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Abstract

Multi-core processorsre coming,andwe needwaysto program
them.The combinationof purely-functionalprogrammingandex-

plicit, monadicthreads communicatingusingtransactionamem-
ory, looks like a particularly promisingway to do so. This paper
describesa full-scale implementationof shared-memoryarallel
Haslell, basedon the Glasgav Haslell Compiler Our maintech-
nical contriktution is a lock-free mechanisnfor evaluatingshared
thunksthat eliminatesthe major performancebottleneckin paral-
lel evaluationof a lazy language Our resultsare preliminary but

promising: we can demonstratevall-clock speedup®f a serious
application(GHC itself), evenwith only two processors;ompared
to the sameapplicationcompiledfor a uni-processor

Categoriesand SubjectDescriptors D.3.2[Languaye Classi ca-
tiong: Applicative (functional)languages

GeneralTerms LanguagesPerformance

1. Intr oduction

For mary yearsthe easiestapproachto getting software to go
fasterhasbeento sit aroundandsave up for a nev machine(and
then preferablyrun the old software on it). It is becomingclear
however, thatthis freelunchis over [22]. Processomanugcturers
have stoppedstrugglingto pushclock speedsnuchfurther, andare
turningtheirattentiorto parallelisminstead Multi-core processors,
with several symmetricprocessingcoreson a single chip, will be
the norm in consumemachineswithin the next 1-2 years.The
software challengeis to take adwantageof this extra processing
power throughparallelism.

Theparallelfunctionalprogramming-ommunityhasbeenchas-
ing this very goalfor morethantwo decadesaswe discussn Sec-
tion 8. However, the rules of the gamehave now changedIn the
past,thefreelunch meantthatfew peoplewere preparedo invest
any effort to parallelisetheir programs- andeven functionalpro-
gramstake work to parallelise FurthermoreanN-processoparal-
lel machineusedto costmorethanN uni-processorddence(a) the
market for shared-memorynachineswas small, and (b) the peo-
ple who caredenoughto buy sucha machinewereseekingperfor
manceabove all else,andwerewilling to investlots of program-
ming effort to getit.
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Theeconomichiave now changedsharply Soonevery machine
will bea parallelmachinewhethenwe like it or not. Programmers
will thereforebe forcedto do parallel programming ratherthan
relying on the free lunch; andthe extra processorsomefor free!,
ratherthan costingextra. Parallel functional programmingwhich
offers the hope of getting moderateparallelismin exchangefor
modesteffort, suddenlylooks moreattractie.

Another reasonto look at this problemnow is the discovery
of Software TransactionaMemory (STM) [9], which for the rst
time offersprogrammersrealabstractiormechanisnfor building
concurrentsystems.Furthermore, STM has an efcient shared-
memoryimplementationywhichwe will describdaterin the paper

Unlike most other work on parallel functional programming
(seeSection8), we concentratexclusively on shaed-memoryar
chitecturesbecausehatis the architectureof the upcomingmulti-
coreprocessorsThe speci ¢ contritutionsof this paperareasfol-
lows:

Parallel evaluationin a sharedheaprequiresratherintimate
co-operatiorbetweernprocessorsespeciallyto avoid racecon-
ditions when evaluating and updatingthunks.Normally such
co-operationrequires synchronisationinstructions, such as
compare-and-sap (CAS), but we give measurementhatshav
that addingtheseinstructionsto thunk evaluationis unaccept-
ably expensve: an averageoverheadof morethan50% across
thenofib benchmarlsuite.

Thusmotivated,ourmaintechnicalkontributionis anovel tech-
nique for reducingthis overhead,by completelyeliminating
locking instructionsand memory barriersfrom thunk evalua-
tion andupdate(Section3). We getthe averageoverheaddown
to lessthan6%.

The lock-free technique,by design,leaves a small possibil-
ity of semantically-harmlesduplicateevaluation.We present
techniquedor making suchduplicationvery unlikely, andfor

boundingthe amountof duplicationthat cantake place(Sec-
tion 4).

We describea full-scale parallel implementationof Haslell,

basedon the Glasgav Haslell Compiler(GHC). All of GHC's

runtime featuresare supported:ConcurrentHaslell, 1/O, the

foreign function interface (FFI), exceptions,interrupts, and
transactionamemory(Section5).

We give measuremenfer theoverheadf compilingaprogram
with supportfor shared-memorpgarallelismthisis thebaseline
overhead which you pay simply for compiling a programto

work with multiple threadgSection6).

Thebottomline is wall-clock speedugor realapplicationsWe

demonstratesucha speedupwith only two processorsgcom-
paredto the sameprogramcompiledfor a uni-processo(Sec-
tion 7). Ourbenchmarlprogramis notoy: it is GHC itself. The

1«For free” meansasit alwaysdoes alreadypaidfor.



factthatwe could paralleliseit soeasilygivessubstanceo the
claim that parallel functional programmingoffers a relatively
low-effort way to exploit the power of multi-coreprocessors.

2. Background: multi-thr eadingin Haskell
We bagin by settingthe context for our work.

2.1 The programmer's eye view

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

Expressveness.Marny programsare concurrentby design. For
example,a web-serer may run a concurrent,|/O-performing
threadto serviceeachincomingrequestin ConcurentHaslell
[19], thesethreadsareforked explicitly, usingtheforklO com-
binator:

forklO IO a -> |0 Threadld

Like corventionalparallelprogramsa Concurrentaslell pro-
gramis (by design)non-deterministichecauseof the unpre-
dictableinterleaving of threadexecutions.

Performance. A long-standingclaim of the functional program-
ming community has beenthat the absenceof side effects
males it possibleto harnessthe power of multi-processors,
without changingthe semanticof the languageat all. In prin-
cipleonemayextractparallelismautomatically— for example,
to computee; + e; we may evaluatee; ande; in parallel—
butit is extremelydif cult to ensurehatthegranularityof such
sub-computationss large enough.In practice,attentionhas
focusedon using programmerannotationgo identify promis-
ing sub-computationsThe simplestsuchannotations the par
combinatorusedby GlasgowParallel Haslell (GPH)[24]:

par : a->b->0b

Theideais thatevaluating(par ey e;) rst addse; to apoolof
work availablefor unemplyed processorsandthencontinues
by evaluatinge; [23]. In contrasto ConcurrentHaslell, adding
par annotationgannotaffecttheresultof the program-thatis
why par is suchanattractie way of exploiting parallelism.

It makes perfectsenseto run a ConcurrentHaslell programon a
uni-processqrand GHC's standarddistribution doesexactly that.
To keepthingsclear we call this“Uni-GHC”. Ourgoalin this paper
is to extendUni-GHC to work on shared-memorynulti-processors
aswell: SMP-GHC.

Oncethatis done,addingpar is relatively easy becausenary
of the underlyingmechanismgthreads schedulingmutualexclu-
sion) are the samefor both Concurrentand Parallel Haslell. At
thetime of writing, we have notyetimplementedcpar. However, it
malkes perfectsenseo useforklO to spavn explicitly-concurrent
computationgor the purposeof performancethe purity of thelan-
guagemalesit mucheasieto seewherethesehreadsnayinteract,
andthe STM malesit easyto synchronisehem correctly where
they do.

2.2 Threadingmodelin Uni-GHC

ConcurrentHaslell is designedo scaleto applicationsinvolving
hundredsor thousand®f threadsof execution,evenon uniproces-
sor machinesConsequentlyto make threadinglightweight, Uni-
GHC multiplexesHaslell threadsonto a single OSthread called
aworker-thread A worker threadonly switcheshetweenHaslell
threadsat carefully controlled points, suchas explicit yields, in-
vocationson synchronisatiomrimitives,or periodicallyon storage
allocation.

GHC also supportsinteractionwith native code— both calls
from Haslell codeinto functionsimportedfrom native code,and

calls from native codeinto functionsexportedfrom Haslell. This
addstwo complicationsto the threadingmodel.Firstly, if a native
call blocks,thenit is necessaryo createanen (OS)worker-thread,
sothatprogrescanbe madewith otherHaslell threadsSecondly
aHaslell threadcanbe marked asbound[15], which meanghata
dedicatedOS threadis resened for it — this may be neededvhen
interactingwith externalcodethat usesnative perthreadstorage.
However, in Uni-GHC, althoughtherearemultiple OSthreadonly
oneof themis ever executingHaslell codeat anyonetime.

2.3 Towards SMP-GHC

Unfortunately developing SMP-GHCis not simply a caseof cre-
ating multiple worker threadsto run Haslell codein parallelon
separateCPUs:the assumptiorof single-threadedxecutionper
vadesthe Uni-GHC runtime system.Instead we mustbe examine
all of the stateaccessetby a worker threadwhile runningHaslell
codeandeither(a) replicateit for eachworker, or (b) ensurethatit
is accesseth asafe,synchroniseavay sothatmultiple OSworker
threadso not confuseeachother

To do this we usethe notion of a capability. A capabilityholds
all of the private statethat a worker needsin order to execute
Haslell code— for instance aswe seebelav, eachcapability has
its own allocationarea.

A worker threadmust hold a capability in order to execute
Haslell codeandsothe supplyof capabilitiessenesto controlthe
level of parallelismthatthe runtimesystemcanachieze. Uni-GHC
canthenbeseemsadegenerateasen whichthereis only asingle
capabilityandconsequentlynly a singleworker threadexecuting
Haslell code;SMP-GHCis themoregeneracasewheretheremay
bemultiple capabilitiesusuallyonefor eachavailable CPU.

Mary kindsof sharedstatearestraightforvardto dealwith:

1. Immutableobjects suchasconstructorcellsin theheapcanbe
sharedlirectly without synchronisation.

2. Mutable objects(IORefs, MVas, TVars) are all heapobjects
and henceare globally shared;aswe discussin Section5 we
mustmalke theseobjectssafefor concurrentaccesdby multiple
worker threads.

3. Therun-queug alongwith otherscheduledatastructuresre-
mainsglobally sharedbetweenall of the worker threads.The
queueis protectedby a lock that mustbe held whenmanipu-
lating it. Eachworkerthreadthat holds a capability proceeds
by taking a runnableHaslell threadfrom the run-queueyun-
ning it for a while, returningit to the run-queue picking an-
otherthread,and so on. One could imaginea lesscentralised
implementationof the run-queueput this simple designdoes
notform abottleneckontoday’s machinessowe have not pur-
suedthis.

4. Eachcapabilityhasits own privateallocationarea, or nursery
so that allocation can proceedwithout expensve, perobject
synchronisationNurseriesare expandedby memorysupplied
from aglobalblodk allocator.

5. The rememberd set usedby the generationalgarbagecol-
lector, is globally shared.It could easily be replicated per
capability but in mostcasesupdatesto it arerareand so the
overhead®f synchronisedccesarenot high.

In short,almosteverythingis eitherreplicatedn eachcapability
(e.g.the allocationpointer),or usedexclusively by one capability
at ary instantin time (e.g. a given Haslell threads stack),or is
immutable(e.g.a constructorcell), or is seldommutated(e.g.the
runqueueor anMVaj.

Unfortunatelythereis one big exceptionto this happy story:
thunks.In alazy languagemary thunks(or suspensionsireallo-
cated andlaterevaluated Whenevaluationof athunkis complete,
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Figure 1. Thunkevaluationin Uni-GHC (a)—(c),andthe new thunkformatusedin SMP-GHC(d).

it is overwrittenwith (anindirectionto) its value, sothatsubsequent
evaluationsof thesamesharedhunkdo notrepeathework of eval-
uatingit. Thisallocate/galuate/updateequences in theinnerloop
of almostary Haslell program,andsoit mustbe doneef ciently.
Our solutionto this challenges the maintechnicalcontribution of
thepapertackledin Section3 andthenre ned in Sections4.

2.4 Garbagecollection

In our currentimplementation,when memory is exhausted,all

workerthreadsstop work, andthen a single OS threadperforms
garbagecollection. This is a stop-gapmeasureglearly we would
like parallelgarbagecollection. Thatshouldnot betoo hard;mary

techniguesexist [5] and they imposeno newv overheadson the
mutator threads.Furthermore the bene ts of parallel GC would
be available even to single-threadegrograms provided multiple
CPUs are available. Beyond that, concurrentgarbagecollection
(concurrentwith mutation, that is) might seemattractize, but it

imposeguite seriousnewv overheadon mutation[11].

3. Lock-fr eethunk evaluation

A thunkis a heapobjectthatrepresentsin unevaluatedexpression
in the program.The problemwith evaluatingthunksin parallelis
thatalthoughthe computationperformedby evaluatinga thunkis
logically side-efectfree,theactualproces®f evaluatingit involves
updatego thesharecheap- theseupdatesarecrucialfor ef ciency
becausehey preventthe samethunkfrom beingre-evaluated.

The structureof a thunk objectis shawvn in Figure 1(a); it
consistof aheademword andavariable-sizeghayload Theheader
word pointsto thethunk'sinfo tableandits entrycode Thepayload
containgointersto thefreevariablesof the expressionrepresented
by the thunk (perhapsthemseles other thunks). The info table
describeshelayoutof the heapobjectto the garbagecollector

In Uni-GHC, thunkevaluationproceedsn thefollowing way:

1. A threadthat needsthe value of the thunk entes it by loading
a pointerto the thunkinto a registerandjumping to the entry
codefor thethunk.

2. Theentrycodefor thethunkdoesthefollowing:

It pushesanupdateframeon the stack.
It evaluateghe expressiorrepresentetly thethunk.

An updateframe compriseswo words: a pointerto the thunk
to beupdatedandareturnaddressypdate, pointingto arun-
time systemroutinethatwill updatethe thunkwhenexecution
returnsto this frame.Thisis shavn in Figure1(b).

3. Whenthe computatiorof the expressioris complete the com-
putedvalue(alwaysanotheheapobject)is putin aregister and
controlis transferredo thetopmostreturnaddres®nthestack,

in this caseupdate. Theupdate codeoverwritesthe original
thunk with an indirection to the value, so that the next time
its valueis required,it doesnt have to be recomputedandthe
valuecomputedhe rst time canbereturnedThisis shavnin
Figurel(c).

An indirection is a two-word heap object. Like all heap
objects,its heademword IND pointsto executablecode,while
the secondword is the payload.The codefor an indirection
simply entersthe payloadobject (just as in Step1 above).
This designmeanghata threaddoesnot needto explicitly test
whethera thunk hasalreadybeenevaluatedwhenit entersit:
it eitherproceedswith evaluation,or entersthe IND codeand
retrievesthe existing result.

3.1 A badidea: locking thunks

In a parallelworld, two threadsmight attemptto evaluatethe same
thunk at the sametime. Since evaluatinga thunk canrequirean
unboundedamountof work, duplicateevaluationis clearly a Bad
Thing. The obvious solutionis to lock the thunk while it is under
evaluation, using either a standardmutex suppliedby the OS, or
by rolling our own locking implementationfor example doing
compare-and-sap (CAS) ontheheademword of thethunk.

Thetroubleis thatthunk evaluationis extremelycommon,and
CAS instructionsare extremely expensve — at leasttwo ordersof
magnitudemoreexpensve thanordinaryinstructiongandtheratio
is gettingworse).This matters:in Section6 we shav thatadding
two CAS instructionsto every thunk's evaluation(onein the entry
codeandonein the update code)increasegxecutiontime by an
average50% with a maximumof 300%. In an earlier complete
(but now-bit-rotted) implementationwe obsened executiontime
increasingby 100% whenlocking thunks.We considerthis to be
unacceptablesvenif thereis plentiful parallelism,youwould need
anentireextra processojust to getthe sameperformancehatour
sequentialmplementatiorhason a singleprocessor

In short,full thunklocking is unreasonablgxpensve.

3.2 A goodidea: lock-fr eethunks

Thekey ideaof this paperis this: evaluatethunkswith no locking
instructionswhatsoger. This lock-free approachis basedon the
following obsenrations:

1. Becausea thunkalwaysrepresents pureexpressionsemanti-
cally it doesnt matterif two threadsevaluatethe samethunk,
becausehey will bothreturnequivalentvalues.lt doesnt mat-
terwhich one“wins”, sincethevalueswill beequialent— ary
differencewill be unobserable by the program(but seeSec-
tion 3.5).

2. Mary thunksare cheap,so duplicateevaluationoften doesnt
matter



3. Concurrentevaluation of a thunk by two different threadsis
rare.

If theseobserationsaretrue,thenall we needdois (a) ensure
thatconcurrentock-freeevaluate/updateperationson a thunk do
not confuseeachother (b) narrav (but not close) the window
during which it is possiblefor two threadsto begin concurrent
evaluationof the samethunk and(c) provide somemechanisnto
recover from therarecaseof concurrenevaluationof anexpensve
thunk.

The devil is in the detailshowever. We tackle (a), which con-
cernscorrectnessn thistherestof this sectionJeaving (b) and(c),
which concerref ciency, for Sectior4.

3.3 The rst enter/updaterace

The rst thing we mustdo is ensurethatif two threadssucceedn
enteringthe samethunk,they do nottrip over eachother Although
the expressionbeing evaluatedis 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 otherthreadis still readingthe payloadof the thunk.
Considetthis evaluation:

ThreadA ThreadB

Jumpto thunk’s entrycode
Loadfreevariables
Evaluatethunk

Returnto updateframe
Updatethunkwith indirection

Jumpto thunk's entrycode

oukwnE

Loadfreevariables

At step(5), thepointerto theresultof thethunkhasoverwritten
oneof the free variables soin step(6), threadB readsan invalid
valuefor the rst freevariableandproceedswvith evaluationusing
this bogusvalue.

The solutionto this raceis straightforvard: we extendthe size
of thethunkby oneword, addinga resultword beforethe rst free
variable.This new structures shavn in Figure1(d). Extendingthe
sizeof thunksby oneword is not trivial in termsof its impacton
performancebut it is acceptablewe presentsomemeasurements
in Section6.

3.4 The secondenter/updaterace

Thesecondoroblemwe mustaddres®ccursif onethreadis enter
ing athunkjustasanothetthreadis updatingit. Thisis because¢he
updatestepinvolvestwo separatevrites to memory oneto store
INDin the heademword andoneto storetheresultitself: thethread
enteringthethunkmay seeonewrite but notthe other

For instancesupposéhattheupdatemritesto the heademord
rst andthenstorestheresult:

Updatingthread | Anotherthread

Write IND

ReadIND
Readbogusresult eld

N

Write result eld

It is straightforvardto preventthis problemon Intel and AMD
x86 processorsWe simply needto write the update function so
that the resultis stored r st and the headersecond even in a
multi-processosystemwith cacheswrite buffers, andso on, the
hardvareguaranteethatathreadthatseegheupdateto theheader
will seetheresult.

Thesituationis morecomplex on otherprocessoarchitectures:
processoryary in exactly what guaranteeshey make when exe-
cuting code where memoryis being sharedwithout using locks.

Typically, someform of memoryfenceinstructionis neededo con-
strain the order in which unsynchronisednemory accessesake
place[1, 26]. Unfortunatelythesememoryfencesareoftenasslow
asatomiccompareand swap operationswhich, aswe sav above,
areunacceptabléo addto the fastpathsthroughthunk entry and
update.Therearetwo problemsto consider:whetherwrites per
formed by the updatermay be re-orderedby the hardware, and
whetherthereadsperformedby anothetthreadmaybere-ordered.

If the processomrallows writes to be re-orderedthen unfortu-
natelywe do needa memoryfencebeforeexecutingthe update
codefor thethunk.Thisensureshatdatastructureseachabldérom
the resultwill be visible to other threadsthat usethe result. Of
coursememoryfencesareneededor thesamereasorin otherlan-
guagesfor exampleto ensurethatinitial eld valueswrittenin a
constructoiareseencorrectlyby otherthreads.

If aprocessoellows readsto bere-orderedvithin the memory
subsystenthenwe canstill avoid addinga barrierto the entry
code by exploiting the fact that result of evaluating a thunk is
alwaysanon-zergpointerinto theheap If we ensurehattheresult
eld is initialised to zero, and that this initialisation is visible to
all processorsthenif a threadentersan indirection closureand
seegerothenit simply busy-waitsor yieldsuntil theresultreaches
memory

3.5 UnsafeRerformlO

So far we have assumedhat a thunk representsa pure compu-
tation, with no side effects whatsoger. GHC, however, supports
unsafePerformlO , a primitive with typelO a -> a[18]. As its

namesuggestsit is unsafeput it is occasionallyuseful. An exam-

ple of asafeusewould beto wrapaforeigncall to C function,that
wasin factpure.

However, less savoury usesof unsafePerformlO could be
in big troubleif they could be (unpredictably)executedtwice if
parallelthreadsenterthe samethunk.We have nottackledthis yet,
but the appropriatehing is probablyto provide acombinator

justOnce a-> a

thatdoesproperlocking onits thunkargument Ennalsencountered
justthesameissuein hiswork on adaptve evaluation[4].

3.6 Summary

To summarisewe canperformcorrect,lock-freethunk evaluation
asfollows on Intel andAMD x86 processors:

Every thunk containsa result word, to receve the updated
value,

Whenupdating,storethe resultbeforewriting the indirection
headeword.

We wantperformanceaswell ascorrectnesshowever. Thefollow-
ing sectiondiscussesiow to recover from the situationwhentwo
threadsareevaluatingthe samethunk,andhow to narraw thewin-
dow duringwhichtwo threadsnaystartto evaluatethesamethunk.

4. Recovering from duplicate evaluation

Most thunksare cheap:they are entered,evaluated,and updated
relatively quickly. For thesethunkswe wantlock-free evaluation,
andwe are preparedo risk duplicatingtheir work in the unlikely

caseahattwo threadsvaluatethemconcurrently- afterall, they are
cheap.In contrast,for expensve thunksthe overheadof locking

arequite acceptableln this sectionwe describehow to lock only

expensve thunks.

4.1 Thekey (old) idea: black-holing

Recallthat the stackof a Haslell threadcontainsupdateframes,
eachof which pointsto athunkthatthethreadis evaluating.\\e can



therefore arrange that periodically, ead thread scansthe update
framesin its stad, and usesa CASinstructionto gain exclusive
accesgo thethunk.We call this “claiming thethunk”.

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

thunk_234 (the original headerword of the thunk): Thread

A hassuccessfullyclaimedthe thunk, leaving it asshawvn in

Figure2(a).

BLACKHOL&notherthreadB hasalreadyclaimedthethunk.

IND: anotherthreadB hasalreadyupdatedhethunk.
Supposegor the momentthat ThreadA succeedsn claiming all

the thunkspointedto by its updateframes,after which it resumes
normal evaluation. Now supposethat anotherthreadB tries to

enteroneof thosethunks;it will landin the codefor BLACKHOLE

(rememberevery heademword is a codepointer). This codemust
arrangefor ThreadB to block, waiting for ThreadA to complete
evaluationof thethunk.We discusshe mechanisnfor blockingin
Section4.2.

SupposéhatThreadA nds anupdateframewhile scanningts

stackpointing to a thunkthat alreadycontainsiIND or BLACKHOLE

(the latter two casesabove). Then everything on the stacksubse-
guentto (i.e. youngerthan)this updateframerepresentsedundant
computationHence,we wantto truncateA's stackto this update
frame,andleave ThreadA in a statesuchthatwhenit resumesx-
ecutionit will enterthe thunk asif for the rst time. If it enters
a BLACKHOLEE will block, asaborve; but it the thunkis an IND,
it will simply nd thevalue.If severalupdateframeson A's stack
have INDor BLACKHOtinks we wantto truncatethestackto the
deepesfi.e. oldest)one.The operationof “truncatingA's stack”is
alittle trickier thanit soundsaswe discussn Section4.3, but the
effectis to abortA's redundantomputation.

Note thatthe factthat ThreadA succeedén claiming a thunk
doesnot guaranteghat no otherthreadB is evaluatingit, because
B might not have gottenaroundto trying to claimit yet. Indeed B
might even getall the way throughto updatingit (if the thunkis
cheap)But if thethunktakesalongtime to evaluate,B will try to
claimit, andwill backoff then.

SinceThreadA scansts own stackrepeatedlyit musttake care
not to scanthe sameupdateframe more than once,becausahe
secondtime it, of coursewill nd BLACKHOLRut thereduring
thepreviousscan!Thisis easilyarranged- by markingthe update
frame,with a bit or by changethe update codepointer—andhas
the side bene t of saving work: oncewe nd a marked update
frame, we canstop scanningandno frameis scannednorethan
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], andto
detectcertainsortsof in nite loops.Becausat is deferreduntil a
stack-scaris performed,we sometimescall it lazy black-holing.
We can also use an eager lock-free, variant of black-holingto
dramaticallyreducethewindow in which duplicateevaluationcan
occur(Sectiond.4).

4.2 Blocking

Whena (Haslell) threadentersa black hole— thatis, athunk with

BLACKHOIdsits heademword — we wantto arrangeto block the
threaduntil the thunk's evaluationis complete.ln Uni-GHC the
blackholeentry codeplacesthe threadon a queueattachedo the
thunk itself; the update code(executedwhena thunkis updated
with its value) checksfor waiting threadsand wakes them up.

Anothernen heademword, BLACKHOLE_Ri@nti es black-holed

thunkswhich form the headof queuesf blocked threadsThis is
shavn in Figure2(b).

In SMP-GHC,this techniquerunsinto dif culties. Somecare
mustbe taken to co-ordinatemultiple threadsthat block simulta-
neouslyon the samethunk, althoughherewe useproperlocking
instructions,sinceblocking is rare; and we would probablyneed
yetanothemword to containthe (almostinvariablyempty)blocking
gueueTheworstthing, though,is thattheupdate code which up-
datesthe thunkwith its value,mustcheckfor blockedthreadsand
it is hardto seehow to make thatlock-free.

To avoid theseproblemsSMP-GHC abandonshe Uni-GHC
approachlinstead,we keepblocked threadsin a separateglobal
queue.The entry code for BLACKHOU#acesthe threadon the
global bladk-hole queueas shavn in Figure 2(c). Note that each
threadpointsbackto theblackholeonwhichit is blocked—threads
on the black-holequeueare checled at regular intenals to see
whetherthe computatiorthey arewaiting for is complete sothey
canbewokenup.

Of course,we cannotavoid locking or CAS when updating
the global queue,but unlike the fast-pathcode on thunk entry
and update,we arent too concernedaboutatomic actionshere
becausewe expect blocking on black holesto be relatively rare
(seemeasurementis Section7.5). The queuecould be madeper
capabilityin ary case.

Theglobalqueuebringssomenew problemsFirstly, traversing
thequeueis O(n), sowe mustnottraverseit too often.Our current
implementatioriraversest atleastatevery GC (wheneverythread
is touchedaryway), andalsowhenthereis anidle CPU.Secondly
blockedthreadsdon't getwokenup aspromptly asin the previous
schemelt's possiblethat a thread might get unfairly staned if
it often blocks on BLACKHO&.EOur implementationdoesnt do
arything to mitigate this, but we don't expectit to be a serious
problemin practice.

4.3 Truncating the stack

It is temptingto think thatwhenwe truncatea stackwe cansimply
discardthe truncatedportion wholesale.After all, there are no
effectsto undo- thisis a functionalprogram!However, this stack
chunk may itself contain updateframesfor other thunks under
evaluation.Someof thesethunksmay be visible to otherthreads,
so we cannotsimply discardthis stack chunk and the work it
representsyecausehatwould leave thesesharedhunksin a semi-
evaluatedstate(probablyBLACKHO$Eandthenext threadto enter
oneof themwould block forever.

Thisis nota new problem.Exactlythe sameissuesarisewhen-
ever athreads executionmustbeabandonedor somereason:

GHC supportsaasynchronousterruptswhich allow onethread
(oranexternalsourcel}o interruptanothef16]. Theinterrupted
threadabandondts stackuntil it nds anexceptionhandler

In our implementationof Software TransactionalMemory
(STM), we periodically“validate” the threads transactioriog,
to checkthatit hasseena consistenview of memory;if not,
we abandorthetransactiorandre-executeit [9].

The requirementthen, is to ensurethat the black holes pointed
to by the updateframesof an abortedstackchunk are left in a
sensiblestate We could considemreverting eachof the black holes
backto its unevaluatedstate,but that would require keepingthe
original stateof thethunkuntil its evaluationis completerecallthat
one of the purposesf black-holingis to eliminatethe spaceleak
causedy retainingthe free variablesof a thunk underevaluation.
Moreover, revertingthe thunkwould throv away thework thathas
beenperformedonit sofar.

Fortunatelya bettersolutionis knawn [20]. Thetrick is to save
the stackonto the heapin sucha way that if ary of the thunks
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Figure 2. Thunkblack-holingin Uni-GHC (a)—(b),andin SMP-GHC(c).

areenteredagain,the saved stackis reconstructedn the entering
threads stack,and the evaluation of the thunk resumeswhereit

left off. We call this “freezing” the stateof the evaluation.A nice
propertyis thatif the frozenthunksarenot sharedwith ary other
threads,then the garbagecollector will quickly throw away the
frozenstate.

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

4.4 Narrowing the window using grey-holing

So far we have assumedhat until a thunkis black-holedby the
claimingoperationjt remainsunmodi ed, sothereis quiteawide
window in which two threadamight begin evaluatingit simultane-
ously It is easyto narrav thewindow: assoonasathreadentershe
thunk,it writesGREYHOLo theheaderwithouttakingary locks.
Theentrycodefor GREYHOIEhesameasfor BLACKHOL$bthat
ary otherthreadenteringthe thunk will now block (Section4.2).
Of coursethewindow is not closedentirely: whenonethreadhas
readthe headerof the thunk, but notyet written GREYHOL&Ssec-
ondthreadcould alsoreadthe heademvord andbegin a duplicate
evaluation.But now thewindow is only oneinstructionwide.

Why not simply write BLACKHORBecausewe needto use
a different headerword so the lazy black-holing mechanismof
Section4.1 candistinguish(a) whenit hassuccessfullyclaimed
exclusive accesdrom (b) whenit comesacrossa thunk that has
beenclaimedby anotherthread.

However, sinceathunkis now mutatedwicein alock-freeway;
onceto grey-holeit andonceto updateit with its nal value,grey-
holing introducesa new racecondition:

ThreadA ThreadB
1. | Enterthunk'scode Enterthunk’s code
2. | Write GREYHObEader
3. | Evaluatethunk
4. | Write result eld
5. | Write INDheader
6. Write GREYHOhBEader
7. Evaluatethunk

ThisracedoesnotthreatercorrectnessAll thathappenss that
ThreadB will evaluatethe thunk all over again.Naotice that the
raceoccurshecausehreadA completesall of the thunk's evalu-
ation betweertwo instructionsin ThreadB's execution.Therefore
the moreexpensve that evaluationis, the smallerthe chancethat

ThreadB will be asleepduring the entire evaluationby ThreadA.
Soit is quiteacceptablesimply to ignorethisrace.

4.5 Duplicate unsharedthunks

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

z=let x = ..
in Just Xx

expensive

z is very cheapto compute,but its value containsan expensve-
to-evaluatethunkx. If the evaluationof z is duplicatedthenthere
will be multiple resultseachpointing to a differentversionof x.
Theruntimecannotdetectthatthetwo versionsof x areequialent,
sotheevaluationof x will becompletelyduplicated.

The bestwe can do in our lock-free designis to malke this
scenaricighly unlikely to occur Grey-holing alreadysigni cantly
reduceshe possibility that evaluationof z will be duplicated but
we might not wantto usegrey-holing becausef the performance
penalty

A cheapettechniqueis to checkthe heademword of the thunk
in the updatecode:if the headerword is alreadyIND, thenwe
canreturn the existing result ratherthan the result we have just
computedThis trick isn't foolproof becausawo updatescanstill
happersimultaneouslybutif successfult doesrecoverthesharing
atthe expenseof anextrareadduringupdate.

To date,we haven't implementedhistechniqueor measureds
overheadHowever, we expectthe overheado below: readingthe
heademword in the updatecodedoesnt increasememorytrafc,
becausehe headerword is being written to aryway, soit needs
to be in the cache.In fact, Uni-GHC alreadyperformsthis read
becauset checksfor BLACKHOLE_BRupdate.lt doesrepresent
a control o w decisionbasedon the resultsof a memoryread,so
theremightbea pipelinestall, but we expectthemajority of thunks
to be cheapto evaluateandthereforestill in the cachewhenthe
updatecoderuns.

It takestwo physicalprocessorso duplicatework, andin that
casetherearetwo physicalprocessorgo excecutethe duplicates,
soonemightwonderwhetherthe (highly-unlikely) worstcaseis to
slow down to the speedof a uni-processorSadly this is not quite
right, becaus@neof the duplicatethreadsmight be de-scheduled,
and the two processorsmight accidentallyduplicate more work
in the other— andthendo the samein the de-scheduledhread.
It seemsthat thereis no hard upperbound, but that the chances
of repeatediuplicationdecreasexponentiallywith the numberof
duplicatesThis problemdoesnot keepus awake at night.



4.6 Summary

The runtime has completefreedomto decidehow frequentlyto
scantheupdatdramesonathreads stack. Oneplausiblepossibility
would beto scanthe stackwhenthethreadis descheduledhatis,
whenit blocks,runsoutof allocationarea,or its time-sliceexpires.
Only active threadsneedtheir stacksscannedat all; sleepingor
blocked threadseedno suchattention.However, if grey-holingis
beingusedi,it is extremelyunlikely thattwo threadswill manageo
squeezehroughthe one-instructiorwindow, andtherebyevaluate
the samethunk,soit probablymakessenseo scanthe stacksvery
seldom.

SupposehateachHaslell threadscansits stackevery T ticks.
Thentheschemeguaranteethatary thunkwhoseevaluationtakes
longerthanT ticks will be claimedby a uniquethread;and ary
otherthreadghatmanageo squeezénto the one-instructiorwin-
dow, and therebyevaluatethe thunk concurrently will wasteat
mostT ticks each.

5. Atomic blocksin SMP-GHC

In Sections3 and4 we shaved how to supportsafeparallelevalua-
tion of purefunctionalcodewithout having to introduceperthunk
locking. We now turnto the problemof impure multi-threadeatode
wherethreadscommunicatevith oneanotherthroughexplicit up-
datego sharednemory As with parallelthunkevaluation we want
theunderlyingprimitivesto be safe fastandscalable.

Our recentwork in Uni-GHC provides atomic memorytrans-
actions as an abstractionfor composablanterthreadcommuni-
cation[9]. Thesearebuilt usinga software transactionamemory
(STM) [21] whichallows asetof accesset asharednutableheap
to be performedatomically

The STM is implementedusingoptimisticconcurencycontol
in which an atomic block executesbuilding up a Haslell-thread-
local log of all of the transactionalariables(TVars) thatit has
readfrom and,in the caseof updatesthe value that it wantsto
write. At the endof theatomicblock, thethreadinvokesa commit
operatiorthatiteratesoverthelog checkingthatthe TVars still hold
thevaluesseenin them:if sothentheupdatesrewritten, if notthe
log is discardedandthe atomicblock is re-executed.

This schemads relatively straightforvard to implementin Uni-
GHC becauseonly onethreadcan be evaluatingHaslell codeat
ary time, so thereis no interleaving betweendifferent commit
operationsTheimplementatiorin SMP-GHCis moreintricatebut
largely employs the sametechniqueshat we have usedin earlier
work on STMsfor multiprocessosystemg8, 6].

The basicideais to implementperTVar locks using atomic
CASinstructionsAs usual we implementthesdocksby overload-
ing thecurrent_value eld in aTVar. asingle CAS instruction
therebysenesto acquirea lock andto checkthatthe TVar held
the value expectedthereby the transactionHowever, noticethat
theselocks are held only whencommittinga transactionand not
throughoutits execution— contentionis thereforeexpectedto be
rare.

We avoid locking altogetherfor TVars thathave beenreadbut
not updated.This aids scalability when dealingwith shareddata
structureghatareoftenreadbut seldomupdatedaread-onlytrans-
action can operatewithout introducing costly contentionin the
memory hierarchy As in earlier work, we do this by addinga
version eld to eachTVar thatis protectedby the TVar's lock
andis updatedon commit. During a commit operationwe make
two passeover the TVars that have beenreadbut not updated-
the rst passrecordsthe versionsseenin eachof them,andthe
secondpasschecksthat noneof theseversionshaschangedThis
guaranteeghatwe seea consistentiew of the setof TVars. Fig-

1. Lok 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.Chekreads

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 newvalue to tvar, unlocking the tvar

Figure 3. Committinga transactionallowing non-con icting up-
datesandreadso proceedn parallel.

ure 3 summariseshis algorithm; Fraserprovides a more detailed
descriptionin thecontext of anSTM library for C [6].

Although this overall structureis corventional,therearethree
novel aspectof our STM design.Firstly, unlike earlierSTMs,we
do not aim to make the commit operationlock-free — that is, if
anOSthreadis pre-emptednid-way througha call to commit then
otherOSthreadswill beunableto performcon icting updatesuntil
the rst threadis rescheduled.ock-freebehaiour is importantin
languagesith an unconstrainechumberof OS threadsoperating
without co-operatiorfrom the schedulerHowever, in SMP-GHC,
the numberof OSthreadss setto matchthe numberof available
CPUs,andschedulingoetweerHaslell threadss underthe control
of our schedulerThis 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 theselocksis rare.Insteadwe simply abortandre-
executea transactionf we fail to acquirea lock during commit
However, if contentionis more frequent,then we could instead
releaseary locks acquiredso far and then proceedto sort the
transactiorog beforereacquiringthe locks. This may reducethe
numberof needlessbortswhile still avoiding the needto sortthe
transactiorlog in every case.ln practicethe rarity of contention
for TVarlocks meanghatwe have notneededo explorethis more
complicatedmplementation.

Finally, a novel featureof ConcurrentHaslell's STM is thatit
supportsaretry operation:conceptuallyif a threadcallsretry
thenits currenttransactionis abandonedvith no side effectsand
thenre-executedfrom scratch.However, thereis no pointin ac-
tually re-executingthe transactioruntil at leastone of the TVars
readduring theattemptedransactionis written by anotherthread
This obsenrationis exploitedby usinga perTVar queueof Haslell
threadsthat are waiting for an updateto be made.A retry ing
threadaddsitself to the queueattachedo 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
GeometridMean +4.9 +53.9

Figure4. Overheadof usingCAS

the transactionread, and the commit operationre-avakens ary

threadwaitingonaTVar writtenby thecommit[9]. We male these
queuessafefor SMP-GHCby re-usingthe perTVar lock to pro-

tect the wait queuesA threadthatis aboutto wait mustacquire
all of the perTVar locksit needsheforeaddingitself to their wait

gueuesthis preventslost wake-upproblemsesultingfrom concur

rentcommitoperationgo thoseTVars.

6. Measuring the overheadof parallel execution

In this sectionwe measurghe overheadmposedby the measures
we have takento allow parallelexecutionof Haslell codeby mul-
tiple threadson a sharedcheap.

6.1 Methodology

We usedthe Glasgav Haslell Compiler version6.4 plus modi -
cations(correspondindo the CVS sourcesaroundthe dateof 31
May 2005),runningon Linux. Our measurementretakenacross
all 88 programsin the nofib benchmarksuite[17], which range
from micro-benchmarksuchastak andrfib ,to“real” programs.
For examplecacheprof is a programfor automaticallytranslating
assemblycodeto insertinstructionsfor dynamiccachepro ling,
compressis animplementatiorof LZW compressiorandhidden
is aprogramfor hidden-lineremoval in 3D rendering.

Although we measuredll 88 programs,our tablesonly shav
a subsetof the results.Neverthelessthe averagesand min/max
gures do take into accountthe whole suite When taking the
averageof percentageswe give the geometricmean. However,
to reducespurious gures, ary programthatran for lessthan0.5
secondn our dual 2.4GHzIntel Xeon wasdiscountedrom the
aggregate gures.

Runtimesarewall-clock times,taken asthe averageof 5 runs.

6.2 Overheadof atomic instructions

Our rst experimentdooked into the total costof addinga single
un-contendedompare-and-sap instructionto the codefor every
thunk entry andto the updatecode.Although this doesnotimple-
mentaproperock onthethunk,it suggestshekind of performance
thatwould be achieved by a basiclock-basedscheme.

Figure4 givesthe measurement$Ve foundthatsimply adding
atomiccompare-and-sap instructionsto the thunk entry and up-
date imposesa signi cant performancepenalty: from 0-300%
slower, with the average being about 50% slower. The small
benchmarkgtak, listcopy , exp3_8 shov the most extreme
behaiour, whereadargerprogramssuchasannaandfulsom dis-
play behaiour closerto the average.

It might be feasibleto constructa locking implementation
arounda single CAS instructionper evaluationratherthanthe two

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 measuredheré But evenhalvingthe penaltywe have ob-
sened still leaves a prohibitively expensie overhead,and a real
locking implementatiorwill needto do morethanjusta CAS in-
struction.

6.3 Overheadof the lock-freeimplementation

Figure5 givesmeasurementsf the sequentiabverheadfor SMP-
GHC, anddescribedn Sections3-5.

Our baselinegures weremeasurean a systemthatdid (lazy)
black-holing,but not (eager)grey-holing. The black-holingimple-
mentationis incompletecomparedo that describedn Section4,
in thatit doesnot useCAS to black-holethe thunk,andmakesno
attemptto detector recover from duplicateevaluation.This short-
comingshouldonly worsenperformancebecauseluplicateevalu-
ationis possible althoughunlikely. (The performanceéboostfrom
notusingCAS duringblack-holingwill bevery small,becauséazy
black-holingis, by design,not the innerloop.) Concerningmem-
ory ordering(Section3.4), the Intel Xeon processoon which we
ranthebenchmark$asstrongguaranteeaboutmemoryordering,
which meansthat a processocannever seethe writes performed
by an updateoccurout-of-order soit is neithernecessaryo zero
theresultword norto addmemoryfenceinstructions.

We canseethat the overheadof the lock-freeimplementation
is around 6% of runtime, which is signi cantly lower than the
overheadf usingatomiccompare-and-sap instructions.

However, therearestill afew outliersin the benchmarksuite:
treejoin  takesa41%performancéit whencompiledfor parallel
execution,for exampleandwanga hit of 34%. A combinationof
factorsis atwork in thesecasesFirstly, they performanunusually
large numberof updatesto thunksthat arein the old generation.
This createscontentionfor the lock which currently protectsthe
GC'srememberedet— aswe mentionedearlier we intendto add
percapability rememberedetsso that we canremove this lock.
Secondlythesdestsarereasonablghortrunningandperformonly
a small numberof old-generatiorgarbagecollections.Execution

nishes just beforea further garbagecollectionwould occurand
so the additionalstoragespacerequiredfor resultwords lls the
heap causingafurtherold-generatiorcollection.Asidefrom these
factorsthe performancés closeto the mean.

6.4 Grey-holing

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

2Note that CAS-freelock resenation schemessuchas Kawachiyas [12],
rely onrepeatedcquisitionsandrelease®f the sameock: 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-freeimplementatiorwith grey-holing

Theresultsaregivenin Figure6, wherethe baselineis the system
measuredh Figure5.

While the code-sizeoverheadis almostnggligible at lessthan
1%, the effect on the runtimeis sometimegiramatic:oneprogram,
sched, shaveda53%increasen runtime.We double-cheo&d the
measuremerdndit is correct.Theoretically writing to thethunk's
headein theentrycodefor thethunkcould causecache-thrashing,
becausehe thunk would not otherwisebe written to at that point
during execution;we don't know whetherin factthis is the cause
of theperformancealropfor sched, hovever.

7. Casestudy: parallelising GHC

In this sectionwe describea casestudyusingour shared-memory
parallelimplementatiorof GHC, and demonstrate real speedup
achieved for a distinctly non-trivial program,with only minor
changedo the sourcecodeof theapplication.

The applicationwe choseto paralleliseis GHC itself, for two
reasons:

It is compute-boundbut hasa natural granularity for paral-
lelism: compiling modulesin parallel. Parallelisationis not
completelytrivial, however, sincethereis somesharedstatebe-
tweenthe compilations.
Theauthorsarealreadyintimatelyfamiliarwith thearchitecture
of GHC, so identifying the potential areasof concernfor a
parallelimplementatiorwasnot dif cult.

For sometime now, GHC hashadtheability to compileseveral
modulesin sequenceyithout having to berestartecbetweercom-
pilations. This is calledthe --make modeof GHC. Therearetwo
mainbene tsto usingGHC in --make mode:

SpeedGHC cachesdnformationaboutmodulesbetweencom-

pilations,sotheinformationis immediatelyavailableto subse-
guentcompilationswithout 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 dependeng analysisinternally, so
only a singlecommandheedso beissuedin orderto build an
entire programor library. The programmeidoesnt needto be
familiar with ary otherexternaltools.

Sincea multi-moduleprogramoften containssubsetof mod-
ules which have no dependenciebetweenthem, it is naturalto

wonderwhetherthesecompilationscould proceedn parallel. For
example,in aprogramwith this structure:

A

()
®

wheremodule A dependson both B and G and B and C both
dependnD we couldproceedy rst compilingD, thencompiling
BandCin parallel,and nally compilingA

Indeed,the Unix maketool alreadyhassucha facility: issuing
thecommandmnake -j2 will compilethe programusingat most2
processes parallelwheneer possible Inspiredby this, we added
asimilar featureto GHC's --make mode.

7.1 The --make compilation engine

In orderto explain our parallelimplementationjt is necessaryo
understanalittle abouthov GHC's --make modeis structuredA
compilationsessiorproceedsn thefollowing stages:

Performa dependencanalysisof themodulesin the program,
andconstructa moduledependencgraph.

Flattenthe moduledependencgraphin topologicalorder
Compileeachmodule.

Link the nal programto form anexecutablgthis stepis omit-
tedfor libraries).

Theinterfaceto compileasinglemoduleis (somevhatsimpli ed):

compile ModSummary

-> HscEnv

-> |0 (Maybe (ModDetails, Linkable)
where

ModSummarycontainsinformation aboutthe moduleto be com-
piled,includingthe lenamesof thesourcele, object le and
interface le.

HscEnv containsall the informationthe compilerneedsto know
aboutits ervironment.Most notably it contains

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

ExternalPackageState : this is a mutable variable, point-
ing to a structurecontaininginformationaboutall the pre-
compiled modulesthat have so far beeninspected.The
ExternalPackageState is basicallya cachewheninfor-
mation aboutanothermoduleis required,the structureis
extendedandthe new versionwritten into the mutablevari-
able. GHC in fact readsinformation about pre-compiled
moduledazily, soin fact ExternalPackageState canbe
modi ed at just aboutary point during compilation.Infor-
mationis only ever addedo the ExternalPackageState |,
never removed.

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



optimising, the ModDetails may also containthe de nitions
of functions,sothata function canbeinlined at its call sitein
anothemodule.

Whencompilinga module ,the HomePackageTablenustcon-
taininformationaboutall themodulesonwhichthecurrentmodule
dependsdirectly or indirectly.

The caller of compile , namelythe --make compilationen-
gine, is expectedto populatethe HomePackageTablewith the
ModDetails for newly compiledmodulesheforecalling compile
again.Sotheideais thatthe HomePackageTablés graduallypop-
ulatedaswe compilemodules,andwhenthe processs complete
we have aHomePackageTableontainingModDetails for all the
modulesof the program.

7.2 Parallelising ghc --make

Now, let us considerhov we might parallelisethis processOne
possibility is to have a compilationsupervisorwhosejob it is to
monitor the stateof the compilationgraph,andstartcompilations
whenall their dependenciesave completedlt would be the com-
pilation supervisors job to keeptrackof the HomePackageTable

This seemsa reasonabl@pproachijf alittle hearyweight. For
our experimenthowever, we chosea simpler arguably more el-
egant, but perhapsslightly more opaquesolution. The ideais to
useconcurrenyg to discover the implicit parallelismin the com-
pilation graph,ratherthan guring it out for oursehes. The key
obseration is thatthe compilationgraphis just a data ow graph,
whereeachnodeis acompilationthatcanstartassoonasits inputs
areready We canimplementa data ow graphstraightforvardly
in ConcurrentHaslell by forking a threadfor eachnode,andhav-
ing aninitially-empty MVarto storethe outputof eachnodé€. Each
threadwaitsontheMVas for eachof its inputs,sowhenall of them
arereadyit canbegin its compilationandstoretheresultin its own
MVar

We still needto constructthe HomePackageTableor each
compilationandtheeasiestvayto dothisis for theHomePackage-
Table to bethedatathat o ws alongthe edgesof thegraph:

D

O
A

OFROE
C

Thethreadfor eachnodeperformsthefollowing steps:

PerformareadMVarfor eachof thenodeshatthecurrentnode
dependson. Eachof the readMVass will completewhen the
relevant nodehasbeencompiled,andits HomePackageTable
isready

Constructhe HomePackageTabléor this compilationby tak-
ing the union of theHomePackageTabkof the dependencies
(duplicateentriescanbe dropped becausehey will beidenti-
cal).

Compilethecurrentmodule.

Extendthe HomePackageTablevith anentryfor this module,
and Il the MVarfor the currentnodewith this HomePackage-
Table.

3 An STM TVar would be nicer However, at thetime we wereimplement-
ing this experiment the parallelSTMmplementatiorwasnot ready

Now thethreadcanexit.

In practice,eachnode needsto store Maybe HomePackage-
Table, sincea compilationmay fail. If a nodefails to compile,
all the othernodesthatdependon it will alsofail, but othersmay
continueto compile.It may be animprovementto this schemeo
terminatethe entirecompilationsessiorasquickly aspossibleafter
anerroris discorered,but we have notimplementedhis yet.

We have sofar assumedhatwe wantto extractasmuchparal-
lelism aspossiblefrom the compilationsessionbut in factrunning
more parallelthreadsthanthereare processorganleadto slow-
downsdueto contentionSoin factwe wantto placealimit onthe
numberof parallelcompilationsthat canbe running at ary time.
We achieve this using a simple quantity semaphoreeachcompi-
lation threadwaits for a unit from the semaphoréeforestarting
its compilation,andreturnsthe unit afterwards.Theinitial number
of unitsin the semaphorés selectablevia a command-lineag to
GHC (ghc --make -j3 , for example).It is advisableo male the
numberof compilationunits equalto the numberof capabilitiesin
the parallelruntime, which is in turn equalto the numberof real
CPUcore$.

7.3 Sharedstatein GHC

Having determinedur top-level strat@y for runningparallelcom-
pilations, we mustnow investigatewhat sharedstate,if ary, the
parallelthreadsneedto accessandhow to make thataccessafein
aparallelsetting.

The most important sharedstateis the ExternalPackage-
State , a mutablevariablewhich canbe updatedat virtually any
point during compilation, even from pure code; we treatit asa
cachelf atsomepointduringcompilationGHC needso know in-
formationabouta pre-compiledmodule,the ExternalPackage-
State is rst inspectedto see whether the interface for that
module has beenloaded.If not, the interfaceis loadedand the
ExternalPackageState is extendedwith informationaboutthe
module.

To make accesdo the ExternalPackageState 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 expectto get someimprovements
from doingthat).

Thereareafew 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 malkes string comparisoncheapby
assigninguniqueintegersto strings; we hadto protectaccesgo
this globaldictionarywith anMVar

We alsohadto x abug in the generationof temporary le-
names-theproblemherewasthattheinternalmechanisnfor gen-
eratingnew temporary lenames wasnt robust enoughin that it
didn't createthe temporary le eagerly so a secondrequestor a
temporarylename beforethe le hadbeencreatedcouldreturnthe
samelename again.Dueto theway GHC usegemporaryles this
bug hadlain dormantuntil it wasexposedby runningcompilation
threaddn parallel.

7.4 Results

Implementingour parallel version of GHC involved around400
lines of changes in total to the compiler sources.The compiler

4We haven't measureavhetherary bene t canbe hadby treatingan Intel
Hyperthreadingvirtual CPUasareal CPUfor the purpose®f determining
how mary threadgo use.

5 Countinglines addedplus lines remaved, wherean editedline countsas
botharemoval andanaddition.



consistof arounds5,000linesof non-commenHaslell sourceso
thechangesepresenabout0.6%of the compiler

We now give somemeasurementsbtainedby compilinga few
programausingour parallelisedGHC,onaduallntel Xeon2.4GHz
machinewith plenty of memory thatwasotherwiseunloaded.

The maximunmspeedupve could possiblyhopeto achieve is 2,
becausehe testmachinehas2 CPUs.However, thereare several
reasonsvhy theactualspeeduwill belowerthan2:

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

A speedumf 2 might not be availabledueto dependencieke-
tweenmodules A programtypically hasa Main modulewhich
cannotbe compiledin parallelwith arything else,becausat
sitsatthetop of thedependencgraph.

Thedependencanalysigphasewhichincludespre-processing
of themoduleg(if ary) is notparallelised.

Thereis an overheadfor compiling GHC itself for parallel
execution.This overheads small,aswe illustratebelow.

To testthatthe parallelismwasworking properly we rst com-
piled two identicalmodulessimultaneouslychangingthe nameof
oneof themodulesThisis theidealcasetherearenodependencies
betweerthe modules sothis will give usanideaof the maximum
availablespeedupFigure? givestheresults.

All our measurementare basedon the averageof threeruns
of the compiler The speedugs measuredisingthe elapsedime
againsthebaselingghc-6.5 (the rst row of thetable).

We obtaineda speedupf 1.32 on this example,which is cer
tainly worthwhile, but clearlytheres roomfor improvement.

In this examplewe increasedhe default heapsizeto 64Mb to
reducethe costsof garbagecollection,nevertheles<GC still takes
15% of elapsedime for the sequentiatompiler and27% in the
parallel case.Why doesGC take more time when compiling in
parallel?Therearetwo reasons:

GHC is carrying more live databecausaét is compiling two
modulesatatime ratherthanone,and

Thetime spentcompiling is shorter so GC occupiesa greater
percentagef thetotal elapsedime.

Looking atthe“usertime” gures in thetable,we canseethat
the parallel GHC requiredmore executiontime overall than the
sequentiatompiler Thereareseveralreasongor this:

Roughly half of the increasewas due to the extra GC time.
This we know for sure,from our measurementshe following
reason@rerathermoreconjectural.

Therewill beincreasedoadonthesharednemorysystenfrom
running two compilationthreadsin parallel. GHC is a fairly
heary userof memory

Threadsmay migrate from one processorto another Our

current schedulerimplementationdoes not attemptto keep
ary afnity betweencapabilitiesand OS threads,or between
Haslell threadsandcapabilities Soevenif the OSimplements
afnity betweerOSthreadsaandCPUsi,it is entirelypossiblefor

aHaslell threads executionto move betweerCPUSs largelyin-

validatingthe contentsof both CPU's caches.

DiscountingGC from the gures, we obtainamorerespectable
speedupf 1.54for our parallelcompilerversusthe baseline We
don't expectto be ableto achiese this gure in practice,because
the GC simply hasmorework to do whencompiling in parallel,
but a multi-threadedC would certainlyhelp us get closerto this
result.

Anotherway to look at these gures is to say that, basedon
the Linux usertime gures, we are using about1.5 CPUsover
the lifetime of the programto obtaina 1.3 speedupso we arent
monopolisingall the processingpower on the system.Hencethe
low speedupis due largely to a lack of parallelismratherthan
overheadsn theimplementation.

The nal row of thetablelists the resultsobtainedby usingthe
standardmaketool to distribute multiple individual compilations
over multiple processorsWe canthink of this asanothemoint on
the trade-of betweensharingand copying: ghc --make sharesa
lot of databetweencompilations,but incurs somedependencies
thatreducethe parallelism.On the otherhand,make -j2 canpar
allelisethe 2 compilationsperfectly but the separateompilations
areduplicatingsomework; namelythereadingof interface les for
librariesandothermodules.

Theunmodi ed GHC 6.5baselinevasusedfor thistest,but we
settheheapsizefor eachindividual compilationto 32Mb, to give a
fairercomparisoragainsthe othertestswhich all use64Mb in to-
tal. The gures shaw thatfor this simple2-moduletest,make -j2
obtainsa speedupf 1.52 versusthe baselineghc-6.5 --make,
so at leastin this simple case,make -j2 beatsour parallelcom-
piler. However, aswe increasehe sizeof the programsn thetests
that follow, we will seethatthe overheadof completelyseparate
compilationwill erodethis adwantage.

Next, we compiledHappy, a medium-sizegrogramconsisting
of 15 moduleswith 1700 lines of non-commentode.Figures8
gives the results.We tried two setsof compilations, rstly with
optimisationturnedoff, andthenwith optimisationturnedon (-O).
So compiling a realistic program,our speedughasdroppedfrom
1.3to 1.2.Thisis still relatively respectablehowvever.

The rationalefor turning optimisationon is to testa hypothe-
sis: partsof the compilerthat performoptimisationmight involve
lesscontentiorfor the sharedstate becaus®ptimisationis largely
concernedvith thecodefor the currentmodule,comparedo type-
checkingwhich accessethe sharedstatefrequentlyto nd infor-
mationaboutimportedmodules Neverthelesspur speedupn this
exampleseemsaunafectedby turningon optimisation.

The make -j2 testagaincomesout on top, but by a smaller
maugin. Furthermore,we can seeby the usertime gures that
make -j2 is performingmoretotalwork thantheparallelcompileg
althoughit is ableto paralleliseit moreeffectively.

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

In this example,the speedupvithout optimisationturnedon is
rather more modest.That might indicate that contentionfor the
sharedstatein earlier phasesof the compileris in fact anissue,
perhapsnoresofor largerprograms.

Now, however, we seethat make-j2 is losing ground to
ghc-smp -j2 . The overheadof restartingthe compiler and re-
readingall theinterface les for eachcompilationaretoo greatto
be overcomeby the availableparallelism.

7.5 How many thunk entry con icts arethere?

Our current implementationdoes not implement the recovery
schemedescribedn Section4, so we do not have accuratemea-
surementgor the amountof duplicateevaluationdetectecandre-
coveredfrom. However, we have reasonto believe thatthe gure

will besmallin thecaseof GHC: we measuredhenumberof times
a GREYHOltfunkwasenteredjn aversionof ghc-smpcompiled
with grey-holing support.With grey-holing turnedon, thewindow

during which two threadscanbegin to evaluatethe samethunkis

extremelysmall,sotakingtheaveragenumberof GREYHOERtries
overanumberof runsgivesusareasonablestimateof thenumber
of duplicateevaluationsthat would occurin a systemperforming



Test Usertime(s) Elapsedime(s) GCtime (%) Speedup
ghc-6.5 -H64m-O 3.8 4.1 15% 1
ghc-smp -H64m -0 3.8 4.1 14% 1
ghc-smp -H64m-0O -j2 4.6 3.1 27% 1.32
make -j2 4.8 2.7 ? 1.52
Figure7. Compiling“ideal” 2-modulelibrary
Test Usertime(s) Elapsedime(s) GCtime (%) 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 -0 22.9 24.0 16% 1
ghc-smp -H64m-0O -j2 25.9 20.1 21% 1.20
make -j2 28.0 18.4 ? 1.31
Figure 8. CompilingHappy with andwithout optimisation
Test Usertime(s) Elapsedime(s) GCtime (%) 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 -0 19.9 20.5 11% 1
ghc-smp -H64m-0O -j2 23.3 16.9 21% 1.22
make -j2 27.4 20.7 ? 1

Figure9. CompilingAnnawith andwithout optimisation

blackholingat threaddeschedulingas describedn Section4. In
suchasystemsomeof theseduplicateevaluationsvould becaught
by the system(we don't know how mary, though).

Over 10 runsof ghc-smp -H64m -j2 , with grey-holing, com-
piling Happy, we sav anaverageof 11 grey-hole entries,with the
maximumbeing26 andthe minimumzero.With lazy black-holing
we sav ratherfewer black-holeentries but we did not obsere ary
speedupn the grey-holing version,sowe concludethattherewas
no signi cant duplicatework beingperformed.

7.6 Is GHC arealisticcasestudy?

One might reasonablyquestionwhetherGHC is a “typical” par
allel application,andwhetherwe canconcludearything basedon
the measurementabove. Indeed,much of this paperhasconcen-
tratedon how to efciently dealwith the issueof multithreaded
contentionfor thunks,andyet apparentlythereis very little con-
tentionfor thunksin parallelGHC.

It is nottrueto saytherearenothunksin thedatasharedy par
allel threadsn GHC. The sharedExternalPackageState is full
of unevaluateddata:in fact, it is only the top-level mappingfrom
Module to ModDetails thatis mutatedin the IO monad,muchof
the contentsof the ModDetails itself is lazilly constructedFor
example,thetype of eachidenti er in aModDetails will initially
berepresentetly athunk,thatwhenevaluatedwill extractthetype

fromtheinterfaceandcorvertit into GHC'sinternalrepresentation.

We believe thatminimising the contentionfor unevaluateddata
in parallelHaslell programswill generallybe goodadvice.How-
ever, we do notbelieve thatsimplifying thesystenby requiringthe
programmetto be explicit aboutaccesgo shareddatais a viable

alternatve:theaimis to imposeaslittle burdenonthe programmer
aspossiblein orderto male parallelexecutionhighly accessible.

8. Relatedwork

Thereis an enormousliterature on parallel functional program-
ming, to which we cannothopeto do justice here;for example,
the recentbook by Hammondand Michaelsonhasa bibliography
of over600entrieq7]. Othergoodsuneysareavailablein [25, 13].

Driven by the desirefor scalability and portability, almostall
this researchasfocusedon distributed-memorymplementations,
which have a separateaddressspace,heap,and runtime system
for eachprocessor(e.g. GUM [24], Clean[7, chapterl5]). As
Hammond& Michaelsonput it “Over the last few years,it has
becomegenerallyacceptedhat a message-passingterface (or,
less generallyaccepteda virtual shared-memorynterface) can
provide efcient accesso a wide classof parallel architectures
while enhancinghe portability of parallelprograms’{7].

Thesesystemsare mostly researchprototypes.They require
careful tuning to amelioratethe overheadsof copying between
heaps,and they lack the languagefeaturesto supportfull-scale
applicationsThenotableexceptionis Erlang,anexplicitly-parallel
functional languagethat usesmessage-passing communicate
betweerthreadsErlangis a maturefull-scalelanguageisedin real
applicationsn telecommunicationf2].

We insteadfocus on the more limited goal of exploiting the
shared-memonrarchitectureof existing multi-processorsand up-
comingmulti-core processorsin that sensepur work is closerto
mucholderwork, suchasthe h ; Gi machineof Augustssorand
Johnssoii3]. Thisimplementatiordid locking on every thunk, but



backin thedayswhenlockingwaslessexpensve relative to normal
execution.

9. Further Work

This paperhasshavn how to supportlightweight parallel thunk
evaluationin whichit is unnecessario have “strong” synchronisa-
tion operationsuchaslocks or compare-and-sap instructionson
thefast-pattcodewhenallocating evaluatingandupdatingthunks.
The resultis that providing the ability to safely evaluateHaslell
codein parallelhasacost,on averagepf only 6%, almosttentimes
lessthanthatof alock-basedlesign.

Thereare several interestingdirectionsfor future work based
onthis platform.As we move to working on larger multiprocessor
machineswe will needto updatethe garbagecollector so that
collectionwork canbeparallelisedThis shouldbe straightforvard:
therearenumerousexisting designgor parallelgarbagecollection
onsharednemorymachines.

Of course we alsoneedto investigatemorethoroughlywhere
theremainingcostsarebeingincurred,andto con rm ourintuition
thatourlock-freedesigncoupledwith black-holingpreventsalmost
all duplicate evaluation work; can we reducethe overheadstill
further?

Moreinterestinglywe wishto returnto thequestiorof how par
allel codeis bestexpressedhn alanguagédik e Haslell —for instance,
combinatorssuch as par and seq and ideassuch as Stratgies
for orchestratingheir use[23]. Anotherdirectionis to investigate
feedback-directedchemesgo attemptto identify thunksthat may
usefully be evaluatedin parallel- for instanceonesthatarelik ely
to beneededn thefuture,which represenaireasonabl@amountof
work andwherespeculatie parallelevaluationis unlikely to intro-
ducecontentiorwith “mainline' threads.

Therearealsointerestingporoblemgo investigatewithin therun-
time system:our currentdesignis simplistic with a single shared
work queuewithout ary notionsof af nity . Furthermorejn sys-
temscomprisingmultiple coresspreadacrossmultiple CPUsand
multiple pointson aninterconnecnetwork, it may even be worth
leaving processingesourceglle if performanceés beinglimited by
contentionn thecache®r betweerntheprocessorsThesescenarios
bothsuggessomekind of adaptve feedback-basescheme.

The implementationdescribedhereis publicly available from
the Glasgav Haslell CompilerCVS repository
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