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Abstract — In this paper wepresentClara, a new programming lan-
guagefor high performancedistributed computing. Clara hasbeende-
veloped to embody in an efficient distributed computing environment
the conceptualclarity of the actor model, an object-basedframework
for the design and implementation of open distributed systems. We
describe our Clara compiler, paying special attention not only to the
adoptedtwo stagetranslation processbut also to the runtime environ-
ment, which is basedon the messagepassinginterface standard.
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I . INTRODUCTION

With the proliferationof diverseoperatingenvironments
andtheintenseuseof softwaredevelopmenttoolsin thearea
of compilerconstruction,thelandscapeof programminglan-
guagesfor distributedcomputingappearsto have reacheda
point of saturation.Many suchlanguagesdo exist, but the
problemof developingfrom principlesconceptuallyclearef-
ficientdistributedsystemsseemsto befar from a solution.

In part,theproblemabove canbeattributedto thelack of
criteria in the developmentof distributedprogramminglan-
guages.Most existing languagesdo not follow an underly-
ing model and simply result from the assemblyof discon-
nectedfeatures.Anothercauseseemsto bethelack of reuse
in the designand implementationof distributedcomputing
environments:they aredevelopedfrom scratch,sometimes
usingthesameproductiontools,but bestperformanceprac-
ticeslearntin aprojectareseldomreplicated.

In this paperwe presentClara,a new programminglan-
guagefor high performancedistributedcomputing.Clarais
basedon the actor model of distributed systems[Agh86].
Actors are independentencapsulatedunits of control and
computation. They interactsolely via point-to-pointasyn-
chronousmessagepassing.Thedelivery of messagesin the
actor model is guaranteedand, as a result of consuminga
message,an actormay changeits local state,createfinitely
many new objectsor dispatchafinite numberof messagesto
its acquaintances,the actorswhoseaddresswasreceived at
creationtime or in a message.Basedon this simplemodel,
webelieve thatClarais a conceptuallyclearlanguage.

Thepaperdiscussesthedevelopmentof a Claracompiler
with a distributedruntimeenvironment.Thesyntaxandse-
manticsof Claraarebasedon the high level actorlanguage
studiedin [MT99], with the definition of functionspartic-
ularisedto usethe purely functional style of the language
Miranda [Tur86]. The runtimeenvironmentis built on top
of LAM [BDV94], a distributedmiddlewarewhich follows
the standardisationefforts of the MessagePassingInterface
Forum[For97]. Thecompilationprocesstakesasinput high
level Claraprograms,stripsoutsynchronouscommunication
primitiveswhich arenot supportedby the actormodel(but
are includedhereto ensureprogrammercomfort) andpro-
ducesin theendaC programthatmakesuseof LAM system
calls. Reusingthis publically availabletoolbox,we obtaina
high performancetool that canbe usedin many distributed
operatingenvironments.

Weorganisetheremainderof thepaperasfollows.Section
II containsthesyntacticandsemanticdefinitionof Clara. In
SectionIII, an exampleof the useof our tool is presented.
Our Claracompilerandruntimeenvironmentareoutlinedin
SectionIV.

I I . THE SYNTAX AND SEMANTICS OF CLARA

Clarais basedon the actormodelof distributedsystems.
Eachactorhasa finite setof attributes,statevariableswhich
mayonly bechangedby local computations.Sinceinterac-
tion is via asynchronous(non-blocking)messagepassing,in
asystemof actorsthereis nonotionof globalstate.Commu-
nities of actorshaving an explicit interfacewith their envi-
ronment— thenamesof actorswhichmayreceivemessages
from theoutsideword (thereceptionists)andthoseassumed
to exist externally(theexternals)— areregardedascompo-
nentsanddefineunitsof modularisationandcoordination.

Theabstractsyntaxof Clarais presentedin theAppendix.
Therearejust two kinds of datatypesin our language:ac-
tor addressesandintegernumbers.Thedomainof actorad-
dressesis endowed with a bottom elementdenotingunde-
finedobjects,representedby nil . Addressesprovideanun-



ambiguouslocationtransparentwayof makingreferencesto
actors,whicharein factstructuredobjects.Eachactorknows
its own address(or name),whichis recoveredusingthefunc-
tion self . Regardinginteger numbers,all the arithmetic
operationsaresupported.Clearly, we couldhave decidedto
supportothermorecomplex datatypesasa built in part of
Clara,but thesearedefinablein our languageasillustrated
in SectionIII. Weassumeasgivenacountablyinfinite setof
variables,overwhich we form expressionsandconditionsin
theusualway.

Eachactorhasa setof attributesandcanacceptmessages
of fixed types. Eachmessagehasa type tag andmay carry
a list of arguments,the messagebody. Methodsdefinehow
messagesare consumed.The messageassociatedwith the
executionof a methodmay specify a customer, which is
recoveredusing the function cust . The first methodthat
matchesthe tag and patternof argumentsin an incoming
messagedeterminesthecommandsto beperformedasa re-
sponse,a methodbody. Local synchronisationconstraints,
disabledby � where� is acondition,canconstrainthein-
tervalsof time whenthemessagemaybeconsumedandare
written in termsof themessagebodyandtheactorattributes.
Syntacticdescriptionsof actorsbasedon thesefeaturesare
calledbehaviour definitions.

Methodbodiesdescribehow anactorreactsto the recep-
tion of messages.Reactionsare specifiedas sequencesof
commands,which may containan attribute change(an ex-
pressionassignedto the attribute name),the dispatchof a
message(send followedby anexpressionproducingthetar-
getactorname,by a messagetag,a list of argumentexpres-
sionsandpossiblyanotherexpressionoverwritingnil asthe
customerobject),areplyto ablockinginvocationof aremote
method(reply followedby a reply valueexpression),a do
nothing,conditionalor blockconstructioncommand(skip ,
if then else andbegin end , respectively). Notethat
an iteration commandis not present,but can be simulated
throughtheself dispatchof a continuouslyanduniquelyen-
abledmessageuntil a terminationconditionis fulfilled.

Commandsareconstructedoutof expressions,whichmay
bepurelyfunctionalor denoteanactoroperation.Functional
expressionsarewritten usingpatterns(constants,variables,
attributes,self andcust ), arithmeticoperationsandfunc-
tion calls. Herefunctionsarespecifiedasin the sideeffect
freepurelyfunctionallanguageMiranda,throughamutually
recursive list of equations. In eachequation,the function
nameis followedby a list of patterns,which is succeededby
a list of guardedexpressions.The first equationwhosepat-
ternlist matchesafunctioncall andis followedby anexpres-
sionwhoseguardis truedetermineshow thefunctionresult
is computed.In turn, actorexpressionscanrepresenta new
object creation,specifiedas new followed by a behaviour
definitionnameanda list of expressionsthatdetermineun-
specifiedinitial attribute values. Eachcreationresultsin a

freshactorname.Theothertypeof actorexpressionis a re-
motemethodinvocationwith an rpc like semantics:call
followedby an expressionproducingthe target actorname,
by a messagetag and a list of call argumentexpressions.
Eachinvocationproducesthe methodreturn value, nil if
not specified.It is importantto mentionthat,becauseactor
namesarea basicdatatype, they may be referencedin the
scopeof functions,but actor expressionsthat either result
in a sideeffect — creationor synchronousinvocation— or
needanevaluationcontext — self , cust andattributes—
mayonly appearin a behaviour definitionbody.

Componentsaretheunitsof modularisationin thedefini-
tion of programs.They have interfaces,which aredefinedas
pairsof lists of variablesspecifyingthe initial externalsand
receptionistsof eachcomponent.Componentsalsohave in-
ternalactors,which aresupersetsof the receptionists.The
initially presentinternalactorsandthe messagesaddressed
to theseobjectsare specifiedin the componentdefinition.
Thesemay be statically or dynamicallycomposed,but the
descriptionof compositionoperationsis omittedhere.

The definitionsof functions,behaviours andcomponents
areuniquelyidentified. Thesedefinitionsarepackedinto li-
braries,which areonetype of compilationunit. The other
typeis thatof programs,whichresultfrom theapplicationof
compositionoperations,including the identity, over compo-
nentnamesandpossiblyinterfaces.Eachdefinitionspecifies
thescopeof identifiersandtheir bindingto dataobjects.For
instance,an attribute namemay only appearwithin the en-
closingbehaviour definitionandadataobjectrepresentedby
a variablein a functionargumentmayonly bereferencedin
this waywithin thefunctiondefinitionbody.

Since Clara is basedon the user languagestudied in
[MT99], it inheritsboth formal semanticsspecifiedtherein.
The high level semanticsassumesthat eachobjectis single
threaded.The low level formalismis in termsof fair transi-
tion systemswhereeachconfigurationis determinedby the
setof existing componentsat eachstage,includingtheir ac-
torsandmessagesin transit,andtransitionsbetweenconfig-
urationsaredefinedby reactionrulesof theconstituentcom-
ponents:idle or localcomputation,creationof new actorand
thedispatchor delivery of a message.Theformal semantics
of compositionis definedin [Tal98].

I I I . DISTRIBUTED COMPUTING WITH CLARA : AN

EXAMPLE

Clarais a languageparticularlywell suitedto the imple-
mentationof opendistributed systems. In this sectionwe
exemplify this through the computationof spanningtrees
for dynamicallyconfigurableobjectsorganisedasanetwork.
This constructioncanbe usedto simulateanothermodeof
interaction:multicastingof messagesto actorgroups.

Thebasicstructureof a multicastingsystemcontainstwo
components,the networked objectsand the spanningtree.



component Network
receptionists [nr]
actors nr := new NNode[];

component Tree
externals [nr,tp]
receptionists [tr]
actors tr := new TNode[nr,tr,tp];
messages send tr BSYNC[];

component System
Network([],[nr\network])||
Tree([nr\network,tp\par],[tr\tree])
([par],[tree,network])

Fig. 1. Basicdefinitionof multicastsystemcomponents.

Theinitial definitionof thesecomponentsappearsin Fig. 1.
At first, thenetwork containsonly oneobject,�
	 , whichmay
receivemessagesfrom theenvironment.Thetreecomponent
containsjust onereceptionistactoraswell, theroot node��	 .
Thelattercomponentregardsasexternalsnotonly therepre-
sentednetworkedobjectbut alsoa parentactorfor thespan-
ning tree, �� , which may be usefulasan extensionpoint in
casethenetwork becomespartof a largerone.Thereis also
a pendingBSYNCmessageaddressedto thetreeroot which,
onceconsumed,will startup themonitoringof connections
of the objectnetwork. Thesedefinitionscould be statically
composedaspresentedin thefigure.

Thedefinitionof oursystem,System , saysthattheobject
whoseexistencein theenvironmentwasassumedby thetree
definitionis boundto theinitially existing networkedobject.
Moreover, the resultingstructurehastwo receptionistsand
oneexternal.

The behaviour of networked objectsand spanningtree
nodesis presentedin Fig. 2. The network hasa dynamic
topologywhichmaybeexpandedin two ways:creatingnew
nodes,in which casea ADDmessageis dispatchedto theac-
tor responsiblefor thenew objectcreation,or makinga con-
nectionto anothernetwork, in which casea LINK message
containingthenetwork addressis dispatchedto thesameob-
ject. As a simplification, we allow eachnetworked object
to maintainonly two directedconnections.The treeroot is
supposedto receiveeachmessageto bemulticast,MSG. This
objectmaintainsa representationof the network which is a
directedacyclic connectedgraphwithout converging links.
This structureis usedto guaranteethat messagemulticast,
which is synchronouswithin the tree to avoid deliveriesto
unintendedrecipients,beperformedwith minimal overhead
for thenetworkedobjectsthemselves.

It canbenotedin thedefinitionof network nodes,NNode,
thatevenafterhaving processedtheadditionof a new node
or theconnectionto anothernetwork, the respective objects
mayanswerqueriesconcerningtheestablishedconnections,

ASK, withoutreportingyettheexistenceof newly introduced
links. This happensbecausea self addressedasynchronous
message,SET, is dispatchedand only upon its processing
will thelinks beupdatedproperly. Thismayhappenafterthe
arrival of thequery, sincethereis norequirementontheorder
of messagearrival in theactormodel. To decreasethenon-
determinismin the specifiedbehaviours, the asynchronous
useof SETmaybesubstitutedby a synchronousinvocation,
usingcall insteadof send . This illustratestheimportance
of supportingboth synchronousand asynchronousself in-
vocations,to avoid duplicationof codeproviding the same
functionalityandfacilitatereuse.

Oncetheinitial BSYNCmessageis processedby thespan-
ningtreeroot,thiscomponentstartsto traversetheobjectnet-
work gatheringinformationaboutexisting links, usingASK,
andcheckingif they have alreadybeenrepresentedas tree
nodes,via INS . The recursionof this processhappenswith
thedispatchof otherBSYNCmessagesto thechildrenof each
node,if they exist. WhensomenodereceivesaANSmessage
containingalink, whichis presumedasyetto berepresented,
the whole treeis searchedto verify if it is not alreadyrep-
resentedsomewhere. For eachvisited nodewith a child, a
join-continuationobjectwith behaviour Cont is createdto
wait for eitheroneINSERRmessage,statingthat thelink is
alreadyin the tree,or two of type INSOK, sayingthat the
searchwas not successfull. In the end, a similar message
is dispatchedto the queryoriginator, which in turn decides
on whetheror not to createa representationof the new link
connectedto itself.

The processabove would work asexpectedif the object
network werestatic,but in anunconstrainedsystemobjects
could be createdor new networks connectedwhile the tree
is beingupdated,leadingto a behaviour which could never
resultin anetwork representation.We solvethisproblemas-
sumingthe existenceof a wrapperto sit betweenSystem
andany customer. This new componentallows, in a mutu-
ally exclusive way, the treeto producean up to daterepre-
sentationof the network andthis last componentto behave
asdescribedabove, alsohiding networkedobjectsfrom the
outsideworld. In this way, the illusion of a singleobjectis
createdfor the group of networked objects,as requiredin
strict multicastingsystems.

The definition of wrappersappearsin Fig. 3. There,a
typical useof synchronisationconstraintsis presented.Any
wrapperobjectmaybe in oneof two states:waiting for the
treeto synchronisewith thenetwork ( ����� ) or allowing this
lastcomponentto receive environmentrequests( ����� ). In
this secondstate,environmentmessagesarerecastanddis-
patchedto the network. We needin this processhelperob-
jects filtering repliesto the environmentand avoiding that
network addressesbecomeknown.



behaviour TNode
behaviour NNode attributes n; r; p;
attributes n:=0; nb1:=nil; nb2:=nil; s:=0; v:=0; aux:=nil; nc1:=nil; nc2:=nil;
methods methods
SET x: if (nb1==nil) then MSG: v:=call n MSG[];

nb1:=x; if ˜(nc1==nil) then v:=call nc1 MSG[];
else if ˜(nc2==nil) then v:=call nc2 MSG[];

nb2:=x; BSYNC: s:=1; send n ASK[self];
ADD c: if (n==2) then ESYNC x: s:=s+1;

send c AERR[self]; if (s > Used(nc1,nc2)) then
else begin n:=n+1; begin s:=0; send p ESYNC[self]; end;

send self SET[new NNode[]]; ANS n x y: if (Used(x,y)==0) then
send c AOK[self]; send self ESYNC[self];

end; else begin
LINK x c: if (n==2) then if ˜(nc1==nil) then send nc1 BSYNC[];

send c LERR[x,self]; else if ˜(x==nil) then
else begin n:=n+1; send r INS[self,x,0];

send self SET[x]; if ˜(nc2==nil) then send nc2 BSYNC[];
send c LOK[x,self]; else if ˜(y==nil) /\ ˜(y==x) then

end; send r INS[self,y,1];
ASK c: send c ANS[self,nb1,nb2]; end;
MSG: skip; /* not specified */ INS o x b: if (x==n) then

send o INSERR[];
function else if (Used(nc1,nc2)==0) then
Used x y = 0, (x==nil) /\ (y==nil) send o INSOK[x,b];

= 1, (x==nil) \/ (y==nil) else begin
= 2, otherwise aux := new Cont[o,Used(nc1,nc2)];

if ˜(nc1==nil) then
behaviour Cont send nc1 INS[aux,x,b];
attributes o; m; r:=0; if ˜(nc2==nil) then
methods send nc2 INS[aux,x,b];
INSERR: end;

if (r<m) then send o INSERR[]; INSERR: send self ESYNC[self];
r:=m; INSOK x b: aux := new TNode[x,r,self];

INSOK x b: r:=r+1; if (b==0) then nc1:=aux;
if (r==m) then send o INSOK[x,b]; else nc2:=aux;

send aux BSYNC[];

Fig. 2. Behaviour definitionsof basicobjectsin themulticastingsystem.

IV. ON THE TRANSLATION AND EXECUTION OF CLARA

PROGRAMS

Thecompilationof Claraprogramsis quitestandard.Each
programis passedasinput to thecompilerfront end,which
generatesa syntaxtree. This structureis analysedby a pre-
compiler, which stripsout synchronousconstructnodesand
producesa modifiedtree. The codegeneratortakesthe re-
sulting structureand createsa C program. In the end, we
needa C compilerto produceanexecutable.

Thecompilerfront endwasobtainedfrom a specification
of thelanguagesyntax,written in augmentedBNF, usingthe
standardcompilerconstructiontools Lex andYacc. These
tools wereusedto generatea codefragment,written in C,
that produces,when executedhaving a sourceprogramas
input, the correspondingannotatedsyntaxtree. The anno-
tationsareusedin the generationof code. Incidentally, the
wholedevelopmentof thiscomponentwasgreatlysimplified
dueto the reuse,aspart of our implementation,of the Mi-
randasyntaxspecificationdescribedin [DI96].

Thenext stagein thecompilationprocesstakesthegener-
atedsyntaxtreeandremovesin arecursivetraversingany use
of synchronousinteractionconstructs:synchronisationcon-
straintsandremotemethodinvocations.Theseareidentified
by tree nodeannotations. Actually, the translationbegins
by rewriting expressions,conditions,and then commands,
methods,behaviour andcomponentdefinitions,but to ease
the presentationwe organisethe materialaccordingto the
two constructsabove. In thesequel,we justsketchthetrans-
lationschema� , first treatingtheremoval of synchronisation
constraints(disabledby ) andthentreatingtheelimination
of remotemethodinvocations(call/reply ).

A. CompilingSynchronisationConstraints

Thetranslationof synchronisationconstraintsis quitesub-
tle, sinceit cannotviolatethefairnessrequirementonthede-
livery of messagespresentin the actormodel. Masonand
Talcott [MT99] note that the simplesolution of translating
the arrival of a disabledmessageinto its self dispatchdoes



behaviour Wrapper
attributes n; t; s:=1; v:=0;
methods
BSYNC disabledby (s==1):

send t BSYNC[]; s:=1;
ESYNC t disabledby (s==0):

send self BSYNC[]; s:=0;
MSGdisabledby (s==1):

v:=call t MSG[];
ADD c disabledby (s==1):

send n ADD[new Helper[self,c,nil]];
LINK x c disabledby (s==1):

send n LINK[new Helper[self,c,x]];

behaviour Helper
attributes w; c; t;
methods AOK x: if ˜(c==nil) then

begin send c AOK[w]; c:=nil; end;
LOK x n: if ˜(c==nil) then

begin send c LOK[x,y]; c:=nil; end;
AERR n: send n ASK[self];
LERR n: send n ASK[self];
ANS n x y: if (Used(x,y)==2) then

if (t==nil) then send x ADD[self];
else send y LINK[x,self];

component Wrap
externals [network,tree]
receptionists [wrap]
actors wrap := new Wrapper[tree,network];

component Group
System([par\wrap],[tree,network])||
Wrapper([tree,network],[wrap]))
([],[wrap])

Fig. 3. Definitionof wrappersandrelatedstructures.

not provide the intendedlevel of fairnesssincethemessage
couldbeinfinitely oftenenabledbut neverprocessedbecause
it always arrives when disabled. We follow their strategy
providing a fair solution which relies on a queueof deliv-
eredmessageswith checkedanduncheckedstatus.Thebe-
haviour of an actorsystemobeying this refinedprotocol is
presentedin Fig. 4, wherestatetransitionsarelabelledwith
condition � effectpairs.

Let us sketch the compilation of synchronisationcon-
straints.We considerthatany actorspecifiedin a high level
programis realisedastwo low levelobjects,amessagequeue
actorandabehaviour actor. Thissystemcyclesbetweentwo
states,representedby the valueof the attribute � : incoming
messagesmaybeprocessed( ����� ); or thesystemis travers-
ing a deliveredmessagequeuesearchingfor enabledmes-
sages( ����� ), in which caseit cannotdealwith freshmes-
sagesthatareinsteadstoredin apendingmessagequeue.We
assumetheexistenceof a queueobject, � , whosebehaviour
dependson � andthestatus� of storedmessages:thereceived
messageis unchecked ( ����� ); the checked messagewas

enabled( � �!� ); the messagewaschecked andconsumed
( ���#" ); thecheckedmessagewasdisabled( �$�#% ). We also
considerthe existenceof a behaviour actor, which, differ-
ently from [MT99], receivesfrom thequeuemessagesanno-
tatedwith their respectivestatus,customerandthequeuead-
dress.After receiving acheckedenabledmessage,thequeue
actorbehavesasthegivenobject.

Thespecifiedcreationof anactorin a high level program
is translatedasfollows,wherea queueis definedto serve as
a wrapperfor therequestsaddressedto thespecifiedobject:

new Source & ' �)(+*+*,*+( '.-0/132 (1)

new 4 Source [new Source & 165 ' �,7�(+*,*8*,( 165 '.- 7 /9/
According to Fig. 4, the initial stateof an actor system

correspondingto a high level object is one willing to deal
with uncheckedmessages.Whenever a new messageis re-
ceived,it is immediatelystoredin thequeue.Thequeuedis-
patchesto thebehaviouractoracopy of eachuncheckedmes-
sage,whichmaybefreshor comefrom thependingmessage
queue.Supposethemessagematchesa methoddefinedby::<;>=@? = � *8*,* ? = A disabledby B =DC@EF=
The behaviour objectmay find out that the messageis cur-
rentlydisabled( �.G true),in whichcasetheprocessof travers-
ing thequeuecontinueswith anew messagebeingrequested,HJI KML GON . Otherwise,a requestto markthereceivedmes-
sageasenabledis issuedto thequeue,P H KML G . This last
requestcausesa dispatchto the behaviour actorof another
copy of themessagewith anupdatedstatus,whichgenerates,
onceconsumed,yetanotherrequestfor thequeueto markthe
messageasconsumed,QSR KML G . In casethebehaviour ac-
tor receivesa checked messagewith disabledor processed
status,this indicatesthat the endof queuewasreachedand
themessageswhich havenot beenconsumedshouldbecon-
sideredasunchecked. In theend,theremaystill exist pend-
ing uncheckedmessages,whicharethenchecked,or thesys-
tem returnsto the statein which environmentmessagesare
awaited. We adoptthe following schemato capturethis be-
haviour in processinga

KML G message:

behaviour Source
attributes T � ; . . . ; TVU ;:<; � ? �� . . .

? �W disabledby B � :
E �

;
. . .
. . .:<; = ? = � . . .

? = A
disabledby B = :

E =
;

. . .

. . .:<;YXZ?[X � . . .
?[X- disabledby B X :

E,X
;

(*) \ = (^] = (`_ = freshidentifiers.

a[b ��cd

�
Sincethesymbol is not allowed in high level programs,messagetags

formedlike this onearenecessarilyfresh.
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Fig. 4. Statesof anactorsystemsimulatingsynchronisationconstraintsusingmessagequeues.

behaviour Source
attributes T � ; . . . ; TVU ;:<; � ? �� . . .

? �W disabledby B � :
E �

;
. . .:<; = ? = � . . .

? = A \ = ] = _ = : if ( \ = ==0) then
if 1�5 B = 7 then

send _ =��$� :<; = & ? = � (8*,*,*8( ? = A (�] = ( self /��
else

send _ =Y��� :<; = & ? = � (+*,*8*,( ? = A (`] = ( self /��
else

if ( \ = ==1) then begin1�5 EF= 7 ; send _ =���� :<;�= & ? = � (,*+*+*,( ? = A (`] = ( self /��
end; else send _ = � � ��� & self /��

. . .:<; X ? X � . . .
? X- disabledby B X :

E X
;

Objectswith a � Source behaviour are specifiedbelow.
They acceptmessagesastheoriginalactor, � . Eachreceived

messageof type
KML G is storedasa new

KML G objectwith
the uncheckedstatus.After this new objectcreation,if the
queuehasjust enteredinto thetraversingstate,a requestfor
thedispatchof a copy of thenew uncheckedmessageto the
behaviour actoris issuedandthe referenceto the queueel-
ement,  , is updated.Thequeueobjectmayalreadybe in a
travesingstate,in which casethenew messageis just stored
in thependingqueue,which beginswith  . Notethatwe use
thisrepresentationto implementmessagequeuesaschainsof
connectedactors.Fromthedispatchof thenew requeston-
wards,thequeueandbehaviour actorsengagein thecommu-
nicationprotocolabove. Thequeueobjectservesasa gate-

way for any accessof the behaviour actor to queuedmes-
sages,forwardingrequeststo the queuedobjectwhich was
thelastonebeforethebeginningof thetraversingprocess,  .
Theuseof � and   only aspartof internallyexchangedmes-
sagebodiesgaranteesthat the respective objectsarehidden
within the system,sincetheir namesdo not becomeknown
by theenvironment.Wepresentbelow thedefinitionof these
objects,which is includedin thecompiledcode:

behaviour 4 Source

attributes ¡ ; ¢ :=0 ;£ :=nil ; ¤ :=nil ; � :=nil ;
. . .:<;�=Z? � . . .

? A
: � := new

:<; = ¥§¦ |u¨ ~^©& ? �)(8*,*,*+( ? A (�ªO( cust ( self ( £ ( ¡+/ ;
if ( ¢ ==0) then begin¢ :=1; ¤ := � ; send ¤ �$�«� ; &,/��
end; £ := � ;��� :<;>=¬? � . . .

? A ? X ? ¦ : if (
? ¦ ��� ¡ ) then

send ¤ ��� :<; = & ? � (,*+*+*,( ? A ( ? X / ;�}� :<;�=Z? � . . .
? A ? X ? ¦ : if (

? ¦ ��� ¡ ) then
send ¤ �}� :<; = & ? � (+*,*+*,( ? A ( ? X / ;��� :<;�=? � . . .

? A ] ? ¦ : if (
? ¦ ��� ¡ ) then

send ¤ ��� :<; = & ? � (,*,*8*,( ? A ( ? X / ;
. . .� � ��� ? ¦

: if (
? ¦ ��� ¡ ) then

send ¤ � � ��� & ¤0/ ;���3® ? |
: if (

? | ��� ¤ ) then begin
if ( £ == ¤ /\ ˜( ¤ ==nil)) then¢ :=0 ;
else if ˜( ¤ ==nil) then begin¤ := £ ; send ¤ �3��� ; &�/ ;
end;

end;



behaviour
:<; = ¥§¦ |V¨ ~^©

attributes T � ; . . . ; T A ; \ ; ] ; _ ; � ; ¡ ;�3��� ;
: if ( \ ==0 \/ � ==nil) then

send ¡ :<; = & T � (+*+*,*,( T A ( \ (`]¯(`_ /��
else send � �3��� ; &�/��� � ���°? |

: if ( \ ==3) then \ :=0;
if ( � ==nil) then send

? | ����® &�/��
else send � � � ��� & ? | /���±�3®

: send _ ����® & self /��
. . .��� :<; = ? � . . .

? A ? X : /*
��² r ²�³ */

if ( TuU ==
? U )/\( ] ==

? X )/\( \ ==0) then begin\ :=1; send ¡ :<; = & ? �)(,*8*,*+( ? A ( \ ( ? X (^_ /��
end; else send � ��� :<; = & ? � (8*,*+*+( ? A ( ? X /����� :<;�=Z? � . . .

? A ? X : /*
��² r ²�³ */

if ( TuU ==
? U )/\( ] ==

? X )/\( \ ==0) then begin\ :=2; send self
�3��� ;

[ ];
end; else send � ��� :<; = & ? � (,*+*,*8( ? A ( ? X /���}� :<;�=

: /* similar to
��� :<;

, with \ :=3 */
. . .

B. CompilingRemoteMethodInvocations

Oncethebehaviour actorreceivesamessagewith checked
enabledstatus,it will only expectto receiveotheronesfrom
the queueafter having repliedwith a confirmationthatpro-
cessingthecurrentmessagewascompleted,QSR KML G . We
take advantageof this fact to translateeachremotemethod
invocation,which requirespreciselya blocked stateof the
sourceactoruntil a reply is receivedfrom thetargetindicat-
ing that themethodwascompleted.Supposewe aredealing
with an actorwith queue�VG andwith method

KML G having
customeŕ̄ G , someof themessageargumentsintroduceddue
to schema(2) above. In this context, we perform the fol-
lowing translations,assumingtheexistenceof new objectat-
tributes 	¶µ and 	§· to dealwith the existenceof a reply and
therespective futurevalue:

self
a[b¹¸ cd _ =

cust
a[b¹º cd ] =

reply ' a[b¼» cd if ( q E��� 0) then
begin q s := 165 ' 7 � q E :=1 � end

Any methodmaybeinvokedin aremotesynchronousway.
Thecorrectbehaviour of anactorproviding a

KML G method
synchronouslycan be ensuredby the translationpresented
below, wherethereturnof thefirst replyvalueto themethod
customeris addedasthelastmethodbodycommand:

behaviour Target
attributes T � ; . . . ; TuU ;:<; � ? �� . . .

? �W \ � ] � _ � : . . .
E �

; . . .
. . .
. . .:<; = ? = � . . .

? = A \ = ] = _ = : . . .
E =

. . . ;
. . .
. . .:<; X ? X � . . .

? X- \ X ] X _ X : . . .
E X

. . .132 (6)

behaviour Target
attributes T � ; . . . ; TuU ; q E := 0; q s := nil ;:<; � ? �� . . .

? �W \ � ] � _ � : . . .
E �

; . . .
. . .
. . .:<; = ? = � . . .

? = A \ = ] = _ = : . . .
E =

; . . .
if ˜( ] = ==nil) /\ q E == 1 then

send ] = & q s@/ ;q E := 0;
. . .
. . .:<; X ? X � . . .

? X- \ X ] X _ X : . . .
E X

; . . .

In thecompilationof remotemethodcalls,caremustalso
be taken,sincethe invoking objectmaybe thefunctionality
provider itself. To avoid thepotentialself deadlockanden-
surethat theprocessis performedin a safeway, a new actor
is createdat eachremoteinvocation.This new objectserves
asa temporaryonemessagequeuefor the sourceof the in-
vocationandalsobecomesknown by thetargetobject.This
helperactornot only handlesa returnvaluefor the call but
alsostoresthe currentmessagecontentslocally, waking up
theoriginatingobjectat theendof theprocessandresuming
the original computation. In the beginning, the invocation
messageis dispatchedto the helperactor, which packsthe
synchronouscall in a way that is appropriatefor targetcon-
sumptionand waits for a reply, which is dispatchedback,
whenreceived, to the sourceobjectcontainingthe original
messageargumentsandthereturnvalue. Thepossibleexis-
tenceof aresumingpoint in theoriginalcomputationis what
remindsusto avoid thelossof computationcontext. Wetreat
as follows the compilationof a methodinvocationand the
respective reply, where �x�¾½ call ¿VÀ KML G[Á ¿ N§ÂuÃVÃuÃVÂ ¿§ÄDÅFÆ ,��ÇJµuÈ , ·[G and �^G arefreshidentifiersÉ is a freshconstant:

behaviour Source
attributes T � ; . . . ; TuU ;:<; � ? �� . . .

? �W \ � ] � _ � : E � ;
. . .
. . .:<; = ? = � . . .

? = A \ = ] = _ = : E = ;
. . .
. . .:<; X ? X � . . .

? X- \ X ] X _ X : E X ;
. . . 132 (7)

behaviour Source
attributes T � ; . . . ; TVU ; q E = := 0; q s = := nil ;:<; � ? �� . . .

? �W \ � ] � _ � : E � ;
. . .
. . .:<;�=Z? = � . . .

? = A \ = ] = _ = : EF= ;
. . .
. . .:<; X ? X � . . .

? X- \ X ] X _ X : 165 � 5 E X ( B 7�7 ;
send (new

:<;YX~`Ê W9W & ?[X � (8*,*,*8( ?[X- ( \ X (^] X (�_ X ( self (^Ë / ):<;�= & 1�5 ' � 7�(8*,*,*8( 1�5 ' A 7�( 165 '.Ì 7 / ;?[X � . . .
?[X- \ X ] X _ X s = ¢ = :

if ( ¢ = == Ë ) then 165 � 5 E,X ( B 7 & B8Í.s = / 7 ;



This saysthat the synchronouscall is substitutedby a new
actorcreation,the dispatchof the requestto this new actor
andthe treatmentof the reply usinga messagetaggedwith
. We useabove two functions Q and Q to computerespec-

tively the customerbehaviour up to the point beforethe re-
moteinvocationandits continuation.In ourpresentation,we
havemadesomesimplifying assumptions,including: that µÎÈ
is a list of commandswithout if branchesandthat thereis
just onesynchronouscall �ÏÇMµÎÈ . The readeris referedto
[Kim97] for a moredetailedtreatment. The following be-
haviour definitionis includedin ourcompiledcode:

behaviour
:<; X~`Ê W9W

attributes T � ; . . . ; Tu- ; \ ; ] ; _ ; ¡ ; Ë ; v := nil ;
methods:<;�=? � . . .

? A ¢ : if ( v ==nil) then
if ( ¢ == _ ) then beginv := ¡ ; send ¡ :<; = & ? � (,*8*,*,( ? A ( � ( self ( self / ;
end; else beginv := ¢ ; send ¢ :<;>= & ? � (,*,*8*,( ? A /ÑÐ self ;
end ; /* i.e. thecustomerof

:<; =
is self */s : if ˜( v ==nil) then begin

send v & T � (,*,*8*,( TV- ( \ (`]¯(`_V(`Ë0( s@/ ; v := nil ;
end ;

Thetranslationsabove areperformedin a recursive man-
neranddetermineasetof derivedbehavioursfrom thegiven
definitions.Thisassumesthatthereis only onemethod,nec-
essarilywith a disablingcondition, treatingeachmessage
type. This is not a seriousrestrictionsincemessagepatterns
canbeabstracted,constantsbecomingvariablesin this case,
unifiedand,togetherwith their disablingconditions,treated.
This is in effectpartof ourpre-compilationprocess.

Thecodegenerationstepis interestingonly whenit comes
to the translationof actorconstructs,sinceconstants,func-
tionsandtheir invocation,expressionsandconditionscanbe
directly rewritten in C. Eachbehaviour definition is trans-
lated into a procedure,whereattributesare representedas
localvariablesandthecontrolflow determineshow theactor
reactsto incommingmessagesafter its creationasa forked
process.Theseindependentcontrol units make initial MPI
calls to register themselves with the runtime environment.
As a result,actorsobtainuniqueidentificationswhich serve
astheextensionof theaddressesdatatype. Componentsare
alsoregisteredasMPI objectsso that they candispatchini-
tially presentmessagesto the respective objects,although
their identity is not availableto programmersnor is any ob-
servablebehaviour exhibitedfrom thispoint onwards.

Concerningthe translationof messagepassing,although
MPI andLAM provide a multitudeof modesincludingsyn-
chronousand asynchronouspoint-to-point interaction, the
semanticsof the actormodel is most faithfully capturedby
the useof buffered local non-blockingsendsand receives.
Thesefunctionalitiesarerequestedasfunction calls, which
are part of the generatedcode for the dispatchand deliv-
ery of messages.In the dispatch,the messagecontentsare

placedin a buffer (sinceall the manipulateddatatypesare
representedby integers,we arenot evenrequiredto perform
contentpacking).Thesendermaybeallowedto continueits
computationevenbeforetheendof thiswriting process.Our
codegeneratorguaranteesthat, just after its creationor the
completionof a methodbody, eachactorwill be willing to
acceptnew incomingmessages.Whenever onearrives,the
buffer containingthe messagetag andcontentsis usedasa
basisfor themessagepatternmatchingprocess.

The executionof a programpresuposesthe existenceof
a correctlyconfiguredfully functionalclusterof computers
basedon LAM. Thereis no requirementon thetypeof hard-
ware used,nor on the size of the cluster. The participant
processingnodesareseenasa fully connectedtopologyby
the middleware. The MPI standardleaves processplace-
ment, migration and load balancingunspecifiedand Clara
programscannotrely on thesefacilities.

Programsmay be executedin any nodeof a cluster. The
first stepin eachexecutionis to checkif themaincomponent
definedby theprogramcanbecomposedwith thatcontaining
all thealreadyexistingobjects.This is aninteractiveprocess
thatrequirestheinterventionof theprogramcustomeratfirst.
Thecustomeris askedto decidewhetheror not someof the
new componentexternalscan be boundto receptionistsin
the clusterandif somereceptionistsof the new component
shouldbe viewedasexternalsfrom the existing component
perspective. In this way, a dynamiccompositionof the re-
spectivecomponentsis defined.

V. CONCLUDING REMARKS

In this paperwe have presentedClara, a new program-
ming languagefor high performancedistributedcomputing.
Clarais basedon theactormodelof distributedsystemsand
inherits the conceptualclarity of this modeldue to the use
of: (i) independentobject-basedunitsof controlandcompu-
tation, calledactors;(ii) asynchronouspoint-to-pointinter-
action,basedon messagepassing;and(iii) (re)configurable
units of coordinationandmodularisation,calleddistributed
systemcomponents.Theresultinglanguageis powerful, yet
simple.As afirst stepin ourcompilationprocess,weremove
from eachprogramsynchronousconstructsthataredefinable
in termsof thesethreecharacteristicfeaturesof our kernel
language(cf. [MT99]).

Many otherlanguagesandsystemsfor high performance
distributedcomputinghave beenproposed.ABCL [Yon90]
andHAL [HA92] also had the actormodelas a basis,but
wereproposedwhenit wasnot clearthat, in orderto define
opendistributedsystemsin termsof actorsandobtainnice
composabilityproperties,a morestructurednotion of com-
ponentis needed.Despitethis, Clara is similar to HAL in
thatthetwo languagesattemptto beindependentof theoper-
atingenvironmentby usingpublicallyavailablemiddleware,
LAM MPI andCharmrespectivelly. The concernwith per-



formanceissueswaspresentnotonly in thedesignof ourtool
but alsoin the actorsystemsRosette[TKS Ò 89] andTHAL
[Kim97]. In addition,Clarashareswith ConcurrentHaskell
[PJGF96]andFacile[GMP89]theasynchronousmodeof in-
teractionandthesemanticsclearlystratifiedinto local com-
putationandconcurrency layers.

ThecomparisonbetweenClaraandthelanguagesandsys-
temsabove deservesfurther investigationin many respects,
including their performance.We alsobelieve that Clara is
anappropriatebasisfor studyingin thefutureprogramanal-
ysesandsourcelevel optimisationstaking advantageof the
simplecorelanguageandits well definedsemantics.
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APPENDIX

SIMPLIFIED ABSTRACT SYNTAX OF CLARA

Ô�Õ¶Ö>×)ØFÙ� (variables)Ú±Û+Û Ö ×)Ø�Ù� (attributes)Ü$ÝuÞFß�à ×)ØFÙ� (definitionnames)áÏâ,ã[ä>Õ0ã ×)Ø�Ù� (messagetags) 5 å áæâ+ã[ä>Õ0ã 7ß�à ×)Ø�Ù� Ô�Õ¶Ö
ç Ú�Û8Û Ö (identifiers)è±é¯ê â Û ×)ØFÙ� N
ç �

nil � (constants)ëZÕ Û ×)ØFÙ� ß�à3ç è±é¯ê â Û ç � self ( cust � (patterns)Ú Ö@ì Û)íïîDð ×)Ø�Ù� � + ( - ( * ( / � (arithmeticoperators)ñ±Ô�Õ¶Ö ×)Ø�Ù� 5 ÔYÕ¶Ö := ò¬ó ð Ö 7 (“bound” variables)ß Ú±Û+Û Ö ×.Ø�Ù� 5 Ú±Û+Û Ö & := è�éôê â Û / 7 ([initialised] attributes)

Conditionsandexpressions:òZó ð Ö>×)ØFÙ� ë¬Õ Û ç 5 ò¬ó ð Ö Ú Ö@ì Û)íïîDð ò¬ó ð Ö 7 ç5 Ü}ÝVÞFß�à òZó ð Ö@õ 7 ç5 new
Ü}ÝVÞFß�à òZó ð ÖÎõ 7 ç5 call ò¬ó ð ÖáÏâ,ã[ä>Õ0ã ò¬ó ð Öuõ 7è±é¯ê à ×)ØFÙ� 5 ò¬ó ð Ö == ò¬ó ð Ö 7 ç ˜

è±é¯ê à3ç5 è±é¯ê à /\
è±é¯ê à 7 ç5 è±é¯ê à \/
è±é¯ê à 7

Commands:ö Ý ê à ×)ØFÙ� send ò¬ó ð Öáæâ+ã[ä>Õ0ã òZó ð Ö@õ &@ò¬ó ð Ö /èø÷ à ×.Ø�Ù� skip
ç ö Ý ê à�ç5 Ú±Û+Û Ö := òZó ð Ö 7 ç5 reply òZó ð Ö 7 ç5 if è±é¯ê à

then
èø÷ à & else

èø÷ à / 7 ç5 begin
èø÷ à õ

end 7
Definitions:ù Ü}ÝVÞ ×)Ø�Ù� 5 ò¬ó ð Ö & è±é¯ê à°ç otherwise / 7 ÓáÏÜ}ÝuÞ ×)ØFÙ� 5 áæâ+ã[ä>Õ0ã�ç otherwise 7 ë¬Õ Û õ& disableby

è±é¯ê à / èø÷ à Óñ�Ü}ÝVÞ ×)ØFÙ� behaviour
Ü$ÝuÞFß�à& attributes
ß Ú±Û8Û Ö@õ /&methods

áÏÜ}ÝVÞÎõ /è Ü}ÝVÞ ×)Ø�Ù� component
Ü$ÝuÞFß�à& externals
ÔYÕ¶ÖÎõ /& receptionists

ÔYÕ¶Ö@õ /& actors
ñ�Ô�Õ¶Ö@õ /&messages
ö Ý ê à6õ /úÜ$ÝuÞ ×)ØFÙ� function5 Ü}ÝuÞFß�à 5 Ô�Õ¶Öç è�éôê â Û 7 õ ù Ü$ÝuÞ 7 ÓÜ$ÝuÞ ×.Ø�Ù� úÜ}ÝVÞ
ç3ñ�Ü}ÝuÞç è Ü$ÝuÞû ê ì Û ×.Ø�Ù� Ü}ÝuÞÎõç 5 program
Ü$ÝuÞFß�à 7


