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Abstract

We introduce QAS, an ef cient quadratic approximation of N
subdivision surfaces which offers a very close appearance
compared to the true subdivision surface but avoids recur-
sion, providing at least one order of magnitude faster ren-
dering. QAS uses enriched polygons, equipped with edge
vertices, and replaces them on-the- y with low degree poly-
nomials for interpolating positions and normals. By sys- Figure 1. . Left: Coarse mesh (546 trianglesMiddle
tematically projecting the vertices of the input coarselmes Our real-time GPU approximation of the subdivision sur-
at their limit position on the subdivision surface, the wisu  face (527 FPS - depth 5 - 500k trianglesRight: True
quality of the approximation is good enough for imposing Loop subdivision performed on CPU at same depth.

only a single subdivision step, followed by our patch tting
which allows real-time performances for million polygons
output. Additionally, the parametric nature of the approxi

mation offers an ef cient adaptive sampling for rendering o cient rendering of subdivision surfaces with two differ

and displacement mapping. Last, the hexagonal supporty approachesprecomputed tables of basis functiged
associated to each coarse triangle is adapted to geometry, hich can be implemented on GPU [2], aimiages-based
Processors. methodg10, 5] which convert the input coarse mesh into
1 Introduction a set of images and recursively apply scaling and ltering
operations (multi-pass rendering). Unfortunately, the fo
mer approach has a clear lack of exibility and does not ad-
dress the problem of geometry generation, while the latter
is slow in general, yielding interactive performances only
for models composed of a few hundreds of coarse poly-
gons. Alternatively to true subdivision schemegsually
smoothre nement can be tailored ef ciently by using trian-
gular Bezier patches locally generated on triangles [12] but
their empirical generation only provides poor visual gyali

the lack of geometry generation on GPU, as well as the re-
duced knowledge about local neighborhood allowed in the
graphics hardware pipeline, have led researchers to tackle

Subdivision surfaces are undoubtedly the most exible
smooth geometric representation. By only manipulating a
carefully designed low-resolution mesh, an high-resofuti
smooth version is automatically generated using a set of lo-
cal recursive rules applied on each input coarse polygon.
However, while being intensively used in CAD and SFX in-
dustries, they have not yet gained a signi cant interest for
interactive and real-time applications. In fact, theiruec
sive de nition imposes a non-trivial CPU overhead, dif ¢ul

to hide in interactive applications.

A subdivision schema3] de nes a smooth surface usinga 2 Approximated Subdivision

coarse mesM® and a subdivision operatér that combines  The method we propose in this paper uses limit projections
various re nement rules (odd vertex, even vertex, border, for driving a local polynomial approximation of the surface
crease, etc). For most subdivision schemes such as LooRyhich allows a direct evaluation at arbitrary location with
[8] or Catmull-Clark [6], these rules are local, and only oyt recursion, in the spirit of the work done by Stam [11],
require the one-ring-neighborhood for subdividing each pyt ef cient enough to be done in real-time. In fact, by con-
coarse polygon, quickly converging toward the limit sur- sjgering both positions and normals, we produce a visually
face. Thus, the application of the re nement rules is done smooth rendering adapted to interactive applicationsgusin
recursively, generating a set of mested% M%;::;M"g  gimple quadratic Bzier patches, directly at vertex/geome-
with M = S(M¥) until the chosen depth. The weighted  try shader level [1], without any mesh-to-image conversion

combination of neighboring vertices for computing the next \we call our technique “QAS” foQuadratic Approximation
position of a vertex is usually illustrated with a subdivisi  f Sypdivision Surfaces

mask. For stationary schemes, limit masks exist that di- .
rectly provide the projection of a vertex on the limit sudac 2.1 Principle

The very rst subdivision step provides a crucial informa-
With the increasing demand in realism for interactive ap- tion on the target smooth surface: it indicates in which di-
plications, ef cient rendering of subdivision surfacessha rection the surface will converge for all its edges. By study

become a major research area in recent years. Howeverng the different subdivision schemes developed over the



GPU: Quadratic
CPU: Single subdivision +  Bézier for position
Projection on limit surface and normal

Coarse Mesh Triangle

Figure 2: QAS principle.Left: Coarse triangle T of M.
Middle: Enriched hexagon H sampled on M. Right:
Final smooth patchesPr; Nrg generated on GPU.

Figure 3: Adaptive Subdivision Renderind.eft: Input
coarse mesh (703 trianglesMid. Left: View-dependent
adaptive depth tagMid. Right: GPU Adaptive tessellation
years, we can observe that the variation they produce on(620k tri. at 499 FPSRight: Final QAS rendering.
edges is a good indicator of their smoothness and curvaturgpe |imit subdivision surface. Both patches are de ned by:
quality. This information is even more accurate with limits
masks (i.e. when projecting each vertex at its limit posi- Quvw) = § b (Uuviw)Cijc
tion). We propose to use this initial guess of the rst subdi- i+ jrk=2
vision step, performed on the CPU in our implementation, .

S o with
to compute a local quadraticéRier approximation on the 5 20
GPU. Instead of using an empirical estimation of tlezigr bfix = T uviw andw=1 u v
coef cients for producing thevisual continuityas done in
[12], we ttwo Bézier patches on the limit positions (resp.
normals) provided by the single subdivision step with pro-
jection on the limit surfacé¥ (see Figure 2). With these
two patches in hand, we can samplgaptivelythe piece  Now, we have to de ne the 6 control points required by both
of subdivision surface belonging to each input coarse-rian Bézier patches, such as they interpolate the limit vertices
gles using either theertex shadei3, 4] or thegeometry  (either positions or normals). These control points ar@-org
shader{1]. nized as an hexagon (middle part of Figure 2): three of them
correspond to the original verticess;vi;vog projected
at the limit and are naturally interpolated by the triangu-
lar Bézier patches at control poinits,oo; Co20; Coo2g, While
f C110;Co11; C1019 correspond to edge verticds/; vi; V59
and arenot interpolated. So, we need to de ne them such
as the actual geometry de ned By (resp.Nr) interpolates

In practice,cijx is replaced bypijk or njjx (see Figure 2).
We use quadratic patches as they provide a good trade-off
between curvature reproduction and computational cost.

2.2 Single Projection

The algorithm starts by applying a single subdivision step
using limit masks. Each triangl& is thus split into 4
sub-triangles, with vertices on the limit surface. These
sub-triangles share 6 vertices (Figure 2) and the sub-
me.sh .ca.n thus. be or_ganlzed |n.an he>_(agonal _sh_brpe the edge positions (resp. normals). Actually, a linearccoll
fvova;va; VG Vi V5 with vi = fpiinig being the limit po- o0 g possible in this case. For instance, considefiag t
smons aqd norm.als (using tgngent masks for mstance) at rst edge vertexpg, we have to solve:

this location. This structure is adapted to recent graphics

hardware including a geometry shader stage, which enables P }; };0 = }(p0+ p1+ 2p110) = P§
to transmit triangles with edge neighbors: here we transmit 22 4

edge vertices inserted by the subdivision pass insteag Not Which implies that

that we focus on triangle meshes, since they are ubiquitous P110= > (4p5 po P1)

in interactivg applications. Thug, we use the Loop S‘ChemeOther edge coef cients are obtained in a similar fashion,
[8] as a basis of QAS. The Mod gd Butter y scheme [14] . and the same principle is used for computing theziBr
can deetuse?Nwhenfthe Eﬁerpslaﬂongééh.e coarse Imesh ISpatch for normals. Separating the position eld and normal
[n?n al_c|>ry. < perGOI;rS . |s|s ep otnt' n ct>)ur Imp _e(;nen(; eld de ned for each patch allows a local computation of
4lion. However, a impiementation can be considered.y, approximation (on a per-hexagon basis), without deal-

2.3 GPU Polynomial Approximation ing with high order cross-edge continuity [12]. By interpo-
OnceHy is transmitted to the GPU, a shader (either ver- lation, the normal eld de ned byNr is guaranteed to b@”

tex shader on old devices or geometry shader on recenn €dges, which produces a visually smooth shading.
ones) automatically ts 2riangular Bézier patcheso Hr: 2.4 Adaptive Rendering

Pr(u;v) for positions and\t(u;v) for normals. In other By substituting recursive rules withé2ier patches, we can
words, we produce arocedural displacement magnd a directly evaluate the surface approximation at arbitray p
procedural normal maghat approximate the variation of rameter values. So not only uniform tessellation is done



without recursion, but adaptive re nement is also made eas-|_Property | Shiue'skernel |  QAS |
ier. This adaptivity can be performed by setting a per-werte | CPU Preprocess 2 passes (1x16) | 1 pass (1x4)
subdivisiondepth tag either on CPU or GPU, using for | GPU Input process 2-ring unfold none
instance a view-dependent metric (e.g. coarse triangle tg Rendering pass depth num. of tri. 1
camera distance) or a view-independent one (e.g. curvature GPU Workload FS VSIGS
approximation). While futuréessellator unitswill enable Reproduction Exact Approximate
direct QAS rendering, adaptive tessellation can be obdaine | Adaptivity Dif cult Trivial
on today's hardware with either two implementations: Polygons Type Al Pre-tessellateq
Schemes All Dyadic
Geometry Shader Hr can be directly transmitted to FPS (4k, depth 5) Interactive Real-Time

the GS using the DX10 pipeline [1]. A simple loop
evaluates points and normals usigandNt and out- Table 1: Comparison of QAS with Shiue's kernel [10] for
puts a stream of triangles. Unfortunately, this solution the subdivision of a dynamic mesh.

only holds for low subdivision depth, as the size of the

GS output is hardware limited. of positions and normals, which ensures both a smooth

) o shading and curved silhouettes. Considering performances
Vertex Shader. For higher subdivision depth (3 and  oag gutperforms existing solutions [2, 10] for three rea-
more), theadaptive re nement kemnedf [4] is more gy e only perform a single true subdivision pass on
ef cient: HT. is transmitted to the vertex shader using CPU, we use a single rendering pass on GPU whatever the
uniform variables, and a pretessellated patch, calledyenh (je., constant processing cost per-vertex) and ther
Adaptlve Re nement Pat_ter(ARP), choosen a_ccord- is no geometry-to-texture conversion. Note also that the
Ing to the depth tags df, is drawn. The ARP directly  megh is always synthesized on-the- y, either using Geom-
evaluates’r andNr at the pretessellated nodes using g4y Shaders or Re nement Patterns, without storing the
barycentn_c interpolation[3]. Note that the transfer topology of the high resolution mesh. As a result we ob-
cost ofHr is not a bottleneck for deep levels. tain real-time performance (more than 120 FPS) for objects

Figure 3 gives an example of an adaptive on-the- y render- composed of several thousands of coarse polygons, sub-
ing of QAS. In the following listing, we provide a generic divided at depth 5 (more than3M tessellated triangles).

GPU implementation of QAS in GLSL for on-the- y&ier Performances degrade linearly with the number of triangles
patch tt|ng and adaptive Samp”ng, running on any GPU created and transmitted at CPU level. As a |imitati0n, note

equipped with vertex shading capabilities: that the higher is the vertex valence, the less accurate be-
comes QAS. However, this can be prevented by performing
remeshing. Last, the direct adaptive rendering allowed by
QAS, combined with its low CPU overhead makes this ap-
proximation particularly suitable for high quality intetave
applications, as it offers much better results than punely e
pirical smoothing methods. Figure 5 gives additional exam-
ples of QAS rendering: we can observe that high framerates
can be reached even with deep re nement levels, since our
pure parametric evaluation does not access texture memory.

const uniform vec3 n0, nl, n2, p0, pl, p2;
const uniform vec3 ne0, nel, ne2, peO, pel, pe2;
vec3 edgeCP (vec3 e, vec3 p0, vec3 pl) {
return (e * 40 - p0 - pl) » 05;
}
vec3 Q (float
vec3 p0, vec3 pl, vec3 p2, vec3 e0, vec3 el, vec3 e2) {
vec3 n200 = p0, n020 = pl, n002 = p2;
vec3 nl11l0 = edgeCP (€0, pO, pl);
vec3 n101 = edgeCP (e2, pO, p2);
vec3 n011 = edgeCP (el, pl, p2);
return  w * (Nn200*w + n110*2xu) +
u * (n020*u + n011#2*v) +
v * (n002+*v + n101x2xw);

u, float v, float w,

=
CO®N® U A WNRE

B e e
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16 | vec3 P (float u, foat v, float w) {

17 return  Q (u, v, w, p0, pl, p2, peO, pe2, pe2);

20 | tecs N(foat u foa v, foa o Comparison: We compare QAS to the GPU kernel of

2| e QU v 0o ndo 2, ne0, ez, ne2) Shiue et al. [10] as it is one of the best solutions so far. &abl

22| Yoa™ gl verex .x; if barycentic coordinates 1 states advantages and weaknesses of our approach com-

7| Mow we o v e pared to their. One interesting property of QAS is its single

2| avoma  Tromaie (N (v, Wy pass vertex/geometry shading principle: thus, recentgrap

2o |y U e ics hardware with uni ed architecture will automatically
allocate additional shader units for vertex shading to ob-

3 Results tain optimal balance between vertex and fragment process-

ing, avoiding the usual conversion required by fragment-
We have implemented QAS on an AMD Athlon 3500, with based processing of geometry. The local nature of QAS
2GB of memory and an nVidia Geforce 8800 GTX, us- makes it also easily comparable to Curved PN Triangles
ing C++, OpenGL and GLSL. While being geometrically [12]. Formally, the two approaches differ in the computa-
only C, the resulting surface has an appearance almostion of Bézier control points: an empirical estimation based
indistinguishable from the equivalent true subdivision-su on tangent plane for PN Triangles, and a true limit subdivi-
face (see Figure 1). This is due to the combined tting sion surface interpolation in our case. As a result, we abtai
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a far better quality since limit projection may create layge
smoother and more consistent variation of the geometry that
the simple normal-based approach (see Figure 4). This also
allows us to simply use a quadratic polynomial instead of a
cubic one.

4 Conclusion

We have proposed a simple and visually convincing approx-
imation of subdivision surfaces by combining a single limit
subdivision pass on CPU with a quadratieZr patch t-

ting on GPU. QAS is easy to implement, avoids recursion
and reaches real-time performances for several thousands
of input coarse polygons per-frame, outputting millions of
tessellated triangles. Our method is generic in the sense
that arbitrary depth and arbitrary vertex valence can be han
dled and adaptively subdivided. This approximation im-
poses less CPU workload, less graphics bus bandwidth and
is more ef cient than exact GPU subdivision kernels, while
providing better visual results than empirical smoothing
[12] and lower memory footprint than table-based methods.
While CAD applications may benet from more precise
and more costly approximation techniques such as the re-
cent work of Loop and Schaefer [7], QAS represents a solid
choice for interactive applications, such as video gamds an
virtual reality software, and can also be considered for spe
cial effects, as a large upsampling can be done adaptively
on-the- y for high resolution displacement mapping. As fu-
ture work, we plane to perform the limit projection at GPU
level still preserving a single pass rendering.

References

[1] D. Blythe. The direct3d 10 system\CM Siggraph2006.
[2] J. Bolz and P. Schroder. Evaluation of subdivision surfaces

on programmable graphics hardware, 2003.
[3] T. Boubekeur and C. Schlick. Generic mesh re nement on

gpu. SIGGRAPH/Eurographics Graphics Hardwag005.
[4] T.Boubekeur and C. SchlicksPU Gems 3chapter Generic

Adaptive Mesh Re nement. nVidia, 2007.
[5] M. Bunnell. GPU Gems 2 chapter Adaptive Tesselation

of Subdivision Surfaces w/ Displacement Mapping. nVidia,
2005.

subdivision for meshes with arbitrary topologhCM SIG-
GRAPH 1996.

(a) 2720 coarse tri., depth 5 (2.7M tri.) - 113FPS

(b) 2516 coarse tri., depth 5 (2.5M tri.) - 128FPS

(c) 1246 coarse tri., adaptive depth 6 (2.6M tri.) - 132FPS

[6] E. Catmull and J. Clark. Recursively generated b-spline sur- Figure 5: Additional examples of real-time approximation
faces on arbitrary topological surfaceAD, 10(6), 1978. of subdivision surfacesLeft: On CPU dynamic coarse

[7] C.Loop and S. Schaefer. Approximating catmull-clark sub- mesh Right: Realtime geometry synthesis on GPU pro-
division surfaces with bicubic patches. Technical report, Mi- duced by QAS

crosoft Research MSR-TR-2007-44, 2007.
[8] C. Loop. Smooth subdivisions surfaces based on triangles.

Master's thesis, University of Utah, 1987.



