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ien
e, University of Kentu
ky, Lexington, KY 40506Abstra
t. A method for generating good qualityshadows for obje
ts represented by Catmull-Clark sub-division surfa
es (CCSSs) is presented. The newmethod is based on 
ombining a vexolization te
h-nique and a proje
tion te
hnique. Like the shadowmapping method, one 
an easily tell that, after theproje
tion, the voxels that are 
losest to the light arenot in shadow. But it is diÆ
ult to tell if the remain-ing voxels are in shadow without other information.In this paper this problem is solved by augmentingthe proje
tion phase with information obtained dur-ing the voxelization phase. Two main approa
hes arepresented: o�set-based that uses position and normalinformation, and topology-based whi
h uses voxel 
on-ne
tivity information. The shadow determination pro-
ess is also fa
ilitated by storing voxelization resultsin a 
ubi
 framebu�er dire
tly. Sin
e our voxelizationpro
ess is performed in the parameter spa
es of theCCSSs instead of the obje
t spa
e, the pro
ess is veryfast and eÆ
ient. As a result, the overall shadow gen-eration pro
ess is fast, eÆ
ient and robust. The newmethod is presented for CCSSs only, but the 
on
eptworks for any subdivision s
hemes whose limit surfa
esare parametrizable.1 Introdu
tionA shadow is an area of relative darkness in an illumi-nated region 
aused by an obje
t totally or partiallyo

luding the light [23℄. Shadows provide 
lues aboutthe shapes, relative positions and surfa
e 
hara
teris-ti
s of the obje
ts. They 
an also indi
ate the approx-imate lo
ation, intensity, shape and size of the lightsour
e(s). Hen
e, the presen
e of shadows in a s
enehelps 
onvey realism and aids depth per
eption.Shadow determination is intrinsi
ally a visibility de-termination pro
ess, ex
ept it is done with respe
t tothe light sour
e instead of the view point. Shadowmapping is a popular method in shadow generation.

The 
on
ept was �rst introdu
ed by Lan
e Williams[18℄ in 1978. It has sin
e been used in many appli
a-tions, in
luding 
ommer
ial softwares su
h as Pixar'sRenderMan and high-end PC games. This 
on
ept isalso supported by some 
ommer
ial GPUs, like nVidia.In shadow mapping, shadows are 
reated by testingif pixels visible from the view point are visible from thelight sour
e. This is usually done as a two-phase pro-
ess: a z-bu�ering with respe
t to the light sour
e anda z-bu�ering with respe
t to the view point. Visiblepixels identi�ed in the se
ond 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 typi
al problem with thisapproa
h is, be
ause of numeri
al error, a pixel withlarger z value might a
tually be in light. Consider, forexample, the three points A, B and C of the plane Pin Figure 1. Sin
e A, B and C are not blo
ked by any-thing when viewed from the light sour
e, they shouldall be in light. However, be
ause of the round-o� er-ror, when proje
ted onto the proje
tion plane, theyall fall onto the same entry on the proje
tion plane.Hen
e, a

ording to the algorithm, A and B shouldbe in shadow. As a result, most part of the plane Pwould be rendered in shadow. Hen
e the rendering re-sult in this 
ase would 
onvey an in
orre
t per
eptionof the s
ene. Solving this type of problem has alwaysbeen a 
hallenging task for shadow generation pro
essinvolving dis
retization and proje
tion.In this paper, we study the problem of shadowgeneration for obje
ts represented by Catmull-Clarksubdivision surfa
es (CCSSs) [1℄. Our approa
h alsoinvolves dis
retization and proje
tion. But the dis-
retization pro
ess is not done through the z-bu�eringpro
ess, but by voxelizing the CCSSs. Unlike the s
an
onversion pro
ess in z-bu�ering, the voxelization pro-
ess is not part of the rendering pro
ess [10, 11, 12℄,but a way to build a representation for an obje
t (even1
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Figure 1: S
enario in whi
h the result of shadow map-ping is not 
orre
t (Interse
tion View)though su
h a representation 
an make the renderingof an obje
t easier in some 
ases. But a main reasonof voxelization is for modeling purpose). Therefore,separate rendering (and shadow generation) pro
esshas to be developed for the results of the voxelizationpro
ess. The shadow generation pro
ess in this pa-per is done through a proje
tion pro
ess, similar tothe shadow mapping method. Therefore, one wouldfa
e the same problem as the one depi
ted in Fig-ure 1. We solve this by augmenting the proje
tionphase with information obtained during the voxeliza-tion phase. Two approa
hes are presented: an o�set-based approa
h and a topology-based approa
h. The�rst approa
h uses position and normal informationwhile the se
ond approa
h uses voxel 
onne
tivity in-formation. Test results show that both approa
heswork well.The remaining part of the paper is arranged as fol-lows. A brief review of ba
kground and previous worksin this area are given in Se
tion 2. A des
ription ofour voxelization te
hnique is given in Se
tion 3. Twoapproa
hes for shadow determination are presented inSe
tion 4. Rendering issues 
riti
al to the shadow gen-eration pro
ess are dis
ussed in Se
tion 5. Implemen-tation details and test results are shown in Se
tion 6.The 
on
luding remarks are given in Se
tion 7.2 Ba
kground & Related Work2.1 Catmull-Clark Subdivision Sur-fa
esGiven a 
ontrol mesh, a subdivision surfa
e 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 surfa
e 
alleda subdivision surfa
e. So a subdivision surfa
e is deter-mined by the given 
ontrol mesh and the mesh re�n-ing (subdivision) pro
ess. The 
ontrol mesh of a sub-division surfa
e 
an 
ontain verti
es whose valen
es(numbers of adja
ent edges) are di�erent from four.Those verti
es are 
alled extra-ordinary verti
es. Pop-ular subdivision surfa
es in
lude Catmull-Clark sub-division surfa
es (CCSSs) [1℄, Doo-Sabin subdivisionsurfa
es [2℄ and Loop subdivision surfa
es [3℄.Subdivision surfa
es 
an model/represent 
omplexshape of arbitrary topology be
ause there is no limiton the shape and topology of the 
ontrol mesh of asubdivision surfa
e. Subdivision surfa
es are intrinsi-
ally dis
rete. Re
ently it was proved that subdivisionsurfa
es 
an also be parametrized [4, 5, 6, 7℄. There-fore, subdivision surfa
es 
over both parametri
 formsand dis
rete forms. Parametri
 forms are good for de-sign and representation, dis
rete forms are good forma
hining and tessellation (in
luding FE mesh gener-ation). Hen
e, we have a representation s
heme thatis good for all graphi
s and CAD/CAM appli
ations.Subdivision surfa
es by far are the most general sur-fa
e representation s
heme. They in
lude non-uniformB-spline and NURBS surfa
es as spe
ial 
ases [9℄. Inthis paper we only 
onsider obje
ts represented byCCSSs. But our approa
h works for any subdivisions
heme whose limit surfa
es are parametrizable.2.2 VoxelizationLike pixelization of 2D items, voxelization of 3D sur-fa
es [10, 11℄ is a powerful te
hnique for representingand modeling 
omplex 3D obje
ts. This is provedby many su

essful appli
ations of volume graphi
ste
hniques reported re
ently. For example, voxeliza-tion 
an be used for visualization of 
omplex ob-je
ts or s
enes [12, 14, 15℄ and shadow determination[16, 17, 20, 21℄. It 
an also be used for measuring in-tegral properties of solids, su
h as mass, volume andsurfa
e area. It 
an be used for Boolean operations offree-form obje
ts as well [13℄.A good voxelization method should meet three 
ri-teria: separability, a

ura
y, and minimality [10, 11℄.The �rst 
riterion demands analogy between the 
on-tinuous spa
e and the dis
rete spa
e to be preservedand the resulting voxelization not to be penetrablesin
e the given solid is 
losed and 
ontinuous. The se
-ond 
riterion ensures that the resulting voxelization isthe most a

urate dis
rete representation of the givensolid a

ording to some appropriate error metri
. Thethird 
riterion requires the voxelization does not 
on-tain any voxels that, if removed, make no di�eren
e in2



separability and a

ura
y. The mathemati
al de�ni-tions of these 
riteria 
an be found in [10, 11℄.The widely used approa
h in voxelizing free-formsolids is spatial enumeration algorithms whi
h employpoint or 
ell 
lassi�
ation methods in an exhaustivefashion or by re
ursive subdivision. However, 3D spa
esubdivision te
hniques for models de
omposed into 
u-bi
 subspa
es are 
omputationally expensive and thusare inappropriate for medium or high resolution grids.Our voxelization te
hnique [12℄ also uses re
ursive sub-division. The di�eren
e is that our method performsre
ursive subdivision in 2D parameter spa
e, not in 3Dobje
t spa
e. Hen
e expensive distan
e 
omputationbetween 3D points is avoided. It has been proven in[12℄ that our voxelization method satis�es the abovethree requirements. Hen
e, the result of our voxeliza-tion method is leak-free.2.3 Shadow GenerationShadow generation is an important area of 
om-puter graphi
s and has been extensively studied [23℄.The most popular methods are shadow mapping [18℄,shadow volume [19℄ and ray tra
ing [20℄. The shadowvolume method is obje
t spa
e based. For 
omplexs
ene, it takes longer time to render and generate shad-ows. The ray tra
ing method is very 
oating pointintensive and, 
onsequently, is expensive and numer-i
al error prone. The shadow mapping method is animage spa
e based method. The rendering of a shad-owed s
ene in this 
ase involves two steps. The �rststep produ
es a shadow map (depth map) by renderingthe s
ene from the light sour
e. The shadow map isoften stored as a texture in the graphi
s 
ard memory.The se
ond step applies the shadow map to the s
eneby drawing the s
ene from the usual 
amera viewpoint.The tri
ky part of this step is the depth map test.A main advantage of the shadow mapping methodis that no knowledge or pro
essing of the s
ene geom-etry is required. The a

ura
y of a shadow map, how-ever, is limited by its resolution. Aliasing, espe
iallywhen using small shadow maps, is the major disadvan-tage of this te
hnique. For real-time shadows, shadowmapping is less a

urate than shadow volume, but theshadow mapping method is mu
h faster than shadowvolume and ray tra
ing when dealing with 
omplexs
enes.Shadow generation for obje
ts represented by dis-
rete voxels has also been studied [16, 17, 20, 21℄. Forexample, a shadow determination a

elerator for raytra
ing, built on top of a uniform voxel traversal gridstru
ture, is presented in [16℄. An eÆ
ient shadow de-te
tion algorithm for ray tra
ing is proposed in [17℄.

The algorithm 
an be used for dire
t voxel renderingas well. A hardware implementation of shadow gen-eration for voxels is reported in [21℄, whi
h presents anovel approa
h to use graphi
s hardware to dynami-
ally 
al
ulate a voxel-based representation of a s
ene.However, as far as we know, no method has beenproposed for upgrading shadow mapping method us-ing knowledge of the s
ene geometry. This is proba-bly be
ause it would slow down the shadow genera-tion pro
ess signi�
antly. Voxelization based shadowgeneration methods [16, 17, 20, 21℄ do not use anyinformation on the s
ene geometry either. But thisis be
ause the geometry information on voxels is un-known. In this paper, we present a method whi
his similar to shadow mapping but uses voxels in de-termining shadows. The major di�eren
e is that thes
ene geometry is utilized in the pro
ess of shadow de-termination. As a result, better quality of shadows
an be generated for an even low voxelization resolu-tion than shadowmapping. Be
ause normal resolution(256� 256� 256) would lead to a

eptable quality ofshadows, our method 
an deal with 
omplex s
enesintera
tively.3 Voxelization based on Re
ur-sive Parameter Spa
e Subdi-visionGiven a free-form obje
t represented by a CCSS anda 
ubi
 frame bu�er of resolution M1 �M2 �M3, thegoal is to 
onvert the CCSS represented free-form ob-je
t (a 
ontinuous geometri
 representation) into a setof voxels that best approximates the geometry of theobje
t [12℄ . We assume ea
h fa
e of the represen-tation's 
ontrol mesh is a quadrilateral and ea
h fa
ehas 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 pat
h ofthe CCSS representation. Given a pat
h S(u; v) de-�ned on [u1; u2℄� [v1; v2℄, we voxelize it by re
ursivelysubdividing its parameter spa
e until ea
h subpat
h issmall enough (hen
e, 
at enough) so that voxelizationof that subpat
h 
an be done simply by voxelizing itsfour 
orners [7℄. It is easy to see that if the voxels
orresponding to the four 
orners of a subpat
h arenot N -adja
ent (N 2 f6; 18; 26g) to ea
h other, thenthere exist holes between them [10, 11, 12℄. In this
ase, the subpat
h is 
onsidered not small enough yet.A midpoint subdivision is performed on the parame-ter spa
e to get four smaller subpat
hes and repeatthe testing pro
ess on ea
h of the subpat
hes. This3
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(b)(a)Figure 2: Basi
 idea of parameter spa
e based re
ur-sive voxelization.pro
ess is re
ursively repeated until all the subpat
hesare small enough and 
an be voxelized using only theirfour 
orners.The verti
es of the resulting subpat
hes after the re-
ursive parameter spa
e subdivision are then used toform voxels in the voxelization pro
ess to approximateS(u; v). For example, if the four re
tangles in Fig-ure 2(a) are parameter spa
es of S(u; v)'s subpat
hesand if the re
tangles shown in Figure 2(b) are param-eter spa
es of resulting subpat
hes when the abovere
ursive testing pro
ess stops, then verti
es of thesesubpat
hes (those 
orrespond to 2D parameter spa
epoints marked with small solid 
ir
les) are used to formvoxels to approximate S(u; v).The above pro
ess guarantees a shared boundary(vertex) of adja
ent subpat
hes will be voxelized to thesame voxels (voxel). This is true for adja
ent pat
hesas well. Hen
e, voxelization of the entire CCSS rep-resentation 
an be performed on a pat
h based ap-proa
h. To make the pro
ess of writing voxels into the
ubi
 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. Pat
hes 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 pro
ess satis�es the 
riteria of separability,a

ura
y and minimality with respe
t to the given N -adja
en
y 
onne
tivity requirement (N 2 f6; 18; 26g)[10, 11, 12℄.4 Shadow DeterminationThe pro
ess of determining if a voxel is in shadow isdone through a proje
tion pro
ess. Di�erent from theZ-bu�er based method, where the s
ene is �rst ren-dered with respe
t to the light to obtain a shadowmap and then rendered with respe
t to the view point,our method proje
ts the voxels onto a proje
tion planeonly on
e. Hen
e, it requires one traversal of the vox-els only. Note that after the proje
tion, for ea
h entry

of the proje
tion plane, the voxel that is 
losest tothe light sour
e is in light. But the voxels with big-ger distan
e from the light sour
e are not ne
essarilyin shadow. They 
ould only be partially in shadowor even not in shadow at all, su
h as points A and Bin Figure 1. So the main task here is to do shadowtesting for those voxels with bigger distan
e from thelight sour
e. Voxels of this type will be 
alled un
er-tain voxels.In the proje
tion pro
ess, to ensure a relativelygood distribution of the proje
ted voxels, the proje
-tion plane should be as mu
h perpendi
ular to thelight beams shot from the light to the s
ene as pos-sible. The resolution of the proje
tion plane should bethe same as the resolution of the voxelization pro
ess.This is be
ause a lower resolution of the proje
tionplane would 
ause too many voxels to be proje
tedonto the same entries of the proje
tion plane, whilea higher resolution 
ould lead to un�lled entries be-tween adja
ent voxels. None of these situations is de-sired: the �rst situation would leave too many un
er-tain voxels to be tested and the se
ond situation wouldgenerate illegal holes (gaps) in the �nal shadows. Inthe following, two approa
hes are presented for shadowtesting of un
ertain voxels. The testing pro
ess usesgeometri
 and topologi
al information inherited fromthe voxelization pro
ess [12℄.
L
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A'Figure 3: O�set based shadow determination4.1 O�set-based Shadow Determina-tionIn this approa
h, only those voxels that are 
losest tothe light are stored during the proje
tion pro
ess. Thebasi
 idea of this approa
h is to use 
oheren
e propertyto determine if a voxel is in shadow. If a voxel isblo
ked by another voxel, we move the voxel along its4



normal dire
tion outwards slightly and test if it is stillblo
ked or not in the new position. For example, inFigure 3, voxel A is moved to a new lo
ation A0 andthen repeat the test. The new lo
ation of the voxelshould be far enough to ensure this movement 
reatesa di�erent voxel, but not too far away to ex
eed theN -adja
en
y range (N 2 f6; 18; 26g). A reasonable
hoi
e for the distan
e is p2 �r, where r is the size of avoxel. If the voxel in question is 
alled A and the voxelat the new lo
ation is 
alled A0, then A is 
onsideredto be in shadow if A0 is in shadow. Otherwise, A is
onsidered to be in light. In order to avoid A0 beingproje
ted onto the same entry as A, a di�erent type ofproje
tion has to be used. In our implementation, weproje
t voxelA0 alone the line whi
h starts fromA0 andis parallel to the beam emitted from the light to A (seeFigure 3). In this way, voxelA0 and A will be proje
tedto di�erent entries on the proje
tion plane. After theproje
tion, 
lear de
ision 
an be made if voxel A isin shadow a

ording to our assumption. Of 
ourse, ifN � (L � A) � 0, then A is de�nitely in shadow, andthe above pro
ess is not needed at all.4.2 Topology-based Shadow Determi-nationIn this approa
h, when a voxel, say A, is proje
ted,the subpat
h ID(s) that A belongs to in the surfa
e isalso stored in the 
orresponding entry of the proje
tionplane. The subpat
h ID of a voxel is expli
itly knownwhen we perform the voxelization pro
ess. Hen
e theproje
tion pro
ess 
an be done simultaneously withthe voxelization pro
ess. Be
ause there are possiblymore than one voxel falling onto the same entry of theproje
tion plane, a list is needed for ea
h entry of theproje
tion plane so that IDs of the voxels that fall ontothe same entry are linked and sorted by the distan
efrom the voxel to the light. Therefore, after the pro-je
tion pro
ess, we will know whi
h voxel is possiblyblo
ked by whi
h subpat
h(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 interse
ts anysubpat
hes linked to the same entry of the proje
tionplane. Be
ause the subpat
hes generated in the vox-elization pro
ess are very small and are repla
ed withquadrilaterals in the rendering pro
ess, the interse
-tion testing pro
ess be
omes testing of a ray with twotriangles. There are many methods for this testingpro
ess. The following approa
h is followed here [22℄whi
h only uses dot produ
ts in the testing pro
ess.Given a ray R emitted from P0 to P1, and a triangleT with verti
es V0, V1 and V2. Suppose the interse
tionpoint 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 interse
tT either. Hen
e if PI exists and if s >= 0, t >= 0,and s+ t <= 1, then R interse
ts 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 distin
t dot produ
ts and no 
ross produ
t atall, the 
omputation is very eÆ
ient.For a given voxel, if the ray interse
ts any subpat
hin front of it, the voxel is in shadow. Therefore, evenif there is a long list of subpat
h IDs that might blo
kthis voxel, the 
omputation a
tually is very fast fora voxel in shadow. This is be
ause the 
omputationstops on
e an interse
tion has been dete
ted and thisusually o

urs on the �rst subpat
h in font of it. Hen
efor a voxel in shadow, only one interse
tion 
omputa-tion is needed. If there is no subpat
h being in front ofa voxel, this voxel is obviously in light. For other vox-els, if we go through all the subpat
hes in its linked listof blo
king subpat
hes, and still are not able to �nd aninterse
tion, then they should be lit. Fortunately, su
hvoxels are always not many in an ordinary s
ene andusually linked lists of blo
king subpat
hes are not longeither (in our tests, they are less that 10). Hen
e, theoverall testing does not require a lot of 
omputationand mu
h better quality of shadow 
an obtained.5 S
ene RenderingOn
e shadow determination for ea
h voxel is done,shadow generation is simply a pro
ess of rendering allvoxels su
h that shadowed voxels are only lit with am-bient light. Di�erent from previous volumetri
 ren-dering te
hniques [14, 15℄ whi
h render the voxels di-re
tly, our rendering pro
ess does not render the vox-els, but the subpat
hes whose verti
es are the voxelsto be rendered [12℄. Note that 
onne
tivity of vox-els is known. Hen
e the resulting rendering is smoothand seamless. The rendering pro
ess is simply anotherpro
ess of voxelization of the surfa
e. But this timewe do not write any values into the 
ubi
 frame bu�er.Instead, when we rea
h subpat
hes whose four 
ornersare mapped to adja
ent voxels, the subpat
hes are tes-sellated and sent to the rendering pipeline. However,before sending the tessellation result to the render-ing pipeline, ea
h subpat
h has to be 
he
ked to see5



if the 
orresponding voxels of its four 
orners are inshadow. If the voxels are all in shadow, the subpat
his only lit with ambient light. If n (n < 4) voxels arein shadow, then the subpat
h will be lit with ambi-ent light and 12n re
e
tion intensity, but no spe
ularhighlight. This approa
h provides a smooth transitionbetween the shadowed area and the lit area.The overall pro
ess seems simple. But the subpro-
ess of 
he
king if a voxel is in shadow is a
tually quitetri
ky. This parti
ular subpro
ess a�e
ts the overallperforman
e signi�
antly. In the following two sub-se
tions we will dis
uss two methods to �nd out thelighting property of ea
h voxel in the pro
ess of ren-dering.5.1 Shadow Generation without Cubi
Frame Bu�erAs we 
an see from the above des
ription, a 
ubi
frame bu�er is not a must in our shadow generationmethod. This is be
ause we 
an proje
t voxels ontothe proje
tion plane dire
tly during the voxelizationpro
ess, and 
onsequently avoid the pro
ess of writingvoxels into the 
ubi
 frame bu�er. Although the pro-je
tion of voxels only needs to be done on
e, without a
ubi
 frame bu�er, the result of shadow determination
annot be kept and has to be re-
al
ulated ea
h timethe s
ene needs to be shown. Therefore this methodis good only for stati
 s
enes, su
h as some CAD ap-pli
ations and s
ienti�
 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 be
ause 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 mu
h longerrendering time.5.2 Shadow Generation with Cubi
Frame Bu�erWithout a 
ubi
 frame bu�er, shadow determinationhas to be performed again ea
h time the s
ene 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 s
ene,no matter how many subdivision surfa
es are involved.With this approa
h, ea
h voxel is either with a 0(empty) a 1 (lit) or a 2 (shadowed) in the shadowdetermination pro
ess. Now we have two sets of dataabout the s
ene. One is a set of the 
ontinuous pa-rameterized surfa
es, 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 s
ene with somevolumetri
 rendering methods, su
h 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 
onne
tivity of voxels isknown in the voxelization pro
ess. Hen
e the render-ing pro
ess is simply another pro
ess of voxelizationof the 
ontinuous surfa
e. But shadow determinationdoes not need to be re-done be
ause it is saved in the
ubi
 frame bu�er. When a subpat
h is tessellated,the shadow and light properties of ea
h voxel 
orre-sponding to ea
h 
orner vertex of the quadrilateral arefet
hed 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 eye
hanges (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 ismu
h faster than without one, even though it requiresa lot of memory for the 
ubi
 frame bu�er, espe
iallyfor high voxelization resolution. Fortunately, for mostof the intera
tive s
enes, like some games, high qual-ity shadows usually are not ne
essary, a relatively lowvoxelization resolution is a

eptable most of the time.Nevertheless, with 
heap and giga-byte memory 
hipsbe
oming available, storage requirement is no longera major issue in the design of an algorithm. Peoplewould 
are more about the eÆ
ien
y of the algorithm.5.3 Cra
k EliminationAnother issue with the rendering pro
ess is 
ra
k elim-ination [8℄. Due to the fa
t that adja
ent pat
hesmight be approximated by quadrilaterals 
orrespond-ing to subpat
hes from di�erent levels of the midpointsubdivision pro
ess, 
ra
ks 
ould o

ur between adja-
ent pat
hes or subpat
hes. For instan
e, in Figure4, the left pat
h A1A2A5A6 is approximated by onequadrilateral but the right pat
h is approximated by 7quadrilaterals. Consider the boundary shared by theleft pat
h and the right pat
h. On the left side, thatboundary is a line segment de�ned by two verti
es :A2 and A5. But on the right side, the boundary isa polyline de�ned by four verti
es : A2, C4, B4, andA5. They would not 
oin
ide unless C4 and B4 lieon the line segment de�ned by A2 and A5. But thatusually is not the 
ase. Hen
e, 
ra
ks would appearbetween the left pat
h and the right pat
h.Fortunately 
ra
ks 
an be eliminated simply by re-pla
ing ea
h boundary of a pat
h or a subpat
h 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: Cra
k elimination.ted lines should be repla
ed with the 
orrespondingpolylines. In parti
ular, boundary A2A5 of pat
hA1A2A5A6 should be repla
ed with the polylineA2C4B4A5. As a result, the polygon A1A2A5A6 inFigure 4, is repla
ed with polygon A1A2C4B4A5A6in the tessellation pro
ess. For rendering purpose thisis �ne be
ause graphi
s systems like OpenGL 
an han-dle polygons with non-
o-planar verti
es and polygonswith any number of sides. However, through a sim-ple zigzag te
hnique, triangulation of those polygonsis a
tually a simple and very fast pro
ess. It shouldbe pointed out that the above polyline repla
ementstrategy 
ould 
ause small ina

ura
y in the renderingpro
ess. But, the error 
an be pre
isely estimated [8℄.Hen
e a

urate rendering 
an still be obtained.6 Test ResultsThe proposed approa
h has been implemented in C++using OpenGL as the supporting graphi
s system onthe Windows platform. Quite a few examples havebeen tested with the method des
ribed here. All theexamples have extra-ordinary verti
es. 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 ea
hs
ene, either planar or 
urved, is also represented witha subdivision surfa
e and is involved in the voxeliza-tion and shadow determination pro
ess as well.From Figure 5 one 
an easily see that the qualityof a result is determined by the resolution of the vox-elization pro
ess. For example, Figure 5(i) uses thehighest resolution, hen
e 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 approa
hes used for shadowdetermination 
ould lead to di�erent quality in shadow

generation, espe
ially 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 approa
h todetermine shadow of ea
h voxel while Figures 5(a) and5(d) are generated using the o�set-based shadow de-termination approa
h. As one 
an obviously tell thatFigure 5(g) has a better quality than Figures 5(a) and5(d).The rendering te
hnique 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 whi
h
ubi
 frame bu�er is not involved in the rendering pro-
ess. As we 
an tell there is no obvious visual di�er-en
e in the generated results. However, the times usedby the two approa
hes are very di�erent; 
ubi
 framebu�er based approa
h is mu
h faster. For example, allthe test 
ases in Figure 5, ex
ept Figure 5(i) 
an bevisualized intera
tively.7 SummaryA shadow generation method for obje
ts representedby CCSSs is presented. The obje
ts are voxelized �rstand the resulting voxels are then proje
ted onto a pro-je
tion plane to determine whi
h voxels are in shadowand whi
h voxels are in light, similar to the 
on
ept ofthe shadow mapping method. The main di�eren
e be-tween our method and the shadow mapping method is,in our method, un
ertain 
ases 
an be resolved usinggeometri
 or topologi
al information obtained duringthe voxelization phase. Therefore, better quality shad-ows 
an be generated without the need of using a highresolution in the voxelization pro
ess. A resolution of256� 256� 256 for the voxelization pro
ess is enoughto generate shadows with a

eptable quality.Another advantage of the new approa
h is, sin
eour voxelization pro
ess is performed in the parame-ter spa
es of the CCSSs instead of the obje
t spa
e,the pro
ess is very fast and eÆ
ient. As a result, theoverall shadow generation pro
ess is fast, eÆ
ient androbust. Therefore, our method has the 
apability ofgenerating good quality shadows for 
omplex s
enesin real time without the need of using a high resolu-tion in the voxelization pro
ess. The new method ispresented for CCSSs only, but the 
on
ept works forany subdivision s
hemes whose limit surfa
es are pa-rameterizable.A
knowledgement. Resear
h 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 S
enes Represented by CCSSes.
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and 5(f) are downloaded from the web site:graphi
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