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About This Course

The goal of this course is to familiarize attendees with the practical aspects of subdivision surfaces
for which we introduce substitutes for increased ef�ciencyin real-time applications. The course
starts by highlighting the properties that make SubD modeling attractive and introduces some re-
cent techniques to capture these properties by alternativesurface representations with a smaller
foot-print. We list and compare the new surface representations and focus on their implementation
on current and next-generation GPUs. Among the advantages and disadvantages of each approach,
we address crucial practical issues, such as watertight evaluation, creases and corners, seamless
displacement mapping, cache optimization. Finally and most importantly, Valve and Industrial
Light Magic will present a few breathtaking practical examples and demonstrate how these ad-
vanced techniques have been adopted into their gaming and movie production pipelines.

Prerequisites

Basic knowledge of geometric modeling algorithms, in particular subdivision surfaces, and some
familiarity with the graphics pipeline of modern GPUs.

Instructors

Jörg Peters, University of Florida
Dr. Jorg Peters is Professor of Computer and Information Sciences at University of Florida. He is
interested in representing, analyzing and computing with geometry. To this end, he has developed
new tools for free-form modeling and design in spline, Bézier , subdivision and implicit represen-
tations. He obtained his Ph.D. in 1990 in Computer Sciences from the University of Wisconsin,
Carl de Boor advisor. In 1994, he received a National Young Investigator Award. He was tenured
at Purdue University in 1997 and moved to the University of Florida in 1998 where he became full
professor. He also serves as associate editor for the journals CAGD, APNUM and ACM ToG and
on program committees (seehttp://www.cise.u�.edu/˜jorg).

Tianyun Ni, NVIDIA Corporation
Tianyun Ni is a member of NVIDIA's Developer Technology team. She received her Ph.D. from
the University of Florida in 2008. She is passionate about developing new graphics techniques
and helping game developers to incorporate these techniques into their games. Her recent work

2

http://www.cise.ufl.edu/~jorg


involves in �nding applications for Direct3D 11 and developing advanced technologies to harness
the computing power of next-generation GPUs, especially inthe area of hardware tessellation. Her
expertise is real-time rendering of higher-order surfaceson modern GPUs where she has published
a number of papers. Her publications can be found athttp://www.cise.u�.edu/˜tni

Ignacio Castãno, NVIDIA Corporation
Ignacio is an engineer in the Developer Technology group at NVIDIA, where he helps game devel-
opers adopt the latest technologies and harness the computing power of modern GPUs. His latest
work is focused on �nding applications that take advantage of GPU tessellation. He has applied
existing research, developed new algorithms, and built robust tools to prototype and experiment
with the new hardware tessellation pipeline. Now, he frequently gives talks about his work at pub-
lic events, and provides guidance to developers on an individual basis. Ignacio was editor of the
Rendering section of GPU Gems 3. Before joining NVIDIA, he worked for several game compa-
nies, including Crytek, Relic Entertainment, and OddworldInhabitants. Ignacio frequently blogs
about his work and other life events athttp://castano.ludicon.com/blog/

Jason Mitchell, Valve Corporation
Jason is a Software Engineer at Valve, where he works on real-time graphics techniques across
all of Valve's projects. Prior to joining Valve, Jason was the lead of the 3D Application Research
Group at ATI Research for eight years. Jason has published ona variety of topics from higher-order
surfaces to non-photorealistic rendering and regularly speaks at graphics and game development
conferences around the world. Jason received a B.S. in Computer Engineering from Case Western
Reserve University and an M.S. in Electrical Engineering from the University of Cincinnati. Ja-
son's previous publications and other materials can be found athttp://www.pixelmaven.com/jason/

Philip Schneider, Industrial Light and Magic
Philip is a Senior Software Engineer in the Research and Development division at Industrial Light
+ Magic, where he is the lead of the Geometry, Modeling, and Sculpting Group. Prior to joining
ILM, he worked at Digital Equipment Corporation, Apple Computer, Digital Domain, and Walt
Disney Feature Animation; at all but the �rst of these he led groups working in the areas of ge-
ometry, modeling, and/or physics simulation. He is co-author (along with David Eberly) of the
Morgan-Kaufman book ”Geometric Tools for Computer Graphics”.

Vivek Verma, Industrial Light and Magic
Vivek is a Software Engineer in the Research and Developmentdivision at Industrial Light +
Magic, a Lucas�lm Company, where he is a member of the Geometry, Modeling, and Sculpting
Group. Vivek's background is in computer graphics, scienti�c visualization, and computer vision.
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worked at the Vision Technologies lab at Sarnoff Corporation and the 3D group at Autodesk, Inc.
His professional interests include geometric modeling andcomputer vision.
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1 Fundamentals of ef�cient substitutes for Catmull-Clark subdivision sur-
faces

Jörg Peters, University of Florida

As real time graphics aspire to movie-quality rendering,higher-order, smooth surface representa-
tions take center stage. Besides tensor-product splines, Catmull-Clark subdivision has become a
widely accepted standard – whose advantages we now want to replicate in real-time environments.

Recently, ef�cient substitutes for recursive subdivisionhave been embraced by the industry. These
notes discuss the theory justifying the use of ef�cient substitutes for recursive subdivision. (Three
other sections discuss their current and future support in the graphics pipeline, in the movie pro-
duction pipeline and for gaming implementations.)

Below we therefore explore the motivation and the properties that surfaces and representations
should satisfy to be used alongside or in place of Catmull-Clark subdivision.

1.1 Why do we want smooth surfaces?

Figure 1: Smoothness and
creases(from [PK09]).

The ability to have continuously changing normals (comple-
mented by creases where we choose to have them) is important
both artistically and to avoid errors in downstream algorithms.

Artistic shape considerations require the ability to create smooth
surfaces and transitions: sharp turns and sharply changingnor-
mals do not match our experience of, say, faces and limbs. On
the other hand, where the curvature is high compared to the sur-
roundings, smoothed outcreasesare often crucial to bring to
life an object or an animation character.

Downstream algorithms convey realism via lighting, silhouettes,
and various forms of texturing. In particular, the diffuse and specular components of the lighting
computation rely on well-de�ned directions (normals)n associated with pointsv of the object.
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This is evident in the OpenGL lighting model.1 Downstream algorithms relying onn and v
include (click on thehyperrefsif you have the electronic version of the notes) are for example

– Gouraud shading(http://en.wikipedia.org/wiki/Gouraudshading)

– Phong shading(http://en.wikipedia.org/wiki/Phongshading)

– Bump mapping(http://en.wikipedia.org/wiki/Bumpmapping)

– higher resolution near thesilhouette(http://en.wikipedia.org/wiki/Silhouette)

– Normal mapping(http://en.wikipedia.org/wiki/Normalmapping)

– Displacement mapping(http://en.wikipedia.org/wiki/Displacementmapping)

1.2 Surface smoothness

Surfaces that can locally be parameterized over their tangent plane are called regularC1 sur-
faces (or manifolds). Such surfaces provide a unique normaln at every point computable as
the cross product of two independent directionst 1 andt 2 in the tangent plane:njj t 1 � t 2. To
characterize smoothness of piecewise surfaces, as they occur in graphics applications, the area
of geometric modeling(http://www.siam.org/activity/gd) has developed the notion of `geometric
continuity'. Essentially, two patchesa andb join G1 to form a part of aC1 surface if their (partial)
derivatives match along a common curveafter a change of variables.

Formally (see e.g. [Pet02]), the patchesa andb map a subset� of R2 to R3. That isa; b : � (
R2 ! R3. Let � be a map that suitably connects the domains, i.e. changes thevariables. We call
such a� a (regular) reparameterization� : R2 ! R2. Let E = [0::1] � 0 be an edge of� andZ
the non-negative integers and let� denote composition, i.e. the image of the function on its right
provides the parameters of the function to its left.
Patchesa andb join Gk if there exists a (regular) reparameterization� so that for the parameter
restricted toE

for i; j 2 Z; i + j � k; @i
1@j

2 a � � = @i
1@j

2 b: (1)
1The red, green or blue intensity of OpenGL lighting is

intensity := emissionm + ambientl � ambientm

+
X

lights

1
k0 + k1d + k2d2

� spot̀ �
�

ambient̀ � ambientm : : :

: : : + max f (p � v ) � n; 0g � diffusè � diffusem + max f s � n; 0gshininess� specular̀ � specularm
�

where
v vertex n normal p light position e eye position
m material ` light source l lighting model d kp � v k
s := s0

k s0k s0 := v � p
k v � p k + v � e

k v � ek
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Smooth surfaces must in particular satisfyG1 continuity, i.e. (1) for k = 1. That is the surfaces
need continuity along the common curve and matching transversal derivatives (across the edge):

a � � (E) = b(E); @j
2 a � � (E) = @j

2 b(E): (2)

(Matching derivatives along the boundary curve,@j
1 a � � (E) = @j

1 b(E) already follow from
a� � (E) = b(E).) Proofs are therefore usually concerned with establishing@j

2 a� � (E) = @j
2 b(E)

for patches with a common boundary curve (segment).)

To join n patchesGk at a vertex, two additional constraints come into play: (a) thevertex enclosure
constraintmust hold for the normal component of the boundary curves; and (b) the reparameter-
izations� must satisfy aconsistency constraint. Both constraints arise from the periodicity when
visiting the patches, respectively the reparameterizations surrounding a vertex. For a detailed ex-
planation of these constraints and an in-depth look at geometric continuity see for example [Pet02].

Figure 2: Normal channel de-
�ned separate from the geom-
etry (from [VPBM01]). Lin-
ear interpolation of the normals
at the endpoints (top) ignores
in�ections in the curve while
the quadratic normal construc-
tion (bottom) can pick up such
shape variations.

A complex of G1-connected patches admits aC1 manifold
structure.G1 constructions differ from the approach of classical
differential geometry in that they do not require fully de�ned
charts.G1 continuity only regulates differential quantities along
an interface, whereas charts require overlapping domains.

1.3 Filling the normal channel

The separation of the position and the normal channel in the
graphics pipeline makes it possible to substitute for the true nor-
mal �eld of the surface, a �eld not necessarily orthogonal to
the surface. This `�eld of directions' can be used, as in bump
mapping, to make a surface less smooth or to make it appear
smoother (under lighting but not its silhouette) than it truly is.

Of course, the geometry and the shape implied by lighting with
the `�eld of directions' declared to be the `normal �eld' will
be (slightly) inconsistent. But we may hope that this does not
attract attention (see PN triangles and ACC patches below).The
visual impact of the `�eld of directions' in the normal channel
may be so good that a careful designer will have to check surface
quality partly by examining silhouettes.

For polyhedral models, determining vertex normals is an under-
constrained problem and various heuristics, such as averaging face normals, can be used to �ll
the normal channel (for a comparison see e.g. [JLW05]). Figure 2 illustrates that some level of
consistency of the normal channel with the true surface geometry is important. Substitutes of
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(a) interpolation (b) approximation

Figure 3: Which polygon represents the circle better?

subdivision surfaces (Section1.8) therefore typically use more sophisticated approaches to�ll the
normal channel.

1.4 Evaluation or approximation?

Due to the pixel resolution, we ultimately render an averaged, linearizedapproximationof sur-
faces. As Figure3 illustrates, exact evaluation followed by piecewise linear completion need not
be superior to any other approximation where no point lies exactly on the circle. For another
example in 2D consider the U-shapey := x2 for x 2 [� 1::1]. The line segment that connects
(� 1; y(� 1)) to (1; y(1)) is based on exact evaluation at the parameters� 1 and1 but is a much
poorer approximation (in the max-norm) to the parabola piece than the line segment(� 1; 1=2) to
(1; 1=2).

On a philosophical level, if one ultimately renders a triangulation of the surface, there is no reason
to believe that a triangulation with exact values at the vertices is a `best' approximation to the true
surface. All we know is that the maximal error does not occur at the vertices but in the interior
of the approximating triangles. The error in the interior ofthe triangle may be far more than the
distance between a control point and the surface or a controltriangle and the surface.

So, while `exact' evaluation may sound better than `approximate' evaluation, there is often no
reason to prefer one to the other. In fact, if we stay with the control net of a surface rather than pro-
jecting it to the limit, we preserve the full information of the spline or subdivision representation.

One attempt at quantifying and minimizing this error aremid-structuresof Subdividable Linear
Ef�cient Function Enclosures (slefes) [Pet04]. Mid-structures link the curved geometry of the
surface to a two-sided (sandwiching) piecewise linear approximation. For a subclass of surfaces
the approximation is optimal in themax-norm(http://en.wikipedia.org/wiki/Supremumnorm).
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The main justi�cation for positioning points as exactly as possible on a surface is that, when two
abutting patches are tessellated independently, it is goodto agree on a rule that yields the same
point in R3 so that the resulting surface has no holes, i.e. iswatertight. Mandating the point to be
exactly on the surface (and being careful in its computation) is an easy-to-agree-on strategy for a
consistent set of points. Of course, any other well-known rule of approximation would do as well.

1.5 Polynomial patches of degree bi-3 and bi-cubic splines

replacements

t0 t1 t2 t3 t4 t5 t6 t7 t8

q0

q1

q2

q3

q4
� 1

0

1

2

3

control polygon
spline

t0 t1 t2 t3 t4 t5 t6 t7 t8

q0

q1

q2

q3

q4
� 1

0

1

2

3

A B

Figure 4: Univariate uniform cubic spline (from [Myl08]). (A) Control pointsq := [1 ; 3; 1; 2; � 1] (red)
and knotst := [ � 1; 0; 1; 2; 3; 4; 5; 6; 7] de�ne a cubic splinex(t) as the sum of uniform B-spline basesf `

scaled by their respective control points (blue, green, magenta, cyan). (B) An equivalent de�nition of the
spline is as the limit of iterative control polygon re�nement (subdivision).

A C

B

Figure 5: Commutativity oftensor-product spline subdivision(from [MKP07]). Bi-3 spline subdivision
(A) in one direction followed by (B) the other, or (C) simultaneous re�nement as in Catmull-Clark.
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If we want to avoid linearization, we need to use quadratic patches at a minimum. Quadratics
offer a rich source of shapes – after allC2 surfaces can locally be well-approximated by them)
but smoothly stitching pieces together is generally only possible for regular partitions. Moreover,
enforcingG1 continuity can force �at spots for higher-order saddles, such as amonkey saddle
(http://en.wikipedia.org/wiki/Monkeysaddle). [PR98] lists all classes of quadratic shapes.

Many curved objects are therefore modeled with cubic splines x(t) :=
P

` q̀ f ` (t) as illustrated in
Figure4. Cubic spline curves in B-spline form are available in OpenGL as gluNurbsCurve .
By tracing out cubic splines in two independent variables(u; v), we obtain a tensor-product spline
available in OpenGL asgluNurbsSurface . We call the tensor of cubic splinesbi-3 splineor
bi-cubic spline:

3X

i =0

3X

j =0

qi;j f i (u)f j (v): (3)

Bi-3 splines inB-spline formcan be evaluated ef�ciently, for example byde Boor's algorithm
(http://en.wikipedia.org/wiki/DeBoor algorithm).

Just as for curves, each tensor-product spline can be split into its parts by averaging control points.
This is theC2 bicubic subdivision as illustrated in Figure5 whose limit is the bi-3 spline patch.

b00

b33

b30

q00 q10 q20

q33

Figure 6: Bi-3
conversion from
B-spline coef�cients
qij to BB-coef�cients
bij

An alternative representation of a polynomial piece is theBernstein-
Bezier formor, shorter,BB-form 2. Cubic spline curves in B-spline form
are available in OpenGL asglMap1 . It, too, can be tensored

3X

i =0

3X

j =0

bi;j hi (u)hj (v); hk(t) :=
3!

(3 � k)!k!
(1 � t)3� k tk : (4)

Bi-3 splines in BB-form are available in OpenGL asglMap2 . Every
surface in B-spline form can be represented in BB-form usingone patch
in BB-form for every quadrilateral of the B-spline control net. Due to
combinatorial symmetry in the positions, there are three types of formulas
in B-form to BB-form conversion:

9b11 := 4q11 + 2( q12 + 2q21) + q22; (5)
18b10 := 8p11 + 2p12 + 2p10 + 4p21 + p20 + p22;
36b00 := 16q11 + 4( q21 + q12 + q01 + q10) + q22 + q02 + q00 + q20:

Conversely, if patches in BB-form are arranged in checkerboard form, they can be represented
in B-spline form. To obtain the simplest representation, weremove knots where the surface is
suf�ciently smooth. (If we do this locally and carefully keep track of where we removed knots, we

2http://en.wikipedia.org/wiki/Beziercurve

12



Figure 7: Control point structure of (left) a polynomial bi-3 patch and (right) aGregory patch.

arrive at T-splines [SZBN03]). That is, the B-spline form and the BB-form are equally powerful,
but one may choose B-splines to have fewer coef�cients and built-in smoothness, while the BB-
form provides interpolation at the corners.

Additionally, the BB-form can be generalized to two variables so that the natural domain is a trian-
gle, i.e. tototal degree BB-form3. Polynomials in BB-form can be evaluated byde Casteljau's algorithm
(http://en.wikipedia.org/wiki/DeCasteljau'salgorithm). As a byproduct of evaluation, De Castel-
jau's algorithm provides the derivatives at the evaluationpoint from which the normal direction can
be obtained by a simple cross product. For a detailed exposition of these useful representations see
the textbooks [Far97, PBP02].

There are a number of classic bi-3 surface constructions [Bez77, vW86, Pet91], but, due to funda-
mental lower bounds, they work in general only if we split facets into several polynomial pieces.

TheC1 bi-3 Gregory patch[Gre74, BG75] is a rational surface patchx : [0::1]2 ! R3 such that
@u@vx 6= @v@ux can hold at the corners. This allows separate de�nition of �rst order derivatives
along the two edges emanating from a corner point; this can beviewed as splitting certain control
points into two (see Figure7). The resulting lack of higher-order smoothness contributed to it not
being widely used in geometric design but should not be a problem for real time graphics. High
evaluation cost and cost of computing normals require careful use.

1.6 Subdivision surfaces

We sketch here only the basics of subdivision surfaces4 suf�cient to explain their evaluation and
approximation. A full account of the mathematical structure of subdivision surfaces can be found
in [PR08]. The SIGGRAPH course notes [ZS00] of Schröder and Zorin, and the book `Subdi-
vision Methods for Geometric design' by Warren and Weimer [WW02] complement the more
formal analysis by a collection of applications and data structures. See also the generic CGAL
implementation [SAUK04].

3http://wapedia.mobi/en/Beziertriangle
4subdivision surfaces(http://en.wikipedia.org/wiki/Subdivisionsurface)
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Figure 8: Mesh re�nement by theCatmull-Clark algorithm.

Figure 9: Subdivision surfacesconsist of a
nested sequence of surface rings.

Algorithmically, subdivision presents itself as a
mesh re�nement procedure that applies rules to
determine (a) the position of new mesh points
from old ones and (b) the new connectivity. These
rules are often represented graphically as weights
(summing to one) associated with a local graph
or stencilthat links the old mesh points combined
to form one new one: Forming the weighted old
mesh points yields the new point. On the GPU,
recursive subdivision naturally maps to several
shader passes (see e.g. [SJP05, Bun05]5).

Alternatively, the weights can be arranged as a
row of a subdivision matrixA. This subdivision
matrix maps a mesh of initial pointsq` 2 R3 collected into a vectorq to an (m times) re�ned mesh

qm = Am q: (6)

The mesh can haveextraordinary points. An extraordinary point is one that has an unusual number
of direct neighborsn; n is often referred to as thevalenceof the extraordinary point. For example,
n 6= 4 is unusual for Catmull-Clark subdivision (see Figure8).

Mathematically, however, a subdivision surface is a spline surface with isolated singularities. Each
singularity is the limit of one extraordinary point under subdivision. In particular, the neighborhood
of any such singularity consists of a nested sequence of surface rings as illustrated in Figure9.

In the case of Catmull-Clark subdivision, the nested surface rings consist ofn L-shapedsectors
with three bi-3 polynomial pieces each. Let� := [0::1]2 be the unit square. Then each sector
of themth ring can be associated with a parameter range1

2m

�
� � 1

2 �
�

(see Figures 4.2, 4.3, 4.4,
4.5 of [PR08] for a nice illustration of this natural parameterization and the fact that the union of

5http://http.developer.nvidia.com/GPUGems2/gpugems2chapter07.html
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rings then forms a spline with a central singularity). An alternative parameterization associates
� m

n

�
� � � n �

�
with an L-segment, where� n is the subdominant eigenvalue ofA for valencen.

1.7 Evaluation of subdivision surfaces

Since subdivision surfaces are splines with singularitiesthere are a number of evaluation methods
that also work near extraordinary points. We list four methods below.

1.7.1 Standard Evaluation

(i) determine the ringm (by taking the logarithm base 2);
(ii) apply m subdivision steps (either by matrix or stencil applications);
(iii) interpret the resulting control net at levelm as those of then L-shaped sectors in B-spline
form; and
(iv) evaluate the bi-3 spline (by de Boor's algorithm).

While step (ii) seems to require recursion, it can be replaced by the (non-recursive) matrix multi-
plication (6).

This is typically themost ef�cient strategy to evaluate a subdivision surface(and it can not be
patented ;-) ). It is particularly ef�cient when many pointson a regular grid are to be evaluated,
for example when, for even coverage, we want to evaluate 4 times more points in ringm than in
ring m � 1. It is also most ef�cient when the surfaces have adjustable creases [DKT98], i.e. where
Catmull-Clark re�nement rules are averaged with curve re�nement rules.

Some special scenarios, however, invite different evaluation strategies. Before settling for a strat-
egy, it is good to verify the conditions under which they are appropriate and ef�cient.

1.7.2 Tabulation of Generating Functions

If the crease ratios are restricted to a few casesand the depth of the subdivision is restricted, then
we can trade storage for speed by pre-tabulating the evaluation. The idea is to write the subdivision
surfacex locally, in the neighborhood of an extraordinary point, as

x(u; v; j ) =
LX

`

q` b̀ (u; v; j ); (7)
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where theq` 2 R3 are the subdivision input mesh points; eachb̀ 2 R is a generating spline, i.e.
a function that we may think of as obtained by applying the rules of subdivision considering one
coordinateqj of qj and setting allqj = 0 except forq̀ ; and the summation bỳis over allb̀ that
are nonzero at the point(u; v; j ) of evaluation;j 2 f 1; 2; : : : ; ng denotes one of then sectors of the
spline (ring). If, for each valence separately, we pre-tabulate theb̀ (u; v; j ) for ` = 1; : : : ; L then
we can look up and combine these values with the subdivision input mesh pointsq` at run-time.
When stored as textures, approximate `in-between' values can be obtained by bi-linear averaging.
[BS02]

1.7.3 Patch selection (ii) in eigenspace

If several but irregularly distributed parameters are to beevaluatedandif they lie very close to the
extraordinary point, it is worth converting the subdivision input mesh pointsq` to eigencoef�cients
p` 2 R3. For this, we need to form the Jordan decompositionAm = V JmV � 1 (just once for any
given subdivision matrixA of valencen) and setp := V � 1q so that

Am q = V Jmp: (8)

If the Jordan matrixJ m is diagonal then the computational effort at run time of step(ii) reduces
to takingmth powers of its diagonal entries [DS78]. In step (iii) we need to applyV to p and can
then proceed as before with step (iv) to evaluate a bi-3 spline [Sta98]. Note that this method is no
more exact than any of the other evaluation methods and that exact evaluation at individual points
does not mean that a polyhedron based on the values exactly matches the non-linear subdivision
limit surface.

1.7.4 Eigensystem evaluation

For parameters on a grid, Cavaretta et al. showed that, for functions satisfying re�nement rela-
tions, the exact values on a lattice can be computed by solving an eigenvalue problem [CDM91,
page 18],[dB93, page 11]. Schaefer and Warren [SW07] apply this approach to irregular settings.

We note that neither the standard evaluation using (6) nor any of the three approaches just listed
require recursion or uniform re�nement (with its concomitant high use of memory and possibly of
CPU–GPU bandwidth). However, they do not provide convenient short formulas.

1.8 Can it be done simpler? Ef�cient Substitutes

A surface construction can provide a substitute for the subdivision algorithm if the resulting sur-
faces have similar properties.

16



Figure 10: Control point structure ofPN triangles (from [VPBM01]). (left) the positional channel; (right)
the normal channel.

1.8.1 Control polyhedra and proxy splines

The classic substitute is to render, at a �nite level of resolution, either the re�ned control poly-
hedron or a polyhedron obtained by projecting the re�ned control vertices to the limit (using the
left eigenvectors of the subdivision matrixA). This is based on the fact that the distance between
control polyhedron and limit surfaces decreases fast. One of the challenges here is to correctly
estimate the distance of the (projected) control polyhedron to the surface in order to determine
the (adaptive) subdivision level that gives suf�cient resolution for the application. By character-
izing control polyhedra as (the images of) proxy splines with the same structure as subdivision
surfaces, [PR08, Chapter 8] gives general bounds on this distance for all subdivision schemes.
Tighter bounds, speci�cally for Catmull-Clark subdivision surfaces can be found in [PW08]. Also
available is a plug-in by Wu for (pov-)ray tracing based on the bounds in [WP04, WP05]. This
class of substitutes is only ef�cient, if it can be applied adaptively (see, e.g. [Bun05]).

1.8.2 Separate geometry and normal channels

A second class of substitutes takes advantage of the separation of the position and the normal
channel in the graphics pipeline. That is, the entries in thenormal channel are only approximately
`normal' to the (geometry of the) surface.

— original geometry, re�ned normals To create a denser �eld for the normal channel then
would be used by Gouraud shading, we can apply subdivision (averaging) to the polyhedral
normals [AB08].

— re�ned geometry, re�ned normals Replacing an input triangle with normals speci�ed at
its vertices,PN triangles[VPBM01] consist of a total degree 3 geometry patch that joins
continuously with its neighbor and has a common normal at thevertices. To convey the
impression of smoothness, a separate quadratic normal patch interpolates the vertex normals
(Figure10). By reducing the patch degree to quadratics, trades �exibility of the geometry
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Figure 11: Mesh-to-patch conversion. (from [MNP08]) The input mesh (top) is converted to patches
(bottom) as follows. (a) An ordinary facet is converted to a bi-cubicpatch with 16 control pointsf ij . (b)
Every triangle in polar con�guration becomes a singular bi-cubic patch represented by 13 control points� .
(c) An extra-ordinary facet withn sides is converted to aPn -patch de�ned by6n + 1 control points shown
as� . ThePn -patch is equivalent ton C1-connected degree-4 triangular patchesbi , i = 0 : : : n� 1, having
cubic outer boundaries.

for faster evaluation [BA08] (see also [BS07]). Since the quadratic pieces have no in�ections
this is particularly useful when the triangulation is already more re�ned.
For four-sided facets, the corresponding (family of)PN quadswas known but not published
at the time of PN triangles. Just like the triangles, its bi-3patches are constructed based
solely on the pointsv and normalsn at the patch vertices so that a patch need not look up
the neighbor quads.
Better shape can be achieved, when the neighbor patch(es) can be accessed. For example, the
inner BB coef�cientsbij can be derived from a bi-3 spline [Pet08]. One can use Equations
5 for the inner coef�cients of typeb11 and setb10 on an edge between two patches as an
average of their closest inner points. A good heuristic is toset the corner control points to
the Catmull-Clark limit point (withq0 the central control point and for` = 0; : : : ; n � 1 q2`� 1

the direct neighbor points andq2` the face neighbor points):

n(n + 5) bCC
00 :=

n� 1X

l=0

(nq00 + 4q2`� 1 + q2` ) : (9)

Up to perturbation of interior control points near extraordinary points,

(n + 5) bACC
11 := nq11 + 2( q12 + 2q21) + q22; (10)

this is how ACC patches [LS08a] are derived (see also the Section 2.3 of these lecture notes).
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(a) (b)

(c)

Figure 12: Quad/tri/pent polar models (from [MNP08]) (a) Axe handle; using a triangle and a pentagon
to transition between detailed and coarser areas. The axe head (left) features a sharp crease. (b) Polar
con�gurations naturally terminate parallel feature linesalong elongations, like �ngers. (c) smooth surface
consisting of bi-cubic patches (yellow), polar patches (orange), and p-patches withn = 3 (green), n = 4
(red), n = 5 (gray).

1.8.3 C1 surface constructions

A third class of substitutes are properC1 surfaces, i.e. their normals can be computed everywhere
(eg in the pixel shader) as the cross product of tangents (derivatives obtained as a byproduct of de
Casteljau's evaluation) without recourse to a separate normal channel.

These patches are typically polynomial, although a rational construction like Gregory's patch and
its triangular equivalent could be used just as well. The patch corners and normals can moreover
be adjusted to approximate Catmull-Clark limit surfaces.

Just as the second class, c-patches [YNM+ ] and themany-sided p(m)-patches [MNP08] (Figures
11 and 12) can be constructed and displayed in real time. [MNP08] comes with shader code,
allows for (rounded) creases and polar con�gurations (see Figure 12(d)) 6 The third class of
surface constructions is related to surface splines [Pet95] and Loop's construction [Loo92] and

6 One concern is that such creases and polar con�gurations result in `parametric distortion' when texture mapping. Applying
the same crease or polar mapping (inR2) when looking up texture coordinates, however, shows this concern to be unfounded.
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localized hierarchical surface splines [GP99].

1.9 Ef�ciency

Whether a particular representation or evaluation strategy is time and space ef�cient depends on the
software/hardware setup. However, we can observe the following in the context of GPU rendering.

Fixed, �ne triangulationsare expensive to transfer to the GPU and require animation ofeach ver-
tex. They lack re�nability. Subdivision surfaces approximated byrecursive re�nement, possibly
followed by projection of the control points to their limit,require multiple passes with increasing
bandwidth and intermediate memory storage. Subdivision surfaces approximated bynon-recursive
evaluationas listed in Section1.7requires the inversion of (moderately sized) matrices. These ma-
trices need to be adapted for different types of creases. Subdivision surfaces approximated by
tabulationrequire storage that limits the representable crease con�gurations. The (ef�cient) sub-
stitutes listed in Section1.8allow for creases, adaptive evaluation (by instancing or the tessellation
engine) and, as low degree polynomials, have been created tobe both space-ef�cient and time-
ef�cient, in their construction as well as in their evaluation.

ef�ciency space time comment

triangulation – – �xed resolution
recursive subD – adaptivity?
non-recursive subD – creases?
tabulation – + creases?
ef�cient substitutes + + creaseX , adaptX

1.10 Higher-quality surfaces?

For high-end design,C1 continuity is not suf�cient. One can feel (and sometimes see) the lack of
curvature continuity. In fact, Catmull-Clark subdivisiondoes not meet the requirements of high-
end design: Generically, near extraordinary points, the curvature lines diverge, and the surfaces be-
comes hyperbolic [KPR04]. Guided surfacing [KP07, KPN1], Loop and Schaefer [Loo04, LS08b]
and most recently a bi-3C2 polar subdivision [MP09] promise better shape. Yet, it is not clear that
real-time or movie applications can bene�t from such high-quality surfaces.

Curiously, at least formally, displacement mapping, whichoften increase roughness of the surfaces,
formally requires derivatives of normals and therefore higher-order continuity.
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1.11 Summary

Besides the classical rendering of the control polyhedron,possibly projected onto the surface, there
are two classes of surface constructions that can be used as ef�cient substitutes of subdivision sur-
faces or as primitives in their own right. Both triangular patches and quad patches are available (as
well as polar con�gurations) to give the designer broad-ranging options and mimic both Catmull-
Clark and triangle-based subdivision. The next chapters will explain the use of these constructions
in more detail and may inspire additional short-cuts and innovations (see for example7), made all
the more relevant by the imminent availability of tessellation hardware.

AcknowledgementsThis work supported in part by NSF Grant CCF-0728797

7http://castano.ludicon.com/blog/2009/01/07/approximate-subdivision-shading/
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2 Implementation

Tianyun Ni and Ignacio Castaño, NVIDIA

In this chapter we start with an overview of the Direct3D 11 graphics pipeline, followed by the
motivation behind the design of the the pipeline through twocase studies:PN TrianglesandAp-
proximating Catmull-Clark subdivision surfaces. We then show how to implement and emulate
portions of this pipeline on current hardware for backwardscompatibility. Finally, we discuss
some of the practical implementation details.

2.1 The Direct3D 11 tessellation pipeline

Direct3D 11 is the latest version of Microsoft's graphics API and it provides access to the lat-
est features of modern graphics hardware. The most notable of those features is support for an
extended pipeline that enables programmable hardware tessellation.

While here we refer to this new graphics pipeline as the Direct3D 11 pipeline, we expect the same
features will also be exposed under OpenGL. However, we use the Direct3D terminology, since
the details of the corresponding OpenGL extensions are not publicly available yet.

2.1.1 Overview of the pipeline

Figure 13: The Direct3D 11
pipeline.

Direct3D 11 extends the Direct3D 10 pipeline with support for pro-
grammable tessellation. This is accomplished with the addition of
three new stages: theHull Shader, theTessellator, and theDomain
Shader(Figure13). The goal of these new stages is to enable ef�-
cient rendering of higher order surfaces, such as the approximations
to subdivision surfaces described in the previous chapter.In fact, one
could say that the pipeline was designed with this particular applica-
tion in mind.

These three new stages stand between theVertex Shaderand theGe-
ometry Shader. As their name implies, theHull ShaderandDomain
Shaderare programmable stages, while theTessellator, although
fairly �exible and con�gurable, is a �xed function stage.

In addition to these new stages, Direct3D 11 also adds a new prim-
itive type: the patch. Patches are the only primitive types that are
supported when the tessellation stages are enabled. Patches have an
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arbitrary number of vertices between 1 and 32, and unlike anyof the
other primitive types, patches do not have any implied topology. That
is, a patch with three vertices is not necessarily a triangle; it's up to
the programmer to write shaders that decide how the patch vertices
are interpreted. In this setting, a patch is just a disconnected set of
vertices.

In the tessellation pipeline theVertex Shaderis still the �rst programmable stage. Its purpose,
however, is reduced to transform vertices from object to world space. That is, it allows you to
apply animation and deformations at a lower frequency. The idea is that by performing animation
and simulation on the control mesh it will be possible to drastically reduce animation storage, and
to implement much more realistic simulation algorithms.

On the other hand, one also has to take into account that the larger the size of the patch, the lower
the effectiveness of the post-transform cache. While in triangle meshes the number of transforms
per vertex is typically between 1.0 and 1.5, when using quad patches composed of an average of
16 vertices, the number of transforms per vertex is generally about 6 times higher. In spite of that,
performing animation in theVertex Shaderis in many cases more ef�cient than computing the
animations in a separate pass.

After theVertex Shader, theHull Shader(Figure14) is invoked for each patch with all its trans-
formed vertices. In this regard theHull Shaderis similar to theGeometry Shadersince it can
perform per primitive operations. However, as opposed to the Geometry Shader, theHull Shader
has a �xed output that has to be declared in advance.

Figure 14: TheHull Shader.
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The Hull Shaderserves two purposes. One is to compute per edge tessellationfactors that are
provided to theTessellatorstage. The other is to perform computations that are invariant for all the
vertices that will be generated in theDomain Shader. The most common example is to transform
the input vertices from one basis to another, which is usefulwhen the input representation is not
practical for direct evaluation.

In order to perform these tasks ef�ciently, theHull Shaderneeds to be parallelized explicitly. That
is, instead of having a single thread per patch compute all control points and tessellation factors, the
Hull Shaderis divided into three parallel phases (Figure15), and each of these phases is composed
of a user de�ned number of threads between 1 and 32. These threads cannot communicate between
each other, but each phase can see the output of the previous phase.

Figure 15:Hull Shaderphases.

That allows you to, for example, compute control points in the �rst stage, the Control Point Phase;
based on these control points compute the edge tessellationfactors in the second stage, the Fork
Phase; and �nally based on the edge tessellation factors compute the interior tessellation factors in
the last stage, the Join Phase.

To simplify the programming of theHull Shader, the shader code that correspond to the Fork and
Join Phases is not provided explicitly. Instead, a single shader function to compute all the patch
attributes is provided by the programmer and the HLSL compiler automatically extracts parallelism
from it.

TheTessellatoris the stage in which the data expansion happens. The only input of theTessellator
is the set of edge and interior tessellation factors computed in theHull Shader. TheTessellator
generates semi regular tessellation pattern for each patchbased on these factors. The actual pattern
also depends on the user-selected con�guration.
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Figure 16: Some examples of tessellation patterns generated by theTessellator.

TheTessellatorsupports tessellation in the triangle and quad domains (Figure16). In both cases
the Tessellatorcan generate triangles in clockwise or counter-clockwise order. The generated
tessellation patterns are symmetric along the edges and support fractional tessellation factors as in
[Mor01]. However, as opposed to previous implementations, new triangles are not always inserted
from the center of the tessellation domain, but follow a moreuniform pattern that's based on the
ruler function. That produces smoother transitions between tessellation levels and minimize the
aspect ratio of the triangles in the transition regions.

Fractional tessellation can sometimes result in sampling artifacts, because the sampling location is
constantly updated as the tessellation factors change. These sampling errors sometimes manifest
itself as temporalswimmingartifacts. In order to avoid these problems theTessellatoralso supports
a power of two tessellation mode that is stationary, that is,it has the nice property of not moving
vertices around as they are inserted or removed.

Finally, theDomain Shader(Figure17) takes the parametric coordinates of the vertices generated
by theTessellatorand the control points output by theHull Shaderand uses them to evaluate the
surface. TheDomain Shaderstage creates one thread for each generated vertex. These threads
are similar toVertex Shaderthreads; they evaluate the surface in parallel and cannot communicate
with each other.

To evaluate the surface in theDomain Shaderit's necessary to use a surface representation that is
amenable for direct evaluation. That is, given a parametriccoordinates, it should be possible to
evaluate the position and normal of the surface at that location. In addition to position and normal,
theDomain Shaderalso interpolates texture coordinates and can sample textures in order to apply

25



Figure 17: TheDomain Shader.

displacement maps.

Instead of directly using the parametric coordinates provided by theTessellator, it's also possible to
adjust them with perspective correction in theDomain Shaderto generate a more uniform triangle
distribution in screen-space [MHAM08].

In addition to the surface evaluation, theDomain Shaderalso has other responsibilities that would
traditionally correspond to theVertex Shader. That includes projecting the vertex position to
screen, transforming normals and light vectors to the same space, computing view/eye vectors,
etc.

Once the vertices have been transformed by theDomain Shader, the primitives generated by the
Tessellatorare optionally processed by theGeometry Shaderor directly sent to the triangle setup
stage for rasterization.

The combination of programmable and �xed function stages ofthe tessellation pipeline provides a
powerful surface rendering model that can be ef�ciently implemented in hardware. We think this
pipeline provides developers with a great amount of �exibility, and will create a framework for
innovation and development of alternate evaluation algorithms and new surface representations.

2.1.2 Motivation

The rendering of the ef�cient substitutes outlined in Chapter1 can usually be decomposed into two
stages. First, the input coarse mesh is converted to a set of low degree parametric patches. We refer
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to this stage asPatch Construction. Second, the positions and normals are evaluated at arbitrary
locations of the parametric domains. We call this stageSurface Evaluation.

Since each facet-to-patch conversion is independent of theothers, each input facet is converted to
one (in some cases, few) patches in parallel duringPatch Construction. This stage maps naturally
to theHull Shaderwith a facet (and possibly its 1-ring) as an input patch primitive. The output
patch of theHull Shaderis the converted parametric patch in the form of its control points. In
theHull Shader, every control point is computed as the weighted sum of the vertices in the patch
primitive. Since the control point computations are independent of each other, the control point
phase invokes multiple threads and computes one control point per thread. Some of the interior
control points and all tessellation factors are determinedby multiple control points, so they are
computed in Fork Phase and Join Phase. DuringSurface Evaluation, the position and normal at
each parametric domain can be evaluated in parallel. We mapSurface Evaluationto theDomain
Shaderand takes control points as well as the parametric domain generated by theTessellatoras
inputs.

Next, we will discuss Direct3D 11 implementation in more details through two of the most popular
ef�cient substitutes:PN TrianglesandApproximating Catmull-Clark subdivision surfaces.

2.2 Direct3D 11 Implementation of PN Triangles

PN Triangles[VPBM01] provide a simple tessellation scheme for triangular meshes. This inter-
polation scheme replaces input �at triangles with triangular cubic Bézier patches and quadratic
normal variation. It can be easily integrated into Direct3D11 GPU pipeline. To implementPN
Triangles, we �rst compute 10 geometry and 6 normal coef�cients (or known as control points)
for each input triangle. This stage is calledPatch Constructionand mapped to theHull Shader.
Afterwards, the positions (and normals) are evaluated using geometry (and normal) coef�cients
respectively. This stage is mapped to theDomain Shader. The discussion of the Direct3D 11 im-
plementation focuses on the data �ow between two new shader stage and one �xed function unit
for tessellation (see Figure18).

The input patch of theHull Shaderis a patch that consists of three vertices where each vertex
contains its position (Pi ) and normal (N i ). The Hull Shaderconverts a triangle into an output
patch in the form of two Bézier patches that de�ne the geometry and normal of the surface piece.
While a single thread could be used, it's more ef�cient to take advantage of the symmetry of the
construction by using multiple threads to parallelize the computations. We divide the workload
(see Figure19) based on the observation that from one edge pair(Pi ; N i ) and(Pi +1 ; N i +1 ) in a �at
triangle, we can derive one vertex geometry (and normal) coef�cient and two tangent geometry
(and one tangent normal) coef�cients. The coef�cients computed according to each edge pair are
indicated in ecliptic circle in Figure19. In this way, three threads are invoked inside theHull
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Figure 18:Hardware Tessellation of PN Triangle on Direct3D 11 Pipeline.

Figure 19:Workload distribution among three threads in theHull Shader. Each thread computes three position control points
(left) and two normal control points (right).

Shaderto compute one third of an output patch. Speci�cally, each thread computes three control
points for positions (i.e.b300; b201; bb102), and two normal control points(i.e.n200; n101). The
detailed formulae of computingbandn are available in [VPBM01]. TheHLSLshader code in the
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Hull Shaderis as follows:
[domain("tri")]
[outputtopology("triangle_cw")]
[outputcontrolpoints(3)]
[partitioning("fractional_odd")]
[patchconstantfunc("HullShaderPatchConstant")]
HS_CONTROL_POINT HullShaderControlPointPhase( InputPa tch<HS_DATA_INPUT, 3> inputPatch,

uint tid : SV_OutputControlPointID, uint pid : SV_Primitiv eID)
{

int next = (1 << tid) & 3; // (tid + 1) % 3

float3 p1 = inputPatch[tid].position;
float3 p2 = inputPatch[next].position;
float3 n1 = inputPatch[tid].normal;
float3 n2 = inputPatch[next].normal;

HS_CONTROL_POINT output;

// Position control points
output.pos1 = (float[3])p1;
output.pos2 = (float[3])(2 * p1 + p2 - dot(p2-p1, n1) * n1);
output.pos3 = (float[3])(2 * p2 + p1 - dot(p1-p2, n2) * n2);

// Normal control points
float3 v12 = 4 * dot(p2-p1, n1+n2) / dot(p2-p1, p2-p1);
output.nor1 = n1;
output.nor2 = n1 + n2 - v12 * (p2 - p1);

// Texture coordinates
output.tex = inputPatch[tid].texcoord;

return output;
}

The center coef�cientb111 is a function of all vertex and tangent coef�cients. In orderto avoid
redundant computations, we defer the derivation ofb111 to patch constant function stage where
all other control points have been derived. During this stage, we also determine the edge/interior
tessellation factors according to the computed control points. As described in Section2.1.1, The
Hull Shaderis composed of multiple phases. The control point phase is parallelized explicitly,
while the other phases are parallelized automatically. Theuser only provides a serial function to
compute all the ”patch constant attributes”.

// Patch constant data
HS_PATCH_DATA HullShaderPatchConstant( OutputPatch<HS _CONTROL_POINT, 3> controlPoints )
{

HS_PATCH_DATA patch = (HS_PATCH_DATA)0;

// Compute the edge tessellation factors
for (int i = 0; i < 3; i++) {

HullShaderCalcTessFactor(patch, controlPoints, i);
}

// Compute the interior tessellation factor
patch.inside = max(max(patch.edges[0], patch.edges[1]) , patch.edges[2]);
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// Calculate the center control point.
for (int i = 0; i < 3; i++) {

patch.center += (controlPoints[i].pos2 + controlPoints[ i].pos3) * 0.5 - controlPoints[i].pos1;
}

return patch;
}

The Tessellatorunit takes the edge tessellation factors of the triangle as an input, and generates
a semi-uniform tessellation pattern. TheDomain Shaderthen takes the parametric coordinates of
the generated vertices and the patch control points and attributes computed in theHull Shaderto
evaluate both position and normal at each parametric domain.

[domain("triangle")]
DS_DATA_OUTPUT DomainShaderPN(HS_PATCH_DATA patchData,

const OutputPatch<HS_CONTROL_POINT, 3> input, float3 uvw : SV_DomainLocation)
{

float u = uvw.x;
float v = uvw.y;
float w = uvw.z;

// Output position is a weighted combination of the 9 positio n control points and the center.
float3 pos = input[0].pos1 * w* w* w + input[1].pos1 * u* u* u + input[2].pos1 * v* v* v +

input[0].pos2 * w* w* u + input[0].pos3 * w* u* u + input[1].pos2 * u* u* v +
input[1].pos3 * u* v* v + input[2].pos2 * v* v* w + input[2].pos3 * v* w* w +
patchData.center * u* v* w;

// Output normal is weighted combination the 6 normal contro l points.
float3 nor = input[0].nor1 * w* w + input[1].nor1 * u* u + input[2].nor1 * v* v +

input[0].nor2 * w* u + input[1].nor2 * u* v + input[2].nor2 * v* w;

// Project position to screen, transform normal, and interp olate texture coordinates.
DS_DATA_OUTPUT output;
output.position = mul(float4(pos,1), g_mViewProjection );
output.normal = mul(float4(normalize(nor),1), g_mNorma l).xyz;
output.texCoord = input[0].tex * w + input[1].tex * u + input[2].tex * v;

return output;
}

PN triangleshave been extended by [BRS05] to support creases (but not corners) by attaching
scalar tags to the mesh vertices in order to control the way geometry and normals are interpolated.
Among the three types of position control points, only tangent coef�cients are modi�ed by these
shape controllers. The artifacts along the silhouette of meshes can be improved by the method
proposed in [DRS08] with the spirit of only increasing the geometry complexitywhere needed.
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2.3 Approximating Catmull-Clark Subdivision Surfaces on Direct3D 11 Pipeline

2.3.1 Introduction

The Catmull-Clark subdivision algorithm [CC78] can model surfaces of arbitrary topological type
and has become part of standard modeling packages (e.g., 3DMax, Maya, Softimage, Mirai, Light-
wave, etc.). Catmull-Clark subdivision surfaces are widely used as modeling primitives in com-
puter generated motion pictures, particularly for modeling characters. This method begins with a
coarse mesh that approximates a 3d model. Thiscoarse meshis referred asbase meshor control
mesh. The mesh is re�ned iteratively by inserting new vertices into the mesh, re�ning existing
point positions, and updating the connectivity. Each re�nement step produces a denser mesh than
the previous one. The subdivision limit surface is the smooth surface produced from this pro-
cess after an in�nite number of re�nements. Highly detailedsurfaces are generated by applying
displacement maps to the smooth subdivision limit surfaces.

The techniques of implementing exact evaluation of Catmull-Clark subdivision surfaces on modern
GPUs fall roughly into three categories, each with its own set of advantages and disadvantages:

� Recursive evaluation [Bun05, DKT98, LMH00, SJP05] is perhaps the most intuitive ap-
proach, since it most closely models the mathematical de�nition of subdivision. Unfortu-
nately it is far from the most ef�cient method. Despite heroic efforts by researches such as
Shiue [SJP05], who implemented Catmull-Clarksubdivision in multiple pixel shader passes
using spiral-enumerated mesh fragments to maximize parallelism, recursive evaluation is not
a particularly good �t for GPU hardware due to large bandwidth and storage requirements.
Even if it were easier to parallelize, the recursive method is incompatible with hardware
tessellation. Recursive evaluations split one edge into two at each subdivision step. This
re�nement produces sampling patterns which are compatibleonly with binary subdivision,
not with future tessellation hardware.

� Direct evaluation [Sta98]. Stam's algorithm is a better �t for programmable tessellation hard-
ware since it directly evaluates subdivision surfaces at arbitrary parameter values. However,
the performance is unsatisfying for two reasons. Firstly, this algorithm requires branching,
which reduces SIMD ef�ciency. Secondly, the required projection of control points into the
eigen space is too complex for large meshes on the GPU. Stam'sevaluation is over an order
of magnitude more expensive than evaluation proposed in [LS08a, NYM+ 08, MNP08].

� Precomputed basis functions [BS02]. One way to think about subdivision surface evaluation
is as as a linear combination of basis functions with the vertices in the base mesh. The basis
functions can be pretabulated at uniform samples since theyonly depend on the topology
of a quad and its 1-ring. The total number of topological con�gurations is possibly a large
number. This approach has the advantage of being both more inherently parallel and far more
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cache friendly. However, it requires extensive preprocessing, and the properties of the input
mesh must be tightly controlled in order to keep the size of the lookup tables manageable.

Many [BS02, Bun05, SJP05, Sta98] of these approaches share an additional �aw: the inability
to evaluate quads with multiple extraordinary vertices on the GPU. Getting rid of such multiple
extraordinary quads requires at least one iteration of the Catmull-Clark subdivision on the CPU
before the mesh is even seen by the GPU. This in turn means a four-fold expansion in the number
of vertices that must be sent to and stored by the graphics hardware.

Although subdivision surfaces are popular in Digital Content Creation (DCC) packages and feature
�lms, their use has been hindered in real-time applicationssuch as games because the exact evalu-
ation of Catmull-Clark subdivision surfaces on modern GPUsis neither memory nor performance
ef�cient. The state of the art in current games is to re�ne Catmull-Clark subdivision surfaces of-
�ine using DCC application such as Maya. The resulting densemeshes do not require further
runtime re�nement, but they demand signi�cant bus bandwidth, and consume large amounts of
video memory. In addition, the of�ine re�nement process requires the artist to choose a �xed
level of detail (LOD) . At run time, this can result in objectsbeing drawn with more triangles
than are actually needed. The lack of dynamic LOD support obviously lowers performance. The
cost of animating a �xed-LOD mesh is even worse because each vertex in the dense mesh needs
to be updated independently during animation/deformation. The computations are performed at a
high frequency. If subdivision were deferred until after control mesh animation on the GPU, the
computational overhead would be greatly reduced.

The dif�culty of implementing exact evaluation of Catmull-Clark surfaces ef�ciently on the GPU
led to interest in ef�cient substitutes for subdivision surfaces. With the advent of Direct3D 11,
a short explicit surface de�nition is desired over recursively de�ned Catmull-Clark subdivision
surfaces for hardware tessellation. The alternative surface representations [LS08a, NYM+ 08,
MNP08] have been recently advocated to be better suited for the highly parallel SIMD nature
of modern GPU hardware, and for non-uniform, adaptive hardware tessellation. The idea is to
replace the in�nite collection of bi-cubic patches with a single parametric patch to simplify the
surface evaluation. The replacement patches produce smooth surface and closely mimic the shape
of the Catmull-Clarksubdivision surface. Those surfaces can be entirely constructed and evaluated
by local parallel operations on the GPU in real-time.

2.3.2 Patch Construction

In Patch Constructionstage, each facet with its 1-ring (Figure20 ) in a base mesh is converted
to parametric patch(s) in parallel. The conversion requires the computation of the control points
that de�ne a parametric patch. We distinguish two types of facets: regular and extraordinary.
A regular facet is a quad where each vertex has 4 neighbors andis only adjacent to quads. A
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facet which is not a regular facet is called an extraordinaryfacet. It is well known that a reg-
ular facet can be converted to a Bicubic patch using standardB-Spline to Bézier conversion
rules[Far97]. Therefore, any two adjacent patches derived from regularfacets will join C2 and
reproduce exact Catmull-Clark surfaces. These regular facets should be separated from extraor-
dinary facets and use the simpler and optimized way to convert and evaluate them. The chal-
lenging part is how to convert the extraordinary facets to parametric patches. Generally speaking,
a desirable conversion scheme should ensure at leastG1 continuity across adjacent patches, and
should closely approximate the equivalent subdivision surface. Of course, cost of evaluation is
also an important factor. The overall cost of such schemes isusually in�uenced by the num-
ber of control points per patch, the degree of the patch, and the number of patches. The recent
publications[LS08a, NYM+ 08, MNP08] have made important contributions on improving shape
quality and lowering evaluation cost. The key ideas of theseschemes are summarized in the fol-
lowing. We encourage readers to refer to the original papersfor the more detailed conversion rules.

Figure 20: A facet with its
1-ring.

The patch construction maps to theHull Shaderbased on the observa-
tion that each control point is a linear combination of the vertices in a
facet with its 1-ring and the weights contributed from the vertices are
always the same for all the patches sharing the same connectivity. With
patch being entirely constructed in theHull Shader, theVertex Shader
is freed to perform animation/deformation in the same rendering pass.
In this approach, we sort all patches based on their connectivity type
and then for each connectivity type, we pre-compute the weight of each
vertex. The weights are stored in a stencil texture. The HLSLcode is
shown below.

ACC_CONTROL_POINT SubDToParametricPatchHS( InputPatch <CONTROL_POINT_OUTPUT, M> p,
uint tid : SV_OutputControlPointID,
uint pid : SV_PrimitiveID )

{
ACC_CONTROL_POINT output;
// the connectivity type ID
int topo = topologyIndex[pid];
// The global ordering of the vertex
int num = vertexCount[pid];
// invoke each thread to compute a control point
ControlPointsEvaluation(pid, tid, topo, num);

return output;
}

Given a list of the vertices in the 1-ring, we fetch the necessary set
of weights from the stencil texture using the connectivity id, control point id, and input patch id.
Each control point is computed independently per thread. Toguarantee consistent evaluation of the
weighted sum of input vertices, a global ordering of the vertex is also required. This approach maps
well to the SIMD nature of Direct3D GPU pipeline. To optimizethe overall performance, we could

33



reduce the number of texture fetches since only a subset of the vertices in the 1-ring actually involve
in the patch construction. A boolean stencil mask is precomputed to indicate which vertex has zero
contribution and therefore to avoid the corresponding texture fetches. The size of stencil texture
relates to the complexity of connectivity, and the connectivity can be simpli�ed by restricting the
maximum valence as well as the number of triangles in the basemesh. Three major Approximating
Catmull-Clark Subdivision schemes are summarized below:

Figure 21: A geometry patch (top) and a pair of tangent patches (bottom).

ACC patches [LS08a] This scheme has been implemented in Valve's source engine and ILM's
Tool chain (more details are available in Chapter 3 and Chapter 4). Each extraordinary quad (one
con�guration in Figure20) is converted to ageometry patchand a pair oftangent patches(see
Figure21). The geometry patch is a simple bicubic Bézier patch. The tangent patches derived
directly from it can not produce well-de�ned normals along the edge emitting from any vertex
that does not have 4 neighbors. In order to achieve smooth shading in these areas, both the corner
vectors (u00, u03, u20, u23, v00, v30, v02, v32) and tangent vectors (u01, u02, u21, u22, v10, v20, v12,
v22) need to be adjusted to satisfy smoothness constraints. Speci�cally, the corner vectors are
modi�ed to satisfy the vertex enclosure at verticespi ; i = 0::3, and interpolate the normal of the
Catmull-Clark limit surface. The tangent vectors are derived from solvingG1 continuity between
two adjacent patches.

The total control points are 40 (16 from the geometry patch and 24 from the tangent patches).
The more control points to be derived, the more expensive computation in theHull Shader. Since
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many of them are redundant, we can reduce the number of control points to 32. This is because the
interior vectors (u10, u11, u12, u13, v01, v11, v21, v31) do not need to be modi�ed and they are derived
directly from the geometry patch, they are eliminated from output control points. For further
control points reduction, Loop and Shafer suggested to onlycomputeb00, b30, b03, b33 in Figure21
top, 8 corner vectors in Figure21 bottom, and 12 verticespi , i = 0::11 from the facet and its 1-
ring (Figure20). The remaining 12 geometry control points and 16 tangent control points are just
the function of these output control points. The fewer control points output from theHull Shader
however increases the workload in theDomain Shaderfor computing the remaining patch control
points. Choosing how many control points to be computed in the Hull Shaderdepends on which
shader (theHull Shaderor the domain) is more likely to become the performance bottleneck. The
ControlPointsEvaluation function using 32 output points in HLSL for this scheme is the following:

float3 output.pos= float3(0,0,0);
float3 output.tan= float3(0,0,0);
for (int i=0; i< num; i++)
{

//use index global ordering for
//consistent control points evaluation
int idx = stencilIndex[pid][i];
//fetch the weight of the tid_th control point
//in the patch for position control point
int index = topo * MAX_CONTROL_POINTS + idx) * 32 + tid;
output.pos += p[i] * gStencil.Load(int3((index, 0,0));
//fetch the weight of the tid_th control point
//in the patch for tangent control point
output.tan += p[i] * gStencil.Load(int3((index + 16, 0,0));

}

Figure 22:The labeling used for one sector of a c-patch is shown here.

C-patches [NYM + 08] Instead of using separate channels for geometry and normal,each extraor-
dinary quad could be converted to a singlec-patch. A c-patch is aC1 piecewise polynomial patch
with cubic boundary and de�ned by 24 control points. The surface generated using c-patches has
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well-de�ned normal everywhere. The corner control point (e.g. b300) is selected to interpolate the
Catmull-Clark limit surface. The edge points (e.g.b210 andb120) are chosen to be the projected
points on the tangent plane at the corner vertex (e.g.p0). The interior pointsb211 andb121 are
derived by theG1 constraint across two adjacent patches. By contrast, the other interior pointb112

is not pinned down by continuity constraints. This extra degree of freedom is used to increase
smoothness at the center of the c-patch and additionally to closely mimic the shape of Catmull-
Clark subdivision surfaces. The correspondent ControlPointsEvaluation function follows:

float3 output.pos= float3(0,0,0);
for (int i=0; i< num; i++)
{

//use index global ordering for consistent control points e valuation
int idx = stencilIndex[pid][i];
//fetch the weight of the tid_th control point in the patch
int index = topo * MAX_CONTROL_POINTS + idx) * 24 + tid;
float weight = gStencil.Load(int3((index, 0,0));
output.pos += p[i] * weight;

}

Figure 23: A Pm-patch withn sectors(left). A Polynomial piece in a Pm-patch(right).

Pm-patches [MNP08] The above mentioned schemes only apply to quadrilateral meshes. While
quads naturally model the �ow of (parallel) feature lines and are therefore the main facet type in
many models, triangular facets allow merging lines. Since the tessellator unit supports both quad
and triangle parameterizations, Pm-patches generalize C-patches to a scheme for a polygonal mesh
that contains quadrilaterals, triangles, pentagons and polar con�gurations. Each extraordinary
n-sided facet corresponds to a Pm-patch that consists ofn Pm sectors (Figure23 left), where
n = 3 for a triangle. For a generalized n-sided facet, the corner point (e.g. b300) is not chosen to
interpolate the position of the Catmull-Clark limit surface except for the case wheren = 4.

2.3.3 Surface Evaluation

ACC patches [LS08a] Because normals are not derived from the geometry patch, we need to di-
rectly evaluate geometry patch and tangent patches separately. A tensor product patch in Bézier
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form of degreem by n is de�ned as:S(u; v) :=
P m

i =0

P n
j =0 pij

� m
i

�
ui (1 � u)m� i

� n
j

�
vj (1 � v)n� j ,

wherepij is a control point, and(u; v) is a barycentric coordinate on the domain of[0; 1] � [0; 1].
The geometry patch has degree(3; 3), and each tangent patch is of degree(2; 3). It is straight-
forward to implement them. For instance, the following HLSLshows an example for directly
evaluating a geometry patch.

float3 EvaluateGeometryPatch(float2 uv, float3 p[16])
{

// The labeling used for p[i]
// 0 1 2 3
// 4 5 6 7
// 8 9 10 11
// 12 13 14 15
float2 B0 = (1 - uv) * (1 - uv) * (1 - uv);
float2 B1 = 3 * (1 - uv) * (1 - uv) * ( uv);
float2 B2 = 3 * ( uv) * ( uv) * (1 - uv);
float2 B3 = ( uv) * ( uv) * ( uv);

float3 w0 = (B0.x * p[ 0] + B1.x * p[ 1] + B2.x * p[ 2] + B3.x * p[ 3]) * B0.y;
float3 w1 = (B0.x * p[ 4] + B1.x * p[ 5] + B2.x * p[ 6] + B3.x * p[ 7]) * B1.y;
float3 w2 = (B0.x * p[ 8] + B1.x * p[ 9] + B2.x * p[10] + B3.x * p[11]) * B2.y;
float3 w3 = (B0.x * p[12] + B1.x * p[13] + B2.x * p[14] + B3.x * p[15]) * B3.y;

return w0 + w1 + w2 + w3;
}

C-patches [NYM + 08] and Pm-patches [MNP08] For simplicity, we only discuss the evaluation
of Pm-patch here as C-patch is a special case of Pm-patch whenthe facet is a quad. A Pm-
patch can be alternatively viewed as a set of triangular, total degree 4 patches in Bernstein-Bezier
form as indicated in grey lines in Figure23. This alternative representation is used for actual
surface evaluation. The parametric domain is �rst mapped toone of the triangular patches and
then transferred to barycentric coordinate(s; t; w) with respect to that triangle. Afterwards the
Pm-patch evaluation is the same as the evaluation of a quartic triangular Bézier patch. Because the
resulting surfaces has well-de�ned normals everywhere, wecould apply de Casteljau algorithm to
evaluate position and normal at the same time to lower the evaluation cost. For a triangular Bézier
patch with degreen, there arem =

� n+2
n

�
control points. Givenqi ; i = 0::m � 1 control points,

the triangular Bézier patch can be constructed by the recurrence relation as shown in Figure24.
In each step, take linear interpolation based on the input barycentric coordinate(s; t; w). The
recursion level goes from 1 to n. For an arbitrary degreen triangular patch, the total number
of linear interpolation used for both position and normal evaluation at one parametric domain isP n

i =1

� i +2
i

�
+ 1. The HLSL code for evaluating a Pm sector (or a quartic triangular patch) is the

following:
void EvaluatePmSector(float3 stw, float3 q[15], out float 3 pos, out float3 nor)
{

float3 p[10];
uint k,j;
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k=0;
// The labeling used for q[i]
// 14
// 12 13
// 9 10 11
// 5 6 7 8
// 0 1 2 3 4
float s,t,w;
s=stw.x; t=stw.y; w=stw.z;

// The recursion level 1
[unroll]
for (j=0; j<4; j++) {

p[k++]=s * q[j]+t * q[j+1]+w * q[j+5];
}
[unroll]
for (j=5; j<8; j++) {

p[k++]=s * q[j]+t * q[j+1]+w * q[j+4];
}
[unroll]
for (j=9; j<11; j++) {

p[k++]=s * q[j]+t * q[j+1]+w * q[j+3];
}
p[9]=s * q[12]+t * q[13]+w * q[14];
// The recursion level 2
k=0;
[unroll]
for (j=0; j<3; j++) {

q[k++]=s * p[j]+t * p[j+1]+w * p[j+4];
}
[unroll]
for (j=4; j<6; j++) {

q[k++]=s * p[j]+t * p[j+1]+w * p[j+3];
}
q[5]=s * p[7]+t * p[8]+w * p[9];
// The recursion level 3
[unroll]
for (j=0; j<2; j++) {

p[j]=s * q[j]+t * q[j+1]+w * q[j+3];
}
p[2]=s * q[3]+t * q[4]+w * q[5];
// The recursion level 4
pos=s * p[0]+t * p[1]+w * p[2];
nor=normalize(cross(p[0] - p[2], p[1] - p[0]));

}

Regular Patch The regular patch reproduces Catmull-Clark subdivision surfaces and their eval-
uation cost is very low compared to other patches. Its smoothness feature enables us to apply
de Casteljau algorithm on a low polynomial degree piece. It only takes6 times of de Casteljau
construction on a cubic curve as follows.

void DeCasteljauCurve(float u, float3 p0, float3 p1, float 3 p2, float3 p3,
out float3 p)

{
float3 q0 = lerp(p0, p1, u);
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Figure 24: The de Casteljau construction for a cubic triangular Bézier patch.

float3 q1 = lerp(p1, p2, u);
float3 q2 = lerp(p2, p3, u);
float3 r0 = lerp(q0, q1, u);
float3 r1 = lerp(q1, q2, u);

p = lerp(r0, r1, u);
}

void DeCasteljauCurve(float u, float3 p0, float3 p1, float 3 p2, float3 p3,
out float3 p, out float3 dp)

{
float3 q0 = lerp(p0, p1, u);
float3 q1 = lerp(p1, p2, u);
float3 q2 = lerp(p2, p3, u);
float3 r0 = lerp(q0, q1, u);
float3 r1 = lerp(q1, q2, u);

dp = r0 - r1;
p = lerp(r0, r1, u);

}
void EvaluateRegularPatch(float2 uv, float3 p[16],

out float3 pos, out float3 nor)
{

float3 t0, t1, t2, t3;
float3 p0, p1, p2, p3;

DeCasteljauCurve(uv.x, p[ 0], p[ 1], p[ 2], p[ 3], p0, t0);
DeCasteljauCurve(uv.x, p[ 4], p[ 5], p[ 6], p[ 7], p1, t1);
DeCasteljauCurve(uv.x, p[ 8], p[ 9], p[10], p[11], p2, t2);
DeCasteljauCurve(uv.x, p[12], p[13], p[14], p[15], p3, t3 );

float3 du, dv;

DeCasteljauCurve(uv.y, p0, p1, p2, p3, pos, dv);
DeCasteljauCurve(uv.y, t0, t1, t2, t3, du);

nor = normalize(cross(du, dv));
}
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Figure 25: Comparison. (Input) quad mesh, (PN)-quad and (PN-lim) PN-Quad using Catmull-Clark limit
points and normals [Pet08], (ACC) [LS08a] (c-patch) [NYM+ 08, YNM+ ] (CC) [CC78].
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Figure 26: Comparison of a close-up image at the base of the nostril and arch of the eye between [LS08a]
(top) and [NYM+ 08, YNM+ ] (bottom).

In this section, we discussed three major recent schemes that have also been considered to be the
most ef�cient substitutes for Catmull-Clark subdivision surfaces. The generated shape quality by
various schemes are compared in Figure25and Figure26.

2.3.4 Displacement mapping

Displacement Mapping is a technique for adding geometric details to the mesh with a height map.
It is different from Bump Mapping or Normal Mapping in the sense that it changes the geometry
by moving vertices often along their normal directions according to the value in the height map.
The change of real geometry, not just normal for instance in Bump Mapping, permits parallax and
self-occlusion. For a detailed discussion, read Section3.5 in Chapter 3 and Section?? in Chapter
4.

2.4 Instanced tessellation on current hardware

While Direct3D 11 hardware is not yet available, it's possible to emulate some of its functionality
on current generation hardware. This is very useful in orderto provide fallback mechanisms for
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GPUs that do not support native tessellation yet.

One of the approaches to do that is the so-calledinstanced tessellation. The idea behind this
technique is to de�ne a generic re�nement pattern [BS05] that is replicated for each face of the
input mesh.

Figure 27: Re�nement patterns in the quad and triangle domain.

A generic re�nement pattern is just a regular tessellation of the tessellation domain (Figure27).
The index and vertex buffers of this re�nement pattern can bepre-computed for each desired tes-
sellation level, and the tessellated mesh can be rendered ef�ciently replicating the pattern multiple
times and using theVertex Shaderto evaluate the surface at each vertex of the re�nement pattern.

A simple way of doing that is issuing a draw call for each of there�nement patterns. However,
that would introduce a signi�cant draw call overhead that would cause the application to be CPU
bound. In order to avoid that most graphics APIs provide a mechanism to draw instanced geometry.

When graphics hardware did not have instancing capabilities, it was already possible to use similar
ideas as a form of geometry compression [For03]. Instead of dynamically instancing the tes-
sellation pattern, the mesh resulting from statically instancing the re�nement patterns was used.
However, by separating control point data from the parametric representation of the surface it was
possible to encode it very ef�ciently. That was done by compressing the vertices down to 32 bits
and by storing their barycentric coordinates as bytes, the index to the corresponding control point
data as a word.

While these procedures do not allow implementing the entiretessellation pipeline, they provide
an ef�cient mechanism to expand geometry on the GPU in a similar way to the �xed function
tessellator available in Direct3D 11. The main limitation is that it only allows rendering patches
at the same level of detail, and that the remaining stages of the pipeline need to be implemented
by other means. We will �rst see how to use instancing on some of the existing graphics APIs and
then how to work around some of these limitations.
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2.4.1 Instancing in Direct3D 9

Direct3D 9 was the �rst API to expose the instancing capabilities of the graphics hardware, but it
was only available on hardware that supported theVertex Shadermodelvs 3 0. The goal of this
feature was to reduce draw call overhead when rendering manynearly identical instances of the
same geometry that differed in some aspects, such as position, orientation or color. That is achieved
de�ning multiple vertex streams and changing the access frequency of the streams, so that one is
accessed for each vertex and the other streams containing the position and color information are
accessed for each instance.

For example, we can de�ne one vertex stream to access the parametric coordinates of the re�ne-
ment pattern, and another vertex stream to access the control points corresponding to each patch.
This approach has several problems: in the �rst place, theremay not be enough vertex attributes for
all the patch control points, and in the second place, loading all these attributes through the vertex
fetch unit would be very expensive. Instead, a better approach is to only add a single per-instance
attribute that contains an integerInstance IDthat can be used to sample the corresponding control
points from texture memory.

In order to achieve that we �rst need to create a vertex declaration that indicates that the parametric
coordinates and the instance ID are stored in separate streams:

const D3DVERTEXELEMENT9 vertexDescription[] =
{

{0, 0, D3DDECLTYPE_FLOAT2, D3DDECLMETHOD_DEFAULT, D3DDECLUSAGE_POSITION, 0}, // UV coordinate
{1, 0, D3DDECLTYPE_FLOAT1, D3DDECLMETHOD_DEFAULT, D3DDECLUSAGE_TEXCOORD, 0}, // Instance ID
D3DDECL_END()

};

pDevice->CreateVertexDeclaration(vertexDescription, &pVertexDeclaration);

Then, the vertex buffer that will be bound to stream 0 is initialized with the parametric coordinates
of the desired re�nement pattern, while the other (the instance buffer) is �lled with a sequence of
integers starting at zero and containing as many elements asdesired:

pDevice->CreateVertexBuffer(MAX_INSTANCES * sizeof(float), 0, 0, D3DPOOL_MANAGED, &pInstanceBuffer, NULL);

float * pInstanceData;
pInstanceBuffer->Lock(0, 0, (void ** )&pInstanceData, 0);

for (UINT i = 0; i < MAX_INSTANCES; i++)
pInstanceData[i] = float(i);

pInstanceBuffer->Unlock();

Prior to rendering, the two vertex streams are bound to the device. The one that contains the
parametric coordinates is read per vertex, while the one that contains theInstance IDsis read
once per instance. The device methodIDirect3DDevice9::SetStreamSourceFreq is used with
D3DSTREAMSOURCEINDEXEDDATAto specify the number of patches, and withD3DSTREAMSOURCEINSTANCEDATA
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to specify the frequency of the instance data:
// Set up the geometry data stream
pDevice->SetStreamSource(0, pVertexBuffer, 0, sizeof(f loat) * 2);
pDevice->SetStreamSourceFreq(0, D3DSTREAMSOURCE_INDE XEDDATA | patchCount);

// Set up the instance data stream
pDevice->SetStreamSource(1, pInstanceBuffer, 0, sizeof (float));
pDevice->SetStreamSourceFreq(1, D3DSTREAMSOURCE_INST ANCEDATA | 1UL);

Finally, the draw calls are issued as usual, and as a result, instead of rendering a single instance of
the re�nement pattern,patchCount instances will be rendered:

pDevice->DrawIndexedPrimitive(D3DPT_TRIANGLELIST, 0, 0, vertexCount, 0, faceCount);

In order to actually render a tessellated mesh, theVertex Shaderhas to load the control points based
on theInstance IDof the current patch, and evaluate the surface according to the loaded control
points and the input parametric coordinates. The resultingshader should look as follows:

struct AppVertex
{

float2 uv : POSITION;
float id : TEXCOORD; // Instance ID

};

MeshVertex TessellationVS(AppVertex input)
{

float3 pos, nor;
EvaluateSurface(input.id, input.uv, pos, nor);

MeshVertex output;
output.pos = mul(float4(pos, 1.0f ), WorldViewProj);
output.normal = nor;

return output;
}

2.4.2 Instancing in Direct3D 10

Direct3D 10 provides the same instancing mechanisms as Direct3D 9, but in addition to that it
also supports automatic generation ofInstance IDs. That means that in contrast with Direct3D 9,
there's no need to do any additional setup. The application simply renders the instanced re�nement
patterns by using theID3D10Device::DrawIndexedInstanced method as follows:

pDevice->DrawIndexedInstanced(indexCount, patchCount , 0, 0, 0);

In theVertex Shader, the only required change is to declare the vertexInstance IDattribute with
the System-Value semanticSV InstanceID :

struct AppVertex
{

float2 uv : POSITION;
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uint id : SV_InstanceID;
};

And the hardware generates the correspondingInstance IDattributes automatically.

An example that shows how to render a tessellated mesh in Direct3D 9 and Direct3D 10 is available
at theNVIDIA developer website.

2.4.3 Storage of control points in constant or texture memory

Constant and texture memory are both cached. However, constant memory is optimized for uni-
form access, that is, it's most ef�cient when a group of threads access the same memory address.
This usage pattern is ideal forinstanced tessellation, since all the vertices that belong to the same
instance will be accessing the same control points. [DRSar] compared different approaches to store
control points and concluded that at low tessellation levels both methods are competitive, but that
at high tessellation levels constant memory is the most ef�cient.

On Direct3D 9 the use of constant memory was not practical, because the number of constant
registers inVertex Shadermodelvs 3 0 was limited to 256 vectors and there was no way of ef�-
ciently updating them. On the other side, in Direct3D 10 it'spossible to create constant buffers in
advance. All the constants within a constant buffer are bound simultaneously, and that operation
is fairly ef�cient. The size of the constant buffers is also much higher, up to 4096 vectors, and
multiple constant buffers can be bound simultaneously. However, in many cases that is still too
limiting, which means that to render large meshes it may be necessary to partition them and render
them in multiple passes. Texture memory may have slightly lower performance, but doesn't have
the same constrains.

2.4.4 Instancing in OpenGL

Traditionally OpenGL had a lower draw call overhead than Direct3D. However, no matter how
small the overhead, it becomes signi�cant when the number ofinstances is high enough. For that
reason, the same instancing features available in Direct3D9 and Direct3D 10 are also available in
OpenGL through extensions.

TheGL ARB draw instancedextension introduces new draw calls that are conceptually equivalent
to a series of individual draw calls. It also introduces a read-only Vertex Shader”instance ID”
(gl InstanceID) variable that initially contains zero, but is incremented in each conceptual draw
call. This feature is equivalent to the instancing functionality available in Direct3D 10.

TheGL ARB instancedarraysextension rede�nes the entry points of the GLARB draw instanced
extension, so that in addition the ”instance id” variable, theVertex Shadercan also use vertex at-
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tributes as the source of per instance data. This feature is equivalent to the instancing functionality
available in Direct3D 9.

An OpenGL example that shows how to use these extensions to implementinstanced tessellation
is available at theNVIDIA developer website.

2.4.5 Instanced tessellation with adaptive re�nement

The instanced tessellation techniques described so far only allow rendering tessellated meshes with
a �xed level of detail. While that may be OK in some cases, in practice it would be desirable to
be able to adapt the level of detail based on the average area of the patch, the roughness of the
displacement map on the patch surface, the position of the camera relative to the patch, and other
factors. This is easily achievable in the Direct3D 11 pipeline, because the tessellation levels of the
patches are compute programmatically in theHull Shader. When using instanced tessellation it's
possible to achieve somewhat similar results, but as we willsee, it's a bit more complicated.

When the factors used to compute the level of detail do not depend on the position of the viewer, a
simple solution is to discretize the tessellation factors into buckets and split the mesh to draw it in
multiple draw calls, so that each draw call includes only patches that are in the same bucket. A sim-
ple strategy is to use buckets whose corresponding tessellation levels are in geometric progression,
for example:f 1; 2; 4; 8; 16g. Then the patches within each buckets are rendered simultaneously
using a different re�nement pattern with the correspondinglevel of detail.

The main problem of this approach is that the resulting mesh will have T-Junctions along the edges
of patches with different tessellation levels. Several solutions have been proposed to solve this
problem.

One of them is to create a matrix of re�nement patterns [BS08] in which the edges of the re�nement
patterns have different tessellation levels, so that they match up correctly with the adjacent patches
(Figure 28). However, the resulting matrix has three dimensions and therefore the number of
re�nement patterns grows cubically with maximum tessellation level. This is a problem not only
because of the storage requirements, but also because patches using different patterns would have
to be rendered in a different draw calls, so the large number of patterns would result in performance
degradation. The solution proposed by [BS08] is to constrain the edge tessellation factors of each
patch, so that the corresponding re�nement patterns belongto a smaller subset within matrix of
re�nement patterns.

A more simple approach is provided by [DRSar], where T-Junctions are eliminated by using a snap
function that moves boundary vertices and collapses triangles to make adjacent patches match up
correctly (Figure29).
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Figure 28: The matrix of adaptive re�nement patterns for thetriangular domain. Figure courtesy of [BS08].

Figure 29: Vertex snapping in semi-uniform adaptive tessellations. Figure courtesy of [DRSar].

In many cases the factors used to determine the patch tessellation levels cannot be statically pre-
computed, that is the case when the factors are view dependent or when the mesh is animated. In
those cases, it's not possible to precompute the bucket thateach patch belongs to, but instead the
buckets need to be assigned dynamically.

[Tat08] and [Cas08a] propose the use of one render queue for each bucket. These render queues
can be updated easily in the CPU, but that requires an expensive CPU readback. [DRSar] proposes
the use of CUDA to build the render queues entirely in the GPU using one pre�x sums per bucket.
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2.4.6 Emulating theVertex Shaderand theHull Shader

One of the remaining differences between the Direct3D 11 tessellation pipeline and theinstanced
tessellationpipeline is thatinstanced tessellationdoes not provide a mechanism to animate and
convert convert points, so these tasks need to be emulated ina different way.

The most simple approach is to simply perform these tasks in the CPU as described in3.3. How-
ever, [NYM+ 08] also shows that in Direct3D 10 it's possible to keep these tasks in the GPU
performing animation and conversion of control points in multiple rendering passes by using both
theVertex Shaderand theGeometry Shader, and relying on theStream-Output Stageto output the
results of each pass to the next.

2.4.7 Vertex cache optimizations

As described in section2.4, it's possible to emulate native hardware tessellation by rendering
a regular re�nement pattern multiple times. In order to accomplish that in the most ef�cient way
possible it's necessary to optimize the layout of this pattern or grid in order to minimize the number
of vertex transforms. Figure30 shows that the results are suboptimal with a straightforward way
to lay out the vertices of a grid.

Figure 30:(a) The �rst two rows of a4 � 4 grid layed out in a straightforward way. (b) With a theoretical vertex cache with 8
entries, the location of the vertices after rendering the �rst 6 triangles of the �rst row. (c) shows the result after rendering the next
two triangles. Notice that the �rst two vertices are no longer in the cache. (d) With further process, two of the vertices that were
previously in the cache need to be loaded again.

Instead of using the straightforward layout, its possible to traverse the triangles inMorton or
Hilbert order, which are known to have better cache behavior. Another possibility is to feed the
triangles to any of the standard mesh optimization algorithms such as K-Cache-Reorder [LY06],
Tipsy [SNB07] and Forsyth [For06].

All these options are better than not doing anything, but still produce results that are far from the
optimal. Table1 shows the results obtained for a16 � 16 grid and with a FIFO cache with 20
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entries. ACMR stands for the average cass miss ratio (numberof vertex transforms per primitive),

Method ACMR ATVR
Scanline 1.062 1.882

Tipsy 0.885 1.567
NVTriStrip 0.818 1.450

Morton 0.719 1.273
K-Cache-Reorder 0.771 1.260

Hilbert 0.666 1.239
Forsyth 0.666 1.180
Optimal 0.564 1.000

Table 1: The results on a16� 16 grid and with a FIFO cache with 20 entries

and ATVR for average transform to vertex ratio (number of vertex transforms per vertex). We can
see that even the best algorithms produce almost 20% more vertex transforms than what we could
achieve in the optimal case. The most important observationis that, for every row of triangles, the
only vertices that are reused are the vertices that are at thebottom of the triangles, and these are
the vertices that we would like to have in the cache when rendering the next row of triangles.

Figure 31: Prefetching vertices in scanline order.

When traversing triangles in scanline order the cache interleaves vertices from the �rst and second
row. However, we can avoid that by prefetching the �rst row ofvertices (Figure31 left). That
can be done by issuing degenerate triangles. Once the �rst row of vertices is in the cache, we
can continue adding the triangles in scanline order. The interesting thing now is that the vertices
that leave the cache are always vertices that are not going tobe used anymore (Figure31right). In
general, the minimum cache size to render aW � W grid without transforming any vertex multiple
times isW + 2. The degenerate triangles introduce a small overhead, so it's also desirable to avoid
them when the cache is suf�ciently large to store two rows of vertices. When the cache is too small
you also have to split the grid into smaller sections and apply this method to each of them. The
following code accomplishes that:
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void gridGen(int x0, int x1, int y0, int y1, int width, int cac heSize)
{

if (x1 - x0 + 1 < cacheSize)
{

if (2 * (x1 - x0) + 1 > cacheSize)
{

for (int x = x0; x < x1; x++)
{

indices.push_back(x + 0);
indices.push_back(x + 0);
indices.push_back(x + 1);

}
}

for (int y = y0; y < y1; y++)
{

for (int x = x0; x < x1; x++)
{

indices.push_back((width + 1) * (y + 0) + (x + 0));
indices.push_back((width + 1) * (y + 1) + (x + 0));
indices.push_back((width + 1) * (y + 0) + (x + 1));

indices.push_back((width + 1) * (y + 0) + (x + 1));
indices.push_back((width + 1) * (y + 1) + (x + 0));
indices.push_back((width + 1) * (y + 1) + (x + 1));

}
}

}
else
{

int xm = x0 + cacheSize - 2;
gridGen(x0, xm, y0, y1, width, cacheSize);
gridGen(xm, x1, y0, y1, width, cacheSize);

}
}

This may not be the most optimal grid partition, but the method still performs pretty well in those
cases. Table2 and Table3 show the results for a cache with 16 entries and 12 entries respectively.
In all cases, the proposed algorithm is signi�cantly fasterthan the other approaches.

Method ACMR ATVR
Scanline 1.062 1.882

Tipsy 0.771 1.260
NVTriStrip 0.775 1.374

Morton 0.750 1.329
K-Cache-Reorder 0.766 1.356

Hilbert 0.754 1.336
Forsyth 0.699 1.239
Optimal 0.598 1.059

Table 2: Results using the optimal grid partition with 20 entries.
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Method ACMR ATVR
Scanline 1.062 1.882

Tipsy 0.758 1.343
NVTriStrip 0.875 1.550

Morton 0.812 1.439
K-Cache-Reorder 0.807 1.491

Hilbert 0.797 1.412
Forsyth 0.859 1.522
Optimal 0.600 1.062

Table 3: Results using the optimal grid partition with 12 entries

2.5 Watertight Tessellation

The Direct3D 11 hardware tessellation of polynomial surfaces starts with a coarse input mesh.
Since each parametric patch is independently constructed by a facet and its 1-ring neighborhood,
the input mesh is split into a set of patch primitives to take full advantage of the GPU SIMD (Single
Instruction, Multiple Data) parallelism. Each patch primitive is �rst converted to a polynomial
surface patch and then evaluated at parametric domains. Dueto independent parallelism of patch
evaluation, the surface tessellation is subject to round off error and cracking along the boundary of
two adjacent tessellated patches.

2.5.1 Watertight Position Evaluation

Position water-tightness means cracks/holes free. The base mesh is �rst transformed to control
points that de�ne a set of patches in theHull Shader. theDomain Shaderevaluates positions and
normals of the �nal surface at parametric domains. The positions of all points along the shared
edge of two adjacent patches should have the same value; otherwise, we will see cracks/holes
in the mesh.The cracks can be caused by implementation errors. Even if the implementation is
completely correct, small cracks may appear because of limited �oating point precision. Due to
the �oating point precision issue in the hardware, additionis not always commutative as it should
be. To prevent cracks/holes caused by this limitation, we need to take care of the following two
phases:

Control Points Derivation Three types of control points (corner point, edge point and interior
point) are derived from a face (either quad or triangle) and its 1-ring. The problems come from
computing corner points and edge points because they are shared by multiple patches. For a closed
surface, a corner point is computedn times given it is surrounded byn faces. If the computa-
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Figure 32: The corner point is shared by 3 patches A, B and C. The inconsistent ordering of weighed
summation results in pixel dropout.

tion result differs among adjacent patches, the cracks occur on the �nal surface. For example in
Figure32, the corner pointv is derived as the point on the Catmull-Clark limit surface bytaking
linear combinations of its neighborsp0; p1; p2; p3; p4 andp5. If the summation order is inconsistent
among patch constructions forA; B; C , non-commutativity of �oating point addition might lead
to slightly different value. As a result, the tessellated surface won't be water-tight. The similar
problem applies to edge points as each edge point is computedtwice by adjacent patches. The
solution is to ensure the consistent ordering of 1-ring. The1-ring connectivity is usually stored in
textures.

If two adjacent patches are of the same type, the shared control points are computed using the same
stencil. However, we need to be careful if their patch types are different. For all the schemes intro-
duced in Section2.3 the edge points and corner points are always evaluated usingthe same rules
regardless of patch type. Only the face/interior points differ. Since only corner and edge points are
possibly shared, control points evaluation from differentpatch types do not make difference than
from two abutting patches of the same type in terms of water-tightness.

Patch Evaluation Water-tight patch evaluation only needs to be taken care along the shared
boundary of two patches. The shared boundary in methods[LS08a, NYM+ 08, MNP08, YNM+ ] is
essentially a cubic curve. Speci�cally,

p(u) =
nX

i =0

bi

�
n
i

�
ui (1 � u)n� i : (11)

Two possible parametric directions along the boundary disagree on the same �nal position because
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Figure 33: Red lines highlight the area where two directionsoccur along the same edge. Rearrangement
gets rid of this ambiguity and ensure consistent parametrization.

a + b+ c + d 6= d + b+ c + a in hardware using IEEE �oating point representations. We need
to make sure the addition always take the same order. This canbe achieved by either consistent
parametric orientation or symmetric evaluation along the shared edge. The �rst solution works on
quadrilateral meshes. By sorting all patches in consistentparametric direction along the same edge
as shown in Figure33 to remove orientation ambiguity. For generic mesh, we applysymmetric
evaluation. One example is to use symmetric de Casteljau algorithm. Figure34 illustrates how
it works to iteratively evaluate polynomials in Bernstein form in 2D. Assume these two adjacent

Figure 34:b30 is the position evaluated at(ul ; ur ) on the cubic curve de�ned byb00 ; b01 ; b02 ; b03 . ul + ur = 1 .

patches arePa andPb. The evaluation from patchPa:

b10 := ulb00 + ur b01; (12)
b12 := ulb01 + ur b02;
b13 := ulb02 + ur b03:
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Switch the orientation and now take the evaluation from patch Pb:

b10 := ur b01 + ulb00; (13)
b12 := ur b02 + ulb01;
b13 := ur b03 + ulb02:

BecauseA + B = B + A in �oating point representation, both patches lead to the same values
for b10; b20; b30. The same principle applies to every re�nement step. Therefore, the �nal position
on the curve is the same from both patches. More description of evaluation using de Casteljau
algorithm can be found in Section2.3.3.

2.5.2 Watertight Normal Evaluation

When implementing displacement mapping, the normal computation at each shared point needs
to reach the same value. Otherwise, discontinuities might appear in the highly-detailed shapes as
the tessellated vertex is displaced to a slightly differentposition because of inconsistent normal
�elds. At a shared corner vertex, each patch contributes to apair of tangent, bitangent vectors.
Although theoretically each pair should agree with each other, in the digital word with �oating
point representations no pairs are exactly the same. This issue is also raised from shared edges.
One solution is to de�ne ownership at each shared vertex and edge. Namely, only one patch owns
the shared vertex/edge. For normal evaluation at those problematic areas, we apply the normal
�eld computed from the patch that owns the vertex/edge. Thisidea is similar to Zippering Method,
which will be introduced in the next section.

2.5.3 Watertight Texture Seams

The other problem in watertight displacement mapping is dealing with texture seams. Texture
seams are discontinuities in the parametrization. These discontinuities are always necessary unless
the mesh has the topology of a disk, but in general meshes needto be partitioned into charts that
are then parameterized independently.

A Simple Solution A simple solution to this problem is to manually alter the geometry along the
seams to make it self intersect. While that does not result inwatertight surfaces, the resulting holes
are not visible. The main problem of this approach is that it requires artist intervention, creates
open meshes, and only works for opaque surfaces; it would be nice to have more robust solutions.
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Seamless Parametrization Methods Fortunately this problem has been studied extensively and
seamless parametrization methods have been developed. These are automatic parameterizations in
which the chart texels are properly aligned across boundaries. Displacement maps are generally not
painted using traditional image editing applications, butcreated in specialized sculpting tools (such
usZBrushR
 andAutodeskR
 MudboxTM) or generated procedurally in attribute capture tools like
xNormal. That means that it is possible to store displacements usingautomatic parameterizations,
since the artist does not need to edit the texture manually.

The most straightforward seamless parametrization methodis the one used by ZBrush, which is
very similar to the ones proposed in [CH02]. ZBrush maps every face of the mesh to a quad in
texture space, so that all edges are either vertical or horizontal, and have the same length. This
method is very easy to implement, but has several problems:

� It introduces a large number of seams in the mesh, which increments the number of vertex
transforms.

� It does not make ef�cient use of the texture space, because all faces, independently of their
area, are mapped to quads of the same size.

ZBrush provides an option to group faces into larger charts while preserving the edge length and
orientation, which helps reducing the number of vertex transforms. It also has an option to scale
the charts in proportion to their surface area, but that breaks the seamlessness.

In order to alleviate these problems, another solution is touse rectangular charts (instead of single
faces) to map them to texture-space quads. That was �rst proposed in [PCK04], where rectangular
charts are created by �rst clustering polygons into arbitrary sided charts and then partitioning
them into quadrilaterals using a Catmull-Clark-inspired scheme: An entirely different approach is
described in [DBG+ 06], where a quadrangulation is constructed from the optimized Morse-Smale
complex of the natural harmonics of the surface. The main limitation of this approach is that it
only handles closed surfaces, and requires manual selection of the eigenfunction to produce charts
of the desired size. [JH08] solves these problems and also adds support for explicit constraints.

These two methods create quadrangulations without T-Junctions. Although that may seem a nice
property, [CHCH06] shows that its possible to remove that constraint and stillachieve smooth
parametrization, resulting in better parametrization with less distortion. Another interesting method
is the one described in [TACSD06]. This method is even more �exible; instead of de�ning
charts before the parametrization, it introduces singularity points in the mesh and computes the
parametrization globally. Then the mesh can be cut connecting the singularity points arbitrar-
ily. However, the resulting parametrization exhibit sharpspikes at the singularity points. Other
methods try to achieve continuity between patches using constraints and parameterizing adjacent
patches simultaneously. That is for example the case of [KSG03], but it only minimizes the dis-
continuities and does not fully remove them.
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For more information about parametrization methods in general, [FH05] and [SPR06] provide an
overview of most parametrization methods available to date.

Figure 35: Texture seams cause holes in the mesh.

Water-tightness and Texture Mapping Precision Modern hardware uses a �oating point represen-
tation to interpolate texture coordinates. That can cause problems, because �oating point values
have more precision closer to the origin than farther from it[Goldberg91]. As a result, interpola-
tion of texture coordinates along an edge closer to the origin will produce a different set of samples
than interpolation along an edge that is farther from it. This is exactly what happens on texture
seams and will result in small cracks in the mesh even when using a seamless parametrization.
When using programmable tessellation hardware as speci�edby Direct3D 11, interpolation is per-
formed explicitly in theDomain Shader(or in theVertex Shaderwhen using instanced tessellation
on older GPUs). That's what enables the use of higher order interpolation, but it also allows the
use of �xed point instead of �oating point for interpolation. However, �xed point interpolation
alone does not solve all the problems. Another problem is that bilinear interpolation of texture
samples is not symmetric. Sampling at� between two adjacent texels does not produce the same
result as sampling at 1-� when the values of the texels are reversed. This is also true for nearest
�ltering, because the result of sampling at 0.5 is unde�ned.For this reason, none of the seamless
texture mapping algorithms solve the water-tightness problem entirely. So, it's necessary to use
other methods.

Zippering Method A different approach is to introduce a triangle strip connecting the vertices
along the seam. These strips can be generated with the same tessellation unit used to generate the
patches, by setting the tessellation level equal to 1 in one of the parametric directions. This solves
the problem nicely, but requires rendering more patches, and introduces additional triangles that in
most cases are nearly degenerate.

Another interesting solution is the zippering method proposed in [Sander03]. The idea is to sample
the displacement (or the geometry image) on both sides of theseam and to use the average of the
two samples. The main problem of this approach is that it requires two texture samples along
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Figure 36: Seamless parameterizations remove bilinear artifacts, but do not solve �oating point precision
and bilinear �ltering issues.

the seams, which means you have to take two samples in all cases, or use branching to take an
extra sample on the seam vertices only. However, the averaging method does not work for corners.
Along the edges there are only two possible displacement values, one for each side of the seam,
but on corners there are more than two. Storing an arbitrary number of texture coordinates, and
taking an arbitrary number of texture samples would be too expensive. A simple solution is to snap
the corner texture coordinates to the nearest texel, and make sure that the displacement value for
that vertex is the same for all patches that meet at that corner.

A cheaper solution that only requires a single texture sample and handles corners more gracefully
is to de�ne patch ownership of the seams [Cas08b, Cas08a]. By designating the patch owner for
every edge and corner, all patches can agree what texture coordinate to use when sampling the
displacement at those locations. That means that for every edge and for every corner we need to
store the texture coordinates of the owner of those features. That is a total of 4 texture coordinates
per vertex, (16 for quads and 12 for triangles). At runtime, only a single texture sample is needed;
the corresponding texture coordinate can be selected with asimple calculation:

// Compute texture coordinate indices (0: interior, 1,2: ed ges, 3: corner)

int idx0 = 2 * (uv.x == 1) + (uv.y == 1);
int idx1 = 2 * (uv.y == 1) + (uv.x == 0);
int idx2 = 2 * (uv.x == 0) + (uv.y == 0);
int idx3 = 2 * (uv.y == 0) + (uv.x == 1);

// Barycentric interpolation of texture coordinates
float2 tc = bar.x * texCoord[0][idx0] +

bar.y * texCoord[1][idx1] +
bar.z * texCoord[2][idx2] +
bar.w * texCoord[3][idx3];

In the averaging method we would have to store the texture coordinate of every patch that con-
tributes to a shared feature. Edges are shared by only two patches, but corners can be shared by
many patches. By de�ning the ownership of the shared features (corners and edges), we only have
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to store the texture coordinates of the patch that owns the corresponding feature. So, we have:

� 4 texture coordinates for the interior (4).

� 2 texture coordinates for each edge (8).

� 1 texture coordinate for each corner (4).

Therefore, the total number of texture coordinates per patch is: 4 + 8 + 4 = 16 . Deciding what
patch owns a certain edge or corner is done as a pre-process, so that the patch texture coordinates
can be computed in advance. The way we store these texture coordinates is shown in Figure37.

Figure 37: The texture coordinates at 4 corner vertices.

Each vertex has:

� one interior texture coordinate. (index 0)

� one edge texture coordinate for each of the edges. (index 1 and 2)

� one corner texture coordinate. (index 3)

On the interior, we interpolate the interior texture coordinates bi-linearly:
float2 tc = bar.x * texCoord[0][0] +

bar.y * texCoord[1][0] +
bar.z * texCoord[2][0] +
bar.w * texCoord[3][0];

where bar stands for the barycentric coordinates:
bar.x = ( uv.x) * ( uv.y);
bar.y = (1 - uv.x) * ( uv.y);
bar.z = (1 - uv.x) * (1 - uv.y);

58



bar.w = ( uv.x) * (1 - uv.y);

On the edges we interpolate the edge texture coordinates linearly:
if (uv.y == 1) tc = texCoord[0][1] * bar.x + texCoord[1][2] * bar.y;
if (uv.y == 0) tc = texCoord[2][1] * bar.z + texCoord[3][2] * bar.w;
if (uv.x == 1) tc = texCoord[3][1] * bar.w + texCoord[0][2] * bar.x;
if (uv.x == 0) tc = texCoord[1][1] * bar.y + texCoord[2][2] * bar.z;

And at the corners we simply select the appropriate corner texture coordinate:
if (bar.x == 1) tc = texCoord[0][3];
if (bar.y == 1) tc = texCoord[1][3];
if (bar.z == 1) tc = texCoord[2][3];
if (bar.w == 1) tc = texCoord[3][3];

The same thing can be done more ef�ciently using a single bilinear interpolation preceded by some
predicated assignments:

// Interior
float2 t0 = texCoord[0][0];
float2 t1 = texCoord[1][0];
float2 t2 = texCoord[2][0];
float2 t3 = texCoord[3][0];

// Edges
if (uv.y == 1) { t0 = texCoord[0][1]; t1 = texCoord[1][2]; }
if (uv.y == 0) { t2 = texCoord[2][1]; t3 = texCoord[3][2]; }
if (uv.x == 1) { t3 = texCoord[3][1]; t0 = texCoord[0][2]; }
if (uv.x == 0) { t1 = texCoord[1][1]; t2 = texCoord[2][2]; }

// Corners
if (bar.x == 1) t0 = texCoord[0][3];
if (bar.y == 1) t1 = texCoord[1][3];
if (bar.z == 1) t2 = texCoord[2][3];
if (bar.w == 1) t3 = texCoord[3][3];

float2 tc = bar.x * t0 + bar.y * t1 + bar.z * t2 + bar.w * t3;

And �nally, the predicated assignments can be simpli�ed andreplaced by an index calculation:
// Compute texture coordinate indices (0: interior, 1,2: ed ges, 3: corner)
int idx0 = 2 * (uv.x == 1) + (uv.y == 1);
int idx1 = 2 * (uv.y == 1) + (uv.x == 0);
int idx2 = 2 * (uv.x == 0) + (uv.y == 0);
int idx3 = 2 * (uv.y == 0) + (uv.x == 1);

float2 tc = bar.x * texCoord[0][idx0] +
bar.y * texCoord[1][idx1] +
bar.z * texCoord[2][idx2] +
bar.w * texCoord[3][idx3];

The same idea also applies to triangles:
// Interior
float2 t0 = texCoord[0][0];
float2 t1 = texCoord[1][0];
float2 t2 = texCoord[2][0];
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// Edges
if (bar.x == 0) { t1 = texCoord[1][1]; t2 = texCoord[2][2]; }
if (bar.y == 0) { t2 = texCoord[2][1]; t0 = texCoord[0][2]; }
if (bar.z == 0) { t0 = texCoord[0][1]; t1 = texCoord[1][2]; }

// Corners
if (bar.x == 1) t0 = texCoord[0][3];
if (bar.y == 1) t1 = texCoord[1][3];
if (bar.z == 1) t2 = texCoord[2][3];

float2 tc = bar.x * t0 + bar.y * t1 + bar.z * t2;

And the resulting code can be optimized the same way:
int idx0 = 2 * (bar.z == 0) + (bar.y == 0);
int idx1 = 2 * (bar.x == 0) + (bar.z == 0);
int idx2 = 2 * (bar.y == 0) + (bar.x == 0);

float2 tc = bar.x * texCoord[0][idx0] +
bar.y * texCoord[1][idx1] +
bar.z * texCoord[2][idx2];

Partition of Unity The zippering methods produce watertight results independently of the param-
eterizations. However, if the parameterizations is not seamless or if the features of the displacement
map are different on each side of the seam, then that will result in sharp discontinuities, not holes,
but undesirable creases along the seams. These problems canbe avoided using a seamless parame-
terizations and generating the displacement maps making sure that the displacements match along
the seams. However, another solution is to use a partition ofunity as proposed by [PB00]. A parti-
tion unity is a method to combine multiple texture parameterizations to produce smooth transitions
between them. The idea is to de�ne transition regions aroundthe seams, so that on those regions
both parameterizations are used to sample the texture and the results are blended smoothly. The
zippering methods described before are just a special case of a partition of unity in which the blend
function is just the unit step function.

Conclusion There are many different solutions to achieve watertightness when sampling of dis-
placement maps. We advocate the use of zippering methods, since they do not impose any restric-
tion on the parameterizations of the mesh and work with arbitrary displacement maps. They are
easy to implement and do not add much overhead to the shaders,even though they increase the
number of texture coordinates. Note that even when using zippering methods to guarantee wa-
tertightness, the use of seamless (or nearly seamless) parameterizations is still valuable, because
they eliminate any visible crease or discontinuity along the seams. These artifacts can also be
avoided by combining multiple parameterizations using a partition of unity, but these methods are
too expensive to be practical.
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3 Approximate Subdivision Surfaces in Valve's Source Engine

Jason Mitchell, Valve

Figure 38: Character from the gameTeam Fortress 2modeled as a Catmull-Clark subdivision surface and
rendered with Valve's subdivision surface approximation (based on ACC patches). The character and his
weapon contain sharp features which require crease supportto render correctly. In the second image, the
black lines indicate patch edges with tagged crease edges highlighted in green.

3.1 Introduction

At Valve, we have invested early in GPU-friendly approximations to displaced Catmull-Clark sub-
division surfaces with the expectation that this will accelerate our ability to exploit hardware tessel-
lation as it becomes available in Direct3D 11 hardware [Gee08]. Our software architecture follows
the Direct3D 11 pipeline architecture in order to ease the eventual migration to hardware. As a
result, we have been able to address implementation detailsspeci�c to mapping Loop and Schae-
fer's Approximate Catmull-Clark (ACC) [LS08a] scheme to Direct3D 11 such as those discussed
in Section2.3 and have even extended ACC to include support for hard creases [KMDZ09]. In
this chapter, we will describe our system, including the run-time characteristics of two different
implementations, extensions necessary to support displacement mapping and implications for our
authoring pipeline.

3.2 Motivation

Higher-order surfaces have long been standard in the �lm industry due to their ability to compactly
represent high quality smooth surfaces. In the real-time space, we anticipate widespread adoption
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of higher-order surface schemes as GPU compute density continues to outstrip memory and mem-
ory bandwidth, particularly when it comes to console designs which tend to be especially memory
constrained. In addition to the pure compute-related motivations for moving tessellation and sur-
face evaluation onto the GPU, higher-order surfaces have a number of other desirable properties.
Higher-order surfaces have a natural LOD mechanism, as theycan be arbitrarily tessellated to trade
off quality and performance. We are interested in the ability to author assets which allow us to scale
bothupanddown. That is, we want to build a model once and be able to scale itup to �lm quality
using tessellation and displacement mapping for use in of�ine-rendered movies as well as future
hardware. Conversely, we want to be able to naturally scale the quality of an assetdownto meet the
needs of real-time rendering on a given system. We expect that such models can be tailored to dove-
tail with traditional polygon rendering both at runtime andin the art pipeline, which is essential
when assets must be reused across hardware with varying performance levels and feature support
(including no higher-order surface support at all). Another nice advantage of higher order surfaces
is that their use is orthogonal to most shading techniques, including many popular rendering trends
such as screen space techniques and deferred rendering, which are agnostic to the upstream geom-
etry representation that populates their image-space inputs[ST90][DWS+ 88][Mit07][Val07]. For
these reasons, we have advocated the implementation of tessellation hardware and have chosen to
take on the risk of investing in this technology prior to hardware availability.

3.3 Software Pipeline

Hull ShaderHull Shader

Vertex ShaderVertex Shader

Dom ain Shader im plem ented
by hardware Vertex Shader

Pixel ShaderP ixel Shader

Hull ShaderHull Shader

Vertex ShaderVertex Shader

Native Tessellator

Pixel ShaderP ixel Shader

Instanced Tessellation Native Tessellation

Tessellator em ulated
with instanced patches

Dom ain Shader im plem ented
by hardware Vertex Shader

Figure 39: DX11 pipeline using instanced
& native tessellation on DX9

We have mapped the Direct3D 11 pipeline onto Di-
rect3D 9, includinginstancedandnative tessellation
codepaths, where the vertex shader and hull shader
are implemented in software on the CPU and the re-
maining stages are executed on the GPU as shown in
Figure39. The CPU-side vertex shading operations
include skinning, vertex morphing and other opera-
tions which are appropriate to perform at the control
mesh level. Post-transform control mesh vertices are
then sent to a threaded and SIMD-optimized software
hull shader where they are mapped to a set of Bézier
patches using our technique. This data is copied asyn-
chronously to a �oating point texture map in GPU
memory for subsequent processing by the GPU.

With the control points sitting in a �oating point tex-
ture, domain points are instantiated with appropriate
mesh connectivity on the GPU using either hardware
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instancing or ATI's native hardware tessellator. Af-
ter this on-chip data ampli�cation, the GPU's vertex
shader—playing the role ofdomain shader—evaluates Bézier patch positions and tangent frames
at the newly-generated vertices using Bézier control points fetched from the �oating point texture
generated by the CPU-side hull shader. In our case, the Catmull-Clark to ACC conversion was
done on the CPU, though it can be performed on the GPU as is doneby the SubD10 sample in the
DirectX SDK as well as by [NYM+ 08].

We can then instantiate domain points using eitherinstanced tessellationor native tessellation.
As discussed in Section2.4, instanced tessellation is available in shader model 3.0 hardware with
vertex texture fetch capabilities such as NVIDIA GeForce 8x00 and ATI RADEON HD 2x00 and
newer GPUs. Native tessellation is available in the XBox 360as well as ATI's Direct3D 10 class
GPUs [Lee06] [Tat07].

3.3.1 Native Tessellation

ATI's hardware tessellator instantiates the vertex shaderat u; v points in the[0::1]2 domain and
provides the shader with access to all of the “super-primitive” data from the input vertices [Lee06]
[Tat07]. In ATI's terminology, “super-primitive” refers to the notion that the shader has access to
the attributes of the vertices de�ning thewholeprimitive—in our case, all four vertices de�ning
each quad. This is in contrast to a traditional vertex shaderwhich only has access to the attributes
of a single vertex, with no primitive-level information. The ATI model behaves much like a limited
form of domain shader in that the shader has access to primitive-level data, albeit much less data
than is made available to a Direct3D 11 hardware domain shader. In our implementation of native
tessellation the domain/vertex shader uses this super-primitive data and fetched Bézier patch data
to evaluate patch attributes.

The remainder of the graphics pipeline is unchanged, so an implementor need only alter exist-
ing vertex shaders and vertex buffer layouts to take advantage of tessellation. In Valve's Source
engine, minimal changes were necessary to add this functionality to existing production-tested ver-
tex shaders, though we did run into some limitations of the Direct3D 9 vertex shader programming
model which we will discuss below.

3.3.2 Performance

In our architecture, it has been fairly straightforward to maintain both instanced and native tessel-
lation codepaths so that we can measure tradeoffs of the two approaches. For example, as we will
discuss below, we have measured performance advantages in the instancing path. Despite this, it is
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convenient to maintain the native tessellation method, both as a means of cross-checking algorith-
mic details as well as to gain access to the additional features provided by native tessellation such
as easy access to �oating point tessellation and separate per-edge LOD functionality necessary to
implement adaptive subdivision.

CPU Performance As discussed in section3.3, we perform vertex and hull shading on the CPU
using a software architecture modeled on the Direct3D 11 pipeline. In our measurements, the pri-
mary bottleneck in the CPU hull shader's conversion from Catmull-Clark to Bézier patches using
ACC is the computation of the tangent patches. As mentioned in Section2.3.2, quad meshes are
typically comprised of a mix of regular and extraordinary patches, each with different properties.
Because of the nature of ACC, we can avoid the signi�cant performance cost of computing tangent
patches for the regular patches of the mesh since they are notrequired. Hence, the overall perfor-
mance is dependent on the mix of valences in the mesh being converted, where a mesh consisting
of only regular patches could see as much as a twofold performance increase over a wholly extraor-
dinary mesh. Additionally, we have vectorized the conversion math using CPU SIMD operations,
lookup tables and loop unrolling, resulting in roughly a2x speed improvement relative to our orig-
inal CPU implementation. Further, since hull shader invocations are independent of one another
in the Direct3D 11 pipeline architecture, it is natural to split this computation across CPU multiple
cores. Threading the hull shader invocations resulted in anadditional3.58xperformance improve-
ment on 4 cores for meshes between 1000 and 10,000 patches. Naturally, these CPU speedups are
independent of the chosen GPU data ampli�cation method (instanced or native tessellation).

GPU Performance On the GPU side of the bus, we can compare the performance of instanced
and native tessellation. In Table4, we compare instanced and native tessellation performanceof
the datasets shown in Figure40 using the ATI RADEON 4870 X2, which is capable of running
both codepaths.

Native Tessellation Instanced Tessellation

Mesh N=3 N=9 N=15 N=3 N=9 N=15

Car 1344 1296 589 1550 1301 846

Ship 1245 326 137 1196 473 222

Poly 747 160 65 532 304 132

Table 4:Performance Comparisons- The Car, Ship and Poly models contain 1164, 5180 and 10618 quad
faces. Performance numbers are in frames per second, measured on an Intel Quad Core Q9450 2.66GHz
and ATI RADEON 4870 X2.N = number of tessellated vertices per control mesh edge.

In our tests, we have often seen the instanced path perform twice as fast as the native path. As you
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Figure 40: Car, Rocket Frog, Ship and Poly models used in performance measurements. The models contain
1164, 1292, 5180 and 10618 quad faces respectively

would expect, both techniques perform the same number of texture operations. Due to differences
in the hardware interfaces, however, the native tessellation shader uses roughly 16% more instruc-
tions than the instanced patch shader. This minor difference does not explain the2x performance
delta, leading us to conclude that the performance difference is not entirely related to shader length,
but rather, is related to deeper hardware implementation details.

Graphics Pipeline State Our measurements indicate that ATI's native tessellation path seems to
be more impacted by the rest of the pipeline state, notably the complexity of the pixel shader and
the number of interpolators output from the vertex shading unit to triangle setup. The numbers
in Table4 were generated with a vertex shader which outputs two interpolators to a trivial pixel
shader. If we output �ve interpolators to a 22 instruction pixel shader, we measure a 1.8x to 2x per-
formance hit when using native tessellation. The instancedtessellation path sees no performance
penalty with the same change. Given that our production shaders frequently max out the number
of vertex shader outputs (up to 10 4D vectors in Direct3D 9), the instanced tessellation path has a
signi�cant performance advantage in practice.

Regular vs Extraordinary Patches Through our own tests and using hardware analysis tools such
as NVPerfHUD, we have determined that both the instanced andnative hardware tessellation
shaders are vertex texture fetch bound. Each invocation of the domain shader performs 30 fetches
of packed control point data (12 for the control points, and 9for each of the two tangent patches).
For regular patches (with all vertices of valence 4), we can avoid fetching the tangent patch control
points and use the de Casteljau algorithm (described in Section 2.3.3) to compute both positions
and normals. This saves 18 texture fetches for these patchesat the expense of drawing regular and
extraordinary patches with two API calls rather than one. Inthis case, we measured a 20% (1.9ms)
performance improvement in GPU evaluation cost at N = 33 for the rocket frog mesh by splitting
evaluation of regular and extraordinary patches. In addition, we avoid calculating tangent patches
for regular patches when converting from Catmull-Clark to ACC in the (CPU) hull shader. In our
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implementation, this saves an additional 0.26 ms of CPU timeon the rocket frog.

In practice, care should be taken with small meshes (< 2000 patches) with few regular patches.
Separating regular and extraordinary vertices requires two API calls—as opposed to just one—and
the CPU-side overhead of this extra API call can outweigh thesavings gained by reducing the
shader load for regular patches. Additionally, we have found it advantageous (and in some cases
necessary) to keep the use of vertex shader general purpose registers to a minimum, particularly
when combining patch evaluation with some of the more advanced vertex shaders that we have
used in recent games such asTeam Fortress 2, Portal, Left 4 Deadand theHalf-Life 2 series. To
reduce the number of GPRs, we reorganized the shader code to split the loading and evaluation
of the geometry patch and the loading and evaluation of the tangent patches, allowing GPRs to
be reused between position evaluation and tangent evaluation. This made the implementation
somewhat awkward, but the Direct3D 9 vertex shader programming model simply exhausted its
general purpose register bank without such shader massaging.

Staying “On Chip” It is worth noting that the Direct3D 11 hardware pipeline is designed to elim-
inate the need for the domain shader to fetch control point data from memory. That is, once all
stages of this approximate Catmull-Clark rendering methodhave migrated to Direct3D 11 GPUs,
the transmission of control point data from the hull shader to the domain shader will not require the
control points to ever reside in off-chip memory. The control points will only exist �eetingly “on
chip,” computed at patch granularity by the hull shader and used for evaluation at post-tessellated
vertex granularity by the domain shader. It is the hope of API, hardware and game designers that
this drastic reduction in memory traf�c will greatly increase the GPU performance of any higher-
order surface scheme which is executed on Direct3D 11 hardware. It will be exciting to see how
this plays out over the coming years.

3.4 Creases

Though Microsoft and its hardware partners had Loop and Schaefer's ACC technique in mind
when developing the Direct3D 11 pipeline, each new stage hasremained programmable so that
developers can customize the functionality to suit their needs in a variety of ways. At Valve,
the programmability of the Direct3D 11 architecture has allowed us to extended ACC to support
hard creases [KMDZ09]. This additional functionality has no measurable impact on performance
and, in fact, the tessellator and domain shader are no different than they are in the original ACC
technique.

While subdivision surfaces allow us to compactly representsmooth geometry, we sometimes wish
to incorporate hard creases into our art. On the left side of Figure 41, we see an example of a
car modeled with Catmull-Clark subdivision surfaces and rendered with ACC. While this yields
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a smooth, high quality result with no visible polygonal artifacts, many areas of the car are overly
smooth and do not capture the shape that the artist intended to convey. On the right side of Fig-
ure41, we see the same car with numerous edges tagged as hard creases by the artist and rendered
with our system to better convey the intended shape. For example, when rendered with regular
ACC, the front bumper turns into a cylindrical shape with tapered ends, but this shape is rendered
as a square extruded along a smooth B-Spline path using our system. The artist has even mod-
eled two prominent “pinches” (darts) in the hood of the car bytagging edges which happen to be
isolated and do not form part of a corner or creased edge loop.

Figure 41: Left: A car model rendered with ACC.Right: The same model with creases and corners added
using our method.

In Figure42, we see a closeup of the dashboard of the car, rendered with ACC and with our method.
You can easily see a variety of areas where the artist used theexpressive power of hard creases to
convey the desired shape of this mechanical object. Even fornon-mechanical models such as the
Heavy Weapons Guy fromTeam Fortress 2shown in Figures38 and43, hard creases are useful
for modeling hard edges at areas such as the character's clothing and even his �ngernails.

3.5 Displacement Mapping

In addition to approximating the Catmull-Clark limit surface, it is possible to compactly represent
high frequency detail by displacing the vertices from the approximate limit surface [Coo84] [LMH00].
We have written an extractor which processes the Catmull-Clark control mesh and a separate high-
resolution detail mesh to generate a scalar displacement map relative to our approximation to the
Catmull-Clark subdivision surface [COM98]. Each invocation of the domain shader performs 30
fetches of packed control point data and the inclusion of an additional data fetch to access our dis-
placement map has negligible incremental performance impact. Likewise, the few additional ALU
operations necessary to displace the vertex from the approximate limit surface are insigni�cant.
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Figure 42: Left: The dashboard of our car model rendered with ACC.Right: The same model with creases
and corners added using our method.

Figure 43: Closeups of Heavy Weapons Guy's hands using creases to concisely model details such as
�ngernails and the edges of the gloves

The barriers to the adoption of displacement mapping are theadditional memory burden of storing
the displacement maps and the tool investment necessary to integrate displacement mapping into
the art pipeline. There are available commercial tools suchas ZBrush, MudBox and others which
can output height�eld textures suitable for use as displacement maps. In these tools, however, the
computation of such height maps is performed relative to theCatmull-Clark limit surface of the
underlying control mesh. The Catmull-Clark limit surface is not what we are rendering, however.
We are rendering an approximation made up of bicubic patchesusing a separate normal �eld which
makes up for the fact that the geometry patches are not necessarily C1 at patch boundaries. As a
result, we have written our own displacement map baker whichuses the creased ACC geometry
and normal �elds in the baking process to ensure that the displacement maps are computed ren-
dered to approximate limit surface. In Figure44, we see a Vortigaunt character from the game
Half-Life 2 rendered as an approximate Catmull-Clark subdivision surface. In the row of images,
we see the smooth approximate limit surface shaded with a simple Phong shader, using a normal
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map to provide some detail in the lighting. In the bottom row of images, displacement mapping
has been applied to the character to add surface detail.

Figure 44:Top row: A Vortigaunt fromHalf-Life 2 rendered as an approximate Catmull-Clark subdivision
surface.Bottom Row: The Vortigaunt rendered with displacement mapping.

Future-proof Assets As you can see in Figure44, we tend to use displacement maps to capture
so-called meso-structure details rather than large-scaleobject structures such as appendages. We
feel that this is appropriate because these details can safely be LOD'd away or even omitted as part
of the scalability required of interactive games which mustship into a marketplace with widely
varying GPU capabilities and performance characteristics. So, while players of futureHalf-Life
games may initially only see the displacement mapped Vortigaunt in non-interactive movies or on
very high-end hardware, we anticipate being able to phase inthe displacement mapped assets as
hardware improveswithout having to go back and rebuild the character again.
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3.5.1 Wrinkle Mapping

For a number of years, we have been employing a technique we call wrinkle mappingto the normal
and base color textures of our characters' faces in order to give the impression of complex surface
deformation. During facial animation, an additional scalar channel (thewrinkle weight) is accu-
mulated per vertex along with our geometric morph target deformations. The pixel shader uses this
interpolated wrinkle weight to perform a simple blend between three normal and color textures:
theneutral, compressandstretchmaps, as described previously by [Dia08]. As you would expect,
wrinkle mapping naturally combines with displacement mapping with very little shader modi�-
cation. In Figure45, we can see the neutral, compress and stretch poses for the Heavy Weapons
Guy from Team Fortress 2, including displacements which add �ne-grained dynamic geometry
deformations at very low cost.

Figure 45: Wrinkle displacement maps for neutral, compressand stretch poses on the Heavy Weapons Guy

3.6 Moving from Polygons to Subdivision Surfaces

Besides improvements in surface smoothness, the move from polygonal to subdivision surface
models has additional advantages for game developers, including the improvement in both tangent
frame quality and skin weight management.
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3.6.1 Quality Tangent Frames

One fact that non-game-developers are often surprised to learn is that games generally have inaccu-
rate tangent frames due to the nature of the current GPU pipeline. Typically, games must skin their
precomputed tangent frames and, even worse, accumulate morph offsets to their tangent frames.
Traditionally, this has resulted in awkward lighting artifacts and the need to generally constrain the
range of possible character performance, particularly in the case of facial animation. Due to the
way that the new Direct3D 11 pipeline stages integrate into the graphics pipelineafter vertex ani-
mation operations such as skinning and morphing, surface normals can now be computed relative
to animated control meshes, improving shading quality. An example of a high quality normal �eld
is shown in Figure46, which illustrates per-pixel normals of the Heavy Weapons Guy from Team
Fortress 2.

Figure 46: High quality normals

3.6.2 Manageability

At Valve, the modelers who have begun the switch from polygonal modeling to subdivision surface
modeling have experienced an increase in both productivityand surface control. This is primarily
due to the low number of control mesh vertices that must be managed relative to a polygonal
mesh of suf�cient complexity. Naturally, skin weighting ismuch more manageable as there are

71



relatively few vertices in a control mesh. Additionally, the approximate limit surface tends to
behave predictably when the control mesh is animated. In many cases, achieving similar animation
results with a purely polygonal model with polygon count comparable to our post-tessellated limit
surface approximation would be not only impractical but virtually impossible.

3.7 Future Work

Obviously, a critical next step in our adoption of approximate Catmull-Clark subdivision surfaces
is migration to Direct3D 11 hardware as it becomes available. Once we understand the perfor-
mance characteristics of Direct3D 11 GPUs, we can determinehow aggressive we should be in our
adoption of approximate Catmull-Clark subdivision surfaces and how quickly we can realistically
ship it to our game customers. At this point, we are far enoughalong in our implementation that
we have shipped GPU-rendered approximate Catmull-Clark subdivision surfaces in the form of
some rendered elements in the animated shortsMeet the SandvichandMeet the Spy.

In the future, we intend to address the topic ofadaptive subdivision, as this will be critical for per-
formance and level of detail (LOD) management. Bunnell has demonstrated extremely compelling
results using adaptive tessellation of displaced Catmull-Clark subdivision surfaces [Bun05]. We
anticipate that this will be particularly important as we move beyond isolated character and ob-
ject meshes and into the trickier problem of environment andterrain rendering with approximate
subdivision surfaces. Given the new programming model introduced in Direct3D 11, we expect
that it will be necessary to develop new error metrics and schemes for determining the appropriate
level of detail for a given primitive or primitive edge, particularly when performing displacement
mapping. To date, we have intentionally put off explorationof adaptive tessellation schemes since
they complicate the Direct3D 9 instanced (or ATI native) implementation in a way that doesn't
remain useful once we have a real GPU hull shader to tessellator connection [BS08].

Naturally, it is necessary for an interactive game to integrate any model representation with game
systems such as real-time collision detection and decal/damage rendering. Some of the same func-
tionality will be required for integration with other data ampli�cation schemes such as hair render-
ing and simulations as discussed in the next chapter. In addition to the optimizations described in
Section3.3.2, we would like to explore culling operations appropriate toa displaced patch repre-
sentation; [LMH00] has reported compelling speedups from the use of normal masks [ZH97].

We have integrated our technique with the Source engine's skeletal and facial morphing systems as
shown in Figure38but we look forward to exploring additional animation techniques such as �uid
simulation, cloth simulation or free-form deformation (FFD) of the low-resolution quad mesh. We
anticipate having to make changes to such simulations basedon the fact that we are animating a
subdivision surface control mesh rather than the �nal polygonal primitives to be displayed.
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3.8 Conclusion

We are at a critical point in the evolution surface representations for real-time graphics and the
investment being made by the GPU vendors in their Direct3D 11hardware aims to address mem-
ory and memory bandwidth issues by performing programmabledata ampli�cation on chip. It
still remains to be seen, however, whether hardware will live up to its potential in this area. Af-
ter all, hardware tessellation (PN Triangles) has shipped in mainstream graphics hardware before
[VPBM01] and has languished due to lack of adoption by tool vendors and game developers. This
time around, however, there is reason to be optimistic thatthis is the big switch to a new high qual-
ity real-time surface representation as we are working withthe more established base primitive
(Catmull-Clark Subdivision Surfaces) running on more performant and programmable hardware
units.
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