AN INTERACTIVE 3D GRAPHICSCLASS LIBRARY IN EIFFELRussell TurnerEnrico GobbettiJean-Francis BalaguerComputer Graphics LaboratorySwiss Federal Institute of TechnologyCH-1015 Lausanne, SwitzerlandAngelo MangiliScientific Computation CenterSwiss Federal Institute of TechnologyCH-6900 Manno, SwitzerlandABSTRACTAn object-oriented design is presented for building interactive 3D graphics applications.The design takes the form of a library of classes written in Eiffel, an object oriented languagewith multiple inheritance, static typing, dynamic binding, garbage collection, and assertionchecking. The classes form a set of reusable components from which a variety of otherinteractive 3D graphics applications could easily be constructed. A discussion of the overalldesign goals and philosophy is given. This is followed by a summary description of thepurpose and implementation of each of the component class clusters. Finally, the issues arediscussed of applying object-oriented techniques to interactive 3D graphics, includingencapsulation of existing software and the implementation on a Silicon Graphics Irisworkstation.1. INTRODUCTIONA new three-dimensional style of interacting with computers is emerging. This style relieson fast, high-quality graphics displays coupled with expressive, multi-degree-of-freedominput devices to achieve real-time animation and direct-manipulation interaction metaphors.3D interactive techniques are already being used in systems that require the creation andmanipulation of complex three-dimensional models in such application domains asengineering, scientific visualization or commercial animation. Other possibilities include thenewest virtual environment research which strives for a more intuitive way of working withcomputers by including the user in a synthetic environment.The design and implementation of an interactive 3D application are extremely complextasks. The application program has to manage an model of the virtual world depicted on thescreen, and to simulate its evolution in response to events from the user. These events canoccur in an order which is determined only at run time. In particular, an interactive, event-driven application must be able to handle the multi-threaded style of man-machine dialogue associated with direct manipulation interfaces, and it must be able to make extensive use ofthe various asynchronous input devices at the disposal of the user. These can vary from thekeyboard and mouse to more sophisticated devices such as the spaceball or DataGlove.Seen from a software-engineering viewpoint, the design of interactive 3D applications canbenefit from object-oriented techniques in several ways. For example, data abstraction can beused to support different internal data representations, multiple graphics drivers can beencapsulated in specific objects, a variety of subclasses can offer the same interface for themanipulation of graphical objects, and the distribution of information can be used to managethe parallelism inherent in direct manipulation programs. From the point of view of a user,the direct manipulation metaphor allows the intuitive behavior and relationships of the objectson the screen to mirror the class and instance hierarchies of the data objects. Object-orientedconstruction is therefore a natural approach for the design and implementation of aninteractive 3D graphics system.We had already gained some experience building object oriented software with thedevelopment of a research user-interface toolkit for the Silicon Graphics Iris workstations[Turner, 90] using a custom-made object-oriented extension to C based on the concepts ofObjective C (Cox, 1986). This experience showed us the limitations of using a hybridlanguage for the implementation of an object-oriented design. Because the language was anextension of a traditional language, it was difficult to completely enforce the object-orientedparadigm, often resulting in a mixture of procedural and object-oriented styles. In addition,the language provided no multiple inheritance, and no static typing, which limited itsexpressiveness and sometimes influencing design decisions. For example, code duplicationwas often necessary in cases where multiple inheritance should have been used instead.Another big problem with our system was its lack of garbage collection, which required us tospend too much time chasing memory bugs and devising complex algorithms to destroyobject structures.As a result, we became convinced of the importance of using a pure object-orientedlanguage for our work, and Eiffel was chosen for the 3D library because of its characteristicswhich corresponded closely to our needs. In particular, Eiffel supports multiple inheritance,static typing, dynamic binding, garbage collection, assertion checking and the ability to callother languages easily. We were interested to find out if these powerful object-orientedfeatures would help in the process of 3D design and we also wanted to test if it was possibleto use a pure object oriented language like Eiffel for an area with such large constraints onperformance as interactive 3D graphics.In this chapter we will present the design and implementaaion of a set of classes in Eiffelwhich can be assembled to create these types of applications. Section 2 discusses our designgoals and methods, section 3 presents a detailed description of the various clusters of classesmaking up the library, section 4 describes how these classes are assembled into applicationsand section 5 discusses some of the issues we have encountered.2. SYSTEM DESIGN2.1. Identification of principal class clustersWe initially spent most of our time in group discussions about the design of the system.The software development tools for Eiffel encourage the grouping of related classes into whatare called clusters. We therefore decided to split the problem into several principal clusters tobe developed in parallel by different people, with each cluster carried through the designprocess to implementation. The identification of these clusters was based on an analysis of the 3D graphics application domain and on our previous experience designing other graphicalsystems. This process is typical of the bottom-up approach that object-oriented design tendsto promote. The clusters we identified were:¥ a modeling cluster, to represent the various components of graphical scenes;¥ a rendering cluster, to provide several rendering facilities;¥ a dynamic cluster, to provide ways to encode interactive and animated behavior;¥ a user-interface cluster, to provide standard interaction widgets and devices.We also developed some lower-level clusters for providing data structure andmathematical functionality. One of these, the mathematics cluster, provides standardmathematical objects such as VECTOR and MATRIX, as well as classes more specific tocomputer graphics such as TRANSFORM_3D and QUATERNION.For the purposes of describing the class structure of the clusters, we have made use ofobject-relation diagrams, as in (Rumbaugh, 1991). The definition of the static structure of thedesign is usually the first step in the design process, and these diagrams allow us to give aschematic presentation of this structure which combines both instance relations andinheritance relations. These diagrams have become a standard way for us to exchange ideasduring the design meetings.ABABABABClass A inherits from class BEvery instance of A is related to zero to one instances of BEvery instance of A is related to exactly one instance of BEvery instance of A is related to zero to many instances of BFigure 1. Object-Relation DiagramsThese diagrams are the only formal notation we have used during design process. Noother types of diagrams or special notations were used. These diagrams are useful but wetend to resist more formalized schemes (data flow diagrams, for example). These othertechniques could be of some use, particularly if used together with some case tools formaintaining diagrams up-to-date with respect to the code, and we may consider them in thefuture. Fortunately, Eiffel’s assertions and invariants offer a way to represent theprogramming contracts between different components of the system. We therefore sometimesuse fragments of Eiffel code early in the design instead of pseudo-code or data-flowdiagrams.2.2. ConventionsTo encourage more regular interfaces, and to improve the reusability of our classes, weadopted some conventions for naming Eiffel features. Some of these conventions are:¥features that return an alternate representation of an object always begin with as. Forexample, as_quaternion: QUATERNION, which can be applied to instances ofMATRIX_4D;

¥features that modify the value of Current as a result of some computations based on theparameters always begin with to. For example, to_sub(left, right: like Current), whichcan be applied to instances of NUMERIC_OBJ;¥features that store the results of their computations in one of their parameters alwayscontain the suffix _in. For example, row_in(i: INTEGER; v: VECTOR), which can beapplied to instances of MATRIX.One result of these conventions is that features tend to follow the style of modifyingCurrent or one of the parameters instead of creating a new object. Therefore, it is the client’sresponsibility to allocate all the necessary objects, and this can reduce the overhead due toallocation and collection of unnecessary temporary objects.We put some effort into defining preconditions, postconditions and invariants for all theroutines and classes because, by specifying the programming interface contract, they are akey element for promoting reusability. Assertions formally define the behavior of the classesand therefore we use them early on in the design phase. They also provide a certain form ofdocumentation and help during debugging. Assertions also help to produce efficientsoftware. By clearly defining the responsibilities of each component, defensive programmingtechniques can be avoided.2 . 3 . EncapsulationOne of the important features of Eiffel, in our opinion, is the ability to encapsulateroutines written in other languages. Because this can be done cleanly, it helps to promotepure object-oriented design. It is also essential if we are to acheive one of the main goals inobject-oriented programming which is reusability. Decades of programming effort have beenspent in developing and testing large software libraries in various languages. Some of theselibraries, for example the FORTRAN BLAS and LAPACK libraries, provide a functionalitythat could not be particularly improved upon by reimplementing them in an object-orientedlanguage. Hybrid languages such as C++ and Objective-C try to encourage this reuse byallowing the programmer to continue developing their software using object-orientedextensions. Unfortunately, this approach does not enforce a clean separation between theobject-oriented and non-object-oriented portions of the software. By putting an object-oriented gloss on traditional languages, we perpetuate the software engineering problems ofthe traditional languages into the object-oriented languages.On the contrary, the Eiffel approach is to define a clean and localized interface with thenon-Eiffel language components. This does not compromise the object-oriented paradigmupon which the language is based. Our VECTOR and MATRIX classes are implemented ontop of the BLAS and LAPACK standard FORTRAN libraries, and for us the ability to reusethis functionality was an important aspect of the development. A great deal of functionality ata high performance was added in a small amount of time, without sacrificing the object-oriented design.3. OVERVIEW OF THE PRINCIPAL CLUSTERS3.1. The Graphical Model3.1.1. AnalysisInteractive 3D graphics applications must be able to respond to asynchronous input eventsas they happen, so designers must build their programs to behave properly no matter when and in what order the events will occur. This is usually done by maintaining a global datamodel which represents the current state of the application program at any moment during itsexecution. In an object-oriented system this global data model, called the graphical model,consists of a hierarchy or directed acyclic graph of instances representing the virtual objectsto be manipulated. Many different aspects have to be considered when designing the graphicsmodel, such as rendering, interactive behavior, inheritance of attributes and maintaininginternal consistency. Several class structures have been proposed in the literature forrepresenting three-dimensional hierarchical scenes. Examples are found in the modeling andrendering library Dor� [Kubota, 1992], [Fleischer, 1988], which describes an object-orientedmodeling testbed, [Grant et al, 1986], which presents a hierarchy of classes for renderingthree-dimensional scenes, [Hedelman, 1984] which proposes an object-oriented design forprocedural modeling, and the object-oriented 3D interaction toolkit UGA [Conner, 1992].Interactive 3D graphics systems are typically concerned with manipulating modelsarranged in a hierarchical fashion. This hierarchy can be represented as a tree ofhomogeneous transformations which define the position, orientation, and scaling of thereference frames in which graphical primitives are defined.(see [Boulic, 1991]).3.1.2. Object Model of the Hierarchical WorldThe classes from which the graphical model is built are contained in the modeling cluster,which is presented in the following diagram:NODE_3DMATERIALSHAPE_3DCAMERA(LIGHT)POS_LIGHTDIR_LIGHTSPOT_LIGHT(GEOMETRY_3D)SM_GEOMETRYRMESH_GEOMETRYWORLD_3DTRANSFORM_3DFILTERAMBIENTFigure 2: Basic modeling classesThe WORLD_3D class represents a three-dimensional scene and contains the top level ofthe graphical modeling hierarchy and all the other global information that the application manipulates such as the environmental illumination parameters (packaged in instances ofAMBIENT).The transformation hierarchy is represented by instances of NODE_3D which maintain atransformation object and also may contain child nodes so as to form a tree. It is used tospecify the position, orientation, and scaling of the reference frames to which the models areattached. In addition, the NODE_3D contains pointers to other objects which maintaininformation about the node such as MATERIAL and FILTER. These objects may be multiplyreferenced and their attributes inherited through the instance hierarchy by delegation. TheNODE_3D itself can be subclassed into three varieties: lights, cameras, and shapes, whichrepresent the three basic types of objects in the hierarchy.Instances of MATERIAL are used to define the reflectance properties of physical surfaces.They contain information such as the color and intensity of the emission, diffuse, andspecular components as well as shininess and transparency factors for the specular reflection.Instances of FILTER represent a two-dimensional image which can be projected onto thecontents of the node in various ways to achieve texture mapping.Instance of LIGHT represent a light source and maintain information about its color andintensity. Subclasses of LIGHT, such as DIR_LIGHT, POS_LIGHT, and SPOT_LIGHTdefine various types of light sources and maintain more specific information such asdirection, location in space and angle of projection.An instance of CAMERA represents a virtual camera positioned in the scene, andmaintains information about its viewing frustum and its perspective projection. It is throughvirtual cameras that the 3D world is rendered on a 2D screen.The SHAPE_3D class represents the concept of a physical object having a geometricshape in Cartesian space. Geometries are defined in a separate class, to make them moregeneral and reusable. By implementing SHAPE_3D so as to reference an instance of aGOEMETRY_3D, it is possible, for example, to define operations on abstract geometry,independant of the other shape characteristics. Also, since the geometries can be multiplyreferenced, a single geometry may be used in multiple locations in the hierarchy, withdifferent node characteristics. In this way, the hierarchical structure of the scene can bedesigned independently of the geometries. Initially, simple geometries can be used whichthen are easily replaced by more elaborate ones as work progresses. Complex hierarchicalstructures like skeletons can be designed and reused several times with different geometriesattached to them to change their appearance.The GEOMETRY_3D class can be subclassed to provide various types of geometries.Examples are: SM_GEOMETRY, which defines a geometric object by specifying its surfaceas a mesh of triangular facets, and RMESH_GEOMETRY, which represents objects asrectangular meshes of three-dimensional points.3 . 2 . Multiple InheritanceOne notable aspect of Eiffel is its support for multiple inheritance. In fact, the languageand the standard clusters that come with it tend to support a very fine-grained approach tomultiple inheritance, which we have adopted in our design philosophy. The result is a largenumber of relatively small classes, many of them deferred, which encapsulate a singleconcept or piece of functionality. The following diagram illustrates this type of inheritance forthe NODE_3D class, although we usually do not show it in so much detail in our otherobject-relation diagrams.

NODE_3DTREE[T]T = NODE_3D HAS_MATERIALALGEBRA_CONSTTWO_WAY_TREE[T]HAS_FILTERHAS_IDENTIFIERCOPIABLETWO_WAY_LIST[T]BI_LINKABLE[T]TREE[T]Figure 3: Multiple Ancestors of the NODE_3D ClassIn this way, multiple inheritance allows us to compose the NODE_3D’s behavior as acollection of partial views, each one defining a particular programming contract andfunctionality.3.3. Rendering3.3.1. AnalysisFor 3D interactive graphics, two of the most important types of operations are renderingthe visual appearance and implementing the dynamic behavior of the different graphicalobjects. An important design question that arises is: where should the graphical appearanceand dynamic behavior be encoded? Two possible solutions are: to encode them directly in themodel (e.g. by adding a specific render feature to the various graphical objects), or to designa new set of classes that are able to perform these operations.When designing simple two-dimensional class libraries, such as user-interface toolkits,these kinds of operations are usually encoded directly in the model. For more sophisticatedapplications, however, this kind of approach is usually not feasible because there may be nosimple way for a graphical object to perform these operations based on its own internal data.Taking as an example the operation of rendering a three-dimensional scene, severalarguments suggest the creation of auxiliary classes:¥there are potentially many different algorithms for drawing graphical scenes which cancoexist in the same system. For example: ray-tracing, radiosity, or z-bufferingtechniques. The details of these techniques should not have to be known by everygraphical object.¥rendering may occur on several different types of output devices such as the framebuffer, a texture map, or an output file, and it is not necessary for all this knowledge tobe spread out among all the graphical objects.

¥several rendering representations, such as wire-frame or solid, may be selectible on aper graphical object basis. The same object may be viewed by several differentwindows at the same time, each view using a different representation.¥some rendering algorithms may require access to global modeling data simultaneously.For example, a hidden surface algorithm may need to depth sort a polygon display list.Obviously, the rendering operation needs much more information than just the type ofobject to be rendered. Also, a single graphical instance can be rendered in several differentways depending on the type of renderer and the type of representation. We therefore decidedto design and implement a new set of classes to maintain this additional information and toimplement the various rendering algorithms.3.3.2. Object ModelThe rendering cluster is composed of a set of classes that are used to render a three-dimensional scene. The following diagram illustrates the basic design of this cluster:(RENDERER)(VIEW)WIRE_FRAME_VIEWSOLID_VIEW(VIEWABLE_3D)WORLD_3DCAMERA(LIGHTED_RENDERER)(SHADE)FAST_SHADESHADOW_SHADE(LIGHT)Figure 4: Basic rendering classesFive basic sorts of classes can be identified:

¥renderers (subclasses of RENDERER). These represent particular techniques forrendering entire scenes. The actual rendering algorithm is implemented in theseclasses. An important subclass of RENDERER is LIGHTED_RENDERER, whichdescribes renderers that use illumination parameters to compute a visual representationof the scene.¥cameras (subclasses of CAMERA). These are objects able to return geometricviewing information such as perspective and viewpoint.¥worlds (subclasses of WORLD). These are objects which contain a modelinghierarchy and other information such as global illumination parameters.¥viewable models (subclasses of VIEWABLE_3D such as SHAPE_3D in themodeling cluster). These represent visible objects which have position, orientation andscale in Cartesian space, as well as a geometry, and a material.¥views (subclasses of VIEW). These are objects which define how a viewable objectshould be represented.In this architecture, the view objects act as intermediaries between the models and therenderer, telling the renderer what technique (e.g. wireframe, solid, highlighted) should beused to display each graphical object. This provides a clean separation between a model andhow it is viewed. Since multiple views may reference the same model, an application canhave, for example, more than one window onto a world, each representing the objects indifferent ways.3.3.3. Object DesignWhen a renderer displays a particular graphical object, it first consults its views and theirattached viewable objects to determine the necessary drawing algorithm. This type ofrendering operation, the binding of which depends on more than one target, can be describedas polymorphic on more than one type.Object oriented languages with dynamic binding like Eiffel, which dispatch on the basis ofthe target type at the moment of feature application, offer a way to select between differentimplementations of the same operation without using conditional statements. This ability tohave the data determine the algorithm is one of the major advantages of object-orientedprogramming and can be used even when the dispatching has to be done on more than onetype. We have done this for the rendering operation, which is implemented by applying afeature to each polymorphic variable we want to discriminate and letting the dynamic bindingmake all the choices (Ingalls, 1986).To illustrate how this method works, we will look at the various classes that form therendering cluster. To render a scene, a render feature is applied to a renderer instance, whichhas the task of displaying all the objects that are attached to its views. To do this the renderer,after some initializations, sets up the camera and applies a render feature to all its views withitself as a parameter.Each time the render feature is applied to a view, it communicates back to the rendererinformation about what kind of geometries are attached to it through its viewable objects.This is done by storing the current renderer and applying a view feature to all the viewableobjects known by the view. The viewable objects perform a similar kind of operation byapplying the portray feature to the model’s geometry and respond to the view feature call witha more specific viewing feature depending on the type of view object. For example, a view_rmesh feature will be applied by objects conformant to RMESH, a view_sm feature byobjects conformant to SM_GEOMETRY, and so on. So, every subclass of VIEW mustimplement a new view_... feature for each of the types of geometries that need to bedistinguished. The specific view features themselves are implemented in VIEW subclasses bycalling back to the current renderer with the specific render feature (e.g. render_wf_rmesh) todisplay the object in the desired representation. It is only at this point that the graphical objectis actually displayed on the screen. Figure 5 shows a typical example of the sequence offeature invocations resulting from the render feature being applied to a renderer.GL_RENDERERWIRE_FRAME_VIEWSHAPE_3DRMESH_GEOMETRYrenderviewportrayrender_wf_rmeshview_rmeshportray_rmeshFigure 5: Multiple dispatching for a render feature callAs the diagram shows, rendering a single object sets off a chain of feature calls whichpass through the view, the viewable model and its geometry and back again ultimatelyresolving to the appropriate rendering feature. In this way, the composition of the instancedata structure alone automatically determines which specific rendering algorithm is invoked.3.4. Dynamics and Input3.4.1. AnalysisImplementing interactive and animated behavior is among the most problematic aspects ofcomputer graphics design. These can actually be thought of together as the problem ofdynamic graphics. How does the application change its graphical output in response toasynchronous input? Viewed in this way, input from the user results in interactive behavior,while input from other data sources or real-time clocks results in animated behavior.The first problem a sequential application (a single process with one thread of control)must solve is multiplexing between different asynchronous input sources and handling thevarious input data in a consistent time order. The standard way to do this is in object-orientedtoolkits is to have a central input-gathering algorithm responsible for selecting between thevarious input queues (e.g. the windowing system, various devices, and inter-processcommunication channels) and extracting each input event in the proper time order, resultingin a single time-ordered queue of input events which can be handled sequentially. For an application which assumes this purely input-event-driven model, the basic dynamic behavioralgorithm then takes the form of an loop as follows:Initialize the application and select input channelsfrom start until over loopGo into wait state;Wake up when input arrives;Respond to input;endIn this event loop structure, the dynamic behavior of the application is implemented in thesection Respond to input. A natural object-oriented way to model a workstation with multipleinput devices is for each input device (e.g. mouse, spaceball, keyboard) to be represented bya separate instance of a particular input device class. To implement such a model, the firstaction taken in response to an input event is to update the input device object representing thesource of this data. For example, when the application receives an input event indicating thatthe user moved the mouse, the state of the mouse object has to be updated.Once an input device object has been updated, the state of the application has changed andsome action must be performed to respond to this input event and implement the dynamicbehavior of the program. For example, if we want the virtual camera viewing the scene tomove when the user moves his spaceball, a mechanism must be devised to implement this.An obvious way to do this is to implement a feature in the CAMERA class that is called everytime the state of the spaceball changes. However, for similar reasons that led to the separaterendering and modeling classes described in the previous section, it is often better to movethe code implementing the dynamic behavior into a separate object, which we call acontroller. In the case of the virtual camera, we would implement a camera controller objectwhich can be attached to it. The controller knows how to update the camera parameters inresponse to spaceball events. We call these controller objects dynamic objects because theychange their state in response to external input.The encapsulation of an object’s graphical appearance allows more complex graphicalassemblies to be constructed from graphical components. We would like to be able to buildmore complex dynamic behavior in a similar way by assembling dynamic objects together.To do this effectively, a mechanism must be developed to represent the changes of state ofdynamic objects in response to input and to maintain the dependencies dynamic objects sothey can be updated. We call these changes of state events, and implement the updating ofdependent objects through the proper distribution of events.3.4.2. Object ModelTo model the dynamic behavior of an application, as described in the previous section, wehave created two clusters of classes: an input cluster for maintaining and multiplexingbetween multiple input channels and a dynamic cluster for representing and distributingevents.The design of the input cluster is represented in the following diagram:NET_NODENET_CONNECTION(NET_MESSAGE)NET_CONNECTION_LIST[T]T->NET_CONNECTION

Figure 6. Classes for Input Multiplexing and Inter-Process CommunicationThe design of this set of classes is adapted from the set of inter-process communicationclasses developed by Matt Hillman (Hillman, 1991) and partially reuses most of itscomponents.The NET_NODE class represents objects that can form and accept socket connectionswith other processes, and merge input from all of these sources into a single event stream. Itis through these connections, which are represented by instances of NET_CONNECTIONobjects, that asynchronous input from the various input devices, from the window system,and from remote processes arrives to the application. The input data is represented by objectsof type NET_MESSAGE which are able to both read from and write to a networkconnection. On top of these basic classes, we have implemented several extensions by meansof specialized connection objects and features. One of these is the user interface toolkitpresented in the next section.The distribution of events are modeled in the dynamic cluster whose principal componentsare shown in the following diagram:DYNAMIC(HANDLER)EVENT[H, D] H->HANDLER D->DYNAMICFigure 7. The Dynamic ClusterThree types of objects are used in modeling the dynamic behavior of our applications:events, handlers, and dynamic objects. A dynamic object maintains a list of the differenttypes of events it can sent out to other objects, that is, a list of instances of a specific subclassof EVENT for each type of event it can transmit. A dynamic object transmits an event everytime it has to communicate a change of state, the type of event indicating what kind of statechange occurred in the dynamic object. Each event instance maintains a list of handlerobjects, called subscribers, which are objects that need to be informed whenever the event istransmitted. These subscriber objects then handle the event to implement their dynamicbehavior.3.4.3. Object DesignA dynamic object generates an event by applying to its event instances a feature calledtransmit. This feature is implemented in the EVENT class by applying a specific handlingfeature to all of its subscribers. This handler feature, which is implemented separately byeach subclass of EVENT, has the source of the event (i.e. the dynamic object whichtransmitted the event) as its only parameter. For example, an event of classBUTTON_DOWN transmits the button down event by application of the featurehandle_button_down, and an event of class BUTTON_UP transmits by applyinghandle_button_up. As in the rendering cluster, this distinction is made completely throughthe dispatching mechanism inherent to the dynamic binding and not through conditionalstatements.This particular representation of dynamic object behavior follows the concept of an eventbeing a signal between two connected objects, a source and a target. The only informationtransmitted by the event itself, however, is its type, which is indicated by the name of thefeature called. Any other data must be explicitly queried from the source by the handler of theevent. The handler can then update its internal state and perform actions according to thechanges of state in the source objects and its own internal behavior. In a similar manner, secondary events can be transmitted by handlers that are themselves dynamic objects. In thisway, the overall behavior of an application can be encoded to a large degree in the graph ofconnections traversed by the events.The ability to handle events is represented by the HANDLER class, which implements thedetails of event dispatching. Several deferred subclasses of HANDLER exist, each onedefining a general dynamic object that can handle certain types of events. Handler classes canbe implemented by inheriting from these general handlers and redefining the handler featuresto respond to specific events. In this way, the dynamic behavior of an object is encodedentirely within its event handler features.Dynamic objects are very important concept in our system design: graphics applicationswritten inside our framework can in fact be thought of as big networks of dynamic objectsthat transmit events and handle them in real time.3.5. User InterfaceThe user interface cluster provides the sorts of interactive capabilities associated withmodern graphics workstations, in particular, a mouse, a windowing system, and standardtypes of 2D interaction widgets, like text input, sliders, and buttons. It also encapsulates inan object-oriented way some of the newer 3D input devices such as the Spaceball or theDataGlove.This functionality was already available to us from an earlier development effort by ourgroup to create a user-interface toolkit, called the Fifth Dimension Toolkit, for use in ourlaboratory. When that project started, we had no access to an object-oriented language, so wedeveloped a technique for doing object-oriented programming in C based on [Cox, 86]. Indesigning this toolkit, which was inspired to a large extent by the NextStep AppKit[Thompson, 89], we consciously tried to make as purely object-oriented a design aspossible.A particularly useful feature of the 5D toolkit is an interface builder tool, modeled after theNextStep’s interface builder, which allows panels of widgets to be arranged and theirattributes edited interactively. The resulting user-interface widget panels can then be stored ina human-readable (and editable) ASCII file and loaded in by an application program at run-time.Given this functionality and the fact that numerous other application programs had alreadybeen developed using the 5D Toolkit, we decided not to start over from scratch in Eiffel butrather to encapsulate the 5D toolkit in a Eiffel class. This presented some problems, however,because encapsulating an object-oriented software library is considerably more difficult that anon-object-oriented one. Unlike traditional subroutine libraries, which usually do notmaintain their own data structures or state, an object-oriented software library allocatesmemory and sets up a network of interrelated data structures. Any encapsulating Eiffel code,therefore, must either duplicate all of the underlying object’s internal data structures itself,raising problems of consistency, or it must separately encapsulate each of the objectsmaintained by the encapsulated object. For us, this problem was further complicated by thefact that the toolkit event distribution mechanism, in which any dynamic object can send anevent to any other object, would require events to be sent in both directions across thelanguage boundary. Since we wanted our Eiffel objects to receive events from the 5D Toolkitobjects, an event translating mechanism had to be build.Our solution was to associate a parallel Eiffel instance of single class, UI, for everyinstance of 5D toolkit object. Since the toolkit objects are dynamically typed, the single UI class encapsulating all the toolkit functionality is reasonable. Most of the 5D toolkit objectsare lower level and do not need to be directly accessed by Eiffel, so a mechanism wasdevised so that the parallel Eiffel UI object for each toolkit object is created only on demandwhen it is needed in the Eiffel application. When the instance is no longer referenced on theEiffel side, it is garbage-collected by Eiffel even though the 5D toolkit object still remains.An interface was also built to translate 5D toolkit events into Eiffel event types as they occur.Because the Eiffel types of events were largely inspired by the toolkit, this was not toodifficult, but the problem of mapping one system of user-interface event types onto another isin general not trivial.4. BUILDING APPLICATIONSThe following diagram gives a typical example of how various classes from the modeling,rendering and dynamic clusters are combined to form an application structure. In this case, aflight controller object is attached to a particular node in the modeling hierarchy. Thiscontroller subscribes to new_transform events from the trackball object. When the trackballreceives a mouse_moved event, it responds by transmitting a new_transform event. Whenthis is received by the flight controller, it responds by updating the new position of the node.NODE_3DSHAPE_3DCAMERALIGHTWORLD_3DRENDERERVIEWVIEWABLEFLIGHT_CModeling ClusterDynamic ClusterRenderingClusterTRACKBALLHANDLERDYNAMICEVENTE_MOUSE_MOVEDE_NEW_TRANSFigure 8: Example of Application Program StructureUsing the Eiffel 3D class library, an interactive 3D application program can beimplemented by constructing a top-level class. When the program is started, it invokes theCreate feature of this class, which instantiates the various objects, assembles them, and startsthe event handling loop. The first part of the Create algorithm initializes the data structures,and loads in all the panels of user interface objects from files created by the user-interface builder. It then creates windows to contain these panels and to display the three-dimensionalscenes. The visibility state of the different windows are set to reflect the initial state of theprogram. The event handling loop is then started up and managed by a top-level handlerclass, which in response to user input, implements the various application programcommandsThe application appears to the user as a collection of windows displaying either three-dimensional views of the world, or widget control panels. Combinations of windows may bemade visible at any given time as desired. After the interface objects have been instantiated,controllers are then bound to the different widgets and devices using the subscriptionmechanism presented earlier. Specific instances of user-interface widgets can be identified bytheir names, created using the interface builder .The interactive behavior of the application is determined by both the internal behavior ofthe controllers, as implemented in their event handler features, and by their connections toinput devices, interaction widgets and other controllers. Some of the controllers that werewritten are general purpose and reusable in other applications. Others, like controllers thatchange the event subscription bindings to alter application behavior, are more applicationspecific and difficult to reuse.Once the static structure and the initial binding of controllers to widgets and devices is set,the event loop is started. Events generated by the various input devices and panel widgetspropagate through the network of bindings to the controllers which perform the requiredactions.The input devices currently used by the application are: a spaceball, a mouse and a dialbox. The mouse is used to select nodes and to specify position and orientation in the 3Dspace using a virtual trackball metaphor. The spaceball is used to manipulate cameras, lightsand nodes through differential transformations which can be interpreted according to variousinteraction metaphors, while the dial box is used to control other continuous parameters ofthe selected objects such as scaling, color, and camera viewing angle.When the user selects a graphical object, using the mouse, appropriate controllers arebound to it and the affected interaction panels are updated to display the relevant informationfor the selected node. For the dial box, the action of selecting an object may also changewhich controller is tied to the device since the parameter controlled by each dial depends onthe type of selected object. For example, if a shape is selected the dial box acts on the scalingparameters of its node, while if a camera is selected the dials control the field of view and theclipping planes. Usually, the spaceball is set up to controls the camera, while the mousethrough its trackball controller object controls the currently selected node. Using a menu, theuser can modify these default bindings and change the control metaphor for the selected nodeor the current camera.5. DISCUSSION 5.1. Building reusable componentsThe bottom-up approach, which object-oriented design tends to promote for buildingapplications, leads to the creation of software systems that are large assemblies of reusablebasic components. We have to admit, however, that components are not usually reusablefrom the beginning, and some effort is usually required to make them general enough forexploitation in different applications.

The first step for making a component reusable is to make it usable in the first place. Toensure that this is true, client applications need to be written and the resulting feedback usedto improve the design. For this reason, we believe that building test applications to obtain afirst draft of class libraries is necessary, and for most non-trivial class libraries preferable todirectly building components from first principles. One such test application that we havebuilt is a key-frame animation system, which allows objects to be animated by interactivelyplacing them in key positions and then interpolating a spline curve to obtain a smooth motion[Gobbetti, 1993].Object-oriented techniques make it possible to exploit the similarity of structure of allapplications in a particular domain by creating frameworks that define and implement theobject-oriented design of an entire system such that its major components are modeled byabstract classes. High level classes of these frameworks define the general protocol andhandle the default behavior, which is usually appropriate for most of the cases. Onlyapplication-specific differences have to be implemented by the designer through the use ofsubclassing and redefinition to customize the application. The reuse of abstract design whichis offered by this solution is even more important than simply the reuse of code.Several well known application frameworks exist, particularly in the area of userinterfaces. Examples are: Smalltalk’s MVC ([Krasner et al. 1988]), Apple Computer’sMacApp ([Schmucker 1986]), and the University of Zurich’s ET++ ([Weinand et al.,1989]).We believe that our dynamic, modeling, and rendering clusters are a first step towardsdeveloping a framework for our interactive three-dimensional graphics applications.However, much work still remains to be done to make this framework general enough for thecreation of future applications.5.2. PerformancePerformance is an important concern when building interactive 3D graphics program.Poor performance is often used as a criticism of using pure object-oriented techniques for thedevelopment of such applications, and as an argument in favor of using languages that freelymix the procedural and the object-oriented paradigm such as C++ ([Stroustrup 1986]) orObjective-C ([Cox 1986]).The development of the key-frame animation system showed us that high performanceapplications can be obtained using a pure object-oriented language such as Eiffel withoutcompromising the design. This particular application, built using the Eiffel class library isable to render fully shaded scenes containing several thousands of polygons at interactivespeed (more than ten refreshes per second) on a Silicon Graphics Iris, allowing the user toedit and animate three-dimensional shapes using a direct manipulation metaphor.Several factors permitted this kind of high performance. The fact that the Eiffel is purelyobject-oriented and statically typed allows the compiler to perform important optimizations(such as inlining, unneeded code removal, and simplification of routine calls), resulting in ahigh-performance code without compromising the purity of the design. Optimization ofseveral important aspects of our software system was often obtained by creating specializedsubclasses that handle special cases. The ability to encapsulate highly-optimized FORTRANnumerical routines also contributed.The availability of garbage collection in Eiffel often allowed us to simplify algorithms anddata structures, resulting in more compact and efficient code. Since the garbage collector isincremental, it is possible to use it in interactive programs only at those times when it does not disturb the user. By carefully designing the components to minimize creation oftemporary objects, we have been able to limit the CPU cost of object allocation anddeallocation to under 10%. Previous experience developing a user interface toolkit using anobject-oriented extension of C showed us the importance of these memory issues. In thissystem a great deal of design effort was spent in defining and maintaining appropriate datastructures and storage schemes in order to properly destroy unreferenced objects.6. CONCLUSIONSInteractive 3D graphics is still in its infancy as a user interface paradigm. The challenge ofbuilding applications that realize the full potential of modern 3D computer graphics hardwareremains immense. However, the development of object-oriented design techniques representsa significant advance toward the goal of creating reusable and extensible softwarecomponents and assemblies for interactive 3D graphics software construction.Our experience using a pure object-oriented design strategy and implementation languagefor building a general-purpose interactive 3D software library was very positive and showedus that these techniques are well suited for creating high-performance applications made ofassemblies of reusable components in the field of interactive 3D graphics. In practice, it isalmost impossible to build up a complete software system from scratch, and therefore even apure object-oriented design needs some way to interface with existing software in traditionallanguages. We feel that the best way to do this is to have a well-defined separation betweenthe object-oriented and traditional components of the software, in which the object-orientedcomponents can be thought of as a higher-level language layer on top of the traditionallanguage layer. This paradigm could be extended to a multi-layered approach with adeclarative layer, based on constraint or logic programming, built on top of the object-oriented layer.Most of the components that were created during this project are still being used andextended for our current work, making it possible for us to concentrate our efforts in solvingthe specific problems of new application domains. We are therefore continuing to use Eiffeland object-oriented techniques for our current research work, which focuses on the fields ofneural networks, cooperative work for animation, and physically-based simulation ofdeformable models.BIBLIOGRAPHYBoulic R, Renault O (1991): 3D Hierarchies for Animation, in New Trends in Animation andVisualization, John Wiley.Conner DB, Snibbe SS, Herndon KP, Robbins DC, Zeleznik RC, Van Dam A (1992)Three-Dimensional Widgets. SIGGRAPH Symposium on Interactive Graphics: 183-188.Cox BJ (1986): Object Oriented Programming: An Evolutionary Approach, Addison-Wesley,Reading, Massachusetts.Fleischer K, Witkin A (1988) A Modeling Testbed, Proc. Graphics Interface ’88: 127-137.Gobbetti E, Turner R (1991): Object-Oriented Design of Dynamic Graphics Applications, inNew Trends in Animation and Visualization, John Wiley.Grant E, Amburn P, Whitted T (1986) Exploiting classes in Modeling and Display Software,IEEE Computer Graphics and Applications 6(11).

Hedelman H (1984) A Data Flow Approach to Procedural Modeling, IEEE ComputerGraphics and Applications 4(1).Hillman MF (1990) A Network programming package in Eiffel, Proc. TOOLS 2, Paris: 541-551.Ingalls DHH (1986) A Simple Technique for Handling Multiple Polymorphism, Proc. ACMObject Oriented Programming Systems and Applications �86.Interactive Software Engineering (1989) Eiffel: The Libraries. TR-EI-7/LI.Kay AC (1977): Microelectronics and the Personal Computer, Scientific American, 237(3):230 - 244.Krasner GE, Pope ST (1988): A Cookbook for Using the Model-View-Controller UserInterface Paradigm in Smalltalk-80. Journal of Object-Oriented Programming 1(3): 26-49.Meyer B (1987): Reusability: The Case for Object-Oriented Design, IEEE Software, Vol. 4,No. 2, March 1987, pp. 50-64.Meyer B (1988): Object-Oriented Software Construction, Prentice-Hall, Englewood Cliffs,New Jersey.Shoemake K (1985): Animating Rotation with Quaternion Curves, Computer Graphics19(3): 245-254.Stroustrup B (1986): An Overview of C++, SIGPLAN Notices 21(10): 7-18.Sutherland I (1963): Sketchpad, A Man-Machine Graphical Communication System, Ph. D.Thesis, Massachusetts Institute of Technology, January 1963.Turner R, Gobbetti E, Balaguer F, Mangili A, Thalmann D, Magnenat-Thalmann N (1990)An Object Oriented Methodology Using Dynamic Variables for Animation and ScientificVisualization Proceedings Computer Graphics International 90 Springer-Verlag: 317-328.Weinand A, Gamma E, Marty R (1989): Design and Implementation of ET++, a SeamlessObject-Oriented Application Framework, Structured Programming 10(2): 63-87.Thompson T (1989): The Next Step, Byte 14(3): 365-369.Kubota Pacific, Inc. (1992) Dor� Programmer’s Manual.Gobbetti E, Balaguer JF, Mangili A, Turner R (1993) Building an Interactive 3D AnimationSystem, in Object-Oriented Applications, Meyer B, Nevson JM, editors, Prentice-Hall