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Abstract

Software TransactionalMemory (STM) is a genericsynchronizationconstructthat enablesauto-
maticconversionof correctsequentialobjectsinto correctnonblockingconcurrentobjects.RecentSTM
systems,thoughsigni�cantly morepracticalthantheir predecessors,displayinconsistentperformance:
differing designdecisionscausedifferentsystemsto performbestin differentcircumstances,often by
dramaticmargins. In this paperwe considerfour dimensionsof theSTM designspace:(i) whencon-
currentobjectsareacquiredby transactionsfor modi�cation; (ii) howthey areacquired;(iii) what they
look like when not acquired;and (iv) the non-blockingsemanticsfor transactions(lock-freedomvs.
obstruction-freedom).In this 4-dimensionalspacewe highlight the locationsof two leadingSTM sys-
tems: the DSTM of Herlihy et al. andthe OSTM of FraserandHarris. Drawing motivation from the
performanceof a seriesof applicationbenchmarks,we thenpresenta new AdaptiveSTM (ASTM) sys-
temthatadjuststo theofferedworkload,allowing it to matchtheperformanceof thebestknown existing
systemonevery testedworkload.

1 Intr oduction

Traditionallock-basedconcurrentsystemsareproneto severalimportantproblemsincludingdeadlock,pri-
ority inversion,convoying, andlack of fault tolerance.Coarsegrain locksarenot scalable,andalgorithms
basedon�ne grainlocksarenotoriouslydif�cult to write. Ad-hocnonblockingimplementationsof concur-
rent objectsavoid the semanticproblemsof locks andcanmatchor exceedthe performanceof �ne grain
locking,but areat leastasdif�cult to write.

Ideally, onewould like a mechanismthatprovidestheconvenienceof coarsegrain lockswithout their
semanticor performanceproblems. Toward this end, Herlihy [6] was the �rst to suggestautomatically
convertingsequentialcodeto correctnonblockingconcurrentcode.Inspiredin partby hardwareproposals
for multiword atomic primitives [9, 20], subsequentresearchersdevelopedmore sophisticatedconstruc-
tions [1, 11, 15, 19, 21], but thesesuffer from variouspracticalproblems: Most imposetime or space
overheadstoo high for real-world systems.Somerequireunrealisticatomicprimitives.Many supportonly
staticcollectionsof objectsand/orstatictransactions(in which thesetof objectsto beaccessedis known in
advance).
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Recentsoftwaretransactionalmemory(STM) systemshave overcomemostof theseproblems[2, 3, 5,
8]: They employ atomicprimitiveslikecompare-and-swap (CAS) andload-linked/store-conditional (LL/SC),
which arewidely supportedby currentmultiprocessors.They supportdynamiccollectionsof objectsand
dynamictransactions.Their spaceoverheadsaremodest. Finally, their performanceoverheadsare low
enoughto outperformcoarse-grainlocksin importantcases,andto provide anattractive alternative to even
well-tuned�ne-grain lockswhenconvenience,fault tolerance,andcleansemanticsareconsidered.Those
of usworking in the�eld envision a daywhenSTM mechanismsareembeddedin compilersfor languages
like Java andC#,providing nonblockingimplementationsof synchronized methods“for free”.

STM systemsmaybeeitherword- or object-based,dependingon thegranularityat which datais mod-
i�ed. We focuson the latter, which appearparticularlywell suitedto object-orientedlanguagessuchas
Java andC#. The two leadingobject-basedSTMs arecurrently the DSTM of Herlihy et al. [8] and the
OSTMof FraserandHarris[2, 3]. In prior work [13], weundertookapreliminarycomparisonof thesesys-
tems.Amongotherthings,we foundthatDSTM outperformsOSTM by asmuchasanorderof magnitude
on write-dominatedworkloads,while OSTM outperformsDSTM by asmuchasa factorof two on read-
dominatedworkloads.We attributemuchof thedifferenceto thechoiceof acquiresemantics(discussedin
Sections2 and3.1)andto indirectobjectaccessin DSTM, whichimposesanextracachemissonthetypical
readaccess.

In thecurrentpaperwe discussfour principaldesigndecisionsfor object-basedSTM, encompassing(i)
whenconcurrentobjectsareacquiredby transactionsfor modi�cation (eager vs.lazyacquire);(ii) howthey
areacquired(per-objector per-transactionmetadata);(iii) whatthey look like to readerswhennotcurrently
acquired(level of indirection);and(iv) thetypeof nonblockingsemantics(lock-freevs. obstruction-free).
Our taxonomyenhancesprevious [3, 13] understandingsof DSTM andOSTM performanceby locating
thesesystemswithin the four-dimensionaldesignspace. By clarifying the performanceimplicationsof
designdimensions,the taxonomyhasalsoallowed us to develop an AdaptiveSTM system(ASTM) that
automaticallyadaptsitsbehavior to theofferedworkload,allowing it to closelyapproximatetheperformance
of thebestexisting systemin everyscenariowehave tested.

As background,Section2 outlinesa commonusagepatternandAPI for object-basedSTM. Section3
presentsour characterizationof theSTM designspaceandlocatesDSTM andOSTM within it. Section4
describesthreevariantsof ASTM, all of which revisit designdecisionsat run time basedon the offered
workload. The �rst two variantsadaptalongdimensions(ii) and(iii) above; the third addssimultaneous
adaptationalongdimension(i). Experimentalresults,presentedin Section5, show ASTM to becompetitive
with thebetterof OSTM andDSTM acrossall executionscenarios,makingit highly attractive for general-
purposeuse.

2 STM Usage

STM transactionsprovide nonblockingconcurrentaccessto one or more sharedtransactionalobjects.
Transactionstypically proceedthroughthefollowing four phaseswith respectto any givenobject:

Open: makestheobjectavailableto thetransaction.A transactioncannotaccessanunopenedobject,but
objectsmaybeconcurrentlyopenedby multiple transactions.

Acquir e: assertsthetransaction's ownershipof theobject.An objectcanbeacquiredby only onetransac-
tion at a time. Any othertransactionthatsubsequentlyattemptsto acquiretheobjectmustdetectand
resolve thecon�ict. Thecon�ict resolutionmethoddetermineswhethertheSTM is lock-free[2, 3] or
obstruction-free[5, 8]. Acquireis not typically aseparateoperation.DSTM [8] implementsit aspart
of theopenoperation(eager acquire). OSTM [2, 3] implementsit aspart of the commit operation
(lazyacquire).
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Commit: attemptsto atomicallyeffect all changesto acquiredobjectsmadeby the currenttransaction.
Typically, this is doneby usinga compare-and-swap (CAS) or store-conditional instructionto update
the status�eld in a transactiondescriptoraccessibleto all competingtransactions.(Without loss
of generalitywe assumethe useof CASin the remainderof this paper.) This CASserves as the
linearizationpoint [10] of thetransaction.

Release:cleansup metadataassociatedwith a transactionafter it commitsor aborts. DSTM introduced
the conceptof early release[8], which allows a transactionto relinquishan accessedobjectprior
to committing. Early releasereducesthe window of contentionin which multiple transactionsare
transientlydependenton a particularobject,but it requiresthe programmerto exploit application-
speci�c knowledgeto ensurethattransactionsareconsistentandlinearizable.

In our STM experiments(Section5) we employ a uniform API for beginning,validating,committing,
andabortingtransactions;andfor accessingobjectsin read-onlyor read-writemodes:

ref = STMOpen(obj, mode) : Makeobj accessiblefor readingor writing (mode = reador write).
To ensureinvisibility of updatesuntil the transactioncommits,implementationstypically copy any
objectopenedin write mode,andreturna referenceto thecopy.

status = STMCommit() : Attemptto linearizeandcommit.Returnanindicationof successor failure.

STMAbort(trans) : Abort transactiontrans . A transactionmay abort itself to preserve objectse-
mantics.It mayabortitself or acompetitorto resolve acon�ict.

STMRelease(obj) : Voluntarily releaseanobjectprior to committing.This is anunsafeoptimization.
Normal,on-timereleaseis hiddenin STMCommit andSTMAbort .

We assumethat acquisitionof objectsopenfor writing andvalidationof objectsopenfor readingare
hiddenin eitherSTM Openor STM Commit. Both acquisitionandvalidationmay, internally, abort the
currenttransactionor onewith whichacon�ict hasoccurred.

3 STM DesignSpace

In thissectionwediscussfour key dimensionsin theSTM designspace.Wealsopresentabrief comparison
of DSTM andOSTMin light of them.

3.1 Eagervs.Lazy Acquire

Transactionsacquireobjectswhen �rst accessedundereageracquiresemantics,but at commit time un-
der lazy acquiresemantics.Eageracquireallows a transactionto detectcontentionearlier; this enablesa
doomedtransactionto abortinsteadof performinguselesswork. Eageracquirealsomakesit easierto ensure
consistency: If every con�ict is resolvedwhen�rst detected,thenanunabortedtransactioncanbesurethat
its objectsaremutually consistentasof the most recentopen operation. With lazy acquire,by contrast,
theobviousapproachrequiresa transactionto maintaina privatelist of openedobjects,andto re-verify the
entirelist whenopeninganother. This approachimposestotal overheadquadraticin thenumberof opened
objects.An alternative is to “sandbox”transactionalcodeto catchandrecover from memoryandarithmetic
faults,andto imposea limit on executiontime asheuristicprotectionagainstin�nite loops. In somecases
it maybesafeto executewith inconsistentdata,in which caseno veri�cation overheadis required,but this
requiresapplication-speci�cknowledge.
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On theothersideof the tradeoff, lazy acquirecangreatlyshrink thewindow whereintransactionssee
eachotheras contendersandmay be unnecessarilyabortedor delayed. In particular, with lazy acquire
transaction� will never beabortedby transaction� if � itself abortsbefore� attemptsto commit.

3.2 Metadata Structure

A transactionalobjecttypically wrapsanunderlyingdataobject;i.e. it containsapointerthroughwhich the
dataobjectcanbe referenced.Two differentmeansof acquiringsuchan objectappearin currentobject-
basedSTM systems:(i) anacquirermakesthetransactionalobjectpoint to thetransactiondescriptor;and
(ii) the acquirermakesthe transactionalobjectpoint to an indirectionobject that containspointersto the
transactiondescriptorandto old andnew versionsof thedataobject.Option(i) allows con�icting transac-
tionsto seeall of their competitors'metadata,but makesobjectreleaseexpensive: A releasedobjectcannot
be left in an acquiredstate(whereit points to a descriptor),becausesubsequentaccesseswould have to
searchthedescriptor's write list to �nd acurrentversion.Additionally, maintainingdescriptorsfor previous
committedandabortedtransactionswouldconstitutepotentialspaceoverheadquadraticin thetotalnumber
of objects. Instead,a cleanupoperationmustupdatetransactionalobjectsto point directly to the current
dataobject,at thecostof anextraCASperobject.

Cleanupcanbeomittedentirelywith per-objectmetadata,at thecostof ��� overheadin space.Alterna-
tively, a lightweightcleanupphasemight“zeroout” pointersto obsoletedataobjects,makingthemavailable
for garbagecollection. An attractive intermediateoption is to omit thecleanupphase,but allow readersto
cleanupobsoletedataobjectsincrementally.

3.3 Indir ection in Object Referencing

As notedin theprevioussubsection,cleanupis essentialwith per-transactionmetadata.It is optionalwith
per-objectmetadata.If performed,it providesreaderswith direct accessto the dataobjectsof currently
unacquiredtransactionalobjects.If notperformed,it will tendto induceanextracachemissfor everyobject
openedin read-onlymode.Theconsequentslower readshaveasigni�cant impactonoverall throughputfor
read-dominatedworkloads[13].

3.4 Lock-Freedomvs.Obstruction-Freedom

Lock-freeconcurrentobjectsguaranteethatat leastonethreadmakesprogressin aboundednumberof time
steps.Obstruction-freedom[7] admitsthepossibilityof livelock,but tendsto leadto substantiallysimpler
code: Lock-freeSTM systemstypically arrangeto acquireobjectsin someglobal total order. They also
performrecursivehelping, in which transaction� performstransaction� 's operationson its behalfwhen

� detectsa con�ict with � . Lock-freedomis mostnaturally implementedwith lazy acquireandsorting;
without thema transactionmight discover the needto openan object that precedessomeotheralready-
openedobjectin theglobaltotal order.

Arbitration amongcompetingtransactionsin an obstruction-freesystemis handled“out of band” by
a separatecontentionmanager [8]. With the right manager, one can obtainhigh probabilistic—oreven
strict—guaranteesof progress[4, 17,18].

3.5 Placing DSTM and OSTM

DSTM is obstruction-free,whereasOSTMis lock-free.Transactionalobjectsin DSTM point to anindirec-
tion locator object,which in turn containspointersto themostrecentacquirer's transactiondescriptorand
to old andnew versionsof thedata.Theacquirer's statusdetermineswhichversionof anobjectis valid: the
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Figure 1: STM designspace. The dark grey areasseemill-advised: eageracquiremakes it dif�cult to
implementlock freedom;per-transactionmetadataincreasesthecostof indirectaccessby readers.Thelight
grey areasseemto have little to recommendthem: sortingfor lock freedomis naturallyperformedon the
write list of per-transactionmetadata,but per-objectmetadatamakesit easierto �nd thecurrentversionof a
recentlywrittenobjectfor whichdirectaccesshasyet to berestored.

new versionis valid only whentheacquirerhasCOMMITTED. An unacquiredtransactionalobjectin OSTM
pointsdirectly to theappropriateversionof thedata.As we shallsee,this differencein objectreferencing
resultsin poorperformancefor DSTM in read-dominatedworkloads.

OSTM is lock-free;hence,it useslazy acquire. DSTM useseageracquire. For write access,DSTM
acquiresobjectsby swappingin a new locator;OSTM acquiresobjectsby makingthempoint directly to
thetransactiondescriptor. NeitherDSTM nor OSTM acquiresobjectsaccessedin read-onlymode.Rather,
bothsystemsmaintaina privatereadlist, which they revalidateon every open operation.OSTM mustalso
validateits write list on every open. Thesebookkeeping,sorting,validation,andcleanupoverheadscause
OSTM to performpoorly in write-dominatedworkloads.DSTM hasno cleanupphase,but it arrangesfor
readers,at open time, to “zero out” �elds in locatorsthatpoint to obsoletedataobjects,thusmakingthem
availableto thegarbagecollector.

Thefour-dimensionalSTM designspaceis depictedgraphicallyin Figure1. Within this space,DSTM
canbesummarizedasthepoint 	 eageracquire,per-objectmetadata,indirectobjectreferencing,obstruction-
free
 ; OSTM mapsto 	 lazy acquire,per-transactionmetadata,directobjectreferencing,lock-free
 . In the
following sectionwe describeour ASTM system. It adaptsacrossdimensions(i) and(iii) of the design
space:	 eagerOR lazyacquire,per-objectmetadata,directOR indirectobjectreferencing,obstruction-free
 .

4 Adaptive SoftwareTransactionalMemory

As notedin Section3, andasdemonstratedin preliminaryexperiments[13], thelocationof anSTM system
in thedesignspaceplaysa key role in its algorithmiccomplexity andperformance.Thefact thatdifferent
systemsperformbestin differentcircumstancesraisesthequestion:Is it possibleto adaptamongmultiple
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Figure2: Acquiringapreviouslyunacquiredobject.

designpointsto obtaina“best-of-both-worlds” STM systemthatperformswell in all scenarios?Weaddress
thisquestionwith ourASTM design.

4.1 BasicASTM Design

In ourexperimentsto datewehaveyetto identify aworkloadin whichlock freedomprovidesaperformance
advantageover obstructionfreedom. Given the design�e xibility andalgorithmicsimpli�cations enabled
by obstructionfreedom,togetherwith the successof practicalcontentionmanagersin avoiding livelock
problems[18], we have adoptedobstructionfreedomfor ASTM.

Figure2 depictsa TransactionalMemoryObject (TMObject, borrowed from DSTM terminology) in
ASTM. By default, TMObjectspoint directly to dataobjects. A readertransactiondoesnot acquirea
TMObject. Instead,it maintainsa privatereadlist andguaranteestransactionconsistency by re-validating
the objectson that list at eachnew open operation. Readsby a transactionare thus invisible to other
transactionsin the system.A writer transaction,on theotherhand,acquiresa TMObject by installingan
indirectionobject. Borrowing againfrom DSTM, we refer to this indirectionobjectasa locator. Figure2
illustratestheobjectacquisitionprocess.ASTM locators,like thoseof DSTM, containthreepointers:one
for theacquirer's transactiondescriptor, andoneeachfor old andnew versionsof thedataobject. Before
acquiringanobjecta writer instantiatesa new locatoranda new versionof thedataobject,which it copies
from the most recentlycommittedversion,found in the currentTMObject. The writer thenacquiresthe
targetTMObjectby usinganatomicCASto swingit to thenew locator.

A transactionmaybe in any of threestates:ACTIVE, ABORTED, or COMMITTED. With contention,a
writer's acquireattemptmay fail, or it may �nd an ACTIVE transaction's locator in the TMObject. The
contentionmanageris invoked to determinewhich transactionshouldproceed.If thecontentionmanager
indicatesthat transaction� shouldabort its competitor � , � attemptsto do so by CASing � 's descrip-
tor's statefrom ACTIVE to ABORTED. Otherwisethecurrenttransactionretriestheacquire(possiblyafter
waiting for sometime to let its competitorcompleteexecution). Onceall operationsfor a transactionare
complete,it is committeduponsuccessfullychangingthedescriptorstatefrom ACTIVE to COMMITTED.
Immediatelyprior to committing,a transactionmustperformone�nal validationof objectson its private
readlist.

A TMObject thatpointsdirectly to a dataobjectis saidto be in theunacquired state;a TMObject that
pointsto a locatoris in theacquired state.If TMObjectswereto remainin theacquiredstateaftera writer
completes,thensubsequentreadswould suffer indirectionoverhead,asdescribedin Section3.3. To spread
theoverheadof cleanupover time,andto avoid it entirelywhenthesubsequentaccessis a write, we leave
thework to readers.A readerthat�nds anobjectin theacquiredstatewith a transactionthatis eitherCOM-
MITTED or ABORTED�rst convertstheobjectto theunacquiredstate.Figure3 illustratesthis conversion.
A readerdetectscontentionwhenanacquiredTMObject's locatorrefersto anACTIVE transaction.
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In workloadsdominatedby reads,ASTM objectswill tendto stayin the unacquiredstate,improving
performancethroughlack of indirection.In workloadsdominatedby writes,objectswill tendto stayin the
acquiredstate,avoiding the overheadof cleanup. Additionally, ASTM useseageracquireby default for
objectsopenedin writablemode.ASTM thusseemspositionedto performwell for a varietyof workloads.
Ourexperimentalresults(Section5) con�rm thisexpectation.

4.2 Workload Effect: Readersvs.Writers

As in DSTM,anASTM transactionthatopens� objectsin write moderequires�
��� CASes: � to acquire
the objects,andoneto commit. However, subsequentreadersmay performup to � CASesto returnthe
objectsto anunacquiredstate.For write-dominatedworkloads,thesecleanupCASesarerare.

With a roughly uniform mix of readsandwrites, transactionsthat includereadsarelikely to perform
several cleanupCASes. In this case,TMObjectscould repeatedly�ip betweenacquiredandunacquired
states.Readerswould becomeslower, duebothto theextra level of indirectionin acquiredTMObjectsand
to theextra CASesneededto revert objectsfrom theacquiredto unacquiredstates.TheseCASescouldalso
interferewith writers,slowing themdown aswell. As theresultsin Section5 will show, however, overall
systemthroughputfor ASTM is alwayscompetitivewith thebetterexistingSTM.Weattributethisprimarily
to thedivision of laborbetweenreadsandwrites,andto theuseof eageracquire:Comparedto DSTM, we
avoid anextra level of indirectionfor unacquiredobjects;comparedto OSTM,thebene�tsof eageracquire
signi�cantly outweightheperformancelost from �ipping transactionalobjectstates.

In the bestcase,an individual transactionmay �nd all its objectsunacquiredandincur no indirection
overhead. In the worst case,it may �nd all its objectsacquired. In addition to indirectionoverhead,it
would thenincur thecostsof cleanupfor objectsopenedin readmodepluscontention-induced slowdown
for writes. In Section5, we assessbenchmarkswith transactionsthatfall in severalpointson theread-write
spectrum.We intendto continueexploring reader-writer tradeoffs asfutureresearch.In particular, it seems
worth consideringimplementationsin which readersdo not alwaysperformcleanupoperations,but use
runtimepro�ling or randomizationto moveobjectsto unacquiredstateonly whenthepercentageof readsis
suf�ciently high. For caseswherereadthroughputis moreimportantthanwrite throughput,it maybeworth
consideringimplementationsin whichwriterssometimesproactively restoreobjectsto theunacquiredstate
asa partof their releasecode.

4.3 Lazy ASTM

As describedsofar, ASTM useseageracquirefor objectsopenedin write mode.Supposethat transaction
� detectsacon�ict with � whenattemptingto opensomeobjectof mutualinterest.If � is doomedto fail,
detectingthecon�ict earlymayallow it to abort,andavoid unnecessarywork. Similarly, if � is doomedto
fail, � hastheopportunityto kill it right away. As notedin Section3, however, thetradeoff cango theother

7



way. We cannotin generalbe surewhich transaction(s)might eventuallysucceed.In an obstruction-free
systemlike ASTM, the contentionmanagersimply makesan informedguess. If � waits for—or aborts
itself in favor of— � , and � fails to commit,we have incurreda signi�cant cost. Similarly, if � aborts�

but thenitself fails to commit,thework of � waswasted.Eitherway, thiscostcouldhavebeenavoidedif �

haddelayedits acquire.Evenif � rightly kills � , it is possiblethat � wouldhavedetectedaninconsistency
andaborteditself soonafter, suggestingthatwemayhave wastedtheoverheadof contentionmanagement.

To evaluatethesetradeoffs, we have developeda lazy variantof ASTM that acquiresno objectsuntil
committime. LikethedefaultEagerASTM, LazyASTM usescontentionmanagement;bothareobstruction-
free.Lazyacquirereducesthewindow in which transactionsmayseeeachotherascompetitors.

As in EagerASTM, eachTMObjectin LazyASTM canbein theacquiredor unacquiredstate.Readers
performcleanupasnecessary. Writers,ontheotherhand,donoteagerlyacquiretargetTMObjects.Instead,
a transactionmaintainsa private write list in its descriptor, in addition to the readlist. This write list
is revalidated(as is the readlist) whenopeningeachnew transactionalobject. Essentially, a transaction
remainsinvisibleto othertransactionsuntil committime. As aresult,severaltransactionsmayopenthesame
objectin write modeat the sametime. At commit time, a transactionattemptsto acquirethe TMObjects
in its write list by swappingin pointers(usingCAS) to newly createdlocators,eachcorrespondingto the
respective TMObject. The CASwill fail if any othertransactionhasmodi�ed theobjectin-between.But
whereOSTMsortsobjectsandusesrecursive helpingto guaranteelock-freedom,ASTM traversesthewrite
list unsortedandrelieson thecontentionmanagerto arbitratecon�icts.

As in EagerASTM, writers performno cleanupto convert TMObjectsfrom acquiredto unacquired
state;i.e.a targetTMObject's locatoris not replacedby themostrecentlyvalid dataversion.Consequently,
entrieson the write list mustassociatetwo different kinds of valueswith TMObjects: datapointersfor
objectsinitially encounteredin unacquiredstateand locatorpointersfor objectsinitially encounteredin
acquiredstate. (Entriesalso contain, for eachobject, a pointer to the newly allocatedlocator that will
be usedat acquiretime.) At revalidationor acquiretime, a writer may �nd that the locatorpointer in a
TMObjecthasbeenreplacedwith adatapointer, yet theoriginalversionof thedatais still valid. Permitting
thewriter to continuein suchcasesis critical for goodthroughputin workloadswith asubstantialpercentage
of reads.

4.4 Adapting to Acquire Semantics

Transactionsthataredoomedto fail tendto detectcontentionlate in their lifetime with lazy acquire,after
doing a lot of wastedwork. On the other hand,with eageracquire,doomedtransactionscan interfere
with othertransactions,delayingor abortingthem. Unfortunatelythereis no way in generalto distinguish
betweenthesescenarios.In fact,our experimentssofar seemto suggestthat the tradeoffs largely “cancel
out”: Thougheageracquireis usuallyalittle faster, neitherdramaticallyoutperformstheotherin mostcases.
Thissuggeststo usthateageracquireis usuallypreferable,in orderto avoid thebookkeepingcomplexity of
maintainingwrite lists.

In onespeci�c case,however, ourexperimentalresults(Section5) revealasigni�cant advantagefor lazy
acquire:transactionsthataccessa largenumberof objectsin read-onlymode,thatperformearlyreleaseon
many of these(therebyreducingthewindow of contentionwith otherpotentiallycon�icting transactions),
andthataccessonly a few objectsin write mode.A commonexampleis a readertransactionthatusesearly
releaseincrementallywhile following a linkedpaththrougha datastructure.Sucha transactionmaysuffer
delaysif it encountersobjectseagerlyacquiredby writers. Lazy acquiresigni�cantly reducescontention
windows for this workload.

Thenext logical stepin ourquestfor adaptivity in ASTM is to dynamicallyselectanobjectacquisition
strategy. Fromourobservationsonthesynergy betweenlazyacquireandearlyrelease,weinvoke ahistory-
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basedheuristicfor a transactionto adaptto thebetteracquirestrategy (eageror lazy)basedon observations
madeby pasttransactions.The�nal versionof our system(“Full ASTM”) defaultsto eageracquire,since
this providesthe bestperformancein mostcases(detailsin Section5). We maintainrolling averagesfor
percentagesof writes andof early releasesthat follow at leastonewrite acrosstransactionsexecutedby
a thread. So long asthe percentageof writes is below a threshold� andthe percentageof early releases
exceedsanotherthreshold� , subsequenttransactionsuselazyacquire;otherwisethey useeageracquire.

Ourheuristicassumesthattransactionswill tendto behave similarly to thoserecentlycompleted.It also
re�ects thequadraticcostof incrementalvalidation:Evenamodestnumberof writeswill resultin overhead
signi�cant enoughto overcomethebene�tsfrom reducedcontentionwindowsin lazyacquire/ earlyrelease.
In ourexperiments,wehavesettheearlyreleasethreshold� at50%andthewrite accessthreshold� at25%.
Limitedexperimentationwith othervaluessuggeststhatresultsarelargelyinsensitive to theexactpercentage
used.

As in EagerASTM, readerscleanup transactionalobjectsif necessary, and writers useindirection
objects(DSTM-stylelocators).Full ASTM remainsobstruction-free;it requirescontentionmanagement.

5 Experimental Results

In thissectionweprovideadetailedempiricalanalysisof themainaspectsof theSTM systemdesignspace
addressedin this paper: acquiresemantics,acquiremethodology, object referencingstyle, and progress
guarantees.We presentexperimentalresultsfor a varietyof concurrentdatastructuresto assesstheextent
to which ASTM successfullyadaptsto theofferedworkload.Speci�cally, we considersix differentbench-
marks:ahashtable,two variantsof a list-basedsortedsetof integers,anadjacency-list basedrandomgraph,
a red-blacktree,andanHTTP webcachesimulationusingthe least-frequentlyused(LFU) algorithm. We
useDSTM andOSTMasabaselineagainstwhich to compareour results.

Experimentswereconductedon a 16-processorSunFire6800,a cache-coherentmultiprocessorwith
1.2GHzUltraSPARC III processors.The testingenvironmentwasSun's Java 1.5 beta1 HotSpotJVM,
augmentedwith aJSR166updatefrom DougLea[12]. Wemeasuredthroughputoveraperiodof 10seconds
for eachbenchmark,varyingthenumberof worker threadsfrom 1 to 48. Resultswereaveragedover a set
of six testruns. In all experiments,we usethePolka contentionmanager[18] for DSTM andfor all three
variantsof ASTM (Eager, Lazy, Full); SchererandScottreportthis managerto bebothfastandstable.We
performincrementalrevalidationin all systemsfor all benchmarks,recheckingtheconsistency of previously
openedobjectswhenopeninganythingnew.

5.1 Coarse-GrainLocks and STM

The STM systemsconsideredherehave the potentialfor higherconcurrency thanlock-basedmutualex-
clusionalgorithms,becausetransactionsthataccessdisjoint setsof objectscanproceedconcurrentlywith-
out interference. Figure 4 shows performanceresultsfor the IntSetHashtable benchmark. This bench-
markemploys a smallhashtable(16 buckets)containingup to 256distinctvalueswith externalchaining.
Eachthreadrepeatedlyperformsa lookup, insert, or delete. In this experiment,90% of the operations
arelookups. Coarse-grainlocks (implementedusingeitherJava synchronized methodsor a test-and-
test-and-set (TATAS)spinlock) performmorethanadecimalorderof magnitudefasterthanany STM
whenthereis asingleworker thread.Thisre�ects thebasecaseoverheadof STM. As thenumberof threads
increases,however, the higherconcurrency of STM allows all threesystemsto outperformboth varieties
of coarse-grainlock by a signi�cant margin. For small numbersof threadsthe TATAS lock outperforms
thescheduler-basedlock, but its performancedropsquickly with increasingcontention.Beyond16 threads
(thenumberof processorson themachine),preemptionin critical sectionsfurtherreducestheperformance
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Figure4: Relative performanceof STM systemsandcoarse-grainlocks (synchronized methods,test-
and-test-and-set ) on IntSetHashtable with 10%writes
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Figure5: IntSet performanceresults

of TATAS, but not thatof scheduler-basedlocks: threadsthatwait in a synchronized methodyield the
processor, andthelock holdersoongetsto runagain.

It is importantto notein this comparisonthat thecodingeffort requiredfor theSTM-basedhashtable
is comparableto that of usingsynchronized methodsfor mutualexclusion. A �ne-grain lock-based
solutionmight performsigni�cantly better, but at muchhigherdevelopmentcost. For morecomplex data
structures(e.g.,balancedsearchtrees)thisdevelopmentcostis oftenprohibitive.

5.2 Write-Dominated Workloads

In DSTM andEagerASTM, objectsopenedin write modeareimmediatelyacquired,andthetransactionis
freeto forget theoriginal transactionalobjects.Validation,moreover, is trivial: If thetransactiondescriptor
is still ACTIVE, all objectsopenedin write modeareconsistent.Becausethey acquireobjectslazily, OSTM
andLazy ASTM mustmaintaina write list in additionto thereadlist, andmustrevalidateobjectson both
lists incrementally. ASTM defaults to eageracquiremode,but whenit switchesto lazy acquiremode,it
incursthesamewrite list maintenanceandvalidationoverheadasOSTMandLazyASTM.
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Figure6: LFUCache performanceresults

In write-dominatedworkloads,OSTM andLazy ASTM suffer signi�cantly from thebookkeepingand
incrementalvalidationoverheadfor maintainingwrite lists for transactions.DSTM andEagerASTM, how-
ever, donot incur theseoverheads.Ourstrategy of having ASTM acquireobjectseagerlyby default enables
ASTM to remainin eageracquiremodefor write-dominatedtransactions.Toassesstheimpactof thisdesign
choice,Figure5 shows STM performanceresultson the IntSet benchmark.IntSet maintainsa sortedlist of
integersrangingbetween0.. .255(therangehasbeenrestrictedin all benchmarksto deliberatelyincrease
contention). Concurrentthreadscontinuouslyinsertanddeletenodesin the list. A transactionopensall
visitednodesin write mode.DSTM, EagerASTM andASTM all performcomparably:anorderof magni-
tudebetterthanOSTMandLazyASTM. Experimentswith modi�ed versionsof thecode(notshown here)
reveal thatmostof theoverheadin OSTM andLazy ASTM comesfrom extra bookkeeping;theremainder
comesfrom incrementalvalidationandsorting(in OSTM). NoticethatLazy ASTM livelocks(dropsfrom
low throughputto essentiallynone)whenwemove from oneto two processors.

Figure6 shows performanceresultsfor the LFUCache benchmark[17]. This programusesa priority
queueheapto simulatecachereplacementin an HTTP web proxy via the least-frequentlyused(LFU)
algorithm[16]. TheLFU replacementpolicy assumesthatthemostfrequentlyaccessedpagesaremostlikely
to beaccessednext. A transactiontypically readsapage,incrementsits frequency count,andrearrangesthe
heap(if necessary).

To approximatethedemandon a realwebcache,we pick pagesrandomlyfrom a Zipf distribution. As
a result,a smallsetof pagesis accessedmostfrequently;transactionsareessentiallywrite-dominated(for
page� , thecumulative probabilityof selectionis ������������� �"!$#&%(')�+*�,.- ). DSTM, EagerASTM andASTM
performcomparably. LazyASTM suffersfrom bookkeepingoverhead;OSTMadditionallyincursoverhead
from sortingandrecursive helping.

5.3 Read-DominatedWorkloads

As discussedin Section3, thestyle in which unacquiredobjectsarereferencedhasa considerableimpact
on readperformance. DSTM usesindirection objects(locators),while OSTM arrangesfor unacquired
transactionalobjectsto point to dataobjectsdirectly. All threeASTM variantsadapttheirobjectreferencing
style to the underlyingworkload. We illustratethis facetof ASTM's performancerelative to OSTM and
DSTM usingtwo read-dominatedbenchmarks:IntSetRelease (anothersortedlist of integers),andRBTree
(aconcurrentred-blacktree).
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Figure7: IntSetRelease performanceresults
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Figure8: RBTree performanceresults

IntSetRelease is ahighly concurrentIntSet variantin whichtransactionsopenobjectsin readmodeand
releasethem,early, while moving down thelist. Oncefound,thenodesto beupdatedareupgradedto write
mode.DSTM performstheworstdueto indirectionoverhead.ASTM andEagerASTM performthebest,
with Lazy ASTM andOSTM incurring minor overheadsfrom bookkeeping(both) andsorting(OSTM).
Eventhoughmostobjectsaretypically releasedearly, writesalwaysoccurat thevery endof a transaction.
For this reason,ASTM tendsto remainin eageracquiremode.

RBTree is a concurrentred-black(balanced)searchtree. As in the linked-list benchmarks,threads
repeatedlyperformrandomizedinsertionsanddeletions.A transactiontypically opensobjectsin readmode
asit searchesdown thetreefor theright placeto performaninsertionor deletion.Subsequently, it upgrades
to write modeonly thosenodesthatareneededto rebalancethetree.Performanceresultsappearin Figure8.
All theASTMs andOSTM performcomparablywell. Sinceno earlyreleasesareinvolved in transactions,
ASTM remainsin eageracquiremode.Sincemostnodesarenever upgradedto write mode,DSTM yields
thelowestthroughput.
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Figure9: RandomGraphList performanceresults

5.4 Con�ict Window

Althoughlazyobjectacquisitionleadsto bookkeepingandvalidationoverheads,it helpsreducethewindow
of contentionbetweentransactions.As perourdiscussionin Section4.3,earlyreleasecanleadto asituation
in which lazy acquiremight beexpectedto signi�cantly outperformeageracquire.We seethis situationin
theRandomGraphList benchmark.

RandomGraphList representsarandomundirectedgraphasasortedlinkedlist in whicheachnodepoints
to aseparatesortedneighborlist. To increasecontention,werestrictthegraphsizeto 256nodes,numbered
0.. .255. Transactionsrandomlyinsertor deletea node. For insertions,transactionsadditionallyselecta
small randomizedneighborsetfor thetargetnode.Transactionstraversetheadjacency list (usingreadand
early releaseasin IntSetRelease) to �nd the targetnode.They thenreadandupdatethatnode's neighbor
list, togetherwith theneighborlist of eachof its new neighbors.

Transactionsarevery long in RandomGraphList. With eageracquire,the window of con�ict is very
large.Figure9 showsSTM throughputsfor RandomGraphList. Lazyacquireis aclearwinner, with through-
put morethana factorof � ve higherthanthatof eageracquire.With eageracquire,readertransactionsen-
counterunnecessarycontentionwith writer transactions(for objectsthatwould bereleasedearlyanyway),
leadingto virtually serializedaccessto themainnodelist. DSTM bearstheadditionalindirectionoverhead
andhenceperformstheworst. Here,synergy betweenlazy acquireandearly releasesigni�cantly reduces
thenumberof read-writecon�icts. EagerASTM performsalittle betterthanDSTM,but signi�cantly worse
thanLazy ASTM. Lazy ASTM lagsa little behindOSTM up to 16 threads;sincedataaccesspatternsare
random(dueto randomneighborsets),transactionsin Lazy ASTM apparentlylivelockon eachotherfor a
while beforesomeonemakesprogress.OSTM, beinglock-free,doesnot suffer from this delay. After 16
threadsthough,theoverheadof recursive helpingin OSTM causesreductionin its throughput.ASTM fol-
lows LazyASTM'sperformancecurve,andis moreor lesscompetitive with bothOSTM andLazyASTM.
BecauseASTM defaults to eageracquiremode,the �rst few transactionsuseeageracquireandarecon-
sequentlyvery slow. Thereafter, ASTM switchesto lazy acquiremodeandstartscatchingup with Lazy
ASTM andOSTM.

5.5 Lock-Freedomv. Obstruction-Freedom

Lock-freedomgives strongprogressguaranteesthat obstruction-freedom doesnot. On the other hand,
obstruction-freedom rendersgreatersimplicity and�e xibility. For example,obstruction-freedomgivesthe

13



0 4 8 12 16 20 24 28 32 36 40 44 48
0

100

200

300

400

500

600

# of Threads

KT
x 

/ s
ec

DSTM
OSTM
ASTM
lazyASTM
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�e xibility of choosingacquiresemanticsin ASTM. OSTM, by virtue of being lock-free, requireslazy
acquireandthustheattendantoverheads.In this sectionwe presentanexamplebenchmark,theRandom-
GraphTable, thatfavors lock-freedom.

RandomGraphTable is a variant of RandomGraphList in which the main nodelist is representedas
an array. Eachnode's neighborlist is still a sortedlinked list. A transactionusesa node's ID to index
directly into the table. Node lookup time is thus reducedsubstantiallycomparedto RandomGraphList.
Figure 10 shows STM throughputson RandomGraphTable. All STMs show similar throughputat one
thread.With increasingconcurrency, however, theobstruction-freeSTMs(DSTM, ASTM, EagerASTM,
andLazyASTM) apparentlytendtowardpartiallivelock.OSTMdoesnotsuffer thisdelay. Theobstruction-
freeSTMsperformcomparably, but noticeablyworsethanOSTM.

6 Concluding Remarks

Thepossibilityof automaticallyconvertingsequentialcodeto concurrentcodehasmadeSTM anattractive
topicof research,andrecentwork [2, 3, 5, 8] hasbroughtit to thevergeof practicalutility. Much will now
dependon theconstants:Is theoverheadrelative to lock-basedcodesmallenoughto beoutweighedby the
(clearandcompelling)semanticandsoftwareengineeringbene�ts?

In thispaperwehavepresentedadetailedanalysisof thedesignspaceof modernSTMs,identifyingfour
key dimensionsof STM systemdesign.Variouschoicesin this spaceleadto variedperformancetradeoffs.
Consequentlyno singleSTM performsthebest(or comparably)in all possiblescenarios.Our analysishas
led us to createa new STM systemthat adaptsto the offeredworkload,yielding throughputcomparable
to the bestexisting systemin all scenarioswe have tested.The objectacquisitionmethodology, adaptive
objectreferencingstyle,andobstruction-freenatureof ASTM havebeencarefullyselectedtogivemaximum
throughputin all cases.Wehave alsodemonstratedthefeasibilityof adaptingacquiresemanticsvia simple
history-basedheuristics.

Althoughour analysisof theSTM designspaceis fairly exhaustive, anotherdesigndimensionremains
unexplored:tradeoffs in visiblevs. invisiblereads[17, 18]. Preliminaryresultsfrom ourexplorationof read
strategies(notshown here)suggestthatadaptingbetweenthetwo mayimproveperformance.Wealsoforsee
futurework in greaterexplorationof executionscenariosthatfavor eageror lazyacquiresemantics.Finally,
wewill strive to �nd everbetteradaptationheuristics.
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