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Abstract In this paper we demonstratéhonv FunctionalReactve Programming
(FRP),a framework for the descriptionof interactve systemsgcanbe extended
to encompasparallelsystemsFRPis basedn Haslell, a purelyfunctionalpro-
gramminglanguage andincorporatesghe conceptsof time variation andreac-
tivity.

ParallelFRPsenesasa declaratve systemmodelthatmaybetransformednto a
parallelimplementatiorusingthe standarcrogramtransformatioriechnique f
functionalprogrammingThesemantic®f parallelFRPincludenon-determinism,
enhancingopportunitiesto introduceparallelism.We demonstrate variety of
programtransformationdasedn parallelFRPandshav hov aFRPmodelmay
be transformednto explicitly parallelcode.Parallel FRPis implementedusing
the Linda programmingsystemto handlethe underlyingparallelism.As an ex-
ampleof parallelFRP, we shav how a specificatiorfor a web-baseanline auc-
tioning systemcanbetransformednto a parallelimplementation.

1 Intr oduction

A commonapproacho developingparallelprogramss to expressa sequentiakpecifi-
cationof thesystemn adeclaratve way andto thentransfornthis modelinto aparallel
implementatiorof it whilst preservingts semanticslin this work, we developa frame-
work for expressingnodelsof interactive systems suchaswebsenersanddatabases.

Our work is basedon FunctionalReactve ProgrammindPES98 EII98] (FRP),a
library of functionsandtypesthatextendHaslell [Jon99, apurelyfunctionallanguage,
with meandor describingnteractive systemsontainingvaluesthatvary in time.

At thecoreof FRParethenotionsof eventsandbehaviors. An eventof typeEvent a
denotesa discreteseriesof occurrencedn time, eachhaving a timestampanda value
of type a, while a behaior of typeBehavior b maybe sampledat any time to yield a
value of typeb. FRP definesa rich setof functionsoperatingon thesedatatypesand
is designedo retainthe“look andfeel” of purefunctionalHaslell without resortingto
constructsuchasmonadgo handleinteraction.

To enabletheintroductionof parallelisminto FRPprogramswe have extendedthe
basicframework with constructsvhich enrichthe semanticf the modelswith non-
determinismrepresentinghefactthattheorderin whichtwo computation®n separate
processorstarteddoesnot determinehe orderin which they will finish.

To formalize the processof parallelizingFRP models,we introducea numberof
equationsvhich definevalid transformation®f sequentiaFRPconstructsnto parallel



ones.Thus,transformationganbe performedby meansof awell understoodneaning
preservingorocess—equationatasoningThis is currentlydoneby handbut possibly
couldbeautomatedn thefuture.

2 BasicConcepts

We beggin with a simple FRP modelof a web sener. This systemrecevesa seriesof
request$or webpageqURLS) andreactdby generatingventsto posttheresultingweb
pages.

server :: Event URL -> Event WebPage
server urls = urls ==> lookupWebPage

This seneris asimpleevent transformer. Thatis, theURL in eachincomingeventis
transformednto awWebPage. Eventtransformatioris a primitive in FRP:the function

(==>) :: Event a -> (a -> b) -> Event b

implementghis directly. The actualweb pagegeneratioris performedby the function
lookupWebPage, a Haslell function that mapsa URL onto a WebPage. We assume
(for now) thatthe web pagesareunchangingthus,lookupWebPage is a purefunction
that doesnot perform 0. The semanticof FRP dictatethat the resulting events of
==> |ogically occurat the sametime asthe stimulus;thatis, the clock (eventtimes)
associateavith the web pagesexactly matcheghe clockin theinput eventstream For
example,if theincomingeventstreamis

[(1, "f.com/a"), (3, "f.com/b"), (6, "f.com/c")]
thenthe outputstreammight be
[(1, "Page a"), (3, "Page b"), (6, "Page c")]

We represengventstreamsaslists of tuples,eachtuple containinganoccurrencdime
andavalue.Thesdists arenot necessarihow eventsareimplementedbut they sene
toillustratetheoperatiorof thesystemWe aresimplifying the problemsomevhat:in a
realsener, theincomingrequestsarryfor examplethe IP addressandportidentifying
theclient.

This modelseneswell for a singleprocessowebsener, but whatabouta parallel
versionof this problem?First, we obsene thatthis systemis stateless: thatis, thegen-
eratedweb pagesdependonly on theincomingURL, not on previoustransactionsWe
caninfer this propertydirectly from the specification==> is statelesgby its definition
in FRP)andthe 1ookupWebPage function hasno interactionswith the outsideworld.
Giventhis property we canusetwo processorso sene the requestsdividing the in-
comingrequestamongthe processorsarbitrarily. Rewriting, the new senerbecomes:

server :: Event URL -> Event WebPage
server urls = wurlsl ==> lookupWebPage .|.
urls2 ==> lookupWebPage



where (urlsl, urls2) = splitEvents urls

splitEvents :: Event a -> (Event a, Event a)
. 1) :: Event a -> Event a -> Event a

The. | . operatolis aFRPprimitivethatmergeseventstreamsThefunctionsplitEvents,
however, is notpartof FRP Ratherthanspecifyary specificsplitting of aneventstream,
we definesplitEvents by thefollowing property:

e = 1let (el,e2) = splitEvents e in el .|. e2

This stateshat eachincomingeventmustbe distributedto oneor the otherof there-
sulting event streamsWe notethat the above propertydoesnot guarantegeferential
transpareng—two callsto splitEvents on the sameevent streamwill producedif-
ferentresults We mustbe carefulto preserethepurelyfunctionalsemanticef Haslell
here!Oneway to do this is to considersplitEvents asdenotinga memberof a fam-
ily of event splitting functions, eachsatisfyingthe above property Separatecalls to
splitEvents in the original specificationarethencalls to arbitrary memberof this
family; we canthink of thisasattachingalabelto eachcall to splitEvents. However,
avalid programtransformatiormay duplicatea call to splitEvents. To preserethe
referentiallytransparensemanticof Haslell, both copiesof splitEvents musthave
thesamebehaior andthusmustbetwo instance®f onememberof thefamily.

To shaw this seneris identicalto the previousone,we needonemoreFRPequiva-
lence,distributing==> over. | .:

(el .|. e2) ==>Ff = (el ==> ) .|. (e2 ==> £)

We now have a senerthathastwo callsto lookupWebPage ratherthanone.The next
stepis to implementthis modified sener so thatthesetwo calls canbe placedon dif-
ferentprocessorsTo do this, we stepback and go outsideof the FRP framework to
incorporateexplicit messag@assingnto the two resultingprocessesiWe will present
this later, after describingthe Haslell-Linda systemwhich handlescommunication
acrossprocessesit presentthough,we mustcontemplatea serioussemanticissue:
non-determinism.

We have alreadyintroducedonenon-deterministiconstruct:splitEvents. How-
ever, in this particularsystemthe non-determinisnof splitEvents is hotobsenable:
thespecificeventsplitting usedcannotbe seerby theuser Thatis, the . | . removesthe
evidenceof non-determinisnfrom theresult.

This model, however, still over-constrainsa parallel implementationWhy? The
problemlies in the clocking of the event streamsThe semanticof FRP dictatethat
thefunctionsappliedto aneventstreamby ==> take no obsenabletime, aspreviously
explained.However, thereis no reasonto requirethat thesetimes are presered. For
example,our sener couldrespondo

[(1, "f.com/a"), (3, "f.com/b"), (6, "f.com/c")]
with acompletelydifferentsetof timings:

[(2, "Page a"), (7, "Page c"), (10, "Page b")]



This resultis completelyacceptablethe factthat “pageb” is sened before“pagec”
really doesnt matterin this application.If thesetwo pagesgo to separatgrocessors,
thereis no reasorto delaydelivering the resultof the secondrequestuntil the first re-
questis completedWe arenotaddressingealtimeissueshere:specifyingthatrequests
mustbesenedwithin somefixedtime of theirarrival is not presentlypartof ourmodel.
We needto expressthe fact that our sener is not requiredto maintainthe order
ing of the outputevent stream.This is accomplishedy placinga pseudo-functionn
the systemmodel: shuffle is a functionthat (semantically)allows the timingsin an
eventstreanto bere-assignedyossiblyre-orderinghesequencef events.Thiscanbe
thoughtof asa functionthatnon-deterministicallyearrangesaneventstream:

shuffle :: Event a -> Event a

Whenthe modelis usedsequentiallythis function may be ignoredaltogether How-

ever, whenthe modelis usedto generatgarallelcode,this function producesanevent
streamwhosetiming may be alteredby parallelization.As with splitEvents, care
mustbe taken to presere referentialtranspareng when manipulatingprogramscon-

tainingshuffle. Indeedthis senesmoreasanannotatiorthanafunction.lIt is beyond

the scopeof this paperto preciselydefinethe rulesfor correctly transformingpro-

gramcontainingshuffle andotherpseudo-functionsut, intuitively, the useof these
functionsis easilyunderstoodAs with splitEvents, we musttreatseparateisesof

shuffle asdifferentfunctions.

We now changeour original systemmodelto the following:

server :: Event URL -> Event WebPage
server urls = shuffle (urls ==> lookupWebPage)

This modelstatesthat the resultsin the outputevent streammay arrive in a different
orderto the eventsin the input streamand thereforepermitsa more effective paral-
lelization of the system As with splitEvents, theshuffle functionhasa numberof
algebraicpropertiesto bedescribedater.

3 Implementing Parallelism

3.1 Haskell-Linda

Beforelooking attheimplementatiorof parallelFRP we needto examinethelow-level
constructghatallow parallelprogrammingn Haslell. We have implementedoarallel
FRPusinganexisting parallelprogrammingnfrastructureLinda[CGMS94. We have
used_inda (actuallyLinda/Paradiseacommercialversionof Linda)toimplementhasic
parallelprogrammingservicesjncluding messaggassingmessagéroadcastpbject
locking, sharecbbjects,andpersistence.

ThelLinda/Paradisesystemimplementsa globalsharednemorycalledtuple space,
storing not just bytes but structuredHaslell objects.Three basicaccessoperations,
out (write), read, and in (readandremove), are provided insteadof the two (write
andread)provided by cornventionaladdresspacesTheseoperationsare atomicwith



built-in synchronizationDatatransferbetweenprocessesr machiness implicit and
demand-dren.

In Haslell-Linda, thetuplespaces partitionedinto a setof regions, eachcontaining
valuesof somespecificgroundtype. All tuple-spaceperationsare performedwithin
the context of a specificregion, wherethe region nameis embeddedn the operator
Thus,eachread, in, or out operationhasaccesgo only onepartof tuple spaceThe
scopeof a readingoperationmay be further narroved usinga pattern,requiringsome
setof fieldsin the objectto have known values.Eachregion may containan arbitrary
numberof tuples.Tuple spacds sharedy all processesralueswritten by oneprocess
may be readby others.Higherorderregionscould alsobe definedbut arenot needed
in this context.

Haslell-Lindaisimplementedsa preprocessahattransformdaslell-Lindacode
into a pair of programspnein Haslell andthe otherin C, connectedo Haslell using
GreenCardA distinguishedsetof declarationscommonto all Haslell programausing
tuplespacedefinetheregionsandtypesin tuplespaceAll tuple spaceoperatorsarein
theHaslell 10 monad.

Thevaluesin tuple spacearenot orderedin ary way. A readoperationmay return
ary valuein the designatedegion matchingthe associateghattern,regardlessof the
orderin whichthevalueswereplacedinto tuplespaceThus,thebasicreadoperationis
non-deterministisvhenmorethat onetuple matcheghe pattern.More comple disci-
plinescanbelayeredontop of thesebasictuplespaceoperationsFor example,areader
andwriter may presere the sequencef tuplesby addinga counterto thedataobjects.

All tuple spacefunctionsare suffixed by a region name.Thus,the out R function
writesvaluesinto region R of tuple spaceThefunctionin_R readsanddeletesatuple
from R, while read_R doesnotdeletethetuple.Readingunctionsmayoptionallyselect
only tuplesin which someof thefieldsmatchspecifiedvaluesthisis allowedonly when
thetypein theregionis definedusingnamedfields. For example,giventhetuple space
definitions,

region R = TupType
data TupType TupType {key :: Int, val :: String}

thenread R {key = 1} readsonly tupleswith alin thekey field. Thereis currently
no supportfor matchingrecursve datatypest arbitrarylevelsof nesting.

Tuple spaceallows interprocessommunicationusing events.An event producer
placesevent valuesinto tuple spacewhile an event consumerreadsand deletes(us-
ing in) eventvaluesout of tuple spaceWhenmultiple producerswrite eventsinto the
sameregion of tuple spacetheseeventsareimplicitly combinedaswith the . | . oper
ator Whenmultiple readergake valuesfrom thesameevent,animplicit splitEvents
occurs.

3.2 UsingHaskell-Linda in FRP

A programwritten using FunctionalReactve Programmings executedby an engine
thatcorvertsincomingandoutgoingeventsinto Haslell 10 actions.EachFRPprocess
usesaseparatengine;a functionof type



frpEngine :: I0 a -> (Event a -> Event b) -> (b -> I0 () -> I0 ()

The argumentgo the enginearethe input eventsource the FRPeventtransformation,
anda dispatcheifor outgoingevents.The eventsourceis an IO actionthatgenerates
the eventsstimulatingthe system Incomingeventsaretimestampedvith their time of
arrival; eachFRP engineis thus clocked locally ratherthan globally. Whenan event
movesfrom one procesgengine)to anothey the timestampon the outgoingeventis
droppedanda new, local time stampis placedon the eventasit entersthe nev FRP
engine.This eliminatesthe needfor global clock synchronizatiorbut restrictsthe way
in which a programmay be partitionedinto paralleltasks.

This engineblockswhile waiting for the IO actionto deliveranew stimulus.How-
ever, multiple FRP enginesmay be running,in separatgrocessesyn eachprocessar
This keepsthe processobusy evenwhensomeof its FRPengineshave no work to do
or arewaiting on 10 actions.

Returningto the web sener example,a programdefining a single sener process
lookslik e this:

region IncomingURL = TURL
region OutgoingPage = WebPage
frpProgram :: Event URL -> Event WebPage

frpProgram urls urls ==> lookupWebPage

main = frpEngine
in_IncomingURL
frpProgram
out_QOutgoingPage

The two-sener versionof the web sener may be executedby runningthis samepro-
gramin two differentprocesseshat sharea commontuple space The splitEvents
and. | . foundin the transformedversionof the sener areimplicit in the tuple space
operationsusedby the FRPengines.

To completethe web sener, we needto adda procesghatinterfacesbetweerthe
HTTP sener andtuple space.This processsimply listensfor incomingrequestsand
dropstheminto the IncomingURL region of tuple spacewhile also listening to the
OutgoingPage region andsendingweb pagedo the appropriatdP addresses.

4 Parallel FRP

ParallelFRPaugmentdraditionalFRPin threeways:

— it expandsthe coresemantic®f FRPwith a numberof new functions,

— it definegtransformatiorrulesthatincreasdhe potentialfor parallelism,and

— it specifiesa compilationprocesghattransformsa systemspecificationnto a set
of FRPprocessesunningin parallelandcommunicatingia Haslell-Linda.



4.1 Events

The essentiapropertyof eventsin our systemis that,usingHaslell-Linda, they canbe
movedfrom oneprocesdo anotherFor example,considerthe following program:

pipeline :: Event Input -> Event Output
stagel :: Event Input -> Event Middle
stage2 :: Event Middle -> Event Output
pipeline = stage2 . stagel

We can encapsulateachof the stagesas a separateprocessand have the result of
stagel passednto stage2 throughtuple space As a side effect, however, the time
elapsedn stagel computationdbecome®bsenable—theaiming of eventoccurrences
is differentin the eventstreamded into the two stagessinceeachprocesaisests own
clockto timestampeventsbasedntheactualtime of arrival. Thusanexpressionwhich
readsthe timestampof an event (usinge.g.the FRP primitive withTimeE) will have
differentvaluesin differentstagesAdditionally, eventoccurrenceganbe propagated
into the secondstageeitherin the order they are generatedy the first stage,or in
arbitrary order; the latter approachwill in generalyield a fasterimplementationjput
changingheorderof occurrencesnayalsobe obsenableby the program Hencethere
are somerestrictionson the programsthat can be partitionedinto separaterocesses
withoutlosingtheir meaning.

To get a bettergraspof theserestrictions,let us first classify event transformers
consideringtheir relationwith time transformson events.A time transform on events
is an endomorphisnon Event a which preseresthe valuesassociatedvith event’s
occurrenceshut may altertheir times.Consideran eventtransformerf andanevente
in thedomainof £. Alluding to the obvious (imperative) implementatiorof eventsin
realtime,we call £ statelessif it commuteswith all time transforms—uwitttheintuition
thatthevalueof eachoccurrencef £ e depend®nly onthevalueof thecorresponding
(in time) occurrenceof e. A time-independent event transformercommuteswith all
monotonicallyincreasingime transformsjn this casethevalueof anoccurrencef f e
maydependn valuesof earlieroccurrencesf e aswell (sof mayhave some'internal
state”). However the event transformersn neitherof theseclassesnmay obsene the
timestamp®f theinput events.

Now we candenotethe re-timestampingf the event streamconnectingtwo pro-
cessesisingtwo marker functions:

shuffle, delay :: Event a -> Event a
pipeline = stage2 . delay . shuffle . stagel

The function shuffle, introducedearlier representan unspecifiedtime transform,
while delay is an unspecifiecbut monotonicallyincreasingtime transform.In effect
thesefunctionsdesignateevent streamghat may be completelyreordered shuffle)
or thosethat may be delayedbut remainin the sameorder (delay). Thusby defini-
tion both shuffle and delay commutewith statelessevent transformerdike ==>,
while delay also commuteswith “stateful” but time-independentperatorssuchas
withElemE. Someequivalencesnvolving thesefunctionsare:



shuffle (e ==> f) (shuffle e) ==> f
filterE (shuffle e) p shuffle (filterE e p)
delay (withElemE e 1) = withElemE (delay e) 1

For operatorghatobsenetimestampssuchaswithTimeE, theplacementf shuffle
anddelay is obsenable: moving the markersthroughsuchan operatorchangeghe
meaningof a program.Althoughwe do not give formal proofsof ary of theseequia-
lenceshere,we believe thatthey couldbeprovedusingsuitableframeavorkssuchasthe
pi calculus.

SomeFRPtransformationseneto introducenew opportunitiesor parallelism.For
examplethetransformation

e==>(f .g) — e==>f==>g

allowsthe eventtransformatiorto be computedn two stages.

4.2 Behaviors

Unlike events behaiors arecontinuouslyavailable:they maybeobsenedatary time.

In the absencef time transformsn the program piecavise-constanglobal behaiors
may be implementeddirectly in tuple spaceusinga single tuple containingthe cur-

rentvalueof the behaior; our currentimplementatiorbasedon Haslell-Linda hasno

supportfor sharedhon-piecevise-constanbehaiors. To illustratebehaiors, we mod-
ify the web sener exampleto includea hit countthatis passednto the HTML page
formattingroutinelookupWebPage:

server :: Event URL -> Event WebPage
server urls = withHits urlsl ==> lookupWebPage .|.
withHits urls2 ==> lookupWebPage
where
(urlsl, urls2) = splitEvents urls
withHits :: Event a -> Event (a, Integer)
withHits e = e ‘snapshot‘ hitCounter
hitCounter :: Behavior Integer
hitCounter = stepper 0 hitCounterE
hitCounterE :: Event Integer
hitCounterE = urls ‘withElemE_°¢ [1..]

This programhasthe samestructureasthe previous web sener exceptfor the ad-
dition of withHits to the call to lookupWebPage. The withHits function getsthe
currentvalueof the hit counterusingthe FRPprimitive

snapshot :: Event a -> Behavior b -> Event (a,b)

which sampleghe behaior at eacheventoccurrenceandaugmentshe eventvalueto
includethe currentvalue of the behasior. The hit counterbehaior is generatedising
thefollowing FRPfunctions:



stepper :: a -> Event a -> Behavior a
withElemE_ :: Event a -> [b] -> Event b

ThehitCounterE eventnumbergheincomingURLs while thehitCounter behaior
makesthis valueavailableat all times.

Corversionof hit countto abehavior is not strictly necessann this smallexample:
we could insteadleave it embeddedn the event stream.However, using a behavior
improvesmodularityby keepingthe eventstructureseparatérom the hit count.It also
keepsthe URL streamfrom beingstateful,allowing easiemparallelization.

A behaior suchashitCounter is implementedby placing a single tuple of a
designatedype into tuple space This makesthe value of the behaior availableto all
processeslheproducerastepper function,canthendeletetheold tupleandinserta
new oneevery time the steppeceventdeliversa new value.Consumer®f the behaior
performaread (notan in) on this tupleto find the currentvalueof the behaior. The
read leavesthetuplein tuple spacepnly the produceremovesthis tuple. Insteadof
the point to point communicationusedto passeventsamongprocessesherewe use
tuple spaceto broadcasthe currentvalueof the behaior to all processes.

However this implementatiorhasa semanticproblemsimilar to the one we en-
counterecearlierwhenconnectingprocessesising event streamssincethe clocks of
the variousprocessesre not synchronizedthis globalizedbehaior may be slightly
out of date.For example,whena new URL entersthe system the producemaystill be
updatingthe hit counterwhenthe web pageconstructionprocesseadsit. Goingback
to thenon-parallesemanticswe againhave to introducesomenon-determinismiere,
we don't quiteknow atwhattime thebehaior will besampledAs with events,we can
adda marker functionto the programto indicatethatit is not necessaryo samplethe
behavior at preciselythe currenttime. Theblur functionsenesthis purpose:

blur :: Behavior a -> Behavior a

In the above example,addingblur in front of thereferenceo hitCounter in the
withHits function statesthatit is acceptabldo seea value of the hit counterthatis
closeto thecurrenttime but perhapshot quitethe same.

Partitioninga programinto independenERPprocessess semanticallycorrectonly
if all behaiorsthey shareare“blurred”

4.3 Partitioning

Formally, the procesf partitioninga specificatiorinto a setof parallelprogramsn-
volves rewriting the programas a set of mutually recursve global definitions.Each
definitioncorrespondso an eventor behavior thatwill be placedin tuple spaceandis
sharedby morethanone of the processesThe following principlesgovernthis parti-
tioning process:

— Everyglobaleventor behaior is associatedvith a uniqueregionin tuplespace.

— Only eventsthatarereferencedvith eithershuffle or delay maybeglobalized.
Whenthe shuffle markeris absenta hiddencountermustbe insertedto ensure
thattuplesaretransferredn the correctorder Similarly, a processnay only refer
enceglobalbehaiorstaggedwith blur.



— Thesemantiamarker functions,shuffle, delay, andblur, areremovedin trans-
lation.

— A .| . orsplitEvents usedo defineaglobaleventisimplementedn tuplespace.

— Eventstreamsausedin morethanoneprocessnustbe sentto multiple regions.

— A procesanay produceor consumemorethanoneglobal event stream.However,
multiple streamamustbe combinedinto a singletype streamusinga union type
suchasEither.

— A processhatdefinegproducespsharediecavise-constanbehaior encodeshe
associatedtepper functionin tuple spaceoperationghatturn FRPeventsinto 1O
actions.Exactlyonesuchprocessnustdefineeachsharechehaior.

— Exactly one processhasto run each“stateful” event transformertask (commu-
nicating via event streamswithout the shuffle marker); an arbitrary numberof
processemayrun eachstatelesgventtransformer

The partitioning processs too complex to fully describehere;a small examplewill
malkeit alittle clearerWe split thewebsenerwith ahit counterannotatedvith marker
functions,into threeprocessesoneto keeptrack of the hit counterandtwo to sene
webpagesWe assumehatanoutsideagentplacegheincomingURLsinto two regions,
IncomingURL1 andIncomingURL2 (onecopy for the pagesenersandanotherfor the
hit counter).

—-- Tuple space declarations
region IncomingURL1 = URL
region IncomingURL2 = URL
region HitBehavior = Integer
region OutgoingPage = Webpage

-- This keeps the hit counter up to date
hitCounterProcess = do out_HitBehavior 0
frpEngine
in_IncomingURL1
(withElem_ [1..] urls)
(\h -> do in_HitBehavior
out_HitBehavior h)

-- Code for both page server processes

pageServer = frpEngine
in_IncomingURL2
(\urls -> urls ‘snapshot‘ hitB

==> lookupWebPage)
out_OutgoingPage
where
hitB = makeExternalBehavior read_HitBehavior

ThefunctionmakeExternalBehavior creates behaior from anlO action.The . | .

andsplitEvents operationsareimplicit in the useof tuple space.This codeis not
restrictedto two sener processes—aarbitrarynumberof thesesener processesnay
beusedsincethe eventtransformeiin pageServer is stateless.



4.4 Stateful Event Handling

While we have discusseda parallelimplementationof the ==> operator it is much
morecommonto encountestatefulsystemsonesin which eachtransactiomrmodifies
thesystemnrstatefor thenext transactionStatefuleventprocessings typified by theFRP
functionaccumE:

accumE :: a -> Event (a -> a) -> Event a

This function takes an initial value and streamof “state update”functions,and pro-

ducesa streamof values.ThusaccumE v is atime-independentut not statelesgvent
transformerand we cannotperformthe samesort of parallelizationon accumE that
we could for ==>, sinceto computethe value of eacheventoccurrencen generalwe

mustwait for the evaluationof the previous occurrenceo “updatethe state. Our ap-
proachto parallelizingstatefuleventstreamss to considera morerestrictedsituation:
onein whichthestatecomprisesa setof independensubstates-or example theonline
auctionexamplesatisfieghis restriction;incomingrequestsre partitionedby auction,
allowing differentprocesseso operateon differentauctionsin parallel. The structure
of the resultingprogramis quite similar to the constructionof the parallelweb page
sener. Theonly differenceis thatthe splitting of theincomingeventstreamis dictated
by theauctionnameembeddedn eachrequestFor example,if auctionsarenamecby

integers,we may chooseto useone processoto handleeven numberedauctionsand
anotherto handlethe odd numberednes.We have investigatedwo differentways of

partitioningtheincomingstreamof requests:

— Staticpartitioning:eachsubstateesidesn afixedprocessarequestareroutedin
a staticallydeterminedvay. Interactingrequestsarealwaysdeliveredto the same
process.

— Dynamicpartitioning:eachsubstateesidesn tuple space A procesdocksa sub-
statewhile it is beingmodified.Interactingrequestsareresohedby blocking pro-
cesses.

Eachof thesestratgieshasadwantagesanddisadwantagesStatic partitioningis easily
expressedn ordinary FRPterms:filtering andmeming, while dynamicpartitioningis
handledby the FRP drivers.Dynamic partitioningrequiresa specialrule in the parti-
tionerto generatehesemodifieddrivers.Dynamicpartitioningalsopresentgifficulties
for transactionshatobsene all of the substateat once.

In eithercase somedomain-specifiknowledgemustbe appliedduring the trans-
formationprocesgo allow parallelhandlingof statefulrequests.

5 Example: An Online Auction Server

As ademonstratiorof FRPS suitability for distributedtransactiorprocessingwe have
built a parallelweb-basedn-line auctionsystem.This is essentiallyan event trans-
formerwhich takesstreamof inputsandturnsit into a streamof outputs bothof which
aredefinedbelow:



data Input
= StartAuction (Maybe Auction) User Item Description Date
| Bid User Auction Price
| Query Auction
| Search Item

data Output
= WebPage WebPage
| MailTo User EmailMessage

The whole systemconsistsof a numberof independentuctions(eachhaving a
unigue auctionidentifier) and a databasef all items being auctioned which canbe
usedto answerqueriesaboutauctionsnvolving a particulartype of item.

The incomingeventsof type Input getpartitionedaccordingto whetherthey ini-
tiate an operationwhich will updatethe global stateof the system(e.g. startinga new
auction),handledby the eventtransformerindexStateMachine, or whetherthey just
relateto the stateof a particularauction(e.g.querythe price or placea bid), in which
casethey arepassemnto auctionStateMachine.

Theinitial systemspecificationis thusquite simple.

auction :: Event Input -> Event Output
auction i = auctionStateMachine auctionRegs .|.
indexStateMachine indexReqs
where
i’ = addAuctionNames (delay i)
auctionRegs = i’ ‘suchThat‘ isAuctionReq
indexRegs = i’ ‘suchThat‘ isIndexReq

We note,however, thatin arealauctiontheauctionStateMachine will bedoing
mostof the work, so we may want eitherto try to parallelizeit, or simply run multi-
ple copiesof it concurrently We take the latter approachand partition the streamof
auction-relatedventsinto two. Theresultingmodelis asfollows:

auction i = auctionStateMachine auctionRegsl .|.
auctionStateMachine auctionReqgs2 .|.
indexStateMachine indexRegs
where

i’ = addAuctionNames (delay i)

auctionRegs = i’ ‘suchThat‘ isAuctionReq

auctionReqsl = auctionReqgs ‘suchThat‘ evenAuctionNumber

auctionReqs2 = auctionReqs ‘suchThat‘ oddAuctionNumber

indexRegs = i’ ‘suchThat‘ isIndexReq

Anotherpossiblepartitionof this programis to createfour processesneto addtheauc-
tion namego theinput aswell directeventsto the properhandler(the suchThat func-
tions),anotherto run indexStateMachine, andtwo runningauctionStateMachine.



6 RelatedWork

In this work, we are combiningthe FRP paradigmwith a distributed sharedmemory
system(Linda) to producea new functionalervironmentwhich facilitatesparallelpro-
gramming.The problemof partitioning applicationsinto their componentgor execu-
tion on differentprocessorss alsoconsideredAll of the above have beenaddressed
separatelyn thefollowing ways:

FRPwasoriginally developedby ConalElliott for Fran,alanguageof interactive
animationsput hasalsobeenusedfor robotics[PHE99, computervision [RPHH99],
andsafety-criticalsystemgSJ99.

Concurrenfunctionallanguagefave beenimplementedn variousforms.Concur
rentML [Rep9] formalizedsynchronousperationasfirst-clasgpurelyfunctionalval-
uescalled“events’ Thefunctionallanguageeden[BKL98], built ontopof Haslell, dis-
tinguishesbetweentransformationahndreactive systemsandintroducesits (slightly
more general)versionsof splitEvents and .| . as specialprocessabstractiongo
encapsulatemondeterminisnandthus keepsreferentialtranspareng within userpro-
cessesHowever, it doesnot supporttime-varying behaiors or indeedany notion of
timeatall.

TheLindaarchitecturehasbeenwell studiedandwidely usedwith languagetike C
[CGMS94, extensionsof Pascalandobject-orientedanguage$MK88], but hasnever
beenintegratedwith Haslell.

Lastly, thewholeideaof efficiently partitioningaproblemsuchasawebseneroran
onlineauctioninto its constituencomponentso berunin parallelon differentproces-
sorshasbeenaddressetiothin thefunctionalanddeclaratve domaingmainly by using
the conceptof skeletons.In the imperative world, languagesuchasP3L [CDMP97
have beendevelopedwhich infer a way of partitioningthe problemfrom annotations
highlighting regions of codewheretask parallelismor dataparallelismcould be ex-
ploited.A versionof thesamesystemhasbeenmplementedor thefunctionallanguage
OCamlI[DCLP9§.

7 Conclusions

Thiswork is avery preliminaryforay into alarge designspaceWe attemptto combine
two very differentstylesof programminga declaratve style of reactize programming
andanimperatie style of parallelprogrammingusingthe Linda tuple space Our pri-
marycontributionis theincorporationof interactioninto the semantidramework of the
parallelsystemThisinitial effort hassucceedeth anumberof ways:

— Thiswork canbeappliedto alarge variety of problemsof practicalimportance.

— We have developeda reasonablavay of incorporatingnon-determinisninto the
semanticof FRPin a very controlledfashion.The non-determinisnis restricted
to behaior andeventvalueswithout affectingthe overall semanticof Haslell.

— Ourwork combineshoth operationn discretemessagegevents)andunclocled,
continuouslyavailablevalues(behaiors).

— We have showvn how a declaratve, executablespecificationcanbe usedto synthe-
sizeacomple parallelsystem.



The primary problemwith this work is that the transformatiorstrateyy is somevhat
ad-hoc.Thereis not yet ary systematiovay to automatethis processor to even test
the equivalencebetweenthe systemmodeland a generatedset of parallel programs.
We expectthataddingappropriateannotationgo the specificationwould allow further
automation.

We have not beenableto evaluatethe performanceof the online auctionexample
in a particularlymeaningfulway. While we have obsenedthe expectedspeeduvhen
addingmore processorso the systemwe have not yet effectively measuredhe over
headattributedto the useof tuple space.

We have investigatednly static partitioning of the modelinto processesA more
dynamicsystemwould createanddestry processeasneededallowing a moreeffec-
tive useof resourcesThis style of programmings easilysupportedy the underlying
Linda system:patternmatchingallows, in essencenew global variablesto be created
anddestrgyeddynamically In essenceye have approachegartitioningin afirst-order
ratherthan a higherorder manner The seemsto be no inherentproblemsin adding
dynamicpartitioningto our system.

Somefeaturesof FRPhave not yet beenintegratedinto this framework. For exam-
ple, time transformatioris not supportecat presentandwould be difficult to reconcile
with theimperatie natureof tuple-spac@peratorsAnothershortcomings thelack of
interprocesgarbagecollection.In the underlyingimplementatiorof FRR eventsthat
areno longerneededareremovedby the garbagecollector In the parallelsystem this
would requirefeedbackrom the consumenf someparticulartype of tuple backto the
producer allowing the consumetrto signalthe producerthat its valuesare no longer
needed.

We have not yet addressedeal-time performancecriteria. For example,we can-
not interrupta computationn progressat the behesiof a higherpriority taskor make
arny assurancesaboutfairnessor responsdime. Suchfeatureswould requireserious
enhancement® the semanticandimplementatiorof FRP

While the basictransformationgo setup pipelinesor usemultiple processorso
servicestatelesevent streamsare easily understoodthe transformationgelating to
statefulevent or behavior usageare much harderto use and understandWe expect
thatfurther practicalexperiencewill be necessaryo developa usefulandapplication
appropriatesetof transformations.

We have not yet formalizedthe semanticbasisfor our model. The work of Elliott
andHudak[EH97] providesa semantidasisfor aversionof FRPin whichthenotionof
eventcorrespondf anoccurrencef aneventin ourmodelandtheoneusedn [EII99],
leadingto a differenttreatmenif eventprimitives.A clearsemantiaefinition of FRP
would be the first steptowardsproving formal correctnes®f our transformationsor
inferring avalid setof transformationslirectly from the underlyingsemantics.
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