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AbstractIn this paper we present Objective Linda, a coordination model in which object-orientation is combined with uncoupled, generative communication in order to enableobject-oriented parallel programming in networked computing resources. Objective Lindaprovides suitable abstractions for structuring large software systems, supports interoper-ability between di�erent programming languages and parallel architectures and simpli�esthe development of parallel applications. Its use is illustrated by presenting programmingexamples, a prototype implementation is described, and measurements for evaluating theimplementation e�ciency and the performance of parallel applications are presented.
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1 IntroductionThe object-oriented programming paradigm [45] is commonly accepted as a powerfulapproach to master the complexity of sequential software development. Not surpris-ingly, in recent years several proposals have been made to utilize its many bene�ts interms of software modularization, encapsulation and reusability in parallel programming,too [2, 19, 36]. The central notions of the traditional object model are objects, classes andinheritance: objects as the basic building blocks are de�ned as abstract data types whichencapsulate their internal state through well-de�ned interfaces [45] and thus simply rep-resent passive data containers, while classes are templates for representing sets of objectswith similar functionality, and inheritance is a mechanism for incrementally introducingnew functionality and supporting software reuse.One possible approach to introduce parallelism into object-oriented programming is toadd the notion of processes (usually in the form of lightweight processes, or \threads") toa given object{oriented language [2]. In this way, the three basic programming paradigmsused to exchange information between interconnected computing resources can be realized:message passing is achieved by giving the method invocations the semantics of messagesbeing exchanged [15], remote procedure calls are modeled by treating method invocationsas procedure calls and allowing objects being called to be \remotely" [1], and (distributed)shared memory programming is possible by adding monitor semantics to the objects inorder to enable synchronization on the basis of the methods of the objects involved [8].In any case, the objects are responsible for keeping their own states consistent, such thatthe operations concurrently executing on a given object must be somehow synchronized,which in turn leads to interferences between concurrency control mechanisms and notionsof reuse based on inheritance. This problem, known as the inheritance anomaly [44], is themain obstacle prohibiting the widespread use of this style of object{oriented concurrentprogramming.In our work, we follow the more promising approach of exploiting object{orientedtechnology in parallel systems by (a) keeping the idea of encapsulated entities as suitable3



means for composing and re�ning predesigned plug{compatible software components [48]and (b) by unifying the notions of (passive) objects and processes by introducing activeobjects, each with its own thread of control and still being protected by their interfaces.This approach eliminates the consistency problems mentioned above, because there isexactly one thread operating in an active object. Of course, this is only true as long asthe coordination model in charge of the communication between active objects is properlydesigned and does not introduce new consistency problems. Consequently, our work fo-cusses on a well designed coordination model in which parallel computations are expressedby means of interacting active objects.In general, a coordination model provides a framework in which the interaction ofindividual, active entities (called agents) can be expressed. In this framework, all aspectsof the creation and destruction of agents, the communication among agents, their spatialdistribution, as well as the synchronization and distribution of actions performed by agentsover time are subsumed. Coordination models consist of the following components [16]:coordination entities (the agents which are to be coordinated), coordination media (themeans enabling communication between agents), and coordination laws (the rules of howagents are coordinated making use of the given coordination media).A natural way to realize a coordination model is to embody it in a coordination lan-guage [29], which ideally should be designed as an orthogonal combination of a coordi-nation model (for the inter{agent actions) and a (sequential) computation model (for theintra{agent actions). The presumably most famous example of a coordination model isthe Linda tuple space approach based on uncoupled generative communication [27], forwhich several linguistic embodiments like C{Linda or FORTRAN{Linda were developed,both for workstation networks and massively parallel architectures. Another prominentexample are the interaction abstract machines [3] which have been realized with imple-mentations of the linear objects language LO [4].In this paper we present a coordination model called Objective Linda, which has beendesigned for the needs of object-oriented parallel programming. It rigorously combines4



object orientation with the general Linda philosophy of uncoupled generative commu-nication. Objective Linda has several features that make it unique among alternativeproposals based on extensions of Linda: it has a language{independent object model toenable its use in conjunction with any existing object-oriented programming language,it provides an enhanced set of operations to express complex coordination requirementsin a simple manner, and it supports hierarchical abstractions for structured applicationdevelopment. The paper describes Objective Linda's functionality and illustrates its useby programming examples. A prototypical implementation for the C++ language to beused on networks of workstations is presented, and the performance of applications writ-ten using Objective Linda is evaluated by making a comparison to equivalent realizationsbased on the PVM message passing library [25]. It will be shown that the runtimesof the Objective Linda programs are comparable to (or even better than) their PVMcounterparts.The paper is organized as follows. In Section 2, several related coordination modelsbased on uncoupled generative communication are discussed. Section 3 presents the basicproperties of Objective Linda as a suitable coordination model for object-oriented parallelprogramming. In Section 4, examples are given to illustrate the bene�ts of using ObjectiveLinda for writing parallel applications. Section 5 describes our prototype implementationof Objective Linda. In Section 6, the e�ciency of the implementation is measured andthe runtime performance of two parallel applications is evaluated. Section 7 concludesthe paper and outlines areas for future research.2 Coordination ModelsWell designed coordination models must allow to be orthogonally integrated into existingsequential programming languages without them being forced to modify their functionality[29]. In this way, it is possible to use the available sequential software technology, tominimize the amount of new programming constructs programmers have to learn fordeveloping parallel applications, and to avoid the e�orts required for designing completely5



new parallel programming languages. Furthermore, a coordination model should providesuitable programming abstractions which may be implemented on top of various types ofparallel computing systems in order to ensure portability.In the following, we will brie
y survey existing coordination models based on uncoupledgenerative communication, since these form the basis of the model we propose in thispaper. Apart from the original Linda model, the presentation focuses on proposals forextending and combining Linda with object orientation and other techniques for achievingmodularity in software design.LindaThe Linda coordination model has been introduced to incorporate the idea of generativecommunication [27]. In Linda, processes (the coordination entities) communicate byputting tuples (ordered collections of basic data items like numbers and strings) into theso{called \tuple space" (by the out operation) and by reading or removing tuples fromit (by the read and in operations). Synchronization is performed by forcing processes towait until a suitable tuple to be read has been inserted into the tuple space. Furthermore,new processes can be invoked by putting active tuples into the tuple space (by the evaloperation) for subsequent evaluation. Active tuples produce results in the form of passivetuples to which they are converted upon termination of their computations.The main coordination law de�nes how tuples are selected to be read from the tuplespace. The potential reader speci�es a template for a tuple it wishes to obtain. The tuplespace performs a matching operation in order to �nd an appropriate tuple. Both tuplesand templates may consist of actual �elds (values) and formal �elds (placeholders forspeci�c data types). A tuple matches a given template if the arities of both correspondand if each actual �eld matches one of the same type and value or a formal �eld of thecorresponding type.Although several systems have been developed in the spirit of this philosophy, such asNetwork Linda [5], Piranha [13], and Tuplex [12], the classical Linda model has several6



drawbacks: it is not homogeneous, because di�erent entities (active and passive tuples,templates and a tuple space) must be considered, and it neither provides hierarchicalabstractions nor encapsulation, because there is only one global tuple space.Although not widely recognized, the existence of multiple tuple spaces has been en-visioned since the early days of Linda [26]. The work in [28] brought this proposal toa wider audience. Here, tuple spaces are �rst{class entities of a new type ts which canonly be created by a new operation tsc (tuple space create). Instances of this type forma hierarchy of nested tuples spaces. Additionally, tuple spaces may be accessed by givennames whereas the complete hierarchy is visible to programmers using a syntax resemblingUnix �lenames (e.g. /root/sub1/sub2). Tuple spaces are also subject to in, rd, and outoperations as follows: computations of active tuples in a tuple space which is consumedby in are frozen and might be continued by out{ing the tuple space back to its enclosingtuple space. Furthermore, the rd operation allows to provide snapshots of running com-putations. These operations provide high{level abstractions to process scheduling andmigration, but especially in the case of heterogeneous systems they are very di�cult toimplement.Therefore, other attempts have been made to unify the concepts and/or provide ab-stractions to enrich the structural abilities of Linda. These are described in the following.C++ LindaC++ Linda [50] is a straightforward adaptation of Linda to the C++ programming language.It implements a global tuple space and deals with tuples consisting of simple data types,arrays, structures, and very restricted pointers. The eval operation directly speci�esprogram binaries to be executed, such that the notion of processes on the operatingsystem level is introduced into the language. Thus, the basic Linda model is simplyembedded in C++ Linda without considering object-oriented programming concepts orproviding language independence.
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Ei�el LindaEi�el Linda [37] also implements a global tuple space. But di�erent from C++ Linda,it represents tuples and templates as objects, making them �rst{class entities of thelanguage. Tuple matching is based on the data representation (i.e. the implementation)of given objects, and not on types or interface predicates. Formals are represented byvoid references, which in turn introduces problems with formals for the basic data types.The eval operation, although not implemented, is supposed to make use of the inheritancemechanism of Ei�el. Here, every object to be eval{uated must be represented by a specialheir of a common superclass which de�nes a method called evaluate, executed wheneveran object of class h is subject to eval. Obviously, Ei�el Linda is not language independent.Linda and Concurrent SmalltalkThe work presented in [43] goes even further with introducing objects into the Lindamodel. First, it treats tuples as objects, as Ei�el Linda does. Second, it eliminatesasymmetries in the original Linda communication scheme. In order to make tuple spacecommunication symmetrical, both senders and receivers put tuples into the tuple space,and they are distinguished only by their purposes as sender tuples or receiver tuples. Bothkinds of tuples mutually check each other for matches (based on actual and formal values).This scheme frees receivers from the burden to completely specify the structure of tuplesthey wish to receive. For total symmetry, an additional operation called set is introducedwhich outs a tuple and blocks the sender until the tuple has been successfully matchedagainst a receiver tuple. Finally, tuple spaces are represented by objects, too. This allowsmultiple tuple spaces to be introduced into a system. Consequently, two objects cancommunicate via a certain tuple space if and only if the tuple space is known to bothobjects. As a result, tuple spaces are also �rst{class entities which can be created orremoved at runtime. Thus, Smalltalk Linda is tied to the general Smalltalk philosophy,and it does not add any substantially improved functionality compared to the originalLinda operations. 8



The Object Space ApproachThe Object Space approach [51] is aimed at combining generative communication withobject orientation. It provides a global object space in which C++{Objects are deposited.The implementation is based on a class library for C++ which communicates over a localnetwork; the eval operation directly creates new Unix processes. The Object Space ap-proach employs a speci�c Object Space Language (OSL) in which the operations on theobject space (out, in, rd, eval) and the mechanisms for matching objects are expressed. Aspecial preprocessor transforms OSL constructs to calls of the class library. Object match-ing is not directly based on the data items of the objects. Instead, it is the responsibilityof the programmer to specify an important subset of these data items to be consideredin the matching process. Matching itself is based on actuals and formals as known fromthe classical Linda model. Formals match any value of a given type, actual values maybe matched using built{in matching functions which allow matching with one or severalactual values or with a range of values. This matching functionality is an approach todeliberate object matching from object implementation. However, it still appears to belimited, because there are no means enabling the use of any abstractions; matching is justbased on important subsets of given implementations.JadaJada [18] (\Java Linda") has been targeted for use in World{Wide{Web (WWW) appli-cations. Jada deals with multiple tuple spaces and with tuples consisting of Java objects.In order to allow objects of user{implemented classes to be part of tuples, they haveto implement a special interface called TupleItem. This interface requires routines fordumping objects to byte streams and vice versa, and a matching predicate.Due to the tuple notion, Jada tuples do not provide abstractions for the matchingprocess (like e. g. within the Object Space approach); completely de�ned templates haveto be provided by consuming processes. Unfortunately, Jada provides no precise de�ni-tion of how matching of TupleItems is performed and whether objects can be treated as9



encapsulated items or just as closely related to their implementation as with the otherproposals discussed so far.Multiple Tuple SpacesThe work reported in [38] is aimed at introducing modularity to Linda by means ofmultipletuple spaces and is therefore called the MTS model. Deviating from [28], this approachhas no global hierarchical naming scheme for tuple spaces because this property hampersthe uncoupling of active agents by assumptions about the global system structure and bylocking problems introduced by concurrent operations on complex tuple space hierarchies.Instead, tuple spaces are introduced as �rst{class entities which may be used like ordinarytuples as well as tuple elements. In order to use tuple spaces as shared communicationmedia, they may be accessed by special handles, called names. These names are also�rst{class entities and introduce a 
at, global namespace for tuple spaces which allowsarbitrary reference structures between them. The MTS model prede�nes a special namecalled context which denotes the tuple space in which an active entity exists.Active tuples are treated as in [28], where they are active while being stored in a tuplespace and passive outside. Consequently, the problems with implementing these opera-tions and with the matching of active tuples (due to the undecidable equality problembetween two computations) [38] remain. Furthermore, the motivation for such operationsis questionable: [38] mentions debugging purposes whereas [28] argues with forced termi-nation of active tuples in lower levels of tuple space hierarchies and with load balancingissues. But none of these examples seems to provide a convincing motivation for explicitlystarting and freezing activities at the programming language level.The MTS approach speci�es tuple spaces as abstract data types in order to coordinateconcurrent accesses. This clearly is one of the main merits of this work. But consequently,abstract data types should also be used for every active and passive tuple in such a systemwhich would introduce additional system structure and security for programmers.
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Bauhaus LindaBauhaus Linda [14] (or \Bauhaus" for short) is a proposal intended to simplify the Lindamodel while simultaneously adding expressive power. Simplicity is achieved by introduc-ing a single basic data structure: the multiset. Multisets replace tuples as well as tuplespaces. Multisets may contain atomic data entities and other multisets, leading to a hier-archy of nested multisets. Furthermore, multisets replace templates, too. The operationsin and rd are performed by specifying a multiset. These operations yield a multiset whichincludes the given one, such that they are based on multiset inclusion instead of patternmatching. Finally, Bauhaus makes no distinction between active and passive data enti-ties. Passive data is handled as usual by out, in, and rd operations. Active data entities(processes) may be inserted into a multiset by out and removed from it by in, whereasrd produces a suspended copy (an image) of the activity. Thus, these operations do notalter the number of running processes in a system. Additionally, there is a move opera-tion which allows an active entity to move from one multiset to another. The syntax ofBauhaus provides special symbols denoting sibling multisets (having the same \parent"multiset) and the parent multiset itself. These symbols allow processes to navigate withinthe coordination structure.By reducing all necessary data structures to multisets, Bauhaus clearly provides aclean, elegant, and powerful coordination model. Unfortunately, the treatment of activedata entities introduces inconsistencies. Because Bauhaus operations neither create nordestroy processes, the hosting programming language must be aware of processes in orderto provide them as �rst{class entities to Bauhaus. But because rd provides a process imageand move moves processes around in the coordination structure, Bauhaus itself must beconscious of processes, too. This resembles the very high{level but hard to implementabstractions on active tuples from [28].
11



3 Objective-LindaIn this section we present Objective Linda { a coordination model which is suitable for vari-ous kinds of concurrent systems like tightly{coupled parallel architectures on one hand andopen distributed systems on the other [39]. The model is based on the following concepts:object{orientation is the primary design methodology yielding composable, self{containedentities which are protected by the interfaces of their corresponding abstract data types;generative communication provides a means to uncouple communication partners fromeach other in order to enable the coordination of dynamically changing con�gurations;homogeneity is provided by a simple, uniform and hence easy to understand program-ming model; hierarchical abstractions allow to have di�erent views on con�gurations withdi�erent granularities of concurrently operating agents.Objective Linda is to some degree inspired by the models reviewed in the previoussection: Bauhaus Linda [14] uni�es tuples and tuple spaces { Objective Linda extendsthis to a model with a unique kind of entities: objects. Objective Linda's objects serveas data units, as active agents, as object spaces, and as units of application structure.Therefore, the matching process for reading from object spaces can be based on predicatesof the objects' abstract data types which signi�cantly improves expressive power.The object space approach [51] uncouples object matching performed by Linda's in andrd operations from the object implementation. So, objects lose their tuple character asordered sequences of typed slots. Whereas [51] makes a �rst step by letting programmersspecify important subsets of object implementations which become subject to matching,Objective Linda extends this idea in a consequent manner: objects are matched basedon predicates out of the interface of their abstract data types. This property completelyseparates implementation from speci�cation and enables the latter to become the basisof object interaction in the presence of heterogeneous systems. Furthermore, it removesall implementation details from the realization of agent interaction and hence applies thisidea from sequential programming to agent interaction in parallel systems.The work in [28, 38, 43] proposes hierarchies of nested tuples spaces by introducing tu-12



ple spaces as �rst{class entities of the model. All of them introduce names (or references)to tuple spaces, whereas [38] additionally introduces \relative" references by a specialreference called the context which denotes the tuple space in which a given tuple spaceis located. Such tuple space hierarchies contribute to the introduction of hierarchical ab-stractions over con�gurations. Unfortunately, references to tuple spaces destroy the stricthierarchy by imposing a 
at and global name space over the whole system. Consequently,Objective Linda provides hierarchies of object spaces in which active objects access objectspaces by a generative matching mechanism. Thus, there are no global or shared objectsin an Objective Linda con�guration.The work in [14, 28, 38] additionally treats activities (called \processes" or \controlthreads") as �rst{class entities and hence allows scheduling by explicitly starting andfreezing those activities. In Objective Linda, objects are introduced by abstract datatypes. Operations on objects are therefore de�ned by their interface speci�cations whichassume operation atomicity. This contradicts to freezing active operations because in-termediate states are unde�ned. Because the motivations for introducing operations onactive tuples in the work quoted above are not too convincing, Objective Linda has nosuch features. In the following, the main concepts of Objective Linda are presented.3.1 The Object ModelObjective Linda substitutes Linda's notion of tuples by objects, and correspondingly tuplespaces by object spaces. Therefore, a clear notion of objects has to be presented. Thisnotion is called Objective Linda's object model .Since the goal is to model possibly heterogeneous systems, a programming language{independent object model has to be de�ned. In Objective Linda, objects to be storedin object spaces are self{contained entities; their interface operations only a�ect theirencapsulated object state. Objects do not share any kind of state (e. g. variables orother objects) with each other. The basic outline of an Objective Linda con�guration isillustrated in Figure 1. In this �gure, the active agents are illustrated as computers which13



communicate via several object spaces in which objects (represented by the �lled circles)are stored as opaque, encapsulated data items. Because there is no sharing betweenobjects, there is also neither a sharing between agents nor between an agent and anobject space. Consequently, whenever objects are transferred between agents and objectspaces, they are either moved or copied. Hence, no object ever simultaneously belongsto more than one agent, to more than one object space, or to an agent and an objectspace. Object spaces are the only kind of entities being shared between agents. Theycan hence not be stored inside object spaces like \ordinary objects". The treatment ofmultiple object spaces belongs to the notion of dynamic composition and will be discussedin Section 3.4.
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Figure 1: Con�gurations are composed of agents and object spaces.The objects are instances of abstract data types which are described in a language{independent notation called Object Interchange Language (OIL). Actual programs arehence written in conventional object{oriented languages to which a binding of the OILtypes (e. g. to language{level classes) can be declared. In OIL, all types have a commonancestor called OIL Object which de�nes the basic operations needed by all types. Typesbeing used in application programs are then derived from OIL Object or its descendants.14



OIL allows subtyping according to the \principle of substitutability" [65] such thatan object of type S which is a subtype of T can be used whenever an object of typeT is expected. OIL allows single as well as multiple subtyping, as long as this can beperformed without con
icts in merging the supertypes' interface de�nitions.It is subject to the actual language binding to map these mechanisms to availablelanguage constructs. Because abstract data types can conceptually be used even in pro-gramming languages without objects at all (e. g. C or Pascal), it only depends on theprogramming language in use how simple and elegant OIL types and their relations aremapped onto the language.In mixed{language environments it is of course necessary to identify identical typesacross multiple language bindings and possibly multiple implementations even within thesame language. Naming schemes can in general not avoid name con
icts and consequentlyunintended name matches or mismatches [64]. Therefore, OIL types are identi�ed byglobally unique identi�cations. For this purpose, Objective Linda makes use of OSFDCE's [49] Universal Unique ID's (UUID's) which can easily be created from a hostidenti�cation and a timestamp, hence without any coordination between multiple sites.Besides the identi�cation of types it is of course also necessary to transport possiblycomplex objects between agents operating in heterogeneous environments. For this pur-pose, Objective Linda de�nes a mechanism for migrating objects between distributed siteswhich is based on the objects' type interfaces. This mechanism is presented in Section 3.6.3.2 Active and Passive ObjectsBased on Objective Linda's notion of objects, it can now be shown how Objective Lindadeals with these objects. Therefore, two kinds of objects have to be distinguished. Onone hand, there are the passive objects which are stored inside object spaces. On theother hand, there are active objects which play the role of the active agents operating onthe object spaces.
15



3.2.1 Object MatchingObjects being stored in an object space are simply passive data items. Therefore, theyare called passive objects. While stored inside an object space, they cannot be usedor manipulated, e. g. by calling routines de�ned in their interface. The only operationwhich can be performed on passive objects is their retrieval whenever an agent wishes toread or consume objects from an object space. The process of �nding objects which are\appropriate" for a certain agent's request is called object matching . This is in analogyto Linda's tuple matching in charge of an in or rd operation.Objective Linda's object model treats objects as encapsulated entities which can onlybe accessed via their interface routines de�ned by the corresponding type. Hence, op-erations belonging to the coordination model must be based on the type interfaces, too.This fact is a major improvement with respect to other Linda{like models: objects aretreated based on their speci�cation rather than on their implementation which allows tocompletely abstract from implementation (data representation) details.Consequently, object matching is based on object types and predicates that are de�nedby type interfaces. A potential reader of an object has to provide a so{called templateobject to the in or rd operation. The template's type T denotes the type of object to beretrieved from an object space, whereas subtypes S of T will also satisfy the operation.While the type is the primary criterion for matching objects, further selection is performedby a predicate match (provided by the type OIL Object) which takes an object of the sametype as parameter and returns a boolean value determining whether a given object matchescertain requirements. The operation match does so (and can only do so because of objectencapsulation) by evaluating predicates de�ned in T 's interface. Hence, whenever an inor rd operation is performed using a template object of type T , objects of type T (andits subtypes) are presented to the template's match predicate until this predicate returnstrue. Several variants of matching objects of a given type can be selected by presettingthe encapsulated state of the template object before it is used in an in or rd operation.Object matching is illustrated by the code fragment shown in Figure 2. It is taken16



bool match (const OIL_Object &other){Fork &o = (Fork&)other;return (myseat == o.leftseat()) || (myseat == o.rightseat());} Figure 2: The predicate match of a C++ class Fork.from the Restaurant of Dining Philosophers implementation presented in [39]. In thisextension to the classical Dining Philosophers problem, philosophers �rst have to take afree seat before they try to grab the two forks adjacent to their seat. leftseat and rightseathence identify forks during the matching process. A philosopher looking for suitable forkshence creates a template Fork object and sets the myseat attribute accordingly. Whensupplying this template object to a matching process in an object space, all available Forkobjects are subsequently presented to the template's match predicate in order to �nd outwhether they match the philosopher's needs.The matching mechanism presented so far integrates the predicates used for matchingdirectly into the OIL types. Alternatively, in order to provide more 
exibility in howobjects may be matched, those predicates could also be kept externally, e. g. by usingso{called function objects [41]. This approach would allow to implement new matchingpredicates without changing the OIL type itself. But a major drawback of this approachwould be the introduction of many new types (for the function objects) which wouldbe di�cult to maintain and to relate to the OIL types on which they operate. However,several variants of matching objects of a type are an exceptional case which can be coveredby a few \hard wired" matching variants inside the single match predicate.3.2.2 Object EvaluationAccording to Linda's eval operation, the activation of an agent will be called the evaluationof an active object. In favour of a homogeneous model, passive as well as active objects arecharacterized by their OIL type. The mechanism used to specify this activity is similar17



to object matching: the type OIL Object provides an operation called evaluate whosebehaviour is re�ned by every type intended for active objects. As with match, behaviourcan be individually parameterized by the object's state before it is evaluated.In order to adapt to object{oriented concepts, the treatment of active objects di�ersfrom the way Linda deals with active tuples. In Linda, all elements of a tuple given asa parameter to eval are evaluated in parallel by new processes and each yields a singlereturn value. After termination of all these processes, the tuple is converted into a passiveone containing the processes' results. This operation views active processes as functionsinstead of encapsulated agents as it should be in an object{oriented coordination model.As a consequence, Objective Linda's eval operation gets objects to be activated whichare (like in Linda) invisible to in and rd operations and which simply disappear aftertermination. Hence, the behaviour of agents can only be observed by monitoring thepassive objects produced and consumed by them.Furthermore, by introducing a sophisticated type system for OIL objects, it hardlymakes sense to have exactly one \result" per object evaluation of exactly the same typeof the active object in charge. For example, in a producer/consumer setting a passiveproducer object does not make sense to an application program. Instead, objects of atype for data items being sought by consumers are required. Hence, Objective Lindarefrains from automatically converting active objects into passive ones at the end of anobject's evaluation.3.3 Operations on Object SpacesBesides adapting the Linda model to object-orientation, Objective Linda also provides animproved set of operations on object spaces in order to overcome de�ciencies of the originalLinda model. This concerns two features: �rst, the number of objects being transferredbetween agent and object space (or vice versa) and second, the blocking semantics of theoperations.
18



3.3.1 Multisets of ObjectsLinda's ability to retrieve only one object at a time from an object space is simple andelegant, but unfortunately too restrictive. The most important restriction is known fromthe literature as the \Linda multiple rd problem" [54]. This is due to the fact that thesemantics of the rd operation cannot specify which object will be returned by severalsubsequent invocations; it might be e. g. the same object all the time. This impossibilityis a consequence of uncoupled communication which is as such vital for Linda{like systems.The speci�cation of any relation between the results of subsequent calls to rd would couplethem. This would be similar to establishing a connection (or \session") between an objectspace and a requesting agent. Instead, operations should be able to retrieve several objectsatomically in order to cleanly introduce such a functionality. The work in [54] describingthe York Linda kernel proposes a so{called copy-collect operation which atomically rd's allobjects from an object space that match a given request. Objective Linda elaborates thisidea introducing multisets of objects being returned by a rd operation and analogously byan in operation. These multisets are speci�ed by two parameters, namely min and max,denoting a lower and an upper bound for the number of objects to be retrieved. ObjectiveLinda's rd and in operations will hence complete successfully only if at least min matchingobjects could be found in an object space while they will return at most max objects evenif the object space contained more. A special constant value denoting in�nitely manyobjects may be used e. g. for the max parameter in order to retrieve all matching objectswhich are currently available in an object space.With this mechanism, Objective Linda allows to atomically retrieve any number ofmatching objects from an object space, hence solving the multiple rd problem and ad-ditionally allowing to control the cardinality of multisets of objects being returned andhence the granularity of the communication between agents and object spaces. This car-dinality control can be used for several purposes, e. g. when the object space is expectedto contain much more matching objects than the consuming agent is interested in or isable to deal with. Finally, a major bene�t of atomically retrieving several objects instead19



of only one at a time is the resulting bulkiness of the operations [53] which contributesto implementation e�ciency by packing several objects into a single transfer unit (e. g.message) which is crucial for application performance of parallel programs.Seat *s = (Seat*)restaurant->in(*new Seat());Fork *t = new Fork();t->set_myseat(s->number());Multiset *ms = restaurant->in(t,2,2);Figure 3: Code fragment by which a philosopher gets a Seat and the corresponding Forks.Analogous to rd, Objective Linda's in operation also retrieves multisets of objects. Thisis bene�cial for runtime performance as with rd. Additionally, it helps avoiding deadlocksituations with several agents trying to obtain more than one resource at a time. Thisis illustrated in Figure 3, also taken from the Dining Philosophers example. The codefragment shows how a philosopher gets a Seat the identi�cation of which is then used bya template Fork object in order to atomically get the two corresponding Forks. By settingmin = 2 and max = 2 as parameters to the in operation, exactly two Fork objects willbe atomically removed from the object space (called restaurant) hence avoiding possibledeadlock situations.Finally, Objective Linda's out operation also takes a multiset of objects as a parameterin order to atomically store all objects contained in it; out'ing of several objects atomi-cally rather than one{by{one does not have semantic advantages. Nevertheless, ObjectiveLinda introduces this feature a) for keeping the operation set consistent, b) because thisfeature has shown to be convenient to use, and c) because it adds the runtime improve-ments of bulky operations. It should be noted that although out takes a multiset of objectsas a parameter, it only stores the objects contained in it inside the object space. Hencemultisets are only used as containers for transporting objects between agents and objectspaces. 20



3.3.2 Operation TimeoutsIn addition to moving multisets of objects, Objective Linda also improves the blockingsemantics of its operations compared to the original Linda model. Linda had been de-signed without consideration of openness. As a consequence, the blocking operations forputting an object into an object space (out), for consuming an object (in), and for readingan object (rd) assume unrestricted access to the data space as a whole and may henceblock in�nitely in case of object spaces in a distributed system. Here, access to an objectspace may e. g. fail due to communication problems.Furthermore, the semantics of the non{blocking versions of in and rd (inp and rdp)imply access to a data space as a whole: these operations are de�ned to immediately returnindicating a failure when there is no object matching a given request. This immediatelyintroduces semantical problems in the presence of distributed object spaces where partsof the object space simply may not be (temporarily) accessible. Hence, the semantics ofsuch operations must be slightly modi�ed for such systems: operation failure of inp andrdp should indicate \no such object could be found (at the moment)". This change re
ectsthe fact that synchronization based on the absence of a certain object is impossible inLinda{like systems, because even with centralized schemes, race conditions may lead tounexpected results.In�nitely blocking operations due to communication problems is by no means a suitablebehaviour. Instead, it is necessary to dynamically adapt the behaviour of an agent to theproperties of its environment. This can preferably be done by introducing a timeout valuewhich determines how long an operation should block before a failure will be reported.By adjusting this parameter, an agent can easily adapt its communication behaviour.The introduction of a timeout parameter is also bene�cial for use in parallel applica-tions. Here, explicit timeout values may e. g. be used for allowing a (manager) processto repeatedly consume all currently available results and to display them while workerprocesses are still operative. With Objective Linda, the manager's in operation by whichit consumes results may e. g. be parameterized to return every n seconds all currently21



available results, or alternatively up to max results. Such a setting exploits bulky trans-missions while the manager is still able to operate because it neither has to wait untilsome result becomes available (like with using Linda's in) nor does it force busy{waitingloops (like with using Linda's inp).Another possible use of timeout values in parallel applications may be a parallel searchalgorithm that has to deliver the best currently available result within a given time. Anapplication might be a parallel chess program in which the computation has to be com-pleted with tightly �xed time bounds in order to comply to the rules of chess tournaments.Further applications of timeout values in parallel computations can typically be recog-nized from situations in which 
exible behaviour is necessary and busy{waiting schemescannot be applied due to limited computing resources.A value indicating in�nite delay leads to a blocking operation and can be used forobject spaces which are known to behave like closed systems, e. g. object spaces whichare local to the agent itself. A zero value yields a behaviour as inp and rdp with semanticsas outlined above. All values in between can be used to adapt to di�erent communicationdelays.With the introduction of multisets and timeouts, Objective Linda provides a minimalset of powerful operations in order to keep the model as simple as possible. At the sametime, it is powerful enough to express original Linda's operations as well as to re
ect addi-tional requirements as discussed above. Table I summarizes Objective Linda's operationswhich are related to communication and synchronization between several agents. Thetable shows a small set of important parameter values for min, max, and timeout whichillustrates the possible spectrum of Objective Linda's operations. It should be noted thatout does not have the min and max parameters because the multiset of objects to be storedis created explicitly before the invocation of out.3.4 Dynamic CompositionCon�gurations in Objective Linda consist of active as well as passive objects and of22



Table I: Behaviour of Objective Linda's operations on object spaces.min max timeout behaviourout 0 immediately fail on errorst wait t sec. before failing on errorsin�nite time Linda's outin 0 0 any empty operation0 1 0 Linda's inp1 1 in�nite time Linda's in1 n any consume up to n matching obj.1 in�nite matches any consume all matching objectsin�nite matches any t sleep t secondsrd 0 0 any empty operation0 1 0 Linda's rdp1 1 in�nite time Linda's rd1 n any read up to n matching objects1 in�nite matches any read all matching objectsin�nite matches any t sleep t seconds
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object spaces. The way in which active objects and object spaces are grouped togetherdescribes how a con�guration is composed from active objects and object spaces. Dynamiccomposition describes the dynamic changes of a con�guration during the runtime of asystem. Besides the operations presented so far, Objective Linda also provides someconcepts and corresponding operations for managing dynamic composition aspects. Theseare mainly related to the creation of agents and object spaces and to the attachment ofagents to existing object spaces.Active objects have, from the moment of their activation on, access to a particularobject space called their context. This is the object space on which the correspondingeval operation has been performed. eval is one of Objective Linda's operations on objectspaces which are related to dynamic composition. It operates analogously to out with theexception that objects are not passively stored in the corresponding object space but arebeing activated with the object space as their context.In addition to the context, every agent can dynamically create new object spaces whichare initially private to their creator. Unfortunately, the context and additional privateobject spaces do not su�ce for expressing all relevant coordination problems. Therefore,Objective Linda provides a mechanism for allowing agents to attach to other, alreadyexisting object spaces.The capability of attaching to existing object spaces implies the necessity of dealingwith multiple object spaces inside the coordination model. Although there have been sev-eral proposals for introducing multiple data spaces to the Linda model in the literature,neither of them found broader acceptance. This might be due to the fact that gener-ative communication with multiple data spaces implies a change of the communicationparadigm. It can be seen to be in between the two extremes denoted by message passingand the single{spaced Linda model [40]. In message{passing systems, senders have toknow the name or address of the receiver. Hence, messages can only be sent to agentsknown by the sender. In Linda, producers of data entities only have to access the shareddata space. It is up to the consumer to know which kinds of data entities are available. In24



systems with multiple data spaces, both variants must be combined: a producer of dataitems has to know the data spaces in order to put something inside whereas the consumerstill has to know what kind of data is available. This setting degrades anonymity of com-munication and is the main obstacle with respect to general consensus about a suitablemodel with multiple data spaces.Unlike the proposals discussed in Section 2, Objective Linda relies on its generativecommunication properties for managing multiple object spaces. It inherits the conceptof a context object space from [38] but replaces the name \context" by an attribute ofevery active object with this name. Additional object spaces may be created by any agentwhich accesses them by its object attribute variables, hence in a basically anonymous way,because no object space ever gets assigned to any kind of (global) identi�cation.The mechanism used by agents for attaching to existing object spaces other than theircontext is based on a distinct concept called object space logical . Such logicals combine anobject of any subtype of OIL Object with the identi�cation of an object space. Logicalsare, like regular passive objects, stored inside object spaces. Analogous to the operationsin and rd, the selection of an object space to attach to is based on object matching.Object_Space *restaurant;Restaurant_Sign *rs = new Restaurant_Sign();rs->set_name("The Philo and The Fox");restaurant = context->attach(rs);Figure 4: Code fragment by which a philosopher attaches to a restaurant.Objective Linda hence provides an operation called attach which takes a templateobject as a parameter and returns (when successful) a reference to the attached{to objectspace which is locally useful in the address space of the attaching agent. Figure 4 shows thecode fragment by which a philosopher attaches to an object space denoting a restaurantwhich is identi�ed via (logical) objects of type Restaurant Sign.A logical object is created by a dedicated operation expose that takes as parameter25



Object_Space *rest = new Object_Space();Restaurant_Sign *rs = new Restaurant_Sign();rs->set_name("The Philo and The Fox");context->expose(rs,rest);// now serve some philosophersrs = new Restaurant_Sign();rs->set_name("The Philo and The Fox");context->hide(rs,rest);Figure 5: Code fragments by which a waiter exposes and later hides its restaurant.an object with properties suitable for the application's needs in order to identify a givenobject space. Additionally, expose takes a (local) reference to the object space to beexposed and combines it with the object to a logical which is then stored inside anotherobject space. The inverse operation to expose is called hide; hide takes as parameters atemplate object matching the logical and a reference to the exposed object space. hideremoves the logical object from the object space if it matches the template object and if itrefers to the same object space. This mechanism hence prevents agents from accidentallyhiding the wrong object space. Figure 5 shows code fragments by which a waiter agentexposes and later hides its restaurant object space.The logical mechanism can be viewed from two perspectives. The user's perspective isthat object spaces can be combined with and identi�ed via any kind of object, hence by anyabstraction suitable to an application. There are no centralized naming or identi�cationschemes. Con
icts resulting from multiple logical objects that denote di�erent objectspaces but match the same attach request may only occur local to a single object spacein which they are stored.The implementation's perspective is related to the identi�cation of object spaces. Theexpose operation takes a locally useful reference to an object space from the exposing26



agent, whereas attach returns a reference locally useful to the attaching agent. Bothreferences have to be equivalent by denoting the same object space. But they may bedi�erent by belonging to di�erent address spaces in a distributed system, by being partof bindings to di�erent programming languages, etc. Hence, the management of logicalobjects is substantially more than simply storing pointers to object spaces inside objects.In fact, object spaces are identi�ed by UUIDs to and from which local references areconverted.Finally, it should be noted that logical objects are \invisible" for the operations inand rd because logicals are not intended to be exchanged between agents. This separationhence avoids unintended matches. Furthermore, it prevents identi�cations to object spacesfrom being directly passed between agents. With this mechanism, Objective Linda forcesagents to attach to new object spaces only under control of Objective Linda's runtimesystem. This basic feature allows to integrate access restriction policies for object spacesin cases in which such a feature may seem appropriate.3.5 Summary of Objective Linda's Operations on Object SpacesIn the following, all operations on object spaces discussed are summarized. The set ofoperations hence constitutes the interface of a class Object Space denoted in OIL syntax.A formal description of the semantics of Objective Linda's operations can be found in[32, 39].out(m : Multiset, timeout : FLOAT) : BOOLEANTries to move the objects contained in m into the object space. Returns true ifthe operation completed successfully. Returns false, if the operation could not becompleted within timeout seconds. If out returns true, the caller is no longer allowedto access the multiset m and all objects included inside m. Otherwise, m remainsintact.in(o : OIL Object, min : INTEGER, max : INTEGER, timeout : FLOAT) : Multiset27



Tries to remove multiple objects O1 : : : On matching the template object o from theobject space. Returns a multiset containing them if at least min matching objectscould be found within timeout seconds. In this case, the multiset contains at mostmax objects, even if the object space contained more. If min matching objects couldnot be found within timeout seconds, the resulting multiset is empty. The templateobject o will be consumed by the object space in any case. It is hence no longeravailable to the caller.rd(o : OIL Object, min : INTEGER, max : INTEGER, timeout : FLOAT) : MultisetTries to return clones of multiple objects O1 : : : On matching the template object o.Returns a multiset containing them if at least min matching objects could be foundwithin timeout seconds. In this case, the multiset contains at most max objects,even if the object space contained more. If min matching objects could not be foundwithin timeout seconds, the resulting multiset is empty. The template object o willbe consumed by the object space in any case. It is hence no longer available to thecaller.eval(o : OIL Object, timeout : FLOAT) : BOOLEANTries to move the object o into the object space and starts its activity. Returnstrue if the operation completed successfully. Returns false, if the operation couldnot be completed within timeout seconds. If eval returns true, the caller is no longerallowed to access the object o. Otherwise, o remains intact.expose(o : OIL Object, s : Object Space, timeout : FLOAT) : BOOLEANTries to move the OIL Object o into the object space. If this could be performedsuccessfully, o will expose the object space s. Returns true, if the operation could becompleted successfully, returns false, if the operation could not be completed withintimeout seconds. If expose returns true, the caller is no longer allowed to access theobject o. Otherwise, o remains intact.28



hide(o : OIL Object, s : Object Space, timeout : FLOAT) : BOOLEANTries to remove an OIL Object from the object space which matches o and to whichs had been assigned. Returns true, if the operation could be completed successfully,returns false, if the operation could not be completed within timeout seconds. Thetemplate object o will be consumed by the object space in any case. It is hence nolonger available to the caller.attach(o : OIL Object, timeout : FLOAT) : Object SpaceTries to get attached to an object space for which an OIL Object matching o can befound in the current object space. Returns a valid reference to the newly attachedobject space if a matching object space logical could be found within timeout sec-onds. Otherwise, the result has a VOID value. The template object o will beconsumed by the object space in any case. It is hence no longer available to thecaller.in�nite matches : INTEGERThis value will be interpreted as in�nite number of matching objects when providedas min or max parameter to in and rd.in�nite time : FLOATThis value will be interpreted as in�nite delay when provided as timeout parameterto out, in, rd, eval, expose, hide, and attach.3.6 Object MigrationObjective Linda's operations require to migrate objects between multiple agents. Exceptfor specialized shared{memory multiprocessor machines [34], object migration always im-plies the transfer of object state between distributed address spaces. This is a commonproblem with systems providing distributed, object{based computing.
29



One example is CORBA's Object Externalization Service [35]. Because CORBA ob-jects lack the notion of properly constructed abstract data types, the externalizationservice de�nes a binary format for representing objects. This binary format has to bede�ned per object type and directly re
ects its implementation instead of the client in-terface which would have been speci�ed by a corresponding abstract data type. Hence,CORBA's object externalization service can in general not be used for externalizationand later internalization of objects of the same type but with di�erent implementation(languages) without explicit coding of conversion routines to the externalization format.This format in fact denotes an unspeci�ed, second type description and is closely relatedto a certain implementation instead of the abstract type interface, as it should be forencapsulated objects.The same objections hold against object{oriented programming languages whose run-time systems implement externalization or serialization mechanisms. Among such lan-guages are Ei�el [46] and Java [7]. These languages allow their runtime systems to in-vestigate the state of objects, to transform the state to a stream of basic data types,and to reversely reconstruct objects from such streams. Again, rather the object im-plementations than the interfaces are used. Hence, these externalization mechanismsprovide separate, incompatible solutions, making interoperability between heterogeneousplatforms impossible.As a special case, implementations of Objective Linda might restrict themselves toa single programming language platform. Then, the above mentioned platform{speci�cmechanisms might be used. But in general, a more powerful mechanism is necessary.Therefore, Objective Linda relies on a technique known as object imaging [63]. The ideais to create at the target site of a communication objects which are not identical butequivalent to the original ones. When dealing with Objective Linda's typed objects, thisequivalence relation is obviously de�ned via the type interfaces. Hence, two objects of thesame type are equivalent whenever all observing interface routines return identical valueswhen applied to both objects. This notion of equivalence provides the conceptual basis30



for object migration in Objective Linda.On one hand, type interfaces are the only common denominators between heteroge-neous implementations. On the other hand, primitive or basic data types are the only onesthat can be directly transferred and (if necessary) converted between di�erent platforms.So, the problem is to provide transformations (1) from an object O1 to a stream of basicdata objects that can be transferred, and (2) back from these basics to another objectO2 which is equivalent to O1 with respect to the observer operations of their commonabstract data type. We call such streams of basic data objects \Imaging{Streams".The transformation of an object with a given state to a corresponding stream of basicdata objects is generally possible for every type and every object state, because it can becreated in worst case from a history of operation calls that would have to be maintainedfor this purpose. But normally, this transformation should be possible by interpreting theobject's current state which can be assumed to be relatively simple because well{designedtypes should represent one and only one abstraction [45]. So, complex objects typicallyconsist of several \smaller" objects, each of which can be transformed to an Imaging{Stream of its own. The reverse transformation can simply be realized by interpreting theImaging{Stream while continuously calling the respective operations.For transforming a given object into a stream, every OIL type has to provide anoperation called marshal. Analogously, an unmarshal operation has to be provided forconstructing objects from streams. Application programmers only have to provide theseoperations which are automatically called by Objective Linda's runtime system whenevera corresponding object has to be transferred.3.7 Comparison to Related ApproachesWe will now summarize how Objective Linda's features compare to related approaches.The important features of the Objective Linda coordination model can be categorizedwithin three groups. The �rst group concerns object orientation. Here, all Linda dialectsfor object{oriented languages (as discussed in Section 2) have notions of objects as the31



entities to be dealt within object spaces. But only Jada and Objective Linda allow objectmatching based on types and interface predicates. Uniquely, Objective Linda de�nes itsnotions of objects and types independent of existing programming languages.The second feature group concerns the power of the object{space operations. Here,only the York Linda kernel [53] and Objective Linda provide solutions to the Linda multi-ple rd problem. York Linda does so by its bulky operations which may atomically collectall tuples matching a given request. Objective Linda elaborates this concept and allows tospecify the cardinality of multisets of objects to be retrieved by two parameters denotinga minimal and a maximal number of desired objects. Additionally, Objective Linda isthe only model that introduces timeout values in order to customize the blocking of itsoperations. (In fact, there is a second model called Sonia [9] in which timeout valuesare introduced. But because Sonia is targeted at coordinating activities in organizationscomposed of humans and computers, it does not contribute to the area of object{orientedparallel computing. Hence, it is not discussed here any further.)Finally, the third feature group is concerned with multiple tuple spaces and com-position of con�gurations. Whereas most of the models discussed in Section 2 supportmultiple data spaces, Objective Linda is the only one in which generative communicationis employed in order to achieve dynamic composition of con�gurations, hence seamlesslyintroducing the treatment of multiple object spaces into the model.4 Programming ExamplesIn this section we present two programming examples in order to show how ObjectiveLinda can be used to express coordination problems in parallel applications. Since Ob-jective Linda allows to use higher{level abstractions for writing parallel programs in theLinda style, it is possible to provide reusable object-oriented coordination patterns [23, 24]which cover basic abstractions common to frequently used settings in which parallel pro-cesses have to interact in a coordinated manner. Developing parallel programs from thesereusable basic building blocks would then simply require to parameterize the behaviour32



of the patterns to the needs of the given problem and to compose the parallel applicationout of these patterns. This approach follows the idea of software composition [48], i.e.producing new software by composing it from already existing components which cansimply be \plugged together".In the following, we present two coordination patterns useful for performing manycoarse-grained parallel tasks, i.e. tasks where the fraction between the time for interpro-cess communication and for computation is rather small. These are the manager/workerpatterns and a parallel divide-and-conquer pattern. Code fragments for components in-stantiating these patterns are based on C++ notation, i.e. a C++ language binding isassumed to have been established through the OIL.4.1 Manager and Worker PatternsIt is a very common situation in parallel programming to employ a speci�c managerprocess to divide a given problem into smaller tasks and to distribute these tasks amongseveral worker processes. While workers repeatedly process such tasks and return thecomputed results to the manager process, the managerial task is much more complex.The manager not only has to operate on the application level by providing task units andlater combining the received results to the overall result of the application. It also hasto perform coordination{level tasks, such as assigning tasks to workers and terminatingworkers.Although both levels of managerial tasks are independent of each other, they are typ-ically intermixed in existing applications. They are hardly made explicit, but insteadimplicitly performed by the communication operations of manager and workers. There-fore, it is our motivation to provide clearly de�ned abstractions for both levels in the formof coordination patterns suitable for building reusable coordination components.
33
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Figure 6: Booch Diagram for Manager/Worker PatternsStructure and OrganizationThe intent of the manager and worker patterns is to decouple coordination{level issuessuch as task assignment strategies and worker termination from application{level issuessuch as task creation, task computation, and result combination. The Manager pattern isresponsible for providing and assigning task units and for collecting results. The Workerpattern is responsible for acquiring and executing task units and for transmitting com-puted results to the manager.The structure of the Manager and Worker patterns are illustrated by the Booch di-agram [11] shown in Figure 6. In these diagrams, dashed clouds indicate classes; solidtriangles marked with an \A" denote abstract classes; a solid undirected edge with ahollow circle at one end indicates a \uses" relation between two classes. Furthermore,directed edges indicate inheritance relationships between classes; and a solid circle illus-trates a composition relationship between two classes. The �gure is divided into twohorizontal layers, one for coordination aspects and one for application aspects. Further-more, the diagram is vertically divided into the manager role, the worker role, and thedata exchanged between both, namely objects and object spaces.34



The Agenda is the central shared data structure (i.e. the object space) through whichthe abstract components in the coordination layer, Manager and Workers, communicate.The Task and Request objects exchanged in this layer are primarily used as containers fortheir application{speci�c counterparts, Task Description and Result, which are transpar-ently transported via the coordination layer. Concrete Manager and Concrete Worker areinstantiated by inheriting from Manager andWorker, respectively, while providing suitableimplementations for their application{speci�c, abstract methods.Interactions between Manager and WorkerAlthough a manager/worker architecture seems to be straightforward at �rst glance, thereis a broad spectrum of possible interaction protocols between Manager and Workers [21].In the simplest case, the Manager just out's all Task objects while the Workers in them aslong as there are still Task objects available. They then out Request objects containingthe corresponding results back to the Agenda. This type of collaboration is only usefulin situations in which (a) workers can be safely set up after the agenda has been �lled(because their reasoning is based on the absence of objects and hence they cannot distin-guish between \no more tasks" and \tasks not yet available"), (b) the entire set of tasks isknown at program startup, e.g. there are no iterations with processing steps of the man-ager in between (also due to \reasoning on the absence of objects"), (c) the assignmentof tasks to particular workers is not important (e.g. it will have no signi�cant impact onperformance), and (d) the entire set of tasks can be stored in the agenda without violatingmemory restrictions.In order to deal with problems (a) and (b), Workers can also join a \worker group"maintained by the Manager at program startup and leave it after having received a \stoptask". In order to deal with problems (c) and (d), workers can request tasks being assignedto them from the manager which e.g. allows to perform load{balancing issues.Further re�nements of manager/worker interactions may stem from the need to decou-ple the number of Result objects being created by the workers from the number of tasks35



created by the manager, which might become necessary in order to overlap processingbetween manager and workers or for implementing adaptive schemes in which workersmay act as \sub{managers" for parts of the tasks assigned to them.ImplementationIn the following, an implementation of Manager and Worker components written in theC++ language and using Objective Linda will be sketched. The presentation is restrictedto the evaluate routines. These de�ne the behaviour of the components once they areactivated.As shown in Figure 7, the Manager component �rst creates the Agenda object spaceand expose's it in its context. If implemented by heirs, setup agenda() inserts task objectsinto the agenda, supporting the simplest case of manager/worker interaction.Then, the Manager dispatches Request objects sent by the Worker's. Depending on thekind of request, the Manager keeps track of the size of its worker group, processes results,or assigns new tasks to workers. The Manager's implementation relies on two (abstract)routines which have to be implemented by heir implementations: get next task() returnsan object denoting the next task to be assigned to a worker whereas process result() takesa result object and performs application{speci�c postprocessing.Figure 8 shows the Worker component. Its basic mode of operation (according to thescope of possible interaction schemes) is determined by the abstract routines do register()and use handshake(), the former determining whether the worker will join a worker group,the latter indicating whether the worker will explicitly request tasks to be assigned. TheWorker's fundamental operation is to process tasks until it is requested to terminate. Itsabstract routine do the work() has to be implemented by heirs in order to perform the\real", application{speci�c task. In \handshake" mode, the Worker explicitly requestsnew tasks and terminates as soon as it get the special stop task . In \non{handshake"mode, theWorker simply consumes and processes task objects until the Agenda has becomeempty. 36



public: void Manager::evaluate(void){OIL_Object *task_descriptor; Request *r; Task *t;int workers = 0;bool still_work_to_do = true;agenda = new Object_Space;context->expose(*new OIL_Object,agenda);setup_agenda();while ( still_work_to_do || (workers > 0) ){r = agenda->in(*new Request);switch (r->get_tag()){case JOIN_GROUP: workers++; break;case LEAVE_GROUP: workers--; break;case RESULT: still_work_to_do = process_result(r->get_result()); break;case TASK_REQUEST: still_work_to_do = process_result(r->get_result());task_descriptor = get_next_task();t = new Task(r->get_id());if ( still_work_to_do )t->assign_task(task_descriptor);else t->set_stop_task(true);agenda->out(*t); break;} delete r; } } Figure 7: A C++ class ManagerSample Usage: Visualization of the Mandelbrot SetTo illustrate the use of the manager and worker patterns, a program for visualizing theMandelbrot set has been implemented [42]. The Mandelbrot set M is de�ned over theset of complex numbers c for each of which the function fc(z) = z2 + c is investigated. zis a complex variable out of a series z0 = 0; z1 = fc(z0); z2 = fc(z1); : : : This series eitherremains bounded, in which case c is in M , or it diverges away from 0 in which case it isnot. It can be shown that once jfnc (0)j > 2 for a certain iteration n, the sequence diverges.37



public: void Worker::evaluate(void){OIL_Object *result; bool running; Task *t;agenda = context.attach(new OIL_Object);if (do_register() || use_handshake()) // register with manageragenda->out(*new Request(JOIN_GROUP));result = NULL; running = true;while (running){if (use_handshake()){ // request new taskagenda->out(*new Request(TASK_REQUEST,my_worker_id(),result));t = agenda->in(*new Task(my_worker_id()));if (t->is_stop_task())running = false;else { result = do_the_work(t->get_task());delete t; } }else { t = new Task(my_worker_id());t->match_valid_tasks_only(true);t = agenda->in(*t,0);if ( t == NULL )running = false;else { agenda->out(*new Request(RESULT,my_worker_id(),do_the_work(t->get_task());delete t; } }if (do_register()||use_handshake())agenda->out(*new Request(LEAVE_GROUP)); } }Figure 8: A C++ class WorkerThe Mandelbrot set can be visualized by assigning colours to points c depending on thenumber of iterations n the sequence fc took until it diverged. A sequence will be abortedwhen a certain limit of iterations nl has been reached. In this case, c is assumed to be inM and the corresponding pixel is typically coloured black.Because the colour of every point in the complex plane can be computed independent of38



each other, the Mandelbrot visualization constitutes an embarrassingly parallel problem.It can hence easily be approached by a manager/worker architecture. In the implementedsolution, the manager divides the total image into small sub-images, denoted by Regionobjects. Workers repeatedly retrieve the Region objects for which they compute (and sfout) Image objects containing the corresponding images.The implementation shown below assumes the existence of classes for Region and Im-age objects without presenting them explicitly. In Figure 9, the class Mandelbrot Managerimplements a manager re�ned for the application domain. Its get next task method suc-cessively returns Region objects while process result displays the corresponding images.Both methods cumulate the image sizes in order to determine termination conditions. Fig-ure 10 shows the classMandelbrot Worker that implements the corresponding, application{speci�c workers. It trivially implements do register() and use handshake(). Furthermore,do the work() invokes the numeric calculations which are not shown here. The runtimebehaviour of this design is analyzed in Section 6.2.1.4.2 Divide{and{Conquer PatternAnother common situation in parallel programming arises when the given computationcan be structured as a single recursive function that concurrently serves multiple, dynam-ically created requests, each computing results for di�erent subsets of the problem data.This case is known as tree computation because such parallel algorithms dynamically formrecursive task trees in order to solve a given problem. An important representative of treecomputations is the class of divide{and{conquer algorithms [22].As in the manager/worker case, parallel implementations of divide{and{conquer algo-rithms typically intermix code of the algorithm itself with code needed for coordinationpurposes like the spawning of tasks and the synchronization with concurrently computedresults. It is hence the motivation of the divide{and{conquer pattern to provide clearlyde�ned abstractions for each of the two purposes, yielding reusable coordination compo-nents. 39



class Mandelbrot_Manager : public Manager{private: int total_area, area_received, area_out;protected: virtual OIL_Object *get_next_task(void){ Region* result;if ( area_out >= total_area ) return NULL;else { result = next_region();area_out += result->size(); return result;}}virtual bool process_result(OIL_Object* img){ Image *image = (Image*)img; image->display();area_received += image->size();return area_received == total_area; }public: Mandelbrot_Manager (int size_of_image){ total_area = size_of_image;area_received = 0;area_out = 0; } };Figure 9: A C++ class Mandelbrot ManagerStructure and OrganizationThe structure of the Divide{and{Conquer pattern is illustrated by the Booch diagram inFigure 11. In analogy to Figure 6, there is a horizontal layering between coordinationand application purposes. Vertically, there are two distinct layers separating computationfrom the data being exchanged.The Divide{and{Conquer class is the core component in this setting. It implements theinteraction between multiple instances of itself. For synchronization with results computedby other instances, a class for Future objects (as they are known from parallel functionalprogramming [31]) is employed. Application programmers simply have to implement40



class Mandelbrot_Worker : public Worker{protected: char *uuid;public: virtual bool do_register(void) { return true; }Mandelbrot_Worker() : Worker() { uuid = new UUID(); }~Mandelbrot_Worker() { delete uuid; }virtual bool use_handshake(void) { return true; }virtual char *my_worker_id(void) { return uuid; }virtual OIL_Object *do_the_work(OIL_Object* my_region){ return image(my_region); } // compute image of region}; Figure 10: A C++ class Mandelbrot Workerheir classes of Divide{and{Conquer that provide suitable realizations for its application{speci�c, abstract methods. Therefore, the two classes Task and Result represent the datathe recursive function deals with.Interactions between Divide{and{Conquer instancesThe basic interaction scheme is that a Divide{and{Conquer object consumes an objectdescribing its task from its context object space into which it �nally stores its computedresult. Consequently, a Divide{and{Conquer object dynamically creates a new object spacein which it eval's a clone of itself and provides it with the corresponding subtask. Hence,the dynamically shaped task tree results in a tree of object spaces through which pairs ofinstances of the Divide{and{Conquer class communicate.41
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Figure 11: Booch Diagram for the Divide{and{Conquer PatternWhereas interaction with object spaces is subject to the abstract Divide{and{Conquerclass, computing the application's recursive function belongs to the duties of the concreteDivide{and{Conquer class. Hence, the control 
ow has to pass through both abstractionlayers once per recursion level. For example, the coordination{layer evaluate method �rstin's a task object before it calls the application{layer compute method. compute in turnhas to invoke the coordination layer in order to perform a recursive call concurrently byanother Divide{and{Conquer instance. For this purpose, the coordination layer providesa method called recurse that returns a Future object for synchronizing with the possiblyremotely computed result of a subtask.Finally, for achieving runtime e�ciency the task tree has to be pruned e�cientlyin order to create (roughly) only as many active objects as the underlying computingplatform can execute in parallel. As shown in [22], e�cient pruning depends on howworkload is divided by recursive calls. This is an application{dependent property andtherefore has to be implemented in the application layer. For this purpose, a booleanpredicate called do local has to be implemented within the concrete Divide{and{Conquerclass. 42



ImplementationAccording to the interaction scheme described so far, the implementation of an abstractDivide{and{Conquer class is straightforward. Its core elements are shown in Figure 12. Itde�nes compute and do local as abstract methods. Furthermore, evaluate consumes a taskobject and in turn out's the computed result. Finally, recurse checks whether the givensubtask should be computed locally. In this case, it initializes the resulting Future objectwith a locally computed result. Otherwise, it creates a new object space and eval's a cloneof itself.Figure 13 shows the implementation of the class Future the objects of which are eitherassigned directly to a locally computed result or are initialized with an object space.The latter is used for synchronization with the concurrently computed result. Hence, thecalling active object will wait for the result when it invokes the item method for the �rsttime.Sample Usage: Knapsack PackingTo illustrate the use of the Divide{and{Conquer pattern, a program for solving the knapsackproblem has been implemented. The knapsack problem is de�ned as the problem of �ndinga set of items each with a weight w and a value v in order to maximize the total value whilenot exceeding a �xed weight limit. In the implemented divide{and{conquer algorithm,the problem for n items is recursively divided into two subproblems for n � 1 items,one with the missing item put into the knapsack and one without it. Whereas the �rstsubproblem is handed over to another processor, the second one is recursively computedwithin the same node, yielding a dynamically shaped task tree. The pruning of the tasktree is performed by keeping track of the actual recursion depth.Figure 14 shows the methods do local and compute of a class Packer that implementsa concrete Divide{and{Conquer solver. The Packer class assumes the presence of classesSolution and Item which are not shown here. Solution basically enacts sets of Item's withgiven weight and value, and with the total nbr items in the set as well as the number of43



class Divide_and_Conquer : public OIL_Object {public: virtual OIL_Object* compute(OIL_Object* task);virtual bool do_local(OIL_Object* task);virtual void evaluate(void){OIL_Object* my_task = context->in(*new OIL_Object);context->out(*compute(my_task));delete my_task;}Future *recurse(OIL_Object *task){Future *result = new Future();if (do_local(task)) result->assign(compute(task));} else {Object_Space *OS = new Object_Space();OS->out(*task);OS->eval(*(this->clone()));result->set_os(OS);}delete task;return result;}}; Figure 12: A C++ class Divide and Conqueralready �xed items in the solution along the current recursion tree. The compute method�rst checks whether including the currently considered item will exceed the total weightlimit. If this is not the case, it spawns a new Packer object by invoking recurse. To �nd thesolution with the best total value by omitting the current item from the set, the recursivecall is made locally. Finally, both solutions are compared to each other before the betterone is returned as the result. The runtime behaviour of this algorithm is analyzed in44



class Future {protected: Object_Space *os;OIL_Object *my_item;public: Future(){ os = 0; my_item = 0; }void set_os(Object_Space *o){ os = o; }void assign(OIL_Object *i){ my_item = i; }OIL_Object *item(void){if (my_item == 0) my_item = os->in(*new OIL_Object);return my_item;}}; Figure 13: A C++ class FutureSection 6.2.2.5 Implementation IssuesIn order to enable the evaluation of Objective Linda's concepts, a prototypical implemen-tation for a cluster of networked workstations and a language binding to C++ has beencarried out.The requirements of supporting C++, multithreading and 
exible con�gurations sug-gested that an implementation of Objective Linda has to rely directly on TCP/IP socketsas they are supported on the operating system level. Unfortunately, the programminginterface to sockets is very complicated and hence error prone. This led to the decision tobase Objective Linda's implementation on the ACE toolkit [55, 57]. ACE is a class libraryfor C++ which provides a set of wrapper classes for portably accessing operating system45



bool Packer::do_local(OIL_Object *task){return (task->already_fixed > parallel_depth);}OIL_Object* Packer::compute(OIL_Object* t){Solution* s = (Solution*) t;Solution *result,*solution_with,*solution_without;Future *f = 0;int current_item = s->already_fixed + 1;if (current_item < s->nbr_items){if ( s->weight + s->item(current_item)->weight <= s->weight_limit ){solution_with = s->clone();solution_with->include_item(current);solution_with->set_already_fixed(current);f = recurse(solution_with);}solution_without = s->clone();solution_without->set_already_fixed(current);solution_without = compute(solution_without);if ( f != 0 ){ // we have two possible resultssolution_with = f->item();if (solution_with->value() > solution_without->value()){result = solution_with; delete solution_without; }else { result = solution_without; delete solution_with; }} else { // we have only one possible resultresult = solution_without; }} else result = s;return result;} Figure 14: A C++ class Packer
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features with a type{safe, object{oriented interface. Additionally, it provides a frame-work of design patterns for various aspects of communication between processes as wellas between lightweight threads of control. Furthermore, the ACE toolkit is available fora wide spectrum of operating systems, covering various 
avours of UNIX, Windows/NT,Windows/95, and even MVS, VxWorks (a UNIX variant for embedded systems), andother platforms.The existing prototype implementation provides the full functionality of ObjectiveLinda's operations on object spaces and its basic data types. In the following, the im-plementation design will be discussed and compared (where applicable) to existing im-plementations of the original Linda model. The discussion focuses on six major designdecisions concerning con�guration setup, object storing, timeout behaviour, load distri-bution, management of type hierarchies, and object transfer.5.1 Con�guration SetupAs mentioned earlier, con�gurations in Objective Linda consist of active objects thatstore and retrieve passive objects using object spaces. These three kinds of entities haveto be mapped onto operating system{level processes running on di�erent workstationsthat communicate across a local area network.Such a process consists of a set of C++ classes that implement the OIL types in use, aswell as a so{called kernel implementation and a startup mechanism. The active objectsperform the application's computations whereas the kernel part of a process is responsiblefor the management of object spaces. Both parts can consist of several independent activ-ities which are to be executed concurrently within each process. Consequently, ObjectiveLinda processes consist of several concurrently operating, lightweight threads of control.Computations are set up in a SPMD (single program multiple data) style [20]. Hence,all application processes run the same program binary. One of them will be forced bythe startup mechanism to start the program execution by eval'uating the so{called rootobject of a certain OIL type speci�ed at compile time by the application's programmer.47



All other processes start up passively and wait to serve requests for eval operations ofactive objects.All these processes are started by a dedicated startup program called olrun (in analogyto MPI's mpirun program [30]) that is concerned with selecting a group of workstations,with starting processes, and with the establishment of communication channels betweenthe processes. Hence, Objective Linda's implementation is responsible for all aspects ofprogram execution except the application's active and passive objects. Consequently,programmers are completely freed from concerns of control 
ow and can focus on theimplementation of their application types.It should be noted that this startup mechanism has been designed in order to simplifythe start of several processes belonging to a parallel application. By simply exchangingthe startup mechanism (and without further changes to the implementation), distributedapplications can be built in which every process has its own active object at startup time.5.2 Object StoringAn important goal of every platform for parallel programming is to reduce communicationcosts, since this factor signi�cantly in
uences achievable application speed. In Linda{likemodels, communication costs stem from storing and retrieving data into and from dataspaces. There is a tradeo� between centralized and decentralized data storing. Whenusing a centralized data space Sc, every process simply has to send a unicast messageto Sc whenever it wants to store or retrieve data. Although this is the simplest form ofdata space implementation, Sc immediately becomes a bottleneck, and the performanceseverely degrades, even with small{sized con�gurations. An example for this behaviouris the Glenda system [61].Alternatively, data may be stored in a distributed fashion in which every node ofa system contains its own data storage. With distributed storage, two alternatives arepossible [62]. The �rst alternative is to replicate data objects over all nodes. Then,the out operation broadcasts the data objects to all nodes, whereas rd operations may48



be performed locally without any communication. Besides the overhead of storing dataobjects on all nodes (while typically needed only by a few), this scheme has anotherperformance drawback: since the in operation has to ensure that every object must beconsumed at most once, costly protocols such as e. g. two{phase{commit [62] have to beimplemented.Consequently, it is a better option to store data objects locally where the correspondingout operation has been performed. in and rd then have to broadcast to all other nodesin order to retrieve data. With this scheme, there are still two options concerning thesituation in which matching data objects cannot be found immediately. The �rst option isto simply discard unresolvable requests on the receiver nodes and to repeat requests aftera certain timeout. This scheme tries to minimize communication but has the drawbackthat late{coming matching objects cannot be found immediately, but only after the nexttimeout. Hence, it is preferable to broadcast request cancelation as soon as the requesthas been satis�ed. It should be noted that the non{replicated storage approach may leadto unnecessary data movement when requests are simultaneously satis�ed by multiplenodes. In this case, the unused objects simply migrate to a new location.Traditional implementations such as e. g. [60] try to achieve runtime e�ciency by staticcompile time analyses. A �rst variant is to combine the two approaches of distributedstorage, yielding a system with partial replication. Here, the set of processes is logicallyarranged in a grid where each process is assigned a coordinate (r; c). Processes broadcastout'ed objects to all processes within the same row r and broadcast in or rd requests toall processes within the same column c. Hence, every matching data object will be foundon exactly one node per request.Another variant is to classify data objects (Linda tuples) by their structure (whichis called their type signature) and to statically assign storing nodes for every kind ofsignature in use [60]. This scheme can be implemented without any broadcasting, butdue to the necessary compile{time analysis, it is (like the partial replication approach)con�ned to static, closed systems and hence not suitable for Objective Linda.49



A better distributed{storage implementation can be achieved when exploiting thepresence of multiple data spaces, as it is done in the York Linda kernels [52]. Here,tuple spaces are at runtime classi�ed into two categories: local and remote ones. A localtuple space is only known on the node on which the corresponding tuples are stored. Aremote tuple space resides on a special process called tuple space server (or a set of serverssharing work load). Remote tuple spaces are the ones known by more than one process. Inthis approach, communication costs are minimized by locally accessing local tuple spaces(without any communication), by unicast communication between application processand tuple space server, and �nally by bulk movement of complete tuple spaces in case ofclassi�cation changes between application and server processes.The object storage implemented for Objective Linda has evolved from the York kernel'sconcepts. As outlined above, application processes of Objective Linda are multithreadedin order to reduce costs of inter{process communication between active objects. Conse-quently, application processes consist of two kinds of lightweight threads, one for activeobjects, and one for the kernel which implements the local parts of the object spaces andthe communication with the other processes of a con�guration.Furthermore, Objective Linda distinguishes between local and remote object spaceslike the York kernel does. In Objective Linda, every object space has its owner processin the address space of which it resides. If an object space is local, then only its ownerprocess is attached to it. (No threads of other processes \know about" this object space.)If threads of more than one process are attached to an object space, the object spaceis called to be remote. During the runtime of an Objective Linda application, objectspaces may change state from local to remote whenever new processes attach. The objectstore of an object space physically resides in the address space of its owner process.Hence, every object space is implemented in a centralized manner, while each objectspace may have its own server process. Ownership is directly coupled to the creationof the object space; the process on which an object space is created implicitly becomesits owner. With this scheme, the implementation of object space operations becomes50



rather simple. Only threads local to the owner process access an object space. They doso under mutual exclusion { very similar to the monitor concept known from operatingsystem technology [62]. Threads from other processes access (remote) object spaces in away resembling remote procedure calls: They connect to the owner process which in turnstarts a new proxy thread in charge of processing this request. The proxy thread nowoperates like any other local thread. After completing its task, the proxy thread returnsits results back to the remote process and terminates.With this storage scheme, communication between processes is tailored to applicationneeds: Local operations (between threads on one process) are performed locally, andother requests are exchanged only by unicast communication. Hence, it is up to theprogrammer to make use of several object spaces allowing process sets operating on disjointdata to operate without interfering with each other. Furthermore, the thread{per{requestmodel [58] of implementing object space servers supports a maximal degree of concurrencybecause every application thread may instantaneously access all object spaces. Evenmultiple threads of a single process may simultaneously access the same remote objectspace without interfering with each other.It should be �nally noted that every Objective Linda con�guration provides its ownroot object space. There is nothing special about it besides the fact that this is thecontext object space assigned to the root object of a parallel computation. In realizationsof Objective Linda for distributed applications in which every process involved runs its ownroot object , the root object space becomes necessary in order to initiate communicationbetween all processes of a system.5.3 Timeout BehaviourThe implementation of timeout values for local object spaces is rather simple. Wheneveran operation is invoked, it computes the absolute time Ta until it returns by adding thecurrent time and the timeout parameter. Then, the operation itself is performed. If theoperation is unsuccessful, the current thread sleeps until it is woken up by another thread51



or until the absolute time Ta is reached. As long as Ta has not been reached, the threadretries the operation every time it is woken up. Otherwise, it returns unsuccessfully.This mode of operation introduces some additional delay �t because of two reasons:(a) when the operation is �nally woken up due to timeout, it needs some time for cleaningup and returning. And (b) when the object{space lookup itself takes longer than the giventimeout value, this cannot be (easily) recognized. But both delays should be very smalland hence negligible.The implementation of timeout behaviour for remote object spaces poses the funda-mental question whether the timeout should be measured at the client side or at the serverside. The client side measurement comes closer to the intended semantics, because iteliminates communication delays. Server side measurement simpli�es the implementationbecause the communication parts can be implemented without consideration of possibletimeout errors. Furthermore, server side timeouts increase scheduling fairness, becauseall (local as well as remote) requests remain active within the object space operations forthe same amount of time.This view is clearly biased by the anticipated application area of parallel computing.If the focus of the implementation would be closer to distributed systems, the modelingof communication failures would be more important, forcing timeout measurements to beperformed at the client side. But because the existing implementation is aimed at parallelrather than distributed computing, scheduling fairness is valued higher than fault toler-ance. Consequently, all operation timeouts of Objective Linda operations are measuredhomogeneously at the server sides, namely at the owner processes of the object spaces.5.4 Load DistributionAs shown in [10], the implementation of the eval operation signi�cantly in
uences appli-cation speed. SCA's traditional implementations [33] are based on a �xed set of processeseach executing at most one active tuple at a time. Unfortunately, such a static approach52



is not quite suitable for workstation clusters in which dynamically changing con�gurationsmust be supported. Nevertheless, one concept from these implementations is worth toadopt: Objective Linda also relies on eval servers, a set of processes waiting to executeactive objects to be evaluated. Using this concept, costly process creation and destructioncan be avoided at application runtime.Systems like Glenda and the York kernel are implemented on top of PVM [25] and mapeval onto PVM's spawn operation, hence creating new processes at runtime. Althoughthis approach supports dynamically changing sets of processes, it needs spawning new(heavy weight) processes for every eval operation.Because the Objective Linda implementation supports multithreading, evaluation ofactive objects can be performed based on creating only lightweight threads and is hencebetter suited for �ner grained units of execution. In order to support this, several workerprocesses serving eval requests have to be provided.The current implementation relies on a static set of processes, but plans for the nearfuture include to provide an interface to a resource management system [6] which willenable Objective Linda applications to dynamically change the sets of processes duringruntime whenever the application or other users in a workstation cluster require to do so.It is expected that such a coupling will further increase runtime performance of ObjectiveLinda by exploiting adaptive load distribution schemes.Besides the mechanism responsible for managing the processes involved, it is alsocrucial for application performance how to map eval requests to worker processes. Thisproblem incurs two contradicting goals: On one hand, new threads should be createdon the local machine in order to enforce data locality, hence minimizing communicationacross the network. On the other hand, di�erent machines should serve eval requests inorder to achieve sharing of workload.Because it is impossible to decide automatically in advance whether an active objectto be created should (in the programmer's mind) communicate only locally (e. g. forvery �ne{grained operations) or whether it is intended to share real workload, Objective53



Linda's implementation realizes a workload distribution scheme which relies on locality orremoteness of the object space in which the new active object is to be created. The decisioncan be taken in a very simple manner: if the object space in charge is marked to be localto the process executing eval, the newly created active objects will run within the sameprocess. If the object space is marked to be remote, meaning that operations will neednetwork communication anyway, the newly created active object will run within di�erentprocesses. Currently, these processes are simply determined using a round{robin strategywhich statistically distributes workload quite evenly across all nodes. But in the courseof interfacing with resource management systems, the problem of �nding the best{suitedprocesses will be solved by a resource manager, too. In order to get workload distributedinitially, the root object space is marked as being remote during its initialization.5.5 Management of Type HierarchiesObjective Linda's object model is de�ned using the independent OIL language the con-cepts of which have to be expressed by the means available in the hosting programminglanguage. Unfortunately, C++ is except for its popularity and implementation e�ciencynot too well suited for expressing concepts of object orientation.Generally, OIL types can be approximated by a disciplined use of C++ classes. Butthe language lacks means to deal with types (or classes) as �rst{class values. Any imple-mentation of the Objective Linda model needs three kinds of type{related information,namely functions from objects to their type identi�cation and vice versa, and predicatesrepresenting subtype relations. A function from a given object to its type is neededfor implementing object matching in order to �nd out which type of objects should bematched. The reverse function is needed whenever objects are transferred from one pro-cess to another and new objects have to be created from a description generated by thesource process (see Sect. 5.6). Finally, subtype relations have to be maintained in order toimplement subtype search in cases in which objects of subtypes of a type to be matchedhave to be found in an object space. 54



Every OIL object can be characterized by a pair (T; S) where T denotes its OIL typespecifying the object's interface, and S denotes the set of supertypes, from which T isa subtype of. (It is su�cient to denote the supertypes of which T is a direct subtype,because the transitive closure can be computed automatically.) In order to identify typesacross systems with di�erent language bindings (and to avoid accidental type matches ormismatches), types have to be identi�ed in a globally unique manner. This can be easilydone by employing Universal Unique IDs (UUIDs), as de�ned within OSF's DCE [49].UUID's have an internationally standardized format and consist of date, time, and hostidenti�cation, allowing any computer in the world to create globally unique identi�cationswithout any interactions with others. Consequently, Objective Linda employs UUIDs inorder to identify the OIL types T . Accordingly, the sets of supertypes S are representedas sets of UUIDs.The current implementation requires every class that implements subtypes ofOIL Objectto provide class members for T and S. These are declared as static class members, hencerequiring storage only once per class which can be considered to be negligible. Using T ,a mapping from objects to their respective OIL type follows immediately.Reverse mappings, from types or classes to objects, must be constructed separately.This is achieved by a process{global registry at which every class used by a processregisters its type id together with a function that returns an initialized object of itscorresponding class. This registration can be performed by instantiating one static objectper class which can be done almost automatically by a declaration in the classes' typeinterfaces. The C++ compiler preprocessor is used in order to transform declarations inthe form of DEFINE OIL TYPE(type name, UUID, supertype UUIDs), andIMPLEMENT OIL TYPE(type name, UUID, supertype UUIDs)into all necessary code. Furthermore, part of the implementation is a utility programcalled olclassgen that automatically generates skeleton �les for the implementation of OILtypes in which (among other parts) most of the details concerned with the managementof type hierarchies is already �lled in. 55



This automatic class registration is also used by the implementation in order to con-struct a graph data structure representing the subtype relations between all OIL typesused in a program. To summarize, the existing implementation allows to deal with ex-plicit type information provided on a per{class basis without the necessity to maintainstatic type tables by programmers.5.6 Object TransferObjective Linda's implementation also relies on the York kernel in another respect: thebulkiness of object transfer between processes. The York kernel provides two operationscalled collect and copy collect for retrieving all tuples matching a certain request tem-plate. All these tuples are then transferred in one bulk message to the requesting process,resulting in increased communication performance because of the saved message startuptimes of separate transmissions.It should be noted that the York implementation might also omit bulk transmissionwhenever the amount of data to be transferred might become prohibitive, e. g. withrespect to memory limitations. In this case, the tuples are only logically moved andcan be transferred one{by{one. Although this is performed transparently, it sacri�cesincreased performance for the sake of feasibility.Objective Linda parameterizes its in and rd operations with the min and max parame-ters, denoting the minimum and respectively the maximum number of objects to be readatomically by one operation. All objects (up to max) matching a certain request are thentransferred in one \bulky" message. Here, Objective Linda builds on York's bulk transferand adapts it to the granularity needed by applications. So, unnecessary overheads canbe avoided when some but not all objects matching a certain request are needed. In ourimplementation, we assume that the number of matching objects to be transferred atonce is under control of the application programmer and will hence always �t into givenmemory restrictions except for cases of fatal errors.As mentioned earlier, objects are converted to streams consisting of basic data types56



only. Such streams can directly be transferred between processes by using the IOStreamclasses from the ACE toolkit. Together with the implemented thread{per{request model,the use of IOStreams avoids the necessity of implementing a separate message passinglayer inside Objective Linda's runtime system.5.7 Basic ComponentsA schematic view on a running Objective Linda con�guration can be seen in Figure 15.The bottom of the �gure shows some worker processes. In each worker process, the mainthread (the initial thread of the process) is used for event dispatching in a so{called reactorloop, using ACE's Reactor pattern [56]. Occurring events are signals, as well as commanddata from the olrun process, or connection requests from other worker processes.
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Figure 15: A running Objective Linda con�guration.Additionally, each worker process contains a static type registry T in which the typinginformation as described in Section 5.5 is stored. Besides some threads evaluating activeobjects, worker processes contain objects of the class Object Space, drawn as roundedboxes. In the �gure, the object spaces drawn with dashed lines indicate proxy object spacesrepresenting remote object spaces to threads of the local process. These proxy object57



spaces (of class OS Proxy) are responsible for the communication with the correspondingowner process. OS Proxy is implemented as a subclass of Object Space and can hence betransparently used by application threads.The communication between worker processes is performed in a RPC{like fashion.Hence, connections between worker processes are set up dynamically according to thecommunication patterns of the application threads. These communication channels di-rectly rely on ACE's stream classes. They hence provide a reliable transport layer suitablefor exchanging all kinds of basic data types. The communication streams between workerprocesses are set up passively and actively by using ACE's Acceptor and Connector pat-terns, respectively [59].All worker processes are statically connected with the olrun process via so{called com-mand connections. These command connections also rely on ACE's stream classes. Theolrun process is of a simpler structure compared to the workers. There is just one threadoperating in a reactor loop which maintains a worker registry W. The command interfaceis used for starting the root object , for signaling its termination, for assigning idle workerprocesses to eval requests in the case of remote object spaces, and for the joint terminationof all processes.An integral part of any Objective Linda implementation is its binding of the OILconcepts to the underlying object{oriented programming language. In the case of theexisting prototype implementation, this is C++. Such a language binding consists ofthe set of entities that express Objective Linda's concepts in terms of the programminglanguage. In the case of C++, the language binding is performed by a set of class interfaces.6 Performance EvaluationIn this section, the e�ciency of the presented prototype implementation and the runtimebehaviour of parallel applications programmed using Objective Linda is evaluated. Inorder to do so, we present performance measurements for the main operations of ObjectiveLinda and for two sample applications. In both cases, a comparison to an equivalent58



implementation using C++ and the Parallel Virtual Machine (PVM) [25] as the messagepassing library is made.6.1 Runtime Measurements of Objective Linda's OperationsThe performance measurements presented below were performed on a pool of DigitalAlpha workstations running Digital UNIX in version 4.0, connected by switch{based high{speed networks, partly using FDDI (DEC 3000 Model 300 X), partly using ATM (Alpha-Station 200 4/166). PVM in version 3.3.11 has been used for the comparison. Theruntimes presented below are average values of multiple runs in each of which everyoperation has been invoked 1000 times by every thread.In order to measure the runtimes of Objective Linda's operations, a distinction be-tween accesses to local and to remote object spaces must be made. Of further interest isthe runtime behaviour in the case of multiple threads that concurrently access the sameobject space. The performance evaluation presented here is restricted to the data{movingoperations out, in, and rd, because these operations are the most frequently called ones.Their performance hence dominates the communication fraction of application runtimebehaviour. All tests have been performed with multisets of one object of type OIL Objectcontaining no information besides its type. Additionally, OIL Object's match operation isempty and always returns the value true. With these restrictions, the runtime measure-ments directly re
ect the costs of the object{space operations without consideration offurther complexity added by more elaborate object types.Table II shows the runtimes of the out, in, and rd operations while comparing localand remote object spaces with message passing using the PVM system. Local objectspaces reside in the same address space (the same process) as the caller of the operations.Their runtime consists of the costs for acquiring and releasing the mutex variable of theobject space and for moving the objects into or from the object space's data containers.The out operation is the fastest among the set of measured operations. This is becauseout simply stores objects. The in operation retrieves objects from an object space. It59



therefore has to call the match operation of the given type. This causes the additionalruntime costs compared to the out operation. The rd operation is slightly slower than in.This is because rd has to perform the same tasks as in, but additionally rd has to clonethe objects it found in order to keep the object space unchanged.As shown in the table, contention e�ects of multiple threads concurrently accessing thesame object space increase the operation runtime. This increase is signi�cant and almostlinear with the number of concurrent threads. Nevertheless, the access times of localobject spaces are very fast compared to remote object spaces. This signi�cant di�erencejusti�es the introduction of local object spaces for tightly coupled threads of control.Remote object spaces are located in di�erent processes. Their operations hence includethe connection setup to the remote process, the spawning of a proxy thread, and thecosts of the corresponding local operation performed by the proxy thread. On remoteobject spaces, di�erences between the three operations almost disappear. This is becauseruntime costs are dominated by connection setup and spawning of new threads. In anoptimized implementation, these costs might be signi�cantly reduced e. g. by reusingalready established connections and by using a pool of proxy threads.For the PVM library, the runtime of message sending has been measured by ping{pong tests [47]. Here, a client process sends a message to a server process which onreception directly returns the message to its sender. The runtime is measured at the clientside. Ping{pong tests cover the complete operation runtime including the local operationsfor sending and receiving as well as the network transmission. Additionally, ping{pongruntimes are directly comparable to Objective Linda's operations on remote object spaceswhich consist of request/reply pairs. Measurements with multiple concurrent (single{threaded) PVM clients have been performed with a shared server process.As shown in Table II, Objective Linda's operations take between two to �ve timesas much time as a PVM ping{pong test. Although this is a signi�cant overhead, bothoperation types are still within the same order of magnitude. As mentioned above, anoptimized implementation of Objective Linda might perform much closer to the PVM60



operations. The impact of these di�erences on the performance of parallel applicationswill be studied in the next subsection.
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Table II: Operation runtime (msecs) on object spaces compared to PVM.local remotethreads out in rd out in rd PVM1 0.17 0.25 0.26 10.3 10.1 10.0 4.22 0.29 0.42 0.50 18.7 18.5 19.2 5.43 0.36 0.57 0.72 27.3 27.5 28.1 6.94 0.43 0.71 0.92 35.9 35.1 35.9 10.25 0.69 0.86 1.13 44.2 47.1 45.2 10.9
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6.2 Runtime Measurements of Parallel ApplicationsThe parallel runtime behaviour can hardly be re
ected by a coordination model, becausesuch behaviour is not related to the communication (data) itself but to dynamic propertieslike communication frequencies. One exception is the introduction of bulky operationsthat allow to store and retrieve several objects at a time and consequently reduce partsof the communication overhead by minimizing the number of necessary communicationoperations [21, 52].Such communication properties belong to the parallel algorithm itself and will hencein
uence any implementation regardless of the underlying communication platform orcoordination model. The implementation of identical parallel algorithms based on di�er-ent communication platforms consequently allows to compare their runtime performancewith each other. Such comparisons will be provided for the example applications dis-cussed below. In particular, Objective Linda's runtime behaviour will be compared toPVM, version 3.3.11. The computing platform is the same as the one used for measuringthe runtimes of the operations. Since all workstations used for the measurements are ofequal computing power within an interval of 3%, all machines will be treated as of equalcomputing power in order to simplify the following analyses. The �rst application studiedis the parallel visualization of the Mandelbrot set { an example of a manager/workercomputation. The second application is a parallel algorithm for the knapsack problem {it represents a divide-and-conquer computation. In both cases, the coordination patternsdescribed earlier have been used as the basis for writing the code.6.2.1 Mandelbrot SetA parallel visualization program for the Mandelbrot set has been implemented with Ob-jective Linda following the design outlined in Section 4.1. Analogously, a PVM imple-mentation relies on the same manager/worker scheme. With PVM, the manager objectmust additionally implement a worker pool because it has to identify workers in orderto communicate with them. Besides the additional implementation of a worker pool and63



the exchange of communication operations, both versions of the Mandelbrot program usethe same program code and have been compiled with the same compiler using the samecompiler options. Of course, runtime measurements have been performed with the samemachines, using an identical data set. The image size was 1000� 1000 pixels.
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Figure 16: Application speedup of the Mandelbrot program.Figure 16 shows the speedup of parallel runs with both platforms, compared to asequential program which has also been derived from the original source code. Mea-surements have been performed for one up to ten processors. With one processor, themanager and one worker both run on the same machine. With two processors and more,one workstation runs the manager while each other runs a worker object.The most obvious result is that Objective Linda and PVM yield almost identical re-sults. Both platforms achieve a maximal speedup of about three when using ten machines.This rather poor speedup is due to the large amount of image data that has to be trans-ferred from the workers to the manager. Hence, although embarrassingly parallel, thevisualization of the Mandelbrot set achieves its maximal speedup already with relativelyfew processors.The Mandelbrot algorithm was chosen in order to implement an embarrassingly par-64



allel problem while simultaneously exploiting task parallelism. Its large amount of imagedata allows to validate Objective Linda's approach to object migration: Although Ob-jective Linda's imaging streams use a rather \verbose" data format, they yield almostidentical results for up to six processors compared to PVM. Only with more proces-sors, Objective Linda's communication overhead causes measurably slower applicationbehaviour. This result has to be evaluated under consideration of the fact that ObjectiveLinda's prototype implementation has not at all been optimized. Currently, every objectis transferred using an ASCII representation of all data items which was introduced inorder to avoid problems with conversions between di�erent binary formats.6.2.2 Knapsack ProblemA parallel solver for the knapsack problem has been implemented with Objective Lindafollowing the design outlined in Section 4.2. A PVM implementation has been derivedfrom the Objective Linda source code. Here, new tasks are dynamically spawned asheavy{weight UNIX processes. Task and subtask communicate via their task id's theybecome aware of while spawning the new task.
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Figure 17: Application speedup of the knapsack program.
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Figure 17 shows the speedup of parallel runs with both platforms, compared to asequential program which has also been derived from the original source code. Measure-ments have been performed for one up to ten processors. Communication latency playsonly a minor role concerning application speed of the knapsack programs, because theproblem needs exponential computation e�ort while only a few data items have to betransmitted. Instead, dynamic task assignment dominates the achievable speedup values.Figure 17 shows that Objective Linda yields signi�cantly better runtime performance thanPVM. This is because PVM fails to e�ciently distribute dynamically created processesamong the available machines. A similar e�ect has already been reported in [10], whereSCA Linda also performed better than PVM because of better task assignment strategies.Both implementations of the knapsack algorithm relied on the task assignment facil-ities of the respective platforms. A parallel knapsack algorithm based on PVM couldprobably achieve speedup values comparable to Objective Linda if task assignment wouldbe performed by the application itself e. g. in form of a worker pool to which tasks maybe assigned.7 ConclusionsIn this paper we have presented Objective Linda, a coordination model based on thegeneral principles of the original Linda approach, developed in order to enable object-oriented parallel programming in networked computing resources. The proposed modelincorporates (a) object-orientation as the primary design methodology yielding compos-able, self{contained entities which are protected by the interfaces of their correspondingabstract data types, (b) generative communication as a means to uncouple communica-tion partners from each other in order to enable the coordination of dynamically changingcon�gurations, (c) homogeneity through its simple, uniform and easy to understand pro-gramming model, and (d) hierarchical abstractions to allow to have di�erent views oncon�gurations with di�erent granularities of concurrently operating agents.The major bene�ts of Objective Linda are:66



� Its object model is thoroughly de�ned and based on abstract types and a corre-sponding subtyping relation. This language{independent object model allows theinteraction of objects and systems implemented in di�erent programming languages.� Matching of passive objects and evaluation of active objects is based on object typesand interface operations only.� Operations on object spaces are enhanced by dealing with multisets of objects andby the introduction of a timeout parameter for behaviour adaptation.� Dynamic composition of con�gurations is based on object matching and generativecommunication. This leads to a model of multiple object spaces allowing to buildhierarchical abstractions of related con�gurations.� Migration of objects between distributed platforms is based on object types only.It was shown that Objective Linda could orthogonally be used in conjunction with anyexisting object-oriented programming language, such that the development of parallel ap-plications becomes a straightforward matter. Objective Linda's notion of active objectsand dynamically con�gurable object spaces allowed the construction of generally usefulhigher-level coordination patterns and components which could be easily adapted to thedesired functionality of a given application scenario. A prototypical implementation forthe C++ language to be used on clusters of workstations was discussed, and its runtimee�ciency was measured. Furthermore, performance measurements of two example ap-plications were performed and compared to equivalent implementations using the PVMmessage passing library. The Objective Linda programs showed runtime performancecomparable (or even better) to their PVM counterparts.There are several areas for future research. First, the existing implementation shouldbe optimized in order to support large applications. Possible optimizations are related toa more compact format for the transmission of objects, the reuse of connections betweenprocesses, and the introduction of a thread pool in order to reduce the overheads offrequent thread creation. Another area for optimization could be an improved scheme for67



mutual exclusion of operations on object spaces, allowing more than one thread at a timeto access a certain object space.Based on such an improved implementation, the Objective Linda model should beevaluated with real{world applications. Such an evaluation should answer questions likewhether Objective Linda meets its requirements for dynamically changing con�gurationsand whether the proposed set of operations proves to be useful in real applications.Analogously, the application of Objective Linda to (wide area) distributed systemsshould be evaluated with example applications of larger size. It appears to be veryinteresting to see whether Objective Linda can be successfully employed in this applicationarea.Related to the area of (open) distributed systems, Objective Linda's support for in-tegrating heterogeneous environments could be evaluated by the introduction of bindingsto further programming languages. Of special interest seem to be bindings to Java andSmalltalk. A Java binding would open the Internet world whereas a Smalltalk bindingcould allow the veri�cation of Objective Linda's concepts in the area of pure object{oriented languages.Finally, the idea of developing reusable coordination patterns for parallel computingbased on Objective Linda should be explored further. Examples for such patterns mightbe synchronizers, sequencers, iterators, barriers, and other kinds of active objects withreusable behaviour. The construction of a \toolkit" of reusable coordination componentsshould be the long{term goal of this research.AcknowledgementsWe would like to thank Henri Bal and Paolo Ciancarini for their very useful and thoroughcomments on draft versions of the paper. Tom Holvoet bene�cially in
uenced ObjectiveLinda's mechanism for dynamic composition. We also appreciate Antony Rowstron's helpgiving shape to our prototype implementation.68
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