The following paper was originally published in the Proceedings of the USENIX 1996 Conference on Object-Oriented Technologies Toronto, Ontario, Canada, June 1996.

For more information about USENIX Association contact:

1. Phone: 510 528-8649 2. FAX: 510 548-5738 3. Email: office@usenix.org 4. WWW URL: http://www.usenix.org

Class Relationships and User Extensibility in Solid Geometric Modeling

James R. Miller University of Kansas

Class Relationships and User Extensibilityi n Solid Geometric ModelingJames R. MillerUniversity of Kansasmiller@eecs.ukans.eduAbstractSolid Geometric Modeling is an importantenabling technology in Computer-Aided Designand Manufacturing. Open, extensible architectureswhich foster efficient construction andmanipulation of models are important to designengineers. We describe the architecture of thecryph Solid Modeler, focusing on aspects of thedesign which maximize flexibility and enable user-extensibility of primitive modeling shapes.1.0 IntroductionGeometric Modeling and Computer Graphicsare important tools in modern industrial design andmanufacture. Computer models are replacingphysical models. They are cheaper to construct,easier to change, and simpler to analyze. Theyenable a broad range of automated technologiesincluding finite element analysis, processplanning, robotics, and computer-controlledmanufacturing. Computer simulations save industryboth time and money, and computer analyses ofgeometric models lead to better and cheaperproducts.Geometric Modeling is concerned withefficient and robust computer-based representationand analysis of geometric information describing aproduct to be manufactured. An important sub-discipline of Geometric Modeling is SolidModeling in which one creates a completevolumetric representation of an object [Requicha80]. Geometric Modelers provide the capability tocreate and manipulate curves and surfaces. SolidModelers build on top of this curve and surfacefunctionality by establishing a framework in whichthe curve and surface elements are guaranteed todescribe a valid, physically-realizable solid.We describe our system from a programminglanguage point of view, including its goals andarchitecture and some of our ongoing researchefforts related to user extensibility of modelingprimitives. No specialized knowledge of curve andsurface representations is required to read thispaper, however we do need to introduce a fewbasic concepts related to Solid Modeling. Whileseveral different solid representations have beenstudied over the years [Requicha 80], two schemespredominate in systems today: Constructive SolidGeometry (CSG) and Boundary Representations(B-Rep).CSG representations define a solid as ageneral Boolean combination of half-spaces.Loosely speaking, a half-space boundary is asurface which divides space into two distinctregions: an �inside� and an �outside�. Each regionis called a half-space. For example, a plane is ahalf-space boundary which determines a half-spacecontaining the points on one side of the plane andanother half-space containing those points on theother side. Similarly, the half-spaces associatedwith a sphere are those points inside the sphereand those that are outside.In CSG Solid Modeling, the designer rarely, ifever, thinks of the boundary of a desired half-space as distinct from the half-space itself. Forexample, a designer would not care to distinguishbetween creating a spherical surface and aspherical half-space. This distinction is one that issignificant only to certain internal algorithms, andeven at that, it is merely a matter of how the basicdata defining the sphere is used. That is, thegeometric definitions for the boundary and for thehalf-space are identical.We mention these issues here since theyaffected the design of our class hierarchy. At issuewere the sometimes conflicting demands of�specification purity� and �naturalness� of the userinterfaces. We shall examine these issues insection 5.B-Reps characterize a solid by an explicitdescription of its boundary (i.e., its �skin�). Thatis, they consist of a hierarchical collection oftrimmed boundary elements (vertices, edges, andfaces) which, when taken together, completelydescribe the exterior boundary of a solid. B-Repdata structures are typically designed to draw asharp distinction between topological information(i.e., adjacency relationships which are independent of shape) and geometric information(i.e., the actual points, curves, and surfaces whichdetermine shape).Both CSG and B-Reps are prevalent becausethey can be effectively used to create a wide rangeof models, and because algorithms are known formost commonly desired analysis applications. Inaddition, these two representations have largelycomplementary advantages and disadvantages.Some systems -- called dual representationsystems [Requicha 80, Miller 89] -- maintain bothin a redundant fashion.Today, Solid Modeling systems are growing inuse, due largely to slow but steady progress interms of numerical stability, geometric coverage,and application algorithms. Nevertheless, a greatmany technological challenges remain. Here wefocus on two such issues related to programminglanguage support:¥controlled reuse and refinement of geometricsoftwareMany operations applied to curves andsurfaces depend only on the generic type ofthe entity. For example, the method forapplying rigid transformations to conics isindependent of the type of conic involved. Onthe other hand, simple robust intersectionalgorithms for intersecting two circles arepreferred over more general curve-curve (oreven conic-conic) intersection algorithms.Observations such as these have led many tothe conclusion that object-orientedtechniques including the application ofinheritance with overriding can provideappropriate, natural, and powerful tools forthe construction of Geometric Modelingsystems.¥user extensibility of modeling primitivesThe designer of a modeling system mustsupply basic modeling and analytical toolssupporting basic curve and surface definitionas well as intersections and other algorithms.For creating solid models, a set of componentsolids is normally provided which a designercan use to construct a model. Looselyspeaking, one either �cuts� with thecomponent solid or �glues it onto� theevolving model. At the lowest level, thesecomponent solids are half-spaces, butspecific common shapes (blocks, boundedportions of cylinders and cones, etc.) areoften provided in addition to facilitate theengineer�s work. This set of common shapesis unavoidably incomplete. There areinevitably application-specific �commonshapes� which are not sufficiently general-purpose to warrant being a part of thestandard product, yet they are of considerablevalue to specific groups of engineers. Theseengineers need to be able to tailor thestandard system by adding such specializedcomponent solids. Having done so, thesespecialized components must appear andbehave exactly as those in the standardproduct.The remainder of the paper is organized asfollows. In the next section we discuss the relevantevolution of the cryph modeler which is being usedas a testbed for techniques applicable to theseproblems, and we relate it to other possibleapproaches. The remaining sections discussrelevant portions of the cryph architecture from aprogramming language support point of view. Inparticular we discuss how and why variousconcepts were modeled as they were in C++.Finally we summarize in section 7.2.0 The cryph Modeler and Other EnginesCryph is a dual representation Solid Modelerdeveloped at the University of Kansas based inpart on curve and surface intersection utilitiesdeveloped over the past five to ten years in ANSIC (e.g., [Miller 87, Miller & Goldman 95]). Theoriginal cryph modeler was written purely in ANSIC and used an implementation of a subset ofPHIGS [ISO 89, Howard, et. al. 91] for display.The version of cryph described here employsthe same low-level curve and surface intersectionutilities and boundary evaluator. However,development moved to C++ to enable a moreflexible representation for the geometry1. Inparticular, the CSG representation was explicitlydesigned to enable the user extensibility featuresdiscussed in section 4 which were the focus ofmuch of the original effort. In fact, the originalstructure of the boundary evaluator [Miller 93] wasdesigned specifically to provide low-level supportfor such extensibility. The current version also usesOpenGL [Neider, et. al. 93] and the object-orientedOpenInventor [Wernecke 94] for graphics displayand interaction. 1 Interesting issues arose while determining how tomarry the old utilities with the new classdefinitions, but a complete discussion of thishistory is beyond the scope of the currentpresentation.

From a solid modeling point of view, theprimary type of user-definable extension wewanted to provide was the ability to createapplication-specific �macro solids� which wouldappear exactly like system-supplied instantiablesolids. These are fairly straightforward to createwith the architecture we now have, yet they aresurprisingly powerful and useful.Another type of extension would be to allowusers to add new surface types (and hence alsonew curve types). While possible in principle, thisremains an extraordinarily complex task. Addingmacro solids requires only a packaging of asuitably parameterized CSG sub-tree; adding newsurface types, on the other hand, minimallyrequires that new surface-surface and curve-surfaceintersection algorithms be provided by the personwishing to add these new geometric forms. Notonly does this involve considerably moresophisticated software development, but also wehave not yet addressed the issue of documenting tosuch a developer all the issues involved in addingsuch new forms. Indeed, there are research issueslurking there which need to be addressed [Lamping93]2.The current (C++) version of the cryphmodeler views the older cryph utilities as a solidmodeling engine. This concept is not unique. Inrecent years, much effort has been expended in thespecification and prototyping of such potentialengine interfaces. Computer-Aided Manufacturing,International (CAM-I) was an early leader in thiseffort [CAM-I 90]. More recently, SpatialTechnology�s ACIS modeler and toolkit [ACIS 95]has emerged as a popular engine for a variety ofmodeling systems.While ACIS supports Boolean operationsbetween solids, it is basically a pure B-Repsystem. A major thrust of our overall researchagenda revolves around the potential of dualCSG/B-Rep modeling, and we needed an enginewith support for such dual models at the core. Thiswas a major reason we continued to use the oldercryph utilities as opposed to the commercial ACISproduct.Other differences of interest between the twoengines relate to the use of Nonuniform RationalB-Splines (NURBS). In cryph, NURBS curves andsurfaces are used only for the interface to OpenGLand OpenInventor. That is, NURBS objects are 2 In our case, this is also complicated in no smallpart by the ANSI C heritage of the curve andsurface intersection utilities.created on the fly from the cryph B-Rep whenneeded for display. In ACIS, NURBS curves andsurfaces are a basic modeling form. A detaileddiscussion of the related implications is beyond thescope of this paper.3.0 Substratum Curve and Surface IssuesLines, planes, conics, and quadrics arecurrently the core geometric forms in cryph. Therelationships between these classes are depicted inFigure 1.

c_Curve

c_Line c_Conic c_Parabola c_Circle

c_Ellipse

c_Hyperbola c_BezierCurve

c_NURBSCurve c_NURBSConic c_NURBSEllipse

c_NURBSHyperbola

c_QSIC(a) Curves c_Solid c_SimpleSolid c_Halfspace c_Plane

c_Quadric

c_Sphere c_Cylinder c_Cone

c_StructuredSolid c_MacroSolid cx_BoundedCone

cx_Block

cx_BoundedCylinder

cx_Wedge c_NURBSSurface c_NURBSRuledQuadric c_Surface(b) Surfaces and SolidsFigure 1: The cryph Curve, Surface, and Solid ClassHierarchies

These portions of the class hierarchy reflectthe usual goals of factoring code for commonoperations while providing for specialization ofoperations in particular cases.As implied earlier, however, the situation isdifferent for Bezier and NURBS curves andsurfaces since they are only generated as alternaterepresentations of parabolas (Bezier) and otherconics and quadrics (NURBS) to facilitate thegraphical display interface. The subclasses of thesefreeform shapes are used to record how instanceswere created so that subsequent modification andquery operations can be facilitated.Sample class definitions for a vertical slice ofthe c_Curve hierarchy (in particular, thec_Curve�c_Conic�c_Ellipse classes) arepresented in Figure 2 (a-c). The data type �real� isplatform-dependent, but is typically defined to bedouble precision. The classes �aPoint� and�aVector� encapsulate the notions of points andvectors in three-dimensional affine space.class c_Curve{public:c_Curve();c_Curve(const c_Curve& c);virtual ~c_Curve();// instance methodsvirtual voidASCIIdisplay(ostream& os)const = 0;virtual realgetParameterOf(const aPoint& p)const = 0;virtual voidgetPointAt(real parameter,aPoint& p) const = 0;virtual intpwlApproximation(real errorHint,aPointoutputBuffer[],intoutputBufferLength,orientationo=UNSPECIFIEDorientation,endPointSpec* endPt = NULL){ return 0; }virtual const char* consttypeName() const = 0;// operatorsc_Curve&operator=(const c_Curve& rhs);};Figure 2(a): The c_Curve classTo support fundamental solid modelingoperations, it is necessary to compute intersections(i.e., find the set of points common to) variouscombinations of instances of curves and surfaces.Most generally we require pairwise intersections;occasionally it is desirable to find the set of pointscommon to three surfaces simultaneously. Theresult of a general intersection operation(maintained in an instance of classc_IntersectionResult) is either empty (i.e., theoperands share no points), or it consists of somecollection of discrete points and (portions of)curves and surfaces.class c_Conic : public c_Curve{public:c_Conic();c_Conic(const c_Conic& C);c_Conic(const aPoint& O , const aVector& U,const aVector& W);c_Conic(const aPoint& O ,const aVector& W);virtual ~c_Conic();voidgetLocalCoordinates(const aPoint& p,real& x, real& y) const;aPointgetOrigin() const;aVectorgetU() const;aVectorgetV() const;aVectorgetW() const;// Class Methodsstaticvoid putThetaInStandardRange(real& theta);// OPERATORSvirtual c_Conic& operator=(const c_Conic&);protected:// All conics have a local coordinate system:aPointmOrigin;aVectormU;aVectormV;aVectormW;private:voidvalidateData();};Figure 2(b): The c_Conic sub-classIt is our practice to invoke specializedalgorithms based on the type of curves andsurfaces given to these utilities. The lack ofreasonable support in C++ to support such double

(and occasionally triple) dispatch was an earlydisappointment. We were at least able to hide theawkwardness of the actual dispatch from theprogrammer by modeling requests for intersectionsas constructors for class c_IntersectionResult:c_IntersectionResult(const c_Curve& c1, constc_Curve& c2);c_IntersectionResult(const c_Curve& c1, constc_Surface& s2);c_IntersectionResult(const c_Surface& s1, constc_Surface& s2);c_IntersectionResult(const c_Surface& s1, constc_Surface& s2, const c_Surface& s3);The basic idea is that when the system needsto compute the intersection of some combinationof curves and surfaces, the programmer declares aninstance of c_IntersectionResult, specifying therequired curves and surfaces as implied above.Depending on the dynamic classes of the curvesand surfaces, specialized algorithms are invoked tocompute the various pieces of the intersection andstore them in instances of class c_IntersectionItem.The resulting collection of these items is thenassociated with the c_IntersectionResult. Thisapproach allowed us to minimize the size andcomplexity of the class interfaces for both thecurves and surfaces as well as for the intersectionresult itself.4.0 Basic Solid Modeling and UserExtensibilityWe define two fundamental subclasses ofsolids: �simple� and �structured�. (See Figure1(b).) Simple solids are half-spaces, the baseobjects to which the CSG Boolean operations areapplied. Structured solids are general Booleancombinations of half-spaces. They are the onlytypes of solids for which it is useful to keep anassociated B-Rep. In our system, B-Reps can beassociated with each instance of a structured solidin a CSG graph. However in practice B-Reps arenormally maintained only at the top one or twolevels due to storage considerations.Simple and structured solids differ also in howthey are generated by the designer and validatedby the system. Simple solids (half-spaces) can beinstantiated via numerical parameters which aresimple and orthogonal. That is, each parameter canbe tested for validity independent of all others. Ifan invalid parameter is detected, it is easy tosubstitute a reasonable default value which willyield a valid instance. Structured solids, on theother hand, are generated by specifying Booleanoperations between simple or other structuredsolids. It is impossible to generate an �invalid�structured solid using the standard operators.class c_Ellipse : public c_Conic{public:c_Ellipse();c_Ellipse(const c_Ellipse& E);c_Ellipse(const c_Circle& C);c_Ellipse(const aPoint& C , const aVector& U, const aVector& W, real Rmajor, real Rminor);virtual ~c_Ellipse();// OPERATORSfriendostream& operator<<(ostream& os,const c_Ellipse& obj);virtual c_Ellipse& operator=(const c_Ellipse&);// GENERAL METHODSvirtualvoidASCIIdisplay(ostream& os)const;aPointgetCenter() const;realgetMajorRadius() const;realgetMinorRadius() const;realgetParameterOf(const aPoint& p) const;voidgetPointAt(real parameter,aPoint& p) const;virtualintpwlApproximation(real errorHint,aPointoutputBuffer[],intoutputBufferLength,orientationo=UNSPECIFIEDorientation,endPointSpec* endPt = NULL);virtual const char* consttypeName() const;// CLASS METHODSstatic const char* constclassName();private:static const char* constTypeName;voidvalidateData();realmMajorRadius;realmMinorRadius;};Figure 2(c): The c_Ellipse sub-class

4.1 User Extensibility via �Macro Solids�A subclass of structured solids -- c_MacroSolidin Figure 1(b) -- re-introduces instantiation vianumerical parameters. It is here where users extendthe set of modeling primitives as mentioned in theIntroduction.To recap, the motivation was based onsimplifying the work required of the designengineer. That is, the set of half-spaces coupledwith the Boolean operators is sufficient to generatedesired models. However many geometric featuresappear with great regularity, and it becomeshorribly inefficient to recreate each instance withappropriate instantiations and combinations of half-spaces.Of course this has been known for almost aslong as solid modelers have been in existence;hence since the 1970s most developers of solidmodelers have provided an additional set of suchshapes which can be directly instantiated. Typicalsimple examples include a bounded cylinder (theportion of a cylindrical half-space between twogiven planar half-space boundaries), and aparallelepiped (the intersection of six planar half-spaces).The fact that these common shapes are reallyjust �macros� for certain common constructionsequences is not apparent in most systems,however. In many instances this is due to how theboundary evaluation algorithms work. Many needto be bootstrapped from simple bounded objectswhose boundary topology is known a priori. Inaddition, system designers typically implementedthese shapes as specific built-in objects in closedsystems, and that meant that it was not viable forend-users to augment the system-supplied set withsome of their own favorites. When such extensionswere allowed by the system, the resulting CSGtree would typically have a large number ofduplicate half-spaces.The boundary evaluator in cryph wasspecifically designed to work directly from half-spaces for exactly this reason [Miller 95], and wehave provided a standard interface in the classhierarchy where users can add their own set ofspecialized shapes, created with minimally-sizedCSG trees. Such shapes are added by defining anappropriate subclass of c_MacroSolid in which aparticular set of methods is defined andimplemented. We used this facility ourselves toimplement the pseudo-standard set of such shapes:bounded cone, block (parallelepiped), boundedcylinder, and wedge (half of a parallelepiped).These are illustrated in Figure 1(b). In addition,students in our Geometric Modeling class havedefined and used their own as part of class projectsusing this system.A necessary evil associated with macro solidsis that the actual instantiation and validation ofinstances of these specialized modeling shapescan be more complex than that for half-spaces.This is due largely to the fact that, unlike half-spaces, the instantiation parameters for macrosolids are typically not orthogonal, and hence thevalidity of a given parameter cannot in general bedecided in isolation from others. For example, theparallelepiped primitive takes three vectorsspecifying the directions of the edges, and thevalidity condition is that these three vectors belinearly independent. When instantiation errors aredetected, it is therefore often more difficult todetermine how the situation can best be corrected.5.0 On Multiple InheritanceAs illustrated in Figure 1(b), classc_Halfspace inherits multiply from c_Surface andc_SimpleSolid, modeling the idea that half-spacescan be used for surface operations such asintersections as well as for solid operations such asdeciding whether a point lies in the interior of asolid. Modeling the classes in this way contradictswhat we described in the Introduction, namely thathalf-space boundaries are surfaces which separatethe points in two distinct half-spaces. Thus in theinterests of specification purity, one should definea class �half-space-boundary� which would inheritfrom c_Surface, and then model �half-space� as asubclass of c_SimpleSolid. The relationshipbetween these two would then be �half-space has-ahalf-space-boundary�.While more accurate from a mathematicalpoint of view, there seemed to be a danger that theuser interface could be complicated. As a quickexample, if the designer wants to create a sphere,we would need to determine (i.e., the designerwould have to tell us) whether a spherical skin or aspherical solid were actually desired. This wouldrequire first that we explain to the design engineerthat there is a difference between half-spaces andhalf-space boundaries, a tenuous proposition.Moreover, like us, the designer often wants tocreate such an object once and use it both ways.For example, he may create two spheres, askwhether some point is inside both, and then ask fortheir circle of intersection. The designer typicallyasks such questions without thinking about whetherit is a question asked of a solid or of a surface.

Since the defining data is identical for both,forcing such a seemingly arbitrary distinctionwould most likely be met with disdain.We chose to define c_Halfspace usingmultiple inheritance since the difference betweenhalf-spaces and half-space boundaries is of nointerest to engineers, and since there is never anyinternal ambiguity. That is, it is always clearwhether surface properties or solid properties are ofinterest when a given method is invoked.Furthermore, there is no overhead in terms ofinstance variables since the defining data for bothis identical.6.0 RenderingIn contrast to the distinctions considered in theprevious section, it is vitally important todistinguish between a geometric model and animage of the model. While the concept of a modelis independent of any display device or graphicssystem, images are intimately tied to these. Inaddition, images often involve various geometricapproximations and/or re-representations, as wellas other intentional visual distortions. We oftenalso wish to support multiple simultaneous visualrepresentations of an object.All these goals dictate that view-independentgeometric descriptions be maintained which knownothing about graphical display. One or moreseparate class hierarchies can then be developedwhich support particular display approaches.Instances of these �renderers� are created forindividual entities to be displayed. The rendererknows what is required of a particular visualizationmedium, and it knows how to ask appropriatequestions of the geometry in order to obtain data todrive the graphics engine.An example of a �renderer� class hierarchyused in cryph is illustrated in Figure 3. Instances ofthese renderers interface to the object-orientedOpenInventor engine on Silicon Graphicsworkstations (and occasionally directly to OpenGLin addition) to produce interactive visualizations ofthe cryph B-Rep (Figure 4).Notice that the renderer hierarchy does notmatch the application class hierarchy. This shouldnot be surprising. Consider the following:¥Different characteristics are important in thegeometric model hierarchy than areimportant in the renderer hierarchy. Anobvious example is the fact that therenderers care first about whether the objectto be rendered is bounded or unbounded.¥The geometric model hierarchy is also muchdeeper. This is in part to factor commonanalysis code and to facilitate simple, yetflexible interface specifications (forexample, the c_Curve�c_Conic�c_Ellipserelationships), and in part to record howcertain instances of an object were createdin order to facilitate construction,modification, and other query operations(e.g., the c_NURBSCurve � c_NURBSConic� c_NURBSEllipse relationships).Generally speaking, there is an i_Renderersubclass for every leaf class in the c_Curve,c_Surface, and c_Solid hierarchies. Theexceptions are where subclasses areemployed only to record how certaininstances of an object were created (i.e.,NURBS curves and surfaces andc_StructuredSolid). The renderer is onlyconcerned with the object, not how it wascreated.¥Multiple inheritance was not needed on therenderer side, but recall it was used on theapplication side to model certainapplication-specific and image-independentrelationships involving half-spaces. In ourwork to date, we have only requiredvisualizations of the boundaries of objects,hence the fact that a half-space can also beinterpreted as a solid has been irrelevant tothe renderer. In fact, the current solidrenderer in effect simply extracts the outerskin of the solid piece by piece, passingeach piece to individual surface renderers.Techniques for volumetric visualizationthrough direct volume rendering are well-known [Watt & Watt 92]. They areextremely useful when attempting tovisualize certain types of internal structureand/or the distribution of functionalproperties (heat, stress, etc.) which varycontinuously throughout the interior of anobject.As our work progresses, it is very likely thatwe will require such volumetricvisualization capabilities. However, it isunlikely that multiple inheritance will beemployed at that time since the renderingtechniques for surfaces and volumes areradically different. Thus no argument can bemade that volumetric renderers havesufficient common functionality with surface renderers to warrant an inheritancerelationship.Unlike the arguments we made whendiscussing the definition of classes for half-spaces, no awkwardness would be foistedupon either the designer or the programmersince the class to be created depends onlyon the type of visualization desired(something which obviously must bespecified anyway) and such a rendererwould never be expected to play a �dualrole�. That is, we would never expect such arenderer to generate a more traditionalsurface display.

i_Renderer i_BoundedObjectRenderer i_CircleRenderer

i_EllipseRenderer

i_PointRenderer

i_QSICRenderer

i_SphereRenderer i_BezierCurveRenderer

i_NURBSCurveRenderer

i_NURBSSurfaceRenderer

i_StructuredSolidRenderer

i_UnboundedObjectRenderer i_ConeRenderer

i_CylinderRenderer

i_HyperbolaRenderer

i_LineRenderer

i_PlaneRenderer i_ParabolaRenderer i_IntersectionItemRenderer

i_IntersectionResultRendererFigure 3A Renderer Class HierarchyWe have additional visualization interfaceswhich output text files for use by othervisualization programs. For example, we generatePOV-Ray input files [POV 93] to generate raytraced images like those in Figure 5. Theseinterfaces are currently implemented as methods inthe geometric classes. They add negligibleoverhead and do not compromise the integrity ofthe model in any way. That is, they simply dumptextual data describing the model to an fstream.Figure 4An OpenInventor Display of a B-Rep Solid7.0 SummaryWe have described the history and basicarchitecture of the cryph solid geometric modelingsystem, focusing on how the class hierarchies weredesigned in order to satisfy various importantdesign criteria related to user extensibility andgraphics system portability. We have alsopresented our rationale for the use of multipleinheritance in the surface and solid portions of thehierarchy, observing that our use of multipleinheritance was driven by user interfaceconsiderations and internal expediency, but wasnot immune to criticism. Finally we described theuse of separate class hierarchies to supportvisualization of and interaction with the model in away that keeps the notion of model distinct fromimage of a model.To date we have focused on the constructionof the infrastructure of the solid modeler. We arecurrently pursuing projects which use this engine ina number of ways. We are working on aninteractive modeler which, among other things,will allow the designer to create new macro solidsinteractively. For example, the modeler would beused to construct the shape and to specify relevantparametric relationships. The system would then automatically generate C++ definitions and codefor an appropriate c_MacroSolid subclass. We arealso investigating ways to construct moresophisticated metaclasses which would allow newmacro solids to be created on the fly without theneed for generation of actual new C++ subclasses.Figure 5: A Ray Traced Image of a CSG SolidA generalization of these efforts is beingstudied which focuses on the use of the engine tosupport variational classes of models [Shapiro &Vossler 95]. A number of additional issues arise inthat context, not the least significant of which isthe need for a mechanism to record andsubsequently solve sets of quite general constraintequations which describe the geometricrelationships of importance in a variational familyof parts.AcknowledgmentsMuch of the work described here wasperformed in DesignLab, a multidisciplinaryresearch laboratory funded in part by NSF GrantCDA-94-01021.References[ACIS 95]Spatial Technology, ACIS, http://www.spatial.com/spatial.[CAM-I 90]Computer-Aided Manufacturing, International,Application Interface Specification (AIS) 2.0, CAM-I, Arlington, Texas.[Howard, et. al. 91]T. Howard, W. Hewitt, R. Hubbold, and K.Wyrwas, A Practical Introduction to PHIGS andPHIGS PLUS, Addison-Wesley, 1991.[ISO 89]International Organization for Standardization, ISO9592: Programmer�s Hierarchical InteractiveGraphics System (PHIGS), 1989.[Lamping 93]J. Lamping, Typing the Specialization Interface,ACM SIGPlan Notices (Proceedings OOPSLA �93),Vol. 28, No. 10, October 1993, pp. 201-214.[Miller 87]J. R. Miller, Geometric Approaches to NonplanarQuadric Surface Intersection Curves, ACMTransactions on Graphics, Vol. 6, No. 4, October1987, pp. 274-307.[Miller 89]J. R. Miller, Architectural Issues in SolidModeling, IEEE Computer Graphics andApplications, Vol. 9, No. 5, September 1989, pp.72-87.[Miller 93]J. R. Miller, Incremental Boundary EvaluationUsing Inference of Edge Classifications, IEEEComputer Graphics and Applications, Vol. 13, No.1, January 1993, pp. 71-78.[Miller 95]J. R. Miller, Incremental Boundary Evaluation ForNonmanifold Partially Bounded Solids, GraphicsInterface ’95, Qu�bec City, 15-19 May 1995, pp.187-195.[Miller & Goldman 95]J. R. Miller and R. N. Goldman, GeometricAlgorithms for Detecting and Calculating AllConic Sections in the Intersection of Any TwoNatural Quadric Surfaces, Computer Vision,Graphics, and Image Processing, Vol. 57, No. 1,January 1995, pp. 55-66.[Neider, et. al. 93]J. Neider, T. Davis, and M. Woo, OpenGLProgramming Guide, Addison-Wesley, 1993.[POV 93]POV-Ray Team, Persistence of Vision Ray Tracer(POV-Ray), Version 2.0, User�s Documentation,1993.[Requicha 80]Representations for Rigid Solids: Theory, Methods,and Systems, ACM Computing Surveys, Vol. 12,No. 4, December 1980, pp. 437-464.[Shapiro & Vossler 95]

V. Shapiro and D. Vossler, What is a ParametricFamily of Solids?, Proceedings, Third Symposiumon Solid Modeling and Applications, Salt LakeCity, ACM Press, May 1995, pp. 43-54.[Watt & Watt 92]A. Watt and M. Watt, Advanced Animation andRendering Techniques: Theory and Practice,Addison-Wesley, 1992. [Wernecke 94]J. Wernecke, The Inventor Mentor, Addison-Wesley, 1994.