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ABSTRACT

Welc, Adam. Ph.D.,PurdueUniversity, May, 2006. Concurrency Abstractionsfor Pro-
grammingLanguagesUsing Optimistic Protocols. Major Professors:Antony Hosking
andSureshJagannathan.

Concurrency control in modernprogramminglanguagesis typically managedusing

mechanismsbasedon mutualexclusion,suchasmutexesor monitors. All suchmecha-

nismssharesimilar propertiesthatmake constructionof scalableandrobustapplications

a non-trivial task. Implementationof user-de�ned protocolssynchronizingconcurrent

shareddataaccessesrequiresprogrammersto makecarefuluseof mutual-exclusionlocks

in orderto avoid safety-relatedproblems,suchasdeadlockor priority inversion.On the

otherhand,providing a requiredlevel of safetymayleadto oversynchronizationand,asa

result,negatively affect thelevel of achievableconcurrency.

Transactionsare a concurrency control mechanismdevelopedin the context of da-

tabasesystems. Transactionsoffer a higher level of abstractionthan mutual exclusion

which simpli�es implementationof synchronizationprotocols.Additionally, in orderto

increaseconcurrency, transactionsrelaxrestrictionson theinterleavingsallowedbetween

concurrentdataaccessoperations,withoutcompromisingsafety.

This dissertationpresentsa new approachto managingconcurrency in programming

languages,drawing its inspirationfrom optimistic transactions.This alternative way of

looking at concurrency managementissuesis anattemptto improve thecurrentstate-of-

the-artbothin termsof performanceandwith respectto softwareengineeringbene�ts.

Threedifferentapproachesarepresentedhere: revocablemonitorsarean attemptto

improve traditionalmutualexclusion,safefuturesproposea new way of thinking about

concurrency in a context of imperativeprogramminglanguagesand,�nally , transactional
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monitorstry to reconciletransactionsandmutualexclusionwithin a singleconcurrency

abstraction.
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1 INTRODUCTION

This thesisproposesa new way of looking at concurrency managementin program-

ming languagesto allow bothsoftwareengineeringandperformanceimprovements.Our

approachdraws its inspiration from optimistic transactionsdevelopedand usedin the

databasecommunityand constitutesan alternative to the more traditional way of pro-

viding concurrency control,namelymutualexclusion.

In this chapterwe describethemostpopularmethodscurrentlyusedto managecon-

currency in bothprogramminglanguagesanddatabases.We alsodiscussthemotivation

behindour attemptto apply solutionsdrawing on optimistic transactionsto a program-

ming languagecontext. At theendof thechapterwesummarizeourdiscussionin a thesis

statement.

1.1 Concurrency Controlfor ProgrammingLanguages– MutualExclusion

Most modernprogramminglanguages,suchasJava or C#, provide mechanismsthat

enableconcurrentprogramming,where threadsare the units of concurrentexecution.

Concurrency control in theselanguagesis typically managedusingmechanismsbasedon

mutualexclusionto synchronizeconcurrentaccessesof thesharedresources(e.g., mem-

ory) betweenmultiple threads. In mostcasessynchronizationmechanismsare usedto

protectregionsof codedesignatedby the programmer, containingoperationsaccessing

sharedresources.

A mutex is the simplestexampleof sucha mechanism.A threadwishing to execute

the region of codeprotectedby a mutex must �rst successfullylock the mutex. Only

onethreadis allowed to lock a mutex at any given time – this way exclusive accessto

theprotectedregion of codeis guaranteed.Themutex is unlocked whenthethreadexits

the protectedregion. In otherwords,a mutex is essentiallya simplemutual-exclusion
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lock. C# andModula-3areexamplesof languagesusingmutexesfor synchronization.A

semaphoreis ageneralizationof amutex – it allowsa�x ednumberof threads(determined

uponsemaphorecreation)to executewithin theprotectedregionof codeat thesametime.

Semaphoresaremostcommonlyusedfor synchronizationat theoperatingsystemlevel.

Anotherpopularsynchronizationmechanismis the monitor, originally proposedby

Brinch-Hansen[26] andfurther developedby Hoare[31]. In its original interpretation,

a monitorconsistsof thefollowing elements:a setof routinesimplementingaccessesto

sharedresources,amutual-exclusionlock andamonitorinvariantthatde�nescorrectness

of themonitor'sexecution.Inclusionof thenotionof correctnessmakesmonitorsahigher

levelmechanismcomparedto mutexesor semaphores.Monitorsalsosupporteventsignal-

ing throughconditionvariables. A threadexecutinga monitor's routinemustacquirethe

mutual-exclusionlock beforeenteringtheroutine- only onethreadis allowedto execute

within thesamemonitoratagiventime. Thelock is helduntil thethreadexits theroutine

or until it decidesto wait for someconditionto becometrue usinga conditionvariable

(thewaiting threadreleasesthelock). A threadcausingtheconditionto becometruecan

usetheconditionvariableto notify thewaiting threadabouttheoccurrenceof this event.

Thewaiting threadcanthenre-acquirethemonitor's lock andproceed.

Theexistingmonitorimplementationsfor JavaandC#aremodi�ed with respectto this

original interpretation.Eachmonitoris associatedwith anobjectandprotectsanarbitrary

regionof codedesignatedby theprogrammer, calledasynchronizedblock. A monitorstill

enforcesmutuallyexclusiveaccessto thecoderegionbut providesnoadditionalguarantee

with respectto correctnessof executionwithin themonitor. Beforea threadis allowedto

executethecoderegion protectedby a monitor, it mustacquire themonitor. Themonitor

is releasedwhenexecutionof theprotectedregion completes.Limited supportfor event

signalingis supported– threadsmaywait onmonitorsandusethemtonotify otherthreads,

but supportfor conditionvariablesis missing.Additionally, monitorscanbenested– after

acquiringa monitor, a threadmy acquireadditionalmonitorswithout releasingtheoneit

alreadyholds,aswell asre-enterthemonitorsit doeshold.
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T T0

void totalBalance() {
synchronized (mon) {

b1 = checking.getBalance();
b2 = savings.getBalance();
print(b1 + b2);

}
}

void transfer(int amount) {
synchronized (mon) {

checking.withdraw(amoun t);
savings.deposit(amount) ;

}
}

Figure1.1.Bankaccountexample

Synchronizationmechanismsbasedon mutualexclusionandmostcommonlyusedin

programminglanguages,thatis mutexesandmonitors,sharesimilar properties.They are

typically usedto mediateconcurrentaccessesto dataitemsresidingin sharedmemoryper-

formedwithin thecoderegionsthey protect.Becauseonly onethreadis allowedto enter

a protectedregion, it is guaranteedthataccessesto shareddataperformedby this thread

areisolatedfrom accessesperformedby theothers.Also, all updatesto shareddataper-

formedby a threadwithin a protectedregion becomevisible to otherthreadsatomically,

oncetheexecutingthreadexits theregion.

Enforcing sucha strongrestrictionon the interleaving of concurrentoperationsis,

however, not alwaysnecessaryto guaranteeisolationandatomicity. Considerthe code

fragmentin Figure1.1, usingmutualexclusionmonitor for synchronization.ThreadT

computesthe total balanceof both checkingandsavings accounts.ThreadT0 transfers

money betweentheseaccounts. Operationsof both threadsare protectedby the same

monitor. Theexpectedresultof thesetwo threadsexecutingconcurrentlyis thatthreadT0

doesnotmodify eitheraccountwhile threadT is computingthetotalbalance– otherwise,

the computedtotal might be incorrect. In otherwords, threadT is expectedto observe

thestateof bothaccountseitherbeforethreadT0performsa transferor after thetransfer

is completed.Usinga mutualexclusionmonitorfor synchronizationcertainlyguarantees

exactlythisbehavior. Becauseonly onethreadis allowedto enteraregionprotectedby the

monitorat any giventime,executionof threadsT andT0mayresultonly in two different
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T T0

rd(checking )
rd(savings )

rd(checking )
wt(checking )
rd(savings )
wt(savings )

(a)

T T0

rd(checking )
wt(checking )
rd(savings )
wt(savings )

rd(checking )
rd(savings )

(b)

Figure1.2. Serialexecutions

(serial)executionsillustratedin Figure1.2 . Figure1.2(a)illustratesa sequenceof data

accessoperationswhenthreadT executesall its operationsbeforethreadT0 (withdrawal

anddepositoperationsinvolve botha readandanupdateof theaccountbalance).Figure

1.2(b)illustratestheoppositesituation– asequenceof operationswhenthreadT0executes

all its operationsbeforethreadT.

We observe,however, that thereexist other, morerelaxed,interleavingsof operations

performedby threadsT andT0 thatwould resultin theexactsame(safe)behavior. Con-

sidertheexecutionillustratedin Figure1.3. Its effectsfrom thepoint of view of threads

T andT0aswell aswith respectto the�nal resultof thedepositoperationareequivalent

to theexecutionin Figure1.2(a). Similar (safe)interleavingscanbe foundunderdiffer-

ent scenarios,even when interactionamongmultiple concurrentthreadsis much more

complicated,leadingto a potentiallysigni�cant increasein achievableconcurrency.

T T0

rd(checking )
rd(checking )

wt(checking )
rd(savings )

rd(savings )
wt(savings )

Figure1.3. Interleavedexecutions
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Unfortunatelyextractingadditionalavailableconcurrency usingmechanismsbasedon

mutualexclusion is dif�cult. This is a direct consequenceof trying to usea low level

mechanism,suchasmutualexclusionlocks,to expresshigherlevel safetyproperties,such

asisolationandatomicity. An attemptto achieve the desiredlevel of performancemay

leadto under-synchronization,andconsequentlyto violation of safetyproperties.Over-

synchronization,on theotherhand,mayeasilycausereductionin realizableconcurrency

andthusperformancedegradation.

Additionally, synchronizationmechanismsbasedon mutualexclusionarenot easily

composable,especiallyif nestingis prohibited– considerthe casewhenlibrary codeis

synchronized,but detailsof thesynchronizationprotocolarehiddenfrom thelibrary user.

Allowing for thesemechanismsto be nestedaidscomposability, but may lead to other

dif�culties, suchasdeadlock. Deadlockoccurswhenthreadswaiting for otherthreadsto

releasetheir mutual-exclusionlocksform a cycle. Also, in a priority schedulingenviron-

ment,priority inversionmayresultif a high-priority threadis blockedby a lower priority

thread. Theseproblemsareexacerbatedwhenbuilding large-scalesystems,wheremul-

tiple programmerswork on differentpartsof the systemseparatelyandyet areobliged

to reconcilethe low-level detailsof thesynchronizationprotocolacrossdifferentsystem

modules.

Theseobservationsleadus to consideralternative concurrency control mechanisms,

suchastransactions,thathelpin alleviatingproblemsrelatedto usingmutualexclusion.

1.2 DatabaseConcurrency Control– Transactions

Traditionally, transactionshave beenusedas a concurrency control mechanismin

databasesystems[24]. A transactionis afragmentof anexecutingprogramthataccessesa

shared(persistent)databaseconcurrentlywith othertransactions.Transactionalexecution

guaranteescertainpropertiesconcerningtheseconcurrentaccesses,dependingonapartic-

ular transactionmodel.Wesaythatexecutionof a transactionis safeif it doesnotviolate

any of the transactionalguarantees.The behavior of a transactionis controlledby the
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following actions:begin, commitandabort. Theexecutionof a transactionstartswith the

begin actionfollowedby a sequenceof dataaccessoperations.If it is determinedthatthe

executionof theseoperationsdoesnotviolateany transactionalguarantees,thetransaction

canexecutethe commit action(getscommitted) andthe effectsof its executionbecome

permanentwith respectto thestateof theshareddatabase.If thetransactionalguarantees

areviolated,thetransactionis abortedandall theeffectsof its execution(with respectto

thesharedstate)arediscarded.

Many transactionmodelshave beendevelopedover theyears,re�ecting differentno-

tionsof safety. Oneof themostpopularonesis theACID model[24].

1.2.1 ACID Transactions

Executionof a transactionis safeaccordingto theACID modelif it satis�esthe fol-

lowing four properties:

� Atomicity – nopartial resultsof atransactionbecomepermanentwith respectto the

stateof thedatabase(anall-or-nothingapproach),

� Consistency – executionof a transactionbrings the databasefrom oneconsistent

state(with respectto internaldatabaseconstraints)to anotherconsistentstate,

� Isolation– theoperationsof onetransactionareisolatedfrom theoperationsof all

othertransactions(i.e., from a transaction's point of view it appearsasif it is the

only oneexecutingin thesystem),

� Durability – theeffectsof a transactionmustneverbelostafterit commits

The isolationpropertycanbe enforcedby executingtransactionsserially. However,

thismayrestrictavailableconcurrency. Fortunately, unlikemutualexclusion,transactions

donotenforceany particularinterleaving betweenconcurrentlyexecutingoperations. It is

safeto allow interleavedexecutionsolongastheoperationsof theconcurrenttransactions

areserializable. That is, it is suf�cient if transactionsproducethesameresultsasif they

executeserially.
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All theexisting protocolsthatenforceACID propertiescanbegenerallydividedinto

two majorgroups:pessimisticandoptimistic.

1.2.2 PessimisticProtocols

Pessimisticprotocolsassumethatmultipleconcurrenttransactionsfrequentlycompete

for accessto sharedstate.In orderto preventconcurrentmodi�cationsof thesharedstate

fromviolatingserializability(andthuscompromisingisolation),pessimisticprotocolstyp-

ically lock thedataelementsthey operateon. Becausepessimisticprotocolsperformup-

datesin-place(asopposedtodelayingtheirpropagationto thesharedspace),they mustlog

enoughinformationabouttheupdatesto beableto undothemin caseof anabort.Wecall

transactionssupportedthroughtheuseof pessimisticprotocolspessimistictransactions.

One of the most popular locking protocolsis two-phase-locking (or 2PL) [24]. It

dividesa transactioninto two phases:the growing phasewhenlocks areonly acquired

andthe shrinkingphasewhenlocks areonly released.In its strictest,andmostpopular

form (thenon-strictversionmayleadto cascadingaborts1), 2PL defersreleaseof any of

its locksuntil it terminates(commitsor aborts).The2PLprotocoldistinguishestwo types

of locks:sharedlocksacquiredbeforeadataelementis read,andexclusivelocksacquired

beforea dataelementis written. A dataelementmaybe lockedby multiple transactions

in the sharedmode(we saythat sharedlocks aremutually compatible) but only by one

transactionin the exclusive mode(we saythat an exclusive lock is in con�ict with any

other lock). A transactionis blocked when trying to acquirea con�icting lock – it is

allowed to proceedonly oncethe con�icting lock is released.Unfortunately, 2PL (and

mostother locking protocols)canresult in deadlock. A deadlockoccurswhentwo (or

more)transactionswait for eachother's (con�icting) locksto bereleasedforming a cycle

– it canberesolvedby abortingoneof thetransactionsinvolved.Someform of deadlock

detection(or prevention)protocolmustthereforealsobedeployedin asystemusing2PL.

1All transactionsthathaveseenupdatesof a transactionbeingabortedmustbeabortedaswell.
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1.2.3 OptimisticProtocols

The assumptionunderlyingoptimistic protocolsis that the amountof sharingwith

respectto dataelementsaccessedby concurrenttransactionsis low. Thereforetransactions

areallowedto proceedwith their updatesuntil terminationin thehopethatno violations

of serializabilityever occur. This optimisticassumptionmusthowever bevalidatedupon

transactioncompletion– if it holds,the transactionis committed,otherwiseit is aborted

andre-executed.We call transactionssupportedthroughthe useof optimistic protocols

optimistictransactions.

Optimistic transactionshave beenoriginally proposedby Kung andRobinson[37].

The executionof a transactionis divided into threephases:a readphase, a validation

phaseanda write phase. In the readphasetransactionaloperationsareredirectedto a

local log insteadof operatingdirectlyonshareddata.Thiswayprematureexposureof the

transaction'scomputationaleffectsis avoided(allowing transactionsto updateshareddata

in-placecouldleadto cascadingaborts).Thevalidationphaseis responsiblefor detecting

potentialserializabilityviolations. If a transactionsuccessfullypassesthevalidationtest,

all transactionalupdatesare propagatedto the sharedspacein the write phaseand the

transactioncommits. Otherwiseall updatesarediscarded,the transactionaborts,andis

re-executed.

1.3 Motivation

Synchronizationprotocolsbasedon mutualexclusionhave severalde�cienciesasde-

scribedin Section1.1. Recognitionof this facthaspromptedusto considertransactions

asanalternativeway to manageconcurrency in programminglanguages.

Theapplicationof transactionsin thecontext of a programminglanguageposesnew

challengesthatarequitedifferentto thatof usingtransactionsin a databaseenvironment.

Issuesrelatedto managementof database(persistent)state,suchasdurabilityandconsis-

tency in the ACID model,becomeirrelevant. Instead,transactionsmanageconcurrency

andpreserve safetypropertieswith respectto thevolatile sharedheap,whosecontentsdo
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not survive system's shutdown or failure. Thus,thesetof propertiesof theACID model

thatneedto bepreservedbecomeslimited to atomicityandisolation.

Sincetransactionsareamuchhigherlevel construct,they havepotentialfor mitigating

the mismatchcurrently existing betweenreasoningaboutpropertiesof concurrentpro-

gramsatahigh level andimplementingprotocolsenforcingthesepropertiesataconsider-

ably lower level. Thus,thesoftwareengineeringbene�ts from usingtransactionsmaybe

signi�cant. Additionally, becausetransactionsallow morerelaxedinterleavingsof concur-

rent operations,andso potentiallyenablea higherdegreeof concurrency thansolutions

basedon mutualexclusion, they may also leadto improved performanceof concurrent

applications.

At thesametime,synchronizationmechanismsbasedonmutualexclusionareunlikely

to disappearany timesoon.Oneof theirmainadvantagesis thatthey canbeveryef�cient

if contentiononaccessto regionsthey protectis low. On theotherhand,theeffectiveness

of transactionalmechanismsis proportionalto theamountof datasharedamongconcur-

rent transactions.In thecaseof pessimistictransactions,dataitemsarelockedto prevent

concurrentaccess.This way, if the amountof datasharingis signi�cant, theachievable

concurrency maybesigni�cantly reduced.Additionally, deadlocksmayoccurmorefre-

quentlyandyet the costof maintainingtransactionalproperties(e.g., relatedto locking

of dataitems)still needsto bepaid. In thecaseof optimistictransactions,excessive data

sharingmayresultin theincreasednumberof aborts,yieldingasimilarly negativeeffect.

Therefore,our intentionis to usetransactionsto manageconcurrency only whenben-

e�cial, suchaswhenthe amountof datasharingis low, ratherthanuniformly replacing

mechanismsbasedon mutual exclusion. We still have to ensurethat transactionsare

extremelylight-weight in orderto remaincompetitivewith existing solutionsfor manag-

ing concurrency. We believe thatoptimistic transactionsful�ll theserequirementsbetter

thanpessimisticones. Whenusingpessimistictransactions,additionalmechanismsare

requiredto avoid cascadingabortsor deadlocksin casea locking protocolis used,while

still preservingtherequirementtosupportlogging.Also, thecostof per-data-itemlocking,

requiredin this case,tendsto besigni�cant.
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1.4 ThesisStatement

Optimistic transactionsrepresenta feasiblealternative to a traditional approachto

managingconcurrency in programminglanguagesbasedon mutualexclusion. Solutions

utilizing optimistic transactionscanbe not only bene�cial from a softwareengineering

pointof view but canalsoleadto signi�cant performanceimprovements.

1.5 ThesisOverview

In Chapter2 we discussseveral mechanismsrequiredto supportoptimistic transac-

tions.Chapter3 containsdiscussionof therelatedwork. In thesubsequentthreechapters

we describeour own approachesto solving problemsrelatedto writing concurrentap-

plicationsin Java,usingoptimistic transactionsasa foundation.In Chapter4 we discuss

how traditionalJavamonitorscanbeaugmentedusingtransactionalmachineryto alleviate

problemsrelatedto priority inversionanddeadlock.In Chapter5 we examinehow opti-

mistic transactionscanbeappliedto supportthefuturesabstractionin Java. In Chapter6

wedescribehow mutualexclusionandoptimistictransactionscanco-exist within asingle

framework. Finally, Chapter7 containsconclusionsanddiscussionof thefuturework.
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2 SUPPORT FOROPTIMISTICTRANSACTIONS

Thetaskof providing supportfor optimistictransactionsis in ourcasesetin thecontext of

anexisting programminglanguageenvironment,supportingits own setof programming

languagerelatedfeatures(e.g., memorymanagement,exceptionsetc.). This makesthe

designof thetransactionalsupportquitedifferentfrom whenit canbebuild from ground

up, which is thecasein thedatabaseworld. We maysometimesmodify andre-useprior

mechanisms,but in generalit is a non-trivial taskto superimposetransactionsover these

mechanismsandguaranteetheir seamlessintegration.

2.1 DesignGoals

Oneof ourmaindesigngoalsfor asystemofferingoptimistictransactionsasaconcur-

rency controlmechanismin aprogramminglanguagecontext is programmer-friendliness.

A typicalprogrammeralreadyhassomelevelof experiencein usingtraditionalapproaches

of managingconcurrency thatareusuallybasedonmutualexclusion(e.g., mutexes,mon-

itors or semaphores).It is unlikely thatprogrammerswill bewilling to abandonall their

(potentiallyconsiderable)expertisein usingthesemechanismsin favor of a completely

new approachthey mustlearnfrom scratch.

Thereforeweopt for simplicityin ourdesign.If new languageabstractionsneedto be

introduced,they shouldbefew andtheirpropertieseasyto understand.Whereverpossible

we strive for partialor full transparency– theexposureof transactionalmachineryto the

programmershouldbeminimal.

At thesametime,ourapproachmustbegeneral enoughto beusablein practice.Since

we introducetransactionsin the context of an alreadyexisting language,a considerable

amountof legacy codeis likely to exist. Oursolutionshouldthereforebeat leastpartially

backward-compatible(e.g., to allow re-useof existing library code).Additionally, source
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codemaynot alwaysbeavailable– its absenceshouldnotprecludeusingtransactionsfor

managingconcurrency within legacy code.

Someof thesedesigngoals,suchasprogrammer-friendlinessor simplicity, in�uence

high-level aspectsof the system,suchasthe form in which transactionsareexposedto

the programmer. We addresstheseissueswhendiscussingspeci�c solutionsin subse-

quentchapters.Theothergoals,suchastransparency andgenerality, mustbe taken into

accountat a muchlower level, suchaswhenconsideringdesignchoicesfor foundational

mechanismsrequiredto supportoptimistictransactions.

Severalsuchmechanismsarerequiredto enableuseof optimistictransactionsin apro-

gramminglanguagecontext. Their equivalentsexist in the world of traditionaldatabase

system,but theiradaptationto aprogramminglanguagecontext requirescarefulconsider-

ationof variousdesignandimplementationtrade-offs. In particular, designchoicesproven

tobeeffectivein thecontext of databasesystemsmaynotnecessarilybeequallyapplicable

to a programminglanguageenvironment.

We distinguishthreetypesof suchfoundationalmechanism:

� Logging– amechanismusedto record(in a log) transactionaloperationsaccessing

theelementsof shareddata.Dependingonthespeci�csof thetransactionsemantics,

a log mayservetwo purposes.Transactionaloperationsmayberedirectedto thelog

andappliedto the sharedspaceuponcommit of the transaction.Alternatively, if

transactionalupdatesareperformedin-place,informationrecordedin the log may

beusedto revert their effectsuponabortof thetransaction.

� Dependency tracking– amechanismusedto detectviolationsof atomicityandiso-

lation. Multiple transactionsexecutingconcurrentlymayaccessthesamedataitems

in the sharedspace,creatingdependenciesamongdataaccessoperations.Depen-

dency trackingis responsiblefor detectionof all dependenciesthatleadto violations

of transactionalproperties.All transactionsviolating thesepropertiesareaborted.

� Revocation– a mechanismsupportingthe abortoperation.Conceptually, revoca-

tion consistsof two parts:�rst, all theeffectsof transactionalexecution(bothwith
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respectto sharedand local state)must be revertedand, second,control must be

returnedto thestartingpointof theabortedtransaction(to enablere-execution).

Detaileddescriptionsof thesemechanismaregivenbelow.

2.2 Logging

Traditionally [24], in thecontext of (persistent)databasesystems,loggingis usedfor

transactionrecovery. A log is anentity logically1 separatefrom theactualpersistentstore

and containsall the information necessaryto bring the persistentstoreto a consistent

statein caseof unexpectedevents. Theseincludesystemfailuresor explicit (triggered

by the user)as well as implicit (e.g., initiated to resolve deadlock)transactionaborts.

It is assumedthat the effects of updatesperformedby transactionsdo not have to be

immediatelypropagatedto the persistentstore,whetherfor performancereasonsor to

satisfyrequirementsof a particulartransactionmodel.It is suf�cient thatthelog contains

all the informationabouttheupdatesnecessaryto enforcethe transactional(e.g., ACID)

propertiesandpossessestheability to survivesystemfailures.

In caseof failures,effectsof operationsperformedby committedtransactionsshould

notbelost, in orderto satisfythedurabilityproperty. At thesametimepartialeffectspro-

ducedby transactionsthathavenotyet committedshouldnot becomepermanentbecause

of theatomicityrequirement.Informationaboutthetransactionalupdatesrecordedin the

log canthusbeusedto undotheeffectsof uncommittedtransactionsandredooperations

of the committedones. Similarly, effectsof a transactionbeingabortedcanbe undone

usinginformationfrom thelog.

Two major groupsof logging protocolsexist: physicallogging and logical logging.

Physicallogging is typically realizedby recordingboth a before image andafter image

of a dataelementtakenbeforeandafterperforminganupdate,respectively. This greatly

simpli�es implementationof undoandredooperations– the only action requiredis to

retrieve the value from the log andapply it to the appropriatedataelement. However,

1Thelog mayitself residein persistentstorage,if not in theapplicationstore.
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sincedatabaseupdaterequeststendto bedeclarative andmayconcerna largenumberof

dataelements,physicalloggingmay incur signi�cant memoryoverheadwhenrecording

all therequestedupdates.For example,a requestto updatea largetableby incrementing

the value of eachelementstoredin the table would most likely incur generationof a

largenumberof log records.Whenlogical loggingis used,thesamerequestcanbevery

succinctlyrepresentedin the log by recordingthe requestitself and the accompanying

parameters.Therefore,logical loggingis consideredto bea bettersolutionfor loggingof

updatesin traditionaldatabasesystems[24].

2.2.1 Volatility

The applicationof transactionsto a programminglanguagecontext changesthe way

loggingis used.Thenotionof persistentstoreis nolongerpresent.Theupdatesperformed

by transactionsarere�ectedonly in thevolatile store(i.e., in thesharedheap)andissues

relatedtomaintainingpersistentstatebecomeirrelevant.Thus,thelog itself canbevolatile

which greatlysimpli�es log managementbecausethereis no needfor the log to survive

a systemfailure. Even thoughfailure recovery is no longerpresent,logging muststill

supportredo or undo operations,dependingon the transactionmodel. If a transaction

directly updatesdatain the sharedstore,the log is usedto undo the effectsof aborted

transactions.Otherwise,the log is usedto redo updatesof committing transactionsto

propagatetheir effectsto thesharedstore.

Logical logginglosesits advantageoverphysicalloggingin aprogramminglanguage

context, sincesharedheapoperationsonly accessonememoryword at a time. We there-

fore chooseto usephysicallogging,which in this context seemsto be the simplestand

theleastexpensivesolution.Two methodsof realizingphysicalloggingcanbeidenti�ed:

oneusingasequentiallog to recordall updatesto shareddataperformedwithin a transac-

tion, andtheotherusingper-transactioncopies(so-calledshadowcopies) of shareddata

elementsto recordupdatesto theseelements.A sequentiallog recordstheeffectsof trans-

actionaloperationsin the orderthey occur. Whenshadow copiesareused,information
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aboutall updatesto agivenelementperformedby a transactionis representedby asingle

shadow copy.

In its purestform (describedin Section1.2.3),an optimistic transactiondoesnot di-

rectly updateshareddataelements.This avoidsprematureexposureof updatesin caseof

anabort.As a result,afterperformingawrite, everysubsequentreadof thesameelement

mustconsultthe log for the mostup-to-datevalue. If sequentiallogging is used,a read

operationmight involve scanningof thesequentiallog, potentiallyto its very beginning.

Consideringthe pervasivenessof readsin modernprogramminglanguages,this could

incur considerablerun-timeoverhead.We believe thatshadow copying is a preferredso-

lution in this case.However, if prematureexposureof updatesis prevented(e.g., by some

separatemechanism)anda transactionis allowed to operatedirectly on theshareddata,

no scanningof thelog is requiredwhile thetransactionis running.Usingasequentiallog

might bea bettersolutionin this situation.We usesequentiallogsin our implementation

of revocablemonitorsdescribedin Chapter4, wheremutualexclusionis usedto prevent

prematureexposureof updates.

Shadow copying is essentiallya form of shareddataversioning. Multiple versionsof

thesamedataelement,createdby differenttransactions,mayexist at thesametime. We

useversioningto implementlogging in thecaseof safefutures(describedin Chapter5)

andtransactionalmonitors(describedin Chapter6). For thefollowing discussionconcern-

ing theversioningmechanismweassumethattransactionsoperateonversions(insteadof

operatingdirectlyon theshareddata)andpropagateupdatesto thesharedheapat thetime

of commit.

2.2.2 Versioning

A transactionneedsto beableto accessversionsit hascreated.Oneobviousapproach

is to keepversionscreatedby a given transactionin somedatastructuremaintained“on

theside” andaccessibleby this transaction.Sincetheassociationbetweena versionand

theoriginaldataelementmustbemaintained,ahash-tableseemsto beanaturalchoicefor
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suchastructure.However, thecostof performingahash-tableoperationatall transactional

readsandwrites would be overwhelming(especiallyconsideringthe unpredictabilityof

operationsconcerninghash-tablemaintenance,suchasresizing,re-hashing,etc.). Also,

thesizeof thehash-table(andthus,whenconsideringchainingin thehash-table,thetime

to accessaversion)becomesdirectlyproportionalto thenumberof dataelementsaccessed

by a transaction.It wouldseemthatin thecaseof optimistictransactionsaschemewhere

timeto accessaversionis proportionalto theamountof datasharingbetweentransactions

wouldbemoredesirable.Thereforewechooseto keepversionsonlistsdirectlyassociated

with shareddataelements.Accessingaversioninvolvessearchingalist, whichis expected

to beshortwhentheamountof datasharingamongdifferenttransactionsis small(which

is oneof theassumptionsmotivatinguseof optimistictransactions).

At the time of commit, a transactionmust be able to propagateinformation about

updatesfrom theversionsit createdto thedataelementsin thesharedheap.Application

of updatesmaybedoneeagerly andsimply involvecopying thenew valuesfrom aversion

to theoriginaldataelement.This,however, meansthatcopying for everyupdatedelement

of shareddatais performedtwice, oncewhenthe versionis created,anda secondtime

whenupdatesarepropagatedto the sharedstore. Additionally, if an elementof shared

datamodi�ed within thescopeof a transactionis never accessedagain,eagerapplication

of updatesbecomesa sourceof unnecessaryoverhead. We adopta different solution

andpropagateupdateslazily. The associationbetweenthe original dataelementandits

versionis maintainedbeyondthepointof transactioncommit.At thetime of thecommit,

theversioncreatedby thecommittingtransactionis designatedastheonecontainingmost

up-to-datevaluesandusedfor all subsequentaccesses.Asaresult,all subsequentaccesses

(includingthenon-transactionalones)mustberedirectedto accessthis version.

2.3 Dependency Tracking

In general,unlessanexternalmechanism(e.g., mutualexclusionin theimplementation

of revocablemonitorsdescribedin Chapter4) guaranteesotherwise,the operationsof
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multipleconcurrenttransactionscanbearbitrarilyinterleaved.However, in ordertosatisfy

the isolationrequirement,the �nal effectsof concurrentexecutionmustbe serializable,

Someform of a datadependency tracking mechanismis thereforerequiredto validate

serializabilityof transactionaloperations.

One of the importanttrade-offs that shouldbe consideredwhen choosingthe most

appropriatedependency trackingmechanismis thatbetweenprecisionandincurredrun-

time overheads.Conservative (imprecise)solutionsare typically lessexpensive at run-

timebut mayleadto detectionof spurious(non-existing)dependencies,whichmight lead

toanincreasednumberof serializabilityviolationsbeingdetected.Precisesolutionsdetect

serializabilityviolationsonly in situationswhenthey really occur, but their run-timecost

maybeprohibitive.

Precisesolutionstypically rely on theability to recordinformationaboutall heaplo-

cationsaccessedby a transaction.In orderto validateif operationsof a transactionare

serializable,all the heaplocationsaccessedby the transactionare inspectedto verify if

they have beenaccessedby otherconcurrentlyexecutingtransactions.The costof the

validationprocedurein this caseis quitesigni�cant – additionalinformationmustbeas-

sociatedwith every heaplocation and,as a result, the numberof shareddataaccesses

performedby thetransactionmaybesigni�cantly increased.In theworstcasethenumber

of accessesis doubledsinceeveryregulartransactionalaccesscanbefollowedby another

accessduringthevalidationphase.

In a systemusingoptimistic transactions,however, it is assumedthat the numberof

concurrentaccessesto a given dataelement(andthusthe numberof dependenciesthat

might lead to serializabilityviolations) is low. Therefore,detectionof spuriousdepen-

denciesby themechanismchosenfor datadependency trackingshouldnot dramatically

increasethe numberof serializability violations detected. We believe that the cost of

performinganunnecessaryrevocation,on therareoccasiona spuriousdependency is de-

tected,is goingto beoutweighedby thelow run-timecostsassociatedwith aconservative

approach.
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We chooseto recorddataaccessesin a �x ed-sizetable. Theconservatismof theap-

proachmanifestsitself in the fact that the sametable entry may representaccessesto

different data items. Only one bit of information is usedto recordaccessto a given

shareddataelement– it is setafter the �rst accessto a given element. The table thus

becomesessentiallya bit-map. We distinguishtwo typesof maps,a readmap(to record

reads)andwrite map (to recordupdates). Non-emptyintersectionof mapscontaining

accessesfrom differenttransactionsindicatesexistenceof dependenciesbetweenopera-

tionsof thesetransactions.Mechanismsrelying on thenotionof readandwrite mapsto

trackdatadependenciesareusedin thecaseof safefutures(describedin Chapter5) and

transactionalmonitors(describedin Chapter6).

2.4 AccessBarriers

Our desireto preserve transparency dictatesthat the exposureof both logging and

dependency trackingmechanismsto the programmershouldbe minimal. Thereforewe

discardsolutionswheretheprogrammeris askedto designatespeci�c elementsof shared

datato beamenablefor transactionalconcurrency controlor is forcedto explicitly distin-

guishtransactionaldataaccessesfrom the non-transactionalones. This would not only

violateour transparency requirement,but alsohindergeneralityof our approach.A pro-

grammerwishing to usetransactionsto mediateshareddataaccesseswithin the system

libraries would have to gain accessto their sourcecodeand modify it, which is often

dif�cult andsometimesevenimpossible.

Instead,wesupportlogginganddatadependency trackingmechanismsthroughtrans-

parently(hiddenfromtheprogrammerandindependentof thetypeof shareddataelement)

augmentedversionsof all shareddataaccessoperations.Theseaccessbarriers(or simply

barriers)originatein theareaof automaticmemorymanagement,that is garbagecollec-

tion [32]. In this context, the barriersareusedto monitor operationsperformedby the

application(calledamutator) to accessdataitemsresidingin asharedheap.Two typesof

barriersexist: readbarriers encapsulatingactionsto beexecutedwhenthemutatorreads
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a referencefrom theheapandwrite barriersencapsulatingactionsto beexecutedwhenit

writesareferenceto theheap.Typically, only onetypeof barrieris usedatatime,depend-

ing on thespeci�c garbagecollectionalgorithm.Thebarrierscanbeusedto partitionthe

heapinto regionsthatcanbecollectedseparatelyfor improvedperformanceor to reconcile

actionsof themutatorandthegarbagecollectorin casethey executeconcurrently.

We generalizethe notion of garbagecollection barriersin order to provide support

for transactionalaccessesto the sharedheap. In orderto supportloggingof shareddata

accesses,we usebarriersto augmentall operationson the shareddataitems(including

readsandwrites of primitive values,not not only referenceloadsandstores). In order

to correctly track dependenciesbetweenoperationsaccessingthe heap,both readsand

writes may have to be taken into accountand thusreadandwrite barrierscanbe used

simultaneously.

Barriersareusuallyprovidedascodesnippetsimplementingthe augmenteddataac-

cessoperationsandareinsertedby thecompiler. Insertionof barriersat thesourcecode

level is infeasiblebecausesourcecodemaynot alwaysbeavailable. We assumethatan

optimizing compiler is going to be usedat somestageof the compilationprocessand

advocatefor barrier insertionby the optimizing compiler. This way existing compiler

optimizations,suchasescapeanalysis,maybeusedto reducebarrier-relatedoverheads.

2.5 Revocation

A transactionthathasbeendeterminedto violatethetransactionalpropertiesis abor-

ted.Theeffectsof operationsperformedby thetransactionmustbeundoneandthetrans-

actionmustbere-executed.Thedetailsof therevocationprocedureshouldbekepthidden

from the programmer, becauseof our transparency requirement.Ideally, a programmer

shouldnot even be aware that revocationstake placein the system– the �nal effect of

executinga transactionthatat somepointgetsabortedshouldbeasif this transactionhad

neverstartedexecutingits operationsin the�rst place.
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The procedurefor revoking a transactionconsistsof several steps. If a transaction

operatesdirectly on shareddata,all its updatesmust be undone(by using information

from the log – if a transactiondoesnot modify shareddata,no action is requiredhere)

and the control must be returnedto the point wherethe transactionstartedexecuting.

Additionally, all the local statemodi�ed by thetransaction(e.g., local variables)mustbe

revertedto re�ect thesituationbeforethetransactionbegan.

In the caseof traditionaldatabasesystems,the revocationprocedureis an inherent

part of the databaseengine. A transactionis the smallestunit of concurrentexecution

andfully encapsulatesall the operationswhoseeffectsneedto be undone. As a result,

a mechanismto revoke a transactioncanbe directly embeddedin the databaseengine.

Whentransactionsareusedin a programminglanguage,they aretypically superimposed

over language-speci�cconcurrency mechanisms(suchasthreads),whichmaycomplicate

therevocationprocedure.

Oneof the challengeswe have to facewhenreconcilingtransactionswith threadsis

transactionre-execution.If atransactioncanbeeasilyencapsulatedinto anexecutableunit

(e.g., function,methodor procedure),returningcontrolto thepoint wherethetransaction

startedexecutingis trivial. Therevocationproceduremaysimply re-executetheunit after

invoking a routineresponsiblefor restorationof both the local stateandthesharedstate

(if necessary).In general,however, this level of encapsulationmaynot be available– a

transactionmaysimply bedesignatedasa sequenceof operationsperformedby a thread

(whichmaynotevenbelexically scoped).In thiscase,amorecomplicatedmechanismto

supportrevocationis required.

Fortunately, in mostmodernlanguagestherealreadyexistsa mechanismto allow ad-

hocmodi�cationsto thecontrol-�ow duringtheexecutionof aprogram– exceptions. We

takeadvantageof theexistenceof thismechanism.Wewraptheblockof coderepresenting

a transactionwithin an exceptionscopethat catchesa specialRevokeexception. Revo-

cationis triggeredinternally(at thelevel of thelanguage's run-timesystem)by throwing

theRevokeexception.Theexceptionhandlercatchingthis exceptionis thenresponsible

for restoringthe local state(andsharedstateif necessary)and returningcontrol to the
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beginningof theblockof coderepresentingthetransaction.Thelocalstatefrom thepoint

beforethetransactionbeginsis recordedin adatastructureassociatedwith thetransaction.

A routineresponsiblefor recordinglocal stateandtheexceptionhandlermaybeinserted

atany pointduringprogramcompilation,but below thelevelof sourcecodebecauseof our

designrequirementfor generality. Additionally, we mustmake surethatduring thehan-

dling of theRevokeexception,nodefaulthandlersareexecuted.If thiswasnotprevented,

thetransparency of there-executionmechanismcouldbecompromised.This styleof re-

executionprocedureis usedfor revocablemonitors(describedin Chapter4), safefutures

(describedin Chapter5) andtransactionalmonitors(describedin Chapter6).

Another dif�culty in supportingrevocationsin a programminglanguageis that the

effectsof someoperationsexecutedby atransaction,suchasI/O, cannotbeundone.Also,

thebehavior of somelanguage-speci�cmechanisms,suchasthreadnoti�cation, maybe

affectedby revocations.Thesituationis additionallycomplicatedby our requirementto

keeprevocationshiddenfrom theprogrammer. For example,multiplere-executionscould

causemultiple unintendedthreadnoti�cations. We deferdiscussionof how theseissues

arehandledto thesubsequentchapterssincethechoiceof speci�c techniquesis dependent

on thefunctionalityprovidedby thesystem.

2.6 Transactionsin Java

Werealizeoursupportfor optimistictransactionsin thecontext of Java,currentlyone

of themostpopularmainstreamprogramminglanguages.Wedonot,however, seeany ma-

jor obstaclespreventingapplicationof the techniqueswe describeto otherprogramming

languages,suchasC#. The choiceof Java wasdriven mainly by its popularityandby

theavailability of a high-qualityimplementationplatform,namelyIBM' s JikesResearch

Virtual Machine(RVM) [4]. TheJikesRVM is astate-of-the-artJavavirtual machinewith

performancecomparableto many productionvirtual machines.It is itself written almost

entirelyin Javaandis self-hosted(i.e., it doesnot requireanothervirtual machineto run).

Javabytecodesin theJikesRVM arecompileddirectly to machinecode.TheJikesRVM' s
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distribution includesbotha “baseline”andoptimizingcompiler. The“baseline”compiler

performsa straightforward expansionof eachindividual bytecodeinto a corresponding

sequenceof assemblyinstructions.Our implementationstargettheIntel x86 architecture.
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3 RELATED WORK

Dif�culties in usingmutualexclusionasa concurrency controlmechanismhave inspired

several researchefforts aimedat exploring theapplicabilityof transactionsasa synchro-

nizationmechanismfor programminglanguages.Thepurposeof thischapteris to putour

own effort of developingtransactions-basedtechniquesfor managingJavaconcurrency in

the context of othersimilar attempts.We describea rangeof solutionscenteredaround

theconceptof software transactionalmemory(STM) – anabstractlayerproviding access

to transactionalprimitives(suchasstartingandcommittingtransactionsandperforming

transactionaldataaccess)from the programminglanguagelevel. Broadly speaking,our

own solutionsfall into thesamecategory. Ourpresentationcoverssolutionsrangingfrom

thevery�rst implementationsof STM to morerecentsophisticatedhigh-performancesys-

tems.

Shavit and Touitou [53] describethe �rst implementationof software transactional

memoryfor multiprocessormachines– onetransactionperprocessorcanbeexecutedat

a time. Their approachsupportsstatic transactions, that is transactionsthataccessa pre-

speci�ed (at the start of a transaction)set of locations. They implementan STM of a

�x ed size(i.e., a �x ed numberof memorylocations)usingtwo main datastructures:a

vectorof cellscontainingvaluesstoredin thetransactionalmemoryanda vectordescrib-

ing theownershipof transactionalmemorycells.Additionally, everyprocessormaintains

a transactionrecord usedto storeinformationaboutits currentlyexecutingtransaction,

suchasthesetof all thecells its transactionis goingto access.Theexecutionof a trans-

actionconsistsof threesteps.First, a transactionattemptsto acquireownershipof all the

cells speci�ed in the transactionrecord. Then,if ownershipacquisitionis successful,it

computesthenew values,storestheold valuesinto thetransactionrecord(to bereturned

uponsuccessfulcommit)andupdatestheappropriatecellswith thenew values.Finally,
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it releasesownershipof thecellsandcommits.Inability to acquireownershipof thecells

speci�edin thetransactionrecordresultsin anabort.

Becauseof the requirementto acquireownershipof all the cells a transactionneeds

to access,transactionsin Shavit andTouitou'ssystemcanbeconsideredpessimistic.The

needto revoke the abortedtransactionsdoesnot exist heresinceno transactionalopera-

tionsareperformedbeforeownershipof all therequiredcellsis acquired.In otherwords,

if transactionaloperationsareallowedto proceed,they will alwayscompletesuccessfully.

Shavit andTouitoupresentaperformanceevaluationof their systembasedon simulation.

Theirconclusionis thatconcurrentlock-freedatastructuresimplementedusingtheirSTM

would performbetterthanthesamedatastructuresimplementedthroughmanualconver-

sionfrom their sequentialcounterparts.

A moregeneralversionof softwaretransactionalmemory, dynamicSTM, wasdevel-

opedby Herlihy et al. [30]. They built animplementationsupportingbothJava andC++.

In their system,therequirementto pre-specifythe locationsthatareaccessedby a trans-

actionis lifted. Their programmingmodelis basedon thenotionof explicit transactional

objects.Transactionalobjectsarewrappersfor regularJava or C++ objectsandonly ac-

cessesto transactionalobjectsarecontrolledby thetransactionalmachinery. Theirsystem

usesa versionof pessimistictransactionswith explicit locking – beforea transactional

objectcanbeaccessedwithin a transaction,it mustbe lockedin theappropriate(reador

write) mode.A lockingoperationonthetransactionalobjectreturnsaversion(i.e., acopy)

of theencapsulatedregularJavaor C++object,whichis usedby thetransactionfor all sub-

sequentaccesses.Every locking operationinvolvesexecutionof thevalidationprocedure

to verify thatno othertransactionlockedthesameobjectin acon�icting mode(a con�ict

is understoodin thesamewayasin thedescriptionof the2PLprotocolin Section1.2.2).If

anothertransactionholdsalock in thecon�icting mode,user-de�nedcontentionmanagers

areusedto determinewhich of the two con�icting transactionsshouldbeaborted.As a

result,a transactionmaybeabortedat anarbitrarypoint (abortsaresignaledby throwing

a run-timeexception). Objectversionscreatedby an abortingtransactionareautomati-

cally discarded,but it is theprogrammer'sresponsibilityto decidewhetherthetransaction



25

shouldbe re-executed,andto implementthis operationexplicitly if needed.To validate

the usefulnessof their approach,Herlihy et al. implementseveral transactionalversions

of an integer set,varying the type of underlyingdatastructureandexperimentingwith

differentcontentionmanagers.They demonstratethattheir transactionalimplementations

outperformanimplementationof anintegersetthatusescoarse-grainedmutualexclusion

locksfor synchronization.

An evenmoregeneralproposalfor thedesignandimplementationof anSTM hasbeen

recently1 proposedby HarrisandFraser[27]. Their approachdoesnot requireobjectsto

bespeciallydesignatedto enabletransactionalaccess.Their solutionis setin thecontext

of Java. They useSTM supportto provide programmerswith a new languageconstruct,

calledatomic . The atomic keyword is usedto designatea groupof threadoperations

(in the form of a codeblock or a method)thataresupposedto executein isolationfrom

operationsof all other threads.The STM is responsiblefor dynamicallyenforcingthat

theexecutionof anatomicblock or anatomicmethodindeedsatis�esthis property. The

executionof general-purposenative methods(e.g., supportingI/O) aswell asJava's wait

andnotify operationsis forbiddenwithin atomicmethodsandblocks.Suchsituationsare

detectedat run-timeandsignaledto theprogrammerby throwing anexception.

HarrisandFraser's approachusesoptimistictransactions.Severaldatastructuressup-

port transactionalaccesses.Transactiondescriptorsmaintaininformationaboutcurrently

executingtransactions,suchastransactionstatusanda list of heapaccessesperformedby

this transaction.A transactionalheapaccessis recoredin theform of a transactionentry,

andcontainstheold andthenew valuefor thegivenlocation(updatesarepropagatedto

mainmemoryonly uponcommit)aswell asversionnumbersfor thosevalues(every time

a new value is assignedto a location, the versionnumbergetsincremented).An own-

ership functionmapsheaplocationsto appropriateownership records. Eachownership

recordholdstheversionnumberor transactiondescriptorfor its location(describingthe

ownershiprecord's currentowner).A versionnumberindicatesthatsometransactionhas

just committedandpropagatedits updateto theheap;a transactiondescriptorindicatesa

1The �rst versionof their STM was (independently)developedat aboutthe sametime as our own �rst
prototypeimplementationof thesystemsupportingoptimistictransactions.
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transactionthat is still in progress.Ownershiprecordsrecordthehistoryof transactional

accessesandareusedduring commit to validatetransactionalpropertiesandpropagate

updatesto the heap. At commit time, all the requiredownershiprecordsare acquired

(locked), versionnumbersareusedto verify the correctnessof heapaccesses(with re-

spectto transactionalproperties),updatesperformedby thetransactionarepropagatedto

theheapandtheownershiprecordsarereleased(unlocked). If acquisitionof ownership

recordsfails (i.e., oneof theownershiprecordsis alreadyheldby a differenttransaction)

or if transactionalpropertieshave beenviolated,the transactionis aborted.Becausean

abortcanonly happenupontransactioncompletion,the revocationprocedureis simple.

Bytecoderewriting is usedto encapsulateeverygroupof atomicactionsinto amethodthat

cansimplybere-executedafterall theinformationaboutupdatesperformedby theabort-

ing transactionis discarded.Harris andFraserevaluatethe performanceof their system

usingseveralmicrobenchmarks,demonstratingthescalabilityof their STM implementa-

tion. Theoverall performanceof themicrobenchmarksimplementedusingtheir STM is

competitivewith thatof thesamemicrobenchmarksimplementedusingmutualexclusion.

An implementationof STM canbefurtherre�ned usingrevocablelocks, a lower-level

optimisticconcurrency mechanismintroducedby HarrisandFraser[28]. Revocablelocks

area general-purposemechanismfor building non-blockingalgorithms.They have been

designedto provide a middle-groundbetweenusingmutualexclusionandattemptingto

build non-blockingalgorithmswithoutany formsof lock (e.g., usingonlyatomiccompare-

and-swap operations). A revocablelock is associatedwith a single heaplocation and

providesoperationsto accessthat locationaswell asoperationsto lock andunlock the

location.A revocablelock canbeheldby only onethreadatany giventime. However, any

threadattemptingto acquiresomelock alreadyheldby anotherthreadalwayssucceeds–

theholder'sownershipof thelock is revokedandits executionis displacedto therecovery

functionsuppliedwith its own lock acquisitionoperation.In otherwords,afteracquisition

thelock is helduntil it is explicitly releasedby theholderor until its ownershipis revoked

by anotherthread.
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Revocablelockshave beenused,asoneof thecasestudies,to streamlinethecommit

operationin HarrisandFraser'sSTM describedabove. A committingtransactionacquires

a revocablelock on its transactiondescriptor. If a committingtransactiontries to usean

ownershiprecordalreadyusedby adifferent(committing)transaction,it revokesthelock

of thecurrentownershiprecord's userandattemptsto completetheremainingoperations

of thecurrentuser's commitprocedure(andthenre-try its own commit).This guarantees

that only one threadat a time performsthe operationsof any given commit procedure

– transactiondescriptorsare thenin effect usedto representpiecesof computationthat

differentthreadsmaywish to perform. As a result,a committingtransactionattempting

to usean ownershiprecordalreadyusedby a different transactiondoesnot needto be

immediatelyaborted.

Harrisetal. [29] exploretheexpressivenessandcomposabilityof softwaretransactions

in a port of HarrisandFraser's STM to ConcurrentHaskell [33]. ConcurrentHaskell is

a functional2 programminglanguagewhich, comparedto Java, opensnew possibilities

anddifferent trade-offs for higher-level designdecision. However, the implementation

of the lower-level STM primitivesfor ConcurrentHaskell is in principlesimilar to their

implementationfor Java– bothsystemsuseasimilar �a vor of optimistictransactions.

Thebasicconcurrency controlconstructprovidedto ConcurrentHaskell programmers

is similar to theoneavailablein theJava-basedsystem– theatomicblock. However, two

additionalconstructshave beenaddedto improve the expressivenessandcomposability

of the transactions-basedconcurrency controlmachinery. The �rst oneis a retry func-

tion, usedwithin anatomicblock to provide a way for the threadexecutingtheblock to

wait for eventscausedby otherthreads.This functionis meantto beusedin conjunction

with a conditionalcheckof thevalueof sometransactionalvariable. If the transactional

variablehastheexpectedvalue,thethreadis allowedto proceed,otherwiseits transaction

is abortedandre-executed.The re-execution,however, doesnot start(i.e., the threadis

blocked)until at leastonetransactionalvariablepreviously usedby thethreadgetsmod-

i�ed. Otherwisetherewould be no chancefor the conditionalcheckto yield a different

2Someoperationsmay, however, produceside-effects.



28

result.Thesecondconstructis aorElse functionwhoserole is similar to theselectfunc-

tion usedin operatingsystems.TheorElse functiontakestwo transactionsasarguments.

Thefunctionstartswith anattemptto executethe�rst transaction.If the �rst transaction

is retriedthenit is abortedandtheorElse functionattemptsto executethesecondtrans-

action.If thesecondtransactionis alsoretriedthenit is abortedaswell andtheexecution

of thewholeorElse function is retried. There-executionis postponeduntil at leastone

of the transactionalvariablesusedby eitherof the transactionspassedasargumentsis

modi�ed.

TheSTM implementationfor ConcurrentHaskell reliesonthenotionof explicit trans-

actionalvariables.In otherwords,transactionalguaranteesareenforcedonly with respect

to variablesof a special(transactional)type. As a result,it canbestaticallyenforcedthat

transactionalvariablesaremanipulatedonly within atomicblocks. Another interesting

featureof ConcurrentHaskell's type systemis that I/O operationscanbe distinguished

from regularoperationsbasedon thestatictypesof valuesthey manipulate.This allows

theimplementationof STM to guaranteestaticallythatnoI/O operationsareeverexecuted

within atomicblocks. A detailedperformanceevaluationof theSTM implementationis

currentlynot available,sinceConcurrentHaskell is implementedonly for uni-processors,

but thepreliminaryresultsseemto beencouraging.

The most recent,high-performanceimplementationof STM hasbeenproposedby

Sahaet al. [51]. Their focusis on explorationof differentimplementationtrade-offs with

respectto theireffectonSTM'sperformance.Theirsystemprovidesbothgeneral-purpose

transactionalmemoryprimitives(startingandcommittingtransactions,transactionaldata

accesses,etc.) and a transactionalimplementationof the multi-word atomic compare-

and-swap operation.Their implementationis built on top of an experimentalmulticore

run-time system(designedfor future multicore architectures)supportingdifferent pro-

gramminglanguages,suchasJavaor C++.

Sahaet al. usepessimistictransactionswith a sequentiallog to recordtransactional

updates.Their systemsupportstwo differentlevelsof locking granularity:locking at the

objectlevel andlocking at thelevel of cachelines,whichat thesametimedeterminesthe
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level at which con�icting dataaccessesaredetected.Locking at theobjectlevel is used

only for small objectsandlocking at the level of cachelines in all othercases.Sahaet

al. experimentwith two differenttypesof locking protocols.The �rst oneis essentially

equivalentto the2PL protocoldescribedin Section1.2.2,wheredataitemsarelockedin

eitherreador write modebeforebeingaccessed.The secondprotocol locks dataitems

only beforeperformingwrites. Thevalidity of readsis veri�ed at committime usingver-

sionnumberssimilarly to thetechniqueusedin HarrisandFraser'sSTM describedabove.

They experimentallydeterminethattheperformanceof thesecondprotocolis signi�cantly

betterthanthatof the�rst one.Both locking protocolscanleadto deadlockwhich is de-

tectedusing time-outs. They alsoexplore two waysof handlingtransactionalupdates.

The�rst onebuffersupdatesin a log andappliesthemto thesharedheapat committime.

Thesecondoneperformsupdatesin-place– informationin thelog is usedto undotheup-

datesin thecaseof abort. In their systemthesecondapproachyieldsbetterperformance

which is the direct resultof usingthe sequentiallog to buffer updates.A transactional

readfollowing anupdateto thesamelocationperformedwithin thesametransactionmust

observe the effect of the update,andthe operationof retrieving this valuefrom the se-

quentiallog is expensive.Theoverallperformanceof their system,asdemonstratedusing

a setof microbenchmarksaswell asa modi�ed versionof thereal-life sendmailapplica-

tion, is comparableto or betterthanwhenmutualexclusionis usedasa synchronization

mechanism.

Dayn�esandCzajkowski [15] proposeto usetransactionsin aslightly differentcontext,

that is asprotectiondomainsfor applicationsrunningwithin thesameaddressspace.In

their approach,every programexecutesasa transactionandevery objectis ownedby a

singletransaction,which is responsiblefor authorizingaccessto this object. Responsi-

bilities of transactionsin their system,in additionto managingconcurrency, includefault

containment(incorrectbehavior of oneapplicationshouldnot affect the behavior of the

others)andmemoryaccesscontrol(accessto certainregionsof memoryby anun-trusted

applicationmayberestricted).Theuseof transactionsalsofacilitatessafeterminationof
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applications– sinceeveryprogramexecutesasatransaction,its executionmaybeaborted

atanarbitrarypointandall its effectscanbesafelyundone.

Their implementation,extendingthe Java HotSpotvirtual machineversion1.3.1, is

basedon a pessimistictransactionmodel(describedin Section1.2.2)– itemsof shared

statemustbe locked beforethey canbe accessed.Transactionsoperatedirectly on the

sharedmemoryanda physicallog associatedwith eachtransactionis usedfor theundo

operation(uponabortof thetransaction).Thenovelty of theirapproachis relatedto shar-

ing of the lock state.Traditionally, thereexists a one-to-onemappingbetweena locked

resource(in this case– an objector an array in the main memory)anda datastructure

representingthestate(mode)of a lock protectingthis resource.Lock statesharing,imple-

mentedby by Dayn�esandCzajkowski, is inspiredby anobservationthatthetotalnumber

of distinct lock valuesin thesystemis typically smallwith respectto thenumberof the

locked resources,that is many objectsmay be locked by two (or more) transactionsin

thesamemodeat thesametime. A datastructurerepresentingthe lock stateconsistsof

two bit-maps,onefor read(shared)locksandonefor write (exclusive) locks. This data

structureis pointedto by anobject'sor array'sheader. Everyslot in abitmaprepresentsa

currentlyactivetransaction– if it is set,it indicatesthatagiventransactionholdsalock on

a givenobjector arrayin themodespeci�edby thetypeof thebit-map. This way of im-

plementingdatastructuresrepresentingthelock statenot only bringssigni�cant memory

savings,but alsoenablesef�cient implementationof lock manager's operations,suchas

lock ownershiptests.Theoverheadsrelatedto usingtransactionsasprotectionsdomains

reportedby Dayn�esandCzajkowski areon theorderof 25%.
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4 REVOCABLE MONITORS

Dif�culties arisingin theuseof mutualexclusionsynchronizationin languageslike Java,

suchaspriority inversion, havebeendiscussedin Section1.1.SinceJavasupportspriority

schedulingof threads,priority inversionmayoccurwhena low-priority threadTl holdsa

monitor requiredby somehigh-priority threadTh, forcing Th to wait until Tl releasesthe

monitor. An exampleof a situationwhenpriority inversioncanoccur is illustratedby

thefragmentof a Java programin Figure4.1. ThreadTl maybethe�rst to entera given

synchronizedblock(acquiringmonitormon) andblockthreadTh whileexecutingsome(ar-

bitrary)sequenceof codein methodbar() . Thesituationgetsevenworsewhenamedium

priority threadTm preemptsthreadTl alreadyexecutingwithin thesynchronizedblock to

executeits own methodfoo() (Figure4.1). In general,the numberof mediumprior-

ity threadsmay be unbounded,makingthe time Tl remainspreempted(andTh blocked)

unboundedaswell, thusresultingin unboundedpriority inversion. Suchsituationscan

causehavoc in applicationswherehigh-priority threadsdemandsomelevel of guaranteed

throughput.

Anotherproblemrelatedto usingmutualexclusion,deadlock, hasalreadybeenmen-

tionedin oneof the previous chapters.Deadlockresultswhentwo or morethreadsare

Tl Th Tm

synchronized(mon) {
o1.f++;
o2.f++;
bar();

}

foo();

Figure4.1. Priority inversion
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T T0

synchronized(mon1) {
o1.f++;
synchronized(mon2) {

bar();
}

}

synchronized(mon2) {
o2.f++;
synchronized(mon1) {

foo();
}

}

Figure4.2.Deadlock

unableto proceedbecauseeachis waiting to acquirea monitor held by another. Such

a situationis easilyconstructedfor two threads,T andT0, as illustratedin Figure4.2.

ThreadT acquiresmonitormon1while T0acquiresmonitormon2, thenT triesto acquire

mon2while T0 tries to acquiremon1, resultingin deadlock. Deadlocksmay also result

from afarmorecomplex interactionamongmultiple threadsandmaystayundetectedun-

til andbeyond applicationdeployment. The ability to resolve deadlocksdynamicallyis

muchmoreattractive thanpermanentlystallingsomesubsetof concurrentthreads.

For real-world concurrentprogramswith complex moduleanddependency structures,

it is dif�cult to performan exhaustive explorationof the spaceof possibleinterleavings

to determinestaticallywhendeadlocksor priority inversionmayarise.Whenstatictech-

niquesareinfeasible,dynamictechniquescanbeusedbothto identify theseproblemsand

to remedythemwhenever possible.Solutionsto theunboundedpriority inversionprob-

lem,suchasthepriority ceilingandpriority inversionprotocols[52] areexamplesof such

dynamicsolutions.

Thepriority ceilingtechniqueraisesthepriority of any threadtrying to acquireamoni-

tor to thehighestpriority of any threadthateverusesthatmonitor(i.e., its priority ceiling).

Thisrequirestheprogrammerto supplythepriority ceilingfor eachmonitorusedthrough-

out theexecutionof aprogram.In contrast,priority inheritancewill raisethepriority of a

threadonly whenholdinga monitorcausesit to block a higherpriority thread.Whenthis

happens,thelow priority threadinheritsthepriority of thehigherpriority threadit is block-
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ing. Bothof thesesolutionspreventamediumpriority threadfrom blockingtheexecution

of the low priority thread(andthusalsothe high priority thread)inde�nitely. However,

evenin theabsenceof a mediumpriority thread,thehigh priority threadis forcedto wait

until the low priority threadreleasesits monitor. In theexamplepresentedin Figure4.1,

sincethetime to executemethodbar() is potentiallyunbounded,high priority threadTh

maystill bedelayedinde�nitely until low priority threadTl �nishes executingbar() and

releasesthe monitor. Neitherpriority ceiling nor priority inheritanceoffer a solutionto

this problem.We arealsonot awareof any existing solutionsthatwould enabledynamic

resolutionof deadlocks.

We useoptimistic transactionsasa foundationfor a moregeneralsolutionto resolv-

ing priority inversionand deadlockproblemsdynamically (and automatically, without

changesto thelanguagesemantics): revocablemonitors. We retainthetraditionalmodel

of managingconcurrency control in Java, that is mutually exclusive monitors,andaug-

mentit with additionalmechanismsoriginatingin therealmof optimistictransactions.

4.1 Design

Oneof the main principlesunderlyingthe designof revocablemonitorsis complete

transparency: programmersmustperceiveall programsexecutingin oursystemto behave

exactly the sameason all otherplatformsimplementedaccordingto the Java Language

Speci�cation [23]. In orderto achieve this goal we mustadhereto Java's executionse-

mantics[23,38] andfollow theJavaMemoryModel [43] accessrules.

In both of the scenariosillustratedby Figures4.1 and4.2, onecan identify oneof-

fendingthreadthatis responsiblefor theoccurrenceof priority inversionor deadlock.For

priority inversionthe offendingthreadis the low-priority threadcurrentlyexecutingthe

monitor. For deadlock,it is eitherof thethreadsengagedin deadlock.

In a systemusingrevocablemonitors,every (outermost)synchronizedblock is exe-

cutedasanoptimistic transaction.Whenpriority inversionor deadlockaredetected,the

transactionexecutedby theoffendingthreadgetsabortedandthensubsequentlyre-started.
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Figure4.3.Resolvingpriority inversion

In otherwords,themonitorprotectingthesynchronizedblock andthetransactionassoci-

atedwith themonitorgetrevoked– it appearsasif theoffendingthreadhadneverentered

this sectionof code.

4.1.1 ResolvingPriority InversionandDeadlock

The designof revocablemonitorsdeviatesslightly from the traditionalunderstand-

ing of optimistic transactions,de�ned in termsof thethree-phaseapproach,asdescribed

in Section1.2.3. BecauseJava monitorsaremutually exclusive, they alreadyguarantee

serializabilityduring concurrentexecution. Thus, insteadof beingre-directedto a log,

updatescanbe performed“in-place” (asdescribedin Section2.2 discussingsupportfor

logging) and the validationphasecanbe omitted. Logging however is still requiredto

supporttheprocessof undoingmodi�cationsperformedwithin a region protectedby the

monitorbeingrevoked.
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The processof resolvingpriority inversionusingrevocablemonitorsis illustratedin

Figure 4.3, wherewavy lines representthreadsTl and Th, circles representobjectso1

ando2, updatedobjectsaremarkedgrey, andthebox representsthedynamicscopeof a

commonmonitorguardingasynchronizedblockexecutedby thethreads.Thisscenariois

basedonthecodefromFigure4.1(dataaccessoperationsperformedwithin methodbar()

have beenomittedfor brevity). In Figure4.3(a),low-priority threadTl is aboutto starta

transactionand enter the synchronizedblock protectedby monitor mon, which it does

in Figure4.3(b),modifying objecto1. High-priority threadTh tries to acquirethe same

monitor, but is blockedby Tl (Figure4.3(c)).Here,a priority inheritanceapproachwould

raisethepriority of threadTl to thatof Th, but Th would still have to wait for Tl to release

themonitor. If a priority ceiling protocolwasused,thepriority of Tl would be raisedto

the ceiling uponits entry to the synchronizedblock, but the problemof Th beingforced

to wait for Tl to releasethe monitor would remain. Instead,our approachrevokesTl 's

monitormon: all updatesto o1 areundone,monitormonis released,andTl 'ssynchronized

block is re-executed.ThreadTl mustthenwait while Th startsits own transaction,enters

the synchronizedblock, updatesobjectso1 (Figure 4.3(e))ando2 (Figure 4.3(f)), and

commitsthetransactionafterleaving thesynchronizedblock. At thispoint themonitoris

releasedandTl will re-gainentry to thesynchronizedblock. In theproceduredescribed

above,revocationof Tl 's monitorlogically re-schedulesTl to runafterTh.

Theprocessof resolvingdeadlockis illustratedin Figure4.4. Thewavy lines repre-

sentthreadsT andT0, circles representobjectso1 ando2, updatedobjectsaremarked

grey, andtheboxesrepresentthedynamicscopesof monitorsmon1andmon2. This sce-

nario is basedon the codefrom Figure4.2. In Figure4.4(a)threadT is aboutto enter

the synchronizedblock protectedby monitor mon1. In Figure4.4(b) T acquiresmon1,

startsa transaction,updatesobject o1 and attemptsto acquiremonitor mon2. In Fig-

ure4.4(c)threadT2 is aboutto enterthesynchronizedblock protectedby monitormon2.

In Figure4.4(d)thesamethreadacquiresmon2, startsa transaction,updatesobjecto2 and

attemptsto acquiremonitormon1. At thispointboththreadsaredeadlocked– bothT and

T0 areblocked becauseeachis waiting to acquirea monitor held by the other. In order
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Figure4.4. Resolvingdeadlock

to supportdeadlockdetection,therun-timesystemmayusea dynamicallybuilt wait-for

graph[24] representingthewaiting relationshipsbetweenthreads.Detectionof any cycle

in the wait-for graph(which canbe doneperiodicallyby the run-timesystem)indicates

existenceof deadlock.Alternatively, time-outsmay be usedfor the samepurpose[24].

We assumethat threadT's outermostmonitor is selectedfor revocation:monitormon1is

released,all updatesto o1 areundoneandexecutionof thesynchronizedblock is re-tried.

ThreadT0maythenacquiremonitormon1, proceedto executemethodfoo() (dataaccess

operationsperformedwithin methodfoo() have beenomittedfor brevity), releaseboth

monitormon1andmonitormon2andcommitits transaction(Figure4.4(f)).

Someinstancesof deadlockcannotberesolvedusingrevocablemonitors.If deadlock

is guaranteedto arisedueto theway thesynchronizationprotocolhasbeenprogrammed

(independentlyof scheduling)when using traditional non-revocablemonitors,then the

deadlockalsocannotbe resolvedby revocablemonitors. Considerthecodefragmentin

Figure4.5. Becauseof control-�ow dependencies,all executionsof this programunder

traditionalmutualexclusionwill eventuallyleadto deadlock.Whenexecutingthis pro-

gramusingrevocablemonitors,the run-timesystemwill attemptto resolve deadlockby
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T T0

synchronized(mon1) {
while (!o1.f) {

synchronized(mon2) {
bar();

}
}
o2.f = true;

}

synchronized(mon2) {
while (!o2.f) {

synchronized(mon1) {
foo();

}
}
o1.f = true;

}

Figure4.5.Schedule-independentdeadlock

revoking oneof thethreads'outermostmonitors.Let's assumethat threadT's outermost

monitor is selectedfor revocation. In order for threadT0 to make progressit must be

able to observe updatesperformedby threadT which have not yet beenexecuted. As

a result,T0 is unableto proceed– it will maintainownershipof the monitorsit hasal-

readyacquired,which will eventuallyleadto anotherdeadlockonceexecutionof thread

T is resumed.Notehowever, thatwhile revocablemonitorsareunableto assistin resolv-

ing schedule-independentdeadlocks,the �nal observableeffect of the resultinglivelock

(i.e., repeatedattemptsto resolvethedeadlocksituationthroughaborts)is thesameasfor

deadlock– noneof thethreadswill makeprogress.

Theintroductionof revocationsinto thesystemrequiresacarefulconsiderationof their

interactionbetweenwith the Java Memory Model [43]. We elaborateon theseissuesin

thefollowing sections.

4.1.2 TheJavaMemoryModel (JMM)

TheJMM [43] de�nes a happens-before relation(written hb! ) amongtheactionsper-

formed by threadsin a given executionof a program. For single-threadedexecution

the happens-beforerelation is de�ned by programorder. For multi-threadedexecution

a happens-beforerelationis inducedbetweena releaseanda subsequentacquireopera-
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acq
wt
rel

acq(outer)
(inner)

(inner)
(v)

acq(inner)

rel (inner)
rd (v)

T0

ABORT

T

Figure4.6.Revocationinconsistentwith theJMM dueto monitornesting

tion on a given monitor mon. The happens-beforerelation is transitive: OP
hb! OP0 and

OP0 hb! OP00imply OP
hb! OP00. The JMM shareddatavisibility rule is de�ned usingthe

happens-beforerelation:a readrd(v) is allowedto observea write wt(v) to a givenvari-

ablev if rd(v) doesnothappenbeforewt(v) andthereis nointerveningwrite wt0(v) such

that rd(v) hb! wt0(v) hb! wt(v) (we saythata readbecomesread-writedependenton any

write thatit is allowedto see).In otherwords,for everypair of operationsconsistingof a

readandawrite, aprogrammercanrely on thereadto observe thevalueof thewrite only

if the readis read-writedependent.Consideringthesede�nitions we canconcludethat

it is possiblefor partial resultscomputedby somethreadT executingthe synchronized

blockprotectedby monitormonto becomevisible to (andto beusedby) anotherthreadT0

evenbeforethreadT releasesmon. This couldhappenif anoperationexecutedby thread

T beforereleasingmoninduceda happens-beforerelationwith anoperationof threadT0.

However, subsequentrevocationof T's monitor would undothe updateandremove the

happens-beforerelation,makingthe valueseenby T0 appear“out of thin air” andthus

make theexecutionof T0 inconsistentwith theJMM.

An exampleof suchan executionappearsin Figure4.6 (arrows depict the happens-

beforerelation),whereexecutionof threadT's outermostmonitor getsrevoked at some

point. Initially, threadT startsa transaction,acquiresmonitor outer andsubsequently

monitorinner , writesto a sharedvariablev andreleasesmonitorinner . ThenthreadT0

startsits own transaction,acquiresmonitor inner , readsvariablev, commitsthe trans-
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wt

ABORT

acq(mon)
(vol)

T T0

(vol)rd

Figure4.7.Revocationinconsistentwith theJMM dueto volatilevariableaccess

actionandreleasesmonitor inner . The executionis JMM-consistentup to the point of

abort: the readperformedby T0 is allowedbut abortingthe transactionexecutedby T is

goingto violateconsistency with respectto theJMM.

A similar problemoccurswhenvolatile variablesare used. Volatile variableshave

differentaccesssemanticsthen“regular” variables.Accordingto the JMM, thereexists

a happens-beforerelation betweena volatile write and all subsequentvolatile readsof

the same(volatile) variable. For the executionpresentedin Figure4.7 vol is a volatile

variableandarrows depictthehappens-beforerelation. As in the previousexample,the

executionis JMM-consistentup to the abortpoint becausethe readperformedby T0 is

allowed, but the abortwould violate consistency. We now discusspossiblesolutionsto

theseconsistency-preservationproblems.

4.1.3 PreservingJMM-consistency

Several solutionsto the problemof preservingJMM-consistency canbe considered.

Wemight traceread-writedependenciesamongall threadsanduponrevocationof amon-

itor trigger a cascadeof revocationsif read-writedependenciesareviolated. An obvi-

ousdisadvantageof this approachis theneedto considerall operations(including those

performedoutsideof synchronizedblocks)for potentialrevocation. In the executionof

Figure4.7 the volatile readperformedby T0 would have to be undoneeven thoughit is

not guardedby any monitor. In general,theability to undoanarbitrarypartof a thread's

computationcouldresultin theexecutionof theentirethreadto betransactional,which is
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static boolean v=false;

T T0

synchronized(outer) {
synchronized(inner) {

v=true;
}

// ABORT
}

while (true) {
synchronized(inner) {

if (v) break;
}

}

Figure4.8.Reschedulingthreadexecutionin thepresenceof revocations
maynotalwaysbecorrect

likely to incur considerableoverhead.Furthermore,to applythis solution,thefull execu-

tion context of eachthread(i.e., its instructionpointer, registers,threadstacketc.) would

have to beavailablein thetransaction's log in additionto its shareddataoperations.Con-

siderasituationbasedonthesameexample(Figure4.7)wherethreadT0returns(from the

currentmethod)afterreadingvol (andpotentiallyusingit to performadditionalcomputa-

tion) but beforethreadT is askedto revoke its monitormon. Without theability to restore

the full executioncontext of T0, revocationof the effectsof its own operationbecomes

infeasible.

Another possiblesolution is to re-schedulethe executionof threadsin problematic

cases.In the examplesof Figures4.6 and4.7, if threadT0 executesfully beforethread

T, thentheexecutionwill still beJMM-consistent.Revocationof T's outermostmonitor

doesnot violateconsistency sincenoneof theupdatesperformedby T arevisible to T0.

Besidestheobviousquestionaboutthe practicalityof re-schedulingasa solution(some

knowledgeaboutthe future actionsperformedby threadswould be required),therealso

remainstheissueof correctness.While re-schedulingmaybecorrectin somecases,it is

notnecessarilycorrectin others.ConsidertheJavaprogramof Figure4.8.Completionof

threadT0 is dependentuponit seeingtheeffect of T executingthestatementv=true . If

wechooseto rescheduleT0to runbeforeT, knowing thatT'soutermostmonitormightbe
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revoked,thentheexecutionof T0will never complete.Of course,if we make the“right”

choiceto rescheduleT0afterT, thingswill work. Therearehowever, similar caseswhere

reschedulingneverworks.

Thesolutionthatdoesseem�e xible enoughto handleall possibleproblematiccases,

andsimpleenoughto avoid usingcomplex analysesand/ormaintainingsigni�cant addi-

tional meta-data,is to disabletherevocability of monitorswhoserevocationcouldcreate

inconsistencieswith respectto theJMM. As a consequence,not all instancesof priority

inversionor deadlockcanbe resolved. We mark a monitor, andthusa threadexecuting

the synchronizedblock protectedby this monitor, non-revocablewhena read-writede-

pendency is createdbetweena write performedwithin the block1 anda readperformed

by anotherthread.Detectingthepossibility for this is relatively straightforward,without

needingto trackevery read,solong aswe trackmonitoracquire/releasedependencies,as

follows. Whenathreadholdinganoutermonitoracquiressomeinnermonitor, it becomes

associatedwith theinnermonitor. Thisassociationis clearedwhenthethreadreleasesthe

outermonitor, or whenthethreadis madenon-revocable.Any otherthreadarriving at the

monitorwill simplymakenon-revocableany threadassociatedwith thatmonitor, clearing

the association.If thearriving threaditself holdsan outermonitor thenit now becomes

associatedwith themonitor. A monitoris alsomarkednon-revocableif it containsawrite

to a non-volatile variable.We believe this solutiondoesnot severelydetractfrom theef-

fectivenessof our technique.Intuitively, programmersprotectaccessesto thesamesubset

of shareddatausing the samesetof monitors; in suchcases,thereis no needto force

non-revocability of any of the monitors(even if they arenested)sincemutualexclusion

inducedby monitoracquisitionpreventsgenerationof problematicdependenciesamong

thesethreads.

Thereexist otherJava constructsthataffect revocability of monitors.Calling a native

methodwithin a synchronizedblock alsoforcesnon-revocability of themonitorprotect-

ing theblock (andall of themonitorsprotectingtheenclosingsynchronizedblocksif it is

nested),sincetheeffectsof a native methodcannotgenerallybeundone(e.g., printing a

1Thewrite mayadditionallybeprotectedby othermonitorsnestedwithin mon.
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messageto theconsole).Thesameappliesto executionswhereawait methodis invoked

within a nestedmonitor.2 Revocationof themonitorprotectinga wait call would result

in a situationwherethe matchingnotify call (that “woke up” thewaiting thread)“dis-

appears”(i.e., doesnot get deliveredto any thread)which would violate Java execution

semantics.A call to notify doesnot forceirrevocabilityof enclosingmonitors:Javaper-

mits “spuriouswake-ups”[43] andanoti�cation performedwithin a revokedmonitorcan

beconsideredassuch.

4.2 Implementation

Whendiscussingthedetailsof ourimplementation,weconcentrateondescribingcom-

piler and run-time supportnecessaryto supportrevocations. Becauseserializability is

guaranteedby thepresenceof mutualexclusion,trackingof shareddatadependenciesis

notrequired.For ourcasestudywechosethepriority inversionproblem,ratherthandead-

lock resolution,asanexcellentvehicleto measurethetrade-offs inherentin ourapproach.

4.2.1 Logging

Loggingis realizedthroughtheuseof readandwrite barriers,describedin Section2.4.

Bothcompilersprovidedwith thedistributionof ourimplementationplatform,JikesRVM,

havebeenmodi�ed to inject barriersfor everystoreoperation(representedby thefollow-

ing bytecodes:putfield for objectstores,Xastore for arraystoresandputstatic for

staticvariablestores.Oncea threadstartsa transactionandentersa synchronizedblock,

the barriersrecordin the log every modi�cation performedthroughoutexecutionof the

entiretransaction(until thetransactionis eithercommittedat theendof thesynchronized

block or aborted).Theinformationstoredin the log canthenbeusedto undooperations

on theshareddatain caseof thetransaction'sabort.
2A monitorobjectassociatedwith thereceiver objectis releasedupona call to wait andre-acquiredafter
returningfrom thecall. In thecaseof a non-nestedmonitora potentialrevocationwill thereforenot reach
beyondthepoint whenwait wascalled.
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Weimplementedthelog asasequentialbuffer. For objectandarraystoresthreevalues

arerecorded:thetargetobjector array, theoffsetof themodi�ed �eld or arrayslot,andthe

previous(old) valuein that�eld/slot. For storesto staticvariabletwo valuesarerecorded:

theoffsetof thestaticvariablein theglobalsymboltable(i.e., theJTOC in JikesRVM)

andthepreviousvalueof thatvariable.

4.2.2 Revocation

Thereexist two differentsynchronizationconstructsin Java: synchronizedmethods

andsynchronizedblocks. We treatthemuniformly, by transformingsynchronizedmeth-

odsinto non-synchronizedequivalentswhoseentirebody is enclosedin a synchronized

block. For eachsynchronizedmethodwe createa non-synchronizedwrapperwith a sig-

natureidentical to the original method. We �ll the body of the wrappermethodwith a

synchronizedblock enclosingan invocationof the original (non-synchronized)method,

whichhasbeenappropriatelyrenamedto avoid nameclashes.WealsoinstructJikesRVM

to inline theoriginalmethodwithin thewrapperto avoid performancepenaltiesrelatedto

thedelegationof methodinvocations.This approachgreatlysimpli�es our implementa-

tion,3 is extremelysimpleandrobust,andalsoef�cient becauseof inlining.

As describedin Section2.5, we usea modi�ed versionof the exceptionhandling

mechanismto supportrevocations.We usebytecodere-writing (supportedby the Byte-

codeEngineeringLibrary from Apache)to wrap eachsynchronizedblock with the ap-

propriateexceptionhandlerandto inject coderesponsiblefor recordinglocal stateat the

pointwhenthesynchronizedblock(andits respectivetransaction)starts.Sincerevocation

mayinvolve a nestedsynchronizedblock, eachhandlerof theRevokeexceptioninvokes

an internal(virtual machinelevel) methodto checkif it correspondsto thesynchronized

block that needsto be re-executed.If it does,thenthe handlerrestoresboth sharedand

local state,releasesthemonitorprotectingthesynchronizedblock andreturnscontrol to

3We needonly handleexplicit monitorenter andmonitorexit bytecodes,without worrying aboutimplicit
monitoroperationsfor synchronizedmethods.
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thebeginningof thisblock. Otherwise,thehandlerre-throws theRevokeexceptionto the

enclosingsynchronizedblock,afterreleasingthemonitorprotectingtheinnerblock.

Java supportsthenotionof default exceptionhandlers.Suchdefault handlersinclude

both finally blocks,andcatch blocksfor exceptionsof typeThrowable, of which all

exceptions(including Revoke) are instances.We must thereforemodify the exception

handlingmechanismto preventthesehandlersfrom beingrunwhile handlingtheRevoke

exception,in orderto preservethetransparency requirement(asdescribedin Section2.5).

Thedefault behavior still appliesfor all otherexceptions,to preserve thestandardseman-

tics.

4.2.3 Priority InversionAvoidance

Detectingpriority inversionis reasonablysimple. A threadacquiringa monitor de-

positsits priority in theheaderof themonitorobject. Beforeanotherthreadcanacquire

the monitor, the schedulercheckswhetherits priority is higher than the priority of the

threadcurrentlyexecutingwithin thesynchronizedblock. If it is, thentheschedulertrig-

gersrevocationof themonitorheldby the low priority thread,to allow its acquisitionby

thehigh-priority thread.Therevocationis triggeredby settinga �ag checkedby thelow-

priority threadat thesubsequentyieldpoint4 (theRevokeexceptionis thrown if the�ag is

set). If the incomingthread's priority is lower, it blockson themonitorandwaits for the

otherthreadto completeexecutionof thesynchronizedblock.

JikesRVM doesnot includeapriority scheduler;threadsarescheduledin round-robin

order. This doesnot affect thegeneralityof our solutionnor doesit invalidatetheresults

obtained,sincetheproblemssolvedby ourmechanismscannotbesolvedsimplyby using

a priority scheduler. However, in order to make the measurementsindependentof the

randomorderin which threadsarrive at a monitor, we augmentedmonitorqueuesto take

priority into account.A threadcanhaveeitherhighor low priority. Whenathreadreleases

a monitor, anotherthreadis scheduledfrom thequeue.If it is a high-priority thread,it is

4JikesRVM supportspseudo-preemptivethreadscheduling.Threadswitchesareonly possibleattheexplicit
yieldpointsinsertedby thecompilerinto thecode-streamat pre-speci�edpoints(e.g., loop back-edges).
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allowed to acquirethe monitor. If it is a low-priority thread,it is allowed to run only if

therearenootherhigh-priority threadswaiting in thequeue.

4.3 ExperimentalEvaluation

Wequantifytheoverheadof therevocablemonitorsmechanismusingadetailedmicro-

benchmark.Wemeasureexecutionsthatexhibit priority inversionto verify if theincreased

overheadsinducedby our implementationaremitigatedby higheroverall throughputof

high-priority threads.Theexperimentsareperformedfor a uni-processorsystem.Since

revocablemonitorsdo nothingto increaseconcurrency in applications,applicationswill

exhibit nomoreparallelismusingrevocablemonitorsonmulti-processorsthanthey would

usingnon-revocablemonitors.In our results,it is to beexpectedthatrevocablemonitors

usedto addresspriority inversionwill sacri�ce throughputof low-priority threadsto im-

prove throughputof high-priority threads.As a result,total throughputwill suffer. Our

resultsquantifythissacri�ce of total throughputto beapproximately30%,while through-

put for high-priority threadsimprovesby 20%to 160%.

4.3.1 BenchmarkProgram

Themicro-benchmarkexecutesseverallow-priority andhigh-prioritythreadscontend-

ing on entry to thesamesynchronizedblock. Regardlessof their priority, all threadsare

compiledidentically, with write barriersinsertedto log updates,andspecialexception

handlersinjectedto supportrevocationsof monitors. Thoughour benchmarkis struc-

turedso that only monitorsof low-priority threadswill actuallybe revoked, updatesof

both low-priority andhigh-priority threadsareloggedfor fairness,eventhoughmonitors

of high-priority threadsarenever revoked. Every threadexecutesthesynchronizedblock

100 times. The synchronizedblock containsan inner loop containingan interleavedse-

quenceof readandwrite operations.We emphasizethatour micro-benchmarkhasbeen

constructedto gaugetheoverheadsinherentin our techniques(thecostsof re-execution,

logging,etc.) andnot necessarilyto simulateany particularreal-life application.We do
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not biasthebenchmarkstructurein favor of our mechanismsby arti�cially extendingthe

executiontime usingbenign(with respectto logging)operations(e.g., methodcalls). We

make theexecutiontime of a synchronizedblock directly proportionalto thenumberof

shareddataoperationsperformedwithin thatblock. We �x edthenumberof iterationsof

theinnerloop for low-priority threadsat 500K,andvariedit for thehigh-priority threads

(100Kand500K).Theremainingparametersfor ourbenchmarkinclude:

� Theratioof high-priority threadsto low-priority threads– weusedthreecon�gura-

tions:2+ 8, 5+ 5, and8+ 2, high-prioritypluslow-priority threads,respectively.

� Theratio of write to readoperationsperformedwithin thesynchronizedblock– we

usedsix differentcon�gurationsrangingfrom 0%writes(i.e., 100%reads)to 100%

writes(i.e., 0%reads).

Our benchmarkalsoincludesa shortrandompausetime (on averageapproximately

a singlethreadquantumin JikesRVM) right beforeentry to the synchronizedblock, to

ensurerandomarrival of threadsat themonitorprotectingtheblock.

Our thesisis thatthetotalelapsedtimeof high-priority threadscanbeimprovedusing

revocations,at theexpenseof longerelapsedtime for low-priority threads.Improvement

is measuredagainstan implementationthat provides no remedyfor priority inversion.

Thus, for every run of the micro-benchmarkwe comparethe total time it takes for all

high-priority threadsto completetheir executionfor thefollowing two settings:

� An unmodi�ed versionof JikesRVM that doesnot allow revocationof monitors:

whena high-priority threadwantsto acquirethe monitor alreadyheld by a low-

priority threadit waitsuntil thelow-priority threadexits thesynchronizedblock.

� A modi�ed versionof JikesRVM equippedwith thecompilerandrun-timechanges

to supportrevocationof monitorsheldby low-priority threads:whenahigh-priority

threadwantsto acquirea monitorheldby a low-priority threadit signalsits intent,

resultingin the monitor held by the low-priority threadbeingrevoked at the next

yield point.
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To measurethe total elapsedtime of high-priority threadswe take two time-stamps

for eachhigh-priority thread: onewhenit begins its run() methodandoneat the end

of its run() method. We computethe total elapsedtime for all high-priority threads

by subtractingthelatestendtime-stampof all high-priority threadsfrom theearliestbegin

time-stampof all thehigh-prioritythreads.Wealsorecordtheimpactthatoursolutionhas

on theoverallelapsedtimeof theentiremicro-benchmark,includinglow-priority elapsed

times:this is simply thedifferencebetweentheendtime-stampof thelastthreadto �nish

andthebegin time-stampof the�rst threadto start,regardlessof priority.

The measurementswere taken on an 800MHz Intel PentiumIII (Coppermine)with

1GB of RAM runningLinux kernelversion2.4.20-13.7(RedHat7.0). A benchmarkrun

consistsof oneinvocationof theVM in which thebenchmarkis repeatedsix times. We

discardthe resultsof the �rst iteration, in which the benchmarkclassesare loadedand

compiled,to eliminatetheoverheadsof compilation.We reporttheaverageelapsedtime

for the � ve subsequentiterations,andshow 90%con�denceintervals in our results.Our

systemis basedonJikesRVM 2.2.1andweuseacon�gurationwhereboththeVM (which

is itself implementedandbootstrappedin Java) anddynamicallyloadedclassesarecom-

piled usingthe optimizing compilerby default. Even in this con�guration thereremain

somemethods(e.g., classinitializers) thatoverridethis settingandarecompiledwithout

optimization.

4.3.2 Results

Figures4.9 and 4.10 plot elapsedtimes for high priority threadsexecutedon both

the modi�ed versionof JikesRVM (indicatedby a solid line) and the unmodi�ed one

(indicatedby a dottedline), normalizedwith respectto thecon�gurationexecuting100%

readson theunmodi�ed version(usingstandardnon-revocablemonitors).We normalize

with respectto the100%readsbenchmarkcon�gurationsoasto obtainastandardbaseline

for illustrating performancetrendsas the read/writemix changes.In Figure 4.9 every

high priority threadexecutes100K internal iterations;in Figure4.10 the iterationcount
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Figure4.9.Total time for high-priority threads,100K iterations
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Figure4.10.Total time for high-priority threads,500K iterations

is 500K. In each�gure: thegraphlabeled(a) re�ects a workloadconsistingof two high-

priority threads,andeight low-priority threads;thegraphlabeled(b) re�ects a workload

consistingof � ve high-priority and� ve low-priority threads;and, the graphlabeled(c)

re�ects aworkloadconsistingof eighthigh-priority threadsandtwo low-priority ones.

If theratioof high-prioritythreadsto low-priority threadsis relatively low (Figures4.9-

4.10 (a)(b)), the modi�ed versionof JikesRVM improves throughputfor high-priority

threadsby 20%to 160%over theunmodi�ed one. Averageelapsed-timegainacrossall

the con�gurations,including thosewherethe numberof high-priority threadsis greater

thanthe numberof low-priority threads,is 78%. If we discardthe con�guration where

thereareeighthigh-priority threadscompetingwith only two low-priority ones,theaver-

ageelapsedtimeof ahigh-prioritythreadis half thatof theexecutiontimefor thereference

(unmodi�ed) version.
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Note that the in�uence of differentread-writeratioson overall performanceis small;

recall that all threads,regardlessof their priority, log all updateswithin a synchronized

block. This impliesthat thecostof operationsrelatedto log maintenanceandundoingof

partialresultsis alsosmall,comparedto theelapsedtimeof theentirebenchmark.Indeed,

theactual“workload” (thecontentsof thesynchronizedblock) in thebenchmarkconsists

entirelyof dataaccessoperations– nodelays(methodcalls,emptyloops,etc.) areinserted

in orderto arti�cially extendits executiontime. Sincerealisticprogramsarelikely to have

amorediversemix of operations,theoverheadswouldbeevensmallerin practice.

As expected,if thenumberof write operationswithin thesynchronizedblock is suf-

�ciently large, the overheadof logging and roll-backsmay start outweighingpotential

bene�t. For example,in Figure4.10(c),undera100%write con�guration,everyhighpri-

ority threadwrites,andthuslogs,approximately500Kwordsof datain everyexecutionof

a synchronizedblock. We believe thatsynchronizedblocksthatconsistentirelyof write

operationsof thismagnitudearerelatively rare.

As the ratio of high-priority threadsto low-priority threadsincreases,the bene�t of

our strategy diminishes(seeFigures4.9(c) and4.10(c)). This is expected;sincethere

arerelatively fewer low-priority threadsin thesystem,thereis lessopportunityto “steal”

cyclesfrom themto improve throughputof higherpriority ones.We note,however, that

evenwhentheversionof JikesRVM usingrevocationshasweaker performancethanthe

unmodi�ed implementation,theaveragedifferencein executiontimeis only afew percent.

Figures4.11 and4.12 plot overall elapsedtimes for the entireapplicationexecuted

on bothmodi�ed (solid line) andunmodi�ed (dottedline) versionsof JikesRVM. These

graphsarealsonormalizedwith respectto a con�guration executing100%readson the

unmodi�ed VM. Notethattheoverallelapsedtimefor themodi�ed versionof JikesRVM

must always be longer than for the unmodi�ed one. If we disallowed revocability of

monitors, threadsexecutingon both versionsof the VM would needexactly the same

amountof time to executetheirworkloads(modulocostsrelatedto theimplementationof

ourmechanismsfor themodi�ed VM suchasbarriers,log maintenance,etc.). However, if

theexecutionof monitorscanberevoked,low-priority threadsexecutingon themodi�ed
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Figure4.11.Overall time,100K iterations
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Figure4.12.Overall time,500K iterations

VM will re-executepartsof their synchronizedblocks,thuslengtheningoverall elapsed

time. Sinceour focusis on loweringelapsedtimesfor high priority threads,we consider

the impacton overall elapsedtime (on average30% higheron the modi�ed VM) to be

acceptable.If our mechanismis usedto resolve deadlocksthentheseoverheadsmaybe

anevenmoreacceptablepriceto payto obtainprogressby breakingdeadlocks.

4.4 RelatedWork

A solutionclosein spirit to revocablemonitorshasbeensubsequentlyproposedby

Mansonetal. [42]. Theirpreemptibleatomicregions(PARs)areanextensionto theReal-

Time Speci�cation for Java [11]. PARs addressthe problemsof priority inversionand

deadlockin real-timeconcurrentprogramming,focusingon providing real-timeguaran-

tees,suchastheability to computeworst-caseexecutiontime for all methodsexecuting
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in thesystem.Their implementationhasbeenrealizedin theOvm real-timeJava virtual

machine[2] for auni-processorsetting.Similarly to ourown solution,PARsareexecuted

aslightweighttransactions.However, only onetransactioncanbepresentin thesystemat

any giventime. A threadthat is executinga PAR getsimmediatelyabortedonceanother

threadattemptsto startexecutingits own PAR. Thisguaranteesthedesiredatomicityprop-

erty– thereis no interferencebetweenoperationsof threadsexecutingdifferentPARsand

no threadexecutingaPAR canobservepartialeffectsproducedby anotherthreadexecut-

ing adifferentPAR. Updatesperformedby threadswithin PARsoperatedirectlyonshared

data– they canbeundoneusinginformationrecordedin thesequentiallog if a transaction

needsto be aborted.Abortedtransactionsareautomaticallyre-executed(supportfor re-

executionis providedthroughbytecodere-writing). Becauseonly onePAR canexecuteat

any giventime,only asingleinstanceof thelog needsto bepresentin thesystem.In order

to satisfythereal-timerequirements,thesizeof the log mustbebounded.Programmers

areresponsiblefor settingthesizeof thelog apriori, in orderto allow computationof the

worst-caseexecutiontime for methodscontainingPARs. PARsarebackwardscompatible

with theoriginal formulationof theRTSJ– programscanuseamixtureof PAR-basedand

traditionalsynchronization.Theexperimentalresultsdemonstrateimprovementsin both

predictabilityof theresponsetimeandtheoverall throughputof thehigh-priority threads,

whencomparedto solutionsbasedon mutualexclusion.

Earlier in this chapter, we have discussedother, moretraditional,dynamictechniques

to handlepriority inversion,suchasthepriority inheritanceandthepriority ceiling pro-

tocols. However, apartfrom the solutionpresentedby Mansonet al. andmoregeneral

transactionalschemespresentedin Chapter3, veryfew dynamicsolutionsto handledead-

lock exist.

Zeng[16] proposesto treatdeadlockoccurrencesasrun-timeexceptions.In his sys-

tem,a broaderthanusualde�nition of deadlockis assumed,includingsituationswhena

threadis blockedwhile waiting for a noti�cation. Therefore,in additionto usinga wait-

for graph(describingwaiting relationshipsbetweenthreads),time-outsareusedto detect

deadlockin his system.Detectionof deadlockis signaledby throwing a run-timeexcep-
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tion which encodesinformationthatcansubsequentlybeusedby anapplication-speci�c

(providedby theprogrammer)deadlockresolutionprocedure.Theproposedschemehas

beenimplementedin the Latte Java Virtual Machine[1] but no empiricalevidencecon-

cerningtherelatedoverheadshasbeenprovided.

Zeng and Martin [17] describea techniqueto prevent occurrencesof deadlocksin

Java dynamically. At run-timethey constructa lock-ordergraphwhich recordstheorder

in which mutual-exclusionlocks areacquiredglobally by the application.Cyclesin the

graphrepresentsetsof locks that canpotentially form a deadlock. In order to prevent

deadlockfrom happening,any threadtrying to acquirealock from thecyclic lock-setmust

�rst (implicitly) acquireaphantomlock – aspeciallock designatedby therun-timesystem

andassociatedwith everycyclic lock-set.Acquisitionof thephantomlock guaranteesthat

only onethreadcanhold any lock from thecyclic lock-setat any giventime andthusno

deadlockinvolving any of theselocks canoccur. Their implementationof the deadlock

preventionschemein theLatteJavaVirtual Machineexhibits low run-timeoverheads(on

theorderof 3%),but cannotpreventdeadlocksthatoccurduringconstructionof thelock-

ordergraph. The effectsthat the introductionof phantomlocks may have on the JMM

visibility ruleshavenot beendiscussedin theirwork.

4.5 Conclusions

In this chapterwe havedescribedhow optimistictransactionscanbeadoptedto solve

priority inversionand deadlockproblems. We have demonstratedthe effectivenessof

our approachin improving throughputof high-priority threadsin a priority scheduling

environment. Our experimentsindicatethat throughputfor high-priority threadscanbe

improvedby 20%to 160%ata costof approximately30%total throughputloss.
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5 SAFEFUTURES

A future is a simple and elegant concurrency abstraction,introducedfor the �rst time

in MultiLisp [25]. The MultiLisp future keyword is usedto annotateexpressionsto

have themevaluatedconcurrently(asynchronously)with the restof the program. Such

anannotatedexpression(i.e., future)returnsa placeholderthatultimatelyholdsthevalue

yieldedby theexpression.Theresultof thefuture's evaluationcanberetrievedat a later

timefrom theplaceholderby claimingthefuture.Thisoperationservesto synchronizethe

asynchronousevaluationof thefuturewith thepartof theprogramperformingtheclaim.

Futuresareanelegantalternative to programmingwith explicit threadsbecausethey

often allow concurrentprogramsto be createdthrougha relatively small rewrite of its

sequentialcounterpart.Furthermore,in theabsenceof side-effects,futuressatisfyasimple

safetyproperty: if a sequentialprogramP is annotatedwith futuresto yield concurrent

programPF , thentheobservablebehavior of P is equivalentto PF . Indeed,becausefutures

are provided as expressionannotations,their effect is intendedto be fully transparent,

visible only in the form of improved concurrency, without altering the meaningof the

original sequentialprogram.

Recently, futureshave beenintroducedto Java in theform of thenew interfacespeci-

�ed by thejava.util.concurrent package[34] aspartof theJava2 PlatformStandard

Edition 5.0 API. In Java, futuresbecomespeciallydesignatedmethodcalls that canbe

evaluatedconcurrentlywith the restof the program.However, in the presenceof muta-

tion, thesafetypropertyfor futuresno longerholds. A taskspawnedto evaluatea future

may performupdatesof shareddataconcurrentlyaccessedby othertasks,including the

taskthat spawnedit. While this is not a seriousissuein functionalor mostly-functional

languageswhereupdatesto shareddataoccur infrequently(if at all), it is signi�cantly

moreproblematicin Java wherecomputationis typically structuredin termsof modi�ca-

tion to sharedobjects.
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Considera future f thatexecutesconcurrentlywith thetaskCf thatevaluatesf 'scon-

tinuation. A continuationof a future is the computationthat logically follows it. Safe

executionof f maybecompromisedif it observestheeffectsof operationsperformedby

Cf ; for example,if Cf updatesan objectthat is subsequentlyreadby f . Similarly, safe

executionof Cf maybecompromisedif it accessesanobjectthatis subsequentlywritten

by f . Both thesecasesleadto differentbehavior thanif the future andits continuation

wereevaluatedsequentially. Webelievethatmany of thenotablebene�tsfrom usingJava

futuresaresigni�cantly weakenedby this lack of transparency with respectto accessto

shareddata.Currently, in orderto achievesomemeasureof safety, programsusingfutures

mustbefurtherre�ned to provideexplicit synchronizationon potentiallysharedobjects.

Our solution, safefutures, automaticallypreserves all the desiredsafetyinvariants.

We de�ne semanticsto formalize our notion of safetyby imposingconstraintson the

setof schedulesthat canbe generatedby a programin which concurrency is expressed

exclusively throughtheuseof futures. We designandandimplementsafefuturesusing

the samemechanismsasthoseunderlyingoptimistic transactions.We track shareddata

dependenciesto detectsafetyviolations and revoke executionsupon detectionof such

violations. We now proceedto de�ne semanticsfor safefuturesand to formally argue

correctnessof our solution.

5.1 Semantics

Toexaminenotionsof safetywith respectto interleavingsof actionsthatoperatewithin

a futureandits continuation,we de�ne semanticsfor a call-by-valueobjectcalculussim-

ilar to ClassicJava [22] extendedwith threadsanda future construct. The semantics

yield a schedule– a sequenceof readandwrite operationsperformedduring the execu-

tion of a program.A scheduleis serialwhenall theoperationsof aprogramareexecuted

within a single (main) thread. A scheduleis concurrent if fragmentsof a programare

executedconcurrentlyby separatethreads;in this case,theactionsof thesethreadsmay

beinterleavedwith oneanother. We imposesafetyconditionson concurrentschedulesto
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P ::= (P j P) j t [e]l
L ::= class Cf f Mg
M ::= m(x) f eg
e ::= x j l j this j e:f j e:f := e j e:m(e)

j hei e j newC() j future (e) j get (e)

Figure5.1. Languagesyntax.

verify thatoperationinterleavingsdo not violatesafetyinvariants.Informally, a concur-

rentscheduleis safeif it is equivalent,in termsof its actionsonshareddata,to someserial

schedule.

Thesyntaxof thecalculusis presentedin Figure5.1,its semanticsin Figures5.2–5.3.

A programde�nesacollectionof classde�nitions, andacollectionof threads.Classesare

all uniquelynamed,andde�ne a collectionof instance�elds andinstancemethodsthat

operateover these�elds. Everymethodconsistsof anexpressionwhosevalueis returned

asthe resultof a call to that method. An expressionis eithera variable,a locationthat

referencesanobject,thepseudo-variablethis , a �eld reference,anassignment,amethod

invocation,a sequencingoperation,anobjectcreationoperation,a future creation,or a

get expressionthatclaimsa future.

Every classhasa unique(nullary) constructorto initialize object�elds. Theapplica-

tion of aconstructorreturnsa referenceto anobjectinstantiatedfrom theclassde�nition.

A value is eithernull , an object instantiatedfrom a classcontaininglocationsfor the

�elds declaredby theclass,or a locationthatservesasa placeholderto hold theresultof

evaluatingafuture.A threadis uniquelylabeledwith athreadidenti�er, andaplaceholder

location.

We takemetavariablesL to rangeoverclassdeclarations,Cto rangeoverclassnames,

Mto rangeover methods,mto rangeover methodnames,f andx to rangeover �elds and

parameters,respectively, l to rangeover locations,andv to rangeover objectvalues.We

alsouseP for processterms,ande for expressions.We useover-bar to representa �nite

orderedsequence,for instance,f representsf 1 f 2 : : : f n. Thetermaa denotestheexten-
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Evaluation contexts:

E ::= �
j E[� ]:f := e
j l :f := E[� ]
j E[� ]:m(e)
j l :m(l E[� ] e)
j E[� ] ; e
j get (E[� ])

Et
P[e]l ::= P j t [E[e]]l

Program states:

t 2 Tid
P 2 Process
x 2 Var
l 2 Loc
v 2 Val = null j C(l ) j l
G 2 Store = Loc! Val

OPt l 2 Ops = f rd ;wtg� Tid � Loc
S 2 Schedule= OPt l
L 2 State = Process� Store� Schedule

Figure5.2.Programstatesandevaluationcontexts.

sionof thesequencea with asingleelementa, anda a0denotessequenceconcatenation,

S:OPt denotestheextensionof scheduleSwith operationOPt .

Programevaluationandscheduleconstructionarespeci�ed by a global reductionre-

lation,P;G;S =) P0;G0;S0, thatmapsaprogramstateto anew programstate.A program

stateconsistsof a collection of evaluatingthreads(P), a global store(G) to map loca-

tions to values,andschedules(S) to de�ne a global interleavedsequenceof actionsper-

formedby threads.Local reductionswithin a threadarespeci�edby anauxiliary relation,

e;G;S ! t e0;G0;S0 thatevaluatesexpressione within threadt to a new expressione0; in

doing so, a new store,andschedulemay result. The only actionsthat are recordedby

a schedulearethosethat readandwrite locations. The interpretationof scheduleswith

respectto safetyis thetopicof thenext section.

We useevaluationcontexts to specifyorderof evaluationwithin a thread,andto pre-

ventprematureevaluationof theexpressionencapsulatedwithin afuture annotation.We

de�ne aprocesscontext Et
P[e]l to denoteanexpressione availablefor executionby thread

t 2 P in aprogramstate;thelabell denotesaplaceholderlocationthatholdstheresultof

e's evaluation.

The sequentialevaluationrulesarestandard:holesin evaluationcontexts canbe re-

placedby thevalueof theexpressionsubstitutedfor thehole,sequenceoperationsevalu-
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Sequentialevaluation rules:

l 0; l fresh
G0= G[l 07! C(l ); l 7! null ]

S0= S:wtt l 1 : : : :wt t l n :wtt l 0

l 1; : : : ; l n 2 l

newC() ;G;S ! t l 0;G0;S0

G(l ) = C(l 00) G(l 0) = v
G0= G[l 00

i 7! v]
S0= S:rd t l 0:wtt l 00

i

l :f i := l 0;G;S ! t l 0;G0;S0

hl i e;G;S ! t e;G;S

class Cf f Mg 2 L G(l ) = C(l 0)
S0= S:rd t l 0

i

l :f i ;G;S ! t l 0
i ;G;S0

G(l ) = C(l 0) = v G(l ) = v0

class Cf f Mg 2 L m(x) f eg 2 M

l :m(l );G;S ! t [ v=this ; v0=x]e;G;S

Global evaluation rules:

e;G;S ! t e0;G0;S0

Et
P[e]l ;G;S =) Et

P[e0]l ;G0;S0

P = P0j t 0[l 00]l 0

Et
P[get (l 0)] l ;G;S =) Et

P[l 00]l ;G;S

t 0; t 00fresh t � t 0� t 00 l 0fresh

Et
P[future (e)] l ;G;S =) P j t 0[e]l 0 j t 00[E[l 0]]l ;G;S

Figure5.3.Languagesemantics.

ateleft-to-right,methodinvocationevaluatesthemethodbodyin theoriginalenvironment

augmentedby binding actualsto parametersin addition to binding the pseudo-variable

this to the currentreceiver object. Readandwrite operationsaugmentthe schedulein

theobviousway. A newexpressionextendstheschedulewith writesto all instance�elds

(with null values).

An expressionof the form future (e) causese's evaluationto take placein a new

threadt 0. A freshlocationl 0 is createdasa placeholderto hold the resultof evaluating
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this future.Thus,t 0[e]l 0 denotesa threadwith identi�er t 0thatevaluatesexpressione and

storestheresultof thisevaluationinto l 0.

In addition to the threadresponsiblefor computingthe value of the future, a new

threadt 00is createdto evaluatethe future's continuation.As a result, the parentthread

is no longerrelevant. This speci�cationsimpli�es thesafetyconditionsdiscussedbelow.

The threadidenti�ers associatedwith threadscreatedby a future expressionarerelated

underatotalordering(� ). Informally, thisorderingcapturesthelogical (sequential)order

in whichactionsperformedby thethreadsmustbeevaluated.Thus,if t 0� t 00, theneither

t 0= t 00, or all actionsperformedby t 0mustlogically take placebeforet 00. In particular,

effectsinducedby actionsperformedby t 00mustnot bevisible to operationsin t 0.

Synchronizationtakesplacethroughthe get expression,beingthe equivalentof the

claim operationin theoriginal formulationof futures[25]. In the rule for get , the loca-

tion label l 0 representsa placeholderor synchronizationpoint that holds the valueof a

taskspawnedby a future. Therule is satis�ed preciselywhentheassociatedfuture(say,

future (e)) hascompleted.Whenthisoccurs,theprocessstatewill containathreadwith

shapet [l 00]l 0 wherel 00is thelocationyieldedby evaluationof e.

5.1.1 Safety

A schedulede�nesa sequenceof possiblyinterleavedoperationsamongthreads.The

correctnessof a schedule,therefore,must imposesafetyconstraintson readand write

operations. Theseconstraintsguaranteethat the injection of futuresinto an otherwise

sequentialprogramdoesnot alter the meaningof the program. Thus, theseconstraints

mustensurethat interleavingsarebenignwith respectto readandwrite operations.The

semanticsdoesnot permitreorderingof operationswithin a thread.

Therearetwo conditions(roughlyequivalentto theBernsteinconditions[7]) thatmust

hold on schedulesto guaranteethis property: (1) an accessto a locationl (eithera read

or a write) performedby a futureshouldnot witnessa write to l performedearlierby its

continuation,and(2) awrite operationto somelocationl performedby afutureshouldbe
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visible to the�rst access(eithera reador a write) madeto l by its continuation.In other

words,no write to a locationl by a future's continuationcanoccurbeforeany operations

on l by the future, and all writes to a location l by the future must occur beforeany

operationto l by thecontinuation.Notethat theseconditionsdo not prohibit interleaved

operationsby a futureandits continuationto distinctlocations.

Wesummarizetheseconstraintsin termsof two safetyrules,csafeandfsafe, resp.The

formercapturesthenotionof whenanoperationperformedby a continuationis safewith

respectto theactionsperformedby thefuturewithin aschedule,andthelattercapturesthe

notionof whenanoperationperformedby a futureis safewith respectto its continuation

within aschedule.

wtt 0l ; rd t 0l 62S0; t 0� t

csafe(S:wtt l :S0)

wtt 0l ; rd t 0l 62S; t � t 0

fsafe(S:wtt l :S0)

De�nition 5.1.1 (ScheduleSafety)

A scheduleSis safeif csafe(S) andfsafe(S) hold.

To validatethe safetyof an interleaved schedule,we mustensurethat its observable

behavior is equivalentto thebehavior of acorrespondingprogramin whichfutureshaveno

computationaleffect. In suchaprogram,evaluationof thefuture'scontinuationis delayed

until the future itself is fully evaluated.This trivially enforcessequentialorderbetween

all operationsexecutedby thefutureandall operationsexecutedby thecontinuationand

thusautomaticallyyieldsaserialschedule.

We �rst introducethe notion of a schedulepermutationthat allows us to de�ne an

equivalencerelationon schedules:

De�nition 5.1.2 (Permute)ScheduleS is a permutationof scheduleS0 (written S$ S0),

if len(S) = len(S0) andfor everyOPt l i 2 S, thereexistsa uniqueOPt l j 2 S0.

A serialscheduleis aschedulein whichno interleaving amongoperationsof different

threadsoccurs:
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De�nition 5.1.3 (SerialSchedule)

ScheduleS= OPt 1 l 1: : : : :OPt n l n is serial if for all OPt j l j there doesnot exist OPt k l j ,

k > j such that t k < t j .

We wish to show that any safeschedulecanbe permutedto a serialonesincea serial

schedulere�ectsanexecutionin whichoperationsexecutedby afuturearenot interleaved

with operationsperformedby its continuation. Effectively, a serialschedulere�ects an

executionin which a spawnedfuturerunsto completionbeforeany operationsin its con-

tinuationareallowedtoexecute;in otherwords,aserialschedulecorrespondstoaprogram

executionin which futureshaveno computationaleffect.

We �rst appealto a lemmathatallowsusto permuteadjacentoperationsbelongingto

differentthreadsin a safeschedule:

Lemma 5.1.1 (Permutation)

Let scheduleS= OPt 1 l 1:OPt 2 l 2 besafe. Thenif S is safe, there existsa serial schedule

S0such thatS$ S0.

Proof If t 1 � t 2, thenthescheduleis trivially serial.If t 1 > t 2, andbecauseSis safe,it

mustbethecasethateither(a) l 1 6= l 2, or (b) l 1 = l 2 = l , andOPt 2 l = rd t 2 l . In both

cases,wecanchooseS0= OPt 2 l 2:OPt 1 l 1.

Oursoundnessresultgeneralizesthis lemmaoverschedulesof arbitrarylength:

Theorem 5.1.1 (Soundness)

If scheduleSis safe, thenthereexistsa serial scheduleS0such thatS$ S0.

Proof The proof is by inductionon schedulelength. Lemma1 satis�es the basecase.

SupposeS= S1:OPt l wherelen(S1) > 2. By the induction hypothesis,thereexists a

serialscheduleS0
1 suchthatS0

1 $ S1. SupposeS0
1 = OPt 1 l 1: � � � :OPt k l k. First,weneedto

show thatS00= S0
1:OPt l is safe.Supposeotherwise.Then,it mustbethecasethateither

(a) thereexistssomeOPt 0l 2 S0
1 suchthatt < t 0, andOPt l = wtt l , or (b) thereexistsa

wtt 0l 2 S0
1 suchthat t 0> t . If eitherof theseconditionshold, however, Swould not be
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public interface Future<V> {
V get()

throws InterruptedException,
ExecutionException;

}

public interface Callable<V> {
V call() throws Exception;

}

public class FutureTask<V>
implements Future<V>, Runnable {

FutureTask(Callable<V> callable)
throws NullPointerException

{ ... }
V get()

throws InterruptedException,
ExecutionException

{ ... }
void run() { ... }

}

Figure5.4.Theexisting java.util.concurrent futuresAPI

safe.Thus,by Lemma1, we canpermuteOPt k l k with OPt l to yield a new safeschedule

Sp = S000:OPt j l j :OPt l :OPt k l k. WecanapplyLemma1 againto OPt j l j :OPt l , andsoon,

repeatedlyshifting OPt l until aserialscheduleis constructed.

5.2 Design

Adding futuresto Java raisesseveral importantdesignissues.Our foremostdesign

goal is to preserve the spirit of programmingwith futuresthat madeit so appropriate

for functionalprogramming:the expectationthat a future,despitebeingexecutedasyn-

chronously, performsits computationasif it hadbeeninvokedasa synchronousmethod

call. We believe that strongnotionsof safetyfor futuresis what makesthemso power-

ful, wheresafetyis ensuredby the run-timesystemratherthan left asa burdenfor the

programmer.

Wenow proceedto discussionof anAPI for safefutures,theirassociatedprogramming

model,and their interactionwith existing Java concurrency mechanisms.We will also

describethedesignof mechanismsusedto preservesafety.



62

public class SafeFuture<V>
implements Future<V>, Runnable {

SafeFuture(Callable<V> callable)
throws NullPointerException

{ ... }
V get()

throws InterruptedException,
ExecutionException

{ ... }
void run() { ... }

}

Figure5.5.SafefuturesAPI

5.2.1 API for SafeFutures

A majorchallengein introducingany new languageabstractionis to make it intuitive

andeasyto use.To groundour design,we begin with theexisting Java futuresAPI [34]

that is now partof theJava 2 PlatformStandardEdition 5.0 (J2SE5.0). Snippetsof this

existing API appearin Figure5.4,which embodiesfuturesin the interfaceFuture . The

get operation(equivalentto theclaimoperationin theoriginal formulationof futures)on

a Future simply waits if necessaryfor thecomputationit encapsulatesto complete,and

thenretrievesits result. We omit herethoseoperationson futuresthatarenot relevant to

our remainingdiscussion.

In J2SE5.0, an implementationof the Future interface is provided by the class

FutureTask. Again,weomit detailsnot relevantto ourdiscussion.Here,theconstructor

for FutureTask createsa future that will, uponinvocationof the run method,execute

the given Callable by invoking its call method. If the call throws an exception,it is

deliveredto the caller at the point whereit invokesthe get method,wrappedup in an

ExecutionException .

Our designcallsfor a new implementationof Future , namelySafeFuture , which is

presentedin Figure5.5. Our semanticsfor SafeFuture demandthat the programfrag-

mentsappearingin Figure5.6 be semanticallyequivalent,regardlessof thecomputation
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Callable<V> c = ...;

...

...
V v = c.call();
...

...
Future<V> f

= new SafeFuture<V>(c);
f.run();
...
V v = f.get();

Figure5.6.Semanticallyequivalentcodefragments

performedby thegivenCallable<V> c, andthecodesurroundingits invocation,being

performedasasimplecall or asa future.

To preserve the transparency of future calls, any uncaughtexceptionthrown by the

futurecall (i.e., from thecall methodof theCallable ) will bedeliveredto thecallerat

the point of invocationof the run method,andthe effectsof thecodefollowing the run

methodwill berevoked.Theeffectsof thefuturecall upto thepoint it threw theexception

will remain.Thesesemanticspreserveequivalencewith thesimplecall.

A moredetailedexampleprogramappearsin Figure5.7. A futurede�ned in thesam-

plecodefragmentcomputesthesumof theelementsin thearrayof integersa concurrently

with a call to thestaticmethodbar on classFoo, which receivesargumenta. Note that

methodbar mayaccess(andmodify) a concurrentlywith thefuturecomputation.Ourse-

manticsrequirethattheobservablebehavior of callsto methodsserial andconcurrent

bethesame.Replacingusesof SafeFuture with theexistingFutureTask from J2SE5.0

providesnosuchguarantee.

5.2.2 ProgrammingModel

The programmingmodelenabledby useof safefuturespermitsstraightforward ex-

ploitationof latentparallelismin programs.Onecanthink of safefuturesastransparent

annotationson methodcalls,which designateopportunitiesfor concurrency. Serialpro-
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public class Example implements Callable<Integer>
{

int[] a = new int[]{1,2,3};

public Integer call() {
int sum = 0;
for (int v : a) sum += v;
return sum;

}
int serial() {

Integer sum = call();
Foo.bar(a);
return sum;

}

int concurrent() {
Future<Integer> f

= new SafeFuture<Integer>(this);
f.run();
Foo.bar(a);
return f.get();

}

public static void main (String[] args) {
int serial = new Example().serial();
int concurrent = new Example().concurrent();
assert serial == concurrent;

}
}

Figure 5.7. Using safe futures (with automaticboxing/unboxingof
int /Integer supportedby J2SE5.0)

gramscan be madeconcurrentsimply by replacingstandardmethodcalls with future

invocations.This greatlyeasesthetaskof theprogrammer, sinceall reasoningaboutthe

behavior of the programcanbe inferredfrom its original serialexecution. Even though

somepartsof theprogramareexecutedconcurrently, thesemblanceof serialexecutionis

preserved. Of course,thecostof usingfuturesmayoutweighexploitableparallelism,so

placementof futureinvocationshasperformanceimplications.

Underourcurrentprogrammingmodel,safetydoesnotextendto coveringtheinterac-

tion betweenfuturesandJava threads.Threadswhich executeconcurrentlywith futures

mightobservetheactionsof concurrentlyexecutingfuturesandtheircontinuationsout-of-

order. Threadscouldbealsoincorrectlyusedto passpartialcomputationresultsbetweena

futureandits continuationthusviolating serialexecutionsemantics.Similarly, execution

of operationswith unpredictableside-effects,suchasnative methodcalls, is forbidden
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whenusingfutures.Beforesuchanoperationcanbeexecuted,all futuresexecutingin the

systemmustbefully evaluatedandclaimed.

5.2.3 LogicalSerialOrder

Our safetyrequirementdemandsthat theobservablebehavior of a programusingfu-

turesmustbeindependentof whetherfuturesareevaluatedsynchronously(seriallywithin

a singlethread)or asynchronously(concurrentlyby multiple threads).Thetaskof main-

taining this logical serial order of operationsin the presenceof concurrentupdatesto

sharedstateis non-trivial. Our solutionis to encapsulateevery fragmentof computation

that is fully evaluatedwithin a singlethreadinto anoptimistic transaction.A transaction

may thusencapsulateexecutionof eithera future or its continuation.The serializability

requirementis however not suf�cient in this caseto ensuresafetybecauseit only guar-

anteesthat transactionsappearto executein someserialorder. Thereforewe de�ne total

orderover transactions(calledtransactionorder) that representsthe logical serialorder

andusethis orderto identify harmfuldatadependenciesbetweenoperationsof different

transactions.

Conceptually, theexecutionof aprogrambeginswithin aprimordial transactioneval-

uatedwithin the main threadof computation.Considerwhat happenswhena future is

scheduledfor evaluation– i.e., its run methodis executed.Logically, thecodefragment

encapsulatedwithin a future executesbeforethe codefragmentfollowing thecall to the

run methodup to thepoint wherethe future is claimedby theget operation(within the

future's continuation).In orderto preserve logical executionorder, we createtwo more

transactions:oneassociatedwith a threadusedto evaluatethe future– a future transac-

tion executedwithin a freshlycreatedthread;andoneassociatedwith the threadusedto

executethe future's continuation– a continuationtransactionexecutedwithin the same

threadasthe primordial transaction.At this point we establishan executionorderover

thesethreetransactionsthat re�ects the logical serialorderof executionin which theef-

fectsof the primordial transactionarevisible to the future transactionwhoseeffectsare
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Figure5.8. Transactioncreation

in turn visible to thecontinuationtransaction.Onceevaluationof thefuturehassuccess-

fully completed1 andits transactionhasbeencommitted,executionof the continuation

may alsocompleteif it hasalreadyadvancedto the point of the claim. If the execution

of thecontinuationdid not violatelogical serialorder, theresultof thefuture'sevaluation

canbeclaimed(its respective get methodinvoked)andthecontinuationtransactioncan

becommitted.Thentheexecutioncanbereturnedto its original state(i.e., all operations

beingperformedwithin the main threadof computation).If the logical serialorderhas

beenviolated, the continuationtransactionmustbe abortedandre-executed. If evalua-

tion of thecontinuationis completed(i.e., thepoint of claiming theresultof thefuture's

evaluationis reached)beforecompletionof thefuture'sevaluation,terminationof thecon-

tinuationtransactionis delayeduntil thefuturetransactionis committedandtheresultof

thefuture's evaluationis availableto beclaimed.Notethatthefuturetransactionandthe

continuationtransactionareobligedto commit in compliancewith the transactionorder.

Otherwise,if thecontinuationtransactionwasto becommitted�rst, theremainingopera-

tionsperformedby theuncommittedfuturetransactionmight still beableto compromise

thelogical serialorder.

1Note that in this situationthe future transactionwill alwayscommitsuccessfully. No violation of logical
serialorderbetweenthefuturetransactionandtheprimordial transactioncanoccurbecausetheprimordial
transactionexecutedfully beforethefuturetransactionwasbeenstarted.



67

As anexample,considerFigure5.8 illustratingexecutionof theconcurrent method

shown in Figure5.7 (wavy linesrepresentthreadsandboxesrepresenttransactions).Ini-

tially, only a primordial transaction(tp) exists– it is boundto Tmain, thethreadevaluating

themain method(Figure5.8(a)). Whena future is scheduledfor execution(i.e., its run

methodis invoked), two moretransactionsarecreated(Figure5.8(b)): transactiont f to

evaluatethefuture(t f is boundto Tf , a new threadusedto executethecodeencapsulated

within thefuture),andtransactiontc to evaluatethecontinuationof thefuture(tc is bound

to thesamethreadastheprimordial transactiontp, in this caseTmain). The executionof

theprogramproceedsconcurrentlyuntil theget methodis invoked(theresultcomputed

by the future is thenclaimed)andthengoesbackto executingentirelywithin Tmain, the

main threadof computation.Note that at this point both the meta-dataassociatedwith

transactionst f andtc aswell asthreadTf couldbediscarded(Figure5.8(c))andcached

for laterre-use.

An orderinganalogousto theonedescribedabove is createdfor all transactionscre-

atedthroughouttheexecutionof a program.Considera scenariowhenanotherfuture is

scheduledfor executionwithin an alreadyexisting continuationin Figure5.8(b) (before

methodget is executed).Two moretransactionsmustthenbecreated:transactiont0
f to

evaluatethenew futureandtransactiont0
c to evaluatethis future's continuation.Transac-

tion t0
c will beexecutedby threadTmain, but anew threadT0

f will haveto becreatedfor the

executionof the future transactiont0
f . The transactionorderin which thesetransactions

areallowedto attempttheircommits(equivalentto thelogicalserialorderthey areobliged

to maintain)is: t f followedby tc followedby t0
f followedby t0

c.

5.2.4 PreservingSerialSemantics

Whentwo or moretransactionsexecuteconcurrently, theiroperationsmaybearbitrar-

ily interleavedandthusthesemblanceof serialexecutionmaybeviolated.Considertwo

transactions:futuretransactiont f andcontinuationtransactiontc. Underthelogical serial
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orderof execution,t f precedestc. If t f andtc executeconcurrently, this ordermay be

violatedin oneof two ways:

� tc doesnot observe the effect of an operationperformedby t f (e.g., a readin tc

doesnotseemodi�cation of shareddataby t f ), eventhoughit wouldhaveobserved

this effect if t f andtc wereexecutedserially. We call this a forward dependency

violation.2

� t f doesobserve theeffect of anoperationperformedby tc thatcouldnever occurif

t f andtc wereexecutedserially becauset f would executefully beforetc. We call

thisabackward dependencyviolation.

An exampleof schedulesdemonstratingbothforwardandbackwarddependency vio-

lationsbetweentransactionst f andtc, alongwith codesnippetsrepresentingtransactions,

appearin Figure5.9. In Figure5.9(a)thecontinuationtransactiontc shouldseetheresult

of thewrite to o.foo performedby the future transactiont f . In Figure5.9(b) the future

transactiont f shouldnotseetheresultof thewrite to o.bar performedby thecontinuation

transactiontc. Note that thenotionof a dependency violation capturesthesameproper-

ties as the schedulesafetyrules from Section5.1.1(forward dependency violationsare

capturedby thecsaferule andbackwarddependency violationsarecapturedby thefsafe

rule).

Theimplementationof safeJava futuresadaptsour mechanismsusedto supportopti-

mistic transactions(describedin Section2.4)to detectforwardandbackwarddependency

violationsbetweentransactionsandto revoketransactionsviolatingthesedependenciesin

orderto maintainthelogical serialorderof transactionalexecution.

5.3 Implementation

Ourimplementationpreventsforwarddependency violationsby trackingdependencies

betweenall transactionaldataaccesses.Transactionsviolating forward datadependen-

ciesareabortedandautomaticallyrevoked– their effectsareundoneandtransactionsare
2Forwardin thesensethatanoperationfrom the“logical future” causestheviolation.
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Figure5.9. Dependency violations

restarted.Backwarddatadependenciesarepreventedby versioningitemsof sharedstate

to ensurethateachtransactionupdatesonly its privateversionsof shareditems,preventing

othertransactionsin its logical future from seeingthe updates.Supportfor dependency

trackingandversioningis provided usingreadandwrite barriers(asdescribedin Sec-

tion 2.4), insertedby thecompilersavailablewith thedistribution of our implementation

platform,JikesRVM. A detaileddescriptionof thesemechanismsis presentedbelow.

5.3.1 Dependency Tracking

Dependenciesamongshareddataaccessesaretrackedusingaccessmaps,asdescribed

in Section2.3.Twomapsareassociatedwith everytransaction:areadmapto recordreads

anda write mapto recordupdates.Whentransactiont is aboutto terminate,its readmap

is checkedagainstthewrite mapsof all transactionsfrom t's logical pastto determineif

updatesperformedby thesetransactionsmighthavecausedforwarddependency violations

with respectto t's readoperations.If intersectionof t's readmapwith any of the write

mapsin nonempty, transactiont mustabortandbe revoked. Otherwise,transactiont is

allowedto commit.

We illustratehow our systemhandlesforward dependency violationsusingthe code

fragmentandsampleschedulefrom Figure5.9(a). We assumethat future transactiont f
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Figure5.10.Handlingof a forwarddependency violation.

is executedby (andthusboundto) threadTf andcontinuationtransactiontc by threadTc.

Theentirescenariois illustratedin Figure5.10,wherewavy linesrepresentthreadsTf and

Tc, anda circle representsobjecto (it is marked gray whenupdated).Transactionsare

linkedtogetherin orderto allow transactionsfrom thelogical futureto accessthemapsof

transactionsfrom thelogicalpast.Thereis areadmapandwrite mapassociatedwith each

transaction(eachmaphasthreeslotsandwe assumethat objecto hashesto the second

slot).

Executionstartswith thefuturetransactionreadinga �eld of objecto (Figure5.10(a))

andtaggingthe appropriateslot in its readmap. The continuationtransactionthenboth

readsandupdatesthesameobject,taggingits readmapandwrite mapappropriately(Fig-

ure5.10(b)). Subsequently, the future transactionwrites to the �eld of objecto andtags

its own write map(Figure5.10(c)). At this point the future transactiongetscommitted

(nodependency violationsthatcouldcauseits revocationarepossiblesincetherewereno

otherconcurrenttransactionsexecutingin its logical past).However, beforethecontinu-

ation transactioncanbe committed,a checkfor forward dependency violationsmustbe

performed.This checkfails sincetc's readmapandt f 's write mapoverlap. Thecontin-

uationtransactionis revoked – its effectsareundoneandthe transactionis re-executed

(Figure5.10(d)). Note that after revocation,no transactionsin its logical pastexist (the
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futuretransactionhasbeencommitted).As a consequence,re-executionis guaranteedto

succeedsomaintainingits readmapis unnecessary.

Sincereadssigni�cantly outnumberwritesin mostJava programs,reducingthenum-

berof readbarriersis critical to achieving reasonableperformance.Our implementation

thereforetradesoff accuracy for ef�ciency in detectingdependency violations.Insteadof

placingbarriersonall readaccessesto shareditems(e.g., readinganinteger�eld from an

object),we assumethat oncea referenceis readfrom the heap,a transactionreadingit

will eventuallyreadfrom the objecttargetedby that reference.Thus,the readbarrieris

placedonly onloadsof referencesfrom theheap(e.g., getfield or arrayload bytecodes

in which the type of the �eld or elementis a reference).In otherwords,we “pre-read”

all objectsto which a transactionholdsreferences(whena transactionis startedwe must

apply the pre-readoperationto all referencesin the currentactivation record). This op-

timization is appliedonly for objectsandarraysto eliminatereadbarrierson them. All

otheraccesses,includingreadsfrom staticvariables,andall writes to shareditemsincur

theappropriatebarrier.

Note thataccessmapsaremaintainedonly if thereis morethanonetransactionexe-

cuting in thesystem(i.e., thereis potentialfor concurrency andthuslogical serialorder

violations).Thatis, barriersareresponsibleonly for fetchingthemostrecentversionof an

itemif only theprimordialtransactionis active. Readandwrite mapmaintenanceis in re-

ality optimizedevenfurther: the�rst of aseriesof transactionsdoesnotneedto recordits

readsbecauseversioningensuresthey cannotbecompromisedby any concurrentwrites.

Thus,it doesnotneedto maintaina readmap.

5.3.2 Revocation

The implementationof revocationfor future transactionsis simple. Becausea future

transactionis evaluatedwithin a separatethread,we cansimply terminatethethreadand,

after restoringlocal state,3 re-starttheexecutionof thefuturetransaction.Revocationof

3No sharedstateis modi�ed until transactioncommit.
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continuationtransactionsis implementedusinga modi�ed versionof theexceptionhan-

dling mechanismdescribedin Section2.5. Theexceptionhandlerfor theRevokeexcep-

tion wrapsthescopeof every methodcontaininginvocationof a future. Similarly to the

implementationof revocablemonitors(describedin Section4.2.2),we useBCEL frame-

work to insert the exceptionhandlerand the coderesponsiblefor recordinglocal state

at thepoint whenthecontinuationtransactionstarts.Anothersimilarity with the imple-

mentationof revocablemonitorsis modi�cation of theexceptionhandlingmechanismto

suppressexecutionof default handlersduringprocessingof theRevokeexception.

Our currentimplementationis unableto preserve statebeyondthescopeof a method

containinginvocationof a future (this would requirethe ability to preserve the full exe-

cutioncontext of anarbitrarythread,includinginstructionpointer, registers,threadstack,

etc.). Therefore,futuresthat are invoked but not claimedby the endof the methodare

implicitly claimedbeforethe invoking methodcanreturn(i.e., we wait for all futuresto

completetheir execution),eventhoughthematchingget operationis still to beinvoked.

5.3.3 SharedStateVersioning

We useversioningof sharedstateto avoid backwarddatadependency violationsand

prevent updatesof shareddatafrom beingmadeprematurelyvisible to otherthreadsin

caseof revocations.Theimplementationof versioningis basedon thegeneralprocedure

describedin Section2.2.2andemploys lazy propagationof updates.Versioningis only

usedwhenmorethanonetransactionis presentin the system,sinceit is only thenthat

concurrentshareddataaccessesmayoccur. Whenever a transactionattemptsto write to

anobject,array, or staticvariable,therun-timesystemcreatesaprivateversionof thatitem

onwhichto performthewrite. Whenatransactiongetscommitted,all versionscreatedby

this transactionbecomecommittedversions– they aredesignatedto containthemostup-

to-datevaluesandusedfor all subsequentaccesses.We handleobjectandarrayupdates

identically andusea similar procedureto handleupdatesto staticvariables. The code

implementingtheversioningprocedureresidesin thereadandwrite barriers.
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ObjectandArray Versioning

Becauseobjectsandarraysaretreatedidentically, we referonly to objectswhende-

scribingtheversioningprocedure.Weextendtheheaderof everyobjectwith aforwarding

pointer. At objectallocationtime, this forwardingpointeris initialized to null . As the

programexecutes,subsequentversionsareappendedto a circular list rootedat the for-

wardingpointerof the original object(i.e., the original object is the headandtail of its

versionlist). Eachversionis taggedwith theuniqueidenti�er of thetransactionthatcre-

atedit. This enableseachtransactionto locateits versionin the list. The versionsare

sortedunderthetransactionorder(describedin Section5.2.3).

We now describethe implementationof readandwrite operationson objectsasper-

formedby transactionsin the presenceof versioning. If only onetransactionis present

in thesystem(no concurrency), a reador write operationretrievesandaccessesthemost

recent(committed)versionof the object(or the original object in caseno versionsof it

havebeencreated).Otherwise,a morecomplicatedaccessprocedureis required.

Reads A referenceto asharedobjecto referencedby transactiont mustpoint to o'smost

recent(committed)versionwith respectto t; in particular, t mustnot accessany version

of o that hasbeencreatedby anothertransactionthat occursin t's logical future. To

implementthis invariant,wetraversetheversionslist (in transactionorder)andeitherload

thereferencefor theversiontaggedby t, or theversioncorrespondingto t's mostrecent

predecessor(accordingto transactionorder).If transactiont0thatoccursin t's logicalpast

haswrittento o, andt readstheversioncorrespondingto thiswrite, a forwarddependency

violation existsandwill becapturedusingtheaccessmaps,asdescribedearlier. Indeed,

the only instancewhena readby t to a versionwritten by t0 would be safeis precisely

when,at thepoint thereadoccurs,t0hasalreadycommitted.

Theimplementationof readoperationsis additionallycomplicatedby thefactthatread

barriersareonly executedat referenceloads.Thus,in orderfor loadsof primitivevalues

to proceedcorrectly, we maintainan invariant that no existing referenceon the thread

stackbelongingto transactiont canpoint to a versioncreatedby any other transaction
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executingin t's “logical” future. This invariant is relatively easyto maintainsincethe

run-time systemmonitorsall referenceloadswithin readbarriers. However, we must

take specialcareto make surethat if a transactioncreatesa version,all referenceson the

stackof thethreadexecutingthetransactionareupdatedcorrectlyto point to this version

(in otherwords, all readsperformedby t must observe t's writes). We implementthe

invariantusinga threadstackinspectionmechanismdescribedbelow.

Writes Whenmultiple transactionsarepresentin the system,all of themoperateover

their own local versionsof shareddata. In orderto reducethenumberof copiescreated,

our implementationemploys a copy-on-write strategy – a new versionis createdonly

whentransactiont updatesan objectfor the �rst time; we guaranteethat all subsequent

accessesby t will referto thatversion.

All objectupdateoperations(includingwritestoprimitive�elds) aremediatedbywrite

barriers.Whent performsan initial write to anobjecto, no local versionof o exists. A

new versionis thereforecreatedand insertedat the appropriateposition in the version

list rootedat o to re�ect transactionorder. At this point, other referencesto the same

objectmay exist on t's threadstack. For example,t might have previously reado, but

not yet written to it. All suchreferencesmustthenbe forwardedto point to the freshly

createdversionof o in orderto avoid accessingstaleversions.All versionsof o created

by transactionsin t's logical pastareconsideredstalewith respectto t if t createsa new

versionof o.

Referenceforwardingrequiresthreadstackinspectionasdescribedbelow. Note that

oncethenew versionis createdandall the referenceson thestackareforwarded,all the

referencesonthestackthroughouttheentireexecutionof thistransactionwill alwayspoint

to theright version(becausesubsequentreferenceloadsareforwardedto theappropriate

version). As a result,we avoid having to locatethe correctversionon the versionslist

when executingwrites so long as a private copy exists. We only have to traversethe

versionslist uponversioncreation(when the object is �rst written). New versionsare

insertedat theappropriateplacein theversionlist to maintainit in order.
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All transactionsmaintaina list of their versionsandusethis list on abortto purgethe

revokedversions.Our implementationdoesnot currentlypurgestalecommittedversions

from anobject'sversionslist. Instead,wedefersuchcleanupto thegarbagecollector.

Thread Stack Inspection We usea modi�ed versionof the threadstack inspection

mechanismusedby the garbagecollector to supportboth pre-readingand forwarding

of referenceson the stack. However, the essenceof the mechanismremainsthe same.

Oneof themajordifferencesbetweentheoriginal stackinspectionmechanismuseddur-

ing garbagecollectionandour modi�ed versionlies in thechoiceof theclient usingthis

mechanism.Garbagecollectionassumesthat thestacksof inactive threadsarebeingin-

spected.As aresult,theentireexecutionstate(includingregisters)of theinspectedthread

is available for inspection. In our system,the active threadinspectsits own state. We

arti�cially createa“snapshot”of thecurrentthread'sexecutionstate,executethestackin-

spectionroutine,andrestoretheexecutionstateto thepoint beforetheinspectionroutine

was invoked. This snapshotprocedureis implementedin assembly. The stackinspec-

tion routine either tagsa readmap for every referenceencountered(when pre-reading

the stack)or forwardsall referencesencounteredto point to the correctversion(when

forwardingreferencesduringcopy-on-write).

Versioningof StaticVariables

In JikesRVM staticvariablesare storedin a global symbol tablecalled the JTOC.

Staticvariablesareversionedsimilarly to objects.A copy-on-writestrategy is used,with a

versionslist holdingper-transactionversionsof staticvariables.Becausewemustversion

staticvariablesof bothprimitiveandreferencetypes,we introducethenotionof aversion

container: asmallobjectthatboxesavalueof thestaticvariableinto anobjectthatcanbe

puton theversionslist.

Uponinitial write to a staticvariableby a transaction,a versioncontainerfor thecor-

respondingvariableis created.Thetypeof theslot in theJTOC representingthis variable

is thenmodi�ed to indicatethat its valuehasbeencopiedto the list of versioncontain-
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ers. For subsequentwrites, a containercreatedby the transactionmustbe retrieved and

thevalueit containsupdated.Whenreadingthevalueof a staticvariable,theappropriate

versioncontaineron thecontainerslist mustbe located(similarly to retrieving anobject

version– it is either the containercreatedby the currenttransactionor the onedirectly

precedingits positionin thecontainerslist).

Indirectionsin theJTOC arelazily collapsedafterall futureshave beensuccessfully

evaluatedandthe programrevertsto executingwithin a single(primordial) transaction.

Fromthispointon,only themostrecentvalueof eachstaticvariablecaneverbeused.

5.4 ExperimentalEvaluation

Ourexperimentswith safefuturesfor Javaexploretheirperformanceonbothstandard

benchmarksandasyntheticbenchmark.In bothcases,weusefuturesin astraightforward

rewrite of initially sequentialbenchmarkprograms.Thestandardbenchmarksaredrawn

from theJavaGrande[54] benchmarksuite.Wechooseasubsetof naturallyparallelizable

benchmarks,namelyseries , sparse, crypt andmc.

Thesyntheticbenchmarkis intendedto exposetheperformanceof our implementation

acrossa rangeof benchmarkparameters,suchasread/writeratio anddegreeof shared

access.The syntheticbenchmarkis basedon the OO7 objectdatabasebenchmarksuite

[13], modi�ed to usefuturesin aparalleltraversalof theOO7designdatabase.

For all benchmarks,we alsorun their original sequentialversionon the unmodi�ed

JikesRVM, andusethis asa baselineto which we normalizefor comparisonwith their

future-enabledparallelversions.

5.4.1 ExperimentalPlatform

Our implementationusesversion2.3.4+CVS(with 2005/06/2313:35:22UTC times-

tamp)of JikesRVM for both the futures-enabledandthebaseline(usedfor comparison)

con�gurations.JikesRVM is con�guredwith thedefaultsfor theIntel x86platform,using

theadaptivecompilerframework.
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Weruneachbenchmarkin its own invocationof JikesRVM, repeatingthebenchmark

six timesin eachinvocation,anddiscardingtheresultsof the �rst iteration,in which the

benchmarkclassesareloadedandcompiled,to elide the overheadsof compilation. We

reportmeanexecutiontimes,with 90% con�denceintervals, to illustrate the degreeof

variation.

Our hardware platform is a 700MHz Intel PentiumIII symmetricmulti-processor

(SMP) with 2GB of RAM runningLinux kernelversion2.4.20-20.9smp(RedHat9.0).

Our parallelexecutionsrun four futuressimultaneouslyon the SMP usingfour separate

processors,thoughwe note that suchruns createmultiple setsof four futuresfor each

iterationof thebenchmark,soa seriesof futuresarecreatedin eachrun.

5.4.2 Benchmarks

As mentionedearlier, we draw uponbenchmarksfrom theJava Grandesuite,aswell

astheOO7syntheticdesigndatabasebenchmark.Theformerarerepresentative of ideal

candidateapplicationsfor parallelizationusing futures. The latter is lessamenableto

parallelizationdueto thedensityof thebenchmarkdatastructuresanddegreeof sharing

amongthem. Nevertheless,OO7 representsa benchmarkin which meaningfulparame-

terscanbe variedeasily to demonstratetheir impacton the performanceof our futures

implementation.

JavaGrande

Eachof theselectedJavaGrandebenchmarkswaschosenfor beingstraightforwardly

parallelizable.They eachperformsubstantialcomputationsover elementsstoredin Java

arraysor in Javavectors,whereaccessto thedatastructuresis encodedinto loopsoverthe

respectiveelements.We parallelizedthesebenchmarksby substitutingfuturesfor subsets

of theloopiterationssimilarly to thewaythesebenchmarkshavebeenparallelizedfor dis-

tributedexecutionvia a Java message-passinginterface(MPJ) [54]. For thebenchmarks

thatusearrays,this rewriting alsoincludespartitioningarraysinto subarraysin orderto
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capturelocality (suchtransformationswerealsousedwith MPJ),andbecausethecon�ict

detectionmechanismsdescribedearlierfunctionat per-arraygranularities,ratherthanfor

fragmentsof arrays.Theseries benchmarkperformsFouriercoef�cients computation,

sparse multipliesanunstructuredsparsematrix storedin compressed-row formatwith a

prescribedsparsitystructure,crypt performsIDEA (InternationalDataEncryptionAlgo-

rithm) encryptionanddecryptionandthe mcbenchmarkis an implementationof Monte

CarloSimulation.

We believe benchmarkslike theseareprime candidatesfor parallelizationusingfu-

tures. Note, however, that even thoughthey could be rewritten to usefutureswith only

smallchangesto theirsourcecode,andstraightforwardpartitioningof theirdata,rewriting

theOO7benchmarkwasevensimpler– no datapartitioningwasrequired– andinvolved

modifyingonly thetop-level controlloop (detailedbelow).

TheOO7Benchmark

TheOO7benchmarksuite[13] providesa greatdealof �e xibility for benchmarkpa-

rameters(e.g., databasestructure,fractionsof reads/writesto shared/privatedata). The

multi-userOO7benchmark[12] allows controlover theamountof contentionfor access

to shareddata.By varyingtheseparameterswe areableto characterizetheperformance

of safefuturesoveramixedrangeof workloads.

Benchmark description TheOO7benchmarkoperateson a syntheticdesigndatabase,

consistingof a setof compositeparts. Eachcompositepartcomprisesa graphof atomic

parts, anda documentobjectcontaininga small amountof text. Eachatomicpart has

a setof attributes(i.e., �elds), andis connectedvia a bi-directionalassociationto several

otheratomicparts.Theconnectionsareimplementedby interposingaseparateconnection

objectbetweeneachpair of connectedatomicparts. Compositepartsarearrangedin an

assemblyhierarchy;eachassemblyis eithermadeupof compositeparts(abaseassembly)

or otherassemblies(a complex assembly).Eachassemblyhierarchyis calleda module,

andhasanassociatedmanualobjectconsistingof a largebodyof text.
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Table5.1
Componentorganizationof theOO7benchmark

Component Number
Modules M + 1, for M futures

Assemblylevels 7
Subassembliespercomplex assembly 3

Compositepartsperassembly 3
Compositepartspermodule 5000

Atomic partspercompositepart 20
Connectionsperatomicpart 3

Documentsize(bytes) 2000
Manualsize(bytes) 100000

Our implementationof OO7conformsto thespeci�cationof thestandardOO7data-

base.Our traversalsarea modi�ed versionof themulti-userOO7traversals.A traversal

choosesa singlepaththroughtheassemblyhierarchyandat thecompositepartlevel ran-

domly choosesa �x ednumberof compositepartsto visit (thenumberof compositeparts

to be visited during a single traversalis a con�gurableparameter).Whenthe traversal

reachesthecompositepart,it hastwo choices:

1. Do aread-onlydepth-�rst traversalof theatomicpartsubgraphassociatedwith that

compositepart;or

2. Do a read-writedepth-�rst traversalof theassociatedatomicpartsubgraph,swap-

ping thex andy coordinatesof eachatomicpartasit is visited.

Eachtraversalcanbe donebeginning with eithera private moduleor a shared module.

Theparametersof theworkloadcontrolthemix of thesefour basicoperations:read/write

andprivate/shared.To fostersomedegreeof interestinginterleaving andcontentionin

the caseof concurrentexecution,our traversalsalso take a parameterthat allows extra

overheadto beaddedto readoperationsto increasethetimespentperformingtraversals.

Benchmark con�guration Ourresultsareall obtainedwith aOO7databasecon�gured

as in Table5.1. The top-level executionof our sequentialOO7 benchmarkoperatesas
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shown in Figure5.11(a). It performsI benchmarkiterations,eachbenchmarkiteration

comprisesM setsof traversalsin which theprivatemodulerangesfrom module1 to mod-

ule M, moduleM + 1 is usedasthesharedmodule,andtheparameterp controlsthemix

of operationsperformedby thetraversals.

Thetop-level executionof our futures-enabledOO7benchmarkoperatesasshown in

Figure5.11(b).It performsI benchmarkiterations,eachbenchmarkiterationcomprisesM

futures,eachof which performsa setof traversalsoperatingon a distinctprivatemodule

m, moduleM + 1 is usedasthesharedmodule,andtheparameterp controlsthemix of

operationsperformedby thetraversals.

We seedthetraversalswith thesamerandomseedin boththesequentialandfutures-

enabledexecutionsof thebenchmark,suchthatbothversionsperformidenticalworkloads.

5.4.3 Results

Wepresentresultsfor theJavaGrandebenchmarks�rst, to indicatethebehavior of fu-

turesunderidealcircumstances.OO7is moredemanding,butalsomoretunable,revealing

theunderlyingperformancecharacteristicsof our implementation.

JavaGranderesults

Figure5.12reportstheelapsedtimefor executionof thefuture-enabledversionsof the

Java Grandebenchmarks,normalizedagainstthe averageelapsedtime for executionof

for (i = 1; i <= I; i++)
for (m = 1; m <= M; m++)

traversals(m,p);

(a) SequentialOO7benchmark

for (i = 1; i <= I; i++) f
for (m = 1; m <= M; m++)

f[m] = future(traversals(m,p));
for (m = 1; m <= M; m++)

f[m].get();
g

(b) ParallelOO7benchmark

Figure5.11.Top-level loopof theOO7benchmark
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Figure5.12.JavaGrande:elapsedtime (normalized)

theunmodi�ed sequentialbenchmarksrunningon theunmodi�ed JikesRVM. Timesare

arithmeticmeansof the5 hot runsof eachbenchmark,plottedwith 90%con�denceinter-

vals.Recallthatweparallelizethebenchmarksusingfour futuresrunningconcurrentlyon

four CPUs.Thus,observe thatspeedupsrangefrom perfect(or evenslightly super-linear

– 4� for series ), to a little lessthan2� speedupfor crypt . We believe that thereason

for thesuper-linearspeedupfor series is dueto improvedlocality asaresultof thearray

partitioning.

OO7results

We reportresultsfor two basicversionsof OO7,onefor a databasecontainingonly

2 (M = 1) modulesandonefor a databasecomprising5 (M = 4) modules. Again, we

comparethe future-enabledparallelversionsagainstthesequentialversionof thebench-

mark. We vary theratio of writesto readsperformedwithin eachsetof traversalsas4%,

8%, 16%and32%writes (96%,92%,84%,and68%reads,respectively), in an attempt

to modelworkloadswith mutationratesrangingfrom low to moderate.We alsovary the

ratioof shared/privateaccessesfor eachmix of reads/writesas0%,50%and100%.Thus,
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Figure5.13.OO7with 1 future:averageelapsedtimeperiteration(normalized)
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Figure5.14.OO7with 1 future: versionscreatedperiteration

for 4% writes, 50%shared,a setof 100 traversalswill on averageperform2 read-write

traversalsto shareddata,2 read-writetraversalsto privatedata,48 read-onlytraversalson

shareddata,and48 read-onlytraversalsonprivatedata.

With just 2 (M = 1) modules,boththeoriginal andfuture-enabledversionsareinher-

entlysequential,sincethedegreeof future-enabledparallelismis equalto M for adatabase

containingM + 1 modules.Moreover becauseonly onefuture is ever active, revocation

cannotoccur. Thus,thecomparisonfor M = 1 yieldsa measureof thefundamentalover-

headsin our systemfor creatingandclaimingfutures(andindirectly theeffectivenessof

our context-cachingmechanisms),for the readandwrite barriersusedto trackaccesses,

andfor versioning. The elapsedtime results,normalizedagainstthe sequentialversion

runningon theunmodi�ed JikesRVM, arepresentedin Figure5.13. Thesereveala per-
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futureperformancehit of 8-12%for 4%writes.As write ratiosincrease,weseeoverheads

of 15-20%for the32%write ratio. Figure5.14graphsthenumberof versionscreatedper

benchmarkiteration,showing that thenumberof versionscreatedincreaseswith sharing

andthewrite ratio.

Of course,for morefutures,thisperformancehit maycometo dominate.Someof the

overheadresultsfrom thelackof ef�cient supportin JikesRVM for cachingof threadstate

(e.g., stacks)from onethreadactivationto another. Thus,spawning a future is relatively

expensive.Still, ouroverheadsarelow enoughto justify theuseof safefuturesfor arange

of applications,astheJavaGranderesultsillustrate.

Adding concurrency yieldsopportunityfor parallelism,asillustratedin theresultsfor

OO7usingfour futures,shown in Figure5.15. With four futuresexecutingin parallelon

four CPUsthereis thepossibilityof revocation,which we graphin Figure5.16. Without

sharingthereareno revocations.Thusfor theunsharedexecutionswe seeuniform gains

of 52-56%acrosstherangeof write ratios,asexpected.Theperformancegainsvary de-

pendingon thecon�guration;evenat32%write ratio with 100%sharingwe still observe

aperformancebene�t of about25%(Figure5.15(d)).In all con�gurations,therevocations

seemto impactperformancesigni�cantly, sincetheirriseis correlatedwith increasedshar-

ing, aswell aswrite ratio(seeFigure5.16).Theincreasein versionscreated(Figure5.17)

alsoaffectsexecutiontimes– aswrite ratiosincrease,elapsedtimesin Figure5.15also

increaseslightly evenfor con�gurationswhereno revocationsareobserved.

Thecostof creatingversionsconstitutespartof the“base”overheadcommonacross

all con�gurations,thoughclearlynon-existentin thesequentialversionof thebenchmark.

Anotherlarge baseoverheadresultsfrom executinglarge numbersof readbarriers. We

observe on average63 million readbarriers(30 million for objects,18 million for arrays

and15 million for staticvariables)perbenchmarkiteration(thesenumbersremainmuch

thesameacrossall con�gurations).This indicatesthatour initial decisionto minimizethe

numberof barriersby insertingthemonly at referenceloadswasprescient.We alsoob-

servealargenumberof write barriers– 16million onaverageperbenchmarkiteration(6.5

million for objects,9.5 million for arrays,anda negligible numberfor staticvariables).
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Figure5.15.OO7with four futures:averageelapsedtimeperiteration(normalized)
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Figure5.16.OO7with four futures:revocationsperiteration
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Figure5.17.OO7with four futures:versionscreatedperiteration

Thenumberof write barriersfor objectsincreasesasthenumberof writes to sharedob-

jectsgrows acrossdifferentcon�gurations. We areparticularlypenalizedby thenumber
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of staticvariableaccessesfor this implementationof OO7, which usesthemto capture

thetraversalparameters.In general,staticanalysessuchasescapeanalysiscouldbevery

helpful in optimizingaway unnecessarybarrieroverheads[9,10,14]. We note,however,

that for OO7 suchanalysesareunlikely to have muchimpact,becauseall futuresoper-

ateovera singlerecursively-de�neddatastructure.Nonetheless,evenwithout thebene�t

of advancedcompileroptimizations,the performanceof our implementationusing just

run-timeoptimizationsis encouraging.

5.5 RelatedWork

The semanticsof futures[18,19] andtheir implementation[36,44] have beenwell-

studiedin the context of functional languages.However, from the point of view of the

work presentedin this thesis,the most interestingresearchefforts in this areaconcern

applicationof futuresin thecontext of imperativeprogramminglanguages.

Promises[41] areavariantof futuresfor astaticallytypedlanguage,Argus[40]. They

areusedto implementasynchronousremotemethodcalls. Futures,in their original in-

terpretation,areexpressionannotationsthatmayor maynot betakeninto accountby the

run-timesystem.As a result,the resultof their evaluationmaybeeithertheplaceholder

for theactualvalue(if therun-timesystemevaluatestheexpressionasynchronously)or the

valueitself (if evaluationis synchronous).Promisesarestronglytypedandtheoperation

of claiming a promiseis madeexplicit, which avoids any run-timecheckto distinguish

the different typesof returnedvalues. Making the claim operationexplicit alsoallows

convenienthandlingof run-timeexceptionsandproblemsrelatedto thedistributedsetting

(e.g., nodefailures).

More recently, Pratikakiset al. [48] presenta staticanalysisto allow Java programs

to usefutureswithout requiringwholesalechangesto theprogramto satisfytyperestric-

tions. Their analysistrackshow anobjectrepresentinga future�o ws througha program,

andinjectscoercionsthatperformaclaimoperationontheobjectatpointswherethevalue

yieldedby thefuture,ratherthantheobjectrepresentingthefuture,is required.Theanal-
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ysisusesquali�er inferenceto trackhow futuresareused.Our goalsaresimilar in spirit

to theirwork in thatbothattemptto treatfuturesasa transparentconcurrency mechanism.

However, unlikeourdesignandimplementation,Pratikakisetal. makenoguaranteesthat

theevaluationof a futuredoesnot introducebehavior inconsistentwith thesequentialpro-

gramfrom which it wasderived.Althoughweexpectthatfuturesareprimarily usefulfor

spawningconcurrenttasksthatexhibit relatively little to modestsharing,it is nonetheless

critical thatsafetyviolationsbedetectedwhenthey do occur.

Safefuturesareamechanismallowing relatively straightforwardparallelizationof se-

quentialJavaprograms.TheParaTranproject[35] wasanattemptto achievesimilargoals

for sequentialLisp programsin thepresenceof side-effects.A sequentialLisp programis

dividedinto tasksthatcanbeexecutedconcurrently, usinga compile-timeanalysis.Like

our implementationof safefutures,ParaTran usesoptimistic concurrency control tech-

niquesto monitordataaccessesperformedby concurrentlyexecutingtasksandto revoke

fragmentsof computationafterdetectingviolationsof the(logical) serialexecutionorder.

To the bestof our knowledgehowever, ParaTran hasnever beenimplementedto run on

a realsystemandtheavailablesimulationresultsdo not includeall thepotentialcostsof

suchanimplementation.Oneof themajorgoalsof ourwork wasa thoroughperformance

evaluationof animplementationbasedona realisticlanguageexecutionenvironment.

Anotherapproachto parallelizingsequentialprogramsin thepresenceof side-effects

hasbeenexploredin thecontext of theJadeprogramminglanguage[50]. Jadeis a high-

level, implicitly parallellanguagedesignedto exploit coarse-grainedconcurrency. It has

beenimplementedonawidevarietyof platforms,rangingfrom sharedmemorymultipro-

cessormachinesto looselycouplednetworksof workstationsusingmessage-passing.It

hasbeenprovento beeffective in parallelizingsequentialprograms(upto linearspeedups

havebeenachieved).

Jadeprovidesa programmerwith anabstractionof bothsingleaddressspaceandse-

rial semantics.In orderto parallelizea sequentialprogram,theprogrammermustdelimit

codefragments(tasks)thatcanbeexecutedconcurrentlyandexplicitly specifyinvariants

describinghow differenttasksaccessshareddata.Therun-timesystemis thenresponsi-
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ble for exploiting availableconcurrency andverifying dataaccessinvariantsin orderto

preserve thesemanticsof theserialprogram.Violationsof dataaccessinvariantsresultin

run-timeerrors.

Themostrecentapproachto automaticparallelizationof sequentialJavaprogramshas

beendevelopedby Garciaet al. [49]. Their Mitosis compilerenablesautomaticextrac-

tion of thread-level parallelismthroughspeculative executionof threads. Their system

estimates,basedon thecost-bene�tmodel,whetherspawningof anew speculative thread

hasthepotentialto improveoverall run-timeperformance.Spawning of a threadconsists

of two separateoperations:a spawningpoint (SP) anda control quasi-independentpoint

(CQIP). TheSPidenti�es thepointwherespeculativethreadis createdandtheCQIPiden-

ti�es thepointwhenspeculativethreadstartsexecuting.Correctnessof thethread'sexecu-

tion aftertheCQIPreliesontheprocessorsstate(memoryandregistervalues)attheCQIP

beingcorrectlypredicted.Thispredictionis encapsulatedwithing apre-computationslice

(p-slice), computedby thecompiler. Mispredictionsarehandledby theexistinghardware.

Performanceevaluationof the Mitosis compilerarchitecture(usedto parallelizeseveral

sequentialbenchmarksfrom theOldensuite)showsanaveragespeedupof over100%.

5.6 Conclusions

In this chapter, we have describedhow optimistic transactionscanbeusedto support

safefuturesin Java. Futuresprovide a simpleandintuitive API for concurrentprogram-

mingthatallowsaconcurrentprogramtobeconstructedoftenthroughonly asmallrewrite

of a sequentialone.Unfortunately, futuresascurrentlyspeci�ed in Javaarenot treatedas

asemanticallytransparentannotation,thussigni�cantly weakeningtheirutility. Program-

merswhousefuturesmustreasonaboutthesubtleinteractionsamongfuture-encapsulated

computations,in muchthesameway they mustreasonabouttheinteractionof threadsin

a typical multi-threadedJava program.Safefuturesobviate the needfor suchreasoning

by guaranteeingthattheir injectioninto asequentialprogramdoesnotaltertheobservable

behavior of theprogram.Furthermore,thecostof providing this addedlevel of safetyis
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not prohibitive. The evaluationof our implementationindicatesthat safefuturescanbe

usedto exploit concurrency even for applicationswith modestmutationrateson shared

data.
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6 TRANSACTIONAL MONITORS

Programmersdevelopingconcurrentapplicationsoftenreasonaboutsafetyof concurrent

executionin termsof suchhigh level propertiesasisolation andatomicity. It hasbeen

widely recognizedthat it is dif�cult to expressandenforcethesepropertiesusing low-

level mechanismssuchasmutualexclusionsynchronization.We havediscussedthemost

commonproblemsrelatedto usingmutualexclusionin Section1.1.

Recentproposalsrecognizethatsuchhigh level propertiescanbeenforcedby concur-

rency controlmechanismsthatavoid theproblemsof locking,by transplantingnotionsof

transactionsto theprogramminglanguagecontext [27,30,56]. Thesemechanismsensure

atomicityandisolationof operationsperformedwithin atransaction,whileenhancingcon-

currency by permittingtheoperationsof differenttransactionsto beinterleavedaslongas

theresultingscheduleis serializable.Atomicity is a powerful abstraction,permittingpro-

grammersto moreeasilyreasonabouttheeffectsof concurrentprogramsindependently

of arbitraryinterleavings. Thereis comprehensive empiricalevidencethatprogrammers

almostalwaysusemutual-exclusion locks to enforcepropertiesof atomicity and isola-

tion [20]. Thus,makingtransaction-like concurrency abstractionsavailableto program-

mersis generatingintenseinterest.

Nevertheless,lock-basedprogramsareunlikely to disappearany timesoon.Certainly,

thereis much legacy code(including widespreaduseof standardlibraries) that utilizes

mutual-exclusionlocks.Moreover, locksareextremelyef�cient whencontentionfor them

is low – in many cases,acquiring/releasinganuncontendedlock is ascheapasmodifying

a singlememoryword usinganatomiccompare-and-swap operation.In contrast,trans-

actionalconcurrency controlprotocolsrequiremuchmorecomplicatedtrackingof opera-

tionsperformedwithin thetransactionaswell asvalidationof thoseoperationsbeforethe

transactioncancommit. Given that transaction-basedschemesimposesuchoverheads,

many programmerswill continueto programusingexclusionlocks,especiallywhenthe
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likelihoodof contentionis low. The advantagesof transactionalexecutionaccrueonly

whencontentionwould otherwiseimpedeconcurrency andserializabilityviolationsare

low.

Thesetrade-offs arguefor considerationof a hybridapproach,whereexisting concur-

rency abstractionsusedto enforceatomicityandisolation,suchasJava'smonitors,canbe

implementedby eitherlocksor transactions.In fact,from aprogrammer'sperspectiveit is

irrelevantwhetherthreadsenteringa monitoracquirea mutual-exclusionlock or execute

transactionally, so long as the language-de�nedpropertiesof the monitor areenforced.

Dynamicallychoosingwhich styleof executionto usebasedon theobservedcontention

for themonitorpermitsthebestof bothworlds: low-costlockingwhencontentionis low,

andimprovedconcurrency usingtransactionswhenmultiplethreadsattemptto simultane-

ouslyexecutewithin themonitor.

Complicatingthis situationis the issueof nesting,which posesboth semanticand

implementationdif�culties. Theclosednestedtransactionmodel[45] representsthepurest

expressionof nestedtransactionsfor preservingatomicity and isolation. In this model,

whenan inner transactioncommits,isolationsemanticsfor transactionsmandatethat its

effectsarenotgloballyvisibleuntil theoutermosttransactionin whichit runssuccessfully

commits.In contrast,Java monitorsexpressedassynchronizedmethods/blocksrevealall

prioreffectsuponexit, evenif thesynchronizedexecutionis nestedinsideanothermonitor.

Obtaininga meaningfulreconciliationof lockswith transactionsrequiresaddressingthis

issue.

We now proceedto describinghow locks andtransactionscanbe reconciledwithin

Java's monitor abstraction.Our treatmentis transparent to applications:programscon-

tinueto usethestandardJava synchronizationprimitivesto expresstheusualconstraints

on concurrentexecutions. A synchronizedblock1 may be guardedby a transactional

monitor (implementedusingtransactionalmachinery)even if it waspreviously guarded

by an exclusivemonitor (implementedusingmutualexclusion),andvice versa. Trans-

actionalexecutiondynamicallytogglesback to mutual exclusion whenever continuing

1A synchronizedmethodcanbeexpressedasa non-synchronizedmethodwhoseentirebodyis enclosedin
a synchronizedblock.
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transactionalexecutionbecomesinfeasible,suchasatnativemethodcalls,whoseeffects,

in general,cannotbeundone.In bothcases,hybridexecutiondoesnotviolateJavaseman-

tics,andservesonly to improveperformance.Wearguecorrectnessof ourapproachusing

a formal semantics.We alsodescribedesignandimplementationof a Java run-timesup-

portinghybrid-modeexecutionandpresentadetailedimplementationstudythatquanti�es

overheadsinherentwith ourapproach.

Wenow proceedto describeaformalsemanticsthatde�nessafetycriteriaunderwhich

exclusive monitorsandtransactionalmonitorscanco-exist. We show that for programs

thatobey standardatomicityproperties,Java monitorscanberealizedusingeitherof the

concurrency control protocolswith no changein observablebehavior. In this way, we

resolvetheapparentmismatchin thevisibility of theeffectsof Javamonitorsversusclosed

nestedtransactions.

6.1 Semantics

To examinenotionsof safetywith respectto transactionsandmutualexclusion,we

de�ne atwo-tieredsemanticsfor asimpledynamically-typedcall-byvalueobjectcalculus

similar to ClassicJava [22] extendedwith threadsand synchronization. The �rst tier

describeshow programswritten in this languageare evaluatedto yield a schedulethat

de�nes a sequenceof possiblethreadinterleavings, and a memorymodel that re�ects

how andwhenupdatesto shareddataperformedby onethreadarere�ected in another.

Thesecondtier de�nesconstraintsusedto determinewhethera scheduleis safebasedon

a speci�c interpretationof what it meansto protectaccessto shareddata; this tier thus

capturesthebehavior of speci�c concurrency controlmechanisms.

The syntaxof the languageis presentedin Figure6.1. We take metavariablesL to

rangeover classdeclarations,Cto rangeover classnames,t to denotethreadidenti�ers,

Mto rangeover methods,mto rangeover methodnames,f andx to rangeover �elds and

parameters,respectively, l to rangeover locations,andv to rangeover values.We useP

for processterms,ande for expressions.
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P ::= (P j P) j t [e]
L ::= class Cf f Mg
M ::= m(x) f eg
e ::= x j l j this j e:f j e:f := e j e:m(e)

j hei e j newC() j spawn(e) j guard (e) f eg

Figure6.1. Languagesyntax.

A programde�nes a collection of classde�nitions, and a collection of processes.

Classesare all uniquely named,and de�ne a collection of instance�elds and instance

methodswhich operateover these�elds. Every methodconsistsof anexpressionwhose

valueis returnedastheresultof a call to thatmethod.Every classhasa unique(nullary)

constructorto initialize object�elds. Expressionscanreadthe contentsof a �eld, store

a new valueinto an instance�eld, createa new object,performa methodcall, enforce

sequencingof actions,or guardtheevaluationof asubexpression.

To evaluateaguardexpressionof theform,guard (e) f e0g, expressione is �rst evalu-

atedto yield a locationl . Wereferto l asamonitoranduseit to mediatetheexecutionof

theguardedexpressione0. Note,thatevaluationof differentexpressionsmaybemediated

by thesamemonitor. If only onethreadata time is allowedto evaluateany of theexpres-

sionsguardedby thesamemonitor, themonitoractsasamutual-exclusionlock (becomes

an exclusivemonitor). Otherwise,the monitor becomesa transactionalmonitor and is

usedto mediateexecutionof multiple threadsby enforcingserializabilityof their actions.

In theremainingpartof this sectionwe will discusshow thesetwo typesof monitorscan

transparentlyco-exist within thesameframework.

The semanticsof the calculusis presentedin Figure6.2 andFigure6.3. In the fol-

lowing, we useover-bar to representa �nite orderedsequence,for instance,f represents

f 1 f 2 : : : f n. Thetermaa denotestheextensionof thesequencea with asingleelementa,

andaa0denotessequenceconcatenation,S:OPt denotestheextensionof scheduleSwith

operationOPt . GivenschedulesSandS0, wewrite S� S0 if Sis asubsequenceof S0.
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A value is either the distinguishedsymbol null , a location, or an object C(l ) (an

instanceof classC, in which �eld f i hasvaluel i). Programevaluationandschedulecon-

structionis speci�edby areductionrelation,P;D;G;S =) P0;D0;G0;S0thatmapsprogram

statesto new programstates.A stateconsistsof a collectionof evaluatingprocesses(P),

a threadstore(D) thatmapsthreadsto their local caches(representedby s), anda global

store(G). This lastelementof theprogramstaterequiresadditionalexplanation.As de-

scribedbelow, updatesperformedby onethreadbecomevisible to otherthreadsasaresult

of guard expressionsbeingevaluated. The global storeG is parametrizedby locations

representingmonitorsin orderto allow differentthreadsto observedifferentvaluesresid-

ing in thesamelocations,dependingonwhichguard expressionshavebeenevaluatedby

thesethreads.Informally, threadsevaluateexpressionsusingtheir local caches,loading

and�ushing their cachesat synchronizationpointsde�ned by guard expressions.This

semanticsroughlycorrespondsto a releaseconsistency memorymodelsimilar to theJava

Memory Model [43], describedin Section4.1.2. An auxiliary relation ! t is usedto

describereductionstepsperformedby aspeci�c threadt usingits own localcaches. Ac-

tionsthatarerecordedby aschedulearethosethatreadandwrite locations,andthosethat

acquireandreleasemonitors,thelattergeneratedaspartof guard expressionevaluation.

In globalevaluationrulesEt
P[e] denotesa collectionof processescontaininga process

with threadidenti�er t executingexpressione with context E. The expression“picked”

for evaluationis determinedby the structureof evaluationcontexts. Most of the rules

arestandard:holesin contexts canbereplacedby thevalueof theexpressionsubstituted

for the hole. Methodinvocationbindsthe variablethis to the currentreceiver object,

in additionto bindingactualsto parameters,andevaluatesthe methodbody in this aug-

mentedenvironment.Readandwrite operationsaugmenttheschedulein theobviousway.

Constructorapplicationreturnsa referenceto a new objectwhose�elds areinitialized to

null .

In orderto spawn a new threadfor evaluationof expressione, we �rst associatethe

new threadwith afreshthreadidenti�er, setthethread's localcacheto bethecurrentlocal

cacheof its parent,andbegin evaluationof e usinganemptycontext.
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Evaluation contexts:

E ::= �
j E[� ]:f := e
j l :f := E[� ]
j E[� ]:m(e)
j l :m(l E[� ] e)
j E[� ] ; e
j guard (E[� ]) f eg

Et
P[e] ::= P j t [E[e]]

Program states:

t 2 Tid
P 2 Process
x 2 Var
l 2 Loc
v 2 Val = null j C(l ) j l
s 2 Store = Loc! Val
D 2 TStore = Tid ! Store
G 2 SMap = Loc! Store

OPt l
OPG

t l
2 Ops =

f rd ;wtg� Tid � Loc
f acq; relg� Tid � Loc� SMap

S 2 Schedule= OPt l j OPG
t l

L 2 State = Process� Store� Schedule

Figure6.2.Programstatesandevaluationcontexts.

Let guard (l ) f eg be anexpressionwhereevaluationof theguardedexpressione is

mediatedusingmonitorl . Beforeevaluatinge, localcacheof thethreadevaluatingguard

expressionis updatedto loadthecurrentcontentsof theglobalstoreat locationl . In other

words,globalmemoryis indexedby thesetof locationsthatactasmonitors:whenevera

threadattemptsto synchronizeagainstoneof thesemonitors(say, l ), thethreadaugments

its localcachewith thestoreassociatedwith l in theglobalstore.Theguardedexpression

e is thenevaluatedwith respectto thisupdatedcache.Whentheevaluationcompletes,the

converseoperationis performed:the contentsof the local cacheis �ushed to theglobal

storeindexed by l . Thus, threadsthat synchronizeon differentmonitorswill not have

theirupdatesmadevisible to oneanother. To simplify thepresentation,weprohibitnested

guard expressionsfrom synchronizingon the samereference(l 62lockset(S; t ), where

lockset(S; t ) representsa set of monitorsacquiredby t in S at the point of the guard

expressionevaluation).
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Sequentialevaluation rules:

l 0; l fresh
s0= s[l 07! C(l ); l 7! null ]

S0= S:wtt l 1 : : : :wtt l n :wtt l 0

l 1; : : : ; l n 2 l

newC() ;s;S ! t l 0;s0;S0

s(l ) = C(l 00) s(l 0) = v
s0= s[l 00

i 7! v]
S0= S:rd t l 0:wtt l 00

i

l :f i := l 0;s ;S ! t l 0;s0;S0

hl i e;s;S ! t e;s;S

class Cf f Mg 2 L s(l ) = C(l 0)
S0= S:rd t l 0

i

l :f i ;s ;S ! t l 0
i ;s ;S0

s(l ) = C(l 0) = v s(l ) = v0

class Cf f Mg 2 L m(x) f eg 2 M

l :m(l );s;S ! t [ v=this ; v0=x]e;s;S

Global evaluation rules:

D(t ) = s
e;s;S ! t e0;s0;S0

Et
P[e];D;G;S =) Et

P[e0];D[t 7! s0];G;S0

t 0fresh D0= D[t 07! D(t )]
P0= P j t 0[e]

Et
P[spawn(e)];D;G;S =) Et

P0[null ];D0;G;S

D(t ) = s s0= s � G(l )
D0= D[t 7! s0]
l 62lockset(S; t )

P j t [e];D0;G; f =) � P0j t [l 0];D00;G0;S0

G00= G0[l 7! D00(t )]

Et
P[guard (l ) f eg];D;G;S =) Et

P0[l 0];D00;G00;S:acqG
t l :S0:relG

0

t l

Figure6.3.Languagesemantics.

6.1.1 Safety

Evaluationof anexpressionof theform guard (l ) f eg by threadt resultsin asched-

ule beingaugmentedto recordthe fact that the evaluationof guardedexpressione has
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beenmediatedby monitor l . Whenevaluationof theguard expressionstarts,anacquire

operation(acqG
t l ) is insertedinto theschedule.Whentheevaluationcompletes,a release

operation(relGt l ) is insertedinto thescheduleto re�ect thatl is no longerusedasamoni-

tor by t . Theglobalstorerecordedin thescheduleatacquireandreleasepointsis usedto

de�ne safetyconditionsfor mutualexclusionandtransactionalexecutionaswe describe

below.

Thesemanticsmakesno attemptto enforcea particularconcurrency modelon thread

execution.Instead,we specifysafetypropertiesthatdictatethelegality of aninterleaving

by de�ning predicateson schedules.To do so, it is convenient to reasonin termsof

regions, i.e., subschedulesproducedasa resultof guard expressionevaluation:

region(S) = f Si � S j Si = acqG
t l :S0

i :relG
0

t l g

For any regionR= acqG
t l :S0

i :relG
0

t l , T (R) = t , andL (R) = l .

For ascheduleto besafewith respectto aconcurrency controlprotocolwhereevalua-

tion of aguardedexpressionis mediatedusinga transactionalmonitor, it mustconformto

thenotionsof transactionalatomicityandisolation:

8N;R2 region(S); T (N) = T (R) = t

l = L (N) R= S0:N:S00

acqG
t 0l 62S00; t 6= t 0

atomic(S)

8R2 region(S) = acqG
t l :S0:relG

0

t l

8rd t l 02 S0

G(l ) = s G0(l ) = s0

s(l 0) = s0(l 0)

isolation(S)

Atomicity guarantees,that the effects of a guardedexpression's evaluationare not

propagatedto other threadsuntil the the endof the region containingoperationsof this

expression. Observe, that our semanticspropagatesupdatesto the global storeat the

endof the region (which is a releaseoperation). Theseupdatesbecomevisible to any

otherthreadthatsubsequentlyexecutesaguard expressionusingthesamemonitor. Thus,
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effectsof evaluatinga guardedexpressionwithin an inner region might becomevisible

to otherthreadsbeforetheendof theenclosingregion. This would however violateour

intuitive notion of atomicity for the enclosingguardedregion, sincepartial effects(i.e.,

resultingfrom evaluationperformedwithin theinnerregion)wouldbecomevisiblebefore

it completes.Ouratomicityrule thuscapturestheessenceof theclosednestedtransaction

model: theeffectsof aninnertransactionarevisible to theparent,via thelocal store,but

arepropagatedto otherthreadsonly whentheoutermosttransactioncompletes.

Isolationguaranteesthatevaluationof theguardedexpressionis not affectedby oper-

ationsof other(concurrentlyexecuting)threads,i.e., valuesobservedduringevaluationof

theguardedexpressiondo not re�ect updatesperformedby otherthreads.This property

is enforcedby requiringthat for every locationreadduringevaluationof theguardedex-

pressionin regionR, theglobalstoreassociatedwith themonitorguardingthisexpression

is notmodi�ed in R. Wede�ne tsafe(S) (read“transaction-safe”)to hold if atomic(S) and

isolation(S) hold.

The predicatemsafe(S) (read “mutual-exclusion-safe”)speci�ed below de�nes the

structureof schedulesthat correspondto an interpretationof monitorsin termsof mu-

tualexclusion:

8R2 region(S);T (R) = t ;L (R) = l

acqG0

t 0 l 62R; t 6= t 0

msafe(S)

For a scheduleto besafewith respectto a concurrency controlprotocolusingexclu-

sive monitors,multiple threadscannotbeallowedto concurrentlyevaluateanexpression

guardedby the samemonitor. Thus if threadt is evaluatingexpressione guardedby

monitorl , no otherthreadcanattemptto acquirel until t releasesit.

Mutual-exclusion-safetyby itself doesnot guaranteetransaction-safetyin the pres-

enceof nesting. Onecaneasilyconstructan msafeschedulewhereneitheratomicnor

isolation hold. Fortunately, programmersalmostalwaysusemutualexclusion locks to

enforcepropertiesof atomicityandisolation.Weshow thatin thecaseof programswhere
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mutualexclusionis guaranteedto enforcetheseproperties,bothimplementationsof mon-

itors (transactionalandexclusive) cansafelyandtransparentlyco-exist. Comprehensive

empiricalevidenceproving thatthis is indeedthecasefor mostJavaprogramsis provided

in [20]. The notion of atomicity usedin [20] is in fact morerestrictive thanour notion

of safety, which would allow an even larger numberof programsto be acceptedby our

semantics.In our case,thenotionof safetyis re�ned by taking into accountactualdata

accessoperationsinsteadof just themonitoroperations.

SupposeprogramP inducesscheduleSP andtsafe(SP) holds. Now, if msafe(SP) also

holds,thenany region in SP couldbeimplementedeithertransactionallyor usingmutual

exclusion.Suppose,however, thatmsafe(SP) doesnothold. This is clearlypossible:con-

sideran interleaving in which distinct threadsconcurrentlyevaluateguardedexpressions

protectedby thesamemonitor, but thebodiesof theexpressionsaccessdisjoint locations.

Oursoundnesstheoremshowsthateverysuchschedulecanbepermutedto onewhich

satis�esbothmsafeandtsafe. In otherwords,for every transaction-safeschedule,thereis

anequivalentschedulethatalsosatis�esconstraintsde�ning mutualexclusion. Thus,as

longasregionsin aprogramobey atomicityandisolation,they canbeimplementedeither

usingexclusiveor transactionalmonitorswithoutviolatingprogramsemantics.

Theorem 6.1.1 (Soundness)

Let

Et
P[e];D0;G0; f =) Et

P[l ];D;G;S

and supposetsafe(S) holdsbut msafe(S) doesnot. Then,there existsa scheduleSM

such that

Et
P[e];D0;G0; f =) Et

P[l ];DM;GM;SM

where tsafe(SM) andmsafe(SM) hold,andin which G= GM.
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Proof Let R� S= acqG
t l :S0:relG

0

t l andsupposemsafe(S) doesnothold. Sincemsafe(S)

doesnot hold, theremustbesomeR0= acqG00

t 0 l :S00:relG
000

t 0 l suchthatacqG00

t 0 l 2 S0. Since

isolation(S) holds,noneof theeffectsperformedby t 0 while synchronizedon monitor l

arevisible to t . Similarly, sinceatomicity holds,actionsperformedby t within R are

not visible to t 0 in S00. Supposethat relG
000

t 0 l follows R in S. Then, effects of R may

becomevisible to operationsin R0. But, thenisolation(R0) would not hold. Thus,we can

constructapermutedscheduleSM of Sin whichR0precedesR, msafe(SM), isolation(SM),

andatomic(SM) all hold.

6.2 Design

Our designappliesthesemanticsfor guard expressionsto Java monitorsto allow co-

existenceof bothtransactionalandexclusive monitorswithin thesamesystem.It should

beallowedfor differentsynchronizedblocksto beprotectedby eitheratransactionalmon-

itor or an exclusive monitor, without changingexecutionsemanticsof a program. The

sameargumentsappliesto synchronizedmethods.Themodi�cationsnecessaryto support

this hybrid approachshouldnot leadto performancedegradationin thecommoncaseof

single-threadedexecutionof a synchronizedblock (i.e., whenmonitor is uncontended),

andshouldleadto notableperformanceimprovementsin thecasewhenmultiple threads

attemptto acquirethe samemonitor simultaneously(i.e., whenmonitor is contended).

Also, theruntimesystemshouldbeequippedwith a mechanismto determinewhetherto

executea givenmonitor transactionallyor exclusively: mutualexclusionshouldbeused

whena monitor is uncontended,transactionsshouldbeusedonly whencontentionis de-

tected.

Synchronizationtechniquesusingexclusive monitorshave beenthoroughlyinvesti-

gated.Furthermore,recentsolutions[3,5] areoptimizedtowardsthenon-contendedcase,

whichpreciselyful�lls ourdesignrequirement.Bringingtransactionsto theprogramming

languagecontext is somewhat morechallenginganddoing it ef�ciently is still an open

issue.Our solutionusesoptimistictransactionsto mediateoperationsof differentthreads
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acquiringthesametransactionalmonitor. Alternative designs,alongwith motivationbe-

hind thechoiceof optimistictransactionshavebeendiscussedin Section1.2.3.

Ourdiscussionmakesanobviousbut importantassumptionthatwhile any givenmon-

itor canbeat onetime executedtransactionallyandat anothertime exclusively, multiple

threadscannotsimultaneouslyacquireit usingdifferentprotocols.A threadthatattempts

to acquirea monitor of one type (say, exclusive) currently held by anotherthread(or

threads)in a differentmode(say, transactional)will be blocked until the monitor is re-

leasedby all its holders.

6.2.1 NestingandDelegation

SinceJavamonitorssupportnesting,transactionalmonitorsmustalsosupportnesting.

Thereis no conceptualdif�culty in dealingwith nesting.We have alreadyobservedthat

for a largenumberof Java programs,thebehavior of thesynchronizationprotocolbased

on closednestedtransactionsis equivalentto thatof theprotocolbasedon mutualexclu-

sion. However, providing supportfor nestingmayposeef�ciency challengessinceeach

nestedtransactionmustmaintainenoughinformationto guaranteeatomicityandisolation

of transactionalexecution.

Note that thereis no a priori reasonwhy concurrentdataaccessesmustbemediated

exclusively by themonitorprotectingthem. For example,a singleglobalmonitor could

conceivably be usedto protectall synchronizedblocks in the program. Under transac-

tionalexecution,asingleglobalmonitoreffectively servesto implementtheatomic con-

struct [27], describedin Chapter3. Underexclusive execution,a singleglobal monitor

de�nes a globalexclusive lock. Theprimary reasonwhy applicationschoosenot to me-

diateaccessto shareddatausinga singlemonitor is becauseof increasedcontentionon

monitoracquisitionandpotentiallyreducedconcurrency. In thecaseof mutualexclusion,

a global lock reducesopportunitiesfor concurrentexecution.In thecaseof transactional

execution,a global monitor would have to potentially mediateaccessesfrom logically

disjoint transactions,andis likely to beinef�cient andnon-scalable.
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T T0

1 acq(outer)
2 acq(inner)
3 acq(inner)
4 rel(inner)
5 rel(outer)
6 rel(inner)

outer inner

(a) step 1: T sets
outer 's delegate to
outer

outer inner

(b) step 2: T sets
inner 's delegate to
outer

outer inner

(c) steps 3-5: dele-
gates remain set de-
spitereleasesby T

outer inner

(d) step 6: all dele-
gatesarecleared

Figure6.4.Delegationexample

Nonetheless,we canleveragethis observation to optimizean importantspeci�c case

for transactionalmonitors. Considera threadT acquiringmonitor outer and,prior to

releasingouter , acquiringmonitor inner . If no otherthreadsimultaneouslyattemptsto

acquiremonitor inner (monitor is uncontended),acquisitionof monitor inner canbe

delegatedto monitorouter . In otherwords,insteadof synchronizingon monitor inner

we canestablishouter as inner 's delegateandsynchronizeon outer . Sincemonitor

inner is uncontended,thereis nothingfor inner to mediate,andno lossof ef�ciency

accruesbecauseof nesting(providedthattheactof settinga delegateis inexpensive). Of

course,whenmonitorinner is contended,wemustensurethatatomicityandisolationare

appropriatelyenforced.Note that if inner wasanexclusive monitor, therewould beno

bene�t in usingdelegationsinceacquisitionof anuncontendedmutual-exclusionmonitor

is alreadyexpectedto have low overhead.

Figure6.4is anillustrationof how thedelegationprotocolworksfor a speci�c sched-

ule; for simplicity, we show only synchronizationoperations.The scheduleconsistsof

steps1 through6 enumeratedin the �rst column of the table describingthe schedule.

Theright-handsideof Figure6.4describesthestateof the(transactional)monitors,used

throughouttheschedule,with respectto delegation. A monitorwhosedelegatehasbeen

setis shadedgrey, anarrow representsa referenceto monitor's delegate.We assumethat



102

delegatesof both monitor outer andmonitor inner areinitially unset.ThreadT starts

by enteringsynchronizedblock protectedby monitor outer , creatinga new transaction

whoseaccessesaregoingto bemediatedby outer andsettinga delegateof outer to it-

self (step1 in Figure6.4(a)).ThenthreadT proceedsto enteraninnersynchronizedblock

protectedby monitorinner . Becausenodelegatefor inner existsandthreadT is already

executingwithin a transaction,T setsadelegateof inner to point to monitorouter (step

2 in Figure6.4(b)).Notethattheprotocolimplementsa closednestedtransactionmodel:

effectsof T's executionwithin thesynchronizedblockguardedby monitorinner arenot

madegloballyvisibleuntil theexecutionof theoutersynchronizedblock is complete(and

its transactioncommits),sinceit is only monitorouter that is responsiblefor mediating

concurrentaccesses.The delegatesstaysetthroughoutsteps3, 4 and5 (Figure6.4(b)),

evenafterthreadT, thesetterof bothdelegates,releasesmonitorouter . In themeantime

however threadT0 attemptsto entera differentsynchronizedblock guardedby monitor

inner . The delegateof inner is at this point alreadysetto outer andthreadT0 starts

its own transactionwhoseaccessesare going to be mediatedby monitor outer . The

delegatesareclearedonly after transactionexecutedby threadT0 getsterminated(either

committedor aborted)– thereis nomoreusefor thedelegatesatthispoint. Notethatsome

precisionis lost in this case:transactionalmeta-datamaintainedby outer is presumably

greaterthanwhatwouldbenecessaryto simply implementconsistency checksfor actions

guardedby inner . However, despitenesting,only onemonitorhasbeenusedto mediate

concurrentdataaccessesandonly oneset of transactionalmeta-datahad to be created

(associatedwith monitor outer ). Note, however, that if actionstaken in steps2 and3

wereperformedin theoppositeorder(i.e., T0would try to acquiremonitor inner before

T), threadT0 would try to acquiremonitor inner whosedelegateis not setat the point

of acquisition. In this casethe protocolwould behave in the sameway asa traditional

implementationof the closednestedtransactionmodel– two setsof transactionalmeta-

datawould be created(one for monitor outer andone for monitor inner ) to mediate

concurrentdataaccesses.
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6.2.2 Transactionsto MutualExclusionTransition

A systemusingoptimistictransactionsmustincludesupportfor therevocationmech-

anism.Revocationproceduretypically relieson theability to undoeffectsof all transac-

tional computation.In realisticscenarios,however, someactionsarenon-revocable(e.g.,

I/O) - theireffectscannotbeundone.It is alsodif�cult to predictat thepointof startinga

new transactionif any non-revocableactionwill becomepartof this transactionsinceit is

non-trivial, in general,to predicttheexactshapeof thecall graph.Onesolutionis to abort

andrevoke a transactionbeforea non-revocableactionis aboutto take placebut, in the

casethesameexecutionpathis chosenafterabort,thiscouldleadto repeated(potentially

in�nitely) aborts.Oursystemutilizesadifferentsolution.Becauseweenablecoexistence

of bothtransactionalandexclusivemonitors,transactionalexecutioncanattempta transi-

tion to mutual-exclusionright beforeexecutinganon-revocableaction.This wayacostly

revocationof transactionalmonitorscanbeavoidedandcomputationmaysafelyproceed.

An identicalsolutionis usedto threadnoti�cations – modetransitionis attemptedbefore

executingwait andnotify actions.

In orderto enablemodetransition,every threadexecutinga synchronizedblock pro-

tectedby a transactionalmonitor mustmaintainan ordered(in the orderof acquisition)

list of all inner transactionalmonitors. At the transitionpoint a threadmustatomically

leaveandsuccessfullycommitall thetransactionsit is currentlyexecutingaswell assuc-

cessfullyacquireall monitorsfrom the list in mutualexclusion(turning theminto mu-

tual exclusionmonitors). Successfulacquisitionof mutual-exclusionmonitorsinvolves

waiting on all threadsholding thesemonitorsto releasethem(andcleanupthe respec-

tive delegates). From the point of a successfultransition,a threadkeepsexecutingin

mutual-exclusionmodeuntil exiting the outermostsynchronizationblock. If the transi-

tion is unsuccessful,thetransactionalmonitor(alongwith all theinnermonitors)mustbe

revokedandre-executed.
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6.3 Implementation

An ef�cient implementationof exclusive monitors(i.e., thin-locks [5]) alreadyex-

ists in JikesRVM. Thereforewe concentrateour descriptionon the implementationof

transactionalmonitors.We usetransactionaldelegationprotocolto reduceoverheadsfor

uncontendedinner transactionalmonitorsby deploying nestedtransactionsupportonly

whenabsolutelynecessary. Thus,transactionsareleveragedonly at theoutermostlevel or

in thecaseof contendedinnermonitors.

Our implementationfollows the three-phaseoptimistic approachfor closednested

transactions.We usetransaction-local,per-objectversionsto log shareddataaccesses.In

thewrite phase(at committime), theupdatesarepropagatedto thesharedheaplazily, us-

ing forwardingpointersasdescribedin Section2.2. In theclosednestedtransactionmodel

theeffectsof innertransactionsarenotvisibleuntil theoutermosttransactioncommits.In

otherwords,terminationof aninnertransactioncanbedeferreduntil theoutermosttrans-

actionterminates.At this point, thevalidationphasetakesplaceandall transactionsare

examinedto decideif they shouldcommitor abort.Adoptingthis approachenablesusto

maintainversionsonly peroutermosttransactionscope.In the remainderof this section

wediscussourstrategy for detectionof serializabilityviolations(throughdatadependency

tracking),oursolutionsfor theautomaticrevocationprocedureandshareddataversioning,

aswell assomeadditionalimplementationdetails. Supportfor shareddatamanagement

is provided usingreadandwrite barriers(asdescribedin Section2.4) insertedby Jikes

RVM' scompilers.

6.3.1 Dependency Tracking

The semanticsof Java monitorsdictatesthat datadependenciesaretracked only be-

tweentransactionswhoseoperationsaremediatedby thesametransactionalmonitor. Sup-

port for dependency tracking is basedon the notion of accessmapsdescribedin Sec-

tion 2.3.Eachtransactionhashesits shareddataaccessesinto two localmaps:a readmap

anda write map. Oncea transactioncommitsandpropagatesits updatesinto theshared
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heapit alsopropagatesinformationaboutits own updatesto aglobalwrite mapassociated

with themonitor. Othertransactionswhoseoperationsaremediatedby thesamemonitor

will then, during their validationphase,intersecttheir local readmapswith the global

write map to determineif the shareddataaccessescauseda violation of serializability.

Notehowever thatmonitors(andthustransactions)canbenested.Sinceall transactions

areterminated(andthusvalidated)at the sametime, the local mapscanbe maintained

only peroutermosttransactionscope.In otherwordsboth local mapsbecomeassociated

with a threadwhenstartingtheoutermosttransactionandtheassociationis clearedwhen

theoutermosttransactionterminates.However, becauseof nesting,theremayexist mul-

tiple global write mapsassociatedwith inner monitors. The validationphasemustthen

checkthe local readmapagainstall the global write maps. In orderto reducethenum-

berof readbarrierswe apply theoptimizationdescribedin Section5.3.1to executeread

barriersonly on referenceloads: objectsreferencedfrom the thread's stackarepre-read

beforethe acquisitionof a transactionalmonitor. This readbarrieroptimizationenables

earlydetectionof serializabilityviolationsasa directresultof conservatively pre-reading

objectsthatarenever read,but only written to (thedetailsaredescribedbelow).

6.3.2 Revocation

Our revocationprocedureis identicalto the oneusedfor revocablemonitors,asde-

scribedin Section4.2.2,andallows for a transactionto be abortedat an arbitrarypoint

during its execution.Theabortis signaledby throwing theRevokeexception.Undoand

re-executionproceduresareimplementedusingacombinationof bytecodere-writingand

virtual machinemodi�cations. EventhoughJava monitorsarelexically scoped,it is nec-

essaryto supporttransactionabortsat arbitrarypointsto correctlyhandlenative method

callsaswell aswait andnotify operations,asdescribedin Section6.2.2.
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6.3.3 Versioning

We useshareddataversioningto prevent theeffectsof incompletetransactionsfrom

beingmadevisibletootherthreadsuntil they commit.Theimplementationof versioningis

basedonageneralproceduredescribedin Section2.2.2usinglazypropagationof updates.

Becauseourarrayversioningprocedureis identicalto thatusedfor versioningobjects,

wereferonly to objectsin thefollowingdescription.Versionsareaccessiblethroughafor-

wardingpointerfrom theoriginal object. We usea “copy-on-write” strategy for creating

new versions.A transactioncreatesa new (uncommitted) versionright beforeperforming

its �rst updateandredirectsall subsequentreadandwrite operationsto accessthatversion.

It is importantto rememberthatin orderto guaranteetransparency all programsexecuted

in oursystemmustsatisfycertainsafetyproperties(de�ned in Section6.1),similar to the

notionof atomicityasde�ned in [21] and[20]. In mostcasesatomicityalsoimpliesrace-

freedom,that is, every accessto a shareddataitem beingprotectedby thesamemonitor.

As a result,two writes to thesamelocationperformedby two differentthreadsarevery

likely to beprotectedby thesametransactionalmonitor– they areautomaticallydetected

asa serializabilityviolation. Becauseof pre-readingoptimizationmentionedabove the

writesarealsotreatedasreadswhich would resultin thesameslot of bothlocal readand

write mapsbeingtagged,andsubsequentabortof onetransactionuponsuccessfulcommit

of theother. Therefore,only the�rst transactionwriting to a givenobjectneedsto create

aversionfor it. Othertransactionsareimmediatelyaborted.

Uponsuccessfulcommitof a transaction,thecurrentversionbecomesthecommitted

version andremainsaccessiblevia the forwardingpointerfrom the original object. All

subsequentaccessesarere-directedvia the forwardingpointerto thecommittedversion.

Whenatransactionabortsall its versionsarediscarded.Notethatatmosttwo versionsof

anobjectexist at any giventime: acommittedversionandanuncommittedversion.

As notedabove, the readbarriersareonly executedon referenceloads. In general,

multiple on-stackreferencesmay endup pointing to differentversionsof the sameob-

ject. This is possible,even thoughreadbarriersareresponsiblefor retrieving the most
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up-to-dateversionof theobject,becauseupdatescanbeperformedconcurrently. It is the

responsibilityof the run-timesystemto ensurethat the versionof an object accessible

throughanon-stackreferenceis theup-to-date.Thevisibility rulesfor theJava Memory

Model [43] (describedin Section4.1.2)dictatethatatcertainsynchronizationpoints(e.g.,

monitorentry, accessto volatilevariables,etc.) threadsareobligedto have thesameview

of thesharedheap.As a result,it is legal for operationsmediatedby a transactionalmon-

itor to accessout-datedversionsof objectsuntil sucha synchronizationpoint is reached.

It is only at thesepointsthatall thereferencesresidingon thestackneedto beforwarded

to refer to themostup-to-dateversionsof their respective objects.Referenceforwarding

is implementedusingastackinspectionproceduredescribedin Section5.3.3.

In additionto performingreferenceforwardingat synchronizationpoints,whena ver-

sion is �rst createdby a transaction,the threadcreatingthis versionmust forward all

referenceson its stackto point to the new version. This ensuresthat all subsequentac-

cesses(by thesamethread)observetheresultsof theupdate.Referenceforwardingis also

usedwhena transactionabortsto removeall thenewly createdversionsfrom thestack.

We now presentan exampleof how thesedifferentimplementationfeaturesinteract.

Figure6.6describesactionsconcerningshareddataversioningandserializabilityviolation

T T0 T00

1 acq(outer )
2 wt(o2)
3 acq(inner )
4 wt(o1)
5 acq(outer )
6 acq(inner )
7 rd(o1)
8 rel(outer )
9 rel(inner )
10 rd(o1)
11 rel(inner )
12 rel(outer )

Figure6.5.A non-serializableschedule.
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Figure6.6.A non-serializableexecution.

detection,performedby threadsT, T0andT00executingthescheduleshown in Figure6.5.

The diagramin Figure6.6(a)representsthe initial state,beforeany threadshave started

executing. Wavy lines representthreads,andcircles representobjectso1 ando2. The

objectshave not yet beenversioned– they areshadedgrey becauseat the momentthey

containthe mostup-to-datevalues. The larger box (openat the bottom)representsthe

scopeof transactionalmonitor outer , the smallerbox (openat the top) representsthe

scopeof transactionalmonitor inner . Both the global write map(GW) associatedwith

the monitor andthe local maps(write mapLW andreadmapLR) associatedwith each

threadhave threeslots. Mapsthat belongto a given threadarelocatedabove the wavy

line representingthis thread.We assumethataccessesto objecto1 hashto the�rst slot of

everymapandaccessesto objecto2 hashto thesecondslotof everymap

Theexecutionbeginswith threadsT andT00startingto run transactionswhoseopera-

tionsaremediatedusingmonitorsouter andinner (respectively)andperformingupdates
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to objectso2 ando1 (respectively), aspresentedon Figure6.6(b). Updatingobjectsin-

volvesversioncreation(o2v becomesanew versionof objecto2 ando1v becomesanew

versionof objecto1) andtaggingof thelocalwrite maps.ThreadT tagsthesecondslotof

its local write mapsinceit modi�es objecto2, whereasthreadT00tagsthe�rst slot of its

localwrite mapsinceit modi�es objecto1. On Figure6.6(c)threadT0startsexecuting:it

startsrunningtheoutermosttransactionwhoseoperationsaremediatedby monitorouter ,

its innertransactionwhoseoperationsaremediatedby monitorinner andperformsaread

of objecto1 (readinganobjectinvolvestaggingthread's local readmap). In thenext di-

agram(Figure6.6(d)), transactionexecutedby threadT00attemptsa commit. Sinceno

writesby othertransactionsmediatedby monitor inner have beenperformed,commit is

successful:o1v becomesthecommittedversion,contentsof the local write mapassoci-

atedwith T00is transferedto inner 's globalwrite mapandthelocal write mapis cleared.

Similarly, on Figure6.6(e),transactionexecutedby threadT commitssuccessfully:o2v

becomesacommittedversionandthelocalwrite mapis clearedafterits contentshasbeen

transferedto theglobalwrite mapassociatedwith monitorouter . OnFigure6.6(f) thread

T0 proceedsto againreadobjecto1 andthento commit its transactions(both inner and

outer). However, becausea new committedversionof objecto1 hasbeencreated,o1v

is readby T0 insteadof the original object. Whenattemptingto commit both its inner

andthe outertransactions,threadT0 must intersectits local readmapwith global maps

associatedwith both monitor outer andmonitor inner . The �rst intersectionis empty

(no writesperformedin thescopeof monitorouter couldcompromisereadsperformed

by T0), thesecondhowever is not– bothtransactionsexecutedby T0mustbethenaborted

andre-executed.

6.3.4 HeaderCompression

For performancewe needef�cient accessto several items of meta-dataassociated

with eachobject (e.g., versionsand their identities,delegates,accessmapsassociated

with objectsrepresentingmonitors,etc.). At thesametime,we mustkeepoverheadsto a
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minimumwhentransactionsarenotused.Thesimplestsolutionis toextendobjectheaders

to associatethenecessarymeta-data.Our transactionalmeta-datarequiresup to four 32-

bit words. Unfortunately, our virtual machineplatformdoesnot supportvariableheader

sizesandextendingtheheaderof eachobjectby four wordshasseriousimplicationsfor

spaceand performance,even in the caseof non-transactionalexecution. On the other

handkeepingmeta-data“on the side” (e.g., in a hashtable),alsoresultsin a signi�cant

performancehit.

We thereforeimplementa compromise.The headerof every object is extendedby

a singledescriptorword that is lazily populatedwhenmeta-dataneedsto be associated

with theobject.If anobjectis neveraccessedin atransactionalcontext, its descriptorword

remainsempty. Becausewritesaremuchlesscommonthanreads,wetreattheinformation

neededfor readsasthecommoncase.The�rst transactionalreadwill placetheobject's

identityhash-codein thedescriptor(therun-timegeneratesits own hash-codesto improve

datadistribution in accessmaps). If additionalmeta-dataneedsto be associatedwith

the object (e.g., a new versionon write) thenthe descriptorword is overwrittenwith a

referenceto anew descriptorobjectcontainingall thenecessarymeta-data(includingthe

hash-codeoriginally storedin thedescriptorword). Wediscriminatethesetwo casesusing

thelow-orderbit of thedescriptorword.

6.3.5 CodeDuplication

Transactionalsupport(e.g., readandwrite barriers)is requiredonly whena thread

decidesto executea givenmonitor transactionally. However, it is dif�cult to determine

if a particularmethodis going to be usedin a non-transactionalcontext only. To avoid

unnecessaryoverheadsduringnon-transactionalexecution,we usebytecoderewriting to

duplicatethecodeof all (user-level) methodsactuallybeingexecutedby theprogram.Ev-

ery methodcanthenbecompiledin two versions:onethatembedstransactionalsupport

(transactionalmethods)andonethatdoesnot(non-transactionalmethods).Thisallowsthe

run-timesystemto dynamicallybuild a call chainconsistingentirelyof non-transactional
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methodsfor non-transactionalexecution.Unfortunately, becauseof our choiceto access

mostup-to-dateversionsof objectsthroughforwardingpointers,we cannotfully elimi-

natereadbarriersevenin non-transactionalmethods.We canhowevereliminateall write

barriersandmake thenon-transactionalreadbarriersvery fastin thecommoncase– they

needsimplydifferentiateobjectsthathaveneverbeenaccessedtransactionallyfrom those

thathave. In additionto theusualreferenceload,suchbarriersconsistonly of anull check,

onecondition,andoneload. Theseinstructionsverify that thedescriptorword is empty,

indicatingthat the objecthasnever beenaccessedtransactionally, andthusno alternate

versionhaseverbeencreated.

6.3.6 TriggeringTransactionalExecution

Our implementationmust be able to determinewhetherto executea given monitor

transactionallyor exclusively. Weuseavery light-weightheuristicto detectmonitorcon-

tentionandtriggertransactionalexecutiononly for contendedmonitors. The�rst thread

to entera monitoralwaysexecutesthemonitorexclusively. It is only aftera thin mutual-

exclusionlock is “in�ated” by beingturnedinto afat lock (oncontendedacquisitionof the

lock) thatthemonitorin questionis assertedto becontended.All threadsqueuedwaiting

for the monitor will thenexecutetransactionallyoncethe currentlyexecuting(locking)

threadexits themonitor. Werecognizethattherearemoreadvancedandpotentiallymore

conservativeheuristicsthata productionsystemmaywish to use.For example,program-

merannotationscouldbeprovidedto marktheconcurrency controlmechanismthat is to

be usedfor differentmonitors. Adaptive solutionsbasedon dynamicpro�ling or solu-

tionsutilizing off-line pro�les mayalsoprovidemorere�ned informationonwhento best

executemonitorstransactionally.

6.4 ExperimentalEvaluation

Theperformanceevaluationof ourprototypeimplementationis dividedinto two parts.

We usea numberof single-threadedbenchmarks(from the SPECjvm98[55] and Java
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Figure6.7. Uncontendedexecution

Grande[54] suites)to measuretheoverheadsof supportinghybrid-modeexecution(e.g.,

compiler-insertedbarriers,code-duplication,objectlayoutmodi�cations,etc.) whenmon-

itorsareuncontended.Wealsouseanextendedversionof theOO7objectdatabasebench-

mark [13], to exposethe rangeof performancewhenexecutingunderdifferentlevelsof

monitorcontention.Wemeasurethebehavior whenall monitorsareexecutedtransaction-

ally andwhenusinga hybrid schemethat executesmonitorstransactionallyonly when

suf�cient monitor contentionis detected.Our measurementsweretaken on an700MHz

Intel PentiumIII symmetricmulti-processor(SMP)with 2GBof RAM runningLinux ker-

nel version2.4.20-31.9smp(RedHat9.0). Our implementationusesversion2.3.4+CVS

(with 2005/12/0815:01:10UTC timestamp)of JikesRVM for all thecon�gurationsused

to take themeasurements(mutual-exclusion-only, transactions-onlyandhybrid). We ran

eachbenchmarkcon�guration in its own invocationof thevirtual machine,repeatingthe

benchmarksix timesin eachinvocation,anddiscardingthe resultsof the �rst iteration,

in which the benchmarkclassesareloadedandcompiled,to eliminatethe overheadsof

compilation.
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6.4.1 UncontendedExecution

A summaryof our performanceevaluationresultswhenmonitorsareuncontendedis

presentedin Figure 6.7. Our currentprototypeimplementationis restrictedto running

bytecodescompiledwith debugging information for local variables;this information is

neededby thebytecoderewriter for generatingcodeto storeandrestorelocalstatein case

of abort. Therefore,we can only obtain resultsfor thoseSPECjvm98benchmarksfor

whichsourcecodeis available.

In Figure6.7(a)we reporttotal summaryoverheadsfor a con�guration thatsupports

hybrid-modeexecution. The overheadsare reportedas a percentagewith respectto a

“clean” build of the“vanilla” unmodi�ed JikesRVM. Theaverageoverheadis on theor-

der of 7%, with a large portion of the performancedegradationattributed to execution

of thecompiler-insertedbarriers,asdescribedbelow. Figure6.7(b)revealshow different

mechanismsfor transactionalexecutionaffect performancein theuncontendedcase.The

bottomof every bar representstheeffect of extendingtheheaderof every objectby one

word (asneededto supporttransaction-relatedmeta-data).Themiddleof everybarrepre-

sentsthecostof all othersystemmodi�cations,excludingcompiler-insertedbarriers.2 The

top barcapturesoverheadfrom executionof thebarriersthemselves(mostlyreadbarriers

but alsobarriersonstaticvariableaccesses).

Observe that changingthe object layout can by itself have a signi�cant impact on

performance.In mostcases,theversionof thesystemwith largerobjectheadersindeed

inducesoverheadsover thecleanbuild of JikesRVM, but in somesituations(e.g., FFTor

Series ), its performanceactuallyimprovesover thecleanbuild by a signi�cant amount;

variationsin cachefootprint is the most likely cause. The performanceimpact of the

compiler-insertedbarriersis alsoclearlynoticeable,especiallyin thecaseof benchmarks

from theSPECjvm98suite. Whendiscountingoverheadsrelatedto theexecutionof the

barriers,the averageoverheadwith respectto the cleanbuild of JikesRVM dropsto a

little over 1% on average.This result is consistentwith that reportedby Blackburn and

2Themeasurementsweretakenafterarti�cially removing compiler-insertedbarriersfrom the“full” version
of thesystem.Naturallyoursystemcannotfunctionwithoutbarriers.
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Table6.1
Componentorganizationof theOO7benchmark

Component Number
Modules 1

Assemblylevels 7
Subassembliespercomplex assembly 3

Compositepartsperassembly 3
Compositepartspermodule 500

Atomic partspercompositepart 20
Connectionsperatomicpart 3

Documentsize(bytes) 2000
Manualsize(bytes) 100000

Hosking[8] for garbagecollectionreadbarriersthat canincur overheadsup to 20%. It

would bebene�cial for our systemto usea garbagecollectorthatmight helpto amortize

thecostof the readbarrier. Fortunately, thereexist moderngarbagecollectors(e.g., [6])

thatful�ll this requirement.

6.4.2 ContendedExecution

Our motivation behindchoosingOO7 as a benchmarkwas to accuratelygaugethe

varioustrade-offs inherentwith our implementationover a wide rangeof differentwork-

loads,ratherthanemulatingspeci�c workloadsof potentialapplications.We believe the

benchmarkcapturesessentialfeaturesof scalableconcurrentprogramsthat canbe used

to quantifytheimpactof thedesigndecisionsunderlyingour implementation.Thestruc-

tureof theOO7databaseaswell asoperationsperformedduringdatabasetraversalsare

describedin Section5.4.2.

Our experimentshereusetraversalsthatalwaysoperateon theshared module,since

we areinterestedin theeffectsof contentionon performanceof our system.Our imple-

mentationof OO7 conformsto the standardOO7 databasespeci�cation. All the results

areobtainedwith anOO7databasecon�guredasin Table6.1. Our traversalsdiffer from

theoriginal OO7traversalsin addinga parameterthatcontrolsentryto monitorsat vary-
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Figure6.8. Normalizedexecutiontimesfor theOO7benchmark

ing levelsof thedatabasehierarchy. We run64 threadson 8 physicalCPUs.Every thread

performs1000traversals(enters1000monitors)andvisits 4M atomicpartsduringeach

iteration.Whenrunningthebenchmarkswe variedthefollowing parameters:

� ratioof sharedreadsto sharedwrites: from 10%sharedreadsand90%sharedwrites

(mostly read-onlyworkload) to 90% sharedreadsand10% sharedwrites (mostly

write-onlyworkload).

� level of the assemblyhierarchyat which monitorsareentered:level one(module

level), level three(secondlayer of complex assemblies)and level six (�fth layer

of complex assemblies).Varying the level at which monitorsareenteredmodels

differentgranularitiesof user-level synchronizationfrom coarse-grainedthroughto

�ne-grainedanddiversi�es thedegreeof monitorcontention.

Figure6.8plotsexecutiontimesfor theOO7benchmarkwhenall threadsexecuteall

monitorstransactionally(Figure6.8(a))andwhenthreadsexecutein hybrid mode,where

the modeis chosenbasedon monitor contention(Figure 6.8(b)). The executiontimes

arenormalizedwith respectto theperformanceof the“clean” build of JikesRVM (90%

con�denceintervalsarealsoreported).Figure6.9plotsthetotalnumberof abortsfor both

transactions-only(Figure6.9(a))andhybrid (Figure6.9(b))executions.Dif ferentlineson
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Figure6.9.Totalnumberof abortsfor theOO7benchmark

thegraphsrepresentdifferentlevelsof user-level synchronizationgranularity– onebeing

themostcoarse-grainedandsix beingthemost�ne-grained.

Whenthereis asuitableamountof monitorcontention,andwhenthenumberof writes

is moderate,transactionalexecutionsigni�cantly outperformsmutualexclusionby up to

threetimes.Theperformanceof thetransactions-onlyschemedegradesasthenumberof

writes increases(andso doesthe numberof generatedhash-codes)sincethe numberof

bitmapcollisions increases,leadingto a large numberof abortseven at low contention

(Figure6.9(b)). Extendingthe sizeof the mapsusedto detectserializabilityviolations

would certainlyremedytheproblem,at leastin part.However, we cannotusemapsof an

arbitrarysize. This couldunfavorablyaffect memoryoverheads(especiallycomparedto

mutual-exclusionlocks)but moreimportantlywehavedeterminedthatthetimeto process

potentiallymultiple mapsat theendof theoutermosttransactionmustbebounded.Oth-

erwise,the time spentto processthembecomesa sourceof signi�cant delay(currently

eachmap containsover 16,000slots). The increasednumberof abortscertainlyhasa

very signi�cant impacton the differencein performancebetweenthe transactions-only

andhybrid schemes.The overheadsof the transactions-onlyschemecannothowever be

attributedonly to the increasedabortrate– observe that theshapeof thegraphsplotting

executiontimesandabortsaredifferent.Duringhybrid-modeexecution,monitorsareexe-
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cutedtransactionallyonly whenmonitorcontentionis detected,readandwrite operations

executedwithin uncontendedmonitorsincur little overhead,andtherevocationsarevery

few. Thus,insteadof performancedegradationof over 70%in thetransactions-onlycase

whenwritesaredominant,ourhybridschemeincursoverheadon theorderof only 10%.

6.5 RelatedWork

Our systemsupportinghybrid executionrelieson the existenceof a low-costimple-

mentationof mutual-exclusionmonitorsto handlecaseswhenmonitorsareuncontended

(at mostonethreadattemptsto acquirea givenmonitorat a time). Oneof thesolutions

ful�lling our requirements(andin fact usedaspart of our system),thin locks, hasbeen

proposedby Baconet al. [5]. Their designgoal was to enablelow-costacquisitionof

uncontendedmonitorswithout compromisingperformancein thecasewhenmonitorsare

contended(multiple threadscompetefor acquisitionof thesamemonitor).Their solution

is optimizedtowardsthecommoncase,thatis, theacquisitionof anuncontendedmonitor

with no subsequentsignalingoperations(wait or notify ) executedwith respectto this

monitor.

In the commoncase,all the informationconcerningthe monitor stateis storedin a

headerof anobjectusedasa monitor. This includestherecursioncount(thesamemoni-

tor maybeacquiredmultipletimesby thesamethread)andtheidenti�er of thethreadthat

acquiredthis monitor. Modi�cations to theobjectheaderareperformedusingtheatomic

compare-and-swapoperation(its availability in theimplementationplatformis assumed).

This resultsin the costof monitor acquisitionin the commoncaseto be limited to only

severalassemblyinstruction.If morethanonethreadattemptsto acquirethesamemoni-

tor, or asignalingoperationis to beinvokedwith respectto thismonitor, themonitorgets

in�ated. A datastructurerepresentingthe in�ated monitor is createdanda headerof an

objectusedasamonitoris madeto point to thisstructure.In additionto thesameinforma-

tion asthenon-in�atedmonitor, thein�ated onemaintainstwo queuesfor threadswaiting

on this monitor– onefor threadswaiting to benoti�ed andonefor threadscompetingto
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acquireit. Baconetal. implementtheirsolutionin IBM' sproductionJavavirtual machine

for AIX andin JikesRVM.

Anotherapproachto implementingJava monitors,meta-locks, sharingsimilar goals

with thesolutionpresentedabove,hasbeendescribedby Agesenetal. [3]. Theirsolution,

similarly to thin locks, is optimizedtowardsthe uncontendedcase. A synchronization

operationon a givenmonitor is in their systemdividedinto threeparts:acquisitionof the

meta-lockassociatedwith the monitor, manipulationof synchronizationdataassociated

with themonitorandreleaseof themeta-lock.

In orderto minimize the per-objectspaceoverhead(even further thanin the caseof

thin lockswhich requiredseveralbits of informationevenin thecommoncase),they en-

codemonitorstateusingtwo lowest-orderbits of themulti-useword in theheaderof an

objectusedasa monitor. In caseobject is never usedasa monitor, the multi-useword

containsinformationunrelatedto monitor acquisition(e.g., object's hash-code).Other-

wise, in the commonuncontendedcase,the contentof the multi-useword is atomically

replacedwith areferenceto afreshlock record, containingall monitor-relatedinformation

(suchasidentity of a threadacquiringthemonitor, recursioncount,etc.). This operation

is implementedusinganatomiccompare-and-swapandconceptuallymergesthe�rst two

phasesof themeta-lockprotocol(describedpreviously) into one. In thecaseof multiple

threadscompetingfor acquisitionof thesamemonitor, makingthemulti-usewordto point

to the lock recordinvolvesseveral intermediatestepsto guaranteecorrectnessof thread

interactionin presenceof concurrency. Themeta-lockprotocolhasbeenimplementedin

the EVM, Sun's productionJava virtual machineembeddedin Java 2 SDK Production

Release.

In orderfor transactionalmonitorsandexclusivemonitorsto safelyandtransparently

co-exist in our system,programsexecutedin thesystemmustsatisfycertainsafetyprop-

erties(de�ned in Section6.1),similar to thenotionof atomicityasde�ned by Flanaganet

al. in [21] and[20]. A blockof codeis consideredto beatomicif any possibleinteraction

betweenoperationsof thisblockexecutedby onethreadandoperationsof otherthreadsis

benign.In otherwords,it appearsasif theoperationsof anatomicblock werenot inter-
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leavedwith operationsof any otherthread.Theaforementionedresearcheffortsexploring

thenotionof atomicityconcentrateon veri�cation of whetherthispropertyholdsfor con-

currentprogramsusingmutualexclusionasa synchronizationmechanism– we provide

thedetailsbelow. Wehavealsodescribedtwo systemsthatdynamicallyenforceatomicity

propertyusingtransactionsasaconcurrency controlmechanism,onein Chapter3 andthe

otherin Section4.4.

Both dynamicandstaticapproachesto atomicityveri�cation areinspiredby Lipton's

theoryof reduction[39]. Let a speci�c executionof a programbede�ned asanordered

sequenceof interleaved threadoperations.Lipton's theoryof reductionclassi�es thread

operationsinto two categories,basedon their behavior in all executionsof a given pro-

gram. An operationis a right mover if it canbe swappedwith an operationof another

threadimmediatelyfollowing it in theexecutionorder, without changingthebehavior of

theprogram(e.g., two readsof two differentthreadscouldbesafelyswapped).An opera-

tion of a threadis a left mover if it canbeswapped,in asimilar fashion,with anoperation

of anotherthreadimmediatelyprecedingit in theexecutionorder. A blockof codeis then

consideredto beatomicif it consistsof a sequenceof right movers,followedby a single

action,followedby sequenceof left movers.By de�nition, duringanarbitraryexecution

of a program,operationsof the atomicblock can then be (conceptually)permuted(by

swappingthemwith operationsof otherthreads)to form acontiguoussequenceof opera-

tions,without changingthebehavior of theprogram.In otherwords,with respectto the

operationsof theatomicblock,thebehavior of theprogramis thesameregardlessof their

interleaving with operationsof otherthreads.

Thestaticatomicitychecker, developedby FlanaganandQuadeer[21], hasbeenbuilt

on top of the statictype checker. The type systemclassi�es lock acquisitionoperations

asright moversandlock releaseoperationsasleft movers.An accessto a sharedvariable

is consideredto be both left andright mover, provided that all accessesto this variable

are guaranteedto be protectedby the samelock. This propertycan be automatically

veri�ed by the type checker – the associationbetweena sharedvariableanda lock that

shouldbeusedto protectaccessesto this variableis establishedusinganumberof simple
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heuristicsor manuallyby a programmer. A programmeris additionally responsiblefor

specifyingblocks of codeto be checked for atomicity. Atomicity of the codeblocks

maybethenautomaticallyveri�ed by the typechecker usingclassi�cationof operations

describedabove.

The dynamicatomicity checker (the Atomizer), developedby FlanaganandFreund

[20], instrumentsthecodeof anapplicationto allow for trackingof threadoperationsat

run-time,andthusatomicityveri�cation is performedwith respectto speci�c executions.

Theapproachto classifythreadoperationsis similar to theoneusedby thestaticchecker,

butaprogrammeris relievedfrom aburdenof explicitly specifyinglocksprotectingshared

variables.Locking disciplineis automaticallyinferredby theatomicitychecker. Annota-

tionsspecifyingwhich blocksof codeshouldbecheckedfor atomicityarealsooptional.

By default, all synchronizedblocksof code(includingsynchronizedmethods)aswell as

publicandprotectedmethodsareveri�ed. Theresultsof verifying atomicityfor asigni�-

cantnumberof Javabenchmarks(over100,000linesof Javacode)con�rm thehypothesis

of theauthorsthat,for themajorityof Javaprogramsanalyzed,mutualexclusionis indeed

correctlyusedto enforcetheatomicityproperty.

6.6 Conclusions

Existingapproachestoprovidingconcurrency abstractionsfor programminglanguages

offer disjointsolutionsfor mediatingconcurrentaccessesto theshareddatathroughoutthe

lifetime of theentireapplication.Typically thesemechanismsareeitherbasedon mutual

exclusionor on someform of transactionalsupport. Unfortunately, noneof thesetech-

niquesis ideally suitedfor all possibleworkloads.Mutual exclusionperformsbestwhen

thereis no contentionon guardedregion execution,while transactionshave thepotential

to extractadditionalconcurrency whencontentionexists.

Wehavedesignedandimplementedasystemthatseamlesslyintegratesmutualexclu-

sion with a synchronizationmechanismusingoptimistic transactions.We alsoformally

arguecorrectness(with respectto languagesemantics)of sucha systemandprovide a
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detailedperformanceevaluationof ourhybridschemefor differentworkloadsandvarying

levelsof contention.We demonstratethat our implementationof the systemsupporting

hybrid executionhaslow overheads(on theorderof 7%) in theuncontended(base)case

andthatsigni�cant performanceimprovements(speedupsupto 3� ) canbeexpectedfrom

runningcontendedmonitorstransactionally.
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7 CONCLUSIONSAND FUTUREWORK

7.1 Conclusions

The goal statedin the thesisstatementwasto useoptimistic transactionsfor manag-

ing concurrency in aprogramminglanguageenvironmentanddemonstrateimprovements

overconcurrency managementtechniquesbasedonmutualexclusion.Webelievethatthis

goalhasbeenachieved. We have presentedrevocablemonitors,describedtheir ability to

resolve deadlockandpriority inversionproblemsanddemonstratedtheir effectivenessin

improving throughputof high-priority threadsin a priority schedulingenvironment.Safe

futuresallow concurrentprogramsto be constructedoften throughonly a small re-write

of thesequentialcode.Our implementationof this mechanismallows concurrency to be

extractedfor applicationswith modestmutationrates,which we have con�rmed through

experimentalevaluation. Transactionalmonitorsprovide seamlessintegration between

mutualexclusionbasedsynchronizationandtransactionalsynchronization.We have pre-

senteda low-overheadimplementationof transactionalmonitorsanddemonstratedthat

signi�cant performanceimprovementscanbeexpectedin comparisonto usingtraditional

exclusivemonitors.

7.2 FutureWork

Oneof themaingoalsfor our futurework is to betterunderstandimplicationsof the

currentdesignandimplementationdecisionsandusethis knowledgefor evenfurtherim-

provedperformance.First of all, we would like to contrastour currentapproachwith a

solutionusingpessimistictransactions,preferablyimplementedwithin thesameplatform

for easycomparison.Thesameargumentappliesto otheraspectsof ourapproach,includ-

ing thechoiceof logging,barrier-relatedtrade-offs. Ultimately, wewouldliketo construct
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agenericframework whereall thecomponentsarefreely interchangeablewhichwouldal-

low for an easyanalysisof their mutual interactionsandtheir �nal effect on the overall

performance.

Wewouldalsoliketo exploreapplicationof compileroptimizationsandhardwaresup-

port to furtherimproveperformanceof oursolutions.For example,theability to statically

identify thread-localobjectswould bea greathelp in reducingbarrier-relatedoverheads.

Hardware supportcould facilitate detectionof shareddatadependencies(e.g., through

modi�cationsto cachecoherency protocols)or lower theoverheadsassociatedwith revo-

cations(e.g., throughhardware-assistedthreadcheckpointing).

Another direction we would like to pursueis to experimentwith semantics-related

trade-offs. Perhapsprogrammabilitycouldbeimprovedby exposingcertainmechanisms

to a programmer, for example,throughparameterizingrevocationactionswherea pro-

grammeris responsiblefor providing a routinethat is invokedbefore,afteror insteadof

simply re-executinga transaction.Loweringa degreeof transparency couldalsoleadto

performanceimprovements,for example,if only pre-speci�edobjectswouldbesubjectto

transactionalaccesscontrol.
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