
Shadow Generation for ObjetsRepresented by Catmull-Clark Subdivision SurfaesShuhua LaiDepartment of Computer Information Systems, Virginia State University, Petersburg, VA 23806Fuhua (Frank) ChengDepartment of Computer Siene, University of Kentuky, Lexington, KY 40506Abstrat. A method for generating good qualityshadows for objets represented by Catmull-Clark sub-division surfaes (CCSSs) is presented. The newmethod is based on ombining a vexolization teh-nique and a projetion tehnique. Like the shadowmapping method, one an easily tell that, after theprojetion, the voxels that are losest to the light arenot in shadow. But it is diÆult to tell if the remain-ing voxels are in shadow without other information.In this paper this problem is solved by augmentingthe projetion phase with information obtained dur-ing the voxelization phase. Two main approahes arepresented: o�set-based that uses position and normalinformation, and topology-based whih uses voxel on-netivity information. The shadow determination pro-ess is also failitated by storing voxelization resultsin a ubi framebu�er diretly. Sine our voxelizationproess is performed in the parameter spaes of theCCSSs instead of the objet spae, the proess is veryfast and eÆient. As a result, the overall shadow gen-eration proess is fast, eÆient and robust. The newmethod is presented for CCSSs only, but the oneptworks for any subdivision shemes whose limit surfaesare parametrizable.1 IntrodutionA shadow is an area of relative darkness in an illumi-nated region aused by an objet totally or partiallyoluding the light [23℄. Shadows provide lues aboutthe shapes, relative positions and surfae harateris-tis of the objets. They an also indiate the approx-imate loation, intensity, shape and size of the lightsoure(s). Hene, the presene of shadows in a senehelps onvey realism and aids depth pereption.Shadow determination is intrinsially a visibility de-termination proess, exept it is done with respet tothe light soure instead of the view point. Shadowmapping is a popular method in shadow generation.

The onept was �rst introdued by Lane Williams[18℄ in 1978. It has sine been used in many applia-tions, inluding ommerial softwares suh as Pixar'sRenderMan and high-end PC games. This onept isalso supported by some ommerial GPUs, like nVidia.In shadow mapping, shadows are reated by testingif pixels visible from the view point are visible from thelight soure. This is usually done as a two-phase pro-ess: a z-bu�ering with respet to the light soure anda z-bu�ering with respet to the view point. Visiblepixels identi�ed in the seond phase are ompared withthe orresponding entries of the z-bu�er (or, depth im-age) obtained in the �rst phase to determine if theyare in shadow. The depth image is usually stored inthe form of a texture. A typial problem with thisapproah is, beause of numerial error, a pixel withlarger z value might atually be in light. Consider, forexample, the three points A, B and C of the plane Pin Figure 1. Sine A, B and C are not bloked by any-thing when viewed from the light soure, they shouldall be in light. However, beause of the round-o� er-ror, when projeted onto the projetion plane, theyall fall onto the same entry on the projetion plane.Hene, aording to the algorithm, A and B shouldbe in shadow. As a result, most part of the plane Pwould be rendered in shadow. Hene the rendering re-sult in this ase would onvey an inorret pereptionof the sene. Solving this type of problem has alwaysbeen a hallenging task for shadow generation proessinvolving disretization and projetion.In this paper, we study the problem of shadowgeneration for objets represented by Catmull-Clarksubdivision surfaes (CCSSs) [1℄. Our approah alsoinvolves disretization and projetion. But the dis-retization proess is not done through the z-bu�eringproess, but by voxelizing the CCSSs. Unlike the sanonversion proess in z-bu�ering, the voxelization pro-ess is not part of the rendering proess [10, 11, 12℄,but a way to build a representation for an objet (even1
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Figure 1: Senario in whih the result of shadow map-ping is not orret (Intersetion View)though suh a representation an make the renderingof an objet easier in some ases. But a main reasonof voxelization is for modeling purpose). Therefore,separate rendering (and shadow generation) proesshas to be developed for the results of the voxelizationproess. The shadow generation proess in this pa-per is done through a projetion proess, similar tothe shadow mapping method. Therefore, one wouldfae the same problem as the one depited in Fig-ure 1. We solve this by augmenting the projetionphase with information obtained during the voxeliza-tion phase. Two approahes are presented: an o�set-based approah and a topology-based approah. The�rst approah uses position and normal informationwhile the seond approah uses voxel onnetivity in-formation. Test results show that both approaheswork well.The remaining part of the paper is arranged as fol-lows. A brief review of bakground and previous worksin this area are given in Setion 2. A desription ofour voxelization tehnique is given in Setion 3. Twoapproahes for shadow determination are presented inSetion 4. Rendering issues ritial to the shadow gen-eration proess are disussed in Setion 5. Implemen-tation details and test results are shown in Setion 6.The onluding remarks are given in Setion 7.2 Bakground & Related Work2.1 Catmull-Clark Subdivision Sur-faesGiven a ontrol mesh, a subdivision surfae is gener-ated by iteratively re�ning (subdividing) the ontrolmesh to form new and �ner ontrol meshes. The re-

�ned ontrol meshes onverge to a limit surfae alleda subdivision surfae. So a subdivision surfae is deter-mined by the given ontrol mesh and the mesh re�n-ing (subdivision) proess. The ontrol mesh of a sub-division surfae an ontain verties whose valenes(numbers of adjaent edges) are di�erent from four.Those verties are alled extra-ordinary verties. Pop-ular subdivision surfaes inlude Catmull-Clark sub-division surfaes (CCSSs) [1℄, Doo-Sabin subdivisionsurfaes [2℄ and Loop subdivision surfaes [3℄.Subdivision surfaes an model/represent omplexshape of arbitrary topology beause there is no limiton the shape and topology of the ontrol mesh of asubdivision surfae. Subdivision surfaes are intrinsi-ally disrete. Reently it was proved that subdivisionsurfaes an also be parametrized [4, 5, 6, 7℄. There-fore, subdivision surfaes over both parametri formsand disrete forms. Parametri forms are good for de-sign and representation, disrete forms are good formahining and tessellation (inluding FE mesh gener-ation). Hene, we have a representation sheme thatis good for all graphis and CAD/CAM appliations.Subdivision surfaes by far are the most general sur-fae representation sheme. They inlude non-uniformB-spline and NURBS surfaes as speial ases [9℄. Inthis paper we only onsider objets represented byCCSSs. But our approah works for any subdivisionsheme whose limit surfaes are parametrizable.2.2 VoxelizationLike pixelization of 2D items, voxelization of 3D sur-faes [10, 11℄ is a powerful tehnique for representingand modeling omplex 3D objets. This is provedby many suessful appliations of volume graphistehniques reported reently. For example, voxeliza-tion an be used for visualization of omplex ob-jets or senes [12, 14, 15℄ and shadow determination[16, 17, 20, 21℄. It an also be used for measuring in-tegral properties of solids, suh as mass, volume andsurfae area. It an be used for Boolean operations offree-form objets as well [13℄.A good voxelization method should meet three ri-teria: separability, auray, and minimality [10, 11℄.The �rst riterion demands analogy between the on-tinuous spae and the disrete spae to be preservedand the resulting voxelization not to be penetrablesine the given solid is losed and ontinuous. The se-ond riterion ensures that the resulting voxelization isthe most aurate disrete representation of the givensolid aording to some appropriate error metri. Thethird riterion requires the voxelization does not on-tain any voxels that, if removed, make no di�erene in2



separability and auray. The mathematial de�ni-tions of these riteria an be found in [10, 11℄.The widely used approah in voxelizing free-formsolids is spatial enumeration algorithms whih employpoint or ell lassi�ation methods in an exhaustivefashion or by reursive subdivision. However, 3D spaesubdivision tehniques for models deomposed into u-bi subspaes are omputationally expensive and thusare inappropriate for medium or high resolution grids.Our voxelization tehnique [12℄ also uses reursive sub-division. The di�erene is that our method performsreursive subdivision in 2D parameter spae, not in 3Dobjet spae. Hene expensive distane omputationbetween 3D points is avoided. It has been proven in[12℄ that our voxelization method satis�es the abovethree requirements. Hene, the result of our voxeliza-tion method is leak-free.2.3 Shadow GenerationShadow generation is an important area of om-puter graphis and has been extensively studied [23℄.The most popular methods are shadow mapping [18℄,shadow volume [19℄ and ray traing [20℄. The shadowvolume method is objet spae based. For omplexsene, it takes longer time to render and generate shad-ows. The ray traing method is very oating pointintensive and, onsequently, is expensive and numer-ial error prone. The shadow mapping method is animage spae based method. The rendering of a shad-owed sene in this ase involves two steps. The �rststep produes a shadow map (depth map) by renderingthe sene from the light soure. The shadow map isoften stored as a texture in the graphis ard memory.The seond step applies the shadow map to the seneby drawing the sene from the usual amera viewpoint.The triky part of this step is the depth map test.A main advantage of the shadow mapping methodis that no knowledge or proessing of the sene geom-etry is required. The auray of a shadow map, how-ever, is limited by its resolution. Aliasing, espeiallywhen using small shadow maps, is the major disadvan-tage of this tehnique. For real-time shadows, shadowmapping is less aurate than shadow volume, but theshadow mapping method is muh faster than shadowvolume and ray traing when dealing with omplexsenes.Shadow generation for objets represented by dis-rete voxels has also been studied [16, 17, 20, 21℄. Forexample, a shadow determination aelerator for raytraing, built on top of a uniform voxel traversal gridstruture, is presented in [16℄. An eÆient shadow de-tetion algorithm for ray traing is proposed in [17℄.

The algorithm an be used for diret voxel renderingas well. A hardware implementation of shadow gen-eration for voxels is reported in [21℄, whih presents anovel approah to use graphis hardware to dynami-ally alulate a voxel-based representation of a sene.However, as far as we know, no method has beenproposed for upgrading shadow mapping method us-ing knowledge of the sene geometry. This is proba-bly beause it would slow down the shadow genera-tion proess signi�antly. Voxelization based shadowgeneration methods [16, 17, 20, 21℄ do not use anyinformation on the sene geometry either. But thisis beause the geometry information on voxels is un-known. In this paper, we present a method whihis similar to shadow mapping but uses voxels in de-termining shadows. The major di�erene is that thesene geometry is utilized in the proess of shadow de-termination. As a result, better quality of shadowsan be generated for an even low voxelization resolu-tion than shadowmapping. Beause normal resolution(256� 256� 256) would lead to aeptable quality ofshadows, our method an deal with omplex senesinteratively.3 Voxelization based on Reur-sive Parameter Spae Subdi-visionGiven a free-form objet represented by a CCSS anda ubi frame bu�er of resolution M1 �M2 �M3, thegoal is to onvert the CCSS represented free-form ob-jet (a ontinuous geometri representation) into a setof voxels that best approximates the geometry of theobjet [12℄ . We assume eah fae of the represen-tation's ontrol mesh is a quadrilateral and eah faehas at most one extra-ordinary vertex. If this is notthe ase, simply perform one Catmull-Clark subdivi-sion on the ontrol mesh of the CCSS [1℄.We �rst onsider voxelization of a single path ofthe CCSS representation. Given a path S(u; v) de-�ned on [u1; u2℄� [v1; v2℄, we voxelize it by reursivelysubdividing its parameter spae until eah subpath issmall enough (hene, at enough) so that voxelizationof that subpath an be done simply by voxelizing itsfour orners [7℄. It is easy to see that if the voxelsorresponding to the four orners of a subpath arenot N -adjaent (N 2 f6; 18; 26g) to eah other, thenthere exist holes between them [10, 11, 12℄. In thisase, the subpath is onsidered not small enough yet.A midpoint subdivision is performed on the parame-ter spae to get four smaller subpathes and repeatthe testing proess on eah of the subpathes. This3
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(b)(a)Figure 2: Basi idea of parameter spae based reur-sive voxelization.proess is reursively repeated until all the subpathesare small enough and an be voxelized using only theirfour orners.The verties of the resulting subpathes after the re-ursive parameter spae subdivision are then used toform voxels in the voxelization proess to approximateS(u; v). For example, if the four retangles in Fig-ure 2(a) are parameter spaes of S(u; v)'s subpathesand if the retangles shown in Figure 2(b) are param-eter spaes of resulting subpathes when the abovereursive testing proess stops, then verties of thesesubpathes (those orrespond to 2D parameter spaepoints marked with small solid irles) are used to formvoxels to approximate S(u; v).The above proess guarantees a shared boundary(vertex) of adjaent subpathes will be voxelized to thesame voxels (voxel). This is true for adjaent pathesas well. Hene, voxelization of the entire CCSS rep-resentation an be performed on a path based ap-proah. To make the proess of writing voxels into theubi frame bu�er simpler, the ontrol mesh of theCCSS representation is normalized to be of dimension[0;M1�1℄�[0;M2�1℄�[0;M3�1℄ �rst. Pathes of theCCSS representation are then voxelized one at a time,and the resulting voxels are written into orrespondingentries of the ubi frame bu�er. Result of this vox-elization proess satis�es the riteria of separability,auray and minimality with respet to the given N -adjaeny onnetivity requirement (N 2 f6; 18; 26g)[10, 11, 12℄.4 Shadow DeterminationThe proess of determining if a voxel is in shadow isdone through a projetion proess. Di�erent from theZ-bu�er based method, where the sene is �rst ren-dered with respet to the light to obtain a shadowmap and then rendered with respet to the view point,our method projets the voxels onto a projetion planeonly one. Hene, it requires one traversal of the vox-els only. Note that after the projetion, for eah entry

of the projetion plane, the voxel that is losest tothe light soure is in light. But the voxels with big-ger distane from the light soure are not neessarilyin shadow. They ould only be partially in shadowor even not in shadow at all, suh as points A and Bin Figure 1. So the main task here is to do shadowtesting for those voxels with bigger distane from thelight soure. Voxels of this type will be alled uner-tain voxels.In the projetion proess, to ensure a relativelygood distribution of the projeted voxels, the proje-tion plane should be as muh perpendiular to thelight beams shot from the light to the sene as pos-sible. The resolution of the projetion plane should bethe same as the resolution of the voxelization proess.This is beause a lower resolution of the projetionplane would ause too many voxels to be projetedonto the same entries of the projetion plane, whilea higher resolution ould lead to un�lled entries be-tween adjaent voxels. None of these situations is de-sired: the �rst situation would leave too many uner-tain voxels to be tested and the seond situation wouldgenerate illegal holes (gaps) in the �nal shadows. Inthe following, two approahes are presented for shadowtesting of unertain voxels. The testing proess usesgeometri and topologial information inherited fromthe voxelization proess [12℄.
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A'Figure 3: O�set based shadow determination4.1 O�set-based Shadow Determina-tionIn this approah, only those voxels that are losest tothe light are stored during the projetion proess. Thebasi idea of this approah is to use oherene propertyto determine if a voxel is in shadow. If a voxel isbloked by another voxel, we move the voxel along its4



normal diretion outwards slightly and test if it is stillbloked or not in the new position. For example, inFigure 3, voxel A is moved to a new loation A0 andthen repeat the test. The new loation of the voxelshould be far enough to ensure this movement reatesa di�erent voxel, but not too far away to exeed theN -adjaeny range (N 2 f6; 18; 26g). A reasonablehoie for the distane is p2 �r, where r is the size of avoxel. If the voxel in question is alled A and the voxelat the new loation is alled A0, then A is onsideredto be in shadow if A0 is in shadow. Otherwise, A isonsidered to be in light. In order to avoid A0 beingprojeted onto the same entry as A, a di�erent type ofprojetion has to be used. In our implementation, weprojet voxelA0 alone the line whih starts fromA0 andis parallel to the beam emitted from the light to A (seeFigure 3). In this way, voxelA0 and A will be projetedto di�erent entries on the projetion plane. After theprojetion, lear deision an be made if voxel A isin shadow aording to our assumption. Of ourse, ifN � (L � A) � 0, then A is de�nitely in shadow, andthe above proess is not needed at all.4.2 Topology-based Shadow Determi-nationIn this approah, when a voxel, say A, is projeted,the subpath ID(s) that A belongs to in the surfae isalso stored in the orresponding entry of the projetionplane. The subpath ID of a voxel is expliitly knownwhen we perform the voxelization proess. Hene theprojetion proess an be done simultaneously withthe voxelization proess. Beause there are possiblymore than one voxel falling onto the same entry of theprojetion plane, a list is needed for eah entry of theprojetion plane so that IDs of the voxels that fall ontothe same entry are linked and sorted by the distanefrom the voxel to the light. Therefore, after the pro-jetion proess, we will know whih voxel is possiblybloked by whih subpath(es). So it is straightfor-ward to determine if a voxel A is in shadow by simplytesting if the ray from A to the light intersets anysubpathes linked to the same entry of the projetionplane. Beause the subpathes generated in the vox-elization proess are very small and are replaed withquadrilaterals in the rendering proess, the interse-tion testing proess beomes testing of a ray with twotriangles. There are many methods for this testingproess. The following approah is followed here [22℄whih only uses dot produts in the testing proess.Given a ray R emitted from P0 to P1, and a triangleT with verties V0, V1 and V2. Suppose the intersetionpoint of R and the plane of T is PI . Note that PI

ould be inside of T or outside of T . PI is very easyto �nd and if PI does not exist, R does not intersetT either. Hene if PI exists and if s >= 0, t >= 0,and s+ t <= 1, then R intersets with T , wheres = (u�v)(w�v)�(v�v)(w�u)(u�v)2�(u�u)(v�v)t = (u�v)(w�u)�(u�u)(w�v)(u�v)2�(u�u)(v�v)The de�nitions of u, v and w are as follows.u = V1 � V0v = V2 � V0w = PI � V0With 5 distint dot produts and no ross produt atall, the omputation is very eÆient.For a given voxel, if the ray intersets any subpathin front of it, the voxel is in shadow. Therefore, evenif there is a long list of subpath IDs that might blokthis voxel, the omputation atually is very fast fora voxel in shadow. This is beause the omputationstops one an intersetion has been deteted and thisusually ours on the �rst subpath in font of it. Henefor a voxel in shadow, only one intersetion omputa-tion is needed. If there is no subpath being in front ofa voxel, this voxel is obviously in light. For other vox-els, if we go through all the subpathes in its linked listof bloking subpathes, and still are not able to �nd anintersetion, then they should be lit. Fortunately, suhvoxels are always not many in an ordinary sene andusually linked lists of bloking subpathes are not longeither (in our tests, they are less that 10). Hene, theoverall testing does not require a lot of omputationand muh better quality of shadow an obtained.5 Sene RenderingOne shadow determination for eah voxel is done,shadow generation is simply a proess of rendering allvoxels suh that shadowed voxels are only lit with am-bient light. Di�erent from previous volumetri ren-dering tehniques [14, 15℄ whih render the voxels di-retly, our rendering proess does not render the vox-els, but the subpathes whose verties are the voxelsto be rendered [12℄. Note that onnetivity of vox-els is known. Hene the resulting rendering is smoothand seamless. The rendering proess is simply anotherproess of voxelization of the surfae. But this timewe do not write any values into the ubi frame bu�er.Instead, when we reah subpathes whose four ornersare mapped to adjaent voxels, the subpathes are tes-sellated and sent to the rendering pipeline. However,before sending the tessellation result to the render-ing pipeline, eah subpath has to be heked to see5



if the orresponding voxels of its four orners are inshadow. If the voxels are all in shadow, the subpathis only lit with ambient light. If n (n < 4) voxels arein shadow, then the subpath will be lit with ambi-ent light and 12n reetion intensity, but no speularhighlight. This approah provides a smooth transitionbetween the shadowed area and the lit area.The overall proess seems simple. But the subpro-ess of heking if a voxel is in shadow is atually quitetriky. This partiular subproess a�ets the overallperformane signi�antly. In the following two sub-setions we will disuss two methods to �nd out thelighting property of eah voxel in the proess of ren-dering.5.1 Shadow Generation without CubiFrame Bu�erAs we an see from the above desription, a ubiframe bu�er is not a must in our shadow generationmethod. This is beause we an projet voxels ontothe projetion plane diretly during the voxelizationproess, and onsequently avoid the proess of writingvoxels into the ubi frame bu�er. Although the pro-jetion of voxels only needs to be done one, without aubi frame bu�er, the result of shadow determinationannot be kept and has to be re-alulated eah timethe sene needs to be shown. Therefore this methodis good only for stati senes, suh as some CAD ap-pliations and sienti� simulations, where one imageis all that is needed. A major advantage of using thismethod is that the resolution of the voxelization pro-ess an be very high beause we do not need a mass ofmemory to hold the voxels. Consequently, very highquality rendering results, with shadows, an be ob-tained. Of ourse, this is at this ost of muh longerrendering time.5.2 Shadow Generation with CubiFrame Bu�erWithout a ubi frame bu�er, shadow determinationhas to be performed again eah time the sene needsto be shown. An alternative is to have the result ofshadow determination saved in a ubi frame bu�er.One ubi frame bu�er is enough for the entire sene,no matter how many subdivision surfaes are involved.With this approah, eah voxel is either with a 0(empty) a 1 (lit) or a 2 (shadowed) in the shadowdetermination proess. Now we have two sets of dataabout the sene. One is a set of the ontinuous pa-rameterized surfaes, and the other one is a set of dis-rete and shadow marked voxels. We an use the dis-

rete voxel information to render the sene with somevolumetri rendering methods, suh as the splattingmethod [14℄. We an use both of them to generatebetter results by rendering ontinuous quadrilaterals[12℄. With this method, smooth and seamless render-ing an be obtained. Note that onnetivity of voxels isknown in the voxelization proess. Hene the render-ing proess is simply another proess of voxelizationof the ontinuous surfae. But shadow determinationdoes not need to be re-done beause it is saved in theubi frame bu�er. When a subpath is tessellated,the shadow and light properties of eah voxel orre-sponding to eah orner vertex of the quadrilateral arefethed and sent to the rendering pipeline as well.Note with a ubi frame bu�er, there is no need tore-generate the shadows when only the position of eyehanges (this is most the ases seen in game designs orsimulations where lights usually do not move). In ad-dition, shadow generation with a ubi frame bu�er ismuh faster than without one, even though it requiresa lot of memory for the ubi frame bu�er, espeiallyfor high voxelization resolution. Fortunately, for mostof the interative senes, like some games, high qual-ity shadows usually are not neessary, a relatively lowvoxelization resolution is aeptable most of the time.Nevertheless, with heap and giga-byte memory hipsbeoming available, storage requirement is no longera major issue in the design of an algorithm. Peoplewould are more about the eÆieny of the algorithm.5.3 Crak EliminationAnother issue with the rendering proess is rak elim-ination [8℄. Due to the fat that adjaent pathesmight be approximated by quadrilaterals orrespond-ing to subpathes from di�erent levels of the midpointsubdivision proess, raks ould our between adja-ent pathes or subpathes. For instane, in Figure4, the left path A1A2A5A6 is approximated by onequadrilateral but the right path is approximated by 7quadrilaterals. Consider the boundary shared by theleft path and the right path. On the left side, thatboundary is a line segment de�ned by two verties :A2 and A5. But on the right side, the boundary isa polyline de�ned by four verties : A2, C4, B4, andA5. They would not oinide unless C4 and B4 lieon the line segment de�ned by A2 and A5. But thatusually is not the ase. Hene, raks would appearbetween the left path and the right path.Fortunately raks an be eliminated simply by re-plaing eah boundary of a path or a subpath withthe one that ontains all the evaluated points for thatboundary. For example, in Figure 4, all the dot-6
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Figure 4: Crak elimination.ted lines should be replaed with the orrespondingpolylines. In partiular, boundary A2A5 of pathA1A2A5A6 should be replaed with the polylineA2C4B4A5. As a result, the polygon A1A2A5A6 inFigure 4, is replaed with polygon A1A2C4B4A5A6in the tessellation proess. For rendering purpose thisis �ne beause graphis systems like OpenGL an han-dle polygons with non-o-planar verties and polygonswith any number of sides. However, through a sim-ple zigzag tehnique, triangulation of those polygonsis atually a simple and very fast proess. It shouldbe pointed out that the above polyline replaementstrategy ould ause small inauray in the renderingproess. But, the error an be preisely estimated [8℄.Hene aurate rendering an still be obtained.6 Test ResultsThe proposed approah has been implemented in C++using OpenGL as the supporting graphis system onthe Windows platform. Quite a few examples havebeen tested with the method desribed here. All theexamples have extra-ordinary verties. Some of thetested results are shown in Figures 5. Resolution ofglobal voxelization is 512� 512� 512 for Figures 5(b),5(), 5(e), 5(f) and 5(h), and 1024� 1024� 1024 forFigure 5(i). The rest ased in Figure 5 are voxelizedwith resolution 256� 256� 256. The ground of eahsene, either planar or urved, is also represented witha subdivision surfae and is involved in the voxeliza-tion and shadow determination proess as well.From Figure 5 one an easily see that the qualityof a result is determined by the resolution of the vox-elization proess. For example, Figure 5(i) uses thehighest resolution, hene it has shadows of the highestquality. This is demonstrated by the smooth bound-ary of the lit and shadowed areas. However, with thesame resolution, di�erent approahes used for shadowdetermination ould lead to di�erent quality in shadow

generation, espeially in the area of self shadow. Forexample, Figures 5(a), 5(d) and 5(g) use the same vox-elization resolution. But Figure 5(g) is generated usingthe topology-based shadow determination approah todetermine shadow of eah voxel while Figures 5(a) and5(d) are generated using the o�set-based shadow de-termination approah. As one an obviously tell thatFigure 5(g) has a better quality than Figures 5(a) and5(d).The rendering tehnique used for shadow genera-tion in our experiment is ubi frame bu�er basedand rendering of the voxels is based on tessellationof quadrilaterals. Figure 5(i) is the only ase in whihubi frame bu�er is not involved in the rendering pro-ess. As we an tell there is no obvious visual di�er-ene in the generated results. However, the times usedby the two approahes are very di�erent; ubi framebu�er based approah is muh faster. For example, allthe test ases in Figure 5, exept Figure 5(i) an bevisualized interatively.7 SummaryA shadow generation method for objets representedby CCSSs is presented. The objets are voxelized �rstand the resulting voxels are then projeted onto a pro-jetion plane to determine whih voxels are in shadowand whih voxels are in light, similar to the onept ofthe shadow mapping method. The main di�erene be-tween our method and the shadow mapping method is,in our method, unertain ases an be resolved usinggeometri or topologial information obtained duringthe voxelization phase. Therefore, better quality shad-ows an be generated without the need of using a highresolution in the voxelization proess. A resolution of256� 256� 256 for the voxelization proess is enoughto generate shadows with aeptable quality.Another advantage of the new approah is, sineour voxelization proess is performed in the parame-ter spaes of the CCSSs instead of the objet spae,the proess is very fast and eÆient. As a result, theoverall shadow generation proess is fast, eÆient androbust. Therefore, our method has the apability ofgenerating good quality shadows for omplex senesin real time without the need of using a high resolu-tion in the voxelization proess. The new method ispresented for CCSSs only, but the onept works forany subdivision shemes whose limit surfaes are pa-rameterizable.Aknowledgement. Researh work reported inthis paper is supported by NSF under grants DMS-0310645 and DMI-0422126. Data sets of Figures 5(d)7



(a) Low resolution (256) (b) Medium resolution (512) () Medium resolution(512)

(d) Low resolution (256) (e) Medium resolution (512)

(f) Medium resolution (512) (g) Low resolution (256)

(h) Medium resolution (512) (i) High resolution (1024)Figure 5: Shadow Generation for Senes Represented by CCSSes.
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