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ict with eachother. Next, we show how these con
icts are solved in the model by radically separatingthe object oriented paradigm from the constraint paradigm. The communication betweenthese two systems is then managed by a third party.A prototype of the model was implemented, based on a coordination language alanguage for managing concurrent, independent processes. This allows us to build anideal implementation. Although this ideal implementation does not yield the necessaryperformance in speed, it clearly demonstrates that the model provides an appropriateway for setting up an application that incorporates object oriented programming as wellas constraints.1 IntroductionIn today's interactive graphics applications, such as drawing applications, CAD/CAM sys-tems, systems for visualization, simulation, animation, etc., we can often recognize two basicdesign methodologies. These two are object oriented programming and constraint program-ming. Object oriented programming is widely used to design and implement graphics systems,
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both in commercial and research �elds. On the other hand, the usage of constraints and con-straint solving techniques is not so widespread in the commercial world, but it has a longhistory in research and dates back to the �rst days of interactive graphics ([Sut63]).Both methodologies are powerful techniques for building computer graphics applications.Object oriented methods provide sound software engineering principles needed to cope withthe design and implementation of large, complex software systems. The use of constraintsallows for the declarative modeling of the behaviour of animations and interactions with manycomponents or objects.The power of both approaches justi�es for a combination where objects and constraintsare uni�ed in a harmonious and coordinated whole. However, integration leads to con
ictsin programming methodologies ([FBB92]), which obstructs the application of constraints inthe object oriented approach. We distinguish two incompatibilities between constraints andobject oriented concepts:� A constraint solver looks at and sets the internal data of an object.� Object oriented programming is imperative, and constraint programming is declarative.The �rst incompatibility con
icts with the information hiding principle in the object ori-ented paradigm. The second incompatibility identi�es a di�erence in programming method-ology: object oriented programming speci�es the actions to be taken (imperative program-ming), while constraint programming speci�es a set of constraints that have to be maintained(declarative programming).A number of ways have been described to combine objects and constraints. Some methodsare completely based on message passing. In [LvdB91], the methods of an object that mayviolate constraints are guarded by so-called propagators. The propagators send messages toother objects to maintain the constraints. This technique is similar to the pre- and postcon-dition facilities in Go [Dav91] [GoP93]. This approach is limited to constraint maintenance,starting with a consistent situation.Equate [Wil91] uses term rewriting as a guide to �nd solutions. Constraints are speci�edas equations, and rewrite rules convert equations into equivalent sets of equations that can besolved by messages to an object. The rewrite rules which rewrite the equations are providedby the classes and are similar to the program clauses of logic programs. The Object-OrientedConstraint System (OOCS) [HB94] is similar, does not use term rewriting. Instead, an objectsupplies a set of solution program segments for each constraint that has been imposed uponit. The object guarantees that execution of any of these segments will leave the object in astate which satis�es the constraint. OOCS then solves a set of constraints by determiningwhich program segment steps interfere with each other. By arranging the solution steps, theOOCS solver is able to decide which are feasible solutions, if any.These systems often cannot solve global constraints, due to the local character of thesatisfaction mechanism. More powerful solutions are necessarily global in nature. The dangeris that all objects need methods to get and set their internal data. This however, allowsevery other object to get and set these values, which is clearly against the object-orientedphilosophy. One way to restrict this, is to have an object allow value setting only whenits internal constraints remain satis�ed (see [Ran91]). A constraint could be made internalby constructing a `container object', which contains the constraint and the operand objects,but this does not solve the basic problem. Another approach is to limit access to privatedata to constraint-objects or the constraint solver-objects only. For example, C++ provides2



the `friend' declaration to grant functions access to the private part of objects. This is alsocomparable to the approach taken by [CBL91], where special variables (slots) are accessibleby constraints only. However, encapsulation is still violated, and the C++ friend constructcould be easily misused.On the other hand, under strict information hiding, constraint satisfaction on objectscannot be guaranteed [VK95]. If one is to sacri�ce strict information hiding in order tofacilitate constraint satisfaction, care should be taken not to allow abuse. The proposedsolution is to separate the object oriented application from the constraint framework and letthe two systems then communicate via a communication scheme that is di�erent from themessage passing activity.The separation provides a remedy to the above mentioned incompatibilities. Firstly,the communication scheme takes place orthogonal to the objects' message passing activity,which guarantees that the information hiding con
ict among objects will not be violated.Secondly, separation of the object oriented application from the constraint framework createsa decoupling between the imperative and the declarative paradigms. This facilitates thedesign, implementation and maintenance of the systems, without sacri�cing any of the powerof both methodologies.In this document, we present a conceptual model that uses this separation for buildingcomputer graphics systems that use both objects and constraints. Section 2 present theconceptual model. In section 3, we describe an implementation of the model using thecoordination language MANIFOLD. The last section discusses directions for future research.2 Conceptual modelThe conceptual model o�ers a controlled way of dealing with the violation of the informationhiding principle by separating the object oriented framework from the constraint framework.The two frameworks communicate by a separate third-party communication protocol that isdi�erent from the typical object oriented message passing activity.There are the following types of entities: constraints, constrainables, solvers, coordina-tors, and a single Communication Server, see Figure 1 for an overview. Informally, theconstrainables correspond to objects in the object oriented application and can be subjectedto constraints. The constraints specify relations among the constrainable entities they op-erate on. A solver computes values for (the attributes of) constrainables that satisfy theconstraints imposed on them. Coordinators are responsible for the coordination of possi-bly multiple, concurrently operating constraint solvers, depending on the type of constraintsolvers. For example, constraint satisfaction by local propagation needs other coordinatorsthan constraint satisfaction by solving a set of equations. The communication between con-straints, constrainables, solvers, and coordinators is done by event raising and data 
ows.Those events are handled by the Communication Server. It sets up and destroys data 
owswhen needed.2.1 Communication ServerThe Communication Server manages the communication between the entities in the concep-tual model. The general outline of the Communication Server was inspired by the language3
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Figure 1: Constraints, constrainables, solvers, and coordinators communicate with each othervia events (zigzag arrows) and data 
ows (double arrow), which are provided by the Com-munication Server.MANIFOLD and its underlying concepts (see section 3.1 and [Arb96]). The two most impor-tant notions are event and data 
ow.event An event is an asynchronous, non-decomposable (atomic) message, broadcasted by theCommunication Server or by a constrainable, constraint, solver, or coordinator entity.� Raising an event means that it is broadcasted to the environment. An entity that raisesan event is called the event source.� Posting an event means that it is detectable only to the entity itself. We call a postedevent internal.� An event contains a data structure holding the name (or type) of the event and areference to the source that raised it.An event can be raised by the Communication Server and by any entity (constrainable,constraint, solver, or coordinator). An entity can show its interest in an event by registeringitself to the Communication Server. It can register itself for a certain event type raisedby a certain entity, for a certain event type raised by any entity, for any event raised bya certain entity, or for any event raised by any entity. All raised events are picked up bythe Communication Server and are forwarded to entities that are interested in these events.Entities have an event memory where the Communication Server places the event. Postedevents are placed only in the event memory of the posting entity. The entities are polling theevent memory to see if they have received an event. They can identify these events and takeproper action. An entity that raises an event can make no assumptions on who receives theevent and when or in which order received events are processed.4



b.a.Figure 2: A constrainable can communicate with other objects via message passing (a) andwith entities of the conceptual model via events and data 
ows (b).data 
ow A data 
ow is the transport of units of data. This 
ow is always in one directionand has a beginning and an end.� A data 
ow has an input side, called the source, and an output side, the sink.� When data enters a data 
ow at the source, it is delivered to the data 
ow's sink,without loss, error, or duplication, and the order preserved.� The data is transported through a channel, which is created and deleted by the Com-munication Server.The moments at which channels are created, and between which entities depends on theactions that entities take. An entity can request the Communication Server to create achannel by raising an event.At the beginning and end of a channel are entities. The connection point for a channel isa port:port A port is a named `opening' to an entity, through which data can be exchanged.� Ports can be guarded by a condition, for example to see if there is a data 
ow connectedto it. If the condition is true, then an event is posted to notify the entity.By means of events and data 
ows, entities can communicate in a way that is completelyorthogonal to the message passing framework of the object oriented application.2.2 ConstrainablesObjects on which constraints can be imposed, need some extra functionality to make themsuitable for constraint solving. It is necessary that they can notify the environment of statechanges and that they provide access to internal data for a constraint solver. Objects withthis extra functionality are called constrainable objects or just constrainables.A constrainable object communicates with its environment in two ways. It can sendmessages to other objects, which is the normal way of communication in an object orientedenvironment. Message passing is prohibited when constraint solving takes place. When5



constraints are being solved the constrainable communicates with other entities through data
ows. This is illustrated in Figure 2. The curved arrows in the �gure are messages sentor received by the objects. The zigzag arrows depict events. The rectangles inside theconstrainable object represent its internal data, the squares on the object boundary depictthe ports to which data 
ows can be connected.A constrainable is in one of two modes, the solving mode, caused by an event, calledE-solving-mode, or the normal mode, caused by the event, called E-normal-mode. When theconstrainable is in normal mode, it communicates with other objects via messages. When itis in solving mode, it communicates with other entities through data 
ows. In both modesthe constrainable can raise and detect events.A constrainable has the following ports:� P-state-in. Through this input port, the constrainable receives a new state from a solver.There is a guard that posts the event E-state-in when data arrives.� P-state-out. Through this output port, the constrainable transmits its current state toa constraint or to a solver. There is a guard that posts the event E-state-out when aconnection to the port has been made.A constrainable reacts to the following events:� E-solving-mode. This event is raised by a constraint on this constrainable, or by acoordinator. In reaction to this event, the constrainable delays the handling of messagesfrom other objects until reception of the E-normal-mode event.� E-normal-mode. This event is also raised either by a constraint on this constrainable orby a coordinator. Upon reception of this event, the constrainable resumes the handlingof messages.� E-state-out. This is an internal event. The constrainable puts its internal data on theP-state-out port.� E-state-in. This is also an internal event. The constrainable copies data from the P-state-in port to its variables. The source of the channel connected to P-state-in is thesolver that has computed a new state for this object.A constrainable can raise the following event:� E-changed. This event is raised when its internal state is changed by methods of theobject. No event is raised when the state changes by copying data from the P state inport.2.3 ConstraintsA constraint speci�es a relation among a set of constrainables. It does not compute a solutionto satisfy the relation it describes, this is done by a solver entity (see section 2.4). In anactual application, a constraint and a solver for that constraint may be implemented as asingle object, but in the conceptual model they are distinguishable entities with a speci�cfunctionality.A constraint has the following ports:� P-state-in. Through this input port, the constraint receives the state of an operandfrom that constrainable. There is no guard on this port. Data only arrives at this portafter the constraint has requested it. 6



� P-param-out. Through this output port, the constraint sends additional data (to thecoordinator), e.g. the size of the violation error, or the changed operands. There is aguard that posts the event E-param-out when a connection to the port has been made.� P-constrainable-out. Through this output port, the constraint sends constrainable iden-ti�ers of its operands to a solver. There is a guard that posts the event E-constrainable-out when a connection to the port has been made.� P-commserv-out. Through this port, the constraint sends constrainable identi�ers tothe Communication Server in order to establish a channel between the constraint andthat constrainable (see below).A constraint reacts to the following events:� E-changed. This event is raised by a constrainable that is its operand. Upon receptionof this event, the constraint collects the states from its operands and checks whetherthe constraint relation still holds. Collecting the data is done by raising the eventE-state-needed (see below).� E-constrainable-out. This is an internal event. The constraint puts constrainable iden-ti�ers on the P-constrainable-out port, which will be received by a solver.� E-param-out. This is an internal event. The constraint sends data through the P-param-out port.A constraint can raise the following events:� E-violation. This event is raised in order to let the coordinator know when the constraintrelation does not hold.� E-solving-mode. This event is raised in order to put the constrainables that are itsoperands in solving mode.� E-normal-mode. This event is raised in order to put the constrainables that are itsoperands in normal mode, again.� E-state-needed. This is raised to let the Communication Server make a channel betweenthe P-state-in port of the constraint and the P-state-out port of each of its operands.A constraint entity, and similarly solver and coordinator entities, can raise events torequest the Communication Server to create channels. Depending on the event type, theCommunication Server knows which ports have to be connected. E.g., when a constraintraises E-state-needed, a channel has to be created between P-state-out of an entity (in thiscase, a constrainable) and P-state-in of the constraint. After an entity has done the request(i.e., raised the event), it sends an identi�er of the entity through the P-commserv-out port.This identi�er is then received by the Communication Server and used to create the channel.2.4 SolversA solver calculates values for the collection of constrainables that satisfy the constraints thatthe solver operates on. It takes one or more constraints as input and, after performing thenecessary calculations, it sends values to the constrainables that satisfy the constraints. Asolver may be a dedicated solver that solves only one constraint, but it can also solve a setof constraints.A solver has the following ports: 7



� P-constrainable-in. Through this input port, the solver receives constrainable identi�ersfrom the constraint. There is no guard on this port, since data only arrives after thesolver has requested it.� P-constraints-in. Through this input port, the solver receives constraint identi�ers fromthe coordinator. There is a guard that posts the event E-constraints-in when dataarrives.� P-state-in. Through this input port, the solver receives the state of a constrainable.There is no guard on this port. The solver waits for data at this port after he hasrequested it.� P-state-out. Through this output port, the solver sends the state of a constrainable.Again, there is no guard on this port. The solver sends the data after it has requestedthe Communication Server to create the channels.� P-param-in. Through this input port, the solver receives additional parameters whichmay be needed during solving from the coordinator. There is a guard that posts theevent E-param-in when data arrives.� P-param-out. Through this output port, the solver sends results to the coordinatorconcerning the outcome of its calculations. There is a guard that posts the event E-param-out when a connection to the port has been made.� P-commserv-out. This is the output port for sending constrainable and constraint iden-ti�ers to the Communication Server.A solver reacts to the following events:� E-constraints-in. This is an internal event. The solver reads constraint identi�ers fromthe P-constraints-in port.� E-param-in. This is an internal event. The solver reads data from the P-param-in port.� E-param-out. This is an internal event. The solver puts data on the P-param-out port.A solver can raise the following events:� E-state-needed. The event is raised in order to let the Communication Server create achannel between the P-state-in port of the solver and the P-state-out port of a constrain-able. The solver communicates the constrainable identi�cation to the CommunicationServer through the P-commserv-out port.� E-state-available. The event is raised in order to let the Communication Server cre-ate a channel between the P-state-out port of the solver and the P-state-in port of aconstrainable.� E-constrainable-needed. The event is raised to let the Communication Server create achannel between the P-constrainable-out port of a constraint and the P-constrainable-inport of the solver.A solver is triggered when a coordinator puts constraint identi�ers on its P-constraints-inport. Additional data may arrive on the P-param-in port (from the coordinator), which thesolver can use in its solving algorithm.Before starting the calculations, a solver requests constrainable identi�ers from the con-straints by raising the E-constrainable-needed event. The Communication Server will createchannels from the P-constrainable-out ports of the constraints to the P-constrainable-in port8



of the solver. The constraint identi�ers needed by the Communication Server to create thechannels, are transmitted through the P-commserv-out port.When the solver has all identi�ers, it raises the E-state-needed event to fetch the states ofthe constrainables. Again, this event is picked up by the Communication Server, which createschannels between the P-state-in port of the solver and P-state-out ports of the constrainables.The identi�ers of the constrainables are communicated to the Communication Server throughthe P-commserv-out port.When a solver has calculated values that satisfy the constraints, it raises the event E-state-avail and sends the states through its P-state-out port. The Communication Server createsthe channels in the same way as when the states were fetched.If the solver has �nished its calculations and there is a connection to the P-param-out port(which is created by the coordinator), the solver will put the results of the calculations onthis port.2.5 CoordinatorsA coordinator is concerned with conducting a number of constraint solvers. Any particularcoordinator has a speci�c solving strategy to solve a collection of constraints. For example,there can be a coordinator which guides local propagation, a coordinator for relaxation, onefor solving numerical constraints, etc. Each strategy requires a di�erent way of triggering thesolvers. The task of the solver coordinator is to trigger the proper solver at the proper time.A coordinator maintains a data structure in which it stores all constraints and theiroperands. This data structure, we will call the constraint network. From this network, itcan derive how constrainables and constraints are interrelated. Furthermore, a coordinatorstores for each constraint which solver types can solve the constraint.A coordinator has the following ports:� P-constraints-in. Through this input port, the coordinator receives constraint identi�ersfrom another coordinator. There is a guard that posts the event E-constraints-in whendata arrives.� P-constraints-out. Through this output port, the coordinator sends constraint identi�ersto a solver or other coordinator that has to solve the constraints. There is no guardon this port, since the coordinator requests the Communication Server to create thechannels.� P-param-in. Through this input port, the coordinator receives additional parametersfrom a constraint. There is no guard on this port.� P-param-out. Through this output port, the coordinator sends additional parametersto a solver. Again, there is no guard on this port.� P-commserv-out. This is the output port for sending constraint and solver identi�ers tothe Communication Server.A coordinator reacts to the following events:� E-violation. Raised by a constraint. When the coordinator detects this event, it willstart its speci�c strategy in order to satisfy all constraints.� E-constraints-in. This is an internal event, posted by a guard when there is data onP-constraints-in. 9



A coordinator can raise the following events:� E-solving-mode. This event is raised in order to put the constrainable entities thiscoordinator handles in solving mode.� E-normal-mode. This event is raised in order to put the constrainable entities thiscoordinator handles in normal mode.� E-param-needed. This event is raised in order to retrieve data from a constraint or asolver or another coordinator.� E-param-avail. This event is raised when the coordinator wants to send data to a solveror another coordinator.� E-constraints-avail. This event is raised when the coordinator wants to send constraintidenti�ers to a solver or another coordinator.When there is no constraint solving taking place, a coordinator waits for the events E-violation or E-constraints-in. When the event E-violation is detected, the coordinator will startits speci�c strategy to solve all the constraints in its constraint network. When the coordinatordetects the E-constraints-in event, it will receive constraints on the P-constraints-in port andstarts solving this network of constraints.When a violation event E-violation from a constraint is received, the coordinator will putall constrainables, that are managed by the coordinator in solving mode by raising the eventE-solving-mode. Next, it will analyze the network to decide which constraints will be solvedby which solvers. A coordinator can also decide to let a part of the network be solved byanother coordinator.The coordinator triggers a solver or coordinator by raising the event E-constraints-avail andsending an entity identi�cation through the P-commserv-out. The Communication Server willthen create a channel between port P-constraints-out of the coordinator and P-constraints-inof the entity. If the coordinator also raises the event E-param-avail, a channel will be createdbetween the P-param-in/out ports of both entities.Finally, the coordinator will raise the event E-param-needed, in order to retrieve resultsfrom the solvers and/or coordinators. The channels are created in the similar way as describedabove. If the coordinator wants to end all constraint solving, it raises the E-normal-modeevent, which places all constrainables in normal mode.2.6 ExampleWe will now demonstrate the operation of the model by means of an example. In the example,there are two coordinators. One coordinator uses a local propagation algorithm to solve aconstraint network. We will call this coordinator, the lp-coordinator. The other coordinatorsolves a constraint network by putting the constraints in a form that can be handled by anumerical solver. We will call this one, the num-coordinator.Suppose, that there is a collection of constrainables, constraints, and the two coordina-tors, and that the constraint network corresponding to the existing entities is known to thelp-coordinator. Furthermore, we assume that for every constraint entity in the constraintnetwork, there is a solver entity that can calculate a local solution for that constraint andthere is a separate solver that uses some numerical technique to solve a set of constraints.When the state of a constrainable changes, this entity will raise the E-changed event. Thisevent is received by the constraints that operate on this constrainable. (The raised E-changed10



is picked up by the Communication Server and placed in the event memories of all constraintsthat operate on the constrainable.)The triggered constraints will start their validity checking procedure. They will �rst raisethe E-solving-mode event to put their operands in solving mode and lock them from messagepassing. After that, each constraint will raise the event E-state-needed and send identi�ers toits operands through P-commserv-out, in order for the Communication Server to create thechannels.When a constraint has received the object states, it will check its validity. If it is stillvalid, it will raise the E-normal-mode to unlock the constrainables and no further action istaken. If the constraint is violated, however, it will raise the event E-violation which is pickedup by the lp-coordinator.The lp-coordinator will �rst raise the event E-solving-mode to put all constrainables insolving mode. Next, for each constraint that raised the E-violation event, the correspondingsolver (that can calculate a local solution) has to be triggered. A solver is triggered by aconnection to its P-constraints-in port. The coordinator requests the Communication Serverto create this channel by raising the E-constraints-avail event and sending the solver identi�erthrough P-commserv-out.A local solver should leave the state of the changed constrainable untouched. Therefore,the identi�er for this constrainable is sent to the solver. The coordinator retrieves thisidenti�er from the constraint that raised E-violation, via the P-param-in port, and sends it tothe solver via the P-param-out port (by raising the appropriate events for the CommunicationServer).A solver that is triggered reads a constraint identi�er from P-constraints-in and one ormore constrainable identi�ers from P-param-in. Next, it fetches the constrainable identi�ersfrom the constraint (via the E-constrainable-needed event) and subsequently the states of theseconstrainables (via the E-state-needed event). When the solver has calculated a solution, itassigns the new states to the constrainables (via the E-state-avail event). If the solver couldnot compute a solution, no assignment to the constrainables is done.Meanwhile, after having triggered all solvers, the lp-coordinator starts fetching the resultsof the calculations. A result is obtained via the P-param-out port of a solver and contains theidenti�ers of the constrainables that the solver changed or, in case no solution was found, anindication that solving failed.Consulting its internal constraint network, the lp-coordinator (based on the changed con-strainables) determines which constraints have to be solved next. It then triggers the localsolvers that should calculate a solution for the newly found constraints. These steps arerepeated, until no more constraints are determined.When the lp-coordinator is �nished with its algorithm, it raises the E-normal-mode eventto put all constrainables back to normal mode.In general, a local propagation algorithm cannot handle cycles in a network. Local prop-agation only tries to �nd local solutions for each constraint, but does not maintain a globaloverview of the network. As a result, the algorithm can wind up in an endless loop if itcontinuously tries to �nd local solutions for constraints in a cycle. A way to avoid this, is toanalyze the network and isolating constraints in a cycle, before initiating the local propaga-tion algorithm. These isolated constraints can then be solved in some other way, using moresophisticated solvers. 11



The lp-coordinator in our example will use the num-coordinator for solving constraintsthat are in a cycle. Before executing the local propagation algorithm, it analyses the networkand marks all constraints that are in a cycle. When, during propagation, a marked constraintis reached, all constraints in the cycle are collected and send to the num-coordinator. Thenum-coordinator is triggered by the connection to its P-constraints-in port and will subse-quently trigger the numerical solver to try and �nd a solution for the constraints.The sending of constraints and parameters to the num-coordinator, as well as fetchingthe results afterwards, is done in the same way as triggering a solver. This implies that fora coordinator, there is no di�erence in triggering a solver or another coordinator. In thisway, hierarchies of coordinators can be easily built and solver and coordinator entities canbe interchanged without having to change a coordinator that triggers these entities.3 ImplementationWe have implemented a prototype of the conceptual model. This prototype was built onthe language MANIFOLD which enabled us to build an ideal implementation. Ideal meant(1) a clear separation between the object oriented world and the constraint world and (2)communication among the entities of the model via events and data 
ows. Using the languageconstructs of MANIFOLD (see below), a one-to-one mapping between the conceptual modeland implementation could be achieved.Because focus was aimed at building an ideal implementation in order to study the be-haviour of the model, performance issues, such as the e�ciency and speed of the system, werenot considered during the design process.In the next section, we will describe MANIFOLD. Section 3.2 presents an overview of theimplementation.3.1 ManifoldMANIFOLD is a coordination language for managing complex, dynamically changing inter-connections among sets of independent, concurrent, cooperating processes ([AHS93]). Thelanguage is based on the IWIM (Idealized Worker Idealized Manager) model of communica-tion ([Arb96]). This model describes a communication protocol which makes a distinctionbetween worker processes, i.e. processes that perform a computational task, and managerprocesses, i.e., processes that manage communications. The IWIM model separates compu-tation from communication concerns and establishes that no process is responsible for its owncommunication with other processes. It is always the task of a manager process to arrangenecessary communication among a set of worker processes. Furthermore, a manager pro-cess may itself be considered as a worker process by another manager process, which allowshierarchies of communicating processes to be built.The basic concepts in the IWIM model are processes, events, ports, and channels. Aprocess is a black box with well-de�ned ports of connection through which it exchanges unitsof information with other processes in its environment. Interconnections between ports aremade through channels, which are communication links that carry units of information.Independent of the communication via channels, there is an event mechanism for informationexchange in IWIM. Events can be broadcasted into the environment and picked up by anyprocess. 12
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Figure 3: Overview of the implementation.MANIFOLD is an implementation of the IWIM model and each of the basic concepts ofprocess, event, port, channel in IWIM corresponds to an explicit language construct. Everyprocess has an individual set of ports which serve as connection points for the channels (calledstreams in MANIFOLD). A process can raise events and can also decide for which events it issensitive.A manager process, called a manifold, is always written in the MANIFOLD language.Worker processes can be written in any other language, such as C, C++, Fortran, etc.Corresponding to the IWIM model, a manager process does not di�erentiate between workerprocesses and manager processes. A manager process, written in the MANIFOLD language,has a number of `states'. A state consists of a state label and a state body. A state labelspeci�es a pattern of event occurrences that may cause a transition to that state. In thestate body, processes and streams can be created and removed. The notions of manner(comparable to procedures in conventional languages) and nested states provide means towrite well-structured code.3.2 Implementational modelThe implementation of the conceptual model is subdivided into four main components (seeFigure 3).� The application component,� the constraint system,� the administrator component,� the MANIFOLD system.The application component is an object oriented application (OO-application) in whichobjects communicate with each other via message passing. Some objects, the ones on whichconstraints should be imposed, are extended with additional functionality, which allows themto communicate with the constraint system (see below). These extended objects are calledthe constrainables. When no constraint solving is at hand, the constrainables behave asordinary objects. During constraint solving, message passing is locked and communicationtakes place via events and data 
ows. 13



The application component also provides constraint objects. A constraint object speci�esa relation among constrainables. All calculations for checking the constraint's validity orconstraint solving are done in the constraint system.The constraint system consists of a collection of MANIFOLD processes. Four kinds ofprocesses can be di�erentiated:� Constrainable processes,� Constraint processes,� Solver processes,� Coordinator processes.For each constrainable in the OO-application on which a constraint is imposed, thereis a Constrainable process in the constraint system. Similarly, for every constraint in theapplication there is a Constraint process. There are Solver processes to calculate valid so-lutions for the constraints and Coordinator processes for guiding the Solvers. Creation andremoval of the Constrainable and Constraint processes are dynamically controlled by the OO-application. The management of Solvers and Coordinators (in the current implementation)is done by the administrator component.The administrator component manages all administration concerning creation and re-moval of Constrainable, Constraint, Solver, and Coordinator processes. This also entailsproviding some functionality to facilitate the communication between the OO-applicationand the constraint system.Finally, the MANIFOLD system is the underlying system that manages initialization andtermination of the system, all event handling, stream creation and removal, and processcreation and removal.The implementation maps to the conceptual model in the following way. The admin-istrator with the MANIFOLD run-time system comprise the Communication Server. TheConstraint, Solver, and Coordinator processes of the implementation map directly to thecorresponding entities of the conceptual model. The constrainable entity consists of twoparts: the part that communicates via message passing is implemented as constrainable ob-ject in the application. The part that communicates via events and data 
ows is implementedas a Constrainable process in the constraint system.In the next subsections, we will treat each component in more detail. Sections 3.3 and 3.4present an application that has been built on this model.3.2.1 Application componentThe application is written in an object oriented programming language, in this case C++.There are three C++ classes that enable a programmer to use the constraint system. Theseclasses are Constrainable, Constraint, and CommHandler. Class Constrainable providesthe functionality for constrainable objects. A constrainable object consists of two parts:the �rst part is implemented as the C++ object in the application, the second part is theMANIFOLD process. During `normal' operation, the C++ object communicates with otherobjects via message passing. When constraint solving is at hand, the state of the object iscopied to the MANIFOLD process which then communicates with other processes via eventsand data 
ows. 14



An application programmer is not concerned with the MANIFOLD part of a constrainableobject. If a new class has to be created for objects on which constraints will be imposed,this new class has to inherit from Constrainable. If there is an already existing class, and aprogrammer wants to be able to impose constraints on objects of this class, a new class hasto be created that inherits from both the existing class and Constrainable.A class inheriting from Constrainable has to implement a method frame data() thatis required for class Constrainable and has to (re)implement methods that must triggerconstraint solving. In the method frame data(), messages of super-class Constrainableare used to indicate the internal variables that are involved in constraint solving. A methodthat has to trigger constraint solving must call the message commit(). commit() is a specialmessage of class Constrainable that, when executed, locks the calling object and copies itsstate to its MANIFOLD counterpart.Class Constraint provides the functionality for imposing constraints on constrainableobjects. An actual constraint consists of two parts; one part resides as an object in theC++ application and one is a MANIFOLD process in the constraint system. The constraintsin the application specify the relation among a set of constrainables. When a constraint isspeci�ed, the correspondingMANIFOLD processes are created in the constraint system. Oncethese processes are set up, only these are used during constraint solving.Class CommHandler is the class that takes care of the communication between the sequen-tial C++ application and the set of concurrent MANIFOLD processes. The application hasexactly one object of this class. Created constraints are registered to the CommHandler ob-ject which communicates them to the constraint system. During run-time, the CommHandlerobject gets control when a new constraint is created or when a constrainable object performsits commit() function. When in control, it handles requests from MANIFOLD processes. Inthe case of constraint creation or removal, this involves requesting the constraint object tosend its type and operands. In the other case, this involves requesting constrainables to sendor receive states.3.2.2 Constraint systemFor each entity that occurs in a component of the conceptual model, there is a MANIFOLDprocess in the implementation. This means that there are constrainable processes, constraintprocesses, solver processes, and coordinator processes. Constrainable and constraint processescorrespond to constrainable and constraint objects in the C++ application. Solver andcoordinator processes are instantiated by the administrator component at the initializationof the system.A constraint process is created as soon as a constraint object is created in the application.At the same time, also the constrainable processes are created that are the operands of theconstraint. After successful creation, the newly created constraint processes are registered tothe coordinator (by the administrator).Every process is only sensitive for a speci�c set of event types. At process creationtime, this is initialized by the administrator. A constrainable process only detects eventsfrom constraint processes and coordinator processes that operate on it. A constraint processdetects events from the constrainables it operates on and the coordinator process that isconcerned with solving that constraint. Finally, a coordinator process can detect events fromthe constraint processes it administers. 15



The operation of the constraint system is as described in the conceptual model. I.e.,when the user of the application changes one of the objects, the corresponding constrainableprocess in the constraint system raises the E-changed event. This event is picked up by theconstraints that operate on the object. Constraints that are violated, raise the E-violationevent and in this way trigger the coordinator to start its solving strategy. The coordinator,after having put all constrainables in solving mode via the E-solving-mode event, triggers thesolvers or other coordinators. When �nished, it raises E-normal-mode to put all constrainablesin normal mode and let them proceed their `ordinary' operation.A constrainable process in the constraint system is responsible that it has the most recentstate of the corresponding constrainable object in the application. Therefore, the constrain-able process fetches the state of the object when it has to switch to solving mode (i.e., whenit receives the E-solving-mode event). When it switches back to normal mode again, it copiesthe state back to the object. Since during normal operation, the constrainable process doesn'tchange and, during constraint solving, the constrainable object is locked, this guarantees thatthe state of the constrainable entity is always consistent.3.2.3 Communication ServerThe Communication Server, as described in section 2.1, is implemented by the administratorcomponent and MANIFOLD. The administrator performs the administration tasks, such asstorage of references to all created processes. MANIFOLD takes care of all the event handling,stream creation and removal, and the actual process creation and removal.The system is initiated by a small MANIFOLD program which invokes the administrator.The administrator then starts the coordinators, solvers, someMANIFOLD processes that han-dle communication, and �nally the application. The MANIFOLD processes that are activatedby the administrator are `manager' processes (see section 3.1), which take care of the com-munication with the `worker' processes that represent the entities of the conceptual model.E.g., there is a manager process that handles communication with the administrator itself,a manager process for the application and a process for the coordinator, and there will bemanager processes for the created constraint processes.When a constraint is declared in the application, the CommHandler object raises an eventwhich is picked up by the administrator. The CommHandler object then exchanges (viastreams) the constraint data to the administrator. The latter orders MANIFOLD to createconstraint and constrainable processes. After MANIFOLD has created the processes, it alsocreates streams from the administrator to the newly created processes in order to initializethem. Finally, the coordinator has to be noti�ed of the newly created constraint. This is doneby raising an event, upon which MANIFOLD creates a stream between the administrator andthe coordinator, and sending the constraint data through this stream (by the administrator).The same sequence is executed when a constraint is removed in the application.3.3 Example: local propagationThe application component is an object oriented system, written in C++, for drawing andmodifying geometrical objects. A user can draw and modify circles, rectangles, lines, etc.and impose constraints among them, such as touch, equal area, etc. The main activities ofthe application are the interaction with the user and the administration of the user-createdobjects. 16



The network that is formed by the objects and constraints is solved by a coordinator thatuses a simple local propagation algorithm, similar to the one described in section 2.6. Foreach constraint, there is a solver which can compute a local solution for that constraint. Inthe current implementation, we combined a constraint and its solver into one MANIFOLDprocess, for convenience.The constraint mechanism is activated by a constrainable that raises the E-changed event.Here upon, violated constraints will raise E-violation, which will trigger the local propagationcoordinator to start its solving algorithm. The coordinator will subsequently trigger solversthat compute local solutions. Since constraint and solver are combined in one MANIFOLDprocess, it is not necessary for the coordinator to send a constraint identi�er to the solver(indeed, in the current implementation, the local solver is a part of the constraint). Thecoordinator triggers a solver by sending a constrainable identi�er to the entity's P-param-inport.A local solver computes a solution that satis�es the constraint. In case more solutionsare possible (e.g., a constraint that speci�es that a circle and rectangle should touch, has anin�nite number of solutions, even if one of the objects is �xed), the local solver picks one.Currently, the solution chosen obeys the `principle of least astonishment'. I.e., the solvertries to �nd a solution that the user would expect. E.g., in case of a touch constraint, thesolver calculates the shortest vector between the two constrainables, and translates one ofthem over this vector. This behaviour could be adapted by sending additional data for thesolver through the P-param-in port. E.g., data that indicates that the solver should not takethe shortest vector, but should resize the object.If a solver calculated a solution which validated the constraint, the constrainables areupdated by the solver and the identi�ers of the changed operands are sent to the coordinator.If a local solver did not change any operands (either because it could not �nd a solution, or theconstraint wasn't violated), a noti�cation is sent to coordinator. In that case, the coordinatorwill not propagate to constraints that come after the corresponding constraint.The simple local propagation coordinator cannot handle cycles. In case there are cycles inthe network, it can happen that the coordinator winds up in a loop, continuously triggeringconstraints around the cycle. Endless looping is prevented by marking each constraint thatis triggered. If a constraint is marked more than a certain number of times (currently, thisnumber is arbitrarily set to 5), the constraint will not be triggered again.3.4 Example: cooperating coordinatorsAn extension of the previous implementation demonstrates the cooperation of two coordi-nators. Again, the application component consists of a graphical system where geometricalobjects can be created, modi�ed, and removed, and in which constraints can be imposed onthese objects.The geometrical objects that occur in this application are points and lines. Constraintsamong these objects state that one point should intersect another, that a point should in-tersect a line, lines should be horizontal, a cloud of points should have a certain center ofgravity, etc. The common characteristic of all these constraint types is that all constraintscan be translated into a set of linear equations.The network that is formed by a set of constraints and constrainables is now solved bytwo coordinators. The �rst coordinator tries to solve the network by local propagation, as17



described in section 3.3. As was pointed out, this coordinator cannot handle cycles in thenetwork. If it encounters a constraint that is in a cycle, it collects all constraints in that cycleand sends them to the second coordinator. To detect, whether a constraint is in a cycle ornot, the local propagation coordinator does a pre-processing step before starting the actuallocal propagation algorithm. In this pre-processing step, the constraint network is analyzedand for each constraint is indicated whether it is part of a cycle or part of a tree.The second coordinator can solve constraint networks in which the constraints are rep-resented by linear equations. When solving the network, it �rst extracts all equations fromthe constraints and sends all these equations to a numerical solver. This solver uses somenumerical method (LU-decomposition), to �nd a solution for the variables. Again, in theimplementation, for convenience, we combined the numerical solver and the coordinator intoone MANIFOLD process.If the numerical solver �nds a solution for the constrainables, it assigns the new states tothem and sends identi�ers through the P-param-port to indicate the constrainables that werechanged during solving. In case no solution could be found, no assignments are done and the�rst coordinator is noti�ed that solving failed.The �rst, i.e. the local propagation coordinator, after having triggered all solvers andpossibly the numerical coordinator, then collects from all triggered entities the constrainablesthat were changed and continues the algorithm. Finally, the local propagation coordinatorends, when it doesn't �nd new constraints to be solved.3.5 EvaluationThe system we implemented is a simple application for manipulating geometrical objects thatallows constraints to be imposed on the objects. When an object is adapted, the constraintsare solved by local propagation.The system maintains a strict separation between the C++ application and the constraintframework. In the application, the objects can only communicate with each other via mes-sages. On the other hand, constraint and solver entities have direct access to the object'sinternal state through the MANIFOLD interface. Furthermore, all of the elements of the con-ceptual model, such as constrainables, constraints, data 
ows, events, etc., explicitly appearin the implementation.Having implemented the system, it turns out that a major drawback for using it as aninteractive drawing tool is the long delay time needed each time the constraints have tobe solved. This delay is caused by the fact that for each constrainable, constraint, andcoordinator entity, several MANIFOLD processes are instantiated which have to communicatewith each other via MANIFOLD streams that are constantly being created and removed.These activities produce an overhead which makes the system take several seconds to solvethe constraints.A solution to reduce the overhead can be achieved by reducing the number of independentprocesses that need to communicate during constraint solving. However, doing this wouldobscure the `one-to-one' mapping between the system and the conceptual model. As wasindicated before, e�ciency concerns were not taken into consideration when the system wasdesigned. Rather, the goal was to study the behaviour of the individual entities of the modeland to demonstrate that the proposed model of communication indeed separated the messagepassing activity from the data 
ow communication used for solving the constraints. This has18



successfully been illustrated.4 ConclusionIn this paper, we presented a conceptual model for combining object oriented programmingwith constraint programming, and described an implementation. The combination is achievedby separating the object oriented framework from the constraint framework and let the com-munication be managed by a third party. In the implementation all elements of the modelare clearly distinguishable programming constructs, and independent concurrent processes.The communication takes place via events and data 
ows.By separating the two programming paradigms, it is possible to maintain the power ofboth without sacri�cing any of the typical characteristics. Furthermore, it provides a con-trolled way of dealing with the information hiding con
ict and isolates the imperative objectoriented code from the code that has to maintain the declarative constraints. Separation en-ables a modular design, which facilitates the design, debugging, modifying, and maintenanceof systems. As a result, code can be re-used more easily, allowing for solvers to be re-used andplugged into other systems. Finally, the model o�ers a scheme which allows for modellingseveral solvers that operate concurrently.Currently, research is concerned with implementing the conceptual model into an existingobject oriented animation system. Now, the constraint management system that is developedhas to meet the high performance requirements of an interactive animation system. There-fore, the ideal implementation in the separate coordination language will be deserted. Theimplementational model will still show the conceptual elements, but actually the events anddata 
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