in Coordination Languages and Models, D. Garlan and D. LeM�tayer (eds),LNCS 1282, pp. 115-130, 1997.Coordinating Durative Actions(*)I. NunesJ.L.Fiadeiro W.M.TurskiDepartment of InformaticsInstitute of InformaticsFaculty of Sciences, University of LisbonWarsaw UniversityCampo Grandeul. Banacha 21700 Lisboa, Portugal02-097 Warsaw, Poland{in,llf}@di.fc.ul.ptwmt@mimuw.edu.plAbstract. A computing paradigm is presented for coordinating theexecution of durative actions, i.e. actions which, although executedatomically on a private local state, have a duration in the sense that thesystem state in which they finish executing is not necessarily the same inwhich they started. Just as in traditional coordination languages, thecoordination model that is responsible for controlling the interferencebetween the actions is independent from the computation model in whichactions execute. This coordination model is formalised through anoperational and a denotational semantics, both parameterised by those ofthe underlying computational model.1.˚IntroductionThe behavioural paradigm developed in [11,12] for supporting multiprocessorcomputing is presented as a coordination model for controlling the execution ofdurative actions, i.e. actions which, although executed atomically on a private localstate, have a duration in the sense that the system state in which they finishexecuting is not necessarily the same in which they started. Systems of durativeactions arise naturally from the need to coordinate the behaviour of individualprograms that can access a shared data space, namely to achieve interoperability of,possibly heterogeneous, components in the context of reuse-based and incrementalsystem development, and for which the atomicity imposed through the use of a singleprocessor executing a single program at the time is simply unrealistic andundesirable.The proposed coordination model relies on a small set of primitives that support, onthe one hand, local computations without interference of the environment and, on theother hand, the decoupling between the global states in which actions are launchedand the global states in which they find the system when they finish executing.

(*) This work was partially supported by JNICT through contracts PRAXIS XXI2/2.1/MAT/46/94 (ESCOLA), PCSH/OGE/1038/95 (MAGO) and PRAXIS XXI2/2.1/TIT/1662/95 (SARA).

— 2 —Like in (more) traditional coordination languages, the coordination model that isresponsible for controlling the interference between the actions is independent fromthe computation model in which actions execute. That is to say, it does not reallymatter if the computations performed locally by the actions are programmed in a, say,imperative or functional style.In section 2, we present the behavioural paradigm in detail, from an operational, butinformal point of view, and compare it to (more) traditional coordination models. Insection 3, behavioural programs are formalised as sets of coordination primitives usedto relate programs written in some programming language whose details areconsidered irrelevant. In section 4, we formalise the rules that provide an operationalsemantics for behavioural programs. In section 5, we formalise the relationshipbetween this operational semantics and a denotational semantics defined over DurativeTransition Systems — an extension of labelled transition systems introduced in [7,8]to cope with action duration.2 . Coordination in the behavioural paradigmIt seems hard to improve on the characterisation of the distinction betweencomputation and coordination that was proposed in [5]: "[A] computation modelallows programmers to build a single computational activity: a single-threaded, step-at-a-time computation; [a] coordination model is the glue that binds separate activitiesinto an ensemble".The aim of this paper is to present a computing paradigm proposed in [11,12] — thebehavioural paradigm — which explores this very distinction between coordination andcomputation, and proposes primitives for coordinating the interference betweenactions which perform computations over a common state space.In order to understand the essence of the behavioural paradigm, consider the chemicalreaction metaphor which is at the base of coordination formalisms, namely Gamma[1]:Reaction condition fi ActionExecution consists in removing from the "chemical solution" (the multiset thatprovides the global state space) the elements that satisfy the reaction condition,replacing them by the results of the action. Evaluation of the reaction condition andcomputation of the effects of the action are done atomically ("test and set") in thesense that the state of the system (the multiset) does not change between theevaluation of the condition and the computation of the action. The computation ofthe action is also done atomically in this sense: its effects are going to update thesame state that was used for evaluating the condition and determining the course ofthe computation.

— 3 —One of the characteristics of the behavioural paradigm is the relaxation of theassumption on the atomicity of the execution of the action. More precisely, theaction computes in a local copy of the relevant part of the state of the system and,hence, atomically in the sense that the computation proceeds without interferencefrom the environment. However, while the computation proceeds on the local copy,the state of the system may change because other actions may have terminated.Hence, the state in which the computation induced by the action ends is notnecessarily the same in which the execution started.Because the state in which the reaction condition is evaluated is still the same inwhich the execution starts, this relaxation implies that the conditions that lead to theexecution of the action are not necessarily met when the execution ends. Hence, itmay well be true that the effects computed locally are no longer of interest. Todetermine whether the global state should or should not be updated with the effectscomputed by the action, the behavioural paradigm relies on a second condition — thepost-guard — which is evaluated when the local execution of the action ends (the so-called accepting state). The global state is updated iff the post-guard evaluates to true.The evaluation of the post-guard and the update of the global state are done atomically("test and set").The other important characteristic of the behavioural paradigm is that it addressesmultiprocessor computing. Systems evolve in an environment populated by one ormore agents which are identical in their ability to perform (local) programs, exceptperhaps, for efficiency. Agents are equipped with memories in which they execute theactions that they are assigned. For that purpose, they are able to load into theirmemories the relevant part of the state of the system when the execution of an actionis assigned, and to discharge their local states into the global state of the systemwhen the execution of an action ends and the corresponding post-guard is true.Loading and discharging are instantaneous.All actions that can be initiated in a given state are initiated, regardless of anypossible future conflict; conflicts are resolved in the accepting states. Moreover, noagent is allowed to idle in a system state in which a reaction condition (pre-guard inthe terminology of the behaviour paradigm) is satisfied. In particular, several copiesof the same action can be launched if there is more than one agent free or if an agentbecomes free while the pre-guard of the action remains true. This is justified by thefact that some agents may be slower than other agents; the first to terminate gets thechance to update the global state of the system if the post-guard is true; the effects ofthe action may falsify the post-guard thus preventing the agents performing the othercopies of the action to terminate productively. But, as in nature, success may bereserved for some slower agent that gets its chance from changes performed in itsenvironment. The "waste" of computations is only apparent because, on the onehand, all that is done is to keep busy agents that would otherwise be idle (pre-guardsthat are false can only become true due to the termination of some action, which

— 4 —automatically frees an agent) and, on the other hand, the more the copies in executionthe better the chances of success become. (Again, nature is very good at launchingseveral processes in concurrency even if it is known that at most one will besuccessful!) Besides, it is assumed that actions are assigned to agents in a fair way:when more than one can be assigned, the actual choice is unbiased. Moreover, asprocessors become cheaper and cheaper, multiprocessor environments can be easilypopulated with a fair number of agents.The model that we have just described also justifies that, unlike the tuple space modelwith generative communication used by coordination languages [2,4], where agentscommunicate by putting and consuming tuples in the tuple space, the only momentwhen, in the behavioural paradigm, the state of the system is modified is atdischarging, which can be seen as a substitution of some values for other ones. Thatis, evaluation of a pre-guard (reaction condition) does not change (consume from) theglobal state. This happens precisely to allow for existing free agents to get a chanceof picking another instance of the launched action.A behavioural program is an initial condition together with a set of rules where eachrule is called a double guarded action — dga — and takes the form(pre-guard,postguard) fi [loading | program | discharging]By loading and discharging we are denoting lists of attribute symbols. These are thenames of the attributes of the system (the "program variables") which, in thebehavioural paradigm, can be typed as usual in programming languages. This is adeparture from the multiset˚/˚(tuple˚space) representations typical of coordinationlanguages, but not an essential one.The loading and discharging lists account for the attributes whose values an agent hasto load into its local state when assigned to perform the action, and the attributes thatit has to update when it discharges its local state. Loading lists are optional in thesense that the full state of the system could be loaded each time an action is launched.The same does not hold for the discharging list. This list performs an important rolein determining the global state of the system that results from the acceptance of anaction (see below).In order to illustrate the coordination model just described, consider the "diningphilosophers". The following specification is that of a given philosopher (thisexample is taken from [11]).(LOT�ROT�H)(�H, �H)fi [ | think | H](H�PR�PL, H�PR�PL)fi [ | eat | H, PR, ROT, PL, LOT](H�PL�PR�ROT, �ROT)fi [ | rel_L | PL, LOT](H�PR�PL�LOT, �LOT)fi [ | rel_R | PR, ROT]

— 5 —(H�LOT, H�LOT)fi [ | take_L | PL, LOT](H�ROT, H�ROT)fi [ | take_R | PR, ROT]where the propositional symbols are used with the following meanings:H—the philosopher is hungryLOT—the left fork is on the tableROT—the right fork is on the tablePL—the philosopher possesses the left forkPR—the philosopher possesses the right forkThe condition (�H�LOT�ROT) defines initial states: when program executionbegins, the philosopher must not be hungry and both left and right forks must be onthe table.In this example all loading lists are empty. This means that the computationsperformed locally by each action do not depend on the state in which the action islaunched.The intended semantics of the rel_L action specification, for example, is thefollowing. When a philosopher is hungry (H), possesses the left fork (PL) and doesnot possess the right fork (�PR), and the right fork is not on the table (�ROT), hewill release the left fork (the action is launched because the pre-guard is true). This isso specified in order to prevent deadlock. If, while our philosopher is in the process ofreleasing his left fork, the philosopher at his right releases his left fork (ourphilosopher’s right fork), then our philosopher should not bring about the action.This is expressed through the post-guard: if the right fork is on the table (ROT) whenthe philosopher finishes executing the release, the action is rejected. The pre-guard ofthe action take_R is now true and so the process of picking-up the right fork islaunched.The only situation for which no action is specified is the one where the philosopheris hungry, holds no fork and no fork is on the table. This is not, fortunately, a stablestate: the missing forks are held by neighbours, and they will eventually releasethem. For all other situations well-defined actions are prescribed; if the results ofthese actions are not accepted at any time it is because a neighbour successfullycompletes an action of his own. In a system composed of several philosophers thismeans that some action is accepted in each state. Thus this specification is deadlockfree.It is perhaps worthwhile to observe that this specification avoids deadlocks withoutreferring to any information on the actual state of the philosopher’s neighbours. Assoon as the information on neighbours is explicitly available and used, a conspiracyto starve a common neighbour becomes possible. In our design, where thisinformation is not available (nor needed), starvation is possible either because of agross heterogeneity of philosophers, or as a chance phenomenon. Even if thephilosophers are roughly similar, a pattern of fork movements preventing one or

— 6 —more of their number from eating would not be inconsistent with the design, just asan arbitrarily long run of heads is not inconsistent with repeated tossing of a faircoin. This seems unavoidable, but practically irrelevant.We have deliberately omitted the definition of the program executed locally by eachaction to remind that the behavioural paradigm is all about coordinating durativeactions and not about programming their effects. This is achieved through the pre andpost-guards and by the loading and discharging lists. Naturally, these local programshave to be supplied for the behavioural program to be complete. For instance, in thecase of rel_L, this could bePL:=false; LOT:=trueassuming that the programming language in which rel_L is given uses localattributes with the same names as the global attributes of the system. But it couldwell be that rel_L uses different attributes, in which case the discharging of the localstate has to be a bit more than a simple copy. However, it is essential thatdischarging (as well as loading) are atomic (and efficient!).3.˚Coordination Primitives + Programs = BehaviouralProgramsSummarising the informal discussion of the previous section, the behaviouralparadigm is characterized by a collection of primitives whose aim is to control theinterference between durative actions, and which clearly separates computationconcerns from coordination ones:¥ The programming language in which computations are programmed is notconstrained to any particular one: we rely on an interface that is provided by theloading and discharging operations;¥ Pre- and post-guards stand for activation/permission criteria to coordinate theexecution and productivity of actions.A behavioural program is a set of double-guarded actions (dgas), each of whichincludes two guards — the pre and post-guards — two lists of attributes — the loadingand the discharging lists — and the program executed locally by the action.In other words, a behavioural program is a collection of individual programsimplicitly related through some coordinating and comunication primitives. These arethe guards and the interface lists of attributes. The guards control why and what is tobe made active in the system, as reactions to the system state. The loading listdefines what an agent has to know about the system state in order to execute anaction. The discharging list defines to what extent does an accepted action change thesystem state.

— 7 —In order to formalize the notion of behavioural program we begin by defining theconcept of system signature which consists of a declaration of the specific vocabularysymbols that are relevant for that system description.For simplicity, we shall assume that a collection of data types has been fixed whichprovides a data signature U=(S,F), where S is a set of sorts and F is an S* · S-indexed family of function symbols.Definition 3.1: A signature Q is a pair (At,Ac) where:¥At is an S-indexed family of sets of attribute symbols,¥Ac is a set of action symbols equipped with two mappings L and D providing,for each action g˛Ac, its loading (Lg) and discharging (Dg) lists, each ofwhich is an S-indexed family of sets of attribute symbols. ¤Definition 3.2: The language L(At) for Q of state formulas, is defined by:es ::= p|f(e1s1, ..., ensn)where p˛Ats and f:s1,�,snfis˛FA ::= e1s = e2s|�A| A1�A2¤We will use the traditional propositional constants and connectives tt, ff, �, �, ”,defined through the usual abbreviations.As already mentioned, the behavioural paradigm is not characterised by a specificsyntax for its programs but through a collection of primitives whose aim is tocoordinate durative actions. In particular, the durative actions may be programmed inany programming language, subject to some restrictions. These restrictions, orassumptions, on the nature of the language that can be used for programming actions,constitute what we call a context. In so far as this section is concerned, we only needto know about syntactical aspects, which we call a programming context for a givensignature.Definition 3.3: A programming context Tp(Q) for a signature Q is a languagePL.¤No assumption is made on the actual syntax of the programming language PLbesides the fact that it has to work over the data types defined in the signature. Theidea is that, to coordinate durative actions, we do not need to know explicitly howtheir internal computations are programmed. Instead, we rely on an interface that isprovided through the global attributes At and the loading and discharging lists foreach action.Definition 3.4: Given a programming context Tp(Q) for a signature Q=(Ac,At), abehavioural program is a pair BP˚=˚(I,BDY) where I is an initial condition and BDYassigns, to every g˛Ac, a triple (Ag,Pg,Cg) where:¥Ag and Pg are formulas of L(At), standing for the pre- and the post-guard ofaction g, respectively;

— 8 —¥Cg is a program in the language PL.Each such triple is called a dga (double-guarded action specification).¤4.˚An operational semantics for behavioural programsHere we present an operational semantics as a set of rules which describe, formally,execution in the behavioural paradigm. These rules specify how expressions areevaluated and how dgas are executed.Before proceeding we must define the notion of state for a signature. Again, weassume a fixed U-algebra U˚=˚(SU,FU) that interprets the data types corresponding toU, where SU˚=˚{sU|s˛S} and FU˚=˚{fU:s1U· ..... ·snU˚fi˚sU|f:s1, � ,sn˚fi˚s}.Definition 4.1: A state s for a signature Q=(At,Ac) is an S-indexed family(ss:Ats˚fi˚sU) s˛S where, for every s˛S, ss assigns a value over its domain to eachattribute in Ats. The notation sW stands for the projection of state s in set W, whereWs˝Ats for all s˛S. The notation s[p] stands for the value of attribute p in states˛S. The notation s’[sW/W] stands for the state that is equal to s’ except for thevalues of attributes in W whose values are given by sW.¤State formulas as defined in 3.2 can be evaluated over such states:Definition 4.2: The value of an expression f(e1,� , e n) at s — writtens[f(e1,�,en)]— is fU(s[e1],�,s[en]).¤Definition 4.3: We define the satisfaction relation �Q: S·L(At) inductively asfollows:s � Q e1˚=˚e2iffs[e1]˚=˚s[e2]s � Q �Aiffs /� Q As � Q A1�A2iffs � Q A1 implies s � Q A2¤Now that we already have a precise notion of state we may extend the programmingcontext with the denotational semantics of all programs of actions of Ac.Definition 4.4: An extension Td of a programming context Tp=PL for a signatureQ consists of a pair (PL,{ˇCg�|g˛Ac}) where,¥˚ˇCg�:(SLg fi SDg) is a denotational semantics for program Cg; we denote bySLg the set {sLg|s˛S} and by SDg the set {sDg|s˛S};We also call such an extension Td, a denotational context for Q.¤At the local level, we see that, because they are deterministic, actions are functionsand, because they are atomic, they are functions from a local state to another localstate.Local computations are executed by agents which have an identity. That is, agentsmay be referred to, even though a given agent does not need to know the identity ofthe agents with which it cooperates. Each agent works over a (local) private state.

— 9 —When an agent is assigned an action, a loading of the values it needs to accomplishits task is performed into its private state and the agent starts execution. If the systemis receptive at the time the agent finishes executing the action, that is, the post-guardof the action is satisfied by the system state, then a discharging of its output valuesmust be done (from its private state).The need for the loading and discharging operations results from the fact that weallowed each agent to have its own states. Hence, the loading operation defines howthe attributes in Lg are loaded: whether they are just copied or translated in some wayto define a local state is a detail that is not relevant. Whatever the loading operationis, it should be a simple one because it needs to be performed atomically. Thedischarging operation gives to the system attributes in Dg a value computed by actiong. As with the loading operation, the details of the discharging operation are notrelevant here.In order to define the operational semantics of behavioural programs, we need toextend programming contexts as defined in 3.4 to account for the executing agentsand the loading and discharging operations as well as the operational semantics of thelanguage used to program actions.Definition 4.5: An operational extension of a programming context Tp=PL for asignature Q consists of a tuple (PL,Pr,{Sa|a˛Pr},{(lga,dga,fi a)|(a,g)˛Pr·Ac}) where,¥Pr is a set of agent symbols that stand for the existing executing agents;¥Sa is the local state space (memory) of agent a;¥ ˚ lga: SLg fi Sa gives semantics to the loading operations;¥dga: Sa fi SDg gives semantics to the discharging operations;¥fi a :(PL·Sa fi Sa) is an operational semantics for comands in PL, for agent a .We also call such an extended context To, an operational context for Q.¤Definition 4.6: An operational To˚=˚(PL,Pr,{Sa|a˛Pr},{(lga,dga,fi a)|(a,g)˛Pr·Ac}),and a denotational Td˚=˚(PL,{ˇCg�g|g˛Ac} contexts for a signature Q are said toagree ifffor every s˛S,a˛Pr, ˇCg�sLg˚=˚dga(fi a (Cg,lga(sLg))) ¤That is to say, the program Cg, whose denotational semantics is given by ˇCg�, isimplemented by each agent a according to a "local" operational semantics fi a that,given program Cg and an agent a’s private state (the one resulting from applying a’sloading operation to ˇCg� argument — sLg), returns another private state of agent a(if we apply a’s discharging operation to this local state, we obtain ˇCg�sLg result— sDg).At the operational level, transitions between configurations are defined, that is, theseveral steps of the execution of a behavioural program BP are reflected in the globalstate of the system (updating it whenever an agent discharges the results of its task)and in the several configurations of the agents (updating them whenever an action is

— 10 —assigned to an agent, and whenever an agent becomes free, whether having dischargedthe results of its task or not).Definition 4.7: Given an operational context To for a signature Q, a configurationfor Q and Pr is a pair <s,a> whose first component is a state for Q and whosesecond component is a Pr-indexed set of agent configurationsa˚=˚{<sta,aca,lsa>|a˛Pr} where:¥sta˛{idle, busy, ready} stands for the activity state of agent a, that is,—˚a is idle if a is unoccupied (with no action assigned to it);—˚a is busy if a is assigned an action and executing it;—˚a is ready if a has finished executing the action it was assigned to and itis waiting to become free (with or without discharging);¥aca˛Ac stands for the action agent a is assigned to;¥lsa˛S stands for the state in which the system was in when the action in acawas assigned to agent a, that is, the action launching state.¤Configurations do not contain a program part because a behavioural program is areactive program, that is, it does not "consume" itself when executing. Therefore, alldgas are always active in the sense that the program reacts to the environment at alltimes according to them.Given a behavioural program BP and an operational context To for a signature Q, wedefine a relation fi˝C·C, where C is the set of all configurations for Q and Pr, byfor all c,c’˛C, c˚fi˚c’ iff c˚finp˚c’ or c˚fip˚c’We represent by <s1,a1>˚fi np˚<s2,a2> the non-productive reaction of BP toconfiguration <s1,a1>, resulting in configuration <s2,a2>; non-productive meansthat no discharging of locally computed values happens in the transition from<s1,a1> to <s2,a2>, and so, the system state s2 is the same as s1. A transition<s1,a1>˚fi p˚<s2,a2> represents a productive transition, that is, one where adischarging over the system state is done. This does not mean, however, that s1˚isnecessarily different from s2; it may happen that the discharge did not change theglobal state. These relations will be defined below through rules which provide anoperational semantics for the behavioural paradigm.The rules of the operational semantics have to control the launching and acceptance ofactions according to the behaviour paradigm. With respect to launching, whenever thepre-guard of an action g is true of the system state, action g is assigned to an idleagent a (changing its configuration accordingly).With respect to acceptance, whenever an agent a finishes executing an action g, whichis signaled through the change of its state of activity to ready, and if the system stateverifies the post-guard of g, it discharges the results computed locally by g into thesystem state according to g’s discharging list. After this, agent a returns to an idlestate of activity.

— 11 —If the system state does not verify g’s post-guard, agent a returns to an idle state ofactivity without discharging g’s results.It can be the case that a configuration is reached such that the system state does notverify none of the action pre-guards and, moreover, it does not verify the post-guardsof none of the pending actions: the executing actions (the ones that are assigned tobusy agents) and the already executed ones (assigned to ready agents). In this case wesay that the system reached a terminal configuration because no more productivetransitions are possible. We will denote terminal configurations by <s,a>�.Definition 4.8: Given a Pr-indexed set a of agent configurations,¥˚a(a) stands for the configuration of agent a, that is, <sta,aca,lsa>¥˚a(a).x stands for the value of x in a’s configuration, where x can be one of st,acand ls¥˚a[<v1,v2,v3>/a] represents the set of configurations that results from a byassigning <v1,v2,v3> to the configuration of agent a . When any of the vi isnot made explicit, it means that its value is not relevant in that context;a[<v1, , >/a] stands for the set of configurations that results from a byassigning v1 to the st component of agent a .¤The operational semantics of a behavioural program is given over an operationalcontext.Definition 4.9: Given To˚=˚(PL,Pr,{Sa|a˛Pr},{(lga,dga,fi a)|(a,g)˛Pr·Ac}) — anoperational context for a signature Q˚=˚(At,Ac) — the following set of rules providesan operational semantics for a behavioural program BP˚=˚(I,{(Ag,Pg,Cg)|g˛Ac}):1 . s� Q A g ˚˚˚˚˚a (a).st= idle<s,a> finp <s,a[<busy,g,s>/a]>

2 . s’� Q P g ˚˚˚˚˚a (a)=<ready,g,s > ˚˚˚˚˚<Cg,lga(sLg)> fi a sa<s’,a> fip <s’[dga(sa)/Dg],a[<idle, , >/a]>

3 . s’ /� Q Pg ˚˚˚˚˚a(a)=<ready,g,s><s’,a> finp <s’,a[<idle, , >/a]>

4 . ˚ �g˛ Ac(�a˛ Pr ((a(a)=<ready,g, > � a(a)=<busy,g, >) � s /� Q Pg) ˚�˚s /� Q Ag)<s,a> finp <s,a>�

¤The rules for the evaluation of state formulas are as defined in 4.3.The first rule says that whenever there is an action g whose pre-guard is true of thesystem state and there is an available agent a, action g is assigned to idle agent a and

— 12 —a copy of the system state is kept on a’s configuration. The system state remains thesame. This is a non-productive transition.The second rule says that whenever the system state satisfies the post-guard of somelocally executed action (the agent which executed it is ready), the results of that actionare discharged to the system attributes in Dg while the attributes in At\Dg keep theirvalues. The set of agent configurations also changes insofar as the activity of thedischarging agent is set to idle. This is a productive transition.Notice how the duration of action execution is simulated: when an agent is assignedan action its state of activity is set to busy. The acceptance of its results is onlyconsidered when the agent is in a ready state of activity. This acts like some flag theagent waves when it ends its task. The actual transition from busy to ready isperformed locally within the state of the agent. Because we are only concerned withthe coordination model, this transition has to be determined according to theunderlying computation model, and is not made explicit in the rule. The premiss<Cg,lga(sLg)> fi a sa is the witness of the result of some local operational semantics andacts as interface between the computation and the coordination models.Notice that the values of the attributes of the system — At — in the resulting state of agiven action g, are completely determined. The values for attributes in Dg are giventhrough the execution of Cg and depend on the values of the attributes in Lg atlaunching time (g is executed locally over the local state that is the result of loadingthe launching state. This launching state is the one that was stored in the agent’sconfiguration at the time of the assignment); the other attributes — in At\Dg — dependon "what went on" in the system while g was executing, that is, they keep the valuethey had in the accepting state.The third rule, a non-productive one, says that if the system state does not satisfy thepost-guard of some locally executed action, the results of that action are ignored: thesystem state does not change. Only the set of agent configurations changes: theactivity of the given agent is set to idle.The fourth rule is the one that relates configurations for which no more productivetransitions are possible, with the special terminal configuration.5 . A denotational semantics for behavioural programsThe rules for operational semantics usually define labelled transitions systems (e.g. asin [6] and [10]). These are pairs <S,{fi g |g˛Ac}> where S is a non-empty set (ofstates), Ac is a set (of actions/labels) and, for each g˛Ac, fi g˝S·S is the transitionrelation (a partial function if actions are deterministic). Given s,s’˛S, sfi gs’ meansthat action g takes the system from state s to state s’. In this context, each transitionwithin the system is completely defined by an action and two states, the launchingand the resulting ones.

— 13 —In the behavioural paradigm, observable transitions relate not two but three states: thelaunching, the accepting and the resulting ones. We consider that the behaviour of aprogram obtains from productive transitions only, that is, we do not consider theassignment and deassignment of agents as part of the observable behaviour. Noticethat, although we ignore the agents changes of activity, the information about whichaction they execute and the corresponding launching state is used in order to determinethe resulting state of a given transition. The ls component of a ready agent representsthe state the system was in when the action it executes was launched. This launchingstate is crucial, together with the accepting one, to determine the resulting state.We are going to show how the operational semantics given in 4.9. defines anextended version (by inclusion of an initial state) of durative transition systems in thesense of [7,8] — <S ,s 0,{� fi g |g˛Ac}> — where each durative transition —� fi g:(S·S)fiS — is the set of triples composed by the launching, accepting andresulting states of all instances of action g.We shall need the following auxiliary definitions in order to define durativetransitions:Definition 5.1: Given an operational context To for a signature Q we call aidlethe set of agents configurations where all agents are idle.¤Definition 5.2: A configuration <s ,a > is said to be reachable from aconfiguration <s1,a1> in a given program BP iff it is possible to obtain <s,a>from <s1,a1> by successive application of the operational rules, that is,<s1,a1> fi* <s,a>¤Given a behavioural program BP˚=˚(I,BDY), let a productive rule be applied to aconfiguration <s’,a>, where agent a is such that a(a)=<ready,g,s>, changing it to<s",a[<idle, , >/a]>. Let configuration <s’,a> be reachable from <s0,aidle> wheres0 is a state where I holds; then we know that there was a transition which assignedaction g to agent a — because g’s pre-guard was true of the system state — and storedthat launching state in a’s configuration. Then, the triple (s,s’,s") represents thelaunching, accepting and resulting states of an instance of action g. The durativetransition � fi g is composed of all triples (s,s’,s") under these circumstances.Definition 5.3: The durative transition system D˚=˚<S,s0,{� fi g |g˛Ac}> definedby a behavioural program BP˚=˚(I,{(Ag,Pg,Cg)|g˛Ac}) is such that:—s0� Q ˚I—(s,s’,s")˛� fi g iff for every <s’,a> s.t. <s’,a> reachable from <s0,aidle> and for some a, a(a)=<ready,g,s>,<s’,a> fip <s",a[<idle, , >/a]>¤The operational semantics just presented is shown to agree with an extended versionof the denotational semantics presented in [8] by inclusion of the initial state.

— 14 —Definition 5.4: Given a denotational context Td˚=(PL,{ˇCg�|g˛Ac}) for asignature Q the denotational semantics of a program BP˚=˚(I,{(Ag,Pg,Cg)|g˛Ac}) forQ is the durative transition system D˚=˚<S,s0,{Jˇ(Ag,Pg,Cg)�|g˛Ac}> where,—s0� Q ˚I—Jˇ(Ag,Pg,Cg)� = {(s,s’,s")|s� Ag, s’� Pg, s"=s’[ˇCg�(sLg)/Dg]}Jˇ(Ag,Pg,Cg)� is the denotation of the dga (Ag,Pg,Cg).¤When the operational and denotational contexts for a given signature agree with eachother as defined in 4.6, that is, the first implements the second and the secondabstracts the first, the durative transitions defined operationally, that is, the triples ofstates (s,s’,s") where s is the state the system is in when an agent is assigned anaction, s’ is the state the system is in when the results of that action are accepted ands" is the resulting state, are the same as the ones obtained by the denotation of dgas.Proposition 5.5: Given To˚=˚(PL,Pr,{Sa|a˛Pr},{(lga,dga,fi a)|(a,g)˛Pr·Ac}) andTd˚=˚(PL,˚{ˇCg�|g˛Ac}) — an operational and a denotational contexts for asignature Q ˚=˚(At,Ac) — which agree with each other, the dts defined by abehavioural program BP˚=˚(I,{(Ag, P g, C g)|g˛ Ac}) is its denotationD˚=˚<S,s0,{Jˇ(Ag,Pg,Cg)�|g˛Ac}>.¤6.˚Concluding remarksThe behavioural paradigm developed in [11,12] for supporting multiprocessorcomputing was presented as a coordination model for controlling the execution ofdurative actions, i.e. actions which, although executed atomically on a private localstate, have a duration in the sense that the system state in which they finishexecuting is not necessarily the same in which they started.In the proposed framework, each action has two associated guards. On the one hand, apre-guard that characterizes the states of the system in which the action is desirable.As long as there are free processors, all actions that should be launched are launchedregardless of any possible future conflict. Conflicts are resolved at acceptance time.This is achieved through a post-guard which characterises the system states in whichan already "locally-executed" action is acceptable.The interface between the global space of the system and the local space in whicheach action executes is made through two atomic operations of loading anddischarging. When an action is launched, an atomic loading of the attributes that itneeds to read is performed into the local state of the processor (agent) to which theaction was assigned, and execution starts. When local execution ends, and if the post-guard of the action is satisfied by the system state, an atomic discharging of theeffects computed locally is performed into the global state.

— 15 —The proposed collection of primitives controls the interference between durativeactions and clearly separates computation concerns from coordination ones as in [5].The programming language in which computations are programmed is notconstrained to any particular one: we rely on an interface that is provided by theloading and discharging operations. Pre- and post-guards stand foractivation/permission criteria to coordinate the execution and productivity of actions.Operational and denotational semantics were proposed for this paradigm whichsupport, through context parameterisation, the separation between the coordinationmodel and the computation model in which individual actions are programmed. Theoperational model formalises a multiprocessor environment through a collection ofagents. The denotational semantics, which was proved to be equivalent to theoperational one, is based on durative transition systems, an extension of labelledtransitions systems proposed in [7,8] for capturing the notion of duration used in thebehavioural paradigm. An axiomatic semantics is also available based on DurativeTransition Logic, a modal logic introduced in [7] which is complete for durativetransition systems. See [8] for further details.Further work is under way for exploring the relationship between the behaviouralparadigm and traditional coordination models in more detail, namely in what concernsmultiset/ tuple space representations as well as the deductive approach to theoperational semantics [9]. Applications to software architectures are also envisaged,for which we intend to integrate the behavioural formalisms in the categoricalapproach developed in [3].References1.J.P.Ban�tre and D.Le M�tayer, "Programming by Multiset Transformation",Communications ACM16, 1 pp. 55-77, 1993.2.P.Ciancarini, C.Hankin, "Coordination Languages and Models", LNCS 1061,Springer-Verlag, 1996.3.J.L.Fiadeiro and A.Lopes, "Semantics of Architectural Connectors", Theory andPractice of Software Development, M.Bidoit and M.Dauchet (eds), LNCS 1214,pp. 505-519, Springer-Verlag, 1997.4.D.Gelernter, "Generative Communication in Linda", ACM Trans. Prog. Lang.Syst. 7, 1, pp. 80-112, 1985.5.D.Gelernter, N.Carriero, "Coordination Languages and their Significance",Communications ACM 35, 2, pp. 97-107, 1992.6.Z.Manna, A.Pnueli, The Temporal Logic of Reactive and Concurrent Systems,Springer-Verlag 1991.

— 16 —7.I.Nunes, J.L.Fiadeiro and W.M.Turski, "A Modal Logic of Durative Actions",in ICTL97, Kluwer, in print, 1997.8.I.Nunes, J.L.Fiadeiro and W.M.Turski, "Semantics of Behavioural Programs",Research Report, Department of Informatics, Faculty of Sciences, University ofLisbon, December 1996.9.A.Porto, V.Vasconcelos, "Truth and Action Osmosis (the TAO ComputationalModel)", in J.M.Andreoli, C.Hankin and D.LeMetayer (eds), CoordinationProgramming, mechanisms, models and semantics, pp. 65-97, Imperial CollegePress, 1996.10.C.Stirling, "Modal and Temporal Logics", in S.Abramsky, D.Gabbay andT.Maibaum (eds), Handbook of Logic in Computer Science 2, pp. 477-563,1992.11.W.M.Turski, "On Specification of Multiprocessor Computing", ActaInformatica 27, pp. 685-696, 1990.12.W.M.Turski, "Extending the Computing Paradigm", Structured Programming13, pp. 1-9, 1992.