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Abstract

Writing concurrentprogramsis notoriouslydif cult, andis of in-

creasingpracticalimportance.A particularsourceof concernis

that even correctly-implemented¢oncurreng abstractiongannot
be composedogetherto form largerabstractionsin this paperwe
presentinew concurreng model,basedntransactionamemory
that offers far richer composition.All the usualbene ts of trans-
actionalmemoryare presente.g.freedomfrom deadlock) but in

additionwe describenev modularforms of blocking and choice
thathave beeninaccessiblén earlierwork.

Categoriesand SubjectDescriptors D.1.3[ProgrammingTech-
nique§: ConcurrenfProgramming- Parallelprogramming; D.4.1
[Opemrting Systernis ProcessManagement- Concurreng; Syn-
chronization;Threads

GeneralTerms Algorithms,Languages

Keywords Non-blockingalgorithmsJocks,transactionanemory

1. Intr oduction

Concurrenprogrammings notoriouslytricky. Currentlock-based
abstractiongredif cult to useandmalke it hardto designcomputer
systemghat arereliable and scalable Furthermore systemsbuilt
usinglocks are dif cult to composewithout knowing abouttheir
internals.

To addresssomeof thesedif culties, several researchergin-
cluding ourselhes) have proposedsoftwae transactionalmemory
(STM), which can perform groupsof memory operationsatomi-
cally[27]. Usingtransactionamemory(implementedy optimistic
synchronisationjnsteadof locks brings well-known adwantages:
freedomfrom deadlockandpriority inversion,automaticroll-back
on exceptionsor timeouts,andfreedomfrom the tensionbetween
lock granularityandconcurrenyg.

Although promising,our previous work on transactionaiem-
ory suffereda numberof shortcomingsit could not staticallypre-
ventthreadsrom bypassingransactionainterfacesandit did not
provide a corvincing story for operationghat may block. In this
paperwe resohe theseshortcomingsin particular we malke the
following contrikutions:
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We re-expressthe ideasof transactionamemoryin the setting
of ConcurrentHaslell (Section3). This is muchmorethana
routine“port” into anew setting.As we shav, STM canbe ex-
pressegarticularlyelegantlyin adeclaratve languageandwe
areableto useHaslell'stypesystento give far strongeiguaran-
teesthanarecorventionallypossible Furthermordransactions
arecompositional'small transactionanbe gluedtogetherto
form largertransactions.

We presenta new, modularform of blocking, which appears
to the programmeras a simple function called (Sec-
tion 3.2). Unlike most existing approachesthe programmer
doesnothaveto identify theconditionunderwhichthetransac-
tion canrun to completion: canoccurarywherewithin
the transactionplocking it until an alternatve executionpath
becomepossible.

The functionallows possibly-blockingransactionso be
composedn sequenceBeyond this, we alsoprovide ,
which allows them to be composedas alternatives so that
the secondis run if the rst retries (Section3.4). This abil-
ity allows threadsto wait for mary things at once, like the
Unix systemcall — exceptthat composesvell,
whereas doesnot. It turns out that requires
theunderlyingSTM implementatiorto supportgenuinenested
transactionsthe rst STM to do so(Section6.4).

Unusuallyfor a practicalprogramminglanguagewe provide
a formal operationalsemanticsof our systemin Section5.
This semanticsclari es the behaiour in caseswhich have a
lessintuitive meaning suchaswhathappensf anexceptionis
raisedmid-way througha memorytransaction.

We have implementedour designin the Glasgev Haslell

Compiler a fully- edged optimising compiler for Concurrent
Haslell. The changesarelocalised,ratherthan penasie, and
we describethe detailsin Section6.

Takentogethertheseideasoffer a qualitative improvementin lan-

guagesupportfor modularconcurrenyg, similarto theimprovement
in moving from assemblycodeto a high-level languageOur main

war-cry is compositionality a programmercan control atomicity

andblocking behaiour in a modularway thatrespectsabstraction
barriers.In contrastcurrentlock-basedpproacheteadto adirect

con ict betweerabstractiorandconcurreng (Section2).

2. Background

Throughouthis paperwe studyinternal concurencybetweerthe
threadsnteractingthroughmemoryin a singleprocesswe do not
considerherethe questionof externalinteractionthroughstorage
systemsr databasesior do we addresdlistributedsystems.
Evenin this setting,concurrenfprogrammings extremelydif-

cult. Thedominantprogrammingechniques basedon locks an
approachthatis simpleanddirect, but that simply doesnot scale
with programsizeandcompleity. To ensurecorrectnessprogram-



mersmustidentify which operationscon ict; to ensureliveness
they mustavoid introducingdeadlockfo ensuregoodperformance
they must balancethe granularityat which locking is performed
againsthecostsof ne-grain locking. Perhapshe mostfundamen-
tal objection,though,is thatlock-basedorogramsdo not compose
correctfragmentamayfail whencombined.

For example,considera hashtable with thread-safensertand
deleteoperationsNow supposehatwe wantto deleteoneitem
fromtable ,andinsertit intotable ; buttheintermediatestate
(in which neithertable containsthe item) must not be visible to
otherthreadsUnlesstheimplementornf the hashtableanticipates
thisneedthereis simply nowayto satisfythisrequirementEvenif
shedoesall shecandois exposemethodssuchas and

— but aswell asbreakingthe hash-tablebstraction,
they invite lock-induceddeadlockdependingntheorderin which
the client takesthe locks, or raceconditionsif the client forgets.
Yet more compleity is requiredif the client wantsto await the
presenceof in , but this blocking behaiour must not lock
thetable (else cannotbe inserted).In short, operationghatare
individually correct(insert,delete)cannotbe composednto larger
correctoperations.

The samephenomenoshavs up trying to composealternatve
blocking operationsSupposea procedure  waitsfor oneof two
input pipesto have data,usinganinternalcall to the Unix
procedureandsupposeanothemprocedure doesthesamething,
ontwo differentpipes.In Unix thereis nowayto performa
between and , afundamentaloss of compositionality In-
steadUnix programmers$earnawkward programmingechniques
to gatherupall the le descriptorghatmustbewaitedfor, perform
a single top-level , andthendispatchback to the correct
handler Again, two individually-correctabstractions, and
cannotbecomposednto alargerone;insteadthey mustberipped
apartand awkwardly meiged,in directcon ict with the goalsof
abstraction.

Ratherthan xing locks,a morepromisingandradicalalterna-
tive is to baseconcurreng controlon atomicmemongtransactions
alsoknown astransactionalmemory We will shav thattransac-
tionalmemoryoffersasolutionto thetensionbetweerconcurreng
and abstraction For example,with memorytransactionsve can
manipulatehe hashtablethus:

andto wait for either or  wecansay

Thesesimpleconstructionsequireno knowvledgeof theimplemen-
tation of , , ,or ,andthey continueto work
correctlyif theseoperationsnayblock, aswe shallsee.

2.1 Transactional memory

Theideaof transactionss not new: they have beena fundamental
mechanisnin databaselesignfor mary years,andtherehasbeen
muchrecentwork on transactionainemorieq11, 10,9, 6, 31].
Thekey ideais thata block of code,including nestectalls,can
be enclosedby an block, with the guarantedahatit runs
atomicallywith respecto every otheratomicblock. Transactional
memorycanbe implementedisingoptimisticsyndironisation In-
steadof takinglocks,an block runswithoutlocking, accu-
mulatingathread-locatransactionog thatrecordsevery memory
readandwrite it makes.Whentheblock completesit rst validates
its log, to checkthatit hasseena consistenview of memory and
then commitsits changeso memory If validation fails, because
memoryreadby the methodwasalteredby anotherthreadduring
theblock's execution,thentheblock is re-executedfrom scratch.
Transactionalmemory eliminates, by construction,mary of
the low-level dif culties that plaguelock-basedorogramming6].

Thereareno lock-induceddeadlockgbecausehereareno locks);
thereis no priority inversion;andthereis no painful tensionbe-
tween granularity and concurreng. However little progresshas
beenmade on building transactionalabstractionsthat compose
well. We identify threeparticularproblems.

Firstly, sincea transactionmay be re-run automatically it is
essentiathatit do nothingirrevocable For examplethetransaction

might launcha secondsalvo of missilesif it were re-executed.
It might also launchthe missilesinad\ertently if, say the thread
wasde-scheduledfterreading but beforereading , andanother
threadmodi ed bothbeforethethreadwasresumedThis problem
begs for a guaranteehat the body of the block canonly
perform memory operations,and hencecan only make benign
modi cations to its own transactionlog, ratherthan performing
irrevocableinput/output.

Secondly blocking is not composableMary systemsdo not
supportsynchronisatiorat all without using condition variables,
andthosethatdo rely on a a programmeissuppliedbooleanguard
on the block [9]. For example,a methodto get anitem
from a buffer might be:

Thethreadwaitsuntil theguard holds,beforeex-
ecutingthe block. But how could we take two consecutivétems?

We cannotcall , becausanothertthreadmight per
form anintervening . We could try wrappingtwo callsto
in anested block, but the semantic®f this areunclearun-

lessthe outerblock checkstherearetwo itemsin the buffer. This
is a disasterfor abstractionpecausdhe client (who wantsto get
thetwo items)hasto know aboutthe internaldetailsof theimple-
mentationlf severalseparat@bstractionsreinvolved, mattersare
evenworse.

Thirdly, no previoustransactionaimemorysupportschoice ex-
empli ed by the examplementionedearlier (but seeSec-
tion 7.2on ConcurrenML, whichdoes) We tackleall threeissues
by presentingransactionamemoryin the contet of the declara-
tive languageConcurrentaslell, whichwe brie y review next.

2.2 Concurrent Haskell

ConcurrentHaslell [22] is an extensionto Haslell 98, a pure,
lazy, functionallanguagelt providesexplicitly-forkedthreadsand
abstractiondor communicatingoetweenthem. This naturally in-
volvesside effectsandso, given the lazy evaluationstratay, it is
necessaryo be ableto control exactly whenthey occur The big
breakthrougltamefrom amechanisntalledmonadg23].

Hereis thekey idea:avalueof type is anl/O actionthat,
whenperformedmaydo somel/O beforeyielding a valueof type

. For example thefunctions and have types:

That s, takes a and delivers an I/O action that,
whenperformed printsthe characteon the standarcutput;while
is anactionthat,whenperformedreadsacharactefrom
the consoleanddeliversit asthe resultof the action.A complete
programmust de ne an I/O action called ; executing the
programmeangerformingthataction.For example:

1/0 actionscanbe gluedtogetherby a monadicbind combinator
This is normally usedthroughsomesyntacticsugar allowing a C-



Figurel: The interface

like syntax.Here,for example,is a completeprogramthatreadsa
characteandthenprintsit twice:

As well as performingexternal input/output,l/O actionsinclude
operationswith side effects on mutablecells A value of type
is a mutablestoragecell which canhold valuesof type

, andis manipulatedonly) throughthefollowing interface:

takesavalueof type andcreatesamutablestoragdo-

cationholdingthatvalue. takesareferenceo suchalo-
cationandreturnsthevaluethatit contains. provides
the correspondingipdateoperation.Sincethesecells canonly be
createdyead,andwritten usingoperationsn the  monad,there
is a type-securgguaranteehat ordinary functions are unafected
by state— e.g.a purefunction cannotreador write an
because hastype .

ConcurrentHaslell supportsthreads,eachindependentlyper
forminginput/outputThreadsarecreatedusingafunction

takesan /O actionasits agument,spavns a freshthread
to performthataction,andimmediatelyreturnsits threadidenti er
to thecaller For example,hereis a programthatforks athreadthat
prints X', while themainthreadgoesonto print y":

A fuller introductionto concurreng, 1/O, exceptionsand cross-
languageinterfacing (the “awkward squad”for pure, lazy, func-
tional programming)s givenin [21]. Severalgeneralon-linetuto-
rialson Haslell arealsoavailable,for instancq3].

3. Composabletransactions

We are now ready to presentthe key ideas of the paper Our
starting point is this: a purely-declaative languaye is a perfect
settingfor transactionalmemory for two reasonsFirst, the type
systemexplicitly separatesomputationswhich may have side-
effectsfrom effect-freeones.As we shallseei|it is easyto re ne it

sothattransactionsanperformmemoryeffectsbut notirrevocable
input/outputeffects.Secondreadsrom andwritesto mutablecells
areexplicit, andrelatively rare:mostcomputatiortakesplacein the
purely functional world. Thesefunctional computationgperform

mary, mary memoryoperations— allocation,updateof thunks,
stackoperationsandsoon— but noneof theseneedto betracked
by the STM, becausehey are pure, and never needto be rolled
back.Only the relatively-rareexplicit operationsneedbe logged,
soasoftwareimplementationis entirelyappropriate.

Soour approachs to useHaslell asa kind of “laboratory” in
whichto studytheideasof transactionamemoryin asettingwith a
very expressie type systemAs we shallsee we areableto de ne
amuchmorecompositionaform of transactionainemorythanhas
beenpossiblehitherto.As we go, we will mentionprimitivesfrom
the library, whoseinterfaceis summarisedn Figure 1, and
whosesemanticsve will describemorethoroughlyin Section5.

3.1 Transactional variables and atomicity

Supposeave wish to implementa resourcemanagerwhich holds
an integervaluedresource The call shouldacquire
units of resource , blockingif holdsinsufcient resourcethe
call shouldreturn unitsof resourceo .

Hereis how we might program in STM Haslell:

Thecurrently-aailableresources heldin atransactionalariable
of type . The declarationsimply gives a nameto
thistype.Thefunction readshevalue of theresourcdrom
its cell, andwritesback into thesamecell. (Wediscuss
next, in Section3.2.)

The and operationsboth return STM
actions(Figurel), but Haslell allows usto usethesame
syntaxto composeSTM actionsaswe did for I/O actions.These
STM actionsremaintentative during their execution:in orderto
exposean STM actionto therestof the systemjt canbe passedo
anew function , with type

It takesa memorytransactionpf type , anddeliversan|/O
actionthat, when performed runsthe transactioratomically with
respecto all othermemorytransactionsOnemightsay:

The functionandall of the  -typedoperationsarebuilt
over the transactionamemorydescribedn Section6. This deals
with maintaininga perthreadtiransactiorog to recordthetentatve
accessesiadeto s.When isinvokedthe STM checks
thatthe loggedaccessearevalid — i.e. no concurrentransaction
hascommittedcon icting updateslf thelog is valid thenthe STM
commitsit atomicallyto the heap,therebyexposingits effectsto
othertransactiongOtherwisehememorytransactions re-runwith
afreshlog.

Splitting the world into STM actionsand|/O actionsprovides
two valuableguarantees:

Only STM actionsand purecomputatiorcanbe performedin-
side a memory transaction;in particular /O actionscannot.
Thisis preciselytheguaranteave soughtin Section2.1.1t stat-
ically preventsthe programmefrom calling
insideatransactionbecauséaunchingmissilesis anl/O action
with type , andcannotbe composedvith STM actions.

No STM actionscan be performedoutsidea transaction,so

the programmecannotaccidentallyreador write a with-

out the protectionof . Of course,one can always say
toreada in atrivial transaction,

but thecall to cannotbe omitted.



3.2 Blocking memory transactions

Any concurreng mechanisnmustprovide a way for a threadto
await an event or events causedby other threads.In lock-based
programmingthisis typically doneusingconditionvariablesmes-
sagebasedsystemsoffer a constructto wait for messagesn a
numberof channels;POSIX provides ; Win32 provides
; and STM systemgo dateallow the

programmetto guardthe atomic block with a booleancondition
(seeSection2.1). Noneof thesemechanismarecomposable.

TheHaslell settingled usto aremarkablysimpleandcompos-
ablemechanisnfor blocking:a singleSTM action . Hereis
the codefor

It readsthevalue of theresourceand,if , decreasei by
. Butif not, sothereis insufcient resourcen thevariable,it calls
. Conceptually abortsthe transactiorwith no effect,
andrestartsit at the beginning. However, thereis no pointin ac-
tually re-executingthe transactioruntil at leastone of the S
readduring theattemptedransactionis written by anotherthread
Furthermorethetransactiorog (whichis neededaryway) already
recordsxactly which swereread.Theimplementatiorthere-
fore blocksthethreaduntil atleastoneof theseis updatedNotice
that 'stype ( ) allows it to be usedwhererzer an STM
actionmayoccur
Unlike the validation check,which is automaticand implicit,
is calledexplicitly by the programmerlt doesnotindicate
anything bador unexpectedyather it shavs up whensomekind of
blockingwould take placein otherapproacheto concurreny.
Noticethatthereis no needfor the operatiorto remember
to signalary conditionvariables.Simply by writing to the S
involved, the producerwill wake up the consumerA whole class
of lost-wake-upbugsis eliminatedthereby
Froman ef ciency point of view, it makessenseo call
asearlyaspossible andto refrainfrom readingunrelatedocations
until afterthe testsucceedsNeverthelessthe programmingnter-
faceis delightfully simple,andeasyto reasorabout.

3.3 Sequentialcomposition

By using , the programmelidenti es atomictransactions,
in the classicsensehatthe entiresetof operationghatit contains
appearsto take place indivisibly. This is the key to sequential
compositionfor concurreng abstractionsFor example,to grab
threeunitsof oneresourceandseven of anotherathreadcansay

The standard notationcombinesthe STM ac-
tions from the two calls and the underlying transactional
memorycommitstheir updatesasa singleatomicl/O action.

The functionis centralto makingtransactiong€ompos-
ablewhenthey may block. Thetransactiorabove will blockif ei-
ther or hasinsufcient resourcethereis noneedfor thecaller
to know how is implementedpr what conditionguarantees
its successNor is thereary risk of deadlockoy awaiting ~ while
holding

This ability to composeSTM actionsis why we did not de ne

asan|/O action,wrappedin acall to . By leaving it
asan STM action,we allow the programmerto composeit with
otherSTM actionsbefore nally sealingit into a transactiorwith
. In a lock-basedsetting,one would worry aboutcrucial
locks being releasedbetweenthe two calls, and aboutdeadlock
if anotherthreadgrabbedthe resourcesn the oppositeorder but

thereare no suchconcernshere.Any STMaction can be robustly
composedvith other STMactions.

3.4 Composingalternatives

We have discussedcomposingtransactionsn sequenceso that
both are executed. STM Haslell alsolets usto composetransac-
tionsasalternatives sothatonly oneis executed For example,to

geteither3 unitsfrom  or 7 unitsfrom

The functionis provided by the module (Figure 1);
here,it is written in x, by enclosingit in backquotesbut it is a
perfectlyordinaryfunction of two aguments.

Thetransaction rst runs ;if it retriesthen

is abandonedvith no effect,and  isrun.If retriesaswell,
theentirecall retries— but it waits on the variablesreadby either
of the two nestedransactionsAgain, the programmemneedknow
nothingabouttheenablingconditionof  and

Using providesanelegantway for libraryimplementors
to deferto their caller the questionof whetheror not to block.
For instanceit is straightforvard to corvert the blocking version
of into onewhich returnsa booleansucces®r failureresult:

Noticethatthisidiom depend®ntheleft-biasedhatureof

Thesamekind of constructiorcanbealsousedto build ablocklng

operationfrom one that returnsa booleanresult: simply invoke
onreceving a result:

The function obeys usefullaws: it is associatie, andhas
unit

Haslell a cionadoswill recognisethat STM may thusbe an in-
stanceof

3.5 Exceptions

The monadsupportsexceptionsjust like the  monad,and
in muchthe sameway as(say) C#. Two new primitive functions,

and , arerequired;their typesaregivenin Figure 1.
(As with , No new languageconstructsare needed.)The
questionis: how shouldtransactionsand exceptionsinteract. For
example whatshouldthis transactiordo?

The programmethrows an exceptionif , in which casethe
partwill clearlynottake place.But whatabout
thewrite to from beforethe exceptionwasthrowvn?
ConcurrentHaslell encourageprogrammerso useexceptions
for signallingerror conditions ratherthanfor normalcontrol o w.



Built-in exceptions suchasdivide-by-zeroalsofall into this cate-
gory. For consisteny, then,in the abore programwe do not want
the programmerto haveto take accountof the possibility of ex-
ceptions whenreasoninghat if is (obserably) written then
datais written into the buffer. We thereforespecifythatexceptions
have abortsemanticsif anatomictransactiorthrows anexception,
thetransactioris abortedwith no effect. If the programmemwants
to commit the effectsup to the point at which the exceptionwas
thrawn, hecaneasilycatchtheexceptioninsidethetransactionand
returnnormally — the transactioris only abortedif the exception
propagateso theendof the block.

Our useof exceptionsto abort blocksis a free design
choice.In otherlanguagesgspeciallyin oneswhereexceptionsare
usedmore frequently it might be appropriateto distinguishbe-
tweenexceptionsthat causethe enclosing block to abort
from exceptionghatallow it to commitbeforethey arepropagated.
Shinnaret al. shav how abortsemanticsare valuablewhen han-
dling exceptionsevenin single-threadedpplicationg28].

Noticethedifferencebetweercalling andcalling
The former signalsan error, and abortsthe transactionthe latter
only indicateghatthetransactions notyetreadyto run,andcauses
it to block until the situationchanges.

An exception can carry a value out of the STM world. For
example,consider

Here, the external world getsto seethe exceptionvalue holding
the string  that was read out of the . On the other hand,
sincethe transactionis aborted,no writes to are externally
obserable.Onemightarguethatit is wrongto allow evenreadso
“leak” from anabortedransactionbut we donotagree Thevalues
carriedby anexceptioncanonly represeng consistenview of the
store(or validationwouldfail, andthetransactiorwouldretry),and
it is almostimpossibleto detug an error conditionthat only says
“somethingbadhappenedivhile deliberatelydiscardingall clues
to whatthe badthing was. The basictransactionaguaranteesire
notthreatened.

Whatif the exceptioncarriesa allocatedin the aborted
transaction?A dangling pointer would be unpleasantTo avoid
this we re ne the semanticof exceptionsto saythata transaction
that throws an exceptionis abortedso far asits write effectsare
concernedbut its allocation effectsareretainedafterall, they are
thread-local As a result,the is visible after the transaction,
in the stateit hadwhenit wasallocated Casesik e thesearetricky,
whichis why we provide afull formal semanticsn Section5.

ConcurrentHaslell also provides asynchronousexceptions
which canbe thrown into a threadasa signal— typical examples
are error conditionslike stackover ow, or whena masterthread
wishesto shutdown a helper If a threadis in the midst of an
STM transactionthenthetransactiodog canbediscardedvithout
externally-visibleeffects.By abortingthe transactiorwe provide a
kill-safe mechanisnfor avoiding thekind of consisteng problems
thatFlattandFindlerdescribg5].

4. Applications and examples

In this sectionwe provide some examplesof how composable
memory transactionscan be usedto build higher level concur

reng/ abstractionsWe focuson operationghatinvolve potentially-
blocking communicationbetween threads. Previous work has
shavn, mary timesover, how standardshared-memorgatastruc-

tures can be developedfrom sequentialcode using transactional
memoryoperationgfor instancg10, 9]).
4.1 MVars

Prior to our STM work, ConcurrentHaslell provided sasits
primitive mechanisnfor allowing threadso communicatesafely

An is a mutablelocationlike a , exceptthatit may be
eitherempty or full with avalue.The functionleavesa
full empty andblockson anempty A onan
empty leavesit full, andblockson afull .So sare,
in effect,aone-placechannel.

It is easyto implement sontopof s.An holding

avalueof type canbe representedy a holding a value

of type ; this is a type that is either an empty value
“ "), or actuallyholdsan (e.g.“ ”.
The operatiorreadsthe contentsof the andretries

until it seesavalueotherthan :

Thecorresponding operatiorretriesuntil it sees ,
atwhich pointit updategshe underlying

Notice how operationsvhich returna booleansuccess failurere-
sultcanbebuilt directly from theseblockingdesignsFor instance:

4.2 Multicast channels

s effectively provide communicationchannelswith a single
buffereditem. In this sectionwe shav how to programbuffered,
multi-item, multicastchannelsin which itemswritten to the chan-
nel( in theinterfacebelow) arebufferedinternallyand
recevedonceby eachread-poricreatedrom the channel Thefull
interfaceis:

We representhe buffereddataby alinkedlist, or , of items,
with a transactionalariablein the tail, sothatit canbe extended

by :



An is representefly amutablepointerto the“write” endof
thechain,while a pointsto thereadend:

With thesede nitions, the codewritesitself:

Notice the use of to block when the buffer is
empty Although this implementationis very simple, it ensures
that eachitem written into the is deliveredto every ;
it allows multiple writers (their writes are interleaved); it allows
multiple readerson eachport (dataread by one is not seenby
the otherreaderson that port); andwhena port is discardedthe
garbagecollectorrecoversthe buffereddata.

More complicatedvariantsaresimpleto program For example,
supposeave wantedto ensurehatthewriter couldgetnomorethan
N items aheadof the mostadwancedreader One way to do this
would befor thewriter to includeaserially-increasing  in each

, andhave ashared holdingthe maximumserialnumber
readsofar by ary readerlt is simplefor thereadergo keepthis up
to date,andfor thewriter to consultit beforeaddinganotheritem.

4.3 Merge

We have alreadystressedhat transactionsare composable For
example,to readfrom either of two different multicastchannels
we cansay:

No changesieedto be madeto eithermulticastchannellf neither
porthasary data,the STM machinerywill causehethreadto wait
simultaneouslynthe attheextremity of eachchannel.

Equally theprogrammecanwait onaconditionwhichinvolves
a mixture of s and channels(perhapsthe multicastchannel
indicatesordinary data and an is being usedto signal a
terminationrequest)for instance:

This exampleis contrived for brevity, but it shavs how operations
takenfrom differentlibraries,implementedvithout anticipationof
thembeing usedtogether canbe composedin the mostgeneral
casewe can selectbetweenvaluesreceved from a number of
differentsourcesGiven a list of computationsof type we
cantakethe rst valueto beproducedrom ary of themby de ning
amemgeoperator:

This exampleis childishly simplein STM Haslell. In contrast,a
functionof type

Value

Term

Figure 2: Thesyntaxof valuesandterms

is un-implementablen ConcurrentHaslell, or indeedin other
settingswith operationsbuilt from mutual exclusion locks and
conditionvariables.

4.4 Summary

Our main claim is that transactionamemory qualitatively raises
thelevel of abstractiorofferedto programmersJustashigh-level
languagedree programmergrom worrying aboutregisteralloca-
tion, sotransactionamemoryfreesthe programmeifrom concerns
aboutlocks and lock acquisitionorder More fundamentallyone
cancombineabstractionsvithout knawing their implementations,
apropertythatis the key to constructingarge programs.

Like high-level languagestransactionamemorydoesnot ban-
ish bugsaltogetherfor example,two threadscan easily deadlock
if eachawaits some communicationfrom the other But, again
like high-level languagesthe gainis very substantialtransactions
provide a programmingplatform for concurreng that eliminates
wholeclasse®f concurreng errors,andallows the programmeto
concentrat®n thereally interestingpits.

5. The semanticsof STM Haskell

Sofar our descriptionof the functionsin Figure 1 hasbeeninfor-
mal. It is hardto be surethat suchdescriptionscover all the com-
binationsof thesefunctionsthatmight arise,soin this sectionwe
provide aformal, operationabemanticgor STM Haslell.

Figure 4 gives a small-stepoperationalsemanticsfor a small
languagewhosesyntaxis givenin Figure2. The key ideais that
therearetwo transitionrelationsthetop-level I/O transitions writ-
ten“ "» andtheSTMtransitionswritten“ ", Thel/O transition
relationtakesa programstate to a new programstate ,
while performinginput/outputdescribedy anaction :

Executionproceedshy repeatedlychoosinga thread,and execut-
ing a singlel/O transition;transitionsfrom differentthreadsmay
thereby be interleaved in a non-deterministicway. An

block, howvever, invokes zeroor more stepsof the STM transition
relation,but theresultstatechange is regardedasa singlel/O tran-
sition; transitionsin the STM relationthereforecannotinterleave.
Thesemantichasno notionof transactioriogsor rollback—these
areimplementatiormattersInsteadthe semanticexpressestom-
icity simply by requiringthatan block, if chosenfor the
next 1/O transition,mustreduce(using ) toa or ,

andnotto . Therestof this section eshesoutthedetails.
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Figure 3: Theprogramstateandevaluationcontexts

5.1 Syntax

Figure2 givesthesyntaxof afragmentof STM Haslell. Termsand
valuesareentirelycorventional exceptthatwetreattheapplication
of monadiccombinatorssuchas and , asvalues.
The -notationwe have beenusingso far is syntacticsugarfor
usesof and

Themonadicoperations , , ,and areover-
loaded andcanbeusedin boththe and monad.Speci c to
the monadare:

1/0 transitionsare labelledwith an optionalaction , describing
the input/outputeffect of the transition. The actions  (Figure 2)
allow readinga character from standardnput , writing oneto
standardbutput , orthesilentaction , whichis oftenomitted.A
real systemwould have mary moreinput/outputactions.
A program state consistof athreadsoup andaheap
(Figure 3). A threadsoupis just a multi-set of threads each
consistingof asingleterm  annotatedvith athreadlD . A heap
,is a nite mappingfrom refeencedo terms.
Todescribehepossibleransitionsof aprogramstatewe usean
evaluationcontet to identify the active site for thetransition.Fig-
ure 3 givesthesyntaxof evaluationcontets. A programevaluation
contt, , correspondso the scheduleof arealimplementation.
It choosesnarbitrarythreadfrom thesoup,andthenusesheterm
evaluationcontext to nd the active site in the term. The term
evaluationcontext correspondso the stackof a realmachine and
looksinto theleft operandbf , ,and

5.2 Operational semantics

Now we arereadyto discusshe transitionrulesof Figure4. First
we treatthe I/O transitions in the top part of the gure, which
can have arbitrary input/outputeffects. The rst two rules deal
with input andoutput.If theactive termis a or
theappropriatdabelledtransitiontakesplace,andthe operationis
replacedby a carryingthe result. Rule (FORK) allows a
new threadto be created by addinga newv term M to the thread
soup,allocatingafreshname asits .

Rule (ADMIN) concernsadministative transitions which are
given in the secondsectionof Figure 4. Rule (EVAL) allows a
term  thatis not a valueto be evaluatedby an auxiliary func-
tion, , which givesthevalueof . Thisfunctionis entirely
standardandwe omit it here.Rule (BIND) implementssequential
compositionin the monad.The rules (THROW), (CATCH1) and
(CATCH2) implementexceptionsn the standardvay. All of these
rulesare,aswe shall see,usedin boththe = monadandthe
monad whichis why we keepthemin a separategroup.

Everything so far is quite standard.The new part startswith
rules (ARET) and (ATHROW). The former describeshow an
atomictransactiortakes place:theterm  makeszeroor moré
transitionof theSTMrelation, , whichtakesthefollowing form:

Here, istheheapasbeforewhile redundantlyrecordstheal-

location effects (only) of the transition,for useduring exception
handling.Rule (ARET) speci esthattheterm  may make zero
or moreSTM transitionsuntil it reacheshe form ,in-

dicatingsuccessfutompletionIn thatcaserule (ARET) takesone
step,embodyinghenenv heap  asits resultingheap.In contrast,
rule (ATHROW) speci esthatif  evaluateso , then
thenew heap is discardedandinsteadusttheallocationeffects

areaddedo theinitial heap .

Rules (ATHROW) and (ARET) are the only rulesin the top
panelof Figure4 that affect the heap,so we canseeimmediately
that the heapcan be mutatedonly inside an block. Fur
thermore notice that multiple STMtransitionsyield a single pro-
gramtransition Programtransitionsfrom differentthreadscanbe
interleaved, but (ARET) provides no way for STM transitionsto
interleave. Thisis preciselywhatit meanso executeatomically”.
(A realimplementatiorwill notdothis, but we areconcernedvith
semanticsere.)

The STM transitionsthemseles, in the last part of Figure 4,
arelargely standardlIn particular Rules(READ), (WRITE), and
(NEW) describehov new mutablelocationscan be read, writ-
ten,andcreatedthe only point of interestis that (NEW) not only
recordsthe location’s creationin the heap,but alsoin the alloca-
tion record , for useby (ATHROW). Rule (AADMIN) lifts the
administratve transitionsinto the STM world, just ast. Theinter
estingpartis the combinatorand , Which we tackle
next.

5.3 Blocking and nestedtransactions

Thealertreademaybewonderingwhy thereis norule (ARETRY)
to go alongwith (ARET) and (ATHROW), to accountfor the fact
thatan STM computatiormay evaluateto , for instance:

Whatif is zero?Thenthe body of the block reducego
. Theris norule for this case This meanghatthetransition
systemcannotmalke progressby choosinga threadwhose next
operatioris an block,whentheheapwill causet to
To make progressanothetthreadmustbechosen.
Nestedtransactionsre handledby rules(OR1-3).The rst of
thesetriestheleft algumentof an . If it succeedsiormally
thenthatis theresultof the , includingarny memoryeffects
in . If it throwsanexception thattoois theresultof the ,
andary memoryeffectsareretained.But if retries,thenrule
(OR3)discardsall its effects,andinsteadcommitsto . Notice
the strong similarity between(ARET) and (OR1), and between
(ATHROW) and (ORZ2); this is the sensein which we say that
implementsestedransactions.
An alternatve designwould have (OR2)behaelike (OR3);that
is, if throws an exception,we could discardits effectsandtry
instead But thatwould invalidatethe beautifulidentity which
malkes a unit for and would also make
asymmetrian its treatmenbf exceptions(discardedrom but
retainedfor ). Thiswasnotahardchoiceto make!

1Therepetitionis indicatedoy the star
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6. Implementation

Our implementatioris split into two layers.The top layerimple-
mentsthe STM operationgrom Figurel. Thisis built ontop of the
lower layer, which comprisesa C library for performingmemory
transactionghatis integratedin the Haslell runtime system.Fig-
ure 5 shavs the API to our C library; we considerthe four groups
of operationsn turnin Sections5.1-6.4.

ConcurrentHaslell is currently implementedonly for a uni-
processar The runtime scheduleslightweight Haslell threads
within a single operatingsystemthread.Haslell threadsare only
suspendedtwell-de ned“safepoints”; they cannotbepre-empted
at arbitrary moments.This ervironmentsimpli es the implemen-
tation of our library becauseby constructionC runtimefunctions
runwithoutinterruption.

We arecon dentthata multi-processommplementations prac-
tical: our previouswork hasdevelopedseveraltechniquesor build-
ing multi-processoiSTMs in which a multi-word atomic update
is no worsethan half the speedof a uniprocessodesign[10, 9].
Thesehave beentestedin practiceon 1..96-CPUsharedmemory
machinesgiving scalableperformancevhenthreadsare attempt-
ing non-con icting transactiongfor instanceconcurrentnsertson

differentpartsof ared-blacktreecouldcommitin parallel).Evenin
theintensve workloadwe describan Section6.6,the commitop-
erationis lessthan10% of total executiontime andso the overall
consequences usinga parallelversionwould be low.

6.1 Transactionlogsand TVar accesses

While executinga memorytransactiona thread-locakransaction
log is built up recordingthe readsand tentative writes that the
transactiorhasperformed.This transactioriog is held in a heap-
allocatedobject called a that is pointedto by the Thread
ControlBlock of thethreadengagedn thetransaction.
Thelog containsanentryfor eachof the sthatthememory
transactionhas accessedEach entry containsa referenceto the
involved, the old value held in the whenit was rst
accessedh the transactionandthe new valueto be storedin the
if thetransactiorcommits.Thesetwo valuesareidenticalin

thecasea thathasbeernreadbut notwrittenby thetransaction.
Within a memorytransactionall accesseareperformed
by and (Figure 5). Theseaccesses

remain buffered within the threads log, and henceinvisible to
otherthreads,until the transactioncommits (Section6.2): writes
aremadeto thelog, andreadsrst consultthelog sothatthey see



Figure 7: Transactiorogsfor two threadsblockedon a

rst calls to checkthatthe transactioris not already
doomed|f it is, thestackis unrolledbackto the and
the transactionis re-startedln this way, doomedtransactionsan
bekilled off beforethey have consumedoo muchtime. It doesnot
male sensdo validatemorefrequentlyon a uniprocessofindeed,
lessfrequentlymight performbetter)but, asin previous work, we
might useanalternatve schemeon a multiprocessaor

6.3 Blocking transactions: retry

Leaving asidethe possibility of for the moment,calling
causeghe stackto be unwoundsearchingor the enclosing
— thetypesguarantedhat exactly onesuchframe
exists.Then is called,asusual to checkthatthetrans-
actionlog hasseena consistentview of the heap,andif not the
transactions re-run.In theconsistentase, iscalled.It al-
locatesnew wait-queuesntries heldin doubly-linkedlists attached
tothe sthatthetransactiorhasread,usingthe previously-null

eld in each . Oncethis is done,the calling threadis respon-
siblefor blockingitself andre-enteringhe scheduler
The wait queueentriesare noticedby an which

updateghe s: theupdaterunblocksary waitersit encounters.
Oncea waiting threadis rescheduledit is responsibleor calling
to assesswvhetherit should retry execution of its
atomicblock. If thetransactioris nolongervalid then
unlinks its wait queueentriesandthe caller retriesits transaction
with afreshlog. If thetransactions still valid thenit leavesits wait
queueentriesin place,sothatit canbe woken by further updates,
and blocks once more — this can happenonly if, by the time the
threadis scheduledthe s againcontainpointerequalvalues
to thoseoriginally readby thatthread.



(b) If bothbranches thenthetwo logsaremeigedinto the
enclosingransactiorandthe propagates.

Figure 8: Two stepsin theimplementatiorof

cannottell withoutfurtherexperienceA transactionrmayalsonever
commitif it is waiting for a conditionthatnever becomedrue.

6.6 Performance

Evaluationof the STM implementatiordescribechereis atanearly
stage sothereareno detailedperformanceesultsto reportasyet.

However, initial measurementare encouragingWe wrote a
simple implementionof unboundedchannelsin STM Haslell,
which mirrors the channelabstractiorof ConcurrentHaslell [22]
implementedusingMVars.We benchmar&d the two implementa-
tions by measuringhe time takento communicatea large number
of valuesover a channebetweentwo threadsThey performedal-
mostidentically: runtimeswerethe same(to within 10%),andthe
STM versionallocateds0%lessheapspaceduringtherun.

Why shouldthis bethecasegiventhatthe STM versionappears
to bedoing morebookleepingunderthe hood?The raw MVar op-
erationswould outperformthe equvalent TVar operationsif we
benchmarkd themindependentlybut in practiceprogramsdon't
performraw MVar operationsinsteadthe MVar operationis nor
mally wrappedin an exceptionhandlerthat restoresinvariantsin
the event of an exception. Furtherprotectionfrom asynchronous
exceptionsis usuallyrequired,to preventan asynchronougxcep-
tion from arriving beforethe handlerhasbeeninstalled[17]. This
exception-rolistnesss implementedn the -basedchanneli-
brarythatwe used but it addssigni cant overheado MVars.

In contrast,our STM codebene ts from asynchronousxcep-
tion safety“for free”, becauseachchanneloperationis atomic.In
short,the STM-based:hannelsaarenot only clearer but the opera-
tionsarecomposableandit runsjust asfastasthe MVar version.

7. Relatedwork

We build on two main cateyoriesof relatedwork. The rst, dis-
cussedn Section7.1,is work on transactionamodelsof concur
reng/ andthe designandimplementatiorof STMs. The secondijn
Sections7.2—7.3arethe designsthat have beenattemptedo pro-
videformsof composabilityin concurrenprogrammindanguages.



7.1 Transactions

Transactionbave longbeenusedfor fault-tolerancén database$§7]
anddistributed systemsThesetransactionsely on stablestorage
anddistributedcommitprotocolsto protectsystemntegrity against
crashesandcommunicatiorfailures.

Nestedtransactionsvere rst proposedy Moss[19], who ex-
tendednestingto two-phaselocking protocols. The Argus lan-
guage[16] for fault-tolerantdistributed applicationsprovided ex-
plicit languagesupportfor nestedransactions.

Distributedtransactionsypically provide bothsyndironisation
ensuringhatconcurrently-gecutingtransactionsippeato execute
serially and persistence ensuringthat statechangesare bacled
uponfault-tolerantpon-wlatile storageRecently severalprojects
have provided persistencevithout synchronisatiorior transactions
runningatasinglemaching/15, 26, 13].

By contrastsoftwaretransactionamnemoryprovidessynchroni-
sationwithout persistenceBecausehe statemanipulatecy mem-
ory transactionds not intendedto survive crashesor communi-
cationfailures,thereis no needfor distributed commit protocols
or stablestorage.It follows that mary designand implementa-
tion issuesare quite differentfrom thosearisingin distributed or
persistence-onlyransactiorsystems.

Transactionamemorywas originally proposedas a hardware
architecturg11, 29] to supportnon-blockingsynchronisationand
architecturakupportfor this modelremainsthe subjectof ongoing
research18, 20, 24, 8]. A numberof proposalshave emegedfor
supportingransactionaimemoryin software[12, 27,4, 10, 9].

Work on software transactionalmemory has focusedon li-
braries,not on integrating transactionaimechanismsnto a pro-
gramminglanguageTwo exceptionsareWelc etal. [31] who shav
hov STM-like techniquescanincreasethe concurreng available
in systemsasedon Java's blocks,andHarrisand
Frasel[9] who discusshow Java might be adaptedo supportnon-
blocking atomicsectionsln recentwork Welc et al. shaved how
1/0O could be performedby backingoff from an optimistic execu-
tion schemeo a pessimisticone— however, their approactrelied
onstartingwith acorrectly-synchronizetbck-basegrogram{30].

Prior work hasnot placedmuch emphasison mechanismgor
conditionalblocking or compositionality Herlihy et al. [10] sup-
port syntacticallynestedransactiondy “ attening” nestedtrans-
actionsto a single transaction,but provide no explicit mecha-
nism for conditionalblocking. Harris and Fraser[9] supportcon-
ditional blocking using a guarded-commandyntax, but lacking

, suchtransactiongould not be easilycomposedLastly, no
prior work on memorytransactionsupportsthe equivalentof the
constructwhichis essentiafor composition.

7.2 Concurrent ML

ConcurrentML [25] is aninspiring languagedirectedsquarelyat
the goal of composableconcurreng. The principal abstractionis
thatof a r st-classevent which allow far richer compositionthan
do corventionallocks, or ConcurrentHaslell's . One can
drav ananalogybetweerna CML eventandan STM actionin our
language Eventscanbe composedas alternatves using ,
which is similar to our , and“run” using , which has
thesamea vour asour ; in Haslell syntaxtheir typesare:

However, nothingcorresponds$o our notion of sequentiatompo-
sition of actions.Indeed,givenan andan , one
cannotconstructacompounceventof type that res

only whenboth argumentevents re. Thisis no accident— CML

eventsare carefully structuredto have a single“commit point” —
but it limits theway in which eventscanbe composed.

This samelimitation doessupportoneform of abstractiorthat
we cannotA swapchannelofferstheoperation

The ideais that two threadsrendezous at a , and ex-
changedata.But no matterhow mary threadsare simultaneously
calling onthesamechanneljf threadA givesdatato thread
B, thenB's datamustgo to A. We cannotsupporta composable
insideanSTM transactiorbecaus¢hatwould requiremutual
linkageof anarbitrarynumberof threadswhereasSTM actionsrep-
resenisolatedupdatesnadeby individual threads Supposehread
A doesa with threadB; andthenboth go on to with
third parties(A1 andB1, say).Thenif Al is notready A's trans-
actionmustretry; andhencesomustB's,andsomustB1's, andso
on.In contrastijt is easyto de ne swap-channelwith theoperation

but this operation,having an  type, doesnot compose(by de-
sign).It is perhapsnterestingto notefor futurework thatthiskind
of synchronizationyhich is hardto build with STM, is extremely
easyto build with achord in Bentonetal.'s PolyphonicC#[1].

7.3 Scheme4®roposals

Scheme48 proposalsare an optimistic-concurrenc mechanism
that supportsa subsetof our notion of memorytransactiong14].
Eachthreadmaintainsalog whichrecordghereadsandwritesper
formed using the operations ,

, etc. The call is just
likeour ; it re-runsautomaticallyif  seesaninconsistent
view of memory

Of course Schemes untyped,sothe proposaimechanisntan-
notoffer ary guaranteeabouteffects;for example thereis noway
to ensurethat the programmeronly uses etc
inside a transaction nor that transactiongefrain from doing in-
put/output.Thereis nomechanisnior conditionallyenteringapro-
posal(andblockingif theconditiondoesnothold), let alonefor our
modular . The programmemustresortto locks and condi-
tion variablesfor that.Nor is therearything like

8. Conclusion

We have shawvn that STM providesa substratdor concurrentpro-
grammingthatoffersfarrichercompositiorthanhasbeenavailable
to date,andthatit canbeimplementedn a practicallanguage.

We have usedHaslell asa particularly-suitabldaboratory but
anohviousquestionis this: to whatextentcanourresultsbecarried
backinto the mainstreamworld of imperatve programming?\e
believe that the idea of using constructdike and
canindeedbeappliedto otherlanguageskor instancejn C , one
couldindicate by raisinga speci ed kind of exceptionand
thenexpress asa particularkind of exceptionhandler

An interestingdistinctionto noticeabout blocksin C
or Jasza, whencomparedvith Haslell, is thatit would be necessary
to supportdynamicnesting.Thereasoris that,in Haslell, thecode
within an block hasan type and so the only way it
canberun is by atomicexecution:library operationsdo not need
to ensureatomicity internally becauseét will be provided by their
callers.In contrast,n atraditionalimperatve languageatomicity
would bethe responsibilityof the calleeratherthanthe callerand
soit maybe provided defensiely at multiple levelsin acall chain.

In animperatie settingit is lessclearhow to staticallyprevent
operationswith irreversible side effects being performedwithin
transactionsthereis not ordinarily any way of indicatingpossible
effectsotherthan(in somelanguageshe setsof exceptionsthata
methodmay raise.Whetheror not one believesin transactionsit
doesseemlikely that somecombinationof effect systemsand/or



ownershiptypes[2] will play an increasinglyimportantrole in
concurrentprogramminglanguagesand thesemay contritute to
the guaranteedesirablgfor memorytransactions.

Our implementatiorforms part of GHC 6.4, which is publicly
available at . Our currentimplemen-
tation is for uni-processqrbut we plan to work on a true multi-
processoimplementatiorin 2005.
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