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Abstract
Exploiting threadlevel parallelismis paramountin the multi-core
era.Transactionsenableprogrammersto exposesuchparallelismby
greatlysimplifying the multi-threadedprogrammingmodel.Virtu-
alizedtransactions(unboundedin spaceandtime) aredesirable,as
they canincreasethescopeof transactions'use,andtherebyfurther
simplify a programmer's job. However, hardwaresupportis essen-
tial to supportef�cient executionof unboundedtransactions.In this
paper, we introducePage-basedTransactionalMemoryto support
unboundedtransactions.We combinetransactionbookkeepingwith
thevirtual memorysystemto supportfasttransactioncon�ict detec-
tion, commit,abort,andto maintaintransactions'speculative data.

Categoriesand SubjectDescriptors C. ComputerSystemsOrga-
nization[C.1ProcessorArchitectures]: C.1.4ParallelArchitectures

GeneralTerms Design,Languages,Performance

Keywords Transactions,TransactionalMemory, ParallelProgram-
ming,Concurrency, Virtual Memory

1. Intr oduction
Effectiveutilization of multi-coreprocessorsis stymiedby thedif�-
culty of programmingmultithreadedprograms.Failureto obey data
dependenciesbetweenthreadsresultsin raceconditions,wherevari-
ablesaremodi�ed in anordernot possiblein a singlethreadof exe-
cution.This resultsin bugsthatareextremelyhardto detect,under-
standandreplicate.Many seriousbugsareattributedto racecondi-
tions.

Most parallel programsuse locks and other synchronization
primitives to imposean order betweenthreads.Poor lock usage
resultsin incorrectcodeandperformancepenalties[15,11]. Coarse-
grainedlocks result in inef�cient executioncausingthreadsto wait
whenthey couldotherwisebeexecutedin parallel.Too�ne agranu-
larity addsprogrammingcomplexity andincreasesthelikelihoodof
deadlockor otherincorrectbehavior.

Transactionsprovide the appearanceto any external viewer of
atomicexecutionof coderegions,simplifying thecreationof parallel
code.Any memoryaccessin a transactionalregion thataliaseswith
aconcurrentexternalmemoryaccessis detectedasacon�ict andei-
therthetransactionaborts[11] or stalls[14], or theexternalmemory
operationstalls.Stalling or abortingon con�ict serializesthe data
accesses,thuspreventingthedataracesandproviding atomicityfor
thetransaction's execution.
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To maintain the appearanceof atomicity, transactionalmemo-
riesmustperformtwo tasks:detectcon�icts andrecover from them.
Doingthisef�ciently underall conceivableoperatingconditionsis a
signi�cant challenge.Wefocusonhardwaretransactionalmemories,
which provide thesefeatureswhile maintaininggoodperformance.
To facilitatecon�ict detectionandrecovery, transactionalmemory
maintainsa speculative versionof memory. If a con�ict is detected,
the hardware can quickly abort, discardingthe speculative mem-
ory modi�cations to recover the original memorystatebeforethe
transactionstarted.Otherwise,it cancommitquickly to promotethe
speculative memoryto non-transactionalmemory. Both operations
aredoneatomicallysothatall processorsseeconsistentstatebefore
andafter the operation.Virtually all recentproposalsfor hardware
transactionalmemorybuild versioninghardwareinto thecacheand
usecachecoherencefor con�ict detection[11, 9, 1, 15]. Onecritical
issueis what to do whena program's transactionalworking setex-
ceedsthecachecapacity, or mustbeevicteddueto acontext switch.
Oncea transaction's datais placedin somebackingstoresuchas
mainmemory, it is importantthatmemoryaccessesthatcon�ict with
thattransactionbedetected.

We proposea Page-basedTransactionalMemory(PTM) tech-
nique to handlethe transactionalstateover�ow condition to min-
imize overhead,and handle all possiblecasesincluding context
switches,exceptions,and inter-processshared memory. For PTM,
the cacheover�ow bookkeepingis doneat the pagelevel, but per-
formingcon�ict detectionfor over�owedblocksisatthecacheblock
granularity. This distinctionis oneof the differenceswe have over
prior techniques[15, 1, 14] thatdoboththebookkeepinganddetec-
tion at thecacheline level. In orderfor PTM to ef�ciently organize
transactionalstateoccurringat thecacheblock level thestateis re-
ducedto a booleanbit valueandpacked into a bit-vector for each
transactionalpagebeingused.

All transactional-memorysystemsincur an overheadcost for
committing or aborting transactionswhosememory footprint in-
cludesblocks that have over�owed from the cache.Several prior
techniquesusesometemporarybacking-storein mainmemorysuch
asa log [15, 1, 14], or hashtable[1], andthey eithercopy-update
on commit, or copy-restoreon abort.In PTM, an additionalphys-
ical pageis allocatedfor an over�owed physicalpagecalled the
shadowpage. We refer to the original physicalpageas the home
page. Oneof thetwo physicalpagesholdsthenon-speculative com-
mitted datawhile the otherholdsthe speculative version.Both the
non-speculative and the over�owed speculative versionof a cache
block arekept in thesamepageoffsetson thesetwo pages.We in-
vestigatea PTM design,calledCopy-PTM, wherewe usea copy-
restoreon abortpolicy. Thatis, whena transactionblock over�ows,
it is alwayswritten to thehomepageandtheold committeddatais
copiedto theshadow page.This designenablesfastcommit.How-
ever, onabortthedatafrom theshadow pageneedsto berestoredto
thehomepage.

Copying from main memoryis expensive, and is compounded
by thenumberof over�owedlinesthatmustbecopied.In theCopy-
PTM design,theoriginalmemoryblock,which is beingoverwritten
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by the transaction,hasto be copiedonce if the transactioncom-
mits (eviction) or twice if the transactionaborts(eviction andabort
restoration).To addressthis,weinvestigateanotherdesignfor PTM,
Select-PTM,whereweuseasetof selectionbits (onefor eachblock
in a page)to avoid copying the memoryblocks.The selectionbit
for a memoryblock determineswhich of the two pagescontainthe
non-speculative data.With thisapproachtheoriginalmemoryblock
never hasto be moved, even if the transactioncommitsor aborts,
whichprovidesbothfastcommitandabort.

2. TransactionModel
Transactionalmemory has its roots in databasetransactions[5].
Transactionsaresequencesof memoryoperationsthat areatomic,
isolated and serializable. Atomicity guaranteesthat either all or
noneof the operationswithin a given transactiontake effect. Iso-
lation ensuresthat no other transactioncan observe the sequence
of operationsin a partially completedstate.Having serializability
meansthatthereexistsaserialexecutionof thetransactionsthathas
thesameeffectastheactualexecutionthatoccurs.Transactionssim-
plify the taskof writing concurrentprogramsbecausethey ensure
thateachthreadobservesdatain a consistentstateandcanbepro-
grammedasif otherthreadsdonotexist.

2.1 Sizeof Transactions

With the advent of multi-cores,exploiting threadlevel parallelism
hasbecomeimportantto anincreasinglybroadsetof programmers,
including many not well-versedin parallelprogramming.Transac-
tionscanenableprogrammersto write multi-threadedcodeandex-
posesuchparallelism.It is not reasonableto expectthemto use�ne
grainedcritical regions safely. Hence,we �rmly believe that pro-
grammerswill createlargetransactions(eitherby accidentif not on
purpose).Forexample,astraight-forwardmethodtousetransactions
is to put the transactionaroundthestartandendof a loop, andthe
loop may containprocedurescalls thatgo off andtouchmoredata
than the programmeris aware of. In addition, transactionscan be
appliedto loopsto exploit threadlevel speculation(TLS) in orderto
derive parallelismin thepresenceof loopcarrieddependencies.

Harris et al. [10] examinedoptimizationsfor software transac-
tional memory, andprovided supportfor long runningtransactions
containingmillions of sharedmemoryaccesses.Theapproachrelied
solely on softwaresupport,andsuchlong transactionshadsigni�-
cantlygreaterslowdown thanshortertransactions.Recently, Chung
et al. [3] benchmarked several differentstylesof parallelprograms
suchasSpecOMPprograms,which have signi�cantly larger trans-
actionalregions.

2.2 Orderedvs.UnorderedTransactions

In creatingtransactionsfor our study, we supportedtwo typesof
transactions:orderedandunordered.Orderedtransactionsconstrain
thesequenceof commitsamongstthetransactionthreadsto enforce
someprogrammerde�ned order. Unorderedtransactionsallow the
transactionsto commit in any order. Orderedtransactionsareused
by programmerswhenthey do not know if thereis a potentialloop-
carrieddependency in a loop that they want to parallelize.In this
case,they will invoke a call to createa new orderedtransaction,and
theneachtransactioncreatedwill executein parallel,but commitin
the order in which it wascreated.If programmersknow that there
areno loop-carrieddependencies,thenthey cancreateanunordered
paralleltransactionloop, wherethe transactionscancommit in any
order.

2.3 TransactionalExecution Model

We now summarizeour transactionexecution model and how it
dealswith nestedtransactions,non-transactionalcode,and how it
interactswith theoperatingsystem.

2.3.1 NestedTransactions

A nestedtransactionis a transactionthat starts within a trans-
action. Like many other transactionalmemory proposals,PTM
�attens nested transactionsinto the outermostalready existing
transaction[15, 1]. This meansthat for nestedtransactions,trans-
actionbegin andendresultin just incrementinganddecrementinga
transactionnestcountmaintainedin thearchitecture.It alsomeans
thatif aninnertransactionaborts,all outertransactionsalsohave to
abort.

2.3.2 SystemCalls, Exceptions,Context Switch and Interrupts

For the transactionsin this paper, we did not usesystemcalls in-
sidethe transactions,althoughnothingprecludestransactionswith
systemcallsfrom beingsupportedby PTM. It is expectedthattrans-
actionalsupportbe provided for a restrictedsetof systemcalls by
operatingsystems.For example,MicrosoftWindows Vistahassoft-
waretransactionsupportfor the�le systemandregistrysystemcalls.
For therestrictedsetof systemcallswith transactionsupport,theop-
eratingsystemmustbuffer thespeculative state,andbeableto com-
mit andabort that state.If the systemcalls wereto be usedinside
of hardwaretransactions,theactof committingandabortingwould
have to invoke the appropriatesoftwarehandlerto alsocommit or
abortthesystemstate.Investigatingtheuseof arestrictedsetof sys-
temcallswith hardwaretransactionsis an interestingareaof future
research.

For exceptions,weexecuteanexceptionaspartof thetransaction
thatcausedtheexception.Whenever a processoris runninga trans-
actionthreadanda context switchor interruptoccurs,recordingof
thecurrenttransactionstateis stoppeduntil therunningof thetrans-
actionthreadresumes.We correctlymaintainthestateof thecache
blocksandtheunboundedtransactionstateacrosscontext switches
andinterruptsusingthetechniquesdescribedin Section4.7.

2.3.3 Interaction with Non-TransactionalCode

Non-transactionalmemorywrites to locationsaccessedby uncom-
mitted transactionsaffect the correctnessof programexecution.A
completetransactionalsystemmustaddressthis issue.For our ap-
proach,the solution is simply to abort the transactionsaffectedby
anon-transactionalwrite. Detectingnon-transactionalcon�icts with
transactionsis straightforwardwith ourapproachbecauseour trans-
actioncon�ict detectionmechanismmonitorsall non-transactional
writes.If acon�ict is found,it is treatedlikeacon�ict betweentrans-
actionsexceptthat in this particularcasethecon�icting transaction
hasto alwaysabort.

3. Page-BasedTransactionalMemory (PTM)
Thepurposeof Page-basedTransactionalMemory(PTM) is to sup-
port ef�cient virtualizationof a transaction's executionin thepres-
enceof cacheover�ows,context switches,threadmigration,paging
andinter-processsharedmemorycommunication.PTM achievesits
goalby extendingthevirtual memorysupportin theoperatingsys-
temto virtualizea transaction's execution.

3.1 TransactionCacheState

For handlingboundedtransactions,PTM assumeshardwaresupport
similarto thearchitecturesproposedin prior work [15, 1]. Tosupport
boundedtransactions,we needto keep track of the readand the
write transactionalstatesfor eachcacheblock,andusethecoherence
mechanismto do an eagercon�ict detection[15, 1]. The eager
con�ict detectionmechanismchecksfor a violation on every cache
coherencemiss.If thereis a violation, theoldesttransactionalways
wins thecon�ict.

In additionto augmentingthecacheblockswith thetransactional
statesandsupportingeagercon�ict detection,wealsoneedacheck-
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pointmechanismto abortandre-executeatransaction.Ourapproach
assumessupportfor checkpointingthe registerstatewhenstarting
theexecutionof a transaction,similar to the earlierstudies[1, 15].
Apart from suchbasictransactional-memorysupportin theproces-
sor core,PTM doesnot requireany othersigni�cant changein the
processorcore,asmostof its functionalitiesareplacedin themem-
ory controller.

In ourPTM design,wetake carenot to adverselyimpacttheper-
formanceof transactionswhoseworking sets�t within the transac-
tional cache.As long asthecacheblocksaccessedby a transaction
do not get evicted from the transactionalcaches,the basicon-chip
transactionalmemorysystemhandlesthe executionof the transac-
tion, detectingviolations,andproviding supportfor committingand
abortingof cacheblocks.This is similarto how theboundedtransac-
tionsarehandledin prior work [1, 15]. To provide this functionality,
we keepa global�ag indicatingif any blockshave beenover�owed
or not,for asetof transactionsin thesamescope.If noneof thetrans-
actionblocksover�ow thecache,thenwhena threadmissesin the
cache,a con�ict checkdoesnot needto beperformedby PTM for
themiss.Thecon�ict checkis insteadhandledcompletelyby theon-
chip transactionalmemorysystem.Only whena transactionalblock
(reador written by a runningtransaction)hasbeenevicteddoesour
PTM mechanismcomeinto play.

3.2 Home and Shadow Pages

A key differencebetweenour approachandtheprior techniquesis
how we maintainthe transactionalinformation for the transaction
blocksthathave beenevictedfrom thecache.A transactionblock is
a block of memoryaccessedby a transactionthatis still executing.

For anevictedtransactionblock we needto maintainthefollow-
ing informationin a datastructure:(1) the speculative datafor the
block, if it hasbeenwritten by a transaction,and(2) a list of all the
transactionsthateitherreadfrom or wroteto theevictedtransaction
block,asrequiredfor con�ict resolution.

We will now describehow we storethe speculative datafor a
transactionalblockwhenit getsevictedfrom thetransactionalcache.
Weobservethat,for asetof transactionsthatarecurrentlyexecuting,
therecanbeonly onetransactionalwriter to anaddressatany instant
of time (otherwise,a con�ict would bedetectedandoneof thetwo
con�icting transactionswould have beenaborted).Therefore,all
that we needfor any physicalpageaccessedby a transactionis an
additionalpagethatcanhold a transactionalversionof datafor the
memoryblocksin the page.We call the original physicalpagethe
homepage, andtheadditionalphysicalpageallocatedastheshadow
page.

Figure1 shows an exampleof the PTM datastructuresusedto
maintainthe unboundedtransactionalmemory. On the left sideof
the �gure, we show the pagetablesusedto performthe traditional
virtual to physicalpagetranslation.We alsohave anotherstructure
calledtheShadow PageTable(SPT),which containsoneentry for
every physicalpageof memory, and is indexed with the physical
pagenumber. In the SPT entry, we storethe addressof the allo-
catedshadow page,the homepage's address,andsomeadditional
informationrequiredto maintaintheunboundedtransactionalstates.
Thereis a valid bit associatedwith the shadow pagepointer, since
not every SPTentrywill have a shadow pageallocatedfor it. Since
theSPTis indexedby thephysicalpagenumber, we canaccessin-
formationaboutthe transactionalmemoryblock given its physical
or virtual address.Given a physicaladdress,we candirectly index
into theSPT. Givenavirtual address,wecanusethepagetableto get
thephysicaladdressandthenaccessthecorrespondingSPTentry.

Whena pageis allocated,its correspondingallocatedphysical
pageentry in the SPT is initialized and marked as valid. When a
dirty transactionalblock is �rst evicted for a pageusedwithin a
transaction,PTM allocatesa shadow physicalpage,a pointerto it

is storedin the SPT, and the shadow pointer is marked as valid
for that SPT entry. For example purposes,we show in Figure 1
an SPTentry for a physicalpageaddress“0x0000000”containing
theshadow physicalpageaddress“0xFE03000”.Thecorresponding
speculative transactionalblock and the non-speculative block can
thenbekepttrackof in thetwo pages(homeandshadow). Note,the
physicalshadow pagethatwasallocateddoesnot have a valid SPT
entry. Only thehomephysicalpageshave valid SPTentries,which
aremarkedasvalid whenthehomephysicalpagesareallocated.In
addition,not all SPTentrieshave a valid (allocated)shadow page.
If there are transactionblocks evicted from the cachethat were
only read(not written), thenthey may have an SPTentry without
a shadow pageallocatedfor it. In this case,theSPTentryservesthe
purposeof �nding the transactionaccessinformationfor thehome
page(whatblockswereread,andby which transaction),which we
describelaterin Section3.3.

3.2.1 Copy-PTM

Now that we have the shadow page,the questionis whereto store
the speculative transactionblocks that have beenevicted from the
cache?Onecouldhave thepolicy wherethespeculative blocksare
storedin theshadow page,andoncommitthey arecopiedbackto the
homepage.We originally examinedthis design,but found thecost
of committo behigherthanwe desired.We hopeto seemany more
commitsthanabortswhenusingtransactionsandwe do not wantto
slow down theexecutionof transactionsthataredoingusefulwork.
We thereforewant to optimizetheperformanceof committing,and
startrunningthetransactionsin orderif abortsaretoo frequent.

The�rst PTM approachweexamineis calledCopy-PTM. In this
approachwe copy thehomeblock to theshadow pagewhena dirty
transactionblock over�ows, andthenstorethespeculative block in
the homepage.This policy enablesfastcommits,sincethe blocks
that we want to commit arealreadyin the homepage.It requires
that we make a copy of the non-speculative block from the home
pageto the shadow pagewhena dirty transactionblock is evicted
for the �rst time in a transaction.Thenon abortwe have to pay a
penaltybecausewe have to copy thenon-speculative blocks,which
wereoverwrittenin the homepage,backfrom the shadow pageto
thehomepage.

3.2.2 Select-PTM

Themoreaggressive solutionwe examineis to allow boththehome
and the shadow pageto contain speculative and non-speculative
blocks and use SelectionVectors to maintain them. We call this
Select-PTM.

In Select-PTM,bothspeculative andnon-speculative blocksare
allowed to exist in either the homeor the shadow page.We usea
SelectionVectorto indicatewhichof thetwo pagescontainthenon-
speculative block andthespeculative block.Theselectionbit vector
is storedalongwith the shadow pagepointer in the SPTstructure
asshown in Figure1. Eachbit in the selectionvector representsa
memoryblock in thepage.We chosethesizeof thememoryblock
to bethesameasthecacheblocksizeof theoutermosttransactional
cachein theprocessor, butourdesigndoesallow for largerorsmaller
memoryblocksto beused.

A bit in theselectionvectortells uswhich of the two pages,the
homeor the shadow page,containsthe currentcommitteddatafor
the memoryblock for which the bit correspondsto. If a bit in the
selectionvectoris set,thenthis meansthatthenon-speculative data
for thatmemoryblockresidesin theshadow pageandthatthehome
pageshouldbe usedfor holding the speculative versionand vice
versa.

Whenever a transactionmodi�es a cacheblock andevicts it, the
blockis copiedto thespeculativelocationin memory, whichis either
thehomeor theshadow pagedependinguponthestateof thebit in
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Figure1. PTM structures.Physicalpagenumbersandswap�le offsetsareobtainedfrom thepagetablesandusedto index into theShadow
PageTable(SPT)andtheSwapIndex Table(SIT) respectively. An entry in theSPTandSIT tablesfor a pageindicatethe locationsof the
shadow pageandcontaina SelectionVectorin which eachbit indicateswhich of thetwo pagescontainthecommittedversionof a block in
thepage.An entryalsopointsto a TransactionAccessVector(TAV) List, whichcontainonenodepertransactionthathasaccessedthelist's
page,but wasnotableto keeptheaccessedblocksin thecache.Thenodesin a TAV list indicatethetransactionsin questionandcontainthe
ReadandWrite Vectorsto marktheaccessedblocksthatdonotstayin thetransactions'cache.TheT-Statetableis indexedby a transaction
numberandcontainsthe stateof eachtransaction.An entry in the T-Statetable links to a list of TAV nodesthat wereover�owed by the
transaction.

theselectionvector. Similarly, while fetchingdatafrom memorywe
candeterminewhereto �nd the committedandspeculative copies
basedon thestateof thebit in theselectionvector.

Whena dirty transactionblock is evicted,we write theblock to
thespeculative location.We write thespeculative block to thehome
pageif thebit is set,or to theshadow pageif thebit is clear. When
a transactionaborts,nothingneedsto bedone,sincethebits in the
selectionvectorsfor the pagestouchedby the transactionare al-
readypointing to thenon-speculative blocks.On commit,however,
we mustgo throughthe selectionvectorsandtogglethe bit corre-
spondingto theover�owedmemoryblocksthatwerewrittenby that
transaction,thoughhardwarecanacceleratethis,whichwedescribe
later.

3.2.3 Trade-offsBetweenCopy-PTM and Select-PTM

The PTM structuresrequiredfor both Copy-PTM andSelect-PTM
arethe samestructuresshown in Figure1, except that Copy-PTM
doesnotneedtheselectionvectorin eachSPTentry.

In Select-PTM,thebene�t of usinga selectionvectorandallow-
ing committedblocksto resideoneitherof thetwo pages(thehome
or theshadow page)is thatit doesnot have to copy non-speculative
blocksduringevictionandabort,asdescribedearlierfor Copy-PTM.
Thedownsideto usingtheselectionvectoris thata non-speculative
blockcannow residein eitherthehomeor theshadow page,andwe
needto have anef�cient wayof �nding thecorrectphysicaladdress
to fetch the block, given the virtual address.The policy PTM en-
forcesis thatevenwhena block is fetchedfrom a shadow page,the
physicaladdressseenby thecachehierarchyandtheTLB structures
is thehomepagephysicaladdresscorrespondingto thatblock.This
allows Select-PTMto only have to performTLB translationto the
homepageasin aconventionaldesign.ThenSelect-PTMwill mon-
itor theblockaddressesat thememorycontrollerto decidewhereto
fetch thecorrectblocksfrom (thehomeor theshadow page).How

this is doneis describedin Section4.2.2.Therefore,theadvantage
of theCopy-PTM approachis that,sincethecommittedblocksare
alwayson thehomepage,it doesnot have to dealwith this address
translationissue,andit doesnot have to maintaintheselectionvec-
tors.

3.3 Con�ict DetectionusingTransaction AccessVectors

In addition to keepingtrack of the speculative data for the over-
�o wed cacheblocks,we must also keeptrack of the information
aboutthelist of thetransactionsthat reador write to anover�owed
cacheblock.To accomplishthis task,wemaintainaTransactionAc-
cessVector (TAV) datastructureasshown in Figure1. EachTAV
nodein the datastructureis for a transactionandfor a pagethat a
transactionhasover�owed. The TAV containsa readvectoranda
write vector for the page.Eachbit in the read/writevectorscorre-
spondsto a cacheblock in thepageandit tells usif thecacheblock
wasreador written by a transaction.

The readand the write bits are set when the blocks accessed
within a transactionareevicted from the cache.For example,Fig-
ure 1 shows that the transaction42 readthe 4th block and wrote
the 2nd and5th block in the virtual pagewith the physicalhome
address“0x0000000”andthe shadow pageaddress“0xFE03000”.
Whenareador write (executedin atransaction'scodeor evenin the
non-transactionalcode)missesthecache,PTM is consultedwith the
homepage's physicaladdresscheckingthesereadandwrite vectors
to determineif thereis a con�ict. Note,we only needto checkfor
con�icts in PTM if thereis a live transactionandif a transactionhas
over�owedthecache.

All theTAV nodescorrespondingto a transactionarelinked to-
gether(verticallinks in theFigure1). Giventhetransactionnumber,
we can�nd all theTAV nodesfor that transaction.TheTAV nodes
correspondingto a pagearelinked together(horizontallinks in the
Figure1). Thus,for a givenTAV we can�nd its correspondingSPT
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entry. The samehorizontallink is alsousedto �nd the TAV nodes
of othertransactionsthathavealsoaccessedthesamephysicalpage,
whichenablesusto determinethecon�icting transactions.

TAV organization: Let us summarizethe TAV data structure
organization.An entry in the SPTstructurecontainsa pointerto a
linked list of theseaccessvectors(transactionaccessvector(TAV)
list). Thesearethehorizontallinkedlists in theFigure1 andthelast
nodein thelist pointsbackto theSPTentry. Eachnodein theTAV
list is for a transactionthathadat leastoneover�owedblockfor that
pagein thepast.A nodein a TAV list containsa transaction's read
andwrite accessbit vector, whereeachread/writebit correspondsto
anover�owedcacheblock in thepageandtells usif theover�owed
cacheblockwasreador writtenby thetransaction.In addition,each
entry alsocontainsa transactionidenti�er, constructedby the TM
hardware,which enablesus to determinethe transactionto which
theTAV readandwrite accessvectorsbelong.A nodein a TAV list
is updatedwhen a transactionalcacheblock is evicted, and freed
whenthecorrespondingtransactioneithercommitsor aborts.

Con�ict detection using TAV: If a reador write (executedin
a transactionor in the non-transactioncode)missesthe cache,and
thereexistsanover�owedblock,PTM is consultedwith thephysical
addressto resolve any potential con�ict. PTM usesthe physical
addressto index into theSPTstructureto getthepointerto theTAV
list. Eachnodein theTAV list correspondsto a transactionthathas
over�owed a reador write to the page,andhasto be examinedto
determineif thereis a con�ict. If thecurrentmemoryoperationthat
triggeredamissis aread,thenthereis acon�ict if thereexistsanode
in theTAV list with thewrite bit setfor theaccessedmemoryblock
and the transactionidenti�er is different from the current read's
transactionidenti�er. Con�ict detectionfor a transactionwrite is
similar, andwe detecta con�ict if thereexists a nodein the TAV
list with eitherthereador thewrite bit setfor theaccessedmemory
block,andthetransactionidenti�er differs.

In Section4, we describehow information in the TAV list can
be summarizedinto onevectorandcachedin a hardwarestructure
to performef�cient con�ict detection.Thesesummaryvectorsare
alsousedwith the selectionvector to determinewhich of the two
physicalpagesto fetchfrom ona cachemissfor Select-PTM.

3.4 Commit and Abort

To commit or aborta transaction,we usethe vertical links shown
in theFigure1. Theheadof thevertical list is maintainedin theT-
Statestructureand it alsocontainsthe transactionidenti�er along
with its currentstatus,which is atomicallysetto eithercommitting
or abortingbeforeprocessingtheTAV list.

Select-PTM: On commit, we traversethe vertical list for the
committing transactionand free the nodesin the list. In addition,
we updatethe selectionvectorsasneeded.This is achieved while
traversingeachnodein the vertical list, wherewe accessthe TAV
node's correspondingSPT entry by following the horizontal list.
We updatetheselectionvectorfor thatSPTentry if thecommitting
transactionhasover�owedany dirty block for thepagecorrespond-
ing to theSPTentry. On abort,we alsohave to traversethevertical
TAV list andfreetheTAV nodes.But, unlike whatwe did for com-
mit, we donothave to updatetheselectionvectors.

Copy-PTM: On commit andabortwe traversethe vertical list
andfreetheTAV nodes.For commit,wedonotneedto doany addi-
tional work, sincethereareno selectionvectors.On aborthowever,
we needto restoretheoriginal non-speculative blocksto thehome
page,for thoseover�ow blocksthatwerewrittenby thetransaction.

3.5 Pagingand the Freeingthe Shadow Pages

Sincetheblocksrepresentinga pagearesplit acrossthe homeand
shadow pages,we needto correctlydealwith pagingthosepagesin
andout,aswell ashow to freetheshadow pages.

3.5.1 Paging

To dealwith the pagingout of transactionpages,we actuallyhave
two tables,theShadowPage Table(SPT)andtheSwapIndex Table
(SIT).The�rst is indexedusingthephysicaladdress(whenthepage
is in mainmemory)andthesecondis indexedusingtheswapindex
number(whenthepageis swappedout to disk).

Theswapindex numberis thenumberusedby theoperatingsys-
temto keeptrackof thepagesthatareswappedout. It is equivalent
to thephysicalpagenumber. Thedifferencebetweenthetwo is that
theswapindex numberrefersto a locationonthedisk,but thephys-
ical pagenumberrefersto a location in the main memory. Thus,
whenapageis swappedoutof themainmemoryto a locationin the
disk, theswapindex numbercorrespondingto thatlocationis stored
in placeof thephysicalpagenumberin thepagetableentry. When
anapplicationrefersto a swapped-outpage,theswapindex number
is usedto locatethe pagedout dataandswap the pageback in to
themainmemory. Thenew locationin mainmemoryreferredby a
physicalpagenumberis storedin thepagetableentry.

In PTM, the shadow and the home pagecannotbe swapped
out independentof eachother. If oneof the pagesis swappedout,
both pageshave to be swappedout. The operatingsystemdoes
not considerthe shadow pagesto be candidatesfor swap out. The
operatingsystemonly makes decisionsaboutswappingout home
pages.Whenapageis swappedout,if thepagehasavalid SPTentry,
thenit hasto becopiedto aSIT entry. Theindex for theSIT entryis
theswapindex numbercorrespondingto thelocationin thediskthat
is allocatedto hold the swapped-outhomepage.If thereis a valid
shadow pagefor thehomepage,thenit is alsoswappedor garbage
collected(seebelow). If swappedout, thenits SIT shadow pointer
is usedto point to wheretheshadow pageis storedondisk.Whena
transactionpageis swappedbackin, theSIT entry is copiedto the
SPTentrycorrespondingto thenewly allocatedphysicalhomepage.
If the SPTentry hasa shadow page,it is alsoallocateda physical
page,and its shadow pointer is updatedin the homepage's SPT
entry.

3.5.2 FreeingShadow Pages

Copy-PTM freesashadow pagewhentherearenomoretransactions
usingit, which is determinedby theNULL TAV Link.

Similarly, for Select-PTM,a shadow pagecan be freed when
thereareno moretransactionsusing it. That is, the pagehasonly
oneversion(committedversion)for eachmemoryblockin thepage.
However, sincethe committedblockscanresidein both the home
andtheshadow page,weneedto copy thecontentsfrom theshadow
pagebackto thehomepagebeforewe canfreetheshadow page.

Weexaminedtwo differentpoliciesfor freeingshadow pagesfor
Select-PTM.One approachis to merge the homeand the shadow
pagestogetherwhenthehomepageis swappedoutby theoperating
system.To accomplishthis, when a home pageis swappedout,
if it hasa correspondingshadow pageand thereare currently no
transactionsusingthat page(determinedby the NULL TAV link),
thentheoperatingsystemstoresthevalid blocksin theshadow page
to the backingstorelocation that is allocatedfor the homepage.
The SIT entry is updatedto indicatethat the pagedoesnot have a
shadow pageanymoreandtheselectionvectoris alsocleared.This
completestheprocessof freeingashadow page.

Anotherapproachto free a shadow pagefor Select-PTMis to
lazily migratethecommittedblocksto thehomepage.Whenever a
non-speculative dirty block is writtenbackto mainmemory, we can
force it to be written backto the homepage,even if the bit in the
selectionvectorpoints to the shadow page.After writing backthe
cacheblock, thebit in theselectionvectoris toggledto indicatethat
the committedcopy is in the homepage.This allows the memory
blocksto begraduallymergedbackto thehomepagewhenthey are
readandwritten.Eventually, whentheselectionvectoris completely
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clear(all theblocksarenow in thehomepage),theshadow pagecan
befreed.

3.5.3 SharedMemory Inter -ProcessCommunication

SincetheSPTentry (or SIT entry)andtheTAV list aremaintained
for a physicalpage(or a swappedout page)ratherthan a virtual
page,con�icts betweentransactionsexecutingin two differentpro-
cessesaccessingthesamephysicalpagecanbedetected.Thus,PTM
supportssharedmemoryinter-processcommunication.

4. PTM HardwareImplementation
This sectionexaminesthe hardware changesnecessaryto support
PTM. Wemodify cachesandthecachecoherenceprotocolin a way
similar to otherhardwaretransactionalmemorymodels.In addition,
pagingandswappingarechangedin waysthattheoperatingsystem
needsto beawareof. Wealsoaddhardwareto thememorycontroller
to cachethetransactionalstate.

4.1 When Everything Fits in the Cache

Eachprocessorcoreis largely unawareof thememorycontroller's
PTM hardware. All requestsfor cacheblocks usethe homepage
address.Eachcorecandetecttransactioncon�icts within its cache
throughthe existing cachecoherencemechanism.Eachcacheline
containsavalid bit, coherencestatebits to supportMOESI,aTrans-
action ID, and bits indicating if the transactionreador wrote the
block.

A transactionmaycompletewithoutover�owing its cache.When
a dirty block commitsand it hasnever over�owed the cache,no
work needsto be doneby PTM. The block is just marked asnon-
speculative,andat thatpoint it is treatedasa normalcacheblock. It
will continueto residein theprocessorcore's cacheuntil thecache
setsover�ow or anothercorerequeststheblock.Whenacachemiss
resultsin a con�ict with anotherblock in a cache,we usea Virtual
TransactionSupervisor(VTS) to arbitratewhichtransactiontoabort.
Theabortedtransaction's cacheddatais invalidatedin thecache.

4.2 VTS Caches

In orderfor PTM to provideef�cient unboundedtransactionalmem-
ory, we provide hardwaresupportto make the following tasksef�-
cient:

� Fast Con�ict Detection - Whena transactionscopehasover-
�o wedthecacheweneedawayto quickly determineaviolation
whenprocessingacachemiss.Wethereforecachein thememory
controller, the summaryinformation for the transactionblocks
thathave beenreadandwritten for recentlyaccessedpages.

� FastCommit and Abort - Weneedto havetheability to quickly
commit or aborta transaction,andto let future executioncon-
tinue,while theover�ow datastructuresusedby thetransaction
arecleanedup.

� Fast SelectionBetweenHome and Shadow Pagefor Select-
PTM - We needto beableto quickly choosebetweenthehome
and the shadow page when fetching a block from memory.
To achieve this, the memorycontrollercachesthe information
neededto correctlychoosebetweenthehomeandshadow page
for recentlyaccessedpages.

To provide the above functionality, PTM usesa Virtual Trans-
actionSupervisor, which is shown in Figure2. The VTS is part of
thememorycontrollerfor a snoopy architecture,andpartof thedi-
rectorycontrollerfor a directorybasedsystem.VTS hastwo main
caches.A cacheof theshadow pagetableentriesanda cacheof the
currenttransactionaccessvectors.We describethemasif they are
updatedon-demand,but performanceimprovementscanbehadby
prefetchingdatainto thecaches.

TAV cacheSPT cache

supervisor processor

t rans
number

block
address

Figure2. TheVirtual TransactionSupervisor(VTS) hasa memory
backedcacheholdingtheSPTentriesandtheTAV nodes.

4.2.1 TransactionAccessVector (TAV) Cache

The�rst cacheis calledtheTransactionAccessVector(TAV) cache
andis usedto hold thenodesin theTAV lists in memory. An entry
in theTAV cachecorrespondsto aTAV nodeshown in Figure1. The
TAV cacheentrycontainsthereadandwrite transactionvectorsfor
a pageaccessedby a transaction.TheTAV cacheis indexedby the
physicalpagenumber, andis taggedby the physicalpagenumber
andthetransactionID. ThisallowsmultipleTAV nodesfor thesame
physicalpage,correspondingto differenttransactions,to be stored
in thecacheat thesametime. Indexing by thephysicalpageallows
PTM to quickly �nd all of thecachedTAV nodesfor thatpage.

The TAV cacheis an importantcomponentin the PTM archi-
tecturefor providing fastcon�ict detection.Whenthereis a cache
miss,the resultingmemoryrequestmay needto determineexactly
which transactionswere prior readersor which transactionwas a
prior writer to theblock. In this case,if theTAV nodesfor thepage
of theblock arefoundin theTAV cache,thereadandwrite vectors
for the pagecanbe quickly examinedto determinethe con�icting
transactions(if thereareany).

Whena TAV cacheentry is evicted andtheaccessvectorshave
beenupdated(the entry is dirty), the accessvectorsneedto be
writtenbackto their correspondingTAV entriesin memory.

4.2.2 Shadow PageTable (SPT) Cache

Thesecondcachestructure,calledtheShadowPage Tablecache,is
usedto cachetheentriesin theSPTstructure,which wasdescribed
in Section3.2. The SPT cacheis indexed by the physical page
number, andis usedto quickly determinecon�icts.

Whenthereareover�owed transactionsbeingexecuted,we al-
locate an SPT cacheentry for every non-transactionalpageand
homepageaccessed.Thisis neededbecausenon-transactionalcache
misses,which are executingwhile thereare evicted transactional
blocks,still needto bechecked for con�icts. For non-transactional
pages,theSPTcacheentryallocatedfor it is usedto quickly identify
this.

The contentsof an SPT cacheentry is shown in Figure 3. An
SPT cacheentry containsthe shadow pagenumber(if there is a
valid one). In addition, it containsa write summaryvector and a
readsummaryvector. Thewrite summarybit vectorfor a pageis an
OR of all the transactionwrite accessvectorsthatexist in theTAV
list for thepage.This providesimmediateidenti�cation for a cache
blockthatatransactionhasspeculatively over�owedthatblock.The
readsummaryvectoris asinglebit vectorwhereeachbit indicatesif
therehasbeenat leastoneover�ow transactionreadfor thatblock.
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For Select-PTM,the SPT entry also has the selectionvector
as shown in Figure 1. When an SPT cacheentry is evicted, the
correspondingselectionvector in memory is updatedif the SPT
cache'sselectionvectoris dirty. TheSPTcacheentryfor Copy-PTM
is thesameasSelect-PTM,but without theselectionvector.

The SPTcachestoresthe informationfor the mostrecentlyac-
cessedpages.A missin theSPTcacherequirestheVTS to lookup
the shadow pagetable to �nd the SPT entry, calculatethe write
and readsummaryvector from the TAV list, and then updatethe
SPTcache.While thereadandwrite vectorsarecalculatedfrom the
transaction's readandwrite accessvectorsfor thatpage,TAV cache
entriesarecreated(if they do not exist) for eachTAV nodecorre-
spondingto thatpage.

4.3 CacheEviction

When a cacheblock read/writtenby a transactionis evicted, the
VTS takes action in responseto the coherencemessagetriggered
asa resultof the eviction. Thecoherencemessagewill containthe
physicaladdressof thehomepageandis alsopiggy-backedwith the
transactionidenti�er. When a block is evicted, we do not needto
checkfor a violation. We only needto checkfor a violation for the
reador write cachemiss.Thefollowing actionsneedto betakenon
eviction.

Whenanunmodi�edblock is evictedin thenormalMOESI pro-
tocol, thereis no needto generatea coherencemessage,but in our
case,whena cacheblock readby a transactionis evicted it hasto
generatea coherencemessageto inform VTS to keeptrack of the
over�ow information.However, the datablock is not written back
becausethecacheblock wasnot modi�ed. WhentheVTS receives
thecoherencemessagefor theunmodi�ed transactionalblock,it will
updatethe readtransactionaccessvector in the TAV cachecorre-
spondingto the transactionthat accessedthe evicted cacheblock.
Also, the readsummaryvector in the SPT cachefor the physical
pageof thecacheblock is alsoupdated.Note,whenanunmodi�ed
non-transactionalblock is evicted,nocoherencemessageis sent.

Whenamodi�ed transactionblock is evicted,wewrite thetrans-
actionaccessvectorin theTAV cacheandupdatethewrite summary
vectorin theSPTcache.If ashadow pagehasnotbeenallocatedfor
thehomepage,thenoneis allocatedatthistime.Themodi�ed cache
block thenneedsto be written to thepagethat is supposedto hold
the speculative version.For Select-PTM,the selectionvector indi-
cateswhich page(homeor shadow) to write the speculative block
to, andthewrite is doneto thespeculative location.For Copy-PTM,
the block is alwayswritten to the homepage.For Copy-PTM, we
needto determinewhenwe needto copy thenon-speculative block
to theshadow pageon eviction. This is doneby checkingthewrite
summaryvector for the modi�ed block beingevicted. If the bit is
not set,thenthis is the �rst modi�ed over�ow of thatblock, sowe
�rst copy thenon-speculativeblockto theshadow page.Wecanthen
write theevictedblock to thehomepageandsetthewrite summary
vectorbit. If the bit is set,andthereis no con�ict, thenwe do not
have to perform any copy, and the evicted block is written to the
homepage.

When a modi�ed non-transactionblock is evicted, we always
write the block to the homepagefor Copy-PTM, and we do not
needto do any SPTcachelookup. For Select-PTM,we �rst need
to perform a SPT cachelookup, and use the selectionvector to
determinewhich page to write the block to, which is the non-
speculative location.

4.4 CacheMiss

Therearetwo operationsthatneedto beperformedonacachemiss.
The�rst operationidenti�es from whichof thetwo pagesweneedto
fetchthedatato serve thecachemiss.Thesecondoperationdetects
any potentialcon�ict. We initiate the fetch for thedatablock from

memoryin parallel with the con�ict resolutionandhold back the
coherencereply with thedatauntil thecon�ict is resolved.

4.4.1 Finding the Block to Fetchon a Miss

To fetcha block in Copy-PTM, we alwaysfetchtheblock from the
homepage.

For Select-PTM,on a miss we needto look up the selection
vectorandwrite summaryvectorin theSPTcache.WeX OR thebit
in thewrite summaryvectorandthebit in theselectionvectorfor the
currentcacheblock request,andthe resultingbit valuedetermines
the page(homeor shadow) we want to readthe block from. This
logic is shown in Figure3.

4.4.2 Con�ict detection

ReadMiss: If thememoryaccessis a readto a memoryblock, then
thereis acon�ict only if thereexistsanuncommittedtransactionthat
hasmodi�ed thememoryblock (RAW con�ict). To determinethis,
�rst weexaminethebit in thewrite summaryvectorthatcorresponds
to the memory block being accessed.If the bit is not set, then
there is no con�ict. If the bit is set, then there are two possible
cases.Eitherthetransactionthatis currentlyaccessingtheblockhas
itself modi�ed thememoryblock in thepast,or theblock hasbeen
modi�ed by anothertransaction.Thereexists a con�ict only in the
latter case.To determinewhich caseit is, we look up the block's
physicaladdresswith the currenttransactionID in the TAV cache.
If thereis a match,thenwe checkto seeif thecurrenttransactionis
the owner of the write. If so, thenthereis no con�ict. If not, there
is a con�ict andwe �nd thecon�icting transaction.If we geta miss
in theTAV cache,theVTS hasto performa hardwarewalk on the
TAV list, startingfrom the shadow pagetableentry, to �nd out the
con�icting transaction,andtheTAV structuresfoundareput into the
TAV cache.

We assumeMOESI protocol.In PTM, a transactionalreadmiss
requestto a block that hasalreadybeenover�own by a different
transactionis not grantedexclusive permissioneven if there are
no sharersin the system(that is, no processorin the systemhas
readpermission).This is requiredbecausethe transactionthatgets
the block might later write to it andat that time we have to make
sureto resolve any potentialcon�ict thatmayexist with thatwrite.
However, if thereareno transactionalreadover�ows to the block
andif thereareno othersharersin the system,thenthe readmiss
requestcanbegrantedexclusive permission.

Write Miss: If thememoryaccessis awrite to a memoryblock,
then thereis a con�ict if thereexists an uncommittedtransaction
that hadread(WAR con�ict) or written the memoryblock (WAW
con�ict). An SPTcachelookup is performedto examinethe write
andreadsummarybit vectors.If the write summarybit is not set,
and if the readsummarybit is not set, then we know thereis no
con�ict.

If thewrite summarybit is set,weneedto lookupthewriteaccess
vectorin theTAV cacheto seewho thewriter was.If theTAV write
vector shows that the sametransactionwas the prior over�owed
writer, thenthereis nocon�ict. If not,thenweknow thereis aWAW
con�ict, andoneof thetransactionsmustbeaborted.

If the write summarybit is not set,but the readsummarybit is
set,thenwe look throughtheTAV list to seewho thereadersare.If
the currenttransactionis the only reader, thenthereis no con�ict,
otherwisethereis aWAR con�ict, andoneof thetransactionshasto
beaborted.

4.4.3 Arbitration

Whencon�icts aredetected,theoldesttransactionwins thearbitra-
tion causingthe youngercon�icting transactionsto abort, thereby
guaranteeingforward progress,asany long waiting threadeventu-
ally becomestheoldest.Uniquetransactionidenti�ers generatedse-
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Figure 3. SPTcacheentry. TheSPTcacheentrystorestheselectionvector, thewrite summaryvector, andthereadsummaryvectorfor a
page.

quentiallyat the transactionstartallows us to determinethe ageof
thetransaction.This alsosupportsorderedtransactionsdescribedin
Section2, by assigningtheidenti�ers to matchtheprogramde�ned
ordering.Whena transactionis abortedandrestarted,it maintains
thetransactionidenti�er thatwasoriginally assignedto it.

4.5 Commit and Abort

On commit, all of the cacheblocks with the transactionID are
speci�ed asno longerbeingspeculative, and the transactionID is
cleared.On abort,all of the cacheblocks with the transactionID
thataredirty areinvalidated.Thosethatarenot dirty just have their
transactionID cleared.

To processthePTM stateon commitor abort,theVTS will �rst
atomicallychangethestatusof the transactionin theT-Statestruc-
ture shown in the Figure1. This is referredto as the logical com-
mit/abort by VTM [15]. Once the transactionhas beenlogically
committedor aborted,the threadcan continueits execution.The
TAVs of thetransactionarelazily freedoncommitandabort.Before
freeinga TAV node,we updatethereadandwrite summaryvectors
in theSPTcacheasnecessary. During this lazy commit, if another
transactionaccessesa“not-yet-committed”memoryblock(in cache
or in mainmemory)it seesthattheremight bea con�ict. However,
while resolvingthe con�ict, PTM knows that thecon�icting trans-
actionID hasalreadycommitted,whenit looks up cachedT-State
structurein VTS. The transactionthat hasthe outstandingmiss is
madeto wait until thecommitfor thatpage�nishes. After thecom-
mit for thecon�icting transactionis over, thestalledtransactioncan
continueits executionwith thecommitteddatablock.After abortor
commit,if theshadow pagedoesnotcontainany committedblocks,
then the shadow pageis put on the free list and the SPT entry is
updated.

For Select-PTM,astheTAV structuresarecommittedfor atrans-
action,thecorrespondingpagesin theSPTcacheandTAV cacheare
processedto correctly updatethe selectionvector in the cache(if
thereis an SPTcachehit) andin memory(if thereis a SPTcache
miss).Onabort,theselectionvectorsdonotneedto beupdate.

In thecaseof Copy-PTM,onabortweneedto restoretheoriginal
cacheblocks that wereoverwrittenby the transactionin the home
pagefrom theshadow page.We walk theTAV list andusethewrite
vectorto determinewhichblocksto restorefrom theshadow pageto
thehomepage.Oncommit,nodataneedsto becopied.

4.6 VTS Implementation for Snoopy-basedand
Dir ectory-basedSystems

To implementVTS aspartof asnoopy architectureweintegrateVTS
into the memorycontroller. This is straightforward for a central-
ized controller, but it is alsopossibleif therearemultiple memory
controllers.For multiple memorycontrollers,if the memorycon-
trollers areassociatedwith particularregionsof physicalmemory,
thismeansapartitionedanddistributedSPTcacheandTAV cache.If
insteadthememorycontrollersareassociatedwith particularcores

ratherthan memoryregions, this meansdistributedSPT and TAV
cacheswith a dedicatedcoherencenetwork amongthem.

Foradirectoryprotocol,theVTS wouldbedistributedamongthe
directoriesandimplementedin thedirectorycontroller. Essentially,
theSPTcacheandtheTAV cachein a directorywill becachingthe
informationcorrespondingto thephysicalpagesmaintainedby that
directory. The directorybasedVTS implementationrequiressome
additionalhardware supportto performarbitrationto resolve con-
�icts. Theadditionalsupportis requiredto ensurethatall commits
andabortswill be serializedcorrectlyto guaranteeatomiccommit
andaborts.Eachdirectoryentry hasan over�ow bit, which is set
whenthe correspondingmemoryblock over�ows. Cacheover�ow
dueto acachemisstriggersacoherencerequest.Whenacachemiss
coherencemessagereachesadirectory, andif theover�ow bit is set,
the VTS associatedwith the directory is consultedto resolve con-
�icts. Thus,selectingbetweenthe homeandthe shadow pageand
resolvingthe con�icts can all be doneas before.In addition, the
shadow pagefor a homepageis allocatedsothat they residein the
samedirectorycontroller.

Processingcacheover�ows and non-con�icting cachemisses
doesnot involve thesupervisorprocessor, unlessthereis a missin
theSPTcacheor TAV cache.If that is thecase,thenthesupervisor
processorneedsto �ll in theentries.Theonly othermainfunctional-
ity thesupervisorprocessordoesis to performtheTAV list walkson
commitor abort.For snoopy anddirectory, we make surethatall of
theTAV entriesfor a transactionareto thesamememory/directory
controller. An issueto keepin mind hereis that thesupervisorpro-
cessorneedsto have low enoughoccupancy to notbecomea bottle-
neck.

4.7 Ef�cient Context Switching

Context switchescanbe handledby just forcing anover�ow of all
thecacheblocksread/writtenbyatransaction.Weassumephysically
indexedcaches.Prior schemeslike VTM [15] requiretheability to
translatethephysicaladdressto thevirtual addressastheirover�ow
structuresare virtually indexed. In comparison,PTM can update
SPTentriesandTAV entriesusingjust thephysicaladdress.

On context switches,we avoid over�owing thecacheblocksby
taggingthe transactionalcacheblockswith the transactionidenti-
�ers. In this case,the normal cachecoherency con�ict detection
mechanismwill be ableto identify con�icts with the cacheblocks
thatwerenotover�owedwhenthetransactionwascontext switched
out.

Whenatransactionbegins,PTM takesacheckpointof thearchi-
tecturalregisterstatesin theprocessorso thaton anabortthey can
be restored.To supportcontext switchesfor a transaction,we save
andrestorethetransaction'scheckpointedregisterstate.In PTM, the
T-State,which containsanentryfor eachtransactionis usedto save
the checkpointedregister stateof a transactionwhen it is context
switchedout.
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5. Prior HardwareUnboundedTransactionWork
In this section,we describerelatedwork, and provide a detailed
descriptionof VTM, which is the prior unboundedtransactional
memoryapproachthatwe compareagainst.

5.1 RelatedWork Outsideof Transactional Memories

Chang,et al. [2] introducedsupportfor ef�cient locksin hardware.
A bit or a bit-vector is associatedwith eachpageby extending
pagetablesandthe TLB. A memoryword is locked by settingits
correspondingbit. The primary similarity betweenPTM and the
IBM 801processoris thatPTMalsoassociatesabit-vectorwith each
transactionallytouchedpage.However, thePTMextensionsareused
for supportingunboundedtransactions,asopposedto locks.

5.2 RelatedWork on UnboundedTransactionalMemory

Recently, many hardware transactionalmemory techniqueshave
beenproposed[6, 7, 9, 13, 3, 1, 15, 14]. Due to spacelimitations,
weonly provideasummaryof four prior techniquesthatfocusedon
largeor unboundedtransactions:UTM [1], VTM [15], LogTM [14],
andLTM [1].

UTM wasoneof the earliestapproachesto completelysupport
unboundedtransactions.UTM usesits XStatedatastructureto log
all transaction-relatedinformation.Eachmemoryblock hasa log
pointer associatedto the list of transactionsthat accessedit. All
writesdoneinsideatransactionmodify thememoryin place,storing
a copy of the old non-speculative value in the XStateLog. This
approachmakes abort a costly operation,though commit can be
donevery ef�ciently . UTM requiresmultiple memory lookupsto
traversethe log pointer on abort, since it doesnot cachethe log
entries,althoughit couldpotentiallydo so.TheUTM approachcan
supportmostsystemevents,includingover�ows, context switches,
processmigration,andpaging.Their approachrequiressigni�cant
hardwarechangesincludingglobally uniquevirtual addressing.

LTM [1] supportsreasonablylargetransactionswith thememory
footprint sizecomparableto thatof physicalmemory. LTM usesthe
memorycoherenceprotocolto detectcon�icts. It usesan over�ow
bit in cachesto let thecoherenceprotocolknow if thereis potentially
acon�icting over�owedtransactionalblock.LTM storesall theover-
�o wedspeculative valuesin a memory-basedhasheddatastructure
until the transactioncommits.This approachresultsin an ef�cient
abortoperation,but thecommitoperationcanincurhighoverheadas
thenew valuesneedto becopiedfrom thebackupstructuresto their
correspondingmemorylocations.LTM canavoid con�ict-detection
overheadfor non-over�owed blocks using its over�ow bits, but it
mustdo multiple memorylookupsto resolve con�icts for theover-
�o wedblocks.LTM cannotsupporttransactionslongerthana time
sliceor with footprintslargerthanphysicalmemory.

LogTM [14], like LTM [1], supportsreasonablylarge transac-
tionsthat�t in thephysicalmemory. LogTM usesa directory-based
coherenceprotocolfor con�ict detection.It makesin-placememory
updatesfor over�owedspeculative valuesandhence,abortcanpo-
tentially be a high overheadoperation.Also, abortsarehandledin
softwarewith LogTM, whichmakesthemcostly. LogTM candoef-
�cient con�ict detectionusingthedirectorystate,but it requiresthat
transactionalstateis neverpagedout.TheLogTM approachdoesnot
handlethreadmigration,context switchesandpaging.To ameliorate
the abortcost,LogTM stalls the transactionwhenever possiblein-
steadof abortingit.

5.3 VTM

In this paperwe compareour approachto VTM [15]. The VTM
approachprovides an ef�cient and nearly completehandling of
unboundedtransactions.The key structuresneededto implement
VTM arean in-cachehardware transactionalmemorysystem,and
a set of hardware and software structuresto handletransactional

over�ow andcontext switching.VTM is orientedtowardsin-cache
TM with eagercon�ict detection,but is otherwisemostly agnostic
abouttheparticularsof thein-cachehardwaretransactionalmemory
system.

The software structuresfor VTM consistof transactionalstate
information (XSWs), a table trackingover�owed blocksand their
originalvalues(XADT), anover�ow counter, andacountingBloom
Filter (XF). Unlike PTM, the addressestracked by VTM for over-
�o wedblocksarevirtual. Instancesof thesoftwarestructuresreside
in the virtual addressspacesof eachtransactionalapplication,and
aresharedamongthe threads.The hardwarestructuresneededfor
VTM are an XADT walker that performslookupson over�owed
statein theXADT andwalks theXADT on commitandabort,and
a cacheof meta-datafor over�owedblocks,calledtheXADC. The
bloom�lter XF is usedto reducethefrequency of having to access
the XADT whendoing con�ict detection.A setof countersin the
XF will be incrementedwhena cacheblock is over�owed,andare
decrementedlazily duringcommitor abort.A valueof zeromeans
thatthereisnoover�ow block,andanon-zerovaluemeansthatthere
maybeanover�ow block.

The XADT log tablecontainsthe virtual addresses,transaction
state,anddataof theover�owedcachelines,buffering all specula-
tivestate.VTM usestheold valueof thetransaction-modi�edmem-
ory, alsostoredin theXADT, to detectnon-transactionalcodeinter-
actionwith transactionalcode.Whenever a transactionencountersa
reador write miss,theXF will beconsultedto determineif themem-
ory block beingaccessedmayhave beenover�owed in thepast.If
so,thecorrespondingentry, if any, in theXADT will be looked up
to resolve the potentialcon�ict. VTM accessesthe XADT via the
XADT hardwarewalker.

If no blocksarecurrentlyover�owed,thencon�ict detectionbe-
yond the in-cachemechanismconsistsonly of checkingthe over-
�o w counter. Whenthereareover�ows, VTM canavoid the over-
headof performingcon�ict-detectionfor addressesthathave never
over�owedby �ltering out queriesto thoseaddressesusingtheXF,
but it requiresXADT look-upsto resolve con�icts for over�owed
cacheblocks.We modelusinganXAD Cache(XADC), similar to
thecachestructureusedin PTM.TheXADC storesthemeta-datafor
themostrecentlyaccessedevictedtransactionblocks,anda pointer
to theXADT structurefor thatblock in memory. Themeta-datade-
scribeswhattransactionshavereadtheover�owedblock,and,if the
blockwasdirty, which transactionwroteit. Whena queryto theXF
saysthat theremay be an over�owed block, we look up the block
beingloadedin theXADC. If thereis a hit, thenwe have all of the
informationto determineif thereis a con�ict, anda pointerto the
datablocksin memoryto loadthespeculative block if needed.

VTM storesthe new speculative value in their over�ow data
structureand the memoryis updatedon transactioncommit. This
allows fastaborts,but resultsin memory-copying overheadat the
time of commit.VTM canhide someof this costby doing a lazy
commit, but the memoryupdatesstill consumebandwidth,andall
the transactionsthat needto accessa memoryblock modi�ed by
a committedtransaction,but yet to be updatedin memory, have
to stall. In comparison,PTM doesnot involve any datamovement
at the time of commit. One can potentially changeVTM to write
speculative blocks to memorywhen a block is evicted, and only
storethenon-speculative block in theXADT structure.This would
make it similar to ourCopy-PTM approach,but with XADT andXF
structures,andanapproachalongtheselineswasproposedby Zilles
andBaugh[18].

VTM virtualizesthe executionof transactionsacrossmostsys-
tem events,which includecacheover�ows, context switches,pro-
cessmigration and paging.However, they require that the cache
blockstouchedby thetransactionbeevictedfrom cachesandinval-
idatedbeforethetransactionis context-switchedout.Further, VTM
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needsto recordvirtual addressesfor locally cachedtransactional
blockssothatit candothereverseaddresstranslationfrom physical
addressto virtual address.This enablesVTM to evict all thecache
blocksreador writtenby atransactionthatis beingcontext-switched
out. In contrast,we proposethe use of additional tags for cache
blocks to supportcontext switcheswithout unnecessarilyevicting
transactionalcacheblocksasexplainedin Section4.7. Even if we
do not usethe tags,�ushing the blocks touchedby a transaction
entry is simple,asthe PTM structuresareindexed by the physical
addresses.Therefore,for physicallytaggedcacheswe do not have
thecomplexity of doingreverseaddresstranslation.

As theVTM datastructuresareheldin theprivateaddressspaces
of processes,VTM cannotoffer transactionalguaranteesfor inter-
processcommunicationthroughsharedmemorysegmentsmapped
to differentvirtual addresses.OurPTM technique,ontheotherhand,
is built on the top of the existing virtual memoryand hencecan
provide virtualizationacrossprocesses.

5.3.1 Modeling VTM

In order to evaluatethe performanceof PTM, we constructeda
VTM model basedon the descriptionin [15]. We use the same
in-cachehardware transactionalmemorymodelfor both PTM and
VTM. This is a moreoptimisticmodelfor VTM thanthat featured
in [15]. We assumethe presenceof transactionIDs in the cache,
which can be usedto avoid having to �ush all transactionaldata
on every context switch. We alsoassumefor the VTM modelthat
the XF countingBloom �lter hasbeenimplementedin dedicated
hardware.WemodelanXF with 1.6million entries.Wealsoassume
anXADC to cachethemeta-datafor theover�owedblocks.

Whencheckingfor con�icts, if all of theblock's XADT entries
have their meta-datacachedin theXADC, thenthecon�ict resolu-
tion is donein the time it takesto do thecachelookups.If thereis
anXADC miss,it requiresa reconstructionof meta-datavia traver-
sal of the XADT, similar to creatinga SPT cacheentry from our
TAV structuresfor PTM. Whenwalking the XADT for commit or
abort,we assumethat eachXADT entry lookup requiresa single
main memoryaccess,and that the numberof memoryaccessesis
equalto thenumberof XADT entriestraversed.

VTM, like PTM, supportsa lazy commit, changingthe status
of a transactionatomicallyvia anatomicmemoryoperationon the
transaction'sstatuswordXSW andupdatingall otherdataandstruc-
tureslazily. However, sinceit hasbufferedall over�owed specula-
tive valuesin the XADT, VTM mustactuallycopy the speculative
datato theoriginal memorylocationon commit.This occupiesbus
resources,even when doing the commit lazily. As bus contention
in our memorymodel leadsto performancedegradation,we also
consideraddingdatabuffering to theXADC to hold thespeculative
andnon-speculative block in additionto themeta-data.Becausethis
secondarycacheacts like a victim cache,we refer to this variant
asVictim-VTM (VC-VTM) in our results,with the baselineVTM
labeledsimply asVTM. Blocks in the victim cachearemarked as
beingcommittedinstantly, andlater written backto memorywhen
evicted from the cache.Currently executingtransactionscan then
usetheblocksfound in thevictim cache,insteadof having to wait
for themto becommitted.We foundthis to signi�cantly reducethe
commitdelaypenaltyfor VTM.

6. Results
This sectionevaluatestheperformanceof PTM, demonstratingthat
it ef�ciently supportsvirtual transactionalsystemswithout incurring
high overhead.For this evaluation, we used programsfrom the
SPLASH-2[17] benchmarksuiteto evaluatePTM.

6.1 Simulation Platform

We modeleda CMP systemusingVirtutechSimics [12] basedon
EnterprisemachinesrunningRedHatLinux 7.3, andextendedthe
modelto simulatePTM andVTM. The entiresystemhas4 nodes,
eachwith two levelsof privatecache.TheL1 cacheis 16KB direct-
mappedwith a1-cycle latency, while theL2 cacheis 256KB 4-way
setassociative with 6-cycle latency. Coherency is maintainedat the
L2 cacheusing a snoopy-basedMOESI protocol.The augmented
L2 cacheblocks containtransactionalreadandwrite bits that are
usedto track transactionalreadandwrite accessessimilar to prior
work [8, 14]. In addition,eachcacheblock containsa transaction
ID, avalid bit andthebitsto implementMOESIprotocol.Eachnode
in thesystemis a single-issuein-orderpipeline.We simulatea 512
entryfully associative TLB whereeachpageis of size4 KB.

We addedfeaturesto Simicsto supporta transactionalmemory
system.In particular, we modi�ed the Simics instructiondecoder
to recognizethe instructionsBegin andEnd, which areusedin the
programtospecifythebegin andendof thetransactionsrespectively.
Our simulationof PTM andVTM assumesthat theprocessorhasa
fastregistercheckpointingmechanism.

TheChip-Multiprocessor(CMP)memoryhierarchyis supported
by a high speedon-chipbusanda low speedmainmemorybus.We
simulateahighspeedon-chipbusconnectingthefour CPUsandthe
on-chip memorycontroller with a minimum round-trip latency of
20 cycles.ThememorycontrollercontainsthePTM cachesandthe
ancillaryhardware.In theMOESI protocolthatwe model,a cache
miss requestcan be sourcedfrom other cachescontaininga valid
copy insteadof having to accessthemuchslower externalmemory.
We assumeaccessto mainmemoryhasa minimumlatency of 200
cycles,but up to threerequestscanbepipelinedsimultaneously.

The PTM hardware in the memorycontroller handlestransac-
tional coherencerequestsusing the SPT cacheand TAV cacheto
speedup theprocess.We simulatea 512entrySPTcacheand2048
entryTAV cache.Botharefully associative.A missrequiresthatwe
accesstheshadow pagetablein memory. Fromtheshadow pageta-
ble we cangetaccessto all of theTAV structuresfor thatpage.To
ensurefairness,in our simulationof VTM, we usean XADC [15]
of capacityequalto the combinedcapacitiesof the SPTandTAV
cache.Thevictim cache,andthehardwareresourcesto implement
it, areusedonly for theVictim-VTM results.Thoseextra hardware
resourcesnotusedby PTM.

6.2 Characterizing TransactionalApplications

We studiedthe behavior of the transactionalmemory regions by
usingSplash-2[17] programs.We �rst removed all the locks from
theprograms.Wethenparallelizedeachprogramusingtransactions.
Wemadeuseof two instructions,Begin andEnd, whichspecifythe
begin andendof a transactionrespectively. To parallelizethecode,
wefocusedoncreatingcritical transactionregionssimilarto how the
averageprogrammermight go aboutdoing this. We wrappedeach
loop bodywith a transaction,so thateachiterationof the loop can
be executedin parallel.If thereare loop carrieddependencies,we
usedorderedtransactionsto enforcecorrectdependencies.

Variousprogramcharacteristicsrelevant to PTM are presented
in Table 1. The secondcolumn in the table indicatesthe num-
ber of committedtransactionsper application,and the third col-
umnpresentsthenumberof abortedtransactions.Both theseresults
demonstratethe signi�cant amountof transactionalactivity in our
benchmarks.We presentthe resultsfor systemeffectsin the fourth
and �fth columnof Table1, listing the numberof exceptionsand
context switchesseenby theprogram– thefactthesesystemeffects
exist is a motivation for our proposal's supportfor virtualizing un-
boundedtransactions.

Thesixth column,titled “pages”,presentsthememoryfootprint
in termsof thenumberof uniquepagesaccessedduringthecourseof
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Application Transactions System Memory
commit abort exception context-switch pages pg-x-wr conservative ideal mop/evict

fft 34 5 595 52 1041 551 52.9% 9.5% 87.5
lu 656 0 17754 1079 2311 2130 92.2% 3.6% 95.3
radix 70 17 615 116 771 629 81.6% 2.0% 246.3
ocean 877 282 7417 1421 14966 6769 45.2% 0.2% 15.8
water 59 8 32 127 241 110 45.6% 2.6% 4926.3

Table 1. Transactionalmemoryexecutionbehavior for loop regionsin theSPLASH-2programs.Theentriesin the tableareorganizedin
threesets.The�rst setdescribesthetransactionalbehavior of theapplications,thesecondsetdescribesthesystembehavior, andthethird set
providesinformationaboutthememoryfootprintof thetransactions.

entireprogramexecutionby bothtransactionalcodeaswell asnon-
transactionalcode.This doesnot include the shadow pagesused.
The seventh column “pg-x-wr” shows the total numberof unique
pagesupdatedby just thetransactionalwrites.

We estimatethe worst caseupper bound on additional pages
allocateddueto allocationof the shadow pages.The upperbound
is shown in columneight with the title “conservative”. The upper
boundis computedasthefractionof transaction's footprint (shown
in columnsix) andtheentireprogramexecution's footprint (shown
in columnseven). The column“ideal” shows the percentincrease
in the numberof pagesif all of the shadow pagescreatedfor a
transactionwere instantaneouslycommittedor garbagecollected
whena transactioncommits.To calculatethisnumberwe determine
the averagenumberof pagesthat are live at any instant for the
transactions.We treat this numberto be the additionalnumberof
shadow pagesthatarelive at any instantandcalculatethe increase
in pageoverheadaccordingly.

Thelastcolumn“mop/evict” in thetabledescribesthefrequency
of cacheblock evictions. The resultsare shown in termsof how
many memory operationsoccur betweenevictions. For example,
radix shows that it evicts a block every 246 memoryoperations.
This is onemeasureof how muchwork the over�ow transactional
memoryhasto perform.In the worst case(ocean), we seethat a
cacheblock is evictedfor every 16memoryoperations.

6.3 PTM PerformanceComparisons

To determinethe usefulnessof the proposedPTM, we simulated
the performanceof PTM comparingit againstthe prior technique
VTM andlock-basedmulti-threadedexecution.Figure4 shows the
speedupoverasinglethreadof executionfor � veSPLASH-2bench-
marks.In this andour other �gures, we abbreviate Select-PTMas
Sel-PTM. We �rst show the speedupof using the default p-thread
locks. Using �ne grain locks we can achieve a speedupof 134%
on average.This approachdoesnot have theoverheadof the trans-
actionalexecution,speculative aborts,and the overheadof buffer-
ing theover�owedblocks,althoughlock-basedexecutionlacksthe
deadlock-freeexecutionguaranteesthattransactionalmemoriespro-
vide.

ThebaselineVTM showsdecentspeedupsfor threeof thebench-
marks,but we do not seeany speedupfor VTM on fft andocean,
dueto theoverheadof commits.In comparison,if a victim cacheis
usedwith theXADC to hold therecentlyevictedtransactionblocks,
we achieve speedupfor all benchmarksover single threadedexe-
cution.This is becausecurrentlyexecutingtransactionscanaccess
theover�owedbut not-yet-committedblocksfrom thevictim cache,
while thoseblocksarebeingcommitted.Thus,for VC-VTM wesee
an averagespeedupof 72% re�ecting the bene�ts of overlapping
executionwith physicalcommitto reducethecommitcost.

Ourresultsfor Copy-PTM show anaveragespeedupof 116%and
for Select-PTMwe observe 220%speedup.Thedifferencebetween
the two is directly attributable to the additional overheadCopy-
PTM incursfor copying blocksto thehomeblock on evictionsand
restoringthem on aborts.Note that we do not usea victim cache
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Figure 4. ComparingTM speedupfor lock-basedmultithreading,
(base)VTM, Victim-CacheVTM, Copy-PTM and Select-PTM.
Speedupis over singlethreadedexecution.
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Figure5. Advantageof con�ict detectionat theword granularity.

for thePTM results.Oneof themaindifferencesbetweenVTM and
Copy-PTM is that Copy-PTM incurs a penaltyon abort,whereas
VTM incursa penaltyon commit.In thefuturewe planto compare
againsta variantof VTM thatdoesin-placespeculative updates,so
thatthemainpenaltyis dueto abortandnotcommit.Weexpectthis
approachto performcloserto Copy-PTM.

Since coherenceis done at the cacheblock granularity, there
can be falsecon�icts detecteddue to falsesharing.This can lead
to unnecessaryaborts,which incur extra run-timeoverhead[13]. It
hasbeenshown that this overheadcanbe reducedby for tracking
con�icts at theword granularity[9, 8].

For the resultswe discussedthusfar, we useda cacheblock of
size64bytes.Let ussayatransactionread/wroteto oneof thewords
in the 64 bytes,and then it was followed by anothertransaction
that tried to write to a different word in the same64 byte cache
block.Clearly, therewasnocon�ict. However, ourcon�ict detection
mechanismbasedonblocksizedcoherencemessagesandPTM data
structureswould detecta falsecon�ict andunnecessarilyabortone
of the transactions,becausethe con�ict mechanismoperatesat the
cacheblockgranularity.

Figure5 showstheperformanceof modelingcon�icts attheword
granularitycomparedto Select-PTM.Resultsarecomparedagainst
only usingblock granularityblk-only , andusingp-threadslocks.
The �rst approachwe examine,wd:cache, performscachecoher-
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enceat thewordgranularity, but still keepstrackof transactionalin-
formationfor over�owedblocksat theblock granularity(64 bytes).
As a result,this leadsto morecoherencetraf�c, whichwe modeled,
andalsoaddsadditionalcomplexity to a directorysystem.This re-
sultedin only minor speedups,becauseevicting a block with multi-
ple writerswould causeanabort,sincetheover�owed PTM struc-
tureswould only kepttrackof onewriter perblock.

We then examinedkeepingtrack of transactionalinformation
even for the over�owed blocks in PTM at the word granularity,
which is wd:cache+memin Figure 5. Resolvingcon�icts at the
granularityof wordsis usefulespeciallyfor programssuchasradix
andwater . For radix , this resultedin 170%speedupover single
threadedexecution,which is a signi�cant improvementover 116%
speedupfrom trackingall con�icts at theblock level.

While theproblemof falsecon�icts dueto detectiongranularity
is highly benchmarkdependentand not universal, it doesaffect
programslike radix dramatically. Techniquesexplored in prior
work should help reducefalse con�icts, either by changingdata
structurealignments[16] via the compiler, or allowing more than
oneprocessorto own sub-partitionsof thecacheblock [4].

7. Conclusion
With the advent of multi-cores,extractingtask level parallelismis
goingto becrucial.To meetthisgoal,transactionscanhelpcommon
programmersto write multi-threadedprograms.However, support
for unboundedtransactionsis crucialto developagoodtransactional
programmingmodel.

In this paper, we proposeda systemdesigncalledPTM thatex-
tendsexisting virtual memorysupportto supportunboundedtrans-
actions.In PTM, when a transactionallymodi�ed cacheblock is
evicted, we allocatea shadow page,which can be usedto hold
thespeculative block. In addition,we aggregateandmaintainall of
the transactionalinformationon a page-level granularity. ThePTM
structuresareintegratedwith the virtual memorysystem,allowing
directaccessto thetransactionaldatafor apagewith boththevirtual
andphysicaladdressof thepage.

The �rst approachwe examinedis Copy-PTM, in which on a
transactionaldirty block over�ow, a copy of non-speculative block
is �rst backed up in the shadow page.On commit, the backed up
copy canbediscarded,but onabortit hasto berestoredin thehome
page.This allows commitsto be fast,but abortscan be slow. We
optimizedthisdesignin Select-PTM,wherethetwo versionsof data
areallowedto bespreadacrossthehomeandtheshadow pages.To
determinewhich of the two pagescontainthe block to be fetched,
weusedaselectionbit vector. Select-PTMis ef�cient for performing
bothcommitandabortoperations,asit doesnot have to physically
copy thedatabetweenthe two pages.Also, on dirty block eviction
thenon-speculative dataneednotbebackedup.

Our PTM solutionintegrateswell with the virtual memoryand
pagingsubsystems,and is a promisingoption for supportingun-
boundedtransactionalmemory.
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