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Abstract
Multi-core processorsarecoming,andwe needwaysto program
them.Thecombinationof purely-functionalprogrammingandex-
plicit, monadicthreads,communicatingusingtransactionalmem-
ory, looks like a particularlypromisingway to do so. This paper
describesa full-scale implementationof shared-memoryparallel
Haskell, basedon theGlasgow Haskell Compiler. Our main tech-
nical contribution is a lock-freemechanismfor evaluatingshared
thunksthateliminatesthemajor performancebottleneckin paral-
lel evaluationof a lazy language.Our resultsarepreliminarybut
promising:we can demonstratewall-clock speedupsof a serious
application(GHCitself), evenwith only two processors,compared
to thesameapplicationcompiledfor a uni-processor.

CategoriesandSubjectDescriptors D.3.2[Language Classi�ca-
tions]: Applicative (functional)languages

GeneralTerms Languages,Performance

1. Intr oduction
For many years the easiestapproachto getting software to go
fasterhasbeento sit aroundandsave up for a new machine(and
then preferablyrun the old software on it). It is becomingclear,
however, that this freelunchis over [22]. Processormanufacturers
havestoppedstrugglingto pushclockspeedsmuchfurther, andare
turningtheirattentionto parallelisminstead.Multi-coreprocessors,
with several symmetricprocessingcoreson a singlechip, will be
the norm in consumermachineswithin the next 1-2 years.The
software challengeis to take advantageof this extra processing
power throughparallelism.

Theparallelfunctionalprogrammingcommunityhasbeenchas-
ing thisverygoalfor morethantwo decades,aswediscussin Sec-
tion 8. However, the rulesof the gamehave now changed.In the
past,thefree lunchmeantthat few peoplewerepreparedto invest
anyeffort to parallelisetheir programs– andeven functionalpro-
gramstake work to parallelise.Furthermore,anN-processorparal-
lel machineusedto costmorethanN uni-processors.Hence(a) the
market for shared-memorymachineswassmall, and(b) the peo-
ple who caredenoughto buy sucha machinewereseekingperfor-
manceabove all else,andwerewilling to invest lots of program-
mingeffort to getit.
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Theeconomicshavenow changedsharply. Sooneverymachine
will bea parallelmachine,whetherwe like it or not.Programmers
will thereforebe forced to do parallel programming,ratherthan
relying on the free lunch;andtheextra processorscomefor free1,
ratherthancostingextra. Parallel functionalprogramming,which
offers the hopeof getting moderateparallelismin exchangefor
modesteffort, suddenlylooksmoreattractive.

Another reasonto look at this problemnow is the discovery
of SoftwareTransactionalMemory (STM) [9], which for the �rst
timeoffersprogrammersarealabstractionmechanismfor building
concurrentsystems.Furthermore,STM has an ef�cient shared-
memoryimplementation,whichwewill describelaterin thepaper.

Unlike most other work on parallel functional programming
(seeSection8), we concentrateexclusively on shared-memoryar-
chitectures,becausethatis thearchitectureof theupcomingmulti-
coreprocessors.Thespeci�c contributionsof this paperareasfol-
lows:

� Parallel evaluation in a sharedheaprequiresrather intimate
co-operationbetweenprocessors,especiallyto avoid racecon-
ditions when evaluatingand updatingthunks.Normally such
co-operationrequires synchronisationinstructions, such as
compare-and-swap(CAS),butwegivemeasurementsthatshow
that addingtheseinstructionsto thunk evaluationis unaccept-
ably expensive: anaverageoverheadof morethan50% across
thenofib benchmarksuite.

� Thusmotivated,ourmaintechnicalcontributionis anovel tech-
nique for reducingthis overhead,by completelyeliminating
locking instructionsand memorybarriersfrom thunk evalua-
tion andupdate(Section3). Wegettheaverageoverheaddown
to lessthan6%.

� The lock-free technique,by design,leaves a small possibil-
ity of semantically-harmlessduplicateevaluation.We present
techniquesfor makingsuchduplicationvery unlikely, andfor
boundingthe amountof duplicationthat cantake place(Sec-
tion 4).

� We describea full-scale parallel implementationof Haskell,
basedon theGlasgow Haskell Compiler(GHC).All of GHC's
runtime featuresare supported:ConcurrentHaskell, I/O, the
foreign function interface (FFI), exceptions, interrupts, and
transactionalmemory(Section5).

� Wegivemeasurementsfor theoverheadof compilingaprogram
with supportfor shared-memoryparallelism:thisis thebaseline
overhead,which you pay simply for compiling a programto
work with multiple threads(Section6).

� Thebottomline is wall-clockspeedupfor realapplications.We
demonstratesucha speedup,with only two processors,com-
paredto thesameprogramcompiledfor a uni-processor(Sec-
tion 7). Ourbenchmarkprogramis no toy: it is GHCitself. The

1 “For free” means,asit alwaysdoes,alreadypaidfor.



fact thatwe couldparalleliseit soeasilygivessubstanceto the
claim that parallel functionalprogrammingoffers a relatively
low-effort way to exploit thepower of multi-coreprocessors.

2. Background: multi-thr eadingin Haskell
Webegin by settingthecontext for ourwork.

2.1 The programmer's eye view

The programmermay want multi-threadedexecutionfor two dis-
tinct reasons:

Expressiveness.Many programsare concurrentby design.For
example,a web-server may run a concurrent,I/O-performing
threadto serviceeachincomingrequest.In ConcurrentHaskell
[19], thesethreadsareforkedexplicitly, usingtheforkIO com-
binator:

forkIO :: IO a -> IO ThreadId

Likeconventionalparallelprograms,aConcurrentHaskell pro-
gram is (by design)non-deterministic,becauseof the unpre-
dictableinterleaving of threadexecutions.

Performance. A long-standingclaim of the functionalprogram-
ming community has been that the absenceof side effects
makes it possibleto harnessthe power of multi-processors,
without changingthesemanticsof the languageat all. In prin-
cipleonemayextractparallelismautomatically— for example,
to computee1 + e2 we may evaluatee1 ande2 in parallel—
but it is extremelydif�cult to ensurethatthegranularityof such
sub-computationsis large enough.In practice,attentionhas
focusedon usingprogrammerannotationsto identify promis-
ing sub-computations.Thesimplestsuchannotationis thepar
combinator, usedby GlasgowParallel Haskell (GPH)[24]:

par :: a -> b -> b

Theideais thatevaluating(par e1 e2) �rst addse1 to apoolof
work availablefor unemployed processors,andthencontinues
by evaluatinge2 [23]. In contrastto ConcurrentHaskell, adding
par annotationscannotaffect theresultof theprogram– thatis
why par is suchanattractiveway of exploiting parallelism.

It makesperfectsenseto run a ConcurrentHaskell programon a
uni-processor, andGHC's standarddistribution doesexactly that.
Tokeepthingsclear, wecall this“Uni-GHC”. Ourgoalin thispaper
is to extendUni-GHCto work onshared-memorymulti-processors
aswell: SMP-GHC.

Oncethat is done,addingpar is relatively easy, becausemany
of theunderlyingmechanisms(threads,scheduling,mutualexclu-
sion) are the samefor both Concurrentand Parallel Haskell. At
thetime of writing, we have notyet implementedpar . However, it
makesperfectsenseto useforkIO to spawn explicitly-concurrent
computationsfor thepurposeof performance;thepurity of thelan-
guagemakesit mucheasierto seewherethesethreadsmayinteract,
and the STM makes it easyto synchronisethemcorrectlywhere
they do.

2.2 Thr eadingmodel in Uni-GHC

ConcurrentHaskell is designedto scaleto applicationsinvolving
hundredsor thousandsof threadsof execution,evenon uniproces-
sor machines.Consequently, to make threadinglightweight, Uni-
GHC multiplexesHaskell threadsonto a singleOSthread, called
a worker-thread. A worker threadonly switchesbetweenHaskell
threadsat carefully controlledpoints,suchas explicit yields, in-
vocationsonsynchronisationprimitives,or periodicallyon storage
allocation.

GHC also supportsinteractionwith native code– both calls
from Haskell codeinto functionsimportedfrom native code,and

calls from native codeinto functionsexportedfrom Haskell. This
addstwo complicationsto the threadingmodel.Firstly, if a native
call blocks,thenit is necessaryto createanew (OS)worker-thread,
sothatprogresscanbemadewith otherHaskell threads.Secondly,
a Haskell threadcanbemarkedasbound[15], which meansthata
dedicatedOS threadis reserved for it – this maybe neededwhen
interactingwith externalcodethat usesnative per-threadstorage.
However, in Uni-GHC,althoughtherearemultipleOSthreadsonly
oneof themis everexecutingHaskell codeat anyonetime.

2.3 Towards SMP-GHC

Unfortunately, developingSMP-GHCis not simply a caseof cre-
ating multiple worker threadsto run Haskell codein parallel on
separateCPUs:the assumptionof single-threadedexecutionper-
vadestheUni-GHC runtimesystem.Instead,we mustbeexamine
all of thestateaccessedby a worker threadwhile runningHaskell
codeandeither(a) replicateit for eachworker, or (b) ensurethatit
is accessedin asafe,synchronisedwaysothatmultiple OSworker
threadsdo notconfuseeachother.

To do this we usethenotionof a capability. A capabilityholds
all of the private statethat a worker needsin order to execute
Haskell code– for instance,aswe seebelow, eachcapabilityhas
its own allocationarea.

A worker threadmust hold a capability in order to execute
Haskell codeandsothesupplyof capabilitiesservesto controlthe
level of parallelismthattheruntimesystemcanachieve.Uni-GHC
canthenbeseenasadegeneratecasein whichthereis only asingle
capabilityandconsequentlyonly a singleworker threadexecuting
Haskell code;SMP-GHCis themoregeneralcasewheretheremay
bemultiple capabilities,usuallyonefor eachavailableCPU.

Many kindsof sharedstatearestraightforwardto dealwith:

1. Immutableobjects, suchasconstructorcellsin theheap,canbe
shareddirectlywithout synchronisation.

2. Mutableobjects(IORefs, MVars, TVars) are all heapobjects
andhenceareglobally shared;aswe discussin Section5 we
mustmake theseobjectssafefor concurrentaccessby multiple
worker threads.

3. The run-queue, alongwith otherschedulerdatastructures,re-
mainsglobally sharedbetweenall of the worker threads.The
queueis protectedby a lock that mustbe held whenmanipu-
lating it. Eachworker-threadthat holdsa capabilityproceeds
by taking a runnableHaskell threadfrom the run-queue,run-
ning it for a while, returningit to the run-queue,picking an-
other thread,andso on. Onecould imaginea lesscentralised
implementationof the run-queue,but this simpledesigndoes
not form abottleneckontoday's machines,sowehave notpur-
suedthis.

4. Eachcapabilityhasits own privateallocationarea, or nursery,
so that allocation can proceedwithout expensive, per-object
synchronisation.Nurseriesareexpandedby memorysupplied
from aglobalblock allocator.

5. The remembered set, usedby the generationalgarbagecol-
lector, is globally shared.It could easily be replicatedper-
capability, but in mostcasesupdatesto it are rareandso the
overheadsof synchronisedaccessarenot high.

In short,almosteverythingis eitherreplicatedin eachcapability
(e.g.the allocationpointer),or usedexclusively by onecapability
at any instant in time (e.g. a given Haskell thread's stack),or is
immutable(e.g.a constructorcell), or is seldommutated(e.g.the
runqueue,or anMVar).

Unfortunatelythere is one big exceptionto this happy story:
thunks.In a lazy language,many thunks(or suspensions)areallo-
cated,andlaterevaluated.Whenevaluationof a thunkis complete,
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Figure1. Thunkevaluationin Uni-GHC(a)–(c),andthenew thunkformatusedin SMP-GHC(d).

it is overwrittenwith (anindirectionto) its value,sothatsubsequent
evaluationsof thesamesharedthunkdonotrepeatthework of eval-
uatingit. Thisallocate/evaluate/updatesequenceis in theinnerloop
of almostany Haskell program,andsoit mustbedoneef�ciently .
Our solutionto this challengeis themaintechnicalcontribution of
thepaper, tackledin Section3 andthenre�ned in Sections4.

2.4 Garbagecollection

In our current implementation,when memory is exhausted,all
worker-threadsstop work, and then a single OS threadperforms
garbagecollection.This is a stop-gapmeasure;clearly we would
like parallelgarbagecollection.Thatshouldnot betoo hard;many
techniquesexist [5] and they imposeno new overheadson the
mutator threads.Furthermore,the bene�ts of parallel GC would
be availableeven to single-threadedprograms,provided multiple
CPUs are available. Beyond that, concurrentgarbagecollection
(concurrentwith mutation, that is) might seemattractive, but it
imposesquiteseriousnew overheadsonmutation[11].

3. Lock-fr eethunk evaluation
A thunkis a heapobjectthatrepresentsanunevaluatedexpression
in theprogram.Theproblemwith evaluatingthunksin parallel is
thatalthoughthecomputationperformedby evaluatinga thunk is
logically side-effectfree,theactualprocessof evaluatingit involves
updatesto thesharedheap– theseupdatesarecrucialfor ef�ciency
becausethey preventthesamethunkfrom beingre-evaluated.

The structureof a thunk object is shown in Figure 1(a); it
consistsof aheaderword andavariable-sizedpayload. Theheader
wordpointsto thethunk's info tableanditsentrycode. Thepayload
containspointersto thefreevariablesof theexpressionrepresented
by the thunk (perhapsthemselves other thunks).The info table
describesthelayoutof theheapobjectto thegarbagecollector.

In Uni-GHC,thunkevaluationproceedsin thefollowing way:

1. A threadthatneedsthevalueof the thunkenters it by loading
a pointerto the thunk into a registerandjumping to the entry
codefor thethunk.

2. Theentrycodefor thethunkdoesthefollowing:

� It pushesanupdateframeon thestack.
� It evaluatestheexpressionrepresentedby thethunk.

An updateframecomprisestwo words:a pointerto the thunk
to beupdated,anda returnaddress,update, pointingto a run-
time systemroutinethatwill updatethe thunkwhenexecution
returnsto this frame.This is shown in Figure1(b).

3. Whenthecomputationof theexpressionis complete,thecom-
putedvalue(alwaysanotherheapobject)is put in aregister, and
controlis transferredto thetopmostreturnaddressonthestack,

in this caseupdate. Theupdate codeoverwritestheoriginal
thunk with an indirection to the value, so that the next time
its valueis required,it doesn't have to berecomputed,andthe
valuecomputedthe�rst time canbereturned.This is shown in
Figure1(c).

An indirection is a two-word heapobject. Like all heap
objects,its headerword IND points to executablecode,while
the secondword is the payload.The codefor an indirection
simply entersthe payloadobject (just as in Step 1 above).
This designmeansthata threaddoesnot needto explicitly test
whethera thunk hasalreadybeenevaluatedwhenit entersit:
it eitherproceedswith evaluation,or entersthe IND codeand
retrievestheexisting result.

3.1 A bad idea: locking thunks

In a parallelworld, two threadsmightattemptto evaluatethesame
thunk at the sametime. Sinceevaluatinga thunk can requirean
unboundedamountof work, duplicateevaluationis clearly a Bad
Thing. Theobvious solutionis to lock the thunkwhile it is under
evaluation,usingeithera standardmutex suppliedby the OS, or
by rolling our own locking implementation,for example doing
compare-and-swap(CAS) on theheaderword of thethunk.

Thetroubleis that thunkevaluationis extremelycommon,and
CAS instructionsareextremelyexpensive – at leasttwo ordersof
magnitudemoreexpensive thanordinaryinstructions(andtheratio
is gettingworse).This matters:in Section6 we show that adding
two CAS instructionsto every thunk's evaluation(onein theentry
codeandonein theupdate code)increasesexecutiontime by an
average50% with a maximumof 300%. In an earlier complete
(but now-bit-rotted) implementation,we observed executiontime
increasingby 100%whenlocking thunks.We considerthis to be
unacceptable:evenif thereis plentiful parallelism,youwouldneed
anentireextra processorjust to get thesameperformancethatour
sequentialimplementationhason a singleprocessor.

In short,full thunklocking is unreasonablyexpensive.

3.2 A goodidea: lock-fr eethunks

Thekey ideaof this paperis this: evaluatethunkswith no locking
instructionswhatsoever. This lock-freeapproachis basedon the
following observations:

1. Becausea thunkalwaysrepresentsa pureexpression,semanti-
cally it doesn't matterif two threadsevaluatethe samethunk,
becausethey will bothreturnequivalentvalues.It doesn't mat-
ter which one“wins”, sincethevalueswill beequivalent– any
differencewill be unobservable by the program(but seeSec-
tion 3.5).

2. Many thunksarecheap,so duplicateevaluationoften doesn't
matter.



3. Concurrentevaluationof a thunk by two different threadsis
rare.

If theseobservationsaretrue,thenall we needdo is (a) ensure
thatconcurrentlock-freeevaluate/updateoperationson a thunkdo
not confuseeachother, (b) narrow (but not close) the window
during which it is possiblefor two threadsto begin concurrent
evaluationof the samethunk and(c) provide somemechanismto
recover from therarecaseof concurrentevaluationof anexpensive
thunk.

The devil is in the detailshowever. We tackle(a), which con-
cernscorrectness,in this therestof thissection,leaving (b) and(c),
whichconcernef�ciency, for Section4.

3.3 The �rst enter/updaterace

The�rst thing we mustdo is ensurethat if two threadssucceedin
enteringthesamethunk,they donot trip overeachother. Although
the expressionbeingevaluatedis pure,the updatestepat the end
of evaluation rewrites the thunk's headerand the �rst word of
its payload.The �rst concernis that one threadmight complete
evaluationandoverwritethethunkwith anindirectionto theresult,
while the other threadis still readingthe payloadof the thunk.
Considerthis evaluation:

ThreadA ThreadB
1. Jumpto thunk's entrycode Jumpto thunk's entrycode
2. Loadfreevariables
3. Evaluatethunk
4. Returnto updateframe
5. Updatethunkwith indirection
6. Loadfreevariables

At step(5), thepointerto theresultof thethunkhasoverwritten
oneof the free variables,so in step(6), threadB readsan invalid
valuefor the�rst freevariableandproceedswith evaluationusing
this bogusvalue.

Thesolutionto this raceis straightforward:we extendthesize
of thethunkby oneword,addinga resultword beforethe�rst free
variable.Thisnew structureis shown in Figure1(d).Extendingthe
sizeof thunksby oneword is not trivial in termsof its impacton
performance,but it is acceptable;we presentsomemeasurements
in Section6.

3.4 The secondenter/updaterace

Thesecondproblemwe mustaddressoccursif onethreadis enter-
ing a thunkjustasanotherthreadis updatingit. This is becausethe
updatestepinvolves two separatewrites to memory, one to store
INDin theheaderword andoneto storetheresultitself: thethread
enteringthethunkmayseeonewrite but not theother.

For instance,supposethattheupdaterwritesto theheaderword
�rst andthenstorestheresult:

Updatingthread Anotherthread
1. Write IND
2. ReadIND
3. Readbogusresult�eld
4. Write result�eld

It is straightforwardto prevent this problemon Intel andAMD
x86 processors.We simply needto write the update function so
that the result is stored �r st and the headersecond: even in a
multi-processorsystemwith caches,write buffers, andso on, the
hardwareguaranteesthatathreadthatseestheupdateto theheader
will seetheresult.

Thesituationis morecomplex onotherprocessorarchitectures:
processorsvary in exactly what guaranteesthey make whenexe-
cuting codewherememoryis being sharedwithout using locks.

Typically, someform of memoryfenceinstructionis neededto con-
strain the order in which unsynchronisedmemoryaccessestake
place[1, 26]. Unfortunatelythesememoryfencesareoftenasslow
asatomiccompareandswap operationswhich, aswe saw above,
areunacceptableto addto the fastpathsthroughthunk entry and
update.Thereare two problemsto consider:whetherwrites per-
formed by the updatermay be re-orderedby the hardware, and
whetherthereadsperformedby anotherthreadmaybere-ordered.

If the processorallows writes to be re-orderedthen unfortu-
natelywe do needa memoryfencebeforeexecutingthe update
codefor thethunk.Thisensuresthatdatastructuresreachablefrom
the result will be visible to other threadsthat usethe result. Of
course,memoryfencesareneededfor thesamereasonin otherlan-
guages,for exampleto ensurethat initial �eld valueswritten in a
constructorareseencorrectlyby otherthreads.

If a processorallows readsto bere-orderedwithin thememory
subsystemthen we can still avoid addinga barrier to the entry
code by exploiting the fact that result of evaluating a thunk is
alwaysanon-zeropointerinto theheap.If weensurethattheresult
�eld is initialised to zero,and that this initialisation is visible to
all processors,then if a threadentersan indirection closureand
seeszerothenit simplybusy-waitsor yieldsuntil theresultreaches
memory.

3.5 UnsafePerformIO

So far we have assumedthat a thunk representsa pure compu-
tation, with no side effects whatsoever. GHC, however, supports
unsafePerformIO , a primitive with typeIO a -> a [18]. As its
namesuggests,it is unsafe,but it is occasionallyuseful.An exam-
pleof a safeusewouldbeto wrapa foreigncall to C function,that
wasin factpure.

However, less savoury usesof unsafePerformIO could be
in big trouble if they could be (unpredictably)executedtwice if
parallelthreadsenterthesamethunk.Wehave not tackledthisyet,
but theappropriatething is probablyto provide a combinator

justOnce :: a -> a

thatdoesproperlockingonits thunkargument.Ennalsencountered
just thesameissuein hiswork onadaptive evaluation[4].

3.6 Summary

To summarise,we canperformcorrect,lock-freethunkevaluation
asfollows on Intel andAMD x86 processors:

� Every thunk containsa result word, to receive the updated
value,

� Whenupdating,storethe resultbeforewriting the indirection
headerword.

Wewantperformanceaswell ascorrectness,however. Thefollow-
ing sectiondiscusseshow to recover from the situationwhentwo
threadsareevaluatingthesamethunk,andhow to narrow thewin-
dow duringwhichtwo threadsmaystartto evaluatethesamethunk.

4. Recovering fr om duplicate evaluation
Most thunksare cheap:they are entered,evaluated,and updated
relatively quickly. For thesethunkswe want lock-freeevaluation,
andwe arepreparedto risk duplicatingtheir work in theunlikely
casethattwo threadsevaluatethemconcurrently– afterall, they are
cheap.In contrast,for expensive thunksthe overheadsof locking
arequite acceptable.In this sectionwe describehow to lock only
expensive thunks.

4.1 The key (old) idea: black-holing

Recall that the stackof a Haskell threadcontainsupdateframes,
eachof whichpointsto athunkthatthethreadis evaluating.Wecan



therefore arrange that periodically, each threadscansthe update
framesin its stack, and usesa CASinstruction to gain exclusive
accessto thethunk.Wecall this “claiming thethunk”.

In moredetail,to claim a thunk,thethread(let's call it A) uses
a CAS instructionto swap theheaderword with BLACKHOLE. The
swapped-outcontentsof the headerword could be one of three
things:

� thunk_234 (the original headerword of the thunk): Thread
A hassuccessfullyclaimedthe thunk, leaving it as shown in
Figure2(a).

� BLACKHOLE: anotherthreadB hasalreadyclaimedthethunk.
� IND: anotherthreadB hasalreadyupdatedthethunk.

Supposefor the momentthat ThreadA succeedsin claiming all
the thunkspointedto by its updateframes,afterwhich it resumes
normal evaluation. Now supposethat anotherthreadB tries to
enteroneof thosethunks;it will land in the codefor BLACKHOLE
(remember, every headerword is a codepointer).This codemust
arrangefor ThreadB to block, waiting for ThreadA to complete
evaluationof thethunk.We discussthemechanismfor blockingin
Section4.2.

SupposethatThreadA �nds anupdateframewhile scanningits
stackpointing to a thunkthatalreadycontainsINDor BLACKHOLE
(the latter two casesabove). Theneverythingon the stacksubse-
quentto (i.e. youngerthan)thisupdateframerepresentsredundant
computation.Hence,we want to truncateA's stackto this update
frame,andleave ThreadA in a statesuchthatwhenit resumesex-
ecutionit will enterthe thunk as if for the �rst time. If it enters
a BLACKHOLE, it will block, asabove; but it the thunk is an IND,
it will simply �nd thevalue.If severalupdateframeson A's stack
haveINDor BLACKHOLEthunks,wewantto truncatethestackto the
deepest(i.e. oldest)one.Theoperationof “truncatingA's stack”is
a little trickier thanit sounds,aswe discussin Section4.3,but the
effect is to abortA's redundantcomputation.

Note that the fact that ThreadA succeedsin claiming a thunk
doesnot guaranteethatno otherthreadB is evaluatingit, because
B might not have gottenaroundto trying to claim it yet. Indeed,B
might even get all the way throughto updatingit (if the thunk is
cheap).But if thethunktakesa long time to evaluate,B will try to
claim it, andwill backoff then.

SinceThreadA scansits own stackrepeatedly, it musttakecare
not to scanthe sameupdateframe more than once,becausethe
secondtime it, of course,will �nd BLACKHOLE, put thereduring
thepreviousscan!This is easilyarranged– by markingtheupdate
frame,with a bit or by changetheupdate codepointer– andhas
the side bene�t of saving work: once we �nd a marked update
frame,we canstopscanning,andno frameis scannedmorethan
once.

The idea of overwriting a thunk with a “black hole” while
the thunk is being evaluatedis far from new. It is useful even
in a sequentialimplementationto plug spaceleaks [10], and to
detectcertainsortsof in�nite loops.Becauseit is deferreduntil a
stack-scanis performed,we sometimescall it lazy black-holing.
We can also use an eager, lock-free, variant of black-holing to
dramaticallyreducethewindow in which duplicateevaluationcan
occur(Section4.4).

4.2 Blocking

Whena (Haskell) threadentersa blackhole– that is, a thunkwith
BLACKHOLEasits headerword – we want to arrangeto block the
threaduntil the thunk's evaluation is complete.In Uni-GHC the
blackholeentry codeplacesthe threadon a queueattachedto the
thunk itself; the update code(executedwhena thunk is updated
with its value) checksfor waiting threadsand wakes them up.
Anothernew headerword, BLACKHOLE_BQidenti�es black-holed

thunkswhich form theheadof queuesof blocked threads.This is
shown in Figure2(b).

In SMP-GHC,this techniqueruns into dif�culties. Somecare
mustbe taken to co-ordinatemultiple threadsthat block simulta-
neouslyon the samethunk,althoughherewe useproperlocking
instructions,sinceblocking is rare;andwe would probablyneed
yetanotherword to containthe(almostinvariablyempty)blocking
queue.Theworstthing,though,is thattheupdate code,whichup-
datesthethunkwith its value,mustcheckfor blockedthreads,and
it is hardto seehow to make thatlock-free.

To avoid theseproblemsSMP-GHC abandonsthe Uni-GHC
approach.Instead,we keepblocked threadsin a separateglobal
queue.The entry code for BLACKHOLEplacesthe threadon the
global black-holequeueas shown in Figure 2(c). Note that each
threadpointsbackto theblackholeonwhichit is blocked– threads
on the black-holequeueare checked at regular intervals to see
whetherthecomputationthey arewaiting for is complete,so they
canbewokenup.

Of course,we cannotavoid locking or CAS when updating
the global queue,but unlike the fast-pathcode on thunk entry
and update,we aren't too concernedabout atomic actionshere
becausewe expect blocking on black holes to be relatively rare
(seemeasurementsin Section7.5).Thequeuecouldbemadeper-
capabilityin any case.

Theglobalqueuebringssomenew problems.Firstly, traversing
thequeueis O(n), sowemustnot traverseit toooften.Ourcurrent
implementationtraversesit at leastateveryGC(whenevery thread
is touchedanyway),andalsowhenthereis anidle CPU.Secondly,
blockedthreadsdon't getwokenup aspromptlyasin theprevious
scheme.It' s possiblethat a threadmight get unfairly starved if
it often blocks on BLACKHOLEs. Our implementationdoesn't do
anything to mitigate this, but we don't expect it to be a serious
problemin practice.

4.3 Truncating the stack

It is temptingto think thatwhenwe truncatea stackwecansimply
discard the truncatedportion wholesale.After all, there are no
effectsto undo– this is a functionalprogram!However, this stack
chunk may itself contain updateframesfor other thunks under
evaluation.Someof thesethunksmay be visible to otherthreads,
so we cannotsimply discard this stack chunk and the work it
represents,becausethatwould leave thesesharedthunksin asemi-
evaluatedstate(probablyBLACKHOLEs),andthenext threadto enter
oneof themwould block forever.

This is nota new problem.Exactlythesameissuesarisewhen-
ever a thread's executionmustbeabandonedfor somereason:

� GHCsupportsasynchronousinterrupts,whichallow onethread
(or anexternalsource)to interruptanother[16]. Theinterrupted
threadabandonsits stackuntil it �nds anexceptionhandler.

� In our implementationof Software TransactionalMemory
(STM), we periodically“validate” the thread's transactionlog,
to checkthat it hasseena consistentview of memory;if not,
we abandonthetransactionandre-executeit [9].

The requirement,then, is to ensurethat the black holespointed
to by the updateframesof an abortedstackchunk are left in a
sensiblestate.We couldconsiderrevertingeachof theblackholes
back to its unevaluatedstate,but that would requirekeepingthe
originalstateof thethunkuntil itsevaluationiscomplete;recallthat
oneof the purposesof black-holingis to eliminatethespaceleak
causedby retainingthefreevariablesof a thunkunderevaluation.
Moreover, revertingthethunkwould throw away thework thathas
beenperformedon it sofar.

Fortunatelya bettersolutionis known [20]. Thetrick is to save
the stackonto the heapin sucha way that if any of the thunks
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Figure2. Thunkblack-holingin Uni-GHC(a)–(b),andin SMP-GHC(c).

areenteredagain,thesavedstackis reconstructedon theentering
thread's stack,and the evaluationof the thunk resumeswhereit
left off. We call this “freezing” the stateof the evaluation.A nice
propertyis that if the frozenthunksarenot sharedwith any other
threads,then the garbagecollector will quickly throw away the
frozenstate.

Uni-GHC already implementsthis strategy, and we simply
adoptit for SMP-GHC.No new concurrency issuesarise,because
updatingthe black hole with the suspendedstackis just like up-
dating the black hole with its �nal value (except,of course,that
theresult�eld pointsto anew thunk,representingthefrozenstack,
ratherthanto animmutablevalue).

4.4 Narr owing the window usinggrey-holing

So far we have assumedthat until a thunk is black-holedby the
claimingoperation,it remainsunmodi�ed, sothereis quitea wide
window in which two threadsmight begin evaluatingit simultane-
ously. It is easyto narrow thewindow: assoonasathreadentersthe
thunk,it writesGREYHOLEinto theheader, withouttakingany locks.
Theentrycodefor GREYHOLEis thesameasfor BLACKHOLE, sothat
any otherthreadenteringthe thunk will now block (Section4.2).
Of course,thewindow is not closedentirely:whenonethreadhas
readtheheaderof the thunk,but not yet written GREYHOLE, a sec-
ond threadcould alsoreadthe headerword andbegin a duplicate
evaluation.But now thewindow is only oneinstructionwide.

Why not simply write BLACKHOLE? Becausewe needto use
a different headerword so the lazy black-holing mechanismof
Section4.1 can distinguish(a) when it hassuccessfullyclaimed
exclusive accessfrom (b) when it comesacrossa thunk that has
beenclaimedby anotherthread.

However, sinceathunkis now mutatedtwicein alock-freeway,
onceto grey-holeit andonceto updateit with its �nal value,grey-
holing introducesanew racecondition:

ThreadA ThreadB
1. Enterthunk's code Enterthunk's code
2. Write GREYHOLEheader
3. Evaluatethunk
4. Write result�eld
5. Write INDheader
6. Write GREYHOLEheader
7. Evaluatethunk

This racedoesnot threatencorrectness.All thathappensis that
ThreadB will evaluatethe thunk all over again.Notice that the
raceoccursbecauseThreadA completesall of the thunk's evalu-
ation betweentwo instructionsin ThreadB's execution.Therefore
the moreexpensive that evaluationis, the smallerthe chancethat

ThreadB will beasleepduring theentireevaluationby ThreadA.
Soit is quiteacceptablesimply to ignorethis race.

4.5 Duplicate unsharedthunks

Even if we can guaranteeto catch any duplicateevaluation of
a sharedthunk within a boundedamountof time, this doesnot
unfortunatelyplacea boundon the amountof duplicationwe can
expect.For example,considerthefollowing thunkz:

z = let x = ... expensive ...
in Just x

z is very cheapto compute,but its value containsan expensive-
to-evaluatethunkx. If theevaluationof z is duplicated,thenthere
will be multiple resultseachpointing to a differentversionof x.
Theruntimecannotdetectthatthetwo versionsof x areequivalent,
sotheevaluationof x will becompletelyduplicated.

The best we can do in our lock-free designis to make this
scenariohighly unlikely to occur. Grey-holingalreadysigni�cantly
reducesthepossibility thatevaluationof z will beduplicated,but
we might not want to usegrey-holing becauseof theperformance
penalty.

A cheapertechniqueis to checkthe headerword of the thunk
in the updatecode: if the headerword is alreadyIND, then we
can return the existing result rather than the result we have just
computed.This trick isn't foolproof becausetwo updatescanstill
happensimultaneously, but if successful,it doesrecoverthesharing
at theexpenseof anextra readduringupdate.

To date,wehaven't implementedthis techniqueor measuredits
overhead.However, we expecttheoverheadto below: readingthe
headerword in the updatecodedoesn't increasememorytraf�c,
becausethe headerword is being written to anyway, so it needs
to be in the cache.In fact, Uni-GHC alreadyperformsthis read
becauseit checksfor BLACKHOLE_BQon update.It doesrepresent
a control �o w decisionbasedon the resultsof a memoryread,so
theremightbeapipelinestall,but weexpectthemajorityof thunks
to be cheapto evaluateand thereforestill in the cachewhen the
updatecoderuns.

It takestwo physicalprocessorsto duplicatework, andin that
casetherearetwo physicalprocessorsto excecutethe duplicates,
soonemightwonderwhetherthe(highly-unlikely) worstcaseis to
slow down to thespeedof a uni-processor. Sadly, this is not quite
right, becauseoneof theduplicatethreadsmight bede-scheduled,
and the two processorsmight accidentallyduplicatemore work
in the other— andthendo the samein the de-scheduledthread.
It seemsthat thereis no hard upperbound,but that the chances
of repeatedduplicationdecreaseexponentiallywith thenumberof
duplicates.This problemdoesnotkeepusawake at night.



4.6 Summary

The runtime hascompletefreedomto decidehow frequently to
scantheupdateframesonathread'sstack.Oneplausiblepossibility
would beto scanthestackwhenthethreadis descheduled;that is,
whenit blocks,runsoutof allocationarea,or its time-sliceexpires.
Only active threadsneedtheir stacksscannedat all; sleepingor
blockedthreadsneedno suchattention.However, if grey-holing is
beingused,it is extremelyunlikely thattwo threadswill manageto
squeezethroughtheone-instructionwindow, andtherebyevaluate
thesamethunk,soit probablymakessenseto scanthestacksvery
seldom.

SupposethateachHaskell threadscansits stackevery T ticks.
Thentheschemeguaranteesthatany thunkwhoseevaluationtakes
longer than T ticks will be claimedby a uniquethread;and any
otherthreadsthatmanageto squeezeinto theone-instructionwin-
dow, and therebyevaluatethe thunk concurrently, will wasteat
mostT ticks each.

5. Atomic blocks in SMP-GHC
In Sections3 and4 weshowedhow to supportsafeparallelevalua-
tion of purefunctionalcodewithout having to introduceper-thunk
locking.Wenow turnto theproblemof impuremulti-threadedcode
wherethreadscommunicatewith oneanotherthroughexplicit up-
datesto sharedmemory. As with parallelthunkevaluation,wewant
theunderlyingprimitivesto besafe,fastandscalable.

Our recentwork in Uni-GHC providesatomicmemorytrans-
actionsas an abstractionfor composableinter-threadcommuni-
cation[9]. Thesearebuilt usinga softwaretransactionalmemory
(STM) [21] whichallowsasetof accessesto asharedmutableheap
to beperformedatomically.

TheSTM is implementedusingoptimisticconcurrencycontrol
in which an atomicblock executesbuilding up a Haskell-thread-
local log of all of the transactionalvariables(TVars) that it has
readfrom and, in the caseof updates,the value that it wantsto
write. At theendof theatomicblock, thethreadinvokesa commit
operationthatiteratesoverthelogcheckingthattheTVarsstill hold
thevaluesseenin them:if sothentheupdatesarewritten,if not the
log is discardedandtheatomicblock is re-executed.

This schemeis relatively straightforward to implementin Uni-
GHC becauseonly one threadcanbe evaluatingHaskell codeat
any time, so there is no interleaving betweendifferent commit
operations.Theimplementationin SMP-GHCis moreintricatebut
largely employs the sametechniquesthat we have usedin earlier
work on STMsfor multiprocessorsystems[8, 6].

The basic idea is to implementper-TVar locks using atomic
CASinstructions.As usual,weimplementtheselocksby overload-
ing thecurrent_value �eld in a TVar: a singleCAS instruction
therebyserves to acquirea lock and to checkthat the TVar held
the value expectedthereby the transaction.However, notice that
theselocks areheld only whencommittinga transactionandnot
throughoutits execution– contentionis thereforeexpectedto be
rare.

We avoid locking altogetherfor TVars thathave beenreadbut
not updated.This aids scalabilitywhen dealingwith shareddata
structuresthatareoftenreadbut seldomupdated:aread-onlytrans-
action can operatewithout introducing costly contentionin the
memory hierarchy. As in earlier work, we do this by adding a
version �eld to eachTVar that is protectedby the TVar's lock
and is updatedon commit. During a commit operationwe make
two passesover the TVars that have beenreadbut not updated–
the �rst passrecordsthe versionsseenin eachof them,and the
secondpasschecksthatnoneof theseversionshaschanged.This
guaranteesthatwe seea consistentview of thesetof TVars. Fig-

1. Lock tvars

for each transaction log entry:
if the entry is an update:

try to lock the tvar
if successful:

continue
else:

unlock tvars and abort
if the entry is a read:

record tvar's version number

2. Check reads

for each transaction log entry:
if the entry is a read then

re-read the tvar's version number
if this matches the one we recorded:

continue
else:

unlock tvars and abort

3. Make updates

for each transaction log entry:
if the entry is an update:

store new value to tvar, unlocking the tvar

Figure 3. Committinga transaction,allowing non-con�icting up-
datesandreadsto proceedin parallel.

ure 3 summarisesthis algorithm;Fraserprovidesa moredetailed
descriptionin thecontext of anSTM library for C [6].

Although this overall structureis conventional,therearethree
novel aspectsof our STM design.Firstly, unlike earlierSTMs,we
do not aim to make the commit operationlock-free – that is, if
anOSthreadis pre-emptedmid-waythroughacall to commit then
otherOSthreadswill beunableto performcon�icting updatesuntil
the�rst threadis rescheduled.Lock-freebehaviour is importantin
languageswith an unconstrainednumberof OS threadsoperating
without co-operationfrom thescheduler. However, in SMP-GHC,
thenumberof OS threadsis setto matchthenumberof available
CPUs,andschedulingbetweenHaskell threadsis underthecontrol
of our scheduler. This makes pre-emptionduring commit opera-
tionsextremelyunlikely in SMP-GHC.

Secondly, the fact that we are not lock-free meansthat we
must avoid deadlockwhen locking TVars during a commit. We
do not want to rely on sorting the entriesin the transactionlog
becauseof the work that sorting entails [14], and the fact that
contentionfor theselocks is rare.Insteadwe simply abortandre-
executea transactionif we fail to acquirea lock during commit.
However, if contentionis more frequent,then we could instead
releaseany locks acquiredso far and then proceedto sort the
transactionlog beforereacquiringthe locks.This may reducethe
numberof needlessabortswhile still avoiding theneedto sort the
transactionlog in every case.In practicethe rarity of contention
for TVar locksmeansthatwehavenotneededto explorethismore
complicatedimplementation.

Finally, a novel featureof ConcurrentHaskell's STM is that it
supportsa retry operation:conceptually, if a threadcalls retry
thenits currenttransactionis abandonedwith no sideeffectsand
then re-executedfrom scratch.However, thereis no point in ac-
tually re-executingthe transactionuntil at leastoneof the TVars
readduringtheattemptedtransactionis writtenbyanotherthread.
Thisobservationis exploitedby usingaper-TVar queueof Haskell
threadsthat are waiting for an updateto be made.A retry ing
threadaddsitself to the queueattachedto eachof the TVars that



Program Codesize Runtime
anna +8.0 +39.1
cacheprof +7.5 +74.4
circsim +5.3 +88.7
compress +4.7 +14.5
exp3 8 +4.3 +320.0
fft +5.1 +30.5
�bheaps +4.4 +50.3
fulsom +7.3 +50.1
sched +4.3 +78.5
wang +5.2 +35.3
Min +3.2 -4.5
Max +8.0 +320.0
GeometricMean +4.9 +53.9

Figure4. Overheadof usingCAS

the transactionread, and the commit operationre-awakens any
threadwaitingonaTVar writtenby thecommit [9]. Wemakethese
queuessafefor SMP-GHCby re-usingthe per-TVar lock to pro-
tect the wait queues.A threadthat is aboutto wait mustacquire
all of theper-TVar locks it needsbeforeaddingitself to their wait
queues:thispreventslostwake-upproblemsresultingfrom concur-
rentcommitoperationsto thoseTVars.

6. Measuring the overheadof parallel execution
In this sectionwe measuretheoverheadimposedby themeasures
we have takento allow parallelexecutionof Haskell codeby mul-
tiple threadsona sharedheap.

6.1 Methodology

We usedthe Glasgow Haskell Compiler version6.4 plus modi�-
cations(correspondingto the CVS sourcesaroundthe dateof 31
May 2005),runningon Linux. Our measurementsaretakenacross
all 88 programsin the nofib benchmarksuite [17], which range
from micro-benchmarkssuchastak andrfib , to “real” programs.
For examplecacheprof is aprogramfor automaticallytranslating
assemblycodeto insert instructionsfor dynamiccachepro�ling,
compressis animplementationof LZW compression,andhidden
is aprogramfor hidden-lineremoval in 3D rendering.

Although we measuredall 88 programs,our tablesonly show
a subsetof the results.Nevertheless,the averagesand min/max
�gures do take into accountthe whole suite. When taking the
averageof percentages,we give the geometricmean.However,
to reducespurious�gures, any programthat ran for lessthan0.5
secondson our dual 2.4GHzIntel Xeon wasdiscountedfrom the
aggregate�gures.

Runtimesarewall-clock times,takenastheaverageof 5 runs.

6.2 Overheadof atomic instructions

Our �rst experimentslooked into the total costof addinga single
un-contendedcompare-and-swap instructionto thecodefor every
thunkentryandto theupdatecode.Althoughthis doesnot imple-
mentaproperlockonthethunk,it suggeststhekindof performance
thatwouldbeachievedby a basiclock-basedscheme.

Figure4 givesthemeasurements.We foundthatsimply adding
atomiccompare-and-swap instructionsto the thunk entry andup-
date imposesa signi�cant performancepenalty: from 0-300%
slower, with the average being about 50% slower. The small
benchmarks(tak , listcopy , exp3_8) show the most extreme
behaviour, whereaslargerprogramssuchasannaandfulsom dis-
playbehaviour closerto theaverage.

It might be feasible to constructa locking implementation
arounda singleCAS instructionperevaluationratherthanthetwo

Program Codesize Allocations Runtime
anna +0.7 +16.9 +6.2
cacheprof +1.1 +17.3 +0.7
circsim +1.7 +17.4 +6.6
compress +2.3 +1.4 +3.4
exp3 8 +2.0 +20.0 +22.3
fft +1.5 +12.2 +11.7
�bheaps +1.9 +9.5 +1.9
fulsom +1.2 +16.6 -0.8
sched +1.9 +12.8 +1.6
wang +1.5 +15.2 +34.3
Min +0.7 +0.0 -8.2
Max +3.3 +24.5 +41.0
GeometricMean +1.9 +12.4 +5.8

Figure5. Lock-freeimplementation

we have measuredhere2 But evenhalvingthepenaltywe have ob-
served still leaves a prohibitively expensive overhead,and a real
locking implementationwill needto do morethanjust a CAS in-
struction.

6.3 Overheadof the lock-fr eeimplementation

Figure5 givesmeasurementsof thesequentialoverheadfor SMP-
GHC,anddescribedin Sections3-5.

Our baseline�gures weremeasuredon a systemthatdid (lazy)
black-holing,but not (eager)grey-holing.Theblack-holingimple-
mentationis incompletecomparedto that describedin Section4,
in that it doesnot useCAS to black-holethe thunk,andmakesno
attemptto detector recover from duplicateevaluation.This short-
comingshouldonly worsenperformance,becauseduplicateevalu-
ation is possible,althoughunlikely. (The performanceboostfrom
notusingCASduringblack-holingwill beverysmall,becauselazy
black-holingis, by design,not the inner loop.) Concerningmem-
ory ordering(Section3.4), the Intel Xeon processoron which we
ranthebenchmarkshasstrongguaranteesaboutmemoryordering,
which meansthat a processorcannever seethe writes performed
by an updateoccurout-of-order, so it is neithernecessaryto zero
theresultword nor to addmemoryfenceinstructions.

We canseethat the overheadof the lock-free implementation
is around6% of runtime, which is signi�cantly lower than the
overheadof usingatomiccompare-and-swapinstructions.

However, therearestill a few outliers in the benchmarksuite:
treejoin takesa41%performancehit whencompiledfor parallel
execution,for exampleandwanga hit of 34%.A combinationof
factorsis at work in thesecases.Firstly, they performanunusually
large numberof updatesto thunksthat are in the old generation.
This createscontentionfor the lock which currently protectsthe
GC's rememberedset– aswe mentionedearlier, we intendto add
per-capability rememberedsetsso that we can remove this lock.
Secondly, thesetestsarereasonablyshortrunningandperformonly
a small numberof old-generationgarbagecollections.Execution
�nishes just beforea further garbagecollectionwould occurand
so the additionalstoragespacerequiredfor resultwords �lls the
heap,causinga furtherold-generationcollection.Asidefrom these
factors,theperformanceis closeto themean.

6.4 Grey-holing

We also measuredthe impact of addinggrey-holing (sometimes
also called eagerblack-holing) to the lock-free implementation.

2 Note thatCAS-freelock reservation schemes,suchasKawachiya's [12],
rely on repeatedacquisitionsandreleasesof thesamelock: thunksareonly
`locked' once.



Program Codesize Runtime
anna +1.3 -1.5
cacheprof +0.9 +0.3
circsim +0.9 -1.7
compress +0.6 +1.1
exp3 8 +0.6 +6.6
fft +0.7 +3.8
�bheaps +0.6 +17.0
fulsom +1.1 +2.0
sched +0.6 +53.5
wang +0.8 -0.4
Min +0.3 -5.2
Max +1.3 +53.5
GeometricMean +0.7 +2.1

Figure6. Lock-freeimplementationwith grey-holing

Theresultsaregiven in Figure6, wherethebaselineis thesystem
measuredin Figure5.

While the code-sizeoverheadis almostnegligible at lessthan
1%,theeffecton theruntimeis sometimesdramatic:oneprogram,
sched, showeda 53%increasein runtime.Wedouble-checkedthe
measurementandit is correct.Theoretically, writing to thethunk's
headerin theentrycodefor thethunkcouldcausecache-thrashing,
becausethe thunk would not otherwisebe written to at that point
duringexecution;we don't know whetherin fact this is the cause
of theperformancedropfor sched, however.

7. Casestudy: parallelising GHC
In this sectionwe describea casestudyusingour shared-memory
parallel implementationof GHC, anddemonstratea real speedup
achieved for a distinctly non-trivial program, with only minor
changesto thesourcecodeof theapplication.

The applicationwe choseto paralleliseis GHC itself, for two
reasons:

� It is compute-bound,but hasa natural granularity for paral-
lelism: compiling modulesin parallel. Parallelisationis not
completelytrivial, however, sincethereis somesharedstatebe-
tweenthecompilations.

� Theauthorsarealreadyintimatelyfamiliarwith thearchitecture
of GHC, so identifying the potential areasof concernfor a
parallelimplementationwasnotdif�cult.

For sometime now, GHChashadtheability to compileseveral
modulesin sequence,withouthaving to berestartedbetweencom-
pilations.This is calledthe --make modeof GHC. Therearetwo
mainbene�ts to usingGHCin --make mode:

� Speed:GHC cachesinformationaboutmodulesbetweencom-
pilations,sotheinformationis immediatelyavailableto subse-
quentcompilationswithout having to bere-readfrom thedisk.
This appliesnot just to modulescompiledin the currentses-
sion,but alsopre-compiledmodulesin libraries;readinginter-
facesfor pre-compiledmodulessuchasthe Prelude is a sig-
ni�cant factorin GHC's compilationtime, especiallyfor non-
optimisingcompilation.

� Simplicity: GHC doesthe dependency analysisinternally, so
only a singlecommandneedsto be issuedin orderto build an
entireprogramor library. The programmerdoesn't needto be
familiarwith any otherexternaltools.

Sincea multi-moduleprogramoften containssubsetsof mod-
ules which have no dependenciesbetweenthem, it is natural to

wonderwhetherthesecompilationscouldproceedin parallel.For
example,in a programwith this structure:

A

B C

D

wheremoduleA dependson both B and C, andB andC both
dependonD, wecouldproceedby �rst compilingD, thencompiling
BandCin parallel,and�nally compilingA.

Indeed,theUnix maketool alreadyhassucha facility: issuing
thecommandmake -j2 will compiletheprogramusingat most2
processesin parallelwhenever possible.Inspiredby this,weadded
a similar featureto GHC's --make mode.

7.1 The --make compilation engine

In order to explain our parallel implementation,it is necessaryto
understandalittle abouthow GHC's--make modeis structured.A
compilationsessionproceedsin thefollowing stages:

� Performa dependency analysisof themodulesin theprogram,
andconstructa moduledependency graph.

� Flattenthemoduledependency graphin topologicalorder.
� Compileeachmodule.
� Link the�nal programto form anexecutable(this stepis omit-

tedfor libraries).

Theinterfaceto compileasinglemoduleis (somewhatsimpli�ed):

compile :: ModSummary
-> HscEnv
-> IO (Maybe (ModDetails, Linkable)

where

ModSummary: containsinformationaboutthe moduleto be com-
piled, includingthe�lenamesof thesource�le, object�le and
interface�le.

HscEnv: containsall the informationthe compilerneedsto know
aboutits environment.Mostnotably, it contains

HomePackageTable: amappingfrom Moduleto ModDetails ,
this mappingcontainsinformationabouteachof the mod-
ulesin the currentprogram(ModDetails is describedbe-
low).

ExternalPackageState : this is a mutable variable, point-
ing to a structurecontaininginformationaboutall thepre-
compiled modulesthat have so far been inspected.The
ExternalPackageState is basicallya cache;wheninfor-
mation aboutanothermodule is required,the structureis
extendedandthenew versionwritten into themutablevari-
able. GHC in fact readsinformation about pre-compiled
moduleslazily, so in factExternalPackageState canbe
modi�ed at just aboutany point duringcompilation.Infor-
mationis only ever addedto theExternalPackageState ,
never removed.

ModDetails : containsinformationabouta singlemodule,includ-
ing thenamesandtypesof all functionsexportedby themodule
andde�nitions of data types,class esandinstance s. When



optimising, the ModDetails may alsocontainthe de�nitions
of functions,so thata functioncanbe inlined at its call site in
anothermodule.

Whencompilinga module,theHomePackageTablemustcon-
taininformationaboutall themodulesonwhichthecurrentmodule
depends,directlyor indirectly.

The caller of compile , namely the --make compilation en-
gine, is expectedto populatethe HomePackageTablewith the
ModDetails for newly compiledmodulesbeforecallingcompile
again.Sotheideais thattheHomePackageTableis graduallypop-
ulatedaswe compilemodules,andwhenthe processis complete
wehave aHomePackageTablecontainingModDetails for all the
modulesof theprogram.

7.2 Parallelising ghc --make

Now, let us considerhow we might parallelisethis process.One
possibility is to have a compilationsupervisorwhosejob it is to
monitor the stateof thecompilationgraph,andstartcompilations
whenall their dependencieshave completed.It would bethecom-
pilationsupervisor's job to keeptrackof theHomePackageTable.

This seemsa reasonableapproach,if a little heavyweight.For
our experimenthowever, we chosea simpler, arguably more el-
egant,but perhapsslightly more opaquesolution.The idea is to
useconcurrency to discover the implicit parallelismin the com-
pilation graph,ratherthan �guring it out for ourselves.The key
observation is that thecompilationgraphis just a data�ow graph,
whereeachnodeis acompilationthatcanstartassoonasits inputs
are ready. We can implementa data�ow graphstraightforwardly
in ConcurrentHaskell by forking a threadfor eachnode,andhav-
ing aninitially-emptyMVarto storetheoutputof eachnode3. Each
threadwaitsontheMVars for eachof its inputs,sowhenall of them
arereadyit canbegin its compilationandstoretheresultin its own
MVar.

We still needto constructthe HomePackageTablefor each
compilation,andtheeasiestwaytodothisis for theHomePackage-
Table to bethedatathat�o wsalongtheedgesof thegraph:

A

B C

D D���

D���

C���

D���

B���

D���

C���

A���

Thethreadfor eachnodeperformsthefollowing steps:

� PerformareadMVarfor eachof thenodesthatthecurrentnode
dependson. Eachof the readMVars will completewhen the
relevant nodehasbeencompiled,andits HomePackageTable
is ready.

� ConstructtheHomePackageTablefor this compilationby tak-
ing theunionof theHomePackageTables of thedependencies
(duplicateentriescanbedropped,becausethey will be identi-
cal).

� Compilethecurrentmodule.
� ExtendtheHomePackageTablewith anentryfor this module,

and�ll theMVarfor thecurrentnodewith this HomePackage-
Table.

3 An STM TVar would benicer. However, at thetime we wereimplement-
ing this experiment,theparallelSTMimplementationwasnot ready.

� Now thethreadcanexit.

In practice,eachnodeneedsto storeMaybe HomePackage-
Table, sincea compilationmay fail. If a nodefails to compile,
all theothernodesthatdependon it will alsofail, but othersmay
continueto compile.It may be an improvementto this schemeto
terminatetheentirecompilationsessionasquickly aspossibleafter
anerroris discovered,but we have not implementedthisyet.

We have sofar assumedthatwe want to extractasmuchparal-
lelismaspossiblefrom thecompilationsession,but in factrunning
moreparallel threadsthan thereareprocessorscan lead to slow-
downsdueto contention.Soin factwe wantto placea limit on the
numberof parallel compilationsthat canbe runningat any time.
We achieve this usinga simplequantitysemaphore:eachcompi-
lation threadwaits for a unit from the semaphorebeforestarting
its compilation,andreturnstheunit afterwards.Theinitial number
of units in thesemaphoreis selectablevia a command-line�ag to
GHC (ghc --make -j3 , for example).It is advisableto make the
numberof compilationunitsequalto thenumberof capabilitiesin
the parallel runtime,which is in turn equalto the numberof real
CPUcores4.

7.3 Sharedstatein GHC

Having determinedour top-level strategy for runningparallelcom-
pilations,we must now investigatewhat sharedstate,if any, the
parallelthreadsneedto access,andhow to make thataccesssafein
a parallelsetting.

The most important sharedstate is the ExternalPackage-
State , a mutablevariablewhich canbe updatedat virtually any
point during compilation,even from pure code;we treat it as a
cache.If at somepointduringcompilationGHCneedsto know in-
formationabouta pre-compiledmodule,the ExternalPackage-
State is �rst inspectedto see whether the interface for that
modulehas beenloaded.If not, the interface is loadedand the
ExternalPackageState is extendedwith informationaboutthe
module.

To make accessto theExternalPackageState safein a par-
allel setting,we did the obvious thing and replacedthe ordinary
IORef mutablevariable with an MVar (using an STM TVar is
plannedfor the future, andwe expect to get someimprovements
from doingthat).

Therearea few otheritemsof sharedstatein GHC,but they all
follow the samekind of usageas the ExternalPackageState .
For example, there is a global dictionary of strings called the
FastString library, which makes string comparisoncheapby
assigninguniqueintegersto strings;we had to protectaccessto
thisglobaldictionarywith anMVar.

We also had to �x a bug in the generationof temporary�le-
names– theproblemherewasthattheinternalmechanismfor gen-
eratingnew temporary�lenames wasn't robust enoughin that it
didn't createthe temporary�le eagerly, so a secondrequestfor a
temporary�lenamebeforethe�le hadbeencreatedcouldreturnthe
same�lenameagain.Dueto thewayGHCusestemporary�les this
bug hadlain dormantuntil it wasexposedby runningcompilation
threadsin parallel.

7.4 Results

Implementingour parallel versionof GHC involved around400
lines of changes5 in total to the compiler sources.The compiler

4 We haven't measuredwhetherany bene�t canbehadby treatinganIntel
Hyper-threadingvirtual CPUasarealCPUfor thepurposesof determining
how many threadsto use.
5 Countinglines addedplus lines removed,whereaneditedline countsas
botha removal andanaddition.



consistsof around65,000linesof non-commentHaskell source,so
thechangesrepresentabout0.6%of thecompiler.

We now give somemeasurementsobtainedby compilinga few
programsusingourparallelisedGHC,onadualIntel Xeon2.4GHz
machinewith plentyof memory, thatwasotherwiseunloaded.

Themaximumspeedupwe couldpossiblyhopeto achieve is 2,
becausethe testmachinehas2 CPUs.However, thereareseveral
reasonswhy theactualspeedupwill belower than2:

� Garbagecollection is still single threaded,and takes a not-
insigni�cant amountof time (20-30%is typical; actual�gures
aregivenwith theresults).

� A speedupof 2 might not beavailabledueto dependenciesbe-
tweenmodules.A programtypically hasa Main modulewhich
cannotbe compiledin parallel with anything else,becauseit
sitsat thetopof thedependency graph.

� Thedependency analysisphase,which includespre-processing
of themodules(if any) is notparallelised.

� There is an overheadfor compiling GHC itself for parallel
execution.Thisoverheadis small,aswe illustratebelow.

To testthattheparallelismwasworking properly, we �rst com-
piled two identicalmodulessimultaneously, changingthenameof
oneof themodules.Thisis theidealcase:therearenodependencies
betweenthemodules,sothis will give usanideaof themaximum
availablespeedup.Figure7 givestheresults.

All our measurementsare basedon the averageof threeruns
of the compiler. The speedupis measuredusingthe elapsedtime
againstthebaselineghc-6.5 (the�rst row of thetable).

We obtaineda speedupof 1.32on this example,which is cer-
tainly worthwhile,but clearlythere's roomfor improvement.

In this examplewe increasedthe default heapsizeto 64Mb to
reducethecostsof garbagecollection,neverthelessGC still takes
15% of elapsedtime for the sequentialcompiler, and27% in the
parallel case.Why doesGC take more time when compiling in
parallel?Therearetwo reasons:

� GHC is carrying more live databecauseit is compiling two
modulesata time ratherthanone,and

� The time spentcompiling is shorter, so GC occupiesa greater
percentageof thetotal elapsedtime.

Looking at the“user time” �gures in the table,we canseethat
the parallel GHC requiredmore execution time overall than the
sequentialcompiler. Thereareseveralreasonsfor this:

� Roughly half of the increasewas due to the extra GC time.
This we know for sure,from our measurements;the following
reasonsarerathermoreconjectural.

� Therewill beincreasedloadonthesharedmemorysystemfrom
running two compilationthreadsin parallel.GHC is a fairly
heavy userof memory.

� Threadsmay migrate from one processorto another. Our
current schedulerimplementationdoes not attempt to keep
any af�nity betweencapabilitiesand OS threads,or between
Haskell threadsandcapabilities.Soevenif theOSimplements
af�nity betweenOSthreadsandCPUs,it is entirelypossiblefor
aHaskell thread'sexecutionto movebetweenCPUs,largely in-
validatingthecontentsof bothCPU'scaches.

DiscountingGCfrom the�gures, we obtaina morerespectable
speedupof 1.54 for our parallelcompilerversusthe baseline.We
don't expect to be able to achieve this �gure in practice,because
the GC simply hasmorework to do whencompiling in parallel,
but a multi-threadedGC would certainlyhelpusgetcloserto this
result.

Another way to look at these�gures is to say that, basedon
the Linux user time �gures, we are using about1.5 CPUsover
the lifetime of the programto obtaina 1.3 speedup,so we aren't
monopolisingall the processingpower on the system.Hencethe
low speedupis due largely to a lack of parallelismrather than
overheadsin theimplementation.

The�nal row of thetablelists theresultsobtainedby usingthe
standardmaketool to distribute multiple individual compilations
over multiple processors.We canthink of this asanotherpoint on
the trade-off betweensharingandcopying: ghc --make sharesa
lot of databetweencompilations,but incurs somedependencies
thatreducetheparallelism.On theotherhand,make -j2 canpar-
allelisethe2 compilationsperfectly, but theseparatecompilations
areduplicatingsomework; namelythereadingof interface�les for
librariesandothermodules.

Theunmodi�edGHC6.5baselinewasusedfor this test,but we
settheheapsizefor eachindividualcompilationto 32Mb,to givea
fairercomparisonagainsttheothertestswhich all use64Mb in to-
tal. The�gures show thatfor this simple2-moduletest,make -j2
obtainsa speedupof 1.52 versusthe baselineghc-6.5 --make,
so at leastin this simplecase,make -j2 beatsour parallelcom-
piler. However, aswe increasethesizeof theprogramsin thetests
that follow, we will seethat the overheadof completelyseparate
compilationwill erodethis advantage.

Next, we compiledHappy, a medium-sizedprogramconsisting
of 15 moduleswith 1700 lines of non-commentcode.Figures8
gives the results.We tried two setsof compilations,�rstly with
optimisationturnedoff, andthenwith optimisationturnedon(-O).
So compiling a realisticprogram,our speeduphasdroppedfrom
1.3to 1.2.This is still relatively respectable,however.

The rationalefor turning optimisationon is to testa hypothe-
sis: partsof thecompilerthatperformoptimisationmight involve
lesscontentionfor thesharedstate,becauseoptimisationis largely
concernedwith thecodefor thecurrentmodule,comparedto type-
checkingwhich accessesthe sharedstatefrequentlyto �nd infor-
mationaboutimportedmodules.Nevertheless,our speedupin this
exampleseemsunaffectedby turningonoptimisation.

The make -j2 test againcomesout on top, but by a smaller
margin. Furthermore,we can seeby the user time �gures that
make -j2 isperformingmoretotalwork thantheparallelcompiler,
althoughit is ableto paralleliseit moreeffectively.

Next, we compiledAnna from the nofib benchmarksuite,a
larger programconsistingof 31 modulesand 3800 lines of non-
commentcode.Theresultsareshown in Figure9.

In this example,thespeedupwithout optimisationturnedon is
rathermore modest.That might indicate that contentionfor the
sharedstatein earlierphasesof the compiler is in fact an issue,
perhapsmoresofor largerprograms.

Now, however, we see that make -j2 is losing ground to
ghc-smp -j2 . The overheadof restartingthe compiler and re-
readingall the interface�les for eachcompilationaretoo greatto
beovercomeby theavailableparallelism.

7.5 How many thunk entry con�icts are there?

Our current implementationdoes not implement the recovery
schemedescribedin Section4, so we do not have accuratemea-
surementsfor theamountof duplicateevaluationdetectedandre-
coveredfrom. However, we have reasonto believe that the �gure
will besmallin thecaseof GHC:wemeasuredthenumberof times
a GREYHOLEthunkwasentered,in a versionof ghc-smpcompiled
with grey-holing support.With grey-holing turnedon, thewindow
duringwhich two threadscanbegin to evaluatethesamethunk is
extremelysmall,sotakingtheaveragenumberof GREYHOLEentries
overanumberof runsgivesusareasonableestimateof thenumber
of duplicateevaluationsthat would occur in a systemperforming



Test Usertime (s) Elapsedtime (s) GC time(%) Speedup
ghc-6.5 -H64m -O 3.8 4.1 15% 1
ghc-smp -H64m -O 3.8 4.1 14% 1
ghc-smp -H64m -O -j2 4.6 3.1 27% 1.32
make -j2 4.8 2.7 ? 1.52

Figure7. Compiling“ideal” 2-modulelibrary

Test Usertime (s) Elapsedtime (s) GC time(%) Speedup
ghc-6.5 -H64m 8.5 9.8 21% 1
ghc-smp -H64m 8.9 9.9 22% 0.98
ghc-smp -H64m -j2 10.2 8.2 25% 1.20
make -j2 12.3 7.9 ? 1.24
ghc-6.5 -H64m -O 22.2 24.1 16% 1
ghc-smp -H64m -O 22.9 24.0 16% 1
ghc-smp -H64m -O -j2 25.9 20.1 21% 1.20
make -j2 28.0 18.4 ? 1.31

Figure8. CompilingHappy with andwithoutoptimisation

Test Usertime (s) Elapsedtime (s) GC time(%) Speedup
ghc-6.5 -H64m 9.9 10.4 13% 1
ghc-smp -H64m 10.4 10.8 13% 0.96
ghc-smp -H64m -j2 12.4 9.2 23% 1.13
make -j2 15.8 12.6 ? 0.82
ghc-6.5 -H64m -O 20.2 20.6 11% 1
ghc-smp -H64m -O 19.9 20.5 11% 1
ghc-smp -H64m -O -j2 23.3 16.9 21% 1.22
make -j2 27.4 20.7 ? 1

Figure9. CompilingAnnawith andwithoutoptimisation

blackholingat threaddescheduling,asdescribedin Section4. In
suchasystem,someof theseduplicateevaluationswouldbecaught
by thesystem(wedon't know how many, though).

Over 10 runsof ghc-smp -H64m -j2 , with grey-holing,com-
piling Happy, we saw anaverageof 11 grey-holeentries,with the
maximumbeing26andtheminimumzero.With lazyblack-holing
we saw ratherfewer black-holeentries,but we did not observe any
speedupin thegrey-holing version,sowe concludethat therewas
nosigni�cant duplicatework beingperformed.

7.6 Is GHC a realisticcasestudy?

One might reasonablyquestionwhetherGHC is a “typical” par-
allel application,andwhetherwe canconcludeanything basedon
the measurementsabove. Indeed,muchof this paperhasconcen-
tratedon how to ef�ciently deal with the issueof multithreaded
contentionfor thunks,andyet apparentlythereis very little con-
tentionfor thunksin parallelGHC.

It is not trueto saytherearenothunksin thedatasharedby par-
allel threadsin GHC.ThesharedExternalPackageState is full
of unevaluateddata:in fact, it is only the top-level mappingfrom
Module to ModDetails that is mutatedin theIO monad,muchof
the contentsof the ModDetails itself is lazilly constructed.For
example,thetypeof eachidenti�er in a ModDetails will initially
berepresentedby athunk,thatwhenevaluatedwill extractthetype
from theinterfaceandconvert it intoGHC'sinternalrepresentation.

We believe thatminimisingthecontentionfor unevaluateddata
in parallelHaskell programswill generallybe goodadvice.How-
ever, wedonotbelieve thatsimplifying thesystemby requiringthe
programmerto be explicit aboutaccessto shareddatais a viable

alternative: theaim is to imposeaslittle burdenontheprogrammer
aspossiblein orderto make parallelexecutionhighly accessible.

8. Relatedwork
There is an enormousliteratureon parallel functional program-
ming, to which we cannothopeto do justice here; for example,
the recentbookby HammondandMichaelsonhasa bibliography
of over600entries[7]. Othergoodsurveysareavailablein [25, 13].

Driven by the desirefor scalabilityandportability, almostall
this researchhasfocusedon distributed-memoryimplementations,
which have a separateaddressspace,heap,and runtime system
for eachprocessor(e.g. GUM [24], Clean [7, chapter15]). As
Hammond& Michaelsonput it “Over the last few years,it has
becomegenerallyacceptedthat a message-passinginterface(or,
less generallyaccepted,a virtual shared-memoryinterface) can
provide ef�cient accessto a wide classof parallel architectures
while enhancingtheportabilityof parallelprograms”[7].

Thesesystemsare mostly researchprototypes.They require
careful tuning to amelioratethe overheadsof copying between
heaps,and they lack the languagefeaturesto supportfull-scale
applications.Thenotableexceptionis Erlang,anexplicitly-parallel
functional languagethat usesmessage-passingto communicate
betweenthreads.Erlangis amaturefull-scalelanguageusedin real
applicationsin telecommunications[2].

We insteadfocus on the more limited goal of exploiting the
shared-memoryarchitectureof existing multi-processorsand up-
comingmulti-coreprocessors.In that sense,our work is closerto
mucholder work, suchasthe h� ; Gi machineof Augustssonand
Johnsson[3]. This implementationdid lockingon every thunk,but



backin thedayswhenlockingwaslessexpensiverelativeto normal
execution.

9. Further Work
This paperhasshown how to supportlightweight parallel thunk
evaluationin which it is unnecessaryto have“strong” synchronisa-
tion operationssuchaslocksor compare-and-swap instructionson
thefast-pathcodewhenallocating,evaluatingandupdatingthunks.
The result is that providing the ability to safelyevaluateHaskell
codein parallelhasacost,onaverage,of only 6%,almosttentimes
lessthanthatof a lock-baseddesign.

Thereare several interestingdirectionsfor future work based
on this platform.As we move to working on largermultiprocessor
machines,we will needto updatethe garbagecollector so that
collectionwork canbeparallelised.Thisshouldbestraightforward:
therearenumerousexisting designsfor parallelgarbagecollection
onsharedmemorymachines.

Of course,we alsoneedto investigatemorethoroughlywhere
theremainingcostsarebeingincurred,andto con�rm our intuition
thatourlock-freedesigncoupledwith black-holingpreventsalmost
all duplicateevaluation work; can we reducethe overheadstill
further?

Moreinterestingly, wewishto returnto thequestionof how par-
allel codeisbestexpressedin alanguagelikeHaskell – for instance,
combinatorssuch as par and seq and ideassuch as Strategies
for orchestratingtheir use[23]. Anotherdirectionis to investigate
feedback-directedschemesto attemptto identify thunksthat may
usefullybeevaluatedin parallel– for instanceonesthatarelikely
to beneededin thefuture,which representa reasonableamountof
work andwherespeculative parallelevaluationis unlikely to intro-
ducecontentionwith `mainline' threads.

Therearealsointerestingproblemsto investigatewithin therun-
time system:our currentdesignis simplistic with a singleshared
work queuewithout any notionsof af�nity . Furthermore,in sys-
temscomprisingmultiple coresspreadacrossmultiple CPUsand
multiple pointson an interconnectnetwork, it may even be worth
leavingprocessingresourcesidle if performanceis beinglimited by
contentionin thecachesor betweentheprocessors.Thesescenarios
bothsuggestsomekind of adaptive feedback-basedscheme.

The implementationdescribedhereis publicly available from
theGlasgow Haskell CompilerCVSrepository.
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