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Abstract

1 Intr oduction

Two of the mostlongest-standin@nd widely-usedextensionsto
Haslell 98 are ConcurrentHaslell [10] and the Haslell Foreign
Functioninterface[7]. Thesetwo featureswerespeci edindepen-
dently but their combinationis quite tricky, especiallywhenthe
FFlis usedto interactwith multi-threadedoreignprograms.

The corequestionis this: whatis the relationshipbetweerthe na-
tivethreadsupportedy theoperatingsystemthe OSthreads, and
thelightweightthreadsofferedby Concurrentaslell (theHaslell
thread$? From the programmes point of view, the simplestso-

lution is to requirethatthe two arein one-to-onecorrespondence.

However, partof the designphilosophyof Concurrentaslell is to
supportextremelynumerouslightweightthreadswhich (in today's
technologyat ary rate)is incompatiblewith a one-to-onenapping
to OSthreadsinsteadjn theabsencef FFl issuesthe naturalim-
plementatiorfor Concurrentaslell is to multiplex all the Haslell
threadsontoa singleOSthread.

In this paperwe shav how to combinethe cleansemanticof the
one-to-ongrogrammingmodelwith the performancef the multi-
plexedimplementation Speci cally we male the following contri-
butions:

Firstweteaseoutanumberof non-olviouswaysin whichthis
basicmultiplexedmodelcon icts with the simpleone-to-one
programmingmodel,and sketchhow the multiplexed model
canbe elaboratedo cope(Section3).

We proposea modestextensionto the language,namely
boundthreads The key ideais to distinguishthe Haslell

threadswhich mustbe in one-to-onecorrespondenceith an
OSthreadfor the purposeof makingforeigncalls,from those
thatdon't needto be. This givesthe programmetthe bene-
ts of one-to-onecorrespondencehennecessarywhile still

allowing the implementatiorto provide efcient lightweight
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threads.

Weexpresghedesignasaconcretesetof proposedxtensions
or clari cationsto theexisting designdor theHaslell FFl and
Concurrentaslell (Section4).

We give aprecisespeci cationof theextensionin termsof an
operationabemanticgSections).

We sketchthreepossibleimplementationspne of which has
beenimplementedin a productioncompiler the Glasgav
Haslell Compiler[]] (Section6).

2 Background

Concurreng andtheforeign-functioninterfacearetwo of themost
long-standingand widely usedextensionsto Haslell 98. In this
sectionwebrie y introducebothfeaturesestablistour contet and
terminology

2.1 The Foreign Function Interface

The ForeignFunctioninterfaceextendsHaslell 98 with the ability
to call, andbe called by, externalprogramswritten in someother
language(usually C). A foreign  import declarationdeclaresa
foreign function that may be called from Haslell, and gives its
Haslell type. For example:

foreign
malloc

import ccall safe "malloc”
CSize -> 10 (Ptr ()

declaresthat the external function malloc  may be invoked from
Haslell usingtheccall calling corvention. It takesoneargument
of typeCSize (atypewhichis equivalentto C'ssize_t type),and
returnsa valueof typePtr () (a pointertype parameteriseith
() , which normallyindicatesa pointerto anuntypedvalue).

Similarly, a foreign  export declarationidenti es a particular
Haslell function as externally-callable and causeghe generation
of someimpedancenatchingcodeto provide the Haslell function

with theforeigncalling convention. For example:

foreign  export ccall "plus"

addint : CInt -> CInt -> Cint

declaresheHaslell functionaddint (which shouldbein scopeat
this point) asan externally-callablefunction plus - with the ccall
calling corvention.

A foreign  import
ers “safe ” or “unsafe

declaratiormay be annotatedvith the modi-
", wheresafe is the default and may be



omitted.A foreignfunctiondeclaredassafe mayindirectlyinvoke
Haslell functions,whereasan unsafe one may not (thatis, do-
ing soresultsin unde nedbehaiour). Thedistinctionis motivated
purelyby performanceonsiderationsanunsafecall is likely to be
fasterthana safecall, becausét doesnot needto save the stateof
the Haslell systemin sucha way thatre-entry andhencegarbage
collection,canbe performedsafely—forexample,saving all tem-
poraryvalueson the stacksuchthatthe garbagecollectorcan nd
them. It is intendecthat,in a compiledimplementationan unsafe
foreigncall canbeimplementedasa simpleinline functioncall.

We useHaslell-centricterminology: the act of a Haslell program
callingaforeignfunction(viaforeign import ) istermedaforeign
out-call or sometimegustforeigncall; andtheactof aforeignpro-
gramcalling a Haslell function (via foreign  export ) is foreign
in-call.

2.2 Concurrent Haskell

ConcurrentHaslell is an extensionto Haslell that offers light-

weight concurrentthreadsthat can perform input/output[1Q. It

aimsto increaseexpressivenesgatherthanperformance A Con-
currentHaslell programis typically executedon a uni-processqr
and may have dozensor hundredsof threads,most of which are
blocked. Non-determinismis part of the speci cation; for exam-
ple, two threadsmaydraw to the samewindow andtheresultsare,
by design,dependenon the orderin which they execute.Concur

rent Haslell providesa mechanismgcalled MVars, throughwhich

threadamaysynchroniseindcooperatesafely but we will notneed
to discusdMVars in this paper

Forthepurpose®f thispapertheonly Concurrentaslell facilities
thatwe needto considerarethefollowing:

data Threadld -- abstract, instance  of Eg, Ord
myThreadld IO Threadld
forklO  :: 10 () -> 10 Threadld

TheabstractypeThreadld typerepresenttheidentity of aHaslell
thread. The function myThreadld provides a way to obtain the
Threadld of the currentthread. New threadsare createdusing
forklO , which takes an 10 computationto performin the nen
thread,andreturnsthe Threadld of the new thread. The newly-
createdthreadrunsconcurrentlywith the otherHaslell threadsin
thesystem.

Details on the rest of the operationsprovided by Concurrent
Haslell can be found in [10] and the documentationfor the
Control.Concurrent library distributedwith GHC[1].

2.3 Haskell thr eadsand OSthreads

Every operatingsystennatively supportssomenotionof “threads”,
so it is naturalto ask how thesethreadsmap onto Concurrent
Haslell's notion of a “thread”. Furthermorethis mappingis inti-
matelytied upwith the FFl/concurreng interactionthatwe explore
in this paper

To avoid confusionin the following discussionwe de ne thefol-
lowing terminology:

A Haslell threadis athreadin aConcurrentaslell program.

An operatingsystemthread(or OSthread is a threadman-
agedby theoperatingsystem.

There are three approacheso mappinga systemof lightweight
threadssuchasHaslell threadspntotheunderlyingOSthreads:

One-to-one. EachHaslell threadis executedby a dedicatedOS
thread. This systemis simplebut expensve: Haslell threads
aresupposedo belightweight,with hundredsr thousandef
threadsbeingentirelyreasonablehut mostoperatingsystems
struggleto supportso mary OS threads. Furthermore ary
interactionbetweenHaslell threads(using MVars) mustuse
expensve OS-threadacilitiesfor synchronisation.

Multiplexed. All Haslell threadsare multiplexed, by the Haslell
runtime system,onto a single OS thread,the Haslell execu-
tion thread Contet switching betweenHaslell threadsoc-
cursonly atyield points whichthecompilermustinject. This
approachallows extremely lightweight threadswith small
stacks. InteractionbetweenHaslell threadsrequiresno OS
interactionbecausét all takesplacewithin asingleOSthread.

Hybrid. Models combiningthe bene ts of the previous two are
possible.For example,onemight have a pool of OS “worker
threads”,onto which the Haslell threadsare multiplexed in
someway, andwe will explore somesuchmodelsin what
follows.

All of thesearereasonablénplementation®f Concurrentaslell,
eachwith differenttradeofs betweerperformanceandimplemen-
tationcomplity. Wedo notwantto inadwertentlyrule ary of these
out by overspecifyingthe FFI extensiondor concurreny.

Notethatourfocusis on expressivenessindnotonincreasingper-
formancethroughparallelism In fact,all existingimplementations
of ConcurrentHaslell serialisethe Haslell threadsgvenon amul-
tiprocessarWhethera Haslell implementatiorcanef ciently take
adwantageof a multiprocessors an openresearchyuestionwhich
we discusdurtherin Section?.

3 The problemwe aretrying to solve

ConcurrentHaslell andthe Haslell FFI were developedindepen-
dently but they interactin subtleandsometimesinexpectedways.
Thatinteractionis the problemwe aretrying to solve.

Our designprinciple s this: the systenshouldbehaveas if it was
implementedavith oneOSthreadimplementingead Haslell thread
This behaiour is simpleto explain, and avoids having to expose
two “layers” of threadsto the programmer

However, if implementecdhaiely, the one-to-onemodelis expen-
sive to implement. The multiplexed modelis much cheaperand,
wherenoforeigncalls(outorin) areinvolved,theone-to-onenodel
andthe multiplexed modelcannotbe distinguishedoy the Haslell
program. Whenforeign interactionentersthe picture, mattersbe-
comemorecomplicatedIn therestof this sectionwe identify sev-
eralimplicit consequencesf ourdesignprinciple,anddiscusshow
themultiplexedimplementatiortechniquecanaccommodatéhem.

3.1 Foreigncallsthat block

Someforeign calls, such as the C function read() , may blodk

awaiting someevent, or may simply take a long time to complete.
In the absenceof concurreny, the Haslell programmaking the

call mustalsoblock or take a long time, but not sofor Concurrent
Haslell. Indeed our designprinciplerequiresthe opposite:



Requirementl: asafe foreigncall thatblocksshouldblockonly
the Haslell threadmaking the call. Other Haslell threads
shouldproceedunimpeded.

Noticethatweonly requirethatasafe foreigncall benon-blocking
to the otherHaslell threads.It would be dif cult to male a high-
performanceinsafe foreigncall non-blocking becausehatwould
forcetheimplementatiorto performthe samestate-swing asfor a
safe call, sincethe Haslell systemmustcontinuerunningduring
thecall.

Requiremeni seemobvious enough but the Haslell FFI speci -

cationis silentonthis point, andindeeduntil recentlyGHC did not
satisfytherequirementThis causeatonfusionto Haslell program-
mers,who weresurprisedwvhena foreign call blocked their entire
Concurrentaslell program.

Requirementl might seemto completelyrule out the multiplexed
implementation,becausdf the Haslell executionthreadblocks,
thenexecutionof Haslell threadswill halt. However a variantsof
the multiplexed modelsolvesthe problem:

At aforeigncall, arrangehattheforeignfunctionis executed
by someotherOS thread(freshly spavned,or dravn from a
pool), while executionof otherHaslell threadsis continued
by the single Haslell executionthread. This approachpays
the costof a OSthreadswitchat every (safe)foreigncall.

A hybrid modelcanalsobedesignedo satisfythis requirement:

Have a pool of OS threads eachof which can play the role
of the Haslell executionthread,but only oneat a time does

At asafeforeigncall, the Haslell executionthreadleavesthe
Haslell world to executethe foreign call, allowing one (and
only one)memberof the pool to becomehe nen Haslell ex-

ecutionthread.No OSthreadswitchis requiredon a call, but
onthereturnsomeinter-OS-threaccommunications required
to obtainpermissionto becomethe Haslell executionthread
again.

3.2 Fixing the OSthreadfor aforeigncall

SomecC librariesthatonemight wish to call from Haslell have an
awkward property: it mattess which calls to the library are made
fromwhich OSthread For example,mary OpenGLfunctionshave
animplicit “renderingcontet” parameterwhich thelibrary stores
in OS-thread-locaktate. The (perfectly reasonable)dea s that
OpenGLcanbe usedfrom multiple threadsfor exampleto render
into independentvindows simultaneously

Thisin turn meanshatto usethe OpenGLlibrary from Concurrent
Haslell, the FFI mustsatisfy:

Requirement2: it mustbe possiblefor a programmetto specify
thatarelatedgroupof foreign callsareall madeby the same
OSthread.

Noticethatthereis no constrainton which OS threadexecutesary
particularHaslell thread— we needonly control which OS thread
executesheforeigncalls.

Requiremeng® is automaticallysatis ed by the one-to-onesxecu-
tion model,provided we arewilling to saythatthe “related” calls
are all carriedout by a single Haslell thread. The multiplexed
model (basicversion)also automaticallysatis es Requiremeng,

becausaall foreign calls are executedby a single OS thread, but

only at the costof violating Requirementl. Alas, satisfyingRe-

quirementl usingthe variantdescribedn Section3.1,seemgo be

incompatiblewith Requiremen®, becausehis variantdeliberately
usea pool of interchangeabl®Sthreads Thehybrid modelsuffers
from the sameproblem.

Weareforced thereforeto proposeasmallextensiornto Concurrent
Haslell, in which we divide the Haslell threadsnto two groups:

A boundthreadhasa x edassociate®S threadfor making
FFl calls.

An unboundthread hasno associatedS thread: FFI calls
from this threadmaybe madein ary OSthread.

Theideais thateachboundHaslell threadhasa dedicatedassoci-
atedOSthread.It is guaranteethatary FFI callsmadeby abound
Haslell threadaremadeby its associate@Sthread althoughpure-
Haslell executioncan,of course be carriedout by ary OSthread.
A groupof foreign calls canthusbe guaranteedo be carriedout
by the sameOS threadif they areall performedin a singlebound
Haslell thread.

We do not specifythatall Haslell threadsarebound becauseloing

sowould specifythatHaslell threadsandOSthreadsarein one-to-
one correspondenceayhich leaves the one-to-onemplementation
modelastheonly contender

Canseveral Haslell threadsbe boundto the sameOS thread?No:

this would preventthe one-to-onemplementatiormodelandcause
dif culties for the others. For eachOS thread,thereis at mosta
singleboundHaslell thread.

3.3 Multi-thr eadedclients

Supposea C programwantsis using a library written in Haslell,

and it invokes a Haslell function (via foreign  export ). This

Haslell function forks a Haslell thread,and thenreturnsto the
C program. Shouldthe spavned Haslell threadcontinueto run?
According to our designprinciple, it certainly should— asfar as
theprogrammeis concernedthereis not muchdifferencebetween
forking a Haslell threadandforking an OSthread.

Requirement3a: Haslell threadsspavned by an foreign in-call
continueto run afterthein-call returns.

A closelyrelatedissueis this. Supposehe C programusingthe
Haslell library itself makesuseof multiple OS threads.Thenour
designprinciple implies thatif one invocationruns Haslell code
thatblocks(on anMVar, say or in anotherforeign call) thatshould
notimpedethe progressof the othercall:

Requirement3b: multiple OS threadsmay concurrentlyinvoke
multiple Haslell functions(via foreign  export ), andthese
invocationsshouldrun concurrently

To supportthis behaiour in the multiplexed modelis not dif cult,
but requiressomespeci ¢ mechanism.In both casesthe current
Haslell executionOS threadmust pay attentionto the possibility
of anotherOSthreadwantingto make anin-call, lestthe latterwait
inde nitely while theformerchuntersway. In fact,thesamemech-
anismis necessaryo respondo an OSthreadreturningto Haslell
from a safeforeignout-call.



3.4 Callbacks

A commonidiom in GUI librariesis for the applicationto malke
a call to the eventloop in the library, which in turn makes calls
backinto the applicationin the form of callbacks. Callbacksare
registeredprior to invoking the eventloop.

Considertow thisworksfor a Haslell applicationcalling anexter
nalGUI library. Thecallbackswill beforeign-export -edHaslell
functions sotheeventloop (in C) will callthecallback(in Haslell),
which may in turn make a foreign call to a GUI function (in C
again).lt is essentiathatthislattercall is madeusingthe OSthread
asrunstheeventloop, sincethetwo sharehread-locaktate. Hence:

Requirement4: it mustbe possibleto ensurethat a foreign out-
call from Haslell is madeby the sameQOS threadthat made
theforeignin-call.

With thenotionof boundthreadsn hand thisis nothardto achieve.
We simply specifythata foreignin-call createsa boundthread as-
sociatedvith the OSthreadthatperformedhein-call. Any foreign
out-callsmadeby that(bound)Haslell threadwill thereforebe ex-
ecutedby theinvoking OSthread.

Indeed,this is the only primitive mechanisnfor creatinga bound
thread:

An unbound Haslell threadis createdusing Concurrent
Haslell's existing forkl0O  combinator

A boundthreadis createdby aforeigninvocation.

We provide a forkOS combinator which allows a Haslell thread
(ratherthanaforeigninvocation)to createa new boundthread but
it worksby makinga foreigncall with invokesa callback(seeSec-
tion4.2.1).

3.5 Summary

This concludesour descriptionof the problemswe addressandof
thecoreof ourdesign.Thereis no nen syntax,andonly animplicit
distinctionbetweentwo typesof Haslell threadsdependingnthe
wayin whichthethreadwascreated Thenext sectiondescribeshe
languageextensionin detail,includingthe smallnumberof combi-
natorsthatwe provide aslibrary functionsto allow programmerso
work with boundthreads.

4 The Concurrent Haskell Foreign Function
Interface

Thus motivated,we now summariseour proposedchangedo the
existing ConcurrenHaslell design,andthe Haslell FFI speci ca-
tion.

4.1 Speci c extensions

We proposethefollowing speci ¢ additions:

Bound thr eads. Therearetwo typesof Haslell threadsboundand
unbound A boundthreadis permanentlyassociatedvith a
particularOSthread andit is guaranteethatall foreignfunc-
tionsinvokedfrom thatboundthreadwill berunin theassoci-
atedOSthread.In all otherways,boundandunboundhreads
behae identically

An OS threadcan be associatedvith at most one Haslell
thread.

Thenew functionisCurrentTheadBound  providesaway for
theHaslell programmeto nd outwhetherthecurrentthread
is boundor not:

isCurrentThreadBound IO Bool

We de ne isCurrentThreadBound to always return True
whenthecurrentHaslell threadis aboundthread.It mayalso
returnTrue whenthe currentHaslell threadis indistinguish-
ablefrom a boundthreadby both Haslell codeandforeign
codecalledby it.

Therefore,an implementationusing the one-to-onethread-
ing model(seeSection6.1) may returnTrue for all threads,
even for Haslell threadscreatedusing forklO , becausesv-

ery Haslell threadhasits associate@Sthreadandcansafely
accesshread-locaktate.

Foreignimport. When a Haslell thread invokes a foreign
import annotatedvith safe , otherHaslell threadsn thepro-
gramwill continueto run unimpeded Thisis not necessarily
trueif aHaslell threadinvokesaforeign  import annotated
with unsafe .

Notice that unsafe calls are not required to block Haslell
threadsif the foreign call blocks; insteadthe behaiour is
unspeci ed. In particular it is legitimatefor a simple, low-
performanceimplementationto implementunsafe calls as
safe calls.

Foreignexport. Invoking a function declared with foreign
export createsa new Haslell threadwhich is boundto the
OSthreadmakingthecall.

The main thread. In acomplete standalondiaslell programthe
systemshould run Main.main in a bound Haslell thread,
whoseassociate®Sthreadis the main OSthreadof the pro-
gram.lt is asif theprogramcontainedhedeclaration

foreign  export ccall "haskellMain"
Main.main : 10 ()
and the Haslell programwas startedfrom C by invoking
haskellMain()

4.2 Derived combinators

Given the basicfunctionality outlined above, we cande ne some
usefulcombinators.Theseareprovidedto the programmewia the
Control.Concurrent library.

4.2.1 forkOS
TheforkOS functionhasthe sametype asforklO :
forkOS ' 10 () -> 10 Threadld

LikeforklO , it alsocreatesa new Haslell thread,but additionally
it createsa newv OS threadandbindsthe new Haslell threadto it.

Thisis accomplishedby simply makinga foreigncall to anexternal
functionthat(a) createshe new OSthread,and(b) in thenew OS
thread,invokesthe requestedctionvia a callback,thuscreatinga
new boundHaslell thread.

We give the implementationof forkOS belowv for reference,al-
thoughwe have not introducedall of the conceptsusedin it. It
assumehe existenceof an externalfunction createOSThread to
createthe OSthread;its implementatioris simple,but depend®n



the particularthreadcreationprimitivesusedon the currentoperat-
ing system.

forkOS action = do

mv <- newEmptyMVar

entry <- wrapl0 $ do
t <- myThreadld
putMVar mv t
action

createOSThread  entry

tid <- takeMvar mv

freeHaskellFunPtr entry
return  tid
foreign  import ccall "createOSThread"
createOSThread FunPtr (10 ()) -> 10 ()
foreign  import ccall “wrapper"

wraplO 10 () -> FunPtr (IO ()

4.2.2 runinBoundThread

TheruninBoundThread combinatorunsacomputatiorin abound
thread. If the currentthreadis bound,thenthatis used;otherwise
anewn boundthreadis createdfor the purpose.The combinatoris
usefulwhentheprogramis aboutto make agroupof relatedforeign
callsthatmustall be madein the sameOSthread.

Theimplementatioris straightforvard:

runinBoundThread IO a->10 a
runinBoundThread  action = do
bound <- isCurrentThreadBound
if bound
then action
else do

mv <- newEmptyMVar

forkOS (action  >>= putMVar mv)

takeMvar mv
Note that runinBoundThread  doesnot returnuntil the I0 action
completes.

5 Operational Semantics

In orderto make the designfor our languagesxtensionprecise we
now give anoperationakemanticgor Concurrentaslell with the
FFI and boundthreads. The operationalsemanticds highly ab-
stract: it doesnot modelary detailsof actualcomputationat all.
Insteadjt modelsonly the operationsandinteractionsve areinter-
estedn:

Therunningsystemconsistsof a pool of native (OS)threads
andapool of Haslell threads.

Haslell threadsnayfork new Haslell threadgforklO ), male
foreigncalls,andperformunspeci edlO operations.

Native threadshave anidenti er anda stack.A native thread
may be currentlyexecutingHaslell codeor foreigncode,de-
pendingon whatis ontop of the stack.Native threadexecut-
ing foreign codemay male a call to Haslell code,creatinga
new Haslell thread.

Thesemanticsnodelstherelationshipbetweemative threads
and Haslell threads,and the differencebetweenboundand
unbouncHaslell threads.

Furtherrelevant semanticdor |10 codein Haslell canbe foundin
Peyton Jones'“Tackling the Awkward Squad”[9 andthe original
Concurrentaslell paper[1Q.

The syntaxof a native threadis givenin Figurel. A native thread
of form N S hasthreadidenti er N, while Sis an abstractionof
its call stack. If H is on top of the stack,the threadis willing to
executea Haslell thread.If FS' his ontop of thestack thethreadis
in theproces®of dealingwith acall to aforeignfunction,whichwill
returnits resultto the Haslell threadh. The safetyof the foreign
call is given by si, which is eitheru meaningunsafe,or s meaning
safe.

A native threadof the form N is a threadwhich originatesin
foreign code; it doesnot have ary Haslell calls arywhereon its
stack.

A native threadof form N H hasa stackthat exists only to sene
Haslell threadsandso cansafelyblock insidea foreign call with-
outimpedingotherHaslell threads.We call thesethreads'worker
threads”.

The syntaxof a Haslell threadis given in Figure2. A Haslell
threadh of form a j hasactiona. TheindicatorN identi es the
native threadN to which the Haslell threadis bound

An actiona is a sequencef operations,nishing with a returnof
somekind. An operationis eitheranunspeci edlO operation(such
asperformingsomeevaluation,or operatingon an MVar), a call to
theprimitive forklO , or acall to aforeignfunction f.

Wedonotmodelthedatapassedo, or returnedrom, aforeigncall,
nor ary detailsof whatthelO operationsare.

Note thatforkOS is not mentionedalongsideforklO  here. While
spavning anen unboundhreadrequiresdirectsupportby therun-
time systemcreatinga new boundthreadis doneby makinga for-
eigncall to theoperatingsystem-pruidedthreadcreatiorprimitive.
ThereforeforkOS neednotbe consideredvhenwe discusshe se-
mantics.

5.1 Evolution

ThesymbolN refersto a setof native threadsandH to a setof
Haslell threads.An executingprogramconsistsof a combination
of thetwo, written N ; H .

We describehow the systemevolvesin avery standardvay, using
transitionrules,of form
N;H N ;H
Thestructuralrulesarethese:
N:H N :H N:H
N t;H N t;H N;H h

N ;H
N ;H

Thesestandardrules allow us to write the interestingtransitions
with lessclutter The transitionrulesfor the systemare givenin
Figure3.

We informally describeeachrule in the semanticdbelow:

IO A Haslell threadmay performanarbitrarylO operation.Note
that we only requirethat thereis one natve threadreadyto



Nativethread t

Stack S

Call Safety  si

e Empty
H:S ExecutingHaslell

FS'h:S Executingaforeigncall
Executingforeigncodeonly

u Unsafe

s Safe

Figure 1: Syntaxof Native Threads

Haslell thread h

Boundthreadid bt

Haslell action a

Operation p

p>>a
RET

Not bound

Boundto native threadN

Sequence

IO operation

forklO a Forkathread
Fs' f Foreigncall

Returnfrom acall into Haslell

Figure 2: Syntaxof Haslell Threads

NH:S; t>agy
NH:S; forklDO b>>a

NH:S; FS f>>ay
NH; FS'f>>a,e

NFS ay:S;

N
NFSh:sS;
NH:S; RET y
; RET e

nathing

NH;

nathing

N

NH:S; ag
NH:S; ap be

NFS an:H:S;
NFS ag:H;

N S;ay

NH: ; a>RET y
NH:FSh:S; a>RET y
NS;

NH;

whereN is fresh

nathing

N

whereN i:s, fresh

nathing

10

FORKIO

FCALL1
FCALL2

FRET

HCALL1

HCALL2

HRET

HEND

WKR

WKREND

EXT

NEND

Figure 3: OperationaSemantics




executeHaslell code(with H ontop of its stack). The native
threadmay or may notbethe sameasthe native threadbound
to this Haslell thread|f ary.

FORKIO A Haslell threadinvokesforklO , giving riseto a new,
unboundHaslell thread.

FCALL1 A boundHaslell threadmakesa foreigncall. Thecall
must be madein the native thread bound to this Haslell
thread.

FCALL2 An unboundHaslell threadmalkes a foreigncall. The
call is madein aworker thread.

FRET A foreign call returns;the Haslell threadwhich madethe
call is reintroducednto the pool of Haslell threads.

HCALL1 A native threadrunning exclusiely foreign code (no
Haslell frameson the stack)malesa call to a Haslell func-
tion. A nev boundHaslell threadis created.

HCALL2 A native threadcurrently executinga safeforeign call
from Haslell invokes anotherHaslell function. A bound
Haslell threadis createdor thenew call.

HRET A boundHaslell threadreturns;the native threadwhich
madethe call continuesrom thecall site.

HEND An unboundHaslell threadreturns.

WKR Thisrule modelsthebirth of new worker OSthreadsin case
they shouldall beblockedin aforeigncall.

WKREND A worker threadexits.
EXT A new native threadis createdby foreigncode.
NEND A native thread executingforeigncodeonly, exits.

In a executingprogram theremaybe multiple valid transitionsac-
cording to the semanticsat ary given time. We do not specify
which, if ary, of the valid transitionsmust be performedby the
implementation.

Notethatin particularthis admitsanimplementatiorthatdoesnoth-
ing atall; legislatingagainstsuchbehaiour in the semanticss en-
tirely non-trivial, so we do not attemptit. Rather we informally
statethe behaiiour we expectfrom animplementation:

If aHaslell threadis performingan unsafeforeign call, then
theimplementations allowedto refrainfrom makingary fur-
thertransitionsuntil thecall returns.

If aHaslell threadis performinga safecall, thenthe imple-
mentatiorshouldcontinueto make valid transitionsn respect
of otherHaslell threadsn the system.

Theimplementatiorshouldnot otherwisestarveary Haslell
threads.

Transitionswhich arenot partof this semanticareerroneous An

implementatiormay eitherdetectanreportthe error, or it may be-
havein someotherimplementation-de nednanner An application
which dependon implementation-de nedehaiour is, of course,
non-portable.

6 Implementation

In this section,we will outline threedifferentimplementation®of

thelanguageextensiongdescribedn this paper Thethird of these
hasbeenimplementedn the Glasgav Haslell Compiler;it is the
mostcomple of thethree,but it providesthebestperformance.

We will alsodescribethe issueof 1/0 multiplexing, i.e. how to
transparentlyspeedup I/O beyond the levels attainableusing safe
foreigncalls.

6.1 OneOSThreadfor oneHaskell Thread

A very simpleandstraightforvardimplementatiorwould beto use
the operatingsystemsuppliedthreadlibrary to createexactly one
OSthreadfor eachthreadin the system.

In suchanimplementationthereis no distinctionbetweenbound
and unboundthreads; every thread can be considereda bound
thread.Thisis entirelyin accordancevith theoperationasemantics
outlinedin Section5. Only threeof the rules (FORKIO, FCALL2
andHEND) explicitly referto unboundHaslell threads;it's easy
to seethatnothingin theserulespreventseachHaslell threadfrom
having its dedicatedDSthread.

In Section 4.1, we de ned that isCurrentThreadBound may
return True wheneer the calling Haslell thread is indis-
tinguishable from a bound thread; we can therefore de ne
isCurrentThreadBound = return  True , andwe do not needto
keeptrackof how Haslell threadsverecreated.

ConcurrentHaslell's threadcreationand synchronisatiorprimi-
tives are simply mappedto the correspondingoperatingsystem
functions.TheforklO  primitive canbeimplementedhesameway
asforkOS .

Theonly challengds managingaccesgo the heap;it is very hard
to supporttruly simultaneousnultithreadedHaslell execution(on
SMPsystems)soit will benecessarto have aglobalmutualexclu-
sionlock thatpreventsmorethanonethreadrom executingHaslell
codeatthesametime.

This global lock would have to be releasedperiodically to allow
otherthreadso run; it would alsohave to bereleasedor safefor-
eigncalls.

Incidentally this is exactly the stratgy usedby the native-code
O'Camlimplementatior(seeSection7.2).

6.2 All Haskell Threadsin oneOS Thread

The secondapproachs to extendthe fully multiplexed schemeto
include boundthreads. This is a naturalextensionfor an existing
single-threade#iaslell implementatiorwhereperformancef for-
eigncallsis notcritical.

A single OS thread(the Haslell executionthread)is allocatedfor
theHaslell systemandis usedexclusively to executeHaslell code.
All Haslell threadsaremultiplexed usingthis OSthread.

Additionally, the Haslell executionthreadmustkeeptrackof:

Any OSthreadswhich have madein-calls. Eachof thesehas
givenriseto aboundHaslell thread.

A pool of OSthreadshatcanbeusedto make “safe” foreign
calls.

When a Haslell threadmakes an out-call, thereare two casesto
consider:

The Haslell threadis bound. The Haslell executionthread



mustpassa messagéo the appropriateOSthreadin orderto
male the call, and the OS threadmustreturn the resultvia
anothemessagé®ackto the Haslell executionthread.

The Haslell threadis unbound. The situationis similar, ex-
ceptthatthe OSthreadto make thecall canbedravn from the
pool.

Thecomplicatedpartof thisimplementations the passingof mes-
sagesbetweenOS threadsto malke foreign calls and return re-
sults: essentiallythis is a remoteprocedurecall mechanismHow-
ever, if the Haslell systemis an interpreter it may alreadyhave
supportfor making dynamicforeign calls in orderto implement
foreign  import .

A compiledimplementationis unlikely to want usethis scheme,
dueto the extra overheadon foreigncalls. For aninterpretey how-
ever, thisimplementatiorstrately maybelesscomplicated¢hanthe
hybrid schemaliscussedn the next section.

6.3 GHC'sImplementation

GHC's run-time systememplo/s one OS threadfor every bound
thread; additionally there is a variable number of so-called
“worker” OS threadsthat are used to execute the unbound
(lightweight)threads.

Only oneof thesethreadscanexecuteHaslell codeatary onetime;
the globallock thatensureshis is referredto as“the Capability”.
GHC's mainschedulefoopis invokedin all threadsall but oneof
thescheduletoopsarewaiting for the Capabilityatany onetime.

Having more than one Capability available would indicate that
truly simultaneouanultithreadedHaslell executionis available;
our currentimplementatiordoesnot however supportthis, because
it would requiresynchronisediccesgo the heapandothershared
state. Whetherthe implementationcan be practically extendedin
this directionis anopenquestion.

6.3.1 Passingaroundthe Capability

A threadwill relinquishits Capability (i.e. executionof Haslell
codewill continuein a different OS thread)underthe following
conditions:

1. A safe(i.e. non-blocking)foreigncall is made(FCALL1/2).

For anunsafecall, we just hold on to the Capability thereby
preventingary otherthreadsrom running.

2. Another OS threadis waiting to regain the Capability after
returningfrom aforeigncall.

3. AnotherOSthreadis waiting for the Capabilitybecausehat
threadis handlingaforeigncall-in.

4. Thescheduletoop determineshatthe next Haslell threadto
run may notberunin the OSthreadthatholdsthe Capability

When a scheduledoop encountersa Haslell threadthat is
boundto a differentOS thread,it hasto passthe Capability
to that OS thread. When a schedulerin a boundOS thread
encountersinunboundhread,t hasto passthe Capabilityto
aworker OSthread.

5. TheHaslell threadboundto the currentOSthreadterminates
(HRET).

If the currentOS threadhasa boundHaslell threadandthis

Haslell threadterminatesy returning,the OSthreadwill re-
leasethe Capabilityandthescheduletoop will exit, returning
to theforeigncodethatcalledit.

Threadghatarejust returningfrom a foreign call andthreadshat
arehandlinga call to Haslell from foreign codearegiven priority
over otherthreadswheneer it entershe schedulerthethreadthat
holdsthe capabilitycheckswhetherit shouldyield its capabilityto
ahigherpriority thread(items2 and3 in theabove list).

After yielding the capabilityandafter passinghe capabilityto an-

otherthread(item 4 in thelist), the threadwill immediatelytry to

reacquirethe capability; the threadwill be blocked until another
threadpasses capabilityto it again(via item 4 above), or until the

Capabilitybecomedree without beingexplicitly passedarywhere
(item5).

6.4 1/0O Multiplexing

Traditional “multiplexing” run time systemsthat do not support
non-blockingforeign calls usually still provide supportfor non-
blockinginput andoutput.

Theolviousway to do thison POSIXsystemss to usetheselect
orpoll  systemcallstogethemwith non-blockingl/O. Whenaread
or write  requestfails to return the requestedamountof data,
the Haslell threadin questionwill be suspended.The scheduler
loop will periodicallyuseselect or poll to checkwhetherary
suspendedaslell threadsneedto be woken up; if thereare no
runnableHaslell threadsthe entire run-time systemwill block in
theselect orpoll systemcall.

The ConcurrentFFI malkes this machineryunnecessarya “safe”
foreign call to read or write  will have the desiredeffect for a
multi-threadedaslell program.However, usingselect orpoll it
is possibleto achiere muchbetterperformancehanusingsafefor-
eign calls, becausét doesnot requirean extra OSthreadfor each
potentially-blockingl/O operation.

At rst, we tried extendingGHC's existing (single-OS-thread)n-
plementatiorof I/O multiplexing to work with the hybrid threading
modeldescribedbore. In thisschemeanOSthreadthatblocksin-
sideselect still heldthe Capabilityto preventmultiple OSthreads
from usingselect simultaneously Whenforeign codecalledin
to or returnedto Haslell while the RTS waswaiting for 1/O, it was
necessaryo interrupttheselect by sendingadummybyteacross
apipe,which sloveddown foreigncalls (bothincomingandoutgo-
ing) alot.

Fortunately it turnedout thata moreef cient solutioncanbeim-
plementecentirelyin Haslell, with no specialsupportfrom therun
time systembeyondthe extensionsdescribedn this paper

TheHaslell I/O library spavns anunboundHaslell thread,called
the“l/O ServiceThread”,whichusesaforeigncallto select ora
similar systemcall to watcha setof le descriptors.Oneof these
le descriptorgs thereadendof adedicatedwakeuppipe” which
will beusedto notify theservicethreadwhenthesetof le descrip-
torsto bewatchedchaschanged.

WhenanunboundHaslell threadneeddo blockin orderto wait for
somel/O, it will dothefollowing:

1. Storethe le descriptorin questionin a global mutablevari-



able(anMVvar).

2. Wake up the servicethreadby writing a byte to the wakeup
pipe.
3. Wait for the servicethreadto notify usvia anMVar.

Thel/O servicethreadwill repeatedlydo thefollowing:

1. Grabthesetof le descriptordo bewatchedfrom theglobal
mutablevariable.

2. Do a safeforeign call to select or a similar systemcall in
orderto block until the statusof oneof the le descriptorsor
of thewakeuppipechanges.

3. If abytehasarrivedonthewakeuppipe,readit from therein
orderto resetthe pipe's stateto non-readable.

4. Notify all Haslell threadswaitingfor le descriptorshathave
becomereadableor writablevia their MVars.

5. Repeat.

Whenaboundthreadneedsto wait for a le descriptorto become
readableit shouldjust safe-callselect for that le descriptorbe-
causethatwill bemoreef cient thanwakingthel/O servicethread.

This schememanagego keepthe numberof separate€S threads
usedwhenn unboundhreadsaredoingl/O atthe sametime down
to justtwo asopposedo n whensafeforeigncallsareused.GHC's
previous schemgreleasedn GHC 6.2) neededust oneOSthread
in the samesituation,but at the costof onecall to selectevery time
throughthescheduleftoop,awrite()  to apipefor every (safe)for-
eigncall, andalot of additionalcompleity in theruntime system.

The new schemerequiresno help from the run time system,re-
movesthe periodiccall to select andsupportsmoreef cient for-
eigncalls,atthe costof someinter-OS-threadnessagindor every
reador write thatactuallyneedsto block. Accordingto our mea-
surementsthis overheadccanbe negglected.

Note also that this schemeis not tied to GHC's hybrid threading
model;While therewould be no performanceyainfor aone-to-one
implementation,t also makes senseto usethis I/O multiplexing

schementop of theall-in-one-OS-threadnplementatioroutlined
in Section6.2.

7 RelatedWork

We believe thereis nothingin the literaturethat bearsdirectly on
the particularissuesaddressedn this paper However, thereis a
greatdealof folklore andexisting practicein the form of language
implementationswhichwe review here.

To summarisethe relatedwork: thereis a generaltrend amongst
languageswith concurreng supportto move from lightweight
threadsto OS threadsin one-to-onemappingwith the languages
own threads. The mostcommonlyquotedreasondor the switch
are for accessingoreign library functionsthat might block, and
scalingto SMP machines.

In relationto this paper all of theselanguagesould supportthe
bound/unboundhreadconceptwhich would thengive the imple-
mentationfreedomto usecheapetightweight threadsfor the un-
boundthreadsTo ourknowledge thereareno otherlanguageshat
actuallydo supporthisidea.

7.1 Java

Java[2] beganwith alightweightthreadingmplementationwith all

Javathreadsmanagedy a single OSthread(Java callsthis “green
threads”).Laterimplementation®f Javza movedto a native thread-
ing model,whereeachlava threadis mappedo its own OSthread.
Thereasondgor the switchseento be primarily

Non-scalabilityof greenthreadso SMP machines

Inability to call functionsin external libraries which may
block, without blockingthe entiresystem

And perhapghemotivationwaspartly dueto the INI, which works
smoothlybecaus@ative threadsareone-to-onawith Javathreads.

In contrastto Java, scalingto SMP machineds not a goal for us.
Thereis no ef cient SMP-capableConcurrentHaslell implemen-
tation,becauseloingsois still anopenresearchjuestionthemain
sticking point is how to synchroniseaccesgo the main sharedre-
source(the heap)without killing performanceof the system.Fur-

thermore,scalingto multiprocessorgan often be achieved in the
samewaysasscalingto a cluster by usingmultiple processewith

explicit communication.

7.2 O'Caml

O'Caml[4] supportsa choicebetweeruserlevel andnative threads
for its bytecodeinterpreter but compiled code must use native
threads. An O'Caml programmerusing native threadsmay cur-
rently assumehat eachO'Caml threadis mappedto a single OS
threadfor the purpose®f calling externallibraries.

Native threadswere chosenover userlevel threadsfor compiled
codefor thefollowing reasons:

The dif culty of implementingmultithreaded/O in a user
level schedulerncrossnultiple platformsis high. Usingnative
threadsallows thisissueto behandedbff to theoperatingsys-
tem, which signi cantly reducesmplementatiorcomplexity
andimprovesportability.

Compiled O'Caml threadsuse the machine stack. With
userlevel threads,the schedulermust thereforebe able to
managemultiple machinestacks,which is heavily platform-
dependent.

In O'Caml, a non-blockingforeign call is madeby de ning aC

function which wraps the foreign call betweenthe special calls
enter_blocking_section() andleave_blocking_section() ;

this may only be done when using the natve implementa-
tion of threads. Similarly, calls to O'Caml functions from

C must be wrappedbetweenleave_blocking_section() and
enter_blocking_section() . Thisis equivalentto, if slightly less
corvenientthan,Haslell's safe foreigncallsandcallbacks.

O'Caml could straightforvardly be extendedwith the conceptof

boundthreadswhich would leave the implementatiorfree to use
userlevel threadswith a pool of native threadsfor foreigncallsin

thesameway asGHC. Thiswould of courseentailmoreimplemen-
tationcompleity, whichmaybeworsethanfor GHC dueto theuse
of the machinestackby O'Caml native codeasnotedabore (GHC
usesseparatehreadstacksmanagedy theruntime).



7.3 C and.NET

The .NET Common LanguageRuntime (CLR) usesa one-to-
one mappingbetweenCLR threadsand native Windows threads.
Hencethreadsn C arefairly hearyweight.

To mitigate this, the .NET base class libraries include the

ThreadPool class,which manages pool of worker threadsand
a queueof tasksto be performed,ncluding asynchronou/O and
timers. The ThreadPool classmultiplexesthe waiting operations
ontoasinglethreadwhichsigni cantly reduceshecostof ablock-

ing operationcomparedwith using a nev thread. Computation
taskscan also be submittedto the ThreadPool , andwill be per

formed wheneer thereis a free threadin the pool. Therefore,
ThreadPool s achieve cheaperconcurreng by avoiding repeated
threadcreation/deletionat the expenseof possiblyhaving to wait

for acomputatiorto be performedf thethreadpoolis empty

Whenusedfor multiple I/O requeststhe ThreadPool conceptis
basicallyequvalentto the I/O multiplexing schemeusedin GHC
(Section6.4). The maindifferenceis that GHC's schemes hidden
from the programmerwho automaticallygetsthe bene t of opti-
misedmultiplexing for all /O operationgprovided the underlying
implementatiorsupportst.

7.4 Userlevel vs. kernel thr eads

Why shouldwe careaboutlightweight threads?Many otherlan-
guagesave ditchedthe conceptin favour of a one-to-onenapping
betweerthelanguages own threadsandnative OSthreads.

The reasonis that lightweight Haslell threadscanstill be signi -
cantly cheapethanusingOSthreads.For example,the fastesim-
plementatiorof native threadonLinux, theNative POSIXThreads
Library[6] claims20usecper threadcreation/&it, whereasGHC's
implementatiorof Concurrentaslell canachieve anorderof mag-
nitude improvementover this: the conc004 testfrom GHC's test
suite performed1 (P threadcreation/eit operationsn 1.3secon a
1GzPIll, giving athreadcreation/ait time of 1.3usec. The NPTL
paperdoesnt give detailsonwhathardwarewasusedfor their mea-
surementsbut a 1GHz PIIl would seemto be a reasonablguess,
beinga midrangesystemat the dateof thatpublication.

Native threadson otherOSsareevenmoreexpensve; Windows for
examplehasnotoriouslyexpensve operatingsystemthreads.

Theseimplementationsof OS threadsare mapping OS threads
onto kernelthreads andthe kernelis managingthe schedulingof
threads.This is the reasorfor muchof the overhead:mary thread
operationgequireatrip into thekernel.

SocanOSthreadsbeimplementedn userspace?Certainly;there
aremary implementation®f purelyuserspacehreadingdibraries,
andtheseareindeedoftenfasterthankernelthreads Oneproblem,
hawever, is thatthis doesnt let the multithreadedapplicationtake
adwantageof a multiprocessorfor thatyou needat leastonekernel
threadfor eachprocessarso to this endhybrid modelshave been
developed|[§ 3] which useamixturebetweeruserspaceandkernel
threadgsometimegalledanM : N threadingmodel,indicatingthat
M OSthreadsaremappedo N kernelthreads).

It remainsto be seenwhetheran implementationof OS threads
can approachthe performanceof lightweight ConcurrentHaslell
threads.If thatwereto happenthentherewould be no reasomot
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to useaone-to-onemplementatiorfor Concurrentaslell, andthe
bound/unbounatonceptwould be redundant.However, thereare
reasongo believe thatthisis unlikely to happenatleastin thenear
future:

TheNative POSIXThreadd.ibrary[6] is 1:1, andclaimsbet-
ter performancethan a competingN:M implementation[B
The improvementis largely attributed to the compleity of
implementingtheN:M scheme.

EachOS threadsby de nition needsits own machinestack.
Machinestacksareimmovable, so mustbe allocateda x ed
portion of the addressspacewith enoughroom for the stack
to grow. Sincethe library doesnt know aheadof time how

much stackspacea threadwill need,it mustguess,andin-

evitably thiswill endupwastingalot of addresspacewhich
on a 32-bit machineis a scarceresourceln contrastHaslell

threadshave stacksthatarefully garbagecollectableandcan
bemovedandgrown atwill.

Andersoret. al.[5] proposedwayto effectively combinethebene-

ts of userlevel threadsandkernelthreadsy having explicit com-
municationbetweerthe kernelscheduleandthe userlevel thread
scheduler A deriative of this schemels currently being imple-
mentedin the FreeBSDoperatingsystem;no performancemea-
surementsvereavailableatthetime of writing.

8 Conclusion

We have designech simpleextensionto the Haslell ForeignFunc-
tion Interface,for specifyingpreciselythe interactionbetweenthe
FFl andConcurrenHaslell. It allows for thefollowing features:

Non-blockingforeigncalls
CallbacksandCall-insfrom multithreadedapplications

Interactingwith multithreadedforeign libraries, and foreign
librariesthatmake useof thread-locaktate

Furthermoretheextensiongequirenonew syntax,andhave asim-
ple operationakemantics A few simplelibrary functionsare pro-
videdfor the programmeto work with the extensions.

Moreover, we have donethis without requiring ary fundamental
restructuringof existing Haslell implementationsthereis no re-

quirementthat the Haslell runtime be multithreaded or that par

ticular OSthreadsareusedto executeHaslell code. However, we

doaccommodatanef cient implementatiorbasedon lightweight
Haslell threadsanda pool of OSworker threadsfor execution.

Thereis animplementatiorof the ef cient schemen a production
Haslell Compiler (GHC), and we are currently gatheringexperi-
encein usingit.
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