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Abstract
Writing concurrentprogramsis notoriouslydif�cult, andis of in-
creasingpractical importance.A particularsourceof concernis
that even correctly-implementedconcurrency abstractionscannot
becomposedtogetherto form largerabstractions.In this paperwe
presentanew concurrency model,basedon transactionalmemory,
that offers far richer composition.All the usualbene�ts of trans-
actionalmemoryarepresent(e.g.freedomfrom deadlock),but in
additionwe describenew modularforms of blocking and choice
thathave beeninaccessiblein earlierwork.

Categoriesand SubjectDescriptors D.1.3 [ProgrammingTech-
niques]: ConcurrentProgramming– Parallelprogramming; D.4.1
[Operating Systems]: ProcessManagement– Concurrency; Syn-
chronization;Threads

GeneralTerms Algorithms,Languages

Keywords Non-blockingalgorithms,locks,transactionalmemory

1. Intr oduction
Concurrentprogrammingis notoriouslytricky. Currentlock-based
abstractionsaredif�cult to useandmakeit hardto designcomputer
systemsthat arereliableandscalable.Furthermore,systemsbuilt
using locks aredif�cult to composewithout knowing abouttheir
internals.

To addresssomeof thesedif�culties, several researchers(in-
cluding ourselves) have proposedsoftware transactionalmemory
(STM), which can performgroupsof memoryoperationsatomi-
cally [27]. Usingtransactionalmemory(implementedby optimistic
synchronisation)insteadof locks brings well-known advantages:
freedomfrom deadlockandpriority inversion,automaticroll-back
on exceptionsor timeouts,andfreedomfrom the tensionbetween
lock granularityandconcurrency.

Althoughpromising,our previouswork on transactionalmem-
ory suffereda numberof shortcomings:it couldnot staticallypre-
vent threadsfrom bypassingtransactionalinterfacesandit did not
provide a convincing story for operationsthat may block. In this
paperwe resolve theseshortcomings.In particular, we make the
following contributions:
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+ We re-expresstheideasof transactionalmemoryin thesetting
of ConcurrentHaskell (Section3). This is muchmore thana
routine“port” into a new setting.As we show, STM canbeex-
pressedparticularlyelegantlyin adeclarative language,andwe
areableto useHaskell'stypesystemtogivefarstrongerguaran-
teesthanareconventionallypossible.Furthermoretransactions
arecompositional:small transactionscanbe 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 approaches,the programmer
doesnothaveto identify theconditionunderwhich thetransac-
tion canrun to completion:

�"�����	,

canoccuranywherewithin
the transaction,blocking it until an alternative executionpath
becomespossible.

+ The
�"�����	,

functionallowspossibly-blockingtransactionsto be
composedin sequence. Beyond 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 many things at once, like the
Unix

���" ��"&��

systemcall – exceptthat
����-� "���

composeswell,
whereas

���" ���&��

doesnot. It turns out that
����-� "���

requires
theunderlyingSTM implementationto supportgenuinenested
transactions, the�rst STM to do so(Section6.4).

+ Unusuallyfor a practicalprogramminglanguage,we provide
a formal operationalsemanticsof our systemin Section5.
This semanticsclari�es the behaviour in caseswhich have a
lessintuitive meaning,suchaswhathappensif anexceptionis
raisedmid-way throughamemorytransaction.

+ We have implementedour design in the Glasgow Haskell
Compiler, a fully-�edged optimisingcompiler for Concurrent
Haskell. The changesarelocalised,ratherthanpervasive, and
we describethedetailsin Section6.

Takentogether, theseideasoffer a qualitative improvementin lan-
guagesupportfor modularconcurrency, similarto theimprovement
in moving from assemblycodeto a high-level language.Our main
war-cry is compositionality: a programmercan control atomicity
andblockingbehaviour in a modularway that respectsabstraction
barriers.In contrast,currentlock-basedapproachesleadto a direct
con�ict betweenabstractionandconcurrency (Section2).

2. Background
Throughoutthis paperwe studyinternal concurrencybetweenthe
threadsinteractingthroughmemoryin a singleprocess;we do not
considerherethequestionsof externalinteractionthroughstorage
systemsor databases,nordowe addressdistributedsystems.

Even in this setting,concurrentprogrammingis extremelydif-
�cult. Thedominantprogrammingtechniqueis basedon locks, an
approachthat is simpleanddirect,but that simply doesnot scale
with programsizeandcomplexity. To ensurecorrectness, program-



mersmust identify which operationscon�ict; to ensureliveness,
they mustavoid introducingdeadlock;to ensuregoodperformance,
they must balancethe granularityat which locking is performed
againstthecostsof �ne-grain locking.Perhapsthemostfundamen-
tal objection,though,is that lock-basedprogramsdo notcompose:
correctfragmentsmayfail whencombined.

For example,considera hashtablewith thread-safeinsertand
deleteoperations.Now supposethatwe want to deleteoneitem �

from table
���

, andinsertit into table
���

; but theintermediatestate
(in which neithertable containsthe item) must not be visible to
otherthreads.Unlesstheimplementorof thehashtableanticipates
thisneed,thereis simplynowayto satisfythisrequirement.Evenif
shedoes,all shecando is exposemethodssuchas �

�	&������
	� ��

and
�

�� ��"&�������	� ��

– but aswell asbreakingthehash-tableabstraction,
they invite lock-induceddeadlock,dependingontheorderin which
the client takes the locks, or raceconditionsif the client forgets.
Yet more complexity is requiredif the client wantsto await the
presenceof � in

�
�

, but this blocking behaviour must not lock
the table(else � cannotbe inserted).In short,operationsthat are
individually correct(insert,delete)cannotbecomposedinto larger
correctoperations.

Thesamephenomenonshows up trying to composealternative
blockingoperations.Supposea procedure

�
�

waits for oneof two
input pipesto have data,usinganinternalcall to theUnix

���" ��"&��

procedure;andsupposeanotherprocedure
���

doesthesamething,
ontwo differentpipes.In Unix thereis nowayto performa

���" ���&��

between
�
�

and
���

, a fundamentalloss of compositionality. In-
stead,Unix programmerslearnawkwardprogrammingtechniques
to gatherupall the�le descriptorsthatmustbewaitedfor, perform
a single top-level

���" ���&��

, and then dispatchback to the correct
handler. Again, two individually-correctabstractions,

���

and
���

,
cannotbecomposedinto a largerone;instead,they mustberipped
apartandawkwardly merged, in direct con�ict with the goalsof
abstraction.

Ratherthan�xing locks,a morepromisingandradicalalterna-
tive is to baseconcurrency controlonatomicmemorytransactions,
alsoknown astransactionalmemory. We will show that transac-
tionalmemoryoffersasolutionto thetensionbetweenconcurrency
and abstraction.For example,with memorytransactionswe can
manipulatethehashtablethus:

���
�������������! �"�#�$�#���#�%&�('�)+*(,�-���.0/�#�1���%&��2
)+*�)+�(,43

andto wait for either
���

or
���

we cansay
���
���������657'98:��1�;
$�/�#
8<5
243

Thesesimpleconstructionsrequirenoknowledgeof theimplemen-
tation of


��������	�

, =

�" ����"�

,
���

, or
���

, and they continueto work
correctlyif theseoperationsmayblock,aswe shallsee.

2.1 Transactionalmemory

Theideaof transactionsis not new: they have beena fundamental
mechanismin databasedesignfor many years,andtherehasbeen
muchrecentwork on transactionalmemories[11, 10,9, 6, 31].

Thekey ideais thata block of code,includingnestedcalls,can
be enclosedby an

���"����
	&

block, with the guaranteethat it runs
atomicallywith respectto every otheratomicblock.Transactional
memorycanbeimplementedusingoptimisticsynchronisation. In-
steadof takinglocks,an

��������
�&

block runswithout locking,accu-
mulatinga thread-localtransactionlog thatrecordsevery memory
readandwrite it makes.Whentheblockcompletes,it �rst validates
its log, to checkthat it hasseena consistentview of memory, and
then commitsits changesto memory. If validation fails, because
memoryreadby themethodwasalteredby anotherthreadduring
theblock's execution,thentheblock is re-executedfrom scratch.

Transactionalmemory eliminates,by construction,many of
the low-level dif�culties thatplaguelock-basedprogramming[6].

Thereareno lock-induceddeadlocks(becausethereareno locks);
thereis no priority inversion;and thereis no painful tensionbe-
tween granularity and concurrency. However little progresshas
been madeon building transactionalabstractionsthat compose
well. We identify threeparticularproblems.

Firstly, sincea transactionmay be re-run automatically, it is
essentialthatit donothingirrevocable.For examplethetransaction

���
���������>�@?A%:.CBED7,F��G
#�.H$���I�.0�JGCK�����/�/
�E$�#
/7%J,�-ML�2�3

might launch a secondsalvo of missilesif it were re-executed.
It might also launchthe missilesinadvertently if, say, the thread
wasde-scheduledafterreading

�

but beforereading
�

, andanother
threadmodi�ed bothbeforethethreadwasresumed.Thisproblem
begs for a guaranteethat the body of the

��������
	&

block canonly
perform memory operations,and hencecan only make benign
modi�cations to its own transactionlog, rather than performing
irrevocableinput/output.

Secondly, blocking is not composable.Many systemsdo not
supportsynchronisationat all without using condition variables,
andthosethat do rely on a a programmer-suppliedbooleanguard
on the

��������
	&

block [9]. For example,a methodto get an item
from a buffer might be:

N

��#@�PO�#���%J,F�

���
�������9%:.CKC�@��#@��/�B�Q0,F��R�R�R!1�#@�7����#P�@��#@�SR�R�R+3
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Thethreadwaitsuntil theguard T

��U"
��	�$���WVAX�Y

holds,beforeex-
ecutingtheblock. But how could we take two consecutiveitems?
We cannotcall Z

���

T

Y�[

Z

���

T

Y

, becauseanotherthreadmight per-
form an intervening Z

���

. We could try wrappingtwo calls to Z

���

in a nested
��������
	&

block,but thesemanticsof this areunclearun-
lesstheouterblock checkstherearetwo itemsin the buffer. This
is a disasterfor abstraction,becausethe client (who wantsto get
thetwo items)hasto know abouttheinternaldetailsof theimple-
mentation.If severalseparateabstractionsareinvolved,mattersare
evenworse.

Thirdly, noprevioustransactionalmemorysupportschoice, ex-
empli�ed by the

���" ��"&��

examplementionedearlier(but seeSec-
tion 7.2onConcurrentML, whichdoes).Wetackleall threeissues
by presentingtransactionalmemoryin the context of the declara-
tive languageConcurrentHaskell, whichwe brie�y review next.

2.2 Concurrent Haskell

ConcurrentHaskell [22] is an extensionto Haskell 98, a pure,
lazy, functionallanguage.It providesexplicitly-forkedthreads,and
abstractionsfor communicatingbetweenthem.This naturally in-
volvessideeffectsandso,given the lazy evaluationstrategy, it is
necessaryto be able to control exactly whenthey occur. The big
breakthroughcamefrom a mechanismcalledmonads[23].

Hereis thekey idea:a valueof type \0]

�

is anI/O actionthat,
whenperformed,maydo someI/O beforeyielding a valueof type

�

. For example,thefunctions
�0^"�7_������

and Z

���7_������

have types:
5�I���`�G
��1a���b`�G
��1dc�B

NEe

%J,

O�#���`�G
��1a���

NEe

`�G
��1

That is,
�(^	�7_������

takes a
_������

and delivers an I/O action that,
whenperformed,printsthecharacteron thestandardoutput;while

Z

���7_������

is anactionthat,whenperformed,readsacharacterfrom
the consoleanddelivers it asthe resultof the action.A complete
program must de�ne an I/O action called

���"
$�

; executing the
programmeansperformingthataction.For example:

�(�0��.a���

NEe

%J,

�(�0��.d �5�I���`�G
��1gf+h�f

I/O actionscanbe gluedtogetherby a monadicbind combinator.
This is normallyusedthroughsomesyntacticsugar, allowing a C-



c�c���G
# L����6�7�E.
��"H�@�C/�#�$�?

"�������L����d�

��.0/E����.0��#��C�E.
��" L����

c�c��C�E.
��"C/ /JI�5�5C��1�����"
��� .C�������(�E�E.d��.�"d/�#���I
#�.0�
��.�O

c�c6;�hC��#�5��(�E�E.0/

��G�1
�
	g��� ;�hC��#�5��(�E�E.Hc�B4L����d�
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c�c���I�.�.7��.�O>L����>�����C5�I������(�E�E.0/

���
������� ���bL����d��c�B

NEe

�

1�#���1�
 ���bL����d�

��1�;
$�/�#g���bL����d��c�B4L���� � c�B4L���� �

c�c���1���.0/��
�E�(�E�E.
��$ ����1(�J���C$�#
/

"����������
��1 �

.
#�	����
��1 ��� � c�B4L����W%����
��1d�0,

1�#���"����
��1 �������
��1 ��c�B4L����d�

	�1(�@��#����
��1 �������
��1 ��c�B4� c�B4L����W%J,

Figure1: The �

���

interface

like syntax.Here,for example,is a completeprogramthat readsa
characterandthenprintsit twice:

�(�0��.  "
��� ����c6O�#���`�G
��1�- 5�I���`�G
��1>��-b5�I���`�G
��1H��3

As well as performingexternal input/output,I/O actionsinclude
operationswith side effects on mutablecells. A value of type

\0]��

��' �

is a mutablestoragecell which canhold valuesof type
�

, andis manipulated(only) throughthefollowing interface:
.
#�	

NEe

�
#�? ��� ��c�B

NEe

%

NEe

�
#�?d�0,

1�#���"

NEe

�
#�? ���

NEe

�
#�? � c�B

NEe

�

	�1(�@��#

NEe

�
#�?a���

NEe

�
#�? � c�B���c�B

NEe

%J,

�����

\0]��

��'

takesavalueof type
�

andcreatesamutablestoragelo-
cationholdingthatvalue.

�	�"�

=�\0]��

��'

takesareferenceto suchalo-
cationandreturnsthevaluethatit contains.

�"��
��"�

\0]��

��'

provides
the correspondingupdateoperation.Sincethesecells canonly be
created,read,andwritten usingoperationsin the \C] monad,there
is a type-secureguaranteethat ordinary functionsare unaffected
by state– e.g.a purefunction

�	
��

cannotreador write an \0]��

��'

because
�	
$�

hastype �

 	����� �(V

�

 	�	���

.
ConcurrentHaskell supportsthreads,eachindependentlyper-

forminginput/output.Threadsarecreatedusingafunction
'����C�

\0] .
?
��1�D

NEe

���

NEe

� c�B

NEe

��G�1�#���"

N

"

'����
�

\0] takesanI/O actionasits argument,spawnsa freshthread
to performthataction,andimmediatelyreturnsits threadidenti�er
to thecaller. For example,hereis aprogramthatforksathreadthat
prints`x', while themainthreadgoeson to print `y':

�(�0��.  "
���4?
��1�D

NEe

%:5�1(��.��gf+h�f ,�- 5�1(��.�� f�
�f 3

A fuller introduction to concurrency, I/O, exceptionsand cross-
languageinterfacing (the “awkward squad” for pure, lazy, func-
tional programming)is givenin [21]. Severalgeneralon-linetuto-
rialson Haskell arealsoavailable,for instance[3].

3. Composabletransactions
We are now ready to presentthe key ideas of the paper. Our
startingpoint is this: a purely-declarative language is a perfect
settingfor transactionalmemory, for two reasons.First, the type
systemexplicitly separatescomputationswhich may have side-
effectsfrom effect-freeones.As we shallsee,it is easyto re�ne it
sothattransactionscanperformmemoryeffectsbut not irrevocable
input/outputeffects.Second,readsfrom andwritesto mutablecells
areexplicit, andrelatively rare:mostcomputationtakesplacein the
purely functional world. Thesefunctional computationsperform

many, many memoryoperations— allocation,updateof thunks,
stackoperations,andsoon— but noneof theseneedto betracked
by the STM, becausethey are pure,andnever needto be rolled
back.Only the relatively-rareexplicit operationsneedbe logged,
soa softwareimplementationis entirelyappropriate.

So our approachis to useHaskell asa kind of “laboratory” in
whichto studytheideasof transactionalmemoryin asettingwith a
veryexpressive typesystem.As we shallsee,we areableto de�ne
amuchmorecompositionalform of transactionalmemorythanhas
beenpossiblehitherto.As we go,we will mentionprimitivesfrom
the �

���

library, whoseinterface is summarisedin Figure 1, and
whosesemanticswe will describemorethoroughlyin Section5.

3.1 Transactional variables and atomicity

Supposewe wish to implementa resourcemanager, which holds
an integer-valuedresource.The call Z

���

�

� �

shouldacquire
�

units of resource
�

, blocking if
�

holds insuf�cient resource;the
call

�(^"�

�

� �

shouldreturn
�

unitsof resourceto
�

.
Hereis how we mightprogram

�(^"�

� in STM Haskell:
��
�5
#��
#
/��EI�1C��#� ����
��1

N

.��

5�I����a�����
#
/��EI�1C��# c�B

N

.�� c�B4L����W%J,

5�I����d1>�  4"
�4�4� ��c41�#���"����
��1 1

-�	�1(�@��#����
��1d1A%&��!(��,63

Thecurrently-availableresourceis heldin a transactionalvariable
of type

��"����

\

�"�

. The
�	,��"�

declarationsimply givesa nameto
this type.Thefunction

�(^"�

� readsthevalue # of theresourcefrom
its cell,andwritesback T$#&%


�Y

into thesamecell. (WediscussZ

���

�

next, in Section3.2.)
The

�"�	�

=

��"����

and
�"��
��"�0��"����

operationsboth return STM
actions(Figure1),but Haskell allowsusto usethesame=

�(' (	(	(*)

syntaxto composeSTM actionsaswe did for I/O actions.These
STM actionsremaintentative during their execution: in order to
exposeanSTM actionto therestof thesystem,it canbepassedto
a new function

��������
	&

, with type
���
������� ��� L���� � c�B

NEe

�

It takesa memorytransaction,of type �

��� �

, anddeliversan I/O
actionthat,whenperformed,runsthe transactionatomicallywith
respectto all othermemorytransactions.Onemight say:

�(�0��.d 4"
�4� R�R�R�-<���
�������A%:5�I���� 1�+0,�-dR�R�R 3

The
��������
	&

functionandall of the �

���

-typedoperationsarebuilt
over the transactionalmemorydescribedin Section6. This deals
with maintainingaper-threadtransactionlog to recordthetentative
accessesmadeto

��"����

s.When
���"����
	&

is invokedtheSTM checks
that the loggedaccessesarevalid – i.e. no concurrenttransaction
hascommittedcon�icting updates.If thelog is valid thentheSTM
commitsit atomically to the heap,therebyexposingits effects to
othertransactions.Otherwisethememorytransactionis re-runwith
a freshlog.

Splitting the world into STM actionsandI/O actionsprovides
two valuableguarantees:

+ Only STM actionsandpurecomputationcanbeperformedin-
side a memory transaction;in particular I/O actionscannot.
This is preciselytheguaranteewesoughtin Section2.1.It stat-
ically preventstheprogrammerfrom calling

 	��^	� &��&��
	�	�	
� ����

insideatransaction,becauselaunchingmissilesis anI/O action
with type \C] T

Y

, andcannotbecomposedwith STM actions.
+ No STM actionscan be performedoutsidea transaction,so

theprogrammercannotaccidentallyreador write a
��"����

with-
out the protectionof

��������
�&

. Of course,onecan always say
��������
	&

T

�	�"�

=

��"����

#

Y

to reada
��"����

in a trivial transaction,
but thecall to

��������
	&

cannotbeomitted.



3.2 Blocking memory transactions

Any concurrency mechanismmustprovide a way for a threadto
await an event or eventscausedby other threads.In lock-based
programming,this is typically doneusingconditionvariables;mes-
sagebasedsystemsoffer a constructto wait for messageson a
numberof channels;POSIX provides

���	 ���&��

; Win32 provides
�

�"
��

�

�����0^� ���
��� ��

]

	�����&����

; andSTM systemsto dateallow the
programmerto guardthe atomic block with a booleancondition
(seeSection2.1).Noneof thesemechanismsarecomposable.

TheHaskell settingled usto a remarkablysimpleandcompos-
ablemechanismfor blocking:a singleSTM action

�	���	�	,

. Hereis
thecodefor Z

���

� :
O�#����g�����
#
/��EI�1C��# c�B

N

.�� c�B�L����W%J,

O�#���� 1P�M �"
�4��� ��c�1�#���"����
��1 1

- �@? %&� � ��,F��G
#�. 1�#���1�


#�$�/�#�	�1(�@��#����
��1 1 %&�
cC��,63

It readsthevalue # of theresourceand,if #

V�� 


, decreasesit by



. But if not,sothereis insuf�cient resourcein thevariable,it calls
�"�����	,

. Conceptually,
�	���	�	,

abortsthe transactionwith no effect,
andrestartsit at the beginning. However, thereis no point in ac-
tually re-executingthe transactionuntil at leastoneof the ������� s
readduring theattemptedtransactionis writtenbyanotherthread.
Furthermore,thetransactionlog (which is neededanyway)already
recordsexactlywhich

��"����

swereread.Theimplementationthere-
fore blocksthethreaduntil at leastoneof theseis updated.Notice
that

�"���	��,

's type ( �

��� �

) allows it to be usedwherever an STM
actionmayoccur.

Unlike the validation check,which is automaticand implicit,
�"�����	,

is calledexplicitly by theprogrammer. It doesnot indicate
anythingbador unexpected;rather, it shows upwhensomekind of
blockingwould take placein otherapproachesto concurrency.

Noticethatthereis noneedfor the
�(^"�

� operationto remember
to signalany conditionvariables.Simply by writing to the

��"����

s
involved, the producerwill wake up the consumer. A whole class
of lost-wake-upbugsis eliminatedthereby.

Fromanef�ciency point of view, it makessenseto call
�"�����	,

asearlyaspossible,andto refrainfrom readingunrelatedlocations
until after the testsucceeds.Nevertheless,theprogramminginter-
faceis delightfully simple,andeasyto reasonabout.

3.3 Sequentialcomposition

By using
���"����
	&

, the programmeridenti�es atomic transactions,
in theclassicsensethattheentiresetof operationsthat it contains
appearsto take place indivisibly. This is the key to sequential
compositionfor concurrency abstractions.For example, to grab
threeunitsof oneresourceandsevenof another, a threadcansay

���
�������A%&"
�4��O�#���� 1('�+
-bO�#����d1�2
	430,

The standard=

� ' (	( [ (	(�)

notationcombinesthe STM ac-
tions from the two Z

���

� calls and the underlying transactional
memorycommitstheirupdatesasa singleatomicI/O action.

The
�	���	�	,

function is centralto makingtransactionscompos-
ablewhenthey mayblock. Thetransactionabove will block if ei-
ther

�
�

or
���

hasinsuf�cient resource:thereis noneedfor thecaller
to know how Z

���

� is implemented,or what conditionguarantees
its success.Nor is thereany risk of deadlockby awaiting

���

while
holding

�
�

.
This ability to composeSTM actionsis why we did not de�ne

Z

���

� asan I/O action,wrappedin a call to
��������
	&

. By leaving it
asan STM action,we allow the programmerto composeit with
otherSTM actionsbefore�nally sealingit into a transactionwith

��������
	&

. In a lock-basedsetting,one would worry aboutcrucial
locks being releasedbetweenthe two calls, and aboutdeadlock
if anotherthreadgrabbedthe resourcesin the oppositeorder, but

thereareno suchconcernshere.Any STMaction can be robustly
composedwith otherSTMactions.

3.4 Composingalternatives

We have discussedcomposingtransactionsin sequence, so that
both areexecuted.STM Haskell also lets us to composetransac-
tionsasalternatives, sothatonly oneis executed.For example,to
geteither3 unitsfrom

���

or 7 unitsfrom
���

:
���
�������A%&O�#���� 1('�+W8:��1�;
$�/�#
8 O�#���� 1�2
	0,

The
����-� "���

function is provided by the �

���

module(Figure1);
here,it is written in�x, by enclosingit in backquotes,but it is a
perfectlyordinaryfunctionof two arguments.

Thetransaction
����������-� "���
� �0�

�rst runs
���

; if it retries,then
���

is abandonedwith no effect,and
�0�

is run. If
�0�

retriesaswell,
theentirecall retries— but it waitson thevariablesreadby either
of the two nestedtransactions.Again, theprogrammerneedknow
nothingabouttheenablingconditionof

���

and
�0�

.
Using

����-� "���

providesanelegantwayfor library implementors
to defer to their caller the questionof whetheror not to block.
For instanceit is straightforward to convert the blocking version
of Z

���

� into onewhich returnsa booleansuccessor failureresult:
.C�E.��
$����JD���#���� �����
#
/��EI�1C��#>c�B

N

.�� c�B4L������
����$

.C�E.��
$����JD���#����>1H�  4"
���4O�#���� 1H�P- 1�#���I�1�. ��1�I
#�3

8:��1�;
$�/�#
8 1�#���I�1�.��
��$�/�#

Noticethatthis idiom dependsontheleft-biasednatureof
����-� "���

.
Thesamekind of constructioncanbealsousedto build a blocking
operationfrom one that returnsa booleanresult: simply invoke

�"���	�	,

onreceiving a �

�	 	���

result:
�C$����JD���#���� ��� �
#
/��EI�1C��#>c�B

N

.�� c�B4L����W%J,

�C$����JD���#����>1>�  

"
�4� /���c6.C�E.��
$����JD���#����>1H��-

�@?d/6��G
#�. 1�#���I�1�. %J,F#�$�/�#41�#���1�
d3

The
����-� 	���

functionobeys useful laws: it is associative, andhas
unit

�"���	�	,

:

�7'P8:��1�;
$�/�#
84% �
2 8:��1�;
$�/�#
8 ��+0,

 W% �7'98:��1�;
$�/�#
8 �
20,A8:��1�;
$�/�#
8 ��+

1�#���1�
 8:��1�;
$�/�#
8 �� ��

� 8:��1�;
$�/�#
8 1�#���1�
� ��

Haskell a�cionadoswill recognisethat STM may thus be an in-
stanceof

�������

=��

 
^ �

.

3.5 Exceptions

The �

���

monadsupportsexceptionsjust like the \0] monad,and
in muchthe sameway as(say)C#. Two new primitive functions,

&�����&��

and
���"�����

, arerequired;their typesaregiven in Figure1.
(As with

��������
	&

, no new languageconstructsare needed.)The
questionis: how shouldtransactionsandexceptionsinteract.For
example,whatshouldthis transactiondo?

���
�������A%&"
�4�

�6. ��c61�#���"����
��1d�
KE.

-<$C�&����c61�#���"����
��1d�
K�$C�&�

-�	�1(�@��#����
��1 �
KE.W%:.�!('�,

- �@?4.dB4$C�&�H��G
#�. ��G�1
�
	 %&*C/�/�#�1��(�E�E.��
�0�E$�#�" ����1�D ��,

#�$�/�#H�@? %:.  � $C�&��,6��G
#�. 1�#���1�


#�$�/�#�1�#���I�1�. %J,

-�R�R�R 	�1(�@��# "������>��.��
����I�?�?�#�1�R�R�R 3

Theprogrammerthrows anexceptionif
��V� "
��

, in which casethe
(	( �"��
��"�

=

������(	(

partwill clearlynot take place.But whatabout
thewrite to #

U��

from beforetheexceptionwasthrown?
ConcurrentHaskell encouragesprogrammersto useexceptions

for signallingerrorconditions,ratherthanfor normalcontrol �o w.



Built-in exceptions,suchasdivide-by-zero,alsofall into this cate-
gory. For consistency, then,in the above programwe do not want
the programmerto haveto take accountof the possibility of ex-
ceptions, whenreasoningthat if #

U��

is (observably) written then
datais written into thebuffer. We thereforespecifythatexceptions
haveabortsemantics: if anatomictransactionthrowsanexception,
the transactionis abortedwith no effect. If theprogrammerwants
to commit the effectsup to the point at which the exceptionwas
thrown,hecaneasilycatchtheexceptioninsidethetransaction,and
returnnormally— thetransactionis only abortedif theexception
propagatesto theendof the

��������
	&

block.
Our useof exceptionsto abort

��������
	&

blocksis a freedesign
choice.In otherlanguages,especiallyin oneswhereexceptionsare
usedmore frequently, it might be appropriateto distinguishbe-
tweenexceptionsthat causethe enclosing

���"����
	&

block to abort
from exceptionsthatallow it to commitbeforethey arepropagated.
Shinnaret al. show how abortsemanticsarevaluablewhenhan-
dling exceptionsevenin single-threadedapplications[28].

Noticethedifferencebetweencalling
���"�����

andcalling
�"���	��,

.
The former signalsan error, andabortsthe transaction;the latter
only indicatesthatthetransactionis notyetreadyto run,andcauses
it to block until thesituationchanges.

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

���
�������A%&"
�

� /���c61�#���"����
��1H/E����1

-�	�1(�@��#����
��1P/E����1 ����I�O�O
$�#&�

- �@?d$�#�.�O���GH/ �d'JQ4��G
#�.

��G�1
�
	 %&*C/�/�#�1��(�E�E.��
�0�E$�#�"9/
,

#�$�/�# R�R�R<3

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

�

#

���

areexternally
observable.Onemightarguethatit is wrongto allow evenreadsto
“leak” from anabortedtransaction,but wedonotagree.Thevalues
carriedby anexceptioncanonly representa consistentview of the
store(or validationwouldfail, andthetransactionwouldretry),and
it is almostimpossibleto debug an error conditionthat only says
“somethingbadhappened”while deliberatelydiscardingall clues
to what the badthing was.The basictransactionalguaranteesare
not threatened.

What if the exceptioncarriesa
��"����

allocatedin the aborted
transaction?A dangling pointer would be unpleasant!To avoid
this we re�ne thesemanticsof exceptionsto saythata transaction
that throws an exceptionis abortedso far as its write effectsare
concerned,but its allocationeffectsareretained;afterall, they are
thread-local.As a result,the

��"����

is visible after the transaction,
in thestateit hadwhenit wasallocated.Caseslike thesearetricky,
which is why we providea full formal semanticsin Section5.

ConcurrentHaskell also provides asynchronousexceptions
which canbe thrown into a threadasa signal– typical examples
areerror conditionslike stackover�ow, or whena masterthread
wishesto shut down a helper. If a threadis in the midst of an
STM transaction,thenthetransactionlog canbediscardedwithout
externally-visibleeffects.By abortingthetransactionwe provide a
kill-safe mechanismfor avoiding thekind of consistency problems
thatFlattandFindlerdescribe[5].

4. Applications and examples
In this sectionwe provide someexamplesof how composable
memory transactionscan be usedto build higher level concur-
rency abstractions.Wefocusonoperationsthatinvolvepotentially-
blocking communicationbetween threads.Previous work has
shown, many timesover, how standardshared-memorydatastruc-

turescan be developedfrom sequentialcodeusing transactional
memoryoperations(for instance[10, 9]).

4.1 MVars

Prior to our STM work, ConcurrentHaskell provided
�&"����

s asits
primitive mechanismfor allowing threadsto communicatesafely.
An

�&"����

is a mutablelocationlike a
��"����

, exceptthat it may be
eitherempty, or full with a value.The

���������&"����

functionleavesa
full

�&"����

empty, andblockson anempty
�&"����

. A
�(^	���&"����

on an
empty

�&"����

leavesit full, andblocksona full
�&"����

. So
�&"����

s are,
in effect,a one-placechannel.

It is easyto implement
��"����

sontopof
��"����

s.An
�&"����

holding
a value of type

�

can be representedby a
��"����

holding a value
of type

����,C	�� �

; this is a type that is either an empty value
(“ �

����� 
��

Z ”), or actuallyholdsan
�

(e.g.“ �

^ �������

”).

��
�5
#����
��1 �4 ����
��1 % �
��
��
# �0,

.
#�	�;J�C5���
����
��1 ��� L���� % ���
��1 �0,

.
#�	�;J�C5���
����
��1> 4.
#�	����
��1��
����G7��.�O

The
���������&"����

operationreadsthecontentsof the
��"����

andretries
until it seesa valueotherthan �

����� 
��

Z :

����D
#����
��1a�������
��1 � c�B4L���� �

����D
#����
��14�0�

 4"
�4�4� ��c�1�#���"����
��14�0�

- ���
/�#4� ��?

�
����G7��.�O c�B�1�#���1�


�

I0/E������$ c�B�"
�4� 	�1(�@��#����
��1��0�	�
����G7��.�O

- 1�#���I�1�.d����$4343

Thecorresponding
�(^"���&"����

operationretriesuntil it sees�

����� 
��

Z ,
atwhich point it updatestheunderlying

��"����

:

5�I������
��1a��� ���
��1 ��c�B�� c�B4L����W%J,

5�I������
��14�0�4����$

 4"
�4�4� ��c�1�#���"����
��14�0�

- ���
/�#4� ��?

�
����G7��.�O c�B�	�1(�@��#����
��1��0�W%

�

I0/E� ����$C,

�

I0/E������$ c�B�1�#���1�
 3

Noticehow operationswhich returna booleansuccess/ failurere-
sultcanbebuilt directly from theseblockingdesigns.For instance:

��1�
�
�I������
��1a�������
��1d��c�B4� c�B4L������
����$

��1�
�
�I������
��14�0������$

 4"
�4��5�I������
��16�0� ����$W- 1�#���I�1�. ��1�I
# 3

8:��1�;
$�/�#
8 1�#���I�1�.��
��$�/�#

4.2 Multicast channels
�&"����

s effectively provide communicationchannelswith a single
buffered item. In this sectionwe show how to programbuffered,
multi-item,multicastchannels,in which itemswritten to thechan-
nel(

�"��
��"����_������

in theinterfacebelow) arebufferedinternallyand
receivedonceby eachread-portcreatedfrom thechannel.Thefull
interfaceis:

"��������
`�G
��. �

"�������

��1�� �

.
#�	��
`�G
��. ��� L����W% �
`�G
��.>�0,

c�c
��1(�@��# ��.P�@��#@�>�
�4��G
# �JG
��.�.
#�$
�

	�1(�@��#��
`�G
��. �����
`�G
��.>� c�B�� c�B4L����W%J,

c�c�`�1�#�����# ��.
#�	 1�#���"�5C��1����

.
#�	�

��1�� �����
`�G
��.>� c�B�L���� %�

��1�� �0,

c�c �
#���" ��G
#�.
#�h�����I�?�?�#�1�#�"A�@��#@�S�

1�#���"�

��1�� ����

��1��d��c�B4L���� �

We representthebuffereddataby a linkedlist, or
_����"
��

, of items,
with a transactionalvariablein the tail, so that it canbe extended
by

�"��
��"����_������

:
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�5
#�`�G
�0��.>�� ����
��1 %

N

��#@�9�0,

"������

N

��#@�P�  �;J�C5���
�� ��IC$�$ �9% `�G
�0��.d�0,

An
��_������

is representedby amutablepointerto the“write” endof
thechain,while a �

���	�

pointsto thereadend:
��
�5
# �
`�G
��.>�� ����
��1 % `�G
�0��.>�0,

��
�5
# 

��1�� �  ����
��1 % `�G
�0��.>�0,

With thesede�nitions, thecodewritesitself:
.
#�	��
`�G
��.  4"
�4� � ��c6.
#�	����
��1 ;J�C5���
�- .
#�	����
��1P�63

.
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��1������6 4"
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��14����- .
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��1P�63
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Notice the useof
�	���	�	,

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 (data read by one is not seenby
the other readerson that port); andwhena port is discarded,the
garbagecollectorrecoversthebuffereddata.

Morecomplicatedvariantsaresimpleto program.For example,
supposewewantedto ensurethatthewriter couldgetnomorethan
N items aheadof the most advancedreader. One way to do this
would befor thewriter to includeaserially-increasing\

�"�

in each
\

�"���

, andhaveashared
��"����

holdingthemaximumserialnumber
readsofarby any reader. It is simplefor thereadersto keepthisup
to date,andfor thewriter to consultit beforeaddinganotheritem.

4.3 Merge

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

���
�������A%&1�#���"�

��1���57'98:��1�;
$�/�#
8 1�#���"�

��1���5
20,

No changesneedto bemadeto eithermulticastchannel.If neither
porthasany data,theSTM machinerywill causethethreadto wait
simultaneouslyon the

��"������

at theextremityof eachchannel.
Equally, theprogrammercanwait onaconditionwhichinvolves

a mixture of
�&"����

s and channels(perhapsthe multicastchannel
indicatesordinary data and an

�&"����

is being used to signal a
terminationrequest),for instance:

���
�������A%&1�#���"�

��1���57'98:��1�;
$�/�#
8 ����D
#����
��16��'�,

This exampleis contrived for brevity, but it shows how operations
takenfrom differentlibraries,implementedwithoutanticipationof
thembeingusedtogether, canbe composed.In the mostgeneral
casewe can selectbetweenvalues received from a numberof
differentsources.Given a list of computationsof type �

��� �

we
cantakethe�rst valueto beproducedfrom any of themby de�ning
a mergeoperator:

�(#�1�O�# �����+L����d��� c�B4L���� �

�(#�1�O�#4 ?
��$�"�1('���1�;
$�/�#

This exampleis childishly simple in STM Haskell. In contrast,a
functionof type

���
	 � ��
�����
������

������� ��
� !�

"#� $�%&
��

Value '#()( *

�,+-".+0/��

�(V21

+

�"���0^"���31

+

1 V(V �24

+

�(^"�7_������65

+

Z

���(_������

+

���"������1

+

&�����&��3174

+

�"���	�	,

+

1 ������-� "���
�84

+

'����C�

\C]

1

+

��������
	&91

+

�����7��"����

+

�"�"�

=

��"����

�:+

�	��
��"�0��"����

�

1

Term
1

�

4

()( *

�;+

'

+

1<4

+>=?=@=

Figure2: Thesyntaxof valuesandterms
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is un-implementablein ConcurrentHaskell, or indeed in other
settingswith operationsbuilt from mutual exclusion locks and
conditionvariables.

4.4 Summary

Our main claim is that transactionalmemoryqualitatively raises
the level of abstractionofferedto programmers.Justashigh-level
languagesfree programmersfrom worrying aboutregisteralloca-
tion, sotransactionalmemoryfreestheprogrammerfrom concerns
aboutlocks and lock acquisitionorder. More fundamentally, one
cancombineabstractionswithout knowing their implementations,
a propertythatis thekey to constructinglargeprograms.

Like high-level languages,transactionalmemorydoesnot ban-
ish bugsaltogether;for example,two threadscaneasilydeadlock
if eachawaits somecommunicationfrom the other. But, again
like high-level languages,thegainis very substantial:transactions
provide a programmingplatform for concurrency that eliminates
wholeclassesof concurrency errors,andallows theprogrammerto
concentrateon thereally interestingbits.

5. The semanticsof STM Haskell
Sofar our descriptionof the functionsin Figure1 hasbeeninfor-
mal. It is hardto besurethat suchdescriptionscover all thecom-
binationsof thesefunctionsthatmight arise,so in this sectionwe
provide a formal,operationalsemanticsfor STM Haskell.

Figure 4 gives a small-stepoperationalsemanticsfor a small
languagewhosesyntaxis given in Figure2. The key idea is that
therearetwotransitionrelations:thetop-level I/O transitions, writ-
ten“ B

C ”; andtheSTMtransitions, written“ D ”. TheI/O transition
relationtakesa programstateEGFIH to a new programstateJ!FKH0L ,
while performinginput/outputdescribedby anaction M :

EGFIHON B

C

J!FKH

L

Executionproceedsby repeatedlychoosinga thread,andexecut-
ing a singleI/O transition;transitionsfrom different threadsmay
thereby be interleaved in a non-deterministicway. An

��������
�&

block, however, invokeszeroor morestepsof theSTM transition
relation,but theresultstatechange is regardedasa singleI/O tran-
sition; transitionsin theSTM relationthereforecannotinterleave.
Thesemanticshasnonotionof transactionlogsor rollback– these
areimplementationmatters.Insteadthesemanticsexpressesatom-
icity simply by requiringthat an

��������
	&

block, if chosenfor the
next I/O transition,mustreduce(using D ) to a

�"���C^"���

or
���	�����

,
andnot to

�	���	�	,

. Therestof this section�eshesout thedetails.
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Figure3: Theprogramstateandevaluationcontexts

5.1 Syntax

Figure2 givesthesyntaxof afragmentof STM Haskell. Termsand
valuesareentirelyconventional,exceptthatwetreattheapplication
of monadiccombinators,suchas

�"���0^	���

and
&�����&��

, as values.
The =

�

-notationwe have beenusingso far is syntacticsugarfor
usesof

�"���0^"���

and
V0V �

:
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Themonadicoperations
�	���0^"���

,
V(V��

,
���"�����

, and
&�����&��

areover-
loaded,andcanbeusedin boththe \C] and �

���

monad.Speci�c to
the \0] monadare:
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I/O transitionsare labelledwith an optional action M , describing
the input/outputeffect of the transition.The actions M (Figure2)
allow readinga character" from standardinput � " , writing oneto
standardoutput �

" , or thesilentaction � , which is oftenomitted.A
realsystemwould have many moreinput/outputactions.

A program state EGFKH consistsof a threadsoup E anda heap
H (Figure 3). A threadsoup is just a multi-set of threads, each
consistingof asingleterm

1

annotatedwith athreadID � . A heap,
H , is a �nite mappingfrom referencesto terms.

Todescribethepossibletransitionsof aprogramstate,weusean
evaluationcontext to identify theactive sitefor thetransition.Fig-
ure3 givesthesyntaxof evaluationcontexts.A programevaluation
context, � , correspondsto theschedulerof a real implementation.
It choosesanarbitrarythreadfrom thesoup,andthenusestheterm
evaluationcontext 	 to �nd the active site in the term. The term
evaluationcontext correspondsto thestackof a realmachine,and
looksinto theleft operandof

V(V �

,
&�����&$�

, and
����-� "���

.

5.2 Operational semantics

Now we arereadyto discussthe transitionrulesof Figure4. First
we treat the 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

�(^"�7_������

or Z

���7_������

theappropriatelabelledtransitiontakesplace,andtheoperationis
replacedby a

�"���C^"���

carrying the result.Rule (FORK) allows a
new threadto be created,by addinga new term M to the thread
soup,allocatinga freshname� asits

���"�	�"�

=�\
= .
Rule (ADMIN) concernsadministrative transitions, which are

given in the secondsectionof Figure 4. Rule (EVAL) allows a
term

1

that is not a value to be evaluatedby an auxiliary func-
tion, ��
 


1

� � , which givesthevalueof
1

. This function is entirely
standard,andwe omit it here.Rule(BIND) implementssequential
compositionin the monad.The rules(THROW), (CATCH1) and
(CATCH2) implementexceptionsin thestandardway. All of these
rulesare,aswe shall see,usedin both the \0] monadandthe �

���

monad,which is why wekeepthemin a separategroup.

Everything so far is quite standard.The new part startswith
rules (ARET) and (ATHROW). The former describeshow an
atomic transactiontakesplace:the term

1

makeszeroor more1

transitionsof theSTMrelation,D , whichtakesthefollowing form:
1

F H

�

� D

4

F H

L

�

�

L

Here, H is theheapasbefore,while � redundantlyrecordstheal-
locationeffects (only) of the transition,for useduring exception
handling.Rule (ARET) speci�es that the term

1

may make zero
or moreSTM transitionsuntil it reachestheform �

�"���C^"����4

� , in-
dicatingsuccessfulcompletion.In thatcase,rule(ARET) takesone
step,embodyingthenew heapH L asits resultingheap.In contrast,
rule (ATHROW) speci�esthat if

1

evaluatesto �

���	����� 4

� , then
thenew heapH

L is discarded,andinsteadjust theallocationeffects
� areaddedto theinitial heapH .

Rules (ATHROW) and (ARET) are the only rules in the top
panelof Figure4 thataffect theheap,so we canseeimmediately
that the heapcan be mutatedonly inside an

��������
�&

block. Fur-
thermore,noticethat multiple STMtransitionsyield a singlepro-
gramtransition. Programtransitionsfrom differentthreadscanbe
interleaved, but (ARET) provides no way for STM transitionsto
interleave.This is preciselywhatit meansto execute“atomically”.
(A realimplementationwill not do this,but we areconcernedwith
semanticshere.)

The STM transitionsthemselves, in the last part of Figure 4,
are largely standard.In particular, Rules(READ), (WRITE), and
(NEW) describehow new mutable locationscan be read,writ-
ten,andcreated;theonly 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
administrative transitionsinto theSTM world, just ast. The inter-
estingpart is the

����-� "���

combinatorand
�"�����	,

, which we tackle
next.

5.3 Blocking and nestedtransactions

Thealertreadermaybewonderingwhy thereis norule(ARETRY)
to go alongwith (ARET) and(ATHROW), to accountfor the fact
thatanSTM computationmayevaluateto

�"�����	,

, for instance:
���
�������A%&"
�

��� ��c�1�#���"����
��1 1

- �@?��� � �Q���G
#�. 1�#���1�
d#�$�/�#41�#���I�1�. %J,

-�R�R�R+30,

What if # is zero?Thenthe bodyof the
���"����
	&

block reducesto
�"���	�	,

. There is norule for thiscase. Thismeansthatthetransition
systemcannotmake progressby choosinga threadwhosenext
operationis an

��������
�&

block,whentheheapwill causeit to
�	���	�	,

.
To make progress,anotherthreadmustbechosen.

Nestedtransactionsarehandledby rules(OR1-3).The �rst of
thesetriestheleft argumentof an

����-� "���

. If it succeedsnormally,
thenthatis theresultof the

����-� "���

, includingany memoryeffects
in H9L . If it throwsanexception,thattoo is theresultof the

����-� "���

,
andany memoryeffectsareretained.But if

1��

retries,thenrule
(OR3) discardsall its effects,andinsteadcommitsto

1��

. Notice
the strong similarity between(ARET) and (OR1), and between
(ATHROW) and (OR2); this is the sensein which we say that

����-� "���

implementsnestedtransactions.
An alternativedesignwouldhave(OR2)behavelike(OR3);that

is, if
1 �

throws anexception,we coulddiscardits effectsandtry
1

�

instead.But thatwould invalidatethebeautifulidentity which
makes

�	���	�	,

a unit for
����-� "���

and would also make
����-� "���

asymmetricin its treatmentof exceptions(discardedfrom
1��

but
retainedfor

1
�

). Thiswasnota hardchoiceto make!

1 Therepetitionis indicatedby thestar.
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Figure4: Operationalsemanticsof STM Haskell

6. Implementation
Our implementationis split into two layers.The top layer imple-
mentstheSTM operationsfrom Figure1. This is built on topof the
lower layer, which comprisesa C library for performingmemory
transactionsthat is integratedin the Haskell runtimesystem.Fig-
ure5 shows theAPI to our C library; we considerthefour groups
of operationsin turn in Sections6.1–6.4.

ConcurrentHaskell is currently implementedonly for a uni-
processor. The runtime scheduleslightweight Haskell threads
within a singleoperatingsystemthread.Haskell threadsareonly
suspendedatwell-de�ned“safepoints”; they cannotbepre-empted
at arbitrarymoments.This environmentsimpli�es the implemen-
tationof our library because,by construction,C runtimefunctions
runwithout interruption.

Wearecon�dent thatamulti-processorimplementationis prac-
tical: ourpreviouswork hasdevelopedseveraltechniquesfor build-
ing multi-processorSTMs in which a multi-word atomic update
is no worsethanhalf the speedof a uniprocessordesign[10, 9].
Thesehave beentestedin practiceon 1..96-CPUsharedmemory
machines,giving scalableperformancewhenthreadsareattempt-
ing non-con�icting transactions(for instance,concurrentinsertson

differentpartsof ared-blacktreecouldcommitin parallel).Evenin
theintensive workloadwe describein Section6.6,thecommitop-
erationis lessthan10%of total executiontime andso theoverall
consequencesof usinga parallelversionwould below.

6.1 Transaction logsand TVar accesses

While executinga memorytransaction,a thread-localtransaction
log is built up recordingthe readsand tentative writes that the
transactionhasperformed.This transactionlog is held in a heap-
allocatedobject called a

�

�

�

Z that is pointed to by the Thread
ControlBlock of thethreadengagedin thetransaction.

Thelog containsanentryfor eachof the
��"����

sthatthememory
transactionhasaccessed.Eachentry containsa referenceto the

��"����

involved, the old value held in the
��"����

when it was �rst
accessedin the transaction,andthe new valueto be storedin the

��"����

if thetransactioncommits.Thesetwo valuesareidenticalin
thecasea

��"����

thathasbeenreadbut notwrittenby thetransaction.
Within a memorytransaction,all

��"����

accessesareperformed
by �

���

�

�"�

=

��"����

and �

���

�

��
��"�0��"����

(Figure 5). Theseaccesses
remain buffered within the thread's log, and henceinvisible to
other threads,until the transactioncommits(Section6.2): writes
aremadeto thelog, andreads�rst consultthe log sothat they see
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Figure5: TheSTM runtimeinterface

precedingwrites from the sametransaction.Hence,a transaction
canbeabortedwith noeffect simplyby discardingits log.

Figure6 shows the structureof
�

�

�

Z s and
��"����

s. It depictsa
transactionexecutingthecodefrom Section4.1thatbuildsan

�&"����

buffer usinga
��"����

. In (a) the
��"����

refersto the value �

����� 
$�

Z

indicatingthatthebuffer is empty. In (b) thethreadreadsfrom the
��"����

, seesit to hold �

����� 
��

Z and createsa new log entry that
tentatively placesthevalue42in thebuffer. The�elds depictedwith
a big cross,indicatingnull, arediscussedin subsequentsections.

Ourtransactionlogsareordinaryheap-allocatedstructures.This
meansthat we canrely on the garbagecollector to avoid A-B-A
problems.

6.2 Validation and commit

The
��������
�&

functionoperatesby pushingan �

������
	&

�

����� �

entry
onto the Haskell executionstack,and invoking �

���

�

�������

to al-
locatea fresh transactionlog (Figure5). Whenexecutionreturns
to the �

�"����
	&

�

����� �

, the log is validated, using �

���

\

��"��	 	


= , to
checkthat it re�ects a consistentview of memory. For eachlog
entry, validation checksthat the old value is pointer-equalto the
currentcontentsof the

��"����

. If validation succeeds,�
����_"������
��

is calledto apply thechangesto theheap.Otherwise,the
�

�

�

Z is
discarded,a fresh transactionis startedand the atomic block re-
executed.Thisentirevalidate-and-then-commitsequenceis carried
outatomicallywith respectto all otherthreads– seetheremarksat
thestartof Section6.

If anexceptionpropagatesto the �

������
	&

�

����� �

(ruleATHROW
of Figure 4) then, rather than just abandoningthe transaction,
we muststill call �

���

\

��"��	 "


= . This ensuresthat the transaction
saw a consistentview of memory, andre-executesit if not. Why?
Becauseit is entirelypossiblethattheexceptionwasthrown solely
becausethe transactionsaw an inconsistentview of memory, and
theprogrammermustnever know thatthis hashappened.

In fact, it is alsopossiblethatan inconsistentview of memory
might leadto non-termination.For example,consider:

? ���
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���� ����
�������A%&"
�
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#�. R�R�R #�$�/�# R�R�R 30,

If
'��	�

saw memoryat a momentat which 	

��,

waslessthanzero,
thecall to

'

would loop in�nitely . Nonterminationis aneffect that
thetypesystemdoesnot track!

Our solutionto this is simple:whenever thescheduleris about
to switchto a threadthat is engagedin a transaction,thescheduler

� � � � �
� � �	 
� �

(a) A
��"����

representinga single-cellbuffer. Thevalue �

����� 
��

Z

indicatesthatthebuffer is empty. The
��"����

's queueof waiting
threadsis empty.
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(b) A transactionlog (
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Z(� ) containinga tentative updateto
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�

. Thetransactionproposesreplacing�
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Z with
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whichwould indicatethatthebuffer holds
���

.

Figure6: Transactionlogs
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Figure7: Transactionlogsfor two threadsblockedon a
��"����

�rst calls �

���

\

��"��	 "


= to checkthat the transactionis not already
doomed.If it is, thestackis unrolledbackto the �

������
	&

�

����� �

and
the transactionis re-started.In this way, doomedtransactionscan
bekilled off beforethey haveconsumedtoomuchtime.It doesnot
make senseto validatemorefrequentlyon a uniprocessor(indeed,
lessfrequentlymight performbetter)but, asin previouswork, we
mightuseanalternative schemeon amultiprocessor.

6.3 Blocking transactions: retry

Leaving asidethe possibility of
����-� "���

for the moment,calling
�"���	�	,

causesthestackto beunwoundsearchingfor theenclosing
�

������
�&

�

����� �

— thetypesguaranteethatexactly onesuchframe
exists.Then �

���

\

��"��	 "


= is called,asusual,to checkthatthetrans-
action log hasseena consistentview of the heap,and if not the
transactionis re-run.In theconsistentcase,�

���

�

�"
��

is called.It al-
locatesnew wait-queueentries, heldin doubly-linkedlistsattached
to the

��"����

s thatthetransactionhasread,usingthepreviously-null
�eld in each

��"����

. Oncethis is done,thecalling threadis respon-
siblefor blockingitself andre-enteringthescheduler.

The wait queueentriesare noticedby an �

����_"������
��

which
updatesthe

��"����

s: theupdaterunblocksany waitersit encounters.
Oncea waiting threadis rescheduled,it is responsiblefor calling

�

���

\

��"��	 "


= to assesswhether it should retry execution of its
atomicblock. If thetransactionis no longervalid then �

���

�

�

�

�"
��

unlinks its wait queueentriesandthe caller retriesits transaction
with afreshlog. If thetransactionis still valid thenit leavesits wait
queueentriesin place,so that it canbewokenby furtherupdates,
andblocksoncemore– this canhappenonly if, by the time the
threadis scheduled,the

��"����

s againcontainpointer-equalvalues
to thoseoriginally readby thatthread.



Figure 7 depictstwo threadsboth waiting for updatesto be
committedto thesame

��"����

. In this casethetwo threadsbothsaw
�

����� 
��

Z within the
��"����

.

6.4 Nestedtransactions:orElse

The�nal pieceof theimplementationis
����-� "���

, whichplacestwo
additionalrequirementson the STM. Firstly, propernestedtrans-
actionsareneeded,to isolatetheexecutionof thetwo alternatives:
if the �rst alternative retries,any updatesit hasproposedmustbe
invisible when trying the secondalternative. Nesting is handled
by �

���

�

�"���	�

�

�"���"�

= which createsa freshlog for a nestedtrans-
action.While executinga nestedtransaction,writes are recorded
(only) in thenestedtransaction's log,while readsmustconsultboth
thenestedlog andthelogsof its enclosingtransactions.

If eitheralternative completeswithout retrying thenthenested
transactionis validatedby calling �

���

\

��"��	 "


= to checkthatit has
seena consistentview of theheap.Validatinga nestedtransaction
requiresusto alsovalidateits enclosingtransactions:if any of them
hasbecomeinvalid by a concurrentupdatethenwe re-executethe
whole

���"����
	&

functionwith afreshlog. If thenestedtransactionis
valid then �

���������

Z

�

�

�����"�

= is called.Thisexamineseachentryin
thenestedlog: if theparentalreadycontainsanentryfor the

��"����

involved thenthe new value(only) is copiedfrom the nestedlog,
otherwisetheentireentryis copied.

If both alternativescall
�"���	�	,

thenwe propagatethe retry in
sucha way that the threadwill wait on the union on the setsof

��"����

s thatthey haveaccessed.To do this,we �rst validatethelogs
for bothnestedtransactions.If eitheris invalid thenwe re-execute
theoutertransactionwith a freshlog. Otherwise,if botharevalid,
wecall �

���&�����

Z

�

�

�����	�

= on thetwo logs,in eitherorder. Figure8
illustratesthis for thecaseof

����-� 	���

beingusedto combineoper-
ationson two

��"����

s. In (a) thetwo nestedtransactionshold theac-
cessesmadewithin thetwo branchesof

����-� 	���

. In (b) thesenested
transactionshave beenmergedto their parentso that, if the retry
propagatesto the �

������
	&

�

����� �

, thethreadwill blockontheunion
of thesetsof

��"����

s involved.
Note the “in either order”. There is a subtle questionabout

whathappenswhenthetwo alternativessuppliedto
����-� "���

try to
performcon�icting updatesbeforeretrying:

"
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��1d�>'JQ -b5C��/�/
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H3

If both alternativesretry thentheir logswill hold inconsistentup-
datesto # , sothe�nal mergedlog will containeither10or 20asthe
new valuefor # , dependingon which log is the last to bemerged.
However, whenretrying,thenew valuein themergedlog doesnot
matter:thelog will besubjectonly to furthermerges,or eventually
to �

���

�

�	
��

.

6.5 Progress

TheSTM implementationguaranteesthatonetransactioncanforce
anotherto abortonly whenthe �rst onecommits.As a result,the
STM implementationis lock-freein thesensethat it guaranteesat
any time that somerunningtransactioncansuccessfullycommit.
For example,no deadlockwill occurif onetransactionreadsand
writes to

��"����

� and then to
��"����

	 , while a secondreadsand
writesto those

��"����

s in theoppositeorder. Eachtransactionwould
observe theoriginal valueof those

��"����

s, the �rst to validatewill
commit,andthesecondwill abortandrestart.Similarly, synchro-
nisationcon�icts over

��"����

scannotcausecyclic restart,wheretwo
or moretransactionsrepeatedlyabortoneanother.

Starvation is possible.For example,a transactionthat runsfor
a very long time mayrepeatedlycon�ict with shortertransactions.
We think that starvation is unlikely to occur in practice,but we
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(a) Initially thetwo alternativescombinedby
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arerun in
separatenestedtransactions.
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(b) If bothbranches
�"���	��,

thenthetwo logsaremergedinto the
enclosingtransactionandthe
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propagates.

Figure8: Two stepsin theimplementationof
������-� 	���
�

cannottell withoutfurtherexperience.A transactionmayalsonever
commitif it is waiting for a conditionthatnever becomestrue.

6.6 Performance

Evaluationof theSTM implementationdescribedhereis atanearly
stage,sotherearenodetailedperformanceresultsto reportasyet.

However, initial measurementsare encouraging.We wrote a
simple implementionof unboundedchannelsin STM Haskell,
which mirrors the channelabstractionof ConcurrentHaskell [22]
implementedusingMVars.We benchmarked thetwo implementa-
tionsby measuringthetime takento communicatea largenumber
of valuesover a channelbetweentwo threads.They performedal-
mostidentically:runtimeswerethesame(to within 10%),andthe
STM versionallocated50%lessheapspaceduringtherun.

Why shouldthisbethecase,giventhattheSTMversionappears
to bedoingmorebookkeepingunderthehood?Theraw MVar op-
erationswould outperformthe equivalent TVar operationsif we
benchmarked themindependently, but in practiceprogramsdon't
performraw MVar operations.Instead,theMVar operationis nor-
mally wrappedin an exceptionhandlerthat restoresinvariantsin
the event of an exception.Furtherprotectionfrom asynchronous
exceptionsis usuallyrequired,to preventan asynchronousexcep-
tion from arriving beforethehandlerhasbeeninstalled[17]. This
exception-robustnessis implementedin the

��"����

-basedchannelli-
brarythatwe used,but it addssigni�cant overheadto MVars.

In contrast,our STM codebene�ts from asynchronousexcep-
tion safety“for free”, becauseeachchanneloperationis atomic.In
short,theSTM-basedchannelsarenot only clearer, but theopera-
tionsarecomposable,andit runsjust asfastastheMVar version.

7. Relatedwork
We build on two main categoriesof relatedwork. The �rst, dis-
cussedin Section7.1, is work on transactionalmodelsof concur-
rency andthedesignandimplementationof STMs.Thesecond,in
Sections7.2–7.3arethe designsthat have beenattemptedto pro-
videformsof composabilityin concurrentprogramminglanguages.



7.1 Transactions

Transactionshavelongbeenusedfor fault-tolerancein databases[7]
anddistributedsystems.Thesetransactionsrely on stablestorage
anddistributedcommitprotocolsto protectsystemintegrity against
crashesandcommunicationfailures.

Nestedtransactionswere�rst proposedby Moss[19], who ex-
tendednesting to two-phaselocking protocols.The Argus lan-
guage[16] for fault-tolerantdistributedapplicationsprovided ex-
plicit languagesupportfor nestedtransactions.

Distributedtransactionstypically providebothsynchronisation,
ensuringthatconcurrently-executingtransactionsappearto execute
serially, and persistence, ensuringthat statechangesare backed
uponfault-tolerant,non-volatilestorage.Recently, severalprojects
have providedpersistencewithout synchronisationfor transactions
runningat a singlemachine[15, 26,13].

By contrast,softwaretransactionalmemoryprovidessynchroni-
sationwithoutpersistence.Becausethestatemanipulatedby mem-
ory transactionsis not intendedto survive crashesor communi-
cation failures,thereis no needfor distributedcommit protocols
or stablestorage.It follows that many designand implementa-
tion issuesarequite different from thosearising in distributedor
persistence-onlytransactionsystems.

Transactionalmemorywasoriginally proposedasa hardware
architecture[11, 29] to supportnon-blockingsynchronisation,and
architecturalsupportfor this modelremainsthesubjectof ongoing
research[18, 20, 24, 8]. A numberof proposalshave emergedfor
supportingtransactionalmemoryin software[12, 27,4, 10, 9].

Work on software transactionalmemory has focusedon li-
braries,not on integrating transactionalmechanismsinto a pro-
gramminglanguage.Two exceptionsareWelcetal. [31] whoshow
how STM-like techniquescan increasethe concurrency available
in systemsbasedon Java's

��,���&��"������
��"�

= blocks,andHarrisand
Fraser[9] who discusshow Java might beadaptedto supportnon-
blocking atomicsections.In recentwork Welc et al. showed how
I/O could be performedby backingoff from an optimistic execu-
tion schemeto a pessimisticone– however, their approachrelied
onstartingwith acorrectly-synchronizedlock-basedprogram[30].

Prior work hasnot placedmuchemphasison mechanismsfor
conditionalblocking or compositionality. Herlihy et al. [10] sup-
port syntacticallynestedtransactionsby “�attening” nestedtrans-
actions to a single transaction,but provide no explicit mecha-
nism for conditionalblocking.Harris andFraser[9] supportcon-
ditional blocking using a guarded-commandsyntax,but lacking

�"�����	,

, suchtransactionscouldnot beeasilycomposed.Lastly, no
prior work on memorytransactionssupportstheequivalentof the

����-� "���

construct,which is essentialfor composition.

7.2 Concurrent ML

ConcurrentML [25] is an inspiring languagedirectedsquarelyat
the goal of composableconcurrency. The principal abstractionis
thatof a �r st-classevent, which allow far richercompositionthan
do conventional locks, or ConcurrentHaskell's

��"������

. One can
draw ananalogybetweena CML eventandanSTM actionin our
language.Eventscanbe composedasalternativesusing

&����	�	���

,
which is similar to our

����-� "���

, and“run” using
��,�� &

, which has
thesame�a vourasour

��������
	&

; in Haskell syntaxtheir typesare:
/

�.0� ���b;���#�.�� � c�B4�
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However, nothingcorrespondsto our notionof sequentialcompo-
sition of actions.Indeed,given an

-

#

���"� �

andan
-

#

���"� 	

, one
cannotconstructacompoundeventof type

-

#

���"�

T

���&	
Y

that�res
only whenbothargumentevents�re. This is no accident— CML
eventsarecarefullystructuredto have a single“commit point” —
but it limits theway in whicheventscanbecomposed.

This samelimitation doessupportoneform of abstractionthat
we cannot.A swapchannelofferstheoperation

/ 	
��5a��� L�	
��5
`�G
��.d� c�B4��c�B�;���#�.�� �

The idea is that two threadsrendezvous at a �

������_������

, andex-
changedata.But no matterhow many threadsaresimultaneously
calling

�������

on thesamechannel,if threadA givesdatato thread
B, thenB's datamustgo to A. We cannotsupporta composable

�������

insideanSTM transactionbecausethatwouldrequiremutual
linkageof anarbitrarynumberof threadswhereasSTMactionsrep-
resentisolatedupdatesmadeby individual threads.Supposethread
A doesa

�������

with threadB; andthenboth go on to
�������

with
third parties(A1 andB1, say).Thenif A1 is not ready, A's trans-
actionmustretry;andhencesomustB's,andsomustB1's,andso
on.In contrast,it is easyto de�ne swap-channelswith theoperation

/ 	
��5a��� L�	
��5
`�G
��.d� c�B4��c�B

NEe

�

but this operation,having an \0] type, doesnot compose(by de-
sign).It is perhapsinterestingto notefor futurework thatthiskind
of synchronization,which is hardto build with STM, is extremely
easyto build with a chord in Bentonetal.'s PolyphonicC# [1].

7.3 Scheme48proposals

Scheme48 proposalsare an optimistic-concurrency mechanism
that supportsa subsetof our notion of memorytransactions[14].
Eachthreadmaintainsalog whichrecordsthereadsandwritesper-
formedusing the operations

�"���

#


��	
������� 	�"&����

,
�"���

#


	�	
������	 	�

�������"&����

� , etc. The call
&��	 � 	����� ��^"��
��

Z

�	��������
	&	
��	, �

is just
likeour

��������
�& �

; it re-runsautomaticallyif
�

seesaninconsistent
view of memory.

Of course,Schemeis untyped,sotheproposalmechanismcan-
notoffer any guaranteesabouteffects;for example,thereis noway
to ensurethat the programmeronly uses

�"���

#


	�	
������	 	�"&����

etc
inside a transaction,nor that transactionsrefrain from doing in-
put/output.Thereis nomechanismfor conditionallyenteringapro-
posal(andblockingif theconditiondoesnothold),let alonefor our
modular

�	���	�	,

. The programmermustresortto locks andcondi-
tion variablesfor that.Nor is thereanything like

����-� "���

.

8. Conclusion
We have shown thatSTM providesa substratefor concurrentpro-
grammingthatoffersfarrichercompositionthanhasbeenavailable
to date,andthatit canbeimplementedin a practicallanguage.

We have usedHaskell asa particularly-suitablelaboratory, but
anobviousquestionis this: to whatextentcanourresultsbecarried
backinto the mainstreamworld of imperative programming?We
believe that the idea of usingconstructslike

�"�����	,

and
����-� "���

canindeedbeappliedto otherlanguages.For instance,in C
�

, one
could indicate

�"���	�	,

by raisinga speci�ed kind of exceptionand
thenexpress

����-� "���

asa particularkind of exceptionhandler.
An interestingdistinctionto noticeabout

���"����
	&

blocksin C
�

or Java,whencomparedwith Haskell, is thatit wouldbenecessary
to supportdynamicnesting.Thereasonis that,in Haskell, thecode
within an

��������
�&

block hasan �

���

type andso the only way it
canbe run is by atomicexecution:library operationsdo not need
to ensureatomicity internallybecauseit will beprovided by their
callers.In contrast,in a traditionalimperative language,atomicity
would bethe responsibilityof thecalleeratherthanthecallerand
soit maybeprovideddefensively at multiple levelsin a call chain.

In animperative settingit is lessclearhow to staticallyprevent
operationswith irreversible side effects being performedwithin
transactions:thereis not ordinarily any way of indicatingpossible
effectsotherthan(in somelanguages)thesetsof exceptionsthata
methodmay raise.Whetheror not onebelievesin transactions,it
doesseemlikely that somecombinationof effect systemsand/or



ownershiptypes [2] will play an increasinglyimportant role in
concurrentprogramminglanguages,and thesemay contribute to
theguaranteesdesirablefor memorytransactions.

Our implementationformspart of GHC 6.4,which is publicly
available at

�"���������������"�����	 	 ( ���

Z

�

Z

� &

. Our current implemen-
tation is for uni-processor, but we plan to work on a true multi-
processorimplementationin 2005.
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