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Abstract

Software TransactionaMemory (STM) is a genericsynchronizatiorconstructthat enablesauto-
matic corversionof correctsequentiabbjectsinto correctnonblodking concurrenbbjects.RecentSTM
systemsthoughsigni cantly more practicalthantheir predecessorslisplayinconsistenperformance:
differing designdecisionscausedifferentsystemao performbestin differentcircumstancespften by
dramaticmamins. In this paperwe considerfour dimensionsof the STM designspace:(i) whencon-
currentobjectsareacquiredby transactiongor modi cation; (ii) howthey areacquirediii) whatthey
look like when not acquired;and (iv) the non-blockingsemanticdor transactionglock-freedomvs.
obstruction-freedom)ln this 4-dimensionakpacewe highlight the locationsof two leadingSTM sys-
tems: the DSTM of Herlihy et al. andthe OSTM of Fraserand Harris. Drawing motivation from the
performancef a seriesof applicationbenchmarkswe thenpresenta new AdaptiveSTM (ASTM) sys-
temthatadjustgto theofferedworkload,allowing it to matchtheperformancef the bestknown existing
systemon every testedworkload.

1 Intr oduction

Traditionallock-basedtoncurrensystemsareproneto severalimportantproblemsincludingdeadlock pri-
ority inversion,corvoying, andlack of faulttolerance.Coarsegrainlocks arenot scalable andalgorithms
basedn ne grainlocksarenotoriouslydif cult to write. Ad-hocnonblockingimplementationsf concur
rent objectsavoid the semantigproblemsof locks andcanmatchor exceedthe performanceof ne grain
locking, but areatleastasdif cult to write.

Ideally, onewould like a mechanisnthat providesthe corvenienceof coarsegrainlocks without their
semanticor performanceproblems. Toward this end, Herlihy [6] wasthe rst to suggestautomatically
corverting sequentiatodeto correctnonblockingconcurrentode. Inspiredin partby hardware proposals
for multiword atomic primitives [9, 20], subsequentesearcherslevelopedmore sophisticatecconstruc-
tions [1, 11, 15, 19, 21], but thesesuffer from various practical problems: Most imposetime or space
overheaddoo high for real-world systems.Somerequireunrealisticatomicprimitives. Many supportonly
staticcollectionsof objectsand/orstatictransactiongin which the setof objectsto beaccesseds knovnin
advance).

This work wassupportedn partby NSFgrantnumbersElA-0080124,CCR-9988361and CCR-0204344by DARPA/AFRL
contractnumberF29601-00-K-0182andby nancial andequipmengrantsfrom SunMicrosystemd aboratories.



Recentsoftwaretransactionamemory(STM) systemshave overcomemostof theseproblemg2, 3, 5,
8]: They employ atomicprimitiveslik e compare-and-swap (CAS) andload-linked/store-conditional (LL/SC),
which arewidely supportedby currentmultiprocessorsThey supportdynamiccollectionsof objectsand
dynamictransactions.Their spaceoverheadsare modest. Finally, their performanceoverheadsare low
enoughto outperformcoarse-graitocksin importantcasesandto provide anattractve alternatve to even
well-tuned ne-grain locks whencorvenience fault tolerance andcleansemanticare considered.Those
of usworkingin the eld ervisionadaywhenSTM mechanismareembeddedn compilersfor languages
like JavtaandC#, providing nonblockingimplementationsf synchronized  methods'for free”.

STM systemsanay be eitherword- or object-basedjependingon the granularityat which datais mod-

i ed. We focuson the latter which appearparticularlywell suitedto object-orientedanguagesuchas
Java and C#. The two leadingobject-base®&TMs are currentlythe DSTM of Herlihy et al. [8] andthe
OSTMof FraserandHarris[2, 3]. In prior work [13], we undertooka preliminarycomparisorof thesesys-
tems.Among otherthings,we foundthatDSTM outperformsOSTM by asmuchasanorderof magnitude
on write-dominatedwvorkloads,while OSTM outperformsDSTM by asmuchasa factorof two on read-
dominatedwvorkloads.We attribute muchof the differenceto the choiceof acquiresemanticgdiscussedn
Section® and3.1)andto indirectobjectaccessn DSTM, whichimposesanextracachemissonthetypical
readaccess.

In the currentpaperwe discusgour principaldesigndecisiondor object-base@®TM, encompassing)
whenconcurrenbbjectsareacquiredoy transactiongor modi cation (eager vs.lazyacquire);(ii) howthey
areacquired(perobjector pertransactiomrmetadata)(iii) whatthey look like to readersvhennot currently
acquired(level of indirection);and(iv) thetype of nonblockingsemanticglock-freevs. obstruction-free).
Our taxonomyenhancegrevious [3, 13] understandingef DSTM and OSTM performanceby locating
thesesystemswithin the four-dimensionaldesignspace. By clarifying the performancamplications of
designdimensionsthe taxonomyhasalso allowed us to develop an AdaptiveSTM system(ASTM) that
automaticallyadaptsts behaior to theofferedworkload,allowing it to closelyapproximatehe performance
of the bestexisting systemin every scenariove have tested.

As backgroundSection2 outlinesa commonusagepatternand API for object-base®TM. Section3
presentur characterizatiomf the STM designspaceandlocatesDSTM andOSTM within it. Section4
describeghreevariantsof ASTM, all of which revisit designdecisionsat run time basedon the offered
workload. The rst two variantsadaptalongdimensiong(ii) and (iii) above; the third addssimultaneous
adaptatioralongdimension(i). Experimentaflesults presentedh Section5, shav ASTM to becompetitve
with the betterof OSTM andDSTM acrossall executionscenariostnakingit highly attractve for general-
purposeuse.

2 STM Usage

STM transactiongrovide nonblockingconcurrentaccessto one or more sharedtransactionalobjects
Transactiongypically proceedhroughthefollowing four phasesvith respecto ary givenobject:

Open: makesthe objectavailableto thetransaction.A transactiorcannotaccessan unopenedbject, but
objectsmaybeconcurrentlyopenedby multiple transactions.

Acquire: assertshetransactiors owneship of theobject. An objectcanbeacquiredoy only onetransac-
tion atatime. Any othertransactiorthatsubsequentlgattemptgo acquirethe objectmustdetectand
resohethecon ict. Thecon ict resolutionmethoddeterminesvhetherthe STM is lock-free[2, 3] or
obstruction-fred5, 8]. Acquireis nottypically aseparat@peration DSTM [8] implementst aspart
of the openoperation(eager acquir). OSTM [2, 3] implementsit aspartof the commitoperation
(lazyacquirg).



Commit: attemptsto atomically effect all changego acquiredobjectsmadeby the currenttransaction.
Typically, thisis doneby usinga compare-and-swap (CAS or store-conditional instructionto update
the status eld in a transactiondescriptoraccessiblgo all competingtransactions.(Without loss
of generalitywe assumethe useof CASin the remainderof this paper) This CASsenes asthe
linearizationpoint[10] of thetransaction.

Release: cleansup metadataassociatedvith a transactiormafterit commitsor aborts. DSTM introduced
the conceptof early release[8], which allows a transactiornto relinquishan accesseabject prior
to committing. Early releasereduceshe window of contentionin which multiple transactionsare
transientlydependenbn a particularobject, but it requiresthe programmeito exploit application-
speci ¢ knowledgeto ensurghattransactionsreconsistenandlinearizable.

In our STM experimentgSection5) we emplo/ a uniform API for beginning, validating,committing,
andabortingtransactionsandfor accessingbjectsin read-onlyor read-writemodes:

ref = STMOpen(obj, mode): Makeobj accessibléor readingor writing (mode = reador write).
To ensureinvisibility of updatesuntil the transactionrcommits,implementationgypically copy ary
objectopenedn write mode,andreturnareferenceo thecopy.

status = STMCommit() : Attempttolinearizeandcommit. Returnanindicationof successr failure.

STMADbort(trans) . Abort transactiontrans . A transactiormay abortitself to presere objectse-
mantics.It mayabortitself or acompetitorto resohe acon ict.

STMRelease(obj) : Voluntarily releasean objectprior to committing. This is anunsafeoptimization.
Normal,on-timereleasas hiddenin STMCommit andSTMAbort .

We assumehat acquisitionof objectsopenfor writing andvalidationof objectsopenfor readingare
hiddenin either STM_Openor STM_Commit. Both acquisitionandvalidationmay, internally abortthe
currenttransactioror onewith which acon ict hasoccurred.

3 STM DesignSpace

In this sectionwe discusdour key dimensionsn the STM designspace We alsopresent brief comparison
of DSTM andOSTMin light of them.

3.1 Eagervs.Lazy Acquire

Transactionscquireobjectswhen rst accessedindereageracquiresemanticsput at commit time un-

derlazy acquiresemantics.Eageracquireallows a transactiorto detectcontentionearlier; this enablesa

doomedransactiono abortinsteadof performinguselessvork. Eageracquirealsomakesit easietto ensure
consisteng: If everycon ict is resohedwhen rst detectedthenanunabortedransactiorcanbe surethat

its objectsare mutually consistentas of the mostrecentopen operation. With lazy acquire,by contrast,
the obviousapproactrequiresa transactiorto maintaina privatelist of openedbjects,andto re-verify the

entirelist whenopeninganother This approachimposedotal overheadjuadratian the numberof opened
objects.An alternatve is to “sandbox”transactionatodeto catchandrecover from memoryandarithmetic
faults,andto imposea limit on executiontime asheuristicprotectionagainsin nite loops. In somecases
it may be safeto executewith inconsistentiata,in which caseno veri cation overheads required but this

requiresapplication-speci knowledge.



Onthe othersideof thetradeof, lazy acquirecangreatly shrinkthe windon whereintransactionsee
eachotheras contendersaand may be unnecessarilabortedor delayed. In particular with lazy acquire
transaction will neverbeabortedby transaction if itselfabortsbefore attemptdo commit.

3.2 Metadata Structure

A transactionabbjecttypically wrapsanunderlyingdataobject;i.e. it containsa pointerthroughwhichthe
dataobjectcanbe referenced.Two differentmeansof acquiringsuchan objectappeaiin currentobject-
basedSTM systemsi(i) anacquirermakesthe transactionabbjectpoint to the transactiordescriptor;and
(i) the acquirermakesthe transactionabbjectpoint to an indirection objectthat containspointersto the
transactiordescriptorandto old andnew versionsof the dataobject. Option (i) allows con icting transac-
tionsto seeall of their competitors’'metadatabut malkesobjectreleasesxpensve: A releaseabjectcannot
be left in an acquiredstate(whereit pointsto a descriptor),becausesubsequenaccessesvould have to
searchthedescriptors write listto nd acurrentversion.Additionally, maintainingdescriptorgor previous
committedandabortedransactionsvould constitutepotentialspaceoverheadjuadratidn thetotalnumber
of objects. Instead,a cleanupoperationmustupdatetransactionabbjectsto point directly to the current
dataobject,atthe costof anextra CASperobject.

Cleanupcanbe omittedentirelywith perobjectmetadataatthecostof  overheadn spaceAlterna-
tively, alightweightcleanugohasemight“zeroout” pointersto obsoletalataobjects makingthemavailable
for garbagecollection. An attractve intermediateoptionis to omit the cleanupphase put allow readerdo
cleanup obsoletedataobjectsincrementally

3.3 Indir ectionin Object Referencing

As notedin the previous subsection¢leanupis essentialvith pertransactiormetadatalt is optionalwith
perobjectmetadata.lf performed,it providesreaderswith direct accesdo the dataobjectsof currently
unacquiredransactionabbjects.If notperformedijt will tendto induceanextracachemissfor every object
openedn read-onlymode.The consequenslower readshave a signi cant impacton overall throughputor
read-dominatedvorkloads[13].

3.4 Lock-Freedomvs. Obstruction-Freedom

Lock-freeconcurrenbbjectsguarante¢hatatleastonethreadmalkesprogressn aboundechumberof time
steps.Obstruction-freedonii7] admitsthe possibility of livelock, but tendsto leadto substantiallysimpler
code: Lock-free STM systemgaypically arrangeto acquireobjectsin someglobal total order They also
performrecussive helping in which transaction performstransaction 's operationon its behalfwhen
detectsa conict with . Lock-freedomis mostnaturallyimplementedwith lazy acquireand sorting;
without them a transactiormight discover the needto openan objectthat precedesomeother already-
openedbjectin theglobaltotal order
Arbitration amongcompetingtransactionsn an obstruction-freesystemis handled“out of band” by
a separatecontentionmanger [8]. With the right managerone can obtain high probabilistic—oreven
strict—guaranteesf progresg4, 17,18].

3.5 PlacingDSTM and OSTM

DSTM is obstruction-freewhereafOSTM s lock-free. Transactionabbjectsin DSTM pointto anindirec-
tion locator object,which in turn containspointersto the mostrecentacquirers transactiordescriptorand
to old andnew versionsof thedata.Theacquirers statusdeterminesvhich versionof anobjectis valid: the
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Figure1l: STM designspace. The dark grey areasseemill-advised: eageracquiremalesit dif cult to
implementock freedom;pertransactiormetadatancreaseshecostof indirectaccesdy readersThelight
grey areasseento have little to recommendhem: sortingfor lock freedomis naturally performedon the
write list of pertransactiormetadatabut perobjectmetadatanakesit easieto nd thecurrentversionof a
recentlywritten objectfor which directacces$iasyetto berestored.

new versionis valid only whentheacquirehasCOMMITTEDAN unacquiredransactionabbjectin OSTM
pointsdirectly to the appropriateversionof the data. As we shall see this differencein objectreferencing
resultsin poorperformancdor DSTM in read-dominateavorkloads.

OSTM is lock-free; hence,it useslazy acquire. DSTM useseageracquire. For write accessDSTM
acquiresobjectsby swappingin a new locator; OSTM acquiresobjectsby makingthempoint directly to
thetransactiordescriptor NeitherDSTM nor OSTM acquiresobjectsaccesseth read-onlymode.Rathey
both systemsnaintaina privatereadlist, which they revalidateon every open operation.OSTM mustalso
validateits write list on every open. Thesebooklkeeping,sorting,validation,andcleanupoverheadsause
OSTMto performpoorly in write-dominatedvorkloads.DSTM hasno cleanupphaseut it arrangegor
readersat open time, to “zeroout” elds in locatorsthatpoint to obsoletedataobjects,thusmakingthem
availableto thegarbagecollector

Thefour-dimensionalSTM designspaces depictedgraphicallyin Figurel. Within this space DSTM
canbesummarizedsthepoint eagemcquire perobjectmetadataindirectobjectreferencingpbstruction-
free; OSTM mapsto lazy acquire,pertransactiormetadatadirect objectreferencinglock-free. In the
following sectionwe describeour ASTM system. It adaptsacrossdimensiong(i) and (iii) of the design
space: eageroRr lazy acquire perobjectmetadataglirect or indirectobjectreferencingpbstruction-free

4 Adaptive Software Transactional Memory

As notedin Section3, andasdemonstrateth preliminaryexperimentq13], thelocationof anSTM system
in the designspaceplaysa key role in its algorithmiccompleity andperformance The factthatdifferent
systemerformbestin differentcircumstancesaisesthe question:ls it possibleto adaptamongmultiple
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Figure2: Acquiring a previously unacquiredbject.

designpointsto obtaina“best-of-both-verlds’ STM systemhatperformswell in all scenariose address
this questiorwith our ASTM design.

4.1 BasicASTM Design

In ourexperimentgo datewe have yetto identify aworkloadin whichlock freedomprovidesaperformance
advantageover obstructionfreedom. Given the design e xibility andalgorithmicsimpli cations enabled
by obstructionfreedom,togetherwith the succesf practicalcontentionmanagersn avoiding livelock
problemd18], we have adoptedbstructionfreedomfor ASTM.

Figure 2 depictsa TransactionalMemory Object (TMObject borroved from DSTM terminology in
ASTM. By default, TMObjectspoint directly to dataobjects. A readertransactiondoesnot acquirea
TMODbiject. Instead,it maintainsa privatereadlist andguaranteefransactiorconsisteng by re-validating
the objectson that list at eachnew open operation. Readsby a transactionare thus invisible to other
transactionsn the system. A writer transactionpn the otherhand,acquiresa TMObject by installing an
indirectionobject. Borrowing againfrom DSTM, we referto this indirectionobjectasa locator. Figure?2
illustratesthe objectacquisitionprocess ASTM locators,like thoseof DSTM, containthreepointers:one
for the acquirers transactiordescriptor and one eachfor old andnew versionsof the dataobject. Before
acquiringan objectawriter instantiates new locatoranda new versionof the dataobject,whichit copies
from the mostrecentlycommittedversion,foundin the currentTMODbject. The writer thenacquiresthe
taget TMODbjectby usinganatomicCASto swingit to thenew locator

A transactiomrmay bein ary of threestates:ACTIVE, ABORTEDor COMMITTEDWith contentiona
writer's acquireattemptmay fail, or it may nd an ACTIVE transactiors locatorin the TMObject. The
contentionmanageiis invoked to determinewhich transactiorshouldproceed.If the contentionmanager
indicatesthat transaction shouldabortits competitor , attemptsto do so by CASng 's descrip-
tor's statefrom ACTIVE to ABORTEDOtherwisethe currenttransactiorretriesthe acquire(possiblyafter
waiting for sometime to let its competitorcompleteexecution). Onceall operationdor a transactiorare
complete,it is committeduponsuccessfullychangingthe descriptorstatefrom ACTIVE to COMMITTED
Immediatelyprior to committing, a transactiormustperformone nal validationof objectson its private
readlist.

A TMObjectthatpointsdirectly to a dataobjectis saidto bein the unacquied state;a TMObjectthat
pointsto alocatoris in theacquited state.If TMObjectswereto remainin the acquiredstateaftera writer
completesthensubsequenteadswould suffer indirectionoverheadasdescribedn Section3.3. To spread
the overheadof cleanupover time, andto avoid it entirelywhenthe subsequerdccesss a write, we leave
thework to readersA readetthat nds anobjectin theacquiredstatewith atransactiorthatis eitherCOM-
MITTED or ABORTEDrst corvertsthe objectto the unacquiredstate.Figure 3 illustratesthis corversion.
A readeretectontentionrwhenanacquiredT MObject's locatorrefersto an ACTIVE transaction.
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Figure3: Cleanupwhile openinganacquiredobjectin readmode.

In workloadsdominatedby reads, ASTM objectswill tendto stayin the unacquiredstate,improving
performancehroughlack of indirection. In workloadsdominatedoy writes, objectswill tendto stayin the
acquiredstate,avoiding the overheadof cleanup. Additionally, ASTM useseageracquireby default for
objectsopenedn writable mode.ASTM thusseemgpositionedto performwell for a variety of workloads.
Our experimentakesults(Section5) con rm this expectation.

4.2 \Workload Effect: Readersvs. Writers

Asin DSTM, anASTM transactiorthatopens objectsin write moderequires CASs: toacquire
the objects,andoneto commit. However, subsequenteaderanay performupto  CASesto returnthe
objectsto anunacquiredstate.For write-dominatedvorkloads thesecleanupCASesarerare.

With a roughly uniform mix of readsandwrites, transactionshatincludereadsarelikely to perform
se/eral cleanupCAS:s. In this case,TMObjectscould repeatedlyip betweenacquiredand unacquired
states.Readersvould becomeslower, duebothto the extra level of indirectionin acquiredTMObjectsand
to theextra CAS=sneededo revert objectsfrom the acquiredto unacquiredstates TheseCASescould also
interferewith writers, slowing themdown aswell. As theresultsin Section5 will shav, however, overall
systenthroughpufor ASTM is alwayscompetitve with thebetterexisting STM. We attributethis primarily
to thedivision of laborbetweerreadsandwrites, andto the useof eageracquire:Comparedo DSTM, we
avoid anextralevel of indirectionfor unacquiredbjects;,comparedo OSTM, thebene tsof eageracquire
signi cantly outweighthe performancdostfrom ipping transactionabbjectstates.

In the bestcase,anindividual transactiormay nd all its objectsunacquirecandincur no indirection
overhead. In the worst case,it may nd all its objectsacquired. In additionto indirection overhead,it
would thenincur the costsof cleanupfor objectsopenedn readmodeplus contention-induag slovdown
for writes. In Section5, we assesvenchmarksvith transactionshatfall in severalpointson theread-write
spectrumWe intendto continueexploring readetwriter tradeofs asfutureresearchin particular it seems
worth consideringimplementationsn which readersdo not always perform cleanupoperationsbut use
runtimepro ling or randomizatiorto move objectsto unacquiredtateonly whenthe percentagef readss
sufciently high. For casesvherereadthroughpuis moreimportantthanwrite throughputjt maybeworth
consideringmplementationgn which writerssometimeproactvely restoreobjectsto the unacquiredtate
asapartof theirreleasecode.

4.3 Lazy ASTM

As describedsofar, ASTM useseageracquirefor objectsopenedn write mode. Supposédhattransaction
detectsacon ict with  whenattemptingto opensomeobjectof mutualinterest.lf  is doomedo fail,

detectinghecon ict earlymayallow it to abort,andavoid unnecessarwork. Similarly, if  is doomedo

fail, hastheopportunityto kill it right away. As notedin Section3, however, thetradeof cango theother



way. We cannotin generalbe surewhich transaction(sjnight eventually succeed.In anobstruction-free
systemlike ASTM, the contentionmanageisimply makes an 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 failsto commit,thework of  waswasted Eitherway, this costcouldhave beenavoidedif
haddelayedts acquire.Evenif rightly kills , it is possiblethat  would have detectedaninconsisteng
andabortedtself soonafter, suggestinghatwe may have wastedthe overheadf contentiormanagement.

To evaluatethesetradeofs, we have developeda lazy variantof ASTM that acquiresno objectsuntil
committime. LikethedefaultEagerASTM, Lazy ASTM usesontentiormanagemenhothareobstruction-
free.Lazy acquirereduceghewindow in which transactionsnay seeeachotherascompetitors.

Asin EagerASTM, eachTMObjectin Lazy ASTM canbein theacquiredor unacquiredstate.Readers
performcleanupasnecessaryriters,ontheotherhand,do noteagerlyacquiretarget TMObjects.Instead,
a transactionmaintainsa private write list in its descriptor in additionto the readlist. This write list
is revalidated(asis the readlist) whenopeningeachnew transactionabbject. Essentially a transaction
remaingnvisibleto othertransactionsintil committime. As aresult,seseraltransactionsnayopenthesame
objectin write modeat the sametime. At committime, a transactiorattemptsto acquirethe TMObjects
in its write list by swappingin pointers(using CAS to newly createdocators,eachcorrespondindo the
respectte TMObject. The CASwill fail if ary othertransactiorhasmodi ed the objectin-between.But
whereOSTM sortsobjectsandusesecursve helpingto guarantedock-freedomASTM traverseghewrite
list unsortedandrelieson the contentiormanageto arbitratecon icts.

As in EagerASTM, writers performno cleanupto convert TMObjectsfrom acquiredto unacquired
stateji.e. atalget TMObject's locatoris notreplacedy the mostrecentlyvalid dataversion.Consequently
entrieson the write list mustassociatdwo differentkinds of valueswith TMObjects: datapointersfor
objectsinitially encounteredn unacquiredstateand locator pointersfor objectsinitially encounteredn
acquiredstate. (Entriesalso contain, for eachobject, a pointerto the newnly allocatedlocator that will
be usedat acquiretime.) At revalidationor acquiretime, a writer may nd that the locatorpointerin a
TMObjecthasbeenreplacedwith a datapointer yettheoriginal versionof thedatais still valid. Permitting
thewriter to continuein suchcasess critical for goodthroughpuin workloadswith asubstantiapercentage
of reads.

4.4 Adapting to Acquire Semantics

Transactionshataredoomedto fail tendto detectcontentionlatein their lifetime with lazy acquire after
doing a lot of wastedwork. On the other hand,with eageracquire,doomedtransactionsan interfere
with othertransactionsgelayingor abortingthem. Unfortunatelythereis no way in generalto distinguish
betweerthesescenarios.n fact, our experimentsso far seemto suggesthatthe tradeofs largely “cancel
out” Thougheagemcquires usuallyalittle faster neitherdramaticallyoutperformgsheotherin mostcases.
This suggests$o usthateageracquireis usuallypreferablejn orderto avoid the bookleepingcompleity of

maintainingwrite lists.

In onespeci ¢ casehowever, our experimentalesults(Sections) revealasigni cant advantageor lazy
acquire:transactionshataccesslarge numberof objectsin read-onlymode,thatperformearlyreleaseon
mary of these(therebyreducingthe window of contentionwith otherpotentiallycon icting transactions),
andthatacces®nly afew objectsin write mode.A commonexampleis areadeitransactiornthatusesearly
releasencrementallywhile following alinked paththrougha datastructure.Suchatransactionrmay suffer
delaysif it encounter®bjectseagerlyacquiredby writers. Lazy acquiresigni cantly reducescontention
windows for this workload.

Thenext logical stepin our questfor adaptvity in ASTM is to dynamicallyselectan objectacquisition
stratgy. Fromour obserationsonthesynegy betweerlazy acquireandearlyreleasewe invoke a history-



basedheuristicfor atransactiorto adaptto the betteracquirestratgy (eageror lazy) basedn obserations
madeby pasttransactionsThe nal versionof our system(“Full ASTM") defaultsto eageracquire,since
this providesthe bestperformancen mostcaseqdetailsin Section5). We maintainrolling averagedor
percentagesf writes and of early releaseghat follow at leastone write acrosstransactiongxecutedby
athread. Solong asthe percentagef writesis belov athreshold andthe percentag®f earlyreleases
exceedsanothetthreshold , subsequertransactionsiselazy acquire;otherwisethey useeageracquire.

Our heuristicassumeshattransactionsvill tendto behae similarly to thoserecentlycompletedlt also
re ectsthequadraticcostof incrementalalidation: Evena modeshumberof writeswill resultin overhead
signi cant enoughto overcomethebene tsfrom reducedcontentionwvindowsin lazy acquire earlyrelease.
In ourexperimentswe have settheearlyreleasdghreshold at50%andthewrite accesshreshold at25%.
Limited experimentatiomwith othervaluessuggestshatresultsarelargely insensitie to theexactpercentage
used.

As in EagerASTM, readerscleanup transactionabbjectsif necessaryand writers useindirection
objects(DSTM-stylelocators).Full ASTM remainsobstruction-freeit requirescontentiormanagement.

5 Experimental Results

In this sectionwe provide a detailedempiricalanalysisof the mainaspect®f the STM systemdesignspace
addressedh this paper: acquiresemanticsacquiremethodology object referencingstyle, and progress
guaranteesWe presenexperimentalresultsfor a variety of concurrentatastructuredo assesshe extent
to which ASTM successfullyadaptdo the offeredworkload. Speci cally, we considersix differentbench-
marks:ahashtable,two variantsof alist-basedortedsetof integers,anadjaceng-list basedandomgraph,
ared-blackiree,andan HTTP web cachesimulationusingthe least-frequentlyused(LFU) algorithm. We
useDSTM andOSTM asa baselineagainstwhichto compareour results.

Experimentswere conductedon a 16-processoSunFire6800, a cache-coheremnultiprocessomvith
1.2GHz UltraSRARC Il processors.The testingervironmentwas Sun's Java 1.5 betal HotSpotJVM,
augmenteavith aJSR166@ipdatefrom DouglLea[12]. We measuredhroughpubveraperiodof 10seconds
for eachbenchmarkyaryingthe numberof worker threadsrom 1 to 48. Resultswereaveragedover a set
of six testruns. In all experimentswe usethe Polka contentionmanagef18] for DSTM andfor all three
variantsof ASTM (Eager Lazy, Full); SchereandScottreportthis manageto be bothfastandstable.We
performincrementatevalidationin all systemsgor all benchmarks;echeckingheconsisteng of previously
openedbjectswhenopeningarything new.

5.1 Coarse-GrainLocks and STM

The STM systemsconsiderecherehave the potentialfor higher concurreng thanlock-basedmutual ex-

clusionalgorithms becausdransactionshataccesslisjoint setsof objectscanproceedconcurrentlywith-

out interference. Figure 4 shavs performanceresultsfor the IntSetHashtable benchmark. This bench-
mark emplo/s a small hashtable (16 buckets) containingup to 256 distinctvalueswith externalchaining.
Eachthreadrepeatedlyperformsa lookup, insert, or delete. In this experiment,90% of the operations
arelookups. Coarse-graidocks (implementedusingeitherJava synchronized = methodsor a test-and-
test-and-set (TATAS) spinlock) performmorethanadecimalorderof magnituddasterthanary STM

whenthereis asingleworkerthread.Thisre ects thebasecaseoverheadf STM. Asthenumberof threads
increaseshowever, the higherconcurreng of STM allows all threesystemdo outperformboth varieties
of coarse-grairiock by a signi cant maigin. For small numbersof threadsthe TATAS lock outperforms
the schedulebasedock, but its performancealropsquickly with increasingcontention.Beyond 16 threads
(the numberof processoren the machine) preemptionin critical sectiongurtherreduceghe performance
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of TATAS, but not thatof schedulebasedocks: threadghatwait in asynchronized  methodyield the
processqrandthelock holdersoongetsto run again.

It is importantto notein this comparisorthatthe codingeffort requiredfor the STM-basechashtable
is comparableo that of usingsynchronized  methodsfor mutual exclusion. A ne-grain lock-based
solutionmight performsigni cantly better but at muchhigherdevelopmentcost. For morecomplex data
structurege.g.,balancedearchrees)this developmentostis often prohibitive.

5.2 Write-Dominated Workloads

In DSTM andEagerASTM, objectsopenedn write modeareimmediatelyacquired andthetransactions

freeto forgettheoriginal transactionabbjects.Validation,morewer, is trivial: If thetransactiordescriptor
is still ACTIVE, all objectsopenedn write modeareconsistentBecausehey acquireobjectdazily, OSTM

andLazy ASTM mustmaintaina write list in additionto thereadlist, andmustrevalidateobjectson both
lists incrementally ASTM defaultsto eageracquiremode,but whenit switchesto lazy acquiremode, it

incursthe samewrite list maintenancandvalidationoverheacasOSTM andLazy ASTM.

10
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In write-dominatedvorkloads,OSTM andLazy ASTM suffer signi cantly from the bookleepingand
incrementaklalidationoverheador maintainingwrite lists for transactionsDSTM andEagerASTM, how-
ever, donotincurtheseoverheadsOur stratgy of having ASTM acquireobjectseagerlyby default enables
ASTM to remainin eageracquiremodefor write-dominatedransactionsTo assestheimpactof thisdesign
choice,Figure5 shavs STM performanceesultson the IntSet benchmarkintSet maintainsa sortedlist of
integersrangingbetweerD.. . 255 (the rangehasbeenrestrictedin all benchmarkgso deliberatelyincrease
contention). Concurrenthreadscontinuouslyinsertand deletenodesin the list. A transactioropensall
visitednodesin write mode.DSTM, EagerASTM andASTM all performcomparably:anorderof magni-
tudebetterthanOSTM andLazy ASTM. Experimentsvith modi ed versionsof the code(not shavn here)
revealthatmostof the overheadn OSTM andLazy ASTM comesfrom extra booklkeeping;theremainder
comesfrom incrementalalidationandsorting(in OSTM). NoticethatLazy ASTM livelocks(dropsfrom
low throughputo essentiallynone)whenwe move from oneto two processors.

Figure 6 shaws performanceesultsfor the LFUCache benchmarl{17]. This programusesa priority
gueueheapto simulatecachereplacemenin an HTTP web proxy via the least-frequentlyused(LFU)
algorithm[16]. TheLFU replacemenpolicy assumethatthemostfrequentlyaccessedagesaremostlikely
to beaccessedext. A transactiortypically readsa page jincrementsts frequeng count,andrearrangethe
heap(if necessary).

To approximatehe demandon arealweb cache we pick pagesandomlyfrom a Zipf distribution. As
aresult,a smallsetof pageds accessedhostfrequently;transactiongre essentiallywrite-dominatedfor
page , the cumulative probability of selectionis ). DSTM, EagerASTM andASTM
performcomparablylLazy ASTM suffersfrom booklkeepingoverheadOSTM additionallyincursoverhead
from sortingandrecursve helping.

5.3 Read-DominatedWorkloads

As discussedn Section3, the style in which unacquiredbjectsarereferencecasa considerablempact
on read performance. DSTM usesindirection objects(locators),while OSTM arrangedor unacquired
transactionabbjectsto pointto dataobjectsdirectly. All threeASTM variantsadaptheir objectreferencing
style to the underlyingworkload. We illustratethis facetof ASTM's performanceelative to OSTM and
DSTM usingtwo read-dominatetéenchmarksintSetRelease (anothersortedlist of integers),andRBTree

(aconcurrented-blacktree).

11
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IntSetRelease is a highly concurrentntSet variantin whichtransaction®penobjectsin readmodeand
releasehem,early while moving dowvn thelist. Oncefound,thenodesto be updatedareupgradedo write
mode.DSTM performsthe worstdueto indirectionoverhead ASTM andEagerASTM performthe best,
with Lazy ASTM and OSTM incurring minor overhead€rom bookkeeping(both) and sorting (OSTM).
Eventhoughmostobjectsaretypically releasedarly writesalwaysoccuratthevery endof a transaction.
For thisreasonASTM tendsto remainin eageracquiremode.

RBTree is a concurrentred-black(balanced)searchtree. As in the linked-list benchmarksthreads
repeatedhyperformrandomizednsertionsanddeletions A transactiortypically opensobjectsin readmode
asit searcheslown thetreefor theright placeto performaninsertionor deletion.Subsequent)yit upgrades
to write modeonly thosenodeghatareneededo rebalancéhetree. Performanceesultsappeain Figure8.
All the ASTMs andOSTM performcomparablywell. Sinceno earlyreleasesreinvolvedin transactions,
ASTM remainsin eageracquiremode. Sincemostnodesarenever upgradedo write mode,DSTM yields
thelowestthroughput.

12
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5.4 Conict Window

Althoughlazy objectacquisitionleadsto bookleepingandvalidationoverheadsit helpsreducethewindow
of contentiorbetweertransactionsAs perour discussionn Sectiord.3,earlyreleasecanleadto a situation
in which lazy acquiremight be expectedto signi cantly outperformeageracquire.We seethis situationin
the RandomGraphList benchmark.

RandomGraphList representarandomundirectedyraphasasortedinkedlist in which eachnodepoints
to aseparatesortedneighbotist. To increaseontentionwe restrictthe graphsizeto 256 nodespumbered
0...255. Transactionsandomlyinsertor deletea node. For insertions transactionsadditionally selecta
smallrandomizecheighborsetfor thetargetnode. Transactionsraversethe adjaceng list (usingreadand
earlyreleaseasin IntSetRelease) to nd thetamgetnode. They thenreadandupdatethat nodes neighbor
list, togethemwvith theneighborlist of eachof its new neighbors.

Transactionsarevery long in RandomGraphList. With eageracquire,the window of conict is very
large. Figure9 shavs STM throughputdor RandomGraphList. Lazyacquires aclearwinner, with through-
put morethanafactorof ve higherthanthatof eageracquire.With eageracquire readertransactiongn-
counterunnecessargontentionwith writer transactiongfor objectsthatwould bereleasecdkarly anyway),
leadingto virtually serializedaccesdo the mainnodelist. DSTM bearsthe additionalindirectionoverhead
andhenceperformsthe worst. Here,synegy betweerazy 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;sincedataaccesgpatternsare
random(dueto randomneighborsets) transactionsn Lazy ASTM apparentlylivelock on eachotherfor a
while beforesomeonemalkesprogress.OSTM, beinglock-free,doesnot suffer from this delay After 16
threadg¢hough,the overheadof recursve helpingin OSTM causegeductionin its throughput. ASTM fol-
lows Lazy ASTM's performancecurve, andis moreor lesscompetitve with bothOSTM andLazy ASTM.
BecauseASTM defaultsto eageracquiremode,the rst few transactionsiseeageracquireand are con-
sequentlyery slow. Thereafter ASTM switchesto lazy acquiremodeand startscatchingup with Lazy
ASTM andOSTM.

5.5 Lock-Freedomyv. Obstruction-Freedom

Lock-freedomgives strong progressguaranteeshat obstruction-freedo doesnot. On the other hand,
obstruction-freedn rendergyreatersimplicity and e xibility. For example,obstruction-freedorgivesthe

13
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e xibility of choosingacquiresemantican ASTM. OSTM, by virtue of beinglock-free, requireslazy
acquireandthusthe attendanbverheadsn this sectionwe presentan examplebenchmarkthe Random-
GraphTable, thatfavorslock-freedom.

RandomGraphTable is a variant of RandomGraphList in which the main nodelist is representecs
anarray Eachnodes neighborlist is still a sortedlinked list. A transactionusesa nodes ID to index
directly into the table. Node lookup time is thus reducedsubstantiallycomparedto RandomGraphlList.
Figure 10 shavs STM throughputson RandomGraphTable. All STMs shawv similar throughputat one
thread. With increasingconcurreng, howvever, the obstruction-freeSTMs (DSTM, ASTM, EagerASTM,
andLazy ASTM) apparentlitendtowardpartiallivelock. OSTMdoesnotsuffer thisdelay Theobstruction-
free STMsperformcomparablybut noticeablyworsethanOSTM.

6 Concluding Remarks

The possibility of automaticallycorverting sequentiatodeto concurrentodehasmadeSTM anattractve
topic of researchandrecentwork [2, 3, 5, 8] hasbroughtit to theveme of practicalutility. Much will now
dependonthe constantsis the overheadelative to lock-basedodesmallenoughto be outweighedy the
(clearandcompelling)semantiandsoftwareengineeringoene ts?

In this papemwe have presented detailedanalysisof thedesignspaceof modernSTMs,identifying four
key dimensionof STM systemdesign.Variouschoicesin this spacdeadto variedperformanceradeofs.
Consequentiyo single STM performsthe best(or comparably)n all possiblescenariosOur analysishas
led usto createa nev STM systemthat adaptsto the offered workload, yielding throughputcomparable
to the bestexisting systemin all scenariosve have tested. The objectacquisitionmethodologyadaptve
objectreferencingstyle,andobstruction-fre@matureof ASTM have beencarefullyselectedo give maximum
throughputin all casesWe have alsodemonstratethefeasibility of adaptingacquiresemanticwvia simple
history-basedheuristics.

Althoughour analysisof the STM designspaces fairly exhaustve, anotherdesigndimensionremains
unexplored:tradeofs in visiblevs. invisiblereadq17, 18]. Preliminaryresultsfrom our explorationof read
stratgies(notshavn here)suggesthatadaptingoetweerthetwo mayimprove performanceWe alsoforsee
futurework in greatetexplorationof executionscenarioghatfavor eageror lazy acquiresemanticsFinally,
we will striveto nd everbetteradaptatiorheuristics.
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