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1 Introduction 2allows distributed software components to be speci�ed transparently. We want to describesystems that may communicate through the barriers of architectural di�erences and allowthe system, as a manager of resources, to persist when applications terminate. In particular,this requires support for coordinating autonomous heterogeneous software systems whichmay, for example, consist of active processes, distributed database objects, and intelligentproblem-solving experts.Some of the key issues involved in addressing problems of coordination are related toreference and access scope rules. We have developed the ActorSpace model to provide apotential method for addressing these problem and experimenting with di�erent alternatives.ActorSpace extends actor-style point-to-point asynchronous [1] communication with pattern-directed invocation. Point-to-point communication provides e�ciency in a distributed systemby allowing locality to be directly expressed and optimized. On the other hand, pattern-directed communication allows abstract speci�cation of a group of recipients.In ActorSpace, actor groups are de�ned by using speci�c attribute patterns, scopedwithin a speci�ed actorspace: the potential targets of a message may be de�ned within aspeci�c actorspace using destination patterns. Note that actorspaces may overlap, and inparticular, may be nested. The intuition behind ActorSpace can be roughly given in termsof two metaphors as follows.In mathematics, a set may be described in one of two ways: by enumerating its elements,or by specifying a characteristic function which de�nes a subset of a domain. Specifyingan explicit collection of mail addresses of actors corresponds to enumerating the elementswhereas pattern directed communication corresponds to specifying a characteristic function.Of course, in conventional mathematics the two characterizations are equivalent as math-ematical objects are static. The mathematical metaphor breaks down since actors maydynamically change their behavior.



1 Introduction 3A second analogy is with mailing lists and telephone directories in the real world. In-dividuals may be listed in many lists. Each list may contain a set of attributes associatedwith the individual { as viewed by that list. More complex databases may allow retrieval ofindividuals using search based on patterns of attributes.Note that broadcasting can be (and typically is) implemented in terms of message passingand does not extend the expressibility of the paradigm, but if the notion of a group of receiversis introduced, the system can hide the actual number of members and their location from theapplication process. The application may then leave it to the system to deliver the messageto all appropriate receivers. This provides an abstraction that may be easily applied toreplicating services, for instance to enhance reliability or increase performance. Moreover,in ActorSpace, services may be structured using nested actorspaces; computations may thenbe successively localized once initiated. Alternately, di�usion scheduling may be obtainedby successively transferring work to local neighborhoods of processors.Pattern-directed communication allows open exible interfaces for object access. Forexample, pattern-directed communication provides an appropriate model for supporting ac-cess to class libraries of processes in a concurrent object-oriented programming environment.Consider each class as an actor which may return its instances. The interface speci�cationsof classes may be represented as attributes which are then used to dynamically access classesfrom the library.Outline of the PaperSection 2 describes related work. Section 3 describes the Actor model, on which our newcoordination paradigm has been based. Section 4 informally de�nes the ActorSpace program-ming paradigm. ActorSpace is obtained by adding a few primitives to the Actor model and



2 Related Work 4thus retains the Actor model as a special case. Pattern-based communication in ActorSpacereects the perspective o�ered in Linda, where processes communicate with multicast-likeprimitives. Section 5 gives an example of an application that demonstrates how the pro-gramming paradigm elegantly solves particular situations. Section 6 describes the designand implementation of the prototype that we have developed. The �nal section concludesthe paper by discussing directions for future research in ActorSpace.2 Related WorkSeveral mechanisms have been proposed for interconnecting di�erent architectures for het-erogeneous computing. The general philosophy of heterogeneous computing, and the Ac-torSpace model, is to have a network of nodes appear as a coherent system at a certainlevel of abstraction. Speci�cally, by trying to enforce a high-level uniformity in softwarewhile allowing di�erences in hardware, architectural di�erences between individual nodesare masked.MIT's Project Athena [11] supports heterogeneous systems at the application level, bytrying to standardize the appearance of applications at the interface level. Carnegie{MellonUniversity's Andrew System and its successor Coda File System [35, 37] o�er heterogeneityat the resource level by supporting a large shared �le system on a network of di�erentcomputers. The same goes for SUN{NFS, a Networked File System developed by SUNMicrosystems. The protocol used in SUN{NFS is stateless and makes SUN{NFS partiallyfault-tolerant: if a server fails, clients can simply wait until the server comes online, at whichpoint the transfer is retried. The University of Washington's \The HCS Environment forRemote Execution" (THERE) system [36], uses Heterogeneous Remote Procedure Calls, orHRPC (see below), as means of interaction. THERE supports multiple standards for data



2 Related Work 5representation, transport- and control prototols, instead of legislating a single standard.Other proposals use a more low-level approach. HRPC [12] being developed at theUniversity of Washington provides remote procedure calls (RPC) to machines with di�erentarchitectures. The Agora System [14] o�ers shared memory for coordination between andwriting of parallel applications in multiple programming languages. ARCADE [21] o�ersshared memory with operations to transmit memory blocks to other machines and sharingof blocks with other processes. The Parallel Virtual Machine (PVM) [39] has been used tobuild a heterogeneous system called Heterogeneous Network Computing Environment, orHeNCE [23]. HeNCE is a tool for developing parallel applications with PVM, which is themain task of PVM.It is important to notice that there are several fundamental styles of heterogeneity: looseintegration through networking (HRPC and ARCADE), integration of di�erent programminglanguages (Agora), common interfaces to di�erent systems (Athena, and to some extentAndrew), and transparency at the operating system level. The important issue is that allthese systems o�er coherence at a certain level of abstraction.The ActorSpace coordination primitives we will develop include broadcasting messages togroups of receivers, also known as multicasting. Broadcasting has been studied for some timenow. Initial work was done on extending RPC to support replication [22], on broadcastingas a programming paradigm [25], and on protocols for reliable broadcasting [18]. Laterwork has focused on protocol design [30, 34] and on improving and supporting reliability ofbroadcasting protocols [24, 13]. In operating systems research, the notion of process groupshas been introduced in several systems, among them the V Distributed System [19] and theISIS Toolkit [38]. Broadcasting has also been discussed as a way of achieving fault-tolerancein operating systems [9]. Broadcasting provides a exible way of replicating a service, wherea client broadcasts a request to a group of servers, and collects one or more responses using



2 Related Work 6some voting criteria [22].ActorSpace builds on a concurrent object-oriented programming paradigm (COOP).COOP systems, such as Actors [1], Emerald [29], Orca [10] and Concurrent Aggregates [20]support an object-based programming model, where objects may invoke methods in otherobjects by giving a reference to the object and parameters for the invocation. As in Ac-torSpace, the location of the object and its representation is transparent. On the otherhand, ActorSpace also supports open interfaces that allow pattern-based access betweenobjects which have no reference to each other. An overview of recent Actor research by theauthors' group may be found in [5]. A survey of COOP systems appears in [2].Linda [16] provides process interaction through a globally shared memorywith associativeoperations on the contents. Thus information is available so that anyone can potentiallyaccess it. Our goal is to capture the open access similar to Linda, where processes aredecoupled from each other, but at the same time o�er locality to provide more e�cient,secure communication.Variations of the Linda model include Jagannathan's �rst-class tuple spaces embedded inScheme [28]. In Jagannathan's model, tuple spaces are �rst class objects, i.e., tuple spacesmay be created dynamically, passed as arguments or returned as results from functions, andused in tuples or data structures. The behavior of tuple spaces may be customized, as tuplespaces de�ne policies which allow customization of matching rules, conditions for automaticforwarding to other tuple spaces, blocking of other processes and exception handling forfailures in tuple operations.Note that in Linda and its variants [16, 28, 33], processes must actively poll a tuplespace and specify the type of tuple they want to retrieve. This model results in a number ofsigni�cant di�erences with the ActorSpace paradigm. First, race conditions may occur as aresult of concurrent access by di�erent processes to a tuple space. Second, communication



3 Actors 7cannot be made secure against arbitrary readers { for example, there is no way of abstractlyspecifying that a process with certain attributes may not consume a tuple. By contrast, inActorSpace, the attributes of a message's recipient are speci�ed by the sender. Finally, inLinda, one cannot give an abstract speci�cation which guarantees that communication islocalized once initiated (using patterns). Some industrial experience using actors as a high-level distributed shell language suggests that such dynamic linking capability is extremelyuseful (e.g. [40]).An earlier proposal using pattern based data storage and retrieval was the Scienti�cCommunity Metaphor [32]. The Scienti�c Community Metaphor proposed problem-solvingby pattern based access to a shared knowledge base by a community of computational agents,called Sprites. In fact, the Sprites model and Linda are remarkably close: the main di�erencebetween them is that Linda allows communication objects (tuples) to be removed from thetuple space whereas Sprites support only a monotonically increasing knowledge base [31].Concurrent Aggregates [20] o�ers another communication model based on groups; clientsname a group of actors when sending a message, and one of these actors will actually receivethe message. Furthermore, Concurrent Aggregates supports nesting of aggregates, so thatan entire group of aggregates may be targeted for a message. Note that membership andcontainment relationships in this model correspond to a strict hierarchy.3 ActorsThe Actor model was �rst proposed by Hewitt [26], and later developed by Agha [1, 3].The model can be thought of as providing an abstract representation of multi-computer



3 Actors 8architectures. An actor1 is an active object which interacts with other actors using asyn-chronous point-to-point message passing. Actors are self-contained, interactive componentsof a computing system that communicate by asynchronous message passing. The basic actorprimitives are:create: creating an actor from a behavior description and a set of parameters, possiblyincluding existing actors;send to: sending a message to an actor; and,become: an actor replacing its own behavior by a new behavior.These primitives form a simple but powerful set upon which to build a wide range ofhigher-level abstractions and concurrent programming paradigms. The create primitive is toconcurrent programming what de�nition of a lambda abstraction is to sequential program-ming: it extends the dynamic resource creation capability provided by function abstractionsto concurrent computation. Each actor has a unique mail address determined at the time ofits creation.The become primitive gives actors a history-sensitive behavior necessary for shared mu-table data objects. This is in contrast to a purely functional programming model andgeneralizes the Lisp/Scheme/ML sequential style sharing to concurrent computation. Thebehavior of an actor is the actions performed in response to a message. Actors can changetheir behavior dynamically to any other behavior desired.The send to primitive is the asynchronous analog of function application. To send amessage, the target of a communication needs to be speci�ed. It is the basic communication1We will capitalize Actor when referring to the model and use lower case to refer the individual objects(except where grammatical correctness requires capitalization!) The same convention will be used for theActorSpace model and individual actorspaces.



3 Actors 9primitive, and messages sent to an actor are bu�ered in a mail queue until the actor isready to process the message. Each actor has a system-wide unique identi�er called its mailaddress. Mail addresses are bound to identi�ers and are not otherwise visible. They may becopied, sent to other actors, or compared using primitive operators (cf. EQ in Lisp). Themail address allows an actor to be referenced in a location transparent way.An actor's acquaintances are the mail addresses of actors it knows. An actor can onlysend messages to its acquaintances, an important property which allows local reasoningabout the safety property of actor systems [7]. Furthermore, communication in Actors issecure: for example, it is not possible to \steal" messages by creating an actor with the samename as an existing actor. Providing an actor with the ability to send messages to a mailaddress does not give that actor the ability to receive messages sent to that address, whichis the case for some formal models, and introduces security leaks.In order to abstract over processor speeds and allow adaptive routing, preservation ofmessage order is not guaranteed. Actors can be created dynamically and have unique names,and acquaintances can be communicated to other actors. Actors do not have to commit toa single type of message when waiting for a message to arrive.Actors can be characterized as a safe programming paradigm; it is possible to do localreasoning about the behavior of actors because one can limit who may send a message.Although this locality property simpli�es reasoning about actor programs, it makes it im-possible for an arbitrary actor (client) to contact an already existing actor, such as an actor(server) which provides a particular service, unless the mail address of the server actor isgiven to the client. In particular, when a new client actor is created it needs to be informedabout the potential servers and, conversely, the existence of a newly added server actor needsto be communicated to potential clients { something that may not be realistic in an opensystem.



4 ActorSpace 104 ActorSpaceThe ActorSpace model incorporates the primitives of actors and extends them to capturethe open access familiar in Linda. Thus actors are decoupled from each other, but at thesame time o�er locality to provide more e�cient, secure communication, and allow processesto receive more than one \kind" of message from other processes. The ActorSpace model isbased on message passing, but allows the user to specify the destinations of messages moreabstractly. Speci�cally, ActorSpace adds three new concepts to Actors:Attributes are patterns which provide an abstract external description or view of an actor.Attributes may be generalized and specialized through conjunction and disjunction,respectively. We do not further specify the representation of attributes, but as asimple realization, they may be based on the familiar property lists in Lisp. Patternmatching may be used to pick actors whose attributes satisfy a given pattern.Actorspaces are a scoping mechanism for pattern matching. Actors and actorspaces maybe made visible or invisible in an actorspace. Visibility allows association of the mailaddresses of actors with their attributes (as viewed by some registrar).Capabilities provide keys for secure access control, for example, in validating requests forvisibility or attribute change requests.Note that corresponding to each actorspace is a manager who validates capabilities andenforces visibility changes. Although we describe default policies for actorspaces, furthercustomization may be obtained by manipulating managers (as we discuss later).ActorSpace coordination may be accomplished in terms of broadcasting messages togroups of receivers. Broadcasting can be (and typically is) implemented in terms of messagepassing, but if the notion of a group of receivers is introduced, the system can hide the actual



4 ActorSpace 11number of members and their identities from the application process. The application maythen leave it to the system to deliver the message to all appropriate receivers. This providesan abstraction that may be easily applied to replicating services, either for reliability orfor increased performance. In ActorSpace, broadcasting is done by specifying a group ofreceivers that should receive a message. The run-time system then carries out the messagedelivery.4.1 Attributes and Pattern-MatchingActorSpace provides two kinds of handles to access an actor: the usual actor mail address,which corresponds to the identity of an actor, and the attributes for an actor that are visiblein some actorspace. Patterns may be used to de�ne groups of actors using their visibleattributes. Abstractly, each actorspace maps a pattern to a set of actor mail addresses bymatching on its list of registered attributes of visible actors.4.2 Actor and Actorspace creationActors are created using the primitive new-actor(capability), which creates a new actor, andreturns its unique actor mail address to the caller; new-actor is identical to the create primitivein Actors. The speci�ed capability, which must have been previously created by the specialprimitive described in the following, is associated with the new actor, and must be presentedto authenticate visibility operations on the actor, i.e., making the actor visible or invisiblein some actorspace. If no visibility is desired, the capability may be omitted, in which casethe actor can never be made visible except if done by itself.Recall that an actorspace is a computationally passive container of actors which acts asa context for matching patterns. Patterns will only be matched against listed attributes of



4 ActorSpace 12actors and actorspaces that are visible in a speci�ed actorspace. An actorspace is createdby the expression new-space(capability) which returns a unique actorspace mail address. Thespeci�ed capability may be used to authenticate visibility operations on the actorspacecreated. As with actors, actorspaces may be visible in other actorspaces. Thus, actorspacescan be referred to by their actorspace mail address or by a pattern.4.3 CommunicationActorSpace communication is done using one of two primitives: send or broadcast. Boththe primitives send a message asynchronously to the speci�ed receiver(s). If a mail addressis used as the destination, the two communication primitives become identical to the sendto primitive of Actors, and delivers the message to the speci�ed receiver without furtherinterpretation of the destination. If the sender speci�es a set of receivers by giving a pattern(which may include a speci�cation of actorspaces to evaluate the pattern in), the pattern ismatched against all listed attributes of actors visible in the speci�ed actorspaces.When send(pattern,message) is used to send a message, a single target actor is non-deterministically chosen out of the group of potential receivers. This is useful when severalactors are replicating a service o�ered to clients. For example, as the messages to theservers are distributed non-deterministically, the load may be balanced automatically byan implementation, and none of the clients need to know the exact number of potentialreceivers. The pattern may optionally include a speci�cation of the actorspaces in which thepattern matching will be performed, and the actorspace speci�cation may itself be patternbased.When broadcast(pattern,message) is used to send a message, all of the actors whose at-tributes match the pattern receive the message. Broadcasting could be simulated by explic-



4 ActorSpace 13itly sending a message to all actors in the group, but this requires that the sender know theidentity of all the members of the group. By simply specifying a pattern, the sender speci�esthe kind of potential receivers but leaves it to the system to determine exactly which actorsshould receive the message. Thus the broadcast primitive greatly simpli�es expressing manyapplications.We assume that delivery of normal and broadcast messages is only �nitely delayed, butthat the message order is not necessarily preserved; thus, unlike other broadcast implementa-tions such as the ISIS Toolkit [13], we do not guarantee a global or partial order on broadcastmessages. Broadcasts may be received by two actors in a di�erent order and point to pointmessages may be interleaved between two broadcasts. If a global order on broadcasts to aspeci�c group is desired, it can be obtained by sending all messages that are to be broad-cast to a special actor whose sole purpose is to receive messages from group members, andthen broadcast these serially to the group using some agreed upon protocol (cf. sequencedsend in the actor language Hal [27]). However, better performance may be obtained by notguaranteeing any order on broadcast messages, when such an ordering is not necessary ordesirable [13, 38], which is why we do not enforce any ordering of broadcasts.4.4 Visibility in ActorSpaceWhen an actor or an actorspace is created, it is not automatically placed in an actorspace;thus it may not be subject to pattern matching on its attributes. Actors and actorspacesmust be made explicitly visible to be subject to pattern matching; thus the default preservesthe locality properties of the Actor model. Actors are autonomous entities, so they are ableto make themselves visible or invisible given an actorspace. Since actorspaces are computa-tionally passive, they cannot make themselves visible or invisible in a given actorspace, whichimplies that authority should be given to some entity, i.e., a manager, to control visibility.



4 ActorSpace 14Managers are supposed to control the system and we clearly do not want every actor to havethe ability to change the visibility of another actor or actorspace.We provide security by the standard technique of introducing capabilities: only the holderof the capability for an actor or an actorspace can change its visibility. Capabilities areunforgeable unique keys that can only be created by calling the underlying system with theprimitive new-capability. Capabilities can be stored, compared, copied and, in some systems,communicated in messages. When creating an actor or an actorspace, a capability may bebound to it, and only if this capability is presented, may an actor's visibility be changed. Acapability may also be bound to more than one actor or actorspace.We introduce two new primitives for altering the visibility of actors and actorspaces,namely make-visible(�,attribute@space,capability), which explicitly subjects the actor or ac-torspace � to pattern matching inside a speci�ed space under the given attribute, and make-invisible(�,space,capability), which removes actors from the speci�ed actorspace.4.5 Destruction of ActorspacesIn addition to being able to create actorspaces and to change their visibility, we providethe possibility of destroying an actorspace explicitly when it is no longer needed. Theprimitive delete-space(space) achieves this e�ect. One motivation for this is to free up theactors for possible garbage collection: as long as an actor is visible in an actorspace, itmay be potentially reachable and thus cannot be garbage collected. This also supports theconcept of having libraries written in the ActorSpace coordination paradigm: libraries oractor-modules may be instantiated in an actorspace, perform a task, and upon completion,the actorspace may be destroyed.Note that when deleting an actorspace, deletion is performed recursively through any



4 ActorSpace 15sub-actorspaces. However, the actors contained in an actorspace themselves are not deleted,rather the deletion amounts to explicitly removing all visibilities contained in the actorspaceand any contained actorspaces. The actors that were visible in the actorspace still exist,although they may now be subject to garbage collection.4.6 Garbage CollectionThe presence of actorspaces a�ects the garbage collection of both actors and actorspaces. Aslong as an actor (or actorspace) is visible in an actorspace, it may be potentially reachable andthus cannot be garbage collected until the container actorspace has been garbage collected.An actorspace may be deleted if no actor has a way of accessing it (and, as with actors, nomessages containing its mail address are pending).Garbage collecting an actorspace corresponds to deleting it: any contained actors andactorspaces will be removed from it. Conversely, when an actor is no longer reachable, andfurthermore cannot potentially reach a reachable actor, a garbage collection algorithm maybe able to delete it. Note that since actorspaces are viewed as passive containers, garbagecollecting them is simpler than actors: inverse reachability need not be considered. We willnot discuss garbage collection further, but we expect that a garbage collection algorithm forthe Actor model [41] may be adapted in designing a garbage collector for ActorSpace.4.7 Fairness and AsynchronyGenerally, ActorSpace messages have the same properties as Actor messages: delivery isasynchronous, but is guaranteed to eventually happen. There are however a few exceptionswhich we describe briey. Consider a message sent using a pattern which is not satis�ed byany visible actor's attributes. In this case, the pattern matching may be suspended until at



4 ActorSpace 16least one actor appears whose attribute is matched by the pattern. This allows asynchronyin attribute updates and pattern-based message passing. On the other hand, such a messagecould be considered an error { forcing additional synchronization.Again, if a message was sent using the broadcast primitive and there is no actor whosename is matched by the pattern, there are several possibilities, including: the broadcast isdiscarded, the broadcast is suspended until there is at least one actor whose attributes matchthe pattern, or broadcasting could be persistent, so that any actor (existing or created inthe future) whose attributes match the pattern, will receive the broadcast message exactlyonce. The last case may be useful in enforcing a protocol or assuming some other commonknowledge in a group.In our current implementation, send and broadcast messages are suspended until at leastone actor arrives whose attribute matches the pattern for the message. This is the cheapestoption that avoids repeated synchronization that would otherwise be needed to addressthe asynchrony in the system. However, a particular choice of semantics cannot satisfy allrequirements. By allowing actorspace managers to be customized, we can vary the temporalconstraints on the matching rules.4.8 A Summary of ActorSpaceThe ActorSpace coordination paradigm has extended the Actor model in two ways; �rst bydecoupling actors in space and time, and second by introducing three new concepts: patterns,actorspaces and capabilities. Patterns specify groups of receivers for messages, actorspacesprovide a scoping mechanism for pattern matching, and capabilities give control over certainoperations performed on actors and actorspaces.ActorSpace supports heterogeneous computing by using the message passing facilities as



5 An Example 17an encapsulation of the individual actor's state. ActorSpace supports an open system byusing a pattern as a speci�cation of the receiving group of actors. By using the ActorSpacecommunication primitives, executing actors need not be aware of the fact that other actorsmay be executing on di�erent architectures (actor names are location-independent). Theresult of this is that actors can join and later leave an ongoing computation or make use ofan available service without a speci�c connection to a set of computing actors or to a server.Actor names (and actorspace names) are immutable identi�cations that are localizedto o�er a precise reference. Patterns allows the holder to send a message to the actor oractorspace which matches the particular pattern. Actor names (and actorspace names) canbe converted into patterns, thereby losing the locality associated with the original actorname. The capability for an actorspace allows the holder of the capability to delete anactorspace, and to make it visible or invisible in another actorspace. A capability for anactor allows the holder to make that actor visible or invisible.5 An ExampleThis section presents an example, which is a simple model of a car manufacturer. The exam-ple will show how applications may be expressed in the ActorSpace paradigm, resulting ina lot of exibility in the implementation. The syntax used in the example uses ActorSpacecommunication primitives and a C-like notation for computation. The communication prim-itives in the example accept several parameters as the message body, and use strings aspatterns, with a Unix-like directory structure, as this is what the current prototype sup-ports. Furthermore, note that although an actor may be registered in multiple actorspaces,the current implementation allows it to also belong to a host actorspace. The host is usedto to resolve patterns unless a di�erent actorspace is speci�ed.



5 An Example 18In the example, we assume that a car consists of a chassis, four wheels, two seats, and asteering wheel; some of these components may consist of subcomponents. We assume thateach of these components may be made separately and supplied to the manufacturer byother manufacturers (sub-contractors). There may be several sub-contractors that are ableto supply the same product. A schematic overview is shown in �gure 1.A potential customer would like to send a request to the car factory, and later receive thecar (we assume the car was already paid for). The car manufacturer uses the aforementionedfour components to build a car, and would like to be able to deliver cars, in spite of the factthat some sub-contractors are out of products, as long as other sub-contractors are able tosupply with the necessary products.We implement each set of sub-contractors in a separate actorspace. This way, messagessent to the actorspace or patterns evaluated in the actorspace will be received by manufac-turers of that particular category only. If we take advantage of the fact that a message sentto an actorspace is forwarded to one of the actors inside it, the code for sending out requestsfor making wheels, seats, the chassis and steering wheel could look like the following:method @make_car() fint i;// Make 4 wheels, 2 seats, 1 chassis and 1 steering wheelfor (i=0;i<4;i++) f// Each invocation makes the wheel 'i' and repliessend(wheel_space:@make_wheel,self,i);gfor (i=0;i<2;i++) f// Each invocation makes the seat 'i' and repliessend(seat_space:@make_seat,self,i);g// Make the chassissend(chassis_space:@make_chassis,self);// Make the steering wheelsend(steering_wheel_space:@make_steering_wheel,self);g



5 An Example 19Note that since ActorSpace does not include a call-return communication primitive, theinvoked sub-contractors must reply explicitly by sending a reply message to the car manu-facturer. Once the factory has been set up, the make car method does not need to knowthe identities of the current sub-contractors. By sending a message to an actorspace, thesystem selects one of the sub-contractors as a receiver, which then processes the requestmade by the assembly. By using the ActorSpace model, the run-time system will keep trackof the available sub-contractors, and the sub-contractors may coordinate among themselvesto satisfy the incoming requests.Each of the sub-contractors should be able to forward requests among each other, if aparticular sub-contractor cannot satisfy the request. This is done by relying on the fact thatall other visible actors in the particular contractor's host actorspace are able to supply withthe same product as itself. By using the pattern ".*" below, we specify that a messageshould be sent to someone in the actor's host actorspace. The code for making a wheel, forinstance, could look like this:method @make_wheel(name requester,int wheel_no) fstruct f int rim; int tire; g w;// Any rims and tires left?if (no_of_rims < 1 || no_of_tires < 1) f// No, forward request to another wheel makersend(".*":@make_wheel,requester,wheel_no);g else f// Create a wheel and send it back to the requester...// Store the numbers in the wheelw.rim = no_of_rims--;w.tire = no_of_tires--;// Reply to the requester with the wheel and its numbersend(requester:@wheel_made,w,wheel_no);gg



6 Design and Implementation of a Prototype 20Finally, we consider the situation of multiple car factories. Each of these factories wouldlike to use some set of sub-contractors, and these sub-contractors may be able to supply morethan one factory with their products. The \Car Manufacturers and Sub-contractors Union"has declared that all car factories are visible in the actorspace with the name "/cars", andsub-contractors are visible in sub-actorspaces under their category, such as "/cars/wheels","/cars/seats", etc. The new code for make car could be the following:method @make_car() fint i;// Make 4 wheelsfor (i=0;i<4;i++)f send("/cars/wheels/.*":@make_wheel,self,i); g// Make 2 seats.....// Make the chassis.....gImplementing this example in Linda or Actors would not have the same elegance and en-capsulation. The Actor model does not have the exible naming facility found in ActorSpace,and in Linda, the multiple car factories would interfere with each other, or sub-contractorswould have to be exclusive to a single factory only.6 Design and Implementation of a PrototypeThe goal of our ActorSpace prototype is to provide a proof of concept; in particular it allowsus to study how the ActorSpace coordination paradigm may be implemented and providesus with some programming experience in using ActorSpace primitives for coordination. Wethus focus on functionality rather than e�ciency. This is not to say that our prototype



6 Design and Implementation of a Prototype 21ignores e�ciency; it is however, a concern secondary to ease of implementation. Our overallintentions with the prototype design are the following:Architectural independence: The design should be as speci�c architecture independentas is possible. Architecture independence makes the support for heterogeneous systemseasier and possibly con�gurable at run-time. By clearly identifying parts that arearchitecture dependent and factoring these parts out, we obtain a system that is easierto move to other architectures, thus allowing multiple versions of the same system tocoexist on the same network with minimal porting problems.Separation: The design should conceptually separate actors from the run-time supportsystem. By separating the functional aspect of the actors which are executing fromthe run-time support (i.e., the ActorSpace kernel), and by having the actors access thekernel through a well-de�ned interface, we allow for extension of the system to includemultiple base languages without modi�cations to the ActorSpace kernel.Extensibility: The design should be minimal, but allow for easy extension. We are devel-oping an initial prototype, thus we want to make a simple implementation which isnevertheless extensible.Experience: The development of the prototype gives us initial experience with implement-ing ActorSpaces. The design of the prototype gives us experience with ActorSpaceimplementations which may be used to re-implement parts of the system for e�ciencypurposes.With the above goals in mind, the implementation focuses on making a small system forinitial experimentation with the ActorSpace coordination paradigm. Instead of building acompiler that compiles the programming language to native assembler, we chose to let the



6 Design and Implementation of a Prototype 22compiler generate byte-codes, and build a small sequential interpreter for interpreting thebyte-codes associated with each method de�nition. An interpreter gives us the additionalexibility of easily loading behaviors at run-time. This is similar to early implementationsof other object-oriented programming languages (such as SmallTalk). Our implementationconsists of the following:� a compiler that compiles source �les into byte-code assembler,� a sequential byte-code interpreter for the computations, with a scheduler for multi-tasking the individual actors, and� coordinators which provide the main run-time support and carry out the ActorSpacecoordination primitives.There are several reasons for using a byte-code interpreter and a scheduler. Besidessimplicity, the prototype will be easier to debug for functionality as well as performance, ifthe computational part is interpreted instead of running as native assembler. The compilerneeds only a single back-end which makes its implementation faster and easier. Finallywe may control the multitasking ourselves because the byte-code interpreter is part of thesystem.We chose the C++ programming language as our implementation language, because wethink that the bene�ts from using an object-oriented programming language greatly out-weighs the performance penalties for a prototype. An implementation whose main concernwas e�ciency would use less generic code to speed up computation.In the following sections we present the overall system design with an overview of thesystem and the design of the run-time support for actors in form of the ActorSpace kerneland the support for heterogeneity as designed in the prototype.



6 Design and Implementation of a Prototype 236.1 An Overview of the SystemThe overall design of the prototype can be separated into two parts: the design of the kernelfor a single node, and the design of a inter-node coordination module. The design of thekernel associates all the executing actors on a node with a single local Coordinator, whichtakes care of executing the ActorSpace primitives. All local executing actors access thecoordinator through a single interface using the same message format as the coordinatorslocated on di�erent nodes, the main di�erence is that the local executing actors need notnecessarily use a speci�c transportation mechanism and may perform a function call instead.The coordinator also receives requests from the network, such as loading a module, ordelivering a message, and carries out the task, possibly invoking the scheduler to changethe state of actors from waiting for an invocation to ready to execute. The local actors areinterpreted by the byte-code interpreter, calling the system-call interface when necessary.This interface builds a message for the coordinator in the proper format, and invokes thedesired service, any return values are propagated back to the executing actor. This is alsoshown in �gure 2.The local coordinator connects to coordinators on other nodes using a (virtual) coordi-nator bus. This provides a transparent interface to actors that are located on other nodesin a network. A coordinator uses the network connection to broadcast information to othercoordinators in order to maintain coherence of the state of ActorSpace. This state includes\live" actors and actorspaces as well as visibility of actors. The coordinators automaticallydetermine the location of an actor given its name and forwards any outgoing messages to theappropriate node using the network connection. The coordinators do not rely on having anetwork with a hardware broadcast facility at its disposal, but would of course bene�t fromit. In order to maintain a coherent view of ActorSpace, an ordering on these coordinatorbroadcast messages is necessary (however not for performing the broadcast primitive). The



6 Design and Implementation of a Prototype 24broadcasting between the coordinators could, for instance, be done using either the Amoebabroadcast protocol [30] or a centralized broadcaster and sequencer [18].6.2 The CoordinatorA coordinator is the main component of the run-time support for an actorspace. A coordina-tor has two main tasks: storing information about the current \state" of an actorspace, andhandling request messages from local actors and other coordinators. Requests can be dividedinto two groups: those which require a broadcast message to other coordinators { namelythe operations new-actor, new-space, make-visible, make-invisible and delete-space in order tomaintain a coherent view of ActorSpace, and those that do not { namely, new-capability,send, broadcast, become and init-behavior. Note that broadcast may require a multicast tothose nodes where actors that match a pattern are residing; this can be determined giventheir names.To increase the e�ciency of the nondeterministic message send and the broadcast, thecurrent implementation requires all coordinators to keep a coherent view of ActorSpace.This allows communication and behavior transformations to be performed in parallel, andin optimal cases where the only actors involved are residing on the same node, we avoid anetwork message. This is more e�cient than a centralized ActorSpace coordinator, whichwould be a potential bottleneck for local operations. The global broadcasts between coor-dinators reduce the speed of creation and deletion of actorspaces, and of actors which havevisible names (and thus may be registered in multiple actorspaces). The design decision isinspired by the fact that these operations are performed less frequently. On the other hand,the design decreases the e�ciency of executing visibility manipulations.A broadcast demanding request is divided into two phases: a global phase, which ini-



6 Design and Implementation of a Prototype 25tializes and broadcasts the request that is to be distributed to all relevant coordinators, anda local phase, where the actual request is performed on the local node. The non-broadcastrequest are done in a single phase when the coordinator receives the request. When sendinginvocation messages (i.e., send and broadcast), the coordinator matches the pattern againstall visible actors, and determines the destination. If any of the destination actors happento be on a remote node, a message is sent to that node to forward the message to theappropriate actors.The implementation of the coordinator is very close to the described design. To providesingle node capability, a coordinator sets up the network connection only if necessary, andarranges to be interrupted whenever a message from another coordinator occurs. All theimplemented operations are still split up into a \global" and a \local" phase, so the transitionto networking consists of adding an implementation of a network transportation class thatprovides broadcast facilities.Of greater importance is how the actor and actorspace tables are represented. Thesetables should not penalize searching for an actor or an actorspace if its exact name (asopposed to having a pattern which the name matches) is known. We have done this by usingtwo hash tables, one for actors and one for actorspaces. The hash-table is accessed via hash-values that are equal to an actor's or actorspace's unique ID. We use unique 64-bit locationdependent values for actor and actorspace IDs, but the current implementation does not relyon the location dependence when locating actors. As actors and actorspaces may be insertedinto other actorspaces, each visible actor and actorspace have \local" names under whichit appears in the actorspaces. The representation of actorspaces stores a list of actors andactorspaces that is contained in an actorspace, and this list may be browsed when matchingpatterns against actor-names. Therefore, an actor or an actorspace may be accessed in twoways: directly by unique ID or indirectly by using its \local" name and a set of actorspaces



6 Design and Implementation of a Prototype 26that de�ne where to look.When the coordinator receives requests that change the visibility in ActorSpace, thecoordinator changes the contents of some of the existing actorspaces by adding or removingactors or actorspaces. Removal of an actorspace means removing all actors and actorspacesfrom the actorspace (recursively into sub-actorspaces), which prepares the actors for garbagecollection. In the prototype implementation we have not implemented garbage collection. Adistributed garbage collection process may be added later { a garbage collection algorithmsimilar to the one that Actors use may be applied [41].6.3 Support for HeterogeneityOf great importance to the design is the support for run-time heterogeneity. The designbuilds on the work done on Heterogeneous Remote Procedure Calls (HRPC) [12]. HRPCuses three components at call-time: a transport protocol, a control protocol, and a datarepresentation format. The transport protocol de�nes how the data is moved across thenetwork, the control protocol takes care of the RPC-protocol, and the data representationformat describes how data is transformed into a linear representation. These protocols canbe selected at run-time, appropriate to the partners in the actual communication.We have taken a slightly simpler approach. We need to support asynchronous messagepassing, which implies that we do not need a control protocol; instead it is su�cient to have adata representation format and a transport protocol for moving the linearized data from thesource node to the destination node. These properties are captured in two abstract classes:an abstract class that de�nes a data representation format, and an abstract class that de-�nes transportation. At run-time, an instance of an appropriate subclass is used for theactual communication and data representation. This provides a simple extension to accom-



6 Design and Implementation of a Prototype 27modate heterogeneous computing con�gurable at run-time, and at the same time simpli�esthe porting of the prototype to other platforms. The choice of data representation formatsand transportation protocols is hidden from the clients, i.e., the ActorSpace applications. Aprogrammer uses the ActorSpace coordination primitives, and the run-time support decideswhich speci�c transport primitives and data representation to use based on the destinationof the message.Transportation of data from actors to its coordinator or from one coordinator to anotheris done via a subclass of the abstract transportation class, which de�nes three methods: send,which sends a message of a given length in bytes to a destination, receive, which receives amessage from a source, and RPC which performs RPC, by doing a send followed by a receive.Note that RPC-style message protocol is not primitive in Actors, however, such message-passing may be transformed to asynchronous message-passing [6]. These three methods arearchitecture independent, and do not assume any structure of the message that is to be sentor received. This class is used for the message passing between the coordinators, and couldin principle also be used between the actors and the coordinator.The actual implementation of the data representation format and the transportation isnot relevant to their use. It may turn out that a given architecture results in better e�ciencyif transportation is done via shared memory through message queues with a synchronizationprimitive, and in this case, a transportation subclass might perform message passing throughmessage queues. The only limitation of run-time selection of data representation format andtransportation is that all the available subclasses must have been de�ned at compile-timein the current implementation. Dynamic loading of these protocols, which are speci�ed inclasses, is a topic for future research.



7 Research Directions 287 Research DirectionsWe discuss a number of open issues in our de�nition of ActorSpaces which need further study.When an actor uses a communication primitive, a pattern is speci�ed which determines thedestination of the message to be sent. We have not put any temporal constraints on when thepattern is matched. In particular, the ActorSpaces have complete freedom in determiningwhen the pattern matching is done, e.g., if it is done for actors visible at an `instance', thosevisible over a �nite duration, or persistently. Linda does not allow the sender to determinepersistence { instead, any potential recipient may remove any tuple. In contrast, Sprites [32]do not allow any message to be removed from the database. A more exible solution wouldallow messages with di�erent behaviors: persistence in some potentially bounded time, useonce only (linearity), persistent until explicitly removed by a potential recipient, etc.We introduced capabilities to empower managers of actorspaces and actors, so that cer-tain operations can only be performed by an authorized actor, i.e., by a manager holding acapability for the actor or actorspace in question. We believe capabilities are important: aprogramming paradigm for open distributed systems should o�er security as well as express-ibility and coordination. Many distributed operating systems have capabilities to protectresources from misuse, and in ActorSpace one could think of managers and servers creatingcustomized capabilities, which may be given out to clients. However, we have not providedspeci�c structure or mechanisms for capabilities.Current research includes moving the ActorSpace prototype implementation to severalarchitectures, to evaluate the prototype design and the programming paradigm on a largerscale. A formal semantic de�nition of ActorSpace has been developed and will appearin [15]. However, a theory of ActorSpace which allows abstract equational reasoning aboutactorspaces remains to be developed.
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