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Subdivision surfaces

A subdivision surface is defined by:

@ a control polygon

@ a set of refinement rules
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Subdivision surface: 3D example
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Figure 2.2: Example of subdivision for a surface, showing 3 successive levels of refinement. On the
left an initial triangular mesh approximating the surface. Each triangle is split into 4 according to a

particular subdivision rule (middle). On the right the mesh is subdivided in this fashion once again.

D. Zorin, P. Schreder, \ Subdivision for Modeling and Animation", 2000
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Subdivision curve: 2D example

LU

Figure 2.1: Example of subdivision for curves in the plane. On the left 4 points connected with straight
line segments. To the right of it a refined version: 3 new points have been inserted “inbetween"” the old
points and again a piecewise linear curve connecting them is drawn. After two more steps of subdivision

the curve starts to become rather smooth.

D. Zorin, P. Schreder, \ Subdivision for Modeling and Animation", 2000
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Subdivision surfaces

@ The refinement rules modify both topology and geometry

@ The process is very similar to subdivision algorithms for spline
surfaces

@ but now we can throw out the formulas!

@ no worries anymore about nets of patches and continuity
constraints
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A subdivision method for Bézier curves De Casteljau’s algorithm

o developed by Paul de Casteljau at Citroén in the sixties @ given value of parameter U, compute the coordinates of the
o he did this before Bézier, but didn't publish! point on the Bézier curve (given its 4 control points)

@ a recursive “corner cutting” method

@ mathematical method: plug U into the 4 blending functions,
add them up

3D Modelling Lecture 13: Subdivision Surfaces 3D Modelling Lecture 13: Subdivision Surfaces
. y .
Recall: _ , De Casteljau’s algorithm

@ given value of parameter U, compute the coordinates of the
point on the Bézier curve (given its 4 control points)

' * Weight functions are called blending or basis e mathematical method: plug u into the 4 blending functions,
‘ functions. Sum of weights is always 1 add them up

With Bézier curves, the weights are cubic @ geometrical method: draw the control polygon, and use

Bernstein functions: recursive corner cutti ng
Byu) = (1-u)

B(w) = 3u(l-u) ™

B,(u) = 3ui(l-u)

B,(u) = o’ ﬁ

3D Modelling Lectur.e 13: Subdivision éurfaces - 3D Modelling Lecture 13: Subdivision Surfaces



Introduction Introduction

De Casteljau’s algorithm Subdivision surfaces: advantages

@ pick the points “U-along” each line segment

. . @ can now use an arbitrary mesh as a source
@ connect those: results in a control polygon with 1 segment

fewer o "infinite” detail
@ repeat until one segment left: the “u-along point” is Q(u) ! @ local control
@ C1 continuity can be guaranteed over the surface

example, U = 1=3:
Advantages because of the “base mesh + subdivision process”
representation:
@ automatic LOD
@ compression

variable resolution in the same model

multiresolution editing
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Desired properties Theoretical questions

Creating subdivision surfaces is simple, answering these more

o efficiency theoretical questions about them is not:

@ compact supp?rt @ given subdivision scheme, does it converge for all polygons?
° Ioc-al c-ontr<?l (influence) @ does it converge to a smooth curve? how smooth?

¢ alffme. |'nvar|ance @ how do we compute the derivative of the limit surface?

° 5|mp.I|C|tcy ) o does the limit surface have any singular points?

® continuity of resulting surface e and what about texture coordinates?? (surface

@ sharp feature control parameterisation)

° .

I we will skip these questions
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Types of subdivision surfaces Method classification

There are many parameters by which we can classfy the available methods:

o Chaikin (1974), quadratic B-spline @ vertex insertion vs. \ corner cutting”
o Catmull-Clark (1978), B-spline surface @ approximating vs. interpolating (related to the 1st)
@ Doo-Sabin (1978), bi-quadratic surfaces @ basc shepe: triange, quad ...

o Loop (1987), triangular subdivision ® size of the support region

e Dyn et al. (1990), “butterfly” scheme
o Zorin et al. (1996), modified butterfly

@ requirements on vertex valence (number of incident edges)
@ behaviour at extraordinary vertices
@ stationary vs non-stationary: same algorithm applied at each step, or may

@ DeRose and Kass (1998), subdivision surfaces in animation change between steps
@ by now many more... @ uniform vs non-uniform: all areas of control polygon treated the same, or
not
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Approximating vs. interpolating Outline

@ Introduction

Q Subdivision surfaces, methods
o Catmull-Clark subdivision
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Catmull-Clark subdivision surfaces Subdivision rules

) _ 4 surrounding vertices define a new “face vertex’
\ Recursively generated B-spline surfaces

on arbitrary topological meshes"
E. Catmull and J. Clark, 1978

@ based on quadrilaterals (“quads”)
@ approximating

o they showed that the limit surface is locally a bi-cubic uniform
B-spline (except at “extraordinary” vertices)

@ C2 continuous almost everywhere (C1 at extraordinary vertices)

@ used by Renderman and Maya
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Subdivision rules Subdivision rules
2 edge endpoints and 2 new face vertices define a new “edge 4 surrounding new face vertices, 4 surrounding old edge midpoints
vertex” and the old vertex define a new vertex position
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Catmull-Clark subdivision
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Subdivision rules

There are three main ways to specify the subdivision rules, using:

@ an algorithm
o formulas

@ masks
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Subdivision rules algorithm

Specify the rules as an algorithm consisting of replacement
operators on vertices and edges

@ add a new vertex at the center of each face

@ add a new vertex at the midpoint of each edge, averaged with
the new face vertices

© replace the old vertex by a new vertex: % + % + w with
Q = average of adjacent new face points
R = average of adjacent old edge midpoints

S = old vertex point
N = number of incident edges

next, form new edges by:
@ connecting each new face point to adjacent new edge points
@ connecting each new vertex point to adjacent new edge points
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Quads

@ based on quadrilaterals
@ will reduce arbitrary mesh to quadrilateral mesh
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Subdivision rules formulas

=
.

en, 2
T _J
|
| Ve
7
e
~
TR
J “n JY
i i i+1 i+1
eitl V¥ ef“i itf
J P
i+1 _ n=2,,i 1 i 1 i+1
VTR =R 4 S et jfj (from DeRose et al., 1998)

3D Modelling Lecture 13: Subdivision Surfaces



Subdivision surfaces, methods

Subdivision rules masks

Catmull-Clark subdivision
Butter y subdivision

Subdivision surfaces in animation
More methods and variations...

face vertex mask

1/4

1/4

1/4

3D Modelling

Subdivision surfaces, methods

Subdivision rules masks

1/4

Lecture 13: Subdivision Surfaces

Catmull-Clark subdivision

Butter y subdivision
Subdivision surfaces in animation
More methods and variations...

Subdivision surfaces, methods

Subdivision rules masks

Catmull-Clark subdivision

Butter y subdivision

Subdivision surfaces in animation
More methods and variations...

edge vertex mask

1/16

1/16

3/8

3/8

1/16
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Vertex valence

116
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Catmull-Clark subdivision

Butter y subdivision

Subdivision surfaces in animation
More methods and variations...

new vertex mask

1/64 3/32 1/64

@ These were all rules for quadrilateral meshes, in which each
vertex has valence 4 (valence = number of incident edges)

o Separate rules are necessary for vertices with a valence & 4

9/16

3/32 ® 3/32 @ there are called extraordinary vertices

1/64 3/32 1/64
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Extraordinary vertices Outline
¥n

p/m
@ Introduction

B/n vn
3 @ Subdivision surfaces, methods
Catmull and Clark suggest = 5. ooy
_ 1 i
and =z p/n @ Butterfly subdivision
B/n ¥n
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Butterfly subdivision Butterfly subdivision

Characteristics:

interpolating
\ A butte r y subdivision scheme for surface interpolation
with tension control”

N. Dyn, D. Levine, and J.A. Gregory, 1990

uses a “butterfly” mask
vertex valence generally 6

allows “tension” control through w parameter

results in a C1 smooth surface

(modified in 93 and 96 to accomodate extraordinary vertices and ensure
global C1 continuity)
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Butterfly subdivision mask Butterfly subdivision

step 1 for interior vertices: adding a new vertex to an edge

step 2: convert each face into four using the new edge vertices
-1/16-w 1/842w -1/16—-w

-1/16-w 1/8+2w -1/16-w
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Butterfly subdivision: tension control Outline

“w is a tension parameter, which controls how tightly the limit
surface is pulled towards the base mesh”

for example, w = 1=16 makes sure the base mesh is followed o ducti
completely ntroduction
~1/16-w 1/8+2w -1/16-w
@ Subdivision surfaces, methods
b * . @ Subdivision surfaces in animation
~1/16-w 1/8+2w —116-w

(also see page 160 in Watt & Policarpo)
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Subdivision surfaces in animation Pixar's short “Geri's Game”

@ the first animation to use subdivision surfaces in production

@ commonplace later (Bug's life, Toy Story Il, ...)
\ Subdivision Surfaces in Character Animation They use Catmull-Clark subdivision, because:
T. DeRose, M. Kass, and T. Truong, 1998 o they're easy to use in existing systems

@ quads capture symmetry of natural and man-made objects

Added a modification to allow sharp edges, with a varying level of
sharpness
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Geri's face control mesh Retaining creases

mark certain edges as “sharp”, with variable sharpness, called

“semi-sharp creases”
(= creases whose sharpness can vary from 0 to in n ite)

o digitized from a full-scale model sculpted out of clay

@ subdivision surfaces were also used to model: hands, clothing
(including jacket, pants, shirt, tie, and shoes)
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Retaining creases Retaining creases
mark certain edges as “sharp”, with variable sharpness, called mark certain edges as “sharp”, with variable sharpness, called
“semi-sharp creases” “semi-sharp creases” o
(= creases whose sharpness can vary from 0 to in n ite) (= creases whose sharpness can vary from 0 to in nite)
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Retaining creases: approaches Other issues when doing animation

@ One possible approach: use subdivision rules whose weights
are parameterised by the sharpness S of the crease

o leads to a “zoo of rules” depending on where the sharp edges @ collision detection
are... @ dynamics (clothing simulation)
Their approach: hybrid subdivision o rendering (parameterisation for texturing and procedural
shaders)

@ use one set of (infinitely sharp) rules for a finite but arbitrary
number of steps

o then another set of (smoothing) rules that are applied to the
limit
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More methods and variations... Reading

adaptive subdivision from Watt & Policarpo:

o displaced subdivision surfaces

@ hardware support (e.g. in the nVidia FX5200, real-time @ section 5.9 except 5.9.3
adaptive subdivision (try “nvidia subdivision demo” in Google) @ section 5.10

o
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