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Abstract In this paper, we demonstratehow FunctionalReactive Programming
(FRP),a framework for the descriptionof interactive systems,canbe extended
to encompassparallelsystems.FRPis basedonHaskell, a purelyfunctionalpro-
gramminglanguage,and incorporatesthe conceptsof time variation andreac-
tivity.
ParallelFRPservesasadeclarativesystemmodelthatmaybetransformedinto a
parallelimplementationusingthestandardprogramtransformationtechniquesof
functionalprogramming.Thesemanticsof parallelFRPincludenon-determinism,
enhancingopportunitiesto introduceparallelism.We demonstratea variety of
programtransformationsbasedonparallelFRPandshow how aFRPmodelmay
be transformedinto explicitly parallelcode.ParallelFRPis implementedusing
the Linda programmingsystemto handletheunderlyingparallelism.As an ex-
ampleof parallelFRP, we show how a specificationfor a web-basedonlineauc-
tioning systemcanbetransformedinto a parallelimplementation.

1 Intr oduction

A commonapproachto developingparallelprogramsis to expressasequentialspecifi-
cationof thesystemin adeclarativewayandto thentransformthismodelinto aparallel
implementationof it whilst preservingits semantics.In this work, we developa frame-
work for expressingmodelsof interactive systems suchaswebserversanddatabases.

Our work is basedon FunctionalReactive Programming[PES98, Ell98] (FRP),a
library of functionsandtypesthatextendHaskell [Jon99], apurelyfunctionallanguage,
with meansfor describinginteractivesystemscontainingvaluesthatvary in time.

At thecoreof FRParethenotionsof events andbehaviors. An eventof type "$#&%�'&(*)
denotesa discreteseriesof occurrencesin time, eachhaving a timestampanda value
of type ) , while a behavior of type +,%�-.)/#10�2/354 maybesampledat any time to yield a
valueof type 4 . FRPdefinesa rich setof functionsoperatingon thesedatatypes,and
is designedto retainthe“look andfeel” of purefunctionalHaskell without resortingto
constructssuchasmonadsto handleinteraction.

To enabletheintroductionof parallelisminto FRPprograms,we haveextendedthe
basicframework with constructswhich enrichthe semanticsof the modelswith non-
determinism,representingthefactthattheorderin whichtwo computationsonseparate
processorsstarteddoesnot determinetheorderin which they will finish.

To formalizethe processof parallelizingFRPmodels,we introducea numberof
equationswhichdefinevalid transformationsof sequentialFRPconstructsinto parallel



ones.Thus,transformationscanbeperformedby meansof a well understoodmeaning
preservingprocess—equationalreasoning.This is currentlydoneby handbut possibly
couldbeautomatedin thefuture.

2 BasicConcepts

We begin with a simpleFRPmodelof a web server. This systemreceivesa seriesof
requestsfor webpages( 6,7&8 s)andreactsby generatingeventsto posttheresultingweb
pages.

9 %/3$#,%/3 :$:;"$#,%�'$(<6&7&8>=$?<"@#,%�'&(BA.%�4&C,)/D,%9 %/3$#,%/3BE$3.F 9 G E&3.F 9HG$G ?IF/2$2/J@E$K@A.%�4&C,)�D,%
Thisserver is asimpleevent transformer. Thatis, the 6&7&8 in eachincomingeventis

transformedinto a A,%�4&C,)/D&% . Eventtransformationis a primitive in FRP:thefunction
L G$G ?.M :$:;"$#,%�'$(N)>=$? L )I=$?O4�M<=@?<"$#&%�'&(B4
implementsthis directly. Theactualwebpagegenerationis performedby thefunction
F/2$2/J@E$K@A.%�4&C,)�D,% , a Haskell function that mapsa 6,7&8 onto a A.%�4$C,)/D,% . We assume
(for now) that thewebpagesareunchanging:thus, F@2$2�J@E$K$A.%�4&C,)/D,% is a purefunction
that doesnot perform IO. The semanticsof FRP dictatethat the resultingeventsofG@G ? logically occurat the sametime as the stimulus;that is, the clock (event times)
associatedwith thewebpagesexactly matchestheclock in theinput eventstream.For
example,if theincomingeventstreamis
P�L�Q1RTS�U*VXW 2�Y1Z@) S M R[LX\]RTS�U*VXW 2�Y�Z�4 S M RHLX^5RTS�U*VXW 2�Y1Z W.S M�_

thentheoutputstreammight be
P�L�Q1RTS C,)/D,%`) S M R`La\]RbS C,)/D,%H4 S M R<LX^]RTS C,)/D&% W.S M�_

We representeventstreamsaslists of tuples,eachtuplecontaininganoccurrencetime
anda value.Theselists arenot necessarilyhow eventsareimplemented,but they serve
to illustratetheoperationof thesystem.Wearesimplifying theproblemsomewhat:in a
realserver, theincomingrequestscarryfor exampletheIP addressandport identifying
theclient.

This modelserveswell for a singleprocessorwebserver, but whatabouta parallel
versionof this problem?First,we observethatthis systemis stateless: that is, thegen-
eratedwebpagesdependonly on the incoming 6&7&8 , not on previoustransactions.We
caninfer this propertydirectly from thespecification:G$G ? is stateless(by its definition
in FRP)andthe F@2$2/J@E@K$A.%�4&C&)/D,% functionhasno interactionswith theoutsideworld.
Given this property, we canusetwo processorsto serve the requests,dividing the in-
comingrequestsamongtheprocessorsarbitrarily. Rewriting, thenew serverbecomes:

9 %/3$#,%/3 :$:;"$#,%�'$(<6&7&8>=$?<"@#,%�'&(BA.%�4&C,)/D,%9 %/3$#,%/3BE$3.F 9 G E&3.F 9 Q G@G ?`F@2$2/J@E@K$A.%�4&C&)/D,% V.c�V
E&3.F 9�d`G@G ?`F@2$2/J@E@K$A.%�4&C&)/D,%



e -.%/3,% L E&3.F 9 Q1R E&3.F 9�d M Gf9 K.F.0�($"$#&%�'&( 9 E&3.F 9
9 KgF.0�($"@#,%�'&( 9 :$:;"$#,%�'$(N)>=$? L "$#,%�'&(I) R "$#,%�'$(N).ML,V.c�V M :$:;"$#,%�'$(N)>=$?B"$#,%�'$(I)N=$?B"$#,%�'&(>)
The

V,c�V
operatorisaFRPprimitivethatmergeseventstreams.Thefunction 9 KgF,0�($"$#,%�'&( 9 ,

however, is notpartof FRP. Ratherthanspecifyany specificsplittingof aneventstream,
we define 9 K.F.0�($"$#&%�'&( 9 by thefollowing property:

% = F/%/( L % Q�R % d M Gf9 KgF.0�($"@#,%�'&( 9 %f0�'h% QiV.c�V % d
This statesthateachincomingeventmustbedistributedto oneor theotherof the re-
sulting event streams.We notethat the above propertydoesnot guaranteereferential
transparency—two calls to 9 KgF.0�($"@#,%�'&( 9 on the sameevent streamwill producedif-
ferentresults.Wemustbecarefulto preservethepurelyfunctionalsemanticsof Haskell
here!Oneway to do this is to consider9 K.F.0�($"$#&%�'&( 9 asdenotinga memberof a fam-
ily of event splitting functions,eachsatisfyingthe above property. Separatecalls to9 KgF.0�($"@#,%�'&( 9 in the original specificationarethencalls to arbitrarymembersof this
family; wecanthink of thisasattachingalabelto eachcall to 9 KgF,0�($"$#,%�'&( 9 . However,
a valid programtransformationmayduplicatea call to 9 K.F.0�($"$#&%�'&( 9 . To preserve the
referentiallytransparentsemanticsof Haskell, bothcopiesof 9 KgF.0�(@"$#,%�'&( 9 musthave
thesamebehavior andthusmustbetwo instancesof onememberof thefamily.

To show thisserver is identicalto thepreviousone,we needonemoreFRPequiva-
lence,distributing G$G ? over

V.c�V
:

L % QjV.c�V % d M G$G ? U =
L % Q G$G ? U M V.c�VOL % d`G@G ? U M

We now have a server thathastwo calls to F@2@2/J@E$K$A,%�4&C,)/D&% ratherthanone.Thenext
stepis to implementthis modifiedserver so that thesetwo callscanbe placedon dif-
ferentprocessors.To do this, we stepbackandgo outsideof the FRPframework to
incorporateexplicit messagepassinginto thetwo resultingprocesses.We will present
this later, after describingthe Haskell-Linda systemwhich handlescommunication
acrossprocesses.At present,though,we mustcontemplatea serioussemanticissue:
non-determinism.

We have alreadyintroducedonenon-deterministicconstruct:9 KgF.0�($"$#,%�'$( 9 . How-
ever, in thisparticularsystem,thenon-determinismof 9 KgF.0�($"$#,%�'$( 9 is notobservable:
thespecificeventsplittingusedcannotbeseenby theuser. Thatis, the

V.c�V
removesthe

evidenceof non-determinismfrom theresult.
This model, however, still over-constrainsa parallel implementation.Why? The

problemlies in the clocking of the event streams.The semanticsof FRPdictatethat
thefunctionsappliedto aneventstreamby G@G ? take no observabletime,aspreviously
explained.However, thereis no reasonto requirethat thesetimesarepreserved.For
example,ourservercouldrespondto
P�L�Q1RTS�U*VXW 2�Y1Z@) S M R[LX\]RTS�U*VXW 2�Y�Z�4 S M RHLX^5RTS�U*VXW 2�Y1Z W.S M�_

with a completelydifferentsetof timings:
P�L d RTS C,)/D,%`) S M R`Lak]RbS C,)/D,% W,S M R<L�Q�l]RbS C&)/D,%O4 S M�_



This result is completelyacceptable:the fact that “pageb” is served before“pagec”
really doesn’t matterin this application.If thesetwo pagesgo to separateprocessors,
thereis no reasonto delaydeliveringtheresultof thesecondrequestuntil thefirst re-
questis completed.Wearenotaddressingrealtimeissueshere:specifyingthatrequests
mustbeservedwithin somefixedtimeof theirarrival is notpresentlypartof ourmodel.

We needto expressthe fact that our server is not requiredto maintainthe order-
ing of the outputevent stream.This is accomplishedby placinga pseudo-functionin
the systemmodel: 9 -@E U$U F@% is a function that (semantically)allows the timings in an
eventstreamto bere-assigned,possiblyre-orderingthesequenceof events.Thiscanbe
thoughtof asa functionthatnon-deterministicallyrearrangesaneventstream:

9 -$E U$U F/% :$:;"$#,%�'$(N)>=$?B"$#,%�'$(I)
Whenthe model is usedsequentially, this function may be ignoredaltogether. How-
ever, whenthemodelis usedto generateparallelcode,this functionproducesanevent
streamwhosetiming may be alteredby parallelization.As with 9 KgF.0�(@"$#,%�'&( 9 , care
mustbe taken to preserve referentialtransparency whenmanipulatingprogramscon-
taining 9 -$E U$U F@% . Indeed,thisservesmoreasanannotationthanafunction.It is beyond
the scopeof this paperto preciselydefinethe rules for correctly transformingpro-
gramcontaining 9 -$E U$U F@% andotherpseudo-functionsbut, intuitively, theuseof these
functionsis easilyunderstood.As with 9 KgF.0�($"@#,%�'&( 9 , we musttreatseparateusesof9 -$E U$U F/% asdifferentfunctions.

We now changeour original systemmodelto thefollowing:

9 %/3$#,%/3 :$:;"$#,%�'$(<6&7&8>=$?<"@#,%�'&(BA.%�4&C,)/D,%9 %/3$#,%/3BE$3.F 9 G 9 -$E U@U F@% L E&3,F 9[G$G ?IF@2$2/J/E$K$A.%�4$C,)/D,%gM
This modelstatesthat the resultsin the outputevent streammay arrive in a different
order to the eventsin the input streamandthereforepermitsa moreeffective paral-
lelizationof thesystem.As with 9 KgF.0�($"@#,%�'&( 9 , the 9 -@E U$U F@% functionhasanumberof
algebraicproperties,to bedescribedlater.

3 Implementing Parallelism

3.1 Haskell-Linda

Beforelookingat theimplementationof parallelFRP, weneedto examinethelow-level
constructsthatallow parallelprogrammingin Haskell. We have implementedparallel
FRPusinganexistingparallelprogramminginfrastructure:Linda[CGMS94]. Wehave
usedLinda(actuallyLinda/Paradise,acommercialversionof Linda)to implementbasic
parallelprogrammingservices,includingmessagepassing,messagebroadcast,object
locking,sharedobjects,andpersistence.

TheLinda/Paradisesystemimplementsaglobalsharedmemorycalledtuplespace,
storing not just bytesbut structuredHaskell objects.Threebasicaccessoperations,
2�E&( (write), 3,%$)@m , and 0�' (readandremove), areprovided insteadof the two (write
andread)providedby conventionaladdressspaces.Theseoperationsareatomicwith



built-in synchronization.Datatransferbetweenprocessesor machinesis implicit and
demand-driven.

In Haskell-Linda,thetuplespaceis partitionedinto asetof regions, eachcontaining
valuesof somespecificgroundtype.All tuple-spaceoperationsareperformedwithin
the context of a specificregion, wherethe region nameis embeddedin the operator.
Thus,each3,%@)@m , 0�' , or 2�E&( operationhasaccessto only onepartof tuplespace.The
scopeof a readingoperationmaybe furthernarrowedusinga pattern,requiringsome
setof fields in theobjectto have known values.Eachregion maycontainanarbitrary
numberof tuples.Tuplespaceis sharedby all processes:valueswrittenby oneprocess
maybereadby others.Higher-orderregionscouldalsobedefinedbut arenot needed
in this context.

Haskell-Lindais implementedasapreprocessorthattransformsHaskell-Lindacode
into a pair of programs,onein Haskell andtheotherin C, connectedto Haskell using
GreenCard.A distinguishedsetof declarations,commonto all Haskell programsusing
tuplespace,definetheregionsandtypesin tuplespace.All tuplespaceoperatorsarein
theHaskell IO monad.

Thevaluesin tuplespacearenot orderedin any way. A readoperationmayreturn
any value in the designatedregion matchingthe associatedpattern,regardlessof the
orderin whichthevalueswereplacedinto tuplespace.Thus,thebasicreadoperationis
non-deterministicwhenmorethatonetuplematchesthepattern.More complex disci-
plinescanbelayeredontopof thesebasictuplespaceoperations.For example,areader
andwriter maypreserve thesequenceof tuplesby addingacounterto thedataobjects.

All tuplespacefunctionsaresuffixedby a region name.Thus,the 2�E&( 7 function
writesvaluesinto region R of tuplespace.Thefunction 0�' 7 readsanddeletesa tuple
from R,while 3,%@)@m 7 doesnotdeletethetuple.Readingfunctionsmayoptionallyselect
only tuplesin whichsomeof thefieldsmatchspecifiedvalues;thisis allowedonly when
thetypein theregion is definedusingnamedfields.For example,giventhetuplespace
definitions,

3&%/D10�2�'`7 G n E$K n@o K.%
m$)/(,) n E$K n@o K.% G n E$K n@o K.%`p�J,% o :@:rq�'$( R #,)&Fs:$:ut/($310�'$D.v
then 3,%$)@m 7wp�J,% o>G Q v readsonly tupleswith a 1 in the J&% o field. Thereis currently
no supportfor matchingrecursivedatatypesat arbitrarylevelsof nesting.

Tuple spaceallows interprocesscommunicationusingevents.An event producer
placesevent valuesinto tuple spacewhile an event consumerreadsanddeletes(us-
ing 0�' ) eventvaluesout of tuplespace.Whenmultiple producerswrite eventsinto the
sameregionof tuplespace,theseeventsareimplicitly combined,aswith the

V.c�V
oper-

ator. Whenmultiple readerstakevaluesfrom thesameevent,animplicit 9 KgF,0�($"$#,%�'&( 9
occurs.

3.2 Using Haskell-Linda in FRP

A programwritten usingFunctionalReactive Programmingis executedby an engine
thatconvertsincomingandoutgoingeventsinto Haskell IO actions.EachFRPprocess
usesaseparateengine;a functionof type



U 3@K&"@'&D�0�'.%x:$:yq�z<)w=@? L "$#,%�'&(I)N=$?O"$#,%�'$(`41M<=$? L 4h=$?wq�z L M$MO=$?wq�z L M
Theargumentsto theenginearetheinput eventsource,theFRPeventtransformation,
anda dispatcherfor outgoingevents.The event sourceis an IO actionthat generates
theeventsstimulatingthesystem.Incomingeventsaretimestampedwith their time of
arrival; eachFRPengineis thusclocked locally ratherthanglobally. Whenan event
movesfrom oneprocess(engine)to another, the timestampon the outgoingevent is
droppedanda new, local time stampis placedon the event asit entersthe new FRP
engine.This eliminatestheneedfor globalclock synchronizationbut restrictstheway
in which a programmaybepartitionedinto paralleltasks.

Thisengineblockswhile waiting for theIO actionto delivera new stimulus.How-
ever, multiple FRPenginesmayberunning,in separateprocesses,on eachprocessor.
This keepstheprocessorbusyevenwhensomeof its FRPengineshave no work to do
or arewaitingon IO actions.

Returningto the web server example,a programdefininga singleserver process
lookslike this:

3&%/D10�2�'fq�' W 2�Y{0�'&D/6,7&8 G 6,7&8
3&%/D10�2�'Nz�E&($D,2g0�'&D$C,)/D&% G A.%�4&C&)/D,%
U 3@K&C$3,2�D$3,)�Y :$:;"$#,%�'$(O6,7&8>=$?B"$#,%�'&(<A.%�4&C,)/D,%U 3@K&C$3,2�D$3,)�Y<E&3.F 9 G E&3.F 9[G@G ?>F/2$2/J@E$K@A.%�4&C,)�D,%
Y�)g0�' G U 3@K&"/'&D10�'.%

0�'g|.q�' W 2�Y{0�'&D�6,7&8U 3@K&C$3,2�D$3,)�Y
2�E&(.|$z�E$($D,2g0�'$D$C,)/D$%

The two-server versionof the web server may be executedby runningthis samepro-
gramin two differentprocessesthat sharea commontuple space.The 9 KgF,0�($"$#,%�'&( 9
and

V,c�V
found in the transformedversionof the server areimplicit in the tuple space

operationsusedby theFRPengines.
To completethe web server, we needto adda processthat interfacesbetweenthe

HTTP server andtuple space.This processsimply listensfor incomingrequestsand
dropsthem into the q�' W 2�Y{0�'$D/6,7&8 region of tuple spacewhile also listening to the
z�E&($D,2g0�'&D$C,)/D&% regionandsendingwebpagesto theappropriateIP addresses.

4 Parallel FRP

ParallelFRPaugmentstraditionalFRPin threeways:

– it expandsthecoresemanticsof FRPwith a numberof new functions,
– it definestransformationrulesthatincreasethepotentialfor parallelism,and
– it specifiesa compilationprocessthat transformsa systemspecificationinto a set

of FRPprocesses,runningin parallelandcommunicatingvia Haskell-Linda.



4.1 Events

Theessentialpropertyof eventsin oursystemis that,usingHaskell-Linda, they canbe
movedfrom oneprocessto another. For example,considerthefollowing program:

K10�K.%&F.0�'.% :$:;"$#,%�'$(}q�'$K$E&(>=$?B"$#,%�'&(>z�E&(@K@E&(9 (,)/D,% Q :$:;"$#,%�'$(}q�'$K$E&(>=$?B"$#,%�'&(<~10�m$m&F@%9 (,)/D,% d :$:;"$#,%�'$(I~�0�m$m,F@%`=@?<"$#&%�'&(>z�E&(/K$E&(
K10�K.%&F.0�'.% G 9 (,)/D&% d V 9 (,)/D,% Q

We can encapsulateeachof the stagesas a separateprocess,and have the result of9 (,)/D,% Q passedinto 9 (,)/D,% d throughtuple space.As a sideeffect, however, the time
elapsedin 9 (&)/D,% Q computationsbecomesobservable—thetiming of eventoccurrences
is differentin theeventstreamsfed into thetwo stagessinceeachprocessusesits own
clockto timestampeventsbasedontheactualtimeof arrival.Thusanexpressionwhich
readsthe timestampof an event (usinge.g. the FRPprimitive e 0�(@- n 0�Y1%/" ) will have
differentvaluesin differentstages.Additionally, eventoccurrencescanbepropagated
into the secondstageeither in the order they are generatedby the first stage,or in
arbitraryorder; the latter approachwill in generalyield a fasterimplementation,but
changingtheorderof occurrencesmayalsobeobservableby theprogram.Hencethere
aresomerestrictionson the programsthat canbe partitionedinto separateprocesses
without losingtheirmeaning.

To get a bettergraspof theserestrictions,let us first classify event transformers
consideringtheir relationwith time transformson events.A time transform on events
is an endomorphismon "@#,%�'&(*) which preserves the valuesassociatedwith event’s
occurrences,but mayalter their times.Consideraneventtransformer

U
andanevent %

in the domainof
U
. Alluding to the obvious (imperative) implementationof eventsin

realtime,wecall
U

stateless if it commuteswith all timetransforms—withtheintuition
thatthevalueof eachoccurrenceof

U % dependsonly on thevalueof thecorresponding
(in time) occurrenceof % . A time-independent event transformercommuteswith all
monotonicallyincreasingtimetransforms;in thiscasethevalueof anoccurrenceof

U %
maydependonvaluesof earlieroccurrencesof % aswell (so

U
mayhavesome“internal

state”).However the event transformersin neitherof theseclassesmay observe the
timestampsof theinput events.

Now we candenotethe re-timestampingof the event streamconnectingtwo pro-
cessesusingtwo marker functions:

9 -$E U$U F/% R m&%&F/) o :$:;"$#,%�'$(N)>=$?B"$#,%�'$(I)
K10�K.%&F.0�'.% G 9 (,)/D&% d V m$%&F@) o V 9 -$E U$U F@% V 9 (,)/D,% Q

The function 9 -$E U@U F@% , introducedearlier, representsan unspecifiedtime transform,
while m&%$F@) o is an unspecifiedbut monotonicallyincreasingtime transform.In effect
thesefunctionsdesignateevent streamsthat may be completelyreordered( 9 -$E U$U F/% )
or thosethat may be delayedbut remainin the sameorder ( m$%&F@) o ). Thusby defini-
tion both 9 -$E U$U F@% and m&%&F/) o commutewith statelessevent transformerslike G@G ? ,
while m&%&F/) o also commuteswith “stateful” but time-independentoperatorssuchase 0�(@-&".F/%�Yg" . Someequivalencesinvolving thesefunctionsare:



9 -$E U$U F/% L % G$G ? U M =
L 9 -@E U$U F@%O%gM G@G ? UU 0�F�(,%/3@" L 9 -$E U$U F@%<%gMbK = 9 -$E U$U F@% LaU 0�F�(,%/3@"`%<K1M

m$%&F@) o L e 0�(@-&".F/%�Yg"`%>F.M = e 0�(/-&".F@%�Y." L m&%&F/) o %gMBF
For operatorsthatobservetimestamps,suchas e 0�(@- n 0�Y1%/" , theplacementof 9 -$E U$U F@%
and m&%&F@) o is observable:moving the markers throughsuchan operatorchangesthe
meaningof a program.Althoughwe do not give formal proofsof any of theseequiva-
lenceshere,webelievethatthey couldbeprovedusingsuitableframeworkssuchasthe
pi calculus.

SomeFRPtransformationsserveto introducenew opportunitiesfor parallelism.For
example,thetransformation

% G$G ? LaU�V D�M��1� % G$G ? U G$G ?OD
allows theeventtransformationto becomputedin two stages.

4.2 Behaviors

Unlikeevents,behaviorsarecontinuouslyavailable:they maybeobservedatany time.
In theabsenceof time transformsin theprogram,piecewise-constantglobalbehaviors
may be implementeddirectly in tuple spaceusinga single tuple containingthe cur-
rentvalueof thebehavior; our currentimplementationbasedon Haskell-Linda hasno
supportfor sharednon-piecewise-constantbehaviors.To illustratebehaviors,we mod-
ify the web server exampleto includea hit countthat is passedinto the HTML page
formattingroutine F@2$2�J@E$K$A.%�4&C,)/D,% :
9 %/3$#,%/3 :$:;"$#,%�'$(<6&7&8>=$?<"@#,%�'&(BA.%�4&C,)/D,%9 %/3$#,%/3BE$3.F 9 G e 0�(@-$�10�( 9 E$3.F 9 Q G$G ?`F@2@2/J@E$K$A,%�4&C,)/D&% V.c�V

e 0�(@-$�10�( 9 E$3.F 9�d<G$G ?`F@2@2/J@E$K$A,%�4&C,)/D&%e -.%/3,%L E&3,F 9 Q�R E&3,F 9�d M G 9 KgF,0�($"$#,%�'&( 9 E$3.F 9
e 0�(/-&�10�( 9 :$:;"$#,%�'&(I)N=@?<"$#&%�'&( L ) R q�'&(&%/D,%/31Me 0�(/-&�10�( 9 % G %�� 9 '.)�K 9 -.2/(���-�0�(&�$2�E$'&(,%�3
-�0�($�&2�E$'&(&%/3 :$:�+.%�-,)/#10�2/3Nq�'&(,%/D&%/3
-�0�($�&2�E$'&(&%/3 G 9 (,%�K$K.%/3 l -�0�(&�$2�E$'&(,%�3$"
-�0�($�&2�E$'&(&%/3$" :$:;"$#,%�'&(hq�'&(,%�D,%/3
-�0�($�&2�E$'&(&%/3$" G E&3.F 9 � e 0�(@-&",F@%�Yg".|�� P�Q�V$V _
This programhasthesamestructureasthepreviouswebserver exceptfor thead-

dition of e 0�(@-&�10�( 9 to the call to F@2$2�J@E$K$A.%�4&C,)/D,% . The e 0�(@-&�10�( 9 function getsthe
currentvalueof thehit counterusingtheFRPprimitive
9 '.)�K 9 -,2/( :$:;"$#,%�'$(N)>=$?O+.%�-.)�#10�2/3O4h=$?B"$#,%�'$( L ) R 4�M
which samplesthebehavior at eacheventoccurrenceandaugmentstheeventvalueto
includethe currentvalueof the behavior. The hit counterbehavior is generatedusing
thefollowing FRPfunctions:



9 (,%�K$K.%�3 :$:u)N=@?<"$#&%�'&(>)N=@?B+.%�-.)/#10�2�3`)e 0�(@-&".F/%�Yg".| :$:;"$#,%�'$(N)>=$? P 4,_>=$?B"$#,%�'$(B4
The -�0�(&�&2�E$'$(,%/3$" eventnumberstheincoming 6,7&8 s while the -10�(&�&2�E@'&(,%/3 behavior
makesthis valueavailableat all times.

Conversionof hit countto abehavior is notstrictly necessaryin thissmallexample:
we could insteadleave it embeddedin the event stream.However, using a behavior
improvesmodularityby keepingtheeventstructureseparatefrom thehit count.It also
keepsthe 6,7$8 streamfrom beingstateful,allowing easierparallelization.

A behavior suchas -�0�(&�&2�E$'$(,%/3 is implementedby placing a single tuple of a
designatedtype into tuplespace.This makesthevalueof thebehavior availableto all
processes.Theproducer, a 9 (,%�K$K.%�3 function,canthendeletetheold tupleandinserta
new oneevery time thesteppedeventdeliversa new value.Consumersof thebehavior
performa 3,%@)@m (not an 0�' ) on this tupleto find thecurrentvalueof thebehavior. The
3&%$)@m leavesthe tuple in tuple space;only the producerremovesthis tuple. Insteadof
the point to point communicationusedto passeventsamongprocesses,herewe use
tuplespaceto broadcastthecurrentvalueof thebehavior to all processes.

However this implementationhasa semanticproblemsimilar to the one we en-
counteredearlierwhenconnectingprocessesusingevent streams:sincethe clocksof
the variousprocessesarenot synchronized,this globalizedbehavior may be slightly
out of date.For example,whena new 6&7&8 entersthesystem,theproducermaystill be
updatingthehit counterwhenthewebpageconstructionprocessreadsit. Goingback
to thenon-parallelsemantics,weagainhaveto introducesomenon-determinism.Here,
wedon’t quiteknow atwhattime thebehavior will besampled.As with events,wecan
adda marker function to theprogramto indicatethat it is not necessaryto samplethe
behavior atpreciselythecurrenttime.The 4gF�E&3 functionservesthis purpose:

4.F�E&3 :$:�+.%�-.)�#10�2/3`)N=$?H+.%�-.)�#10�2/3I)
In theaboveexample,adding4gF�E&3 in front of thereferenceto -10�(&�&2�E@'&(,%/3 in thee 0�(@-&�10�( 9 function statesthat it is acceptableto seea valueof the hit counterthat is

closeto thecurrenttimebut perhapsnot quitethesame.
Partitioningaprograminto independentFRPprocessesis semanticallycorrectonly

if all behaviors they shareare“blurred.”

4.3 Partitioning

Formally, theprocessof partitioninga specificationinto a setof parallelprogramsin-
volves rewriting the programas a set of mutually recursive global definitions.Each
definitioncorrespondsto aneventor behavior thatwill beplacedin tuplespaceandis
sharedby morethanoneof the processes.The following principlesgovernthis parti-
tioningprocess:

– Everyglobaleventor behavior is associatedwith a uniqueregion in tuplespace.
– Only eventsthatarereferencedwith either 9 -$E U@U F@% or m&%&F@) o maybeglobalized.

Whenthe 9 -$E U$U F/% marker is absent,a hiddencountermustbe insertedto ensure
that tuplesaretransferredin thecorrectorder. Similarly, a processmayonly refer-
enceglobalbehaviors taggedwith 4.F�E&3 .



– Thesemanticmarker functions, 9 -$E U@U F@% , m$%&F@) o , and 4.F�E&3 , areremovedin trans-
lation.

– A
V.c�V

or 9 KgF,0�($"$#,%�'&( 9 usedto defineaglobaleventis implementedin tuplespace.
– Eventstreamsusedin morethanoneprocessmustbesentto multiple regions.
– A processmayproduceor consumemorethanoneglobaleventstream.However,

multiple streamsmustbe combinedinto a singletype streamusinga union type
suchas "10�(@-.%�3 .

– A processthatdefines(produces)asharedpiecewise-constantbehavior encodesthe
associated9 (&%�K$K.%/3 functionin tuplespaceoperationsthatturnFRPeventsinto IO
actions.Exactlyonesuchprocessmustdefineeachsharedbehavior.

– Exactly one processhasto run each“stateful” event transformertask (commu-
nicatingvia event streamswithout the 9 -$E U$U F@% marker); an arbitrarynumberof
processesmayruneachstatelesseventtransformer.

The partitioningprocessis too complex to fully describehere;a small examplewill
makeit a little clearer. Wesplit thewebserverwith ahit counter, annotatedwith marker
functions,into threeprocesses:oneto keeptrack of the hit counterandtwo to serve
webpages.Weassumethatanoutsideagentplacestheincoming6,7&8 sinto two regions,
q�' W 2�Y{0�'&D/6,7&8 Q and q�' W 2�Y{0�'&D/6,7&8 d (onecopy for thepageserversandanotherfor the
hit counter).

=@= n E@KgF@% 9 K.) W %<m&% W F@)�3,)/(10�2�' 9
3&%/D10�2�'fq�' W 2�Y{0�'&D/6,7&8 Q G 6,7&8
3&%/D10�2�'fq�' W 2�Y{0�'&D/6,7&8 dHG 6,7&8
3&%/D10�2�'`��0�(@+.%�-,)/#10�2/3 G q�'&(,%/D&%/3
3&%/D10�2�'Nz�E&($D,2g0�'&D$C,)/D&% G A.%�4$K.)�D,%
=@= n -10 9 J,%$%�K 9 (/-.%<-10�( W 2�E$'&(&%/3BE$KI(,2`m&)/(,%
-10�(&�&2�E@'&(,%/3$C@3,2 W % 9/9 G m&2>2�E&(.|��10�(@+.%�-.)�#10�2/3 lU 3@K&"@'&D�0�'.%

0�'g|,q�' W 2�Y�0�'&D/6,7$8 QL e 0�(@-&".F@%�Y�| P�Q�V$V _BE&3.F 9 ML�� -w=$?<m&2h0�'g|���0�(@+.%�-,)/#10�2/3
2�E&(.|��10�(@+.%�-.)/#10�2�3T-1M

=@=`�&2/m&% U 2/3<4.2/(@-`K.)�D,% 9 %/3$#,%�3BK&3,2 W % 9$9 % 9
K,)/D,%$t$%�3$#,%/3 G U 3@K&"@'$D10�'.%

0�'.|.q�' W 2�Y{0�'&D/6&7&8 dL�� E&3.F 9 =$?OE&3.F 9 � 9 '.)�K 9 -.2/(���-�0�(@+G$G ?`F@2$2/J/E$K$A.%�4$C,)/D,%gM
2�E$(.|$z�E&(@D,2g0�'&D@C,)/D,%e -.%�3,%

-�0�(@+ G Y1)/J,%/"@�$(,%/3@',)&F�+.%�-,)�#10�2/3T3,%$)@m,|��10�(@+.%�-.)/#10�2�3
Thefunction Y1)/J,%/"@�$(,%/3@',)&F�+.%�-,)�#10�2�3 createsa behavior from anIO action.The

V.c�V
and 9 KgF.0�($"$#,%�'$( 9 operationsare implicit in the useof tuple space.This codeis not
restrictedto two server processes—anarbitrarynumberof theseserver processesmay
beusedsincetheeventtransformerin K.)�D,%$t$%/3@#,%/3 is stateless.



4.4 Stateful Event Handling

While we have discusseda parallel implementationof the G$G ? operator, it is much
morecommonto encounterstatefulsystems:onesin which eachtransactionmodifies
thesystemstatefor thenext transaction.Statefuleventprocessingis typifiedby theFRP
function ) W$W E�Yg" :
) W$W E�Yg" :$:u)N=@?<"$#&%�'&( L )I=$?`)gM<=@?<"$#&%�'&(I)
This function takesan initial valueandstreamof “stateupdate”functions,andpro-
ducesa streamof values.Thus ) W$W E�Y."<# is a time-independentbut not statelessevent
transformer, andwe cannotperform the samesort of parallelizationon ) W@W E�Yg" that
we could for G@G ? , sinceto computethe valueof eacheventoccurrencein generalwe
mustwait for the evaluationof thepreviousoccurrenceto “updatethe state.” Our ap-
proachto parallelizingstatefuleventstreamsis to considera morerestrictedsituation:
onein whichthestatecomprisesasetof independentsubstates.For example,theonline
auctionexamplesatisfiesthis restriction;incomingrequestsarepartitionedby auction,
allowing differentprocessesto operateon differentauctionsin parallel.The structure
of the resultingprogramis quite similar to the constructionof the parallelweb page
server. Theonly differenceis thatthesplittingof theincomingeventstreamis dictated
by theauctionnameembeddedin eachrequest.For example,if auctionsarenamedby
integers,we may chooseto useoneprocessorto handleeven numberedauctionsand
anotherto handletheoddnumberedones.We have investigatedtwo differentwaysof
partitioningtheincomingstreamof requests:

– Staticpartitioning:eachsubstateresidesonafixedprocessor, requestsareroutedin
a staticallydeterminedway. Interactingrequestsarealwaysdeliveredto thesame
process.

– Dynamicpartitioning:eachsubstateresidesin tuplespace.A processlocksa sub-
statewhile it is beingmodified.Interactingrequestsareresolvedby blockingpro-
cesses.

Eachof thesestrategieshasadvantagesanddisadvantages.Staticpartitioningis easily
expressedin ordinaryFRPterms:filtering andmerging,while dynamicpartitioningis
handledby the FRPdrivers.Dynamicpartitioningrequiresa specialrule in the parti-
tionerto generatethesemodifieddrivers.Dynamicpartitioningalsopresentsdifficulties
for transactionsthatobserveall of thesubstatesat once.

In eithercase,somedomain-specificknowledgemustbe appliedduring the trans-
formationprocessto allow parallelhandlingof statefulrequests.

5 Example: An Online Auction Server

As a demonstrationof FRP’s suitability for distributedtransactionprocessing,we have
built a parallelweb-basedon-line auctionsystem.This is essentiallyan event trans-
formerwhich takesstreamof inputsandturnsit into astreamof outputs,bothof which
aredefinedbelow:



m$)/(,)wq�'$K$E$(G t/(,)/3$(@�@E W (10�2�' L ~&) o 4.%O�@E W (10�2�'1My6 9 %/3fq�(&%�Yw�,% 9 W 3�0�K&(10�2�'B�,)/(&%c +�0�mB6 9 %/3`�@E W (10�2�'<C@310 W %c;� E.%/3 o �@E W (10�2�'c t$%$)/3 W -fq�(,%�Y
m$)/(,)Iz�E&(@K@E&(G A.%�4&C,)�D,%HA.%�4&C&)/D,%c ~,)g0�F n 2[6 9 %/3`"�Y1).0�F�~,% 9@9 )/D,%

The whole systemconsistsof a numberof independentauctions(eachhaving a
uniqueauctionidentifier) anda databaseof all items beingauctioned,which canbe
usedto answerqueriesaboutauctionsinvolving a particulartypeof item.

The incomingeventsof type q�'$K@E&( get partitionedaccordingto whetherthey ini-
tiateanoperationwhich will updatetheglobalstateof thesystem(e.g.startinga new
auction),handledby theeventtransformer0�',m&%/�,t�(,)/(,%/~&) W -�0�'&% , or whetherthey just
relateto thestateof a particularauction(e.g.querythepriceor placea bid), in which
casethey arepassedon to )�E W (10�2�'.t/(,)�(,%/~,) W -�0�'.% .

Theinitial systemspecificationis thusquitesimple.

)�E W (10�2�'�:$:�"$#,%�'&(fq�'@K$E&(N=$?O"$#,%�'$(wz�E&(@K$E&(
)�E W (10�2�'f0 G )�E W (�0�2�'.t/(&)/(,%/~,) W -10�',%[)�E W (10�2�'&7,%@� 9 V.c�V

0�',m&%��,t/(,)/(&%/~,) W -10�',%<0�',m&%��$7,%@� 9e -.%�3,%
0�� G )@m$m/�@E W (10�2�'&�,)�Y�% 9 L m&%&F@) o 0@M
)�E W (10�2�'&7,%@� 9bG 0��I� 9 E W - n -.)/(���0 9 �@E W (�0�2�'&7,%/�
0�',m&%/�@7,%@� 9TG 0��I� 9 E W - n -.)/(���0 9 q�'&m&%/�$7,%/�

We note,however, that in a realauctionthe )�E W (10�2�',t/(,)/(,%�~,) W -10�',% 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 approach,andpartition the streamof
auction-relatedeventsinto two. Theresultingmodelis asfollows:

)�E W (10�2�'f0 G )�E W (�0�2�'.t/(&)/(,%/~,) W -10�',%[)�E W (10�2�'&7,%@� 9 QhV.c�V
)�E W (�0�2�'.t/(&)/(,%/~,) W -10�',%[)�E W (10�2�'&7,%@� 9�d V.c�V
0�',m&%��,t/(,)/(&%/~,) W -10�',%<0�',m&%��$7,%@� 9e -.%�3,%

0�� G )@m$m/�@E W (10�2�'&�,)�Y�% 9 L m&%&F@) o 0@M
)�E W (10�2�'&7,%@� 9bG 0��I� 9 E W - n -.)/(���0 9 �@E W (�0�2�'&7,%/�
)�E W (10�2�'&7,%@� 9 Q G )�E W (�0�2�'&7,%/� 9 � 9 E W - n -,)/(���%/#&%�'&�@E W (10�2�'&�/E�Y.4,%�3
)�E W (10�2�'&7,%@� 9�dHG )�E W (�0�2�'&7,%/� 9 � 9 E W - n -,)/(���2@m@m@�@E W (�0�2�'&�@E�Y.4.%�3
0�',m&%/�@7,%@� 9TG 0��I� 9 E W - n -.)/(���0 9 q�'&m&%/�$7,%/�

Anotherpossiblepartitionof thisprogramis to createfourprocesses:oneto addtheauc-
tion namesto theinputaswell directeventsto theproperhandler(the 9 E W - n -.)/( func-
tions),anotherto run 0�',m$%/�,t/(,)�(,%/~,) W -�0�',% ,andtwo running )�E W (�0�2�'.t/(&)/(,%/~,) W -10�',% .



6 RelatedWork

In this work, we arecombiningthe FRPparadigmwith a distributedsharedmemory
system(Linda) to producea new functionalenvironmentwhich facilitatesparallelpro-
gramming.The problemof partitioningapplicationsinto their componentsfor execu-
tion on differentprocessorsis alsoconsidered.All of the above have beenaddressed
separatelyin thefollowing ways:

FRPwasoriginally developedby ConalElliott for Fran,a languageof interactive
animations,but hasalsobeenusedfor robotics[PHE99], computervision [RPHH99],
andsafety-criticalsystems[SJ99].

Concurrentfunctionallanguageshavebeenimplementedin variousforms.Concur-
rentML [Rep91] formalizedsynchronousoperationsasfirst-classpurelyfunctionalval-
uescalled“events.” ThefunctionallanguageEden[BKL98], built ontopof Haskell, dis-
tinguishesbetweentransformationalandreactive systems,andintroducesits (slightly
more general)versionsof 9 K.F.0�($"$#&%�'&( 9 and

V,c�V
as specialprocessabstractionsto

encapsulatenondeterminismandthuskeepsreferentialtransparency within userpro-
cesses.However, it doesnot supporttime-varying behaviors or indeedany notion of
timeat all.

TheLindaarchitecturehasbeenwell studiedandwidely usedwith languageslikeC
[CGMS94], extensionsof Pascalandobject-orientedlanguages[MK88], but hasnever
beenintegratedwith Haskell.

Lastly, thewholeideaof efficientlypartitioningaproblemsuchasawebserveror an
onlineauctioninto its constituentcomponentsto berun in parallelon differentproces-
sorshasbeenaddressedbothin thefunctionalanddeclarativedomainsmainlyby using
the conceptof skeletons.In the imperative world, languagessuchasP3L [CDMP97]
have beendevelopedwhich infer a way of partitioningthe problemfrom annotations
highlighting regionsof codewheretaskparallelismor dataparallelismcould be ex-
ploited.A versionof thesamesystemhasbeenimplementedfor thefunctionallanguage
OCaml[DCLP98].

7 Conclusions

Thiswork is averypreliminaryforay into a largedesignspace.We attemptto combine
two very differentstylesof programming:a declarative styleof reactive programming
andanimperative styleof parallelprogrammingusingtheLinda tuplespace.Our pri-
marycontributionis theincorporationof interactioninto thesemanticframework of the
parallelsystem.This initial effort hassucceededin anumberof ways:

– This work canbeappliedto a largevarietyof problemsof practicalimportance.
– We have developeda reasonableway of incorporatingnon-determinisminto the

semanticsof FRPin a very controlledfashion.The non-determinismis restricted
to behavior andeventvalueswithoutaffectingtheoverall semanticsof Haskell.

– Our work combinesbothoperationson discretemessages(events)andunclocked,
continuouslyavailablevalues(behaviors).

– We have shown how a declarative,executablespecificationcanbeusedto synthe-
sizea complex parallelsystem.



The primary problemwith this work is that the transformationstrategy is somewhat
ad-hoc.Thereis not yet any systematicway to automatethis processor to even test
the equivalencebetweenthe systemmodelanda generatedsetof parallelprograms.
We expectthataddingappropriateannotationsto thespecificationwould allow further
automation.

We have not beenableto evaluatethe performanceof the onlineauctionexample
in a particularlymeaningfulway. While we have observedtheexpectedspeedupwhen
addingmoreprocessorsto thesystem,we have not yet effectively measuredtheover-
headattributedto theuseof tuplespace.

We have investigatedonly staticpartitioningof the modelinto processes.A more
dynamicsystemwould createanddestroy processesasneeded,allowing a moreeffec-
tive useof resources.This styleof programmingis easilysupportedby theunderlying
Linda system:patternmatchingallows, in essence,new global variablesto becreated
anddestroyeddynamically. In essence,wehaveapproachedpartitioningin afirst-order
ratherthan a higher-ordermanner. The seemsto be no inherentproblemsin adding
dynamicpartitioningto our system.

Somefeaturesof FRPhave not yet beenintegratedinto this framework. For exam-
ple, time transformationis not supportedat presentandwould bedifficult to reconcile
with theimperativenatureof tuple-spaceoperators.Anothershortcomingis thelackof
interprocessgarbagecollection.In the underlyingimplementationof FRP, eventsthat
areno longerneededareremovedby thegarbagecollector. In theparallelsystem,this
would requirefeedbackfrom theconsumerof someparticulartypeof tuplebackto the
producer, allowing the consumerto signal the producerthat its valuesareno longer
needed.

We have not yet addressedreal-timeperformancecriteria. For example,we can-
not interrupta computationin progressat thebehestof a higherpriority taskor make
any assurancesaboutfairnessor responsetime. Suchfeatureswould requireserious
enhancementsto thesemanticsandimplementationof FRP.

While the basictransformationsto setup pipelinesor usemultiple processorsto
servicestatelessevent streamsare easily understood,the transformationsrelating to
statefulevent or behavior usageare much harderto useand understand.We expect
that furtherpracticalexperiencewill benecessaryto developa usefulandapplication
appropriatesetof transformations.

We have not yet formalizedthesemanticbasisfor our model.The work of Elliott
andHudak[EH97] providesasemanticbasisfor aversionof FRPin whichthenotionof
eventcorrespondsto anoccurrenceof aneventin ourmodelandtheoneusedin [Ell99],
leadingto a differenttreatmentof eventprimitives.A clearsemanticdefinitionof FRP
would be the first steptowardsproving formal correctnessof our transformationsor
inferringa valid setof transformationsdirectly from theunderlyingsemantics.
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