedo provide consistenieta-datdor the local
garbageadentificationprocesgo operatecorrectly

This paperextendsthe literatureby generalizingthe problemof transactionatol-
lection and developing an abstractframework throughwhich arbitrary collection al-
gorithmscan be safely appliedto a transactionaktontext. We achieve this generality
by providing anabstractiorof garbagecollectionwhich separatetocal andglobal is-
suesandthe problemof identifyinggarbage from thatof remaring/reclaiminggarbage.
Moreover, we apply this framework to the MOS algorithm,yielding TMOS, which is
safe,concurrentcompleteandincremental.

3 An Approachto Transactional GC

In this sectionwe presenta framavork and methodologyfor the designof garbage
collectionalgorithmsfor transactionapersistenistores.We outline significantissues
involved in the designand describethe interrelationsbetweenthem. Our framework
is intentionally abstractand general,and restsupona simple systemmodelfor trans-
actionalgarbagecollectionbasedon a collectionalgorithm, a store, anda mutator. By
raisingthelevel of abstractiorwe reducetheassumptionsnadewith respecto arny par
ticular componenttherebyadmittingaswide a rangeof collectionalgorithms,storage
systemsandclasse®f mutatoraspossible.Our goalis to facilitaterapid and correct
designby identifying andaddressinghe primaryissuesassociatedvith theintermix of
garbagecollectionandtransactionsA strongandsafedesignprovidesa goodbasisfor
subsequenbptimization,at which point the dependenciesn eachof the systemcom-
ponentsnaybetightenedasnecessaryo minimizeimpedancdetweerthecomponents
asfaraspossible.

3.1 A SystemModel for Transactional Garbage Collection

The systemhasthreedistinct componentsa mutator(of which theremay be multiple
instances)atransactionastore,anda garbagecollector The systemmodelis basedon
thetransactionabbjectcachearchitecturgBlackburn and Stanton1999], which while
providing strongtransactionasemanticsallows efficientimplementationdy virtue of
themutatorhaving directaccesso thestores cache A consequencef thisarchitecture
is a clearseparatiorof storeandheapcollectionmechanismsndeed this modeldoes

2 PMOS sacrificesthe unidirectionalwrite barrier optimizationof the original MOS algorithm
in ordergaintheflexibility of beingableto collectcarsin ary order
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Fig. 1. Genericsystemmodelfor transactionabarbagecollection, consistingof a mutator (or
mutators) a transactionastore,anda garbagecollectionalgorithm.

not precludethe existenceof a mutatorwithout a collection mechanisnfor transient
data(a C++ programfor example).

Mutator Eachmutatorhasdirectaccesgo storeobjectscachedn main memory Ac-
cesdo theobjectsis mediatedhrougha transactionaprotocol[Blackburn andStanton
1999]. Before a mutatortransactiorreads(updates)an objectfor the first time, it in-
formsthe storeof its read(write) intentionwith respectto that object. The storewill
guaranteevailability andtransactionakohereng of the objectfrom the time that it
acknavledgesthe mutators intentionuntil the mutatortransactiorcommitsor aborts?
A mutatormay concurrentlyexecutemultiple transactionshowever the mutatormust
ensuretransactionaisolationis maintained.The protocolis sufficiently abstracto al-
low the storeto employ ‘copy-out’ or ‘in-place’ objectbuffering, andeitheroptimistic
or lock-basedcoherenyg policies.

TransactionalStoe The storemustsupportcorventionaltransactionatemanticsvith
respecto a graphof uniquelyidentifiableobjectsmadeavailableto the mutatorasde-
scribedabove.ldeallythestorewould supportmultiple concurrenmutatortransactions,
andimplementlayeredtransactionsalthoughneitherof theseare requirement®f the
our systemmodel.

Garbage CollectionAlgorithm The garbagecollectionalgorithmremovesobjectsthat
areno longerusableby any mutator An objectthathasbecomepermanentlyunreach-
able(i.e.,asconsequencef acommittedtransactionjrom the persistentootis clearly
unusableny the mutatorandis thusconsideredjarbageTo the extentthatthe garbage
collectorperformsary operationdeyond reclaiminggarbaggsuchascompactingor

3 This doesnot precludethe useof a storethatimplementsa STEAL policy. However, sucha
storemustusea transparentechanisnsuchasmemoryprotectionto ensurethatthe pageis
transparentlyaultedbackinto memoryuponary attemptby the mutatorto accesst.



example) thoseoperationsnustalsobe completelytransparentvith respecto the mu-
tator. Garbagecollectionactiity mustthereforebe visible to the mutatorasonly asa
logical ‘no-op’ (it consumesesourcedut doesnot otherwisevisibly affect state).

Conceptuallya garbagecollection algorithm must undertale two distinct activi-
ties: the identificationof garbageandthe subsequentollectionof that garbageThe
algorithm mustsafely (perhapsconsenratively) identify unreachablebjectsand con-
ceptuallymarkthemasgarbage Collection may include secondanactiities suchas
compactiorandclustering.n generalactivities will occurin two domainsiocally and
globally. Algorithms typically usepatrtitions(e.g.,cars in MOS, geneationsin gen-
erationalcollectors)to increasencrementality which is particularly necessaryn the
contet of significanttemporaloverheadgdueto disk or network lateng, for example).
Local actiities (suchas intra-partition collection) dependonly on local information
while global activities (suchasthe reclamationof cross-partitioncycles) utilize local
progresgo work towardsglobal propertiesof completenessThe mappingof the two
actvities ontothesedomainss asfollows:

— Localidentificationof garbagenvolvesalocal (typically intra-partition)reachabil-
ity analysisof objectswith respecto someknown (possiblyempty) setof refer
encego objectswithin thelocal domain.

— Localcollectionof garbagenaysimplyinvolve deletingthoseobjectsnotidentified
asreachablédy thelocal identificationphase.

— Globalidentificationof garbaganvolvesthe identificationof garbagenot identifi-
ablelocally (suchascross-partitiorcycles).

— Globalcollectionof garbagesimply involvesremoving thoseobjects(or partitions)
thatarenotreachable.

3.2 Designinga Transactional GC Algorithm

Thedesignof atransactionagjarbagecollectormustaddres$oth correctnessindper-
formanceWe approacttorrectnesby first establishinghecorrectnessf thecollection
algorithmonwhichthetransactionatollectorwill bebasedandthenensuringthatthe
correctnesss not compromisedy its introductioninto a transactionatontext. How-
ever, correctnesaloneis notadequateThereclaimatiorof spacgautomaticallyor not)
canonly bejustified by animprovementn long termperformance—thers little point
in employing a reclaimationmechanisnif the systemwill performbetterwithout it.*
In achieving this, the collectionmechanismmustimposeminimal interferencen terms
of overall throughputand/orresponsienessof the store operation.We now address
theseparateoncern®f correctnesandperformancen transactionatjarbagecollector
design.

Corr ectnessWe identify thekey correctnesgssueswith respecto: local identification
of garbageJocal collection of garbageglobal identificationof garbage and global
collectionof garbage.

4 While the needto reclaim spacein anin-memorycontet is clear secondanstorageis by
comparisorbothvery cheapandvery expensve to accessiakingthe benefitdessclearcut.



Localidentification correctnesslepend®n the collector beingableto seea consistent
andvalid view of the objectgraphandthe rootsfor the region beingcollectedin the
faceof mutatorupdatesandrollback.

Local collection correctnesslependon the mutatorbeingableto seea consistenand
valid view of theobjectgraphin thefaceof thecollectordeleting(andpossiblymoving)
objects.The deletionof objectsidentified asgarbageraisesno significantcorrectness
issueshecauseainreachabl@bjectscannotbe seenby the mutator However, ancillary
actionsassociatedvith the collection procesg(suchasthe movementof live objects
to reducefragmentationhave the potentialto impactthe mutator Our systemmodel
includesa guarante®f consisteng with respecto the objectsseenby the mutatorfor
the durationof a transactionsoary changeto objectaddressemustnot be visible to
amutator However, becausedransactionaisolation preventsthe mutatorfrom storing
objectreferencescrossransactionsthe collectorneedonly be concernedvith intra-
transactionatonsisteng of objectaddresseseenby the mutator

Global identification corrrectnesslependsn the collector beingableto seea consis-
tentandvalid view of the reachabilitymetadatge.g.inter-partition reachabilityinfor-

mation). Suchmetadatamay be changedas a consequencef a mutatorupdatingan
objectreference.

Global collection correctnesslependon the mutator beingableto seea consistent
andvalid view of the objectgraphin the faceof the collectordeleting(and possibly
moving) objects.Correctnessssuedor globalcollectionthusmirror thoseof local col-
lection. For somealgorithmsthis phasds madeeven simplerbecausehe collectionof
an unreachablgartition andits constituentobjectsdoesnot leadto the movementof
ary live objects.

Eachof thesecorrectnessriteriacanbetrivially (thoughinefficiently) addressedby
isolating the garbagecollector actionsfrom the mutatorby performingthe collector
actionswithin a userlevel transaction.

Performance Recallthatgarbagecollectionshouldbe justifiedin termsof long-term
performancemprovementlin the caseof persistentiata,locality improvementgesult-
ing from the positive clusteringand defragmentatioreffects of collection are likely

to be the dominantsourceof performanceémprovement.We now addressssuesof

performanceunder the headingsof two dimensionswhich we seekto maximize—
responsivenesmdthroughput—whichcorrespondo thefundamentatemporaldimen-
sionsof lateny andbandwidthrespectiely. The relative importanceof eachof these
concernswill dependhearily on the context in which the collectoris to be applied.A

systemwith a high degreeof userinteractionmay valueresponsienessver through-
put. By contrastanaccounimanagemergystemmayrequirehighthroughputput have
morerelaxedresponsienessequirements.



Responsivenes$he problemof maximizing responsienesds fundamentallyone of
local optimization(a goalwhich mayrun counterto global optimizationefforts). Max-
imizing mutator responsienesscorrespondg€o minimizing collector disruptiveness.
While the problemof minimizing collector disruptvenesss a goal commonto con-
ventionalheapcollectors the widely differing costfactorsat play andcorrespondingly
differentexpectationswith respectto responsienesssuggesthatthe issueshouldbe
examinedfreshly for the transactionatontext. We identify threebroadstrateies for
improving responsrenessminimizingthe grain of collectionincrementsminimizing
mutator/collectorresouce contention and minimizingcollectionactivity whenmuta-
tor demands high. Thefirst of thesestratgyieswill minimize ary mutatorpausetime,
but may have the deleteriouseffect of reducingcollection efficiency by shifting the
identification/collectiorefforts from local to themoreexpensve globaldomainsMany
resourcesiresharedby the mutatorandcollector, including: CPU, memory I/O band-
width, andlocks. The computationakfficiency of the collectionalgorithmwill impact
on CPUcontention An opportunisticalgorithmmaysignificantlyreducebothmemory
andl/O bandwidthconsumptionandappropriatauseof transactiongmostnotablythe
useof layeredtransactionsgandramaticallyreducethe level of lock contention.The
applicability of the third stratey is highly applicationdependentbut in general,re-
sponsvenesswill beimprovedif collectionsopportunisticallyexploit lulls in mutator
activity.

Throughput The problemof maximizingthroughputis one of global optimization,a
goalsometimest oddswith the objective of responsienesskor example,a clustering
policy mayyield substantiaimprovementsn average performancédut mightoccasion-
ally impactnegatively on responsienessWhile a greatmary aspectf transactional
collectorimplementatiorwill impacton long-termperformanceijt seemshattwo re-
lating to 1/O arelikely to be dominant:minimizingl/O costby improving datalocality,
and minimizing /0O overheadsthrough opportunisticcollector operation. Becausea
collector’s capacityto improve objectlocality throughcompactionand defragmenta-
tionis likely to have amajorimpacton long termperformanceacollectorthatactively
compactsor is ableto accommodata clusteringmechanismis likely to yield better
throughputimprovement.Becauset is essentiathat the collection processdoesnot
generatemore /O thanit avoids, opportunisticpolicies, both with respectto reading
andwriting, arelikely to be highly advantageous.

Corr ectnessand Performance As indicatedearlier eachof thefour correctnesgssues
canbeaddressedy isolatingcollectoractiity throughuserlevel transactionsT his so-
lutionis trivially correctbecauséransactionatemanticguarante¢hecohereny of the
imageseenby ary transactionlUnfortunatelythis approachs hearyweight, requiring
readlocksto be acquiredfor eachof the objectsin the region of collection,leadingto
strict serializationwith ary transactiorupdatingobjectsin thatregion. Lessdisruptive
approachesxist for eachof thefour phases.

The correctnes®f local and global identificationwill be assuredf identification
occurswith respecto a snapshobf somepreviously committedstateof the region of
collection(for local identification,the objectgraph,andfor globalidentification,inter-
partitionmeta-data)Thisapproachs trivially correctbecaus¢he‘oncegarbagelways



garbageaxiomensureshatgarbageadentifiedwith respecto any coherentmageof the
committedstateof theregionwill alwaysbegarbageWhile asnapshotouldbecreated
by briefly obtaininga read-lockon the region of collectionandcopying its contentsa
coherentlogical’ snapshotanbe establishedheaplyby viewing eachobjectin the
region asit is unlessa write intentionis declaredwith respecto the object,in which
casethe ‘before-image® of the objectis used The samebefore-imagenustcontinueto
beusedevenif theupdatingtransactiorcommits(in sucha casethe before-imagewill
have to be copiedby the garbagéddentificationprocesdeforetheimageis removedas
partof thecommitprocess).

The primary correctnessssuefor local and global collectionis that of ensuring
thatthe mutatoris not exposedto the relocationof ary live objectby the collector An
alternatve to encapsulatinghesephaseawithin a userlevel transactioris to usesome
form of addressndirectionbetweerthemutatorandthecollector, whichwouldinsulate
themutatorfrom suchperturbationsThis couldbedonethroughthe explict indirection
of OIDs, or by usingvirtual memorytechnique$.

Thissectiorhasoutlinedtheelement®f atwo-stepmethodologyor composingyarbage
collectionalgorithmsand transactionaktoragesystemsFirst the candidatealgorithm
mustbedecomposeihto local andglobalidentificationandcollectionphasesThenfor
eachof thefour phasesmeananustbeidentifiedfor ensuringherespectre correctness
criteria outlinedabove. The simplicity andclarity of this approachallows the bulk of
designwork to befocusedon the efficiency of the particularsolution.

4 The TMOS Transactional Garbage Collector

Having outlineda genericdesignapproachwe now apply thatapproachanddevelop
a new transactionaljarbagecollection algorithm, TMOS. After describingpertinent
aspectof the context in which TMOS is developed,we discussthe designof the al-
gorithm by addressingachof the correctnessnd performancdssuesoutlinedin the
previoussection.

4.1 Implementation Context

The primary designgoal for TMOS is that it improve the long term performanceof
transactionaktore operation.This objective was a significantfactorin our choice of
the Mature Object Space(MOS) [Hudsonand Moss 1992] collector as the basisfor
TMOS (‘TransactionaMOS’). Secondanyjssuesinclude our desireto be ableto in-
tegrateclusteringalgorithms[He et al. 2000] into the collector We now describethe
context in moredetailin termsof eachof the threecomponent®of the systemmodel
thatunderpinsour genericdesignapproach.

5 A ‘before-image’containghelastcommittedstateof anobject,andis typically createcby the
underlyingtransactiorsystemassoonasan intentionto write to thatobjectis declaredThe
imageis usedto re-establistthe objectstatein the eventthat the transactionis rolled back.
Thisideais similar to thatof GC-consistentuts[Skubiszevski andValduriez1997].

6 Althoughit would avoid the overheadof anindirection,usingvirtual memoryto achieve this
would requireeachconcurrentransactiorto executewithin a separataddresspace.



Mutator The designof TMOS placesfew preconditionson the mutator beyond the
requirementhatit interfaceto the storagdlayerthrougha cacheandtransactionain-
terfaceaccordingto thetransactionabbjectcachearchitectureOur implementatiorof
TMOS targetsPSI [Blackburn and Stanton1999], a particularinstantiationof suchan
interface.Beyond complianceto suchan interface,we make no presumptionsabout
the mutator Our specificgoalsincludelanguagerun-timesfor orthogonallypersistent
Java and Java Data Objectsimplementationsaswell asarbitraryapplicationssuchas
benchmarkingoolswrittenin C andC++.

TransactionalStoe The TMOS algorithmin its mostgeneraform placesno require-
mentson the storebeyondthe requirementhatit supportnormaltransactionastorage
semanticsHowever, significantperformanceamprovementsdependon the storesup-
porting (andgiving the collectoraccesgo) two-level transaction@ndmaking before-
imagesof updatedbbjectsavailableto thecollector

Garbage Collection Algorithm The MOS algorithmwas chosenbecausef its incre-
mentality completenessand flexibility . MOS dividesthe objectspaceinto partitions
called cars, the size of which determineghe granularityof collection. The extension
of MOS to allow carsto be collectedin ary order(aslong asall carsare eventually
collected),greatlyfacilitatesopportunismin TMOS [Moss et al. 1996]. Furthermore,
the flexibility of the MOS objectallocationand promotion(copying) rulesis substan-
tial, allowing clusteringalgorithmsto beintegratedinto thecollector Spaceconstraints
precludeacomprehensie accounf theMOS algorithmhere, sowe referthereadetto
otherpublicationgor detailsof thealgorithm[HudsonandMoss1992].Insteadwve will
briefly describeMOS in termsof the variousphase®f garbagecollectionidentifiedin
section3.1.

— Local identification of garbagedependson identifying the reachabilitystatusof
eachobject with respectto external roots and the car's remembexd set (list of
incomingreference$rom othercars).

— Local collectionof garbagealwaysresultsin the reclamationof an entirecar. All
externallyreachabl@bjectswithin the cararemovedto othercarsaccordingo the
MOS promotionrules,anddeadobjectsarereclaimedwith the car.

— Global identificationof garbagedependson groupingcarsinto trains, migrating
ary cycleinto asingletrain, andidentifying ary trainsthatarenotreachablaising
referencecounting.

— Global collectionof garbagesimply involvesthe removal of unreachablérainsin
their entirety includingtheir constituentars.

4.2 The Designof TMOS

Following thedesignapproactoutlinedin section3.2,we now addresgorrectnesand
performancessuedor the TMOS algorithm.



CorrectnesslIn the following sectionswe describehow TMOS addressesorrectness
issuegrelatingto eachof the four phasef collection.Our approacho eachof these
restsdirectly on the templatesfor assuringcorrectnesslescribedn section3.2. We
thereforeonly elaboratén areasvhereTMOS extendsor otherwisedeviatesfrom those
templates.The details of medanismsintegral to the correctnesstratayy for TMOS
(highlightedbelow in bold text) aredescribedn section4.3. The local garbageden-
tification andcollection phaseof MOS aretightly coupledandwould mostlikely be
implementedasa single operationin a TMOS implementationHowever, eachof the
two componentsaisesseparateoncernsso for clarity we describethem heresepa-
rately.

Correctnes®fLocalldentification Thecriticalissuefor thelocal garbagédentification
phases having a coherenimageof thetargetcaravailablefor the durationof theiden-
tification processin spiteof ary mutatorattemptto updateits contentsln section3.2
we describea coherent snapshotmechanism a meansof effectively implementing
this approach.

Correctnes®f Local Collection MOS movesobjectsaspartof its carcollectionphase,
sothe biggestissuefor TMOS with respecto the correctnes®sf this phaseis that of
maintainingcoherenyg of mutatoraddressingn the faceof objectmovementsby the
collector We solwe this cohereng problemby placinga level of indir ection between
mutator and storelevel addressinganddeferring the movementof objectsaccessed
(in eitherreador write mode)by a mutatortransaction.

Correctnes®f Global Identification The useof a referencecountto detecttrainisola-
tion in MOS is dependenbn identificationtaking placewhile the systemis in a stable
statewith respectto the count—i.e.,objectsare not being moved into or out of the
train. MOS usesa closedflag to preventallocationinto a train; however, objectscan
be promotedcopied)into aclosedtrain from oldertrains.Oncea closedtrainbecomes
isolatedjt will remainisolatedjrrespectve of mutatoractivity. Theisolationof aclosed
train canonly be undoneby the promotionof an objectinto the train by the collector
Thusin the caseof TMOS, correctnessf global garbagéddentificationis independent
of mutatorandtransactionahctiity, but dependssolely on the correctnesgonditions
of theMOS algorithm.

Correctnessof Global Collection Oncea train (andits constituentcars) have been
identifiedasgarbagan the MOS algorithm,the collectionprocesssimply involvesre-

coveringspaceassociatedvith thetrain andits cars.This hasnoimpacton the mutator
(asthe mutatorcanhave no referencego the cars),andis thereforetrivial from a cor

rectnesstandpoint.

Performance We now addres$iow performancéssuesmpactthe designof TMOS.

Responsivenes$lany implementationdetailsimpact on responsienessput from a
designstandpointthe dominantconcernis minimizing disruptvenessby addressing



incrementalityand collectionopportunism The first of theseindicatesminimizing car
sizes.The MOS algorithmis flexible in this respecthowever local identificationis

inevitably moreefficientthanglobalidentification,soreducingcarsizesmaynegatively

impacton overall collectionefficiengy. The secondf theseindicatesheimportanceof

opportunisnwith respecto I/O by collectingin-memorycarswherepossible Together
theseobjectives suggesthat a car shouldbe sizedto fit into a single disk page (the
stores unit of transferbetweenmemoryanddisk). If a caris not containedwithin a
singledisk page opportunisticcollectionof acarwill beconditionalon all of thecar’s

pagesbeing memoryresidentsimultaneouslyOpportunismwith respectto write 1/0

suggestshatpageghathave beenupdatedoe preferentiallytargetedfor collection.

Throughput 1/0O opportunismwill alsoimpactsignificantly on throughput.Thus /O
relatedoperationghatdo notimpacton responsienesshouldalsooccuropportunisti-
cally. A significantclassof suchoperationss pointerandrememberedetmaintenance.
An outgoingpointerreferringto anobjectin anothercarmustbe updatedf theremote
objectis moved.Similarly arememberedetentry(recordinganincomingpointerfrom
aremoteobject)mustbe:updatedf thereferringobjectmoves;createdf anew remote
referencas createdpr deletedf thereferringobjectsreferenceas deletedin theMOS
algorithm suchmaintenancavould occurat the time of the changeto the remoteob-
ject; however, in the context wheremuch(perhapsmost)of the objectspaces on disk,
suchanapproachs impractical.To thisend,PMOS[Mossetal. 1996],whichfacedthe
sameproblem,introducedthe conceptof buffering Aref andAloc entriesin memory
Theseentriescorrespondespectiely to mutationsof cross-capointersandmovements
of objectscontainingcross-caipointers.Eachtime a caris broughtinto memory un-
processed\ref andAloc entriesare appliedto the car’s objectsand rememberedet
asnecessanf the numberof outstandingentriesbecomessignificant(impactingon
memoryconsumptionfor example),carscanbe pro-actvely broughtinto memoryand
updated.

Collectorefficiengy canalsobeimprovedandl/O costsfurther minimizedby col-
lectingmultiple carswherepossible Multiple carcollectionsimprove clusteringoppor
tunitieswhen objectsare promoted,and by aggregatingmultiple updatesnay reduce
the numberof 1/0s that occur However, multi-car collectionis moredisruptive to the
mutatorandsois at oddswith the goal of responsieness.

4.3 The Implementation of TMOS

We now discusskey implementatiordetailsfor TMOS. After briefly outlining the sys-
tem structurewe describethreekey aspectof the TMOS implementationthe object
addressingchemeactionsinitiated by mutatorbehavior, andgarbagecollection. The
threemechanismglentifiedin sectiond.2,a coheentsnapshomedanism indirection
betweermutatorandstore level addressinganddeferringthe movemenbf objects are
addresseith thefollowing discussion.

SystemStructure Figure 2 indicatesthe basicsystemmodelfor the TMOS collec-
tor. Significantcomponentsnclude the cachesharedbetweenthe mutator(s)andthe



transactionastore,the OID to PID map,andthelog, which is usedby the collectorto
acquireobjectbefore-imageandArefs.

‘ mutator(s) ‘
A
direct memory access transactional interface
4
cache
| OID
GC
| PID
T Iy
**E:
! before images
store log

Fig. 2. Systemmodel for TMOS, indicating relationshipbetweenthe collector and key sub-
component®f thetransactionastore.

Object Addr essingScheme As describedn sectiond.2,decouplingnutatorandstore
level objectaddressindacilitatestranspareng of collectorinducedobjectmovement.
We describesucha schemein termsof mutatoraddressefOIDs) andstoreaddresses
(PIDs),andmechanism$or maintainingtheir relationship.

Mutator-Level Object Addresses The mutators notion of an OID is that of a value
(possiblystoredin an objectfield), which when presentedo the transactionainter
facewill uniquelyidentify astoreobjectfor retrieval (or updatethroughthatinterface.
An OID is only valid within the scopeof a singletransactionThe sizeof an OID is
implementatiordependentbut would usuallybe 32 or 64 bits.” The procesf object
retrieval within a transactioris bootstrappedby the retrieval of a root object® Assum-
ing the structureof theroot objectis known to the mutator traversalof the objectgraph
canbggin by accessinary referencedfield of the root objectandusingthe OID con-
tainedwithin it to retrieve anotherobject. Our meansof insulatingthe mutatorfrom
the movementof objectsby the collectorrequiressupportfor a mary to onerelation-
ship betweernOIDs andphysicalmemoryaddresseslhis canbe achieved with virtual
memoryto OID mapsbeingmary to one(with indirectionvia pertransactiormaps),

7 Thereis adistinctadwantagein having the OID the samesizeasthe mutators referenceype,
asstoreobjectscanbe mappedo objectsin the mutatorspacewithoutresizing.
8 This canbe doneby usinga symbolicOID suchasROOT_Ol D.



or oneto one (avoiding indirection). The drawvback of hardwareaddresgranslationis
thatit depend®n eachconcurrentransactiorexecutingwithin aseparataddresspace
andit constrainobjectrelocationchoicesto thosethat presere the objectsintra-page
locationbecausét canonly re-mapthe high-orderbits of theaddress.

Stole-Level ObjectAddressing A PID mustencodehelocationof anobjectwithin the
store.Localandglobalgarbageadentificationin MOS depend®ntrackinginter-carand
inter-train referenceslf thetrain andcar of the referencedbjectcould be encodedn
the PID, it would make the garbagddentificationprocesssubstantiallynore efficient
by avoiding mapsto associatéPIDs with trainsand cars.We thuscomposea PID as
follows:

PID =< TID,CID,index >

whereTID identifiesthe train containingthe object, CID identifiesthe car, andindex
identifiesa specificobjectwithin thecar

ThePID andOID utilize thesamespacesoshouldbethe samesize.If only 32 bits
areavailable,caremustbe takenin choosingthe width of eachof the component®of
thePID. BecausMOS is a copying garbagecollector addressesanberegycled.

OID, PID Mapping The OID to PID mapis mary-to-oneandit is dynamic.Because
the validity of an OID is limited to the scopeof a single transactiondifferenttrans-
actionsmay have differentOID to PID mappings.This makesit possibleto manage
coherentlytwo imagesof the sameobject, seenby differenttransactionsn different
partsof memory Suchafeatureallows anobjectto be‘moved’ by the collectorwhile a
transactiorretainsa read-lockon thatobject. Thelocking transactioranda subsequent
readerwill seeseparatadenticalimagesof the object (this ideais further motivated
below).

Mutator Activity Asidefrom the useof addressndirection,the existenceof the col-
lectorimpingeson therelationshipbetweerthe mutatorandthe storein threeprinciple
ways:thefaulting of objectsinto memory the generatiorof Arefs by the mutatorasa
resultof changedo referencesandtheflushingof updatedobjectsbackto disk.

Car Faulting Faultingan objectinto memoryin responseo a mutatorrequesineces-
sitategthefaulting of the car containingthatobjectif the caris notalreadyin memory
This processnvolvesthreesteps:

1. Faulttheappropriatestorepagefrom disk into memory

2. Apply ary outstandingiloc entriesto all objectsin thecar.

3. Swizzleall reference$rom PIDsto OIDs?

At this stagethe mutatormay accesshe requesteabject. However, beforethe carcan
be subjectto garbagddentification,onemorestepmustbe performed(this neednotbe
performedf thecaris notcollected):

4. Apply ary outstanding\ref entriesto the car'srememberedet.

9 This processcanalternatiely be performedazily, swizzling objectsonly whenthey arefirst
accessetly themutator



Aref Genertion Any changesnadeby the mutatorto objectreferencesnustbe prop-
agatedo thecollectorif thosechangesirecommitted.The creation(or deletion)of an
inter-carreferenceavill generataninsertioninto (deletionfrom) thetargetcar'sremem-
beredset.As describedn sectiond.2, suchchangesreappliedimmediatelyonly if the
targetrememberedetis in memory otherwisea Aref entry is placedon a queuefor
processingvhenthetargetrememberedetis faultedin. Becausesuchmutatorchanges
areonly relevantwhencommitted,they canbe processeds part of the generatiorof
the commitlog record(which involvesidentifying mutatorchangesndencapsulating
themin log As).

Car Flushing Updatedcarsultimately must be flushedto disk. Becausereferences
are swizzledas part of the faulting processthe flushing processmust unswizzleall
reference$rom OIDs to PIDs beforewriting a carto disk.

Garbage Collection Finally, and mostcritically, we now describethe garbagecol-
lection processAt both the local (car) and global (train) levels of the algorithmwe
combinebothidentificationandcollectionphasesn theimplementation.

Car Collection Carcollectioncanbe initiated with respecto ary car (or cars).How-

ever, beforecollection can proceed the car mustbe in memory be up to datewith

respecto Alocs, in a consistenstate(transactionally)andclosedto allocationof new

objects.If acaris in a swizzledstateat the time of collection,eachreferencewill be
translatedrom OID to PID asit is scannedPIDs areusedto do reachabilityanalysis).
Thusthe costassociatedvith collectionwill dependon the startingstateof the target
car

If amutatortransactiorholdsawrite lock on ary objectin thetargetcarwhencol-
lectioncommenceghenthatobject’s before-images usedin placeof theobjectduring
thegarbagedentificationphaseFor the durationof the collection,mutatortransactions
arepreventedfrom upgradingreadlocks on ary objectsandfrom committingary up-
datesto objectsin thecar (new readlocksarepermitted).

The reachabilitystatusof all objectsin the caris thenestablishedisingthe car’s
remset.Thecaris thenevacuatedby copying reachablebjectsto othercarsaccording
to theMOS promotionrules(utilizing theflexibility in therulesto maximizeclustering
wherepossible)If no mutatorlocksareheld overthe car, the caris reclaimed As long
asmutatorlocksremainon ary objectsin the car, thoseobjectsremainin placein the
evacuatectarand in the carto which they were promoted.In the caseof areadlock,
new transactionswill be given referencego the promotedobjects(with two images
of the sameobject co-existing in a read-onlystate).In the caseof a write lock, new
transactionsvill be excludedfrom accessinghe objectuntil thelock is releasedandif
thetransactiorcommitssuccessfullythe new objectstateis copiedto the carto which
to objectwaspromoted As soonasthelastmutatoriock is releasedthecaris reclaimed.

The promotionof eachobjectgenerates Aloc for eachcarreferringto the object
anda Aref for eachobijectit refersto. The deletionof an objectgenerates Aref for
eachobijectit refersto.



Train Collection Train collection is substantiallysimpler than car collection. Train
isolationis detectedusingtrain referencecountswhich aretrivially maintainedas a
byproductof Aref processingrecall that PIDs encodetrain identifiers).Oncea train
is detectedasbeingisolated,it andits constituenicarscanbereclaimed.Isolatedcars
may be on disk, in which casetheir reclamationmay occurlazily. Correctnes®f the
algorithmwill dependon eitherAref entriesbeinggeneratedor all objectsreferredto
by reclaimedcars,or by recordsof carreclamatiorbeingkeptsothatarny remembered
setentriescorrespondindo reclaimedcarsmay be disregarded.The former approach
implies a needfor all reclaimedcarsto be scannedfaultedin from disk if necessary),
while thelattermayrequirecarreclamatiorrecordsto be keptfor verylong periodsand
may involve relatively expensve lookupswhenscanningememberedets.

Recwerability Collectionsimpacton five aspect®of storestate:rememberedets(via
Arefs), objectpointers(via Alocs), meta-datadescribingtrain membershipmeta-data
describingcar membershipandlow-level spaceallocationmeta-dataBy maintaining
all suchdatastructurege.g.,tableof outstanding\refs,low-level spaceallocationmap,
etc.)aslow-level persistentlatain thetwo-level store the datastructuredecomeully
recoverable.By makingeachcollectioninvocationa single low-level transactionthe
effectsof eachinvocationtrivially take ontransactionatecovery properties.

5 Future Work

The TMOS garbagecollectoris currentlybeingimplementedas part of Platypus[He
etal. 2000],anobjectstorethathasbeendevelopedat the AustralianNationalUniver-
sity. Oncecompletedthe TMOS garbagecollectorimplementatiorwill be evaluated.
The TMOS collectorembodiesa high degreeof policy flexibility for both allocation
andcollection.We seethe explorationof this policy spaceandtheidentificationof ap-
propriateheuristicsasimportantresearctgoals.The flexibility of the TMOS collector
alsoprovidesopportunitiesor exploring clusteringalgorithms We seeanimplementa-
tion of TMOS in Platypusasanexcellentvehiclefor furtheringwork on clusteringiHe
etal. 2000].

6 Conclusions

In additionto minimizing disk usage garbagecollectionis likely to be animportant
mechanisnfor maximizinglong term I/O performanceof persistensystemsTMOS
is a garbagecollectorthat appliesthe completenesandincrementalityof the mature
objectspacgMOS) collectorto a transactionastoragecontext. The complexity of de-
signinga garbagecollectionalgorithmfor atransactionasettinghasled usto develop
agenericmethodologyfor the designof transactionatollectors.The methodologybe-
ginswith aninitial garbagecollectionalgorithmthatis known to be correctanda mu-
tator and a storethat are strongly separatedy a transactionainterface.Correctness
andperformancassuesareclearly separateallowing the characteristicef the nenly
derived transactionabarbagecollectionalgorithmto be well understoodThis paper
thus contributesboth a new garbagecollectionalgorithmanda genericmethodology
for designingiransactionagarbagecollectionalgorithms.
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