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Abstract

Exploiting threadlevel parallelismis paramountn the multi-core
era.Transactiongnableprogrammers$o exposesuchparallelismby
greatly simplifying the multi-threadedprogrammingmodel. Virtu-
alizedtransactiongunboundedn spaceandtime) aredesirableas
they canincreasehe scopeof transactionsuse,andtherebyfurther
simplify a programmes job. However, hardware supportis essen-
tial to supportef cient executionof unboundedransactionsln this
paper we introducePage-basedTransactionalMemoryto support
unboundedransactionsWe combinetransactiorbookkeepingwith
thevirtual memorysystento supportfasttransactiorcon ict detec-
tion, commit,abort,andto maintaintransactionsspeculatie data.

Categoriesand SubjectDescriptors C. ComputerSystemsOrga-
nization[C.1 ProcessofArchitectueq: C.1.4Parallel Architectures

GeneralTerms Design,LanguagesPerformance

Keywords TransactionsJransactionaMemory, ParallelProgram-
ming, Concurreny, Virtual Memory

1. Intr oduction

Effective utilization of multi-coreprocessorss stymiedby thedif -
culty of programmingnultithreadedprogramsFailureto obey data
dependenciglsetweerthreadgesultsin raceconditionswherevari-
ablesaremodi ed in anordernot possiblein a singlethreadof exe-
cution. Thisresultsin bugsthatareextremelyhardto detect,under
standandreplicate.Many seriousbugsareattributedto racecondi-
tions.

Most parallel programsuse locks and other synchronization
primitives to impose an order betweenthreads.Poor lock usage
resultsin incorrectcodeandperformanceenaltied15, 11]. Coarse-
grainedlocksresultin inef cient executioncausingthreadsto wait
whenthey could otherwisebe executedn parallel.Too ne agranu-
larity addsprogrammingcompleity andincreaseshelikelihoodof
deadlockor otherincorrectbehaior.

Transactiongprovide the appearancéo ary external viewer of
atomicexecutionof coderegions,simplifying thecreationof parallel
code.Any memoryaccessn atransactionategion thataliaseswith
aconcurrenexternalmemoryaccesss detectedasacon ict andei-
therthetransactiorabortg11] or stalls[14], or theexternalmemory
operationstalls. Stalling or abortingon con ict serializesthe data
accesseghuspreventingthe dataracesandproviding atomicity for
thetransactiors execution.

Permissiorto male digital or hard copiesof all or part of this work for personalor
classroonuseis grantedwithout fee provided that copiesarenot madeor distributed
for pro t or commerciabdwantageandthatcopiesbearthis noticeandthefull citation
onthe rst page.To copy otherwisejo republish,to poston senersor to redistritute
to lists, requiresprior speci ¢ permissiorand/orafee.

ASPLOS'06 October21-25,2006,SanJose California, USA.
Copyright ¢ 2006ACM 1-59593-451-0/06/0010.$5.00

OswaldoColavin?, and BradCaldeV¥

2ST Microelectronics, Microsoft

To maintainthe appearancef atomicity transactionaimemo-
riesmustperformtwo tasks:detectcon icts andrecover from them.
Doingthisef ciently underall concevableoperatingconditionsis a
signi cant challengeWefocusonhardwaretransactionamnemories,
which provide thesefeatureswhile maintaininggoodperformance.
To facilitate con ict detectionandrecovery, transactionamemory
maintainsa speculate versionof memory If acon ict is detected,
the hardware can quickly abort, discardingthe speculatie mem-
ory modi cations to recover the original memory statebeforethe
transactiorstarted Otherwisejt cancommitquickly to promotethe
speculatie memoryto non-transactionainemory Both operations
aredoneatomicallysothatall processorseeconsistenstatebefore
and after the operation.Virtually all recentproposaldor hardware
transactionaimemorybuild versioninghardwareinto the cacheand
usecachecoherencéor con ict detectior11, 9, 1, 15]. Onecritical
issueis whatto do whena programs transactionalvorking setex-
ceedghecachecapacity or mustbe evicteddueto a contet switch.
Oncea transactiors datais placedin somebackingstoresuchas
mainmemory it isimportantthatmemoryaccessethatcon ict with
thattransactiorbe detected.

We proposea Page-basedTransactionalMemory (PTM) tech-
nigue to handlethe transactionaktateover ow conditionto min-
imize overhead,and handleall possiblecasesincluding context
switches,exceptions,and inter-processshaed memory For PTM,
the cacheover ow bookleepingis doneat the pagelevel, but per
formingcon ict detectiorfor over owedblocksis atthecacheblock
granularity This distinctionis one of the differenceswe have over
prior technique$15, 1, 14] thatdo boththe bookleepinganddetec-
tion atthe cacheline level. In orderfor PTM to ef ciently organize
transactionastateoccurringat the cacheblock level the stateis re-
ducedto a booleanbit value and pacled into a bit-vectorfor each
transactionapagebeingused.

All transactional-memorgystemsincur an overheadcost for
committing or aborting transactionsvhose memory footprint in-
cludesblocks that have over owed from the cache.Several prior
techniguesisesometemporarybacking-storén mainmemorysuch
asalog [15, 1, 14], or hashtable[1], andthey eithercopy-update
on commit, or copy-restoreon abort.In PTM, an additional phys-
ical pageis allocatedfor an over owed physical pagecalled the
shadowpage. We refer to the original physicalpageasthe home
page. Oneof thetwo physicalpagesholdsthe non-speculatie com-
mitted datawhile the otherholdsthe speculatie version.Both the
non-speculatie andthe over owed speculatre versionof a cache
block arekeptin the samepageoffsetson thesetwo pagesWe in-
vestigatea PTM design,called Copy-PTM, wherewe usea copy-
restoreon abortpolicy. Thatis, whenatransactiorblock over ows,
it is alwayswritten to the homepageandthe old committeddatais
copiedto the shadav page.This designenabledastcommit. How-
ever, on abortthedatafrom the shadav pageneedso berestoredo
thehomepage.

Copying from main memoryis expensve, andis compounded
by the numberof over owedlinesthatmustbe copied.In the Copy-
PTM design the original memoryblock, whichis beingoverwritten



by the transactionhasto be copiedonceif the transactioncom-
mits (eviction) or twice if the transactioraborts(eviction andabort
restoration)To addresshis, we investigateanotheresignfor PTM,

Select-PTMwherewe usea setof selectionbits (onefor eachblock
in a page)to avoid copying the memoryblocks. The selectionbit

for amemoryblock determineshich of the two pagescontainthe
non-speculatie data.With this approactthe original memoryblock
never hasto be moved, evenif the transactioncommitsor aborts,
which providesbothfastcommitandabort.

2. Transaction Model

Transactionalmemory has its roots in databasedransactiong5].
Transactionsre sequencesf memoryoperationghat are atomig
isolated and serializable Atomicity guaranteeghat either all or
noneof the operationswithin a given transactiontake effect. Iso-
lation ensureghat no other transactioncan obsere the sequence
of operationsin a partially completedstate.Having serializability
meanghatthereexistsa serialexecutionof thetransactionshathas
thesameeffectastheactualexecutionthatoccurs Transactionsim-
plify the taskof writing concurrentfprogramsbecausehey ensure
that eachthreadobsenesdatain a consistenstateandcanbe pro-
grammedhsif otherthreadsdo not exist.

2.1 Sizeof Transactions

With the adwent of multi-cores,exploiting threadlevel parallelism
hasbecomeamportantto anincreasinglybroadsetof programmers,
including mary not well-versedin parallelprogramming.Transac-
tions canenableprogrammerso write multi-threadedcodeandex-
posesuchparallelism.lt is not reasonabléo expectthemto use ne
grainedcritical regions safely Hence,we rmly believe that pro-
grammerwill creatdargetransactiongeitherby accidentf noton
purpose)For example astraight-forvardmethodto usetransactions
is to put the transactioraroundthe startandendof aloop, andthe
loop may containprocedure<alls that go off andtouchmoredata
thanthe programmeris aware of. In addition, transactionsan be
appliedto loopsto exploit threadlevel speculatio(TLS) in orderto
derive parallelismin the presencef loop carrieddependencies.

Harris et al. [10] examinedoptimizationsfor software transac-
tional memory and provided supportfor long runningtransactions
containingmillions of sharednemoryaccessed heapproachelied
solely on software support,and suchlong transaction$ad signi -
cantly greaterslovdown thanshortertransactionsRecently Chung
etal. [3] benchmarkd several differentstylesof parallelprograms
suchas SpecOMPprogramswhich have signi cantly largertrans-
actionalregions.

2.2 Orderedvs.Unordered Transactions

In creatingtransactiondor our study we supportedtwo types of

transactionsorderedandunorderedOrderedransactiongonstrain
thesequencef commitsamongsthetransactiorthreadgo enforce
someprogrammerde ned order Unorderedtransactionsllow the

transactiongo commitin ary order Orderedtransactiongre used
by programmersvhenthey do notknow if thereis a potentialloop-

carrieddependencin a loop that they wantto parallelize.In this

casethey will invoke a call to createa new orderedransactionand
theneachtransactiorcreatedwill executein parallel,but commitin

the orderin which it wascreatedIf programmersknow thatthere
areno loop-carrieddependencieshenthey cancreateanunordered
paralleltransactioroop, wherethe transactiongancommitin any

order

2.3 Transactional Execution Model

We now summarizeour transactionexecution model and how it
dealswith nestedtransactionspon-transactionatode,and how it
interactswith the operatingsystem.

2.3.1 NestedTransactions

A nestedtransactionis a transactionthat starts within a trans-
action. Like mary other transactionalmemory proposals,PTM
attens nestedtransactionsinto the outermostalready existing
transaction[151]. This meansthat for nestedtransactionstrans-
actionbegin andendresultin justincrementinganddecrementing
transactiomestcountmaintainedn the architecturelt alsomeans
thatif aninnertransactioraborts all outertransactionslsohave to
abort.

2.3.2 SystemCalls, Exceptions,Context Switch and Interrupts

For the transactionsn this paper we did not usesystemcalls in-
side the transactionsalthoughnothing precludegransactionawith
systenxcallsfrom beingsupportedy PTM. It is expectedhattrans-
actionalsupportbe provided for a restrictedsetof systemcalls by
operatingsystemsFor example,Microsoft Windows Vistahassoft-
waretransactiorsupportfor the le systemandregistry systencalls.
Fortherestrictedsetof systencallswith transactiorsupporttheop-
eratingsystenmustbuffer the speculatie state andbeableto com-
mit and abortthat state.If the systemcalls wereto be usedinside
of hardwaretransactionsthe actof committingandabortingwould
have to invoke the appropriatesoftware handlerto also commit or
abortthe systenstate Investigatingheuseof arestrictedsetof sys-
temcallswith hardwaretransactionss an interestingareaof future
research.

For exceptionswe executeanexceptionaspartof thetransaction
thatcausedhe exception.Wheneer a processois runningatrans-
actionthreadanda context switch or interruptoccurs,recordingof
thecurrenttransactiorstateis stoppeduntil therunningof thetrans-
actionthreadresumesWe correctlymaintainthe stateof the cache
blocksandthe unboundedransactiorstateacrosscontet switches
andinterruptsusingthetechniqueslescribedn Sectior4.7.

2.3.3 Interaction with Non-Transactional Code

Non-transactionanemorywrites to locationsaccessedy uncom-
mitted transactionsffect the correctnes®f programexecution.A
completetransactionabystemmustaddresshis issue.For our ap-
proach,the solutionis simply to abortthe transactionaffectedby
anon-transactionadrite. Detectingnon-transactionaion icts with
transactionss straightforvard with our approactbecaus®ur trans-
actioncon ict detectionmechanisnmonitorsall non-transactional
writes.If acon ict isfound,it is treatedikeacon ict betweertrans-
actionsexceptthatin this particularcasethe con icting transaction
hasto alwaysabort.

3. Page-Basedransactional Memory (PTM)

The purposeof Page-basedransactionaMemory (PTM) is to sup-
port ef cient virtualizationof a transactiors executionin the pres-
enceof cacheover ows, contet switchesthreadmigration,paging
andinter-processharednemorycommunicationPTM achievesits
goal by extendingthe virtual memorysupportin the operatingsys-
temto virtualizeatransactiors execution.

3.1 Transaction CacheState

For handlingboundedransactionsPTM assumesardwaresupport
similartothearchitectureproposedn priorwork[15, 1]. To support
boundedtransactionswe needto keeptrack of the readand the
write transactionastatedor eachcacheblock,andusethecoherence
mechanismto do an eagercon ict detection[15, 1]. The eager
con ict detectionmechanisnthecksfor a violation on every cache
coherencenmiss.If thereis aviolation, the oldesttransactioralways
winsthecon ict.

In additionto augmentinghecacheblockswith thetransactional
statesandsupportingeagercon ict detectionwe alsoneedacheck-



pointmechanisnto abortandre-executeatransactionOurapproach
assumesupportfor checkpointingthe register statewhen starting
the executionof a transactionsimilar to the earlierstudies[1, 15].
Apart from suchbasictransactional-memorgupportin the proces-
sor core,PTM doesnot requireary othersigni cant changein the
processocore,asmostof its functionalitiesare placedin the mem-
ory controller

In our PTM designwe take carenotto adverselyimpacttheper
formanceof transactionsvhoseworking setst within thetransac-
tional cache As long asthe cacheblocksaccessetyy a transaction
do not getevicted from the transactionatachesthe basicon-chip
transactionamemorysystemhandlesthe executionof the transac-
tion, detectingviolations,andproviding supportfor committingand
abortingof cacheblocks.Thisis similarto how theboundedransac-
tionsarehandledn prior work [1, 15]. To provide this functionality
we keepa global ag indicatingif ary blockshave beenover owed
or not,for asetof transactioné thesamescopelf noneof thetrans-
actionblocksover ow the cache thenwhenathreadmissesn the
cacheacon ict checkdoesnot needto be performedby PTM for
themiss.Thecon ict checkis insteachandledcompletelyby theon-
chip transactionainemorysystem Only whenatransactionablock
(reador written by a runningtransactionhasbeenevicted doesour
PTM mechanisntomeinto play:.

3.2 Homeand Shadov Pages

A key differencebetweenour approachandthe prior techniquess
howv we maintainthe transactionalnformation for the transaction
blocksthathave beenevicted from the cache A transactiorblockis
ablock of memoryaccessedly atransactiorthatis still executing.

For anevictedtransactiorblock we needto maintainthe follow-
ing informationin a datastructure:(1) the speculatre datafor the
block, if it hasbeenwritten by atransactionand(2) alist of all the
transactionshateitherreadfrom or wroteto the evictedtransaction
block, asrequiredfor con ict resolution.

We will now describehow we storethe speculatie datafor a
transactionablockwhenit getsevictedfrom thetransactionatache.
We obserethat,for asetof transactionshatarecurrentlyexecuting,
therecanbeonly onetransactionalvriter to anaddresstary instant
of time (otherwisea con ict would be detectecandoneof thetwo
conicting transactionswould have beenaborted). Therefore,all
thatwe needfor ary physicalpageaccessedy a transactioris an
additionalpagethat canhold a transactionalersionof datafor the
memoryblocksin the page.We call the original physicalpagethe
homepage, andtheadditionalphysicalpageallocatedastheshadow
page.

Figure1 shawvs an exampleof the PTM datastructuresusedto
maintainthe unboundedransactionamemory On the left side of
the gure, we shav the pagetablesusedto performthe traditional
virtual to physicalpagetranslation We alsohave anotherstructure
calledthe Shadav PageTable (SPT),which containsone entry for
every physicalpageof memory andis indexed with the physical
pagenumber In the SPT entry we storethe addressof the allo-
catedshadwv page,the homepages addressand someadditional
informationrequiredto maintaintheunboundedransactionastates.
Thereis a valid bit associatedavith the shadev pagepointer since
notevery SPTentrywill have a shadav pageallocatedfor it. Since
the SPTis indexed by the physicalpagenumber we canaccessn-
formationaboutthe transactionamemoryblock given its physical
or virtual addressGiven a physicaladdresswe candirectly index
intotheSPT Givenavirtual addresswe canusethepagetableto get
thephysicaladdres@andthenaccesshe correspondingPTentry,

When a pageis allocated,its correspondingallocatedphysical
pageentry in the SPTis initialized and marked asvalid. Whena
dirty transactionablock is rst evicted for a pageusedwithin a
transactionPTM allocatesa shadav physicalpage,a pointerto it

is storedin the SPT, and the shadev pointer is marked as valid
for that SPT entry For example purposeswe shav in Figure 1
an SPTentry for a physicalpageaddress'0x0000000” containing
theshadev physicalpageaddres$s0xFE03000".Thecorresponding
speculatie transactionablock and the non-speculatie block can
thenbekepttrackof in thetwo pageghomeandshada). Note,the
physicalshadw pagethatwasallocateddoesnot have avalid SPT
entry Only the homephysicalpageshave valid SPTentries,which
aremarked asvalid whenthe homephysicalpagesareallocated.In
addition, not all SPTentrieshave a valid (allocated)shadav page.
If there are transactionblocks evicted from the cachethat were
only read(not written), thenthey may have an SPT entry without
ashadav pageallocatedbor it. In this casethe SPTentrysenesthe
purposeof nding thetransactioraccessnformationfor the home
page(whatblockswereread,andby which transaction)which we
describdaterin Section3.3.

3.2.1 Copy-PTM

Now thatwe have the shadav page,the questionis whereto store
the speculatre transactiorblocks that have beenevicted from the
cache?necould have the policy wherethe speculatie blocksare
storedn theshadw page andoncommitthey arecopiedbackto the
homepage.We originally examinedthis design,but found the cost
of committo be higherthanwe desired We hopeto seemary more
commitsthanabortswhenusingtransactiongndwe do not wantto
slow down the executionof transactionshataredoing usefulwork.
We thereforewantto optimizethe performanceof committing,and
startrunningthetransactionsn orderif abortsaretoo frequent.

The rst PTM approactwe examineis calledCopy-PTM In this
approachwe copy thehomeblock to the shadev pagewhena dirty
transactiorblock over ows, andthenstorethe speculatie blockin
the homepage.This policy enablesfastcommits,sincethe blocks
that we want to commit are alreadyin the homepage.It requires
that we make a copy of the non-speculatie block from the home
pageto the shadav pagewhena dirty transactiorblock is evicted
for the rst time in a transactionThenon abortwe have to pay a
penaltybecausave have to copy the non-speculatie blocks,which
wereoverwrittenin the homepage,backfrom the shadev pageto
thehomepage.

3.2.2 Select-PTM

Themoreaggressie solutionwe examineis to allow boththehome
and the shadav pageto contain speculatie and non-speculatie
blocks and use SelectionVectors to maintainthem. We call this
Select-PTM

In Select-PTM both speculatie andnon-speculatie blocksare
allowed to exist in eitherthe homeor the shadev page.We usea
Selectionvectorto indicatewhich of the two pagescontainthenon-
speculatie block andthe speculatie block. The selectionbit vector
is storedalongwith the shadev pagepointerin the SPT structure
asshawvn in Figure 1. Eachbit in the selectionvector represents
memoryblock in the page.We chosethe size of the memoryblock
to bethesameasthe cacheblock sizeof the outermostransactional
cachen theprocessagtbut ourdesigndoesallow for largeror smaller
memoryblocksto beused.

A bit in the selectionvectortells us which of the two pagesthe
homeor the shadav page,containsthe currentcommitteddatafor
the memoryblock for which the bit correspondso. If a bit in the
selectionvectoris set,thenthis meanghatthe non-speculate data
for thatmemoryblockresidesn theshadev pageandthatthehome
pageshould be usedfor holding the speculatre versionand vice
versa

Wheneer atransactiormodi es a cacheblock andevictsiit, the
blockis copiedto thespeculatre locationin memorywhichis either
thehomeor the shadav pagedependingiponthe stateof the bit in
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Figurel. PTM structuresPhysicalpagenumbersandswap le offsetsareobtainedrom the pagetablesandusedto index into the Shadav
PageTable(SPT)andthe Swap Index Table(SIT) respectiely. An entryin the SPTandSIT tablesfor a pageindicatethe locationsof the
shadev pageandcontaina SelectionVectorin which eachbit indicateswhich of thetwo pagescontainthe committedversionof ablockin
the page. An entryalsopointsto a TransactiorAccessVector(TAV) List, which containonenodepertransactiorthathasaccessethelist's
page but wasnot ableto keepthe accessedlocksin thecacheThenodesn a TAV list indicatethetransactionsn questionandcontainthe
ReadandWrite Vectorsto markthe accessetlocksthatdo not stayin thetransactionstache The T-Statetableis indexed by a transaction
numberand containsthe stateof eachtransactionAn entry in the T-Statetablelinks to alist of TAV nodesthat were over owed by the

transaction.

theselectiorvector Similarly, while fetchingdatafrom memorywe
candeterminewhereto nd the committedand speculatie copies
basedn the stateof thebit in the selectiorvector

Whenadirty transactiorblock is evicted, we write the block to
the speculatre location.We write the speculatie block to thehome
pageif the bit is set,or to the shadav pageif the bit is clear When
atransactioraborts,nothingneedsto be done,sincethe bits in the
selectionvectorsfor the pagestouchedby the transactionare al-
readypointing to the non-speculatie blocks.On commit, however,
we mustgo throughthe selectionvectorsandtoggle the bit corre-
spondingo theover owed memoryblocksthatwerewritten by that
transactionthoughhardwarecanaccelerat¢his, which we describe
later.

3.2.3 Trade-offs BetweenCopy-PTM and Select-PTM

The PTM structuresequiredfor both Copy-PTM and Select-PTM
arethe samestructuresshavn in Figure 1, exceptthat Copy-PTM
doesnot needthe selectiorvectorin eachSPTentry.

In Select-PTMthebene t of usinga selectionvectorandallow-
ing committedblocksto resideon eitherof thetwo pageqthehome
or theshada page)is thatit doesnot have to copy non-speculatie
blocksduringeviction andabort,asdescribeckarlierfor Copy-PTM.
Thedownsideto usingthe selectionvectoris thata non-speculatie
block cannow residein eitherthe homeor the shadev page andwe
needto have anef cient way of nding the correctphysicaladdress
to fetch the block, given the virtual addressThe policy PTM en-
forcesis thatevenwhenablock is fetchedfrom a shadw page the
physicaladdresseerby thecachehierarchyandthe TLB structures
is thehomepagephysicaladdressorrespondingo thatblock. This
allows Select-PTMto only have to performTLB translationto the
homepageasin acorventionaldesign.ThenSelect-PTMwill mon-
itor theblock addresseatthe memorycontrollerto decidewhereto
fetchthe correctblocksfrom (the homeor the shadav page).How

this is doneis describedn Section4.2.2. Therefore the advantage
of the Copy-PTM approachs that, sincethe committedblocksare
alwayson the homepage,it doesnot have to dealwith this address
translationissue,andit doesnot have to maintainthe selectionvec-
tors.

3.3 Conict Detectionusing Transaction Accessvectors

In addition to keepingtrack of the speculatie datafor the over-
o wed cacheblocks, we must also keeptrack of the information
aboutthelist of the transactionshatreador write to anover owed
cacheblock. To accomplishthis task,we maintaina TransactiorAc-
cessVector (TAV) datastructureas shown in Figure 1. EachTAV
nodein the datastructureis for a transactiorandfor a pagethata
transactiorhasover owed. The TAV containsa readvectorand a
write vectorfor the page.Eachbit in the read/writevectorscorre-
spondgo acacheblock in the pageandit tells usif the cacheblock
wasreador written by a transaction.

The read and the write bits are set when the blocks accessed
within a transactionare evicted from the cache.For example,Fig-
ure 1 shaws that the transactiord2 readthe 4th block and wrote
the 2nd and 5th block in the virtual pagewith the physicalhome
address'0x0000000” and the shadev pageaddress'OxFE0Q3000".
Whenareador write (executedn atransactiors codeor evenin the
non-transactionalode)misseghecache PTM is consultedvith the
homepages physicaladdressheckingthesereadandwrite vectors
to determineif thereis a con ict. Note, we only needto checkfor
conicts in PTMif thereis alive transactiorandif atransactiorhas
over owedthecache.

All the TAV nodescorrespondindo a transactiorarelinked to-
gether(verticallinks in the Figurel). Giventhetransactiomumbey
we can nd all the TAV nodesfor thattransactionThe TAV nodes
correspondindo a pagearelinked together(horizontallinks in the
Figurel). Thus,for agiven TAV we can nd its correspondingsPT



entry The samehorizontallink is alsousedto nd the TAV nodes
of othertransactionshathave alsoaccessethesamephysicalpage,
which enableaisto determinghecon icting transactions.

TAV organization: Let us summarizethe TAV datastructure
organization.An entry in the SPT structurecontainsa pointerto a
linked list of theseaccess/ectors(transactioraccessrector (TAV)
list). Thesearethe horizontallinkedlists in theFigurel andthelast
nodein thelist pointsbackto the SPTentry Eachnodein the TAV
list is for atransactiorthathadatleastoneover owedblock for that
pagein the past.A nodein a TAV list containsa transactiors read
andwrite acces®it vector whereeachread/writebit correspondso
anover owedcacheblockin the pageandtells usif the over owed
cacheblock wasreador written by thetransactionln addition,each
entry also containsa transactioridenti er, constructecdoy the TM
hardware, which enablesus to determinethe transactionto which
the TAV readandwrite accessectorsbelong.A nodein a TAV list
is updatedwhen a transactionakacheblock is evicted, and freed
whenthe correspondingransactioreithercommitsor aborts.

Coniict detection using TAV: If a reador write (executedin
atransactioror in the non-transactiorrode)missesthe cache,and
thereexistsanover owedblock,PTM s consultedvith thephysical
addressto resohe ary potential con ict. PTM usesthe physical
addresgo index into the SPTstructureto getthe pointerto the TAV
list. Eachnodein the TAV list correspondso atransactiorthathas
over owed a reador write to the page,andhasto be examinedto
determingf thereis acon ict. If thecurrentmemoryoperatiorthat
triggeredamissis aread thenthereisacon ict if thereexistsanode
in the TAV list with thewrite bit setfor the accessedhemoryblock
and the transactionidenti er is different from the currentreads
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 theaccessethemory
block, andthetransactioridenti er differs.

In Section4, we describehow informationin the TAV list can
be summarizednto onevectorand cachedn a hardware structure
to performefcient conict detection.Thesesummaryvectorsare
also usedwith the selectionvectorto determinewhich of the two
physicalpagedo fetchfrom on acachemissfor Select-PTM.

3.4 Commit and Abort

To commit or aborta transactionwe usethe vertical links shavn
in the Figure 1. The headof the verticallist is maintainedn the T-
Statestructureandit also containsthe transactionidenti er along
with its currentstatus which is atomically setto eithercommitting
or abortingbeforeprocessinghe TAV list.

Select-PTM: On commit, we traversethe vertical list for the
committing transactionand free the nodesin the list. In addition,
we updatethe selectionvectorsas neededThis is achiered while
traversingeachnodein the vertical list, wherewe accesghe TAV
nodes correspondingSPT entry by following the horizontallist.
We updatethe selectionvectorfor that SPTentryif the committing
transactiorhasover owedary dirty block for the pagecorrespond-
ing to the SPTentry On abort,we alsohave to traversethe vertical
TAV list andfreethe TAV nodesBut, unlike whatwe did for com-
mit, we do not have to updatethe selectionvectors.

Copy-PTM: On commitand abortwe traversethe vertical list
andfreethe TAV nodesFor commit,we do notneedto do ary addi-
tional work, sincethereareno selectionvectors.On aborthowever,
we needto restorethe original non-speculatie blocksto the home
page for thoseover ow blocksthatwerewritten by the transaction.

3.5 Pagingand the Freeingthe Shadow Pages

Sincethe blocksrepresenting pageare split acrosshe homeand
shadev pageswe needto correctlydealwith pagingthosepagesn
andout,aswell ashow to freethe shadav pages.

3.5.1 Paging

To dealwith the pagingout of transactiorpageswe actuallyhave
two tables the ShadowPage Table (SPT)andthe Swaplndex Table
(SIT). The rst isindexedusingthephysicaladdresgwhenthepage
is in mainmemory)andthe seconds indexed usingthe swapindex

number(whenthe pageis swappedout to disk).

Theswapindex numberis thenumberusedby the operatingsys-
temto keeptrackof the pageshatareswappedout. It is equivalent
to the physicalpagenumber The differencebetweerthetwo is that
theswapindex numbenrefersto alocationon thedisk, but the phys-
ical pagenumberrefersto a locationin the main memory Thus,
whenapageis swappedout of themainmemoryto alocationin the
disk, theswapindex numbercorrespondingo thatlocationis stored
in placeof the physicalpagenumberin the pagetableentry When
anapplicationrefersto a swapped-oupage the swapindex number
is usedto locatethe pagedout dataand swap the pagebackin to
the main memory The new locationin main memoryreferredby a
physicalpagenumberis storedin the pagetableentry

In PTM, the shadav and the home page cannotbe swapped
out independenbf eachother If oneof the pagesis swappedout,
both pageshave to be swappedout. The operatingsystemdoes
not considerthe shadav pagesto be candidategor swap out. The
operatingsystemonly makes decisionsaboutswappingout home
pagesWhenapageis swappedut, if thepagehasavalid SPTentry,
thenit hasto becopiedto aSIT entry Theindex for the SIT entryis
theswapindex numbercorrespondingo thelocationin thediskthat
is allocatedto hold the swapped-ouhomepage.If thereis a valid
shadev pagefor the homepage thenit is alsoswappedor garbage
collected(seebelaw). If swappedout, thenits SIT shadev pointer
is usedto pointto wherethe shadav pageis storedon disk. Whena
transactiorpageis swappedbackin, the SIT entryis copiedto the
SPTentrycorrespondingo thenewly allocatedphysicalhomepage.
If the SPTentry hasa shadav page,it is alsoallocateda physical
page,andits shadw pointeris updatedin the home pages SPT
entry

3.5.2 FreeingShadav Pages

Copy-PTM freesashadw pagewhenthereareno moretransactions
usingit, whichis determinedy the NULL TAV Link.

Similarly, for Select-PTM,a shadav pagecan be freed when
thereare no moretransactionaisingit. Thatis, the pagehasonly
oneversion(committedversion)for eachmemoryblockin thepage.
However, sincethe committedblocks canresidein both the home
andtheshad page we needto copy the contentfrom theshadav
pagebackto thehomepagebeforewe canfreethe shada page.

We examinedtwo differentpoliciesfor freeingshadev pagedor
Select-PTM.One approachis to meige the homeandthe shadav
pagegogethemwhenthe homepageis swappedout by the operating
system.To accomplishthis, when a home pageis swappedout,
if it hasa correspondingshadwv pageand there are currently no
transactionsusing that page(determinecby the NULL TAV link),
thentheoperatingsystemstoreshevalid blocksin theshadev page
to the backingstorelocation that is allocatedfor the home page.
The SIT entryis updatedto indicatethat the pagedoesnot have a
shadev pagearymoreandthe selectionvectoris alsocleared.This
completeghe procesf freeingashada page.

Another approachto free a shadeov pagefor Select-PTMis to
lazily migratethe committedblocksto the homepage Wheneer a
non-speculatie dirty block is written backto mainmemory we can
forceit to be written backto the homepage,evenif the bit in the
selectionvector pointsto the shadav page.After writing backthe
cacheblock, thebit in the selectionvectoris toggledto indicatethat
the committedcopy is in the homepage.This allows the memory
blocksto begraduallymemgedbackto thehomepagewhenthey are
readandwritten. Eventually whentheselectionvectoris completely



clear(all theblocksarenow in thehomepage) theshadev pagecan
befreed.

3.5.3 Shared Memory Inter-ProcessCommunication

Sincethe SPTentry (or SIT entry) andthe TAV list aremaintained
for a physical page(or a swappedout page)ratherthan a virtual
page,con icts betweertransactiongxecutingin two differentpro-
cessesaccessinghesamephysicalpagecanbedetectedThus,PTM
supportssharednemoryinter-processommunication.

4. PTM Hardware Implementation

This sectionexaminesthe hardware changesnecessaryo support
PTM. We modify cachesandthe cachecoherencerotocolin away
similarto otherhardwaretransactionamemorymodels.In addition,
pagingandswappingarechangedn waysthatthe operatingsystem
needgso beawareof. We alsoaddhardwareto thememorycontroller
to cachethetransactionastate.

4.1 When Everything Fits in the Cache

Eachprocessocoreis largely unavare of the memorycontroller’s
PTM hardvare. All requestdor cacheblocks usethe homepage
addressEachcore candetecttransactiorcon icts within its cache
throughthe existing cachecoherencanechanismEachcacheline
containsavalid bit, coherencetatebits to supportMOESI, a Trans-
action ID, and bits indicatingif the transactionread or wrote the
block.

A transactiormaycompletewithoutover owing its cache When
a dirty block commitsandit hasnever over owed the cache,no
work needsto be doneby PTM. The block is just marked asnon-
speculatie, andatthatpointit is treatedasa normalcacheblock. It
will continueto residein the processocore's cacheuntil the cache
setsover ow or anothercorerequestsheblock. Whena cachemiss
resultsin a con ict with anotherblock in a cachewe usea Virtual
TransactiorBupervisofVTS)to arbitratewhichtransactiorio abort.
Theabortedtransactiors cacheddatais invalidatedin the cache.

4.2 VTS Caches

In orderfor PTM to provide ef cient unboundedransactionaiem-
ory, we provide hardware supportto make the following tasksef -
cient:

Fast Conict Detection - Whena transactionscopehasover
o wedthecachewe needawayto quickly determineaviolation
whenprocessingcachemiss.Wethereforecachen thememory
controller the summaryinformation for the transactionblocks
thathave beenreadandwritten for recentlyaccessegages.

FastCommit and Abort - We needto have theability to quickly
commit or aborta transactionandto let future executioncon-
tinue, while the over ow datastructuresusedby thetransaction
arecleanedup.

Fast SelectionBetweenHome and Shadon Pagefor Select-
PTM - We needto be ableto quickly choosebetweerthehome
and the shadav page when fetching a block from memory
To achieve this, the memorycontroller cacheshe information
neededo correctlychoosebetweerthe homeandshadov page
for recentlyaccessegages.

To provide the above functionality PTM usesa Virtual Trans-
action Supervisarwhich is shawvn in Figure2. The VTS is part of
the memorycontrollerfor asnoojy architectureandpartof thedi-
rectorycontrollerfor a directorybasedsystem.VTS hastwo main
cachesA cacheof the shadav pagetableentriesanda cacheof the
currenttransactioraccesssectors.We describethemasif they are
updatedon-demandbut performancempravementscanbe had by
prefetchingdatainto the caches.

SPT cache TAV cache
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Figure 2. TheVirtual TransactiorSupervisoi(VTS) hasamemory
bacledcacheholdingthe SPTentriesandthe TAV nodes.

4.2.1 Transaction AccessVector (TAV) Cache

The rst cacheis calledthe TransactionAccessvector (TAV) cache
andis usedto hold the nodesin the TAV lists in memory An entry
in theTAV cachecorrespondso aTAV nodeshavn in Figurel. The
TAV cacheentry containsthe readandwrite transactionvectorsfor
apageaccessety atransactionThe TAV cacheis indexed by the
physicalpagenumber andis taggedby the physicalpagenumber
andthetransactioriD. Thisallows multiple TAV nodesfor thesame
physicalpage,correspondindo differenttransactionsto be stored
in the cacheat the sametime. Indexing by the physicalpageallows
PTMto quickly nd all of thecachedlAV nodesfor thatpage.

The TAV cacheis an importantcomponentn the PTM archi-
tecturefor providing fastcon ict detection.Whenthereis a cache
miss, the resultingmemoryrequesimay needto determineexactly
which transactionswvere prior readersor which transactionwas a
prior writer to theblock. In this casejf the TAV nodesfor the page
of theblock arefoundin the TAV cachethereadandwrite vectors
for the pagecanbe quickly examinedto determinethe con icting
transactiongif thereareary).

Whena TAV cacheentryis evicted andthe accessectorshave
beenupdated(the entry is dirty), the accessvectorsneedto be
written backto their correspondindAV entriesin memory

4.2.2 Shadowv PageTable (SPT) Cache

The secondcachestructure calledthe ShadowPage Table cachejs
usedto cachethe entriesin the SPTstructure which wasdescribed
in Section3.2. The SPT cacheis indexed by the physical page
number andis usedto quickly determinecon icts.

Whenthereare over owed transactiondeing executed,we al-
locate an SPT cacheentry for every non-transactionapage and
homepageaccessedlhisis neededecaus@on-transactionalache
misses,which are executingwhile there are evicted transactional
blocks, still needto be checled for con icts. For non-transactional
pagestheSPTcacheentryallocatedor it is usedto quickly identify
this.

The contentsof an SPT cacheentry is shavn in Figure 3. An
SPT cacheentry containsthe shadav pagenumber(if thereis a
valid one). In addition, it containsa write summaryvectorand a
readsummaryvector Thewrite summarybit vectorfor apageis an
OR of all the transactionwrite accessectorsthat exist in the TAV
list for the page.This providesimmediateidenti cation for a cache
block thatatransactiorhasspeculatiely over owedthatblock. The
readsummaryectoris asinglebit vectorwhereeachbit indicatesf
therehasbeenat leastoneover ow transactiorreadfor thatblock.



For Select-PTM,the SPT entry also has the selectionvector
as shawn in Figure 1. When an SPT cacheentry is evicted, the
correspondingselectionvector in memoryis updatedif the SPT
caches selectionvectoris dirty. The SPTcacheentryfor Copy-PTM
is thesameasSelect-PTMput without the selectiornvector

The SPT cachestoresthe informationfor the mostrecentlyac-
cessechagesA missin the SPT cacherequiresthe VTS to lookup
the shadav pagetableto nd the SPT entry, calculatethe write
and read summaryvector from the TAV list, and then updatethe
SPTcacheWhile thereadandwrite vectorsarecalculatedrom the
transactiors readandwrite acceswyectorsfor thatpage, TAV cache
entriesare created(if they do not exist) for eachTAV nodecorre-
spondingto thatpage.

4.3 CachekEuviction

When a cacheblock read/writtenby a transactionis evicted, the
VTS takes actionin responseo the coherencemessageriggered
asaresultof the eviction. The coherencanessagevill containthe
physicaladdres®f thehomepageandis alsopiggy-bacledwith the
transactionidenti er. Whena 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 edblodk is evictedin the normalMOESI pro-
tocol, thereis no needto generatea coherencenessagebut in our
casewhena cacheblock readby a transactions evicted it hasto
generatea coherencanessagdo inform VTS to keeptrack of the
over ow information. However, the datablock is not written back
becausehe cacheblock wasnot modi ed. Whenthe VTS receves
thecoherencenessagéor theunmodi ed transactionablock, it will
updatethe readtransactionaccessvectorin the TAV cachecorre-
spondingto the transactiorthat accessedhe evicted cacheblock.
Also, the read summaryvectorin the SPT cachefor the physical
pageof the cacheblock is alsoupdatedNote, whenan unmodi ed
non-transactiondlock s evicted,no coherencenessagés sent.

Whenamodi ed transactiorblod is evicted,we write thetrans-
actionacceswectorin the TAV cacheandupdatethewrite summary
vectorin theSPTcachelf ashadev pagehasnotbeenallocatedor
thehomepagethenoneis allocatedatthistime. Themodi ed cache
block thenneedsto be written to the pagethatis supposedo hold
the speculatre version.For Select-PTM the selectionvectorindi-
cateswhich page(homeor shadw) to write the speculatre block
to, andthewrite is doneto the speculatie location.For Copy-PTM,
the block is always written to the homepage.For Copy-PTM, we
needto determinewhenwe needto copy the non-speculatie block
to the shadev pageon eviction. This is doneby checkingthe write
summaryvectorfor 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-speculatie blockto theshadev page We canthen

write the evicted block to the homepageandsetthe write summary
vectorbit. If the bit is set,andthereis no con ict, thenwe do not
have to performary copy, andthe evicted block is written to the
homepage.

When a modi ed non-transactionblock is evicted, we always
write the block to the home pagefor Copy-PTM, and we do not
needto do ary SPT cachelookup. For Select-PTM,we rst need
to perform a SPT cachelookup, and use the selectionvector to
determinewhich pageto write the block to, which is the non-
speculatie location.

4.4 CacheMiss

Therearetwo operationghatneedto be performedonacachemiss.
The rst operatioridenti es from which of thetwo pagesve needto
fetchthe datato sene the cachemiss.The secondperationdetects
ary potentialcon ict. We initiate the fetch for the datablock from

memoryin parallelwith the con ict resolutionand hold back the
coherenceeply with the datauntil thecon ict is resohed.

4.4.1 Finding the Block to Fetchon a Miss

To fetchablockin Copy-PTM, we alwaysfetchthe block from the
homepage.

For Select-PTM,on a miss we needto look up the selection
vectorandwrite summaryvectorin theSPTcacheWe X OR thebit
in thewrite summaryectorandthebit in theselectiornvectorfor the
currentcacheblock requestandthe resultingbit value determines
the page(homeor shadw) we want to readthe block from. This
logic is shawvn in Figure3.

4.4.2 Conict detection

ReadMiss: If thememoryaccesss areadto amemoryblock, then
thereisacon ict only if thereexistsanuncommittedransactiorthat
hasmodi ed the memoryblock (RAW con ict). To determinethis,
rst weexaminethebit in thewrite summaryectorthatcorresponds
to the memory block being accessedlf the bit is not set, then
thereis no conict. If the bit is set, thenthereare two possible
casesEitherthetransactiorthatis currentlyaccessingheblock has
itself modi ed the memoryblockin the past,or the block hasbeen
modi ed by anothertransactionThereexists a con ict only in the
latter case.To determinewhich caseit is, we look up the block's
physicaladdresswith the currenttransactionD in the TAV cache.
If thereis a match,thenwe checkto seeif the currenttransactioris
the owner of the write. If so,thenthereis no con ict. If not, there
isaconict andwe nd thecon icting transactionlf we getamiss
in the TAV cachethe VTS hasto performa hardware walk on the
TAV list, startingfrom the shadev pagetableentry, to nd outthe
con icting transactionandthe TAV structuregoundareputinto the
TAV cache.

We assumeMOESI protocol.In PTM, a transactionateadmiss
requestto a block that hasalreadybeenover own by a different
transactionis not grantedexclusive permissioneven if there are
no sharersin the system(that is, no processoiin the systemhas
readpermission).This is requiredbecausehe transactiorthat gets
the block might later write to it and at that time we have to make
sureto resole ary potentialcon ict thatmay exist with thatwrite.
However, if thereare no transactionateadover ows to the block
andif thereareno othersharersn the system thenthe readmiss
requestanbegrantedexclusive permission.

Write Miss: If thememoryaccesss awrite to amemoryblock,
thenthereis a conict if thereexists an uncommittedtransaction
thathadread(WAR con ict) or written the memoryblock (WAW
conict). An SPTcachelookupis performedto examinethe write
andreadsummarybit vectors.If the write summarybit is not set,
andif the read summarybit is not set,then we know thereis no
con ict.

If thewrite summanbit is set,we needto lookupthewrite access
vectorin the TAV cacheto seewho thewriter was.If the TAV write
vector shawvs that the sametransactionwas the prior over owed
writer, thenthereis nocon ict. If not,thenweknow thereis a WAW
con ict, andoneof thetransactionsnustbe aborted.

If the write summarybit is not set, but the readsummarybit is
set,thenwe look throughthe TAV list to seewho thereadersre.If
the currenttransactions the only readey thenthereis no con ict,
otherwisethereis aWAR con ict, andoneof thetransactionfiasto
beaborted.

4.4.3 Arbitration

Whencon icts aredetectedthe oldesttransactiorwins the arbitra-
tion causingthe youngercon icting transactiongo abort, thereby
guaranteeindorward progressasary long waiting threadeventu-
ally becomesheoldest.Uniquetransactioridenti ers generatede-
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Figure 3. SPTcacheentry The SPTcacheentry storesthe selectionvector the write summaryvector andthe readsummaryvectorfor a

page.

quentially at the transactiorstartallows us to determinethe ageof
thetransactionThis alsosupportorderedransactionslescribedn
Section2, by assigningheidenti ers to matchthe programde ned
ordering.Whena transactionis abortedandrestartedjt maintains
thetransactioridenti er thatwasoriginally assignedo it.

4.5 Commit and Abort

On commit, all of the cacheblocks with the transactionlD are
speci ed asno longer being speculatie, andthe transactionD is
cleared.On abort, all of the cacheblocks with the transactionlD
thataredirty areinvalidated.Thosethatarenot dirty just have their
transactioriD cleared.

To procesghe PTM stateon commitor abort,the VTS will rst
atomicallychangethe statusof the transactiorin the T-Statestruc-
ture shavn in the Figure 1. This is referredto asthe logical com-
mit/abortby VTM [15]. Oncethe transactionhas beenlogically
committedor aborted,the threadcan continueits execution. The
TAVs of thetransactiorarelazily freedoncommitandabort.Before
freeinga TAV node,we updatethe readandwrite summaryectors
in the SPT cacheasnecessaryDuring this lazy commit, if another
transactioraccessea “not-yet-committed'memoryblock (in cache
or in mainmemory)it seeghattheremight be a con ict. However,
while resolvingthe con ict, PTM knows thatthe con icting trans-
actionID hasalreadycommitted,whenit looks up cachedT-State
structurein VTS. The transactiorthat hasthe outstandingmissis
madeto wait until the commitfor thatpage nishes. After thecom-
mit for thecon icting transactioris over, the stalledtransactiorcan
continueits executionwith thecommitteddatablock. After abortor
commit,if theshadev pagedoesnot containary committedblocks,
thenthe shadav pageis put on the free list andthe SPT entry is
updated.

For Select-PTMasthe TAV structuresarecommittedfor atrans-
action,thecorrespondingagesn the SPTcacheandTAV cacheare
processedo correctly updatethe selectionvectorin the cache(if
thereis an SPT cachehit) andin memory(if thereis a SPTcache
miss).On abort,the selectionvectorsdo not needto beupdate.

In thecaseof Copy-PTM, onabortwe needto restoretheoriginal
cacheblocksthat were overwritten by the transactiorin the home
pagefrom theshadav page We walk the TAV list andusethewrite
vectorto determinewhich blocksto restorefrom theshadaev pageto
thehomepage.On commit,no dataneedso be copied.

4.6 VTS Implementation for Snoopy-basednd
Dir ectory-basedSystems

ToimplementVTS aspartof asnooyy architecturaveintegrateVTS

into the memory controller This is straightforvard for a central-
ized controller but it is alsopossibleif thereare multiple memory
controllers.For multiple memory controllers,if the memorycon-
trollers are associatedvith particularregions of physicalmemory
thismeansa partitionedanddistributedSPTcacheandTAV cachelf

insteadthe memorycontrollersare associateavith particularcores

ratherthan memoryregions, this meansdistributed SPT and TAV
cacheswith adedicatedcoherenceetwork amongthem.

Foradirectoryprotocol,the VTS would bedistributedamongthe
directoriesandimplementedn the directorycontroller Essentially
the SPTcacheandthe TAV cachein adirectorywill be cachingthe
informationcorrespondingo the physicalpagesmaintainedoy that
directory The directorybasedvVTS implementatiorrequiressome
additionalhardware supportto performarbitrationto resolhe con-
icts. The additionalsupportis requiredto ensurethatall commits
andabortswill be serializedcorrectlyto guaranteeatomiccommit
and aborts.Eachdirectory entry hasan over ow bit, which is set
whenthe correspondingnemoryblock over ows. Cacheover ow
dueto acachemisstriggersacoherenceequestWhenacachemiss
coherencenessageeachesdirectory andif theover ow bit is set,
the VTS associatedvith the directoryis consultecto resole con-
icts. Thus,selectingbetweenthe homeandthe shadw pageand
resolvingthe conicts canall be doneas before.In addition, the
shadav pagefor a homepageis allocatedsothatthey residein the
samedirectorycontroller

Processingcacheover ows and non-con icting cachemisses
doesnot involve the supervisomprocessarunlessthereis a missin
the SPTcacheor TAV cachelf thatis the case thenthe supervisor
processoneedgo Il in theentriesTheonly othermainfunctional-
ity thesupervisoprocessodoesis to performthe TAV list walkson
commitor abort.For snoopy anddirectory we make surethatall of
the TAV entriesfor a transactiorareto the samememory/directory
controller An issueto keepin mind hereis thatthe supervisorpro-
cessomeedso have low enoughoccupang to notbecomea bottle-
neck.

4.7 Efcient Context Switching

Contet switchescanbe handledby just forcing anover ow of all
thecacheblocksread/writterby atransactionWe assumehysically
indexed cachesPrior schemedike VTM [15] requirethe ability to
translatehe physicaladdresgo thevirtual addressstheir over ow
structuresare virtually indexed. In comparison,PTM can update
SPTentriesandTAV entriesusingjustthe physicaladdress.

On context switcheswe avoid over owing the cacheblocksby

taggingthe transactionatacheblocks with the transactionidenti-

ers. In this case,the normal cachecohereng con ict detection
mechanismwill be ableto identify con icts with the cacheblocks
thatwerenotover owedwhenthetransactiorwascontext switched
out.

Whenatransactiorbegins,PTM takesa checkpoiniof thearchi-
tecturalregisterstatesin the processosothaton anabortthey can
be restored.To supportcontect switchesfor a transactionwe save
andrestorethetransactiors checkpointedegisterstateIn PTM, the
T-State which containsanentryfor eachtransactioris usedto save
the checkpointedregister stateof a transactionrwhenit is context
switchedout.



5. Prior Hardware Unbounded Transaction Work

In this section,we describerelatedwork, and provide a detailed
descriptionof VTM, which is the prior unboundedtransactional
memoryapproactthatwe compareagainst.

5.1 RelatedWork Outside of Transactional Memories

Chang.etal. [2] introducedsupportfor ef cient locksin hardware.
A bit or a bit-vector is associatedvith eachpageby extending
pagetablesandthe TLB. A memoryword is locked by settingits
correspondingpit. The primary similarity betweenPTM and the
IBM 801processois thatPTM alsoassociateabit-vectorwith each
transactionallyouchedpage However, thePTM extensionsareused
for supportingunboundedransactionsasopposedo locks.

5.2 RelatedWork on Unbounded Transactional Memory

Recently mary hardware transactionalmemory techniqueshave
beenproposed|[6, 7,9, 13, 3, 1, 15, 14]. Dueto spacdimitations,
we only provide asummaryof four prior techniqueshatfocusedon
largeor unboundedransactionsTM [1], VTM [15], LogTM [14],
andLTM [1].

UTM wasone of the earliestapproacheso completelysupport
unboundedransactionsUTM usesits XStatedatastructureto log
all transaction-relatethformation. Eachmemoryblock hasa log
pointer associatedo the list of transactionghat accessedt. All
writesdoneinsideatransactioomodify thememoryin place storing
a copy of the old non-speculatie value in the XStateLog. This
approachmalkes abort a costly operation,though commit can be
donevery efciently. UTM requiresmultiple memorylookupsto
traversethe log pointer on abort, sinceit doesnot cachethe log
entries,althoughit could potentiallydo so. The UTM approacican
supportmostsystemevents,including over ows, context switches,
procesamigration, and paging. Their approachrequiressigni cant
hardwarechangesncludingglobally uniquevirtual addressing.

LTM [1] supportgeasonablyargetransactionsvith thememory
footprint sizecomparabldo thatof physicalmemory LTM useshe
memorycoherencerotocolto detectcon icts. It usesan over ow
bit in cachego letthecoherencgrotocolknow if thereis potentially
acon icting over owedtransactionablock.LTM storesall theover-
o wed speculatre valuesin a memory-basethashedlatastructure
until the transactioncommits.This approachresultsin an ef cient
abortoperationput thecommitoperationcanincurhigh overheacdas
thenew valuesneedto be copiedfrom thebackupstructurego their
correspondingnemorylocations.LTM canavoid con ict-detection
overheadfor non-orer owed blocks usingits over ow bits, but it
mustdo multiple memorylookupsto resole con icts for the over-
o wedblocks.LTM cannotsupporttransactiongongerthanatime
sliceor with footprintslargerthanphysicalmemory

LogTM [14], like LTM [1], supportsreasonablylarge transac-
tionsthat t in thephysicalmemory LogTM usesadirectory-based
coherencerotocolfor con ict detectionlt makesin-placememory
updatedor over owed speculatre valuesandhence abortcanpo-
tentially be a high overheadoperation.Also, abortsare handledin
softwarewith LogTM, which makesthemcostly LogTM cando ef-
cient con ict detectiorusingthedirectorystate but it requiresthat
transactionastateis neverpagedut. TheLogTM approachioesnot
handlethreadmigration,context switchesandpaging.To ameliorate
the abortcost,LogTM stallsthe transactionrwhen&er possiblein-
steadof abortingit.

5.3 VTM

In this paperwe compareour approachto VTM [15]. The VTM
approachprovides an efcient and nearly complete handling of
unboundedransactionsThe key structuresneededto implement
VTM arean in-cachehardware transactionamemorysystem,and
a setof hardware and software structuresto handletransactional

over ow andcontet switching.VTM is orientedtowardsin-cache
TM with eagercon ict detection but is otherwisemostly agnostic
abouttheparticularsof thein-cachehardwaretransactionanemory
system.

The software structuresfor VTM consistof transactionaktate
information (XSWSs), a table tracking over owed blocks and their
originalvalues(XADT), anover ow counteyandacountingBloom
Filter (XF). Unlike PTM, the addressetracked by VTM for over-

o wedblocksarevirtual. Instance®f the softwarestructureseside
in the virtual addressspacef eachtransactionahpplication,and
are sharedamongthe threads.The hardvare structuresneededor
VTM are an XADT walker that performslookupson over owed
statein the XADT andwalksthe XADT on commitandabort,and
a cacheof meta-datdor over owedblocks,calledthe XADC. The
bloom lter XF is usedto reducethe frequeny of having to access
the XADT whendoing con ict detection.A setof countersin the
XF will beincrementedvhena cacheblockis over owed,andare
decrementedthzily duringcommitor abort. A value of zeromeans
thatthereis noover ow block,andanon-zerovaluemeanghatthere
maybeanover ow block.

The XADT log table containsthe virtual addressedransaction
state,anddataof the over owed cachelines, buffering all specula-
tive state VTM usesheold valueof thetransaction-modi ednem-
ory, alsostoredin the XADT, to detectnon-transactionatodeinter-
actionwith transactionatode.Wheneer atransactiorencounters.
reador write miss,the XF will beconsultedo determinaf themem-
ory block beingaccessednay have beenover owed in the past.If
so,the correspondingentry, if ary, in the XADT will belooked up
to resole the potentialcon ict. VTM accessethe XADT via the
XADT hardwarewalker.

If noblocksarecurrentlyover owed,thencon ict detectionbe-

yond the in-cachemechanisnconsistsonly of checkingthe over
o w counter Whenthereareover ows, VTM canavoid the over
headof performingcon ict-detectionfor addressethat have never
over owedby ltering outqueriesto thoseaddressessingthe XF,
but it requiresXADT look-upsto resole con icts for over owed
cacheblocks.We modelusingan XAD Cache(XADC), similar to
thecachestructureusedn PTM. The XADC storegshemeta-datdor
themostrecentlyaccessedvictedtransactiorblocks,anda pointer
to the XADT structurefor thatblockin memory The meta-datale-
scribeswvhattransactiondiave readthe over owedblock, and,if the
block wasdirty, which transactiorwroteit. Whena queryto the XF
saysthat theremay be an over owed block, we look up the block
beingloadedin the XADC. If thereis a hit, thenwe have all of the
informationto determineif thereis a con ict, anda pointerto the
datablocksin memoryto loadthe speculatre blockif needed.

VTM storesthe new speculatie value in their over ow data
structureand the memoryis updatedon transactioncommit. This
allows fastaborts,but resultsin memory-coging overheadat the
time of commit. VTM can hide someof this costby doing a lazy
commit, but the memoryupdatesstill consumebandwidth,andall
the transactionghat needto accessa memoryblock modi ed by
a committedtransaction but yet to be updatedin memory have
to stall. In comparisonPTM doesnot involve ary datamovement
at the time of commit. One can potentially changeVTM to write
speculatie blocks to memorywhen a block is evicted, and only
storethe non-speculatie block in the XADT structure.This would
male it similarto our Copy-PTM approachbut with XADT andXF
structuresandanapproactalongthesdineswasproposedy Zilles
andBaugh[18].

VTM virtualizesthe executionof transactionsacrossmostsys-
tem events,which include cacheover ows, contet switches,pro-
cessmigration and paging. However, they requirethat the cache
blockstouchedby thetransactiorbe evicted from cachesandinval-
idatedbeforethe transactions context-switchedout. Further VTM



needsto recordvirtual addressesor locally cachedtransactional
blockssothatit candothereverseaddressranslationfrom physical
addresgo virtual addressThis enables/TM to evict all the cache
blocksreador written by atransactiorthatis beingcontet-switched
out. In contrast,we proposethe use of additionaltagsfor cache
blocks to supportcontext switcheswithout unnecessarilyevicting
transactionatacheblocksasexplainedin Section4.7. Evenif we
do not usethe tags, ushing the blocks touchedby a transaction
entry is simple,asthe PTM structuresare indexed by the physical
addressesTherefore for physicallytaggedcacheswve do not have
thecompl«ity of doingreverseaddresdranslation.

AstheVTM datastructuresareheldin theprivateaddresspaces
of processesyTM cannotoffer transactionabuaranteesor inter-
processcommunicatiorthroughsharedmemorysegmentsmapped
to differentvirtual addresse©Our PTM techniquepntheotherhand,
is built on the top of the existing virtual memory and hencecan
provide virtualizationacrosgrocesses.

5.3.1 Modeling VTM

In orderto evaluatethe performanceof PTM, we constructeda
VTM model basedon the descriptionin [15]. We use the same
in-cachehardware transactionamemorymodelfor both PTM and
VTM. This is a moreoptimistic modelfor VTM thanthatfeatured
in [15]. We assumethe presenceof transactionlDs in the cache,
which can be usedto avoid having to ush all transactionadata
on every context switch. We alsoassumeor the VTM modelthat
the XF countingBloom Iter hasbeenimplementedin dedicated
hardware.We modelanXF with 1.6 million entries We alsoassume
anXADC to cachethe meta-datdor theover owedblocks.

Whencheckingfor con icts, if all of the block's XADT entries
have their meta-datacachedn the XADC, thenthe con ict resolu-
tion is donein thetime it takesto do the cachelookups.If thereis
anXADC miss, it requiresa reconstructiorof 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 assumehat eachXADT entry lookup requiresa single
main memoryaccessand that the numberof memoryaccessess
equalto thenumberof XADT entriestraversed.

VTM, like PTM, supportsa lazy commit, changingthe status
of atransactioratomicallyvia an atomicmemoryoperationon the
transactiors statusvord XSW andupdatingall otherdataandstruc-
tureslazily. However, sinceit hasbufferedall over owed specula-
tive valuesin the XADT, VTM mustactually copy the speculatre
datato the original memorylocationon commit. This occupiesbus
resourcesgven when doing the commit lazily. As bus contention
in our memory model leadsto performancedegradation,we also
consideraddingdatabuffering to the XADC to hold the speculatie
andnon-speculatie block in additionto the meta-dataBecauséhis
secondarycacheactslike a victim cache,we refer to this variant
asVictim-VTM (VC-VTM) in our results,with the baselineVTM
labeledsimply asVTM. Blocksin the victim cacheare marked as
beingcommittedinstantly andlaterwritten backto memorywhen
evicted from the cache.Currently executingtransactionsan then
usethe blocksfoundin thevictim cache,insteadof having to wait
for themto be committed.We foundthis to signi cantly reducethe
commitdelaypenaltyfor VTM.

6. Results

This sectionevaluateshe performanceof PTM, demonstratinghat
it ef ciently supportsvirtual transactionasystemswithoutincurring
high overhead.For this evaluation, we used programsfrom the
SPLASH-2[17] benchmarlsuiteto evaluatePTM.
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6.1 Simulation Platform

We modeleda CMP systemusing Virtutech Simics[12] basedon
Enterprisemachinesrunning RedHatLinux 7.3, and extendedthe
modelto simulatePTM andVTM. The entiresystemhas4 nodes,
eachwith two levelsof privatecacheTheL1 cacheis 16KB direct-
mappedvith a 1-cycle lateng, while theL2 caches 256 KB 4-way
setassociatie with 6-cycle lateng. Cohereng is maintainedat the
L2 cacheusing a snoojy-basedMOESI protocol. The augmented
L2 cacheblocks containtransactionatead and write bits that are
usedto track transactionateadandwrite accessesimilar to prior
work [8, 14]. In addition, eachcacheblock containsa transaction
ID, avalid bit andthebitsto implementMOESI protocol.Eachnode
in the systemis a single-issuen-orderpipeline.We simulatea 512
entryfully associatie TLB whereeachpageis of size4 KB.

We addedfeaturesto Simicsto supporta transactionaimemory
system.In particular we modi ed the Simics instructiondecoder
to recognizethe instructionsBegin and End, which are usedin the
programto specifythebegin andendof thetransactionsespecitiely.
Our simulationof PTM andVTM assumeshatthe processohasa
fastregistercheckpointingnechanism.

TheChip-MultiprocessofCMP) memoryhierarchyis supported
by a high speedn-chipbusandalow speednain memorybus.We
simulatea high speedn-chipbusconnectinghefour CPUsandthe
on-chip memory controller with a minimum round-trip lateng of
20 cycles.Thememorycontrollercontainsthe PTM cachesandthe
ancillary hardware.In the MOESI protocolthatwe model,a cache
miss requestcan be sourcedfrom other cachescontaininga valid
copy insteadof having to accesshe muchslower externalmemory
We assumeaccesto main memoryhasa minimum lateng of 200
cycles,but upto threerequest&anbe pipelinedsimultaneously

The PTM hardware in the memory controller handlestransac-
tional coherenceequestsusing the SPT cacheand TAV cacheto
speedup the processWe simulatea 512 entry SPTcacheand2048
entry TAV cacheBotharefully associatie. A missrequireshatwe
accesgheshadw pagetablein memory Fromthe shadev pageta-
ble we cangetaccesgo all of the TAV structuresfor thatpage.To
ensurefairnessin our simulationof VTM, we usean XADC [15]
of capacityequalto the combinedcapacitiesof the SPT and TAV
cache.Thevictim cacheandthe hardwareresourcedo implement
it, areusedonly for the Victim-VTM results.Thoseextra hardware
resourcesotusedby PTM.

6.2 Characterizing Transactional Applications

We studiedthe behaior of the transactionaimemory regions by
using Splash-2[17] programsWe rst removed all the locks from
theprogramsWe thenparallelizedeachprogramusingtransactions.
We madeuseof two instructionsBegin andEnd which specifythe
begin andendof a transactiorrespectiely. To parallelizethe code,
wefocusedoncreatingeritical transactiomegionssimilarto how the
averageprogrammeimight go aboutdoing this. We wrappedeach
loop body with a transactionso that eachiterationof the loop can
be executedin parallel.If thereareloop carrieddependenciesye
usedorderedransactionso enforcecorrectdependencies.

Various programcharacteristicselevant to PTM are presented
in Table 1. The secondcolumn in the table indicatesthe num-
ber of committedtransactiongper application,and the third col-
umn presentshe numberof abortedtransactionsBoth theseresults
demonstratéhe signi cant amountof transactionahctivity in our
benchmarksWe presenthe resultsfor systemeffectsin the fourth
and fth columnof Table 1, listing the numberof exceptionsand
context switchesseenby the program- thefactthesesystemeffects
exist is a motivation for our proposak supportfor virtualizing un-
boundedransactions.

The sixth column,titled “pages”, presentshe memoryfootprint
in termsof thenumberof uniquepagesaccesseduringthecourseof



Application Transactions System Memory

commit | abort || exception | contet-switch pages| pg-x-wr [ conserative | ideal [ mop/eict
fit 34 5 595 52 1041 551 52.9% | 9.5% 875
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. Transactionamemoryexecutionbehaior for loop regionsin the SPLASH-2programs.The entriesin the tableareorganizedin
threesets.The rst setdescribeshetransactionabehaior of theapplicationsthe secondsetdescribeshe systembehaior, andthethird set
providesinformationaboutthe memoryfootprint of thetransactions.

entireprogramexecutionby bothtransactionatodeaswell asnon- 300 | M4p oOVvTM
transactionatode. This doesnot include the shadav pagesused. OVC-VTM B Copy-PTM
The seventh column “pg-x-wr” shaws the total numberof unique = 250 1 O Sel-PTM
pagesupdatedby justthetransactionalvrites. 5 200 =€k
We estimatethe worst caseupper bound on additional pages g 150 +
allocateddueto allocationof the shadav pages.The upperbound » 100 -
is shavn in column eight with the title “consenative”. The upper S 50
boundis computedasthe fraction of transactiors footprint (shavn 0 -
in columnsix) andthe entire programexecutions footprint (shavn fit lu radix ~ ocean  water Average

in columnseven). The column*“ideal” shaws the percentincrease
in the numberof pagesif all of the shada pagescreatedfor a
transactionwere instantaneouslhcommitted or garbagecollected
whenatransactiorcommits.To calculatethis numberwe determine
the averagenumberof pagesthat are live at ary instantfor the
transactionsWe treat this numberto be the additionalnumberof

shadw pagesthatarelive at ary instantand calculatethe increase | W4p

i i 300 O blk-onl

in pageoverheadaccordingly 250 || -only
Thelastcolumn“mop/evict” in thetabledescribeshefrequeng s Ewg:cacﬂe+

of cacheblock evictions. The resultsare shavn in termsof how 2 200 7 wd:cache+rmem

mary memory operationsoccur betweenevictions. For example, L 150

radix shaws thatit evicts a block every 246 memoryoperations. ¥ 100 +

This is onemeasureof how muchwork the over ow transactional S 504

memoryhasto perform.In the worst case(ocean), we seethata 0 -

cacheblockis evictedfor every 16 memoryoperations.

6.3 PTM Performance Comparisons

To determinethe usefulneswof the proposedPTM, we simulated
the performanceof PTM comparingit againstthe prior technique
VTM andlock-basedmulti-threadedexecution.Figure4 shaws the
speedupver asinglethreadof executionfor ve SPLASH-2bench-
marks.In this andour other gures, we abbreiate Select-PTMas
Sel-PTM We rst shav the speedupof usingthe default p-thread
locks. Using ne grain locks we canachiee a speedupof 134%
on average.This approactdoesnot have the overheadof the trans-
actionalexecution,speculatie aborts,and the overheadof buffer-

ing the over owed blocks,althoughlock-basedexecutionlacksthe
deadlock-freexecutionguaranteethattransactionainemoriegro-

vide.

Thebaseline/TM shavs decenspeedupsor threeof thebench-
marks,but we do not seeary speedugor VTM onfft andocean,
dueto the overheadof commits.In comparisonif avictim cacheis
usedwith the XADC to hold therecentlyevictedtransactiorblocks,
we achiere speedugfor all benchmarksver single threadedexe-
cution. This is becausesurrently executingtransactioncanaccess
theover owedbut not-yet-committedlocksfrom thevictim cache,
while thoseblocksarebeingcommitted.Thus,for VC-VTM we see
an averagespeedupof 72% re ecting the bene ts of overlapping
executionwith physicalcommitto reducethe commitcost.

Ourresultsfor Copy-PTM shav anaveragespeedupf 116%and
for Select-PTMwe obsere 220%speedupThe differencebetween
the two is directly attributable to the additional overheadCopy-
PTM incursfor copying blocksto the homeblock on evictionsand
restoringthem on aborts.Note that we do not usea victim cache
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Figure 4. ComparingTM speedugor lock-basedmultithreading,
(base)VTM, Victim-CacheVTM, Copy-PTM and Select-PTM.
Speedups over singlethreadedexecution.

fft

lu radix ~ocean water Average

Figure5. Advantageof con ict detectionattheword granularity

for the PTM results. Oneof the maindifferencedetweerVTM and
Copy-PTM is that Copy-PTM incurs a penaltyon abort, whereas
VTM incursa penaltyon commit.In thefuture we planto compare
againsta variantof VTM thatdoesin-placespeculatie updatesso
thatthe main penaltyis dueto abortandnot commit. We expectthis
approacho performcloserto Copy-PTM.

Since coherencds done at the cacheblock granularity there
canbe falsecon icts detecteddue to false sharing.This canlead
to unnecessargborts,which incur extra run-time overhead13]. It
hasbeenshavn that this overheadcan be reducedby for tracking
con icts attheword granularity[9, 8].

For the resultswe discussedhusfar, we useda cacheblock of
size64 bytes.Let ussayatransactiorread/wroteo oneof thewords
in the 64 bytes, and then it was followed by anothertransaction
that tried to write to a differentword in the same64 byte cache
block. Clearly, therewasnocon ict. However, ourcon ict detection
mechanisnbasednblock sizedcoherencenessageandPTM data
structureswvould detecta falsecon ict andunnecessarilgbortone
of the transactionsbecausdhe con ict mechanisnoperatesat the
cacheblock granularity

Figure5 shavstheperformancef modelingcon icts attheword
granularitycomparedo Select-PTMResultsarecomparedagainst
only usingblock granularityblk-only , andusingp-threaddocks.
The rst approachwve examine,wd:cache, performscachecoher



enceattheword granularity but still keepstrackof transactionain-

formationfor over owedblocksattheblock granularity(64 bytes).
As aresult,this leadsto morecoherencéraf c, whichwe modeled,
andalsoaddsadditionalcompleity to a directorysystem.This re-

sultedin only minor speedupshecausevicting a block with multi-

ple writers would causean abort, sincethe over owed PTM struc-
tureswould only kepttrack of onewriter perblock.

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

While the problemof falsecon icts dueto detectiongranularity
is highly benchmarkdependentand not universal, it does affect
programslike radix dramatically Techniquesexplored in prior
work should help reducefalse con icts, either by changingdata
structurealignments[16] via the compiler or allowing more than
oneprocessoto own sub-partitionof the cacheblock [4].

7. Conclusion

With the adwent of multi-cores,extractingtasklevel parallelismis
goingto becrucial. To meetthis goal,transactionganhelpcommon
programmergo write multi-threadedprograms.However, support
for unboundedransactionss crucialto developagoodtransactional
programmingnodel.

In this paper we proposed systemdesigncalledPTM that ex-
tendsexisting virtual memorysupportto supportunboundedrans-
actions.In PTM, when a transactionallymodi ed cacheblock is
evicted, we allocatea shadwv page,which can be usedto hold
the speculatie block. In addition,we aggrgateandmaintainall of
the transactionainformationon a page-leel granularity The PTM
structuresareintegratedwith the virtual memorysystem.allowing
directaccesgo thetransactionatiatafor apagewith boththevirtual
andphysicaladdres®f the page.

The rst approachwe examinedis Copy-PTM, in which on a
transactionadirty block over ow, a copy of non-speculatie block
is rst bacled up in the shadev page.On commit, the bacled up
copy canbediscardedbut onabortit hasto berestoredn thehome
page.This allows commitsto be fast, but abortscan be slov. We
optimizedthis designin Select-PTMwherethetwo versionsof data
areallowedto be spreacacrosghe homeandthe shadav pagesTo
determinewhich of the two pagescontainthe block to be fetched,
we usedaselectiorbit vector Select-PTMs ef cient for performing
both commitandabortoperationsasit doesnot have to physically
copy the databetweerthe two pagesAlso, on dirty block eviction
thenon-speculatie dataneednotbebacled up.

Our PTM solutionintegrateswell with the virtual memoryand
paging subsystemsand is a promising option for supportingun-
boundedransactionaimemory
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