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most current methods are merely ad hoc approaches based on low-level ab-stractions which map directly to operating system equivalents. In general, thestarting point of these methods is to have di�erent processes run on di�er-ent processors where the processes use particular libraries of communicationprimitives. Substantially, three communication paradigms are considered: (1)message passing, used with libraries such as PVM [10] and MPI [11], whichprovide the basic capability to send and receive messages in di�erent 
avoursin an architecture-independent manner, (2) remote procedure calls (or remoteobject method invocation), a communication mechanism tailored for realiz-ing client{server applications in distributed computing environments [25,26];and (3) distributed shared memory [29], an abstraction which supports theconcept of shared memory in a multi-computer environment (networked com-puters without physically shared memory).Present parallel computing environments in general do not rely on advancedsoftware engineering principles, yet only focus on performance issues. Althoughperformance is one of the main issues in using parallel computers, other crite-ria, related to software quality (such as structured design, software extendibil-ity, reusability, maintainability, and so on), should not be neglected, especiallysince these do not necessarily contradict performance issues.A lot can be learned from the domain of software engineering as it is applied tosequential computing. In this domain, object-oriented techniques are by nowwell established for designing and implementing large application systems ofhigh software quality. One of their most important strengths is that thesesoftware models consist of abstractions (objects) of real world entities. Sincethis narrows the gap between software models and the systems to be mod-elled, more complex systems can be dealt with more thoroughly, and softwaremodels become more understandable and hence adaptable. Moreover, featuresof object{orientation such as inheritance and polymorphism o�er support tomake software systems reusable.Basically two motivations for integrating parallelism and objects can be dis-tinguished. First, new abstractions should allow software models to have aneven closer relationship to the real world, since the real world consists of in-trinsically parallel entities. And second, one tries to move parallel computingfrom a pure performance{oriented number crunching business to a softwareengineering approach to parallel programming.Active objects seem to be the most promising approach in both of these views.Active objects unify the notions of (passive) objects and processes by attribut-ing each active object with its own thread of control.Although object{orientation has become a key technology for the develop-ment of large{scale applications, (sequential) object{oriented programming2



languages lack appropriate abstractions for modelling the communication ofthese parallel entities, i.e. the active objects. This leads to a severe semanticgap between object{oriented programming and low{level communication.Coordination models [21] aim at closing this gap by providing suitable ab-stractions for modelling the interactions of concurrent processes. Ideally, acoordination model allows programmers of parallel systems to abstract fromthe underlying communication systems, and to focus on aspects of the paral-lel computations instead. Using a suitable, object{oriented coordination modelis hence a highly promising approach for building parallel applications fromconcurrent active objects.Coordination models based on generative communication (such as Linda [3]and its relatives) are the state of the art in this �eld. Implementation per-formance of Linda{like systems has been shown to be directly comparableto hand{crafted code based on lower level abstractions [4,18,20], indicatingthe successful applicability of coordination technology to the �eld of parallelcomputing.Generative communication inherently uncouples communicating processes. Asender of a data item does not directly contact another party, which is sup-posed to be the receiver, but instead it produces and inserts (it \generates")an item into a data space which is shared with other active entities. On theother hand, a potential reader of a particular data item does not have to takecare about it (e.g. as with rendezvous mechanisms) until it actually needs it.The reader does not even have to exist at the time of generation. The lat-ter point leads to the other major advantage of generative communication:the active entities are able to communicate although they are anonymousto each other. This uncoupled and anonymous communication style directlycontributes to the design of parallel applications: uncoupled communicationallows to abstract from details of underlying process con�gurations, especiallyin the case of dynamically changing con�gurations (like e.g. with workstationclusters [17]) in which processes may move or temporarily disappear. Due tothis fact, coordination models based on generative communication are supe-rior to message passing or trader{based schemes because these both rely onknowledge about a receiver's or server's identi�cation.Despite these bene�ts, generative coordination models are un�t for expressingthe behaviour of parallel processes, since they focus on shared data spaces only,and not on the processes manipulating them. Hence, generative coordinationmodels can easily model the state of shared data spaces and single operationson them, but it is hard to model, and in consequence to reason about behaviourof processes in terms of sequences of data space operations.The intent of this work is to �ll this gap by introducing plausible de�ni-3



tions (based on formal speci�cations) for process behaviour , characterized bysequences of operations on shared data spaces. Therefore, we rely on our co-ordination model Objective Linda which introduces object-orientation to theLinda paradigm. With Objective Linda, several active objects (called agents)can interact in a generative manner by producing and consuming objects ofwell{de�ned data types. As has been shown in a precursor of this work [12],high{level Petri nets [15] are an attractive formalism for behaviour speci�ca-tions of Objective Linda processes, because they combine an easily understand-able visual representation and expressive power with respect to concurrency,causality and non{determinism. A combination of ideas from Coloured Petrinets [14] and Time Petri nets [22] leads to a well{suited formal model forbehaviour speci�cation of Objective Linda's active objects. This formalism,called pnsol, is hence also used for Petri net semantics of Objective Lindaoperations.The formal representation of Objective Linda agents allows to provide a for-mal de�nition for typing agent behaviour. Agent types are based on the ob-servable behaviour of agents. We de�ne types for agents as sets of observablebehaviours, and a subtyping relation based on subset inclusion, correspond-ingly. The formalism we use for modelling agents does not only allow us tode�ne observable behaviour in a generative environment, it also o�ers a meansto perform type-checking operations based on an elementary property of Petrinets, namely transition liveness.The remainder of the paper is organized as follows. In Section 2, we brie
yintroduce our coordination model Objective Linda, before we present the high{level PN formalism that is used to model Objective Linda's operations on ob-ject spaces in Section 3. In Section 4 we introduce the notions of behaviouraltypes, subtypes, and corresponding type checking for active objects. In Sec-tion 5 we illustrate the usefulness of our approach by a thorough discussion of atypical con�guration found in parallel applications, namely a manager/workerarchitecture for which we show how well{formed behaviour of active objectscan be veri�ed by applying type checking. Section 6 summarizes and concludesthis work.2 Objective LindaIn this section, we brie
y introduce the coordination model Objective Lindawhich forms the basis of our work. An in{depth description of its featuresand design decisions can be found in [16,18]. Objective Linda is based on theprinciples of Linda [3] and seamlessly adds concepts of object orientation. Tu-ples and tuple spaces are replaced by objects and object spaces. Note that forthe remainder of this paper \objects" denote passive objects unless explicitly4



mentioned otherwise, and active objects are often called agents.Objects to be stored in object spaces are self{contained entities; their encapsu-lated state can only be a�ected through their interface operations. In ObjectiveLinda, objects are instances of abstract data types which are described in alanguage{independent notation, called Object Interchange Language (OIL).Actual programs may hence be written in conventional object{oriented lan-guages to which a binding of OIL types (e.g. to language{level classes) can bedeclared. In the OIL, all types form a type hierarchy having a common ances-tor called OIL Object which de�nes the basic operations needed by all types.The OIL allows subtyping according to the \principle of substitutability" [32]such that an object of type S which is a subtype of T can be used wheneveran object of type T is expected. We use the notation S � T for expressingthat S is a subtype of T , for given OIL types S and T .Object matching (the process of identifying objects to be retrieved from objectspaces) is based on object types and predicates de�ned by type interfaces. Apotential reader of an object has to specify the type of objects it wishes to ob-tain from an object space and additionally a predicate from the type interfacethat further selects the objects of a given type matching a speci�c request.Subtype relations are also respected by object matching. The matching pred-icates are directly integrated into the types on which they operate. Therefore,the type OIL Object provides a predicate match which takes an object of thesame type as parameter and returns a boolean value determining whether agiven object matches certain requirements. Several variants of matching a typecan be selected by presetting the encapsulated state of the object provided toa matching operation, which we call a template object . The type of objects tobe matched is denoted by the template object's type.Passive as well as active objects are characterized by an OIL type. The typeOIL Object provides an operation called evaluate whose behaviour is rede�nedfor each subtype denoting active objects. Similar to the match operation, thebehaviour of this operation may depend on the object's state before its eval-uation. In the case of an active object, its OIL type is only relevant as longas the object has not yet been activated (by invoking its evaluate operation).Once activated, an object behaves according to its implementation of evaluateand is no longer accessible via its OIL type interface.In Linda, active tuples are treated as functions and are converted into pas-sive tuples after termination, yielding their results. In contrast to this func-tional view, Objective Linda treats active objects as encapsulated and reactiveagents. Active objects disappear after termination. Analogous to Linda, ac-tive objects are invisible to operations in charge of retrieving passive objectsfrom object spaces. Processes can only be observed by monitoring the passiveobjects they produce. 5



Con�gurations in Objective Linda consist of active as well as passive objects,and object spaces. Active objects have, from the moment of their activationon, access to a particular object space, called context. This is the object spaceon which the corresponding eval operation has been performed. Additionally,every agent can dynamically create new object spaces which are initially pri-vate to their creator.The context and additional private object spaces do not su�ce for expressingall coordination problems. Therefore, Objective Linda provides a mechanism(based on generative communication) for allowing agents to attach to other,already existing object spaces. Objective Linda therefore introduces a conceptwhich is called object space logical . Such logicals combine a \description" of anobject space in terms of the application logic (namely an object of a suitablesubtype of OIL Object) with the identi�cation of the object space to be madeattachable. Logicals are (like other passive objects) stored in object spaces,but they are \invisible" to in and rd operations.Logicals are implicitly created by the expose operation which combines anobject and the identi�cation of an object space and stores the combinationinside an object space, hence exposing one object space inside another one.The reverse operation to expose is called hide. It removes a given logical object.An agent may then attach to an additional object space by presenting a tem-plate object t to the attach operation for which a logical with an object match-ing t can be found.Besides adapting the Linda model to object orientation, Objective Linda alsoprovides an improved set of operations on object spaces in order to satisfy theneeds of open systems. First, Objective Linda introduces a timeout parameterto its operations that determines how long an operation should block beforea failure is reported. It can vary from zero to a value indicating an in�nitedelay. A timeout mechanism is considered necessary for applications that runin a distributed computing environment, in which workstations or the com-munication medium is not unlikely to drop performance or even fail. Second,Linda's ability to retrieve only one object at a time from an object space istoo restrictive. For example, it is impossible to non{destructively iterate overall objects of a particular kind [30]. Additionally, synchronization problemscan be dealt with more adequately when multiple objects may be consumedatomically from object spaces. These observations lead to the introduction ofmultisets of objects as parameters and results of operations on object spaces.The operations in and rd specify multisets of objects to be retrieved by twoparameters, namely min and max; min gives the minimal number of objects tobe found in order to successfully complete the operation whereas max denotesan upper bound allowing to retrieve (small) portions of all objects of a kind.An in�nite value for max allows to retrieve all currently available objects of6



a kind. In the following, Objective Linda's operations on object spaces aresummarized. The notation is based on a binding to the C++ language, andthus the interface of the class Object Space is shown. In order to simplify code,default values are assigned to the min, max, and timeout parameters causingObjective Linda's operations to behave in the default case analogous to thecorresponding Linda operations.bool out (Multiset �m , double timeout = in�nite time)Tries to move the objects contained in m into the object space. Returns trueif the operation completed successfully; returns false if the operation couldnot be completed within timeout seconds.Multiset �in (OIL Object �o , int min = 1 , int max = 1 ,double timeout = in�nite time)Tries to remove multiple objects o1 : : : on matching the template object ofrom the object space and returns a multiset containing them if at least minmatching objects could be found within timeout seconds. In this case, themultiset contains between min and max matching objects. If min matchingobjects could not be found within timeout seconds, the result has a NULLvalue.Multiset �rd (OIL Object �o , int min = 1 , int max = 1 ,double timeout = in�nite time)Tries to return clones of multiple objects o1 : : : on matching the templateobject o and returns a multiset containing them if at least min matchingobjects could be found within timeout seconds. In this case, the multisetcontains between min and max matching objects. If min matching objectscould not be found within timeout seconds, the result has a NULL value.bool eval (OIL Object �o , double timeout = in�nite time)Tries to move the object o into the object space and starts its activity.Returns true if the operation could be completed successfully; returns falseif the operation could not be completed within timeout seconds.bool expose (OIL Object �o , Object Space �s , double timeout = in�nite time)Tries to move the object o into the object space. If this could be performedsuccessfully, o will expose the object space s. Returns true if the operationcould be completed successfully; returns false if the operation could not becompleted within timeout seconds.bool hide (OIL Object �o , Object Space �s , double timeout = in�nite time)Tries to remove an object which matches o and to which s had been assigned.Returns true if the operation could be completed successfully; returns falseif the operation could not be completed within timeout seconds.Object Space �attach (OIL Object �o , double timeout = in�nite time)Tries to get attached to an object space for which a logical with an objectmatching o can be found in the current object space. Returns a valid refer-7



ence to the newly attached object space if a matching object space logicalcould be found within timeout seconds; otherwise the result has a NULLvalue.int in�nite matchesReturns a constant value which is interpreted as in�nite number of matchingobjects when provided as min or max parameter to in and rd.double in�nite timeReturns a constant value which is interpreted as in�nite delay when providedas timeout parameter to out, in, rd, eval, expose, hide, and attach.3 A high-level Petri net formalism for agent behaviour speci�ca-tionWe propose to use Petri nets for specifying behaviour because they make asimple and clear formalism with a visual representation, they are powerful inexpressing concurrency, causality and non-determinism, and they can rely ona substantial theoretical background. In our approach, systems are modelledas dynamic sets of cooperating agents. Instead of modelling an entire systemby a single Petri net, we model each agent by a separate Petri net, called anagent net . Besides improving modularity, this design is vital for open systems,where agents can join and leave systems at run time.The agent net, as an encapsulated part of the agent description, is a Petrinet specifying the agent's behaviour. The object spaces, through which agentsinteract, and the agent space (representing a virtual space containing all agentsin a system) are modelled as places in the agent net { we call these the objectspace places and the agent space place, respectively. An agent can performtwo kinds of actions, which are each represented by transitions: actions thatcorrespond to Objective Linda's operations, and internal actions, representinginternal computations.In the case of open systems it is in general impossible to construct one Petrinet for a dynamically changing con�guration. But even in this case, it is stillpossible to reason on the behaviour of the system at a particular moment intime or in a particular system con�guration. For that purpose, one can takea snapshot of the system, consisting of a set of agent de�nitions and objecttypes, and a particular con�guration. An algorithm can be used to produce onePetri net which is behaviourally equivalent to the snapshot system. An outlineof such an algorithm is presented below. The resulting net is a high-level Petrinet to which known analysis techniques can be applied.8



3.1 A high-level PN formalismThe formalism we propose is called pnsol (Petri net semantics of ObjectiveLinda). It is based on Coloured Petri Nets (CPNs) as de�ned in [13]. We addi-tionally adopt ideas from Time Petri nets (TPNs) [22] for dealing with time-outs of Objective Linda's operations. One of the strengths of our formalismis that it can be completely translated into CPNs and thus can be submittedto automated analysis by Petri net analysis tools, such as Design/CPN [14].Hence, all features we introduce are merely \syntactic sugar"; they all trans-late to features of commonly known Petri nets. A complete formal descriptionof how to translate pnsol nets into CPNs with TPN time annotations can befound in [18]. For reasons of simplicity, this paper will only present the mostimportant features of pnsol and their translation to well{known Petri nets inorder to allow the reader to understand the syntax and dynamic behaviour ofthese Petri nets. It can also be shown that TPN{like time annotations can betranslated to time features as they were introduced for CPNs. However, sucha (rather complex) translation will not be presented here in order to keep thepresentation concise and simple.We begin our description by a brief recapitulation of basic CPN features. Wewill specify further details while presenting the pnsol formalism. In general,a CPN consists of three di�erent parts: the net structure, the declarations,and the net inscriptions. The net structure is a directed graph with two kindsof nodes, the set of places P and the set of transitions T , interconnected bythe set of arcs A in such a way that each arc a 2 A connects two nodesof di�erent kinds. The declarations de�ne types (the originally called coloursets) which are used for typing variables and other expressions used in thenet inscriptions. We are interested in three kinds of inscriptions, namely (a)node names which are of no semantic meaning, (b) arc expressions, and (c)initialization expressions for places. Both arc expressions and initializationexpressions must evaluate to multisets over types which are either prede�nedor introduced in the declarations part of the net.The dynamic behaviour of CPNs is de�ned over sequences of so{called mark-ings of the net. Places may contain tokens which are of certain types and mayhence carry arbitrarily complex information. A marking is a distribution oftokens over all places of a net. The initial marking of a net is de�ned by theinitialization expressions of all its places.Transitions may change markings of a net. Therefore, we have to further clas-sify places: every arc can be described as a pair (s; d) where s is its source(the node from which the arc starts) and d is its destination (the node wherethe arc ends). For every transition t we call It = fp 2 P : 9(p; t) 2 Ag the setof input places of t and Ot = fp 2 P : 9(t; p) 2 Ag the set of output places9



of t. Correspondingly, we call the arcs connecting a transition with its inputplaces or it output places the input arcs or output arcs, respectively.A transition t is called enabled whenever the net has reached a markingMi inwhich each input place p 2 It contains at least the tokens denoted by the arcexpression of the arc (p; t). When t is enabled, it may occur in which case itremoves the tokens denoted by its input arc expressions from the correspond-ing input places and puts tokens into its output places, corresponding to itsoutput arc expressions, yielding a new marking Mi+1, which is hence calledreachable from Mi.Several transitions may be enabled in a marking M . In this case, the corre-sponding input places may either contain enough tokens such that all enabledtransitions may retrieve a disjunctive subset of all available tokens, or there aretoo few tokens. In the �rst case, the transitions are called to be concurrently en-abled and may simultaneously occur, each removing its own input tokens andproducing its own output tokens. In the second case, the transitions are saidto be in con
ict with each other and cannot occur simultaneously. Instead, atmost a non{con
icting subset (which results from a non{deterministic choice)of the con
icting transitions may occur. As a special case, a transition mayalso be concurrently enabled with itself.Timeout transitions.A �rst \extension" to CPNs is a timeoutmechanism.For illustrating it, we �rstintroduce the most simple type of tokens, called anonymous tokens. Anony-mous tokens carry no information besides their presence or absence. We indi-cate anonymous tokens in places by � signs; empty arc expressions denote themultiset containing exactly one anonymous token.We introduce a timeout mechanism for transitions in order to model timeoutsof Objective Linda's operations. A timeout transition has a new kind of in-put arcs, called non-deterministic input arcs, and special output arcs, calledtimeout output arcs.Semantically, a timeout transition is enabled if enough tokens (accordingto the corresponding arc expressions) are available from all but the \non-deterministic input places", and it can occur (normally) when it has beenenabled for less than timeout time and if tokens are available from the \non-deterministic input places". In this case, no tokens are shifted towards theoutput places which are connected through timeout output arcs. A timeouttransition is forced to occur if it has been enabled for timeout time withouthaving occurred: tokens are withdrawn from all but the \non-deterministicinput places" and tokens are shifted only through the timeout output arcs.Graphically, non-deterministic input arcs are represented by an arc with an10



open arrow head; timeout output arcs are additionally annotated with a time-out value in square brackets.
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abled (i.e. could occur more than once consecutively), the timer associatedwith the Tr1-timeout transition is reset, such that it cannot occur more thanonce consecutively. To illustrate this more clearly, consider the case in whichP1 initially contains one, and P2 two tokens, and assume timeout to have avalue indicating �ve seconds. Assume that after four seconds, the Tr1-normaloccurs. If the place Pl-Tr1 would not be considered, the transition Tr1-timeoutwould still be enabled for four seconds, and could �re at the �fth second. Theplace Pl-Tr1 prohibits this by disabling Tr1-timeout for a very short time, andthus ensures that Tr1-timeout can only occur after being enabled for another�ve seconds. Because transitions may occur concurrently with each other, ev-ery timeout transition occurs independently from each other without any needfor synchronized times.Tokens are objects.A characteristic of high-level Petri nets is that tokens are not anonymousentities merely indicating state by their presence at a place, but they arestructured; they contain information. In our approach, tokens are primarilyObjective Linda objects, as described in Sect. 2. Therefore, we add the typeOIL Object together with all its subtypes to the set of valid types for tokensto be stored in places.Multiset annotations.CPNs (among other formalisms) allow arcs to be annotated such that transi-tion occurrences consume or produce multisets of tokens. We hence only needto develop a syntax for multiset expressions suitable for our needs. The arcexpressions we require allow a non-deterministic choice between several mul-tisets by only demanding a minimal and a maximal number of tokens. Arcannotations look like fEgmaxmin , where E is an expression yielding an object ofa type T � OIL Object (written E : T ), indicating that the enabledness ofthe corresponding transition depends on the availability at the correspondingplace of at least min tokens of type T that match the expression E, and whenthe transition occurs, at least min and at most max tokens are withdrawnfrom the place. The expression can be as short as a variable, denoting thatany object of type T matches, or it can be a piece of code (consisting of op-erations de�ned on objects declared in the declarations section of the net)that returns an object of type T . Multiset arc annotations allow us to providean adequate model for the Objective Linda operations which use multisets ofobjects.Formally speaking, a multiset m over a non{empty set S, is a function m 2[S ! IN]. The non{negative integer m(s) 2 IN denotes the number of ap-12



pearances of the element s in the multiset m. By SMS we denote the set ofall multisets over S. The non{negative integers fm(s) : s 2 Sg are calledthe coe�cients of the multiset m, and m(s) is called the coe�cient of s.Hence, fEgmaxmin with E : T � OIL Object denotes a multiset m 2 TMS wherem(match(E)) 2 [min;max] is the coe�cient of objects matching E. The pred-icate match(E) is de�ned as the match operation of the corresponding OILtype T .For simplicity reasons, we also allow an alternative syntax for denoting ex-plicitly enumerated multisets, namely fe1; e2; : : : ; eng, where m(s) = 1, ifs 2 fe1; e2; : : : ; eng, and m(s) = 0, otherwise. As special cases, feg denotes amultiset containing exactly one object e, and feg11 denotes a multiset contain-ing exactly one object matching e.
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Tr1Fig. 2. A multiset arc annotation.An example is sketched in Fig. 2. Transition Tr1 consumes either three, fouror �ve tokens of type T from place P1 . In particular, if place P1 containsat least �ve tokens of type T , the choice whether three, four or �ve tokensare withdrawn is non-deterministic. Because suitable multiset annotations arealready part of the CPN de�nition, we need no explicit translation to a lower{level formalism, here.Named places.The last feature to be introduced are named places. The idea is the following. Anamed place in a net is a place which has a variable representing an associatedname. The content of this variable is the identi�er of the actual place thatthe named place represents. As a result of transition occurrings, the contentof these variables may be changed, which allows another actual place to berepresented by the named place. Graphically, transitions reading or modifyingname variables are drawn with arcs adjacent to them, as it can be seen inFigure 3.a.The intention is to model object space places as named places. Since withinone agent an object space is represented by variables containing a \reference"to an actual object space that can be changed at run time (e. g. by an attachoperation), this kind of 
exibility is necessary.Named places allow a hidden form of dynamicity in the net structure. Chang-ing the content of a named place variable means changing the actual inputor output place for transitions that are adjacent to the named place. Hence,13



corresponding arcs are no longer a relation between places and transitions,but rather a relation between place variables and transitions.
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The out transition is a timeout transition with an output arc with multiset an-notation, and with a named output place. Since there is no non-deterministicinput arc, the possibility to occur coincides with enabledness for this opera-tion: if the transition is enabled, it either occurs normally, within timeout time,or the timeout exception mechanismmakes it occur if it has not occurred afterbeing enabled for timeout time.The template for eval is presented in Fig. 4.d. If the transition occurs withinthe time bound, an agent o is shifted towards the AgentSpace place, repre-senting its activation. In this case, the new agent is assigned objsp as its initialcontext object space. The bidirectional arc between the transition and thename variable of objsp denotes that the PlaceId token of the object space isused (withdrawn and replaced) for assigning a context object space to thenewly created agent.The attach operation (Fig. 4.e) is a rd operation with a multiset containinga single object o. Additionally, there is an output arc to the name variableof the object space to attach to where the respective PlaceId is stored. Here,the function assign 2 [OIL Object� PlaceId! Logical] assigns a PlaceId to anobject, yielding a logical . Analogously, retrieve 2 [Logical ! PlaceId] retrievesa PlaceId from a logical . Finally, get 2 [Multiset ! OIL Object] retrieves anobject from a multiset. Fig. 5 illustrates the expansion of the attach operationto lower level CPN/TPN components, analogous to Fig. 3.
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3.3 Agents with Petri net speci�cationsWe now introduce the notion of agent class, as opposed to agent type, as tobe de�ned in Sect. 4. An agent class is de�ned as an abstract implementationof a set of similar agents. In contrast, agent types are speci�ed based only onthe observable behaviour of agents. Analogous to sequential object{orientedprogramming, it is possible to implement a certain agent type by several,di�erent agent classes. Fig. 6 shows a generic model of an agent class whichconsists of:� class name, which identi�es the name of a collection of identical agents.� object space places, a particular set of named places which correspondto the object spaces.� the agent space place, one particular place in the agent net which repre-sents the agent space.� the agent net, the high-level net representing the (autonomous) behaviourof the agent. Similar to CPNs, agent net transitions can be annotated withtransition code segments. Code segments are portions of sequential codefor transforming the transition input tokens into the respective output to-kens. Basically, code segments are functions of the transition input tokens,which do not allow side e�ects on objects (tokens) other than the ones thatsubmitted to the transition occurrence.� declarations, an enumeration of variable and function declarations that areused within the agent net. It should be emphasized that these declarationsare not data representations for the agents of this class. Rather, they areonly used in arc and transition annotations of the agent net.
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3.4 Constructing an overall netWe now provide an outline of an algorithm that takes a description of a systemin terms of Objective Linda agents with pnsol net speci�cations, and yieldsone overall net, modelling a snapshot of a con�guration.The algorithm is divided into two phases. The �rst phase translates eachagent de�nition separately into a high-level net. The second phase mergesthese nets into one overall net. The global idea is that all agents of one classare represented by one Petri net, where the state of each individual agent isidenti�ed within this Petri net by tokens identifying the agent of which theyare part of. Separate nets then communicate through shared places (modellingthe object spaces).Phase 1: Translation of agent de�nitions.The goal of the �rst phase is to have a representation of all agent instancesby one net per class of agents. This net does no longer contain any of the newfeatures we introduced in Sect. 3.1 and 3.2. The �rst phase consists of foursteps:(1) The �rst step is to expand the transitions representing Objective Lindaoperations, as explained in Sect. 3.1 and 3.2. At this time, per class ofagents Agent, a new object type is de�ned, CreationRequestAgent. Theoutput tokens of the eval transition are replaced by pairs <Creation-RequestAgent ; context> where context refers to the object space thenew agent is to be created in.(2) The second step is to translate the named places, namely the object spaceplaces of the agent nets. All object space places are replaced by one place(per agent class). Arcs that were adjacent to an object space place arereplaced by an arc that is adjacent to the joint object space place. Thearc annotation is changed and a new place per object space variable (oftype PlaceId) is introduced, as explained in Sect. 3.1(3) All arcs that are not adjacent to object space places change annota-tions: each annotation T denoting an object is replaced by an annotation<agent id;T >. Arcs having implicit annotations, denoting anonymoustokens, are replaced by an annotation representing tokens as <agent id>.(4) Finally, the initial marking of the agent is withdrawn. A new transition,called InitNewAgentAgent, is added. Its set of output places equals theset of places that are marked initially. One occurrence of this transitioncreates a new agent identi�er, and then forwards tokens, which mustcorrespond to the establishment of the initial marking of a new agent.18



Phase 2: Merge agent de�nitions.When all the agent de�nitions have been expanded separately, they can bejoined as to constitute one overall net. This is achieved correctly by merg-ing each object space place of all di�erent classes of agents into one over-all object space place, and by merging all AgentSpace places into one over-all AgentSpace place. Furthermore, each transition InitNewAgentAgent getsone input arc, connecting it with the AgentSpace place, and is annotated by<CreationRequestAgent;context>. This ensures that the initialization transi-tion of a new agent can occur if (and only if) a creation request for an agentof class Agent has been issued.4 Agent typesType systems (describing relations in type hierarchies) are well understoodfor passive objects [27]. Types specify an object's interface presuming an en-capsulated object state, ensuring only type safety such that no \message notunderstood" errors will occur. However, this de�nition is too weak for typesof passive objects in a concurrent environment. This observation led to morebehaviour{oriented type de�nitions and correspondingly a \behavioural notionof subtyping" [19]. As a natural continuation, behaviour and types of activeobjects are being investigated. The starting point of these research activitiesare active objects that communicate either by message-passing, as in Actorsystems [1], or in a client/server style [24]. In the sequential case, invoking anunavailable operation indicates a program error. In a concurrent environment,however, this is an expression of synchronization conditions in which the call-ing object has to wait until the operation is available [23]. The work in [24]introduces a type system for active objects that is based on this principle forwhich the term non{uniform service availability was coined.In this section, we will introduce a notion of types and subtypes for activeobjects based on the observable behaviour of agents. The observable behaviourof an agent is de�ned by the e�ects of its actions. In an Objective Lindaenvironment, agents can only be observed by other agents through objectsthey store in object spaces.Before we can de�ne agent types and subtypes, we de�ne the notions of com-putations, observers, and experiments. Therefore, we rely on the work in [6]which itself is based on the notion of testing equivalence [7].De�nition: ComputationConsider a snapshot of a system S, for which a Petri net NS has beenconstructed (as proposed in Sect. 3). Let M0 be the initial marking of NS.19



A computation of the system S is a (�nite) sequence of net markings CS =(M0, M1, : : : , Mn), n > 0, such that Mi+1 is a reachable marking startingfrom Mi (in PN terms: [Mi>Mi+1) ), for i = 0 : : : n� 1.A computation CS of S is called maximal i� there is no computation C 00Sfrom M0 such that C 00S = CS; C 0S.pnsol has been introduced for describing agent behaviour, especially theagents' interactions with object spaces. Hence, we can use an observer asa \third-party agent" for investigating observable behaviour. We pose the fol-lowing two restrictions on observer agents in order to make them useful inexperiments, as de�ned below: (a) a test (the evaluation of an observer agent)takes �nite time and observers are described by �nite nets, and (b) an ob-server does not stop if it can proceed, which can be formalized by the notionof maximal computations.De�nition: ObserverAn observer O is an Objective Linda agent that can output (but not input)an object of a distinguished type OK into its context object space.The idea is the following: An observer agent is used for investigating theobservable behaviour of another agent. A test setting is a system con�gurationconsisting of two agents, the agent whose behaviour is being investigated, andthe observer. An observer is intended to test the agent, and depending on howthe agent reacts to this test, the observer may �nally decide that the agentpassed the test, and it consequently out 's an object of type OK into its contextobject space. This idea is embodied by the concept of experiments.De�nition: ExperimentGiven an Objective Linda agent A and an observer O, an experiment E forA and O in the semantics pnsol is a maximal computation (M0, M1, : : : ,Mn) of the system consisting of nets de�ning the classes of agents A and Oand the StartUp agent S which is shown in Fig. 7.An experiment (M0, M1, : : :Mn) is said to be successful if at marking Mn,the place ObjectSpace contains an object of type OK . Otherwise, the ex-periment is called unsuccessful.The result of applying an observer O to an agent A with respect to semanticspnsol is result(O;A) � ftrue; falseg de�ned by: true 2 result(O;A) if thereis a successful experiment for A and O. false 2 result(O;A) if there is anunsuccessful experiment for A and O.Now we can formally introduce agent types in terms of their observable be-haviour:De�nition: Agent Type 20
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check whether for each experiment performed with the observers o 2 OT anobject of type OK is stored into the context object space of o. Rephrasingthis in terms of the Petri net representation of the \observation system" (theoverall net), results in checking whether (for each o) a token of type OK is putinto the ObjectSpace place. This can be rephrased in terms of a well{knownproperty of Petri nets: liveness. A transition t is called live i� for each markingM reachable from the initial markingM0, there is a marking that is reachablefromM , such that t is enabled. Consider the observer agent in Fig. 7. Its agentnet contains by de�nition a transition Trout representing an out operation ofan object of type OK on its context object space.We can conclude that an agent A is of type T i� for each observer o 2 OT , thetransition Trout in the Petri net representation of an experiment consisting ofA, o and a StartUp agent is live.Because Coloured Petri Nets, onto which we map the building blocks of ourformalism, are computationally equivalent to Turing machines, liveness is ingeneral undecidable. But with suitable restrictions to �niteness of nets andobject domains, liveness can be at least automatically checked, as it is e.g.done by the Design/CPN tool [14]. Additionally, the work in [28] reports thatthe introduction of time annotations like the ones we use does not prohibitfeasibility of liveness checking. In the following section, we will illustrate theusefulness of pnsol by an example in which the type{conformance of givenactive objects can be shown by Design/CPN.5 Example: A Manager/Worker ArchitectureThe goal of this section is to illustrate the applicability and usefulness of ourapproach. We consider a common structure of parallel programs, namely amanager/worker architecture. For this architecture we identify generic com-ponents for manager and workers which can be instantiated and (re{)usedlater on by parallel applications.This example aims to show that successful cooperation between managerand workers can be speci�ed by Agent Types. By re{using given compo-nents which have been shown to cooperate successfully (by type checkingof their agent types), application{speci�c instantiations of these componentswill also cooperate successfully. Hence, application programmers may rely oncorrect coordination{level components and are able to focus their e�orts onapplication{speci�c problems. We give a succinct description of a parallel ray-tracing application that reuses the presented manager/worker architecture.22



5.1 Generic Manager and Worker ComponentsIt is a common situation in parallel programming to have a speci�c managerprocess divide a given problem into smaller tasks and distribute these tasksamong available worker processes. While workers repeatedly process such tasksand return corresponding results to the manager process, the managerial taskis muchmore complex.The manager not only has to operate on the applicationlevel by providing task units and later combining the received results to theoverall result of the application. It also has to perform coordination{level taskslike assigning tasks to workers and terminating workers.
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application{speci�c instantiations of managers and workers can then be builtfrom our abstract components by means of inheritance. Using pnsol, it can beshown that ourManager andWorker components cooperate successfully. Hence,correctness of a parallel application based on our components only depends onthe correct implementation of the worker function w 2 [task! result] and themanager function m 2 [resultMS ! global result] for computing the results ofsingle tasks and for their combination to the overall result of the application,respectively. Both w and m are independent from coordination issues and arehence much easier to implement than equivalent functionalities directly basedon operations of a coordination model.The interactions between the Manager and Worker components are illustratedby the Booch diagram [2] shown in Figure 8. In these diagrams, dashed cloudsindicate classes; solid triangles marked with an \A" denote abstract classes;a solid undirected edge with a hollow circle at one end indicates a \uses"relation between two classes. Furthermore, directed edges indicate inheritancerelationships between classes; and a solid circle illustrates a composition re-lationship between two classes. Figure 8 is generally divided into two layers,one for coordination aspects and one for application aspects. Furthermore, thediagram is orthogonally divided into the manager role, the worker role, andthe data exchanged between both, namely objects and object spaces.The Agenda is the central shared data structure (the object space) throughwhich the abstract components of the coordination layer (namelyManager andWorkers) communicate. The Task and Request objects exchanged in this layerare primarily used as containers for their application{speci�c counterparts,Task Description and Result. By being subtypes of OIL Object, objects of bothtypes can be \transported" as parts of Task and Request objects via the co-ordination layer in a transparent way, namely without knowledge about theseapplication{speci�c types in that layer. Finally,Concrete Manager and ConcreteWorker are instantiated by inheriting from Manager and Worker, respectively,while providing suitable implementations for their application{speci�c meth-ods like the above mentioned manager function m and the worker function wwhich we now can re�ne to be de�ned as w 2 [task description! result].5.2 Interactions between Manager and WorkerAlthough a manager/worker architecture seems to be trivial at �rst glance,there is a broad spectrum of possible interaction protocols between Managerand Workers [8]. In the simplest case, the Manager just out's all Task objectswhile the Workers in them as long as there are still Task objects available.They then out Request objects containing the corresponding results back tothe Agenda. This type of collaboration is only useful in situations in which24



(a) workers can be safely set up after the agenda has been �lled (becausetheir reasoning is based on the absence of objects and hence they cannotdistinguish between \no more tasks" and \tasks not yet available"), (b) theentire set of tasks is known at program startup, e.g. there are no iterationswith processing steps of the manager in between (also due to \reasoning onthe absence of objects"), (c) the assignment of tasks to particular workers isnot important (e.g. it will have no signi�cant impact on performance), and (d)the entire set of tasks can be stored in the agenda without violating memoryrestrictions.In order to deal with problems (a) and (b), Workers can also join a \workergroup" maintained by theManager at program startup and leave it after havingreceived a \stop task". In order to deal with problems (c) and (d), workerscan request tasks being assigned to them from the manager which e.g. allowsto perform load{balancing issues.Further re�nements of manager/worker interactions may stem from the needto decouple the number of Result objects being created by the workers fromthe number of tasks created by the manager, which might become necessary inorder to overlap processing between manager and workers or for implementingadaptive schemes in which workers may act as \sub{managers" for parts ofthe tasks assigned to them.Finally, creation and termination of Workers may also be withdrawn fromthe Manager's functionality and may be performed by a speci�c scheduler orresource{manager component in order to perform computations in dynami-cally changing con�guration like workstation clusters [17].Because of diversity and complexity of the interaction protocols betweenMan-ager and Workers, it is a highly desirable goal to provide generic componentswhich provide all necessary functionality in the coordination layer to be re{used by parallel applications. In the following, we will show how Agent Typesas introduced in Section 4 and corresponding type checking can contribute toimplementing such components with reliable behaviour.5.3 Constructing Reliable ComponentsWe now illustrate how such reliable components can be developed using pnsolspeci�cations and checking of Agent Types. In order to keep our presentationsimple, we restrict ourselves to the case in which the manager out's n taskobjects and in turn in's n result objects. The corresponding workers repeatedlyin a task object, compute the corresponding result, and out a result object,until the agenda object space contains no more task objects. Also, we assumethat workers are eval'uated separately and will not stop processing tasks until25



all tasks have been computed. Agent classes for manager and workers basedon the pnsol formalism are shown in Figure 9. The Manager agent classspeci�cation includes a simple agent net. It contains one object space, calledagenda, which represents the object space that Manager agents will share withWorker agents. From the initial state of aManager agent, the transition labelledout is enabled. If this transition occurs, the agent constructs n Task objects,t1; : : : ; tn, and stores these into the agenda object space. Thereafter, the agentis in a state in which the transition labelled in can occur when n Requestobjects can be retrieved from the agenda object space. When this transitionhas occurred, the Manager agent has completed its activities.The Worker agent net models the autonomous behaviour of Worker agents asfollows. It also relies on one object space, called agenda, through which it willbe composed with a Manager agent. From the initial state of the Worker agentnet, the transition labelled in can occur if it can retrieve a Task object from theagenda object space. Thereafter, the agent may execute this task by perform-ing particular computations based on information from the Task object. Theresults from these computations are encapsulated in a Request object, whichis �nally restored in the agenda object space through the transition labelledout. This action re-establishes the initial state of the agent, which can repeatits behaviour.
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an agent class WorkerObserver.
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color Anonymous = with anonymous;
color Request = with request;
color Task = with task;
color WorkerId = int;

color WorkerAnonymous = product WorkerId * Anonymous;
color WorkerTask = product WorkerId * Task;
color WorkerRequest = product WorkerId * Request;

color CreationRequestWorker = with createworker;
color CreationRequestWorkerObserver = with createworkerobserver;

color OK = with ok;

color PassiveObject = union nnms:Anonymous + wrkrnnms:WorkerAnonymous + tsk:Task + rqst:
Request + wrkrd:WorkerId + wrkrtsk:WorkerTask + wrkrrqst:WorkerRequest + crw:
CreationRequestWorker + crwo:CreationRequestWorkerObserver + k:OK declare ms;

var t : Task;
var i : WorkerId;
var obj : PassiveObject;Fig. 12. Overall net for analyzing Worker behaviour: declarations.complete set of reliably communicating components can be built like it hasbeen shown above for the simplest possible case.Automated type checking for agent types is not the only bene�t of specifyingagent behaviour by pnsol, the corresponding agent types, and their CPNequivalents. Additionally, tools like Design/CPN are also capable to performmore empirical analyses like simulations of given systems. Such simulationsare quite useful for understanding runtime behaviour of given agent nets,especially in cases in which erroneous behaviour has to be detected and to beunderstood in order to correct it.5.5 Parallel RaytracingIn this section, we illustrate the use of the abstract Manager and Worker ar-chitecture by a parallel raytracing program [8]. Raytracing is a widely usedmethod for generating realistically looking images on a computer. The inputto a raytracing algorithm is a scene { the description of the geometry of 3Dobjects and the de�nition of the objects' materials, the lights, and the imagi-nary camera. The output is the image of the scene, i.e. the colour of each pixelof the image (also called a frame), as seen by the de�ned camera.A straightforward way to perform raytracing in parallel is to distribute thepixels of the image to di�erent processors and colour them independently. Inthis approach, each processor has the complete scene description available inorder to compute the colour of any frame pixel. This approach is typicallyrealized by a manager/worker scheme.In the following, we present a simple scheme using our manager/worker archi-tecture for parallel raytracing, illustrating the reusability of our components.29



We provide application{speci�c classes for manager and worker agents throughinheritance of the corresponding abstract classes. These subclasses employ thesame agent nets as their abstract superclasses; only transition code annota-tions are rede�ned. We use a C++ notation for describing the implementationof the transition code.A straightforward approach is that the manager divides the image into linesand puts each line as a task to be processed into the agenda. The workersretrieve tasks from the agenda, process them and put the computed resultsback into the agenda. Worker agents repeat this behaviour until all tasks havebeen processed.We assume two subclasses of OIL Object, range and image, denoting the rangeof lines in the frame to be computed and the corresponding image lines. Theclasses Simple Manager and Simple Worker inherit from the abstract classesManager andWorker, and implement code segments of the respective superclassagent nets in order to correspond to the application{speci�c behaviour ofmanagers and workers in the raytracing program.A C++ implementation of Simple Manager and Simple Worker is shown in Fig-ures 13 and 14, respectively. The operation setup agenda of the Simple Managerclass represents the code segment that is associated with the setup agenda tran-sition of the agent net. The operation parameters re
ect the transition inputtokens, the return value corresponds to the output tokens. The setup agendaoperation constructs a multiset of tasks by separating the image in disjointranges. The operation process result represents the code segment of the pro-cess result transition, which takes a multiset of results and computes the �nalresult of the application.The Simple Worker class mainly de�nes an implementation for the code seg-ment that corresponds to the compute result transition of the abstract Workeragent net. The operation takes one parallel raytracing task as its input pa-rameter, and yields a computed result.As can be seen from the code fragments, both application{speci�c classesonly have to implement the operations speci�c to their own problem domainwhereas the coordination{related code for the interaction between managerand workers has been separated into dedicated reusable components whiletheir successful interaction can be shown by (automated) analysis of Petrinets. 30



class Simple_Manager : public Manager{private:int lines, lines_received;protected:virtual Multiset *setup_agenda(void) {Multiset *m;for (int i = 0 ; i < lines ; i++ )m->put(*new range(i,i));return m;}virtual void process_result(Multiset *m) {// store image lines to file}public:Simple_Manager (int size_of_image){lines = size_of_image; lines_received = 0;}}; Fig. 13. A C++ class Simple Manager.class Simple_Worker : public Worker{protected:virtual OIL_Object *compute_result(OIL_Object* my_range){return image lines(my_range); // compute image of line range}}; Fig. 14. A C++ class Simple Worker.6 ConclusionsIn this work, we motivated the construction of parallel applications by compos-ing active objects that communicate via Objective Linda, an object{orientedcoordination model. In order to enable reasoning about the behaviour of activeobjects, we brie
y outlined Objective Linda itself and introduced a formal se-mantics for it (pnsol), which is based on high{level Petri nets. We have chosento use high{level Petri nets because they provide an intuitively understand-able, visual formalism that is highly expressive with respect to concurrency,causality, and non{determinism. Furthermore, high{level Petri nets can relyon a solid theoretical foundation and hence allow formal reasoning, as weemploy it for verifying behaviour of active objects.31



We showed how pnsol building blocks translate to features of Coloured PetriNets (CPNs) and Time Petri Nets (TPNs). Besides providing a formal seman-tics for Objective Linda by means of pnsol, we also introduced the notion ofagent nets which represent the behaviour of a single active object, called agentin Objective Linda terms. In order to enable reasoning on the behaviour of sev-eral interacting agents, we outlined an algorithm for transforming all relatedagent nets into a single overall net on which reasoning can be performed.Based on pnsol, we introduced a notion of agent types where so{called ob-server agents verify whether or not a given agent successfully passes a givenexperiment . We de�ne agent types by sets of successfully passed experimentsand a subtype relation on subset inclusion, accordingly. Type checking canbe performed by testing the liveness of certain transitions inside the observeragent nets.We illustrated the usefulness of pnsol and the corresponding agent types bythe example of a manager/worker software architecture. We presented genericmanager and worker components which we have shown to cooperate success-fully by an automated liveness analysis using the Design/CPN tool. As weoutlined, these generic manager and worker components can be easily instan-tiated in order to form concrete managers and workers for use in parallel ap-plications. Hence, every application which is built by reusing our generic com-ponents can rely on an interaction mechanism between manager and workerswhich has been shown to operate correctly.The properties shown for the manager/worker example are quite encouraging.It is hence an important goal for future work to build a toolkit of coordinationabstractions consisting of reliable, reusable components with already showncorrect interaction.References[1] G. Agha. Actors: A Model of Concurrent Computation in Distributed Systems.M. I. T. Press, Cambridge, Massachusetts, 1986.[2] G. Booch. Object Oriented Design with Applications. Benjamin/Cummings,1991.[3] N. Carriero and D. Gelernter. How to Write Parallel Programs. MIT Press,Cambridge, Massachusetts, 1990.[4] N. Carriero, D. Gelernter, T. G. Mattson, and A. H. Sherman. The Lindaalternative to message{passing systems. Parallel Computing, 20(4):633{655,1994. 32
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