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Abstract. We proposePiCO, a calculusintegrating concurrentobjectsand constraints,as a basefor music
compositiortools. In contraswith calculisuchas[5], [9] or TyCO[16], bothconstraint@ndobjectsareprimitive
notionsin PiCOQ. In PiCO abaseobjectmodelis extendedwith constraintdy orthogonallyaddingthe notion of
constaint systenfoundin the p-calculug12]. Concurrenprocessemake useof aconstrainstoreto synchronize
communication®ithervia the askandtell operationsof the constraintmodelor the standardnessage-passing
mechanisnof the objectmodel. A messagelelgyation mechanisnbuilt into the calculusallows encodingof
generalforms of inheritance. This paperincludesencodingsin PiCO of the conceptsof classand sub-class.
Theseallow us to representomplex partially definedobjectssuchasmusicalstructuresn a compactway. We
illustrate the transparentnteractionof constraintsand objectsby a musicalexampleinvolving harmonicand
temporalrelations.TherelationshipbetweenCordial, a visuallanguagdor musiccompositionapplicationsand
its underlyingmodelPiCO s described.
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1. Intr oduction

— Why dowe wantConcurrenObjectswith Constraints?
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Our objective is to develop computationamodelssuitablefor constructingmusiccompo-
sition tools. Musical objectscantake a wide variety of forms dependingon the particular
dimensiongthey belongto. In a harmonic(vertical) dimension,objectssuchas chords
containnotesthatcanbe constrainedo lay within definedzones(or registers), to belong
to definedtextures (e.g. patternsof harmonicintervals), etc. In a temporal(horizontal)
dimension,sequencesf chordsor notescan be definedto be positionedin sucha way
thatthey form selectedhythmic patterns. Thereexists also“diagonal” dimensionssuch
asdynamics wherenotesof chordscanfollow complex amplitudeevolutionsor suchas
melody wherepatternsof distanceselatechordnotesin distincttemporalpositions. Re-
lationshipsamongsetsof objectsin several dimensionsdefinemusicalstructures.These
in turn canbe regardedashigherlevel objectswhich arealsoamenabldo differentkinds
of musicaltransformationsBeingableto expressthe whole compleity of constructinga
network of structuresatisfyingthe musicalintentionsof a composeis a big challengeor

ary computemprogrammingmnodel.

In recently proposedcomputeraided musical compositionsystemssuch as Situation
[3] constraintsand CommonLisp objectscan be usedto definecomplex musicalstruc-
tures. In the samespirit, but morecloselyintegratedto the underlyingSmalltalklanguage,
Badktalk[7] providesaframework for handlingconstraintsatisactionwithin anobjecten-
vironment.Both systemdave beensuccessfullyusedn practicalmusicalsettings.In both
applications however, the constraintengineis a black box barely accessiblgo the user
Moreover, communicatinglatastructuredackandforth betweerthe constraintandobject
modelsis often awkward. In fact, objectscontainingpartial informationand “standard”
instantiatecbbjectsarenot really amenabldo the samekind of computationatreatment.
In musicalapplicationghis lack of communicatiorpotentialcanbe speciallytroublesome
sincetheapproactof thecomposemvolvesfor themostpartconstantefinemenandmod-
ificationof compositionamodelsbasedntheacousticatesultof partialimplementations.

We think thatthe developmentof computationamodelsandof toolsfor computeraided
musiccompositionshouldgo handin handto benefitfrom insightsat the userlevel while
maintaininga coherenformal base.Defining a uniform modelintegratingconstraintsand
objectscan be of greathelp to constructhigherlevel musicalapplicationsthat provide
the musicianwith flexible waysof interaction. In [15] the -calculuswas extendedwith
the notion of constraint. In this paperwe considerthe addition of objectsand messages
synchronizedy constraints.

Several concurrenbbjectscalculi have beenproposedecently[17], [16], [1]. In these
modelsthe interactionsof concurrentprocessegor objects)are synchronizedessentially
throughoneof two mechanismsthe “use of a channel’and“message-passingin TyCO,
for instance,an objecta >[I : (¥)P] canbe seenasa processP which is suspended
until somemessageelectinga methodlabeled is sentto anobjectlocatedata or, more
generallylocatedat somex suchthatx = a is provable.

Ontheotherhand,constraintcanalsobe usedto definearich setof possibleconcurrent
processefteractionsashasbeenshowvn in the cc model[11]. The basicoperationsaask
andtell allow processes$o definecomple synchronizatiorschemeshroughthe use of
commonprocesariables.In the cclanguageDz[5], first-classproceduresndfirst-class
cellsareusedto simulateobjectswithin a concurrenttonstraintsetting. Objectsarethus
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not primitive. In fact,the constraintparadigmis the only underlyingmodelof interaction.
The powerful constraintscalculusof Oz allows other programmingmodels(functional,
objects)to coexist throughsuitablesyntacticencodings More recently the MCC calculus
[10] considersextensionsof the cc modelto accountor reliablecommunicatiorof agents
having their own local constraintstoreandshavs how to encodeprocessnobility through
amechanisnof “abstract”constrainimessaging.

Wetake adifferentapproach We wantto maintainasmuchaspossibletheindependence
of the objectand constraintmodelsat the calculuslevel. Firstly, we think eachof them
accuratelynodelsanapproacttomposersisuallyfollow in constructingnusicalstructures.
Secondlywe would like our tool to be easilyadaptabldo differentnotionsof objectand
differentconstraintsystems.

In additionto includingbothconstraint@ndconcurrentbjectsasprimitive notionsatthe
calculuslevel, we proposetwo featureghat, to our knowledge,have not beenconsidered
before.Oneis thenotionof objectsguardedy or “located”in aconstraint.Theotheris the
concepbf messagéelggation We borrow theinsightin [11] of consideringconstraintsas
defining(polyadic)typesto explain thesefeatures.

In the r-calculusa communicatiorcantake placebetweerareaderandawriter process
justwhenthey agreeonacommunicatiorthanne(denotedyanamd. Wemayregardeach
nameasadistincttypeandsaythatprocessesommunicatgustwhensendeandrecever are
of exactly the same(singleton)communicatiortype. Similarly, in the p-calculus[12] and
othercc calculi, senderandrecever agentsare“located” in variables.They communicate
justwhenit canbeinferredfrom constraintdnformationthatthe two variablesareequal.
Thatis, justwhenthey have exactlythesamgnotnecessarilgingleton-settommunication
type.

In PiCO eachrecever objectdefinesexplicitly its communicationtype by “locating”
itself in aconstraint.This constraint(let uscall it ¢ (sendep) is parameterizeth asender
location. As a type this constraintdefinesthe setof possiblerequestersf servicesfrom
therecever. Given aconstraintstoreS, thetype of arecever objectlocatedata constraint
¢ (sendey is thesetof all sendetocationsv suchthatevery valuationconsistentvith Sis
alsoconsistentvith ¢ (v). Assertingconstraintsncreaseghesetof suchv’s.

Messagesenders'locate” themselesin a variable (or a name). Constraintson this
variabledefinepossiblevaluesfor it. The communicationtype of the senderis the set
of thesevalues. Now, communicationcantake placejust whenit canbe inferred from
theinformationsuppliedby assertecdonstraintghat the sendercommunicatiortypeis a
subtypeof therecever communicationtype. Thusasendercanincreasehesetof potential
destination®f a messagdy “moving” to a subtype(i.e. assertingextra constrainton its
location),whereasrecever canalsoincreas¢hesetof acceptedequestersfits servicedby
moving to asupertypdi.e. assertingonstrainton the variablesof its constrainiocation).
Singletortypereceverscommunicat@sr -calculuseadeprocessesSendergonstraining
theirtypeto thatof theirintendedreceverscommunicates p-calculusabstractions.

A PiCOrecever objectmaydeterminea deleggationcommunicatiortype for thosemes-
sagexomingfrom sender®f anacceptabléype but requestingserviceghe objectcannot
provide. This delgyationtypeis alsodefinedby a constraint. Delegatedtypesmustbein
thecomplemenbf theoriginal sendetypesinceotherwisehedelegatedservicecouldvery
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well have beenprovideddirectly by someotherrecever object. Delegationmeanamoving
thetypeof theoriginalmessagsendeto the delggatedtype. This mechanisntanbeused
to definedifferentobjectinheritanceschemes.

Consideran example. Let us supposehat we wantto definesomeconditionsfor the
location of an object. For instancesendere {a,b,c} >[I : (Y¥)P] canbe seenasa
processP which is suspendedintil a messagdo a, b or ¢ is sent. This canalso be
interpretecasanobjectguardedby a constrainto ensuraeceptionof messagesnly from
the threegiven locations. Of course for this simple example,the z-calculus[6] process
a?[y].P + b?[y].P + c?[y].P, couldvery well be usedfor this. Herea non determinate
choice (the + symbol) of the sameprocessP readingthrougha, b or ¢ simulatesthe
“same” occurrenceof P receving from the threelocations. However, whenwe wish to
definearbitraryconditionsto executeP, to sendmessageto objects,or to locateobjects,
we needbetterwaysto expresscommunication Thesearbitraryconditionscanbenaturally
expressedy meansf constraints.

In fact,objectinteractionsannaturallybemodeledn atleasttwo ways. First,by means
of concurrentobjectswhosesynchronizedexecution simulateschangeson real objects
[6] and second,by using constraintsto “change”the object stateby refining the partial
knowledgeonehasaboutthe attributesof the object.

Theseviewsarecomplementaryln amusicalsettingbotharetypically used.Composers
may very well conceve musicalprocesseasevolving accordingto explicitly definedtra-
jectoriesor to particularcompositionatules, or both. In the former, objectattributescan
naturallybeseerasbeingboundto valueswhereasn thelatterattributesexpressonly their
degreeof consisteng with the partialinformationimplied by therules.

In section®.2and2.3we presenthesyntaxandsemantic®f PiCO. Thesyntaxof PiCO
addsconstrainprocesset thestandargrocesses calculisuchasT yC O. Additionally,
objectsinclude informationto identify wherethey have to deleggatethosemessagethey
arenot ableto answer Constraintprocesseperformthe standardAskandTell operations
of CCPlanguagesThe semanticss definedoperationallyfollowing the transitionsystem
for the cc-modelusedin [11]. Section3 showvs how classesandmutableobjectscarrying
partialinformationontheirattributescanbecorvenientlyrepresenteth PiCO. Thenotions
of high-orderattributesand sub-classingsa form of inheritanceby behaviorreuseand
methodverridingarealsoshavnin thatsection.Sectiord shavsbriefly how thesemantics
for aconcurrentonstraintvisuallanguagecanbe expressedisingPiCO. In section5 we
shav asomevhatelaboratenusicalexample.We discusgherelationbetweereachof =, p
andMCC calculiandPiCOin section6. Section7 givessomeconclusions.

2. PiCO Definition

We startby giving a generaldefinition of a constraintsystem11].

2.1. ConstraintSystem

PiCO s parameterizeth a Constaint System For our purposest will sufiice to basethe
notionof constraintsystemon first-orderPredicatve Logic, asit was donein [13], [12].
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A ConstraintSystemconsistf [13], [12]:

— A signature.Thatis, a setof functions,constantandpredicatesymbolswith equality
includingadistinguishednfinite set,V, of constantgallednameslenoted, b, . . ., u.
Otherconstantscalled values arewritten vy, vo,.. .. They areregardedas primitive
objectsin the calculusthatcanbe usedasmessagéocations.

— A consistentheory A (asetof sentencesver thesignaturehaving amodel)satisfying
the condition:

e if a, baredistinctnamesthenit canbeinferredthata = b doesnhothold. Similarly
for distinctvalues.

Often A will be given as the setof all sentencewalid in a certainstructure(e.g. the
structureof finite trees,integers, or rational numbers). Given a constraintsystem,let
symbolsp, ¢, ... denotdirst-orderformulaein thesignaturehencefortltalledconstaints.
A fundamentahotion of constraintsystemss entailment We saythatformula¢ entails
formulay in atheory A, written ¢ 4 ¥, justwhentheimplicationg —  is truein all
modelsof A. Entailmentis importantbecausé addsthecapabilityof handlingdisjunctive
information. We saythat ¢ is equivalentto vr in A, written ¢ =[a, iff ¢ o ¥ and
¥ A ¢. We saythat ¢ is satisfiablein A iff ¢ ¥4 L . We use_L for the constraintthat
is alwaysfalseand T for the constrainthatis alwaystrue. A particularconstraintsystem
must,of course have a decidableentailmentrelation. Whenno confusionariseswe drop
thesubscripfrom 4.

As is usual,we will useinfinitely mary x,y, ... € V to denotelogical variablesdes-
ignating somefixed but unknavn elementin the domainunderconsideration. The sets
fv(p) C V andbuv(¢) C V denotethe setsof freeandboundvariablesin ¢, respectiely.
Finally, fn(¢) c N is thesetof namesappearingn ¢.

As we said before, mostprocessesct relative to a store. A storeis definedin terms
of the underlyingconstraintsystem. It is simply a formularepresentindghe accumulated
informationsuppliedby assertedonstraints.For our purposest will suffice to consider
the storeasa conjunctionof constraintsWe write S= T for the“empty” store.A storeS
is saidunsatisfiablavhenit entailsfalse(i.e. whenS, 1).

2.2. Syntax

Thesyntaxof PiCOis givenin Tablel. TherearethreebasicprocessesMessaes, Objects
andConstaints

We describenext thecalculusinformally. In whatfollows,t denotesasequenc, . . . ty,
of length|t] = k whoseelementsbelongto somegiven syntacticcategory.

Thenull proces®istheprocessloingnothing. A proces$sender, Storward )> M represents
an object. The purposeof an objectis to respondto messagesentby otherprocesses.
The objectanswersa messagdy replacingitself with anotherprocessor method The
messageontainsinformationto single out the replacemenprocessrom thoseavailable
in the objectmethodcollection M. Messagesre sentto objectsfrom other processes.
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Table 1. PiCO syntax.

NormalProcessesN = 0 Inactionor null process
| | <amthenP Messagesentby |
| (¢sender Storward) > M Objectwith

delggationcondition
Storward guardedoy

constraintp

ConstrainfprocessesR = tell¢pthenP tell process

| ask¢then P askprocess
ProcessesP, Q w= localxin P New variablesx in P

| localain P New namea in P

| N Normalprocess

| PIQ Composition

|  cloneP Replicatedprocess

| R Constraintprocess
Objectidentifiers: 1, J, K = al Names

| v Value

| x Variable
Collectionof MethodsM m= [l ) P&

.. &l (Xm) Pm]

Messages = I [T]

Message-sendingrocessesre located An objectdeterminesdy meansof constraints
which message-sendingrocesse# is willing to service. Constraintgsenger the guar,
mustbesatisfiedby ary location(representelly thespecialvariablesendei) attemptingo
sendmessage® the object. For example,object(sendere {a, b}, forward € {b, c})> M
acceptamessagefrom a < m[] then Q sincea € {a, b} is true. Constraintssomwarg, the
delggationcondition representtheguardof the procesghemessageshouldbe delegated
to when appropriatemethodsfor themdo not exist in M. Delegationinvolves creating
a new location, say J, and forwarding the samemessagen from this location. In the
above example deleggationwould meanthattheoriginal proces@<m[ ] then Q isreplaced
by the sameprocesdocatedat J, i.e. J <« m[] then Q. Beforedelgyation,locationJ is
enforcedto satisfythe delegationconstraints sothatthe delegatedobjecthasa chanceo
acceptmessagen. Thatis, constraintd € {b, c} is assertedeforereplacingthe original
sendera < m[] then Q by J <« m[] then Q. Form M in objectsrepresents collection
of methods. Methods(X1)P; . .. (Xm) Pn arelabeledby a setof pairwisedistinct labels
(names)yabelgM) = {l4, ..., In}.

Processesf theform (dsender, Proward) > M represenbbjectsnot allowing delegation?
For simplicity, they will beabbreriatedasgsenger> M. We alsowrite (1, J) = M, an object
“located” at | delegatingto an object“located” at J, as a shorthandfor (sender = 1,
forward = J) > M. Similarly, | = M is ashorthandor (sender= I, forward = |1)> M
andcanbethoughtasanobjectlocatedat | . Thisequationaguardencodesheusualnotion
of objectsreferencedy identifiers.
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In amethod : (X)P, X representsheformal parametersind P the body of the method.
Namesvariablesandprimitive valuescanbe usedasobjectidentifiers.

A processK«l 1 [J] then P canthusbethoughtof asamessag#o atarget objectaccepting
X with contentsor informationJ. We alsoallow messaget have acontinuationP. Label
| is usedto selectthe correspondingnethodin the target object. Intuitively, the resultof
theinteractionbetweera messagandthetargetobjectis the body of the selectednethod
with the formal agumentsreplacedy the respectie actualargumentsin the contentsof
the messageif the requestednethodexists (i.e. if thereexistsa methodlabeledby | and
the numberof actualandformal agumentsmatch). Otherwisethe messagés delegated,
asexplainedabove.

Theprocesdocal a in P restrictsthe useof thenamea to P. Anotherway to describe
thisis thatlocal a in P declaresa new uniquenamea, distinctfrom all externalnames,
to beusedin P. Similarly, local x in P (new processyleclaresnew (logical) variablex,
distinctfrom all externalvariablesin P.

ProcesscompositionP | Q denotesthe concurrentexecutionof processed? and Q.
Proces<lone P (replicatio) meansP | P ... (asmary copiesasneeded).A common
instanceof replicationis clone (I, J) = M, an objectwhich canbe reproducedvhena
requestecommunicatewvia |. Replicationis often usedfor encodingrecursve process
definitions(se€[6]).

Finally, thebehaior of constraintprocessedepend®n aglobalstore. A storecontains
information suppliedby constraints. The storeis usedin PiCO to control all potential
communications. The tell processtell ¢ then P means‘Add ¢ to the storeandthen
activate P.” Thus,tell processeareusedto influencethebehaior of otherprocessesThe
askprocesssk¢ then P meang'Activate P if constrainip is alogical consequencef the
informationin the storeor destry P if —¢ is alogical consequencef theinformationin
thestore.Otherwise suspendisk ¢ then P until the storecontainsenoughinformationto
runit.”

In what follows, we write local vlq, vly, ..., vl, (vl nameor variable) insteadof
local vl in localvlyin .. .local vl, andwe omitthen O whenno confusionarises.

2.3. OperationalSemantics

Binding operatordn PiCO areasin [6]: The binding operatorfor namesJocal a in P,
declaresnew localnameain process®. Thereareonly two bindingoperatorgor variables:
localx in P thatbindsx in P and(x; ... x,) P thatdeclaregsormalparametergy, . . ., X, in
P. A specialbinding existsfor the variablesenderin (¢sender Sforward) > M. Heresender
is a variableboundby the “guard” constraintof the objectandusedin the guard¢ and
(possibly)in the methodsof M. Variablesendercanonly be usedin objects. Similarly,
variableforward isboundin constrainBs,nwarg @andcanonly beusedhere.Sowecandefine
freenamesf n(P), boundnamesn(P), freevariables f v(P), boundvariablesbn(P) of
aprocessP in theusualway. Thesetof variablesappearingn P, v(P), is fv(P) Ubv(P)
andsimilarly thesetof namesappearingn P, n(P), is fn(P) U bn(P).
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2.3.1. Structual Congruenceand EquivalenceRelation

Wedefinestructuratongruencéor PiCOmuchin thesameway asisdonefor thesr -calculus
in [6].

Definition 2.1 (StructuralCongruence). Let structuralcongruences=, be the smallest
congruenceelationover processesatisfyingthefollowing axioms:

— Processeareidenticalif they only differ by achangeof boundvariablesor bound
namega — conversion).

- (P/=,|, O) isasymmetricmonoid,whereP is the setof processes.
—  (¢senden Storward) > M = (¢sender, Sforward) > M”if M’ is apefmUtatiomf M.
— cloneP = P | cloneP.

— localain O = 0O, localxin O =0,
localain localbin P =localbin localain P,
local x in localy in P = local y in local x in P,
localain local x in P = local x in localain P.

— Ifa¢g fn(P)thenlocalain (P | Q) = P |localain Q.
— If x & fu(P)thenlocalxin (P | Q)= P |localxin Q.

— If ¢ Hav andP = Q then
tell ¢ then P = tell ¥ then Q and ask ¢ then P = ask ¢ then Q

Definition 2.2 (P-equivalencerelation). We will saythat (P;; §) is P-equivalentto
(P2; &), written (Py; §1) =p (P2 &), if PL= P, § E[2S, fn(§) = fn(§) and
fv(S) = fv(S). =p is saidto bethe P-equialencerelationon configurations.

Thebehaior of aprocessP is definedby transitiondrom aninitial configuration(P; T).
A transition,(P; S) — (P’; S), meansthat (P; S) canbetransformednto (P’; S) by
a single computationaktep. For simplicity, we assumeéhat all variablesandnamesare
declaredn theinitial configurationi.e., fv(P) = fn(P) = @. We definetransitionson
configurationsext.

2.3.2. ReductiorRelation

The reductionrelation,—, over configurationss the leastrelation satisfyingthe rules
appearingn Table2:

Noticethatin rulesDECV andDECN the nonmembershigonditioncanalwaysbemet
by «-corversion. ~

COMM describeghe resultof theinteractionbetweermessaged’ < 1: [J] then Q and
object (psender Sforward) >[I 1 X)P& .. .]. Thestgr@js usedto decidewhetherthe object
is indeedthe tamget of the message.ProcessP{K /x’, |I’/sendel is obtainedby first a-
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Table2. Transitionsystem.

S-a9[1’/sendei IKI=[X]

COMM: sl
(14l [K] then Q|(¢sender-Storward )= (x)P&...];S)—>(Q|P{K/x’,I’/sender};S)

Stka ¢[l’/sendel] Sud[l’/forward] o L | ¢ LabelgM)

. ~ local J in tell 5[ J/forward
DEL: R ~
<( "1z [K]then Q| );s)—> then(J <I: [K]thenQ) | |: S
(9sender: Sforward ) > M (#sender Sforward ) > M

TELL: (tell ¢ then P; S) — (P; SA ¢)

ASK: S-a¢ S-aA—¢
* (ask¢ then P;S)—(P:S) > (ask¢ then P;S)—(0;S)
AR: (P;S)— (P’;S)
"(Q | P;S—(Q | P;S)
xgfu(S), (P;S>{x))— (P;S)
DEC-V. (local x in P;S)—(P";S)
agfn(9), (P;S>{a})— (P’S)
DEC-N (local ain P;S)—(P";S)
P1:S)=p (P/; Py; S)=p (P.: Py; Py;
EQUIV:(lsl) p(P;:S) (P2;S)=p (P S) (P1;S1)—> (P; &)

(P:S)— (P:S)

converting (X)P to ()?/) P’ sothat!’ is notin thelocal variablesx’ andthenreplacing,in
parallel, every free occurrenceof variablesfrom x” by identifiers(i.e., values,namesor
variables)from K, respectrely. If variablesenderoccursfreein P’ it is alsoreplacedy
I”. NoticethatmessageontinuationQ is actvatedwhenthe messagés receved.

DEL describesnessagelelegation. Let | <1 : [K] then Q beamessagaentto object
(dsenden Storward) > M andlet us supposehatlabell doesnotexistin M. In this casethe
messagés forwardedby a new location J satisfyingthe delegationcondition. To avoid
non-terminatingexecutionswe only do this whenit is possibleto decidethat the “new”
forwarderof the messagés indeed"dif ferent” from the previous onein the sensethat it
cannotcommunicatevith the original object.

The ASK andTELL rulesdescribethe interactionbetweerconstraintprocesseandthe
store. TELL givestheway of addinginformationto the store.Procesgell ¢ then P adds
constraint to storeS andthenactivatesits continuationP. Suchaugmentatiornf thestore
is the major mechanismin CCP languagedor a processto affect the behaior of other
processem thesysten{11]. For example,agentell (x = a) then P informsmessagesf
theform x < m thattheir targetobjectsarenow thoseacceptingnessagefom a.

ASK gives theway of obtaininginformationfrom the store. The rule saysthat P can
be activatedif the currentstoreS entails¢, or discardedvhen S entails—¢. For instance,
processask (x € {a, b}) then x <« mis ableto sendm to objectsacceptingnessageboth
froma orb.
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An askprocesghatcannotbereducedn the currentstoreSis saidto besuspendebty S.
A processsuspendetdy S might be reducedn someaugmentatiorof S. In particular as
thestore becomestrongemoremessagesanpotentiallybeacceptedby objects. Thusask
processeaddthe “blocking ask” mechanisnin cc modelsto the synchronizatiorscheme
of objectcalculi.

PAR saysthatreductioncanoccurunderneatitomposition.DEC-V is the way of intro-
ducingnew variables. ExpressionS > {li, ..., I} is asshorthandor storeS A (1, =
ID)A---A(ly = 1) Intuitively, S > {x} (i.e. SAX = x) denotesheadditionof variablex to
storeSwhenx ¢ fv(S). Thus,arny variablex ¢ fv(S) addedo thestoreby S > {x} will
notbeusedn subsequerdeclarationslf x € fv(S), wecanrenamex with anew variable
z ¢ fv(S)U fu(P) bya-corversion(i.e.local x in P = local zin P{z/x}if z ¢ fu(P)).
DEC-Nis definedin asimilarway. RuleEQUIV simply saysthat P-equivalentconfigura-
tionshave the samereductions.

2.4. ComputationasProcessefeduction

A computationin PiCO canbe seenasa sequencef statesor configuations Eachstate
consistof two items,a processanda store. The computatiorproceed$rom onestateto
the next by decidingwhich processor combinationof processeareenabledat thatpoint.
The decisionmay requirelooking at the informationaccumulatedn the store. A process
or combinationof enabledorocessess thenselectecandrun. Runningprocessesesultin
transformingheminto othersand(possibly)addinginformationto thestore. Theeffectsof
runningthe processes thusa new state.The computatiorends(if ever) whenno enabled
processesemain. For example,let the storebe S = T, andconsiderthe program(%
denotegshe modulofunction),

clone ((sender% 2 = 0)A(sender# 0))

>[e: (z, y)local x, w in (tell(sender—2 = xAw =z x 2)) | x<€[w, Y]] |
clone(sender% 2 = 1)

>[e (z, y)local x, w in (tell(sender— 1 = xAw =y x 2) | X< €[z, w])] |
clone(sender=0) > [e: (z, y) tell result=y] |
local x, y, zin (tell (x =2Ay = 1Az=3) | X< €[z, Y]).

A possiblecomputatiorfor the parallelcompositiorof thefour processem theprogram
given above is the following:

tell (x =2Ay=1Az=3) ; S=T

+

x < €[z, y] | (sender% 2= 0)A(sender# 0)) > .. .]
;. S=Xx=2Ay=1Az=73)

+

tell(x = 2=xAw=2zx2 ; S=X=2Ay=1Az=23)
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\

xp<efw,y]|(sender% 2=1)x[...]
;. S=X=2Ay=1Az=3AX; = 1Aw =9)

i

tell(Xy — 1 = XoAwy = Y x w)
i S=(X=2Ay =1Az=3AX; = 1Aw =9)

+

X2 < €[w, wi] | (sender=0)>[.. ]
i S=(X=2Ay =1AZ=3AX; = 1Aw = 9IAXp = 0Awg = 9)

+

tell result= w;
;i S=(X=2AyY =1AZ2=3AX; = 1Aw = 9AXy = OAw1 = 9)

\

S= (X =2AYy = 1Az = 3AX; = 1Aw = 9AXe = OAw; = 9Aresult= 9)

Computationgsanbe definedoperationallyin termsof an equivalencerelation,=p, on
configurationsdescribingcomputationstatesand a one-stepreductionrelation, —, de-
scribingtransitionsontheseconfigurationsin thefollowing, aconfiguratioris represented
asatuple (P; S) consistingof a processP andastoreS and— will denotethereflexive
andtransitive closureof —. Finally, we will saythat(P’; S)is aderivativeof (P; S) iff
(P;S) = (P/; S’).

Runtime failur e. In the cc-model[11] the invariant propertyof the storeis thatit is
satisfiable Thiscanbemadeto holdin PiCOby definingtransitiondrom (tell ¢ then P; S)
justwhenSA ¢ is satisfiableandotherwisereducingo adistinguisheaonfiguratiorcalled
fail. Fail denotesa runtimefailure which is propagatedhereafteiin the usualway. For
simplicity we do not consideruntimefailures,but we canaddtheserulesorthogonally as
in [14], without affectingarny of ourresults.

Potentiality of reduction. Wheneer we augmenthe store,we mayincreasehepoten-
tiality of processeductionthatis, thenumberof possiblgransitiondrom aconfiguration.
Thefollowing propositiorstateghatary agentP’ obtainedrom aconfigurationP; S;) can
beobtainedrom aconfiguration{P; $), S beinganaugmentationf S;. Theproposition
canbeeasilyproved from the operationatulesgiven above.

Proposition2.3 If S - § and (Pi; §) — (P S)) then(Py; S) — (P»; S)) and
SES.

We considemext anexampleillustratinghow delegationworksin PiCO. Let ussuppose
we have two objectsgeneratingnusicalchordsdependingn a basenote:

clone(sendere {do, re, ..., si}, forward e {dot, ret, ..., lag})
>[basic Chord;(sendep] |
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clone(sendere {dot, rett, .. ., lat})
>[basic Chomd;(senden & minor: (x) Chord,(x, sendep]

Parallelcompositionof the above objectswith the process
tell notee {re, fa} then note< minorfnotg

behaes as follows:

1. Sincemessagéocationnotesatisfythe guardof thefirst object(with senderreplaced
by note), acommunicationis established.

2. Messageninor doesnotexist in the methodsof thefirst object,thereforedelegationis
attempted. Sincemessagéocationnotedoesnotsatisfythe delegationconditionin the
first object,delegationis accepted.

3. A new procesdocal J in tell J € {dog,ret, ..., lag} then J < minorfnotq is con-
structed.

4. Thenew processs ableto communicatevith thesecondbject. Theresultis executing
proces<Chord,(note J).

Notethattheoriginalanddelegatedobjectscouldverywell have methodsn common(label
basicin bothobjects).

Behavioral equivalence. In [15] a reduction-equialencerelationfor an extensionof
the w-calculuswith constraintawvas defined. This relationequatesconfigurationsvhose
agentscancommunicatehroughthe samechannelsat eachtransition. For eachprocess
identifier| andlabell, thisis expressedy meanof anobserationpredicatedetectinghe
possibility of performinga communicatiorwith the externalenvironmentalongidentifier
| andlabell in astoreS. Behavioral equivalencecanbe similarly definedfor PiCO. The
detailsof this areout of the scopeof this paper

Namesand Variables. In the w-calculusthereis no differencebetweennamesand
variableqd13]. NamesandVariablesn PiCO aredifferententitiesbecausef thepresence
of constraints.

Thefollowing exampleillustratesthis difference.Let

P, =local x in local y in (ask—(x = y) then Q)
and
P, = localain localb in (ask—(a = b) then Q)

Sincea andb aredifferentnamesgconfiguration(P,; T) is ableto reduceprocessP, to Q,

whereagprocessP; is suspendeth configuration{P;; T). Theneedfor namesds justified

becauseconvenientlyused,they provide a uniquereferenceo concurrentobjectswhich

canbe usedfor dataencapsulatiomsin [14]. We will usethis usefulpropertyto encode
classes.
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3. Classes

In this sectionwe discusghedefinitionin PiCO of basicobject-orientedonstructs Most
definitionsin therestof the paperusetherestrictedsyntaxof objectdocatedin variablesor
nameshut notin constraints. Thereasons thatwe wantto stresgherelationshipbetween
definingprocessem thecalculusandprogrammingn Cordial, thevisuallanguageunning
ontopof it. As of thiswriting we have notyetincludedvisualrepresentationsf constraint
guardedbbjectsin Cordial soour musicalexamplesin PiCO do not usethis feature.

The basicobject-orientecconstructsve discussare classesinstancesandinheritance
Classedlenotesetsof objects. A classis just a frameusedto constructobjectsbelonging
to its associatedset. It consistsof attributes classconstaints and methods Attributes
definethelocal stateof instancegi.e. objects)of theclass.Methodsimplementoperations
on the state. Classconstraintsare predicateghat must be satisfiedby the stateof ary
objectof the class. Classesanbe organizedhierarchically This hierarchyis definedby
aninheritancerelation. For the purposeof the simpleexamplespresentedhere,a classB
is saidto inherit from classA if classA canprovide someof theserviceqi.e. methods¥or
classB. Thus,classB maydecideto respondo somerequestdy passinghe requesto
classA. Delggationin PiCO objectsis usedto implementthis behaior.

Classesare modeledas cloned (i.e. persistent)ocatedobjectswithout delegation. A
particularclassobjecthasat leasttwo methods:new andsuper The unarymethodsuper
gives accesdo the locationof the objectrepresentinghe superclasgif ary) of the class
currentlybeingdefined.Methodnew createsa new instanceof theclass.Thisinstances a
locatedobjectwith the collectionof methodsdefinedfor the class. Eachattribute defined
for aninstanceof theclassis storedin acell, in asimilarway asisdonein Oz[13]. Cells
areobjectshaving readingandwriting methodsasshavn below.

clonecellmalern-
[create (X,Y) Xx>[get: (2)tellz=y
then cellmaker < creatgx, y)&
set (z)cellmaler « creatgx, 2)] ]

Messageellmaler«<creatdc, valug createscell objectlocatedatc. Thecontentf the
cellisinitially setto value Noticethatsettingavaluecreatesanew cell. Sinceattributes
in instancesarerepresentedy cells, this meanshat previous constraintsmposedon an
attribute are“lost” whena new valueis assignedo it. In particular classconstraintgas
explainedbelow) mustbe assertegainfor new valuesof instanceattributes.

The instanceof a classhasa unary methodfor eachattribute. This methodcan be
usedto accesghis attribute cell. Classesn PiCO aresupposedo includeoneor several
classconstraintshatmustbe satisfiedby the attributesof eachinstanceof theclass.Class
constraintareassertea@tinstancecreation. Theimplementatiorof classess shavn below.
In whatfollows, we write X for asequenceq, xo, .. ., X. We alsotake thecorventionthat
whena subscriptedrariableor namex; appearsn a processthe procesgeally represents
theparallelcompositiorof all processesf thesameform, onefor eachvariableor namein
thesequenceFor example cell; «sefv;] in procesdocal cell, v'in cell, «sefv;] represents
theparallelcompositioncell; <« sefvq] | cell; <«sefv;] | ... containingonesubprocestor
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eachcorrespondinglementof cell, v

cloneclass- [new:(self) local d, EéTI, \/Aél, cin
supeclass< nend]|
clone (self, d)> [ attri: (X)tell x = cell, &
update (v)cell; <sefv] |

G < cnstiv]]

| cellmaler < creatdcell;, val;] .

| clonec; > [cnstr (V)R (V)] | ¢ < cnstifvall

supet (r)tell r = supeclasg

Methodnew of aclasscreatesnstance$or thatclassandall classeén thesuperclasshain.
This is accomplishedy messagesupeclass< nen[d]. Objectsupeclassis representing
thesuperclassif ary) andd is a new instanceof thatclassreturnedby the messageCells
associatedvith attributesare createdby messagesellmaler < creatdcell;, val ], where
variableval, representtheattributeinitial value. Message; - [cnstr. (V)R (v)] definesan
objectcapableof assertingclassconstraintR; on attribute . NoticethatconstraintR; may
involve valuesfor otherattributes. Messages; < cnstifval] assertghe attribute constraint.
Classconstraintsaare“reified” asobjectsin this way in orderto simplify reassertinghem
whenattribute valuesarechanged.

In someof the exampleswe discussfurther belov we assumehe existenceof a class
integer denotingintegervalues.

In the musicalexamplewe describenext we will referto a particulartype of musical
chordcontainingfour notesdefinedmodulotranspositior(i.e. the basenote of the chord
is not specified). TheseEstrada chords,namedafter the mexican composemwho first
formally definedthem,containthreeintervals (expressedn numberof semitonedetween
consecutie notes)\whosesummodulo12 mustbeequalto zero. To representheintervals
of a chordwe assumea constraintsystemover somesuitablefinite domainof integers.
ClassE, of Estradachords,is definedasfollows.

cloneEw[new: (self)
local c, cell, val in
cloneself>[ x: (y) tell y = cdl; &
update (v)... &
| cellmaler < creatdcell;, val]
| clonec [cnstr. (v) local w, zin
vy <addvy, w] | vz <addw, 2)
. zZ<moduld12, 0]]

c < cnstfvall &

super (r) tellr = E]

Eachof thethreeattributesof a Estradachordcontainsoneintenal betweerconsecutie
notesof thechord,representedasusual,by cellscontainingintegers. The classconstraint,
encodedin the replicatedobject locatedat ¢, ensuresthat attributes obey the Estrada
property
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3.1. Objectswith ComplexAttributes

Objectsmayhave attributescontainingotherarbitraryobjects.A standardxamplearethe
classesonsandlist definedbellow. The classconshasattributescar andcdr thatallow
accessinghe component®f the pair representetly theinstance.

clonecons> [new:(self)
local acar, acdr, Vear, Vedr I
cloneself [car: (X)tell X = aga&
cdr: (x)tell X = aggr&
update (vear, Vedr) - - - &
| cellmaler < creatdacsr, vear] | - - -
super (r) tellr = cong

List aremodeledasinstancesvith auniqueattributevalue, whoseassociatedell (cellsgs
in theprogrambellow) canbeassignectithertheparticularidentifiernil (theemptylist) or
a consobject. The cdr part of this objectshouldalwaysbe restrictedto a list object. As
usual li st instanceslsohave methodsheadandtail.

list > [new:(self)
local cellsg, v in
cloneself [value (x)
tell (x = cellsg) &
head (x) tell x = self.valuecar &
tail:  (x) local newlistin
list <« nenfnewlist]
| newlist.value < self.valuecdr& . . ]
cellmaler < creatdcellser, v]
super (r) tell r = list]

Messagelist < nenl] | | < updat¢acong, whereaconscar < a | aconscdr < nil
createghelist [a].

4. Cordial: A Visual Languagefor PiCO

Our researctprojectincludesthe developmentof visual programmingtools for musical
composition. Cordial [8] is a visual programminglanguageintegrating object oriented
andconstraintprogrammingntendedfor musicalapplications.The semanticof Cordial
hasbeendefinedin termsof PiCO. In this sectionwe illustratebriefly someconstructof
Cordial togethemwith their denotatiorin PiCO.

Cordial is aniconic languagen the spirit of [2]. Thebasicnotionis thatof a patch. A
patchis a layout of forms (iconsor other) on the screer.inks betweenformsin a patch
establisicontroldependencieis acomputation.Datatypesandstructuresrealsodefined
visually. A visual classdefinitionin Cordial, for example,hasthree main sections(see
figure1): attributes,methodsandconstraints.
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Figure 1. Classdefinitionin Cordial.

The translationof the classdefinition in figure 1 into a PiCO processcan be roughly
definedasfollows:

clonecomples
[ new: (self)
local c, cell, cell, v, vj in
cloneself>
[ real(x)tell x = cellk &
imag: (X)tell x = cell;&
add (comple;, comple,)
self.real< addcomple;.real, comple,.reall|
self.imag < addcomple;.imag, comples,.imag]& . . .]
cellmaler « creatdcell,, vi]| ... &
super (r)tell r = comple]

A methoddefinition (seefigure 2), is a collection of messagesthe envelopesin fig-
ure 2), conditionalsand formal aguments(the circlesin figure 2). Links connecting
two elementsdefineidentity relations. For example, linking visual object V, with the
i-th circle of ernvelope E meansthat the i-th amgumentof the messagessociatedvith
E is equalto V,. The body of the methodin figure 2 shavs a visual representation
of objectsas rectangularboxes with an icon inside. The tamget of the messagés the
unigueobject connectedby a doubleline with the envelope. A messagealefinesa par
ticular relation that must be satisfiedby the argumentsand tarmget object of the mes-
sage.

Non primitive methodfoo of classcomple shavs the useof a conditional(figure 3).
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Figure 2. Methoddefinitionin Cordial.

Thedefinitionof methodfooin PiCOis:

foo(r)local tmgn (self < norm(tmp) |
asktmp=1thentellr =1
asktmp=Othentellr = -1

asktmp# 1 Atmp # Othentell r =tmp)

5. Using Cordial: A Music Composition Example

37

In this sectionwe solve a simple (but nontrivial) musiccompositionproblem. With the
solutionof this problemwe arguethe advantageof programmingn a visual concurrent
constrainobjectorientedlanguagehatallows including constraintsn classdefinitions.
The examplemakesextensize useof constrainedlassego controlthe evolution of two
melodicvoices: eachvoice evolvesaccordingto independenimelodicpropertiesbut they
mustsynchronizetgiven temporalpointsandthey mustalsosatisfyanumberof harmonic

propertiesvhentheir notessoundat the sametime.
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The two melodic voices, Voice; and Wice,, will start at the sametime and will be
generatedintil anexternalconditionis met. Notesin thetwo voiceshave threeattributes:
pitch, duration anddynamic Their pitch valuesshouldbein a setof allowedambitus(i.e.
arange)Amh their durationsmustbelongto a givenset,say {4, 2, 1} (where2 represents,
say aquartemote). Notesmustalsosatisfythefollowing four conditions:

1. If n; andn, aretwo consecutie notesin Voice (i € {1, 2}) having pitchesequalto
x andy, respectiely, thentell maxx, y) — min(x, y) € Melody, whereMelody, is a
given setof integers.

2. Notesare divided into groupsof durationequalto 4. A group could be madeto
correspondo ary meaningfurhythmicdivision, for instanceabeatorameasureEach
groupcontainsnotesof both\oice, and\oice,.

3. Notesstartingagroupareconstrainediifferently Thefirst notein eachdurationgroup
hasits dynamicsequalto, say 127. Othernoteshave its dynamicsequalto 70.

4. Letn; andny be notesfrom the samegroupin Voice; and\Voice, respectiely. If they
soundat the sametime andtheir durationsare both greaterthan 1 thenthe absolute
differencebetweertheir pitch valuesmustbein a certaininterval set, HARMONSET1
In ary othercase the absolutedifferencebetweertheir pitchesmustbein HARMON-
SET2
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Figure 4. Classdefinitions.

To constructa solutionfor this problemtaking advantageof the objectorientedfeatures
in Cordial, severalclassesrefirst defined.In the Cordial editorall of thesemustbedravn
on the programarea,as canbe seenin figure 4. ClassMelodyis the mainclass. It has
the attribute groups a sequencef groupsrepresentinghe two voicesof the melody two
classconstraintsconsecutivendend andthreeclassmethodsyoicel, voice, andstop
ClassGroup modelsa time window on the two voicesof the classMelody Eachof these
voicesarerepresentedby the classVoice modeledasa sequencef notes. Eachnoteis
representedby classNote This classcharacterizes soundby its pitch, duration,and
dynamics.

We describenext someof the methodsthat definethe implementatiorof the proposed
solution. For the sale of brevity, not all of the requiredmethodsare illustratedin the
figures.

The main method(figure 5) simply createsaninstanceof the classMelody. Classcon-
straintsencodeall constraintsequiredoy theproblem. ConstrainConsecutivensureshat
bothvoicesof the melodysatisfythe consecutie notesconstraintof class\Voice Thatis,
themelodicdistancebetweerconsecutie notesmustbelongto a particularset. Constraint
End restrictsthe voiceson the melodyto stop only whentheir last noteshave the same
duration.In otherwords,it constraintghe lengthof the groups attribute to the numberof
groupsgenerated.
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Figure 5. Main method.

Methods\oicel (figure 6) and Voice2 recursvely iterateover the sequencef groups
(attribute groupsin classMelody), effectively extracting from themtheir corresponding
voicesby building alist with their elements.

MethodStop(figure7) limits thenumberof groupsn amelodyby instantiatinghelength
of its groupattribute on the numberof groupsgeneratedbeforethe stopconditionis met.

Whenthe (presumablyfinal notesof eachvoicein a grouphave the sameduration,the
endconditionholds. MethodEndin classGroup (figure 8) signalsthis by instantiatingts
stringargumentto “stop”’ This classhasthreeclassconstraints ClassconstraintDuration
setghedurationof eachgrouponeachvoiceby instantiatinghecorrespondinglurationgo
somespecificvalue. ClassconstraintPitch constraingitchesof simultaneoushsounding
notesin two voicesof the groupto a givensetof values. This is accomplishedy method
Pitch of classes/biceandNote Finally, classconstraintDynamic(figure 9) setsthevalue
of the dynamicattribute of thefirst notein eachvoiceto 127. The dynamicattribute of all
othernotesin thegroupis setto 70.

MethodDurationin classvoice(figure10)restrictghesumof thedurationof thenoteson
thesequencéo agivenvalue. MethodDynamicsetsthedynamicsof thenotesonthevoice
to agivenvalue,whereagnethodConsecutivdorwardsitself to eachnoteof thevoice.

Method Pitch in class\Voice is definedfor two differentsignatures:the first one (see
figure11)assertpitch relationsbetweerits own voice notesandthe notesof the supplied
voice agument. The secondassertitch relationsbetweenits own voice notesandthe
singlenotesuppliedasargument.

ClassconstraintSetup restrictspitch and durationattributesof a noteto belongto a
given setof values.Finally, Pitch assertshe abose mentionedelationon the pitch of two
simultaneouslsoundingnotes.
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Figure 6. Methodvoicel in Melody.

5.1. Translation of the Exampleinto PiCO

Thefirstissuds tofind suitableconstrainsystemdgor musicalapplications Finitedomains
(FD) systemd4] canhandlemostmusicalproblemsn the (traditional)harmonicdomain,
while otheraspectsuchasrhythm or timbre would very likely needdensedomainsand
aricher setof operations. For the purposesf the above problem,it is clearthat FD is
adequateWe assumeéheconstrainsystems definedover somesuitablefinite domain(for
pitch, duration andthelike).

clonenote-
[ new: (self)local cell, cellyy, cellyy, vp, vdu, vay i
cloneself-

[pitch: (x)tell x = cell,&

duration: (x)tell x = celly &

dynamic (x)tell x = cellyy&

contiguous (aNote local inty, int, in
self.pitch <« sujaNotepitch, int;]|int; < abqint;]|
int; <«inran{ MELODY]&

harmony (not€, oty, oty) local hint, rtq, rt; in
rt; < 4 — oty — self.duration|
rt, < 4 — ot, — noté.duration|
ask
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Figure 11. MethodPitch in \bice

rti.value < noté.duration.valuea
self.duration.value> 1A
noté.duration.value> 1
then
hint < abgqself.pitch — aNotepitch)
hint <inran{ HARMONISET]|
ask
—(rt;.value < noté.duration.valuea
self.duration.value > 1A
noté€.duration.value > 1)
then
hint < abgself.pitch — aNotepitch)
hint <inranKHARMONISET]|
ask... then...&.. ]
cellmaler <« [celly, vp] | ... &
super (r) tell r = notq

clonevoice-
[ new: (self)localc, a, vin
cloneself-
[notes (x)tell x = a&

C.RUEDA ET AL.
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contiguous () local by, by in
self.notes« isnil[b4]|
askb; = 1 then self.notestail < isnil[b,]|
askb, = 1 then
self.noteshead<« contiguougself.notestail.head
voice < hotegself.notestail]| voicg < contiguou§]&
duration: (int) local b, int, in
self.notes« isnil[b]|
askb = T thentell int.value= Q|
askb = 1 then
voiceg < hotegself.notestail]|
voice < durationint,]|
self.notesheadduration < addint,, int]&
dynamic ()...&
harmony;: (voice, oty, oty) local b, ot voice in
self.notes« isnil[b]
askb = | then
ot; < add self.notesheadduration, oto]|
voice < notegself.notestail]|
voice < harmony[voice, oty, oty]|
voice < harmony[self.noteshead ot,, otp]&
harmony;: (note, oty, oty) ... & ...]
cellmaler «[a, v]& super (r) tell r = voicq

clonegroup-
[ new (self)local ¢, ¢, 3, &1, a2, v1, v2 iN
cloneself>
[ voicea: (X)tell x = a1& voice: (X)tell X = ax& .. ]|
C1 > Mgroup1C1 < duration[] | ¢z & Mgroup2C2 < dynamid] |
C3 > Mgroup3lCz < harmony] | cellmaler < [&, v;]&
super (r)tell r = group]

clonemelody
[ new: (self)localc, az, vy, in
cloneself>
[ groups (x)tell x = a1 &
voice: (notes local melody in
self.groups<isnil[b]|
askb = T thentell notes= nil
askb = 1 then
self.groupsheadvoicel < canotes, note§|
melody < groupgself.groupstail]|

45



46 C.RUEDA ET AL.

melody < voice[notes]&
voice: (noteg...&.. ]|
C > Mmelody1C < melody] | cellmaler < [ay, v1]&
super (r)tell r = melody

where:

Mmelody1=[melody ()local noteg, notes in
self < voiceg[noteg]|self < voice[notes]|
voicg < hotegnoteg]|voice < hotegnotes]|
voice < contiguou§ [voice < contiguou§]

Mgroup1 =[duration: (int)
self.voice < duration[4]|self.voice, < duration4]

Mgroup2 =
[dynamic () local voice, voice, in
tell self.voicg.headdynamic= 127
[tell self.voice.headdynamic= 127
voice < notegself.voiceg .tail][voice < notegself.voice,.tail]|
voicg < dynamig] |voice <« dynamig]

Mgroupz =[harmony () self.voicg < harmony[self.voics,, 0, 0]

6. Relatedand Future Work

In this sectionwe highlight the expressienessof PiCO by shaving naturaland elegant
encodingsof basicconstructof the , p and MCC calculi (see[6], [12], [10]). We do
this informally anddo not provide proofsof correctnes®f the encodings.However, we
conjecturebisimilarities betweenthe p-calculusanda restrictedversionof PiCO having
no delggation and only equality for constraintguards,and betweenthe MCC-calculus
andthis samereducedPiCO suppliedwith the MCC condition on the storefor process
communication We planto pursuethe proof of theseconjecturesn the nearfuture.

6.1. PiCOandthe w-Calculus

Oneof thekey featuresof ther-calculusis processnobility. In [6] thisis illustratedusing
the exampleof mobile telephones. A CENTRE s in permanentontactwith two BASE
stations,eacln a differentpart of the country A CAR with a mobile telephonemoves
aboutthe country;it shouldalwaysbein contactwith a BASE. If it getsratherfar from its
currentBASE contact,then(in a way thatis not modeledin the abose mentionedpaper)
a hand-wer procedurds initiated, andasa resultthe CAR relinquishescontactwith one
BASE andassumesontactwith another
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A PiCO solutionin the samespirit asthatshavn in [6] is:

car_industry> [male_car: (car)
car [talk: (m)local basein
cential <« get_basgbaséd|base< conim]|
car_industry< male_car{car]]] |
base > [com (m) P(m)]|
localcin
cellmaler < creatdc, 0]
clonecental > [get_base (basec < get[basé then ¢ « sef(base+ 1)%2]]

Here,objectcar_industryis usedor creatingcarprocessegbjectdbase, i = 1, 2process
messagesentby cars,andobjectcental decidesvhich basemustreceve the messages.
Notethatcentral simply switchesthe basereceving the messageasin [6].

In amorepracticalsetting,we would have a setof communicatingcentersin a country
Eachof themhaving a setof independenassociatethases Eachoneof thesebasess able
to processa messaggust whenits distanceto the car is lessthanor equalto somegiven
value. Therole of the centralbaseis to choosesomebaseof a differentcommunication
centerwhenmessagefrom a car cannotbe transmittedby ary of the baseshelongingto
thecurrentcenter

We usePiCO constraint‘located” objectsfor modelingthis:

car_industry> [male_car: (car, pos
car [talk: (m)pos< conim]|car < make_car[car, pog&

get: (X)tell pos= x|car_industry< male_car[car, pog&

set (x)car < male_car[car, x]]] |
¢i (sendey > [com (m) P(m)]|
W (sendey > [com (m) local basein

central <« get_basésenderbaseg|base< conim]] |

clonecental > [get_base (pos base P(pos base]

Here,¢;i (p) = distanceto_B;j(p) < di, i =1, 2and¥(p) = —¢1(p) A —¢2(p).

In additionto thecommunicatiommethodtalk, acarhasmethodgye andsetfor retrieving
or settingits positionattribute. Basesare“located”in constraintsp;. An additionalobject
“located”in W is usedto call cential justwhenthereis nobaseacarcancommunicatavith.

Theabove solutioncanbeimproved in two aspects:

— Elegance:Sinceacar objectis very similarto a cell object(seesection3), we can
modelacar asanobjectthatknows how to answettalk messagebut delegatesto
acell objecttheansweringof get andsetmessages.

— Efficiengy: Noticethatmethodgalk,getandsetrehuild acarobjecteachtimethey
arecalled. This canalsobe avoidedusingcells.

Theresultis:

car_industry> [male_car: (car, pos



48 C.RUEDA ET AL.

Table4. BasicMCC processe PiCO.

MCC process PiCOencoding

senda, AX ¢ (X)) locali ini>[assert (X) tell ¢(X)] | a<m[i]
receivéa, ¥).S(y) aw[m: (i) i <asserfy] then S(y)]

local cellgin
cellmaler < creatdcellgsr, poq|
clone (car, cell,,) = [talk: (m)local posin
car < get[pog|
pos< confm]]] |
clonemover [new_pos (car)local pospos in
car < get[pod| P (pos pos)|car > sefpos]]

6.2. MCC Processem PiCO

As was mentionedn theintroduction,MCC [10] considersextensionsof the cc modelto
accountfor reliablecommunicatiorof agentshaving their own local constraintsstore. A
fundamentatontribution of MCC s theability to restrictcommunication$o noninconsis-
tentstoresso asto maintainindependencef deductionsamonglocal stores. This cannot
bedirectly modeledn PiCO usingtheoperationatulesgiven in section2.3. Of coursepy
addingthe sameconditionof storeconsisteng to the premiseof the communicatiorrule it
is likely thatthe “local stores”behaior of MCC couldbeencodedn PiCO.

We describeherea generalencodingin PiCO of theimportantsendandreceiveMCC
processesWe illustratethe encodingby comparingthe behaior of bothMCC andPiCO
in asimplecommunicatiorexampleusingthesekind of processesWe thenamuethatthe
MCC behavior is correctlysimulatedby theencoding.

It was shavn in [10] how to implementdynamicreconfiguratiorof communicatiomet-
worksin the MCC-calculus. Theimplementatiornis illustratedwith anexampleusingtwo
agentsp andq sharingachanneh. Agentp alsoshareshanneb with athirdagentr. The
following proceduradeclarationsregiven (declaration®f s andt areleft unspecified):

p(a,b) : 3ysendb, Ax x = a) || Iyreceivéa, y).s(y)
g(a : senda,AXC)
r(b) ::  3Jq(receiveb, d).Isreceived, 7).t (7))

Thesedeclarationgogetherwith the program3, p(p(a, b) || q(@) | r (b)), resultsin
communicatiorof channeh throughchanneb, so thata becomesharedy thethreesites.
This makesit possiblefor senda, AXC) to communicatewith ary of the othersites. This
correspondso the “scopeextrusion” on the i -calculus.

Encodingsn PiCOfor sendandreceiveMCC processeandequialentprocessefor the
MCC definitionsareshavn in tables4 and5.
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Table5. MCC examplein PiCO.

MCC process PiCOencoding

p(a,b)y = localxin [localijinij>[assert (x)

tellx =a] | bamlig]] |

local y in ax [m: (i) i <asserfy] then s(y)]
localizinio> [asser()?): tell C] | a<mlig]
locald in [b>[m: (i) i <asserfd] then
localZin d>[m: (i) i <asserfZ] thent(2)]]]

q(a)
r(b)

Theabore MCC programis encodedn PiCO as

locala, bin [[[p(a, b)]rico | [a@]rico | [r (]ricol

where[ p(xX)] rico denoteshe PiCO encodingfor the MCC processp(x). Assumingthe
sameorderof executionin MCC andPiCQ, it is not hardto seethatthe samebehavior is
obsered. Thatis, communicatiorbetweerb < m[i;] and

b [m: (i) i <asserfd] thenlocal Zin d > [m: (i) i <asserfZ] thent(2)]]

yieldsd = a oncethe continuatiorof methodm in b is reduced.Thisresultsin thesharing
of channek.

6.3. PiCOandthe p-Calculus

Table6 shavshow thebehaiorsof constructsn the p-calculuscanbecapturedy executing
suitablePiCO expressionsln this table,reductionof expressionsn the p-calculusandof

configurationsn PiCOaredenotedy rules. Theintendedneanings thattheexpressioror

configuratiorin thepremisereducesn oneor morestepgo theexpressioror configuration
in theconclusion.A relationbetweernreductionof expressiongn thetwo calculuscanthus
be definedasfollows:

— Applicationof anabstractiorin the p-calculuscanbemodeledn PiCOasaprocesshat
sendsanappropriatesnessagéo apersistenbbjectcontainingamethodthatsimulates
theabstraction.

— Therepresentationf tell operationgs straightforvard. In Table6, ¥ = ¢1 A ¢s.

— Thebehaior of Cellsin the p-calculusarecapturedn PiCO by the cellmaler object
process.Consultingthe value of a cell correspondso sendingthe messag@et to the
createccell objectwhile updatinga cell is achieved by sendingthe messagsetto the
cell object. In Table6 cell(x, u) represents cell having x asits identifierandu asits
value.

— Conditionalexpression®f the p-calculusaremodeledby thecompositiorof two PiCO
askprocessesThefist onerepresentshe“then” branchandthe secondnethe“else”
branch.Thetwo possiblebehaiors areshavn in table6.
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Table6. PiCOandRha

PiCO Rho
(clonex « [13): E|x «1[Z]; ¢) o AX: J/EAXZ
(clonex < [1): EJIE[Z/Y]; ¢) ¢ Ax: Y/E A E[Z/Y]
(tellgpothenO; ¢1) D1 A P2
(0; W) 7
(newcell(x, y)|x < get[v] then x < sefu]; ¢) ¢ AX: Yy AXUV

(clonecellmaler > [..]|cell(x, u)|tell v = y then0; ¢) PAX: UAV=Y

(ask ¥ then E|ask =V then F; ¢) ¢ A if W then E elseF fi
(E; ¢) ¢ ANE

(ask W then E|ask =V then F; ¢) ¢ A if W then E elseF fi
(F; ¢) ¢ AF

6.4. Future Work

In additionto theformal proof of bisimilaritieswith relatedcalculimentionedabove, future
works include defining suitableconstraintsystemsfor differentdomainsin the areaof
computeraidedmusiccomposition.We alsoplanto includeconstrainguardgor instances
in thevisualformalismof Cordial andrecastindgn Cordial thesystenfor harmonicstructure
generatiorof Situation[3], originally written asa constraintsatishctiontool in Common
Lisp. We will alsobe collaboratingin the nearfuture with the swedishcomposerOrjan
SandredcurrentlydoingmusicalresearclatIRCAM, in implementingn Cordial asystem
for rhythmstructuregeneration.

7. Conclusions

We definedPiCO, a calculusintegrating objectsand constraints. We did this by adding
variablesand allowing agentsto interactthroughconstraintsn a global store. PiCO is
parameterizeh aconstraintsystemandthusindependensf a particulardomainof appli-
cation,but hasbeenthoughtto provide a basisfor musiccompositiortools.

Message-objecommunicationss notrestrictedo equalityof senderlandrecever chan-
nels. Thefull power of constraintss usedinsteadto restrictimplicitly thetype of sender
channelsacceptedby an object. We arguedthat this allows a more naturalmodelingof
situationsin which object servicesare to be provided to collectionsof requesters.We
discussedoncreteexamplegakenadwantageof this.

We shaved how the operationof delegation built into the calculusallows simplerepre-
sentation®f inheritanceschemes.

We definedtheoperationakemantic®f PiCO by anequialencerelationandareduction
relationon configurationof anagentanda store.
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We describedexamplesshaving the generalizednechanisnof synchronizatiorof PiCO
andthe transparentnteractionof constraintsand communicatingprocesses.They also
shav thepossibilityto definemutabledataandpersistenbbjectsn PiCO. Finally we shov
how classesandsubclassewith attributescontainingpartialandmutableinformationcan
be easilycodifiedin thecalculus.

We implementedn the calculusa nontrivial musicalexample. This examplewas also
implementedn Cordial, ahighlevel visuallanguagdor musiccomposition.We usedthis
exampleto illustratethe visual environmentof Cordial andits closesemantiaelationto
PiCO. Wearguedthatthepossibilitiesof constrainingeveryinstanceof aclassto obey user
definedpropertiesandof associatingarticularvisualizationdo specificinstancegsuchas
ascoreobject)shouldprovide moreintelligentfacilitiesfor musicalstructuregonstruction
andediting. In fact, it is not hardto imaginehaving in Cordial constraintdriven score
editorsin whichthespaceof possiblemusicalmaterialis adaptedo theparticulameedsf
amusicalpiece.We intendto explorethis pathin the nearfuture.

PiCOis partof anongoingresearclprojectin programmingoolsfor musiccomposition.
The projectincludesthe definition of a visuallanguagewith a rigoroussemantianodel,a
visualprogrameditorandacompiler Anabstractmachingor PiCOhasbeenmplemented
in Java (http://atlas.ujacali.edu.co/sp/grupos/mspa/softvare/mapico.html).The current
versionusesa subseof the finite domainconstraintdefinedin [4]. A g versionof the
visualeditorof Cordial andits compilerinto (the abstracmachineof) PiCO, bothwritten
in Java canbefoundin

ftp://atlas.ujacali.edu.co/pub/grupos/espa/cordial/

Acknowledgments

We are greatly indebtedto the reviewers for their commentsand constructve criticism
that hashelpedus to improve this papersignificantly We would alsolike to thankthe
colombiansciencefoundation(Colciencia3 for its financialsupport,andall composerst
IRCAM for providing a uniqueernvironmentwhereprogrammingesearchs motivatedby
musicalthought.

Notes

1. In [11], amoregeneralnotion of a constraintsystemis defined. We follow [13], [12] in taking Predicatve
Logic asthe startingpoint, sowe canrely on well-establishedntuitions, notionsandnotations.

2. Objects(¢sender Storward) > M allow messagelelggationonly if it canbeinferredthatthe original sender
doesnot satisfythe delegationconditionrepresentedy Storward
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