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Abstract. We proposePiCO, a calculusintegrating concurrentobjectsand constraints,as a basefor music
compositiontools. In contrastwith calculisuchas[5], [9] or TyCO[16], bothconstraintsandobjectsareprimitive
notionsin PiCO. In PiCO a baseobjectmodelis extendedwith constraintsby orthogonallyaddingthenotionof
constraint systemfoundin theρ-calculus[12]. Concurrentprocessesmakeuseof aconstraintstoretosynchronize
communicationseithervia the askand tell operationsof the constraintmodelor the standardmessage-passing
mechanismof the objectmodel. A messagedelegationmechanismbuilt into the calculusallows encodingof
generalforms of inheritance. This paperincludesencodingsin PiCO of the conceptsof classandsub-class.
Theseallow us to representcomplex partially definedobjectssuchasmusicalstructuresin a compactway. We
illustrate the transparentinteractionof constraintsand objectsby a musicalexampleinvolving harmonicand
temporalrelations.TherelationshipbetweenCordial, avisuallanguagefor musiccompositionapplications,and
its underlyingmodelPiCO is described.
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1. Intr oduction

– Why dowewantConcurrentObjectswith Constraints?
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Our objective is to developcomputationalmodelssuitablefor constructingmusiccompo-
sition tools. Musicalobjectscantake a wide varietyof formsdependingon theparticular
dimensionsthey belongto. In a harmonic(vertical) dimension,objectssuchaschords
containnotesthatcanbeconstrainedto lay within definedzones(or registers), to belong
to definedtextures (e.g.patternsof harmonicintervals), etc. In a temporal(horizontal)
dimension,sequencesof chordsor notescanbe definedto be positionedin sucha way
that they form selectedrhythmic patterns.Thereexists also“diagonal” dimensionssuch
asdynamics, wherenotesof chordscanfollow complex amplitudeevolutionsor suchas
melody, wherepatternsof distancesrelatechordnotesin distinct temporalpositions.Re-
lationshipsamongsetsof objectsin severaldimensionsdefinemusicalstructures.These
in turn canberegardedashigherlevel objectswhich arealsoamenableto differentkinds
of musicaltransformations.Beingableto expressthewholecomplexity of constructinga
network of structuressatisfyingthemusicalintentionsof acomposeris abig challengefor
any computerprogrammingmodel.

In recentlyproposedcomputeraidedmusicalcompositionsystemssuchas Situation
[3] constraintsandCommonLisp objectscanbe usedto definecomplex musicalstruc-
tures.In thesamespirit, but morecloselyintegratedto theunderlyingSmalltalklanguage,
Backtalk [7] providesaframework for handlingconstraintsatisfactionwithin anobjecten-
vironment.Bothsystemshavebeensuccessfullyusedin practicalmusicalsettings.In both
applications,however, the constraintengineis a black box barelyaccessibleto the user.
Moreover, communicatingdatastructuresbackandforth betweentheconstraintandobject
modelsis often awkward. In fact, objectscontainingpartial informationand“standard”
instantiatedobjectsarenot really amenableto thesamekind of computationaltreatment.
In musicalapplicationsthis lackof communicationpotentialcanbespeciallytroublesome
sincetheapproachof thecomposerinvolvesfor themostpartconstantrefinementandmod-
ificationof compositionalmodelsbasedontheacousticalresultof partialimplementations.

We think thatthedevelopmentof computationalmodelsandof toolsfor computeraided
musiccompositionshouldgo handin handto benefitfrom insightsat theuserlevel while
maintaininga coherentformalbase.Defininga uniformmodelintegratingconstraintsand
objectscan be of greathelp to constructhigher level musicalapplicationsthat provide
themusicianwith flexible waysof interaction. In [15] theπ -calculuswas extendedwith
the notion of constraint. In this paperwe considerthe additionof objectsandmessages
synchronizedby constraints.

Severalconcurrentobjectscalculi have beenproposedrecently[17], [16], [1]. In these
modelsthe interactionsof concurrentprocesses(or objects)aresynchronizedessentially
throughoneof two mechanisms:the“useof achannel”and“message-passing”.In TyCO,
for instance,an object a F [l : (ỹ)P] can be seenas a processP which is suspended
until somemessageselectinga methodlabeledl is sentto anobjectlocatedat a or, more
generally, locatedat somex suchthatx = a is provable.

Ontheotherhand,constraintscanalsobeusedto definearich setof possibleconcurrent
processesinteractions,ashasbeenshown in thecc model[11]. Thebasicoperationsask
and tell allow processesto definecomplex synchronizationschemesthroughthe useof
commonprocessvariables.In thecc languageOz[5], first-classproceduresandfirst-class
cellsareusedto simulateobjectswithin a concurrentconstraintsetting. Objectsarethus
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not primitive. In fact,theconstraintparadigmis theonly underlyingmodelof interaction.
The powerful constraintscalculusof Oz allows other programmingmodels(functional,
objects)to coexist throughsuitablesyntacticencodings.More recently, theMCC calculus
[10] considersextensionsof theccmodelto accountfor reliablecommunicationof agents
having theirown localconstraintsstoreandshowshow to encodeprocessmobility through
amechanismof “abstract”constraintmessaging.

Wetakeadifferentapproach.Wewantto maintainasmuchaspossibletheindependence
of the objectandconstraintmodelsat the calculuslevel. Firstly, we think eachof them
accuratelymodelsanapproachcomposersusuallyfollow inconstructingmusicalstructures.
Secondly, we would like our tool to beeasilyadaptableto differentnotionsof objectand
differentconstraintsystems.

In additionto includingbothconstraintsandconcurrentobjectsasprimitivenotionsatthe
calculuslevel, we proposetwo featuresthat, to our knowledge,have not beenconsidered
before.Oneis thenotionof objectsguardedby or “located”in aconstraint.Theotheris the
conceptof messagedelegation. Weborrow theinsightin [11] of consideringconstraintsas
defining(polyadic)typesto explain thesefeatures.

In theπ -calculusacommunicationcantakeplacebetweena readerandawriter process
justwhenthey agreeonacommunicationchannel(denotedbyaname). Wemayregardeach
nameasadistincttypeandsaythatprocessescommunicatejustwhensenderandreceiver are
of exactly thesame(singleton)communicationtype. Similarly, in theρ-calculus[12] and
othercc calculi, senderandreceiver agentsare“located” in variables.They communicate
just whenit canbeinferredfrom constraintsinformationthat thetwo variablesareequal.
Thatis, justwhenthey haveexactlythesame(notnecessarilysingleton-set)communication
type.

In PiCO eachreceiver object definesexplicitly its communicationtype by “locating”
itself in a constraint.This constraint(let uscall it φ(sender)) is parameterizedin a sender
location. As a type this constraintdefinesthe setof possiblerequestersof servicesfrom
thereceiver. Given aconstraintstoreS, thetypeof a receiver objectlocatedataconstraint
φ(sender) is thesetof all senderlocationsv suchthateveryvaluationconsistentwith S is
alsoconsistentwith φ(v). Assertingconstraintsincreasesthesetof suchv’s.

Messagesenders“locate” themselves in a variable (or a name). Constraintson this
variabledefinepossiblevaluesfor it. The communicationtype of the senderis the set
of thesevalues. Now, communicationcan take placejust when it canbe inferred from
the informationsuppliedby assertedconstraintsthat the sendercommunicationtype is a
subtypeof thereceiver communicationtype. Thusasendercanincreasethesetof potential
destinationsof a messageby “moving” to a subtype(i.e. assertingextra constraintson its
location),whereasareceiver canalsoincreasethesetof acceptedrequestersof itsservicesby
moving to asupertype(i.e.assertingconstraintson thevariablesof its constraintlocation).
Singletontypereceiverscommunicateasπ -calculusreaderprocesses.Sendersconstraining
their typeto thatof their intendedreceiverscommunicateasρ-calculusabstractions.

A PiCO receiver objectmaydeterminea delegationcommunicationtypefor thosemes-
sagescomingfrom sendersof anacceptabletypebut requestingservicestheobjectcannot
provide. This delegationtype is alsodefinedby a constraint.Delegatedtypesmustbe in
thecomplementof theoriginalsendertypesinceotherwisethedelegatedservicecouldvery
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well havebeenprovideddirectlyby someotherreceiver object.Delegationmeansmoving
thetypeof theoriginalmessagesenderto thedelegatedtype. Thismechanismcanbeused
to definedifferentobjectinheritanceschemes.

Consideran example. Let us supposethat we want to definesomeconditionsfor the
location of an object. For instancesender∈ {a, b, c} F [l : (ỹ)P] can be seenas a
processP which is suspendeduntil a messageto a, b or c is sent. This can also be
interpretedasanobjectguardedby aconstraintto ensurereceptionof messagesonly from
the threegiven locations. Of course,for this simpleexample,theπ -calculus[6] process
a?[̃y].P + b?[̃y].P + c?[̃y].P, couldvery well beusedfor this. Herea nondeterminate
choice(the+ symbol) of the sameprocessP readingthrougha, b or c simulatesthe
“same” occurrenceof P receiving from the threelocations. However, whenwe wish to
definearbitraryconditionsto executeP, to sendmessagesto objects,or to locateobjects,
weneedbetterwaysto expresscommunication.Thesearbitraryconditionscanbenaturally
expressedby meansof constraints.

In fact,objectinteractionscannaturallybemodeledin at leasttwo ways.First,by means
of concurrentobjectswhosesynchronizedexecutionsimulateschangeson real objects
[6] andsecond,by usingconstraintsto “change” the objectstateby refining the partial
knowledgeonehasabouttheattributesof theobject.

Theseviewsarecomplementary. In amusicalsettingbotharetypically used.Composers
mayvery well conceive musicalprocessesasevolving accordingto explicitly definedtra-
jectoriesor to particularcompositionalrules, or both. In theformer, objectattributescan
naturallybeseenasbeingboundto valueswhereasin thelatterattributesexpressonly their
degreeof consistency with thepartialinformationimpliedby therules.

In sections2.2and2.3wepresentthesyntaxandsemanticsof PiCO. Thesyntaxof PiCO
addsconstraintprocessesto thestandardprocessesin calculisuchasT yCO. Additionally,
objectsincludeinformationto identify wherethey have to delegatethosemessagesthey
arenot ableto answer. ConstraintprocessesperformthestandardAskandTell operations
of CCP languages.Thesemanticsis definedoperationallyfollowing thetransitionsystem
for thecc-modelusedin [11]. Section3 shows how classesandmutableobjectscarrying
partialinformationontheirattributescanbeconvenientlyrepresentedin PiCO. Thenotions
of high-orderattributesandsub-classingasa form of inheritanceby behaviorreuseand
methodoverridingarealsoshownin thatsection.Section4showsbrieflyhow thesemantics
for a concurrentconstraintvisual languagecanbeexpressedusingPiCO. In section5 we
show asomewhatelaboratemusicalexample.Wediscusstherelationbetweeneachof π, ρ
andMCC calculi andPiCO in section6. Section7 givessomeconclusions.

2. PiCODefinition

Westartby giving ageneraldefinitionof aconstraintsystem[11].

2.1. ConstraintSystem

PiCO is parameterizedin a Constraint System. For our purposesit will suffice to basethe
notionof constraintsystemonfirst-orderPredicativeLogic, asit was donein [13], [12].1
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A ConstraintSystemconsistsof [13], [12]:

– A signature.Thatis, asetof functions,constantsandpredicatesymbolswith equality,
includingadistinguishedinfiniteset,N , of constantscallednamesdenoteda, b, . . . ,u.
Otherconstants,calledvalues, arewritten v1, v2,.. . .They areregardedasprimitive
objectsin thecalculusthatcanbeusedasmessagelocations.

– A consistenttheory1 (asetof sentencesover thesignaturehaving amodel)satisfying
thecondition:

• if a, b aredistinctnames,thenit canbeinferredthata = b doesnothold. Similarly
for distinctvalues.

Often1 will be given as the set of all sentencesvalid in a certainstructure(e.g. the
structureof finite trees,integers,or rational numbers). Given a constraintsystem,let
symbolsφ,ψ, . . .denotefirst-orderformulaein thesignature,henceforthcalledconstraints.
A fundamentalnotionof constraintsystemsis entailment. We saythat formulaφ entails
formulaψ in a theory1, writtenφ `1 ψ , just whentheimplicationφ → ψ is truein all
modelsof1. Entailmentis importantbecauseit addsthecapabilityof handlingdisjunctive
information. We saythatφ is equivalentto ψ in 1, written φ |=|1ψ , iff φ `1 ψ and
ψ `1 φ. We saythatφ is satisfiablein 1 if f φ 6`1⊥ . We use⊥ for theconstraintthat
is alwaysfalseand> for theconstraintthat is alwaystrue. A particularconstraintsystem
must,of course,have a decidableentailmentrelation. Whenno confusionariseswe drop
thesubscriptfrom`1.

As is usual,we will useinfinitely many x, y, . . . ∈ V to denotelogical variablesdes-
ignatingsomefixed but unknown elementin the domainunderconsideration.The sets
f v(φ) ⊂ V andbv(φ) ⊂ V denotethesetsof freeandboundvariablesin φ, respectively.
Finally, f n(φ) ⊂ N is thesetof namesappearingin φ.

As we saidbefore,mostprocessesact relative to a store. A storeis definedin terms
of theunderlyingconstraintsystem.It is simply a formula representingtheaccumulated
informationsuppliedby assertedconstraints.For our purposesit will suffice to consider
thestoreasaconjunctionof constraints.Wewrite S= > for the“empty” store.A storeS
is saidunsatisfiablewhenit entailsfalse(i.e.whenS`1⊥).

2.2. Syntax

Thesyntaxof PiCO is given in Table1. Therearethreebasicprocesses:Messages, Objects
andConstraints.

Wedescribenext thecalculusinformally. In whatfollows,̃t denotesasequencet1, . . . tk,
of length|̃t | = k whoseelementsbelongto somegiven syntacticcategory.

Thenull process0istheprocessdoingnothing.A process(φsender, δforward )FM represents
an object. The purposeof an object is to respondto messagessentby otherprocesses.
The objectanswersa messageby replacingitself with anotherprocess,or method. The
messagecontainsinformationto singleout the replacementprocessfrom thoseavailable
in the objectmethodcollection M . Messagesaresentto objectsfrom otherprocesses.
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Table1. PiCOsyntax.

NormalProcesses:N ::= O Inactionor null process
| I Gm then P Messagesentby I
| (φsender, δforward ) F M Objectwith

delegationcondition
δforward guardedby
constraintφ

Constraintprocesses:R ::= tell φ then P tell process
| askφ then P askprocess

Processes:P, Q ::= local x in P New variablesx in P
| local a in P New namea in P
| N Normalprocess
| P | Q Composition
| clone P Replicatedprocess
| R Constraintprocess

Objectidentifiers: I , J, K ::= a, l Names
| v Value
| x Variable

Collectionof MethodsM ::= [l1: (x̃1)P1&
. . .& lm: (x̃m)Pm]

Messagesm ::= l : [ Ĩ ]

Message-sendingprocessesare located. An object determinesby meansof constraints
which message-sendingprocessesit is willing to service. Constraintφsender, the guard,
mustbesatisfiedby any location(representedby thespecialvariablesender) attemptingto
sendmessagesto theobject.For example,object(sender∈ {a, b}, forward ∈ {b, c}) FM
acceptsmessagesfrom a G m[ ] then Q sincea ∈ {a, b} is true. Constraintδforward , the
delegationcondition, representstheguardof theprocessthemessagesshouldbedelegated
to whenappropriatemethodsfor themdo not exist in M . Delegation involvescreating
a new location, say J, and forwarding the samemessagem from this location. In the
aboveexample,delegationwouldmeanthattheoriginalprocessaGm[ ] then Q is replaced
by the sameprocesslocatedat J, i.e. J G m[ ] then Q. Beforedelegation,location J is
enforcedto satisfythedelegationconstraintδ sothat thedelegatedobjecthasa chanceto
acceptmessagem. That is, constraintJ ∈ {b, c} is assertedbeforereplacingtheoriginal
sendera G m[ ] then Q by J G m[ ] then Q. Form M in objectsrepresentsa collection
of methods. Methods(x̃1)P1 . . . (x̃m)Pm are labeledby a setof pairwisedistinct labels
(names)Labels(M) = {l1, . . . , lm}.

Processesof theform (φsender, φforward ) F M representobjectsnot allowing delegation.2

For simplicity, they will beabbreviatedasφsenderFM . Wealsowrite (I , J) FM , an object
“located” at I delegating to an object “located” at J, as a shorthandfor (sender = I ,
forward = J) F M . Similarly, I F M is a shorthandfor (sender= I , forward = I ) F M
andcanbethoughtasanobjectlocatedat I . Thisequationalguardencodestheusualnotion
of objectsreferencedby identifiers.
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In a methodl : (̃x)P, x̃ representstheformal parametersandP thebodyof themethod.
Names, variablesandprimitivevaluescanbeusedasobjectidentifiers.

A processXGl : [ J̃] then P canthusbethoughtof asamessagetoatarget objectaccepting
X with contentsor information J̃. Wealsoallow messagesto haveacontinuationP. Label
l is usedto selectthecorrespondingmethodin the targetobject. Intuitively, the resultof
theinteractionbetweena messageandthetargetobjectis thebodyof theselectedmethod
with the formal argumentsreplacedby the respective actualargumentsin thecontentsof
themessage,if the requestedmethodexists (i.e. if thereexistsa methodlabeledby l and
thenumberof actualandformal argumentsmatch). Otherwisethemessageis delegated,
asexplainedabove.

Theprocesslocal a in P restrictstheuseof thenamea to P. Anotherway to describe
this is that local a in P declaresa new uniquenamea, distinct from all externalnames,
to beusedin P. Similarly, local x in P (new process)declaresa new (logical) variablex,
distinctfrom all externalvariablesin P.

ProcesscompositionP | Q denotesthe concurrentexecutionof processesP and Q.
Processclone P (replication) meansP | P · · · (asmany copiesasneeded).A common
instanceof replicationis clone (I , J) F M , an objectwhich canbe reproducedwhena
requestercommunicatesvia I . Replicationis often usedfor encodingrecursive process
definitions(see[6]).

Finally, thebehavior of constraintprocessesdependson a globalstore. A storecontains
information suppliedby constraints. The storeis usedin PiCO to control all potential
communications. The tell processtell φ then P means“Add φ to the storeand then
activateP.” Thus,tell processesareusedto influencethebehavior of otherprocesses.The
askprocessaskφ then P means“ActivateP if constraintφ is a logicalconsequenceof the
informationin thestoreor destroy P if ¬φ is a logical consequenceof theinformationin
thestore.Otherwise,suspendaskφ then P until thestorecontainsenoughinformationto
run it.”

In what follows, we write local v I1, v I2, . . . , v In (v Ii nameor variable) insteadof
local v I1 in local v I2 in . . . local v In andweomit then O whennoconfusionarises.

2.3. OperationalSemantics

Binding operatorsin PiCO areasin [6]: The binding operatorfor names,local a in P,
declaresanew localnamea in processP.Thereareonlytwobindingoperatorsfor variables:
local x in P thatbindsx in P and(x1 . . . xn)P thatdeclaresformalparametersx1, . . . , xn in
P. A specialbindingexistsfor thevariablesenderin (φsender, δforward ) F M . Heresender
is a variableboundby the “guard” constraintof the objectandusedin the guardφ and
(possibly)in themethodsof M . Variablesendercanonly beusedin objects. Similarly,
variableforward isboundin constraintδforward andcanonlybeusedthere.Sowecandefine
freenamesf n(P), boundnamesbn(P), freevariables f v(P), boundvariablesbn(P) of
aprocessP in theusualway. Thesetof variablesappearingin P, v(P), is f v(P)∪bv(P)
andsimilarly thesetof namesappearingin P, n(P), is f n(P) ∪ bn(P).
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2.3.1. Structural CongruenceandEquivalenceRelation

Wedefinestructuralcongruencefor PiCOmuchin thesameway asisdonefor theπ -calculus
in [6].

Definition 2.1 (StructuralCongruence). Let structuralcongruence,≡, be the smallest
congruencerelationover processessatisfyingthefollowing axioms:

– Processesareidenticalif they only differ by achangeof boundvariablesor bound
names(α − conversi on).

– (P/ ≡, |,O) is asymmetricmonoid,whereP is thesetof processes.

– (φsender, δforward ) F M ≡ (φsender, δforward ) F M ′ if M ′ is apermutationof M.

– clone P ≡ P | clone P.

– local a in O ≡ O, local x in O ≡ O,
local a in local b in P ≡ local b in local a in P,
local x in local y in P ≡ local y in local x in P,
local a in local x in P ≡ local x in local a in P.

– If a 6∈ f n(P) thenlocal a in (P | Q) ≡ P | local a in Q.

– If x 6∈ f v(P) thenlocal x in (P | Q) ≡ P | local x in Q.

– If φ |=|1ψ andP ≡ Q then
tell φ then P ≡ tell ψ then Q and askφ then P ≡ askψ then Q

Definition 2.2 (P-equivalencerelation). We will say that 〈P1; S1〉 is P-equivalent to
〈P2; S2〉 , written 〈P1; S1〉 ≡P 〈P2; S2〉 , if P1 ≡ P2, S1 |=|1S2, f n(S1) = f n(S2) and
f v(S1) = f v(S2). ≡P is saidto bethe P-equivalencerelationonconfigurations.

Thebehavior of aprocessP is definedby transitionsfromaninitial configuration〈P;>〉.
A transition,〈P; S〉 −→ 〈

P′; S′〉 , meansthat 〈P; S〉 canbe transformedinto
〈
P′; S′〉 by

a singlecomputationalstep. For simplicity, we assumethat all variablesandnamesare
declaredin the initial configurationi.e., f v(P) = f n(P) = ∅. We definetransitionson
configurationsnext.

2.3.2. ReductionRelation

The reductionrelation,−→, over configurationsis the leastrelationsatisfyingthe rules
appearingin Table2:

Noticethatin rulesDECV andDECNthenonmembershipconditioncanalwaysbemet
by α-conversion.

COMM describestheresultof the interactionbetweenmessageI ′ G l : [ J̃] then Q and
object(φsender, δforward ) F [l : (̃x)P& . . .]. Thestoreis usedto decidewhethertheobject
is indeedthe target of the message.ProcessP{K̃/x̃′, I ′/sender} is obtainedby first α-
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Table2. Transitionsystem.

COMM:
S̀ 1φ[ I ′/sender] |K̃ |=|̃x|

〈I ′Gl : [ K̃ ] then Q|(φsender,δforward )F[l : (̃x)P& ...];S〉−→〈Q|P{K̃/x̃′,I ′/sender};S
〉

DEL:

S`1 φ[I ′/sender] St δ[I ′/forward ] `1 ⊥ l 6∈ Labels(M)〈(
I ′ G l : [ K̃ ] then Q |

(φsender, δforward ) F M

)
;S
〉
−→

〈(
local J in tell δ[ J/forward ]
then(J G l : [ K̃ ] then Q) |
(φsender, δforward ) F M

)
;S
〉

TELL: 〈tell φ then P; S〉 −→ 〈P; S∧ φ〉

ASK:
S̀ 1φ〈ask φ then P;S〉−→〈P;S〉 ,

S̀ 1¬φ〈ask φ then P;S〉−→〈O;S〉

PAR:
〈P;S〉−→〈P′;S′〉

〈Q | P;S〉−→〈Q | P′;S′〉

DEC-V:
x 6∈ f v(S), 〈P;SÀ{x}〉−→〈P′;S′〉
〈local x in P;S〉−→〈P′;S′〉

DEC-N:
a6∈ f n(S), 〈P;SÀ{a}〉−→〈P′;S′〉
〈local a in P;S〉−→〈P′;S′〉

EQUIV:
〈P1;S1〉≡P〈P′1;S′1〉 〈P2;S2〉≡P〈P′2;S′2〉 〈P1;S1〉−→〈P2;S2〉

〈P′1;S′1〉−→〈P′2;S′2〉

converting (̃x)P to (x̃′)P′ so that I ′ is not in the local variablesx̃′ andthenreplacing,in
parallel,every free occurrenceof variablesfrom x̃′ by identifiers(i.e., values,namesor
variables)from K̃ , respectively. If variablesenderoccursfreein P′ it is alsoreplacedby
I ′. NoticethatmessagecontinuationQ is activatedwhenthemessageis received.

DEL describesmessagedelegation. Let I G l : [ K̃ ] then Q bea messagesentto object
(φsender, δforward ) F M andlet ussupposethat label l doesnot exist in M . In this casethe
messageis forwardedby a new location J satisfyingthe delegationcondition. To avoid
non-terminatingexecutionswe only do this whenit is possibleto decidethat the “new”
forwarderof the messageis indeed“dif ferent” from the previous onein the sensethat it
cannotcommunicatewith theoriginalobject.

TheASK andTELL rulesdescribetheinteractionbetweenconstraintprocessesandthe
store.TELL gives theway of addinginformationto thestore.Processtell φ then P adds
constraintφ to storeSandthenactivatesits continuationP. Suchaugmentationof thestore
is the major mechanismin CCP languagesfor a processto affect the behavior of other
processesin thesystem[11]. For example,agenttell (x = a) then P informsmessagesof
theform x Gm thattheir targetobjectsarenow thoseacceptingmessagesfrom a.

ASK gives the way of obtaininginformationfrom the store. The rule saysthat P can
beactivatedif thecurrentstoreSentailsφ, or discardedwhenSentails¬φ. For instance,
processask (x ∈ {a, b}) then x Gm is ableto sendm to objectsacceptingmessagesboth
from a or b.
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An askprocessthatcannotbereducedin thecurrentstoreS is saidto besuspendedby S.
A processsuspendedby S might bereducedin someaugmentationof S. In particular, as
thestorebecomesstrongermoremessagescanpotentiallybeacceptedbyobjects.Thusask
processesaddthe“blocking ask” mechanismin cc modelsto thesynchronizationscheme
of objectcalculi.

PAR saysthatreductioncanoccurunderneathcomposition.DEC-V is theway of intro-
ducingnew variables. ExpressionSÀ {I1, . . . , In} is asshorthandfor storeS∧ (I1 =
I1)∧· · ·∧(In = In). Intuitively, SÀ {x} (i.e.S∧x = x) denotestheadditionof variablex to
storeSwhenx 6∈ f v(S). Thus,any variablex 6∈ f v(S) addedto thestoreby SÀ {x} will
notbeusedin subsequentdeclarations.If x ∈ f v(S), wecanrenamex with anew variable
z 6∈ f v(S)∪ f v(P) byα-conversion(i.e. local x in P ≡ local z in P{z/x} i f z 6∈ f v(P)).
DEC-N is definedin asimilarway. RuleEQUIV simplysaysthat P-equivalentconfigura-
tionshave thesamereductions.

2.4. ComputationasProcessesReduction

A computationin PiCO canbeseenasa sequenceof statesor configurations. Eachstate
consistsof two items,a processanda store. Thecomputationproceedsfrom onestateto
thenext by decidingwhich processor combinationof processesareenabledat thatpoint.
Thedecisionmayrequirelooking at the informationaccumulatedin thestore. A process
or combinationof enabledprocessesis thenselectedandrun. Runningprocessesresultin
transformingtheminto othersand(possibly)addinginformationto thestore.Theeffectsof
runningtheprocessesis thusanew state.Thecomputationends(if ever)whennoenabled
processesremain. For example,let the storebe S = >, andconsiderthe program(%
denotesthemodulofunction),

clone((sender% 2= 0)∧(sender 6= 0))
F[e: (z, y)local x, w in (tell(sender÷ 2= x∧w = z× z)) | x G e[w, y]] |

clone(sender% 2= 1)
F[e: (z, y)local x, w in (tell(sender− 1= x∧w = y× z) | x G e[z, w])] |

clone(sender= 0) F [e: (z, y) tell result= y] |
local x, y, z in (tell (x = 2∧y = 1∧z= 3) | x G e[z, y]).

A possiblecomputationfor theparallelcompositionof thefour processesin theprogram
given above is thefollowing:

tell (x = 2∧y = 1∧z= 3) ; S= >
↓

x G e[z, y] | (sender% 2= 0)∧(sender 6= 0)) F [. . .]
; S= (x = 2∧y = 1∧z= 3)

↓
tell(x ÷ 2= x1∧w = z× z) ; S= (x = 2∧y = 1∧z= 3)
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↓
x1 G e[w, y] | (sender% 2= 1) F [. . .]
; S= (x = 2∧y = 1∧z= 3∧x1 = 1∧w = 9)

↓
tell(x1− 1= x2∧w1 = y× w)
; S= (x = 2∧y = 1∧z= 3∧x1 = 1∧w = 9)

↓
x2 G e[w,w1] | (sender= 0) F [. . .]
; S= (x = 2∧y = 1∧z= 3∧x1 = 1∧w = 9∧x2 = 0∧w1 = 9)

↓
tell result= w1

; S= (x = 2∧y = 1∧z= 3∧x1 = 1∧w = 9∧x2 = 0∧w1 = 9)

↓
S= (x = 2∧y = 1∧z= 3∧x1 = 1∧w = 9∧x2 = 0∧w1 = 9∧result= 9)

Computationscanbedefinedoperationallyin termsof anequivalencerelation,≡P, on
configurationsdescribingcomputationstatesanda one-stepreductionrelation,−→, de-
scribingtransitionsontheseconfigurations.In thefollowing,aconfigurationis represented
asa tuple〈P; S〉 consistingof a processP anda storeSandH⇒ will denotethereflexive
andtransitive closureof −→. Finally, we will saythat

〈
P′; S′〉 is a derivativeof 〈P; S〉 if f

〈P; S〉 H⇒ 〈
P′; S′〉.

Runtime failur e. In the cc-model[11] the invariantpropertyof the storeis that it is
satisfiable.Thiscanbemadetoholdin PiCObydefiningtransitionsfrom〈tell φ then P; S〉
justwhenS∧φ is satisfiable,andotherwisereducingtoadistinguishedconfigurationcalled
fail. Fail denotesa runtimefailure which is propagatedthereafterin the usualway. For
simplicity wedonotconsiderruntimefailures,but wecanaddtheserulesorthogonally, as
in [14], withoutaffectingany of our results.

Potentiality of reduction. Whenever weaugmentthestore,wemayincreasethepoten-
tiality of processreduction,thatis, thenumberof possibletransitionsfrom aconfiguration.
Thefollowingpropositionstatesthatany agentP′ obtainedfromaconfiguration〈P; S1〉 can
beobtainedfrom aconfiguration〈P; S2〉, S2 beinganaugmentationof S1. Theproposition
canbeeasilyproved from theoperationalrulesgiven above.

Proposition2.3 If S2 ` S1 and 〈P1; S1〉 −→
〈
P2; S′1

〉
then 〈P1; S2〉 −→

〈
P2; S′2

〉
and

S′2 ` S′1.

Weconsidernext anexampleillustratinghow delegationworksin PiCO. Let ussuppose
wehave two objectsgeneratingmusicalchordsdependingonabasenote:

clone(sender∈ {do, re, . . . , si}, forward ∈ {do], re], . . . , la]})
F[basic: Chord1(sender)] |
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clone(sender∈ {do], re], . . . , la]})
F[basic: Chord1(sender) & minor : (x) Chord2(x, sender)]

Parallelcompositionof theaboveobjectswith theprocess

tell note∈ {re, f a} then noteGminor[note]

behaves as follows:

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

2. Messageminor doesnotexist in themethodsof thefirst object,thereforedelegationis
attempted.Sincemessagelocationnotedoesnotsatisfythedelegationconditionin the
first object,delegationis accepted.

3. A new processlocal J in tell J ∈ {do], re], . . . , la]} then J G minor[note] is con-
structed.

4. Thenew processis ableto communicatewith thesecondobject.Theresultis executing
processChord2(note, J).

Notethattheoriginalanddelegatedobjectscouldverywell havemethodsin common(label
basicin bothobjects).

Behavioral equivalence. In [15] a reduction-equivalencerelation for an extensionof
theπ -calculuswith constraintswas defined. This relationequatesconfigurationswhose
agentscancommunicatethroughthe samechannelsat eachtransition. For eachprocess
identifier I andlabell , this is expressedby meansof anobservationpredicatedetectingthe
possibilityof performinga communicationwith theexternalenvironmentalongidentifier
I andlabel l in a storeS. Behavioral equivalencecanbesimilarly definedfor PiCO. The
detailsof thisareoutof thescopeof thispaper.

Namesand Variables. In the π -calculusthere is no differencebetweennamesand
variables[13]. NamesandVariablesin PiCOaredifferententitiesbecauseof thepresence
of constraints.

Thefollowing exampleillustratesthisdifference.Let

P1 ≡ local x in local y in (ask¬(x = y) then Q)

and

P2 ≡ local a in local b in (ask¬(a = b) then Q)

Sincea andb aredifferentnames,configuration〈P2;>〉 is ableto reduceprocessP2 to Q,
whereasprocessP1 is suspendedin configuration〈P1;>〉. Theneedfor namesis justified
because,convenientlyused,they provide a uniquereferenceto concurrentobjectswhich
canbeusedfor dataencapsulationasin [14]. We will usethis usefulpropertyto encode
classes.
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3. Classes

In this sectionwe discussthedefinitionin PiCO of basicobject-orientedconstructs.Most
definitionsin therestof thepaperusetherestrictedsyntaxof objectslocatedin variablesor
names,but not in constraints.Thereasonis thatwewantto stresstherelationshipbetween
definingprocessesin thecalculusandprogrammingin Cordial, thevisuallanguagerunning
ontopof it. As of thiswriting wehavenotyet includedvisualrepresentationsof constraint
guardedobjectsin Cordial soourmusicalexamplesin PiCOdonotusethis feature.

The basicobject-orientedconstructswe discussareclasses, instancesand inheritance.
Classesdenotesetsof objects.A classis just a frameusedto constructobjectsbelonging
to its associatedset. It consistsof attributes, classconstraints andmethods. Attributes
definethelocalstateof instances(i.e.objects)of theclass.Methodsimplementoperations
on the state. Classconstraintsare predicatesthat must be satisfiedby the stateof any
objectof theclass.Classescanbeorganizedhierarchically. This hierarchyis definedby
an inheritancerelation. For thepurposeof thesimpleexamplespresentedhere,a classB
is saidto inherit from classA if classA canprovidesomeof theservices(i.e.methods)for
classB. Thus,classB maydecideto respondto somerequestsby passingtherequestto
classA. Delegationin PiCOobjectsis usedto implementthisbehavior.

Classesare modeledas cloned(i.e. persistent)locatedobjectswithout delegation. A
particularclassobjecthasat leasttwo methods:new andsuper. Theunarymethodsuper
gives accessto the locationof the objectrepresentingthe superclass(if any) of the class
currentlybeingdefined.Methodnew createsanew instanceof theclass.This instanceis a
locatedobjectwith thecollectionof methodsdefinedfor theclass.Eachattributedefined
for aninstanceof theclassis storedin a cell, in a similar way as is donein Oz [13]. Cells
areobjectshaving readingandwriting methods,asshown below.

clonecellmakerF
[create: (x, y) x F [get : (z) tellz= y

then cellmaker G create(x, y)&
set: (z)cellmaker G create(x, z)] ]

MessagecellmakerGcreate[c, value] createsacell objectlocatedatc. Thecontentsof the
cell is initially setto value. Noticethatsettinga valuecreatesa new cell. Sinceattributes
in instancesarerepresentedby cells, this meansthat previous constraintsimposedon an
attributeare“lost” whena new valueis assignedto it. In particular, classconstraints(as
explainedbelow) mustbeassertedagainfor new valuesof instanceattributes.

The instanceof a classhasa unary methodfor eachattribute. This methodcan be
usedto accessthis attributecell. Classesin PiCO aresupposedto includeoneor several
classconstraintsthatmustbesatisfiedby theattributesof eachinstanceof theclass.Class
constraintsareassertedatinstancecreation.Theimplementationof classesisshownbelow.
In whatfollows,wewrite x̃ for asequencex1, x2, . . . , xk. Wealsotaketheconventionthat
whena subscriptedvariableor namexi appearsin a process,theprocessreally represents
theparallelcompositionof all processesof thesameform,onefor eachvariableor namein
thesequence.For example,celli Gset[vi ] in processlocal c̃ell, ṽ in celli Gset[vi ] represents
theparallelcompositioncell1 G set[v1] | cell2 G set[v2] | . . . containingonesubprocessfor
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eachcorrespondingelementof c̃ell, ṽ

cloneclassF [new:(self) local d, c̃ell, ṽal, c̃ in
superclassG new[d]|
clone(self, d)F [ attri : (x)tell x = celli &

update: (̃v)celli G set[vi ] |
ci G cnstr[ṽ]]

| cellmaker G create[celli , vali ]
| cloneci F [cnstr: (̃v)Ri (̃v)] | ci G cnstr[ṽal]

super: (r )tell r = superclass]

Methodnewof aclasscreatesinstancesfor thatclassandall classesin thesuperclasschain.
This is accomplishedby messagesuperclassG new[d]. Objectsuperclassis representing
thesuperclass(if any) andd is anew instanceof thatclassreturnedby themessage.Cells
associatedwith attributesarecreatedby messagescellmaker G create[celli , vali ], where
variablevali representstheattributeinitial value.Messageci F [cnstr: (̃v)Ri (̃v)] definesan
objectcapableof assertingclassconstraintRi on attributei . NoticethatconstraintRi may
involve valuesfor otherattributes.Messageci G cnstr[ṽal] assertstheattributeconstraint.
Classconstraintsare“reified” asobjectsin this way in orderto simplify reassertingthem
whenattributevaluesarechanged.

In someof the exampleswe discussfurther below we assumethe existenceof a class
integer denotingintegervalues.

In the musicalexamplewe describenext we will refer to a particulartype of musical
chordcontainingfour notesdefinedmodulotransposition(i.e. thebasenoteof thechord
is not specified). TheseEstrada chords,namedafter the mexican composerwho first
formally definedthem,containthreeintervals(expressedin numberof semitonesbetween
consecutivenotes)whosesummodulo12mustbeequalto zero.To representtheintervals
of a chordwe assumea constraintsystemover somesuitablefinite domainof integers.
ClassE, of Estradachords,is definedasfollows.

clone E F [ new: (self)
local c, c̃ell, ṽal in
cloneself F [ xi : (y) tell y = cel l i &

update: (̃v) . . . &
| cellmaker G create[celli , vali ]
| clonec F [cnstr: (̃v) localw, z in

v1 G add[v2, w] | v3 G add(w, z)
zGmodulo[12, 0] ]

c G cnstr[ṽal] &
super: (r ) tell r = E]

Eachof thethreeattributesof aEstradachordcontainsoneinterval betweenconsecutive
notesof thechord,represented,asusual,by cellscontainingintegers.Theclassconstraint,
encodedin the replicatedobject locatedat c, ensuresthat attributesobey the Estrada
property.
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3.1. Objectswith ComplexAttributes

Objectsmayhaveattributescontainingotherarbitraryobjects.A standardexamplearethe
classesconsand list definedbellow. Theclassconshasattributescar andcdr thatallow
accessingthecomponentsof thepair representedby theinstance.

cloneconsF [new:(self)
local acar,acdr, vcar, vcdr in
cloneself F [car: (x)tell x = acar&

cdr: (x)tell x = acdr&
update: (vcar, vcdr) . . . &

| cellmaker G create[acar, vcar] | . . .
super: (r ) tell r = cons]

List aremodeledasinstanceswith auniqueattributevalue, whoseassociatedcell (cellself

in theprogrambellow) canbeassignedeithertheparticularidentifiernil (theemptylist) or
a consobject. Thecdr partof this objectshouldalwaysberestrictedto a list object. As
usual,li st instancesalsohavemethodsheadandtail.

list F [new:(self)
local cellself, v in
cloneself F [value: (x)

tell (x = cellself)&
head: (x) tell x = self.value.car &
tail: (x) local newlist in

list G new[newlist]
| newlist.value← self.value.cdr& . . .]

cellmaker G create[cellself, v]
super: (r ) tell r = list]

Message,list G new[l ] | l G update[acons], whereacons.car ← a | acons.cdr ← nil
createsthelist [a].

4. Cordial: A Visual Languagefor PiCO

Our researchproject includesthe developmentof visual programmingtools for musical
composition. Cordial [8] is a visual programminglanguageintegratingobjectoriented
andconstraintprogrammingintendedfor musicalapplications.Thesemanticsof Cordial
hasbeendefinedin termsof PiCO. In this sectionwe illustratebriefly someconstructsof
Cordial togetherwith their denotationin PiCO.

Cordial is an iconic languagein thespirit of [2]. Thebasicnotion is thatof a patch. A
patchis a layout of forms (iconsor other)on the screen.Links betweenforms in a patch
establishcontroldependenciesin acomputation.Datatypesandstructuresarealsodefined
visually. A visual classdefinition in Cordial, for example,hasthreemain sections(see
figure1): attributes,methodsandconstraints.
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Figure1. Classdefinitionin Cordial.

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

clonecomplexF
[ new: (self)

local c, cellr , celli , vr , vi in
cloneselfF

[ real:(x)tell x = cellr &
imag: (x)tell x = celli &
add: (complex1, complex2)

self.realG add[complex1.real, complex2.real]|
self.imag G add[complex1.imag, complex2.imag]& . . .]

cellmaker G create[cellr , vi ]| . . .&
super: (r )tell r = complex]

A methoddefinition (seefigure 2), is a collection of messages(the envelopesin fig-
ure 2), conditionalsand formal arguments(the circles in figure 2). Links connecting
two elementsdefineidentity relations. For example, linking visual object Vo with the
i-th circle of envelope E meansthat the i-th argumentof the messageassociatedwith
E is equal to Vo. The body of the methodin figure 2 shows a visual representation
of objectsas rectangularboxes with an icon inside. The target of the messageis the
uniqueobject connectedby a doubleline with the envelope. A messagedefinesa par-
ticular relation that must be satisfiedby the argumentsand target object of the mes-
sage.

Nonprimitivemethodfooof classcomplex shows theuseof aconditional(figure3).
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Figure2. Methoddefinitionin Cordial.

Thedefinitionof methodfoo in PiCO is:

foo(r )local tmpin (self G norm(tmp) |
ask tmp= 1 then tell r = 1 |
ask tmp= 0 then tell r = −1 |
ask tmp 6= 1∧ tmp 6= 0 then tell r = tmp)

5. UsingCordial: A Music CompositionExample

In this sectionwe solve a simple(but non trivial) musiccompositionproblem. With the
solutionof this problemwe arguetheadvantagesof programmingin a visual concurrent
constraintobjectorientedlanguagethatallows includingconstraintsin classdefinitions.

Theexamplemakesextensive useof constrainedclassesto control theevolution of two
melodicvoices:eachvoiceevolvesaccordingto independentmelodicproperties,but they
mustsynchronizeatgiven temporalpointsandthey mustalsosatisfyanumberof harmonic
propertieswhentheir notessoundat thesametime.
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Figure3. Messagedefinitionandconditionalin Cordial.

The two melodic voices, Voice1 and Voice2, will start at the sametime and will be
generateduntil anexternalconditionis met. Notesin thetwo voiceshave threeattributes:
pitch, duration anddynamic. Their pitch valuesshouldbein a setof allowedambitus(i.e.
a range)Amb, theirdurationsmustbelongto agivenset,say, {4, 2, 1} (where2 represents,
say, aquarternote).Notesmustalsosatisfythefollowing four conditions:

1. If n1 andn2 aretwo consecutive notesin Voicei (i ∈ {1, 2}) having pitchesequalto
x andy, respectively, thentell max(x, y) −min(x, y) ∈ Melodyi , whereMelodyi is a
given setof integers.

2. Notesare divided into groupsof durationequal to 4. A group could be madeto
correspondto any meaningfulrhythmicdivision,for instanceabeator ameasure.Each
groupcontainsnotesof bothVoice1 andVoice2.

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

4. Let n1 andn2 benotesfrom thesamegroupin Voice1 andVoice2 respectively. If they
soundat the sametime andtheir durationsareboth greaterthan1 thenthe absolute
differencebetweentheirpitchvaluesmustbein acertaininterval set,HARMONSET1.
In any othercase,theabsolutedifferencebetweentheir pitchesmustbein HARMON-
SET2.
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Figure4. Classdefinitions.

To constructa solutionfor this problemtakingadvantageof theobjectorientedfeatures
in Cordial, severalclassesarefirst defined.In theCordial editorall of thesemustbedrawn
on the programarea,ascanbe seenin figure 4. ClassMelody is the main class. It has
theattributegroups, a sequenceof groupsrepresentingthetwo voicesof themelody, two
classconstraints,consecutiveandend, andthreeclassmethods,voice1, voice2, andstop.
ClassGroupmodelsa time window on thetwo voicesof theclassMelody. Eachof these
voicesarerepresentedby the classVoice, modeledasa sequenceof notes. Eachnoteis
representedby classNote. This classcharacterizesa soundby its pitch, duration,and
dynamics.

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

Themainmethod(figure5) simply createsan instanceof theclassMelody. Classcon-
straintsencodeall constraintsrequiredby theproblem.ConstraintConsecutiveensuresthat
bothvoicesof themelodysatisfytheconsecutive notesconstraintof classVoice. That is,
themelodicdistancebetweenconsecutivenotesmustbelongto aparticularset.Constraint
End restrictsthe voiceson the melodyto stoponly whentheir last noteshave the same
duration.In otherwords,it constraintsthelengthof thegroups attributeto thenumberof
groupsgenerated.
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Figure5. Main method.

MethodsVoice1 (figure 6) andVoice2 recursively iterateover the sequenceof groups
(attribute groups in classMelody), effectively extracting from themtheir corresponding
voicesby building a list with their elements.

MethodStop(figure7) limits thenumberof groupsin amelodyby instantiatingthelength
of its groupattributeon thenumberof groupsgeneratedbeforethestopconditionis met.

Whenthe(presumably)final notesof eachvoicein a grouphave thesameduration,the
endconditionholds.MethodEnd in classGroup(figure8) signalsthis by instantiatingits
stringargumentto “stop.” Thisclasshasthreeclassconstraints.ClassconstraintDuration
setsthedurationof eachgrouponeachvoiceby instantiatingthecorrespondingdurationsto
somespecificvalue. ClassconstraintPitch constrainspitchesof simultaneouslysounding
notesin two voicesof thegroupto a givensetof values.This is accomplishedby method
Pitch of classesVoiceandNote. Finally, classconstraintDynamic(figure9) setsthevalue
of thedynamicattributeof thefirst notein eachvoiceto 127. Thedynamicattributeof all
othernotesin thegroupis setto 70.

MethodDuration in classVoice(figure10)restrictsthesumof thedurationof thenoteson
thesequenceto agivenvalue.MethodDynamicsetsthedynamicsof thenotesonthevoice
to agivenvalue,whereasmethodConsecutiveforwardsitself to eachnoteof thevoice.

MethodPitch in classVoice is definedfor two different signatures:the first one (see
figure11)assertspitch relationsbetweenits own voicenotesandthenotesof thesupplied
voice argument. The secondassertspitch relationsbetweenits own voice notesandthe
singlenotesuppliedasargument.

ClassconstraintSet-up restrictspitch and durationattributesof a note to belongto a
given setof values.Finally, Pitch assertstheabove mentionedrelationon thepitch of two
simultaneouslysoundingnotes.
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Figure6. Methodvoice1 in Melody.

5.1. Translationof theExampleinto PiCO

Thefirst issueis tofindsuitableconstraintsystemsfor musicalapplications.Finitedomains
(FD) systems[4] canhandlemostmusicalproblemsin the(traditional)harmonicdomain,
while otheraspectssuchasrhythm or timbre would very likely needdensedomainsand
a richer setof operations.For the purposesof the above problem,it is clear that FD is
adequate.Weassumetheconstraintsystemis definedover somesuitablefinite domain(for
pitch, durationandthelike).

clonenoteF
[ new: (self)local cellp, celldu, celldy, vp, vdu, vdy in

cloneselfF
[pitch: (x)tell x = cellp&
duration: (x)tell x = celldu&
dynamic: (x)tell x = celldy&
contiguous: (aNote) local int1, int2 in

self.pitch G sub[aNote.pitch, int1]|int1 G abs[int2]|
int2 G inrank[MELODY]&

harmony: (note′, ot1, ot2) local hint, r t1, r t2 in
r t1← 4− ot1− self.duration|
r t2← 4− ot2− note′.duration|
ask
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Figure7. Methodstopin Melody.

Figure8. Methodendin Group.
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Figure9. ClassconstraintDynamicin Group.

Figure10. MethodDuration in Voice.
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Figure11. MethodPitch in Voice.

r t1.value≤ note′.duration.value∧
self.duration.value> 1∧
note′.duration.value> 1
then

hint← abs(self.pitch− aNote.pitch)
hint G inrank[HARMONISET1]|

ask
¬(r t1.value≤ note′.duration.value∧
self.duration.value> 1∧
note′.duration.value> 1)
then

hint← abs(self.pitch− aNote.pitch)
hint G inrank[HARMONISET2]|

ask. . . then . . .& . . .]
cellmaker G [cellp, vp] | . . .&

super: (r ) tell r = note]

|
clonevoiceF

[ new: (self)local c,a, v in
cloneselfF

[notes: (x)tell x = a&
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contiguous: ( ) local b1, b2 in
self.notesG isnil[b1]|
askb1 = ⊥ then self.notes.tail G isnil[b2]|

askb2 = ⊥ then
self.notes.headG contiguous[self.notes.tail.head]
voice1 G notes[self.notes.tail]| voice1 G contiguous[ ]&

duration: (int) local b, int2 in
self.notesG isnil[b]|
askb = > then tell int.value= 0|
askb = ⊥ then

voice1 G notes[self.notes.tail]|
voice1 G duration[int2]|
self.notes.head.durationG add[int2, int]&

dynamic: ( ) . . .&
harmonyv: (voice2, ot1, ot2) local b, ot0, voice1 in

self.notesG isnil[b]
askb = ⊥ then

ot1 G add[self.notes.head.duration, ot0]|
voice1 G notes[self.notes.tail]|
voice1 G harmonyv[voice2, ot0, ot2]|
voice1 G harmonyn[self.notes.head, ot2, ot0]&

harmonyn: (note2, ot1, ot2) . . .& . . .]
cellmaker G [a, v]& super: (r ) tell r = voice]

|
clonegroupF

[ new: (self)local c1, c2, c3,a1,a2, v1, v2 in
cloneselfF

[ voice1: (x)tell x = a1& voice2: (x)tell x = a2& . . .]|
c1 F Mgroup1|c1 G duration[] | c2 F Mgroup2|c2 G dynamic[] |
c3 F Mgroup3|c3 G harmony[] | cellmaker G [ai , vi ]&

super: (r )tell r = group]

|
clonemelodyF

[ new: (self)local c,a1, v1, in
cloneselfF

[ groups: (x)tell x = a1&
voice1: (notes) local melody1 in

self.groupsG isnil[b]|
askb = > then tell notes= nil
askb = ⊥ then

self.groups.head.voice1 G cat[notes2, notes]|
melody1 G groups[self.groups.tail]|
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melody1 G voice1[notes2]&
voice2: (notes) . . .& . . .]|

c F Mmelody1|c Gmelody[] | cellmaker G [a1, v1]&
super: (r )tell r = melody]

where:

Mmelody1≡[melody: ()local notes1, notes2 in
self G voice1[notes1]|self G voice2[notes2]|
voice1 G notes[notes1]|voice2 G notes[notes2]|
voice1 G contiguous[] |voice2 G contiguous[]

Mgroup1≡[duration: (int)
self.voice1 G duration[4]|self.voice2 G duration[4]

Mgroup2≡
[dynamic: () local voice1, voice2, in

tell self.voice1.head.dynamic= 127
|tell self.voice1.head.dynamic= 127|
voice1 G notes[self.voice1.tail]|voice2 G notes[self.voice2.tail]|
voice1 G dynamic[] |voice2 G dynamic[]

Mgroup3≡[harmony: () self.voice1 G harmonyv[self.voice2, 0, 0]

6. Relatedand Futur eWork

In this sectionwe highlight the expressivenessof PiCO by showing naturalandelegant
encodingsof basicconstructsof theπ, ρ and MCC calculi (see[6], [12], [10]). We do
this informally anddo not provide proofsof correctnessof the encodings.However, we
conjecturebisimilaritiesbetweentheρ-calculusanda restrictedversionof PiCO having
no delegation and only equality for constraintguards,and betweenthe MCC-calculus
and this samereducedPiCO suppliedwith the MCC conditionon the storefor process
communication.Weplanto pursuetheproofof theseconjecturesin thenearfuture.

6.1. PiCOand theπ-Calculus

Oneof thekey featuresof theπ -calculusis processmobility. In [6] this is illustratedusing
the exampleof mobile telephones.A CENTREis in permanentcontactwith two BASE
stations,eachin a differentpart of the country. A CAR with a mobile telephonemoves
aboutthecountry;it shouldalwaysbein contactwith aBASE.If it getsratherfar from its
currentBASE contact,then(in a way that is not modeledin theabove mentionedpaper)
a hand-over procedureis initiated,andasa resulttheCAR relinquishescontactwith one
BASEandassumescontactwith another.



INTEGRATING CONSTRAINTS 47

A PiCOsolutionin thesamespirit asthatshown in [6] is:

car industryF [make car: (car)
car F [talk: (m)local basein

central G get base[base]|baseG com[m]|
car industryGmake car[car]]] |

basei F [com: (m) P(m)]|
local c in

cellmaker G create[c, 0]|
clonecentral F [get base: (base)c G get[base] then c G set[(base+ i )%2]]

Here,objectcar industryisusedfor creatingcarprocesses,objectsbasei , i = 1, 2process
messagessentby cars,andobjectcentral decideswhich basemustreceive themessages.
Notethatcentral simply switchesthebasereceiving themessage,asin [6].

In a morepracticalsetting,we would have a setof communicatingcentersin a country.
Eachof themhaving asetof independentassociatedbases.Eachoneof thesebasesis able
to processa messagejust whenits distanceto thecar is lessthanor equalto somegiven
value. The role of the centralbaseis to choosesomebaseof a differentcommunication
centerwhenmessagesfrom a carcannotbe transmittedby any of thebasesbelongingto
thecurrentcenter.

WeusePiCOconstraint“located”objectsfor modelingthis:

car industryF [make car: (car, pos)
car F [talk: (m)posG com[m]|car Gmake car[car, pos]&

get: (x)tell pos= x|car industryGmake car[car, pos]&
set: (x)car Gmake car[car, x]]] |

φi (sender) F [com: (m) P(m)]|
9(sender) F [com: (m) local basein

central G get base(sender, base)|baseG com[m]] |
clonecentral F [get base: (pos, base)P(pos, base)]

Here,φi (p) = distanceto Bi (p) ≤ di , i = 1, 2 and9(p) = ¬φ1(p) ∧ ¬φ2(p).
In additionto thecommunicationmethodtalk, acarhasmethodsget andsetfor retrieving

or settingits positionattribute. Basesare“located” in constraintsφi . An additionalobject
“located”in9 is usedto call central justwhenthereis nobaseacarcancommunicatewith.

Theabovesolutioncanbeimproved in two aspects:

– Elegance:Sinceacar objectis verysimilar to acell object(seesection3), wecan
modelacar asanobjectthatknowshow to answertalk messagesbut delegatesto
acell objecttheansweringof get andsetmessages.

– Efficiency: Noticethatmethodstalk,getandsetrebuild acarobjecteachtimethey
arecalled.Thiscanalsobeavoidedusingcells.

Theresultis:

car industryF [make car: (car, pos)
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Table4. BasicMCC processesin PiCO.

MCC process PiCOencoding

send(a, λEx φ(Ex)) local i in i F [assert: (Ex) tel l φ(Ex)] | a Gm[i ]
receive(a, Ey).S(Ey) a F [m: (i ) i G assert[ Ey] then S(Ey)]

local cellcarin
cellmaker G create[cellcar, pos]|
clone(car, cellcar) F [talk: (m)local posin

car G get[pos]|
posG com[m]]] |

clonemoverF [new pos: (car)local pospos′ in
car G get[pos]|P(pos, pos′)|car F set[pos′]]

6.2. MCC Processesin PiCO

As was mentionedin the introduction,MCC [10] considersextensionsof thecc modelto
accountfor reliablecommunicationof agentshaving their own local constraintsstore. A
fundamentalcontributionof MCC is theability to restrictcommunicationsto noninconsis-
tentstoressoasto maintainindependenceof deductionsamonglocal stores.This cannot
bedirectlymodeledin PiCOusingtheoperationalrulesgiven in section2.3. Of course,by
addingthesameconditionof storeconsistency to thepremiseof thecommunicationrule it
is likely thatthe“local stores”behavior of MCC couldbeencodedin PiCO.

We describeherea generalencodingin PiCO of the importantsendandreceiveMCC
processes.We illustratetheencodingby comparingthebehavior of bothMCC andPiCO
in a simplecommunicationexampleusingthesekind of processes.We thenarguethatthe
MCC behavior is correctlysimulatedby theencoding.

It was shown in [10] how to implementdynamicreconfigurationof communicationnet-
worksin theMCC-calculus.Theimplementationis illustratedwith anexampleusingtwo
agentsp andq sharingachannela. Agent p alsoshareschannelb with athird agentr . The
following proceduredeclarationsaregiven (declarationsof s andt areleft unspecified):

p(a, b) :: ∃xsend(b, λx x = a) ‖ ∃Eyreceive(a, Ey).s(Ey)
q(a) :: send(a, λExC)
r (b) :: ∃d(receive(b, d).∃Ezreceive(d, Ez).t (Ez))

Thesedeclarationstogetherwith the program∃a,b(p(a, b) ‖ q(a) ‖ r (b)), resultsin
communicationof channela throughchannelb, so thata becomessharedby thethreesites.
This makesit possiblefor send(a, λExC) to communicatewith any of theothersites.This
correspondsto the“scopeextrusion”on theπ -calculus.

Encodingsin PiCO for sendandreceiveMCCprocessesandequivalentprocessesfor the
MCC definitionsareshown in tables4 and5.
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Table5. MCC examplein PiCO.

MCC process PiCOencoding

p(a, b) ≡ local x in [local i1 in i1 F [assert: (x)
tell x = a] | b Gm[i1]] |
local Ey in a F

[
m: (i ) i G assert[ Ey] then s(Ey)

]
q(a) ≡ local i2 in i2 F

[
assert(Ex): tell C

]
| a Gm[i2]

r (b) ≡ local d in [b F [m: (i ) i G assert[d] then
local Ez in d F [m: (i ) i G assert[Ez] then t (Ez)]]]

TheaboveMCC programis encodedin PiCOas

local a, b in [ [[ p(a, b)]]PiCO | [[q(a)]]PiCO | [[r (b)]]PiCO]

where[[ p(x)]]PiCO denotesthePiCO encodingfor theMCC processp(x). Assumingthe
sameorderof executionin MCC andPiCO, it is not hardto seethat thesamebehavior is
observed. Thatis, communicationbetweenb Gm[i1] and

b F [m: (i ) i G assert[d] then local Ez in d F [m: (i ) i G assert[Ez] then t (Ez)]]
yieldsd = a oncethecontinuationof methodm in b is reduced.Thisresultsin thesharing
of channela.

6.3. PiCOand theρ-Calculus

Table6showshow thebehaviorsof constructsin theρ-calculuscanbecapturedbyexecuting
suitablePiCO expressions.In this table,reductionof expressionsin theρ-calculusandof
configurationsin PiCOaredenotedbyrules.Theintendedmeaningis thattheexpressionor
configurationin thepremisereducesin oneor morestepsto theexpressionor configuration
in theconclusion.A relationbetweenreductionof expressionsin thetwo calculuscanthus
bedefinedasfollows:

– Applicationof anabstractionin theρ-calculuscanbemodeledin PiCOasaprocessthat
sendsanappropriatedmessageto apersistentobjectcontainingamethodthatsimulates
theabstraction.

– Therepresentationof tell operationsis straightforward. In Table6,9 ≡ φ1 ∧ φ2.

– Thebehavior of Cells in theρ-calculusarecapturedin PiCO by thecellmaker object
process.Consultingthevalueof a cell correspondsto sendingthemessageget to the
createdcell objectwhile updatinga cell is achieved by sendingthemessagesetto the
cell object. In Table6 cell(x, u) representsa cell having x asits identifierandu asits
value.

– Conditionalexpressionsof theρ-calculusaremodeledby thecompositionof twoPiCO
askprocesses.Thefist onerepresentsthe“then” branchandthesecondonethe“else”
branch.Thetwo possiblebehaviorsareshown in table6.
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Table6. PiCOandRho.

PiCO Rho〈
clonex G [l (x): E]|x G l [z];φ

〉〈
clonex G [l (x): E]|E[z/y];φ

〉 φ ∧ x: y/E ∧ x′z
φ ∧ x: y/E ∧ E[z/y]

〈tellφ2then0;φ1〉
〈0;9〉

φ1 ∧ φ2

9

〈newcell(x, y)|x G get[v] then x G set[u];φ〉
〈clonecellmaker F [..]|cell(x, u)|tell v = y then 0;φ〉

φ ∧ x: y ∧ x′uv
φ ∧ x: u ∧ v = y

〈ask9 then E|ask¬9 then F;φ〉
〈E;φ〉

φ ∧ if 9 then E elseF fi
φ ∧ E

〈ask9 then E|ask¬9 then F;φ〉
〈F;φ〉

φ ∧ if 9 then E elseF fi
φ ∧ F

6.4. Future Work

In additionto theformalproofof bisimilaritieswith relatedcalculimentionedabove, future
works include defining suitableconstraintsystemsfor different domainsin the areaof
computeraidedmusiccomposition.Wealsoplanto includeconstraintguardsfor instances
in thevisualformalismof Cordial andrecastingin Cordial thesystemfor harmonicstructure
generationof Situation[3], originally written asa constraintsatisfactiontool in Common
Lisp. We will alsobe collaboratingin the nearfuture with the swedishcomposerOrjan
Sandred,currentlydoingmusicalresearchatIRCAM, in implementingin Cordial asystem
for rhythmstructuregeneration.

7. Conclusions

We definedPiCO, a calculusintegratingobjectsandconstraints.We did this by adding
variablesandallowing agentsto interactthroughconstraintsin a global store. PiCO is
parameterizedin aconstraintsystemandthusindependentof aparticulardomainof appli-
cation,but hasbeenthoughtto provideabasisfor musiccompositiontools.

Message-objectcommunicationsis notrestrictedto equalityof senderandreceiver chan-
nels. Thefull power of constraintsis usedinsteadto restrictimplicitly thetypeof sender
channelsacceptedby an object. We arguedthat this allows a morenaturalmodelingof
situationsin which object servicesare to be provided to collectionsof requesters.We
discussedconcreteexamplestakenadvantageof this.

We showedhow theoperationof delegationbuilt into thecalculusallows simplerepre-
sentationsof inheritanceschemes.

Wedefinedtheoperationalsemanticsof PiCOby anequivalencerelationandareduction
relationonconfigurationsof anagentandastore.
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Wedescribedexamplesshowing thegeneralizedmechanismof synchronizationof PiCO
and the transparentinteractionof constraintsand communicatingprocesses.They also
show thepossibilityto definemutabledataandpersistentobjectsin PiCO. Finally weshow
how classesandsubclasseswith attributescontainingpartialandmutableinformationcan
beeasilycodifiedin thecalculus.

We implementedin thecalculusa non trivial musicalexample. This examplewas also
implementedin Cordial, ahigh level visuallanguagefor musiccomposition.Weusedthis
exampleto illustratethevisualenvironmentof Cordial andits closesemanticrelationto
PiCO. Wearguedthatthepossibilitiesof constrainingeveryinstanceof aclassto obey user
definedpropertiesandof associatingparticularvisualizationsto specificinstances(suchas
ascoreobject)shouldprovidemoreintelligentfacilitiesfor musicalstructuresconstruction
andediting. In fact, it is not hardto imaginehaving in Cordial constraintsdriven score
editorsin whichthespaceof possiblemusicalmaterialis adaptedto theparticularneedsof
amusicalpiece.We intendto explorethispathin thenearfuture.

PiCO ispartof anongoingresearchprojectin programmingtoolsfor musiccomposition.
Theprojectincludesthedefinitionof a visual languagewith a rigoroussemanticmodel,a
visualprogrameditorandacompiler. Anabstractmachinefor PiCOhasbeenimplemented
in Java (http://atlas.ujavcali.edu.co/sp/grupos/avispa/software/mapico.html).The current
versionusesa subsetof the finite domainconstraintsdefinedin [4]. A β versionof the
visualeditorof Cordial andits compilerinto (theabstractmachineof) PiCO, bothwritten
in Java, canbefoundin

ftp://atlas.ujavcali.edu.co/pub/grupos/avispa/cordial/
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Notes

1. In [11], a moregeneralnotionof a constraintsystemis defined. We follow [13], [12] in takingPredicative
Logic asthestartingpoint,sowecanrely onwell-establishedintuitions,notionsandnotations.

2. Objects(φsender, δforward ) F M allow messagedelegationonly if it canbeinferredthat theoriginal sender
doesnot satisfythedelegationconditionrepresentedby δforward
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